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On a conjecture of Lin and Kim concerning a
refinement of Schroder numbers

TOUFIK MANSOUR AND MARK SHATTUCK

In this paper, we compute the distribution of the first letter statis-
tic on nine avoidance classes of permutations corresponding to two
pairs of patterns of length four. In particular, we show that the
distribution is the same for each class and is given by the entries
of a new Schréder number triangle. This answers in the affirma-
tive a recent conjecture of Lin and Kim. We employ a variety of
techniques to prove our results, including generating trees, direct
bijections and the kernel method. For the latter, we make use of in
a creative way what we are trying to show to aid in solving a sys-
tem of functional equations satisfied by the associated generating
functions in three cases.
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1. Introduction

Given two permutations # = 77w, € Sp and T = Ty -+ T, € Sk, We say
that m contains the pattern 7 if there exist indices i1 < 19 < --- < i such
that m;, ---m;, is order isomorphic to 7, that is, m;, > m;, if and only if
Tq > Tp- Otherwise, 7 is said to avoid the pattern 7. Moreover, we say that
7 avoids a set L of patterns if it avoids each pattern in L, and let S, (L)
denote the subset of S, whose members avoid L. In recent decades, the study
of pattern avoidance in permutations has been the object of considerable
attention (see, e.g., [7] and references contained therein).

An inversion within a permutation o = o1---0, € S, is an ordered
pair (a,b) such that 1 <a < b < n and o, > 0. The inversion sequence of
o is given by ai - --a,, where a; records the number of entries of o to the
right of 7 and less than ¢ for each i € [n]. The systematic study of patterns in
inversion sequences was initiated only relatively recently in [4, 13]. Analogous
problems, such as avoidance of vincular [12] or multiple [20] patterns, have
been considered on inversion sequences in parallel to those on permutations
represented in the one-line notation.
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The (large) Schroder number S, (see [17, A006318]) is defined recursively
by
nSy, = 3(2n — 3)Sp—1 — (n — 3)SH—2, n > 3,
with S7 = 1 and So = 2, and arises as the enumerator of several avoidance
classes of permutations corresponding to a pair of patterns of length four. In
particular, combining the results from [5, 8, 18], one has the S,, enumerates
Sn(o, 1) for the following ten inequivalent pairs (o, 7):

I. (1234,2134) 11 (1324,2314) IIL (1342,2341)  IV. (3124,3214)
V. (3142,3214) VL (3412,3421) VIL (1324,2134) VIIL (3124,2314)
IX. (2134,3124) X. (2413,3142).

This answered in the affirmative a conjecture originally posed by Stanley
(see [8] for details). Moreover, outside of symmetry, there are no other such
pairs (o, 7) for which |S, (o, 7)| = Sy,. In this paper, we obtain a refinement
of this result in several cases by considering distributions of certain statistics
on the various classes. For other refinements of the Schroder numbers, see,
e.g., [2, 14, 15, 16].

Table 1: The new Schroder triangle S, for 1 <k <n <6

k1 2 3 4 5 6

1
2 2
6 6 6
16 22 22 22
6 40 68 90 90 90

In a recent paper, Lin and Kim [11] introduced a new triangle S, ;, for
Schréder numbers in their study of inversion sequences; see Table 1 above.
Here, we find it here more convenient for what follows to start from k£ =1
instead of £ = 0, as was done in [11]. Note that S, j, is given recursively by

Sn,k = Sn,kfl + 257171,]6 - Snfl,kfla 1< k <n-— 27

with Sn,n = Opn—-1 = Sn,n—Q for n > 3 and S171 = 5271 = S272 = 1. Lin
and Kim showed that S, ; enumerates the inversion sequences 7y ---m, €
{I,(021) | m, = k mod n}. Then they state the following conjecture which
provides a connection between inversion sequences and pattern avoidance in
permutations.
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Conjecture 1.1 (Lin and Kim [11]). Let (v,pu) be a pair of patterns of
length four. Then

Sn,k = ‘{O’l O € Sn(V7/L) | Oop = k}‘
for all 1 < k <n if and only if (v, u) is one of the following nine pairs:

(4321, 3421), (3241,2341), (2431,2341), (4231, 3241), (4231,2431),
(4231, 3421), (2431,3241), (3421,2431), (3421, 3241).

Further, it was also shown in [11] that S(n,k) for 1 < k < n gives the
cardinality of the restricted class {m---m, € I, (>,—,>) : m, = k — 1} of
inversion sequences. For other recent results concerning the avoidance of a
pattern of relation triples by inversion sequences, see, e.g., [1, 3, 9, 10].

Given 1 < i < n, let S, (0, 7) denote the set of permutations of length
n avoiding o and 7 and starting with i. Note that one may consider equiva-
lently the distribution of the first letter statistic on the set of permutations
avoiding the reversal of the two patterns in question in each case. Here, we
confirm the conjecture by showing that |S, (o, 7)| = Sp; for each of the
nine pairs above (where the patterns in each pair are reversed). It is seen
that these nine cases are derived from only six of the ten symmetry classes
(I)-(X) above. It should be remarked that the reversal, complement and in-
verse operations do not respect the first letter statistic and thus members
of the same symmetry class do not have the same first letter distribution in
general. Moreover, these are the only nine pairs such that |S, (o, 7)| = Sy
for all i; see Table 2 below which rules out all other possible pairs (o, 7) for
which |Sy, (o, T)| = Sy.

In several cases, we will make use of a generating function approach to
establish the result. Note that by the kernel method [6], one can show

Z < Y Sn,kyk> z"
k=1

n>1

(1) = 2y(2 — 3z — 3y + 3zy) + zy(z + y — zy) (zy + /1 — 62y + 22y?)
B 2(1 — 2z — y + zy) ’

which reduces when y = 1 to the well-known formula for the Schréder num-
ber generating function given by

1—z—+v1—6x+ a2
ZSnx": 5 .

(2)

n>1
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This paper is organized as follows. In the next section, we show six cases
of the conjecture above using various methods such as induction, bijections
and generating trees. In the third section, we prove the remaining three
cases, each of which involves 1243 and another pattern, by considering the
joint distribution of the first and second letter statistics. This permits one

Table 2: All symmetries of classes I-X according to the first letter statistic,
where the 9 boldface cases correspond to the conjecture and the 9 italicized
cases are obtained by complementation

[o.7 [ {{r € Ss(o,n) [ m1=kIIE_, [ o~ | {l{m € Ss(o,7) [ m1 = k}}E_, |
2413,4123 1584,1036,996,956,879,751,533,233 3142,4123 1584,1584,1252,912,637,443,323,233
3142,3214 1584,1584,736,396,292,304,488,1584 2341,2413 1584,488,304,292,396,736,1584,1584
2341,3142 1584,811,587,489,481,577,855,1584 2413,3214 1584,855,577,481,489,587,811,1584

