BLACK CELL CAPACITY IN CATALAN POLYOMINOES
JEAN-LUC BARIL, SELA FRIED, NATHANAEL HASSLER, AND JOSE L. RAMIREZ

ABSTRACT. A Catalan word is a sequence wiws - - - w, of non-negative integers such that
wi; =0 and w; < w;—1 + 1 for 2 < i <n. From each Catalan word we construct a column-
convex polyomino (or bargraph) by placing, at position 4, a column of height w; 4+ 1, with
all columns aligned along their bottom edges. On these Catalan polyominoes we define the
black cell capacity by coloring the cells in a chessboard pattern and counting the number
of black cells in the polyomino. We study the distribution of the black cell capacity over
Catalan polyominoes and derive generating functions that encode this statistic.

1. INTRODUCTION

A Catalan word of length n > 1 is a sequence w = wyws - - - w, of non-negative integers
with wy =0and 0 < w; <w;_1 + 1 for i =2,...,n. For n =0, the unique Catalan word is
the empty word €. Let C, denote the set of all Catalan words of length n. It is well known
that |C,| = C,,, where C,, is the nth Catalan number,

C - 1 <2n>’
n+1\n

see, for instance, [22, Exercise 80]. For enumerations of Catalan words with respect to various
statistics, see [2-5,8,20].

Catalan words are closely related to certain lattice paths in the first quadrant. More
precisely, a Dyck path of semilength n is a lattice path in N? that starts at (0,0), ends at
(2n,0), and uses only up-steps U = (1,1) and down-steps D = (1,—1). Such a path can
be encoded by a word in C, by recording, from left to right, the y-coordinates of the initial
vertices of its up-steps. Background on lattice paths and Dyck paths can be found in [1,10].

Catalan words also admit a natural geometric representation. Given a word w = wy - - - Wy,
one obtains a column-convex polyomino (or bargraph) by placing, at position ¢, a column of
height w; + 1, with all columns aligned along their bottom edges. The resulting object is
called a Catalan polyomino. Let C,, be the set of these polyominoes with n columns, and
let C = U,>1C,. We refer to [13] for a historical review of polyominoes, and to [6, 14, 15]
for definitions and enumerative methods related to polyominoes. See also [7] for work on
Catalan polyominoes.

For a Catalan polyomino P € C, we denote by length(P) the number of columns of
P, which is called the length of P. The number of cells in its last column will be denoted
last(P). Following Fried [11], we color the cells of P in a chessboard pattern, with the
southwestern cell colored black, and we study the distribution of the black cell capacity
black(P), that is, the number of black cells contained in P.
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We also define the vertical black cell capacity of a polyomino P, denoted verblack(P),
as the total number of cells in columns of odd index (with the first column having index
1). Similarly, the vertical white cell capacity, denoted verwhite(P), is the total number
of cells in columns of even index. Figure 1 shows the Catalan polyomino of length 13
associated with the word 0012012310110, where black(P) = 13, verblack(P) = 12, and
verwhite(P) = 13.

- o

FiGURE 1. The polyomino P associated with the Catalan Word w =
0012012310110. We have length(P) = 13, last(P) = 1 = wy3 + 1. The
black cell capacity black(P) equals to 13, the vertical black cell capacity
verblack(P) equals to 12, and the vertical white cell capacity verwhite(P)
equals to 13.

Black cell capacity versus vertical black/white cell capacity. Let P be a Catalan
polyomino of length n > 1, colored in a chessboard pattern. Then P decomposes into n
northeast diagonals of cells, each consisting entirely of cells of the same color, such that the
1th diagonal and the ith column of P share the same bottom cell. Let D; be the ith diagonal
for 1 < i < n, and let a; be the number of cells in D;. From P we construct a polyomino @) as
follows: the columns of () are aligned along a common baseline, and the ¢th column of () has
exactly a,_;y1 cells. This construction defines a bijection from C,, to itself; denote it by f.
By construction, black(P) = verblack(f(P)) if n is odd, and black(P) = verwhite(f(P))
if n is even. See Figures 2 and 3 for illustrations of f in the cases n odd and n even.

e T T

FiGure 2. The image by f of the Catalan polyomino P = 1232121 is
f(P) = 1121223. The length of P is odd and thus, we have black(P) =
verblack(f(P)) = 8.

S Lww

Ficure 3. The image by f of the Catalan polyomino P = 12321212 is
f(P) = 12121223. The length of P is even and thus, we have black(P) =
verwhite(f(P)) =09.

Let us formalize the bijection stated above for later use.
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Theorem 1.1. There is a bijection f on Catalan words of odd length (resp. even length)
that transports the black cell capacity into the vertical black cell capacity (resp. vertical white
capacity).

Motivation and Outline of the paper. In this paper, we study the distribution of black
cell statistics on Catalan polyominoes. In Section 2, we derive a system of four functional
equations for the generating functions Fy,(x, u,q), a,b € {0,1}. These series count Catalan
polyominoes of length congruent to a modulo 2 (marked by the variable z), ending with a
column containing b cells modulo 2 (marked by the variable ), and classified by the black
cell capacity (marked by the variable ¢q). We express the system as a matrix equation, which
yields a formal solution that can be used, together with computer algebra, to compute the
initial terms of the corresponding series expansions.

