arXiv:2004.11367v1 [math.CO] 23 Apr 2020

TROUPES, CUMULANTS, AND STACK-SORTING

COLIN DEFANT

Princeton University
Fine Hall, 304 Washington Rd.
Princeton, NJ 08544

ABSTRACT. In several cases, a sequence of free cumulants that counts certain binary plane trees
corresponds to a sequence of classical cumulants that counts the decreasing versions of the same
trees. Using two new operations on colored binary plane trees that we call insertion and decompo-
sition, we prove that this surprising phenomenon holds for families of trees that we call troupes. We
give a simple characterization of troupes, showing that they are plentiful. Troupes provide a broad
framework for generalizing several of the results that are known about West’s stack-sorting map
s. Indeed, we give new proofs of some of the main theorems underlying techniques that have been
developed recently for understanding s; these new proofs are far more conceptual than the original
ones, explain how the objects called valid hook configurations arise very naturally, and generalize to
the context of troupes. To illustrate these general techniques, we enumerate 2-stack-sortable and
3-stack-sortable alternating permutations of odd length and 2-stack-sortable and 3-stack-sortable
permutations whose descents are all peaks.

The unexpected connection between troupes and cumulants provides a powerful new tool for
analyzing the stack-sorting map that hinges on free probability theory. We give numerous applica-
tions of this method. For example, we show that if o € S,,—1 is chosen uniformly at random and
des denotes the descent statistic, then the expected value of des(s(c)) + 1 is

1
3— Z ? n.
3=0
Furthermore, the variance of des(s(c))+1 is asymptotically (242e—e?)n. We obtain similar results
concerning the expected number of descents of postorder readings of decreasing colored binary plane
trees of various types. We also obtain improved estimates for |s(S,)| and an improved lower bound
for the degree of noninvertibility of s : S,, — S,. The combinatorics of valid hook configurations
allows us to give two novel formulas that convert from free to classical (univariate) cumulants. The
first formula is given by a sum over noncrossing partitions, and the second is given by a sum over
231-avoiding valid hook configurations. We pose several conjectures and open problems.

1. INTRODUCTION

Given a sequence (my)n>1 of elements of a field K, called a moment sequence, one can consider
the corresponding sequence (¢ )n>1 of classical cumulants, as well as the corresponding sequence
(Kn)n>1 of free cumulants. Cumulants are the fundamental combinatorial tools used in noncommu-
tative probability theory. Each of these three sequences determines the other two via summation
formulas involving partition lattices and noncrossing partition lattices.

FE-mail address: cdefant@princeton.edu.
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If (kn)n>1 is a sequence of free cumulants defined by x, = —C,,_1, where C, = %(2[) is the
r*® Catalan number, then the corresponding sequence of classical cumulants (cn)n>1 is given by
cn, = —(n — 1)!. Indeed, this is equivalent to the fact that the sequences ((—1)" 'C,_1),>1 and
((=1)"Y(n — 1)!),>1 give the Mobius invariants of noncrossing partition lattices and partition
lattices, respectively. On the other hand, C,,_; is the number of binary plane trees with n — 1
vertices, while (n — 1)! is the number of decreasing binary plane trees with n — 1 vertices. This

might seem like a mere coincidence; one of the primary goals of this paper is to show that it is not.

We will give a vast generalization of the above observation by developing a theory of troupes.
These are families of colored binary plane trees that are closed under two new operations that we
call insertion and decomposition, which resemble a product and a coproduct on trees. We will see
that many classical families of rooted plane trees found in the literature are troupes. In fact, we will
give a characterization of troupes, which will show that there are many of them. More precisely, we
will prove that every troupe is uniquely determined by its branch generators, which play the role
of “indecomposable” or “prime” elements. We also define insertion-additive tree statistics, some
natural examples of which are (essentially) the statistic that counts right edges and the statistic
that counts vertices with 2 children.

We will prove that if T is a troupe, then a sequence of free cumulants that counts trees in T
according to some insertion-additive tree statistics corresponds to a sequence of classical cumulants
that counts decreasing versions of the trees in T according to the same statistics. Some very specific
manifestations of this surprising phenomenon are as follows. Free cumulants given by Narayana
polynomials correspond to classical cumulants given by Eulerian polynomials. Free cumulants given
by aerated Catalan numbers correspond to classical cumulants given by tangent numbers. Free
cumulants given by Motzkin polynomials, which are the y-polynomials of associahedra, correspond
to classical cumulants given by ~-polynomials of permutohedra. Free cumulants given by large
Schréder numbers correspond to classical cumulants that count cyclically ordered set partitions.

Our proof requires three main ingredients: the Refined Tree Decomposition Lemma, the Refined
Tree Fertility Formula, and the VHC Cumulant Formula. The Refined Tree Decomposition Lemma
generalizes the Refined Decomposition Lemma that the author has used to answer several questions
about West’s stack-sorting map in [204/21,23]. The proof given here is new and is more concep-
tual than the original proof; it also generalizes to the setting of troupes. From the Refined Tree
Decomposition Lemma, we will derive the Refined Tree Fertility Formula. This is a generalization
of the Refined Fertility Formula that the author has used to answer several other questions about
West’s stack-sorting map [19,22}24,27-29]. Again, our proof is new, is far more conceptual than
the original proof, and generalizes to troupes. Our new proof also explains how the combinato-
rial objects called wvalid hook configurations, which appear in the formula, arise naturally. Special
cases of the Refined Tree Fertility Formula also imply new results about the stack-sorting map.
For example, we will obtain a formula for the number of alternating permutations in s~!(7) when
7 is an arbitrary permutation of odd length and s denotes the stack-sorting map. We will also
obtain a formula for the number of permutations in s~!(7) whose descents are all peaks when 7
is an arbitrary permutation. The VHC Cumulant Formula is a result that was essentially proven
(although not stated explicitly) in [29]. This is a formula that converts from free cumulants to the
corresponding classical cumulants via a sum over valid hook configurations.

The combination of the Refined Tree Fertility Formula and the VHC Cumulant Formula provides
a new method for analyzing the stack-sorting map, which we will illustrate with several applications.
One application is a result that was originally proven in [29]|, which states that uniquely sorted
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permutations (i.e., permutations with exactly one preimage under s) are enumerated by the absolute
values of the classical cumulants of the standard semicircular law (known as Lassalle numbers).

For another application, we consider the problem of computing the expected value E(D,,), where
D,, = des(s(c)) + 1 and o is chosen uniformly at random from S,_;. Here, des denotes the
permutation statistic that counts descents. One can view des(s(c)) + 1 as a measure of how far
s(o) is from the identity permutation 123 - -- (n—1). It is not at all clear how one could use standard

D
methods to prove that the limit lim n)

n—o00 n
show that this limit exists, but will see that it is equal to 3 — e. In fact, this will follow from the

shockingly simple exact formula
"1
E(D,)=(3-> = |n
=0

Moreover, we will provide an algorithm for computing the generating functions of the moments of
the random variables D,,. As a consequence, we will see that the variance of D,, is asymptotically
(2 + 2e — e?)n.

even exists. Using free probability, we will not only

Using elementary methods, we will also prove that the probability that 1 is a descent of s(o) is
asymptotically 3 —e. The same does not appear to be true for the probability that ¢ is a descent in
s(o) when ¢ > 2 is fixed. Thus, there seems to be a mysterious connection between the first index
and a random index when we examine the stack-sorting image of a random permutation.

Understanding the stack-sorting image of a random permutation is equivalent to understanding
the postorder reading P(7) of a random decreasing binary plane tree 7. The methods that we use
to understand the random variables D,, generalize immediately, allowing us to study descents in
postorder readings of random trees taken from other troupes. For example, we will show that if n
is even and 7 is chosen uniformly at random from the set of decreasing full binary plane trees with
n — 1 vertices and label set {1,...,n — 1}, then

E(des(P(T))+1) = (1 _ _En ) n~ (1 — %) n,

nEn—l

where F,, denotes the n'" Euler number. This can be rephrased in terms of stack-sorting because
E(des(P(T))+1) is also the expected value of des(s(c)) + 1 when o is chosen uniformly at random
from the set of alternating permutations in 5,_1. We will also show that if 7 is chosen uniformly
at random from the set of decreasing Motzkin trees with n — 1 vertices and label set {1,...,n —1}
(n could be even or odd), then

E(des(P(T)) + 1) ~ (1 - 32*7/? (67 - 1)) n.

This result can also be rephrased in terms of stack-sorting because E(des(P(7)) + 1) is also the
expected value of des(s(o))+1 when o is chosen uniformly at random from the set of permutations
in S,_1 whose descents are all peaks. As a final example of these methods, we will show that if 7
is chosen uniformly at random from the set of decreasing Schréder 2-colored binary trees (defined
in Section [2)) with n — 1 vertices and label set {1,...,n — 1}, then

E(des(P(T)) + 1) ~ (1 — 2101g2) n.
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We will also consider |s(Sy)|, the number of sorted permutations in S,. Bousquet-Mélou [13]
found a recurrence for these numbers, but their asymptotic behavior is not known. Using Bousquet-
Mélou’s recurrence and a strengthening of Fekete’s lemma due to de Bruijn and Erdés, we will prove

1/n

S,
that the limit lim M
allow us to show that the number of valid hook configurations of permutations in S, is asymptoti-
13

n+1 3 §,2; —22) (where
1F» denotes a generalized hypergeometric function). Every sorted permutation has a valid hook
[5(Sn)]

n!

exists and is greater than 0.68631. Free probability theory will

cally n!/c"* ) where ¢ &~ 1.32874 is the smallest positive real root of 1 — z 1F5 (

1/n
configuration, so this result will imply that nh_}rgo ( ) < 1/ec =~ 0.75260.

As a final application, we consider the degree of noninvertibility of the stack-sorting map. Given
a finite set X and a function f: X — X, Propp and the author [30] defined

= LS )P

N |X| zeX
as a measure of how far the function f is from being invertible. They showed that the limit
Jim deg(s : S, — S,)Y/™ exists and lies in the interval [1.12462,4], and they conjectured that it

deg(f: X — X)

actually lies in the interval (1.68,1.73). Free probability will allow us to obtain a lower bound of
1.62924.

Associated to every valid hook configuration H are two set partitions, denoted |H and H. The
first partition is connected, while the second is noncrossing. The connected partitions |H play a
fundamental role in the VHC Cumulant Formula and its proof. By considering the noncrossing
partitions H, we will obtain two new combinatorial formulas that express (univariate) classical
cumulants ¢, in terms of the corresponding free cumulants k,,. The first formula states that

(1) —en= ) |[LIEM)(~ra)n,

neNC(n)

where L(K(n)) can be seen as the set of linear extensions of a certain poset associated to the
Kreweras complement K (7) of the noncrossing partition 7. The second formula states that

(2) —Cn = Z Tn(—Fe)n

HEVHC(Avn,_1(231))
where VHC(Av,,—1(231)) is the set of valid hook configurations of 231-avoiding permutations in
Sn—1 and 3 is the number of linear extensions of a rooted tree poset associated to H, which can
be computed using the hook length formula for rooted tree posets. Let us remark that there are
other notions of cumulants in noncommutative probability theory; the task of finding combinatorial
formulas that convert between different types of cumulants was undertaken in [11|3},40,45].

One of the central notions in the study of the stack-sorting map is that of a t-stack-sortable
permutation, which is a permutation 7 such that s'() is increasing (s! denotes the t-fold iterate
of s). The enumeration of 2-stack-sortable permutations in particular has received a huge amount
of attention [8}/12,(15,/17,20,131}-34},36]. The Refined Tree Decomposition Lemma and the Refined
Tree Fertility Formula allow one to straightforwardly generalize many of the results that the author
has proven about the stack-sorting map to the more general context of troupes. To illustrate this,
we will show how the Refined Tree Decomposition Lemma gives a general method for enumerating
2-stack-sortable permutations belonging to sets of permutations that are associated with troupes.
For two very concrete applications, we enumerate 2-stack-sortable alternating permutations of
odd length and 2-stack-sortable permutations whose descents are all peaks. We will also prove
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that the generating function that counts 2-stack-sortable permutations associated to a troupe is
algebraic whenever the generating function counting the trees in the troupe is algebraic. This
is a far-reaching generalization of the fact that the generating function counting 2-stack-sortable
permutations is algebraic. Furthermore, we will show that these methods provide recurrences that
count 3-stack-sortable permutations associated to troupes.

As a final result, we prove that the sequence enumerating the trees in a troupe T is determined by
the sequence enumerating the branch generators of the troupe. In many cases, the latter sequence
is much simpler than the former. This yields a new transform on nonnegative integer sequences,
which we call the troupe transform.

1.1. Outline. In Section [2, we introduce insertion and decomposition, define and characterize
troupes, and give necessary background on the stack-sorting map and valid hook configurations.
Section [3] is devoted to the proof of the Refined Tree Decomposition Lemma. In Section [ we
prove the Refined Tree Fertility Formula and detail some applications by choosing specific troupes.
Section [5| provides necessary background on the combinatorics of free probability theory and states
the VHC Cumulant Formula. In Section [6] we prove that a sequence of free cumulants that counts
trees in a troupe according to insertion-additive tree statistics corresponds to a sequence of classical
cumulants that counts the decreasing versions of the same trees according to the same statistics.
We then explain in more detail how this applies to some specific troupes. In Section [7, we outline
several applications of the Refined Tree Fertility Formula and the VHC Cumulant Formula to the
study of the stack-sorting map and, more generally, postorder readings of decreasing colored binary
plane trees. Section [§] is devoted to proving the new cumulant conversion formulas and .
Section[9) provides a method for enumerating 2-stack-sortable permutations associated with troupes,
explicitly enumerates 2-stack-sortable alternating permutations of odd length and 2-stack-sortable
permutations whose descents are all peaks, proves the algebraicity of the generating functions
that count 2-stack-sortable permutations associated with troupes counted by algebraic generating
functions, and gives a recurrence for counting 3-stack-sortable permutations associated to troupes.
In Section we prove that the sequence enumerating the trees in a troupe is determined by the
sequence enumerating the branch generators of the troupe, and we use this theorem to define the
troupe transform. In Section we accumulate numerous open problems and conjectures from
throughout the article.

1.2. Notation and Terminology. For easy reference, we record some of the notation and termi-
nology that we will use throughout the article.

e Let [n] denote the set {1,...,n}.
e Given elements a;, . ;, of a field K, we can consider the generating function A(z1,...,z,) =

Z aihm’ir:zill . ~:cff, which is a formal power series in the variables x1,...,x,.. We write

[gvi1 oozl A(zy, . .., x,) for the coefficient a;, ;. K

e A composition of a positive integer b into a parts is an a-tuple of positive integers that sum
to b. If (up)n>1 is a sequence of elements of a field K and q = (q1, ..., ¢,) is a composition,
then we write uq for the product [{; ug,-

o A set partition of a finite set X is a set of pairwise-disjoint nonempty subsets of X whose
union is X. If (uy)n>1 is a sequence of elements of a field K and p is a set partition, then
we let (ue), = [1Bep UiB|-

e A permutation is an ordering of a finite set of positive integers, which we write in one-
line notation. Let S, denote the set of permutations of [n]. A descent of a permutation

©1yeeeylip )
of 1" -+ zlr in this series.
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T = 7Ty, is an index ¢ € [n — 1] such that m; > m11. A peak of m is an index
i€{2,...,n— 1} such that m;_; < m; > miy1. Let des(m) and peak(w) denote the number
of descents of m and the number of peaks of m, respectively. We say 7 is alternating if
its descents are precisely the even elements of [n — 1]. Let ALT be the set of alternating
permutations. Let EDP denote the set of permutations in which every descent is a peak.

2. TREES, PERMUTATIONS, AND VALID HOOK CONFIGURATIONS

2.1. Troupes. A rooted plane tree is a rooted tree in which the children of each vertex are linearly
ordered from left to right. Such trees have been studied extensively in combinatorics and computer
science [4,(7,/10435,|38,/394/47.148,|52,|56]. We restrict our attention to binary plane trees; these are
rooted plane trees in which each vertex has at most two children and every child is designated as
either a left or a right child (but not both). Let BPT be the set of binary plane trees. The theory
we will develop is quite general if we restrict our attention to the set BPT, but we will obtain even
more general results if we allow ourselves to color the vertices of trees. Throughout this article, we
fix a finite set C of colors. It does not matter too much what the set C actually is, but we do want
to require that it is finite and contains the colors black and white. A colored binary plane tree is a
tree obtained from a binary plane tree by assigning the vertices colors from C (i.e., it is a binary
plane tree along with a function from the set of vertices of the tree to C). Let CBPT denote the
set of colored binary plane trees. Given a set T C CBPT, we let T,, denote the set of all trees in T
that have n vertices. We make the convention that binary plane trees are just colored binary plane
trees in which all of the vertices are black. Thus, BPT C CBPT. Our setup is able to model several
different families of trees because we have the freedom to color the vertices in many different ways.

FiGure 1. The 5 binary plane trees with 3 vertices.

We are going to describe two new operations defined on colored binary plane trees, which we
call insertion and decomposition. These operations are very simple, but they will play a huge role
in the remainder of the paper.

To define insertion, suppose we are given two nonempty colored binary plane trees 77 and 75
along with a specific vertex v in T7. Replace v with two vertices that are connected by a left edge.
This produces a new tree 17" with one more vertex than 77. We call the lower endpoint of the new
left edge v, identifying it with the original vertex v and giving it the same color as the original v.
We denote the upper endpoint of the new left edge by v*, and we color v* black. For example, if

where v is as indicated, then

5
I
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The insertion of Ty into Th at v, denoted V,(T1,T5) is the tree formed by attaching T» as the right
subtree of v* in T7". For example, if 77 and 77} are as above and

T2 = )

then

Vo(T1,Ts) =

We can easily reverse the above procedure as follows. Let T be a colored binary plane tree, and
suppose v* is a black vertex in 1" with 2 children. Let v be the left child of v* in T', and let T5 be
the right subtree of v* in T'. Let T} be the tree obtained by deleting 75 from 7', and let 7} be the
tree obtained from 77} by contracting the edge connecting v and v* into a single vertex. We call this
contracted vertex v, identifying it with the original v. We say the pair (71, T5) is the decomposition
of T at v* and write Ay« (T) = (T, T»).

Definition 2.1. We say a collection T of colored binary plane trees is

o insertion-closed if for all nonempty trees 17,75 € T and every vertex v of 17, the tree
vv(Tl,Tg) is in T;

o decomposition-closed if for every T' € T and every black vertex v* of T' that has 2 children,
the pair Ay«(7T) isin T x T;

o black-peaked if for every T' € T, the vertices with 2 children in T are all black.

A troupe is a set of colored binary plane trees that is insertion-closed, decomposition-closed, and
black—peakedﬂ

Troupes are the sets to which our later theorems will apply. We now show that there are several
troupes by giving a simple characterization of them. This characterization will not be needed in
the remaining sections of the paper, so a reader primarily interested in cumulants and/or stack-
sorting can safely skip to Example Before proving the characterization, we need a little more
terminology and a lemma.

The insertion closure of a set T C CBPT, denoted Ins(T), is the smallest (under containment)
insertion-closed subset of CBPT that contains T. This is well-defined because the intersection of a
collection of insertion-closed sets is insertion-closed. Note that Ins(T) is the set of trees obtained
by starting with T and performing all possible sequences of insertions.

Lemma 2.2. If a set T((Lof colored binary plane trees is decomposition-closed and black-peaked,
then its insertion closure Ins(T(©)) is a troupe.

Proof. Suppose T(®) C CBPT is decomposition-closed and black-peaked. Let T(}) be the union of
T©) with the set of all trees that can be written as V(T1,T3) for some nonempty 77,75 € T and
some vertex v of Ty. It is clear that T() is black-peaked because the new vertices with 2 children

1 we view insertion as analogous to a binary operation with decomposition as its inverse, then troupes are sets of
trees that are analogous to groups.
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that are produced from insertion are always black. We will show that T is also decomposition-
closed. Choose T € T and let u* be a (necessarily black) vertex in T with 2 children. We
need to prove that A,«(T) € T x TMW. If T € T, then this follows from the assumption that
T©) is decomposition-closed. Thus, we may assume T' € T(1) \ T(®). This means that there exist
nonempty trees T, T> € T and a vertex v of T} such that T = Vo(T1,T3). Let v* be the parent
of vin T. Let u be the left child of ©v* in T'. We consider three cases.

Case 1. Assume u* = v*. In this case, Ays(T) = Ay (Vo(T1,T2)) = (T1,T) € TM x TW) as
desired.

Case 2. Assume u* # v* and u* # v. Since u* # v*, the vertex u* is in either T} or T5. We will
assume u* is a vertex in 77, the proof in the other case is completely analogous. Because u* is black
and has 2 children in 7', it must also be black and have 2 children in 77. This means that we can
decompose T3 at u* to form the pair Ay« (71) = (T5,T4). The trees T3 and Ty are in T©) because
TO s decomposition-closed and contains 77. Because u* # v, the vertex v is in either T3 or Tj.
We assume v is in T3; the case in which v is in Ty is similar. Note that u # v because u* # v*. It
follows immediately from the definition of insertion that V,(V,(T3,74),T2) = Vu(Vy(13,13),Ty).
Therefore,

Ay (T) = Au*(vv(TlvT2)) = Ayr (Vv(VU(T37T4)vT2)) = Ayr (Vu(vv(T37T2)aT4))
= (Vo(T3,T2),Ty).

The trees T and T3 are in T(O), so Vyu(T5,T3) € T® . Since Ty € T(0) - T(l), this completes the
proof in this case.