2431,3421 1806,1022,710,614,644,795,1161,1806 || 2431,4231 1806,1092,1008,1045,1120,1134,924,429
2314,3124 1806,1092,752,629,629,752,1092,1806 || 2314,3214 | 1806,1092,752,629,629,752,1092,1806
2341,3241 1806,1092,752,629,629,752,1092,1806 || 2413,3142 1806,1092,752,629,629,752,1092,1806
2431,3241 1806,1092,752,629,629,752,1092,1806 || 2134,3124 | 1806,1161,795,644,614,710,1022,1806
3241,3421 1806,1806,1198,678,406,342,516,1806 || 3214,3241 1806,1806,1220,672,390,342,516,1806
3124,4123 | 1806,1806,1502,1152,840,594,429,429 || 3214,4213 | 1806,1806,1502,1152,840,594,429,429
3241,4231 1806,1806,1502,1152,840,594,429,429 || 3412,4312 1806,1806,1502,1152,840,594,429,429
3421,4231 1806,1806,1502,1152,840,594,429,429 || 3421,4321 1806,1806,1502,1152,840,594,429,429
4123,4132 | 1806,1806,1806,1412,928,512,224,64 4125,4213 | 1806,1806,1806,1412,928,512,224,64
4132,4213 | 1806,1806,1806,1412,928,512,224,64 4132,4231 1806,1806,1806,1412,928,512,224,64
4132,4312 | 1806,1806,1806,1412,928,512,224,64 4218,4231 1806,1806,1806,1412,928,512,224,64
4213,4312 | 1806,1806,1806,1412,928,512,224,64 4231,4312 | 1806,1806,1806,1412,928,512,224,64
4312,4521 1806,1806,1806,1412,928,512,224,64 3124,3214 | 1806,1806,788,540,484,540,788,1806
3412,3421 1806,1806,788,540,484,540,788,1806 2314,2341 1806,516,342,390,672,1220,1806,1806
2134,2314 | 1806,516,342,406,678,1198,1806,1806 || 2134,2143 | 1806,788,540,484,540,788,1806,1806
2341,2431 1806,788,540,484,540,788,1806,1806 1432,2413 | 233,323,443,637,912,1252,1584,1584
1432,3142 | 233,533,751,879,956,996,1036,1584 1234,2134 | 429,429,594,840,1152,1502,1806,1806
1243,2143 | 429,429,594,840,1152,1502,1806,1806 || 1324,2134 | 429,429,594,840,1152,1502,1806,1806
1324,2314 | 429,429,594,840,1152,1502,1806,1806 || 1342,2341 | 429,429,594,840,1152,1502,1806,1806
1432,2431 | 429,429,594,840,1152,1502,1806,1806 || 1324,3124 | 429,924,1134,1120,1045,1008,1092,1806
1423,4123 | 429,924,1344,1582,1582,1344,924,429 || 1432,4132 | 429,924,1344,1582,1582,1344,924,429
1234,1243 | 64,224,512,928,1412,1806,1806,1806 1243,1324 | 64,224,512,928,1412,1806,1806,1806
1243,1342 | 64,224,512,928,1412,1806,1806,1806 1243,1423 | 64,224,512,928,1412,1806,1806,1806
1324,1342 | 64,224,512,928,1412,1806,1806,1806 1324,1423 | 64,224,512,928,1412,1806,1806,1806
1342,1423 | 64,224,512,928,1412,1806,1806,1806 1342,1432 | 64,224,512,928,1412,1806,1806,1806
1423,1432 | 64,224,512,928,1412,1806,1806,1806

to write a system of recurrence relations in each case which may then be
expressed in terms of some auxiliary generating functions leading to a system
of functional equations. At this point, one can use the conjecture itself in
these particular cases along with the kernel method to ascertain a potential
solution to the aforementioned system, which may then be shown to be the
actual solution. Taking the variable that marks the second letter statistic to
be unity then recovers formula (1) and demonstrates the desired equality of
distributions.
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We remark further that in order to prove the final three cases we make
use of a special decomposition of the respective generating functions into
what we term positive and negative parts as well as parts corresponding
to certain ordered pair values of the parameters in question (see, for exam-
ple, the various generating functions that are defined following the proof of
Lemma 3.1 below). Such a decomposition is necessary in translating the sys-
tem of recurrences at hand into a system of functional equations. In addition,
the decompositions of the permutations themselves required in deriving the
recurrences for the last three cases involving 1243 (see proofs of Lemmas 3.1,
3.5 and 3.10) are apparently new. Finally, in establishing the recurrences in
the cases (1324,1423) and (1342,1423) (see Lemma 2.3), we make use of
generating trees in not only tracking the labels of offspring but also the
value of the first letter statistic in the offspring. We do not know of other
examples of generating trees being used in this way in conjunction with a
statistic auxiliary to the tree structure such as the one recording the first
letter.

In several instances, the distribution of the first letter statistic on the
pattern pair in question follows as a special case of a more general distribu-
tion. For one’s reference, listed below are the places within the paper where
the specific cases are shown.

Table 3: Places where specific cases of Conjecture 1 are proven

| Pattern Pair | Reference || Pattern Pair | Reference ||

1234,1243 Theorem 2.1 || 1243,1324 Corollary 3.14
1243,1342 Corollary 3.9 || 1243,1423 Corollary 3.4
1324,1342 Theorem 2.1 || 1324,1423 Theorem 2.5
1342,1423 Theorem 2.5 || 1342,1432 Theorem 2.2
1423,1432 Theorem 2.1

2. Pattern avoidance and the new Schroder triangle

In this section, we enumerate members of S, ;(o, 7) confirming the conjecture
in six of the cases, the first three of which we treat together in the following
result.

Theorem 2.1. Ifn>1 and 1 < i < n, then |S, (o, 7)| = Sn,; for (o,7) =
(1234,1243), (1324,1342) and (1423,1432).

Proof. We prove the case when (o,7) = (1234,1243), the others being
similar. Let A,; = 5,,(1234,1243) and we first write a recurrence for
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an;i = |Ani|. Note that members of A, ; where 1 < ¢ < n — 3 must have
second letter ¢ € [i — 1] or £ = n — 1,n, for otherwise there would be an
occurrence of 1234 or 1243 starting with i£. Furthermore, the first letter ¢ is
seen to be extraneous concerning the avoidance of 1234 or 1243 if ¢ € [i — 1]
and thus may be deleted. Similarly, £ may be deleted in cases when £ = n—1
or n. This implies the recurrence

i—1
Qn,i = 2(171—171' + Zan—l,fa 1<i<n-—2,
/=1

with @y p = apn-1 =D 11 Gn-1, for n > 3.
Before proceeding further, note that
n—2
Sn7n—2 = Z(Sn,k - Sn,k—l)
k=1
n—2
= Z(an—l,k - Sn—l,k—l)
k=1
n—3
= 2Sn—Ln—2 + Z Sn—l,k

k=1
n—1
= Z Sn—l,k-
k=1

Thus, the a,; and S, ; are both given by the sum of the entries of the
previous row if i € [n — 2, n|, with the two arrays also agreeing for n = 1, 2.
Therefore, to complete the proof, it suffices to show

i—1
(3) Sni =281, + an—l,e, 1<i<n-—-2.

(=1
To do so, we proceed by induction on n and ¢, the ¢ = 1 case clearly holding
since Sy,1 = 25,11 for all n > 3. So assume n > 4 and 2 <7 < n — 2. Note

further that (3) also holds when i = n — 1 for n > 3, which follows from the
work above. Then by the induction hypothesis, we have

Sni = Sni—1+25,-1; — Sn—1,i—1
i—2 i1
=2S,-1,i-1+ Z Sp—1,+4S,-2; +2 Z Sn—2.
/=1 =1
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i—2
— 25, 21— Z Sp—2.¢
—1
i—2
(4) = 25,-1,i—1 + 452, + Z(Snfl,é + Sn—2,0).
—1

Upon substituting (3) into (4), and simplifying the resulting equality, to
complete the induction, we must show

i—2
(5) 28,145 = Sn-1,-1+ 45,2 + Z Sn—2.0.
—1

Substituting S, —1,; = 25,2, + 22;11 Sn—2, into (5) reduces it to

i—1 i—2
2 Spo¢="Sn1i1+ > Sn-as
=1 =1

ie.,

i—2

Sn—1,i-1 = 25,21+ Z Sn—2,¢,

/=1
which is true by the induction hypothesis. This establishes (3) and completes
the proof in the case of (o, 7) = (1234,1243). Since the associated ay,; can
be shown to satisfy the same recurrence and initial conditions for the other
two pattern pairs, one obtains the same result in these cases as well. ]

To establish the case (1342, 1432), we define a bijection with a previous
case.

Theorem 2.2. The members of Sy, ;(1342,1432) having a prescribed set of
left-right minima in specified positions are in one-to-one correspondence with
members of Sp.i(1234,1243) having the same set of left-right minima in the
same positions. In particular, |Sy,;(1342,1432)| = Sy, ;.

Proof. We define a bijection f between S, ;(1342,1432) and S, ;(1234,1243)
with the desired properties as follows. Let 7 = 21 - -z, € Sy,,;(1342,1432)
have left-right minima values a, > a,_1 > --- > a1, where a, = 1 and
a1 = 1. Note that since the patterns in both pairs start with 1, one may
always assume a left-right minima plays the role of the 1. Suppose m = a1,
where o or g is possibly empty. Then let 7 be obtained by reversing the
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order of all letters in 8 within my = m, that is, m = a1f8’, where 8’ denotes
the reversal of 8. Note that m contains no 1234 or 1243 starting with the
actual element 1 since all such occurrences of 1234 or 1243 within 7y have
been replaced with comparable occurrences of 1432 or 1342, respectively.