In Section 3, we take the continued fraction approach. The solution can be expressed as a
2 X 2 matrix continued fraction, whose nth convergent provides the initial terms of the series
expansion.

In Section 4, we investigate the bistatistic (7, s), where r counts the cells in odd-indexed
columns and s counts the cells in even-indexed columns. This approach allows us to derive a
closed form for the generating function of Catalan polyominoes with respect to their length,
the bistatistic (r, s), and the size of the last column. From this, we deduce a closed form for
the generating function encoding the distribution of the black cell capacity.

In Section 5, we formulate a functional equation (see Theorem ?7) for the distribution of
the black cell capacity and leave its resolution as an open problem.

2. LENGTH, BLACK CELL CAPACITY, AND LAST VALUE

In this section we count Catalan polyominoes by length, black cell capacity, and the size
of the last column.

Let n,i,k € N with m,n,k > 1. We denote by C,,; ; the set of Catalan polyominoes of
length n whose nth (last) columns has i cells, and whose black cell capacity equals k. Set

Fn,i,k = |Cn,i,k‘7
and define the trivariate ordinary generating function
F .ZU U q — Z Fnzkxnuzqk Z xlength(P) last(P)qblack(P)
n,i,k>1 PeC

Here x marks the length (number of columns), u marks the number of cells in the last column,
and ¢ marks the number of black cell capacity. For a,b € {0,1}, we denote by Fyu(x,u,q)
the generating function of the subclass of Catalan polyominoes P such that length(P) = a
mod 2 and last(P) =b mod 2. In particular,

2n,_ 21 2n—1_2i k
F009€ u, C_I E FanzkzI Uu C]7 Flo(if u, C_I E Fo,— 1,2,k L u-q-,

n,i,k>1 n,i,k>1

2n, 2i—1 k 2n—1, 2i—1 k

Fou(z,u,q) = E Fongicipr™u™""q", Fu(zr,u,q) = E Fon10i1 ™ 0™ g,
n,i,k>1 n,i,k>1

Clearly,
F(z,u,q) = Fool(z,u,q) + For(x,u,q) + Fio(x,u,q) + Fi1(x, u,q).
The next theorem provides a system of functional equations for the generating functions
Foolz,u,q), Fio(z,u,q), For(z,u,q), and Fii(x,u,q).
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Theorem 2.1. The generating functions Fo(x,u,q) for a,b € {0,1} satisfy the following
system of functional equations:

ru-q
FOO(wvan> = (]UQ— (Flo( \/_u Q) Fl()(l’,].,Q)“i“\/aUFH(I,\/aU,Q) _Fll(xvlaq))’
Tu’q
Fio(z, u,q) = qu? — (Foo( VU, q) — Foo(z, 1, ) + v/quFoi (z, \/qu, q) — Fou (2,1, q)) ,
Tru

F01<:C7u7Q) = qu2 1 (u qFlo(fa \/C_Iu7Q> - FlO(xu 17Q> + \/C_]’U,Fn(l', \/5%61) - Fll(xa 17Q)) )
Fi(z,u,q) = rug + e - (w*qFoo(z, v/qu, q) — Foo(z, 1,q)) +

-1
T (VauFo(z, v/qu,q) = Fo(z,1,q)).

ruq

qu2 —

Proof. We distinguish four types of Catalan polyominoes P according to the parities of the
number length(P) of columns and the number last(P) of cells in the last column.

Case 1: length(P) is odd and last(P) is odd. If P has a single column, then it consists of
one cell, and its contribution to the generating function is xuq. Otherwise, assume that P has
at least two columns. Let @) be the polyomino obtained from P by deleting its last column.
Then length(Q) = length(P)—1 =0 mod 2 by adding on its right a column with last(P)
cells, by preserving the Catalan structure, that is, the condition last(Q) + 1 > last(P).

AT

FIGURE 4. [llustration of Case 1: length(P) and last(P) are odd. The left
part shows a polyomino P where ) satisfies 1ast(Q) = 0 mod 2, while the
right part is for last(@)) =1 mod 2.

If 1ast(Q) is even (see Figure 4), then the contribution for these polyominoes is

A =z Z Fonie 2°"q" (ug + v*¢* + 0’ + -+ +u* g ™)

n,i,k>1
242 i+1
_ Py gk (W =L
=xruq 2n,2ik T q 5
, qu* — 1
n,i,k>1
TUuq

:quZ -1 (U2C]F00(.ZL', \/aua Q) - FOO(ma 17 Q)) :
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If 1ast(Q) is odd (see Figure 4), then the contribution for these polyominoes is

By :=x Z F2n,2i—1,k$2nqk (uq+u3q2+u5q3—i— 42t 7,)

n,i,k>1
u2iqi -1
=zuq Z Fonai 1k 5U2nqk (2—_1)
nyi,k>1 qu
a:uq
q (\/_UF01( 7\@%(]) —F01(37a1>Q))-

For this case, the contribution is therefore
ruq
Fll('ra u, Q) =ruq + un — (U2qF00(557 \/aua q) - F00($7 17 Q> +

1
VauFou(z, \/qu, q) — Fu (2,1, q)) -

Case 2: length(P) is odd and last(P) is even. Thus P has at least two columns, and it
is obtained from a polyomino () with length(Q)) = length(P)—1 =0 mod 2 by adding on
the right a column with last(P) cells,in such a way that the Catalan condition is preserved,
i.e., last(Q) + 1 > last(P).

