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ABSTRACT. We extend and generalize many of the enumerative results concerning West’s
stack-sorting map s. First, we prove a useful theorem that allows one to efficiently compute
|s~1()| for any permutation 7, answering a question of Bousquet-Mélou. This method
relies on combinatorial objects called “valid hook configurations.” We then enumerate per-
mutations in various sets of the form s~ (Av(7() ... (")) where Av(r(), ... 7(") is the
set of permutations avoiding the patterns 7). ..., 7("). In many cases studied in this paper,
these preimage sets are permutation classes themselves. In one case, we solve a problem
previously posed by Bruner. We are often able to refine our counts by enumerating these
permutations according to their number of descents or peaks. Our investigation not only
provides several new combinatorial interpretations and identities involving known sequences,
but also paves the way for several new enumerative problems.

1. INTRODUCTION

Throughout this paper, we write permutations as words in one-line notation. Let S,
denote the set of permutations of {1,...,n}. A descent of a permutation 7 =y --- 7, € S,
is an index i € [n — 1] such that m; > m; 1. A peak of 7 is an index i € {2,...,n — 1} such
that Ti—1 < T > Tiyg1.

Definition 1. We say the permutation ¢ = oy ---0, contains the pattern ™ = -7,

if there are indices 7; < --- < 14, such that o;, ---0;, has the same relative order as
7. Otherwise, we say ¢ avoids 7. Denote by Av(r™M,... 7)) the set of permutations
that avoid the patterns 7V, ... 7. Let Av, (7™, ..., 7)) = Av(z, ... 700)N S,. Let

Av,x (78, 70) be the set of permutations in Av, (V... 7(") with exactly k descents.

A set of permutations is called a permutation class if it is the set of permutations avoiding
some (possibly infinite) collection of patterns. Equivalently, a permutation class is a downset
in the poset of all permutations ordered by containment. The basis of a class is the set of
minimal permutations (in the containment ordering) not in the class.

E-mail address: cdefant@princeton.edu.
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F1GURE 1. The stack-sorting map s sends 3142 to 1324.

The notion of pattern avoidance in permutations, which has blossomed into an enormous
area of research (see [4,31,36]) and which plays a lead role in the present article, began
its development with Knuth’s book The Art of Computer Programming [32]. In this book,
Knuth described a so-called stack-sorting algorithm; it was the study of the combinatorial
properties of this algorithm that led him to introduce the idea of pattern avoidance. In
his 1990 Ph.D. thesis [40], West defined a deterministic version of Knuth’s stack-sorting
algorithm, which we call the stack-sorting map and denote by s. The stack-sorting map is a
function defined by the following procedure.

Suppose we are given an input permutation 7 € S,,. Place this permutation on the right
side of a vertical “stack.” Throughout this process, 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 appended to the end of the growing output permutation. This procedure stops
when the output permutation has size n. We then define s(7) to be this output permutation.
Figure 1 illustrates this procedure and shows that s(3142) = 1324.

If # € S,, we can write 7 = LnR, where L (respectively, R) is the (possibly empty)
substring of 7 to the left (respectively, right) of the entry n. West observed that the stack-
sorting map can be defined recursively by s(m) = s(L)s(R)n (here, we also have to allow s
to take permutations of arbitrary finite sets of positive integers as arguments). There is also
a natural definition of the stack-sorting map in terms of tree traversals of decreasing binary
plane trees (see [4,21,22]).

The “purpose” of the stack-sorting map is to sort the input permutation into increasing
order. Hence, we say a permutation m € .S, is sortable if s(w) = 123 --n. The above example
illustrates that the stack-sorting map does not always do its job. In other words, not all
permutations are sortable. In fact, the following characterization of sortable permutations
follows from Knuth’s work.

Theorem 2 ([32]). A permutation  is sortable if and only if it avoids the pattern 231.

Even if a permutation is not sortable, we can still try to sort it via iterated use of the
stack-sorting map. In what follows, s' denotes the composition of s with itself ¢ times.

Definition 3. A permutation 7 € S, is called t-stack-sortable if s'(w) = 123---n. Let
Wi(n) denote the set of t-stack-sortable permutations in S,,. Let Wi(n) = [Wy(n)].

Theorem 2 states that W, (n) = Av,,(231), so it follows from the well-known enumeration

of 231-avoiding permutations that Wy (n) = C,, = n+r1(2:) is the n'® Catalan number. In his

thesis, West proved [40] that a permutation is 2-stack-sortable if and only if it avoids the
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pattern 2341 and also avoids any 3241 pattern that is not part of a 35241 pattern. He also
conjectured the following theorem, which Zeilberger proved in 1992.

Theorem 4 ([42]). We have
1) Wa(n) = . <3”> |

(n+1)2n+1)\ n

Combinatorial proofs of this theorem arose later in [18,26,27,30]. Some authors have
studied the enumerations of 2-stack-sortable permutations according to certain statistics
[5,9,12,26]. Recently, the authors of [25] introduced new combinatorial objects known as
fighting fish and showed that they are counted by the numbers W(n). Fang has now given
a bijection between fighting fish and 2-stack-sortable permutations [28]. The authors of [3]
study what they call n-point dominoes, and they have made the fascinating discovery that
the number of these objects is Wy(n + 1).

The primary purpose of this article is to enumerate preimages of permutation classes un-
der the stack-sorting map. This is a natural generalization of the study of sortable and
2-stack-sortable permutations since Wi(n) = s !'(Av,(21)) and Wh(n) = s '(Av,(231)).
In fact, Bouvel and Guibert [12] have already considered stack-sorting preimages of cer-
tain classes in their study of permutations that are sortable via multiple stacks and Dsg
symmetries (we state some of their results in Section 3). Claesson and Ulfarsson [17] have
also studied this problem in relation to a generalization of classical permutation patterns
known as mesh patterns, which were introduced in [15]. They showed that each set of the
form s~ (Av(r™, ..., 7)) can be described as the set of permutations avoiding a spe-
cific collection of mesh patterns, and they provided an algorithm for computing this collec-
tion. In specific cases, s~ (Av(r(", ... 7(")) is a genuine permutation class. For example,
sTH(Av(m(m — 1) ---321)) is a permutation class.

The idea to count the preimages of a permutation under the stack-sorting map dates back
to West, who called s~ (7)| the fertility of the permutation 7 and went to great lengths to
compute the fertilities of the permutations of the forms

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

The very specific forms of these permutations indicates the initial difficulty of computing
fertilities. We define the fertility of a set of permutations to be the sum of the fertilities
of the permutations in that set. With this terminology, our main goal in this paper is to
compute the fertilities of sets of the form Av, (7!, ..., 7("). Let us stress that although these
sets are often easy to understand (for example, Av, (231,312,321) consists of the “layered
permutations” in which each layer has size 1 or 2), computing the fertilities of these sets is
a much more difficult problem.

Bousquet-Mélou [10] studied permutations with positive fertilities, which she termed sorted
permutations. She mentioned that it would be interesting to find a method for computing
the fertility of any given permutation. This was achieved in [21] using new combinatorial
objects called “valid hook configurations.” The theory of valid hook configurations was the
key ingredient used in [22] in order to improve the best-known upper bounds for W5(n)
and Wy(n), and it will be one of our primary tools in subsequent sections. Recently, the
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authors of [23] used valid hook configurations to establish connections between permutations
with fertility 1 and free probability theory. The current author has also investigated which
numbers arise as the fertilities of permutations [19].

In Section 2, we review the definitions and necessary theorems concerning valid hook
configurations. We also prove a theorem that ameliorates the computation of fertilities in
many cases. This theorem was stated in [22], but the proof was omitted because the result
was not needed in that paper. We have decided to prove the result here because we will
make use of it in our computations. This result is also used in [19].

Section 3 reviews some facts about generalized patterns and stack-sorting preimages of per-
mutation classes. In Section 4, we enumerate the set s~!'(Av(132,231,312,321)), which is a
permutation class. In Section 5, we study s~'(Av(132,231,321)) and s~*(Av(132, 312, 321)),
the latter of which is a permutation class. We show that these sets are both enumerated by
central binomial coefficients. A corollary of the results in this section actually settles a prob-
lem of Bruner [16]. In Section 6, we consider s™'(Av(231,312,321)), which turns out to be
a permutation class. We enumerate this class both directly and by using valid hook config-
urations, leading to a new identity involving well-studied orderings on integer compositions
and integer partitions. Section 7 considers the set s~ (Av(132,231,312)). Finding the fertil-
ities of permutations in Av(132,231,312) allows us to prove that some of the estimates used
in [22] are sharp (see Section 7 for details). In addition, we will find that the permutations
in s7!1(Av(132,231,312)) are enumerated by the Fine numbers, giving a new interpreta-
tion for this well-studied sequence. Section 8 is brief and is merely intended to state that
s71(Av(312,321)) is the permutation class Av(3412,3421), which Kremer [33] has proven to
be enumerated by the large Schroder numbers. Section 9 enumerates the permutations in
s 1(Av(132,321)). In Section 10, we prove that |s~!(Av,(132,312))| = |s~!(Av,(231,312))|.
Finally, we prove that

8.4199 < lim 571 (Av,(321)) Y™ < 11.6569
in Section 11. This is notable because s '(Av(321)) is a permutation class. In most of these
sections, we actually refine our counts by enumerating stack-sorting preimages of permutation
classes according to the number of descents and according to the number of peaks. These
results are summarized in Table 1.

The basic idea in most of our proofs is to express the fertility of a set of permutations
as a sum of products of Catalan numbers. The sum ranges over compositions indexed by
valid hook configurations, as explained in the next section. Our results lead to several open
problems and conjectures, which we accumulate in Section 12.

2. VALID HOOK CONFIGURATIONS AND VALID COMPOSITIONS

To construct a valid hook configuration, begin by choosing a permutation 7 =y -- -7, €
Sp. Recall that a descent of 7 is an index ¢ such that m; > m; 1. Let d; < --- < dj be the
descents of m. We use the example permutation 3142567 to illustrate the construction. The
plot of 7 is the graph displaying the points (7, 7;) for 1 <i < n. The left image in Figure 2
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AN ) |s7HAv, (V... 7| | Section How proved OEIS
123 0 forn >4 3 Easy A130713
213 Catalan numbers 3 Knuth [32] A000108
231 Closed formula 3 Zeilberger [42] A000139
132 Closed formula 3 Bouvel-Guibert [12] | A000139
312 Baxter numbers 3 Bouvel-Guibert [12] | A001181
321 Estimates for growth rate 11 VHCs A319027
132,231 Unknown 10 A0713567
132,312 Unknown 10 A0713567
231,312 Equal to 10 VHCs A0713567

5L (Av, (132, 312))|
231,321 Unknown 12 A165543"
132,321 Explicit gen. function* 9 VHCs A319028
312,321 Large Schroder numbers 8 Kremer’s result [33] | A006318
132,231, 312 Fine numbers* 7 VHCs A000957
231,312,321 Complicated sum formula 6 VHCs A049124
Simple sum formula 6 Classical argument

132,231, 321 Closed formula* 5 VHCs A000984
132,312, 321 Closed formula* 5 VHCs A000984
132,231,312, 321 Closed formula* 4 VHCs A071721

TABLE 1. Summary of the enumeration of stack-sorting preimages of permu-
tation classes with bases consisting of size-3 patterns. The appearance of a

*

indicates that we can also refine the enumeration according to certain per-

mutation statistics. The symbol T indicates that the given OEIS sequence is
only conjectured to count the corresponding preimage set. The abbreviation
“VHCs” stands for “valid hook configurations.”

shows the plot of our example permutation. A point (i, 7;) is a descent top if i is a descent.
The descent tops in our example are (1,3) and (3,4).

