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Abstract

It is well known that the tensor product of n + 1 lowest weight representations
of (a generalization of) the oscillator algebra b(1) can be depicted by a binary cou-
pling tree. With each such binary coupling tree, we associate a polynomial Rl(h) (x)
that will turn out to be an n-variable Hermite polynomial. We prove that the poly-
nomials Rl(h)(a:) associated with a fixed binary coupling tree are orthogonal over
the n-dimensional real space for some weight function, that is independent of the
shape of the considered binary coupling tree. The connection coefficients express-
ing a polynomial associated with a given binary coupling in terms of polynomials
associated with another binary coupling tree are the 3nj-coefficients of b(1).
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I Introduction

General recoupling coefficients or 3nj-coefficients of Lie algebras play an important role
in theoretical physics, but also have many mathematical applications, e.g. the 37 and 6j
coefficients of su(2) exhibit a close relationship with Hahn and Racah polynomials [1, 2].
In [3] Granovskii and Zhedanov give a new method for the construction of 3nj-symbols.
In [4] their method was applied to the Lie algebras su(1,1) and b(1) to find addition
formulas for various orthogonal polynomials. Generalizing the most important formulas
in this paper, we showed in [5] that one can associate multivariable Jacobi and continuous
Hahn polynomials with tensor products of positive discrete series representations of the Lie
algebra su(1,1). A convenient way to describe the order of taking these tensor products
(or couplings) is the use of binary coupling trees, see [6, Topic 12| and [7, 8]. We will use
tree terminology (e.g. leaf nodes, root node, subtree,...) that should be self-explanatory,

but in doubt see [9)].

In this article, we will follow the same technique as in [5] to find multivariable Hermite
polynomials that are associated with tensor products of lowest weight representations of
(an extension of) the oscillator algebra. We will show that these multivariable Hermite
polynomials are orthogonal on R" for a certain weight function that is independent of the
order of taking tensor products, although the polynomials themselves are dependent on
this order. The connection coefficients between the different classes of polynomials will

turn out to be (just as in [5]) the 3nj-coefficients of the oscillator algebra.

In general, orthogonal polynomials in several variables give rise to certain difficulties that
are not present in the one variable situation. For example, orthogonal polynomials in
n variables are no longer uniquely defined by the region €2 and the weight function on
the region. This is closely related to the fact that there is no obvious natural order for

polynomials in several variables.

The space of all polynomials in the variables xy, ..., x, with real coefficients is denoted

Rlxy, ..., z,] or II"™ for short. The degree of a polynomial P € II" is the highest degree of



any of its monomials. Let (-, ) be an inner product defined on I1”, then P is an orthogonal
polynomial if (P, Q) = 0 for all polynomials @ with deg@ < deg P. This definition does

not require that P is orthogonal with other (orthogonal) polynomials of the same degree.

In our case the inner product will be defined in terms of some (classical) weight function

W on some (classical) region Q in R™: (P, Q) = [, P(x)Q(x)W (z) dx.

The rest of this article is organized as follows: In Section II we give the definition of the
Lie algebra b(1) and a class of representations, together with expressions for its Clebsch-
Gordan and Racah coefficients. In Section III the method of Granovskii and Zhedanov is
briefly explained and a (new) addition formula for Meixner polynomials is found. Whereas
in Section I1I we confine ourselves to the tensor product of three representations, we turn in
Section IV to the multivariable case. We explain how to associate a multivariable Hermite
polynomial to a binary coupling tree and prove the orthogonality of these polynomials.
In the last Section, we show how this leads to an integral formula for 3nj-coefficients of

b(1).

We conclude this introduction with some notational conventions. The notation for (gen-
eralized) hypergeometric functions is the standard one [10, 11]:

B (G =3 el s ()

PR\ by, b,

with (a), the Pochhammer symbol: (a); = a(a+1)---(a+k—1) for £ > 0, and (a), = 1.
Convergence issues will not arise since all the hypergeometric functions in this article are
terminating (i.e. one of the numerator parameters is a negative integer). Furthermore, for
the one-dimensional orthogonal polynomials appearing in this article, we will adopt the
notation and normalization of [12]. In particular, we denote the Hermite polynomials by
H,(x), with:

-n/2,—(n—1)/2 1 ) . (1.2)

Ho(x) = (20)"5F ( 1

— T2

These are orthogonal on R for the weight function exp(—x?):

/ Ho(2) Hon(2)e" d = /7215y, (1.3)



IT The Lie algebra b(1) and tensor products for a class
of representations

The Lie algebra b(1) [13, 4] is four-dimensional, with basis elements b*, H and N subject

to the relations
[b=,b"] = H, [N,b*] =4b* and [H,z] =0, for z = b* N, (2.4)

where the basis elements obey the following unitary conditions Hf = H, Nt = N and
(b%)T = bT (more precisely: the Lie algebra b(1) is a x-algebra with x-operation defined
by H* = H, N* = N and (b*)* = bT; then the representation operators corresponding to
the Lie algebra elements satisfy the same conjugacy properties in the x-representations

considered here).

