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3 Bijective interpretation

3.1 Slit slide sew

Let us first describe the operation at the heart of our construction. See Figure 6. Assume
that, on some p-hypermap m, we have a simple path } = (e, ey,...,¢) linking some
corner ¢ in some light face f to a different corner ¢’ in some light face f’ (which may
possibly be equal to f), that is, such that e = c* and ¢;” = ¢’*. We may then follow } ,
entering from the corner ¢ and exiting through the corner ¢’. This creates a simple
path on the sphere, starting inside the face f and finishing inside f’. We may slit the
sphere along this path, thus doubling the sides of the path. In the hypermap m, this
doubles the path } , making up two copies, one incident to light faces and the slit, and
one incident to dark faces and the slit. We denote by ~ = ({4, ..., ¢) the former and by

d = (dy,...,dy) the latter.

Simple path ¥ linking c to c! Slit

. } d

Slide Sew

dy 2 dg

dy

Figure 6: The slit-slide-sew operation on a p-hypermap.

Note that the data of } is not sufficient to properly define this operation; one needs to
know from which corner to enter } in order to decide if an edge incident to e;” becomes
incident whether to /] or to d; . Similarly, one needs to know through which corner to
exit } .

We then sew back = onto d but only after sliding by one unit, in the sense that we
match ¢; 1 with d;, for every 1 <i < k — 1. For further reference, we denote by ¢; 110 d;
the resulting edge. Observe that, except from f and f’, the faces are not altered by the
process. Observe also that /1 and dy are not matched with anything;:

e dy is still incident to the original dark face and is now also incident to f;

¢ /1 is still incident to the original light face and is now also incident to f.
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Consequently, the result is no longer a p-hypermap since ¢; is incident to light faces
from both sides. However, in the case where /; is actually a dangling edge (an edge
with one extremity of degree 1), removing it provides a p-hypermap. This happens if
and only if c is the corner preceding e; ; this will always be the case in the present work.

3.2 Face of degree two or more

We now present the bijective interpretation for the identity (1.2) of Proposition 1.

Involution. We define a mapping ® on the set H of quadruples (0,m,c,e), where
* 0 is an orientation (either light-left or light-right);
* mis a p-hypermap;
* cis a distinguished corner of some light face;
e ¢is a distinguished edge leaving ¢ in the orientation o.

We break down the process into the following steps. See Figure 7.

1. Reorientation
From now on, we convene to use the reverse orientation, which we denote by 2.

2. Sliding path
We consider the corner ¢, preceding e and the lightest geodesic v from ¢, to ¢ ™.

3. Slitting, sliding, sewing
We slit, slide, sew along < from c, to c as described in the previous section: along v,
the light side of an edge is now matched with the dark side of the previous edge.

4. Output
The unmatched light side of the first edge of < yields a dangling edge; we remove
it and denote the resulting corner by ¢. We denote the edge corresponding to the
unmatched dark side of the final edge of o by &. We let m be the resulting map.
Finally, the output of the construction is the quadruple ®(o,m,c,e) := (0,1, ¢, é).

Theorem 4. The mapping ®: H — H is an involution.

We refer the reader to the extended version of this work for the proof of Theorem 4.
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Figure 7: The involution ®: H — H. Only the orientation around the faces of interest
and along <y are depicted. Top left. The input. Top right. We changed the orientation
and defined the sliding path 7. Bottom left. We slit along the path. The dashed lines
indicate to sew back after sliding. Bottom right. The output.

Specialization. We now see how @ specializes into a bijection interpreting (1.2). We let

a=(ay,...,ar) and a=(d,...,0,) = (@ —1,a,+1,as,...,a,)
be as in the statement of Proposition 1. Note that this means that p-hypermaps of type a
are either p-constellations or quasi-p-constellations whose first face is flawed. Similarly,
p-hypermaps of type a are either p-constellations or quasi-p-constellations whose second
face is flawed.
We fix an orientation 0 and define the following sets, whose cardinalities are respec-

tively the left-hand side and the right-hand side of (1.2), by Proposition 3 (recall also the
convention at the begining of Section 2 for distinguishing corners).

* We let M be the set of p-hypermaps e We let M be the set of p-hypermaps of

of type a carrying type a carrying
— one distinguished corner c in — one distinguished corner ¢ in the
the second face, first face,
— one distinguished edge e inci- — one distinguished edge ¢ incident
dent to the first face and leav- to the second face and leaving ¢*,

ing ¢, for the orientation o. for o.
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Here, p = 3, we are in the case (ii) of Proposition 1, and o = light-left.

The pictograph above summarizes the definitions of M and M. The red +1 on the
right shows the increase or decrease of the degree of the face in M in comparison with
the one of the corresponding face in M. In order to avoid confusion, we denote the first
and second faces of maps in M by f; and f, as before, and use f; and f, instead, for
maps in M. The paths symbolize the fact that the edges are leaving the corners.

Remark 1. Note that the convention on the orientation of edges is not the same in the
definitions of the sets M and M. This clearly bears no effects from an enumeration
point of view but is of crucial importance for our bijections.

Corollary 5. The mapping ® specializes into a bijection from {(o,m,c,e) : (m,c,e) € M}
onto {(0,M,¢,é) : (n,¢,¢é) € M}, thus providing a bijection between M and M.

3.3 Face of degree one

We proceed to the bijective interpretation for the identity (1.3) of Proposition 2, which
works in a similar fashion as before.

Setting. Leta = (1,ap,...,a,) and @ = (dy,...,d,;) := (ay + 1,4as,...,a,) be tuples of
positive integers, both with at most two coordinates not lying in pIN. In order not to
be confused by the index shift in d;, we denote the faces of p-hypermaps of type a
by fo, ..., fr. In particular, p-hypermaps of type & are either p-constellations, or are
quasi-p-constellations whose face f, (the one with degree ,) is flawed. We fix an orien-
tation 0 and define the following sets, whose cardinalities are the sides of (1.3), again by
Proposition 3 for the right-hand side.

e Welet \V be the set of p-hypermaps e We let V' be the set of p-hypermaps of

of type a carrying type a carrying
— one distinguished corner c in — one distinguished vertex 7,
the face f.

— one distinguished edge ¢ incident
to f, and leaving 7 for 0.
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N N .

(> O\ 2

We put f; on the pictograph since we think of it as the “missing” distinguished
element for V. Note that we do not need to specify an orientation for maps in N'; we
will however use the orientation o for these maps in due time. The bijections between N
and N can be thought of as degenerate versions of the one of the previous section. Here,
we do not have an involution; we need to describe both mappings. We break them down
into similar steps as above. See Figure 8.

™

Suppressing a face. We consider (m,c) € N.

1. From this point on, we use the reverse orientation 0.
2. We consider the lightest geodesic v from the unique corner of f; to ¢*.

3. We denote by dy the unique edge incident to f;. We slit, slide, sew along < from the
unique corner of f; to c as described in Section 3.1, while furthermore matching
the unmatched light side of the first edge with d.

4. We set Y_(m, ¢) := (m, 7, ¢), where m is the resulting map, ¢ is the edge correspond-
ing to the unmatched dark side of the final edge of , and 7 is the origin of +.

Figure 8: The bijection in the case of a degree 1-face, from N to N.
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Adding a face. We consider (m,3,¢&) € N.

1. From this point on, we use the orientation o.
2. We consider the lightest geodesic 4 from the corner c; preceding é to .

3. We slit m along 4, entering from c; and stopping at ¢, without disconnecting the
map at 7, slide by one unit, and sew back as before. Now the unmatched dark side
of the final edge creates a loop enclosing an extra face, which we denote by f; and
mark at its unique corner.

4. We replace 71 with a corner c, let m be the resulting map, and set ¥ (1h, 3, &) := (m, c).

Theorem 6. The mappings Y—: N — N and Y4: N — N are well defined and inverse
bijections.
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Crystal Chute Moves on Pipe Dreams
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Abstract. Schubert polynomials represent a basis for the cohomology of the com-
plete flag variety and thus play a central role in geometry and combinatorics. In this
context, Schubert polynomials are generating functions over various combinatorial ob-
jects, such as rc-graphs or reduced pipe dreams. By restricting Bergeron and Billey’s
chute moves on rc-graphs, we define a Demazure crystal structure on the monomials
of a Schubert polynomial. As a consequence, we provide a method for decomposing
Schubert polynomials as sums of key polynomials, complementing related work of
Assaf and Schilling via reduced factorizations with cutoff, as well as Lenart’s coplactic
operators on biwords.

Keywords: Schubert polynomial, pipe dream, rc-graph, chute move, Demazure crystal

1 Introduction

Schubert polynomials are fundamental objects which lie at the intersection of geometry,
representation theory, and algebraic combinatorics. By a classical theorem of Borel, the
cohomology of the manifold of complete flags in C" with integer coefficients is canoni-
cally isomorphic to the quotient of Z|[x1, ..., x,] by the ideal generated by the symmetric
polynomials without constant term [5]. The geometry of the flag variety is best captured
by the cohomology classes of the Schubert varieties, which correspond to Schubert poly-
nomials under Borel’s isomorphism, generalizing the role of the Schur polynomials in
the cohomology of the Grassmannian. In addition to encoding geometric information
about the flag variety, individual Schubert polynomials also exhibit rich combinatorial
and representation theoretic structures, as developed in [16, 14, 21, 17, 1] and explored
further in the present work.

1.1 Schubert and key polynomials

Given any permutation w € S, the Schubert polynomial Sy, € Z[x1,...,x,] can be cal-
culated recursively using a sequence of divided difference operators, by the original

*
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definition of Lascoux and Schiitzenberger [15], inspired by the work of Demazure [7]
and Bernstein-Gel’fand-Gel'fand [3]. Based on a conjecture of Stanley, the first combi-
natorial formula for Schubert polynomials was given by Billey, Jockusch, and Stanley
using the language of rc-graphs [4], with an alternate proof by Fomin and Stanley [7].
An equivalent combinatorial description for Schubert polynomials was later provided
by Fomin and Kirillov [10], rebranded by Knutson and Miller as reduced pipe dreams [13],
following the conventions of Bergeron and Billey [”]. Besides being attractive ways to vi-
sually represent Schubert polynomials, pipe dreams generalize to flag manifolds the role
of the semistandard Young tableaux for Grassmannians, while admitting generalizations
to other cohomological contexts.

Many combinatorial models for Schubert polynomials also involve a family of op-
erators, which permute the individual monomials. To highlight several examples most
closely related to this work, Bergeron and Billey define chute and ladder moves on rc-
graphs [”], the inspiration for which they attribute to Kohnert’s thesis [14]. Miller pro-
vides a mitosis algorithm which lists reduced pipe dreams recursively by induction on
the weak order on S, [19]. Lenart develops operations on biwords which correspond to
the coplactic operators on tableaux [17]. Morse and Schilling define a family of operators
on reduced factorizations in [20], which restricts to an action on Schubert polynomials via
the semi-standard key tableaux of Assaf and Schilling [1].

All of the operators mentioned above encode useful combinatorics about Schubert
polynomials; however, some of them additionally carry representation-theoretic infor-
mation. The most natural approach to track the representation theory is often through
Kashiwara’s crystals [11], which are graphical models for the irreducible representations
of a complex semisimple Lie algebra. Lenart summarizes many results in [17/] using the
language of crystal operators rooted in a pairing process on rc-graphs, though the details
are carried out via jeu de tacquin on biwords, most naturally associated with the com-
binatorics of semistandard Young tableaux. More explicitly, Assaf and Schilling prove
in [1, Theorem 5.11] that the set of all reduced factorizations for w € S, satisfying an
additional cutoff criterion decomposes as a union of Demazure crystals.

The decomposition of a combinatorial model for Schubert polynomials into a union
of Demazure crystals thus also yields a description of how &, is expressed as a sum
of key polynomials x,, as in [I, Corollary 5.12]. Tableaux versions of such formulas
include the original of Lascoux and Schiitzenberger [16], a related result of Reiner and
Shimozono [” 1] on factorized row-frank words, and so on. The main goal of this paper is
to provide such a decomposition for Schubert polynomials as sums of key polynomials,
expressed in terms of reduced pipe dreams.



Crystal Chute Moves on Pipe Dreams 3

1.2 Main results

Inspired by the chute moves of [?] on rc-graphs, we develop a crystal structure on the
monomials of a Schubert polynomial, giving a method for decomposing Schubert poly-
nomials as sums of key polynomials, complementing the closely related works [1, 17].
Our crystal chute moves on reduced pipe dreams are either raising or lowering operators,
denoted ¢; and f;, respectively. If the raising operator ¢;(D) applied to a reduced pipe
dream D for the given permutation w € S, equals zero for all 1 < i < n, then we say
D € RP(w) is a highest weight pipe dream. We direct the reader to Section 2 for precise
definitions of all relevant terminology.

The highest weight pipe dreams naturally index the key polynomials in the decom-
position below, as they are in bijection with a pair consisting of a partition Ap having n
parts and a permutation 7tp € Sy, such that ap = mp(Ap) for a unique composition ap.

Theorem 1. Given any w € Sy, the Schubert polynomial may be expressed as

qu(xll...,Xn) — Z KaD(xl,...,.Xn),
DeRP(w)
e;(D)=0, V1<i<n

where the composition ap = wt(D) for a diagram D constructed from the highest weight pipe
dream D; see Algorithm 1 for details.

Figure 1 on the next page shows how &;;543) decomposes as the sum of three key
polynomials, indexed by the three pipe dreams with no incoming lowering edges, having
weights Ap € {(2,1,1,0),(2,2,0,0),(3,1,0,0)} recording the number of crosses in each
row, with respective truncating permutations 71p € {s25153, 52, 5352 } read from the edges.

2 A Crystal Structure on Pipe Dreams

In this section, we review the combinatorics of Schubert polynomials in the language of
reduced pipe dreams. We then define crystal chute moves by restricting the chute moves
of [7] on rc-graphs via a pairing process.

2.1 Schubert polynomials and pipe dreams

Reduced pipe dreams index the monomials of Schubert polynomials, as we review in
Theorem 2. Fix an n € IN and consider the n x n grid, indexed such that the box in row
i from the top and column j from the left is labeled by (i, j), as for matrix entries. A pipe
dream is a diagram D obtained by covering each box on the grid with one of two square
tiles: a cross + or an elbow “~. Further, crosses are only permitted in boxes (i,j) such
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[21543).

Figure 1: The Demazure crystal structure on reduced pipe dreams for w

Crosses that will be moved by the lowering operators f; are in shown green.
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that i + j < n, so we will typically only draw the portion of D which lies on or above the
main anti-diagonal.

By connecting the crosses and elbows on each tile in the unique possible way, as
shown in Figure 1, we can view the resulting diagram as a network of pipes moving
north and east, with water flowing in from the left of the grid and out at the top. The
water in each pipe enters and exits from a unique pair of row and column indices, so
that each pipe dream corresponds to a permutation on the set [n] = {1,...,n} as follows.
The one-line notation for a permutation w € S, records the action of w on [#] in the form
w = [wy - - - wy|, where we write w; = w(i) for brevity. A diagram D is a pipe dream
for the permutation w = [w; - - - wy] if the pipe entering row i exits from column w; for all
i € [n]. For example, each of the diagrams in Figure 2 below is a pipe dream for the
same permutation w = [21543] € Ss.

12345 12345 12345
1 1
G
3J—r 3 j—]—r
3s Eas 0

3] r

-
Figure 2: Several reduced pipe dreams for w = [21543] € Ss.

)
Gl W N+~

S

A pipe dream is reduced if each pair of pipes crosses at most once, as in Figure 2.
Denote by RP(w) the set of all reduced pipe dreams for a given permutation w. We
denote by D the set of all boxes of D which are covered by a cross; note that D
uniquely determines D. Provided that the pipe dream is reduced, [13, Lemma 1.4.5]
says that the number of crosses in D € RP(w) equals the length of the permutation, or
the number of its inversions, given by |D| = {(w) = #{i < j | w; > w;}.

The weight of a pipe dream D € RP(w), denoted by wt(D), is the weak composition
of £(w) whose i coordinate equals the number of crosses in row i of D. For example,
the three weight vectors corresponding to the pipe dreams from Figure 2 below are
(2,1,1,0),(2,2,0,0), and (3,1,0,0) recorded from left to right, all of which happen to be
partitions in this example.

Schubert polynomials are generating functions over reduced pipe dreams, as illus-
trated by the following result, originally proved by Billey, Jockusch and Stanley [4], later
reproved by Fomin and Stanley [V], and recorded here in the language of pipe dreams.

Theorem 2 (Corollary 2.1.3 [13]). Let w € S;. Then

Guwl(xt,..,xn) = Yy xVD), (2.1)
DeRP(w)

We use x to denote a monomial in the variables xi,...,x,. Given any vector v =
(v1,...,0n) € Z", the notation x¥ = x{* - - - x3" is used throughout.
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2.2 Crystal chute moves

In this section, we describe a family of operators on the set RP(w) of reduced pipe
dreams for a given permutation, which we show in our main theorem produces a De-
mazure crystal structure on the monomials of &,.

Definition 1. Given a reduced pipe dream D for a permutation in Sy, fix a row index i € [n].
Denote the rightmost cross in row i by c. (Since crosses only occur in boxes (i,j) such that
i+ j < mn, then D has no crosses in row n.) We define a pairing process on row 1 <i < n of
D as follows:

1. Look for an unpaired cross c in row i + 1 such that c lies weakly to the right of ¢ in D.
If there are multiple such c., choose the leftmost c..

(a) If such c exists, we say that ¢ and c, are paired.

(b) If no such c4 exists, we say that c is unpaired.
2. Denote by ¢’ the cross in row i which is both closest to c and lies to the left of c.

(a) If such ¢’ exists, we reset ¢ := ¢’ and start again from step (1).

(b) If no such ¢’ exists, the pairing process on row i is complete.

We illustrate the pairing process on the righthand pipe dream from Figure 2 below.

Example 1. Fix i = 1 and identify ¢ = (1,4) as the rightmost cross in row 1. Since there are no
crosses in row 2 which lie weakly right of c, then c does not exist and c is unpaired in step (1b).

2345

-
r

2345

-
r

—_
—_

234

—_

bt
/-
-

r r r

it

() IS NNOUN Nl

Figure 3: The pairing process applied to row 1 of a reduced pipe dream. We color
paired crosses green and unpaired crosses red.

In step (2), we identify ¢’ = (1,3) as the cross in row 1 closest to and left of the original
c = (1,4). We thus return to step (1) applied to c = (1,3). We identify c;. = (2,3) as a cross
in row 2 which is weakly right of c = (1,3), and so these crosses get paired in step (1a).

The only remaining cross ¢’ = (1,1) is unpaired since all crosses in row 2 are now paired.
The pairing process is complete, having analyzed all crosses in row 1.

After running the pairing process on row i of D € RP(w), we define an operator f;
on D which produces another element of RP(w) whenever it is nonzero.
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Definition 2. Let D € RP(w) for w € S,. Fixan 1 < i < n and run the pairing process on row
i of D. If all crosses in row i are paired, then set f;(D) = 0. Otherwise, denote by (i,j) € D
the leftmost unpaired cross in row i.

If (i,k) € Dy forall 1 < k < j, then set f;(D) = 0. Otherwise, define m € IN such that:

(a) (i,j—m),(i+1,j—m) ¢ Dy and
() (i,j—k),(i+1,j—k) € Dy forall1 <k < m.
Define a new diagram f;(D) by

fiD)+ = ADA()) UL+ 1, j —m) ).
The family of operators f; for 1 < i < n are called (lowering) crystal chute moves.

In words, the crystal chute move f; exchanges the leftmost unpaired cross at (i, j) and
the elbow at (i +1,j — m), where m is chosen such that the rectangle strictly between
this pair of tiles is filled by crosses.

We now illustrate how to apply the crystal chute moves on a reduced pipe dream.

Example 2. Consider the sequence shown in Figure 4, in which we instead begin with the
lefthand pipe dream D for w = [21543| from Figure 2. If we run the pairing process on row
1, the leftmost unpaired cross is (1,4) € D4. Properties (a) and (b) hold for m = 1, and the
corresponding rectangle of crosses between (1,4) € D and the elbow at (2,3) is empty in this
case. To apply f1, the red cross in (1,4) moves to the blue elbow in position (2,3), resulting in
the middle diagram in Figure 4.

12345 12345 12345

1 1 1

S . ST s
J_ r = J_ r == r

e e e
r r r

T & T

Figure 4: Applying a sequence of crystal chute moves to a reduced pipe dream.

Running the pairing process next on row 2 of the middle pipe dream, (2,3) is the leftmost
unpaired cross, and m = 2, corresponding to the tile of paired crosses in rows 2 and 3 which are
preserved under applying f». Here instead, the red cross at (2,3) jumps over this rectangle of
crosses to the blue elbow in position (3,1), resulting in the third diagram in Figure 4.

We now define a second family of operators ¢; to be precisely the inverse of the crystal
chute moves from Definition 2.
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Definition 3. Let D € RP(w) for w € S,. Fixan 1 < i < n and run the pairing process
on row i of D. If all crosses in row i + 1 are paired, then set e;(D) = 0. Otherwise, denote by
(i41,¢) € Dy the rightmost unpaired cross in row i+ 1.

Let n > ¢ be minimal such that (i +1,n) ¢ D.. Define a new diagram e;(D) by

ei(D)+ = {D\(+1,0)} U{({in)}.
The family of operators e; for 1 < i < n are called (raising) crystal chute moves.
We now have well-defined raising and lowering operators on reduced pipe dreams.

Proposition 1. The raising crystal chute move e; : RP(w) — RP(w) U {0} is well-defined for
all 1 <i < n, satisfying wt(e;(D)) = wt(D) + a; for any D € RP(w). Moreover, the raising
and lowering crystal chute moves are mutually inverse.

The pipe dreams D on which e;(D) = 0 for all 1 < i < n play a distinguished role in
the statement of Theorem 3 below, so we highlight them here.

Definition 4. If e;(D) = 0 for all 1 < i < n, then D is a highest weight pipe dream.

2.3 Demazure crystals and the main theorem

We refer the reader to [0] for more background on crystals. Given a partition A with n
parts, the type A,,_1 crystal of highest weight A is denoted by B(A), and the character of
the crystal B(A) is the Schur polynomial s, (x1,...,x,).

Demazure crystals are subsets of B(A) truncated by a permutation which restricts the
set of raising and lowering operators. More precisely, for any subset X C B(A) and any
index 1 < i < n, we define ®; in terms of lowering operators as

9;(X) = {b € B(A) | b € f¥(X) for some k > 0}.

Now given any 71 € S,, write 7 = s;, - --sj, as a product of simple transpositions s; =
(i,i + 1) where the expression for 7 is reduced, meaning that p = ¢(7r) is minimal. If u)
denotes the highest weight element of B(A), the Demazure crystal associated to the pair
(A, ) is defined by

Br(A) =D D, (up).

The character of the Demazure crystal B;(A) generalizes the Demazure characters of
[¢], as conjectured by Littelmann [15] and proved by Kashiwara [1”]. Moreover, the
character of the Demazure crystal B, (A) is the key polynomial x,(x1, ..., x,) indexed by
the composition a such that a = 7t(A).

Our main theorem says that the set of reduced pipe dreams for a permutation admits
a Demazure crystal structure determined by the crystal chute moves from Section 2.2.
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Theorem 3. Given any w € Sy, the operators e; and f; for 1 < i < n define a type A,_q
Demazure crystal structure on RP(w). That is,

U B, (Wt(D)),

DERP(w)
e;(D)=0, V1<i<n

I

RP(w)

where the truncating permutation 7tp is the shortest permutation such that wt(D) = 7tp(wt(D)),
foradiagram D constructed algorithmically from the highest weight pipe dream D; see Theorem 4.

Theorem 3 is the pipe dream analog of [!, Theorem 5.11], phrased there in terms of
reduced factorizations for w meeting a cutoff condition. Refer to Figure 1 in the intro-
duction to see how RP([21543]) decomposes into the union of three Demazure crystals.

3 Permutation Indexing the Demazure Crystal

This section explains the algorithm for identifying the truncating permutation from a
highest weight pipe dream, equivalently the composition defining the corresponding
key polynomial. We begin by describing how to obtain a new diagram D from any
highest weight pipe dream D.

Algorithm 1. Let D be a highest weight pipe dream.
1. For each cross in row i, shift it to the right by i — 1.

2. For each row, beginning in the lowest row, move the leftmost cross down to the row such
that its row and column index match. Fix these crosses.

3. Setl =2.

(a) Beginning at the bottom row containing unfixed crosses, consider the leftmost unfixed
cross. Move that cross down to the lowest possible row, remaining in its current
column, such that:

i. The cross may not move through other crosses;
ii. The cross is the (' cross from the left in its new row; and
iii. The cross does not have any previously fixed crosses to its right in the new row.

(b) Fix this moved cross.

(c) Repeat steps (a) and (b) untill all rows with unfixed crosses have been considered.
4. Increment £ by 1, and repeat step (3).

Once all crosses are fixed, the algorithm terminates. Denote the resulting diagram by D.
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We illustrate Algorithm 1 on an example.

Example 3. Consider the permutation w = [4726315] € Sy. One of its highest weight pipe
dreams D is depicted in Figure 5. The result after applying steps (1) and (2) of Algorithm 1 to D
is in Figure 6, with fixed crosses marked in red.

1 2 3 4 5 6 7 1 2 3 4 5 6 7
1+ +  + + + 1+ + + + +
2+ + + : 2 + +  +
3 + + + 3 + +  +
4 + 4 +
5 + 5 +
6 : : 6
7 : 7
Figure 5: A highest weight pipe Figure 6: The result of applying steps
dream D for w = [4726315] € S5. (1) and (2) of Algorithm 1 to D.

We now move to the iterative step (3). Set £ = 2. We begin on the lowest row with an unfixed
cross, that being row 3. We move the leftmost unfixed cross in this row, that being the cross at
(3,5), down in its column to a position that meets criteria (i) through (iii). We first observe that
there is a cross at (5,5), meaning that we are unable to move our cross to row 5 or any row below
it. Our only option is to move this cross to row 4. Observe that a cross at (4,5) would be the
second cross in its row. Thus, we move the cross at (3,5) to (4,5) and fix it there.

The two crosses at (2,3) and (1,2) cannot move lower without violating (i). These two crosses
are thus also fixed, completing the round of moves for { = 2. At the end of this round, we obtain
the diagram shown in Figure 7. We then increment { to 3, and repeat the process. We omit the
details, but the final result D is shown in Figure 8.

Finally, the truncating permutation 7tp is obtained from the diagram D as follows.

Theorem 4. Let D € RP(w) be a highest weight pipe dream for w € S,. Then mp € Sy, from

Theorem 3 is the unique shortest permutation such that wt(D) = rip(wt(D)). In addition,

the composition ap = wt(D) from Theorem 1 indexes the key polynomial corresponding to
(rtp, wt(D)).

We conclude by extracting the truncating permutation 77p and the composition ap
from Example 3 via Theorem 4.
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1 2 3 4 5 6 7 1 2 3 4 5 6 7
1+ + o+ + o+ 1+ + +
2 NEE 2 + o+ 4+ o+ o+
3 + - 3 -
4 + o+ 4 + o+ o+
5 + 5 +
6 6
7 7
Figure 7: The diagram after complet- Figure 8: The diagram D after com-
ing the first iteration of step (3). pleting Algorithm 1.

Example 4. For the highest weight pipe dream D in Example 3, we have wt(D) = (5,3,3,1,1,0).
After applying Algorithm 1, we obtained the diagram D in Figure 8 such that ap = wt(D) =
(3,5,1,3,1,0). The shortest permutation rtp such that ap = mp(wt(D)) equals mp = s153,
since (3,5,1,3,1,0) = s153(5,3,3,1,1,0).
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A Regular Unimodular Triangulation of the
Matroid Base Polytope
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Abstract. We produce the first regular unimodular triangulation of an arbitrary ma-
troid base polytope. We then extend our triangulation to integral generalized per-
mutahedra. Prior to this work it was unknown whether each matroid base polytope
admitted a unimodular cover.

Keywords: matroid, polytope, triangulation

1 Introduction

Despite considerable interest, very little is known about triangulations of matroid base
polytopes. There are a few motivations for wanting to have nice triangulations of ma-
troid base polytopes. The first motivation comes from White’s conjecture whose weakest
version states that the toric ideal of a matroid base polytope is quadratically generated
[54][26]. Herzog and Hibi asked whether the toric ideal of every matroid base polytope
has a quadratic Grobner basis [20]. It follows by a result of Sturmfels [3] combined
with an observation of Ohsugi and Hibi [27] that the existence of a quadratic Grobner
basis is equivalent to the existence of a quadratic triangulation, i.e. a regular unimodular
flag triangulation. The existence of a quadratic triangulation is known for base sortable
matroids, e.g. positroids [31, 33, 6, 24, 25]. For transversal matroids, a result of Conca
[7] establishes that the toric ring is Koszul, which is stronger than quadratic generation
of the toric ideal but weaker than a quadratic triangulation.

The second motivation comes from Ehrhart theory. A formula for the volume of a
matroid base polytope was calculated by Ardila-Doker-Benedetti [!], but no formula is
currently known which is cancellation free, i.e. involves no subtraction. If a polytope
P admits a unimodular triangulation 7, then the volume of P is equal to the number
of maximal simplices in 7. The volume of a polytope occurs as the leading coefficient
of the Ehrhart polynomial. Several researchers have investigated Ehrhart polynomials

*
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for matroid base polytopes [3][21] [16] largely motivated by the conjecture of De Loera—
Haws-Koppe [ 1] that matroid base polytopes are Ehrhart positive—this conjecture was
recently disproven by Ferroni [13], but various other questions about these polynomials
remain open. The volume of a polytope P is also given by the evaluation of the h*-
polynomial at 1. Another conjecture by De Loera-Haws-Koppe, which remains open, is
that the h*-vectors of matroid base polytopes are unimodal [ 1]. Ferroni further conjec-
tures that the /*-polynomial of a matroid polytope (more generally an integral general-
ized permutahedron) is real-rooted [16, 14]. It has been conjectured that if a polytope P
has the integer decomposition property (is IDP), then P has a unimodal h*-vector [30],
and it is known that every matroid base polytope is IDP [20]. We note that the property
of admitting a unimodular triangulation is strictly stronger than the property of being
IDP [7]. We refer the reader to [15] for a comprehensive survey of results in this area. It
is known that the h*-vector of a polytope is equal to the h-vector of any unimodular tri-
angulation of the polytope [37][5], thus one might hope that such a triangulation could
shed some light on this conjecture.

A natural question which sits in between these various results and conjectures is
whether each matroid base polytope admits a (not necessarily flag) regular unimodular
triangulation. That the matroid base polytope admits a (not necessarily regular) uni-
modular triangulation was conjectured by Haws in their 2009 thesis [19]. In this paper
we give an affirmative answer to this question by providing a regular unimodular tri-
angulation of an arbitrary matroid base polytope. We then apply this result to produce
a regular unimodular triangulation of an arbitrary integral generalized permutahedron,
and explain how this gives a regular unimodular triangulation of the matroid indepen-
dence polytope. We emphasize that prior to this work it was unknown whether every
matroid base polytope admitted a unimodular cover (this was also conjectured by Haws
[19]) let alone a unimodular triangulation. Our construction produces many different
triangulations, but at the time of writing we do not know if any of them are flag. We in-
vite other researchers to try their hand at applying our triangulation to the topics above.
See Remark 3.6.

2 Preliminaries

We recommend the following texts for an introduction to matroids [75], polytope theory
[25], and triangulations [10][18]. Let [n] denote the set of integers {1,...,n}. Given
S C [n] we will employ the notation x5 := Y ;<5 x;. We identify {0, 1}" with the collection
of all subsets of [n]. We denote the standard basis vectors for R” by e; for 1 <i < n.

Definition 2.1. A matroid is a pair M = (E,B) where E is a finite set called the ground
set, and B is a nonempty collection of subsets of E called the bases which satisfy the
following basis exchange condition:
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e For any By,B, € B and x € Bj \ By, there exists some y € B, \ B; such that

(Bi\ {x})U{y} € B.

A set I C E is independent if there exists some basis B € B such that I C B. The
collection of independent sets is denoted Z. The rank of a set S C E, written r(S), is the
maximum cardinality of an independent set contained in S.

Matroid independence polytopes and the matroid base polytopes were introduced
by Edmonds [17].

Definition 2.2. Given a matroid M on ground set E = [n], the matroid base polytope Py, is
the convex hull of the indicator vectors for the bases of M, and the matroid independence
polytope Pr is the convex hull of the indicator vectors of the independent sets. More
explicitly, given S C E, we define the indicator vector xs € R" by

. 1 ieS
XS(Z)_{O i¢s

Thus Py = conv{xp : B € B} and P; = conv{x;: I € Z}.

The matroid base polytope is the distinguished face of the matroid independence
polytope where the sum of the coordinates is maximized. The matroid independence
polytope will be discussed at the end of this article (see Corollary 3.4).

Gelfand-Goresky-MacPherson-Serganova uncovered a connection between matroid
base polytopes and the geometry of the Grassmannian [17]. They showed that torus orbit
closure of a linear space L in the Grassmannian is a normal toric variety whose weight
polytope is the matroid base polytope Py), where M(L) is the matroid determined
by L. See Katz [2”] for an overview of this story. By standard toric theory, our regular
unimodular triangulation of Py gives a projective Crepant resolution of the toric variety
associated to the cone over a matroid base polytope.

Matroid bases polytopes allow for a polytopal characterization of matroids.

Theorem 2.3. [17][1/] A polytope P is a matroid base polytope for some matroid M if and only
if P is a 0-1 polytope whose edge directions are of the form e; — e;.

Polymatroids are a generalization of matroids described by monotonic submodular
fuctions taking values in the nonnegative reals. Their base polytopes are equivalent
by translation to the generalized permutahedra of Postnikov [2Y]. See [?] for a careful
treatment of the following definition.

Definition 2.4. A generalized permutahedron P C R" is a polytope defined by any one of
the following equivalent conditions:

1. The edge directions for P are all of the form ¢; —¢;,
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2. The normal fan of P is a coarsening of the braid arrangement,

3. P is defined by inequalities xg < f(S) where f : {0,1}" — R is a submodular
function, together with a single equation x,; = f([n]).

An integral generalized permutahedron P is a generalized permutahedron whose vertices
have integer coordinates. The following is well-known, and follows from the unimodu-
larity of the set of primitive ray generators of each chamber in the braid arrangement.

Lemma 2.5. Let P be a generalized permutahedron determined by a submodular function f as in
condition (3) of Definition 2.4. If f is an integer-valued function then P is an integral generalized
permutahedron. Moreover, if P is an integral generalized permutahedron then f may be chosen
to be integer-valued.

In our proof, we will use condition (2) from Definition 2.4 as this allows us to describe
the affine span of a face of a matroid base polytope.

Lemma 2.6. Let P be an integral generalized permutahedron and aff(P) its affine span. Then

]
aff(P) = ({xs, = bi}
i=1

for some flag of subsets © = So C S1 S -+ & S; = [n] and some b; € Z.

We note that when P is a matroid base polytope, the b; in the lemma above is equal
to the rank of the set S; viewed as a subset of the ground set of the matroid.

Definition 2.7. A subdivision of a polytope P is a collection of polytopes S = {Py, ..., P}
such that

L Ui P=P
2. for each P; € S and F a face of P;, there exists some j such that F = P;
3. for any i and j with 1 <i,j <k, the intersection P; N P]- is a face of both P; and P]

A maximal polytope in § is a cell of S.

Definition 2.8. A triangulation of a polytope P is a subdivision 7 = {Tj,..., Ty} of P
such that each polytope T; is a simplex.

Definition 2.9. Let P C IR" be a polytope and S a finite subset of P containing the vertices
of P. Given a function f : S — R, the subdivision induced by f is the subdivision of P
formed by projecting the lower faces of the polytope

conv{(x, f(x)) : x € S} ¢ R"™.,

A subdivision is regular if it is induced by some function f.
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Given a set S C R”, let aff(S) denote the affine span of S. Let lin(S) denote the linear
subspace of R" with the same dimension and parallel to aff(S).

Definition 2.10. A lattice simplex T is unimodular if it has normalized volume 1. Equiv-
alently, if T has vertices vy,...,v, € Z", then T is unimodular whenever a maximal
linearly independent set of edge vectors {v; — v;} form a lattice basis for lin(T) N Z".

Definition 2.11. The resonance arrangement A, is the hyperplane arrangement in IR” con-
sisting of all hyperplanes Hg = {x € R" : xg = 0} where @ C S C [n].

For an introduction to the resonance arrangement (also called the all subsets arrange-
ment) we refer the reader to [23]. A flat of a hyperplane arrangement H is an intersection
of hyperplanes in H.

Definition 2.12. We say that an affine functional ¢ : R” — IR is generic if it is non constant
on each positive dimensional flat of the resonance arrangement.

We note that a generic point p on the n-th moment curve
Co={(t,t%...,") : teR}

produces a generic linear functional x — (x, p).

3 A deletion-contraction triangulation

In this section we establish the main result of this paper.
Theorem 3.1. Every matroid base polytope has a regular unimodular triangulation.

Before providing a proof, we briefly give some context for our construction. Two
fundamental operations on a matroid are the deletion and contraction of an element,
and many important constructions in matroid theory proceed by an inductive appeal to
these operations. If e is a loop or coloop, then the matroid base polytope P is translation
equivalent to Pyy/. and Pyp,. If e is neither a loop nor a coloop then Py is the convex
hull of Ppj/, and Pyp . In this way, our recursive construction fits into the paradigm of
deletion-contraction.

Let M = (E, B) be a matroid with ground set E = [n], and Py; C R”" its matroid
base polytope. We will use verti(Py) to denote the vertices of Py;. We show Py has a
unimodular triangulation by induction on n. If n = 1, then Py is a point and we are
done.

Assume 1 > 2. Let Py and P; be the polytopes in R"~! such that Py x {0} = Py N
{x1 =0} and P; x {1} = PyyN{x; = 1}. Note that Py or P may be empty, which occurs
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if 1 is a loop or coloop. If Py is nonempty then it is the matroid base polytope of M \ 1,
and if P; is nonempty then it is the matroid base polytope of M/1.

By the inductive hypothesis, Py and P; have regular unimodular triangulations. (We
assume an empty polytope has a regular unimodular triangulation induced by a function
with empty domain.) Let fy : verti(P)) — R and f; : verti(P;) — R be functions which
induce these triangulations. Let ¢y, {1 : R"~1 — R be affine functionals such that £y — ¢,
is generic. Let € > 0 be sufficiently small, and define f : verti(Py;) — R to be the
function

flx) =

In our full paper [*], we prove that f induces a unimodular triangulation of Pyy.
The following theorem is more explicit version of Theorem 3.1.

fo(Xz,. . .,xn) —I—€f0(X2,...,xn) ifxy;=0
O (x2, ..., xn) +€f1(xn, ..., xy) ifx; =1

Theorem 3.2. Let P € R" be a matroid base polytope. For each string s € | [!_1{0,1}%, let £ :
R"~I5I — R be an affine functional, where |s| is the length of s. Assume that £y — {1 is generic
for all strings s'. Then for 1> €1 > € > -+ > €,_1 > 0, the function f : verti(P) — R
defined by

n—1

f(x) = Z €k£x1...xk(xk+1, ce ,xn)

k=1
induces a regular unimodular triangulation on Pyy.

Proof. This is obtained by unwinding the induction in the proof of Theorem 3.1. O

We now explain how to extend our triangulation to all integral generalized permuta-
hedra.

Corollary 3.3. Every integral generalized permutahedron has a regular unimodular triangula-
tion.

Proof. Let P € R" be an integral generalized permutahedron. By translating P if nec-
essary, we may assume without loss of generality that there is some positive integer R
such that P C {x : 0 < x < Rforalll < k < n}. It is known that dicing P by the
hyperplanes {x; = c} where ¢ and k are integers with 1 < k <nand 0 < ¢ < R gives a
regular integral subdivision X of P, and every cell of the subdivision is a translation of
a matroid base polytope!. Let ¢ : PNZ" — R be a function which induces X'

For each s € UZ;ll{O,. . .,R}k, choose an affine functional ¢; : R" 5/ — R so that
Ly — ES/(I- +1) is generic for all strings s’ and integersi. For1 > €1 > e > - > ¢€,.1 >
0, define the function f : PNZ" — R by

n—1

f(x) = g(x) + kZ: €1l (Xkats - oo ) Xn).
—1

! This can be verified by appealing to the submodularity description of generalized permutahedra,
Lemma 2.5, and Theorem 2.3.
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Then f induces a subdivision of P which refines X. Moreover, by Theorem 3.2, the
restriction of f to each cell of X induces a unimodular triangulation. N

Corollary 3.4. Every matroid independence polytope has a reqular unimodular triangulation.

Proof. Each matroid independence polytope P7 is unimodularily equivalent to an in-
tegral generalized permutahedron: given a point v = (vy,...v,) € Pz, let ¢(v) =
(vo,v1,...v4) € R*, where vy = r(E) — Y, v;. The map ¥ is unimodular and its
image is an integral generalized permutahedron?. We can apply our triangulation to
¢ (P7) and then map this triangulation back to P7 to obtain a regular unimodular trian-
gulation of the latter. O

Example 3.5. We provide an example of our triangulation for the cycle matroid of the
complete graph Ky. Let verti(Ky) = {vo,v1,v2,v3}. To simplify notation we denote the
edges of K4 by integers:

0001 = 0, 010 = 1, 0001 = 2, 0103 = 3, 0003 = 4, 0203 = 5.

The bases are in the following order:

0. {013} 6. {145} 12. {23 5)
1. {123} 7. {124}
2. {134) 8. {024} 13. {035
3.{014) 9. {234} 14 (345)
4. {015} 10. {023}
5. {125) 11. {02 5) 15. {0 4 5)

We take the height function described in Theorem 3.2 as follows: if s is a string ending
is 0, the function /; is 0. If a string ends in 1, and the string has length k, the function
ls = (—=3"k=1,—3n=k=2  1). The cells of the associated triangulation are

{378912 14} (345611 14} {0341112 14}
{357 81214} {34511 12 14} {03456 14}
{3567814} {36811 14 15} {0341114 15}
{35811 12 14} {03811 14 15} {04111213 14}
{356811 14} 03451112} {04111314 15}
{34611 14 15} 03451214} {03581112}

21t is implicit in [2] that the independence polytope is unimodularily equivalent to a generalized per-
mutahedron.
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0381112 14}
0356714}

010111213 14} 0237914} 01791214}
081011 14 15} 01791012} 01571214}

{ (0126714}
{ {
{ {
{ {
08101112 14} (01571012} {01567 14}
{ {
{ {
{ {

0127914}

0357812}
0236714}

0891012 14} 0581011 12} 03791214}
010111314 15} 07891012} 03891214}
03571214} 05781012} 0378912}

o, o, o, o, i, i,

Remark 3.6. The authors, Matt Larson, and Sam Payne attempted to apply the construc-
tion of this article to produce quadratic triangulations of graphic matroid base polytopes,
i.e. spanning tree polytopes. We convinced ourselves that it not possible to do so us-
ing only /; above which are exponential. We welcome others to attempt to apply our
triangulation to White’s conjecture.
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Analogues of two classical pipedream results on
bumpless pipedreams
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1Department of Mathematics, UC San Diego, La Jolla, CA 92093, U.S.A.

Abstract. Schubert polynomials are distinguished representatives of Schubert cycles in
the cohomology of the flag variety. Pipedreams (PD) and bumpless pipedreams (BPD)
are two combinatorial models of Schubert polynomials. There are many classical results
on PDs. For instance, Fomin and Stanley represented each PD as an element in the
nil-Coexter algebra. Lenart and Sottile converted each PD into certain chains in the
Bruhat order. This paper establishes the BPD analogues of both viewpoints. Our results
lead to a bijection between PDs and BPDs via Lenart’s growth diagram.

1 Introduction

Fix n € Z~y. For a permutation w € S;, Lascoux and Schiitzenberger [1”] recursively

define the Schubert polynomial &,. The base case is Gy, := x;l_lxg_z -+ X1 Where w

is the permutation with one-line notation [n,n —1,---,1]. To compute &, for other

w € S, we need the divided difference operator &;(f) = =L (x,_x;,*jlxl ) Lets; e S, denote

the transposition that swaps i and i + 1. Then for any we S, and i € [n — 1]

5w - {6“1‘ ) >wli+1),
0 ifw() <w(i+1).

The Schubert polynomials represent Schubert cycles in flag varieties and have been
extensively investigated. Schubert polynomials have two distinct combinatorial formulas
involving “pipes”: pipedreams (PD) [!, 5] and bumpless pipedreams (BPD) [11]. Both
are fillings of grids with certain tiles. When we refer to cells of a grid, we use the matrix
coordinates: row 1 is the topmost row and column 1 is the leftmost column. A pipedream
is a filling of a staircase grid: The grid has a cell in row i column j for each i +j < n + 1.
The rightmost cell in each row is Pl The rest of the cells can be HH (crossing) or
(bump), but two pipes cannot cross more than once. A bumpless pipedream (BPD) is a
consistent filling of an n x n grid with six types of cells: |I|, E|, EE|, E,E and [] (blank).
Pipes enter from each cell on the bottom and exit on the right edge. In addition, two

*
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pipes cannot cross more than once. The permutation associated to each PD (resp. BPD)
can be read off as follows: Label the pipes 1,2, ..., n along the top (resp. bottom) edge,
follow the pipes, and read the labels from top to bottom on the left (resp. right) edge.

Example 1.1. When n = 5, we present a PD and a BPD associated with [2,5,1, 4, 3]:

J 1J J
H Jr _J(
Jr——/ — -
1 & p
J f
C | (

Let PD(w) (resp. BPD(w)) be the set of all PDs (resp. BPDs) associated with w € S,,.
For P € PD(w) (resp. P € BPD(w)), the weight of P, denoted as wt(P), is a sequence of

n — 1 integers where the i entry is the number of H (resp. |:|) on row i. For instance,
the PD and BPD in Example 1.1 both have weight (2,2,0,1). If &« = (ay,--- ,&,_1) is a

. . . Ky
sequence of n — 1 non-negative integers, we use x* to denote the monomial x*---x,"7".

Theorem 1.2. [ ;s Jy ] FOI’ w e Sn, Gw = ZPEPD(ZU) th(P) - ZDGBPD(ZU) th(D).