A hook of 7 is drawn by starting at a point (i,7;) in the plot of 7, moving vertically
upward, and then moving to the right until reaching another point (j, 7;). In order for this
to make sense, we must have ¢ < j and m; < 7;. The point (i, m;) is called the southwest
endpoint of the hook, while (j,;) is called the northeast endpoint. The right image in
Figure 2 shows our example permutation with a hook that has southwest endpoint (3,4) and
northeast endpoint (6, 6).

Definition 5. Let m be a permutations with descents d; < --- < di. A walid hook configu-
ration of 7 is a tuple H = (Hy, ..., Hy) of hooks of 7 subject to the following constraints:
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FIGURE 2. The left image is the plot of 3142567. The right image shows this
plot along with a single hook.
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FicURE 3. Four configurations of hooks that are forbidden in a valid hook
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F1GURE 4. All of the valid hook configurations of 3142567.

1. The southwest endpoint of H; is (d;, m4,).

2. A point in the plot cannot lie above a hook.

3. Hooks cannot intersect each other except in the case that the northeast endpoint of one
hook is the southwest endpoint of the other.

Figure 3 shows four placements of hooks that are forbidden by Conditions 2 and 3. Figure 4
shows all of the valid hook configurations of 3142567.

A valid hook configuration of 7 induces a coloring of the plot of w. To color the plot, draw
a “sky” over the entire diagram and color the sky blue. Assign arbitrary distinct colors other
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than blue to the k hooks in the valid hook configuration. 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 upward. If this point sees a hook when looking upward, it
receives the same color as the hook that it sees. If the point 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. See Figure 5 for
the colorings induced by the valid hook configurations in Figure 4. Note that the leftmost
point (1,3) is blue in each of these colorings because this point looks around the first (red)
hook and sees the sky.

To summarize, we started with a permutation m with exactly k£ descents. We chose a valid
hook configuration of m by drawing k hooks according to Conditions 1, 2, and 3 in Defini-
tion 5. This valid hook configuration then induced a coloring of the plot of 7. Specifically,
n — k points were colored, and k + 1 colors were used (one for each hook and one for the
sky). Let ¢; be the number of points colored the same color as the i*" hook, and let qo be
the number of points colored blue (the color of the sky). Then (qo, ..., qx) is a composition®
of n — k into k + 1 parts; we say the valid hook configuration induces this composition.
Let V() be the set of compositions induced by valid hook configurations of 7. We call the
elements of V(7) the valid compositions of .

We will often make implicit use of the following result, which is Lemma 3.1 in [22].

Theorem 6 ([22]). Each valid composition of a permutation m € S, is induced by a unique
valid hook configuration of .

Let C; = ﬁ(ij) denote the j*® Catalan number. Given a composition (qo, .. ., qx), let

k
Claoyar) = H Co-
t=0

The following theorem explains why valid hook configurations are so useful when studying
the stack-sorting map.

Theorem 7 ([21]). If 7 € S, has ezactly k descents, then the fertility of ™ is given by the

formula
s~ H(m)| = Z Clao,an)-

(905--»qx)EV(T)

Example 8. The permutation 3142567 has six valid hook configurations, which are shown in
Figure 4. The colorings induced by these valid hook configurations are displayed in Figure 5.
The valid compositions induced by these valid hook configurations are (reading the first row
before the second row, each from left to right)

(3, 1, 1), (2, 2, 1), (1, 3, 1), (2, 1, 2), (1, 2, 2), (1, 1, 3).
It follows from Theorem 7 that
|3_1(3142567)| =C@ia1) + Ce21) +Casy) +Caig +Cazo + Cang) = 27.

1Throughout this paper, a composition of b into a parts is an a-tuple of positive integers whose sum is b.
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F1GURE 5. The different colorings induced by the valid hook configurations
of 3142567.

Remark 9. One immediate consequence of Theorem 7 is that a permutation is sorted if and
only if it has a valid hook configuration.

It is also possible to refine Theorem 7 according to certain permutation statistics such
as the number of descents and the number of peaks®. Recall that a peak of a permutation
T =m T, €5, is an index ¢ such that m;_; < m; > m; 1. In what follows, we consider the
Narayana numbers N(i,j) = %(;) (]il) Let us also define

y 1—1
Vi, j) =22+ Ci_1.
( j) 2] —9 7j—1
It is known® that V (i, j) is the number of decreasing binary plane trees with i vertices and
J leaves, and this is actually why these numbers arise in this context. In what follows, let
Comp,(b) be the set of compositions of b into a parts (that is, a-tuples of positive integers
that sum to b).

Theorem 10 ([21]). If m € S,, has exactly k descents, then the number of permutations in
s~H(m) with exactly m descents is

k

> > 1] V(o).

(q0;-+qk)EV(7) (Jo,---»jk ) ECompy, 4 4 (m+1) t=0

2Theorem 10 was originally stated in [21] in terms of “valleys” instead of peaks, but the formulation we give
here is equivalent.
3See sequence A091894 in [37].
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The number of permutations in s~ () with exactly m peaks is

Z Z HV<Qt7jt)'

(q0s+-,qk)EV(7) (J0s--»dk ) ECOmpy, 1 (m+1) 1=0

In her study of sorted permutations (permutations with positive fertilities), Bousquet-
Mélou introduced the notion of the tree of the canonical preimage of a sorted permutation 7
and showed that this tree determines the fertility of 7 [10]. She asked for an explicit method
for computing the fertility of a permutation from the tree of its canonical preimage. The
current author reformulated the notion of a canonical tree in the language of valid hook
configurations, defining the canonical hook configuration of a permutation [22].* Here, we
describe a method for computing a permutation’s fertility from its canonical hook configu-
ration. Specifically, we show how to describe all valid compositions of 7 from the canonical
hook configuration. This method was stated in [21], but the proof was omitted.

As before, let d; < --- < di be the descents of w. We will construct the canonical hook
configuration of 7, which we denote by H* = (Hy,..., H}). That is, H} is the hook in H*
whose southwest endpoint is (d;, 74,). In order to define H*, we need to choose the northeast
endpoints of the hooks H7,..., H}. To start, consider all possible points that could be
northeast endpoints of H}; because dj is the largest descent of 7, these are precisely the
points above and to the right of (dy, 74, ). Among these points, choose the leftmost one
(equivalently, the lowest one) to be the northeast endpoint of H}'. Next, consider all possible
points that could be northeast endpoints of H; ; (given that we already know H} and that we
need to satisfy the conditions in Definition 5). Among these points, choose the leftmost one
to be the northeast endpoint of H; ;. Continue in this fashion, always choosing the leftmost
possible point as the northeast endpoint of Hj given that Hj ,,..., H; have already been
chosen. If it is ever impossible to find a northeast endpoint for H;, then 7 has no valid hook
configurations (meaning 7 is not sorted by Remark 9). Otherwise, we obtain the canonical
hook configuration of 7 from this process. Figure 6 shows the canonical hook configuration
of a permutation.

Let us assume 7 is sorted so that it has a canonical hook configuration H* = (H7, ..., H).
We extend the sequence d; < --- < dj of descents of m by making the conventions dy = 0
and dj4; = n. For 1 <i <k + 1, the i*® ascending run of 7 is the string Td; y+1° " Tq;. We
use H* to define certain parameters as follows.

e Let (b}, m:) be the northeast endpoint of H.

e Let (gf,...,q;) be the valid composition of 7 induced by H*.

e For 1 < i <k, define e; by requiring that my is in the eth ascending run of 7. In
other words, d,_1 < b] < d,,. Furthermore, put ¢y = k + 1.

4Given a valid hook configuration of a permutation 7, we obtain a binary plane tree on the vertex set
{1,...,n} as follows. If i is a descent of m, then (¢,;) is the southwest endpoint of a hook. Let (j,m;)
be the northeast endpoint of this hook. In this case, we make m; the left child of 7; in the tree. If
i€ {l,...,n— 1} is not a descent of 7, we make m; the left child of m;11. The labeled tree obtained from
the canonical hook configuration of 7 is the tree of the canonical preimage of 7 defined by Bousquet-Mélou.



10 COLIN DEFANT

@16
@15
014

®10
F“)
8
7
@6
o5
04
®3
®?2
o1

FIGURE 6. The canonical hook configuration of
2735910114816 1213 14 15 16.

eforl1<j<k+1leta;=|{ie{l,...,k}: e, = j}| denote the number of northeast
endpoints (b7, m,;) such that m is in the j™ ascending run of .

Example 11. Let 71 = 27359101148 16 12 13 14 15 16 be the permutation whose
canonical hook configuration appears in Figure 6. We have dy =0, dy =2, dy =7, d3 = 9,
and dy = 16. Furthermore,

o (b1,05,0%5) = (5,13,12);

i <QO7Q17QQ7Q3) = (7727272)a
b (60761a62)63) = (4727474>a
L4 (Oél,OfQ,a37Oé4) = (O; 17072)

Notice that the fact that e = k + 1 does not influence the value of oy 1.

We are now in a position to state and prove the theorem that allows one to combine the
above pieces of data in order to describe the valid compositions of w. The reader who is
interested only in the enumerative results of the forthcoming sections can safely bypass the
proof of this theorem.

Theorem 12. Let 7 € S, be a sorted permutation with k descents, and preserve the notation

from above. A composition (qo,...,qx) of n —k into k + 1 parts is a valid composition of w
if and only if the following two conditions hold:

(a) For everym € {0,...,k},

em—1 em—1
DG4
j=m j=m

(b) For allm,p € {0,1,...,k} withm < p < e, — 2, we have

p+1

p
ZC];' > dpy1 — dy — Z Q.
j=m

j=m+1
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Proof. To ease notation, let P(i) = (i,m;). Suppose (qo,...,qx) € V(w), and let H =
(Hy, ..., Hy) be the valid hook configuration inducing (qo, - - ., gx). Let P(b;) be the northeast
endpoint of H;. Put my = n+1, m,41 = n+2, and by = b; = n+1. It will be convenient to view
the “sky” as a hook Hy = H} with southwest endpoint (dy, 74,) = (0,n + 1) and northeast
endpoint (bg, m,) = (n + 1,n + 2) (this conflicts with our definition of a hook since these
points are not in the plot of 7, but we will ignore this technicality). Put B* = {b§,...,b;}
and B = {by, ..., bx}. If we build H by choosing the northeast endpoints P(b), ..., P(b) in
this order, then every point lying below H; also lies below H; (since we chose b} as small as
possible). This means that every possible choice for P(b,,) was also a choice for P(b},) when
we built H*. It follows from our choice of P(b},) that b}, < b, and m: < m,,. This implies
that H,, lies above H} or is equal to H}, for every m € {0,... k}.

