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Enumerating pattern-avoiding permutations by
leading terms
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The number of 123-avoiding permutations on {1,2,...,n} with a
fixed leading term is counted by the ballot numbers. The same
holds for 132-avoiding permutations. These results were proven
by Miner and Pak using the Robinson—Schensted—Knuth (RSK)
correspondence to connect permutations with Dyck paths. In this
paper, we first provide an alternate proof of these enumeration
results via a direct counting argument. We then study the number
of pattern-avoiding permutations with a fixed prefix of length ¢ > 1,
generalizing the t = 1 case. We find exact expressions for single
and pairs of patterns of length three as well as the pair 3412 and
3421. These expressions depend on ¢, the extrema, and the order
statistics. We also define r-Wilf equivalence for permutations with
a single fixed leading term r, and classify the r-Wilf-equivalence
classes for both classical and vincular patterns of length three.
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1. Introduction

Let ACN:={1,2,...} be a finite set. We use |A| to denote the number of
elements in A. A permutation 7 on A is a sequence (7(1),7(2),...,7(|A]))
of length | A| consisting of distinct numbers in A. When A C {1,2,...,9} or
when there is no confusion, we simply write a permutation/sequence without
commas or parentheses in single-line notation. The leading ¢ > 1 terms of
a sequence is a prefix of length ¢ of the sequence. When ¢ = 1, the prefix is
also called the leading term of the sequence. We use S4 to denote the set of
permutations on A. When A = [n] := {1,2,...,n} for some n € N, we write
Sn for S[n]

For any 7 € §,, and o € S, if there exist 1 < i) <9 < - < i <n
such that for all 1 <a < b <k, 7(iq) < 7(ip) if and only if o(a) < o(b), then
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we say that 7 contains o as a pattern and that (7(i1),7(i2)...,7(ix)) isa o
pattern. A permutation 7 avoids o if 7 does not contain o as a pattern. For
example, the permutation 7 = 12453 € S5 contains the pattern 132 because
7(1)7(3)7(5) = 143 is a 132 pattern; however, 7 avoids the pattern 321.
For any m,n,k € N and o01,09,...,0, € Sk, we use Sy,(01,09,...,0,) to
denote the set of permutations 7 € S, such that 7 avoids all of the patterns
01,02,...,0m.

The interest in the study of pattern avoidance can be traced back to
stack-sortable permutations in computer science [12, Section 2.1]. One of
the earliest results is the enumeration of permutations avoiding o € S3, i.e.,
patterns of length three. D. Knuth [13] proved that the number of permuta-
tions in S, avoiding any given pattern of length three is enumerated by the
Catalan numbers C), (see also [3, Theorem 4.7]).

Theorem 1.1. [13, p. 238] For alln > 1 and o € S3, we have

1S, (0)] = Cpy = — (25)

n+1

For r,n € N with » < n, let S, , denote the set of permutations 7 € S,
with 7(1) = r. It is clear that |S,, | = (n—1)! for all € [n]. While studying
the shapes of pattern-avoiding permutations, Miner and Pak [15] proved
that Sy, ,(123) and S, »(132) are enumerated by the ballot numbers (see, for
example Aval [1] for more details on the ballot numbers).

Theorem 1.2. [15, Lemmas 4.1 and 5.2] For all 1 <r < n, we have

n—r+1/n+r—-1
(123)] = (S, (132)] = by, = T2 .
0 (123)] =1, (130) = b, = "3 (TH 7Y

Miner and Pak [15] proved Theorem 1.2 via a bijection between S, ,(123)
(respectively, Sy, »(132)) and certain types of Dyck paths using the Robinson—
Schensted—Knuth (RSK) correspondence. In this paper, we prove Theo-
rem 1.2 using a direct counting argument. By the classical bijection between
Sp(123) and S, (132) [3, Lemma 4.4] which preserves the leading term, one
only needs to prove that |S,,(123)| = b,,. We achieve this by utilizing a
result of Simion and Schmidt [20, Lemma 2] on the number of 123-avoiding
permutations with a fixed decreasing prefix.

It is natural to consider the case in which more than one leading term of
the permutation is fixed. Motivated by this general case, we study pattern-
avoiding permutations with a fixed prefix (c1,c,...,¢) of length ¢t > 1.
Here the ¢ = 1 instance corresponds to the case studied by Miner and Pak.
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Definition 1.3. For any n,m € N, distinct integers ¢, ca, ..., ¢ € [n], and
permutation patterns o1,02,...,0m, we use Sy (¢, ¢,,..c,) 10 denote the set
of permutations 7 € S, such that (7(1),7(2),...,7(t)) = (c1,¢2,...,¢t);
and we use Sy, (¢, c,,....c,) (01,02, ..,0m) to denote the set of permutations
T € Sp,(c1,ea,..,cr) Such that T avoids all of the patterns o1, 09,. .., 0.

Convention 1.4. Unless otherwise specified, for permutations avoiding the
patterns o1, 02, ..., O, we assume that the fixed prefix (c1,co, ..., ¢) itself
avoids all of the patterns o1,09,...,0m, n >3, and 1 <t < n.

We first show that the cardinality of S, (., c,.,...c,)(0) can be determined
exactly for all o € S3. For o € {123,132, 321,312}, if |S,, (¢, c,,...c)(0)] # O,
then S, (¢, c,,...c,)(0) is enumerated by ballot numbers. This is because, as
we will show later in the proof of Theorem 4.4, there is a natural bijec-
tion between S, (¢, c,...,)(0) and Sy_¢y1,(0) for some r which depends on
{ei,e2,. .} For o € {213,231}, if [S), (¢, c,,....c0) (0)] # O, then it is equal
to a product of Catalan numbers. This is because, for all 7 € S, (¢, c,.....c,) (7)),
the order statistics of {c1,co,...,¢} determine a ‘block’ structure for the
suffix (7(t+1),7(t +2),...,7(n)).

We then show that for all pairs of patterns of length three, the num-
ber of permutations avoiding these patterns and with a fixed prefix can
also be determined exactly. The expressions for pairs of patterns of length
three depend on the extrema, the order statistics, and the length of the
prefix. We also determine the cardinality of Sy, (¢, c,.....c,) (3412, 3421). As in
the case of Sy, (¢, cs,....c,)(231), i [Sh (c1 0s,..00) (3412, 3421)] # 0, then for all
T € S (cr,eayer) (3412,3421), the suffix (7(t + 1), 7(t +2),...,7(n)) has a
‘block’ structure. However, since the patterns 3412 and 3421 are of length
four, some overlap between these blocks are possible. The cardinality of
S(er,0a,er) (3412, 3421) is related to the large Schréder numbers, and our
treatment incidentally provides a new combinatorial proof of a recurrence
relation for large Schroder numbers S,, [3, p. 446].

In addition to exact enumeration, the notion of Wilf equivalence classes
are also an important topic in pattern avoidance. Two permutation patterns
o and o’ are said to be Wilf equivalent, denoted o ~ o', if |Sy,(0)| = |Sn(0”)]
for all n € N. By Theorem 1.1, all permutation patterns of length three are
Wilf equivalent: 123 ~ 132 ~ 213 ~ 231 ~ 312 ~ 321. In other words, there
is only one Wilf-equivalence class for permutation patterns of length three.
For patterns of length four, it is known that there are three Wilf-equivalence
classes [3, p. 158].

We consider a similar Wilf-equivalence concept for permutations with
a fixed leading term. For a fixed r € N, two patterns ¢ and ¢’ are called
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r-Wilf equivalent if |S,, (0)| = |Sp(c")] for all n > r. We write o ~ o’ if
o and ¢’ are r-Wilf equivalent. As an example, two patterns o and ¢’ are
2-Wilf equivalent, denoted o & o', if for all n > 2, |Sn,2(0)| = |Sn,2(d’)].
We show that there are two 1-Wilf-equivalence classes for patterns of length
three, 123 ~ 132 and 321 ~ 312 & 213 & 231; and, for all r > 2, there
are three r-Wilf-equivalence classes for patterns of length three, 213 ~ 231,
123 ~ 132, and 321 ~ 312. We also show that for all » > 5, there are nine
r-Wilf-equivalence classes for vincular patterns of length three as studied in
(2, 6].

This paper is organized as follows. In Section 2, we define basic con-
cepts and state our preliminary results. We then provide a new proof of
Theorem 1.2 in Section 3. In Section 4, we present results on the number of
permutations with a fixed prefix that avoid a single pattern of length three.
The case for the avoidance of pairs of patterns of length three is presented
in Section 5. Permutations avoiding both 3412 and 3421 are then studied
in Section 6. In Section 7, we classify r-Wilf-equivalence classes for classical
and vincular patterns of length three.

2. Preliminaries
Definition 2.1. For a permutation 7 € .5,,, the complement 7¢ of 7 is the
permutation in S,, defined by setting 7¢(i) = n + 1 — 7(4).

The following result relates permutations avoiding certain patterns with
those permutations avoiding the complement of these patterns. Since the
proof is elementary, we state it without proof.

Lemma 2.2. Let t, n, m, and k be positive integers with t,k < n and let
€1,€2,...,¢ € [n]. Also let o1,09,...,0m € Sk be permutation patterns.
Then we have

|Sn,(cl,02,...,ct)(o—1a 02, ... ,Jm)‘ = ’Sn,(n—}—l—cl,n—i—l—cz,...,n—‘rl—ct)(O—i 0—5 s 70—;:71)|'

Definition 2.3. Let A and B be two finite subsets of N with A C B,
o € Sy, and 7 € Sp. We say that o is a subpermutation of 7 on A if there
exist indices 1 < iy <idg <--- <ipy) < | B| such that

(7(11), 7(i2), . . -, T(i4) = (0(1),0(2),...,0(|A])).

For example, if 7 = 543621 € S, then 0 = 462 € S5 46} is a subpermu-
tation of 7 on {2,4,6}.
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Definition 2.4. Suppose ¢ is a permutation on a set A and 7 is a permuta-
tion on a set B with AN B = (. A shuffle of o and 7 is a permutation a on
AU B such that ¢ is a subpermutation of @ on A and 7 is a subpermutation
of a on B.

