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Matchings are frequently used to model RNA secondary structures; however, not all matchings can be realized as
RNA motifs. One class of matchings, called the L & P matchings, is the most restrictive model for RNA secondary
structures in the Largest Hairpin Family (LHF). The L & P matchings were enumerated in 2015 by Jefferson, and
they are equinumerous with the set of nesting-similarity classes of matchings, enumerated by Klazar. We provide
a bijection between these two sets. This bijection preserves noncrossing matchings, and preserves the sequence
obtained reading left to right of whether an edge begins or ends.
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Ribonucleic acid (RNA) is an essential molecule found in the cells of all living things. Usually, RNA
is formed by a string of nucleotides which folds over on itself, creating secondary bonds. The structure of
these secondary bonds is a topic of great interest and has been studied from a biological and mathematical
perspective [ﬂ, E]. Mathematically, RNA secondary structures can be modeled by considering each nu-
cleotide as a vertex and bonds between nucleotides that are not part of the RNA backbone as edges. Each
vertex is incident to at most one edge and thus the graph obtained is a matching.

We represent these matchings as 2n points drawn along a horizontal line (the backbone) and arcs
drawn between pairs of points represent the nucleotide bonds. For simplicity, we assume all matchings
are complete (i.e., all vertices are incident to an edge), and therefore contain n edges. RNA often has
nucleotides that are not bonded, but these structures can be reconstructed by adding any number of isolated
vertices to a complete matching. We notate the set of complete matchings with n edges by M(n).

For a matching, M, we denote the set of edges E(M) and label these edges with [n] in increasing order
from left to right by their left endpoints. For the edge labeled i, we write i = (i1, i3) where i represents the
label of the edge and 71, 75 represent the position of the left and right endpoints of the edge, respectively.
A pair of edges i = (i1,42) and j = (j1,j2) are said to be nested if i1 < j1 < jo < i2 and crossing if
i1 < j1 < 42 < jo. For a matching M € M(n), let ne(M) and cr(M) denote the number of pairs of
nested edges and crossing edges in M, respectively. Additionally, the edges ¢ = (i1, 42) and j = (j1, j2)
are said to form a hairpin if j; = 41 + 1 and jo = 12 + 1 (Figure E). A nested sequence of edges that can
be drawn above the backbone is called a ladder (Figure ).
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Fig. 1: The left matching is a hairpin, the middle matching is a ladder of four edges, and the right matching
is an example of an L & P matching with edges labeled by left endpoint.

Matchings that contain no crossing pairs of edges are called noncrossing matchings. The number of
noncrossing matchings with n edges is well-known to be counted by the nth Catalan number, C,, =
n%rl (27?), and has been studied in several contexts, including pattern avoidance [ﬂl].

For each matching, we can examine the vertices from left to right and list whether vertices are left or
right endpoints of an edge. For example, for the matching in Figure @, this sequence is LLRLLRRRLR;
we call this the LR-sequence of a matching. LR-sequences are in bijection with Dyck paths, and each non-
crossing matching has a distinct LR-sequence. For any M € M(n), define nc(M) to be the noncrossing
matching with the same LR-sequence as M.

In order to model RNA structures that contain crossings, different families of matchings have been
studied. In this paper, we focus on the family of L & P matchings. The L & P matchings were first rig-
orously defined by Condon et al. [ﬂ] and this definition was later refined by Jefferson [E]. Each matching
in the L & P family can be constructed inductively by starting from either a hairpin or a single edge, and
either a) inflating an edge by a ladder, or b) inserting a noncrossing matching into an L & P matching [.
For an example of an L & P matching, see Figure E The counting sequence for the number of L & P
matchings with n edges begins 1, 3, 12, 51, 218, 926, 16323, 67866, 280746 and is given by the formula
2471 Gt (1) )

It was noted by Jefferson that L. & P matchings with n edges, which we denote LP,,, are equinumerous
to the equivalence classes on matchings with n edges determined by the nesting-similarity equivalence,
~ne, defined by Klazar [[f]. We say that two matchings M, N € M (n) are nesting-similar, and write
M ~pe N, if and only if ne(M) = ne(N) and M, N have the same LR-sequence. An example of this
equivalence is shown in Figure E Klazar showed that there are 2 - 4"~ — ;ZI; (27:’) nesting-similarity
equivalence classes for matchings in M (n); however, no explicit bijection was discovered connecting L
& P matchings to nesting-similarity classes. Our main result is to construct a bijective correspondence
between these two structures.

Klazar [@] utilized a different, but equivalent, definition for nesting-similarity in his work. He examined
the tree of matchings where the vertex set is the infinite set of matchings, UZOZO M(n). Matchings are
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Fig. 2: Two nesting-similar matchings. Each matching has LR-sequence LLRLLRRRLR and two pairs of
nested edges.
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connected if one can be obtained from the other by inserting a new edge whose left endpoint occurs
earliest. With this construction, two matchings are said to be nesting-similar if we can record the number
of nestings for the children of each matching, which have one added edge, and obtain the same multiset.
It is straightforward to show that this definition is equivalent to the definition above.

In his paper, Klazar shows a correspondence between his nesting-similarity matchings and tunnel pairs
in Dyck paths. Our bijection between L & P matchings and the set of nesting-similarity classes will be
a composition of two bijections. The composed mapping will pass through the set of nestings in non-
crossing matchings, which correspond to tunnel pairs in Dyck paths. Define NCN,, = {(M,a,b) | M €
M(n) noncrossing;a = b = 0 oredges a < b are nested in M }; so, NCN/,, is the set of noncrossing
matchings with a chosen nested pair of edges (¢ = b = 0 indicates no nested pair has been indicated).

In Section , we define a bijection between L & P matchings and N'CA,, and in Section , we define
a bijection between nesting-similarity classes and NCN ,,.Thus We show that both L & P matchings and
nesting-similarity classes are equinumerous to N'CA/,.

1 L & P matchings and noncrossing matchings

The process of constructing an L & P matching implies that such a matching contains a crossing exactly
if the matching can be built inductively from a hairpin. As a result, any L & P matching that contains a
crossing will have all crossings occur in an inflated hairpin. Given a matching, M, we will label edges by
left endpoint, as in Figure . In this Figure, edges 1, 2 crossing edges 4, 5 comprise an inflated hairpin.
Below we provide a precise definition of this structure.

Definition 1. A maximal inflated hairpin in an L & P matching is two sets of edges A = {a1,as,...,a;}
and B = {b1,ba,...,bs} such that

1. every pair of edges in A and every pair of edges in B is nested,
2. forevery a; € A, a; crosses every edge in B, and
3. every crossing in M occurs between edges in A and B.

We let A be the set of edges with smaller labels (the left side of the inflated hairpin), and we say that M
contains the inflated hairpin (A, B).

Any L & P matching consists of a maximal inflated hairpin with noncrossing matchings inserted below
the hairpin as in Figure . It is possible for the inflated hairpin to be empty, yielding a noncrossing
matching. For example, the matching in Figure @ is L & P: the first and third edges crossing the fourth
edge form an inflated hairpin. However, the matching in Figure @ is not L & P, since the first four edges
are all involved in crossings, but these four edges do not form an inflated hairpin.

Notice that every edge not in the inflated hairpin of an L & P matching must begin and end between
two vertices that are adjacent in the inflated hairpin, otherwise it would be part of an inflated hairpin itself.
This fact will be used in our bijection.

Lemma 1. Let M € LP,, such that M contains an inflated hairpin (A, B). Then the right endpoints of
the inflated hairpin appear in the order (ag,ar — 1,...,a1,bp,bp — 1,...,b1) and can be rearranged to
(be,be — 1,...,b1,ak,ax — 1,...,a1) to construct nc(M). Additionally, every pair of edges in AU B
are nested in nc(M).
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Fig. 3: The structure of an L & P matching; Each % indicates a position where a noncrossing matching
may be inserted. The edges a;, as, . .., aj cross the edges by, bs, . . ., by to form the inflated hairpin.

Proof: Since we defined A to contain edges with smaller labels than B, the result that the right endpoints
are in the order (ag,ar — 1,...,a1,bp,bp — 1,...,b1) follows immediately. Now consider rearranging
the right endpoints such that they appear in the order (bs, by — 1,...,b1,ax,ar — 1,...,a1). Itis easy to
see that every pair of edges in A U B is now nested and that no additional crossings can be created by this
rearrangement. Therefore the result is a noncrossing matching. Notice that, since noncrossing matchings
are in direct bijection with LR-sequences, the resulting matching is in fact nc(M). O

For an example of this conversion of an L & P matching with an inflated hairpin into a noncrossing
matching, see Figure E The results of Lemma El will be useful as we define our bijection from LP,, to

NCN .
Definition 2. Define ¢ : LP,, — NCN,, where,

S(M) = (M,0,0), if M noncrossing,
| (ne(M), max(A), max(B)), otherwise.

where (A, B) is the inflated hairpin of M.

The results of LemmaEI imply that max(A), max(B) are a nested pair of edges in nc(M ), and therefore
¢ is well-defined. All that remains is to show that ¢ is in fact a bijection.

Theorem 1. The mapping ¢ : LP,, — NCN,, is a bijection.

Proof: We will construct the inverse of ¢. First note that ¢~*(M, 0,0) = M.

Now consider some noncrossing matching M with nested pair of edges (a,b). Let A = {a; €
E(M) | (a;,a)arenested and a; < asuchthata; < as < -+ < a = a} and B = {b; € E(M) |
(b;,b) are nested and @ < b; < bsuchthatby < by < --- < by = b}. Then, since edges are labeled
by left endpoints and M is noncrossing, the right endpoints of A U B appear in the order (b, by —
1,...,b,ak,a — 1,...,a1).

Let M’ be the resulting matching when the right endpoints of AU B are reordered to appear as (ay, a; —
1,...,a1,be,bp — 1,...,b1). Itis straightforward to show that M’ is an L & P matching with inflated
hairpin (A, B) where (max(A), max(B)) = (a,b). It follows that ¢ ~*(M, a,b) = M’. Therefore ¢ is a
bijection, as desired. o
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Fig. 4: On the left is an L & P matching with labeled edges. In this matching, the inflated hairpin contains
edges 1, 2 crossing edges 4, 5. On the right is the corresponding noncrossing matching obtained by
swapping the right endpoints of edges in the inflated hairpin.

2 Nesting-Similarity Classes and Noncrossing Matchings

Recall that M ~,. N if and only if ne(M) = ne(N) and M, N have the same LR-sequence. Klazar
showed that the nesting-similarity classes are equinumerous with tunnel pairs in Dyck Paths through the
use of transpositions that swap the endpoints of nestings with minimal width. Using this map iteratively,
for any LR-sequence, if M is the corresponding noncrossing matching, then for every ¢ where 0 < ¢ <
ne(M), Klazar proved that there exists some matching with the same LR-sequence and i pairs of nested
edges. Notice that the noncrossing matchings contain the maximum possible number of nestings for a
particular LR-sequence, so Klazar’s result encompasses all the nesting-similarity classes.

We define a bijection between nesting-similarity classes and the set N'CN,, which explicitly defines
a representative for each equivalence class. Let nep(M ) denote the list of nested pairs of edges in M
ordered lexicographically by prioritizing the second element. For example,

nep(M) = {(17 2), (17 3), (27 3), (174)7 (274)7 (17 5), (27 5), (47 5), (17 6)7 (2, 6)7 (4,6), (17 7)}

for the noncrossing matching of Figure E Let rperm(M) be the order in which the right endpoints of
edges appear. For example, rperm(M) = 3564271. We define rperm for all matchings, not necessarily
noncrossing. However, when we have noncrossing matchings, rperm is useful for identifying nestings.

Lemma 2. In a noncrossing matching M, edges a,b are nested, with a < b, if and only if b appears
before a in rperm(M).

This follows quickly from the method of labeling edges and the definition of nestings.

Consider a noncrossing matching M with k pairs of nested edges. Given some ¢ with 0 < ¢ < k, we
define a process by which we rearrange the vertices in a noncrossing matching to obtain a matching with
the same LR-sequence and ¢ pairs of nested edges. These matchings will be the representatives of the
nesting-similarity classes.

In the definition below, given edges a, b where 1 < a,b < n (a # b), let (a,b).M denote the matching
that results by swapping the left endpoints of edges a and b.

Definition 3. Let M be a noncrossing matching with k pairs of nested edges, and nep(M) = {(a1,b1),
(a2,b2), ..., (ak,br)}. Define the sequence of matchings My, My, My, ..., My by My = M and M; =
(@i, b;).M;_1 for all i € [k]. Additionally, let Iperm(M;) denote the order in which the left endpoints of
matching M; appear.

For an example of this definition, see Figure E It is clear that each M, has the same LR-sequence
as M. Our goal is to additionally show that ne(M;) = k — i. This would imply that the matchings in
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{My, My, ..., M}, | My noncrossing} form a set of representatives of the k + 1 distinct nesting-similarity
classes for matchings with the same LR-sequence as M.

My = M, = (1,2).M, = (1, )M
lperm(Mo) = 1234 Iperm(My) = 2134 lper (My) = 231
ne(Mo) =4 (Ml) = (MQ) =2
& 4
1
m m
M; = (1a4)M2 ( ’ )
Iperm(Ms) = 2341 lperm( 4) = 2431
ne(Ms) =1 ne(My) =

Fig. 5: An example of the matching obtained by swapping left endpoints in a noncrossing matching, as
in Definition . Note the nep(M) = {(1,2),(1,3),(1,4), (3,4)}, which defines the order in which left
endpoints are swapped.

Lemma 3. Let M be a noncrossing matching, let My, My, ..., My, be the sequence of matchings as
defined in Definition [}, and let nep(M) = {(a1,b1), (az,b2), ..., (ax,bx)}. Then for every i € [k,

@i+1,bi+1 appear in order and are adjacent in lperm(M;).

Proof: We use proof by induction. The result clearly holds for M. Assume that a;1,b; 1 are adjacent
and in order in Iperm(M;) for 0 < j < . First notice that this assumption immediately implies that
@i+1,bi+1 appear in order in Iperm(M;).

To obtain a contradiction, assume that a;11, b; 1 are not adjacent in Iperm(M;). So, there exists some
¢ such that ¢ appears between a;11,b;11. Notice that nestings in M that are lexicographically smaller
than (a;11, b;+1) have had their left endpoints swapped to obtain M;. This fact will allow us to obtain a
contradiction. We will consider three cases based on the size of the label c.

First assume that a;+1 < b;11 < c¢. This implies that ¢ and b, 1 appear out of order in Iperm(M;), and
must have been swapped. However, (b; 11, ¢) is lexicographically larger than (a;41, b;+1), which gives a
contradiction.

Next assume that ¢ < a;+1 < b;iy1. In this case, ¢ and a;41 appear out of order in Iperm(M;). The
inductive assumption implies that at some step, (¢, a;41) must have been swapped and were a nesting in
My. However, this would also imply that (¢, b;11) is a nesting in M, that is lexicographically smaller
than (a;+1, b;+1); applying this swap would reverse the order of ¢, b; 1 as well. So, ¢ could not appear
between a;41 and b;1 and we have a contradiction.
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Finally assume that a;4+1 < ¢ < b;y1. We need to consider two further subcases dependent on
rperm(Moy). If ¢ appears before b; 11 in rperm(My), then ¢ and b; 11 are not nested edges by Lemma E
However, a;41 nests both ¢ and b; 1 in this case. It follows that (a;+1, ¢) is a lexicographically smaller
nesting in nep(My) and ¢, a;4+1 must have already been swapped. As a result, they cannot appear in order
in M;, giving a contradiction.

If instead b; 4.1 appears before ¢ in rperm(My), the condition on noncrossing edges in M and the fact
that a;41 and b;41 are nested implies that a;,1 and c are also nested. Again, this is a lexicographically
smaller nesting, which implies that a;+; and ¢ must appear out of order in M;, giving a contradiction. [

Lemma 4. Let M be a noncrossing matching, let My, My, . .., My, be the sequence of matchings as de-
fined in Definition B} and let nep(M) = {(ay1,b1), (az,ba), .. ., (ax, br)}. Thennep(M;) = {(ait1,bit1),
(@it2,bit2),- .., (ak,br)}; in particular, ne(M;) = k — 1.

Proof: We use proof by induction on 4. It is straightforward to show that nep(M1) = {(az, b2), . ..
; (an; br)}.

Now assume that nep(M;—1) = {(a;, b;), ..., (ak,br)}. By definition, we know that (a;,b;) is no
longer a nesting in M; = (a;,b;).M;_1. Additionally, since (a;, b;) were adjacent in Iperm(M;_1) by
Lemma , we know that (a;y1,bit1), (@it2, bit2), ..., (ak, by) are all still nestings in M, and that no
additional nestings are created by swapping (a;, b;). Therefore nep(M;) = {(a;+1, bit1),
(ai+2,bi+2),...,(ak,bk)}. O

It follows that the matchings we generate by the swaps in Definition E form a set of representatives
of the k 4 1 distinct nesting-similarity classes for matchings with the same LR-sequence as M. Let
NS, be the set of representatives of the nesting-similarity classes; that is NS, = {N € M(n) |
N = M, for some noncrossing matching M with at least 7 nestings}. We can now define the other half
of our bijection.

Definition 4. Define 7 : NCN,, — NS, where, if M is a noncrossing matching with nep(M) =
{(a1,b1), (az,b2),. .., (ar,bx)}, then T(M, a;,b;) = M; and 7(M,0,0) = M.

So, 7 will take the noncrossing matching M, which has the maximum number of nestings of any
matching with the same LR-sequence, and perform a sequence of left vertex swaps. Each swap converts
precisely one nesting pair of edges into a crossing pair of edges; these swaps continue until the associated
pair of edges is no longer nested. For an example of the mapping 7, see Figure E

Theorem 2. The mapping T : NCN,, — NS, is a bijection. Additionally, if M € M (n) is noncrossing,
7(M,0,0) = M.

Proof: Given some N € N'S,,, consider M = nc(N). If N = M (implying that N is noncrossing), then
771(N) = (N,0,0). Otherwise, by the definition of N'S,,, there exists some i such that N = M;. If
nep(M) = {(alv bl)v (a27 b2)7 SERE) (akv bk)}7 set Tﬁl(N) = (Ma Qg bl) u

Now, combining Theorems II| and E, we immediately obtain our desired result.

Theorem 3. The map o = 7o ¢ : LP,, — NS, is a bijection between L & P matchings and nesting-
similarity classes.
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Fig. 6: An example of the bijection 7, mapping from the noncrossing matching on the left, with chosen
nesting pair (2,5) to the representative of the nesting-similarity class with 5 nestings and LR-sequence
LLLRLLRLRRRLRR on the right.
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Fig. 7: Above is the result of first applying ¢ to an L & P matching to obtain a noncrossing matching with
an indicated nesting pair. Then, we see the result of applying 7 to the noncrossing matching with indicated
nesting pair to obtain a representative of a nesting equivalence class. Composed, this is the mapping o.

An example of this composition can be seen in Figure ﬂ

The images under the map o also form a set of representatives for the nesting similarity classes N'S,,.
Although Klazar proved that the classes exist, representatives of those classes were not explicitly provided,
and now we have done so.

Corollary 1. Since the bijection o has an intermediate step at the noncrossing matching associated to a
matching M, o has the following properties:

e [f M is a noncrossing matching, then o(M) = M.
e The LR-sequence of M is the LR-sequence of o(M).

Other properties that are sometimes preserved in bijections between matchings, such as number of nest-
ings or number of crossings, are not preserved by . However these statistics all fail to be equidistributed
between the two sets LP,, and IV S, so no other bijection exists that preserves them.

In the larger context, we note that none of the other Largest Hairpin Family matchings (LHF, D&P,
R&G, C&C) have closed forms for their enumeration sequences. However given that our map o relates
an L & P matching to a noncrossing matching and a nesting edge pair, and the fact that all of these
families are constructed inductively, we believe it may be possible to find a similar mapping involving a
noncrossing matching and some other matching property. The authors hope to explore this possibility in
future work.

The authors would like to thank the organizers of the Dagstuhl Seminar 16071: Pattern Avoidance and
Genome Sorting, which is where the problem was first presented, and where the authors had generous
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working time to explore the ideas in this paper. The authors also thank the referees for their helpful
comments which improved the readability of the paper.
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We study a randomized algorithm for graph domination, by which, according to a uniformly chosen permutation,
vertices are revealed and added to the dominating set if not already dominated. We determine the expected size of
the dominating set produced by the algorithm for the path graph P,, and use this to derive the expected size for some
related families of graphs. We then provide a much-refined analysis of the worst and best cases of this algorithm on
P,, and enumerate the permutations for which the algorithm has the worst-possible performance and best-possible
performance. The case of dominating the path graph has connections to previous work of Bouwer and Star, and of
Gessel on greedily coloring the path.

Keywords: permutations, graph domination, random algorithms, path graphs, asymptotics.

1 Introduction

In this paper, we consider an online algorithm for graph domination, which was introduced in [8]. The
algorithm is as follows: Let G be a graph on n vertices. Randomly label the vertices with distinct labels
1 through n, and let v; be the vertex labeled with the number i. Let V; equal U;Zl{vj}. After v; is
“revealed,” we see the entirety of the vertex-induced subgraph G[V;]. When G[V}] 1s revealed, if v; does
not have a neighbor in the dominating set D, we add it to D. We repeat this procedure until the entire
graph has been revealed, and as a result, D is an independent dominating set for G. In other words, we
reveal the vertices in random order, and, if the revealed vertex is not yet dominated, we add it to the
dominating set.

More rigorously, for a graph G on n vertices, the algorithm uses a uniformly random permutation
7w € S, to construct a sequence of independent sets ) = Do(w) € Di(w) C Dy(w) C -+ C Dy(w)
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where D, (7) is an independent dominating set for G, and returns D = D, (). In the ith step, put
D;(m) = D;_1(m) if v, neighbors any vertex in D;_1(7), or D;(7) = D;_1(m) U {vg, } if not. By
construction, every vertex will either be in D or will neighbor a vertex in D, but never both, so D is both
an independent set and a dominating set for G.

For an example of an application of the randomized algorithm described above, consider a street lined
with equally-spaced streetlights. The streetlights awaken at night asynchronously and decide whether
or not they must illuminate their surroundings. When a streetlight awakens, it senses whether or not its
position is already illuminated by another streetlight. If it is not illuminated, the streetlight begins to shine
its light; otherwise the light stays off. The expected number of lights on once all of the streetlights awaken
is equal to the expectation of the expected size of the dominating set for the path that we compute in this
paper, assuming that each streetlight may illuminate those lights to its immediate left and right. To save
energy in a situation such as this, it is preferable that fewer lights are required.

In 8], it is shown that this algorithm is near optimal for dense random graphs, in the sense that E| D] is
close to the domination number of G. Using a similar procedure, it is shown in [[L1] that the domination
number of a random graph is concentrated on two numbers. In this paper we study the complementary
problem of how well this algorithm performs for specific families of non-dense graphs. We begin by
studying the performance of this algorithm on the path on n vertices, P,,. We are then able to leverage this
information to learn about some other families of graphs. The result of this investigation demonstrates
that the algorithm does not perform as well on these sparse graphs as it does on the dense graphs on which
it has previously been applied.

Throughout this paper we will use G to denote a graph.

Definition 1.1. Let G be a graph with vertex set V. We say that D C V is a dominating set for G if its
neighborhood is all of V: forallv € V, v € D or v is adjacent to some vertex w € V.

The following notation will be useful:

Definition 1.2. Let G be a graph with vertex set {1,2,...,n}. Let 7 € S,, and say that the vertices
of G are revealed in the order 7, 73, ..., T,. Define I'(7) to be the resulting dominating set under the
algorithm described above, and let y(7) = |T'(7)|. We then define the expected online domination number
of G to be v,(G) = E(y(x)), i.e., the expected size of the dominating set created when our algorithm is
run on the graph, with 7 chosen from S,, uniformly at random.

After determining v, (P,) in Section [2} we then consider in Section the orders, realized by permuta-
tions, in which the vertices may be revealed that maximize the size of the dominating set, and enumerate
these worst-case permutations. This enumerative work leads to connections between this problem and the
work of Bouwer and Star [2] and of Gessel [5]], which studied cases of greedy colorings of P,, in which
only two colors are required; in particular, they enumerate the best-case permutations of path-coloring.
We show that when the length of the path is odd, that the best-case behavior for the path-coloring problem
coincides with the worst-case behavior for the domination problem, and when the length of the path is
even, that these two problems differ. We enumerate the number of permutations in the worst case. We end
by enumerating the permutations in which the algorithm gives best-case performance.

The connection between algorithms and permutations has been studied in the past; for instance, it is
well-known that stack-sortable permutations are those that avoid the permutation pattern 231 ([[7]]). Other
connections between sorting procedures and permutation patterns are described in Béna’s survey [[1]. In
particular, the problem of enumerating the permutations giving best-case and worst-case behavior have
also been considered. Moreover, in any satisfying worst-case analysis of an algorithm it is essential
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to demonstrate that a bound is tight, and so particular instances of worst-case permutations have been
studied. It is interesting to know what these permutations look like, especially when they are highly struc-
tured. For instance, this has been studied by Elizalde and Winkler in the case of “homing” sorting, for
which they obtain the upper bound on the worst case of the algorithm and then demonstrate that there
are super-exponentially many permutations that obtain this worst case [4]. However, they leave the exact
enumeration of this number as an open problem. As an example of a similar problem, we may con-
sider the problem of enumerating extremal Erd&s-Szekeres permutations, which are those permutations
of {1, ...,n%} not containing a monotone subsequence of length n + 1; this enumeration was completed
by Romik in [9].

2 A Study of P,

In particular, we are interested in computing the asymptotic behavior of +,(P,) where P, is the path
on n vertices. For simplicity, we define ~,(P,,) = 0 for n < 0. For ease of notation, we define P,, =
([n],{(i,i+1) | i € [n—1]}), so that our vertices come pre-labeled, where [n] denotes the set {1, ..., n}.

Theorem 2.1.

o Pn 2 1
lim 2en) €1 e
n—00 n 2¢2

Proof: We first claim that

n—2
Yo(Prn) =1+ % <Z %(R—)) : 2.1)
i=1

Suppose that the first vertex revealed in the online procedure is vertex ¢. Then ¢ must enter the domi-
nating set. As ¢ is in the dominating set, the vertices ¢ — 1 and ¢ + 1 are already dominated, whereas 7 — 2
and ¢ + 2 are not. Thus in order to finish dominating P,, we must separately dominate the two remaining
subgraphs, which are isomorphic to P;_5 and P,,_;_;. In particular, if ¢ = 1 or n, one of these paths is
empty. Next, note that when we consider each possible ¢ € [n], there are two instances in which we must
dominate P; for j € [n — 2] — once if we choose j + 2 as the first vertex and also if we choose n — j — 1
as the first vertex. Then as each ¢ is equally likely, the permutation induced on the subgraphs P;_» and
P,,_;_1 is chosen uniformly at random, we sum over these possible j, multiply by 2 to account for the
two instances for which we dominate each P;, and divide by n, giving the formula above.

Now let F'(x) = >, 50 Yo (Fn)z™. We multiplyby na™ and sum over n > 0 to find

2

x x
Fl(z) = ——= +2F
v (@) = o 2R )
Cancelling the x, we have the equation
1 T
Fl(z) = ——— +2F
and by solving the differential equation, we have
1

F _ —2(z+log(z—1))
(l’) C@ + 2(1‘ _ 1)27
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which then allows us to evaluate the function and determine that the constant is —1/2. We now wish to
determine the coefficients of F', which has the form

1, 1 1

P@) =5 o= Tap e

We already know that n + 1 is the coefficient of x” in ﬁ, so it will suffice to determine g,,, the

coefficient of 2™ in e~2¢ (I_%)Q To this end, note that

20w 1 S -2)" < j
e (B5) (Boe

=0

Collecting the ™ terms in the product we have

and 7o (Pp) = S-gn + 2, thus

%(Pn):_—l Z(nJrl—j)(_?)j ntl_—(n+3) - (=2  ntl

+
1 i
2 J=0 J: 2 2 = 2

We are interested in the asymptotic behavior of 7, (P, ), so we consider

—(n+3) Z”:(—z)i +n+1

li o(Pn = 1li .
im v,(Pp)/n = lim i 5

n—00 n—00 2n

=0
We can then evaluate the limit and recognize the power series as e~ 2 to conclude

lim 2eP) 11
n— oo n 2 262

O

Let C,, be the cycle graph on n vertices and H,, the wheel graph with n spokes. From our analysis of
the path graph P,,, we can deduce results for these related families of graphs.

Corollary 2.2. v,(Cy,) = 1 + Yo(Pr—3).
Proof: After we add one vertex to the dominating set, the undominated vertices form the graph P,,_3. [

Corollary 2.3. v,(H,) = 725 + 72570(Pa-3).
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Proof: If the center is revealed first, every vertex is dominated; otherwise, the center will not be included
in the dominating set. Since the remaining vertices form a path, the result follows. O

Other families of graphs are similarly easy to analyze. Consider x,,, the star graph with n leaves. If a
leaf is revealed first, then every other leaf must be in the dominating set, and if the center is revealed first,
it dominates every other vertex, so

2
n 1 n +1:®(n).

:n+1n+n+17 n—+1

Yo(*n)

For K,y the complete multipartite graph with partitions of size p;, note that once one vertex is placed
into the dominating set, all vertices outside that block of the partition are dominated and thus will never
be in the dominating set. Thus the remaining vertices in the partition must be added to a dominating set.
Thus to find 7, (K (;,} ), we simply weight by the size of each partition, and so

E:p2
o(Kip) = L,
Yol {p,}) Zpi

Remark 2.4. Note that we can obtain a lower bound on these quantities by applying the Caro-Wei bound
[3 [10]], which applies to a general graph GG. Let 7 be a permutation of the vertices of G taken uniformly
at random, which gives the sequence in which the vertices are revealed. For v € V define d*(v) to be
the number neighbors of v appearing after v in 7. Clearly we have that d* (v) is uniformly distributed on
{0, ..., d(v)}. Hence by linearity of expectations the expected number of vertices such that d*(v) = d(v)
isC' =3, 1/(1+d(v)). Vertices with d* (v) = d(v) are included in our dominating set, hence C is
a lower bound on 7o (G). This gives the bound v, (P,,) > (n + 1)/3 for the path.

3 Worst Case Permutations

In this section we consider the orders in which vertices may be revealed that maximize the number of
vertices included in the dominating set of the graph of P,. When n is even, at most n/2 vertices may
be included in the dominating set as no two vertices in the dominating set may be adjacent. Further,
the permutation 135...246... achieves this number. As any dominating set created by our algorithm is an
independent dominating set, and each such dominating set can be achieved (for example, by simply listing
those dominating vertices first in the permutation), the number of distinct worst-case dominating sets is
equal to the number of maximal independent dominating sets of the graph.

Proposition 3.1. Let k be a positive integer. If n = 2k — 1 is odd, there is only one maximal independent
dominating set of P,,. Moreover, this unique set consists of all odd-numbered vertices.

If n = 2k is even, then the number of maximal independent dominating sets of P, is equalto k + 1 =
n/2 + 1. Moreover, each maximal independent dominating set is either the set of even vertices, the set of
odd vertices, or a set of the form {1,3,5,...,25—1,2j+2,2j+4,...,n} forsomej € {2,3,..., k—1}.

Proof: First suppose that the length of the path is 2k — 1. The vertex 1 must always be in the independent
dominating set. If it were not, then 2 must be in the independent set in order for it to be maximal in size.
In this case 3 cannot be in the set, and so finding the largest independent set on the remaining vertices
reduces to considering the path on the vertices {4, 5, ...,2k — 1}. This new path is of length 2k — 2.
Because this is a worst-case permutation, there must be k vertices in the independent set, and so there
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remain k£ — 1 vertices to be added to the independent set. However, at most k — 2 vertices can be placed
on the remaining path. Thus 1 must be in the set and inductively every odd vertex in the path must be in
the independent set. We conclude that there is a unique maximal independent set of Poy_.

We now consider the even case, in which the path has 2k vertices. Note that if there is no pair of
consecutive vertices that are both not in the dominating set, then the dominating set will consist of vertices
of a common parity. Otherwise, there is at least one such pair; first suppose there is exactly one, ¢ + 1 and
1+ 2. We claim that ¢ must be odd. If ¢ were even, the remaining undominated entries 1, 2, ..., 7 — 2 would
form a path of even length, whereas i + 5,7 + 6, ..., 2k would form a path of odd length. In particular,
these paths can accomodate at most i/2 — 1 and k — i/2 — 2 vertices, respectively, in their dominating
sets. This sums to & — 3 vertices. As we have added two vertices to the dominating set already, we will
only manage to choose k£ — 1 vertices; however, k vertices are required for the set to be maximal, so this is
impossible. One may then check that adding every other vertex except leaving an additional gap between
1 and ¢ + 3 gives a maximal set, provided that ¢ is odd. We now claim that there can be at most one such
pair of consecutive non-dominated vertices. If there were two gaps, then we could take the rightmost
vertex of the leftmost gap, and the leftmost vertex of the rightmost gap, and translate those two vertices
and all those vertices between them one position to the left. Then there is a vacant spot next to where
the rightmost vertex that was moved originated, which we can add to the dominating set, and thus the
independent set was not maximal. O

Now that we have determined the possible worst-case configurations, we study which permutations
correspond to these configurations. We begin here with the study of the single configuration when n
is odd; this is the dominating set {1,3,5,...,n}. Let F, be the set of permutations which achieve the
worst-case bound. The following table summarizes the values of | F,| for small values of n and was
generated by explicitly testing each permutation in .S,,. In the case n = 3 the four permutations in F;, are
123,132,312, 321, i.e. those that do not start with 2.

1 1

2

3 4

4 24

5 56

6 640

7 1632

8 30464
9 81664
10 | 2251008
11 | 6241280

Proposition 3.2. Let f(n) = |F,|. For n odd, f(n) satisfies the recurrence relation

F) =20 - Dfn-2 + -2 Y (07

= i —2
1=3, 1 odd

)f(i %) f(n—i—1)

or equivalently,
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k-1
F(2k +1) =4k f(2k — 1) + (4k> — 2k) Z( ) (27 — 1) f(2k — 25 — 1).
= 25 —1
In particular, it is possible to enumerate | F,,| for n odd without knowing any values for n even.

Proof: Let fi(n) = |{m € S, : 7 € F,, and w(1) = i}|. Then f(n) = Y., fi(n) and f;(n) = 0 when
jiseven. When ¢ = 1 or ¢ = n = 2k + 1, the first vertex added is an endpoint of the path. It then remains
to dominate 2k — 1 more vertices, and the label corresponding to neighbor of the endpoint of the path may
appear anywhere in the permutation (as it will never be placed into the dominating set). The number of
permutations that give rise to a maximal dominating set on the 2k — 1 vertices is f(2k — 1), and there are
2k possible positions for the neighboring vertex, so f1(2k + 1) = for+1(2k + 1) = 2k f(2k — 1).

For 7 odd and not 1 or 2k + 1, choosing the ith vertex as the first to add splits the path into two parts
of odd length. The first « — 2 vertices must be dominated, and the final n — ¢ — 1 vertices must be
dominated, while the (¢ — 1)st and (¢ + 1)st vertices may appear anywhere in the permutation as they
will not be in the dominating set. Thus we must place an ordering on these two sets of vertices and
interleave them in any way we wish; there are (’:d) f(i—2)f(n —i— 1) ways to do this. We must

2
then choose positions in the permutation for the two neighbors of the first vertex chosen, so in this case

filn) = (n = 1)(n—2) (") i — 2)f(n—i — 1). O

It turns out that the subsequence { f(2k + 1)}ren has been encountered in conjunction with weakly
alternating permutations. We say that a permutation 7 € \S,, is weakly alternating if for every even index
¢ we have either ;1 < m; or m;11 < m;, i.e. there is a weak peak at i. Let W, be the set of weakly
alternating permutations of order n.

Proposition 3.3. We have |F,| = |W,| for odd n. In particular, the map that sends ™ — 71 is a

bijection from F,, into W, for n odd.

Proof: Suppose that 7 € F,, for odd n. The dominating set I'(7) consists of the odd-labeled vertices
along the path. For each even i € [n], one of i — 1 and ¢ + 1 must be in the dominating set by the time that
1 is revealed as otherwise ¢ would be added to the dominating set. Moreover, requiring that one of ¢ — 1
and 7 + 1 appear before ¢ in the permutation is clearly sufficient to ensure that ¢ is not in the dominating
set and that every odd vertex is dominated. Now consider 7—. We claim that 7~ is weakly alternating.
If some even ¢ € [n] appears at index & in 7 we have either ¢ — 1 or ¢ + 1 at some index j < k. Without
loss of generality suppose that 7w(j) =i — 1. Then 7= (i — 1) = j and 7~ (i) = k, and so 7' does have
a weak peak at every even i. Now suppose that o is a weakly alternating permutation. Suppose without
loss of generality that o(i) = k and o(i — 1) = j < k, then 0~1(j) = i — 1 appears before o1 (k) = i.
Thus the map that sends m — 7! is a bijection between F,, and W,, for odd n. ]

To enumerate W, for n odd, recall that the complement ¢(7) € S, of a permutation = € S,, is defined
by ¢(m); = n+ 1 —m; [6]. The complement of a weakly alternating permutation with weak peaks at even
indices is a permutation with no local maxima in even positions. Permutations of odd length with no local
maxima in even positions are enumerated in OEIS sequence A113583|
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3.1 Connection with Path Coloring

Permutations with no local maxima in even positions have been studied previously in relationship to
greedy graph colorings of the path. With some predetermined ordering on the vertices, the greedy al-
gorithm for coloring a path labels each vertex, in order, with the lowest number so that no two adjacent
vertices receive the same label. In particular, suppose that we color the vertices in the order that they
appear in 7. Then the number of permutations in which the odd vertices are colored 1 and the even ver-
tices are colored 2 is equal to the number of permutations of odd length with no even local maxima [2].
However, the form of the extremal permutations differs from the graph coloring problem when the length
of the path being colored is even. In particular, let D(n) be the number of permutations in .S,, which lead
to all of the odd vertices of P, being placed in the dominating set. Gessel discovered in [3] that if G(z)
is the odd part of the exponential generating function (G(x) = D(1)z/1! + D(3)23/3! + - -+),
sinh

Glzr)=——"7" @3.1)

coshx — xsinhx
and also that if H(z) = D(0)/0! + D(2)x2/2! + D(4)z*/4! + - - -, then
1

coshx — xsinhz’

H(z) = (3.2)

These formulas were studied prior to the work of Gessel in a different form in [2].

3.2 Enumerating F,

We now turn to the remaining problem of enumerating the worst-case permutations of even length. In
particular we establish the following.

Proposition 3.4. Let f(n) = |F,,| and define f(0) = 1. With values of f(n) for n odd as in Proposition
when n is even, f(n) = f(2k) satisfies the recurrence relation

f(n):2(n—1)f(n—2)+(n—1)(n—2)z_:(”_3>f(i—2)f(n—z'—1)

; 1—2
1=2

or equivalently,

2k—1
F(2k) = (4k — 2) f(2k — 2) + (4k* — 6k + 2) Z <2F_23>f(i —Df2k—i—1)

The proof is similar to the case that n is odd, except that choosing a vertex other than the first or last
splits the path into an odd-length path and an even-length path, which must be dominated separately, and
we cannot throw out the cases in which ¢ is even; in fact, by symmetry, the procedure is the same as when
1 is odd).

Theorem 3.5. Let F), be the set permutations which achieve the upper bound for the number of vertices in

the dominating set when the online algorithm is run on the path. Let F(x) be the exponential generating
function for |F,,|. Then

sinh x 1

F(z) = (33)

: + - .
coshz — zsinhz  (coshz — zsinh z)?
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One immediate advantage of this view is that the coefficients of the exponential generating function are
exactly the probabilities that a randomly chosen permutation in \S;, gives rise to a maximal dominating set
by this online algorithm.

Proof: We have already established that the first term in the sum corresponds to the odd powers of z
by our remarks in Proposition [3.3] and so the even case is all that remains. To finish the proof we show
combinatorially that

- . ~[2n
|Fan| = ;D(Qn 2i)D(2i) (22)
a convolution which gives us the second term in the sum to account for the even powers of x.

Suppose that 7 is a permutation in Fy,,. If all of the vertices in I'(r) have the same parity, then we have
that either  is a permutation counted by D(2n) or the reverse of 7 is a permutation counted by D(2n).
This deals with the cases in the above equation where 7 is 0 or n. Otherwise, from Proposition [3.1] we
know that I'(rr) has the form {1,3,5,...,25 — 1,25 + 2,25 + 4, ..., 2n}. Now let 7’ be the permutation 7
restricted to the set [27] and let 7"/ be the permutation restricted to the remaining elements. By the form
of I'(w) we have that 7’ is counted by D(27). Subtracting 25 from the elements of 7’ and reversing their
order provides similar inclusion in D(2n — 25). Moreover, consider taking two permutations o counted
by D(2n — 2j) and 7 counted by D(2j) for 0 < j < n. Reverse the entries of 7, add 2n — 2j to each
entry and now place the entries of this new permutation among the entries of o to create a permutation
m. This map is clearly an injection and moreover there are (3’;) ways of merging the two permutations
as each way of merging them is selected by the choice of 2¢ entries which the image of 7 occupies. For
example, if we take o = 534216 and 7 = 135642 then 7 — 246531 +— 8(10)(12)(11)97. We can then
join these permutations, for instance, as

7 = 58(10)342(12)(11)1697 and T'() = {1, 3,5,8, 10, 12}.

The vertices 25 and 2j + 1 are never placed into the dominating set by this procedure as they never appear
before 25 — 1 or 25 + 2, respectively, in 7. Then as neither of 25 and 25 + 1 are in the dominating sets, the
vertices less than 25 are effectively dominated independently from the vertices greater than 25 + 1. [

The proofs of the formulas for G(x) and H(x) given in [3] are purely combinatorial, and so as the
above proof is also combinatorial, Theorem [3.5] has been proven by purely combinatorial means.

4 Best Case Permutations

In this section we enumerate the permutations for which the algorithm gives the optimal result. Given
a permutation € S,, with corresponding dominating set I'(7), each vertex of I'(7) dominates at most
three elements of P,,, and thus the minimum size of a dominating set is [n/3]. Dominating sets achieving
this bound are easy to construct: pick all of the vertices with a label congruent to 2 modulo 3 as well as the
final vertex. We enumerate these permutations in three different cases. In particular, the resulting formula
depends strongly on the congruence class of n modulo 3. Let B,, be the set of permutations of length n
which achieve the lower bound on the size of the dominating set.

Throughout this section, we will lean heavily on the following idea: when we run the online algorithm
on a graph GG and hope to produce a best-case independent dominating set, if at some point have an
independent (not yet dominating) set D’, in order to minimally dominate G moving forward we must
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minimally dominate all of the components of G ~. H, where H is the graph induced by the neighborhood
of D'. In other words, a partial independent dominating set breaks the graph into components each of
which can be considered independently of the others.

Proposition 4.1. For n = 0 mod 3, we have that

n'

|Bn| = FEYER

4.1

Proof: Note that for any dominating set I'(7) for 7 € B,, we have that I'(7) = {2, 5,8, ...,n — 1} as each
vertex is dominated exactly once. Choose a permutation 7w € S,, uniformly at random. The probability
that 7 € B, is exactly the probability that 3k 4 2 appears before both 3k + 1 and 3k + 3 for each
k€ {0,...,% — 1}; this is exactly ﬁ, and the result follows by linearity of expectation.

O

We next consider permutations of n for which n =2 mod 3.

Proposition 4.2. For n = 2 mod 3, we have that for n > 2,
B n\ (n—>5)! (n—2 n\ (n—2)!
(2 8ot (122 o) 22

Proof: We consider two cases separately; either I'(7) contains one of 1 or n or it does not. In the case
that I'(7) contains 1 then 7 restricted to {3, ..., n} is dominated minimally. In particular, this set contains
a number of vertices congruent to 0 modulo 3 so the permutation 7 when restricted to {3, ..., n} is of the
type in B,,_o. We must place the entries 1 and 2 in order within such a permutation, thus there are

n\ (n—2)!
(&)
such permutations. The analysis when n € T'(r) is similar.

Next suppose that neither 1 nor n are in the dominating set. We claim that there exists a unique vertex
which is dominated by two vertices. Each vertex dominates three vertices, and as there are [n/3] members
of the dominating set and this number is greater than n/3 by exactly 1/3, there must be a unique vertex
that is dominated by both of its neighbors. We now count permutations = € B,, which have a unique pair
of indices i, 7+ 2 in their dominating set. For such a permutation, note that if we restrict 7 to {1, ...,4—2}
and {i + 4,...,n}, each of these sets must contain a number of vertices congruent to 0 modulo 3 as
otherwise the remaining vertices in the dominating set cannot possible dominate the rest of the graph. We
can count the number of ways to dominate the vertices {1, ...,7 — 2} and {i 4 4, ..., n} as in the previous
proposition. There are 24 permutations o of {¢ — 1,4,i + 1,7 4+ 2,4 + 3} such that I'(0) = {4, + 2},
and there are (g) ways of combining ¢ and the permutation defined on the remaining vertices. There are
(n — 2)/3 ways to choose 7. Multiplying all of these choices together then gives the result. O

Finally we consider the hardest case, n = 1 mod 3. In the previous two cases, the permutations were
highly structured, as there was at most one vertex dominated by both of its neighbors. This case is more
complicated because this restriction is slightly loosened.
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Proposition 4.3. For n = 1 mod 3, we have that forn > 7,
B, = 720(n>n—4 (n—"7)! 4942 <10> (n> <(n - 4)/3> (n—10)! +6<n) (n—4)!
7 3 3(r-7)/3 5 10 2 3(n—10)/3 4 ) 3(n—4)/3
n\ (n —4)! n\/n—2\(n-—"7!n—-4
+2 <9 (4> 3(n—4)/3 + 24<2> < 5 ) 3(n—=7)/3 3) :

Proof: We enumerate different subsets of B,, separately, with the subsets essentially defined in terms of
how each member dominates the end vertices. We begin by considering those m € B,, such that neither
1 nor n is contained in I'(7). Let k be such that n = 3k + 1. As each vertex of the dominating set
dominates three vertices (including itself) and there are k + 1 vertices in the dominating set, there exist
exactly two vertices i, 7 ¢ I'(m) that are dominated by two other vertices. We further separate into two
cases, depending on whether or not |i — j| = 2.

Suppose first that (without loss of generality) 7 — ¢ = 2, then the dominating set contains the three
vertices ¢ — 1,47+ 1,4+ 3. Moreover, note that if we restrict 7 to {1, ...,4 — 3} and {i + 5, ..., n} that there
are n—7 vertices left to dominate with k—2 vertices remaining to put into the dominating set. In particular,
this shows that we must have a multiple of three vertices in each of these blocks, and also, because we
have so few remaining vertices, the dominating set is completely determined. Moreover, computing by
brute force gives that there are 720 ways to dominate the vertices ¢ — 1, ...,7 + 5 with 4,7 + 2, and ¢ + 4.
Then there are k — 1 = (n — 4)/3 possible values that i may take, so we have the first term in the formula.

Next suppose that |j — | # 2. Then there are exactly two pairs ¢ — 1,i + 1 and j — 1,5 + 1 in I'(w),
and they are disjoint. There are 24 ways to minimally dominate each block {i — 2, ..., i + 2} (necessarily
including 7 — 1 and 7+ 1 in the dominating set) individually. Moreover, by counting the number of vertices
that need to be dominated outside of the blocks we know that each of the sets {1, ...,i—3},{i+3, ..., j—3}
and {j + 3, ...,n} has size a multiple of three. There are (*;") ways to pick i and j. Then multiplying all
of this information together as before gives the second term in the expression.

Now suppose that both 1 and n are contained within the dominating set. Then 7 restricted to {3, ...,n—
3} must dominate n — 4 vertices with k — 1 vertices, so we may treat these remaining vertices as though
they belong to the case where n = 0 mod 3. Note that there are 6 ways to dominate {1,2,n — 1, n} with
1 and n so joining these with a permutation that dominates {3, ...,n — 3} gives the second to third term
in the equation.

Next suppose that 1 is in the dominating set but that n is not (the case in which n is in the dominating
set but 1 is not is analogous, so we multiply the relevant terms by 2). Consider the subcase in which 3 is
also in the dominating set. Restricting to the vertices {5, ...,n}, we have n — 4 vertices to dominate and
k —1 = (n —4)/3 vertices to add to the dominating set. Thus we may consider 7 restricted to {5, ...,n}
as being a permutation in B,,_4. There are 9 ways to put 1 and 3 but not 2 and 4 in the dominating set.
Thus combining as before we obtain the first summand in the final term.

Finally, suppose that 1 is in the dominating set but 3 and n are not. In this case we consider the
restriction of 7 to {3, ...,n} and identify this with a permutation in B,,_o. Each such permutation arises
by combining a permutation in B,,_s which does not include 1 or n — 2 in its dominating set with the
permutation 12 € S5. From our analysis in Proposition we know such permutations have a pair of
entries in their dominating set ¢, ¢ 4+ 2. Selecting that pair of entries and enumerating as before gives us
the second summand within the parentheses. As these different cases are exhaustive, we have finished the
proof.
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O

For completeness, we also include the following table, which gives the values of |B,,| for small n.

| Bul
1
2
2
24
64
80
3408
9856
13440
1377792
4139520

= - Y N N N

5 Further Questions

There are a number of questions which arise from study of this random online algorithm. One obvious
question concerns the enumeration of other types of permutations with respect to the number of vertices
they will cause to lie in the dominating set.

Figure 1: () plotted for 40000 randomly chosen permutations 7 in S2000-
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There is another question which is more closely related to the probabilistic section of the paper. Given
the distribution of S, under the map y on the line, one can appropriately normalize and then ask whether
this distribution is converging to some limit distribution. We have done some tests of this and the results
seem encouraging, cf. Figure[l} Note that because (7) for w € S,, is between about 1/2 and n/3 that
normalizing by n and translating will result in a limiting distribution with compact support, which will
not be normal.
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We consolidate what is currently known about packing densities of 4-point permutations and in the process improve
the lower bounds for the packing densities of 1324 and 1342. We also provide rigorous upper bounds for the packing
densities of 1324, 1342, and 2413. All our bounds are within 10™* of the true packing densities. Together with the
known bounds, this gives us a fairly complete picture of all 4-point packing densities. We also list a number of upper
bounds for small permutations of length at least five. Our main tool for the upper bounds is the framework of flag
algebras introduced by Razborov in 2007.

Keywords: permutation density, permutation packing, permuton, subpermutation

1 Introduction

In this paper, we study packing densities of small permutations. A permutation is an ordered tuple uti-
lizing all integers from {1,...,n}. We say that S = S[1]S[2]---S[m] is a sub-permutation of P =
P[1]P[2] - - - P[n] if there exists an m-subset {k1, ...,k } of {1,...,n} such that forall 1 < i,j < m,
S[i] < S[j] whenever P[k;] < P[k;]. We denote by #(S, P) the number of occurrences of .S as a sub-
permutation of P. Let P, be the set of all permutations of length n. If #(S,n) = maxpep, #(S, P),
then the packing density of S is defined to be p(S) = lim, o0 #(9,n)/(]").

The study of permutation packing densities began with Wilf’s 1992 STAM address. Galvin (unpub-
lished) soon rediscovered the averaging argument of Katona et al| ([1964), thus proving that p(S) exists
for all permutations S. The original argument was in the setting of graph theory. In 1993, Stromquist,
and independently Galvin and Kleitman (both unpublished), found the packing density of 132. Up to
symmetry, 132 is the only permutation of length 3 with a non-trivial packing density.

For 4-point permutations and their packing densities, it is useful to consult Table EI First results for 4-
point permutations, including 1324, 1432, and 2143, came as part of the investigation of various layered
patterns by (1997). Later, ;Albert et al] (2002) proved a tight upper bound for 1243, and upper
bounds of 2/9 for both 2413 and 1342. The current lower bound for the packing density of 2413 was
given by Presutti and Stromquis{ (2010). The upper bounds of 0.1047805 and 0.1988373 for 2413 and
1342, respectively, are mentioned in passing in Ealogh et al| (2013). They do not discuss them any further.

It is worthwhile to point out that Balogh et alf (R015) used flag algebras to attack the packing density

problem for monotone sequences of length 4. To the best of our knowledge, the only other application
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| S | lower bound | ref LB | upper bound | ref UB |

1234 1 trivial 1 trivial

1432 153 Pricd (1997 153 Pricgd (w)
2143 3/8 trivial 3/8 Pricd (]1997)
1243 3/8 trivial 3/8 IAlbert et al] (P007)
1324 | 0.244° Pricd ([997) — Pricd (1997)
1342 y* Batkeyey| 0.1988373* | Balogh et alf (RO19)
2413 | ~0.104724 | Presutti and Stromquis{ (2010) | 0.1047805* | Balogh et al| (2019)

Tab. 1: Overview of packing densities for 4-point permutations. Values 8 and ~ are known exactly: 8 =
6V V2—1—6/vVV2—1+4~ 0423570, v = (2v/3 — 3)3 ~ 0.19657960. We know that the packing density
of 1324 is close to 0.244 but there is no non-trivial upper bound. The items with an (*) asterisk will be updated by the
current work.

of flag algebras to permutation packing, although indirect, is by [Falgas-Ravry and Vaughan| (2013). They

obtained the inducibility (as packing density is refered to in graph theory) of a 2-star directed graph A
Their result implies the known upper bound for the packing density of 132. Later, used an
argument exploiting equivalence classes of vertices to extend the result to all directed k-stars. This argu-
ment was known in the permutations setting since used it to establish the packing densities
p(1k...2) for all k. Similarly, although flag algebra software package Flagmatic, written by
), has been available since 2013, it has not previously been used to obtain an upper bound on the
packing density of 1324.

Therefore, we decided to use the flag algebras method to collect, enhance, and improve results in
permutation packing densities. In addition to the mathematical content, we make available a flag algebras
package for permutations, PermpacK, written as a script. For more information about the software,
follow Peveloperg (R017). It does all our computations and can be used for further research. Permpack
uses syntax similar to Flagmatic, but requires no installation. We hope this makes it more user friendly.

The rest of this paper is structured as follows. The aim of Section ] is to introduce notation and con-
cepts, including the part of flag algebras that we need. While (R007) presented flag algebras in
the general setting of a universal model theory without constants and function symbols, we choose per-
mutations to be the structures on which we base our exposition. Sectionﬁ presents the main results of this
chapter. We use flag algebras to provide upper bounds for the packing densities of 4-point permutations
1324, 1342, and 2413. We learnt belatedly about the existence of the latter two bounds from
). Regarding lower bounds, we give a new lower bound construction for the packing density of 1342
that meets our upper bound to within 1075, In case of 1324, we provide a lower bound that agrees with
the upper bound on the first five decimal places. Section #f gives a list of selected upper bounds to illustrate
the potential of the flag algebras method in the area of permutation packing. These results are not best
possible, but can be obtained effortlessly by using our flag algebras package Permpack.

2 Definitions and concepts

A pattern of length k, where k < n, is a k-tuple of distinct integers from [n] := {1,...,n}. Pattern of
length n is called a permutation. We write tuples as strings: 1324 stands for (1, 3,2,4). Two patterns P
and S of length k are identical, if P[i] = S[i] for all i € [k]. They are order-isomorphic if for all pairs
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of indices 4, j, it holds that P[{] < P[j] implies S[i] < S[j]. Foraset I = {i1,...,%m} of m indices
from [n], the sub-pattern P[I] is the m-tuple P[i1|P[ig] - - P[i,]. By overloading the notation slightly,
we also use P[] to refer to the subpermutation of length m which is order-isomorphic to the sub-pattern
P[I].

A decreasing (increasing) permutation of length k is the k-tuple k. . . 321 (123 . . . k). A permutation P
is layered, if it is an increasing sequence of decreasing permutations. To be exact, a layered permutation P
is a concatenation of smaller permutations P = P} P> ... Py such thatforall 1 < ¢ < ¢, P; is a decreasing
sequence of consecutive integers satisfying the following: if x € P; and y € P; with¢ < j, then z < y.
For instance, 321465987 can be partitioned as 321|4|65|987, so it is layered. On the other hand, 2413 is
not layered.

Given S and P of lengths m and n, respectively, we let #(S, P) denote the number of times that S
occurs as a subpermutation of P. The density of S in P is

#(5, P)

(n)

If n < m, we set p(S, P) = 0. Intuitively, p(S, P) is the probability that a random m-set of positions
from [n] induces a pattern in P that is order-isomorphic to S. For example, p(12,132) = 2/3 as both 13
and 12 are order-isomorphic to 12 while 32 is not.

Let F be a set of forbidden permutations. We say that permutation P is F-free if #(F,P) = 0
for all F' € F. Such P is also said to avoid F or be admissible. We denote by P, the set of all
admissible permutations of length n. It will always be clear from context what F is. If 7 = (), then the
admissible set P, is the set of all permutations of length n. Notice that if P is admissible, then so are all
its subpermutations. Most of the work in this paper concerns the case when F = (). However, the setting
remains the same whenever J is non-empty, and we provide a few examples to this effect.

p(S,P) =

Fig. 1: Permutations in P3, with F = (). From left to right: 123, 132, 213, 312, 231, 321.

Let P € P, and S € P,, be admissible permutations, and assume m < n. The maximum value of
p(S, P) over P € P, is denoted by p(S, n). Conversely, a permutation P such that p(S, P) = p(S,n) is
an S-maximiser of length n. It is well-known that for every S, the sequence (p(S,n)), -, converges to a
value in [0, 1] because it is non-increasing and stays between 0 and 1. See Katona et al] (1964). We are
now ready to define the quantity that we study, packing density.

Definition 1. Let S be a fixed permutation and P = U,,>1P), the set of admissible permutations. The
packing density of S is
p(S) = nh_)rrgop(S, n).

For example, the packing density of 12 in 123-free permutations is 1/2. Notice that every maximiser
of size n has at most two layers. It is then easy to see that they should be of balanced sizes for the packing
density to be maximised, i.e. [n/2] and [n/2]. Let P, be such balanced 2-layered maximizer of length
n. Clearly, p(12, P,,) — 1/2 as n — co.
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We now formalise the ideas about asymptotic quantities and objects that the discussion is leading to.
Let (Py)n = P1, P, Ps, ... be a sequence of permutations of increasing lengths. We say that (P, ),, is
convergent if for every permutation S, (p(S, P,,))$2; converges. A permuton p is a probability measure
with uniform marginals on the Borel o-algebra B([0, 1]?), i.e. for every a, b € [0, 1] with a < b, it holds
that u([a, b] x [0,1]) = b —a = u([0,1] x [a, b]). See examples of permutons in Figure P

(a) Increasing (b) Lebesgue (c) 1243-maximiser

Fig. 2: Examples of permutons. In (a) we have the limit of (1...n)n2;, in (b) it is, with probability one,
the limit of a sequence of randomly chosen permutations of each length, and in (c) we have the limit of

(... |n/2)n... [n/2]),.

Let p be a permuton and S a permutation on [m]. One can sample m points from [0, 1]? according
to p and with probability one they will be in general position (no two aligned vertically or horizontally).
We define p(S, ) as the probability that a randomly sampled m points from [0, 1]? according to y are
order-isomorphic to S. It turns out that every convergent sequence of permutations has its permuton
and vice versa. In particular, Hoppen et al| (R013) proved that for every (P, ),>0 there exists a unique
permuton g such that for every S, p(S,n) = lim, o p(S, P,,). In this sense, y is the limit of the
sequence (P, ),. In the other direction, they proved that if 4 is a permuton and P, is a permutation of
length n sampled at random according to x from [0, 1]2, then with probability one the sequence (P,,).,
is convergent (with p as its limit). The concept of permutation limits was known as “packing measures”
since Presutti and Stromquis{ (R010) used them for constructing the 2413 lower bound. In the current
work, we use permutons mainly to describe extremal constructions that yield our lower bounds.

2.1 Flag Algebras

The term flag algebras refers to a framework first introduced by (R007). It proved to be a
very useful tool for researchers in extremal graph theory, but found use in other fields as well. For
an overview of results aided by flag algebras, see Razborov’s own survey ©013)). For more

extensive expositions, see the PhD theses of Bperfeld (R014). By now, there are also
many papers with explanations and examples such as B algas-Ravry et al] (R013),

Falgas-Ravry and Vaughan| (2012), Falgas-Ravry and Vaughan| (2013). For a long list of important results
across disciplines of discrete mathematics that were aided by flag algebras, see the abovementioned theses,
especially Chapter 1 of (R014)). The main flag algebra result in permutations is Balogh et al] (R013).
In their work on quasirnadom permutations, [Kral’ and Pikhurkd (R013) mention flag algebras as another
way to think about the subject. It is important to note that the method of flag algebras has evolved from
other combinatorial and analytic methods in combinatorics which had been used by researchers for a long
time. The Cauchy-Schwarz type arguments can be found in e.g. W ([1997) as early as 1990s.
The ideas pertinent to quasirandomness have been around since [Chung et al] (I1988). And while there
are other analytic methods that were used successfully to attack extremal problems in combinatorics, the
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method of flag algebras is syntactical and lends itself to automation. The syntax-based nature of flag
algebras is the main feature that distinguishes the theory of flag algebras from the theory of dense graph
limits (see e.g. ()). The crux of the method is a systematic conversion of the combinatorial
problem into a semidefinite programming problem. The latter can be solved (efficiently) by current SDP
solvers. The numerical values returned by the SDP solvers then need to be transformed to exact values
(rational or algebraic) to provide valid upper bounds on packing densities.

Before we delve into the method itself, let us consider an example from before. For the remainder of
this section, assume that all objects (permutations, flags, types) are admissible unless stated otherwise.
Now, assume that we are looking for 123-free permutations P that are as 12-dense as possible. We get the
following bound without much effort.

p(12, P) = p(12,123)p(123, P) + p(12,132)p(132, P) + p(12, 213)p(213, P)

=0
+p(12,231)p(231, P) + p(12, 312)p(312, P) + p(12, 321)p(321, P) )
cmaxd2211,1_2
=Wax 337337 T 3

This is strictly better than a trivial bound of 1. However, observe that there is no P of length greater than 4
such that p(132, P) 4+ p(213, P) = 1. This follows from Erd&s-Szekeres theorem (adapted) which states
that a permutation of length (r — 1)(s — 1) + 1 contains either an increasing subpermutation of length r
or a decreasing subpermutation of length s. Hence, a permutation of length 5 contains 123 or 321 as a
subpermutation. So there are always subsets of size 3 in P which do not induce 132 or 213. Therefore,
the bound of 2/3 is unachievable in practice. Knowing this, it would be useful to be able to control how
copies of small permutations, such as 132 and 213, interact inside larger permutations. The method of flag
algebras helps us systematically take into account the ways in which small patterns overlap inside larger
structures. This takes the form of extra coefficients in front of p(12, P) terms in (ﬁl). If chosen well, they
shift weight away from the large values like p(12,231) and p(12, 312) and thereby reduce the maximum
over all of them.

In general, the process is analogous to the example above. If S is a small permutation whose packing
density we seek to determine, we pick a reasonably small value N > |S|. The crude bound then looks as
follows.

p(S,P)= > p(S,P)p(P,P)
P'ePn
< S, P’ 2
< gax p(S, P') )
Before we describe how exactly we leverage overlaps between small patterns, we need to define flags,
types, and operations on them.

Definition 2 (Flag). A permutation 7-flag S7 is a permutation .S together with a distinguished subpermu-
tation 7, also called an intersection type.

See Figure P for a list of all 1-flags on two vertices. The set of all admissible 7 flags of length m is
denoted by P7.. If 7 is the permutation of length 0 or 1, we write P9, and P}, respectively. Notice
that P2, = P,,. The support T of 7 in ST is the set of indices of S that span 7 in S™. We say that
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Fig. 3: If 7 = 1 (as permutation), then there are four distinct 7-flags of length two. The empty circle marks 7 in each
flag.

two permutation flags ST* and S5 are type-isomorphic if S1 = S and if the supports of 71 and 7, are
identical. For instance, in Figure B, S{ and S} are not type-isomorphic, because the support of 7 in ST is
1 and in S} it is 2. For convenience, we set t := |7|.

Definition 3. Let S be a 7-flag of length m, P™ a T-flag of length n > m. We define #(S7, P") to be
the number of m-sets M C [n] such that P[M] is type-isomorphic to S™. Flag density is then defined as
follows
#(S7, P7)
n—t
(mft)
In other words, p(S™, P7) is the probability that a uniformly at random chosen subpermutation of length

m from P7, subject to it containing 7, induces a a flag type-isomorphic to S7. For instance, consider the
following flag densities. The empty circle denotes 7 = 1.

%) =1, p(e%0*) =0, p(s°.°)=1/2

Finally, we define joint density of two flags, p(S7, S7; P7), as the probability that choosing an m;-set
M; C [n] such that P[M;] contains 7 and choosing an mg-set Mz C [n] such that P[M>] contains 7
and M; N My = 7 induces 7-flags P[M1]™ and P[M>]™ in P™ which are type-isomorphic to ST and S7,
respectively. The following proposition turns out to be useful (Lemma 2.3 in ()). It says
that choosing subflags with or without replacement makes no difference asymptotically.

p(ST, PT) =

Proposition 1. Let ST and S3 be flags on my and mo vertices. Let n > mq + mgo — t and P7 be a flag
on n vertices. Then

p(ST, PT)p(S3, PT) = p(ST, 53; P7) + o(1),
where o(1) — 0 asn — oo.

Let £ = |Py,| and fix an order on elements of P,. Let S7, ST be 7-flags from Py, and P a 7-flag
from P;. Furthermore, let x be a vector with i-th entry p(S7, P7), and let Q™ be a positive semi-definite
matrix with dimensions ¢ x £. Then by Proposition || and since Q™ = 0, we have

0<xQ"x" =Y Q[p(S7,S],PT) +o(1).

1,j <l

Moreover, if we let o be a uniformly at random chosen type in P of length ¢, the inequality above remains
true. Moreover, an “average” o preserves the non-negativity as well.

0<E, (xQx") =D Qmr Y p(S],S7;P7) +o(1). 3)

i,j<t (t) JE(["])
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Next, we write the above expression in terms of permutations on N vertices. Having all information in
terms of the same objects allows us to combine it together.

B, (x@x") = 3 sz(—i) ST ST (S8 (P o)p(P, P) + of1)

i<t oe(i) P'ePy

-y Z@;ﬁ S p(S7.S7:(P0)) | p(P', P) +o(1)

P'ePy \ i,j<t 1/ ge(l)

Notice that the last expression is of the form } p,p, a(P’,m, 7)p(P’, P). There is one of those for
each type 7 and value m. Every such choice will require another matrix 7. In practice, we first choose
N, then take all possible pairs of ¢t and m such that N = 2m — ¢. Thus once N is fixed, the choice of
t determines the rest. Therefore, let a(P’) = Y _«a(P’,m, ) and recall that the expression that we are
trying to minimise, subject to Q™ = 0 for all 7, comes from (E). By adding inequalities of the form of (E)
to (E), we obtain

p(S,P) = Z p(S,P/)p(P/,P)

P'ePn
< > (S, PYp(P,P)+ > aP)p(P,P)
P'ePn P'ePn
< / / .
< max {p(S. P') +a(P")} o

This problem () has the form of a semidefinite programming problem subject to the condition that Q™ >~ 0
for every type 7. There exist numerical solvers, such as CSDP or SDPA, that we can use. However, the
solution is in the form of numerical PSD matrices. These need to be converted to exact matrices without
floating-point entries in a way that preserves their PSD property and still yields a bound that we are
satisfied with. Since none of our bounds is tight, we will take a shortcut in rounding. Let Q) be a numerical
matrix returned by the solver. Since it is positive semi-definite, it admits a Cholesky decomposition into
a lower and upper triangular matrices: Q' = L’L'". We compute this decomposition and then round
the L’ matrices into L matrices in such a way that they do not have negative entries on the diagonals.
In certificates, we provide these L matrices instead of () matrices. This way, one can readily check that
Q = LLT = 0 by inspecting the diagonal entries of the L matrices.

2.2 Example

The following example is a done-by-hand flag algebras method on a small problem of determining the
packing density of 132. We have a lower bound of 21/3 — 3 ~ 0.464101615 ... given by the standard
construction. Assume we want to obtain an upper bound for the packing density of 132. Let P be a (large)
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132-maximiser of length n and let 3 < ¢ < n. By @ we get
p(132) < p(132, P)

= > p(132,P")p(P', P)
P'ePy

< 132, P').
< e pusz )

We choose £ = 3 and set A = 21/3 — 3. Now consider

A = Ap(123, P) + (A — 1)p(132, P) + \p(213, P) + >
5A—3

p(231, P)

+ p(312, P) 4+ Ap(321, P).

Adding the linear combination A of P’ densities to the previous crude upper bound improves it to .

p(132,P) < 7 p(132, P)p(P', P) + A
P'ePy

S5A—3 52 -3

< [
max {AaAv)\a 6 ’ 6 3A}

P'ePy
=

The key property of A is that it is non-negative for all P, including all P’ € P3. Let o be a randomly
chosen vertex out of the three available. The matrix @) below is positive semi-definite and xp/ is a vector
of flag densities for flags in Figure E:

xpr = (plo% (P',0)) p(*, (P',0)) p(e (P',0)) pleo (P',0)))

0 0 0 0
_ |0 A A 3(A—1)/2
@=1o A 3(A—1)/2 )
0 30—1)/2 3(A—1)/2 3\

Averaging over o gives the expression (E) that makes the non-negativity of A apparent.
A =E, < > xP,ng,> >0 ©)
P’'eP3
Therefore, we proved that p(132) < 2v/3 — 3.

2.3 Implementation

Flagmatic 2.0 was written by Emil R. Vaughan and is currently the only general implementation of
Razborov’s flag algebra framework which is freely available to use and modify. See () for
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more information. The project is hosted at http://github.com/jsliacan/flagmatid Unfor-
tunatelly, Flagmatic does not support permutations. For this reason, we wrote Permpack, a lightweight
implementation of flag algebras on top of SageMath’s Sage 7.4 (see @:)). It does not have
all the functionality of Flagmatic but it is sufficient for basic tasks. For more information, code, and
installation instructions, seeht tps://github.com/jsliacan/permpack.

Let us consider an example of how Permpack can be used on the above example of 132-packing. It
will be clear from Permpack’s output where the () matrix above comes from. In Permpack, one needs to
specify the complexity in terms of N, the length of the admissible permutations which all computations
are expressed in terms of. The density_pattern argument specifies the permutation whose packing
density we want to determine. Once permutations, types, flags, and flag products are computed, we
can delegate the rest of the tasks to the solver of our choice (currently supported solvers are csdp and
sdpa_dd). The answer is a numerical upper bound on p(132). It can be rounded automatically to
a rational bound by the exactify () method of the PermProblem class. The certificate contains
admissible permutations, flags, types, matrices () (as L matrices in the Cholesky decomposition of Q)
and the actual bound as a rational number (fraction). These are suficient to verify the bound. Below is the
script used to obtain the numerical @’ matrix for the packing density of 132 with Permpack.

Listing 1: Packing 132 with Permpack.

p = PermProblem(3, density_pattern="132")
p.solve_sdp()

Listing 2: Output.

Success: SDP solved

Primal objective value: -4.6410162e-01
Dual objective value: -4.6410162e-01
Relative primal infeasibility: 5.90e-14
Relative dual infeasibility: 1.67e-10
Real Relative Gap: 3.68e-10

XZ Relative Gap: 6.14e-10

It is not difficult to guess the entries of ) from the numerical matrix below, which is part of the output
of the SDP solver. The resulting exact matrix () is shown in ().

Listing 3: Floating point @)’ matrix.

[ 4.55854035127455e-10 6.806084489120e-12 6.8060845047452e-12 -1.032045390820e-10]
[ 6.80608448912001e-12 0.4641016162301893 0.464101613919741 -0.8038475767936814]
[ 6.80608450474521e-12 0.464101613919741 0.4641016162301782 -0.8038475767936717]
[-1.03204539082084e-10 -0.803847576793681 —-0.8038475767936717 1.3923048450288649

3 Results

The following theorem will be needed later. There exist further variations of it, e.g. Proposition 2.1 and
Theorem 2.2 in Albert et al{ (R002)). However, we only need the original version.
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Theorem 1 (). Let S be a layered permutation. Then for every n, extremal value of

p(S,n) is achieved by a layered permutation. Moreover, if S has no layer of size 1, every maximiser of
p(S,n) is layered.

The scripts used to obtain results in this section can be found at

https://github.com/jsliacan/permpack/tree/master/scriptsd.

The certificates in support of the upper bounds in this section can be found at the address below. With
each result, we provide the name of the certificate file that witnesses it, e.g. cert1324. js witnesses
the upper bound for p(1324).

https://github.com/jsliacan/permpack/tree/master/certificated.

3.1 Packing 1324

Layered permutations have been studied in depth by . He came up with an approximation
algorithm that, at m-th iteration assumes that the extremal construction has m layers (see Theorem EI) and
optimises over their sizes. The algorithm then proceeds to increase m and halts when increasing m does
not improve the estimate. In that case, an optimal construction has been found (up to numerical noise
from the optimization, if any). In reality, the procedure is stopped manually when approximation is fine
enough or the problem becomes too large. Therefore, for every m, the value that Price’s algorithm gives
is a lower-bound for the packing density in question.

It is known that the extremal construction for the packing density of 1324 is layered with infinite number
of layers. See, for instance, Flbert et al] (EOOZ) and Frica (|i 99 1). The main theorem of this section is the
following.

Theorem 2.

0.244054321 < p(1324) < 0.244054549

Proof: Consider the construction I' from Figure E, where I is a permuton. Let C' denote the middle layer
of I (the largest layer), B denote the layer above (and B’ the layer below) C, and A denotes the group of
the remaining layers above B (and A’ denotes the groupp of layers below B’). SoT' = A’/&B’'@C®Bd A,
where A @ B means that the layer A is entirely below and to the left of the layer B. Let ¢ = |C],
b= |B| =|B’|,and a = |A| = |A’|. We assume that A (and A’) is isomorphic to a maximiser for the
packing of 132-pattern (213-pattern). The aim is to optimise over a and b. Ideally, the tails of I" would
also be optimised over, but that is infeasible. So we assume the tails are 132 (213) maximisers. It turns
out that the first two steps give a good lower bound. We now compute the density of 1324 patterns in I'.
There are four distinct (i.e. up to symmetry) positions that a copy of 1324 can assume in I'. Let xyzw be
the four points in I" that form a copy of 1324 in that order.

1. y,2€ C,z € A UB',w € AU B, there are N; such copies

2. y,z€ B,z e AAUB' UC,w € A, there are N such copies
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3. y,z,we€ A, x € A/UB"UC U B, there are N3 such copies
4. x,y,z,w € A, , there are N4 such copies
Let us now determine quantities Ny, ..., Ny.
1. Ny =c?/2+ (a+b)?
2. No=b*/2+ala+b+c)
3. N3 =(2V3-3)% - (a+2b+0)

(2 3
b Ny = Yo, gl ol

Finally, we get the density of 1324 patternin I'. Let b = 1 — ¢ — 2a. Then

p(1324,T) = max 24- (N7 +2No+ 2N3 + 2Ny)
0<c<L1/2
0<a<<1/4

> (0.244054321.

This proves the lower bound in Theorem P, because 0.244054321 < p(1324,T) < p(1324).

J
N

s

Qa b c b a 1

| | | | |
T T T T 1

11

Fig. 4: Permuton I' provides a lower bound for p(1324). The triangles at the ends represent permutons that are

maximisers for the packing of 132 and 213 (L to R).

We use Flagmatic to prove the upper bound. Since 1324 is layered, there is a 1324-maximiser that is
layered as well. Therefore, we can limit the search space to the layered permutations. Since Flagmatic
does not work with permutations, we transformed the problem to an equivalent problem in directed graphs

— which Flagmatic can handle.
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Lemma 1. Let F = {.’i\, F:\, .;.} be the set of forbidden digraphs. The packing density of 1324 equals
the Turdn &8 -density of F. In other words,

p(1324) = p(&F , F).

Proof : There is a unique way to encode a layered permutation P as a directed graph D. If and only
if two points z,y € P form a 12 pattern, then xy is an arc ¢ — y in D. Forbidding .’i\., F:‘., and F.»
in D forces it to be a union of independent sets with arcs between them so that if x, y are vertices in one
independent set and u, v are vertices in another independent set of D, then if zu is an arc in D, so are
xv, yu, and yv. In other words, all arcs between two independent sets are present, and all go in the same

direction. Moreover, the direction is transitive ( s forbidden). Together with the first rule about the
direction of arcs between independent sets, this fully characterizes the digraph D from the permutation
P. Clearly, the process is reversible. o

Given Lemma IIl, we use flag algebra method on directed graphs to compute an upper bound for the
packing density of P (an equivalent of 1324 in digraphs) over {.’i\, F:‘., .;.}-free digraphs. The
resulting bound is the one in Theorem E The certificate is called cert1324flagmatic. js. Note
that this is a Flagmatic certificate and can be verified using the inspect_certificate.py script that

comes with Flagmatic. The scriptis packl1324flagmatic.sage.
O

A similar bound can be achieved by Permpack. In particular, we can show that p(1324) < 0.244054540.
Certificate: cert1324permpack. js. Script: packl324permpack.sage. Despite Permpack be-
ing able to prove a good bound, we used Flagmatic in the proof above to emphasise that this result had
been available before Permpack was written.

3.2 Packing 1342

The previous lower bound for the packing density of 1342 was approximatelly 0.1965796. The result
of can be found in [Albert et al] (2002).

Fig. 5: On the left is Batkeyev’s construction for the lower bound on p(1342) as product of packing densities of 132
and 1432. On the right is the schematic drawing of it. The triangle stands for a 231-maximiser and the square stands
for the part inside which the entire construction is iterated.

Let A = 21/3 — 3 be the packing density of 231 and  the ratio between the top layer and the rest of
the 1432-maximiser, see ( (k is the root of 3z — 4x + 1). Batkeyev suggested to replace each
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layer in the maximiser of 1432 by a 231-maximiser while preserving the size ratio . The density of 1342
in Batkeyev’s construction (see Figure E) is

(1 _ H)354n+1

NE

p(1342, B) = (8v3 —12) -
0

3
I

— p(132)p(1432)
:2(2\/5—3) <3€/\/§—1—€/%+2>

~ 0.1965796 . ..

This lower bound was widely regarded as possibly optimal. Our contribution to this problem is finding
a vastly better lower bound construction. However, if we restrict the space of admissible permutations to
those that avoid 2431, then Batkeyev’s construction is likely optimal. We are able to prove the following
theorem on N = 6 admissible graphs to keep the SDP small (if V = 7 was chosen, the bound would
likely be slightly better).