There is a recent surge of research connecting BPDs with PDs and finding BPD
analogue of classical PD apparatus [/, 10, 8, 17]. This paper establishes the BPD analogue
of two classical stories on PDs:

e The nil-Coexter algebra N, is generated by uq, -, u, 1. Fomin and Stanley [6]
defined the following elements in Q[x1,- -+ ,x,_1] @ Npy:

Ai(x) == (1 + xjuy_1) (1 + Xjtty_p) -~ (1 + xju;) and &P := Aq(xq) - Ap_1(xn_1)-

Combinatorially, after expanding &P, each term x*u;, - - - u;, naturally corresponds
toa P € PD(w) with &« = wt(P) and i; - - - i is a reduced word of w. Algebraically,
Fomin and Stanley proved &P = Ywes, Owliy -+ - uj, where iy - - - is any reduced
word of w. Consequently, they obtain an operator theoretic proof of the PD fomula.

* The Bruhat order is a partial order on S;. Lenart and Sottile [14] defined a bijection
from PD(w) to chains (wq, wy, - -+ ,wy) in the Bruhat order where wy = w, w, = wy
and there is an increasing i-chain from w; to w;, 1 for i € [n — 1] (See Section 2.2).

Since the introduction of BPDs, finding a BPD analogue of the Fomin-Stanley con-
struction has been an open problem. Instead of the nil-Coexter algebra, we consider the
Fomin-Kirillov algebra &, [*]. It is generated by d;; for 1 < i < j < n and has a right
action on QS| denoted as . Define the following elements in Q[x1, -+, x,-1] ® Ex:

Ri(x;) = (xj+dyjp1+ - +dijp1) (X +diizo+ - +dijp2) - (xi+din+---+d;iy), and
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&5 1= wy © (Ry (x1)Ra(x2) -+ Ry—1(¥-1))-

Combinatorially, after expanding GBFP, we show each term x*w naturally corresponds
toa D € BPD(w) with & = wt(D). Algebraically, we establish Theorem 4.3, obtaining an
operator theoretic proof of the BPD formula.

Theorem 4.3. We have G5°P = ¥ o & w.

A crucial tool to understand GBFP is a novel encoding algorithm & that encodes each
element of BPD(w) as partial fillings of a staircase grid which we call flagged tableaux. We
denote the image of BPD(w) under ® as FT(w). Each T € FT(w) corresponds to a chain
in the Bruhat order denoted as chain(T) = (wy, - -- ,w1). Then we establish Theorem 3.9,
obtaining a BPD analogue of Lenart and Sottile’s work.

Theorem 3.9. The map chain(-) is a bijection from FT(w) to chains (wy, - - - ,w1) in the Bruhat
order where w, = w, w1 = wo and there is an increasing i-chain from w;,, to w;. Consequently,
chain o ® is a bijection from BPD(w) to such chains.

In other words, PDs and BPDs can both be viewed as certain chains in the Bruhat
order, exhibiting a duality. Finally, we use Lenart’s growth diagram [173] to obtain a
bijection between these chains, obtaining a bijection between PD(w) and BPD(w). We
conjecture this bijection agrees with the existing bijection of Gao and Huang [/]. This
conjecture has been verified on Sy.

Organization: In §2, we cover some necessary background. In §3, we define the
encoding map @ : BPD(w) — FT(w) and establish Theorem 3.9. In §4, we construct our
BPD analogue of the Fomin-Stanley construction. In §5, we use Lenart’s growth diagram
to build a bijection between PD(w) and BPD(w). In §6, we describe one conjecture that
extends the chain formulas of &, to double Schubert polynomials.

2 Background

2.1 Fomin-Stanley construction

A reduced word of w € Sy, is a word iyip - - - i; such that w = s;, - -s;, and [ is minimized.
One can read off a reduced word of w from every P € PD(w) as follows: Go through its
crossings from top to bottom and right to left in each row. For a crossing in row r column
¢, read off r + ¢ — 1. For instance, the PD in Example 1.1 gives 41324 which is a reduced
word of [2,5,1,4,3].
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The nil-Coexter algebra N, is generated by uy, - -, u,_1 satisfying:

u? =0,
Uil = UjU; if |l —]| =2,
Uitlig1t; = Ujquiiyr if i € [n—2].

Consider a = u;, ---u;, € Ny, we have a # 0 if and only if i - - - i; is a reduced word of
some w € Sy. In this case, a = uj, ---u;, if and only if j; - - - ji is a reduced word for the
same w. Fomin and Stanley [¢] defined the following elements in Q[xy, - -, x;_1] R Ny

Ai(xl-) = (1 + xiun_l)(l + xiun,z) S (1 + x,-ui) forie [Tl - 1], and
S0 = Aj(x1)Aa(x2) - - Ap1 (Xp1).

Combinatorially, PP =% p xWeP )uil -+~ uj where the sum runs over all PD and iy - - - i is
the reduced word read off from the PD. Algebraically, Fomin and Stanley showed that

&P = > Suuyy - uy, 2.1)

weSy

where iy ---i; is an arbitrary reduced word of w. This formula would imply the PD
formula in Theorem 1.2. Fomin and Stanley proved (2.1) by showing ¢;(&FP) = &PPu; for
any i € [n —1]. This equation then reduces to 0;(R;(x;)Rj+1(xi11)) = Ri(xi)Rir1(xj11)u;.
In §4, we present the BPD analogue of (2.1) and establish our equation in a similar way.

2.2 Bruhat order

For 1 <i < j<n, weuset;;to denote the permutation that swaps i and j. For w € Sy,
let /(w) := |{(i,]) : i <j,w(i) > w(j)|. Let < be the Bruhat order on S,,, where the cover
relation is given by u < w if w = ut;; and £(w) = £(u) + 1. We say C = (w1, wp, - ,wy) is
a Bruhat chain from wj to wy if wy < wy < --- < wy. The length of C is d — 1. The weight
of C, denoted as wt(C), is a sequence of length d — 1 where the i entry is £(w; 1) — £(w;).
The chain is saturated if wq < wy < --- < wy. We may represent a saturated chain as

fay by tay by fag_ 1041

wy,

where a; < b; and w; 1 = wit,, p..

Take k € [n —1]. We use < to denote the k-Bruhat order on S,. Its cover relation
is given by u < wif u <w and w = ut;; for some i < k <j. Similarly, we can define
k-Bruhat chains and saturated k-Bruhat chains. For simplicity, we say “k-chains” in place
of “k-Bruhat chains”. The k-Bruhat order can be used to describe the Monk’s rule [15]:
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Suw(x1+ -+ +xk) = Xy Ou for any w € S, and k € [n — 1] such that w(j) = n for some
j > k. Sottile generalized the Monk’s rule by considering multiplying &,, with

hg(xq, -, xg) = 2 Xi, o X,
1<y <--<ig<k
: fay by fay by fag_104_1
where k € [n — 1] and d € Z-. Say a saturated k-chain w; (%)) e wy
is increasing if wi(a1) < wy(az) < -+ < wy_1(az_1). In other words, the smaller number
swapped is increasing. It is not hard to show for any u,w € S, and k € [n — 1], there is at
most one increasing k-chain from u to w.

Theorem 2.1. [10] Take u € S, and d € Z~¢. For any k € [n — 1] such that n,n —1,--- ,n —
d+1are among w(k +1),--- ,w(n), then

6u th X1, , X ZGw

The sum is over all w such that there is an increasing k-chain from u to w with length d.

Lenart and Sottile [14] view PDs as certain Bruhat chains. We introduce the following
definition to describe their chains in a more general way.

Definition 2.2. We say a Bruhat chain C = (wq,wy, -, w;, wyq) is compatible with a
sequence (kq,--- , k) if there exists an increasing k;-chain from w; to w;, for each i € [I].

Lenart and Sottile [14] described a bijection from PD(w) to chains from w to wy
compatible with (1,2,--- ,n —1): Take P € PD(w). For i € [n], let P; be the pipedream
obtained from P by changing all bumps above row i into crossings. Let w; be the
permutation associated with P;. Then (wy, - -- ,wy) is the resulting chain. In addition, if
we change bumps in row i of P; into crossings from left to right, permutations of the
intermediate pipedreams will form the increasing i-chain from w; to w;;.

Example 2.3. Let P be the pipedream in Example 1.1. Then its corresponding chain is
([2,5,1,4,3],15,3,1,4,2],[5,4,1,3,2],[5,4,3,2,1], [5 4 3,2,1]). The increasing 1-chain from

[2,5,1,4,3] to [5,3,1,4,2] is given by: [25143] [35142] % [5,3,1,4,2].

If a pipedream P is sent to the chain C, then wt(C) = (n —1,---,1) — wt(P) where the
subtraction is entry-wise. Thus, this bijection recovers a result of Bergeron and Sottile:

Corollary 2.4. [?] Forw e S,, &y = Yo x= 1 D=wC) where the sum is over all chains
from w to wy compatible with (1,2,--- ,n—1).

We end this section by extending Corollary 2.4 using the following observation:

Proposition 2.5. Pick u,w € Sy, k1,k € [n — 1] and dy,dy € Z~¢. The number of chains from
u to w compatible with (ky,ky) and has weight (dy,dy) matches the number of chains from u to w
compatible with (ky, k1) and has weight (dy, dy).
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Proof. By Theorem 2.1, the number of chains (1, v, w) compatible with (kj, kp) and has

weight (dy, dy) is the coefficient of &y in &, x hy, (x1,- -+, Xk,) X hg,(x1,- -+, X,). The proof

is finished by the commutativity of polynomial multiplication. O
Since we have two sets with the same size, it would be natural to ask:

Problem 2.6. Find an explicit bijection between the two set of chains in Proposition 2.5.
In §5, we show Lenart’s growth diagram [ 3] solves Problem 2.6 in a special case.
Combining Corollary 2.4 and Proposition 2.5, we deduce:

Corollary 2.7. Take w € S, and v € S,_1. If (d1,--- ,d,—1) is a sequence of numbers, let

YN dy, - dpq) = @1y dy1(n_1y)- Wealso view 7y as a sequence of numbers. Then

Sw=>c x (=L D)= W) | symming over all chains from w to wy compatible with v.

This corollary implies that we have a combinatorial formula of &, involving Bruhat
chains for each choice of v € 5,,_1. Under Lenart and Sottile’s bijection, the PD formula is

identified with the Bruhat chain formula when v = [1,2,--- ,n — 1]. In §3, we identify the
BPD formula with the Bruhat chain formula when v = [n—-1,n-2,--- ,1].

3 Encoding BPDs as flagged tableaux and chains

We first encode each BPD as the following combinatorial object.

Definition 3.1. A flagged tableau is a staircase grid with a cell in row i column jif i +j < n.
Moreover, each cell in row i is empty or filled with a number in [i].

We define an encoding map @ from BPD(w) to the set of flagged tableaux.
Definition 3.2. Take D € BPD(w) for some w € S,,. For i € [n], there are (i — 1) pipes exiting
from the top from row i of D, so there are (i — 1) Hﬂ, [1] and Pl We mark these cells, and
then mark the rightmost unmarked cell in row i. There will be n — i unmarked cells. To

fill the cell in row i column j of ®(D), we look at the jth leftmost unmarked cell in row i
of D. If it is a blank, we leave the cell in ®(D) unfilled. Otherwise, it contains a pipe that
ends in row p for some p < i. We fill the cell in (D) by p.

Example 3.3. Assume n = 6. Take D € BPD([2,1,6,5,3,4]) as depicted on the left. Then
we perform the encoding algorithm and mark certain cells red. Finally, we obtain ®(D).

_Jr Jr 111
e J 1 e J ' 1 2
.y ) . ) ®D)= 1527122
- - 1
( ( 5
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To precisely describe the image of BPD(w) under ®, we need the following definition.

Definition 3.4. The reading word of a flagged tableau T, denoted as word(T), is a sequence
of pairs obtained as follows. Go through entries of T from top to bottom, and right to left
in each row. When we see the number i in column ¢, we write the pair (i,n +1 —c).

By the definition of flagged tableaux, for each pair in the reading word, the first entry
is smaller than the second.
Example 3.5. In Example 3.3, word(®(D)) = (1,2)(1,3)(2,3)(1,4)(2,4)(2,5)(2,6)(1,6)(5,6).
Let T be a flagged tableau with reading word (a4, b1),-- -, (a4, b;). For i € [d], we let
w; = Wotg, b, * - ta,p,- Then we say T is associated with the permutation wy if

ta, b ta, b ta, b ta b
ds d—1%d-1 a0 a1.01
Wy —— wy_ T w1 wo

is a saturated Bruhat chain. Let FT(w) consist of all flagged tableaux associated with w.
Example 3.6. In Example 3.3, (D) is associated with [2,1, 6,5, 3,4] because:

2,1,6,5,3,4] 2% [2,1,6,5,4,3] % [3,1,6,5,4,2] 25 [3,2,6,5,4,1] 25 [3,4,6,5,2,1]

2413 5,6,4,2,1] 24 [4,5,6,3,2,1] 22 [4,6,5,3,2,1] 22 [5,6,4,3,2,1] 22 [6,5,4,3,2,1]

is a saturated Bruhat chain from [2,1,6,5,3,4] to wy. Notice that D € BPD([2,1,6,5,3,4]).

For a flagged tableau T, define the weight of T, denoted as wt(T), to be a sequence of
n — 1 numbers whose i entry is the number of blanks in row i. Then we have:

Proposition 3.7. For w € S, ® is a weight-preserving bijection from BPD(w) to FT(w).

We may turn T into a chain compatible with (n —1,---,2,1) as follows. Suppose
T has reading word (ay,b1), -+, (aq,by) and set w; = wot,, p, -~ - ta p for i € [d]. Let m;
be the number of non-empty cells above row i +1 of T fori = 0,1.--- ,n — 1. Clearly,
(Wi, Wy —1, -+, Wm,_,) is an i-chain. Moreover, we can check it is an increasing i-chain.
Then define chain(T) := (W, ,, - , Wm,, Wo), which is compatible with (n —1,---,2,1).
Example 3.8. Let T be the (D) in Example 3.3. Then chain(T) is

(12,1,6,5,3,4],[2,1,6,5,4,3],[3,1,6,5,4,2],[3,5,6,4,2,1], [4,6,5,3,2,1], [6,5,4,3,2,1]).

Theorem 3.9. The map chain(-) is a bijection from FT(w) to Bruhat chains from w to wy
compatible with (n —1,---,2,1). Consequently, chain o ® is a bijection from BPD(w) to such
chains.

The bijection chain o @ is an analogue of Lenart and Sottile’s bijection [14] on PD(w).
Notice that for D € BPD(w), if wt(D) = (aq,- - ,a,_1) then

wt(chain(®(D))) = (1 —a,_1,---,n—2—ap,n—1—aq).

Thus, we have identified the BPD formula of &, with the Bruhat chain formula in
Corollary 2.7 withy = [n—1,---,2,1].
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4 Analogue of Fomin-Stanley construction on BPDs

We now construct GBPP, our analogue of GFP, as a generating function of the flagged
tableaux, or equivalently BPDs. Instead of the nil-Coexter algebra N,,, our construction
uses the Fomin-Kirillov algebra [5] £,, generated by {d;; : 1 < i < j < n} satisfying:

a2, =0ifi<j,

dijdiy = digdi;+dipdigifi<j<k,

digdij = dijdig+digdjpifi <j <k,

dijde) =diidi; ifi<j k<Iandi,j k1 distinct.

Fomin and Kirillov described an action of £, on Q[S,]. In this paper, we adopt a
slightly different convention and consider a right action of £, on Q[S,]. For w € S,

od wt;; ifwt; <w
wOd; ;=
v 0 otherwise.

Define A := Q[x1,- -+, x,-1] ® &y Itacts on Q[xy, - - -, x,,-1][Su] from the right: (fw)©®
(g®e) = (fg)(w®e) for any f,g € Q[xy,--,x,-1], w € Sy, and e € £,. We may identify
En and Q[xq, -, x,_1] as subalgebras of A.

Definition 4.1. Take i € [n —1]. For i < j, define B;; € &, as B;; := dyj+ - +d;;.
Define R;(x;) € A as R;(x;) := (x; + B;i11)(x; + Bijy2) -~ (x; + B; ,). Finally, define GBFP
€ Q[x1, - x,_1][Sn] as GBPP 1= w © (Ry(x1)Ra(x2) - - Ry_1(x-1))-

We show &BPP is a generating function of flagged tableaux, or equivalently all BPDs:

Proposition 4.2. We have

GBPD Z Z T)w _ Z Z th(D)w.

weSy, TeFT (w weSy, DeBPD(w)

Proof. 1f we expand R;(x;), each term corresponds to one way of filling row i of a flagged
tableau. The expression (x; + B; ;) in R;(x;) corresponds to ways of filling the cell at row i
and column 7 + 1 — j: x; means to leave the box empty and d,, ; means to fill it with p. If
we expand Rq(x1) -+ Ry_1(x,1), for each term x*d,, 4, ---d,, p,, there is a flagged tableau
T with wt(T) = x* and word(T) = (a1,b1) - - - (ag, by). Let w = wy Gdﬂl,b1 e dﬂk/bk' Ifw=0,
we know T is not associated with any permutation. Otherwise, T € FT(w). Thus, we have
the first equation. The second equation follows from Proposition 3.7. O

Now we establish the BPD analogue of (2.1).

Theorem 4.3. We have 5P = Y ¢ & w.
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Our proof is similar to the arguments of Fomin and Stanley. Consider a right action
of Ny on S, with w @ u; = wt; ;41 if w(i) < w(i+1) and w @ u; = 0 otherwise. We may
extend this action to Q[x1,- -, x,_1][Sx] by setting f ©Qu; = f for all f € Q[xq,---, x,-1].
Similar to Fomin and Stanley’s approach, Theorem 4.3 reduces to:

Proposition 4.4. For eachi e [n—1], 0;(6) = GO u;.

Proof Sketch. The left hand side is just wg ® Rq(x1) - - - 0i(Ri(xi)Rir1(xi11)) - - - Ry—1(xp—1)-
We turn the right hand side into wy ® Ry(x1) -~ Ri(%;) #4541 Rip1(Xit1) - - Ru—1(xXp—1).
Then we show wo ® Rq(x1)---Rj_1(x;_1) is in the span of terms x“w where x* is a
monomial involving x1,---,x;_1 and w € S, satisfies w(i +1) > --- > w(n). We just need

Xw© Gi((Ri(xi)Riy1(xiy1)) = x"w O Ri(x;) ujit1 Riy1(xiy1) for such x*w.

We then establish this equation via a complicated but routine computation. O

Fomin and Kirillov [4] defined the Dunkl element 6; := —>3;_;dj; + >;-;dij € &y for
i € [n]. They showed the Dunkl elements 6, - - ,6, commute with each other. We end
this subsection by providing an alternative way to write GBPP using Dunkl elements.

Proposition 4.5. We have GBPP = w; © [ Ti<icj<n(xi — 6)). Notice that terms multiplied on
the right hand side commute with each other, so the | | notation makes sense.

Remark 4.6. Sergey Fomin kindly informed the author that wo © [ [1<;j<,(xi — 6;) seems
related to the following variation of Cauchy identity of Schubert polynomials:

[T Gi—y) =D, Swlx,, Xu-1)Swwy(~Yu -, —2). (4.1)

1<i<j<n weS,

Indeed, by the Monk’s rule, (4.1) is equivalent to wo O [ [1<j<jcu(Xi —6)) = 2iyes, Sww- In
other words, Theorem 4.3 and Proposition 4.5 form an alternative proof of (4.1).

5 Bijection between pipedreams and bumpless pipedreams

In this section, we present a weight preserving bijection between PD(w) and BPD(w).
By [14] and Theorem 3.9, we just need a weight reversing bijection between chains from
w to wy compatible with (1,--- ,n — 1) and those compatible with (n —1,---,1).

This task can be done by Lenart’s growth diagram [17], which can be viewed as the
following algorithm. Given kq,k; € [n — 1] and chains C;, Cp, where C; (resp. Cp) is a
saturated kj-chain from u to v (resp. kz-chain from v to w), the algorithm outputs a
saturated kj-chain from u to v’ and a saturated ki-chain from v’ to w. Moreover, the
ki-chain (resp. kp-chain) in the output has the same length as C; (resp. Cy).
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Assume Cy = (uq,--- ,ug) and Cp = (wy, - -, wy,) where uy, = w;. We first draw:

kq kq kq kq ko ko ko
Uy —up — - —Ug 1 — W —> W2 — - > Wy,

We start from this labeled chain and apply a local move: Find a part of the chain that
looks like a h, b e We must have a <, b <, c. There exists a unique b’ € S, such that
b'#banda < b <c. Ifa <, b’ <, c, we replace this part of the chain by a LNy NPS
Otherwise, we must have a <, I’ <, c and we replace this part by a R 5 B0 We keep

applying this local move until the labeled chain looks like:

1 koo ko ko kh ko Kk ki 4
Up =2 Uy = Uy W > Wy > > Wy
: / / / : / /
Then we output the kp-chain (u7,---, Ug, 1/ wl) and the kj-chain (wl, cee, wdl).

Example 5.1. Say the inputs are: k1 =2, k, =3, C; = ([2,1,4,3],(2,4,1,3],[3,4,1,2]), and
C2 = ([3,4,1,2],(3,4,2,1]). We start from the following labeled chain and apply local
moves:

2,1,4,3] > [2,4,1,3] 3 [3,4,1,2] > [3,4,2,1].

2,1,4,3] > [2,4,1,3] > [2,4,3,1] > [3,4,2,1],

2,1,4,3] > [2,3,4,1] > [2,4,3,1] > [3,4,2,1].
Therefore, the outputs are ([2,1,4,3],(2,3,4,1]) and ([2,3,4,1],[2,4,3,1],[3,4,2,1]).
We may use Lenart’s growth diagram to define a map growthy ..

Definition 5.2. Take a chain (1, v, w) that is compatible with (kq, kp). Let C; (resp. C2) be
the increasing ki-chain (resp. kp-chain) from u to v (resp. v to w). Input Cy, Ca, kq, kp to
Lenart’s growth diagram, obtaining a ky-chain from u to v’ and a ki-chain from v’ to w.
Then define growthy, (1, v, w) as (u,v', w).

The map growthy, ;, does not solve Problem 2.6. When (u, v, w) is compatible with
(k1,k2), growthy, 1 (4,0, w) might not be compatible with (k2, k1): By Example 5.1, we have

growth, 5(12,1,4,3),[3,4,1,2],[3,4,2,1]) = ([2,1,4,3],[2,3,4,1],[3,4,2,1]),

which is not compatible with (3,2), but ([2,1,4,3],[3,4,1,2],[3,4,2,1]) is compatible with
(2,3). Nevertheless, growth; , solves Problem 2.6 in the following special case.

Lemma 5.3. Take 1 <k, <ky <n—1land u,w € S, such that wk; +1) > wk; +2) > --- >
w(n) and w(j) = n+1—j for each j € [kz]. Then growthy, , is a weight reversing bijection from
chains (u,v, w) compatible with (ky,ky) to chains (u,v', w) compatible with (ky, k).
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Now we use growthy, ; to derive a map Growth. This map is defined on a chain
C = (wy, - ,wy) from w to wy compatible with (n —1,---,2,1). It first applies growth, 1,
growthsq, - -, growth, 1 ; to get a chain compatible with (1,7 —1,---,2). Then it applies
growths 5, - - -, growth, _; , to get a chain compatible with (1,2,n —1,---,3). Eventually, it
produces a chain compatible with (1,2,---,n — 1) defined as Growth(C). We can check
when we apply each growth, i, the condition in Lemma 5.3 is satisfied.

Proposition 5.4. For w € S, the map Growth is a weight-reversing bijection from {chains from
w to wy compatible with (n —1,---,1)} to {chains from w to wy compatible with (1,--- ,n—1)}.

By [14] and Theorem 3.9, Growth leads to a weight preserving bijection between PD(w)
and BPD(w), which we conjecture agrees with the bijection of Gao-Huang [7].

Example 5.5. Consider the chain ([2,1,4,3],[2,3,4,1],[2,4,3,1],[4,3,2,1]) which is com-
patible with (3,2,1) and has weight (1,1,2). We apply growth,; and then growth; to
get ([2,1,4,3],(4,1,3,2],[4,2,3,1],[4,3,2,1]) which is compatible with (1,3,2) and has
weight (2,1,1). Finally, use growth; , to get ([2,1,4,3],[4,1,3,2],[4,3,1,2],[4,3,2,1]) which
is compatible with (1,2, 3) and has weight (2,1,1).

6 Extending Corollary 2.7 to double Schubert polynomials

The double Schubert polynomial &y(x,y) isin xq,--- ,x,—1 and y1, -+ , Y, —1. It recovers &y,
after setting each y; to 0 and can be computed using PDs and BPDs: For P € PD(w) (resp.
BPD(w)), let WT(P) be the product over H (resp. |:|) in P, where the tile in row i column
j gives (x; —yj). By [, 17], Sw(x,¥) = 2pepp(w) WT(P) = Zpespp(w) WT(P).

Take v € S,,_1 and let C = (wy,--- ,wy) be a chain compatible with v. Define WT,,(C)
as H?;ll [ 1:(xy; = Yw,(t)), where t runs over all £ > 7; such that w;(t) = w;,1(t). After
setting all y; to 0, WT,,(C) recovers x(1=1 )=y (wi(©)) | The following conjecture extends
Corollary 2.7 and has been checked for all we S, forn <8 and all y € 5,_1:

Conjecture 6.1. For y € S;,_1, we have Sy, (x,y) WT, (C).

= ZC:chain from w to wy compatible with vy

This conjecture agrees with the PD and BPD formula when y = [1,--- ,n — 1] and
v =[n—1,---,1] respectively via the bijections in [14] and Theorem 3.9.
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Asymptotic log-concavity of dominant lower
Bruhat intervals via Brunn—-Minkowski inequality

Gaston Burrull}, Tao Gui', and Hongsheng Hu*!

' Beijing International Center for Mathematical Research, Peking University, No. 5 Yiheyuan
Road, Haidian District, Beijing 100871, China

Abstract. Bjorner and Ekedahl [Ann. of Math. (2), 170.2(2009), pp. 799-817] pioneered
the study of length-counting sequences associated with parabolic lower Bruhat inter-
vals in crystallographic Coxeter groups. In this extended abstract, we study the asymp-
totic behavior of these sequences in affine Weyl groups. Let W be an affine Weyl group
with corresponding Weyl group Wy, and fW be the set of minimal representatives for
the right cosets Wy \W. Let t, be the translation by a dominant coroot lattice element
A and f b? be the number of elements of length i below t, in the Bruhat order on
fW, which is the 2i-dimensional Betti number of a Schubert variety in a certain affine
Grassmannian. We show that the sequence {f bf" }i is “asymptotically log-concave” in
the following sense: the “shape” of the k-fold dilated sequence { bf""}i, as k tends to
infinity, converges to a continuous function obtained from a certain polytope P*; by
the Brunn—-Minkowski inequality, this function is log-concave.

Keywords: asymptotic log-concavity, affine Weyl group, dominant Bruhat intervals,
dominant lattice formula, Brunn-Minkowski inequality

1 Background

Studying classes of Schubert varieties in the cohomology ring of the generalized flag
variety leads to important results in enumerative geometry (the classical “Schubert cal-
culus”), while the study of their intersection cohomology plays a fundamental role in
representation theory (the “Kazhdan-Lusztig theory”). Following Bjorner and Ekedahl
[1], we are interested in the behavior of the Betti numbers of Schubert varieties.

More precisely, consider a complex Kac-Moody group G with Borel subgroup B and
maximal torus T. The corresponding Weyl group W has the structure of a crystallo-
graphic Coxeter system (W, S), where S is the generating set, and we denote by ¢: W —
IN the length function. For any | C S, there is a parabolic subgroup Wy := (s € ) of W
and a corresponding subgroup P; := BW;B of G.

The quotient P;\G is a projective (ind-)variety called the generalized (partial) flag va-
riety. We have the well-known Bruhat decomposition P]\G = | ,,cjw P;\PjwB, where

*


mailto:huhongsheng@amss.ac.cn

2 Gaston Burrull, Tao Gui, and Hongsheng Hu

JW is the set of minimal representatives for the right cosets Wi\W. The component
Cw := P;\PjwB is called the Schubert cell associated with w & Tw. Topologically, Cy, is an
{(w)-dimensional affine space A‘®). Tts closure X, := Cy, is called the Schubert variety
associated with w. There is a partial order < on /W called the Bruhat-Chevalley order
defined by v < w if C;, C Xy,. Furthermore, we have the decomposition

Xw = I—lve]W,USw P]\P]UB (11)

Question 1. How many complex i-dimensional cells occur in the decomposition (1.1) of Xy?

Let us denote this number by / bi’. Equation (1.1) gives the equality
Tb¥ = Card{v € /W | v < wand £(v) =i}, (1.2)

which also equals the 2i-dimensional Betti number of X, (the odd dimensional Betti
numbers of X, are 0).

Question 1 is difficult to answer in general. If Xy is smooth, the Poincaré duality
implies that / b’ = J b?’(w)_i. While the hard Lefschetz theorem implies that the sequence

(/b1 is unimodal, that is, it goes up and then goes down. But Xy, is singular in general,
hence Poincaré duality and hard Lefschetz theorem usually fail. By means of deep re-
sults in Hodge theory, Bjérner and Ekedahl [1] showed that the sequence {/ b{"}; satisfies
the following two sets of inequalities

o < b, fori < e(z_w) and by </py <. < Ibzﬁ%‘”]—l < be@(m. (1.3)
The first set of inequalities is rephrased as the sequence being top-heavy, while the second
is the fact that the sequence is weakly increasing in the “lower half part”.

Some variants of Question 1 have been studied. By Equation (1.2), one can formulate
an analog of Question 1 for general Coxeter groups. Using Soergel bimodules and the
Hodge theory established by Elias and Williamson in [ 1], it is proven that the inequali-
ties in (1.3) hold for a general Coxeter group W in the non-parabolic case (thatis, ] = @,
see [15]). For the parabolic case, we believe that a proof of these inequalities should
follow from the Hodge theory of singular Soergel bimodules [15]. On the other hand, in
the context of Schubert varieties of hyperplane arrangements, Huh and Wang [14], and
Braden et al. [3] proved Dowling and Wilson’s “Top-Heavy conjecture” for matroids.

Despite these great achievements, the unimodality of {/ b{"}; for the “upper half part”
remains an interesting open problem. To the best of our knowledge, there is no partial
result yet. However, conjectures related to this problem have been made. Before we get
into these, let us recall that a sequence ay, a1, . . ., 4, of positive real numbers is said to be
log-concave if

a;_10i11 < al-z forall 0 <i < n.
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This notion is stronger than unimodality: a log-concave sequence is always unimodal.
Regarding log-concavity of Bruhat intervals, Brenti conjectured the following:

Conjecture 2 ([4, Conjecture 2.11]). Let W be a (finite) Weyl group, and u,v € W. The
sequence {bl[u’v]}i is log-concave, where bl[”’v} =Card{w e W |u <w <vand {(w) = i}.
It is known that the parabolic analog of Conjecture 2 does not hold. For example, the

Betti numbers of the Schubert variety X(gg44) inside the Grassmannian Gr(4,12) gives
a non-unimodal sequence. See [20] for details.

2  Our results

Let W = Z®" x Wy be an affine Weyl group with finite Weyl group Wy and root system
® of rank r. Let (E, (—|—)) be the r-dimensional Euclidean space where ® lives in. Let
fW be the set of minimal representatives for the right cosets W\W. Denote by C the

dominant Weyl chamber. Let A € Z®Y N Cy be a dominant coroot lattice element, and
ty € W be the translation by A. Let e, tr] := {w € /W | w < t,} be the dominant lower
Bruhat interval. For 0 < i < /(t,), we define

fp}r .= Card{w € Fle, ] | {(w) =i}

This is the 2i-dimensional Betti number of a (spherical) Schubert variety in the affine
Grassmannian Gr := G(F)/G(O), where F = C((t)), O = C|[[t]], and G is the semisim-
ple and simply connected complex algebraic group with root system ®. We prove that
the sequence {f b?‘}i is asymptotically log-concave in the following sense:

e The “shape” of the length-counting sequences of the dilated intervals f e, tp] con-
verges to a continuous function when k tends to infinity (Theorem 3).

e This continuous function is log-concave (Corollary 7).

2.1 Asymptotic convergence
Let A € Z®" N Cy be a fixed dominant lattice element. We define the convex polytope
P* := Conv{w) | w € W;} NCy C E,

where Conv{—} is the convex hull of a set of points. Let ht: P — R be the height
function ht(x) := (2p|x), where p is the half sum of positive roots. In particular, ht(A) =
{(t)). We denote by Vol, the Lebesgue measure on E and by ht,Vol, the corresponding
push-forward measure on R. That is, for any Borel set U C R,

(ht.Vol,)(U) := Vol,(ht ' U) = Vol, ({x € P} | (20]x) € U}).



4 Gaston Burrull, Tao Gui, and Hongsheng Hu

We also denote by Vol,_; the Lebesgue measure on affine hyperplanes of E. Then, the
density function of ht,Vol, is

g(z) = [120]| 7 Vol,_1 (ht ' (2)).

Let 4, denote the Dirac measure (that is, point mass) at the point x € R. For any
positive integer k, we define a discrete measure my supported on [0, £(t,)] by

— t
me =K Y i 00 (2.1)

Intuitively, we distribute the sequence {/ bf“}i evenly on the interval [0, 4(t,)]. We also
define a step function Si: [0, £(¢1)] — R as follows. For any x € [0, £(t,)], there exists a
unique i € {0,1,...,kl(t))} such that x € [{, ). We define

Sk(x) := k=1 Sl

The function Sy records the numbers {f bf“}i and behaves like the “density function” of
m. The following is our main theorem.

Theorem 3. Let Vol,(A) be the volume of the fundamental alcove A .

(1) (Weak convergence of measures) The sequence of measures {my }r, as k tends to infinity,

converges weakly to mht*\folr.

(2) (Uniform convergence of functions) The sequence of functions {Si}y, as k tends to

infinity, converges uniformly to the function m g.

See Section 3 for an explicit example.

Remark 4. If A is strongly dominant, that is, A € C., then P* is combinatorially equivalent to
a hypercube (see [5]).

2.2 The dominant lattice formula

We define the Poincaré polynomial t'A (q) of the sequence {f b?}i by

L tx i t(w
ntA(Q) = ZOgigZ(tA) fbiA - Zwef[e,tﬂ q .

Let {ay,...,ar} be the set of simple roots of ®, and {s1, ..., s,} be the set of correspond-
ing simple reflections. For any y € Z®", we denote by W, the standard parabolic
subgroup of Wy generated by {s; | 1 <i <, (u|a;) = 0} and by "W/ the set of minimal
representatives for the right cosets W, \Wy. We also define the Poincaré polynomial ¥7t¢(q)
of the set "W¢ by "7¢(q) := Zwewa g'@),

The following theorem is one of our most important results, and plays an important
role in the proof of Theorem 3.
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Theorem 5 (Dominant lattice formula). Let A € Z®" N C,. as before. Then
n-t}\(q) — ZVEP)‘QZQDV q(ZPW) . P‘n-f(qfl). (22)

This formula serves as a bridge between the discrete nature of {f bf)‘}i and the con-
tinuous nature of the geometry of PA. See Figure 1 for an illustration.

Description of two of the summands of the dominant lat-
tice formula when W is of affine type A; and A = 2a + 38,
where « := &y and  := ay. The yellow points are the lat-

tice points inside P*. The alcoves of the interval Fle, )]
are colored with dark blue. There are 6 dominant alcoves
arranged around the strongly dominant lattice point y :=
20 + 2B, and 3 around v := «a + 2 which is on the wall.
The summand corresponding to u in the formula is given
by ¢® - "7p(97) = 4° +24° + 297 + °. The terms of this
polynomial are colored orange and placed inside their
corresponding alcoves in the picture. The summand cor-
responding to v is given by ¢° - Vrts(g71) = q* +4° + ¢°,
—a—p whose terms are colored with brown.

~p

Figure 1: Illustration for the dominant lattice formula.

2.3 Log-concavity and a conjecture on unimodality

The following theorem taken from [17, p. 270] can be deduced from the classical Brunn—
Minkowski inequality.

Theorem 6 (Brunn—-Minkowski, see [17, p. 270]). Let L1 be a real vector space and let M C L,
be a convex body. Let p: L1 — Ly be a linear transformation. Then

X (Vol(pfl(x) ﬂ M))l/(dimM—dimp(M))

is a concave function on p(M).

Applying the above theorem to the map ht: P* — R and taking logarithm (which is
a concave function), we have immediately the following corollary.

Corollary 7. The density function g of the measure ht,Vol, is log-concave, that is, log g is a
concave function.

Remark 8. The sequence { b?}i is not necessarily log-concave. For example, from the step
function in Figure 2a, we observe that the sequence contains the consecutive terms (4,4,5).
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We propose the following conjecture:
Conjecture 9. The sequence { b?}i is unimodal.

This conjecture has been tested for different choices of A in affine Weyl groups of
rank < 4 (and also type As) with the help of SageMath.

3 An example of Theorem 3

Let W be the affine Weyl group associated with the root system ® of type C3 and simple
roots A = {ay,ap,a3}. Then, r = 3. Following [?, Plate III], we write a1 = €1 — €,
xy = €y — €3, and az = 2¢€3. Let

A =30 + 60y + 7aj.

We have that ht(A) = 32. For convenience, we define (a,b,¢)e := any + bay + cay. The
polytope P* is the convex polyhedron with six vertices given by

{(0,0,0)%,(3,3,3)0,(3,5,7)®,(3,6,6)0,(7/3,14/3,7), (3,6,7) o},

which is an example of a non-lattice polytope. Since p = (3,5,3)e, we get ||p|| =
v/14. From [, Equation 2.4], or by direct computations, we have that Vol3 (A ) = 1/48.
In view of Theorem 3, the only missing ingredient to compute the limit function is
to determine the area function Voly(ht™'(x)). From the theory of convex polytopes,
this function is a piece-wise quadratic polynomial and its exact form can be obtained
by Lagrange interpolation. We omit the details and just give a graph of the function
¢/ Vol3(A) in Figure 2d.

We can use Theorem 3 to give quick estimates of the terms in the sequence {f bfk)‘}i

when k is big enough. For instance, when k = 8, the value of f bisg’g is virtually impossible
to obtain in a computer directly from definitions. Let us pick x = 24.5(= 196/8). From
our theorem we have

Ss(24.5) = bl /8% ~ 48¢(24.5) = 389/30

giving /b5, ~ 829.86.

On the other hand, Theorem 5 gives the exact values of the terms in the sequence
{f bf")‘}i. We can compute the value of the function Sg (which takes a considerable time
to get in a computer.) In particular, we have f bisg% = 863. Our quick estimate of 829.86
from before was off by 3.84%. In various examples, we observed that the error of the
estimation decreases roughly linearly with the growth of k. See Figure 2 for the graphs
of the step functions Sq, Sy, and Sg.
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(a) Graph of 5;. (b) Graph of Ss.
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(c) Graph of Sg. (d) Graph of g/ Vol,(A4).

w4

Figure 2: In the affine Weyl group W of affine type Cs, we consider A = 3ay + 60y +
7ay. These pictures illustrate how the sequence of step functions S: [0,¢(fy)] — R
converges uniformly to the continuous function g/ Vol, (A ).

4 Connections with asymptotic representation theory

The formulation of Theorem 3(1) borrows ideas from the construction of the now-called
Duistermaat-Heckman measure [13] and Okounkov’s work [16] on the asymptotic log-
concavity for multiplicities of representations. Let G be a compact connected Lie group
and A be a dominant weight. In [17], Heckman constructed a discrete measure

¥y dim V (kA) 81
Y, dim V(kA),,

supported on the weight polytope Conv{wA | w € W¢}, where dim V' (kA),, is the weight
multiplicity of the irreducible representation of G with highest weight kA. He proved that
this sequence of discrete measures, as k tends to infinity, converges weakly to the push-
forward of the Liouville measure of the coadjoint orbit of A under the moment map. The
density function of the limit measure is a piecewise polynomial function [*] and Graham
proved that it is log-concave via Hodge-Riemann inequalities [1”]. Later, Okounkov [16]
introduced the now-called Newton-Okounkov bodies to prove, in a similar weak limit
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sense, that for any reductive group G and any representation V of G, the multiplicities
of irreducible G-modules in the homogeneous coordinate ring of a G-stable irreducible
subvariety of IP(V) are log-concave.

It is not hard to see the similarity between our construction (2.1) and the one of
Heckman, and it is indeed similar to the one of Okounkov. However, our proof technique
is quite different from theirs. Moreover, it is not obvious that our original cell-counting
problem has such a critical relation to the geometry of a convex polytope. Theorem 3(1)
is the analog of theirs, while a result like Theorem 3(2) is novel in this kind of setting.

5 Relation with Ehrhart’s theory

For an r-dimensional lattice polytope P (that is, all vertices of P are points of a given
lattice L), the Ehrhart polynomial [10] is a polynomial in k that counts the number of lattice
points in the k-fold dilation kP of P. The leading coefficient is equal to the r-dimensional
volume Vol, (P) of P, divided by the volume d(L) of the fundamental region of the lattice
L. This implies that

Vol,(P) = lim d(L) - Card{lattice points in kP}.

k—o0 k"

(5.1)

If X is the toric variety corresponding to the normal fan of P, then P defines an ample
line bundle on X. The Ehrhart polynomial of P coincides with the Hilbert polynomial
of this line bundle, and the asymptotic result (5.1) is a consequence of the asymptotic
Riemann-Roch theorem [19, I

The problem in our work is analogous to the one in Ehrhart’s theory, while we count
alcoves in each length rather than all lattice points in the polytope P*. When the polytope
P is not a lattice polytope, it has no Ehrhart polynomial. We want to raise the following
question related to Theorem 3(2):

Question 10. Is b,i’? a quasi-polynomial in k of degree (r — 1) for k sufficiently large, with

Vol,_1(ht~1(i))
Vol (A+) - || 20|

as the leading coefficient?

6 Main ideas in the proofs of Theorem 3 and Theorem 5

For complete proofs, see [0].
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6.1 Theorem 5

Our cell-counting problem can be translated into “counting alcoves” thanks to the nat-
ural bijection between the affine Weyl group W and the set of alcoves. In particular,
w € fW if and only if the corresponding alcove A, is dominant, that is, it is contained
in C4. On the other hand, we have the following well-known result.

Lemma 11. Suppose A, u € Z®" N C... The following are equivalent:
(1) t, <ty in the Bruhat—Chevalley order.
(2) p € Conv{wA | w € Wr}.
These facts motivate the definition of the polytope P* = Conv{wA | w € W} N Cy.
They also lead to a description of the interval f e, )] in terms of the lattice points in P*:
He,ta] = {tyw € W | p € PPN Z®Y,w € FW s}

Then, the dominant lattice formula (Theorem 5) follows from comparing the lengths of
the elements on both sides of this equality.

6.2 Theorem 3

The following is the main geometric intuition in our proof of Theorem 3: a dominant
Bruhat interval can be realized as a bounded region—a union of finitely many alcoves—

inside C4; after dilating the lattice element A of the interval f le,t)] and re-scaling the
region back, the alcoves in the region get smaller and smaller, and the region approaches
PA. This is illustrated in Figure 3. Other works relating Euclidean geometry and Bruhat
intervals in affine Weyl groups can be found in [, 7].

The following corollary of Theorem 5 is crucial in the proof of Theorem 3:

Corollary 12. We define

— ¢ Al — 2 Alg) — 2
r(q) = Zwewf g, g = Zyepmzqw AR Zyepmzcbvmg g2,
Then we have
(@) (g < ' (g) < ) - mp(g ), 6.1)
where the inequalities between these Laurent polynomials mean to be coefficient-wise.
Considering the coefficients in the inequality (6.1), we are able to approximate f bf“
using the numbers

Card (PA N %ZCI)V N ht_l(y)) , (6.2)
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(a) The interval f e, t2p]- (b) The interval f e, tor]- (c) The polytope P*.

Figure 3: Behavior of the intervals f e, tra] when W is of affine type A, and A = 3a +4p,
where a := a) and B := ay. In each picture, the set of small triangles corresponds to
the set of alcoves. The coroot lattice is indicated by black bullets and the dominant
Weyl chamber is colored blue. In the first two pictures, the alcoves corresponding to
the elements in the intervals are filled with darker blue. So is the polytope P* in the
third picture.

where y runs over a particular set of numbers near i/k. For these y, it turns out that
(1z®") Nht !(y) is a lattice of rank r — 1 in the affine hyperplane ht ™' (y).

We construct a Riemann sum using the numbers from (6.2). As k tends to infinity,
this sum converges to a quantity related to the volume of a part of PA. From basic results
about weak convergence, this leads to a proof of Theorem 3(1).

The proof of Theorem 3(2) is more technical than the proof of Theorem 3(1). First of
all, it suffices to prove that Si(x) converges uniformly for x € [0,4(t,)] of the form i/k,
because of the definition of Sy and the continuity of g. For this, we need to estimate the
value of the step function Sy at those x = i/k, which is Kl-r.f blt.“. As before, we switch
this estimation to the estimation of the numbers in (6.2). Let y be as before.

We choose a fundamental domain By of the lattice (1Z®") Nht™!(0) containing the
origin point of %ZCI)V. If we join all the translations of By by points in PA N (%ZCIDV) N
ht~!(y), we obtain the region

R::|_|{Z-I-Bk

in the hyperplane ht ! (y).

Because we can compute the volume of By directly from ®, estimating the value of
(6.2) is equivalent to estimating the value of Vol,_1(R). The proof of the convergence
is then achieved by comparing Vol,_;(R) with Vol,_;(P* Nht !(x)). This, as well as

k

lePrnlzevn ht_l(y)}
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the uniformity, requires the use of some “Euclidean geometries” to carefully estimate
the volume of some open neighborhood of the boundary of P* Nht '(x) (see Figure
4 for an example of such a neighborhood). When k is large enough, for any x and y,
the boundary of R is contained in such a neighborhood. Because the volume of such a
neighborhood can be sufficiently small, this implies that Vol,_1(R) is sufficiently close
to Vol,_1(P* Nht~!(x)). This leads to the proof of the uniform convergence.

Figure 4: A triangle T and the neighbourhood N (9T, §).
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Abstract. Boundary algebras are an important tool in the categorification, by Jensen-—
King-Su and by Pressland, of cluster structures on positroid varieties, defined by Scott
and by Galashin—-Lam. Each connected positroid has a corresponding boundary alge-
bra. We give a combinatorial way to recover a positroid from its boundary algebra.
We then describe the set of algebras which arise as the boundary algebra of some
positroid. Finally, we give the first complete description of the minimal relations in the
boundary algebra. We expect this description to be helpful in extending results known
for Grassmannian boundary algebras to more general settings.