If r =1 (i.e., if w starts with 1), then we let f(7) = m; and we are done,
so assume 7 > 2. In this case, let S denote the subsequence comprising all
elements of [ag + 1,7n] occurring to the right of as in the permutation 7.
Let S* denote the portion of S to the right of a; within 7. We then let 7o
be the permutation obtained from 7 as follows. First remove all letters of
m corresponding to S and replace them with blanks. Within these blanks,
from left to right, we then write the elements of S* followed by the reversal
of S — S* to obtain my. That is, the elements between as and ay in m
that belong to [ag + 1,n] have their relative order reversed when they are
written within the blanks and now follow (instead of precede) the remaining
elements of S. Observe that w2 has no occurrences of 1234 or 1243 starting
with ag as the relative order of all elements belonging to [as + 1,7n] to the
right of as in 79 is the reverse of the order of these same elements in 7. To
see this, note that only the elements in .S — S* have their order reversed in
going from 7 to my as the order of S* in m; is already the reversal of what
it was in m. Further, no occurrence of 1234 or 1243 starting with a; can
arise during the transition from m; to w9 since the positions of elements in
[2, a2 — 1] do not change during this transition.

If r = 2, then let f(m) = m2. Otherwise, consider moving the letters that
belong to [as+1,n] and lie to the right of ag within 7y in a comparable man-
ner as before, reversing the order of only those elements occurring between
as and as. Continue on for subsequently larger ¢ where in the r-th step,
one moves letters in [a, + 1,n] in obtaining 7, from 7,_1. Let f(7w) = 7.
Note that 7, indeed belongs to S,,(1234,1243) since as one may verify no
occurrence of 1234 or 1243 starting with a; for some j < 7 can arise during
the i-th transition from m;_; to m; for any 7 € [r]. Since each step of the
algorithm described above is seen to preserve both the positions and values
of left-right minima, then so does the mapping f (in particular, the first
letter statistic is preserved by f). This implies that the inverse of f may be
found by reversing each of the r steps of the algorithm starting with the last
step and proceeding in reverse order. O

We next treat the cases (1324, 1423) and (1342, 1423) together using a
generating tree approach (see, e.g., [19]). Consider forming 7 € S,,(1324,
1423) (or S,,(1342,1423)) by inserting the element 1 within a member

p € S,-1(1324,1423) (S,-1(1342,1423), respectively),
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expressed using the letters in [2, n]. By an active site within p = p1 -+ pp—1,

we mean a position in which 1 may be inserted without introducing an

occurrence of either 1324 or 1423 (and likewise for (1342, 1423)). Given either

pair (o,7) of patterns under consideration, let wu,(i,j) denote the number

of members of S, ;(0, 7) having exactly j active sites. Note that w, (i, j) for

n > 2 can assume non-zero values only when 1 <¢:<nand 3 <j <n+1.
The u,(i,j) are given recursively as follows.

Lemma 2.3. If 3 < j <n, then

6)  un(i,j) =tna(i—1,j -1+ > upa(i—10), 2<i<n,
t=j—1

with un(1,7) =0. If j =n+ 1, then we have
(7) Up(i,m+1) = up—1(i — 1,n), i>2,

with up(1,n + 1) = 272 forn > 2 and u1(1,2) = 1.

Proof. We treat the case (1324,1423), with the same recurrences seen to
hold for (1342,1423) by a comparable analysis. Let U, ; ; denote the subset
of S,,,:(1324,1423) enumerated by u,(7, 7). Note that the (active) sites of
7 € Uy, correspond to the rightmost j possible positions of 7 in which to
insert a 1 if j < n. For if the j-th letter  from the right within © where
J < n starts either a 213 or 312 and is the rightmost such letter to do so,
then all positions to the right of x are sites. From this observation, we may
conclude that U, 1; is empty if 3 < j < n, upon considering separately
the cases j = n or j < n. On the other hand, since 1 starts both of the
patterns that are being avoided, we have that U, 1,41 is synonymous with
Sn_1(213,312), which has cardinality 272 if n > 2. This establishes the
initial conditions when ¢ = 1, so assume henceforth that i > 2.

Let  be formed from a precursor « € U, —1 4 for some a and b, expressed
using [2, n], by inserting 1 as described. Let (k) denote a precursor having k
sites. Then we have the succession rule (k) — (3)(4)--- (k+ 1)(k + 1) with
root (2), which follows from the argument used in the proof of [8, Prop. 11]
or can be reasoned directly in this case. Note that no offspring of a if b < n
can arise by inserting 1 in the first position, for otherwise a 1324 or 1423
would be introduced, whereas if b = n, an offspring so produced would have
n + 1 sites. Since any offspring m € U, ; ; where 7 > 2 must have precursor
starting with ¢ — 1 and containing at least j — 1 sites, recurrence (6) follows.
On the other hand, an offspring @ € U, ; n+1 where ¢ > 2 can only come
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about by inserting 1 in the final position within its precursor p € Up—1—1.n,
for the other offspring of p having n + 1 sites comes about by inserting 1 in
the first position. This implies (7) and completes the proof. O

Given n > 2, let v,(i;q) = Z;LJF?} un(i,7)¢ =2 for 1 < i < n, with
v1(1;¢) = 1. Define the joint distribution polynomial

n
9) =Y oaliiqy’, n>2
=1

with v1(y,q) = y.
Then the v, (y, q) are given recursively as follows.

Lemma 2.4. Ifn > 2, then

(1—y@ty—yg"*
2—y
Yq(vn—1(y,1) + (1 = 2¢)vn—1(y,q))
1—¢q

(8) un(y,q) =

_l’_

I

with vi(y,q) = .

Proof. Note that (8) is seen to hold if n = 2 since va(y,q) = yq(1 + y),
so assume n > 3. Multiplying both sides of (6) by ¢/~2, summing over
3 < j <n and adding ¢"~! times (7) gives

Un(i;q):unfl(i n 1+Zun 1 1.7*1)
n ) n
+D a7 ) (i 1,0)
=3 t=j—1
n .
=q) up1(i—1,5)¢
=3
n +1
+ Z un—l(i Z q — Up— 1 17 n)qnil
=2
ni- q" |
= qUp— 1 +Zun 1 1_q _Un—l(i—l,n)q”*

. q . .
= qup—1(i — 1;¢) + — q(vnfl(z = 11) — quaa(i — L;9))

1
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- Un—l(i -1, n)qn_la

for 2 < i < n, with v,,(1;¢q) = 2""2¢"~!. Multiplying the last recurrence by
y®, and summing over %, yields

yq(vn—1(y,1) — qun-1(y, q))
l1—gq

n(¥,q) = yqua—1(y, q) +

n
+ 21’L—2yqn—1 _ qn—l Z unfl(i _ 1’ n)y’b
=2

_ Yan—1(y, 1) + (1 — 2¢)0n-1(y, 9))
l—gq

n—1
+ 2n—2yqn—l - qn—l <yn + Z2n—i—1yi> 7
=2

where we have used the fact

, 2m=i=l if 1 < j < m;
um(j,m+1) =15,,,(213,312)| =
1, if j =m,

which follows from elementary considerations. Simplifying and combining
the inhomogeneous terms in the last recurrence formula now gives (8). [

Note that (8) holds for both (1324, 1423) and (1342, 1423) since Lemma
2.3 applies to either pair. Let f(z,y;q) = anl vn(y, q)z™.

