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RECURRENCE RELATIONS FOR PATTERNS OF TYPE (2,1) IN FLATTENED
PERMUTATIONS

TOUFIK MANSOUR, MARK SHATTUCK, AND DAVID G.L. WANG*

ABSTRACT. We consider the problem of counting the occurrences of patterns of the form zy-z within
flattened permutations of a given length. Using symmetric functions, we find recurrence relations
satisfied by the distributions on Sy, for the patterns 12-3, 21-3, 23-1 and 32-1, and develop a unified
approach to obtain explicit formulas. By these recurrences, we are able to determine simple closed
form expressions for the number of permutations that, when flattened, avoid one of these patterns
as well as expressions for the average number of occurrences. In particular, we find that the average
number of 23-1 patterns and the average number of 32-1 patterns in Flatten(w), taken over all
permutations 7 of the same length, are equal, as are the number of permutations avoiding either of
these patterns. We also find that the average number of 21-3 patterns in Flatten(w) over all 7 is the
same as it is for 31-2 patterns.

1. INTRODUCTION

The pattern counting problem for permutations has been studied extensively from various perspec-
tives in both enumerative and algebraic combinatorics; see, e.g., [A[7]. The comparable problem has
also been considered on other discrete structures such as k-ary words [I], compositions [11], and set
partitions [I0] (see also [6] and the references contained therein).

In his recent study [2] on finite set partitions, Callan introduced the notion of flattened partitions.
In a previous paper [9], we considered flattened permutations in the same sense and obtained formulas
for the generating functions which count the flattened permutations of size n according to the number
of peaks and valleys. Here, we continue this work for some related statistics on flattened permutations.

Let [n] = {1,2,...,n} if n > 1, with [0] = . Denote the set of permutations of [n] by S,. Let
T =mmy Ty € Sp. A pattern is any permutation o of shorter length, and an occurrence of o in «
is a subsequence of 7 that is order-isomorphic to o. If r denotes the number of occurrences of a
given pattern ¢ within a permutation 7 in general, then the case that has been studied most often in
previous research has been when r = 0, i.e., the avoidance of o by m. Relatively little work has been
done concerning the case when r > 0, and in what has been done, the patterns were usually of length
three. Simple algebraic maps show that the six patterns of length three are classified into two classes
with respect to the pattern counting enumeration, that is, the class with the representative pattern
o = 123 (see [T4[I5]) and the class with the representative pattern o = 132 (see [12] and references

therein).
By specifying the length of adjacent letters allowed, Claesson and Mansour [3] further generalized
the notion of patterns. Precisely, a pattern o = o1-02-- - - -0y, is said to be of type ({1, 0s, ..., ¢) if the

subword o; of o has length ¢;. In this notation, a classical pattern of length & is of type (1,1,...,1)
which consists of k occurrences of 1. In particular, the permutation 7 is said to contain a pattern
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T = xy-z of type (2,1) if there exist indices 2 < i < j < n such that m;,_;m;7; is order-isomorphic to
xyz, where xyz is some permutation of {1,2,3}. Otherwise, we say that 7 avoids .

Let m € S,, be a permutation of length n represented in its standard cycle form, that is, cycles
arranged from left to right in ascending order according to the size of the smallest elements, where
the smallest element is written first within each cycle. Define Flatten(w) to be the permutation of
length n obtained by erasing the parentheses enclosing the cycles of m and considering the resulting
word. For example, if 7 = 71564328 € Ss, then the standard cycle form of 7 is (172)(3546)(8) and
Flatten(m) = 17235468.

One can combine the ideas of the previous two paragraphs and say that a permutation 7 contains
a pattern 7 in the flattened sense if and only if Flatten(r) contains 7 in the usual sense and avoids
7 otherwise. Here, we will use this definition of pattern containment and consider the case when
7 is a pattern of type (2,1). For example, the permutation 7 = 71564328 avoids 23-1 but has four
occurrences of 31-2 by this definition since Flatten(7) = 17235468 avoids 23-1 but has four occurrences
of 31-2.

Let st denote the statistic on &,, which records the number of occurrences in the flattened sense of
one of five patterns under consideration in this paper. In accordance with the previous paper [9], we

will use the notation
gff (ara2---ag) = Z qSt(Flattcn(ﬂ-)),
s

where 7 ranges over all permutations of length n such that Flatten(r) starts with ajas---ag. It is
easy to see that ¢5'(ajas - -ar) = 0if a; # 1. We will write g, = ¢5'(1) when considering a particular
pattern.

In this paper, we use symmetric functions to develop recurrences for the generating functions g5'(1)
in the cases when st is the statistic recording the number of occurrences of 7, where 7 is any pattern
of type (2,1) (except for 13-2). As a consequence, we obtain simple closed formulas for the number
of permutations avoiding a pattern of type (2,1) in the flattened sense as well as the average number
of occurrences of a pattern over all permutations of a given size. We provide algebraic proofs of these
results, as well as combinatorial proofs in all but two cases. The results are summarized in Table 77
below.

Note that as an immediate consequence, we have the following result.