For example, if A = {4,5,7}, B = {1,3,6}, 0 = 457 € Sy, and 7 =
631 € Sp, then o = 643571 € Saup and o = 456317 € Saup are shuffles of
o and 7. The following simple observation is crucial for our later derivations.
We state it without proof.

Lemma 2.5. Suppose A, B C N with |[ANB| =10, |Al =k, and |B| =¢. If
o €8S4 and T € Sp, then the number of shuffles of o and T is (kze).

We will use the following terminology.

Definition 2.6. Let A C N be a finite set and 7 € Sy4. If 7(i) = a, then we
use Ar(a) = {7(1),7(2),...,7(i—1)} to denote the set of ancestorsof a in 7
and Dr(a) ={7(i+1),7(i+2),...,7(]A|)} to denote the set of descendants
of ain 7.

For example, if 7 = 2785 € Siy 57,5, then A-(8) = {2,7} and D;(7) =
{5, 8}.

Definition 2.7. Let n € N and A C [n]|. The standardization of T =
(7(1),7(2),...,7(|A])) € Sa is the permutation s(1) € S|4 obtained by
replacing the ¢th smallest entry in 7 with ¢ for all 4.

For example, the standardization of 567832 € Sya 3 56,78} 18 345621 € S.
We include below a simple observation concerning standardization.

Lemma 2.8. Letn € N, A C [n], and 7 € Su. If T avoids a pattern o, then
s(7) also avoids the pattern o.

Definition 2.9. Let n,n’ € N with n < n’, A C [n/] with |A| = n, and
7 € S,. Then the matching permutation 7" of 7 on A is defined as follows:
if 7(i) = j where i,j € {1,2,...,n}, then 7/(i) is the jth smallest integer in
A.

For example, with n = 3, n’ = 7, and A = {2,4,7}, the matching
permutation of 231 € S5 on {2,4,7} is 472 € S(9 4.7}

Notice that the matching permutation of a permutation also preserves
pattern avoidance.

The first few Catalan numbers C,,, Bell numbers B,,, and large Schroder
numbers S,, are listed in Table 1 for later reference.
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Table 1: C,,, By, and S,, for n <9
(nJo[1[2][3[4[5] 6 [ 7 [ 8 | 9 [OEIS[IT]
Cpol1]1(2| 5 |14 42 132 429 1430 4862 A000108

B, (1|12 5 |15]| 52 | 203 | 877 | 4140 | 21147 | A000110
Sp |1 ]12]6|22|90| 394 | 1806 | 8558 | 41586 | 206098 | A006318

We also need the following elementary results on the Catalan and the
Bell numbers.

Lemma 2.10. For all n > 4, we have C,, < B,,.

Proof. Tt is well-known that C), counts the number of noncrossing partitions
of [n] and B,, counts the total number of partitions of [n]. For these facts
and the definitions of partitions and noncrossing partitions, see for example
[16, Section 1.1] and [19]. For all n > 4, the two subsets {2,4} and [n]\{2,4}
form a crossing partition of [n] and hence C,, < By,. O

Lemma 2.11. For all n > 3, we have B,, > 2B, _1.

Proof. The Bell numbers B,, satisfy the following recurrence relation [7, p.
49]:

n—1
n—1
ang By..
k:0< K ) '

Let n > 3. Then we have

n—1 n—1 n—1
B, = B,1+ By o+ Bn73+"'+ BO
n—2 n—3 0
n—2 n—2 n—2
>Bn71+ <n_2>Bn2+ (n_3>Bn3++( 0 )B(]
n—2 n—9
= B,_1+ E i B, =2B,,_;. O
k=0

3. A new proof of Theorem 1.2

Let 1 < r < n. The well-known bijection between S,,(123) and S,,(132) by
Simion and Schmidt [20] preserves the leading term. We refer to [3, Lemma
4.4] for a proof of this fact. Hence, we have |S,,(123)| =[S, »(132)|. So we
only need to show that |5, (123)| = by, .

First, consider r = 1. If 7 € S;, 1(123), then (7(2),7(3),...,7(n)) must
be a decreasing sequence and hence 7 = (1,n,n — 1,...,2). Therefore, we
have |S,,1(123)| =1 = by, 1.
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Now suppose r > 2. We will need the following definition.
Definition 3.1. For all n € N, define a,(7) : [n] — [n] as follows:

(i) for all ¢ < n, let a,(i) be the number of permutations 7 € S, (123)
such that 4 is the smallest index with 7(i) < 7(i + 1), and
(ii) set an(n) = 1.

That is, if ¢ < n, then a,(i) is the number of permutations 7 € S,
avoiding 123 such that 7(1) > 7(2) > --- > 7(i — 1) > 7(2) < 7(i + 1).
If i = n, then a,(n) = 1 because there is exactly one decreasing sequence
(n,n —1,...,2,1) € S,. Simion and Schmidt [20, Lemma 2] proved the
following result for a,,(4):

Lemma 3.2. Foralll <i<n,

an(i) = <2nn—_i 1— 1> B <2n —ni — 1)

Let P be a subset of S, , such that every 7 € P has the following
properties:

(i) the subpermutation 7/ of 7 on {1,2,...,r — 1} avoids 123,;
(ii) the subpermutation 7" of 7 on {r+1,r+2,...,n}is (n,n—1,...,7r+1);
(iii) if » > 2 and ¢ < r — 1 is the smallest index with 7/(1) > 7/(2) > -+ >

7'(i) < 7'(i+ 1), then {r + 1,7 +2,...,n} C A (7'(i + 1)).

For Property (iii), we do not impose any extra condition on the positions of
{r+1,r+2,...,n} when 7/ = (r — 1,7 —2,...,1).
We first show that

P=S (a0

=1

Let 7 € P.If r = 2, then the subpermutation of 7 on {2,3,...,n}is (2,n,n—
1,...,3) and hence there are n — 1 possible locations for 1. It is not hard
to see that all these possible locations guarantee that 7 avoids the pattern
123. It follows that, in this case, we have |P| = n — 1. It is easy to see that
ai(1) = 1 and hence |P| = 327! (7" %) a1 (i) = n — 1. If r > 2, then for all
i€{1,2,...,r—2} and a fixed 7’ with 7/(1) > 7/(2) > --- > 7/(i) < 7/(i+1),
the number of shuffles of (7/(1),7/(2),...,7/(i)) and 7" = (n,n—1,...,r+1)
is (H’;_T). If 7' =(r—1,r—2,...,1), then the number of shuffles of 7’ and 7"
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is (r_}f_“?_r). As the number of such 7’ is a,—1 (i) for all i € {1,2,...,r—1},

we have |P| = 302! (") a1 (i).

It remains to show that S, ,(123) = P. Let 7 € S, »(123), and let 7" be
the subpermutation of 7 on {1,2,...,r — 1} and 7" be the subpermutation
of Ton {r+1,r+2,...,n}. Since 7 avoids 123, 7" avoids 123 as well. We now
show that 7 avoids 12. If this is not the case then there exist a < b<mn —r
such that 7”7 (a) < 7”(b). Since 7"(a) > r, r7"(a)7”(b) is a 123 pattern, and
this is a contradiction. Therefore 7/ = (n,n — 1,...,r + 1). Now suppose
r > 2 and let i < r —1 be the smallest index such that 7/(1) > 7/(2) > --- >
7'(i) < 7'(i+1). We still need to show that {r+1,7+2,...,n} C A, (7'(i+1)).
Suppose, by way of contradiction, {r+1,7+2,...,n} € A.(7'(i+1)). Then
there exists a € {r+1,r+2,...,n}ND-(7'(i+1)). Since 7/(i)7'(i+ 1)a is a
123 pattern, this would be a contradiction. Hence, we have S, ,(123) C P.

Now let 7 € P. We need to show that 7 € S, ,(123). Let 7’ be the
subpermutation of 7 on {1,2,...,7 — 1} and 7”7 be the subpermutation of 7
on {r+1,7+2,...,n}. If r > 2, then let ¢ < r — 1 be the smallest index
such that 7/(1) > 7/(2) > --- > 7(i) < 7'(i+1);if 7' = (r —1,r —2,...,1),
then we set i =r—1. Since 7 € P, 7 = (r, (1), (2),...,a(n—r+1), 7' (i +
1),7(i+2),...,7'(r—1)) where a = (a(1),a(2),...,a(n—r+1i)) is a shuffle
of (7'(1),7'(2),...,7'(4)) and 7" = (n,n — 1,...,7 + 1). We need to show
that any subpermutation abc of 7 is not a 123 pattern. Suppose, by way of
contradiction, there exists a subpermutation abc of 7 which is a 123 pattern.
Then a < b < c. We split into two cases:

Case 1: a > r. Then ¢ > b > r. It follows that bc is an increasing subper-
mutation of 7”. But this contradicts the fact that 7"/ = (n,n—1,...,r+1).

Case 2: a < r. Since 7" avoids 123, either b > r or ¢ > r. If b > r, then
¢ > b > r. Using a similar argument as in Case 1, we have a contradiction.
So we suppose b < r and ¢ > r. Here b # r because b € D, (a). Since ab is
an increasing subpermutation of 7/, we have b = 7/(j) for some j > i + 1.
Hence c € A;(7'(i + 1)) C A;(b) which is again a contradiction.