MR- -

FIGURE 5. Illustration of Case 2: length(P) odd and last(P) even. The left
part shows a polyomino P where ) satlsﬁes last(Q) =0 mod 2, while the
right part is for last(Q) =1 mod 2.

If 1ast(Q) is even (see Figure 5), then the contribution for these polyominoes is

Ay =z Z Fon0i w2 g* (qu +utg® +ulgP -+ quq’)

n,i,k>1
21 .4
2 o k[ UG — 1
=Tu-q Z FZn,Zi,kx q <2—>
k=1 qu —1
Tu’q
:qu2 1 <F00( 7\/6“#]) —Foo(l‘,l,q)),

If 1ast(Q) is odd (see Figure 5), then the contribution for these polyominoes is

By =z Z Fopoicip 2" (Vg +u'q® +u¢® + -+ u¥q)

n,i,k>1
) u2iqi -1
2 2n
=Iu q E an,zz'—l,kl" a { ——
, qu?® — 1
n,i,k>1
Tu’q

- (VauFn(x, /u,q) = For (@, 1,9)).

:un —
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For this case, the contribution is therefore

2q
ru
Fio(z,u,q) = qu? — (Foo( VU, @) — Foo(z, 1, q) + /quFo(z, \/qu, q) — Foi(x,1,9)) .

Case 3: length(P) is even and last(P) is even. The polyomino P has at least two

columns and P is obtained from a polyomino @ of length length(Q) = 1 mod 2 by adding
on its right a column with last(P) cells, with last(Q) + 1 > last(P).

W Fooa

FIGURE 6. Illustration of Case 3: length(P) even and last(P) even. The

left part shows a polyomino P where @) satlsﬁes last(Q) = O mod 2, while
the right part is for last(@) =1 mod 2.

If 1ast(Q) is even (see Figure 6), then the contribution for these polyominoes is

Az =z Z Fy,_ 122kx2”1k(uq+uq +ulq® + - —i—uzlql)
n,i,k>1
2 i
_ uq' —1
=zu’q Z Fon_ 100 02" ¢ (2—_1>
nik>1 qu

:q;cgq (Fio(z,/qu, q) — Fio(z,1,q)) .

If 1last(Q) is odd (see Figure 6), then the contribution for these polyominoes is

Bs :=x Z Fon_19i-1k xQ”qk (ugq + 3P +ubP + -+ uzqu)

n,i,k>1
2 i
u“q' — 1
2 2n _k
=Tu q E F2n-1,2i—1,k$ 9 \ —
21
- qu
n,i,k>1
ruq

:qu2 1 (\/auFu(x, \/aU,Q) - Fll(x7 17q)) :

For this case, the contribution is therefore

2
TUu
F[)()(IE,U,Q) = qug (Fl()( \/_u Q) Flo(ZE,l,Q)“—\/aUFH(fE,\/@U,Q)—Fll(l',l,Q))-

Case 4: length(P) is even and last(P) is odd. The polyomino has at least two columns,
and P is obtained from a polyomino @ of length length(()) = 1 mod 2 by adding on its

right a column with last(P) cells, by preserving the Catalan structure, i.e. the condition
last(Q) + 1 > last(P).
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A -t

FIGURE 7. Illustration of Case 4: length(P) even and last(P) odd. The left
part shows a polyomino P where @) satisfies last(Q) = 0 mod 2, while the
right part is for last(Q) =1 mod 2.

If 1ast(Q) is even (see Figure 7), then the contribution for these polyominoes is

Ay =1 Z Fon1.2i IQn—lqk (u + u3q + u5q2 4t u2i+1qi>

n,ik>1
2042 i+1
= R A
=ru Z Fop 101127 ¢ <qu2——1>
n,i,k>1
xu )
:qu2 — (u qFio(x, \/qu, q) — Fio(z, 1,q)) )

If 1ast(Q) is odd (see Figure 7), then the contribution for these polyominoes is

By =z Z Fon1pim1p 2k (u +ulq+ P+ uP g 1)

n,i,k>1
u2iqi -1
71U Fn, 21k $2n—1qk (_)
n§1 2n—1,21—1 quz 1
un (\/_UFH( 7\/6“7(]) _Fll(waLQ))'

For this case, the contribution is therefore

Tu
F —
01<ZL’, u, q) qug —1

Now, let us define the generating functions Gu(z, u, q) for a,b € {0,1} as follows:

Goo(r, u, q) =Fpo(, Vu, q), Goi(r,u,q) = \/EFM(% Vu, q)
Gho(x,u,q) =Fio(z,Vu,q), Gu(z,u,q) = VuFu(z,vVu, q).
We also set
Goo(z,u,q)
Gl ) = | Gl
G (z,u,q)

(U2QF10(SC, \/aUaCD - FIO(xa 17Q> + \/aUFll(xy \/GMQ) - Fll('ru 17Q)) .

