FACTORIZATIONS RELATED TO SOME NUMERICAL TRIANGLES
HELMUT PRODINGER

ABSTRACT. An asymmetric combinatorial matrix with two free parameters is factored in 4 dif-
ferent ways. The results are obtained by a combination of guessing and applying combinatorial
identities.

1. INTRODUCTION

In a series of papers Trzaska [5, 6, 7] considered the numerical triangles

n+k n+k
Al(n,k)—( ok ) and Az(n,k)—(2k+1).

It is interesting to note that the explicit forms never appear in the above mentioned papers,
but the results are easy to prove by induction, once one has guessed to correct formulee.
In another series of papers, Ferri, Faccio, and D’Amico [1, 2] considered the triangles

By(n, k) =Ay(n, k) = (”;k") and  B,(n,k) = (” +2kk+ 1) — By(n+1,k),

and, again, the explicit forms were never mentioned.
In the present paper, we consider the triangle (generalizing all the mentioned triangles)

n+k+a
A(”’k):( 2k + b )

for integer parameters a > b > 0; in particular, we want to study LU-decompositions of
matrices related to the numbers A(n, k). In order to make this a meaningful project, we
should avoid entries 0, which would lead to uninteresting results. It is better to use the
numbers

A(n+k,k)=(n+2k+a),

2k+b

and these numbers are never zero for integers n,k > 0 and a > b > 0, which we will assume.
Notice that there is no symmetry n «— k. We will thus consider in four sections the matrices
M = ((H;Ifiza))n,k’ M = ((n;lfga))k,m M = (1/(HJ2rlfiJl;a))n,k’ M = (1/(n;lfiza))k,n and compute
the LU-decomposition M = LU. This will be done by guessing and later proving the results.
We use the generic form M = LU, but there is no danger of confusion, as the notion will be
restricted to the relevant section.
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Decompositions of that type have appeared previously in this journal, see, e.g., [4, 3].
In earlier instances, both, L and U had attractive coefficients that appeared in closed form.
Here, the situation is a bit more complicated: In two instances, U has nice coefficients, but the
coefficients of L are only given as a summation, and in the other two (transposed) instances,
it is the reversed scenario.

2. FACTORIZATION OF THE ORIGINAL MATRIX

(n+2k+a

We start with the matrix M that has entries M, , = ("5,

) for n,k > 0.
Theorem 1.
U = (2n + a)!n!2k
KT 2n+ b)) (n—k)!(k+a—b)!’
. (n+a—Db)!I(2k + b)!(—1)"k
o (n—k)k!(2k + a)12n
We prove that the matrices are indeed inverse. Assume that k < [ and compute
U-U )y = Z Uk,jUj_,ll
k<j<t
B Z (2j +a)tj12k (I4+a—b)(2j+ b)(—1)
S QDG =Rk +a=b) (1= )12 +a)!2!

_ 21+ a—Db)! (-1
~ (k+a—Db) k;l(j—k)!(l—j)!

20+ a—-b)(—1)* [—Kk\,
 (k+a-b)(l—k)! k;l(j—k)( D™

21+ a—b)(—1)*
~ (k+a—Db)(I—k)
Values of (U - U™"),, for k <1 are of course also 0. We use Iverson’s notation: [P] is 1 if P is

true, and O otherwise.
Now we define L = MU' and express the coefficients as convolutions:

_ E : -1
Ln,k - Mn,j Uj,k
0<j<k

_ Z (n +2j + a)(k +a—b)I(2j + b)I(=1)
B 2j+b (k— )1N2) + a)12k

[k=1]=[k=1].

0<j<k

_ (k+a—Db)n!(—1) (k\(n+2j+a
T (n+a—b)lkI2k Z(_ly(]’)( n )

0<j<k
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In order to see that this is indeed a lower triangular matrix, notice that

(n+2nj+a) _ Z A )",

0<h<n

for some coefficients A(n, h), and that

for h < k. Therefore for n < k, there are no contributions to the sum. If n = k, then

b= Soren 2V

0<j<n
(n+a—Db)(—1)"
= (ita_ by O;H( )J( )[—] +lowerpowersof]]
(n+a—>b)! ne
(n+a— )'n'O;n( 2 ]()
(n+a—Db)!
(n+a—b)'n' v

as it should. So L is a lower triangular matrix with coefficients 1 in the main diagonal, and
U is an upper triangular matrix. Since the LU-decomposition is unique, we have found the
matrices that are involved.

3. FACTORIZATION OF THE TRANSPOSED MATRIX

We continue with the matrix M that has entries M, , = (";ﬁza) for n,k > 0.

Theorem 2.
. (2n+a)!n!(2k + b)!

KT @2n+ b)) (n—k)k!(2k + a)!’

0 (—1)"*(2n + a)'n!(2k + b)!

mk(2n 4 b)I(n—k)k!(2k + a)!”

We check that the matrices are inverse:

Z 2n+a)n!(2j+b)!  (=1)74(2j+a)!j!(2] + b)!
(5o @n+b)(n—j)j1(2j+a) (2j+b)(G—DN(2L+a)!

. (2n+a)!n!(2l + b)! » l
_(2n+b)!l!(21+a)!(n—l)'l;n( - ( —z)

_ (@n+a)n!(2l +b)!
@n+ bR+ ) (n—D)!

(L-L7Yy =

[n=I1]=[n=1I].
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And now we define U = L™'M; we get these entries:
_ -1
U= > LM,
J

_Z(—1)"_f(2n+a)!n!(2j+b)!(k+2j+a)
B — (2n+Db)!(n—N!I2j + @)\ 2j+b

B (2n+a)'k! i(m\(k+2j+a
_(k+a—b)!(2n+b)!z(_1) ](j)( k )

J

As before, we see that there only nonzero contributions when k > n.
The diagonal elements simplify:

U = (2n+ a)!nt2"
M (2n+ b)) (n+a—b)

4. FACTORIZATION OF THE RECIPROCAL MATRIX

Now we consider the matrix M that has entries M, =1/ (n;:fza) for n,k > 0.