This proves that P C S, ,(123), and, consequently, S, ,(123) = P.
Therefore, by Lemma 3.2,

i+n—r

S0r(123)] = [P =3 ( Jarat9

™

]

::é(HZ_T) [<2rr—_i2—3> - <27«:1—3ﬂ
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It remains to show that E;:ll (H’Z_T) [(QTT_f;3) - (2T7f_i1_3)} = by, . First, by
the definition of binomial coefficients, we have

2r—i—3 2r—i—3\ (2r—i:—3 r—i—1/(2r—i—3
(T—2 >_< r—1 >_< r—2 >_ r—1 (r—2>
i 2r—i1—3
_r—l( r—2 >

S )
_Z<Z+n—r)r_1<2rr—_z’2—3>

_in—r—s—l i+n—r ) 2r—1—3
1—1 r—l r—2

_n—r+1’“z1 itn—r\[(2r—i-3

-1 i—1 r—2 )

i=1

Hence,

By a variation of Vandermonde’s identity,

Tzi itn—r\(2r—i1—3\ [(n+r—2

: i—1 r—2 ) \r—=2 )

=1

(One way to see this is by comparing the coefficients of 2"~2 on the two
sides of the identity (1 —z)~ " "*2)(1 — 2)=(=1 = (1 — z)~(*+1)) Putting
it all together,

i itn—r\[(2r—i-3\ (2r—i-3

; 7 r—2 r—1

=1

n—r+1lim+r—2\ n—-r+l/n+r—1 b
o or—1 r—2 ) n4+r—1\ r—1 o

This completes the proof of Theorem 1.2.
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4. Single patterns of length three

In this section, we enumerate Sy, (., c,,....c,)(0) for o € S3. By Lemma 2.2, it
suffices to enumerate permutations avoiding the patterns 123, 132, and 231.
We start with the pattern 231. The key features about S, (¢, c,,....c,)(231) are
that the enumeration is related to the order statistics of {c1,co,..., ¢} and
there is a ‘block’ structure for all 7 € S, (¢, ¢, .....c,) (231).

Theorem 4.1. If ¢; < ¢; for some 1 < i < j <t and there exists o < ¢;
such that a ¢ {c1,c2,... ¢}, then |S, ( ¢)(231)] = 0; otherwise, we

C1,Ca..n,
have
t+1
(4'1) ’Sn,(cl,cz,...,ct)(231)‘ = H Cc(k)_c(lc—l)_17
k=1

where C; is the ith Catalan number, cy = 0, cyp1) = n+ 1, and ¢y <
ca) < -+ < ¢ are the order statistics of {c1,ca,..., ¢}

Proof. If ¢; < ¢j for some 1 <14 < j <t and there exists o < ¢; such that a ¢
{e1,e2,..., e}, then cicjaris a 231 pattern. Therefore, |S), (¢, c,,....c,) (231)] =
0.

Now suppose otherwise. We will build a set Q whose cardinality is given
by the right hand side of (4.1) and then show that Q@ = 5, (¢, c,....,)(231).
Let Q be the subset of S, (¢, c,.....c,) such that every 7 € Q has the following
properties:

(i) for all k, £ € [t + 1] with k < £, if
RS {C(k:fl) + l,C(kfl) +2,... 1 Clk) — 1}

and y € {C(g_l) + 1, ey + 2, c0) — 1}, then z € A;(y), and
(ii) for all k € [t + 1], the subpermutation on

{C(kfl) + 1, C(kfl) + 2, cee 7C(k) — 1}
avoids 231.

That is, for each 7 € Q, (7(t + 1),7(t + 2),...,7(n)) is the concatenation
of t + 1 (some possibly empty) 231-avoiding permutations, which we call
231-avoiding blocks. For all k € [t + 1], the kth block is a 231-avoiding per-
mutation on {C(k_l) + 1 ety + 2,0 — 1}. Since for all k € [t + 1],
Hc(k—l) +Leg-1)+2,...,c0) — 1}‘ = C(k)—C(k—1)— 1, by Theorem 1.1, the
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number of 231-avoiding permutations on {C(k_l) +Lch—1)+ 2, cm) — 1}
is Cegy—cry—1- Hence we have |Q| = 1;;11 Ceiy—cory—1-

Let 7 € Sy (c1,es,...,c,) (231). Then every subpermutation of 7 avoids 231.
So, 7 satisfies Property (ii). Now we show that 7 satisfies Property (i).

Suppose not. Then there exist k, ¢ € [t] with k < ¢,
x € {C(k:—l) +1, C(k—1) +2,... » C(k) — 1} ,

and y € {c(g,l) + ey +2,. . 5c0) — 1}, such that z € D;(y). It follows
that c,_1yyz is a 231 pattern, which is a contradiction. Hence 7 € Q. This
proves that S, (¢, c,,..¢,)(231) C Q.

Now let 7 € Q. To show that 7 € S, (¢, c,,....c,) (231), it suffices to show
that any subpermutation abc of 7 is not a 231 pattern. Suppose, by way
of contradiction, that a subpermutation abc of 7 is a 231 pattern. Then we
must have ¢ < a < b and ¢ € D.(b). We split into four cases:

Case 1: a,b,c ¢ {c1,c2,...,¢t}. Since (7(t + 1), 7(t +2),...,7(n)) is a
concatenation of t+ 1 (some possibly empty) 231-avoiding blocks, ¢ must be
in a block after the block a is in. Since ¢ < a, this contradicts Property (i).

Case 2: a € {c1,¢2,...,¢t} and b,c ¢ {c1,c2,...,¢;}. Then we have
a = c() for some k € [t]. Since ¢ < a < b, b and ¢ must be in two different
blocks. Since ¢ € D(b), ¢is in a block after the block b is in which contradicts
Property (i).

Case 3: a,b € {c1,co,...,¢:} and ¢ ¢ {c1,¢2,...,¢:}. Then a = ¢; and
b=cj with 1 <7 < j <t and ¢ < a. This is a contradiction.

Case 4: a,b,c € {c1,c2,...,¢:}. Then abc is a subpermutation of the
prefix (ci,c2,...,c¢:) which contradicts our convention that (ci,co,...,ct)
avoids 231.

Hence, we have Q@ C S, (¢, c,,...c,)(231). O

Remark 4.2. For all n > 3, by Theorem 1.1 and Theorem 4.1 with ¢ = 1,
we have

Cr = 15n(231)] =) " |9,(231)] = Y CryCro1.
r=1 r=1

This offers an alternative interpretation for the well-known recurrence rela-
tion for the Catalan numbers, see [7, Section 3.2] and [21, Section 1.2].

In contrast to the 231 pattern, the expressions for the 123 and 132 pat-
terns are related to the minimum of {¢1, o, ..., ¢ }. Recall that for a subset
A C [n], the standardization of a permutation 7 = (7(1),7(2),...,7(|4])) is
the permutation s(7) € S|4 obtained by replacing the ith smallest entry in
7 with ¢ for all i. We will need the following result:



12 Omer Egecioglu et al.

Lemma 4.3. Suppose A C [n] such that there exists r € [n] with [r] C A,
and o € Sy, with k < |A]. Then s(Sa(0)) = S|a|r(0), where s(Sa(0)) =
{s(t): 7€ Sa,(0)}.

Proof. Let 7 € Sy, (o). Since [r] C A, 7(1) is the rth smallest number in 7.
So s(7) € S)4,r- By Lemma 2.8, we have s(Sa.(0)) C S)4,(0).

Now let 7 € Sj4) (o). Let a1 < ag < -+ < ap) be the elements in A.
Since [r] C A, we have a, = r. Let 7/ be the matching permutation of 7
on A. Since 7(1) = r, we have 7/(1) = a, = r. It is not hard to see that 7/
avoids o. Hence, 7" € Sa,(0). By our construction, we also have s(7') = 7.
So 7 € 5(Sa,r(0)). Hence, Sj4)+(0) C s(Sar(0)). O

Theorem 4.4. If ¢; < ¢j for some 1 < i < j <t and there exists o > c;
such that a ¢ {ci,c2,... ¢}, then [Sy (¢, co...c)(123)] = 0; otherwise, we
have

’Sn7(61702,...,0t)(123)| = ‘SnftJrl,min{cl,cQ,...,ct}(123)| = bn7t+1,min{cl,02,“.,ct}'

Proof. If ¢; < ¢; for some i < j and there exists a > ¢; such that o ¢
{e1,¢2,..., e}, then cicjaris a 123 pattern. Therefore, |S), (¢, c,,...c,) (123)] =
0.

Now suppose otherwise. For simplicity, we write x = min{c;, ca,..., ¢}
and

A= ([n]\{c1,¢2,...,a}) U{x}.

Consider the map f : Sy, (¢, cs,....c0) (123) — S4,(123) such that for all 7 €
Sn,(cl,CQ,...,ct)(]'Qg)v

f(r)=(z,7(t+1),7(t + 2),...,7(n)).

This is well defined since (z,7(t+1),7(t+2),...,7(n)) is a subpermutation
of 7. If 7,7 € Sy (c1,00,....c)(123) with 7 # 7/, then 7(i) # 7(i) for some
ie{t+1,t+2,...,n} and hence (z,7(t+1),7(t+2),...,7(n)) # (z,7'(t+
1),7'(t+2),...,7(n)). So f is injective. f is also surjective because for all
7= (2,7(2),7(3),...,7(JA])) € S4,2(123), we have

= (c1,¢9,...,¢0,7(2),7(3),...,7(|A]) € Sh(e1,6a,00) (123)

and f(7') = 7. Therefore, f is a bijection and hence |S,, (,
S4,2(123)].

en(123)] =

C2yeey
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Since = min{cy, ¢, ..., ¢}, we have [z] C A. Now by Lemma 4.3, we
have
1S, (ersearnen) (123)] =[54,2(123)] = [s(54.2(123))]
=1941,2(123)] = [Sn—t41,0(123)]. O

The result for the 132 pattern is similar to the 123 pattern and hence
we state the following result without proof.

Theorem 4.5. If ¢; < ¢; for some i < j and there ewists o such that
ci<a<cjanda ¢ {ci,c2,. .., e}, then Sy (o, (132)| = 0. Otherwise,
we have

027"'7Ct)

‘Sn,(01,c27...7ct)(132)’ = ’Sn—t+1,min{cl,02,...,ct}(132)‘ = bn—t—i—l,min{q,cz,...,ct}'
5. Pairs of patterns of length three

In this section, we enumerate permutations with fixed prefix (c1, ¢, ..., ¢)
which avoid a pair of patterns {01, 02} of length three. Recall that we use
Sn(01,02) to denote the set of permutations 7 € S,, such that 7 avoids both
o1 and oy. We need the following results by Simion and Schmidt [20, Section
3

Theorem 5.1. [20, Section 3] For alln > 1,

15,(123,132)| =|5,,(321,312)| = |5,(123,213)| = |5,,(321,231)]
=|5,(132,213)] = |5, (312,231)| = |5, (132,231)|
=|5,(312,213)| = |5, (132, 312)| = |5,(213,231)| = 2",

15(123,312)] = 5,(321,132)] = S, (123, 231)| = |,,(321,213)| = (Z) +1,

and
0 if n>5,
|Sn(123,321)|=< n if n=1orn=2,
4 if n=3orn=4.