O

Considering these new generating functions, it is straightforward to see that Theorem 1

can also be written as follows:
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Theorem 2.2. The generating functions Gup(z,u,q) for a,b € {0,1} satisfy the following
system of functional equations:

U

GOO(‘Ta u, q) = qu _ql (GIO(x7 qu, Q) - GIO(xv 17 Q) + Gll(m7 qu, Q) - Gll(‘ra ]-7 q)) )
ru

GOl(Ia u, q) = qu — 1 (quIO(‘IJ qu, Q) - GIO(xv 17 Q) + Gll(xv qu, Q) - G11<'r7 17 Q)) )
TU

Crola,,0) = - (ool qu. ) = Coo(,1,4) + Gon, qu,0) = Gn (4,1, 0)),

ruq
u—1

Gll(xa u, Q) = Tuq + q (UQGOO(xv qu, Q) - G()O(x) 17 Q) + GOl(x7 qu, Q) - GOl(x’ ]-7 Q)) )

which 1s equivalent to the following matriz equation:

(1) G($a Uu, Q) = M({L‘, Uu, Q) ' G’(QT, qu, Q) - N(IL‘, U, Q) : G(I‘, ]-7 Q) + B([L’, Uu, Q)
where
Tuq Tuq TU U
0 0 qu§1 qu—1 0 0 quill qu,ql
= 00 g
M(:L" Uu Q) Tug zug T e ) N<$ u Q> Tug zug T e )
—L —4 0 0 —ud ) 0
P wug G g g
qu—1 qu—1 0 O qu—1 qu—1
0
B(x,u,q) = 8
TUg

By iterating Equation (1), we obtain a formal expression for the vector G(z,u, q).

Theorem 2.3. We have
k k
(z,u,q) E Py (z,u,q) (B(:r,q u,q) — N(z,q u7Q)G($,1,Q)),

with
k—1

Pk(l’,U,Q) = HM(.ZL‘,QJU,C]>, P_l(x,u, Q) = PU(*/E’U7Q) = I7

J=0

where I is the identity matriz of size 4.

Substituting u = 1 in the expression of G(x,u, q), we obtain:
G(z,1,q) = ZPk z, (B(x,q’“,Q) — N(z,4¢", q) G(x, LQ))-

Isolating G(x, 1, q) we obtain

<I+ZPk(x,1,q)N(x,qk,q)) (z,1,9) = ZPk (z,1,9)B(z, 4", q),

k=0
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and thus

G(ZL‘, 17 Q) = (I + ZPk(xa 17 Q)N(xa qka Q)) ' ZPk(xa 17 Q)B(xa qka Q)

k=0
Then, we deduce the following theorem.

Theorem 2.4.
G(z,1,9) = <Z(—1)”S($,Q)"> Y Pu(z,1,9)B(z,¢", q),
n=0 k=0
where

S(z,q) = > Pi(x,1,9)N(z,¢" q).
k=0

Notice that if we denote by F(x,u,q) the vector

then we have F(z,1,q) = G(z,1, q).
The first terms of the series expansion of the generating function

F(z,1,q) =G(z,1,¢)=(1 1 1 1)-G(z,1,q)
=Foo(z,1,q) + Foi(x,1,q) + Fio(x, 1,q) + Fii(z, 1, q)

are

2q+ (¢ + )2* + (¢* 4+ 2¢° + 2¢°)2° + (¢° + 2¢° + 4¢* + 5¢° + 2¢*)x*+
(¢° +2¢° 4+ 5¢" + 8¢° + 12¢° + 10¢* + 4¢*)z°+
(q" + 2¢™ + 5¢" 4+ 9¢° 4 16¢° + 24¢" 4 28¢° + 27¢° 4 16¢* + 4¢*)2®+
("0 +2¢"+5¢"+10¢"3 +18¢"4-30¢M +47¢"0+62¢° +76¢°+-76¢" +62¢° +32¢°+-8¢") 2" +O ().

We refer to Figure 8 for an illustration of the 14 polyominoes counted by the boldfaced
coefficient of z*.
The first terms of the series expansion of

=Foo(z,u, q) + For(x,u, q) + Fio(x,u, q) + Fi1(x,u,q)
:GOO(:Ea U,2, Q) + GOl(ma U2, Q)/u + GlO(x7 U2, Q) + Gll(xa U2, Q)/u

are

quz + uq(qu + )2 + ug*(¢*u® + qu + q +u + 1)2°+
qu(q4u3 + ¢ + Pu+ Pud + 2¢°u + qu + ¢ + 2qu + 29 + 2)3:4—1—
ug® (Pt + ¢ + P + ¢ + 20 + P + gtu + 3¢uP+
u® + ¢ + 2¢°u + 3¢°0* 4 2¢° + 4¢°u + 4¢° + Squ + 5q + 2u + 2) z° + O(2°).
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Finally the first terms of the series expansion of F/(1,1,q) = G(1,1,q) are
2q + 5¢* 4+ 15¢° + 47¢* 4 149¢° + 473¢° + 15064¢" + 4798¢° + O(¢").