Theorem 3.
p(1342,{2431}) < 0.19658177.

Proof: Certificate: cert1342_forb2431. js. Script: packl1342_forb2431.sage. O

The following result addresses the actual packing density of 1342 without any forbidden patterns.

Theorem 4.
0.198836597 < p(1342) < 0.198837287.

Proof: The new lower bound is given by the construction II in Figure E The weights we used for the
parts are given in cert13421b. txt, located with other certificates.

a1 = 0.2174127723536347308692444843

a2 = 0.0170598057899242722740620549

az = 0.0516101402487892270230230972

as = 0.4340722809873864994312953007 @)

as = 0.1479895625950390496250611829

ae = 0.0764457255805656971383351365

a7 = 0.0554097124446605236389787433
Label the 7 parts of II from left to right as a1, ..., ay. We assign the weights to them roughly as in (ﬂ).
Then a straightforward calculation of the 1342 density in II implies the desired lower bound. The sage

script that does this is called 1b1342. sage, located with other scripts. The upper bound certificate is
called cert1342. js. Scriptis pack1342.sage. O

The upper bound obtained without flag algebras stands at 2/9, see |Albert et al] (2002)). The upper
bound above was obtained via the flag algebras method and confirms the claimed bound from Balogh
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Fig. 6: New lower bound construction II for the packing density of 1342. The part sizes, left to right, are approxi-
matelly 0.2174, 0.0170, 0.0516, 0.4341, 0.1480, 0.0764, 0.0554. The square part represents the part inside which the
whole construction is iterated. The triangle part is the extremal construction for 231-packing.

et al. (). We used N = 7 for our computations. While it is possible that N = 8 would yield a slightly
better bound, the computations would be much more expensive. Without a candidate for an exact lower
bound, we were satisfied with the bound we obtained with N = 7.

3.3 Packing 2413

The case packing 2413 patterns is fairly complicated as can be seen from the lower bound construction
by [Presutti and Stromquis{ (B010). The previous upper bound obtained without flag algebras was 2/9
by |Albert et al] (2002). The bound below was obtained via flag algebras and is in the same range as the
bound in Balogh et al| (2019).

Theorem 5.

p(2413) < 0.10478046354353523761779.

Proof: Certificate: cert2413. js. Script: pack2413.sage. O

We used admissible permutations of length N = 7. Again, larger NV could yield a slightly better upper
bound, but without an exact lower bound, this effort would not be justified.

4 Packing other small permutations

The flag algebras method will yield upper bounds for many problems. In some cases these bounds are
particularly interesting because they are close to their corresponding lower bounds. In this section we list
a selection of upper and lower bounds that are potentially sharp since their values appear to be close to
each other.

In the list below we choose to represent the permutations by their drawings in the grid. This is more
transparent as the permutations became larger. The extremal constructions (permutons) on the left-hand
side of the Table E are represented by their drawings as well. The lower bounds are given on the left-hand
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Permutation | Lower bounds Upper bounds
N
23154 P (ﬁ | =R G (05— 3) | p () < 0.16039...
14523 p|Je, 7\ ~oxs3s9.. p () <0.153649. .
/
21354 P ~0.16515 ... p (=) < 016515
231654 p — 6102% (2,3 - 3) <0.145031 ...
231564 P =(2v3-3)2%; < 0.0673094
231645 K = (23— 3)2.8 < 0.0673094
p = ( - 3) 187 <0.
215634 p = g5 < 0.123456.. ..

Tab. 2: Exact values are known for all densities on the left-hand side. They are described in the text as they are not
easy to write down.

side of the table and upper bounds on the right-hand side of the table. This is a sample of the results
obtained with Permpack via flag algebras.

We now give the descriptions of the lower bound constructions. For 23154 = %, the construction is a
sum of two parts in ratio 2 : 3 top to bottom. The bottom part is a 23 1-maximiser while the top part is a
simple decreasing segment. Certificate: cert23154. js. Script: pack23154.sage.

The construction for 14523 = ﬁ is designed as follows. Let v be the maximiser of 5(1—z)*/(1—x)

such that « € [0, 1]. The topmost sum-indecomposable part of the ﬁ-maximiser has length o and the
remainder of the maximiser has length (1 — «). The construction is iterated inside the part of length
(1 — «). The part of length « is a skew-sum of two balanced increasing segments. The exact value of the
density on the left-hand side of Table E is too complicated to fit in. Certificate: cert14523. js. Script:
packl4523.sage.

The construction for 21354 = % is a 4-layered permuton with layers of lengths 3,1/2—3,1/2—8, §3,
top to bottom. Here, 3 is the real root of 402® — 3222 + 92 — 1 = 0. Again, we only write the
approximate value on the left-hand side in Table E for space reasons. Certificate: cert21354. js.
Script: pack21354.sage.

The construction for 231654 is identical in structure to the construction for ﬁ, except the ratios
of the two parts in the sum are 1 : 1. Certificate: cert231654. js. Script: pack231654.sage.
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The construction for 231564 =

231645 = the top 231-maximiser is flipped accordingly. Certificates: cert231564.js and
cert231645. js. Scripts: pack231564. js and pack231645. js.

s the sum of two 231-maximisers of equal size. In case of

The construction for 215634 = has three segments of equal length arranged as portrayed in Ta-
ble E Certificate: cert215634. Js. Script: pack215634.sage.

5 Conclusion

While we now know the packing densities of all 4-point permutations with accuracy of 0.01%, finding
candidates for optimal constructions for the cases of 1324 and 1342 remains a challenge. In the case of
1324, a new idea for the part ratios will be needed to come up with a possible extremal construction. As
for the 1342 pattern, the extremal construction might use a different layer formation than our II. Even if
II has the right structure, the part ratios remain to be determined precisely. The latest status of 4-point
packing densities is depicted in Table B

| S | lower bound | ref LB | upper bound | ref UB |
1234 1 trivial 1 trivial
1432 3 Pricd (1997) B pricd (1997
2143 3/8 trivial 3/8 Price| (1997
1243 3/8 trivial 3/8 fAlbert et al| (2002)
1324 | 0.244054321* - 0.244054549* -
1342 | 0.198836597* - 0.198837286342* -
2413 | ~0.104724 | Presutti and Stromquis{ (RO10) | 0.104780463544* -

Tab. 3: Overview of packing densities for 4-point permutations given the information in this paper. The values with
asterisk have been updated.

After 4-point permutations, there are many packing densities of small permutations of length 5,6, . . ..
The values of lower bounds and upper bounds in Table E should be made to match. In some cases this will
be easier than in others. In particular, the packing density of 21354 has been mentioned in both Albert
et al. (003 and Histd (2007).

There are analogous questions to be asked about packing densities when certain patterns are forbidden.
As an example, we mentioned p(1342, {2431}) in relation to p(1342).

Next, an interesting line of enquiry was made precise as Conjecture 9 in |Albert et al] (2002). For a
packing of pattern .S, is there an extremal construction with infinite number of layers? Are all extremal
constructions of that form? More precisely, let an S-maximiser be an n-permutation P such that p(S,n) =
p(S, P). If L,, is the number of layers in a layered maximiser of length n, what can we say about L,
as n — oo? For example, we know that the number of layers in every 1324-maximiser is unbounded as
n — oco. We also know that a 2143-maximiser has only two layers, regardless of n.
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A permutation class C' is splittable if it is contained in a merge of two of its proper subclasses, and it is 1-amalgamable
if given two permutations 0,7 € C, each with a marked element, we can find a permutation 7 € C containing
both o and 7 such that the two marked elements coincide. It was previously shown that unsplittability implies 1-
amalgamability. We prove that unsplittability and 1-amalgamability are not equivalent properties of permutation
classes by showing that the class Av(1423, 1342) is both splittable and 1-amalgamable. Our construction is based on
the concept of LR-inflations, which we introduce here and which may be of independent interest.

Keywords: permutation classes, splittability, amalgamability, 1-amalgamability

1 Introduction

In the study of permutation classes, a notable interest has recently been directed towards the operation
of merging. We say that a permutation 7 is a merge of o and 7 if the elements of 7 can be colored red
and blue so that the red elements form a copy of ¢ and the blue elements form a copy of 7. For instance,
Claesson, Jelinek and Steingrimsson [3]] showed that every 1324-avoiding permutation can be merged
from a 132-avoiding permutation and a 213-avoiding permutation, and used this fact to prove that there
are at most 16™ 1324-avoiding permutations of length n.

A general problem that follows naturally is how to identify when a permutation class C' has proper
subclasses A and B, such that every element of C' can be obtained as a merge of an element of A and an
element of B. We say that such a permutation class C'is splittable. Jelinek and Valtr [4] showed that every
inflation-closed class is unsplittable and the class of o-avoiding permutations, where o is a direct sum of
two nonempty permutations and has length at least four, is splittable. Furthermore, they mentioned the
connection of splittability to more general structural properties of classes of relational structures studied
in the area of Ramsey theory, most notably the notion of 1-amalgamability. We say that a permutation
class C'is I-amalgamable if given two permutations o, 7 € C, each with a marked element, we can find
a permutation 7 € C' containing both ¢ and 7 such that the two marked elements coincide.
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Not much is known about 1-amalgamability of permutation classes. Jelinek and Valtr [4, Lemma 1.5],
using a more general result from Ramsey theory, showed that unsplittability implies 1-amalgamability, and
they raised the question whether there is a permutation class that is both splittable and 1-amalgamable. In
this paper, we answer this question by showing that the class Av(1423, 1342) has both properties.

For this task, we will introduce a slightly weaker property than being inflation-closed, that is being
closed under inflating just the elements that are left-to-right minima. We say that an element of permuta-
tion 7 is a left-to-right minimum, or just LR-minimum, if it is smaller than all the elements preceding it.
In Section [ we shall prove that certain properties of a permutation class C' imply that its closure under
inflating LR-minima is splittable and 1-amalgamable. And finally in Section [5] we show that the class
Av(1423,1342) is actually equal to the class Av(123) closed under inflating left-to-right minima and that
Av(123) has the desired properties.

2 Basics
A permutation 7 of length n > 1 is a sequence of all the n distinct numbers from the set [n] =
{1,2,...,n}. We denote the i-th element of 7 as 7;. Note that we omit all punctuation when writing

out short permutations, e.g., we write 123 instead of 1, 2, 3. The set of all permutations of length n is
denoted S,,.

We say that two sequences of distinct numbers a1, ..., a, and by, ..., b, are order-isomorphic if for
every two indices 7 < j we have a; < a; if and only if b; < b;. Given two permutations m € 5,, and
o € Sk, we say that 7 contains o if there is a k-tuple 1 < 77 < 19 < --- < 7 < n such that the sequence
Ty Wiy - - -, Ti,, 1 Order-isomorphic to o and we say that such a sequence is an occurrence of o in .
Furthermore, we say that the corresponding function f : [k] — [n] defined as f(j) = ¢; is an embedding
of ¢ into 7. In the context of permutation containment, we often refer to the permutation o as a pattern.

A permutation that does not contain o is o-avoiding and we let Av(o) denote the set of all o-avoiding
permutations. Similarly, for a set of permutations F', we let Av(F’) denote the set of permutations that
avoid all elements of F'. Note that for small sets F' we omit the curly braces, e.g., we simply write Av(o, p)
instead of Av({o, p}).

We say that a set of permutations C' is a permutation class if for every m € C and ¢ contained in 7, o
belongs to C' as well. Observe that a set of permutations C' is a permutation class if and only if there is
a set F' such that C' = Av(F'). Moreover, for every permutation class C, there is a unique inclusionwise
minimal set £ such that C' = Av(F'); this set F' is known as the basis of C.. A class is said to be principal
if its basis has a single element, i.e., if the class has the form Av(c) for a permutation o.

Suppose that 7 € S, is a permutation, let o1,...,0, be an n-tuple of non-empty permutations,
and let m; be the length of o; for i € [n]. The inflation of 7 by the sequence o1, ...,0,, denoted
by 7l[o1,...,04], is the permutation of length m; + --- + m,, obtained by concatenating n sequences

0102 - - - 0y, With these properties:
e foreach i € [n], 7; is order-isomorphic to o;, and
e foreachi, j € [n],if m; < 75, then all the elements of &; are smaller than all the elements of ;.

For two sets of permutations A and B, we let A[B] denote the set of all the permutations that can be
obtained as an inflation of a permutation from A by a sequence of permutations from B. We say that a
set of permutations A is -[B]-closed if A[B] C A, and similarly a set of permutations B is A[-]-closed if
A[B] C B. Finally, we say that a set of permutations C is inflation-closed if C[C] C C.
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Figure 1: An example of inflation: 2413[213, 1, 21, 12] = 43582167.

There is a nice way to characterize an inflation-closed class through its basis. We say that a permu-
tation 7 is simple if it cannot be obtained by inflation from smaller permutations, except for the trivial
inflations 7[1,. .., 1] and 1[n]. Inflation-closed permutation classes are precisely the classes whose basis
only contains simple permutations [[1, Proposition 1].

3 Splittability and 1-amalgamability

We now focus on the properties of splittability and 1-amalgamability of permutation classes. Mostly,
we state or rephrase results that were already known. For more detailed overview, especially regarding
splittability, see Jelinek and Valtr [4]].

3.1 Splittability

We say that a permutation 7 is a merge of permutations 7 and o, if it can be partitioned into two disjoint
subsequences, one of which is an occurrence of ¢ and the other is an occurrence of 7. For two permutation
classes A and B, we write A ® B for the class of all merges of a (possibly empty) permutation from A
with a (possibly empty) permutation from B. Trivially, A ® B is again a permutation class.

Conversely, we say that a multiset of permutation classes { Py, ..., P, } forms a splitting of a permuta-
tionclass C'if C C P, ®---® P,,. We call P; the parts of the splitting. The splitting is nontrivial if none
of its parts is a superset of C, and the splitting is irredundant if no proper submultiset of { Py, ..., P}
forms a splitting of C. A permutation class C' is then splittable if C' admits a nontrivial splitting.

The following simple lemma is due to Jelinek and Valtr [4, Lemma 1.3].

Lemma 3.1. For a class C of permutations, the following properties are equivalent:
(a) C is splittable.

(b) C has a nontrivial splitting into two parts.

(c) C has a splitting into two parts, in which each part is a proper subclass of C.

(d) C has a nontrivial splitting into two parts, in which each part is a principal class.
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Following the previous Lemma|[3.1] we can characterize a splittable class C' by the splittings of the form
{Av(7), Av(0)}, where both 7 and ¢ are permutations from C. We want to identify permutations inside
C that cannot define any such splitting.

Definition 3.2. Let C be a permutation class. We say that a permutation 7 € C'is unavoidable in C, if
for any permutation 7 € C, there is a permutation o € C' such that any red-blue coloring of ¢ has a red
copy of 7 or a blue copy of 7. We let Uc denote the set of all unavoidable permutations in C.

It is easy to see that a permutation 7 is unavoidable in C'if and only if C has no nontrivial splitting into
two parts with one part being Av(w). A more detailed overview of the properties of unavoidable permu-
tations was provided by Jelinek and Valtr [4, Observation 2.2-3], we will mention only the observations
needed for our results.

Note that for a nonempty permutation class C, the set of unavoidable permutations U is in fact a
nonempty permutation class contained in the class C. We can use the class of unavoidable permutations
to characterize the unsplittable permutation classes.

Observation 3.3. A permutation class C is unsplittable if and only if Uc = C.

Furthermore, we can show that if C is closed under certain inflations then also U is closed under the
same inflations. Again, the following result is due to Jelinek and Valtr [4, Lemma 2.4].

Lemma 3.4. Let C be a permutation class. If, for a set of permutations X, the class C' is closed under
-[X], then Ug is also closed under -[ X, and if C' is closed under X|), then so is Ug. Consequently, if C
is inflation-closed, then Uc = C and C'is unsplittable.

3.2 Amalgamability

Now let us introduce the concept of amalgamation, which comes from the general study of relational
structures.

We say that a permutation class C' is w-amalgamable if for any two permutations 71, 72 € C and any
two mappings f1 and f5, where f; is an embedding of 7 into 7;, there is a permutation o € C' and two
mappings g1 and go such that g; is an embedding of 7; into o and ¢g; o fi = g2 o fo. We also say, for
k € N that a permutation class C' is k-amalgamable if it is 7-amalgamable for every 7 of order at most k.
Furthermore, a permutation class C' is amalgamable if it is k-amalgamable for every k.

Figure 2: One possible 1-amalgamation of 1423 and 2431 with highlighted embeddings of the singleton permutations
is the permutation 3275416.
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Note that k-amalgamability implies (k — 1)-amalgamability, so we have an infinite number of increas-
ingly stronger properties. However, the situation is quite simple in the case of the permutation classes. As
shown by Cameron [2]), there are only five infinite amalgamable classes, the classes Av(12), Av(21), the
class of all layered permutations Av(231, 312), the class of their complements Av(213, 132) and the class
of all permutations. These are also the only permutation classes that are 3-amalgamable, implying that for
any k > 3, a permutation class is k-amalgamable if and only if it is amalgamable.

In contrast, very little is known about 1-amalgamable and 2-amalgamable permutation classes. In this
paper, we are particularly interested in the 1-amalgamable permutation classes.

Definition 3.5. Let C be a permutation class. We say that a permutation 7 € C'is I-amalgamable in C, if
for every 7 € C' and every prescribed pair of embeddings f; and f> of the singleton permutation 1 into 7
and 7 there is a permutation o € C' and embeddings g; and g- of 7 and 7 into o such that g1 o f; = g2 0 fo.
We use A¢ to denote the set of all 1-amalgamable permutations in C.

Trivially, A is a permutation class contained in C'. Moreover, the properties of A are largely analo-
gous to those of U¢, as shown by the next several results.

Observation 3.6. A permutation class C'is 1-amalgamable if and only if Ac = C.
Similarly to U¢, the set A is closed under the same inflations as the original class C.

Lemma 3.7. Let C be a permutation class. If, for a set of permutations X, the class C' is closed under
-[X], then Ac is also closed under -[X], and if C is closed under X|-], then so is Ac. Consequently, if C
is inflation-closed, then Ac = C and C'is 1-amalgamable.

Proof: Suppose that C is closed under -[X]. We can assume that X itself is inflation-closed since if C is
closed under -[X], it is also closed under -[ X [X]].

Let 7 € Ac be a 1-amalgamable permutation of order £ and let p1, ..., pr be permutations from X.
Our goal is to prove that 7[p1, ..., pg] also belongs to Ac. We can assume, without loss of generality,
that all p; are actually equal to a single permutation p. Otherwise, we could just take p € X that contains
every p; (this is possible since X is inflation-closed) and prove the stronger claim that 7[p, . . ., p] belongs
to Ac. Let us use 7[p] as a shorthand notation for 7 [p, ..., p|.

It is now sufficient to show that 7[p] belongs to A¢ for every m € A¢ and p € X. Fix a permutation
7 € C and two embeddings f; and f, of the singleton permutation into 7[p] and 7. We aim to find a
permutation o € C and two embeddings g1 and g5 of 7[p] and 7 into o such that g; o f1 = g2 0 fo. We
can straightforwardly decompose f; into an embedding h; of the singleton permutation into 7, by simply
looking to which inflated block order-isomorphic to p the image of f; belongs, and an embedding ho of
the singleton permutation into p, determined by restricting f; only to that copy of p. Since 7 belongs to
Ac, there is a permutation ¢’ with embeddings g7 and g4 of 7 and 7 such that ¢} o hy = g} o fo.

Define o = ¢’[p], and view o as a concatenation of blocks, each a copy of p. Let us define mapping ¢1
by simply using g} to map blocks of 7[p] to the blocks of o, each element in 7[p] gets mapped to the same
element of the corresponding copy of p in . Then define mapping g by using g5 to map its elements to
the blocks of o and then within the copy of p to the single element in the image of ho. It is easy to see
that g; and g are in fact embeddings of 7[p] and 7 into . Also the images of g; o f1 and g2 o fo must
lie in the same block of o. And finally these images must be equal since we used ho to place the single
element from the image of gs inside each block of .

We now show that if C'is closed under X [] then so is A¢. Fix a permutation p € X of order k, and a
k-tuple 7y, . .., 7 of permutations from Ax. We will show that p[ry, ..., 7] belongs to Ac.
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Fix a permutation 7 € C and two embeddings f; and f5 of the singleton permutation into p[ry, . . ., 7]
and 7. We aim to find a permutation o € C and two embeddings g; and g5 of p[my, ..., 7] and 7 into o
such that g1 o f; = g2 o fo. We again view p[my, ..., 7] as a concatenation of k blocks, the i-th block
being order-isomorphic to 7;. Suppose that the image of f; is in the j-th block. Let us decompose f;
into an embedding h; of the singleton permutation into p whose image is the j-th element of p, and an
embedding h, of the singleton permutation into 7;. Since 7; belongs to Ac, there is a permutation o’
with embeddings g7 and g5 of m; and 7 such that g} o hy = g5 o fo.

Define 0 = p[my,...,mj—1,0",Tj41,...,7x) and let us define mapping g; in the following way. Every
block of p[my, ..., ] except for the j-th one gets mapped to the corresponding block of o, and the j-
th block is mapped using the embedding g} to the j-th block of o. Then define mapping g2 simply by
mapping 7 to the j-th block of ¢ using g5. It is easy to see that both g; and g are in fact embeddings of
plm1, ..., 7] and 7 into o. Furthermore, the images of g1 o f1 and g5 o f> both lie in the j-th block of o.
Their equality then follows from the construction since gj o ho = g4 o fo.

It remains to show that if C is inflation-closed then Ac = C. But if C is inflation-closed, then it
is closed under -[C], so A¢ is also closed under -[C]. And since A¢ trivially contains the singleton
permutation, for every m € C' we have that m = 1[r] also belongs to A¢. O

As noted by Jelinek and Valtr [4, Lemma 1.5], it follows from the results of Nesetfil [3] that if a
permutation class C' is unsplittable then C'is also 1-amalgamable. Using the same argument, we get the
following stronger proposition relating the classes Ux and Ac.

Proposition 3.8. Let C be a permutation class, then Uc C Ac.

Proof: Let 7 be an unavoidable permutation in C' and let 7 be a permutation from C'. By the definition
of U¢, there is a permutation 0 € C such that any red-blue coloring of ¢ has a red copy of 7 or a blue
copy of . We claim that ¢ contains every 1-amalgamation of 7 and 7. Suppose for a contradiction that
there are two embeddings f; and fo of the singleton permutation 1 into 7 and 7 such that there are no
embeddings ¢g; and g of 7 and 7 into o that would satisfy g; o f; = g2 o fs.

Let f1(1) = a and fo(1) = b. We aim to color the elements of o to avoid both a red copy of 7 and a
blue copy of m. We color an element o; red if and only if there is an embedding of = which maps 7, to o;.
Trivially, we cannot obtain a blue copy of 7, since we must have colored the image of 7, red. On the other
hand, suppose we obtained a red copy of 7. Then the image of 7, was painted red which means that there
is an embedding of m which maps 7, to the same element. We assumed that such a pair of embeddings
does not exist, therefore we defined a coloring of o that contains neither a red copy of T nor a blue copy
of 7. O

4 Left-to-right minima

We say that the element 7; covers the element m; if i < j and simultaneously m; < ;. The ¢-th element
of a permutation 7 is then a left-to-right minimum, or shortly LR-minimum, if it is not covered by any
other element.

Similarly we could define LR-maxima, RL-minima and RL-maxima. However we can easily translate
between right-to-left and left-to-right orientation by looking at the reverses of the permutations, and sim-
ilarly between maxima and minima by looking at the complements of the permutations. Therefore we
restrict ourselves to dealing only with LR-minima from now on.
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Definition 4.1. Suppose that 7 € S, is a permutation with k¥ LR-minima and let o1, ..., 0;, be a k-tuple
of non-empty permutations. The LR-inflation of 7 by the sequence o1, . . ., o), is the permutation resulting
from the inflation of the LR-minima of 7 by o1, . .., 0. We denote this by 7 (o1, ..., 0k).

Figure 3: An example of LR-inflation: 2413(213, 21) = 4357216.

Definition 4.2. We say that a permutation class C' is closed under LR-inflations if for every m € C with
k LR-minima, and for every k-tuple oy, . .., o) of permutations from C, the LR-inflation 7{cy, ..., o%)
belongs to C. The closure of C' under LR-inflations, denoted C™®, is the smallest class which contains C
and is closed under LR-inflations.

Recall that one can characterize inflation-closed classes by a basis that consists of simple permutations.
We can derive a similar characterization in the case of classes closed under LR-inflations. We say that a
permutation is LR-simple if it cannot be obtained by LR-inflations except for the trivial ones. Using the
same arguments, it is easy to see that a permutation class is closed under LR-inflations if and only if every
permutation in its basis is LR-simple.

4.1 LR-splittability

We aim to define a stronger version of splittability that would help us connect the properties of permutation
classes and their LR-closures. A natural way to do that is to consider an operation similar to the regular
merge, with LR-minima being shared between both parts.

Definition 4.3. We say that a permutation 7 is a LR-merge of permutations 7 and o, if its non LR-
minimal elements can be partitioned into two disjoint sequences, such that one of them is, together with
the sequence of LR-minima of 7, an occurrence of 7, and the other is, together with the sequence of LR-
minima of 7, an occurrence of ¢. For two permutation classes A and B, we write A ®_ B for the class
of all LR-merges of a permutation from A with a compatible permutation from B. Trivially, A ®x B is
again a permutation class.

Note that we can also look at LR-merges as a special red-blue colorings of permutations in which the
LR-minima are both blue and red at the same time. Naturally we can use this definition of LR-merge to
define LR-splittability in the same way that the concept of regular merge gives rise to the definition of
splittability.
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Figure 4: For example one possible LR-merge of 45213 and 3214 is the permutation 462153. The corresponding
embedding of 3214 is indicated.

Definition 4.4. We say that a multiset of permutation classes {Pi, ..., P, } forms a LR-splitting of a
permutation class C' if C C P} O + - Or Pn. We call P; the parts of the LR-splitting. The LR-
splitting is nontrivial if none of its parts is a superset of C, and the LR-splitting is irredundant if no proper
submultiset of { Py, ..., P, } forms an LR-splitting of C'. A permutation class C is then LR-splirtable if
C admits a nontrivial LR-splitting.

Clearly, every LR-splittable class is splittable. Moreover, some properties of LR-splittability are anal-
ogous to the properties of splittability, as shown by the following lemma. We omit the proof as it uses the
very same (and easy) arguments as the proof of Lemma3.1]

Lemma 4.5. For a class C of permutations, the following properties are equivalent:

(a) C'is LR-splittable.

(b) C has a nontrivial LR-splitting into two parts.

(c) C has an LR-splitting into two parts, in which each part is a proper subclass of C.
(d) C has a nontrivial LR-splitting into two parts, in which each part is a principal class.

Now we can state some of the results connecting splittability and LR-splittability of permutation classes
and their LR-closures.

Proposition 4.6. Let C be a permutation class that is closed under LR inflations. Then C' is splittable if
and only if C' is LR-splittable.

Proof: Trivially, LR-splittability implies splittability since we can take the corresponding red-blue color-
ing and simply assign an arbitrary color to each of the LR-minima. Now suppose that C' admits splitting
{D, E} for some proper subclasses D and E. We aim to prove that also C C D ®,; E. Let us first show
that C' contains a permutation 7 that belongs neither to D nor to £. From the definition of splittability,
there are permutations 7p € C'\ D and 75 € C'\ E. Define 7 as the LR-inflation of 7 with 7, which
clearly lies outside both subclasses D and E.

Let us suppose that there is some m € C not belonging to D ®, F , i.e., there is no red-blue coloring
of 7 which proves it is an LR-merge of a permutation @ € D and a permutation § € E. Let 7’ be the
permutation created by inflating each LR-minimum of 7 with 7. Since 7’ belongs to C, it has a regular
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red-blue coloring with the permutation corresponding to the red elements 7}, € D and the permutation
corresponding to the blue elements 7z € E. However there must be both colors in each block created by
inflating a LR-minimum of 7 with 7, and therefore there is a valid red-blue coloring of 7 that assigns both
colors to the LR-minima. O

Finally, we want to show that, under modest assumptions, the LR-splittability of a permutation class
implies the LR-splittability (and thus the splittability) of its LR-closure.

Proposition 4.7. If C, D and E are permutation classes satisfying C C D ®.yx FE, then C** C D'® ©,
E™R. Consequently, if neither D*® nor E™® contain the whole class C, then its closure C'® is LR-splittable
into parts D™® and E'R.

Proof: We will inductively construct a valid red-blue coloring which proves that C'* C D' @ E'}.
First, any permutation in C™* that cannot be obtained from shorter permutations using LR-inflations must
belong to C' and we simply use the red-blue coloring that witnesses the inclusion C' C D O E.

Now take 7 € C™® that can be obtained by LR-inflation from shorter permutations as m = (31, . . ., k).
We can already color the permutation « and all the permutations [3; and we construct a coloring of 7 in the
following way: color the inflated blocks 3; according to the coloring of 3; and the remaining uninflated
elements of o get the color according to the coloring of . It remains to show that the permutation 7y
corresponding to the red elements of 7 belongs to D™® and the permutation 7 corresponding to the blue
elements of 7 belongs to E™®. Since the LR-minima of « are both red and blue, the permutation 7 is an
LR-inflation of the red elements of « by the red elements of the permutations ;. All these permutations
belong to D'® and thus their LR-inflation also belongs to D™®. Using the very same argument we can
show that w5 belongs to E™X.

It remains to show that the splitting of C™® into D™® and E™® is nontrivial. However that follows from
the assumption that neither D'® nor E™® contain the whole class C. O

4.2 LR-amalgamability

Similarly to the situation with LR-splittability we want to describe a property of permutation classes which
would imply 1-amalgamability of their respective LR-closures.

Definition 4.8. We say that a permutation class C' is LR-amalgamable if for any two permutations
71,72 € C and any two mappings f; and f,, where f; is an embedding of the singleton permutation
into 7; and its image is not an LR-minimum of 7;, there is a permutation ¢ € C and two mappings g; and
go such that g; is an embedding of 7; into g, g1 o f1 = g2 o fo and moreover g; preserves the property of
being a LR-minimum.

Observe that LR-amalgamability does not imply 1-amalgamability since it does not guarantee 1-amalgamation
over LR-minima and conversely, 1-amalgamability does not imply LR-amalgamability because it may not
preserve the property of being an LR-minimum. However, we can at least prove that LR-amalgamability
implies 1-amalgamability for classes that are closed under LR-inflations. Recall that we actually derived
equivalence between LR-splittability and splittability in Proposition 4.6

Lemma 4.9. Let C be a permutation class that is closed under LR inflations. If C' is LR-amalgamable
then C' is also 1-amalgamable.
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Proof: Let 7 and 7 be arbitrary permutations from C' and f1, fo embeddings of the singleton permuta-
tion into 7 and 75 respectively. If neither of the images of f7 and f5 is an LR-minimum of the respective
permutation we obtain their 1-amalgamation directly since C' is LR-amalgamable.

Now we can assume without loss of generality that the single element in the image of f; is a LR-
minimum of 7;. We can create the resulting 1-amalgamation by simply inflating this LR-minimum by the
permutation 7. It is then easy to derive the mappings g; and g5 that show it is the desired 1-amalgamation.

O

We conclude this section by relating LR-amalgamability of a permutation class and 1-amalgamability
of its LR-closure.

Proposition 4.10. If a permutation class C is LR-amalgamable then its LR-closure C™® is LR-amalgamable
and thus also 1-amalgamable.

Proof: Let 7, 12 € C™® be permutations and fi, fo embeddings of the singleton permutation, f; into 7;
such that the image of f; avoids the LR-minima of ;. We aim to prove by induction on the length of m;
and 7 that there is a corresponding LR-amalgamation of m; and m5. Consider two cases. If neither of the
two permutations 7; and 7y can be obtained as an LR-inflation of a shorter permutation then they both
belong to C'. And since C itself is LR-amalgamable they have a desired LR-amalgamation that belongs
to C.

Without loss of generality we can now assume that 7; can be obtained by LR-inflations as m; =
(B, ..., Br) where the permutations «, 1, ..., O are all strictly shorter than 7;. Again we consider
two separate cases. First, assume that the image of the embedding f; lies inside the block corresponding
to the j-th inflated LR-minimum of o, which is order-isomorphic to 8;. From induction we get a LR-
amalgamation o of 3; and m, for the embeddings f| and f», where f] is the embedding f; restricted to
the inflated block of 3;. Observe that the permutation (81, ..., 8j-1,0, Bj+1,- .., Bk) is precisely the
LR-amalgamation of 7; and 7y we were looking for.

Finally we have to deal with the situation when the image of the embedding f; lies outside of the blocks
corresponding to the inflated LR-minima of 7;. We can obtain from induction a LR-amalgamation o of
a and o for the embeddings f]' and f,, where f;’ is the embedding f; restricted to the permutation
a. Let g; be the corresponding embedding of « into o that preserves the LR-minima. We construct the
desired LR-amalgamation of 7; and 75 in the following way: take o and for every LR-minimum of o
inflate its image under g; with the corresponding permutation 3;. The resulting permutation is clearly a
1-amalgamation of 71 and 72, and it also preserves the LR-minima.

Lemma4.9]implies that C'® is also 1-amalgamable. O

5 Main result

Now we are ready to prove that 1-amalgamability and unsplittability are not equivalent by exhibiting as
a counterexample the LR-closure of Av(123). First, let us show that this class actually has a nice basis
consisting of only two patterns.

Proposition 5.1. The class Av(1423,1342) is the closure of Av(123) under LR-inflation.

Proof: First, let us show that any permutation from the LR-closure of Av(123) avoids both 1423, 1342.
Because both of these patterns contain 123, they would have to be created by the LR-inflations. However,
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Figure 5: Partition of a general permutation with 3 RL-maxima into the sets A; ; and an example how the non-empty
sets might look for some m € Av(1423,1342).

that is not possible since there is no nontrivial interval in either 1423 or 1342 which contains the minimum
element.

Now, let 7 be a permutation from Av(1423,1342). We will show by induction that this permutation
can be obtained by a repeated LR-inflation of permutations from Av(123). If 7 does not contain 123
the statement is trivially true. Otherwise, consider the set of the right-to-left maxima of 7. We want to
show that the remaining elements of 7 can be split into a descending sequence of intervals. If this holds
then we can get 7 as an LR-inflation of a 123-avoiding permutation by permutations order-isomorphic to
the intervals. And by induction these shorter permutations can be obtained as repeated LR-inflations of
123-avoiding permutations.

Let us show that there is no occurrence of the pattern 132 that maps only the letter 2 on an RL-
maximum. For a contradiction suppose we have such an occurrence and a corresponding embedding
f of 132 into 7. Then there must be an element covered by 7 £(3) since it is not an RL-maximum, i.e., an
element 7 such that & > f(3) and 7, > 7(3). However, 7 restricted to these four indices would form
the pattern 1342. Using the same argument, we can also show that there is no occurrence of the pattern
132 which maps only the letter 3 on an RL-maximum as we would get an occurrence of the pattern 1423
together with the RL-maximum covered by the image of 2.

And finally, we conclude by showing that the elements of 7 that are not RL-maxima can indeed be split
into a descending sequence of intervals. Let I = {i1,...,%m} be the index set of the RL-maxima of 7
and furthermore define 7o = 0 and mg = n + 1. Let us represent the remaining elements of 7 as a set A of
n — m points on a plane

A ={(i,m;) | m; is not an RL-maximum of 7}.

We define a partition of A into sets A forany 1 < j <k <m

Ajp={(z,y) | (z,y) e Aand i;_1 <z <idjand m;, <y < ,}.

For any j, k and [, every element of A; ; is larger than all the elements of A;,; in the second coor-
dinate since otherwise we would get a 132 occurrence with the letter 3 mapped to 7;,. Similarly for any
Jj, k and [, every element of A; ; is to the left of all the elements of A; ;41 as otherwise we would get
a 132 occurrence with the letter 2 mapped to 7;, . This transitively implies that all non-empty sets A;
correspond to a sequence of descending intervals. O
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Figure 6: For example the 123-avoiding permutation 796385412 with the non-minimal elements split into three
different runs.

In order to show that Av(1423, 1342) is splittable, we shall first prove the LR-splittability of Av(123)
and then apply the results we have obtained in Subsection[d.1]

Lemma 5.2. The class Av(123) is LR-splittable, and more precisely, it satisfies

Av(123) C Av(463152) ©x Av(463152).

Proof: Let 7 be a permutation from Av(123). Clearly 7 is a merge of two descending sequences, its LR-
minima and the remaining elements. The idea is to decompose the non-minimal elements into runs such
that for every run there is a specific LR-minimum covering each element of the run but covering none from
the following run. This can be done easily by the following greedy algorithm. In one step of the algorithm,
let 7; be the first non-minimal element which was not used yet and let j be the maximum integer such that
m; is an LR-minimum covering 7;. The next run then consists of all non-minimal elements starting from
; that are covered by ;.

We color each run blue or red such that adjacent runs have different colors. We obtained a red-blue
coloring of the non-minimal elements and it only remains to check whether the monochromatic permu-
tations form a proper subclass of Av(123). Observe that the first elements of two adjacent runs cannot
be covered by a single LR-minimum, which implies that two elements from different non-adjacent runs
cannot be covered by a single LR-minimum. By this observation, in the monochromatic permutations 7 g
and 7R any two elements covered by the same LR-minimum must belong to the same run.

We claim that a monochromatic copy of the pattern 463152 € Av(123) can never be created this way.
Assume for contradiction that there is a permutation 7 € Av(123) on which the algorithm creates a
monochromatic copy of 463152 and let f be the corresponding embedding of 463152 into 7. Observe
that every LR-minimum of 463152 is covering some other element and therefore f must preserve the
property of being an LR-minimum, otherwise we would get an occurrence of the pattern 123. Following
our earlier observations, the elements 7 ¢ (), 7 f(5) and 7 ¢(2) must fall into the same run since 745 shares
LR-minima with both of the other two elements. And because elements of the same run are covered by a
single LR-minimum, there is an LR-minimum 7; covering 7 () and 7y(2y. However, m; must then also
cover T3y which contradicts the fact that 7z 3y itself is an LR-minimum of 7. L]

Corollary 5.3. The class Av(1423,1342) is splittable.
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Figure 7: Example of two permutations 3142 and 231 drawn from two parallel lines with highlighted embeddings of
the singleton permutation and their LR-amalgamation 532614.

Proof: In the previous Lemmal5.2|we showed that Av(123) is LR-splittable, more precisely that Av(123) C
Av(463152) ©.r Av(463152) . Since the permutation 463152 is LR-simple, we get the splittability
of Av(123)"® from Proposition Finally, owing to Proposition we know that Av(123)“® and
Av(1423,1342) are in fact identical. O

Our final task is to show that Av(1423,1342) is 1-amalgamable by proving the LR-amalgamability of
Av(123). In order to do that we will use the following result which is due to Waton [6]. Note that Waton
in fact proved the equivalent claim for parallel lines of positive slope and the permutation class Av(321).

Proposition 5.4 (Waton [6]). The class of permutations that can be drawn on any two parallel lines of
negative slope is Av(123).

Lemma 5.5. The class Av(123) is LR-amalgamable.

Proof: Fix arbitrary two parallel lines of negative slope in the plane. Let m; and 7 be permutations
avoiding 123 and f; and f5 be mappings where f; is an embedding of the singleton permutation into 7;
and its image is not an LR-minimum of ;. According to Proposition both 7 and 7 can be drawn
from our fixed parallel lines. Fix sets of points A; and A5 which lie on these lines whose corresponding
respective permutations are 7 and me. Moreover, we can choose the sets such that the elements in the
images of f; and fy share the same coordinates. Otherwise we could translate one of the sets in the
direction of the lines to align these two points. Finally, if a point z € A; and a point y € As share
one identical coordinate we can move x a little bit in the direction of the lines without changing the
permutation corresponding to the set A;.

We may easily see that the permutation corresponding to the union A; U A5 with the natural mappings
of m1 and 75 is the desired LR-amalgamation of 7; and . O

Applying Proposition we get the desired result that the class Av(1423, 1342) is indeed 1-amalgamable.
Corollary 5.6. The class Av(1423,1342) is 1-amalgamable.

6 Further directions

Using our results about LR-inflations, we proved that a single class Av(1423, 1342) is both 1-amalgamable
and splittable. Naturally, the same holds for its three symmetrical classes, i.e. Av(3241,2431), Av(4132,4213)
and Av(2314, 3124), since both splittability and 1-amalgamability is preserved when looking at the re-
verses or complements of the permutations. However, the question remains whether these results can be
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used to find more classes that are both 1-amalgamable and splittable or even infinitely many such classes.
It would be particularly interesting to find other such classes with small basis.

Our method of obtaining a splittable 1-amalgamable class was based on the notion of LR-inflations,
and the related concepts of LR-amalgamations and LR-splittings. These notions can be generalized to a
more abstract setting as follows: suppose that we partition every permutation 7 into ‘inflatable’ and ‘non-
inflatable’ elements, in such a way that for any embedding of a permutation o into 7, the non-inflatable
elements of o are mapped to non-inflatable elements of 7. We might then consider admissible inflations
of 7 (in which only the inflatable elements can be inflated), admissible splittings of 7 (which are based on
two-colorings in which each inflatable element receives both colors), as well as admissible amalgamations
(where we amalgamate by identifying non-inflatable elements, and the amalgamation must preserve the
inflatable elements of the two amalgamated permutations). In this paper, we only considered the special
case when the inflatable elements are the LR-minima; however, the main properties of LR-inflations,
LR-splittings and LR-amalgamations extend directly to the more abstract setting.
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For a variety of pattern-avoiding classes, we describe the limiting distribution for the number of fixed points for
involutions chosen uniformly at random from that class. In particular we consider monotone patterns of arbitrary
length as well as all patterns of length 3. For monotone patterns we utilize the connection with standard Young
tableaux with at most k£ rows and involutions avoiding a monotone pattern of length k. For every pattern of length 3
we give the bivariate generating function with respect to fixed points for the involutions that avoid that pattern, and
where applicable apply tools from analytic combinatorics to extract information about the limiting distribution from
the generating function. Many well-known distributions appear.

Keywords: pattern-avoidance, involutions, fixed points, asymptotic distributions, Young tableaux, generating func-
tions

1 Introduction

Identifying the asymptotic distribution of the number of fixed points in a uniformly random permutation
is a classic problem in probability whose resolution dates back to Montmort in the early 1700’s [5],
where it is shown that the limiting distribution is Poisson. Since then, the fixed points of various types
of permutations have been intensely studied. Recently there has been a growing interest in the statistical
properties of random pattern-avoiding permutations. Many of the results concern the overall shape and
structure of these permutations [1, 12, 17, 16, 19], some explore pattern containment [15], while others
consider pattern-avoidance under non uniform distributions such as the Mallows distribution [4]. In [11,
13] the limiting distribution on the number and location of fixed points is given for a variety of pattern-
avoiding classes. Enumeration for involutions was explored in [22] for patterns length 3 and [3] for longer
patterns. In [6] the number of involutions with a specified number of fixed points was given for each
pattern of length 3. Excellent introductions to the general subject area of pattern avoidance can be found
in [2] or [25].
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In this paper, we focus on the limiting distribution of the total number of fixed points for random
pattern-avoiding involutions. First we use the machinery of standard Young tableaux to give limiting
distributions for involutions with longest increasing or decreasing sequence of length at most k. We then
complete the picture for all that avoid a fixed pattern of length 3. Taken together, this work suggests
that pattern-avoiding permutations are strongly connected to many classical limit theorems in probability.
Indeed, depending on the pattern the (appropriately normalized) limiting distribution of fixed points can
be anything from a point mass to a normal distribution to a distribution given in terms of the eigenvalues
of the Gaussian Orthogonal Ensemble (conditioned to have trace 0).

In some cases, we are able to use straightforward generating function arguments coupled with classical
analytic combinatorics to compute the asymptotic distribution of fixed points. For the sake of the reader,
we include an appendix containing the results from analytic combinatorics that we will need. To our
knowledge methods from analytic combinatorics have not been widely used to study asymptotic properties
of pattern-avoiding permutations and our results suggest that these methods may be broadly useful for
deriving asymptotic permutation statistics. Some cases, however, cannot be easily done using off-the-
shelf results from analytic combinatorics and require different methods.

We now introduce some necessary notation and summarize our results. For a permutation , let fp(m)
be the number of fixed points of 7. For a permutation 7 € Sy, we say 7 contains the pattern 7 if a
there exists a subsequence i1 < - - -4 such that (m;,,--- ,m;, ) has the same relative order of 7 and 7
avoids 7, or is T-avoiding, if it does not contain 7. Let Av,(7) be the set of T-avoiding permutations
of [n] := {1,...,n}. We are particularly interested in involutions, which are permutations 7 such that
n~! = 7, and denote the set of T-avoiding involutions of [n] by Iv,, (7). Let (&;;)1<i<;<k be independent,
centered, normal random variables such that §; has variance 1 and ;; has variance 1 /2 if i < j. For
Jj < i, define &; = &;. A k x k random matrix X is said to be drawn from the £ x £ Gaussian
Orthogonal Ensemble if it is equal in distribution to (&J)f j—1- We will need to condition X to have trace
0. Since the (&;;)1<i<j<k are independent normal random variables and the diagonal elements all have
the same variance, conditioning the matrix to have trace 0 is equivalent to projecting X onto the subspace
of matrices with trace 0. This is part of a larger connection between conditioning normal random variables
and projections, see e.g. [14, Chapter IX], and is essentially due to the fact that if [ is the identity matrix
then X — k~r(X)I and k~tr(X)I are independent. Thus X conditioned to have trace 0 is equal in
distribution to
tr(X)

k

where I is the identity matrix. We say that M is a random matrix drawn from the k x k Gaussian
Orthogonal Ensemble conditioned to have trace 0.

Our results consider the asymptotic distribution as n increases, and we let —; denote convergence in
distribution as n tends to co.

Theorem 1. Fix k € {2,3,...} and let I1,, be a uniformly random element of Iv,,((k + 1)k - - - 321). Let
M be a random matrix drawn from the k x k Gaussian Orthogonal Ensemble conditioned to have trace
0 andlet Ay > - -- > Ay be the ranked eigenvalues of M.

M=X-

I, ey

(a) If k is even then

k S
vc;ﬁxnn)_ﬂiE:(_1y+lAT
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(b) If k is odd then
k b ,
\/; (fp(Hn) - %) —d Z(—l)]+lAj.
Jj=1

We remark that when k£ + 1 = 3, we have a simpler description of the limiting distribution. In this case,
we let B and By be two independent N (0,1/2) random variables (where N (11, 02) denotes a normal
random variable with mean £ and and variance ¢?), using Equation (1), we see that

- [ 5]

By —-B;

is distributed like a 2 x 2 GOE matrix conditioned to have trace equal to 0. The eigenvalues of this matrix
can be computed explicitly, giving

(A1, As) = <\/B2 + B}, /B + Bg) ,

so that if IT,, is a uniformly random element of Iv,,(321) then

\/7fp ) —a 21/ B? + B2 = \/(2B1)? + (2B>)?

Equivalently,

\/%fp(ﬂn) —a\/ (V2B + (VIB,)2.

Furthermore, it is well known that \/ (\/531)2 + (\/532)2 follows a Rayleigh(1) distribution, whose
density is given by

flz) = a:efzz/Ql(:zr > 0).
Theorem 2. If 11, is a uniformly random element in Iv,, (123 - - - k(k + 1)) then

fp(HZn) —d Xe’uen

and
fo(Man—1) —a Xodd,

where Xeyen has density function given by

@ 1 1S even
]P)(Xeven = 7/) = 2k=t ’
0 i is odd ,

k
(i)l 1is odd ,

2k~
0 115 even .
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Theorem 3. Fix 7 € {231,312}. If I, is a uniformly random element of Iv,,(T) then E(fp(I1,,)) =
2 +0(1), Var(fp(Il,)) = s=n+ O(1) and

fp(Hn) - %n

\/3n/27

where Z is a standard normal random variable.

—d 27

To the best of our knowledge, the above theorems are new. The following theorem was first established
in [11] using the theory of local limits for Galton-Watson trees as a corollary of a stronger result that
also described the location of the fixed points. We include a simple proof establishing the asymptotic
distribution of the total number of fixed points using analytic combinatorics.

Theorem 4 (Corollary 6 [11]). Fix 7 € {321,213, 132}. IfI1,, is a uniformly random element of Av,, (),
then

fp(nn) —a N
where N has a negative-binomial distribution with parameters r = 2 andp = 1/3 ( P(N = k) =
R/,

Proof of Theorem 4:
We begin with a bivariate generating function from Elizalde [8] for 7 = 321,213,132,

2
(1-—2)+V1—4t

Fae(e.) = 5 aoel -
oEAV(T) 1+2¢

)

Note that for fixed x, with say |z| < 2, we have that

1 2 4 8
I - + 1—4i) = 0.
t—1>r11}4\/_1—4t(1—1—215(1—:6)—1-\/1—415 3_o  (3_x)2 )

It follows from Corollary 16, which is [10, Corollary VI.1], that

[tn]FAv(‘r)(Ia t) ~ —[t"] 2V 1 —dt ~

(3—x)

If 0,, € Av,,(7) is uniformly random, we have that

(3 — z)2Vmn3

N ok [ Fav (@ t) 1 X (1)’“ .
n(x) = P on—kxk— — = —(k+1) = z".
The result now follows from the standard continuity result for probability generating functions, see e.g.
Theorem 13, which is [10, Theorem IX.1]. O
The next two theorems, which have already been established in [13], have significantly more compli-
cated proofs than the previous theorems we have stated. In fact, [13, Theorem 1.1] gives full information
not only about the total number of fixed points, but also their locations. We do not give proofs of them,
but include them here in order to give a complete catalogue of results for avoidance of patterns of length
3.
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Theorem 5 (Theorem 1.1 [13]). Let (e,0 < t < 1) be a standard Brownian excursion and let I1,, be a
uniformly random element of Av,,(231) or Av,,(312). Then

LSS S i
1/4 n) 77d G774 372 %%

w7 T Jo o

Theorem 6 (Theorem 1.1 [13]). Let I1,, be a uniformly random element of Av,,(123) and let A and B be

independent Bernoulli(1/4) random variables. Then

fp(Hn) —q4 A+ B.

2 Involutions avoiding large monotone patterns

Before we proceed we give a few basic definitions concerning Young diagrams and Young tableaux. A
Young diagram is a collection of rows of boxes left justified so that the number of boxes in each row is
weakly decreasing. A Young tableau is a Young diagram with each box filled with a number from N such
that the numbers are weakly increasing along rows and columns. A standard Young tableau of size n is a
Young tableau of size n where each element in [n] appears exactly once. Given a Young tableau, T', we
call the corresponding Young diagram the shape of T" and denote it A(T"). We denote the conjugate of a
Young diagram X by \’, where the row counts of A\’ are given by the column counts of A. The number of
boxes in the ith row is denoted by A;, and hence the number of boxes in the ith column is denoted by ..
The conjugate of T', denoted 7", is also a standard Young tableaux with shape \(T") = N (T).

Denote the set of Young diagrams of size n with at most k rows by D,, ;, and the set of Young tableaux
of size n with at most k rows by 7y, 1. For a fixed v € D,, , we let T,, () denote the subset of T, j with
shape v. For T' € T, 1, and m < n, we let T denote the standard Young tableau contained in 7" with
entries 1, - - - ,m. Fory € Dy, , we let T, () denote the subset of Ty, j such that A\(T™) = ~. Similarly
we let Dy, ;. (7y) the subset of D, j that contain +y. Finally we let 7,, 1 (v,v) = Tnx(v) N Tn k(7).

For v € D, 1.(y) we let v/~ denote the skew Young diagram obtained by removing the boxes of -y from
v. f T € T, 1 (7, v) we construct the skew standard Young tableaux of shape v/~ by removing from T
the boxes associated with 7. We denote this skew standard Young tableau by 7™, the set of skew
standard Young tableaux of shape v/~ by S,, 1 (v/7), and the union over v of these sets by S,, x (7). The
set Ty % (7y) is in bijection with the direct sum 7y, 1 (7) ® Sy i (7)-

The Robinson-Schensted-Knuth (RSK) algorithm gives a bijection between pairs of standard Young
tableaux (P, @) and permutations of length n. If 7 is an involution then the corresponding pair satisfies
P = Q. For an involution ™ we let T' = T'(7) denote the unique standard Young tableaux obtained by
RSK. The number of rows in 7" is giving by the longest decreasing sequence in 7. Similarly the number
columns of 7' is given by given by the longest increasing sequence [20]. Let 75 denote the monotone
decreasing pattern (k + 1)k, - -- ,321 and py, the reverse of 7. RSK gives a bijection between 7,  and
Iv, (7). By conjugation 7, j is also in bijection with Iv, (pz). For a modern reference of the RSK
algorithm see [24]

The number of fixed points of an involution is equal to the number of odd columns of the corresponding
tableau [21]. The following proposition follows from results found in [18] and in [23] that consider Young
tableaux with bounded number of rows or columns.

Proposition 7. Let 7, denote the monotone decreasing pattern (k + 1)k, --- ,321 and let (A\;)1<i<i be
the ranked eigenvalues of a traceless GOE matrix. For I1,, chosen uniformly from Iv,,(13,),
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< % (/\i(H") B %)) —ra (Ai)i<i<k
1<i<k

Moreover, for any fixed d > 0,

P ( min {Ai_1 () — Ai(IL)} < d) - 0.

2<i<k

Proof: Letting IT,, be a uniformly random element of Iv(7y) it follows from the proof of [23, Theorem
3] by taking the square root of Equation (10) there or by [18, Theorem 5.1] by the implied local limit

theorem that
k n
(\/; ()\i(nn) - E)>
1<i<k

converge in joint distribution to the vector (A;)1<;<j of ranked eigenvalues of a traceless GOE matrix. If
we let

ﬁk:{(:vl,...,xk)ERk‘xl2---296;@, xl—l—---—l—xk:O},

then the probability density function of (A;)1<;<x with respect to the (k — 1)-dimensional Hausdorff
measure on $)y, is

L 15k 2
g('rlv"'axk)zz_ke 22]:11j H (I’L_'rj)a
1<i<j<k
where 7, is a normalizing constant. For each 2 < ¢ < k, the function h; = g/(x;—1 — x;) is integrable

on by, and satisfies g < eh; on the subset {2;,_1 — x; < €}. By the integrability of h over by, there exists
M > 0 such that, along with the union bound

in {A; 1 — A, < . < ek M.
P <2121il£1k{1\11 A} < e> < ;/hk eh; < ekM

For any € > 0 and large enough n, d\/g < e finishing the proof. O

Proof of Theorem 1:
If 7 € Iv(7y) then A\;(w) = 0 for j > k and the number of odd columns (hence the number of fixed
points [21]) is given by

k k k
fo(m) = (1PN (1) = 3 () = D7 A,

Consequently by Proposition 7, if £ + 1 is odd, so k is even, we have

\/gfpmn) - @ Jo(IT,) - i(—l)ﬂ% - i<-w+1¢§ (vm) - 7)

j=1 Jj=1

K
—a Yy (=1)77A,,
j=1
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while if k + 1 is even, so k is odd, then

@ (i) = 7)== [ i) = Y17 | = i(—l)ﬂ“\/% () - 2)

j=1 Jj=1

O
Before we begin the proof of Theorem 2, we define a Markov chain whose stationary distribution will
precisely describe the limiting distribution of the number of fixed points.

Consider the Markov chain C with state space S = {0,1, ..., k}, and transition matrix P with proba-
bilities
T . j=i—-1
Pi,j =4q1- % j=1+1
0 otherwise.

This is a discrete version of the Ehrenfest urn model [7], which can be interpreted as having k balls divided
between two urns, and at each step choosing a ball uniformly, and moving it to the other urn. The number
of rows of odd length in a Young diagram with at most k rows will have the same state space as this
Markov chain. Adding a box to a row will change its parity and therefore is equivalent to moving a ball
from one urn to the other. The difficulty with Young diagrams is that they do not grow by choosing a row
uniformly at random and adding a box to it, since the rows must be decreasing in order. Dealing with this
complication is the main difficulty in the proof of Theorem 2.
Known results about the Ehrenfest model give us the following lemma.

Lemma 8. The chain C'is periodic of period 2. If the initial position of the chain is deterministic then as
d — oo, Cq approaches alternation between vectors p and q € S, where

(%)

1 1S even
k—1

0 otherwise,

and

k
o = {2(;;’)1 1is odd

0 otherwise.

Proof of Lemma 8: First, C is irreducible since every state can reach every other state, and therefore
positive recurrent (since the state space is finite). The periodicity of C' is clearly 2, since at each transition
the parity of our state changes. Claim: the invariant probability density function of C' is given by

=Y (1) ies
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This is true since applying one transition to f yields

N B NRRIE
() [+
O

Applying the periodicity of C' to this invariant density function completes the proof. O

Proof of Theorem 2:

For © € Iv,(py) the number of fixed points of 7 is at most & and the parity of the number of fixed
points must match the parity of n. The number of fixed points will be given by the number of rows of odd
length in the conjugate of T'().

For A € D, 1 let f\ denote the size of 7, 1 (A\). Form < n and v € Dy, i let s, denote the size of
Sn k(7). The decomposition of T' € Ty, i, into a direct sum implies

Tn k(N = Fr8y-

For distinct -y, ;1 € Dy, i; the sets Ty, 1 () and T, 1 (1) are disjoint, so

| T = Z fvsy

YEDm, k

We wish to consider a random standard Young tableau chosen uniformly from 7, ;. We construct the
following probability measure wq on D, , where

fysy
w = .

1) ZueDm,k fusu

Conditioned on +, choosing T™ € Ty, x(7) uniformly with probability f7' and ™" € Sur(y)
with probability 57 ! gives a uniform random standard Young tableau 7' = 7™ & T™"™ in Tn.i:(7). By
choosing y with probability wy (vy) this process gives a uniformly random element of 7, j.

Fix d > 0 and let m = n — d. Let §(y) = minas<;<x(7i—1 — ;) denote the minimum difference in
the lengths of consecutive rows. If §(y) > d then every skew standard Young tableaux in S,, 5 (y) will
consist of up to k non-overlapping horizontal strips. For every such +, we have s, = k<. For + such that
§(v) < d we have s, < k<.

We define another measure on D,, 1,

R SR
2(7) = Z'y kaf., - Z'y f
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The measure wy is equivalent to choosing 7™ uniformly from 7, j and letting v = A(7"). Then
w1 (0(y) < d) Swa(8(y) < d).

By Proposition 7, as m increases, P, (6(7)) < d) — 0, and therefore P, (6(7y) < d) — 0.

Let Y denote the number of odd rows of v chosen with probability w1 (7). Both m and Y have the
same parity. With probability tending to 1 as m increases, 6(y) > d. Conditioned on §(y) > d, we may
construct 7™ € S, () by choosing uniformly from each of the k rows and a adding box to that row,
repeating this process d times. The conditional distribution of the number of odd rows of T = T™@T ™ ™"
on is given exactly by the Markov chain in Lemma 8. If m and d have the same parity (hence n = m + d
is even), then Cy(Y) —4 Xepen. Otherwise Cy(Y) — 4 Xodd- O

3 Bivariate Generating Functions

Bivariate generating functions are valuable tools in understanding limiting statistics of combinatorial
classes. For a fixed 7 € S3 we define the following bivariate generating function with respect to fixed
points fp:
Fryry(m,t) = Y aPdl, 3)
o€lv(r)

There are three distinct generating functions. One for 7 € {231, 312}, one for 7 € {321, 132,213}, and

another for 7 = 123. For our purposes we will only use Fy(231) (x,t), though we include the others for
completeness.

Proposition 9. For Iv(231) = Iv(312) we have

Fy, sz, t) = Y @il =
o€lv(231)

Proof:

If a permutation 7 avoids the pattern 7 then 7! avoids the pattern 7—'. Therefore involutions that
avoid the pattern 231 must also avoid 312. This allows for a bijection between Iv(231) and the set of
compositions of integers into positive parts [22, Proposition 6]. For example

1

32154876+ (3,2,3). )

If (a1, - ,ax) is a composition, by = 0, and b; = 23;11 iaj, then the corresponding permutation, 7,

under the bijection is defined point-wise for b; < t < b; 1 by
7T(t) = bi—i-ai— (t—bl)—i-l

A fixed point occurs if and only if ¢ = (a; + 1)/2 + bi which can only occur if a; is odd and can only
occur once for each odd a;. Hence, there is one fixed point for every part of odd size. In Example 4 both
2 and 7 are fixed points and occur in the middle of an odd decreasing sequence.

Let A(n, k) denote the set of compositions of n into exactly k positive parts and A,qq(n, k) be the set
of compositions of n into exactly k positive odd parts. For each p € A(n, k) with exactly k — j odd parts
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there is a unique v € A,q44(n— j, k) obtained by reducing each even part by one. Foreach v € A,q4(n, k)
and each 0 < 5 < k there are precisely ( ) permutations in A(n + j, k) with exactly k — j odd parts that
reduce to v.

We then have the following:

Z xfiD(U)t‘U\ — Z Z tnx#{ odd parts of p }

o€lv(231) n,k peA(n,k)

-y ¥ (@)tn+jxk—j

n,k,j vE€EAsaa(n,k) J

Z Z ( ) t2 s14-+ +Skt/€+7xk J

7.k Ss1,
1—t2
1—2t2 —at

O

Proof of Theorem 3:

We now set up the notation to apply Theorem 14, which [10, Theorem IX.9]. Let B(x,t) = 1 — t? and
C(z,t) = 1 — 2t% — at, so that Fyy231)(2,t) = B(,t)/C(,t), with B and C being analytic. Since
C(1,t) =1—2t> —t = —2(t + 1)(¢t — 1/2) we see that that Fyy(231)(1, ¢) is meromorphic on the ball of
radius r = 3/4 with only a simple pole at p = 1/2 < 3/4. Moreover, B(1, p) # 0. Additionally,

and if we let p(z) = (—z + V22 + 8)/4 then p(1) = p and C(z, p(z)) = 0 and p is analytic at 1. Let
7() = p(1)/p(x) = 1/(2p(x)). Note that

PN e IO SO POV 2 11
“(pcc))‘“(f( V=T T (f(1)> 77ty g Y

where we have used that f(1) =

=1, f/(1) =1/3,and f”(1) = 2/27. Similarly, we see that
p(1)> [ 1
m({—= ) =m(f(x)) := = .
(567) = =7 =3
If we let X, be the number of fixed points of a uniformly random 231-avoiding involution of [n], then

P(X, = k) = [#*t"]Fy@s1) (2, 1)/[t"] Fiy(231)(1, t), and it follows from Theorem IX.9 of [10] that
E(X,) = (n/3)+ O(1), Var(X,) = (8n/27) + O(1), and that

. (Xn —E(X,)

Var(X,)

where Z is a standard normal random variable. It follows immediately that

< x) =P(Z <z)+0(1/vn),
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Proposition 10. Fix 7 € {321,132, 213}. For Iv(7) we have

2

FI,,(-,—)(ZC,t) = 1_ 22t + V1 a2 —i2

Proof:

We first consider Fyy(321)(z,t). Permutations in Iv,, (321) are in bijection with symmetric Dyck paths of
length 27 and under this bijection the centered tunnels correspond to fixed points [9]. Let D(n, k) denote
the set of symmetric Dyck paths of length 2n with exactly k centered tunnels. Any path in D(n, k) is
uniquely determined by its first n steps. Let u and d denote the number of up and down steps respectively
in the first half of Dyck path. For paths in D(n, k) we have u + d = n and u — d = k. By standard ballot

counting arguments we have
2d+k\  (2d+k
d d—1

Z (P fp(@) — Z ((Qd;' k) _ (?j’f)) {24tk k- (5)

relv(321) d,k>0

ID(2d + k. k)|

so that

m
Using the identity >°, o (*"1™)s" = s (177 V218745) we have

> (2d + k) vk _ )" <(1 - W))k ©
S\ 4 V1 — 42 2t2
and fio
5 <2(d — D) +k+ 2> i-vyrhrzh _ (@) <(1 — Vi 4t2)> -
2 d—1 N 212

Combining (6) and (7) with the appropriate factors and summing over k£ > 0 gives

2
e k
S ((2E) (2t t2d+%’€—1_t2(71 2y (et 1 V14

d,k>0 d d—1 - V1 — 42 k>0 2t7

which allows us to simplify (5) to

) 2
> et - :
et 1— 20t +V1—4t
with some straightforward manipulations.
Rotation by 180 degrees sends Iv,,(132) to Iv,,(213) and preserves the number of fixed points. From
[9, Theorem 8], or [6, Theorem 2.3] there is bijection from Av,,(321) to Av,,(132) which preserves the
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number of fixed points and also commutes with taking inverses, so induces a bijection between Iv,, (321)
and Iv,, (132). Therefore

Fry321)(7,t) = Fryas2) (2, 1) = Fy(213) (2, ).

O
Corollary 11. Fix 7 € {321,132,213}. If I1,, is a uniformly random element of Iv,, (1), then
1
V) =0 x,
n
where X follows a Rayleigh(1) distribution.
Proof: This follows from Theorem 1 and [9, Theorem 8] or [6, Theorem 2.3]. O

For completeness we also give the bivariate generating function for Iv(123) with respect to fixed points.
Proposition 12. For Iv(123) we have

Frasy(@,t) = Y a0l =14 (tw + (1 + 2%))
p€lv123

1—+/1— 42
221 — 42 |

Proof: By the RSK correspondence, permutations in Iv,, (123) are in one-to-one correspondence with
standard Young tableaux of size n with at most two columns. The number of fixed points in such a
permutation is equal to the number of columns of odd length in the standard Young tableaux. If n is odd,
there is exactly one odd column in the Young tableaux. If n is even (so n = 2k), there are either zero
or two columns. Every tableaux of size 2k can be created by placing the element 2k in either the first or
second column of a tableaux of size 2k — 1. Conversely, each tableaux of size 2k — 1 yields exactly two
tableaux of size 2k, one where both columns have even length and one where both have odd length.
By [22, Proposition 3], for any n we have

v, (123)| = (é) .

Since ) )
n n
— :7;0(”)152 ,
we have ) on 1 )
n
’—4t2 Z ( > 2n + ﬁ 9
and

1—V1—42 2 1
Z ( n+ >t2n
22y/1 — 42
Multiplying this term by the factor (xt + (14 2%)t?), and adding 1, gives the desired generating function.
o
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Appendix
In this appendix we restate various results from Flajolet and Sedgewick so they are more readily available
for the reader.

Theorem 13 (Theorem IX.1 [10]). Let 2 be an arbitrary set contained in the unit disc and having at
least one accumulation point in the interior of the disc. Assume that the probability generating function
pr(u) =2 450 Pr.ku” and q(u) = > k>0 qru® are such that there is convergence,

li =
Jim p(u) = g(u),
pointwise for each u in Q. Then a discrete limit law holds in the sense that, for each k,
Jim po=qx and - lim > pui=> 4
J<k J<k

The following is essentially [10, Theorem IX.9], rephrased to be more easily applied in the present
context and including some of the intermediate results from the proof. If f is twice differentiable near 1

we define
SOy W (Y
mn =g e o0 =+ - ()

Theorem 14 (Theorem IX.9 [10]). Let F(u, z) be a function that is bivariate analytic at (u, z) = (0,0)
and has non-negative coefficients. Assume that F' (1, z) is meromorphic in z < r with only a simple pole
at z = p for some positive p < r. Assume also the following conditions.

(a) Meromorphic perturbation: there exists some € > 0 and r > p such that in the domain D =
{lu—1] < €} x {|z| < r} the function F (u, z) admits the representation

B(u, z)
F =
(U, Z) C(u, Z) Y
where B(u, z) and C(u, z) are analytic for (u, z) € D, with B(1, p) # 0. (Thus p is a simple zero

of C(1,z).)

(b) Non-degeneracy: one has 0,C (1, p) - 0,(1, p) # 0, ensuring the existence of a non-constant p(u)
analytic at w = 1, such that C(u, p(u)) = 0 and p(1) = p.

()

Let X,, be a random variable with probability generating function

(2" F(u, 2)
(2" F(L,2)”

(c) Variability: one has

Pn(u) =
and let Z be a standard normal random variable. Then, for all ¢ € R,

X, — E(X,) B 1
P<m§x> —]P’(ZSx)—i—O(\/ﬁ).
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Furthermore,

p(1) ) <p( 1) )
EX,)=m|—=|)n+0(1) and Var(X,)=v|—=|n+0O(1).
() =m (22 ) n+ o) () =v (25 (1)
For the next result, we need the following definition.

Definition 15 (Definition VLI [10]). Given two number ¢ and R with R > 1 and 0 < ¢ < m/2, the open
domain A(¢, R) is defined as

A(¢,R) ={z||z| <R, 2 # 1, |arg(z = 1)| > ¢}.

For a complex number ¢ a domain D is a A-domain at ( if there exist ¢ and R such that D = (A(¢, R).
A function is A-analytic if it is analytic on a A-domain.

Corollary 16 (Corollary VI.1 [10]). Assume that f(z) is A-analytic and
fz)~(1-2)"°, asz—1, z€A,

with o ¢ {0,—1,—2,...}. Then the coefficients of  satisfy
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Two mesh patterns are coincident if they are avoided by the same set of permutations, and are Wilf-equivalent if
they have the same number of avoiders of each length. We provide sufficient conditions for coincidence of mesh
patterns, when only permutations also avoiding a longer classical pattern are considered. Using these conditions
we completely classify coincidences between families containing a mesh pattern of length 2 and a classical pattern
of length 3. Furthermore, we completely Wilf-classify mesh patterns of length 2 inside the class of 231-avoiding
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1 Introduction

The study of permutation patterns began as a result of Knuth’s statements on stack sorting in The Art of
Computer Programming [10, p. 243, Ex. 5,6]. The original concept—a subsequence of symbols having a
particular relative order, now known as classical patterns—has been expanded to a variety of definitions.
Babson and Steingrimsson [1] considered vincular patterns (also known as generalised or dashed patterns)
where two adjacent entries in the pattern can be required to be adjacent in the permutation. Bousquet-
Mélou, Claesson, Dukes, et al. [3] look at classes of patterns where entries can also be required to be
consecutive in value, these are called bivincular patterns. Bruhat-restricted patterns were studied by Woo
and Yong [11] to establish necessary conditions for a Schubert variety to be Gorenstein. These definitions
are subsumed under the definition of mesh patterns, introduced by Brindén and Claesson [4] to capture
explicit expansions for certain permutation statistics.

When considering permutation patterns some of the main questions posed relate to how and when a
pattern is avoided by, or contained in, an arbitrary set of permutations. Two patterns 7 and o are Wilf-
equivalent if the number of permutations that avoid 7 of length n is equal to the number of permutations
that avoid o of length n. A stronger equivalence condition is that of coincidence, where the set of per-
mutations avoiding 7 is exactly equal to the set of permutations avoiding o. Avoiding pairs of patterns of
the same length with certain properties has been studied, Claesson and Mansour [6] considered avoiding
a pair of vincular patterns of length 3. Bean, Claesson, and Ulfarsson [2] study avoiding a vincular and

*Research partially supported by grant 141761-051 from the Icelandic Research Fund.
ISSN 1365-8050 (© 2018 by the author(s) Distributed under a Creative Commons Attribution 4.0 International License
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a covincular pattern simultaneously in order to achieve several counting results. However, little work has
been done on avoiding a mesh pattern and a classical pattern simultaneously.

In this work we aim to establish some ground in this field by computing coincidences and Wilf-classes
and calculating some of the enumerations of avoiders of a mesh pattern of length 2 and a classical pattern
of length 3. We begin by establishing coincidences between mesh patterns of length 2 while avoiding a
dominating pattern by computational methods, which are then used to establish three “Dominating Pattern
Rules” as well as some special cases that can be used to calculate coincidences.

We then use these coincidence classes to calculate Wilf-equivalence classes showing some of the meth-
ods used.

2 Mesh patterns

A permutation is a bijection from the set [n] = {1,...,n} to itself. The set of all such bijections is
denoted &,, and has n! elements. We can denote an individual permutation m € &,, in one-line notation
by writing the entries of the permutation in order, therefore 7 = 7(1)w(2)---m(n). The set &y has
exactly one element, the empty permutation €.

Definition 2.1. Two strings of integers avjag - - - v, and B89 - - - B;, are said to be order isomorphic if
they share the same relative order, i.e., o, < a if and only if 5, < .

The definition of order isomorphism allows us to give the meaning of containment for classical permu-
tation patterns.

Definition 2.2. A permutation 7 € &,, contains the permutation o € &y, (denoted o < ) if there is some
sequence i1, 4o, ...,4, such that 1 < 47 < iy < -+ < 4 < n and the sequence 7(i1)7(i2) - - - m(ig)
is order isomorphic to o(1)a(2) - - - o (k). If this is the case the sequence (i1 )7 (i2) - - - w(ix) is called
an occurrence of ¢ in 7. If m does not contain o, we say that m avoids o. In this context o is called a
(classical) permutation pattern.

Example 2.3. The permutation m = 24153 contains the pattern o = 231, since the second, fourth and
fifth elements (453) are order isomorphic to 231. The permutation also contains the occurrence 241 of the
same pattern. The permutation 24153 avoids the pattern 321.

We denote the set of permutations of length n avoiding a pattern o as Av, (o) and let Av(o) =
UiZo Avi(o).

We can display a permutation graphically in a plot, where we display the points G(7) = {(¢, (7)) |
i € [n] } in a Cartesian coordinate system. The plots of the permutations 7 = 24153 and o = 231 can be
seen in Figure 1. Figure 2 shows the containment of ¢ in 7 as in Example 2.3.

The boxes in the plot of a permutation are denoted by ¢, j!, where the point (2, j) is the lower left
corner of the box.

Definition 2.4. A mesh pattern is a pair
p = (r,R) with 7 € & and R < [0, k] x [0, k].

Formally defined by Brindén and Claesson [4], an occurrence of p in 7 is a subset w of the plot
of m,G(m) = {(¢,m(i) | i € [n]} such that there are order-preserving injections «, 8 : [k] — [n]
satisfying the following two conditions.

Firstly, w is an occurrence of 7 in the classical sense
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G(m) = G(o) =

Fig. 1: The plots of the permutations 7 and o.

14l
—H

@7

Fig. 2: The occurrence of 231 in 24153 corresponding to 453.

Low={(a(i),B())) : (i,j) € G(7)}.

Define R

T =)[ a@i)+1,a(i+1)—1] x [B() +1,8(j + 1) — 1] for i, € [0, k] where a(0) = 5(0) =0

B(k + 1) = n + 1. Then the second condition is
ii. if (4,57 € Rthen R;; n G(7) = &.

We call R;; the region corresponding to i, j ..

Example 2.5. The pattern p = (213, {/0,1},70,2],71,07,71,1},12,17,72,2"}) = @4 is contained in

R T R DA e A D B A R S e DA

m = 34215. Let us consider the plot for the permutation 7. The subsequence 325 is an occurrence of 213
in the classical sense and the remaining points of 7 are not contained in the regions corresponding to the
shaded boxes in p.

S S Y
N

NI
NI
N
N
N
NN

NS NN NNN
N
N
SSPSSYSAY
RO SN NN

The subsequence 325 is therefore an occurrence of the pattern p in 7.

We denote the avoidance sets for mesh patterns in the same way as for classical patterns. Given a mesh
pattern p = (o, R) we say that o is the underlying classical pattern of p.

We define containment of a mesh pattern p in another mesh pattern ¢ as above, with the additional
condition that if (7, j € R then R;; is contained in the mesh set of g. More formally:

Definition 2.6. A mesh pattern ¢ = (k,T) contains a mesh pattern p = (7, R) as a subpattern if k

Rij) cT.

contains p and (Uri_feR
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Example 2.7. The pattern p = (213,{]0,1.,70,2},:1,0],72,27}) = 2 is contained in the pattern

NN T Bt AN T B AN

7

q= as a subpattern. The highlighted points form an occurrence of p in ¢

NENWN
N

NN NN \\?

RS~y
RS SR AN

The permutation 42315 also contains p in the usual sense.

3 Coincidences between Mesh Patterns under a Dominating Pat-
tern

Coincidences among small mesh patterns have been considered by Claesson, Tenner, and Ulfarsson [7],
in which the authors use the Simultaneous Shading Lemma, a closure result and one special case to fully
classify coincidences among mesh patterns of length 2.

Recall that two patterns A and ~y are considered coincident if the set of permutations that avoid A is the
same as the set of permutations that avoid =, i.e., Av(\) = Av(~). This is equivalent to A and - being
contained in the same set of permutations, i.e., Cont(A\) = Cont ().

We will consider the avoidance sets Av (7, p) where 7 is a fixed classical pattern of length 3 and p is a
mesh pattern of length 2 that varies. The classical pattern 7 will be called the dominating pattern. Given
such a dominating pattern = we will write p; = _ ps if for the mesh patterns, p; and ps, the sets Av (m, p1)
and Av (m, p2) are equal. If this is the case we say the two mesh patterns are coincident under .

Our first step is to calculate whether Av (7, p1) and Av(m, ps) are equal up to permutations of length
11 computationally, if they are we write p; =7+ po. The equivalence relation =~ _ is a refinement of
the equivalence relation 7", and therefore the =~ _-equivalence classes form partitions of the ~7""-
equivalence classes.

We then prove three propositions called “Dominating Pattern Rules”, if the First Dominating Pattern
Rule shows that p; =~ p, then we write p; =1 py. If a combination of the First and Second Dominating
Pattern Rules show that p; = po then we write p; =) py; similarly we write p; =% p, if a combination
of all three rules shows coincidence. These three equivalence relations are successive refinements of .
For future reference we record the following:

Note 3.1. If we find that =%, for i = 1,2, or 3, equals =5 " then the equivalence relations =%, >~ and
=" are all equal.
In order to describe the rules it is useful to have a notion for inserting points, ascents, and descents into

a mesh pattern.

Definition 3.2. Let p = (7, R) be a mesh pattern of length n such that 4, 57 ¢ R. We define a mesh
pattern p = (77, R') of length n + 1 as the pattern where a point is inserted into the box "4, ;" in G(p).
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9.1

s r Ll rr7
2.1 _ 7 .1 _
p = 7.7 p = p =

Fig. 3: The result of inserting a point into p = (12, {0, 1}, 12,2'})

Formally the new underlying classical pattern is defined by

j+1 ifh=i+1

7(k) if 7(k) <jand k <1
7'(k) =< 7(k) +1 if 7(k) >jand k <1

T(k—1) ifr(k) <jandk >i+1

T(k—1)+1 ifr(k)>jandk>i+1

While the mesh becomes

R ={{k, 0| k<il<j kt eR
{"k, 0 | k<il>3 kt—1€R}u
{k, 00 | k>1i,0<j,k—1,0 € R}u
{'k, 0 |k>i >3 k—1,¢—1 €R}

<
<

In addition, we give the following definitions:

Definition 3.3. Let p = (7, R) be a mesh pattern of length n such that 4, 57 ¢ R and p95 = (7/, R') is
as defined in Definition 3.2. We define the following four modifications of p<s.

