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Abstract

We investigate the enumeration of non-crossing tree realizations of integer sequences, and
we consider a special case in four parameters, that can be seen as a four-dimensional tetrahe-
dron that generalizes Pascal’s triangle and the Catalan numbers.

1 Introduction

Enumeration of non-crossing tree realizations of integer compositions A non-crossing
tree t is a labeled tree on a sequence of vertices (vg, v1, ..., v,) drawn in counterclockwise order on
a circle, and whose edges are straight line segments that do not cross. For any index 0 < < n, let
d; stand for the number of edges incident with v; (that is the degree of v;). Then as any other tree
on n+ 1 vertices, t satisfies Z?:o d; = 2n. Thus, the sequence (dy,dy,. .., d,) defines a composition
of 2n into n+ 1 positive summands (two sequences of integers that differ only in the order of their
elements define distinct compositions of the same integer). Stated otherwise, ¢ is a non-crossing
tree realization of the composition (dy, d1,...,dy).

For any composition ¢ = (dy,ds,...,d,) of 2n into n + 1 positive summands, let nct(c) stand
for the number of non-crossing tree realizations of ¢, that is the number of non-crossing trees on
n + 1 vertices (vg,v1,...,v,) such that vertex v; has degree d; for any index 0 < i < n (there
always exists at least one, see Proposition 2.3). We aim at computing nct. Note that here the
input is more specific than the degree partition, as for example in [5].

From proof nets to non-crossing trees Our interest for these non-crossing tree realizations
comes from linguistics and proof theory. The starting point for this work was the following linguis-
tic problem: How many different readings can an ambiguous sentence at most have? Particularly,
which sentence of a given length has the most different readings? When using categorial grammars
based on the Lambek calculus [9] or related systems, a parse tree is a formal proof in a deductive
system. Thus, our questions become: How many different formal proofs can a formula have? Partic-
ularly, which formula of a given length has the most different formal proofs? In category theoretical
terms these questions come down to the cardinality of the Hom-sets in a free non-commutative
star-autonomous category [2]. The corresponding logic is a variant of non-commutative intuition-
istic linear logic [16, 8] for which formal proofs can be represented as planar proof nets. It would
go too far beyond the scope of this paper to go into the details of this correspondence. However, to
give the reader an idea, we have shown in Figure 1 the transformation of a parse tree into a proof
net. The first step transforms the parse tree into a formal proof according to Lambek’s work [9].
In the second step, this proof is embedded into a one-sided multiple conclusion system using the



S ax ax
/ N sks sks
s ax \L

s\s nkn s,8\sF s
\ / ax /L
n/ n\s (s\s)/n\n — W Fn s, (s\s)/n,nt s
l I T 1 n,n\s, (s\s)/n,n ks
John works for Jane |

a a a

X ax X X
. AN s N Fs®, s° Fs®,s°
'_ .’ O® L ] '_ S.7SO®S.7SO
L] [e] L] ax L] cye [e] L] [e] L] ax [e] L]
F s, Fpom ®|—s,s,s ® s Fn°n
5, (5° ® § Fs°, 5% (s°®s%) @n°,n®
X cyc
Fn® n° Fs® (s°®s%) @n°,n®, s°
Fn®n®®s® (s°®s®) ®@n°,n’,s°

a

Figure 1: From parse trees via proof trees to proof nets

binary connectives %® and ® [16]. In order not to lose the information on positive and negative
positions in the formulas we use polarities (see, e.g., [8] for details). The final three steps show
how this one-sided sequent proof is translated into a proof net by simply drawing the flow graph
on the atoms appearing in the proof (for more details, see [8, 3, 14]). It is a well-known fact of
linear logic that such a graph G does indeed correspond to a sequent proof if and only if every
switching (that is, every graph obtained from G by removing for each 2-node one of the two edges
that it to its children) is a connected and acyclic graph [4]. If G does not contain any ’g-nodes,
as in our example, then G itself has to be connected and acyclic. Furthermore, we have that G is
planar if and only if the sequent proof does not contain the exchange rule, as it is the case for the
Lambek calculus [16].

Thus, our questions become: How many different planar proof nets can at most be defined over
a given sequent? Particularly, over which sequent of a given length can the most different planar
proof nets be defined?

In that respect, we can ignore the names of the atoms, and only "@-free sequents are of inter-
est: on the one hand, occurrences of ’@ lying above an occurrence of ® can moved down by the
transformations

A B B C BC AB

\/ \ / \ / \ /

v C— A ® and A % — ® C
N/ N 7/ N\ 7/ \N /
® 4 ® L4

which preserve correctness without affecting linkings (see [6, 7]); on the other hand, root occur-
rences of ’§ are irrelevant and can be removed. Hence, for every sequent I' there is a *@-free sequent
IV, such that for I exist at least as many different planar proof nets as for I'.