It is well known that this Lie algebra has a class of lowest weight representations [13],
characterized by two positive numbers A and k. These representations are infinite di-
mensional and have a set of orthonormal basis vectors |h, k,n), with n = 0,1,2,.... The
action of the operators corresponding to the Lie algebra basis elements on these basis

vectors is given by

( H|h,k,n) = hlh, k,n),
Nlh, k,n) = (k+n)lh, k,n),
(2.5)
b |h,k,n) = Vhnlh,k,n —1),
[ b |h, k) = \/h(n+1)|h k,n +1).

One can verify that these representations are unitary and irreducible when h > 0 and

k> 0.

Taking the tensor product of two such unitary and irreducible representations (hq, k1) and
(hs, ko) gives again a unitary representation that is completely reducible into representa-

tions of the same type:

(h1, k1) @ (ha, ko) = @D(h1 + ha k1 + k2 + ). (2.6)

Jj=0



We note that the h-labels are simply additive and that the difference between the resulting

and consisting k-labels is a nonnegative integer.

Now, one can express a basis vector |hy + hao, k1 + ko + j,n) in terms of tensor product
vectors |hy, k1,n1) & |he, ko, o). The coefficients accomplishing this connection are called
the Clebsch-Gordan coefficients. Explicitly one has, in an obvious notation with ks =

ky + ko + 7,

|(h1ah2)7k127n> = |(h17k1; h?akQ)h1+h27kl+k2+jvn> = Z Ch17h27j|h17klanl>®|h27k27n2>7

ni,n2,n
ni,n2

(2.7)
where the sum is over all positive integers n; and ns such that n; +no = n + j. The
labels ki and ks have been omitted from the notation of the Clebsch-Gordan coefficients

as they are independent of them [4, Section VI]. An explicit expression is given by:

hihayj _ n, (M1 + 1)l m2pm—n —n,—ny 1
Cnll,n;gl o 5n1+n2,j+n(_1) ’ \/W 2F1 _] ] ? ) (28)

with
ha ho 2 12
o [ nd thus a2+ b2 = L. 2.9
“ h1+h27 h1—|—h2’ o o ( )

We remark that although the denominator parameter in (2.8) is a negative integer, the
hypergeometric notation is still well-defined because the denominator parameter is smaller

than the numerator parameters, which determine the termination.

The tensor product of three representations (hy, k1), (ho, k2) and (hg, k3) can be formed

in two different ways:
((h1,k1) ® (ha, k2)) @ (hs, k3), and (hy, k1) @ ((ha, ko) @ (hs, k3)). (2.10)

The coefficients relating the two coupled bases, for which the notation is self-explanatory,

are called the recoupling or Racah coefficients:

k—k1

((h1, ho)hg) ko kon) = > hy o Uit (ha (ha, hs)), kas, ke, m). (2.11)
kos=ka+ks



This representation of the Lie algebra b(1) has the remarkable property that its Racah

coefficients are of the same type as its Clebsch-Gordan coefficients [4, Section VII]. One

has )
kiko,k12 9\ (j +j12)!d]12+J b _j12> _j,_ i
mtens Ui ki = S mt e B G, @) (2.12)
with
~ hlhg ~ hQ(hl + h2 + hg) ~9 9
a= , b= , and thus also a“ + 0" = 1.
\/(hl + ho)(ha + h3) \/(h1 + ho)(ha + h3)

(2.13)

Moreover, we denoted the nonnegative integer differences by

Ji2 =kio — k1 — ko, j =k —kia — ks, joz = kog — ko — k3 and j' =k — ky — kos, (2.14)

and thus jio+j = jog +j'. We remark that the recoupling coefficients are only dependent
on these integer differences (and not on the k-labels themselves). We choose however
to adopt a notation for the recoupling coefficients of b(1) that resembles that of the

recoupling coefficients of su(1,1) in [5].

It is known [1] (and also immediately clear from the expressions given here) that both the
Clebsch-Gordan and Racah coefficients of b(1) can be written in terms of the Krawtchouk

polynomials [12].

