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We write, for geometric index values, a probabilistic proof of the product formula for spherical Bessel
functions. Though our proof looks elementary in the real variable setting, it has the merit to carry over
without any further effort to Bessel-type hypergeometric functions of one matrix argument, thereby avoid
complicated arguments from differential geometry. Moreover, the representative probability distribution
involved in the last setting is shown to be closely related to the symmetrization of upper-left corners of
Haar-distributed orthogonal matrices. Analysis of this probability distribution is then performed and in case
it is absolutely continuous with respect to Lebesgue measure on the space of real symmetric matrices, we
derive an invariance-property of its density. As a by-product, Weyl integration formula leads to the product
formula for Bessel-type hypergeometric functions of two matrix arguments.
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1. Reminder and motivation

The spherical Bessel function j, of index v is defined for all complex z and all v > —1 by Watson
[15]

+0o0 ! 21
. =" [z
Jr (@)= ; w+Di\2)
where (v + 1); :=T(w +1[74 1)/ (v + 1) denotes the usual Pochhammer symbol. It provides a
basic example of one-variable special function satisfying a product formula that opened the way
to a rich harmonic analysis. More precisely, for v > —1/2 and nonnegative real numbers x, y, z,
it is well known that

i = [ i), (1)
+

where 7, , is a compactly-supported probability distribution. Recall that for v > —1/2, (1.1) is

a trivial consequence of the addition theorem for Bessel functions (see, for instance, Chapter XI

in Watson [15]) while it obviously holds for v = —1/2 since j_1,2(z) = cos(z). Nevertheless,

for an integer p > 1 and for the so-called geometrical index values v = (p/2) — 1, (1.1) may be
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derived from the following Poisson-type integral representation

Jp-1(1v]) 2/ lc“”’”al (ds), veR?, (1.2)
s

where o] is the uniform distribution on the unit sphere S? —Land (-, ), | - | are respectively the
Euclidean inner product and the associated Euclidean norm in R”. Indeed, if we set |v| = y, then

Jpm—1(xlvl)jop2-1(zlv]) = /Rp ") (o, x 07 (ds),
where oy, o, are the uniform distributions on spheres of radii x, z, respectively. But according
to Ragozin [11], Corollary 5.2, page 1149, the probability distribution o * o is absolutely con-
tinuous with respect to the Lebesgue measure in R” and due to its rotational invariance it has
a radial density. The use of spherical coordinates yields then (1.1). Avoiding techniques from
differential geometry like the ones used to prove the absolute continuity of oy x 0, we write a
probabilistic proof of (1.1) for geometric index values and supply a probabilistic interpretation of

r)ﬁf;/ 271 our starting point is the elementary fact that the conditional distribution of a standard
normal vector N in R? given its radius |N| is the uniform distribution on the sphere of radius
|N|. The product of two spherical Bessel functions turns towards the conditional independence
of two independent standard normal vectors Ny, N, relative to the o-field generated by their
radii |N1]|, |N2| (Revuz [13]). The representative probability distribution r§{;/ P=1 i then seen to
be the conditional distribution of the radial part |[N1 + N»| given (|N1| = x, |N2| = z). In fact,
N1 + N is again distributed as a standard Gaussian vector (up to a constant) and its angular part
is independent from both radii |N1| and |N2|. The reader will easily realize from the ingredients
needed in the proof that choosing any multivariate stable distribution in R” whose density is a
radial function does not alter our proof. But the Fourier transform of a radial function is again
radial therefore the choice restricts uniquely to isotropic or rotationally invariant stable distri-
butions (whose Lévy exponents are given up to a constant by v — [v|*, o € (0, 2] (Sato [14],
page 86)).