Finally, up to the associativity of ®, planar *9-free proof nets are in bijection with non-crossing
trees as shown in Figure 2.

We were not able to find a closed formula for nct{dy,ds,...,d,) depending only on the in-
put composition (do,dy,...,d,). However experiments show that at least up to n = 25, nct is
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Figure 2: Planar 'g-free proof nets as non-crossing trees

maximized for compositions are of the shape

1, 2,2,...,2 ,1,3,1,3,...,1,3,1, 2,2,...,2 ,1,3,1,3,...,1,3 (1)
—_———  — —_———— —
p summands 2¢ summands r summands 2s summands

which we write as 12P(13)912"(13)® and are the first step of our study (compositions maximizing
nct for higher values of n may be of a different shape or involve summands higher then 3). The
input is now reduced to four parameters p, ¢, 7 and s such that n+1=1+p+2¢+ 1+ 7+ 2s.
We write nct(12P(13)7127(13)%) as Ny q.r.s, and we are interested in computing Np 4.rs.

A four-dimensional Generalization of Pascal’s and Catalan’s triangles Recall that Pas-
cal’s triangle P, = (%7) can be generated recursively by:

p.r

1 ifp=0orr=20

Py = P : (2)
-1+ Pp_1, ifp>0andr >0

The first few values are shown below (see [13, A007318]):

an

15 10 10 5 1
16 15 20 15 6 1

The Catalan numbers C; = +1 (2q) are generated recursively by Cp = 1 and Cygyq = >4 i=0Cj -
Cy—j. A combination of Pascal s trlangle and the Catalan numbers is known as Catalan’s trlangle

Qpq = pﬂ'}rl (5:;‘;) which can be generated recursively by:
1 ifg=0
@p.q =4 Cq ifp=0 (4)

Qpt1,9-1 +Qp—1,4 ifp,g>0

The first few values are shown below (see [13, A009766]):

p q
1\
11
1 2 2 (5)
1 3 5 5
1 4 9 14 14

1 5 14 28 42 42
1 6 20 48 90 132 132
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It is also possible to generalize the recursive formula of the Catalan numbers into a triangle R, s
generated by (assuming that C_; = 0):

Bas =S S Oy Ryt i 0
=0 Zz:o Jj+i-1 qa—js—1 Lqg+s>

The first few values are shown below:

(6)

132 297 440v497 440 297 132
As an example,
123=Co- (28434)+C1-(5+9+9)+C2-(24+34+2)+C5-(1+1)+Cy -1

We shall establish that N, 4, is a four-dimensional “tetrahedron” that generalizes the three
triangles P, @ and R above, insofar as:

Np,O,r,O = Nr,O,p,O = Pp,Tv (8)
Np.q,00 = No,op,g = prqv (9)
No,q,0,s = No,s,0,¢ = R,s- (10)

Outline The organization of this paper is as follows: First, in Section 2, we study the general
case of enumerating non-crossing tree realizations of integer compositions. Then, in Sections 3—
7, we concentrate on the four-parameter case. In particular, we will prove identities (8)—(10) in
Sections 4 and 5. Finally, we will provide the generating function for IV, 4, s in Section 7.

2 General case

Any labeled tree on a sequence of vertices can be drawn in such a way that its vertices lie in
counterclockwise order on a circle and its edges are straight line segments lying inside that circle.
In that case, of course, some of its edges may cross each other. Let us call such a labeled tree a
crossing tree. The order of summands in a composition does not matter regarding the number
of its labeled tree realizations (there are six for any composition of 2 -4 into 4 + 1 summands
in the multiset {1,1,2,2,2}). But it does as soon as we distinguish between non-crossing and
crossing realizations. As an example, there are one non-crossing and five crossing realizations of
(1,1,2,2,2), while there are three non-crossing and three crossing realizations of (1,2, 1,2, 2) (these
are shown on Figure 3).

Remark 2.1. A proof of Cayley’s formula (see e.g., [1]), which asserts that the number of labeled
trees on n + 1 vertices is (n 4+ 1)"~! (see [13, A000272]) relies on:

n—1 B i
2. <do—1,d1—1,...,dn_1)(”“) (11)

(do,d1,.--,dn)

2n—1
where the sum ranges over the ("
:

established in [10, Corollary 1.2] that the number of non-crossing trees on n+1 vertices is 51 ( n )

) compositions of 2n into n + 1 positive summands. Noy

2n+1 \2n,n
(see [13, A001764]).) Recall that nct{dy,ds,...,d,) stands for the number of non-crossing tree
realizations of the composition nct(do,ds,...,d,). Then
1 3
S nctldo,dys. . dn) = s— (" (12)
2n+1\2n,n
<d07d17~~~adn>
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Figure 3: The six labeled tree realizations of (1,2,1,2,2)

where the sum ranges over the (37:;_11) compositions of 2n into n + 1 positive summands.

