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ABSTRACT

We study classes of set partitions determined by the avoidance of multiple pat-
terns, applying a natural notion of partition containment that has been introduced
by Sagan. We say that two sets S and T of patterns are equivalent if for each n
the number of partitions of size n avoiding all the members of S is the same as the
number of those that avoid all the members of 7.

Our goal is to classify the equivalence classes among two-element pattern sets
of several general types. First, we focus on pairs of patterns {o, 7}, where o is
a pattern of size three with at least two distinct symbols and 7 is an arbitrary
pattern of size k that avoids 0. We show that pattern-pairs of this type determine
a small number of equivalence classes; in particular, the classes have on average
exponential size in k. We provide a (sub-exponential) upper bound for the number
of equivalence classes, and provide an explicit formula for the generating function
of all such avoidance classes, showing that in all cases this generating function is
rational.

Next, we study partitions avoiding a pair of patterns of the form (1212, 7), where
T is an arbitrary pattern. Note that partitions avoiding 1212 are exactly the non-
crossing partitions. We provide several general equivalence criteria for pattern pairs
of this type, and show that these criteria account for all the equivalences observed
when 7 has size at most six.

In the last part of the paper, we perform a full classification of the equivalence
classes of all the pairs {0, 7}, where o and 7 have size four.
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1. INTRODUCTION

If n > 1, then a partition of [n] = {1,2,...,n} is any collection of nonempty,
pairwise disjoint subsets, called blocks, whose union is [n]. (If n = 0, then there
is a single empty partition of [0] = @ which has no blocks.) A partition II having
exactly k£ blocks is called a k-partition. We will denote the set of all k-partitions of
[n] by P, and the set of all partitions of [n] by P,. The number n is referred to as
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the size of a partition. A partition II is said to be in standard form if it is written
as I = By/By/---, where min(B;) < min(Bz) < ---. One may also represent
the partition Il = By /Bs/ --- /By, € Py 1, equivalently, by the canonical sequential
form m = mymy -+ m,, wherein j € By, 1 < j <n (see, e.g., [25]). Throughout this
paper, we will represent set partitions by their canonical forms and consider the
problem of avoidance on these words.

For instance, the partition II = 1,3,8/2,5/4,7/6 € Ps 4 has the canonical se-
quential form m = 12132431. Note that m = mymy---7m, € P, is a restricted
growth function from [n] to [k] (see, e.g., [I8] for details), meaning that it satis-
fies the following three properties: (i) mp = 1, (ii) 7 is onto [k], and (iii) 1 <
max{my,mo,...,m} + 1 for all i, 1 <i < n — 1. We remark that restricted growth
functions are often encountered in the study of set partitions [23 26] as well as
other related topics, such as Davenport-Schinzel sequences [4] [19].

Let 0 = g109---0, and 7 = 7Ty - - - Ty, be two partitions, represented by their
canonical sequences. We say that o contains 7 if o contains a subsequence that is
order-isomorphic to 7; that is, o has a subsequence of(1),0(2),---,0f(m), where
1 < f(1) < f(2) < --- < f(m) < n, such that for each i,j € [m], we have
or) <oy ifandonly if 7; < 7 and o) > 0y(;) if and only if ; > 7;. Otherwise,
we say that o avoids 7. In this context, 7 is usually called a pattern. For example,
the partition ¢ avoids the pattern 1212 if there exist no indices i < j < k < ¢
with 0; = o < 0; = o¢ and avoids 1232 if there exist no such indices with
0; < 0j =0y < Ok.

The concept of pattern-avoidance described above was introduced by Sagan [23],
who considered, among other topics, the enumeration of partitions avoiding patterns
of size three. Several other notions of pattern-avoidance of set partitions have been
studied, see, e.g., the works of Klazar [§], Chen et al. [3], or Goyt [5].

We will use the following notation. If {71, 72,...} is a set of patterns, then let
P, (71,72,...) and P, (71,72, ...) denote the subsets of P, and P, i, respectively,
which avoid all of the patterns. We will denote the cardinalities of P,(71,72,...)
and Py, k(11,72,...) by pn(m1,72,...) and p, (71, 7T2,...), respectively. From the
definitions, note that py, (71, 72,...) = > ;<o Pnk(71, 72, . ..). In accordance with the
terminology first used for permutations (see, e.g., [10]), we will say that two sets
of partition patterns T' = {71, 72,..., } and R = {p1, p2,...} are (Wilf) equivalent,
denoted by T ~ R, if p,(71,72,...) = pn(p1, p2,...) for all n > 0.

The pattern avoidance question is a rather broad one in enumerative combina-
torics and has been the topic of much research, starting with Knuth [9] and Simion
and Schmidt [24] on permutations. See also, for example, [20, 22| [16]. More re-
cently, the problem has been considered on further structures such as k-ary words
and compositions.

Jelinek and Mansour [6] have determined all the equivalences among singleton
sets of patterns of size at most seven. In this paper, we focus on classes of partitions
determined by two forbidden patterns. We address three main problems. First, in
Section 2] we consider set partitions avoiding a pair of patterns {o, 7}, where o is a
pattern of size three and 7 is an arbitrary pattern not containing o. The situation
when ¢ = 111 corresponds to single-pattern avoidance in partial matchings, which
has been previously addressed [7]. We therefore restrict our attention to the cases
when o # 111.
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We derive general criteria for Wilf-equivalence between pairs of patterns {o, 7}
of this form. In particular, we show that when 7 has size k, these pairs form at
most &, + 1 equivalence classes, where £ is the number of integer partitions having
no summand equal to 2 [21] sequence A027336]. This implies that on average the
equivalence classes have exponential size. For small values of k (up to k = 20), we
are able to verify that the estimate & + 1 is sharp and all the equivalence classes
may be described explicitly.

We also derive explicit formulas for the generating functions >, -, pn(o,7)z",
where o # 111 is of size three and 7 is any pattern not containing o. In particular,
we show that all these generating functions are rational.

Next, in Section Bl we study the equivalences among pairs of patterns of the form
{1212, 7}, where 7 is a pattern that avoids 1212. Note that the partitions avoiding
1212 correspond to the classical non-crossing partitions. We may therefore regard
this section as the study of single-pattern avoidance among non-crossing partitions.
We derive several general criteria for equivalences of pairs of patterns of this form.
It turns out that some of the equivalence classes have size that is exponential in
the size of 7. We verify, with the help of computer enumeration, that our criteria
are sufficient to fully describe the equivalences among the pairs {1212, 7} for 7 of
size at most six.

Finally, in Section Ml we perform a systematic classification of the equivalences
among the pairs {0, 7}, where o and 7 are distinct patterns of size four. Partial
results in this direction have already been provided by previous research [IT] 12 [15].
We provide several new results concerning the avoidance of two or more patterns,
including ones involving infinite families of patterns. By combining these results
with some specific cases which are worked out, we are able to provide a complete
solution to the problem of identifying all of the equivalence classes corresponding
to two patterns of size four.

We shall employ the following notation: if 7 = 71,7,...,7, is a sequence of
numbers, then 7 4 1 refers to the sequence 71 + 1,72+ 1,...,7, + 1. Also, ifa is a
symbol and ¢ > 0 an integer, then a? refers to the constant sequence a,a,...,a of
length q.

2. AVOIDING A PATTERN OF SIZE THREE AND ANOTHER PATTERN

Our first main goal is to study classes of partitions that avoid a pair of patterns
(0,7), where o is a pattern of size three.

Note first that a set partition avoids 111 if and only if each of its blocks has size
at most two. Such a partition is known as a partial matching. Pattern avoid-
ance in partial matchings has already been addressed in a previous paper [7].
We therefore focus on the remaining patterns of size three, that is, we assume
o € {112,121,122,123}. We may also assume that 7 does not contain o, otherwise
P,(o,7) = Py(0).

Let us remark that Sagan [23] has shown that for any pattern o from the set
{112,121, 122,123}, we have p, (o) = 2"~ L.

Let us say that a pair of patterns (o, 7) is a (3, k)-pair if o € {112,121,122,123}
and 7 is a pattern of size k that avoids o. Our first results deal with general criteria
for equivalences among (3, k)-pairs. These criteria will apply to (3, k)-pairs for any
value of k. For values of k£ up to k = 20, we have verified that our criteria account
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for all equivalences among the (3, k)-pairs. We conjecture that this is the case for
larger k as well.

We also give an explicit formula for the generating function of partitions avoiding
an arbitrary given (3, k)-pair.

2.1. The patterns 112 and 121. Let us first consider the (3, k)-pairs (o, 7), where
o is equal to either 121 or 112. We will show that the two avoidance classes P, (121)
and P, (112) are closely related. More precisely, these two classes form isomorphic
posets under the containment relation.

Notice that a partition 7 avoids 121 if and only if 7 is a weakly increasing pattern
of the form 191222 ... m%m for some m > 1 and some sequence a = (a1, ..., an,) of
positive integers. In particular, there is a bijection between 121-avoiding partitions
of size n and sequences of positive integers whose sum is n.

Similarly, a partition 7 avoids 112 if and only if 7 has the form 12 - - - mm®= ~1 (m—
1)em-1=1... 19171 for some m > 1 and some sequence a = (a1, ..., a,) of positive
integers. We use the term composition to refer to any finite sequence of positive
integers. The size of a composition is the sum of its components, and the length of
a composition is the number of its components.

For a composition a = (aq,...,am), let 7121(a) denote the 121-avoiding pattern
191292 ... man and let 7112(a) denote the 112-avoiding pattern 12 - - -mm®=—1(m —
1)am-1=1...191=1 Note that 7112(a) is the unique 112-avoiding partition with m
blocks whose i-th block has size a;, and similarly for 7121 (a).

Let a = (a1,...,am,) and b = (by,...,b;) be two compositions. We say that
b dominates a, if there is an m-tuple of indices i(1),4(2),...,4(m) such that 1 <
i(1) <i(2) < --- < i(m) < k, and a; < b for each j € [m]. In other words,
b dominates a if b contains a subsequence of length m whose every component is
greater than or equal to the corresponding component of a.

We present the following simple fact without proof.

Observation 2.1. For any two compositions a and b, the following are equivalent:

e b dominates a,
e 7112(b) contains T112(a),
e 7121(b) contains T121(a).

Observation 2] shows that the classes P,(112) and P,(121) ordered by con-
tainment and the set of all integer compositions ordered by domination are three
isomorphic posets, with size-preserving isomorphisms identifying a composition a
with T112 (CL) and 7'121(&).

Corollary 2.2. For any integer composition a, the (3,k)-pairs (112,7112(a)) and
(121, 71121(a)) are equivalent.

- . d ;.
For two compositions a and a’, let us write a ~ a’ if for every n, the number of
compositions of size n dominating a is equal to the number of compositions of size

n dominating a’. Observation 2] implies that a L a’ if and only if (112, 1112(a)) ~
(112, 71112(a’)) which is if and only if (121, 7121(a)) ~ (121, T121(a’)).

For a composition a = (a1, ..., an), let M(a) denote the multiset {a1,...,am}.
Lemma 2.3. Let a and a’ be two compositions such that M(a) = M(a’). Then

a
an~a.
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Proof. Tt is enough to prove the lemma in the case when o’ is obtained from a by
exchanging the order of two consecutive elements. Let m be the length of a and
of a’. Suppose a equals (a1, ...,a,), and that a’ is obtained from a by exchanging
the components a, and a,41 for some r < m, so that we have

!/
a :(a/17 sy Ap—1, Ay 1, Qpy Q42,5 - - - 7am)'

We prove the lemma bijectively. Let b = (b1,...,br) be a composition of size
n that dominates a. Let ¢ € [k] be the smallest index such that (by,...,b;) dom-
inates (a1,...,a,-1). Let j € [k] be the largest index such that (bj11,...,bx)
dominates (a,y2,...,am,). Since b dominates a, we know that ¢ + 2 < j and that
(Dit1,bit2,...,b;) dominates (a,,a,+1). Consider now a composition b’ obtained
from b by reversing the order of the elements b;41,bit2,...,b;, that is,

v = (bla' "7bi7bj7bj717" '7b’i+17bj+17" abk)

Clearly, b’ dominates a’, and the mapping b — V' is a size-preserving bijection

between compositions that dominate a and those that dominate a’. (I
Lemma 2.4. Let a = (a1, ...,an) be a composition, with a,, = 2. Define another
composition a’ = (a1,...,am—1,1,1). Then a Lal.