Out of the 15 pairs of patterns of length 3, three of them are self-
complementary: {123,321} = {123,321}, {132¢,312°} = {132,312}, and
{213¢,231¢} = {213,231}. By the Erd&s-Szekeres theorem [9, p. 467], for
n > 5, every 7 € S, has either an increasing or a decreasing subpermutation
of length three. Hence [S,, (¢, c,,....c,) (123,321)| = 0 if n > 5. Since one could
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routinely calculate [S,, (¢, c,,....c,) (123, 321)| when n < 4, we do not include
the exact results for the pair {123,321} here. We start with {132,312} and
{213, 231}.

Theorem 5.2. If {c1,ca,...,¢t} is a set of consecutive integers, then
S (132,312)] = not :
m(e1,02,:-501) ’ ~ \min{cy,co, ... e} — 1)

otherwise, |Sy, (c, c,....c;) (132,312)] = 0.

Proof. Write x = min{ci, c2,...,¢t} and A = [n]\{c1,c2,..., ¢t}
Suppose that {c1,ca,...,¢} is a set of consecutive integers. Then we
have

{c1,¢0, ...t} ={z,x+1,...,0+t—1}.

Let 7 € Sy, (¢;,c,....c,) (132,312). Since 7 avoids 132, the subpermutation on
{z+t,e+t+1,....n}ife+t—1+#mn,is (x+t,z+t+1,...,n); and
since 7 avoids 312, the subpermutation on {1,2,...,2 — 1}, if x # 1, is
(x — 1,z —2,...,1). The number of shuffles of (x + ¢, +¢+1,...,n) and
(x— Lo —2,...,1)is (7). Hence, |Sy (¢ 00,...c)(132,312)] < (77}). Now
let 7 € S, (c1,es,.00,) SUCh that (7(t +1),7(t +2),...,7(n)) is a shuffle of
(x+t,z+t+1,...,n) and (z — 1,z — 2,...,1). It is easy to check that
T € S (cr.oc) (132, 312). Hence, we have [S,, (¢, e, ) (132,312)] = (7 7]).

Now suppose that {ci,co,...,¢;} is not a set of consecutive integers.
Then there exists y € A and 4,5 € [t] such that i < j, and ¢; < y < ¢j or
¢j <y < ¢;. Then ¢;cjy is either a 132 pattern or a 312 pattern. Hence, we
have [Sy (e, co...c) (132, 312)] = 0. O

Theorem 5.3. If (c1,ca,...,¢) is a shuffle of (1,2,...,t —s) and (n,n —
1,...,n—s+1) for some s € {0,1,...,t}, then

‘Sn,(c1,62,...7ct) (213’ 231)‘ — 2n—t_1;

otherwise, |Sy, (¢, cs,....c,)(213,231)| = 0.

Note that, in Theorem 5.3, when s = 0, we mean that (c1,ca,...,¢) =
(1,2,...,t); and when s = ¢, we mean that (¢1,c2,...,¢;) = (n,n—1,...,n—
t+1).

Proof. Write A = [n]\{c1,c2,...,ct}.
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Suppose (c1, ¢, ..., ¢) is ashuffle of (1,2,...,t—s) and (n,n—1,...,n—
s + 1) for some s € {0,1,...,t}. Consider f : S, (¢ c,,..c,)(213,231) —
Sn-1(213,231) such that for all 7 € S, (¢, c,,....,) (213, 231),

f(r)y=s(rt+1),7(t+2),...,7(n))

where s(z) is the standardization of z. We will show that f is a bijection.
It is easy to see that f is a well-defined function. Similarly to the logic in
the proof of Theorem 4.4, one can also see that f is injective. It remains to
show that f is surjective.

Let 7 € S,-4(213,231) and let 7 be the matching permutation of 7 on
A. Then 7 := (c1,¢2,...,¢,7(1),7'(2),...,7'(n = 1)) € Sy (c1,e0,00) Ve
need to show that 7 avoids 213 and 231. Let xyz be a subpermutation of .
If xyz is a subpermutation of (¢, ¢, ...,¢;) or 7/, then xyz is neither a 213
pattern nor a 231 pattern. So we assume that = € {c1,¢2,...,¢;} and z € A.
We split into two cases:

Case 1: z > z. Then zyz is not a 213 pattern. Since (c1,co,...,¢) is a
shuffle of (1,2,...,t—s) and (n,n—1,...,n—s+1), we havex > n—s+1.
Since y € Dr(x), we have y < x and hence xyz is not a 231 pattern.

Case 2: < z. Then xyz is not a 231 pattern. Since (c1,co,...,¢t) is a
shuffle of (1,2,...,t —s) and (n,n—1,...,n —s+ 1), we have x <t — s.
Since y € Dr(x), we have y > x and hence xyz is not a 213 pattern.

Hence, m € Sy, (¢ e,....,)(213,231) and f(7) = 7 by our construction.
This shows that f is surjective. Now f is a bijection and hence, by Theo-
rem 5.1,

S (eriemc) (213,231)] = |S,—4(213,231)] = 2",

Now suppose (c1, ca, ..., ¢) is not a shuffle of (1,2,...,t—s) and (n,n—
1,...,n—s+1) for any s € {0,1,...,t}. There are two scenarios where this
could happen. The first one is when {c1,co,...,c:} #{1,2,...,t —s,n—s+
1,n—s+2,...,n}, and the second one is when {c1, co,...,c;} ={1,2,...,t—

s,n—s+1,n—s+2,...,n} but for any s € {0,1,...,t}, either the subpermu-
tation of (c1, ca,...,¢;)on{1,2,...,t—s}isnot (1,2,...,t—s) or the subper-
mutation of (c1, ¢, ..., ¢) on {n—s+1,n—s+2,...,n}isnot (n,n—1,...,n—
s+1). We split into two cases based on these scenarios. Let 7 € Sn,(c1,c2,mce)"

Case 3: {c1,¢2,...,ct} #{1,2,...,t —s,n—s+1,n—s+2,...,n} for
any s € {0,1,...,t}. Then there exist x € {c1,¢2,...,¢} and y, z € A such
that y > x and 2z < x. In this case, either xyz or zzy is a subpermutation
of 7 and hence 7 contains either a 213 pattern or a 231 pattern. Hence,
1S (erconen) (213,231)| = 0.
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Case 4: {c1,co,..., ¢t} ={1,2,....t —s,n—s+1,n—s+2,...,n} for
some s € {0,1,...,t}.

Subcase 4.1: The subpermutation of (c1,c¢2,...,¢) on {1,2,...,t — s}
is not (1,2,...,t — s). Then there exist z,y € {c1,c2,...,¢} and z € A
such that z < y < z and y € A.(x). Now yxz is a 213 pattern and hence
|Sn,(cl,02,...,ct)(2137 231)| =0.

Subcase 4.2: The subpermutation of (c1,¢2,...,¢) on {n—s+1,n—s+
2,...,n}isnot (n,n—1,...,n—s+1). Then there exist z,y € {c1,c2,...,c}
and z € A such that z < y < z and y € A, (x). Now yxz is a 231 pattern
and hence [S), (¢, c,....,)(213,231)] = 0. O

We have 12 pairs left to consider. By Lemma 2.2, it suffices to look at
{123,132}, {123,213}, {132,213}, {132,231}, {123,312}, and {123,231}.

Theorem 5.4. Write « = max([n]\{c1,c2,...,c}). If {c1,c2,...,cn_a} #
{a+1,a+2,....,n} or (Ch—at1sCn—at2,---,¢t) #(a—1L,a—2,....,n—1),
then Sy (e c,..00) (123,132)] = 0; otherwise,

‘Sn,(01,C2,...,ct)(123, ]_32)‘ — 2n—t_1'

Note that, in Theorem 5.4, we must have « > n — ¢, and if « = n — ¢,
then {c1,co,...,ct}={n—t+1,n—t+2,...,n}

Proof. Write A = [n]\{c1,c2,...,ct}.

First suppose that {c1,c2,...,¢cn—a} # {a+ 1, +2,...,n}. As men-
tioned earlier, if « = n — ¢, then {c1,c2,...,cn—a} = {c1,¢2,...,ct} =
{n—t+1,n—t+2,...,n}. So we must have @ > n — t. Since @ = max A,
there exist i € {1,2,...,n—a}and j € {n—a+1,n—a+2,...,t} such that
c; < a < c¢j. So ¢icjais a 132 pattern and hence |S), (¢, c,.....,)(123,132)] = 0.

Next suppose that {c1,ca,...,cn_a} ={a+1,a+2,...,n} but

(Cn—at1) Cn—at2y---,¢t) # (@ —1La—2,...,n—1).

Notice that this could only happen when o« > n — ¢ because otherwise n —
a+l=n—(n—1t)+1=t+ 1. We split into three cases:

Case 1: {¢h—a+1, Cn—a+t2,--- ¢t} #{a—1,a—2,...,n—t} and there ex-
istsi € {n—a+1,n—a+2,...,t}such that ¢; > . Then {c1,¢2,...,Ch—a} #
{a+1,a+2,...,n}. This is a contradiction.

Case 2: {¢h—a+1;Cn—a+2,-- -t #{a—1l,a—2,...,n—t} and ¢; < «
foralli € {n—a+1,n—a+2,...,t}. Let T € S, (¢, c,,...c.)- Then there exist
y € Aand ¢; € {¢h—at1,Cn—a+2,- .-, ¢} such that ¢; < y < a. So either ¢;ya
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or ¢;ay is a subpermutation of 7. It follows that 7 has either a 123 pattern
or a 132 pattern. Hence, [S, (¢, c,,...c,) (123, 132)] = 0.
Case 3: {¢h—a+1sCn—a+t2,--- ) ={a—1,a—2,...,n—t} but

(Cn—at1s Cn—at2s---sct) # (@ —1,a—2,...,2).