Keywords: Categorification, Positroids, Cluster Algebras

1 Introduction

An open positroid variety, defined by Knutson-Lam-Speyer [¢], is the variety of points in
the Grassmannian realizing a given positroid. They broaden the positroid stratification
of the nonnegative Grassmannian [ 1] to the full Grassmannian. As conjectured in [10,

] and proven in [14, 15, 0], the coordinate ring of an open positroid variety has the
structure of a cluster algebra. Such a cluster structure is a combinatorially rich algebraic
structure that in particular interacts well with nonnegativity [5]. For instance, the posi-
tivity of the cluster variables in a single cluster is enough to guarantee the positivity of
all the other, possibly infinitely many, cluster variables.

Boundary algebras appear in the context of categorification of the cluster structure on
an open positroid variety. Categorification is a process by which structures from other
areas of math are realized using category theory, often through module categories. In
2006, Scott [14] showed that the Grassmannian has a cluster structure, which was cate-
gorified by Jensen-King-Su [/] as the category of Gorenstein-projective modules over the
circle algebra. In 2016, Baur-King—-Marsh [4] connected this with dimer models by realiz-
ing the circle algebra as a completed boundary algebra of a Grassmannian dimer model.
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Pressland [17] extended this setup in 2022 by showing that the cluster structure defined
by Galashin—-Lam on an arbitrary connected positroid variety [¢] is categorified by the
Gorenstein-projective category of the completed boundary algebra of an appropriate
dimer model.

This categorification has proven useful in understanding the Galashin-Lam clus-
ter structure on positroid varieties. Pressland [17] used it to prove a conjecture of
Muller-Speyer that two a priori different cluster are closely related [10]. In particular,
he shows that the source-labelled and target-labelled cluster structures on a positroid
variety quasi-coincide. Much work is being done on the cluster structures on Grass-
mannians, including studying the Gorenstein-projective modules over the circle algebra
corresponding to rank 2 and 3 cluster variables [, ]. This work is difficult to extend to
all positroid varieties because there is no generators-and-relations description in the liter-
ature for boundary algebras of general positroid varieties. Forthcoming work of the first
author and Khrystyna Serhiyenko contains a combinatorial construction of the boundary
algebra, but only describes the relations up to an operation called cancellative closure. We
build on this construction and give a combinatorial description of the boundary algebra
of a connected positroid variety, including a minimal set of relations. We isolate com-
binatorial data which determines the boundary algebra, and call it a boundary chart.
We characterize boundary charts of connected positroids and provide an explicit bijec-
tion between realizable boundary charts and connected positroids. This gives us a new
cryptomorphism of connected positroids.

Our new description of boundary algebras gives additional tools for studying the
Gorenstein-projective modules over these algebras. We expect our results to be useful
in generalizing the work mentioned above from the Grassmannian setting to general
positroid varieties.

2 Background

2.1 Positroids

A positroid is a special type of realizable matroid which reflects the combinatorial struc-
ture of the totally nonnegative Grassmannian. See [11] for background on positroids. In
this section, we introduce perfect orientations and decorated permutations, which are two of
many equivalent descriptions of positroids.

Definition 2.1. A plabic graph (planar bi-colored graph) is an undirected planar graph embed-
ded in a disc with n vertices on the boundary, labelled b; for i € [n] in clockwise order. Plabic
graphs may have additional vertices in the interior of the disc which are each assigned one of two
colors, either white (o) or black (e). Boundary vertices must be incident to exactly one edge. We
consider plabic graphs modulo homotopy.
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There are moves and reductions that can be applied to plabic graphs which preserve
the key combinatorial properties we are interested in. Using these, we may, and will, as-
sume that our plabic graphs are bipartite (for this purpose, we ignore boundary vertices)
and reduced [11, Def. 12.5]. An example of such a graph is illustrated in Figure 1.

We may define positroids in terms of perfect orientations of plabic graphs. These are
orientations O of the edges of the plabic graph such that each white internal vertex
is incident to exactly one incoming edge and each black internal vertex is incident to
exactly one outgoing edge. The source set of O is then {i | b; is a source in O}. Fix a
plabic graph G on n boundary vertices. All perfect orientations have source sets of the
same size k. We say such a plabic graph is of type (k,n). The set consisting of the source
sets of all perfect orientations forms a positroid P(G) of rank k on [n] [11].

Move equivalent plabic graphs give the same positroid. One way to distinguish
move equivalence classes of plabic graphs is by using their trip permutations. These are
permutations 7t defined as follow: For each i € [n], construct a trip which starts from b;
and follow the edges of the plabic graph according to the "rules of the road": At each
white vertex turn right, and at each black vertex turn left. This trip will end at some
boundary vertex b; and we define 77(i) = j. We obtain a fixed point 77(i) = i if and
only if b; is connected by a single edge to a leaf. At fixed points, we additionally keep
track of the color of this leaf. With this additional data, we refer to 7t as a decorated
permutation. Decorated permutations of [n] are in bijection with positroids on [n]. We
denote by P the positroid corresponding to a decorated permutation 7. In this abstract,
we will be primarily concerned with connected positroids, in which case the decorated
permutations are stabilized-interval-free permutations [1]. These have no fixed points and
so, in particular, are undecorated permutations.

Consider Gry ,,, the Grassmannian of k-planes in C", embedded in cp-1 by Pliicker
coordinates Aj, where I is a k-element subset of [n]. To define open positroid varieties, we
will need to label faces F of a plabic graph G of type (k, n) by the set of i € [n] such that
F lies to the left of the trip terminating at i. One can show that each such label will have
size k and, if P(G) = P(G’), then the boundary faces of G and G’ will have the same
labels [10].

Definition 2.2. Fix a positroid P of rank k on [n]. Let G be a reduced plabic graph such that
P = P(G). Label the faces of G as above. The open positroid variety 115, is the subset of Gry ,
where Ay = 0 forall I ¢ P and A; # 0 for all I which label a boundary face of G.

Finally, we construct the quiver of a plabic graph.

Definition 2.3. A quiver Q = (Qo, Q1) is a directed graph with vertices Qg and arrows Qy,
with no loops or oriented 2-cycles. Some vertices Fy C Qo may be marked as frozen.

For a bipartite plabic graph G, define the quiver Q(G) as follows: Place a vertex at
each internal face of the plabic graph. Faces incident to the boundary contain frozen
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Figure 1: A plabic graph on 5 boundary vertices, with its quiver indicated in red,
where frozen vertices are squares and unfrozen vertices are circles. The decorated
permutation, obtained by following the rules of the road, is 7 = 45123.

vertices. For each edge e of G which is incident to a white vertex, add an arrow « to the
quiver between the faces on either side of e such that the white endpoint of e is to the
right of a. The only other edges of G are those which connect boundary vertices to black
vertices. In this case, add an arrow « such that the black vertex is to the left of a. The
quiver of a plabic graph is illustrated in Figure 1.

Galashin and Lam have shown that the coordinate ring of an open positroid variety
[1% ) is isomorphic to the cluster algebra with quiver Q(G) [o].

2.2 Boundary Algebras

We now introduce the boundary algebra, which is important for the categorification of the
cluster structure on an open positroid variety introduced by Pressland [1”].

Definition 2.4. For a quiver Q, the path algebra CQ is spanned by finite paths in Q, including
empty paths at each vertex. The product in the algebra between paths p and q is the concatenation
of p and q, if p ends at the start of q, and 0 otherwise.

Fix a stabilized-interval-free permutation 77. Let G be any plabic graph with trip
permutation 77, and let Q = Q(G). Each internal face of Q is bounded by an oriented
cycle. Each edge d not between two frozen boundary vertices is incident to two faces
and thus part of oriented cycles ¢ and ¢; bounding those faces. Say ¢ factors as dp;
and c; factors as dp . Let ¢; be the empty path at the boundary vertex v; of Q(G), and
lete=Y" e

Definition 2.5. The dimer algebra Ag is CQ modulo the relations p; = p for all edges d of
Q which are not between two frozen vertices.

Definition 2.6. The boundary algebra of the positroid Pr is Bx = eAgg)e for any G such
that P = P(G).

It is not obvious, but if P(G) = P(G’), then eAgge = eAg(gne, so this is well
defined. Multiplication by e on both sides discards each path which neither originates
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from nor terminates at a boundary vertex. Thus, B,; can be thought of as the algebra of
paths between boundary vertices, modulo the relations pJ = p;.

We define the following elements of B,: For each i € [n], let x; be a minimal path
from v; to v;;1 and let y; be a minimal path from v;;, to v;, where all indices are taken
modulon. Let x =3 ;x;and y = Y./ ; y;. Let t = xy; then t is central in B,. Let p be a
path in B, between two nonadjacent vertices. Define 7(p) and #(p) by the condition that
p is directed from v, (, to v, (). Suppose p does not factor as a product of other paths.
We then say p is a nonadjacent arrow and define reach, = #(p) — 7(p) taken modulo n
so that reach, € [n]. One can show that p satisfies pt*r = Xe(p)Xe(p)+1° " " Xy(p)—1 for @
suitable positive integer X;,. We represent the boundary algebra by putting the vertices v;
in clockwise order around a circle and drawing in the nonadjacent arrows. For example,
the second subfigure of Figure 2 shows the representation of a boundary algebra. with a
nonadjacent arrow from vy to v; in black. In this figure, the arrows x; and y; are shown
in gray.

In forthcoming work, the first author and Khrystyna Serhiyenko prove the following
two results showing how to calculate the boundary algebra B;; directly from a stabilized-
interval-free permutation 7. In order to state these results, we must represent the per-
mutation 7 as a directed graph on vertices w; with directed edges from w; to w,;
for i € [n]. We will draw the permutation graph such that w; lies between vertices v;
and v; 1. We refer to edges of the permutation graph as strands. Figure 2 shows three
examples of permutation graphs, in red.

Definition 2.7. For i € [n], we define the i-shifted linear order <; on [n] by i <;i+1 <;
e in <1< <i—1 Wesay (ap < -+ < ay) € [n]™is a cyclic ordering if there
exists some i € [n] such that ay <; ap <; --- <; a. We will allow ourselves to replace some or
all of the inequalities with strict inequalities if consecutive terms are not allowed to be equal.

Definition 2.8. Define [i,j| = {I | (i < I < j) is a clockwise ordering} to be the (closed)
clockwise interval between i and j. We similarly define the clockwise intervals (v;,v;], [v;,9}),
and (v;,v;) by excluding one or both of the endpoints.

Definition 2.9. Let v; be a boundary vertex of Q. Consider a strand « from r to 7t(r) in the
permutation graph of 7t. We say that v; is to the right of a if j € [7t(r),r) and otherwise v;
is to the left of a. Let p be an arrow between nonadjacent vertices v; and v;. We say that a is
left-supporting to p if (rt(r) < r <n(p) < t(p)) is a cyclic ordering. We say that the strand
w is right-supporting to p if (r < 7(r) < t(p) < 5(p)) is a cyclic ordering. In either case, we
say that this strand is supporting to p.

Informally, a strand left (resp. right) supports an arrow p if it points in the opposite
direction of p and lies to its left (resp. right).

Theorem 2.10. Fix a connected positroid P with permutation 7. Fix distinct nonadjacent
boundary vertices v; and v;. The arrow p from v; to v; is a nonadjacet arrow of By if and only if
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1. foralll € (j, i), there is a right-supporting strand « of p with v; to its left, and

2. forall 1 € (i,j), there is a left-supporting strand « of p with vj to its right.

In this case, the relations thP = X;Xjp1- - Xj_1 and ptYP = Yi-1Yi—2 - Y; hold in By, where
X is the number of left-supporting strands and Y, is the number of right-supporting strands of
p. We call X, the left relation number of p, and we call Y, the right relation number of p.

Definition 2.11. An ideal I of a path algebra CQ (generated by commutation relations) is can-
cellative if, for any a,p,q,b € 1 with n(a) = t(p) = t(q) and n(p) = n(q) = t(b), we have
apb —aqb € I <= p —q € 1. The cancellative closure of an ideal I, denoted CancClos(I),
is the smallest cancellative ideal containing I.

Theorem 2.12. Let Q% be the quiver on v;, for i € [n], whose arrows are x;, y; and the nonadja-
cent arrows of By. Let I be the cancellative closure of the ideal I generated by the relations given
in Theorem 2.10, the relations xy — yx and x* — y"~k:

I, = CancClos <<xy —yx, xF —y" 7K, Y. PE? — X () X ()1 xﬂ(p)1>> :

p nonadjacent arrow
Then By = CQ%/I5.

Together, Theorem 2.10 and Theorem 2.12 give a way to calculate the boundary al-
gebra of a positroid from its decorated permutation. However, this is obfuscated by the
necessity of taking a cancellative closure. We address this in Section 3.3.

Example 2.13. Let 7t be the permutation depicted in the middle of Figure 2. We see that there
is an arrow p from vy to v4. Since p has one left-supporting strand (from 6 to 4) and one right-
supporting strand (from 1 to 3), it is labelled with X, : Y, = 1 : 1. By Theorem 2.12, the
boundary algebra is B,y = CQ3 /I, where the arrows of Q. are p along with the greyed-out
arrows (representing x; and y;) and the ideal I, is generated up to cancellative closure by

{xy —yx, X¥ — "%, pt — x4x5%6}.

3 Combinatorial construction of the boundary algebra

3.1 From Boundary Algebras to Permutations
Our work involves a new combinatorial object, which we call a boundary chart.

Definition 3.1. A boundary chart consists of data C = (k,n, S, X) as follows, where k and n
are integers satisfying 1 < k < n and S is a set of arrows on vertices v;, for i € [n], such that
arrows are not between v; and v; 1, with indices taken cyclically, and there is at most one arrow

from v; to vj for any i,j € [n]. Finally, X € 7!

Lo 8ives a positive integer for each arrow.
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43

Figure 2: Three boundary charts on six vertices with k = 3 and their corresponding
decorated permutations depicted in red. The arrows x; and y; are greyed out. For
clarity, we use a red i in place of w; and a black i in place of v;.

Given a positroid, the boundary chart is precisely the data determined in Theo-
rem 2.10. Here, we start with a connected positroid of rank k on [n] with permutation
7, and the set S consists of the nonadjacent arrows of B;. The numbers X, are as in
the theorem. Observe that it is implicit in Theorem 2.10 that there is at most one arrow
between any two vertices. By Theorem 2.12, this information fully determines B.

Definition 3.2. A boundary chart is realizable if it is obtained from a positroid via this process.

We introduce the following auxiliary piece of data for a boundary chart: Let Y € Z|>S(‘)

be a vector of positive integers, indexed by the arrows in S, such that Y, = X, +k —
reach), for each p € S. Using xy = yx and xk = y"=k from Theorem 2.12, one can show
that the Y, here coincide with the Y, in Theorem 2.10.

We represent the data in a boundary chart by placing the vertices v; around a circle,
in clockwise order. We draw in the arrows and mark each arrow p € S with the pair of
integers (X, : Y,). We refer to these as the left and right relation numbers of p, respec-
tively. Note that knowing X, and Y}, suffices to recover k when the set S of nonadjacent
arrows is nonempty. Three examples are illustrated in black in Figure 2 (the red and grey
parts are not in the boundary chart). For the realizable boundary chart obtained from
P = Pg, this coincides with the representation of B, described in section Section 2.2.
We will need the following terminology:

Definition 3.3. Let p and q be two arrows in S.
e If (t(p) < t(q) <n(p) <n(q)) is a cyclic ordering, we say p and q cross.

e If (t(p) < t(q) <n(q) <n(p)) is a cyclic ordering, then p lies to the right of q. We say
that p and q are parallel, with p right-parallel of q. Define left-parallel similarly.

e If (n(p) < t(q) < n(q) < t(p)) is a cyclic ordering, then p lies to the right of q. We
say p and q are antiparallel, with p right-antiparallel of q. Define left-antiparallel
similarly.
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Visually, crossing arrows are arrows that intersect on their interiors, like the arrow
from 9 to 4 and the arrow from 7 to 2 in Figure 3. Parallel arrows are, roughly, arrows
that go in the "same direction", like the arrow from 9 to 4 and the arrow from 10 to 1 in
Figure 3, while antiparallel arrows are arrows which neither cross nor are parallel.

Given a realizable boundary chart C = (k,n,S, X), we describe how to recover the
permutation of its associated boundary algebra. We will construct the permutation as a
permutation graph on vertices w; such that w; lies between vertices v; and v; 1. We refer
to the vertices w; as strand vertices. First, we must discuss the ideas of visibility and of
influence in a boundary chart. We do this inductively. We will give an example of these
definitions in Example 3.8. We start with a reformulation of the right and left relation
numbers which will make the following construction easier to state.

Definition 3.4. Let C be a boundary chart with left and right relation numbers X and Y, respec-
tively. For p € S, let L(p) (resp. R(p)) be the set of arrows left-parallel (resp. right-parallel) to
p- Then the adjusted left relation numbers are defined inductively by X, = X, — Y o1 () Xg

and the adjusted right relation numbers are defined inductively by Yy, = Yy — Yoer(p) Yy

Definition 3.5. Let a be an arrow of a realizable boundary chart C = (k,n,S, X). Inductively
define the following:
1. The right-head-visible strand vertices to a are those strand vertices to the right of «
which are not right-head-influenced by a right-parallel arrow of « or left-head-influenced by
a right-antiparallel arrow of « (this condition is vacuous if there are no arrows to the right
of a). The right-head-influenced strand vertices of a are the Y), right-head-visible strand
vertices most immediately clockwise of ().

2. The left-head-visible strand vertices of a are those strand vertices to the left of « which
are not left-head-influenced by a left-parallel arrow of « or right-head-influenced by a left-
antiparallel arrow of a. The left-head-influenced strand vertices of w are the X}, left-head-
visible strand vertices most immediately counterclockwise of n(a).

We will use the phrase head-influenced to mean either left- or right-head-influenced. We define
left-tail visible and right-tail-visible strand vertices as above, swapping “head” with “tail,”
“n(a)” with “t(a),” and “clockwise” with “counter-clockwise.”

Construction 3.6. Let C = (k,n,S, X) be a realizable boundary chart. Let o be an arrow of
C. Let wgy, ..., Wo,, ) be the right-head-influenced strand vertices of w, ordered clockwise so
that we, is most immediately clockwise of 17(«). Let Wepy oo Wor, be the right-tail-influenced
strand vertices of a, ordered clockwise so that we., () [s most immediately counter-clockwise of
(). Then define ¢o(07) = 07 for j € X'(a). Symmetrically define ¢y on the left-head-influenced
vertices of w. We define a function (indeed, we will see, a permutation) 7t on [n] by

(j) = {(pa (j) wj is head-influenced by an arrow a € C

j—k  otherwise.
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Figure 3: Application of Construction 3.6 to a boundary chart with 12 vertices and
k = 5. For clarity, we use a red i in place of w; and a black i in place of v;.

It is not immediately obvious that 7t is well-defined; for example, some strand vertex
w; may be head-influenced by two arrows a and B. In fact, whenever this happens,

‘Poc(j) = ‘Pﬁ(])

Theorem 3.7. The map 7t is a well-defined stable-interval-free permutation, and C is the bound-
ary chart of B.

This process is most easily understood visually, in an example. We denote nonadja-
cent arrows in the boundary algebra from v; to v; by p; ;.

Example 3.8. We look at Figure 3. The first subfigure shows a boundary chart on 12 vertices.
We have Y;,7_>2 = 1, hence the only right-head-influenced strand vertex of p7_, is wo and its
only right-tail-influenced strand vertex is we and we see that 7w(2) = 6. Similarly, the right-
influence of pg,4 induces 71(4) = 8. We have Y, = Yp,i ;= Yp, , — Ypo, = 2, 50 the
right-head-influence of p19—1 is {w1, w3} (skipping over wy, which is right-head-influenced by
the right-parallel arrow p7_,5) and the right-tail-influence of p19—1 is {wy, we} (skipping over
wg, which is right-tail-influenced by py_,4). Then we see t(1) = 7 and 71(3) = 9. The middle
of Figure 3 shows in red all strands induced by the influence of an arrow; the right completes the

permutation graph by adding in blue the remaining strands from w; to wj_.

3.2 Realizable Boundary Charts

We next classify realizable boundary charts.

Theorem 3.9. Let C = (k,n,S, X) be a boundary chart with left and right relation numbers X
and Y, respectively, and with adjusted left and right relation numbers X' and Y, respectively. For
p €S, let Ry(p) and Ly (p) denote the sets of arrows right and left-antiparallel to p, respectively.
Then C is realizable if and only if the following hold.

1. Forall p € S, Xp + Yyer,(p) Y; < reachy, and Y, + Ygery(p) Xy < n —reach,.
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6 1
[ ] [ ]

6.

S5e 3:3

[ ]

5
[ ] [ ]
4 3

Figure 4: Four nonrealizable boundary charts violating the conditions of Theorem 3.9.
For clarity, we use a red i in place of w; and a black i in place of v;.

/ /
2. Forallp €S, Xp 20andYP > 0.

(a) If X;, = 0 (resp. Yl’, = 0), there must be crossing arrows q and r, both left (rep. right)
parallel to p, such that T(p) = ©(q) and n(p) = n(r).

3. Let p,q € S be crossing such that (v; = n(p) < v; =1(q) < T(p) < T(q)) is a cyclic or-
dering. Let A, denote the set of arrows r right-parallel to p such that 1(r) € [n(p),1(q)).
Let A, denote the set of arrows r left-parallel to q such that y(r) € (7(p),n(q)]. Then
Yy + X+ rea, Y+ Lrea, Xy < j — i, where the right side is taken modulo n so that it
lies in [n].

4. If p,q € S form an oriented digon, then X, + Xq + Y, + Y, < n.

One may attempt to apply Construction 3.6 to general boundary algebras. However,
the conditions of Theorem 3.9 are necessary in order for the result to be a well-defined
stable-interval-free permutation. For example, condition 1 ensures that there are enough
strand vertices to the right of any p € S to count out Y;’? right-influenced strand vertices.
In the first subfigure of Figure 4, there are not enough red vertices for p;_,; to have
three left-supporting strands. The second subfigure in Figure 4 violates condition 2, as
X'(pe—2) = —1. The left-supporting strands of ps_,15 also left-support ps—,2, S0 pe—2 has
too many left-supporting strands. Condition 3 ensures that, if p and g are arrows of C
which both influence w;, then ¢, (j) = ¢,(j). See the third subfigure of Figure 4, where
the two crossing arrows are pulling the strand starting at w; in different directions.
Condition 4 ensures the permutation constructed in Construction 3.6 is stable-interval-
free; see the fourth subfigure of Figure 4, where the permutation fixes [1,3].

The sufficiency of these conditions is more surprising. We prove sufficiency by show-
ing that Construction 3.6 and the map of Theorem 2.10 compose to the identity on the
boundary charts satisfying the conditions of Theorem 3.9. Hence, we may view the com-
binatorial conditions of Theorem 3.9 as a new cryptomorphism for connected positroids.
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3.3 Minimal relations

Recall the presentation of the boundary algebra B, = CQ} /I given in Theorem 2.12,
which has the drawback of the ideal I}, being defined using a cancellative closure. In
this section, we give a description of the minimal relations of the ideal I, using the
information of the permutation 7t and the boundary chart C = (k, 1, S, X).

Definition 3.10. Given an arrow p € S of C, let Ry, (respectively T,) be the vertex w; of the
permutation graph most immediately clockwise of n(p) (resp. T(p)) which is the start (resp. end)
of a strand which crosses p (i.e., which starts to the right of p and ends to the left, or vice versa).

* Two (necessarily parallel) arrows p and q are stitch-equivalent if R, = R, and T, = T,

* A strand is relation-defining if it does not travel from R, to T, for any arrow p.

Example 3.11. In Figure 3, the arrows p10—s1 and pg_,4 are stitch-equivalent to each other with
To—1 = To—a = 12 and Ry9—1 = Rg_,4 = 5, but not to the arrow from 7 to 2, with T;_,p = 8
and Ry_,» = 3. Every strand is relation-defining with the exception of the strand from 5 to 12.

Definition 3.12. For v, and v, boundary vertices of B, define the aggressive clockwise path
ACL(v4,vp) from v, to vy, by starting at v, and repeatedly taking the non-y; arrow which ends
most immediately counter-clockwise of vy. Similarly define the aggressive counter-clockwise
path ACC(v,, vy). When these paths are equivalent, we say that the aggressive relation from
v, to vy is [ACL(v,,vp)] — [ACC(v,, vp)].

Theorem 3.13. The following relations of CQ3., along with the relation x;y; = y;_1x;_1 for each
i € [n], form a minimal generating set for I5:

1. For every relation-defining strand from w, to wy, take the aggressive relation from vy, to v,.

2. Let {p1,...,pm} be a stitch-equivalence class, ordered left to right, with T,, = T and
Ry, = R for all i € [m]. Define v,,,,, := T, vy, := R, and vg, := T(p;), vy, := n(p;) for
i € [m]. Then, take the aggressive relation from v, to vy, | for each i € [m +1].

Example 3.14. Consider the boundary chart of Figure 3. The strand from wy to wy is relation-
defining and yields the relation p7_,oy1 = x7x8xX9p10—1. All of the strands w; — w;_, drawn
in blue, give relations composed only of x’s and y’s. For example, the strand from ws to w1y
QIves X1pX1 - -+ X4 = Y11Y10 - - - Y5. There are two stitch-equivalence classes {p10—1, po—a} and
{P7—>2}- The former gives {y11y10P10—>1 = X12, P10—-1X1X2X3 = Y9P9—4, P9—4X4 = y8y7y6}
and the latter gives {p7—2X2 = YeYs5YaY3, XsXop101X1 = Y7pP7—2}. These five relations and
those given by relation-defining strands make up all minimal relations of 1.

Note that Theorem 3.13 uses both the boundary chart and the permutation obtained
from it by Construction 3.6. It would be hard to rephrase the theorem in terms of one or
the other. This indicates that boundary charts and stabilized-interval-free permutations,
while both cryptomorphisms of connected positroids, highlight different information.
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Abstract. In [5, 12, 17] are studied certain operators on polynomials and power series
that commute with all divided difference operators d;. We introduce a second set
of “martial” operators (f} that generate the full commutant, and show how a Hopf-
algebraic approach naturally reproduces the operators ¢” from [12]. We then pause to
study Klyachko’s homomorphism H*(FI(n)) — H*(the permutahedral toric variety),
and extract the part of it relevant to Schubert calculus, the “affine-linear genus”. This
genus is then re-obtained using Leibniz combinations of the ;. We use Nadeau-
Tewari’s g-analogue of Klyachko’s genus to study the equidistribution of ¢ and comaj
on ([Z]), generalizing known results on S,,.

Keywords: divided difference operators, Schubert calculus, comaj statistic

1 The martial operators g

1.1 The ring of Schubert symbols

Given a Dynkin diagram D with Weyl group W(D), define the ring of Schubert sym-
bols H(D) as the cohomology ring of the associated (possibly infinite-dimensional) flag
variety, with the usual Schubert basis {Sy: w € W(D)}. The Dynkin diagrams that will
interest us are primarily the semi-infinite Az, and the biinfinite Az. In these type A
cases W(D) is the group of finite permutations of Z, or of Z. An important difference
between the two is that H(Az, ) is generated by {S,,: i € Z,}, where r; is a sim-
ple transposition, so the multiplication is entirely determined by Monk’s rule, whereas
H(Az) requires additional generators {Sy,r,...r,} and determining its multiplication in-
volves also the flag Pieri rule. With all that in mind we largely abandon the geometry
and work with these rings symbolically.
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For each vertex a of D hence generator r, € W(D), we have an operator d, © H(D),

pronounced “partial ”:
5 S {Sma if r, < 71
[\ S

0 if try > 71

from which we can well-define 9, for any 7t € W(D) using products.

Theorem 1 (Lascoux-Schiitzenberger). There is an isomorphism H(Az,) — Z[x1,xa, .. ]
taking the Schubert symbol Sy to its “Schubert polynomial” Sy (x1,xz,...). On the target ring,
0y acts by Newton’s divided difference operation.

Call a ring homomorphism from H(D) to some other ring a genus,! making the
above isomorphism the Lascoux-Schiitzenberger genus.

It was observed in [5, 13] that the operator V := ), dix,- on the target ring has two nice
properties: it commutes with each 9;, and its application to any Schubert polynomial is a
positive combination of Schubert polynomials. Our goal in this section is to characterize
operations of the first type, with an eye toward the second. To study this commutant it
will be handy to work with algebra actions.

1.2 Two commuting actions of the nil Hecke algebra
Let Nil(D) denote formal (potentially infinite) linear combinations of elements {d: 7T €

W(D)}, with a multiplication defined by d,d, := {gnp li iEﬂp; : ﬁgn; iﬁgp;
if ¢(mp T 0).

multiplication extends to infinite sums in a well-defined way, insofar as any w € W(D)
has only finitely many length-additive factorizations. Slightly abusing? terminology, we
call this Nil(D) the nil Hecke algebra. The association d; — d gives an action of the
opposite algebra Nil(D)°” on H(D); the infinitude of the sums in Nil(D) is again not
problematic, because H(D)’s elements are finite sums of Schubert symbols.

Define ), (pronounced “martial ) by

This

S, o if <
d,ﬂ{Sn ::{ rert WL T TT 7T

0 if rom >

We can well-define o7 := [1;eg 0 for each reduced word Q.

This terminology is stolen from the study of various cobordism rings of a point, e.g. the “Hirzebruch
genus” and “Witten genus” are ring homomorphisms to Z.

2One ordinarily considers only finite linear combinations, but we have need of certain infinite ones,
and this simplifies the statement of Theorem 2.
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Theorem 2. The map d; +— Oy defines an action of Nil(D) on H(D) (unspoiled by the
potential infinitude), commuting with the Nil(D)°P-action by the operators d,. Conversely, each
operator on H(D) that commutes with all operators 9, arises as the action of a unique element of
Nil(D).

In short, Nil(D) and Nil(D)°P are one another’s commutants in their actions on H(D).

This then characterizes the operators that commute with all 9;; we don’t know any
significance of the resulting algebra again being Nil(D).

Proof. For h € H(D), let f h denote the coefficient of S, in h. Each h = Y h;S is
determined by the values

[ @) = [ EhuduSn = e [ 30Sx = Lhtadng = Iy

1 ifo=mn"pand {(c) = £() + £(p)
0 otherwise.

Now let C be an operator on H(D) commuting with all 9. For each 7 € W(D), let
Cr = f C(S . We then confirm C = Y ¢, using the determination above:

/aPC(sc,) — /c (9oS0) :/c(s S [eep™) = ) 1p))
= [top™) = t(0) = £(p)| oot
/ap (;%oﬁ) (Sy) = ;cn/d‘napsg = ;cn [a: n_lp} [0(0) = £(m) + £(p)]

oot | Lpo ™) = £(0) = £(p)|
Here [P] = 1 if P is true, [P] = 0 if P is false, for a statement P. O

We’ll make use of the easy fact f lot™ Bp S, =

Example. The action of V := ) dixi on polynomials, pulled back to an action on

H(Az, ), is given by the operator }_,cn, nJ,. What is particularly special about V is
that it is a differential (i.e. satisfies the Leibniz rule), and is of degree —1.

Theorem 3. Let Y, c, 0% € Nil(D) be an operator of degree —1. If it is a differential (and D is
simply-laced, for convenience) then each c, is %Zﬁ cp where the Bs are a’s neighbors in D.

In particular if D is of finite type ADE, the only system of coefficients (cy) is zero. If
D = Agz_, the only options are multiples of ¢; = i. If D = Ag, the space of such systems is
two-dimensional, spanned by ¢; = iand ¢; = 1.

Hence the V discovered in [5] in the Az, case was the only such operator available.
In [17] it is explained that { = Y ;-7 O] is special to the back-stable situation of Az; here
we see that it is the only new option. (The result [17, Theorem 6] is very similar.)

Proof sketch. The proof amounts to applying ¥, cxJy to (S;,)? = 25 Sryr, (computed
using the Chevalley-Monk rule). O
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2 Not-quite-Hopf algebras and Nenashev operators

2.1 The dual algebras
Define a pairing Nil(D) ®z H(D) — Z by

p ® s — coefficient of S, in p(s)
and from there a map Nil(D) — H(D)* := Homgz(H(D),Z).

The following is well-known to the experts, if not usually expressed exactly this way
(see e.g. [7], [, §7.2]).

Theorem 4. This map Nil(D) — H(D)* is an isomorphism. Unfortunately the induced co-
multiplication H(D) — H(D) ® H(D) is not a ring homomorphism (example below), so the
two are not thereby dual Hopf algebras. (There is an alternative statement explored in [10].)

There is an analogue of Theorem 1 for H(Az), taking each S to its back-stable Schu-
bert function BS; invented by the third author (and independently by Buch and by Lee),
which were studied in [9, 17]. Define a back-stable function p € Z][|...,x_1, X0, x1, X2, .. .]]
to be a power series

* of finite degree, such that
e p depends only on the variables {x, k < N} for some N > 0, and
e for some M < 0, p is symmetric in the variables {x;,i < M}.

One way (as appears in [17]) to think of the ring of back-stable functions is as the image
of the injection

Symm @z Z|...,x_1,x0,%1,...] — Z[[...,Xo,...]]/(elementary symmetric functions)
pRq — p(...,x_2,x_1,%0)q

For m € W(Az) considered as a finite permutation of Z, and shifty(i) := i+ N,

observe for N > 0 that 7t[N] := shifty(i) o toshift_y(i) is a permutation of Z that

leaves —IN in place, and thus has a well-defined Schubert polynomial. Define the back-
stable Schubert function

BSTC ;= lim Src[N] (xl,N, X2_Ny,-- )
N—co

where the limit is computed coefficient-wise (note that any single coefficient settles down
to a constant value for all large enough N).

Theorem 5. [, Theorem 3.5] The back-stable Schubert functions lie in, and are a Z-basis of,
the ring of back-stable functions.
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In this codrdinatization we can compute the comultiplication on H(Az) and bound
its failure to be a ring homomorphism. Transposing the multiplication from §1.2 of dd,,
we obtain A(BS;) = Y.{BSz ® BS,: 0 = mp, £(c) = () +£(p)}. Then, alas,

A(BSZ) = A(BSyy, + BSryr,) = (BSy,r,®1) + (BS;®BS,,) + (12BSy,s, )
+(BS;,r,®1) + (BS;,®BS,,) + (12BS,,,)

7"é A(Bsrz)A(Bsfz) = (B572®1 + 1®BSF2)2 = (BSF17’2®1) + (BSr3f2®1) + (B572®BST’2)
+(BS;,2BSy,) + (12BS;,r,) + (12BS;,,)

Luckily A(BS7zBSyny) = A(BSyo(ony)) = A(BS7)A(BS,n) for N > 0. Call this prop-
erty “separated Hopfness”, to be used below.

2.2 The Fomin-Greene—Nenashev operators ;"

With these identifications, and the self-duality of the Hopf algebra Symm of symmetric
functions, we can interpret some results of Nenashev [17]:

H(Az) — {back-stable functions} <= Symm®gzZ|...,x_1,%0,%x1,...] —» Symm

Nil(Agz) — Symm

The map — is the Stanley genus: it takes S, to its Stanley symmetric function
Stp = Y, a) Schur,. The lower map, its transpose, takes Schur, to ¥ aktd,. If we
let this operator act on H(Az) under the d; — @ action, we get the Fomin-Greene-
Nenashev operator & := Y a} o [3, 12]. (See also the j, operators in the “Peterson
subalgebra” defined in [V, §9.3], which are a double version of the &)

Let m denote the kernel of the map H(Az) — Symm. Using the separated Hopfness
and the fact that BS;n] — BSx € m, one shows that each A(pq) — A(p)A(q) (which
serves as a measure of non-Hopfness) lies in m ® H(Az) + H(Az) ® m. Hence the map
H(Az) — Symm factors through a map of Hopf algebras. Dually, the transpose map is
a Hopf map to a Hopf sub-bialgebra of Nil(Az). In particular this Hopf map explains
Nenashev’s formulee [12, §4.4]

gt =y ek, g ¢'(pg) =Y ¢, &M (p) & (q)
v A

2.3 Interlude (not used elsewhere): topological origin of the {BS,}

The stability property underlying Lascoux-Schiitzenberger’s definition of Schubert poly-
nomials is the fact that each S; € H*(Fl(n)) is the pullback ¢} (Sz1) along a map
tnt1 @ Fl(n) <= Fl(n+ 1) taking (E.) to (Fe: Fi<, = E;®0, F,.1 = E,;, @ C). Chaining
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these together, one builds an element of the inverse limit of the cohomology rings, a ring
Z[[x1,x2,...]]/ (elementary symmetric functions ¢;). It was then Lascoux-Schiitzenberger’s
pleasant surprise that these “inverse limit Schubert classes” lie in (and exactly span) the
image of the injective ring homomorphism Z[x1, x, .. .] into this algebra.

This admits of a parallel story, based on a different map 142,41 : FI(2n) < FI(2n+2)
taking (E.) to (Fe: Ficjipni1) = C@® Eim1 ®0, Fppo = COC* @ C). Now, in order
to achieve a coherent labeling (as n varies) we index the classes in H*(FI(2n)) using
permutations of [1 — 1, n| rather than of [1,2n]. Once again the inverse limit is a power
series ring modulo elementary symmetrics, but it is no longer true that the inverse limit
Schubert classes are representable by polynomials; rather, they can be represented by
back-stable functions. (And again, they form a basis thereof.)

One advantage of 147,41 is that it is equivariant w.r.t. the duality endomorphism of
Fl(2n), which takes (E,) to (E;), defined w.r.t. the symplectic form pairing codrdinates i
and 1 —i, for i € [1,n]. On the level of classes, this takes BS; + BSy,w, Where wy(i) :=
1 —i. On the level of back-stable functions, it takes x; — —x1_;, e;(x<p) > e;(x<o)-

Since this duality respects Schubert classes and the alphabet (x;), it takes Monk’s
rules to Monk’s rules. In particular it turns the transition formula (a specific Monk’s
rule)

BS;=xBSu+ Y. BSu into BS, = —x;BSy + Y. BSy

certain 7/’ certain p”’

which implies (unstably) the cotransition formula x;S, = —7% + Lcertain o Spr Of [©].

3 Relation to Klyachko’s genus

3.1 Klyachko’s ideal and its prime factors

Let T < GL,(C) denote the group of diagonal matrices, and TVpe C Fl(n) be the
permutahedral toric variety obtained as the closure of a generic T-orbit on the flag
manifold FI(n). This subvariety arises as a Hessenberg variety (see e.g. [1]) and is of key
importance in [0, 11].

The inclusion ¢: TV — Fl(n) induces a map backwards on cohomology, which
is neither injective nor surjective. Klyachko [/] presented its image im(:*) (with rational
coefficients), and a formula for /* evaluated on Schubert symbols:

A —F: — = <i<n-—
H*(FI(n);Q) — im(s*) g@[ko,...,kn]/< ki(—ki—1 + 2k; kk,_+1k) —06 1<i<n-—1 >
0— An —
1 .
Sy — el Y. JIk; where RW(n) is the set of reduced words

" QERW(r) q€Q
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Taking forward- and back-stable limits, while leaving behind geometry, we get the
Klyachko genus H(Az) — Q|..., k_1, ko, kl,...]/ (ki(—ki_1+2ki—kiy1)=0VieZ)

whose map on Schubert symbols is given by the same formula. We use this to recover a
result of Nenashev, foreshadowing some results in §5:

Theorem 6. [ 12, Proposition 3 and discussion after] Let RW (7t) denote the set of reduced words
for 7. There must exist (but the proof doesn’t find one) a “rectification” map

{shuffles of any word in RW (7t) with any word in RW(p)} — [ [RW(0)

whose fiber over any reduced word for ¢ has size c7,, the coefficient from SzSp =} €7y So-

Proof. Apply the Klyachko genus to that last equation, then set all k; = 1, obtaining
w0 g & =Ty T 1D
t(m)! PERW(rt tp)! RERW(p to)! SERW(c

= 0 unless ¢(0) = £(7r) + ¢(p), we can restrict to those . Multiplying through:

#RW (77) #RW (0) (g(”z (Zf(")) = Y% #RW(0)

Since ¢7, =

Let C7, be a set with cardinality c7, (and wouldn’t you like to know one?). Then we can
interpret the above as

#{shulffles of any word in RW(7r) with any word in RW(p L[ o X RW(0))

Hence there exists a bijection; compose it with the projection to [ [, RW (o). O

We can further simplify the target of this genus by modding out by each of the
minimal prime ideals that contain the Klyachko ideal. We get ahold of these using the
Nullstellensatz,® i.e. by looking at the components of the solution set to Klyachko's
equations.

Proposition 1. Consider Z-ary tuples (k;)icz of complex numbers satisfying the Klyachko
equalities. This set is the (nondisjoint) union of the following countable set of 2-planes:

e Fora,beC,letky,, =am+b. x(m—i) ifk<i

e Fori < jeachinZ,and x,y € C a pair of “slopes”, let k;, = 0 ifkei,j]
y(m—=j) ifk=j.

3This isn’t quite fair, in that we are working in infinite dimensions, but we won’t worry about it. All
we're really trying to do here is choose, for each i, which factor of k;(—k;_1 + 2k; — ki 1) to mod out.
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After completing this work, we learned of a very similar calculation in [11, §3.4], so
we omit the proof of proposition 1 (obtainable as a sort of § — 1 limit of theirs).
Each component defines a quotient of the Klyachko ring, namely

Q[...,kl,ko,kl,...]/ <—km71 + 2k, _kﬂ’l+1 =0Vm e Z>

.. km =0 Vm € [i,]]
Vi < 1 Q[ . .,kfl,k(),kl,. . ]/ < —km—l +2km . km+1 —0 VYm Qé [l,]] >
Call the map of H(Az) to the first quotient the affine-linear genus.
There is a slight subtlety in that the Klyachko ideal is not radical, and as such, the
map from the Klyachko ring to the direct sum of these quotients is not injective. We will
return to this minor matter below.

3.2 Dropping the other genera

The other components (besides the one giving the affine-linear genus) are useless, in the
following senses. Say k;;, = 0 for some m; then there are three situations.

1. Some reduced word for a permutation 7 uses the letter m. Then all reduced words do,
with the effect that S; — 0 in the quotient ring.

2. Each reduced word for 7t uses some letters > m and some < m. Then m = T T,
where each uses only letters < m, > m respectively. In this case S; = Sr_, Sr.,,-

3. Each reduced word for 7t only uses letters on one side of m. At this point there is nothing
to be gained by setting k;;, = 0; we could work with just the affine-linear genus.

Our principal interest in genera is to study Schubert calculus, the structure constants ¢7,
of the multiplication of Schubert symbols. That is hard to do if the symbols map to zero
(situation #1), silly to do directly if the symbols are are themselves products (situation
#2), and in situation #3 might as well be done using the affine-linear genus. As such, at

this point we cast aside the Klyachko genus in favor of the affine-linear genus 7:

i H(Az) — Qlab), S”Héﬁ%y Y [Tai+b)
" PERW(m) i€P
The assiduous reader might be guessing now that the information lost when passing
from the Klyachko ideal to its radical is similarly negligible for Schubert calculus pur-
poses. And indeed: if we factor the Klyachko ideal as an intersection of primary instead
of prime components, we run into the ideals

K2 =0 Vm e fi+1,j—1]
Vi<, Q[...,kl,ko,kl,...]/< ki=k =0 >
—km—1+2ky — ki1 =0 Vm & [i/j]
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These would let us study 7, p,c whose reduced words use only the letters in the range
[i+1,j— 1], and each at most once. This is an extremely limited case.

4 The affine-linear genus 7y from the martial derivations

Recall the derivations

V:Zmd'm C:ZO?Im

Being derivations, they exponentiate to automorphisms of Q ®z H(Az) (where the Q is
necessitated by the denominators in the exponential series).

. H(Az)
, , ARECING Y
Theorem 7. The following triangle commutes:
Jollowing triang Qb @z H(Az) —  Qlab
Sr —> Ore

Proof. The proof is not conceptual; we compute both sides and compare. Indeed, we find
the statement intriguing exactly because we know of no geometric reason the two maps
should be related.

@V +b8)0 . S (Tiai+b)F) - Se
0(m)! N ((mr)!

VLS = Z%(aV—i—bC)”-Sﬂ —

n

Expanding (3_;(ai + b)o’l'-)g(ﬂ), the nonvanishing terms correspond to reduced words of
length /(7t), and only those that multiply to 71! survive application to Sy. O

In particular the proof of Theorem 6 essentially amounts to applying exp(¢). (Oddly,
the original proof in [17] is closer to an application of exp(V).)
There is a fascinating g-Klyachko genus introduced in [11, §3.4]:

790 H(Az) — Q(q)[a, B]

1 . .
S _ qcoma](Q) “qz + :B
" E(T[)? Q: I—[Zé—ﬂ 116—([2 ( >

Here m is the g-torial [T721[j]g, and comaj(Q) is the sum of the positions of the ascents.
We looked for a long time for a g-analogue of Theorem 7, to no avail: it would provide
an automorphism of H(Az)(q)[«, 8] whose ¢ = 0 part is the g-Klyachko genus.
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5 Rectification and the g-statistic

We pursue a g-analogue of (Nenashev’s) Theorem 6. Applying Nadeau-Tewari’s g-
Klyachko genus to S7Sp = ¥, ¢, So we get

1 comaj(P) i 1 comaj(Q) i
q CT) g (aq" + B)
E(ﬂ')&! Pe]%(rc) ZGHP [(p)? Relg\/(p) ZGHR
1 . .
_ ZCU Z qcoma](S) H(D‘ql + ‘B)
ik 5(‘7)? SERW(0) i€$S

Multiplying through, we get

comaj(P
(f(nz(‘;f(f))) Z qucom;g(I%) H (lXE]l + ‘B) _ ZC?TP Z qcomaj(S) H(WIZ + ﬁ)
q PERW(n) i€P]IR o SERW(0) i€S
RERW(p)

Let’s interpret both sides at « = p = g = 1, again using a mystery set C7, with
cardinality c7,. Define a barred word for 7t as a reduced word in which some letters are
overlined, e.g. 121 for (13). Then the left side of the above equation counts pairs (P, R)
of barred words, shuffled together, where the barring indicates “use the ag’ term” rather
than the  term. Meanwhile, the right side counts pairs (7, S) where S is a barred word
for some 0, and 7 is in C7,,.