III Construction of convolution identities

In the seminal paper [3] a new method for the construction of 3nj-symbols was introduced
and applied to the su(1, 1) case. This method can be extended to other Lie algebras, and
in [14] it was used to derive a generating function for the 9j-symbols of the oscillator
algebra. In [4, 15] this method was used to find addition formulas or convolution identities

for orthogonal polynomials.

In short: starting with a certain operator X acting on the representation space of the Lie

algebra, one finds a quantity @, (x) that is the remainder of the overlap coefficient between



an eigenvector of X and the basis vector |n) after factoring out the “zero-amplitude” part.

E.g. in the b(1) case
(h,k,x|h,k,n) = (h,k,z|h, k,0)Q,(z; h, k). (3.15)

For certain choices of X, the quantity () will be a classical orthogonal polynomial. How-
ever, this need not be so, and interesting applications exist without () being an orthogonal
polynomial [14]. Next, one uses this polynomial @) and the (zero-amplitude) Clebsch-
Gordan coefficients of the considered Lie algebra to define a two-variable polynomial

S;(x1,x2) that satisfies the important relation (written down for the b(1) case)

S/]jll;kfh*kz (xl’ Z2; hl’ hQ)SllzlfI;:Ifsfkg (‘/171 + T2, T3; hy + h27 h3)
k—k1
= Z hl,hg,hsU,'f;j,ff,;fngZl_’Zfim (w1, 02 + 235 h1, ho + hs)S’ﬁf’b_@ (22, 235 ho, h3).
koz=ko+k3
(3.16)
In [4] it was deduced that, when choosing X = b* 4 b, the expression for the polynomial

S is given by

1 h h
Gk1k2) hyhy) = ——H | —2 Y ) (317
j (x1,3?27 1, 2) /—2jj' J 2h1(h1+h2)x1 2h2(h1+h2)x2 ( )

Using the expressions (3.17) and (2.12) in (3.16) yields (after some simple renamings) the

following identity for Hermite polynomials [4, Formula 6.16]:

Jj+n .
JH+NN\ ik i —n,—k 1
Hj(CLUl + bvg)Hn(—bvl + GUQ) == kz:% ( k‘ )CL +kb] kQFl (_] _ n; ?> Hk(vl)Hj+n_k(v2),
(3.18)

with a? + 0% = 1.

Remark 1 Note that in (3.18) the variables of the Hermite polynomials on the left side

are an orthogonal transformation of the variables on the right side. 1

Remark 2 Recently Wiinsche [16, 17], inspired by the following (alternative) definition

of the Hermite polynomials:

Hy(2) = exp(—i%)(%))m (3.19)

7



introduced his so-called Hermite 2D polynomials

1 82 82 nm n\n
Hypn(Asz,y) = exp(—z(@ + 8—y2)> (22)™(2y)", (3.20)

(Z:) = A (z) . (3.21)

Herein, A is an arbitrary two-dimensional matrix. Wiinsche gave three different represen-

where

tations for the Hermite 2D polynomials. From one of them [16, Formula 2.11], it can be
seen that the left hand side of (3.18) coincides with a Hermite 2D polynomial, provided
A is an orthogonal matrix. In this light it turns out that (3.18) is a special case of the

representation [16, Formula 2.8] for Hermite 2D polynomials. 1

It is interesting to investigate the Granovskii and Zhedanov method for another form for
the operator X. Let X = H + N + b + b~ (more general choices lead essentially to
the same result); in this case one identifies (by considering its three-term recurrence) the

polynomial @ as being a Charlier polynomial [12]:

hn
Qn(x;h k) = (=1)" —'Cn(a: —k;h)
e L (3.22)
n * —-n,—r+
= (=" H?FO ( _ ;_E) :
Using the definition of the S-polynomial
Sfl’kQ(IBl,sz; hi, hy) = Z CZ;ZS% Qny (213 hy, k1) Qny (w25 By, g ), (3.23)

ni+ng=j

and the easily verified identity (expand the two hypergeometric series on the left side,

interchange the order of summation and apply the binomial theorem)

_1 n2 —n , —n , . - — .7 a
Z ( ‘> |2F0< ! yl;al) 2F0< ? yZ;a2) :(az)]@ﬂﬂ( o .;——1)7
_ . i - - J: I—y2—J a2

(3.24)

we arrive at the following explicit expression for S (which we, for distinction with the



Hermite-case, denote by S) :

R —J, k1 — 1 ha
S’-ﬂ’k2x,l‘;h,h =1 (ko — F( ] ;—— 3.25
e ity ) \/j!(h1+h2)jh%(2 e\ ke ) O

h]i —Ji k1 — 1 hQ)
\/j!(h1+h2)jhj2( 1tk — o m); o hy <k1+k2—9€1—9€2 ha
(3.26)

It is thus clear that in this case the S-polynomial can be written in terms of a Meixner

polynomial [12]:

h h
Skka e he) — 1 (ko — 25)s My — ki1 — 7 — k o
fi (x1,:v2, 15 2) \/j!(h1+h2)jhj2( 2 332)] y(ifl 15 J 2+$2’h1+h2)
(3.27a)
= h—jl(k + ko — a1 —x9); Mj(xy — ki ki + ko — a1 — 2 —E)
N\ 10+ hind 1Ry = @y = )y MyT = R Ryt Ry = @, ).

