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CYCLIC SIEVING PHENOMENA ON ANNULAR NONCROSSING
PERMUTATIONS

JANG SOO KIM

ABSTRACT. We show cyclic sieving phenomena on annular noncrossing permutations with
given cycle types. We define annular g-Kreweras numbers, annular ¢-Narayana numbers,
and annular g-Catalan numbers, and show that a sum of annular ¢-Kreweras numbers be-
comes an annular g-Narayana number and a sum of annular ¢g-Narayana numbers becomes
an annular g-Catalan number. We also show that these polynomials are closely related to
the cyclic sieving phenomena on annular noncrossing permutations.

1. INTRODUCTION

Let m be a permutation of [n] = {1,2,...,n}. One can represent 7 inside a disk as
shown in Figure [Il If the arrows of the diagram of 7 are noncrossing and if every cycle
of 7 is oriented clockwise, then 7 is called a noncrossing permutation. If we replace each
cycle by a block, then we get a bijection from noncrossing permutations to noncrossing
partitions. Thus, as far as enumeration is concerned, one can use “noncrossing permuta-
tion” and “noncrossing partition” interchangeably. In fact, “noncrossing partition” is more
commonly used than “noncrossing permutation”. However in this paper we use “noncross-
ing permutation” because we will consider annular noncrossing permutations which are
different from annular noncrossing partitions.

FIGURE 1. A representation of the permutation (1,3,4,5)(2)(6,10)(7,8,9)
inside a disk.
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It is well known that the number of noncrossing permutations of [n] is the Catalan

number
1 2n
Cat(n) = n—i—l(n)’

and the number of noncrossing permutations of [n] with k cycles is the Narayana number

NmaoLk)::%<kff1)<Z>.

We use the standard notations

o= 7Lt = (02
{nl + -+ nk] _ It Ay {n} _ [n],!
N, om0 [malghc ! kl, [klgln — k!

We denote by Par(n, k) the set of integer partitions of n with & parts. If A has m; parts
of size i for 1 = 1,2,...,¢ with largest part ¢, then we also write A = (171, 2m2 ... (™),
If A= (1™ ,2m2 ... (™) has k parts, i.e., m; +mg + - - - +my = k, we define

AN k k]l k
A \my,ma, . me)] >\q_ My, Mo, ..oy my] )

The cycle type of a permutation 7 is the partition A = (1™,2™2 ...), where m; is the
number of cycles with i elements. Kreweras [11] showed that the number of noncrossing
permutations (noncrossing partitions in the original paper) of [n] with cycle type A =
(Ima 2m2 ) € Par(n, k) is equal to the Kreweras number

-1, )

Bessis and Reiner [4, Theorem 6.2] showed that if X is the set of noncrossing permuta-
tions (noncrossing partitions in the original paper) of [n] with type A = (1™,2™m2 ...) €

Par(n, k),
o=t .

and C' is the cyclic group of rotations acting on X, then (X, X(q),C) exhibits the cyclic
sieving phenomenon, see Section 2 for the definition.

Reiner and Sommers [14] defined the ¢-Kreweras number for A = (1™ ,2™m2 ...) €
Par(n, k) by
(n+1)(n—k)—7(X) k
q n
‘ k], k-1, 1,

where 7(A\) = 3.5 MiAi 4, and the g-Narayana number by

(n—k)(n+1—Fk)
q n n
Nara,(n, k) = —[n] [k B 1] [k] ,
q q q
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and showed that
Z Kre,(\) = Nara,(n, k)

A€Par(n,k)
and

Z Nara,(n, k) = Cat,(n),
k=0

where Cat,(n) is the ¢-Catalan number defined by

Cat, (n) = ﬁ ﬁﬂ )

In this paper we prove analogous results for annular noncrossing permutations.

Annular noncrossing permutations (respectively partitions) are an annulus-analog of
noncrossing permutations (respectively partitions). It should be noted that annular non-
crossing permutations are not in bijection with annular noncrossing partitions. However,
these two objects can be identified in most cases. See Remark 2.1] for more details about
their difference.

Annular noncrossing partitions were introduced by King [10] in the study of a statistical
physics model. Annular noncrossing permutations were considered by Mingo and Nica [12]
and studied further in [7, [13]. Recently Kim, Seo, and Shin [9] used annular noncrossing
permutations to give a combinatorial proof of Goulden and Jackson’s formula [6] for the
number of minimal transitive factorizations of a product of two cycles.

This paper is organized as follows. In Section 2l we define annular noncrossing permu-
tations and state the main result Theorem which gives cyclic sieving phenomena on
annular noncrossing permutations. In Section [3 we define annular ¢g-Kreweras numbers,
three types of annular ¢-Narayana numbers, and annular ¢-Catalan numbers and show
that a sum of annular g-Kreweras numbers becomes an annular g-Narayana number, and a
sum of annular g-Narayana numbers becomes an annular ¢-Catalan numbers. In Section [4]
these numbers multiplied by 2 are shown to be polynomials in ¢ with nonnegative inte-
ger coefficients. In Section [5] we prove Theorem 221 In Section [l we enumerate annular
noncrossing matchings.