The image under rotation of a non-crossing tree ¢ on vertices (v, v1,...,v,) is a non-crossing
tree on vertices (vg(o),vg(l), .. ,vg(n)) for some cyclic permutation ¢ in the symmetric group
Sp+1. Moreover, t realizes a composition (do,dy,...,d,) iff its image under rotation realizes the
composition (dy(0y, dy(1),- s do(ny). Thus, for any composition (do,ds,...,d,) and any cyclic
permutation o € Sy, 41,

HCt<dQ, di,..., dn> = HCt<dg(0), da(l)a . 7d0(n)> . (13)
We shall refer to this property as stability under rotation.!

The same way, the mirror image of a non-crossing tree t on vertices (vg, v1,...,v,) i a non-
crossing tree on vertices (v, Un—1,. .., Vp), and t realizes a composition (do, d1, . . ., d,) iff its mirror
image realizes the composition (d,,,d,,—1,...,do). Thus, for any composition (dy,ds,...,d,),

net(do, dy, ..., d,) = net{dy,, dp—1,...,do) . (14)

We shall refer to this property as stability under mirror image.
We will now establish that for any positive integer n and any composition ¢ of 2n into n + 1
positive summands, there exists a non-crossing tree realization of ¢ (Proposition 2.3).

Lemma 2.2. For any positive integer n and any sequence {1,dy,...,dn,dn11) of n + 2 positive
integers such that 143" d; < 2(n+1), there is an index 1 < k < n+1 such that 1+Zf:1 d; = 2k.

Proof. For any index 1 < [ < n 4 1, let S; stand for 1 + Zlizl d;. We prove the following
implication by induction on [: if there is no index 1 < k < [ such that Sy = 2k, then S; > 2[. Since
by hypothesis S,+1 < 2(n + 1), there must exist an index 1 < k < n + 1 such that Sy = 2k.

Base. Since d1 > 1, 51 =1+ d; > 2-1 and the stated implication holds trivially.

Induction. Assume that the stated implication holds for ! (IH), and that there exists no index
1 <k <141 such that S = 2k. We reformulate the latter hypothesis as: (i) there exists no index
1 < k <l such that Sy = 2k, and (ii) S; # 2l. By (IH) we get from (i), that S; > 2I, and from (ii),
that S} > 21, ie., S; > 20+ 1. Since dl+1 >1, Sl+1 =S+ dl+1 > 2(l + 1) O

Proposition 2.3. For any positive integer n and any composition ¢ of 2n into n + 1 positive
summands, there exists a mon-crossing tree realization of c.

Proof. We proceed by induction on n.

Base. The unique composition (1,1) of 2-1 into 1+ 1 positive summands is realized by the unique
(trivially non-crossing) tree on 1+ 1 vertices.

Induction. Assume that the stated property holds for any positive integer up to n (IH), and let
(do,dy,...,dpt1) be a composition of 2(n 4+ 1) into n + 2 positive summands. Since n is a positive
integer, 2(n + 1) > n + 2 and there must exist at least one summand d; > 1. By stability under

n that respect, we may focus on necklace-compositions, i.e., compositions that are lexicographically minimal
under rotation [12].

2In that respect, we may focus on bracelet-compositions, i.e., necklace-compositions that are lexicographically
minimal under mirror image [11].
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Figure 4: Merging two non-crossing trees into a single one

rotation, we can assume without loss of generality that dy is such a summand, i.e. that dy > 1.
Then 1+ Z?Ll d; < 2(n+ 1) and by Lemma 2.2, there exists an index 1 < k < n + 1 such that

14+ 3% | d; = 2k. By difference, (do — 1) + 317, di = 2(n — k +1). Then by (IH):

e there exists a non-crossing tree on vertices (¢, t1, . . ., t) realizing the composition (1, ds, ..., dy)
of 2k into k 4+ 1 positive summands,

e there exists a non-crossing tree on vertices (ug,u1,...,U,—k+1) realizing the composition
(do — 1,dk+1,.-.,dnt1) of 2(n —k+ 1) into n — k 4 2 positive summands.