Theorem 2.5. The generating function of the joint distribution for the
statistics on Sy, (1324,1423) and S,,(1342,1423) recording the first letter and
number of active sites is given by

zy(1 —q)(1 — xq)(1 — 22yq)
1 —2xq)(1 — 2yq)(1 — (zy + 1)g + 27yq?)

xryq
9 + A ) )
(9) 1— (zy + 1)q + 22yq? (,9)

f(w,y;Q)Z(

where

Al y) = xy(2 — 3z — 3y + 3zy) + zy(z + y — zy)(xy + /1 — 62y + 22y?)
Y= 2(1 -2z —y+zy) )
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Proof. Multiplying both sides of (8) by z", and summing over n > 2, yields

y(l—y) 22%¢ 1-y 2% yq

) . 1
2—y 1-21q 2-y l—ayq 1—gq (z,:1)

f(w,y5q) — vy =

zyq(l — 2q) ,
A f(z,y59),
which may be rewritten as
zyq(1 — 2q)
A AN A i
( 120 faea)
*yq(l —y Tyq
(10) oyt 0=9) Fla 1),

(1-2z2¢)(1—2yq) 1-g¢

To solve (10), we apply the kernel method [6] and let

I+ ay— /1 -6y + 2?y?

4y

q9=4q0

This gives

qo—1 (1 —=y)(q —1
=2ty —t0-v@-D
qo 1 —2xq0 — xyqo + 22°yq;

qo—1 z(1—y)(go — 1)
— —|— ,
0 l—2+z(zy —y—1)q

where we have used the fact 2zyg3 = (1 + zy)go — 1. Substituting qig =
1+ay+/I-6zytayZ
2

into

(1L z(l—y)
f(x’y’l)_<1 q0> <1+1;—0’”+w($y—y—1)>’

and simplifying, leads to the formula f(z,y;1) = A(x,y). Substituting this
back into (10) yields (9). O

3. The remaining cases

In this section, we consider the remaining cases (1243,1423), (1243,1342)
and (1423,1324). We adopt a common approach for these three cases and
consider the joint distribution of the first and second letter statistics. For
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the given pattern pair (o, 7) under current consideration, let a,(i,j) denote
the number of members of S, ;(o,7) whose second letter is j. Let a,(i) =
Z#i an(i,7) and a, = Y. | an;. Note that a, = S,, the n-th Schréder
number (see, e.g., [8]). Clearly, we have

(11) an(%]) :an—l(j>7 1 S] <i7

for all pairs of patterns under consideration. If ¢ < j where ¢ < n—3, then in
order to write a recurrence for a,(i,7) in this case, we consider the position
of the second ascent and further subcases based on the size of the difference
j — 1. If n < 3, then all three pattern pairs have initial values given by
a1 (1) = az(1,2) = a(2,1) = a3(i,j) = 1 where 4, j € [3] with 7 # j.

3.1. The case (1243,1423)

In this subsection, we enumerate the members of S, (1243, 1423) according
to the joint distribution of the first and second letter statistics.
We first prove the following recurrence for a,(i,j) when i < j.

Lemma 3.1. We have

1—1 t—a—1 i—c .
.. .. t—a—1
(12) an(i,i+1) =ap—1(i,i+1)+ E E E < )an_c_z(a, b),
a=1 c¢=0 b=a+1 ¢

for1<i<n-—2, with a,(n —1,n) = ap_2,

an(i,i+2) = ap—1(i,i + 1) + ap—1(3,7+ 2)

(13) Yy (70 st

a=1 c¢=0 b=a+1

for 1 <i<n-—3, with ap,(n — 2,n) = an—_2, and

i—1 i—a—1 .
. . t—a—1 .
an(za.]) :anfl(%] _1)+Z Z ( >anc2(a7] _0_2)

a=1 c¢=0 ¢
(14)
i—1 i—a—1 i—a—1
+ (1 - 5j,n) : <an1(iaj) + Z Z < c )anCQ(aaj —C—= 1)) >
a=1 c¢=0

forda<i+3<j<n.
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Proof. Let k denote the third letter of a member of A, ; ;. We will consider
various cases based on k in the proofs of (12)—(14). To show (12), first observe
that for members of A, ; ;41 where ¢ < n—2, one has either k = i+2or k < 1,
for k > i+ 2 would ensure an occurrence of 1243 which isn’t permissible. In
the first case, the third letter is superfluous concerning avoidance of either
pattern and thus may be deleted leading to a,,—1 (4,74 1) possibilities. On the
other hand, in the latter case, we have that m € A, ; ;+1 can be decomposed
as m =i(i + 1)xy - - - xcadp, where a € [i — 1], z1,...,2. € [a+ 1,i — 1] with
x1 > -+ > x., d > a and p denotes the terminal section of 7. Note that
d=1i+2ord€ [a+1,i—1]—{x1,...,z.} since d > i+2 is again not allowed.
Further, the letters x1,...,x¢, 4,7+ 1 may be removed from 7 in light of the
ascent a, d, leading to a member 7’ € A,,_._3 4 for some b after reduction of
letters. Note that within 7/, the b parameter value can range over [a+1,7—¢]
since the largest possible value it may assume is i +2 — (¢ +2) =i —c. As
there are (Z_Z_l) ways in which to choose the x;, considering all possible a,
c and b implies that the number of m € A, ; ;11 for which k < ¢ is given by
Sl sianlye 1 ("% M ayn—c—2(a,b), which establishes (12).

A simllar argument applies to (13) except that now we have k < i or k =
i+1,7+ 3 for members of A, ; ;42 where ¢ < n— 3. Note that k = i+ 3 leads
to an—1(i,7+ 2) possibilities, as k may be deleted in this case. If k& < i, then
making use of the previous notation, we have d € [a+1,i—1]U{i+ 1,7+ 3}
and thus b may range in [a+1,7—c+1] in this case. Finally, to show (14), we
consider first the case when j < n within a member of A,, ; ; where j > i+ 3.
Here, we would have k € i —1JU{j — 1,7+ 1}, as k € [i + 1,5 — 2] would
lead to an occurrence of 1423 as witnessed by ijk(k +1). If k = j — 1 or
k = j + 1, then k£ may be deleted in either case giving a,—1(é,j — 1) and
an—1(i, 7) possibilities, respectively. If k& < i, then we must have d = j —1 or
d = j+ 1, for other values of d would lead to an occurrence of 1243 or 1423.
Considering all possible a and ¢ then yields the two double sum expressions
occurring in the j < n case of (14). Combining this with the preceding then
implies (14) when j < n. On the other hand, if j = n, then k = j+ 1 or
d = j + 1 does not occur in the preceding argument, which implies (14) in
this case and completes the proof. O

We will make use of the following generating functions:

A(z,v,w) ZZZanabvwx

n>2a=1 b=1

(z,v,w) ZZZanabvwx

n>2 a=1 b=a+1
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n a—1

A" (z,v,w) ZZZan(a,b Jotuwbaz™,

B(z,v,w) ZZZanabvawbx"

n>4 a=1 b=a+3

Translating (11)—(14) in terms of generating functions (the details of
which are provided below in the appendix) yields the following system of
functional equations.

Proposition 3.2. We have

AT (z,v,w) = wC(z,vw) + w*D(x,vw) + B(z,v,w),

9 v v2x

wa® + ﬁA(x,vw, 1) —

A" (z,v,w) =v A(vz,w, 1),

C(z,vw) = vwr? A(vwz, 1,1) + vwr? + viw?e® + 2C(x, vw)
2

WL +( VWL 1= wa,1)
vwr + vw — 1 1 —vwzx
1— 2
_ A= vwd)a” e e, —2 ),
vwer +ovw — 1 "1 —vwz

D(z,vw) = > A(vwz, 1,1) — v*w?z* + 2(C(z, vw) — vwr? A(vwz, 1,1))

1—
+ 2D(z,vw) + (1 - vwz) *( uer 1 —ovwz, 1)
vwx +ow — 1 1 —vwz
2 2
1—
__ 2l - owz) At (2,1 — vwa, ﬂ) — 22C(z,vw),
vw(vwx + vw — 1) 1 —vwx
B(z,v,w) = wzB(z,v,w) + wizD(z,vw)
2.2
1—
il wa)A*‘(:ﬂ, 1 —vwe, S )
vwr +v—1 1—vwzx
vw?a?

— mA+(x,U,w> + xB(CU,'U,'LU)
2 1— 2
wz(1 —vwx) Bl 1 — vws, vw )
v(ivwzr +v —1) 1 —vwz
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U’LUZE2

— —— B(z,v,w).
vwr +v—1

Using the conjecture itself as an aid, we are able to solve explicitly (see
appendix for details) the preceding system and obtain the following result.