This sequence of coefficients does not appear in the On-Line Encyclopedia of Integer Se-
quences [17].

Moreover, the series expansion of each F,(z,u, q), for a,b € {0,1}, can be extracted from
the full series by retaining only those monomials v"2™ with m mod 2 =a and n mod 2 = b.

FIGURE 8. The 14 Catalan polyominoes of length 4. There are 2 (resp 5,
4,2,1) polyominoes with black cell capacity 2 (resp. 3,4,5,6).

3. A MATRIX CONTINUED FRACTION APPROACH USING AUTOMATON

In this section we work in the setting of Dyck paths. Recall that, from a Dyck path of
semilength n, there exists a unique polyomino with n columns such that the ith column
contains h cells, where h is the height of the endpoint of the 7th up-step of the path. In this
context, it is well known that the area of a Dyck path P is the number of cells lying below
the path and above the line y = —1, which also coincides with the area of the polyomino
associated with P. One can also observe that the black cell capacity of the corresponding
polyomino is the number of cells lying below the path and above the line y = —1 whose
center (a,b) satisfies a —b =1 mod 4. See Figure 9 for an illustration of the black capacity
on a Dyck path.

F1GURE 9. The black cell capacity of a Catalan polyomino is interpreted via
Dyck paths.

We construct an automaton that generates partial Dyck paths. The states are organized
into two layers, determined by the parity of the current height and the number of up-steps.
A (red or black) arrow from state i to i + 1 represents the addition of an up-step at the
end of the current path. The label on this arrow indicates the number of black cells created
by this operation. An arrow from state ¢ + 1 to ¢ represents the addition of a down-step at
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the end of the current path. In this case, the operation does not create any black cells. For
further examples of how infinite automata can be used to enumerate lattice paths, see, for
instance, [9,18].

FIGURE 10. Graph (automaton) to recognize partial Dyck paths with respect
to the length (marked with x) and the black cell capacity (marked with g).

From the automaton we obtain two families of generating functions, {An(x,q)}r>0 and
{Bn(z,q)}n>0, corresponding to the two layers of states. For brevity, we write A,(x,q) =
Ay, and Bp(z,q) = Bj. The recurrences follow by decomposing the corresponding paths
(equivalently, the associated polyominoes) according to their last step (equivalently, their
last column).

For each h > 1, we have

Ap = Ap—1 + apBhy1, By = By_1 +b.hAp 4,
where a, := xq[%w and by, := xq L] Moreover, the initial conditions are
A0:1+6L0.Bl, Bozl+b0A1.

Our main goal is to obtain an explicit expression for Ay (and Bp) in terms of a matrix
continued fraction (cf. Raissouli-Kacha [19] and Sorokin [21]).

Let
0 a
Uy = (bh Oh) (h > 0)7

and let I denote the 2 x 2 identity matrix. We consider the infinite matrix continued fraction

(2) So =1 Yo here = U - M-l
0= : T where = :
[8)
I 2
I—"-.
We define the Nth convergent of (2) by truncation:
U
(3) sV —1—-————— (N>0).
U,
- ——*
Uy
|
1

By (2) we mean the unique 2 x 2 matrix Sy such that for every k£ > 1 there exists Nj with

S(()N) =S, (mod 2" for all N > Nj.
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Equivalently, for each entry, the formal power series expansions in x of S[()N) and Sy agree in
every term of degree < k (that is, they coincide up to order z*~1).
For example, expanding the first few convergents Sy, we obtain

(O qi”)
z 0
So=I—
<0 qx)
0
-\
(O qzx)
0
-\ P

I—"-.
=TI+ 2M; + 22 M, + 23 Ms + 2* My + 2° M5 + O(2°),

where
(0 —q (¢ 0 (0 —(¢"+ )
Ml — (_1 0 ) ) M2 — ( O _q) 3 M3 — (_2q2 0 )
M, — [~ +2¢° +2¢") 0
4 0 —(3¢* +2¢%) )’
M. — 0 —(¢° +2¢® + 4¢" + 5¢° + 2¢°)
57 (4% + 6¢° + 4¢) 0 '

Lemma 3.1. For each N > 0 the convergent S(()N) in (3) is well-defined, that is, every
. o . . . : (N) . . :
matriz occurring in a denominator is invertible; in particular, Sy s invertible. Moreover,

the entries of S(()N) stabilize coefficientwise in x, and therefore (2) defines a unique 2 x 2
matriz Sg such that

S(()N) =Sy (mod 2®) for N large enough.

