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ABSTRACT. We give a new characterization of the vertical-strip LLT poly-
nomials Gp(x;¢q) as the unique family of symmetric functions that satisfy
certain combinatorial relations. This characterization is then used to prove
an explicit combinatorial expansion of vertical-strip LLT polynomials in terms
of elementary symmetric functions. Such formulas were conjectured indepen-
dently by A. Garsia et al. and the first named author, and are governed by the
combinatorics of orientations of unit-interval graphs. The obtained expansion
is manifestly positive if q is replaced by g + 1, thus recovering a recent result of
M. D’Adderio. Our results are based on linear relations among LLT polynomials
that arise in the work of D’Adderio, and of E. Carlsson and A. Mellit. To
some extent these relations are given new bijective proofs using colorings of
unit-interval graphs. As a bonus we obtain a new characterization of chromatic
quasisymmetric functions of unit-interval graphs.
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1. OVERVIEW OF MAIN RESULTS

LLT polynomials form a large class of symmetric functions that can be viewed as
g-deformations of products of (skew) Schur functions. They appear in many different
contexts in representation theory and algebraic combinatorics. In this paper we are
concerned with a particular subclass of LLT polynomials, namely the vertical-strip
LLT polynomials. They contain information about the equivariant cohomology ring
of regular semisimple Hessenberg varieties, and are integral to the study of diagonal
harmonics and the proof of the Shuffle Theorem.

Vertical-strip LLT polynomials can be indexed by certain lattice paths called
Schroder paths. We view the vertical-strip LLT polynomial Gp(x;q) associate to
a Schroder path P of size n as the generating function of certain colorings of a
unit-interval graph I'p on n vertices. The main result of this paper is an explicit
expansion of Gp(x;¢q + 1) in the basis of elementary symmetric functions as a
weighted sum over orientations of I'p. This expansion is given by

Z (¢ + 1) W, )Ty Tupn)s = Z 7 Dey ) (x), (1)
KEC(P) 9cO(P)

where C(P) is a set of colorings, O(P) is a set of orientations, and asc denotes
certain combinatorial statistics on these objects. The expression A(f) is an integer
partition determined by the orientation 6. In particular, the above identity proves
that Gp(x;¢ + 1) is e-positive. This resolves several open conjecture stated in
[AP18| [Ale20, [GHQRIY|. Algebraically the e-positivity phenomenon implies that
the symmetric function in question is — up to a twist by the sign representation —
the Frobenius character of a permutation representation in which each point stabilizer
is a Young subgroup. Note that our approach to vertical-strip LLT polynomials
highlights their connection to chromatic quasisymmetric functions. The expansion
in is of particular interest because it serves as an analog of the Shareshian—Wachs
conjecture regarding the e-positivity of chromatic quasisymmetric functions.

We now briefly outline the organisation of this paper. Section [2] contains back-
ground on LLT polynomials, and all definitions necessary to state our main results.
In Theorem and Theorem we provide sets of relations which uniquely deter-
mine the vertical-strip LLT polynomials. Theorem [2.9] states that the right-hand
side in satisfies the same set of relations, which implies equality in . Section
treats linear relations among LLT polynomials and contains the proof of Theorem [2.1]
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Moreover we give a new characterisation of the (smaller) class of unicellular LLT
polynomials in Theorem Section [4] contains bijective results on colorings and
the proof of Theorem Section [5| deals with the combinatorics of orientations,
culminating in a proof of Theorem [2.9

In Section [6] we give an overview of related areas and open problems. We only
mention a few here. In Corollary [6.2] we state a new signed Schur expansion of
vertical-strip LLT polynomials. We obtain new expressions for quantities in diagonal
harmonics. To be more precise, we consider Ve, and Vwp,,, which appear in the
Shuffle theorem and the Square Paths theorem, respectively. Both these expressions
can be expressed using vertical-strip LLT polynomials. As a consequence they are
both e-positive after the substitution ¢ — ¢+ 1, see Corollary and Theorem [6.14]
Finally we discuss chromatic quasisymmetric functions and the representation theory
of regular semisimple Hessenberg varieties. In particular Corollary provides a
new characterisation of chromatic quasisymmetric functions of unit-interval graphs.

2. BACKGROUND AND MAIN RESULTS

We first give additional history and references which lead up to this paper. Then
we go into more detail and give all necessary definitions needed in order to state the
main results.

2.1. Brief history of LLT polynomials. Below is a very brief history of LLT
polynomials — there are several more references which are not included with strong
results.

(1997) Motivated by the study certain Fock space representations, and plethysm
coefficients, A. Lascoux, B. Leclerc and J. Y. Thibon introduce the LLT
polynomials in [LLT97] under the name ribbon Schur functions. They are
defined as a sum over semi-standard border-strip tableaux of straight shape.

(2000) Three years later B. Leclerc and J. Y. Thibon [LT00] show that the LLT
polynomials are Schur positive by means of representation theory.

(20004+) M. Bylund and M. Haiman use the so called Littlewood map (see history
in [Hag07], p. 92]) which is a bijection between semi-standard border-strip
tableaux and k-tuples of semi-standard Young tableaux of straight shape.
They extend their model to include tuples of skew shapes, and they con-
jecture that LLT polynomials in this family are also Schur positive. Note
that the proof of Schur positivity from 2000 does not extend to the Bylund-
Haiman model. We remark that a similar model was introduced inde-
pendently in [SSWO03], but they use a more complicated statistic for the
g-weight.

(2005) J. Haglund, M. Haiman and M. Loehr [HHLO05a] give a combinatorial
formula for the modified Macdonald polynomials. They show that these
Macdonald polynomials can be expressed as positive linear combinations
of LLT polynomials indexed by k-tuples of ribbon shapes (these are skew
shapes). Hence a deeper understanding of LLT polynomials has consequences
for the modified Macdonald polynomials.

(2006) I. Grojnowski and M. Haiman post a preprint [GHOG)], giving an argument
for Schur positivity of LLT polynomials by using Kazhdan-Luztig theory
and geometric representation theory.
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J. Haglund [Hag07, Ch. 6] gives an overview of the appearance of LLT
polynomials in the study of diagonal harmonics. In particular, the path
symmetric functions — which are LLT polynomials indexed by k-tuples of
vertical strips — appear in the Shuffle Conjecture [HHLT05b] and later in
the Compositional Shuffle Conjecture [HMZ12], Square paths theorem [Ser17]
and Delta Conjecture [HRWIS] .

In his work on chromatic quasisymmetric functions M. Guay-Paquet [GP106]
uses a Hopf algebra approach to show that unicellular LLT polynomials
are graded Frobenius series derived from the equivariant cohomology rings
of regular semisimple Hessenberg varieties. This yields a second proof
that unicellular LLT polynomials are Schur positive, but no combinatorial
formula for the coefficients.

A. Carlsson and A. Mellit [CM17] use the so called zeta map on the path
symmetric functions to obtain a more convenient model for vertical-strip
LLT polynomials. They introduce the Dyck path algebra and prove the
Compositional Shuffle Conjecture — henceforth Shuffle Theorem.

A. Carlson and A. Mellit briefly use a plethystic identity originating in
[HHLO5a]. In the language of Haglund et al. it essentially states that there
is a simple plethystic relationship between general fillings and non-attacking
fillings. In terms of vertex colorings of graphs this relates a sum over
arbitrary colorings to a sum over proper colorings. Consequently there is a
plethystic relationship between certain (unicellular) LLT polynomials and the
chromatic quasisymmetric functions of J. Shareshian and M. Wachs [SW12,
SW16].

The Carlsson—Mellit model is used by G. Panova and the first named au-
thor [AP18] to emphasize the connection with the chromatic quasisymmetric
functions. A conjecture regarding e-positivity of certain LLT polynomials is
stated in [API8] Conj. 4.5]. This conjecture serves as an analog of the e-
positivity conjecture of Shareshian—Wachs, and thus the Stanley—Stembridge
conjecture for chromatic symmetric functions [Sta95], [SS93].

The first named author posts a preprint [Ale20] with the explicit formula
for the expansion of vertical-strip LLT polynomials. Shortly after, A. Garsia,
J. Haglund, D. Qiu and M. Romero [GHQR19| independently publish an
equivalent conjecture in the language of diagonal harmonics.

M. D’Adderio [D’A19] proves e-positivity by using the Dyck path algebra
and recursions developed by Carlsson—Mellit. However, this does not prove
the conjectured formula .

2.2. Symmetric functions. Let K = Q(q) be the field of rational functions over
Q, and let A denote the algebra of symmetric functions over K. For an introduction
to symmetric functions the reader is referred to [Mac96l [Sta0l]. Elements of A
may be viewed as formal power series over K in infinitely many variables x =

(z1,22,. .

.) that have finite degree and are invariant under permutation of the

variables. Alternatively we may think of elements of A as K-linear combinations of
the elementary symmetric functions ex = ey, -- - ey, where A ranges over all integer
partitions.

2.3. Schroder paths. Let n:= (0,1) be a north step, e := (1,0) be an east step,
and d := (1, 1) be a diagonal step. A Schrdder path P of size n is a lattice path from
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(0,0) to (n,n) using steps from {n,e,d} that never goes below the main diagonal,
and has no diagonal step on the main diagonal. That is, every east step and every
diagonal step of P is preceded by more north steps than east steps. Let S,, denote
the set of Schroder paths of size n, and let S be the set of all Schroder paths. We
describe Schroder paths as words in {n,d, e}*, see Figure[l|for examples. A Schréder
path without diagonal steps is called a Dyck path.

FIGURE 1. The set S3 = {nnneee,nnenee,...,ndde} consisting
of the eleven Schroder paths of size 3. The first row consists of all
Dyck paths. The number of Schroder paths of size n is given by
the sequence |A001003), and starts with 1, 3, 11, 45, 197, . ...

2.4. Bounce paths. An important tool in our analysis is a type of bounce path
that is similar to bounce paths that appear for example in [GH02, [AKOP(2].
Given a Schroder path P € S and a point (ug,ug) € Z? that lies on P define the
(partial reverse) bounce path of P at (u1,ug) as follows: Starting at (uy,ug) move
south until you reach the point (u1,u;) on the main diagonal. Now move west until
you reach a point (ug,u;) on P. If this point lies between two diagonal steps of
P then continue south until the point (uz,us) on the diagonal. Then move west
until you reach a point (ug,us) on P. Continue in this fashion until the bounce
path ends at a point incident to a north step or east step of P. An example of
a bounce path is shown in Figure [2| The points (u1,u1),..., (4, ux) where the
bounce path touches the main diagonal are called bounce points. The coordinates
of the peaks (u1,ug), (u2,u1),. .., (ugt1,ux) of the bounce path are recorded in the
bounce partition (ug,u1, ..., ukt+1) of P at (u1,ug). There is a unique decomposition

P = US1 .82V83 .S4W

where s1, 89,583,584 € {n,d,e} and U, V,W € {n,d,e}* such that Us; is a path
from (0,0) to the endpoint (ugy1,ux) of the bounce path, and s4W is a path from
the starting point (uq1,ug) of the bounce path to (n,n). We call this the bounce
decomposition of P at (u1,up). Note that we use a small dot to indicate the starting
point and endpoint of the bounce path. In this paper our focus is mainly on the
special case where syso € {nn,dn}, V € {n,d}* and s3s4 = de. The pieces that such
bounce paths are made of are found in Figure

2.5. The main recursion. An essential step in M. D’Adderio’s proof of the e-
positivity of vertical-strip LLT polynomials is an inductive argument that relies on
certain linear relations among them. The starting point of our work is to simplify
these relations, and to make them more explicit. This leads to our first main
result, namely, that the following initial conditions and relations determine a unique
symmetric-function valued statistic on Schréder paths.
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Theorem 2.1. Let A be a K-algebra that contains A. Then there exists a unique
function F : § — A, P — Fp that satisfies the following four conditions:

(i) For all k € N the initial condition Fyg, = €41 1S satisfied.

(i1) The function F' is multiplicative, that is, Fpg = FpFg for all P,Q € S.

(iii) For all UV € {n,d,e}* such that UdV € S we have Fynpey — Fyesy =
(g —=1)Fyav.