Theorem 8. Define the g-statistic of a barred word as the sum of the locations of the ascents,
plus the sum of the barred letters.
Define the g-statistic of a shuffle w of a pair (P, R) of barred words as the sum of the two
g-statistics, plus the number of inversions in the shuffle (letters in R leftward of letters in D).
Then there exists (but the proof doesn’t find one) a “rectification” map

{shuffles of pairs (P, R) of barred words for t,p} ~ — | [ {barred words for o'}
g

preserving the number of bars and the g-statistic, whose fiber over each word for o is of size c7,.
We note that the affine-linear genus doesn’t let one produce such a combinatorial
result, insofar as the factors ai 4 b can involve i < 0 (in the back-stable setting of Az).
Example. These examples get large very quickly, so we restrict to the fully barred
case. Let m = p = 12463578, chosen to give a c7, > 1 (and chosen stably enough that
the terms in the product don’t move —IN). Each of 7t and p have two reduced words
(354 and 534, comajs 1 and 2, each of total 12), and there are (g) ways to shutffle, for

a total of 2-2 - (§) = 80; the resulting g-statistics range from 26 = 1+ 12+1+ 1240
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to 37 = 2+12+2+12+3-3. There are 7 terms S, in the product §;S, (one with
coefficient 2) with various numbers of reduced words.

g-statistic: 26 27 28 29 30 31 32 33 34 35 36 37
1 3 5 8 11 12 12 11 8 5 3 1 total=80

o
23561478 1 1 2 1 2 1 1
14562378 1 1 1 1 1
13572468 1 2 2 3 3 2 2 1
13572468 1 2 2 3 3 2 2 1 again
23471568 11 2 2 2 1 1
13482567 1 1 2 2 2 1 1
12673458 1 1 1 1 1
12583467 11 2 1 2 1 1

In the line with “total = 80”, we count the number of fully barred shuffles with given
g-statistic. In each of the lower lines, we put ¢ on the left, and on the right we list the
number of fully barred words for it with given g-statistic. Then the theorem asserts that
each number atop a column is the sum of the numbers below. There is a silly rotational
near-symmetry tracing to the fact that 7 and p are Grassmannian permutations for self-
conjugate partitions.

6 Equidistribution of inversion number vs. comaj on ([:1])

Let ] C Z be a set of n numbers, no two adjacent. Then the product [];c;7; is well-
defined i.e. is independent of the order; indeed, the reduced words for [];c;7; are in
correspondence with permutations of J. The same holds when multiplying subsets of |.

Fix K C J and let p = []x ¢, m = [Ip\x #j- Then Sr8Sp = Snp, and Theorem 8 (again
in the fully barred case) predicts a bijection

{insertions of reduced words R for p into reduced words P for 7} — RW(mp)

such that [comaj(P) + comaj(R) + the inversion number of the shuffle] matches comaj
of the resulting word m. Note that the obvious map (just insert R where the shuffle
suggests) does not correspond these two statistics!

If we break | not into two subsets, but all the way down into individual letters, this
recovers the equidistribution on S, of the statistics £ and comaj (or maj); see e.g. [14,
Proposition 1.4.6].

This hints at a stronger result: that for any two strings P, R such that PR has no
repeats, on the set {shuffles m} the distributions of the statistic comaj(P) + comaj(R) +
¢(m) and the statistic comaj(m) match. (Theorem 8 only guarantees this after summing
over all P € RW(m),R € RW(p).) And indeed, this stronger claim holds [“].
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Jack Derangements

Nathan Lindzey*!

'Henry & Marilyn Taub Faculty of Computer Science, Technion — Israel Institute of Technology

Abstract.

For each integer partition A - n we give a simple combinatorial expression for the sum
of the Jack character 6 over the integer partitions of n with no singleton parts. For
« = 1,2 this gives closed forms for the eigenvalues of the permutation and perfect
matching derangement graphs, resolving an open question in algebraic graph theory.
A byproduct of the latter is a simple combinatorial formula for the immanants of the
matrix | — I where | is the all-ones matrix, which might be of independent interest.
Our proofs center around a Jack analogue of a hook product related to Cayley’s (-
process in classical invariant theory, which we call the principal lower hook product.

Keywords: Symmetric Functions, Jack Polynomials, Derangements, Algebraic Graph
Theory, Young Tableaux, Umbral Calculus.

1 Introduction

Let A = n be an integer partition and consider the power sum expansion of the Jack
polynomials, i.e., [y = Ly u 02 (#)pu [32]. The 63’s are often called the Jack characters
because they are a deformation of a normalization of the irreducible characters x* of the
symmetric group S,. In particular, the Jack polynomials at « = 1,2 recover the integral
forms of the Schur and Zonal polynomials respectively. These specializations have been
widely studied in algebraic combinatorics due to their connections with S;,, and the set
Moy, of perfect matchings of the complete graph Ky,, but for arbitrary & € R many open
questions remain [7, 32, 27]. This state of affairs has led to an investigation of the
Jack characters since they provide dual information about Jack polynomials that may
shed light on these open questions; however, the dual path towards understanding Jack
polynomials is paved with its own conjectures [10, 16, 17]. We make some progress in
this vein by taking sums of ) (1)’s rather than single 6 (u)’s.
Let fp(u) be the number of singleton parts of y. Define the A-Jack derangement sum

mai= Y, 6(p)
pukn
fp(u)=0

* . For the full version of this extended abstract, see
. All proofs in this extended abstract have been deferred to the full version.
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to be the sum of the Jack character 6} over the derangements, i.e., partitions u - n with
no singleton parts. To motivate this definition, recall that if A - n is the cycle type of a
permutation v € S, then 77 is a derangement if and only if fp(A) = 0. Let D, C S, be the
set of derangements of S,,. One can show that 7' is a scaled character sum over Dy, i.e.,

_ _ Cyl _
= E 07 (1) = ;; XA(”l)xA(u)—

fp(u)=0 fp(u)=0

xM(1) nanA(ﬂ)

where C,, C S, is the conjugacy class corresponding to y = n. For & = 2, an analogous
result holds for the so-called perfect matching derangements of Mo, (see [15], for example).
We are unaware of combinatorial models for a # 1,2, but it is natural to view 17,,/} as the
a-analogue of the character sum over derangements, which is our main focus.

While little is known about the Jack derangement sums for arbitrary « € R, the &« =
1,2 cases have received special attention in algebraic graph theory because they are in
fact the eigenvalues of the so-called derangement graphs. The set {17] } A, is the spectrum
of the permutation derangement graph: T, 1 := (Sy, E) where o € E & ot ! € Dy, ie,
the normal Cayley graph of S,, generated by D,,. See [/, Ch. 14] or [29] for more details
on the permutation derangement graph. The set {75}, is the spectrum of the perfect
matching derangement graph: T 5 := (Mo, E) where mm’ € E < mNm’ = @. For more
details on the perfect matching derangement graph, see [/, Ch. 15] or [15].

These graphs made their debut in Erdds—Ko—Rado combinatorics, a branch of extremal
combinatorics that studies how large families of combinatorial objects can be subject to
the restriction that any two of its members intersect. By design, the independent sets (sets
of vertices that are pairwise non-adjacent) of I';, , are in one-to-one correspondence with
the so-called intersecting families of permutations and perfect matchings for « = 1,2, and
the spectra of these graphs have been used to give tight upper bounds and characteriza-
tions of the largest intersecting families of S, and M,,. We refer the reader to [/] for a
comprehensive account of algebraic techniques in Erd6s—-Ko-Rado combinatorics.

The derangement graphs are interesting in their own right since they are natural
analogues of the celebrated Kneser graph, a cornerstone of algebraic graph theory [7].
Because the algebraic combinatorics of permutations and perfect matchings are more
baroque than that of subsets, the eigenvalues of the derangement graphs have proven to
be far more challenging to understand. We briefly overview the results in this area.

The first non-trivial recursion for the eigenvalues of the permutation derangement
graph was derived by Renteln [?Y] using determinantal formulas for the shifted Schur
functions [26], which he used to calculate the minimum eigenvalue of the permutation
derangement graph. Using different techniques, Ellis [5] later computed the minimum
eigenvalue of the permutation derangement graph. Deng and Zhang [*] determined the
second largest eigenvalue. In [17], Ku and Wales investigated some interesting properties
of the eigenvalues of the permutation derangement graph. In particular, they proved
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The Alternating Sign Theorem, namely, that sgn 7] = (—1)*=M for all A, and they offered
a conjecture on the magnitudes of the eigenvalues known as the Ku—-Wales Conjecture.
In [14], Ku and Wong proved this conjecture by deriving another recursive formula using
shifted Schur functions that led to a simpler proof of the Alternating Sign Theorem.

It was soon noticed that the algebraic properties of the perfect matching derangement
graph parallel those of the permutation derangement graph. The minimum eigenvalue
of the perfect matching derangement graph was computed by Godsil and Meagher [¢]
and later by Lindzey [19, 2U]. An analogue of the Alternating Sign Theorem was conjec-
tured in [15, 7] which was recently proven by both Renteln [30] and Koh et al [17]. In
an earlier effort to prove this conjecture, Ku and Wong [15] give recursive formulas for
173 and a few closed forms for select shapes. In [31], Srinivasan gives more computation-
ally efficient formulas for the eigenvalues of the perfect matching derangement graph.
Godsil and Meagher ask whether an analogue of the Ku-Wales conjecture holds for the
perfect matching derangement graph [/, pg. 316]. The latter has remained open since
the eigenvalues of the perfect matching derangement graph have defied nice recursive
expressions akin to permutation derangement graph. This is because the aforemen-
tioned determinantal formulas for shifted Schur functions do not exist for shifted Zonal
polynomials or shifted Jack polynomials.

The main shortcoming of the known eigenvalue formulas for the derangement graphs
is that they cannot be evaluated efficiently, i.e., they lack “good formulas". Indeed,
finding closed forms was deemed a difficult open problem [7, pg. 316], perhaps due to
the formal hardness of evaluating the irreducible characters of the symmetric group [25,

, 27]. Our results show that good formulas do in fact exist.

To state our main results we need a few definitions. Let 1} (i, ) := aay (i, ) +1,(i,j) +
1 be the lower hook length of the cell (i,j) € A where a,(i,j) and 1) (i, j) denote arm length
and leg length respectively. We define H(A) := h}(1,1)h}(1,2) -+ -k} (1, A1) to be the
principal lower hook product of the integer partition A. For a = 1, the lower hook length
is just the usual notion of hook length, in which case we call H!(A) the principal hook
product. Note that the principal hook product for A = (n) is simply n!.

It turns out that the principal hook product for arbitrary A arises naturally in classical
invariant theory, namely, in the evaluation of a differential operator known as Cayley’s (-
process (see [5]). Independently, Filmus and Lindzey [¢0] observe a similar phenomenon
in their study of harmonic polynomials on perfect matchings, wherein they show that
the principal lower hook product appears in the evaluation of a family of differential
operators acting polynomial spaces associated with perfect matchings. From the results
of [6], we show in Section 3 that the principal hook product H}(A) counts an interesting
class of colored permutations S), defined as follows.

For eachi € [n] :={1,2,...,n}, we assign a list of colors L(i) C [m] for some m € IN.
We define a colored permutation (c, o) to be an assignment of colors ¢ = ¢y, ¢, ..., ¢, such
that ¢; € L(i) and a permutation ¢ € Sym([n]) such that o(i) = j = ¢; = ¢}, i.e., each
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cycle of the permutation is monochromatic. Any partition A defines a color list on each
element i of the symbol set [A1] by setting L(i) := [A!] where A" denotes the transpose
or conjugate partition of A. We define S, to be the set of all such colored permutations,
formally, Sy := {(c € [A] x -+ x [A} |0 € Sy)) 1 0(i) =] = ¢ = ¢jforalli € [Aq]}.
We say that a colored permutation (¢,0) € S, is a derangement if o(i) =i = ¢; # 1
for all 1 < i < Ay, In other words, these are the colored permutations that have no
colored cycles in common with (1,...,1,()) € Sy. Let D* be the set of derangements
of Sy, and let Di‘ be the set of derangements of S, with exactly k disjoint cycles. We
define D* := |D*| and d} := |D}|, so that D* = d} +d} +--- + d%l. For any a € R, let
DQ = 221:1 d?tx“_k be the A-Jack derangement number. Our first main result is Theorem 1,
that the Jack derangement sums equal the Jack derangement numbers (up to sign).

Theorem 1. For all & € R, we have 5} = (—1)M~-41D}

Theorem 1 gives cleaner and more general proofs of all the previous results on the
derangement graphs.

Corollary 1 (Alternating Sign Theorem). For all & > 0, we have sgn 1, = (—1) A=A
Corollary 2 (Ku-Wales Theorem). For all u, A &= n such that y; = Aq and « > 0, we have
nA= x| < lngl.

Setting &« = 2 in Corollary 2 answers Godsil and Meagher’s question on the Ku-Wales
conjecture for the perfect matching derangement graph [/, pg. 316].

Corollary 3. For all « > 1 and n > 6, we have (n) = argmax,,, 71, (n —1,1) =
argmin,, , 74, and (n —1,1) = argmax A, |72
A#(n)

Our second main result is a closed-form expression for the eigenvalues of I';, ; and I';, 5.

This work can be seen as a companion paper to [ 1], where less explicit but more general
formulas for a variety of different "disjointness" and derangement graphs are given.

2 Shifted Jack Polynomials

We overview standard terminology associated with Jack polynomials. For any cell
(i,j) € A, the leg length 1, (i, ]) of (i,]) is the number of cells below (i, j) in the same col-
umn of A, and the arm length a, (i, ) of (i,]) is the number of cells to the right of (7, ) in
the same row of A, i.e., ay(i,j) = [{(i,k) € A :k > j} and I,(i,j) = |[{(k,j) € A : k > i}|.
Note that arm length and leg length remain well-defined even when A is replaced by a
set of cells that does not form an integer partition. Let h}(i,]) := aay(i,j) + [\ (i,j) + 1
and h;(i,]) := a(ay(i,j) + 1) +I1(i,j) be the lower hook length and upper hook length of



Jack Derangements 5

a+1 1 1

w+1 1

Figure 1: Let u = (4,3,2) - 9. The colored cells S = {(2,1),(1,2),(2,3),(1,4)} on
the left is a 4-transversal of u with a-weight w,(S) = (a + 1)?. The colored cells
S"={(1,1),(3,2)} on the right is a 2-transversal of y with a-weight w,(S’) = 1. Each
colored cell is labeled with its lower hook length with respect to S and S’

(i,j) € A, respectively. Let H} = ITiijen h}(i,j) and H} = I[Tij)ea k3 (i, j) be the lower
hook product and upper hook product of A, respectively. Note that the lower and upper
hook product remain well-defined even when A is replaced by a set of cells that does not
form an integer partition.

Theorem 2 is a simple but opaque expression for 7 in terms of the (integral form)
shifted Jack polynomials J3(x;a) (see [25], for example). These expressions are already
known for 771 and 73 in terms of the determinantal formula for the shifted Schur poly-
nomials [2Y] and more recently for the shifted Zonal polynomials [30]. Theorem 2 is
simply the Jack analogue of these results.

Theorem 2. For all A and o € R, we have 1} = ZL/\:'()(—l)W_k];(/\)/k!.

3 Tableau Transversals and Principal Hook Products

We now leverage some combinatorial results of [1, 0] to give a more tractable combina-
torial formulation of Theorem 2, which we use to prove Theorem 1 for « = 1,2.

A k-transversal T of A is a set of k cells of T which forms a partial transversal of
the columns of A, that is, no two cells of T lie in the same column of A. Define the
a-weight of a k-transversal T to be the lower hook product of T, i.e., w,(T) = HI, with
the convention that w, (@) = 1 (see Figure 1 for examples). Let 7;{‘ be the collection of
k-transversals of A.

In [1, Theorem 5.12], Alexandersson and Féray show that J;(A)/k! = ZTeTA" we(T).

Independently, Filmus and Lindzey [¢0] prove the following identity: ]Xl()\)/ M=

ZTG - we(T) = HL(A). For a = 1, we note that this identity can be deduced from
A

Naruse’s hook-length formula for standard skew-tableaux [23]. We write yu <} A if y is
a subshape A obtained by removing k columns of A. There are (?;{1) such subshapes, and

we let the sigma notation } < , denote the sum over all (Akl) subshapes y of A obtained
by removing k columns.
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Theorem 3. For any shape A and & € R, we have 1} = (—1)IM~M 221:0(—1)]‘ Yu=A H(u).

Theorem 3 and Theorem 4 can now already be used to give an elementary combinatorial
proof of Theorem 1 for « = 1,2 via the principle of inclusion-exclusion. This is because
A-colored permutations S, (see Section 1) and A-colored perfect matchings M, (see full
version) are bona fide combinatorial objects, and their sizes are counted by the principal
hook product H}(A).

Theorem 4. [0] For any shape A, we have |S,|, |M,| = HL(A) for a = 1,2, respectively.

In Section 5 we generalize this proof of Theorem 1 to all « € R, but along the way we
collect several results concerning principal lower hook products, perhaps of independent
interest, that allow us to give more explicit expressions of Theorem 1. Specializing these
expressions to & = 1,2 yields closed-form expressions for the eigenvalues of derange-
ment graphs, our second main result.

4 Minors of the Principal Hook Product

In this section we prove a few technical lemmas concerning the principal hook product
that are needed for closed-form expressions of Theorem 1. Let A~ be the shape obtained
by removing the ith column of A. Let A=1~27""~/ be the shape obtained by removing
(distinct) columns iy, iy, . . ., ix of A. It is useful to think of the H!(A~%)’s as the first minors
of A, and the HL(A="~~/)’s as k-minors of A. The ordering of the ij’s is immaterial,
ie., AT Tl = A7) Tle@ T ) for all ¢ € Sy Let AK be the shape obtained by
removing the last k columns of A. We adopt the shorthand h; := h}(1,7) henceforth.
Lemma 1 gives a Laplace-like expansion that relates the principal lower hook product to
its first minors.

Lemma 1 (Laplace Expansion). We have Y}, HY(A') = L (HY(A) + (a — hy, ) HL(AD)),
equivalently, H:(A) = Z?:llfl aHL(ATH) + by HY (A1),

For « > 1, we are now in a position to give a short proof of both the Alternating Sign
Theorem and a useful upper bound on the magnitudes of the Jack derangement sums.

Proposition 1. For all & > 1, we have sgn 177 = (—1)M=M. Moreover, |y}| < HL(A).

For any A and integer 0 < j < Ay —1, let f;(j) := H{ZO((]' +1)a — h),—;), and define
f5(j) := 1 for all negative integers j. Lemma 2 is a generalization of Lemma 1 that we
will be needed in order to give a more explicit version of [1, Theorem 5.12].

Lemma 2. For all shapes A and 0 < j < Ay — 1, we have Z?:ll fia(G—1) Hi(A)) =
L(F1G = 1) HAD) + £7() HEAED).
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Theorem 5 is a more explicit form for [1, Theorem 5.12], perhaps of independent interest.

k(1) I—[A,l hi—j
M) ¥ H) = (-1t

equivalently, (AlH—_’jk)!]Xl_ (A) = 2 o(— )(I]() H)Ll (h; — ja).

Those familiar with the umbral calculus or the calculus of finite differences may recog-
nize the right-hand side of the second equation in Theorem 5 as essentially the kth-order

Theorem 5. For all « € R, we have

forward difference AF of the univariate degree-A; polynomial HL (A, x) := ]—I)L1 (hj — xu)
in x at the origin, i.e., Hikk)];:lfk()‘)/(/\l —k)! = (=1)FA*[HL(A, x)](0) Where we de-
fine AF[f](x) := Zfzo(—l)k_i('lf)f(x + i) for any function f(x). Forward differences
of this kind are connected to polynomial interpolation in the falling factorial basis
xk = x(x —1)(x —2)--- (x — k+ 1), in particular, the Newton (interpolation) polynomial
N(x) of a set of points S = {(x;, p(x;))}L,:

N(x) := [p(x0)]x® + [p(x0), p(x1)]xt + -+ [p(x0), p(x1), .., p(xg)] 6

where [p(xo), ..., p(x;)] is the notation for the so-called jth divided difference. Note that if
p(x) is a degree-d polynomial and [S| > d + 1, then [p(xo), ..., p(x;)] = 0 forall j > d.
Finally, we recall the fact that if x; = i for all 0 < i < d, then [p(xo), p(x1),..., p(x})] =
N[p](0)/j!, and the Newton interpolation polynomial is of the form
1 d

0! TR A A TR

See Stanley [55, Ch. 1.9] for a more in-depth discussion of the calculus of finite differ-
ences and its connections to combinatorics. In the next section, we show that each Jack
derangement number is the sum of the coefficients of a Newton polynomial (Theorem 6).

5 Proof of Theorem 1

Building off the results of the previous sections, we sketch a proof of Theorem 1 in this
section. For all j > 0, define H(},f) := H;‘:ll(hi — ja) to be the j-shifted principal lower
hook product. It will be convenient to think of the shifted principal lower hook product
as a univariate polynomial in x, i.e., HL(A, x) := H/\l (h; — xoc) We let d( *) denote the

n-generalization of the rencontres numbers, that is, dfl = S kZ,' Yy

zxz"

Theorem 6. For all A, « € R, and n > Ay, we have 5} = (—1)M—-4 L I di(f.)Hi(A,j).

atnl JJ

Theorem 6 allows us to connect the Jack derangement sums to the Poisson distribution.

(%)

For all « € R, a simple induction shows that Z?:o d, f /a"n! = 1, and moreover, that
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lim, e di(flz/ a'n! = e Va/pkkl For & > 0, the limiting distribution is the Poisson
distribution with expected value 1/«. After taking limits, for all & € IR, we have
> HI(A
ph = (—1)Mhe /ey (A x) 65.1)

X5l
=0 atx!

For a > 0, we may interpret the Jack derangement sum as some type of “generalized fac-
torial moment" of the Poisson distribution (up to sign), i.e., 7} = (—1)MN-ME[HL(A, x)].
A combinatorial interpretation of these moments will follow as a corollary of Theorem 1.
Recall that the factorial moments of the Poisson distribution have a remarkably simple
form, namely, for all « € R, we have lim,_, xke /0¥ x! = e1/% where xka := akxk. In light
of Equation (5.1), the foregoing suggests that we should express the polynomial H.(A, x)
in the a-falling factorial basis {x*«}, which we determine below for A such that A; = 1,2, 3.
Let A’ denote the transpose of A. If A; = 1, then we have HL(A,x) = —xle + AJx%. If
A1 = 2, then we have HL(A, x) = x% — (A} + A})xle + A5 (a + A7) x%. If Ay = 3, then we
may write H (A, x) as

3 4 (AL AL A e (a4 ADAS + (@ 4+ A AS 4 (o + AL xde 4+ AL (w + AG) (2 + A)).

Indeed, the following proposition shows that each coefficient of HL(A, x) expressed in the
a-falling factorial basis is a polynomial ¢} (a) that admits a combinatorial interpretation.

Proposition 2. Let A be the partition obtained by removing the first column of A, and let #cyc(c)
denote the number of cycles of a permutation o. For all shapes A and a € R, we have HL(A, x)

YLy el (a) ks where ¢} () = (a(A — 1 —k) + A))ch (@) — ), (@), c}(a) == 0 if k > Ay,

¢} (a) := 0. Moreover, we have

(=D [aM ]} () = Y [{(c,0) € Sy :#eyc(0) =k+j and ¢; =1,0(i) =iVie I}
IS[Aq]
[1]=k
Upon expressing Equation (5.1) in the a-falling factorial basis via the Proposition 2, the
proof of Theorem 1 becomes straightforward (see the full version for more details).

6 FEigenvalues of the Permutation Derangement Graph

The known recursive expressions for the eigenvalues of the permutation derangement
graph originate from [34, Ex. 7.63a], where Stanley considers the sum dj := Y ,cp x"(7)
and shows it can be written in terms of the complete homogeneous symmetric functions:

n

Z dAS/\ = Z(—l)niknkh;likhn_k.
Aln k=0
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For hook shapes, both Stanley [34, Ex. 7.63b] and Okazaki [74, Corollary 1.3] prove that

_i(n 1 (n—1 _i(n—1 _
gy = 0 () D+ 0t (M) = 0T (M) =il + D).
Recalling that 7 = d, / f* where f* := x*(1) is the number of standard Young tableaux
of shape A, the following generalizes Stanley and Okazaki’s results to all partitions A.

Corollary 4. d) = (—1)M=M fADA,

This suggests a natural combinatorial interpretation of |d,| in terms of standard
Young tableaux t of shape A and colored derangements (c,0) € D*. Indeed, the set
D% is in bijection with permutations ¢’ defined on A; cells of a fixed Young diagram
t of shape A that satisfy the following criteria: if ¢/(i) = j, then the cells containing
i and j belong to the same row of t; no two cells involved in the permutation ¢’ lie
in the same column of t; and if ¢/(i) = i, then the cell containing i does not belong
to the first row of t. We obtain the desired count by letting ¢ vary over all standard
Young tableaux of shape A. For A = (1") this gives a notably different proof of the well-
known identity din = ¥ cp, sgn(7) = Lrep, (1)) = (=1)""1(n — 1), i.e, that the
number of odd derangements versus even derangements differ by +(n — 1). More gen-
erally, for any integer partition A = n, we define the immanant of a n x n matrix A to
be Imm, (A) 1=} cs, X)‘(n)Am(i). If we consider the adjacency matrix of the complete
graph K;, = J,, — I,, where J, is the n x n all-ones matrix, then we see that the immanants
of the complete graph admit an elegant combinatorial interpretation:

n

Immy(Ky) = Y 2N ) [1Kn)iry = Y x* (1) = da.

TES, i=1 teDy,

Recall that Theorem 1 gives an expression for the Jack derangement numbers as
a polynomial in a with non-negative coefficients D} = dfaM=! +djat1=2 4 ... + dﬁl
where d? is the number of colored permutations of D* that have precisely k disjoint
cycles. One issue with this formula is that the d;’s are hard to compute for general
shapes A, as they are at least as difficult as the associated Stirling numbers of the first
kind. Theorem 6 offers a more concrete but less combinatorial form, which for arbitrary
« seems to be as good as it gets; however, for & = 1,2, we show that Theorem 6 can be
massaged into an explicit combinatorial closed form in terms of what we call extended
hook products. Before we begin, we require a few more tableau-theoretic definitions.

Let A := (A — Ay, Ay — Ay, -+, A1 — Ay(y)) be the complement of A. In other words,

the complement of A is the subset of cells of the shape (A;)/) that do not lie in A. For
A = (10,6,3,1), the complement A° = (0,4,7,9) is the set of dots below:

[TTTTIT]10
Jo o

000O0O0

0000000

RIS

O O O

[e]
(o}
o
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Let rev(A°) be the partition obtained by reversing the order of the rows of A¢. We also
let rev : A° — rev(A°) denote the natural bijection defined on their cells, e.g.,

rev OZ =
jihgi‘]ed

For any cell O € A€, we define its upper hook length to be hi.(0) = M e /\c)(rev(D)),
and similarly for lower hook lengths. For example, we have the following upper hook

lengths for « = 1 and u = (10,6,3,1):

fghij
Pq

e
0

a3~
S —_w
Q=
~ &2
B o—
= IR

c
m
t

1Bl11f10]8[7]6|4[3]2]1]
8l6[5[3]2]1]1 2 3 4
4(2]1]1 2 35 6 7 8
1/1 2 45 6 8 9 10 11

Let HY(A) be the ith principal upper hook product, i.e., the product of the upper hook
lengths along the ith row of A. We define the extended ith principal upper hook product
to be H (A) := H}(A)H;(A). Continuing the example above, we see that Hy (y) =
4.2-1-8!/4 = 80640. Note that Hj (A) = H; (A) for all A since (A°); = 0.

Let d, ; be the kth rencontres number, i.e., the number of permutations of S, with
precisely k fixed points. Let p,, x = d,,/n! be the probability of drawing a permutation
(uniformly at random) from S, with precisely k fixed points. The Frobenius coordinates

of A are given by A = (ay,...,a4 | by,...,by) where a; := A; — i is the number of boxes
to the right of the diagonal in row 7, and b; := A} — i is the number of boxes below the
diagonal in column i. By default, we define 4,1 := —1. We are finally in a position to

state our second main result, namely, good closed forms for the eigenvalues of I';, ;.

Theorem 7 (Eigenvalues of I';1). Forall A = (Ay,...,Ap) = (a1,...,a4 | by,...,by) F n,
we have n{ = (=1)" Licp 41 (=1)Pa, 0 —a; Hi (A).

Explicit closed-form expressions for the eigenvalues of the perfect matching derange-
ment graph I', » can be derived in a similar manner, which we defer to the full version.
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Framing lattices and flow polytopes

Matias von Bell*! and Cesar Ceballos!

! Institute of Geometry, Graz University of Technology, Austria

Abstract. We introduce the framing lattice of a framed graph, a new lattice whose
Hasse diagram is the dual graph of a framed triangulation of a flow polytope. We
show that every framing lattice is an HH lattice, hence polygonal, semidistributive,
and congruence uniform. We also study lattice congruences determined by simple
operations called M-moves. Framing lattices provide a unifying framework for the
study of many remarkable lattice structures, and several well known results about
them are straight forward corollaries of our results.

Keywords: Flow polytope, framed triangulation, Tamari lattice, weak order, Cambrian
lattice, cross-Tamari lattice.

1 Introduction

Flow polytopes of acyclic oriented graphs are fundamental objects in the study of com-
binatorial optimization. In recent years, there has been an explosion of interest in these
objects due to their connections with other areas such as representation theory [1], di-
agonal harmonics [7], and Grothendieck polynomials [¢]. From the combinatorial and
geometric perspective, a special focus on flow polytopes concentrates on their volumes
and triangulations. A novel method for triangulating flow polytopes using a framing of
the graph was developed in [4].

Since then, various families of combinatorial objects have revealed tight connections
with triangulations of flow polytopes. Examples of this include the Boolean lattice,
the Tamari lattice, and the weak order on permutations, each of which is a partially
ordered set whose Hasse diagram appears as the dual graphs of a framed triangulation
of a flow polytope. On the other hand, flow polytopes serve as a powerful tool to
approach open problems about the combinatorial objects involved. For instance, certain
framed triangulations of flow polytopes were used in [5] to solve an open conjecture
about geometric realizations of s-permutahedra. These recent developments motivate
the following question:

Is the dual graph of any framed triangulation the Hasse diagram of a lattice?

- . Both authors were supported by the Austrian Science Fund FWF,
Project P 33278, and by the ANR-FWF International Cooperation Project PAGCAP, FWF Project I 5788.
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2 Matias von Bell and Cesar Ceballos

In this paper, we give a positive answer to this question. For any directed graph G and
any framing F of G, we define a lattice structure called the framing lattice £ r, whose
Hasse diagram is the dual graph of the corresponding framed triangulation. The family
of framing lattices captures many important lattices appearing in the literature, including
those shown in Figure 1. Four explicit examples are shown in Figure 2, including a new
family of lattices that we call cross-Tamari lattices.

4 N\
Framing lattices
4 )
[ TypeA
Grid-Tamari C a}I,rE)brian (e L]) —(.:ambrlan
lattices lattices lattices
. N h
Grassmar'm-Taman Tamari lattices v-Tamari
lattices lattices
- J
Alt v-Tamari lattices
[ The s-weak order f
Dyck lattices v-Dyck
[ The weak order on S, } : lattices
|\ J
Multipermutation
lattices [ Boolean lattices J
. J

Figure 1: Some lattices captured by the theory of framing lattices.

We prove several structural results about framing lattices. We show that every fram-
ing lattice is an HH lattice, hence polygonal, semidistributive, and congruence uniform,
and study lattice congruences determined by simple operations on framed graphs called
M-moves. We remark that these properties are usually non-trivial results proven in sev-
eral research works for the special classes outlined in Figure 1; and they all follow from
our global uniform results.

2 Framed triangulations of flow polytopes

Let G be a directed acyclic graph on vertex set V(G) = [n] and edge multiset E(G) such
that all edges are directed from smaller vertices to larger vertices and G has a unique
source s = 1 and sink t = n. We call such a graph G a flow graph. A path from the
source to the sink is said to be a route. For a vertex v in a flow graph G with vertex
set [n], let In(v) and Out(v) respectively denote the (possibly empty) incoming and

outgoing edges at v. A unit flow on G is then a tuple (x¢).cgc) € IREE(SG)' satisfying
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Figure 2: Four framed graphs and the Hasse diagrams of their framing lattices. The
first is the Boolean lattice %;. The second is the lattice of multipermutations of 12223.
The third is the e-cambrian lattice with ¢ = — — + —. The fourth is a cross-Tamari
lattice of the cross-shaped grid shown below the right-most graph.

YecOut(j) Xe — Leen(j) Ye = Uj, where u3 = 1, uy = —1, and u; = 0 for 1 < j < n.
The ﬂow polytope of G is the set F of unit flows on G and its dimension is given by
|[E(G)| — |V(G)| + 1. The vertices of F; can be characterized as the unit flows on G
which have value one on the edges of a route and value zero on the remaining edges.
Thus F can be described as the convex hull of the indicator vectors of the routes of G.

Example 2.1 (The oruga graph and the cube). Let G, = Oruga(n) be the oruga graph on
the vertex set [n + 1] containing two edges e»;_1 and ey; between i and i + 1 for i € [n].

0110 0101
(N A A
>
eq e3 L g
D> o ==
- - N —~_
2 4
Gy = Oruga(2) Fc,

Figure 3: An example of the oruga graph, its flow polytope, and a framed triangula-
tion.

The flow polytope F, is combinatorially a cube of dimension n, whose vertices are of
the forme;, +--- +e¢; , where ¢; € R?" denote the standard basis vectors and i, = 2k — 1
or iy = 2k, for each value k € [n]. These are the indicator vectors of the routes of G,.

We now recall the framed triangulations of flow polytopes introduced in [4]. A
framing at the vertex v is a pair of linear orders (<py(,), <out(v)) ON the incoming and
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outgoing edges at v. A framed graph, denoted (G, F), is a flow graph with a framing F
at every vertex. An example of a framing of the Oruga(2) graph is shown in Figure 4,
where the labels indicate the order of the incoming and outgoing edges at every vertex.

For a path P containing a vertex v, let Pv (resp. vP) denote the maximal subpath
of P ending (resp. beginning) at v. Furthermore, let .# (v) (resp. €'(v)) denote the set of
paths in G ending (resp. beginning) at v. Our notation .# stands for “incoming” and ¢
for “outgoing”. We define the relations < ;) and <4, on .#(v) and €'(v) as follows.

Given paths Pv,Quv € .#(v), let w < v be the first vertex after which Pv and Qu
coincide. If w is the first vertex of Pv or Quv, we say that Pv = ;) Qu. Otherwise let ep
be the edge of P entering w and let eg be the edge of Q entering w. Then Pv < () Qu
if and only if ep <py(y) €. The relation &' (v) is defined similarly.

Note that if Pv is a subpath of Qu, then Pv = ;) Qu. But, if they do not start at the
same vertex, then they are different paths. Therefore, the relation < ;) is not even a
partial order. However, if we restrict < ;(,) (resp. <g(,)) to the set of paths starting at
the source s (resp. v) and ending at v (resp. the sink t), then it is a linear order.

We say that a vertex v of a path P is an inner vertex if v is not the first or last vertex
of the path. If v is an inner vertex of paths P and Q, we say that P and Q are incoherent
at vif Pv < z(,) Quand vQ <g(,) vP, or if Qu < 4(,) Pv and vP <g(,) vQ, and we say
that they are coherent at v otherwise. Paths P and Q are then said to be coherent if they
are coherent at each common inner vertex and they are incoherent otherwise. A set of
pairwise coherent routes is called a cligue. We denote by C the collection of maximal
cliqgues. Examples of these concepts are illustrated in Figure 4.

¢« N

Cl >1 Cl >1 N\. ./\/. ./\/.
2 2 2 2 W .\_/—\.
Coherent Incoherent "

A maximal clique

Figure 4: Examples of coherent and incoherent routes, and a maximal clique for the
given framing of the Oruga(2) graph.

The motivation for the definition of a framed graph is that the maximal cliques de-
termined by the framing induce a triangulation of the flow polytope. We denote by Ac
the convex hull of the indicator vectors of the routes in a maximal clique C.

Proposition 2.2 (Danilov et al. [4]). Let (G, F) be a framed graph. The set {Ac | C € C} is
the set of the top-dimensional simplices in a regular unimodular triangulation of F.

A triangulation of F; whose facets are the maximal cliques of (G, F) for some fram-
ing F is called a framed triangulation of F;. The framed triangulation of the framing
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in Figure 4 is shown in Figure 3. The following lemma gives properties about adjacent
facets of the triangulation.

Lemma 2.3. Let C # C' be maximal cliques satisfying C ~ {R} = C' ~ {R’}. Then,

(i) The routes R and R’ incoherent at some vertex v. Furthermore, they are incoherent at every
vertex in the maximal path P, in RN R’ that contains v, and coherent everywhere else.

(ii) The routes RvR’ and R'vR are contained in C N C'.

From now on, unless otherwise specified, we draw the framed graphs (G, F) in such
a way that the order of the framing of the incoming and outgoing edges at every vertex is
increasing from top to bottom. This has two advantages: we do not need to include the
labels of a framing for the incoming and outgoing edges to the figure, and the coherence
relation becomes very intuitive because two paths are coherent at a vertex v if they “do
not cross” at v, as illustrated in Figure 5.

R == = R R == -=: R/
R/__, __,R/ R/ - - _,R
coherent at v incoherent at v = crossing at v

Ris cw from R’ at v

Figure 5: The coherence and cw relation between two routes at v.

This convention motivates the following definition. We say that a route R is clock-

wise (cw) from R" at v if Ro < 4,y R'vand oR’ <g(,) vR. We use the notation R <¢" R’
when R is cw from R’ at v. In particular, R and R’ are incoherent at v if and only if
R <" R" or R" <§¥ R. Note also that <§" is a transitive relation, i.e. if R <§" R’ and
R’ <" R”, then R <"V R”.
Example 2.4 (A framed triangulation of the oruga graph). Let G, = Oruga(n) be the
oruga graph from Example 2.1, and let F be the framing that orders the incoming and
outgoing edges of G, from top to bottom. The maximal cliques of (G, F) are in bijective
correspondence with permutations of [n] as follows.

Given a permutation [iy, ..., i,] of [n], construct a maximal clique consisting of n + 1
routes Ry, ..., Ry, where Ry is the route containing the top edges €2i;—1 for1 <j <k, and
the bottom edges e;; for k < j < n. That is, Ry is the route with top edges at positions
i1,...,ix and bottom edges at the positions i1, ..., ix.

The resulting set of routes is a maximal clique, and all the maximal cliques are of this
form. Moreover, two facets are adjacent if and only if the corresponding permutations
can be obtained from each other by swapping two consecutive numbers. Thus, the dual
graph of this framed triangulation of F, is the Hasse diagram of the classical weak
order of permutations of [n].
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3 Framing lattices

The weak order from the previous example is known to be a lattice. The purpose of this
section is to introduce a lattice structure whose Hasse diagram is the dual graph of a
framed triangulation of a flow polytope for any framed graph.

Let C # C’ be maximal cliques satisfying C \. {R} = C’ \ {R’}. By Lemma 2.3, the
routes R and R’ are incoherent at some point v. If R <{¥ R/, then we say that R’ is
obtained from R by a ccw rotation at v. In this case, we say that C’ is obtained from C
by a ccw rotation. The framing poset £cr = (C, <}) is the poset on maximal cliques

—rot
where C < C’ if C’ can be obtained from C by a sequence of ccw rotations. We simply
write C < C’ when the partial order is clear from context.

A polygon in a lattice is an interval [x,y] that is the union of two finite maximal
chains from x to y that are disjoint except at x and y. A lattice is said to be polygonal
if the following two conditions hold: (1) If y; and y, are distinct and cover an element
x, then [x,y1 V y»] is a polygon; and (2) if y; and y; are distinct and are covered by an

element x, then [y1 Ay, x| is a polygon.

Theorem 3.1. If (G, F) be a framed graph then £ is a poset. Moreover, it is a polygonal
lattice whose polygons consist of squares, pentagons, or hexagons.

Given a lattice .Z, let E(.Z) denote the set of covering relations of .Z. We say that
£ is an HH-lattice if it is finite, semidistributive, polygonal, and there exist a labeling
function ¢ : E(.Z) — L where L is a set of labels, and a ranking function r : £ — IN
satisfying the following condition on every polygon [x,y]| of Z. Let x; and x; denote
the two elements covering x, and let y; and y, denote the two elements covered by y,
such that x; and y; (resp. x2 and y>) belong to the same maximal chain. The labeling ¢
and rank function r must satisfy: (1) £(x,x1) = £(y2,y) and ¢(x, x2) = €(y1,y); and (2) if
t1,...,tx is a maximal chain in a polygon, then

r(tl),r(tk) < r(tz),r(tk,l) < e < T’(tk+1) if k is odd; and

b
r(tl),r(tk) < T(tz),]’(tkfl) <0< T’(tg),l"(t%_’_l) if k is even.
It is known that every HH-lattice is congruence uniform [”], i.e. it can be obtained

from the one element lattice by a sequence of doublings of intervals, a simple operation
introduced by Alan Day in the seventies, see [”] and the references therein.

Theorem 3.2. The framing poset £ r is an HH lattice. In particular, it is semidistributive and
congruence uniform.

The following lemma due to Bjorner, Edelman, and Ziegler and the tools developed
below are central to prove the above results. We skip most of the details due to space
constraints.
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Lemma 3.3. (BEZ Lemma [0, Lemma 9-2.2]) Let P be a finite poset with 0. If the join x V' y
exists for every x,y € P such that x and y cover a common element z, then P is a lattice.

To apply the BEZ lemma, we need a characterization of comparability in .Z; r. We
say that C is cw from C' if forall R € C, R’ € C/, and v € RN R’ we have that R and R’
are coherent at v or R <" R’.

Proposition 3.4. Let C and C' be maximal cliques. Then C < C' if and only if C is cw from C'.

Given two maximal cliques covering a common maximal clique, we construct their
join algorithmically. Given a set S of pairwise coherent routes, we construct a maximal
clique Cmax(S) containing S and the ccw-most routes that are coherent with the routes
in S. Informally, Cmax(S) is obtained by adding the ccw-most routes at each vertex
until a maximal clique is formed. The formal construction is described in Algorithm 1,

where S?Ev) denotes the reverse order of the linear order < ;(,). Similarly, we construct

a maximal clique Cpin(S) containing S whose routes are as clockwise as possible.

Algorithm 1 The construction of Cpmax(S)

1: Cmax(S) :=S
2: for v € V(G) (in increasing order) do
3 for Pv € .7 (v) (in the order <7y )) do > Pv possibly empty
4 for vQ € O(v) (in the order <)) do > vQ possibly empty
5: if PvQ is coherent with all routes of Ciax(S) then
6 Crnax(S) := Camax(S) U { PoQ}
7: break > This terminates the innermost loop
8 end if
9 end for

10: end for

11: end for

Lemma 3.5. The clique Cmax(S) is the unique maximal clique with the following property. If a
route R ¢ S is coherent with all routes in S, then for any R’ € Cmax(S) and v € RN R’ either
R and R’ are coherent at v or R' <V R. The dual statement holds for Cpin(S).

When S = @, we abbreviate Cpin = Cmin(@) and Cpax = Cmax(@). The maximal
cliques Cpin and Cmax are respectively the 0 and 1 of % r. The proof of Theorem 3.1
follows from the next lemma together with the BEZ lemma.

Lemma 3.6. Let Cy and Cy be distinct maximal cliques covering a maximal clique Q in £g r
and let S = C; N Cy. Then, the following statements hold.

(i) The set of maximal cliques containing S is an interval Is = [Cmin(S), Cmax(S)], with
Q= Cmin(s)/ ] 7£ Cmax(s)/ and Cp 7£ Cmax(s)-
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(ii) The interval Ig is a square, pentagon, or a hexagon.
(iii) Cy V Cy exists and is Cmax(S).

Remark 3.7. The join of two arbitrary maximal cliques C and C’ in .Z; r is not Cmax(S) for
S = CNC’. However, it is possible to compute it with a modified version of Algorithm 1.

Our proof of Theorem 3.2 relies on a characterization of semidistributive lattices and
HH lattices based on the polygons of the lattice. The congruence uniform property
follows from being an HH lattice.

The following result concerns lattice quotients of the framing lattice. It is based on
an operation discovered by Yip called an M-move, and was proved independently by
Gonzélez D'Leén and Yip'. Given a framed graph (G, F) and an oriented edge (v, w)
such that v # s and w # t, an M-move applied to (v, w) is the framed graph (Gy,w, Fo,w)
obtained by replacing the edge (v, w) by the two edges (s, w) and (v,t), while keeping
the order of the incoming edges at w and the outgoing edges at v.

Theorem 3.8. The framing lattice G, , F, ., 18 a lattice quotient of £ .

We finish this section with the following enumerative conjecture, which is motivated
by Section 4.4 and a result in [], and is supported by computational evidence.

Conjecture 3.9. Let F; and F, be two framings of G. Then, the framing lattices . r,
and .Z; r, have the same number of linear intervals of length k for every k> 0.

4 Examples

4.1 The Boolean lattice

The Boolean lattice %, is the lattice on the subsets of [n] ordered by inclusion. We now
describe how to obtain %, as a framing lattice. Let Gp, be the flow graph with vertex
set {s,t} U [n] and edge set constructed as follows. For each vertex i € [n] we add a pair
of edges (s,i) and (s,i)’ and a pair of edges (i,t) and (i, t)’. All framing lattices of Gp,
will be isomorphic, so the choice of framing does not matter. However, for convenience
we choose F to be a framing with (s,i) < ;) (s,1)" and (s,7) <g(; (s,i)" at each i € [n].
See the left-most graph and lattice in Figure 2 for an example of Gp, and %s.

A maximal clique of (Gg,, F) contains the routes {(s,7), (i,t)} and {(s,i)’, (i,t)'}, and
either the route R; := {(s,i), (i,t)"} or the route R} := {(s,7)’, (i,t)} for each i € [n]. For a
set S C [n], define the maximal clique Cs to be the unique maximal clique with routes R;
withi € §, and R; with i € S. The map S > Cg is an order preserving bijection between
Pn and £, p. Therefore, the framing lattice £, r is the Boolean lattice %,,.

IPersonal communication.
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4.2 The lattice of multipermutations

Given n positive integers mj, ..., my, the set of multipermutations [ay, ..., am1+...+mn] of
1™ ... n™ forms a lattice whose cover relations are given by interchanging two consec-
utive values a; < ai,1. The special case m; = 1 for all i recovers the classical weak order
on permutations.

We define the multioruga graph Gy, m, as the graph on the vertex set [n + 1] con-
taining m; + 1 edges ¢;, . .., ¢; ,,, which are drawn from bottom to top between i and 7 + 1
fori € [n]. The framing F is induced by this drawing (edges ordered from top to bottom).

The associated flow polytope is a product of simplices Fg,, = Apy X - X Ay,
where Ay, = conv{ep,..., e, }. Maximal cliques of the framed triangulation are in
bijection with multipermutation as follows.