Case 3. Assume u* = v. In this case, v* must be in 77. As in the previous case, u* is black and
has 2 children in 77, so we can write Ay«(T1) = (T3,T4) for some T3,Ty € T©). One can readily
check that Ay«(T) = (Vu(T3,12),Ty) (see Figure |2| for an example). The trees 7> and T3 are in
TO) so Vu(T3,Ts) € T, Since Ty € T C T this completes the proof in this final case.

We have shown that T is decomposition-closed and black-peaked. Now let T be the union
of T with the set of all trees that can be written as Vu(Th,T5) for some nonempty 71,15 € T
and some vertex v of 7. By the exact same argument as above, T(®) is decomposition-closed
and black-peaked. Repeating this construction, we obtain an infinite chain T® Cc TM C ...,
where T+ is the union of T(®) with the set of all trees that can be written as V, (71, Ts) for
some nonempty T1,7T» € T® and some vertex v of Ty. It follows by induction on ¢ that T()
is decomposition-closed and black-peaked for every nonnegative integer i. Therefore, (J;>o T s
decomposition-closed and black-peaked. It is straightforward to see that J;>o T® = Ins(T®),
so Ins(T©) is decomposition-closed and black-peaked. The set Ins(T(?) is insertion-closed by
definition, so it is a troupe. O

We say a colored binary plane tree T' is a branch if none of the vertices in T" have 2 children. Let
Branch denote the set of branches.

Theorem 2.3. There is a bijective correspondence between the collection of all troupes and the
collection of all sets of branches. Under this correspondence, a troupe T' corresponds to T N Branch,
and a set B of branches corresponds to Ins(B).

Proof. Because branches do not have vertices with 2 children, they cannot be decomposed. There-
fore, every set of branches is vacuously decomposition-closed and black-peaked. Let T be a
troupe. Since T N Branch is decomposition-closed and black-peaked, it follows from Lemma
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O/'\. V(T3 To)

T3 Ty

FIGURE 2. An illustration of trees appearing in Case 3 in the proof of Lemma

that Ins(T N Branch) is a troupe. Because T is insertion-closed and contains T N Branch, we
must have Ins(T N Branch) C T. We wish to prove the reverse containment. We will show that
T,, C Ins(T N Branch) for every n > 0, where n is the set of trees in T with n vertices. This
is certainly true for n < 2 because every colored binary plane tree with at most 2 vertices is a
branch. Therefore, we may assume n > 3 and induct on n. Choose T' € T,,. If T is a branch, then
T € Ins(T N Branch). Suppose T is not a branch. This means there is a vertex v* of T that has
2 children. The vertex v* must be black because T is black-peaked. Let (71,7T2) = A,+(T), and
let v be the left child of v* in T'. The trees 17 and T3 are in T because T is decomposition-closed.
By induction on n, the trees Ty and T are in Ins(T N Branch). Since this set is insertion-closed, it
must contain the tree V, (T, Ty) = T. This completes the proof that T = Ins(T N Branch).

Now let B be a set of branches. It is clear that B C Ins(B) N Branch. To prove the reverse
containment, we use the fact that Ins(B) is the set of trees obtained by starting with B and
performing all possible sequences of insertions. If a tree is in Ins(B) N Branch, then it cannot be
obtained from an insertion because it has no vertices with 2 children. Therefore, every tree in
Tns(B) N Branch must be in B. O

In light of the preceding theorem, we define the branch generators of a troupe T to be the
elements of T N Branch. One can think of the branch generators as the “indecomposable” elements
of the troupe. Notice that Theorem implies that there are uncountably many troupes (there
are even uncountably many troupes contained in BPT). Our theorems in the rest of the paper will
apply to all troupes, but our concrete examples will focus on the following four.

Example 2.4 (Binary Plane Trees). The set BPT of all binary plane trees is certainly a troupe; its
branch generators are the branches whose vertices are all black. It is well known that |BPT,| = C,,
where C,, = - (") is the n'" Catalan number. Therefore,

n+1l\n
1—+1—-4z
PT,|z" = = —

(3) E |IBPT,, |z g Cpz 5,

n>0 n>0

O

Example 2.5 (Full Binary Plane Trees). We say a binary plane tree is full if every vertex has
either 0 or 2 children. We also make the convention that the empty tree is not full. Let FBPT be
the set of full binary plane trees, and let FBPT,, be the set of trees in FBPT with n vertices. The
trees in FBPT; are shown in Figure It is easy to see that FBPT is a troupe; its only branch
generator is the tree consisting of a single black vertex. Every full binary plane tree has an odd
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number of vertices, and there is a natural bijection from FBPTo;,1 to BPT, obtained by removing
(also called pruning) the leaves of the trees in FBPTox 1. Therefore, |FBPTg; 1| = Ci. We have
1—+1—422
(4) S T IFBPT,[2" = Y [FBPTopyq |22 = Y7 Cpe® ! = —
n>0 k>0 k>0

o R0

FiGURE 3. The 5 full binary plane trees with 7 vertices.

O

Example 2.6 (Motzkin Trees). A Motzkin tree (also called a unary-binary tree) is a nonempty
binary plane tree in which every child that has no siblings is a left child. Let Mot be the set of
Motzkin trees, and let Mot,, be the set of Motzkin trees with n vertices. It is straightforward to
check that Mot is a troupe; its branch generators are the nonempty branches that have only left
edges and only black vertices.

Remark 2.7. Motzkin trees are usually defined so that children without siblings are not designated
as left or right children. Under this definition, Motzkin trees are not binary plane trees. However,
there is an obvious bijection between Motzkin trees in the traditional sense and Motzkin trees as
we have defined them above (just designate each child without siblings to be a left child). This
allows us to apply our theorems to Motzkin trees as well. A

The trees in Moty are depicted in Figure It is well known that |[Mot,| = M,_1, where
M,, denotes the n' Motzkin number (with the convention M_; = 0). These numbers form
the OEIS sequence A001006 [51]; they can be defined via their generating function Z M, 2" =

n>0
1—2z—+v1—2z—322
i 5,2 i i . Hence,
1—2—+/1—2z— 322
(5) S Moty |2 = 3 M, 12" = —= : FTOE
n>0 n>0 &

A

FIGURE 4. The 4 Motzkin trees with 4 vertices.
O

Example 2.8 (Schroder 2-Colored Binary Trees). A 2-colored binary tree is a colored binary plane
tree in which each vertex is colored either black or white. Of course, the number of such trees with
n vertices is 2"C),. The focus of the article [38] is the bijective enumeration of 2-colored binary
trees that satisfy certain constraints. For example, let Sch denote the set of 2-colored binary trees
in which no white vertex has a left child. Let Sch,, be the set of trees in Sch with n vertices. The
trees in Schy are shown in Figure We call these trees Schrdder 2-colored binary trees because (an
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equivalent reformulation of) the first part of Corollary 4.2 in [38] states that |Sch,| is the n'!' large
Schréder number .#,. These numbers form OEIS sequence A006318 [51]. We have the generating

function identity
1—2—+vV1—6z+22
3 Isch 2" = 3 et = Y SO S

n>0 n>0

Ziri)(}’] In fact, an equivalent

reformulation of the second part of Corollary 4.2 in [38] states that (ZJ_“;
in Sch,, with j black vertices.

SN NN S

F1GURE 5. The 6 Schroder 2-colored binary trees with 2 vertices.

The large Schroder numbers also satisfy the identity %, = Y77 (

)Cj is the number of trees

The set Sch is a troupe; its set of branch generators is the set of branches that are 2-colored
binary trees in which no white vertices have left children. %

2.2. Decreasing Colored Binary Plane Trees. Let X be a finite set of positive integers. A
labeled colored binary plane tree on X is a colored binary plane tree whose vertices are bijectively
labeled with the elements of X. A decreasing colored binary plane tree is a labeled colored binary
plane tree in which every nonroot vertex is given a label that is smaller than the label of its
parent. A labeled colored binary plane tree with n vertices is standardized if its set of labels is

[n] ={1,...,n}.

Definition 2.9. The skeleton of a labeled colored binary plane tree 7 is the colored binary plane
tree skel(7") obtained by removing the labels from the vertices of 7. Given a set T of colored binary
plane trees, let DT denote the set of decreasing colored binary plane trees 7 such that skel(7) € T.
Let DT be the set of standardized trees in DT.

The trees in DBPT3 are depicted in Figure @ Each colored binary plane tree represents a poset
on its set of vertices in which u < v if and only if u is a descendant of v. From this point of view,
a decreasing colored binary plane tree is a pair (7, L), where T is a colored binary plane tree and
L is a linear extension of the poset represented by T

2 MR R
2 2 1 2 2 1 2 2
1 1 1 1

FIGURE 6. The 6 standardized decreasing binary plane trees with 3 vertices.

A permutation is an ordering of a finite set of positive integers; we write permutations as words
in one-line notation. Let S,, denote the set of permutations of [n]. Two natural tree traversals that
produce a permutation of a set X from a labeled colored binary plane tree on X are the in-order
reading Z and the postorder reading P. If T is the empty tree, then Z(7) and P(T) are both just
the empty permutation. Now suppose 7 is a nonempty labeled colored binary plane tree on X.
Let 71, and Tr be the (possibly empty) left and right subtrees of the root of T, respectively. Let
m € X be the label of the root. The in-order reading and postorder reading are defined recursively
by

I(T) =Z(Te) mZ(Tr) and P(T) =P(T) P(Tr) m.
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For example, the in-order readings of the trees in Figure [f] are, from left to right, 123, 213, 132,
231, 312, 321. The postorder readings of these trees are 123, 123, 123, 213, 123, 123.

We dealing with in-order readings and postorder readings, we will focus exclusively on decreasing
colored binary plane trees. It is well known that the in-order reading gives a bijection between
decreasing binary plane trees on X and permutations of X. Given a permutation 7, we let Z~1(7)
denote the unique tree in DBPT whose in-order reading is . On the other hand, it is clear from
the trees in Figure [6] that the postorder reading does not yield such a bijection.

2.3. Insertion-additive Tree Statistics. Our main results will allow us to work with enumera-
tions of troupes that are refined according to tree statistics that interact nicely with insertion.

Definition 2.10. A tree statistic is a function f : CBPT — C. For every tree statistic f, we define
a function f: DT — C by

F(T) = f(skel(T)).

We say a tree statistic f is insertion-additive if for all nonempty colored binary plane trees 77 and
T5 and all vertices v in T}, we have

f(Vo(T1,T2)) = f(Th) + f(T2).

Example 2.11. The most obvious insertion-additive tree statistic is the statistic that maps each
tree with n vertices to the number n + 1. We now describe some other natural statistics that
are insertion-additive. One can show that if 7 is any decreasing colored binary plane tree, then
the number of right edges in 7 is equal to the number of descents in the in-order reading Z(7).
Furthermore, the number of vertices in 7 that have 2 children is equal to the number of peaks
of Z(T) (this explains the term “black-peaked” from Definition . Therefore, it makes sense
to define des(7) and peak(7) to be the number of right edges in 7 and the number of vertices
with 2 children in 7, respectively. Since des(7) and peak(7) only depend on the skeleton of
T, the maps des and peak descend to tree statistics on colored binary plane trees. For every
colored binary plane tree T', we define des(T") and peak(T") to be the number of right edges in T
and the number of vertices with 2 children in T', respectively. Thus, des(7) = des(skel(7")) and
peak(7T) = peak(skel(T)) for every decreasing colored binary plane tree 7. We make the convention
that des(¢) = 0 and peak(e) = —1, where ¢ is the empty tree.

Suppose T, T € CBPT are nonempty, and let v be a vertex in T;. The right edges in V, (11, T»)
are the right edges in 77, the right edges in 75, and the new right edge connecting the new vertex
v* to the root of Ty. Therefore, des(V,(T1,T2)) = des(T1) + des(T3) + 1. This shows that the
function T' — des(T') + 1 is an insertion-additive tree statistic. The vertices with 2 children in
Vu(T1,T3) are the vertices with 2 children in 77, the vertices with 2 children in 75, and the new
vertex v*. Consequently, the function 7' — peak(T") + 1 is insertion-additive. Another natural
insertion-additive tree statistic is the map 7' — black(T) + 1, where black(T") is the number of
black vertices in 7. Indeed, the black vertices in V,(T1,T>) are the black vertices in 77, the black
vertices in 15, and the new vertex v*. If ¢ is any color other than black, then the statistic that
maps 1" to the number of vertices with color ¢ in T is insertion-additive. %

2.4. The Stack-Sorting Map. In his book The Art of Computer Programming, Knuth intro-
duced a “stack-sorting algorithm” [42]; his analysis of this algorithm led to several advances in
combinatorics, including the notion of a permutation pattern and the kernel method [2,7,41,46].
In his Ph.D. thesis, West defined a deterministic variant of Knuth’s algorithm [62]. This variant is
a function that we denote by s and call the stack-sorting map. Despite the fact that this function is
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so easy to define, it is remarkably difficult to analyze. Consequently, it has received a great amount
of attention since its inception (see [7,9,/19,[20,29] and the references therein).

To define s, assume we are given an input permutation m = 7y - - - m,. Throughout this procedure,
if the next entry in the input permutation is smaller than the entry at the top of the stack or if the
stack is empty, the next entry in the input permutation is placed at the top of the stack. Otherwise,
the entry at the top of the stack is annexed to the end of the growing output permutation. This
procedure stops when the output permutation has length n. We then define s(7) to be this output
permutation. Figure illustrates this procedure and shows that s(4162) = 1426.

4162 162 62 1 62 14 62 14 2 14 142 1426
V-
4 4 4 6 6 6
FIGURE 7. The stack-sorting map s sends 4162 to 1426.

If 7 is a permutation with largest entry m, then we can write 7 = LmR for some permutations
L and R. A useful recursive description of the stack-sorting map states that

(6) s(m) = s(L)s(R)m.

For example,
5(416352) = s(41) s(352) 6 = s(1) 4 s(3) s(2) 56 = 143256.

There is another alternative definition of the stack-sorting map that makes use of in-order and
postorder readings of binary plane trees. Namely,

(7) s=Pol L

For example, we have

7! P
246153 — — 241356,

and one can check that s(246153) = 241356. It is this alternative definition that will allow us to
apply free probability theory to answer some (otherwise very difficult) natural questions about s
in Sections [ and [

West [62] defined the fertility of a permutation 7 to be |s~(7)|. According to (7)),
(8) |s~H(m)| = |P~"(x) N DBPT.

In other words, the fertility of 7 is the number of decreasing binary plane trees with postorder .
A priori, computing fertilities of permutations is a difficult task. Indeed, West devoted ten pages
of his dissertation [62] to the computation of the fertilities of permutations of the forms

23 kl(k+1)---n, 12---(k—2)k(k—1)(k+1)---n, and k12---(k—1)(k+1)---n.

Bousquet-Mélou [13] defined a permutation to be sorted if its fertility is positive (i.e., it is in the
image of s). She found an algorithm that determines whether or not a given permutation is sorted.
She then asked for a general method for computing the fertility of any given permutation.

The current author has found two distinct yet related methods for computing fertilities of arbi-
trary permutations. The first method, which we call the Fertility Formula, was developed in [26].
The Fertility Formula expresses |s~!(7)| as a sum of products of Catalan numbers, where the sum
runs over combinatorial objects called wvalid hook configurations. The second method is the De-
composition Lemma, a recursive formula that was first proven in [20]. We are going to give a new
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proof of the Decomposition Lemma; the new proof makes use of decreasing binary plane trees and,
consequently, is more conceptual than the original purely permutation-based proof.

The definition of a valid hook configuration appears complicated at first glance, and the original
proof of the Fertility Formula in [26] seems very ad hoc. Our new proof of the Decomposition
Lemma yields a more general result that allows us to rederive the Fertility Formula. This new
derivation is much cleaner than the original proof, and it explains why valid hook configurations
are defined the way they are. This new proof of the Decomposition Lemma also generalizes to
arbitrary troupes; hence, we will call this more general result the Tree Decomposition Lemma.
From the Tree Decomposition Lemma, we will derive a new Tree Fertility Formula, which will
be one of the two main tools allowing us to connect free and classical cumulants with families
of colored binary plane trees and decreasing colored binary plane trees in Section [6] In fact, we
can even refine the Tree Decomposition Lemma and Tree Fertility Formula by taking into account
certain tree statistics; we call these more general results the Refined Tree Decomposition Lemma
and the Refined Tree Fertility Formula.

3. THE REFINED TREE DECOMPOSITION LEMMA

The plot of a permutation © = - --m, is the diagram showing the points (i,7;) € R? for all
1 <i<n. A hook of mis a rotated L shape connecting two points (4,7;) and (j,7;) with i < j
and m; < mj, as in Figure [8f The point (i, 7;) is the southwest endpoint of the hook, and (j, ;) is
the northeast endpoint of the hook. Let SW;(7) be the set of hooks of = with southwest endpoint
(i,m;). For example, Figure |8 shows the plot of the permutation m = 426315789. The hook shown
in this figure is in SW3(7) because its southwest endpoint is (3,6). It’s northeast endpoint is (8, 8).

@9
8
@7

@5
@4
@3
02
o1

FIGURE 8. The plot of 426315789 along with a single hook.

Suppose 7 is not a monotone increasing permutation, and let d; < --- < dj be its descents.
The rightmost ascending run of the plot of 7 is the sequence of points (dy + 1, 7g, +1), - - -, (1, 7).
For example, the rightmost ascending run of 426315789 is (5,1), (6,5), (7,7), (8,8),(9,9). We say a
descent d of 7 is right—boundﬂ if every hook in SWy(m) has its northeast endpoint in the rightmost
ascending run of the plot of 7. This is equivalent to saying that every entry in 7 that is greater than
mq and to the right of 74 is also to the right of 74, . Of course, this means that dj, is automatically a
right-bound descent. The descents of 426315789 are 1, 3, and 4, but the only right-bound descents
are 3 and 4.

2In the hypothesis of the Refined Decomposition Lemma in [20], one chooses a “tail-bound descent” of a permutation.
By contrast, our Refined Tree Decomposition Lemma will require the choice of a right-bound descent. Every tail-
bound descent is right-bound, so this is one of the two ways in which the Refined Tree Decomposition Lemma
generalizes the Refined Decomposition Lemma (the other is that it applies to troupes).
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Let H be a hook of 7 with southwest endpoint (i,7;) and northeast endpoint (j,7;). The
H-unsheltered subpermutation of 7 is the permutation ﬂg = M- MTjq41 - Tp. Similarly, the
H -sheltered subpermutation of  is Wg = Tit1- - mj—1. For instance, if 7 = 426315789 and H is the
hook shown in Figure|8| then Wg = 4269 and 7T§I = 3157. The terms “sheltered” and “unsheltered”
come from the fact that, in applications, the plot of 7T§I will lie entirely below the hook H. In
particular, this will be the case if 7 is a right-bound descent of .

Theorem 3.1 (Refined Tree Decomposition Lemma). Let T be a troupe. Let fi,..., f, be insertion-
additive tree statistics, and let x1,...,x, be variables. If d is a right-bound descent of a nonempty
permutation m, then

3 D f (D)
TeP-1(m)NDT

. ) x{um N xf;m) 3 x{ﬂm . .;Ufr(m
HESW4(m) \ TyeP—1(xH)NDT Ts€P~!(n{)NDT

Proof. Let m = 71 ---m,. Let X be the set of entries in 7, and let m = max(X). If SWy(n) is
empty, then 7, # m. In this case, P~1(7) is empty, so both sides of the desired equation are 0.
Thus, we may assume SWy(7) is nonempty. This implies that 74 < m.

Suppose T € P~1(7) NDT, and let v be the vertex of 7 with the label 74. Because 74 < m, the
vertex v is not the root of 7. Thus, v has a parent v*. Let m; be the label of v*. Note that 74 < 7;
because T is decreasing. Because d is a descent of w, we know that j # d + 1. It follows from
the fact that 7 = P(7T) that d + 1 < 7, that v is a left child of v*, and that v* has a nonempty
right subtree 7g. Furthermore, (j, ;) is the northeast endpoint of a hook H € SWy(7). Let 7
be the tree obtained from 7 by deleting 7s. There is a left edge in 77 connecting v to its parent

v*; contract this edge into a single vertex v (with the same color as the original v), and give this
vertex the label m4. This produces a decreasing colored binary plane tree 7.

The procedure we just described for producing the decreasing colored binary plane trees Ty and
Ts is exactly the same as the procedure used to decompose skel(7) at the vertex v* (note that v*
is black because it is a vertex with 2 children in the tree skel(7), which is in the troupe T). Hence,

Ay« (skel(T)) = (skel(Ty), skel(Tg)).

The assumption that 7" € DT tells us that skel(7) € T. Because T is a troupe, the trees skel(7r)
and skel(7g) are also in T. Thus, 7y and Tg are in DT. Comparing the above decomposition
procedure with the definition of the postorder reading, we find that P(7y) = nff and P(Ts) = 7.
Consequently, 7y € P~H#f) DT and Ts € P~ (=) N DT.