Suppose m,p € {0,...,k} and m < p < e, —1 (recall that m, is in the et ascending run
of m). Let X ={d,, +1,d,,, +2,...,min{b},,dp+1}}. Suppose b, € X N B, where v # m.
Because by, < b,,, we must have d,, < b, < b,,. This means that b, lies below the hook
H,,, so H, lies below H,,. Deducing that m + 1 < v, we find that d,,, < b;. We also know
that b2 < b,, so d,, < b5 < min{b},,dp41} (because b, € X). This proves the implication
by € XNB = by € XNB*. The map X NB — X NB* given by b; — b} is an injection, so

2) X NB| < |XNB

Choose z € X \ B. Recall that H induces a coloring of the plot of 7. The point
P(z) lies below the hook H,,. None of the hooks Hy, Hy,...,H,_1 lie below H,,, and
all of the hooks H,11, Hyyo, ..., H, appear to the right of P(z) (although H,.; could have
P(z) as its southwest endpoint). Therefore, if P(x) looks upward, it sees one of the hooks

H,, Hyt1, ..., H, Letting A, , be the set of points that are given the same color as one of
the hooks H,,, Hyt1, . . ., Hp, we see that © € A, ,. This shows that (X \ B) C A,,,. Hence,

p
(3) D a5 = Ay = X\ Bl > | X\ B,
j=m

where the last inequality follows from (2).

p+1
Suppose p < e, — 2 (meaning min{b},, d,11} = dp41). We have | X N B*| = Z a; and
j=m+1
| X| = dp41 — di, 50 we can use (3) to find that
P p+1
Y= X| - IXNB [ =dp —du— Y
j=m j=m+1

This yields (b).

Next, suppose p = e,, — 1 (meaning min{b},,d,+1} = b},). In this case, the elements of
X \ B* are the indices = such that P(x) lies below H} and is not a northeast endpoint of
a hook in ‘H*. These points are precisely those that are given the same color as one of the
hooks H? ,...,H} _; in the coloring induced by H* (by the definition of e,,, these are the
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em—1
hooks equal to or lying below H ). The number of such points is Z q;j, so we deduce from
j=m
(3) that
em—1 em—1
(4) Do = IX\B=) g
j=m j=m
This proves (a).
To prove the converse, suppose we are given a composition (qo,...,qx) of n — k into

k + 1 parts that satisfies (a) and (b). We wish to construct a valid hook configuration
H = (Hy,...,Hy) of m that induces the composition (qo,...,q). To do so, it suffices to
specify the northeast endpoints of the hooks. Letting P(b;) denote the northeast endpoint
of H; as before, we see that we need only choose the indices b;. We will choose them in the
order by, ..., b;.

Let £ € {1,...,k}. Suppose that we have already chosen by, ..., b1 and that we are now
ready to choose by. Let Z = Z; be the set of indices z € {dy + 1,...,n} \ {brs1,..., b}
such that P(z) does not lie below any of the hooks Hyyq,..., H,. Let us write Z =
{ze(1),...,20(00)}, where 0, = |Z] and z/(1) < -+ < z(0,). Put by = z(qr + 1) (we
will see in the next paragraph that 6, > g, + 1 so that this definition makes sense). This
choice of b, is actually forced upon us. Indeed, we must put by = z(w) for some w. The
points P(z(1)),..., P(z/(w — 1)) are precisely the points that see the hook H, when they
look upward. Therefore, if we can show that this construction actually produces a valid hook
configuration H, we will know that (qo, ..., qx) is the valid composition of 7 induced by H.

Let us verify that 6, > g, + 1 so that z,(q, + 1) actually exists. There are n — d, — (k —¥)
k

indices z € {d;+1,...,n}\{bri1,...,b}, and Z ¢; of them are such that P(z) lies below

j=t+1
one of the hooks Hy1,..., H;. Consequently,

k
(5) Op=1Z|=n—d—(k—0)— > g
j=l+1
We know that b7 > d; for all <. Therefore, among the numbers b7,...,b;, only 03,...,0;_,;

¢
could possibly lie in the first £ ascending runs of 7. This shows that Z a; < {—1. Combining
j=1

¢ k
this with (5) and the fact that Z g =n—k— Z q;, we get

j=0 j=0+1

-1 /-1

l ¢
ngg—dg—i-ij':g—l—dg—i—ZQj—"(M—i‘lqu]'— (dZ—Zaj) +QZ+1.
§=0 =0 j=0 j=1
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Setting m = 0 and p = £ — 1 in condition (b), we obtain

1 ¢
g >di— Y ay,
7j=1

Me

i
o

so B, >q+ 1.

Now that we have defined the indices by, we can construct the candidate hook H, (we use
the term “candidate hook” because we still need to prove that it is a hook). Specifically,
H, is the candidate hook with southwest endpoint P(d,) and northeast endpoint P(b,). To
check that this is in fact a hook, we must verify that d, < b, and 74, < m, for all £. We
constructed b, so that d, < b,. We also know that 7y, < Y because H; is a hook with
southwest endpoint P(dy) and northeast endpoint P(b;). Hence, it suffices to show that
Top < T,

Observe that b; = dj, + ¢; + 1 because the points lying below H; are precisely P(dy + 1),
., P(d + ¢;). Likewise, by = dj, + qr + 1. Setting m = k in condition (a), we get ¢x > ¢;
because e, = k + 1. This shows that b; < b;. This also forces the inequality Ty < T, since
my: and 7, both lie in the (k + 1) ascending run of «r. It follows that Hy, lies above H} or
is equal to Hj.

Now, choose some ¢ € {1,...,k — 1}, and suppose that b} < b, and m. < m, for all
re{l+1,...,k}. For each such r, this means that H, lies above or is equal to H*. Recall
the definition of Z from above. The entries 7,,(1), ..., 7,9, are left-to-right maxima of the
string mg, 41 - ™, (a left-to-right maximum of a string of positive integers wy - --w, is an
entry w; such that w; > w; for all i € {1,...,j —1}). Indeed, if there were some 7, > 7,
with a > d; + 1, then by choosing a maximally, we would find that P(a) is the southwest
endpoint of a hook that lies above P(z(t)), contradicting the definition of z,(t). We know
from our definition of e, that

(6) by > de,—1 + 1.

of contradiction, let us first assume b, < d,_;. We have d, + 1 < b, < dp4y for some
pe{l,l+1,...,e,—2}. As mentioned above, Hy is the candidate hook with southwest
endpoint P(d;) and northeast endpoint P(b;). Because m,, = m.,(g+1) is a left-to-right
maximum of 7y, - - - T, every point P(z) with d;+1 < x < d,, lies below H,. Furthermore,
each of the hooks Hyyq, ..., H, must lie (entirely) below H, because P(b;) cannot lie above

any of these hooks (our construction guarantees that no point in the plot of 7 lies above
p

any of these hooks). It follows from our construction that there are precisely Z q; points

We wish to show that b, > by, which will of course imply that b, > d.,_1 + 1. By way

j=t
that lie below the candidate hook H, and are not in {P(b;),..., P(by)}. Each of the points
P(bes1),. .., P(by) lies below H, because the hooks Hyyq, ..., H, lie below Hy. This means

p
that the total number of points lying below H, is at least p — ¢ + Z q;. For each such point
j=¢
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P(z), we have dy + 1 < z < dp41, s0

p
(7) p—L+> q < dpr —de.

J=t

Note that the inequality here is strict because by is an element of {dy+1,...,d,+1} and P(by)
does not lie below H,.

If § is an index such that dy + 1 < b5 < d,+1, then § < p. The point P(b5) must lie below
H} because dy < by < d,+1 < d.,—1 < b} (using (6)). Hence, £+ 1 <6 < p. This shows that
there are at most p — ¢ possible choices for 9, so

pt1
Z a; <p—1~.
j=t+1
It now follows from (7) that
pt+l p
Z o + Z%’ < dpi1 — dy,
j=t+1 =t

which we can see is a contradiction by setting m = ¢ in condition (b). We conclude that
b@ > degfl + L.

A consequence of the previous paragraph is that Hy lies above the hooks Hyt1, ..., He,—1,
ep—1

so the number of points not in the set {P(by), ..., P(by)} that lie below H, is at least Z ;-

j=t
er—1
By condition (a), this is at least Z qj. Moreover, each of the points P(by1), ..., P(be,—1)
j=t

lies below H,. This shows that there are at least

er—1

eg—l—ﬁ—l—Zq;
j=t

points below H,.

If 1 is an index such that P(b;) lies below Hj, then d; < d, < b;, < b; < d,,. This

guarantees that ¢ < n < ey — 1, so there are at most e, — 1 — ¢ such indices 1. The number
eyr—1

of points below H; that are not of the form P(b;) is Z qj, so the total number of points
j=t
below H; is at most
esr—1

eg—l—ﬁ—i-Zq;.
j=t

According to the previous paragraph, the number of points below Hj is at least the number
of points below Hj. Therefore, H, lies above H; or is equal to H;. In other words, b; < by
and m,; < m,. It follows by induction that b7 < b; and m: < m, for all i € {1,...,k}.
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We have shown that the candidate hooks Hi,..., H; are in fact genuine hooks. Our
construction guarantees that H = (Hy,..., Hy) is a valid hook configuration of 7, so the
proof is complete. O

3. BACKGROUND ON PREIMAGES OF PERMUTATION CLASSES

In this section, we review some known results concerning preimages of permutation classes.
We also establish some notation for subsequent sections.

First, suppose m € S, for some n > 4, and write 7 = LnR so that s(7) = s(L)s(R)n.
Either L or R has size at least 2, and the permutations s(L) and s(R) each must end in their
last entries. It follows that s(7) contains the pattern 123, so

|57 (Av,(123))] =0 whenever n > 4.
It is easy to see that
|s71(Av,(213))] = C,.