2. CYCLIC SIEVING PHENOMENA

Let n and m be positive integers. An (n, m)-annulus is an annulus in which 1,2,... ,n
are arranged in clockwise order on the exterior circle and n+1,n42, ..., n+m are arranged
in counter-clockwise order on the interior circle.

Let (aq,...,ax) be a cycle whose elements are contained in [n+m]. We will represent this

cycle inside an (n, m)-annulus by drawing an arrow from a; to a;4; for each i = 1,2, ...k,
where axy1 = aj. An interior cycle (respectively ezterior cycle) is a cycle all of whose
elements are on the interior (respectively exterior) circle. A connected cycle is a cycle
which contains both an element in the interior circle and an element in the exterior cycle.
Suppose {e; < ey < ---<e,} ={ay,...,agfN[n] and {iy <is < - <i,} ={ay,...,a N
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FIGURE 2. A representation of the annular noncrossing permutation
(1,2,3,6,15,10,11)(4,5)(7,8,9,13,14)(12).

{n+1,n+2,...,n+m}. Then we say that the cycle (a,...,ax) is oriented clockwise if
we can express

(@1, ey @) = (€ry Crity v ey €y €1, €0y e oy €1yl Tty v vy by G150, oy T5—1)

for some integers 1 < r < w and 1 < s < v. In this case we say that the cycle (aq, ..., ax)
is of size k, of exterior size u and of interior size v.

A permutation of [n+m] is called an (n, m)-annular noncrossing permutation if we can
draw its cycles inside an (n, m)-annulus in such a way that every cycle is oriented clockwise
and there are no crossing arrows, see Figure

Remark 2.1. Unlike noncrossing permutations, the map changing each cycle to a block
is not a one-to-one correspondence between annular noncrossing permutations and annu-
lar noncrossing partitions. For instance the two (2, 1)-annular noncrossing permutations
(1,2,3) and (2,1, 3) get sent to the (2, 1)-annular noncrossing partition with only one block
{1,2,3}. However, as is shown in [I2, Proposition 4.4], if there are at least two connected
cycles, then this map becomes a bijection. Thus every result in this paper on annular
noncrossing permutations with at least two connected cycles works as well for annular
noncrossing partitions.

If an (n, m)-annular noncrossing permutation has a connected cycle, it is called con-
nected. Since a disconnected annular noncrossing permutation is essentially a disjoint
union of two noncrossing permutations, in this paper we will only consider connected an-
nular noncrossing permutations.

We denote by ANC(n, m) the set of connected (n, m)-annular noncrossing permutations.
For m € ANC(n,m), the exterior cycle type (respectively interior cycle type) of m is the
partition (1™,2™2 .. .) where m; is the number of exterior cycles (respectively interior
cycles) of size i. The connected exterior cycle type (respectively connected interior cycle
type) of 7 is the partition (1™ ,2™2 . .) where m; is the number of connected cycles of
exterior size (respectively interior size) i.



CYCLIC SIEVING PHENOMENA ON ANNULAR NONCROSSING PERMUTATIONS 5

For integers n,m,c,r,s, R,S > 0 and a € Par(R,r), § € Par(S,s), A € Par(n — R, ¢),
and p € Par(m — S, ¢), we define the following:

e ANC(n,m;c) is the set of 7 € ANC(n,m) with ¢ connected cycles.

e ANC(n,m;c,r,s) is the set of m € ANC(n, m; ¢) with r exterior cycles and s interior
cycles.

e ANC(n,m;c,r,s,R,S) is the set of m € ANC(n, m;c,r,s) such that the total size
of exterior cycles is R and the total size of interior cycles is S.

e ANC(n,m;c,r, s, R,S;a, B, A\, i) is the set of 1 € ANC(n,m) with exterior cycle
type o € Par(R, ), interior cycle type 8 € Par(9, s), connected exterior cycle type
A € Par(n — R, ¢), and connected interior cycle type u € Par(m — S, ¢).

Definition 2.1. Suppose a cyclic group C of order n acts on a finite set X. Let X(q) be
a polynomial in ¢ with nonnegative integer coefficients. We say that (X, X (q), C') exhibits
the cyclic sieving phenomenon (CSP) if X(w(c)) = {z € X : ¢(z) = z}| for all ¢ € C.
Here, w : C — C* is a group homomorphism of C' into the multiplicative group C* of
nonzero complex numbers sending a cyclic generator of C' to a primitive nth root of unity.

The CSP was first introduced by Reiner, Stanton, and White [15]. Recently many
instances of the CSP have been found. In [16], Sagan gives a nice survey on the CSP.