Given a multipermutation [ay, . .., @y, +...4m, ] 0f 1™ - - - 1" and an integer k satisfying
0<k<my+---+my, we let Ry be the route consisting of the edges €1,y (k)7 - - - 7 Cnjn(K) 7
where ji(k) := |{k' < k : apy = i}|. In other words, j;(k) counts the number of ap-
pearances of i up to position k in the multipermutation. The collection of routes Ry,.. .,
Ry +-.m, is a maximal clique, and all maximal cliques are of this form. A counterclock-
wise rotation of a route Ry in a maximal clique corresponds to interchanging two con-
secutive values a; < i in the multipermutation. Thus, the framing lattice ¢,
is the lattice of multipermutations of 1" - - - n"". An example is shown in Figure 2.

4.3 The Cambrian lattice

Reading’s type A e-Cambrian lattices [10] are lattices on triangulations of a polygon.
The parameter ¢ is a map ¢ : [n] — {£} that assigns a positive or negative sign to
each element of [n]. We define the polygon P;(n) as a convex (n + 2)-gon with vertices
0,1,...,n+1 ordered from left to right, such that 0 and n + 1 are on a horizontal line and
i is above this line if (i) = +, or below if €(i) = —. The e-Cambrian lattice is the poset
on triangulations of P;(n) whose cover relations are increasing slope diagonal flips.

2+
1~ 3-

Figure 6: The polygon P(3) and the Cambrian caracol graph G, for e = — + —.

Let the Cambrian caracol graph G, be the graph with vertex set {s,0,1,...,n,t} and
the following three kinds of edges:
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e horizontal edges (s,0),(0,1),(1,2),...,(n—1,n),(n,t),
e positive edges (s,a)*, (a — 1,t)" when ¢(a) = + (above the horizontal line), and
* negative edges (s,a) ", (a —1,t)” when ¢(a) = — (below the horizontal line).

The graph G, is independent of e. The framing F; is the one induced by the drawing,
which depends on ¢. The routes of G, are in bijection with the diagonals of the poly-
gon P;(n). More precisely, diagonal ij corresponds to the route entering at i exiting
at j — 1. Under this bijection, two routes are coherent if and only if the corresponding di-
agonals do not cross; see Figure 6. Moreover, the framing lattice Z_r, is the e-Cambrian
lattice. An example is shown in Figure 2.

4.4 The cross-Tamari lattice

The cross-Tamari lattice is a new poset structure introduced in this paper which gener-
alizes the alt v-Tamari lattices of Ceballos and Cheneviere [7].

Let D be a set lattice points in Z2. We say that D is horizontally connected if for any
pair of points (x,y) and (x/,y) in D we have (z,y) € D for all x < z < x". Let rowp(z)
denote the set of points in D with y-coordinate z. We say that D is horizontally nested
if the x-coordinates of the points in rowp(v) are a subset of the x-coordinates of the
points in rowp(w) whenever | rowp(v)| < |rowp(w)|. Similarly, we define vertically
connected and vertically nested. A set of lattice points D C Z? is a cross-shaped grid if
it is both horizontally and vertically connected, and horizontally and vertically nested.

If D has a columns and b rows, it is convenient to assign positions to the points in D
according to a relabeling of the columns with the numbers 1,...,a2 and the rows with
1,...,b, in some order. We identify a point p € D with its position p = (v,w) where
v is the label of column and w is the label of the row of the point. We denote by /(v)
(resp. ¢(w)) the number of elements of D in column v (resp. row w). A proper labeling
of the rows and columns of D is a labeling satisfying the following conditions:

* the column labels form a unimodular sequence? and ¢(v) < £(v') implies v < v’
e the row labels form a unimodular sequence and ¢(w) < ¢(@') implies w < w’

Intuitively, this means that we label the rows and columns from shortest to longest
from the outside towards the center. Such a labeling is not unique if D has rows or
columns of the same length, but any proper labeling will be good for our purposes. An
example of a cross-shaped grid and a proper labeling of its rows and columns is shown
in Figure 7. In this example, the bottom-left corner (colored blue) has position (4,2).

2increases and then decreases
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Figure 7: A cross-shaped grid D with a proper labeling L of its rows and columns (left).
The (D, L)-caracol graph Gp . with the routes corresponding to the marked points in
D highlighted (right).

Let D be a cross-shaped grid. Two distinct points p, p’ € D are incompatible if one
of them is strictly north-east of the other and every lattice point in the smallest rectangle
containing p and p’ belongs to D. Two points are compatible if they are not incompatible.
A maximal filling of a cross-shaped grid is a maximal set of pairwise compatible points.
If two maximal fillings M # M’ differ by one single element M \ {p} = M’ ~ {p'}
where p’ is located strictly north-east of p, then we say the M’ is obtainable from M by
an increasing flip. The cross-Tamari order Tam(D) is the poset of maximal fillings of D
where M <p M’ if M’ can be obtained from M by a sequence of increasing flips.

The case where D is the set of lattice points weakly above a staircase shape recovers
the classical Tamari lattice. If D is the set of lattice points weakly above a given lattice
path v then we recover of v-Tamari lattice of Préville-Ratelle and Viennot [7]. Cross-
Tamari lattices also include the alt v-Tamari lattices [?] and the e-Cambrian lattices [10].

Next, we will show that the cross-Tamari order can be obtained as a framing lattice.
In particular, this implies that it is a lattice, a non-trivial fact.

Let D be a cross-shaped grid and L be a proper labeling of its columns and rows with
the numbers [4] and [b]. We define the (D, L)-caracol graph Gp | as the graph on the
vertex set {s,t} U [a] U [b], whose edges are given as follows.

First we define a linear order < on the vertices, whose minimal element is s, maximal
element is ¢, and the following three relations hold: i, < i; when i} < iy, jl =< 72
when j; < jp, and x < ¥ when (x,%) € D. The fact that < is a linear order follows
from the conditions on D and L. We place the vertices {s,¢} LI [a] L [b] in a horizontal
line following the linear order < and draw an edge between each pair of consecutive
elements. This looks like s —a — --- — b — t. We add additional edges (s,i) and (j,t) as
follows. For i € [a — 1], we draw an edge (s, i) below the horizontal line if column label
i is on the right of column label a, and above if it is on the left. For j € [b — 1], we draw
an edge (j,t) below the horizontal line if row label j is below of row label b, and above
if it is above. The resulting graph is Gp 1, and the framing Fp is the framing induced
by our drawing; see Figure 7 for an example.
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The points in D are in bijection with the routes of Gp ;. More precisely, the point (i, )
corresponds to the route entering at i and exiting at j. Under this bijection, two points
in D are incompatible if and only if the corresponding routes are incoherent. Moreover,
the framing lattice 4, F,, is the cross-Tamari lattice Tam(D). An example is shown
in Figure 2.

4.5 Other examples

The previous examples are only a small selection of well studied lattices that appear as
examples of framing lattices. Other examples include the Grassmann-Tamari lattices of
Santos, Stump, and Welker, the grid Tamari lattices of McConville, the (¢, I, 7)-Cambrian
lattices of Pilaud, the permutree lattices of Pilaud and Pons, the s-weak order of Ceballos
and Pons, and tau-Tilting posets for certain gentle algebras. The description of these
lattices as framing lattices essentially follows from bijections presented in other works,
and will be discussed in more detail in a longer version of this manuscript.
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On the sum of the entries in a character table
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Abstract. In 1961, Solomon proved that the sum of all the entries in the character table
of a finite group does not exceed the cardinality of the group. We state a different and
incomparable property here — this sum is at most twice the sum of dimensions of the
irreducible characters. We establish the validity of this property for all finite irreducible
Coxeter groups. The main tool we use is that the sum of a column in the character
table of such a group is given by the number of square roots of the corresponding
conjugacy class representative. We then show that the asymptotics of character table
sums is the same as the number of involutions in symmetric, hyperoctahedral and
demihyperoctahedral groups. Finally, we derive generating functions for the character
table sums for these latter groups as well as generalized symmetric groups as infinite
products of continued fractions.

Keywords: finite group, irreducible Coxeter group, character table, symmetric group,
hyperoctahedral group, demihyperoctahedral group, absolute square roots, general-
ized symmetric group, asymptotics, continued fractions

1 Introduction

For any finite group, it is natural to consider the sum of the entries of the character table.
Solomon [15] proved that this is always a nonnegative integer by proving something
stronger, namely that all row sums are nonnegative integers. He did so by showing
that the sum of a row indexed by an irreducible representation is the multiplicity of
that representation in the group algebra with respect to the conjugacy action. He then
deduced that the sum of the entries in the character table of a finite group is at most the
cardinality of the group.

In this extended abstract, we take a different approach to estimating the sum of the
entries of the character table by considering column sums instead. It is well known that
the column sums are always integers, though not necessarily non-negative [10, Proposi-
tion 3.14]. However, for groups whose irreducible characters are real, the column sums

* . AA thanks the DST FIST program - 2021 [TPN - 700661] and SERB Core grant
CRG/2021/001592 for support.

¥ . HKD thanks the DST FIST program - 2021 [TPN - 700661] and SERB-NPDF
fellowship PDF/2021/001899 for support.

¥ DP thanks the DST FIST program - 2021 [TPN - 700661] for support.


mailto:arvind@iisc.ac.in
mailto:hiranyadey@iisc.ac.in
mailto:digjoypaul@iisc.ac.in

2 Arvind Ayyer, Hiranya Kishore Dey, and Digjoy Paul

are given by the number of square roots of conjugacy class representatives by a classi-
cal result by Frobenius and Schur [11]. Weyl groups are well-known examples of such
groups. However, this is not the case for generalized symmetric groups G(r,1,n),r > 3.
For G(r,1,n), column sums are given by so-called absolute square roots [7].

From extensive computations, we observe the following upper bound for the sum of
the entries of the character table for many but not all groups.

Property S . The sum of the the entries of the character table of a finite group is at most twice
the sum of dimensions of its irreducible representations.

We know Property S will not hold in general, but it seems to hold for a large class
of natural groups. The smallest counterexamples are of order 64. Our main result is for
the following important class of finite groups.

Theorem 1.1. Property S holds for all finite irreducible Coxeter groups.

Note that this also settles the issue for Weyl groups. The proof of Theorem 1.1 follows
by a case analysis. By analysing the square roots, it is easy to prove the result for
dihedral groups. We will prove Property S for the symmetric, hyperoctahedral and
demihyperoctahedral groups in the later sections. By explicit computations, we have
verified the result for exceptional irreducible finite Coxeter groups. Details will appear
in [4]. It is tempting to believe that Property S holds for all finite simple groups. We have
not yet done a systematic study in that direction, but we certainly believe the following.

Conjecture 1.2. Property S holds for all alternating groups.

Property S holds for abelian groups H because the orthogonality of rows in a charac-
ter table leads to the vanishing of row sums of all representations except the trivial one.
Using this fact, we prove that G x H satisfies the property if it is true for G. It turns out
that Property S holds for any finite group whose all irreducible representations have
dimensions at most 2. This class includes generalized dihedral groups and generalized
quaternion groups.

It is natural to consider the sequence of these sums for the infinite familes of irre-
ducible Coxeter groups. In Section 2, we consider this sum s, for the symmetric group
Syu. We compute its generating function in Section 2.1. In Section 2.2, we sketch the
proof of Property S for S, and show that the asymptotics of s, is the same as the num-
ber of involutions in S,,. We state similar results for the hyperoctahedral groups B, in
Section 3 and for the demihyperoctahedral groups D, in Section 4. Since the main ideas
are similar, we only state the results. We then extend the generating function result to
the generalized symmetric groups G(r,1,n) in two ways. We give generating functions
for the sum of the number of square roots as well as column sums for conjugacy class
representatives in Section 5. The proofs of these results will appear in an upcoming
article [4].
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2 Symmetric groups

2.1 Generating function for the total sum of character table

Let S, be the symmetric group on n letters. The set of irreducible representations and
the conjugacy classes of S, are indexed by the set of integer partitions A = (A1 > A >
.-+ > Ay) of n, denoted A - n. Write a partition in frequency notation as

A= (1™,... n™), (2.1)

where m; denote the number of parts of length i in A. We are interested in s, the sum
of the entries of the character table of S, [17, Sequence A082733]. The first few terms of
(sn) are given by

1,2,5,13,31, 89,259, 842,2810, 10020, 37266, 145373.

No formula is given for this sequence. Let I'y be the sum of entries of the column
indexed by A I n in the character table of S,,. By applying the following classical result
of Frobenius and Schur for the symmetric group, we obtain a formula for column sums
in terms of square root counting function.

Theorem 2.1 ([1 1, Theorem 4.5]). Given a finite group G, let Irr(G) denote the set of irreducible
characters of G. Then

{xeG|x*=g}= Y o(x)x(g) foreachgeG,
x€lrr(G)

where o(x), known as the Frobenius-Schur indicator of x, is 1, 0 or —1 if x is real, complex
or quaternionic, respectively.

Remark 2.2. It is a standard fact [9, Section 8.10] that all irreducible characters of any Weyl
group (for example, symmetric, hyperoctahedral and demihyperoctahedral groups) have Frobenius-
Schur indicator 1. Thus, column sums of the character table of any Weyl group are given by the
number of square roots of conjugacy class representatives.

Therefore, Ty = [{x € S, : x> = w, }|, where w, is some fixed element of cycle type
A. Recall that the double factorial of an integer n is given by n!! = n(n —2) --- ending at
either 2 or 1 depending on whether 7 is even or odd respectively. Define

im/2) /.
or(m) =Y (2k>(2k—1)!!rk. (2.2)
k=0

Proposition 2.3 ([, Corollary 3.2]). The column sum Iy is 0 unless my; is even for all i €
{1,...,|n/2]}. If that is the case,

[n/2] [n/2]

FA = H (1’]121' — 1)” (21‘)”121‘/2 H 02j+1(m2]'+1).
i=1 j=0
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Let S(x) be the (ordinary) generating function of the sequence (s,), i.e.

S(x) =) sux". (2.3)

n>0

To give a formula for S(x), we recall that generating functions which are expressed as
continued fractions have a long history beginning with the influential work of Flajolet [©].
There are two kinds of continued fractions which appear commonly. The Stieltjes contin-
ued fraction, or S-fraction has linear terms and the Jacobi continued fraction, or |-fraction has
quadratic terms.

Recall that an involution in S, is a permutation w which squares to the identity. Let
in be the number of involutions in S,,. A well-known result due to Flajolet [¢, Theorem
2(iia)] gives the generating function Z(x) of involutions in S, as the J-fraction

1
I(x) =) inx" = (2.4)
n20 1—x— *

2

2 2
1-x- 22

Flajolet also showed in the same theorem [5, Theorem 2(iib)] that the generating
function of odd double factorials is the S-fraction

D(x)=) (2n—1)lx" = ;x (2.5)
n>0 1-— o

1- ==

The quantity o,(m) (defined in (2.2)) and its generalizations have been studied in [17].
Setting t = 0,m = 0 and u; = 1 in the same theorem [?, Theorem 2] we obtain the
generating function for o,(m) as the J-fraction

Re(x) =) op(n)x" = 5 . (2.6)

n>0 rx

1—x—
2 2
s

Bessenrodt—Olsson [5] found an explicit bijection between the number of columns in
the character table of S, that have sum zero and the number of partitions of n with at
least one part congruent to 2 (mod 4). They also computed the generating function for
the number partitions whose associated column sum is nonzero.

Let x,x1,x3,... be a family of commuting indeterminates. The following result an-
swers a question of Amdeberhan [7].
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Theorem 2.4. The number of square roots of a permutation with cycle type A written as (2.1) is
the coefficient of x| xy2 ... xy™" in

H D(Zl‘x%i)Rzl’,1 (le',l ) .

i>1
Consequently, the generating function of the character table sum is

S(x) = [IPQix*") Ry 1 (x*1).
i>1
2.2 Proof of Property S for S,

Recall that derangements are permutations without fixed points. We define another se-

quence (gy) by
Qn 1= Z 'y, n>1 and go=1.

AFn
mq (A):O

Then g, counts the sum of those columns of the character table of S, which are indexed
by the conjugacy classes corresponding to derangements. The next result is a convolution
type statement involving s, g, and ij,.

Proposition 2.5. For a positive integer n, we have

n
Sn = Z kSn—k-
k=0

We next prove the following lemma which gives us control over the sequence s,,.

Lemma 2.6. For n > 2, we have 2i,,_1 < i, < ni,_y. Further, for n > 4, we have i} g, <
in—1/(n—2) forall0 <k <n-3.

Using Lemma 2.6, we show that s, < i, 4 i,_1, which helps to prove the following:
Theorem 2.7. Property S holds for all symmetric groups.

Using the asymptotics of (i,;) derived by Chowla-Herstein-Moore [6, Theorem 8], we
confirm the observation of user Lucia [3].

Corollary 2.8. The total sum sequence (s, ) grows asymptotically as fast as (i, ) and hence

(n)?l/z e\/ﬁ_l/4
Spy~ | — .
" V2

e
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3 Weyl groups of type B

The group Z; S, is called the hyperoctahedral group B,. It can also be written as the
generalized symmetric group G(2,1,n). But following [16], we can define it in a more
elementary way. But of course, some of these statements here can be seen directly from
Section 5 using that language.

Definition 3.1. Regard Sy, as the group of permutations of the set {+1, ..., +n}. For an integer
n > 2, the hyperoctahedral group of type By, is defined as

B, :={we Sy | w(i)+w(—i) =0, foralli,1 <i<n}
Every element w € B, can be uniquely expressed as a product of cycles
W = WiW1 - - - WyWy07 - - * Vs,

where for 1 < j <r, wjw; = (a1, .. .,aA].)(—al, cer, —a,\j) for some positive integer A; and
for1 <t <s, 0= (by,..., by, —b1,..., —byt) for some positive integer y;. An element
w;w;j is called a positive cycle of length A; and v; is called a negative cycle of length p;.
This cycle decomposition of w determines a unique pair of partitions (A | u) called the
cycle type of w, where A = (Aq,...,Ay) and p = (p1, ..., ts)-

Theorem 3.2 ([16, Theorem 7.2.5]). The set of conjugacy classes of By, is in natural bijection
with the set of ordered pairs of partitions (A | u) such that |A| + |u| = n.

Let sE denote the total sum of the entries of the character table of B,. The generating
function of s5 can be obtained from the more general results in Section 5; see Remark 5.9.
Let F?My) be the column sum corresponding to the conjugacy class (A | ). To find the
asymptotics of s, we define the following

/
gn =2 Th
(M)

where the sum runs over all ordered pairs of partitions (A | i) of total size n such that A
has no part of size 1. Moreover, let i,[f denote the number of involutions in B,,. Here, we
have the following counterpart of Proposition 2.5.

Proposition 3.3. For positive integers n, we have
B_ \~ BB
Sn = Z Ue8n—k-
k=0

Following similar ideas as in the case of the symmetric group, we prove the next two
results, where we use a result of Lin [13, Eq. (5)] for the asymptotics of iZ.
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Theorem 3.4. Property S holds for all hyperoctahedral groups.

Corollary 3.5. The total sum sequence (s5) grows asymptotically as fast as (i) and hence

)"

T Ve
4 Weyl groups of type D

The Weyl group of type D, also known as the demihyperoctahedral group Dy, is defined as
the following index two subgroup of B:

D,:={we€B,|w(l) - -w(n) >0}

Proposition 4.1 ([15, Lemma 2.3]). Let 7t € By, have cycle type (A | u). Then 1t € Dy, if and
only if () is even.

The following results gives a description of the conjugacy classes in D,, and charac-
terize the existence of square roots.

Proposition 4.2 ([16, Theorem 8.2.1]). Given a pair of partitions (A | u) of n, if an element
7 € Dy has cycle type (A | ), the associated conjugacy class Cy ,, in By splits into two Dy
conjugacy classes if and only if y = & and all the parts of A are even. The class C, ,, remains a
Dy, conjugacy class if and only if either u # @ or else one of the parts of A is odd. In particular,
for an odd n, any conjugacy class of B, does not split.

Proposition 4.3. A pair of partitions (A | u) of n (such that ¢(u) is even) is the cycle type of a
square element of D,, if and only if the following holds:

1. all even parts of A have even multiplicity,

2. all parts of u have even multiplicity, and

3. either A has an odd part or 4 | {(u).

Using Proposition 4.3, we then obtain the following.

Theorem 4.4. The generating function for the number of conjugacy classes in D, with non-zero
column sum is

ad 1 s 1 i 1 1 (3 1 ad 1
El_qﬁli [(Hl_q2]> <g1—q2k+1_1>+§(Hl—q2]+g1+¢72k>+l

j=1 j=1

-1
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Recall the generating function for double factorials in (2.5). To find the generating
function for the sum of the entries in the character table of D,, we generalize R,(x) by

the J-fraction
1
Ri(x,y) = 5 : (4.1)

1—(1+y)x— ™

2
1= (1 4y)x— 2%

Theorem 4.5. The generating function of the sum of the entries in the character table of D, is
obtained by setting all even powers of y to 1 and odd powers of y to 0 in the formal power series

[T (PMix*)D @iy Ry (71, y) ) + [ D(dix*) — 1.

i>0 i>0

Let s denote the sum of the entries of the character table of D, and i} denote the
number of involutions in D,. The following lemma relates the quantities s? and iZ.

Lemma 4.6. For positive integers n, s? < il + (sB —iB) + ¢B. Moreover, for odd positive
integers n, it = iB/2 and sB = 2sD. When n is even, 2i0 — i8 = 2"/2 (n — 1)1\, Therefore, for
all positive integers n, i) < if < 2iD.

The main result here follows now from Lemma 4.6.
Theorem 4.7. Property S holds for all demihyperoctahedral groups.

Corollary 4.8. The total sum sequence (s5) grows asymptotically as fast as (if) and hence

"o2v2e \ e '

5 Generalized symmetric groups

We follow [15, Section 2] for the notational background used in this section. For non-
negative integers r,n, let Z/rZ = Z, = {6, 1,.. .,m} be the additive cyclic group of
order r, where we use bars to distinguish these elements from those in the symmetric
group. Then define the generalized symmetric group

G(r,l,n) = Zr ! S” = {(le- . -/Zn}U) | Zi € Zr/U € Sn}'
If 7= (z1,22,...,20;0) and T’ = (2],25,...,2),;0"), then their product is given by
= (z +z"7,1(1),...,zn +zg,1(n);aa’),

where ¢’ is the standard product of permutations in S,,.
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The group G(r,1,n) can also be realized as a subgroup of the symmetric group Syy.
In this interpretation G(r,1, 1) consists of all permutations 7t of the set {E +i|0<k<
r—1,1 <i < n} satisfying 7t(k + i) = k + 7t(i) for all allowed k and i. For convenience,
we identify the letters 0 + i with i for 1 < i < n. Given a permutation 7w € G(r,1,n), its
values at 1, ..., n determine 7t uniquely.

The two definitions above are identified using the bijective map ¢ defined on the
window [1,...,n] by

(o)) = | L L) - s
(,b 17-++s2n; - Za(l)+0(1) 20(2)4—0’(2) Za(n)—FU'(n).

This map satisfies ¢(7r 7') = ¢p(7) o ¢(77'), where o is the usual composition of permu-
tations in S,;,.

Let 7 = (z1,...,20;0) € G(r,1,n) and (uq),...,(us) be the cycles of 0. Let (u;) =
(4i1,...,uip) where ¢; is the length of the cycle (u;). Define the color of the cycle (u;) as
z(u;) = Zugy + Zuy, + o+ 2y, € Z,. Forje{0,...,r—1},let M be the partition formed
by the lengths of cycles of color j of ¢. Note that ) ; |AJ| = n. The r-tuple of partitions
A=A AL .| A1) s called the cycle type of 7t. We refer to such an r-tuple of
partitions as an r-partite partition of size n, denoted A |=, n. For example, the cycle type
of the element

is (@1(3,2) | (1)). The following theorem asserts that the conjugacy classes of G(r,1,n)
are indexed by r-partite partitions of n.

Theorem 5.1. [14, p. 170] Two elements 1y and 11y in G(r,1,n) are conjugate if and only if
their corresponding cycle types are equal.

Recall the function D(x) from (2.5) and R(x) from (2.6). The following result gener-
alizes Theorem 2.4.

Theorem 5.2. The generating function (in n) for the sum of the number of square roots of all the
conjugacy class representatives in G(r,1,n) is

I <D(2irx4i)’ Rris1) (x2i+1)r> rodd,
i>0

I (D(Zirx‘”)r D((2i + 1)rx¥ 22 R iy (2x2i+1)r/2> r even.
i>0 4

In contrast with the case of S, the square root function does not give column sums
for character table of G(r,1,3), r > 2 as the group has non-real irreducible charac-
ters [2]. Given m = (z1,z2,...,20;0) € G(r,1,n), define the bar operation as 7T :=
(=z1,...,—2zn;0). An element ¢ € G(r,1,n) is said to have an absolute square root if
there exists 7 € G(r,1,n) such that 7t = g. The next result describes columns sum for
G(r,1,n) in terms of absolute square roots.
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Theorem 5.3. [7, Theorem 3.4] Let {x | A is a r-partite partition of n} be the set of irreducible
characters of G(r,1,n). Then

;XA(g) ={meGlrn)| =g} VvgeGrln),

where the sum runs over all r-partite partitions A.

By analyzing the absolute square roots we will provide generating functions for num-
ber of columns with zero sums and the total sum of the character table of G(r,1,n).

Lemma 5.4. 1. The absolute square of a cycle of odd length d (of any color) is a cycle of the
same length of color 0.

2. The absolute square of a cycle of even length d (of any color) is a product of two cycles, each
of length d /2, such that sum of their colors is zero.

The following results extend Bessenrodt-Olsson’s theorems [°] from S, to G(r,1,n).

Proposition 5.5. An r-partite partition A = (A | AL | ... | A1) is the cycle-type of an
absolute square in G(r,1,n) if and only if the following hold:

1. each even part in A° has even multiplicity,
2. M =N foralli > 1, and
3. each part in A"/? has even multiplicity when r is even.

Theorem 5.6. The generating function for r-partite partitions which are cycle-types of absolute
squares in G(r,1,n) is:

( 0 1 %) 1 1) 1 (r—l)/Z
- - r odd,
(i) () (1)
- ) - , o 1 (r=2)/2
_— - - T eoern.
(i) () (T5)

Using [?, Observation 4.2], we obtain the number of absolute square roots for cycles
of a single length and color.

Proposition 5.7. Given a positive integer r, the following holds.

1. The number of absolute square roots of an element of cycle type \° = ((2k)>"2) ( and all
other A is zero) is (2mqy — 1)!1 (2kr)™2x
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2. The number of absolute square roots of an element of cycle type A° = ((2k + 1)"2+1) ( and
all other A is zero) is

Lm2k+1

2 . .
(") @D k) e,

j=0

3. The number of absolute square roots of an element of cycle type A" = A"=% = (k") (.and
all other A is zero) is my! (kr)™*.

4. For even r, the number of absolute square roots of an element of cycle type A"/? = (k*"k) (
and all other A' is zero) is (2my — 1)!! (kr)"*,

Adin-Postnikov—-Roichman [?, Corollary 4.3] also give a formula to count the number
of absolute square roots of any element in G(r,1,1). Using Proposition 5.7, we generalize
their result to determine the sum of the character table in terms of generating functions.
To do so, we also need the classic generating function for the factorials due to Euler [/]
given by

F(x) =) nx" = ! x . (5.1)
n>0 1-—

Theorem 5.8. The generating function (in n) of the total sum of the character table of G(r,1,n)
is

I (]—"(irxz")(r*l)/2 D(2irx™) R(Ziﬂ)/r(rxziﬂ)) rodd,
i>0

I (J’-'(irxzz')(’*z)/2 D(2irx*) D(rix*) R(2i+1)/r(rx2i+1)> r even.
i>0

Remark 5.9. When r = 2, absolute square roots are exactly the usual square roots. Thus
the generating function for (sB) can be obtained by setting r = 2 in either Theorem 5.2 or
Theorem 5.8.
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Vertex models for the product of a Schur and
Demazure polynomial

Timothy C. Miller*!

'Department of Combinatorics and Optimization, University of Waterloo, Waterloo, ON N2L
3G1, Canada

Abstract. The product of a Schur polynomial and Demazure atom or character ex-
pands positively in Demazure atoms or characters, respectively. The structure coeffi-
cients in these expansions have known combinatorial rules in terms of skyline tableaux.
We develop alternative rules using the theory of integrable vertex models, inspired by
a technique introduced by Zinn-Justin. We apply this method to coloured vertex mod-
els for atoms and characters obtained from Borodin and Wheeler’s models for non-
symmetric Macdonald polynomials. The structure coefficients are then obtained as
partition functions of vertex models that are compatible with both Schur (uncoloured)
and Demazure (coloured) vertex models.

Keywords: Demazure atoms, Demazure characters, Schur polynomials, vertex models,
structure coefficients, key polynomials

1 Introduction

Demazure atoms, also called standard bases, are a family of non-symmetric polynomials
indexed by weak compositions. Demazure characters, also called key polynomials, are
a closely related family of polynomials which are also indexed by weak compositions;
they may be written as a sum of Demazure atoms. Denote the Demazure atom and
character on a weak composition & = («ay,...,&,) in the variables x = (x1,...,x,) by
Ay (x) and ICy(x), respectively. The set of Demazure atoms or characters over all weak
compositions of length n are a basis for Z[x1, ..., x,]. It is known that the products of a
Schur polynomial s, (x) and a Demazure polynomial have positive expansions:

sa(x) Ay (x) = %cﬁﬂflﬁ(x),
sA () Ka(x) = %dﬁ/a/cﬁ(x),

where the structure coefficients ci , and dﬁ , are non-negative integers.

*
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1 . B
n [?], Haglund, Luoto, Mason and van Willigenburg give formulas to calculate ¢,

and dﬁ in terms of skyline tableaux. Here, we use the theory of integrable vertex models
to derlve alternative rules where the structure coefficients are calculated as the number
of fillings of “diamond” vertex models. We emulate the technique developed in [11]
where Zinn-Justin reproves the puzzle rule of [4, 5] for the product of two double Schur
polynomials. Wheeler and Zinn-Justin later use the same technique to find structure
coefficients for double Grothendieck polynomials [10]. Knutson and Zinn-Justin also
employ techniques from integrability in a series of papers computing puzzle rules for
products of Schubert classes in d-step flag varieties (for d < 4) [0, 7, &].

The proofs in [10, 11] are completely combinatorial, gluing vertex models together in
two different ways and showing both are equivalent. One side of the equation is mani-
festly a product and the other side is manifestly a summation. Applying a Yang—Baxter
equation to the model for the product transforms it into the model for the summation.
Both of these results concern products of symmetric polynomials, whereas our results
involve the non-symmetric Demazure polynomials. Our results follow from a variant of
the Yang-Baxter equation stated in Lemma 1.

In this extended abstract, we define Demazure atoms and characters as the parti-
tion function of a vertex model. Our conventions for atoms match those of Mason [Y]
who defines A, (x) in terms of semi-skyline augmented fillings; reversing the order of
the composition and basement in Mason’s diagrams yields /Cy (x). Our model is derived
from setting g = t = 0 in Borodin and Wheeler’s [ 1] vertex model for permuted basement
non-symmetric Macdonald polynomials f§(x;g,t), where p is a permutation. In our con-
ventions, we have A,(x) = f(ign’m’“l)(xn,...,xl;0,0) and Ky(x) = f3°(xy,...,x1;0,0).
Significant modifications are made to make the vertices compatible with the Schur poly-
nomial model in [11]. Our model for A, (x) bears more resemblance to that of Brubaker,
Buciumas, Bump and Gustafsson [?] with differing weights and boundary:.

A benefit of this approach is that vertex models may be developed independently
and then fit into this framework, allowing one to test rules assuming an analogue of
Lemma 1 holds. Our results are suggestive of further applications such as extensions to
the Grothendieck model in [10].

2 Vertex models for Schur and Demazure polynomials

A weak composition &« = (a,...,a,) is a sequence of non-negative integers. The integer
«; is the part of « at index i and the length of « is its number of parts; the largest part
in « is denoted max(a). A partition A = (Ay,...,A,) is a weak composition sorted in
descending order. Throughout this extended abstract, « and B are weak compositions, A
is a partition and all weak compositions have length 7.

We describe two strings, & 4 and «ay, that re-encode a weak composition a. Let A =
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sort(a) be the partition with the same parts as a sorted in descending order. Enclose the
Young diagram of A between the top left corner of a rectangle and a North-East lattice
path as depicted in Example 1. East steps are labelled 0 and North steps are labelled
with the integers 1 through n so that i occurs after precisely «; East steps. If North steps
occur in the same vertical, then moving North, we label them in descending order for a 4
and ascending order for ax. We then obtain either string by reading labels off the lattice
path from South-West to North-East.

We also specify two strings, A~ and AT, that re-encode a partition A. For A™, East
steps are labelled 0 and North steps are labelled 1. For A", East steps are labelled with
the symbol + and North steps are labelled 0. Strings are read off the lattice path as
before.

Example 1. We depict our labelling procedure below with « = (0,3,0,1,3) and A = sort(a) =
(3,3,1,0,0), assigning each label a colour as a visual aid. Darker shades of blue correspond to
larger integers.

ap 2 oK e5 A 1 AT 0
0 09 0 072 o o ! + + |0
o b it Lo
| 0] 0] | 0] 3
‘1 T3 ‘1 0
E g 1 0

Reading the labels from South-West to North-East produces the strings:

Ky =®00®00 ®® = 31040052
g =000000 e e = 13040025
AT = O®00 = 11010011
AT =00@0@®00 = 00+0++00

The model for Demazure atoms consists of a lattice filled with the tiles in Figure 1.
This is a coloured vertex model where the tiles are “vertices” much like those in [Z].
Labels of tiles must match along adjacent edges and along the boundary of the lattice.
We label the left boundary with the string a4 and label the bottom edges 1 through
n from left to right; the other boundary edges are labelled 0. All tiles in the model
have weight 1 except for the tiles of weight x. where c is the column number where the
tile occurs; columns are numbered 1 through #n from left to right. A filling’s weight is
the product of its tile weights and the sum of all filling weights is called the partition
function.
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weight: x,
Figure 1: Tiles for the Demazure atom vertex model where 1 < i < j. The rightmost

tile has weight x. where c is the column number where the tile occurs.

The partition function of this vertex model is the Demazure atom on n variables,
depicted diagrammatically:

_—
123---n

Example 2. Let « = (0,2,2,0), so that « 4 = 410032 = @ © O O ® ® labels the left boundary.
There are three fillings of the atom model, showing Ay (x1, X2, X3, X4) = X1X3X3 + X1X2X3 + X3X3.

2,2

X1X33 X1 x2%3 x3x3

Zinn-Justin considers a similar model for Schur polynomials in [ 1] which may be
thought of as the “uncoloured” version of the model for atoms. Using the same tiles
with only colour 1, we label the left boundary with the string A~ and label all bottom
edges with 1, which we denote as @" = 1":

sx(x) =A
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Example 3. Let A = (2, 2 1). There are three fillings of the Schur model, showing that

s/\ X1, X2, x3 = x%xzxg + x1x2x3 + xlx%xg
1

ra

Lastly, as noted in [?], Remark 4.5, the model for Demazure characters uses the same
tiles rotated 180 degrees, which only alters the fifth tile in Figure 1. We can obtain
Demazure characters as a partition function for the following vertex model filled with
these new tiles:

’Ca(x):lxlc
123---n

3 Vertex models for ci“ and d)ﬁwé

In this section we build two “diamond” vertex models filled with the tiles below where
1 <i < j < k. If ablue line of shade b shares an edge with a red line, the edge is labelled
b™. Two shades of blue a and b with a < b may share an edge labelled ab. All tiles have
weight 1.

i/ \o0 ANV S NS S D N B D N R 3 N7 S Ve N i/ \O
0\ Vi =it 0\ Vi A+t i~/ ik=k i 0\ /i ij/j
0/\0 0/ p+ 0/ p+ ifpit ifpit  ifopit JAAGT A it A
on /o +X /o +¢&/i +M /0 i+ T i it i

Further, we do not allow two adjacent tiles to form an internal banned rhombus as
depicted in Figure 2. These restrictions are still local and can be imposed with additional
labels, but we exclude them to avoid clutter. We may now state our theorem.
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(a) Banned rhombi for atom model. (b) Banned rhombi for character model.

Figure 2: Restrictions on adjacent diamond tiles where 1 <i < ;.

Theorem 1. The structure coefficients cﬁ o and dﬁ . respectively count the number of fillings of

the vertex models
0/ \On 0/ \On
AT /4 )\ Bx

where k = max(p) and the restrictions in Figure 2a and Figure 2b apply respectively within each
model.

Example 4. For « = (1,3,1,0), A = (3,1,0,0) and B = (1,4,3,1), we have that k =
max(B) = 4. There are two fillings of the corresponding Schur—atom model and thus cﬁl =2

)
N
ORN
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We call the vertex model for ci N the Schur-atom model and the vertex model for di N

the Schur—character model. Recall that we assume «, B and A all have length n, but we
may append zeros to make their lengths match if needed. Similarly, we may append
zeros to the end of the strings a 4, ax and A~ and append + symbols to the end of A
so that these strings all have length n + k and fit in the diagram.

4 Proof of Theorem 1

In this section, we only explain the proof of the Schur-atom model, but the proof of the
Schur—character model is analogous. In Figure 3, we have tiles in three orientations with
a new orientation in the second row containing a tile of weight —x.. We call the tiles in
the first row right-sheared and the tiles in the second row left-sheared. We again depict
vertex models with grey diagrams where tiles must have the same orientation as the
grey region they are placed within. In our configurations, right- and left-sheared tiles
are in the same column, say ¢, if one is on top of the other; hence these tiles may have
weight x. or —x,, respectively.

Note red lines may now share the same path as blue lines; these tiles facilitate the
proof and do not appear in the final Schur-atom model. We still ban rhombi between
diamond tiles as in Figure 2a, but there are no such restrictions between tiles that are not
both diamonds. The key to the proof is the following lemma equating columns of tiles.

Lemma 1. Let q1,...,qm, ¥, S, t1, ..., tm, t and v be fixed labels where u and r are in {O, @} =
{0, +}. The following column configurations have the same weight:

v v
qm u qm u
// // tm , / tm
92 4 = @/\/ /
n ) q1 ty
r 1 r tq
s s

Proof. Proving this lemma is the main difficulty of this work. The proof is by induction
with manual checking of several edge cases. O

Remark 1. In [10, 11] the authors proceed similarly with a Yang—Baxter equation that equates
unit hexagons with unrestricted boundaries. In contrast, our equation requires that we restrict
the labels on the South-West and North-East edges, suggesting a more general framework to
explore.
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0 i 0 i i i +
050 051’ 1 0 i i ] i ] ] i / i
0 0 i i j i +
+ i + 1 1 i i
Oﬂo OE# it 0 i it jt it j*t it o 0
+ + i i Ji i 1
weight: x.
i i + + i
0 0 O >\i+ i+X 0 i+Y—>\i+ + +
i + i + i
0 0 + + +
0 0 O x+ +X 0 +Y—>\+ 0 \ 0
0 + 0 + 1
weight: —x.
0 Yy XA Ve VAl
0 v &
] A~\j k =ik
ik =k i
J=j k =ik
ikt -t T
AV NTAN S N
ik —~'k i
A XA S N/
ik"'@k"’ ij+©j+

Figure 3: The full set of tiles where 1 <i < j <k.
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Example 5. We consider two examples of Lemma 1. In the first example, both sides of the
equation have weight x.. In the second example, there are two ways to fill the column on the
left-hand side which sum to a weight of 0 and there is no way to fill the column on the right-hand
side.

Xc Xc xg’ —X

Note that rotating columns 180 degrees gives an analogous column lemma used to
prove correctness of the Schur—character model. Interpreting the next lemma proves our
result.

Lemma 2. Set k = max(«) + max(A). The configurations below have the same weight:

n n
_
CNek eko"
L) _ aA
Ok n - Ok n
At At
Y Y
123---n 123---n

Proof. Repeatedly applying Lemma 1 to internal columns transforms the left-hand side
into the right-hand side. First apply the lemma to the column of length 2(k + 1) contain-
ing the left-sheared tile most to the North-East and then repeat with the next left-sheared
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111

Figure 4: Two fillings of weight x%x%x% from the configurations in Lemma 2 where
A=(2,2,1)and « = (2,1,2), so that n = 3 and k = 4. Regions are labelled to facilitate
exposition.

tile, moving right-to-left and top-to-bottom. The boundary conditions ensure that the
South-West and North-East labels of columns we equate are always in {O,®} at every
stage in this process. O

The proof now follows from examining both sides of the equation in Lemma 2. In
short, the left-hand side is manifestly the product s, (x).4,(x) and the right-hand side

is manifestly the summation ) 4 cﬁ, Aa(x) where ci , counts fillings of the Schur-atom
model.

Proof of Theorem 1. We examine both sides of the equation in Lemma 2, which is better
illustrated with the example fillings in Figure 4. Within region A, all red lines must
move East and blue lines must move North-West. Those red lines must move straight
North-East through B, transmitting the string A" to the South-West boundary of C.
From Lemma 9 in [ 1], there is only one way to fill C, which forces the shared boundary
between C and E to be the string A~ upside-down. Thus, regions A, B and C have
weight 1.

Next, we recognize region D as our vertex model for the Demazure atom A, (x).
From the previous paragraph, we have that A~ is upside-down on the South-East bound-
ary of E. Rotating region E by 180 degrees, we see that it is the vertex model for s, (x)
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with the variables in reverse order; since s, (x) is symmetric, the weight of the left-hand
side is the product s, (x).Ay(x). We summarize pictorially:

n
E—

\.kon -
oc,/ %" noT / = sy(x)Aa(x)
ld
A

S —

123---n

Considering the right-hand side, we have that regions G, H and I always have weight
1 and follow the same pattern as in Figure 4, transmitting the string ®0" to the North-
East boundary of region K. Within region J, all blue lines must exit the North-West
boundary if they are to reach the North-West boundary of K. This follows from our
choice of k = max(A) + max(a). The blue lines then travel through the boundary be-
tween J and K, varying over strings 4 that encode weak compositions. Fixing a par-
ticular B 4 along this boundary, we recognize region J as Ag(x) and region K as the
Schur-atom model from Theorem 1. Thus, the right-hand side is a summation over
compositions B where each summand is a product of our Schur-atom model and Ag(x).
We give another pictorial summary:

n
e

(O At

—

123---n

By Lemma 2, we can equate both sides, completing the proof. As a final note, we used
that k = max(A) + max(a) in our proof, but when considering the filling of a particular
diamond where § is given, it suffices to set k = max () as we do in Theorem 1. O
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On the f-vectors of flow polytopes
for the complete graph

William T. Dugan*!

YDepartment of Mathematics and Statistics, University of Massachusetts Amherst, Amherst
MA, USA

Abstract. The Chan-Robbins-Yuen polytope (CRY},) of order n is a face of the Birkhoff
polytope of doubly stochastic matrices that is also a flow polytope of the directed
complete graph K1 with netflow (1,0,0,...,0,-1). The volume and lattice points of
this polytope have been actively studied, however its face structure has received less
attention. We give generating functions and explicit formulas for computing the f-
vector by using Hille’s (2003) result bijecting faces of a flow polytope to certain graphs,
as well as Andresen-Kjeldsen’s (1976) result that enumerates certain subgraphs of the
directed complete graph. We extend our results to flow polytopes over the complete
graph having arbitrary (non-negative) netflow vectors and recover the f-vector of the
Tesler polytope of Mészaros-Morales—Rhoades (2017).

Keywords: Chan-Robbins-Yuen polytope, flow polytopes, complete graphs, Fishburn
matrices

1 Introduction

The Chan-Robbins-Yuen polytope (CRY},) of order n is defined as the convex hull of n
by n permutation matrices 7t for which 7;; = 0 for j > i +2 [6]. This polytope has been
the object of much interest in the research community, as it possesses many interesting
traits. For example, Zeilberger proved in [!7] using a variation of the Morris constant
term identity that CRY) has normalized volume equal to the product of the first n -2
Catalan numbers. A second algebraic proof was provided in [7], though a combinatorial
proof of this fact remains elusive. CRY), is also a face of the Birkhoff polytope of doubly
stochastic matrices having dimension (’21) and 2”1 vertices [¢].

CRY,, is also an example of a more general family of polytopes, namely those which
are flow polytopes of the complete (transitively directed) graph K,,; on vertex set
{v1,...,v441}, which include the family of Tesler polytopes [ !].

* . This project was partially supported by NSF grants DMS-1855536 and DMS-
2154019.
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Definition 1.1. For n € IN and a € IN", we denote the flow polytope Fx ,(a, - a;)
as Flow,,(a). We will denote the f-vector of Fx (a,— Y 4;) by f()(a) or (f()(a;x)
if written as a Laurent polynomial, where the coefficient of x’ gives the number of i-
dimensional faces for i > -1).

In particular, CRY), is realized as an instance of Flow,(a) by setting a = (1,0,...,0).
Flow,(a) has also been studied by Mészaros—-Morales—Rhoades [!1] in the context of
Tesler polytopes, in which they show that the case of all 4; >0, suchas a=(1,1,...,1),
is combinatorially equivalent to a product of simplices A, x A, x...x Aj. This was
later generalized to other graphs by Mészaros-Simpson-Wellner [12]. Part of the diffi-
culty in obtaining the f-vector of Flow,(a) for more general a arises from the fact that
Flow,(1,1,...,1) is simple, whereas general instances of Flow;,(a) (including the case of
CRY;,) are not.

In this manuscript, we give an explicit formula for the f-vector of Flow,(a) for any
non-negative a as a sum over certain compositions. Namely, given a netflow vector a, let
revcomp(a) be the composition obtained by reading the entries of a from right to left,
inductively creating blocks whenever a new nonzero entry is encountered, and recording
the tuple of sizes coming from the list of blocks (see Example 2.10). Furthermore, let >
be the partial order of refinement on compositions, and let /(«) be the number of parts
of composition «.

Theorem 1.2. Given a netflow vector (a,— ;.1 a;) = (a1,...an,— Yi-1 a;) with a; € N, let a be
the integer composition of n given by a = revcomp(a). Then the f-vector Laurent polynomial of
Flow,(a) is given by:

11 ] ]
flan =1 (D) ) (X earyi—aen) (L.1)
=K

where 71,(x) = x*[n]yy1! = T ((x +1)F = 1).

The reader may notice that equation (1.1) looks almost like an evaluation of a qua-
sisymmetric function. We will discuss this viewpoint in Section 2.2.