Theorem 1.1. For any pattern p of type (2,1), the average number avr(n) of occurrences of p in
Flatten(w) over all permutations m of length n satisfies

. avr(n) 1
B T}
We will need the following notation related to symmetric functions. Let X = {x1,22,..., 2y} be

an ordered set. Define

€j(X) = Z Liy Liy * +* Tij

1<iy <ig < <i; <m

/ _ e e
e;(X) = g Tiy iy - T
1<y <ip—2<i3 —4 < <i; —2(j—1)<m
hJ(X): E IiIIi2"'Iij.
1<iy <ip < <ij<m

In other words, e;(X) is the sum of products of any j distinct elements of X; €(X) is the sum of
products of any j pairwise non-adjacent elements in X; h;(X) is the sum of products of any j elements
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TABLE 1. The number of avoiding and the average number of occurrences for patterns
of type (2,1) over flattened permutations of length n.

pattern number of avoiding average number reference
2
13-2 gn—1 % —H, 3]
2n —2
31-2 ( " ) ) Corollary 2.4]
T n® — 3n21—2|— 26012
21-3 2 Z kES(n—1,k) " Corollary 4.4]
k=1
32-1 "21 2§ (n — 1.k) n2 —9n — 4 o Corollary B3l
n—1, A .
23-1 et 12 Corollary
n—2
n—2 ~ 3 2 _
12-3 | 2 Z ( i >(Bl + Bit1)Bn—i-3 n ot Sn 13 A0n + 24 + H,, | Corollary 3.8
i=0 n

(non-distinct allowed) of X. For convenience, for any function s;(X) of these three, let so(X) = 1,
5;(0) = 6;1 and s,;(X) =01if j <O0.
Throughout this paper, we will make use of the Kronecker’s delta notation §; ; defined by

1, ifi=y;
dij = ey
0, ifi=j.

We will follow the standard notation [n] = Z;lz_ol ¢ = % and [m]! = [T\~ [¢], with

[n] B %, if0<k<n;
k 0, otherwise,

where ¢ is an indeterminate. Note that [n”q:() =1 and [n]’qz1 = n. Moreover, [n]'[;—1 = ().

Let H, = 2221% denote the n-th harmonic number; see Graham, Knuth and Patashnik [5].
Denote the Stirling number of the second kind by S(n, k), the nth Bell number by B, and the nth

complementary Bell number by B,.

2. COUNTING 31-2-PATTERNS
For any 3 <7 < n, we have
gn(18) = gn(1i) + Y _gn(1if) = D a7 gn-1(19) + D gn-1(19)
j<i j>i j<i §>i

(2.1) =gn1t+ > (€777 = Dgn1(1)).

Jj<i—1
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Define
(2.2) Grr(0) = gnr(1i)o' 2,
i>2
(2.3) Gr(z,v) = Z Gn,r(0)z" = Z Zgnw(li)vi*%".
n>2 n>21i>2

It follows that G, (1) = gn,» and G, (z,1) = anz gn.rx"™. As before, we have gy, (12) = 2gp_1

Theorem 2.1. For any integer r > 0, we have

2 r—1
. 9 _
(24) (1 + 1U_ZZTU)GT(CE7 ’U) = .’L’ZUT*JJrlGj(J:,’U) + = Z:I;Gr(x’ 1) + 2(2 + U):EB(ST,O + HT(LL',’U),
7=0
where H,(z,v) = —x Z;;é oo Z]+r s—1 s (1)piHr—s=1gn

Proof. Let r > 0. Extracting the coefficient of ¢" in ([2) gives

i—2 i—2
(25) gn,r(lz) In—1,r + Zgn 1,r 1.7 Zgn 1,r— z+]+1(1]) - 0 3 S 1 S n,
j=2 j=2

with g2, = g2.,-(12) = 26, 0. Multiplying each of the four terms on the left-hand side of (Z3) by
v'~22", and summing over n > 3 and 3 < i < n, yields

Z Zgnyr(li)vi_%:" = Gr(z,v) — 22G,(2,1) — 43:357«70,

n>3i=3
n . VT X
Z Zgn,lmvlfzx" =1- Gp(z,1) — 1fGT(vzzr, 1)+ 21)3:357010,
n>3 =3 v v
n 1—2
i—2,_n €
ZZ Gn—1,(17)0" "z =1 (UG( )—GT(vx,l)),
n>31=3 j=2 v
and
n i—2
Z In—1,r— l+]+1(1]) R
n>341=3 j=i—1—r
n+1 1—2
=T In,r— l+]+1(1]) R
n>3 1=4 j=i—1-r
1—2
= > Gnr—itj+1(1f)0" 22"
iS4 jmi—l—rn>i1
=r ) S a1
s<r—1j3>2n>r+j—s
which combine to give (2.4]). O

Taking r = 0 in recurrence (24) gives

21;} ) Go(z,v) =

(1
1—

— U:CGQ(:E) +2(2+v)2?
—v
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To solve this equation, we use the kernel method and substitute v = C(z) = 1=/1=22 Vzi_% to obtain
x
G = 22"
@ = A=
and
2(V1—dz+8x—1
(2.6) Go(z,C(z)) = lim Go(z,v) = il TS )

v—C(z) 1—4x

Taking 7 = 1 in (24) and using the fact that H,(z,v) = —2 Y54 gj0(1j)v/ 27 = —21””_4”3 we obtain

zv’

2 _ 4,3
(2.7) (1 + 1U z )Gl (z,v) = 202Gy (z,v) + ? UxGl (x) —2 LY
v

— v

— 1—av
Substituting v = C(z) = 122 3;21 into this equation, and using (2.0)), yields

(3z —1)(1 — bz + 22%) + (1 — 6z + 72?)V/1 — 4x

Grle) = x4/ (1 — 4x)3 ’
and thus
Gi(z,C(z)) = lim Gi(z,v)
v—C(z)
(1 —4z) (52" — 2 — 1622 + 8z — 1) — (172" + 192° — 302% + 10z — 1)\/1 — 4z
B x4/ (1 — 4x)? .