(iv) Let P € S be a Schréder path, and let (x,z) € Z* be a point on P with x+1 < z
such that the bounce path of P at (x,z) has only one bounce point, and such
that the bounce decomposition of P at (x,z) is given by P = Us.tV d.eW for
some V € {n, d}* and some st € {nn,dn}. Then

Fo — qFUnnVedW Zf st = nn,
Funav eaw if st = dn.

Parts of this recursion are not new and have shown up in various forms and shapes
in previous research. Due to the plethystic relationship between unicellular LLT
polynomials and chromatic quasisymmetric function, some of them have analogs on
the chromatic quasisymmetric function side.

Remark 2.2. We call the relation in Theorem the unicellular relation. It
can be illustrated by

D

UneV UenV Udv

and has appeared for example in [APIS8| [Ale20, [D’A19]. It can be used to express
the function Fp indexed by a Schréder path as a linear combination such functions
indexed by Dyck paths. Equivalently it can be used to express vertical-strip LLT
polynomials as linear combinations of unicellular LLT polynomials. Moreover it is
reflected in the definition of the operator ¢ in terms of the operators dy and d_ in
the Dyck path algebra of E. Carlsson and A. Mellit [CM17].

FIGURE 2. The bounce paths of two Schroder paths P (left) and
Q@ (right) at the point (3,6). The bounce decompositions are
given by P = Un.nVd.eW where U = ),V = ddn, and W = ee,
and Q = U'n.dV’d.eW’ where U’ = nd, V' = n, and W’ = ee
respectively. The left bounce path has two bounce points (3, 3) and
(1,1), and bounce partition (6,3, 1,0).
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N

FIGURE 3. The start (left), middle (middle), and end (right) of the
bounce paths we are mainly interested in.

Remark 2.3. We call relations of the type of Theorem bounce relations.
The two bounce relations in can be illustrated by

Un.nVd.eW Un.nVe.dW

- (4)

Ud.nVd.eW Un.dVe.dW

Both of these relations are implicit in the work of M. D’Adderio [D’A19), Lem. 5.2]
who derives them from commutation relations between operators in the Dyck path
algebra. The relation in is equivalent to further down. To the best of the
authors’ knowledge, was first described in the context of chromatic quasisymmet-
ric functions by M. Guay-Paquet [GP13l, Prop. 3.1] where it is called the modular
relation. It was independently found on the LLT side under the name local linear re-
lation by S. J. Lee [Leel8 Thm. 3.4] who worked in the setting of abelian Dyck paths.
Subsequently it appears in [Ale20), Mil19]. Moreover in [HNY20, Thm. 3.1] Lee’s
linear relation on LLT polynomials is translated to chromatic symmetric functions.

Theorem [2.1] is formulated in such a way that it only assumes the weakest set
bounce relations that are necessary to imply uniqueness. In Section |3| we will see
that these relations together with the unicellular relation are strong enough to imply
more general bounce relations with arbitrarily many bounce points and bounce
paths that may end in different patterns. Moreover Theorem remains valid if we
allow V € {n,d,e}*.

We prove the uniqueness statement in Theorem [2.1] in Section [3] along with other
results of a similar flavour. The existence statement is taken care of in Theorems 2.5]
and There we show by combinatorial means that there exist two statistics on
Schroder paths that satisfy the conditions of Theorem We then conclude that
they must be equal. It turns out that the unique function F' in Theorem assigns
to each Schroder path the corresponding vertical-strip LLT polynomial.

2.6. Unit-interval graphs. A graph I' = (V, FE) with vertex set V = [n] is a
unit-interval graph if xz € E implies zy,yz € E for all z,y,z € [n] with 2 < y < z.
unit-interval graphs are the imcomparability graphs of unit-interval orders. They
are in bijection with Dyck paths and of great interest in the context of chromatic
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(quasi)symmetric functions. The seminal work on this topic is due to J. Shareshian
and M. Wachs [SW12| [SW16].

A decorated unit-interval graph I' = (V, E,S) is a pair of a unit-interval graph
I' = (V,E) and a subset S C E of strict edges. To a Schroder path P in S,, we
associate a decorated unit-interval graph I' p on vertex set [n] as follows. For z,y € Z
with 0 < z < y there is an edge xy of I'p if there is a cell in column x and row
y below the path P. For every diagonal step of P ending at the point (z,y) we
have a corresponding strict edge zy in I'p. See Figure [4] for an example of this
correspondence.

=] 7 1
57/67| 7 6 3
364656 6 5 4
25(35/45| § T 7
24(34| 4 3 5
23/ 3 — 2
12| 2 2
1 6

FIGURE 4. (a) The Schroder path P = nndnnenedeee. (b) The
unit-interval graph I'p. (c) A sligthly simplified diagram (Dyck dia-
gram) describing P. We have that area(P) = 12, and it is the num-
ber of white squares in this diagram. (d) The vertical strips (French
notation!) corresponding to P. Thus, v’ = (2/1,3/2,2/1,2,3/1),
and Gp = G, using the Bylund—Haiman convention for indexing
LLT polynomials with tuples of skew shapes. The labeling of the
boxes indicate the correspondence with the vertices in I'p.

2.7. Colorings. Let P € S,, be a Schroder path. A coloring of I'p is a map
K : [n] = NT such that x(z) < r(y) whenever the edge zy is strict. An ascent of a
coloring is a a non-strict edge zy of I'p such that z < y and x(z) < k(y). We let
asc(k) denote the number of ascents of .

We remark that our terminology stems from the world of chromatic quasisym-
metric functions. Colorings are also closely related to parking functions, and the
ascent statistic is called area’ in that setting, see [Hag07, Ch. 5]. We define the area
of P, denoted area(P) := |E \ S|, as the number of non-strict edges in I'p.

Example 2.4. Recall the path P = nndnnenedeee from Figure[f] The following
diagram illustrates a coloring of P where we have labeled i in T'p with k(i):

— [o]2
1
o o3
1
—{ 0|5
2
4

The four edges contributing to asc have been marked with o, and this coloring
contributes with q¢*x3r3x37425 to the sum in ,
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2.8. A characterization of vertical-strip LLT polynomials. For P € S,, the
vertical-strip LLT polynomial Gp(x;q) is defined as

Gp(x;q) = ansc(”)fcnu)xn(z) “ Tr(n) (5)
K

where the sum ranges over all colorings of I'p. One can show that Gp(x;q) is a
symmetric function and a straightforward proof of this fact is given in [AP18], which
is an adaptation of the proof given in the appendix of [HHLO05a]. Alternatively this
also follows from the results below. Moreover, every LLT polynomial indexed by a
k-tuple of vertical-strip skew shapes in the Bylund—Haiman model can be realized
as some Gp(x;q), see [CM17, [AP1§]. The family of vertical-strip LLT polynomials
indexed by Dyck paths are referred to as unicellular LLT polynomials.
The vertical-strip LLT polynomials satisfy the recursion in Theorem [2.1

Theorem 2.5. Let F' : § — A be defined by Fp = Gp. Then I satisfies the
conditions in Theorem f, Moreover let P € § be a Schrider path, and let
(r,2) € Z? be a point on P with x + 1 < z such that the bounce decomposition of P
at (x,z) is given by P = Us.tVd.eW for some st € {nn, dn,nd}. Then

qFUnnVedW Zf st = nn,
Fp = ¢ Fynaveaw if st = dn,
(¢ — 1)Funaveaw + qFU anv eaw if st = nd.

A similar result was shown by M. D’Adderio in [D’A19] in the language of the
Dyck path algebra. D’Adderio in turn built on the results that E. Carlsson and
A. Mellit derived in their proof of the Shuffle Theorem [CMI7]. In Section [4| we give
an alternative proof of the fact that the vertical-strip LLT polynomials satisfy the
conditions of Theorem This proof makes use of the combinatorics of colorings of
unit-interval graphs and bijective arguments rather than relations between operators
in the Dyck path algebra. Note that Theorem contains more general relations
than Theorem In particular it contains a third type of bounce relation which is
illustrated by

= (¢—1)x + gx (6)

Un.dVd.eW Un.dVe.dW Ud.nVe.dWW

A proof of Theorem [2.5] is achieved by combining the results of Section [] with
Proposition which deduces the third bounce relation from the first two, and
with Theorem [3:3] which yields bounce relations with arbitrarily many bounce
points.

Theorem clearly implies the existence statement in Theorem More-
over Theorems [2.1] and provide a new characterization of vertical-strip LLT
polynomials.

Corollary 2.6. The vertical-strip LLT-polynomials Gp are uniquely determined by
the initial condition and relations in Theorem [2.1)

In this paper we make use of this characterization to prove an explicit positive
expansion of Gp(x,q+ 1) in terms of elementary symmetric functions.
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2.9. Orientations. Let I' = (V, E) be a graph. An orientation of I' is a function
0 : E — V2 that assigns to each edge uv € E a directed edge wv or V. Alternatively,
we may view 6 = {f(e) : e € E} C V2 as a set that contains a unique directed edge
for each edge in E. We adopt the convention of viewing orientations as sets, which is
more convenient if we want to add or remove edges. Let IV = (V| E’) be a subgraph
of T', that is, B/ C E. An orientation € of I" yields an orientation 6’ of IV defined by

0 ={zyecb:ayckE}

We call 8’ the restriction of 8 to E’. If V = [n] then T is equipped with the natural
orientation that assigns to each edge uv the directed edge wb where u < v.

Let P € S, and let I'p = (V, E, S) be the corresponding decorated unit-interval
graph. We let O(P) denote the set of orientations 6 of I'p such that the restriction
of § to S is the natural orientation. Given 6 € O(P), an edge w is an ascending
edge in 0 if u < v and uwv ¢ S. We let asc(f) denote the number of ascending edges
in 6.

Example 2.7. We use the diagram notation as in Figure[] to illustrate an ori-
entation 0. The ascending edges in 6 are marked with — in the diagram, and
asc(f) = 5.

_)

1

2.10. The highest reachable vertex. For a vertex u of I'p, the the highest
reachable vertex, denoted hrv(6,u), is defined as the maximal v such that there is a
directed path from u to v in 8 using only strict and ascending edges. By definition,
hrv(6,u) > w for all u. The orientation € defines a set partition () of the vertices
of I'p, where two vertices are in the same block if and only if they have the same
highest reachable vertex. Finally, let A(f) denote the integer partition given by the
sizes of the blocks in 7(0).

Example 2.8 (Taken from [Ale20]). Below, we illustrate an orientation 6 € O(P),
where P = nnnddeneee. Strict edges and edges contributing to asc(0) are marked
with —.

—{ 6
5

1

We have that hrv(0,2) = hrv(6,5) = hrv(0,6) = 6 and hrv(6,1) = hrv(6,3) =
hrv(0,4) = 4. Thus w(0) = {652,431} and the orientation 6 contributes with
¢°es3(x) in (7).
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2.11. An explicit e-expansion. Given a Schroder path P € S, define the sym-
metric function Gp(x;q) by

Gp(x;qg+1) = Z 7*“@ey g (x). (7)
0cO(P)

The second main result of this paper states that the symmetric functions defined in

(@ satisfies the initial condition and relations in Theorem

Theorem 2.9. Let F' : § — A be defined by Fp = Gp. Then F satisfies the
conditions in Theorem [2.1]

Combining Theorems and [2.9] we obtain the first explicit expansion of
the vertical-strip LLT polynomials in terms of elementary symmetric functions.

Corollary 2.10. For all P € S we have Gp = Gp. In particular Gp(x;q + 1)
expands positively into elementary symmetric functions.

The positivity result in Corollary was obtained by M. D’Adderio in [D”AT9].
The formula in was conjectured in [GHQR19] and independently by the first
named author in [Ale20]. Combinatorial positive expansions into elementary sym-
metric functions were obtained in a few special cases in [AP18] [Ale20], albeit with
a different statistic in place of A(6).

It is worth noting that the right-hand side of is manifestly symmetric. In
contrast, previously known formulas for LLT polynomials in terms of power-sum
symmetric functions or Schur functions (with signs) rely on the expansion into
fundamental quasisymmetric functions. To derive these formulas one needs to
use the fact that LLT polynomials are symmetric in the first place, and not just
quasisymmetric.