P (

Pl = (¢ R Ui+ 1,5, i+ 1,5+ 1))
(
(

pit = (7 RO {550, i+ 1,57
p I = (' R Ol g, g+ 1))

Informally, these are considering the topmost, rightmost, leftmost, or bottommost point in |4, 5. We
collect the resulting mesh patterns in a set

pridax = {me,vprJ P J-,J,,pJ-JJT,pJ-,JJl}
See Figure 3 for an example of adding a point into a mesh pattern.

Definition 3.4. Let p = (7, R) be a mesh pattern of length n such that [4,j. ¢ R. We define a mesh
pattern pisa = (77, R') (respectively, pi7sa) of length n + 2 as the pattern where an ascent (respectively
descent) is inserted into the box [4, j' in G(p). Formally the new underlying classical pattern is defined



6 Murray Tannock, Henning Ulfarsson

Fig. 4: The result of inserting an ascent into p = (231, {{0,0}, 1,0}, 1,37,13,0],73,17,73,3})

L) P ) T T Y ) T

jtt ifh=i+tte{l2)
7(k) ifr(k) <jandk <1
7'(k) =< 7(k) +2 ifr(k)>jand k <i
T(k —2) ifr(k) <jandk >i+2
Tk—2)+2 ifr(k)>jandk > i+ 2

~—~

The ordering of the top branch determines whether an ascent(or descent) is added.
The mesh becomes
R ={k, 0 |k<il<j &k eR}u
(k0 | k<il>7] k-2 R}
(k0 | k>i0<jk—20€R}w
{{k,0 | k>i,l>j,k—2(—2 € R}u
{li+ 1,5, u+1,j+1,0+1,5+2]}

meaning that the ascent (or descent) is not allowed to be split in the box.

An example of adding an ascent to a mesh pattern can be seen in Figure 4.

We now attempt to fully classify coincidences in families characterised by avoidance of a classical
pattern of length 3 and a mesh pattern of length 2, that is finding and explaining all coincidences between
mesh patterns m and m’, m =~_ m/’, where 7 is a classical pattern of length 3.

It can be easily seen that in order to classify coincidences one need only consider coincidences within
the family of mesh patterns with the same underlying classical pattern, this is due to the fact that 21 €
Av((12,R)) and 12 € Av({(21, R)}) for all mesh-sets R.

We know that there are a total of 512 mesh-sets for each underlying classical pattern. By use of the
previous results of Claesson, Tenner, and Ulfarsson [7] the number of coincidence classes can be reduced
to 220.

3.1 Coincidence classes of Av({321, (21, R)})

Through experimentation, considering avoidance of permutations up to length 11, we discover that there

are 29 =~ P-equivalence classes where the underlying classical pattern of the mesh pattern is 21.

Proposition 3.5 (First Dominating Pattern Rule). Given two mesh patterns m; = (o, R1) and mg =
(0, Rz), and a dominating classical pattern = = (7, ) such that |7| < |o| + 1, then my = myg if

=

1. The mesh set Ry = Ry u {la, b’}
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2. 7 < b
This rule can be understood in graphical form. In the pattern in Figure 5 we can gain shading in the
boxes [0,2], 12,0 since if there is a point in either of these boxes there would be an occurrence of the

dominating pattern 321.

N
N
S
NN
NN

NN AN

SNSRNNfNsY

77

707

Fig. 5: Visual depiction of first dominating pattern rule.

In order to prove the proposition we must first make the following note.

Note 3.6. Let Ry € Rs. Then any occurrence of (7, Rz) in a permutation is an occurrence of (7, Ry ).

Proof Proof of Proposition 3.5: Since R; is a subset of Ry, Note 3.6 implies that Av({m,m1}) <
Av({m,ma}).

Now we consider a permutation w € Av (), containing an occurrence of my. If there is a point in the
region corresponding to the box [a, b}, then that point, along with the points of the occurrence of m1, form
an occurrence of 0-»% . Then condition (2) of the proposition implies an occurrence of 7. Therefore there
can be no points in this region, which implies the occurrence of m; is an occurrence of ms. Hence every
occurrence of my is in fact an occurrence of mg, and we have that Av ({7, ma}) € Av({m, m1}).

Taking both directions of the containment we can therefore draw the conclusion that m; =~ _ msy. [

After implementing the First Dominating Pattern Rule we find that there are 29 ;glgl-equivalence

classes, of mesh patterns where the underlying classical pattern is 21. By Note 3.1 there are therefore
exactly 29 =~4,,-equivalence classes.

3.2 Coincidence classes of Av({231, (21, R)}).
~

By application of First Dominating Pattern Rule we obtain 43 =,4,-equivalence classes between mesh
patterns with 21 as an underlying classical pattern. Experimentation shows that there are 39 =537°-
equivalence classes between mesh patterns with 21 as an underlying classical pattern, for example the
following two patterns are in the same >G5} -equivalence class, but this is not explained by the First

Dominating Pattern Rule.

27 and meo = 22000
7

my =

NS AN NN

NS ANV NN

Consider an occurrence of m; in a permutation in Av(231), consisting of elements x and y. If the
region corresponding to the box 1,1’ is empty we have an occurrence of ms. Otherwise, if there is any
ascent in this box then we would have an occurrence of 231, however, since the permutation is in Av(231)
this is not possible. This box must therefore contain a (non-empty) decreasing subsequence. This gives
rise to the following lemma:

Lemma 3.7. Let m = (o, R) be a mesh pattern, where [a,b] ¢ R, and 7 = (7, J) be a dominating
classical pattern. If 7 < m:%ba
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(m < m:®Y.a), then in any occurrence of m in a permutation g, the region corresponding to the box [a, b’
can only contain an decreasing (increasing) subsequence of g.

The proof is analogous to the proof of Proposition 3.5.
Going back to our example mesh patterns

O
D

NN

777
7
277

S S A

N

we know that the region corresponding to the box |1, 1] contains a decreasing subsequence. If we let z
be the topmost point in this decreasing subsequence, then xz is an occurrence of ms. This shows that our
two example patterns are coincident. This example generalises into the following rule.

Proposition 3.8 (Second Dominating Pattern Rule). Given two mesh patterns m; = (o, R1) and my =
(0, R2), and a dominating classical pattern = = (7, ) such that |7| < |o| + 2, then my = mg if

1. The mesh set Ry = Ry v {{a, b’}
2. Any one of the following four conditions hold

(a) m™< o@ba and

i. (@a+1,b)ecand a+1,b—1]¢ Ry and
w,b—1'€ Ry = x,b. € Ry (wherex # a,a + 1) and
a+1,y.€e Ry = la,y, € Ry (wherey # b —1,b).

ii. (a,b+1)eoanda—1,b+1 ¢ Ry and
b+ 1€ Ry = x,b € Ry (wherex # a — 1, a) and
a—1,y.€e Ry = la,y, € Ry (wherey # b,b+ 1).

i.(a+1l,b+1)ecanda+1,b+ 1) ¢ Ry and
b+ 1€ Ry = x,b. € Ry (wherex # a,a + 1) and
a+1,y.€ Ry = la,y, € Ry (wherey # b, b+ 1).
ii. (a,b)ecanda—1,b—1 ¢ R; and
w,b—1'€ Ry = x,b € Ry (wherex # a — 1, a) and
la—1,y.€e Ry = la,y, € Ry (wherey # b —1,b).

Proof: By Note 3.6 we only need to show that an occurrence of m; implies an occurrence of my. We
consider taking the first branch of every choice in condition (2). Consider a permutation w € Av(m).
Suppose w contains m; and consider the region corresponding to [a, b in R;. If the region is empty, the
occurrence of m is trivially an occurrence of ms.

If the region is non-empty, then by Lemma 3.7 and condition (2a) of the proposition it must contain
a decreasing subsequence. We can choose the topmost point in the region to replace the corresponding
point in the mesh pattern and the points from the subsequence are now in the box southeast of the point.

The conditions on the mesh ensure that no elements of the permutation that were inside a region cor-
responding to an unshaded box in the occurrence of m; would be in a region corresponding to a shaded
box in an occurrence of mo.
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V777777
V277777

NN

Fig. 6: A depiction of the second dominating pattern rule using our example patterns.

Hence there are no points in the region corresponding to the box [a, b in the mesh pattern, and therefore
we can shade this region. This implies that every occurrence of m in Av(w) can be modified into an
occurrence of mg s0 Av ({m, ma}) € Av({m, m1}).

Similar arguments cover the remainder of the branches. o

This proposition essentially states that we slide all of the points in the box we desire to shade diagonally,
and chose the topmost/bottommost point to replace the original point in the mesh pattern. Figure 6 show
how the cases apply to a general container of m; to transform it into a container of mg, the circled points
are the same points in the permutation.

After implementing the Second Dominating Pattern Rule we find that there are 39 ggzgl-equivalence
classes, of mesh patterns where the underlying classical pattern is 21. By Note 3.1 there are therefore

exactly 39 =~,5;-equivalence classes.

3.3 Coincidence classes of Av({231, (12, R)}).

When considering the coincidence classes of Av ({231, (12, R)}) we first apply the two Dominating Pat-
tern rules previously established. Starting from 220 classes, we result in 85 =,4,-equivalence classes
reducing to 59 ;gzgl-equivalence classes, considering mesh patterns with 12 as the underlying classical

patterns. However there are 56 ~.," -equivalence classes.
For example the patterns

:and mo = 7

2z

R

NN

NN
N
N

77

are >~ -equivalent.

Consider an occurrence of my in a permutation, if the region corresponding to the box |1, 0! is empty
then we have an occurrence of mo. Now look at the case when this region is not empty, and consider
choosing the rightmost point in the region. This gives us an occurrence of the following mesh pattern.

N
NN
NN

77
24

77

S S
NN SN NN
INNN SN NN

77
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By application of First Dominating Pattern Rule we obtain the following mesh pattern

NN
NN
NAN

The highlighted points are an occurrence of the mesh pattern ms. This gives rise to the following rule:

Proposition 3.9 (Third Dominating Pattern Rule). Given two mesh patterns m; = (o, Ry) and my =
(0, R2), and a dominating classical pattern = = (7, &), then m; =, mq if

1. The mesh set Ry = Ry v {{a,b’}
2. One of the patterns in mia"b‘* is coincident with a mesh pattern containing an occurrence of ms as
a subpattern.

Proof: Note 3.6 implies Av ({m, m1}) S Av({m, mz}) as before. Now consider a permutationw € Av ()
that contains an occurrence of m;. If the region corresponding to the box [a, b is empty then we have an
occurrence of my. By condition 2 of the proposition there exists a pattern r in mia’b;* such that my is a
subpattern in some pattern r’ coincident with r. If the region is non-empty then there exists an occurrence
of r in w. Therefore, there is an occurrence of 7’ in w, which implies that there is an occurrence of mg in

w. Thus Av({m, ma}) < Av({m, m1}) and the two patterns are coincident. O

After implementing the Third Dominating Pattern Rule we find that there are 56 g§3§1-equivalence

classes, of mesh patterns where the underlying classical pattern is 12. By Note 3.1 there are therefore
exactly 56 =, -equivalence classes, since we have observed 56 =~ "-equivalence classes through ex-

perimentation.

3.4 Coincidence classes of Av({321, (12, R)}).

When considering coincidences of mesh patterns with underlying classical pattern 12 in Av(321) appli-
cation of the previously established rules gives no coincidences. Through experimentation we discover
that there are 7 =5,"-equivalence classes that are unexplained. Since the number of coincidences is so
small we will reason for these coincidences without attempting to generalise into concrete rules.

Intuitively, it is easy to see why our previous rules have no power here. It is impossible to add a single
point to a mesh pattern (12, R) and create an occurrence of m# = 321. It is also impossible to have a
position where addition of an ascent, or descent, provides extra shading power.

The patterns

rrArss 740
s 2
XY 747
7
7

my = Lops and meo o2

77 2
774 77
774 77

777
77

NN
NV NNN

7
7

are >0, -equivalent. (There are 3 symmetries of these patterns that are also equivalent to each other by
the same reasoning.)

Consider the region corresponding to the box 0,1} in any occurrence of m4 in a permutation. By
Lemma 3.7 it must contain an increasing subsequence. If the region is empty then we have an occurrence
of mg. If there is only one point in the region we can choose this point to replace the 1 in the mesh pattern
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to get the required shading. If there is more than one point then choosing the two leftmost points gives us
the following mesh pattern.

7
7
7
7
7
A
7
z

N

N

N

N
NN
NNN VNN NN

RN AR N AR Y
R
N
N
N
N

NNAN SNSRI NN

pattern we mo, and hence the two patterns are coincident. It is also possible to calculate this coincidence
by an extension of the Third Dominating rule, where we allow a sequence of point addition operations,
this is discussed further in the future work section. Because of symmetries we have dealt with 4 out of the
~ o1 P-equivalence classes.
Now consider the patterns

77

2

222 d — 77 7
v andmg = o400

N
NNNENSY

. ~comp .
which are =, ,"-equivalent.

In order to prove this coincidence we will proceed by mathematical induction on the number of points
in the region corresponding to the middle box. We call this number n.

Base Case (n = 0) The base case holds since we can freely shade the box if it contains no points.

Inductive Hypothesis (n = k) Suppose that we can find an occurrence of the second pattern if we have
an occurrence of the first with & points in the middle box.

Inductive Step (n = k + 1) Suppose that we have (k + 1) points in the middle box. Choose the bottom
most point in the middle box, giving the mesh pattern

Now we need to consider the box labelled X. If this box is empty then we have an occurrence of
my and are done. If this box contains any points then we gain some extra shading on the mesh
pattern as any points in the boxes 1,2} and 1, 3} would create an occurrence of the dominating
pattern 321

The two highlighted points form an occurrence of m; with k points in the middle box, and thus by
the Inductive Hypothesis we are done.
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By induction we have that every occurrence of m; leads to an occurrence of ms and by Note 3.6 every
occurrence of my is an occurrence of m; so the two patterns are coincident. This argument applies to
another two pairs of classes. Therefore we have explained all 7 of the coincidences in Av ({321, (12, R)})
and there are 213 =4,,-equivalence classes.

4 Wilf Equivalences between equivalence classes

Wilf-equivalence is an important aspect to study in the field of permutation patterns. The original defini-
tion is as follows:

Definition 4.1. Two patterns 7 and o are said to be Wilf-equivalent if forall k = 0, |Avy(7)| = |[Avi (o).
Two sets of permutation patterns R and S are Wilf-equivalent if for all k > 0, |Avi(R)| = |Avi(S)|.

Coincident patterns are trivially Wilf-equivalent: if Avy(R) = Avg(S) then trivially |[Avg(R)| =
|Avy(S)|. Coincidence is therefore a stronger equivalence condition than Wilf-equivalence.

When examining Wilf-equivalences we can use a number of symmetries to reduce the amount of work
required. It can be seen that the reverse, complement and inverse operations (see Figure 7) preserve
enumeration, and therefore classes related by these symmetries are trivially Wilf-equivalent.

reverse < > =

complement ( ) =

inverse ( ) =

Fig. 7: The operations reverse, complement and inverse for the pattern 231

Since we will consider Wilf-equivalences in a set Av(S) we must only use symmetries that preserve
the dominating pattern(s) in .S, if we were to allow other symmetries, then the equivalences calculated in
the previous section do not necessarily hold.

In the remainder of the paper we will consider Wilf-equivalences of patterns whilst avoiding the dom-
inating pattern 231, if two patterns p; and py are Wilf-equivalent we will denote this p; &231 P2, SiM-
ilarly when computational methods indicate that two patterns are Wilf equivalent under 231 we write
p1 2551 p2. We will use C to denote Av(231) and C(x) will be the usual Catalan generating func-
tion satisfying C(z) = 1 + 2C(x)%. The fact that C(z) is the generating function for C can be seen by
structural decomposition around the maximum, as shown in Figure 8.

The elements to the left of the maximum, A, have the structure of a 231 avoiding permutation, and
the elements to the right of the maximum, B, also have the structure of a 231 avoiding permutation.
Furthermore, all the elements in A lie below all of the elements in B. We call A the lower-left section and
B the upper-right section.

We can also decompose a permutation avoiding 231 around the leftmost point, giving a similar figure.
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Fig. 8: Structural decomposition of a non-empty avoider of 231

4.1 Wilf-classes with mesh patterns of length 1.

When considering the mesh patterns of length 2 it will be useful to know the Wilf-equivalence classes of
the mesh patterns of length 1 inside Av(231), this means that we are considering the =.,,;,-equivalence
classes of mesh patterns with underlying classical pattern 1.

The patterns in the following set are coincident,

{*ded )

due to the fact that every permutation, except the empty permutation, must contain an occurrence of all of
these patterns.

The pattern 4+ is in its own 2231-equivalence class since the only permutation containing it is the
permutation 1. The avoiders of this pattern therefore have generating function F(z) = C(x) — x.

The pattern p = 4 is one of the quadrant marked mesh patterns studied by Kitaev, Remmel, and
Tiefenbruck [9]. Alternatively we can enumerate avoiders of p by decomposing a non-empty avoider of p
around the maximum element in order to give the following structural decomposition.

R
A
7077

TIrAr s

If the upper-right section was empty the maximum would create an occurrence of the pattern, however no
points in this section can create an occurrence since the maximum lies in a region corresponding to the
shading in p, so we can use any avoider of 231. The lower-left section however can create occurrences of
p and therefore must also avoid p, as well as 231. This gives the generating function of avoiders to be the
function F'(x) satisfying

F(z) =1+ aF(x)(C(z) — 1)
Solving for F' gives
1

T 1- z(C(z) — 1)

Calculating coefficients given by this generating function gives the Fine numbers.

F(z)

1,0,1,2,6,18,57, 186, 622, 2120, 7338, . .. (OEIS: A000957)
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It can be shown by use of the Second Dominating Pattern Rule that the patterns -4 and g1 = 4 are
coincident under 231. Consider the decomposition of a non-empty avoider of ¢; in Av(231) around the
maximum:

This can be explained succinctly by the fact that a permutation contains ¢; if and only if it starts with
its maximum, and by not allowing the lower-left section of the 231 avoider to be empty we prevent an
occurrence from ever happening.

Consider go = “4 . Avoiding this pattern means that a permutation does not end with its maximum.
We can perform a similar decomposition as before to get

The pattern g3 = %4 is the reverse-complement-inverse of go and hence the avoiders of gz and g3 (G2
and G3) are equinumerous, and 0 q1 2,5, g2 43, g3. All of these classes have the same generating
function, namely

G(z) =1+ 2C(z)(C(z) — 1). 4.1)
The coefficients of this generating function are

1,0,1,3,9,28,90,297,1001, 3432, 11934, . . . (OEIS: A000245 with offset 1)

There is one pattern of length 1 still to consider. The pattern r = # is avoided by all permutations
that do not end in their minimum. Any avoider of 231 that ends in its minimum must be a decreasing
sequence. Therefore this particular class has equation

H(0)=1,H(z)=C(z) -1
Computing these values gives

1,0,1,4,13,41, 131,428, 1429, 4861, 16795, . .. (OEIS: A141364)

5 Wilf-classes with patterns of length 2

From Section 3 we know there are 95 coincidence classes and therefore at most that many Wilf-equivalence
classes.
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The only symmetry that we are able to consider is reverse-complement-inverse as this is the only
symmetry that preserves the 231 pattern. Using this symmetry we can find 61 classes of trivial Wilf-
equivalence, these equivalences being explained by either the patterns being coincident in Av(231), or by
one pattern being the reverse-complement-inverse of some other pattern.

Computing avoiders up to length 10 gives 23 ﬁ;ognfp-equivalence classes, of which 13 are not equal to
coincidence classes (after taking symmetries). Therefore there seem to be Wilf-equivalences that are not
explained by coincidences or symmetry.

We will use two main methods of establishing these Wilf-equivalences: the structural decomposition
of avoiders, via generating functions; or the structure of a general permutation containing the pattern,
looking at a particular occurrence of the pattern in a permutation avoiding 231. Sometimes it will be
necessary to use both of these methods to consolidate a single Wilf-class.

5.1

w
~

The following patterns are in the same =55, -equivalence class

.
2
7
7 % AU TT
2, Mme = i 5.1
<= Lo
7 IR
7 I
555155
A
d B 5.2
= 2y
, and my o (5.
5
T

First we prove that m; ¥231 my by considering the form of a general permutation containing either of
the two patterns. First looking at a general occurrence of m4 in a permutation in Av(231)

A

N
N
N
NN
N

NN NN
N NN
Y Y
R N N
Y NN
A N N
Y SN
N Y
NN SN

222222224

If there is an occurrence of m; there must be an occurrence of m; that minimizes the values of the
points zy in the occurrence, first with respect to  then with respect to y. Now consider the top regions,
labelled A and B, the subpermutation contained in the union of these regions must avoid the permutation
231. Also, the subpermutation in the region A must be a decreasing subsequence, otherwise an occurrence
of 231 will be created with either of the points in the occurrence of m;. Now, consider the region labelled
C, since we specified that we were focused on the lowest possible occurrence of m; this region cannot
contain an occurrence of either m; or 231. This is a full structural decomposition of a container of m,
inside Av(231).
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Now consider a general occurrence of ms in a permutation in Av(231)

N Y
INNNNNNNNN NN

’
’
’
’
’
’
’
’

Similarly to a container of m; we will look at the lowest possible occurrence of mg, and as before the
regions A’ and B’ together contain an avoider of 231 and A’ contains a decreasing subsequence. Since
we are considering the lowest occurrence of ms the region C’ does not contain an occurrence of either
mso or 231.

Since all the regions in both of these cases contain the same parts, the classes defined by containment
of my and my inside Av(231) are equinumerous and therefore so are their avoiders.

Consider the class, Z3, of permutations defined by avoiding 231 and m3. We can decompose a member
of this class around the maximum

sr0770770
777777777
177777777
777777777

SNNNNNIY

Only the first point in the top right region can create an occurrence of ms if and only if it is the element
with largest value in this region, therefore the partial permutation in this region must avoid starting with
the maximum, i.e., be in G; = Av( ) described in Section 4.1.

Looking at avoiders of 231 and m,4 we can perform a similar decomposition around the maximum to
get

An occurrence of my4 can never occur entirely within the top right region, since the maximum is to the left
and above any point in this region. It could only occur between the maximum and the first point in the
region, if and only if this first point is the lowest valued element in this region, so this top right region must
contain a sub-permutation that does not start with it’s minimum, i.e., it is a member of Gz = Av (%4 ).
Since both G; and G3 have the same enumeration, Z3 and Z, must also have the same enumeration and
are therefore ms =o5, m4.

Now we must consolidate these two subclasses. In order to do this we must consider the decomposition
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around the leftmost point of a permutation in Av ({231, m;}). We have the following

It is therefore clear that avoiders of m; and avoiders of m,4 have the same enumeration, and therefore
m1 So31 M2 a3y M3 =, with generating function satisfying

I(z) =1+ zI(z)G(x)

where G(x) is the generating function given in equation (4.1). This can be enumerated to give the se-
quence
1,1,1,2,6,19,61, 200,670, 2286, 7918, . .. (OEIS: A035929 offset 1)

5.2
W comp

The patterns my and mg are in the same =43, -equivalence class

s
777
777

2

2 2
. 770

my = oxs and mo = 77

22
Vo7

o
Vo7
Vo

N NN SN

NN

O N A

Let J; be the set of avoiders of m; in Av(231). By structural decomposition around the leftmost point
we have

Here J is a permutation avoiding 231, m4 and “%- . Now consider the decomposition of a permutation
in /. It can once again be decomposed around the leftmost point

srss7777

7777777

X2
NN NN
3
N
<
N
N
N
N

SNNNINNNAY
SNNINNNNY
NN

| ge [
This is a complete decomposition of avoiders of m;. Now we look at an avoider of ms, decomposed
around the leftmost point

,
;

N

YT

A

0000000 2
;

7

Jo=cecu:




18 Murray Tannock, Henning Ulfarsson

Where 75 is a permutation avoiding 231, ms and 4“ . Again we use the same method of decomposition
of a permutation in 7

This gives us a generating function J(z) satisfying
J(z)=1+zJ(z)J] (z) (5.3)
J(x)=1+z(J(z) —1)J (z) (5.4)

Solving equation (5.4) for J'(x) and substituting into equation (5.3) gives us that the generating function
for J(z) satisfies

J(x) = xJ*(z) —x(J(x) —1) + 1 (5.5)
Evaluating J(x) gives us the sequence
1,1,1,2,4,9,21,51,127, 323,835, ... (OEIS: A001006 with offset 1)

Which is an offset of the Motzkin numbers.

In order to establish the remainder of the Wilf-equivalences of the form Av ({231, p}) where p is a mesh
pattern of length 2 we can use similar methods to allow us to consolidate experimental classes into actual
classes, these methods allow us to explain all 23 of the observed Wilf-classes seen in experimentation.

6 Conclusions and Future Work

If we consider a similar approach to dominating patterns of length 4 and mesh patterns of length 2, it
can be seen that the number of cases required to establish rules increases to a number that is infeasible
to compute manually. For an extension of the First Dominating rule alone, we would have to consider
placement of points in any pair of unshaded regions. The fact that the rules established do not completely
cover the coincidences with a dominating pattern of length 3 shows that this is a difficult task.

It is interesting to consider the application of the Third Dominating rule, as well as the simple extension
of allowing a sequence of point insertions, to mesh patterns without any dominating pattern in order to
try to capture some of the coincidences described in Hilmarsson, Jénsdéttir, Sigurdardéttir, et al. [8] and
Claesson, Tenner, and Ulfarsson [7].

Example 6.1. The coincidence of the patterns

N
NN
NN

my = 7, , and mgy =

NN
N

N

BN NN

7o
70

does not follow from the general methods presented by Claesson, Tenner, and Ulfarsson [7], but is rather
handled there as a special case. We can do it as follows: Consider a permutation containing m,
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If the regions corresponding to both X and Y are empty then we have an occurrence of ms. If the region
corresponding to X is non-empty, we can then choose the lowest valued point in this region

SN
NN
SN
NN

F

SANPANNY

NN SN
NNNNENNNY

RN SN

///////

Y

////////

If the region corresponding to Y is empty then we have an occurrence of my with the indicated points.
Now if the region corresponding to Y is non-empty, we can choose the rightmost point in this region.

And now the two indicated points form an occurrence of my. We have therefore shown that any occurrence
of m; leads to an occurrence of mo and we can easily show the converse by the same reasoning, so 11
and mg are coincident. This is captured by an extension of the Third Dominating rule where we allow
multiple steps of adding points before we check for subpattern containment.

It would be interesting to consider a systematic explanation of Wilf-equivalences among classes where
321 is the dominating pattern, possibly using the construction presented in Bean, Claesson, and Ulfarsson
[2, Sec. 11], in order to directly reach enumeration and hopefully establish some of the non-trivial Wilf-
equivalences between classes with different dominating patterns.
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We establish asymptotic bounds for the number of partitions of [n] avoiding a given partition in Klazar’s sense,
obtaining the correct answer to within an exponential for the block case. This technique also enables us to establish
a general lower bound. Additionally, we consider a graph theoretic restatement of partition avoidance problems, and
propose several conjectures.
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1 Introduction

The notion of partitions of [n] = {1,2,...,n} avoiding a partition 7 were introduced by Klazar in 2000
(Klazar, 2000). Much of the work with such partitions has been explicit and enumerative in nature. See,
for instance, Bloom and Saracino (Bloom and Saracino, 2016) and Sagan (Sagan, 2010). They have
given inequalities between the number of partitions of [n] avoiding partitions 71 and 7» using injections
or bijections, or have explicitly computed these numbers with generating functions. Furthermore, most of
these approaches can only enumerate the number of partitions for a relatively small class of 7.

There have been some asymptotic approaches to the partitions of [n] avoiding 7. Examples include
the original paper where Klazar introduced the concept (Klazar, 2000) and a later paper he wrote with
Marcus (Klazar and Marcus, 2007). However, these efforts have focused on very specific 7 for which the
results are closely related to pattern-avoiding permutations in general and the Stanley-Wilf conjecture in
particular. In this paper, we examine the growth rate of the number of partitions of [n] avoiding a partition
7 for a different class of 7 through asymptotic techniques.

Define a set partition of [n] to be a set of disjoint subsets of [n], { B1, Ba, ..., B, }, whose union is [n].
The B; are called blocks. The order of the elements of each B; does not matter, nor does the order in
which the B; are written. Canonically, we arrange the blocks by increasing order of the minimal element
in each block, and write the elements of each block in ascending order. We write the blocks separated by
slashes, so 134 /25 describes the partition of [5] where one set is {1, 3,4} and the other set is {2, 5}.

*The author was supported by NSF grant NSF-1358659 and NSA grant H98230-16-1-0026.
ISSN 1365-8050 (© 2018 by the author(s) Distributed under a Creative Commons Attribution 4.0 International License
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Definition 1. A partition o of n contains a partition T of k if there exists a subpartition ¢’ of o that has
the same relative order as T. Otherwise, o avoids T.

By this we mean there is an increasing bijective map from ¢’ to 7 that preserves blocks. For instance,
o = 124/35 contains 1/23, because o’ = 1/35 is a subpartition of o. Here ¢’ has the same relative order
as 7, with the bijective map f(1) =1, f(3) = 2, f(5) = 3.

Definition 2. We use A,,(7) to denote the number of set partitions of [n] avoiding a fixed partition .

In this paper, we are primarily concerned with the function A, (7). Bloom and Saracino (Bloom and
Saracino, 2016) have studied the behavior of A, (1) through injective mappings, proving results of the
form A,,(r1) < A, () for various choices of 7y and 7». Along these lines, they conjecture that the
partition 12 - - - k of a single block is the easiest to avoid.

Conjecture 1. (Bloom, Saracino (Bloom and Saracino, 2016))
If 7 is a set partition of [k] other than (12 - - - k) then

Au(12---k) > Ay(7)

with strict inequality for n sufficiently large.

In general A, (7) is very large. In order to better get a handle on it, let F,,(7) = %. If
A, (1) = n’", then F,, (1) = b. We are interested in the asymptotic behavior of F},(7) for large n, and for
partitions 7. Our interest in F}, stems from the observation that if F,,(m1) > F,(72) for large enough n,
where 7; are partitions of [k], then A,,(71) > A, (72) for large enough n. There is one known result about

F,,(7), due to Klazar and Marcus (Klazar and Marcus, 2007), which we state here as a lemma.
Lemma 1. If 7 avoids 123 and 12/34, then A,,(T) grows exponentially and so F,, (1) = 0.

We first prove that for every such 7 there exists a permutation o of [k] so that 7 is contained in a set
partition of [2k] given by o. Specifically, {r,k + o(r)} for 1 < r < k will be exactly the blocks of
this partition. To prove this, note that all blocks of 7 have size one or two by the 123 avoidance, and
furthermore there exists a half integer c so that all blocks of size two have one element greater than ¢ and
the other element less than ¢, by the 12/34 avoidance. Now, we modify 7 by taking the blocks of one
element which is less than ¢ and appending an unused number greater than ¢, and taking the blocks with
one element which is greater than ¢ and appending an unused number less than ¢ (possibly negative). The
result has all blocks of size 2, and has the same relative order as a set partition of 2k where {r, k + o(r)}
are the blocks for 1 < r < k, for some k. The elements less than ¢ correspond to 1 < ¢ < k and the
elements greater than c correspond to k£ + 1 < 4 < 2k in the relative ordering. Call a set partition whose
blocks are {r, k + o(r)} a permutation partition of [2k], and identify it with o € Si. So every 7 which
avoids 123 and 12/34 is contained in a permutation partition. Lemma 1 is thus equivalent to showing that
only exponentially many partitions of [n] avoid a given fixed permutation partition.

Klazar and Marcus proved that only exponentially many set partitions of [n] avoid a fixed permutation
partition; it is the 1-regular case of their Corollary 2.2 (Klazar and Marcus, 2007). Balogh, Bollobas,
and Morris independently proved this result as their Theorem 3 (Balogh et al., 2006). Thus Lemma 1 is
established.

A permutation partition corresponding to o € S, contains a permutation partition corresponding to
o' € Sy if and only if o contains ¢’. Here the notion of permutation containment is the usual one; o
contains ¢’ if and only if there is a substring of ¢ that has the same relative order as ¢’. In particular, at
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most exponentially many set partitions of [2n] avoid a fixed permutation partition of [2k] by Lemma 1,
so at most exponentially many permutation partitions of [2n] avoid a fixed permutation partition of [2k].
It follows that at most exponentially many permutations of [n] avoid a fixed permutation of [k]. Thus,
Lemma 1 actually implies the well known Stanley-Wilf conjecture first proved by Marcus and Tardos
(Marcus and Tardos, 2004). In fact, the implication of the Stanley-Wilf conjecture was first noticed in
2000 by Klazar in the paper where he developed pattern avoidance in set partitions (Klazar, 2000).

Definition 3. A layered partition is a partition whose blocks consist of sets of consecutive integers.

For example, 12/345/67 is layered, whereas 13/245/67 is not.
In this paper, we compute the limit of F,,(7) for any layered partition 7. We prove the following
theorem.

Theorem 2. If a layered partition T of k] is composed of r blocks, with k > r, then
A, = 6(1)"n 1w

and so

1
lim F,(r)=1-

n—00 k—r’

From this, the converse of Lemma 1, which was already known to Klazar and Marcus, follows. If 7 con-
tains 123 or 12/34 then A, (7) > min(A, (123), A,,(12/34)) and F,(7) > min(F,(123), F,,(12/34)) >
1

We conjecture (among other things) that F},(7) tends to 1 — —1~ where g(7) is some integer that

9(7)
is maximized for fixed k exactly when 7 is a single block. This is essentially an asymptotic form of

Conjecture 1.

2 Upper bounds on A, for a single block

We use recursion to prove an upper bound on the number of partitions of [n] that avoid the block partition
of [k]. This is a fairly well studied sequence (Heinz, 2013), but we only need rough bounds here.
Fix k > 2, and let L = 12---k be the partition of a single block. We let f(n) = A, (L) in this

section. Note the partitions counted by f(n) are exactly those with all blocks of size at most & — 1.
k—2

We have f(n+1) = Z <n> f(n—1), because if the block containing 1 has ¢ < k — 2 other elements,
i
i=0

there are (n) choices for these other elements, and then f (n—i) ways to partition the remaining elements.

1
We will show that )
f(n) < k" (n" (- F),

We do so by induction. When 1 < n < k, f(n) < n™ < k™, so the bound obviously holds. This
establishes our base case.

For the inductive step, note we have

k—2

k—
fln+1) Z fln—i) < nignminnm00m)

i=0 =0
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E
no

k—2
< niknn(n—i)(l—k—il) — k" Z ni+(n—z‘)(1—k—i1)
1=0

-
Il
=)

by the inductive hypothesis, and because n — i < n. We have i + (n —i)(1 — 25) =n — (75)(n — i)
is an increasing function of ¢, so the ¢ = k — 2 term represents the largest term in this sum, and it is
(k=2)+(n—(k=2)(1- )= @O+ - )
Hence,

fln+1)<k- Erp (D=5t < kL (n + 1)(n+1)(1—ﬁ)

completing the proof.

3 Upper bounds on A, in the layered case

In this section, we let L, ... o, be the layered partition where the smallest a; elements are in a block,
the as next smallest are in a block, and so on, with Zai = k. This partition can also be written
12---a1/(a1 +1)--- (a1 + a2)/---/---(a1 + - - + a,). In particular the block partition dealt with in
the previous section is L.

Lemma 3. Any partition of [n] with r blocks of size at least k — r + 1 contains Ly, ... q,.

Proof:
We assume r > 1, because the » = 1 case is trivial.
Say a partition has 7 such blocks A1, Ao, ..., A,. We assume without loss of generality that for any

Jj=1,2,...,7, Ajhas the minimum a; +- - -+a; — (j—1)th smallest element out of {A;, A 1,..., A},
by way of an algorithm. Note that a; +- - -+a; —(j—1) < a1+---+a, —(r—1) = k—r+1, so indeed it
makes sense to speak of the a; +- - - +a; — (j — 1)th smallest element of each block A;, A;41,..., A,. Of
course, reordering the blocks is permissible, as it does not affect the set partition. It is just for notational
convenience.

We now describe the algorithm. For 1 < j < r, on the jth step we relabel {4, A;;1,..., A, } in some
way so A; has the minimum a; + - - - +a; — (j — 1)th smallest element out of {A;, A;1,..., A, }. Since
immediately after the jth step of the algorithm, A; has the minimum aq + - - - + a; — (j — 1)th smallest
element out of {A4;, Aj11,..., A}, and because in later steps only {A4,41, ..., A, } are permuted among

themselves, this property is preserved.

Let the interval S; consist of the a1 + - - - +a;j—1 — (j — 2)th through a1 + - - - +a; — (j — 1)th smallest
elements of A;, inclusive. The set S; has precisely a; elements.

Let S be the union of the S;. Each Sj is in its own block. Also, the largest element of .S; is smaller
than the smallest element of S;41, because A; has a smaller a; + - - - 4+ a; — (j — 1)th smallest element
than A, does by construction. As such, S has the same relative order as L, ,... q,..

(|

It follows that any partition of [n] which avoids L, ... ., has at most » — 1 blocks of size at least
k — r + 1. Thus, it suffices to bound from above the number of these partitions.

Theorem 4. The number of partitions of [n] with at most r — 1 blocks of size at least k — r + 1 is bounded
by (k1) 2y (1)
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Proof:

Call a block of size at least k — r + 1 a big block. There are at most r — 1 big blocks.

For each element of [n], we first decide whether it is in a block of size at most & — r, or in the jth big
block, for some 1 < 5 < r — 1. There are at most ™ choices for this initial stage.

Afterward, this uniquely sorts some set of m of the elements [n] into big blocks. There are

An—m(12-.-(k— r+ 1)) < An(12(k —r 4+ 1)) < (k —r 1)nnn(1—ﬁ)

ways to partition the remaining elements into blocks of size at most & — 7.
This yields a bound of

2n
r"(k—r+ 1)"n”(1’kir) < <$) nr(1-75)

as desired.

Thus, if we have f(n) = A, (Lq, ... a,), then f(n) < (k%l)z"n"(l_ﬁ) = Ok(l)"n"(l_ﬁ).

4 Lower bounds on A, in the layered case

Again, let f(n) = An(Lag, ... a,.), Where the notation for layered partitions is as in the previous section.

Here Y a; = k and we are counting the number of partitions of [n] avoiding a fixed layered partition of
[K].

Theorem 5. We have f(n) > (7)), where ¢ = Q. (1) and k > r.

Proof:
It suffices to prove the result in the case that n is divisible by k£ — r, because ¢ can easily be adjusted.
Call a partition of [n] uniform if it is composed of " blocks of size k —r, and forevery 0 < j < k—r

itis true that S; = [j(+2%) + 1, (j + 1)(2)] contains exactly one element from each block.

First, we count the number of uniform partitions. Every block of the partition has exactly one element

in each S}, so for every 0 < j < k — r we can choose some way to match the *— elements [j(2) +

1, (j + 1)(£%)] with the £ blocks. This yields a total of

-

(555 )5 = @) =y )

uniform partitions, using Stirling’s approximation.

Now we prove that these uniform partitions avoid Ly, .... 4., for some fixed (ay, - - - ,a,). Assume such
a partition contained L, ... 4,.. Equivalently, this partition contains some x; with 1 < o < --- < 2}, 50
that the smallest a; elements which were not in the smallest a; + - - - 4 a;_1 of these elements are their
own block. Consider pairs (x;, z;+1) in this partition. If z; and x; 11 are in the same block, they must be in
different S;. Since there are only k — r choices for S}, if we consider the sequence 1 < x3 < --- < Ty,
there are at most kK — r — 1 numbers with 1 < ¢ < k — 1 so that x; and x;11 are in different S;. Hence,
there are at most kK — r — 1 numbers ¢ € [1,k — 1] so that x; and ;41 are in the same block, and at
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least r numbers ¢ € [1, k — 1] so that z; and 2,41 are in different blocks. This is a contradiction, because
Lg,.... q, has only 7 — 1 such numbers. (]

)

Note that the above proof works when L, ... 4, is replaced by any partition of [k] such that there are
at most r choices for i such that 1 < i < k — 1 and (4,4 + 1) are in different blocks of that partition.

Clearly it is easier to avoid a partition than to avoid a pattern it strictly contains.

Thus, a partition of [k] that contains a partition P of [k] with less than 7/ choices for ¢ such that

1 <i <k —1and (4,74 1) are in different blocks of P has Q (1)"n"(1_ ) = Qk(l)"n"(l_ i)
partitions of [n] avoiding it as well. This represents a nontrivial lower bound for the general case.
Combining all these results, we have

An(Lay o a,) = (1) "0 55)

whenever k — r > 1. For the r = k case, the singleton subcase 7 = 1/2/--- /k, A,(1/2/--- k) is
the number of ways to put n elements in at most k¥ — 1 urns, so it is at most (k — 1)" and grows only
exponentially. This establishes Theorem 2.

Interestingly, Bloom and Saracino (Bloom and Saracino, 2016) prove that in the ij/1/2/ - - /k case
A, is at most as large as it is in the singleton case via an injection argument, even though we observe
that partitions with fewer blocks tend to have larger values of A,. This shows that in fact A,, is also
exponential for i5/1/2/ - - /k, and the j = i + 1 case of this corresponds to the » = k — 1 case of our
main theorem.

5 A graph-theoretic restatement

Another possible direction of research is to try to apply graph theoretic results and techniques to partition
avoidance problems.

Definition 4. A complete partite undirected graph on n vertices is a graph whose complement is the union
of vertex-disjoint complete graphs.

Definition 5. A directed acyclic complete partite graph (DACP) is a directed acyclic graph whose under-
lying undirected graph is a complete partite graph.

We can form a bijection between set partitions of [n] and DACPs with n vertices. Given a set partition
of [n], direct an edge from a to b if and only if a and b are in different blocks with a > b. Clearly this
graph lacks directed cycles, and the complement of its underlying undirected graph is the union of cliques
corresponding to blocks of the partition. Hence from any partition of [n] we form a unique DACP on n
vertices.

Given a DACP on n vertices, we can likewise reconstruct the set partition it represents. Call two vertices
v and u of a DACP indistinguishable if they are not connected, and have the same in-neighborhoods and
out-neighborhoods. This is an equivalence relation, and therefore partitions the n vertices into equivalence
classes. Given two equivalence classses, there must exist a vertex v with an in-edge from all vertices in
one class and an out-edge to all vertices in the other. As such, the DACP induces a total order on the
equivalence classes. Thus given an equivalence class A of size r which is larger than s other elements,
the elements of A will be the (s 4 1)st through (s + r)th smallest elements for any extension of the partial
order of the DACP to a total order. Hence, any two total orders are isomorphic. Pick an arbitrary such
order, an assignment of the elements of [n] to the vertices of the DACP. Then this corresponds to a set
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partition, where the independent sets are the blocks. The partition is uniquely determined because of the
isomorphism property.

Thus, there is a natural bijection between set partitions of [n] and DACPs with n vertices.

Furthermore, if a set partition of [n] contains a set partition of [k] then the former has a subset order
isomorphic to the latter, and so the DACP corresponding to the former has the DACP corresponding to
the latter as an induced subgraph. Likewise if a DACP has another DACP as an induced subgraph, this
represents a containment of their corresponding partitions.

Thus A,,(7) is the number of DACPs on n vertices that avoid some specific DACP on k vertices (cor-
responding to 7) as a subgraph.

6 Conjectures

We propose several conjectures about the behavior of A,,(7) and F,, (7).
Conjecture 2. Forall T, lim,,_, o F,,(1) =1 — %for some constant ¢ depending on T.
Conjecture 3. For all T, the constant c in Conjecture 2 is an integer.

Conjecture 4. When 7 is a partition of |k|, the constant c in Conjecture 2 satisfies ¢ < k — 1 with equality
only for the one-block partition.

Note that Conjecture 4 implies Conjecture 1 in the limit, and is also a strengthening of Conjecture 2.

The next conjecture is a revised version of a conjecture by the author that appeared in an earlier version
of this paper. In fact, it was first conjectured by Gunby (Gunby, 2016) who built upon the work of the
author. To state it, we first need a definition.

Definition 6. Given a set partition T of [n], let the permeability pm(7) be the minimum k such that [n]
can be partitioned into k + 1 intervals (i.e. sets of consecutive integers) and each of these intervals has at
most one element from each block of T.

Gunby (Gunby, 2016) showed that A, (7) > 1 — pm;(f) in general, and that this is a strengthening of
Theorem 3.

Conjecture 5. F, (1) =1— —pml(f)

This conjecture subsumes all of the conjectures before it. All conjectures are true for £ < 4. The case
where pm(7) = 1 is Lemma 1.
After establishing some or all of these conjectures, for various 7 one could obtain more precise asymp-

totics. Consider the function A("l(l)) _Ifit is known that C—"pn(1~%) < A,(r) < cn™(1=%) for some

c

1
C > 1, perhaps the gap between the two multipliers in front of n"(1=%) can be narrowed to something
sub-exponential.
We can formulate a conjecture along these lines.

Conjecture 6. |F,(7) — (1 — 1)| = O(;=t=) for the appropriate c so that lim,, o F,,(7) =1 — 1 and

log(n)
c> 2

This conjecture appears to be true for small cases, and certainly holds for blocks.

A graph theoretic approach may also bear some fruit. The limit for F}, of the single block, 1 — lel,
seems reminiscient of the Erd6s-Stone theorem (Erdds and Stone, 1946) especially given its restatement as
avoidance of an independent set of size k, the complement of a graph of chromatic number k — 1. In light
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of the graph theoretic restatement, perhaps there is some meaningful connection. Note that Klazar and
Marcus found the cases where F),, = 0, proving their generalization of the Stanley-Wilf conjecture, using
a different graph theoretic restatement involving undirected graphs (Klazar and Marcus, 2007). Their
interpretation does not generalize to stating the entire problem graph theoretically, however.
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We review and extend what is known about the generating functions for consecutive pattern avoiding permutations of
length 4, 5 and beyond, and their asymptotic behaviour. There are respectively, seven length-4 and twenty-five length-
5 consecutive-Wilf classes. D-finite differential equations are known for the reciprocal of the exponential generating
functions for four of the length-4 and eight of the length-5 classes. We give the solutions of some of these ODEs. An
unsolved functional equation is known for one more class of length-4, length-5 and beyond. We give the solution of
this functional equation, and use it to show that the solution is not D-finite.

For three further length-5 c-Wilf classes we give recurrences for two and a differential-functional equation for a third.
For a fourth class we find a new algebraic solution.

We give a polynomial-time algorithm to generate the coefficients of the generating functions which is faster than
existing algorithms, and use this to (a) calculate the asymptotics for all classes of length 4 and length 5 to signif-
icantly greater precision than previously, and (b) use these extended series to search, unsuccessfully, for D-finite
solutions for the unsolved classes, leading us to conjecture that the solutions are not D-finite. We have also searched,
unsuccessfully, for differentially algebraic solutions.

Keywords: pattern avoiding permutations, enumeration, generating functions, D-finite functions

1 Introduction

Let S,, denote the set of permutations of the first n integers. Given permutations 7 € S,, and ¢ € Sy,
k < n, then o is said to be a pattern in 7 if, for some subsequence of 7 of length k£, all the elements of the
subsequence occur in the same relative order as do the elements of ¢. For example, 312 occurs as a pattern
in the permutation 15234 in three ways, as 523, 524 and 534. It occurs once as a consecutive pattern, as
523. In a consecutive pattern, the elements of ¢ are contiguous.

The pattern 312 occurs once in the permutation 3412, but does not occur as a consecutive pattern. The
permutation 3412 is said to be a consecutive pattern-avoiding permutation. In this article we denote the
set of pattern-avoiding permutations as Av(312), and the set of consecutive pattern-avoiding permutations
as c-Av(312). To distinguish pattern-avoiding permutations from their consecutive counterpart, the former
are sometimes referred to as classical pattern-avoiding permutations (PAPs).

*Supported by Australian Research Council grant DE170100186.
ISSN 1365-8050 (© 2018 by the author(s) Distributed under a Creative Commons Attribution 4.0 International License
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The (ordinary) generating function for classical PAPs (and in future we will drop the adjective classical)

is written
Py(2) = palo) - 2",
n>0
where p,, (o) is the number of permutations of length n that avoid the pattern o. If P,, = P,,, we

say that o1 is Wilf-equivalent to o2. It was independently conjectured by Stanley and Wilf in the 1980s
and subsequently proved by |Arratial (1999) and [Marcus and Tardos| (2004) that pn(a)l/ " is monotone
increasing (Arratia) and bounded from above (Marcus and Tardos), so that
. 1/n
Jim p, (o) /™ = Xo)

exists. This limit is called the Stanley-Wilf limit or growth rate of the pattern o. Thus we see that classical
pattern-avoidance severely attenuates the number of permutations of length n, reducing them from n! to
something that grows only exponentially with n. For classical patterns it is known that all six patterns
of length 3 are Wilf-equivalent, that there are three different Wilf-classes of length 4, sixteen classes of
length 5, ninety-one classes of length 6 and five hundred and ninety-five classes of length 7 (see [Kitaev
(2011)).

For consecutive PAPs, the reduction imposed by the requirement of pattern-avoidance is much less
severe. The number of acceptable patterns in this case still grows factorially, so the appropriate generating
function is the exponential generating function,

Cole) = 0 2 o,

n!
n>0

where ¢, (o) is the number of permutations of length n that avoid the consecutive pattern o. If C,,, =
Cy,, we say that oy is c-Wilf-equivalent to 2. Analogously to the Stanley-Wilf-Marcus-Tardos result for
classical patterns, Elizalde| (2006) proved that

1/n
lim (Cn (o) ) = Po
n— 00 n!

exists, and further that 0.7839 < p, < 1, if o is a pattern of length greater than 3.

For consecutive patterns it is known that there are two different c-Wilf classes of length 3, there are
seven different c-Wilf-classes of length 4, there are twenty-five different c-Wilf-classes of length 5, and
there are ninety-two different c-Wilf-classes of length 6.

It has also been proved by [Elizalde| (2012) that, among all consecutive patterns ¢ of a given length
m, pe < p(1,2,3,...,m), and that p, > p(1,2,3,...,m — 2,m, m — 1). A comprehensive review of
consecutive PAPs is given by Elizalde|(2015).

Closely related to the value of p, are questions of the form and nature of the generating function C, (z2).
For example, can a closed-form solution to C,(z) be found? If not, does C,(z) satisfy a functional
equation, or a differential one? Is C,, (z) rational, algebraic, differentiably finite, differentiably algebraic,
or none of these?

In this paper we consider the enumeration of all c-Wilf-classes of length 4 and length 5. In earlier work
Elizalde and Noy| (2003) found the solution for three of the seven length-4 classes. [Elizalde and Noy
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(2012)) found the solution for a fourth class, and gave an (unsolved) functional equation for a fifth class.
They conjecture that the solution to this fifth class is not D-finite. In Section we prove this to be the
case. Our proof relies on showing that the solution has an infinite number of singularities, while a D-finite
function can only have a finite number of singularities. (These arise from the zeros of the polynomial
multiplying the highest derivative in the differential equation.) Another property of D-finite functions
used in the proofs is that an exponential power series is D-finite if and only if the corresponding ordinary
power series is D-finite.

We then find a natural generalisation to certain classes of consecutive patterns of length m > 4, with
solutions and non-D-finiteness following in a similar way. Finally, we find recurrence relations for an
even greater generalisation, though we do not know if these may lead to closed-form solutions. We also
comment on the solution to the known ODE:s.

In Section E] we turn our attention to length-5 classes. The theorems of [Elizalde and Noy| (2003, 2012)
give D-finite ODEs for eight of the twenty-five classes. We find a new closed-form solution to one c-Wilf
class, and conjecture a solution to a generalisation to length-m classes. For two other classes we find new
recurrences, one of which leads to functional-differential equation, though unfortunately we do not know
how to solve it. For a fourth class we find, but cannot solve, a functional equation.

In Sections [4] and [5] we consider the application of numerical methods. We first outline an efficient,
polynomial time algorithm for enumerating the series coefficients, which can then be followed by use of
the package gfun in Maple to search for a D-finite solution. In this way we reproduce known solutions to
eight of the twenty-five c-Wilf classes of length 5. We typically generate more than 100 coefficients for
length-4 c-PAPs, and 70 coefficients for length-5 c-PAPs. We could readily generate much longer series
(and ocassionally do so), but these are of adequate length for our purposes. The appropriate differential
equations are (with one exception) generated by less than 20 series coefficients, and confirmed by the
subsequent coefficients.

Finally, we use these enumerations to give estimates of the growth constants for all the length-4 and
length-5 classes, accurate to 19 significant digits. The estimates of the growth constants derive from
application of the method of differential approximants, see for example Guttmann|(1989)) for a description.
While 19 significant digits have been quoted, greater precision can easily be achieved with the available
data, but we assumed that 19 digits is sufficient for most practical purposes. We then use these estimates
to calculate the amplitudes to 17 significant digits.

Similar numerical work has been previously presented by Baxter et al.|(2013)), who give two algorithms
for the generation of the series coefficients. These algorithms can, with some computational constraints,
be used to prove that two series are in the same c-Wilf class. Baxter et al. (2011b) gives the series
coefficients to length 60 for all c-Wilf classes of length 4 c-PAPs, and to length 40 for all c-Wilf classes
of length 5 c-PAPs. Baxter et al.| (2011a) gives algebraic solutions or ODEs for the cluster generating
functions for three of the seven length-4 Wilf classes, and for seven of the length-5 Wilf classes. For
the other c-Wilf classes, functional equations with several catalytic variables are given. [Baxter et al.
(2011a) also give numerical estimates of the growth constants and amplitudes, accurate to 10 and 8 digits
respectively. The algorithm we give is faster, but cannot be used to prove that two series are in the
same c-Wilf class (though we have abundant evidence of this from the agreement of the first 70 or more
coefficients).
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2 Consecutive PAPs of length 4

In the case of classical PAPs, it is well known that the 24 possible PAPs of length four can be divided
into three Wilf classes. For consecutive length-4 PAPs, there are seven (see [Elizalde and Noy| (2003)))
equivalence classes, within which each c-PAP has the same asymptotic behaviour. These are:

4.1: 1234 ~ 4321
4.11: 2413 ~ 3142
4.1II: 2143 ~ 3412
4.1V: 1324 ~ 4231
4.V: 1423 ~ 3241 ~ 4132 ~ 2314
4.VI: 1342 ~ 4213 ~ 4123 ~ 2431 ~ 3124 ~ 1432 ~ 2341 ~ 3214
4.VIIL: 1243 ~ 3421 ~ 4312 ~ 2134

Elizalde and Noy| (2003) proved two powerful theorems, allowing the authors to give the solution of
three of these classes. The first theorem gives the solution for the case when o is the strictly increas-
ing sequence 1,2,3,...,m — 1,m. Then Cy,,(2) = 1/w(z), where w(z) is the solution of the D-finite

differential equation
m—1

w® =0,
i=0
with w(0) = 1, w’(0) = —1, and w*) = 0 for 2 < k < m — 2. A probabilistic approach to the proof of
this theorem is given by |Perarnaul (2013)).
The second theorem gives the solution when o is the sequence 1, 2, ..., a—1, a, 7, a+1, of length m+-2.
Here a and m are positive integers with a < m, and 7 is any permutation of {a + 2,a + 3,...,m + 2}.
Then C'y, (%) = 1/w(z), where w(z) is the solution of the D-finite differential equation

Z’m—a—i—l
'w' =0.

(at1) o =
v + (m—a+1)

The first theorem gives the solution for class 4.1, while the second theorem immediately solves classes
4.VI and 4.VIL. The solutions are given by the following.

Theorem 1 (Elizalde and Noy| (2003)). For class 4.1, the exponential generating function is given by
1/w(x), where

w v v +w=0 w0 =1, w(0)=-1, w (0)=0.
For class 4.V1, the e.g.f. is given by 1/w(x), where
2w + 22w =0; w(0)=1, w'(0)=—1.
For class 4.V1I, the e.g.f. is given by 1/w(x), where

w Hazw =0; w(0)=0, w0) =1, w'(0)=-1, w (0)=0.
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We point out that the solution to the above ODE for class 4.1 is

(4n+1—x) -z
(4n +1)!

(e* —sin(z) + cos(z)) = Z

n>0

N =

w(z) =

The solution of the second ODE above can be expressed as integrals of Airy functions, while that of the
third ODE can be expressed in terms of Heun T functions and their integrals.
Later work by [Elizalde and Noy|(2012) give the solution for class 4.IV:

Theorem 2 (Elizalde and Noy| (2012))). For class 4.1V, the exponential generating function is given by
1/w(x), where

2w + (z + 3)w™) + (62 + 3)wm + (bx + 6)w” + (82 + 3)w’ + daw = 0;

This ODE can be solved in terms of integrals of BesselY and BesselJ functions.

Before we move on to new results, we will give an exceedingly brief overview of the use of Goulden-
Jackson cluster method (see |(Goulden and Jackson| (1979} |2004) and also [Elizalde and Noy|(2012))). Let
o be a length-m consecutive permutation pattern. A k-cluster of length n (with respect to o) is any
permutation 7 of length n > m such that

e 7 contains precisely k occurrences of o,
e every element of 7 is part of at least one occurrence of o, and
e any two successive occurrences of ¢ overlap by at least one element.

For example, 162534 is a 2-cluster of length 6 for the consecutive pattern 1423, while 1523746 is a
2-cluster of length 7.

Let s,, 1, be the number of k-clusters of length n for a given consecutive pattern o, with the additional
value s19 = 1 (the purpose of this will soon be evident), and define S, (¢, x) to be the exponential
generating function

S(tx)—Zs tkﬁ
o\l —nk n,k Tl'

The following theorem, which can be proved via an inclusion-exclusion argument, relates k-clusters to
consecutive pattern avoiding permutations.

Theorem 3 (Goulden and Jackson| (2004)). The e.g.f. for permutations avoiding the consecutive pattern
o is given by
1

) = TS ey
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2.1 Class 4.V

In this section we will focus on c-Wilf class 4.V, and in particular on the enumeration of permutations
avoiding the consecutive pattern 1423. The following arguments are discussed by |Elizalde and Noy
(2012) in Section 5.1 and also by |Dotsenko and Khoroshkin|(2013)) in Section 4.2.4.

First note that, as illustrated by the examples above, in a k-cluster with respect to 1423, two successive
occurrences of 1423 can overlap by one or two elements. We can use this fact to build a recurrence for
the sequence s, ;, by conditioning on how many successive occurrences of 1423 overlap by two before
the first successive pair which overlap by one. Let m = (1,72, ..., 7,) be a k-cluster, with the first
¢ < k occurrences of 1423 overlapping by two, and then (if £ < k) with the /" and (¢ + 1)™ occurrences
overlapping by one.

Observe next that 71, 73, . .., mop+1 and 7oyt o are fixed, and must take the values 1,2,...,¢ + 1 and
¢ + 2 respectively. The values 7y, 14, . . ., mo¢ can then take any values from the remaining £ + 3,...,n
(and must then be arranged in decreasing order). Once these have been chosen, the remainder of the
permutation mogy 2, Tor43, - - ., 1 is (after standardisatioﬂ a (k — £)-cluster of length n — 2¢ — 1.
We thus obtain the recurrence
Snk = Z <n ﬁ 2) Sn—20—1,k—¢ formn >4, (D
4<204+2<n

where we impose the “initial conditions” s,, , = 0 for n < 3, except for 51,9 = 1.

Ifwelett, = >, s,(—1), then define the ordinary generating function T'(z) = 14, t,2". (Note
that 7" can be viewed as the 0.g.f. counterpart to the e.g.f. S1423(—1, z) defined earlier.) Multiplying (T)
by (—1)¥z™ and summing then gives the following functional equation, stated as equation (18) by Elizalde

and Noy| (2012).
X X
T(x)=1 T —— . 2
(z) +1+x (1+:c2> @

Our first new result is to demonstrate that can be solved by straightforward iteration. To lighten
notation, define

X
A =
(x) T
s
B(x) =1z

Bj(x) := B(Bj_1(z)) with By(z) := =
Aj(z) := A(Bj())-

Then (2)) can be rewritten as T'(x) = 1 + A(z)T(B(z)).
Theorem 4. The functional equation (2)) has the solution

T(x)—1+ZHAj(x)—1+ZH1ij%. 3)

n=0 j=0 n=0 j=0

O That is, after shifting all elements down so that they become a bona fide permutation on 1,2, ...,n — 2¢ — 1 while maintaining
the same relative order.
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(@) (b)

Fig. 1: Plots of A(z) and B(z) respectively.

Proof: The result follows by repeatedly iterating 2 — B(z). After N iterations, one has the relation

T(z)=1+ z_: [TAi@ + [ []Ai@) | T(Bysa(2)). (4)
n=0 j=0 j=0

Now A;(z) =z — 2% + O(2®) while T(Bj(z)) = 1+ z + O(z?). So as N — oo in {@), the coefficient
of T'(Bn+1(x)) vanishes (in the sense of formal power series), leaving only (3). O
It is often the case that generating functions with solutions like (3) are very difficult to analyse. Fortu-

nately, our solution to 7T'(x) is simple enough to allow us to prove some further properties. In particular,
the following verifies Conjecture 5.1 by Elizalde and Noy|(2012).

Theorem 5. The generating function T'(x), satisfying (2) and solved by Theorem has an infinite number
of poles in the complex plane, and is thus not differentiably finite.

The behaviour of A(z) and B(z) will be important, so we plot them in Figures[lajand[Ib] In particular,
overz € R,
e A(x) has a simple pole at z = —1, and is monotonically increasing from (—1, —o0) to (0, 0),
e B(x) has alocal (and global) minimum at (—1, —1/2),
e B(x) monotonically decreases from (—oo, 0) to (—1, —1/2), and then monotonically increases to
(0,0).
Next, note that if B(x) = ¢ then

1£vV1 42

= 2t

Cy(1). 4)
We will be working in the complex plane, and take the square root in C' () to be the principal value.

For the time being we will operate under the assumption that the following proposition is true; we will
return to it later.
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Proposition 1. For every j > 0, the equation
Bj(z) = -1

has at least one root in x € C. Moreover, this root is not a root of By (x) = —1 for any j' # j.

Now for given J, the terms in (@) which contain A ;(z) as a factor can be written as

J—1 s} n
[T4@ ) -A@- {1+ > I 4@ ] ©6)
=0

n=J+1j=J+1

Let us write this as Ty (x) = Uy(x) - Aj(z) - Vy(x).
Let x5 be one of the roots of By(x) = —1. Observe that

Bjii(wy) = B(Bs(vy)) = B(-1) = —1/2
Bjyo(xs) = B(Bjyi(xs) = B(—=1/2) = =2/5
Byis(wy) = B(Byt2(vy) = B(-2/5) = —10/29

and so on. It is clear (see Figure that for J > 0, the sequence (Byi;(xs));>1 is negative and
increasing, with all values lying between —1/2 and 0. Then

Aja(zy) = A(-1/2) = -1
AJ+2(£E(]) = A(—2/5) = —2/3
AJ+3(IJ) = A(710/29) = *10/19

and so on. It is then clear (see Figure |1a) that for J > 0, the sequence (Ajy;(z));>1 is negative and
increasing, with all values lying between —1 and 0.
Consider then V;(x), evaluated at z = x ;. By the above arguments, we have

e V;(z ;) is independent both of J and of the particular root z s,

e the n term in the infinite sum in V(z ), forn = J+1,J+2, ... is a product of n — J increasing
negative numbers, the first of which is —1.

Thus V;(x ;) converges to a number v, independent of .J and ;. To 12 decimal places, this number is

v = 0.427119583148 . ..

This takes care of V, so we now turn to Uy;. Since U () is the finite product

Bo(ﬁL‘) ] Bl (.Z’) o ijl(l‘)
14 Bo(z) 1+ Bi(z) 14 By_i(x)’

we are concerned with two possibilities:

e Areany of By(x ), ..., Bj_1(x ) equal to 0?
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e Are any of By(zy), ..., By—_1(x) equal to —1?

It is straightforward to see that neither of these is possible. In the first case, if B;_;(z;) = 0 for some
j > 1,then By_ji11(xy) = B(By_;(zs)) = B(0) = 0, and so on, eventually leading to B;(x;) = 0,
which contradicts the fact that By (z;) = —1.

In the second case, if By_j(x;) = —1 for some j > 1, then By_; 1(xzy) = B(Bj_;(zy)) =
B(—1) = —1/2 (see the arguments above for V), and so on, eventually leading to B;(z ;) > —1, again
a contradiction.

Thus, it follows that U (x ;) is some finite non-zero complex number. Unlike V;(x ), Uj(x ) is
dependent on J and x ;.

Proof of Theorem |5| (given Proposition : The above arguments establish that 7;(x) has a pole at
x = x ;. It remains to be seen that this pole is not cancelled by some other term in 7'(x).

Define
J—1 n

Ry(z) =T(x) - Ty(z) =1+ [ 4i).

n=0 j=0

The pole in T;(z) at © = x; can only be cancelled if R;(x) also has a pole at z = x;. But R;(z)
is a finite sum, so it can only have a pole if one of its summands has a pole. The summands are finite
products of Ay (z), so if Ry(x) has a pole at z = x; then one of the Ay (z) must have a pole, ie. one
of Bo(x),...,Bj_1(x) must be equal to —1 at x = ;. But it was established above that this is not
possible.

Hence © = x; is not only a pole of T;(x), but of T'(x) itself. Thus T'(x) has an infinite number of
poles (subject to the proof of Proposition[T}) O

Proof of Proposition [T} Clearly xp = —1. For j > 1, this just depends on repeated compositions of
C4(z). Since we only need a single root, we can just stick with C'y (). Then we can use

71 = Cp(—1) = —0.5 — 0.866025i
29 = C4 (Co(—1)) = —0.351597 + 1.49853i
23 = C4 (CoL(C(=1))) = —0.0966266 — 1.36268i

and so on. Note that the arguments from the proof of Theorem 5]demonstrate that no root in this sequence
can be repeated for different j. [

More generally, the full set of poles (ie. all possible x;) are generated by taking all possible combina-
tions of C'; and C'_. In this way, one finds

21 € {Cx(=1)} = {—0.5 £ 0.866025:}
29 € {C1(Cx(=1))} = {—0.351597 + 1.49853i, —0.148403 + 0.632502i}

23 € {C1(C1(Ci(—1)))} = {—0.0966266 + 1.36268i, —0.281881 + 1.99093i,
— 0.0517763 & 0.730177i, —0.069716 + 0.4924061}

and so on.

Proposition 2. For j > 0, let z; be any root of Bj(x) = —1. Then R(z;) < 0.



10 Nicholas R. Beaton, Andrew R. Conway, Anthony J. Guttmann
Proof: First note that if x = a + bi with a,b € R and x # =i, then

B( )_a(1+a2+b2)+b(1—a2—b2)z’
VT T A a? = 52) + (2ab)?

In particular, ®(B(z)) has the same sign as R(x).

Now let x; satisfy Bj(x;) = —1. Of course Bj(x;) = B(B;_1(x;)), so by the above observation,
we then have R(B;_1(z;)) < 0. Then B;_1(z;) = B(Bj_2(z;)), so R(Bj_2(x;)) < 0. This can be
iterated all the way down to By(z;) = x;, so we conclude that R(z,) < 0. O

Proposition 3. For j > 0 the equation Bj(x) = —1 has 27 distinct roots.

Proof: This is true for j = O and j = 1. So take j > 1, and let x; and x; be two distinct roots of
Bj(z) = —1. By the above arguments, all of

Cy (xj)7 Cc- (xj)ﬂ Cy (:L‘;) and C_ (;C;)

are roots of B 1(x) = —1.

Then (for a contradiction) suppose Cy (z;) = C4(z}). Applying B to both sides (noting that, by
Proposition , neither of these is equal to 1) gives x; = a:; a contradiction. The same argument can be
applied to show that C'_(z;) # C_(z}) and C4 (z;) # C_(z};) (with C_(x;) # C, (2’;) being a natural
implication of the latter).

It remains to be shown that C'y (v;) # C—(x;) (with C4 () # C_(z;) following from this). The only

possible solutions to this equation are x; = :I:%. By Proposition we cannot have z; = %, SO suppose
that z; = —%. But this too is impossible: if z; = —%, then we know B;(x;) for j = 0,1,2,...1s an
increasing sequence (recall Figure , contradicting the fact that B;(x;) = —1.

Then by induction, there are twice as many roots of B;(x) = —1 than B;(x) = —1, and since there
is one root for 5 = 0, the proof is complete. O

2.2 Generalising class 4.V to length m

For m > 4 let 7,,, be the consecutive pattern
1m23...(m —2)(m —1).

So 74 = 1423, 75 = 15234, and so on. The arguments leading to (I)) easily generalise, and it follows that
the cluster counts s, j, satisfy the recurrence

n—(m-—3)¢—2
Sn,k = Z ( ( / ) >sn—(m—2)é—1,k—€ forn > m, @)
m<(m—2)+2<n

with the initial conditions s,, ;, = 0 for n < m, except for s1 9 = 1.
The recurrence (/) can be translated into a functional equation in the same way as for class 4.V:

X X
T (z) = 1 ™ .
@ =1+ (1+xm2) ®
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We will keep A(x) defined as in the previous section, but now generalise B(x), B;(x) and A;(x):

T
B"(x) :== B™(BJ",(z)) with By"(v) := =
Aj'(z) == A(B]"(z))

J

B™(x) :=

The following then follows mutatis mutandis from Theorem[d] so we omit the proof.

Theorem 6. The functional equation (8)) has the solution

) =1+ [[ A7 —1+ZH1+Bm ©)

n=0 j=0 n=0j5=0

Not only can we solve T (z) for any m > 4, we can also generalise Theorem

Theorem 7. The generating function T™ (x), with the solution given by Theorem@ has an infinite number
of poles in the complex plane, and is thus not differentiably finite.

Similar to the previous section, this result depends on the analogue of Proposition [T} which we assume
to be true for the time being.

Proposition 4. For every m > 4 and j > 0, the equation
B (z) = -1
has at least one root in x € C. Moreover, this root is not a root of B}}(z) = —1 for any j' # j.

Proof of Theorem [Z] (given Proposition [Z_f]): For even m, the proof of this theorem follows, mutatis
mutandis, the same ideas as for Theorem In particular, B™(x) is continuous and differentiable over all

of R, with a global minimum at z = p,,, € [—1, —3), and always satisfies B™(—1) = —1.
For odd m, things are a little different. First, generalise T';(x) as defined in (6) to 77*(z) in the
obvious way, and let 2 be one of the roots of B'(z) = —1. Now B (x) diverges as x — z'7,

but BT, (z) — 0, as does every BY', ;(z) for j > 2. Meanwhile A7, ,(z) — lasz — 27, and
AT ;(z) — O forall j > 2. This implies that only the first term in the infinite sum in V" (x) remains
non-zero as £ — 2y, and hence

Vit(x) > 2 asx— 2.

For U’*(x), we have a similar argument to the previous section that all of the terms in the product are
finite and non-zero: none of the B ; () can be 0 at z7}* (or else so too would B'), nor can they be —1
(or else B would either be undefined or 0). So U7*(x) is a finite, non-zero complex number at x = z'}".

The final part of the proof (that is, showing that the pole at x = 2’} in T'7*(x) is really a pole of T (x))
is exactly the same as that of Theorem [5 O

Proof of Proposition [d; This follows the same ideas as for Proposition [T} For Proposition [T| we used
the explicit inverse function of B(x); in general, however, the equation B"(z) = —1 is a polynomial
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equation of degree m — 2 (namely ™2 + z + 1 = 0). Nevertheless, we can still use the same process:

7" can be any solution to B™ (x) = —1
x4" can be any solution to B™ (z) = x
x

x%" can be any solution to B™ (z) =

and so on. By the same arguments used in the proof of Theorem [/} no root in this sequence can be
repeated. O

2.3 A further generalisation

The recurrence and its generalisation (7) are in fact specialisations of an even more general set of
recurrences, though in general we do not know how to solve them as we did in the previous sections.
This time, take m > 4 and let 7 be a pattern of the form

Im73Ty .. . Ti—1Tm,

with the property that 7,,, = 7,,—1 + 1. Setc =¢(7) =m — 7, — 1.

Theorem 8. The cluster counts sy, i, for the consecutive pattern T satisfy the recurrence

n—(m-—c—3)¢—2
Sn,k = Z ( ( (C + l)é ) )Sn(mQ)él,kl forn > m, (10)
m<(m—2)+2<n

with the initial conditions s,, j, = 0 for n < m, except for s; 9 = 1.
Note that the consecutive patterns considered earlier were “boundary cases”, with ¢ = 0.

Proof: Two successive occurrences of 7 in a k-cluster can overlap by one or two elements, so we follow
a similar strategy to the one outlined at the start of Section Let o be a k-cluster of length n for 7,
and say the first £ occurrences of 7 in o overlap by two elements, with the /" and (¢ + 1) occurrences
overlapping by one. Let 04,,04,,...,0,, be the elements of o, up to and including o (,,_2)¢2, which
satisty 04, < O(m—2)e4+2- Similarly, let oy, 0p,, . . ., 0p, be the elements of o, up t0 o(;,—2)¢42, Which
satisfy op, > 0(m—2)e42-

By definition of ¢, we must have ¢t = (¢+1)¢, and hence s = (m —2){+2—t = (m —c—3){+2. The
set {0q,,...0q,}is exactly the set {1,2,...,(m — ¢ — 3)¢ + 2}, with the order of the o,, depending on
(and being fixed by) the particular 7 in question. The o}, elements are then free to take any values between
(m—c—3){+3 and n, with their order again being fixed by 7. The remainder of 0, i.e. 0'(;,—2)r42; - - -, Tns
is then (after standardisation) a (k —£)-cluster of length n— (m —2)¢—1. The recurrence follows. O

3 Consecutive PAPs of length 5

In the case of classical PAPs, it is known (see |Kitaev| (2011)) that the 120 possible patterns of length
five can be divided into 16 so-called Wilf classes, each of which has the same asymptotic behaviour. For
consecutive, length five PAPs, there are twenty five (see [Elizalde| (2015)) equivalence classes, each of
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which has the same asymptotic behaviour of its coefficients. These are given below, ordered in terms of
increasing coefficient size (not necessarily asymptotically, but lexicographically):

5.1
5.11:
5.1
5.1V:
5.V:

5.VI:
5.VIL:
5.VIIL:
5.1IX:
5.X:
5.XTI:
5.XII:
5.XI1II:
5.X1V:
5.XV:
5.XVIL
5.XVIL:
5.XVII:
5.XIX:
5.XX:
5.XXI:
5.XXII:
5.XXIII:
5.XXIV:
5.XXV:

12354 ~ 21345 ~ 45321 ~ 54312

12453 ~ 12543 ~ 31245 ~ 32145 ~ 34521 ~ 35421 ~ 54123 ~ 54213

21534 ~ 23154 ~ 43512 ~ 45132

24153 ~ 25143 ~ 31524 ~ 32514 ~ 34152 ~ 35142 ~ 41523 ~ 45213

13452 ~ 13542 ~ 14352 ~ 14532 ~ 15342 ~ 15432 ~ 23451 ~ 23541

~ 24351 ~ 24531 ~ 25341 ~ 25431 ~ 41235 ~ 41325 ~ 42135 ~ 42315
~ 43125 ~ 43215 ~ 51234 ~ 51324 ~ 52134 ~ 52314 ~ 53124 ~ 53214

12435 ~ 13245 ~ 53421 ~ 54231

15234 ~ 23415 ~ 43251 ~ 51432

15423 ~ 32451 ~ 34215 ~ 51243

21354 ~ 45312

21453 ~ 31254 ~ 35412 ~ 45213

13425 ~ 14235 ~ 52431 ~ 53241

14523 ~ 32541 ~ 34125 ~ 52143

23514 ~ 25134 ~ 41532 ~ 43152

25413 ~ 31452 ~ 35214 ~ 41253

15324 ~ 24315 ~ 42351 ~ 51342

12534 ~ 23145 ~ 43521 ~ 54132

21543 ~ 32154 ~ 34512 ~ 45123

14325 ~ 52341

13524 ~ 24135 ~ 42531 ~ 53142

25314 ~ 41352

24513 ~ 31542 ~ 35124 ~ 42153

13254 ~ 21435 ~ 45231 ~ 53412

15243 ~ 32415 ~ 34251 ~ 51423

14253 ~ 31425 ~ 35241 ~ 52413

12345 ~ 54321

The solution of class 5.XXV follows from the first theorem of Elizalde and Noy. The exponential
generating function is 1/w(x), where

. 11
w“) + w

fu 4w +w=0; w0)=1,

while the solution of classes 5.1, 5.1I and 5.V follow from the second theorem. [Elizalde and Noy|(2012)
proved further results which solve classes 5.VI, 5.XVI and 5.XXII. For class 5.XI Elizalde and Noy also
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prove results which lead to a 13™ order ODE for 1/w(z), which we improve to a 7" order ODE in
Section[5] The relevant ODEs are given in Table [I| below. We wish to point out that the solution to the
ODE above for class 5. XXV is

N (bn+1—x)- 25"
“’(l)’;) Gnri)y

For class 5.VII, the results of Section give the solution to the cluster generating function, and
demonstrate that it is non-D-finite. It follows that the e.g.f. for this class of c-PAPs is non-D-finite. Class
5.VIIL is covered by the results of Section[2.3] and while we can in fact write down a functional equation
for the cluster generating function, it is complicated and we do not know how to solve it.

In the next section we find an explicit, algebraic solution to the cluster generating function for class
5.X1, and conjecture that a generalisation of this holds for certain classes of length m > 4. We will also
find a recurrence for the cluster numbers of class 5.XII, and a differential-functional equation for class
5.XXIII.

3.1 Class 5.XI

We will focus on the consecutive pattern 13425 from class 5.XI. This class, and the generalisations dis-
cussed in Section@], are covered by [Elizalde and Noy|(2012) in Section 4.2. In that paper, Elizalde and
Noy find explicit D-finite solutions to a family of cPAPs, of the form

134...(s+1)2(s+2)(s+3)...m,

where m is the length of the pattern and s + 2 < m < 2s. (Class 5.XI and the generalisations of the
following section are the case s = m — 2.) For clarity we will reproduce here some of the arguments
behind [Elizalde and Noy| (2012)’s Theorem 4.2, and Theorems [9and [ T]are essentially rewordings of that
theorem. Theorem [I0]and Conjectures[I]and [2]are new, however.