(3.27b)

If we now plug all the basic ingredients into (3.16), we get a convolution identity for

Meixner polynomials.

Theorem 3 The Meizner polynomials satisfy the following identity:

; - . ba—1 . .
(1 =3+ 22)j(=s + ) M;j(z1; 1 = j +x2aam)Mn(l‘1 + 29— j;—s+j,a)
~\a —— ) (—=s+k)junn(l—k
(a) (a—l) ;( k ) ( b ) ( s+ )]—i—n k( +l‘2)k
-5, —j—n+k a b_1
2F1( J _? . ’E) M yn (w15 =8 + K, 0) Mi(s — 21 — 2951 —k—i—a:Q,ﬁ),

(3.28)

where s is some (arbitrary) constant.

Remark 4 We have written down two expressions in which the S-polynomials are Meixner
polynomials of degree j. There are four more of these expressions. This is because of the
24 Kummer solutions to the Gauss differential equation, there are six of them that have

the first numerator parameter (in this case —j) fixed, see [11]. 1



Remark 5 From the introductory section it is clear that for the multivariable case, we
restrict ourselves to the Hermite case. One may ask oneself why this is the case. The
reason is: orthogonality. Indeed if one replaces xzo by 1 — z in (3.17) it is immediately

clear (and see also next section) that S satisfies an orthogonality relation.

For the S-case things are different. The Meixner polynomials also satisfy a (discrete)

orthogonality, namely

—n

- (ﬁ)z x . c s c) — ¢ "n!
Z ZE' c Mm(x7ﬁ, )Mn< aﬁ’ )_ (ﬁ)n(l—C)ﬁ

We note that the conditions imposed on (3 and ¢ are to ensure that the weight function is

Omm, B3>0and 0 <c<1. (3.29)

=0

positive. However, the orthogonality is valid whenever 0 < |¢| < 1 and [ is not a negative
integer. We cannot apply this orthogonality: e.g. in the case (3.27a) the parameter (3 (after
replacing xo by 1 —z1) depends on z; which is clearly not allowed; in the case (3.27b) the
parameter ¢ does in general (i.e. for arbitrary values of h; and hy) not meet its requirement

(0 < |e] < 1). The other four ways of writing S have similar problems. I

IV  Multivariable Hermite polynomials

When working with multivariable Hermite polynomials the classical region of integra-
tion is the real m-dimensional space R™. In [18, Section 2.3.4] the weight function
exp(—(x}+ -+ 2)) is considered and two different orthogonal bases are given. One of
them is just a product of n classical Hermite polynomials. In [19, Section 12.8] another
generalization of Hermite polynomials is considered; these are orthogonal with respect to
the weight function exp(—y(z)) with p(z) = >_, ; ¢;;zix; where C'is a symmetric, square,
and positive definite matrix. The multivariable Hermite polynomials appearing in the

(n + 1)-fold tensor product are orthogonal over R" for the weight function
exp(—(z)), with ¥(x) = (z1,29,..., 20,5 — 0(2))A(T1, 79, ..., 20, s — o(x))", (4.30a)

where A € R+DX(+) " 5(3) = 2y + -+ - + x,, and s some arbitrary constant. Moreover,

it will turn out that
1 1
A= —0;; — ——, 4.30b

10



where |h| = hy + -+ + hppr.

We recall the expression for the two-variable S-polynomial, (where we have dropped the

superscripts k because S is independent of them)

S b h (4.31
(1, 025 ha,y ho) = 2{7 ( th hl _|_h2 2h2 h1 +h2 ) )

Since the Hermite polynomials are even resp. odd if their degree is even resp. odd, the

S-polynomials have the following property:
Sj (Ih 9, hl, hg) == (—1)];9] ([EQ, xI1; hg, h1> (432)

This property has an interpretation in terms of the twist operation on binary coupling
trees [8], see Figure 1, which in turn stems from the corresponding property of Clebsch-
Gordan coefficients of b(1)

Chihad — (—1)/Cp2l T (4.33)

ni,n2,n ng,ni,n"’

(Note that this last equality is just Pfaff’s transformation [20] for terminating o F}-series.)