Then there exist 4,5 € {n —a+1,n—a+2,...,t} with i < j and ¢; < ¢;.
Now c;cjar is a 123 pattern. Hence, Sy, (¢, c,....c,) (123, 132)] = 0.
The proof that

‘Sn,(cth,.“,ct)(lQ?), 132)‘ — gn—t—1

when {c1,co,...,cn—a}t = {a+1l,a+2,...,n}and (ch—a+1, Cn—at2,---,Ct) =
(o — 1, —2,...,n—t—1) is similar to the proof of Theorem 5.3. O

Theorem 5.5. If there ezists a € [n]\{c1,c2,...,ct} and 1 <i < j <t with
ci,cj < a, then |Sy, (¢, c,...c) (123,213)] = 0; otherwise,

‘Sn7(017027~--,ct)(]‘237 213)‘ = gmax{Omin{en,cace}=2},

Proof. Write x = min{ci, ca,..., ¢} and A = [n]\{c1,c2,..., ¢t}

Suppose there exist « € A and 1 <14 < j <t with ¢;,¢; < a. Then ¢icja
is either a 123 pattern or a 213 pattern. Hence, |S), (¢, c,,..¢,)(123,213)] = 0.

Suppose there do not exist « € A and 1 <+¢ < j <t with ¢;,¢j < a. Let
T € Sp(erenen) (123,213).

Case 1: x = 1. Then (7(t+1),7(t+2),...,7(n)) is a decreasing sequence.
Otherwise, there would exist y, z € A such that 1lyz is a 123 pattern. Hence,
S er e (123,213) = 1.

Case 2: x > 2. Since 7 avoids 123, the subpermutation of 7 on AN {z +
1,z +2,...,n} is decreasing. Since 7 avoids 213, for all y € {1,2,..., 2 — 1}
and forall z€ An{x+ 1,2+ 2,...,n}, z € Az(y). So by Theorem 5.1,

‘Sn7(017cz,-..,a)(123’ 213)‘ < ’Sr—1(1237 213)‘ =272,

It is easy to check that for all 7/ € S,_1(123,213) and decreasing subper-
mutation 7" on A\[z — 1], the permutation

(c1,e9,. e, 7"(1),7"(2),...; 7" (n—t —2x+1),7'(1),7(2),...,7(x — 1))

isin S, 123,213). Hence, we have

7(Cl,CQ,...,Ct)(

S, ¢)(123,213)] = |S,_1(123,213)| = 2" 2. O

7(017627“'7
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Theorem 5.6. If there exist o, € [n]\{c1,c2,...,ct} and i € [t] with
min{cy, ¢, ..., ¢} < a < ¢ < B, then |Sy (¢, c,....c,) (132,213)| = 0; if there
exist a € [n)\{c1,c2,..., ¢t} and i,j € [t] withi < j and ¢; < a < ¢j or
cj < ¢ < a, then [Sy, (¢, c,,..c)(132,213)| = 0; otherwise,

’Sn,(chcz,.‘.,m)(l?’z 213)’ = 2maX{0’min{61702"“’61}_2}'

Proof. Write x = min{ci, ca,...,¢} and A = [n]\{c1,c2,..., ¢t}

Suppose there exist o, € A and i € [t] with z < o < ¢ < (. Let
T € Sy (ersea,mer)- I @ € A-(B), then ¢;a 8 is a 213 pattern; and if o € D (),
then zfa is a 132 pattern. Hence, |S), (¢, c,.....c,) (132, 213)[ = 0.

Now suppose there exist @ € A and 4, j € [t] with ¢ < j and ¢; < a < ¢;
orcj < ¢ <a.lfe; <a<cj,then cicjais a 132 pattern; and if ¢; < ¢; < a,
then c;cja is a 213 pattern. Hence, Sy, (¢, c,,....c,) (132, 213)] = 0.

The rest of the proof is similar to the proof of Theorem 5.5. ]

Theorem 5.7. If there exist a € [n]\{c1,c2,...,ct} and i,j € [t] withi < j
and ¢; < a < cj or a < ¢ < c¢j, then |Sy, (¢, cy,...0,)(132,231)] = 0; otherwise,

’Sm(chcz,...,a)(lgz 231)’ = 2maX{07min{CI762"“7&}72}'

Proof. Write x = min{ci, ca,...,¢t} and A = [n]\{c1,c2,..., ¢t}

Suppose there exist & € A and ¢,j € [t] with i < j and ¢; < a < ¢j or
a < ¢ <cj. If ¢; < a<cj, then ¢icjar is a 132 pattern; and if o < ¢; < ¢j,
then c¢;cj is a 231 pattern. Hence, [S,, (¢, c,,....c,) (132, 231)] = 0.

The rest of the proof is similar to the proof of Theorem 5.5. O

Theorem 5.8. If {ci,co,...,ct} is a set of consecutive integers, then
|Sn7(cl7027__7ct)(123, 312)| =0, 1, or min{ecy,co,...,ct};

otherwise, [Sy, (¢, cs,....c,)(123,312)| = 0 or 1.

Proof. Write © = min{ecy,co,...,¢}, y = max{ci,co,...,¢t}, and A =
n\{c1,c2,...,ct}.
Suppose {c1,c2,...,¢} is a set of consecutive integers. Then

{c1,¢e0,.. sy ={x,z+1,...,x+t—1}.

We split into three cases:
Case 1: There exist « € A and 1 < i < j <t with ¢; < ¢j < a. Then
cicja is a 123 pattern and hence [S, (¢, c,,...c,)(123,312)] = 0.



Enumerating pattern-avoiding permutations by leading terms 19

Case 2: x = n—t+1 and there donot exist « € Aand 1 < i < j < ¢ with
ci<cj<a.letT €S8, .. e)(123,312). Then (7(t+1),7(t+2),...,7(n))
is a subpermutation on {1,2,...,z — 1}. If (7(¢t + 1), 7(t + 2),...,7(n)) is
not decreasing, then we would have a 312 pattern. It is easy to check that
(c1,¢2,...,¢ce,x — 1, —2,...,1) avoids both 123 and 312 patterns. Hence,
‘Sn,(cl,cQ,...,c,,)(123’312)‘ =L

Case 3: x < n—t+1 and there do not exist « € Aand 1 < i < j < ¢ with
¢; < ¢j < a. In this case, we have y < n. Let 7 € S, (¢, c,,....c,) (123, 312). Let
7’ be the subpermutation on {1,2,...,2—1} and let 7”7 be the subpermuta-
tion on {y+1,y+2,...,n}. Since 7 avoids 123, 7/ = (n,n—1,...,y+1), and
since T avoids 312, 7/ = (z—1,2—2,...,1). Moreover, if 7(i) € {1,2,..,2—1}
and 7(j),7(k) € {y+1,y+2,...,n} with j < k, either 7(j), 7(k) € A-(7(3))
or 7(j),7(k) € Dy(7(7)). Otherwise, 7(j)7(¢)7(k) would be a 312 pattern.
Therefore, the number of shuffles of 7/ and 7" that do not create a 312 pat-
tern is simply (x_}ﬂ) = z. It is easy to check that none of these shuffles
creates a 123 pattern. Hence, Sy, (¢, c,,....c,) (123, 312)| = =.

Now suppose {c1,ca,...,¢} is not a set of consecutive integers. There
are three cases:

Case 4: If there exists a € A, 1 <i < j <t with ¢; < ¢j < o, then ¢;cja
is a 123 pattern and hence |S,, (¢, c,,....c,)(123,312)] = 0.

Case 5: If there exists a € A, 1 <1i < j <t with ¢; < a < ¢;, then ¢;cja
is a 312 pattern and hence |S,, (¢, c,,....c,) (123,312)] = 0.

Case 6: The conditions in Case 4 and Case 5 are not met. Let 7 €
S (e1,earmee) (123, 312). Let 7/ be the subpermutation on {1,2,...,y—1}NA
and let 7" be the subpermutation on {z+1,2+2,...,n}NA. Since 7 avoids
both 123 and 312, both 7/ and 7" are decreasing. Since {c1,ca,. .., ¢t} is not
a set of consecutive integers, there exists a € A with x < o < . Since « is
in both 7" and 7", (7(t + 1),7(t +2),...,7(n)) is a decreasing permutation
on A. It is easy to see that if the conditions in Case 4 and Case 5 are not
met and (7(t + 1), 7(t + 2),...,7(n)) is decreasing, then 7 avoids both 123
and 312 patterns. Hence, we have [S,, (¢, c,,....c,) (123, 312)] = 1. O

Theorem 5.9. If (c1,c9,...,¢) = (n,n—1,...,n—t+1), then

n—t
“S’n,(cl,CQ,...,ct)(]-ng231)| = < 9 > + 1

otherwise, Sy (¢, c,,....cr)(123,231)| = 0 or 1.

Proof. Write x = min{ci, ca,...,¢;} and A = [n]\{c1,co,... ¢t}
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Suppose (c1,¢2,...,¢) = (n,n—1,...,n—t+1). It is easy to see that 7 €
ny(c1,Ca,0nc,) AVOIds both 123 and 231 if and only if (7(t+1), 7(t4+2),...,7(n))
avoids both 123 and 231. So by Theorem 5.1,

—t
S (er.ennc) (123, 231)] = [, 4(123,231)| = <n2 > ey

Now suppose (c1,c2,...,¢) # (n,n—1,...,n—t+1). We split into three
cases:

Case 1: {c1,¢2,...,c.} ={n—t+1,n—t+2,...,n}. Then there exist
indices 1 < i < j <t and a € A such that a < ¢; < ¢j. So cicja is a 231
pattern. Hence, |S), (¢, c,,....c,) (123,231)] = 0.

Case 2: {c1,ca,...,c1} # {n—t+1,n—t+2,...,n} and there exist indices
1<i<j<tand a € Asuchthat ¢; <c¢; <aora<c <cj, then ¢icja is
either a 123 pattern or a 231 pattern. Hence, [S,, (¢, c,,..,)(123,231)] = 0.