As usual, we count k-clusters of length n by conditioning on the number £ of initial occurrences of
13425 which overlap by two elements. Let o be a k-cluster with £ > 2. There are three possible relative
orderings for o1, ..., 0g, namely

01 <04 <09<03<07<05<0g<0g (5.XI-1)
01 <04 <09<07<03<05<0g<0g (5.X1-2)
01 <04 <07<02<03<05<0g<0g. (5.X1-3)

Note that the relative ordering of all elements except o7 is the same throughout.

Similarly if ¢ > 3, the relative order of {01, ...,011}\{07, 010} Will be fixed. In the case (5.XI-1)),
there will be three possible positions for o1g; in the case (5.XI-2), there will be four possible positions;
and in case (5.XI-3), there will be five possible positions. This generalises as follows: if there are at least
{4+ 1 > 3 occurrences of 13425 at the start of o which overlap by two elements, consider the relative
ordering of the first 3¢ 4+ 2 elements, and in particular the position of o3¢ in that ordering. It can occur
anywhere between the (¢ + 1) and the (3¢ — 1) positions. Say o3¢ is in the p™ position in that
ordering. Now also take into the account the positions of the next three terms of o, i.e. 03¢13, 03¢4+4 and
03¢45. The positions of o343 and o3¢ 5 are fixed, but there are 3¢ + 2 — p possible positions for 3y 4.

This continues, where at each stage (i.e. each additional occurrence of 13425 which overlaps its pre-
decessor by two) we have between three and 2¢ 4 1 possible choices for o3¢y4. The reader may have
observed the resemblance to the growth of ternary trees:
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e Start with a tree with one node and three leaves, and label the leaves 1, 2, 3 from left to right. All
three leaves are currently active.

e Select leaf 7 to convert into a node. Label 7 vanishes, and all leaves with label < ¢ become inactive.
The new leaves are active, and get the labels 4, 5, 6.

e Repeat this process, each time selecting an active leaf to convert into a node, deactivating all leaves
with smaller labels, and adding three new leaves at the new node.

e After n steps, there are n nodes and 2n + 1 leaves. At least three must be active, but they may all
be.

In this way every ternary tree can be constructed in a unique and traceable way. Since it is well-known

that the number of ternary trees with n nodes is 5 (%), we have the following.

Theorem 9 (Elizalde and Noy|(2012))’s Theorem 4.2). The cluster counts s,, i, for the consecutive pattern
13425 satisfy the recurrence

1 3¢
Sn,k = Z TH ( €)Sn—3é—1,k—€ forn >3, (11)
5<30+2<n

with the initial conditions s, j, = 0 for n < 5, except for 519 = 1.

Multiplying by (—1)*2™ and summing, we obtain (with the help of Mathematica) the equation

2 . 1 . 3v3z3
Ners sinh 3 arcsinh 5 -1
x

Theorem 10. The cluster generating function T'(x) for the consecutive pattern 13425 has the solution

L 1+2r— F(x)
@) =T —Fw

Tx)=14z+=z

(T(z) —1). (12)

where

V3x

It is an algebraic function, being the root of a cubic polynomial with coefficients in Z|x].

/323
F(x) = 2 sinh (; arcsinh (3 23m )) .

Proof: The solution to T'(x) is easily obtained from (I2)). As for the algebraicity of T'(x), this follows from
the algebraicity of F'(x), which in turn follows from an application of the standard formula arcsinh(y) =
log(y + v/y? + 1). We have found the polynomial of which T'(z) is a root with the aid of Mathematica;
itis
1+ 2z + 622 4+ 1223 + 82% — (3 + b + 1522 + 242° + 1224 T
+ (344w +122° +152° + 62)T? — (1 + x + 32% + 32° + ) T°.
O

Note that since T'(x) is algebraic, it is also D-finite, and hence so too is the e.g.f. for permutations
avoiding the consecutive pattern 13425 (a fact already demonstrated by |[Elizalde and Noy| (2012)).
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3.2 @Generalising class 5.XI to length m

It is natural to expect that the numbers ﬁ (3;) we observed in the last section to generalise. Indeed, it is

well-known that m (qy?) is the number of g-ary trees with n nodes. It is straightforward to see that

the length m patterns which will give the same kind of recurrence as the trees are patterns of the form
T=134...(m—1)2m

for m > 4. For m = 4 this is the pattern 1324, for m = 6 itis 134526, and so on. The consecutive pattern
1324 falls into class 4.1V, whose cluster numbers are indeed known (see|Dotsenko and Khoroshkin/(2013));
Elizalde and Noy| (2012)) to satisfy the recurrence

1 [/2¢
Sn,k = Z m ( / ) Sp—20—1,k—{

4<2¢42<n

with appropriate initial conditions. More generally, we have the following.

Theorem 11 (Elizalde and Noy| (2012)’s Theorem 4.2). The cluster numbers s, j, for the consecutive
pattern T, of length m > 4, satisfy

1 m—2)¢
Sn,k = Z m <( i ) >5n(m2)21,ke Jorn >m, (13)
m<(m—2)+2<n

with initial conditions s, j;, = 0 for n < m, except for s1 9 = 1.
With the aid of Mathematica, we then conjecture the form of the solution for arbitrary m.

Conjecture 1. The cluster generating function T (x) for the pattern T of length m > 4 is given by

1422 —-G(x)
T(z) = 1+z—G(x)

where G(z) is the generalised hypergeometric function

1 2 m-—3 2 3 m—4 m-—2
G(x):Z'(m—S)F(m—él) m_2,m_27"'7m_27m_37m_37"',m_37m_37
_(m_Z)m72$m72
(m —3)m-3 ’

using the notation

o (a1)n - (ap)n 2
qu(al,...,ap;bl,...,bq;z):ZW.H_
n q)n .

n=0
Here, (a),, is the rising factorial
(@), =ala+1)---(a+n—1).

We furthermore conjecture the following.
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Conjecture 2. For m > 4, the solution to T'(z) given in Conjecture |l|is algebraic, being the root of a
polynomial of degree m — 2.

We have numerically verified this conjecture for m < 7, finding the polynomials for m = 4:
1422 +42® + 423 — (24 32 + 62% + 42T + (1 + x + 222 + 23)T?,

form = 6:

14 22 + 827 + 242 + 322* + 162° — (4 + 7o + 2822 + 722% + 80z* + 322°)T
+ (6 4 9z + 3622 + 782° 4 722* + 242°)T? — (4 + 52 + 2022 + 362> + 282* + 82°)T3
+ (1 4 = + 42? + 62° + 42 4 2°) T,

and form = 7:

1+ 2z + 1022 + 402° + 80x* + 802° + 3225 — (5 + 9z + 4522 4 16023 + 280z* 4 2402° 4 802°)T
+(1041624802% 425023 +3802* +2802° +-802°) T? — (10414247022 4+ 19023 425024 +1602° 4+-402°) T3
+ (5 + 62 + 3022 + 702° 4 80zt + 452° + 102%)T* — (1 + = + 522 4 1023 + 102 + 525 + 2°)T°.

3.3 Class 5.XII

We will focus on the consecutive pattern 14523 from class 5.XII. The recurrence for s, , here is relatively
straightforward. We first make the somewhat trivial observation that, if 7 = 14523, then there are two
elements of 7 (namely 7 and 73) which are larger than 75. Next, let o be a cluster with ¢ > 2 (using the
usual definition of £). There are three possible relative orderings for the first 8 elements of o:

01 <04 <07 <08<05<09<03<0g
01 <04 <07 <08<05<09<0g<03

01 <04 <07 <08<05<0g<09<O03.

The pertinent fact here is that there are always four elements which are bigger than og. If £ > 3 then there
are 15 possible relative orderings for the first 11 elements of ¢ (we will not list them all out), but one
can check that there are always six elements bigger than ¢1;. It is easy to see that this pattern continues:
among the ordering of the first 3¢ + 2 elements of o, there are always 2¢ elements which are bigger than

03¢+42-
This matters for the following reason: say that the first £ + 1 occurrences of 7 in ¢ overlap by two
elements, with the relative ordering of o4, ..., 03042 fixed, and consider the ways in which we can fit

030+3,03¢+4 and o3py5. We must have the ordering

s < 03041 < 03044 < 03045 < 03042 < -+,

so our only choice is for the position of o3043. The only restriction is that it must be greater than o3p4o.
We already know that there were previously 2¢ elements greater than o342, S0 we have exactly 2/ + 1
possible choices.



18 Nicholas R. Beaton, Andrew R. Conway, Anthony J. Guttmann
It hence follows that, with exactly the first £ occurrences of 14523 overlapping by two, there are
I1x3xb5x---x(20—-1)= (20—

choices for the relative ordering of o1, ...,03¢42. Of those, the values of 01,04, ...,03¢+1 and o3p42
are entirely fixed, and take the values 1,2, ..., ¢ + 2 respectively; we are free to choose the values of the
remaining 2¢ elements. Thus, we have the following.

Theorem 12. The cluster numbers sy, i, for the consecutive pattern 14523 satisfy the recurrence

—{—2

Spk = Z (n 00 )(26 — DWsp_30—1,k—¢ forn>5, (14)
5<3¢+2<n

with the initial conditions s,, j, = 0 for n < 5, except for s1 9 = 1.

Unfortunately, we do not know what kind of functional equation the corresponding generating function
satisfies.

3.4 Class 5.XXlII

We will focus on the consecutive pattern 15243. This one is different to the others we have considered so
far, because two successive occurrences of 15243 in a cluster can overlap by one or three elements, but
not two. It is easy to see that if the first £ occurrences of 15243 overlap by three elements, then there is
only one possible relative ordering of o1, ..., 0913. Moreover, the elements o1, 03, . . ., 0943 are fixed,
and take the values 1,2,...,¢ + 2 respectively; we are free to choose the remaining ¢ + 1 terms. This
leads to the following.

Theorem 13. The cluster numbers s,, i, for the consecutive pattern 15243 satisfy the recurrence

—0—2
Sk = D (” (i1 )sngmw forn > 5, (15)
5<2¢+3<n
with initial conditions s, j, = 0 for n <5, except for s1 9 = 1.
Multiplying (T5) by (—1)¥2™ and summing, we arrive at the following differential-functional equation.

Theorem 14. The cluster generating function T (x) for the consecutive pattern 15243 satisfies the equa-
tion

3N - z
T (z) =14z T(1+x2> (16)

with initial condition T'(0) = 1.

Unfortunately, we do not know how to solve (T6).

4 Generating series

Baxter et al.[(2013) perform enumeration by a simple recursive technique using dynamic programming
resulting in polynomial time algorithms. The algorithm used to generate these has typically been the
cluster method (see|Goulden and Jackson| (1979); [Elizalde and Noy| (2012)); Nakamura| (2011)). This is a
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very different algorithm to ours, that runs in good time, and can, with some computational constraints, be
used to prove that two series are in the same Wilf class. The faster algorithm we present below is simpler
and easier to analyse, but is not as amenable to definitively proving that two series are in the same Wilf
class. However, it can be used to generate large numbers of terms which provides strong evidence for
Wilf equivalence.

Suppose one wants to enumerate permutations of length n not including a consecutive pattern of length
L. A simple recursive algorithm would build up the permutation one step at a time, at each point consider-
ing all the remaining integers, and rejecting it if, when added to the preceding n — 1 elements, it produces
the undesired pattern.

This simple algorithm will take time proportional to the number of such permutations. A more efficient
algorithm can be created by discarding unnecessary states and using dynamic programming. In particular,
the only thing that matters about elements prior to the last L — 1 elements is that those integers are already
taken. Even this is more information than is needed; all one cares about is how many integers are left in
the gaps between the last . — 1 integers. Similarly the actual values of the last L. — 1 elements are not
needed, only their relative order.

The number of such states is O(L!n”~1), which is polynomial in n, making such sequences easy to
enumerate.

Furthermore a trivial alteration to the algorithm is to see if there are any possible future integers that,
added to the last L — 1 elements, would produce the undesired pattern. If so, the whole state is rejected.
This causes the enumeration of permutations avoiding L elements, all consecutive except (possibly) the
last.

In this way we have generated series avoiding consecutive permutations of length-4 up to eighty terms,
in some cases, and over 100 terms in others, and of length-5 up to seventy terms.

5 Numerical results

5.1 Searching for differential equations

The D-finiteness of the generating functions for classes 4.1, 4.1V, 4.VI and 4.VII was discussed in Sec-
tion [2, and the non-D-finiteness of class 4.V was proved in Section For the two remaining classes,
namely 4.II and 4.11I, we have not found a D-finite e.g.f., nor for its reciprocal. It is likely that the corre-
sponding reciprocal of the e.g.f. is not D-finite in those cases. As far as can be tested with the available
series, it is not D-algebraic either.

For consecutive patterns of length 5, we have used the series data to rederive known differential equa-
tions satisfied by eight of the twenty-five generating functions. In each case the exponential generating
function is given by ﬁ, where y(x) is D-finite. The eight classes, and their corresponding differential
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equations, are given in Table[I] Note that the differential equation for class 5.XI is

(3600 + 79202% — 16202 — 32402 — 185492%)y(x)

+ (4480 + 10800z + 218402 — 10202 — 4224z — 556472%)y/ (x)

+ (13440 + 13520z + 1800022 + 35402° + 67682 — 123662° — 556472%)y" (1)

+ (13440 + 11760z + 248022 + 54023 + 12768z — 3709825 — 2129725)y" (x)

+ (4480 + 11760z 4 696022 — 71402° + 8162* — 37098z° — 267932%)y ¥ (z)
+ (4480 + 27202 — 960z2 + 720> + 40562* — 123662° — 82442)y®) (z)
+ (2720 + 32022 — 312023 — 4802* — 123662° — 27482%)y(®) ()
+ (3202 — 4802* — 27482%)y(V(2) =0 (17)

We have not found a D-finite e.g.f., or its reciprocal, for the remaining seventeen classes. It seems
likely that the corresponding reciprocal of the e.g.f. is not D-finite in those cases. As far as can be tested
with the available series, it is not D-algebraic either. Thus it appears that |Elizalde and Noy| (2003} 2012)
have proved results for all the D-finite cases of c-PAPs of length up to 5. Our only new numerical result
is to reduce the order of the differential equation for class 5.XI from 13 to 9. We subsequently were able
to reduce this from 9 to 7. Then in Section [3.2] we give an algebraic solution to the o.g.f. for this case.

5.2 Estimating the growth rates

For each class X of c-PAPs, the coefficients of the ordinary generating function behave asymptotically as
¢~ COs -nl- K%

The estimate of the growth constant xy. and amplitudes Cs;, accurate to all quoted digits, for all length 4
classes is given in Table 2] and for all length 5 classes in Table 3]

6 Conclusion

Of the seven length-4 consecutive-Wilf classes we give the ODEs and comment on the solution for four
of these, and give a functional equation, solution and proof of non-D-finiteness for a fifth class. For the
twenty-five length-5 consecutive-Wilf classes we give the ODEs for eight of these, and give a functional
equation, solution and proof of non-D-finiteness for class 5.VII. For class 5.VIII we give a recurrence for
cluster counts, and comment that this yields an ugly and unsolved recurrence for the cluster generating
function. For class 5.XI we reduce the known ODE for the e.g.f from order 13 to order 7, and then give an
algebraic solution to the o.g.f. For class 5. XII we give a recurrence for cluster counts, but cannot solve this.
For class 5.XIII we give a recurrence for cluster counts and show that this yields a differential-functional
equation which we can’t solve.

Thus we have improved the state of our knowledge for one length-4 class and for five length-5 classes.

We have given a fast, polynomial-time algorithm to generate the coefficients, and used this to (a) cal-
culate the asymptotics for all classes of length 4 and length 5 to significantly greater precision than has
previously been reported, and (b) use these extended series to search, unsuccessfully, for D-finite solu-
tions for the unsolved classes, leading us to conjecture that the solutions are not D-finite. We have also
searched, unsuccessfully, for differentially algebraic solutions.
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Class Differential equation Initial conditions
— / —
5.1 .’Ey/(l‘) + y(4) (.’L’) =0 y(()) - 17 g (0> - 17/,/
y"(0) =0, y"'(0) =0
511 z2y (x) 4+ 2y (x) = 0 y(0) =1, 4/(0) = -1, 4"(0) =0
5V a®y (a) + 6y () = 0 y(0) =1, y/(0) = —1
=1.v(0) = -1
5.VI y(z) +y'(z) + y(4) () =0 y(0) 7 I © 7///
y"(0) =0, y"(0) =0
y(O) = 17 yl(O) = _1a
" 0 — 07 " 0 — )
5.X1 (1) ?54)( ) y<,§ )
y'(0) =0, y*(0) = 1,
y©0) =0
_ / _
5.XVI 2y (z) + 2y () + y® () = 0 y(0) =1, gl// (0) = 1,/”
y"(0) =0, y"'(0) =0
_ / _
5.XXII 2y () +y" () + y @ (z) = 0 y(0) =1, / (0) = 1,/”
y"(0) =0, y"'(0) =0
SXXV | y(z)+ () + 9" (@) +y" () + yD(z) = 0 y(0) =1,4'(0) = -1,
. y//(o) — O, y///(o) — 0

Tab. 1: The exponential generating function Cjqss(x) =
eight of the twenty-five classes of length 5 consecutive PAPs.

1

y(z)

, where y(x) satisfies the given ODE for

Class © ks Cx

ClassT | 0.9630055289154941756 | 1.076344539715227
Class II 0.9577180134976572362 | 1.137593123292952
Class III | 0.9561742431150784277 | 1.146540529900785
Class IV | 0.9558503134742499890 | 1.100226245067883
Class V | 0.9548260509498783340 | 1.104489004860327
Class VI | 0.9546118344740519438 | 1.103720832998758
Class VII | 0.9528914233250531974 | 1.114556873900595

Tab. 2: Growth constants «y; and amplitudes C's; for the seven classes of length 4 consecutive PAPs.
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Class X ks Cx

Class I 0.9913880716699268181 | 1.0359338947290985
Class II 0.9914185408600983479 | 1.0356740409503498
Class III 0.9914215726255505158 | 1.0356482525747201
Class IV 0.9914637023566386736 | 1.0352912840051055
Class V 0.9914787346349870644 | 1.0351640090771068
Class VI 0.9914031046134865367 | 1.0358339838201155
Class VII 0.9914152799149738845 | 1.0357301469691008
Class VIII 0.9914455405535310693 | 1.0354727912203914
Class IX 0.9914486888810151958 | 1.0354456527948576
Class X 0.9914905951981662739 | 1.0350913714694614
Class XI 0.9914573454495660358 | 1.0354283564589345
Class XII 0.9914991759877895239 | 1.0350742999782649
Class XIII 0.9915021807789432127 | 1.0350488441916296
Class XIV 0.9915430268589110657 | 1.0347070291236631
Class XV 0.9914961218699849309 | 1.0351275914657668
Class XVI 0.9914962152197285242 | 1.0351265076491731
Class XVII | 0.9915702712612490911 | 1.0345028067355504
Class XVIII | 0.9915374435675450185 | 1.0348337036858431
Class XIX 0.9915491202315941687 | 1.0347354953793692
Class XX 0.9915807073163505786 | 1.0344726469008412
Class XXI 0.9916208625283576837 | 1.0341385793668625
Class XXII | 0.9916009188510841597 | 1.0345693190404323
Class XXIII | 0.9916298962721992117 | 1.0343256965190087
Class XXIV | 0.9918325187738895504 | 1.0330524632572689
Class XXV | 0.9928637443921790385 | 1.0280679375675015

Tab. 3: Growth constants xy; and amplitudes Cy, for the twenty-five classes of length 5 consecutive PAPs.
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We study the number of occurrences of any fixed vincular permutation pattern. We show that this statistics on
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1 Introduction

Permutation patterns are well studied objects in combinatorics and, more recently, also in probability
theory. In combinatorics, most of the research is focused on pattern avoidance, i.e. finding the number of
permutations with no occurrences of a given pattern, see Béng (2012); Kitaev (2011)). Another problem is
the study of statistics and their distribution. Those objects are studied combinatorially, for instance with
multivariate generating functions as in [Chatterjee and Diaconig (2017); [Crane et al] (201€), but also in
probability theory. One statistics of interest is the number of occurrences of a given pattern in a random
permutation, where various distributions on permutations are considered. Often, people study the case of

uniform permutations, as in [Béna (201()); Fulmar] (2004); Janson et al| (201). Among patterns, descents
and inversions are the most well-known, see (ROO4)).

The problem we consider in this article is the following: for a fixed pattern 7, what is the asymptotic
behaviour of the number of occurrences of 7 in a uniform random permutation o,, of size n going to
infinity? We consider this problem when 7 is a so-called vincular pattern.

To explain the precise meaning of this problem, we begin by describing different types of permutation
patterns. When we study patterns, permutations are represented in one-line form, i.e. as a sequence. A
permutation of size n is a reordering of the monotone sequence 12. .. n. The study of patterns is the study
of subsequences and their order. For example, consider the permutation
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and its subsequence 524. The unique permutation whose elements are listed in the same relative order
is 312. We say that the subsequence 524 is an occurrence of the classical pattern 312. Occurrences of
classical patterns can be any subsequences. Additional constraints on the subsequences lead to different
types of patterns: tight, very tight, vincular and bivincular patterns (terminology from ); Ki-
taev ()). To count as an occurrence of such a type of pattern, a subsequence must fulfil the constraints
listed below:

Tight: all entries have adjacent positions.

Very tight: all entries have adjacent positions and values.

Vincular: some entries have adjacent positions or in other words appear in blocks.

Bivincular: some entries have adjacent positions and some (maybe different) entries have adjacent
values.

In the literature, patterns are sometimes called consecutive instead of tight and generalized or dashed
instead of vincular. Note that vincular patterns generalize both classical and tight patterns.

As an example of a vincular pattern, consider 312 where the underlined symbols indicate that the last
two entries are required to be in adjacent positions. In the permutation o above, the subsequence 524 is
therefore not an occurrence of this vincular pattern, but the following are: 513, 534, 813, 834, 847. The
number of occurrences of 312 in ¢ is 5. We say the pattern 312 has two blocks, the first is one isolated
entry and the second consists in two adjacent entries. Formally, we write a vincular pattern as a pair
(mw, A), where 7 is a permutation giving the order constraint and A gives the required adjacencies.

Instead of counting occurrences of a pattern in a deterministic permutation o as above, we look at
oy, Which is a uniform permutation of size n. Considering a random variable counting the number of
occurrences of a fixed pattern of size k in 0,,, we ask how it behaves asymptotically, as n goes to infinity.
Since there are different types of patterns, there is actually a whole family of such problems.

The following answers to these problems are known.

e In , J. Fulman proves asymptotic normality for inversions and descents (classical and
tight patterns of size k = 2). In addition, he provides a rate of convergence.

e M. Béna establishes in (RO10)) asymptotic normality for classical and tight patterns which are
monotone (increasing or decreasing).

e InJJanson et al) (R015)), asymptotic normality is shown for all classical patterns. In fact, the authors
also establish the joint convergence.

e In (, , Section §), asymptotic normality and a rate of convergence are provided for
tight patterns of size £ > 3 in random permutations distributed with the so-called Mallows measure

of parameter q (for ¢ = 1, this measure specializes to the uniform distribution which is of interest
in this article). These results are obtained under the assumption that the highest degree component
of the variance does not vanish. Proving this kind of variance estimate is often difficult, as we will
discuss later in the introduction.
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e L. Goldstein provides in ([Goldsteir], P00, Example 3.2) a rate of convergence for tight patterns in
case of the uniform measure. Asin [Crane et alj (IgOlg), this rate depends on the variance. In contrast
to [Crane et al] (R016]), the method used to obtain this rate applies to a larger family of statistics.

e Very tight patterns behave differently: for £ = 2, they are asymptotically Poisson distributed, see

[Corteel et al] (2006); [Kaplansky] ([943). It is easy to see that for k& > 2, the probability to find such
a pattern tends to zero (see (Corteel et all, 2006, p. 3—4)).

o In|Crane and DeSalvd (R017), Poisson limit theorems are also obtained for tight patterns in Mallows
permutations of size n, if the parameter of the Mallows distribution ¢(n) is a function of n of
a specific form or if ¢ is fixed but the size of the pattern tends to infinity. This setting is quite
orthogonal to the one of other papers (including this one).

In the present article, we generalize the result of asymptotic normality to vincular patterns and we also
describe the speed of convergence. Our main result, proved in Section , is the following.

Let Z denote a standard normal random variable and dx denote the Kolmogorov distance which is
the maximum distance between distribution functions. Denoting X (™:4)(g,,) the renormalized (mean 0,
variance 1) random variable which counts the number of occurrences of (w, A) in oy, it holds that for
some positive constant C,

dic (XTA(0,), 2) < Cn~'/2.
This implies immediately that
X@A) (5,) % Z,

d e . . . .
where — denotes convergence in distribution, hence proving asymptotic normality. In addition, the bound
on dx quantifies the accuracy of the approximation of X (7-4)(g,,) by Z. Note that this result encompasses

the results from [Bénd 010); Crane et al] (2016); Fulmar (004); Goldsteid (2003); ffanson et al] (2013)

previously mentioned except for the joint convergence in Janson et al] (P013) and the case of a general

parameter ¢ # 1 in [Crane et al] (R016).

Let us now discuss the method of proof. In the literature, the following methods have been used for
normal approximation:

o U-statistics in [Janson et al] (R015]). However, the number of occurrences of vincular patterns is not
a U-statistics (unlike for classical patterns).

o Exchangeable Stein pairs in ( for patterns of size k = 2. Here, we did not succeed in
finding such a pair for patterns of any size.

e Size-bias couplings in (R003) for tight patterns. We are not aware of such a coupling for
vincular patterns.
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e Dependency graphs in [Béngd (2010) and [Crane et al] (2016). Such a graph captures the depen-
dencies in a family of random variables. This is useful for our problem since X ("4)(s,,) can be
decomposed as a sum of partially dependent random variables (see Equation (E), p- ﬂ)

The last three methods are based on Stein’s method (except for dependency graphs in ()). This
method is used to prove convergence in distribution as well as to describe the approximation error, see
Section @ for more details.

In Section E, we present two approaches to bound the Kolmogorov distance both based on dependency
graphs: one using the Stein machinery following [Chen and Réllin (R010); Rosq (2011)) and one using the
moment method following [Féray et al] (R016)); Jansor| (198§);[Saulis and Statulevi¢iug (1991)). While their
application is easy, there is one difficulty: we need a lower bound on the variance of X (™4)(¢,,) to prove

that d (X (m4)(0,,), Z) goes to 0.

The method to find that lower bound is discussed in Section t.2]. First, we show that Var(X (™4 (g,,))
is a polynomial in n. Denoting j the number of blocks of the vincular pattern (7, A), the polynomiality
implies that

Var(X ™4 (5,)) = Cn¥ =1 4 O(n?~2), with C > 0.

If we can show that C is different from 0, then $Cn? ~! is a sharp lower bound (for n big enough). The
most natural approach to prove that C'is larger than 0 is to find a formula for C' by expressing the variance
in terms of covariances (see Equation (E), p. ). This is Béna’s approach in . Such a formula
for C'is a signed sum of binomials, which in our case is hard to examine. Instead, we introduce a new
technique: a recurrence based on the law of total variance. It provides a lower bound for Var(X (™4) (¢,,))
of the form C'n?~3/2, Thanks to the polynomiality, this is enough to prove that C is larger than 0 (see

Section @).
‘We conclude this introduction with further directions of research.

o In this article, we establish the asymptotic normality for vincular patterns. Moreover, the asymptotic
behaviour of very tight patterns is characterized in [Corteel et al] (R00€): as Poisson distributed
(k = 2) or rare (k > 2). Both these types are contained in the larger class of bivincular patterns.
One could try to classify such patterns in terms of their limiting distribution.

To study the asymptotically normal case, we suggest using so-called interaction graphs or weighted
dependency graphs introduced in Chatterjee and Diaconi (R017); [Féray| (201€)). In Chatterjee and
Diaconis (), interaction graphs are used for a similar statistics, “number of descents plus num-
ber of descents in the inverse” which also has constraints in positions and values. The classical
tool of dependency graphs does not apply anymore since constraints along these two directions im-
ply that the random variables in a natural sum decomposition are all pairwise dependent (unlike in
Equation (), p. ﬂ). Using the mentioned extensions of dependency graphs avoids this problem, but
the main difficulty will again be estimating the variance.

e In Jlanson et al] (2013), joint convergence is established for classical patterns and (Janson et all,
D013, Theorem 4.5) describes how dependent the single limit random variables are (for patterns of

the same size). It would be interesting to study these questions for vincular patterns. Moreover, one
could try to examine the speed of convergence in the multivariate case.
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e The optimality of the bound on dx obtained in this article could be investigated. We believe it is
optimal since no better bounds are obtained in similar problems (e.g. subgraph counts in random
graphs), but we do not have concrete mathematical evidence for it.

The outline of this article is as follows. In Section , we give all the necessary background and set up
the notation. In Section E, we show two approaches to prove the main result. Both approaches rely on a
lower bound on the variance, which is established in Section H

2 Background and notation

Throughout this article, we write a permutation ¢ in one-line notation, i.e. ¢ = 0102 . . . 0,,. The length of
the sequence 0105 . . . 0y, is the size of o, denoted by |o|. The set of all permutations of size n is denoted
by S,. We use [n] to denote the set {1,2,...,n} and ([Z]) for the set of all subsets of [n] which are of
size k.

2.1 Vincular patterns

We refer to Bénd (R013) and [Kitaey (R011]), which discuss the notion of permutation patterns. In
(R012), the reader can find information about classical patterns while () discusses patterns in
more generality, e.g. also the case of vincular patterns. A classical pattern is defined as follows.

Definition 2.1. Let 0 € S, and m € Si. An occurrence of the classical pattern 7 in o is a subsequence
04,0y - .. 04, Of length k of o such that:

o T, < Ty = oy, <oy, forallr,s € k]

We say that o has an occurrence of the classical pattern 7 at positions i1, 13, . . . , ik.

Example 2.2. Let 0 = 2374561. The subsequence o20507 = 351 is an occurrence of the classical
pattern m = 231.

In contrast to classical patterns, vincular patterns have additional constraints on the subsequences that
are allowed to be counted as an occurrence of the pattern. Certain parts of the pattern are required to be
adjacent or, in other words, to appear in blocks.

Definition 2.3. Let o0 € S,,, m € Sk and let A C [k — 1]. An occurrence of the vincular pattern (, A) in

o is a subsequence 0, 0;, . . .0y, of length k of o such that:

® 0,0, ...04, Is an occurrence of m in the classical sense,

® i1 =14+ 1 foralla € A

We call A the set of adjacencies.

Example 2.4. Let 0 = 2374561. The subsequence oo0307 = 371 is an occurrence of the vincular
pattern (7, A) = (231, {1}). Note that the subsequence from the previous example, 020507 = 351, is not
an occurrence of (m, A) since 3 and 5 are not adjacent in o.
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Remark 2.5. In , , Definition 1.3.1), the definition of vincular patterns is even more general,
allowing also constraints on the beginning and on the end of a pattern occurrence. However, such con-
straints are rarely considered in the literature, and not included in the present work. The central limit
theorem would not hold if we constraint the first entry of the pattern occurrence to be at the beginning, as
can be seen in the pattern 12 with 1 forced to be the first entry of the permutation.

In this article, we will work with the above definition but sometimes, it iS more convenient to see
adjacencies as blocks. By block, we mean a maximal subsequence of the pattern whose entries are required
to be adjacent. An equivalent way to encode the adjacency information of a vincular pattern is to give a
list of block sizes. For example, the vincular pattern (231, {1}) would be written as (231, (2,1)), where
the list (2, 1) describes a first block of size 2 followed by a block of size 1. This idea appears also in
(KitaeV, PO11], Definition 7.1.2), where the list of block sizes is called the type of a vincular pattern.

Now, note that the block sizes add up to the size of the pattern, leading to the notion of composition.
The following definition can be found in (Flajolet and Sedgewick}, 2009, p. 39).

Definition 2.6. A composition of an integer n is a sequence (x1, %2, . .., xyg) of integers, for some ¥, such
thatn =x1 +xo+ -+ x¢ and x; > 1 for all 1.

For example, (2, 1) is a composition of 3. How one can go from one encoding of vincular patterns (by
adjacencies or block sizes) to the other is explained by a bijection between subsets of [k — 1] and compo-
sitions of k, where k = |r|. This bijection associates for instance the composition (4, 2,2, 1) of size 9 to
{1,2,3,5,7} C [8]. The formal construction of the bijection is given below. It will help understanding
the rephrasing of the adjacency condition.

For A C [k — 1], consider j = k — |A| and {c1,¢2,...,¢;} = [k] \ Awithc; < ca <--- <¢; =k, and
construct iteratively:

bl = C1,
by =cy—cy, "
bj =Cj —Cj—1-

Then, (b1, b2, . .., b;) is acomposition of k, since Zle b; = ¢; = k. On the other hand, if (b1, bo, ..., b;)
is a composition of k, then the inverse construction is:

A= Y b

i=1,...,0

celi}.
which is a subset of [k — 1].

So, indeed, a vincular pattern (m, A) can be equivalently defined as (m, (b1, b2, ..., b;)), where the
adjacency condition is rephrased by:

® igp1 =1iq+ 1, foralla e [K\{>,_, ,bi| <}

or, in other words, the first b; elements should be adjacent, the next b, also, and so on. We say the
vincular pattern (, (b1, ba, ..., b;)) has j blocks, numbered from left to right, where b1, bo, ..., b; are

.....
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the respective block sizes. When we speak about a vincular pattern (m, A) with j blocks, it is the above
bijection which is underlying.

In the literature, vincular patterns are commonly represented as permutations where some adjacent parts
may be underlined, see (, , Definition 1.3.1). What is underlined are the non-trivial blocks of
the pattern, i.e. blocks of size at least 2. This representation is visual and we will use it when we work with
concrete examples. For example, we would write 231 for the vincular pattern (231, (2, 1)), or equivalently
for (231, {1}).

2.2 Vincular pattern statistics on uniform permutations

Let 0, be a uniform random permutation of size n and let (7, A) be a vincular pattern of size k. The vincu-
lar pattern statistics for the pattern (7, A) on o, is a random variable counting the number of occurrences
of (m, A) in o,,. We denote it by X (™4 (g,).

Since it is a counting statistics, X (™-4) (0,) can be naturally decomposed as a sum of indicator random
variables. First, we introduce a notation to collect all sets of positions that are admissible for occurrences
of (m, A) in a permutation of size n:

la41 =g+ 1, foralla € A, wherei; <is < --- < z’k}.

T(n,k, A) =={{iv iz, . ix} € ([Z]>

Now, the sum decomposition of X (™4)(s,,) is the following:
X(mA)(Un) = Z X7 (o0), (@)
IeT(n,k,A)

where X7 (0,,) is 1 if o, has an occurrence of the (classical) pattern 7 at positions given by I and it is 0
otherwise.

In (R010), the reader can find this sum decomposition for other types of patterns. The difference
lies in the positions over which the summation runs. In our case, the total amount of admissible positions
is counted as follows.

Lemma 2.7. Forn > k — j, where j = k — |A|, it holds that:

(Z(n, k, A)| = <” —k ”).
J
Proof: As for patterns, a set of positions {i1, o, ...,ik} € Z(n,k, A), with iy < iy < -+ < i, can be
split into j blocks using the adjacency information of A. These blocks are ordered and of prescribed size.
So, essentially, the set {41,142, ...,4x} is determined by the set {41,4¢, +1,%c,41,- -, %c;_,+1}» CONtaining
only the first position for each block (see Eq. (E[) for the description of ¢;). The trick is to count such sets,
but we have to be careful that between the first entries of the blocks there is enough space for the whole
blocks. To overcome this problem, we shift everything according to the block sizes, as it is illustrated in
Fig. EI More precisely, we associate to {i1,io, . . ., ik} a set of positions in (["_’.”j]) where each element
ic,+1 is shifted to ic, 11 — (c; — t). For example, to the set {3,4,5,8,9,10,11} € Z(11,7,{1,2,4,6})
corresponding to 3 ordered blocks of sizes 3, 2 and 2, we associate the set {3,6,7} € ([?), as shown in
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IENOJOJORIENOJOJOJO
! Ly
..@ ..@ @

Figure 1: Illustration of the bijection.

Fig. IIl It is easy to see that this construction describes a bijection between Z(n, k, A) and ([”7;?”]), S0

that we have:
n—k+j n—k+j
zoran=|(" 75| ("75) :

Remark 2.8. The restriction n > k — j is necessary, since otherwise the binomial coefficient is not
defined, but for n < k, we simply have |Z(n,k, A)| = 0.

2.3 Representation of uniform permutations

We start with the definition of reduction, which is given in (Janson et al, 014, p. 1).

Definition 2.9. Let x125 ...z, be a sequence of n distinct real numbers. The reduction of x12s . .. Ty,
which is denoted by red(x12o ... xy,), is the unique permutation o € S,, such that order relations are
preserved, i.e. 0; < o if and only if x; < x; foralli,j € [n].

As pointed out in (Janson et al}, P013, proof of Theorem 4.1), it is a standard trick to construct a
uniform permutation of size n as the reduction of n independent and identically distributed (i.i.d.) random
variables which are uniform in the interval [0, 1].

Lemma 2.10. Let Uy, ..., U, be i.id. random variables, uniform in [0,1]. Then, red(Uy...U,) is a
uniform permutation of size n.

Since we could not find a reference where Lemma is proved, we provide a short proof here.

Proof: First, the random variables Uy, . . . , U, are almost surely all distinct. Now, let o € S, be arbitrary.
Because the random variables U; are i.i.d., we have for any = € .5,,,

P(red(U;...U,) = 0)

P(red(Ux, ...Us,) =0)
P(red(U;...Up)mw = 0)
P(red(Uy...U,) =0 '),

showing that red(U; ... U,) takes all values in S,, with the same probability. So, red(U;...U,) is a
uniform permutation in S,. O

This representation of a uniform permutation is particularly adapted for our purpose since it relies on
independent random variables.
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2.4 Dependency graphs

The dependencies, and not only the pairwise dependencies, within a family of random variables can be
represented in a graph as follows, see Baldi and Rinot{ ([1989); Bénal (R010); Féray et al| (R016); Rinot{

({1999

Definition 2.11. A graph G with vertex set V is called a dependency graph for a family of random
variables { X, },cv if it satisfies the following property:

If Vi and Vy are disjoint subsets of V which are not connected by an edge in G, then the sets
of random variables { X, } yev, and { X, }vecv, are independent.

A family of random variables may have several dependency graphs, capturing sometimes more, some-
times less dependency information. The least information is contained in the complete graph, which is
always a dependency graph. As pointed out in [Féray et al] (2016), dependency graphs are often used
to work with sums of partly dependent random variables. For example, X (™4)(¢,,) decomposed as in
Eq. (@ falls in this category. In Section , we will see two methods to show asymptotic normality of
X (™4 (g, using the concept of dependency graphs.

2.5 Law of total variance
The following decomposition formula for the variance can be found in , , p. 385-386).

Proposition 2.12. For two random variables Y and J, defined on the same probability space, the follow-
ing holds:

Var(Y) = E[Var(Y'|J)] + Var(E[Y|J]).

This is called the law of total variance. It relates the variance of a random variable to its conditional
variance and its conditional expectation. The proof uses the fower property: E[E[Y|G]|H] = E[Y|H]
with H = {0,Q} and G = o(.J), the smallest o-algebra such that .J is measurable.

It is a natural question if a statement similar to Proposition holds for the conditional variance. The
equivalent result is called the law of total conditional variance and its proof uses the tower property with
H = O'(Jl) and g = O'(Jl, JQ)

Proposition 2.13. For three random variables Y, Ji and Js, defined on the same probability space, the
following holds:

Var(Y|J1) = E[ Var(Y|J1, J2)|J1] + Var (E[Y | J1, Jo]|J1).

A similar expression can be found for Var(Y'|.J1, J2), the inner conditional variance term in the above
equation, and also for more conditioning random variables. Starting from Proposition and iteratively
using these expressions for the inner conditional variance terms, we can obtain an expression for the
variance involving several random variables as conditions.

Proposition 2.14. For some random variables Y and J1, Js, . .., Jm, all defined on the same probability
space, the following holds:

Var(Y) = E[Var(Y |1, ., )] + > E[Var (BY|Jy,..., Jigal] 1,0 )]

Observe that the summand for i = 0 simplifies to Var(E[Y'|J1]).



10 Lisa Hofer

The only reference we could find for these formulas is (Bowsher and Swain|, P012, Egs. 13 and 15),
but it is likely that they appeared independently in other sources. This general decomposition formula for

the variance will be very helpful in Section @, where we need to find a lower bound for the variance of
XA ().

2.6 Asymptotic notation
Since we will speak about the asymptotic behaviour of functions, we recall some standard notation.

Definition 2.15. Let f, g : N — R be two functions. We say that:
o fis O(g), written f = O(g), if: 3 C > 0,n¢ such that¥V' n > ng, |f(n)| < C|g(n)],
e fisof order g, written f < g, if: f = O(g) and g = O(f),

e f is asymptotically equivalent to g, written f ~ g, if: lim % =1
n—oo

Remark 2.16. 1. If there exists C such that f ~ CnF, then f =< n*.

2. Let p be a polynomial in n. If p < n*, then there exists C such that p ~ CnF.

2.7 Stein’s method for central limit theorems

Stein’s method is a technique invented by Charles Stein to bound the distance between two probability
distributions. It is used to prove central limit theorems as well as approximation by the Poisson, exponen-
tial and other distributions. The survey article ( gives an overview of applications to different
distributions and discusses methods to further analyse the bounds. We recall that applications of Stein’s
method to permutation patterns can be found in Crane and DeSalvd (R017); Crane et al] (2016); Fulman|
(R004); Goldstein (R003)). To illustrate the main concept of Stein’s method for central limit theorems, we
follow (, p. 6-9).

First, recall that the Kolmogorov distance is a probability metric defined as follows, see (Chen and
Roéllin, 010, p. 9), (Rosd, RO11}, p. 5).

Definition 2.17. For two R-valued random variables X and Y, let F'x and Fy be their distribution
functions. The Kolmogorov distance between X andY is defined as:

dr(X,Y) =sup|Fx(t) — Fy (t)|.
teR
In particular, since convergence of the distribution functions in all continuity points implies convergence
in distribution (denoted i>), we have the following.
Lemma 2.18. Ler (X,,)nen be a sequence of R-valued random variables and let Y be some R-valued

random variable. Then.:

dg(XnY) —» 0 = X, 5V

n—r oo

In general, Stein’s method proves convergence in distribution using a functional equation. The next
lemma can be used to prove a central limit theorem (CLT), see (, , Lemma 2.1).
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Lemma 2.19 (Stein’s Lemma). Define the functional operator A by

Af(x) = f'(x) — 2f(2).
Then, for a real-valued random variable X, the following are equivalent.

1. X has the standard normal distribution.

2. For all absolutely continuous functions f : R — R such that E[|f'(X)|] < oo, it holds that
E[Af(X)] =0

The first direction (1) = (2) is simply integration by parts. More interesting is the second direction.
Let Z be a standard normal random variable, F'; its distribution function and I, the indicator function
which is 1 if and only if condition ¢ holds. In (, , Lemma 2.2) it is shown that for any ¢ € R,
there exists a unique bounded solution f; of the differential equation

fi(x) = zfe(z) = Li< — Fz(1). (3)
Taking X to be any real-valued random variable, we obtain the equation
B[f{(X) = X fi(X)]| = [Fx(t) — Fz(1)]. @
Hence, the maximum distance between the distribution functions of X and Z is given by

dr (X, Z) = sup [Fx(t) — Fz(t)] = sup B[ (X) = X fo(X)]|.

By Lemma , to prove the second direction (2) = (1), it is enough that (2) holds for all f; with
t € R which are solutions to Eq. (H).

To prove a CLT, we prove that (X, )nen almost satisfies the functional equation in Stein’s Lemma. We
use Eq. (E) to bound dx (X,,, Z) which also quantifies the rate of convergence. In practice, Stein’s method
is useful because there exist various techniques to estimate the quantity E[f/(X) — X f:(X)]: dependency
graphs, exchangeable pairs, zero- and size-bias couplings. Theorem B.§ used in Approach I relies on the
dependency graph method which is often useful if the random variable X is a sum of partially dependent
random variables like X ("4)(c,,). However, Stein’s method may also be used for random variables with
different structures.

We conclude this short summary of Stein’s method with two remarks.

Remark 2.20. 1. The Stein-Chen method is a version developed for Poisson approximation, see Bar-

bour et al. ([[992); [Crane and DeSalvd (R017).

2. It is sometimes easier to study other probability metrics than the Kolmogorov distance. For normal
approximation, often the Wasserstein distance is studied, see [Rinot] ({1994). In Crane and DeSalvd
), the total variation distance is studied for Poisson approximation.
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3 Central limit theorem

In this section, we prove a central limit theorem (CLT) for our random variable X (m,4) (o), the vincular
pattern statistics on uniform permutations. Let (7, A) be a fixed vincular pattern and assume n > || > 2
(the other cases are trivial). We normalize X ("4 (g, ):

S (m,A) —
XA (g,) = w,
Vo

where v, = Var(X(™4)(a,)), e, = E[X(™4)(g,)]. The following theorem is the main result of this
article, where A/(0, 1) denotes the standard normal distribution.

Theorem 3.1. Let Z ~ N(0,1), let (m, A) be a fixed vincular pattern and for any n, let o, be uniform in
Sn. Then, there exists C > 0,ng such that for n > ng:

dx (X(w‘,m(an),z) < on~V2,
Consequently, it holds that:
X@A) (5,) % Z.

Remark 3.2. The second claim of Theorem B. 1| follows from the first claim and Lemma .

Note that Theorem @ is not only a CLT result. It also contains information about the speed of conver-
gence, measured in the metric dx . We present two different approaches to prove Theorem . One works
with Stein’s method and the other one with cumulants, but both have in common that they use dependency
graphs. Before we start the two different proofs, we give a dependency graph for our problem.

3.1 Dependency graph for the XJ(o,)’s

We need the following observation about the dependencies between the X7 (0,,)’s from the sum decom-
position of X (™4)(a,,) (see Eq. (), p. ). In (Crane and DeSalvd, P017, Lemma 5.3), this is called the
property of dissociation.

Lemma 3.3. Let (7, A) be a vincular pattern with |r| = k and let Fi,F2 C I(n,k,A). If Fi and
Fy are such that | ;. 7 I and Ure 7, I are disjoint, then the corresponding families of indicators,
{XT(on)}1er, and {XT (o)} 17, are independent.

Proof: Let Uy, . .., U, be independent and uniform in [0, 1]. By Lemma , we can represent a uniform
permutation as red(U; ... U,). Since pattern occurrence in non-intersecting subsequences depends on
disjoint subsets of the set {U7,...,U,}, the independence of these subsets proves the independence of
the corresponding families of indicators. o

With the help of Lemma E, we can now construct a dependency graph for the family of indicator
random variables { X7 (0,) } rez(n,k,4)> Where k = |7|. We define its vertex set V;, and its edge set F, as
follows:

{Vn =T(n,k, A), )

E, = {{Il,lg} - I(n,k,A)| L #L, [ NI # (Z)}
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If 71 and F> are disjoint subsets of Z(n, k, A) that are not connected by an edge in the graph, then by
construction, Lemma .3 applies to F; and Fo, ensuring that {X7(0,,)}rex, and {X7(0)}1ex, are
independent. Hence, the dependency graph condition is fulfilled.

An important parameter is the maximal degree of the dependency graph.

Lemma 3.4. For a fixed vincular pattern (7, A) with j blocks, let D — 1 be the maximal degree of the
dependency graph given by (E). Then:

D=ni"t

Proof: Let k = |r|. In the proof of Lemma P.7, we have counted |Z(n, k, A)|. It is of order n7. Now, for
any fixed vertex H € Z(n, k, A), consider the quantity |{I € Z(n, k, A)| I N H # (}|. It can be bounded
from above and from below as follows:

I}fleaéd{f €ZI(n,k,A)hel}| <|{IeI(nk, A)|INH#0D}

<> KIeZ(nk A)lhel},

heH
with

{Ie€Z(n,k, A)|hel} = Z {I € Z(n,k, A)| his in the ¢-th block of T}|.
£€(4)

The quantity [{I € Z(n,k, A)| hisin the ¢-th block of I}| is counted similarly to |Z(n,k, A)|. The
constraint ”h is in the /-th block of I”” means that 7., may admit only a finite set of values (see proof
of Lemma @, setting ¢o = 0). Compared to |Z(n, k, A)|, not j but only j — 1 blocks are free which
decreases the order from n’ to n~1. Since the number of terms in the two sums is independent of n, we
have:

D= ITeInk, A\|IT+H INH 1=<ni—h O
Herzrggf;A)l{ €Z(n,k,A)|I+#H, #0}H+1=xn

The dependency graph we just constructed will be used in the next two sections to prove Theorem .

3.2 Approach I: Dependency graphs and Stein’s method
The following theorem can be obtained from results of [Chen and Rollin| (2010) and Rosq (R011)).

Theorem 3.5. Let Z ~ N(0,1). Let G be a dependency graph for { X;}~_, and D — 1 be the maximal
degree of G. Assume there is a constant B > 0 such that |X; — E[X;]| < B for all i. Then, for
w=1 ZZJ\; (X; — E[X;]), where o2 is the variance of the sum, it holds that:

8B2D3/2N1/2 N 8B3D2N

dx (W, Z) < ;

o o3

In particular, if o2 < B2DN (or ® > CB2DN for some constant C > 0), then:

D

w2 -0(,2).
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Proof: Without loss of generality, we assume that E[X;] = 0 for all i. Let

A; ={i} U{1 < j < N] vertices ¢ and j are connected in G'}.

Clearly, |A;| < D for all i. Using (Chen and Rollin, 010, Construction 2B) we obtain a Stein coupling

for W so that with (Chen and Réllin, P01, Corollary 2.6) (for o = M =D B) we have:
2 8B°D"N D2N
dgW,Z2) < — |V X; X 6
KW,2) < 5 (zz )+ ©

Under the assumption of a dependency graph, from the end of the proof of (, , Theorem 3.5), we
have that:

N N
Var<z > Xin> <13D*) "E[X]] < 13B*D*N. ()

i=1 jeA; i=1
The final bound follows from Egs. (E) and (ﬂ). O

We apply Theorem E to our problem.

Proof of Theorem P.1] (variant I): Let (m, A) have j blocks and let k& = |x|. Consider the family
of random variables { X7 (0)}rez(n,k,4) and the dependency graph constructed for it in (B). Denote
by N the size of the family and denote by D — 1 the maximal degree of the dependency graph. Set
v, = Var(X(™4)(s,)). From Lemma .7 and Lemma .4} we have:

Nx=nl, Dx=nl"l
We will see in Theorem @ that we have:
2j—1

Up XN

The proof being technical, it is postponed to Section E Clearly, it holds that v,, < DN. Moreover, for all
I € I(n, k, A), we have:

|XT () — E[XT ()] < 1.

Using Theorem E with B = 1, we obtain:

4 (X070, 2) = 0( . ) _ O(n-1/?), .

Remark 3.6. Almost the same bound as in Theorem @ (giving also a O(n~1/?) in our case) has been
obtained by Y. Rinott (Rinotl, [[994, Theorem 2.2).

Remark 3.7. Using ( , Theorem 3.5), the same bound as in Theorem @ can be obtained for
the Wasserstein distance dyy, which is defined in ( D011, p. 5). The bound on dy, would then give a
bound on dg;, however not an equally good one as Theorem 3.1 (n=/* instead of n='/?) .
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3.3 Approach Il: Dependency graphs and cumulants

For any random variable X, denote by (") (X) its 7-th cumulant. As in (Saulis and StatuleviGiug, [[991],
p. 16), we say that X satisfies condition (S, A) for some v > 0, A > 0 if:

(rh)i+y
AT—2 ’

M (X)] < forall r > 3.

The following result can be found in (Saulis and Statuleviciug, [[991], Corollary 2.1).

Theorem 3.8. Let Z ~ N (0,1). For any random variable X satisfying condition (S~ ), it holds that:

108

(+#)

To prove that condition (S, a) is satisfied by our random variable X (™4)(s,,), we use the following
result from (Féray etal] 016, p. 71) giving a bound on cumulants of sums of random variables. A slightly

weaker version has been established by S. Janson (Jansor], [[988, Lemma 4), see also (Féray et al], P01,
p. 71).

Theorem 3.9. Let { X, },ecv be a family of random variables with dependency graph G. Denote by N
the number of vertices of G and by D — 1 the maximal degree of G. Assume that the X,,’s are uniformly
bounded by a constant B. Then, if X = X, for any integer r > 1, one has:

veV
k(X)) <27 ND B
With the help of Theorem E, we apply Theorem @ to our problem.

Proof of Theorem B.1] (variant IT): Let (7, A) have j blocks and let k& = |x|. Consider the normalized
indicator random variables X (oy,):

X7 (on) —er
/Un ’

where v,, = Var(X (™4 (0,)), e; = E[XT(0,,)]. Clearly, X(™4)(q,,) is the sum of the X (0,,)’s. It
is easy to see that the dependency graph constructed in (E) is also a dependency graph for the family
{XT(on)}1€z(n,k,4)- Denote by N its number of vertices and denote by D — 1 its maximal degree. By
Lemma E and Lemma E, there exist C7, Co > 0 such that:

X7 (on) =

N S Clnj, D S anjil.

By Theorem [t 1] (whose proof is postponed), we have v,, =< n2/~1. Since | X7 (5,,) — er| < 1, there exists
C3 > O such that forall I € Z(n, k, A):

XF (o) < Con'/27.
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We now use Theorem@ to estimate the cumulants of X (™-4) (¢, ). We use the following simple inequal-
ity for factorials: r" < rle”, valid for » > 1. For any > 3, we obtain that there exists C' > 0 such
that:

kM (X @A) (6,))] < 271" =2(O1nd ) (Cond ~1) "~ H(Cyn/2-9)"
(X)) < (Cond)(Con? =) (Cn )

< Crrln~(r=2)/2

7!
< A2

where A = C~3n!/2, Here we used that r/(r — 2) < 3 for all r > 3. Since condition (S, A) is satisfied
with A and v = 0, by Theorem E, we obtain:

dx (m Z) = O(n~Y?). 0

4 Variance estimate

The main result of this section is the following theorem about the asymptotic behaviour of the variance
of X(™4)(g,,) (we still assume |7r| > 2). This result has been used in both proofs of Theorem B.1 given
above.

Theorem 4.1. For a vincular pattern (w, A) with j blocks and for o,, uniform in S,,, there exists C' > 0
such that:

Var(X ™4 (0,)) ~ Cn¥ 1,

The proof consists in two steps. First, we show in Section @ that Var(X (™4)(g,)) is a polynomial
in n of degree at most 2j — 1. This immediately implies that Cn?/~! is an upper bound for the variance
(see Corollary @). The second step is to find a lower bound of the same form (see Proposition @). The
lower bound is more important for the CLT result, but it does not follow from the polynomiality. To find
it, we present in Section @ a proof technique building a recurrence from the law of total variance.

4.1 Polynomiality and upper bound
Using the sum decomposition of X (™4 (g,,) (see Eq. (ﬂ), p- ﬂ) and Lemma @, we have:

Var(X" (o)) = Y Cov(X[(0n), X7 (0n)). 8)

I1,J€Z(n,k,A):
INJ#0

By Lemma B, the covariances are 0 for any I,J € Z(n,k, A) that do not intersect, explaining the
summation index in the above formula.
We use this expression to prove that Var(X (™4)(,,)) is a polynomial in 7.

Lemma 4.2. Let (7, A) be a fixed vincular pattern of size k with j blocks and, for n > 1, let o,, be
uniform in S,,. Then, for n > 2(k — j), Var(X(™4)(5,,)) is a polynomial in n whose degree is at most
2j — 1.
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Proof: The proof idea is to split the sum in Eq. (E) according to I, J that have the same covariances,
and then to count the number of pairs (I, J) in each of these covariance-groups. We will see that the
cardinalities of all those groups are polynomials in n and that the number of groups and the covariance
values do not depend on 7. Then, this implies that also Var(X (™4)(s,,)) is a polynomial in n.

LetI,J € I(n,k,A), I = {il,ig,...,ik} withi; < iy < -+ < gpand J = {jl,jg,...,jk} with
J1 < Ja < -+ < ji. To split the sum, we consider I U J = {uy,ug,...,us} withug < ug < -+ < uy
and k < t < 2k. Note that t = 2k if and only if I N J = (). Depending on the intersections between I and
J, I U J looks different, see Fig. E Each u, in I U J comes either from I, or from J, or from I N J here

e o o o o o o e o o I
e o o e o o o e o o J
e o e e o o o e o o TUJ

Figure 2: Block structure of 1 U J.

shown in orange. The following function fr ; : [t] — {I, J, (I, J)} gives to each position s the origin of
Us:

I ifus € I butus ¢ J
f[)J(S) = J if us € J but ug §§ I .
(I,J) ifuselInJ

Since o, is uniform, Cov(XT (0y,), X7 (0y)) depends on I, J only through the positions of the inter-
sections of I and J. In the example of Fig. E, I and J intersect at one position only: position 3 in
I and 2 in J. In particular, when two functions f7 y and fr, j are the same, then the covariances
Cov(XT (0n), X7 (04)) and Cov(XT. (0,), X7 (0,)) are the same. We split the sum:

2k—1
> Cov(XT (o), X5(on) = Y > > Cov(XT(0n), X7 (o).
I1,J€Z(n,k,A): t=k f:[t]={I1,J,(I,J)} I,JEL(n,k,A):
INJ#0 \1UJ|=t, f1,5=f

Each pair (¢, f) defines a covariance-group. The number of such pairs and the covariance associated to a
pair (¢, f) are independent of n. To count the size of the groups, we consider the blocks of 7UJ. Similarly
to patterns, I and J come in blocks. The inherited block structure of I U J has three different types of
blocks: blocks from I, blocks from J and merged blocks, coming both from I and J. In Fig. E, the block
of size 3in I U J is a merged block. Instead of blocks, it is equivalent to describe the adjacencies of 1 U J.
As the blocks, they are inherited from I, or from J, or both from I and J. Neighbouring (as in Fig. E)
or shared adjacencies from I and J take care of the block merges. If us € I, then define r;(s) as the
index ¢ such that us = ¢, and similarly for r ;. For a function f : [t] — {I, J, (I, J)}, we define the set
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A; C [t —1]by:

ced; e {f(s) € {I,(I,J)} and r1(s) € A,

or f(s) € {J,(I,J)} and r;(s) € A.
IfI,J € Z(n,k, A) with |[I U J| = ¢ and fr ; = f, then Ay is the set of adjacencies of I U J. More
precisely, then I U J € Z(n,t, Af). But not every f can occur this way since it has to respect the block
structure of T and J given by A. For example, f(s) = I or f(s) = (I, J) withry(s) € Abut f(s+1) = J
for some s, is not valid. For a fixed pair (¢, f), one of the two following cases occurs:

e Thereareno I, J € Z(n,k, A) with f; ;= f.

{(I,J)EI(TL,k,A)ﬂf]_],]:f} %I(nvtaAf)v

(I,J) —=1TUJ,
Indeed, if K € Z(n,t, As), then (I, J) can be reconstructed from K = T U J and f = f; ;. By
construction of A, I and J will be in Z(n, k, A).

e The map { is a bijection.

So, the cardinalities of the covariance-groups are either 0 or given by the cardinality of the corresponding
Z(n,t,Ay). By LemmaR.q, forn >t — (t — |Ay|) = |Af|, we have:

n—t+(t—|Az]) n—|Afl
ot A9 = ( - .
g t— |4yl t— |4yl
This is a polynomial in n, since ¢ and |A;| do not depend on n. The maximal value |Af| can take is
2(k — j). So, for n. > 2(k — j), Var(X(™4)(g,,)) is the sum of polynomials in n, which is again a

polynomial in n. Its maximal degree is the maximal value for ¢ — |A| (the number of blocks of I U J)
which is 25 — 1. o

Remark 4.3. This polynomiality result can be used to compute expressions of the variance for small
patterns by polynomial interpolation (whence the desire to be precise on the range of values of n for
which the polynomiality holds).

From Lemma .2, we directly obtain an upper bound for Var(X (™4)(5,)).

Corollary 4.4. Let (m, A) be a fixed vincular pattern of size k with j blocks and let o, be uniform in S,,.
Then, there exists C > 0, ng such that for n > ng:

Var(X ™4 (0,)) < Cn¥ 1.

4.2 Lower bound

Our proof technique for finding a sharp lower bound on Var(X (™4)(¢,,)) uses a recurrence that we obtain
from the law of total variance. Working directly with the variance decomposition (see Eq. (E)) would be
more difficult since covariances can be negative whereas the law of total variance involves only non-
negative terms. We first discuss what conditioning we want to use in the law of total variance. Then, we
show how to obtain the recurrence relation. And finally, we deduce a recursive estimation from which we
then derive the lower bound.
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For the rest of this section, let (7, A) be a fixed vincular pattern of size k with j blocks. Let Uy, Us, . . .
be independent and uniform in [0,1]. For any n, set 0, = red(U;...U,). By Lemma .10, o,, is
uniform in S,,. Moreover, for any n, we define v,, = Var(X (W’A)(O'n)). For simplicity, we also set
Y = X(m4(q,).

We apply the general law of total variance (see Proposition ) on Y where we shall condition on
the last few entries of o,,. The number of these entries is the size of the last block of the pattern (7, A),
denoted b;. More precisely, we condition on Uy, Up,—1, . . ., Up—p,+1. We obtain the following expression
for v,,:

vp = Var(Y) = E[Var(Y|Uy, ..., Un—p,+1)]
+ Y E[Var (EY|Un,....Unil|Un, .., Un-it1)]. )

We now turn to the recurrence where we will see why this conditioning is a good choice. We split Y in
two parts as follows: Y = B 4+ C' with

B= > X7 (on), C= > XT (o).

I€Z(n,k,A): n¢l I€Z(n,k,A): nel

Observe that B = X(T’VA)(an,l), since oy, is uniform in S,, and o,,_; is uniform in S,,_;. Applying
Proposition on B, with the conditions Uy, —1, . . ., Up—p;+1, we have:

vn—1 = Var(B) = E[Var(B|U,,—1,...,Un_p,+1)]
+ Y E[Var (BIB|Un-1,....Un—ict)|Un-1,-.. . Uny)]. 1O

i=0,...,b;—2

In the expression for v, Eq. (E), we want to recover v, 1 from E[Var(Y'|U,,...,U,_p;4+1)]. Since
Y = B + C and since B is independent of U,,, we have:

E[Var(Y|Uy,...,Un—p,41)] = E[Var(B|Up—1,...,Un—p;41)]
+E[Var(C|Un, ..., Un—p;+1)] (11)
+ 2E[Cov(B, C|Uy, ..., Un—p;41)]-
Because E[Var(B|U,_1, ..., Un—u,+1)] also appears in the expression for v,,_1, using Eqs. ), ()
and (), we obtain the following recurrence relation:
Vp — Vp—1 = 2E[Cov(B,ClUp, ..., Up_p;41)]
+E[Var(C|Us, ..., Un—p;+1)]

+( > E[Var (BY|Un,...,Un-il|Un, ..., Un-it1)]
i=0,...,b;—2 (12)

— Z E[Var (]E[B|Un—17-'-7Un—i—l”Un—17'"7Un—i)])
i=0,...,b; —2

+E[Var (E[Y [Un, -, Un—ty+1]|Uns - - s Un—,+2)].
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The right-hand side of Eq. ) is grouped in four terms. To find a lower bound with the help of this
recurrence relation, we examine all these terms. We will need the following result which can be proved
very similarly to Lemma E

Lemma 4.5. Let (w, A) be a vincular pattern of size k with j blocks and a last block of size b;. Let
Us, ..., U, beindependent and uniform in [0, 1] and let o, = red(Uy ... U,,). Then, for I, J € I(n,k, A)
withINJ C{n—b;+1,...,n}, conditionally on Uy, _p, 11, . .., Uy, the random variables XI(W’A)(Un)
and X Y"m (0y,) are independent.

Lemma is the reason why we want to condition on the last b; entries of 0,,. Moreover, we need the
following definition in order to work with sorted sequences.

Definition 4.6. Let x1x2 ...z, be a sequence of n distinct real numbers. Then, sort(xy ...x,) is the
sorted sequence which contains x1,xs, . .., T, but in increasing order.

We now examine separately the four terms of the recurrence relation (see Eq. ()). We want to find
lower bounds for each of them. The following computations hold for n large enough.

First term First, we have:

Var(C|Un, ..., Up—t;+1) = > Cov(XT(00)s XT(00)|Uny - -+, Un—p, +1)-
I,J€Z(n,k,A): neINJ

The constraint n € I N J means that  and J intersect at least in the whole last block. By Lemma @,
for the above covariances to be non-zero, I and J must intersect at least in one more block. Similar
arguments as in the proof of Lemma @ show that the number of non-zero covariances is O(n?/=3).
Since the covariances are bounded by 1, this implies:

Var(C|Uy, ..., Up—p,41) = O(n*73).

Note that the constant in the O-term does not depend on U,,, ..., Up_p, 1, which is important when we
take the expectation. Then, by the Cauchy-Schwarz inequality, it holds that:

| Cov(B,C|Un, ..., Un—p,+1)| < Var(B|Uy, ..., Up—p,+1)/>O0(n?=3/%).
And by the Jensen inequality:
E[| Cov(B,C|Up, ..., Up—p,+1)|] < E[Var(B|Un,...,Un—p,+1)]"/20(ni=%/?2).

Equation (IE) implies that E[Var(B|Up, ..., Un—p;4+1)] < vp—1, so that:

E[| Cov(B, C|Up, ..., Up_p,+1)|] < vi/%0(nI=3/?).
Finally, there exists C; > 0 such that:

2E[Cov(B, C|Un, ..., Up_p,11)] > —Cind =32}/ (13)
Second term We will simply use the trivial inequality

E[Var(C|Uy, ..., Un_p,+1)] > 0. (14)
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Third term For 0 < m < b; — 1, define

A, = > XT (o),
I€Z(n,k,A):
n,...,n—m+1¢I,n—mel

Ay, = Z X7 (on).

I€Z(n,k,A):

Clearly, Y = Ao + Ay + - + Ap,, while C = Ag and B = Ay + Ay + --- + Ap,. Note that for

0 <m < bj, Ap, is independent of Uy, ..., Up—y41. Forany 0 < ¢ < b; — 1, we have:
i bj
E[Y|Un,...,Un-i] = > E[Am|Un_m, ..., Un-il + > E[Apn].
m=0 m=i+1

Taking the variance, the second sum will not contribute since it is deterministic. For the first sum, i.e. the
case 0 < m < i, we compute E[A,,,|Uy,—m, - .., Un—;]. Before giving the general formula, we consider a
simple example.

We explain how to obtain a formula for the random variable E[Ag|U,,,U,—1]. Consider the pattern
m = 54231. Then, Ay is the sum of the indicators X7 (c,,) for I € Z(n,5,{3,4}) such that n € I.
This implies automatically that n — 2,n — 1 € I due to the adjacencies of the given pattern. Assume
I = {is,iqg,n —2,n —1,n} with i5 < iy < n — 2. Then, we have:

]P)(X}T(Un) = 1‘Un, Un—l) = P(I‘ed(UisUmUn_gUn_lUn) = 54231‘Un, Un—l)

- ]P)(Unfl > Un72 > Un|Un7 Unfl)P(Uiy) > Ui4 > Un71|Un71)HUn,1>Un

1-Uy1)?
= (Un-1— Un)%ﬂwﬁowa

where I, is the indicator function which is 1 if and only if condition x holds. We used that the U;’s are
independent and uniform in [0, 1. Since there are (") choices for i5 and i4, we have:

E[Ao|Up, Un_1] = > P(X] (0n) = 1|Up, Un—1)
I1€Z(n,5,{3,4}): nel

TR

This is the explicit formula for the random variable E[Ao|U,,, Up—1].

For the general formula, let ay...a14i—m = sort(wk_(i_m) ...7) (fixed, since 7 is) and define
Oy, .. liyi—msuchthat Uy, ... Uy, . = sort(Uy—;...Uyp_pm) (not fixed). Then:

E[An|Un—m; -y Un—i] = Bm(n) X S(Up—my- -, Un—i),
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where
Bt = ("7 AT,

j—1

S(U U ) _ UZlil(ng - Ugl)GQ—U«l—l Ce (1 — Uf1+i,m)k_al+i7m ;
T (a1 = Dlag —ay = 1)l (k = arpiom)! :rfi(grlilli?iﬁb'

The binomial coefficient counts the number of I € Z(n, k, A) fulfilling the constraints for A,,: this set
is in bijection with Z(n — b; — m, k — b;, A N [k — b;]) so that its cardinality is given by Lemma .7,
For each such I, the probability that the corresponding values in o,, are in the good order is given by the
fraction. The indicator takes care of the order of the given U;’s.

We need these computations to compare the expectations (of Y and of B) appearing in the third term
in Eq. (@). For Y, we have:

E[ Var (E[Y|Un, ..., Un—i]|Un, -, Un—it1)]

_ E[Var<n§Bm(n)S(Un_m, e Unt)

Un,....,Un—;
“ﬂ (15)

i

1
Z WS(Unfm, ey Unfz)

m=0

=n? 2R {Var (

Un, ey Uni+1):| + O(?’L2j—3).

And for B, we obtain:

E[Var (E[B|Un-1, .-, Un—i—1)|Un-1, ..., Un—i)]

Un—lu LR Un—z>:|
i+1 1

= n2j2IE[Var< > MS(Un,m, o Uncin)

i+1
= E[Var( > Bu()SWUn-m, -, Un—i-1)
m=1

Unfl, ey Unz>:| + O(n2j73)

m=1
7

1
> MS(Un_m, ey Un—i)

m=0

=n? 2K [Var (

Unu cv ey Un—i+l>:| + O(n2j_3)7

where the last step uses that the U;’s are independent and identically distributed (i.i.d.) so that we can
replace (Up—1,...,Un—i—1) by (Un, ..., Up—;). In particular:

> E[Var (BY|Un,....Unil|Un; ..., Un-it1)]

- > E[Var (E[B|Un-1,..-,Un-i-1l|Un-1,..., Un_i)] (16)
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Fourth term From Eq. ), we have:
E[Var (E[Y [Un, .., Un—t;41)|Uns - - s Un—ty42)] = 02 2B[f (Un, . .., Un—, +2)] + O(n¥73),

where

1
Z (75((]77,—77’7,7 B Un—bj-i-l)

JWhs oo Unpjq2) = Var(m_o F—

Un7 tty Un—bj+2) .

Note that with positive probability, red(Uy—p, 2 ...Un) = red(mgx—p;42...7x). On this event, as a

function of U, 4,41, the random variable Zmzo,...,bj—l S(Un-m>---yUn—p;+1) is not a.s. constant

(in particular, L oq(s Un)=red(m4_p. +1...m,) takes value 1 or 0 with positive probability each). So,
J

n—b;41-
with positive probabilit]y, f(Un,...,Un_p;12) is non-zero which implies E[f(U,,...,Un—p;4+2)] > 0.
Furthermore, since the U;’s are i.i.d., E[f(Up, ..., Un_bj+2)] does not depend on n. Hence, there exists

Cs > 0 such that:

E[Var (E[Y|Un, ..., Un—p,41]|Un, .., Un—t,42)] = Con® 2. (17)

Conclusion Putting Egs. ), (@), @ and together, we obtain for some C5 > O:

Uy > Up_1 (1 — Clnj*?’/zv;if) + Con®72 4 O(n?73)

, _ (18)
Z Un—1 (1 — Clnjfg/zv;i?) + Cg’ﬂzin.

Using first Eq. () and then Eq. ([L3) (where i = 0 gives E[Var(E[Y|U,])] = Var(E[Y|U,])), we
directly obtain:

1
(G -1

v = Var(E[Y [U,]) = %~ Var< s(m)) O,

where

Um (1 - U,
S(Un) = (e — DIk — mp)!

Because we assume k > 2, S(U,,) is not a.s. constant. Moreover, its variance does not depend on n, so
that there exists Cy > 0 such that:
vy, > Oyn? 2. (19)

Using Eq. (@) for v,,_1, we can refine Eq. @ for some C'5 > 0:
Un > Vo1 (1 = Csn™Y2) + C3n® =2, (20)

Equation (R() is the recursive estimation that we now use to obtain a lower bound for the variance
v, = Var(X (™4 (s,,)) which is sharper than the one given by Eq. (1.
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Proposition 4.7. Let (7, A) be a fixed vincular pattern of size k with j blocks and let o,, be uniform in
Sn. Then, there exists C > 0,ng such that for n > ng:

Var(X (™4 (0,,)) > Cn® 1.

Proof: For any n, let v,, = Var(X(’TVA)(Jn)). Let n; be large enough such that 1 — fﬁ > ( and such
that Eq. (@) holds for n > n;. By Eq. (@), we recursively obtain:

on > zn: Cayl?=2 ﬁ (1 - %)

l=n1 m=~+1

Since 1 —z > e2* > 1 — 2z for x < 1, we have for ¢ big enough:

m=~¢+1 m=~+1 m=~+1

Hence, there exists Cs > 0 such that for n big enough:

vn > Zn: C3£2j—2(1—2c5 zn: %)

Z:nfcg\/ﬁ mzf"l‘l

n - CG\/H
> Cyl?72(1 — 205 ———
> ) Gyl (1-4C5C)

L=n—Cs~/n
> Cs(1 — 40506)06\/5(3)%72

> C7n2j73/2 )

for some C7 > 0. Because vy, is a polynomial in n for n > 2(k — j) (see Lemma @), there exists C' > 0
and ng > 0 such that for n > ng, v, > Cn2~1. |
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When considering binary strings, it’s natural to wonder how many distinct subsequences might exist in a given string. Given that
there is an existing algorithm which provides a straightforward way to compute the number of distinct subsequences in a fixed
string, we might next be interested in the expected number of distinct subsequences in random strings. This expected value is
already known for random binary strings where each letter in the string is, independently, equally likely to be a 1 or a 0. We
generalize this result to random strings where the letter 1 appears independently with probability « € [0, 1]. Also, we make some
progress in the case of random strings from an arbitrary alphabet as well as when the string is generated by a two-state Markov
chain.

Keywords: distinct subsequences, random strings, subadditivity

1 Introduction

This paper uses the definitions for string and subsequence provided in Flaxman et al. (2004). A binary string of length
nis some A = ajas...a, € {0,1}", and another string B of length m < n is a subsequence of A if there exist indices
i1 < 9 < ... < i, such that

B = iy Qgy ... Qg

We use the notation B =< A when B is a subsequence of A.

Now, suppose T}, is a fixed binary string of length n. Then, define ¢; to be the i*" letter of T},, T} to be the string
formed by truncating 7T;, after the i letter, and ¢(T,) to be the number of distinct subsequences in T,,. If we let S,
be a random binary string of length n, it was shown in Flaxman et al. (2004) that when Pr[s; = 1] = .5 (that is, when
each independently generated letter in S, is equally likely to be a 0 or a 1), then E[¢(S,)] ~ k(3)™ for a constant k.
Later, Collins improved this result by finding that E[¢(S,)] = 2(2)" — 1 under the same conditions.

In Section 2, we generalize the second result and find a formula for the expected value of ¢(S,,) when Pr[s; = 1] =
a € (0,1). Since the cases when Pr[s; = 1] is 0 or 1 are trivial, we will then have E[¢(Sy)] when a € [0, 1]. Our
method for finding this formula is very different from that used by Collins. We will define a new property of a string—
the number of new distinct subsequences—and then use these numbers as the entries in a binary tree. Our formula is
then given as a weighted sum of the entries in this tree. In Section 3 we produce recursions for the expected number
of subsequences in two more complicated cases, namely when (i) the string of letters is independently generated in a
non-uniform fashion from an arbitrary alphabet; and (ii) the binary string is Markov-dependent. We also show, using
subadditivity arguments, that the expected number of distinct subsequences in the first case above is asymptotic to c"
for some c, in the sense that

(Elg(S))Y™ = ¢ (n— o0).

Finally, in Section 4 we indicate some important directions for further investigation.
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2 Main Result

In this section, we let Pr[s; = 1] = a € [0, 1]. We first consider the trivial cases, when o € {0,1}.

Proposition 2.1. If o € {0, 1}, then ¢(S,,) = n for any string Sy,.

Proof: If « € {0, 1}, then either S,, = 11...1 or S,, = 00...0. In either case, there is exactly one distinct subsequence
of each length between 1 and n. O

With those cases dispensed with, we will assume for the remainder of this section that o € (0, 1). Before continuing,
we need to establish three new definitions. We recall that .S,, is a random variable that equals a fixed string 7, according
to a specified probability distribution.

Definition 2.2. The weight of T,,, a fixed binary string of length n, is ¢(T,) - Pr[Sy, = Ty,]. That is, the weight of T,,
is the number of distinct subsequences in T}, times the probability that a random length n string is T,,.

Definition 2.3. A new subsequence of T, is a subsequence contained in T, but not contained in T, _1. We will let
v(T,,) be the number of distinct new subsequences in a string T,.

Definition 2.4. The new weight of T,, is the product v(T,,) - Pr[S, = T)).

It will be useful to be able to compute the number of new distinct subsequences in a string; to do so we modify a
result from Elzinga et al. (2008).

Lemma 2.5 (Elzinga, Rahmann, and Wang). Given T,,, let | be the greatest number less than n such thatt; = t,, and
if no such number exists, let | = 0. Then,

n ifl =0;
n—1
v(T,) =
(Z2) > u(T) ifl>0.
i=l
Proof: Fix T,, and suppose | = 0. Then, without loss of generality, assume that 7, consists of n — 1 Os followed
by a 1. The new subsequences contained in 7}, are exactly those which contain a 1. There are n such subsequences:
1,01,001,...,00...01, so v(T},) = n.
-1
Now suppose [ > 0 and Uy, is a new subsequence of length k in 7,,. We assume that the last letter in Uy, is ¢,
because otherwise Uy, is clearly not new. If Uy_; <X Tj_1, then we could use ¢; to complete Uy, so Uy = T} and Uy,
would not be new in T;,. Conversely, if Uy_1 A T;_1, then Uy cannot be completed by ¢;, nor can it be completed
by any other ¢; before ¢,,, so Uy is a new subsequence in 7;,. Therefore, there is one distinct new subsequence in
T,, for every distinct new subsequence found in some 7; with [ < ¢ < n — 1. Summing up all of those distinct new
subsequences gives the number of distinct new subsequences in 77,. o

Now, let B be a binary tree whose entries are binary strings, and let B,, ,, be the m™ entry in the n'" row of B.
The root of B is the empty string, each left child is its parent with a 1 appended, and each right child is its parent with
a 0 appended. If we call the first row “row 07, then row n of this tree contains all length n binary strings. Rows 0-3 of
this tree are shown below:

0
1 0
11 10 01 00

111 110 101 100 011 010 001 000
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Next, we form the binary tree B’ with B}, ,,, denoting the m"™ entry in the n'" row of B’. Then, we define each B, ,,,
to be v(B,, ) which we can calculate using Lemma 2.5. Finally, for each child By, ,,, we assign the edge between it
and its parent B/ _, rm1 a weight equal to Pr[S, = Bp,m|Sn—1 = By, —1,m=1]. Thus we give each edge going to a left

172
child the weight « and each edge going to a right child the weight 1 — . Rows 0-3 of B’ are shown below:

It is clear that the value of the root should be 0 and the value of its two children should be 1. Moreover, we can
apply Lemma 2.5 to find that each row begins and ends with a 1. To characterize the remaining entries of B’ we need
two lemmas which together will give us that the portion of each row between the initial and final 1s consists of pairs
of identical numbers. The numbers in every other pair are the sums of the parents of those elements, and the numbers
in the remaining pairs have the same value as their parents. For instance, the first pair of the third row is a pair of 3s
and parents of the elements of this pair are a 1 and a 2 which sum to 3. Then, the second pair of the third row is a pair
of 2s, and the parents of the elements of this pair are also 2s.