3. BOUNCE RELATIONS

In this section we prove the uniqueness statement in Theorem In a first step
we show that the bounce relations in Theorem are equivalent to, and hence
imply, other types of bounce relations. This is the content of Proposition We
then prove the presence of bounce relations with arbitrarily many bounce points
in Theorem With these more general relation at our disposal the proof of
the uniqueness statement can be carried out. We conclude the section with two
corollaries including a characterization of unicellular LLT polynomials that uses
bounce relations for Dyck paths in Theorem

Recall that we use dots in the bounce decomposition to highlight the starting
point and endpoint of the bounce path in consideration. Note that the location of
these dots does not change the word encoding a path. Moreover, slightly different
choices of starting points may result (essentially) in the same bounce path. For
example,

Une.nVen.eW and Une.nVe.neW

describe the same Schréder path, and the indicated bounce paths have all bounce
points in common.

Proposition 3.1. Let F : § — A, P — Fp be a function that satisfies the

unicellular relation, that is,

(iii) For all U,V € {n,d, e}* such that UdV € S we have Fyney — Fyeny =
(¢ —1)Fyav-
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Then the following additional sets of relations are equivalent:

(iv) Schréder Relations A. Let P € S be a Schréider path, and let (v, z) € Z2
be a point on P with x + 1 < z such that the bounce path of P at (x,z) has
only one bounce point, and such that the bounce decomposition of P at (z, 2)
is given by P = Us.tVd.eW for some st € {nn,dn}. Then

{ qFUn.nVe.dW Zf St:nnf (8)
Fp = .
FUn.dVe.dW Zf st=dn. (9)

(v) Schréder Relations B. Let P € S be a Schréder path, and let (v, 2) € Z2
be a point on P with x + 1 < z such that the bounce path of P at (x,z) has

only one bounce point, and such that the bounce decomposition of P at (z, 2)
is given by P = Us.tV d.eW for some st € {nn,nd}. Then

F { qFUn.nVe.dW Zf st=nn, (10)
P = _
(q - 1)F‘Un.dVe.dW + qFUd.nVe.dW Zf st=nd. (11)

(vi) Dyck Relations. Let P € S be a Schrider path, and let (x,z) € Z? be a point
on P with x+1 < z such that the bounce path of P at (x, z) has only one bounce
point. If the bounce decomposition of P at (x, z) is given by P = Un.nV ne.eW
then

FUn.nVne.eW = (q + ]-)FUn.nVe,neW - qFUn,nVe.enW~ (12)

If the bounce decomposition of P at (x,z) is given by P = Une.nVne.eW then

FUe'n.nVen.eW + FUne.nVne.eW + FUn.neVe.enW =
(13)
FUen.nVne.eW + FUne.nVe.enW + FUn.neVe.neW~

Remark 3.2. Curiously s remaniscent of a cross-product and can be expressed
as the following vanishing determinant, where multiplication is now replaced by
concatenation:

U U U
ennV  nenV  nneV | =0.

eenlV enelWW neelWW

Expanding this determinant according to Sarrus’ rule gives exactly the terms in
with correct sign.

Proof of Proposition[3.1, We first show that and are equivalent to .
We start with

Funavaeew = (¢ + 1) Funavenew — ¢FUnaveenw-
Bringing one term to the other side we obtain
Funavneew — Funavenew = ¢(Funnvenew — FunaVeenw)-
Applying the unicellular relation on both sides we obtain
(¢ = V) Funavaew = q(¢ — 1) Funaveaw,
which after a cancellation becomes

FUn.an.eW = qFUn.nVe.dW~
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Next we show that (9) is equivalent to (13). We start with (13), which is

rearranged as

Une.nVne.eW Une.nVe.enW Uen.nVen.eW Uen.nVne.eW

K -

Un.neVe.enW Un.neVe.neW
Applying the unicellular relation twice on the right-hand side we get

— =(¢g—1)x +

Une.nVne.eW  Une.nVe.enW Uen.nVd.eW

+(g—1)x
Un.neVe.dWW

After additional applications of the unicellular relation on the left-hand side we get
(after dividing by ¢ — 1)

A+r@ﬂ+éﬁ v
Une.nVd.eW Une.nVe.dW Uen.nVd.eW Un.neVe.dW

Rearranging the terms again we arrive at

Une.nVd.eW Uen.nVd.eW Un.neVe.dW Une.nVe.dW

which after a final application of the unicellular relation on both sides gives @
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To complete the proof we now show that (11)) is equivalent to (13 assuming that
D and . are valid. We start with . Wthh becomes

/r/rgg

Un.dVd.eW Un.dVe.dW Un.dVe.dlWW Ud.nVe.dlW

after moving one term to the left-hand side. We now use the unicellular relation to
eliminate one of the diagonals. In the left-hand side, we keep the first diagonal step
and eliminate the second one. In the right-hand side we keep the second diagonal
step. After cancelling a common factor of (¢ — 1), the left-hand side simplifies to

(FUn.ane.eW - FUn.dVe.neW) + (FUn.dVemeW - FUn.dVe.enW)
= FUn.ane.eW - FUn.dVe.enW

Similarly the right-hand side becomes

q(FUn,neVe,dW - FUne,nVe.dW) + q(FUne.nVe.dW - FUen.nVe.dW)
= Q(FUnmeVe.dW - FUen.nVe.dW)-
Now we use on the both terms in the righ hand side, that is, ¢Fypneveaw =

Funnevaew and ¢Fyennvedw = FUennvaew. Moving all terms to the left-hand side,
we obtain the relation

FUen.an.eW - FUn.neVd.eW + FUn.ane.eW - FUn.dVe.enW =0.

Finally, we eliminate the remaining diagonal steps using the unicellular relation.
After cancellation of a common factor this gives the identity

0= (FUen.nVne.eW - FUen.nVeneW) - (FUn.neVne.eW - FUn.neVe.neW)
+ (FUnneVne.eW - FUne.nVne.eW) - (FUn.neVe.enW - FUne.nVe,enW) .

After cancelling the underlined terms we arrive at . Since all steps in this
deduction are invertible we have the desired equivalence. |

We next show that the relations in Theorem are strong enough to impose
relations involving bounce paths with arbitrarily many bounce points.

Theorem 3.3. Let F: S — A, P — Fp be a function that satisfies Conditions
and in Theorem . Let P € S be a Schréder path and let (x,z) € 72 be a
point on P with z > x + 1 such that the bounce decomposition of P at (x, z) is given
by P=Us.tVd.eW for someV € {n, d}* and some st € {nn,nd, dn}. Then

qFUnnVedW 'Lf st = nn,
Fp = Fynav eaw ’Lf st = dn,
(¢ = V) Funaveaw + QFU anv eaw if st = nd.

Proof. The claim is shown by induction on the number of bounce points of the
bounce path of P at (z,z). First assume that the bounce path of P at (z,z) has
only one bounce point. If st € {nn,dn} then there is nothing to show. If st = nd
then the claim follows from Proposition [3:1] To see this note that the proof of
the equivalence of Proposition and goes through in the same way if we



A COMBINATORIAL E-EXPANSION OF VERTICAL-STRIP LLT POLYNOMIALS 15

impose the restriction V' € {n,d}* in both cases. Thus the base case of the induction
is taken care of.

Otherwise the bounce partition of P at (x, z) has length r > 3 and is given by
(z,z,v,...). Set y =+ 1 and w = v+ 1. In this case there are at least two bounce
points and we may write

P =Us.tV'ddaV"d.eW,

where V', V" € {n,d}* such that dV"d defines a path from (v,z) to (z,z). Note
that here we use the fact that z > y, which also implies z > w. By Theorem
we have

1

Fp=——
P q—l

(FUstV’d.neV”d.eW - FUs.tV’d.enV”deW)7 (15)

which is illustrated via diagrams as

To simplify notation suppose for the moment that st = dn. By applying first
Theorem at the point (z, z), and then the induction hypothesis at the point
(v,y) we obtain

Fuanvianevaew = Fuanvndev”eaw = FUnavineaveaw (17)

which corresponds to

Note that the bounce path of Us.tV'ndeV"”e.dW at (v,y) has the same bounce
points as the bounce path of P at (x,z) except for (x,2). Thus the induction
hypothesis can be applied.

Similarly, by applying first induction hypothesis at the point (v,z), and then
Theorem at the point (z,z) the we obtain

FUng’d.enV”deW = FUndV’ed.nV”d.eW = FUndV’endV”edWa (19)

which corresponds to
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Note that the bounce path of Us.tV'denV"”e.dWW at (v,z) has the same bounce
points as the bounce path of P at (z,z) except for (x,z). Thus the induction
hypothesis can be applied.

Combining , and , and using Theorem one more time, we

obtain

1
Fp = -1 (FUndV/nedV”edW - FUndV/endV”edW)

= Fynav’dav’eaw
= FUn.dVeAdW~

This proves the claim in the case st = dn. The other two cases st € {nn,nd} are
proved in the exact same manner. |

The uniqueness in Theorem [2.1| can now be shown using an intricate induction
argument devised by M. D’Adderio in the proof of [D’AI9] Thm. 5.4]. Given a
Schroder path P our strategy is to show that Fp can be expressed in terms of
elementary symmetric functions as well as functions Fg where ) has size less than
P, or Q has fewer east steps than P, or @) is obtained from P by moving an east
step of P to the left.

Proof of uniqueness in Theorem [2.1. Let P be a Schroder path of size n with r east
steps, and assume that P = XeW where X € {n,d}* defines a path from (0, 0) to
(x,2), and W € {n,d, e}. That is, X is the initial segment of P that leads up to the
first east step of P.

We first use induction on the size n. By Theorem the empty path is sent
to 1 by F'. Thus we may assume that n > 0 and that Fg is uniquely determined for
all Q € S, for all m < n.

Secondly we use induction on r. If P has only one east step, then P is of
the form P = nd"~!e and Fp = e,(x) is determined by the initial condition in
Theorem . Thus the base case of the second induction is taken care of. We
may assume that P has at least two east steps, and that F is determined uniquely
for all Schroder paths @ € S,, with fewer than r east steps.

Thirdly we use induction on z + z. The base case for the third induction is
z=x+1. If z=x+ 1 then Xe and W are Schrider paths of size less than n. Note
that here we use the fact that P contains two or more east steps. By Theorem
and by induction on n it follows that Fp = Fx¢Fy is determined uniquely. Thus
we may assume that z > x + 1 and that F is determined uniquely for all @ € S,
with r east steps that are of the form @ = X’eW’ where W’ € {n,d}* defines a
path from (0,0) to (z/,2') with 2’ + 2’ <z + z. Let A C §,, denote the set of all
such Schroder paths.

Now if X = Yn, that is P = YneW, then YdW is a Schroder path of size n with
fewer east steps than P. Note that here we use the fact that z > z 4 1. Similarly
YenW is a Schroder path in A. By Theorem and by induction on r and
x + z it follows that Fp = (¢ — 1)Fyaw + Fyenw is determined uniquely.

If on the other hand X = Yd, that is P = YdeW, then let P = Us.tVd.eW be
the bounce decomposition of P at (z, z). Clearly V € {n,d}* and st € {nn,nd, dn}.
Thus by Theorem @ we may write Fp as a linear combination of functions Fy for
certain paths @ € A. Therefore Fp is determined uniquely by induction on z + z.
This completes the proof. |
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Using Proposition [3:1] we obtain an analog of Theorem [2.1] using a different
bounce relation.

Corollary 3.4. There exists a unique function F : S — A, P — Fp that satisfies
the following conditions:

(i) For all k € N the initial condition Fyg, = €41 1s satisfied.

(i1) The function F is multiplicative, that is, Fpg = FpFg for all P,Q € S.

(iii) For all U,V € {n,d,e}* such that UdV € S we have Fyney — Fyeny =
(¢— 1) Fyay-

(v) Let P € S be a Schroder path, and let (x,z) € Z?2 be a point on P with x+1 < z
such that the bounce path of P at (x,z) has only one bounce point, and such
that the bounce decomposition of P at (x,z) is given by P = Us.tV d.eW for
some V € {n, d}* and some st € {nn,nd}. Then

Fp = qFUrmVedW Zf st = nn,
(¢ — 1) Fungveaw + qFU anv eaw if st = nd.

Moreover we can prove a Dyck path analog of Theorem Let D denote the
set of all Dyck paths, that is, the set of Schroder paths that contain no diagonal
steps. Note that using our conventions, if P is a Dyck path and (z, z) is a point on
P then the bounce path of P at (z,z) must have a single bounce point.