The goal of this section is to find cyclic sieving phenomena for ANC(n,m). To this
end, let C7 x Cy be the product of two cyclic groups C acting on the exterior circle and
Cy acting on the interior circle. Then C; x Cy gives a bicyclic action on ANC(n,m) by
(c1,c2)m = ¢1(ca(m)) = ca(cr(m)). One may wonder if this bicyclic action gives a “bicyclic
sieving phenomenon” as in [3]. However, this is not the case because of the next proposition.

Proposition 2.1. Let (c1,c3) € Cy X Cy. Then (c1,c2) has no fived points in ANC(n, m)
unless ¢; and ¢y have the same order.

Proof. Let d; and dy be the orders of ¢; and ¢y, respectively. Suppose m € ANC(n, m) is
a fixed point, i.e., (c1,co)m = 7. Let ky = n/d; and ko = m/ds. We can assume that c¢;
is the map sending ¢ € [n] to j € [n] with j = i + k; mod n, and ¢, is the map sending
n+ie{n+1,...,n+m}ton+j€{n+1,...,n+m} with j = ¢ — ky mod m. Note
that for each i € [n], cgt) (1) = i implies that ¢ is divisible by d; because if t = s-d; +r with
0 <r <dy, then

cgt)(z')Ei+k1-tzz’+n-dl§éimodn.
1

Similarly for each i € {n +1,...,n 4+ m}, cgt)(i) = ¢ implies that t is divisible by ds.
Consider a connected cycle v = (ay, ..., Gy, b1, ..., b,) of @ where ay,...,a, € [n] and
bi,...,by € {n+1,...,n+m}. Note that u > 0 and v > 0. Since (c1,c) ™) (7) =
7 and (c1,c) B (y) = (al,...,au,cgdl)(bl), ) ..,cgdl)(bv)), we have (c1,c) %) (y) = ~. In
particular, cédl)(bl) = by, which implies that d; is divisible by d,. Similarly we get that ds
is divisible by dy. Thus d; = ds. O

Thus we will only consider the elements (cq, ¢3) for which ¢; and ¢ have the same order.
We call such pair (¢, c2) an (n, m)-annular rotation, or simply an annular rotation. Note
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that if (¢1, ¢2) is an (n, m)-annular rotation, then the order d of this action divides both n
and m.
Now we state the main theorem of this paper. The proof is given in Section [Bl

Theorem 2.2. Let n,m,c,r,s, R, S be nonnegative integers and o € Par(R,r), f €
Par(S,s), A € Par(n — R,¢), and p € Par(m — S,¢). Let C be the cyclic group of (n,m)-
annular rotations. Then the following exhibit the cyclic sieving phenomenon:

(2.1)

(ANC(n,m;c,r,s,R,S;a,ﬁ,)\,,u),[(n_R)(m_S)]q m [m_ H _s] H H ,0),

c]q ri s, lal, 18], A, Lp

sl r—1 s—1

(2.3) <ANC(n, m;e,r, ), c{: ﬂ q L Z J q LTC] ) 0) :

(2.4) (ANC(n, mic), e Vi’ (J q {m%f C} ) C) ,

(2.5) (ANC(n,m), 2nml, [2”_ 1] Fm - 1] ,C’) .

m+nl,| n m

(22) (ANC(n,m;c, s R, s>,c{”um' - MS - 1L " Riq{m— SL’O) ,

Considering the annular rotation of order 1 in Theorem 2.2] i.e., the identity action, we
obtain the following enumeration results.

Corollary 2.3. We have
(2.6)

s - BI04 1) () 0)()

o [t
(2.8) # ANC(n, m; ¢, 7, 5) = cC‘) (’?) (T Z C) <8T0),
(2.9) 4 ANC(n, m: ¢) =c<n2fc) <m27fc |

(2.10) 4 ANC(n, m) = 21 (2” - 1) (2m - 1).

m+n
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If an annular noncrossing permutation is invariant under an annular rotation of order 2,
it is called an annular noncrossing permutation of type B. We define ANCg(n, m) to be
the set of connected (2n, 2m)-annular noncrossing permutations of type B. We then define

ANCg(n,m;c) = ANCg(n,m) N ANC(2n, 2m; 2c),
ANCg(n,m;c,r,s) = ANCg(n,m) N ANC(2n, 2m; 2c, 2r, 2s),
ANCg(n,m;c,r, s, R, S) = ANCg(n,m) N ANC(2n, 2m; 2¢, 2r, 2s, 2R, 25),
ANCg(n,m;c,r, s, R, S;a, 5, A\, i) = ANCp(n, m)

N ANC(2n,2m; 2¢, 2r, 2s,2R, 25; 2c, 23, 2\, 21),

where 2\ = (2)\1, 2)\2, ce )

Notice that every connected annular noncrossing permutation of type B contains at least
two connected cycles. Thus annular noncrossing permutations of type B are in bijection
with annular noncrossing partitions of type B.