Continuing in this way for r = 2, 3, we obtain the following result.
Corollary 2.2. For 0 <r < 3, we have

ar(z) + b (z)y/1 - 4x
(1— dz)2r 11

G2 () =

)

) , bo(x) = —x — 22%;

) = 1Bz —1)(1 — 5z + 222), by (z) = 2(1 — 62 + Tz?);

z) = 1(1 - 122 + 5022 — 7623 + 222%), by(z) = L(—1+ 10z — 3222 + 282%);

az(z) = 5 (2 — 37z + 2702% — 97223 + 17482* — 13462° + 2202°), bs(z) = L (-2 + 33z —
20822 4 6142° — 824z + 3682°).

I—8]— &

The second-order difference transformation of the above formula gives
(2.8) gn(1k) = (g + l)gn(l(k - 1)) - Q'gn(l(k - 2)) +(q— 1)gn71(1(k - 2))7 5<k<n
We shall solve it with the initial values
gn(13) =gn-1, N =3,
gn(14) =0gn-1+ 2(q - 1)911—27 n > 4.

Theorem 2.3. For any n > 2, we have

(2.9)

[n/2]
(2.10) gn=>_ (¢= 1) bnignj,

Jj=1
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n
bn,j = E

ik m—j—1—k\[i-2+k\ ,
. . NP
— j j

Proof. For any k > 3 and any integer j, define ay ; by a3 j = d;1, as; = 65,1 + 202 and
(2.11) ak,j = (g+ 1)a;€_17j —q-ax—2, +ar—2,4-1, k=>05.
By ([Z8)) and (23, it is routine to verify that
gn(lk) = Z arj(q—17"tg,;, 3<k<n.
i<lk/2]
Consequently, for any n > 2, we have
[n/2]

9n = Zgn(lk) =ngn-1+ Z (q - 1)j_1bn,jgn—j7
E>2 =2

where by, j = > 1_5 ay;. By ZII), we have
bn,j = (q + 1)bn71,j — qbnfgyj + bn72,j71 + 2X(j =2andn Z 4), j Z 2.
It follows that

B A2 _ 2—x . 1
Ble,y) =) > bua" Y = i T

n>4j>2
We obtain the desired expression of b, ; by extracting the coefficient of 2" *y/~2 from B(x,y). O

Corollary 2.4. For any n > 1, the number of permutations 7 of length n with Flatten(w) avoiding

31-2 s (2::12), and the average number of occurrences of 31-2 in Flatten(w) over m € S,, is given by

n®—3n%426n—12
12n — Hy.
3. RECURRENCE IN TERMS OF SYMMETRIC FUNCTIONS

3.1. Counting 32-1-patterns. Let 3 <i <n. We have

gn(10) = gn(Lif) + > gn(lig) = > ¢ 2gn-1(1i) + D gn-1(15)

7<i J>i 7<i 7>
(3.1) =gn1t+ D (@77 = D)gnr(1)).
j<i—1
Define
(32) Gn,r(v) = Zgnm(li)vi*a
(33) GT(‘Tu ’U) = Z Gn,r(v)xn = Z Zgn7T(1i)vi_2x".
n>3 n>3 1

It follows that G, (1) = gn,» and Gy.(z,1) = > <5 gnr2". As before, we have g, (1i) = 2gp_1,,.
Lemma 3.1. For any integer r > 0, we have

VT ~ x(2 = v+ 2vx) 2022
(1 + 1 U)Gr(x,v) —TGT(.I, 1) - EGT(UI, 1)

(3.4) +22%(2 4+ v + 2vz + 20%2)8, 0 + H,(2,v),
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where H,(z,v) = 1255 32,55 2 j—3 Gnr—j+2(15)a™ (0771 — ™).
Lemma 3.2. For any integer r > 0, we have
(1 — v +v2)Gp(2,v) =2(2 — v + 202) G, (7, 1) — 202°G,. (v, 1)
(3.5) +223(1 — v)(2 + v + 2vz + 20%2)8, 0 + H,(2,v),
where H,(2,0) = 30,550 73 Gnr—jr2(1§)a™ (0371 —om).
Proof. Let r > 0. Extracting the coefficient of ¢" in (3] gives
(3.6) In,r(18) — gn—1,r + Z In—1,,(1)) — Z In—1,,—j+2(1j) =0, 3<i<n.
j<i—1 j<i—1

In the last sum in this formula, the subscript j has upper bound min(i — 1,r + 2).

Note that Ga.,.(v) = g2, = 28,0. We obtain equation (335) by multiplying B.6) by v 22" and
summing over n > 3 and 3 < i < n. The expressions that result from performing these operations on
the four summands in (B8] are

Z Zgn,r(li)viﬁx” = Gy(z,v) — 220G, (2,1) — 42°6,.0,

n>3 i=3
Z Zgn_17Tvi_2x" = l?fchr(x, 1) — 1f—vGr(vac, 1)+ 2vx36n0,
n>3i=3
n 1—1 v 2
Z Z 1,10 22" = ——G,(2,v) — ——Gr(vz,1) + 202°6,.0,
i ’ 1—w 1—w ’
n>3i1=3 j=2
and
n i—1
DD gnrrgra(li)o’ e
n>3 i=3 j=2
n+1i1—1 z n
=z gn,r—j+2(1j)vz_2xn = 1— o Z Zgn77‘—j+2(1j)xn(vj_l - Un)
n>2 i=3 j=2 n>2 j=2
3 2ua?
=2vz°(1 + 2z + 2vx)d,0 + . (Gr(z,1) = Gy(va, 1)) + Hy(z,0).
-
This completes the proof. O

The first-order difference transformation applied to ([B]) gives the recurrence
(3.7) gn(1k) = g (L(k = 1) + (¢" > = Vg1 (1(k = 1)), 4<k<n.
We will solve it with the initial value g,(13) = gn_1.