Note that in the case of a4; > 0 for all i, we recover the results of [11, Thm 1.7] that
f(a;x) = [n]y+1!, a consequence of Flow, (a) being combinatorially equivalent to a prod-
uct of simplices A, x A,_1 x ... x Aq as referenced above. In the case that a = (1,0,...,0),
we obtain a succinct formula for the previously-unknown f-vector of CRY) as a sum
over complete homogeneous symmetric functions hy,(x) = 1< <. <iy Xiy X

Corollary 1.3. Let f(”)(x) be the f-vector of CRY, = Flow,(1,0,...,0) written as a Laurent
polynomial. Then for all n > 1:
1 1 n-2
FO(x) = —t= S (D)™ (1+ )" e (%) B ((x+ 1) =1, (x+1)2 =1, (x + 1)1 - 1)
=0
" (1.2)
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This is a direct generalization of a theorem due to Andresen—-Kjeldsen [!, Prop. 3.3]
(which is recovered by setting x = 1) enumerating certain subgraphs of K,,;. In their
paper, the authors of [1] study two families of subgraphs originating from their prior
work in automata theory:

Oy, = {H c K1 |every v e V(H) lies along a direct path from vy to v,,,1}
and the following set of primitive subgraphs:

Qili = {HE QH|V(H) = {Ul,...,0n+1}}-

They then give formulas for the cardinalities ¥, := |Q),| (c.f. [16, ) and &, := |Q))]
(ctf. [16, I). For example, they show that:
n-2
Pn= Y (-2)" o b (21 - 1,22 -1,... 271 1) (1.3)
m=0

where 7, := [T}, (27 -1). One may actually recover ¢, from ¢, (and vice versa), as shown
in [1, eq. 1], which is a special case of our Corollary 3.2.

The connection between Corollary 1.3 and equation (1.3) is made explicit via the
following powerful theorem of Hille [¢], originally introduced in the context of quivers.
Here a subgraph H c G is a-valid if H is the support of an a-flow on G, and the first Betti
number of H is B1(H) :=|E(H)|-|V(H)|+c(H), where c¢(H) is the number of connected
components of H. See also [7].

Theorem 1.4 ([©]). Let Fs(a) be a flow polytope such that a; > 0 for all i. Then for d > 0, the
d-dimensional faces of F(a) are in one-to-one correspondence with subgraphs H ¢ G such that
H is a-valid and B1(H) = d. The empty face of F(a) corresponds to the empty subgraph of G.

In this way, we see that the f-vector of CRY), is exactly a generating function over (),
where variable x keeps track of the first Betti number of H € (),,. This connection leads
us to define the new notion of primitive f-vector of Flow,(a) as follows.

Definition 1.5. The primitive f-vector of Flow,(a), denoted f(")(a) (or as f(")(a;x) if
written as a polynomial) is a generating function over the set of a-valid subgraphs of
K, 11 that are primitive (use the entire vertex set) keeping track of the first Betti number.

Note that it follows immediately from the definition that f(”) (1,0,...,0;x)|x=1 = Gp In
the same way that f(”)(l,O, .o.,0;x)|x=1 = Py, from Theorem 1.4. See also Figure 1.

Later in the text, we describe closed-form expressions for the primitive f-vector of
Flow,(a) (Lemma 2.5 and Lemma 2.11) and describe a relationship between f(")(a) and
f(”)(a) for arbitrary (non-negative) a (Lemma 2.6), as well as the special case of CRY}
(Corollary 3.2). Data for f(")(1,0...,0) and f(”)(l,O. ..,0) are included in Table 1 and
Table 2, respectively.

A second, special relationship exists between the f-vector and primitive f-vector in
the case of CRY};, and specializes to [, Prop. 4.1 ] of Andresen-Kjeldsen by setting x = 1:


https://oeis.org/A005016
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Lemma 1.6. For all n > 1, the f-vector and primitive f-vector of CRY,, are related as:
xf M (x) = (1+x)" 10 (x). (1.4)

Finally, we remark that Jelinek [10] observed that ()}, is in fact in bijection with the
set of primitive Fishburn matrices (upper triangular, 0-1 matrices such that no row nor
column is the zero vector) , and consequently is related to the enumeration of interval
orders [°], by interpreting H € ()}, as the upper-triangular matrix determined by its
edges. As discussed in [7], the bijections continue, as the more general notion of Fishburn
matrices are in bijection with Stoimenow matchings, ascent sequences, and more [5, 15].
See [, 10] for a more comprehensive list of related combinatorial objects.

Either from Corollary 1.3 or from a multivariate generating function of Fishburn
matrices due to Jelinek [10, Thm. 2.1] one obtains the following nice generating function
for d-dimensional faces of CRY, for varying d and n.

Corollary 1.7. The number of d-dimensional faces of CRY,, is given by the coefficient fé”) =
[t"x4]F(t,x), where F(t,x) is defined by:
1 d n (1+x) -1

F(t,x):= thx™" . .
(t,%) x—xt+nz:%) * lel1+((1+x)1—1—x)tar1

(1.5)

The rest of this paper is organized as follows: In Section 2, we derive our main
result Theorem 1.2 as well as results for general primitive f-vectors (Lemma 2.5 and
Lemma 2.11) needed in the proof. We conclude in Section 3 by specializing our results
to CRY,,.

2 Main Results

Remark 2.1. Notations and conventions: Our vector a used in this paper is often de-
noted a in the flow polytope literature, as it does not account for the last vertex whose
netflow is predetermined by the first n entries. Moreover, we note that in the case of
a; > 0 for all i as we are assuming in this manuscript, a consequence of Theorem 1.4 is
that the combinatorial equivalence class of F¢ (a, - Xj.; 4;) is completely determined by
the support of a. Hence we may assume for the rest of the paper that a € {0,1}". An
excellent source for any other unexplained terms and notation is [3].

We now describe various results that build towards Theorem 1.2.

2.1 Formulas as sums over subsets

In [1], the authors define certain sequences of numbers which prove useful for the exact
enumeration of the sets (), and ()], (here we require a change of convention to non-
increasing sequences instead of non-decreasing sequences).



f-vectors of flow polytopes 5

1 0 0 -1 1

0 0 -1
1 0 0 -1 1 0 0 -1 1 0 0 -1

P @ TN L T :
1 0 0 -1 1 0 0 -1

Figure 1: The elements of ()3 grouped by first Betti number, corresponding to the f-
vector (1,4,6,4,1) of CRY3; (but excluding the empty face which would correspond to
the empty graph). The primitive f-vector (0,1,4,4,1) corresponds to the number of
graphs in each grouping which use all vertices.

1,16,98,327,681,944,897,588,262,76,13,1
1,32,342,1943,6982,17326,31236,42198, 43521, 34601, 21249,10020, 3571, 933,169,119, 1

n  f-vector of CRY,

1 1,1

2 1,21

3 1,46,41

4 1,8,26,45,45,26,8,1
5

6

Table 1: The first few f-vectors of CRY,,.

Definition 2.2 ([1]). Let S,,;, be the set of all sequences (iy,...i,) having length n such
that:

(i)ip=n-m, (i) i, =1, (iii) Z] > ij+1 > Z] —1forallj<n.

For our purposes, it will be simpler to think of the sequences in S, ;; as subsets of
[n]:={1,...,n} through the following correspondence, of which we omit the proof.

Lemma 2.3. The map desc : S, — ([";11]) mapping a sequence in Sy, ,, to the set of indices of

its descents is a bijection.

From here on we will be more interested in the inverse bijection of Lemma 2.3, and

hence will denote by seq,, : [1n] - L},_y Sn+1,» the map that takes takes a subset of [1] to
its corresponding non-increasing sequence of length n + 1.

Example 2.4. The following is an example of seq, applied to subsets of the set [4] of
cardinality 2:
seq,({1,2}) =(3,2,1,1,1), seq,({1,3})=(3,2,2,1,1), seq,({1,4})=(3,2,2,2,1),
seq,({2,3})=(3,3,2,1,1), seq,({2,4})=(3,3,2,2,1), seq,({3,4})=(3,3,3,2,1).
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f-vector of CRY,

0,1,26,171,507,840, 865, 584,262,76,13,1
0,1,57,718,4017,12866,26831,39268,42211,34221,21184,10015, 3571,933,169, 19, 1

n

1 0,1

2 01,1

3 01,441

4 0,1,11,33,42,26,8,1
5

6

Table 2: The first few primitive f-vectors of CRY,.

These are all the ingredients we need to write down a first formula for f(”) (a;x).

Lemma 2.5. For all n € N and non-negative a of length n, a formula for f(")(a;x) (that is, the
primitive f-vector of Flowy(a) written as a polynomial in x) is given by:

Fof@n=— YOS (aepea®iiny @
X" Se[supp (') [n-1]] je[n]

where a’ = (ay,as,...a,), supp is the support function ( namely supp(a’) returns the set of
indices j such that aj,;q # 0), and [supp(a’), [n - 1]] is the interval of the Boolean lattice from

supp(a’) to [n-1].

Proof sketch. The idea of the proof is to start with the set of all primitive subgraphs of
K11 (not just a-valid ones) and apply the principle of inclusion and exclusion in order
to obtain the set of primitive subgraphs that are also a-valid.

Associate to T ¢ {v,...v,} its indicator set St ¢ [n - 1] in the canonical way (namely
i € St if and only if v;,1 € T). For each such S, define Rg to be the set of primitive
subgraphs of Kj,; such that i € S¢ implies indeg(v;;1) = 0, where indeg(v;,1) is the in-
degree of vertex v;.1. Then S; ¢ S; implies Rs, € Rs,, and so the set Prim, of a-valid
primitive subgraphs of K,,.1 may be found via inclusion-exclusion:

|Prim,| = D (-1)ISFn+1IRg], (2.2)
Se[supp(a’),[n-1]]

where the lowest set in the interval is supp(a’) since the elements of any subset of
Rsupp(ar) are a-valid. Finally, if we let r5(x) be the generating function over the set Rg
that keeps track of the sum of all outdegrees of each graph in Rg, then a modified
argument as that appearing in the proof of [, Prop 3.2] gives that:

rs(x) = [T ((x+1)*0(8)j — 1), (2.3)
jeln]
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Combining equations (2.2) and (2.3) gives a generating function over the set Prim, keep-
ing track of the sum of all outdegrees of each graph. Finally, since our graphs are
primitive, the first Betti number of each graph is exactly the sum of all outdegrees minus
n, from which the final formula follows. l

The next result describes how the f-vector of Flow,(a) may be obtained easily as a
sum of primitive f-vectors.

Lemma 2.6. For all n € N and non-negative a of length n:

£ (a5x) = = + 3 FD (s x) 24
Y bza
where b < a if b can be obtained from a by deleting some subset (possibly empty) of the zeros in
a and where |b| is the length of b.

Proof sketch. Let F be a face of Flow,(a). If F is the empty face, then it does not corre-
spond to a primitive graph and hence contributes a term of 1 to f(")(a; x). Otherwise, F
is non-empty and hence corresponds to an a-valid subgraph H ¢ K,,;1 by Theorem 1.4.
Let Sy € {v1,...,v,41} be the set of vertices which are part of the support of a flow de-
termining H. Then H is a primitive graph when restricted to the vertex set Sy, hence is
counted by f(P)(b;x) for some b determined by Sy. The possible b’s that can appear
are exactly those described in the lemma statement. O

Example 2.7. As an example, Lemma 2.6 would give us the following equivalence:

£©(1,0,0,1,1,0;x) = % +£9(1,0,0,1,1,0;x) +2f5)(1,0,1,1,0;x) + £)(1,0,0,1,1;x)
+F®(1,1,1,0;x) + 2f¥(1,0,1, 1;x) + FO(1,1,1;x)

where the coefficient 2 arises in front of f(5) (1,0,1,1,0; x), for example, as there are two
ways to delete zeros that result in this input vector.

2.2 Formulas as evaluations of sums of quasisymmetric polynomials

We can rewrite Lemma 2.5 as an evaluation of a certain polynomial by using the standard
bijection of subsets of [n - 1] with integer compositions of n. Indeed, given a composition
« and corresponding set S, we define the multivariate polynomial:

Pu(x1, ..., xn) = > (~1) B -H@)xh (2.5)
Bzua
where xP := xll---xﬁfé‘;), and where the relation > is the standard relation of refinement on

compositions.
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Remark 2.8. The polynomial P, may look familiar to the reader. Indeed, we recall that
the monomial quasisymmetric functions, M,, and Gessel’s fundamental quasisymmetric
functions, F,, are defined in infinitely many variables x; respectively via:

— (LI S L5 — Z A ey
MIX .= ' Z ' xil xi2 xik 7 FIX = o ) xll'xlz xlk'
11<1p<...<lj 11<19<...<1j
ij<ij+1 if jES,x

A standard result of quasisymmetric functions describes how to write the monomial
quasisymmetric functions in terms of Gessel’s fundamental quasisymmetric functions
and vice versa. Namely we have the equations (c.f. [14, 13]):

L, = ;;Z Mg, M, = ;;Z (—1)5(@-5(“)55. (2.6)
> >

Hence, the polynomial Py(x1,...x,) from above is exactly the expansion of M, into
the fundamental basis, except that we only keep the first term of each F; that is:

Pa(x1,- . xn) = 2 (F1) PO Fy(xy, ., xgp))- (2.7)
Bzua

The polynomials P, capture all of the data needed to compute the primitive f-vector

fu(a;x).

Definition 2.9. For a subset S ¢ [n - 1], let the reverse of S, denoted rev(S), be defined
as:
rev(S)={n-ilieS} (2.8)

For a natural number vector a := (a4,...,a,), we define the reverse composition, denoted
revcomp(a), as the composition corresponding to the set rev(supp(a)). Computation-
ally, revcomp(a) may be obtained quickly by reading the entries of a from right to left,
inductively creating blocks whenever a new nonzero entry is encountered, and recording
the tuple of sizes coming from the list of blocks.

Example 2.10. If a = (1,1,0,0,1,0,1,0), then when we read a right to left, we first en-
counter the block (0,1), followed by (0,1), followed by (0,0,1) and finally (1). The
reverse composition of a is then obtained by writing down the sizes of these blocks,
hence revcomp(a) = (2,2,3,1). For a non 0-1 vector, we may first replace every nonzero
entry with a 1 and then perform the same procedure described here.

Lemma 2.11. For all n € IN and non-negative a of length n, let a be the composition of n given
by a = revcomp(a). Then the primitive f-vector of Flow,(a) written as a polynomial is given

by:
f(”)(a;x) = %Pa(x, (x+ 1)2 -1,...,(x+1)"-1) (2.9)
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12 21 2

1111 111 11 1

Figure 2: The composition poset (C,<) of [4] with lassos indicating the downsets de-
termined by <; (left) and the coarsening (C, <) (right).

Proof sketch. The proof follows from Lemma 2.5 by applying the standard bijection be-
tween sets of size n -1 and compositions of 7 and interpreting all quantities involved.
Each term of equation (2.1) translates to a term of P, and subset inclusion translates
under this bijection to refinement of compositions. O

We may combine Lemma 2.6 and Lemma 2.11 to obtain an explicit formula for the
f-vector of Flow, (a) for a non-negative, but first we need one more definition.

Aside from the refinement partial order on the set of integer compositions for some
tixed n, recall that the set of all compositions (of all positive integers) forms a poset
C := (C,<) where there are two types of cover relations (which we will denote ¢; and ).
For compositions « and B, these are described by ([4]):

* a ¢ B if B can be obtained from & by adding 1 to a part, and
* a < B if B can be obtained from a by adding 1 to a part and then splitting this part
into two parts.

Definition 2.12. Define C := (C,<;) to be the coarsening of C by taking only the transitive
closure of €;. See Figure 2 for an example.

Lemma 2.13. For all n € IN and non-negative a € IN", let « be the composition of n given by
« =revcomp(a). Then the f-vector of Flow,(a) written as a Laurent polynomial is given by:

, 1 1 e [ -1
£ (a;%) :;*x—nﬁ;j' | lﬁ(g (aioiﬁi_1))Pﬁ(x,(x+1)2—1,...,(x+1)|ﬁ—1) (2.10)

Proof sketch. Combining the results of Lemma 2.6 and Lemma 2.11 we obtain:

1 1 _
F(a;x) = o 3 WPﬁ(x,(awl)z—1,...,(x+1)‘/3| 1
b=a
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where < is the partial order on 0-1 vectors described in Lemma 2.6 and p = revcomp(b).
Translating both a and b into compositions via revcomp, we find that the resulting partial
order is exactly that of (C, <) (see Figure 2). Indeed, the number of parts of revcomp(a)
corresponds to the number of 1’s appearing in a, and deleting a 0 in a corresponds
to decreasing the corresponding part of revcomp (a) by 1. In Lemma 2.6 we are only
able to delete 0’s and not 1’s, hence the number of parts of revcomp(b) must be the
same as the number of parts of revcomp(a). Finally, the product of binomial coefficients

(Hfji‘ ) ( a,'oii/;il—l)) keeps track of the number of ways of deleting 0’s from a that result in
the same b, and the factor of x/*-I8| arises as a result of taking the common denominator

of all terms. 0
All of the work has now been done in order to prove our main result, Theorem 1.2.

Proof sketch of Theorem 1.2. Lemma 2.13 gives f(")(a;x) as a linear combination of Pg’s
coming from downsets of the poset (C,<1). However, each Pj is also a sum over compo-
sitions (equation (2.5)). The result follows from expanding the Pg’s, keeping track of all
indices, and cancelling sums that telescope; see the upcoming full version of this text for
more details. O

3 Formulas for CRY,,

Given the significance of CRY), in the research community, we dedicate this section to the
explicit formulas for CRY), obtained by specializing the results in the previous section.
We first obtain the following result by setting a = (1,0,...,0) in Lemma 2.11. We remark
that it is a generalization of [, Prop. 3.2] which one can recover by setting x = 1.

Corollary 3.1. Let f(")(x) be the primitive f-vector of CRY, written as a polynomial. Then for
all n>1:

Fm(x) = % nz_l(—l)mnn_m(x) I ((x+1D) =1, (x+1)%2-1,...,(x+1)" "™ =1).  (3.1)
m=0

Proof sketch. In the case of CRY,, a = (1,0,...,0), hence revcomp(a) = (n). Hence
Py(x1,...,x,) in Lemma 2.11 has a term for every integer composition of n. Factor-
ing out x1---x,_;; from the terms coming from level n —m in the poset of compositions
by refinement leaves h,,(x1,...,Xy-m). We then evaluate each x; in the same way as
Lemma 2.11. O

We omit the proof of Corollary 1.3, as it follows similarly, except by specializing to
a=(1,0,...,0) in Theorem 1.2 instead of Lemma 2.11.

The following result is a specialization of Lemma 2.6 to the case of a = (1,0,...,0)
and further gives [, eq. (1)] by summing over all d:
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Corollary 3.2. The f-vector and primitive f-vector of CRY), satisfy f, ) (n 1)f . .

Proof. By Lemma 2.6, we can obtain f(")(a;x) from f(")(a;x) by summing over all sub-
sets of zeros in a. For CRY,, a=(1,0,...,0), so all possible subsets of 0’s occur. O

We conclude with a proof sketch of the intriguing relationship between f(*) and f(?)
described in Lemma 1.6.

Proof sketch of Lemma 1.6. The proof is analogous to that of [1, Prop. 4.1]. We have:

(1+x) (1+x)” 1 =2

A fUD 00 () = 7 2 (D e (1) =1, (x4 D) 1))
m=0
—l—lnzz( ™1+ )" T (O (x+ 1) =1, (x + 1)1 - 1),

Which after algebraic manipulations simplifies to:

Q407 o) _ p0r(y - -1+lnzznn (O (—(x+ 124 x 41, —(x+ 1)+ x +1)

1+ x)
We may use the path model for the complete homogeneous symmetric functions to rewrite this

expression as:

(1+x) A+ 2) _ pn(y - ——+—Z(N( )i (3.2)

where N(x) is the weighted adjacency matrix for the infinite path graph having a self loop at
each vertex, with loop at vertex 7 (i > 2) having weight (x + 1)’ — 1 and with edge (7,7 + 1) having
weight —(x +1)"*1 + (x + 1). In other words, N(x) has the following form:

0 X 0 0
0 —(x+1)%+(x+1) (x+1)>- 0
N(x):=|: : : 0

0 0 0 —(x+1) +(x+1) (x+1) -

A simple induction shows that Y.7°,(N(x) ?;1 = x""1, and after plugging into equation (3.2), gives
the result. n
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Counting unicellular maps under cyclic
symmetries

Theo Douvropoulos*!

' Department of Mathematics, Brandeis University, Waltham USA

Abstract. We count unicellular maps (matchings of the edges of a 2n-gon) of arbitrary
genus with respect to the 2n-rotation symmetries of the polygon. An associated gen-
erating function that keeps track of the number of symmetric vertices of the resulting
map generalizes the celebrated Harer-Zagier formula.

The answer to this enumerative question is not in the form of the usual cyclic siev-
ing phenomenon (CSP), but does recover in the leading terms (genus-0 maps) a well
known CSP for the Catalan numbers. The approach is representation theoretic, in that
we relate symmetric unicellular maps with factorizations of the Coxeter element in a
reflection group of type G(m, 1,n).

Keywords: Harer-Zagier formula, unicellular maps, reflection groups, cyclic sieving

1 Introduction

Unicellular maps are the 3-constellations of the form cac = 1 where o,a,c € Sy, 0 is a
fixed point free involution, « an arbitrary permutation, and ¢ := (1,2,...,2n) the long
cycle. This corresponds to gluing the edges of a 2n-gon (the gluing pattern is encoded
in the involution o).

The genus g of a unicellular map is given as 2¢ = n+ 1 — cyc(a) (see also [6, p. 23]).
The Harer-Zagier numbers e¢(n) count the unicellular maps with n edges and genus g
and they have a very nice generating function formula:

1 14 X)"
mgﬁg(”)q’nﬂ—zg(x) = W (1.1)

where the polynomials @, (X) are essentially the Eulerian polynomials; they are defined
as follows:

Y=L A(n, k) Xk _ ®
D,(X) = k(*lo_ ;(()nJr)l or equivalently  &,(X) = kgo(k +1)" Xk, (1.2)

where A(n, k) is an Eulerian number (i.e., the number of permutations in S, with k
descents).

*
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2 Theo Douvropoulos

Definition 1.1 (Rotation of constellations). There is a natural cyclic action ¥ of order 2n
on unicellular maps that corresponds to rotating the polygon. In terms of the constella-
tion, the action is given as

¥[(c,a,c)] = (¢ loc,c tac, ).

To count symmetric 3-constellations, we essentially need to count the factorizations
cac = 1 that are fixed by simultaneous conjugation by some power cV of c. Equivalently
this means counting factorizations cac = 1 in Sy, all of whose factors ¢, «, ¢ also belong
to the centralizer Zs, (cV). Now, the centralizer Zs, (cV) is just the reflection group!
G(m,1,2n/m) where m is the order of cN (i.e. m = 2n/ gcd(2n, N)). From now on, we
will always assume that N divides 2n and we will always have mN = 2n.

That is, the problem of counting 3-constellations fixed under ¥" is equivalent to
counting factorizations cac = 1in G(m,1,N) = Zs, (c") where o belongs to the con-
jugacy classes of G(m,1,N) < Sy, into which the class Sy, of fixed point free involu-
tions has been decomposed. This problem turns out to be particularly easy because
c=(1,2,...,2n) is a Coxeter element also in G(m, 1, N).

There is however a caveat: In the Harer-Zagier formula (1.1), the genus is directly
related to the reflection length of & so we can keep track of it with representation theory.
Here, the genus of a symmetric constellation is related to the length of a as an element
in Sy, but this is not the same as (or a multiple of) its length as an element in G(m, 1, N).
There are two natural approaches here; track the length as an element in G(m,1, N) and
interpret it as a combinatorial statistic on the map (this succeeds with Theorem 3.8) or
define a new length function to track the genus and attempt to express it representation-
theoretically (a first attempt here fails; we discuss it in Section 4).

We present the first approach in Section 3, where we interpret the usual length func-
tion for G(m,1, N) as a combinatorial (but sadly not topological) statistic on the maps.
Then, Zagier’s proof [14] of the Harer-Zagier formula (1.1) generalizes essentially out of
the box; we have existing theorems that replace all the ingredients of the proof and we
prove Theorem 3.8 which is a direct generalization of (1.1).

In Section 4 we define a new length function for G(m, 1, N) that corresponds to the
topological genus; it is a class invariant and is even somewhat compatible with a factor-
ization in the group algebra of G(m, 1, N) which gives us some control over the formulas
coming from the Frobenius lemma. It is not clear though what the analog of the Eulerian
polynomials @, (X) of (1.2) should be in this case (nor whether such an analog should a
priori exist!).

We first start with a mini review of Zagier’s proof of the Harer-Zagier formula (1.1)
to set up a pattern of how the proofs would go in these two approaches.

INote that the reflections of G(m,1,N) do not come from transpositions of Sy,; they come from some
elements of type (2,12"~2") (the transposition-like ones) and some other ones -multiple cycle types— for
the diagonal-like reflections; see Example 3.3 and Remark 3.4.
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2 Main ingredients of Zagier’s proof of the Harer-Zagier
formula

We give in this section the main ingredients in Zagier’s proof (or a re-imagining of
Zagier’s proof relying more on Jucys-Murphy elements). We will generalize each of
them in the next section.

The first is a direct application of the Frobenius lemma from representation theory
(recall: n +1 —2g¢ = cyc(a) = 2n — lr(a)).

Zeg n) X" H1-28 = —(2’22;)1!)”- ZAX(U)X(C)'X< ). wXZn—ER(w)>/ (A)

XESo WESy

where ¢ is any fixed point free involution in Sy, ¢ any fixed long cycle, and ) denotes
the normalized character x (i.e. x(a) := x(a)/x(1) for an element a € C[Sy,]).
The second ingredient is a well known factorization in the symmetric group algebra:

Y, wX? RO = X(X 4 L) (X + J3) - (X + Jan), (B1)
weSy,
where J; := (1i) + - - - + (i — 1i) is the i-th Jucys-Murphy element. As an application of
this factorization we know for instance that the normalized traces appearing in (A) are
just binomials:

1k
(211)' Xk( Z wXZn—ER(w)> _ (X+27’;n 1 >, (B2)

WESy,

where xj is the k-th exterior power of the reflection representation of Sy, (it is a direct
application of the Murnaghan-Nakayama rule that only these irreducible characters are
non-zero on the long cycle c).

The third ingredient is that the eulerian polynomials of (1.2) give exactly the change-
of-basis between the binomials in X that appear above and the monomials X":

1 k X + n—k . . n+1 & . k—1
kzlekX Z by if and only if (1 — X) kzlskcbk(X) = kzl b X<

©
This has many proofs but it is very conveniently stated in Theorems 2.5 and 2.10 in [5].
The final ingredient is the usual relation (as in [?] or [3]) between the characters x
such that x(c) # 0, the Coxeter numbers ¢, = k(2n), the exterior powers xj, and hence
the matrix of an element in the reflection representation of Sy,:

2n—1 o X
Y x@x(©x% = ¥ x(o) (-1t = PIX) )

XESZn k=0
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where p(c; X) is the characteristic polynomial of ¢ in the standard (2n)-dimensional
representation of Sp,. Together (A),(B2),(C),(D) give us the Harer-Zagier formula (1.1)
because p(c; X) = (1 — X?)".

3 Counting symmetric maps keeping track of G(m, 1, N)-
length

In this section we generalize the Harer-Zagier formula (1.1) in a way that has all of
the ingredients of Zagier’s proof from the previous section working out of the box. To
have a meaningful interpretation of the theorem however we will give first a combinatorial
interpretation of the G(m, 1, N)-length.

Recall that the for the 3-constellation 7t = (o, «,¢) the number cyc(a) of cycles of «
equals the number of vertices v(7t) of the combinatorial map 7t and also that

n+1-2¢g=2n—1/s, (x) =cyc(a) = v(m).
So, then the Harer-Zagier formula (1.1) can be rephrased as

G LS X) = g C8Y

where &,(n) = €(,41-24)/2(1) counts the number of unicellular maps 7t witn n edges
and v vertices.

Now, we will give an explicit definition of unicellular maps with rotational symmetry
at least m:

Definition 3.1. Let 1, m, N be positive integers such that mN = 2n. We denote by C"(N)
the number of 3-constellations 7w = (o, «, ¢) with factors from S,, that are fixed by the
operation YN (i.e. have symmetry at least m):

C"(N) = {(U,oc) €83, |ocac=0*=1,4s, (c) =n, c Noc¥ =0, c Nac = zx}.

As we mentioned earlier, we can enumerate C"(N) by counting certain factoriza-
tions in G(m, 1, N). The factors o, , c are still elements of G(m,1, N) and c is its Coxeter
element, but the class in Sy, of fixed point free involutions ¢ breaks into multiple conju-
gacy classes (see Remark 3.4) and the new length /1 n) (@) is not a function of g (or
equivalently v(7r)). For this reason we define these two statistics:

Definition 3.2. Let n,m, N be positive integers such that mN = 2n and let ¢ be a fixed
point free involution of Sy, such that cNocN = ¢. We write d,,,(c) for the number of
YN-orbits of centrally symmetric 2-cycles of 0. (A centrally symmetric transposition is one
of the form (i,n +1).)
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Figure 1: For the involution ¢ of the figure, we have ds(c) = 1 but d(0) = 2.

Example 3.3. Consider the involution ¢ := (1,12)(2,8)(3,4)(5,11)(6,7)(9,10) of Sy».
There are two centrally symmetric 2-cycles: (2,8) and (5,11). The involution is symmetric
both under ¥? (conjugation by ¢ or rotation of order m = 4) and under ¥° (conjugation
by c® or rotation of order m = 2). But the cycles (2,8) and (5,11) form two orbits under
Y® but only one orbit under ¥3. See Figure 1.

Remark 3.4 (d,, detects conjugacy class in G(m,1, N)). The point of this definition is that
it detects the conjugacy class of the involution ¢ as an element of G(m,1, N). The num-
ber d,,(0) counts on how many indices from 1 to N the involution ¢ acts diagonally-
like (maps i to —i). For Example 3.3 above, the centralizer Zs, (c) is isomorphic to the
group G(4,1,3) where the coordinates of the (3-dimensional ambient space) correspond
to the three sets {1,4,7,10}, {2,5,8,11}, {3,6,9,12}. In this case o becomes (1, 3_i) (2,2):
the first 2-cycle (1,37%) corresponds to the part (1,12)(4,3)(7,6)(10,9) and the 2-cycle
(2,2) corresponds to the part (2,8)(5,11). Then, the d4 value here is dy(c) = 1 because
the involution ¢ has a single diagonal position in G(4,1,3).

Similarly the centralizer Zg, (c®) is isomorphic to the group G(2,1,6) with coordi-
nates corresponding to the three sets {1,7}, {2,8}, {3,9}, {4,10}, {5,11}, {6,12}. In
this case ¢ becomes (1,6)(2,2)(3,4)(5,5) and thus dy(¢) = 2 since ¢ has two diagonal
positions in G(2,1,6).

We need to also replace the quantity v(7r) (the number of vertices of the map 7r) with
a new object that keeps track of the rotational symmetry of the vertices of the polygon
that were identified into vertices of the map.

Definition 3.5. For any 3-constellation 7t = (0, &, c) in Sy,,, and any numbers m, N such
that mN = 2n, we define v{! . (7r) to be the number of vertices of 7 (equivalently cycles
of a) that are not fixed by any power of ¥V (apart from of course YN = Id).

Proposition 3.6. If a 3-constellation 7w = (o, «,c) in Sy, is fixed under some power ¥V, then if
m is such that mN = 2n,
2n —ofl, (1) -

gG(m,l,N) (a) = o
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Before finally stating the main theorem of this section, we need to define the general-
izations of the polynomials ®,(X) of (1.2). We will be using a well known generalization
of Eulerian polynomials for G(m, 1, N) that encodes the notion of descent due to Stein-
grimsson [17].

Definition 3.7. For any two positive integers m, N we define the polynomials

Yo A(m, N, k)X* >
= Zk:(ol (?{')N;l) or equivalently @, n(X) = Y (mk+1)VX*,
N k=0

P, N(X)

where A(m, N, k) is the number of elements in G(m,1, N) with k descents, see [!2,
Thm. 17].

With these interpretations, we are ready to state and give a (sketch of the) proof of the
following generalization of the Harer-Zagier theorem (1.1) that counts maps that remain
invariant under a given rotation of the initial polygon.

Theorem 3.8. For any n,m,N,k € Z~ such that 2n = mN, the numbers & ,(m, N) of 3-
constellations 7w = (o, a,c) in Sy, with dy (o) = k and v}, () = mov (see Defn. 3.2 and
Defn. 3.5) such that YN (7t) = 7t (see Defn. 1.1) can be calculated via:
N—k
1 1 1+X\ 7
Eko(m,N) - Py »(X) = : ( ) ,
where the polynomials ®, ,(X) are as in Defn. 3.7.

Sketch. All the ingredients (A),(B2),(C),(D) are readily available. (A) is just the Frobenius
lemma. For (B2) see [5, Prop. 3.2] but it can also be shown using the following version
of (B1):

Z wXN—loman (@) _ (X4 )X+ o) (X + ),
weG(m,1,N)
where J; = (1,i) + -+ (i —1,i) + (i,i%) + ...+ (i,i%) are a version of the JM elements.
The approach of [ 10, Prop. 4.8] expresses the character values on these generalized Jucys-
Murphy elements as certain content calculations, see also [7, Section 4.2] or [15].

The change-of-basis (C) is in Theorems 3.17 and 3.18 of [¢]. The final ingredient
(D) comes from our previous work, joint with Chapuy, in [?, Section 9.5.2] where we
prove an equality in G(m,1,N) between }_ x(c)x and a virtual character that involves
the exterior powers of certain N-dimensional representations that are analogues of the
standard representation of Sy. O

Remark 3.9. The genus 0 case, or equivalently cyc(a) = n + 1, appears only if vgee(7T) =
n+ 1 (no symmetry) or vgee(7r) = n (7T has some symmetry). In this way, Theorem 3.8
recovers the known symmetry count in the form of a CSP [11, §7] in the genus-0 case
(there the matchings must be non-crossing and determine a (different) noncrossing par-
tition of the odd vertices 1,3, ...2n — 1; it is this object that is studied in [11]).
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Remark 3.10. The approach described above can give a complete version of Zagier’s
main theorem from [14] (i.e. for any conjugacy class of G(m,1, N) not just the fixed
point free involutions).

Remark 3.11. The approach of this section can be generalized to other factorization
counting questions, where conjugation by the long cycle is a natural symmetry. For in-
stance, in works of Goupil-Schaeffer [4] and Bernardi-Morales [1], one could try to count
symmetric factorizations by transfering the question to some G(m,1,n) group. Factor-
izations of the Coxeter element ¢ € G(m, 1,n) have been extensively studied by Lewis-
Morales, where the authors also observe [/, §8.2] in their setting that the G(m,1,n)-
factorizations cannot keep track of the topological genus of a corresponding map.

4 Counting symmetric maps keeping track of genus

The main disadvantage of Theorem 3.8 is that the enumeration cannot keep track of the
topological genus of the map rr. We discuss in this section a partial attempt to resolve
this. We define a new length function in G(m, 1, N) given as

Esp (w) = gSmN (w)/

that is the symmetric length of w € G(m,1,N) is its length as an element of S,,n. Notice
that this is a class function since if two elements are conjugate in G(m,1, N) then they
are also conjugate in S,,n5 hence have the same length.

Then, a generalization of (1.1) in the spirit of Theorem 3.8 but using /s,(w) instead
of £G(m,1,n)(w) would rely on understanding

Y xoox@ ¥ Axuw,

x€G(m,N) weG(m1N) X

where 0y, is any involution with d,, (%) = k.
It is not difficult to see that there is a factorization

Y wX®®) =14 X" 118) .+ XN (11)] %
weG(m,1,N)

X (14 X"(12) 4 ... 4+ X" (12%) + ...+ X" 1(229)] - -

where each reflection T contributes the term X’ (7).

This factorization might be seen as an analogue of (B1) and we can certainly calculate
the corresponding traces for irreducible characters (either manually or by the techniques
of [13, Lemma 3.7], or even by following Jucys original argument [5, Section 4] and



8 Theo Douvropoulos

relying on existing determinations of the eigenvalues of these generalized Jucys-Murphy

elements on eigenvectors indexed by tuples of Young tableau as for instance [10]).
However, we have no analogue of (B2): Even though Sage experiments suggest that

we always have nice formulas for ) X(w) X% (w), it is not clear that there exists

weG(m,1,N)

a change of basis analogous to (C) (or even that one might exist: we need to transform

more than n polynomials; the corresponding polynomials with X‘eomiN) depend only on

the Coxeter number of x when x(c) # 0 but with /s, this is no longer true.
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Weak Bruhat interval 0-Hecke modules in finite
type
Joshua Bardwell* and Dominic Searles'!

YDepartment of Mathematics and Statistics, University of Otago, Dunedin 9016, New Zealand

Abstract. We extend the weak Bruhat interval modules, defined for 0-Hecke algebras
in type A, to arbitrary finite types. We determine structural properties, with a main
focus on projective covers and injective hulls, for certain general families of these mod-
ules in a type-independent way. As an application, we recover a number of results for
type A 0-Hecke modules in a uniform manner. We also obtain some further results
relating to recently-introduced type A 0-Hecke modules.

Keywords: 0-Hecke algebra, Coxeter group, projective cover, quasisymmetric func-
tions

1 Introduction

The 0-Hecke algebra Hy (0) associated to a finite Coxeter group W is a certain defor-
mation of the group algebra of W. Norton [2()] classified the projective indecomposable
modules and the simple modules over Hy (0) up to isomorphism. Subsequently, Fayers
[12] proved that Hy (0) is a Frobenius algebra, and Huang [14] provided combinatorial
interpretations of the projective indecomposable modules for each classical type.

In type A, the quasisymmetric characteristic [! 1] provides an isomorphism between
the Grothendieck group of type A 0-Hecke modules and the ring of quasisymmetric
functions. Due to this connection, the past decade has seen significant activity related
to constructing 0-Hecke modules in type A that correspond to various notable bases of
quasisymmetric functions; examples include [?, 5, 19, 21, 22]. There has also been a focus
on understanding the structure of such modules, especially regarding indecomposability,
projective covers and injective hulls, for example, Choi, Kim, Nam and Oh [¢] applied
the ribbon tableau model of [14] to obtain the projective covers of modules in [5, 21, 27,

I. A notable development in this regard was the introduction of weak Bruhat interval
modules by Jung, Kim, Lee and Oh [15]. These modules, defined in terms of intervals
in the left weak Bruhat order on symmetric groups, provided a uniform approach to
understanding modules associated to quasisymmetric functions. It was also determined

*
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in [15] how these modules behave under certain equivalences of categories introduced
in [12]. This was applied in [15] to determine structural properties of certain families of
modules by realising them as images under these functors of other families of modules
for which corresponding properties were known.

In this extended abstract, we summarise results from [?]. We extend the definition of
weak Bruhat interval modules to all Coxeter types, and we show the projective indecom-
posable Hy (0)-modules are weak Bruhat interval modules, as proven in type A in [15].
Throughout, we use a type-independent description of the projective indecomposable
Hw (0)-modules in terms of right descents of elements of W. We extend certain results
of [15] regarding equivalences of categories to all types and to quotients and submod-
ules of weak Bruhat interval modules, and identify a type-independent indecomposabil-
ity criterion that covers a number of the type A modules associated to quasisymmetric
functions. We determine projective covers of a significant family of Hy (0)-modules in
a type-independent way, and use our results concerning the equivalences of categories
to obtain injective hulls of a related family of Hy (0)-modules. Our approach works
directly with elements of W, and our results are stated in terms of right descent sets.
Finally, we apply this approach to recover a number of results on indecomposability,
projective covers and injective hulls for type A families of Hyy (0)-modules in a uniform
manner. We also obtain some new results for certain modules recently introduced in

[19].

2 0-Hecke algebras and weak Bruhat interval modules

A finite Coxeter system (W,S) is a finite group W with generating set S satisfying the
relations s> = 1 for all s € S, and (t)m(s,ty = (£)m(sr) for all pairs of distinct elements
s,t € S, where m(s,t) = m(t,s) € Z>3 and (st),,,(s) denotes the alternating product of
s and t with m(s,t) factors. For w € W, the length ¢(w) of w is the minimal number
of terms appearing in a product of elements of S equal to w; any such product with
minimal number of terms is a reduced word for W.

An element s € S is a left descent of w € W if {(sw) = {(w) — 1, and a right descent
of w if {(ws) = {(w) — 1. Let Dy (w) denote the set of left descents of w, and Dg(w) the
set of right descents of w. For I C S, the right descent class D; consists of the elements
w € W such that Dg(w) = I. Denote the union of right descent classes Dx such that
[CXCJbyDl.

The parabolic subgroup Wi is the subgroup of W generated by I. Let wy(I) denote the
longest element in Wi, that is, £(w) < ¢(wo(I)) for all w € Wi\ {wo(I)}. Let wy denote
the longest element in W, i.e., wy = wy(S).
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2.1 0-Hecke algebras

Let K be any field. The 0-Hecke algebra Hy(0) of a finite Coxeter system (W, S) is the
associative K-algebra generated by {7t : s € S} with relations

7-552 =, and (ﬂsﬂt)m(s,t) = (”tnS)m(Slf)

for all distinct s, t € S.

Let 775 denote 71 — 1. The algebra Hyy (0) is also generated by {7; : s € S}. Given w €
W with reduced word w = s;...s;, define 71y, to be the product 7, - - - 715, and define
Ty to be T, - - - T, ; note 71, and 7y, are well-defined. The projective indecomposable
Hw (0)-modules have the following description due to Norton [20].

Theorem 2.1. [70), Theorem 4.12(2)] Let (W, S) be a finite Coxeter system and let I C S. The left
ideal Py := Hw (0) 7Ty (1) TTwy(s\1) IS @ projective indecomposable Hy (0)-module with K-basis
{ﬂwﬁwO(S\I) W e D[}

The set {P; : I C S} is a complete list of non-isomorphic projective indecomposable
Hw (0)-modules. For I C J C S, let 731] denote the Hyy (0)-module Hyy (0)7Ty, (1) Ty (s\ )-
The following result on 771] is analogous to [I4, Theorem 3.2], and proved similarly.
Modules isomorphic to 73[] will play a significant role in our work.

Theorem 2.2. Let [ C ] C S. Then 731] has a K-basis
{7ty (s\j) : w € W with I € Dr(w) C J},

and decomposes as a direct sum of projective indecomposable modules via the formula

Pl @ Px.
ICXCJ

2.2 Weak Bruhat interval modules

The left weak Bruhat order <; on W is the partial order defined by u <; v if some reduced
word for u appears as a terminal segment in some reduced word for v. Given u,v € W
with u <y v, the left weak Bruhat interval is the set [u,v]p = {w € W:u < w <[ v}.

Definition 2.3. Let [1, v]; C W. The weak Bruhat interval module B(u, v) is the vector space
K{u, v, with Hy (0)-action defined by

w ifs € Dp(w),
msw = § sw if s ¢ Dp(w) and sw € [u, 0], (2.1)
0 ifs¢Dr(w)andsw ¢ [u,v]r

foralls € Sand w € [u,v]r.
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The type A case of Definition 2.3 is precisely [15, Definition 1(1)]. That (2.1) defines
an action of Hy (0) follows from Theorems 3.1 and 3.3 in [10].

Example 2.4. Let W = &,4; we write elements of symmetric groups in one-line/list nota-
tion, e.g. sp = 1324 and sys3s5, = 1432. Figure 1 shows the action of 711, 1, and 713 (where
7; denotes 71s) on the basis [1324,1432|; of B(1324,1432) and the basis [3142,4231];
of B(3142,4231). Following [15] we draw Hasse diagrams from top to bottom, so the
0-Hecke operators move elements downwards (or send them to zero).

1324 )" 3142 )"
s
B A
¥ T T T
1423 )" sz J¥7° sa J7
7'[\%-[1 3

N

2
0
~ , 7T
1432 ;)nz 3 4231 7
71 lNZ
0 0

Figure 1: The Hg, (0)-action on K-bases for B(1324,1432) and B(3142,4231).

For I C | C S, the union D{ of right descent classes is an interval in left weak Bruhat
order [0, Theorem 6.2]. In particular, each right descent class Dy itself is an interval in
left weak Bruhat order.

Example 2.5. Figure 2 shows the poset (&4, <), in which we colour D; using distinct
colours for each I other than [ = @ and I = {1,2,3}.

We now realise the Hy(0)-modules P; and 731] as weak Bruhat interval modules.
Denote the shortest element in D; by u; and the longest element in D; by v;. Note that
urp = ZUO(I) and 01 = Wy ZUO(S \ I).

Theorem 2.6. Let I C | C S. Then 731] = B(uy, vj).

We henceforth denote B(u;,v;) by P{ and B(uj,vr) by P}, to emphasise their nature
as (direct sums of) projective indecomposable Hy (0)-modules.

Example 2.7. Consider the Hg,(0)-module B(2134,4231), and let i denote s;. Since

2134 = 1y, and 4231 = v, 5y, we have P{{}f‘} ~ B(2134,4231) = PE'}?’} > Py @ Py g

by Theorems 2.2 and 2.6. Figure 3 depicts the basis elements for PE’}:%} ; the orange/pink
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1234

s 1IN

2134 1324 - 1243

~

4231-7 3421

N .

L1
4321

Figure 2: The poset (&4, <) and the right descent classes D;.

colour (cf. Figure 2) indicates PE’}?’} is isomorphic to the direct sum of P (1) and respec-

tively Py 3. Note however the basis elements of P¢;, do not span a submodule of Pg’f}.

2134
q\
3124 -
o 2143
1239, 3142
h 3241
4132
4231

Figure 3: The He, (0)-module B(2134,4231) = P{;7” = Py @ Py 5.

The following indecomposability criterion follows from the algebraic structure of
Hw (0); in particular since Hy(0) is a Frobenius algebra [17] it is self-injective, and so
the projective indecomposable modules are also injective indecomposable.

Proposition 2.8. Every submodule and quotient of Py is indecomposable.
Specialising Proposition 2.8 to weak Bruhat interval modules obtains the following.

Proposition 2.9. The weak Bruhat interval modules B(w, vr) and B(uj, w) are indecomposable
forall w € Dy, and all submodules of B(w, v;) and quotients of B(uj, w) are also indecomposable.



6 J. Bardwell and D. Searles

Several of the families of 0-Hecke modules for bases of quasisymmetric functions
are isomorphic to weak Bruhat interval modules that are either submodules or quotient
modules of some P;. Applications of Proposition 2.9 will be given in Section 4.