Theorem 3.5. The function that assigns to each Dyck path the corresponding
unicellular LLT polynomial is the unique function F': D — A, P +— Fp that satisfies
the following conditions:

(i) For all k € N there holds the initial condition

Fn(ne)ke(x; Q) = Z (q - 1)k_l(a)+1ea(x)~
aFk+1
(i1) The function F is multiplicative, that is, Fpg = FpFg for all P,Q € D.
(vi) Let P € D be a Dyck path and let (x,z) € Z* be a point on P with x + 1 < 2.
If the bounce decomposition of P at (x,z) is given by P = Un.nV ne.eW then

FUn.nVne.eW = (q + 1)FUn.nVe.neW - qFUn.nVe.enW-

If the bounce decomposition of P at (x,z) is given by P = Une.nV ne.eW then

FUen.nVen.eW + FUne.nVne.eW + FUn.neVe.enW =
FUe'n.nVne.eW + FUne.nVe.enW + FUn.neVe.'neW-

Proof. Suppose that F': D — A satisfies the conditions in theorem. First note that
F can be extended to a function F': S — A on Schréder paths in a unique way such
that the unicellular relation Proposition holds. Moreover F' is multiplicative
on Schroder paths.

We next show that a function F satisfies the relations Proposition . To
see this let P be a Schroder path and (z, z) € Z2 be a point on P with z + 1 < z,
such that the bounce path of P at (z, z) has only one bounce point, and such that
the bounce decomposition of P at (z, z) is of the form P = Un.nVne.eW for some
U,V,W € {n,d,e}*. Using the unicellular relation (many times) we can write Fp as
a linear combination of symmetric functions of Fiy = Fg, where @ is a Dyck path of
the form @ = U'n.nV'ne.eW’. In particular the bounce paths of P and Q at (z, z)
agree. We may now apply the linear relation from the assumption to the symmetric



18 PER ALEXANDERSSON AND ROBIN SULZGRUBER

functions Fig and use the unicellular relation to reintroduce the diagonal steps. In
this way we have show that F satisfies and the same can be done for (13).

It now follows from Proposition and Theorem that the function F', and
in particular the function F' must be unique. Moreover, by Theorem and
Proposition the function that assigns to each Dyck path the corresponding
unicellular LLT polynomial satisfies Conditions (i) and above. The fact that
this function also satisfy the initial condition in is an easy consequence of the
e-expansion in Corollary This completes the proof. |

4. BIJECTIONS ON COLORINGS

In this section we prove Theorem We first verify Theorem f in
Proposition 4.2l We then proceed to demonstrate the two bounce relations of
Theorem in Theorems and The method of proof is purely bijective
and similar to that in [Ale20, Prop. 18]. Indeed, as well as the st = nn case
of were already proved therein. To obtain the full claim of Theorem one
can then use the results of Section [3] namely Proposition [3.1] and Theorem We
remark that it is also possible to give a bijective proof for the third type of bounce
relations in Theorem that is, the case st = nd, if there is only one bounce point.
However, Theorem is currently our only way to prove bounce relations with
many bounce points.

In the proof of Theorem we used diagrams to get a good overview of the
recursions. In this section we use such diagrams to denote weighted sums over vertex
colorings of decorated unit-interval graphs. To simplify the notation, we shall only
show the vertices and edges of the diagrams which matter. The following example
introduces the necessary conventions.

Example 4.1. The LLT polynomials Gp(x;q) and Ggo(x;q) for P = nndneee and
Q) = nnddee are given as sums over vertex colorings. We let A(x;q) be the sum
over colorings of T'p, with the extra condition that k(2) > k(4). Expressed using
diagrams, we have

1 = 14 T 4
Gr(xa) =Figt>  Golxig) = Alxiq) = 13
1 1 1

Note that we use | to impose a weak inequality. That is, if an edge x_g; is marked
with |}, then we require that k(x) > k(y). In the same manner, | is used to indicate
a strict inequality which is a non-ascent. We utilize the convention that edges in
gray bozes do not contribute to the ascent statistic (this is consistent with marking
all strict edges gray). Moreover, edges of particular importance are marked with a
center-dot; we shall possibly refine our argument depending on if the colorings under
consideration have this edge as ascending or not.
Now, a simple bijective argument shows that

Gp(x;q) = q x Go(x;q) + A(x; q),

IThe e-expansion of the unicellular LLT polynomial of the path graph was also obtained in
[AP18] Prop. 5.18]
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since a coloring on the left-hand side appears as a coloring of exactly one of the
diagrams in the righ hand side. Note that it is only the edge from 2 to 4 that really
matters.

Stated in full generality, for any edge Jy i any diagram, we have the identity

dyl . Plyl [y
o= a4 X —|—w . (21)

This simply expresses the fact that a set of colorings k can be partitioned into two
sets, the first set where k(w) > k(y) and the second set where k(w) < K(y).

Note that most diagrams we use do not represent vertical-strip LLT polynomials,
but merely a sum ), qasc(”)x,{(l) “**Ty(n), Where the sum ranges over colorings
compatible with the restrictions imposed by the diagram.

Proposition 4.2. Let F : § — A be the function that assigns to each Schréider
path P the symmetric function Fp = Gp(x;q) defined in (5).

(i) Then F' satisfies the initial condition F,z, = eg41 for all k € N.
(i) The function F is multiplicative, that is, Fpg = FpFg for all P,Q € S.
(iii) For all UV € {n,d, e}* such that UdV € S we have Fyney — Fyeny =
(¢— 1 Fyav.

Proof. For , we have by definition that F,gx, is a sum over colorings & : [k + 1] —
N7, such that k(1) < (2) < --- < k(k + 1). Now it is clear that we indeed obtain
Ck41-

Moreover, is immediate from the definition, as the graph I'pg is (up to a
relabeling of the vertices) the disjoint union of the graphs I'p and I'g. Colorings
can thus be done on each component independently and the statement follows.

It remains to prove (iii). Using diagrams as in , this identity can be expressed
as follows:

Y] Y]
+

yl [yl B2l vl Plyl _
w -V =@ ot ¢

E

w

The first and last diagram are now split into subcases, depending on whether

rk(w) < K(y) or k(w) > k(y) as in (21)),

Iy Yl vyl _  Hly
(™ + @Y + @ = e '+ (

B=

yl 4 u\)

and now it is evident that the identity holds. |

E

In the remainder of this section, we shall assume that x 4+ 1 = y, so that they are
adjacent entries on the diagram diagonal.

4.1. Bounce relations for colorings. We shall describe a simple bijection between
certain colorings which is referred to as the swap map. The swap map sends a
coloring x to the coloring «’ defined as

k() 5 & {x,y}
K(G)=qnrly) ifj=a (22)
k(z) ifj=uy.

This map is used in all further proofs in this section.
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Lemma 4.3 (Swap Map). Let P € S and suppose that the bounce decomposition at
(z,z — 1) has one bounce point and is given by P = Un.nVe.eW and set y = x + 1.
Then

Z qasc(m)xn(l) S Tg(n) = q X Z qasc(f@ )x,{/(l) © T/ (n))
rir(x)<r(Y) Wik (@)K (y)

where we sum over all colorings of P on both sides, with the indicated added
restriction on the colors of x and y.

Proof. Expressing the statement as an identity on diagrams, we have

In order to prove , we must show that the swap preserves the number of ascents,
not counting the ascent given by the fg)/ edge. But note that for all j with w < j < =z
or y < j < z we have that

K(y) < k(j) = K'(2) <K'(j).
This implies that for any coloring x appearing in the left-hand side of 7 we have
that asc(k) = 1+ asc(k’). |

We now proceed with showing that the LLT polynomials satisfy the two bounce
relations in Theorem 2.1

Theorem 4.4 (The first bounce relation for LLT polynomials). Let P € S be a
Schréder path and let (z,2) € Z* be a point on P with z > x+ 1 such that the bounce
path of P at (x,z) has a single bounce point, and such that the bounce decomposition
of P at (x,z) is given by P = Un.nV d.eW. Then

Gp(x;9) = ¢Gunnveaw (X; q).

Proof. We want to prove the following identity expressed as diagrams:

If 2% and gfz are ascending edges on both sides, we use the identity map on the set
of colorings. By using the transitivity of the forced inequalities, it then suffices to
prove the identity

=E
Wy

x
w w
But this now follows from Lemma [4.3] [ ]

]z
Y

:q)(

_)
=
T
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Theorem 4.5 (The second bounce relation for LLT polynomials). Let P € S be a
Schrader path and let (x,z) € Z? be a point on P with z > x+1 such that the bounce
path of P at (x,z) has a single bounce point, and such that the bounce decomposition
of P at (x,z) is given by P =Ud.nV d.eW. Then

Gp(x;9) = Gunaveaw (X; ).

Proof. We want to prove the identity expressed as diagrams in . For convenience,
it is presented here as follows:

EHE I=E

. . y _ _> y

E |z

W] w
We split both sides into cases according to (21)):
= ‘Z = llF’ U |Z UHUF' \Z‘ 5 ‘Z\ ‘Z| * |Z|

-U .U .U .’l/ _ -u -U .U .U

Sz THE THd Thm Tom o Tl o
W] Wl o W [w [w] w w

The first term on both sides cancel, and there are no colorings compatible with the
inequalities in the last term on both sides. Moreover, transitivity forces the last
inequality in the remaining cases:

Sz z JHZ] 2]
o 171 N 4 By = A 7 R = 7
—lx —lx —]x ]z
(W] (W] w w

All four remaining diagrams have g-weight 1 (recall the convention for shaded boxes)
and we can now see that the swap map sends the terms on the left-hand side to the
terms on the right-hand side. This concludes the proof. ]

5. BIJECTIONS ON ORIENTATIONS

In this section we prove Theorem [2.9] To be precise we first treat the easier claims
in Proposition We then show that the symmetric functions G p(x;q) satisfy the
bounce relations of Theorem in Theorems and Since we want to
work with orientations we actually show that the symmetric functions G p(x;q+1)
satisfy a shifted version of these relations. Our proofs are purely bijective and the
involved bijections are very simple. However, the proofs of the bounce relations are
a bit tedious in the sense that they require the distinction of quite a few different
cases. We remark that the third type of bounce relations in Theorem ending
in a pattern st = nd can be given a bijective proof in similar style, assuming that
there is only one bounce point.

As with the colorings, we use diagrams to illustrate the different cases. However,
in this section, a diagram now represents a sum over orientations 6 weighted by
qasc(Q)eA(e) )

Example 5.1. The symmetric function GQ (x;q9+1) where Q = nnddee is described
by the diagram

A = |3
Go(x9+1) =5
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which represents a sum over eight orientations (all possible ways to orient the edges
12, 23 and 34). By specifying additional edges in the diagram, we obtain a sum over
a smaller set of orientations. For example, the two following diagrams represent the
indicated sums.

[ 1]4 mME
— |3 — |3

5 = (14 q)ea and — = (14 q)es1
1 1

Notice that in the second diagram, we again use the convention that edges marked
gray do not contribute to ascents.

We start out by proving that the symmetric function P G p(x;q+ 1) satisfies
the correct initial conditions, is multiplicative, and obeys the shifted version of the
unicellular relation.

Proposition 5.2. Let FF: § — A beAthe function that assigns to each Schréoder
path P the symmetric function Fp = Gp(x;q + 1) defined in .

(i) Then F' satisfies the initial condition F,z. = eg41 for all k € N.

(i1) The function F is multiplicative, that is, Fpg = FpFg for all P,Q € S.
(iii) For all U,V € {n,d, e}* such that UdV € S we have Fyney — Fuenv = ¢Fuav -

Proof. To see (fi) let P =nd*e € Sj,1. Note that the decorated unit-interval graph
I'p has k strict edges and no other edges. Thus O(P) contains a unique orientation 6
which has no ascents. Its highest reachable vertex partition is given by A(8) = (k+1)
since the vertex k 4+ 1 can be reached from every other vertex using the strict edges.
Hence Fp = ej41 as claimed.