Considering an annular rotation of order 2 in Theorem we obtain the enumeration
results below.

Corollary 2.4. We have

(2.11)

pancatn e sn = =R (1) () () () G)
pi pascutnmens s -2 () (P () ()
pw aascutmmens -2 (") )(7)

(2.14) # ANCp(n, m;c) :20( 2n )( 2m )

n—=«c m — C
(2.15) # ANCi(n,m) = (2:) (2777?) |

We note that (2.10) was first proved by Mingo and Nica [12, Corollary 6.7] and (2.13]),
(2.14), and (2.15) were first proved by Goulden, Nica and Oancea [7, Equations (4.6), (4.7),
(4.9)].

3. ANNULAR ¢-KREWERAS NUMBERS

In this section we define annular versions of g-analogs of Kreweras, Narayana, and Cata-
lan numbers, and evaluate their sums. These numbers are closely related to the polynomials
in Theorem
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For brevity we will use the following abbreviations throughout this section:

X =c(e—1),

Y=r(ct+r)+s(c+s),

Z=rn—c—R)+s(m—c—29),

W=r(R—r)+s(S—s)+cn—R—c)+cim—S5—c¢c)—71(a) —7(5) — 7(\) — 7(p).
Definition 3.1. The annular q-Kreweras number

Kre®™ = Kre™(n,m; ¢, 7, s, R, S; o, B, A, 1)

is defined by

e gt ol Bk L{;} AL,

The annular g-Narayana number Narai™ = Narai™"(n,m;c,r, s, R, S) of type 1 is defined
by
Nara®™ — %" ¢ [nm], [2c], [n] [m} [R — 1] [S — 1} [n — R} [m — S} ‘
[nlglmlg 2 [r|, ls], lr—1],ls=1],l ¢ [,l ¢ ],
The annular g-Narayana number Narad™ = Narad™ (n, m;c,r, s) of type 2 is defined by

o =g BB 1] [ 2] [ ]

ann (

n,m;c) of type 3 is defined by

Naraj™ = ¢* [i?ﬂ]ﬁq qu Vf c] ) [m2 . c] .

The annular q-Narayana number Nara3™ = Naraj

The annular qg-Catalan number Cat™" = Cat™"(n, m) is defined by

Catemn — LMy {271} {2m} |

2m+nl, [ n |, [ m

In the introduction we saw that the sum of g-Kreweras numbers is equal to the ¢-
Narayana number, and the sum of g-Narayana numbers is equal to the ¢-Catalan number.
We show that annular versions of these numbers have similar properties. In order to do
this, we prove three lemmas.

The first lemma is due to Reiner and Sommers [14]. We include their elegant proof as
well.

Lemma 3.1. [T4] Let 7(\) = > .o NiNiy, where X' is the transpose of A. Then

Z qk(n—k)—T()\) {k} _ [”—1] .
A ‘ k—1 .

A€Par(n,k)
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n—=k
- T~ O =R
a1 ‘
: q(k’—uz)l% [“2} 1
q(k—u:s)m Q-
(2],

Qi — .

Py Py P, J

Ha 3 H2

F1GURE 3. We decompose v and get .

Proof. Let A = (1™,2™2 . ..). Then my + 2my + --- = n and my + my + --- = k. Since
Ao =m; +m;q + -+, we have
k(n—k)—r () | K (k=N Al (k=) N\, Ay o
q )\ q )\/ q )\/ *
q 21q 3dgq

Thus we can rewrite the identity as follows.

n—1 - H1 k—p2)us | M2
(3.1) l ] — glk—rma l ] glk—r2dms l } e
ey s 1]

pePar(n),pu1=k f2 f3

The left hand side of (3.1 is the sum of ¢!/ for all partitions v contained in a k x (n—k) rec-
tangle where the kth part of v is 0. For such a partition v we define points Q1, P, Q2, Ps, . ..
as follows. Let Q1 be the upper right corner of the rectangle. When @); is defined, let P; be
the point on the base of the rectangle which is vertically below ();. When P; is defined, let
Qi+1 be the intersection of the border of v and the northwest diagonal ray starting from
P;. We define the sequence of points until we reach the bottom-left corner of the rectangle.
Since v has no cells in the kth row of the rectangle, we can always complete this sequence.
Let p be the partition whose ith part is equal to the length of the segment P;,_; P;, where
Py = Q. Then p € Par(n) and p; = k. It is easy to see that the sum of ¢! for partitions
v which give u is equal to the summand in (3.1]), see Figure Bl This proves (B.1]). OJ
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Lemma 3.2. For fized integers n,r,c, we have
T’(n—C—R) R_l n_R _ n
1 r—1 c r+c|’
R>0 q q q
Proof. This can be proved by a standard technique considering the largest rectangle with

width r contained in partitions inside an (n — r — ¢) X (r + ¢) rectangle. This can also be
proved by using the ¢-Chu-Vandermonde theorem [5] I1.7]. O

Lemma 3.3. Let n, m, and k be nonnegative integers. Then

c(e—1+k) 2n+ k| 2m+ k| [n4klgm+ kg [2n+ k] [2m+k
Zq [2¢ + k], = )
— n—cl,lm-c], m+m+kly [n+k] [m+k],

Proof. Tt is straightforward to check that
(3:2) ¢ ntmerk]y[2e4+k], = ¢ [t et kg [mAe bk =g -] [m—d],.