Indeed, suppose 7 € s (Av,(213)). Since s(7) avoids 213 and has last entry n, s(7) must be
the identity permutation of size n. In other words, s7!(Av(213)) = s71(Av(21)) = Av(231)
by Theorem 2. Theorem 4 tells us that

2 3n
“1(Av,(231)| = .
57 (Ava(231))] (n+1)2n+1)\ n
Theorem 3.2 in [12] states that we also have

1 B 2 3n
7 (Ava(132))] = (n+1)(2n+1) (n )

Part of Theorem 3.4 in [12] states that

e () (1))

k=1
This last expression is also the number of so-called Baxter permutations of size n, and it
produces the sequence A001181 in [37]. Both Theorems 3.2 and 3.4 in [12] are proved via
explicit bijections. The only size-3 pattern 7 for which |s™'(Av,(7))] is not known is 321.
The sequence (|s~!(Av,(321))|),>1 appears to be new.” In Section 11, we use valid hook
configurations to derive estimates for the exponential growth rate of this sequence.

The above remarks show that the sets s™'(Av(7™), ..., 7)) are relatively uninteresting
when one of the patterns 7() is an element of {123,213}. Indeed, if 7 = 213, then none of
the permutations in Av(7(), ... 7(") except possibly identity permutations have preimages

under s. Hence, we will focus our attention on permutation classes whose bases are subsets
of {132,231, 312, 321}.

As mentioned in the introduction, it is always possible to describe s~} (Av(7(1) ... 7(M))
as the set of permutations avoiding some finite collection of mesh patterns [17]. We will see

5T have added it as sequence A319027 in [37].
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shortly that if the patterns 7, ..., 7(") are all of size 3, then we can actually describe our
stack-sorting preimage sets in terms of barred patterns and vincular patterns.

A barred pattern is a permutation pattern in which some entries are overlined. Saying a
permutation contains a barred pattern means that it contains a copy of the pattern formed
by the unbarred entries that is not part of a pattern that has the same relative order as the
full barred pattern. For example, saying a permutation contains the barred pattern 35241
means that it contains a 3241 pattern that is not part of a 35241 pattern. In fact, West [40]
introduced barred patterns in order to describe 2-stack-sortable permutations, showing that
a permutation is 2-stack-sortable if and only if it avoids the classical pattern 2341 and the
barred pattern 35241.

A wincular pattern is a permutation pattern in which some consecutive entries can be
underlined. We say a permutation contains a vincular pattern if it contains an occurrence
of the permutation pattern in which underlined entries are consecutive. For example, saying
that a permutation ¢ = oy --- 0, contains the vincular pattern 3241 means that there are
indices ¢; < 19 < 13 < 14 such that o0;, < 0;, < 0;, < 05, and @2 = ¢; + 1. Vincular patterns
appeared first in [1] and have received a large amount of attention ever since [39].

If 7 is a classical, barred, or vincular pattern, then we say a permutation avoids 7 if it
does not contain 7. Let Av(r(), ... ,T(”)) be the set of permutations avoiding 7V, ..., 7("),
and let Av, (71, ... 7)) = Av(+M ... 70)N S,

In order to characterize stack-sorting preimages of many permutation classes, we make use
of the following theorem due to Claesson and Ulfarsson (the part concerning s~'(Av(231))
is due to West). These results are stated in [17] in terms of mesh patterns, but it is straight-
forward to rephrase them in terms of barred and vincular patterns.

Theorem 13 ([17,40]). We have

o s7(Av(132)) = Av(1342, 3142);
o s7L(Av(231)) = Av(2341,35241);
o s71(Av(312)) = Av(3412,3421);
o s7(Av(321)) = Av(34251, 35241, 45231).

We can intersect the sets appearing in Theorem 13 to obtain the following characterizations
of preimage sets.

Corollary 14. We have

(i) s
(i) s
(111) s
(iv) s

-1
-1
-1
-1
(1)
-1
-1
-1

v(1342,2341,3142, 35241);
v(1342,3142,3412, 3421);
v(2341,3412, 3421, 35241);

v(132,231)) = Av(
Av(
Av(
Av(2341, 3241, 45231);
Av(
Av(

Av( )
Av(132,312)
Av(231,312)
Av(231,321)
Av(132,321)
Av( )
Av(
Av(

)
)
)
)
)

v(1342, 34251, 35241, 45231, 3142)
v(312,321)) = Av(3412, 3421);
v(132,231, 312

v(231, 312,321

(vi) s
(vii) s
(viii) s

Av(1342,2341,3412, 3142, 3421, 3241);

(
(
(
(
(
R
( ) = Av(2341, 3241, 3412, 3421);

\_/\_/
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(iz) s 1 (Av(132,231,321)) = Av(1342, 2341, 3241, 45231, 3142);
(1) s~1(Av(132,312,321)) = Av(1342, 3142, 3412, 3421);
(zi) s'(Av(132,231,312,321)) = Av(1342, 2341, 3142, 3241, 3412, 3421).

Proof. Note that (i), (i), (iv), (v), (iz) are immediate from Theorem 13. To prove (vi), we
must show that®

Av(3412, 3421, 34251, 35241, 45231) = Av(3412, 3421).

Certainly the left-hand side contains the right-hand side, so we must prove the reverse
containment. Suppose m € Av(3412,3421,34251,35241,45231). We need to show that
avoids 3421. Suppose instead that 7 contains 3421. This means that there are indices
11 < ig < i3 < ig withm, <m, <m;, <m,. Wemay assume these indices were chosen in such
a way as to minimize i4 —i3. Because 7 avoids 3421, we must have 14 —i3 > 2. If m;, 11 > 7,
then m;, m;, T, mis+17;, 1S an occurrence of the pattern 34251, which is a contradiction. If
Ty < Tig41 < Ty, then m;, m;, T, T, 417, 1S an occurrence of the pattern 35241 in m, which
is also impossible. If m;, < w41 < m,, then m;, m,m,+17;, is another occurrence of the
pattern 3421, contradicting the minimality of i4 — 73. The last remaining possibility is that
Tis+1 < T,. In this case, m;, m;, M, i,+1 1S an occurrence of the pattern 3421, which is a
contradiction. This proves (vi).

Note that (viii) follows from (iv) and (vi). The proofs of (i), (vii), (x), (xi) are similar to
the proof of (vi) that we just described; we omit the details because we will not need these
results in the rest of the paper. ([l

We end this section by fixing some notation concerning specific power series. Recall the
notation from Theorem 7 and Theorem 10. When counting preimages of permutations
according to numbers of descents and peaks, we will make use of the generating functions

F(z,y) = Z Z N(n,m)x"y™ ' and G(x,y) = Z Z V(n,m)x"y™ !

n>1m>1 n>1 m>1

It is known (see sequences A001263 and A091894 in [37]) that

1—x(y+1)—\/1—2x(y+1)+x2(y—1)2

8 F =
©) (@) o
and
1—2z — /(1 —22)% — 4a2y
9 G = :
We let [z1* -+~ 2]'"]A(21, . .., 2) denote the coefficient of 2] - - - 2 in the generating function
A(zy,y ..y 2p).

6The author thanks Chetak Hossain for pointing him to this fact.
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4. ENUMERATION OF s~ '(Av(132,231,312,321))

We saw in Corollary 14 that s™'(Av(132,231,312,321)) is an actual permutation class.
One could enumerate this class directly, but we will use valid hook configurations in order
to illustrate this uniform method for finding fertilities.

Theorem 15. Forn > 2, we have
s~ (Av, (132, 231, 312, 321))| = 2C,, — 2C,_,.
The number of elements of s~*(Av,(132,231,312,321)) with exactly m descents is

n—2
N(n,m—|—1)+z

N(,j)N(n—i—1,m—j+1).
i=1 j=1
The number of elements of s~*(Av, (132,231,312, 321)) with exactly m peaks is

n—2 m

Vinm+1)+> > V(i j)V(in—i—1,m—j+1).

i=1 j=1

Proof. The only elements of Av,(132,231,312,321) are 123---n and 2134---n. The only
valid composition of 123---n is (n). Each valid hook configuration of 2134 - --n has exactly
one hook. This hook has southwest endpoint (1,2) and has northeast endpoint (n + 1 —
i,n+1—1) for some ¢ € {1,...,n — 2}. This valid hook configuration induces the valid
composition (i,n —i — 1). It follows from Theorem 7 and the standard Catalan number
recurrence relation that

n—2

n—1
|71 (Avy(132,231,312,321))[ = Cp + Y CiCrimy = Cr+ > CiChiy — 2C4
i=1 =0

- 2Cn - QCn_l.

The second and third statements of the theorem follow immediately from Theorem 10. [

5. ENUMERATION OF s~ '(Av(132,231,321)) AND s~ !(Av(132,312,321))

Let
Ope=1012---({ =1)+1)---n and 7, =23---L1({+1)---n
It is straightforward to check that
Av,(132,231,321) = {op1,...,0nn} and Av,(132,312,321) = {vu1,-- -, Yo}

West [40] found formulas for the fertilities of o, and 7, and found that they are equal. It
follows that
s~ (Av, (132, 231, 321))| = |51 (Av, (132, 312, 321))|.

This equality is easy to verify with the theory of valid hook configurations. Indeed, for
2 </ <n, we have

V(ope) ={(n—Cl—i+1,0+i—2):1<i<n—1(}
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and
V(’)/n7g):{(€+2—2,n—f—2+1)1§Z§n_€}

That is, the valid compositions of o, are obtained by interchanging the two parts in the
valid compositions of 7, . Along with Theorem 10, this also implies the following.

Theorem 16. The number of elements of s™'(Av,(132,231,321)) with exactly m descents
is equal to the number of elements of s~ (Av,(132,312,321)) with ezactly m descents. The
number of elements of s~1(Av, (132,231, 321)) with exactly m peaks is equal to the number
of elements of s™'(Av,(132,312,321)) with ezactly m peaks.

Note that West did not prove these refined equalities.

Theorem 17. We have

2n — 2
|5~ L(Av, (132,231, 321))| = |s~}(Av, (132, 312, 321))| = ( " ]_>.
n E—
The number of elements of s~'(Av, (132,231, 321)) (equivalently, of s~*(Av,(132,312,321)))
with exactly m descents is
n—1\"
o)

The number of elements of s~'(Av, (132,231, 321)) (equivalently, of s™*(Av,(132,312,321)))

with exactly m peaks is
on—2m-—2 n 2m + 2
2m+2)\m+1 )

Proof. By Theorem 16, we need only consider the preimage sets s~!(Av, (132,231, 321)).
We will prove the second and third statements; the first statement will then follow from the
second and the well-known identity ZZ@_:IO ("%1)2 = (2::12). The only valid composition of
On1=123---nis (n). For 2 < ¢ < n, the valid compositions of o,y are (n—{—i+1,{+i—2)
for 1 < i < n —{. In particular, we can ignore o, , because it has no valid compositions
(that is, 0, is not sorted).

Using the first part of Theorem 10, we find that the number of elements of
s 1(Av, (132,231, 321)) with exactly m descents is

n—1
N(n,m+1)—|—z Z Z N(qo, jo) N (g1 j1)
£=2 (go,q1)€V(0n,¢) Jo+ji=m+1
n—1 n—¢ m
Y Nmn—C—i+1Lj)N({+i—2,m—j+1).