Proof. Write R = Q(q)[[z]]. Since ap, by, € = - R, we have U, € - My(R) for all h > 0,
where Ms(R) is the set of 2 x 2 matrices on R. Define the truncations recursively by setting

SS\],Vle =TI and
SV .=1-U,(s{)T  (0<h<N),

so that S(()N) coincides with (3). Since S%le =I=1 (mod z), a backward induction gives
SELN) =1 (mod z) for all 0 < h < N. Hence each S,(IN) is invertible in My (R).

It remains to justify that the coefficients of SéN) stabilize as N — oo. Fix k£ > 1. Since
U, € - My(R), every additional level of the continued fraction introduces at least one
extra factor of x. Consequently, the truncation error at depth N starts in degree ¥ *!, and
in particular SéNH) = S(()N) (mod %) for all N > k — 1.

Therefore the entries of S(()N) stabilize coefficientwise in x: for each fixed j > 0, the
coefficient of 27 in S{") eventually becomes independent of N. We then define Sq € My (R)
by taking, for each j, the coefficient of 27 in Sy to be this eventual value. In particular, since
S((]N) =1 (mod x) for all V, the constant term of Sy is I, and hence Sp =1 (mod z). O
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Theorem 3.2. Let Sy be the matriz defined by the infinite continued fraction (2), and let

e= G) Then
A _
(BE) =Sa'e,
that s,
Ag=(1 0)S;* ! By=(0 1)S;" !
0 0 1/ 0 0 1/

A 1 0
V= (B:) , e:= <1> , U, = (bh %h) .

Then the given system is equivalently

Proof. Set

(4) VO =e+ U()Vl, Vh = Vh—l + Uth-H (h Z 1).
For each h > 0, let S;, denote the matrix continued fraction
U,
S,=1- ,
L U
U
[ _oht?
I—"-.

so that Sy is the matrix in (2). Notice that by Lemma 3.1, each S, is well-defined and
invertible, moreover S, =1 (mod x).
Define the sequence (W)p>0 by

Wy :=Sile, Wiy :=S," W, (h>0).

Equivalently, W;,_1 = S, W, for all h > 1.
We claim that (W},),>o satisfies the same system (4). First, since Sp = I — US| (this is
just the first step of the continued fraction), we get

e=SyWy = (I-UsS;" YWy =W;, - UWy,
hence Wy = e + UyW,, which is the A = 0 equation in (4). Next, for A > 1, using
S,=1- UhS,:il and Wy, = S,:LW;Z we obtain
W1 =8,W;, =1~ Uhsﬁi1)wh =W, —U,W;,,
S0,
W, =W, +U,W; (h > 1),

which is the second equation in (4).
Therefore (W},) is a solution of the original system. By uniqueness of the solution, we
must have W, =V, for all h, and in particular

A _
(BE) :VQ :W() = Sole.
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Recall that Sy satisfies Sy =1 (mod x), hence we may write

In particular, X has no constant term in z, so the inverse of Sy can be computed formally
by the geometric-series identity

S;'l=I+X)'=1-X+X*-X*+...,

which is well-defined coefficientwise in x because X™ starts in degree x™.
Using the previous expansion of Sy, we obtain

So' =TI+ 2Ny + 2> Ny +2° N3 + 2* Ny + 2° N; + O(29),

where
(0 ¢ ~(alg+1) 0 _ 0 *(¢* +29+2)
Nl_(l 0>’ N2_< 0 2q )’ Ny = q(3q+2) 0 ’
N, — *(¢* +2¢° +4¢® +5q + 2) 0
47 0 P4 +6g+4))°
N« — 0 @ (q® + 2¢° + 5¢* + 8¢% + 12¢% + 10q + 4)
>\ P (5g" +8¢3 +13¢% +12¢ + 4) 0 '

Notice that
1
(1 0)Ny (1> = ¢°+2¢° + 4¢" + 5¢° + 2¢°,

which corresponds to the distribution of polyominoes of length four with respect to the black
cell capacity (see Figure 8 for an illustration of these polyominoes).

Remark 3.3. The methods employed in these last two sections enable us to derive the
series expansions of the above gemerating functions. However, it does not provide closed-
form expressions for these functions. In the next section, we exploit the relationship between
the black capacity and the vertical black capacity established in Theorem 1 in order to obtain
a closed-form expression.

4. LENGTH, VERTICAL BLACK/WHITE CELL CAPACITY AND LAST VALUE

In this section we count Catalan polyominoes by their length (number of columns), by
their vertical black/white cell capacities, and by the height of the last column. Let us recall
that the vertical black (resp. vertical white) cell capacity is the total number of cells in the
columns of odd indices (resp. even indices).

Let EV (z,y, z,u) (resp. OD(z,y,z,u)) be the generating function where the coefficient
eVnijk (resp. ody; ;) of 2"y 27u” is the number of Catalan polyominoes P with n columns,
n even (resp. odd), such that verblack(P) = i, verwhite(P) = j, and last(P) = k.