To see let P,@ € S. Note that I'pg is (up to a relabeling of the vertices) the
disjoint union of the graphs I'p and I'g. Thus every orientation of I'pg is (again up
to a relabeling) the disjoint union of an orientation of I'p and I'g. It follows that

Fpo = Z Z qasc(9)+asc(9/)e)\(e)e)\(e,) = FpFy.
6e0O(P) 0'c0(Q)

To see let U,V € {n,d, e}* such that UdV € S. Let wy denote the strict edge
in T'yqy corresponding to the diagonal step between U and V. Given 6§ € O(UneV)

let p(0) =0 € OUAV) if wy € 0, and ¢(0) = 0\ {yw} € O(UenV) if yw € 0. This
yields a bijection

¢:0W0UneV) — 0OUaV) U OUenV)

ol y]
w w]
—y| ., 2l

w W]

that preserves highest reachable vertices. Moreover asc(¢(6)) = asc(d) — 1 if wy € 6,
and asc(¢(0)) = asc(6) if yw € 6. The claim follows. [ |

We now turn our attention to the bounce relations. To begin with we need some
additional definitions. Given a finite totally ordered set X = {u1 < wuz < -+ < u,}
and a function o : X — NT, we identify o with the word o105 . .. g, where o; = o (u;)
for all ¢ € [r]. Note that this word contains all the information on o if the domain
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X is known. The weak standardisation of o is defined as the unique surjection
wst(o) : X — [m] that satisfies

wst(o)(u) < wst(o)(v) < o(u) <o)

for all u,v € X, where m is (necessarily) the cardinality of the image of o.
Let O(n) denote the set of orientations of unit-interval graphs on n vertices.
Given a Schroder path P € S,, and a set of directed edges D C [n]?, define

O(P, D)

as the set of all orientations 6 of P such that D C 6. Moreover, given I C [n],
m € [n], and a surjection o : I — [m], define

O(P,o,D) C O(P,D)

as the set of all orientations 0 of P such that D C 0, and o is the weak standardization
of hrv(6,.) on I. That is, for all ¢,j € I we have

o; <o0j <= hrv(6,i) <hrv(6,)).
If D= {0_1)07 :r_@, ...} has small cardinality we write
O(P; v?u,;y, ...) and O(P,oc; v?u,;y, o)
instead of O(P, D) and O(P, 0, D) in order to make notation less heavy.

N
Example 5.3. Let P = nndneee. Then the set O(P,2212;12) consists of the two
orientations

—|] |4 —|] |4
113 sl—| 3

2 —{ 2
1

and

%
_>
1

Throughout the remainder of this section let P be a Schroder path and let
(z,2) € Z? be a point on P with z > z + 1 such that the bounce partition of P at
(z, z) is given by (z,z,v), and the bounce decomposition of P at (z, z) is given by
P =Us.tVd.eW for some st € {nn,dn} and U,V,W € {n,d, e}. In particular, the
bounce path of P at (z,z) has only one bounce point (z,x). Set w = v+ 1 and
y:=x+1, and

Q= UnnVedW if st = nn,
" | UndVedw if st = dn.

Let 7 := (x,y) € &, be a transposition. Let A C O(n) and f : A — O(n) be a
function. Then f is called w-preserving on A if w(f(0)) = w(0) for all # € A. The
function f is called w-switching on A if w(f(0)) = 7(7(6)). Both of these properties
imply that f is A-preserving on A, that is A(f(0)) = (@) for all § € A. To see
this note that permuting the entries of a set partition does not change the block
structure.

Define a function

pu 2 On) = [n]



24 PER ALEXANDERSSON AND ROBIN SULZGRUBER

by letting p,(6) be the maximal vertex in [n] that can be reached from v using only
ascending and strict edges in 6 without using any of the edges v or @ Similarly
define

pa + O(n) — [n]

by letting p.(#) be the maximal vertex in [n] that can be reached from z using only
ascending and strict edges in # without using any of the edges ac_g} or T Finally
define

py : On) = [n]

by letting p, () be the maximal vertex in [n] that can be reached from y using

only ascending and strict edges in 6 without using the edge yz. Note that pw(0) <
hrv(0,w), p(0) < hrv(8,z) and p, () < hrv(d,y).

5.1. The first bounce relation for orientations. We now treat the case st = nn.
Our goal is to prove the following theorem.

Theorem 5.4. Let P € S be a Schréder path and let (x,z) € Z? be a point on P
with z > x + 1 such that the bounce path of P at (x,z) has a single bounce point,
and such that the bounce decomposition of P at (x,z) is given by P = Un.nV d.eW.
Set QQ == Un.nVe.dW. Then

Gp(x;q+1) = (q+1)Gg(xiq +1).

A proof of Theorem is given at the end of this subsection. Our strategy is to
find a A-preserving two-to-one function ® : O(P) — O(Q) such that the fibres of ®
satisfy

Z qasc(O) _ (q + 1)qasc(9')
0cd—1(0")

for all &/ € O(Q). We build such a function ® from three building blocks ¢, ¢, and
1) defined further down.
Let ¢ : O(P) — O(Q) be the function defined by

#(0) =0\ {zz, 2y} U {yz}.
Example 5.5. The map ¢ is a bijection for all choices a, 5 € {—,1}.

= 2z

Un.nVe.dW

Un.nVd.eW

The following result is immediate from this definition.

Lemma 5.6. Let a € {zy,yz}, b € {y%,2y}. Then
¢ : O(P;a,b) = O(Q;a)
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is a bijection. Moreover asc(¢(0)) = asc(d) —1 for all § € O(P;yz), and asc($(6))
asc(0) for all 0 € O(P; zy).

If we impose restrictions via ¢ we can say more.

Lemma 5.7. Let o : {x,y,z} — [m] be a surjection such that o3 < o1 and o3 < 02,
let a € {zy,yz}, and let b € {yz, zy}. Then

¢: O(P,o;a,b) — O(Q,0;a)
18 a w-preserving bijection.
Proof. Set A = O(P,0;a,b) and B = O(Q,0;a), and let § € A. Note that
hrv(60,y) > hrv(, z) implies
hrv(0,y) = py(0) = py(0') = hrv (¢, y).

Similarly hrv(6,z) > hrv(6, z) implies that the edge 2z is not needed to reach
hrv(0, z) from x using only strict and ascending edges in . Hence hrv(¢’,2) =
hrv(0, z). Consequently ¢ : A — B is well-defined and m-preserving on A.

To see that ¢ is also surjective let ' € B. By Lemmathere exists € O(P;a,b)
with ¢(0) = 6'. Since hrv(0',y) > hrv(¢’, z) we have

hrv(0',y) = p,(60) = p,(6) = Brv(6 y).

Similarly hrv(¢’,z) > hrv(#’, z) implies that hrv(6,z) = hrv(#’,z). Thus § € A and
the proof is complete. ]

We now collect the orientations on which we plan to use the map ¢ in the proof
of Theorem (.4

Lemma 5.8. The function ¢ is a A-preserving bijection between the sets
O(P,221;a,b) — O(Q, 221;a)
O(P,231;yz,b) — O(Q, 231; y) (25)
O(P,321;a,b) — O(Q, 321;a)
for all a € {x_g;,gﬁ} and b € {gfz, 2_33}, where all surjections have domain {z,y,z}.
Let A be the union of all domains in taken over all possible choices of a

and b. Similarly let B be the union of all codomains in taken over all possible
choices of a. Then ¢ : A — B is a two-to-one function, and the fibres of ¢ satisfy

Z qasc(G) — (q + 1)qasc(0’).
fep=1(0")

for all ¢’ € B.

Proof. All cases satisfy the conditions o1 > o3 and o2 > 03. Hence Lemma
applies. Each codomain is in bijection with two distinct domains. Depending on
the choice of b the g-weight of 8 and ¢(0) is either equal or differs by one. [ |

Next let ¢’ : O(P) — O(Q) be the function defined by
¢'(0) = 9(0) \ {yx} U {zy}.
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Example 5.9. The map ¢’ is a bijection for all choices «, 8 € {—,|}.

= z

Un.nVe.dW

Our analysis of ¢’ follows the same pattern as for the map ¢.
Lemma 5.10. Let a € {xy,yx} and b € {y%, zy}. Then
¢ : O(P;a,b) = O(Q; xy)

— =

is a bijection. Moreover asc(¢(f)) = asc(0) — 1 for all 6 € O(P;xy,yz), and
asc(@(0)) = asc(0) for all § € O(P; zy, zy) and all 0 € O(P;yx,yz). [ |
If we impose restrictions on ¢ we can say more.

Lemma 5.11. Let o : {z,y,2z} — [m] be a surjection with o9 < o1 and s = o3,
— =
and let a € {xy,yx}. Then

¢': O(P,oya,y2) = O(Q, 03 2y)
is a w-preserving bijection on O(P,o; a,y_)z).

Proof. Set A = O(P,J;a,y_%) and B = O(Q,O’;LC_])J). Let 6 € A and set 6’ = ¢'(6).
Note that hrv(6,y) = hrv(6, z) implies

Py () = py(0) < v (6, 2) = hrv (¢, 2)

Since y_>z € 0’ is a strict edge it follows that
hrv(#',y) = hrv(¢', z) = hrv(6, y).

On the other hand zy € ¢’ implies that hrv(6’,z) > hrv(#,y). If hrv(,z) >
hrv(0, z) then

hrv(6, ) = p(0) = p(0") = hrv(¢, z).
Otherwise p,(0') < hrv(6’,y) and

hrv(0', z) = hrv(€',y) = hrv(6,y) = hrv(0, z).

Consequently ¢’ : A — B is well-defined and 7-preserving on A.
To see that ¢’ is also surjective let 8’ € B. By Lemma there exists a unique
0 € O(P;a,yz) with ¢/() = 0. From hrv(¢',y) = hrv(¢', 2) it follows that

py(6) = py (') < hrv(¢',2) = hrv (6, 2).

Since g € 6 by assumption we obtain hrv(,y) = hrv(0, z). If hrv(6, z) > hrv(¢’, 2)
then

hrv(0',2) = p.(0') = pz(0) = hrv(0, z).
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Otherwise p,(0) < hrv(0, z) and
hrv(0,x) = hrv(6, 2) = hrv(¢', x)

since 72 is a strict edge in #. We conclude that § € A and the proof is complete. W

We now collect the orientations on which we plan to use the map ¢’ in the proof
of Theorem .4

Lemma 5.12. The function ¢’ is a A-preserving bijection between the sets
O(P,111;a,y2) — O(Q, 111; zy)

(26)
O(P,211;a,y2) — O(Q,211; zy)

froalla € {ﬁ;,ﬁ}, where all surjections o have domain {x,y,z}.

Let A be the union of all domains in taken over all possible choices of
a. Similarly let B be the union of all codomains in , Then ¢/ : A — B is a
two-to-one function, and the fibres of ¢' satisfy

Z qasc(O) _ (q + l)qasc(e')
oe(¢)~1(6")
for all 9’ € B.

Proof. In each case o satisfies 01 > 09 = 03. Hence Lemma applies. Each
codomain is in bijection with two distinct domains depending on a choice of a. The
claim on the g-weights follows from Lemma [ ]

Next let ¢ : O(P) — O(Q) be the function defined by
— —
xi € Y(0) < yi € ¢(0)
— —
yi € P(0) <= zi € ¢(b)
foralli e {1,2,...,2 —1}U{y+1,...,2— 1}, and

i € 0(0) <= ij € p(0)\ {wy} U {yi}

for all other edges. In words, () is obtained from ¢(6) by exchanging the rows x
and y, and the columns z and y (excluding the edge xy and the strict edge yz), and
by forcing the inclusion of 37:1:

Example 5.13. As seen in the figure here, the map v swaps the marked columns
above x and y, and the marked rows to the left of x and y. It is a bijection for
all choices o, B € {—,1}, and it may decrease the number of ascents depending on
orientations of a and .

| z

Slee
|k 9
<] 3

Un.nVd.eW Un.nVe.dW
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Our analysis of the map 1 follows the same pattern as for the functions ¢ and ¢’
above.