(=2 i=1 j=1

=N(n,m+1)+
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Letting r = ¢ + ¢, this becomes

N(n,m+1)+ "Z_: 2”: in:N(n—rnLl,j)N(r—Q,m—j—Fl)

(=2 r=0+1 j=1

0=2 r=0—1 j=1

n—2 m
= N(n,m+1) —i—ZrZNn—r—l,j)N(T,m—j—i—l)

= [z"y™] (F(ﬁf, y) + 2’y F(z,y) - a%F(fv, y)> :

where F(z,y) Z Z N(n,m)x"y™ '. Applying (8) and some algebraic manipulations,
n>1m>1
we find that this is equal to

T

="y <\/1+x2 —2x(y+1)).

This is known to equal (”;1)2 (see sequence A008459 in [37]).

The proof of the third statement in the theorem proceeds exactly as in the proof of the sec-
ond statement. In this case, we find that the number of elements of s~*(Av, (132,231, 321))
with exactly m peaks is

o] (Gl + % Glo) - 5 Glan))

Applying (9) and some algebraic manipulations, we find that this is equal to

="y <\/1 —dx — 42 (y — 1)) '

It is known that this expression is equal to 27272 (27;;2) (%fo) (see sequence A051288

in [37]). O

Recently, Bruner proved that

| Av,,(2431,4231,1432,4132)| = (2: 12).
She also listed several other permutation classes that appear to be enumerated by cen-
tral binomial coefficients but did not prove that this is the case. One of these classes is
Av(1243,2143,2413,2431). Of course, a permutation is in this class if and only if its reverse
is in the class
Av(1342,3142,3412,3421) = s~ *(Av(132, 312, 321)).

Therefore, the next corollary, which follows immediately from Theorem 17 and Corollary 14,
settles one of the enumerative problems that Bruner listed.
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Corollary 18. We have

o — 2
| Av, (1342, 3142, 3412, 3421)| = ( " ).

n—1

The number of elements of Av, (1342,3142,3412,3421) with exactly m descents is

(")

The number of elements of Av, (1342,3142,3412,3421) with exactly m peaks is
on—2m-2 n 2m + 2
2m+2)\m+1/)

6. ENUMERATION OF s~ '(Av(231, 312, 321))

It is standard to identify a permutation with a configuration of points in the plane via its
plot. Doing so, we can build permutations by placing the plots of smaller permutations in
various configurations. For example, if A=Ay --- X\, € Sp and = pq -ty € Sy, then the
sum of X\ and u, denoted A\ & p, is obtained by placing the plot of i above and to the right
of the plot of A\. More formally, the i*" entry of A @ p is

A, if1<i<
pice+ 0, ifl+1<i<l+m.

(A@N)iZ{

Let Dec, = a(a—1)---1 € S, denote the decreasing permutation of size a. The permuta-
tions in Av(231,312) are often called layered [36]; each is of the form Dec,, @& - - - @ Dec,, for
some composition (ay,...,a;). For example, 32154687 = 321 G 21 @ 121 is the layered per-
mutation corresponding to the composition (3,2,1,2). Under this correspondence between
layered permutations and compositions, the permutations in Av(231,312,321) correspond to
compositions whose parts are all at most 2. It follows that these permutations are counted
by the Fibonacci numbers (this is well known).

As we saw in Corollary 14, the set s7'(Av(231,312,321)) is the same as the permutation
class Av(2341,3241,3412,3421). A permutation o is in this class if and only if the first
and third entries in every 231 pattern in ¢ are consecutive integers. In this section, we
use valid hook configurations to derive a formula for |s™*(Av,(231,312,321))]. We then
enumerate this class directly; showing that these permutations are counted by the terms in
sequence A049124 in [37]. Together, these results give a new formula and a new combinatorial
interpretation for the terms in this sequence.

Recall that Comp,(b) is the set of all compositions of b into a parts. Define a partial order
< on Comp,(b) by declaring that (z1,...,24) = (y1,...,%a) if ot 2z, < S20_ i for all
¢ e {1,...,a}. A partition is a composition whose parts are nonincreasing. Following [38],
we let L(u,v) denote the set of all partitions (including the empty partition) with at most
u parts and with largest part at most v. Endow L(u,v) with a partial order < by declaring
that (A1,..., ) < (1,5 i) if € <m and A\; < p; for all i € {1,...,¢}. Geometrically,
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L(u,v) is the set of all partitions whose Young diagrams fit inside a u x v rectangle, and
A < if and only if the Young diagram of A fits inside of the Young diagram of p.

Given z = (z1,...,2,) € Comp,(b), let ¥)(x) € L(b— a,a — 1) be the partition that has
exactly z; — 1 parts of size a —i for all € {1,...,a—1}. For example, if a =4, b = 12, and
x = (3,1,5,3), then ¢)(x) = (3,3,1,1,1,1). The map ¢ : Comp,(b) — L(b—a,a — 1) is an
isomorphism of posets. For x € Comp,(b), let

= {y € Comp,(b) : y < x}|.

Equivalently, D,-1(yy is the number of partitions (including the empty partition) whose
Young diagrams fit inside of the Young diagram of the partition A\. Recall the notation
Claoyzn) = Hf:o C.,, where C; is the j™ Catalan number.

Theorem 19. Preserving the notation of the preceding paragraph with a = k+ 1 and b =
n — k, we have

n—1
|57 (Ava(231,312,321)) = ) > C,D, = Z > CornDyrn)

k=0 q € Compy, ., (n—k) k=0 AeL(n—2k—1,k)

Proof. Recall that each permutation in Av(231,312,321) is of the form Dec,, & --- @ Dec,,,
where a; € {1,2} for all i. Suppose 7 € Av,,(231,312,321) has descents d; < --- < di. For
every p € {0,...,k—1}, let u, = dpq1 —p. Defining yo = ug, v; = w; —u;—y for 1 <i < k-1,
and y, = n —k — u,_1, we obtain a composition y = (yo,...,yx) € Comp,,,(n — k).
Given this composition y, we can easily reconstruct the permutation w. Thus, there is
a bijective correspondence between compositions in Comp,,;(n — k) and permutations in
Av,(231,312,321) with k£ descents.

We are going to use Theorem 12 to describe all of the valid compositions of 7. Preserve
the notation from that theorem and the discussion immediately preceding it. We must
compute the canonical hook configuration H* = (Hf,..., H;) of m. This is fairly simple
to do: the hook H; has southwest endpoint (d;, m4,) and northeast endpoint (d; + 2,74, +2).
Thus, bf = d; + 2. We also have (¢5,...,q) = (n—2k,1,...,1),ep=k+1,and e; =i + 1
foralli e {1,...,k}. Finally, oy =0, and o =1 for all i € {2,...,k + 1}.

Every composition (qo, ..., q) € Comp,,(n — k) satisfies condition (a) in Theorem 12.
In condition (b), the inequality m < p < e,, — 2 is only satisfied when m = 0. In this case,
we have e, —2=¢g— 2=k —1,d,, =dy =0, and 32*! a; =p, so

j=m+
p+1

dpt1 — E Qj = lGpy1 — P = Up.
j=m+1

Hence, Theorem 12 tells us that a composition ¢ = (qo, ..., q) € Comp,,(n — k) is a valid
composition of 7 if and only if
P
D>
=0

for all p € {0,...,k — 1}. Because u, = > _°_, y;, this occurs if and only if y < ¢.
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Combining these observations with Theorem 7, we find that (recall the definition of
AVn,k(T(l), ..., 7M) from Definition 1)

-1
|57 (Av, (231, 312, 321)) Z > e

=0 meAv, x(231,312,321) qeV(n)

n—1 n—1
P> 2 G=) ) G
=0 ycCompy, 1 (n—Fk) qECompk+1(n k) =0 g € Compy, 1 (n—Fk)

y=q
The identity

n—1
S OY an=Y Y b
k=0 g € Compy, 1 (n—Fk) k=0 AeL(n—2k—1,k)

follows from the discussion immediately preceding this theorem (with a = k+ 1 and b =
n—k). O

The following theorem gives a summation formula that is much more explicit than the
one in Theorem 19. One of the main motivations behind Theorem 19 will come from Con-
jecture 21, which states that the equality between the summations in Theorems 19 and 20
holds term-by-term.

Theorem 20. Forn > 1, we have

n—1
k- 1\ (2n — 2k
|57 (Ava(231,312,321)) = )~ (" )( " )
n

k::0

Proof. Let h(n) = |s'(Ava(231,312,321))] = | Av, (2341, 3241, 3412, 3421)| (with 2(0) = 1),

and put
= Z h(n)x
n>0
We will prove that
rH(z)?

Alr)?
This will imply that the power series A(z) defined by A(z) = x+ _A@) satisfies A(x) =

1— A(x)?
xH(x). It is known that
”Z‘l 1 (n—k—1\[(2n—2k
—~n+l k n

is the (n + 1)™ term of the sequence A049124 in [37] and that the generating function of
that sequence is A(x), so this will complete the proof.

We can rewrite (10) as
(11) H(z)=1+2H(z)*+ 2*H(z)*(H(z) — 1);
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it is this form of the equation that we will prove. For convenience, say a permutation is
nice if it is an element of Av(2341, 3241, 3412,3421) (including the empty permutation). As
mentioned earlier, a permutation ¢ = oy - - - 0, is nice if and only if the first and third entries
in every 231 pattern in o are consecutive integers. Note that the empty permutation is nice
and accounts for the term 1 on the right-hand side of (11). We now show how to construct
nonempty nice permutations. It is convenient to split these permutations into two types.

The first type of nonempty nice permutation ¢ is that in which the first entry o; is not
part of a 231 pattern. As mentioned above, we identify permutations with their plots so that
we can build large permutations by arranging plots of smaller permutations. Each nonempty
nice permutation of the first type is formed by choosing two nice permutations 7 and ¢ and
arranging them as follows:

Accordingly, the nonempty nice permutations of the first type contribute the term zH (z)?
to the right-hand side of (11).

The second type of nonempty nice permutation ¢ is that in which oy is part of a 231
pattern. To build such a permutation, begin by choosing nice permutations A = Ay --- Ay,
T =77, and g = -+ fiy, such that p is nonempty. Write p' = pig- - iy, (s0 p' is
empty if m = 1). Write A = M\’ where X is the first descending run of A. In other words,
A = A1 -+ ), where j is the smallest index that is not a descent of A. If X is empty, then X
and N\ are also empty. The plot of ¢ is formed by arranging the plots of A, 7, and p as in
Figure 7.

)\/ A”

FIGURE 7. The plot of a nonempty nice permutation ¢ of the second type.