2.3 Equivalences of categories

Fayers [17] introduced certain (dual) equivalences of the category Hy (0)-mod, as fol-
lows. Define involutions ¢, 6 and an anti-involution x on Hy (0) by

(b:r(anwost, e:nSHl_ﬂs, X:T[SHTL—S'

Let M be a Hy(0)-module. Define ¢$[M] and 6[M] to be the Hy (0)-modules whose
underlying space is M, and whose actions -4 and -¢ are given by 775 -, m = ¢ (715) - m and
s -9 m = 0(715) - m, for m € M. Define x[M] to be the Hy (0)-module whose underlying
space is the dual space M* of M, with action given by (715 X f)(m) = f(x(7m;) - m), for
f € M* and m € M. The functors M — &[M] and M — 8[M] are self-equivalences of
Hw (0)-mod, and the functor M — x[M] is a dual equivalence of Hy (0)-mod.

Jung, Kim, Lee and Oh [15] determined the images of type A weak Bruhat interval
modules under ¢, 6 and x and their compositions; see [15, Table 1] for a summary.
We extend this result on ¢, 8 = 6ox , and & = ¢poBoyx to arbitrary finite type,
and moreover to quotients and submodules of weak Bruhat interval modules defined
by upper order ideals in intervals in weak Bruhat order. The cases for the other com-
positions can be extended similarly by introducing negative weak Bruhat interval modules
in arbitrary type: the type A definition is given in [15, Definition 1(2)], and the natural
extension of this to finite type is well-defined by [10]. In this work, we do not use the
negative analogue of weak Bruhat interval modules. For Y C W, let wpYwy denote the
set {woywp : y € Y}. Similarly, Ywg := {ywo : y € Y}, and wyY = {woy : y € Y}. Note
that if Y is an upper order ideal in [u1, 7], then KY is a submodule of B(u, v).

Theorem 2.10. Let Y be an upper order ideal in [u,v]|r. Then we have the following isomor-
phisms of Hy (0)-modules.

&[B(u, v) /KY] = K([wouwy, wovwp|r \ woYwy),
0 [B(u,v)/KY] = K([owy, uwo], \ Ywy),
W[B(u,v)/KY] = K([wov, woulL \ woY).

We use Theorem 2.10 to determine the images of the modules P%.

Corollary 2.11. Let I C ] C S. Then

J1 = pwo] Arpl1 o pS\wol 1)1 A S\
b[Py] = PO, e[PI]:PS\Zg]zg and  @[P;] =Py,

Corollary 2.11 will be applied in Sections 3 and 4.
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3 Projective covers and injective hulls

In this section, we determine the projective covers and injective hulls for significant fam-
ilies of Hyy(0)-modules. A projective cover of a Hy (0)-module M is a projective Hy (0)-
module P such that there is an epimorphism f : P — M whose kernel is contained in the
radical of P. Projective covers exist since Hy(0) is Artinian, and the projective module
P is unique up to isomorphism. In [5, Section 5], Choi, Kim, Nam and Oh constructed
projective covers for the 0-Hecke modules introduced by Tewari and van Willigenburg
in [23], in terms of generalised compositions, using the ribbon tableau model of [14]. Our
approach, similarly to [¢], involves directly establishing radical membership; we work
with and state results in terms of right descent sets.

The morphism f : P{ — P{ /KY given by f(w) = w + KY is an epimorphism with
kernel equal to KY.

Theorem 3.1. Let Y be an upper order ideal in D{ with uy € Y. Then P; is the projective cover
of P/KY.

Specialising Theorem 3.1 to weak Bruhat interval modules obtains the following.

Corollary 3.2. Let I C [ and w € Dj. Then P{ is the projective cover of B(u, w).

Remark 3.3. The type A case of Corollary 3.2 has been obtained independently, in the
language of generalised compositions, by Kim, Lee and Oh in [16, Lemma 5.2].

Example 3.4. Consider the Hg,(0)-module B(2134,4132), and let i denote s;. Since

2134 = uyyy and 4132 € Dyy 3, by Corollary 3.2 we have that Pg’f} is the projective

cover of B(2134,4132). The projective module P{l’S} is depicted in Figure 3; note the
pProj 1} P g
appearance of the interval [2134,4132]; in this figure.

An injective hull of a Hy(0)-module M is an injective Hyy (0)-module Q together with
a monomorphism g : M — Q such that the image of ¢ has nontrivial intersection with
every non-zero submodule of Q. The injective module Q is unique up to isomorphism.

Since M — @[M] is a dual equivalence of categories, P is the projective cover of
M if and only if @[P] is the injective hull of ®[M]. The analogous statement holds for
M + 8[M]. As an application of Theorem 2.10, we obtain the injective hulls of another
significant family of Hy (0)-modules from Theorem 3.1.

Theorem 3.5. Let Y be an upper order ideal in D{ with vy € Y. Then P{ is the injective hull of
KY.

The specialisation of Theorem 3.5 to weak Bruhat interval modules is as follows.

Corollary 3.6. Let I C J and w € Dy. Then P% is the injective hull of B(w, vy).
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4 Applications to modules for quasisymmetric functions

Much recent work has been devoted to constructing Hg, (0)-modules whose images
under the quasisymmetric characteristic [11] are important families of quasisymmetric
functions. In this section, we apply results from Sections 2 and 3 to uniformly recover a
number of results on indecomposability, projective covers, and injective hulls for various
such modules. We also obtain new results concerning the modules associated to the
recently-introduced row-strict dual immaculate functions and row-strict extended Schur
functions of Niese, Sundaram, van Willigenburg, Vega, and Wang [15].

The Hg,(0)-modules associated to quasisymmetric functions are usually stated in
terms of compositions of n: sequences of positive integers that sum to n. Compositions
of n are in bijection with subsets of [n —1]: if & = (ay,...,ax) is a composition of n,
then the associated subset set(«) is {a1, a1 + o, ..., a1 + a2+ - -+ + ax_1 }. We denote the
complement of set(«) by set(x)¢. The reversal of x, denoted by a’, is the composition
obtained by reversing the sequence a.

Example 4.1. Let « = (1,3,2). Then set(a) = {1,4} and a" = (2,3,1).

As done in previous examples, we index projective indecomposable Hg, (0)-modules
by subsets of [ — 1], where i is understood to denote s;. We first consider modules for
the dual immaculate [*] and extended Schur [1] bases of quasisymmetric functions, and
their row-strict analogues [19]. These modules are defined in terms of certain families of
tableaux of shape a.

The diagram D(a) associated to a composition « is the left-justified array of boxes
with a; boxes in the ith row from the top. A standard immaculate tableau of shape « is a
labelling of the boxes of D(«) by the integers 1,...,n, each used once, such that entries
increase from left to right along rows and from top to bottom in the first column. A
standard immaculate tableau is a standard extended tableau if the entries increase from
top to bottom in every column. The set of standard immaculate tableaux of shape &, and
its subset of standard extended tableaux, are denoted by SIT(«) and SET(«) respectively.

For T € SIT (), the reading word rw(T) of T is the permutation obtained from read-
ing the entries in each row in T from right to left, starting with the topmost row and
iterating downwards. Let T§ and T} be the elements of SIT(«) with shortest, respec-
tively, longest (Coxeter length) reading words, and let .7}* be the element of SET(«) with
longest reading word.

Example 4.2. The standard immaculate tableaux SIT(2,2) are shown in Figure 4. The
standard extended tableaux SET(2,2) are the middle and rightmost tableaux. The left-
most tableau is T}, the middle tableau is .7}%, and the rightmost tableau is Tj. Their
reading words, from left to right, are 4132, 3142, and 2143.

In [], Berg, Bergeron, Saliola, Serrano and Zabrocki define a Hg, (0)-action on the
K-span of SIT(«), and show the quasisymmetric characteristics of the resulting modules
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Figure 4: The three standard immaculate tableaux of shape (2,2).

Vy are the dual immaculate functions of [4]. In [21], Searles defines an Hg, (0)-action
on the K-span of SET(«), and shows the quasisymmetric characteristics of the resulting
modules X, are the extended Schur functions of [1].

In [15, Theorem 5], Jung, Kim, Lee and Oh prove the isomorphisms

w = B(rw(T§), rw(Ty)) and X, = B(rw(Ty), rw(.73")). (4.1)

It is also shown in the proof of [15, Theorem 5] that reading words of SIT(«) belong to
Deet(a)c, and that rw(Tg) is the shortest element of Dyey (e

Indecomposability of V, and X, were proved in [5, Theorem 3.12] and, respectively,
[71, Theorem 3.13]. Combining (4.1) and Proposition 2.9 we recover these results, and
additionally that all quotients of these modules are also indecomposable.

Theorem 4.3. For any composition «, the modules V,, Xy, and all quotients of these modules
are indecomposable.

The projective covers for V, and X, were established in [¢, Theorem 3.2] and [5,
Theorem 3.5]. One can recover these results by combining (4.1) and Corollary 3.2.

Theorem 4.4. For any composition a, the projective cover of Vo and of X i Pyey(g)e-

In [19], Niese, Sundaram, van Willigenburg, Vega and Wang define a Hg, (0)-action
on the K-span of SIT(«) (different from that of [5]), and obtain Hg, (0)-modules W,
whose quasisymmetric characteristics are the row-strict dual immaculate functions of
[18]. The same action is defined on the K-span of SET(«) in [19], obtaining Hg, (0)-
modules Z, whose quasisymmetric characteristics are the row-strict extended Schur
functions of [15].

Remark 4.5. We use V, to denote the modules for dual immaculate functions, following
[>] and [15]. On the other hand, in [19], these modules are denoted W, and the modules
for row-strict dual immaculate functions are denoted V,. Therefore, our use of V, and
W, is the reverse of that in [19].

To apply the results of Sections 2 and 3, we need to identify W, and Z, as weak
Bruhat interval modules. For T € SIT(«), define the row-strict reading word rwg (T) of T
to be the permutation obtained by reading the entries of T from left to right along rows,
beginning at the bottom row and proceeding to the top row. For example, the row-strict
reading words of the tableaux in Example 4.2 from left to right are 2314,2413 and 3412.
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Theorem 4.6. For any composition «,
Wa = B(rwr (1), twr(Tp)) and 2o = B(rwr (97%), rtwr(Tp)),
and these Bruhat interval modules are submodules of Pey(yr)-

The indecomposability of W, and Z, were proved in [!9, Theorem 6.15] and [19,
Theorem 7.13]. One can recover this via Theorem 4.6 together with Proposition 2.9,
which additionally shows that any submodule of these modules is indecomposable.

Corollary 4.7. For any composition «, the modules Wy, Z4, and all submodules of these modules
are indecomposable.

Using Corollary 3.2, we determine the injective hulls of W, and Z,.
Corollary 4.8. For any composition «, the injective hull of Wy and Z4 is Pyey(or).-

Remark 4.9. In [3], we prove Theorem 4.6 by showing directly that {rwz (T) : T € SIT(«) }
is an interval in left weak Bruhat order, and then showing the action on SIT(«) defined
in [19] agrees with the action on this weak Bruhat interval module. Alternatively one
can show these permutations form an interval in left weak Bruhat order by noting that
rwg (T) = rw(T)wp and appealing to (4.1). It also follows that W, = 8[V,] and Z, =
0[X,]. We note the fact that the modules W, and Z, can be obtained by applying 8 to
V, and X is observed in [Y, Table 1].

For completeness, we also provide the projective cover of W,. Choi, Kim, Nam, and
Oh showed that the injective hull of Vy is ©ge(yPset(p)c [/, Theorem 4.1], where [a] is a
particular set of compositions obtained from «; see [/, Section 4] for a full definition of
[a]. Applying 8 to this formula obtains the following.

Theorem 4.10. For any composition a, the projective cover of We is ©pge(a)Pset(pr)-

As far as we are aware, the injective hull of X, and projective cover of Z, are not
currently known.

Finally, we consider a family of modules defined on standard permuted composition
tableaux by Tewari and van Willigenburg in [?3]. These modules are denoted S¢, where «
is a composition and ¢ a permutation (see [23, Section 3] for a full definition); and when
o is the identity it was shown in [27] that these correspond to the quasisymmetric Schur
functions of [13]. These modules have a direct sum decomposition S§ = ©gSy ¢, where
each E is an equivalence class of standard permuted composition tableaux. Jung, Kim,
Lee, and Oh define a reading word rws on the standard permuted composition tableaux
([15, Definition 6]). Let 1¢ (respectively, 17) denote the standard permuted composition
tableau in E that has shortest (respectively, longest) reading word. It is proved in [15,
Theorem 6] that

o = B(rws(te), 1ws(1E)), (42)
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and that rwg(7g) is the shortest element of some right descent class.

The projective cover of S; p was determined in [, Theorem 5.11] in terms of a gen-
eralised composition associated to E. Combining (4.2) with Corollary 3.2 recovers this
result, with a different statement in terms of right descent sets.

Theorem 4.11. Let rws(tg) € Dy and rws (1) € Dj. Then P{ is the projective cover of Sy .

The images of the modules S; and S{ ; under & are a family of modules that gener-
alise the modules introduced in [”] for the Young row-strict dual immaculate functions
of [17]. Specifically, denoting these modules by RJ and R, one has Rf = @[S, "],
and for E an equivalence class of standard permuted composition tableaux correspond-
ing to a, and woowo, RY p = (D[Szfrogwo] ([15, Proposition 1]). The injective hull of R
was determined in [15, Corollary 2], using . Applying & to Theorem 4.11 gives a

description of the injective hull in terms of right descent sets.

Corollary 4.12. Let E be an equivalence class of standard permuted composition tableaux cor-
responding to o and woowy. Suppose rws(tg) € Dy and rwg(ty) € Dy. Then ng is the
injective hull of RY .
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Abstract. In this paper, we establish a bijection between finitary colored upho posets
and left-cancellative invertible-free monoids. This bijection maps IN-graded colored
upho posets to left-cancellative homogeneous monoids. We use this bijection and the
new concept of semi-upho posets to prove that every totally positive power series is the
rank-generating function of some upho poset, resolving a conjecture of Gao et al.

Keywords: upho posets, left-cancellative monoids, rank-generating functions, totally
positive, log-concavity

1 Introduction

A poset is called upper homogeneous, abbreviated as upho, if each principal order filter is
isomorphic to the poset itself. This concept was introduced by Richard Stanley during his
research on the enumeration properties of Stern’s triangle and its poset [13, 14].

The study of Stern’s poset, particularly regarding enumeration problems, has been
a focal point of numerous research efforts [15, 10]. Upho posets, as a generalization of
Stern’s poset, preserve the attribute of self-similarity, and hence exhibit many intriguing
structural and enumeration properties. For example, in [*], Gao et al. give a concise
characterization of IN-graded planar upho posets using their rank-generating functions;
in [5], Hopkins proves that the characteristic generating functions of upho posets are
the inverse of their rank-generating functions. Moreover, the breadth of applications for
upho posets spans several domains, including lattice theory [5, 6], commutative algebra
[+, Conjecture 1.1], and finite geometry [0, Theorem 1.3].

For simplicity, we say a formal power series is an upho function if it is the rank-
generating function of some upho poset. A fundamental problem is:

Is there a criterion to determine if a formal power series is an upho function?
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In [4], Gao et al. prove that there are uncountably many different upho functions, and

a straightforward corollary is that almost all upho functions are not rational functions.

Hence, the complete characterization of upho functions is anticipated to be challenging.
In this paper, we prove the main conjecture proposed by Gao et al. in [4].

Theorem 1 ([4, Conjecture 3.3]). A formal power series f(x) € 1+ xZ>o[[x]] is the rank-
generating function of an upho poset P whose Ehrenborg quasi-symmetric function is a Schur-
positive symmetric function if and only if f(x) is totally positive.

In Section 3, we introduce the notion of colored upho posets and establish the following
correspondence, which is explained in detail later.

Theorem 2. There is a bijection between finitary colored upho posets and left-cancellative
invertible-free monoids. Moreover, this bijection maps IN-graded colored upho posets to left-
cancellative homogeneous monoids, and maps finite type IN-graded colored upho posets to finitely
generated left-cancellative homogeneous monoids.

This correspondence plays an important role in understanding the self-similarity
of upho posets: On one hand, we can do concrete calculations on upho posets using
monoids from an algebraic perspective; on the other hand, we can get an intuition for the
enumeration problems of left-cancellative monoids from a combinatorial perspective.

In Section 4, we explore the relationship between upho functions and total positivity.
Definition 1 ([¢]). A formal power series ), a,x™ is totally positive if all finite minors of the
infinite Toeplitz matrix

ap 0 0 0
ap ag 0 O
a dadp ag 0

are nonnegative.
Our working definition of totally positive function follows from Theorem 3.
Theorem 3 ([1, 9]). A formal power series f(x) € 14 xZ>o[x]] is totally positive if and only if

f(x) is of the form of %, where g(x),h(x) € 1+ xZ[x] such that all the complex roots of g(x)
are real and negative, and all the complex roots of h(x) are real and positive.

By employing Theorem 2 and analyzing the rank-generating function of the newly
defined concept of semi-upho posets, we prove the following theorem.

Theorem 4. Let f(x) € 1+ xZ>¢|[x]] be totally positive. Then f(x) is an upho function.

And finally, we show that Theorem 1 is a corollary of Theorem 4.

The paper is structured as follows: Section 2 provides necessary background on upho
posets and introduces the concept of semi-upho posets. Section 3 and Section 4 are
dedicated to the exposition and proof of the aforementioned results.
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2 Background on Upho Posets

2.1 Upho Posets

In this paper, we employ the standard terminology used in order theory. For a more
detailed exposition, readers are referred to [12, Chapter 3]. In this subsection, we introduce
several concepts related to upho posets, along with some illustrative examples.

Definition 2. A poset P is upper homogeneous, abbreviated as upho, if for every s € P we
have Vp s = P, where Vp s := {p € P | s <p p} is the principal order filter generated by s.

Note that each principal order filter has a unique minimal element, so every upho
poset P has a unique minimal element, denoted 0p. We abbreviate Vps to Vs and 0p to 0
when the poset P referred to is clear.

A poset P is said to be IN-graded if P can be written as a disjoint union P = Py LI P; U
P, U. .. such that every maximal chain has the form py <p p; <p p2 <p---, where p; € P;
for all i € IN. The rank function p : P — IN of P is defined by p(p) =i for all p € P;. We
refer to P; as the i-th layer of P.

An N-graded poset P is said to be of finite type if | P;| is finite for all i € IN. The rank-
generating function of a finite type N-graded poset P is defined to be Fp(x) := Y5>, | P¢| xF.

The Ehrenborg quasi-symmetric function [5] of a finite type IN-graded poset P is defined
tobe Ep := ) ;>0 Ep,u, where Epg = 1, and

t)—p(t ty)—p(t t)—p (b
Epn(x1, X2, ,Xy) i= Z xﬁ’( 1)—p( O)x‘z’( 2)—p(t) "xi( k) —p(t 1), n>1.
O=to<pt1<p-<ptp_1<ptx
p(t)=n

In this paper, we define the following two finiteness conditions.

Definition 3. A poset P is Noetherian if its principal order filters satisfy ascending chain
condition, that is, for every element s € P, there is no infinite strictly ascending chain Vs C
Vs, C Vi, C --- (or equivalently, s >p sy >psy >p---).

Definition 4. The height of an element s in a poset P is the maximal length of chains in P with
s as its maximum. A poset P is finitary if every element in P has finite height.

All N-graded posets are finitary, and all finitary posets are Noetherian. Moreover, in
a Noetherian upho poset P, a finitary upho poset P’ C P can be obtained by selecting all
elements of finite height in P, with P’ inheriting the order of P.

In a poset P, we define Ep := {(r,s) | ,s € P,r < s}, which corresponds to the edges
in the Hasse diagram of P if P is finitary. If a poset P has a unique minimum 0, we define
Ap := {s € P | 0 < s}, and elements in Ap are called atoms of P. In a Noetherian poset,
each maximal chain includes exactly one atom. However, both Ap and Ep can be empty
if P is non-Noetherian. See Example 1.
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A formal power series f(x) € 1+ xZ[[x]] is said to be an upho function if it is the
rank-generating function of an upho poset. An important property of upho function is:

Lemma 1 ([4, Lemma 2.3]). Let P and Q be upho posets. Then P x Q is an upho poset.
Furthermore, Fp,. o = FpFg, and Epyo = EpEg.

We list below some examples of upho posets and upho functions.

Example 1. Nonnegative real numbers R>q with usual order is a non-Noetherian upho poset,
and there are no atoms in R>g. Let R>o x IN be the poset product of R>o and IN, both with usual
order. Then R>( x IN is also a non-Noetherian upho poset, and (0,1) is its only atom.

Example 2. The poset N x IN with lexicographical order forms a Noetherian upho poset which
is not finitary. For every (m,n) € IN x N, the isomorphism T : V,, ,y = IN x N is given by
t(m,n+s)=(0,s),T(m+t,s) = (t,s) forall s € N, t € N~o.

Example 3. The upho poset Py is defined by the following data: The elements in Py are those in
the monoid M = (x1,x; | x3 = xox1); The partial order of Py is defined by left divisibility in M,
that is, a <p,, b if and only if there exists c € M such that ac = b in M.

It can be shown that Py is a finitary upho poset, yet not IN-graded.

Example 4. The upho poset Pyy, and Py, are defined as follow: Py, consists of elements in the
free monoid M, generated by [0,1] C R, with a partial order defined by left divisibility. Similarly,
Py, consists of elements in the free commutative monoid M, generated by [0,1] C R, with its
partial order also defined by left divisibility.

Both Py, and Py, are N-graded upho posets that are not of finite type. The d-th layer
of Py, can be thought of as a cube of dimension d, while the d-th layer of Py, can be
thought of as a simplex of dimension d.

Example 5. Figure 1 shows the Hasse diagrams of IN (with usual order), full binary tree,

Stern’s poset, and bowtie poset from left to right. Their rank-generating functions are %, ﬁ,
m, and X, respectively. All of them are N-graded upho posets of finite type.

I AR TR ><]

| \VARRV/ NAVA% >
i NS N NS

Figure 1: The Hasse diagrams of Example 5.
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Example 6. Fei’s poset F is the upho poset that satisfies the generating rules depicted in the
left two components of Figure 2. This poset is a finite type IN-graded upho poset, with its rank-
generating function given by Fr(x) = T The first three layers of the Hasse diagram of
Fei’s poset are shown in the rightmost component of Figure 2.

| | R
N \'/\Lf\-/'j-

Figure 2: The generating rules and the first several layers of Fei’s poset.

On one hand, Example 6 shows that not all upho functions are log-concave, as
| F1] - | F3| = 51 > 49 = |F,|? On the other hand, it illustrates potential connections
between upper homogeneity and linear recurrence, inspiring our proof of Proposition 4.

2.2 Semi-upho Posets

In this subsection, we define semi-upho posets which have partial self-similarity. The
motivation for introducing semi-upho posets is to explore formal power series g(x)
that, when multiplied by any upho function f(x), yield an upho function. As shown
in Lemma 1, upho functions are optimal choices for g(x). Moreover, in Theorem 6, we
generalize this result to the rank-generating functions of tree-like semi-upho posets.

Given posets P’ and P with unique minima 0p and Op respectively, an injection
1 : P — P is said to be an induced saturated order embedding, abbreviated as isoembedding,
if 7(0pr) = Op, and furthermore, for every chain C in P’ with given maximum a and
minimum b, C is a maximal chain with given maximum a and minimum b if and only if
#(C) is a maximal chain with maximum 7(4) and minimum 7 (b).

Definition 5. A poset S is semi-upho if for every s € S, there exists an isoembedding Vs — S.

Upho posets are semi-upho posets. Moreover, a semi-upho poset can be thought of as
an upho poset with some parts cut off. Figure 3 is an example of tree-like semi-upho posets,
defined as finitary semi-upho posets whose Hasse diagrams are trees.

LT N T
S g

Figure 3: A tree-like semi-upho poset. The red part is a principal order filter that can
be isoembedded into the poset itself.
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3 Monoid Representation

In this section, we establish a bijection between finitary colored upho posets and left-
cancellative invertible-free monoids, and associate the bijection to upho posets.

3.1 Colored Upho Posets

The motivation for introducing colored upho posets is to designate a unique isomorphism
between each given principal order filter and the upho poset itself.

Definition 6. A colored upho poset P consists of the data (P, colp): The poset P is an upho poset,
and the color mapping colp : Ep — Ap satisfies the following conditions:

° colp(o,t) =tforallt € Ap;

e For every s € P, there exists an isomorphism ¢s : Vs — P such that colp(u,v) =
colp(¢s(u), ps(v)) forall (u,v) € Ey..

It can be shown that such ¢; is unique for a given s € P.

Finitary colored upho posets can be conceptualized as structures in which each edge
extending upward from the same vertex in their Hasse diagrams is assigned a distinct
color. Moreover, there exists a unique isomorphism between each principal order filter
and the poset itself, which maps edges to identically colored ones.

Similarly, we introduce the concept of colored semi-upho posets.

Definition 7. A colored semi-upho poset S consists of the data (S,colg): The poset S is a
semi-upho poset, and the color mapping cols : E¢ — Ag satisfies the following conditions:

e colg(0,t) =t forallt € Ag;
e For every s € S, there exists an isoembedding s : Vs — S such that colg(u,v) =
colg(ps(u),s(v)) for all (u,v) € Ey,.

It can also be shown that such 1, is unique for a given s € S.

3.2 Correspondence with Monoids

In this subsection, we build the bijection between finitary colored upho posets and left-
cancellative invertible-free monoids explicitly. First, we recall some terminology of monoids,
and readers may see [/] for a more detailed exposition.

The identity element of a monoid M, denoted e, is an element satisfying ex = xe = x
for every x € M. A zero element of a monoid M, denoted 0, is an element satisfying
Ox = x0 = O for every x € M. An element x € M is said to be left-invertible if there exists
an element y € M such that yx = ¢, and right-invertible if there exists an element y € M
such that xy = e. An element x € M is said to be inveritible if it is both left-invertible
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and right-invertible. A monoid M is said to be invertible-free if it has no left-invertible or
right-invertible elements other than e; equivalently, ab = e implies @ = b = e. An element
a of M is said to be irreducible if it is not invertible and is not the product of any two non-
invertible elements. The set of all irreducible elements of M is denoted Z);. A monoid M
is said to be left-cancellative if for every a,x,y € M, ax = ay implies x = y. An invertible-
free monoid M is said to be homogeneous if for every ajay - - - a, = biby - - - by, € M, where
ai,aa,...,Aan,b1,b, ..., by € Ip1, we have n = m. We define the length of this element to
be 1, and denote the set of all distinct elements of length n by W,ﬁVI .

We define a mapping M which maps finitary colored upho posets to left-cancellative
invertible-free monoids (abbreviated as LCIF monoids) by the following rule. For a given
finitary colored upho poset P = (P, colp), the elements of M (P) are the elements of P.
For every s, t € P, we define the multiplication st by st := ¢;"!(t). It can be verified that
such M (P) is a well-defined LCIF monoid, and Ap = T M(P)-

Conversely, we define a mapping P = (P,C) which maps LCIF monoids to finitary
colored upho posets by the following rule. The elements of P (M) are the elements of M.
The partial order <p in P(M) is defined by the left divisibility in M, as is explained in
Example 3. Then we have for every a,b € M, a <p b if and only if there exists ¢ € 7 such
that ac = b. So the unique minimum in P(M) is ¢, and Ap ;) = Zm. For every ordered
pair (a,b) € Eppr), define C(M)(a, b) to be ¢ € Iy such that ac = b (such c is unique by
the left cancellative property of M). It can be verified that such P(M) := (P(M),C(M))
is a well-defined finitary colored upho posets.

Furthermore, P(M(P)) = P, and M(P(M)) = M. Hence we have:

Theorem 5. The mutually inverse mappings M and P give a bijection between finitary colored
upho posets and left-cancellative invertible-free monoids.

Restrict to IN-graded colored upho posets, we have:

Corollary 1. The mutually inverse mappings M and P give a bijection between IN-graded
colored upho posets and left-cancellative homogeneous monoids (abbreviated as LCH monoids).
Moreover, finite type IN-graded colored upho posets correspond to finitely generated LCH monoids.

Furthermore, the bijection can be generalized to semi-upho posets.

An LCIF 0-monoid is defined to be an LCIF monoid with an additional zero element
0 and some relations X; = 0, where X; is an element of the original LCIF monoid. We
denote these relations X; = 0 as 0-defining relations. Similarly, an LCH 0-monoid is defined
to be an LCH monoid added by a zero element 0 and some 0-defining relations. It is
worth mentioning that, in general, LCIF 0-monoids are not left-cancellative, and LCH
0-monoids are neither left-cancellative nor homogeneous. The mutually inverse mappings
M and & between finitary colored semi-upho posets and LCIF 0-monoids are defined
similarly to M and P, respectively. The only difference is that the elements in the posets
now correspond to non-zero elements in the monoids.
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Corollary 2. The mutually inverse mappings Mo and S give a bijection between finitary colored
semi-upho posets and LCIF 0-monoids. Moreover, IN-graded colored semi-upho posets correspond
to LCH 0-monoids, and finite type IN-graded colored semi-upho posets correspond to finitely
generated LCH 0-monoids.

3.3 The Forgetful Mapping and Regularity of Upho Posets

Through the forgetful mapping, we establish an association between monoids and finitary
colored upho posets with finitary upho posets.

The forgetful mapping § maps a finitary colored semi-upho poset S = (S, cols) to S.
This mapping is well-defined on upho posets since upho posets are semi-upho.

Figure 4 demonstrates that § is not injective, while the surjectivity of § remains open.

ANVAVAVAVERNVAVAVAVA
ANVAVAVA ANAVAVA
N\ N\
\/ N/

Figure 4: The forgetful mapping is not injective.

Now we define reqular semi-upho posets to be the semi-upho posets in img, and regular
upho posets to be the upho posets in img. Moreover, an upho function is said to be regular
upho if it is the rank-generating function of a regular upho poset.

By the correspondence established in Section 3.2, on one hand, the properties of upho
posets can be used to address enumeration problems in left-cancellative monoids. For
instance, in an upho poset P, it is straightforward to show that |P| = |Pr; 1| implies
|P,| = | P| for all n > k. Converting this fact into monoids, we then prove that in an LCH
monoid M, [WM1| = [WX, | implies |[WM| = [WM| for all n > k.

On the other hand, we can use monoids to construct a variety of well-defined upho
posets and semi-upho posets, as illustrated in Example 3 and Example 4. Furthermore,
our proof of Theorem 4 in Section 4 is entirely based on this method.

4 Totally Positive Upho Functions

In this section, we use Theorem 3 to characterize total positivity, and we split our proof
of Theorem 4 into three parts. In Section 4.1, we address the case where the numerator is
1 and the denominator has two roots that are not less than 1. In Section 4.2, we address
the case where the numerator is 1 and the denominator has only one root not less than 1.
In Section 4.3, we prove the remaining parts of Theorem 4.
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4.1 Type I Unitary Totally Positive Functions

We first give a simple yet useful recast of semi-upho posets.

Lemma 2. A poset P is semi-upho if and only if for every atom s € Ap, there exists an
isoembedding Vs — P.

In the following text, we say a formal power series ¢(x) = Y. b;x' is log-concave if
the coefficient sequence {b;}?°, consists solely of nonnegative numbers and contains no
internal zeros, moreover, blz 11 = bibi o for every i € N. Using Lemma 2, we have:
Proposition 1. Let g(x) € 1+ xZ>¢[[x]] be a log-concave function, then there exists a tree-like
semi-upho poset Q whose rank-generating function equals g(x).

Sketch of proof. Given a log-concave function g(x) = Y%, b;x’, where by = 1, we construct
the semi-upho poset layer by layer. We construct the (k + 1)-th layer from the first k layers
by first constructing a canonical maximum case, and then deleting points from right to

left. It can be shown that b7 > -~ > by yq. O]

Example 7. Given g(x) =1+ 3x + 7x + 13x3 + b"*x*, Figure 3 is the Hasse diagram of
the poset we construct in the procedure above.

We further use monoids to show that multiplying a regular upho function by the
rank-generating function of a tree-like semi-upho poset yields a regular upho function.
Proposition 2. Let My = (Zpy, | Ryy,) be a finitely generated LCH monoid, where Ry, is its
defining set of relations. Let My = ({0} UZp, | Ra,) be a finitely generated LCH 0-monoid,
where Ry, only has 0-defining relations. We define M := (Ip1, UZp, | Ryr), where Ry consists
of the following relations:

e Ry, € Ry

o Ify; € Iy, Y; € My, and y;Y; = 0 is in Ryy,, then y;Y; = x1Yj isin Ry,

o y;x; = x1Xj € Ry for all elements x; € Ly, yi € Ly,

Then M is a finitely generated LCH monoid. Moreover, Fp(ary = Fp ) Fpay,)-

Figure 5 depicts how to "convolve" a tree-like semi-upho poset and an upho poset.

I VAR

| VA ~\ V\

AV ~\/ V1
~Y/

P s

Figure 5: Construction of an upho poset R by "convolving" a regular upho poset P and
a tree-like semi-upho poset S.
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Rewriting Proposition 2 in terms of formal power series yields the following result:

Theorem 6. Let f(x) € 1+ xZ>o[[x]] be reqular upho and ¢(x) € 1+ xZx>¢|[[x]] be the
rank-generating function of a tree-like semi-upho poset, then f(x)g(x) is reqular upho.

By employing Proposition 1 and Theorem 6, we obtain the following corollary:

Corollary 3. Let f(x) € 1+ xZ>o[[x]] be regular upho and g(x) € 1+ xZ>o[[x]] be log-
concave, then f(x)g(x) is regular upho.

Notice that multiplication preserves log-concavity [ |, Proposition 2], hence we have:
Proposition 3. If a formal power series f(x) € 1+ xZx>¢|[x]] is of type I, that is:
f(x)——1 —ﬁ—l 0<A <A< - <A
T oh(x) T LT A) P=r ==

where h(x) is irreducible over Z[X], degh(x) > 2,and 1 < A,_1 < Ay, then f(x) is a regular
upho function.

Proof. Note that ﬁ for1<i<n-—2and = An-};)?lf T are log-concave, and ﬁ is

a regular upho function, so by Lemma 1 and Corollary 3, f(x) is an upho function. [
4.2 Type II Unitary Totally Positive Functions

In this subsection, we consider formal power series f(x) € 1+ xZ>¢[[x]] of type IL:

1 1
flx) = h(x) - 1+ Y2, hixt -

— =1 X, 0< A <A< <A,
E(l_)\zx) +i:21Clx 1 >/142 > >~ /\n

where h(x) is irreducible over Z[X], degh(x) > 2, and A,_1, A, satisfies A1 <1 < A,,.
We prove that f(x) of type Il is regular upho by explicitly constructing an LCH monoid
whose rank-generating function equals f(x). A technical lemma we use is:

Lemma 3. Thereexist l; € Z for 1 <i <mnwithly > 1y > ---1,, > 0 such that

i

Wl I3 - L\ /1
110 - 0] [0
=111 1t 11 01 (0
111 -1/ \0

Example 8. For n =5, we have ly = hy —4,1p =hy —hs —4,13 = hy —hy +3h5 — 3,14 =
hy —hs +2hy — 3hs —2and ls = hy — hy + hy — hg + hs — 1.
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Proposition 4. A formal power series f(x) of type Il is a regular upho function.

Sketch of proof. Let M be a monoid generated by x{, 1<j<nl1<i<r,wherer; =1
and r; = 1 for i > 1. And we let the defining relations of M be:

i1 1.1 . .
XX = X1 X, 2§]§n,1§k§ll—lj,

x{xﬁzx%xﬁ, 2<i<j<n

By Proposition 2 and Lemma 3, we then prove that M is a well-defined LCH monoid and
it rank-generating function equals f(x). O

4.3 Total Positivity Implies Upho

In this subsection, we use the results obtained earlier to prove Theorem 4 and Theorem 1.

We first divide the totally positive functions into the "denominator part" and the
"numerator part" using Theorem 3. The result on the "denominator part" can be obtained
directly from combining Lemma 1, Proposition 3, Proposition 4, and the fact that ﬁ is
a regular upho function for all n € IN.

Proposition 5. If a formal power series f(x) € 1+ xZ>o[[x]] is of the form f(x) = ﬁ, where
all the complex roots of h(x) € 1+ xZ>o[x] are real and positive, then f(x) is regular upho.

To deal with the "numerator part”, we just need to use the lemma below.
Lemma 4. ¢(x) € 1+ xZ|x] is log-concave if all its complex roots are real and negative.

Proof of Theorem 4. Combine Corollary 3, Theorem 3, Proposition 5, and Lemma 4. [

Before proving Theorem 1, we state the Thoma-Kerov—Vershik theorem as follows.

Theorem 7 ([7]). A formal power series f(x) € 1+ xZ>ql[x]] is totally positive if and only if
f(t1)f(t2) - - - is Schur positive.

Proof of Theorem 1. For a finite type IN-graded upho poset P, according to [, Lemma
2.2], the Ehrenborg quasi-symmetric function Ep(x1,X2,...) = [121 Fp(x;). Combining
Theorem 4 and Theorem 7, the proof of Theorem 1 is completed. O
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Shards for the affine symmetric group

Grant T. Barkley*!

' Department of Mathematics, Harvard University, Cambridge, MA 02138

Abstract. The poset of “biclosed sets” in a root system has received attention as a nat-
ural extension of the weak Bruhat order on the associated Coxeter group. We will dis-
cuss these ideas in the context of the simplest infinite Coxeter groups, the affine sym-
metric groups. Using the combinatorial model introduced in (Barkley—Speyer 2022),
we show that many constructions for the weak order on the symmetric group have
analogs for the extended weak order on the affine symmetric group. In particular,
shards in the affine braid arrangement biject with completely join-irreducible elements
of the extended weak order, and there is a parametrization of both objects by “type-A
arc diagrams”.

Keywords: Coxeter groups, weak order, shards

1 Introduction

The weak Bruhat order is a partial order on a Coxeter group which is studied for its con-
nections to generalized permutahedra [0], Coxeter arrangements [4], pattern avoidance
[©], preprojective algebras [5], and Catalan combinatorics [10]. Some of these connec-
tions fail to be complete or do not make sense when applied to infinite Coxeter groups.
Motivated by this failure in the context of Hecke algebras [¢], Matthew Dyer introduced
a different but related poset associated to each Coxeter group, which is now called the
extended weak order. In general the extended weak order strictly contains the weak
Bruhat order as an order ideal, but for finite Coxeter groups the two posets coincide.
There are many fascinating conjectures [/] suggesting that, often, the extended weak
order is a more natural object than the usual weak Bruhat order. For example, weak
Bruhat order is a lattice for any finite Coxeter group, but is never a lattice for an infinite
Coxeter group (of finite rank). In contrast, the extended weak order is conjectured to
always be a complete lattice. This conjecture has recently been proven for affine Coxeter
groups in [”].

In this extended abstract, we will focus on the combinatorics and geometry of ex-
tended weak order in type A, using combinatorial models introduced in [1]. Our focus
will be on shards, certain cones in a Coxeter arrangement which, for finite Coxeter
groups, govern the combinatorics of lattice quotients of the weak order. Our main theo-
rem is the following.

* . Grant Barkley was supported by NSF grant DMS-1854512.
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Theorem 1. There is a canonical bijection between shards in the Coxeter arrangement of type
A, and completely join-irreducible elements in the extended weak order of type A,.

The analogous result is known to be true for all finite Coxeter groups [V]. Importantly,
the result is false for the weak Bruhat order of type A,: there is an injection from
completely join-irreducible elements of weak Bruhat order to the set of shards, but it
is not a bijection. The weak Bruhat order is “missing” some join-irreducibles, and the
extended weak order provides them.

We prove this theorem by parametrizing both shards and complete join-irreducibles
by cyclic arc diagrams. Arc diagrams were introduced by Nathan Reading [11] as a
way of encoding the combinatorics of shards in type A. Our results can be viewed as a
type-A analog of his. Analogs in type B and type D have also been recently introduced
by Ashley Tharp in her thesis [1”].

The Coxeter group of type A, is the symmetric group S;+1, and the Coxeter group of
type A, is the affine symmetric group S, 1. The corresponding Coxeter arrangements
are the braid and affine braid arrangements, respectively. Because we are working in
a context where we have explicit combinatorial models, we have attempted to avoid
Coxeter-theoretic language in the body of the paper, and have included an introduc-
tion to the relationship between arc diagrams, weak order, and the geometry of these
arrangements for the unfamiliar reader.

2 Weak order and the symmetric group

We begin by recalling the combinatorics of the weak Bruhat order on the symmetric
group. Let S, denote the group of permutations of the set {1,...,n}. We say that the
pair (a,b) is an inversion of 7 if a < b and 7t~ 1(a) > 7w~1(b). If we write a permutation
in one-line notation, then the inversions are the pairs which are out of order. For instance,
the inversions of the permutation 51423 are (1,5), (4,5), (2,5), (3,5), (2,4), (3,4). Write
N(7r) for the set of inversions of 7. This set determines 77 uniquely. The weak order on
S, is the partial ordering such that u < v if and only if N(u) C N(v). Figure 1 depicts
the weak order on Ss.

2.1 The poset of regions

In this section, we will consider the relationship between the weak order and convex
geometry. To see this, consider the braid arrangement B,. The braid arrangement
consists of hyperplanes H,, in R”, for 1 <a < b < n, where Hy, == {(x1,...,x,) € R" |
Xg = Xp}. In Figure 2, we've depicted (a slice through) B;. As illustrated in the figure,
two points are in the same region (connected component of R" \ U, Hyp) if and only if
their coordinates are in the same order. Hence regions correspond to total orderings of
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X3 < X2 < X1

321
/ \ Xy <x3<Xx x3<x<x
231 312 2 3 1 3 1 2
His
Xy < X1 <X X1 < x3<Xx
213 132 2 1 3 1 3 2
\ / x] < xp < X3
123 Hip Hos
Figure 1: The Hasse diagram of weak Figure 2: The intersection of B3 with
order on S3. a two-dimensional subspace of R3.

the coordinates xi, ..., x,. We can think of these total orderings as the one-line notation
of a permutation, so that for instance the permutation 231 corresponds to the region
whose points have coordinates satisfying x, < x3 < xj. This gives a bijection between
elements of S, and regions of B,,.

There’s another perspective on where this bijection comes from: there is a group
action of S, on R", where 7 acts via (x1,...,x,) — (xn71(1), .. .,an(n)). This induces
an action on the regions of B, and this action is simply transitive. So if we fix a “base
region”, then the group action induces a bijection between regions and elements of S.
If we use as a base region the region of points such that x; < --- < x,,, then we get the
bijection outlined above.

For our purposes, the weak order is more naturally viewed as a partial order on
regions of the braid arrangement than it is as a partial order on S,. Given regions R
and Rj, their separating set is

S(Ry,Ry) :== {Hy | Ry and R; are in different components of R" \ H}.

Now if B denotes the region with x; < --- < x,, then 7B is the region associated to
7t via the bijection above. In this case, S(B,7B) = {H,;, | (a,b) is an inversion of 7t}.
Hence weak order can be identified with the order on regions of the braid arrangement
so that Ry < Ry if S(B,Ry) C S(B, Ry). This is called the poset of regions of 5.

2.2 Lattice structure

The weak order on S, is a complete lattice, meaning that it admits meets (greatest lower
bounds) and joins (least upper bounds) for any collection of elements. To compute the
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join of a list of permutations, we introduce a closure operator on sets of inversions. Write
T:={(a,b)|1<a<b<n}.IfN CT,then we define the closure of N to be the minimal
set N O N such thatif a < b < c and (a,b), (b,c) are both in N, then (a,c) is in N. The
join of two permutations 71; and 7p, denoted 717 V 712, is the unique permutation with
inversion set N(711) U N(71;). More generally, the join of a family {7;};c; has inversion
set Ujcr N(71;). One can compute the meet of a family {7;};c; dually: it has inversion
set (N;er N(7;))°, where N° := T\ T \ N is the interior of N.

For an example, let’s compute the join of 213 and 132. Then N(213) = {(1,2)} and
N(132) = {(2,3)}. We need to compute the closure of N(213) UN(132) = {(1,2),(2,3)}.
The closure is forced to contain (1,3), since (1,2) and (2,3) are both elements. Hence
N(213) UN(132) = {(1,2),(2,3),(1,3) }. The join 213 \V 132 should be the unique permu-
tation with this inversion set, which is the permutation 321. As can be seen in Figure 1,
we indeed have 213 vV 132 = 321.

2.3 Shards and arc diagrams

A permutation 7 is join-irreducible if it cannot be written as a join of elements strictly
below 7. Equivalently, 77 covers a unique element 77, in the weak order. The join-
irreducible elements (JIs) in S3 are 213, 132, 231, and 312. Each ]I has a unique lower
wall: an inversion (a,b) such that 7=1(a) = 1+ 7~ 1(b). If (a,b) is the lower wall of a JI
7, then (a,b) - 1 = 7. The lower walls of the JIs listed above are (1,2), (2,3), (1,3), and
(1,3), respectively. Nathan Reading introduced in [11] an elegant way of parametrizing
the JIs in S, via arc diagrams.

Definition 1. A shard arc for S, is the data of:
* an initial value i and a terminal value j, such that 1 <i < j <, and
e for each intermediate value k with i < k < j, a choice of “left” or “right”.

We will depict shard arcs using arc diagrams, where an arc is drawn connecting the
initial value to the terminal value, and where “left” or “right” at k indicates whether the
arc passes over or under k, respectively. (There are many ways to draw such a diagram;
we use diagrams only as an abbreviation for the data of a shard arc, so different diagrams
indicating the same shard arc should be treated as equivalent.) The four shard arcs in
S4 with initial value 1 and terminal value 4 are shown in Figure 3. For space purposes,
we have drawn the arcs horizontally, though the “left/right” terminology more clearly
applies to arcs drawn vertically. To each shard arc for S,, we assign a JI of the weak
order on S,. This JI is the unique permutation 7t with the following properties:

e If the shard arc has initial value i and terminal value j, then the unique lower wall
of ris (i,j), and
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Figure 3: The arc diagrams for shard arcs in 5S4 with initial value 1 and terminal value
4. Below each diagram, we have indicated the associated JI in Sj.

e For each intermediate value k, if we have chosen “left” at k, then 7! (k) < t=1(j),
and if we have chosen “right” at k, then 7=!(k) > w~1(i).

In other words, the pair j, i should appear consecutively in the one-line notation for 7,
and an intermediate value k should appear to the left or right of j, i according to whether
we have chosen “left” or “right”, respectively. The positions of non-intermediate values,
and the relative ordering of intermediate values, are determined by the requirement that
(i,7) is the unique lower wall of 7r. In Figure 3, we have indicated the JI associated to
each shard arc.