Theorem 3.3. The generating function for the joint distribution of the first
and second letter statistics on S, (1243,1423) for n > 2 is given by

At (z,v,w) + A (2,0, w),

where At (z,v,w) and A~ (z,v,w) are as in (28) and (29), respectively.

Substituting w = 1 in the prior theorem and finding va + A(x, v, 1), one
obtains the following result.

Corollary 3.4. The generating function for the distribution of the first letter
statistic on 8,(1243,1423) for n > 1 is given by

vx(2 — 3v — 3z 4 3vz) +vz(v + = — vz)(ve + V1 — 6vr + v2a?)
2(1 —v — 2z + vx)

3.2. The case (1243,1342)

We first write a recurrence for a,(i,j) when i < j.

Lemma 3.5. I[f1<i<j<n-—1, then

j—1 i—1i—a—1j—c—2 ,.
- . 1—a—1
NGRS SEURIEEES DD Db D (R L)
k=i+1 a=1 c¢=0 b=a+1
i—1i—a—1 i—a—1
(15) 46y, - (an_l(i,i ++ ) < >an_c_2(a,i - c)> ,
a=1 c=0 ¢

with ap(i,n) = an—1(i) for 1 <i<n-—1.

Proof. The formula when j = n is obvious, so assume j < n. Let A, ;;
denote the subset of S, ;(1243,1342) having second letter j. Let m € A, ; ;
where 1 < i < j <n—1 and k denote the third letter of . Suppose k < 7,
noting that this is indeed a requirement if j > ¢42, for otherwise j < n would
imply a 1342 would occur. If i+1 < k < j—1, then the letter j is extraneous
and thus may be deleted from 7 since all elements of [k + 1,n] — {j} must
occur in increasing order with all elements of [i + 1, k] occurring to the left
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of those in [k+1,n] — {j}. This implies the first summation formula in (15).
Otherwise k < i and we may write m = ijx1 - - - x.adp, where 1 < a < z1 <
co- <z, <i—1andd > a. Note that d < j if j > i 4 2 in order to avoid a
1342 of the form ijdt for some t € [i + 1,5 — 1].

We argue now that d < j implies that ¢ and 7 may be deleted from 7.
Clearly, the letters ¢ and j are extraneous concerning the avoidance of 1243 in
light of the ascent a,d where a < i. They are also irrelevant concerning 1342,
whence they may be deleted. To see this, note that if d < ¢, then members of
[d+1,n] occurring to the right of d must form an increasing subsequence due
to a preceding d and thus no 1342 can start with ¢5. The same conclusion is
reached if i < d < j, for in this case all letters in [i+1,d— 1] occur to the left
of those in [d+1,n]—{j}, with the latter forming an increasing subsequence.

Since x1,...,x. may clearly also be deleted from 7 as a < x., one is left
with " € A,,_._9 4 for some a and b. Note that b € [a+1,j — ¢ — 2] (after
reducing letters) since d € [a + 1,7 — 1] — {x1,..., 2, i}. Considering all

possible a, ¢ and b then yields the triple sum expression in (15) and finishes
the case when j > ¢ 4 2. On the other hand, if j =i+ 1, then k = j + 1
is possible without introducing an occurrence of 1342, in which case k may
be deleted resulting in a member of A, ;1. Likewise, d = j + 1 is also
possible in the decomposition of m above. Combining these two additional
cases then accounts for the second line in formula (15) and completes the
proof. O

From (15), we may deduce the following further useful formulas.

Lemma 3.6. If1 <i<n-—2, then

(16) an(iyi+1) = ap(i,i+2)

and

(17) an(iyi+1) = an-1(L,i+1).
(=1

Proof. Both equalities are easily seen to hold if ¢ = n — 2, so assume 1 <
i <n-—3. Taking j =i+1and j =i+2in (15), and comparing the results,
then completes the proof of (16). For (17), first observe

1—1
> an-a(ti+1)
(=1
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i—1 i i—1 4—14—a—1i—c—1 Ca-1
- oY Y Y ( >an_6_3<a,b)

(=1 k=(+1 ¢(=1a=1 c=0 b=a+1
i—1 7 1—2 i—a—2 i—c—1 i—1
f—a—1

S 3D IITLES DD SIS DRISSTOUED DI Gl

(=1 k=(+1 a=1 ¢=0 b=a+1 l=a+c+1

i—1 7 1—2 i—a—1 i—c .

—a—1

- NI SRS ( )WLCQ(@,@.

(=1 k=(+1 a=1 c¢=1 b=a+1

Then, by (16) and (15) when j =i + 2, we have

n(i, i+ 1) Zanlﬁz—l— =an(i,i +2) — Zanlél—i—l

i—1 i—a—1 i—c i—2 i—a—1 i—c
@zz:zzzﬂﬁﬂ%ww
a=1 ¢=0 b=a+1 a=1 c=1 b=a+1

i—1 %

= an_1(ii+1) — i > ana(fk)

which completes the proof of (17). O
To summarize, we have the following recurrence for ay (i, 7):

,

an(la ) :an—l(j)7 I1<j<i<m,
an(i,mn) =ap-1(1), 1<i<n-—1,
an(t,i+1) =>4 jan—1(li+1), 1<i<n-—2
(18) an(i,i+2) = an(i, i+1) 1<i<n-—2,
an(i, J) Zk Z+1 an—1(i, k) )
1 i—a—1
+30001 Xt Lhapt (T ) an—e-2(asb),

In this case, we state the recurrence formulas satisfied by the correspond-
ing distribution polynomials which will aid in translating (18) to functional
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equations as they are not too lengthy. Define

n

n—1
=53 anli,jvind,
i=1 j=i+1

n 1—1

Ay (0,w) =D an(i, jo'w,
i=2 j=1

= E Z an(i, j)v'w?,

i=1 j=1

for n > 2. Clearly, A, (v,w) = Al (v,w) + A, (v,w) for all n > 2. Further,
we define

_9 — —
:nz:an(i,i—i—l)vi and By (v, w) Z Z n(t,7) ij
i=1 i—1 j—i

Then (18) may be rewritten in terms of these distributions as

n+1

v v
— ,UAnfl(wa 1)7

- UAn,l(vw, 1) —

At (v, w) = By(v,w) + w?(Cp(vw) — (vw)" 24, _2(1,1)) + wChp (vw)
+ 'U}nAn_l(l, w),

1
Cn(v) = ;A:zrfl(L U)’

A, (v,w) =

Bul0,0) = 1 (Bt (0,10) + 03(Cot(0) = Ans(1, 1) (00)" )
— T (Bua0,1) + ot (0) — A (1,10 )
2 (G a (o) — A (1, 1))
— (Gt (0) = Aua(1,1)0)

DI ‘Z'Z i <i_1c_a)ancg(a,b)viwj.

Define
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A(z,v,w) = Z Ay (v, w)z"™.

n>2

Further, define B(z,v,w) = 3, <5 Bp(v,w)2™ and C(z,v) = 3 <5 Cp(v)a™.
Rewriting the preceding recurrences in terms of generating functions yields
the following result.

Proposition 3.7. We have

2

Ai(xﬂ),w) = v2wx2 + %A(w,vw, 1) - 1U - A(’U.’L‘,’U}, 1)7
— v —v

AT (z,v,w) = vw?z? — vw3az® + B(z, v, w)
+ w?(C(x,vw) — 22 A(vwz, 1,1))
+wC(x,vw) + wrA(wz,v, 1),

where

C(z,v) = %fﬁ(az, 1,v),

Ba.v.w) = = vwfilw;)?l 5 (Bla.v.w) — Bluw.v.1)
_ 3
1- i(ul; - 5511;)(1%_ oy ¢ o)
T e O
2, 901 2
iy - ;Uwg(l %), ~owz) ( 1 Eﬁix 1 —vwz, 1)
— B(z,1 — vwz, %))
n 222w (1 — vwz)? vwE 1 vwa).

(1 —v—vwx)(l—vw—vwz) '1—vwzx
By mathematical programming, one may verify the following solution of

the foregoing system of functional equations.