Our proof has also the merit to carry over after mild modifications to some matrix analogues
of spherical Bessel functions, requiring no knowledge of the theory of Gelfand pairs and their
spherical functions. Those we consider here are known as Bessel-type hypergeometric functions
of one and two m x m real symmetric matrix arguments. This is by no means a loss of generality
since product formulas over the complex division algebra may be easily derived along the same
lines. For functions of one matrix argument, the proof is identical to that written for j,/2)—1.
Besides, the representative probability distribution is seen to be the conditional distribution of
the radial part of the sum of two independent p x m (p > m) standard matrix-variate normal
distributions given the radial part of each. We shall prove that this conditional distribution is
closely related to the distribution of the m x m upper-left corner of an orthogonal matrix of size
p, whence its absolute continuity (with respect to Lebesgue measure) is deduced for p > m + 1.
For these values of p, one easily derives the product formula for functions of two arguments
using Weyl integration formula for the space of real symmetric matrices. As a matter of fact,
the corresponding representative probability distribution has an analogous description in terms
of singular values rather than matrices. Besides, when p > 2m, a result due to Collins provides
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a detailed description of the distribution of the upper-left corner of an orthogonal matrix (see
remark at the end of the paper), agreeing with the variable change formula given in Lemma 3.7,
page 495 in Herz [9]. Note finally that since Bessel-type hypergeometric functions of two matrix
arguments we consider here are instances of generalized Bessel functions associated with B-type
root systems (see the last chapter in Chybiryakov et al. [3]), then our approach resembles the one
carried for proving Theorem 5.16 (ii) in Biane, Bougerol and O’Connell [1].

The paper is organized as follows. In the next section, we consider spherical Bessel functions
J(p/2—1 and prove (1.1) for geometric index values. In Section 3, we extend our proof to Bessel-
type hypergeometric functions of one real symmetric matrix argument. In the last section, we
perform a detailed analysis of the representative probability distribution: it is absolutely continu-
ous for p > m + 1 and its density enjoys a certain averaged bi-invariance property with respect to
the orthogonal group. The product formula for functions of two real symmetric matrix arguments
follows then from Weyl integration formula on the space of real symmetric matrices.

2. Product formula for spherical Bessel functions

All random variables occurring below are defined on some probability space (2, F, P) and we
denote E the corresponding expectation. Furthermore, for the o-field o (X) generated by a ran-
dom variable X, we write

E[-|X] for E[-|o (X)],

and we recall that all equalities involving conditional expectations hold P-almost surely. Let N
be a standard normal vector! in R” and let N = R® be its polar decomposition (R > 0 and
© € §P~1). Then, R and © are independent and © is uniformly distributed on S?~!. It follows
that for any v € R?

E[ei(v,N)lR] — / l ei(U,RS)O—l (ds) = j(p/2)71 (|U|R)
Nas

In fact, if X, Y are independent random variables valued in some measurable spaces and if Dy
stands for the distribution of Y, then

E[f(X.Y)[X] = / F(X. ) Dy (dy)

for any bounded Borel function f (see Revuz [13], page 108, Exercise 4.27).

Now, let N1, N> be two independent standard normal vectors in R” with polar decompositions
N1 = R0, N> = R0, respectively, and consider the product o-field o (R, Ry) generated by
R1, Ry. Then, the independence of Ny and N implies that (Revuz [13])

E[e!®N R ] = E[e!M)|Ry, Ry],
E[ei<v,N2>|R2] = ]E[ei(”’N2>|R1, Rz]-

Hts coordinates are independent centered normal distributions with unit variance.
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Besides, Ny, N> are conditionally independent relative to o (R, R2) (see Revuz [13], page 109,
Exercise 4.32). In fact, one has for any bounded Borel function f:R” — R

E[f(N2)IN1, Ry, Ry] =E[ f(N2)|R:] =E[ f(N2)|R1, Ry ].
Thus,
]E[ei(U,Nl) |R1]E[ei(v,N2) |R2] — E[ei(v,Nl-l—Nz) |R1 , RZ]

Write N1 + Ny := R30®3, then N1 + N3 is (up to a constant factor) a standard normal vector so
that ®3 is uniformly distributed on S”~! and is independent from R3. We claim that:

Proposition 2.1. ©®s is independent from o (R, R2).