Let T and U stand for the respective edge sets of these non-crossing trees (where edges are defined
as couples of vertices). We “merge” ty and ug into a single vertex vy to get a tree on vertices
(vo,v1, ..., Unt1) which edge set is defined as

{{vi,vj} [ {ti,t;} € T}
U {{vo, vjsa} | {uo,us} € U} (15)
U {{Ui+k,vj+k} | {ui,uj} cU,i>0,5> 0}

(see Figure 4). This tree is non-crossing and it realizes the composition (dg,ds,...,dn,dy11) of
2(n + 1) into n + 2 positive summands. O

The previous proof suggests a recursive definition of nct:

e The unique composition (1,1) of 2-1 into 1+ 1 positive summands is realized by the unique
non-crossing tree on 1 4 1 vertices. Thus,

nct(l,1) = 1. (17)
e Let n be strictly greater than 1 and (dy,dy,...,d,) be a composition of 2n into n+ 1 positive

summands. Let k& be the smallest index such that di > 1 (there exists at least one). By
stability under rotation,

net(l, ..., 1,dg,...,d,) = nct(dg,...,d,,1,...,1). (18)
Thus we can assume that dp > 1. In that case,

net(do, dy, ..., dn) = (nct(l,dy, ..., d) - nct(do — 1, diy1, - ., dn)) (19)
k

where the sum ranges over the set of indices 1 < k < n such that 1+ Zi-c:l d; = 2k (there
exists at least one).

Remark 2.4. Applying the recursive formula in a row to dg,dp — 1,...,1, we get
do
HCt(do,dl,...,dn> = Z HnCt(l,dkj71+1,...,dkj> (20)

(Ko, kag) J=1

where the sum ranges over the set of sequences (ko,. .., kq,) of do + 1 indices such that 0 = ko <
-+ < kg, = n and such that for all 0 < j < dj,

L+ Y di=2(k — kja). (21)



3 The four parameters case

We focus now on the special case where compositions are of the shape

1,2,2,...,2,1,3,1,3,...,1,3,1,2,2,...,2,1,3,1,3,...,1,3 (22)
—_— —_—  —
p 2q T 2s

which we write as 12P(13)7127(13)®. Recall that N, 4, s stands for nct(127(13)7127(13)°).
Lemma 3.1. For any p, q, v and s, Npgr.s = Nrgp.s = Np.s,rq-

Proof. This follows from stability under rotation and mirror image. We give the formal calculations
here in full, because we use similar arguments later on without showing them explicit.

Ny grs = nct(12P(13)7127(13)%) by definition of N
= nct(2P(13)912"(13)°1) by stability under rotation
= nct(2P1(31)92"1(31)*) by reparenthesizing
= nct((13)°127(13)912F) by stability under mirror image
= nct(127(13)712P(13)°) by stability under rotation
= Ny gp,s by definition of N.
The same way, Np g,r.s = Np.s,rq- O

According to Lemma 3.1, so as to get a recursive definition of N, 4., s, we need to consider only
No,0,0,0 on the one hand, N,11.4,rs and Ny g, s+1 on the other hand.

Proposition 3.2. For any p, q, v and s,
Noo00=1 (23)

Np+1,qms = N070,070 paars T E NO,LO 0- p,q J,r s)

+ E NO,q,kO p,OT ks + § NO,q,rl Np,O,O,s—l)
=1

p q
Npgrst1 =No000 Nitpars+ O (Ni000 Nispigrs) + O (Npj00- Nigojrs)  (25)

i=1 j=1
Proof. We have Ny 00 = nct(12°(13)°12°(13)%) = 1 by definition of N and (17). Next we have
Npit.gms = nct{12°2(13)9127(13)°) = nct(21(31)927(13)°12?) by definition of N, reparenthesizing
and stability under rotation. Applying (19) we get
Npt1,q,rs = nct(11) - nct(1(31)72"(13)°12°)

+ 320, (net(11(31)7) - net(1(31)77727(13)°12))

+ 3oy (net(11(31)72%) - net(1277(13)°127))

+ 307, (net(11(31)927(13)") - net(1(13)~1127)).
Notice that there is no other way to “split” (21(31)727(13)°12%) into two compositions such that

the first one is of the form (1,ds,...,dx) and satisfies 1 + Zledi = 2k. Then we get (24) by
reparenthesizing and stability under rotation. A similar argument applies to the proof of (25). O

Corollary 3.3. For any p and s,

Npoo0=1 (26)
No,o,0,s = Cs (27)
NO,O,T,erl == Nl,O,T,s (28)

where Cy stands for the s-th Catalan number.

Proof. Both (26) and (27) are easily proved by induction, and (28) follows from (25) and (26). O



4 Pascal’s & Catalan’s triangles

In this section we are going to establish identities (8) and (9) mentioned in the introduction. First,
recall Pascal’s second identity and its consequence: for any a, b and c,

b b

a+k a+1+0b a+k a+1+b a+1+c
= d = — . 2
Z(a,kz) (a—l—l,b) o Z <a,k> <a+1,b> <a+1,c> (29)

k=0 k=c+1
Proposition 4.1. For all p, r and s,
p+r
p+2s s p+2s
= (1) 5212
p+s,s p+s+1\p+s,s
p+1 p+2s
e = Qp,s (32)
p+s+1\p+s,s
+1r+2s S +7r+2s
Npors= (7 -— (7 (33)
p+s,r+s p+r+s+1\p+r+s,s