Theorem 3.8. Let S(x) = Va2 — 62+ 1. The generating function for the
joint distribution of the first and second letter statistics on S,(1243,1342)
for n > 2 is given by A(x,v,w) = At (z,v,w) + A~ (z,v,w), where

AT (z,v,w)
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(1 —v+ (22 — 20% + vz — 2)w — vz(z — 2)(v — Dw?)vw?z?
2(1 — v 4+ wz(v —2))(1 — 2vw — z(1
(1 — v+ (602 — 4v — (402 — 2v + 1))w)vw?z
2(1 —v+wz(v—2))(1 — 20w — z(1 — vw))
(x(v? + 4v — 4) — 2v% — 60 + 6)vwra?
2(1 —v+wz(v—2))(1 —2vw — z(1 — vw))
(x —2)(v — Dv3wda?
2(1 — v+ wz(v—2))(1 = 2vw — z(1 — vw))

= vw?z? + wv(vw + w + 1)2°

S(vwx)

—vw))
2

+ w?v(20%w? 4 20w? + 20w + 2w +w + Dzt + -
and

A7 (z,v,w)
~(2(1+ v —2vz) + 2(vir — v + oz — Dw —v(z — 1) (v — Dw?)viwa?
B 2(1 —vw — z(2 —vw))(1 — w — vz(2 — w))
((3z — 2)(w — 1)+(— w?2?— 3w’z — 2wz + 3w+ 2wz + 622 — 2w — 37)v)v2wWr?
* 21 —ovw —z(2 —vw))(1 —w — vz (2 — w))
(w?z + wz? — w? + 3wz — 222 — 3w — 22 + 3 — (z — 1)(w — V)vwz)viw?a®
2(1 —vw — z(2 —vw))(1 —w — vz(2 — w))

= v2wz? + (vw + v + )v*wa® + 2(v*w? + v?w + v +vw + v + Dowz +--- .

S(vwx)

Moreover, the generating functions counting the members of S,(1243,
1342) starting with an ascent of size greater than two or of size exactly
one and whose second letter is not n in either case according to the first and
second letter statistics are given respectively by

Blav,w) = (vwz — 2wz? + 2wz + = — 1)w?a?
Y 2(1 —2vw — z(1 —vw))(1 — v — wz(2 — v))
(1 -2+ (3vzr — 4v + 22 — 2wx — (22 + v — 6)vw?a?)w?a?
2(1 = 2vw — z(1 —vw))(1 —v —wz(2 —v))
= 20wz’ + 2(4vw 4 2w + Dow*z® + 2(17v2w2 + 10vw? + Svw
+ 4w? 4 2w + 1)vw4337+---

S(vwz)

and

—vr?(vr? — 2vr — 3x + 2+ (x — 2)S(vz))
Cla,v) = 201 — 7 — 20 + va)
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= vz® 4+ (2v + Doz* + (602 + 3v + 1)va®
+(220% + 110% + 4v 4+ Dwa® 4 - -

Substituting w = 1 in the prior theorem and finding va + A(x, v, 1), one
obtains the following result.

Corollary 3.9. The generating function for the distribution of the first letter
statistic on S,,(1243,1342) for n > 1 is given by

vx(2 — 3v — 3z + 3vz) +vz(v + = —vz)(ve + V1 — 6vr 4 v2a2)
2(1 —v -2z +vx)

3.3. The case (1243,1324)

We first write a recurrence for a,(i,j) when i < j.

Lemma 3.10. We have

i—1 i—a—1 1i—c i—a—1
(19) an(ii+1) =apa(ii+1)+> > > ( )an_c_g(a, b),

C
a=1 ¢=0 b=a-+1

for1<i<n-—2, and

i—1 i—a—1 i—a—1
(20) an(ivj) = an_l(i’j) + Z Z < )an—c—Q(a’j —C— 1)7

c
a=1 c¢=0
for3<i+2<j<n-—1, with a,(i,n) = an—1(i) for 1 <i<n-—1.

Proof. A similar proof may be given as in the prior two cases. Note that the
formula for a,,(i,n) is obvious since an n in the second position may clearly
be removed. Let & denote the third letter of a member of S, ;(1243,1324).
If j =i+ 1 where 1 < i < n — 2, then either K = ¢ + 2 or k < i, where
clearly k£ may be deleted in the former case. Assuming the latter, let a,d
denote the second leftmost ascent. Then we must have a+1 < d < i+ 2, for
otherwise a 1243 would occur. Thus, each letter prior to a may be deleted
in this case and considering all possible a, b and ¢, where b and c are as
before, implies formula (19). If i + 2 < j < n, then we have k = j+ 1 or
k < i, the former leading to a,—_1(i,j) possibilities. On the other hand, if
k < i and a,d denotes the second ascent, then we must have d = j + 1.
To see this, note that elements of [d + 1,n] to the right of d must form an
increasing subsequence and thus d < j < n would imply an occurrence of
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1324 of the form ijxn where z € [i + 1,5 — 1]. Therefore d = j + 1 implies
all letters prior to a again may be deleted, resulting in a permutation that
starts a,j — ¢ — 1. Considering all possible a and ¢ then accounts for the
double sum expression in (20) and completes the proof. O

From this, one may deduce the following further useful formula.
Lemma 3.11. If1<i<n—-3andi+2<j<n-—1, then

i—1

(21) an(iaj) = Zanfl(kvj - 1) + anfl(ivj)'

k=1

Proof. Note that (21) is clearly true on combinatorial grounds if 7 = 1 since
the third letter of a member of S, (1243, 1324) starting with 1, 7 where j < n
must be j + 1. So let i« > 2 and j € [i +2,n — 1]. Then by (20), we have

(22)
i—1
Z anfl(gaj - 1)
/=1
i—1 —14—a—1 {—a—1
S oI (SVEEES w5 ol (aiay ISTRERS )
(=1 a=1 c=0
If ¢ > 3, then
i—1 4—14f—a—1 {—a—1
Z anfcf?)(aa J—Cc—= 2)
(=2 a=1 c=0 ¢
-2 i—a—2 i1
{—a—1
= an—c—3(a7] —C— 2) Z < c )
a=1 ¢=0 t=a+c+1
i—2 i—a—2 .

I

IS
3

|

T

w

e
<.
|

o
|
RS
-~
a |
+ 2
—
[a—
~

s Q
Il
—_
| o
Il
=)

|
|
[N}
-~
o}
|
—
7N
~
|
IS
|
—
N———
S
S
|
o
|
[\
—
S
<.
|
o
|
—
\._/

a
I
i

2
Il
—

Thus, the right-hand side of (22) is given by

1—2 i—c—1

it i—a—1
Zan_Q(E,j — 1) + Z Z ( c )an—c—2(aaj —Cc— 1)
=1

c= =1

—
Q
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1—2 i—c—1 i—a—1
= Z ( C )an—c—2(a7j —Cc— 1)

K fi—a—1
< )an_c_g(a,j —c—1)

again by (20), which completes the proof. O

Summarizing, we have the following recurrence relations satisfied by

an(i,j):

an(l)]) :anfl(j)a 1§]<’L§’I’L,
an(i,m) =ap-1(i), 1<i<n-—1,
an(i,§) =32 an1(6§ = 1) + an-1(i, §),
(23) 1<i<n-3andi+2<j<n-—1,

an(i,i+1) = an— 1(i i+1)
+Z Zb a+1Z (Z o 1)an,C,2(a, b),

1§z§n—2

Define A,,(v,w), AX(v,w) and C,(v) as in the previous subsection, but
with By (v,w) now given by By(v,w) = > 7, Z] o @n (i, j)v'wd. Trans-
lating (23) then yields the following recurrences:

n 1—1 n41
A, (v,w) = ZZan_l(j)vsz = 1iUAn_1(vw,1) —3 7UAn_1(w,1),
=2 j=1
n—2 n—1
Af (v,w) = ZZan2]vw7+Zan13
=1 j=i+1
n—3 n—1
—Z Z an (i, Jj fuw]—i—wZanz i+ 1) (vw)" + w" A1 (v,1)
=1 j=1i+42
= B, (v,w) + wCy, (vw) + w An,l(v, 1),

with
n—3 n—1 i—1 n—3 n—1
= g E an-1(i,j — 1)v'w’ + g g an—1(i,j)v'w’
i=2 j=i+2 k=1 i=1 j=i+2
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n—4 n—1 j—2
:wz Z Z an_1(i,j — D)v'w’
k=1 j=k+3i=k-+1
n—4 n—2

+ZZan1zy wj—i-ZanQ it

=1 j=1+42

wv w
=1 UBn_l(v,w) — mBn—l(L vw) + Bp_1(v,w)

+w" A, o(v,1) — w24, _5(1,1)

and
Cr(v) = Cr_1(v) + 0" 2A,_3(1,1)
n—21—1 % i—a—1 '
+ZZ Z Z( >an_2_c(a,b)v’

i=1 a=1

b=
= G (v)

a+1 c=0
+ vn_QAanS(la 1)
n—

n—3 n—2 2—b n—2 .
+ E E < )an2c(a> b)vz
a=1b=a+1 c=0 i=b+c

Define A(z,v,w), A*(z,v,w) and C(z,v) as in the previous subsection,
with B(z,v,w) = ), <o Bp(v,w)z™ per the new definition for By (v, w).
From the preceding recurrences, we obtain the following system of functional
equations.