Theorem 4.1. The generating functions EV (x,y, z,u) and OD(x,y, z,u) satisfy the follow-
ing system of equations:
T2U

EV('Z‘7 y? 27 u) = z 1 (UZOD(ZU’ y? Z? Zu) - OD(‘/L‘7 y7 27 1)) )

OD(x,y,2,u) = wyu+ —2— (uyBV (2,4, 2, yu)  EV(2,y,2,1)),
yu —
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which is equivalent to the following matrix equation:

(5) V(u) = M(u) - V(yzu) = N(u) - V(1) + B(u),
where
22y2 74 0 22yz3ud z2U
M(u) - ((uzl)éuyzl) 222t ) ; N(u) — <(UZ12~3(;Zy21) mg;?;lus ) ’
(uy—1)(uyz—1) uy—1 (uy—1)(uyz—1)

B(u) = (xiyf—gf) and  V(u) = (EWW’Z’“)>.

TYU OD(z,y, z,u)

Proof. We distinguish two types of Catalan polyominoes P according to the parities of the
number of columns length(P).

Case 1: length(P) is odd. If P has a single column, it consists of one cell, and its
contribution to the generating function is xyu. Otherwise, assume that the polyomino has
at least two columns. P is obtained from a polyomino () of length length(Q)) = length(P)—
1 =0 mod 2 by adding on its right a column with last(P) cells, by preserving the Catalan
structure, i.e. the condition last(Q)) + 1 > last(P). Then the contribution for these
polyominoes is

Ay = Z Vi Y2 (uy + WPy 4 - YY)

n7i,j’k
_ om, i_j Ukﬂykﬂ —1
=ruy Vi 7Y 2 | —————
— uy — 1
n7l7.]7k
Tuy

=1 (uyEV (z,y,2,u) — EV(x,y,2,1)),

which gives the second equation. The second case (length(P) even) gives the first equation
mautatis mutandis. O

By iterating Equation (5), we obtain a formal expression for the vector V(u).

Theorem 4.2. We have
Vi) = Pula) - (Bl2)0) — (=)0 V(D))
=
P (u) == H}M((yz)ju), and P_y(u) = Py(u) =1,

where 1 is the identity matriz of size 2.

Substituting u = 1 in the expression of V(u), we obtain:
V(1) = > Pu(1) - (B((2)") ~ N((52)) V(1))
k=0

Isolating V(1) we obtain

(I +) Pk(l)N((yz)’“)> V(1) =) Pr(1)B((y2)"),
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and we deduce the following theorem.

Theorem 4.3. We have
V(1) =1+ S(z,y, = ZPk

with

with 2%k, 2k Ak
x 2 (yz
Guly, ) = T L2
(2 y2)k (Y23 y2)k
and (a; b)y, is the Pochhammer symbol (see [12])

k—1

(a; b)p = H(l — ab’).

=0

2k (k—1)

Now let us shows how we can calculate V( ). If we set

ey ot e )
R (7 L (0 e e R = e

then we have
PUN((y2)") = (Gk@,y)Bk(z,y) Gk<z,y>Ak<z,y>) |

which implies that

with

p2k+2, 2k+1 k43 )k(2k+1) 0 2k+1,2k L Ak+1 )k(2k71)

Y (Y2 yre (yz
2) = and ,2) = —
Hy, 2) p (z; y2)ks1 (Y2 Y2) ka1 vy 2) o (23 Y2)kt1 (Y23 y2)k

Now we compute the inverse of I + S(z,y, 2),

L (1+0(zy) iy, 2)
(I+S(z,y,2)" " = A < —(z,y) 1+ o(y, Z))

where

A= (1 + ¢(y7 Z))<1 + ¢(Z7 y)) - w<y7 Z)w(zv y)

Finally, we obtain a close form for V(1).

Theorem 4.4. We have
1 (= o(zy) fy, 2) = d(y, 2)9(y, 2)
Vi = ((1+¢<y, Ny, =) + (=, y)f(y,z>)
with

oo o0 —
x2k+2y2k+lz4k+3(yz)k(%—i-l) g2y k12K (g oV (2k—1)

9y, 2) =
— (2 y2)kn (Y2 Y2 — (Y vk (Y2 Y2

fly, z) =



BLACK CELL CAPACITY IN CATALAN POLYOMINOES 17

S, 7) = Z 22y 2k k3 () o (2ot 1) oy 2) = i 2Ly 2k kL (g ) k(2k=1)
7 =0 (25 y2)ws1 (Y23 Y2 ke ’ =0 (2 Y2) ka1 (Y25 y2)k

A= (1 + ¢(y7 Z))<1 + ¢(Z, y)) - 1/)(:% ZW(Za y)

The first terms of the series expansion of the generating function OD(z,y, 1, 1) (the second
coordinate of V(1) evaluated at z = 1) are

zy + (2 + 2y + 22 + 3 (y° + 20° + 5yt + 8y + 127 + 10y + 4)2°+
(y"% 4 2y™ + 5" + 10y° + 18y® + 30y™ + 47y° + 62y° + 769" + 761> + 62y + 32y + 8)y'x” + O(z?).