This process is reversible. Suppose we are given the hook H € SWy(7) with northeast end-
point (j,7;) along with the trees Ty € P~Y(nfl) N DT and Ts € P~Y(zl) N DT. Let v be the
vertex in 7y with label 7. The trees skel(7y) and skel(7g) are in T. Because T is a troupe,
Vo (skel(Ty), skel(Ts)) € T. Let v* be the parent of v in V,(skel(7yr),skel(7s)). Every vertex in
V. (skel(Ty), skel(Ts)) other than v* is a vertex in either Ty or Ts. Let us give v* the label m;
and give each vertex in V,(skel(7y),skel(7g)) the same label that it has in either Ty or Tg. This
produces a new labeled colored binary plane tree T satisfying skel(T) = V,(skel(7y), skel(7g)).
Note that Tg is the right subtree of v* in 7. Let 77 be the tree obtained by deleting 7g from 7.
Our goal is to show that 7 is a decreasing colored binary plane tree. In order to do this, it suffices
to show that 7g and 7;; are decreasing and that the label of the root of 7g is less than the label 7;
of v*.
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We are given that 7y and Tg are decreasing colored binary plane trees; we want to check that 7;;
is also. The only thing we need to verify is that the label 7; of v* is smaller than the label of the
parent of v* in 77 if v* has a parent. Suppose v* does have a parent v in 7;7, and let a be its label.
Since u is the parent of v in Ty, we know that a is greater than w4 and appears to the right of 7y
in the permutation P(Ty) = ﬂg . Every entry that appears to the right of 74 in wg must appear
to the right of 7; in 7. It is at this point that we use the crucial hypothesis that d is a right-bound
descent. Indeed, this hypothesis implies that ; is in the rightmost ascending run of 7, so it is less
than every entry that appears to its right in 7. In particular, this means that m; < a, as desired.

It now remains to check that the label of the root of 7g is less than 7;. This labels is an
entry in the permutation 7r§1 , whose plot lies below H in the plot of m (because d is right-bound).
Consequently, this label is less than 7. It follows from our construction that P(7) = 7, so we have
shown that 7 € P~1(r) N DT.

The above argument shows that there is a bijection
e: |J P Hrf)nDT) x (P H(x§)nDT) —» P '(x)NDT
HGSWd(W)
such that
skel(o(Tu, Ts)) = Vo(skel(Tu), skel(7s)),

where v is the vertex with label m4. For each i € [r], we have
File(Tu, Ts)) = filskel(o(T, Ts))) = fi( Vo(skel(Tu), skel(T5))) = fi(skel(To)) + fi(skel(7s))
= fi(Tv) + fu(Ts),

where we have used the definition of f; and the assumption that f; is insertion-additive. This
completes the proof. O

Example 3.2. We illustrate the proof of Theorem in the specific case in which T is the troupe
BPT and m = 426315789 is the permutation shown in Figure|8| Let d = 3 (so mq = 6). One element
of P~1(7) N DBPT is the tree

Here, v is the vertex with label 6. The parent v* of v has label 7; = 8, so H is the hook shown
in Figure The corresponding unsheltered and sheltered subpermutations are Wg = 4269 and
wg = 3157. Now observe that

9 7
Tu = %’ € P '(x{/)NDBPT and Ts= @3 & <P '(x{)NDBPT. 0
4@ 2 1

Corollary 3.3 (Tree Decomposition Lemma). Let T be a troupe. If d is a right-bound descent of
a nonempty permutation m, then

P'(@)NDT|= > |P ' x{/)nDT|-|P~'(x§)NDT|.
HESWd(ﬂ')

Proof. Set 1 = --- =z, =1 in Theorem O
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The following corollary is a mild generalization of the Refined Decomposition Lemma from
[20] (the original formulation used “tail-bound descents,” which are less general than right-bound
descents). Recall that s denotes the stack-sorting map.

Corollary 3.4 (Refined Decomposition Lemma). If d is a right-bound descent of a nonempty
permutation m, then

Z xtlies(a)+1$12)eak(a)+1

oe€s™1(m)

. des(p)+1 peak(p)+1 des(A\)+1 peak(M)+1
= > > o T2 > o T2
HeSW4(m) \ pes—1(xfl) Aes—1(wl)

Proof. We can apply Theoremwith T = BPT. It follows from that for every permutation 7,
the in-order reading Z : P~1(7) NDBPT — s~!(7) is a bijection. Let f; and fa be the tree statistics
given by f1(T) = des(T) + 1 and fo(T) = peak(T') + 1, as defined in Example As mentioned
in that example, we have f1(7) = des(Z(T)) +1 and fo(T) = peak(Z(T))+1 for every T € DBPT.
The proof now follows from Theorem O

Corollary 3.5 (Decomposition Lemma). If d is a right-bound descent of a nonempty permutation
m, then

sTHml= Y sl s

HGSWd(ﬂ’)

Proof. Set x1 = x3 = 1 in Corollary [3.4] O

Remark 3.6. One of the useful aspects of the Refined Tree Decomposition Lemma and its corol-
laries is that they give us the freedom to choose any right-bound descent d of the permutation
7. In the applications of the Decomposition Lemma in [20}21], it is most convenient to choose a
right-bound descent d such that (d, my) is the highest point in the plot of 7 that does not lie in the
“tail” of m. By contrast, we will find it useful in the next section to take d to be the largest descent
of m. AN

4. THE REFINED TREE FERTILITY FORMULA

Let us fix a troupe T, and let T,, denote the set of trees in T with n vertices. Let us also fix

insertion-additive tree statistics f1,..., fr and variables z1,...,z,. Let
Gtz = Y af W eafr ™,
TeT,
In many applications, the polynomials G, (z1, ..., ;) can be computed using standard combinato-

rial methods. The basic idea of this section is to iteratively apply the Refined Tree Decomposition
Lemma in order to express

3 D f (D)
TeP-1(r)NDT
as a sum of products of polynomials G, (x1, ..., x,), where the sum ranges over valid hook configu-
rations. A different sum over valid hook configurations will appear in the VHC Cumulant Formula,
allowing us to connect cumulants with trees. We begin by handling the case in which 7 is an
increasing permutation.
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Lemma 4.1. If 7 is an increasing permutation of length n, then

Z ;(;{I(T)~--x,fT(T) = Gp(z1,..., 7).
TeP-1(x)NDT

Proof. If  is any permutation (not necessarily increasing), then the map skel : P~(7r) N\DT — T,
is an injection satisfying f;(T) = fi(skel(T)) for all i € [r] and T € P~!(x) N DT. The lemma
follows from the observation that this map is bijective when 7 is increasing. Indeed, suppose
T € T,. There is a unique way to label the vertices of T to obtain a labeled colored binary plane
tree T with postorder reading w. Using the fact that m is increasing, one can straightforwardly
show that 7 is in fact decreasing. O

Iterative Decomposition Procedure. Suppose 7 is a permutation with descents dy < --- < d,
where k = des(m) > 1. The descent dy, is necessarily right-bound. Therefore, the Tree Decomposi-
tion Lemma (Corollary tells us that choosing a tree in P~1(7) N DT is equivalent to choosing
a hook Hj, € SWy, (m) and then choosing trees T[}k) € 73_1(775’“) NDT and TSSk) € P_l(ﬂgk) NDT.
For notational convenience, let 7 = 7% and 7(k=1) = ng = (W(k))gk. Notice that if & > 2,
then dj_; is the largest descent of 7(k—1) (in particular, it is right-bound). This means that we
can invoke the Tree Decomposition Lemma once again to see that choosing TUk) is equivalent to
choosing a hook Hj,_1 € SWy, _, (7*~1) and then choosing trees 'TU ) ep- L((mlk= ))H’“ HnDT

and 7t9k Ve P‘l((ﬂ(k_l))gk’l) NDT. Let 7(:=2) = (gk= 1))5['“ '. We can repeat this process
by always choosing H; € SWg, (7)) and setting 7(—1) = (W(i))gi. We do this either until it is
impossible to choose H; because SW 4, (7 ()) = @ or until we obtain a permutatlon 7(9). Note that
if we do reach a point where SWy;, (7r(Z ) = 0 for some i € [k], then P~ (7)) N DT = 0. O

We now see that the number of ways to choose a tree in P~1(7) N DT is equal to the number of
ways to do the following two tasks:

(1) Perform the Iterative Decomposition Procedure until producing a permutation 70,
(1) Choose trees ’TL(,U e P (7®)NDT and 7’5@ € 77_1((%(1)) )N DT for all i € [k].

Suppose we have already performed Task (f). We can naturally view the chosen hooks Hy, ..., Hy
as hooks of the original permutation 7. By construction, the permutations 7 and (W(i))gi, which
we can see as subpermutations of 7, are each increasing. Let gy denote the length of 7(9). For each

€ [k], let ¢; denote the length of (ﬁ(i))gi. According to Lemma the number of ways to perform
Task (11) is given by the product [[F_y G, (1,...,1). In fact, we can say more by taking into account
the statistics fi,..., f. It follows from the Refined Tree Decomposition Lemma (more precisely,

the bijection used in its proof) and Lemma that Z:c{l(ﬂ . fr ™M = = 1o Gy (15 - - -, 2y),
where the sum ranges over all trees in P~!(r) N DT that can be formed by performing Task (ft)
in various ways (we still assume that we have already performed Task (1)).

Example 4.2. Consider the permutation 7 = 27359101148161213141516, whose plot is
shown in Figure @ We have k = des(m) = 3; the descents of m are d; = 2, do = 7, and d3 = 9.
Let us begin the Iterative Decomposition Procedure by setting 7® = 7 and choosing Hs to be
the hook in SWo(7(®)) whose northeast endpoint has height 13. We obtain the subpermutations
(r@BNHEs = 1612 and 7 = (7®))5 = 27359101148141516. We next choose Hy to be the
hook in SW7(7r(2)) whose northeast endpoint has height 15; we can naturally identify this hook
with the hook of 7 labeled Hy in Figure @ We obtain the subpermutations (7T(2))§I2 = 4814 and
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) = (71'(2)){][2 = 273591011 16. Finally, choose H; to be the hook in SWy (7)) whose northeast
endpoint has height 11; as before we can see H; as a hook of m. We obtain the subpermutations
(rM)H = 35910 and 70 = (z(W)I = 2716.

®3

02
o1

FI1GURE 9. Hooks that divide the plot of a permutation 7 into smaller pieces.

In Figure [9) we have assigned different colors to the hooks H; and have colored the points of
(W(i))gi with the same color as H;. We have also drawn a sky above the entire diagram. For now,
the sky is mostly decorative, but we will see later that it plays an important role. We have colored
the points of 7(©) blue to match the color of the sky. We have ¢ = 3, ¢1 = 4, ¢2 = 3, and g3 = 3,
so this particular choice of hooks accounts for a total of G3(1,...,1)3Gy4(1,...,1) of the trees in

P~Y(m)NDT. The sum of :c{l(T) . -:U,fT(T) over all such trees T is G3(z1,...,2,)3Gy(z1,..., 7). O

Suppose, as above, that we have a permutation 7 with descents d; < --- < dp and that we
have performed Task (f). For every i € [k], the southwest endpoint of the hook H; is the point
(di,mq;). Observe that none of these hooks pass directly underneath any points in the plot of 7.
Furthermore, no two of these hooks intersect each other unless the southwest endpoint of one hook
is the northeast endpoint of another. This leads us naturally to the definition of a valid hook
configuration.

Definition 4.3. Let 7 be a permutation with descents dy < --- < di, where k = des(w). A
valid hook configuration of m is a tuple H = (Hq, ..., Hy) of hooks of 7 that satisfy the following
properties:

(1) For each i € [k], the southwest endpoint of H; is (d;, mq,).

(2) No point in the plot of 7 lies directly above a hook in H.

(3) No two hooks intersect or overlap each other unless the northeast endpoint of one is the
southwest endpoint of the other.

Let VHC(7) denote the set of valid hook configurations of w. More generally, for each set
S of permutations, let VHC(S) = Jres VHC(7). We make the convention that a valid hook
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configuration includes its underlying permutation as part of its identity. In other words, VHC(r)
and VHC(7') are disjoint whenever 7 # 7’. We also make the convention that if 7 is monotonically
increasing, then VHC(7) contains a single element: the empty valid hook configuration of 7, which
has no hooks.

To build further intuition for this definition, consider Figure which shows all six elements of
VHC(3142567).

w
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92}
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63}
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FiGurE 10. The valid hook configurations of 3142567.

We have observed that every configuration of hooks that arises by completing Task (1) is a valid
hook configuration. It is straightforward to check (for example, by induction), that every valid hook
configuration of 7 arises in this way. In other words, completing Task (1) is equivalent to choosing
an element of VHC(7). Once we have done this, the number of ways to complete Task (1) is given
by a product of numbers Gy, (1,...,1), as described above. We can obtain the specific numbers ¢
immediately from the given valid hook configuration as follows.

Fix m = my - - - 7, with des(7) = k. Each valid hook configuration H = (H, ..., Hx) € VHC(m)
induces a coloring of the plot of . To begin this coloring, draw a sky over the entire diagram and
assign a color to the sky; in this article, we will always color the sky blue. Assign arbitrary distinct
colors other than blue to the hooks Hi,..., Hi. There are k& northeast endpoints of hooks, and
these points remain uncolored. However, all of the other n — &k points will be colored. In order to
decide how to color a point (i, 7;) that is not a northeast endpoint, imagine that this point looks
directly upward. If it sees a hook when looking upward, it receives the same color as the hook that
it sees. If it does not see a hook, it must see the sky, so it receives the color blue. However, if (i, ;)
is the southwest endpoint of a hook, then it must look around (on the left side of) the vertical part
of that hook.

Figure [9] shows the coloring of the plot of a permutation induced by a valid hook configuration.
Indeed, the points given the same color as the hook H; in this coloring correspond to the entries
of the subpermutation (w(i))gi that appears in the Iterative Decomposition Procedure. Similarly,
the points colored blue correspond to the entries of 7(?). Keeping with the notation introduced
earlier, we let ¢; denote the number of points given the same color as the hook H;. Let gg be the
number of blue points. Let q* denote the tuple (g, ..., qx). Observe that the point (d; + 1,74, 11)
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is necessarily the same color as H;, while (1,71) is necessarily blue. This means that g is a
composition of n — k into k + 1 parts. We will find it convenient to write

k
GqH(.%'l, e ,.CE‘T) = H th(.%'l, ce ,.1‘k).
t=0

Remark 4.4. Let Comp,,(n — k) denote the set of compositions of n — k into k 4 1 parts. Fix
a permutation 7 with des(r) = k. Suppose H = (Hi,...,H) € VHC(n) is such that q* =
(qos---,qr). The hook Hj is completely determined by the number g and the permutation .
It then follows by induction on ¢ that the hooks Hyp_, for 1 < ¢ < k — 1 are also determined
by the entries in (qo,...,qx). Thus, the map VHC(r) — Comp,(n — k) given by H — q’t is
injective. A

The previous discussion yields a formula for the number of trees in DT with a prescribed postorder
reading, counted according to the statistics fi,..., fr.

Theorem 4.5 (Refined Tree Fertility Formula). Let T be a troupe, and let f1,..., f, be insertion-
additive tree statistics. For every permutation w, we have

Z x{.l(T) 'quf;(T) = Z Gy (w1, .. p),

TeP-1(m)NDT HEVHC(7r)
k k 1)
where Gegu(zr,.-,a) = [ G o) =TT X @l ™ e when o = (qo, .. ).
=0 =0 TET,,

We now give some concrete examples to illustrate the Refined Tree Fertility Formula. Recall
that if (uy,)n>1 is a sequence of elements of a field and q = (qo, ..., gr) is a composition, then we

let Uq = Hf:() Ugy -
Example 4.6 (Binary Plane Trees). Let T = BPT, and let fi(T) = des(T) + 1 and fo(T) =

peak(T') + 1. We know by Example that f; and fy are insertion-additive. Therefore, we may
apply the Refined Tree Fertility Formula to find that

o) S pes(T)+1peak(T+1 _ > Ggn(ar,32)
TeP~!(m)NDBPT HevHED

for every permutation 7. In order to perform calculations with this formula, we would like to know
how to explicitly compute the polynomials

Gn(ﬂ?l,l‘Q) = Z x(lies(T)+1xgeak(T)+1.
TEBPT,
Recall that we made the conventions des(e) = 0 and peak(e) = —1, where ¢ is the empty tree. In

other words, Go(z1,22) = z1. Let GEL2)(2) = 3,2 G, (21, 22)2". Each binary plane tree must
be empty, a single root vertex, a root vertex with a nonempty left subtree and an empty right
subtree, or a root vertex with a nonempty right subtree and a left subtree that may or may not be
empty. This observation translates into the equation

G22) (2) = 2y + 21292 + 2(GEVTD) (2) — 1) + 2(GELT) (2) — 1) GE122) (2),
which implies that

(10) G (1) = l—z+x12— \/(1 -z —|—2$Z1z)2 —dzr12(1 — 2+ $22).




22 TROUPES, CUMULANTS, AND STACK-SORTING

Although we will not need it, we remark that one can derive from the formula

[whad |G (2) = W(”‘?)(”*l.‘j)(”flfzﬁ

for the coefficient of 232" in G@122)(z),

We now consider the Narayana numbers N(n,i) = L(*)(,”,). These numbers constitute one of

the most common refinements of the sequence of Catalan numbers. In particular, N(n,i) is the
number of binary plane trees with n vertices and i — 1 right edges. Therefore, we have

Go(z1,1) = Y 21 = Ny (an),
TeBPT,

where N, (x) is the Narayana polynomial defined by N, ( Z N(n,i) z'. Narayana polynomials

=1
are also the h-polynomials of associahedra [52]. Specializing azg =1lin @ yields

(11) > 2= N Now(an)
TeP~1(m)NDBPT HeVHC(n)
for every permutation 7. Specializing further, we have N, (1) = C,,, so

(12) P'(m)NDBPT|= > Cyn
HEVHC(T)

These results concerning binary plane trees translate immediately into the language of stack-
sorting. It follows from that for every permutation 7, the in-order reading Z : P~1(7)NDBPT —
s71(7) is a bijection. We have des(7") = des(Z(T)) and peak(T) = peak(Z(T)) for every T € DBPT.
Therefore, @D, , and are equivalent to the equations

(13> Z xiles(a)-l—ll.geak(a)—f—l o Z G (1'1, 1_2)7
ces—I(m) HeVHC()
(14) > AT = Y Neula),
oes—1(m) HeVHC(nr)
and
(15) sTHml= > Cqu
HeVHC(n)

We call equations and the Refined Fertility Formula and the Fertility Formula, respec-
tively. The current author has used these formulas to generalize many known results and to prove
several new results concerning the stack-sorting map [19,22.24,27-29). ¢

The results in the following three examples are all new. This includes the specific cases in which
we set 1 = --- = x, = 1, which provide formulas for the number of trees of each specified type
that have a prescribed postorder reading.

Example 4.7 (Full Binary Plane Trees). Let T be the troupe FBPT. Every tree in FBPT has an
odd number of vertices, and it is straightforward to check that des(T') = peak(T) = k for every
T € FBPTg;41. Therefore, counting trees in FBPT according to the statistics des and peak is
not interesting (it suffices to count according the number of vertices). We have G,, = |FBPT,| =
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C(n-1)/2> where C(,,_1)/2 = 0 when n is even. The sequence (C(,,_1)/2)n>1 is the sequence of aerated
Catalan numbers (OEIS sequence A126120 [51]). By the Tree Fertility Formula, we have

(16) [P~Hm) NDFBPT = Y Ciqr_1)
HeVHC(m)

for every permutation .

As in the previous example, we can reformulate this result in terms of the stack-sorting map.
We say a permutation m = 7y - - - 7, is alternating if its set of descents is precisely the set of even
elements of [n — 1]. Let ALT be the set of alternating permutations. Alternating permutations
have been studied extensively (see Stanley’s survey [58] and the references therein); the number

of alternating permutations in S, is the Fuler number E,. These numbers can be defined via the
n

z
generating function equation Z En—' = sec(z) + tan(z). The numbers F,, with n even are called
n!
n>0
secant numbers, and the numbers F,, with n odd are called tangent numbers. When n is odd, the
in-order reading gives a bijection from DFBPT,, to the set of alternating permutations of length n.
Therefore, we can use and to obtain the following new theorem concerning the stack-sorting
map.

Theorem 4.8. For every permutation 7 of odd length, the number of alternating permutations in
sTH(m) is

Z C(q”—l)/ 2
HEVHC()

Problem 4.9. Find an analogue of Theorem[{.§ for permutations of even length. %

Example 4.10 (Motzkin Trees). Let T be the troupe Mot, and let f; be the insertion-additive tree
statistic given by f1(T') = des(T)+1. We could also consider the statistic given by T — peak(T")+1,
but that would be redundant because des(T') = peak(T') for every Motzkin tree T. Consider the
: . = (n—1)!
Motzkin polynomials M,_1(x) = ; 2 =)
sequence A055151 [51]. These polynomials refine the sequence of Motzkin numbers in the same
way that Narayana polynomials refine the sequence of Catalan numbers. Indeed, the coefficient
of #* in M,,_1(x) is the number of Motzkin trees with n vertices and i — 1 right edges. It is also
known [52] that Motzkin polynomials are the «-polynomials of associahedra. Let

Gu(z1) = > 2™ = M, (@),
TeMot,

z', whose coefficients form the OEIS

and let G (z) = > n>0 Gn(z1)2". Each Motzkin tree must be a single root vertex, a root vertex
with a nonempty left subtree and an empty right subtree, or a root vertex with two nonempty
subtrees. This yields the equation

G (2) = z12 4+ 2GE(2) 4+ 2GEV(2)?,
which implies that

1—z—V1—2z+ 22 —4x,2?