Proposition 3.12. We have

2
’ A(U.%', w, 1)7

A (z,v,w) = v2wz? + lﬂA(aj, vw, 1) —
—v

AT (z,v,w) = vw?s? + B(z,v,w) + wC(z,vw) + wrA(wz,v,1),

where
B(z,v,w) = 1w_:cv(vB(w, v,w) — Bz, 1,vw)) + xB(x, v, w)
+ wr?A(wz, v, 1) — vw?z® A(vwz, 1,1) — v2wz?,
C(z,v) = va’(1 +vz) + v’ A(ve,1,1)

1—=x 1—=x
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LL‘2 (%

v +
+(vm—|—v—1)(1—x)< A (l—vx’

—(1- (21— vz, —
(1 —vz)A" (z,1 vx’l—vx))

1 —wvz,1)

By programming, one may verify that the solution of the foregoing sys-
tem is given as follows.

Theorem 3.13. Let S(z) = Va2 — 6z + 1. We have

Az, v,w) = AT (2, v,w) + A™ (z,v,w),
where

AT (2,0, w)
(1 —v+ (v22 — 20% + vz — 2)w — vz(z — 2)(v — Dw?)vw?a?
2(1 —v 4+ wz(v —2))(1 — 2vw — (1 — vw))
n (1—v+ (602 —dv—z(4v? =20+ 1)) w+zv(z(v? +4v —4) — 20% — 6V +6)w? Jvw?a?
2(1 —v+wz(v—2))(1 - 20w — 2(1 — vw))
(x —2)(v — Dov3w’x?
C2(1 — v+ wz(v —2))(1 = 2vw — (1 — vw))

= vw?z? + wo(vw + w + 1)z + w?v (202 w? + 2vw? 4+ 20w + 2w + w4 Dt + - -

S(vwz)

and

A7 (z,v,w)

(x(1+v —2vx) + 2(v?r — v? +vr — Dw — v(z — 1)(ve — D)w?)v?wz?
= S(vwz)

21 —vw — (2 —vw))(1 — w — vz(2 — w))
n ((3z —2)(w — 1) + (— w22?— 3w’z — 2wr+ 3w?+ 2wz + 622 — 2w — 3z)v)v?wWwr?
2(1 —vw —z(2 —vw))(1 —w — vz(2 — w))
(w?z + wr? — w? + 3wz — 222 — 3w — 22 + 3 — (v — 1)(w — Dovwz)viw?z3
2(1 —vw — z(2 —vw))(1 —w — vz (2 — w))

= v2wz? + (vw + v + 1)v*wa® 4+ 2(v*w? + v?w + v +vw + v + Dvwz +--- .

Moreover,

B(z,v,w)
_ vw?r?(wr? — 2wr — x + 1) S(vwa)
2(vwz — 2vw — x + 1) (vwz — 2wz — v + 1)
222 (vw?2?® — 20w?a? — vwa? + Jvwzr — 3wr? + 2wx +x — 1)

vw?z? (vw
2(vwz — 2vw — z + 1) (vwzr — 2wz — v + 1)
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= vwz? + wiv(3vw + 2w + 1)+ w3v(11v2w? 4 Svw? + 4vw + 4w+ 2w + 1)2°
+ e

and

Cla,v) = —vr?(vz? — 2vr — 3z + 2 + (z — 2)S(v))
Y= 201 — 7 — 20 + va) '

Taking w = 1 in the prior theorem yields the following result.

Corollary 3.14. The generating function for the distribution of the first
letter statistic on S,,(1243,1324) for n > 1 is given by

vx(2 — 3v — 3z 4 3vz) + vz(v + = — vz)(ve + V1 — 6vz + v2x?)
2(1 —v — 2z + vx) '

4. Appendix

In this section, we provide proofs of the formulas obtained in Proposition
3.2 and Theorem 3.3. We omit the proofs of the comparable steps in the
derivations of Theorems 3.8 and 3.13.

Proof of Proposition 3.2: Clearly, At (x,v,w) = wC(x,vw) +w?D(x, vw) +
B(z,v,w), by the definitions. Translating (11)—(14) in terms of generating
functions yields

n a—1

(z,v,w) E E an—1( v“wbx"

n>2a=2b=1
+1

—v" n b,.n
B 9) S ey
1—wv
n>2 b=1
2
= v2wz? + #A(:c,vw, 1) — 111 z A(vx,w, 1),
—v

wC (z, vw) — vw?z? A(vw 1) — vw?z? — v*we?
n—

)
2i—1i—a— i—c

z,1
1
= wzC(z,vw) + Z Z Z Z < )anCQ(a, b)viwiJrl(pn
n>

1
2i=1a=1 c¢=0 b=a+1

= wzC(x,vw) +w Z Z Z Z (Z e 1) Un—c_o(a, b)(vw)Tategn
a>1c¢>0

i>1 n>i+c+a+2 b=a+1
i+a ’U’U) z+a n+2

= wzC( + b)
= waC(z,vw) w;;n; Z an(a, T vwn)

1 b=a-+1
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= wzC(z,vw)

n—1 n n+2 (Uw)n—i-l xn+2 (’UU))b

Y owrtow—1 vwr +vw — 1 Z Z Z an(a 1 — ywz)n—o - (1— wa)b_a_l)

n>2a=1b=a+1

= wzC(z,vw)

2,2
e AT ( vwr , 1 —ovwz, 1)
vwr +vw — 1 1 —ovwzx
B (1 — vwax)wa? At (1 — vwr, vw )
vwe +vw — 1 "1 —vwz

w?D(z,vw) — wz? A(vwz, 1,1) + vw*a?

= w?z(C(x,vw) — vwr? A(vwz, 1,1)) + wzD(z, vw)

n—31—11—1—a i—c+1 .

+ w? Z Z Z ( )angc(a, b) (vw)'z"
n>3 i=1 a=1 c¢=0 b=a+1

= w?z(C(x,vw) — vwr? A(vwz, 1,1)) + wzD(z, vw)

1+a+1

+? YN Y% (l Te- )an2(a7 b) (vw)itotegnte

a>1¢>0i>1 n>i+a+3 b=a+1
= w?z(C(x,vw) — vwaA(vwx, 1,1)) + w?xD(z, vw)

z+a n

+w xQZ Z Z anab wa)

a>1n>a+2b=a+2
n—a—1 ( )z+a n

+wx22 Z Z an(a,a+1) (17vwz)

a>ln>a+2 i=1

= w?z2(C(x,vw) — vwr A(vwz, 1,1)) + w?zD(z, vw)