Proof. Fix a size n. We provide a bijection f between compositions of size n that do
not dominate a and compositions of size n that do not dominate a’. Suppose that
b= (b1,...,bx) is a composition of size n that does not dominate a. If b does not
even dominate (ay,...,a,_1), then b does not dominate a’, and we put f(b) = b.
Suppose now that b dominates (a1, ...,am—1). Let i € [k] be the smallest index
such that (by,...,b;) dominates (ay,...,am—1). Since b does not dominate a, we
know that all of the components (b;11,bit2,...,br) must be equal to 1. Define
a new composition ¥’ = f(b) obtained from b by replacing all the components
(bit1,bit2,...,bx) with a single component equal to b; 11 + bj1a+ -+ by (if i =k,
then we put b = b). Clearly, the new composition b’ has size n and does not
dominate a’, and the mapping f is the required bijection. (I

From Lemmas 2.3] and 2.4] we see that every composition a is i—equivalent to
a composition a’ that has the property that its components are weakly decreasing
and none of them are equal to 2. Let us call such a composition a’ a 2-free integer
partition. Let & be the number of 2-free integer partitions of size n. Note that
the sequence (& )k>o is listed as A027336 in the OEIS [21]. Basic estimates on the
number of integer partitions (see, e.g., [I]) imply the bound & = 20(Vk),

Let a = (a1,as,...,as) be an integer composition, and let F,(x,y) be the gen-
erating function for the number of partitions of [n] having exactly k& blocks and
avoiding {112, 1112(a)}, i.e.,

Fu(m,y) = Y pnr(112,7112(a))a"y".
n,k>0
We may give an explicit formula for F,(z,y) as follows.
Theorem 2.5. We have
-1

ai+--+aj;,,j -
2.1 Fa T, — ‘ T iy (1 ZZ?) |
( ) ( y) J:ZO Hzill (1 _$(1+y)+xaiy)




6 ON MULTIPLE PATTERN AVOIDING SET PARTITIONS

Proof. Let b be the integer composition (asz,as,...,a¢). Let m be a nonempty
partition from the set P, (112, 7112(a)), and let  be the size of the first block of .
We consider the following two cases:

(1) 1<r<a;—1,

(2) r>as.
In the first case, 7 must be of the form 17/17~!, where 7’ is some partition on the
letters {2, 3,...} avoiding {112, 7112(a)}, which implies that the generating function
counting these partitions is given by

r—x™

ayFa.(z,y) + 2°yFa(z,y) + - + 2% 'yF,(z,y) = yFa(z,y).

1—a
In the second case, m must be of the form 17'1"~!, where 7’ is now a partition
on the letters {2,3,...} avoiding {112, 7112(b)} since r > a;. Thus, the generating
function counting the partitions in this case is given by

a

My
1—x

s yFy(z,y) + 2 Ty Fy(z,y) + - = Fy(z,y),

where we put Fy(z,y) = 0 in the case £ = 1. Adding the contributions from the
two cases above gives

T — " M
yFa(z,y) + in(xa Y),

Fy(z,y) =1
(z,9) +a =

which may be rewritten as

1—=x Ty
2.2 F.(z,y) = + Fy(z,y).
(22) (z,9) l—z(1+y)+arny 1—z(l+y)+azuy b(,9)

Tterating recurrence ([22) yields (21]), as desired. O

2.2. The pattern 123. Consider now the (3, k)-pairs (123, 1), for a 123-avoiding
partition 7. Of course, a partition avoids 123 if and only if it has at most two
blocks. We will distinguish two cases, depending on whether 7 has a single block
or whether it has two blocks.

The first case is trivial:

Observation 2.6. A partition avoids the pair of patterns (123,1%) if and only it
has at most two blocks and each block has size at most k — 1. In particular, the
generating function of the class P,(123,1%) is given by the formula

k—1k—1
Y pa(123, 12" =1+ 33 (a * lb’ - 1)xa+b.

n>0 a=1b=0

To deal with the pairs (123,7), where 7 has two blocks, we first prove a more
general theorem.

Theorem 2.7. Let m > 2 be an integer. Let T = 7o -7 be a partition with
exactly m blocks and with the property that 7, =i for each i € [m — 1]. Then the
generating function Y, < pn(12---(m+1),7)z™ is equal to

k—m m—1
x x x
n(12--- )a™ | — .
;z)( (m+ 1) <1—(m—1):v> 1—m:vj1;[11—jx

In particular, the generating function depends on the size of T but not on T itself.
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Proof. Let @y, be the set of partitions of size n that avoid 12 - - (m+1) but contain
7; in other words, @, = P,(12---(m + 1)) \ P,(12---(m + 1),7). Define the
generating function G(x) = »°, - |@n|z™. To prove the theorem, we need to prove
the formula -

(2.3) G(x) = (1 — (nf_ m)km 1 _xmx ml:f 1 _xjx'

j=1

Consider a partition 7 € @,. Clearly 7 must have exactly m blocks. Since
m contains 7 as a pattern, and since 7 has m blocks as well, we see that m even
contains 7 as a subsequence. Recall that 7; = i for i € [m—1], that is, 7 has the form
12+« (m— 1) 7y Tim+1 - - - Tk By fixing the leftmost occurrence of the subsequence 7
in 7, we see that 7 can be decomposed as

= lw12wa3ws - - - (M — D)Wy —1 T Win T4 1Wint 1 * - Wh—1 TR Wk,

where the w;’s are determined as follows:

e for 1 < j <m —1, w; is an arbitrary word over the alphabet [j],
o for m — 1< j <k, w; is an arbitrary word over [m] \ {7j+1}, and
e wy, is an arbitrary word over [m].

Conversely, any sequence with such a decomposition is an element of @,. This
directly implies formula ([2.3]). O

Applying Theorem [Z7] to the case m = 2, and noting that > ., p,(123)z" =
(1 —-2)/(1—2x), we get the next result.

Corollary 2.8. For every k, the (3, k)-pairs of the form (123, 7) where T has two
blocks are all equivalent, and the generating function of any such pair is

Z (123 ):v"—l_x— x k=1 o _ki x K
Polteo )t =19, " \122 1—22 1—2) "

1
n>0 i=0

Comparing the generating function of the previous corollary with the formula of
Theorem [Z.5] we can say even more.

Corollary 2.9. For every k and every partition 7 € Py, with two blocks, the (3,k)-
pair (123, 7) is equivalent to the (3,k)-pair (112,12 k).

2.3. The pattern 122. Note that a partition 7 avoids 122 if and only if each block
of 7 except possibly the first one has size one, or equivalently, any number greater
than 1 appears at most once in 7.

We will show that for every k, all the (3, k)-pairs of the form (122, 7) are equiv-
alent to (112, 1%). To this end, we first describe a bijection between 122-avoiding
and 123-avoiding partitions which, under suitable assumptions, preserves contain-
ment. Let 7 = 777, be a 122-avoiding partition. Define a new partition
f(r) = 7{my---7/ by putting 7/ = 1if , = 1 and 7/ = 2 if 7, > 1. For exam-
ple, if # = 1123145, then f(w) = 1122122. Note that the mapping f defined by
these properties is a bijection from the set of 122-avoiding partitions to the set of
123-avoiding partitions.

Lemma 2.10. Let 7 =7y - - - 7 be a 122-avoiding partition with at least two blocks,
and let m = 7wy - - w, be any 122-avoiding partition. Then 7 contains 7 if and only

if f(m) contains f(7).
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Proof. Let us write f(m) =x} -« and f(7) =11 --- 7.

Assume that 7 contains 7, and let i(1) < i(2) < --- < i(k) be indices such that
the sequence ;(1)7;(2) - - * Ti(x) is order isomorphic to 7. We may assume without
loss of generality that i(1) = 1. It then follows that mj  m, -+ mq, is order-
isomorphic to f(7) and hence f(m) contains f(7).

Conversely, assume that f(7) contains f(7). Since 7 has at least two blocks, f(7)
has exactly two blocks, and therefore f(m) contains f(7) even as a subsequence,
not just as a pattern. This implies that 7 contains 7. O

Proposition 2.11. For any partition 7 € P,(122) with at least two blocks, the
(3, k)-pair (122, 1) is equivalent to the (3, k)-pair (123, f(7)).

Proof. Lemma 210 shows that f maps P, (122, 1) bijectively to P, (123, f(r)). O
Combining Proposition 2.T1] with Corollary 2.9, we get the following result.

Corollary 2.12. For any k and any partition 7 € P, (122) with at least two blocks,
the (3, k)-pair (122, 7) is equivalent to the (3,k)-pair (112,12---k).

It remains to deal with (3, k)-pairs of the form (122, 1%). It turns out that these
pairs are also equivalent to all the other (3, k)-pairs of the form (122, 7).

Proposition 2.13. The (3, k)-pairs (122,1%) and (122,12 --k) are equivalent.

Proof. Note that a 122-avoiding partition of [n] is uniquely determined by specifying
which of the elements of the set {2,3,...,n} belong to the first block.

Thus, a 122-avoiding partition avoids 1¥ if and only if its first block has at most
k—2 elements from {2, 3,...,n}, and it avoids 12 - - k if and only if the complement
of the first block has at most k—2 elements from {2,3,...,n}. Clearly, in both cases
there are exactly Zf:_(? (”;1) possibilities to specify the first block, and therefore
the whole partition. O

Combining Corollary 2.12] and Proposition 2.I3] we obtain the main result of
this subsection.

Corollary 2.14. For any k, the (3, k)-pairs of the form (122,7) are all equivalent,
and they are equivalent to the pair (112,12---k).

2.4. Summary of equivalences among (3, k)-pairs. Let us summarize the equi-
valences among (3, k)-pairs that follow from the results established so far (see Ta-
ble [l for an example with k& = 4).
e There is an equivalence class containing all the patterns (112, 7112(a)) and
(121, 7121 (a)) for all compositions a of size k all of whose components are
equal to 1 or 2 (Observation 2] Lemma 2.3 and Lemma 2.4]). That same
class also contains all the (3, k)-pairs of the form (122, 1) (Corollary 2.T4]).
By Corollary 2.9, the same class also contains all the pairs of the form
(123, 7), where 7 is different from 1*.
e The pair (123,1F) is not equivalent to any other (3,k)-pair. There are
only finitely many partitions avoiding both 123 and 1*, whereas any other
(3, k)-pair is avoided by infinitely many partitions.
e For every 2-free integer partition a of size k, there is an equivalence class
containing all the pairs from the set

{(121,7'121(CLI)), a’ 4 a} U {(112,7’112(a'))7 a’ 4 a}.
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Generating function
(p,7) for the sequence {p,(p, 7)}n>0
(112,1231) ~ (112,1232) ~ (112, 1233)
~ (121,1122) ~ (121,1123) ~ (121,1223)
~ (121,1233) ~ (121,1234) ~ (122,1111)
~ (122,1112) ~ (122,1121) ~ (122,1123)
~ (122,1211) ~ (122,1213) ~ (122,1231) Yo
~ (122,1234) ~ (112,1221) ~ (123,1112)
~ (123,1121) ~ (123,1122) ~ (123,1211)
~ (123,1212) ~ (123,1221) ~ (123,1222)
~ (112,1234)
25, 111) S r, (7 e
(121,1222) ~ (121,1112) 3
~ (112,1211) ~ (112,1222) IR
(121,1111) ~ (112, 1111) L

TABLE 1. The equivalence classes of (3,4)-pairs

Note that if a = (1,1, ...,1), then this class corresponds to the equivalence
class mentioned in the first item of this list. By Lemmas 2.3 and 2.4]

any composition is i—equivadent to a 2-free integer partition, therefore, the
classes mentioned so far contain all the (3, k)-pairs.

Corollary 2.15. For each k and each (3, k)-pair (o,7), the generating function of
(o, 7)-avoiders is rational, and can be computed explicitly.

Corollary 2.16. For each k > 3, the (3,k)-pairs form at most 1 + &, equivalence
classes, where &, is the number of 2-free integer partitions (A027336).

We do not know whether the bound of the previous corollary is tight or whether
there actually exist some more equivalences among the (3, k)-pairs. Note that if
such ‘hidden’ equivalences exist, they must involve 7 of size at least 21, because for
size 20 and less, we can check (with the aid of a computer) that the classes listed
above are all non-equivalent. Also the additional equivalences must involve o = 112
(or equivalently o = 121) because all the pairs of the form (122, 7) are equivalent,
and all the patterns of the form (123, 7) are equivalent to them as well, except for
(123, 1%), which is not equivalent to any other (3, k)-pair.

Problem 2.17. Are there any more equivalences among the (3,k)-pairs of the
form (112, 7) other than those that we know about? Equivalently, are there any two

distinct 2-free integer partitions that are i—equivalent?

3. PATTERN AVOIDANCE IN NON-CROSSING PARTITIONS

Our goal is to study partitions that avoid the pattern 1212 and another pattern.
Note that a partition avoids 1212 if and only if it is non-crossing.

We write o ~ 7 if (1212, 0) is equivalent to (1212, 7). If o X 7, we say that o
and 7 are nc-equivalent (‘nc’ stands for ‘non-crossing’).
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To simplify our notation, we will employ the following convention: whenever we
write [o] as a subsequence of a longer pattern m, we assume that [o] refers to the
sequence o + k, where k is the number of distinct symbols of 7w that appear before
the first symbol of ¢ in . Thus, for example, 1[112]1 refers to the sequence 12231,
and 7 = 11[121][112] should be understood as m = 11232445.