(17) GO (z) =

By the Refined Tree Fertility Formula, we have

(18) S TN Q) = Y Mgu_(x1)

TeP—1(r)NDMot HeVHC(r) HEVHC(r)
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for every permutation m. Since M,,_;(1) = M,_1 = |Mot,|, we can specialize 1 = 1 to obtain the
formula

(19) P'(m)NDMot| = > Myn .
HEVHC(x)

We can translate these results into the language of stack-sorting. Let
EDP = {7 : des(w) = peak(m)}

denote the set of permutations in which every descent is a peak. Alternatively, EDP is the set
of permutations that have no double descents (i.e., consecutive descents) and in which 1 is not a
descent. The standardized permutations in EDP are counted by the OEIS sequence A080635 [51],
which has the exponential generating function

noq
S |EDPNS,| 5 = o + V3 (ﬁw W) .
< nl 2 2 2° 7%

The in-order reading gives a bijection Z : DMot — EDP. Therefore, we can use and (18] to
obtain the following new theorem concerning the stack-sorting map.

Theorem 4.11. For every permutation m, we have

Z x;ies(a)-f—l _ Z Mqﬂ_l(xl)'

o€s~1(m)NEDP HeVHC(7)

In particular, the number of permutations in s~ (m) whose descents are all peaks

Z Mq’H_l. O
HEVHC ()
Example 4.12 (Schroder 2-Colored Binary Trees). Let T be the troupe Sch, and let f1(T) =
des(T)+1, fo(T) = peak(T) + 1, and f3(T") = black(7T) + 1. We saw in Example that fi, fa, f3
are insertion-additive. Let G(1:72:3) (2) = Y . G (21, 22, 73)2", Where

des(T)+1 k(T)+1 black(T)+1
Z xles( )+ xsea( )+x ack( )+‘

Gn(.fU]_,SUQ,CCg) - 3

TeSchy,

Although we will not explicitly need this formula, one can show that

G (@1,22,23) (2) = 1 - 212 — 232 + 11232 — Q(m,xz,xs)(z)
2z ’

where
Q(“’”’“)(z) =(1—-z1z2—w232+ :1711‘3,2)2 —4z(x123 — $%£B3Z + T1XoT37 — :Elajgz + £E1172113§Z).
The Refined Tree Fertility Formula tells us that

des(T)+1 peak(7)+1 black(7)+1
Z x] ™) Ty ) Tg (Mt Z G (71, 22, 73)

TeP~1(m)NDSch HEeVHC(7r)

for every permutation .

Let us specialize to the case in which zo = x5 = 1. Note that G, (x1,1,1) counts Schroder
2-colored binary trees with n vertices according to their number of right edges. Every Schroder
2-colored binary tree with n vertices and r right edges can be constructed by choosing a binary
plane tree with n vertices and r right edges, coloring black the n — 1 — r vertices that have left
children (since white vertices cannot have left children), and then coloring each of the remaining
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r + 1 vertices either black or white. The number of ways to make these choices is 2" TN (n,r + 1),

SO
n—1

Gp(zr,1,1) = Z "IN (n,r + 1)z = N, (221),
r=0
where N(n,r + 1) and N,(2z) denote Narayana numbers and Narayana polynomials. Thus,

Z xclies(T)Jrl: Z Ngn (2x1).

TeP—1(x)NDSch HEeVHC()

Another interesting specialization comes from setting x1 = z2 = 1. It follows from Corollary 4.2
in [38] that (ZJ_“;) C; is the number of trees in Sch,, with j black vertices. Therefore,

S GOk _ S Ggu(l,1,13),

TeP—1(m)NDSch HeVHC(nr)
where G (1,1, 23) H Z (Qt +‘7>C’ 23 when g™ = (go, ..., qr)-
=0 j—0 q —J

Finally, G, (1,1,1) is the n'" large Schréder number .%,, so

(20) [P~ (m)NDSch| = > L O
HEVHC(m)

In summary, this section shows that if one knows the set of valid hook configurations of a
permutation 7, then one can count the trees in P~!(7) N DT for a large variety of sets T. One can
even count these trees according to some natural statistics.

5. FREE PROBABILITY THEORY AND THE VHC CUMULANT FORMULA

5.1. Background. Let K be a field. Let II(X) denote the collection of all set partitions of a totally
ordered finite set X. We let II(n) = II([n]). Given a sequence (un)n>1 of elements of K and a set

partition p, we let
(ue)p = H U B|-

Bep
We say two distinct blocks B, B’ of a set partition p € II(X) form a crossing if there exist i,j € B
and ¢/, 7" € B’ such that either ¢ < ¢ < j < j ori >4 > j > j. A partition is noncrossing if no
two of its blocks form a crossing. Let NC(X) be the set of noncrossing partitions in II(X), and
let NC(n) = NC([n]). The sets II(n) and NC(n) are both lattices under the reverse refinement
ordering [50, Lecture 9].

A noncommutative probability space over K is a pair (A, ), where A is a unital associative

algebra and ¢ : A — K is a unital linear functional (meaning ¢(14) = 1g). Given ay,...,a, € A
and B = {by < --- < by} C [n], let ap = (ap,,...,ap.). One of the goals of noncommutative
probability theory is to understand the joint moments

mp(ar, ... an) = p(ar - ap).
The classical cumulants are the elements ¢, (a1, ..., a,) of K that satisfy the formula

(21) mp(ai, ... an) = Z cplar, ... an),

p€ll(n)
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where cp(a1,...,an) = H c;p|(ap). This formula immediately implies that the joint moments are
Bep

determined by the classical cumulants. On the other hand, one can apply Md&bius inversion to (21

in order to deduce that the classical cumulants are determined by the joint moments [50, Lecture 11].

The free cumulants, originally introduced by Speicher in [55], are the elements k, (a1, ..., ay) of
K that satisfy the formula

(22) Mmp(at,...,an) = Z kp(at,...,an),
neNC(n)

where £, (a1,...,a,) = H #p|(ap). This shows that the free cumulants determine the moments.
Ben

One can use Mobius inversion, this time on the noncrossing partition lattice, to rearrange (22]),

expressing the free cumulants in terms of the moments [50, Lecture 11].

The preceding paragraphs describe moments, classical cumulants, and free cumulants that are

multivariate in the sense that they involve several (possibly) distinct elements aj,as,... of A. In
many applications, it will suffice to consider the univariate case in which the elements a1, as,...
are all equal. In this case, we drop the notation expressing the dependence on a1, as, ... and simply

write my, ¢,, and k,. In fact, we will rarely need to refer to the noncommutative probability
space (A, ). For the sake of notational convenience and clarity of exposition, we will phrase all of
the results concerning cumulants in the univariate setting; we will then explicitly point out which
results generalize straightforwardly to the multivariate setting. Because we will only perform formal
combinatorial and algebraic manipulations, the sequences (my)n>1, (¢n)n>1, (Kn)n>1 can be any
sequences of elements of K, so long as they satisfy the defining equations

(23) My = Z (Co)p and My, = Z (Ko )y for all n > 1.
p€eIl(n) neNC(n)

As mentioned above, each one of the sequences (my,)n>1, (¢n)n>1, (kn)n>1 determines the other
two. For example, if we are given a sequence of classical cumulants (¢y,)n>1, then the corresponding
free cumulants x,, are given by

k=, T mey= > w0 (¢

nENC(n) nENC(n) BéEn pell(B)

where uNC and 1,, denote the Mdbius function of NC(n) and the maximal element of NC(n), respec-
tively. This last expression is somewhat unsatisfying because it does not give a clear combinatorial
picture of what is happening. The following result due to Lehner gives a much simpler combina-
torial explanation of how to convert from classical to free cumulants. The crossing graph G(p) of
a set partition p € II(X) is the graph whose vertices are the blocks of p in which two blocks are
adjacent if and only if they form a crossing. For example, a partition is noncrossing if and only if its
crossing graph has no edges. We say a set partition is connected if its crossing graph is connected.
Let I1°°"(X) denote the set of connected set partitions in II(X), and let T1°°"(n) = I1°*([n)).

Theorem 5.1 ([45]). If (cn)n>1 is a sequence of classical cumulants, then the corresponding free
cumulants are given by
Ky = Z (Co)p-

pEIIeon ()

More recently, Josuat-Verges found a simple combinatorial formula that inverts Theorem[5.1] Let
T (z,y) be the Tutte polynomial of a finite graph G. We refer the reader to [6] and the references
therein for more information about this important graph invariant and its generalizations.
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Theorem 5.2 ([40]). If (kn)n>1 is a sequence of free cumulants, then the corresponding classical
cumulants are given by

—Cp = Z TG’(p)(LO)(_K")P'

pEIIeon (n)

The obvious generalizations of Lehner’s theorem and Josuat-Verges’ theorem to the multivariate
setting hold as well.

The reason why it is useful to have combinatorial formulas for converting between cumulants,
especially in our applications to the stack-sorting map in Section [7] is that they correspond to
transformations of generating functions. Whenever we have a sequence (uy)n>1 of elements of K

we can consider the ordinary generating function F'(z Z unz™; we then let F Z un
n>1 n>1
denote the corresponding exponential generating function. It turns out that

(24) F(z) = L7HF(1/t)/1}(=),

where £7! denotes the inverse Laplace transform. Indeed, this follows from the linearity of the
n

inverse Laplace transform and the fact that £ {t™""1}(2) = ~~. If u; # 0, the series F'(z) has a
unique formal compositional inverse, which is another power series that we denote by F{~ 1>(z); it
satisfies F(F{1(2)) = F&D(F(2)) = 2. If uy = 0, there can be multiple compositional inverses of
F(z). When this arises in applications, we can determine the correct series by analyzing the initial
terms of the candidate compositional inverses.

Let (my,)n>1 be a moment sequence, and let (¢, )n>1 and (ky,)n>1 be the corresponding sequences
of classical and free cumulants. The moment series M(z) is simply the ordinary generating function

= E mpz".

n>1

Then M Z mn . Because the classical cumulants c¢,, satisfy the formula on the left in ,
n>1 n!
it follows from the Exponential Formula [57, Chapter 5] that

(25) ch — =log(1 (1+ M(2)).

n>1

The R-transform R(z) of the moment series M(z), which was originally defined by Voiculescu
[60,/61] in his foundational work on free probability, is the ordinary generating function of the free

cumulants:
= E Knz".

n>1

The R-transform and the moment series are related by the equation

R (2)
26 = = (e,
(26) — )
where we must choose the appropriate branches of the compositional inverses when m and k1
are 0 |50, Lecture 16]. On the level of generating functions, we can convert from free to classical

cumulants (and vice versa) by combining (24), (25), and (26).
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5.2. Cumulants and Valid Hook Configurations. We now state and prove the central theorem
connecting free and classical cumulants with valid hook configurations. This theorem will represent
the second half of the bridge connecting the free probability world with the rooted plane tree (and
stack-sorting) world (the first half of this bridge is the Refined Tree Fertility Formula). In fact,
much of the heavy lifting needed to prove this theorem was done in [29]; we just need to recall the
results from that paper.

Our first order of business is to slightly modify the colorings of valid hook configurations that we
introduced in Section @ Recall that, originally, we did not color the northeast endpoints of hooks.
Here, it will be convenient to color these points as well. We simply color the northeast endpoint of
a hook H the same color as H. The top right panel in Figure [T1] shows an example.
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FIGURE 11. The top right panel shows the modified diagram of a valid hook config-
uration H € VHC(r), where # = 711101332681459121415. The top left panel
shows the connected set partition |H and acyclic orientation of the crossing graph
G(|H) that correspond to H under the bijection ®. The bottom right panel shows
the noncrossing partition H

Let m € S,,—1 be a permutation, and let # € VHC(m) be a valid hook configuration of 7. Now
imagine projecting the colored points and the sky in the modified coloring of H onto a vertical wall
on the left side of the diagram. This produces a set partition |H € II(n). More precisely, we define
|1 by saying that two elements a, a’ € [n] are in the same block of |H if and only if the points with
heights a and o’ in the modified diagram of H have the same color, where we think of the sky as a
blue point with height n. We color each block B € |H the same color as the points whose heights
are in B. For example, if H is as shown in the top right panel in Figure then

1M = {{1.4,5,9},{2,6},{3.8.12,14,15},{7,11,16}, {10, 13} }.

Remark 5.3. Given a valid hook configuration H with k£ hooks, we can consider the composition
q’* = (qo, . .., q) defined in Section @r The sizes of the blocks of |H are go + 1,...,q; + 1. A
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There is another natural partition A € II(n) associated to H, which we get by projecting the
points in the modified diagram of H downward onto a floor. More precisely, we first declare that
two elements 4,7 € [n — 1] are in the same block of X if and only if (i,7;) and (i/,m;) have the
same color in the modified coloring of H. We then add the number n to the block containing the
numbers ¢ such that (i, ;) is blue. We color each block B € H the same color as the points whose
positions (i.e., z-coordinates) are in B. For example, if H is as shown in the top right panel in
Figure [11] then

H = {{1,2,16}, {3, 4}, {6,73,{9.10,11,12}}.

It follows easily from the definition of a valid hook configuration (Definition[4.3) that the partition
H is noncrossing. On the other hand, it follows from Theorem below that |#H is a connected
set partition. For each block B € |H, let B be the block in H with the same color as B. The map
B+ B is clearly a bijection from |H to H that preserves sizes of blocks.

An acyclic orientation of a graph G is an assignment of a direction to each of the edges of G so
that there are no directed cycles in the resulting directed graph. A source of a directed graph is a
vertex with in-degree 0. When we speak of a source of an acyclic orientation, we mean a source in
the corresponding directed graph. Let I1°°"(n) denote the set of pairs (p, «) such that p € 11" (n)
and « is an acyclic orientation of the crossing graph G(p) whose unique source is the block of p
containing the number n. Greene and Zaslavsky [37] proved that if v is a vertex in a finite simple
graph G, then the number of acyclic orientations of G in which v is the unique source is the value
Tc(1,0) of the Tutte polynomial of G. It follows that

To(p)(1,0) = {a i (p, @) € TI°"(n)}|
for each p € II°°"(n).

We can now state the main bijection from [29]. Let VHC(S,—1) denote the set of all valid
hook configurations of permutations in S,,_;. Choose H € VHC(S,—1), and let |H and H be its
associated connected set partition and its associated noncrossing partition, respectively. Suppose
B and B’ are two blocks of |H that are adjacent in G(|H) (i.e., they form a crossing). Let B and
B’ be the corresponding blocks in H If min B < min B’ orient the edge connecting B and B’ in
G(p) from B to B'. If min B’ < min B, orient the edge connecting B and B’ in G(p) from B’ to B.
After orienting all of the edges of G(|’H) in this way, we obtain an acyclic orientation ay; of G(|H).
Let

®(H) = (11, an).
For example, if H is the valid hook configuration whose modified coloring is shown in the top right
panel of Figure then |H and ay are shown in the top left panel of the same figure.

Theorem 5.4 ([29)). If H € VHC(S,_1), then ®(H) € II°°(n). Furthermore, the map
® : VHC(S,_1) — II°°?(n)

s a bijection.

The following corollary now follows immediately from Josuat-Verges’ formula (Theorem and
the preceding theorem.

Corollary 5.5 (VHC Cumulant Formula). If (ky)n>1 is a sequence of free cumulants, then the
corresponding classical cumulants are given by

—Cp = Z (—Ke) -

HEVHC(Sn_1)
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Because Josuat-Verges’ formula extends to the multivariate setting, so does Corollary More
precisely, this means that if (A, ) is a noncommutative probability space and a1, ..., a, € A, then

(27) —cplay, ... an) = Z H (—x|B|(aB)).
HEVHC(S,—1) BEIH

In Section |8 we will use Corollary and the combinatorics of valid hook configurations to give
new formulas that convert from free to classical cumulants; these new formulas will not extend to
the multivariate setting.

Example 5.6. Figure shows the modified colorings of the two valid hook configurations in
VHC(S3). The associated connected set partitions are {{1,2,3,4}} and {{1,3},{2,4}}. If (A, )
is a noncommutative probability space and a1, as, as, as € A, then it follows from that

—cy4ar, a2, a3, a4) = —ka(ai, az, a3, as) + (—k2(ai, a3))(—r2(az, as))

= —ry(a1, a2, a3, as) + k2(a1,az)ka(az, aq).

Specializing to the univariate setting, this says that

—C4 = —K4 + H%.
4 R 41 R
3 @3 3 r.3
2 @2 2 2
1 o1 1 o1

FIGURE 12. The modified colorings of the valid hook configurations of permutations
in S3 and their associated connected set partitions.

6. TROUPES AND CUMULANTS

We can now state and prove one of our main results. We will then illustrate this theorem with
several examples. In what follows, we work over the field K = C(x1,...,z,). Given a set T of
colored binary plane trees, let DT denote the set of standardized trees in DT.

Theorem 6.1. Let T be a troupe. Let fi,...,[f. be insertion-additive tree statistics, and let

x1,..., &y be variables. If (kp)n>1 15 the sequence of free cumulants defined by
Ky = — Z g;{l(T) . .ngr(T)’
TeT,, 1

then the corresponding sequence (cn)n>1 of classical cumulants is given by

N S L )
TGBTn,1

Proof. Preserving the notation from the Refined Tree Fertility Formula (Theorem , we let
G (z1,...,2,) = —kme1. If H is a valid hook configuration with q™ = (qo,...,qs), then the
blocks of |H have sizes go + 1,...,qr + 1. Thus,

k
Gyn(a1,....xr) = [[ Ga (@1, 20) = [[(—Fgt1) = (—He) -
=0
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Combining the Refined Tree Fertility Formula (Theorem {4.5) with the VHC Cumulant Formula
(Corollary [5.F)), we find that

—Cp — Z IQ. [H = Z Z G (.731,..., )

HEVHC(S,_1 ) m€Sn_1 HEVHC()
- ¥ Z P LRI e S 2D b (), 0
m€Sp—1 TeP~1(m)NDT TeDT,_1

Remark 6.2. Despite the very simple-looking relationship between the free and classical cumulants
in Theorem we do not see any way to prove the result without the use of the Refined Tree
Fertility Formula (which, in turn, relies on the Refined Tree Decomposition Lemma) and the VHC
Cumulant Formula. It is likely that these tools are truly necessary for the proof because the
hypothesis that T is a troupe is needed. Indeed, suppose we were to take T to be the set of all
binary plane trees that are branches (meaning no vertices have 2 children). Set » = 0. In this case,
the free cumulants «,, in Theorem satisfy k1 = —|To| = —1 and x, = —|T,,_1| = —2"2 for all

n > 2. If Theorem applied in this setting, it would tell us that ¢4, = —|DT3| = —4. However,
we can use the computation in Example to see that —cy = —ky + K3 =4+ (—1)2 = 5. A

Example 6.3 (Binary Plane Trees). Let T = BPT, and let fi(T) = des(T) + 1 and fo(T) =
peak(T) + 1. Let
Gn(qjlu 112) _ Z x(lies(T)+1xgeak(T)+1
TeBPT,,
be as in Example The generating function for these polynomials is given explicitly in ((10)).
Theoremtells us that if we define free cumulants by x,, = —G,,—1(x1, x2), then the corresponding

classical cumulants are
Z :L‘des(T)—&-l:Epeak(T)—i-l

Cp = — 1 2

TeDBPT,—1

Using the in-order reading Z, we can rephrase this result purely in terms of permutations. We
say a permutation w = 7wy ---m, is 231-avoiding if there do not exist indices i1 < i9 < 43 such
that m;, < m;, < m,. Given a binary plane tree T" with n vertices, there is a unique decreasing
binary plane tree T with skeleton T and postorder reading 123---n. It is well known that the
map T — Z(T) is a bijection from BPT, to the set Av,(231) of 231-avoiding permutations in
S,,. Furthermore, des(T) = des(Z(T)) and peak(T) = peak(Z(T)). On the other hand, the map
T : DBPT,, — S, is a bijection satisfying des(Z(7)) = des(T) and peak(Z(T)) = peak(T). It
follows that the above free and classical cumulants are

1 k 1 1 k 1
Z x<lies(7r)+ xgea (m)+ and ¢, = — Z x(lies(w)—i— . (m)+ '

Rp = — 2

TEAvV,_1(231) TESn-1

Let us now specialize by setting xo = 1. In this case, the free cumulants are given by Narayana
polynomials:

(28) kp = —Gp_1(71,1) = =Np—1(71).
Using the above expression for the classical cumulants in terms of permutations, we find that
d 1
(29) en=— Y 2T = g4, (),
FES’nfl

where A,,_1(x1) is an Eulerian polynomial (see OEIS sequence A008292). The Eulerian polynomials
are the h-polynomials of permutohedra [52]. Thus, we have shown, in a combinatorial fashion, that
the above sequence of free cumulants given by Narayana polynomials, which are the h-polynomials
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of associahedra, corresponds to a sequence of classical cumulants given by Eulerian polynomials,
which are the h-polynomials of permutohedra.

If we specialize to the case in which 2y = 1, then the free cumulants count 231-avoiding stan-
dardized permutations according to their number of peaks (see OEIS sequence A091894) and the
classical cumulants count arbitrary standardized permutations according to their number of peaks
(see OEIS sequence A008303).