The second identity satisfied by the S-polynomials can be interpreted in terms of the
rotation operation on binary coupling trees [8], see Figure 2. It is thus related to the two

ways in which one can couple three b(1) representations. We repeat it here:

Sk’lz—k1—k:2 (l’l, €2 hl; h?)Sk‘—k‘m—k‘;; (1'1 + XTo, T3, hl + h27 h3)
k—k1

_ k1,k2,k12 . .
- E h17h27h3Uk3 k ko3 Sk—kl—kgg(xb To + w3 hy, hy + h3)Sk23—k2—k3 (552, x3; ho, h3)-
koz=ko+k3

(4.34)

Notice how the left side of (4.34) follows from the tree on the left side of Figure 2. With
each non-leaf node (i.e. with each intermediate or final coupling) one associates an S-
polynomial. The first (resp. second) variable of this S-polynomial is the sum of all the
variables associated with the leaves in the left (resp. right) subtree of the considered

node. The same applies to the parameters h;. The (positive integer) lower parameter is

11



the difference between the value of the coupled representation k-label and the consisting
k-labels. The S-polynomials on the right side of (4.34) are formed in the same way but
working with the tree on the right side of the figure. The recoupling coefficient appearing

in (4.34) is that associated with a recoupling of three representations as shown in Figure 2.

Now, we generalize the way the left hand side of (4.34) is formed and we associate with the
tensor product of n 4+ 1 representations a product of n S-polynomials, each S-polynomial
being associated with a non-leaf node of the binary coupling tree. From the decomposi-
tion (2.6) it follows that with each non-leaf node we can associate a non-negative integer.
We will denote these by [;, such that we write Rl(h) (x) for the resulting polynomial. In
principle the notation Rl(h) (x) should also contain a reference to its defining binary cou-
pling tree; for the moment however, we are dealing only with arbitrary but fixed trees, so

we drop this reference in the notation.

Example 6 Consider the following tensor product of five b(1) representations:

(((h1, k1) @ (h2, k2)) @ (hs, k3)) @ ((ha, ks) @ (hs, ks5)),

depicted by the binary coupling tree in Figure 3 (where we omitted the additive h-labels).

With this tensor product, we associate the following polynomial:
RZ{2272Z;I?1347h4’h5 (‘Z.ly Lo, T3, T4, 33'5)
= Sy (T1, 225 ha, ha) Sty (1 + @2, T35 by + ha, h3) Sty (24, 755 by, hs)

514($1 -+ ) + T3, T4 -+ Ts; h1 + h2 + hg,h4 -+ h5

2‘l|[1|l2|l3|l4 <~/ 2h1 hl + hg \/ 2h2 hl + hg )

- H, (21 +22) — fu + h x
2N 2(h + ho) h1+h2+h3 e 2hs(hy + h + hs)"

H,
P\ V) 2ha(ha + hs) h4+h5 V205 (ha + 1) h4+h5 )

h4+h5 h1+h2+h3
o \/2<h1 T hgg (T \/2(h4 +ha) a7 ) |
(4.35)

12



Change of variables

We introduce n new variables v;, each v; being the argument of one of the Hermite
polynomials in Rl(h) (x). This however does not lead to a unique correspondence between
the n 4+ 1 variables z and the n variables v. To this end we introduce a linear constraint
between the variables x: z1 + --- 4+ x, + x,41 = s with s some arbitrary constant. Note

that this is consistent with the definition of ¢ in (4.30).

The order in which the variables v; (and integers [;) are associated to the non-leaf nodes

is immaterial, but for the sake of explicitness we do this in post-order [9].

Example 7 For the tree in Figure 3 the connection between the variables v and x is the

following;:
(v =171 — di1x

Vo = Cg($1 + 1‘2) — d2$3
V3 = C3T4 — d3335 (436)

Vg = 64(331 + o + 333) — d4<1’4 + $5)

\ S=21 + X2+ T3+ x4+ T5.