Theorem 3.

_ (=D*@2n+b)inl(k +a—b)T(9)
 @nt+k+a)(n—k)Ir(E)
o, 2(n+2k+a- 1)I(—1)Fr(32te)
kn ™ (n+a— b)IkI(n— k)I(2k + b)IT (%)

k,n

We prove that the two matrices are inverse to each other:

U-U Dy = Z UiiU;,
J

=>. (—1)%(2j + b)jt(k + a— bIT(E2)  2(1 +2j + a— 1)I(-1YT(CHES)
B (2j +k+a)(G—FTCE) (I +a—b)jII—)N2)+ b)IT(E2)

J

_2(k+a—b)r(5r() Z (_1)j_k(l—k)(l +2j+a)
F(EHE) (I +a— b —k) &2 j—kJ\l—k—=1)
For [ > k, the inner sum evaluates to 0. For k = [, we are left to compute
2(3k + a — 1)IT (32t B PR

(3k+a)IT(EM) T 3k+a

3
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as it should. Therefore we define L := MU', with coefficients

nk_ E:Mn] j.k

0<j<k

_ 2(n+a—b)T(EEE) s (k+2j+a—1)!(—1)j(k)
C Kk+a—b)r(E) &2, (n+2j+a) i)

If k > n, we may write this as

2(n+a— b)!(k—n—1)Ir(3kt2te A 2i+a—1

( )I( ety )ZHY(@XH jra-1)
k!(k +a—b)IT(5%) j k—n—1

which evaluates to 0. If n = k, we are left with

or 3n+2+a -1 j
Ly, = '(F 2_ ) >, i 2.)+ (n)
n: (T) n JTa\j

0<j<n

nk —
0<j<k

3n+2
B r(H) I(54)r(n+1) B
- n!F(%) 2F(3n+22+a) -

So, L is a lower triangular matrix with ones in the main diagonal, and we have indeed found
the LU-decomposition of M.

5. FACTORIZATION OF THE RECIPROCAL TRANSPOSED MATRIX

Our last section deals with the matrix M that has entries M, , =1/ (”;ﬁ;a) for n,k > 0.

Theorem 4.
L (2n+ b)!In!(3k + a)!
T (2n + k + a)k!(n—k)!(2k + b)!
o (=D @2n+ b)nl(n+ 2k +a—1)!
kT ki (n—k)(3n+a—1)!1(2k + b)!
We check that the matrices are inverse:
(L Ll)nl ZLTL] il
[<j<n
. Z (2n+ b)!In!(3j +a)! (=1 2+ D) +2l+a—1)
A2 @ntj+a)jin—)I2j+b) 1 —DI(3j+a—1)1(2L+b)!

_ (2n+b)!n!(2l —2n—1)! _ n—N\(j+2l+a—1
T @I+ b)(n—D) l;n( DS +a)( ])( i+2n+a )

For | < n, the sum evaluates to O (computer algebra systems are capable to evaluate this),
and we are left to consider (L - L™"), ,, which is straightforwardly seen to be 1.
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And, as before, we define U = L™'M and get these entries:
Uy = ZL;MM
_ ZJ: (=) 7(2n+b)n!(n+2j+a—1)! (2j + b)!(k +a—b)!
; ji(n—j)@Bn+a—1)(2j+ b)! (k+2j+a)!

_ (@2n+b)!(k+a—D)! _ i(n+2j+a—1)(n
 (Bn+a-1)! Z( ™ (k +2j + a)! (])

0<j<n

If n > k then the sum evaluates to 0, so U is indeed an upper triangular matrix. The diagonal
elements can be computed:

_ (2n+b)!(n+a—Db)! Z (—1)+ 1 (n)

i (Bn+a—1)! 52 n+2j+al\j
_ (2n+Db)(n+a—0b)! (—1)"T(5*)n!
(B3n+a—1) 2r(3Ee2)

_=Dr@n+b)(n+a— bIT(52)
B (3n+ a)!ln!T( ) '

6. GENERALIZATIONS

We briefly mention that the results may be generalized. For instance, instead of working

. n+2k+a . n+dk+a . ) . . .
with ( okth ), we may work with ( dcth ), where d is a positive integer. We just cite the

theorems here and leave the (analogous) proofs to the interested reader.

Theorem 5 (Generalization of Theorem 1).
U - (dn+ a)!n!d*
S (dn+ D) (n—I)(k +a—Db)V’
U1 (n+a—b)!(dk + b)!I(—1)"*
fn (n—Ik)k!(dk +a)ldn
Theorem 6 (Generalization of Theorem 2).
L= (dn+a)!n!(dk + b)!
T (dn+ b)) (n—k)k!(dk + a)!’
_; _ (=D *(dn+a)!n!(dk + b)!
nk = (dn+ b)!(n—k)!k!(dk +a)!’
Theorem 7 (Generalization of Theorem 3).
(—1)*(dn+ b)!n!(k + a — b)IT(X22)
" (dn+k+a)(n— k(e

k,n
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o d(n+ dk + a — 1)1(—1)kr(&eday
Un = (n+a—b)k!(n—k)!(dk + b)IT(2)
Theorem 8 (Generalization of Theorem 4).
L, = (dn+b)!n!'((d + 1)k + a)!
kT (dn+ k + a)k!(n—Kk)!(dk + b)!
i C)Mdn+ b)nl(n+dk+a—1)!
kT gk (n—k)!((d + Dn+a—1)(dk + b)!
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