Lemma 2.6. Supposen > 2 and m = 2 (mod 4). Then, B,, ,, = B}, ,, .1 = B;_l)% + B;z—l,%-i-l'

Proof: Given these restrictions on n and m, both B,, ,,, and By, ,,,4-1 are grandchildren of the same string 7}, 2. Then,
Bynm = T,-210 and B, ;,+1 = T,,—201. First, consider the case when T;,_» consists of only Os or only 1s, and
without loss of generality, assume it consists of only Os. Using Lemma 2.5 we get the following equalities:

V(Th—210) = v(Tph—2) + v(Th—21) =1+ (n— 1) = n;
v(Tp—201) = n;
V(Th—20)+v(Th—21) =1+ (n—1) =n,

so the lemma is proved in this case. Otherwise, there exist k,! > 0 such that % is the greatest integer with ¢, = 0 and
l is the greatest integer with ¢; = 1. Then, the following hold, again by Lemma 2.5:

n—2
v(Th—20) = v(Ty);

i=k

n—2
v(Tyol) = S v(T);

=l

n—2

V(Tp-201) = > v(T3) + v(T,-20) = v(T,_21) + v(T—20);

i=l
n—2
v(T,—210) = v(T;) +v(Th—21) = v(Th—20) + v(Th—21).
i=k
Since 13,21 = Bp—1,2 and T;,_20 = B,,_1 = 41, this completes the proof. O

Lemma 2.7. Supposen > 2, m =0 (mod 4), and m # 2". Then B,, ,, = By, ..., = B, B!

n—1,2 = Pp_1,m4]
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Proof: We will proceed by induction on n. As a base case, note that when n = 2, the hypotheses of Lemma 2.7 are
never satisfied, so it is true.

Now, suppose Lemma 2.7 holds for n < p, and consider Bz/v,m where m satisfies the hypotheses of the lemma.
Since m = 0 (mod 4), it follows that B, ,, = p,l_%(), and Bp,l_% also ends in 0. Then, m + 1 = 1 (mod
4)/, $0 Bymt1 = Bp-1,m411, and By 1 m; also ends in 1. Therefore, by Lemma 2.5, B]'mm = Bz’)_L% and
Bp,erl
then B;/)—l,% = Bz’)_17%+1 by Lemma 2.6, and if 2 = 0 (mod 4), then B;_l)% = B;_l)%ﬂ by the induction
hypothesis. In either case, the proof is finished by induction. o

_ ! ! ! o m s m —
= BP—L%H' Now, Bp_l)% and Bp_l)%ﬁ_1 are consecutive elements and 7 is even. If ¥ = 2 (mod 4),

Now, the original question about distinct subsequences can reinterpreted as a question about the tree B’. In partic-
ular, if we find the path from each node B;, ,,, to the root and call the product of the weights of all the edges on that
path p,, ,, we find that p, ,,, = Pr[S,, = By, ], and that

n

E[p(Sn)] = E[Z y(si)} = Z Ep(S)=>_> B pi; (1)

i=1 i=1 j=1

The first equality comes from the fact that each subsequence in S, is new exactly once, the second equality holds by
linearity of expectation, and the third equality rewrites E[v/(S;)] using the definition of expectation.
Now, recall the definition of new weight and note that the combined new weight of all the strings in row i of B is
211
given by Z B; ; * Pi,j- With ¢ fixed, we define the quantity a; to be the total new weight of left children, i.e., strings
j=1
ending in 1, in row ¢ of B and b; to be the total new weight of right children, i.e., strings ending in 0, in row ¢ of B.
‘We now find two simultaneous recurrence relations that describe a; and b;.

Lemma 2.8. The sequences {a;} and {b;} satisfy the following recurrence relations:

a; = aj—1 +abi—1; b =bi_1+ (1 —a)ai_1.

Proof: Consider the left children in row ¢ of B’. First consider the left children whose parents are also left children.
Each of these has the same value as its parent by Lemma 2.7, so the combined new weight of all of them is o - a;_1.
Now consider the left children whose parents are right children. By Lemma 2.6, each of these has a value which is
the sum of the values of its parent, a right child, and this parent’s sibling, a left child. In this way, each right child in
row ¢ — 1 contributes its new weight times « to its left child in row ¢ — 1. Meanwhile, each left child in row 7 — 1
contributes to the left child of its sibling its new weight times 1 — « since its path to the root contains one fewer edges
labelled 1 — « than the path from the row ¢ left child to the root, but both paths contain the same number of edges
labelled a.. Thus we get:
a; = aa;—1 + abi—1 + (1 — a)a;—1 = a;—1 + abi—1

The second recurrence relation follows by the same argument. The right children of row ¢ — 1 contribute their new
weight times 1 — « to their own right children, and also contribute their new weight times « to the right children of
their siblings. Meanwhile, the left children of row 7 — 1 contribute their new weight times 1 — « to their right children,
and so we get:

b =bi—1+ (1 —a)ai-1,

which completes the proof. o
Now, we solve for a; as follows:
abi_1 =a; —a;—1
Oé(l — Oé)ai,1 = Oébi — O[bi,1
Oé(l — a)ai_l = Qi1 — A5 — (ai — ai_l)

A1 = 20%' — (1 — a(l — a))ai_l
The quadratic > = 2z — (1 — a(1 — «)) has two real solutions: (1 + Va(l - a)) and (1 —va(l - a)), )

a; = c1 (1 + Va1l - a)) + cy (1 —Va(l - a)) where ¢; and c3 are constants. Inspecting the tree B’ gives that
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a; = a and a; = 2a — a?, and it is straightforward to verify that the following is an explicit formula of the correct
form satisfying the initial conditions:

aiZ%((Oé— a(l—a))(l— a(l—a))ifl_i_(a_i_ a(l_a))(l—i_m)iil)

To find an explicit formula for b;, we simply note that if we substitute a; for b;, b; for a;, and « for 1 — a, we obtain
the recurrence that we just solved. Thus, making the reverse substitutions, we get that

b =5 ((1-a- val=a) (1- vali=a) "+ (1-a+ vall-a) 1+ vali-a) )

and combining these two expressions gives the total new weight in row ¢ as
1 i—1 i—1
ai+bi=§((1—2 a(l—a)) (1— a(l—a)) +(1+2\/a(1—a)) (1+\/a(1—a)) )

As suggested by (1), the final step will be to find the sum Z(ai + b;). This follows from the geometric sum formula,
i=0
and we get

n (1-2vall=a)) (1~ (1= val-a) ) + (1+2yal—a) ((1+ ol -a) -1)

a; bl =
;( b) 2\/a(l —a)

We have now derived the main theorem of this section.

Theorem 2.9. Suppose Pr(s; = 1] = a € [0, 1] forall 1 < i < n. Then we have

n ifa=0,1,
#(5n) = § (2y/alia) (1= (1 yaltm) ")+ (ey/alio) (y/aiw) ) 0y
2\/o¢(1—o¢) o

Since this formula is rather unwieldy for « € (0, 1), we also give the following asymptotic result.

Corollary 2.10. Suppose Pr[s; = 1] = « € (0,1) for all 1 < i < n. Then there exists a constant k such that

B(Sn) ~ k(1 + a(l—a))".

Proof: We take the limit of the quantity in Theorem 2.9. Since (1 —Va(l - a)) < 1, it follows that lim (1 —

n—oo
a(l — a))n = 0. Therefore

. 6)  _2/al—a) |
oo (1t ol —a)" (1+2/ald-a)
as asserted. .

3 Variations: Larger Alphabets, Markov Chains, and Growth Rates

In the previous section, we looked at strings on a binary alphabet generated by a random process in which the proba-
bility that any given element was 1 was fixed at . In this section, we generalize this in two ways. First, we consider
strings on the alphabet {1,2,...,d} = [d] where each letter is independently j with probability «; for all j € [d].
After that, we return to binary strings, but this time they will be generated according to a two-state Markov chain; in
particular, if a letter follows a 1, then it is 1 with probability «, but if it follows a 0, then it is 1 with probability 5. In
both these cases, we will find recurrences for the expected new weight contributed by the n' letter, which will lead
to explicit matrix equations for that expected new weight. Unfortunately, we will not be able to find a closed-form
formula for the total expected number of subsequences like we did in Section 2.
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3.1 A Larger Alphabet

In this section, we consider strings on the alphabet [d]. In Section 2, T,, was a fixed length-n string on the alphabet
{0,1}; here we let T}, be a fixed length-n string on the alphabet [d]. Similarly, S, is now a random length-n string on

the alphabet [d] where, independently, Pr[s; = j] = «; forall i € [n], j € [d] (note that Z;l:l aj =1).

We begin by stating a generalization of Lemma 2.5. The first paragraph of the proof is the same as in the proof of
the original lemma, but is included for completeness.

Lemma 3.1. Given T, let | be the greatest number less than n such that t; = t,, and if no such number exists, let
{ = 0. Then,

Proof: Suppose ! > 0 and Uy, is a subsequence of length & in T},. We assume that the last letter in Uy, is ¢,, because
otherwise Uy, is clearly not new. If Uy_; < T;_1, then we could use ¢; to complete Uy, so U, = T; and Uy, would not
be new in T;,. Conversely, if Up_1 A T;_1, then Uy, cannot be completed by ¢;, nor can it be completed by any other ¢;
before t,,, so Uy, is a new subsequence in 7},. Therefore, there is one distinct new subsequence in 7}, for every distinct
new subsequence found in some 7; with [ < ¢ < n — 1. Counting up all of those distinct new subsequences gives the
number of distinct new subsequences in 75,.

Now suppose I = 0 and Uy, is a subsequence of length k in T},. As before, we can assume that the last letter of
Uy is t,,, but this time every subsequence of length ending in ¢,, is new in T),. Therefore, there is nearly a bijection
between the subsequence which appeared by 7}, 1 and the ones which are new in 7}, given by mapping a subsequence
appearing by 7T,,_; to itself with ¢,, appended. This is not exactly a bijection because the single-element sequence ¢, is
a new subsequence in 7,, even though the empty set is not counted as a subsequence in 7;,_;. Therefore, the number
of new subsequences is the sum of the number of subsequences which have appeared previously, plus one. O

Just like in the previous section, we are interested in the expected new weight of S,,. As before, we find it useful to
refer to a tree B, but in this case it is a d-ary tree where the root is labelled with the empty string, and the j® child of
a node is labelled with the parent’s label with j appended. The following figure shows rows 0-2 and part of row 3 of
B whend = 3.

3 2 1
33 32 31 23 22 21 13 12 11
T T

333 332 331 323 322 321

Again like in the previous section, we will also use the tree B’ where each node T;, of B has been replaced by
v(T,).
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0
T
1 1 1
_— N T T
1 2 2 2 1 2 2 2 1

We now need to generalize Lemmas 2.6 and 2.7.

Definition 3.2. A (j, k)-grandchild is a string whose final two letters are j and k; equivalently, a (j, k)-grandchild is
a string which is formed by appending jk to its grandparent.

Lemma 3.3. Suppose n > 2 and T, is a (j, k)-grandchild with j # k whose grandparent is T, _s; then v(T,) =
I/(Tnfgj) + I/(Tnfgk).

Proof: As in Lemma 3.1, let /; and [, be the greatest numbers less than or equal to n — 2 with ¢, = j and ¢;,, = k (or
0 if no such ¢ exist). Suppose that [;, # 0. By Lemma 3.1, we have that

n—1 n—2

V() =Y v(T) =v(Tn-2j) + Y =v(Tn-2j) + (Tn_2k).

i=ly, =l
Otherwise, [, = 0 and by Lemma 3.1, we have that

n—1 n—2

V(T) =Y v(T)+1=v(Tn o)+ Y V(L) +1=v(Tn 2j) + (Tn_2k).
1 =1

i

This completes the proof. o
Lemma 3.4. Supposen > 2 and T, is a (j, j)-grandchild whose grandparent is Ty, _o. Then, v(T},) = v(Ty,—27).

Proof: Since T}, = T,,_2jj and T},_1 = T},_27, the statement follows immediately from Lemma 3.1. O

We want to be able to calculate the total new weight in each row of the tree B’. As in Section 2 it will be convenient
to break up that new weight by the final letter of the string it comes from. For each n € Z" and j € [d], let a; ,, be the
total new weight of the length-n strings ending in j. Using Lemmas 3.3 and 3.4 we find that a typical element 7,,_oj
contributes its weight times oy, to T),_ojk (for all k € [d]) and also contributes its weight times ay, to T,k for all
k € [d] \ {j}. Therefore, we obtain the recurrences

d
Ajn = E Ak -1+ E QOjn—1 = Gjn—1+ E QA1
k=1 k#j k#j

Using these d recursions and the fact that the a; 1 = o for all j, we find that the vector [1,n, G2.ns -y ad_,n]T is
given by the matrix equation:

n—1
ain 1 (5] a1 e a1 (5]
az n [6%) 1 [6%) . [6%) a9
a3 n| — |3 Q3 1 e as Q3
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and therefore the total new weight in row n is

n—1
1 a1 Q1 (651 a1
(65 1 (65) (65) (65)
[1 1 1 1] a3 Qg 1 as Qa3
Qg g Og ... 1 Qq

Therefore, we have a way to compute the expected value of ¢(S,,) in this general alphabet case, as expressed in the
following theorem.
Theorem 3.5. Let S,, be a random length-n string on the alphabet [d] where Pr(s; = j] = o for all i, j. Then,

K2

I an a1 a1

no1|Q2 1 oo % o

E[(b(sn)] = [1 1 1 ... 1} Z a3 Qg 1 as o3
i=0 :

Qg Qg OofF ... 1 ayg

3.2 Strings from Markov Processes

We now return to binary strings, but now the probability of seeing a particular letter will depend on the letter before
(we assume that strings are generated from left to right). In the random string Sy, Pr[s; = 1|s;—1 = 1] = « and
Pr[s; = 1|s;—1 = 0] = B. Of course, we will need some other rule for Pr[s; = 1]; one logical choice is to take
Pr[s; = 1] = v where 7 is the steady-state probability of a 1 occurring, which in this case gives v = HBL—a Unlike
in the previous subsection, we don’t need any new lemmas to discuss this case. Instead, the key will be to categorize
the new weight in each row by the last two letters of the strings which contribute it, rather than just by the last single
letter.

To that end, let a,, be the total new weight of n-letter strings ending in 11, let b,, be the total new weight of n-letter
strings ending in 10, let ¢,, be the total new weight of n letter strings ending in 01, and let d,, be the total new weight
of n-letter strings ending in 00. We apply Lemmas 2.6 and 2.7 in much the same manner that we did in Section 2 to
find the recurrences:

an+1 = afan + ¢p);
bpt1 = (1 — a)(an + cn) + ab, +

Cn+1 = ﬂ(bn + dn) —+ (1 — B)Cn —+ wan’

dnt1 = (1 - ﬁ)(bn + dn)-
Again, these recurrences lead to a matrix equations

an a 0 a o 1" a
bn 11—« «@ 1—a [5(%760‘) b1
Cn (1=a)B 3 1-8 3 cl’
dn, 0 1-6 0 1-p di
and
i—1
) o 0 o 6(10 : ay
—|l-a a l-a BE= b
Elp(S,)]=1[1 1 1 1 1-8 !
[6(Sn)] = [ ] ; G- 5 15 g cl
0 1-p 0 1-5 dy
While we could define Pr[s; = 1] = « (recalling that v = HBL—O) it will make our formula work out more nicely if

we pretend that there exists a letter so which does not add to any subsequences but which determines Pr[s; = 1]. If
we take Pr[sg = 1] = =, then we have a1 = ya, b1 = (1 — ), 1 = (1 —v)8,d1 = (1 — v)(1 — /), and so the
definition of the formula is complete.
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3.3 Exponential Growth via Fekete’'s Lemma

In this subsection, we exhibit the fact that in the case of general alphabets, the expected number of distinct sequences
is “around” ¢, mirroring the result in Corollary 2.10. This fact is hardly surprising, but raises other questions, namely
as to whether the “true” numbers contain, additionally, polynomial factors as do several Stanley-Wilf limits in the
theory of pattern avoidance (note that there are no polynomial factors in Corollary 2.10).

Also, in general the existence of limits is not automatic, as seen by the following example: Assume that n balls are
independently thrown into an infinite array of boxes so that box j is hit with probability 1/27 for j = 1,2,.... Let m,
be the probability that the largest occupied box has a single ball in it. Then, as seen in Athreya and Fidkowski (2000),
lim,, s o0 7y, does not exist, and lim sup,,_, ., 7, and lim inf,,_, 7, differ in the fourth decimal place! Such behavior
does not however occur in our context, as we prove next.

Theorem 3.6. Let sy, s2, . .. be a sequence of independent and identically distributed random variables with Pr(s; =
Jj) = «a;,5 =1,2,....d and Zj a; = 1. Seta = (ai1,...,0q). Let ¢(Sn) and ¢(Syt1,n+m) be the number
of distinct subsequences in Sy, = (s1,...,8y) and (Snt1,--.,Sn+m). Let p(n) = E(¢(Sy)). Then there exists
¢ = cq,a > 1 such that

Y)Y = ¢;n — oo,

where ¢ = 1 iffd > 1 and max; a; = 1.

Proof: Asin Arratia’s paper Arratia (1999) on the existence of Stanley-Wilf limits, we employ subadditivity arguments
and Fekete’s lemma. Assume without loss of generality that m < n. Let 7 be a distinct subsequence of S, and
consider the first lexicographic occurrence of 7, say ny. Then n¢|s, = 1y, and 0¢|(s, ... s,40) = Ty, are a pair of
subsequences of (s1,...,5,) and (Sp+1, - - -, Sntm). Moreover, the map

ny — (Nf,05,)

is one-to-one (note that one of the components 7y, , ¢, may be empty). Thus

Sn-i—m S Sn Sn-l—l ,n+ms

and thus, by independence we get
$(n+m) < P(n)p(n + 1,0+ m).

Since m < n, we conclude that
P(n+m) < Y(n)(m).
In other words, £(n) = log v (n) satisfies the subadditivity condition

§(n+m) < &(n) +&(m),

and Fekete’s lemma yields the conclusion that

§0) g r £
n n>1 n
Clearly ¢ € [0,log d]. We thus get
log 1 (n
P8V _ yogfim)/ — .

and so
Y(n)/" = el =,

where ¢ € [1,d)]. Clearly ¢ = 1 for any d if @; = 1. We need to show that this is the only case when this occurs. By
Theorem 2.9, we know that ¢ > 1 if d = 2 and max(ay,a2) # 1. Using a monotonicity argument (for larger size
alphabets, we replace all the letters 2,3,...,d by 2), it is easy to see that ¢ > 1if d > 3 and max;(«;) < 1. This
concludes the proof. O
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4 Discussion and Open Questions

In this section we list and briefly discuss some questions that seem to be quite non-trivial.

(a) One of the central questions in the Permutation Patterns community is that of packing patterns and words in larger
ensembles; see, e.g., Burstein et al. (2002-2003). In a similar vein, we have the question of superpatterns, i.e., strings
that contain all the patterns or words of a smaller size; see, e.g., Biers-Ariel et al. (2016). A distinguished question
in this area is the one posed by Alon, who conjectured (see Biers-Ariel et al. (2016)) that a random permutation on

[n] = {%2(1 + 0(1))} contains all the permutations of length k£ with probability asymptotic to 1 as n — oo. In

the present context, a similar question might be: What is the largest k so that each element of {0, 1} appears as a
subsequence of a binary random string with high probability?

(b) The basic question studied in this paper appears to not have been considered in the context of permutations; i.e.,
one might ask: What is the expected number of distinct patterns present in a random permutation on [n]?

(c) Computation of the rates of exponential growth in Theorem 3.6 would, of course, be of interest as would be,
alternatively, a solution of the recurrences in Sections 3.1 and 3.2. Also, estimation of the width of the intervals of
concentration of the number of distinct subsequences, around their expected values, would add significantly to our
understanding of the situation.

(d) An intriguing question (which leads to a wide area for further investigation) is the following. In the baseline case
of binary equiprobable letter generation, we have that E(¢(Sy,)) ~ 2(1.5)™, which implies that the average number
of occurrence of a subsequence is 32" /(1.5)" = £(4/3)™. Now a subsequence such as 1 occurs “just” around n/2

times, and the sequence 11 .. .1 with n/2 ones occurs an average of (n72) . 27@% times, which simplifies, via Stirling’s
formula, to around v/2", ignoring constants and polynomial factors. The same is true of any sequence of length n/2;
it is, on average, over-represented. We might ask, however, what length sequences occur more-or-less an average
number (1.33)" of times. We can parametrize by setting k¥ = xn and equating the expected number of occurrences of

a k-long sequence to (1.33)™. We seek, in other words, the solution to the equation

(x"n) 2%1 = (1.33)".

Ignoring non-exponential terms and employing Stirling’s approximation, the above reduces to
272" (1 — x)' ™% = 0.75,

which, via Wolfram Alpha, yields the solutions z = .123 ... and x = .570...! In a similar fashion we see that the
expected number of occurrences of a sequence of length (0.7729 . . .)n or longer is smaller than one. Does this suggest
that the solution to the Alon-like question stated in (a) above might be &k = (0.7729...)(1 4 o(1))n?
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We explore a bijection between permutations and colored Motzkin paths that has been used in different forms by
Foata and Zeilberger, Biane, and Corteel. By giving a visual representation of this bijection in terms of so-called cycle
diagrams, we find simple translations of some statistics on permutations (and subsets of permutations) into statistics
on colored Motzkin paths, which are amenable to the use of continued fractions. We obtain new enumeration formulas
for subsets of permutations with respect to fixed points, excedances, double excedances, cycles, and inversions. In
particular, we prove that cyclic permutations whose excedances are increasing are counted by the Bell numbers.
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1 Introduction

The interpretation of continued fractions as generating functions of colored (also referred to as weighted
or labeled) Motzkin paths is due to Flajolet (1980). His celebrated paper also gives several applications of
continued fractions to the enumeration of combinatorial objects, including set partitions and permutations.

In the case of permutations, the results in Flajolet (1980) are based on a bijection of Francon and Vien-
not (1979) between permutations and increasing binary trees, which allows Flajolet to obtain continued
fractions enumerating permutations with respect to the number of valleys, peaks, double rises, and double
falls.

A second bijection between permutations and colored Motzkin paths was introduced by Biane (1993),
and it is essentially equivalent to a bijection of Foata and Zeilberger (1990) between permutations and
so-called weighted bracketings. This bijection allows Biane to keep track of the number of inversions.
Furthermore, variations of it have been used by Corteel (2007) to enumerate permutations with respect to
the number of weak excedances, crossings and nestings; and by Clarke et al. (1997) to prove equidistri-
bution results for several other permutations statistics.

In this paper we introduce a simple visual interpretation of this second bijection, using what we call
the cycle diagram of the permutation to produce the colored Motzkin path. The cycle diagram combines
the information contained in the permutation diagram used by Corteel (2007) to deal with crossings and
nestings (see also Burrill et al. (2016); Kasraoui and Zeng (2006)), as well as the permutation array, which
allows us to keep track of statistics such as inversions and pattern occurrences. The cycle diagram idea was

*Partially supported by NSF grant DMS-1001046, Simons Foundation grant #280575, and NSA grant H98230-14-1-0125.
ISSN 1365-8050 (© 2018 by the author(s) Distributed under a Creative Commons Attribution 4.0 International License
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used in Elizalde (2011) to enumerate so-called almost increasing permutations, a generalization of certain
permutations studied by Knuth (1968, 1973) in connection to sorting algorithms. Here we analyze the
correspondence between permutations and colored Motzkin paths in order to easily keep track of multiple
statistics counting fixed points, cycles, excedances, inversions, and to impose different conditions on the
cycles and the excedances of the permutation, as well as pattern-avoidance conditions.

In Section 2 we describe the pictorial correspondence between permutations and colored Motzkin paths
and introduce some notation involving cycle diagrams and continued fractions. In Section 3 we find con-
tinued fraction expressions for the generating functions of permutations with respect to several statistics,
recovering and extending some results in the literature, as well as for occurrences of a monotone consecu-
tive pattern of length 3. In Section 4 we focus on subsets of permutations satisfying different combinations
of conditions such as having a certain cycle structure, avoiding the classical pattern 321, having increasing
excedances, or having unimodal cycles. In particular, Theorem 4.3 proves that cylic permutations with
increasing excedances are counted by the Bell numbers. In Section 5 we discuss some known results and
open problems regarding the enumeration of pattern-avoiding cyclic permutations. Finally, in Section 6
we propose a mechanism for interpreting certain combinatorial sequences as counting colored Motzkin
paths, which can sometimes turn sequences of positive integers into simpler weight sequences.

2 Permutations and colored Motzkin paths

In this section we present the aforementioned bijection between permutations and colored (or weighted)
Motzkin paths.

A Motzkin path of length n is a lattice path from (0, 0) to (n, 0) with up steps U = (1, 1), down steps
D = (1,-1), and level steps L = (1, 0), that never goes below the x-axis. We define the height of a step
to be the y-coordinate of its highest point. Let M be the set of all Motzkin paths. For a path M € M, let
| M| denote its length. Let S,, be the symmetric group on {1,2,...,n}.

First we describe a surjective map from permutations in S,, to Motzkin paths of length n. A permutation
m € S, can be drawn as an n x n array with dots in squares (i, 7(¢)) for 1 < ¢ < m. Our convention
for the coordinates will be as in the cartesian plane, so that square (4, j) is in the ith column from the left
and the jth row from the bottom. Next, we capture the cycle structure of the permutation on the array by
drawing, for each ¢ with (i) # 4, a vertical segment connecting the dot in (¢, 7(¢)) with the center of the
square (i, 1), and a horizontal segment connecting the same dot with the center of the square (7 (%), 7(7)).
The cycles of 7 are then visualized by simply tracing connected dots, as shown in Fig. 1. We call this
drawing the cycle diagram of .

The squares with coordinates (7,7) for some 7 in the cycle diagram of 7 can be classified into five
types, depending on the location of the dots and segments: a fixed point ®, an opening bracket /4, a
closing bracket 7, an upper bounce 7, and a lower bounce A. The sequence given by the types of
the squares (i,7) for ¢ from 1 to n is called the diagonal sequence of 7, and denoted by D(7). Clearly
D(n) € {/'/ KA F ,/l‘}”. To turn the diagonal sequence into a Motzkin path of length n, we replace
each ¥ witha U , each A with a D, and each y 4 ,7 and A with an L. Let us denote by () the resulting
Motzkin path. Fig. 1 gives an example of this construction. For each element of the diagonal sequence
D(r), define its height to be the height of the corresponding step in the Motzkin path ().

The map 6 is surjective but not one-to-one. Next we construct, given a Motzkin path M of length n,
the arrays of all the permutations 7 with §(7) = M. For each ¢ from 1 to n, consider the ith step of M.

e Ifitis a U, place a ¥ in square (i,1) of the array, and regard the vertical segment pointing upward
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Fig. 1: The cycle diagram of 7 = 5724381691210 11, and its associated Motzkin path 0(r).

and the horizontal segment pointing rightward in  as open rays. These rays will later be closed by
extending them, placing a dot on them, and connecting them with a perpendicular segment, as we
will see next.

e Ifitisa D, place a A in square (i,1) of the array. Letting h be the height of this D step, choose any
of the h currently open vertical rays, intersect its extension with the extension of the ray pointing
leftward in the newly inserted 7, and place a dot in the intersection. We call this operation closing
an open vertical ray. Similarly, choose one of the & currently open horizontal rays, and close it
by intersecting it with the ray pointing downward in the newly inserted 1, placing a dot in the
intersection. Note that this construction gives h? choices for which pair of open rays to close.

e If it is an L at height h, chose one of the following 2h + 1 options. One choice is to place a #
in square (7,4) of the array. Additional h choices come from placing a 7', choosing one of the h
currently open vertical rays, closing it by intersecting it with the leftward pointing ray in the 7" and
placing a dot in the intersection, and regarding the upward pointing ray in the 7 as an open ray. The
remaining h choices come from placing a A~ in square (i,1) and proceeding in a symmetric fashion.

This process that builds a permutation by placing each diagonal square from left to right while con-
structing a cycle diagram with that given diagonal sequence, opening and closing rays accordingly, will
be used repeatedly throughout the paper. We will refer to it as building a cycle diagram from a diagonal
sequence. See Fig. 2 for an example of an intermediate step in the construction. Note that the height of
a7, A or A in the diagonal sequence equals the number of open horizontal (equivalently, vertical)
rays at the time when it is inserted in this process.
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--1-0

--a

S I R S

] [N Sy Sy i B =

R I R AU | S A ______________.___b

Fig. 2: An intermediate step in the process of building a cycle diagram from a diagonal sequence. Open rays, drawn
with dashed lines, have been labeled on the right picture to show how each vertical ray is connected to one horizontal
ray.

It follows from the above construction that if we assign weight 1 to each U in the Motzkin path M,
weight h? to each D at height h, and weight 2h + 1 to each L at height h, then the product of the weights
of the steps of M equals the number of permutations 7 € S,, with 8(7) = M. We denote by w(M) the
product of the weights of the steps of M, and we call it simply the weight of M. The generating function
for weighted Motzkin paths with weight function w is ) 7,  w(M )z!M|_ By interpreting the weight of
a step as the number of possible colors it can receive, the above construction gives a bijection between
permutations and colored Motzkin paths, where D steps (resp. L steps) at height  can receive h? (resp.
2h + 1) colors. We denote this bijection by ©.

The bijection © will be used in Section 3 to find the distribution of some permutation statistics, and in
Section 4 to enumerate certain subsets of permutations. In both cases, the problem is reduced to counting
weighted Motzkin paths, or equivalently, weighted diagonal sequences, where the weights often contain
formal variables that keep track of statistics. In the diagonal sequences, we denote the weight of entries
at height h as follows: 7 has weight dj,, 7" has weight ¢%, £ has weight /2, and # has weight 4. In
the associated Motzkin path, a D step at height i has weight dj, and an L step at height h has weight
Ly =13 + él,’l + ¢¢, with the convention that £§ = £8 = 0, since diagonal sequences have no # or £ at
height 0.

We end this section by introducing some notation regarding continued fractions. Given two sequences
d = (di,da,...)and £ = (Lo, {1, ¥2,...), define the Jacobi type continued fraction (J-fraction)

Jas(z) = L

1)

d122

ng

1—502— 3

1—-tliz—
1% d322

1—622—

It was shown by Flajolet (1980) that Jq ¢(2) is the generating function for weighted Motzkin paths where
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D steps (resp. L steps) at height i have weight dy, (resp. ¢3), for each h > 0. Throughout the paper, U
steps of Motzkin paths will be assumed to have weight 1.
We also define the continued fraction

d122
d222 ’
d322

Ka(z) =4loz+ 2)
1-— élz -

1—(22—

which is the generating function for elevated weighted Motzkin paths, meaning that they do not touch
the z-axis except at the beginning and at the end (where we allow the length-1 path H), with weights as
above.

3 Statistics on permutations

An excedance (resp. fixed point, deficiency) of 7 € S,, is a value 7(¢) such that i < 7 (4) (resp. ¢ = 7 (3),
i > m(i)). Let exc(m) (resp. fp(m)) denote the number of excedances (resp. fixed points) of 7. A double
excedance of 7 is a value 7(7) such that ¢ < 7(¢) < w(m(¢)). Let dexc(m) denote the number of double
excedances of 7. Let cyc(m) be the number of cycles of 7, and let inv(7) be its number of inversions.
Let S = J,,>o Sn. For a permutation 7 € S,,, we write |7| = n to denote its length. Let Fs(z) =

Y ores 2Tl = > >0 N!2" be the ordinary generating function (OGF) for all permutations. Recall from
Section 2 the bijection © between S,, and colored Motzkin paths of length n, where D steps (resp. L
steps) at height h can receive h? (resp. 2h + 1) colors. This bijection yields the well-known continued
fraction expansion Fs(z) = Jq¢(z) with dj, = h? and £}, = 2h+ 1. This expansion appears, for example,
in (Flajolet, 1980, Thm. 3B).

3.1 Fixed points, excedances, double excedances, cycles, and inversions

The above enumeration of permutations can be refined by keeping track of statistics that behave well
under the bijection ©. Next we consider a few.

(i) Fixed points in the permutation are simply squares of type #, and as such they correspond in the
Motzkin path to one of the 2h + 1 color choices for L steps at height &, for every h.

(ii) One can keep track of excedances by observing that ¢ < 7(¢) if and only if the square (7 (i), 7(7))
in the array is of type 7 or 7’. Thus, excedances correspond in the Motzkin path to D steps (of any
of the h? possible colors), plus h of the 2k 4 1 color choices for L steps at height h.

(iii) A double excedance i < 7(i) < w(w (7)) in the permutation corresponds to a square (7 (2), (7)) of
type 7', and thus to & of the 2h + 1 color choices for L steps at height h.

(iv) In the process of building a cycle diagram from a diagonal sequence described in Section 2, a cycle
is completed every time that a diagonal square of type 7 closes two rays that belong to the same
cycle in the partial diagram constructed so far (see Fig. 2). Since each of the open vertical rays is
connected to exactly one of the open horizontal rays, it follows that i vertical and h horizontal open
rays give rise to h connected pairs before a 7 at height A is inserted. Thus, out of the h? color
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choices for D steps at height h, there are exactly h of them that complete a new cycle. Additionally,
every fixed point # produces a cycle as well.

(v) Inthe process of building a cycle diagram from a diagonal sequence, one can keep track of inversions
by counting how many are forced by each new dot that is placed in the cycle diagram. These can
be inversions with another existing dot, or with an open ray that will create an inversion once it is
closed. Suppose that at some step of the process there are h open vertical rays and h open horizontal
rays when a diagonal square is placed.

If the inserted square is of type #', the dot in this square forces inversions with the dots that will
eventually be placed in each of the current open vertical rays (since they will be above and to the left
of the recent dot) and open horizontal rays (since they will be below and to the right of the recent
dot), contributing 2h inversions.

If the inserted square is of type 7, it closes one of the open vertical rays. Assuming it closes the
jth open vertical ray from the left, then the dot placed on this ray forces an inversion with each
of the j — 1 open rays to its left, as well as with each of the h open horizontal rays, contributing
j — 1+ h inversions. A symmetric argument applies if the inserted square is of type A. Thus, in a
generating function where inversions are weighted by g, the contribution of a level step at height h
in the Motzkin path would be ¢?" + 2 2?21 @1 = ¢® 4+ 2¢"[h],,, where we use the notation
Al :==1+q+---+¢" L

If the inserted square is of type 71, suppose it closes the jth open vertical ray from the left and the
kth open horizontal ray from the bottom. The dot placed on the jth open vertical ray forces an
inversion with each of the ;7 — 1 open rays to its left, as well as with each of the h open horizontal
rays, contributing j — 1 + h inversions. Similarly, the dot placed on the kth open horizontal ray
contributes £ — 1 + h inversions, except that the inversion between the two newly placed dots is
counted twice. Thus, we have a total of 2h — 1+ (j — 1) 4+ (k — 1) new inversions. It follows that,
weighing each inversion by ¢, the contribution to the generating function of a D step at height & in

the Motzkin path is ¢2" 1 (Z_};:l qj’l) (ZZ:I qkfl) = QOfl[h]g.

Throughout the paper, we will use the variables =, v, w, t, ¢ to mark the statistics number fixed points,
number of excedances, number of double excedances, number of cycles and number of inversions, respec-
tively.

If we ignore inversions, it follows from items (i)—(iv) above that the continued fraction of all per-
mutations with respect to the number of fixed points, the number of excedances, the number of double
excedances, and the number of cycles is

Z xfp(fr)vexc(ﬂ)wdexc(ﬂ')tcyc(ﬂ)z\ﬂ — Jd,l(z)
TES
with dj, = v(h? — h + ht) = vh(h — 1 + t) and £}, = zt + h(1 + vw) for all h, that is,
1

deg(z) = 3 . (3)

20(1 + )22

vtz
1—atz—

1—(zt+(1+ovw))z—
| (@t +2(1 + vw))z — LEFDZ
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An equivalent expression was found by (Zeng, 1993, Thm. 3) (see also Viennot (1983)), who derived it
by first giving a closed form for the corresponding exponential generating function, and then using an
addition formula of Stieltjes and Rogers to deduce the continued fraction. The special case of (3) where
v = w = 1 had been obtained in (Flajolet, 1980, Thm. 3C) using again a less direct approach, consisting
of first applying the bijection by Frangon and Viennot (1979) from permutations viewed as increasing
binary trees to weighted Motzkin paths, and then Foata’s fundamental transformation from Foata and
Schiitzenberger (1970).

While it is difficult to simultaneously keep track of cycles and inversions, we can obtain from items
(i)—(iii) and (v) the continued fraction of all permutations with respect to the number of fixed points, the
number of excedances, the number of double excedances, and the number of inversions as

Z xfp(ﬂ-),Uexc(ﬂ')wdexc(ﬂ)qinv(ﬂ')zhr\ _ Jd,é(z)
TeS

with dj, = vg®" ' [h]2 and €}, = 2¢*" + (1 + vw)q"[h], for all h, that is,

1
Jd,g(z) = 3

vqz

1 — gz —
v vg?(1 4 q)%2?

1—(zq¢® + (1 +vw)q)z — 5
vg® (1 + g+ ¢*)?22
1—(z¢*+ (1 +ovw)g?(14q))z — ¢A+q+q)

“

The special case of (4) where x = v = w = 1 appears in (Biane, 1993, Eq. (1.1)). Generating functions
similar to (3) and (4) for the subset of almost-increasing permutations with respect to the above statistics
(except for double excedances) appear in (Elizalde, 2011, Thms. 6.1, 6.2).

Permutations with no double excedances and no double deficiencies (that is, no ¢ with ¢ > (i) >
7(m(i))) correspond to cycle diagrams with no 7 and no A Their generating function with respect to fp,
exc and cyc is Jq ¢(z) with dj, = vh(h — 1 4 t) and ¢;, = xt for all h. If, additionally, we do not allow
fixed points (which corresponds to setting = 0 in the generating function), then these are called CUD
permutations with all cycles of even length in (Deutsch and Elizalde, 2011, Prop. 2.2), where they are also
shown to be counted by the secant numbers.

Continued fractions similar to (3) and (4) have been used by Shin and Zeng (2012, 2016) to prove
~-positivity of certain polynomials enumerating permutations with respect to several statistics.

3.2 Double excedances and consecutive patterns

Next we show that double excedances in permutations are very closely related to occurrences of the con-
secutive pattern 123. We underline consecutive patterns to distinguish them from classical patterns, which
will appear in Section 4.2. For o € S,,,, an occurrence of g in 7 as a consecutive pattern is a subsequence
w(i)w(i + 1)...7(i + m — 1) whose elements are in the same relative order as o(1)o(2)...o(m). For
example, an occurrence of 123 as a consecutive pattern is a subsequence 7(i)7(i + 1)7(i + 2) with
m(i) <7(i+1) <7w(i+2).

Given 7 € S, consider its cycle decomposition where each cycle is written with its smallest element
first, and the cycles are sorted from left to right by decreasing smallest element. Let 7 be the permutation
whose one-line notation is obtained by removing the parentheses from this cycle decomposition. The map
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7 +— 7 is a bijection from S, to S, and it is a version of Foata’s fundamental transformation from Foata
and Schiitzenberger (1970).

We claim that the number of double excedances of 7w equals the number of occurrences of 123 in
7 as a consecutive pattern. Indeed, since cycles are written with their smallest element first, double
excedances of 7 correspond to triples of adjacent increasing entries within a cycle. Since there are no
increasing subsequences of 7 that straddle two cycles in this cycle decomposition of r, it follows that
double excedances of 7 become precisely occurrences of 123 in 7.

The exponential generating function (EGF) for permutations with respect to the number of occurrences
of 123 was found by Elizalde and Noy (2003). They showed that, if we let c123(7) denote the number of
occurrences of the consecutive pattern 123 in 7, then

Z|7'r\ 2T6%(17w+r)z

chg(ﬂ)_ —
= nl 14wt+r—e?(1l+w-—r)

where r = y/(w — 1)(w + 3). Using the bijection m — 7 together with Equation (3) withz = v =t =1,
we obtain a continued fraction expression for the corresponding ordinary generating function:

1
Z werzs(m) 7l — . ) 5)

TeS 1—2—

22,2

1-24w)z— 2.2
1—(3+2w)z—

42,2

1-(443w)z — —

Keeping the variables v and ¢ in Equation (3), we obtain a refinement of Equation (5) with respect to the
number of ascents (i.e., occurrences of 12) and the number of left-to-right minima, respectively. This is
because the bijection 7 — 7 sends excedances to ascents, and cycles to left-to-right minima.

As a particular case, permutations that avoid the consecutive pattern 123 are in bijection with permu-
tations without double excedances, which are those whose cycle diagram has no diagonal squares of type
7. These correspond, via ©, to Motzkin paths where L steps at height h can have h + 1 colors and D
steps at height h can have h? colors, or equivalently, to Motzkin paths where all steps (U, L and D) whose
lowest point has ordinate y can have y 4 1 colors. Equation (5) for w = 0 had been conjectured by Paul
D. Hanna (personal communication, 2016) based on empirical evidence (see also (Sloane, A049774)).

A continued fraction related to Equation (5) was given by Flajolet (1980). Defining a double rise of
m € S, to be an occurrence of the consecutive pattern 123 in the sequence Omy 73 . . . 7,0, and shifting the
exponent of z up by one, a continued fraction for permutations with respect to the number of double rises
appears in (Flajolet, 1980, Thm. 3A).

4 Subsets of S,

In this section we enumerate subsets of permutations by restricting the choices of open rays that can be
closed by squares of type 7, 7" and A in the cycle diagram. This is equivalent to restricting the color
choices of the D and L steps of the Motzkin path.



Continued fractions for permutation statistics 9

For each subset of permutations, we express the generating function with respect to several statistics as
a continued fraction. Tab. 1 summarizes the continued fractions obtained in this section. For simplicity,
the table only shows the univariate generating function, and not the refinements with respect to statistics.

4.1 Cyclic permutations

The same idea that we used in Section 3.1(iv) to keep track of cycles in permutations allows us to restrict
our enumeration to permutations that consist of one cycle, which we call cyclic permutations. Denote by
Cy the set cyclic permutations in Sy, and let C = | J,,~, Cy. Recall that |C,,| = (n — 1)!.

In the expansion of (3), cyclic permutations corrEspond to the terms where the exponent of ¢ is 1.
Thus, the generating function for cyclic permutations with respect to the statistics fp, exc and dexc can
be obtained from (3) by subtracting 1, dividing by ¢, and then setting £ = 0. However, we will see that it
is also possible to directly obtain a continued fraction of the form (2).

Consider again the process that builds a cycle diagram from a diagonal sequence. In order to build a
cyclic permutation, we have to restrict the possible vertical and horizontal rays that can be closed when
a A is placed, so that the rays that we close are not connected to each other before this diagonal square
is placed. As discussed in item (iv) from Section 3.1 and in Fig. 2, each open vertical ray is connected to
exactly one open horizontal ray. Thus, for each square of type 7 (equivalently, each D step in the Motzkin
path) at height h, there are h(h— 1) possible pairs of non-connected rays to close, with the exception of the
rightmost 7 (equivalently, the last D step of the path), for which there is one choice, namely to close the
unique open horizontal and vertical rays, creating the only cycle in the permutation. Additionally, for it
to be cyclic, a permutation cannot have any fixed points # unless it has length 1. Using items (ii) and (iii)
as well, it follows that )} . 2fP(m) yexe(m) yydexe(m) || — Ka(z) withdy =v, 4y = x,dp, = h(h—1)v
for h > 2, and ¢}, = h(1 + vw) for h > 1, that is, the desired continued fraction is

UZ2

Ka(z)=zz+

2022

1-(1 -
(1+vw)z 6vz2

1-2(1+vw)z —

12022

1-3(1+ovw)z—

4.2 321-avoiding permutations

In this section we use the classical definition of permutation patterns, not to be confused with consecutive
patterns as defined in Section 3.2. For o € S,,, a permutation 7 € S, is said to avoid o if there is no
subsequence 7 (i1)m(i2) . .. w (i) With i3 < --- < 4, whose elements are in the same relative order as
o(1)o(2)...o(m). For example, an occurrence of 321 is a decreasing subsequence of length 3.

Let S,,(321) denote the set of 321-avoiding permutations in S,,, and let S(321) = |J,,~, Sn(321). Itis
well known (see Knuth (1968, 1973)) that |S,,(321)| = C,, the nth Catalan number. The following fact
about 321-avoiding permutations is often used in the literature. A non-excedance refers to a value (%)
such that ¢ > 7(4), that is, a fixed point or deficiency.

Lemma 4.1. A permutation is 321-avoiding if and only if both its excedances and its non-excedances
form increasing subsequences.
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Subset of dp, 14 o 45 Ly, =08+ .
permutations - Y y- o~ élﬂ e Counting formula
all h? h h 1 2h +1 n!
h(h —1)
cyclic* (n) h h 0 2h (n—1)!
(i =1)
321-av01dl'ng 1(0) 1(0) 1(0) 0
(= nonnesting) (s =1) 2 C
with unimodal 0~ (Lo =1) "
noncrossing cycles . . .
and no nested 1d 1O 1O
fixed points
noncrossing 1() 0 13) 1
with increasing h h+2
excedances (ofany) 1 (o) h 1 (o = 1) (Sloane, A074664)
with increasing h 0
weak excedances (o/any) 1© h (e =1) h+1 Bn
cyclic* with h—1
increasing (o/n) 1 (o) h 0 h+1 Bn—1
excedances (d1=1)
ith unimodal EGF is
Wt unimoda h (m) h h 1 2h + 1 (e2z+2z—1>
cycles exp a1
with unimodal
cycles and h+2 (closed form
increasing 1 (o/m) 1© h ! (lo=1) unknown)
excedances
with increasing
excedances 1(0) 1) | 10 3 OGF is
and increasing 1 (o = 1) 2
deficiencies 0= P
Wwith 1+2x+v1—-6x+5z
unimodal . . .
noncrossing 1@ 1@ LG
cycles
with no double
z
excedances h? 0 0 1 1 EGFis —*
or double cos 2
deficiencies
involutions h (m) 0 0 1 1 EGF is ez+z2/ 2
321-avoiding 0 0 n
involutions 1 (m) 0 0 (g =1) (6o = 1) (Ln 2 J)

Tab. 1: Summary of cycle diagram restrictions and resulting continued fractions for the subsets of permutations
considered in Section 4. The restrictions on rays to be closed are indicated by the following abbreviations: innermost
(i); outermost (0); matching (m), i.e., requiring the vertical and horizontal rays to be connected; nonmatching (n). For
subsets of cyclic permutations (marked with a *), the resulting Motzkin paths are elevated and the continued fraction
is given by Equation (2). For all the other subsets, the continued fraction is given by Equation (1).
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Proof: Clearly, a merge of two increasing subsequences cannot contain an occurrence of 321, proving
the ‘if” direction. To prove the converse, suppose that 7 contains a pair of decreasing non-excedances,
say m(k) < m(j) < j < k. We will show that there is some 7 < j such that 7(¢) > =(j), and thus

7(i)m(7)m(k) is an occurrence of 321 in 7. Indeed, if the entries w(1), 7(2),...,7(j — 1) were all less
than 7(5), then, using that w(k) < m(j), there would be j entries taking no more than 7(j) — 1 < j —1
different values, which is a contradiction. O

Again, consider the process that builds the cycle diagram of a permutation from a diagonal sequence.
Requiring excedances to form an increasing subsequence is equivalent to requiring that every vertical ray
that we close is the leftmost open ray at that time. This prevents us from creating a pair of decreasing
excedances by first closing a vertical ray and later closing another vertical ray to the left of it. Similarly,
having the sequence of deficiencies to be increasing is equivalent to requiring every horizontal ray that
we close to be the bottommost open ray at that time. We use the term outermost ray to refer to the
leftmost open vertical ray or the bottommost open horizontal ray. Additionally, in order for the sequence
of non-excedances to be increasing, fixed points # can only occur when there are no open rays.

In summary, a permutation has increasing excedances and non-excedances (equivalently, avoids 321 by
Lemma 4.1) if and only if its cycle diagram is obtained from a diagonal sequence with no fixed points at
height > 1 by always closing the outermost open rays every time that a 71, 7" or A is encountered.

By the above argument, O restricts to a bijection between 321-avoiding permutations and colored
Motzkin paths where D steps can only receive one color (since for each 7, the rays to close are forced), L
steps at height b > 1 can receive two colors (corresponding to inserting a 7 or a ), and L steps at height
0 can receive one color (corresponding to inserting a #"). These bicolored Motzkin paths are well-known
to be counted by the Catalan numbers (see Delest and Viennot (1984)). Keeping track of fixed points,
excedances, double excedances and inversions and using items (i)—(iii) and (v) from Section 3.1, their
continued fraction expansion is Y g gpp) 2P vexe(Myydexemginv(mInl — Jq o(z) where £y =
dp, = vg*" =1 and ¢, = (1 +vw)g" for h > 1, that s,

Jae(z) = 5
vqz
1—zz—

3.2
1— (14 vw)gz — veE =

1—(1+ovw)g?z— Y

A slight variation of this continued fraction without the statistic dexc appears in (Cheng et al., 2013,
Thm. 7.3), where it is obtained using a bijection similar to the above restriction of ©, although without
the visual description. A remarkable property of this bijection is that the statistic inv on a 321-avoiding
permutation becomes the area under the corresponding Motzkin path (and above the z-axis). This property
does not hold for the general definition of © on arbitrary permutations.

A closed form for the generating function of 321-avoiding permutations with respect to the statistics fp
and exc appears in Elizalde (2012):

Z xfp(ﬂ')vexc(ﬂ')zhr\ — 2 .
2,2
reS(321) 1+ (1-2z+v)z4+/1-2(1+0v)z+ (1 —v)22
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Fig. 3: The 321-avoiding permutation 7 = 36781921045 11.

4.3 Other Catalan classes

The construction of cyclic diagrams of 321-avoiding permutations given in Section 4.2 can be modified
to obtain other subsets of permutations counted also by the Catalan numbers. For example, the restriction
of allowing only the outermost open (vertical and horizontal) ray to be closed at any time can be replaced
by allowing only the innermost open (vertical and horizontal) ray to be closed, without changing the
condition that # can only occur at height 0. This new restriction of © gives a bijection between bicolored
Motzkin paths as before, and permutations with unimodal noncrossing cycles and no nested fixed points,
defined as follows.

Definition 4.2. Let 7 € S,,. We say that

(a) 7 has noncrossing cycles if the partition of {1,2,...,n} induced by the cycles of 7 is noncrossing,
that is, there are no ¢ < j < k < [ such that 7, k belong to one cycle and j, [ belong to another;

(b) acycle of 7 is unimodal if, when written with its smallest element first as (a1, as, . . ., ax ), there exists
some 1 <i<ksuchthata; <---<a; > > ag;

(c) afixed point j is nested there exist 4, k with i < j < k such that 7(i) = k or w(k) = i.

Fig. 4 gives an example of a permutation with unimodal noncrossing cycles and no nested fixed points.
By construction, the number of such permutations is the Catalan number C,,, and their refined enumeration
with respect to fixed points, excedances, and double excedances coincides with that of S,,(321). Keeping
track of the number of cycles and inversions as well, with the usual variables, the generating function
for permutations with unimodal noncrossing cycles and no nested fixed points is Jq ¢(z) with £y = xt,
dp, = vt =3 and £, = (1 4+ vw)¢®" 1 for b > 1.

Another set counted by the Catalan numbers consists of permutations obtained from diagonal sequences
by closing always the outermost open vertical ray and the innermost open horizontal ray, and not allowing
A except at height 0.

Yet another variation ensues by closing always the innermost open ray, but not allowing any 7', and
instead allowing # at any height. The resulting permutations are precisely noncrossing permutations in
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Fig. 4: The permutation 7 = 123106478529111 = (1,12,11)(2,3,10,9)(4,6,7,8,5) has unimodal non-
crossing cycles and no nested fixed points.

the sense of Corteel (2007), whereas 321-avoiding permutations coincide with nonnesting permutations
in this setting. More generally, the distribution of crossings and nestings in permutations can be obtained
using the same ideas, as has been done by Corteel (2007).

4.4 Permutations with increasing excedances with respect to cycles

In this section we show that cyclic permutations whose subsequence of excedances is increasing are
counted by the Bell numbers. As discussed in Section 4.2, a permutation has increasing excedances if and
only if in the process that builds its cycle diagram from a diagonal sequence, the leftmost open vertical
ray is closed each time that a 7 or a 1 is encountered. At this time, this leftmost open vertical ray is
connected to one of the open horizontal rays. Thus, when a square of type 7 is placed in the diagonal and
the leftmost open vertical is closed, any of the open horizontal rays can be closed, but there is precisely
one of them whose closure creates a new cycle in the permutation.
Letting S¢ C S be the subset of permutations with increasing excedances, it follows that

Z 2IP(m) exe(m), dexc(m) yeye(m) |m| _ deg(z)
TeSe

with dj, = v(h — 1+ t) for all h, £y = xt and ¢}, = xt + vw + h for h > 1, that is, the desired continued
fraction is

Ja(z) = 5 : (6)

v(l+1t)2?

vtz
1—atz—

1—(1+at+vw)z —

2 +1)22
1—(1+xt+vw)z—u

Setting z = v = w =t = 1, we obtain sequence (Sloane, A074664).
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Now let C¢ C C be the subset of cyclic permutations with increasing excedances. The same argument
gives
Z pr(rr)vcxc(rr)wdcxc(ﬁ)tcyc(ﬂ)ZM\ _ Kd,l(z)
wece
with dy = v, by = x, dp, = (h — 1)v for h > 2, and ¢, = vw + h for all h > 1. In particular, setting
r=v=w=1landlettingC;; =C°NS,,wehave ) ., |C5|2" = Kq(z) withd; = 1,d, =h—1
for h > 2, and ¢/;, = h + 1 for all h, that is,

Soleslet =2+ AR . @

n>1 1-2z2—

22
1-32— G
3z

1—4z—- —

Our next result states that the coefficients of this generating function are the Bell numbers. Let B,, denote
the nth Bell number, which is the number of partitions of an n-element set.

Theorem 4.3. Forn > 1,
IChl = Br—1.
We will give a bijective proof of Theorem 4.3 using the following result of Flajolet (1980).

Lemma 4.4 ((Flajolet, 1980, Prop. 8)). There is an explicit bijection between set partitions of {1,2,...,n}
and colored (or weighted) Motzkin paths of length n where £y, = h + 1 and dp, = h. In particular,

1
Z B, 2" = o

n>0 1—2z—

2
12—
3z

1-32——

Proof Proof of Theorem 4.3: The restriction of © to C¢ used to obtain Equation (7) gives a bijection
between C; and the set of elevated colored Motzkin paths of length n where each L step at height h
receives some color r with 0 < r < h, and each D step at height A > 2 receives some color r with
0 <r < h — 2 (down steps at height i = 1 receive color 0). Let &,, be this set of colored paths.

By Lemma 4.4, set partitions of {1,2,...,n — 1} (which are counted by B,,_1) are in bijection with
colored Motzkin paths of length n —1 where each L step at height h receives some color r with 0 < r < A,
and each D step at height h receives some color r with 0 < r < h — 1. Let B,,_; be this set of colored
paths.

Our goal is to construct a bijection ¢ between &,, and 3,,_;. Given a path M € &, consider two cases:

1. If no L step of M receives a color equal to its height, then write M = U PD, where P is a colored
Motzkin path. Let (M) = LP, where the colors of the steps of P are preserved, and the new L
step receives color 0.
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2. Otherwise, write M = Py L P, D, where the step between P; and P is the rightmost L step of M
whose color equals its height, say h. Let (M) = P; D P, where the new D step receives color
h — 1, and the colors of the steps of P, and P, are preserved.

In both cases, we have (M) € B,,_1 by construction. An example is given in Fig. 5.

1 1
21 2 21
0 1

Fig. 5: An example of case 2 of the description of the bijection ¢ : £, — B,—_1. The labels on the steps indicate the
colors.

To show that ¢ is a bijection, we describe its inverse. Given a path M’ € B,,_1, consider again two
cases:

1. If M’ starts with a level step, write M’ = LP, and let o~ ' (M’) = UPD, where the colors of the
steps of P are preserved, and the D step at the end gets color 0.

2. Otherwise, write M’ = Py DP,, where the step between Py and P; is the leftmost D step whose
color is one less than its height. Call this height h, and let o ~!(M') = P, LP, D, where the new L
step receives color h, the D at the end receives color 0, and the colors of the steps of P, and P; are
preserved.

O

Fig. 6 gives an example of the full bijection between cyclic permutations with increasing excedances
and set partitions. In the encoding of a permutation by a colored Motzkin path via ©, a D step receives
color r if the corresponding 7 in the cycle diagram closes the rth open horizontal ray that does not
create a cycle with the leftmost vertical ray (which we are forced to close), where available horizontal
rays are numbered 0, 1, ..., h — 2 from bottom to top. Similarly, an L step at height h receives color h if
the corresponding square in the diagonal sequence is a 7 (necessarily closing the leftmost open vertical
ray), and it receives color 7 < h if the corresponding square is a A closing the rth open horizontal ray,
numbered increasingly from bottom to top. The last step in Fig. 6 illustrates the bijection mentioned in
Lemma 4.4, which is described in Flajolet (1980).

An argument similar to the derivation of Equation (6) can be used to construct permutations with in-
creasing weak excedances, with the only modification being the disallowance of fixed points at height
h > 1. The resulting formula differs from Equation (6) only in that now ¢, = vw + h for h > 1. Set-
ting x = v = w = t = 1, we obtain precisely the generating function from Lemma 4.4, implying that
the number of permutations in S,, whose subsequence of weak excedances is increasing is again B,,. A
direct bijection between such permutations and set partitions can be obtained by declaring ¢ and 7 () to
be in the same block of the partition for every ¢ with w(i) < i; equivalently, by erasing from the array
of the permutation all the boxes on or above the diagonal, and interpreting the remaining filling of the
staircase as a partition, as in (Krattenthaler, 2006, Fig. 4). For each k& > 2, this bijection specializes to a
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| Flajolet (1980)

5 6
%34 7 8
1 9 10
® O

{{,9},{2},{3,4,7,8},{5,6},{10}

Fig. 6: The bijection between cyclic permutations with increasing excedances and set partitions.
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bijection between permutations in S,,((k+1)k ... 1) with increasing weak excedances and set partitions
of {1,2,...,n} avoiding k-nestings, as defined in Burrill et al. (2016).

4.5 Permutations with unimodal cycles and other variations

The conditions in Definition 4.2 can be considered separately when building cycle diagrams from diagonal
sequences. For example, to obtain permutations with unimodal cycles, we simply require that every 7
completes a cycle by closing two connected open rays. Letting I/ denote the set of permutations with
unimodal cycles, we have that ., 2fP(m) yexe(m) yydexe(m) yeye(m) ,|m| — Ja,e(z) with d, = hvt and
Ly, = xt + h(1 + vw) for all h.

It is also possible to get a closed form for the corresponding exponential generating function by using
the symbolic method. For n > 2, the generating function for unimodal cycles of size n with respect to
the statistics fp, exc and dexc is v(1 + vw)”’Q, since each entry other than 1 and n can be placed in the
cycle notation (1, ..., n,...) either after or before n, contributing an excedance and a double excedance
in the latter case. Thus, the exponential generating function for all unimodal cycles is

n (14+ovw)z _ 1—(1
noo?" e (1 +vw)z
:vz—l—Zv(l—i—vw) H—gcz—i—v TEE
n>0
Taking sets of such cycles, we get

Z xfp(ﬁ)vcxc(ﬁ)wdcxc(ﬂ')tcyc(ﬁ)ﬂ = exp (tIZ + tv

[|!
TeU

Setting z = v = w =t = 1 in the last formula, we obtain sequence (Sloane, A187251).

vz 1 — (1 4 ow)z
(1 +vw)? '

Next we consider the set /¢ of permutations with unimodal cycles and increasing excedances. Note
that there is no immediate way to adapt the symbolic method approach described above to this case.
However, our cycle diagram approach is well suited to enumerate these permutations. To obtain the cycle
diagram of a permutation in /¢, every 7 must close the leftmost open vertical ray, and every 7 must
close the leftmost open vertical ray and its matching open horizontal ray, leaving only one possibility in
each case. It follows that ) ;. 2fP(m) yexe(m) yydexe(m)yeye(m) || — Jae(z), where £y = xt, dj, = vt
and ¢, = xt +vw + h forall h > 1.

To obtain permutations with unimodal noncrossing cycles, as in Definition 4.2(a)(b), each # must close
the rightmost open vertical ray, each £ must close the uppermost open horizontal ray, and each 7 must
close the two innermost open rays. It follows that the generating function for these permutations with
respect to the usual statistics (including now the number of inversions as well) is Jq ¢(2z) with ¢y = at,
dp, = vtq*"=3 and ¢}, = xtg*" + (1 +vw)g? ! for h > 1.

Setting x = v = w =t = ¢ = 1, we obtain the continued fraction F'(z) := Jq¢(z) with £, = 1,
dp = 1 and ¢, = 3 for h > 1, which can be written as F'(z) = 1/(1 — z — B(z)), where B(z) =
2%2/(1 — 3z — B(z)). We can solve this equation to obtain the closed form

2
F(z)= =
1+24++v1—6z+5z

The coefficients give the sequence (Sloane, A033321), which also counts permutations avoiding certain
triples of patterns of length 4.
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The same sequence is obtained when counting permutations with increasing excedances and increasing
deficiencies. Indeed, to build the cycle diagrams of such permutations, every 7, £ and A is forced to
close the outermost open rays. Even though we are unable to keep track of the number of cycles (as
happened in the case of 321-avoiding permutations from Section 4.2), the generating function for permu-
tations with increasing excedances and increasing deficiencies with respect to the other usual statistics is
Ja,e(z) with by = x, dj, = vg®" ' and £}, = = + (1 + vw)g" for h > 1.

4.6 Involutions

Most of our results can be easily adapted to involutions, that is, permutations equal to their inverse. The
cycle diagrams of involutions are those that are symmetric along the main diagonal. In particular, they
do not have any diagonal squares of type 7" or A, and each 7 must close an open vertical ray and its
symmetric open horizontal ray.

For example, the continued fraction for involutions with respect to our usual statisics (note that invo-
lutions have no double excedances) is Jq,¢(z) with d, = vtg*"~1[h] 2 and ¢}, = xtg*" for all h. If we
require the involutions to be 321-avoiding, then we get Jqg ¢(z) with £y = xt, dj, = vtg? T and ¢, =0
for h > 1.

5 Pattern-avoiding cyclic permutations

In this section we discuss a related research direction, namely the problem of enumerating pattern-
avoiding cyclic permutations, and describe what is known in this area.

5.1 Classical patterns

Given a pattern o, let C,, (o) = C,, N Sy, (o) be the set of cyclic permutations that avoid o. Similarly, for a
set of patterns ¥, denote by C,,(2) the set of cyclic permutations avoiding all the patterns in X.

The following question was posed by Richard Stanley at the Permutation Patterns 2010 conference
held at Dartmouth College.

Question 5.1. For given o € Sy, find a formula for |Cy, (0)|.

The present paper was originally motivated by this question, which remains open for all patterns of
length o] > 3. Focusing on ¢ = 321, recall from Lemma 4.1 that 321-avoiding permutations are
those whose excedances and non-excedances are increasing. In Theorem 4.3 we have enumerated cyclic
permutations that satisfy the first condition, but there is no obvious way to incorporate the second one.

Related to Question 5.1, one may consider cyclic permutations that avoid multiple patterns. For some
very specific sets of patterns, the enumeration of cyclic permutations avoiding them was done in Archer
and Elizalde (2014). In the following theorem, ;» denotes the M6bius function.
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Theorem 5.2 (Archer and Elizalde (2014)). Forn > 2,

1
= = — n/d
|C(213,312)| = |C,(132,231)] o E wu(d)2"¢,

d|n
d odd

1
n(321,2143,3142)| = — d)2m/d
(321, 2143, 3142)| = £ 32V

1 Z n/d .
7 2djn H(d)2 ifn # 2 mod 4,
Cn(123, 2413, 3412)| = 1 ! d)on/d 4 2 d)on/2d  ifp =9 d4

nZd\n“() +n2d\gﬂ() ifn =2 mod 4.

5.2 Consecutive patterns

Gessel and Reutenauer (1993) expressed the number of permutations with a given cycle structure and
given descent set (equivalently, a given set of positions of occurrences of 21) as a scalar product of
symmetric functions.

In (Gessel and Reutenauer, 1993, Thm. 6.1), they give a generating function for cyclic permutations
according to the number of descents, proved using quasisymmetric functions. The distribution of ascent
sets (equivalently, occurrences of 12) on C,, agrees with that of descent sets as long as n # 2 mod 4,
as shown algebraically in (Gessel and Reutenauer, 1993, Thm. 4.1), and combinatorially in (Steinhardt,
2010, Cor. 3.1) and (Archer and Elizalde, 2014, Prop. 3.13). In addition, recursive formulas for the number
of cycles in C,, with k descents (resp. with k ascents), including the case n = 2 mod 4, are given and
proved combinatorially in Archer and Elizalde (2014).

Regarding the distribution of occurrences of longer consecutive patterns in cyclic permutations, for-
mulas enumerating 123-avoiding (and 321-avoiding) cycles have been recently obtained in Elizalde and
Troyka (2017).

6 From combinatorial sequences to weight sequences

In this section we regard the above method for translating between permutations and colored Motzkin
paths in a more abstract setting.

Given two sequences d = (dy,da,...) and £ = ({o,¢1,0,...), one can define a sequence a =
(ao, ai,as, ... ) by

" 1
> anz" = i : ®)

As we have used repeatedly in the paper, the coefficient a,, counts weighted Motzkin paths of length n
where D steps (resp. L steps) at height & have weight dy, (resp. ¢) for each h > 0. In particular, if
dp, by € Z>o for all h, then a,, € Z>¢ for all n. Note also that ag = 1, corresponding to the empty path.

It is interesting to consider the inverse construction. Given a sequence a = (ag, a1, as,...) with
ap = 1, one can sometimes solve Equation (8) for d and /. When the solution exists, it is unique. To see
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this, expand the right-hand side of (8) to get
L4 Loz + (6% 4 dy)2? + (€3 + 20ody + €1d1) 23 + (05 + 312dy + 2lolidy + 13dy + d2 + dido)z* + - -+
In general, equating coefficients of 2™ in Equation (8) for even n, say n = 2m, we get
agm = dids . .. dy, + polynomial(lg, 01, ..., lym—1,d1,do, ... ,dnm—1),
whereas for odd n, say n = 2m + 1, we get
agm+1 = dids . . . dp by, + polynomial(€o, 1, . . ., €m—1,d1,da, ..., dm),

as determined by the heights of L and D steps that Motzkin paths of length n can have. (The notation
polynomial(z1, 23, . . . ) stands for some polynomial in the variables x1, 22, . . ..) Thus, as long as d; # 0
for all 4, one can solve for d and / to obtain

ao2m — polynomial(éo,fl, . 7£m—17 dl, dg, RN dm—l)

dm = ’
dids ... dp—1

0 — A2m+1 — polynomial(@o,fl, . 7£m—17 dl, dg, RN dm)

"o dids ... dpy, '

The first few terms of these sequences are

az — ég — 2€0d1 d2 - a4 — gé — 313(11 - 2lolld1 - l%dl — d%
dy ’ B dy ’

bo=ar, dy=ay—L (1=

In general, the relation between the sequence a and the sequences d and £ is given by Stieltjes’s expansion
theorem for J-fractions (see Stieltjes (1889), Wall (1948) and (Flajolet, 1980, Thm. S)) in terms of the so-
called Stieltjes matrix.

For an arbitrary sequence a of nonnegative integers with ag = 1, the corresponding sequences d and ¢
given by Equation (8) may not exist, and even when they do, they typically do not consist of nonnegative
integers. However, some experimentation shows that many combinatorial sequences a seem to corre-
spond to sequences d, £ of nonnegative integers, as shown in Tab. 2. This means that such sequences can
be interpreted as counting weighted Motzkin paths, often with a simple weight function. This raises the
questions of which combinatorial sequences have this property, which ones give positive Motzkin weights,
and how the nature of the generating function for a (e.g. algebraic or D-finite) is related to the behavior of
d and /. An example of a sequence that does not give nice weights is the one for Baxter numbers (Sloane,
A001181), where the corresponding sequences d and ¢ contain fractional negative entries. Another ex-
ample is the counting sequence of 1342-avoiding permutations, for which the weights are not integers but
they are positive and have a simple expression.

This correspondence provides an alternative approach to finding (or conjecturing) an expression for a
sequence a for which only the first few terms are known: one can compute the corresponding sequences
of weights d and ¢, and check if they appear to have a simple formula. As shown in Tab. 2, this method
may work even when the generating function for a is not D-finite.
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| Name of sequence | OEIS Sloane | an I dy, | 4, |
Catalan A000108 C 1 L h=0
2. h>1
Motzkin A001006 M, 1 1
2, h=1
central binomial A000984 on ’ 2
n 1, h>2
I trinomial A002426 n]_—1 A h= 1
central trinomia [z ]W Loh
2, h=0
(large) Schroder A006318 Sn 2 ’
3. h>1
Bell A000110 B, h h+1
Set partitions A000296 | nl[z"]ec 1= h h
with no singletons
factorial A000142 n! h? 2h +1
odd double factorial A001147 |1-3---(2n—1) | 2h(2h—1) 4h +1
even double factorial A000165 2:4---(2n) 4h? 4h + 2
derangements A000166 n!> (2!1)1' h? 2h
Euler A000111 E, <h —5 1) h+1
123-avoiding A049774 1S, (123)] 12 Rt
labeled graphs A006125 2(5) gh=1(2h — 1) | 2-1(3. 20 — 1)
unsigned even Genocchi | A110501 Gan, h3(h+1) | (h+1)(2h+1)
median Genocchi A005439 Hopiq Kt 2h(h+1)+1

Tab. 2: Examples of combinatorial sequences and their corresponding Motzkin weights.
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Given a permutation ¢ = o1 . ..o, in the symmetric group S,,, we say that o; matches the quadrant marked mesh
pattern MMP(a, b, ¢, d) in o if there are at least a points to the right of o; in o which are greater than o5, at least b
points to the left of o; in o which are greater than o;, at least ¢ points to the left of o; in ¢ which are smaller than o,
and at least d points to the right of o; in o which are smaller than ;. Kitaev, Remmel, and Tiefenbruck systematically
studied the distribution of the number of matches of MMP(a, b, ¢, d) in 132-avoiding permutations. The operation
of reverse and complement on permutations allow one to translate their results to find the distribution of the number
of MMP(a, b, ¢, d) matches in 231-avoiding, 213-avoiding, and 312-avoiding permutations. In this paper, we study
the distribution of the number of matches of MMP(a, b, ¢, d) in 123-avoiding permutations. We provide explicit
recurrence relations to enumerate our objects which can be used to give closed forms for the generating functions
associated with such distributions. In many cases, we provide combinatorial explanations of the coefficients that
appear in our generating functions.

Keywords: permutation statistics, marked mesh pattern, Catalan number, Dyck path

1 Introduction

Given a sequence w = wy . .. w, of distinct integers, let red|[w] be the permutation founded by replacing
the ¢-th smallest integer that appears in o by i. For example, if o = 2754, then red[o] = 1432. Given a
permutation 7 = 7y ... 7; in the symmetric group .S;, we say that the pattern 7 occursino = o0y ...y, €
Sy, provided there exist 1 < 4; < --- < 7; < n such that red[o;, ... UZ-].] = 7. We say that a permutation
o avoids the pattern 7 if 7 does not occur in 0. Let S,,(7) denote the set of permutations in S,, which
avoid 7. In the theory of permutation patterns, 7 is called a classical pattern. See Kitaev| (2011) for a
comprehensive introduction to patterns in permutations.

The main goal of this paper is to study the distribution of quadrant marked mesh patterns in 123-
avoiding permutations. The notion of mesh patterns was introduced by Brandén and Claesson| (2011) to
provide explicit expansions for certain permutation statistics as, possibly infinite, linear combinations of
(classical) permutation patterns. This notion was further studied in |Avgustinovich et al.| (2013)); [Hilmars-
son et al|(2015); Kitaev and Liese (2013); [Kitaev and Remmel (2012a); [Ulfarsson (2015). Kitaev and
Remmel| (2012a) initiated the systematic study of distribution of quadrant marked mesh patterns on per-
mutations. The study was extended to 132-avoiding permutations by Kitaev et al.| (2012} [2015alb). Kitaev

ISSN 1365-8050 (© 2018 by the author(s) Distributed under a Creative Commons Attribution 4.0 International License


http://dmtcs.episciences.org/
http://dmtcs.episciences.org/3297

2 Dun Qiu, Jeffrey Remmel

and Remmel| (2012b} [2013) also studied the distribution of quadrant marked mesh patterns in up-down
and down-up permutations.

Leto = o7 ... 0, be a permutation written in one-line notation. We will consider the graph of o, G(0),
to be the set of points (i, 0;) fori = 1, ..., n. For example, the graph of the permutation o = 471569283
is pictured in Figure Then if we draw a coordinate system centered at a point (i,0;), we will be
interested in the points that lie in the four quadrants I, II, III, and IV of that coordinate system as pictured
in Figure For any a,b,c,d € N, where N = {0,1,2,...} is the set of natural numbers, and any
o =01...0, € Sy, we say that o; matches the quadrant marked mesh pattern MMP(a, b, ¢, d) in o
if in G(o), there are at least a points in quadrant I, at least b points in quadrant II, at least ¢ points in
quadrant III, and at least d points in quadrant IV relative to the coordinate system which has the point
(i,0;) as its origin. For example, if ¢ = 471569283, the point 04 = 5 matches the marked mesh
pattern MMP(2, 1,2, 1) since, in G(o) relative to the coordinate system with the origin at (4,5), there
are 3 points in quadrant I, 1 point in quadrant II, 2 points in quadrant III, and 2 points in quadrant I'V.
Note that if a coordinate in MMP(a, b, ¢, d) is O, then there is no condition imposed on the points in the
corresponding quadrant. Another way to state this definition is to say that o; matches the marked mesh
pattern MMP (a, b, ¢, d) in o if there are at least a points to the right of ¢; in o which are greater than o,
at least b points to the left of o; in o which are greater than o, at least ¢ points to the left of ; in ¢ which
are smaller than o;, and at least d points to the right of o, in o which are smaller than o;.

In addition, we shall consider the patterns MMP(a, b, ¢, d) where a,b,c,d € N U {(}. Here when a
coordinate of MMP (a, b, ¢, d) is the empty set, then for o; to match MMP(a,b,¢,d)inoc =01...0, €
S, it must be the case that there are no points in G(o) relative to the coordinate system with the origin
at (i,0;) in the corresponding quadrant. For example, if o = 471569283, the point o3 = 1 matches the
marked mesh pattern MMP (4,2, (, @) since, in G(o) relative to the coordinate system with the origin
at (3,1), there are 6 points in quadrant I, 2 points in quadrant II, no points in quadrants III and IV. We
let mmp(®**9(g) denote the number of i such that o; matches MMP(a, b, ¢, d) in o. For example,
mmp(>2:09 (g) = 2 for o = 471569283, since o3 = 1 and o7 = 2 match MMP(2,2,0,0) in 0.

Fig. 1: The graph of 0 = 471569283
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Next we give some examples of how the (two-dimensional) notation of Ulfarsson (2015)) for marked
mesh patterns corresponds to our (one-line) notation for quadrant marked mesh patterns. For example,

*
MMP(0,0, k, 0) = , MMP(k,0,0,0) = ,

MMP(0,a,b,c) =

Given a permutation 7 = 71 ...7; € .S;, it is a natural question to study the distribution of quadrant
marked mesh patterns in S,, (7). That is, one wants to study generating function of the form

Qb et z) =14 31"t () @

n>1

where for any a, b, c,d € {0} UN,

QSLaTb ,Cy d Z ™ P(a"b‘c‘d)(o')' (2)
c€S,(T)
For any a, b, ¢, d we let Q' (z)| .+ denote the coefficient of z* in Q{">*“” (x). Given a permutation

0 =010%...0, €Sy, we let the reverse of o, ¢, be defined by ¢” = 0, ... 02071, and the complement
of o, 0¢ bedefinedby 0¢ = (n+1—01)(n+1—02)...(n+1—0,). Itis easy to see that the family of

generating functions Q(a b’p’d)( x), Q(T(i’b’c’d)( x), and Q(;I})f ) (t,x) can be obtained from the family
(a b,c,d) (t QIJ)
Kitaev et al.| (2012} [2015alb) systematically studied the generating functions Ql‘;j ) (t,z). Since

S,,(132) is closed under inverses, there is a natural symmetry on these generating functions. That is, we
have the following lemma.

Lemma 1. (Kitaev et al.|(2012)) For any a,b,c,d € {0} UN,

,b,e,d d,c,b
QU (@) = QU (). 3)

In Kitaev et al.|(2012), Kitaev, Remmel and Tiefenbrick proved the following.
Theorem 1. ((Kitaev et al.| 2012, Theorem 4))

of generating functions

Q%50 (t,2) = C(at) = Tﬂi "’

and, fork > 1,
1
Qs " (t,2) = . : 5)
132 1— tQ%;l’O’O’O)(t,x)
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Theorem 2. ((Kitaev et al.l 2012, Theorem 15))

(0.00.0)(; 4y (1+t—tx) — /(1 +t—tx)? —4t.