Lemma 3.3. Let k> 3. Forall j > 1,

e;([1],... [k —3]) = (1_1q)j kf(_l)aq(“él) [ ke L (’Z:i:j)
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Proof. Let F(xq,...,x5) = Z?:o ej(z1,...,25)27. By the definition of elementary symmetric func-
tions, we deduce

F([u,-..,[k—?ﬂ)=ng<1+[a]Z>:(” - )( n ;q>k3

ot 1—gq l—qg+=2
k—3 a a k—3—a
=34 { k=3 } q"(=2)*(1 —q +2)
= —
a=0 a q (1 q) °
B k—3 k—3—a( 1)aq(a#2~1) |: k _ 3 :| (k _ 3 _ a) Za+b
- - _ a+b’
a=0 b=0 “ q b (1-4q)
The desired formula now follows from comparing coefficients of 27 on both sides of the above identity.
O
Theorem 3.4. For any n > 2, we have
i n—2—j .
j—a —|— EN|j—1+k
=2 \a= 1 k=0
Proof. For any k > 3 and any integer j, define ay ; = e;—1([1], [2], ..., [k — 3]). By B0, it is routine
to verify that
k) = Zak,j(q 1Y g, 3<k<n.
Therefore,
Zgnlk = NGgn— 1+an] q_l gn—j7
k>2
where b, ; = > i o ei-1([1], [2], ..., [k = 3]). By LemmaB:{I, we deduce
n k-3
1 at1y | k—3 k—3—a
=g 3 T[] (R505)
(1—q) k=j+2 a=0 a J \k=2—-]
which gives ([B.8]). O

Corollary 3.5. For any n > 2, the number of permutations m of length n with Flatten(w) avoiding
32-1 is 22_11 28S(n—1,k), and the average number of occurrences of 32-1 in Flatten(r) over m € S,,
is given by 9" 44+ H,.

Proof. Let n > 2. Setting ¢ = 0 in (B.8)), we get

n—2
o (n—2
gn,0 = Ngn-1,0 + Z(—l)J 1< - )gnj,o-

=2 J
Note that g; o = 1. One can prove by induction that

n—1

LN 2R N kg 1k
gn,O—?Z x —I; (n—1,k).

k>1
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The average number can be found in a similar manner as in the case 13-2. O
For more information of the sequence g, (0), see the sequence A001861 in OEIS [I7].

3.2. Counting 12-3-patterns. Let 3 <1¢ < n. We have

1) =Y gn(Vif) + Y ga(lif) = Y/ guar (1) +4" 7Y gn-a(19)

j<i j>i J<i jzi
(3.9) =q" " "gn1 — Z (" = ¢ " g1 (1)
j<i—1

The first-order difference transformation of the above formula gives the recurrence

(3'10) gn(lk) = q_lgn(l(k - 1)) + (1 - qn_k)gnfl(l(k - 1))5 4<k<n.
We will solve it with the initial value
(3.11) 9n(13) = " Pgn1 = 2¢"°(¢"* = D)gn—2, n>3.

Lemma 3.6. Letn>0,0<j<k—1and X ={[n+14:0<i<k—j—1}. Then

Jl - —j—l—l—z k—2 g
" jo1-i) T

=

Proof. By the definition of complete symmetric functions, we have >, h; (X)27 =[Tex(1 —a2)~*

for any set X. Taking X = {[n+1i]: 0<i<k—j—1}, we deduce

. j—kk—j—1 2" -1
hj_1(X)z77t = (1— ) (1—|—7qi)
; 5=1(X) 1—g¢q E) 1l—q—=
Z |: —j—1+a:| qnaza (1 Py )jka
= (1—q) 1—gq
:Z(—l)a k—j—1+al(k—j+a+b—1\ ¢ ezt
S a b (1 _ q)aer'

The desired formula now follows from comparing coeflicients of z7~! on both sides of the above
identity. O

Theorem 3.7. For any n > 3, we have

n—1
(3.12) gn = Z Cn,jYn—js
j=2
where
j—1ln—1—j . . .
k41 k+]_1 k+1—1 k+]_2 (i+1)(n—j—k—1)
=2 e (TGN - [GT)s |

i=0 k=0
Proof. By B10) and (BII)), it is routine to verify that

gn(1k) = ¢" " Z(l — ¢ ankignj, 3<k<n,
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where a,, ,; = 2hj,1({[n —il:j+1<i< k}) - hj,l({[n —il:j+2<i< k}) Therefore,

n—1
(313) gn = Zgn(lk) = (2qn—2 + [n - 2])971—1 + Z bn,j(l - Q)j_lgn—ja
E>2 =2

where

n

(3.14) by, = Z (2hj_1({[n—i]:j+1§i§k})—hj_l({[n—i]:j+2§i§k}))q”‘k

k=j+1

Recurrence ([BI2) now follows from Lemma 3.0 O

Corollary 3.8. For any n > 2, the number of permutations m of length n with Flatten(w) avoiding
12-3 is —2 E;:; (":2) (Bi+Bit1)Bn—i—3, and the average number of occurrences of 12-3 in Flatten(r)

. . 3 2
over ™ € S, 18 given by W +H,.