Let o(c) = ¢(c — 14+ k). Then by (B.2)) the left hand side is equal to

1
[n+m+ k|,
e oleil n+ k| [2m+k
x;(q()[n+c+k]q[m+c+k]q—q(+)[n—c]q[m—c]q){n_c]q{m_c}q
_ [2n+ Kg[2m + K],
[n+m+ k|,
Xz<q0(0)l2n+k_l} [2m—l—k:—1} _q0(0+1)[2n+k:—1} {2m—|—k5—1}>
= n—c |, m—-c |, n—c—1] |m—-c—1],
_ 2n+E][2m 4+ K], [2n+k—1] [2m+k—1
[n+m+ k|, [ n L[ m L
K] m K] [2n+ k] [2m+ kK
 [n+m+E], {n+k]q{m+k]q'

We note that this can also be proved by using the very-well-poised g¢5 summation formula
[5, T1.21] with ¢ = ag™™*. O
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Theorem 3.4. We have
Z Kre™(n,m;c,r, s, R, S; o, B, A\, ) = Narai™ (n,m;c,r, s, R, 5),

a€Par(R,r)

BePar(S,s)
AePar(n—R,c)
pePar(m—S,c)

Z Nara?™(n,m;c,r, s, R, S) = Narai"™(n,m;c, 1, s),
Z Naray™(n,m;c,r, s) = Narad™ (n, m; c),
Z Nara3"™ (n,m; c) = Cat™"(n,m).

Proof. The first, second, and fourth identities follow from Lemmas B.1 B2, and B3], re-
spectively. The third identity follows from the ¢-Chu—Vandermonde identity:

i(m—k+i) | T n m+n
2 k—i) i), | k)
i>0 qldq q

O

In the next section we show that the annular g-Kreweras numbers, the three types
of annular ¢-Narayana numbers, and the annular g-Catalan numbers, when multiplied
by 2, are polynomials in ¢ with nonnegative integer coefficients. See Proposition (4.4l
Unfortunately, these numbers are not polynomials with integer coefficients. For instance,
Cat™(1,1) = (1 + q)/2.

4. POLYNOMIALITY AND NONNEGATIVITY

A polynomial f(z) = ag + a1z + - - + a,2™ is called symmetric if a; = a,_; for i =
0,1,...,n, and unimodal it ag < ay < --- < a; > aj41 > -+ > a, for some j. We denote
by Z|q] (respectively NJg|) the set of polynomials in ¢ with integer coefficients (respectively
nonnegative integer coefficients).

We will use the following three lemmas.

Lemma 4.1. [1 Theorem 3.9] If f(z) and g(z) are symmetric, unimodal polynomials,
then so is f(z)g(x).

Lemma 4.2. [15, Proposition 10.1 (iii)] If f(q) = h(q)/[k], € Z[q], and h(q) € N|[q] has a
symmetric, unimodal coefficient sequence, then f(q) € Nlq].

As is mentioned in [I5], the above lemma is also derived implicitly in [2].

Lemma 4.3. For nonnegative integers N,n,k with N > n and a partition A € Par(n, k),

we have %KLGN[QL %[ZLKLEMQ].
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Proof. We claim that

1] -5

Assuming the claim let us show the lemma. By (1)) and the fact [N], = [N —n],+¢""[n],
we also have

e f] -] [

gt U R P R

It is known that ¢g-multinomial coefficients [":;jm‘f] are symmetric and unimodal. See for
7777 q

. (n]q Tk [N=nly [N] Tk

instance [17]. Thus by Lemmas LT and L2 we get [/\]q € Nlq] and =57 [k]q [/\L € N[q|.

We now show (4.1]). We will use the g-Pochhammer symbol
(@), =01-q)1—q") - (1-4q").

n] (@:9)n
Note that [] = g%la—.

Since
k
¢ —1=1](g—w),
j=1
where wy,ws, ..., wy are the kth roots of unity, in order to prove (.1]), it is sufficient to

show that ¢ — w; divides (1 — ¢") mq for all j = 1,2,...,k. Fix an integer 7 and suppose
w; is a primitive rth root of unity. Then r divides k. Note that ¢ —w; divides ¢° — 1 if and
only if r divides s. Note also that the multiplicity of ¢ —w; as a factor of ¢° — 1 is at most
1. Thus the multiplicity of the factor ¢ —w; in (g; ¢)s is equal to [s/r|. We have two cases
as follows.