Finally, we can specialize to the case x1 = o = 1. Here, the free and classical cumulants are
kp=—Cph_1 and ¢, =—(n—1)L

The corresponding moment sequence (my,),>1 is simply —1,0,0,0, . ... The fact that the free cumu-
lants —C),—1 correspond to the classical cumulants —(n — 1)! is well known; it follows from the fact
that the numbers (—1)"~1C,,_1 and (=1)""!(n—1)! are the Mobius invariants of noncrossing parti-
tion lattices and partition lattices, respectively. What is nontrivial is our combinatorial explanation

of this correspondence, which relies on valid hook configurations and binary plane trees. %
Example 6.4 (Full Binary Plane Trees). Let T = FBPT. Theorem tells us that if we define
free cumulants by rp, = —|FBPT,_1| = —C(,_2)/2 (Where C(;,_9)2 = 0 when n is odd), then
the corresponding classical cumulants are ¢, = —|DFBPT,,_1|. Note that ¢, = 0 when n is odd.
Suppose n is even. As mentioned in Example [£.7, the in-order reading gives a bijection from
DFBPT,,_1 to the set S,_1 N ALT of alternating permutations in S,,_1. Thus, ¢, = —E,_1, where
E,_1 denotes an Euler number (also called a tangent number since n — 1 is odd). O

Example 6.5 (Motzkin Trees). Let T = Mot, and let f1(T") = des(T") + 1. Let
Gu(w) = 3 2™ = My (@)
TeMoty,

be the Motzkin polynomials. The generating function for these polynomials and an explicit formula
for their coeflicients are given in Example[d.10] Theorem [6.1] tells us that if we define free cumulants

by kn, = —M,,—2(x1), then the corresponding classical cumulants are
n=— 3 e
TeDMot,,_;

Referring back to the bijections DMot — EDP and BPT,_; — Av,_1(231) mentioned in Exam-
ple and Example [6.3] respectively, we find that we can write

d 1 d 1
Ky = — Z wles(ﬂ)-&- and ¢, =— Z mles(ﬂ)-&- ‘
7€AV,_1(231)NEDP 7€S,_1NEDP

The coefficients of the polynomials —¢,, form the ~-vectors of permutohedra [52,54]; they appear
in the OEIS sequence A101280 [51]. Thus, we have shown, in a combinatorial fashion, that free
cumulants given by Motzkin polynomials, which are the v-polynomials of associahedra, correspond
to classical cumulants given by the ~-polynomials of permutohdera.

If we specialize to the case 1 = 3 = 1 and define the sequence of free camulants by ,, = —M,,_2,
then the corresponding classical cumulants are ¢,, = —|DMot,,_1| = |S,—1 N EDP|. The numbers
—cp, form the OEIS sequence A080635 [51]. O

Example 6.6 (Schroder 2-Colored Binary Trees). Let T = Sch, and let fi(7T) = des(T) + 1,
fo(T) = peak(T') + 1, and f3(T") = black(T") 4+ 1. Let

des(T)+1 peak(T)+1 black(T)+1
G (z1,29,23) = Z x Ty Tg
TeSchy,
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be as in Example Theorem tells us that the free cumulants k, = —Gy—1(21,x2,z3)
correspond to the classical cumulants

1 k 1 black(T)+1
Z x(iles(T)-i- LPe? (T)+ l’g ack(T)+ )

Cn:_ 2

TEBSChn71

Let us consider the specialization o = x3 = 1. In this case, —k, counts large Schroder trees
with n — 1 vertices according to their number of right edges. As mentioned in Example

Kin = —Gpo1(21,1,1) = =Np_1(221),
where N,,_1(z) is a Narayana polynomial. The corresponding classical cumulants are given by
¢ = — Z mtlies('T)—i-l‘
TGBSchn,l
Notice that we can appeal directly to and (replacing x; with 2x1) to see that we also
have ¢, = —2x1A,-1(2x1), where A, _;1(x) is an Eulerian polynomial. This yields the following

enumerative corollary, which appears to be new.
Corollary 6.7. For every n > 1, we have

Z gdesMF — 924, 1 (2x).
TeBSchn_l

We can also consider the specialization 1 = z9 = 1. By [38, Corollary 4.2], we have
black(T)+1 “(n+] j
Rp = — Z T3 ack(T)+ = — Z ( . .)Cj.%'%Jrl?
TeSchy 1 j=o \"—J

from which one can compute the R-transform

1—2—\/(1—2)2—43332
5 :

R(z) = Z Kzt = —

n>1

Invoking , one can show that the corresponding moments are given by m,, = —z3 for all n > 1.
According to , we have

z" .
Z Cn oy = log(1 — z3(e® — 1)).
n>1
On the other hand,

Z black(7)+1 '

Cp — — :Bs

TeDSchy,_1

This proves the following enumerative corollary.
Corollary 6.8. We have
n
> X T = —log(1 - (et - 1)),
- n!
n=17eDSchy, 1

In particular,

_ 2N .
Z \DSchn,l\H = —log(2 — €%).

n>1
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The series —log(1 —z3(e* — 1)) is the exponential generating function of the triangle of numbers
appearing as OEIS sequence A028246 [51]. These numbers have numerous known properties, in-
cluding close connections with Bernoulli numbers, but none of them seem to have much to do with
trees. Hence, Corollary appears to give a new combinatorial interpretation of these numbers.
Namely, it tells us that the rows in the triangle count (standardized) decreasing Schroder 2-colored
binary trees according to the number of black vertices. Setting x3 = 1, we obtain the second part
of Corollary which tells us that (standardized) decreasing Schréder 2-colored binary trees are
counted by the numbers appearing in OEIS sequence A000629. These numbers count many ob-
jects, including cyclically ordered set partitions, but this combinatorial interpretation in terms of
decreasing Schroder 2-colored binary trees seems to be new. %

7. FURTHER APPLICATIONS

We now apply the machinery developed in the preceding sections to answer several other natural
questions about valid hook configurations, rooted plane trees, and the stack-sorting map. The basic
idea is to start by choosing an appropriate sequence of free cumulants k,, from an appropriate field K.
For our purposes, it will suffice to take K = C(z). We then combine the VHC Cumulant Formula
(Corollary with the Refined Tree Fertility Formula (Theorem or one of its corollaries
to obtain combinatorial information about the corresponding classical cumulants c,. Then, by
combining , , and , we can gain information about the exponential generating function

ZTL

an1 cnﬁ-

When computing asymptotic formulas for the sequences arising in the this section, it will be
useful to keep in mind the following lemma, which is a standard result in singularity analysis
(see |35 Chapter 1V]).

Lemma 7.1. Let f: C — C be a meromorphic function with a simple pole at the complex number
c. Suppose that f is holomorphic at every complex number z such that |z| < |c| and z # c. Letting
[2"]f(2) denote the coefficient of 2™ in the power series expansion of f(z) about the origin, we have

[2"]7(2) ~ —c " Res (2).

Let #p denote the number of blocks in a set partition p. Let hook(#) denote the number of
hooks in a valid hook configuration H. Throughout our applications, it will be useful to keep in
mind the fact that if H is a valid hook configuration of a permutation 7, then

#|H = hook(H) + 1 = des(w) + 1.

7.1. Counting Valid Hook Configurations. Our first application in this section will be the
only one that does not make use of the Refined Tree Fertility Formula or one of its corollaries. We
are going to compute a generating function that counts valid hook configurations according to their
number of hooks. The following theorem is implicit in [29).

Theorem 7.2. We have
n (1—z)z )
Z Z xhook(?—[)+1i' ~ log (1 B x/ e J1(22/x) dz) 7
n>1HeVHC(S,_1) " e

where Jq is a Bessel function of the first kind and the indefinite integral is taken so that it approaches
0 as z—0.
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Proof. Define a sequence (£, )n>1 of free cumulants by letting s, = —x for all n > 1. Let (mp)n>1
and (¢ )n>1 be the corresponding sequences of moments and classical cumulants, which satisfy .
It is well known that the Narayana number N(n,r) is equal to the number of partitions in NC(n)
with 7 blocks [50, Lecture 9]. It follows from that

ma= Y ()1 =3 N(nr)(—a)",

neENC(n) r=1
so the moment series is M (z Z Z N(n,r)(—x)"2". Tt is known [51] that
n>1r=1

e (1+y)= =
ZZNTLT y/e J1(224/ y)d
n>1r—1 VY

n (1 )z
ZZN n,r) Z' x/ JI(QZ\[) dz.
n>1r—1 n: N

Now, equation (25) tells us that
(1 x ZJ1(2Zf)
ch = log(1+ M(z ))zlog(l—x/ )
n>1 n! Z\/>

To finish the proof, we invoke Corollary which tells us that

—cp = Z (_’%O)\H — Z 2 HH — Z hook(H)+1 0

HEVHC(S,_1) HEVHC(S,_1) HEVHC(S,_1)
Corollary 7.3. We have

1
Z]VHC — 1)]—:—10g<1—21F2( 3 2;—22)),
n>1 2 2

SO

where 1Fo denotes a generalized hypergeometric function.

Proof. Put z =1 in Theorem and use the fact that

/J1(2z)d —zF2(132 22). O
z 2°2’

We can derive from Corollary [7.3| the following asymptotic formula for | VHC(S,,_1)]|.
Corollary 7.4. As n — oo, we have | VHC(S,)| ~ n!/c"™!, where ¢ ~ 1.32874 is the smallest

positive real root of 1 — z 1F5 ( ,2; —22>.

272

13 1 Q'(2)

Proof. Let 1—zF: ( , ,—22>, and let a = —/ dz. The function
f Q(z) = 12 (55 21 s QL) Q(z) is
entire, so it follows from the argument principle from complex analysis that a is the number of zeros
of Q(z) with absolute value less than 1.4, counted with multiplicity. One can showﬂ that a = 1. We

can compute that the unique root of Q(z) with absolute value less than 1.4 is ¢ ~ 1.32874. This

Q'(2)
Q(2)
small explicit error that holds uniformly for all z with |z| = 1.4. One can then numerically estimate the integral to
show that |a — 1| < 1. Since a must be an integer, it must be 1. We omit the details of this computation.

3To prove this rigorously, one can first expand Q’(z) and Q(z) in series in order to estimate with a sufficiently



36 TROUPES, CUMULANTS, AND STACK-SORTING

means that Q'(z)/Q(z) is a meromorphic function whose only pole in the disc {z € C : |z| < 1.4}
is a simple pole at z = c. It follows from Corollary [7.3] and Lemma [7.1] that

0 2™
I

| VHC(S,)| = n! [2"] ( S | VHC(S)-1) m> — nl["] <§Z(—log(Q(z)))>

0z o]

e (Cg((,:)) ) ~ nle " Res (%/((Zz))) = nlem 1, O

Using Corollary one can compute that
(| VHC(Sp-1))ns1 = 1,1,1,2,6,22,99, 520, 3126, 21164, 159226, 1318000, 11902268, 116444668, .. . .

Upon inspection of the initial values of this sequence, we arrive at the following conjecture.

Conjecture 7.5. If n > 3, then | VHC(S,,—1)| is odd if and only if n + 1 is a power of 2.

The enumeration of valid hook configurations avoiding certain patterns has been initiated in [25]
and extended in [53].

7.2. Uniquely Sorted Permutations. In this section, we will see that the Fertility Formula
and the VHC Cumulant Formula allow us to understand uniquely sorted permutations, which
are permutations that have exactly one preimage under the stack-sorting map s. We make the
convention that the empty permutation is not uniquely sorted. The results in this section are taken
from [29]. Our goal is simply to illustrate the use of the Fertility Formula and the VHC Cumulant
Formula, so we will sketch the main ideas and refer the reader to [29] for a more detailed treatment.

Recall that a permutation is called sorted if it is in the image of the stack-sorting map s. It is
n—1

known [7, Chapter 8, Exercise 18] that if 7 = 7; - - - m,, is nonempty and sorted, then des(r) < ——.

It is natural to ask what can be said about the permutations that achieve this upper bound. The

following theorem from [29] answers this question.

Theorem 7.6 ([29]). A permutation m = my - - - m, is uniquely sorted if and only if it is sorted and

n
has exactly 5 descents. In particular, every uniquely sorted permutation has odd length.

Proof. Let k = des(m). Suppose 7 is uniquely sorted. Certainly 7 is sorted, so we must show that
n = 2k 4+ 1. It follows from the Fertility Formula that 7 has a unique valid hook configuration
H and that q’* = (1,...,1) consists of only 1’s. When we defined q* in Section |4} we remarked
that it is a composition of n — k into k + 1 parts. It follows that n = 2k + 1.

Conversely, assume 7 is sorted and n = 2k + 1. Because 7 is sorted, it follows from the Fertility
Formula that 7 has a valid hook configuration 4. The only composition of n — k into k£ + 1 parts
is the tuple (1,...,1) with £+ 1 1’s. Using Remark we find that H is the unique valid hook
configuration of 7 and that g = (1,...,1). It now follows from that |s~(7m)] = 1, so 7 is
uniquely sorted. ([

Let U, denote the set of uniquely sorted permutations in S, and let VHC(U,,) = Uy, VHC().
We have seen that each uniquely sorted permutation has a unique valid hook configuration, so
we obtain a bijection U, — VHC(U,) by sending each uniquely sorted permutation to its valid
hook configuration. A matching is a set partition in which each block has size 2. Referring to
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Remark and the above proof of Theorem |7.6] we see that VHC(U,,) is precisely the set of valid
hook configurations in VHC(S),) such that |H is a matching. Therefore, if we define a sequence

(Kn)n>1 of free cumulants by ko = —1 and &, = 0 for all n # 2, then we can use the VHC Cumulant
Formula (Corollary to see that
—cp = S (—Re)u = > 1 = | VHCUp_1)| = [Upn_1].
HEVHC(Sp_1) HEVHC(Un_1)

Let NC®)(n) denote the set of noncrossing matchings of {1, ...,n}. It is clear that | NC®) (n)| = 0
when n is odd, and it is known [50, Lecture 8] that | NC)(2k)| = C}, for all integers k > 1. Referring
to again, we find that m, = 0 when n is odd and that

Mok = Z (Ko)y = Z (-1)F = (=1kCy,  for all k > 1.

neNC(2k) neNC® (2k)
This means that
— 2" 22k J1(22)
M(z) = mp— =3 (=1)kCy = -1,
nz>:1 n! 1; (2k)! z

where J; is a Bessel function of the first kind. Finally, we can use to see that

2" 2" J1(22)
Z]Un_l\n!——chn!——log< s )

n>1 n>1

J1(22) 22k . ,
= E S, ———, where (%, )k>1 is known as Lassalle’s sequence.
z Pt (2k)! =
This fascinating sequence first emerged in [44], where Lassalle proved that its terms are positive

and increasing, settling a conjecture of Zeilberger. The first few terms of Lassalle’s sequence are

1,1,5,56,1092, 32670, 1387815, 79389310, 5882844968, 548129834616, 62720089624920.

It is known [51] that — log (

Thus, we have the following theorem.

Theorem 7.7 ([29]). For every k > 0, we have |Usg11| = St1-

We refer the reader to [40,44,59] for more information about Lassalle’s sequence and to [29)
for more information about uniquely sorted permutations. The investigation of pattern-avoiding
uniquely sorted permutations was initiated in [19] and extended in [49].

7.3. Descents in Sorted Permutations. Several papers have investigated the relationship be-
tween the permutation statistic des, which counts the descents of a permutation, and the stack-

sorting map s. For example, it is known [7, Chapter 8, Exercise 18] that 0 < des(s(0)) < n for

every o € S,. Of course, the lower bound of 0 is tight since s(co) could be the identity permutation
123---n. Knuth’s [42] characterization and enumeration of the permutations ¢ € S,, such that
des(s(0)) = 0 was the first result about stack-sorting; it also initiated the study of permutation
patterns and the kernel method [2,7,41,46]. As mentioned in Section the upper bound is tight
(for n odd) and is attained when s(o) is uniquely sorted. It is natural to ask for the expected value
of des(s(0)) when o € S, is chosen uniformly at random. To simplify some of the formulas, we will
actually consider the problem of computing the expected value E(D,,), where D,, = des(s(o)) + 1
and o is chosen uniformly at random from .S,,_1.
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In what follows, recall the notation from , , and . Let us define

1
(30) Fu(z) = 3 (—x — 22z 421 —4Z+2$Z+$222> .

We choose the branch of the square root that evaluates to 1 when z — 0. We view Fy(z) as
a power series in the variable z with coefficients in C(z). In particular, copying , we have

F.(2) = L7YF.(1/t)/t}(z), where the inverse Laplace transform is taken with respect to the
variable t.

Theorem 7.8. We have

Z ( Z xdes(s(a))+1> % = —log(1+ ﬁx(z))

n>1 \0ESn_1

Proof. Define a sequence (kp)n>1 of free cumulants by x, = —2Cj,_1. Let (my,)n>1 and (¢)n>1 be
the corresponding sequences of moments and classical cumulants, respectively. According to the
VHC Cumulant Formula (Corollary [5.5)), we have

—Cp = Z (_Ho)rH = Z .’L'#‘,H(C._l)n[ = Z .’L'des(ﬂ)—i_l Z (Co—l)\’H-
HEVHC(Sp_1) HEVHC(Sp_1) TESn_1 HEVHC(n)
We can now use the Fertility Formula , along with Remark to see that
Y (Cot)p= > Cgu=|s""(m)
HEVHC() HEVHC()

for every m € S,,_1. Consequently,

—cp = Z xdeS(ﬂ)+1‘871(ﬂ.>‘: Z xdes(s(a))Jrl.

TESH-1 o€ESn—_1

According to , we have
n
SO YD et ) 2o —og(1 4 M (2)),
n>1 0ESH—1 n'

where M(z) = Z mpz" is the moment series. Thus, it suffices to show that M (z) = F,(2).
n>1

The R-transform is given by

1—+1—-4z
R(z) =Y kn2" =—-2) Cph12" = .
n>1 n>1
e 2
It is straightforward to check that R{~1(z) = LQZ, so it follows from that M1 (z) =
x
e 2
“P2TF From this, one can show that M(z) = F,(z), as desired. O
22(1+ 2)

Recall that the variance of a random variable Y is Var(Y) = E((Y —E(Y))?) = E(Y?) - E(Y)2.
The m'" moment of a random variable Y is defined to be E(Y™). The identity in the previous
theorem encodes all of the information about the random variables D,, = des(s(c)) + 1. Indeed,
we will describe an algorithm for computing, for each fixed m, a generating function that encodes
the m™ moments of the variables D,,. We begin by illustrating how this algorithm allows us to
compute the means and variances of these variables. Let us stress that there is no apparent way
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... .. E(Dy)
to use standard methods to show that the limit hﬁ\m
n o0

n
simplicity of the exact formula for E(D,,) in the next theorem all the more surprising.

even exists. This makes the incredible

Theorem 7.9. For every n > 1, we have

E@%y:<3—§:i>nm43—@n

=07

Proof. We use the notation [f(x)]z=1 to denote the evaluation of f(z) at z = 1. Notice that

3 E P 5 S (ess(o)) + )2 = {5) 2. ( > wdeS“(””“) Z"] ~
=1

|
n>1 n>1o0€S,_1 n: n>1 \o€Sn_1

By Theorem (7.8, we have

(31) 2:]Eg?02n::{;1(—logﬂn+ﬁ}@0»} _

Referring to (30), we see that Fi(z) = —z, so

1+ Fy(2) o1 .

(32) Fi(z) = —=.

To compute [%F\x(z)]le, notice that there are two operations being performed to the series
F.(z). One is the transformation from an ordinary generating function in z to the corresponding
exponential generating function, which is described in via an inverse Laplace transform. The
other is the operation that differentiates with respect to x and then sets x = 1. These two operations
commute, so we have

F, 2R/t
{%Fx(z)} = {% (L {Fo(1/t)/t} (z))Ll _ -1 { [ Fa(1/0)] } ).

z= t

(&R0 . t-2

One can now compute 7 = t2(1 9 so that
0 ~ t—2

33 {—4‘ } =L =—-1-2 z,
(33) )] 2| ste
Combining this with (31]) and (32]), we obtain

E(Dy) 1+2z—¢€*
34 — =
(34) n;l n § 1—2

. . . . . . o 14+22—¢"
The desired result is now immediate if we extract the coefficient of 2™ in I, O
-z

Theorem 7.10. We have

D

n>1

E(D'r%) n 2+7Z—(3—|—5z_3z2+z3)ez+62z
z5 = .
n (1_2)2

The variances of the random variables D,, satisfy Var(Dy) ~ (2 + 2e — €?)n.
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Proof. The proof is similar to that of Theorem [7.9] First, notice that

n

Z E(Dn(Dn - 1))Zn — Z Z (des(s(a)) + ]_) deS(S(O’))i'

n>1 n n>1oc€S,_1 G
0 des(s(o))+1 z"
=|l7=z2| X = nl '
Ox =i <U€Sn_1 n! .
By Theorem 7.8, we have
E(Dy(Dy, — 1)) 0? ~
"= |=5(—log(1+ F,
S g+ B

(35) =

—~ ~ 2 82 -
b)) | ( £EE) BRG], (ozrey
1+ F.(2) 1+ F.(2) ) 1-=2 1—2 ’

where the last equality follows from the identities (32) and that we derived during the proof
of Theorem The same argument used to derive ([33]) allows us to compute

2 __ 2 (1)t _ 2
{ 0 Fx(z)} =c { G0, } (2) = £ {—213’5“} (2) = —2(2 — 2° + z¢%),

ox? t 2(1—t)3

Substituting this into yields
E(Dy (D, — 1)) ,  2(2—2¢* + ze?) N (—1 — 22+ eZ>2

Z n i 1—2

n>1

1—2z

Consequently,
E(D3)
n

E(Dy(D, — 1)) ,,
Zn:; ( ( ))Z +Z

n n>1

E(Dn) P

(]

n> n

=

_ 2(2 -2 + ze?)