132 2% (6)
Fork > 1, .
(k,0,0,0) (t,2) = . 7
132 1= Q=TT
Theorem 3. ((Kitaev et al.l 2012, Theorem 8)) For k > 1,
00k0) L (to = (5520 Cit?) = /(1 + (te — )52 Cyt))? — dte
Q13 (t,z) = or
2
= : (8)

L (t = 1)(S320 Cit?) + 4/ (1 + (ta — £)(S4Z) Cjt9))2 — dta

By Lemma OR00 (¢, 2) = Q%M (¢, 2) so the remaining two cases of Q'%*"

a, b, c,d € N and exactly one of a, b, ¢, d is not zero is covered by the following theorem.
Theorem 4. ((Kitaev et al.|l 2012, Theorem 12))

)(t, x) where

(0,1,0,0) 1
t,r) = ————. 9
132 (t,z) 1—tC(tz) ©))
Fork > 1,
k—2 i ~(0,k—1—3,0,0
0500, o _ LHIE0 Ot Qi O ta) - Ct) 0
192 ’ 1—tC(tx)
and k—2 (0,k—1—4,0,0)
1+t o Gt RPN, 0) -1
g%,zk,0,0) (t, 0) Z ( 132 ( ) ) (11)

1—t

In Kitaev et al.| (2015a), Kitaev, Remmel, and Tiefenbruck used the results above to cover the cases
Qg‘;’;’c’d) (t,z) where a,b,c,d € N and exactly two of a, b, ¢, d are not zero. For example, they proved
the following.

Theorem 5. Forall k,{ > 1,

(,0,£,0) 1
132 (t,r) = 5—1.0.0.0 . (12)
1- tQ§32 )( t,x)

Theorem 6. Forallk,l > 1,
(k,0,0,0) (t,2) =

132
/—1 ; k—1,0,0,0 k—1,0,0,6—75 l—5—1 s
Cot’ + 3070 Cit7 (1 — QU5 000 (2, 2) + t(Ql, Mt,a) = S Cur))

13
- @, " (t,2) "
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Finally, in Kitaev et al.| (2015b), Kitaev, Remmel, and Tiefenbruck used these results to find generating

functions to obtain similar recursions for Qfg; o) (t, z) for arbitrary a, b, ¢, d € N.
The situation for the generating functions Qg(;gb’c’d) (t,x) is different. First of all it is easy to see that

S5,(123) is closed under the operation reverse-complement. Thus we have the following lemma.
Lemma 2. Forany a,b,c,d € {0} UN,

Qe (x) = QLbe ) (). (14)

Next it is obvious that if there is a 0; in ¢ = 01 ...0, € S, such that o; matches MMP(a, b, ¢, d)
where a,c¢ > 1, then o contains an occurrence of 123. Thus there are no permutations o € S,,(123)
that can match a quadrant marked mesh pattern MMP(a, b, ¢, d) where a,¢ > 1. Thus if a > 1, then

gggb’o’d) (t,x) = Q(l';’gb’@’d) (t,x). Our first major result is that for all a, b,d € N such that a > 0,
a,b,0,d a,b,0,d
i35 " () = Qi " (1), (15)

We will prove this result by using a bijection of [Krattenthaler| (2001) between S,,(132) and D, the

set of Dyck paths of length 2n, and a bijection of |[Elizalde and Deutsch (2003) between S,,(123) and

D,,. It is easier to compute the generating functions of the form Q a.b.0.d) (t, ), so we will use them to

compute Qg%; 0.) (t,x). The only generating functions of the form Q%’Qb’m’d) (t,z) where a > 0 that
(a,0,0,0) (t l’)

were computed by [Kitaev et al.[(2012}[2015alb) were the generating functions of the form Q1)

given in Theoremabove However their techniques can be used to compute Qgg’é)’o’d) (t,z) whena > 0

for arbitrary b and d. By Lemma |2 l Qla 0.0.d) (t, x) = gf’“*b) (t,x) so that such computations will

cover all the cases of Q(a obie,d) (t, ) where exactly one of a and ¢ equals zero. Thus to complete our

abcd)(

analysis of () t,x) when a,b,c,d € N, we need only compute generating functions of the form

ng’;’o ) (t, ) which we will compute by other methods.

As it was pointed out in |Kitaev et al.| (2012)), avoidance of a marked mesh pattern without quadrants
containing the empty set can always be expressed in terms of multi-avoidance of (possibly many) classical
patterns. Thus, among our results we will re-derive several known facts in permutation patterns theory as
well as several new results. However, our main goals are more ambitious aimed at finding distributions in
question.

The outline of this paper is as follows. In Section 2, we shall review the bijections of Krattenthaler
(2001) and [Elizalde and Deutsch| (2003). In Section 3, we shall prove . In Section 4, we shall prove
that

k,£,0,m k,£,0,m
Quizs™ (@)],0 = Q0™ @), (16)
and
k,£,0,m) k,£,0,m
Qs ™ @), = Q5™ @) (17
so that as far as constant terms and the degree 1 terms that occur in the polynomials of the form QELk ’é’g’m),

they reduce to constant terms and the degree 1 terms that appear in polynomials of the form Q(’“ég ™)
which were analyzed in [Kitaev et al.| (2012, 2015alb). we shall also prove some general results about the

coefficients of the highest power of = that occur in the polynomials Qfﬁ’lbég’d) (z). In Section 5, we shall
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show how to compute generating functions of the form Qggf’o’m)( 1) = §’§§*@’m) (x,t). In Section 6,
we will show how to compute generating functions of the form Q(lg’gk’@’e) (z,t). Finally, in Section 7, we

will show how to compute generating functions of the form Qgg’;’o’o) (z,t) and Qggf’o’z) (z,1t).

2 Bijections from §,,(132) and S,,(123) to Dyck paths on ann x n
Lattice

Given an n X n square, we will label the coordinates of the columns from left to right with 0, 1, ..., n and
the coordinates of the rows from top to bottom with 0,1,...,n. A Dyck path is a path made up of unit
down-steps D and unit right-steps R which starts at (0, 0) and ends at (n,n) and stays on or below the
diagonal x = y. The set of Dyck paths on an n x n lattice is denoted by D,,. Given a Dyck path P, we let

Ret(P) = {i > 1 : P goes through the point (%,7)}

be the return positions of P, and we let ret(P) = |Ret(P)| be the number of return positions of P. For
example, for the Dyck path

P=DDRDDRRRDDRDRDRRDR

shown on the right in Figure[2] Ret(P) = {4, 8,9} and ret(P) = 3.

It is well known that for all n > 1, |5, (132)| = [S,(123)| = [Dy,| = C, where C,, = A= (%) is
the n*® Catalan number. Krattenthaler| (2001) gave a bijection between S,,(132) and D,,. Later, Elizalde
and Deutsch| (2003) gave a bijection between S,,(123) and D,,. The main goal of this section is to review
these two bijections because the recursions that we can derive from these bijections will help us develop

recursions that allow us to compute generating functions of the form Qggb’c"d) (z,1).

2.1 The bijection @ : S,,(132) — D,

In this subsection, we describe the bijection of Krattenthaler(2001) between S,,(132) and D,,. Given any
permutation ¢ = 0 ... 0, € S,(132), we write it on an n x n table by placing ¢; in the i** column and
ozt»h row, reading from bottom to top. Then, we shade the cells to the north-east of the cell that contains
0;. Then the path ®(o) is the path that goes along the south-west boundary of the shaded cells. For
example, this process is pictured in Figure [2|in the case where o = 867943251 € Sg(132). In this case,
®(0c) = DDRDDRRRDDRDRDRRDR.

Given o = 0y ...0,, We say that o is a left-to-right mininum of o if o; > o forall i < j. It is easy
to see that the left-to-right minima of o correspond to peaks of the path ®(o), i.e. they occupy cells along
the inside boundary of the ®(o) that correspond to a down-step D immediately followed by a right-step
R. We call such cells, the outer corners of the path. Thus we shall often refer to the left-to-right minima
of the o as the set of peaks of o, and o;’s which are not left-to-right minima as the non-peaks of o. For
example, for the permutation o pictured in Figure there are 6 peaks, {8, 6,4, 3,2, 1}, and 3 non-peaks,
{7,9,5}. The horizontal segments of the path ®(o) are the maximal consecutive sequences of R’s in
(o). For example, in Figure the lengths of the horizontal segments, reading from top to bottom, are
1,3,1,1,2,1. We will be interested in the set of numbers that lie to the north of each horizontal segments
in ® (o). For instance, in our example, {8} is the set associated with the first horizontal segment of ®(¢),
{6,7,9} is the set of numbers associated with the second horizontal segment of ®(c), etc.. Because o
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0 diagonal

9 1% diagonal
8 2" diagonal
7
6 eturn |1
5 —
4
3
2 return 2
1 return 3

Fig. 2: S,(132) to D,

is a 132-avoiding permutation, it follows that set of numbers above a horizontal segment must occur in
increasing order. That is, since the cell immediately above the first right-step of the horizontal segment
must be occupied with the least element in the set associated to the horizontal segment, then the remaining
numbers must appear in increasing order if we are to avoid 132.

We shall also label the diagonals that go through corners of squares that are parallel to and below the
main diagonal with 0,1, 2, ... starting at the main diagonal. In this way, each peak of the permutation
corresponds to a diagonal. In the example in Figure we have 1 peak on the 0" diagonal, 4 peaks on the
1% diagonal and 1 peak on the 2™ diagonal.

The map ® ! is easy to describe. That is, given a Dyck path P, we first mark every cell corresponding
to a peak of the path with a “x”. Then we look at the rows and columns which do not have a cross.
Starting from the left-most column, that does not contain a cross, we put a cross in the lowest possible
row without a cross that lies above the path. In this ways we will construct a permutation o = ®~1(P).
This process is pictured in Figure[3]

Fig. 3: D, to S,(132)

Details that ® : S,,(132) — D, is a bijection can be found in Krattenthaler, (2001). However, given
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that @ is a bijection, the following properties are easy to prove.

Lemma 3. Given any Dyck path P, let 0 = 0132(P) = ®~1(P). Then the following hold.

(1) Foreach horizontal segment H of P, the set of numbers associated to H form a consecutive increasing
sequence in o and the least number of the sequence sits immediately above the first right-step of H.
Hence the only decreases in o occur between two different horizontal segments of P.

(2) The number n is in the column of last right-step before the first return.

(3) Suppose that o; is a peak of o and the cell containing o; is on the k*"-diagonal. Then there are k
elements in the graph G(o) in the first quadrant relative to coordinate system centered at (i, 0;).

Proof:

(1) easily follows from our description of the bijections ® and ®~*.

For (2), we consider two cases. Firstif 1 € Return(P), then P must start out DR . .. so that the first
outer corner of P is in row n reading from bottom to top, which must be occupied by n so that n is in the
column of the last right-step before the first return. If ¢ > 1 is the least element of Return(P), then there
are ¢ right-steps in the first 2¢ steps of P. The outer corners in the first 2¢ steps of P must all be occupied
by numbers greater than n — . Thus we can only place the numbers n,...,n — ¢ + 1 in the columns
above the horizontal segments that occur in the first 2; steps of P. After we place numbers in the outer
corners of the first 2¢ steps, we always place x’s in the lowest row that is above the path starting from the
left-most column. This means that we will place x’s in the rowsn — 1,...,n — ¢ + 1, before we place a
X in row n, reading from bottom to top. It follows that the position of the x in row n is in column i.

For (3), suppose that ¢; is a peak of o and o; is in the k*"-diagonal. This means that the right-step that
sits directly below o; in P is the i*? right-step in P and is preceded by i + k down-steps. Hence there are
i+ k — 1 rows above o; in the graphs of 0. There are < — 1 elements that are associated with the horizontal
segments to the left of o; which means by the time that we get to o, in the construction of o132 (P) from
P, there are ¢ — 1 elements to the left of o; in ¢ which are larger than ;. Hence there must be exactly k
elements to the right of o; in o which are larger than o;. O

2.2 The bijection ¥ : S,,(123) — D,

In this section, we will describe the bijection ¥ : S,,(123) — D,, given by [Elizalde and Deutsch| (2003).
Given any permutation o € S,,(123), ¥(0) is constructed exactly as in the previous section. Figure E]
shows an example of this map, from o = 869743251 € Sy(123) to the Dyck path DDRDDRRRDDRDR-
DRRDR.

Given any Dyck path P, we construct ¥~ (P) = o123(P) as follows. First we place an “x” in every
outer corner of P. Then we consider the rows and columns which do not have a x. Processing the rows
from top to bottom and the columns from left to right, we place an x in the i*" empty row and i*" empty
column. This process is pictured in Figure [5| The details that ¥ is a bijection between S,,(123) and D,,
can be found in [Elizalde and Deutsch/|(2003)).

We then have the following lemma about the properties of this map.

Lemmad. Let P € D,, and o = 0123(P) = V~1(P). Then the following hold.
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9

Fig. 4: S,,(123) to Dy,

Fig. 5: D, to S (123)

(1) For each horizontal segment H of P, the least element of the set of numbers associated to H sits
directly above the first right-step of H and the remaining numbers of the set form a consecutive
decreasing sequence in o.

(2) o can be decomposed into two decreasing subsequences, the first decreasing subsequence corre-
sponds to the peaks of o and the second decreasing subsequence corresponds to the non-peaks of
o.

(3) Suppose that o; is a peak of o and the cell containing o; is on the k*"-diagonal. Then there are k
elements in the graph G(o) in the first quadrant relative to coordinate system centered at (i, 0;).

Proof: It is easy to see that parts (1) and (2) follow from the construction of W1, The proof of part (3) is
the same as the proof of part (3) of Lemma 3] O

3 General results about Q{47 (¢, z) and Q\%> " (¢, x)

In this section, we shall prove several general results about the generating functions Qgg’;’c’d) (t,z) and
(a,b,c,d)
132 (t, ).
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First suppose that £ > 0. Then since in a 123-avoiding permutation ¢ = o1 ...0, € S,(123), no o;
can have elements in the first and third quadrants in G(o) relative to the coordinate system centered at
(1,0;), it follows that o; matches MMP(k, £,0,m) in o if and only if it matches MMP(k, £,(,m) in o.
Thus

(BL0m) (4 2) = Q0™ (¢, ) for all k > 0 and £,m > 0. (18)

Similarly, one can prove that
Oatm)(t,2) = Q™™ (¢, ) for all k > 0 and £,m > 0. (19)

Next suppose that P is a Dyck path in D,, and consider the differences between ¢ = ®~!(P) and
7 = W~Y(P). Clearly, the elements corresponding to the outer corners of P are the same in both o
and 7, thus ¢ and 7 have the same peaks. The only difference is how to order the non-peaks. Note
that, by construction, the non-peaks in ¢ and 7 cannot match a quadrant marked mesh pattern of the
form MMP(k, £, (), m). That is, a non-peak o; of o must have at least one element occurring in the third
quadrant of G(o) relative to the coordinate system centered at (4, o; ), namely, the least element of the set
associated with the horizontal segment H whose associated set contains o;. A similar statement holds for
7. Now suppose that the number o; is a peak of o. Thus o; sits directly above the first right-step of some
horizontal segment H of P in the graph of 0. By Lemma if the cell containing o; is in the r*"-diagonal,
then in G(0), there are exactly r-elements in the first quadrant relative to the coordinate system centered at
(4,0;). It is easy to see that the number of elements in the second quadrant in G(o) relative to coordinate
system centered (j, ;) is s = j — 1 where s is the sum of lengths of the horizontal segments to the left
of H and, hence, the number of elements in the fourth quadrant in G(o) relative to coordinate system
centered (j, o) is equal ton — k — s — 1 = n — k — j. However, by Lemma the exact same statement
holds for o; in the graph G(7) relative to the coordinate system center at (j,0;). It follows that for any
k,,m > 0, o; matches MMP(k,¢,(), m) in o if and only if o; matches MMP(k, ¢,(,m) in 7. For
example, Figure |§|illustrates this correspondence. It follows that the map W o @1 : S,,(132) — S,,(123)
shows that for all £ > 0 and ¢, m > 0,

QU™ (x) = QY50 ™ (). (20)
9 9
8 8
7 7
6 6
5 - 5
4 4
3 3
2 2
1

Fig. 6: S,,(132) to S,,(123) preserves MMP (k, £, (0, m)

Combining the remarks above with Lemma[2] we have the following theorem.
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Theorem 7. Forany k > 0 and £, m > 0,

k,£,0,m k,£,0,m k,£,0,m
523 m)(tax) = (123 L)( ):Q(132 L)(t»x) 2D
0,m,k,£ 0,m,k,0
= QUM () = QM @),

It follows that the only generating functions of the form Qg‘;f’c’d) (t, z) that cannot be reduced to gen-

erating functions of the form Q%’Qb’c’d) (t,x) are generating functions of the form Q(O -b:0.d) (t,x). In the
series of papers of [Kitaev et al.[(2012,/2015alb)), the only generating functions of the form le;,;,(o,m) (t,x)
(k,0.0, 0)(15, x) given in Theorem [2| Our

main interest in this paper is to compute generating functions of the form Q(l';?f” ) (t,z) fora,b,c,d € N.

that were computed were the generating functions of the form Q1

Thus we will show how to compute generating functions of the form Qlk fo0.m) (t,z) for k,¢,m € N and
of the form Qlo k.0, z)(t, x) for k, £ € N.

4 The coefficients of 2, 2! and the highest power of x in polyno-
mials Qi35 (x)

Before we compute the generating functions, we shall prove some general results about the constant terms

and the coefficients of the highest power of x in the polynomials Qn“ll;g d)( ) in this section.

4.1 The coefficients of z° and x' in polynomials anég ™ ()

Since the coefficients of z* in polynomials of the form ng’é’g’m) (x) and ng ’f;lék’e) (x) can be found from
the coefficients of z* in polynomials of the form Qﬁb’“ﬁ;g ’m)( ), we start out with an observation about the
coefficients of z° and x! in polynomials of the form anég m)( ).
Theorem 8. (k0 (0

Quiz  (x )’ =Qn15 (2 )’$0 (22)
and

Qs @), = Q™ @), 23)

Proof: For (22), note that any permutation in S, (132) avoiding the pattern MMP (k, £, 0, ) must also
avoid the pattern MMP (k, ¢, ), m). Thus to prove (22), we need to show that any permutation in S,, (132)
avoiding the pattern MMP (k, £, 9, m) must also avoid the pattern MMP (k, £,0,m). We know that only
the peaks of o can match patterns of the from MMP (k, £, 9, m). Thus we must show that if the peaks of
o do not match MMP (%, ¢, 0, m), then the non-peaks of o do not match MMP (k, ¢, 0, m) either.

To show this, we appeal to part (a) of Lemma [3] That is, we know that on each horizontal segment
H of ®(0), the elements in the columns above H form a consecutively increasing sequence in o. But
it is easy to see that if 0; < 0,1, then in the graph of G(c), the number of elements in quadrant A
relative to the coordinate system centered at (4, ;) is greater than or equal to the number of elements in
quadrant A relative to the coordinate system centered at (¢ + 1,0;41) for A € {I,II,IV}. Thus if the
peak corresponding to the horizontal segment H does not match MMP (k, £, 0, m), then no other element
associated with H can match MMP (k, ¢, 0, m). For example, Figureillustrates this observation for the



12 Dun Qiu, Jeffrey Remmel

horizontal segment corresponding to the set {6, 7,9}. Thus we have proved that if the peaks of o do not
match MMP(k, ¢, 0, m), then the non-peaks of o do not match MMP(k, ¢, 0, m) either.

9 9 9

Fig. 7: MMP(k, ¢, 0, m)-mch for the peak and non-peaks on a horizontal segment

To prove (23), suppose that 0 = o1 ...0, € S,(132) is such that there is exactly one o; that match
MMP (k, £,0,m). We claim that o; must be a peak. That is, by our argument above, if o; sits above a
horizontal segment H of ® (o), then the peak corresponding to H must match MMP(k, £, 0, m) as long as
o; matches MMP(k, ¢,0,m). Thus if o, is the only element of o that matches MMP(k, ¢,0,m), then it
must be a peak and hence it also matches MMP (k, £, (), m). Clearly, there cannot be two elements of o that
match MMP (k, £, (), m) as this would imply that these two elements of o would match MMP(k, ¢,0,m).
Thus 23) follows. 0O

Thus we have the following corollary.

Corollary 1.
k,2,0,m k,0,0,m k.£,0,m
523 )(t, 0) = 532 )(t, 0) = 532 )(t,O) (24)

and
k0,0, k0,0, k,£,0,
gzs m)(tvx)|11 = 532 m)(tvi)}wl = 532 " (t,2)] .- (25)

We note that Kitaev et al.| (2012} [2015alb) have many results on special cases of the coefficients of z0

and z' in polynomials of the form ngfg’g ™ ().

4.2 The coefficients of the highest power of = that occurs in the polynomials
Qris” (x)

By our results in the Section 3, to analyze the coefficients of the highest power of = that occurs in the
polynomials Qfla ’f;’;’d) (x), we need only consider two cases. Namely, we need to analyze the coefficients

of the highest power of x that occurs in polynomials of the form leo,ig’g 4 () and we need to analyze the

coefficients of the highest power of  that occurs in polynomials of the form ng’lgg’m) (x).

We shall start with analyzing the coefficients of the highest power of z in polynomials of the form
le”lg’g’e)(m). Clearly, in any permutation o € S,,(123), none of the numbers 1,...,forn,n—1,... ,n—

k + 1 can match MMP(0, k,0, ¢). It follows that the highest possible power of x that can occur in
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Q(O,k,o,f) n—k—¢

niz3  (z)isw and its coefficient can be non-zero only if n > k4 ¢+ 1. Moreover, if o; matches
MMP(0, k,0,¢) in o, then i € {k 4+ 1,...,n — £}. It follows that if mmp(®*:9-9) (5) = n — k — ¢, then
(@ n—k+1,n—k+2,...nmustbe in positions 1, ..., k,
(b) +1,...,n — kmust be in positions k + 1,...,n — £, and

(c) 1,...,¢ mustbein positionsn — £+ 1,...,n.

These observations lead to the following theorem.
Theorem 9. Ifn > k+ ¢+ 1, then

Qslolkzg Z)( )}xn—k—l = ngo,i%g’[) (’I)|wn—k—£ = Ckcn—k—ecz- (26)

Proof: Suppose n >k + ¢ + 1.
To have a o0 € S,,(123) where mmp(®*:99(5) = n — k — ¢, we need only have o; . ..o} be any

rearrangement of n — k + 1,...,n, which reduces to an element of Sj;(123) which we can choose in
Cy ways, Opy1...0,_¢ be any rearrangement of ¢ + 1,...,n — k, which reduces to an element of
Spn—k—¢(123) which we can choose in C,,_j,_¢ ways, and 0,,_¢41 . . . 0, be any rearrangement of 1, . . ., £,
which is in S;(123) which we can choose in C; ways.
O
In the special case where ¢ = 0, we have the following corollary.
Corollary 2. Ifn > k + 1, then
0,£,0,0 0,k,0,0)
Q;,IQS )( ) zn—k Qg 132 ( ) gk = CrCrk. 27

If we are considering the pattern MMP(0, k, 0, £), we can do a similar analysis. The only difference is
that for the numbers £ + 1,...,n — k to match MMP(0, k, }, £) in a 123-avoiding permutation o, they
must all be peaks of ¢ so that these numbers must occur in decreasing order. Thus we have the following
theorem.

Theorem 10. Foranyn > k+ ¢+ 1,

k,0,0 k,0,0
Qg)us )( )’_Ln—k ¢ leouz )( )|£n_k_g = C,Cy. (28)

In the special case where ¢ = 0, we have the following corollary.
Corollary 3.
Q58" (@) puor = Q5 (@) 0o = Ci (29)
Notice that the numbers that match the pattern MMP(0, k, (), £) are on the diagonal under the maps

® and ¥ which means that they also have nothing in their first quadrant. Thus we have the following
corollary.

Corollary 4.

0,k,0,0 0.k,0.¢
le 123 )(33) gn—k—t le,wz )(x)|xn—k—é = CyCy, (30)

0,k,0, 0,k,0,
Quizs @)oo = Qise” @)y s = Ch. 31
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Next we continue our analysis of the coefficients of the highest power of x that can occur in polynomials

of the form stf’é’g ™) (z). We start by considering the special case where m = 0. Again, the highest

power of x that can occur in fo’é’g’o) (z) = ng’lgg’o)(q:) isa" R tifn > k+ 0+ 1.

Theorem 11. Foralln > k+ 041,

k+1 [(k+2¢
=@ = o (M), >

Quizs"” () oo =TT g
Proof: Given 0 = 01 ...0, € S8,(132), if o; matches MMP(k, £, 0, 0), it must be the case that o; is a
peak and there are k + ¢ numbers larger than o; in o. Thus if we want mmp*:¢%:9(g) = n — k — 1,
then the numbers {1,2,...,n — k — £} must be peaks and appear between the £ + 1 position and n — k™"
position. Moreover, there should be k& + ¢ numbers in the first £ 4+ ¢ rows, of which ¢ numbers appear
before the numbers {1,2,...,n — k — £} and k numbers appear after the numbers {1,2,...,n—k — (}.
In Figure [8] the position of the numbers {1,2,...,n — k — ¢} are marked red while the position of the
k + ¢ numbers are marked blue. The numbers {1,2,...,n — k — £} must appear in decreasing order since
they are all peaks. The numbers in the blue region must reduce to a 132-avoiding permutation 7 of size
k + ¢ with an additional restriction that the numbers in the last £ columns must be increasing. Thus, we
must count the number of Dyck paths of length 2(k + ¢) that end in k right-steps which is also equal to
the number of standard tableaux of shape (¢, k + £) which is equal to =1 (*1%) by the hook formula

k11
for the number of standard tableaux. This fact is also proved by |[Forder| (1961); Shapiro| (1976).
k2,0,
Thus we have ng,i:sz 9 (z) | e = 22 (5529, O
14 k
k+¢

Fig. 8: Structure of Qi’f’ég’o) (z) |xn_k_z

Theorem 12. Forn > k+/{+m+ 1landk > 0,

(k+1)? <k+2£) <k+2m _

(k,£,0,m) A (kL,0,m) o
QYL,123 (x)’mn—k—l—m - Qn7132 (x)’mn—k—l—m - (k+‘€+ 1)(k+m+ 1) € m

(33)

Proof: Assume thatn > k + ¢+ m + 1 and £ > 0. Then for o; to match MMP (k, £,0,m) in 0 =
01...0, € 8,(132), 0; must be a peak of ¢ and ¢; must have m numbers to its right in o which are
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smaller than o;, £ numbers to its left in o which are larger than o;, and k£ numbers to its right in o which
are larger than o;. It follows that the maximum power of z that can appear in Qiﬁ’é’g ™) (z)isx
Now if mmp%49™)(¢) = n — k — £ — m, then the numbers {m + 1,m + 2,...,n — k — £} must
be peaks and appear between the £ + 1% position and n — k — m™ position in decreasing order. These
positions are marked red in Figure[9(a)] There should be k + ¢ numbers in the first k& + ¢ rows, of which

n—k—~f0—m

£ numbers appear before the numbers {m + 1,m + 2,...,n — k — ¢} and k numbers appear after the
numbers {m+1,m+2,... ,n—k—{}; and there should be k +m numbers in the last k£ 4+ m columns, of
which m numbers appear under the numbers {m + 1,m+2,...,n —k — ¢} and k numbers appear above

the numbers {m+1,m+2,....,n—k—{}. In Figure the position of these k + ¢ 4+ m numbers are
marked blue. The numbers in the blue region must reduce to a 132-avoiding permutation 7 of size k + ¢
with an additional restriction that the numbers in the last k£ 4+ m columns and top k + ¢ rows (region A in
Figure [9(a)) must be increasing. It is easy to see that under the map ® such permutations correspond to
Dyck paths in the join of the 3 blue regions as pictured in Figure[0(b)} There have to be no peaks in region

A since the numbers in region A are in an increasing order. It follows that the coefficient of "~ *—¢=" in
Qif“é? ™) (x) equals the number of Dyck paths U of length 2(k + ¢ + m) which pass through the points

P, Q and R in Figure[9(b)] For each such path U, we can uniquely associate two paths U; and U, where
U, starts at P and goes to the point (), and Us starts at () and goes to the point R. By our results in the

previous theorem the number of such U; is kﬁ}f}rl (j ;%) and the number of such Uz is 3 f:{li T (k-tsm) It
(k,2,0,m) o k41 k+20\ (k+2
follows that Q,, 355" (%) v = (k+z+(1)(k)+m+1) ).
4 k+m
ptl k+m
A k4t
A k4t
Q
m
m
R

() (b)

Fig. 9: Structure of Qf’f?jg’m)(x)

fork=2,l=1,m=3

gn—k—t—m

Since ng’é"g’m) (x) = ng’l%g’m)(a:), the theorem follows. O

5 The functions of form Q%™ (¢, ) = Q&™) (¢, 2)
bl 7@7m
= Q5" (¢ )

In this section, we shall show how we can compute generating functions of the form Q%f’o’m)(t, x) =

ggf’m’m) (t,z) = Q(llgf’m’m)(t,x). In this case, it is easier to compute generating functions of the
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form Qlk 40, m)(t x). To do this, we will start by computing the marginal distributions Q(k :0,0.0) (t,x),
ggf 0, 0 (¢, 2), and Q(O 0.0, ") (t, ). Then we can find expressions for Qg’;; 0, Ot 2), ggf 0, (L, ),

and QY;; -0.m) (t,x) in terms of the marginal distributions Q%QO -0:0) (t,x), %’@’0) (t,x), and
5%20’@’7”) (t,x). Finally we show how we can express Q(M’ ’m)(t,a:) in terms of the distributions

k,2,0,0 0,0,0,m k,0,0,m
532 )(t, ), 532 )( t,x), and Qg:sz )(t,x).
Recall that Kitaev et al.|(2012) proved that

0,0,0,0 (1+t—tl‘) — (1 +t—tl’)2 — 4t
§32 (t,2) = \/Qt ; (34)
and for k > 1,
(£0.0.0)(f 1y _ 1 . (35)
132 1—tQ§]§21O®0(1§,.’L’)
By Lemma we have that Qggf 0, O)( t,x) = 52’20’@”6) (t,z). Thus to complete our computations of
the marginal distributions we need only compute Q(1?3,21f,0),0) (t,z) when k > 0.

Let Sr(f)(132) be the set of 0 = 01 - - -0, € S,(132) such that o; = n. Then the graph G (o) of each
s 8@(132) has the structure showed in Figure That is, in G(o), the numbers to the left of
n, A;(o), have the structure of 132-avoiding permutation, the numbers to the right of n, B;(o), have the
structure of 132-avoiding permutation, and all the numbers in A;(o) lie above all the numbers in B; (o). If
we apply the map  to such permutations, then for o € S (132), ®(o) will be a Dyck path of the form in

Figure [T0(b)] where the smaller Dyck path structures A; and B; correspond to 132-avoiding permutation
structures A;(o) and B; (o).

1 i n 1 i n
(a) (b)
Fig. 10: Structures of S,,(132) and D,,

Now assume that & > 0. Then we can derive a simple recursion for S,,(132) based on the position of n
in a permutation o = 05 ... 0, € S,(132). That is, suppose o; = n and A;(o) and B; (o) are as pictured
in Figure Clearly o; = n does not match MMP(0, k, (), 0) in o. Then we have two cases.

Casel. i < k.
Then elements in A;(o) cannot match MMP(0, k,(,0) in o since no element of A;(c) has
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k elements to its right which are larger than it. However, an element ¢; in B;(c) matches
MMP(0, k,®,0) in o if and only if it matches MMP(0, k — 4,0, 0) in B;(c). Thus such permu-

tations contribute C’i_lQSLO;’;é’Q@ O (x ) to Qno 1’;? 0) ().

Case2. i > k.
Then elements in A;(co) match MMP(0, k,0,0) in o if and only if the corresponding element
matches MMP(0, &, 0, 0) in the reduction of A;(c). An element o in B;(o) automatically has
k elements in the graph G(o) in the second quadrant relative to the coordinate system centered
at (j,0,), namely, the elements in A;(c) U {n} so that o; matches MMP(0, k, (), 0) in o if and
only if o, is a peak of o, or, equivalently, if and only if o; matches MMP(0, 0,0, 0) in B;(0).

Thus such permutations contribute Qgg’f’?ég) (x)Qflo o ?302( ) to Qﬁ?l’gf :0) (x).

It follows that forn > k + 1,
k, Jk—i,0 Sk, ,0,
Q5 (@ Z Cima Q50 (@) + Z QT ()15 (). (36)

Multiplying both sides of the equation by ¢" and summing for n > 1 gives that

k—1
k0, 2,0, ,k,0, ,0,
i " () = 143 Coat QI w) + Qg Zw Q" (1),
i=1
37
Thus, we have the following theorem.
Theorem 13.
1+t—tx— 1+t —tx)2—4t
(000.0)(; ) +t—tx \/(2t+ ) ' (38)
Fork > 0,
1 t ]?_1 Oi— ti71 (0,k—1i,0,0) t _ (0,0,0,0) t
g%,zkﬂ,o) (t,z) = + Zz:l 1 (Qi32 (t,7) — Q35 ( ,x)) (39)

0,0,0,0
1 tQ% "0 (1, x))

We list the first 10 terms of function Qg%’;’@’o)(t, x)fork=1,...,5.

QU "V (t, ) =1+t + (1 + )t + (1 + 3z + 22) 3 + (1 + 62 + 62 4 2°) ¢*
+ (1 + 10z + 202* + 102® + ) t° + (1 4 15z + 502% 4 502° + 152" + 2°) ¢°
+ (14 21z + 1052® + 1752° + 1052 + 212° + 2°) ¢
+ (14 28z + 1962” + 4902° + 490z + 1962° + 282° + 27) 13
+ (14 362 + 3362” + 11762° + 17642" + 11762° + 3362° + 362" + 2°) t* + -
(40)

We note that if o; matches MMP(0,1,0,0) ino = 01...0, € S,(132), then o; must be a peak of
o which has at least one element to its left which is larger than o;. However, it is easy to see from our
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description of ®~!, the every peak except the first one in ¢ satisfies this condition. However such peaks
are just the descents of ¢ so that Qno’llg’g 0 (x) = Zoesn(132) pdes(a)

2P0t 2) =1+t + 262 + (34 22)t% + (4 + 8z + 227) t* + (5+ 20z + 1522 + 22°) 7
+ (6 4 40z + 602> + 242° 4 2z*) ¢°
+ (7 + 70z + 1752° 4 1402° + 352" 4 22°) t7
+ (8 + 112z + 4202” + 5602° + 2802 + 482° + 22°) ¢*
+ (9 + 168z + 8822° + 17642” + 14702 + 5042° + 632° + 227) t° + -+ (41)
O30 (¢ ) =1 4+t + 262 + 563 + (9 + 5a)t* + (14 + 23z + 52%) £
+ (20 + 652 + 422° + 52°) t° + (27 + 145z + 1862 + 662° + 52) 7
+ (35 + 280z + 5952° + 420z° + 952 + 52°) ¢°
+ (44 + 490z + 15542 + 18202° + 8202* 4 1292° 4 52°) ¢ + - .- (42)
t,x) =14t + 2t + 5¢° + 14¢* + (28 + 14a)t° + (48 4 70z + 142?) ¢°
+ (75 + 214z + 1262° + 142°) t7 + (110 + 514 + 5962 + 1962° + 142*) ¢*
+ (154 + 1064z + 20302% + 13202° + 280z + 142°) t? + - -- (43)
QPO (1, ) =1+t + 262 + 53 + 14¢* + 427 + (90 + 4225 + (165 + 222 + 4227) ¢
+ (275 + 717z + 3962” + 422°) t°

(0,4,0,0)
132 (

+ (429 + 1817z + 196222 + 6122° + 422*) 7 + - -- (44)
Next we consider Q%’;’@’O)(t, x) where both k and ¢ are nonzero. Again we will develop a simple

recursion for anlgg 0)(x) based on the position of n in . That is, let 0 = o1 ...0, € S,(132) and

o; = n. Again o; = n does not match MMP(k, ¢, (), 0) in o. Then we have two cases.

Casel. i < /.
Then no element in A;(c) cannot match MMP(k, £, ), 0) in o since no element of A;(c) has ¢
elements to its left which are larger than it. An element o; in B;(c) matches MMP(k, ¢, ), 0)
in o if and only if it matches MMP(k, £ — ¢,(),0) in B;(c). Thus such permutations contribute

-1 (k£—3,0,0) (k,0,0,0)

Zi:l Cina@Q,” 1,132 (z) t0 Qn 132 (z).

Case 2. 7 > /.
For an element o in A;(0), since the number n is to its right and larger than it, o; matches
MMP (%, ¢,,0) in o if and only if, in the reduction of A; (o), the corresponding element matches
MMP(k — 1,¢,0,0). An element o; in B;(o) automatically has ¢ elements to its left which are
larger than it so that o; matches MMP (k, ¢, (0, 0) in o if and only if it matches MMP(k, 0,0, 0)

in B;(o). Thus such permutations contribute Y ", sz 1 11§2® -0) (:E)lek_’(;:?é%)( ) to Qﬁfég 0 ().
It follows that forn > k + ¢ + 1,

QU (x ZOZ QU500 (a +ZQJZ%§£’ D (@)QUF0 1) (). (45)
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Multiplying both sides of the equation by ¢t™ and summing for n > 1 gives that

-1
k,£,0,0 i1 (K, £—i,0,0 k—1,£,0,0 i k,0,0,0)
U "Vt 2) =1+t Ciat QU M m) + QU (e ZOt U "0, @),
i=1
(46)
Thus, we have the following theorem.
Theorem 14. Forall k,¢ > 0,
0, = 0 0, 0,
k,£,0,0 i1 (k6—i,0,0 k—1,£,0,0 i kO 0
532 (¢, ):1+tZCi_1t 1Q§32 (t,2) + ( 532 (¢ ZCt ( (t,).
i=1
47

We list the first 10 terms of function Q132 0.0) (t,x)forl <k, ¢<3.

QU "V (t, ) =1+t + 262 + (34 22)t% + (4 + 8z + 22°) t* + (5+ 20z + 1522 + 22°) 7
+ (6 4 40z + 602® 4 242® 4 2z*) ¢°
+ (74 702 + 17522 + 1402° + 352" + 22°) ¢
+ (8 4 1122 + 4202” + 5602° + 2802 + 482° + 22°) ¢°
+ (9 + 168z + 8822% + 17642® + 1470z + 5042° + 632° + 227) ¢7 + .- (48)
200 (4, 2) =1+t + 262 + 56% + (9 + 52)t* + (14 + 23z + 52%) £
+ (20 + 652 + 422° + 52%) 5 + (27 + 145z + 1862 + 662° + 52) t*
+ (35 + 280z + 5952° + 4202° + 952 + 52°) ¢°
+ (44 + 490z + 15542% + 18202% + 820z + 1292° + 52°) 7 + - - (49)
00 (4, 2) =1+t + 262 + 56% + 14¢* + (28 + 1427 + (48 + 70z + 1422) 18
+ (75 + 214 + 1262% + 142°) t” + (110 + 514z + 5962 + 1962° + 142*) t°
+ (154 + 1064z + 2030z + 13202° + 280z* + 142°) 7 + - - (50)
QU "0 (t,2) =1+t + 262 + 5% + (11 + 32)t* + (23 + 162 + 327) £
+ (47 + 562 + 262° + 32%) t° + (95 + 163z + 129z% + 392° + 32) 7
+ (191 + 4292 + 4892° + 2632° + 552" + 32°) *
+ (383 + 1062z + 158327 + 12702° + 4872* + 742® + 32%) ¢ + - .- (51)
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G200 (4, 0) =1+t + 262 + 56° + 14¢* + (33 + 92)t° + (72 + 51 + 92°) t°

+ (151 + 186z + 83z + 92°) t” + (310 + 556 + 4312> + 1242° + 92*) ¢3

+ (629 + 1487z + 16882” + 8752° 4 174z* 4+ 92°) 17 + - .- (52)
GO, 2) =1+t + 26 4+ 563 + 14¢* 4 426° 4 (104 + 282)t5 + (235 + 1662 + 2827) 7

+ (505 + 627 + 2702” + 282%) ¢°

+ (1054 + 1924 + 145427 + 4022° + 282*) 17 + - - (53)
GVt ) =1 4t + 262 + 56> + 14¢* + (38 + 42)t° + (101 + 272 + 42?) {°

+ (266 + 1192 + 402” + 42°) t” + (698 + 439z + 2322> 4 572" + 4a*) ¢°

+ (1829 + 1477z + 10442 + 4302° + 782" + 42°) " + - -- (54)
GVt w) =14 £+ 262 + 56° + 14t + 4265 + (118 + 14a)t° + (319 + 962 + 1422) 7

+ (847 + 425z + 1442* + 142°) ¢°

+ (2231 4 1563z + 848z” + 2062° + 142*) t* + - -- (55)
QEIPV (4, 2) =1 4t + 262 + 563 + 14¢* + 4265 + 132¢° + (381 + 48)¢7
+ (1046 + 336z + 482%) t° + (2801 + 1506z + 507z* + 482%) t° .- (56)

If one compares the polynomials Qfg 1’%3 0) (x) and Qgﬁ;l’g’o) (x), one observes that they are equal for
k > 1. Thus we make the following conjecture.

Conjecture 1. Forall k > 1, we have
0,k,0,0 1,k—1,0,0
G 00 (1, 2) = Q0 (1, ). (57)

We have verified the conjecture for £ = 1, 2, 3 by directly computing the generating functions. That is,
we can prove that

0,1,@,0 1,0,@,0

%"t = QU (ta), (58)
12,0, ,1,0,

Q% "t 2) = Qi "Vt a), (59)
0,3,0),0 1,2,(0,0

532 )(t,z) = 532 )(t,x). (60)

However, it is not obvious from the corresponding recursions for Qg]lgg) 0) (x) and Qgi’lgl’@’o) (x) that
these two polynomials are equal.

Next we consider the generating functions ng 0.6) (t,z) = Qig’;’w’@ (t,x) where k, ¢ > 0.

When n < k + ¢, there is no element of a o € S,,(132) that can match MMP(0, &, 0, ¢) in o. Thus
Qgg’lg’g’e) () = C,, in such cases. Thus assume thatn > k+ ¢+ land o = 01 ...0, € S5,(132) is such
that o; = n. Clearly o; cannot match MMP (0, k, (), £) in o. We then have 3 cases.

Casel. i < k.
Clearly no o; in A;(o) can match MMP (0, k, 0, ¢) since it cannot have k elements to its left
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which are larger than it. A o; € B;(c) matches MMP(0, k&, 0, £) in o if and only if it matches
MMP(0, k — ¢,0,£) in B;(o). Thus such permutations contribute Zi:ll Ci_nglO_’]Z)_lg’g ’Z)(:z:) to

Ok@i
QU (x).

Case2. k<i<n-—V/.
For each peak 0; € A;(0), there are n — ¢ > ¢ numbers in B;(c) which are to its right and
smaller than it so that o; matches MMP (0, k, (), ¢) in o if and only if, in the reduction of A;(c),
its corresponding element matches MMP (0, k, 0, 0). For each peak o; € B;(0), there are > k
numbers in A;(o) U{n} which are to its left and larger than it so that o; matches MMP(0, k, 0, £)
in o if and only if o; matches MMP(0,0,0,¢) in B;(c). Thus such permutations contribute

n—t ~(0,k,0,0 0,0,0,6) (0,k.0,0)
ik ngl,lgz)( )Q; i, 132( ) to Qn 1132 ( )-
Case3. i1 >n— ¢+ 1.
For each peak o; € A;(0), there are n — ¢ > ¢ numbers in B;(o) which are to its right and
smaller than it so that o; matches MMP(0, k, (), ¢) in o if and only if, in the reduction of A;(c),

its corresponding element matches MMP(0, k, 0, 0). Clearly no element of B;(c) can match
MMP (0, k, 0, £) since it cannot have ¢ elements to its right which are smaller than it. Thus such

(0,k,0,6—(n—i (0,k,0,¢
permutations contribute 7", Ql 1132 (n Z))( )Cpi to Qn 155 )( ).

It follows that forn > k + ¢ + 1,

0,k,0,¢ 0,k—1i,0,0 0,k,0,0 0,0,0,¢
le 132 ) Z Ci- 1Q51 1,132 ) ) + Z Q§ 1 132) 7(1 i,132) (2)
b QU e, (61)
i=n—_¢+1

Multiplying both sides of the equation by ™ and summing for n > k + £ 4 1 gives that

k+2£ k+£—i—1

0,k,0,¢ P im1/(0,k—i,0,¢ 4
S (FORD ST tZa HHQUET O ey - ST oyt
=0 =

k—2 -1
0,k,0,0 i 0,0,0,¢ i
+H(Q% " (t2) = Y Ct) (@G (t,x) = D Cit?)
i=0 i=

—1 k+0—i—2
+#Y Ot QG T ) - Y opth). (62)
i=0 3=0
Note the first term of the last term ¢ Y0} Cit#( (Ok0-L=0) (¢ ) — Zfﬂf =2 C;t7) on the right-hand
side of the equation above is #( ggék,a),e) (t,x) — 2525—2 C;t7), so we can bring tQ132 b, é)( x) to the
other side and solve Q%Qk’w’z) (t, ) to obtain the following theorem.
Theorem 15. Forall k,¢ > 0,
.0, Dpet,
O " (t,2) = Lrelt,2) (63)

1—t
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where
k+e k+e—2 k+e—i—1

Trelt,z) = > Cit' — Z Ct’“+tZOz T (0) A () I S o))
i=0 3=0

-l—t( gOZkQO) thz OO@F) thz
-1 ) k+l—i—2
+ Y CH QM Z Cith). (64)

We list the first 10 terms of function Qg%’;’@’f)(t, x)forl <k <£<3.

OaPD(t, ) =1+t + 262 + (4 + )t + (T+ 62+ 22) t* + (11 + 202 + 102 + 27) 7

+ (16 4 502 + 502° + 152° + z*) ¢°

+ (22 4 105z + 17527 + 1052° + 212 + 2°) *

+ (29 + 1962 + 49027 + 4902° + 1962 + 282° + 25) ¢3

+ (37 + 3362 + 11762° + 17642> + 11762* + 3362° + 362° +27) 7 + -+ (65)
O002)(8,2) =1+t + 262 + 563 + (12 + 22)t* + (25 + 152 + 227) 7

+ (46 + 60z + 242® + 22%) 5 + (77 + 175z + 14027 + 352° + 22) 7

+ (120 + 420z + 5602” + 2802° + 482" + 22°) ¢°

+ (177 + 882z + 17642* + 14702° + 5042 + 632° +22°) 7 + - -- (66)
O0 03 (8, 2) =1+ t + 262 + 563 + 14¢* + (37 + 5a)t + (85 + 42z + 522) 16

+ (172 + 1862 + 662 + 52°) t” + (315 + 595z + 42022 + 952% + 52) 5

+ (534 + 1554z + 182027 + 8202° + 129z* + 52°) t? + - - - (67)
O202) (1, 2) =1+ t + 262 + 563 + 14t* + (38 + 42)t> + (91 + 372 + 42?) 10

+ (192 + 1762 + 572° + 42°) t7 + (365 + 5952 + 3852 + 81a° + 4a) t*

+ (639 + 1624z + 17502> 4 7362° + 1092 + 42°) ¢ + - -- (68)
O203) (1, 0) =1+t + 262 + 56° + 14¢* + 4265 + (122 4 102)t° + (316 + 103z + 1022) 7

+ (724 + 540z + 1562 + 102%) ¢°

+ (1493 + 1995z + 11452° + 2192° + 102*) 17 + - -- (69)
O803) (4 2) =1+ ¢ + 22 + 5¢5 + 14¢* + 426° + 13245 + (404 + 252)¢7

+ (1119 + 2862 + 252%) ¢® + (2762 + 1649z + 4262> + 252°) ¢ + - .- (70)

We are now in position to compute the generating functions Qla k.0,6) (t,xz) = Q%’f’o’“ (t,z) =

g‘; k.0.6) (t,x) in the case where a, k,¢ > 0. Again, we shall show that the polynomials Qgﬁ%’g’a (x)

satisfy simple recursions.
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When n < a + k + ¢, there is no element of a o € S,,(132) that can match MMP (a, k, 0, ¢) in . Thus

QE;’I’;S Z)( ) = C,, in such cases. Thus assume thatn > a+k+ ¢+ lando =01 ...0, € §,(132) is
such that o; = n. Clearly o; cannot match MMP(a, k, @, £) in 0. We then have 3 cases.

Casel. i < k.
Clearly no o; in A;(o) can match MMP(a, k, 0, £) since it cannot have k elements to its left
which are larger than it. A 0; € B;(o) matches MMP (a, k, 0, £) in o if and only if it matches
MMP(a, k — 4,0, ¢) in Bi(c). Thus such permutations contribute S CZ-JQSLH_J;;Q@’Z)(%) to

(a,k,0,0)

Qi (@),

Case2. k<i<n-—V/.
For each peak o; € A;(o0), there are n — ¢ > ¢ numbers in B;(o) which are to its right
and smaller than it. Moreover, the number n is to its right and is larger than it. Thus o}
matches MMP(a, k, 0, ¢) in o if and only if, in the reduction of A4;(c), its corresponding el-
ement matches MMP(a — 1,k,0,0). For each peak o; € B;(c), there are > k numbers
in A;(o) U {n} which are to its left and larger than it so that o; matches MMP(a, k, 0, £)
in o if and only if o; matches MMP(a,0,(,¢) in B;(0). Thus such permutations contribute

n—~¢ a—1,k,0,0 a,0,0,¢ a, k 0,6)
Dick Qz(el,132 )(x)szfi,132)( ) to Q; 132 ( )-
Case3. i >n—/(+1.
For each peak 0; € A;(0), there are n—¢ > ¢ numbers in B, (o) which are to its right and smaller
than it and the number n is to its right. Thus o; matches MMP (a, k, 0, £) in o if and only if, in

the reduction of A; (o), its corresponding element matches MMP (a—1, k, 0, £ — (n—1)). Clearly
no element of B; (o) can match MMP (0, k, @, £) since it cannot have £ elements to its right which

are smaller than it. Thus such permutations contribute 1", anz}l’g@’h("%)) ()Ch—; to
(a,k,0,0)
Qn gz (2)-
It follows that forn > a + k + ¢+ 1,

a,k,0,0) a,k—i,0,¢ a—1,k,0,0) a,0,0,¢
QSL,132 Z Ci- 1Qn 4,132 (@) + Z QE 1,132 )Qéﬂ',wg (2)
+ Z Qs T @) O (71)
i=n—_L+1

Multiplying both sides of the equation by ¢" and summing for n > 1 gives that

k+0—1 k+0—i—1

a,k,0,0 7 i— a,k—i,0,0 i
@k00 (¢ ) = Z Ct+t2q QLTI (4 ) — Z C;t)

1,k,0,0 i 0,0,¢ i
+(Qi5 Z Cit ) (@15 " (¢ ZC ')
k+0—i—2
+tzctz (a 1]?@[ 1)( .T) _ Z Cjtj), (72)

J=0
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and we have the following theorem.
Theorem 16. Forall a,k,? > 0,

k+0—1 k+l0—i—1

g%Qk(DZ)(, ) = Z Ct’+tZCz i 1 %Zk zw) Z Otﬂ
+t( ggzlkw()) thz aO@Z) thz
/—1 ‘ k4+l—1—2
Gt QY Tt Z C,th). (73)

ak@f)(

We list the first few terms of function ()3 t,x)forl<a<3and1 <k <{<3.

o0Vt 2) =1+t + 262 + 563 + (10 + da)t* + (17 + 21z 4 42°) £°
+ (26 + 65z + 372 + 42°) t° + (37 + 1552 + 1762% + 572° + 4a) 7
+ (50 + 315z + 5952% + 3852" + 81a* + 42°) ¢°
+ (65 4 574z + 1624x* + 17502° + 7362 4 1092° + 42°) 7 + - -- (74)
QU "D (t, ) =1+t + 262 + 563 + 14 + (32 + 102)t° + (62 + 60z + 1022) ¢
+ (107 + 2092 + 1032* + 102°) t7 + (170 + 554 + 5402” + 1562° + 102*) t*
+ (254 + 1239z + 199527 + 11452° + 2192* 4 102°) t° + - -- (75)
QU "3 (1, x) =1+t + 26% + 51% + 14¢* + 426% + (104 + 282)t5 + (219 + 182z + 2827) 7
+ (410 + 684z + 3082* + 282%) t°
+ (704 + 1948z + 17202” + 4622° + 282%) t* + - -- (76)
U202 (4, 0) =1+t + 262 4 56% + 14¢* + 4265 + (107 4 252)t° + (233 + 171z 4 2522) 7
+ (450 + 669z + 2862° + 252°) t°
+ (794 + 1968z + 16492> + 4262° + 252" ) 7 + - -- (77)
203 (4 ) =1+t + 242 + 563 + 14t* + 4265 4 13215 + (359 + 702)t7
+ (842 + 518z + 7027) t* + (1754 + 2184z + 8542 + 702°) t°
+ (3332 + 6896 + 52382> + 12602° + 702) ' + - - (78)
(303 (4, ) =1+ ¢+ 262 4+ 53 + 14¢* + 4265 + 13245 4 420¢7 + (1234 + 1962)t5
+ (3098 + 1568 + 1962%) t? + (6932 + 7120z + 25482° + 1962°) '°
+ (14137 + 241172 + 166122° + 37242° + 1962*) t" + - (79)
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Q

Q

Q

Q

Q

Q

CoPV(t,2) =1+t + 262 + 56° + 14¢* + (33 + 92)t° + (71 + 52z + 927) t°

+ (146 + 189z + 8527 + 92°) t7 + (294 + 557 + 4432” + 1272° + 92*) ¢
+ (587 + 1463z + 17222% 4 903z” 4 178z 4 92°) ¢ + - --

Gl (4, ) =14t + 262 + 53 + 14¢* + 425 + (105 + 272)t% + (235 + 167 + 272%) 17
+ (494 + 637 + 2722” + 272%) ¢
+ (1004 + 1938z + 14892° + 4042® + 272*) 17 + - -

GLO3) (4 gy =1+ ¢+ 2% + 565 + 14¢* + 4265 + 13245 + (345 + 8427
+ (800 + 546z + 8427) t* + (1724 + 2168z + 8862 + 842°) t°
+ (3557 + 6803z + 50422° + 13102° + 842) ' + - .-

202 (¢ ) =1+ ¢+ 22 + 53 + 14t* + 425 + 13215 + (348 + 812)t7
+ (811 + 538z + 812?) t® + (1747 + 2163z + 8712* + 812%) ¢?
+ (3587 + 6826 + 50172 + 12852° + 81a*) t'0 + - -

G208 (1 @) =1+ t + 2% + 51° + 141 + 426% + 13245 + 42017 + (1178 + 2522)13
+ (2848 + 1762z + 2522°) t° + (6311 + 7395z + 283827 + 2522%) 7
+ (13201 + 24156 + 170112” + 41662° 4 2522) t" + - - -

Z308) (4 gy =1+ ¢+ 2> + 565 + 14¢* + 426° + 13245 + 420¢7 + 14303 + (4078 + 784x)t?
+ (10236 + 5776x + 7842%) t'0 + (23405 + 25349z + 9248z* + 784a%) ¢!
+ (50086 + 85921 + 5771727 + 135042 + 784a*) t12 + - -

GOVt @) =1+t + 262 + 56% + 14¢* + 4265 + (116 + 162)t° + (308 + 1052 + 1622) 7

25

(80)

(81)

(82)

(83)

(84)

(85)

+ (807 + 446z + 161z% + 162°) t* + (2108 + 1586z + 919z% + 2332% + 162*) ¢

+ (5507 + 5169z + 40292° + 17542° + 3212 + 162°) ' + - .-
GLOD (¢ x) =1+t + 22 + 53 + 14t* + 425 + 13215 + (373 + 562)t7
+ (998 + 376z + 562%) t* + (2615 + 1609z + 5822 + 5627)
+ (6813 + 5701 + 33822° + 8442® + 562*) t'0 + - -
GLOS) (1 2) =1+ ¢+ 202 + 53 + 14¢% + 4265 4 13265 4 42047 + (1238 + 1922)t8
+ (3347 + 1323z 4 1922%) t? + (8798 + 5751z + 20552° + 1922°) 7
+ (22909 + 20509 + 121972% + 29792° + 1922) t*' + - .-
G202 (1 2) =1 + ¢+ 20% + 53 + 14¢* + 4265 4 13265 4 42017 + (1234 + 1962)t5
+ (3314 + 1352z + 19622) t? + (8643 + 5849z + 21082” + 1962°) '°
+ (22345 + 20688 + 124972° + 3060z° + 196z") ¢! + - --
G203 (¢ 2) =1+ ¢+ 242 + 563 + 14¢* + 4265 + 1325 + 4297 + 1430¢3 + (4190 + 6722)t°
+ (11354 + 4770z 4 67227) t'° + (29639 + 21023z + 7452z* + 6722%) ¢!
+ (76326 + 75014 + 451942* + 108062° + 6722) 12 4 - --

(86)

87)

(88)

(89)

(90)
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G303 (1, m) =1+t + 207 4 53 + 148" + 4267 + 13215 4 42917 + 1430¢° + 4862¢°

+ (14492 + 23042)t'% + (39625 + 16857z + 230427 t'!
+ (103494 + 75853z + 26361z + 23042°) 2

+ (265047 + 2736602 + 1637202% + 381692° + 23042*) t'> + ... (91)
From the functions list above, we see the coefficient of the biggest power of 2, 2"~ %k~ satisfies that
a,k,0, a 2 :
Qi,féz Z)(a:) |$n7afz = —(a+k(+$(1,2+£+1) (“}fk) (“+2€) as predicted by Theorem

6 Quadrant marked mesh patterns and hills of S,,(132)

In this section, we want to study the generating function Qgg; 0.6 (t, ) where k, ¢ > 0. Note that by part

(c) of Lemma' a o; can match MMP (0, k,0,¢) ino = 01 ...0, € S,(132) if and only if o; is a peak
of o which is on the 0'"" diagonal (main diagonal). In terms of the Dyck path ® (o), this is the number of
steps DR which start and end on the main diagonal which are called hills of the Dyck path by |Deutsch
(1999)); [Deutsch and Shapiro| (2001). We will call such o;, the hills of 0. Moreover, if o0; = n where
i > 1, then there can be no hills in A;(c) as one can see from Figure
First we shall show that Q,f)l%g )(x) satisfies a simple recursion. We have two cases.
Casel. 01 = n.
In this case o3 matches MMP (0, 0, (), 0) which contributes an = and a o; where j > 1 matches
MMP((,0,0,0) in o if and only if o; matches MMP (0, 0,0, 0) in By (o). Thus such permuta-
tions contribute :cQgL@;Ol’?l’gz)( ) to Q£L®1032® :0) ().
Case 2. 0; = n where 1 > 2.
In this case no element of A;(c) U {n} matches MMP (0,0, 0,
MMP((,0,0,0) in o if and only if o; matches MMP (0, 0, 0,

tions contribute Ci,lQﬁbm_’g:?fQ) (x)to Q;wl%g 0)( ).

=)

) and a o in B;(o) matches
) in B;(¢). Thus such permuta-

=}

It follows that for n > 1,
0,0,0,0 (0,0,0,0 (6,0,0,0
Q51132 (@) = 2Q 1132) "‘Z(Jz QY 1132)( )- 92)
Multiplying both sides of the equation by " and summing for n > 1 gives that

QU (t,2) = 1+ H(C(t) + = — 1NQUS " (1, x). 93)
Thus,

(0,0,0,0) 1
t,r) = . 94
) = e ) O
Now we calculate Qig’f 0.6 (t,x) for the case when k£ > 0 and ¢ > 0. Notice by Lemma
0,k,0,¢ 0,60,k (0,k,0,0 0,0,0,k
i (6) = Qi (8 2). Thus Qi (¢, ) = Q15" (1)
First we shall show that Qn ’1 3’2’ )( ) satisfies a simple recursion. Clearly, if n < k + ¢, no element in
ao € 8,(132) can match MMP(0), k, (), ). If n > k + £ + 1, then we have two cases.
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Case 1. 0; = n where i < k.
In this case, even in the case where i = 1, o; = n cannot match MMP (0, k, 0, £). Moreover
if i > 1, then no element in A;(c) can match MMP (), k, 0, ¢). For any o; in B;(c), all the
elements in A;(0) U {n} are to its left and are greater than or equal to o;. Thus, a ¢, in B;(0)

matches MMP((, 0,0, 0) in o if and only if o; matches MMP (), k — ¢,0,¢) in B;(c). Thus

such permutations contribute C; 1Qn0 kl 1@)2 Z)( ) to Qﬁ? 1’%2 4 ().

Case 2. 0; = n where i > k.
In this case no element of A;(0) U {n} matches MMP({), k, 0, ¢). For any o; in B;(o), all
the elements in A;(c) U {n} are to its left and are greater than or equal to ¢; so that such
a 0; automatically has k elements to its left which are larger than ¢;. Thus, a ¢; in B;(o)
matches MMP((), k, 0, ¢) in o if and only if o; matches MMP((, 0,0, ¢) in B;(c). Thus such

permutations contribute C’i_ngw;gi?géQ) (x) to Qﬁ?lﬁg) ().

It follows that forn > k + ¢+ 1,
0,k,0,0) 0,k—13,0,¢ (0,0,0,£)
gb 1];2 Z Ci- 1Q£L '12,132 (@ )+ Z Ci- 1Qn (Z 132( z). 95)
Multiplying both sides of the equation by ™ and summing for n > 1 gives that

ggék,@,f)( 1+tZC’L 1tz lQlwk 4,0,€) (t, thz 1220@K< ) (96)

i=1

Thus, we have the following theorem.
Theorem 17.

(0,0,0,0) 1
t = . 97
132 (,LL’) 17t(0(t)+1'*1) ( )
Fork >0, 0,0,0,k 0,k,0,0
U M8 (t,2) = Q"0 (¢, ), (98)
and
0,k,0 G, ; 0,0,0,
QU Ot x) =1+ Crat QG M0 (¢, 2 Zcf )QU " (t,2).  (99)
=1
For k,£ >0,
g(gékvmve)(t fE —1+tchltz 1Q((bk IWZ)U £L' +t thz 5@3200)5)( ) (100)
=1

By CorollaryEl we know that the highest power of x that appears in Qg)l];g ) () is 2"~ and that

QY (@) vy = CrCu (101
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We start out by listing the first 10 terms in Qg‘fi,f’@’“) (t,x) fork =0,...,5.

O00 4, 2) =1 4+ at + (1 +22) 2 + (24 20+ 2°) £ + (6 + 42 + 32 + ) t*

+ (18 + 13z + 62° + 42® + 2°) t° + (57 + 40z + 212> 4 82° + 5a* + 2°) t°

+ (186 + 130z + 662> + 302° + 102" + 62° + 27) ¢

+ (622 + 4322 + 22022 + 962° + 402* + 122° + 72° + 2%) *

+ (2120 + 1466z + 744a® + 3282% + 1302* + 512° + 142° + 827 + 27) t? + - -

(102)

Ol 2) =1+t + (1 +2) + B+z+2°) 8+ B+4dx+ 2> +2%) ¢!

+ (24 + 11z 4 52° + 2® + 2) t° + (75 + 352 + 142® + 62° 4+ 2" + 2°) ¢°

+ (243 + 113z + 472° + 172° + Ta* + 2° + 2%) 7

+ (808 + 376z + 15627 + 602° + 202" + 82° + 2% +27) ¥+

(2742 + 1276z + 5322° + 204a® + Tda* + 232° + 92° + 27 + 2%) 7 + .- (103)
POt x) =14t + 262 + (34 22)6> + (9 + 3z + 202) ¢t + (26 + 11z + 32 + 22%) £°

+ (81 + 33z + 132® + 32° + 22") ¢°

+ (261 + 108z + 402> + 152° + 32 + 22°) 7

+ (865 + 359z + 1372 + 472° + 172" + 32° + 22°) ¢3

+ (2928 + 1220z + 4682° + 1682” + 542" + 192° 4+ 32% + 227) ¢ + .- (104)
@300 (¢, 2) =1 4+t + 262 + 563 + (9 + 5a)t* + (28 + 9z + 522) £+

(854 332 + 92% 4 52%) t° + (273 4 1042 + 382° + 92° + 5z*) ¢

+ (901 + 349z + 12327 + 432° + 92 + 52°) ¢®

+ (3042 + 11862 + 4302> + 1422° + 48z* + 92° + 52%) 7 + - - - (105)
@00 (1 &) =1+ £+ 262 + 515 + 14¢* + (28 + 142)#°

+ (90 + 28z + 142?) t° + (283 + 104z + 2827 + 142°) 7

+ (931 + 339z + 11827 + 282° + 142”) *

+ (3132 + 1161 + 3952% + 1322° 4 282" + 142°) ¢ + - -- (106)
@200 (4 2) =1+t + 22 + 513 + 14¢* 4 4265 + (90 + 42z)¢5

+ (297 + 90z + 422°) t7 + (959 + 339z + 902> + 422°) ¢°

+ (3216 + 1133z + 3812> 4 902° + 42z*) ¢ + . .. (107)

It is known that the sequence {ng)lo?,g ’0)(3:) | o }n>1 is the Fine numbers which is sequence A000957

in the On-line Encyclopedia of Integer Sequences (OEIS) of |Sloane. Similarly, {Qg])l%g 0 (z) |x1 Fn>1is

sequence A065601 in the OEIS. However the sequence {le%g 0) (z)|2?}n>2 which starts out
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1,0,3,6,21,66,220,744, ... does not appear in the OEIS. This counts the number of Dyck paths with

exactly 2 hills. Nevertheless, it is easy to compute the generating function for the sequence by taking the

second derivative of Q(lg’;’w’o) (t, z) with respect to x, dividing it by 2, and setting 2z = 0. In this case, the

16t
2(14++/1—4t+2t)3 "

The sequence {Qg’ll?;g’o) (x)’xo}nzl which starts 1,1, 3,8, 24, 75,243,808, . .. is sequence A000958

in the OEIS and counts the number of ordered rooted trees with n edges having the root of odd degree.

generating function is

None of sequences {Qﬁf’l’gf ’O)(x)|:c0}n21 where 2 < k < 5 appear in the OEIS. None of sequences
{Qg,ll;,g),o) (z)|2'}n>1 where 1 < k < 5 appear in the OEIS. In both cases, we can easily compute the

generating functions of these sequences.

We list the first 10 terms of function Q(l(g’;’@’e) (t,z)forl <k <{<3.

Ol Dt 2) =1+t + 262 + 4+ 2)t> + (11 + 22 + 22) t* + (32 + Ta + 202 + 2°) £°

+ (99 + 222 + 82% 4 22% + 1) 1% + (318 + 73z + 2627 + 92° + 22 + 2®) ¢7

+ (1051 + 246z + 902> + 302° + 102" + 22° + 2°) ¢°

+ (3550 + 844z + 3122% + 108z° + 342 + 112° +22° +27) ¢ + - - (108)
O 02 (t,2) =1+t + 262 + 565 + (12 + 22)t* + (35 + 52 + 22%) 1

+ (107 + 18z + 52® + 22%) t° + (342 + 60z + 202° + 52° + 22*) ¢7

+ (1126 + 2062 + 692° + 222° + 5a* 4 22°) *

+ (3793 + 714z + 2462” + 782" + 242 + 52° + 22%) 7 + - - (109)
O 03 (t,2) =1+t + 262 + 5% + 14¢* + (37 + 52)t° + (113 + 14z + 522) ¢

+ (358 + 52z + 142” + 5a®) t” + (1174 + 180z + 572% + 14a® + 52) 5

+ (3943 + 634z + 2042® + 622° + 142 4+ 52°) 7 + -+ (110)
202 (t,2) =1+t + 262 + 5% + 14¢* + (38 + 4a)t® + (116 + 122 + 42?) ¢

+ (368 + 452 + 1227 + 42%) " 4 (1207 + 158z + 4922 + 122° + 42*) ¢3

+ (4054 4 561z + 1782% + 53z° + 122" 4+ 42°) t? + - - - (111)
QUZPD (1, ) =1 4t + 262 + 53 + 14¢* + 427 + (122 + 102)t° + (386 + 33z + 1022) 7
+ (1259 + 128z + 332> + 102°) t° (112)

+ (4216 + 465z + 1382° + 332% + 102*) t? + - --
@505 (4 2y =1+ ¢ + 2> + 5t5 + 14¢* + 426° + 1325 + (404 + 252)¢7
+ (1315 + 90z + 2527) t* + (4386 + 361z + 9022 + 252%) t? + - -- (113)

From the functions list above, we see the coefficient of the biggest power of z satisfies that

g’l’;’g’z)(x) |mn—k—ﬂ = C},Cy as predicated by Corollary
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7 The functions Q&foo (t,z) and Qlokoe (t,z) forl > 1

In this section, we will discuss how to compute the generating functions Q(O k,0,0) (t,z) and

gf 0:8) (t,x) for £ > 1. These generating functions cannot be reduced to Q%Qb o) (t,x) so that we will

use the ¥ map to develop recursions for such functions. Since we are considering quadrant marked mesh
patterns where neither the first nor third quadrants need to be empty, this means both peaks and non-peaks
can match such patterns.

We start by considering generating functions of the form Q&%}f’o’o) (t,z). In this case, it will be useful
to separately track peaks and non-peaks. Thus if 0 = o1 ...0, € S,(123), then we will say that o;
matches the pattern MMP (0, (Z;) ,0,0) if o; is a peak of o and it matches the pattern MMP (0, k1, 0,0)
or 0; is a non-peak of ¢ and it matches the pattern MMP (0, k2, 0, 0). We write MMP (a, b, ¢, d)-mch for
short of MMP(a, b, ¢, d) pattern match, then we define

0.(:2).00

MMP(0,k1,0,0)-mch of peaks MMP(0,k2,0,0)-mch of non-peaks
Q123 t.ﬁo,xl 2 :tn 2 : l‘# (0,k1,0,0) p xfﬁ (0,k2,0,0) p

0
n=0 0€S8,(123) (114

and

0.(:2)00)

o # MMP(0,k1,0,0)-mch of peaks # MMP(0,k2,0,0)-mch of non-peaks
Qn,123 (z0, 1) = E x Ty . (115)

0
€8, (123)
(0,k,0,0) (0,(§),0,0)
Clearly, Q153 (t, ) = Qa3 (t,z,z).
First we will compute Q123( 0)0:0) (t,zo,2z1). When k; = ko = 0, in the generating function
123( 0):0:0) (t, 0, 1), the variable x( is used to keep track of the number of peaks in ¢ and the variable
x1 is used to keep track of the number of non-peaks of o. Since the number of peaks and non-peaks in
any o € S,,(123) add up to n, we can write les( o) O)(t, Zo, 1) in terms of Qgg}g,w,o) (t,x) which tracks
the number of peaks. That is,
0,0) 0,0,0,0 Lo
123( o) (t, o, 1) Q523 )(mlvi)

_ 1 —txg+try — \/(1 —txo —‘rtl‘l)z —47531‘1. (116)
2tCE1

When k; and ky are not both nonzero, we need to analyze the difference between W ~!(P) where P a
Dyck path in D,, and ¥ ~! on the lift of the path P, lift(P), which is the Dyck path DPR € D,, ;1. The
lifting operation is pictured in Figure It is easy to see that the peaks of P and lift(P) are labeled with
the same numbers under ¥ ~!. Since we label the rows and columns that do not contain peaks from left to
right with the numbers of non-peaks in decreasing order under the map W1, it is easy to see that n + 1
will be in the column of the first non-peak and that all the remaining shifts over one to the next column
that does not contain a peak. This is illustrated in Figure

The change in the labeling of the non-peaks is as follows. It is easy to see from Figure|l1|in the red
cells in the case where ¥~1(P) = o = (8,6,9,7,4,3,2,5,1) € Sg(123) and ¥~1(lift(P)) = o’ =
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(8,6,10,9,4,3,2,7,1,5). It is easy to see that the action of lift does not change the number of elements
in the second quadrant of the peak numbers; but increases the number of elements in the second quadrant
of the non-peak numbers by 1 since the number n + 1 is in the second quadrant of the non-peaks. In
addition, the action of lift creates a new non-peak, namely, n + 1. For our convenience, we write lift(o)
for the permutation ¥~ (lift(P)).

10
9 919

Fig. 11: 0 = (8,6,9,7,4, 3,2,5, 1) and lift (o)

With the lift action, we can apply the Dyck path recursion for permutations in S,,(123). For any
permutation o € S;23, we suppose that the first return of the Dyck path ¥ (o) of o is located after the i
column. Then we can partition ¢ according to the structure A; (o) before the return on a height 1 trapezoid
and a Dyck path structure B; (o) after the return as illustrated in Figure Note that if o; is in B(o;),
then o is a peak of ¢ if and only if it is peak of B; (o).

n n
Lft(A (o)
1o \1 2 \U }}
e
B;(0)
B;
1 1
1 1 n 1 i n
(@ (b)
Fig. 12: Dyck path recursion of S,,(123)
. (0,(%+),0,0) . .
We first calculate the function Q44 (t,x0,21) for k1 > 0. We can develop simple recursions for

k
Qi(f’lgg)’o’o) (20, 1). Note that when n < ky, thenno peakina o € S,,(123) can match MMP(0, k1,0, 0)
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0,0) (0,(3),0,0)
so that Q418 (wo, 1) = QU (1)
Next assume that n > k1 + 1. We are tracking the number of peaks matching MMP(0, k1, 0, 0) by xq

0,(%4),0,0)

and tracking the number of non-peaks by z; in the polynomial Qn 193 (20, x1). We will classify the
permutations o € S,,(123) according to the column ¢ of the first return of ¥ (o). If the first return of ¥ (o)
occurs in 7™ column of o, then we shall partition o into lift(A4;(c)) and B;(c) as pictured in Figure
We then have three cases.

Casel. i =1.
In this case, 01 = n is a peak and the path ¥(o) starts out DR.... Thus oy does not match
MMP(0, k1,0,0) in o in this case. For any o, in By(c), n is always an element which is to
the left of o; which is larger than o so that o; matches MMP(0, k1, 0,0) in o if and only if o
matches MMP(0, k; — 1,0,0) in By (o). Thus such permutations contribute

Q" (g, P AL T

Case2. 1 <i<k.
In this case, the only thing that has changed with respect to matches of MMP(0, k1,0, 0) for
peaks and the matches of MMP(0, 0, 0,0) for non-peaks in moving to lift(A;(c)) from A;(o)
is that we have one more non-peak. Clearly, no peak of o that is in lift(A4;(c)) can match
MMP(0, k1, 0,0) because it will automatically have less than k; elements to the left which is
larger than it. Moreover, for any o; in B, (o), the elements in the lift(A;(c)) are elements to
the left of o; which are larger than o so that a peak o; of ¢ matches MMP(0, k1,0,0) in o
if and only if o; matches MMP(0, k1 — 4,0, O) in B;(c). Thus such permutations contribute

,0,0) (0,(*1-%,0,0) ,0,0)
x1Q7 £ 1)23 (175”1)627;,—(1 123) (z0,21) to Qn 1(23) (zo, T1).

Case 3. i > k.
Again, the only thing that has changed with respect to matches of MMP(0, k1,0, 0) for peaks
and the matches of MMP(0,0,0,0) for non-peaks in moving to lift(A;(c)) from A;(c) is
that we have one more non-peak. A peak o; of o that is in B;(o) automatically matches
MMP(0, k1,0, 0) since all the elements in lift(A (0)) are to the left of o; and greater than

0,("#).0, 0)(»”60, xl)Q(o,(g),o,o)

;. Thus such permutations contribute Q1 1,193 ni123 (%o,71) to

Qq(mo1(23 $)0 O)(zoa 7).

It follows that for n > k1 + 1,

k1
(0,("3),0,0) (0,(*151),0,0) (0,(2),0,0) (, ,0,0)
Qn 1(23) (xo,21) = Q, <1 123> (w0, 71) + 71 Qi7$?1)23 (1,21)Q,,_ (“23) (w0, 21)
i=2
00) (0,(2),0,0)
Z Qz 1 123 xl)an(i?LS (z0, 1) (117)

i=k1+1
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Multiplying both sides of the equation by ¢" and summing for n > k; + 1 gives that

o,("3
123( 40 t ; T, 1) ZtJQg 123 1)

(0,(“51),0,0) g iQ 00)
= 1(Q123 (t,0,21) — Zt ]123 1, 21))

k’ll

k1% 0,0)
+try th 1Q1 £1)23 (1, xl)(le?)( ) (t, o, 1) th 1123 1 ;1))
=2
k-1
0,(9),0,0 0,(*1),0,0 ,0,0
+ 121 Q 0 (o, ) (@ (o, an) — 3 PQUE (Lan)). a18)
7=0

Simplifying the equation gives

(0,("%4),0,0)

Ay, (xg,x1,1)

123 (ta$07l‘1) 0.0 s (119)
1—tx1Q123() )(t,:vo,ajl)
where
k'l 1 00
Auy(@o,a1,t) = Kk1<x1)+tc2§2§ 1994, g, 21)
i ,0,0) 0,(*1,7%),0,0)
s 30010 (1)@ I 4, a)
=2
0,(%).0,0) (i 0.(5).0,0)
—tr1Q193 (t, o, z1)( Z tJQj,123 (L,21)) (120)
§=0
and
o i (0,(8),0,0) p 00)
K (z1) = Zt Qj7123 Lixy) —t Z t Q; 123 1)
3=0
i ),0,0 ).0,0)
—ta Zt 16100 (g Zt]@j 0000 (1 20)). (121)

0,0)
However, it is easy to see using our recursions for Qn 1(23 7) (xo, 1) that

k1 © ( ) ky1—1
0 = > Q" e _tZtJQJ 123 (1)
j=1
k?l [

i 00)
—try Zt le 1123 (L Z thJ 123 1 ) (122)
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so that
(0,(%1),0,0) 1 (0,(*1,71),0,0)
123( 4 (t,xo, 1) = 0,(3),0,0) <1 + tQ123( +) (t,z0,21)
1—t$1Q1230 (t iE(),SIJl)
i ),0,0) (0,(*1,7%),0,0)
+try Zt le 1,123 (1»151)@123( ) (t, o, 1)
ki—1
0,0 ,0,0
QO( o) (¢, 20, 21)( dHQ; 123) )(1,3:1))). (123)
§=0
0,(15,),0,0) . ,
Next we will calculate the function Q123 (t,x0,21) for ky > 0. In this case, we are tracking the

number of non-peaks matching MMP (0, k2, 0, 0) by 2 and tracking the number of peaks by xo. We will
classify the permutations o € S,,(123) according to the column ¢ of the first return of ¥ (o). If the first
return of (o) occurs in i column of &, then we shall partition o into lift(A;(c)) and B; (o) as pictured
in Figure[I2] We then have three cases.