Due to Theorem 1.1, these terms correspond exactly to the odd terms of F(z,1,y) (i.e. the
terms in 22”71 n > 1) obtained in the previous section.

The first terms of the series expansion of the generating function EV (x,1,z,1) (the first
coordinate of V(1) evaluated at y = 1) are

(z 4+ 1Dza? + 22(2* + 223 + 422 + 52 + 2)x*+
(27 +22° + 527 4+ 92° +162° + 242* +282° + 2727 + 162 + 4)2°2° + O(2®).

Due to Theorem 1.1, these terms correspond exactly to the even terms of F(z,1,2) (i.e. the
terms in 22", n > 1) obtained in the previous section. We refer to Figure 8 for an illustration
of of the polyominoes of length 4 counted by the boldfaced coefficient of 4.

Now, if we calculate the series expansions of OD(1,z,1,1) + EV (1,1, z,1) we obtain

22 + 522 + 1527 + 472" + 1492° + 47325 + 150627 + 47982% + O(2?).

Due to Theorem 1.1, these terms correspond to the series expansion of F'(1,1, q) obtained in
the previous section. See Figure 11 for an illustration of the 15 Catalan polyominoes having
a black cell capacity equal to 3.

EEN EEN EEN EEN
AN EE NN NN NN RN

&nﬂcﬂ&ﬁ.ﬁ

FIGURE 11. The 15 Catalan polyominoes P with black(P) =

By the way, we obtain the generating function for the polyominoes classified by the length
and the vertical black cell capacity, i.e. OD(z,y,1,1) + EV (z,y,1,1), where the first terms
of the series expansion are

ya + 2yx” + y* (v7 + 2y + 2)2° + (4y* + 6° + 49%)2*

+ (y° +2y° + 5y" + 8y° + 12y° + 10y + 4)y°2"+
(6 + 10y° 4 22y" + 28y° + 349° + 24y* + 8y*)2® + O(z").
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Finally, the generating function for the Catalan polyominoes enumerated by the vertical
black cell capacity is OD(1,y,1,1)+ EV(1,y,1, 1), and the first terms of the series expansion
are

3y + 6y* + 20y° + 63y* + 166y° + 342y° + 553y" + 7349° + O(y”).

This sequence of coefficients does not appear in the On-Line Encyclopedia of Integer Se-
quences [17].
We refer to Figure 12 for an illustration of the 20 polyominoes with verblack(P) = 3.

EEE EEN EEN EEE
EEE EEN ENN ENN
sensnennnnnnnl ol

ol wl ol ol ulal

FIGURE 12. The 20 Catalan polyominoes P with verblack(P) = 3.

5. GOING FURTHER

We introduce the statistic s on the Catalan polyominoes by setting s(P) = verblack(P)
when length(P) is odd, and s(P) = verwhite(P), otherwise. By Theorem 1.1, the statistics
s and black are equidistributed on Catalan polyominoes. We also define the complementary
statistic 8 by §(P) = verblack(P) when length(P) is even, and §(P) = verwhite(P),
otherwise.

We then consider the generating function

SL’ Y, 2, U § xlength ) (P)ulast(P) _ E : Cn,i,j,kxnylzjuk-
PeC i, k>0

Theorem 5.1. The generating function C(x,y, z,u) satisfies .

TYU

C(x7 y? Z? u) = xyu—i_ (C(I, Z? y? 1) - yUO(ZE, Z? y7 yu>> :

1—yu

Proof. If P has a single column, it consists of one cell, and its contribution to the generating
function is xyu. Otherwise, assume that the polyomino has at least two columns. P is
obtained from a polyomino @ of length length()) = length(P) — 1 by adding on its right
a column with last(P) cells, by preserving the Catalan structure, that is, the condition
last(Q) + 1 > last(P). Note that s(P) = s(Q) + last(P) and s(P) = s(Q) + last(P).
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Then the contribution for these polyominoes is

" Z Coiii g iyl (uy Lyt uk+1yk+1)

n,i,75,k
(] Ry
_ ]
oy 3 cnsgnasy (P
n,i,j,k

YU

:1 — yu (C('Ia z,Y, ]-) - yuc(xa z,Y, ?JU)) )
which completes the proof. 0

By construction, the generating function OD(z,y,1,1) obtained in the previous sec-
tion (second coordinate of V(1) evaluated at z = 1) coincides with the terms z?*"*!y of
C(z,y,1,1). Similarly, the generating function EV (z,1,y, 1) obtained in the previous section
(first coordinate of V(1) evaluated at y = 1) coincides with the terms 2>y’ of C(z,y,1,1).
Thus, we have C(z,y,1,1) = OD(z,y,1,1) + EV(x,1,y,1), and the result of the previous
section provides a close form for the C'(z,y,1,1).

Open questions: Can we solve this functional equation? Can we determine if the generating
function is algebraic or D-finite? Can we obtain asymptotic approximation for the coefficient
of y" in C(1,y,1,1)7
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