Lemma 5.14. Let a € {ﬁ/,y}} and b € {yé,z?/} Then

¥ : O(Pya,b) — O(Q;yx)

— =

is a bijection. Moreover asc(v(0)) = asc(0) — 1 for all 0 € O(P;yz,yz) and all
0 € O(P;zy, Z_:;/), and asc(¢(0)) = asc(8) for all 0 € O(P;y_:}, z_g;) |

If we impose restrictions on the data we can say more.
Lemma 5.15. Let o : {z,y,z} — [m] be a surjection, let a € {fy,gﬁ:}, and let
be {JZ,@}, such that the following two conditions are satisfied:

(i) a:y_fc or o1 > 09 07 09 = 03.
(ii) b= zy or o3 > 03.
Then

1;[} : O(P7 o;a, b) — O(Qa 0201033 y_i.)
18 a w-switching bijection.

Proof. Let A = O(P,0;a,b) and B = O(Q,agalag;ﬁ). We first show that 1 :
A — O(Q) is m-switching. This implies that ¢ : A — B is well-defined, that is, that
1 really maps A to B. The injectivity of ¢ follows from Lemmal[5.14] To conclude
the proof we then show that ¢ : A — B is also surjective.

Let 6 € A and set 6’ = 4(6). Clearly hrv(6’,i) = hrv(0,4) for all i > y. Since y>
is a strict edge in 6’ we have

hrv(0',y) = max(p,(6'), hrv(¢', 2)) = max(p, (), hrv(6, 2)).

By assumption ({if) this implies hrv(¢’,y) = hrv(6, ). On the other hand hrv(¢’,z) =
py(6). By assumption this implies hrv(0’, z) = hrv(8,y). For all i € [x — 1] we
have

(hev(6',5) : ij € 0') = {hrv(0,5) : ij € 6}

and therefore hrv(6’,i) = hrv(f,4). Thus 1) is m-switching on A as claimed.

To show that 1) : A — B is surjective let #/ € B. By Lemma there exists a
unique 6 € O(P;a,b) such that ¢ (f) = 0'. Clearly hrv(0, z) = hrv(#’, z). First note
that

hrv(6,y) > py(0) = po(0') = hrv (', ). (27)

Condition implies equality in . Since 2z € 6 and y_)z € 0 are strict edges we
obtain

hrv (6, z) > max(p,(6),hrv(6, z)) = max(p, ('), hrv(0', z)) = hrv(€¢',y).  (28)
Condition (i) implies equality 7 and the proof is complete. |

We now collect the orientations on which we plan to use the map v in the proof
of Theorem [B.41
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Lemma 5.16. The function v is a A-preserving bijection between sets

O(P,111;a, 21) — O(Q, 111; yz)
O(P,211;a,2y) — O(Q, 121, yx)
O(P,212;a, z1) — O(Q, 122; yz) (29)
O(P,121;yz,b) — O(Q,211; yx)
O(P,312;a, 21) — O(Q, 132; yx)

for all a € {fy,y?r} and b € {ﬁ,@}, where all surjections have domain {x,y,z}.

Let A be the union of all domains in taken over all possible choices of a
and b. Similarly let B be the union of all codomains in . Then vy : A— B isa
two-to-one function, and the fibres of 1 satisfy

Z ¢® = (¢ + 1>qasc(9/)
0€(h)=1(6)
for all 0’ € B.
Proof. The data o,a,b in each of the domains satisfies Conditions Lemma
and . Hence the lemma applies. Each codomain is in bijection with two distinct

domains depending on a choice of a or b. The claim on the g-weights follows from
Lemma 5141 |

The results of this section combine to a proof of the desired bounce relation
among the symmetric functions Gp(x;q + 1).

Proof of Theorem[5.] Define a function ® : O(P) — O(Q) by letting

¢(0)
o(0) = { ¢'(0)
¥(0)
according to Table [2l The reader should verify that the table covers all orientations

in O(P) and O(Q). Lemmas and show that ® is a A\-preserving
two-to-one function such that the fibres of ® satisfy

Z qasc(G) — (q + 1)qa5c(9’)
fep=1(0")
for all 8" € O(Q). The claim follows. |

5.2. The second bounce relation for orientations. We now treat the case
st = dn. Our goal is to prove the following theorem.

Theorem 5.17. Let P € S be a Schrider path and let (x,z) € Z* be a point on P
with z > © + 1 such that the bounce path of P at (x,z) has a single bounce point,
and such that the bounce decomposition of P at (x,z) is given by P = Ud.nV d.eW .
Set Q .= Un.dVe.dW. Then

Gp(x;q +1)= GQ(x;q +1).
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A proof of Theorem [5.17]is given at the end of this subsection. Our strategy is
to find a A-preserving bijection ® : O(P) — O(Q) such that the asc(®(0)) = asc(h)
for all 8 € O(P). The bijection ® is made up of two building blocks ¢ and .

Let ¢ : O(P) — O(Q) be the function defined by

o(0) = 4 0 \E UL if g2 € 0,
T 0\ vz, 2z, 20} U {av, vy, 2} if 2y € 0.

In words, ¢(6) is obtained from 6 by adding and removing some strict edges as
needed, by demanding v € ¢(0) if and only if y~ € 0, and by leaving all other edges
unchanged.

Example 5.18. The function ¢ is a bijection for all choices o, B € {—,]}.

1
slw
<

Ud.nVd.eW Un.dVe.dW

The following result is immediate from this definition.
Lemma 5.19. Let b € {xy,yx}, and let (a,c) € {(vz,y%), (zv,2y)}. Then
¢: O(P;b,c) = O(Q;a,b)
is a bijection. Moreover asc(p(0)) = asc(f) for all 6 € O(P). [ |
If we impose restrictions on o we can say more.

Lemma 5.20. Let o : {z,y,2} — [m] be a surjection, let b € {zy,yx}, and let
(a,c) € {(vx,yz), (zv, zy)}, such that the following conditions are satisfied:

(i) Either o4 = 02, or 01 > 09 and a = V.
(i1) o1 > o3.
(iii) o9 > o5 or c = y—>z
Then
¢: O(P,o;b,¢c) = O(Q,0;a,b)
is a bijection, and w(¢(0)) = w(0) for all € O(P, 0;b,c).

Proof. Set A= O(P,0;b,c) and B=0(Q,0;a,b).
Let 6 € A, and set § = ¢(#). By Condition we have

hrv(0,y) = max(py(9)> hrv(0, z)) = max(py(Q/), hI‘V(QI, z)) = hI‘V(Ql, y). (30)
Similarly Condition implies that the edge 2% is not needed to reach hrv(0, z) from

x using strict and ascending edges in 6. Hence hrv(6’,z) = hrv(f, z). Consequently
Condition ({ij) yields

hrv(6,v) = max(p,(#), hrv(0,x)) = max(p,(0'), hrv(¢’, z)) = hrv(0’,v).

It follows that ¢ : A — B is well-defined and m-preserving on A.
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The function ¢ is injective by Lemma [5.19} To see that ¢ : A — B is also
surjective let 8/ € B. By Lemma there exists a unique 0§ € O(P;b,c) with
»(0) = #'. Condition implies hrv(6,y) = hrv(¢',y) as in (30). Similarly
hrv(#’,z) > hrv(¢’, z) implies that hrv(6,x) = hrv(¢’, z). Thus 6 € A and the proof
is complete. |

We now collect the orientations on which we plan to use the map ¢ in the proof
of Theorem B.17

Lemma 5.21. The function ¢ is a A-preserving bijection between the sets
O(P,211;b,y%) — O(Q, 211; vz, b)
O(P,221;b,¢c) = 0(Q,221; a,b) (31)
O(P,321;b,y%) — O(Q, 321; vz, b),
for allb € {:@,y}}, and all (a,c) € {(173:,372), (;v, z?;)}, where all surjections have

domain {x,y,z}. Moreover ¢ preserves the number of ascents.

Proof. All cases satisfy the conditions of Lemma [5.20] The claim on the ascents
follows from Lemma [5.191 [ ]

Next we define a second map that covers the remaining cases. Let ¢ : O(P) —
O(Q) be the function defined by

— —
zi € p(f) < yich
— —
yieY(0) e xiel
forallie {v+1,...,2 -1} U{y+1,...,2 -1},
vx € p(0) = zy €0,
zy € P(0) & yz €6,
and
— —
ij € ¥(6) & ij € 0\ {z%, 2y} U {oy, y2}

for all other edges. In words, () is obtained from 6 by exchanging the rows x and
y, and the columns z and y, except that the edges va, zy and yz (as well as some
strict edges) have to be treated separately.

Example 5.22. As seen in the figure here, the map v swaps the marked columns
above x and y, and the marked rows to the left of x and y. It is a bijection for all

choices a, B € {—,]}.
— z
‘2/_

Y

<l
)

Ud.nVd.eW Un.dVe.dW
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It is immediate from the definition that this map is invertible and preserves the
number of ascents.

Lemma 5.23. Let (a,b) € {(vx,zy), (zv,yz)} and (b',c) € {(xy,y%), (yz,2y)}.
Then
¥ O(Ps;b,c) = O(Q;a,b')
is a bijection. Moreover asc(¥(0)) = asc(6) for all € O(P). [ ]
If we impose restrictions on ¢ we can say more.

Lemma 5.24. Let o : {z,y, 2} — [m] be a surjection, let (a,b) € {(vz,zy), (zv,yz)},
and (V,c) € {(@,fz), (y_:’;c7 z_g)/)}, such that the following conditions are satisfied:

(i) bzy% or o1 > 09 0T 09 = 03.

(ii) ¢ = zy or oy > max(cy,03) or o1 = 03.
Then

P :O(P,o;b,c) = O(Q,020103;a,b)

18 a w-switching bijection.

Proof. Let A = O(P,o0;b,c) and B = O(Q,030103;a,b). We first show that
Y A — O(Q) is m-switching. By Lemma this implies that ¢ : A — B is
injective and well-defined, that is, that v really maps A to B. To conclude the proof
we then show that ¢ : A — B is also surjective.

Let 6 € A and set §' = )(6). Clearly hrv(¢’,4) = hrv(6, i) for all i > y. Since y%
is a strict edge in 6’ we have

hrv(6',y) = max(p,(0), hrv(0', z)) = max(p,(6), hrv(, 2)).

Condition (i) implies that the edge zy is not needed to reach hrv(6, z) from x using
only strict and ascending edges in 6. Therefore we obtain hrv(0',y) = hrv(6,z). If

(t.) = (3%, 7) then
hrv(6',2) = pa(0') = py (6) = hrv(0, ). (32)
On the other hand, if (V/,¢) = (x_g;,gfz) then Condition implies
hrv(6, z) = max(p,(0'), hrv(¢',y))
= max(p,(0), hrv(¢, z))
= max(py (0)3 hrv(&, Z))
= hrv(6,y).
For alli € {v+1,...,2 — 1} we have
(hev(6',5) : ij € 0') = {hrv(0,5) : i € 6}
and therefore hrv(#’,i) = hrv(0,4). If a = zv then
(hev(6', ) : vj € 0"} = {hev(8, 7) : vj € ).
On the other hand, if (a,b) = (vz, zy) then

(hev(6', ) vj € 6"} = {hrv(6, 5) : vj € 6} U {hrv(6, 1)},
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Condition (i) implies hrv(6, z) > hrv(,y) and consequently hrv(¢’,v) = hrv(0,v).
It now follows that hrv(#’,7) = hrv(6,) also for all i € [v], and thus 1) is w-switching
on A as claimed.

To show that ¢ : A — B is surjective let 8/ € B. By Lemma there exists
a unique § € O(P;b,c) such that (0) = §’. Clearly hrv(6,z) = hrv(¢',z). If
(t/,¢) = (yx,zy) then hrv(f,y) = hrv(¢,z) as in B2). 1t (t,c) = (zy,y%) then
Condition (ii]) yields

hrv(6,y) = max(p,(0),hrv(6, z))

= max(p, ('), hrv(0', 2))

= max(p(0'), hrv (', y))

=hrv(0', z).
If b = yz then

hrv(0, z) = max(p,(0), hrv(6, z)) = max(p,(0"), hrv(#’, z)) = hrv(¢', y).
Otherwise b = ac_@ and Condition (fi) implies
hrv(6, z) = max(py (0"), hrv(0’, z), hrv(0', z)) = hrv (0, y).