(—1—2z+ez)2+1+2z—ez _2+7z—(3+5z—322+23)ez+e2z

1—2 - 1—=2 1—=2 (1—2)2 ’
E(Dn)? 2
where we have used (34). Theorem 7.9 tells us that = (3—e)*n+O0(1/n!), so
n
Z Var(Dn)Zn _ Z E(D%)Zn _ Z E(Dn)an
n>1 n n>1 " n21 "
2 72 — (3 52 —3 2 3\ p2 2z
_ a2tz (3+ f Z2+Z Jet e —2(3—6)2nz”—20(1/n!)z"
(1-2) n>1 n>1

_ 2472 (3452 -322 4 2F)ef 4B — (3-e)’z S 0(1/nl)z"

(1-2)? n>1
92 72— (3 57 — 3 2 3\ 2 2z 3 — 2
The only singularity of +72 - (3452 (Zl + 2)2)6 te ( €)’ is a simple pole at z =1,
—z

so it follows from Lemma [7.1] that

D 2 _ _ 2,2 3\ ,z 2z N2
lim Var( "):—Res + 72— (34+52—32°+2")e* +e (3—e)z

=2+2—¢’ O
n—r00 n =1 (1_2,)2 +2Ze—e
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In theory, one can repeat the main steps used in the above proof of Theorem to compute

E(D]"
the generating functions Z Mz” for each fixed m > 2. Note that
n

n>1

ZE(DH(Dn—l)---(Dn—m—l—l)) n

m os(s L
orm Z ( Z T ( (0))+1> n']
=1

2=
n>1 n n>1 \o€Sn_1
o™ —~
= [ tog(1 —|—Fz(z)))L:1
by Theorem [7.8 After expanding this last expression, we find that its computation requires us to
know Fy(z) and {;}fx(z)}zl for all 1 < p < m. We have seen that F}(z) = —z, and we can

o~

Fx(z)} using the fact that

% =1
P 8—psz 1/t
], - { R

compute {

O . t

E(Dn(Dn - 1) T (Dn -—m+ 1))

This shows how to compute Z

n>1
E(D7)
n

z". Using linearity of expectation,

Wwe can express Z
n>1
E(Dn(Dyp—1)--- (Dy — 1 E(D?
3 (Dn( ) mt ))z" and Z(i)zn for1<p<m-—-1
n>1 n n>1 "

2" as a linear combination of the generating functions

If we assume inductively that we have already computed the latter generating functions, then we
E(D3)

z".

can compute Z
n>1

Recall that the m™ central moment of a random variable Y is E((Y — E(Y))™). Using the
E(D™
procedure just described, we have computed Z (7")
n
n>1
which gives a simple explicit formula for E(D,,) for every n > 1, we have derived the asymptotics
for the m'™ central moments of D,, for m < 6 (we omit the details of these computations). The

results are

z" for 2 < m < 6. Using Theorem [7.9

o E((Dy, —E(Dy))?) ~ (2 + 2e — €2)n;

e E((D,, —E(Dy))3) ~ (6 — Sle + 24e* — 5¢3)n;

o E((D, —E(Dy))*) ~ 3(2 + 2e — €2)?n?;

e E((D, —E(Dy))%) ~ 5(24 — 98¢ — 38¢2 + 137¢® — 68e + 10e5)n?;
o E((D, —E(Dy))%) ~ 15(2 + 2¢e — €2)3n3.

These results are highly suggestive of an asymptotic normal distribution. Indeed, it is well known
that if Y is a normally-distributed random variable with mean ; and variance o2, which we write
as Y ~ N(u,0?), then the central moments of Y are given by E((Y — u)™) = 0 for m odd and
E(Y — p)™) = oc™(m — 1)!! for m even. Thus, we have the following conjecture.
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Conjecture 7.11. The sequence (Yy)n>1 of random variables defined by
D,—(3—en
N4

converges in distribution to a random variable Y such that Y ~ N(0,2 + 2e — €?).

Y, =

An alternative approach one might take to proving Conjecture [7.11] is as follows. For each
i€n—2]and 7 € S,_1, let des;(m) = 1 if i is a descent of 7, and let des;(7) = 0 otherwise. Define

a random variable D, ; = des;(s(c)), where o is chosen uniformly at random from S,,_;. Then
n—2

D,=1+ Z D,, ;. One might hope to understand the distribution of D,, by first understanding

1=
the distributions of the variables D, ; and their dependencies.

D
Suppose we wish to use this approach to prove, without free probability theory, that lim n)

n—00 n

= 3 — e. It would suffice to show that E(D,,;) -3 —easn — oo for all 1 <i < (1—o(1))n. This
approach seems promising at first because, as we will prove below, li_)m E(Dy,1) = 3 —e. This says
n—oo

that if o € S;,—1 is chosen uniformly at random, then the probability that 1 is a descent of s(o) is

asymptotically (as n — oo) the same as the probability that a randomly-chosen index i € [n — 2] is

a descent of s(o)ﬂ However, it appears that li_>1n E(Dy2) # 3—e. Thus, for right now, the identity
n o0

(36) lim E(Dp1) = lim E(Dn)

n—oo n—oo n
appears to be a mysterious coincidence. It would be interesting to have an explanation for why
should hold, besides the fact that we can compute the limits separately and see that they are
equal.

Theorem 7.12. With the notation from above, we have lim E(D, ;) =3 —e.

n—oo

Proof. The standardization of a permutation 7 is the permutation obtained by replacing the i*h-
smallest entry in 7 with ¢ for all i. For example, the standardization of 3856 is 1423. Consider
the definition of the stack-sorting map from Section that makes use of the stack. For entries a
and b of a permutation o, we say b forces a out of the stack in o if b is the leftmost entry that is
greater than a and to the right of @ in . Let s(c); denote the i'" entry in s(c). Let Vj, be the
set of permutations o = oy -+ - 0y, € Sy, such that 1 is a descent of s(o) and no entry forces s(o)s
out of the stack in o (i.e., there are no entries greater than s(o)z to the right of s(c)2 in o). Let
Vimj = {0 € Vi, : s(0)1 = j}. Notice that Vj,, 1 is empty since 1 cannot be a descent of s(o) if
s(0)1 = 1. Upon inspection of the definition of s, we find that for 2 < j < m, the set V, ; consists
of permutations of the form

m(m—1)---(k+1)jk(k=1)--- G+ DG -D0G—2)---1

s -1 -2
for some k € {j+1,...,m}. This shows that |V, ;| = m—j, so [V},| = Z(m—j) = (m )2(m )

=2

Now let V), 41 be the set of permutations ¢ = o1---0p41 € Sy such that 1 is a descent of
s(o) and such that o,,41 forces s(o)2 out of the stack in o. One can check that o € V,;, ,; if and

4This is also reminiscent of Theorem 5.7 in [29], which implies that the expected value of the first entry of a random
uniquely sorted permutation in Saky1 is k + 1. Of course, the expected value of the entry in a randomly-chosen
position in such a permutation is also k£ 4+ 1. Perhaps there is some deeper connection between the behavior of the
first entry of a sorted permutation and the behavior of a random entry.
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only if o1 € {2,...,m + 1} and the standardization of oy --- 0y, is in V,,. This implies that
m(m —1)(m — 2)
1% +1| m| V| = 9 .

Finally, let W} . be the set of permutations ¢ = o1---0, € S, such that 1 is a descent of
s(o) and 0,41 forces s(o)y out of the stack in o. It is straightforward to see that o € W, if
and only if the standardization of oy --- o1 is in V. Thus, the probability that a randomly-

V/

chosen element of S, is in W}, is (‘T:ji’)' Notice that 1 is a descent of s(o) if and only if
m !

o€ ( e 1 S +1) UV,. The sets Wg', ..., WV, are disjoint. Therefore, if o is chosen uniformly

at random from S,,, then the probability that 1 is a descent of s(o) is

Z Vil LWl "il m(m—1(m—2)/2  (n—-1(n-2)/2

= m+1 nl L= (m+1)! n!
> —1 —2)/2
As n — o0, this approaches Z m(m = 1)(m = 2)/ =3—e 0
(m+1)!
m=1
We end this section with another conjecture, which concerns the polynomials Z :z:des(s("))ﬂ,
oESp—1
whose exponential generating function is given in Theorem A sequence ai,...,a,, is called
unimodal if there exists an index j such that a1 < --- < aj_1 < a; > aj41 > -+ > ay. Let
arp(n) = |[{o € S,_1 : des(s(c)) + 1 = k}| be the coefficient of z* in Z e+ e
cESH_1
conjecture that the sequences aj(n),...,an,—1(n) are unimodal. It is known [16] that a polynomial

with nonnegative real coefficients that has only real roots must have unimodal coefficients. Thus,
our unimodality conjecture would follow from the following much stronger conjecture.

Conjecture 7.13. For every n > 1, the polynomial Z zdes@N+L pag only real roots.
oESH—1

We have checked Conjecture for all n < 33. It would not be computationally feasible to
check this many cases of the conjecture without the help of Theorem

7.4. Descents in Postorder Readings of Trees. Because the in-order reading Z is a bijection
from the set DBPT,,_; of standardized decreasing binary plane trees with n — 1 vertices to the
set S,_1, we can use to give an equivalent description of the random variable D,. Namely,
D,, = des(P(T)) + 1, where T is chosen uniformly at random from DBPT,_;. We can derive
analogues of our results concerning D,, for other troupes as well. The same approach used in
Section [7.3|provides an algorithm for computing the moments of the random variable des(P(7))+1,
where 7T is chosen uniformly at random from DT,,_;. To illustrate this, we will focus specifically
on full binary plane trees, Motzkin trees, and Schroder 2-colored binary trees. Furthermore, we
will content ourselves with discussing only the expected values of the associated random variables.
In each case, we will see that E(des(P(7)) + 1) ~ yn for some explicit constant v that we will
compute. It is not clear how one could use standard methods to show that the constant + even
exists, let alone compute its exact value.

7.4.1. Descents in Postorder Readings of Full Binary Plane Trees. Recall that [FBPT,| = Cin-1)/2
where C(,_1)/2 = 0 when n is even. As mentioned in Example @ the number of standardized
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decreasing full binary plane trees with n vertices when n is odd is [DFBPT,| = E,,, where the Euler
n

z
numbers F,, are defined via their generating function Z En— = sec(z) + tan(z).
n!
n>0

Let
1+ 2222 — /1 —4(1 — x)22

(37) FrPPT(2) =~ 20+ 229)

We choose the branch of the square root that evaluates to 1 when z — 0. We view FFBPT(2) as a

power series in the variable z with coefficients in C(x) so that F,FBPT(2) = £=1{F,FBPT(1/t)/t}(z),
where the inverse Laplace transform is taken with respect to the variable t.

Theorem 7.14. We have

n
Z Z $des(P(T))+1 i' = — log(l + FQ;FBPT(Z))-
n>1 \ TeDFBPT,,_; "

Proof. Define a sequence (ky,)n>1 of free cumulants by x, = —2C(,_9)/2. Let (mp)n>1 and (cn)n>1
be the corresponding sequences of moments and classical cumulants, respectively. According to the
VHC Cumulant Formula (Corollary [5.5)), we have

—Cp = Yo (R = S Oy )

HEVHC(Sn_1) HEVHC(Sn_1)
— Z xdes(ﬂ’)Jrl Z (C(of2)/2)|’}{‘
TESp—1 HeVHC()

Combining with Remark we find that
> (Cagpp)m= >, Cguorye =[P '(r) N DFBPT|

HEVHC(r) HEeVHC(rr)
for all w € S,,_1. Therefore,
—cp= Y. 2SO Py ADFBPT| = Y P
TE€Sn_1 TEDFBPT,,—1

The equation tells us that

S-S ate®on ) 2 g4 (2)),
B mn.
n>1 TEDFBPT,_,

where M(z) = Z my, 2" is the moment series. It now suffices to show that M(z) = F/8PT(z),
n>1

The R-transform is given by

n n 1—+V1—4z22
R(z) = Z kp2't = —x Z Cin—2)22" = S e

n>1 n>1

o .2
@, so it follows from that
x

V—zz— 22
z(l+2)

We now easily compute R\ (2) = +

MSU() =+
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From this, we find that
1422224+ /1 —4(1 —2)22
2(1 + 2222) '
We must choose the minus sign in the & because M (0) = 0. Thus, M (z) = F/BPT(2). O

M(z) = —x

Theorem 7.15. If n > 2 is even and T is chosen uniformly at random from DFBPT,,_1, then

E(des(P(T))+1) = <1 _ _Ln ) n~ (1 - g) n.

nk, 1 T

Proof. The proof is similar to that of Theorem [7.9] By Theorem we have

SO des(P(T) + 1) = aﬁ > S e | 2
n2>1 TeDFBPT,_1 v Tzl TEDFBPT,_; n' 1
P = 0 FFBPT () [QﬁFBPT ]
38 :{7 —log(1 + EFBPT(2 } S Tk B 2 —— 2=1
(38) ax( &l (=) z=1 1+ EFfBPT(2)] ., 1 —|—FFBPT(2)
2
By ([37), we have FfBPT(z) = — . j_ 5. Hence,
z
- B 1/t)? 1
FFBPT ) _ o1 @t 1 _ 1
(39) A (2)=L T+ (/021 (z) = cos(z)

Also,

{3 FFBPT(, )}

ox t

r=1

FxFBPT 1/t
_ {aax <£_1 {FxFBPT(l/t)/t} (Z)>L;:1 —r1 { [390 (1/ )}1:1 } (Z)

[ZEFEPT(/] g

ox~

One can now compute ; = TERDE so that
(40) { 0 FFEPT(, )} =L i (2) =1 —cos(z) — zsin(z)
Ox z=1 (1 +¢2)2 ‘

Let us combine this with and to see that

2" 1—cos(z) — zsin(z)

@) Y Y des(P(M)+ 1) = =1 — sec(z) + z tan(2).
n21 TeDFBPT, 1 " cos(z)

Now, sec(z Z E — and tan(z Z E — . It follows that if n > 2 is even, then

n>0 ! o M

n even n odd

1 !
BFBPT, 4| 72 (des(P(T))+1) = E:—l [2"](1 — sec(z) + z tan(z))
TeDFBPT,_1

TL' En + Enfl 1 En
= _ — —_ n
En_1 n!  (n—1)! nE,_1) "’

E, 2
as desired. It is known that E, ~ 2(2/7)"*nl, so (1 - En ) n ~ (1 - —) n. O
nitin—1




46 TROUPES, CUMULANTS, AND STACK-SORTING

Because Z : DFBPT,,_; — S,,_1 N ALT is a bijection when n is even, we can translate Theo-
rem [7.15] into the language of stack-sorting.

Corollary 7.16. Suppose n > 2 is even. If o is chosen uniformly at random from the set of
alternating permutations in Sy_1, then

E(des(s(0)) + 1) = (1 _ _En ) ne(1-2)n.

nky,_1 T

Remark 7.17. One might ask if an analogue of holds for the random variables associated
to full binary plane trees (or alternatively, alternating permutations) considered in this section. It
turns out that this is not the case. One can show that if ¢ is chosen uniformly at random from the
set of alternating permutations in So;_1, then the probability that 1 is a descent of s(o) approaches

g—lask—M)o. A

We also have the following analogue of Conjecture Using Theorem and Mathematica,
we have checked this conjecture for all n < 90.

xdes(P(T))Jrl

Conjecture 7.18. For every even n > 2, the polynomial Z has only real

TeDFBPT,,_1
T001S.

7.4.2. Descents in Postorder Readings of Motzkin Trees. Let

1— 242222 —V1—22—322 + 4222
2(1 — xz + 2222) '

(42) FMe(2) = —a

We choose the branch of the square root that evaluates to 1 when z — 0. We view FM°(2) as a
power series in the variable z with coefficients in C(x) so that EMOt(2) = L7H{EMO(1/t)/t}(2),
where the inverse Laplace transform is taken with respect to the variable t.

Theorem 7.19. We have

Z Z mdes(P(T))'f‘l ﬁ = — log(l + ﬁ;CMOt(Z))'
P n!
n>1 \ TeDMot,,_1

Proof. Define a sequence (kp)n>1 of free camulants by x, = —zM,,_2, where M,,_5 is the (n — 2)th

Motzkin number. Let (my,),>1 and (¢p)n>1 be the corresponding sequences of moments and classical
cumulants, respectively. We now repeat the same argument as in the proof of Theorem [7.14, except
we invoke the equation instead of . This yields the identity

n
DN D ST I 2 = log(1 + M(2)),
P n!
n>1 T eDMot,, 1

where M(z) = Z my, 2" is the moment series. It now suffices to show that M(z) = FM°(z).
n>1

The R-transform is given by

1—2—+V1—2z— 322
R(z) = Z Kp2" = —xZMn,gz" =z 5 ,

n>1 n>1
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Tz 4+ —3x222 — 432 rz 4+ —3x222 — 4232

so RV (2) = . It follows from that M1 (z2) =

222 222(1 + 2)
From this, we find that
1— 242222 4+V1—22— 322 + 4222
M(z) = —x :
2(1 — xz + 2222)
We must choose the minus sign in the + because M (0) = 0. Thus, M(z) = FMet(z2). O
Theorem 7.20. Suppose we choose T uniformly at random from DMot,_1. Asn — oo,
3V3 , =
~Y —_—— f —
E(des(P(T)) + 1) (1 o (e3v3 1)) n.
Proof. Repeating the argument from the proof of Theorem [7.15] we find that
9 77 Mot
" [FFZ (Z)] —
(43) Z Z (des(P(T)) + l)ﬁ =_ f = ot z=1
T R
2
It follows directly from that FMot(z) = _1Z7+2' Therefore,
—z+z

) B = et g i 1 6= (co (ég) -5 (f)) b

Next, we compute

P LFMet(1/t
{;rFxMOt(Z)} = {aax (‘Cil {FxMOt(l/t)/t} (Z))} = 571 { [8:(: t( / )]a::l } (Z)

r=1 r=1

2 —2t V3 1
(45) L {(1—t)(1—t+t2)2}(z) e <e cos( 5 z> \/§(1+2z)sm< 5 z))
Combining (43)), (44), and (45]), we obtain

o e*/? — cos (@z) — L (1+22)sin (@z)

(46) Y des(P(T) + 1) = — o () Vf o (2]

_ n! V3 V3
n>17cDMot,,_1 2 < 2 %

S

V3

This last expression, viewed as a function of the complex variable z, is meromorphic. Its singularity

2w
nearest to the origin is a simple pole at ——. By Lemma we have

3V3

1 or \ "1 e*/? — cos (@z) - %(1 + 22) sin (?2)
72 (des(P(T)) +1)— ~ (3\/§> Res. N AR O
TeBMot,,_ 1 =5 cos( 5 z) \/gsm( > z)

@) )

_ 2 -n
Finally, it is known (see OEIS sequence A080635) that |[DMot,,_1| ~ (3\7/%) (n—1)!, so
or \ L 5 4 2«
1 nl (2 1 eivE 4 21
Z (des(P(T)) + 1) ~ (3\/§> ( 3\/5)

[DMoty, 1| T€DMot,,_1 (%) (n—1)!
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3[
— <1 <e3f — 1) O

Recall from Example that the in-order reading Z gives a bijection from DMot,, 1 to the set
Sn—1 NEDP of permutations in S,,_1 in which every descent is a peak. This allows us to translate
Theorem into the following theorem about stack-sorting.

Corollary 7.21. Suppose we choose o uniformly at random from the set of permutations in Sp_1
whose descents are all peaks. As n — oo,

E(des(s(c)) + 1) ~ (1 - ﬁ (esf - 1))

Remark 7.22. Numerical evidence suggests that the natural analogue of for the random
variables associated to Motzkin trees (or alternatively, permutations whose descents are all peaks)
considered in this section does not hold. A

To end this section, we state the following analogue of Conjecture Using Theorem and
Mathematica, we have checked this conjecture for all n < 31.

xdes('P(T))

Conjecture 7.23. For every n > 1, the polynomial Z 1 has only real roots.

TeDMot,,_1

7.4.3. Descents in Postorder Readings of Schroder 2-Colored Binary Trees. Let

1—z4ax2—V1—62+ 22+ 202+ 2222 + 2222
47 FM(z) = —
(a7) S(2) = —a e ,

where we choose the branch of the square root that evaluates to 1 when z — 0. We view F2"(2)
as a power series in the variable z with coefficients in C(x).

Theorem 7.24. We have

Z Z $des(P(T))+1 % = — log(l + ﬁggSCh(Z))'

n=1 TEBSCI’]TL,1

Proof. Define a sequence (ky,),>1 of free cumulants by k, = —z.7,_1, where .#,,_; is the (n — 1)th
large Schroder number. Let (my)n>1 and (¢, )n>1 be the corresponding sequences of moments and
classical cumulants, respectively. Repeating the same argument as in the proof of Theorem [7.14]
except invoking instead of , we obtain

(- Y atsrmn %zlog(lﬂ\?(z»a

n=1 TGBSChn,1

where M(z) = Z m,2" is the moment series. It now suffices to show that M(z) = F2N(2).
n>1

The R-transform is given by

1—2z—+V1—6z+ 22
= Z/@nz": —xZYn,lz”:—x 5 ,

n>1 n>1
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so RV (z) = m It follows from that M~V (z) = :L'(,zz—(zx;_(f)—l— mt From this, we find
that
1—z4a2+V1—62+ 22+ 202 + 2222 + 2222
M(z) = —x .
2(1 — z2)
We must choose the minus sign in the + because M (0) = 0. Thus, M(z) = F><(2). O

Theorem 7.25. Suppose we choose T uniformly at random from DSch,_1. Asn — oo,

E(des(P(T)) +1) ~ (1 — 21(1g2> n.