Case 3: The conditions for Case 1 and Case 2 are not met. Let 7 €
S (c1searnen) (123,231). Since 7 avoids 123, the subpermutation 7" of 7 on
{z+1,2+2,...,n}NAis decreasing. Since 7 avoids 231, {z+1,z+2,...,n}N
A C D, (i) for all i < z. Notice that since {c1,c2,...,ct} #{n—t+1,n —
t+2,...,n}, there exists & € A with a > z. Now if the subpermutation 7"
of 7 on {1,2,...,x — 1} is not decreasing, we would have a 123 pattern. So

7= (c1,¢2, .. 0, — Lz —2,...,1,7(1),7(2),..., 7' (n—t —x +1)).
It is easy to check that 7 avoids both 123 and 231. Hence, we have

|Sn,(c1,c2 77777 Ct)(123’ 231)| = 1. O
6. The pair 3412 and 3421

The goal of this section is to show that the counting argument used in the
proof of Theorem 4.1 can be generalized to permutations avoiding both 3412
and 3421. We need the following result proved by Kremer [14, Corollary 9]:

Theorem 6.1. For alln > 1,
|55, (3412,3421)| = S,—1,

where Sy,_1 is the (n — 1)st large (big) Schroder number.
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For the rest of this section, S,, is the nth large (big) Schréder number
for all n € N.

We first present our result on S, ,(3412,3421) since it has an easier
presentation but still shows the subtle difference between this pair of pattern
of length four and Theorem 4.1. In addition, our result on S, (3412, 3421)
also allows us to provide an alternate proof of a recurrence relation on the
large Schréder numbers.

Theorem 6.2. For alln > 2 and r € {1,2,n}, we have
1S, (3412, 3421)| = S, _o;
and for allm >4 and 2 < r <n, we have
|Sn.r(3412,3421)| = S;—2S,—p.

Proof. First, suppose n > 1 and r € {1,n}. Let 7 € S,,,. If » = 1, then
r < aforall a € D, (r). If r = n, then r > a for all a € D,(r). If r = 2, then
there is exactly one a € D(r) with a < r. In any case, rzyz is not a 3412
pattern or a 3421 pattern for any z,y, z € D.(r). Hence 7 € S, (3412, 3421)
if and only if (7(2),7(3),...,7(n)) avoids both 3412 and 3421. Therefore,
by Theorem 6.1, we have |5, »(3412,3421)| = |S,-1(3412,3421)| = S,,_».

Now suppose n > 4 and 2 < r < n. Let R be a subset of S, , such that
every 7 € R has the following properties:

(i) {7(2),7(3),...,7(r—=1)} C{1,2,...,r —1};
(i) the subpermutation 7" of 7 on {1,2,...,7 — 1} avoids both 3412 and
3421;
(i) 7" = (v(r),7(r +1),...,7(n)) avoids both 3412 and 3421.

Let 7 € R. By Theorem 6.1, there are S,_o ways for 7/ to avoid both 3412
and 3421, and for each fixed 7/, there are S,,_, ways for 7”7 to avoid both
3412 and 3421. Hence, we have |R| = S,_2S,,—.

Now we show that Sy, »(3412,3421) = R. Let 7 € S, (3412,3421), 7’ the
subpermutation of 7 on {1,2,...,7—1}, and 7" = (7(r), 7(r +1),...,7(n)).
Since 7 avoids both 3412 and 3421, 7/ avoids both 3412 and 3421 as well.
Similarly, 7" avoids both 3412 and 3421.

We now show that 7(i) € {1,2,...,r — 1} for all i € {2,3,...,r — 1}.
Suppose, by way of contradiction, that 7(i) > r for some i € {2,3,...,r—1}.
Then, since 7(1) = r, at most » — 3 numbers in {7(1),7(2),...,7(r — 1)}
are less than r. So there exist £k > j > r — 1 such that 7(j),7(k) < r.
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Now r7(i)7(j)7(k) is either a 3412 pattern or a 3421 pattern. This is a
contradiction. Hence, we have S, »(3412,3421) C R.

On the other hand, suppose 7 € R. We show that 7 € S, (3412, 3421).
Suppose, by way of contradiction, that zyzw is a subpermutation of 7 which
is a 3412 pattern or a 3421 pattern. Then we have z,w < x < y and z,w €
D (y). We split into three cases:

Case 1: . = r. Then y > r. Since {7(2),7(3),...,7(r—1)} C{1,2,...r—
1}, we must have y = 7(¢) for some ¢ > r — 1 and at most one j > i with
7(j) < r. So either z > r = x or w > r = 2z which is a contradiction.

Case 2: x < r. Since the subpermutation on {1,2,...,r —1} avoids both
3412 and 3421, we must have y > r. The rest of the argument is then the
same as Case 1.

Case 3: x > r. Since {7(2),7(3),...,7(r—=1)} C{1,2,...,r—1}, zyzw is
a subpermutation of (7(r), 7(r+1),...,7(n)). Since (7(r), 7(r+1),...,7(n))
avoids both 3412 and 3421, xyzw is not a 3412 or 3421 pattern. This is a
contradiction.

This completes the proof that R C 5, (3412, 3421).

Hence, we have Sy, »(3412,3421) = R, and therefore

|, (3412,3421)| = |R| = S,_2Sp_-. 0

Summing over r in Theorem 6.2, we have the following recurrence rela-
tion for S,,:

Corollary 6.3. For alln > 1,
n
Sn—l—l = Sn + Z SrSn—r-
r=0

Proof. Let n > 1. Note that by Table 1, we have Sqg = 1. So by Theorem 6.2,
we have [Sy122(3412,3421)| = |Sp12n42(3412,3421)| = S,, = S,,Sp. Now,
by Theorems 6.1 and 6.2, we have

n+2
Snt1 =|Sn12(3412,3421)| = > | Sp40,(3412, 3421)|
r=1
n+2 n
=S, + Z Sr72Sn+27T =S, + Z SrSp—r- O
r=2 r=0

Remark 6.4. Qi and Guo [18, Theorem 5] proved Corollary 6.3 using gen-
erating functions. In [3, p. 446], it is also noted that Corollary 6.3 can also
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be derived from the recurrence S, = Z?:o (Q”i_i) Ci—; which was proved

by West [22, p. 255]. Our proof of this identity does not use the Catalan
numbers and is purely combinatorial.

Now we generalize our result for the set S, ,(3412,3421) to the set
S(ersearnee) (3412,3421). As before, we assume that (ci,c2,...,c¢) avoids
both 3412 and 3421.

Theorem 6.5. Let U = {¢; : i € [t] and there exist j,k € [t] such that i <
J <k and cicjcy, is a 231 pattern} and V = {c¢; : i € [t] and there exists j €
[t] such thati < j and ¢; < ¢;}. If U # 0 and |[maxU]\{ci,ca,...,c:}| > 1
orV # 0 and |[max V]\{c1,co, ..., ci}| > 2, then Sy (c, cs,....c0) (3412, 3421)| =
0; otherwise,

t+1
‘Sn,(017027---,ct)(3412>3421)’ = SC(j)—C(j—n—? H Sc<i>—0(i—1)—17
i=j+1

where cg) =0, cpy1) =n+1, ¢y < c) <+ < ¢y are the order statistics
of {01,62, .. .,Ct}, and j = min{i S [t + 1] FC34) — C(i—1) > 1}.

Proof. For all k € [t + 1], let A = {C(k—l) + 1,C(k_1) +2,... » C(k) — 1} We
note that it is possible that Ay = () for some k. Also notice that

t+1

m\{c1,c2,...,c1} = U Ay
k=1

We first suppose that U # 0 and |[maxUJ\{c1,c2,...,c}| > 1. Let
x,y, z € [t] such that ¢, = maxU, < y < z, and cycyc, is a 231 pattern.
Since |[cz]\{c1, c2, ..., e} > 1, there exists a € [n]\{c1,¢2,. .., ¢} such that
a < cg. If a < e, then cycyc o is a 3421 pattern; and if a > ¢, then ¢ cyc.a
is a 3412 pattern. Hence, Sy, (¢, c,,....c,) (3412, 3421)| = 0.

Next, we suppose that V' # 0 and |[max V|\{c1,c2,...,c}| > 2. Let
x,y € [t] such that ¢, = maxV, z <y, and ¢; < ¢y.

Since |[cz]\{c1, 2, ..., }| > 2, there exist «, 5 € [n]\{c1,ca,..., ¢} such
that o < 8 < ¢z < ¢y. lf @ € A;(B), then cpeyaf is a 3412 pattern; and if o €
D-(), then cycyBais a 3421 pattern. Hence, [S), (¢, c,....c,) (3412, 3421)[ = 0.

Now suppose otherwise. Let j = min{i € [t + 1] : ¢ — 1) > 1}
In other words, j € [t + 1] is the smallest index such that A; # (. For
all 7 € S, (¢, e0,..,c1)> 1€t Tj be the subpermutation of 7 on Aj, and for all
ie{j+1,7+2,...,t+1}, let z; be the last term of the subpmermutation of
Ton AjUA;{1U---UA;_1 and 7; be the subpermutation of 7 on A; U {x;}.
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Let R’ be the subset of Sny( such that every 7 € R’ satisfies the

following:

01,02:~~~7Ct)

(i) forallie {j+1,j+2,...,t+1},ye€ Aj,and z € (AjUAj;1U---U
Ai—1)\{x;}, we have z € A.(y);
(ii) and for all i € {j,j + 1,...,t + 1}, 7; avoids both 3412 and 3421.

Let 7 € R'. By Theorem 6.1, since |Aj| = ¢(jy — ¢(j_1) — 1, there are
Se;)—e(;1,—2 possibilities for 7;. Now let i € {j +1,j +2,...,t+ 1}. Induc-
tively, we count the possibilities for 7; when 7, 741, ..., 71 are fixed. In this
case, since |A; U{z;}| = c(;) — ¢(i—1), by Theorem 6.1, there are S¢, —¢,_, —1
possibilities for 7;. Hence, we have |R'| =S¢, —¢_,,—2 Hfi]lﬂ Sey—ciony—1-

It remains to show that R' = S, (¢, c,,....¢,) (3412, 3421).