Proof. Letting ¢ = 0 in (B.12]), we get

n0=5((70) (73) Jprsor n2n

j=1

n

with ¢1(0) = 1 and g2(0) = g3(0) = 2. Define G(z) =3, -, gn(O)(fo;!. Then the above recurrence
translates to

G"(x) = ("G(x)) + e"G(x).

Solving this differential equation gives

G(z) = 2(e® +1)ec 7t <1 - / eletdt> —2.
0

T
X
—1
= Bu—r,
n

Note that

n>0
e T _14x ZBnJrl
n>0
/ 1=’ gt = /ZB —dt = Zén_l%,
n>0 n>1

Recall that the sequence {En} contains both positive and negative integers. (See Rao Uppuluri and
Carpenter [16] and entry A000587 in OEIS [I7]). We define B_; = —1. Then extracting the coefficient
of 2"~2 from the formula above for G(x) gives

= —22 ( ) (Bi + Bit1)Bn-i—3, n>3,

which completes the proof of the first statement.
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For the average number of occurrences, we differentiate both sides of (812)) and set ¢ = 1 to obtain

00 = (200 =20+ = 2))| _ g01(1) + g1 (1) = b,y 902()

= (20-2+ ("5 %) )t gy - LD ZDOZ D, gy,

The desired result now follows from solving this recurrence and noting that the average number of
occurrences is given by g/ (1)/n!. O

4. RECURRENCE IN TERMS OF GENERALIZED SYMMETRIC FUNCTIONS

4.1. Counting 23-1-patterns. Let 3 <i <n. We have
= 9a(1if) + > gn(1id) =Y gn1 (1) + > ¢ gn-1(15)
j<i j>i j<i j>i
(4.1) = ¢ g+ (1=q"%) Y gna(19).
7<i—1

The first-order difference transformation of the above formula gives the recurrence

k—3 . bk —9
(42)  ga(lk) = — L 9n-1 | ]%u@_1»+u—@w_ﬂ%4@w_my 4<k<n.

[k — 3] [k — 3]
We will solve it with the initial value g,(13) = ¢- gn—1 + 2(1 — q)gn—2.

Theorem 4.1. For all n > 2, we have

n—1

(43) In = (1 + [n - 1])971—1 + Z bn,j(l - Q)j_lgn—ju
j=2
where
= CQ2-9n | -3¢ +q+4 | (¢—3)¢"! @
P2 = ,;[k](l )= @12 -1+ D | @-1F  q- 1)
and for j > 3,

bnj= Y. > (L + [ia]) [i)[ao] - - - [3j—2] [k — 2].
k=741 1<i1<ip<--<ij_2<k—3
Proof. For any 3 < k <n and any integer j, define dp, »; by dn3; = ¢dj1 + 2(1 — q)d;2 and
k—3
q [k —2]
dpjj = — )
AR L

By ([#2)), it is easy to verify that g, (1k) = 25;11 dn kjgn—; for any 3 < k < n. On the other hand,
we can solve d, j ; by iteration as follows. For any k& > 4, we have

dok—1,;+ 1=k —2ldn-1k-1,-1, 4<k<n.

k—1

dppn = —[k—2] Z e

Jj=3

¢ _
g T Adaa =

k 3
dnk2 = [k —2]dn32+ (1 —q)[k ¢ =01-qlk-2/(1+[k—2),

]

<.
—
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and for j > 3,
k—1
Ao =1 =)k =2 dn 141
i=j

=(1—q?k—2] > [iv — 2]z — 2]+ - [ij—3 — 2]dn—j42,i; 5,2

2<ij o< <ig<i1 <k
= (1—qf " '[k - 2ax,;,

where
ak,j = > (1+ [ia]) [in]lda] - - [ij—2), G >3
l§i1<i2<”'<ij—2gk—3
Therefore, for all 3 < k < n, we have
k—1

gn(1k) = ¢* g1+ [k =2 > ar;(1— ¢ 'gny,
j=2

where ag > = 1+ [k —2]. Consequently, we obtain the desired formula by using g,, = > _, 9n(1k). O

Corollary 4.2. For any n > 2, the number of permutations 7 of length n with Flatten(w) avoiding
23-1is Y71 28S(n— 1, k), and the average number of occurrences of 23-1 in Flatten(r) over m € S,

is given by "2*192"*4 + H,.