CASE 1: r divides n. Then ¢ — w; divides ¢" — 1 and we are done.

CASE 2: r does not divide n. Let A = (1™,2™2 ... (™). Then we have n = Zle i-mg,
k=3 m; and

(4.2) mq - q(q; ) I

A o (@ Dmsy =+ (G Dmy

The multiplicities of the factor ¢ —w; in the numerator and denominator of (£.2) are |k/r|
and |my/r| + |me/r| + -+ [my/r], respectively. Since r does not divide n, at least one

of my, mo, ..., my is not a multiple of r. Thus we have
m m m m m m k k
U Y [ O U L . H
r r r r r r r r

which implies that ¢ — w; divides m - This finishes the proof of ({Z1]). O
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Proposition 4.4. We have

2Kre™ (n,m;c,r, s, R, S;a, 5, \, ) € Nlg],
2 Narai""(n,m;c,r, s, R, S) € N[q],

2 Naray™(n,m;c,r,s) € Nlg],

2 Nara3™(n, m; c) € N|q],

4l

Proof. By Theorem [3.4] it is sufficient to show the first statement for the annular ¢-
Kreweras numbers. Since 2 Kre®™"(n, m;c,r, s, R, S;a, 8, A, p) is equal to

roeet (s2n] [1) (252 (2] )

we are done by Lemma (4.3 O

We now prove that the rational functions in Theorem are actually polynomials in ¢
with nonnegative integer coefficients.

Proposition 4.5. We have

== f) 1] (1] [] ] ] e

i ey

Proof. By Lemma 3] % [ﬂ is a polynomial. Since
q

oo et L GLEL T,

and [abl, = [a]y[blg= = [bl4]al,p, we obtain the first statement.
For the second statement, by Lemmas [Tl and [4.2] it is sufficient to show that

o fon ) o] g ) o) gy

m+nl,| n m N ) m
We will use the same idea as in the proof of Lemma (43l Let wq,ws,...,w,im be the
(n + m)th roots of unity. We need to show that (¢ — w;) divides (1 — ¢*"™) [2”;1](1 > .

for j =1,2,...,n+m. Fix j and suppose w; is a primitive pth root of unity. If p divides
nm, then ¢ — w; divides 1 — ¢*"™. Suppose p does not divide nm. Then we can write
n = Aip+ By and m = Asp + By, where 0 < By, By < p. Since p divides n + m, we must
have By + B, = p. Without loss of generality we can assume that B; > £. Since

(1_q2nm>{2n—1]q[2m—1k: %(1_@{%}1%—1}(;

n m 1—g¢q n m
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and the multiplicity of ¢ — w; in ﬁ:‘]q is {2—"J — FJ — FJ =2A14+1—-A; — A =1, we

p p p
obtain that ¢ — w; divides (1 — ¢*"™) [2"_1]q [Zm_l}q. This finishes the proof of the second

n m
statement. O

5. PROOF OF CYCLIC SIEVING PHENOMENA

For a partition A = (1™*,2™2 ...) we denote by G(\) the set of rearrangements of the

sequence
mi mo

—N—
119 .2 ..
In other words, each element in G(\) is a sequence (aq, as, . .. ) where each integer i appears

exactly m; times. If each m; is divisible by d, we define \/d = (1™/4 2m2/d ). In this
case we say that X\ is diwvisible by d.

Lemma 5.1. If there is a permutation 1 € ANC(n,m;c,r, s, R, S;a, 5, \, ) invariant
under an annular rotation of order d, then all of n,m,c,r,s, R, S, a, 8, A\, u are divisible by

d.

Proof. Since this is obvious when d = 1, we can assume that d > 2. Suppose that 7 is
invariant under an annular rotation (c;,ce) of order d. It suffices to show the following
claim.

Claim: for every cycle v of 7, we have (c1,co)® () #~ forall i =1,2,...,d— 1.

We first consider a connected cycle v = (aq, ..., ay, b1, ...,b,) with ay,...,a, € [n] and
bi,...,b, € {n+1,....,n+m}. Suppose for contradiction that (ci,c3)?(7) = 7 for some
1<1<d-—1. Then we get

Y= (01,02)(i)(7) = ((01,02)(i)(01)a ) (Clac2)(i)(au)’ (01702)(i)(51)a ) (Clac2)(i)(bv))'

Since the expression v = (ay, ..., ay, b1, ..., b,) is unique, we have (c1, c2)¥(a;) = a;, which
is impossible because 1 < i < d—1. Thus (c1, ;)@ () are distinct foralli = 0,1,2...,d—1.
In the diagram of 7 we have d distinct arrows from (c1, ¢2)® (ay) to (c1,c2)@(by) for i =
0,1,2...,d — 1. These arrows then divide the annulus into d regions. By the noncrossing
property, we obtain the claim. O

Now we are ready to enumerate annular noncrossing permutations with given cycle types.