Shard arcs are also related to the geometry of the braid arrangement. Given a shard
arc for S, we will associate a convex polyhedral cone in the braid arrangement B,,. To
do so, define the half-spaces

HY = {(x1,...,x0) | xa <xp}  Hy={(x1,..., %) | xa > xp}.

Consider a shard arc with initial value i and terminal value j. For each intermediate
value k, we pick a sign for Hj and for Hy;, as follows:

“left” atk = Hy and Hj;
“right” atk = Hy and H; -

The polyhedral cone is defined to be the intersection of H;; with the correctly signed
Hl% for all intermediate k. The resulting cone X is called a shard of B,. Shards are
characterized as (the closures of) the connected components of Hj; \ Ui<k<j Hik- In B3,
there are four total shards: Hy, and Hp3 are themselves shards, and Hjs is the union of
two shards. In Figure 2, the two shards in Hy3 are the left and right halves of Hy3, which
intersect at the origin.

We have constructed bijections shards <> shard arcs < ]JIs. Let’s discuss how to go
directly between JIs and shards. Given any permutation 7r, we can consider the region
of the braid arrangement 7B. The lower walls (a,b) of 7t correspond to the hyperplanes
H,, in S(B, tB) which are incident to 7rB. (Hence the term “wall”.) We can refine this
further: if (a,b) is a lower wall of 7, then there is a unique shard ¥ contained in H,,
which is incident to the region 7tB. We say that X is a lower shard of 77B. Hence there
is a bijection between the lower walls of 7t and the lower shards of 7B. If 7t is a JI, then
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there is a unique lower wall of 77, and the corresponding lower shard of 7B comes from
the shard < ]I bijection. As an example, consider the JI 7 = 231. Then the unique
lower wall of 7t is (1,3), so the unique lower shard of 7B should be contained in Hjs.
Examining Figure 2, we see that the unique lower shard of 7B is the left half of Hys,

which has shard arc 1/2\3. As expected, this is the shard arc associated to 231.

We have focused on ]Is, but the notion of lower shards makes sense for any region of
the braid arrangement. For a general region, there will be multiple lower shards. We can
record the set of lower shards of 77B in a diagram by overlaying the arc diagrams for each
shard arc. For instance, the permutation 321 has diagram 1-2-3 and the permutation
123 has the empty diagram 1 2 3. Reading showed [!1] that any permutation can be
recovered from its arc diagram, and that the collections of shard arcs arising from this
construction are exactly the non-crossing arc diagrams: those collections that can be
drawn so no two shard arcs intersect or share an initial or terminal value.

3 Extended weak order and the affine symmetric group

Definition 2. The affine symmetric group S, is the group of bijections 7 : Z — Z
satisfying:

(@) w(i+n)=7m(i)+nforalli e Z, and

n n

b) Y 7)) =) i

i=1 i=1

Elements of S, are affine permutations. The one-line notation of an affine permuta-
tion is defined similarly to a usual permutation, so that for instance the one-line notation
of the identity is: ..., —-1,0,1,2,3,4,5,.... Condition (b) in Definition 2 lets us recover
an affine permutation from its one-line notation. We abbreviate affine permutations via
window notation: given a sequence of n integers x1, ..., x, which have distinct residue
classes mod n, we write [x1x; - - - x| for the unique affine permutation whose one-line
notation contains xi,...,x, as a consecutive subsequence. For instance, in §3, the win-
dows [123] and [012] both represent the identity permutation, whereas [102] represents
the permutation ..., -3,-1,1,0,2,4,3,5, .. ..

The window notations for the elements of §2 are shown in black in Figure 4.

3.1 Extended weak order

Let (<) be a total ordering of the integers (a relation which is transitive, asymmetric,
irreflexive, and so that for all distinct a,b € Z, either a < b or a > b). The symbol < will
always denote the usual total ordering on the integers. If 4,b € Z are distinct modulo #,



Shards for the affine symmetric group 7

then we say that the pair (a,b) is an inversion of (<) if 2 < b and b < a. We write N(<)
for the set of inversions of (<).

Definition 3 ([1]). The extended weak order for S, is the poset whose elements are the
total orders (<) of Z satisfying the following properties:

e Foralli,j € Z, wehavei < jifand onlyifi+#n < j+n, and
e Forallie Z,ifi +n < ithen thereexistsa kwithi+n <k < 1.
We say that (<1) < (<2) in extended weak order if N(<1) C N(=<3).

We call an element of extended weak order a translationally invariant total order
(TITO). Because we do not count the pair (0,7) as an inversion, the second condition in
Definition 3 is necessary to make it so any TITO is determined by its inversion set. To
see the issue, consider the following two total orderings which satisfy the first condition
of Definition 3 with n = 2:

e =<0=<2=<4< << =1 <1 <3< (3.1)

e <4<2<0< < <=1 <1 <3<,

These two total orders have the same inversion set. We resolve this by declaring the first
to be a TITO and the second to be not a TITO; alternatively, we could declare the two
total orders equivalent, and the resulting theory would be the same.

Because (a,b) is an inversion of (<) if and only if (a 4+ n, b + n) is an inversion of (<),
we will identify the pairs (a,b) and (a4 n,b + n). Hence

<3< -4<-1<-2<1<0<3<2<5<4<7<6<""-- (3.2)

is a TITO for S, with two inversions, (0,1) and (2,3). We note that using the window
notation [1,0, 3, 2] is a reasonable way to encode this TITO. We will now extend window
notation to allow us to encode any TITO.

Observe that any TITO (<) splits up into blocks: subintervals which are order-
isomorphic to the usual ordering on Z. The blocks of (3.1) are --- <0 <2 <4 < ---
and --- < —1 <1 <3 < ---, while there is a unique block for (3.2). The residue classes
mod 7 of integers appearing in distinct blocks are necessarily distinct. If a block con-
tains k residue classes, then we will use a window listing any k consecutive entries of the
block. We give each block its own window and separate them by the symbol <. So, for
instance, (3.1) has window notation [2] < [1] and (3.2) has window notation [1,0, 3, 2].



8 Grant T. Barkley

[2,1]
[L2] 3,0]
-1}/ \ (0.3
L4 § 3
1 2 : ; 1 - -
(-2, -1 = =
[3,0] [-1,4] %5 Nﬁlﬁ
[O 3] [2 1] H03 H14
[1,2] Ho, Hy
Figure 4: The Hasse diagram for ex- Figure 5: The intersection of the affine
tended weak order. Elements of weak braid arrangement B, with a two-
Bruhat order are shown in black, and dimensional subspace of R®.

new elements from extended weak or-
der are in orange.

There is one subtlety we haven’t yet addressed, which is blocks appearing “in reverse
order”. For example, consider the following TITO for S4:

< =3<-1<1<3<5<7<-+-<:+-<6<4<2<0<-2<-4=<---. (33

Based on what we have stated so far, the window notation of this TITO would be [1, 3] <
[2,0]. However, this does not distinguish (3.3) from the TITO

X3 —1 =T <3< <T <=2 <-4 <2<0<6<h<

To distinguish these, we will write the window notation for (3.3) as [1,3] < [2,0]. What's
going on here? It turns out there are exactly two ways to extend the consecutive sequence
2 < 0 to a TITO block: either 0 is covered by 2 + 4, or 0 is covered by 2 — 4. Once we
make that choice, the rest of the block is uniquely determined. In general, we underline
a window to indicate that elements i of its block satisfy i < i —n. If a window is not
underlined, then elements of its block satisfy i < i +n. The TITOs for S, are shown in
Figure 4.

3.2 The affine braid arrangement

The affine braid arrangement B, consists of hyperplanes H;, in R"*, for a < b integers
that are distinct modulo n. We write a general element of R"*1 as (y, X1,...,%;). Then

Hyp o= {(y,x1,..., %) € R" | x, = 1},
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where we take the convention that x,, = x,; + ky for any k € Z. So for instance, in Bs,
we have H 19 = {(y,x1,%2,%3) € R* | x5 —y = x3 + 2y }.

When we were studying the the symmetric group, there was a bijection between
elements of S, and regions of B,,. This is no longer true for S,: we can see by comparing
Figure 4 and Figure 5 that there are more regions than elements of S,;. One might wonder
if elements of the extended weak order biject with regions of 5,. This fails in general.
To see the problem, let’s introduce the half-spaces

Hb ={(y,x1,...,xn) | xa <xp}  Hy={(y,x1,..., %) | Xa > x5}

Given a TITO (<), we say that H 4 contains (<) if a < b, and similarly we say H
contains (<) if a > b. We write H (<) for the collection of half-spaces containing (%)
The geometry in Figures 4 and 5 suggests that the region associated to (<) should be
the intersection of all the half-spaces in #(<). When this intersection has points in
its interior, then this is a reasonable definition. But this is not always the case: for
instance, the S, TITO with window notation [1] < [2] is contained in the half-spaces
H01/H03'H05' .. and the half-spaces H1+2, Hﬂ, ... The intersection of these half-spaces
is the line ¥ = 0, which has empty interior. However, in this case every finite subset of
(<) has intersection with nonempty interior. (We say the TITO is weakly separable
in this case; see [1].) A more serious problem arises for the Sy TITO [0,1] < [3,2]. This
is contained in the half-spaces H01/ H1 v H23, H36, whose intersection is contained in the
hyperplane y = 0. This TITO is not weakly separable.

We see that not every TITO has an associated region. However, every region does
have an associated TITO. Given a region R of B,, let H(R) be the collection of half-
spaces Haib such that R C Hﬁ. Then H(R) is equal to H(<) for a unique TITO (<).
Uniqueness follows since we can recover the inversion set of (<) from its set of containing
hyperplanes: N(<) = {(a,b) | H,, € H(<)}. This is the analog of the fact that we can
recover the inversion set of a permutation 7 from the separating set S(B, 7B).

3.3 Lattice structure

Like the weak order on S, the S,, extended weak order is a complete lattice [1, 2]. We
can compute the join of a collection of TITOs in a similar fashion. Write T := {(a,b) |
a <b a#b modn}and Tag = {(a,b) | a < b}. If N C Toyg, then we define the
augmented closure of N to be the minimal set Nayg 2 N such that if 2 < b < ¢ and
(a,b), (b, c) are both in Naug, then (a,c) is in Naug. If N C T is a union of inversion sets,
then the closure of N is the set N := Naug N T. Now, the join of a family of TITOs {<;}ic;
is the unique TITO with inversion set U;c; N(<;). Analogously, the meet of {<;};cs has
inversion set (N;c; N(<;))°, where N° := T\ (T \ N) is the interior of N.

For example, let’'s compute the join of [0,3] and [2,1] in the extended weak or-
der of 5,. We have N([0,3]) = {(0,1)} and N([2,1]) = {(1,2)}. The augmented
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closure of the union {(0,1),(1,2)} contains (0,2) since (0,1),(1,2) are both elements,
and it contains (1,3) since (1,2),(2,3) are both elements. (Recall our convention that
(a,b) = (a+mn,b+ n).) Hence the augmented closure contains every pair, since it con-
tains (0,1),(1,3),(3,5),...and (1,2),(2,4), (4,6),....

It follows that the closure N([0,3]) UN([2,1]) is T. Hence the join [0,3] V [2,1] is the

unique TITO with inversion set T, which is |2, 1].

3.4 Shards and arc diagrams

A TITO (<) is completely join-irreducible if it cannot be written as a join of elements
strictly below (<). This implies that (<) covers a unique element, but is a stronger
condition in general. The only TITOs for S, which are not completely join-irreducible
are [12], [1] < [2], [2] < [1], and [2,1]. In this section JI will abbreviate “completely
join-irreducible element”.

The lower walls of a TITO (<) are the inversions (4, b) so that b and a are consecutive
in the total order <. There exist TITOs, like [1] < [2], which have no lower walls.
However, each JI has a unique lower wall. The goal of this section is to describe the
analog of arc diagrams which parametrizes the JIs.

Definition 4. A shard arc for S, is the data of:

* an initial value i and a terminal value j, suchthat 1 <i <mandi < jandi #j
mod 7, and

e for each intermediate value k with i < k < j, a choice of “left” or “right”.
These data are required to satisfy a condition which will be explained below.

We can depict these shard arcs in two ways. One is to simply draw an arc diagram
for S is where j is the terminal value of the arc. This would fully encode the data of the
shard arc. However, the conditions on the data are more well-motivated by drawing a
cyclic arc diagram: we arrange the numbers 1, ..., 7 in a circle, and draw an arc starting
at i, proceeding clockwise around the circle until it is of length j — i, then terminating (at
a value congruent to j modulo n). At each intermediate value k, the arc passes k on the
outside or inside of the circle depending on whether we have chosen “left” or “right”,
respectively. Now we can state the condition on S, shard arc data: we must be able to
draw the cyclic arc diagram in this way without self-crossing.

The JI associated to a shard arc is the unique weak order-minimal TITO with lower
wall (i,j) and such that each intermediate value k satisfies k < j if we chose “left” and
satisfies i < k if we chose “right”. The TITOs associated to the shard arcs in Figure 6 are
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4 1
1 2~3 4|5 67

3 2
Figure 6: Two shard arcs. The arc Figure 7: On the left, a cyclic arc dia-
on the left starts at 2, ends at 5, and gram. On the right, a “straightened”
passes 3 and 4 on the inside and out- version of the diagram encoding the
side, respectively. The arc on the right same data. (Note that not all S; arc di-
starts at 1 and ends at 11. agrams give valid S, shard arcs.)

e <0<1<-2<-1<4<5<2<3<8<9<6<7<"--
e X2<7<-3<0=<6=<11<1=<4<10<15<5<"---
and the TITO for the shard arc in Figure 7 is

e =3<1<5<9<---<6<7<2<3<-2<-1<---<-4<0<4<8<---.

To construct the shard associated to a shard arc, for each intermediate value k, we
pick a sign for Hj and for Hy; as follows:

“left” atk = H, and H}}
“right” atk = H; and H,; '

The shard associated to the shard arc is then defined to be the cone ¥ which is the
intersection of ﬁi]- with ﬁi for all intermediate k. Shards are characterized as (the
closures of) the connected components of Flij \ Uick<; Hj.

The map sending a JI to its associated shard has a geometric description. Let (<) be a
JI with lower wall (a,b). If H(<) = H(R) for some region R of H, then the hyperplane
H,, is incident to R. The shard ¥ associated to (<) is the unique shard contained in H,,
which is incident to R: we say X is a lower shard of R. However, there exist JIs which
do not come from regions, such as [1,2] < [3,4]. Even in this case, ¥ is characterized as
the unique shard of H,, which, for each intermediate k, is contained in fiﬂ;{ if and only
if (<) is contained in H;{ Hence, despite the lack of a literal region to go with (<), the
geometry still behaves as if X is the lower shard of a “quasi-region” associated to (<).
The existence of such exotic JIs makes the following result even more surprising.

Theorem 2. These correspondences set up bijections

shards < shard arcs < ]Is.
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Let i and j be the initial and terminal values of a shard arc datum. The JIs which are elements of
weak Bruhat order are those with shard arc data having either i < j < i+mn,orelsej > i+n
and we have chosen “right” at i + n.

In particular, the shard arc in Figure 7, or any shard with arc data having a choice

of “left” at i + n, does not have an associated join-irreducible element of weak Bruhat
order: we truly need to go to the extended weak order to explain these shards.
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Kromatic quasisymmetric functions
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Abstract. We provide a construction for the kromatic symmetric function X of a
graph introduced by Crew, Pechenik, and Spirkl using combinatorial (linearly com-
pact) Hopf algebras. As an application, we show that X has a positive expansion into
multifundamental quasisymmetric functions. We also study two related quasisym-
metric g-analogues of X, which are K-theoretic generalizations of the quasisymmetric
chromatic function of Shareshian and Wachs. We classify exactly when one of these
analogues is symmetric. For the other, we derive a positive expansion into symmetric
Grothendieck functions for graphs G that are natural unit interval orders.
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1 Introduction

The purpose of this note is to re-examine the algebraic origins of the kromatic symmetric
function of a graph that was recently introduced by Crew, Pechenik, and Spirkl [?], and
to study two quasisymmetric analogues of this power series.

LetIN ={0,1,2,...},P={1,2,3,... },and [n] = {1,2,...,n} for n € N. All graphs
are undirected by default, and are assumed to be simple with a finite set of vertices. We
do not distinguish between isomorphic graphs.

If G is any graph then we write V(G) for its set of vertices and E(G) its set of edges.
A proper coloring of G is a map « : V(G) — P with x(u) # x(v) for all {u,v} € E(G). For
maps k : V — P let x* = [];cy x,(;) where x1,x,... are commuting variables.

Definition 1.1 (Stanley [17]). The chromatic symmetric function of G is the symmetric
power series X := ), x* where the sum is over all proper colorings x of G.

Example 1.2. If G = K, is the complete graph with V(G) = [n] then X5 = nle, for the
elementary symmetric function en := Y 1<) <iy<-..<iy Xiy Xip = * * Xi

n*

A poset is (3 + 1)-free if it does not contain a 3-element chain 2 < b < ¢ whose ele-
ments are all incomparable to some fourth element d. The Stanley—Stembridge conjecture
[13] proposes that if G is the incomparability graph of a (3 + 1)-free poset then X has a
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positive expansion into elementary symmetric functions. This conjecture has several re-
finements and generalizations, and has been resolved in a number of interesting special
cases, but remains open in general.

Let G be an ordered graph, that is, a graph with a total order < on its vertex set V(G).
An ascent (resp., descent) of a map x : V(G) — P is an edge {u,v} € E(G) withu < v
and x(u) < x(v) (resp., k(1) > x(v)). Let ascg(x) and desg(x) be the number of ascents
and descents. Shareshian and Wachs [10] introduced the following g-analogue of Xg:

Definition 1.3 ([10]). The chromatic quasisymmetric function of an ordered graph G is
Xc(q) = L g?5¢®x* € N[g][x1, x2, . . .] where the sum is over all proper colorings.

Example 1.4. If G = K, then X5(q) = [n],'e, where [i], = 11%’; and [n],! = [TiL,[i]4

Let Set(IP) be the set of finite nonempty subsets of P. For a map x : V — Set(IP)
define x* = [Tjcy [Tjex(i) xj- A proper set-valued coloring is a map « : V(G) — Set(IP) with
k(u) Nx(v) = @ for all {u,v} € E(G). There is also a “K-theoretic” analogue of Xg:

Definition 1.5 (Crew, Pechenik, and Spirkl [3]). The kromatic symmetric function of a graph
G is the sum Xg = Y x* € Z[x1, xp, .. .] over all proper set-valued colorings of G.

Example 1.6. Xg, = n!Y >, {’}e, where {]} is the Stirling number of the second kind.

Remark 1.7. Given « : V — N, let Cl,(V) be the set of pairs (v,i) with v € V and
i € [a(v)]. If Gis a graph and « : V(G) — IN is any map, then the a-clan graph Cl,(G)
has vertex set Cl,(V(G)) and edges {(v,1), (w, j) } whenever {v,w} € E(G) orbothv = w
and i # j. As observed in [3], one has Xg = Y0:V(G) =P %XCLX(G) where a! := [T, a(v)!.
Many properties of X extend to X via this identity, but some interesting features of
X cannot be explained by this formula alone.

Our main results provide a natural construction for X using the theory of combina-
torial Hopf algebras. This approach requires some care, as X is not a symmetric function
of bounded degree. We explain things precisely in terms of linearly compact Hopf algebras
after reviewing a similar, simpler construction of X in Section 2, following [!].

As an application of our approach, we show that Xg has a positive expansion into
multifundamental quasisymmetric functions. We also study two related g-analogues of Xg,
which give K-theoretic generalizations of Xg(q). We classify exactly when one of these
analogues is symmetric. For the other, we extend a theorem of Crew, Pechenik, and
Spirkl (also lifting a theorem of Shareshian and Wachs) to derive a positive expansion
into symmetric Grothendieck functions for graphs G that are natural unit interval orders.

2 Background

Let K be an integral domain; in practice, one can assume this is Z, Q, Z[g], or Q(q).
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2.1 Hopf algebras

Write ® = ® for the tensor product over K. A K-algebra is a K-module A with K-linear
product V: A® A — A and unit 1 : K — A maps. Dually, a K-coalgebra is a IK-module
A with K-linear coproduct A : A -+ A ® A and counit € : A — K maps. The (co)product
and (co)unit maps must satisfy several associativity axioms; see [5, §1].

A K-module A that is both a K-algebra and a K-coalgebra is a K-bialgebra if the
coproduct and counit maps are algebra morphisms. A bialgebra A = @, N Ay is graded
if its (co)product and (co)unit are graded maps; in this case A is connected if Ay = K.

Let End(A) denote the set of K-linear maps A — A. This set is a K-algebra for the
product f*x g := Vo (f ® g) o A. The unit of this convolution algebra is the composition
to€ of the unit and counit of A. A bialgebra A is a Hopf algebra if id : A — A has a
two-sided inverse S : A — A in End(A). When it exists, we call S the antipode of A.

Example 2.1. Let Graphs, for n € IN be the free IK-module spanned by all isomorphism
classes of undirected graphs with n vertices, and set Graphs = @,,c Graphs,,. One views
Graphs as a connected, graded Hopf algebra with product V(G® H) = GU H and
coproduct A(G) = Ygi;r—v(G) Gls ® G| for graphs G and H, where LI denotes disjoint
union and G|g denotes the subgraph of G induced on S.

A lower set in a directed acyclic graph D = (V,E) isaset S C V such that if a directed
path connects v € V tos € S then v € S. An upper set is the complement of a lower set.

Example 2.2. Let DAGs,, for n € IN be the free IK-module spanned by all isomorphism
classes of directed acyclic graphs with n vertices, and set DAGs = @,y DAGs,. One
views DAGs as a connected, graded Hopf algebra with product V(C ® D) = CU D and
coproduct A(D) = Y D|s ® D|r for directed acyclic graphs graphs C and D, where the
sum is over all disjoint unions SU T = V(D) with S a lower set and T an upper set.

A labeled poset is a pair (D, ) consisting of a directed acyclic graph D and an injective
map 1 : V(D) — Z. We consider (D,v) = (D',v') if there is an isomorphism D = D’,
written v — v/, such that y(u) — y(v) and /(1) — 9/(v') have the same sign for all
edges u — v € E(D). If (D1,71) and (D3, 72) are labeled posets then let 1 LIy, :
V(D1 UD,) — Z be any injective map such that (1 U y2)(u) — (71 LU 72)(v) has the
same sign as 7;(#) — v;(v) for all u,v € V(D;).

Example 2.3. Let LPosets, be the free IK-module spanned by all labeled poset with n
vertices, and set LPosets = @, oy LPosets,,. This is a connected, graded Hopf algebra
with product V((D1,71) ® (D2,72)) = (D1 U Da, 1 U2) and coproduct A((D, 7)) =
Y.(D|s,v|s) ® (D|t, 7|T) where the sum is over all disjoint decompositions SLIT = V(D)
with S a lower set and T an upper set.

A (strict) composition &« = (a1, ay,...,a;) is a finite sequence of positive integers, called
its parts. We say that a is a composition of |a| := Y ; a; € IN.
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Example 2.4. Fix a composition « and let x1,xp,... be a countable sequence of com-
muting variables. The monomial quasisymmetric function of « is the power series M, =
Yi<iy<ipenciy X1 X5 - X;'. Let QSym = K-span{M, : « any composition} be the ring of
quasisymmetric functions of bounded degree. This ring is a graded connected Hopf al-
gebras for the coproduct A(My) = Y- yar My @ My where a’a” denotes concatenation

of compositions, and the counit that acts on power series by setting x; = xp = --- = 0.

A partition is a composition sorted into decreasing order. We write A = 1"12™2... to
denote the partition with exactly m; parts equal to i.

Example 2.5. The clementary symmetric function of a partition A is the product ey :=
eyey, -+ where e, := Mjn. These power series are a basis for the Hopf subalgebra
Sym C QSym of symmetric functions of bounded degree.

2.2 Combinatorial Hopf algebras

Following [1], a combinatorial Hopf algebra (H, () is a graded, connected Hopf algebra H
of finite graded dimension with an algebra homomorphism ¢ : H — K.

Example 2.6. The pair (QSym, {q) is an example of a combinatorial Hopf algebra, where
{q : QSym — K is the map {q(f) = f(1,0,0,...), which sends M)+ Tand My — 0
for all « with at least two parts.

For a graph G define {Graphs(G) = 0/E(G)l where throughout we interpret 00 := 1.
For a directed acyclic graph D likewise set {pags(D) = 0lED)I for each directed acyclic
graph D. These formulas extend to linear maps on Graphs and DAGs. Finally let (| posets :
LPosets — K be the linear map with (| posets((D,y)) = 1 if y(u) < (v) for all edges
u — v € E(D) with | pesets((D, y)) = 0 otherwise.

Example 2.7. The pairs (Graphs, {Graphs), (DAGs, {pacs), and (LPosets, {| posets) are all com-
binatorial Hopf algebras.

A morphism ¥ : (H,{) — (H’,{’) is a graded Hopf algebra morphism ¥ : H — H’
with { = ' o¥. Results in [!] show that there exists a unique morphism from any
combinatorial Hopf algebra to (QSym, {q). Moreover, the image of ¥ is contained in the
Hopf subalgebra Sym C QSym if H is cocommutative. There is an explicit formula for
this morphism in [1], which translates to the following maps for our examples above.

For a graph G, let AO(G) be its set of acyclic orientations. For a directed acyclic graph
D, let (D, °P) be the labeled poset with v°P(u) > v°P(v) for all edges u — v € E(D).
Also set I'(D) = Y, x* € IN[x1, xp,...] where the sum is over all maps « : V(D) — P
with x(u) < x(v) whenever u — v € E(D).

More generally, for a labeled poset (D, y) define I'(D,y) = Y, x* where the sum is
over all maps x : V(D) — P with x(u) < x(v) whenever u — v € E(D) and y(u) < y(v),
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and with «(u) < x(v) whenever u — v € E(D) and y(1) > 7(v). Such maps « are called
P-partitions for P = (D, ) [11].

Proposition 2.8. There is a commutative diagram of combinatorial Hopf algebras

(Graphs, gGraphs DAGS {DAGs) (LPosets, gLPosets)
(QSym, ¢q)

in which the horizontal maps send G — Y peao(c) D and D — (D,7°?), and the QSym-
valued maps send G — X, D — I'(D), and (D, ) — I'(D, v), respectively.

3 K-theoretic generalizations

We now explain how the results in the previous can be extended “K-theoretically” to con-
struct interesting quasisymmetric functions of unbounded degree, including Xs. This
requires a brief discussion of monoidal structures on linearly compact modules.

3.1 Linearly compact modules

Let A and B be K-modules with a K-bilinear form (-,-) : A x B — K. Assume A is free
and (-, -) is nondegenerate in the sense that b — (-, b) is a bijection B — Homp (A4, K).

Fix a basis {a;}c; for A. For each i € I, there exists a unique b; € B with (a;, b;) = ¢;;
for all i,j € I, and we identify b € B with the formal linear combination Y ;c;(a;, b)b;. We
call {b;};cr a pseudobasis for B.

We give K the discrete topology. Then the linearly compact topology [+, §1.2] on B is the
coarsest topology in which the maps (a;,-) : B — K are all continuous. This topology
depends on (-,-) but not on the choice of basis for A. For a basis of open sets in the
linearly compact topology, see [7, Eq. (3.1)].

Definition 3.1. A [inearly compact (or LC for short) K-module is a K-module B with a
nondegenerate bilinear form A x B — K for some free IK-module A, given the linearly
compact topology; in this case we say that B is the dual of A. Morphisms between such
modules are continuous K-linear maps.

Let B and B’ be linearly compact IK-modules dual to free K-modules A and A’. Let
(-,-) denote both of the associated forms. Every linear map ¢ : A’ — A has a unique
adjoint ¢ : B — B’ such that (¢(a),b) = (a,¥(b)). A linear map B — B’ is continuous
when it is the adjoint of some linear map A" — A.

Definition 3.2. Define B® B’ := Homg (A ® A’,K) and give this the LC-topology from
the pairing (A ® A’) x Homg (A ® A, K) — K.
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If {b;}icr and {b;} jej are pseudobases for B and B’, then we can realize the completed

tensor product B ® B’ concretely as the linearly compact K-module with the set of tensors
{b; ® b;}(i,j)elx] as a pseudobasis.

Suppose V : B& B — B and ¢ : B — K are continuous linear maps which are the
adjoints of linear maps € : K — Aand A: A - A® A. We say that (B, V,1) is an LC-
algebra if (A, A, €) is a K-coalgebra. Similarly, we say that A: B —- B®Band e : B - K
make B into an LC-coalgebra if A and € are the adjoints of the product and unit maps of
a KK-algebra on A. We define LC-bialgebras and LC-Hopf algebras analogously; see [7]. If
B is an LC-Hopf algebra then its antipode is the adjoint of the antipode of A.

3.2 Combinatorial LC-Hopf algebras

Following [V], we define a combinatorial LC-Hopf algebra to be a pair (H, () consisting of
an LC-Hopf algebra H with a continuous linear map ¢ : H — K[¢t] such that ()0 is
the counit of H. A morphism of combinatorial LC-Hopf algebras ¥ : (H,{) — (H',{)
is a LC-Hopf algebra morphism ¥ : H — H' with { = ' o ¥.

Example 3.3. Let mQSym be the set of all quasisymmetric power series in K[x1, x,...,]
of possibly unbounded degree. The (co)product, (co)unit, and antipode QSym all extend
to continuous K-linear maps that make mQSym into an LC-Hopf algebra, with {M,} as
a pseudobasis. Then (mQSym,{q) is a combinatorial LC-Hopf algebra when {, is the

map ZQ : f— f(£0,0,...).

The preceding example is an instance of a general construction. If A is a free K-
module with basis S, then its completion A is the set of arbitrary K-linear combinations
of S. We view A as a linearly compact K-module with S as a pseudobasis, relative to the
nondegenerate bilinear form A x A — K making S orthonormal.

If (H, Q) is a combinatorial Hopf algebra then then there is a unique way of extending
its (co)unit and (co)product to continuous linear maps on H. As the Hopf algebra H =
@,en is graded, we can also extend ¢ : H — K to a continuous linear map ¢ : H — K[¢]
by the formula {(h) = {(h)t" for n € N and h € H,.

Proposition 3.4. If (H,{) is combinatorial Hopf algebra then the extended structures
just given make (H, {) into a combinatorial LC-Hopf algebra, and the unique morphism
(H,Z) — (QSym, {q) extends to a morphism (H,{) — (mQSym, {q).

The pair (mQSym, {q) is a final object in the category of combinatorial LC-Hopf alge-
bras, meaning there is a unique morphism (H,{) — (mQSym, {q) for any combinatorial
LC-Hopf algebra. More specifically, if H has coproduct A, then define A®) = idy and
AR = (AD T id) o A: H — HOK+D for k € IP. For compositions & = (a1, ay, ..., &),
let {4 : H — K be the map sending i € H to the coefficient of t*! ® t*2 ® - - - ® t* in
7%k o A1) (1) € K[t]. When a = @ is empty let { = {(-)|s0 be the counit of H.
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Theorem 3.5 ([3]). If (H, {) is a combinatorial LC-Hopf algebra then the map Yy : h +—
Y Ca(h) M, is the unique morphism (H, ) — (mQSym, {q).

Let mSym be the LC-Hopf subalgebra of symmetric functions in mQSym. When H
cocommutative, the morphism ¥ ; evidently has its image in mSym.

3.3 Set-valued P-partitions

For a directed acyclic graph D, let T(D) = Y, x* where the sum is over all maps « :
V(D) — Set(IP) with x(u) < x(v) whenever u — v € E(D).

Example 3.6. If D = (1 - 2 — 3 — -+ — n) is an n-element chain then define
e, :=T(D) =Y, (”;lTk)enJrk. For each partition A let ey :=¢,,e,, - - - . These functions

are a pseudobasis for mSym.

For a labeled poset (D, ) define T(D,7y) = ¥, x* where the sum is over all maps
k : V(D) — Set(PP) with k(1) < x(v) whenever u — v € E(D) and y(u) < 7(v), and
with x(u) < x(v) whenever u — v € E(D) and y(u) > (v). Such maps « are called
set-valued P-partitions for P = (D, ) in [/, &].

Example 3.7. If D = (1 - 2 — 3 — --- — n) is an n-element chain and S is the set
of i € [n—1] with (i) > (i + 1) then the we define L, s := T'(D, 7). Following [7],
the multifundamental quasisymmetric function of a composition & is defined by Ly := L, 5
where n = |a| and S = I(a) := {a1, 41 +ap, a1 + ax + a3, ...} \ {n}. These power series
form another pseudobasis for mQSym [7]. An element of mQSym is multifundamental
positive if its expansion in this pseudobasis involves only nonnegative coefficients.

A multilinear extension of a directed acyclic graph D with n vertices is a sequence
w = (wy,wy,...,wy) with V(D) = {wy,w,,...,wn} such that i < j whenever w; —
w; € E(D), and w; # wiyq for all i € [N —1]. If M(D) is the set of all multilinear
extensions of D and +y : V(D) — Z is injective, then T(D,¥) = Lyem(p) Lo(w),Des(
where Des(w, y) := {i € [{(w) — 1] : y(w;) > y(wjsq)} for w € M(D) [7].

w,y)

3.4 Acyclic multi-orientations

Let G be a graph. An acyclic multi-orientation of G is an acyclic orientation of the a-clan
graph Cl, (G) from Remark 1.7 for some « : V(G) — PP, such that for each v € V(G) both
(a)if i,j € [a(v)] have i > j then (v,i) — (v, ) is a directed edge; and (b) if i € [a(v) — 1]
then there exists a directed path involving no edges of the form (v,j) — (v,k) that
connects (v,i+ 1) to (v,7). Let mAO(G) be the set of all acyclic multi-orientations of G.

One can relate the z-expansion of the symmetric function X to the source counts of
its acyclic multi-orientations, generalizing a result of Stanley [12, Thm. 3.3].
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Theorem 3.8. Let G be a graph and suppose Xc = ¥, caey for some coefficients ¢, € Z.
Then the number of acyclic multi-orientations of G with exactly j sources and k vertices

is ) 4(r)=ja|=k €1 € IN.

As noted in [?], in general, the coefficients ¢, appearing in Xg = ¥, cyé, can be
negative, even when G = inc(P) is the incomparability graph of a (3 + 1)-free poset P.

3.5 Morphisms

For each graph G let A(G) = Ysur—v(g) Gls @ G|r. This only differs from our other
coproduct in allowing vertex decompositions that are not disjoint. Likewise, for each
directed acyclic graph D and labeled poset P = (D,T'), define A(D) = }_D|s ® D|r and
A(P) =Y(Dls,vls) ® (D|r,v|T), where both sums are over all (not necessarily disjoint)
vertex decompositions SU T = V(D) in which S is a lower set, T is an upper set, and
SN T is an antichain.

Use the continuous linear extensions of these operations to replace the coproducts
in the completions of Graphs, DAGs, and LPosets, and denote the resulting structures as
mGraphs, mDAGs, and mLPosets to distinguish them from Graphs, DAGs, and LPosets.

Theorem 3.9. The pairs (mGraphs,zGraphs), (mDAGs, {pacs), and (mLPosets, {| pocers) are
all combinatorial LC-Hopf algebras, and there is a commutative diagram

(mGraphSIZGraphs) — (mDAGS/ZDAGs) — (mLPosetS/ZLPosets)

(mQSymr ZQ)

in which the horizontal maps send G — Y.pemao() D and D +— (D,7°P), and the
mQSym-valued maps send G +— Xg, D +— I['(D), and (D, ) — T(D, 7).

Corollary 3.10. The unique morphism (mGraphs, {g,,0ns) — (mQSym, {q) assigns a graph
G to its kromatic symmetric function, which is symmetric as mGraphs is cocommutative.
One can express X¢ = Y_pemao(c) L (D) and thus X is multifundamental positive.

Fix a directed acyclic graph D. When a : V(D) — N is any map, define CI$€(D)
to be the directed acyclic graph with vertices Cl,(V (D)) and with edges (v,i) — (w, )
whenever v — w € E(D) or both v = w and i < j. When v : V(D) — Z is injective, so
that (D,y) is a labeled poset, define CIS*%8(D,v) = (C19%¢(D), 4) to be the labeled poset
where ¥(v,i) < ¥(w, ) if and only if y(v) < y(w) or both v = w and i > j.

Theorem 3.11. Assume Q C K. Then there is a commutative diagram

(mGrapherGraphs) — (mDAGS/ZDAGs) — (mLPosetS/ZLPosets)

|= |= =

(GraphS/ZGraphs> — (DAGSIZDAGS> — (LposetSIZLPosets)
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with horizontal maps extending Proposition 2.8 and Theorem 3.9, where the vertical
isomorphisms are the continuous linear maps sending G — Y} ..v(G)—p %CIQ(G), D

L:v(D) P CI{¢(D), and (D, 7) Ya:v(D) P CI¢(D, ), respectively.

3.6 Kromatic quasisymmetric functions

For the rest of this note we assume K O Z and let q be a formal parameter. We will
consider the polynomial and power series rings Sym|[g] C mQSym[q] C mQSym[q].

Let G be an ordered graph, that is, a graph with a total order < on its vertex set
V(G). One can think of the ordering on V(G) as defining an acyclic orientation on the
edges of G, and we do not distinguish between G and another ordered graph H if the
corresponding directed acyclic graphs are isomorphic. The following power series is a
K-theoretic generalization of X5 (g) and g-analogue of Xg:

Definition 3.12. For an ordered graph G define Lg(g) = ¥, g%6(™2°%)x* ¢ mQSym|q]
where the sum is over all proper set-valued colorings.

Example 3.13. If G = K, is the complete graph on the vertex set [n] then Lg(q) =
(]t 2, { e = [n]g! 02, {;:11 }er where {; } is the Stirling number of the second kind.

—des,min

Let us clarify the apparent asymmetry in Definition 3.12. Define L (q) by re-

placing “asc” by “des” and “max” by “min” in Definition 3.12. Construct Le ™ (q)

and Z(ées’max(q) analogously. Let p be the continuous involution of mQSym[g] sending

May,...a) > Ma,,..ap)- Let T be the involution of mQSym([q] sending f qdegq(f)f(q_l).

1s-

Proposition 3.14. We have L;(q) = p (Z(ées,min(q)) =1 (f‘ées’max(q)> =poT (fzsc’mm(q))
Recall that a cluster graph is a disjoint union of complete graphs.

Theorem 3.15. We have L;(gq) € mSym|q] if and only if G is a cluster graph.

Fix D € mAO(G). Each vertex in D has the form (v, i) for some v € V(G) and i € PP.
Define align(D) := [{(u,i) — (v,j) € E(D) :u <vandi=j=1}|

Proposition 3.16. If G is an ordered graph then Lg(g) = Y DemAO(G) 7*"e"(D)T(D). This
power series is multifundamental positive in the sense of being a possibly infinite IN[g]-
linear combination of multifundamental quasisymmetric functions.

We can make this more explicit, generalizing a result in [10]. Following [7], a multi-
permutation of n € N is a word w = wywy - - - Wy, with {wy, wo, ..., wu}t = {1,2,...,n}
and w; # w;,q for all i € [m — 1]. Let S,, be the set of all multipermutations of .

For each w = wyw; - - - wy, € Sy let Inv(w) be the set of pairs (w;, wj) with i < j and
w; > wj and {wy, wy, ..., w1} N{w;} = {wy,wy,..., w1} N{w;} = @. If P is a poset
on [n] and G = inc(P) is its incomparability graph, then we set invg(w) := |{(a,b) €
Inv(w) : {a,b} € E(G)}| and S(w,P) :={m —i:i € [m—1] and w; ¥p w; 1}
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Theorem 3.17. If G = inc(P) for a poset P on [n] then Lg(q) = ) qinvc(w)ZZ(w)/S(w’p).

weS,

The homogeneous component of Lg(g) of lowest x-degree recovers Xg(q). The latter
power series, like X, naturally arises as the image of a morphism of combinatorial Hopf
algebras. In detail, assume K = Z[q] and let OGraphs, be the free K-module spanned
by all isomorphism classes of ordered graphs with n vertices. Then the direct sum
OGraphs := @,y OGraphs,, has a graded connected Hopf algebra structure in which the
product is disjoint union and the coproduct A, satisfies

A(G) = Lsur—v(c) 7*°c(5T)Gls ® G|r for each ordered graph G, (3.1)

where ascg(S,T) := [{(s,t) € SxT : {s < t} € E(G)}|. If {ocraphs is the algebra
morphism OGraphs — K sending G — 0lE(©)| then (OGraphs, {oGraphs) is a combinatorial
Hopf algebra and the morphism (OGraphs, {ographs) — (QSym, {q) sends G — X¢(q).

We do not know how to give the completion mOGraphs D OGraphs a combinatorial
LC-Hopf algebra structure that lets us construct Lg(g) in a similar way. In particular,
we have not been able to find a K-theoretic generalization of the coproduct A;. Unlike
the g = 1 case, simply replacing LI in (3.1) by arbitrary union U does not lead to a co-
associative map. This problem remains if we change the g-power exponent asc; (S, T) to
other forms like ascg(S — T, T), ascg(S, T —S), or ascg(S — T, T — S).

3.7 Another quasisymmetric analogue

The preceding results indicate that Lg(g) is an interesting quasisymmetric g-analogue of
X and K-theoretic extension of X(q). However, there is another natural candidate for
such a generalization. Continue to let G be an ordered graph. Following [6], an ascent
of a set-valued map « : V(G) — Set(IP) is a tuple (u,v,i,j) with {u,v} € E(G), i € x(u),
j € k(v), and both u < v and i < j. Let ascg (k) denote the number of such ascents.

Definition 3.18. For an ordered graph G, define Xg(q) = ¥, 4¢®x* € mQSym[q]
where the sum is over all proper set-valued colorings « : V(G) — Set(IP).

This definition is closely related to the quasisymmetric functions Xg(x, ¢, #) studied
in [6]. For each map u : V(G) — N, Hwang [0] defines X (x, g, 1) := ¥, 2% ) x* where
the sum is over all proper set-valued colorings « of G with |k(v)| = u(v). Evidently
Xc(q) = Yuv(G)—P X6 (%, q, 1), and as noted in [6, Rem. 2.2] one has Xg(x,q, 1) =
ﬁ]q!XCIH(G)(q) where [p]g! == [Toev(c)[#(v)lq!. Here, we view Cl,;(G) as an ordered
graph with (v,i) < (w,j) if either v < w or v =w and i < j.

Using these observations, various positive or alternating expansions of Xs(q) (e.g.,
into fundamental quasisymmetric functions [0, Thm. 3.1], Schur functions [0, Thm. 6.3],
power sum symmetric functions [, Thm. 3.1], or elementary symmetric functions [0,
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Conj. 5.1]) can be extended in a straightforward way to Xg(x,q, 1) and Xg(q). See
Hwang’s results [0, Thms. 3.3, 4.10, and 4.19] and his conjecture [©, Conj. 3.10].

Some of these statements require G to be isomorphic to the incomparability graph of
a natural unit interval order, meaning a poset P on a finite subset of IP such that if x <p z
then x < z and every y incomparable in P to both x and z has x < y < z [10, Prop. 4.1].1
If G has this property, then so do all of its a-clans. Therefore X(q) is symmetric if G is
the incomparability graph of a natural unit order interval [6, Thm. 3.8].

Example 3.19. If K, is the complete graph on [n] then Xk (g) = Y22, Fr(n)er for Fr(”) =

L kg, kn€P (kl,k;...,kn)q where (q)y : = [iejn ( q') and (kl,k;...,k,,) = W,{%

ky+hko+-+hkn=r q
(n)

When g is a prime power, F,"’ counts the strictly increasing flags of F,-subspaces
0=VyCcWc...-CV,= ]FZ. Vinroot [14] derived a recurrence for the generalized Galois

numbers Gﬁ") =Y, ('?)F(i). This can be used to show (setting Pr(n) = 0 if r < 0) that:

Proposition 3.20. One has F r+1 =Y ] a1 l(’;)(n_fl_i)(_l)z(;l)iz zFf]z

Like Lg(q), the power series X (g) also does not seem to arise naturally as the image
in mQSym of a combinatorial LC-Hopf algebra. Unlike Ls(q), however, X (g) is not gen-
erally multifundamental-positive (or e-positive). However, X(q) does have a nontrivial
positivity property that is not shared by X(x,q, ) or Lg(q).

A set-valued tableau T of shape A is an assignment of sets T;; € Set(IP) to the cells (i, j)
inDy ={(i,j) e PxP:1<j<A;} of a partition A. We write (i,j) € T to indicate that
(i,j) belongs to the shape of T. A set-valued tableau T is semistandard if T;; < T; ;1 and
T;j < Ti4,j for all relevant positions. Let xT = I, )er ket X and T| == Lijer | Tl

Definition 3.21. The symmetric Grothendieck function of a partition A is the power series
5y = ZTGSetSSYT(/\)(_1)|T|_|A|xT € Z[x1,x,...] where SetSSYT(A) is the set of all semi-
standard set-valued tableaux of shape A.

Each s, is in mSym and the set of all symmetric Grothendieck functions is another
pseudobasis for mSym. We write y C A for two partitions with D, C D) and set D,/ :=
D) \ Dy. A semistandard tableau of shape A/ is a filling of D, /, by positive integers such
that each row is weakly increasing and each column is strict increasing.

Definition 3.22 ([3, Def. 3.8]). Suppose P is a finite poset and A is a partition. A
Grothendieck P-tableau of shape A is a pair T = (U, V) with these two properties: (a)
U is a filling of D, by elements of P for some partition  C A, such that each element of
P is in at least one cell, and for each (i, j) € D, one has U;; <p U; ;1 if (i,j+1) € Dy and
Uij #p Uiy if (i+1,j) € Dy; and (b) V is a semistandard tableau of shape A/, whose
entries in each row i are all less than i (so D)/, must have no cells in the first row).

LA finite poset is isomorphic to one with these properties iff it is (3 + 1)- and (2 + 2)-free [10, §4].
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Let ¢p be the set of Grothendieck P-tableaux. Let A(T) be the shape of T € ¥p. One
of the main results of [?] establishes that if G = inc(P) is the incomparability graph a
(34 1)-free poset P then X¢ = Yreg, Sx(t)- This theorem has a g-analogue.

Suppose P is a finite poset on a subset of P, and let G = inc(P). Choose some
T = (U,V) € 9 and let u be the partition shape of the tableau U. Define a G-inversion
of T to be a pair of cells (i, ), (k,I) € Dy with i > k such that U;; < Uy but U;; £p Uy
and U;; #p Uy. Finally, let invg(T) be the number of all G-inversions of T.

Theorem 3.23. If P is a natural unit interval order then Xg = Y.Tew, qinVG(T)EA(T).
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