Here, we have used abbreviations ¢; and d; for the rather tedious combinations of h;

in (4.35). E.g.:
hs hy + hy
Cy = and dy = . 4.37
? \/2(h1 + h)(hy + hy + hs) ? \/zhg(hl + hy + hs) (4:37)
The equations (4.36) can also be written in matrix form (setting s = vs):
¢ —dq 0 0 0 X 0
Co  C2 —dy 0 0 X2 V2
0 0 0 C3 —dg T3 = V3 | . (438)
Cy Cy Cyq —d4 —d4 Ty (W
1 1 1 1 1 s Vs

Since the arguments of the Hermite polynomials are linear combinations of the variables

x, one can write (because T is non-singular, see (4.56))
T X=V < X=T"'.V, (4.39)

13



where X and V are both column vectors, and T € R™+Dx(+1  From (4.39) it is clear
that the k-th row of the matrix T concerns the variable vy, while the i-th column concerns

the variable z;. Using the notation c; and d; we have

Cr if z; is in the left subtree of vy,

Ty = —dy if x; is in the right subtree of vy forl<k<nandl<i:<n+1,
0 otherwise
(4.40a)
and
Tht1,=1 for1 <i<n+1 (4.40b)

The last row of T corresponds of course to the constraint x1 + -+ + T,11 = S = Upyq.

Making the notation ¢, and dj, explicit we have:

> n > n

right leaves left leaves
of vy of wy

o 30 m) (X m) o 2 m)(Xm)

left leaves all leaves right leaves all leaves
of vy of vy of vy of vy

Cr —

(4.41)

When the R-polynomial is transformed using (4.39) it becomes, by definition of the
transformation, a product of n independent Hermite polynomials. The orthogonality
for the Hermite polynomials will be applicable provided that i (z) of (4.30) transforms

into v{ + -+ +v2, e

(Il, . ,ZL’n_H)A(.I'l, Ce ,I,H_l)t = (1)1, e ,’U,H_l)(T_l)tAT_l(’Ul, e 7’Un+1)t
(4.42)
f— ’U% _I_ P _I_ Ui‘
This, in turn, is equivalent to
I @) I @
—1\t -1 _ n nx1 Mt n nx1
(T7) AT = (len 0 ) = A=T (len 0 )T, (4.43)

14



where I,, denotes the identity matrix of order n and O,,«,, is the zero-matrix of the given
order. This last equality provides us a way for calculating the explicit form of the matrix
A, namely

Ay = TyTyy for 1 <i,j<n+1. (4.44)
k=1

Lemma 8 For an arbitrary binary coupling tree on n + 1 leaves with leaf labels (h;, k;),

i=1,...n+ 1, and with transformation matriz T defined by (4.40), we have

u 1 1
A= TyiTh: = —0;; — ——. 4.45
J kz:; kit kj 2h; J 2|h| ( )

The matriz A is thus independent of the shape of the binary coupling tree.

Proof: Let nl, (resp. nr,) denote the number of leaves in the left (resp. right) subtree

of v,, the root node of the tree. We can then split up our formula into three parts:

nlp—1 n—1

Aij = ZTkiTkj = Z TyiTyj + Z TriTij + Tri Ty (4.46)
k=1 k=1 k=nly

Since the first (resp. second) sum of (4.46) corresponds to the A-matrix of the left
(resp. right) subtree of the root, we use induction on the number of internal nodes in

the tree. It is easily verified that the desired result is true for small values of n.

There are (essentially) two cases to consider:

1. The variables x; and z; belong both to the same subtree of v,

2. the variables x; and z; belong to different subtrees of v,,.

Let z; and x; both belong to the same, say left, subtree of v,,. This implies T,; = T,,; = ¢,

and thus
n 1 1 (hnl +1 + -+ hn+1)
ZTkiTkj = <—5ij - ) MRESTAT
2 oh: 0 T 2l et By 2AI (R e b )
B 1 5 1
2k 7 20n)
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where the first sum in (4.46) is evaluated using the induction hypothesis, the second sum
is zero because Ty; = Ty; = 0 for k = nl,,...,n— 1, and the third term is simply 2. (We
assumed, for the sake of simplicity, that the leaves in the left subtree have labels hq up to

P, )

Secondly, let z; belong to the left subtree and z; to the right subtree. In this case Ty; = 0

fork=1,...,nl, —1and T}; =0 for k = nl,,...,n — 1. This implies

- 1
Tl = —cpd, = ———. 4.48
; kit kj c 2|h| ( )

0

Thus we have established that the weight function (4.30) after transformation with (4.39)

becomes a product of n classical Hermite weights.

The Jacobian of the transformation

The transformation between the variables x and v is a simple linear transformation. If
we want to show the orthogonality of the R-polynomials, we need the Jacobian of the

transformation, i.e. we want to know

Oz
J = |det 22| | with 1 < i,k < n. (4.49)
avk
From (4.39) it is immediately clear that
8"Uk .
det =detT for 1 <,k <n+1. (4.50)

X

However, we need the Jacobian between the n independent variables x; and the n variables
vk. The linear constraint between the n + 1 variables x; is equivalent to subtracting the
last column of the matrix T" from all its other columns; this does not affect the value of
the determinant of T". Since the (n + 1)-th row of 7" now entirely consists of zeros, except

for the last element, we have

8vk

det
¢ 891;1

=detT for 1 < i,k <n. (4.51)
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Since we use a linear transformation we now have

ox; 1
J=|det —| = : 4.52
¢ vy, detT‘ (4:52)
It is thus sufficient to calculate the determinant of the matrix 7.
Example 9 For the running example, the transformation matrix 7" equals:
g —dj 0" 0 0
s ¢ —=dy 0 0
T=|0 0 0 o —di]. (4.53)
ca ¢4 ¢y —dy —dy

Ao R R E R

We want to determine |det T'| and to this end we transform 7" into an upper triangular

matrix, using column transformations only.