Theorem 5.2. The number of permutations m € ANC(n, m;c,r, s, R, S;a, B, A\, u) invari-
ant under an annular rotation of order d is equal to

2R E0R6)

if all of ny,m,c,r,s, R, S,a, B, \, i are divisible by d, and 0 otherwise. Here 7 means Z/d.

Sketch of Proof. Since the proof is similar to those in [7, Proposition 4.2] and in [8, Propo-
sition 4.1], we will only give a sketch with an example.
By Lemma [5.1] we can assume that all of n,m,c,r, s, R, S, a, 5, A, u are divisible by d.
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30 1
—

FI1GURE 4. The annular noncrossing permutation 7 in the proof of Theo-
rem [5.2l Here, n = 30, m = 18, and  is invariant under an annular rotation
of order d = 3. Each orbit of the annular rotation consists of one cycle with
solid arrows, one cycle of dashed arrows, and one cycle of dotted arrows.

Let (c1,¢2) be an annular rotation of order d. We will find a bijection between the set

m € ANC(n,m;c,r, s, R, S;a, B, A\, ), (c1, o) =,
A=< (y,7)| _ .
v is a connected cycle of
and the set

a€n—R|be[m—S5],
RP C [n], RT C [m],|RE| =7, |R!| =75,
VE € &(a),V! € &(B),
VOE € (N), VOl € &(1)

Suppose (v, 7) € A. As a running example we will consider (-, 7), where 7 is the annular
noncrossing permutation in Figure @ and v = (27,28, 4, 37, 40).

Let v = (a1,...,ay,b1,...,b,) with ay,...,a, € [n] and by,...,b, € {n+1,....,n+m}.
We define a = a; and b = b,. Let A, As, ..., As be the n consecutive numbers on the
exterior circle in clockwise order starting with A; = a. Let By, Bs,..., Bz be the m

B=1{(a,b,RY R, VF VI VO vl
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consecutive numbers on the interior circle in counter-clockwise order ending with By = b.
In our example, we have a = 27, b = 40, and

Ay, As, .o An =27,28,29,30,1,2,3,4,5,6,
Bi, Ba,...,Ba = 35,36, 37, 38,39, 40.

By symmetry, 7 is determined by the cycles whose elements are contained in the sequence
(51) Al,AQ,...,Aﬁ,Bl,Bg,...,Bﬁ.

From now on we consider only those cycles. For each exterior or interior cycle of size t,
we place a right parenthesis ); labeled by ¢ after the rightmost integer in the sequence (&.1])
which is an element of the cycle. We define R¥ (respectively R!) to be the set of integers
i for which A; (respectively B;) has a right parenthesis. In our example, we have

Al> A27 A3a A47 A5)2> AGa A7)3a A8a A97 A10> Bl)la BQa B37 B47 B5)2a Bﬁ
27, 28, 29, 30, 1)s, 2, 3)s, 4, 5, 6, 35, 36, 37, 38, 39)s, 40.

Hence, RF = {5,7} and R! = {1,5}.

Then we have |RE| = 7 and |R/| = 5. Let iy < iy < .-+ < iz be the elements of
RE. We define V¥ to be the sequence (¢1,0s,...,¢;) where ¢; is the label of the right
parenthesis after A;,. The sequence V1 is defined similarly. In our example, VE = (2, 3)
and VI = (1,2).

Now remove the integers contained in an exterior or an interior cycle from the sequence
(51). For each connected cycle, we place a left (respectively right) parenthesis before
(respectively after) the leftmost (respectively rightmost) integer in the remaining sequence
which is an element of the cycle. In our example, we have

(27,28, 4, (5, 6, 36), 37, 40).

Then the c left parentheses divide the first part of the remaining sequence consisting
of integers at most n into ¢ subsequences. Let V¢ be the sequence of sizes of the c
subsequences. Similarly, the ¢ right parentheses divide the second part of the remaining
sequence consisting of integers greater than n into ¢ subsequences. We define V! to be
the sequence of sizes of the ¢ subsequences. In our example, we have V¢ = (3,2) and
Vel = (1,2).

We have just constructed the map (v, 7) — (a,b, R¥, RL, VE VI VCE VEI) Using the
ideas of [7, Proposition 4.2] and [8, Proposition 4.1] , one can show that this gives a bijection
from A to B.