The points in the section labeled p are arranged vertically so that they form a permutation
that is order isomorphic to u. For example, the point labeled p; should be placed higher
than exactly pu; — 1 of the points in the box labeled y'. Similarly, the points in the section
labeled A should form a permutation that is order isomorphic to A.
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We claim that every nonempty nice permutation of the second type is built uniquely via
this procedure. If we can justify this claim, then it will follow that the nonempty nice
permutations of the second type contribute the term x?H (z)?(H(x) — 1) to the right-hand
side of (11).

Suppose o is a nice permutation of the second type. We will show that the plot of ¢ has
the shape shown in Figure 7. First, locate points that form a 231 pattern that contains o;.
The last such point must have height o1 — 1, as indicated in Figure 7. Among all choices for
the highest point in this pattern, choose the one that is farthest to the right. Label this point
11. Because o is nice, the points with heights 1,2,... 01 — 2 must appear to the left of all
points in the plot of o except (1,07). These points form the box 7 in Figure 7. We recover
the points in the box labeled X by taking the points that lie horizontally between 7 and the
point labeled ;. The entries in A’ must be decreasing because o is nice. The assumption
that o is nice also tells us that the point labeled 1y and the dot appearing below and to its
right must represent consecutive entries in o (this also uses the fact that the point labeled
i1 was chosen farthest to the right). Now consider P, the leftmost point that appears to the
right of the lowest point in . Define \” to consist of the points equal to and to the right of
P. The remaining points of the plot will form p/'.

We want to ensure that none of the points in \” lie below any of the points in p. If this
were the case, then we could consider the lowest point in A, the point P (the leftmost point
in \”), and this point of \” lying below a point in p. These three points would form a 231
pattern in which the first and third entries have heights that are not consecutive integers,
contradicting the fact that o is nice. Thus, the plot of ¢ must be as portrayed in Figure 7.

Let us emphasize that this decomposition is unique. The only difficult part is verifying
that there is a unique way to determine which points are in p and which are in \”. This is
guaranteed by the assumption that )\ is the first descending run of A. Indeed, this means
that the highest point in p is precisely the point whose height is 1 less than the lowest point
in \. O

Combining Theorems 19 and 20, we obtain the identity

L Gt | —k—1\ [/2n — 2k
Z Z Cqu:Zn+1(n k )(nn )

k=0 g € Compy,, | (n—k) k=0

The numerical data for n < 12 suggests the following conjecture.
Conjecture 21. In the notation of Theorem 19, we have

1 n—k—1\/2n — 2k
Z Cqu_n+1( k )( n )

qE Compk_,'_l(nfk)

for all nonnegative integers n and k.
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When combined with Theorem 19, a proof of Conjecture 21 would yield an alternative
proof of Theorem 20. We know from the proof of Theorem 19 that

|sTL(Av,.(231,312,321))| = > C,D,,

g€ Compy, ., (n—k)

so Conjecture 21 is equivalent to the identity

1 n—k—1\/2n — 2k
-1 .
57 (v x(231,312,320)) | = — < . > ( . >

7. ENUMERATION OF s~ '(Av(132,231,312))

In this section, we make use of the generalized Narayana numbers

wan-52(7)( 1)

Note that the standard Narayana numbers are simply N(n,r) = Ny(n,r).

Finding the fertilities of permutations in Av (132,231, 312) is interesting because it proves
the tightness of certain estimates that were used in [22] in order to obtain upper bounds for
W3(n) and Wy(n). More specifically, the following theorem is an immediate consequence of
Corollary 3.1 and Lemma 4.1 in [22].

Theorem 22 ([22]). Suppose w € S,, has k descents. We have

2k +2 (2n — 2k — 1
() < 2R (” )
n+1 n

Furthermore, the number of elements of s~() with exactly m descents is at most

Nl — o — e+ 1) — k+1(n—k>(n—k)‘

n—k\m+1/\m-—k

We prove below that these estimates are sharp when © € Av, (132,231, 312). In fact, it
is straightforward to check that the only permutation in Av, (132,231, 312) with exactly k
descents is

O =Fk+Dk(k—1)---321(k+2)(k+3)---n
(this permutation is the sum of a decreasing permutation of size k + 1 and an increasing

permutation of size n —k —1). For example, 07 o = 3214567 is the only permutation of size 7
that has 2 descents and avoids the patterns 132,231, 312.

Theorem 23. With notation as above,

|57 (On)| =

n+1

2k+2 (2n -2k —1
" .

Furthermore, the number of permutations in s (0, k) with exactly m descents is

Nig(n—k,m—k+1).
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Proof. As in Section 6, let Comp,(b) denote the set of compositions of b into a parts. Corol-

lary 3.1 in [22] states that
2k+2 (2n -2k —1
> Clavra) = 7577 " :

(90;---,qx)€Compy, 1 (n—k)

Lemma 4.1 in that same paper tells us that

k
Z Z HN(QtJt):Nk(n—k,m—k:—f—l).

(qo,---,qx)€Compy, 1 (n—k) (jo,-..,jk)ECompy, 1 (m+1) t=0

Invoking Theorems 7 and 10, we see that it suffices to show that V(0,, ;) = Comp,_,(n — k).
We know that V(6, ) € Comp,,(n — k), so it remains to prove the reverse containment.
Choose (qo, . ..,qx) € Comp,(n — k). The fact that this composition exists implies that
n—k >k+1. Forevery i € {1,...,k}, draw a hook on the plot of 6, ; with southwest
endpoint (i, k + 2 — i) and northeast endpoint (u;,w;), where u; = n + 1 — Z;g ¢;. This
forms a valid hook configuration of 6, ; that induces the valid composition (qo, ..., qx) (see
Figure 8 for an example). O

FIGURE 8. A valid hook configuration of ;g that induces the valid composi-
tion (2,3, 1).

The following theorem gives a new combinatorial interpretation for the Fine numbers F,,
which are defined by

ZF n 11—\/1—41'
nl = ——F—.
= r3—+1—4x

The sequence of Fine numbers, which is sequence A000957 in [37], has many combinatorial
connections with Catalan numbers. See the survey [24] for more on this ubiquitous sequence.
The following theorem also involves two refinements of the Fine numbers. These are the
numbers

L]

9nm = Z Nk(n—k,m—k+1)
k=0

and
2n—2m—1

—m—1
hnm:—n+2m+1<n m )
’ n+2 m
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These numbers, which have combinatorial interpretations in terms of Dyck paths, appear as
sequences A100754 and A114593 in [37]. It is known that”

n—1 L%J
(12) Z Inm = Z hmm — L'p41-
m=0 m=0

Theorem 24. In the notation of the preceding paragraph, we have
s 1 (Av,(132,231,312))| = F,1;.

Moreover, the number of permutations in s~*(Av,(132,231,312)) with exactly m descents is
Gnm- The number of permutations in s~ (Av,(132,231,312)) with ezactly m peaks is Iy m.

Proof. Recall that Av,,(132,231,312) = {6,.0,0n.1,---,0nn-1}. It follows from Theorem 23
that s7'(6,,%) is empty if k > | 2% |. It now follows immediately from Theorem 7 that the

number of permutations in s™!(Av, (132,231, 312)) with exactly m descents is g, . Along
with (12), this implies that |s7'(Av, (132,231, 312))| = F, ;.

Recall the generating function G(x,y) from (9) (on page 17). According to the preceding
paragraph and Theorem 10, the number of permutations in s7(6,, ;) with exactly m peaks

Z Z HV(Qt7jt)-

(q0,---,qk)€Compy, , 1 (n—k) (jo,....jk)ECompy , 1 (m+1) =0

This is nothing else than the coefficient of z"y™ in 2*y* G (z,y)**!. Consequently, the number
of permutations in s~!(Av, (132,231, 312)) with exactly m peaks is

n—1 o0
[y (; xkykG(%?J)"”“) = [a"y™] (; xky’“G(:v,y)“l) = [a"y"] (—1 _i(nyZz; y)) :
Straightforward algebraic manipulations show that
G(z,y) B 1 =22 — /1 — 4z + 422 — 422y
L—2yG(z,y)  ay(l + 20+ /1 — 4 + 42 — da2y)

This expression satisfies the functional equation given for the generating function of the
numbers h(n, m) in [37] (sequence A114593). Therefore, it is equal to the generating function

n—1

5]
Z Z h(n,m)x"y™. O

n>1 m=0

8. ENUMERATION OF s~ '(Av(312,321))
We showed in the proof of Corollary 14 that s~'(Av(312,321)) = Av(3412,3421). Chetak
Hossain, who pointed out this equality of sets to the current author, also mentioned the

"These identities are stated without proof in [37], but they can be proven by standard (yet somewhat tedious)
arguments involving generating functions.
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paper [33]. In this paper, Kremer proved that | Av,(3412,3421)| is the (n — 1) large
Schréder number. In other words, we have the following theorem.®

Theorem 25 ([33]). We have

1—2—+V1—6x+ 22
5 .

D 5T AV, (312,321))[2" = | Av, (3412, 3421)[2" =

n>1 n>1

9. ENUMERATION OF s~ '(Av(132,321))

It appears as though the sequence enumerating the permutations in s7'(Av(132, 321)) has
not been studied before, but we will see that its generating function is fairly simple. Let

1—+1—4z
Cz) = 350 Cna" = o

x
numbers. Recall the generating functions F'(x,y) and G(z,y) from (8) and (9) (page 17).
Let a(n,m) denote the number of elements of s7!(Av,(132,321)) with exactly m descents,
and let b(n, m) denote the number of elements of s~*(Av,(132,321)) with exactly m peaks.

be the generating function of the sequence of Catalan

Theorem 26. In the notation of the preceding paragraph, we have

> 5T AV, (132,321))] 2" = C(x) — 1+ 2°(C'(x))*.

n>1
Furthermore,
9 2
(13 X atnmlay" = Fla) + % (-
n>1 m>0
and
a 2
n>1 m>0

Proof. We will prove (13); the proof of (14) is similar. In addition, the first statement of the
theorem follows from (13) and the fact that F'(z,1) = C(z) — 1.