Proof. Repeating the argument from the proof of Theorem we find that

9 77 Sch
" [%Fz (Z)} —
(48) (des(P(T))+1)— = — =1
;Tengl n! 1+ FSh(z)
We see from that FPM(2) = — 1 i ~» 80
77 Sch _ 1) 1/t 1 1z
(49) FPh(z)=L { =/ (z2) =1—¢€"

Next, we compute

. LFSh(1/t
{;I.FISch(z)} . _ L}ax (£—1 {FxSCh(l/t)/t} (z))Lc:1 _ ﬁ_l { [83: t( / )]1:1 } (z)
_ 2
(50) =Lt {M} (2) =1— (24 2)e® + *.
Combining , , and , we obtain
on o 2)e? 622
(51) Y Y (des(P(T) 4 1) = L@ EEE T

4 n! 2 — e?
n217eDSch,

This last expression is meromorphic, and its singularity nearest to the origin is a simple pole at
log 2. Invoking Lemma [7.1] we find that

1 1—(2 z 2z
> (des(P(T)) + 1)— ~ (log 2)7""1 Res @+2)e+e
£ n. z=log 2 2 —e*
TeDSch,,—1

Similarly, one can use Corollary and Lemma to show that |[DSch,,—1| ~ (log2)™"(n — 1)!.
Thus,

1
= (log2)™"* (log2 - 5) :

1
|55chn_1| Z

TEBSChn,1

—n—1 o
(des(P(T)) +1) ~ i (lo(glié 2)—n((il0?121)1 2 (1 B 21(1g2> - -

Remark 7.26. Numerical evidence suggests that the natural analogue of l) for Schroder 2-
colored binary trees fails to hold, but only by a little. Suppose we choose 7 € DSch,_1 uniformly
at random. It appears that as n — oo, the probability that 1 is a descent of P(7) approaches a

1
constant that is approximately 0.27259, which is just slightly less than 1 — m ~ 0.27865. A
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Using Theorem and Mathematica, we have checked the following analogue of Conjecture
for all n < 31.

xdes(P(T))-l—l

Conjecture 7.27. For every n > 1, the polynomial Z has only real roots.

TEBSChn,1

7.5. Asymptotics for Sorted Permutations. In [13], Bousquet-Mélou investigated sorted per-
mutations, which are permutations in the image of the stack-sorting map s. She considered the
numbers e, ,, which count sorted permutations of length m 4+ n according to an additional statistic
known as the Zeilberger statistic. For our purposes, it will be sufficient to know that these numbers
satisfy the initial conditions e, —1 = 0 and ep,, = 1 and that e;, o = |s(Sp,)| is the number of sorted

permutations in S,,. The recurrence
m—1
. )em—i-tn—jleis — €ig-1).

appears in |13]. Unfortunately, this recurrence does not tell us anything immediately about the
asymptotics of these numbers. The purpose of this section is to prove the following new estimates.

[5(Sn)]

n!

(52) €mn = Em—1,n+1 + Z

1/n
Theorem 7.28. The limit liﬁm < > exists and satisfies
n oo

[5(Shn)l

n!

1/n
0.68631 < lim < ) < 0.75260.
n—00

Proof. Suppose 7 € s(Sp,—1) and 7" € $(Sp,—1). We can write 7 = s(o) and 7’ = s(o’) for some
0 € Spm—1 and ¢’ € S;,_1. Let A be an (m — 1)-element subset of [m +n — 2]. Let 7 and & be the
permutations of A whose standardizations (as defined in the proof of Theorem are m and o,
respectively. Let 7’ and ¢’ be the permutations of [m 4+ n — 2] \ A whose standardizations are 7/
and o', respectively. We have s(5) = 7 and s(¢’) = 7, so it follows from the recursive description
of s given in @ that

s(e(m+n—1)") =s(c)s(@)m+n—-1) =77 (m+n—1).

This shows that 77’ (m +n — 1) € s(Spman—1). The map sending the tuple (m, 7', A) to the permu-
tation 77'(m + n — 1) is injective, so

m+n—2
s s () < S
Rearranging, this shows that
|5(Sm—1)]5(Sn-1)| |5(Sm+n—1)]
< —1)—=.
(53) =11 (n—1) = Fr T DS )

We will make use of a generalization of Fekete’s lemma due to de Bruijn and Erdés [18], which
states that if a sequence of positive real numbers (b, )m>1 satisfies by,by, < byt whenever 1/2 <

Sp—
n/m < 2, then lim b,ll/n exists and equals sup brll/n. Now let b,, = M forn>8and b, =0
n—o00 n>1 nQ(n — 1)‘
. . m+n—1 1
for 1 < n < 7. It is not difficult to check that < whenever m,n > 8 and

m?n?  — (m+n)?

1/2 < n/m < 2. Therefore, it follows from that

m+n—1[s(Smin-1)|
m2n?  (m+n—1)!

|5(Smin—1)|

bmbin (m+n)2(m+n—1)!

IN

< = bm+n
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whenever m,n > 8 and 1/2 < n/m < 2. The inequality b,,b,, < by4r also certainly holds whenever
m or n is at most 7. According to the generalization of Fekete’s lemma that we mentioned above,

1/n
s(S,

lim b}/ " exists and equals sup b}/ " It now follows from the definition of b,, that lim (|(")>
n—o00 n>1 n—o0 n!

exists and equals sup b}/ ". We have used Bousquet-Mélou’s recurrence to compute béégm, its

n>1
value is slightly larger than 0.68631. This yields the desired lower bound for the limit.

To prove the upper bound, note that it follows from the Fertility Formula that every sorted
permutation in S, has a valid hook configuration. Therefore, |s(S,)| < | VHC(S,)|. By Corol-
lary

5(S.)] _ [VHC(S,)| 1

~ b
n! n! cntl

where ¢ ~ 1.32874 is the constant appearing in that corollary. The desired upper bound is now
immediate because 1/¢ < 0.75260. O

7.6. The Degree of Noninvertibility of the Stack-Sorting Map. Recently, Propp and the
author introduced the degree of noninvertibility of a function f : X — X, where X is a finite
set [30]. This is defined to be

des(f: X — X) = |le S @)

zeX

This is a natural measure of how far the function f is from being bijective. It is shown in [30] that
deg(s : S, — Sp) grows exponentially in n, which is interesting because it contrasts the quadratic
growth of deg(B : S,, — S,), where B is the bubble sort map. Indeed, Propp and the author

showed that deg(B : S,, — S,) = W

currently seems out of reach, we can at least obtain estimates for this quantity. It was shown in [30]
that the limit 1Lm deg(s : S, — S,)'/™ exists and satisfies
n—oo

. While an exact formula for deg(s : S, — Sp)

(54) 1.12462 < lim deg(s : S, — Sp)/" < 4.
n—oo

After running some experiments that used the Decomposition Lemma to compute the fertilities of
large random permutations, Propp and the author conjectured that this limit lies in the interval
(1.68,1.73). In this section, we show how the tools involving free probability that we have developed
allow us to greatly improve upon the lower bound in . This will bring the known lower bound
close to the conjectured value of the limit.

Theorem 7.29. We have 1.62924 < lim deg(s : S, — Sp) /.

Proof. For convenience, let d, = deg(s : S, — S,). Using the Fertility Formula and Re-
mark we find that

2
-y = ¥ s @E= Y < > <c.-1>m> > Y Y (G
(m)

TESn-1 mESp—1 \HEVHC mESn—1 HEVHC()

=Y Y (CEou= Y (CPw

TE€Sp—1 HEVHC () HEVHC(S,_1)
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If we now define a sequence (kp)n>1 of free cumulants by k, = —C2_,, then the VHC Cumulant
Formula (Corollary tells us that the corresponding classical cumulants are given by

—Cn = Z (C?—l)m'

HeVHC(Sn_l)
Hence, (n — 1)!d,,—1 > —¢yp. In the proof of (54)) given in [30], it is shown that

lim d /”—supa/

where a,, = ;1 forn > 8 and a,, = 0 for 1 <n < 7. Thus,
1/1000 _ 1/1000
1n 5 q1/1000 _ < dggg ) ( €1000 >
g, 4 2 oo = \ 1002 = 10002 - 999! > 162924,
To obtain the last inequality, we computed the exact value of ¢iggp using Mathematica First,
we computed the first 1000 terms in the series expansion of the R-transform R(z Z Kp2" =

n>1

— Z Cg,lz". Applying , then , and then allowed us to compute the first 1000 terms

n>1
P

of the series Z cn . In particular, this yielded the value of c1ggo. ]
n>1 !

Remark 7.30. The combination of the Fertility Formula and the VHC Cumulant Formula is useful
in the proof of Theorem because it allows us to compute a lower bound for deg(s : Sggg — Sgg9).
Trying to compute deg(s : S, — S,,) by brute force, one will not be able to exceed small values of
n (around n = 14). On the other hand, we lose something when we use the inequality

> ( Z()(C’-1 ) > S (Comt) )™ A

TE€ESh—1 \HEVHC(m T€Sn—1 HEVHC()

8. OTHER CUMULANT CONVERSION FORMULAS

8.1. A Sum over Noncrossing Partitions. Recall how we derived the VHC Cumulant Formula
(Corollary in Section We first showed how to obtain a connected set partition |H from a
valid hook configurations H. We then saw from Theorem that for each connected partition p,
the number of valid hook configurations H such that |H = p is given by the evaluation T p)(l, 0) of
the Tutte polynomial of the crossing graph of p. The VHC Cumulant Formula then followed from
Josuat-Verges’ formula (Theorem . Because Josuat-Verges’ formula extends to the multivariate
setting, the VHC Cumulant Formula also extends to the multivariate formula .

We also saw how to obtain a noncrossing set partition H from a valid hook configuration H.
There is a natural size-preserving bijection from |H to #H, which we denoted by B +— B. Therefore,
we can rewrite the VHC Cumulant Formula as

(55) —Cp = Z (—Ke)H-

HEVHC(Sn_1)
By describing the number of valid hook configurations H such that H is equal to a given noncrossing
partition n, we will obtain an analogue of Josuat-Verges’ formula in which the sum ranges over
noncrossing partitions. This new formula does not extend to the multivariate setting. Indeed, it is
impossible to find a formula that expresses multivariate classical cumulants in terms of multivariate
free cumulants via a sum over noncrossing partitions (see, for example, Remark 8.1 in [1]).
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We are going to make use of a very important bijection K : NC(n) — NC(n), known as the
Kreweras complementation map. Given n € NC(n), we define K’'(n) to be the maximum (in the
reverse refinement order) partition of the totally ordered set {1’ < 2’ < --- < n'} such that n UK'(n)
is a noncrossing partition of the totally ordered set {1 < 1’ <2 <2 < --- <n < n'}. We then
define K (n) to be the partition in NC(n) obtained by removing the primes from the elements of
the blocks of K'(n). For example, Figure [13|shows that the Kreweras complement of the partition

n={{1,4,5},{2,3}, {6}, {7.8}} is the partition K (1) = {{1,3},{2}, {4}, {5.6,8}, {T}}.

223344556677 88

F1cure 13. The partition n = {{1,4,5},{2,3},{6},{7,8}} (black) and its Kreweras
complement K(n) = {{1,3},{2}, {4}, {5,6,8},{7}} (orange).

Now consider a noncrossing partition 7 € NC(n) and its Kreweras complement K (n). We say j
is the successor of i in K(n) if ¢ and j are in the same block B of K(n), i < j, and there are no
elements k € B with i < k < j. Consider the elements of [n] as the vertices of a directed graph. If
i € [n — 1] is the largest element of its block in K(n), draw a directed edge from i to i + 1. If 7 is
not maximal in its block in K (n), draw a directed edge from i + 1 to i. If j is the successor of ¢ in
K(n), then draw a directed edge from i to j. We call the resulting directed graph the arch graph
of K(n) (see Figure [14] for an example). Let L£(K(n)) denote the set of permutations ¢ € S, such
that ¢ appears to the left of j in ¢ whenever there is a directed edge from ¢ to j in the arch graph
of K(n). The set L(K(n)) is nonempty if and only if the arch graph of K(n) is acyclic (i.e., has no
directed cycles). One can check that this occurs if and only if there do not exist two consecutive
integers in the same block of K(n), which occurs if and only if n = 1 or n contains no singleton
blocks. In this case, we can also view L(K(n)) as the set of linear extensions of the poset ([n], <)
defined by declaring that i < j if and only if there is a directed path from ¢ to j in the arch graph
of K(n). Let NC(n) be the set of pairs (n,0) such that n € NC(n) and o € L(K(n)).

L Loy

1234567 8910111213141516

1234567 8910111213141516

FIGURE 14. On top is the noncrossing partition H, where H is the valid hook con-
figuration whose modified diagram is shown in Figure Its Kreweras complement

is K(#) = {{1},{2,4, 15}, {3}, {5, 7}, {6}, {8,12}, {9}, {10}, {11}, {13}, {14}, {16} },

whose arch graph is shown on the bottom.

The reader may find it helpful to refer to Figures and in the following proof. If 7 =
T Tp_1 € Sp_1, then 7~ denotes the permutation in S,,_; whose th entry is ¢ for all 7 € [n—1].

Theorem 8.1. For m € S,_1 and H € VHC(r), let U(H) = (H, 7 'n), where 7~'n € S, is the

concatenation of 7= and n. The map ¥ : VHC(S,,_1) — NC(n) is a bijection.

Proof. If n = 1, then the proof is trivial because 7 is the empty permutation, H is the empty valid
hook configuration, and # = {{1}}. Assume n > 2. We first prove that the image of ¥ is contained
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in NC(n). Let 7 = 7n = (7 'n)~!. We need to show that 7—! € £(K(H)). This is equivalent to
showing that 7, < 7, whenever there is a directed edge from a to b in the arch graph of K(H).
Choose i € [n — 1], and consider the edge between ¢ and i+ 1 in the arch graph of K(#). It follows
from the definition of the arch graph that this edge is directed from ¢ + 1 to ¢ if and only if ¢ is
not maximal in its block in K(#). By inspecting the definition of the Kreweras complementation
map, we see that this occurs if and only if 7 + 1 is minimal in its block in . This occurs if and
only if (i,7;) is the southwest endpoint of a hook in #, which happens if and only if i is a descent
of m. The descents of 7 are the same as the descents of 7, so the edge between ¢ and 7 + 1 in the
arch graph of K () is directed from i+ 1 to 7 if and only if 7; > 7;41. We also have a directed edge
from i to j in the arch graph of K(#) if j is the successor of ¢ in K(H). It is straightforward to
check that this occurs if and only if there is a hook with southwest endpoint (7, 7;) and northeast
endpoint (j,7;) in #H. In this case, 7; = m; < m; = 75, as desired.

To see that W is bijective, we exhibit its inverse. Suppose we start with (n, o) € m(n) Consider
i € [n—1]. If 7 is maximal in its block in K (n), then there is an edge directed from i to ¢ + 1 in
the arch graph of K(n). Otherwise, i has a successor j in K(n), and there is a directed edge from
i to j in the arch graph of K(n). In either case, i is not a sink (i.e., a vertex with outdegree 0) in
the arch graph of K(n). As this is true for all ¢ € [n — 1], the number n is forced to be the unique
sink in this directed graph. It follows that n appears last in the permutation o, so we can write
o = 7 !n for some 7 € S,_1. One can check that d is a descent of 7 if and only if d is not maximal
in its block in K(n). Therefore, each descent d of m has a successor b in K(n). Let di < --- < dj
be the descents of 7. For all 1 < ¢ < k, let b, be the successor of dy in K(n); we have 7y, < m,
because 7 'n € L(K(n)). Therefore, we can draw a hook Hy with southwest endpoint (dg, 74,) and
northeast endpoint (b, 7,) for all 1 < ¢ < k; this produces a configuration H = (Hx,..., Hy) of
hooks of 7. The fact that K (n) is noncrossing implies that none of these hooks cross or intersect
each other, except possibly when the southwest endpoint of one is the northeast endpoint of another.
One can check by induction on m that Hy_,, does not pass underneath any points in the plot of
m. It follows that H is a valid hook configuration. The resulting map (n,0) — H is the inverse of
v, ]

Combining with Theorem yields the following corollary.

Corollary 8.2. If (kn)n>1 is a sequence of free cumulants, then the corresponding classical cumu-
lants are given by

—en= Y |LEM)|(—Fe)y.

neNC(n)

Remark 8.3. It might be interesting to see if there are alternative methods for computing (or pos-
sibly other combinatorial descriptions of) the numbers |L(K (n))|, especially when the noncrossing
partitions 1 have special forms. For example, if n is even and we put

n={{1,n},{2,3},{4,5},....,{n—2,n—1}} and ' ={{1,n},{2,n—1},...,{n/2,n/2 +1}},
then one can show that [L(K(n))| = (n —3)!! and [L(K (1)) = Cpjo—1- A

8.2. A Sum over 231-Avoiding Valid Hook Configurations. Recall the definition of a 231-
avoiding permutation from Example Let Av,_1(231) denote the set of 231-avoiding permuta-
tions in S,,_1. We say a valid hook configuration is 231-avoiding if its underlying permutation is
231-avoiding and write VHC(Av,,—1(231)) for the set of 231-avoiding valid hook configurations in
VHC(S,,—1). In this section, we will rewrite the VHC Cumulant Formula as a sum over 231-avoiding
valid hook configurations.
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To begin, suppose P is an (n—1)-element poset, and let £(P) denote the set of linear extensions of
P, which we view as labelings of P with the elements of [n—1]. Given L € L(P), define py(L) € L(P)
as follows. If the element of P with label ¢ in L is comparable to (equivalently, covered by) the
element with label £ + 1, then let py(L) = L. Otherwise, let ps(L) be the linear extension obtained
from L by swapping the labels £ and £+ 1. This defines an involution py : L(P) — L(P). Let &, (p)
denote the set of bijections from L(P) to itself. It is not difficult to show (by induction on n) that
the subgroup of &, (p) generated by pi,...,pn—2 acts transitively on L(P).

We now once again make use of the in-order bijection Z : DBPT,,_; — S,,_1. Let T' € BPT. The
tree T represents a poset in which a vertex u is less than a vertex v whenever u is a descendant of
v. From this point of view, standardized decreasing binary plane trees with skeleton 7' correspond
to linear extensions of T. We can use this correspondence to transfer the maps p, to the set S,_1.
Doing so, we obtain the following alternative description.

Suppose m € S,_1. If there exists an entry a > £ + 1 that appears between £ and ¢+ 1 in 7, let
pe(m) be the permutation obtained from 7 by swapping the entries ¢ and ¢ 4+ 1. If no such entry
a exists, let pg(m) = m. This defines an involution py : S,—1 — S,—1, which we can view as an
element of the group &g _, of all bijections from S,_; to S,—1. Let &,_1 = (p1,...,pn—2) be
the subgroup of &g, , generated by pi,...,pn—2. The result mentioned in the previous paragraph
implies that for every permutation @ € S,_1, the &2, _1-orbit of 7 is the set of permutations 7’
such that skel(Z~ (') = skel(Z~*(m))[]

Notice that the set of descents of 7 is the same as the set of descents of p;(7). Suppose H =
(Hy,...,Hg) € VHC(m). If H, has southwest endpoint (i,7;) and northeast endpoint (j,;),
then let H, be the hook of py(m) with southwest endpoint (i, (pe(7));) and northeast endpoint
(4, (pe(m));). One can easily verify that H := (Hy,...,Hy) is a valid hook configuration of py(r)
satisfying £ = X and that the resulting map VHC(x) — VHC(pe(7)) given by H +— H is a
bijection. It follows that the set {H : H € VHC(7)} of noncrossing partitions associated to valid
hook configurations of 7 only depends on the &2, _1-orbit of w. Therefore, we can rewrite as

(56) —cn=>_T% > (—kKeu

T HEVHC(r) a

where the first sum ranges over a set of representatives for the &, _1-orbits in S,,_1 and 7, denotes
the size of the &2,,_1-orbit containing 7.

For each valid hook configuration H of a permutation = € S,,_1, let Ty = J5. Letting T, =
skel(Z~!(n)), we see from the above remarks that .7 is the number of standardized decreasing
binary plane trees with skeleton T;.. This description is useful because there is a well-known hook-
length formula for the number of linear extensions of a poset whose Hasse diagram is a rooted tree
(originally due to Knuth in [43]). For each of the n — 1 vertices v of T}, let h, denote the size of
the subtree of T, with root v (including v itself). Then

_ (1)
2 o,

_ For every binary plane tree T with n — 1 vertices, there is a unique decreasing binary plane tree
T with skeleton T such that Z(T) € Av,—1(231). Indeed, T is obtained by labeling the vertices

5In [39], the &,,_1-orbits are called Sylvester classes. In [5], it is shown that &,_1-orbits form intervals in the weak
order on S,. In [52|, it is shown that 2,_i-orbits naturally label vertices of associahedra when associahedra are
viewed as generalized permutohedra.
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of T so that the postorder reading P(7) is 123---(n — 1). Consequently, Av,_1(231) is a set
of representatives for the &2, i-orbits in S,,_1. Referring back to , we obtain the following
theorem.

Theorem 8.4. If (kp)n>1 15 a sequence of free cumulants, then the corresponding classical cumu-
lants are given by

—Cp = Z T (—FKe)H-
HEVHC(Avy_1(231))

Let us remark that 231-avoiding valid hook configurations were enumerated in [25], where they
were shown to be in bijection with 132-avoiding valid hook configurations (this essentially follows
from the above remarks because every &2, i-orbit contains a unique 231-avoiding permutation
and a unique 132-avoiding permutation). In [53], Sankar gave an intricate bijection between 132-
avoiding valid hook configurations and intervals in Motzkin-Tamari posets.

9. 2-STACK-SORTABLE AND 3-STACK-SORTABLE PERMUTATIONS

A permutation 7 is called t-stack-sortable if s'(w) is increasing. Let W;(n) denote the set of
t-stack-sortable permutation in S,. In [42], Knuth proved that Wi(n) is the set Av,(231) of
231-avoiding permutations in S, and that |Wj(n)| = | Av,,(231)| = C,. In his thesis, West [62]
conjectured that [Wh(n)| = m(i’:) This was later proved by Zeilberger [63]. Since then,
several papers devoted to the enumerative properties of 2-stack-sortable permutations have emerged
[8L[12L[15, /17,20, 31}34,/36).