Case 1.

Case 2.

Case 3.

i =1.

In this case oy = n is a peak and the path U(o) starts out DR ---. For any o; in B(0),
n is always an element which is to the left of o; which is larger than o; so that o; matches
MMP(0, k2,0,0) in o if and only if o; matches MMP(0,k, — 1,0,0) in By(c). Thus such

0,0 0,(,2),0,0
permutations contribute onn (1k212§) )(aro, x1) to Q” 1(23) )(1;0, x1).

1 <i<ks.

In this case, the only thing that has changed with respect to matches of MMP(0, 0, 0, 0) for peaks
and the matches of MMP (0, k3, 0, 0) for non-peaks in moving to lift(A4;(c)) from A;(c) is that
we have one more non-peak which is in the first row. This new non-peak will be to the left of and
larger than any non-peak in o. None of the non-peaks in lift(A;(o)) match MMP(0, k2, 0, 0)
in o since no element in lift(A;(c)) has ko elements to its left. For any o; in B;(o), all the
elements in lift(A; (o)) are elements to the left of and larger than o; so that a non-peak o; of o
matches MMP (0, k2, 0, £) in o if and only if o; matches MMP(0, ko — ¢, O ,0) in B;(o). Thus

0, 0,0 0,0
such permutations contribute QZ $ 222 0)( X0, 1)Q£L (Zkf%) )(330, 1) to Qn 1(23) )(xo, x1).

i > ko.

Again, the only thing that has changed with respect to matches of MMP(0, 0, 0,0) for peaks
and the matches of MMP(0, k2, 0, 0) for non-peaks in moving to lift(A;(c)) from A;(o) is that
we have one more non-peak which is in the first row. This new non-peak will be to the left of
and larger than any non-peak in o. For any remaining non-peak o in lift(A4;(o)), it will match
MMP(0, k2,0, 0) in o if and only if its corresponding non-peak matches MMP (0, k2 — 1,0, 0)
in A;(c). A non-peak o; of ¢ that is in B;(0) automatically matches MMP (0, k2,0,0) since
all the elements in lift(A;(o)) are to the left of o; and greater than o;. Thus such permutations

© .),0,0) (0,(°),0,0) ,0,0)
contribute Qz §k12231) (o, xl)Qn—(i(:323 (w0, 1) to Qn 1(23) (w0, z1).
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It follows that for n > ko + 1,

ko—1
0,(,2),0,0) ° 1),0,0) (0,(5),0,0) (0:(xy—1),0,0)
@, 1(23) (zo, 1) = wOQn (1k2i2§) (zo, 1) + Qi—l(?1)23 (20, 1)Q,, (zkf23) (z0, 1)
=2
(kyo1) (0,(5)0,0)
+ Z Qe o, )@ (w0, 2). (124)

’Lk‘g

From this recursion, one can compute in essentially the same way that we computed

k1
5(;3( 3):0.0 (t, o, 1) that
(0, 0,0) (0,(1,21),0,0)
123( ) (t,wo, 1) = 1‘Ft900621z3(k2 ) (t, 20, 21)
SFE 01,2000
+t Z t Qz 1123 (xo, )Q123 (t,z0,21)
+(6):0,0) (0,(ry21),0,0)
+tQu§°> <t,xo,x1><c212§"2 P 1 g, )
2 00)
- Z tQ 1123 T, 1)). (125)
0.(3:1).0.0) . . .
Next we will show that the polynomlals Qn 193 (zo, xl) satisfy a simple recursion for any k1, ko >

0 that involve the polynomials Qn 1(23) 00 (20, 21) and Qn 1(2?? . O)( Zo,x1). We first consider the case

when k1 > ky > 1. We will clas31fy the permutations o € S,,(123) according to the column ¢ of the
first return of W(o). If the first return of ¥(o) occurs in i column of o, then we shall partition o into
lift(A; (o)) and B; (o) as pictured in Figure[12] We then have two cases.

Case 1. 7 < k;.
In this case no peak in lift(A4;(c)) can match MMP(0, k1, 0,0). Thus in lift(A4;(c)), we need
only track the number of non-peaks which match MMP(0, k3,0, 0). The new non-peak that is
created in going from A;(o) to lift(A;(o)) has no elements to its left which are greater than
it so it cannot match MMP(0, k2,0, 0) since k2 > 1. However the new non-peak is larger
than and to the left of any other non-peak in lift(A;(c)). Thus for all the remaining non-
peaks in lift(A;(o)), they match MMP(0, k2, 0,0) in o if and only if they match MMP (0, ko —
1,0,0) in A;(o). Since all the elements of lift(A;(o)) are larger than and to the left of all
the elements in B;(0), a peak in B;(0) matches MMP(0, k1,0, 0) in o if and only it matches
MMP(0, k; — 4,0,0) in B;(c) and a non-peak in B;(o) matches MMP(0, k2, 0,0) in o if and
only it matches MMP (0, max (ks — ¢,0),0,0) in B;(0). It follows that such permutations con-

0 ky—i k1

tribute Qz £k12231) 0,0)(1’ xl)QEzoigrjllaQX?Ekri’O)),o’O)( 9, 21) tO Qn01(23 )’0’0)@07 z1).

Case 2. 7 > k;.
By our analysis in Case 1, each non-peak in lift(A;(c)), except the new non-peak created in
going from A; (o) to lift(A; (o)), matches MMP(0, k2, 0, 0) in o if and only if it matches
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MMP(0, k2 —1,0,0) in lift(A;(o)). Each peak in lift(A4;(c)) matches MMP(0, k1, 0,0) in o if
and only if it matches MMP(0, k1,0, 0) in A; (o). Every peak in B; (o) matches MMP(0, k1, 0, 0)
in o and every non-peak matches MMP(0, k5,0, 0) in o. It follows that such permutations con-

,0,0) 0,(2),0,0 ,0,0)
tribute Qz fkfzsl) (2o, xl)Qi—(i?gw )( 1) to Qn 1(23) (20, 21)-

It follows that

ki1—1 ky—i
(0,(51),0,0) 21):0,0) (0, (st 1.0)):0:0)
in(;s) (o, x1) Z Qz 1161231 1 7m1)Qn—i,12?§k . (z0, 1)
(0,(,51,),0,0) (0,(2),0,0)
+ Z Qi 1k1223 (‘TO’xl)Qn—(i?ZQ?) (0, 21). (126)
1= kl

Multiplying both sides of the equation by ¢™ and summing for n > 1 gives that

(0.(41).0.0 0,000 i1 O (et 00000
123 (t,xo, 1) = ]‘+tZQz 1,123 (L)t ™' Q 05 (t, 0, 21)
,(2),0,0) 2(3211),0,0)
+t@12§0> (t,20,20)(@ ™ (1, 0, 1)
k2 ),0,0)
(2™ 00 vy, (127)
1123

Similarly, for k5 > k1 > 1, we can do similar analysis and obtain that

,0,0) 0 0) 1 0, max(k:i,o) 0,0)
Q123<k2) (t,zo,21) = 1+t Z Qz 1 123 o, 1)t 1Q123( . ) (t, zo, 1)
1(0)0,0) ( 0,0)
+tQ123(0) (tax07m1)(Q123(k2 1) (t,mo,xl)
ko—2
Z QL 123 (29, 21)t1). (128)
Theorem 18. For all kq, ko > 0, we have
(0,(%1),0,0) 1 (0,(*151),0,0)
123( #) (t,zo, 1) = 0,(3).0,0) (1 - tQm’( ' (8,20, 1)
].—t.’ElQlQSO v (t,xo,xl)
kl 1 k} 774
i ).0.0) ( 0,0)
+tr Z t lQl 1, 123 (1,21) 123( ) (t, 0, 21)

kl 2
0,0) OO
—t.%‘ng??)( ) t l’(),.’L'l E tz 2 1 123 ) 1,3?1)) 5 (129)
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(0’(1“02)’0’0) (0,(,620_1),0,0)

123 (t7x07m1) = 1+tx0Q123 (t7$0,$1)
ko—1

00) i1 0,(,.2).00)
+tz Qz 1123 2, Q103 - (t, 0, 21)

1(0)+0,0) ( 0,0)
+tQ123(0) (t7$07$1)(Q123(k2 ) (t, w0, 1)
ko—2
Z QU (wo, 1)1, (130)
When k1 > ko > 1,
(0.(52).0.0 S 00000 i 0.ttt 0) 00)
123 (t,xo, 1) = 1+t Z Qz 1,123 (1, z1)t Q123 (t, 20, 21)
1(0)-0,0) 0,0)
+tQ12§°) 0 o,x1><Q12§’°2 D0 1)
Z Q) OO0 e, (131)
for kg > ]Cl > 1,
0,(31):0,0) el ),0,0) i1 A 0,(TEELT ) 0,0)
Q123 (t,zo,21) = 1+t Z Qz 1123 (2o, D)t Qa3 (t,zo, 1)
=1
0,(2),0,0 ( 0,0)
QI )<t,xo,x1><czu§"2 DO, 21)
ko—2
),0,0)
=Y QO o, (132)
=0
Finally, we have
0,0)
0509 (1, 2) = QAP (1,2, 2). (133)
We list the first few terms of function Qlo k,0,0) (t,x)fork=1,...,5.

OO (t,2) =1+t + (1 + 2)% + (32 + 222) £ + (922 + 52%) t* + (282° + 14a?) 5

+ (902 + 422°) 0 + (2972° + 13229) 7

+ (10012° + 42927) t* + (343227 + 14302%) t° + - - (134)
G200 (4, ) =1+t + 2% + (34 22)t° + (1 + 92 + 42%) t* + (52 + 272% 4+ 102°) £

+ (2022 4 842® + 282) t° + (752° + 2702 + 842°) ¢*

+ (2752* + 8912 + 2642°) t* + (10012° + 30032° + 858z7) 7 + .- (135)
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0300 (4, 2) =1+t + 262 + 56% + (9 + 52)t* + (5+ 272 + 102%) £

+ (1+ 252 + 812® + 252°) t° + (7 + 1002% + 2522° + 702*) ¢
+ (352* 4 3752° + 810z* 4 210°) t°
+ (1542® + 13752" + 26732° + 6602°) ¢ + - -- (136)

000 (t,2) =1+t + 262 + 563 + 14¢* + (28 + 142)t7 + (20 + 84z + 2822) 10

+ (74 100z + 2522° + 702°) t” + (1 + 49z + 4002” + 7842° + 1962") t°

+ (92 + 2452 + 15002° + 25202* 4 5882°) ¢

+ (542® + 10782 + 5500z* + 83162 + 18482°) ¢'°

+ (2732° + 44592* 4 200202° + 280282° + 6006z ") t'' + - - - (137)
0000 () =1+t + 262 4 56% + 14¢* + 42 + (90 + 422)t° + (75 + 270z + 842°) ¢7

+ (354 3752 + 8102” + 2102°) t* + (9 + 2452 + 15002> + 25202° + 588z") t°
+ (14 81z + 12252° + 56252 + 8100z" + 17642°) '

(11z 4 4862 + 53902° + 206252 + 267302° + 55442°) ¢'*

(772% + 24572° + 222952* + 750752 + 90090z° + 18018z ) ¢2

(

4402° + 113402* + 891802° + 2730002° + 308880z + 600602°) t1* + - - -
(138)

+
_|_
+

7.1 The function Q{559 (¢, z)

In this section, we will show how to compute Qlo .0, Z)(

t,x) for small values of k and ¢. In this case, we

have not been able to obtain simple recursions for the polynomials Qn 123? 4 (x) because the process of

going from A;(o) to lift(A4;(0)) is not nicely behaved with respect to elements in the fourth quadrant of
the graph of o centered at an element (j, o) when j < 7. However, in this case, we establish formulas for
the coefficients of Qg’?}’o’l) (t,x), §%§’°’” (t,x) and Qgg’;’w) (t, z) by direct counting arguments.
Suppose that o € S,,(123). It is easy to see that no number in the top & rows or the left-most k columns
in the graph of o can match MMP(0, k,0,0) in o. Similarly, it is easy to see that no number in the
bottom ¢ rows or right-most ¢ columns in the graph of ¢ can match MMP(0, 0,0, ¢) in o. Given o; in
o, consider the graph of G (o) of o relative to the coordinate system centered at the point (j, ;). Since
o is 123-avoiding, o; cannot have elements in both its first and third quadrant. o is a peak if and only
if it has no elements in its third quadrant and o is non-peak if and only if it has at least one element in
its third quadrant and no element in its first quadrant. Now suppose that o; is a peak that is not in the
top k-rows or the left-most £ columns and is not in bottom ¢ rows or right-most ¢ columns. The elements
in its first quadrant are the elements to the north-east of (j,0;). Since o; has no elements in its third
quadrant, it follows that the elements of o in the first £ columns must all be in the second quadrant for
o; and the elements in bottom ¢ rows of o must all be in the fourth quadrant for ;. Thus o; matches
MMP(0, k,0, ). Next suppose that o; is a non-peak that is not in the top k-rows or the left-most k
columns and is not in bottom ¢ rows or right-most £ columns. Then ¢ has no elements in its first quadrant
and the elements in its third quadrant are the elements south-west of (j, o). Again it follows that the
elements of o in the top k rows must all be in the second quadrant for ; and the elements in right-most £
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columns of ¢ must all be in the fourth quadrant for ¢;. Thus ¢; matches MMP(0, k, 0, ¢). For example,
in Figure we have pictured this situation in the case where k¥ = 2 and ¢ = 1 where the red cells
represent the cells that are not in the top k-rows or the left-most & columns and are not in bottom ¢ rows
or right-most ¢ columns. Thus we have the following theorem.

Theorem 19. For any 123-avoiding permutation ¢ = o1 ... 0y, 0; matches MMP (0, k,0, () in o if and
only if, in the graph G (o) of o, (j, 0;) does not lie in the top k rows or the bottom { rows and it does not
lie in the left-most k columns or the right-most £ columns. Thus

mmp®F00 (o) = |{jlk <j<n—Landk < g; <n —L}]. (139)

Fig. 13: MMP(0, 2, 0, 1) matches of the permutation o = 869743251

Thus, for any permutation o € S,,(123), Theorem tells that we need to count the numbers in the
rectangle that are obtained by deleting the top k& rows and bottom ¢ rows and deleting the left-most k
columns and the right-most £ columns. We have pictured this region in red and its complement in blue in
Figure[14] We shall call the blue area the k, (-frame area and the corners A U B U C' U D the k, {-corner
area. Now suppose that o € S,,(123) and in the graph of o, there are r elements in the k, /-corner area and
a total of s numbers in the k, /-frame area. In Figure |14} we have labeled the rectangles in the k, /-frame
area that are not part of the k, {-corner area as E, F, G, H starting at the top and proceeding clockwise.
Suppose that in o there are a elements in region A, b elements in region B, ¢ elements in region C, d
elements in region D, e elements in region F, f elements in region F’, g elements in region G, and h
elements region . Then a + e + b = k and ¢ + g + d = ¢ since there are k elements of ¢ in the top k
rows and ¢ elements of ¢ in the bottom ¢ rows. Similarly, a + h + ¢ = k and b+ f + d = £ since there are
k elements in the left-most k& columns and ¢ elements in the right-most £ columns. Adding these equation
together we see that

2k+0) =2a+2b+2c+2d+e+ f+g+h=r+s. (140)

Thus we have the following theorem.

Theorem 20. For any k,{ > 0, n > k+ £ and 0 € S,,(123), suppose there are v numbers in the
k, {-corner area and s numbers in the k, {-frame area the graph of o. Then

0<r<k+44t, s=2k+¢) —r, and mmp®**)(g)=n—s=n—20k+0)+r (141)



40 Dun Qiu, Jeffrey Remmel

When n < k + ¢, mmp(0-+-0:0) (0)=0.

l C G D

Fig. 14: The division of permutations in S, (123) to count pattern MMP (0, k, 0, £) matches
Theoremmtells us that for each n > k + £, the coefficients Qgg}f’o’a | 4 have atmost k + £+ 1
terms since the numbers in the &, /-corner area can only range from 0 to k + £. In particular, the coefficient
ggf’o’a(t, x) ’tnzn_g(kﬂ)w equals the number of permutations in o € S,,(123) with  numbers in the
k, (-corner area in the graph of o. Figure shows the squares in the k, {-corner regions that we must

1,0,0) (0,2,0,0) (0,1,0,1) (0,2,0,1)
consider for the generating functions Q123 (t,x), Qg3 (t,x), Q1o (¢, ), Qias (¢, x), and
(0.2,0.2) (t, ), respectively. In the next few subsections, we shall present and analyze the coefficients in

123
such generating functions based on these observations.

columns

1 2 3 4

11A]lB ClD

AlB g 2\E\F G|H

A AlB A B DIE F
clp Trows
3L J K|L
C D G|H 1 4 IM|N O|P
@ ® © @ ©
Fig. 15: Q53" (t,2), Q1% (1.0), Qg ™ (1,2), QU (¢ @) and Q57" (8, )
(0,1,0,0) (0,1,0,0)
71 1 Q123 ( $)|tn$n—2 andQ123 ( ':Ij)‘tnxn—l

A formula for the generating function Qgggl 0.0) (t,x) was calculated in Section 5.1. It follows from

Theorem ﬁ that there are exactly two terms in the polynomial Qnomg O)(SC) for any n > 2. Our next

theorem shows that we can explicitly calculate these two terms.

(0,1,0,0)

1,0,0 1,0,
)(t7x)|tn$n—2 = Oy — Ch—1 and Q53 (t7$){tnwn—l = Un-1.

Theorem 21. Forn > 2, Q
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Hence,
(0,1,0,0) 2t 1 1

2z () =(1+t————=)+(

P x2+ +1)C( x). (142)

Proof: By Theorem , to calculate the coefficients of function Qﬂ’;’o’o) (t, z), we only need to enumerate

the 123-avoiding permutations based on how many elements in the graph of o lie in 1, O-corner area. In
other words, referring to Figure[l15(a)} the permutations in S,,(123) whose graphs have a number in square

A contribute to the coefficient of "z~ ! in Qgg’;’o 0) (t, z) and the permutations in S,,(123) whose graphs

have no element in square A contribute to the coefficient of t"2"~2 in Q(O’l’o 0 (t,x). Let Na(n) be the
number of permutations in S, (123) whose graph has a number in square A. Then N4 (n) = C,,_; since
N 4(n) counts those o such that oy = n which means that the corresponding Dyck path ¥ (o) has a peak
at position A. All such paths start out with DR. Thus, Qggg’o’o)(t,x)’t%n_l = C,—1. This means
that the number of permutations in S,,(123) which do not have an element in square A in its graphs is

C,, — C,_1. Thus Qgg; ,0,0) (t, x) =(C,, — C,,_1. It follows that

tngpn—2
Q§0273}1070) (tv QZ) = 1+t+ Z tn 71 - 71 1)517“72 + Cn—lxnil)
C tr) —1—at tC(tx) —t
= 1+t+ (x) 5 L (t) + C(tx)
T xT
2t 1 1 t
- (1 _zZ = — 4+ —+1 . 14
(L+t== =)+ (5 + - +1)C(t) (143)
O
(0,2,0,0) (0,2,0,0) (0,2,0,0)
7' 1'2 123 (t .',U) {tnxnfélf 123 (t’ ) |tnxn 3 and Q123 ( ) |tnxn72

It follows from Theorem [20] that there are exactly three terms in the polynomial Qn 123(‘) 0)(x) for any
n > 2. Our next theorem shows that we can explicitly calculate these three terms.
Theorem 22. Forn > 4,

(0,2,0,0)

123 (t’ x)|tnmn74 = Cp—3Ch1+ On—2a (144)
(1%’327070) (t,2)| s = 3(Cno1—Cnz), and (145)
ggg’O’O) <t7 m) tngn—2 = 2077,72 (146)

Proof: To find the coefficients of function ngz’g’o’o)(t, x), we need to enumerate the 123-avoiding per-

mutations that have 0, 1 or 2 numbers in the 2, 0-corner area as pictured in Figure Let ¢;(n) be the
number of permutations in S,,(123) whose graphs have ¢ numbers in 2, 0-corner area, colored blue in the
picture, then in Qg’;"o’o)( ), ¢o(n) is the coefficient of t"2"~4, ¢1 (n) is the coefficient of t"2"~3 and
$2(n) is the coefficient of t"z" 2.

In this case, we can use inclusion-exclusion to count the number of permutations o € S,,(123) whose
graph has exactly r elements in the 2, 0-corner area. We will labels the cells in 2, O-corner area as pictured

in Figure[15(b)} For S C {A, B, C, D}, we let Ng(n) be the number of permutations ¢ in S,,(123) such
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that there is an element in each square of S in the graph of o. Then it is easy to see by inclusion-exclusion
that

¢2(n) = Nap(n)+ Npc(n), (147)
¢1(n) = Na(n)+ Np(n)+ No(n)+ Np(n) —2(Na,p(n) + Np.c(n)), (148)
po(n) = Cp—¢1(n) — g2(n). (149)

The problem is reduced to computing N4 (n), Ng(n), Nc(n), Np(n), Na,p(n) and Ng ¢(n). From the
proof of Theorem 21} we have N 4 (n) = C,,_1. For N¢(n), we are counting the number of permutations
o =01...0n € 8,(123) such that 037 = n — 1 which means that P = ¥(o) has a peak at position
C. Any such path P must start with DD R and then we can remove the DR at steps 2 and 3 and obtain
a Dyck path of length 2n — 2. Thus Ng(n) = C,—1. For Ng(n), we are counting the number of
o =01...0, € 8,(123) such that o5 = n. It is easy to see for for such o, o is 123-avoiding if and only
if o103 ...0, is 123-avoiding so that Ng(n) = C, 1. For Np(n), we are counting the permutations
such that 0 = o1 ...0, € §,(123) such that 0o = n — 1. It follows that o3 = n since otherwise 123
would occur in o. Thus Np(n) = N4 p(n) = Cp—2. For Ng p(n), we are counting the permutations
such that 0 = 07 ...0, € §,(123) such that oy = n — 1 and 02 = n. Hence Np c(n) = C,—o. It
follows that

00 (t,2) ] 0e = d2(n) = 2Cu_s, (150)
QG V(1) a = $1(n) = 3(Cpey — Cua),s (151)
5%327070) (t7 x)|tn$n—4 = ¢O(n) = Cn - 3077,71 + Cn72~ (152)

[ It is technically possible to write the generating function Qg’g’o’o) (t, ) in terms of
the generating function of the Catalan numbers, C(x), like we did in Theorem However the formula
is messy so that we will not write it down here.

0,1,0,1 0,1,0,1 0,1,0,1
7' 1'3 g23 )<t7 x)|tnxn747 Q§23 )(t’ x)|tn$n73 anngQ?; )(t’ x)|tn$n72

To find the coefficients of function Qﬁ%’?}’o*“ (t,x), we need to enumerate the 123-avoiding permutations

that have 0, 1 or 2 numbers in the 1, 1-corner area as pictured in Figure [I5(c)l Let ¢;(n) be the number

of permutations in S,,(123) whose graphs have ¢ numbers in 1, 1-corner area, colored blue in the picture,

then in Qg’gl’o’l) (t,x), ¢o(n) is the coefficient of t"z" %, ¢ (n) is the coefficient of t"2" 3 and ¢o(n)

is the coefficient of t™z" 2.

Theorem 23. Forn > 4,

O30Vt a)| s = Cp =201+ Cpn —2, (153)
G0, )| nns = 20n_1—2C,_2+2, and (154)
O (t,2)] e = Cuco. (155)

Proof:
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The four cells in the blue area are still denoted by A, B, C and D, though the positions these cells are
different from Figure [15(b)l For S C {A, B,C, D}, we let Ng(n) be the number of permutations o in
S, (123) such that there is an element in each square of S in the graph of o. Then

p2(n) = Nanp(n)+ Npc(n), (156)
¢1(n) = Na(n)+ Np(n)+ Nc(n) + Np(n) —2(Na,p(n) + Np,c(n)), (157)
$o(n) = Cp—¢1(n) — ¢g2(n). (158)

Thus we must compute N4(n), Ng(n), Ne(n), Np(n), Na,p(n) and Ng c(n), which are different
from Theorem Assume that n > 4. By our previous results, Na(n) = C,_1. For No(n), we are
counting the numberof 0 = 0 ...0, € §,(123) suchthato; = 1. The only suchoiso = In(n—1)---2
so that N¢(n) = 1. For Ng(n), we are counting the number of 0 = 01 ... 0, € S§,,(123) such that o,, =
n. The only suchois o = (n—1)---21n so that Ng(n) = 1. For Np(n), we are counting the number of
o =01...0, € 8,(123) such that o, = 1. Clearly if we remove 1 from such a permutation and reduce
the remaining numbers of 1, we obtain a 123-avoiding permutation in S,,—1(123). Thus Np(n) = Cy,_1.
For N ¢, we are counting the number of 0 = 07 ... 0, € S,(123) such that oy = 1 and o,, = n which
is impossible for n > 3. For N4 p, we are counting the number of 0 = 01...0, € S,(123) such that
01 = n and o, = n. For such o, we can remove 1 and n to and reduce the remaining numbers by 1 to
obtain a 123-avoiding permutation in S,,(123). Thus N4 p = Cj,_o.

It follows that for n > 4,

(0,1,0,1)

1257 (62| pnee = P2(n) = Choa, (159)
03 0V, 2)]1pes = G1(n) = 20,1 —2Cn_s +2, (160)
a0 (@) s = d0(n) = Cp—2Cu_1 +Crz —2. (161)

O Theorem gives the coefficient of t" in Qgg};’o’l) (t,x) for n > 4. One can easily compute the

required coefficients at n = 1, 2, 3 to obtain that

OLOD(4 2y = 14t+22 + (4 +2)3 +
S (G = 2Cp 1 + oy — 2)a"
n>4

+(2C,—1 — 2C,_5 + 2)2" 73 + Cn_Q.Tn_Q)
= 1+t+22+ 4+ )t + (4 + 8z + 22%) t* + (172 + 2022 + 52°) ¢°
+ (6022 4 582% + 14x*) t° + (2052° + 1822 + 422°) 7
+ (7022* + 5962° + 1322°) ¢3
+ (24292° + 20042° + 42927) ¢° + - - . (162)

0,2,0,1 0,2,0,1 0,2,0,1
7' 14 g23 )(t7x)|tnxn767 §23 )(t’ x)|tnxn757 §23 )(t’ ‘/L‘)ltnxnfél
and Qgg’;’OJ) (t’ x) |tnxn73

In this section, we shall sketch the proof of the following theorem.
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Theorem 24. Forn > 5,

(0,2,0,1)

125 (62)|wne = Cn—4C, 1 +4C, 3 —Cp 3 —2n+6, (163)
OOV () s = ACu—1 = 9Cn_g +4C,_5 +2n — 12, (164)
030V (t2) nes = 5Cn_z —5Cyu_3+6, and (165)
Ot 2) s = 2003 (166)

Proof: To count the coefficients of function Qg’;’o’l)(t, x), we need to enumerate the 123-avoiding

permutations that have 0, 1, 2 or 3 numbers in the 2, 1-corner area. Referring to Figure let ¢;(n) be
the number of permutations in S,,(123) whose graphs have ¢ numbers in 2, 1-corner area, colored blue in
the picture, then in Q(102’32’0’1) (t,x), ¢o(n) is the coefficient of "z =%, ¢ (n) is the coefficient of "z >,
$2(n) is the coefficient of "z ~* and ¢3(n) is the coefficient of ¢"2"~3,

There are 9 cells in the blue area denoted by A, B, C, D, E, F, G, H, I in Figure @ For any
S C{A,B,C,D,E,F,G,H,I}, welet Ng(n) denote the number of o € S,,(123) such that there is an
element in each cell of S in the graph of 0. Let Ni(n) = 3 _gc (4 5.c.p,5,F.c.m,1}, 5= Vs (). Then it
follows from inclusion-exclusion that

¢3(n) = Nsz(n), (167)
$2(n) = Na(n)—3N3(n), (168)
¢1(n) = Ni(n)—2Na(n)+3N3(n), (169)
do(n) = Cn—di(n) — d2(n) — ¢3(n). (170)

To compute N7 (n), we must compute Ng(n) for 9 sets of size 1. To compute Na(n), we must compute
N for 18 allowable sets of size 2. To compute N3(n), we must compute Ng for 6 allowable sets of size
3. It is tedious, but not difficult to carry out required calculations. For space reasons, we will not provide
explanations for each Ng(n), but we will simply list the results of our calculations.

Forn > 5,

Ny(n) = Np(n)= Np(n)= Ni(n)=Ch_1, Ng(n)=Cyh_a, (171)

Nc¢(n) = Ng(n)=1, Np(n)=Ng(n)=n—1, so (172)

Ni(n) = A4Cu_1+ Ch_s+ 2n. (173)

Nag(n) = Nar(n)=Npp(n)=Npi(n)=Npi(n)=_Cno, Ngin)=Ch_s, (174)
NA_,F(n) = NAyH(n) = NB,F(n) = NB’G(TL) = NC’D(n) = ND)H(TL) = ]., (175)
NC7E(’H,) = Nc7g(n) = Nc_’H(’n) = NEvg(’rl) = NF7(;(n) = NRH(TL) = 0, SO (176)
Ny(n) 5Cn—2 + Cp_3 + 6. (177)
Napi(n) = Nppi1(n)=Ch_s, (178)

Naru(n) = Npra(n) = Ncpu(n) =Ncga(n) =0, so (179)

Ny(n) = 2C,_3, and (180)
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O30V (8, 2)],0s = 03(0) = 2C,_a, (181)

020D (4, )], s = d2(n) = 5Crg —5Ch 5 +6, (182)

621%32 o 1)(t»$) s = 01(n) = 4C,_1 —9C, 2 +4C, 3 +2n — 12, (183)

QO OV ()| 0ne = b0(n) = Cp—4Cn_1 +4Cu_2 — Crz —2n+6.  (184)

O

Theorem gives the coefficient of ¢" in Q§02,32,0,1) (t,z) for n > 5. One can easily compute
Qggfég ) (z) for n < 4 to obtain the following:
O200(t,2) = 1+41t+262+ 53+ (12 + 22)t*
+3 4" ((Cp = 4C,—1 +4Cy 5 — Cs — 20+ 6)a"

n>5
+(4Cp—1 — 9Cy 2 +4Cy,_3 + 2n — 12)2" P
+(5Cn—2 — 5Cr—3 + 6)z" " + 2C, _32™?)
= 14+t+202 +5¢° + (124 22)t" + (17 + 21a + 427) £°
+ (9 + 62z + 5127 + 102°) t° + (47z + 20827 + 1462° + 282%) 7
+ (1902 + 7002® + 456" + 842°) t°
+ (7142% 4 23932* + 14912° + 2642°) 7 + - - . (185)

(0,2,0,2) (0,2,0,2) (0,2,0,2)

7 1 5 Q123 ( )|tnxn—87 123 |tnxn 79 Ql ( )|tnxn—6)
(0,2,0,2) 0,2,0 2
123 (t7 x)|tnxn—5 andQ ( |tnxn—4

In this section, we will sketch the proof of the following theorem.

Theorem 25. Forn > 7,

2024 2)| e = Cn—6Cp 1+ 11Cn 5 —6Crg+ Co_y — 20% + 16n — 34, (186)
202 (t,)] 00 n = 6Cpy — 24Ch_g +24Cy_5 — 6Cp_s +20% — 280 +80,  (187)
O, 7)), = 13Ch_2 —30C,_3 + 13C,_4 + 121 — 64, (188)
0302 (@) |y = 12043 — 12054 + 18, (189)
§%§ O @)y = 4Ch_a. (190)

Proof: To count the coefficients of function Qgg’?,l’o’l)(t, x), we need to enumerate the 123-avoiding

permutations that have 0, 1, 2, 3 or 4 numbers in the 2, 2-corner area. Referring to Figure|15(e)} let ¢;(n)
be the number of permutations in S,,(123) whose graphs have ¢ numbers in 2, 2-corner area, colored

blue in the picture, then in ng:? -0:2) ( ), ¢o(n) is the coefficient of "™ 8, ¢1(n) is the coefficient of
t"x"=7, ¢o(n) is the coefficient of t" "6, ¢3(n) is the coefficient of "z ~5 and ¢4(n) is the coefficient

of tngn—*



46 Dun Qiu, Jeffrey Remmel

There are 16 cells in the blue area denoted by letters A ~ P in Figure[15(e)l Forany S C {A4,..., P},
we let Ng(n) denote the number of o € S,,(123) such that in the graph of o, there is an element in each
square of S. We let Nj(n) =3 gc(a. . py,s/=i Vs(n), then by inclusion-exclusion,

¢a(n) = Nu(n), (191)
#3(n) = Nz(n)—4Ny(n), (192)
$a(n) = Na(n) —3N3(n) + 6Ny (n), (193)
$1(n) = Ni(n) —2Ny(n) + 3N3(n) — ANy (n), (194)
do(n) = Cn—¢1(n) — ¢2(n) — ¢3(n) — da(n). (195)

There are huge number positions and combination of positions in the 2, 2 -corner area. Since the selected

letters should be in different rows and columns, we need to consider (l) ¢! combinations for calculation
each N;(n), i.e. 16 singletons to calculate Ny(n), 72 pairs to calculate No(n), 96 groups of size 3 to
calculate N3(n) and 24 groups of size 4 to calculate Ny(n), totally 208 separate calculations. Again we
shall simply list the results of the relevant calculations that we carried out. We use the results that we have
calculated for the cases that were covered in Theorem[24]and only calculate the new combinations in this
proof. We use “New” to represent the sum of the new computations.

Ne(n) = Ni(n)=n-—1, Ng(n)=Ch_o, (196)
No(n) = Ni(n)=Cy_1, Ns(n)=Ng(n)=(n-2)% so (197)
Ni(n) = 4Cn_1+ Cp_o+ 2n+ New

= 6Cn_1+2C,_o+2n> —4n+6. (198)

Ne,g(n), No,g(n), Np, I( ),NL,N( ) Na,a(n), Ng,p(n), Nja(n), Njp(n), Nag,g(n), Na,r(n),

Ne,u(n), Nin ﬂ),NC,L( )s N1r,o(n), Ne,p(n), Nr.p(n), No,p(n), N am(n) =1,
Ngk,p(n), No,a(n), Np,a(n), No,g(n), N g(n), No,g(n), Np,r.(n), No,r(n) = Cn—2;
Ng.,a(n), Nk B(n), Nk, g(n), Nro(n), NrL(n) = Ch_3, Nrr(n)=Ch_y,
Ne,p(n), Nk, g (n), Npr(n), Ng,n(n), Ne,r(n), No,s(n), Nu,s(n), Na,1(n), Ny,g(n),
Nem(n), Np,r(n), No,n(n), Nu,r(n), Na,p(n), Ny (n), Na,s(n), Naa(n), Nyp(n),
NK7D(TL),NK7M(TL) = 0,
S0

NQ(TL) = 5Cn,2 +Cn,3 + 6 + New

= 13C,_2+6C,_3+ C,—4 +12n — 10. (199)

To calculate N3(n), other than calculating the new combinations in the 96 enumerations, we calculate
the cases by symmetry. Notice that there are 4 columns and rows, namely, column 1,2, 3,4 and row
2, 3,4 in the 2, 2-corner area, marked in Figure[T5(e)] In any combination of three letters, we are taking
3 columns and 3 rows. We let N, ¢, ¢, r,rors) (1) be the contribution that we are taking 3 letters from the
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columns cjcacsg and rows cjcacs, then by symmetry of 123-avoiding permutations,

47

N(123,123)(n) Ni(234,234) (1), (200)
N(134,134) (1) N(124,124) (1), (201)
N(123,124)(n) N(134,234)(n) N(124,123)(n) = N(234,134)(n)7 (202)
N(123,134) (1) N(124,234) (1) = N(134,123)(n) = N(234,124)(0), (203)
N(123,234) (1) N234,123) (1), (204)
N(134,124)(n) N(124,134) (1) (205)
Then we calculate the 6 cases:

Na,rk(n) Ne.p x(n) = Ch_y, (206)
Naje(n) = Nggc(n)=Npgi1(n)=Nirc(n)=0, so (207)
N2s23)(n) = Nazasay(n) =20, _4; (208)

N(i24,124)(n) is  N3z(n) in Theorem 24] so
N(134,134) (n) N(124 124)( ) =2C,—3; (209)
Naro(n) = Ngpo(n)=Cns, (210)
Nana(n) = Npgnc(n)=Nupa(n)=Nyrc(n)=0,so (211)
N(123,124) (n) = N(134,234) (n) = N(124,123)(n) = N(234,134)(n) =2C,_3; (212)
Na,jo(n) = Nipo(n)=1, (213)
Nangk(n) = Ninc(n)=Nupr(n)=Nuysc(n)=0,so (214)
N23134)(n) = N(i24,234)(n) = Ni13a123)(n) = Nasa 124y (n) = 25 (215)
Ng.go(n) = 1, (216)
Niro(n) = Ngnk(n)=Ninagn)=Nurrn)=Nyiscn)=0,s0 (217)
N(i23.234)(n) = Naaa, 123)(” =1; (218)
Nagp(n) = Naomun) = .p(n) =Npo,p(n) =1, (219)
Nuycr(n) = Nuagp(n) = (220)
Naszajpzay(n) = Naoaisa) (n) 4 and (221)
Na(n) = 12Cy_5 + 4Cy_s + 18 (222)

To calculate N4(n), we need to use all the 4 columns and rows in the 2, 2-corner area. To make things
easier, we only consider the 14 collections of 4-letter groups that avoid 123. We have
Narxp(n)=Naror(n)=Ngpxprn) =Ngpo.rn) =Cha,and
Na,sco0(n), Nigc,p(n),Ng.crpm),Najomnn), Nanac,.rn), Nincun), NusacrLn),

Ng.5,0,0(n),N1.g,0o,u(n), Ng N.c,1(n) =0,so0

Ny(n) = 4C,_y. (223)
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With all Nq(n), Na(n), N3(n) and Ny(n) calculated, one can apply inclusion-exclusion and obtain that

forn > 7,

0,2,0,2
0502t 0) s = o(n)

= C, —6Cn_1+11C,_2 — 6Cy_3 + Cry — 2n* + 160 — 34, (224)
0,2,0,2
523 )(t?x)|tnxn—7 = ¢)1(n)

= 6C,_1 —24C,_o +24C,_3 —6Cp_4 +2n% — 280+ 80,  (225)
OOt 2) e = da(n) = 13Cp_g — 30C,_5 + 13Cy_q + 121 — 64, (226)
G502 (t,2) e s = B3(n) = 12C,_3 — 12C,_4 + 18, (227)
002, Ngnos = aln) =4C,_4. (228)

] Note that we have a lower bound, n > 7 for these formulas, which is because when n < 6,

N¢.; # 0 since permutation 321654 matches both the positions G and J.

Theorem gives the coefficient of ¢" in Q(lglf’O’Q) (t,z) for n > 7. We calculated the initial 7 coeffi-
cients by a computer program to obtain the following:

0,2,0,2
§23 )(t, )
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Using techniques from Poisson approximation, we prove explicit error bounds on the number of permutations
that avoid any pattern. Most generally, we bound the total variation distance between the joint distribution of
pattern occurrences and a corresponding joint distribution of independent Bernoulli random variables, which
as a corollary yields a Poisson approximation for the distribution of the number of occurrences of any pattern.
We also investigate occurrences of consecutive patterns in random Mallows permutations, of which uniform
random permutations are a special case. These bounds allow us to estimate the probability that a pattern occurs
any number of times and, in particular, the probability that a random permutation avoids a given pattern.
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1 Introduction

A permutation of [n] = {1,...,n}isabijectiono : [n] — [n], i~ o(i) = 0;, written o = 07 - - - 0,. Foreach
n=1,2,..., wewrite S, to denote the set of permutations of [n]. Given permutations ¢ = 010y,
and T = 11 - - - T, We say that o avoids 7 if there does not exist a subsequence 1 <i; <--- <iy, <n
such that oy, - - - 0;, is order-isomorphic to 7, and we say that o avoids T consecutively if there is no
j=1,...,n—m+1suchthato;oj1 - 0j1m-1is order-isomorphic to 7. Here we study pattern avoidance
probabilities for random permutations from the Mallows distribution, which is of particular interest
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in the fields of statistics and probability but some special cases are insightful for questions in
enumerative and extremal combinatorics.

To demonstrate our approach, let n be any integer larger than or equal to 6. It was shown in [31]
that each fixed pattern 7 of length n — 1 is avoided by exactly n! — ((n — 1)*> + 1) permutations in S,,.
In [32], it was shown that for each fixed pattern 7 of length N = n — 2, there exists 0 < j < N —1such
that exactly
N*+2N° + N> + 4N +4 - 2j

2
permutations in S, avoid 7. It is left as an open problem in [36] to perform the same analysis for
patterns of length n — 3. From this, it is natural to ruminate on whether for each pattern 7 of length

n — m, one has approximately
n! n
-
" (n- m)!(n - m) @

permutations in S,, which avoid it, and how large m can be taken. In this paper, we quantify the
quality of approximation of (I) for counting the number of permutations in S, which avoid any
given pattern 7 of length n —m, 1 < m < n, via Poisson approximation. This approach yields general
results which specialize to the counting problem just described, as well as the analogous problem
for consecutive pattern avoidance.

For classical pattern avoidance, we are able to show a good approximation if for any € > 0 we
have m > (ee!/* + €) y/n, but we suspect the ee'/® constant can be improved with a natural lower
bound of e demonstrated by Lemma For consecutive pattern avoidance, we obtain stronger
results, namely, we may take any m > [T ~}(n) — 1]. (In the above expression, I'"!(n) is the inverse
of the gamma function, i.e., I'(f) = fooo xte *dx, which gives the usual generalization of the factorial
function to all positive real numbers.) The above expression is asymptotically best possible since, in
the limit, taking m equal to the right-hand side yields a Poisson approximation with nonzero rate
parameter for the number of occurrences of a consecutive pattern. The range of values for m follows
by a detailed analysis of the bounds contained in Theorem 3.6|and Theorem 3.7} respectively.

The Mallows permutations we study here is a general class of random permutations whose
distribution is weighted by the number of inversions. An inversion in 0 = o01---0, is a pair (i, j),
i < j, such that 0; > 0;. For example, 0 = 34125 has four inversions, (1,3),(1,4),(2,3),(2,4). We
write inv(o) to denote the set of inversions of 0. With L,, denoting a random permutation of [r], the
Mallows distribution with parameter q € (0, o) on S, assigns probability

n! —

P(Z, = o} = Pl(0) = 4™N/L,(q), o€S,, )]

where I,(q) = [T} {;S q' is the inversion polynomial and |inv(o)| is the number of inversions in o.
Note that g = 1 corresponds to the uniform distribution on S,, i.e., P{X, = 0} = 1/n!forallo € S,,
and is the critical point at which the Mallows family switches from penalizing inversions, 4 < 1, to
favoring them, g > 1.

The Mallows distribution [26] was introduced as a one-parameter model for rankings that occur
in statistical analysis. More recently, Mallows permutations have been studied in the context of
the longest increasing subsequence problem [6] and quasi-exchangeable random sequences [17} [18].
For general values of g > 0, we consider the problem of consecutive pattern avoidance for random
Mallows permutations, with Theorem 3.8establishing explicit error bounds on the entire distribution
of the number of occurrences of patterns in a random permutation. Our main theorems, therefore,
complement prior work by Elizalde & Noy [16], Perarnau [30], and the more recent work by the
current authors & Elizalde [13] on consecutive pattern avoidance, as well as Nakamura [29], who
used functional equations to enumerate sets with a prescribed number of occurrences of a given
pattern.

Our approach also differs from previous work in a few key respects. While most prior work
seeks either exact or asymptotic enumeration of the sets that avoid a given pattern or collection of
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patterns, we use the Chen-Stein Poisson approximation method [11]], in particular [2], to bound the
total variation distance between the collection of all dependent indicator random variables indicating
pattern occurrence for a prescribed set of indices, and a joint distribution of independent Bernoulli
random variables with the same marginal distributions. These bounds allow us to approximate any
measurable function of the occurrences, e.g., the number of patterns, locations of patterns, etc., via
the corresponding independent random variables. We also reach a natural limit of the usefulness of
these approximations corresponding to the strength of interactions between occurrences of patterns.

The next section gives a brief historical context of restricted permutations. Section 3| presents the
main results, of which there are two kinds: the first type is a preasymptotic bound given in terms of
quantities which are complicated to compute but as accurate as the method allows; the second type
is a more detailed analysis of the bounds in a form that is better suited to applications. Section [4]
presents the Chen-Stein Poisson approximation approach that we utilize throughout the paper. In
Section 5| we apply this method to Mallows permutations. Section [f| contains explicit numerical
examples. Finally, the main technical results are proved in Section [7}

2 Motivation

Restricted permutations fall into two broad classes. The first, more tractable type is of the form
o(a) # bfora,b € [n], whose study dates to the classical problémes des rencontres in the early 1700s [[14];
see also [5, Chapter 4]. A special case counts the number D,, of derangements of [n], i.e., permutations
of [n] without fixed points, for which we have the asymptotic expression

Dnzn!z%~nl/e asn — oo. 3)

i=0

Equation (3) can be stated in probabilistic terms by letting T, be a uniform random permutation of
[n],ie., P{L, = o} = 1/n! for each ¢ € S, for which we compute

P{¥, is a derangement} = D, /n! ~1/e asn — oo. 4)

See [3,134] for more thorough treatments involving the cycle structure of random permutations.

We can also derive the expression in (3) by Poisson approximation. With W denoting the number
of fixed points in a random permutation of [1], we demonstrate in Section[4.2} see also [5, Chapter 4],
that the distribution of W converges in total variation distance to the distribution of an independent
Poisson random variable with expected value 1. In addition to the asymptotic value for the
probability that a random permutation has no fixed points, this approach bounds the absolute error
of probabilities that involve any measurable function of the number of fixed points in a random
permutation.

The second type of restriction is pattern avoidance, which attracts increasing attention in the modern
probability [6, (19, [20] and modern combinatorics literature [7]. Any sequence of distinct positive
integers w = w; - - - wy determines a permutation of [k] by reduction: with {w), ..., wy}< denoting
the set of elements listed in increasing order, we define the map w +— i, under which w maps
to a permutation red(w) of [k], called the reduction of w. For example, w = 826315 reduces to
red(w) = 625314. We call any fixed 7 € S,, a pattern and say that 0 € S, contains 7 if there exists
a subsequence 1 < iy < -+ < i, < m such that red(o;, ---0;,) = 7. We say ¢ € S, avoids t if it does
not contain it. We say that o contains © consecutively if there exists an index j € [n — m + 1] such that
red(0j0j+1 -+ 0j+m-1) = T; otherwise, we say o avoids T consecutively. For any pattern 7, we define

S,(t):={0 €8, : ogavoidst} and

3,,(”[) :={0 €8, : oavoids 7 consecutively}, (5)
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which we extend to any subset A C | J,,5; Si by
Siu(A) ={c €S, : cavoidsallT € A} and (6)

S,(A):={c€S,: gavoidsallt € A consecutively}.

For the most part, we are interested in sets S,(t) containing all permutations that avoid a given
pattern 7, though our approach extends in a straightforward manner for more general sets A.

Much effort has been devoted to exact enumeration of S,(A) for certain choices of A, see, e.g.,
[1, 4} 15} 23]. But enumerating S,(7) is notoriously difficult for patterns of fixed length larger than
3. Knuth [24] initiated interest in pattern avoidance in the study of algorithms by identifying the
231-avoiding permutations as exactly those that can be sorted by a single run through a stack; see
Bona [7, Chapter 8] for further discussion. In fact, it is now well known that the avoidance sets S, (7)
for every length-3 pattern 7 are enumerated by the Catalan numbers [35, A000108]:

2
1 S,(7)| = (:)/(n +1), e {123,132,213,231,312,321}.

Just as in the derangement problem above, enumeration of S, (A) has an elementary probabilistic
interpretation that motivates much of our paper. With ¥,, denoting a uniform random permutation
of [n] and A a set of permutations, the probability that Z, avoids A is

P{¥, avoids every © € A} = |S,(A)|/n!.

The Stanley-Wilf conjecture as proved in [27] states that | S,(7)| grows exponentially with n for

every fixed 7. For example, the Catalan numbers are known to grow asymptotically like 4"/ Vi n3,
yielding the asymptotic avoidance probability

P{Znavoid5231}:(2:)/(n+1)!~ L (46

nn2\2 n
Such calculations quickly become intractable as # grows large. For example, the sets of 1324-avoiding

permutations have only been enumerated up to n = 31 [21]. Even precise asymptotics for | S, (1324)|
have not yet been established [8} 9} [12].

n
) as n — oo,

3 Main Resulis

To fix notation throughout the text, we write ¢ = 01 ---0, to denote a generic permutation. For
any subset A C [n], we write o4 to denote the restriction of o to a permutation of A obtained by
removing those elements among o7, . .., 0, that are not in A. For example, with 0 = 867531924 and
A=1{1,3,5,7,9}, we have g4 = 75319. We write L, to denote a random permutation of [#n].

3.1 Definitions

Throughout the paper, we write £(X) to denote the distribution, or law, of a random variable X and
L(Y | X) to denote the conditional distribution of Y given X. For random variables X and Y, we write
dry (L(X), L(Y)) to denote the total variation distance between the distributions of X and Y, which is
defined as

drv(L(X), L(Y)) = sup, g IP(X € A) = P(Y € A)],

where the sup is taken over Borel measurable subsets of R. In the special case of non-negative
integer-valued random variables, the total variation distance can be computed as

dry(L(X), L) = 5 ) IP(X = n) = P(Y = ).
n=0

1
2
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Define the set of all unordered, distinct m-tuples of elements from [n] by
Jm =i, i} 1 <0 <0 <y <, m € [n].

For each a € |, let D, be the set of all m-element subsets of [11] that overlap with « in at least one
element, i.e.,, Dy := {B € ], : pNa # 0}. For example, if & = {1,5,8}, then DS, = {{j1, j2, ja} : ji ¢
{1,5,8},i=1,2,3}.

With ¥, denoting a uniform random permutation of [1], & € ], and 7 a fixed pattern of length
m, we define X, = X;, ;. as the indicator random variable for the event that the reduction of ¥, at
positions iy, ..., i, gives the pattern 7, i.e.,

Xy, = Mred(Zy,(i1) - - - Zu(im)) = 7). )

Let X = X, := (Xa)aej,, be the collection of all such indicators and let B = B, = (Ba)aej, denote a
collection of independent Bernoulli random variables whose marginal distributions satisfy [E B, =
E X, for each a € J,,. The random variable

W = Z Xilnuﬂ’m (8)
1<ii<..<ip<n

counts the total number of occurrences of 7 in L,. For any t € S,,, foreachs = 1,...,m — 1 we define
Ly(7) as the overlap of size s, i.e., the number of permutations ¢ € Sy;—s for which there are indices
1<ip<--<ip<2m-sand1<j; < - <j, <2m—ssuch that {i,...,i,} and {ji,..., ju} have
exactly s elements in common and
red(oj, ---0;,) = red(0j, ---0j,) = T.

For consecutive pattern avoidance, we similarly define the set of all m-tuples of the form {i,i +

1,...,i+m—-1},1<i<n-m+1,as
Ju=ii+1,..i+m-1}:1<i<n-m+1}, meln].

Let X = X, := (Xa) g7 » and let B = B,, = (B,)

random variables whose marginal distributions satisfy [E B, = E X,, foreach a € fm. For fixedt € S;,
and X, a uniform random permutation of n, we define the random variable

«cj, denote a collection of independent Bernoulli

W = Z Xs,s+1 ,,,,, s+m—1s (9)

1<s<n—m+1

which counts the number of consecutive occurrences of 7 in T,,. We also define Ly(7) as the sequential
overlap of size s, i.e., the number of permutations ¢ € Sy,s for which

red(o1 -+ 0m) = red(Om—s+1 * - O2m—s) = T.

3.2 Main results on pattern avoidance

We begin with several theorems specifically about pattern avoidance, which follow from the
quantitative bounds given in Section 3.3}

Theorem 3.1. Assume n > m > 3 and 1 is any pattern of length m. Define

e N o

S on o\ 2L(7)
N > (10

s=1 '
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and

Dy = min(1, A7) (dq + do).
Then we have

nte™ (1= e'Dym) < 1Su(0] < nle™ (14 Dy 11)

In addition, for any fixed € > 0, suppose m = m(n) is some increasing, integer-valued function of n such
that m > (ee"/® + €) \/n. For any sequence of patterns t, € S, we have

KA

o =0(l) asn — oo.

Remark 3.2. There are several noteworthy aspects to Theorem|3.1

1. The expression for A equals the expected number of occurrences of T in a uniform random permutation
of [n], and thus is the same for all patterns of length m.

2. The expression for di cannot be improved using our approach.

3. We are not aware of any efficient means to calculate the values Ly(7) in general. For a simple and
explicit upper bound, applicable for all patterns t of length m, we have used

m—1
B

s=1

but we suspect that this bound can be improved.

It is tempting to conjecture that Theorem (3.1 holds even when A tends to some fixed positive
constant, but we suspect this is not possible, as we now demonstrate.

Lemma 3.3 ([28])). Fixanyt > 0andlet A = (),)/m!. Then A — t as n — oo provided
1 1 1, 1
m~e\n— 1 log(n) — 3 log(2mtt) — 4_16 o) asn — oo, (13)
Lemma 3.4. Suppose n, m, and n — m tend to infinity and d is as defined in Theorem [3.1} Then we have
dy ~ A2 (1= ).

In particular, for any € > 0 and m > (e + €) Vn, we have d; — 0, and for m ~ e~n — }‘log(n), we have
dy — c € (0,0).

It follows that a necessary condition for d; to tend to zero is that

1

mxeNn— (Z - e) log(n) forany e >0, (14)

where the notation a2 > b means that both a > b and a ~ b. It is also well known, see [22 25],
that the typical size of the longest increasing subsequence of a random permutation of size n is
asymptotically of order 2 /11, and so one cannot have a Poisson limit theorem which applies to the
increasing pattern 12...m with m < 2 y/n. It is interesting to investigate the behavior in the gap, i.e.,
for m ~ cy/n with any 2 < ¢ < ¢, and we leave this as an open problem.

We also have an analogous theorem for consecutive patterns.



Pattern avoidance for random permutations 7

Theorem 3.5. Assumen > m > 3 and 1 is any pattern of length m. Define

— n-m - 2mn-3m’+m - S m-2m+s)2L(7)
A = 7 d =5 d = 7
m! ! m!2 2 ; (2m — s)!
and . o
Dy = min(1,1/A)(d; + da).
Then we have
nte™ (1= ¢ Dyw) < 1Su(0)] < nle™ (1+¢* Do) (15)
In addition, fix any t > 0, and define M(t,n) := LIoglog(n/:;):gl(:;iz)glog(n/t) - %J Let m = m(n) be some

increasing, integer-valued function of n such that m > M(t, n). For any sequence of patterns t, € S,,, we
have D, , — 0, and thus

1@ _ 3

n!

=o0(l) asn— oo.

Furthermore, define T, (7, k) as the number of permutations in S,, where pattern T occurs exactly k times, and
take m(n) = M(t, n). For any sequence of patterns t, € S,,, we have

)

k=0

k
Tu(7, k) _ t_et

o k' =0(l) asn— oo.

In Section 3.4} we present an analogous result for permutations chosen according to the Mallows(q)
distribution.

3.3 Main results on uniform permutations

Theorems [3.1|and [3.5| provide an asymptotic analysis for sequences of patterns which also grow in
size. It is too much to expect a general asymptotic formula for any fixed pattern—we have already
noted the difficulty of nailing down the asymptotic growth of 1324-avoiding sets—but Poisson
approximation, see Section 4}, provides a general approach for obtaining preasymptotic bounds on
various quantities when all sizes are fixed.

Theorem 3.6. Assumen > m > 3 and 1 is any pattern of length m. Recalling the definition of X, in (7), we
let X = (Xu)aej,, be the collection of all such variables and B = (B, )aej,, be an independent Bernoulli process
with marginal distributions satisfying IE B, = E X, for all o € ],,,. We have

dry (LX), L(B)) < 4Dy + % (16)

where Dy, ,, and A are as defined in Theorem Furthermore, with W defined as in , and for Y a Poisson
random variable with mean A = EW, we have

dTV(L(W)/ L(Y)) < 2Dn,m-

Theorem 3.7. Assume n > m > 3 and T is any pattern of length m. Recall the definitions of X, B, and W
given in Section We have

21

dTV (-E (X>)/ -C (E)) < 45n,m +
where D,,,, and A are as defined in Theorem Let Y denote a Poisson random variable with parameter A.
We have
drv (L(W), L(Y)) < 2Dy
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3.4 Main results on Mallows permutations

In Section [} we discuss several special properties of the Mallows distribution that are useful for
studying consecutive pattern avoidance. Using these properties, we obtain analogous bounds to
those in Theorems[B.6land

Recall the definition of the restriction L4 of L, to a subset A C [n], as defined at the beginning
of Section Also recall ],, denotes the set of subsets of size m whose elements are consecutive in
{1,2,...,n}.
Theorem 3.8. Fix g > 0 and let ¥, ~ Mallows(q) as defined in (2). For any m > 2, fix any patterm t,, of
size m. For any a € J,,, let

Xy = I(red(Zpe) = Tim)

and W =Y, 5 X, and let Y be an independent Poisson random variable with expected value A = EW.

agf,
Then
drv(LW), L(Y)) < 2(b1 + b2),

where

lino(T,)| _ 32 2| ino(t,)| m-1 linv(p)|
q (2mn —3m* +m)q q

A=n-m , b= , b= n—2m+s ,
(n=mg g Lu(q)? 2 ;( )peLZé  Ton=s(4)

where L,,(q) is as defined following (2).

Asymptotic formulas and Poisson limit theorems for general Mallows permutations depend on
the interplay between the parameters n, m, |inv(t)|, and 4. In particular, we need the expected
number of occurrences to converge to a constant A € (0,0). In the case of consecutive pattern
avoidance, the expected number of occurrences of a pattern 7 € S,, in £, ~ Mallows(q) is

A= (n—m)g™ /L),
which, for m fixed, produces non-trivial limiting behavior whenever
g~ pWinv@l g~ nl/((';)—\inv('[)l) as 1 — oo.
We can also allow m to vary and keep g fixed so that
linv(T)| ~ —log(n)/log(g) or |inv(t)| ~ —log(n)/log(q) + m*/2 asn — oo.

Combined with Theorem [3.8} these observations yield Theorem 3.9)below.

Theorem 3.9. Let m = m(n) be a non-decreasing integer-valued sequence, T, € S, be a sequence of patterns,
and q = q(n) be a sequence of parameters. For each n > 1, let &, be a random permutation from the Mallows

distribution (2) with parameter q(n), with Xq and Eq defined analogously. For any measurable function
h:{0,1)" ™1 - R and Borel set A C R, we have

P(h(X,) € A) = P(h(B,) € A) + o(1),
provided either
q(n) < n~V10C0)  for almost all n > 1,

q(n) = M ("3) o)) for almost all n > 1,
| in0(Tmmy)l < —log(n)/log(q(n)) foralmostalln >1andgq <1 or
| inv(Timm)|l = —log(n)/ log(g(n)) + m(n)?/2 foralmost alln > 1 and q > 1.
In Section we demonstrate Theorem(3.8for all patterns of length 3. In Section[6.2} we compute

the bounds in Theorem B.§|for the specific patterns 2341 and 23451 and we plot the estimated pattern
avoidance probabilities in the appropriate asymptotic regime for g from Theorem
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3.5 Classical pattern avoidance for Mallows permutations

We conclude this section by commenting that our approach is silent about classical pattern avoidance
in Mallows permutations. The reason for this limitation is readily seen by noting the interplay
between the Arratia-Goldstein-Gordon Theorem (Theorem4.2) and the homogeneity properties of
the Mallows distribution, or lack thereof, highlighted in Section [5.2]below. Briefly, for any pattern
TeSyandany 1 <i; <... <i, < n, the probability that T occurs in positions i, ..., iy of a uniform
random permutation of [n] is 1/m!, regardless of the choice of indices iy, ...,i,. This property is
crucial to computing the constants b; and b, in our application of Theorem and allows us to
obtain quantitative bounds when permutations are assumed to be drawn uniformly at random.

The same property does not hold for Mallows permutations. Instead, Mallows permutations
only satisfy the weaker property of consecutive homogeneity, by which the probability that a pattern
T occurs in consecutive locations j,j +1,...,j + m — 1 is the same regardless of j; see Section
We know of no general formula for computing the probability that a given pattern appears in non-
consecutive locations of a Mallows permutation. Without such a formula, we have no systematic
way to extend our results in this direction, and so we leave this as an open problem.

4 Poisson approximation
4.1 Chen-Stein method

Stein’s method is an approach to proving the central limit theorem that was adapted by Chen to
Poisson convergence [11]. The advantage of this method is that it provides guaranteed error bounds
on the total variation distance between the distribution of a sum of possibly dependent random
variables and the distribution of an independent Poisson random variable with the same mean.

Theorem 4.1 (Chen [11]). Suppose X1,Xo,..., X, are indicator random variables with expectations
p1,P2,--.,Pu, respectively, and let W = Y.i., X;. Let Y denote an independent Poisson random vari-
able with expectation A = Y.i_, pi. Suppose, for each i > 1, a random variable V; can be constructed on the
same probability space as W such that

-L(l + Vj) = L(W | X,' = 1).
Then

1 — E_/\

Arv(LON), L00) < = ) pEIW = Vi) (1s)

4.2 Fixed points example

To see how Theorem [18|can be applied, let (1) denote the number of fixed-point free permutations
of [n]. With X, a uniform permutation of [n], we define indicator random variables

X; =1(iis a fixed point of Z,, ), i=1,...,n.

(Note that these random variables are not independent.) We then define the sum

W= ZH:Xi
i=1

so that P(W = 0) = e(n)/n!and A = EW = Y., % = 1, the expected number of fixed points. Even
before we proceed with the bound, we obtain the heuristic estimate of n!e™! for e(n), just as in (3).

To apply Theorem we need to construct an explicit coupling of W and 1 + V; on the same
probability space. This is done for more general restrictions in [5], but we shall write out the full
calculation on fixed points to illustrate the basic premise.
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We take 1 + V; to be the random sum W conditioned on X; = 1. For a random permutation o,
suppose (i) = j, for some j € [n]. The coupling is: swap elements i and j. The resulting permutation
has the same marginal distribution as a random permutation conditioned to have a fixed point
ati. In fact, [IW - Vj| € {0,1,2} for each i since we modify at most 2 elements, and the elements
not involved in the swap cancel out (i.e., any fixed points occurring on indices other than these
swapping positions remain unchanged). Let us denote the random variables after the coupling by
X1, X5, ..., X, that s, L(X}) =L(Xj|X;i=1),sothat1+V; = Z7=1 X; We have

0, o(i) #i,inotin a 2-cycle,
=|Xi+ XjI(J =0(), J# )l =41, o() =1,
2, iina2-cycle.

W= Vil = [Xi + ) (Xe = Xp)

k#i

The probability that two given elements i and j are part of a 2-cycle is precisely 1/(n(n — 1)), and the
probability that i is part of a 1-cycle is 1/n. Thus,

1
E[W-Vi|==+
n

and equation (I8) becomes
n

drv(LOW), L)) < (1 e %

For all n > 1, we have

e(n)

__e_l

3(1-e1
n! n '

[IPIW =0)-P(Y =0)| =

< sup, [P(W = i) — P(Y = i)| < dry(W,Y) <

Rearranging yields
nle™ =3(m—1)!(1—et) <e(n) <nle™! +3(n—-1)!(1-e).

Note that this is a guaranteed error bound that holds for all # > 1, and as a corollary we get
e(n) = nle (1 + o(n™h)).

The error bounds derived from the Chen-Stein method can be improved in special cases, e.g., e(1)
above can be obtained exactly by rounding n!/e to the nearest integer for all n > 1, but the appeal of
Poisson approximation is that it applies more generally.

4.3 The Arratia—Goldstein—Gordon Theorem

Arratia, Goldstein, & Gordon [2] provide another approach to Poisson approximation that is
sometimes more practical for Poisson approximation.

Theorem 4.2 (Arratia, Goldstein, & Gordon [2]). Let I be a countable set of indices and, for each @ € I, let
X, be an indicator random variable. Let X = (X,)qer denote a collection of (possibly dependent) Bernoulli
random variables and let B = (By)aer denote a collection of independent Bernoulli random variables with
marginal distributions which satisfy EB, = EX, for all « € I. Define p, :== EX, = P(X, = 1) > 0 and
Pap = E X Xg. Also define W := ), Xo and A := EW = ¥ ., pa. For each a € I, define sets D, C I and

the quantities
by = Z Z PaPp,

a€l peD,

by ::Z Z Pag,  and (19)

a€l a#BeD,

by = Y EIE{Xo —po | o(Xg : f ¢ Do),

ael
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where 0(Xp : B & Do) denotes the smallest o-algebra containing Xg. We have

dry(L(X), L(B)) < 22y +2b, +b3) +2 ) p?.

ael

Furthermore, let Y denote an independent Poisson random variable with mean A = EW. We have
dry(LW), L(Y)) < 2(by + bz + b3),

and also

1-e?
A
In our applications, we are able to define sets D,, @ € I, so that b3 = 0 always holds; whence,

the calculations of the bounds in our theorems require only calculations involving first and second

(unconditioned) moments. For uniform random permutations this is straightforward, but establish-

ing the analogous properties for consecutive patterns under random Mallows permutations is less

obvious.

|P(W = 0) — P(Y = O)I < (b1 +by + b3)

5 Consecutive pattern avoidance of Mallows permutations

For any permutation ¢ = 01 - --0,, we define its reversal by ¢" = 0,,---01. By the definition of the

Mallows distribution in (@), it is apparent that Pl(o) = Pi/ (6" for all 0 € S,,, and so we can focus on
the case 0 < g < 1 in our analysis.

5.1 Sequential construction

The Mallows distribution (2)) enjoys several nice properties that are amenable to the study of pattern
avoidance. These properties are readily observed by the following sequential constructions, both
of which are well known and have been leveraged in previous studies of the Mallows distribution;
see, for example, [6, [17]. While the properties below are well known, we are not aware of their
appearance in relation to pattern avoidance. We provide proofs for completeness.

For g > 0, we say that random variable X has the truncated Geometric(q) distribution on [n], written
as X ~ Geometric(n, ), when the point probabilities of X are given by

PIX=k=¢g"YA+---+4g"", k=1,...,n. (20)

A Mallows permutation can be generated from the truncated Geometric distribution in two ways,
which we call the ordering and bumping constructions.

For the ordering construction, we generate X, Xy, ... independently, with each X,, distributed as
Geometric(n, 1/q). To initialize, we have X; = 1, the only permutation of [1]. Given X, = 01--- 0y
and X,,41 = k, we define

Ypi1 =01 0p1(n+ Dok - - 0y,

Foreveryn =1,2,...,itis apparent that ¥, is a Mallows(g) permutation because the probability that
element 1 + 1 appears in position k of £, is

PEun(k)=n+1) =P Wi(X =k = P" "X =n+1-k) =g /A +g+---+qg").

Since Xj, ..., X, are chosen independently and each event {L, = ¢} corresponds to exactly one
sequence Xj, ..., X,, we observe

asin ().
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Definition 5.1 (Mallows process). A collection (X,),>1 generated by the ordering construction for fixed
g > 0 is called a Mallows(q) process.

For the bumping construction, we generate Xj, Xy, ... independently with each X,, distributed as
Geometric(n, 1/q) as before, and again we initialize with ¥; = 1. Given L, = 01--- 0, and X,41 =k,
we obtain X1 by appending k to the end of ¥, and “bumping” all elements of =, that are greater
or equal to k. More formally, the permutation X, and the variable X,,,; give rise to the updated
permutation X7 - - - X} X;;+1, where

v Yi+1, X=X,
] L, otherwise.

For example, if 5 = 24135 and X, = 3, then L4 = 251463. Again, the resulting distribution of *, is
Mallows(g) because X,+1 = k introduces exactly n + 1 — k new inversions in Z,;; and X3, Xy, ... are
generated independently.

5.2 Properties of Mallows permutations

Throughout this section, we let (X,),>1 be a family of random permutations so that each X, is a
permutation of [n]. We say that (Z,),»1 is consistent if forall1 <m <n

P(Zpjm) = 0) = P(Ew =0), 0€Su. (1)

It is immediate from the ordering construction that the Mallows process (X,),>1 is consistent for
every g > 0.

Recall the reduction map described in Section We call (£,,)n»1 homogeneous if forall1 <m <n
and every subsequence 1 <ij <--- <i, <n

P(red(Zy(i1) - - Zn(im)) = 0) = P(Ey = 0), 0 € Sp. (22)

We call (X,),>1 consecutively homogeneous if holds only for consecutive subsequences i, +
1,...,1+m—-1.

Lemma 5.2. The Mallows(q) process is consecutively homogeneous for all q > 0 and homogeneous for q = 1.

Proof: The g = 1 case corresponds to the uniform distribution, which is well known to be homoge-
neous. For arbitrary g > 0, consider the event {red(Z,(j) - -- L.(j + m — 1)) = o} for some o € S,.. By
the ordering construction, we can first generate X, = X,,(1) - - - Z,,(m) from the Mallows(1/q) distri-
bution on [m]. We then obtain X1 from X, using the bumping construction for Mallows(1/q)
distribution. Thus, we have X1 ~ Mallows(1/q) and its reversal X/ b1 ™ Mallows(g) with

red (X’

m
menting X.

+],_1(j) e anﬂ._l(m +j—=1)) = Zpu(m)--- L, (1) ~ Mallows(g). Finally, we obtain X, by aug-

i1 according to the bumping construction, so that

red(Z,(j) - Zp(m + j— 1)) = red(X] (j)--- Z;H]-_l(m +j-1)) =X, (m)--- Lyu(1) ~ Mallows(g).

m+j—1
This completes the proof. ]

We say that X, is dissociated if X, 4 and X, are independent for all non-overlapping subsets
A,B C [n]. If, instead, X,4 and L,z are independent only when A and B are disjoint and each
consists of consecutive indices, then we call L, weakly dissociated.

Lemma 5.3. For all n > 1, the Mallows(q) distribution on S, is weakly dissociated for all g > 0 and
dissociated for q = 1.
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Proof: Fori’ > i > landm,m’ > Osatisfyingi+m—1 <i’andi’"+m’—1 <n,letA ={i,i+1,...,i+m-1}
and B ={/,i +1,...,i’ +m’ —1}. For any n > 1, we can construct a Mallows(q) permutation of [n] by
first generating Y;,,m—1, for which we know that red(Xis-1(0) - - - Zim—1(i + m — 1)) ~ Mallows(g) by
Lemma We then construct L, from Z;,,,—1 by the bumping construction. Since bumping does
not affect the reduction of any part of X,(1) - - - £,,(i + m — 1), we have

P(red(X,(i)- - Zy(i+m—1)) =0 | red(Z,({") - - Z,(i +m' = 1)) =0’} =)
P(red(Zirm-1(0) -+ Zigm-1(i + m = 1)) = o | red(E, (") - - En(i" + m" = 1)) = 0')
= PEu(1)---Zpu(m) = o),

proving that X, is weakly dissociated. Dissociation of the uniform distribution (g = 1) is well known
and so we omit its proof. The proof is complete. m|

Together, the above properties facilitate study of consecutive pattern avoidance for Mallows
permutations with arbitrary g > 0. For example, the pattern 231 has probability 4%/(1 + 2q + 2¢* + ¢°)
to occur in any stretch of three consecutive positions of a Mallows(g) permutation. Since there are
n — 2 consecutive patterns of length 3 in a permutation of [1], the expected number of occurrences is
(n —2)¢?/(1 +2q + 2¢* + ¢°). Por large n and small g, this expected value behaves asymptotically as
ng?, so that taking g ~ 1/ v/n gives an expected number on the order of a constant. When g is large,
the expected number of occurrences behaves as ng~! for large 7, and taking g ~ 1 gives an expected
number on the order of a constant.

5.3 Poisson convergence theorems

Theorems [3.8| and [3.9] follow by combining the above properties of Mallows permutations with
Theorem The calculations and resulting bounds for the general Mallows measure follow the
same program as the uniform case, with the key distinction that we only consider consecutive patterns
for the general Mallows distribution; see Section Unlike the uniform setting, the bounds for
the Mallows distribution depend non-trivially on the parameter g and the structure of 7. It is more
fruitful to illustrate this dependence with specific examples than to regurgitate the same proof for
Mallows permutations.

5.3.1 Monotonic patterns under Mallows distribution

Consider the set of permutations that avoid the pattern 123. There are no inversions, and the size
of the pattern is 3; thus, the probability of seeing this pattern in any given set of three consecutive
indices of a Mallows(g) permutation is 1/I3(g). We also need to consider second moments, i.e., the
probability of seeing two 123 patterns. By Lemma [5.3| we need only consider overlapping sets of
indices. There are two cases, either two indices overlap or one does. If two indices overlap and the
first three and last three both reduce to pattern 123, then the segment must reduce to 1234. Similarly,
if one index overlaps, then the segment must reduce to 12345.
The results below extend this argument to monotonic patterns.

Lemma 5.4. Fix q > 0 and let X, ~ Mallows(q). For each m > 1, let T, denote the pattern 12---m. For
each o € 7m, define
Xy = (red(Zpp) = Tw)-

(Recall that L.\, denotes the restriction of L, to the subset of indices a.) For a random permutation generated
using the Mallows measure, we have

and for a, B € J,,, a # B, we have
1
27
]EX(XX‘B — Im(‘i)
IZrnfs(q),

if a, B have no overlapping elements

if a, B have exactly s overlapping elements, s = 1,2,...,m — 1.
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Proof: The expression for EX,Xs when a and f do not overlap is a consequence of the weak
dissociation property of Mallows permutations (Lemma 5.3), whereby

E X, X = EX,EXp = P(red(Zua) = Tw)* = (1/Ln(q))*.

When a and p overlap in s elements, the event {X, = Xg = 1} requires that both X, and g reduce
to the increasing permutation, which can occur only if Z,,up reduces to the increasing permutation
of 2m —s. m]

Proposition 5.5. Fix g > 0 and let X, ~ Mallows(q). For any m > 2, let t,, be the increasing pattern
12---m. Forany a € J,,, let
Xy = W(red(Zpp) = Tt)-

Let W =Y, - X,andletY bean independent Poisson random variable with expected value A = EW. Then

agj,,
dry(LW), L(Y)) < 2(b1 + by),
where

m-1
n—m nm 1
—, =—1 hh=my —,
Im(q) ! Im(’?)z 2 > ; IZm—s(Q)

and ny and ny are given by

ny =2mn—3m?>+m and
1y = 3m — 3m* — 2n + 2mmn. (23)

Proof: When 2m — 1 < n, we have n; = 2Y.",(n — 2m +s) = 2mn — 3m? + m, and similarly
ny = 2" n = 2m + s) = 3m — 3m? — 2n + 2mn. The factor of 2 is from exchanging the role of a, B.
When 2m — 1 > n, the stated expressions for 111 and n, are still valid upper bounds, but they can be
improved. m|

It is straightforward to state the complementary result about the decreasing pattern - - -21.

Proposition 5.6. Fix g > 0 and let X, ~ Mallows(q). For any m > 2, let 1, be the decreasing pattern
m---21. For any o € ]y, let

Xy = Wred(Zpp) = i)
and W = Y. ,e;,, Xa, and allow Y to denote an independent Poisson random variable with expected value
A =EW. Then
drv(LW), L(Y)) < 2(b1 + b2),
where

@) @) ol (e

q niq q
A=mn-m , b = ——, b, =n -,
=L@ ' Lu(9? 2T Z‘ Lon—+(q)

and ny and ny are given by

ny =2mn—3m> +m and

np, =3m —3m? = 2n + 2mn.
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5.3.2 Other patterns of length 3

We now demonstrate the dependence of the total variation bound on g for the small patterns 132, 213,
231, and 312. In this section, we again recall that 7m denotes the set of all m-tuples with consecutive
elementsin {1,2,...,n}, and for a given a € 73, X, denotes the indicator random variable defined in
(7).

- For © = 132, we have E X,, = q/I3(q), and there can be no consecutive occurrences of 7 that overlap
with two indices. The only possible ways to have one overlapping index are the patterns 13254,
15243, and 14253. In these cases, we have

-3
A= —(n )q and
I3(q)
1 g%, 13254,
- 3
E X, Xg = 5@ X q4, 14253,
gt 15243.
LettingW = ¥ ; E X, and defining Y as an independent Poisson random variable with expectation
A=EW=(n-3) q/13(g), the total variation distance bound is given by
A (LOW), £0)) < 2( @ —13) L 4+ 2(n-5) M)
I5(q) Is(q)

The 2(n—5) term comes from the two sets of triplets {1, 2, 3} and {2, 3, 4} for which the overlapping pair
can only occur to the right of the elements, and similarly from the two sets of triplets {n —2,n -1, n}
and {n — 3,n — 2,n — 1} for which the overlapping pair can only occur to the left of the elements, and
finally the (n — 4 — 3) triplets in between for which the overlapping pairs are both to the left and the
right; hence 2 + 2(n — 7) + 2 = 2(n — 5). Similarly, the 3n — 13 comes from 2 -2 + 3(n — 7) + 2 - 2. For
fixed t > 0, we have A — t and dry(L(W), £(Y)) = O(n?!), provided g ~ tn~! or g ~ tn'/2.

For 7 = 213, we similarly have

_ (=31
I(q)
7, 21435,
1
E X Xg = o ¢, 31425, and
M q*, 32415,
dry(LW), L(Y)) <2((3n - 13) T +2(n - 5) gre+q
7 = n— n— ],
TV IS(‘])Z 15(17)

which for g ~ tn! or g ~ tn'/2 implies A — t and drv(L(W), L(Y)) = O(n7!).
For t = 231:

1= (n-13) qzl
Li(q)
1 q°, 34251,
]EX"‘Xﬁ ==X q7, 35241, and

I5(q) g

q°, 45231,

dry(LW), L(Y)) < 2((3n —13) q +2(n - 5) W)’
L3(q)? Is(9)
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n j lower n!