For h,i > 1 and t > 0, let
Onit=(h+1)(h+2)---(h+)12---h(h+i+1)(h+i+2)---(h+i+1) € Sphiite.
For example, 6; 39 = 234156. It is straightforward to check that
Av,(132,321) = {123---n} U{0p¢ : h,i > 1,t >0, h+i+t=n}.
Moreover, the set of valid compositions of dy, ;, is

V(Onig) ={(i+t—CLh+0—-1):1< (<t}

8Kremer did not mention the stack-sorting map in her theorem.
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In what follows, we only consider positive values of ¢ since V(0,;0) = 0. Invoking Theorem 10,
we find that

m

a(n,m) = N(n,m+1 Z ZZN@—Ft—fj NMh+{—-1,m+1—j)
hit>1 (=1 j=1
htitt=n

n—2n—h—1n—h—i m
N(n,m+1 +Z Z >N Nm—h—j)N(h+0—1,m+1-j)

i= =1 j=1

n—2n—h—1n—h—f m

=Nmnm+1)+> > S S Nn—h—Cj))Nh+{—1m+1-;)

=1 =1 j=1

>
—_

n—2n—h—1 m
= N(n,m+1)+ > (n—h—ONmn—h—LjNh+0—1m+1-j)
h=1 (=1 j=1
The substitution r =n — h — ¢ gives
a(n,m)=N(n,m+1)+>_ > Y rNrj)Nn—r—1Lm+1-j)

n—2n—h—1 m
=1

1 g

T

M= ;

1
—2
=N(n,m+1)+

s

rin—r—1)N(r,j)Nn—r—1,m+1—j).
1

1

It is now routine to verify that this last expression is the coefficient of x™y™ in

F(x,y) + 2%y (%F(m,y))z. O

10. ENUMERATIVE EQUIVALENCE OF s~ '(Av(132,312)) AND s~ !(Av(231,312))

We saw in Corollary 14 that
s 1 (Av(132,312)) = Av(1342, 3142, 3412, 3421)
and
s H(Av(231,312)) = Av(2341, 3412, 3421, 35241).
From these descriptions of these sets, there is no obvious reason to expect that
1571 (Av,(132,312))] = |s ' (Av,(231,312))].
However, this is indeed the case; valid hook configurations make the proof quite painless.
Theorem 27. For all positive integers n, we have
1571 (Av,(132,312))] = |s 1 (Av, (231, 312))].

In fact, the number of permutations in s~ (Av, (132, 312)) with exactly m descents is the same
as the number of permutations in s~ (Av, (231, 312)) with exactly m descents. Moreover, the
number of permutations in s~ (Av, (132, 312)) with ezactly m peaks is the same as the number
of permutations in s~ (Av,(231,312)) with exactly m peaks.
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Proof. Invoking Theorem 7 and Theorem 10, we see that it suffices to exhibit a bijection
¢ Av,(132,312) — Av,(231,312) with the property that V(m) = V(¢(m)) for all 7 €
Av,(132,312).

Suppose we are given a permutation m € Av,(132,312). Every entry of 7 is either a left-
to-right maximum (i.e., larger than everything preceding it) or a left-to-right minimum (i.e.,
smaller than everything preceding it). Thus, the plot of 7 has the following basic shape:

AN

AN

N

The line segments in this diagram represent decreasing consecutive subsequences, which
could be empty. This means that 7 is uniquely determined by the lengths of its descending
runs. Each permutation in Av,(231,312) is also uniquely determined by the lengths of its
descending runs. This is because the entries in each descending run of the permutation
must be consecutive integers. Indeed, the permutations in Av(231,312) are the layered
permutations; as described at the beginning of Section 6, a permutation is in Av(231,312)
if and only if it can be written as a sum of decreasing permutations.

For example, the unique permutation in Avy(132, 312) whose descending runs have lengths
2,3,1,2,1,1i8 546327819 10 (whose plot is shown on the left in Figure 9). The
unique permutation in Avyy(231,312) whose descending runs have lengths 2,3,1,2,1,1 is
21543687910 (whose plot is shown on the right in Figure 9). We now define
¢ : Av,(132,312) — Av,(231,312) by declaring ¢(7) to be the unique permutation in
Av, (231, 312) whose i*® descending run has the same length as the i*" descending run of 7
for all i.

Figure 9 illustrates the map . In this figure, we have drawn a valid hook configuration on
each of the plots. Notice that we can obtain the plot of p(7) by vertically sliding some of the
points in the plot of 7; we keep the hooks attached to their endpoints throughout this sliding
motion. Let us check that this preserves the validity of the configuration of hooks. First, the
northeast endpoints of hooks in a valid hook configuration of a 312-avoiding permutation
must be left-to-right maxima. Since 7 and ¢(7) both avoid 312 and have their left-to-right
maxima in the same (horizontal) positions, every hook of 7 remains a hook in ¢(7) (and
vice versa). This also shows that a point never moves “through” a hook during this sliding
process. Therefore, Conditions 2 and 3 in Definition 1 are preserved by the sliding process.
It is immediate from the definition of ¢ that 7 and ¢(7) have the same set of descents.
This shows that Condition 1 in Definition 1 is also preserved. Consequently, the valid hook
configurations of m € Av,,(132,312) correspond bijectively to the valid hook configurations
of p(m). Corresponding valid hook configurations induce the same valid compositions, so we
have V() = V(¢()) for all 7 € Av,,(132,312). O



32 COLIN DEFANT

@10
9 9
Is £8
7 - (Y
6 _ Ty l—oe
5 5
o4 4
3
(Y
o1

o1

F1GURE 9. The map ¢ from the proof of Theorem 27 sends the permutation
54632781910 to the permutation 215436879 10. The valid hook
configuration drawn on the plot of 54 6 327 8 1 9 10 corresponds to the one
drawn on the plot of 215436879 10. Both valid hook configurations
induce the valid composition (1,1,2,1,1).

We have seen that the sequences (|s™(Av,(132,312))|),>1 and (|s™ (Av,(231,312))])p>1
are identical. Numerical evidence suggests that this sequence is, up to reindexing, the same
as the sequence A071356 in [37]. The latter sequence is defined as the expansion of a
relatively simple generating function, but it also has some combinatorial interpretations. In
addition, it appears as though (|s™'(Av,(132,231))|),>1 is the same sequence. We state
these observations formally in the following conjecture.

Conjecture 28. We have

D 15T AV, (132,312)) 2" =[5! (Av,(132,231))]a"

n>1 n>1

_1—2x—\/1—4x—4x2
n 4z ’

11. ESTIMATES FOR s !(Av(321))

As discussed in the introduction, there are known formulas for |s~!(Av,(7))| whenever T
is a permutation pattern of size 3 other than 321. By contrast, the sequence

(Is™ (Av,(321)) D1

appears to be new (it is now sequence A319027 in [37]). This sequence is of interest because
s71(Av(321)) is equal to the permutation class Av(34251,35241,45231) (see Theorem 13).
We will use valid hook configurations to establish nontrivial estimates for the growth rate of
this sequence. Note that the trivial estimates for this growth rate are given by

(15) 4 < lim |s7Y(Av,(321))|Y" < 16.
n—oo

The acute reader might beg for a proof of the existence of the limit defining this growth
rate. The multiplicative version of Fekete’s lemma [29] states that if (a,,)5°_, is a supermul-

tiplicative? sequence, then lim %/a,, exists. It is straightforward to show (in the notation of
m—0o0

Section 6) that s(c @ ) = s(o) @ s(u) for any o € S, and p € S,. It follows that there is an
injective map s (Av,,(321)) x s71(Av,,(321)) = s 1 (Av,,.,(321)) given by (o, p) — o & p.

IWe say a sequence of real numbers (a,,)20_; is supermultiplicative if a,ay, < a4y for all positive integers
m,n.
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Hence, (|s7'(Av,(321))]),>1 is supermultiplicative. The lower bound in (15) follows from
the fact that |s71(123---n)| = C, has growth rate 4. We know the upper bound because
| Av,,(321)| = C,, has growth rate 4 and because each permutation of size n has fertility at
most C,, (this is proven in the solution to Exercise 23 in Chapter 8 of [4]).

The proof of the lower bound in the following theorem requires the following purely tech-
nical lemma.

2z +1)
[(z+42)0(z+1)
Cot:Cy—c < C;Cy whenever 0 <z <y and 0 <e < %

Lemma 29. Let C, = where I' denotes the gamma function. We have

Proof. We need to show that C,,./C, is increasing in x. Let C(z) = C,. We wish to show
that d C(z +¢) C'(x) _ C'(z+e¢)
dx C(x) C(x) C(z+¢)
show that C'(z)/C(x) is increasing. We can write
C'(x) 1
= 299(2 1) —2 1) — ——
C(.?Z) 1/]0( x + ) ’17/)0(1"1' )

x+1
where 1), is the /*! polygamma function (meaning 1 is the digamma function). Differenti-
ating, we see that we need to show that

> 0, which amounts to showing that . We are left to

A1 (2 + 1) — 2¢p1(x + 1) + (ZETll)Q > 0.

Using well known formulas for the polygamma functions, we can write

1 1

- 1 3/2)) =1 (2x+2) =12+ 1) — ——.

4(¢1($+ )+ iz +3/2) = 1 (20 +2) = 12z + 1) 2z + 1)
Rearranging, we find that we are left to show that

1
+ .

(z+1)?  (z+1/2)?
The polygamma function ¢y can be rewritten using a Hurwitz zeta function, so we can
rewrite this last inequality as

(x+1) =i (z+3/2) <

— 1 1 1 1
;;((kanJrl)? a (k+x+3/2)2) SE i Ty

It suffices to show that

- 1 1 1
— <
kl((k;+x+1)2 (k:+x+3/2)2) (x +1/2)%’
which is straightforward to verify. O

Theorem 30. We have
8.4199 < lim |s™(Av,(321))]Y™ < 11.6569.

n—o0
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Proof. Throughout the proof, we assume n — oco. Since we are only interested in exponential
growth rates, we often ignore subexponential factors. We also omit floor and ceiling signs
when they are not crucial. For example, ("22) can either be interpreted as (L"IQQJ) or could
be defined exactly using the Gamma function (the specific choice will not matter for the

asymptotics).

By reversing permutations, we see that | Av,x(321)] = |Av,,—1-£(123)]. The authors
of [2] have computed | Av,, (123)|; one can easily use their results to see that the values of
| Av,, x(321)| are given by sequence™ A091156 in [37]. A precise formula is given by

1 eI\ ki 1\/n+tl—k
16 Av, 4 (321)] = —— .
(16) | Avns(321)] n—i—l( k ) 2 ( k-1 )(n—%—j)

J=0

To prove the desired upper bound, we combine (16) with a result of [22], which we recalled
as Theorem 22 in the current article, to find that

-1

-1
% +2 (20 — 2k — 1
s~ (Av,(321)) Z L(Av, 4(321)) Z il <" )|Avn,k(321)y

n
k=0 =
"212k+2 on—2k—1\ 1 i k+j—1 n+1-—k
— n n+1 n—2k—j)

Up to a subexponential factor, this upper bound is

- :Z‘é (2n - 2k;> (D ?j (k ZJ) <n fz_k;k— j).