Let us say that a set partition 7 is connected, if it cannot be written as m = o[7]
where o and 7 are nonempty partitions. Note that a non-crossing partition is
connected if and only if its last element belongs to the first block. For any set
partition 7, there is a unique sequence of nonempty connected partitions o1, ..., om
such that 7 = o1[02][o3] - - - [om]. We call the partitions o; the components of .

We say that two non-crossing partition patterns o and 7 are cc-equivalent, de-
noted by o < 7, if there is a bijection f from the set of (1212, ¢)-avoiding partitions
to the set of (1212, 7)-avoiding partitions, such that for every non-crossing o-avoider
m, the partition f(7) has the same size and the same number of components as .
In particular, cc-equivalence is a refinement of nc-equivalence.

Suppose that ¢ = 010 and 7 = 71 -+ - 7, are two partitions. We say that a
sequence I = (i(1),4(2),...,i(k)) is an occurrence of o in 7, if 1 < i(1) < i(2) <
-+ < i(k) < nand Ty, Ti2)s - - - Ti(k) i order-isomorphic to 0. We say that an
occurrence (i(1),...,4(k)) of o in 7 is a leftmost occurrence if i(k) has the smallest
possible value among all occurrences of ¢ in 7, or equivalently, ¢ has no occurrence
in7y,...,Tix)y—1. We say that an occurrence (i(1),...,i(k)) of o in 7 is a topmost
occurrence if ;1) has the largest possible value among all the occurrences of o in
T, or equivalently, if the subsequence of 7 formed by all the elements greater than
Ti(1) is order-isomorphic to a o-avoiding partition. If o is the empty partition, we
assume that the empty sequence is the unique occurrence of ¢ in 7, and that this
occurrence is both leftmost and topmost.

For example, taking ¢ = 122 and 7 = 11233245466233, we see that 1,4,5 and
2,4,5 are the two leftmost occurrences of ¢ in 7, both corresponding to a subse-
quence 133 of 7, while 8,10, 11 is the (in this case unique) topmost occurrence of o
in 7, representing the subsequence 566.

Let I = (i(1),...,4(k)) be a topmost occurrence of o in 7, with b = 7). Suppose
that i’ is the smallest index such that 7, = b. Observe that replacing (1) with ¢’
yields another topmost occurrence of ¢ in 7.

Lemma 3.1. Let p, o and 7 be non-crossing partitions of size k, £ and m, re-
spectively. Let I = (i(1),...,i(k)) be a leftmost occurrence of p in T, let J =
(J(1),...,4(L)) be a topmost occurrence of o in 7, and let H = (h(1),...,h(k+ 1))
be any occurrence of plo] in 7. Then (i(1),...,i(k),h(k+1),...,h(k+¥)), as well
as (h(1),...,h(k),5(1),...,4(€)) are both occurrences of p[o] in 7. In particular, T
contains plo] if and only if (i(1),...,i(k),j(1),...,5(£)) is an occurrence of plo].

Proof. Let us assume that p, o and 7 are nonempty, otherwise the lemma is trivial.
Let us prove that (i(1),...,i(k),h(k+1),...,h(k+£)) is an occurrence of p[o].
Since we already know that I is an occurrence of p and that h(k=+1),..., h(k+¢) is an
occurrence of o, we only need to prove that i(k) < h(k+1), and that every element
of 751y, Ti(2) - - -, Ti(k) 18 smaller than any element of 7p,(x41), Th(kt2), - - > Th(k+0)-
Since I is a leftmost occurrence of p, we know that i(k) < h(k) and therefore
i(k) < h(k +1). We now show that 7, < Th(p4p) for every a € [k] and b € [£].
Suppose that we have 74y > Tp(its) for some a € [k] and b € [(]. We know
that Th(k) < Th(k-+b)- Let us write x = Th(k) and y = Th(k-+b)- Let ¢/ and j' be
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the indices of the first occurrences of z and y in 7, respectively. Since we know
that z < y < 7, we know that i < j' < i(a) < h(k). Thus, the four indices
i, 7' h(k), h(k 4+ b) are an occurrence of 1212 in 7, contradicting the assumption
that 7 is non-crossing.

Let us now show that h(1),...,h(k),5(1),...,j(¢) is an occurrence of p[o]. Since
J is a topmost occurrence of o, we know that 7j,(x41) < 7j(1), and therefore 7,(4) <
Ty for any a € [k] and b € [{]. To show that h(1),...,h(k),j(1),...,j(£) is an
occurrence of p[o], we thus only need to prove that h(k) < j(1). Suppose that this
is not the case. Let us write x = 7j) and y = Th(k41), and let 4" and j' be the
indices of first occurrences of x and y in 7, respectively. Since r < y < 7j(1), we
know that ¢’ < j' < j(1), showing that i, j', h(k), h(k + 1) is an occurrence of 1212
in 7, a contradiction. (I

Theorem 3.2. If o and 7 are (possibly empty) non-crossing partitions, and if p
and p' are two cc-equivalent non-crossing partitions, then o[p|[r] < o[p'][1].

Note that in the previous theorem, cc-equivalence cannot be replaced by nc-
equivalence. For example, 11 and 12 are nc-equivalent partitions, but 1[11] = 122
and 1[12] = 123 are not nc-equivalent.

Proof of Theorem[32. Let us write o = o[p][r] and o = o[p'][7]. We will define
a bijection f that maps a-avoiding non-crossing partitions of size n to o/-avoiding
non-crossing partitions of the same size, while preserving the number of connected
components.

Let m = my - - - my, be a non-crossing partition on n vertices. If 7 avoids o[7], then
we may define f(m) = m. Suppose that 7 contains o[7]. Let I = (i(1),...,i(k))
be the leftmost occurrence of ¢ in 7, and J = (j(1),...,5(¢)) the top-most oc-
currence of 7. Furthermore, assume that j(1) is chosen as small as possible,
that is, 7;(;) is the first element of its 7m-block. By Lemma B.I we know that
i(1),...,i(k),j(1),...,5(£) is an occurrence of o[r].

Let us define a = i(k) and b = j(1). We will refer to the elements 71,72, ..., 7T,
as the left part of m, while 7411, Tq12,...,mp—1 are the middle part, and my, ..., m,
are the right part. A block of 7 is a left block (or middle block or right block) if its
first element appears in the left part of 7 (middle part, right part, respectively).
We say that an element 7; is an outlier if it belongs to a different part of 7w than
the first element of its block. In other words, an outlier is an element of a left
block belonging to the middle part or right part, or an element of a middle block
belonging to the right part.

Let my denote the partition obtained from 7 by deleting all the left blocks and
right blocks, and then by deleting all the outliers from the middle blocks. In other
words, my consists of the elements of 7 belonging to middle blocks and to the
middle part of w. We will abuse the terminology by identifying an element of my
with the corresponding element of 7.

It is clear that if 7my; contains p, then 7 contains a. We claim that the converse is
true as well, i.e., if 7 contains « then 7y contains p. To see this, fix an occurrence H
of o in 7, and write H as a concatenation I’ KJ’, where I’, K and J’ are occurrences
of o, p and 7, respectively. By Lemma 3.1l TKJ is also an occurrence of «, which
shows that all the indices in K refer to the middle part of m. To see that for each
k € K, m, belongs to a middle block, notice that m; > m,, and if 7 belonged to a
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left block, then the block containing 7, would cross the block containing 7,. Thus,
K induces an occurrence of p in my;.

Suppose now that 7 is an a-avoiding partition, and therefore my; is a p-avoiding
partition. Let k1, ..., x: be the connected components of my;. Note that any outlier
appearing in the middle part of 7 must appear in the ‘gap’ between two components
ki and K;y1, otherwise we would have a crossing between a left block and a middle
block. In particular, each x; corresponds to a consecutive sequence of elements of 7.
Note also that if the right part of = contains an element from a middle block, then
this middle block must correspond to the first block of one of the components k;.

Suppose that the cc-equivalence of p and p’ is witnessed by a bijection g. Assume
that the p’-avoiding partition g(my) has components 1}, ..., x;. We now define an
o/-avoiding partition 7’ having the same size and the same number of components
as . The left part of n’ is identical to the left part of 7. In the middle part, we
replace the elements corresponding to ; with the elements corresponding to &7,
for each 4 = 1,...,t. The elements belonging to left blocks and appearing in the
gap between k; and k;+1 will remain in the same block and will appear in the gap
between «; and xj ;. Since we do not assume that each ] has the same size as r;,
it may happen that the position of the gap changes. We also do not assume that
g(mm) has the same number of blocks as my, so the numbering of right blocks may
change as well. Finally, if in 7 the first block of x; contains some elements in the
right part of 7, then in 7’ these elements will be inserted into the first block of &!.
We now define f(m) = #’. It is clear that f has the required properties. O

Theorem 3.3. If 0 and p are non-crossing partitions and o is connected, then
alp] ~ plo].

Proof. Let us define o = o[p] and o = p[o]. Of course, a partition that avoids o
must avoid both a and o’. To prove the theorem, we characterize the structure of
a partition 7 that contains o but not «, as well as the structure of a partition 7’
containing o but not o’. From the two characterizations, it will be clear that the
two classes are equinumerous and there is a bijection between them preserving the
number of components.

We will first describe the structure of an a-avoiding non-crossing partition 7
that contains o. Let I = (i(1),...,i(k)) be a leftmost occurrence of ¢ in 7. Define
a = (1) and b = i(k). Note that since o is connected, we know that m, and m,
correspond to the same block of 7. Choose I in such a way that a is the first
element of the block containing b.

Define the left part of 7 to be the elements strictly to the left of 7., the middle
part to be the elements 7, ..., m, and the right part to be the rest of 7. Define left
blocks, middle blocks, right blocks and outliers in the same way as in the previous
proof. Note that there are no outliers in the middle part of .

Let 7, be the left part of m, let my be the partition order-isomorphic to the
middle part of 7, and let mr be the partition formed by the elements in the right
blocks of m. By the choice of I, we know that 7, is o-avoiding. It is not hard
to see that 7 is o[p]-avoiding if and only if 7y is p-avoiding. Let x1,...,k: be
the connected components of 7y, ordered right-to-left, and let (y,...,{, be the
connected components of g ordered left-to-right. Every outlier in 7 is in the right
part of m and its block is either the first block of my; or the first block of one of
the k;. Each outlier must be placed between the last vertex of (; and the first
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vertex of (;41 for some i < u, or between 7, and the first vertex of (;. Note that
the outliers form a weakly decreasing subsequence in 7.

Let xo be the number of outliers belonging to the first block of my, and for
i € [t], let x; be the number of outliers from the first block of ;. Thus, S2;_ z; is
the number of all outliers in 7. Let yo be the number of outliers appearing between
the last element of my and the first element of (1, and for i € [u], let y; be the
number of outliers between the last element of (; and the first element of (; 11, with
Y, being the number of outliers to the right of ¢;,,. The two sequences zy, ..., x; and
Yo, - - - , Yo determine uniquely the position and value of the outliers in 7. Thus, 7
is uniquely determined by specifying (7r,, mu, TR, (24)f_o, (¥i)% ). We may easily
check that this gives a bijection between o[p]-avoiding partitions containing o,
and five-tuples of the form (mr,, mm, 7R, (2:)i_g, (vi)i(), where 7, is a o-avoiding
partition, myy is a connected partition that contains o and every occurrence of o in
7w intersects the last element of my, 7R is a p-avoiding partition, and (z;)!_, and
(yi)i-, are nonnegative integer sequences of the same sum, where ¢ is the number
of components in 71, and w is the number of components of mr. Note that we rely
on the fact that ¢ is connected, which implies that if 71, avoids o, then the leftmost
occurrence of o in 7y, [my] is contained in the component my;.

From the sequences (z;)i_, and (y;)%,, we may deduce the number of com-
ponents of 1 — each component of 7 is either equal to k; for some i, or equal
to (; for some j, or it contains my. Moreover, k; is a component of 7 if and
only if z; = 2,41 = -+ = 2+ = 0, and (; is a component of 7 if and only if
Yj =Yj41 =" =Yu = 0.

Let us now provide an analogous analysis of the p[o]-avoiding partitions con-
taining o. Let #’ be such a partition, and let I’ = (i’(1),...,i(k)) be a topmost
occurrence of ¢ in 7', chosen in such a way that /(1) is the first element of its block
and i'(k) is as small as possible. Put a = ¢/(1) and b = /(k), and define the left
part, middle part and right part of 7’ in the same way as in the first part of the
proof. Let 7}, be the left part of ', let 7}, be the middle part of 7/, and let 7; be
the partition induced by the right blocks of #’. Then 7}, is a p-avoiding partition
and 7 is a o-avoiding partition. Suppose that £/, ..., k}, are the components of
w1, numbered right-to-left and (i, ..., (], are the components of 7, numbered left-
to-right. Let « be the number of outliers belonging to the same 7-block as the first
vertex of k}, with z{, being the outliers belonging to the block of m,. Let y. be the
number of outliers between (; and (;,;, with y; being the number of outliers be-

tween mh; and ¢;. Then 7’ is uniquely determined by (7}, Thy, Th ()50, (U)) %),

and the x7s and y}s determine the number of components of 7/, in the same way as
in the case of 7. We see that by mapping 7y, to mf, mv to myy, mr to [, t to w/, u

to t/, x; to y; and y; to x}, we get the required bijection. O
Theorem 3.4. Let 01,...,0% be a k-tuple of non-crossing partitions, and let p
be a permutation of the set {1,2,...,k}. Then the partitions o1los]---[ok] and
oy op2)] - [opy] are cc-equivalent.