100 36 6.85456 x 107 9.3326 x 1017
1000 133 3.4433 x 10%¢7 4.6045 x 10%¢7
10000 442 8.3847 x 1035658 2.8463 x 10359
100000 14353  9.9451 x 1065657058 12024 x 1(©5657059

Tab. 1: Bounds on | S,(7)| for T € S;, for different values of n and ;.

n j  lower n!
100 6  3.98735x 107 9.33262 x 107
1000 7 5.77948 x 10%566 4.02387 x 10%¢7
10000 9 249966 x 10%°6%°  2.84626 x 10376
100000 1

1

0 2.48004 x 10%6573  2.82423 x 10456573
1

1000000 7.34802 x 103565708 826393 x 107565708

Tab. 2: Bounds on |§n(T)| for T € S, for different values of n and ;.

which for g ~ /21712 or g ~ nt'/2 implies A — t and drv(L(W), L(Y)) = O(n7).
And finally for T = 312:

_(n=3)¢
AT
q°, 51423,
1
EX.Xp = —— X {q’, 52413, and
s g8, 53412,
drv(LW), L(Y)) < 2[(3n - 13) v, 2(n-5)w |

B I3()? e

which for g ~ /21712 or g ~ nt1/2 implies A — t and dry(L(W), L(Y)) = O(n™?).

6 Numerical examples

6.1 Numerical values

Using Theorem we can estimate | S, (7)| for different sizes of patterns 7. Table [l shows the
lower bound thresholds for several values of n and patterns of size j. Similarly, using Theorem 3.7}

we estimate |§n(’t)| in Table In the case of n = 1000 and j = 133, we have more specifically
3.4433 x 102%7 < | S,,(7)| < 4.0239 x 1077,

6.2 Detailed illustration for the patterns 2341 and 23451

Propositions [5.5/and [5.6| give an expression for the total variation bound between the number of
occurrences of the increasing and decreasing patterns and an independent Poisson random variable.
In principle, these bounds can be computed exactly for any pattern by way of the Arratia-Goldstein—
Gordon theorem (Theorem [4.2), and so we need only compute the quantities by, by, and b3 as in
Theorem 4.2}

By Lemma all Mallows(q) permutations are weakly dissociated and, therefore, b3 = 0 for all
patterns in the case of consecutive pattern avoidance. For any pattern 7, homogeneity of the Mallows
measure implies p, = g™ @!/I,,(q) for all a, and so b, is easy to compute. The only complication
involves the consideration of overlapping patterns in the calculation of b,. We cannot prove anything
more general than Arratia-Goldstein—-Gordon for arbitrary patterns; instead, we compute these
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permutation | no. inversions || permutation | no. inversions
3452671 9 3462571 10
3472561 11 3562471 11
3572461 12 4562371 12
4572361 13 3672451 13
4672351 14 5672341 15

Tab. 3: List of all permutations that have pattern 2341 in overlapping positions along with the number of
inversions.

permutation | no. inversions || permutation | no. inversions || permutation | no. inversions

345627891 12 347825691 16 456923781 18
345726891 13 347925681 17 467823591 19
345826791 14 348925671 18 467923581 20
345926781 15 357824691 17 468923571 21
346725891 14 357924681 18 567823491 20
346825791 15 358924671 19 567923481 21
346924781 16 367824591 18 568923471 22
356724891 15 367924581 19 378924561 21
356824781 16 368924571 20 478923561 22
356924781 17 457823691 18 578923461 23
456723891 16 457923681 19 678923451 24
456823791 17 458923671 20

Tab. 4: List of all permutations that have pattern 23451 in overlapping positions along with the number of
inversions.

bounds in the special cases of 7 = 2341 and 7 = 23451. Figure|l|shows the performance of these
bounds at the critical values ¢ ~ n7'/® and q ~ n'/® for t = 2341, and g ~ n~'/* and g ~ n'/® for
T = 23451.

6.2.1 The pattern 2341

For 7 = 2341, we have p, = q3 /1s(g) and by = (n — 4)073 /14(g). The structure of 7 only permits overlap
with the first or last position. Table[3]lists all permutations that have pattern 2341 in the first 4 and
last 4 positions. These are the only permutations that contribute to b, in the bound of Theorem 4.2}
We assume n > 7. For positions 5,...,1n — 5, each of these overlapping patterns can occur twice;
otherwise, the patterns occur only once for a total of 2(n — 8) + 8 = 2n — 8 possibilities. There are
6(n —8) +2(5 + 4 + 3) = 6n — 24 overlapping patterns a and f that contribute to b;. Thus,

A= (n-4)q°/L),
bi = (6n - 24)¢°/1a(9)*, and
b, =(2n— 8)q9(1 +q+ 2q2 + 2q3 + 2q4 + q5 + qé)/ly(q),

giving the bounds

1—¢? 1—¢?
P =)<+ (b4 b

e = (b1 +by)

6.2.2 The pattern 23451

For 7 = 23451, we have p, = q*/I5(q) and by = (n — 5)q*/I5(q). The structure of 7 only permits overlap
with the first or last position. Table [4]lists all permutations that have pattern 23451 in the first 5
and last 5 positions. These are the only permutations that contribute to b, in the bound of Theorem
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We assume n > 9. For positions 5, ...,n — 5, each of these overlapping patterns can occur twice;
otherwise, the patterns occur only once for a total of 2(r — 10) + 10 = 2n — 10 possibilities. There are
8(n —10) + 2(7 + 6 + 5 + 4) = 8n — 36 overlapping patterns a and § that contribute to b;. Thus,

A= (n=5)4*/15(9),

by = (8n - 36)¢°/15(9)>, and

by = (2n —10)g"2(1 + g + 29 + 3% + 4¢* + 49° + 5¢° + 4¢" + 4% + 3¢° + 2" + 4" + ') /Is(9),
producing the bounds
1—e?

A

1-¢?

e = (b1 +by) 1

<PW=0)<e + (b +by)

7 Proofs
7.1 Bounds onp, and p.s

We first prove several lemmas, from which the theorems follow. By the homogeneity property of
uniform permutations we have

pa =EX,=1/m! foralla € J,.

To calculate the Poisson rate A, we use linearity of expectation: there are () possible m-tuples of
elements in [n], and so the expected number of subsets of m elements that reduce to the pattern
k1k2 cee km is

A=l pa = (:l)/m!.

Next, we consider the joint expectation p,s = [E X, Xp. In these calculations, recall the notation for
dq1,d, and 31, Ez from Theorems and E respectively.

Lemma 7.1. Fixa,f € |, and let s = 1,...,m — 1 denote the number of elements that «, f have in common.
For any such pair a, §, we have

Pap < —. (24)

Proof: First we condition on X,, which contributes a factor of 1/m!. By conditioning on X,, we
assume that the s common elements are in their proper order with respect to Xg. It may so happen
that, conditional on X,, no such event can occur, which justifies the inequality.

Consider first s = m — 1, i.e.,, condition on m — 1 of the entries being in their proper order.
Assuming that it is possible to realize both events simultaneously, the remaining element has
probability 1/m of appearing in its correct order. For general s, conditional on s entries being in their
proper order, the probability that the remaining m — s elements appear in their proper order is then
(s+D(E+2)---m™. o

7.2 Proof of Theorem
We have the following lemma.
Lemma 7.2. For D, defined as in Section3.1|and by as in Theorem 4.2}, we have by = 0 for all patterns .

Proof: This follows from the dissociated property of uniform permutations (Lemma [5.3). We
interpret the conditioning on o(Xg : g ¢ D,) as the o-algebra containing all possible information
about just the order of a particular set of three elements. Since these three elements do not overlap
any of the elements in a, knowing only their order does not affect X,, because uniform permutations
are dissociated. o
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Remark 7.3. Note that the conditioning in the expression for b is not the o-algebra containing all information
about the elements indexed by each tuple. If it were, then knowing their particular location would have an
impact. However, simply knowing their order does not reveal any more information about X,.

- ()-2)

(Note that the value of D, does not depend on a.)

Lemma 7.4. Foreacha € [,

Proof: Fixany a, € ], and lets = 1,..., m denote the number of elements that «, § have in common.
(This includes the case @ = f.) For eachs = 1,2,...,m, we select any s elements out of the m for the
two sets of indices «,  to have in common, then we select the remaining m — s elements from the
n — m remaining elements that are not in a. That is,

IDa| = Z (’;ﬂ:’:)(?) = (:l) - (" ;m) foralla € J,.

s=1

Lemma 7.5. We have

R R

Proof: Follows immediately from Lemma|[7.4/and Lemma m

The expression given for d, in Equation in the statement of Theorem [3.6|is straightforward,
although it contains the overlap quantities Ly(t), which can vary wildly for different patterns 7, and
for which we are unaware of any general explicit or asymptotic expression. We calculate explicit
upper bounds for d, in Lemma

7.3 Proof of Theorem(3.7 and Theorem

Theorem [3.7] follows from Theorem [3.8 using g = 1 and the fact that I,(1) = n!. Theorem [3.§]is a
straightforward generalization of Proposition 5.5}

7.4 Proof of Theorem[3.1l and Theorem

To prove Theorem B.1]it is sufficient that the bounds for d; and d; in Theorem [3.6| converge to 0 as
n — oo. For d, the asymptotic analysis is not so straightforward, which is why we instead use the
inequality in Equation (24).

Lemma 7.6. We have

i

dy <

N

() = (n—m\(m A1) (2(n—m)\" 1

E [ 2 Vn—m
mi? (m -5 (s 5= (2m)? 72 m© log(m)
Whence, for any € > 0, taking m > (ee'/* + €) n gives d, — 0.

Proof: We count the number of pairs («, ), @ € |,, and 8 € D, with exactly s shared elements. We
may first choose any 2m — s locations among the 1 possible choices for the patterns to occur. Of those
2m — s locations, we can choose any m of them for the elements of a. Then, of those m locations, any
s can also be shared with . Thus, for a given s € {1,2,...,m — 1}, there are

S g
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terms in the sum. Using equation (24), we have

() (n —m)(m) A e )

d) < — .
2 m—s/\s m! — (m —s)!

|
m. pc

In order to handle the sum, we first recall the quantitative bounds of Robbins [33], i.e.,

1 n! 1
el < ————— < e, foralln >1.

(n/e)" V2mn

Again we emphasize that this inequality holds for all #n > 1, which allows us to provide the simpler
bound of

2
1 3\ (En-m)\"" e
< 1~ 1A .
a2 < AeXp((lz 13));( (m—s)Z) 2m(m —3)
The term (6(2,2:;'2') )mis is maximized when m — s = vn — m; whence
A 1 Vi e*sz/m m A 1 3\ Ly
< — — . = n—m .
G2 < 5 P ((12 )) Z =27 9P ((12 13))" log(m)

s=1

Note next that

2
e2n\" e
=] 5=
m2 ) 2nm

so that for 7 > 0 and m ~ (e + 17) Vi, we have

2m ,—(e+n)?
A< (1 ; H) ¢

e
2m

M\ 1" logm el/e logm

dzs((“_e)(e rI)) 2nm S(1+g 2mum

Letting 17 = e(e!/® — 1) + € for any € > 0, we conclude that taking m > (ee!/* + €) v impliesd, — 0. O

2nm

and

We now compute an explicit upper bound for d, which establishes Theorem

Lemma 7.7.
m—1

dy < Z(n 2m +§)—— n 1

(m >'2 T omtm

Tuking any fixed positive t, m > TV (n/t) = 1 and m ~ TV (n/t) — 1, we have dy < £ — 0 as n tends to
infinity.

Proof: It is easy to see that
m=1 sl
- -1
ol (1+00m™),
s=

and also
-1

3

ss!
— = 0.

Il
—_

S
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Using equation (24), the result immediately follows. m

For a more explicit form of the growth of m, we define {(x) = I"(x)/I'(x), the digamma function,
as the logarithmic derivative of the gamma function, and denote by kj the smallest positive root of

P(x),i.e., ko = 1.46163.. .. Also, letc = e=' V21 —T(ko) = 0.036534 . .. and denote by W(x) the Lambert
W function, i.e., the solution to x = W(x)e"'®. Finally, let L(x) := log((x + c)/2m).

Lemma 7.8 ([10]). As x tends to infinity, we have

L(x) 1 N log(x)
W(L@)/e) 2 loglog(x) - log log log(x)’

Lemma 7.9. Suppose t > 0 is some fixed constant and m = [T"D(n/t) — 1. Then

n—m

A=

- t.
m!

Remark 7.10. We must be slightly careful when specifying the length of the pattern m in Lemma since
in general TV (n/t) — 1 will not be an integer. However, as long as m always exceeds this value, which we
have ensured by setting it equal to the smallest integer exceeding it, then the asymptotic expressions still hold.
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Fig. 1: Plot of pattern avoidance probabilities of Mallows(q) distribution for: (top left) pattern 7 = 2341 with
g = n~3; (top right) pattern T = 23451 with q = n~'/%; (bottom left) pattern 7 = 2341 with g4 = n'/%; and (bottom
right) pattern 7 = 23451 with g = n'/%. The dashed lines represent the upper and lower error bounds from the
Arratia—Goldstein-Gordon theorem, and the solid line represent their average, i.e., the heuristic approximation.
In all panels, the horizontal axis is on the logarithmic scale with base 10. Note that the dashed lines overlap
with the solid line in the two figures on the right, indicating that the error bounds are tightly concentrated
about the estimated probability.
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Fig. 2: Plot of lower and upper bounds on pattern avoidance probabilities of uniform distribution (g = 1) for
T = 2341 (left) and 7 = 23451 (right).
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In this paper, we consider pattern avoidance in a subset of words on {1,1,2,2,...,n,n} called reverse double lists.
In particular a reverse double list is a word formed by concatenating a permutation with its reversal. We enumerate
reverse double lists avoiding any permutation pattern of length at most 4 and completely determine the corresponding
Wilf classes. For permutation patterns p of length 5 or more, we characterize when the number of p-avoiding reverse
double lists on n letters has polynomial growth. We also determine the number of 1 - - - k-avoiders of maximum length
for any positive integer k.

Keywords: permutation pattern, reverse double list, Wilf class, standard Young tableau

1 Introduction

Let S,, be the set of all permutations on [n] = {1,2,...,n}. Given 7w € S,, and p € S; we say that
™ contains p as a pattern if there exists 1 < ¢; < ia3 < -+ < 49, < n such that m;, < m;, if and
only if p, < pp. In this case we say that 7;, - - - m;, is order-isomorphic to p, and that 7;, - - - m;, is an
occurrence of p in . If m does not contain p, then we say that m avoids p. Of particular interest are the

2n
sets Sy, (p) = {m € S, | wavoids p}. Lets,(p) = |Sn(p)|. It is well known that s, (p) = Elj‘rz for p € Ss;
see (19689). For p € Sy, 3 different sequences are possible for {s,,(p)},>1. Two of these sequences

are well-understood, but an exact formula for s,,(1324) remains open; see [Conway and Guttmanr| (R015).

Pattern avoidance has been studied for a number of combinatorial objects other than permutations. The
definition above extends naturally for patterns in words (i.e. permutations of multisets) and there have
been several algorithmic approaches to determining the number of words avoiding various patterns; see
Brindén and Mansout (2003)); Burstein| (1998)); Jelinek and Mansoug (2009); Pudwel] (R01().

In another direction, a permutation may be viewed as a bijection on [n]. When we graph the points
(i,7;) in the Cartesian plane, all points lie in the square [0,n + 1] x [0,n + 1], and thus we may apply
various symmetries of the square to obtain involutions on the set S,,. Form € S, let 7" = 7, - - - 71 and
letm®=(n+1—m) - (n+1—m,), the reverse and complement of 7 respectively. For example, the
graphs of m = 1342, 7" = 2431, and 7¢ = 4213 are shown in Figure EI

*Research was supported by the National Science Foundation (NSF DMS-1262852)
ISSN 1365-8050 (© 2018 by the author(s) Distributed under a Creative Commons Attribution 4.0 International License
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m = 1342

m" = 2431

m¢ = 4213

Fig. 1: The graphs of m = 1342, 7" = 2431, and 7¢ = 4213

Pattern-avoidance in centrosymmetric permutations, i.e. permutations 7 such that 7"¢ = 7 has been

studied by (2007, R010)), by Lonoff and Ostroff (201(), and by [Barnabei et al] (2010). [Ferrari (2011)

generalized this idea to pattern avoidance in centrosymmetric words. More recently, [Cratty et al] (2017)
defined the set of double lists on n letters to be

D, ={rm | 7e Sy}

In other words, a double list is a permutation of [n] concatenated with itself. We see immediately that
|D,,| = nl. Cratty et. al. completely characterized the members of D,, that avoid a given permutation
pattern of length at most 4. In all of these cases, knowing the first half of a permutation or word determines
the second half.

In this paper we consider a type of word that exhibits a different symmetry. In particular, let

Ry ={nn" | me Sy}

For example, R3 = {123321,132231,213312,231132,312213,321123}. We call R,, the set of reverse
double lists on n letters. Consider

Rn(p) ={o € R, | o avoids p},

and let r, (p) = |Ry(p)|.- We obtain a number of interesting enumeration sequences for {r,(p)}n>1 with
connections to other combinatorial objects. In Sectionﬂ we consider r,,(12 - - - k) for any positive integer
k. We give an analogue of the Erd6s—Szekeres Theorem for reverse double lists; in other words, we
show that r,, (12 - - - k) = 0 for sufficiently large n. We also enumerate the number of 12 - - - k-avoiders of
maximum length. In Section we completely determine r,,(p) for p € S3 U Sy4. In Section , we give data
that describes all Wilf classes for avoiding a pattern p € S5; we also classify the enumeration generating
functions for many of these Wilf classes. More generally, we characterize when r,,(p) has polynomial
growth for a pattern p of arbitrary length.

2 Avoiding monotone patterns

In this section, we show thatr,,(12 - - - k) = 0 for sufficiently large n. Theorem |I| gives a sharp bound on
when r,,(12- - - k) = 0, while Theorem E enumerates the maximal length avoiders of 12 - - - k.

Theorem 1. 1,(12---k) = 0forn > (§) + L
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Proof: Consider 0 = 7nn” € R,. Following Seidenberg’s proof of the Erdés—Szekeres Theorem in
(), for 1 < i < n, let a; be the length of the longest increasing subsequence of 7 ending
in 7; and let b; be the length of the longest decreasing subsequence of 7w ending in 7;. By definition,
1 < a;,b; < n. Further, if ¢ # j, then (a;,b;) # (a;,b;), since if m; < m; then a; < a; and if m; > m;
then b; < b;. Finally, for all ¢, the increasing subsequence of length a; in 7 ending at m; followed by
the reversal of the decreasing subsequence of length b; in 7 ending at 7;, minus the digit 7; in 7" forms
an increasing subsequence of length a; + b; — 1 in 0. If 0 € R,,(12---k), it must be the case that
a; +b; —1 < k for all i. There are (g) distinct pairs of positive integers where a; + b; — 1 < k, so we

have thatr,,(12---k) = 0 forn > (’2“) +1. 0

In fact, this bound is sharp. Let .J; be the decreasing permutation of length ¢. Also, let o @ 3 denote
the direct sum of permutations « = o - - -, and 8 = Sy - - - By, i.€.

(673 1<

7
(@@ B)i = {nJrﬂin n+1

<n
<

1 <n+m

Then7 = Jp 1 @ Jp 2@ - @ Jo @ J; is a permutation of length (’2“) such that 777 € R, (12 - - k).
Now that we have a sharp bound on when r,,(12- - - k) = 0, a natural question is: how many maximal

12 ... k-avoiders are there? This question is most easily answered using the Robinson—Schensted corre-

spondence between permutations and pairs of standard Young tableaux of the same shape. Recall that the

Robinson—Schensted correspondence maps a — (E, ) Now, given the pair of tableau (P, Q) for
Ty« Tp—1, We insert m,, in the following way:

(a) If m, is larger than all entries of row 1 of P, then append ,, to the end of row 1 of P and append n
to the end of row 1 of Q.

(b) Otherwise, find the first entry ¢ of row 1 of P that is larger than ,,, replace this entry with ,, and
now repeat steps (a) and (b) by trying to insert % into row 2, bumping if necessary. When we finally
have an entry that is added to the end of a row, insert a box in the corresponding place in () with
entry n.

In general, we write (P(7), Q(7)) for the pair of tableau corresponding to 7. For example, the steps of
this bumping algorithm for the permutation 452316 are shown in Figure E

In this correspondence, the number of rows of P(7) gives the length of the longest decreasing subse-
quence of 7, and the number of columns of P(7) gives the length of the longest increasing subsequence
ofm. If o = " € R(’;) (12--- k), we expect both the longest increasing subsequence and the longest
decreasing subsequence of 7 to have length less than k. But more can be said. Consider the following
result of Greene:

Theorem 2 (Greend ([[974), Theorem 3.1). Let 7 be a permutation, let P() have k rows and let \;
denote the length of the ith row of P(w). Then for all 1 < i < k, the maximum size of the union of i
increasing subsequences in m is equal to Ay + Ao + -+ + \;.

We are ready to state a characterization of P(w) if 77" € R(k) (12--- k).
2
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213112
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Fig. 2: The Robinson—Schensted correspondence applied to the permutation 452316

Theorem 3. I() (12--- k) is equal to the number of pairs of standard Young tableaux (P, Q) of shape
2

(k—1,k—2,...,1) where P has increasing diagonals (i.e. the entry in row 1 column c is less than the
entryinrowr — 1, columnc+ 1for2<r<k—1landl <c<k-—2).

First, we show that the (k — 1,k — 2,..., 1) shape of P(7) is necessary for 77" € R(k)(l? k).
2

Lemma 1. Suppose 7 € S(’;) If P(m) does not have the shape (k — 1,k — 2,...,1), then 7r" contains

an increasing subsequence of length k.

Proof: We know that P(7) has at most k& — 1 rows; otherwise, 7 contains a decreasing subsequence of
length &, and 7" contains an increasing subsequence of length k. Now, if \; is the length of row j of P(r),
let r be the first row such that \; > k — j + 1. We know from Theorem [] that the maximum size of the
union of r increasing subsequences in 7 is equal to A\; + - - - + A,.. In fact, we can find disjoint increasing
subsequences of lengths A1, Aa, ..., A, in 7. This means that there are at least r distinct elements of 7
that are the last element in an increasing subsequence of length £k — r + 1. However, from the proof of
Theorem El, we know that there are at most  — 1 such elements if 77" avoids 12 - - - k. Therefore, P(7)
and Q(7) have shape (k — 1,k — 2,...,1) whenever 77" € R(g)(12 - k). O

Notice while P(r) having the shape (k — 1,k — 2,...,1) is necessary for 77" € R(k)(12 k), itis
2

not sufficient. For example, when m = 246513, P(x) has the shape (3,2, 1), but 77" contains a 1234
pattern, realized by the digits 1 and 3 in 7 together with the digits 5 and 6 in 7". However, by Lemma m,
we may restrict our attention to

Sé) = {77 € S(’;)

To prove Theorem [§, we must show that for 7 € SE“,C), wr” avoids 12-- -k if and only if P(7) has
2

P(7) has shape (kfl,k:f2,...,1)}.

increasing diagonals.
Before we finish the proof of Theorem E, we recall a construction of (1977) that relates the
entries of P(m) to the graph of 7. Consider the points (¢, 7;) for 1 < ¢ < n. The shadow of point (z;, y;),
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Fig. 3: The shadow lines of m = 452316

denoted S((zi,y:)), is S((xi,1:)) := {(u,v) € R*|u > x; and v > y;}. In other words, the shadow is
the collection of all points above and to the right of the original point. Consider the points of the graph
of 7 that are not in the shadow of any other point. The boundary of the union of their shadows is the
first shadow line L; of w. To form the second shadow line (and subsequent shadow lines), remove the
points on the first shadow line from the graph of 7, and repeat. An example, showing the shadow lines of
7 = 452316, is given in Figure [§.

Viennot showed that the y-coordinates of the rightmost point on each shadow line are the entries in the
first row of P(). Indeed, using the Robinson—Schensted correspondence, we saw in Figure [| that

6|

P(452316) =

‘»Jkl\)}—l

and the y-coordinates of the rightmost points on the shadow lines in Figure 3| are 1, 3, and 6. The second
row of P(7) can be found in a similar way: mark the corners of the shadow lines where there is no point
of the original permutation, as shown by the squares in the left side of Figure E Then, using these corners
as the new permutation graph, draw shadow lines again, as shown in the right side of Figure H The y-
coordinates of rightmost points on each of the new shadow lines are the second row of P(7); in this case
the entries are 2 and 5. We can iterate this shadow line process to obtain all rows of P (7). Shadow lines
are the main tool in our proof of Theorem E that follows. We proceed with a series of lemmas.
Next, we characterize the permutations 7 for which 77" e R(’;) (12--- k) in terms of shadow lines.

Lemma 2. Suppose w e S(’;) Then 7" avoids 12 - - - k if and only if
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6 @ 6
5 @ . 5 @
4 @ . 4 @
3 @ 3
2 @ 2 @
1 1
1 2 3 4 5 6 1 2 3 4 5 6

Fig. 4: Iterating the shadow line procedure to obtain the second row of P(7) for 7 = 452316

1. shadow line i of  contains k — i points forall 1 < i < k — 1, and

2. the jth point on the ith shadow line of 7 is the unique point such that the longest increasing sub-
sequence ending in that point has length i and the longest decreasing subsequence ending in that
point has length j.

Proof: Suppose 7 € S(k) and 77" avoids 12 - - - k. Using the labeling from Theoremﬂl there is a unique
2

point in 7 with each label (a,b) for 2 < a + b < k. For any permutation 7, by construction, each point
on shadow line ¢ has a = i. Moreover, the jth point on shadow line ¢ has b > j. Since we know there is
exactly one point with each label, it must be the case that the jth point on shadow line 7 has label (4, j).
This labeling also results in exactly k — ¢ points on the ith shadow line, as desired.

Suppose, on the other hand that 77" contains 12 - - - k. This means that the labeling from Theoremﬂl
results in a point 7, with the label (a, b) where a + b > k + 1. By the shadow line construction, this point
must be on shadow line a. If 7y is really the bth point on shadow line a, then we have violated condition
(1) since shadow line a has at least b > k 4+ 1 — a points. If 7, is not the bth point on shadow line a, then
we have violated condition (2). O

As in Viennot’s general case, these shadow lines are a tool to better understand the structure of P(7) in
the context of R(k) (12--- k).
2

Lemma 3. If 77" avoids 12 - - - k, then column i of P(w) consists of the entries from the ith shadow line

of m.

Proof:

By Lemma P we know that the jth point on the ith shadow line of 7 is the unique point such that the
longest increasing subsequence ending in that point has length ¢ and the longest decreasing subsequence
ending in that point has length j and that the ith shadow line of 7 has k — ¢ points forall 1 <i < k — 1.
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We claim that if two points are adjacent points on the same shadow line at one iteration of the shadow
line construction, then they must be on the same shadow line at the next iteration. Suppose to the contrary
that 7, > m, are adjacent points on the same shadow line in one iteration, but they are on different shadow
lines in the next iteration. Then one of the two cases in Figure |5 must occur. That is, when we consider
the square points at height m, and 7, either there is a square on a different shadow line that forms the
1 in a 312 pattern (in which case m, moves to an earlier shadow line than 7), or there is a square on a
different shadow line that forms the 2 in a 231 pattern (in which case 7, moves to an earlier shadow line
than 7,), but not both (in which case, 7, and m, would stay on the same line). In either case, since both
7, and m, are involved in the next iteration, there must be at least one more point 7. further to the right
on their shadow line.

In the case where there is a square on a different shadow line that forms the 1 in a 312 pattern (on the
left of Figure E), suppose that 7 is the height of the square that plays the role of this 1. Call the next
point on 74’s shadow line 7, Since 74’s square forms a 312 pattern with 7, and m,’s squares, 7. appears
horizontally between 7, and 7. If 74 is the first point on the shadow line, we have a contradiction since
the longest decreasing subsequence ending at 7, should have length 2. However, 7, mp, and 7. form a
longer decreasing subsequence ending in .. If 74 is not the first point on its shadow line, then call the
previous point 7. Since there is no 231 pattern using the squares from 7, and 7y, my > m,. The longest
decreasing subsequence ending in 7. should be the one that follows the shadow line containing 7., ending
in mymym,, however, taking the same decreasing subsequence and replacing g7, with m,m,m, forms an
even longer decreasing subsequence, which is a contradiction. So, this case is impossible if 77" avoids
12 k.

The case where there is a square on a different shadow line that forms the 2 in a 231 pattern (on the right
of Figure ﬂ) is similar. Again, suppose 74 is the height of the square that plays the role of this 2 and call
the next point on 74’s shadow line 7.. Since m4’s square forms a 231 pattern with 7, and 7 s squares,
m. appears before . If 7, is the last element on its shadow line we have a contradiction because 7.’s
shadow line should have one more element than 7, ’s shadow line, and the longest decreasing subsequence
ending in 7, (following its shadow line) should be longer than the longest decreasing subsequence ending
in .. However, taking 7.’s shadow line and replacing w47, with w47, produces a longer decreasing
subsequence ending in 7. If 7. is not the last element on its shadow line, then call the next point on the
shadow line 7. Since there is no 312 pattern using the squares from 7, and 7, we know that 7, appears
to the right of m.. Again, the longest decreasing subsequence ending in 7y should be the decreasing
subsequence formed by following 7’s shadow line. However, following this shadow line and replacing
mqmemp With mgmym.my forms a longer decreasing subsequence ending in 7y, which is a contradiction.
So, this case is also impossible if 77" avoids 12 - - - k.

In summary, if 77" avoids 12 - - - k, then two adjacent elements on the same shadow line in one iteration
of the shadow lines construction will be adjacent elements on the same shadow line at the next iteration.
This means that each row of P(m) takes one element from each of the original shadow lines and the k — i
elements of the ith shadow line appear in the ith column of P (). (]

Note that the converse of Lemma Pl is false. For example, when 7 = 645123, then P(w) has shape
(3,2,1) where the columns of P(7) correspond to the original shadow lines of 7. However, 77" contains
1234 using the digits 1, 2, and 3 from 7 along with the digit 4 from 7.

While Lemma P completely characterizes 7 for which 77" € R(g) (12--- k) by giving conditions on

shadow lines, we have only given partial conditions on the correponding tableau P (7). By Lemma El, we
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Fig. 5: Cases for points on the same shadow line
know that it is necessary for P() to have shape (k — 1,k — 2,...,1) and by Lemma [ is it necessary

that the ith column of P(7) consist of the entries of the ith shadow line of 7. As we have seen, neither of
these conditions is sufficient for 77" € R(k) (12--- k). The missing condition is that given in Theorem ;
2

i.e. the diagonals of P(7) must be increasing.

Proof Proof of Theorem E:

By Lemma III and Lemma E we restrict our attention to m € SE“k such that the ith column of P(7)
2

consists of the entries of the ith shadow line of . We show that the diagonals of P(7) are increasing if
and only if 77" avoids 12 - - - k.

Suppose that d is the smallest integer for which there is a decrease in a diagonal between some element
x in column d and element y in column d + 1. Since # > y and x is on an earlier shadow line than y, we
know that = appears to the left of y. The entry z in row 1 column d + 1 corresponds to the last element on
the (d + 1)st shadow line, which means the longest decreasing subsequence in 7 ending in z should have
length k — d — 1. However, the elements x through the end of column d together with elements y through
z of column d + 1 form a decreasing subsequence of length k¥ — d in 7 that ends in z, which contradicts
mr” avoiding 12 - - - k.

Suppose on the other hand that all diagonals in P(7) are increasing. As in the proof of Theorem m,
given (partial) permutation 7*, let ay, be the length of the longest increasing subsequence of 7* ending
in 7} and let by, be the length of the longest decreasing subsequence of 7* ending in 7. The (partial)
permutation under consideration will be made clear from context. We claim that for any element 7, if 7
is the jth element of the ith shadow line of 7 then (ay, bx) = (¢, 7). Since 7y, is on the ith shadow line,
ar = ¢ automatically, and we need only check that the maximal decreasing sequence ending in this entry
is of length j.

Let 7(/) be the partial permutation formed by the first f shadow lines of 7. We claim that that 7(/)
uses labels (a,b) where 1 < a < f and 2 < a + b < k each exactly once and proceed by induction on f.
Notice that 7(1) consists of only the first shadow line. Its jth digit is at the end of a maximal increasing
sequence of length 1 and a maximal decreasing sequence of length j, and (1) has length k — 1, so it
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satisfies our claim.

Now suppose that the partial permutation (/=1 uses labels (a, b) where 1 < a < f—1land2 < a+b <
k each exactly once. We will show that 77(/) uses labels (a,b) where 1 < a < fand 2 < a + b < k each
exactly once.

Since the increasing diagonals property implies that the jth point on shadow line f is larger than the
jth point on any previous shadow line, that point cannot be at the end of a longer decreasing sequence in
7(/) than the one it already ends just by following shadow line f.

However, can including the digits from shadow line f affect the longest decreasing subsequence ending
at some point in 7(/=1? We claim not. Suppose, to the contrary that there is some point 7 in 7(/)
that has the expected label (ay,bx) = (4, j) as the jth element of the ith shadow line when we restrict to
7= but its second coordinate is larger when we restrict to 7(/) .

This implies that there is some j* for which the j*th element of shadow line f appears before the
j*th element of an earlier shadow line e in 7(/) in order to make a longer decreasing subsequence ending
in 7. However, we assumed that column ¢ of P(7) corresponds to shadow line 4 of 7 for all 4, which
means each entry stays in the same column of P(r) as it was originally inserted throughout the Robinson-
Schensted bumping algorithm. When there are j* elements of shadow line f before the j*th element of
shadow line e, one of the elements from column f will necessarily be bumped to an earlier column during
the Robinson-Schensted bumping algorithm. So this is impossible. That is, given that 7(/~1) uses labels
(a,b) where 1 < a < f—1and 2 < a + b < k each exactly once, if P(7) satisfies the increasing
diagonals property then 7(f) uses labels (a,b) where 1 < a < f and 2 < a + b < k each exactly once.
Since this is true for all 1 < f < k — 1, when we consider the labels of 7 = 7k=1) we see that 7 avoids
12---k by Lemmaﬂ.

O

We are now in a position to compute 0 (12---k) since R(k) (12---k) is in bijection with pairs of
2 2

standard Young tableau (P, Q) where P and () both have shape (k—1,k—2,...,1) and P has increasing
diagonals.

Corollary 1.

1 ko1, G—1)! (51
Py 12eok) = ((5<k_1)2+§ _5)![[1 (2¢1)!> (Hf_f (2i—1)"" )

3

Proof: Here, the first factor of

1 Eoo1\ 5 (—1)!
<(§(k1)2+§§>!1_!(2¢—1)!>

is OEIS sequence A003121 in (RO18)), which is the number of standard Young tableaux of shape
(k —1,...,1) with increasing diagonals, while

(Hf:f (2i § 1)’“’)
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is the total number of standard Young tableaux of shape (k — 1,...,1), as computed by the hook length
formula and described in OEIS sequence A005118. O

3 Avoiding patterns of small length

We have already described reverse double lists avoiding a monotone pattern of arbitrary length. Although
r, (12 - - k) = 0 for sufficiently large n, there are other patterns p for which r,, (p) exhibits other behavior.
In the rest of the paper, we consider reverse double lists avoiding a variety of non-monotone patterns.

3.1 Avoiding patterns of length 3

In this subsection, we consider patterns of length 3. First, notice that the graph of a reverse double list
o € R, is a set of points on the rectangle [0, 2n + 1] x [0,n + 1]. Using the reverse and complement
involutions described in Section El,

o€ Rp(p) = 0" e Rp(p") < 0 € Ry (p°).

In fact, if 0 € Ry (p), then 0 = 0", 50 Rn(p) = Ry(p"). Partition the set of permutation patterns of
length k into equivalence classes where p ~ 7 means that r,,(p) = r,,(7) forn > 1. When p ~ 7, p and
7 are said to be Wilf equivalent. When this equivalence holds because of one of the symmetries of the
rectangle, we say that p and 7 are trivially Wilf equivalent. Using trivial Wilf equivalence we have that
123 ~ 321 and 132 ~ 213 ~ 231 ~ 312, so we need only consider 2 patterns in this section: 123 and
132.

With pattern-avoiding permutations, avoiding a pattern of length 3 is the first non-trivial enumeration,
and for any pattern p of length 3, we have that s, (p) is the nth Catalan number. Reverse double lists are
more restrictive, so we obtain simpler sequences for r,,(p). More strikingly, although s,,(123) = s,,(132)
for n > 1, we obtain two distinct sequences in this new context.

By Theorem r,,(123) = 0 for n = 4. On the other hand, there are 132-avoiders of arbitrary length.

Proposition 1. r,,(132) = 1,(213) = 1,(231) = 1,(312) = 2 forn > 2.

Proof: The n = 2 case is straightforward to check.
Now, suppose n = 3. We claim

Rn(132) = {n(n—1)---312213---(n — )n,n(n —1)--- 321123 --- (n — 1)n}.

Assume for contradiction that o = 7" € R,,(132) and 71 # n. This implies that either m = 1
or 2 < m < n—1 Ifm = 1, then the digits 1 and 3 in 7 and 2 in 7" form a 132 pattern. If
2 < m < n — 1, then the digit 1 in 7 together with n and 7; in 7" form a 132 pattern. Thus, m = n.
Further, if 0 € R,,(132), then let o’ be the reverse double list formed by deleting both copies of n. It
must be the case that ¢’ € R,,—1(132) since a copy of 132 in ¢’ would also be a copy of 132 in ¢. Thus,
Rn(132) = {no'n|o’ € R,—1(132)}. Since R2(132) = {1221, 2112}, the claim follows by induction,
and so |R,,(132)| = 2 whenn > 2. O

At this point, we have completely characterized reverse double lists avoiding a single pattern of length
3. Although we obtained only trivial sequences, the fact that we obtained two distinct Wilf classes when
avoiding a pattern of length 3 mirrors results for pattern-avoiding double lists in [Cratty et al] (2017).
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3.2 Avoiding patterns of length 4

Next, we analyze reverse double lists avoiding a single pattern of length 4. Using the symmetries of the
rectangle, we can partition the 24 patterns of length 4 into 7 trivial Wilf classes, as shown in Table III
There is one non-trivial Wilf equivalence for patterns of length 4; namely 1324 ~ 2143. To contrast: for
double lists, there are no non-trivial Wilf equivalences for patterns of length 4. For permutations, we have
an additional trivial Wilf equivalence since s,,(p) = s, (p~!) forn > 1, 505,(1342) = s,,(1423). There
are a number of additional non-trivial Wilf equivalences for pattern-avoiding permutations so that every
length 4 pattern is equivalent to one of 1342, 1234, or 1324. For large n, we have that

sn(1342°) < 5,(12347) < '5,(1324°).

In Table EI each pattern is marked according to its Wilf equivalence class for permutations; patterns equiv-
alent to 1342 are marked with e, those equivalent to 1234 are marked with T, and those equivalent to 1324
are marked with o. For permutations, the monotone pattern 1234 is neither the hardest nor the easiest
pattern to avoid; for double lists, it is the easiest pattern to avoid, and for reverse double lists it is the
hardest pattern to avoid. Other than the trivial equivalences of reverse and complement, Wilf equivalence
in the context of reverse double lists appears to be a very different phenomenon than equivalence in the
contexts of permutations or double lists. We now consider each of these patterns in turn.

Pattern p {rn(P)}1<n<o
12347 ~ 43217 1,2,6,16,32,32,0,0,0
12437 ~ 21347 ~ 34217 ~ 43127 | 1,2, 6, 16, 34, 62, 102, 156, 226
1324° ~ 4231° 1,2,6,16, 36,76, 156, 316, 636
21437 ~ 34127 1,2,6,16, 36,76, 156,316, 636
1423° ~ 2314° ~ 3241° ~ 4132° | 1,2, 6, 16, 36, 80, 178, 394, 870
14327 ~ 23417 ~ 32147 ~ 41237 | 1,2, 6, 16, 38, 92, 222, 536, 1294
1,2,6,1
1,2,6,1

s~

s Uy

s~

1342° ~ 2431° ~ 3124° ~ 4213° 6, 40, 98, 238, 576, 1392
2413° ~ 3142° 6, 44, 120, 328, 896, 2448

s 5 Uy

3“5 Uy

Tab. 1: Enumeration of reverse double lists avoiding a pattern of length 4

3.2.1 The pattern 1234
By Theorem [[}, r,, (1234) = 0 forn > 7.

3.2.2 The pattern 1243

Theorem 4. 1,,(1243) = % — 7% 4 4 forn > 2.

Proof: We claim that

n! n <
ra(1243) = {rn1(1243) +(n+1)(n-2) n=
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The cases where n < 2 are easy to check by brute force, so we focus on the case where n > 3. Let
o =mr" € R,,(1243), and let o’ € R,,—1(1243) be the reverse double list formed by deleting both copies
of n in 0. We consider 4 cases based on the value of 7.

Suppose m; = n. Then o = no’n. Since n can only play the role of a 4 in a 1243 pattern, no'n €
R, (1243) for any o’ € R,,—1(1243). There are r,,—1(1243) reverse double lists on n letters in this case.

Suppose m; = n — 1. We claim that m1o9 = n — 2. Assume for contradiction that 7o # n — 2. This
implies 72 = nor 1 < my < n — 3. If my = n, then the digit 1 in 7 along with the digits n — 2, n, and
n — 1 in 7" form a 1243 pattern. If 1 < my < n — 3, then the digits w2 and n — 2 in 7 along with the
digits n and n — 1 in 7" form a 1243 pattern. Thus, if 71 = n — 1, me = n — 2. By a similar argument,
m3 =n — 3, and in general, m; =n —iforl < ¢ < n—2 Finally, 7,1 =landm, =norm,_1 =n
and 7,, = 1. Thus there are exactly two 1243-avoiding reverse double lists on n letters in this case.

Suppose m; = 1. We claim that 7o = n. Assume for contradiction that mo # n. This implies
2<m<n—2orme =n—1.If2 <7y <n — 2, then the digits 1, m2 and n in 7 along with the digit
n — 1in 7" form a 1243 pattern. If 7o = n — 1, then the digits 1 and 2 in 7 along with the digits n and
n — 1lin 7" form a 1243 pattern. Hence, if m; = 1, then m3 = n. By a similar argument, 73 = n — 1, and
in general, m; = n + 2 — ¢ for 2 < ¢ < n — 2. Finally, either 7,y = 2 and 7, = 3 or 7,1 = 3 and
7y, = 2. Thus there are exactly two 1243-avoiding reverse double lists on n letters in this case.

Finally, suppose 2 < m; < n — 2. Let m; = a. First, we claim that 71 - - 7,—1 = a(a — 1) --- 2. If
w1 = 2, this claim is already true, so suppose m; > 2 but mo # a — 1. If m3 < a — 1 then the digits 72 and
a — 1 in 7 along with the digits n and @ in 7" form a 1243 pattern. If 7 > a then the digit 1 in 7 along
with the digits 2, w3, and a in 7" form a 1243 pattern. Therefore, 7o = a — 1. A similar argument shows
thatmj =a—j+1forl<j<a-—1.

We have shown that 7,1 = 2. Now, consider 7,. We claim that 7w, € {1,n}. Suppose to the contrary
thata+ 1< 7, <n—1Ifa+1<m <n— 2, then the digits 2, 7,, and n in 7 along withn — 1 in 7"
form a 1243 pattern. If m, = n — 1 then the digits 2 and a + 1 in 7 along withn and n — 1 in 7" form a
1243 pattern. Therefore, either 7, = 1 or 7, = n.

By a similar argument, there are at most 2 possible values for m; where @ + 1 < j < n — 2. Either
mj = lorm; = max({1,...,n}\{m1,...,mj—1}). Finally, a + 2 and a + 1 may appear in either order in
m. Hence, the number 1 can take position h where a < h < n, and the remaining positions of 7, - - - 7,
must be filled with either n(n — 1) --- (a+ 3)(a + 2)(a+ 1) orn(n —1)---(a + 3)(a + 1)(a + 2).

To summarize, if 2 < m; < n — 2, where m; = a, then we have 71 - - - m,—1 = a- - - 2. The digit 1 may
appear in any of the n — a + 1 remaining positions. After the initial ¢ — 1 digits and the location of 1 are
chosen, there are 2 ways to fill in the rest of 7. Either the remaining digits are n(n — 1) --- (a + 3)(a +
2)(a+1)orn(n—1)---(a+3)(a+1)(a+2). Thereare >"_> 2(n—a+1) = n* —n — 6 1243-avoiding
reverse double lists on 7 letters in this case.

Combining all four cases, we see that

r,(1243) =1,1(1243) + 2+ 2+ n? —n — 6 =1,_1(1243) + (n + 1)(n — 2).

The theorem then follows from the facts that (i) the n = 2 terms of the theorem statement and the claim

agree and (ii)
n®  Tn (n—1)* 7(n-1) _
(?_?M)_( - +4)—(n+1)(n—2).
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3.2.3 The patterns 1324 and 2143

We now come to two patterns that are Wilf-equivalent for non-trivial reasons. Although there is not a
simple symmetry of graphs that demonstrates r,, (1324) = r,,(2143), we show thatr,,(1324) and r,, (2143)
each satisfy the same recurrence.

Theorem 5. 1,,(1324) = 5-2""2 — 4 forn > 3.

Proof: The case where n = 3 is easy to check by brute force, so we focus on when n > 4. Let
o =nr" € R,,(1324). We consider 2 cases.

Suppose ¢’ € R,,—1(1324) with 0] = a. We can build 0 = 77" € R,,(1324) by either using o1 = a or
o1 = a+ 1, and incrementing all digits of ¢’ that are at least oq by 1. It is impossible for o to participate
in a 1324 pattern with o9 since they are consecutive integers. It is impossible for o to participate in a
1324 pattern without o2 since any 1324 pattern involving oy would imply the existence of a 1324 pattern
using o9 in place of 1. Therefore, there are 2r,,_1(1324) reverse double lists where oo = o1 + 1.

Now, suppose that |[mg — 1| > 1. Then if 1, < 73 < n, the digits w1, 72, and 1 + 1 in 7 along with
the digit n in 7" form a 1324 pattern. If m; > w9 > 1, then the digit 1 in 7 along with the digits m; — 1,
79, and 71 in 7" form a 1324 pattern. So, if |9 — 71| > 1 it must be the case that either 7; < 72 = n or
T > Ty = 1.

If 1 < my = n, then m; = n — 2, otherwise m; and m; + 2 in 7 and 7; + 1 and n in 7" form a 1324
pattern. Also, the word 73 - - - m, 7, - - - ™3 must avoid 132, or n7s - - - T, 7y, - - - w3n Will contain a 1324
pattern. We know that there are exactly two 132-avoiding reverse double lists for n > 2, so there are two
1324-avoiding reverse double lists on n letters where m; < w2 = n. Similarly, by taking the complements
of all reverse double lists where m; < w9 = n we see that there are two reverse double lists on n letters
where 7 > 7y = 1.

In summary, given o’ € R,,—1(1324), we can produce exactly two members o = 77" of R,,(1324)
where |1 — m2| = 1. There are 4 additional reverse double lists where |71 — 7a| = 2, so forn > 4, we
have

1, (1324) = 21,1 (1324) + 4.
From this recurrence it follows that r,,(1324) = 5 - 2”72 — 4 forn > 3. O

Reverse double lists avoiding 2143 follow the same recurrence but for different structural reasons.
Theorem 6. r,(2143) = 5-2""2 — 4 forn > 3.

Proof: The case where n = 3 is easy to check by brute force, so we focus on when n > 4. Let
o =mnn" € R,(2143).

Suppose 0’ € R,,—1(2143). We can build 0 = 7" € R,,(2143) by either using o; = 1 and increment-
ing all digits of ¢’ or by using o1 = n. In both cases is impossible for o7 to participate in a 2143 pattern
since o7 is either the largest or the smallest digit in o. Therefore, there are r,,—1(2143) reverse double
lists where o1 = 1 and r,,—1(2143) reverse double lists where o1 = n.

Now, suppose 1 < m; < n. Then, every digit larger than 71 must be in increasing order in 7", otherwise
m and 1 in 7 together with the decreasing pair of larger digits in 7" form a 2143 pattern. Similarly, every
digit smaller than 7m; must appear in increasing order in 7, otherwise the decreasing pair of smaller digits
in 7 together with n and 7; in 7" form a 2143 pattern.
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If 3 < m < n — 2, we already have a problem since either 1 appears before n in 7 or 1 appears before
nin 7" In the first case, 1 1n(n — 1) is a copy of 2143 in o, and in the second case, 21n is a copy of
2143 ino.

So it must be the case that 71 = 2 or m; = n — 1. In the first case, either 7,,_1 = 1 or m,, = 1 and all
other digits of 7 are in decreasing order. In the second case, we take the complement of the words where
w1 = 2 to get the words where m; = n — 1.

In summary, given ¢’ € R,_1(2143), we can produce one member ¢ = 77" of R, (2143) where
w1 = 1 and one where m; = n. There are 4 additional reverse double lists where 71 = 2orm = n — 1,
so for n > 4, we have

r,,(2143) = 2r,_1(2143) + 4.

From this recurrence it follows that r,,(2143) = 5-2""2 — 4 for n > 3. O

3.2.4 The pattern 1423
Theorem 7. 1, (1423) = 2r,,_1(1423) + r,_3(1423) + 2 for n > 5.

Proof: Suppose n > 5, let 0 = 77" € R,,(1423), and let 0’ € R,,_1(1423) be the reverse double list
formed by deleting both copies of n in 0. We consider 5 cases based on the value of 7.

Suppose 1 = n. Since n can only play the role of a 4 in a 1423 pattern, no’n € R,,(1423) for any
o' € Ry,—1(1423). There are 1,1 (1423) reverse double lists on n letters in this case.

Suppose m; = n — 1. We claim that mo = n. Assume for contradiction e # n. This implies m2 = 1
or 2 < my < n — 2. If my = 1, then the digits 1 and n in 7 along with the digits 2 and n — 1 in 7" form a
1423 pattern. If 2 < mo < n — 2, then the digit 1 in 7 along with the digits n, m2, and n — 1 in 7" form a
1423 pattern. Thus, when m; = n — 1, mo = n. Notice that 7o = n can only play the role of 4 in a 1423
pattern. However, since m; = n — 1, it cannot be part of a 1423 pattern in o. On the other hand, n — 1
can play the role of a 3 or a 4. If the copy of n — 1 in 7" serves as a 3 in an occurrence of 1423, then the
copy of n in 7™ must serve as the 4; however, there is no number to play the role of the 1 that precedes n.
Therefore whenever 0" € R,,_2(1423), we have (n— 1)no”"n(n—1) € R,,(1423). There are r,,_2(1423)
reverse double lists on 7 letters in this case.

Suppose 3 < m; < n — 2. We claim that 73 = m; + 1. Let m; = a. Assume for contradiction
mo # a + 1. Thisimpliesmo = 1,2 <my<a—l,a+2<m<n—1,orm =n.

If my = 1, then the digits 1 and n in 7 along with the digits 2 and a in 7" form a 1423 pattern. If
2 < my < a — 1, then the digit 1 in 7 along with the digits n, 72, and a in 7" form a 1423 pattern. If
a+ 2 < my < n — 1, then the digits a and n in 7 along with the digits @ + 1 and 72 in 7" form a 1423
pattern. If mo = n, then the digits a, n, and a + 1 in 7 along with the digit n — 1 in 7" form a 1423 pattern.
Thus, when 7y = a, then m3 = @ + 1. By a similar argument, 7; =a +j—1forl1<j<n-—a—1

We have that 7,,_,—1 = n — 2. We claim that {m,,_,, Th—a+1} = {n — 1,n}. Suppose to the contrary
that m,—, ¢ {n — 1,n}. If m,_4 < a — 1, then the digits m,_, and n in 7 along with the digits
a — 1 and @ in 7" form a 1423 pattern. If 7,,_, = a — 1, then the digit 1 in 7 along with the digits
n, a — 1, and a in 7" form a 1423 pattern. So it must be the case that 7,,_, € {n — 1,n}. Similarly,
Tn—a+1 = {n — 1,n}\{m,—q}. Ultimately, either 7,,_, = n — 1 and m,_441 = n or m,—, = n and
Tn—a+1 =1 — L.
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Now, the remaining a — 1 positions of 7 can be filled with o* € R,_1(1423). Because n and n — 1

can be interchanged and because there exist 2r,_1(1423) reverse double lists on n letters where m; = a
n—3

for 3 < a < n — 2, there are 2 2r;(1423) reverse double lists in this case.

=2
Suppose that 71 = 2. We claim that either mo = 1 or m9 = 3. Assume for contradiction that w5 ¢ {1, 3}.

This implies m2 = nor 4 < my < n — 1. If my = n, then the digits 2, n, and 3 in 7 along with the digit
n — 1in 7" form a 1423 pattern. If 4 < w9 < n — 1, then the digits 2 and n in 7 along with the digits 3
and 7y in 7" form a 1423 pattern. Therefore, if 7y = 2, then m3 = 1 or m3 = 3. By a similar argument,
m; € {1, min({2,...,n}\{m,...,mj_1})} for 2 < j < n—2. Finally, n— 1 may either precede or follow
n. We have n — 1 choices for the location of 1 and 2 choices for the order of n — 1 and n in 7, so there
are 2(n — 1) 1423-avoiding reverse double lists on n letters where m; = 2.

Suppose that m; = 1. We claim that m3 = 2. Assume for contradiction o # 2. Then the digits 1
and n in 7 along with the digits 2 and 75 in 7" form a 1423 pattern. By a similar argument, m; = ¢
forl <+ <n-—2 Finally, 7,y =n—1landm, = norm,—; = nandm, = n — 1, giving two
1423-avoiding reverse double lists on n letters when 7 = 1.

Combining our 5 cases, we have shown that for n > 5,

n—3
r,(1423) = r,,—1(1423) + r,,—2(1423) + 2 2r;(1423) + 2n. 1)
i=2
We are ready to prove the n > 5 case of the theorem by induction. For the base case, when n = 5,
r5(1423) = 36, and 2r4(1423) + r2(1423) + 2 = 2- 16 + 2 + 2 = 36, as desired.
Now, suppose 14 (1423) = 2rj,_1(1423) + r;,_3(1423) + 2 for some k > 5. From Equation[], we have:

rrp1(1423) = 14(1423) + 151 (1423) + 2(k + 1) Z r;(1423)

-3
r(1423) + rj_1 (1423) + 2k + 2 + Z 2r;(1423) + 2rj_5(1423) 2)
=2
k—3
= 15(1423) + 2rj_5(1423) + 1,1 (1423) + 2k + 2 + | 2r;(1423).
=2

On the other hand, when n = k, Equation El gives:

k—3
D7 20;(1423) = 14(1423) — r4—1(1423) — 1 _5(1423) — 2. 3)

i=2
After substituting Equation E into Equation E, we have:

T (1423) = 14(1423) + 2rp_(1423) + 11 (1423) + 2k + 2
+ 1(1423) — 11 (1423) — rj_2(1423) — 2k,

which simplifies to
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Tor1(1423) = 21y, (1423) + 1j_o(1423) + 2
= 2r<k+1),1(1423) + I'(k+1),3(1423) + 2.

3.2.5 The pattern 1432
Theorem 8. r,(1432) = 2r,,_1(1432) + 1,,_2(1432) for n > 5.

Proof: Suppose n = 5, and let ¢ = 77" € R,,(1432). We consider 5 cases based on the value of 7.

Suppose 71 = 1. Then 2 < e <n—2o0rme € {n — 1,n}. If 2 < w2 < n — 2, then the digits 1 and n
in 7 along with the digits n — 1 and 75 in 7" form a 1432 pattern. If mo = n — 1 or Ty = n, the the digits
1, m2, and n — 2 in 7 along with the digit n — 3 in 7" form a 1432 pattern. Thus, m; # 1.

Suppose 2 < m; < n—3. Thenme =norl < my <n—1.If my = n, then the digits 71, n, andn — 1
in 7 along with the digit n — 2 in 7" form a 1432 pattern. If 1 < m < n — 1, then two cases must be
considered. If m; < o, then the digit 1 in 7 along with the digits n, w2, and 71 in 7" form a 1432 pattern.
If 71 > mg, then the digits 7o and n in 7 along with the digits n — 1 and 7y in 7" form a 1432 pattern.
Thus, 1y = n — 2.

Suppose m; = n — 2. We claim that m, = n. Assume for contradiction that w2 # n. This implies
me=n—1lorl <m <n—3. Ifmy =n— 1, then the digit 1 in 7 along with the digits n, n — 1, and
n — 2in 7" form a 1432 pattern. If 1 < mp < n — 3, then the digits 72 and n in 7 along with the digits
n—1landn — 2 in 7" form a 1432 pattern. Thus, if 7; = n — 2, then 73 = n.

Now, n can only play the role of a 4 in a 1432 pattern in o, but m; = n — 2 prevents the first copy of
n from being in such a pattern, and the fact that it is the penultimate digit of 7" prevents the second copy
of n from being in such a pattern. Also, n — 2 can only play the role of 2, 3, or 4, so it will not play the
role of 1 in the beginning of a 1432 pattern. If the second copy of n — 2 serves as a2, thenn — 1 in 7"
can serve as the 3 and n in m must serve as the 4. However, there is no number to play the role of 1 that
precedes n in 7. Thus, the remaining positions can be filled in with any member of R,,_2(1432). There
are r,,—o(1432) 1432-avoiding reverse double lists on n letters where 7, = n — 2.

Suppose m; = n — 1. Since n — 1 can only play the role of a 3 or a 4 in a 1432 pattern, it cannot
play the role of 1 at the beginning or 2 at the end of such a pattern. There are r,,—1(1432) ways to fill in
the remaining digits of o, so there are r,,_1(1432) 1432-avoiding reverse double lists on n letters where
m™m =n—1.

Suppose m; = n. The only role n can play in a 1432 pattern is a 4, however n only appears as the first
and the last member of o, so it cannot be involved in a 1432 pattern. There are r,,_1(1432) ways to fill in
the remaining digits of o, so there are r,,_1(1432) 1432-avoiding reverse double lists on n letters where
T = n.

Combining our 5 cases, we have that for n > 5,

1, (1432) = 2r,,_1(1432) + 1,,_5(1432).
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3.2.6 The pattern 1342
Theorem 9. r,(1342) = 2r,,_1(1342) + r,_2(1342) + 2 for n > 4.

Proof: Suppose n > 4, and let o = 77" € R,,(1342). We consider 5 cases based on the value of 7.

Suppose m; = 1. Then m2 = n. Assume for contradiction that w9 # n. This implies that 7o = 2 or
3 < my <n— 1. If /gy = 2, then the digits 1 and 3 in 7 along with the digits 4 and 2 in 7" form a 1342
pattern. If 3 < my < n — 1, then the digits 1, 72, and n in 7 along with the digit 2 in 7" form a 1342
pattern. Hence, when m; = 1, mo = n. By a similar argument, 7; = n — i + 2 for 2 < ¢ < n — 2. Finally,
either m,,_; = 2and 7,, = 3 or m,—1 = 3 and m,, = 2. Thus, there are two ways to avoid 1342 when
™ = 1.

Suppose 2 < m < n—3. Thenmy = 1,2 < m < n—2,0rms € {n—1,n}. If 73 = 1, then the digits
1 and n — 1 in 7 along with the digits » and 7; in 7" form a 1342 pattern. If 2 < my < n — 2, then two
cases must be considered. If m; < 7o, then the digits 1 and n — 1 in 7 along with the digits n and 72 in
7" form a 1342 pattern. If m; > 7o, then the digits mo and n — 1 in 7 along with the digits n and 7; in 7"
form a 1342 pattern. If 73 € {n — 1, n}, then the digit 1 in 7 along with the digits n — 2, 7, and 71 in 7"
form a 1342 pattern. Hence, there are no 1342-avoiding reverse double lists where 2 < m; < n — 3.

Suppose m; = n — 2. Then mo = n — 1. Assume for contradiction that w5 # n — 1. This implies that
my =norl < m <n— 3. If 12 = n, then the digit 1 in 7 along with the digits n — 1, n, and n — 2 in
" form a 1342 pattern. If 1 < mo < n — 3, then the digits m2 and n — 1 in 7 along with the digits n and
n — 2 in 7" form a 1342 pattern. Thus, if m; = n — 2, then ma = n — 1. Notice that n — 1 can only play
the role of a 3 or 4 in a 1342 pattern. Also, n — 2 cannot play the role of a 1. If n — 2 plays the role of 2,
then n in 7" must play the role of 4. Now, the only number to play the role of 3 is n — 1 in 7. However,
there is no digit that can play the role of a 1 that precedes n — 1 in 7. Thus, the remaining positions can
be filled in r,,_2(1342) ways.

Suppose m; = n — 1. Since n — 1 can only play the role of a 3 or a 4 in a 1342 pattern, it cannot
play the role of 1 at the beginning or 2 at the end of such a pattern. There are r,,_1(1342) ways to fill in
the remaining digits of o, so there are r,,_1(1342) 1342-avoiding reverse double lists on n letters where
T =N — 1.

Suppose m; = n. The only role n can play in a 1342 pattern is a 4, however n only appears as the first
and the last member of o, so it cannot be involved in a 1342 pattern. There are r,,_1(1342) ways to fill in
the remaining digits of o, so there are r,,_1(1342) 1342-avoiding reverse double lists on n letters where
T = N.

Combining all 5 cases, for n > 4, we have shown:

1, (1342) = 2r,,_1(1342) + 1,,_5(1342) + 2.

3.2.7 The pattern 2413
Theorem 10. r,(2413) = 2r,,_1(2413) + 2r,,_2(2413) for n > 3.
Proof: The cases where n < 4 are easy to check by brute force, so we focusonn > 5. Leto = 77" €

R, (2413), and let o’ € R,,—1(2413) be the reverse double list formed by deleting both copies of n in o.
We consider 5 cases based on the value of 7.
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Suppose m; = 1. Since 1 can only play the role of a 1 in a 2413 pattern, adding 1 to the beginning
and end of 0’ € R,,_1(2413) will not create a 2413 pattern. Thus, there are r,,_1(2413) ways to create a
2413-avoiding reverse double list on n letters where m; = 1.

Suppose m; = 2. We claim that ma = 1. Assume for contradiction that mo # 1. This implies that
me =nord < me <n— 1. If 1y = n, then the digits 2, n, and 1 in 7 along with the digit 3 in 7" form
a 2413 pattern. If 3 < m < n — 1, then the digits 2 and n in 7 along with the digits 1 and 72 in 7" form
a 2413 pattern. Hence, if m; = 2, then mo = 1. Notice that 2 can only play the role of 1 or 2 in a 2413
pattern, but its location forces 2 to either be the first digit or last digit in a 2413 pattern. If 2 is involved in
a 2413 pattern, it plays the role of 2. If it plays the role of 2 then the 1 in 7" must play the role of 1, but
there is no digit after 1 that can play the role of 3. Also, 1 can only play the role of 1, but the location of
1 prevents either copy from participating in a 2413 pattern. Now, the remaining positions can be filled in
r,—2(2413) ways to avoid a 2413 pattern.

Suppose 3 < 1 < n—2. Now,m =n,2 < m <n—1,ormg = 1. If 1y = n, the digits 71, n,
and 1 in 7 along with the digit n» — 1 in 7" form a 2413 pattern. If 2 < m < n — 1, two cases need to
be considered. If m; > w9, then the digits 2 and n in 7 along with the digits 1 and 7; in 7" form a 2413
pattern. If m; < 7o, then the digits 7; and n in 7 along with the digits 1 and 72 in 7" form a 2413 pattern.
If my = 1, the digit 2 in 7 along with the digits n, 1, and 7y in 7" form a 2413 pattern. In every case, there
are no 2413-avoiding reverse double lists on n letters where 3 < 7 < n — 2.

Suppose m; = n — 1. We claim that 7 = n. Assume for contradiction that 7o # n. This implies
mg = 1lor2 < my <n— 2. If 1o = 1, then the digit 2 in 7 along with the digits n, 1, and n — 1 in 7"
form a 2413 pattern. If 2 < mp < n — 2, then the digits m2 and n in 7 along with the digits 1 and n — 1 in
7" form a 2413 pattern. Hence, if m; = n — 1, then m2 = n. Notice that n — 1 can only play the role of
a3 or 4 in a 2413 pattern, so it cannot play as the 2 at the beginning of a 2413 pattern. If n — 1 plays the
role of 3, the number n in 7 can play the role of 4. However, there does not exist a number before n in 7
to play the role of 2. Also, n can only play the role of a 4, but the location of n prevents either copy from
participating in a 2413 pattern. Now, the remaining positions can be filled in r,,_2(2413) ways to avoid a
2413 pattern.

Suppose m; = n. The only role n can play in a 2413 pattern is a 4, however n only appears as the first
and the last member of o, so it cannot be involved in a 2413 pattern. There are r,,_1(2413) ways to fill in
the remaining digits of o, so there are r,,_1(2413) 2413-avoiding reverse double lists on n letters where
T = N.

Combining our cases, we have shown that for n > 3,

r,(2413) = 2r,,_1(2413) + 2r,,_5(2413).

3.2.8 Summary of length 4 patterns

We have now completely characterized r,,(p) where p is a permutation pattern of length at most 4. By
exploiting the symmetry inherent in reverse double lists, we found recurrences for r,,(p) for each pattern
of length 4. The corresponding results are given in Table E These results provide an interesting contrast
to pattern-avoiding permutations and double lists. First, there is exactly one non-trivial Wilf equivalence.
Second, the monotone pattern is the hardest pattern to avoid in the context of reverse double lists. Finally,
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we obtained a variety of behaviors (constant, cubic, and exponential), as compared to permutation-pattern
sequences which only grow exponentially.

Pattern p rn(p)

1234 ~ 4321 0 (n=>7)
1243 ~ 2134 ~ 3421 ~ 4312 | &2 — 70 14 (n>2)
1324 ~ 4231 ~ 2143 ~ 3412 | 5-2" 2 4 (n>4)
1423 ~ 2314 ~ 3241 ~ 4132 | 21, _1(p) + tn3(p) +2 (n = 5)
1432 ~ 2341 ~ 3214 ~ 4123 | 2r,,_1(p) + rm_2(p) (n>5)
1342 ~ 2431 ~ 3124 ~ 4213 | 2r,_1(p) + tn2(p) + 2 (n = 4)
2413 ~ 3142 2r,—1(p) + 2r,—2(p) (n=>3)

Tab. 2: Enumeration of reverse double lists avoiding a pattern of length 4

Each formula in Table E is straightforward to convert to a generating function via standard techniques.
0

The corresponding generating functions 2 r,(p)a™ are given in Table E Because each generating func-
n=0

tion is rational, we can find the corresponding linear recurrence satisfied by each sequence {r,(p)},~

and determine the largest root of the corresponding characteristic equation to determine the exponen-

tial growth rate of the sequence. The table includes the exact growth rate for every sequence except

{rn(1423)}, -, In that case, the largest root of the characteristic equation is

2 1,4/1 1,/1
-+ —i/—(43 —3V177) + —i/—(43 +3V177) ~ 2.21.
3 3V2 3V2
| Pattern p | ogf for r,,(p) | exponential growth rate |
1+ 2+ 222 + 62°
1234 +162 + 322° + 3220
—z°+ax+42° —3x+1
1243 + (;:1)4 +
1324 224 22% 42?2241 2
2143 (z—1)(2z—1)
—2 2T 1% ra? —2x41 ~
1423 G-+ 201) ~ 2.21
1432 R e (1++2) ~ 241
2 422522 +1
2413 e Jize 1) (1++/3) ~2.73

Tab. 3: Generating functions and exponential growth rates for avoiding a length 4 pattern
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Pattern p | {r.(p)}!_s || Pattern p | {r.(p)} ! _s |
123457 104, 432, 1584 || 153247 104, 442, 1772
123547 | 104,434, 1630 || 215437 | 104, 442, 1800
154237 | 104,434, 1706 || 134257 | 104, 444, 1808
213547 | 104, 436, 1676 || 143257 | 104, 444, 1828
21534 104, 436, 1746 || 253147 | 104, 444, 1868
145237 | 104, 436, 1748 || 15342 104, 444, 1880
125347 | 104,438, 1710 || 254137 | 104, 444, 1884
13254 104,438, 1720 || 245137 | 104, 444, 1888
124357 | 104,438, 1726 || 154327 | 104, 446, 1846
12543 104,438, 1766 || 14253 104, 448, 1904
152347 | 104, 440, 1704 || 14532 104, 448, 1914
124537 | 104, 440, 1750 || 14352 104, 448, 1924
214537 104, 440, 1766 || 135247 104, 450, 1926
15243 104, 440, 1772 || 13542 104, 452, 1958
134527 | 104, 440, 1802 || 25143 104, 454, 1982
235147 | 104, 440, 1808 || 24153 104, 454, 1990

Tab. 4: Enumeration of reverse double lists avoiding a pattern of length 5

4 Avoiding a pattern of length 5 or more

There are 32 trivial Wilf classes for patterns of length 5. Table [ shows the brute force data for {r,,(p) }Zl: 5
for one pattern p from each trivial Wilf class. From this data it is clear that there are no non-trivial Wilf
equivalences for patterns of length 5. There are some interesting observations that arise from the data.
Notice that r7(15243) = r7(15324) while rs(15243) # rg(15324). From brute force data, it appears that
while rg(15243) < 16(15324), for n > 7 1,,(15243) > 1,,(15324). Similarly rg(23514) < rg(13425)
and r7(23514) = r7(13425), while it appears that r,,(23514) > r,,(13425) for n > 7. This behavior is
in contrast to enumeration sequences for pattern-avoiding permutations and double lists where there is no
known example where sy (p) < sy (7) (resp. dy(p) < dn (7)) for some integer N but s,,(p) = s,(7)
(resp. d,(p) = d,, (7)) forn = N.

We can say more about the growth rates of these sequences by relating r,, (p) to pattern-avoiding permu-
tations, as described in Theorem [L1]. First, recall that a shuffle of words ; - - - a; and f; - - - 8 is a word
w of length i + j where there is a subsequence of w equal to ¢, and a disjoint subsequence of w equal to .
Now, given a permutation p € Sy define p to be the set of permutations that are shuffles of p; - - - p; and
Pk + -+ piv1 forany 1 < i < k. Forexample, 1234 = {1234, 1243,1423,4123,1432,4132,4312,4321}.
In general, there are (k 11) ways to shuffle p; - - - p; with pg - - - p;+1 where p; - - - p;11 s not a subsequence

7—

k
k—1
of the resulting word. Summing over all possible values of 4, if p € S, then |[p| = Z < ) 1) = ok-1,
i
i=1

Theorem 11. Given p € S andn = 0,
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Proof: Suppose 0 = nn” € R, contains p. Then, for some 1 < ¢ < n, p;---p; is contained in
7w while p;+1--- pi is contained in ©". If p;41 - -- pi is contained in #«”, then py - - - p;+1 1S contained
in 7. Further, p; - -- p; and pg - - - p;4+1 use disjoint digits of o, so 7 contains a shuffle of p; - -- p; and
Pk - - - pi+1. It follows that o avoids p if and only if 7 avoids all shuffles of p; - - - p; and py, - - - p;+1 for all
1<i<k. O

As a consequence of Theorem when p € Sk, R,(p) is isomorphic to a classical permutation
class S, (B), where B is a set of 2°~! classical permutations of length k. For example, 1,,(123) =
$,(123,132,312,321). Because every set we have enumerated in this paper is a finitely-based classical
permutation class, we can use known machinery to determine asymptotic growth of r,,(p) for arbitrary p.
For example, Vatter showed the following:

Theorem 12 ( , Theorem 7). Let B be a finite set of patterns. The pattern-avoidance tree
T(B) is isomorphic to a finitely labeled generating tree if and only if B contains both a child of an
increasing permutation and a child of a decreasing permutation.

Theorem [12 implies that s,,(B) has a rational generating function if B contains both a permutation that
is achieved by inserting one digit into an increasing permutation and another permutation that is achieved
by inserting one digit into a decreasing permutation. The patterns p for which p fits this criteria are
marked with T in Table E

Rational generating functions can indicate either polynomial or exponential growth, however. In Albert
et al. (), Albert, Atkinson, and Brignall give necessary and sufficient conditions on when s, (B)
exhibits polynomial growth. The direct sum a @ S of permutations « and /3 is the permutation formed by
concatenating « and 8 and incrementing all digits of 8 by |«|. The skew sum o © 8 of permutations «
and £ is the permutation formed by concatenating o and 3 and incrementing all digits of « by |3|. Further
let € = (e1,e2) be an ordered pair where {e1,ea} < {—1,1}. The pattern class W (e) is the set of all
permutations = = 7 - - - 7, where there exists a value 1 < j < n such that 7(%) is increasing if e; = 1 and
70 is decreasing if ¢; = —1 where 7)) := 7 -7 and 7 := 7,1 -- - 7,. We have the following
characterization from Albert, Atkinson, and Brignall:

Theorem 13 (Albert et al] (007), Theorem 1). s, (B) has polynomial growth if and only if B contains
a member of each of the following 10 sets of permutations: W(1,1), W(1,-1), W(-1,1), W(-1,-1),
W(lv 1)71’ W(lv 71)71’ W(flv 1)71’

W(=1,-1)71, Ly = {(—Bgzl ai’ai € {1,21}f0ralli} and L},

Applying Theorem [l 3[ to the case of reverse double lists yields the following:

Theorem 14. 1,,(p) has polynomial growth if and only if p is trivially Wilf equivalent to 12 - - - k or to
1---(k=2)k(k—1).

Proof:

We can check that the theorem holds for p of length at most 9 by brute force methods, so without loss
of generality, we assume that k& > 10.

First, notice that s,, (p) meets the criteria in Theorem [ whenp = 12---korp=1---(k—1)k(k —
1). In the case of p = 1---k, p is a member of classes W (1,1), W(1,—1), W(-1,1), W(1,1)7},
W(1,-1)"% W(-1,1)"1, and Lo, while p" is a member of the other 3 classes, and {p, p"} < p. In
thecaseof p = 1---(k — 2)k(k — 1), 1- -k is still a member of 7 of the 10 classes, p" is a member of
the other 3 classes, and {1-- -k, p"} < p<.
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Now, suppose that p> has a member of each of the 10 necessary permutation classes. This means there
is some integer ¢ such that a shuffle of p; - - - p; together with p,, - - - p; 41 is in Lo. By definition of shuffle,
the first digit of the shuffle is either p; or p,. By definition of Lo, the first digit of the shuffle is either 1 or
2.

Similarly, there is some integer j such that a shuffle of p; - - - p; together with p,, - - - pj41 is in Lj. By
definition of shuffle, the first digit of the shuffle is either p; or p,,. By definition of L%, the first digit of
the shuffle is either n — 1 or n.

Combining these observations, either p; € {1,2} and p,, € {n—1,n}orp; € {n—1,n}and p, € {1,2}.
We will assume that p; € {1, 2} because if p; € {n — 1,n}, then p§ € {1,2} and p° is Wilf-equivalent to
p-

Now, since p,, € {n — 1,n} and there is a shuffle of p; - - - p; together with p,, - - - p;4+1 in Lo, it must
be the case that p,, is among the last 3 digits of the shuffle. In other words ¢ > n — 3. This implies that
p1+ Pn—3 € Lo.

Similarly, since p; € {1, 2} and there is a shuffle of p; - - - p; together with p,, - - - pj41 in L5, it must
be the case that p; is among the last 3 digits of the shuffle. In other words, ¢ < 3. This implies that
Pn - -+ pa € L5, and by taking reversal, py - - - pp, € Lo.

We assume that n > 10, so p; - - - pp,—3 and py4 - - - p,, overlap by at least 4 digits. It must then be the
case that p € Lo if p= has nontrivial intersection with both Ly and L.

Now, we know that p € (—Bgzl ai’ai € {1,21}}. Assume «; = 21 for some 1 < ¢ < j. In other

words p has a layer of size 2 that is not at the beginning or the end of p. We claim that there is no
member of p= in W(—1,1)"1. Suppose to the contrary that there is such a member of p. Write
p = p1- P01 Q2pes3 - pn. Where ay > ap are the members of a;. Clearly p ¢ W(—1,1)"%, so
there must be an integer m such that a shuffle of py - - - py, and py, -+ prg1 isin W(=1,1)"% Ifm < ¢
then in the shuffle py3 precedes aiy which precedes o, and these three digits for a 312 pattern. But all
members of W (—1,1)~! avoid 312. If m > ¢ + 2 then p, precedes a; which precedes as, and these
three digits form a 132 pattern. But all members of W (—1,1)~! avoid 132. So it must be the case that
m = { + 1. Thus py precedes o and py43 precedes aq. Since py < g, it must be the case that all digits
larger than 1 appear after «; in increasing order. In other words py43 must appear after ;. But then py,
a1, pess and ag form a 1342 pattern, and all members of W (—1, 1)_1 avoid 1342. We have reached a
contradiction in every possible scenario, so the «; = 21 is only possible if ¢ = 1 or i = 3.

Now, suppose that p = 21 @ (@?;14 1) @ 21. We claim that there is no member of p> in W (1, —1).
Suppose there is an integer j such that a shuffle of p1 - - - p;j and py, - - - pj 11 isin W(1, —1). Since p1 > pa,
it must be the case that j = 1, and the shuffle in question is p" = 12© (@;:14 1) © 12. However, the

longest increasing sequence at the beginning of p" is p,pn—1, and then p,,_s - - - p1 is not in decreasing
order because py < p1. So, there is no member of p<> in W (1, —1).

We have now shown that if o= has a nontrivial intersection with Lo, Ly, W (—1,1)"%, and W (1, —1),
then p € Lo, there is at most one layer of size 2 in p, and that layer must either be the first layer or the
last layer. In other words, p is trivially Wilf-equivalent to either 12---k or 1--- (k — 2)k(k — 1), which
is what we wanted to show.

Therefore, there are exactly 2 classes R, (p) that have polynomial growth for p € S. O
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S5 Summary

In this paper, we have completely determined r,,(p) for any permutation pattern p of length at most 4.
We have also determined the Wilf classes for patterns of length 5. By realizing that r,,(p) = s,(p*),
we took advantage of earlier results in the permutation patterns literature to completely characterize when
r,,(p) has polynomial growth. We also modified a classic proof of the Erd6s—Szekeres Theorem to show
that r,,(12---k) = 0 forn > (’;) + 1, and used the Robinson—Schensted correspondence to determine
T (12--- k) for all k. There are still several open questions of interest:

1. All of the sequences in Table E have rational generating functions. Do there exist patterns p where
the sequence {r,(p)} does not have a rational generating function?

2. We know that the majority of the sequences in Table E have rational generating functions because
of Theorem @; however, actually computing the appropriate finitely-labeled generating trees was
prohibitive both in terms of time and computer memory. What other techniques can be used to
enumerate the members of the corresponding permutation classes?

3. We determined Tk (12--- k) by characterizing the pairs of standard Young tableau that correspond
to m where 77" € R(k)(12 . k) While r(k)_1(12 s k) = I‘(k)(12 cee k) and I‘(k)_2(12 s k) =
2 2 2 2

I'(k)_l(12 ce k)
—% — for smaller length permutations 7, 77" may avoid 12 - - - k without P(7) having

increasing diagonals. What can be said about P(7) where 77" € R, (12--- k) forn < k — 32
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