In (4.53), the nine elements annotated with a * constitute the 3 x 3 transformation matrix
associated with the left subtree, and analogously for the four elements annotated with a
T. Perform the column transformations, C; « C7 — Cy, Cy «+— Cy — C3, and Cy «+— Cy — C}
on T and one gets:

a+d —di 0 0 0
0"  c+dy —df 0 0

T = 0 0 0 es+dy —di|. (4.54)
0 0 Cy 0 — d4
0* o~ 1+ ot 1

Note that the nine starred elements form an upper triangular matrix; the same applies to
the four double-daggered elements. Moreover the column transformations performed so

far only concerned either the left or the right subtree, but not both.

Subtracting the fifth column from the third and swapping columns yields an upper trian-

gular matrix, with determinant:

(Cl + dl)(Cz + dg)(Cg + d3)(C4 + d4) (455)
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We can easily extend the method of this example to prove the following lemma.

Lemma 10 For an arbitrary binary coupling tree on n + 1 leaves with labels (h;, k;),

i=1,...,n+1 and with transformation matriz T determined by (4.40), we have

Hn ]
| | ( ) \/2”(/11 “hy - hpg) (4.56)

i=1

Proof: Once again we let nl, (resp. nr,) denote the number of leaves in the left

(resp. right) subtree of v,,. In general the matrix 7" has the following structure:

T’l O(nlnil)xnrn
O, — T,
T = (nrn—1)xnly, r ) 4.57
CnyevesCp  —dp, ..., —d, ( )
1,....1 1,....1

Herein, T (resp. T,) is a part of the matrix associated with the left (resp. right) subtree

(7))

is the matrix associated with the left subtree of v,,.

of v,. More particularly,

The structure of the matrix suggests to use induction on the order of the matrix. We thus
assume that we can transform matrices smaller than T into upper triangular matrices,
using column transformations only, and that the elements on the diagonal are of the form

¢; + d; (and one element 1). Schematically:

c1 + d1
~ 0 Co + dg
(1 ! 1) — 0 0o . : (4.59)
T 0 0 cntp—1 +dn—1
0 0 0 1

Performing the same column transformations on the extended matrix yields:

T T *
O(nrnfl)xnln column tf O(nrn—l) Xnln
e e | o - 0 0 ¢ | (4.60)
1.1 0 - 0 0 1
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where Tl’ is a square upper triangular matrix of the order nl,, — 1 with diagonal elements

¢; +d;, where i = 1,...,nl, — 1. The % stands for some column vector.

One can apply the same arguments to the matrix corresponding to the right subtree of

vp, finally leading to

ﬂ O(nlnjl)xnrn frl/ * O(nlntl)xnrn
T — O(nrn—l)xnln Tr N O(nrn—l)xnln T; *
CorerCn =y —d, 0,...,0 e 0,....0 —d,
1,....1 1,...,1 0,....,0 1 0,....,0 1

(4.61)
Subtracting the last column from the nl,-th column and switching columns, transforms
T into an upper triangular matrix with diagonal elements ¢; +d;, with « = 1,...n and one

diagonal element that equals one. The (absolute value of the) determinant of 7" is thus

\det(T)\ = (Cl + dl) . (CQ —|—d2) R (Cn + dn)

Rewriting this in terms of parameters h; is easy using induction and the simple fact that

Al
cp+d, = )
\/Q(hl A b, ) (Pt 1 4 -+ hgr)

This completes the proof of (4.56), and thus

L \/2n(h1 hy e hn+1)' (162)

The orthogonality explicitly

It is immediately clear that if z and v are connected through (4.39), that z € R" <=

v e R".