Proof. First we prove (30) by induction on p, then we prove (33) by induction on s. From this (31)
and (32) follow as a special case with » = 0. By Lemma 3.1 and (26) we have for any r that
No,0,r,0 = Nro,0,0 = 1. Now assume that Npo,0 = (erT) for any r (IH1). Then

p,r
Np11,0m0 = 2 jem0N0,0,k,0 - Np0,r—k,0 = D jeo Np,0,r— k.0 by (24)
_ +r—k
=Y ko (5 2%) by (IH1)
= (1;111?) by reindexing and (29).
Then (30) holds, and trivially Npo.,0 = (Zig;;ig) — m(g%ig;g). NOV\; assume that2 (33)
: _ (ptrt ’ 7425\ _ (ptr2s rt2s
holds for any p and r, i.e. that Np o, = (§+;r+ss) - p+ris+1 (§+:+s,ss) = (;I;Jr;w:s) - (p+f+sr+1;;71)
(IH2). Then
Npo.rsi1 = 301 Nig s by (25), (26) and reindexing
— Pl itr42s p+1 i+r+2
=21 (e = 2021 Giertartem1) by (IH2)
_ r42s42 2541 742542 2541 : .
=[Gz = )] = [@e2s2) = (25| by reindexing and (29)
i +r+2(s+1) +1 +r+2(s+1)
and the last term is equal to (p+lzsl1),Ti(s+1)) — pﬂf(sﬂ)“ (p_fT_:(s+i)7s+1). O

5 A triangular Catalan recurrence

In this section we establish the identity (10) from the introduction. We need the following lemma:

Lemma 5.1. For any t and u,

t u
Z Z Ci-Cj - Cr—iyr(u—s) = Ctrut1- (34)
i=0 j=0
Proof. By induction on u (the base case is the usual recurrence for Catalan numbers). O



Proposition 5.2 (A recurrence for Ny 4.0,5). For any q and s,

q S
Nigos=>_ 3 Citi-Nog—josi (35)
7=0 =0
q S
Nogos=»_ > Ci-Ci-Nig josi (36)
7=01=0
q S
=33 Civir1-Nog—jo.s-ti (37)
7=0 1=0
No,g+1,0,+1 = N1,g+1,0,s + N1,¢,0,5+1 — N2,,0,s (38)
1 ifgq=s5=0
NO,q,O,s = f 1 (39)

4 020=0Cjti-1-Nog—jos—1 fq+s>0

Hence Ny g4,0,s = Rg,s.

Proof. Note that (39) follows from (23), (35), (37) and (38). Hence, it suffices to prove (35)—(38).
First step. Starting from (24) and (25) we prove that for any ¢ and s,

Nig,0,5+1 = 23-0C)  Nog—j,0,s+1 + 2_5-021=0C - Ct - N1,q—j,0,5-1- (40)

Second step. Then we prove by induction on s that for any ¢ and s, both (35) and the following
identity holds:

> —0221=0C5 - Ci - Nig—jo,s-1 = 22002 1=0Cj+1+1 - Nog—j,0,5—1- (41)

The base case for (35) follows from (24) and the base case for (41) from (25). Then the inductive
case for (35) follows from (40) and the inductive case for (41) from (34).

Third step. By (25), reindexing and (24) we get that for any ¢ and s,

> 5=0Ci - No,g—5,0,5+1 = 2-3-0V1,4,0,0 - N1,g-5,0, (42)
= >720Ci+1 Nig—jo,s (43)

where (43) follows from (42) and Ni 40,0 = >.7_(Cj - Cg—j = Cyy1.
Fourth step. We prove (36) and (37). By (25), N1,g,0,s+1 = N2,,0,5 + > j=0N1,5,0,0 - N1,g—j,0,5-

N2 g.0.s = Ni,4,0,s+1 — Z?ZONL]‘,O,O “N1,q—j,0,s
= Nig0,5+1 = 25—0Cj - No,g—5,0,5+1 by (42)
= N1,4,0,s+1 — (N1,q,0,s+1 = > i—0221=0Cj - Ci- N1,q—j,0,s—l) by (40)
=220 021=0C5 - Ci Nig—j0,5-1 = 22502 1—0Ciiti+1 - Nog—j,0,s-1 by (41)

Fifth step. Finally, we prove (38).

Nog+1,0s+1 = N1g+1,0,s + Z?ZOCJ-H “Ni,g—j0,s by (25) and reindexing
= Ni,g+1,0,s + 2j-0Cj - No,g—j,0,5+1 by (43)
= Nl,q+1,0,s + (Nl,q,o,erl - Z?:oZlSZOCj . Cl . Nl,qu,O,s—l) by

_— q s
= Nigt1,0s + (Nl,q,o,sﬂ =2 j=0221=0Civi41 - No,q—j,o,s—l) b
= Nig+1,0,s + (N1,0,0,5+1 = N2,g0,) b



6 Triangles and Tetrahedra

The value of N, 4, s depends on four parameters p, ¢, r, s. If we fix two of them, we can obtain
triangles. For example, for ¢ = s = 0 we get Pascal’s triangle (3), and for r = s = 0 we get the
Catalan triangle (5) (which should more precisely be called Pascal-Catalan triangle). If we let
p=r =0, then we get the triangle (7), which could also be called Catalan triangle.