Proof. Let n > 2. Taking ¢ = 0 in the recurrence ([@3]), we obtain

n—2
(1.4) gu(0) =23 ( - 1)gnj<o>.
— \J
J
Note that g1(0) = 1. One can prove by induction that
1« 26kn1 2
gn(0) = 5 > 5= =) _2"S(n - Lk).
k>1 ’ k=1
The average number of occurrences may be obtained as it was for previous patterns. g

4.2. Counting 21-3-patterns. Let 3 <i <n. We have
gn(18) =D ga(Lif) + > gn(1if) = D> ¢" "gn-1(15) + > gn-1(15)
j<i j>i j<i j>i
(4.5) =gn1—(1=¢"") Y gn1(1)).
j<i—1
In particular, since g, (12) = 2g,,—1, we have
(4.6) 9n(13) = gn—1 = (1 = ¢"*)gn-1(12) = gn—1 +2(¢ = )[n = 3]gn—2, n>3.
So we can focus on n > 4. The first-order difference transformation of (L) gives

4" F g1 N [n— klgn (1(k — 1))

(4.7)  gu(1k) = [ —k+1] [n—k+1]

+ (=D —kgn1(1(k=1)), 4<k<n.
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Theorem 4.3. For all n > 2, we have

n—1
(48) gn = NGgn—1 + Z bn,j(q - 1)j_1gn—ju
j=2
where
- n’ (=3  q2¢" *—q"*+q-2)
bn, - k —1)n — k = — —+ —+ ,
2 =2 (= Dln =kl = 5o+ o0y =17
and for j > 3,

bnj= Y, > (n—Jj —ij—2+ D)[ia]lia] - [ij—2][n — K]
k=j+1n—k<iy <iz<--<ij_z<n—j—1
Proof. For any 3 < k < n and any integer j, define d,, x; by dn3,; = ;1 +2(¢ — 1)[n — 3]J, 2 and
n—=k
q [n — K]
Y
e TR oy y

dnkj = dpk—1,;+ (g—1)[n—kldn-16-1,-1, 4<k<n.

By (@), it is easy to verify that g, (1k) = Zf;ll dy k,jgn—j for any 3 < k < n. On the other hand,
we can solve dj 1 ; by iteration as follows:

G S U
tir = P L it
e = Ptz (6= 3l = Dl — K = (g = D= Dl — ]

and for j > 3,

k-1
dnkj = (q—1)[n— k| Z dn—1,i,j—1

i=j+1
j—2
=(qg—1)"n -k > (-2 — 1) [[In — € —id].
3<ij o< <ip<k—1 =1
Combining these formulas, we obtain
k—1 ‘
gn(1k) = gn1+[n =KD ankilg—1)""gnj, 3<k<n,
§=2
where a,, 2 =k — 1 and
(4.9) U k,j = > (n—j —dj—2 + D[ir][iz] - - [ij-2].
n—k<i;<ig<-<ij_o<n—j—1
We derive ([L8) by using g, = Y. ,_, gn(1k). This completes the proof. O

Corollary 4.4. For any n > 2, the number of permutations m of length n with Flatten(w) avoiding
21-3 equals 22:;11 kS(n — 1,k), and the average number of occurrences of 21-3 in Flatten(w) over

. . 3_ 2 p—
m e S, is given by % —H,.
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Proof. Let n > 3. Letting ¢ = 0 in (L38]) gives

n—1
n(n—3 - n—2 n—3
(4.10) gam—n%lww~i7—%nxm+§3—w1((].)+(. )>%jw>
j=3
Note that g1(0) = 1 and g2(0) = 2. By a routine application of the generating function technique, we

may deduce that

Zgn+2(0)x_ _ 2eez+21—1,

|
= n!
which gives the desired formula of g,(0). Differentiating both sides of (@8], and setting ¢ = 1, yields

01 =g 1(1) + b _ygua(l) =gy (1) + LFDOZ2OZD )y

Solving this recurrence, we obtain the requested formula for the average number g/, (1)/n!. O

5. COMBINATORIAL PROOFS

In this section, we provide combinatorial proofs of Corollaries 24, B35 and and of the state-
ments concerning the average number of occurrences in Corollaries B8 and L4l We first prove the
statements concerning the avoidance of the pattern in question.

Combinatorial proofs of Corollaries and (avoiding).

We first treat the case 23-1. Recall that the Stirling number of the second kind S(m, k) counts
the partitions of an m-element set into exactly k& blocks. Then the sum 22;11 2kS(n — 1, k) counts
the partitions of the set {2,3,...,n} having any number of blocks in which some subset of the blocks
are marked. We will denote the set of such partitions by w(n)*. Let m = By/By/-- /By € w(n)*,
1 <k <n-—1, where the B; are arranged in ascending order of smallest elements and some subset
of the B; are marked. Furthermore, we assume within each block B; that the elements are written in
descending order. Finally, let m; denote the smallest element of block B;, 1 <i < k.

We now transform 7 into a permutation of size n whose flattened form avoids the pattern 23-1. We
start by writing the element 1 in a cycle by itself as (1---). We first consider the block By. If By is
not marked, then write the elements of By in descending order after 1 within its cycle to obtain the
longer cycle (1By---). If By is marked, then write all elements of By except for the last one in the
cycle with 1 and start a new cycle with m; = 2; at this point, one would have two cycles (1£~31 )
and (2---), where By = By — {m}.

Continue in this fashion, inductively, as follows. If i > 2 and block B; is not marked, then write
all of the elements of B; at the end of the last current cycle, while if B; is marked, write all of the
elements of B; except m; at the end of the last current cycle and then write the element m; in a cycle
by itself. Doing this for each of the k blocks of 7 yields a permutation ¢ of length n which avoids 23-1
such that Flatten(o) has exactly k ascents. The above procedure is seen to be reversible, and hence is
a bijection, upon considering whether or not the smaller number in an ascent within Flatten(o) starts
a new cycle of o.

For example, if n = 10 and 7 = {6,5,2},{10,7,3},{4},{9,8} € «(10)*, with the second and
third blocks marked, then the corresponding permutation in standard cycle form would be o =
(1,6,5,2,10,7), (3), (4,9,8).