Proof. We may assume, without loss of generality, that all the o; are connected
and that p is a transposition of adjacent elements. Suppose that for some ¢ < k we
have p(i) =i+ 1, p(i + 1) = ¢, and p(j) = j otherwise. By Theorem B3] we know
that o;[0;11] is cc-equivalent to o;41[0;], and then from Theorem we obtain
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the desired result, by putting o = o1[02] - - - [0i-1], p = gi[oit+1], P/ = oit1]oi], and
T = 0oit2loits] - [on). O
Theorem 3.5. Let 01,...,0; be a k-tuple of non-crossing partitions, let ¢ < k

be an index such that the partition o, is empty, or connected, or contains only
singleton blocks. Then the partition

o = LouLloall - Lo 1]1og og i Llogsall - Lou]L
is cc-equivalent to
o = o toa]L - 1fog 1 Lo 1o ogo]L - - 1oL,

Proof. We proceed by induction. Fix an integer n, and suppose that for every
n’ < n and for every p, the number of o-avoiding partitions of size n’ with p
components is equal to the number of ¢’-avoiding such partitions. Let g be a
bijection between o-avoiders and o’-avoiders of size less than n, preserving size and
number of components. We may assume, without loss of generality, that g has the
property that g(m) = 7 for any partition 7 that avoids both ¢ and o/. We will
define a bijection f mapping o-avoiders of size n to ¢’-avoiders of the same size and
number of components.

Let m be a c-avoiding partition of size n. If 7 is disconnected, it can be
written as m = my[me] - [my] for m > 1 and m; connected. We then define
f(m) = g(m)[g(m2)] - - - [g(7m)]. This clearly satisfies all the claimed properties.

Assume now that 7 is connected. Thus, m can be uniquely written as m =
1[m1|1[me]1 - - 1[m]1 for some o-avoiding partitions m;. We use the following ter-
minology: for a partition p, an occurrence I = (i(1),...,i(£)) of p in 7 is a top-level
occurrence if it maps the elements of the first block of p to the elements of the first
block of ; in other words, if ;) = 1. If I is not a top-level occurrence, we say
that it is a deep occurrence. Note that if p is connected, then any deep occurrence
of p in m must correspond to an occurrence of p in one of the partitions 71, ..., Tp,.

For i < j € [m+1], let w(i,j) denote the partition 1[m;]1[mi+1]1- - 1[m—1]1, i.e.,
7(i, ) is the subpartition of 7 between the i-th and j-th element of the first block.
For an integer ¢ < m + 1, let 7(<i) denote the partition m(1,%) and w(>i) be the
partition 7 (i, m + 1). We apply analogous notation for other connected partitions
as well.

Let 7; denote the partition g(;), and let 7 be the partition 1[71|1[72]1 - - - 1[7,]1.
By induction, we know that for any i € [m], 7; is o’-avoiding and 7; contains o if
and only if 7; contains ¢’. Consequently, 7 has no deep occurrence of ¢, and 7 has
a deep occurrence of o if and only if 7 has a deep occurrence of ¢’. Using the fact
that 7; = m; whenever m; avoids both ¢ and o/, we also see that for any j € [k], 7;
contains o; if and only if m; does, and more generally, for any h,i € [m+ 1], w(h, )
has a top-level occurrence of 1[o;]1 if and only if 7(h, i) does. Consequently, T has
no top-level occurrence of o, and 7 has a top-level occurrence of ¢’ if and only if 7
does.

Let a € [m+ 1] be the smallest index such that 7(<a) has a top-level occurrence
of 0(<q), and let b € [m + 1] be the largest index such that 7(>b) has a top-level
occurrence of o(>¢ + 2). If such a or b do not exist, or if a + 2 > b, then 7 has no
top-level occurrence of either o or ¢/, and we define f(7) = 7.

Suppose that a+2 < b, and let ¢ be the smallest integer from {a+1,a+2,...,b}
such that 7(a, c) has a top-level occurrence of 1[o,]1. If no such ¢ exists, we again
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put f(m) = 7. Otherwise, define a partition 7 = 1[71]1[72]1 - - 1[Tm]1, by putting
m(<a) = 7(<a), 7(>b) = 7(>D), W(a,a + b —c) = T(c,b), and 7(a + b — ¢, b)
being equal to 1[Fe_1]1[Te—2]1- - 1[Ta+1]1[Fa]l. Notice that 7T(a + b — ¢, b) has a
top-level occurrence of 1[oy|1, while T(a + b — ¢ + 1,b) does not (here we use the
assumption that o4 is empty, or connected, or only contains singleton blocks). We
also know that 7(c,b) has no top-level occurrence of 1{og1]1, because 7 has no
top-level occurrence of o. This implies that 7 has no top-level occurrence of o,
and therefore 7 is a ¢’-avoiding partition. We then define f(7) = 7. It is easy to
check that f is a bijection between c-avoiding and ¢’-avoiding partitions of size n
which preserves the number of components. ([l

Theorem 3.6. Let 01,...,0% be a k-tuple of non-crossing partitions, let ¢ < k be
an index, and let O':Z be a partition cc-equivalent to oq. Then the pattern

o = 1{o1]1[o2]1- - 1{og—1]1[og]1l[og+1]1 - - - L[ok]1
is cc-equivalent to

o' =1[o1|1[o2]1---1[og_1]l[og]1[og41]1 - - - 1[ow]1.

Proof. As in the proof of Theorem 3.5 we proceed by induction. Suppose again
that n is given, and that there is a bijection ¢ mapping the o-avoiders of size less
than n to o’-avoiders of the same size and same number of components. Suppose
also that g(w) = 7 for any partition that avoids both o and ¢’. We define a
bijection f mapping o-avoiders of size n to o’-avoiders of the same size and number
of components. Let h be a mapping from o4-avoiding partitions to Ufz—avoiding
partitions which witnesses the cc-equivalence of o, and afl.

Let 7 be a o-avoiding partition of size n. If 7 is disconnected with components
T1s-..,Tm, we define f(7) to be the partition with components g(m1),...,g(mm).
Suppose now that 7 is connected, and has the form 1{my]1-- - 1[my]1.

We will define a new partition 7 that has no top-level occurrence of o’. Let a be
the smallest integer such that 7(<a) has a top-level occurrence of o(<gq), and let b
be the largest integer such that 7(>b) has a top-level occurrence of o(>¢q + 1). If
such a or b does not exist, or if a > b, we define T = w. Otherwise, let p be the

partition 7, [ma41] - - - [mp—1], and let p; be the number of connected components of
m;, 50 that p has pg + pes1 + -+ pp—1 components. Note that p avoids o,. Define
p' = h(p), and write p" as p’ = T4[Ta+1] - [To—1], where each 7; is chosen so that

it has exactly p; components. We now define the partition 7 = 1[71]1 - - - 1[7;,,]1 by
putting 7(<a) = 7(<La), T(>b) = m(>b), and 7(a, b) is determined by the partitions
T; obtained from p’.

Note that 7 has no top-level occurrence of ¢’. Also, T(a, b) has no deep occur-
rence of ¢’, because it does not even have a deep occurrence of afl. Define now a
partition 7 = 1[m1]1- - - 1[7,,]1 by putting 71; = T; for each a < i < b, and 7; = g(T;)
for each ¢ < a and ¢ > b. Then 7 has no deep occurrence of ¢’. Using the fact that
g(7;) = T; whenever T; avoids both ¢ and ¢’, we can also see that a is the smallest
index such that 7(<a) has a top-level occurrence of ¢/(<q), and b is the largest
index such that w(>b) has a top-level occurrence of o’(>q + 1). We put f(n) =T,
and easily see that f is the required bijection. (|

In the rest of this section, we will often employ generating functions as tools
in our proofs. Let us therefore fix the following notation. For a partition w, we
let NC(z;7) denote the generating function of the set of non-crossing m-avoiding



16 ON MULTIPLE PATTERN AVOIDING SET PARTITIONS

partitions, and we let C'(x; 7) denote the generating function of the set of nonempty
connected non-crossing m-avoiding partitions.

Theorem 3.7. Let o and T be two possibly empty connected partitions. Then
1[o]1[r] and 1|7]|1[o] are nc-equivalent.

In the previous theorem, the assumption that o and 7 are connected is necessary,
as shown, e.g., by the two patterns 1[1]1[12] = 12134 and 1[12]1[1] = 12314, which
are not nc-equivalent. Also, nc-equivalence in the conclusion cannot in general be
replaced with cc-equivalence. For example, taking o empty and 7 = 1, we see that
1[o]1[r] = 112, while 1[r]1[o] = 121. Since 112 and 121 do not have the same
number of components, it is easy to see that they cannot be cc-equivalent.

Proof of Theorem[3.7 Let us first deal with the situation where both ¢ and 7 are
nonempty. Let G(x;0,7) denote the generating function of non-crossing partitions
that avoid 1[o]1[r] but contain o], in other words,

G(x;0,7) = NC(z; 1[o]1[1]) = NC(z;0[1]).

We know from Theorem B3| that NC(z, o[7]) = NC(z, 7[o]). Therefore, to show
that 1[o]1[7] is nc-equivalent to 1[r]1[o], it is enough to prove that G(x;0,7) =
G(z;7,0). We will derive a formula for G(x; o, 7) from which the previous identity
will easily follow.

Note that if p is a connected partition, a non-crossing partition 7 avoids p if
and only if each component of 7 avoids p. In particular, we have the identity
NC(z;p) = 1/(1 = C(x; p)). We say that a partition 7 = m1,..., 7, is p-minimal
if it is connected, non-crossing, contains p, but avoids 1[p]1. Let M (z;p) be the
generating function of the set of p-minimal partitions.

Suppose that 7 = 71, ..., T, is a non-crossing partition that avoids 1[o]1[r] and
contains o[r]. Let I = (i(1),...,i(k)) be a leftmost occurrence of ¢ in 7, chosen in
such a way that i(1) is as small as possible. This implies that ;1) is the leftmost
element of its m-block. Let us write a = i(1).

Let J = (j(1),...,5(¢)) be a topmost occurrence of 7. Choose J in such a way
that j(1) is as small as possible, and write b = j(1). Then m;, is the leftmost
element of its block. Let m. be the rightmost element of the block containing 7.
Then 7y, 7p41,- .., 7 is order-isomorphic to a 7-minimal partition, because if it
contained a copy of 1[7]1, it would contradict the topmost choice of J.

Let 7, denote the partition my,7s,...,m—1. Note that 7, avoids 1[o]1l. Let
mi,mE, ..., m™ be the connected components of 7. Let 7 be the component of
7, containing the vertex m,. Note that m, must be the leftmost vertex of wﬁ,
otherwise 7 would contain 1[c]1. We see that 7{ is a o-minimal partition. Note
also that all the components preceding 7{ must avoid o, since n{ contains the
leftmost occurrence of o.

We say that an element 7; of 7 is an outlier, if ¢ > ¢ and m; < 7.. In other
words, an outlier is an element that does not belong to 71, but belongs to a m-block
whose leftmost element belongs to .. Note that if 7r; is an outlier, then the 7w-block
containing m; intersects a unique component 7 of 7y, and it is the first block of
of wi; we then say that m; is an outlier from wi.