Let 7 € Sy, (cy,e0,...,c0) (3412, 3421). Then Property (ii) is obviously satis-
fied. Now we show that 7 satisfies Property (i). Suppose, by way of con-
tradiction, that 7 does not satisfy Property (i). Then there exist ¢ € {j +
1,j+2,...,t+1}, y € 4;, and z € (AJ U Aj+1 U---UA;—1)\{x;} such
that z € D;(y). Since z; is the last term of the subpermutation of 7 on
AjUAj U UA;1, ¢i—1)y2m; is a subpermutation of . Since y € A;, we
have y > c(;_1). Now since z,x; € AjU A1 U---UA;1, ¢_1)yzw; is either
a 3412 pattern or a 3421 pattern. This is a contradiction. Hence, 7 satisfies
Property (i). It follows that S, (¢, ¢, (3412,3421) C R’

We still need to prove that R' C S, (¢, c,,...c,)(3412,3421). Let 7 € R’
Suppose, by way of contradiction, that abced is a subpermutation of 7 which
is either a 3412 pattern or a 3421 pattern. Then we have ¢ < d < a < b or
d < ¢ < a<b. We have five cases:

Case 1: a,b,c,d ¢ {c1,c2,...,¢t}. Then a € Ay for some k € {j,j +
1,...,t+1}. Since ¢,d < a, we have ¢ € A;, and d € A;, for some iy,iy < k.
Since b > a, if b ¢ Ay, then b € A;, with i3 > k. Then Property (i) is
violated because ¢,d € A; U Aj 1 U---U Ag. So we must have b € Ay. By
Property (i), at most one of c and disin AjUA ;1 U---UAg_;. In addition,
ifcordisin AjUA; 1 U---UA,_q, then it must be the last term of 75,_;.
So abed is a subpermutation on Ay U {z}. This contradicts Property (ii).

Case 2: a € {c1,¢2,...,¢t} but bye,d ¢ {c1,co,...,¢;}. Then a = ¢ for
some k € [t]. Since b > a, we have b € A; for some i > k. Since ¢,d < a, we
have ¢,d € AjUAj11U---UAy. Since ¢,d € D,(b), this violates Property
(i). Hence, we have a contradiction.

Case 3: a,b € {c1,ca,...,¢:} but ¢,d ¢ {c1,¢2,...,¢}. Since a < b and
¢,d < a,V #0and |[max V]\{e1,co,...,c}| > 2 which is a contradiction.

Case 4: a,b,c € {c1,ca,...,¢1} but d ¢ {c1,c2,...,¢}. Then abe is a 231
pattern. Since d < a, U # 0 and |[maxU]\{c1,c2,...,¢:}| > 1 which is a
contradiction.
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Case 5: a,b,c,d € {c1,ca,...,¢:}. This contradicts our convention that
(c1,¢2,...,¢) avoids both 3412 and 3421.
Hence, 7 avoids both 3412 and 3421. It follows that

R C S (er,0,.00) (3412, 3421).

This completes our proof. ]
7. r-Wilf-equivalence classes

In this section, we classify r-Wilf-equivalence classes for patterns of length
three. Recall that for a fixed r € N, two patterns o and ¢’ are called r- Wilf
equivalent if | Sy, ()| = |Spr(0')| for all n > r.

We start with some elementary results summarized in Table 2.

Table 2: Single Patterns of Length 3 for n > 2

| [r=n]r=n—-1]r=2]r=1|

S0 (123 [ Cot | Cnx | n-1] 1
Sn,r(321) 1 n—1 Cn,1 Cn,1
Sn7,4(132) Cn—l Cn—l n—1 1
Sn’r(?)lQ) 1 n—1 Cn,1 On,1
Sn,7>(213) Cn—l Cn—2 Cn—2 Cn—l
|Sn,r(231)| Cnfl Cn72 Cn72 Cnfl

It is easy to check the correctness of the expressions in Table 2. As
an example, we sketch the proof of the fact that |S, ,—1(123)] = C),—; for
all n > 2. For any 4,7 € {2,3,...,n} with i < j, either 7(i) < n—1 or
7(j) < n—1. It follows that (n —1,7(i),7(j)) will never form a 123 pattern
for any 4,5 € {2,3,...,n} with ¢ < j. Hence, 7 € S, ,—1 avoids 123 if and
only if (7(2),7(3),...,7(n)) avoids 123. Therefore, by Theorem 1.1, we have
|Snn—1(123)| = |Sp-1(123)]| = Cp—1.

Next we classify the r-Wilf-equivalence classes for patterns of length
three for all r € N.

Theorem 7.1. There are two 1-Wilf-equivalence classes for patterns of

length three: 123 ~ 132 and 321 ~ 312 & 213 & 231. For r > 2, there
are three - Wilf-equivalence classes for patterns of length three: 213 ~ 231,
123 < 132, and 321 ~ 312.

Proof. The fact that there are two 1-Wilf-equivalence classes for patterns of
length three follows from the last row of Table 2.
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Let r > 2. By Lemma 2.2, we have 213 ~ 231, 123 ~ 132, and 321 ~ 312.
We need to show that there exist ni,ng,ng > r such that |S,, ,(213)| #
|Sny . (123)], [ S, r(213)] # |Sp, »(321)], and |Sy, »(123)| # |Sp,»(321)]. There
are three cases to consider.

Case 1: r = 2. Set n; = ne = ng = 4. By Tables 1 and 2, we have
|S4,2(123)| =4-1= 3, ‘5472(321)’ = 03 = 5, and ‘5472(213)’ = CQ = 2.
Hence we have the desired result.

Case 2: r = 3. Set n; = ne = ng = 4. By Tables 1 and 2, we have
1S43(123)| = Cy = 5, |S43(321)] = 4 — 1 = 3, and [S43(213)| = Cy = 2.
Hence we have the desired result.

Case 3: r > 3. Set n1 = no = ng = r+ 1. By Table2 we have
|Sr41,,(123)] = Cp, |ST+1,,(321)] =r, and |ST+1T(213)] = Cy_1. By Table 1,
we have C, > C,_1 > r and the theorem follows. D

In addition to the classical patterns we have studied so far in this paper,
many papers studied consecutive patterns [8], bivincular patterns [4], and
mesh patterns [5, 10]. Here we briefly describe, for all » > 5, the r-Wilf
equivalence classes for vincular patterns of length three studied by Babson
and Steingrimsson [2] and later, Claesson [6].

In vincular patterns [10, Section 2], some consecutive elements in a per-
mutation pattern are required to be adjacent. We use overlines to indicate
that the elements under the overlines are required to be adjacent. There
are twelve vincular patterns of length three where one requires exactly two
numbers to be adjacent. For example, a permutation 7 € S,, contains the
pattern 132 if there exist indices ¢ < j such that 7(i)7(j)7(j + 1) is a 132
pattern. Other vincular patterns are defined similarly.

Example 7.2. In the permutation 7 = 13542 € S5, 7(2)7(3)7(5) = 352 is
a 231 pattern and 7(1)7(4)7(5) = 142 is a 132 pattern, but 7 avoids the
pattern 213.

Claesson [6, Propositions 1-3 and Lemma 2] proved that there are two
Wilf-equivalence classes for the twelve vincular patterns. They are counted
either by the Catalan numbers or by the Bell numbers:

Theorem 7.3. For alln > 1,

Sn(123)] =[5,(321)| = |Sn(123)] = |Sn(321)] = |S,(132)]
=[59,(312)| = [5,(213)| = [Sn(231)| = By,
and
15n(213)] = [5,(231)| = |9,(132)| = [SK(312)| = C

where B,, is the nth Bell number and C,, is the nth Catalan number.
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We first adapt some results in Claesson [6] to show r-Wilf equivalence
for several vincular patterns.

Proposition 7.4. For all r € N, 213 ~ 231, 123 ~ 132, and 321 ~ 312.
Proof. Let 1 < r < n. Using a short combinatorial argument, Claesson [6,
Lemma 2] showed that for all n > 1, 7 € S,, avoids 213 if and only if it
avoids 213. Taking complements, for all n > 1, 7 € S,, avoids 231 if and
only if it avoids 231. Hence, for all 7 € S, ,, 7 avoids 213 if and only if
it avoids 213 and 7 avoids 231 if and only if it avoids 231. Then we have
1Sn+(213)] = |S,,.(213)| and |S,, ,(231)] = |S,,(231)|. Now by Lemma 2.2,
we have |S,,,(213)| = [S,r(213)] = [Sn(231)] = |S,,(231)|. Therefore,
213 ~ 231.

Claesson [6, Propositions 2 and 4] constructed bijections between S, (123)
and the partitions of [n], and then between S,,(132) and the partitions of
[n]. These bijections preserve the leading terms of permutations. So for all
1 < r < n, we have |S,,(123)| = |S,,(132)|. Taking the complements,
we also have |S,,,(321)| = |S,.(312)|. Therefore, we have 123 < 132 and
321 ~ 312. O

By Proposition 7.4, there are at most nine r-Wilf-equivalence classes
for vincular patterns. Table 3 lists the results we need to classify r-Wilf
equivalence classes for all twelve vincular patterns.

Table 3: Avoiding Vincular Patterns by Leading Terms for » > 3. (We leave
some entries in the table blank and only include results that are needed to
classify r-Wilf equivalence classes for the twelve vincular patterns.)

| ||n=7“| n=7“—|—1| n=r-+2 |

|Sn,7’(2ﬁ)| = |Sn,7'(2371)| Cr1 Cr 1
|Sn.r(132)] Cr 1 C,

|Sn.-(321)] = | S, ~(312)] 1 or—1
|Sn,r(312)] 1 Iz

|Sn,r(1ﬁ)| = |Sn T(lﬁﬂ By—1 B, Bry1 — By
Sn,r(ﬁg) B'rfl Br Br+1 - Br
Sn,r(§3) Br—1 B,
|Sn.(231)] B,_1 | Br— By
|Sn.-(321)] B,_s

Most of the expressions in Table 3 can be obtained by straightforward
calculation using Theorem 7.3 and Table 2. We will only sketch the proofs
of a few of them.
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Lemma 7.5. For all r > 3,
1S, (321)| = By_o.