For Corollary 3], we now define a bijection between permutations avoiding 23-1 and those avoiding
32-1 in the flattened sense. To do so, given ¢ avoiding 23-1, let t; = 1 < t5 < --- < ty denote the set of
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numbers consisting of the first (i.e., left) letters of the ascents of Flatten(o), going from left to right.
Note that the ¢; are increasing since there is no occurrence of 23-1 in Flatten(o). Given 1 < i < /4, let
«a; denote the sequence (possible empty) of numbers occurring between ¢;_1 and ¢; in Flatten(o). Note
that the letters of an «; must belong to the same cycle of o, by definition of the ¢;, since ¢ is assumed
to be in standard cycle form. Write the sequence «; in reverse order for each ¢, where the letters
remain in the same cycle of . If ¢’ denotes the resulting permutation, then it may be v erified that
the mapping o — o’ is the requested bijection. For example, if o is as above, then the order of the
letters between 1 and 2 and between 2 and 3 is reversed, which gives o/ = (1,5,6,2,7,10), (3), (4,9, 8).

Given a permutation p = p1p2 - - - p, which avoids 32-1, the above mapping is reversed by consider-
ing the subsequence p; . of Flatten(p) where p;; =1 and p;,. is the smallest letter to the right of p;, _,
if 7 > 1 and changing the order of the letters between p;.  , and p;, for each r. g

Combinatorial proof of Corollary 2.4 (avoiding).

We will show that a permutation avoids 31-2 in the flattened sense if and only if it avoids 3-1-2,
whence the result will follow from Theorem 2.4 in [§] where a combinatorial proof was given. Clearly,
a permutation avoiding 3-1-2 also avoids 31-2. So suppose a permutation o contains an occurrence of
3-1-2 in the flattened sense. We will show that it must contain an occurrence of 31-2. Let Flatten(o) =
o109 -+ - 0,, which we’ll denote by o”.

First suppose that there is at least one ascent to the right of n in ¢’. Let j denote the index of
the left-most such ascent. That is, there exist indices ¢ and j with ¢ < j < n such that o; = n,
0; > 0541 > - > 05 and 041 > 0. Since 0; < 041 < 0y, there exists an index ¢ with i < £ < j
such that oy < 041 < 04—1. Then the subsequence o¢y_10,0j4+1 would be an occurrence of 31-2 in o,
which completes this case.

On the other hand, suppose there is no ascent in ¢’ to the right of the letter n. If o; = n, then
0y > 0541 > -+ > op. Apply now the reasoning of the previous paragraph on the subpermutation
0102+ 0;_1, considering instead of n, the largest element among the first ¢ — 1 positions of o’. If
an occurrence of 31-2 arises as before, then we are done. Otherwise, continue with still a smaller
subpermutation. If no occurrence of 31-2 arises before all of the positions of ¢’ are exhausted, then it
must be the case that there is the following decomposition of ¢’:

o = TrTrfl t T17

for some r > 1, where T} starts with the letter n and is decreasing and T;, 1 < i < r, starts with the
largest letter to the left of T;_17T;_o--- T} followed by a possibly empty decreasing sequence.

Now suppose ¢’ contains an occurrence of 3-1-2 consisting of the letters x, y, and z, respectively.
If my = max(Ty), 1 < k < r, then my > mg > --- > m,, which implies that we may assume that x
and y belong to the same block T; for some i, with = m;, and that z belongs to a block 7T} for some
j with j < i. (Note that if € T3, and y € T;,, where i1 > i2, then we have m;, > m;, >z >y, with
m;, occurring to the left of y in ¢’.) Since the letters are decreasing between = and y, inclusive, with
x > z > y, there must exist an occurrence of 31-2 in ¢’ where the 3 and 1 correspond to a pair of
adjacent letters between z and y (and possibly including x or y) and the 2 corresponds to the letter
z. Thus, ¢’ contains an occurrence of 31-2 in all cases, which completes the proof. g

Given a pattern 7 of type (2, 1), we will refer to an occurrence of 7 (in the flattened sense) in which
the 2 corresponds to the actual letter i as an i-occurrence of 7 and an occurrence in which the 2 and
3 correspond to the letters i and j, respectively, as an (i, j)-occurrence. In the proofs that follow,
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tot(7) denotes the total number of occurrences of the pattern 7 under consideration. Furthermore,
given positive integers m and n, we let [m,n] = {m,m+1,...,n} if n > m, with [m,n] =0 if m > n.

Combinatorial proofs of Corollaries and (average).

We first treat the case 32-1 and argue that the total number of i-occurrences of 32-1 (in the flattened
sense) within all of the permutations of size n is given by (n—1) (Zgl) @ for i € [3,n—1]. Summing
over ¢ would then give the total number of occurrences of 32-1.

Note that within an i-occurrence of 32-1, the letter ¢ cannot start a cycle since there is a letter to
the right of it in the flattened form which is smaller. Note further that the position of j is determined
by that of i’s within an (i, j)-occurrence of 32-1, where i + 1 < j < n. Given i and j, we count
the permutations of size n for which there are exactly r (i, j)-occurrences of 32-1, respectively, where
1 <r <i—2. Note that the position of 7 is determined within such permutations once the positions of
the elements of [i — 1] have been, which also determines the position of j (note that ¢ must be placed
within a current cycle so that there are exactly r members of [ — 1] to its right within the flattened
form).