For a component 7r£ of my,, define the zone of wi, denoted by Z;, inductively
as follows. If wi has no outlier, then Z; is empty, otherwise Z; is the sequence

Mg, Tg+1,---,Th, Where mg is the leftmost outlier of 7r£ and 7y, is the rightmost
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vertex not belonging to Z; U Z U ---U Z;_1. Let mg be the rightmost vertex of
7 not belonging to any zone. The zones Z1, ..., Z,, form a disjoint collection of
subsequences whose union is mg41,...,7,. Each zone Z; is order-isomorphic to a
partition of the form 1[p1]1[p2]1---1[p,] in which each occurrence of 1 corresponds
to an outlier from wi, and each p; is a T-avoiding partition formed by non-outliers.
The generating function of such partitions is

1 1

2(@) = 1—aNC(z;7) 11—

_x
1-C'(z;7)

Note also that the elements 7.y1,7ct2,...,7q (which do not belong to any zone

and do not contain any outliers) are order-isomorphic to a T-avoiding partition.
We claim that the generating function of all the non-crossing partitions 7 avoid-

ing 1[o]1[7], containing o[r], having m components in 7r,, and with the component

7f containing the leftmost occurrence of o is equal to

1

(Cla;0)Z ()" M(w;0)Z(x) (C(w;1[o]1) Z ()™ M (x; T)m-

To see this, note first that each factor C(x;0)Z(x) corresponds to one of the first
g — 1 components of 7, together with its zone. Next, the factor M (z;0)Z(x)
corresponds to the possible choices for the component 7{ and its zone. The factor
C(z;1[0]1)Z(x) corresponds to a component 7% for i > ¢, together with its zone.
The factor M (x;7) corresponds to the elements from 7, to 7., and the next factor
(1 —C(z;7))~" corresponds to the elements et 1, ..., T4
Summing the above expression for all possible m > 1 and ¢ € [m], we obtain

(3.1)

1 1 1
G(z;o,7) =

= Coz@ @20 anmza M S T e
Using the identity

I2 x

C(z;1[p]l) =z + = T
l—z— C(‘T7 p) 1 - 1—C(z;p)

which is valid for any connected non-crossing partition p, we define two auxiliary
expressions, both of which are symmetric in ¢ and 7:

1 1

Fi(z;0,7) = —
T 1—C(z:1[0]1)Z _ __2(1-C(z;0))(1=C(z;7))
(I’ [U]) (.I) 1 (1—z—C(z;0))(1—2—C\(z;7))
and
Z(z)
F N =
20T = T 6 0)2) (1 — O 7))

1
1—a2—-C(z;0) — C(z;7) + C(x;0)C(z;7)°

With this notation, 3] simplifies into
G(x;0,7) = M(z;0) M (2; 7) Fi (230, 7) Fa (350, 7),

This makes it clear that G(x;0,7) = G(x;7,0), completing the proof for the case
when both ¢ and 7 are nonempty.
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It remains to deal with the case when o or 7 is empty, i.e., to show that 1[7]1 <
11[r] for any connected 7. The generating function of 1[r]1-avoiding non-crossing
partitions is equal to

1 B 1—z-Cl(x;71)
1—C(z;1[r]1)  1—2x—C(z;7) +2C(x;7)°

Let us now sketch the argument for the pattern 11[r]. Partitions avoiding 11 have
generating function 1/(1—z). Let 7 be a partition containing 11 and avoiding 11[7].
Let I = (a, b) be the leftmost occurrence of 11 in 7. All the elements 71, 7o, ..., Tp—1
belong to distinct blocks of w. An element 7; is an outlier if i > b and m; < 7,.
The elements mpy1,...,m, that are not outliers form a T-avoiding partition. We
may define zones 71, ..., Z, in analogy to the previous case. All elements of 7w to
the right of the leftmost outlier (inclusive) belong to a unique zone. This yields a
generating function

1 227 (x) 1
1—zZ(x) 1—z 1-C(z;7)’
where the factor 1/(1 — z) counts the elements between 7, and 7, while the factor
(1 —C(z;7))~! counts subpartitions formed by the elements to the right of m, but
to the left of the leftmost zone.
Adding 1/(1 — ) to the above expression and simplifying shows that 11[r]-

avoiding partitions have the same generating function as 1[r]1-avoiding partitions.
O

Theorem 3.8. Let o be a connected partition, and let T be a partition of the form
1[p] for some partition p. If o and T are nc-equivalent, then 1[o] and 71 = 1[p]1
are nc-equivalent as well.

Proof. Let NC(z;m) denote the generating function of the set of m-avoiding non-
crossing partitions. By assumption, we have NC(z;0) = NC(z;7).

Note that a partition 7 avoids 1[o] if and only if it can be written as

= 1[x1[x?]1---1[x"]

for some k, where each 7’ is a o-avoiding partition (here we use the fact that o is
connected). Therefore, we have the identity
B 1
~ 1—aNC(z;0)

Consider now the partition 71 = 1[p]1. Since this partition is connected, we
see that 7w avoids 71 if and only if each component of 7 avoids 71. Moreover, a
connected partition # = my,...,m, avoids 71 if and only if my,...,m,—1 avoids T

(here we use the fact that 7 has only one occurrence of the symbol 1, and that
7n = 1 because 7 is connected). This implies the identity

NC(z;1[o])

1
NC(I,Tl) = m
Since NC(z;0) = NC(z;7), we get that NC(x;1[o]) = NC(z;71). O

As an example of an application of Theorem 3.8 consider the partitions o = 11
and 7 = 12. Since these two partitions are nc-equivalent, the theorem implies that
1[o] = 122 and 71 = 121 are nc-equivalent as well. We may in fact apply the
theorem again to this new pair of patterns, and obtain that 1221 < 1232, and a
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third application reveals that 12332 ~ 12321. Generalizing this example into a
straightforward induction argument, we get the next corollary.

Corollary 3.9. For any k, the pattern 12---(k—1)kk(k—1)--- 32 is nc-equivalent
to the pattern 12--- (k—1)k(k—1)---21, and the pattern 12 --- (k—1)kk(k—1)---21
is nc-equivalent to 12---k(k + 1)k - - - 32.

Note that the partitions avoiding 12--- (k — 1)k(k — 1) - - - 21 are precisely those
that do not have a k-tuple of pairwise nested blocks.

Theorem 3.10. The partitions 12333 and 12321 are nc-equivalent. In other words,
the non-crossing partitions whose every block has size at most two except possibly
the first two blocks are equinumerous with the non-crossing partitions that have no
3-nesting.

Proof. We again let NC(z;7) denote the generating function of non-crossing -
avoiding partitions, and let C'(z;7) be the generating function of nonempty con-
nected non-crossing m-avoiding partitions. As we have already pointed out before,
for a connected partition 7, we have the identity

1
NC(x;7) = —————
Cla;m) 1—C(z;m)’
and for arbitrary 7, we have the identity
x
Clz;1ml) = ————+——.
(w; 1{7]1) 1—aNC(x;7)

Combining these two identities and simplifying, we deduce that

1— 3z + 22 3"l 41
NO(2;12321) = ——— % 2o
(= s +Z>:1 2 7

Let us now turn to the pattern 7 = 12333. The generating function for the empty
partition together with those that have a single block is of course 1/(1 —z). On the
other hand, a non-crossing partition with at least two blocks avoids 7 if and only
if it has a decomposition of the form 11---12[p!]2[p?]2---2[p*]1[c!]1[c?]1 - - - 1[0’
for some k > 1 and ¢ > 0, where the p' and o/ are 111-avoiding non-crossing
partitions. It is known that non-crossing 111-avoiding partitions are counted by the
Motzkin numbers ([2I], sequence A001006]), and their generating function satisfies
the identity

NC(z;111) = 1 + zNC(z; 111) + (zNC(z; 111))2.
We deduce that

1 :1:2]\]0(117;111)
N .12 =
C(z;12333) =z (1—2)(1 —aNC(z;111))?’

from which the result easily follows. O

We remark that the counting function of 12333-avoiding non-crossing partitions
(and therefore also 12321-avoiding non-crossing partitions) has been encountered
before in different contexts (see [21, sequence A124302]).

We may again use Theorem B.8 iteratively to extend the equivalence 12333 ~
12321 to an infinite sequence of equivalences.
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Corollary 3.11. For every k > 3, the pattern 12---k(k + 1)k(k — 1) ---2 is nc-
equivalent to 12 -+ (k—1)kkk(k—2)--- 1, and the pattern 12--- (k—1)k(k—1)---1
is ne-equivalent to 12 - - kkk(k —2)--- 2.

As an application of the above theorems, one may completely identify the Wilf-
equivalence classes corresponding to {1212, 7}, where 7 is of size at most six. For
example, we have the following equivalences in the cases when 7 is of size four or
five, while the corresponding table for size six can be found on the second author’s
webpage [17].

o [15] 1232 % 1213 % 1221 < 1122 by Theorem B4} Theorem 3.7 and Corol-
lary 3.9
1123 < 1223 < 1233 by Theorem B4
[12] 1211 < 1121 by Theorem [3.5]
[T1] 1112 % 1222 by Theorem [3.4]
1234,
1231,
1111,
12332 % 12333 ~ 12133 X 11123 < 12213 < 12321 ~ 12223 < 11232 by
Theorem [3.4] Theorem B.7 Corollary and Corollary [3.17],
12234 < 12334 % 12344 < 11234 by Theorem [34]
12113 ~ 12322 ~ 12232 < 11213 by Theorem 4 and Theorem 35,
12233 % 11233 % 11223 by Theorem [3.4]
12343 = 12134 ~ 12324 by Theorem [34]
11122 % 12221 % 11222 by Theorem [3.4] and Theorem [3.7]
11121 < 11211 ~ 12111 by Theorem 35
12331 ~ 12231 by Theorem 3.6 using Theorem 3.4
12342 % 12314 by Theorem [3.4]
11231 = 12311 by Theorem [3.5]
12211 % 11221 by Theorem [3.5]
12222 % 11112 by Theorem [3.4]
12131,
12341,
12345,
11111.

4. AVOIDING TWO PATTERNS OF SIZE FOUR

Let us say that a pair of patterns (o,7) is a (4,4)-pair, if o and 7 are two
distinct partitions of size four. In this section, we will provide the full classification
of equivalences among all (4,4)-pairs.

4.1. Previously known equivalences. Equivalences among sets of patterns have
been previously studied in a series of papers by Mansour and Shattuck [IT] 12} 13|
T4l [15], and some of the equivalence classes of (4,4)-pairs have been identified.
Specifically, the following results are known.

Theorem 4.1 (Theorem 1.1 in [12]). Ifn > 0, then p,(u,v) = wy, for the following
pairs (u,v):

(1211,1212), (1121,1212), (1121,1221), (1112, 1123), (1122, 1123).
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The generating function for the sequence w,, is given by

n  (1—2)? =1 —4dx+ 222 + 21
S e = |
222
n>0
Theorem 4.2 (Theorem 1.1 in [I1]). Ifn > 0, then p,(u,v) = L, for the following
pairs (u,v):

(1222,1212), (1112,1212), (1211, 1221), (1222, 1221).

The generating function for the sequence Ly, is given by

n 1 —3x++1-—2z— 322
ZLnx = .
2(1 — 32)

Furthermore, results from [I5] imply the following fact.

Fact 4.3. These pairs are all equivalent: (1112,1213), (1122,1212), (1123,1213),
(1123,1223), (1211,1231), (1212,1213), (1221,1231), (1222,1223), (1222,1232),
(1212,1232), and (1212,1221). Moreover, for any such pair (u,v), pn(u,v) is equal
to Fo,_o, where F; is the i-th Fibonacci number.

4.2. Known results on pattern equivalences. In the paper on partial patterns
in matchings [7], the authors introduce the notion of strong partition equivalence.
We say that two patterns o and 7 are strongly partition equivalent, if there exists
a bijection f between the sets of o-avoiding and 7-avoiding partitions with the
property that for any o-avoiding partition p, the number of blocks of p is equal to
the number of blocks of f(p), and moreover for any 4, the i-th block of p has the
same size as the i-th block of f(p). Intuitively, strong partition equivalence means
that we can bijectively map o-avoiders to T-avoiders by just permuting the letters
of their standard representation.

The concept of strong partition equivalence is first explicitly used in [7], although
most pairs of strongly partition equivalent patterns follow from the bijections con-
structed in an earlier paper [6]. Let us list the known facts about strong partition
equivalence (references point to the corresponding statement in [6]).

Fact 4.4 (Lemma 9, Theorem 18, Corollary 18). For every k and every partition
T, the two partitions

12 k(r+ k)12 -k and 12 k(T + k)k(k —1)---1
are strongly partition equivalent.
Fact 4.5 (Theorem 31). Let p,(p;a1,asg,...,an) be the number of partitions that

avoid p such that the i-th block has a; elements. Then for any partition T,

n—1
(LT 4+ 1);a1,a2,...,0,) = < >pna1 (T;a2,a3,...,Gn).
ay; — 1
Consequently, if T and o are strongly partition-equivalent, then so are 1(t+1) and
(o +1).

Fact 4.6 (Theorem 34). For every j > 1 and k > 0, the partition 1721% is strongly
partition-equivalent to 171F2.
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Fact 4.7 (Theorem 42). For every sequence s over the alphabet [m], for everyp > 1
and q > 0, the partitions

12---m(m + 1)P(m +2)(m + 1)%s and 12---m(m + 1)PT9(m + 2)s
are strongly partition-equivalent.

Fact 4.8 (Theorem 48). For every k, all the partitions of size k that start with
12 and that contain two occurrences of the symbol 1, one occurrence of the symbol
3, and all their remaining symbols are equal to 2, are mutually strongly partition-
equivalent.

In the study of multi-avoidance, the concept of strong partition equivalence be-
comes relevant through the following simple result.

Theorem 4.9. Let p be a pattern of the form 12---(k — 1)k® for some a > 1 and
k > 1. That is, p is formed by a strictly increasing sequence of length k, followed
by another a — 1 occurrences of the symbol k. Suppose that the two patterns o and
T are strongly partition equivalent. Then the two pattern pairs (p,o) and (p,T) are
equivalent.