222(1 — vwx) * T 3
vwz + vw — 1 1—ovwz’ ’
22
1—
- (1 - vwa)” At (z,1 —vwz, &) —w?z?C(z,vw),
v(vwz + vw — — vwx
( + 1) 1

and

B(z,v,w)
= w:z:B(:c v, w) + wxD(z, vw)

n i—1li—a—1

D950 D) I Sl (Rl ICR VST R

n>3 i=1 j=i+3a=1 c=0

+ZZZ( 8jn)(an—1 (i, j)v'w’a"

n>3 1=1 j=:i+3
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islical
+ ( )ancg(a,j —c— 1)v’w3x”)
c

c=0

n 1—1li—a—1 .
+ ‘ Z Z Z <Z B z_ 1> Gp—c—2(a,j —c— 2)viwjx”

n>3 i=1 j=i+3a=1 c=0
n—3 n—1
+ (anl(z’,j)viwjx7'
n>3 i1=1 j=i+3

Ui+awj+2xn+2

+ Z Z a"(a’j)(l——vwx)i

i—li—a—1 ,.
t—a—1 o
n—c— 7._ - v'w! 2™
+ E ( . )a 2(a,j—¢ )vwx)

= wrB(z,v,w) + wizD(z,vw)
w

2,2

VW VWAL

At (2,1 —vwz, - At (z,v,w)
1 —ovwz vwr +v—1

222(1 — vwz)

vwr +v—1
n—3 n—1

20> (an_l(z‘,j)v”wﬂ‘r"

n>3 i=1 j=i+3

= wzB(z,v,w) + w?zxD(z, vw)

2,2(1_ 2
wx?( vwx)A‘L(x,lfvwx, vw vwie

AT (z,v,w) + zB(z,v,w)

vwr+v—1 l—vwz’ vwr+v—1

) vjfle+1l.nn+2

1 2 : 2 : zn: at+l, j
- - - = J+1,_ .nn+2
+ vwr +v—1 _ a"(a’j)((l — vwz)i—2-a vomE )
a>1n>a+3j=a+3

= wxB(z,v,w) + wzD(z,vw)

VW 7)’(1)2(E2

)

w22 (1 — vwz)

At (z,1 —vwz, At (z,v,w)

vw ’UU)ZL'2

)

vwr +v—1 1 —vwz _vwx+v—1

wr?(1 — vwz

)2
B(z,1 —vw

B il Gt
+z (x’v’w)+v(vwx+v—1)

B(z,v,w).

z _
"1 —vwx vwr +v—1
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Combining the results above gives Proposition 3.2. O

Proof of Theorem 3.3: By Proposition 3.2, one may express B in terms of
the generating functions A, C, D and C, D in terms of A. Substituting these
relations into the last equation from Proposition 3.2, one obtains

vr —wr —v—x+1

(24) At (z,v,w)

vwr +v—1
w2z (vwr — v — 1) AT (72421 — vwz, 1)

vwx +vw — 1
vwr?(w? — 1) (vwz — 1) At (2,1 — vwz
(vwz + v — 1) (vwz + vw — 1)
2 2

+ w?z? (vwz — v — 1) A(vwz, 1,1) + ?ow? (vw?z? — vwz — 1).

VW )
) 1—vwx

Replacing w by w/v in (24), we have

2 2
VYr —wxr — v —vxr +v
25 At
(25) Sy A (v w)
wia?(wz — v — 1) AT (42,1 — wz, 1)

v} (wx +w — 1)

wr? (w? — v?)(wz — 1) AT (2,1 — wz, %)
v2(wz+v—1)(wr+w—1)

2,2 2202

v ;U (we —v—1)A(wz,1,1) +

2.2 _ _
+ ” 2 (wx® — vwz — v).
We now seek to determine a formula for A" (z,v,w) using (25). First

note that by (2) and the main result from [8], we have

1—3z—+v1—6x+ 22

(26) Az,1,1) = > :

which implies A" (z,v,1) may be determined independently of A~ (x,v,1)
since A occurs in (25) only through the A(wz,1,1) term. Suppose for a
moment that A(z,v,1) is as in Corollary 3.4. Then the second equation
in Proposition 3.2 above at w = 1, together with the fact A(z,v,1) =
AT (z,v,1)+ A~ (z,v,1), gives a linear system of equations in the quantities
A' and A~. This yields

vz?(1+v — vz)

(27) AT(w0,1) = 2(vr —v—2x+1)

S(vx)
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ve? (via? — v?r — 4vx 4+ 3v — 1)
2(vr —v —2x+1) ’

which we will assume for now to aid in solving (25).

Lot IR iy (25), and i (26

Then taking v = vg =
and (27), implies

At (2,1 — waz,

1—wm)
(1—2)(wz +w—1)
- 1—2)(1—x—
4(wz7w—2x+1)(wl,,1)5(7“”95)\/( z)(1 — 2z — dvwz)
n 1—w+(2w2_w—2)x—(w—1)(2w2+4w+1)x2+w(2w2_2w_1)x3
4wz —w — 22 + 1)(wz — 1)
(wz +w —1)(wa® —wz — 3z + 1)
1—2)(1—z—4
4(wr —w — 2z + 1)(wz — 1) V(1 —2)(1 -z — dows)
w1 — (3 — 4 + (8 £ 0 — 0w — 3)a?
4wz —w — 22+ 1)(wz — 1)
—w(2w’® + 8w? — 9w — 4)2* + w?(2w? — 2w — 1)a*
d(wr —w — 22 + 1)(wz — 1)

S(wx)

Substituting this expression into (24), and using (26) and (27), we obtain

(28) AT (z,v,w)

_(w? = 1)1 — z)vwzrS(vwz) /(1 — z)(1 — 2 — dvwz)
B 4(vwzr —vw — 2z + 1)(ve —wx —v —xz + 1)
(1 — 2 — 2vwz)vw(l — )22 (vwz)
d(vwr —vw — 2z + 1) (v —wzr —v —z + 1)
(1 — 20222 + 4022 — 20% — 22 — 22 — 2vwz(1 — z))vw322S (vw)
4(vwr —vw — 2z + 1)(ve —wzr —v—x + 1)
(1 — w?)(vwz? — vwz — 3z + Vvwr? /(1 — z)(1 — 2 — dowz)
4(vwzr —vw — 2z + 1)(ve —wr —v —x + 1)
(3(w? — 1)2? + 4(1 — 2w)x — w? + 4w — 1)vwa?
4(vwzr —vw — 2z + 1)(ve —wx —v—xz + 1)
(w? — 1)a® + 8(w? + 1)2? — (Tw? + 4w + 11)z + 4w + 4)v2w32?
4(vwx —vw — 2x + 1) (v —wxr —v —xz + 1)
2((1 — z)(w?z? + 22 + 3z — 3) + vwz(1 — 2)?)v3wia?
a 4(vwx —ovw — 2z + 1) (ve —wzr —v—x + 1)
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One may verify using programming that this expression for A" (z,v,w)
indeed satisfies (24) and (27) and thus is the solution of (24) that is sought.
We may now determine A~ (z,v,w). By the second equation in Proposition
3.2, we have

2
A" (z,0,1) = v22? + 1vx A(z,v,1) — 1v i

— v — v

A(vx,1,1)

2
(A* (2,0,1) + A7 (2,0,1)) = 7—

1—w —v

v
= v2? 4 ——

A(vx,1,1).

Solving for A~ (x,v,1) in this last equation, and using (26) and (27),
yields

v2z(r — 1)(ve? — vz — 3z + 1+ (z — 1)V1 — 6vx + v222)

_ 1 —
A7 (@, v, 1) 2(vr —v—2x+1)

Hence, by Proposition 3.2, we get the following explicit formula for A~ (z, v,
w):

(29)

A™ (z,v,w)

(M +v—2vz)z+ (Ve —v® + oz — Dwz — (1 —z)(1 fvz)vwz)vzw:rQS( )

N 2(vwz — 2vz — w + 1) (vwz — vw — 2z + 1) v

N (6vz2—3(v+1)x +2— (20223 + 20(v + 1)2?— (3v%+ 20 + 3)x + 20 + 2)w)v2wa?
2(vwz — 2vr — w + 1) (vwz — vw — 2z + 1)

vix® —vtr® +vx” 4+ 3vx® — v —x° —3xr + 3 — (1 —x)(1 —vz)vwz)v w x

( 2,.3 2.2 3 3 2 3 2 3 3 (1 )(1 ) ) 3,32

2(vwz — 2vr — w + 1) (vwzr — vw — 2z + 1)

+

Combining the formulas for A™(z,v,w) and A~ (x,v,w) yields the for-
mula for A(x,v,w). O
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