If we fix only one parameter, we obtain a tetrahedron. For example, let s = 0, and let us define

Tp.qr = Np.g.r0- Then we get from (33) and Lemma 3.1:
p+r+2q q p+r+2q
Thar = ( ) (a4)
p+q,r+q p+r+qg+1\p+r+q,q

This defines a tetrahedron where one side is Pascal’s triangle and the other two sides are the
Catalan triangle. Thus we can call it the Pascal-Catalan tetrahedron. We have the following
recursive identities:

Proposition 6.1. For all p, q, and r, we have

Tptrg+tr41 = Tprrgrtr + Dottt + Lipt1)+(r+1),4,0 (45)

Tortgrt1 = Tpgrir + Tpr1)+(r+1),0,0 (46)

Tp+1,q+1,T = Tp+27q7r + Tp,q-i-l,r (47)

Proof. Easy calculation using (44). O

For r = 0, we get the tetrahedron V), 4 s = Np 4.0,s, Which we can call the Catalan tetrahedron,
because two of its sides are the Catalan triangle (5) and the third side is the new Catalan trian-
gle (7). Unfortunately, we could not find a closed formula for V,, , s. However, in Section 7 we will
give the generating function. We also have the following;:

Proposition 6.2. For all p, q, and s, we have:

pt+2 q

ZVW,S = Z Ci Vogti-js (48)
i=2 =0

Proof. By (24) we get Vpi1..601 = 3 0—oV0.5.0 * Voug—sist1 + 3121 Vot Vpuo,(s+1)—1> Where

q
2 7=0Y0.5.0 * Vipig—jst1
_\¢ p—1 q—j
=2 i-oV0,j0" {Zi:O Vidp—ig—js + 25 =0Vp.i0 - Vig—j—jr,s| by (25)

=>4 oVo40- Zf;olvlwfi,q*jys + 3o Vo150 - Vig—js by reindexing and (24)
Vot Voo,(s1)—1

=30 [ZZZOVOJ,O - Vl,q—j,s} V051 by reindexing and (25)

- Z?ZOVO,J',O . |:‘/;D7(q—j)+175 — Zf;olvl+p*i7q*jws by reindexing and (25) again.

Hence, we get
Vottast1 = 250 Vor1,,0 * Via—js + 25-0V0.5,0 - Vor(q—i)+1,s (49)

We also have Vpy1gsr1 = SoriaVigs + > 5=0Vit+1,4,0 - Vig—j,s by (25) and reindexing. Together
with (49), this yields (48). O

Observe that identities (45)—(47) establish close relationships among the triangles with s = 0
(or ¢ = 0), i.e., the triangles that live inside the tetrahedron T}, ;.. For example, from (46) we can
get Np11,4,7,0 = Np,g+1,6,0 + Np+8,4,0,0-
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Below, we exhibit some identities between triangles where ¢ # 0 and s # 0.

Nig1s = Nogo,st1+ Nogri,0,s (50)
Nig2s = Nogi1,0s+1 (51)
Nigr12s41 = Nagos+ Nigisi2+ Nigiois (52)
Nigt1,0s+1 = Nogi1,0s+1+ N3 1.6 (53)
Nigri1,s41 = Nogr10s+1+Nagos (54)
p+2
Npgo1 = Z Niq,0,0 (55)
i—2

They can all be proved by using Lemma 3.1, (24) and (25) by easy but tedious calculations.
Now we can derive another recurrence for the triangle in (7), i.e., different from the one given
in (6):

Proposition 6.3. For all ¢ and s, we have

q
Rq75+2 = Z Cj+1 . (quj,erl + Rq+17j75) (56)
§=0
Proof. We have
No,g,0,5+2 = 29—0V0,7,0,0 - N1,g—j,0,541 by (25)

_ Z?ZOZ?;OJ-NOJ,&O “No1.00- Nig_j11.s by Lemma 3.1 and (25)
=30 X0IC - Cr - (Nog—j-t0,s+1 + Nog—j-t1.0s) by (27) and (50)
=227-0C5+1 - (Nog—j.0.541 + No.g—j+1,0.5) H

To see an example for (56) consider again the triangle (7):

ah

2,/3 2 (57)
5,9 9/5
14,28 34,28 14
4290 123 123 90 42
132 297 440 497 440 297 132

We have 123 =C; - (28 +34)+ C2 - (94 9) + C5 - (3 + 2).
Remark 6.4. In the next section we will make use of the following identity:
q s
N3 q,0,5 = ZNo,j,o,o “No,g+1-5,0,s = ZNO,O,O,I *No,q,0,5+1-1 (58)
j=0 1=0
It is a special case of (48), but it can also be shown directly: By (36), we have

q s

Nogos =3 C;-Cr-Nigjosi

§=01=0
Then (58) follows immediately by (25) and (27).