Proof. Note that a partition avoids p if and only if it either has fewer than k& blocks,
or for every ¢ > k, its i-th block has size less than a. In other words, avoidance of
p can be characterized as a property of block sizes.

Now assume that o and 7 are strongly partition equivalent via a bijection f.
Since f preserves the sizes of each block, we know that a partition 7 avoids p if
and only if f(7) avoids p. In particular, f maps the set of (p, o)-avoiding partitions
bijectively to the set of (p, 7)-avoiding partitions. O

4.3. General arguments. Before we deal with individual (4,4)-pairs, we first
provide several general results applicable to infinite families of pattern-avoiding
classes. Our first argument involves patterns containing one symbol equal to 2
and the remaining symbols equal to 1. Fix such a pattern ¢ = 1921° with a > 1
and b>0. Let k =a -+ b+ 1 be the size of o.

For a set of patterns T', let T” denote the set {1(7+1),7 € T'}.

For a set of patterns R, let P,(c, R) denote the set of partitions of size n that
avoid the pattern o as well as all the patterns in R, and let P, (o, R;4) denote the
set of partitions in P, (o, R) whose first block has size i. Let f,,(o, R) and f, (o, R;1)
denote the cardinality of P, (o, R) and P, (o, R;i), respectively.

Lemma 4.10. For any set of patterns T, and for o and T’ as above, we have

k—2 n— n n—i+k—
fn(U;TI)_ani(U’T)<i—ll> + Z fnz(U7T)< kt?) 3)
i=1 i=k—1

Proof. We will compute the size of P,(o,7";i) for ¢ € [n]. Suppose first that
i < k— 1. Then a partition 7 of size n belongs to P,(c,T";4) if and only if its
first block has size ¢ and the remaining blocks induce a partition that belongs to
P,_;(0,T). Therefore, we have f,,(0,T";i) = fn—i(co,T) (?:11)

Now suppose that ¢ > k — 1. Then a partition 7 of size n belongs to P, (o, T";1)
if and only if its first block has size ¢, the remaining blocks induce a partition
that belongs to P,—;(c,T), and moreover, no symbol greater than 1 may have a
occurrences of 1 before it and b occurrences of 1 after it. That means that every
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symbol greater than 1 appears either before the a-th occurrence of 1 or after the
. : LA n—i+k—3
(i — b+ 1)-th occurrence of 1. That gives f,,(c,T";1) = fn—i(o,T)( W50
Summing over all ¢ € [n] gives the result. O

Note that the formula in the previous lemma does not depend on a and b. The
next statement is a direct consequence of Lemma [4.10

Corollary 4.11. Let o and p be two patterns of size k, with o = 1%21° and p =
1214, Let T and U be two sets of patterns. Let T' = {1(t+1),7 € T} and similarly
forU and U. If {o} UT ~{p}tUU, then {c} UT' ~ {p} UT".

Proposition 4.12. If T is a set of patterns and T' is the set of patterns 1(T + 1)
n—1

where 7 € T, then for every n > 1, we have p,(T') = >, ("gl)pk(T). Conse-
quently, if T and R are sets of patterns such that T ~ R, then T’ ~ R/.

Proof. Tt is enough to observe that a partition 7 avoids 7" if and only if the sub-
partition of 7 obtained by removing the first block of 7 avoids T'. Therefore, there
are exactly ("gl)pk(T) partitions in P, (T") whose first block has size n — k. O

Corollary 4.13. The (4,4)-pairs (1222,1234) and (1211, 1234) are equivalent.

Proof. We express p,, (1222, 1234) using Proposition .12l and p,, (1211, 1234) using
Lemma [£I01 We have, for n > 1,

n—1
~1
Pn(1222,1234) = > (" B )pk(lll, 123)
k=0

) ) ()

pn(1211,1234) = p,,_1(123,1211) + (n — 1)p,_2(123,1211)
n—3
+14+ > pe(123,1211)(k + 1)
k=1

and

From Theorem 7], we deduce that p,(123,1211) = n+ (", "). Substituting into the
above expression and simplifying shows that both p,, (1211, 1234) and p,, (1222, 1234)
are equal to (n* — 6n3 4+ 19n? — 22n + 16)/8 for n > 1. O

Reasoning similar to that used in the proof of Lemma [A.I0 above yields the
following result, whose proof we omit.

Proposition 4.14. Let T be a set of patterns and T’ be the set of patterns 1(r+1),
where T € T. Let an(R) (respectively, b, (R)) denote the number of partitions of [n]
that avoid all the patterns in R as well as both 1112 and 1121 (respectively, 1121
and 1211). Then, for all n > 4, we have

an(T") = an_1(T) + (n — Van—2o(T) + an_3(T) + an_s(T) + -+ + ao(T) and

bo(T") = by 1(T) + (1 — Vby_o(T) + bp_s(T) + by_a(T) + - - + bo(T).



24 ON MULTIPLE PATTERN AVOIDING SET PARTITIONS

4.4. Specific patterns of size four. In the next theorem, we consider the case
of avoiding 1213 and another pattern of the form 1(r + 1).

Theorem 4.15. Let p = 1(7 + 1) be any pattern of size at least two such that the
rightmost letter of T is greater than 1. Then the generating function H,(z) is given

by
2

x T

R et
where H, () denotes the generating function for the number of partitions of [n] that
avoid 1213 and a pattern o. Moreover, if (1213,7) ~ (1213,7'), then (1213,1(r +
1)) ~ (1213,1(7" + 1)).

(Hy(z) = 1),

Proof. Let us write an equation for the generating function H,(x). For each
nonempty partition 7 of [n] that avoids 1213 and p, either the first block of 7 con-
tains only 1 or it contains 1 and 2 or it contains 1 and at least one other element,
not 2. The contributions from the first two cases are zH,(x) and z(H,(z) — 1),
respectively. Each partition 7 in the last case must have the form 127'1a, where
7' does not contain 1 and « is a (possibly empty) word on {1,2}, which implies a

contribution of I—Q(HT (x) — 1). Hence,

1-2z
2
Hy(z)=1—a+aH (z) +zH,(x)+ 1f—Zx(HT(ac) - 1),
which yields the required result. (|

Example 4.16. We consider some specific ezamples. Theorem [{-13], together with
the fact that Hy12(z) = 11:—2”;, implies
2(1 — 3z + 322%)
(1-2x)2(1—2)
Since 112 ~ 123, we then have (1213,1223) ~ (1213,1234), by Theorem[{.17]
Using the same reasoning as in the proof of Theorem [{.13 gives
e Hisgi(z) = 1+ xHio31(2) + z(Hioz1(z) — 1) + Wslﬁx), which implies
H1231 (JJ) = H1223(£L'), whence (1213, 1223) ~ (1213, 1231);
° H1221($) =1+ $H1221 (I) + {E(H1221 (I) — 1) + &—1)3, which Zmplzes

Hiygos(z) =1+

1—417—1—61:2—3:173—1-:174'
(1—=z)p31—-2z)

3

° H1232(£L') = 1+£L'H121($)+$(H1232($)—1)+m, whence H1232($) =
Hiyz91 ().
Similarly, we obtain

Hig91(z) =

(1—z—22)(1 —x)?
1—4x + 422 — 224

Example 4.17. Let L,(x) be the generating function for the number of partitions
of [n] that avoid 1231 and o. In this example, we study the generating function
Ly(z) in a couple of cases.

First, we consider the case 0 = 1121. Note that each nonempty partition w that
avoids 1231 and 1121 can be expressed as w = 11---1x', # = 122---211--- 17", or
m=122---211---122--- 27", where n’ does not contain the letter 1, n” starts with

Hig33(x) = Hi221(x) and Hii21(x) =
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3 if nonempty (and is such that 22---2x" is a nonempty partition on the letters
{2,3,...}), and """ does not contain the letters 1 or 2. Thus the generating function
Li121(x) satisfies

72 4

— x(L1121($) -1+ ﬁLllm(x)a

x
Lioi(z) =1+ mLuzl(ﬂC) +

1—z—22)(1—x)?
whence LllQl(I) = (1—41%%

Next, we consider the case o = 1232. From the structure, each nonempty par-
tition 7 that avoids 1231 and 1232 can be written as m = 1n’, where 7’ does not
contain the letter 1, or as m = 17", where "’ is nonempty, or as m = 122---21lan"’,
where « is a (possibly empty) word in {1,2} and 7" does not contain the letters 1
or 2. Thus the generating function Liasa(x) satisfies

1

3

L1232(I) = 1 “+ IL121($) + $(L1232 (I) — 1) + m

L1 (z),

2(1—3z+3z?)

whence Ligga(z) =1+ (a-2z)2(I-=)"

The remaining results in this section are of a more specific nature and cover most
of the equivalences in the table below left to be shown concerning the avoidance of
two patterns of size four. If m and n are positive integers, then [m,n] = {m,m +
1,...,n}if m <nand [m,n] =@ if m > n.

Proposition 4.18. Ifn > 1, then
pn(1221,1232) = p,,(1221,1223) = 1 + (n — 1)2"2.
Proof. Suppose 7 € P, ;(1221,1232), where k > 2. We consider whether or not =

contains a repeated letter greater than one. Thus, we see that m must be of one of
the following two forms:
(1) m=11%21% ... j1% 5%(j + 1)%+t .- - k% where 2 < j < k,a>1,a; > 0if
t€[jl,and a; > 1ifi € [j+1,k],
(2) 7 =11%121% ... k1% where b; > 0 if i € [k].

This implies

pn(1221,1232) _1+ZZ(”—k—1+k>+z":<n—k+k—1>

k=2 j=2 =2

. n—1 n—1 _ . n— n—2
_1+kz_:2(k—1)( L )+(2 1)=1+(n—1)2""2

For the second case, note that if 7 € P, ;(1221,1223), where k > 2, then it must
be of one of the following two forms:

(1) w=11%21% ... k1% j% where 2 < j <k, a > 1, and a; > 0 if i € [k],

(2) 7= 110121%2 ... k1% where b; > 0 if ¢ € [k].
This implies

pn(1221,1223):1+zn:7§(k_1)< a—1> +Z": (n_ 1)

k=2 a=1

_ - _ n—1 n—1 _ _ n— n—2
_1+kz::2(k 1)( B )+(2 1)=1+(n—1)2"2



26 ON MULTIPLE PATTERN AVOIDING SET PARTITIONS

which completes the proof. O

Proposition 4.19. Forn > 1,
pn(1212,1123) = p,(1212,1233) = p,,(1212,1223) = 1 4 (n — 1)2" 2.

Proof. From Theorem B.4] we know that the three pairs of patterns are equivalent.
It is therefore enough to show that p, (1212,1223) = 1+ (n — 1)2"~2. Suppose that
m € P, (1212,1223), where k > 2. Then we either have 7 = 12---(k — 1)k%«,
where @ > 1 and « is a non-increasing word (i.e., it never strictly increases) on

[k — 1], or
m=11"21% . 11 (0 + 1) (0 +2) - (k — 1)k,

wherea > 1,1 <l <k—-1,b,>1,b>0if 1 <7 < ¥, and S is a non-increasing
word on [¢ + 1,k — 1] U {1}. Summing over a and ¢ implies that the members of
P, 1(1212,1223) number

S SR )G e ()

Summing the last expression over k > 2 then gives (n — 1)2"~2 and completes the
proof. O

Proposition 4.20. We have

1— 4z + 522 — 2°
(1—=z)(1—2x)2 "

> pn(1122,1221)2" =
n>0

Proof. If 7 is a word, then let f;(z) denote the generating function for the number
of partitions (of size at least |7|) avoiding {1122,1221} of the form 77’. We first
compute f,(z) in the case when 7 = 12---ml, where m > 2. Suppose 7 is a
member of P,(1122,1221) whose first m + 1 letters are 12---m1. Then 7 must be
of the form

T = laglag2a93as - - - mayy,,

where ag = 23 -+ -m, aq is a (possibly empty) word in which all the symbols different
from 1 form a strictly increasing sequence m—+1,m+2,..., and ic, 2 <i < m,is a
sequence which is either empty or is nonempty and starts with ¢, with the letters of
«; comprising a (possibly empty) sequence of consecutive integers, the smallest of
which is one more than the largest letter occurring to the left of ;. For example,
if m =4 and m = 1234115116712894, then oy = 234, oy = 1511671, 25 = 289,
3as = @ and 4a4 = 4. From the above decomposition, we see that

merl

(41) f12...m1($) = (1 — {I;)m_l(l — 2(5)7 m Z 1.