If T C BPT, then the in-order map Z gives a bijection between DT and a set Z(DT) of stan-
dardized permutations associated to T. For example, Z(DBPT) is the set of all standardized
permutations, Z(DFBPT) is the set of standardized alternating permutations of odd length, and
Z(DMot) is the set of standardized permutations in which every descent is a peak. A consequence
of the main theorem in this section will provide a way to enumerate 2-stack-sortable permutations
in Z(DT) whenever T C BPT is a troupe. We will also see that in many cases, the generating
function that counts trees in P~!(Av(231)) DT according to a collection of insertion-additive tree
statistics is algebraic. There has been a great deal of work devoted to proving the algebraicity of
various generating functions of combinatorial interest (see the survey [11]). We will also obtain a
recurrence that counts 3-stack-sortable permutations in Z(DT).

The tail length of a permutation © = 71 ---7m, € S,, denoted tl(7), is the largest integer ¢ €
{0,...,n} such that m; =i for alli € {n—¢+1,...,n}. For example, t1(324156) = 2, t1(3421) = 0,
and t1(12345) = 5. Let D>y(n) = {m € Av,4¢(231) : tl(7) > ¢}. In particular, D>o(n) = Av,(231).
Let T be a troupe, and let f1,..., fr be insertion-additive tree statistics. Let

: T
G (y) = Z Go(x1,..., )yt = Z Z x{l( ) g Myt
>0 (>0TET,
We are interested in the generating function
f o )
le’m’m?«(,%y) :ZZ Z x{l( )er(T)znyE
£20n20 TeP—1(Ds4(n))NDT

In truth, we will be primarily interested in the specialization

Iy, 2. (2,0) = Z Z xfl(ﬂ . -x{’"(ﬂz".
n20TepP-1(Av, (231))NDT
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Theorem 9.1. With notation as above, we have
Loy, (2,Y) = Lay 2 (25, 0)) Ly, (25 ) — G(xl""’mr)(y))

— le?"'az’r (Z7y) B G(Il ..... l’r) (y) o lea-wxr(z?y) - lev-'yxr (Z’O)
z Yy

Proof. The specific case in which T = BPT, fi(T) = des(T) + 1, fo(T) = peak(T) + 1 was
proven in Section 4 of [20], except that the proof there was written in the language of stack-sorting
instead of postorder readings. The exact same proof applies, mutatis mutandis, in this more
general setting. The main difference is that one must now use the Refined Tree Decomposition
Lemma (Theorem instead of the Refined Decomposition Lemma (Corollary . We omit the
details. O

Let K = C(x1,...,,). Suppose the generating function G(*1-%r)(y) is algebraic over K(y),
meaning that it satisfies a polynomial equation with coefficients in K(y). Then we can solve the
equation in Theorem for G(Il""’“)(y), substitute the result into the polynomial satisfied by
G(xl""’xr)(y), and clear denominators in order to obtain a polynomial equation of the form

Q.2 (2,Y), Ly, 2, (2,0), 2,4) = 0.
This is a polynomial equation with one “catalytic variable” y. Therefore, the next result follows
immediately from Theorem 3 in [14].

Corollary 9.2. Preserve the notation from above. If G&1%r)(y) is algebraic over K(y), then
Iy 2. (2,y) is algebraic over K(z,y) and, consequently, Iy, . ..(2,0) is algebraic over K(z).

The preceding corollary yields the algebraicity of several generating functions associated to
troupes. For specific examples, suppose T and f1,..., f are as in one of the Examples 47
or In each of these cases, we saw that the generating function G(m"'”“)(y) is algebraic
over K(y), so it follows that I, . (z,0) is algebraic over K(z). To make this even more concrete,
we will show how to use the methods from [14] to find an explicit algebraic equation satisfied by
I, . 2.(2,0) when T = FBPT and r = 0. In this case,

Ly 2. (2,0) = > [P (Av,(231)) N DFBPT|2".
n>0

Note that s™1(Av,(231)) = s7'(Wi(n)) = Wa(n). Using (7)), we find that the in-order reading
gives a bijection between P~!(Av,,(231)) N\DFBPT and the set W5(n) N ALT when n is odd. Thus,
I(z,0) is the generating function for (standardized) 2-stack-sortable alternating permutations of

odd length.
Corollary 9.3. Let

= > [P (Av,(231)) N DFBPT[2" = > [Wy(2k + 1) N ALT |2*F+!
n>0 k>0

be the generating function that counts (standardized) 2-stack-sortable alternating permutations of
odd length. Then R(I(z,0),z) =0, where

R(v,2) = (=24 272%) + (1 — 332%)v + (42 + 332%)0v? + (622 + 210 + 4230 4 245,

Proof. We have Gy = |[FBPT| = C;_1)/2, s0

1—v1—422
_ Z Gl = Z Cp 22kt — 5 ‘
>0 k>0 &



58 TROUPES, CUMULANTS, AND STACK-SORTING

Therefore, yG(y)? +y — G(y) = 0. We can solve the equation in Theorem for G(y), substitute
the result into the identity yG(y)? +y — G(y) = 0, and clear denominators to find that

(57) QU(zy),1(2,0),2,y) =0,
where
Qu,v,2,y) = (1 —uz +v2)%y% — (1 —uz +v2)(vz — v?zy + uly + 2(—1 +vy)))
+ (vz —ulzy + u(y + 2(—1 + vy)))2

0
Let Q), = 8—Q(u, v,2,y). There is a unique fractional power series (Puiseux series) Y = Y (z)
u
such that Y (2) = 2z + O(2?) and
(58) QuI(2,Y),I(2,0),2,Y) = 0.

Indeed, one can calculate the coefficients of Y'(z) one at a time from the equation after initially
computing sufficiently many terms of I(z,y) via its combinatorial definition. Let A,Q(v,z,y) be
the discriminant of Q(u,v, z,y) with respect to the variable u. Using Mathematica, we find that

this discriminant is A,Q(v, z,y) = 2%(1 — 4y2)2y3@(v, z,y), where
Qu,z,y) = —42° + 422 (=3 + v2)? + > (1 + 20z + 2% 4 v22?)?
+2y22(=3 4+ 522 — 22?2 + 0323 4 vz(=5 + 22)).

We now use Theorem 14E| from the paper [14], which allows us to deduce from and (H8))
that y = Y(2) is a repeated root of A,Q(I(z,0),z,y). Since Y(z) = z + O(2?), we know that
2%(1-4Y?)2y3 £ 0. Consequently, y = Y (2) is a repeated root of Q(I(z,0), z,y). The discriminant
of a polynomial with a repeated root must be 0. This means that AyQ(I(2,0),z) = 0, where
AyQ(v, z) is the discriminant of Q(v, z,y) with respect to y. Computing AyQ(v, z) explicitly and
ignoring extraneous factors, we find that R(I(z,0),z) = 0, where R(v, 2z) is as in the statement of
the corollary. O

Remark 9.4. Using the techniques from [35, Chapter VII], one can deduce from Corollary that
for odd n, the number [Ws(n) N ALT | of 2-stack-sortable alternating permutations in S, satisfies
the asymptotic formula

Wa(n) N ALT | ~ B2y,
where 8 =~ 0.68444 and v =~ 4.10868. The exponential growth rate for the number of 2-stack-sortable
permutations in S, is li_)rn [Wa(n)|'/" = 6.75, so the probability that a randomly-chosen 2-stack-
n oo

sortable permutation in S, is alternating is roughly (7/6.75)" ~ 0.60869". On the other hand, the
probability that a randomly-chosen permutation in S, is alternating is roughly (2/7)" ~ 0.63662".
Therefore, if we choose m € S, uniformly at random, where n is large and odd, then the events “m
is 2-stack-sortable” and “m is alternating” are negatively correlated. A

Next, suppose T = Mot. Set r = 0 so that

I(z,0) = Z [P~ (Av,(231)) N DMot|2".
n>0

Note that the in-order reading gives a bijection from P~1(Av,,(231))"DMot to the set Wa(n) NEDP
of 2-stack-sortable permutations in S, in which every descent is a peak.

6In the notation of [14], we are applying Theorem 14 with k = 1. Our polynomial Q(u,v, z,y), power series I(z,y),
and power series I(z,0) are playing the roles of P(zo,...,z,t,v), F(t,u), and Fi(t), respectively, from that article.
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Corollary 9.5. Let

I(z,0) = Y [P~'(Av,(231)) N DMot[2" = ) [Wa(n) N EDP |2"
n>0 n>0

be the generating function the counts (standardized) 2-stack-sortable permutations whose descents
are all peaks. Then R(I(z,0),z) =0, where

R(v,2) = (—2 4322 + 2425 + 24) + (1 — 42 — 272% + 2623 + 42w + (42 — 422 + 2923 + 721)0?
+(62% 4 423 + 72M) 03 +4(23 + 2ot + 20

Proof. We have Gy = |Moty| = My_1, so
1—y—/I—2y— 342
G(y) =Y G =3 My1y' = —7 5 vy
>0 >0 Yy

It follows that yG(y)? + (y — 1)G(y) +y = 0. We can solve the equation in Theorem [9.1] for G(y),
substitute the result into the identity yG(y)? + (y — 1)G(y) +y = 0, and clear denominators to
find that Q(I(z,v),I(z,0),z,y) = 0, where

Q(u,v, z,y) = y*(1 —uz + v2)> + (=1 + u)(—1 + uz — v2)(—vz + vyz — u(y — z + vyz))

+ (vz — uyz +uly — z +vyz))>

We now proceed exactly as in the proof of Corollary computing the discriminant A, Q(v, z,y)
= 2% (=1 + 2y + 3y°)*Q(v, 2,), where

Qu,z,y) = —42° + y22(9+ (2 — 6v)z + (1 +v)222) + ° (1 + 2 + 20z + (1 + v + v?)2?)
+20%2(=3 — (24 5v)z — (=4 +v?)22 + (1 + 20 + 20% +03)23),

2

and deducing that Ay@(I (2,0),z) = 0. Computing Ay@\(v, z) explicitly and ignoring extraneous
factors, we find that R(I(z,0), z) = 0, where R(v, 2) is as desired. O

Remark 9.6. Using the techniques from [35, Chapter VII], one can deduce from Corollary that
the number |[Wa(n) N EDP | of 2-stack-sortable permutations in .S,, whose descents are all peaks
satisfies the asymptotic formula

[Wa(n) NEDP | ~ fn=/2",
where § ~ 0.42022 and vy ~ 5.46152. Since nlggo [Wa(n)|/™ = 6.75, the probability that a randomly-

chosen 2-stack-sortable permutation in .S, is in EDP is roughly (v/6.75)" ~ 0.80911". On the other
3v3\"

hand, the probability that a randomly-chosen permutation in 5, is in EDP is roughly (2
s
0.82699". Therefore, if we choose w € S), uniformly at random, where n is large, then the events

“m is 2-stack-sortable” and “every descent of m is a peak” are negatively correlated. A

Remark 9.7. One could easily refine Corollary by taking into account the statistic des. This
would simply amount to replacing the generating function G(y) = > s> My_1y* with G (y) =
>0 My_1(x1)y*, where My_(z1) denotes a Motzkin polynomial. A

We end this section with a theorem about postorder preimages of 2-stack-sortable permuta-
tions. Using the in-order reading, one can transfer the statement of the theorem to a statement
about the enumeration of 3-stack-sortable permutations associated to troupes. For example, taking
T = FBPT, one obtains a recurrence for counting 3-stack-sortable alternating permutations of odd
length.



60 TROUPES, CUMULANTS, AND STACK-SORTING

Theorem 9.8. Let T be a troupe, and let f1,..., f, be insertion-additive tree statistics. Let

Ge =Gyl x) = 3 2l @l D),
TeT,

Ifn > 1, then
n+1

DR (U RSEIL I ST

TEP~1(Wa(n))"DTn g=1
where E(g)( ) = (zgz) (n)(x1,...,z,) are polynomials in Clx1,...,x,] satisfying the following rela-
tions. We have E! )(n) =0 and

E(g)(l) _ 0, ifg 7é 2;
- G, ifg=2.

Ifn,g>1 and £ > 0, then

n—b+1
(b
E( )(n—i—l Z(Z Z > E>] 1 ( >2 ]+1(n—z)+E(>] 1)( )sz+1>

j=1 \a=2b=max{2,g—a} i=a—1

1
+E(>ge+1)( )-

Proof. This theorem appears as Theorem 5.3 in [20] in the specific case in which T = BPT, f1(T) =
des(T)+1, and f2(T") = peak(T) +1, although it is phrased in terms of stack-sorting in that article.
The exact same proof applies, mutatis mutandis, in this more general setting. The main difference
is that one must now use the Refined Tree Decomposition Lemma (Theorem instead of the
Refined Decomposition Lemma (Corollary . We omit the details. O

10. THE TROUPE TRANSFORM

We saw in Theorem that a troupe T is completely determined by its set of branch generators
T N Branch. We would like to know more about the enumerative relationships between a troupe
and its set of branch generators. As a starting point, let us prove that the sequence (|Ty|)n>0 is
determined by the sequence (|T,, N Branch|),>o.

Theorem 10.1. Let T and T be troupes. If |T, N Branch| = |T,, N Branch| for all n > 0, then
|Ty| = |Ty| for alln > 0.

Proof. Given a colored binary plane tree 1" with n vertices, we can view the postorder as a total
ordering on the set of vertices of T. More precisely, the vertex of T' that is read i*" in postorder is the
vertex Wlth label i in the unique decreasing colored binary plane tree T that satisfies skel(1) = T
and P(T) = 123---n. Let T2 (respectively, TP) be the set of vertices in T, (respectively, T,)
in which exactly p vertices have 2 children. Let us say two trees T' and T with n vertices have
the same shape if for every i € [n], the vertex of T that is read " in postorder has the same
number of children as the vertex of T that is read i in postorder. We say a map ¢ : TP — Tp
is shape-preserving if for every T' € TP, the trees T' and ¢(T') have the same shape. We w1ll prove
that for all n,p > 0, there is a shape-preserving bijection ¢ : TP — TEL When p = 0, this is
immediate from the hypothesis that |T,, N Branch| = |T,, N Branch| for all n > 0. We now proceed
by induction on p.
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Let T' € TP for some p > 1. Among the p vertices of 7' that have 2 children, let v* be the one
that is read last in postorder. Let A«(T) = (11, T2). Because T is decomposition-closed, we have
Ty € Th! and T, € T%?2 for some ny,n2 < n and p1, p2 < p. Let T = @bl (T1) and Ty = @b2 (Ty). Let
v be the left child of v* in T'. Then v is also a vertex in T7; say it is the vertex of 77 that is read pth
in postorder. Let @ be the vertex of T that is read r* in postorder. Let ¢f (T) =T = Vg(ﬁ, Ty).
Let ©* be the parent of TLin T. By the induction hypothesis, g0§l11~and b2 are shape-preserving.
This means that T} and T} have the same shape and that T5 and 75 have the same shape. Notice
that v* is the vertex of T read (r + na + 1) in postorder and that o* is the vertex of T read
(r + ng + 1) in postorder. It follows that 7" and T have the same shape, so the resulting map
b TP — Tﬁ is shape-preserving. Furthermore, among the p vertices of T that have 2 children,
v* is the one that is read last in postorder.

By induction, the maps gpﬁ’ with p’ < p are bijections; let ¢;$L’ denote their inverses. If we perform
the same construction as above, except with the roles of T and T switched and with the maps cpﬁ,
with p’ < p replaced by the maps ng’, then we obtain a map ¢? : Tifl — TP . Using the observation
made in the last sentence of the preceding paragraph, we find that ¥ is the inverse of ¢P. ]

The preceding theorem yields a new transform on sequences of nonnegative integers, which we
call the troupe transform. Indeed, for any sequence of nonnegative integers (wp)n>0, we can find
a set B of branches that has w, elements with n vertices for all n > 0. For this, we might have
to use an infinite set of colors, but this won’t cause any harm as long as there are only finitely
many elements of B with each fixed number of vertices. We can then consider the troupe Ins(B)
generated by B and define the new sequence (& )n>0 by letting @, be the number of elements of
Ins(B) with n vertices. For example, if (wp)n>0 = 1,1,2,4,8,16,... is the sequence enumerating
the set BPT NBranch, then (&dy)n>0 = 1,1,2,5,14,42, ... is the sequence enumerating BPT. Similar
considerations for the troupes FBPT, Mot, and Sch show that 0,1,0,0,0,0, ... transforms into the
sequence 0,1,0,1,0,2,0,5,... of aerated Catalan numbers, that 0,1,1,1,1,1,... transforms into
the sequence 0,1,1,2,4,9,... of Motzkin numbers, and that 0,2, 6,18, 54,162,... (whose n'" term
is 2- 377! for n > 1) transforms into the sequence 1,2,6,22,90,394, ... of large Schréder numbers.

11. CONCLUDING REMARKS AND OPEN PROBLEMS

In Section we defined insertion and decomposition, with which we initiated the development
of a theory of troupes. We believe that there is likely much more to be done in this line of work.
Here, we state some specific open problems and conjectures.

We saw in Theorem that the sequence that enumerates a troupe T is determined by the
sequence that enumerates the set T N Branch of branch generators of T. This led us to define the
troupe transform of a sequence of nonnegative integers. It would interesting to have a better under-
standing of this transform, especially on the level of generating functions. In view of Corollary
we are also interested in the algebraicity of the generating function that enumerates a troupe.

Question 11.1. Let T be a troupe. What can we deduce about the generating function Z T, | 2"
n>0
from the generating function Z |'T,, N Branch|z" ? Under what conditions will the former be alge-
n>0
braic?
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There has been interest in binary plane trees and decreasing binary plane trees in algebraic
settings [39,47,148]. It could be interesting to see if there are algebraic aspects of the insertion and
decomposition operations or of troupes.

It would certainly be interesting to prove any of Conjectures [7.13] [7.18] [7.23] or [7.27], which
concern the real-rootedness of the polynomials that count specific families of decreasing colored
binary plane trees according to the number of descents in their postorder readings. In fact, it would
be nice just to have a proof that one of these polynomials has unimodal coefficients. In general,
there exist troupes T and positive integers n such that the polynomials Z gdes(PTM)+L g4

TeDT,—1
not have unimodal coefficients and, consequently, have some nonreal roots. For an example, let
T be the set of branches with 7 vertices in which each vertex is either black or white. Let T be
the troupe whose branch generators are the elements of T and the tree consisting of a single black
vertex. Then T7r = Y UFBPT7, and one can compute that

S @desPODH = 8197 + 7122 + 1402° + 5627
TeDTr

To produce this example, we have exploited our freedom to color vertices. Thus, we have the
following question concerning troupes whose trees only have black vertices.

Question 11.2. Does there exist a troupe T C BPT and a positive integer n such that the coeffi-
cients of Z 1PN gre not unimodal?
TEBTn,1

Recall Conjecture which states that the random variables D,, are asymptotically normally
distributed. While explaining a potential approach to this conjecture (which is likely to fail), we

E(D
(Dn) (see (36)). This says that if o € S, is
n

chosen uniformly at random, then the probability that 1 is a descent of s(¢) is asymptotically equal
to the probability that a random index i € [n — 2] is a descent of s(¢). This is suspiciously similar
to the fact that if 7 is chosen uniformly at random from the set of uniquely sorted permutations in
Sok+1, then the expected value of the first entry of 7 is k41 (this follows from Theorem 5.7 in [29]),
which is also the expected value of a random entry of 7. It would be very interesting to provide a
deeper explanation for these observations. On the other hand, we mentioned in Remark that
the analogue of for FBPT does not hold. We also saw in Remarks and that analogues
of for Mot and Sch are probably false as well.

observed the strange fact that lim E(D, ;) = lim
n—oo n—o0

Question 11.3. Suppose we choose T € DMot,_1 uniformly at random. As n — oo, does the
probability that 1 is a descent of T approach a limit? If so, what is its value?

Question 11.4. Suppose we choose T € DSch,_1 uniformly at random. As n — oo, does the
probability that 1 is a descent of T approach a limit? If so, what is its value?

Define the fertility distribution on S,_1 to be the probability distribution on S,,_; in which the
probability of a permutation 7 is [s~'(7)|. With this alternative terminology, one can view the
results in Section [7.3] as an analysis of the distribution of the descent statistic with respect to the
fertility distribution. It could be interesting to consider the distributions of other permutation
statistics with respect to this distribution.

It is likely that several of the results concerning the stack-sorting map, especially those in [20-
22,1241 128], could be generalized to the setting of troupes using the Refined Tree Decomposition
Lemma and the Refined Tree Fertility Formula. We illustrated this in Section [9] but it is possible
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that pushing this line of work further could lead to some interesting results. For example, it should
be possible to enumerate standardized permutations m whose descents are all peaks and with the
property that s(m) avoids some collection of patterns (say, 132 and 231).

Recall from Theorem [7.7] that Lassalle’s sequence counts uniquely sorted permutations. Lassalle
[44] proved that for k > 3, the number 7, is odd if and only if k + 1 is a power of 2. This is
analogous to our Conjecture which states that if n > 3, then | VHC(S,,—1)| is odd if and only
if n + 1 is a power of 2. It would be interesting to have a combinatorial proof of Lassalle’s result

and/or Conjecture

Finally, let us recall Problem [.9] and Remark The former asks for a formula for the number
of alternating permutations in s~!(7) when 7 has even length. The latter asks for alternative
methods for computing the numbers |L(K(n))| for n € NC(n).
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