With this last simple observation we are now in the position to prove the orthogonality

of the R-polynomials.
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Theorem 11 With the tensor product of n + 1 b(1) representations labeled (h;, k;), with
1=1,....,n+1, i.e. with every binary coupling tree with n internal nodes, we associate
a set of polynomials Rl(h) (x) in n variables. These polynomials are orthogonal on R™ for

the weight function

w (z) = exp(—1p(z)), with Y(x) = (21,29,...,Tn,s — 0(x))A(T1, Lo, . .., 0, 5 — 0(2))Y,
(4.63)

and
1 1

A= —6; — —. 4.64
" thé” 2|h (4.64)

Fxplicitly the orthogonality reads:

/ R§h)<x>R§ﬁ><x>w<h><x>dx:\/ e (4.65)

Proof: The proof is easy since we have collected all the ingredients in this section. We

have:

= JVTo (4.66)

Remark 12 It is an easy calculation to verify that ¢ (x), when written explicitly in terms

of z; (1 <i < n), has the following form:

2
1, 1 = 1
T) = E T; + E E T;+ S
v = 2hs 2N 41 <¢—1 ) Pt (thﬂ 2|h|>

From this it is easily seen that the quadratic part of ¢ (x) is positive definite, which is

neccessary for the integrability of the left hand side of (4.65). Observe that the minimum

of (z) (i.e. the maximum of w™ (x)) occurs at z; = sh;/|h|, 1 <i < n.
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Theorem 11 is correct for any value of s. For each value of s one gets a different weight
function and different polynomials. Thus, both the weight function and the polynomials
Rl(h)(x) depend on s; in both cases the reference to s is dropped to make the notation
easier. When s = 0 the weight function simplifies and 1) becomes a purely quadratic form,

which is thus as in [19]. 1

V  An integral formula for recoupling coefficients

In this section we will show that the set of polynomials Rl(hT) (x) associated with a fixed
binary coupling tree T" and fixed representation labels (h;, k;), but varying values [; forms
a basis for II". This means that a polynomial Rz(,hT)l (x) (I fixed) associated with a binary
coupling tree T} can be written as a linear combination of polynomials Rl(,h %2 (x) (I' variable)
associated with another binary coupling tree T5. The connection coefficients between these
two bases are the recoupling coefficients of b(1). The orthogonality of the R-polynomials,

shown in Theorem 11, leads to an integral formula for these recoupling coefficients.

We start with a simple observation: for any binary coupling tree the degree of Rl(h) (x)
equals |l|. This follows immediately from the fact that S;(x1,xs; hy, hg) is a polynomial

of degree j in x; and xs.

Theorem 13 For any binary coupling tree on n+1 leaves, with fixed representation labels
(hi ki) (i=1,...,n+ 1), the set of polynomials Rl(h) (x) associated with it forms a basis
for 11™.

Proof: The orthogonality of the polynomials Rl(h) (z) immediately implies their linear
independence. The theorem then follows by the same counting argument as in [5, Theorem

20]. O

Since the S-polynomials satisfy the two basic properties (4.32) and (4.34), which are

identical to the properties of the S-polynomials in the su(1, 1)-case (see [5, Formulas 2.11

21



and 2.12]), one can use exactly the same reasoning as in [5, Theorem 21] to prove the

following theorem.

Theorem 14 Consider a binary coupling tree Ty, with fixed values (h;, k;) and l;. Con-
sider a second binary coupling tree Ty with the same fized values (h;, k;) but varying values
IL, such that |l| = |l'|. Then the polynomial Rl(f})l (x) can be written as a linear combination
of polynomials R(,}f)Tz) (x):

Rip (x) = Y CuRy, (o). (5.67)
1=l

The connection coefficient Cy is equal to the 3nj-coefficient (Ti(1), To(l')).

Corollary 15 For two arbitrary binary coupling trees T, and Ty with the same represen-

tation labels (hj, k;) the recoupling coefficient (T (1), T5(1")) is given by:

hi h h
Ty(1), To(l')) = | / R (x) Ry, (2)w ™ (z) d 5.68
< 1( )7 2( )) \/(271_)71}11 . hn+1 . 1Ty (I) l,Tg(fE)w (IL‘) X, ( )
with w (x) as in Theorem 11.
Proof: The result follows immediately from combining Theorems 11 and 14. O

Remark 16 In Section ITI we saw that the addition formula (3.18) is a direct consequence
of the basic relation (3.16) for S-polynomials. Clearly, (5.67) is an extension of this
relation. If one changes from variables x to v on the right side of (5.67), the variables on
the left side will be an orthogonal transformation of the variables v. This can be seen be
using the “method of trees” and repeated application of (3.16). It can also be understood

by the fact that exp(—(v% +-- 4+ Ui)) is invariant under orthogonal transformations.
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Captions for Figures

1. A twist operation on binary coupling trees
2. A rotation on binary coupling trees

3. A binary coupling tree corresponding to the tensor product of five b(1) representa-

tions
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