(Note a simpler argument applies to the m = 1 case of (&1]).)
If m > 1, then let fia...,n(x) denote the generating function for the number of
members © = mymy - -+ of P,(1122,1221) of size at least m such that wymg -+ -7, =
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12 -m, with mp,41 < m (if it occurs). From the definitions and ([@1I), we have

f12 m(x) = 2™+ Z fr2emj(x) = 2™ + Ziﬂj_lfu...(mfjﬂ)l(fﬂ)
Jj=1
i m+1 m(l _ (E(l _ :C)m—l)

St a2 (- (1-22)

j=1
Thus, we have
m( -2l —2)m )
n(1122,1221)2" =1 m(x) =1
Zp +Zf12 +Z 1_$m11_2x)
n>0 m>1 m>1

_ 1— 4z + 522 — 23
(1—2)(1 —2x)2"°

which completes the proof. ([

From Proposition 20, we see that p,, (1122,1221) = 1+ (n—1)2" 2 foralln > 1.

We now consider the case of avoiding {1122,1223}. For this, let us introduce
the following notation. Let fa a5, = faras-an, () denote the generating func-
tion for the number of members ©m = mymo -+, € P,(1122,1223) where n > m
such that 7wy - Ty, = @102, and let f7 ... 0 = fi ay..a,, (x) denote the
generating functlon counting the same partitions with the further restriction that
maxi<i<n(m;) = maxi<;<m(a;). To establish the case {1122,1223}, we will need
the following lemma.

Lemma 4.21. We have

4 2 _ 9.3 4
(42) @)= 14+ Y flaa(a) = - 0 = fil_i)j -
E>1

Proof. First note that if £ > 2, then partitions = enumerated by f;, ., are of the
form

=12 ---klojarag_1--- o,

where «;, 1 < i < k, is either a nonempty word of the form 1% for some a > 0 or is
k: 1
empty, whence fi5. .4 = =a ;) If 2 < j <k, then within partitions enumerated

by f12~~~k37 the letters j+ 1,5 +2,...,k can appear only once (so as to avoid 1223),
whence

_ k= _ k=541
f1*2---kj_w ]fik2~~~jj_$ ’ f1*2---j'

From the definitions, we then have

k
k
flo =2" 4 flop + Z fiz ok
j—2

karl

(4.3) :x’“+(1_$

—|—Zxk AR FPPS k>1.
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. : * X 3
Summing ([&3) over k£ > 1, and noting fi' = ==, then yields
* z a? * k—j+1
Fr(z) - 1= + o7 + E fia..j(x) E x

l1—z 1- 4 /
7>2 k>j

which gives ([@2]). O
We now prove the case {1122,1223}.

Proposition 4.22. We have

1— 4z + 522 — 23
(1—=2)(1—2x)2 "

> pa(1122,1223)2" =
n>0

Proof. We first consider the generating function fia...; = flgk(x), k > 1, for the
number of partitions 7 = w7y - - -, € P,(1122,1223) having length at least &k such
that mymg -, = 12+ -k and 741 < k (if it exists). From the definitions, we have

k
fizk =2 + frop + Z J12.kj

=2

k
(4.4) ="+ fro + Y I L k>
j=2
for if 2 < j <k, then fia..k; = & 7T fF, ., since the letters j+1,j42,...,k can
only appear once in a partition enumerated by fi2...xj, with no letters greater than
k occurring. Furthermore, we have

k1
Ji2ek1 = =) 1(1—22)

the enumerated partition 7 having the form

(4.5)

k>,

T = lagloyagag_1 - - as,

where ag = 23---k, ay is a (possibly empty) word obtained by replacing the 2’s
occurring in a word in {1, 2}, successively, with the letters k + 1,k +2,..., and «;,
2 <1 < k, is a sequence which is either empty or is nonempty and of the form i1®
for some a > 0.

Summing ([@4) over k > 1, and using (@A), then gives

> pa(1122,1223)2" =14 fra.x(2)
n>0 E>1
1

1 aht . .
Tt T i T ; Py g(w) Y a7

k>1 k>j

1 2%(1—x) x . x
_1—x+(1—2x)2+1—3:<F (I)_1—x_1)’

which yields the requested result, by ([@2]). O
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Proposition 4.23. For n > 0, p,(1123,1233) = p,(1231,1233) = p,,(1123,1232).
In addition, we have

1 —4x + 622 — 323 + 2

> pn(1122,1232)2" = (=231 —22)

n>0

Proof. To show the first statement, we define bijections between the classes which
preserve the number of blocks k as follows. We may assume k > 3, since all of the
patterns contain at least one 3. If m € P, ;(1231,1233), then 7 is necessarily of
the form m = 192a32%45- - -k, where a > 1, b > 0, and « is a word in {1,2}. Let
7 =12 (k—1)2"'"1%ka and 7" = 12--- (k — 1)**1197 ko, where o is obtained
from « by replacing each occurrence of the letter 2 with k. Then it may be verified
that the mappings m — 7’ and m +— 7" are bijections from P, ,(1231,1233) to
P, 1(1123,1233) and P, ;(1123,1232), respectively.

To prove the second statement, suppose © € P,(1122,1232) has at least two
blocks. Then 7 necessarily has one of the following four forms, where k denotes the
number of blocks in the last three cases:

(1) m = 1x’, where 7’ contains no 1’s, avoids {1122, 121} and is nonempty.

(2) m=1m21"2--- k1™ where r; > 2 and r; > 0if i > 2.

(3) m=1x"1%({+1)1% - k1%t where2 < ¢ <k,s0 >1,8 >0ifi>1, and
7' is a nonempty partition on the letters {2,3,...,¢} avoiding {1122,121}.

(4) m = 12--- (£ — 1)£21t0f1t - - klte—t+1 where 2 < ¢ < k, a > 1, tg > 1,
t; > 0if 4 > 1, and an ¢ appears after the second run of the letter 1.

Thus, we get
3

= Te@ -+ a5

> pa(1122,1232)2" =
n>0

{E4

i@ -1 (1+1—2x) T O —20)

where g(z) = Y -, pn(1122,121)2™. By the table in Section 2.4 above, we have

1—x
statement. O

K3
g(z) = Z?:o (L) , and substituting this into the last equation gives the second

Proposition 4.24. If n > 2, then p,(1123,1234) = p,(1122,1233) = 2"~%(n? —
n+14).

Proof. We enumerate both classes directly. If n > 2, then there are 27! members
of P,(1123,1234) having no 3’s as well as 2"~ members of P, (1122,1233) having
at most one occurrence of the letter 2. So it remains to show that the members of
P, (1123,1234) in which 3 occurs as well as the members of P,,(1122,1233) in which
2 occurs at least twice both number 2"=5(n — 2)(n + 1).

To show the first part, let j denote the largest index such that the (j + 2)-
nd letter of 7 € P,(1123,1234) is 3. Then the letters to the right of position
j -+ 2 may constitute any binary word, while those to the left (excepting the first
two, which are necessarily 1,2) must form a non-decreasing binary word. Upon
conditioning further on the number, /+1, of 3’s, we see that the remaining members
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of P,(1123,1234) number

n—2 7j—1 . n—2
n—2—j . J -1 o n—2—qjs - i_9
Sy -0l ) =X G
j=1 /=0 Jj=1
n—2
=2 Y () = 2" (- 2)(n + 1),
j=1

as required.

Members of P,(1122,1233) in which 2 occurs at least twice must start 1,2, with
any letters greater than 2 occurring once. The remaining positions are to be filled
by 1’s and 2’s in such a way that the word comprising the letters in these positions
avoids 122 and contains at least one 2. Let a,, denote the number of words over
{1, 2} of length m avoiding 122 such that 2 occurs at least once. It may be verified
that a,,, = (m; 1). Upon conditioning on the number, ¢, of elements greater than
two occurring, we see that the remaining members of P,(1122,1233) number

n—3 n—2
n—2 n—2

S (" aei = (")
£=0 =1

n—2

1 -2
T2 (n ¢ )@2 +0)=2""(n - 2)(n+1),
=1
which completes the proof. O

4.5. The cases {1123,1211} and {1123,1222}. In order to establish these cases,
we first consider a statistic on the members of P, having at least two blocks as
follows. We will say that an ascent occurs at position ¢ in 7 = mymg - - - m, € P, if
m; < mi+1, where 1 <7 < n — 1. For example, the partition 7 = 1223413142 € Py
has ascents at positions 1, 3, 4, 6, and 8. By the final ascent, we will mean the
largest index i such that m; < m41.

Definition 4.25. Suppose that the final ascent in m = mimg -+ m, € P, occurs at
position m. Then let fasc denote the statistic on P, defined by fasc(w) = n—m+1.

For example, if m = 123241355311 € P4, then the final ascent occurs at position
7 and fasc(m) = 12— 7+ 1 = 6. Note that 2 < fasc(r) < n —k + 2 for all
T € P, where n > k > 2, the minimum being achieved by any partition whose
last two entries form an ascent and the maximum achieved by partitions of the form
12--- k7, where 7 is any non-increasing k-ary word of length n — k. If n > k > 2
and 2 <t <n—k+ 2, then let

an kit = |{m € Ppx(1123,1211) : fasc(w) = t}],

and define a,, ; to be zero otherwise. For example, we have a4 3 2 = 2 since there
are two members of Py 3(1123,1211) having fasc value 2, namely 1223 and 1213,
and a4 3,3 = 3, the partitions in this case being 1231, 1232, and 1233. Furthermore,
let A, 1+ denote the subset of partitions enumerated by ay i +. In the following
lemma, we provide an explicit recurrence satisfied by the numbers a,, k ;.

Lemma 4.26. I[f3<k<nand2<t<n-—k+2, then

n—k+1

(4.6) Akt = Gn—1k—1,t + g Ap—2,k—1,5,
j=t—1



ON MULTIPLE PATTERN AVOIDING SET PARTITIONS 31

with az 22 =1 and for n > 3,

n—t+1, if 3<t<n-—1;
(4.7) a2, = n-—2, if t=2;
2, if t=n.

Proof. First note that members of A, ;+, where 3 <k <nand2<t<n-k+2,
have either one or two 1’s, since such partitions must start with a single 1 and can
have at most a single additional 1 coming after a letter greater than one. To show
(#X), first observe that there are an_1 ;—1+ members of A, ; containing a single
1, for writing a 1 in front of & € A,_1 ,_1+ (on the letters {2,3,...,k}) does not
affect the fasc value.

If two 1’s occur in m € Ay, i+, then m may be formed from 5 = 3152 Bn—2 €
Ap—2k-1,j, wheret —1 < j <n—k+1, by first writing a 1 in front of 5 and then
considering cases on j. If j > ¢, then write a second 1 just before the (t—1)-st letter
of B from the right to obtain m = 15182 -+ Bn—t+118n—t - Bn—2, and if j =t — 1,
then write a second 1 at the end of 3 to obtain m = 18182 --- 3,_21. Note that
j >t in the first case implies no occurrence of 1123 is introduced by the insertion
of the second 1 since the final j —1 > ¢ — 1 letters of 8 form a non-increasing word.
Also, in the case when j = t — 1, the addition of 1 at the end increases the fasc
value by one. Thus, the sum in (@8] conditions on the fasc value of the partition
resulting from the removal of the 1’s from 7m € A,, ;; containing two 1’s.

We now turn to the case when k = 2. Note first that members of A, 22, n > 3,
are of the form 1p12, where p = 192° with a,b > 0 and a + b = n — 3, whence
they number n—2. There are two members of A, 2 ,,, namely, 12---2 and 12 --21.
Finally, if 3 <t < n — 1, then A, . is the set of size n — ¢ + 1 comprising the
partitions 1?7 *+12¢=21 and 17 t+12¢~1, together with the partitions of the form
1p12t71, where p = 192° for some a > 0 and b > 1 satisfying a+b = n —t — 1. This
establishes ([4.7)) and completes the proof. O

We can now enumerate the partitions avoiding {1123,1211}.

Theorem 4.27. We have

(1=)/O -0 -t —42) 1—3t—2t> + 1443 — 15¢* 4 3¢5

> pa(1123,1211)t" =

= 2t2(1 — 3t + ¢2) 2t2(1 — t)2(1 — 3t + t2)
Proof. First define the distribution polynomial A,, j(w) = ?:_2]%2 an g rwt if n >

k > 2, with A, x(w) = 0 otherwise. Multiplying (6] above by w', summing over
2 <t <n—k+2, and interchanging summation yields

n—k+1 J+1
App(w) = Ap—1 p—1(w) + Z An—2.k—1,j Zwt
=1 =2

w2 n—k+1
= Ap_1-1(w) + I—w 22 an—2,k-1,(1 —w)
=

w2

1—w

(4.8) = Ap_15-1(w) +

(An—2k-1(1) = Ap—2k—1(w)), n>k>3,
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with Ago(w) = w? and
n—1
(4.9) Apa(w) = (n—2)w? + Z(n —t+ Dw' + 2w", n > 3.
t=3
Next define A,,(v,w) = > p_y Ap i (w)o* if n > 2, with A; (v, w) = Ag(v,w) = 0.
Multiplying (8) by v* and summing over 3 < k < n yields the recurrence
(4.10)

Ap(v,w) = Ap o (w)v? = vA,_1(v,w)+

w2’1}

1—w

Define the generating function A(t,v,w) = 3_, <y An(v,w)t". Multiplying (@I0)
by t" and summing over all n > 3 gives

(Ap—2(v,1)— Ap—2(v,w)), n > 3.