The ratio of consecutive terms in the sum over j in (17) is

k+j+1 n—k .
( i )(n—2k—j—1) _n—= 2k —j
k+j n—k - . )
(") G lay) i+l
so this sum is maximized when n — 2k —j = j + 14 O(1). That is, j = n/2 — k+ O(1).
Furthermore, the value of the maximum term in this sum is the same as the value of the

full sum up to a subexponential factor (since the total number of terms is at most n + 1).
Therefore, our upper bound is (up to a subexponential factor)

~ (2n = 2k\ [n\ [(n /2 n—k
- n k k J\n/2—k)
Let K (n) denote the value of k for which the term in this last summation is maximized, and

put ¢(n) = K(n)/n. Note that ¢(n) € [0,1/2]. A straightforward application of Stirling’s
formula shows that, up to a subexponential factor, the n'" root of this last upper bound is

n

i

10We are not the first to observe this interpretation of the sequence A091156; it is mentioned in a comment
by Andrew Baxter in [37].
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at most
(2 — 2¢(n))?~2m) 1
(1= 2¢(n))1=2m ¢(n)em) (1 — ¢(n))L=e)
(1/2)" (1 — c(n))t=c) -
X (12 = e (173 — ()i~ )
where

2 _ 9 22z
f(iL') = 572:2 23:) 1-2x
(1 —2z)1-22222(1/2 — x)
(we make the convention that 0° = 1). One can easily verify that f(z) < 11.6569 whenever
x € [0,1/2]. This proves the desired upper bound.

The reverse complement of a permutation 7y - - - 7, € S, is the permutation whose i** entry
isn+1—m,1_;. The proof of the desired lower bound requires two crucial observations.
The first is that the set Av, x(321) is closed under taking reverse complements. If 7 € S,
has ¢ left-to-right maxima, then the reverse complement of 7 has n — ¢ left-to-right maxima.
It follows that at least half of the permutations in Av, x(321) have at least n/2 left-to-right
maxima.

The second observation is that if 7 € Av,;(321) has last entry 7, = n, then 7 has a
valid hook configuration (i.e., 7 is sorted). Indeed, let d; < --- < dj, denote the descents
of m. For each i € {1,...,k}, let m, be the leftmost left-to-right maximum of 7 that lies
to the right of m4,. The condition 7, = n guarantees that m, exists. The assumption that

m avoids 321 forces the entries myq,, ..., T4, to be left-to-right maxima of 7, and this implies
that d; < b; < d;yq for all i € {1,...,k — 1}. In particular, the entries m,, are distinct.
The canonical hook configuration (H7y,..., H}) of m (described in Section 2) is formed by

declaring that H; has southwest endpoint (d;, 74,) and northeast endpoint (b;, m,,) for all i.

There are exactly | Av,_; £(321)| permutations in Av, ;(321) with last entry n (we obtain
a bijection by adding the entry n to the end of a permutation in Av,,_; £(321)). According to
the discussion above, there are at least 3| Av,_;;(321)| permutations in Av,, ;(321) with at
least n/2 left-to-right maxima. Choose one such permutation =, and let ¢ be the number of
left-to-right maxima in 7. The canonical hook configuration of 7 (described in the previous
paragraph) induces a valid composition (g, ...,q;) € V(7). In the coloring of the plot of
7 induced by the canonical hook configuration, there are exactly ¢ — k points colored blue
(sky-colored). Indeed, these points are precisely the left-to-right maxima of the plot of 7
that are not northeast endpoints of hooks (see Figure 11). This tells us that ¢f = ¢ — k.
According to Theorem 7,

(18) ’8_1(71')| Z C(q67...7q:) = Cg_quT cee O‘JZ

2z +1)
I(x+2)(z+1)
(generalized) Catalan numbers decreases when we make the indices closer while preserving
the sum of the indices. Let us assume that n is sufficiently large, that 5 < k£ < 0.4n, and
that 7 is chosen as in the previous paragraph. By the properties of valid compositions, we

As in Lemma 29, we define C, = . The lemma tells us that a product of
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F1GURE 10. The coloring induced by the canonical hook configuration of a
321-avoiding permutation.

know that

(19) (—k+qg+--+q=n—Fk

It follows from Lemma 29 and (19) that

(20) CorCo -+ Cor = CokCl_py 1

The assumption 5 < k < 0.4n and the fact that ¢ > n/2 guarantee that

n—1{¢ n
< S c— k<l
i —2k<2 k<t—k.

Because (( — k) + k- ((n—4£)/k) = (n/2—k)+ k- (n/(2k)), it follows from Lemma 29 that

(21) Ce—kC(knJ)/k > Cnya- kC n/(2k)"

When we combine (18), (20), and (21) with the discussion above, we find that there are
at least —\ Av,_1,(321)| permutations in Av,;(321) that each have at least C,, /o kCn/ (o)

preimages under s (for 5 < k < 0.4n and n large enough). We now use (16) to see that

1
|s7H(Av,(321))] > —|Avn_17,€(:)>21)|0n/2 kC (2

n—2k
kE+7—1 n—=k
OECI 8 Yot

J:

L1 [ G [ 1)@/2 s
- = (k) ( n]éz_ - 1) ((n/;ll - f; ) 1) Coupo 1CY -

This holds whenever 5 < k < 0.4n. In particular, we can put k£ = |0.06582n] (this value is
chosen to maximize the lower bound). With this choice of k, we can use Stirling’s formula
to see that our lower bound is at least 8.4199" for sufficiently large n. 0J
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12. CONCLUDING REMARKS AND FURTHER DIRECTIONS

Let us collect some open problems and conjectures arising from and related to the topics
studied in this article.

Recall that a sequence ay, ..., a,, is called unimodal if there exists 7 € {1,...,m} such
that ay <--- <a;1 <a; > ajp1 > -+ > ay and is called log-concave if a]2» > aj_1a;41 for
all 7 € {2,...,m — 1}. This sequence is called real-rooted if all of the complex roots of the
polynomial >_;" | a,az* are real. It is well known that a real-rooted sequence of nonnegative

numbers is log-concave and that a log-concave sequence of nonnegative numbers is unimodal
(see [14]).

The notions of unimodality, log-concavity, and real-rootedness are prominent in the study
of the stack-sorting map. For example, let fi(7) denote the number of elements of s~ ()
with k& descents. Béna proved [7] that the sequence fo(7),..., fu—1(m) is symmetric and
unimodal for each 7w € S,,. We conjecture the following much stronger result, which we have
verified for all permutations of size at most 8.

Conjecture 31. For each permutation m € S, the sequence fo(m), ..., fn_1(7) is real-rooted.

Of course, even if it is too difficult to prove that fo(7),..., fn_1(7) is always real-rooted,
it would be very interesting to prove the weaker statement that this sequence is always log-

concave. One could also attempt to find large classes of permutations for which Conjecture 31
holds.

A consequence of Béna’s result is that
(22) Wi(n,0),..., Wi(n,n—1)

is symmetric and unimodal for all ¢,n > 1, where W;(n, k) is the number of ¢-stack-sortable
permutations in S, with k& descents. Knowing that the sequence in (22) is real-rooted when
t = 1 and when ¢ = n, Béna [7] conjectured that the sequence is real-rooted in general.
Brandén [13] later proved this conjecture in the cases t = 2 and t = n — 2. This leads us to
the following much more general problem.

Question 32. Given a set U of permutations, let fr,(UNS,) denote the number of permuta-
tions in s~H(UNS,,) with exactly k descents. Can we find interesting examples of setsU (such
as permutation classes) with the property that fo(U N Sy), ..., fac1(U N S,) is a real-rooted
sequence for every n > 17 Is this sequence always real-rooted?

Recall from Section 3 that the set s™'(Av,(123)) is empty when n > 4. In general,
s (Av,(123---m)) is empty if n > 2™~1. This is certainly true for m < 3. To see that this
is true for m > 4, suppose n > 2™ ! and 7 € S,,. Write 7 = LnR so that s(7) = s(L)s(R)n.
One of L and R has size at least 272 so it follows by induction on m that either s(L) or

s(R) contains an increasing subsequence of size m — 1. Therefore, s(7) contains the pattern
123---m.
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Despite the uninteresting behavior of the sequence (|s™'(Av,(123---m))|),>1 for large
values of n, it could still be interesting to study the initial terms in this sequence. For
example, the nonzero terms of the sequence are 1,2,6,10,13,10,3 when m = 4.

om—1_1

Conjecture 33. For each integer m > 2, the sequence (|s™'(Av,(123---m))|);_; ~' is

unimodal.

We next consider some natural questions that we have not attempted to answer.

Question 34. Can we obtain interesting results by enumerating sets of the form
sTHAv(TM, ... 7)) when the patterns TV, ... 7" are not all of size 37

Question 35. Let S, denote the set of permutations in S, with exactly k descents. Can
we find formulas for |s7(S,1)], [s7(Sn2)|, or |7 (Sn3)|?

The article [21] provides a general method for computing the number of decreasing plane
trees of various types that have a specified permutation as their postorder reading (see the
article for the relevant definitions). In the special case in which the trees are decreasing
binary plane trees, this is equivalent to computing fertilities of permutations. This is also
very similar to the approach taken in [20,35,41], where one considers trees endowed with a
canonical ordering of the vertices and asks how many linear extensions of the trees (viewed
as posets) avoid certain patterns. In our case, the trees are binary plane trees and the
canonical ordering of the vertices is given by the postorder reading. This suggests that one
could obtain enumerative results analogous to those from this paper by replacing decreasing
binary plane trees with other types of trees. Thus, we have a very general new collection
of enumerative problems. Namely, we want to count the decreasing plane trees of a certain
type whose postorders lie in some permutation class. Two very specific examples of this type
of problem are the following. Preserve the notation from the article [21].

Question 36. For a fized sequence of permutation patterns 7V, ... ") how many decreas-
ing N-trees have postorders that lie in the set Av, (7, ... 702 How many unary-binary
trees have postorders that lie in the set Av, (71, ... 7())?

We now collect the open problems and conjectures that arose throughout Sections 4-10.
First, recall the following conjecture from Section 6.

Conjecture 21. In the notation of Theorem 19, we have

1 n—~k—1\/2n — 2k
Z Cqu_n—l—l( k >( n )

q € Compy, ;¢ (n—k)

for all nonnegative integers n and k.

We stated the following intriguing conjecture in Section 10.

Conjecture 28. We have

D 15T AV, (132,312)) 2" = D |57 (Ava(132,231))]2"

n>1 n>1

_1—2x—\/1—4x—4x2

4x



STACK-SORTING PREIMAGES OF PERMUTATION CLASSES 39

Of course, our results in Section 11 are far from perfect.

Question 37. Can we enumerate the permutations in s~ *(Av(321)) ezactly? Can we at
least improve the estimates from Theorem 307

We have focused primarily on preimage sets of the form s~} (Av(r®", ... 7)) when @ #
{7} C {132,231,312,321}. The astute reader may have realized that the only
preimage set of this form that we have not mentioned is s7*(Av(231,321)). This set appears
to be enumerated by the OEIS sequence A165543 [37]. More precisely, we have the following
conjecture.

Conjecture 38. We have

1
“1(Av,(231,321))|2" =
2 (e 23L B2 = ety
1—+v1—-4
where C(z) = 2—36 1s the generating function of the sequence of Catalan numbers.
x

It is not clear to the author how to explicitly describe the set of valid hook configurations
of an arbitrary permutation in Av(231,321), so proving Conjecture 38 might require a new
technique.
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