Thus the number of 7 € ANC(n,m;c,7,s, R, S;a, 3, A, ;) invariant under an annular
rotation of order d is |A|/c = |B|/c, which is easily seen to be equal to the number in the
theorem. 0

The following evaluations of ¢g-binomial coefficients at a root of unity are well known.
See for instance [18, Exercise 96 in Chapter 1].
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Lemma 5.3. Suppose w is a primitive dth root of unity and n is divisible by d. Then we
have

[n]q=w = n/d7
{n] _ { (Z;g) if k 1s divisible by d,
q=w

k 0 otherwise,
n=11 [ (") ifk is divisible by d,
ko] — 0 otherwise.

Now we are ready to prove Theorem 2.2

Proof of Theorem [2.2. We will only show that (2.1) exhibits the cyclic sieving phenomenon.

Then (2.2), 23), 24), and 23] follow from Theorem [3.4] and the fact that if ¢ is equal
to w a primitive dth root of unity for a common divisor d of n and m, then

ot -8B [ ] 1] ]

Nara®™(n, m: c. . 5. R. S):Cm m {3—1] [5—1] [n—R] [m—S] ,
quqr_lqs_lq ¢ g ¢ a

ann n| [m n m
Naraj (n,m;c,r,s):c[} [ } [ } [ } :
rl Lsl lr el lstel,

2 2
Nara3™(n,m;c) :c[ " } [ " } ,
n—cl,|m-c|,

Cat™(n, m) = L2 F” - 1} Fm - 1} |

[m +nl, n m

Suppose (¢, ¢o) is an (n, m)-annular rotation of order d. Then d divides both n and m.
By Theorem it is sufficient to show that for w a primitive dth root of unity, we have

s BB (05560

if all of n,m,c,r,s,R,S,, 5,\, u are divisible by d, and X (w) = 0 otherwise. By Lem-
ma 0.3 we get (B.2)) when all of n,m, ¢, r, s, R, S, «, 8, \, u are divisible by d.

It remains to show that if at least one of n,m,c,r, s, R, S, a, 8, A\, pu is not divisible by d,
then X (w) = 0. Since d divides both n and m, we have the following cases.

CASE 1: r or s is not divisible by d. By (43)), X (¢) is a polynomial divisible by [:‘]q [Tﬂq.
Thus, by Lemma (.3 we get X (w) = 0.

CASE 2: Both r and s are divisible by d, but « or § is not. Suppose o = (191,22 .. .)
is not divisible by d. Suppose moreover that a; is not divisible by d. Again by ([4.3)), X (q)

is divisible by
[r} {r} [ r—aj
v q Q; q A1y .oy A1, Q5415+ - q




18 JANG SOO KIM

Thus, by Lemma [5.3] we get X (w) = 0. If 5 is not divisible by d, by the same arguments,
we get X (w) = 0.

CASE 3: All of r, s, «, B are divisible by d, but ¢ is not. Note that since o and S are
divisible by d, so are R and S. By (4.3]), we can write

_ ,m=S
X = V(o)

_,ym—S
1 - = (0 and we get

—wC -

for a polynomial Y (¢q). Since m — S is divisible by d, but ¢ is not,
X(w) =0.

CAsE 4: All of r, s, 0, B, R, S, ¢ are divisible by d, but A or p is not. Suppose A is not
divisible by d. By (@3], X(q) is divisible by [ﬂq. By the same argument as in CASE 2

we obtain that X (w) = 0. If p is not divisible by d, we can do the same thing using the

expression
o= g S 1 10 TG B,

Thus in all cases we have X (w) = 0, which finishes the proof. O

6. ANNULAR NONCROSSING MATCHINGS

An (n,m)-annular noncrossing matching is a complete matching on [n + m] which can
be drawn in an (n, m)-annulus without crossing. By considering each matching pair (7, j)
as a cycle of size 2, one can identify an annular noncrossing matching with an annular
noncrossing permutation consisting of cycles of size 2 only.

Theorem 6.1. Suppose n = m = ¢ mod 2. The number of (n, m)-annular noncrossing
matchings with exactly ¢ connected matching pairs is

(2)(2)

Proof. Such an annular noncrossing matching can be considered as an annular noncrossing
permutation with a = (2%) € Par(2R, R), 8 = (2%) € Par(29,9), A = u = (1¢) € Par(c, c),
and n — 2R = m — 25 = ¢. Thus, we obtain the formula immediately from (2.6). O

We can also obtain a closed formula for the total number of connected annular noncross-
ing matchings.

Theorem 6.2. For n = m mod 2, the number of connected (n, m)-annular noncrossing

matchings is
ﬁiﬁ%) Q%)'
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Proof. We will prove the equivalent statement: for & € {0,1}, the number of connected
(2n + k, 2m + k)-annular noncrossing matchings is

(n+k)(m+k) <2n+k:) <2m+k).

n+m-+k n—+k m+k

By Theorem [6.1] the number is equal to

S (20 (204 1)

c>0
Then we are done by Lemma for ¢ = 1. OJ
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