Proof. Let 7 € S,,(321). If 7(2) # 1, then 7(1)7(2)1 is a 321 pattern. So

we must have 7(2) = 1. At the same time, (7(3),7(4),...,7(n)) aV01ds the
pattern 321. So by Theorem 7.3, we have \S’M( 321)| < \Sr 2(321)| = B,_a.
Now let 7 € S, with 7(2) = 1 and (7(3),7(4),...,7(n)) avoiding the

pattern 321. Since rlz and lzy are never 321 patterns, we must have 7 €
Sr»(321). Hence, we have B,_o = |S,_2(321)] < |S,,(321)|. This completes
the proof of the lemma. O

Lemma 7.6. Forallr > 1,

‘Sr+2,r(1ﬁ>‘ = Bry1— Br—1 and |S;42,(123)| = Byy1 — By

Proof. We first prove that |S,12,(123)| = By41— By—1. Let 7 € S, 12,,(123).
Then the subpermutation (7(2),7(3),...,7(r + 2)) avoids 123. By Theo-
rem 7.3, there are |S,+1(123)| = B,41 ways for (7(2),7(3),...,7(r + 2))
to avoid 123. For these permutations on {1,2,...,r — 1,7 + 1,7 + 2}, the
only way that » + 1 and r + 2 are adjacent and the subpermutation on
{r+1,r+2}is (r+1,r+2) is when 7(2) = r+1 and 7(3) = r + 2 because
otherwise (7(2),7(3),...,7(r +2)) would contain a 123 pattern. This is the
only case that (r,7 + 1,7 + 2) is a 123 pattern. Since (7(4),7(5),...,7(r +
2)) also need to avoid 123, by Theorem 7.3, the number of permutations
(17(2),7(3),...,7(r+2)) avoiding 123, with 7(2) = r+1 and 7(3) = r + 2, is
|S;_1(123)| = B,_1. Here it is easy to check that if 7(2) = r+1, 7(3) = r+2,
and (7(4),7(5),...,7(r+2)) avoids 123, then (7(2),7(3),...,7(r+2)) avoids
123 as well. Therefore

’Sr+2,r(1%)‘ = ’Sr+1(12_3)| - |Sr—1(1ﬁ)| = By+1 — B

Next, we prove that |S;12,(123)| = By41—B,. Let 7 € S;42,(123). Then
(7(2),7(3),...,7(r+2)) avoids 123. By Theorem 7.3, there are |S,11(123)| =
By41 ways for (7(2),7(3),...,7(r+2)) to avoid 123. For these permutations,
the only way that we have a 123 pattern starting with r is when 7(2) = r+1,
then (7(1),7(2),r+2) is a 123 pattern. Here, it is easy to see that if 7(2) =
r+1, then, for all 2 < i < j <r+2, (7(2),7(7),7(j)) is never a 123 pattern.
Hence, by Theorem 7.3, the number of permutations (7(2),7(3),...,7(r +
2)), with 7(2) = r + 1, avoiding 123 is |S,(123)| = B,. Using subtraction,
we have

’Sr—&-?,r(ﬁ?’)’ = |8r+1(123)] — |5-(123)| = Byy1 — By [
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Lemma 7.7. For allr > 1,
Sy, (321)] = 27,

Proof. Let 7 € Sy41,-(321) and let i > 1 be such that 7(i) = r + 1. Then for
all j € {2,3,...,7— 2}, we must have 7(j) < 7(j + 1). To see this, suppose
that 7(j) > 7(j+1) for some j € {2,3,...,i—2}. Then r7(j)7(j+1) is a 321
pattern which is a contradiction. Similarly, for all j € {i+1,i+2,...,n—1},
we must have 7(j) < 7(j + 1). Hence, we have 7(2) < 7(3) < --- < 7(i — 1)
and T(i+ 1) <7(i+2) <---<7(r+1).

On the other hand, it is easy to check that for all 7 € S,11,, if 7(i) =
r+1,72)<73) < <7(i—1),and 7(i+1) <7(i+2) <--- <7(r+1)
for some 7 > 1, then 7 avoids 321.

So |Sy+1.,(321)] is equal to the number of permutations 7 € S, 41, such
that for some i € {2,3,...,r+1}, wehave 7(i) =r+1,7(2) < 7(3) < --- <
7(i—1),and 7(i+1) < 7(i4+2) < --- < 7(r+1). Let 7 be such a permutation
and ¢ € {2,3,...,r+1}. Then there are (::21) ways to choose ¢ — 2 numbers
from {1,2,...,r — 1} and assign them to 7(2),7(3),...,7(: — 1) so that
7(2) < 7(3) < --- < 7(i —1); once 7(2),7(3),...,7(i — 1) are determined,

7(i+1),7(i +2),...,7(r + 1) are uniquely determined as well. Hence, we
have
r+1 r 1 r—1 r 1
571\ — - _ - _ or—1
Sar@=3(10,) =2 (7)o
1= 1=

If » > 5, by Tables 1 and 3 and Lemmas 2.10 and 2.11, there are nine
r-Wilf equivalence classes. To see this, it suffices to note that for each r > 5
and for any two distinct generalized patterns o and ¢’ in different rows,
either Sy (o) # |Srr(0”)], or |Spi1,p(0)] # [Srq10(07)], Or [Spiar(0)] #
|Sri2,r(0")]. We briefly describe several of them as examples.

Example 7.8. By Table 3 and Lemma 2.10, for all » > 5, |S,,(132)| =
Cr_1 < Br_1 =|S;,(123)|. Hence, for all » > 5, 132 and 123 are not r-Wilf
equivalent.

Example 7.9. By Table 3 and Lemma 2.11, for all » > 5, |S,,(213)| =
B,_1 = ‘Sr,r(231)|7 bit |S/r+1d213)| =B,_1<B,—B,_1 = |ST+177«(231)’.
Hence, for all r > 5, 213 and 231 are not r-Wilf equivalent.

Example 7.10. By Table 3, we have |S,,(123)| = B,_1 = |S,,(123)| and
1S41,(23)| = By = |S,41,(T23)], but [S,42,(123)| = Bryy — Bry >
Byy1 — By = |Sy42,(123)] for all r > 5. Hence 123 and 123 belong to two
different equivalence classes when r > 5.
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Example 7.11. By Table 3, we have |S,.,(213)| = C,_; and |S,,(321)| =
B,_5 for all r > 5. By Table 1 and the generating functions of the Catalan
and Bell numbers [7, Sections 3.2 and 6.1], we have B,_; # C, for all r > 5.
Hence, 213 and 321 belong to two different equivalence classes when r > 5.

The following theorem completely classifies, for all » > 5, the r-Wilf-
equivalence classes for the twelve vincular patterns of length three.

Theorem 7.12. For all r > 5, there are nine r- Wilf-equivalence classes for
vincular patterns of length three: 213 ~ 231, 123 ~ 132, 321 ~ 312, and the
other siz classes each contains a single vincular pattern.

8. Concluding remarks

Miner and Pak [15] used generalizations of Theorem 1.2 to study the limit
shapes of random permutations avoiding a given pattern. In this section,
we give some ideas about the limit shapes of random c-avoiding, o € S3,
permutations with fixed prefix (cq,ca,...,¢). Particularly, we are inter-
ested in exploring for large n, what a uniformly random permutation from
S(e1,ea,...,c,) (0) 1ooks like. To do this, we follow Miner and Pak [15] and view
permutations as matrices. That is, for each 7 € S,,, we look at the n x n
matrix M (1) such that (M(7));, = 1 if 7(j) = k and (M(7));x = 0 if
7(j) # k. By Lemma 2.2, complementary patterns may be studied in pairs
and it suffices to examine permutations avoiding the patterns 123, 132, and
231.

In some situations, this question is easy to answer. If 1 € {c1,¢a,..., ¢},
then there is a unique permutation that avoids a 123 pattern, as the later
n —t digits need to be decreasing to avoid a 23 pattern in the second unfixed
segment. So after asymptotic scaling, the limit of the unfixed segment is just
the anti-diagonal z 4+ y = 1. The situation becomes more complicated when
1¢{ci,c2,...,¢}. As shown in Theorem 4.4, we may project our permuta-
tion from .S,, where the first ¢ coordinates are fixed down to a permutation
from S,_¢+1 where only the first coordinate is fixed via ‘standardization.’
The limiting phenomenon of these generic ‘reduced’ 123-avoiding permu-
tations were studied in Miner and Pak [15], where the anti-diagonal again
shows up. As pointed out earlier in Section 4, the result for the 132 pat-
tern is similar to the 123 pattern and the structure of the pattern-avoiding
permutation is also preserved after projection via standardization. See The-
orem 4.5 for more details. The limiting phenomenon of these reduced 132-
avoiding permutations was also studied in Miner and Pak [15], where the
anti-diagonal as well as the lower right corner show up in the asymptotic
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analysis. Unlike 123 and 132 patterns, fixing the prefix (c1,co, ..., ¢), a uni-
formly random permutation avoiding a 231 pattern will instead display a
block structure as hinted in our proof of Theorem 4.1. For the initial block
which consists of ¢1, ca, . . ., ¢, the segment of the permutation will be a fixed
curve that is asymptotically in correspondence to the prefix (ci,co,...,¢);
and for all the remaining blocks, the segment of the permutation will lie
on the boundary of feasible 231-density asymptotically. See Kenyon et al.
[11] and the references therein for a description of the limit shapes of these
feasible regions.

We have only scratched the surface of enumerating pattern-avoiding per-
mutations by fixed prefixes, mostly concentrating on patterns of length three.
It would be interesting to study permutations with fixed prefixes that avoid
other patterns; for instance, all single patterns of length greater than three
are open. It would also be interesting to compute limits of pattern avoiding
permutations chosen uniformly under certain constraints; fixing the prefix
(c1,c2,...,¢) as we have done in this paper is only one of the many possi-
bilities out there.
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