This completes the proof. |

We now collect the orientations on which we plan to use the map v in the proof
of Theorem

Lemma 5.25. The function v is a A-preserving bijection between the sets
O(P,1115b,¢) — O(Q, 111;a,b")

O(P,211;b, zy) — O(Q,121; a, yx)
O(P,212;b, z1) — O(Q, 122; a, y)
O(P,121; yz, ¢) — O(Q, 211; xv, V) (34)
O(P,312;b, z1) — O(Q, 132; a, yx)
O(P,231;yzx,c) — O(Q, 321; 20, V)
O(P,321;b, z) — O(Q,231; a, yx)

for all (a,b) € {(vz,zy), (zo,yx)}, and all (', c) € {(zy,y2), (yz, zy)}, where all
surjections have domain {z,y,z}. Moreover the map 1 preserves the number of
ascents in each case.

Proof. The data o, b, ¢ in each of the domains satisfies the conditions of Lemma [5.24]
The claim on the ascents follows from Lemma [5.23] [ |

The results of this section combine to a proof of the desired relation among the
symmetric functions Gp(x; ¢ + 1).

Proof of Theorem[5.4. Define a function ® : O(P) — O(Q) by letting
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according to Table [B] The reader should verify that the table covers all orientations
in O(P) and O(Q). Lemmas and provide that @ is a A-preserving bijection
that preserves the number of ascents. The claim follows. |

6. APPLICATIONS AND FURTHER DIRECTIONS

6.1. Schur expansions. It is a major open problem to find an explicit positive
formula for the Schur expansion of Gp(x;¢). In this subsection we compare a new
signed Schur expansion with the previously known signed Schur expansion. The
following description is a straightforward application of techniques in [HHLO05a],
and appears in [GHQRI9, Eq. 3.16]. Given a permutation o € &, let the inverse
ascent set ASC(o) be defined as

ASC(o)=={i€n—1]:07 (i) > o (i +1)}.
With ASC(o) = {d1,ds,...,d¢} set
Ot(O') = (dl,dz — dl,dg — Cl2 e ,dg — d[_1,n — d@)

Let P be a Schroder path of size n and let &, (P) denote the set of colorings
o of P such that (o(1),0(2),...,0(n)) is a permutation in &,. By using the
Egge-Loehr—Warrington [ELW10] theorem, we have the Schur expansion

Crxia)= Y ¢ sa)(x). (35)

c€S,(P)

Note that a(c) is a composition in general, and Sa(c) Should be computed via the
Jacobi—Trudi identity. This simplifies either to 0, or a Schur function with a sign.

Example 6.1. For P = nndee we have three colorings in &, (P) with the inverse
ascent sets {1,2}, {2} and {1}:

[3] [2] [3]

{1,2} {2} {1}.
1] 2]
The corresponding compositions are (1,1,1), (2,1) and (1,2). The function s12(x)
18 tdentically 0, so

Gp(x;q) = ¢*s111(X) + gs21(x).

The results in this paper yield a new Schur expansion of vertical-strip LLT
polynomials.

Corollary 6.2. The Schur expansion of Gp(x;q) is given by

Gp(x;q) = Z Z (q— l)aSC(G)Ku’,A(G)Su(X)v (36)
1 9eO(P)

where K, is a Kostka coefficient.

Example 6.3. For P = nndee we have four orientations in O(P) with \(0) given
by

113] 113]
3 3 2] 21 21.
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Since K, = 0 unless j1 dominates A\, we have
Gp(x;q) = ((¢ = 1)°Ks3+ (¢ —1)' K33+ (¢ — 1)" K21 + (¢ — 1)°K3.01) s111
+((¢— 1) Koy 01 + (¢ — 1)0K21,21) S21.

Since K33 = K391 = K21,21 =1, we see that this expression matches the previous
example.

There is one advantage of over the formula in . We have a simpler
formula for specific Schur coefficients. Moreover, it might be easier to come up with
a sign-reversing involution which on which solves the Schur-positivity problem.
Finally we note that the Schur coefficients of hook shapes in the unicellular LLT
polynomials are determined in [HNY?20].

6.2. Dual bounce relations. Given P = s155...s; € S define the reverse of P,
denoted by rev(P), be the Schroder path §y8p—1...8; where € = n, A = e and
d =d. A quite surprising fact about vertical-strip LLT polynomials is that they are
invariant under reversal of the Schroder path.

Lemma 6.4. Let P € S,,. Then
GP(X; Q) = G"rev(P) (X; Q) (37)
Similar observations have been made earlier, see for example [CM17, Prop. 3.3].

Proof. Since the LLT polynomials Gp and G,y (p) are homogeneous symmetric
functions of degree n, it is enough to show that

Gp(z1,%2, -+, %05 q) = Grev(P)(Tns - - - T2, 715 Q). (38)

Given a coloring k of P, define a coloring &’ of rev(P) via k'(j) =n+1—r(n+1—j)
for all j € [n]. Then asc(k) = asc(x’). By definition of vertical-strip LLT polynomials
this implies . [ |

As a corollary, vertical-strip LLT polynomials satisfy the dual bounce relations.
These are the relations obtained from the bounce relations in Theorem by
reversing all paths.

Corollary 6.5. The function F : S — A defined by P — Gp satisfies the relations
obtained from the bounce relations in Theorem by reversing all paths. Moreover
this function is uniquely determined by the conditions in Theorem f together
with the dual bounce relations obtained by reversing all paths in Theorem
(or, alternatively, in Proposition ).

Corollary 6.6. The function F': D — A defined by P — Gp is uniquely determined
by the conditions in Theorem and ({ii)) together with the dual bounce relations
obtained by reversing all paths in Theorem ([vi).

Note that some sets of relations we have encountered in this paper are self-dual,
that is, invariant under reversal of all underlying paths. Examples are the unicellular
relation and the second type of bounce relations in Theorem — the case st = dn.
Moreover the initial conditions in Theorem and Theorem are self-dual.
However Lemma [6.4] is not manifestly evident, neither from the characterization
of vertical-strip LLT poylnomials in Theorem [2.I} nor from the e-expansion in

Corollary
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Open Problem 6.7. Give a combinatorial explanation of the identity
Z qasc(G)e)\(e) (x) = Z g0 )eA(G/)(X)~
0e0O(P) 0’€O(rev(P))

Open Problem 6.8. Deduce the dual bounce relations directly from the bounce
relations (in the style of the proof of Proposition .

Moreover it is an interesting question if there are other sets of relations that
uniquely determine the vertical-strip LLT polynomials.

Open Problem 6.9. Combining bounce relations and dual bounce relations, can
we find other results in the style of Theorem[2-1]

6.3. Hall-Littlewood polynomials. For a Dyck path P it is noted in [AP18]
that Gp(x;q) = Grev(p)(X;¢) and that

wGp(x;q) = ¢*F)Gp(x;¢7"), (39)

and a similar relation holds for general Schroder paths, where now vertical-strip
LLT polynomials are mapped to horizontal-strip LLT polynomials. Hence, there is
a formula analogous to for the horizontal-strip LLT polynomials. As a special
case, we can say something about the transformed Hall-Littlewood polynomials.
The transformed Hall-Littlewood polynomial H,(x; ¢) may be defined as follows (see
[TZ03, Eq. (2)+(11)] for a reference). For A - n we let

1- Ry
Hy(xiq) = [] ——2rha(x) 40
1<i<j<n 1 —qR; (40)

where the R;; are raising operators acting on the partitions (or compositions)
indexing the complete homogeneous symmetric functions as

Rijhon o) (%) =hoy oty —1,000) (%)

The transformed Hall-Littlewood polynomials can be expressed (see for exam-
ple [Ale20l Prop. 38]) via a vertical-strip LLT polynomial as

Hy(x;q) = ¢~ =22 (‘g)WGPH (x5 9)
where
Pyt () (1) (@) (021 (@) - (6 7H) @) ().
Hence, our main result implies that

Hy(x;q+1) = (g+1)7 iz (%) Z 7" Dhiy g (x). (41)
00 (P,)

It would be interesting to see if there is a direct combinatorial proof of this identity,
connecting Kostka—Foulkes polynomials and ascents. Moreover, perhaps it is possible
to interpret the raising operators used to define the transformed Hall-Littlewood
polynomials on the level of orientations.
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6.4. Diagonal harmonics. We shall briefly sketch some consequences in diagonal
harmonics. Let us first recall the definition of the V and A} operators. They acts
on the space A(q,t), and the modified Macdonald polynomials are eigenvectors.
First set B(p) = Z(i’j)eﬂ(qi_ltj_l), where the sum ranges over all (row,column)
coordinates of the boxes in y. We then define the operators V and A} via the
relations

VHA(x; ¢, 1) = en[B(n)] - Ha(x; ¢, 1),
AFHA(x; 1) = f[B(p) — 1] - Ha(x; ¢, 1),

where we use plethystic substitution. For example,

(42)

62[3(2,1)] = 62[1 +q+t] = 62(17q7t) = q+t+qt

Let F,,(x;q,t) = Ve,. M. Haiman showed [Hai94] that F,,(x; ¢, ) is the bigraded
Frobenius series of the space of diagonal coinvariants in 2n variables where &,
act diagonally. A great deal of research has been devoted to give combinatorial
interpretations of V f, for various choices of symmetric function f.

In [HHL™05b], the authors presented a conjectured combinatorial formula for
Fn(x;q,t), the Shuffle Conjecture. This conjecture was later refined in [HMZ12],
where the Compositional Shuffle Conjecture was stated. This refined conjecture was
proved by E. Carlsson and A. Mellit [CM17, Prop. 2.4].

Theorem 6.10 (The Shuffle Theorem). We have that

Fa (X; q, t) — Z qarea(w)tdinv(w)xw,

(43)
weWPF(n)

where the sum is over all word parking functions of size n.

By applying the ¢(-map of J. Haglund [Hag07] and interpreting the result, we
obtain the equivalent statement now using vertical-strip LLT polynomials as they
are defined in this paper. We have that

Fn (X; q, t) = Z tbounce(P)GP* (X; q)v (44)

where P* is the Schroder path obtained from the Dyck path P by making every
corner (en) into a diagonal step (d). By applying Corollary we now have a
new combinatorial formula for F,(x; ¢ + 1,t).

Corollary 6.11. We have that

fn(x; q+1, t) = Z tbounce(P) Z anC(G)e,\(Q) (X)
PeD, 0eO(P*)

Similar observations can be used to show that the conjectured expressions
for Af, e, appearing in the Delta Conjecture by J. Haglund, J. Remmel and
A.Wilson [HRWTS], are also e-positive after the ¢ — ¢ + 1 substitution.

Another interesting result is the combinatorial interpretation of (—1)"~1Vp,,.
The square path conjecture was formulated by N. Loehr and G. Warrington [LW07].
Later, E. Sergel [Serl7] gave a proof of the square path conjecture, by using the
Compositional Shuffle Theorem.
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Theorem 6.12 (E. Sergel, (2017)). We have the expansion in the fundamental
quasisymmetric functions

(_l)nilvl)n = Z tarca(w)qdi(w)FIDES(U(w))(X)a
wePref(n)

where the sum is taken over all preference functions of size n, and o(w) is the
reading word of w, and dinv is a statistic closely related to the asc-statistic.

There is again a close connection with vertical-strip LLT polynomials. We shall
give an example explaining the connection.

Example 6.13. A preference function is simply a map f : [n] — [n]. We can
describe such an f by writing f=1(i) in column i in an n x n-diagram, sorted
increasingly from the bottom. Moreover, we demand that the entries f~1(i) appear
in rows lower than f~*(j) for all i < j. This uniquely determines the diagram. The
numbers in the digram are called carsﬂ. There is a unique North-Fast path from
(0,0) to (n,n) where each North step is immediately to the left of a car. We set
a; = |f~1(i)|. For evample, the preference function f = (5,2,5,2,2,3) give rise to
the diagram (a) here:

3 1 6]
1.7 4 =1 15
. | 4
(@) =I5 ) A (c) g (45)
4 . 5 : 2
2 6

The path P is given by ennneneennee. Moreover, a = (0,3,1,0,2,0), and note
that P is uniquely determined by «. There are a few other statistics on preference
functions that only depend on . We let area(«) be the number of squares below
P and strictly above the lowest diagonal of the form y = x + k, containing a car.
In our diagram above, area(a) = 8. Moreover, we let below(a) be the number of
cars strictly below the y = x line. In this case, below(«) =1, as the car labeled 2 is
below the main diagonal.