In the remainder of this section we derive a closed formula for the tetrahedron s = 1. We need
the following observation:

Lemma 6.5. For any p, r, s and t,

Np.ors+t + Nptrit,0,t,s = Npte,0,r+,s T Nptr,0,0,54¢ (59)

11



Proof. Easy calculation, using (33). |

For any ¢ and n, let Uy(n) be defined as

1 t+2n
U, = . 60
«(n) t+2n(t+n,n) (60)
Notice that for any t,
t(t
t =_ =1. 1
0 =1(,") (61)

The following two identities are called Rothe’s identities (see [15, identities 14-15, p. 329]).

ST Uk) - Uuln — k) = t:;uUHu(n) and Y KUL(K) - Uu(n — k) = %Um(n). (62)
k=0 k=0

As a consequence, we get

n

S (4 k) U(k) - ulu(n — k) = (t+u+n)Upu(n) . (63)
k=0
Lemma 6.6. For any p, r and s,

Npors =P+ 5+ 1)Up—ri1(r+s) = sUpyria(s) (64)
Npoo.s = (0 + DUps1(5) (63)
Proof. The identity (64) follows immediately from (33) and (60). The identity (65) is a special
case of (64). O

Lemma 6.7. For any p, r, s and t,
r—1

Z Np,o,r0* Nt,0,0,s—1 = Npt+1,0,r,s — Z(p —r+1+D)Up—rt1(l) - ¢+ 1Upsa(r +s—1)  (66)
1=0 1=0

Proof. From (64) and (65) we get that >} (Np.o,r1 - Nt,0,0,s—1 is equal to
Yo+ 14 DUprpa(r + 1) - (E 4+ DUsa(s — 1) = 2 olUptrsa(l) - (¢ + DUpga(s — 1)
where, using (63) and (62) respectively,
Ym0+ 14+ DUp—yir(r +1) - (¢t + 1)Upsa(s = 1)
=((p+t+1)+s+ D) Uppit1)—ri1(r+s)
— S (=74 1)+ DUpeyia (1) - (t+ DU ((r +5) — 1)
Soi—olUptra1(l) - (¢ + DUps1(s — 1) = sUprsy1r11(5)
But by (64), ((p+t+1) +5+1)Upyer1y—rs1(r +8) = sUpper1)4r41(5) = Npter1,0,r,s- u
Now we can give a closed formula for the N, 4,1 tetrahedron.
Proposition 6.8. For all p, q and r,
Npgr1 =Tpg+1r + Tptr+1,9+1,0 — Lo,g+1,0 — Tpg+10 (67)
=Tpr1,qr+1 + Tprrgr = Tigr — Tpga (68)
Proof. By (25) we have
Npgrt = (3i=0N:1,0,0,0 * Ni4p—i,q,r,0) = Np,0,0,0 * N1,g,,0 + 2 5=0Np,5,0,0 - N1,g—j,r,0

where EZP:ONLO,OyO'Nler*iyqu,O = Np,qul,r,O by Lemma 3.1 and (25), and Np,O,O,O'Nl,q,T,O = leqm’o
by (26), and

Z?:ONP7]—1O7O . Nl,qu,r,O = Z?:O (Np,O,O,qu . Nr,O,l,j) by Lemma 31 and reindexing
= Nptr4+1,0,1,¢ — 7U-(0) - (p + 1)Upt1(q + 1) by (66)
= p+r+1,0,1,¢ — 1- Np,O,O,qul by (61) and (65)

Now both (67) and (68) follow from Lemma 3.1, (28), and (59). O
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7 Generating functions

We can use the identities (24) and (58) for calculating the generating function for N, 4, s. Recall
that we use the following abbreviations:

Ppr— pOTO Cq:NOJLOaO
Qp g = Np,q,00 Tp,q,r = Np,g,r,0 (69)
Rq,s - NO,q,O,s ‘/p,q,s = Np,q,O,s
Theorem 7.1. We have
. 1—4y
0 0w =Y = g
(ii) = ZP Pz !
o pr l—x—2z
p,T
(y)
(iii) zq: Qp,qxPy? = 7 CW)
C C —
(IV) ZRQ squs _ (y) (w) (’LU y)

p (e —zowC) )
(v) T(x,y,z Zqurxy (1—z-Cy) - 1—2-Cy)-(1—xz—2)

p,q,r

=P(x,2)- (1+y-Qx,v) - Q2,y))