A(t,v,w) — As(v, w)t2 — 2 Z Ap2(w)t
n>3

2,42
t
= vtA(t,v,w) + 111} v

(A(t,v,1) — A(t,v,w)),

which implies by (£9) the relation

(4.11)
w?ot? w1 —t(l—w)(1—1))  wet?
(1_“t+1—w>A(t’v’w)_ 1 —0)2(1 — tw) 1—w

This type of functional equation may be solved systematically using the kernel
method (see [2]). Setting the coefficient of A(¢,v,w) equal to zero and solving for
w = wo in terms of v and ¢ yields

1— ot — /(1 —vt)(1 — vt — 4ot?)

2ut2 '
Note that of the two possible values of wy = wq(t,v), only this one yields a power
series in t and v. Setting w = wg in ([@II) then gives
v(wo — 1)(1 — #(1 — wo)(1 —t))

(1 —1)2(1 — twy) '

Note that A(t,v,1) is the generating function for the cardinality of P, ;(1123,1211)
for n > k > 2. Letting v = 1, and including the £ = 0 and k = 1 cases, we see that

A(t,v,1).

(412) wo =

(4.13) A(t,v,1) =

1
> pn(1123,1211)¢" = [, TALY

n>0
_ (=) /A—)(1 -t —42)  1—3t -2t + 143 — 15¢* 4 3¢5
n 2t2(1 — 3t + t2) 2t2(1 — t)2(1 — 3t + t2) ’
by [@I2) and (@I3), as desired. O
Remark: Note that wo = C (1”2 ) where C(z) = =412 =D 50" is the
generating function for the Catalan number ¢, = n%H (2")

We now turn to the case of avoiding {1123,1222}. For this, we first consider the
avoidance of {1123,111}. If n > k > 2 and 2 <t < n — k + 2, then let

bp et = {m € Pnr(1123,111) : fasc(w) = t}|,
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and define by, i+ to be zero otherwise. For example, we have by 32 = 2 (the enu-
merated partitions being 1213 and 1223) and b5 3,3 = 4 (the partitions being 12132,
12133, 12231 and 12233). Note that by, ;= 0 for all ¢ if n > 2k.

Next, let

ekt = |{m=mmy---m, € P, k(1123,1222) : fasc(w) =t and 7, # 1},

ifn>k>2and 2<t<n-k+2and put ¢, = 0 otherwise. For example, we
have ¢4 32 = 2 (for 1213 and 1223) and c¢533 = 3 (for 12132, 12133, and 12233).
In the following lemma, we provide a recurrence for b, ; and a relation between
Cnk,t and by k¢

Lemma 4.28. I[f3<k<nand2<t<n-—k+2, then

n—k+1
(4.14) brkt = bn—1k—1,¢ + Z bn—2,k-1,
j=t—1
and
n—k+1
(4.15) Crkt = bn—1k—1,t + Z Cn—1k,j-
j=t

If k = 2, we have b2+ =0 ifn > 5, byoa =bsoz =bsoa =1, b3a3 =2, and
b3 2.2 = baao = 1. Furthermore,

n—2, if t=2;
(4.16) Cn2t = 1, if t=3;
0, if t>4,

lf?’L 2 3, with €222 = 1.

Proof. The proof of (LI4) is similar to the one given above for ([@6]); note that a
partition is restricted to containing one or two 1’s since we are now avoiding 111,
which also implies b, 2+ = 0 if n > 5. One may verify directly the other conditions
for by 2+

Let Cp, k¢ denote the subset of partitions counted by ¢, (. To show (LI5]), first
note that if n > k > 3, then members of C,, i, containing a single 1 are of the
form 17/, where 7’ is a partition on the letters {2,3,..., k} avoiding {1123,111}.
On the other hand, one may add a 1 just before the (¢t — 1)-st letter from the
right of @« = avjas--ap—1 € Cho1 i, t < j < n—Fk+1, to obtain 7 =
a0 Op—tlam 1 -ap—1 € Cy i+ having two or more 1’s. Note that j > ¢
implies @y —¢41 - @p—1 is a non-decreasing word and thus contains no 1’s since
ap—1 > 1. Therefore, the sum on the right side of (IH) is seen to count the
members 7 € Cy, i+ containing two or more 1’s by conditioning on the fasc value
of the partition resulting when we remove the right-most 1 from 7.

We now consider the case £ = 2. First, note that there are n — 2 members of
Ch,2,2,n > 3, since they are of the form 1p12, where p is all 1’s except for possibly a
single occurrence of 2. There is a single member of C,, 2 3 given by 1"7222. Finally,
there are no members of C), o if ¢ > 4 since the last letter not 1 implies only 2’s
may follow the last ascent and these would then number ¢ — 1 > 3, which is not

permitted. This establishes ([£I6) and completes the proof. ([
Define the distribution polynomial B, x(w) = ?:_ka b gwt if n >k > 2.
2 3. 4

When k = 2, note that Bg o(w) = w?, B3 2(w) = w? +2w?, By2(w) = w? +w?+w?,
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and Bp2(w) = 0if n > 5. If n > 2, then let B, (v,w) = 2222 B,k (w)v*, with
By(v,w) = B1(v,w) = 0. Finally, define the generating function B(t,v,w) by
B(t,v,w) = Z B, (v,w)t".
n>2
Note that B(t,v,w) counts all of the members of P,(1123,111) according to the
number of blocks and the fasc value when n > 3, counts only the partition {1}, {2}
when n = 2, and counts neither {1} nor the empty partition. There is the following
explicit formula for B(t, v, w).
Lemma 4.29. We have
w?(vt? — 1)y/(1 — vt)(1 — vt — 4vt?)
20t2((1 — w)(1 — vt) + w2vt?)
n w?(1 — vt — 3vt? + %3 4+ 203 (1 — w)t* + 2w3(1 — 2w)t® — 2v3w3t)

20t2((1 — w)(1 — vt) + w2vi?) '
Proof. Multiplying (I4]) by w! and summing over 2 < t < n — k + 2 implies
(4.17)

B(t,v,w) =

’LU2

1—w
and multiplying (@I7) by v* and summing over 3 < k < n yields
(4.18)

w?v

B, (v,w) — By 2(w)v? = vBy_1(v,w) + T

By p(w) = Bp—1 p—1(w) + (Br—2,k-1(1) = Bp_g k—1(w)), n>k>3,

(Bp—2(v,1)— Bp_a2(v,w)), n >3,

which is seen to hold for n = 2 as well, since By (v, w) = By (v, w) = 0. Multiplying
([#I8) by t™ and summing over n > 2 then gives

(4.19)  B(t,v,w) — w*o*t*(1 + (1 + 2w)t + (1 + w + w?)t?)
2’Ut2
(B(t,v,1) — B(t,v,w)).
—w

= vtB(t,v,w) + 111}

Letting w = wo in (19), where wy is given by [{I2) above, implies
wiv2t2(1 4 (1 + 2wo)t + (1 + wo + wi)t?)

4.20 B(t,v,1) = .

(4.20) (t.0.1) vt

Substituting ([@20) into (£I9)), solving for B(t,v,w), and simplifying then yields
the required expression. (I

We can now enumerate the partitions avoiding {1123, 1222}.

Theorem 4.30. We have

> pa(1123,1222)t" = (1=)V/A -1 —t —42) 1 -3t -2t + 1443 — 15¢* 43¢5
n k) -

=6 2t2(1 — 3t + ¢2) 2t2(1 — t)2(1 — 3t + t2)
Proof. Let Cp (w) = ?:_ka Cn i pw'. Multiplying (@I5) by w' and summing
over 2 <t <n—k+4 2 yields
w2
(421) Cn)k(’l,l)) = Bn_17k_1(’ll}) + mcn_l)k(l)
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with 022 w) = w? and Cpa(w) = (n — 2)w? + w? if n > 3. Let Cp(v,w) =
Yy Cg(w)v® if n > 2. Multiplying (ZZI) by v* and summing over 3 < k <n
yields

2
I—w (C’nfl(v, 1) — Cn,112(1)1}2)
w

— m(cn_l(v, w) — Cn_172(w)v2), n > 3.

Let C(t,v,w) = 32, 50 Co(v,0)t™ and C(t,v,w) = v2Y, o Cpo(w)t™. Note
that - -

(4.22) Cp(v,w) — Cpo(w)v? = vBy,_1(v,w) +

C(t,v,w)—wvt2+ 31) 22271_
n>3
w1 —t(1 —w)(1 — 1))
(4.23) - oo .

Multiplying (.22 by t" and summing over n > 3 gives
2

w I;J(C'(t,v, 1) — Gt 0,1))

1_
_ %(O(t,v,w) — C(t,v,w)).

Substituting w = 1 into Z4), and rearranging, implies

(4.24)  C(t,v,w) — C(t,v,w) = vtB(t,v,w) +

(4.25) Ct,0,1) = O(t,0,1) + vt (1 — 1) B <t, v, %) .

By Lemma [£.29

1 1—vt2)y/(1 — vt)(1 — vt — 4vt2
(4.26) B(M ):< vt?) /(1 = vt)(1 — vt — 4ut?)
1—t 20t3 (1 — t — 2vt + vt2)
1— (34 v)t+3t2 — (1 — 6v —v2)t3 — v(8 + 3v)t* + (3 + 3v — 4v2)t> — v2(1 — 20)t6
203 (1 — )3(1 — t — 2vt + vt2)

Note that C(t,1,1) is the generating function for the number of elements of
P,(1123,1222), n > 2, ending in a letter greater than one, which implies that
= C(t,1,1) counts all of the members of P, (1123, 1222) having at least two blocks,
for adding a string of 1’s of arbitrary length to the end does not otherwise affect
the enumeration. Thus, we have

1 1
> pn(1123,1222)t" = — -+ —C(t,1,1)
1—t 1-—t
n>0
1 1
= —Ct,l,l tB (t,1, —
o+ oL+ (615
Q=) /A -)Q —t—42)  1—3t— 22+ 14¢3 — 15¢* + 3¢
N 22(1 — 3t + 2) 22(1 —t)2(1 — 3t +1t2) '
as required, by [@23)), (£28), and (£20). O

Comparison of Theorems and [L30 reveals that the pairs {1123,1211} and
{1123,1222} are equivalent. We have searched for a direct bijection demonstrating
this fact and leave it to the reader as an open problem.
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4.6. Table of equivalence classes of (4, 4)-pairs. Combining the results of pre-
vious sections yields a complete solution to the problem of identifying all of the
equivalence classes of (4,4)-pairs. It should be observed that any pattern pair not
represented in the table below belongs to a Wilf class of size one, such classes being
determined by numerical evidence (note that there are (125) — 84 = 21 singleton
classes in all).

o (1121,1232) (1112, 1223) A0 (1121, 1203) LY (1211, 1232)
(1213,1223) (1213,1230) BIG (1513, 1231) B (1231, 123) BT (1232, 1234) @
(1223, 1234) &0 (1 233, 1234) B2 (1909 1233) (1223 1232) B2 (1903, 1233)
(1232, 1233) L1844 (193 1232)-(1123 1212) H20 19, 1221)m(1212 1223) %4
(1122, 1223) B8 (1201, 1223) B8 (1991, 1232) B33 (1212, 1233) B (1291, 1233)

o [I5] (1212,1232) ~ (1112,1213) ~ (1123,1223) ~ (1221,1231) ~ (1123,1213) ~

(1212, 1213) ~ (1212 1221) ~ (1222, 1223) ~ (1122 1212) (1222, 1232) (1211, 1231)
. (1112,1233) B (1911, 1233) BT (1121, 1233) B0 (1112, 1234) BT (1121, 1234) B
(1211, 1234) %= (1222 1234)
o (1213,1221) B2 (1213, 1239) B8 (1913 1233) B (1231, 1233) B2 (1193, 1232) B

(1123, 1233) @ (1122, 1232)
o [17] (1112,1123) ~ (1211, 1212) ~ (1122, 1123) ~ (1121,1221) ~ (1121, 1212)
o [II] (1211, 1221) ~ (1112, 1212) (1212, 1222) ~ (1221, 1222)

o (1211,1222 (1121 1222) % (1112 1222)

e (1111,1121 (1111 1210 B2 (1111, 1112)

o (1212,1234 (1221 1234)

LI0

o (1112,1232 (1211 1223)

e (1222,1231

e (1123,1211 ~ (1123 1222)

e (1123,1234) —<%~(1122,1233)

LB 1191, 1213)

=
&

e (1121,1231

e (1111,1213)~7(1111,1231)

e (1111,1212

)
)
)5
)
B2
o (1111,1223)
)
)
)
)
)R (1111, 1221)
e

e (1121,1211 (1112,1121).
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