Thus, there are (";1)! such permutations for each r, which implies that the total number of (4, j)-
occurrences of 32-1 is given by

Since there are n — i choices for j, given 4, with each choice yielding the same number of (i, j)-

occurrences of 32-1, it follows that there are (n — i) (1;1)@ i-occurrences of 32-1, as desired.

Summing over 3 <7 < n — 1, and simplifying, then gives

)=S0 (1) T =w (50 g) (")

i=3 i=3
n!/n—3 3 n—1
= — "WHy-1— =) —(n—1)!
(15 °)wo (=) -0 (")
|
= ?—2(712 —9n—4)+nlH,.

Dividing by n! yields the average value formula found in Corollary 3.5

Writing the letter corresponding to 3 directly after (instead of directly before) the letter correspond-
ing to 2 shows that the total number of (4, j)-occurrences of 23-1 is the same as the total number of
(i, j)-occurrences of 32-1 for each ¢ and j, which implies Corollary 2] O

Combinatorial proof of Corollary 2.4 (average).

Similar reasoning as in the prior proof shows that the total number of i-occurrences of 31-2 in the
flattened sense within all of the permutations of [n] is given by (n —1) ((;) -1) @ for i € [3,n—1].
To see this, first note that there are n—i choices for the letter j to play the role of the 3, given ¢, within
an occurrence of 31-2. Let ¢ € §,,. Note that for each r, 1 <r < i— 3, there are @r permutations
which have an (7, j)-occurrence of 31-2 in which the letter ¢ comes somewhere between the (r + 1)-st
and (r + 2)-nd members of [i — 1] from the left within Flatten(o), and 2@(2 — 2) permutations in
which i occurs to the right of all the members of [i — 1] within Flatten(o). Observe that in the latter
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case, the letter ¢ would either occur within a cycle whose first letter is a member of [i — 1] or as the
first let ter of a cycle. Note that in all cases, the possible positions for j are determined by the value
of r and is independent of the value of . Summing over r, the total number of (i, j)-occurrences of
31-2 is thus given by

(24t (i—3)+260—2n=D ((;) —1) (n D!

(3 (3

Summing over ¢, and simplifying, then implies

i -Eon () -1) =52

=3

_%'n_: (i—l—%)—(n—l)!<(g)—(”—2))

|
_ 1"7'(713 — 302 + 26n — 12) — nlH,.
n

Dividing by n! yields the average value formula found in Corollary 224 O
Combinatorial proofs of Corollaries 3.8 and [4.4] (average).

We first treat the case 21-3. To handle this case, we will simultaneously consider occurrences of the
pattern 3-21. If ¢ € [3,n — 1], first note that there are (i —2)(n — 1)! permutations o of size n in which
the letter ¢ directly precedes a member of [i — 1] in Flatten(o). To show this, first insert ¢ directly
before some member of [2,i— 1] within a permutation of [i — 1] expressed in standard cycle form. Upon
treating ¢ and the letter directly thereafter as a single object, we see that there are H::Hl(s —-1)
choices for the positions of the elements of [i + 1,n] and thus the total number of such permutations
is (1 —2)(i — )], (s —1) = (i — 2)(n — 1)!, as claimed. Within each of these permutations o,
every letter of [i + 1,n] contributes either an i-occurrence of 3-21 or 21-3 depending on whether the
letter goes somewhere before or somewhere after ¢ within Flatten(o). This implies

tot(i-occurrences of 21-3) + tot(i-occurrences of 3-21) = (n —i)(i — 2)(n — 1)!, 3<i<n-—1,
and summing this over ¢ gives
n—1
(5.1) tot(21-3) + tot(3-21) = (n— Iy _(n —i)(i — 2).
i=3

We now count the total number of occurrences of 3-21 within permutations of size n, which is
apparently easier. We first count the number of permutations having an (7, j)-occurrence of 3-21,
where 3 < ¢ < j < n are given. To do so, we first create permutations of the set [i] U {j} by writing
some permutation of [i — 1] in standard cycle form and then deciding on the positions of the letters
¢ and j. Either 7 and j can directly precede different members of [2,7 — 1] or can precede the same
member (in which case i would come before j), whence there are (152) + (-2 = (igl) choices
regarding the placement of 7 and j. Upon treating ¢ and the letter directly thereafter as a single
object and adding the remaining members r of [i+1,n] —{j}, we see that the number of permutations
of length n having an (i, j)-occurrence of 3-21 is

<i;1>(¢_1)! ﬁ P T 1) = <i;1>(”;1)!.

r=it+1 r=j5+1
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Since there are n — ¢ choices for j, given ¢, the total number of i-occurrence of 3-21 is then given

(n—1) (Zgl)@ Summing over 3 <i <n — 1 gives
Sn—ifi-1
2) tot(3-21) = (n — 1)!% - ( ) )

Subtracting (52) from (G yields

tot(21-3) = (n — 1)! f_l(n i) (z P (z ; 1))

= ﬁ(n?’ — 3n? + 26n — 12) — n!H,,
n

which completes the proof in the case 21-3.

A similar proof may be given for the case 12-3. In fact, there are the comparable formulas
n—1
tot(12-3) + tot(3-12) = (n — 1)1 Yy (n—4)i

i

||
o

and

t0t(3-12) = (n — 1)!7121 o z_l <<;> - 1) .

=2

Subtracting, simplifying, and dividing by n! gives the average value formula found in Corollary

O
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