Cly) - Cw)- (w—y—=z-(w-Cly) —y-C(w))
w-Cly) —y-Cw)) - (1—z-Cly)) - (1—z-C(w))

(vi) (x,z,w) vaqsxpyw :(

:Q@W»wa%( %g ‘O

.. D, d TS
(viil)  N(z,y,z,w) E st ylz"w
p,q,7,8

CCW) (A -z —2)(w—y) + (wC(y) —yCw)((A — = — 2)(x2(Cy) + C(w)) — = — 2) + 2?2°C(y) C(w)))
(1 =2C(y)(1 —2C(w))(1 = 2C(y))(1 - 2C(w))(1 —z — 2)(wC(y) — yC(w))

=Q(z T T T Mﬁf z,z) — i — c
= Q@) (i + 5P ~ G ~ )

Proof. The formulas in (i) and (ii) are well-known. For the others, the calculation follows below.
(iii) By letting r = s = 0 in (24) and using (69) we get
Qpt1,0 = 2i—0Q0,i * Qpq—i (70)
If we plug (70) into the general formula for Q(z,y), we get

Q(z, ZQqu +90qu( —oCi - Qp.g—i) 2"y*
*C( ) +a-Cly)- Q(z,y)

From this, (iii) follows immediately.

(iv) We let
R/(y5 w) = Zq,quJFlequs and R”(ya w) = Zq,quaerlqus
Then, we get immediately from (58) and (69)

Cly) - R (y, w) = C(w) - R"(y, w) (71)
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Furthermore, we have
R(y,w) = 3 Rosw® +y>, Rer1sy'w’ = C(w) + 2 R (y,w)
Hence, we get

R(y,w) = R(y,w)—C(w) and R'(y,w) = Ry,w)-C(y) (72)

Yy w
Plugging (72) into (71) and solving for R(y,w) yields (iv).
(v) We let s =0 in (24) and use (69):
Totrar = 2107000 * Tpg—ir + 2 5—0T0.05  Tpor—i — To,q.0 Tpor (73)

If we plug (73) into the general formula for T'(z,y, z), we get

T(:E, Y, Z) = qurTO,q,quzT + :EZpyqyr ( g:(jci : Tp,q—i,r + Z;:OQj,q : Pp,r—j - C'q ' Pp,T) -prqu
=Q(zy) +2-Cly) - T(r,y,2) +z-Qz,y)- P(z,2) —z-Cy) - P(x,2)

By plugging in (ii) and (iii), and solving for T'(z,y, z), we get the first identity in (v), which
can be transformed into

! _ 1-C(y)
T(-Tayaz) T l-z—2z (1 (171-C(y)) (1zC(y)))

By applying the identity yC(y)? = 1 — C(y) and (ii) and (iii), we get the second identity
in (v).

(vi) We let » = 0 in (24) and use (69):
Virtas = 2iz0Y0.10 * Vog—ivs + 2pcoVosak - Vpos—k — Vog0 - Voo,s (74)
If we plug (74) into the general formula for V(z,y, w), we get
V(:E’ y’ w)
=2 g Voasyw + a0, (Xi20Ci * Vog—ivs + 2o Bak - Qps—k — Cq - Qp,s) 2y w?
= R(y,w) +2-Cy) - V(z,y,w) + - Ry, w) - Q(z,w) —z - Cly) - Qw,w) -
)

We get the first line in (v) by plugging (iii) and (iv) into (75), and solving for V' (z,y, z). The
equality to the second line is obtained by a straightforward calculation.

(vii) From (24) and (69) we get

Nerl,q,T,s = Z?ZONOJ,O,O : Np,qu,r,s + Z};:ONO,Q,I@,O : Np,O,Tfk,s - NO,q,O,O : Np,O,r,s
+ > oNosgrt - Npo,o,s—t — Nogr0 - Npo,o,s
= Z?:OCJ “Npq—jrs + ZZ:OQk,q Tpr—ks — Cq-Tprs
+ Zfzo‘/;‘,q,l . Qp,s—l - Qr,q . Qp,s
If we plug this into the general formula

_ P, dT,,8 q.,7,,8 P, d 7,8
N(‘T’y5z5w) - an,gsz,q,T,Sx yzw = Zq,r,sNO,q,nsy Zw +$2p,q,r,sz+1aQaT75$ yzw

we get
N(z,y,z,w) =V(z,y,w) +x-C(y) - N(z,y,z,w)
+2-Qz,y) T(x,w,z) — x-Cy) - T(z,w,2) (76)
+x- V(xvyaw) ' Q(z,w) - Z- Q(Z,y) ! Q(z,w)

If we solve (76) for N(z,y, z,w), and plug in (iii), (v), and (vi), we get the first term in (vii).
The equality to the second term is obtained via a straightforward calculation and (ii), (iii),
and (iv). O
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