Finally, given o, we associate a Schréder path as follows. We read the cars
diagonal by diagonal as in (b), this gives the reading order of the cars. Then az/ 18
a diagonal steps in the Schroder path if and only if label x is immediately below y in
the reading word order (b). We note that the map that takes P to the Schrider path
is also a type of (-map, see [AHIT4] Sect. 5.2].

We can now state the expansion of (—1)"~'Vp,, in terms of vertical-strip LLT
polynomials. It is straightforward to deduce this from Theorem by unraveling
the definitions.

Theorem 6.14. We have the expansion

(_1)n71vpn _ Z tarea(a)qbelow(a) Gy(a)(X; q)7

where the sum is taken over all weak compositions o with n parts, of size n.

Again by applying Corollary [2.10] we obtain a new combinatorial expression
for (—1)"~!Vp,, and note that it is e-positive if we replace ¢ with ¢ + 1. We also
mention [Berl3] and [Berl7, Sec. 4], where related e-positivity conjectures are made.

2This is due to the close connection with parking functions.
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(_l)n_lvpn

S1

s+ (g +t+ gt)si1

s34 (¢ + 2+t + gt + ¢*t + 12 + qt* 4+ ¢*t%)sy +

(@ + gt + P+ Pt + gt + P + P+ P+ gt + PtP)sin
TABLE 1. The Schur expansion of (—1)"~!'Vp,, for the first few n.

W =3

6.5. Chromatic quasisymmetric functions. Carlsson and Mellit observed a
plethystic relationship between chromatic quasisymmetric functions and unicellular
LLT polynomials. This was implicitly done already in [HHLO5a, Sec. 5.1]. It is also
hidden in [GP16] Eq. (178)]. The relationship is as follows:

Lemma 6.15 ([CM17, Prop. 3.5]). Let P be a Dyck path of size n. Then
(¢—1)7"Gp[x(q —1);q] = Xp(x;9), (46)
where the bracket denotes a substitution using plethysm.

Using Lemma and Theorem [3.5] we obtain a new characterization of chromatic
quasisymmetric functions of unit-interval graphs.

Corollary 6.16. The function that assigns to each Dyck path P the chromatic
quasisymmetric function of the unit-interval graph I'p is the unique function F :
D — A, P — Fp that satisfies the following conditions:
(i) For all k € N the initial condition Fynepre = Xp(neyre holds, where Xp(nejke
denotes the chromatic quasisymmetric function of the path on k + 1 vertice:ﬂ
(i) The function F is multiplicative, that is, Fpg = FpFg for all P,Q € D.
(vi) Let P € D be a Dyck path and let (x,z) € Z* be a point on P with x +1 < 2.
If the bounce decomposition of P at (x,z) is given by P = Un.nV ne.eW then

FUn.nVne.eW = (q + 1)FUn.nVe.neW - qFUn.nVe.enW-

If the bounce decomposition of P at (x, z) is given by P = Une.nV ne.eW then

FUen.nVen.eW + FUne.nVne.eW + FUn.neVe.enW =
FUen.nVne.eW + FUne.nVe.enW + FUn.neVe.neW~

We remark that it is an open problem to prove that the chromatic quasisymmetric
functions X p(x; ¢) expand positively in the e-basis. This is known as the Shareshian—
Wachs conjecture [SW12, Conj. 4.9], and for ¢ = 1, it reduces to the Stanley—
Stembridge conjecture [SS93| [Sta95]. Some special cases have been solved, for
example in [CHI9] and [HP19], using different methods. Theorem [2.9| together with
Lemma implies that the functions Xp(x;¢) can be expressed as

Xp(x;q) = Z (q— 1)”0(9)7”6,\(9)@((1 - 1)L (47)
0€O(P)
Why the right-hand side in is e-positive remains very much unclear.

3See [SW16] or [AThI5] for explicit formulas in terms of elementary symmetric functions,
respectively power-sum symmetric functions.
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6.6. Hessenberg varieties. Hessenberg varieties have been studied since [MPS92].
Recently unicellular LLT polynomials and chromatic quasisymmetric functions of
unit-interval graphs have been connected to the graded Frobenius series of certain
actions of the symmetric group on the equivariant cohomology rings of regular
semisimple Hessenberg varieties [BC18, [GP16]. Here we use more or less the
notation of [GP16].

A flag in C™ is a sequence F, := (Fy, Fy, ..., F,) of subspaces

{0ychCcFKcC---CcF,=C"

such that dim F; = ¢. The full flag variety Flag(C™) is defined as the set of all flags
in C". Each Dyck path P € D, is readily identified with a Hessenberg function, that
is, a function h : [n] — [n] such that h(i) > for all ¢ € [n], and h(i + 1) > h(7) for
all i € [n — 1]. Let M € GL(n,C) be a diagonal matrix with n distinct eigenvalues.
The regular semisimple Hessenberg variety of type A indexed by M and P is the
subvariety of Flag(C™) given by

Hess(M, P) :== {F, € Flag(C") : MF; C Fy; for all i € [n]}.

Let T = (C*)™ be the group of invertible diagonal matrices in GL(n,C). Since
the elements of T' commute with M we have an action of T' on Hess(M, P) and
can consider the equivariant cohomology ring H(M, P) .= Hy(Hess(M, P)). The
reader is referred to [TymO5| [TymO8|] for excellent accessible expositions of this
topic. The ring H3 (M, P) is isomorphic to the subring of the direct product

A= H (C[Xh L 7Xn] = {(fw)wegn : fw c (C[Xl, . 7X"] for all w € Gn}
weS,
whose elements satisfy divisibility conditions imposed by the edges of the unit-interval
graph I'p = (V, E):
Hp (M, P) = {(fu)wes, € A: (x; —2;)|(fw — fijw) for all ij € E}.
The symmetric group &,, acts on H} (M, P) by
w- (fw)we@in = (u ’ fu*lw)wGGW

This action respects the grading. There are two natural ways to embed C[xy,...,x,
into Hy(M, P), namely

L={(f)wes, : f € Clx1,...,xn]} and

R={(w- flwes, : f € Clx1,...,x,]}.

One can show that Hy (M, P) is a free module over L and over R. This reflects
the fact that H}(M, P) is a free module over H(pt), the equivariant cohomology
ring of a point. Note that the action of &,, fixes L as a set, and fixes R pointwise.
Define the graded Frobenius series of H}.(M, P) over L as

Frob(H7 (M, P), Lyx,q) = ) trace(w, Hi.(M, P), L; q) Pcu) (%),
weS,
where A(w) denotes the cycle type of w, and

trace(w, H}. (M, P), L, q) = Z q4°8®) (coefficient of b in w - b),
beB
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where B is a homogeneous basis of Hy (M, P) over L. Then the chromatic qua-
sisymmetric function satisfies

Xp(x;q) = wFrob(H; (M, P), L; x, q). (48)

This was conjectured in [SWI12] and proven in [BCI8|. A independent proof was
obtained by M. Guay-Paquet. Moreover it is shown in [GP16, Lem. 158] that

Gp(x;q) = Frob(Hp(M, P), R;x, q). (49)

The results obtained in this paper therefore imply relations among &,,-modules built
from the modules H}.(M, P) for various Dyck paths P. For example consider the
six-term relation in Theorem . It follows that there exists an isomorphism of
graded &,,-modules

Hi(M,UennVeneW) @ Hy(M,UnenVneeW) @ Hy(M,UnneVeenW) =
Hp(M,UennVneeW) @ Hyp(M,UnenVeenW) @ Hp (M, UnneVeneW).

It would be interesting to know whether such relations can be understood directly
or provide some insight in the geometry of these representations. Note that the
relations considered in [BCI18| [HP19] are not linear in the sense that the relations
involve chromatic quasisymmetric functions indexed by Dyck paths of different sizes.

6.7. Circular unit-interval digraphs. The class of Dyck paths and unit-interval
graphs can be extended to so called circular Dyck paths and circular unit-interval
graphs, see [AP18| [EIl17al [EIII7h]. There are corresponding chromatic quasisymmet-
ric functions and analogs of vertical-strip LLT polynomials in this setting. Modifying
the notion of highest reachable vertex slightly, there is an analog of in this
extended setting. It remains to prove e-positivity in this extended setting. The
positivity in the power-sum basiﬁﬁ has been proved for the circular unit-interval
graphs, both for chromatic quasisymmetric functions and the vertical-strip LLT
polynomials, via a uniform method in [AS19]. Note that the plethystic relationship
in Lemma [6.15 no longer holds in the circular setting.

6.8. Other open problems.
Open Problem 6.17. Consider the coefficients a,(q) € N[q|, defined via

G(x;q+1) = Z au(q)en(q)-

It seems that a,(q) is unimodal with mode |p1/2]. Moreover, if a,,(q) = by + big +
<o 4 beq®, then for all j € {1,2,...,0—1}, we seem to have bj_1bj41 < b?. In other
words, the coefficients of a,,(q) seem to be log-concave.

Open Problem 6.18. In [HWI1T, [TWZ19], a non-symmetric extension of the
chromatic quasisymmetric functions is considered. It is then natural to ask if there
the recurrences we have extend to this setting.

Open Problem 6.19. There is a notion of non-commutative unicellular LLT
polynomials introduced in [NT19]. Can one extend the e-positivity result to the
non-commutative setting?

4 After applying w of course.
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APPENDIX: TABLES

This appendix contains two tables that list all possible types of orientations that
appear in the proofs of Theorem and Theorem [5.17] and show how they are
matched. The following example illustrates how to read these tables.

Example 6.20. Consider the following orientation of the Schréder path P =
nnennnendeneeee and let (z,z) = (3,7).

— 8 — 8
— — 7 — —| 7
—| |6 — 6
0= 5 o= P[5

L, |14 —| |4

EE 3

2 2

1 1

The bounce decomposition of P at (x,z) is P = Un.nVd.eW where U = nne,
V = nen and W = neeee. Therefore we need to consult Table[q below. We have
v=1,w=2y=4,Q =Un.nVe.dW, and importantly hrv(d,z) = 8, hrv(0,y) =7,
and hrv(0, z) = 7. Thus we need to consider the weak standardisation of 877 which
is 211. Table[q shows that there are four subcases in the row indexed by o = 211.
That is, all four orientations of the edges xy and yz could lead to this word. In
our case :E_)y7z_@ € 0. Thus we are in the second subcase, which belongs to @ This
means we should apply the map v of Lemma and end up in case @ in the
column corresponding to Q. In accordance with what the table predicts, the resulting
orientation 0’ contains ﬁ, and the weak standardization of hrv(6', x), hrv(6',y),
hrv(¢', z) is 121. Since 6 has one more descent than 8" we should regard 0" as the
second subcase of@ (in column @), which is multiplied by q. The reader can check
that if 1 is applied to an orientation from the first subcase of {5y (in column P),
then the number of ascents is preserved.
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P Q
o xy yz Map g xy Map
m Ll @ 1 @
- qg |
L= iz @
122 1 {3y
q
212 | | €
I =
211 | | & 1y ©
- qg |
Lz @ rz @
121 ] | & 1] &
- qg |
221 ) | @ ] @
- g
L = 1 -
- = qg —
132 1l
qg
312 | |
I =
231 L | © [N ©
- q
321 1 © ] ©
- qg
I - 1 —
- — q —

TABLE 2. Subcases for orientations, first bounce relation. The
missing o € {112,123,213} are not possible, since the edge Tz
is present in P and yé is present in (). The maps marked with
{iy are covered by Lemma @', while <¢> and () are covered by
Lemma and Lemma [5.8] respectively.
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P Q
o xy Yz Map Ty wx Map
m @ Lol @
- i -
- -
- = - =
122 Lol @
I =
212 | | @
- ]
211 | | 3 ol &
—- -
E @ ¥ 3 @
121 ] | & Lol 3
I - b -
221 | | ® Lol ®
" -
I - I =
- = - =
132 Lol @
I =
312 | | {7y
-
231 | | ol @
= I =
321 | | & Loy
- -
L2 L3

TABLE 3. Subcases for orientations, second bounce relation. The

maps marked with (i) correspond to Lemma

5.21| and the maps

marked with (i) are covered by Lemma |5.25

The missing o €

{112,123,213} are not possible, due to the edges z> and y_>z being

present in P and @, respectively.
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