Proof. Let f: 577! - R, g: R, x R, — R be bounded Borel functions, then the independence
of N1, N, yields

E[f(©3)g(R1. R2)]

Ni+ N,
=E[f(m)g(|1vl|, |N2|)}

R e r101 + 26>
= F(r1,r2)dridr [l ————— |o1(db1)o1(dbr),
o Jo sp—1x§p-1 |r161 + r20,|

where

F(ri,r) = (r1ra)P e T 2 vy 1),

1
20-2T2(p/2)
Let v, ,(d0) be the pushforward of o1 ® o1 under the map

r1601 +r20;

01,02) > —————,
|r161 + r20,|

then

r161 + 20, ) /
——— |o1(dfy)o1(d6r) = 0)v do).
-/SpfleP*I f(|”191 + 62| (0o (d62) sp—1 F©@)vr.r, (d6)

But v, ,, is obviously invariant under the action of O(p), therefore v;, ,, = o1 since oy is the
unique distribution on SP~! enjoying the rotational invariance property. (]

We also need the following lemma.

Lemma 2.2. Let V, X, Y be random variables such that Y and (X, V) are independent. Then,
for any bounded Borel function f

E[f(X,V)|V]= [ E[ £ (X, »)|V]Dydy).
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Proof. This fact is easily proved for bounded functions f(x, y) = g(x)h(y) and then extended
to bounded Borel functions using the monotone class theorem (Revuz [12], page 5). ([l

Combining the proposition and the lemma, one gets

E[e!"NHN2 Ry, Ry] = / E[e!"R3)| Ry, Ry o (ds).

sp-1

Finally, let w g, |(r,,R,) be a regular version of the conditional distribution of R3 given (Ry, R3),
then Fubini theorem entails

j(p/2)—1(|U|R1)j(p/2)—1(|U|R2)=/R Jo/2=1(1V1E) L Rs Ry, Ry (AE).

+

Thus, (1.1) is proved and ryz/z)_l fits L pr,|(R,,R,) ON the event {R1 = x, Ry = z} as explained in
the following remark.

Remark 2.1. Let ® be the angle between ©1, ®,: cos ® = (01, ®,). Then

R3 =\/R12+R%+2R1chos<b.

But the independence of ®1, ®; entails for any real w

E[eiwcosdi'] 2/ / eiw<s’t>o'1(ds)0'l(dt)
sp—1Jgp-1

- [ oot
L'(p/2) 1 iwE N (p—3))2
1— de.
raore oo ) 1) :

where we used Lemma 5.4.4, page 195 in Dunkl and Xu [5]. Performing the variable change

u=+/x2+72+2xz&, Ee[—1,1],

one recovers the density of r,g,’;/ D=1 derived in Proposition A.5, page 1153 in Ragozin [11].

= Jjip/o-1(w) =

3. Product formula for Bessel-type hypergeometric functions of
one real symmetric matrix argument

In this section, we consider matrix-variate normal distributions rather than vectors. Doing so
leads to a product formula for Bessel-type hypergeometric functions of one real symmetric matrix
argument (see below). To this end, we recall from Chikuse [2], Chapter I, the following needed
facts. Let p > m > 1 and let N be a real matrix-variate p x m standard normal distribution, that
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is a p x m matrix whose entries are independent centered normal distributions with unit variance.
Then N admits almost surely a unique polar decomposition N = Z(NT N)!/? := Z H. Moreover,
Z and H are independent, H is almost surely invertible and Z is uniformly distributed on the
real Stiefel manifold

Zpmi={AeM,,[R),ATA=1,},

where M), ,, (R) is the space of p x m real matrices. Let O (p) be the orthogonal group, then X, ,,
is a homogeneous space X, , =~ O(p)/O(p—m). It thereby admits a unique O (p)-invariant dis-
tribution we shall denote o, ,,. More precisely, o, ,, is the pushforward of the Haar distribution
on O(p) under the map

0+ Oep,ma epm:=1In D Op—m,m-

Hence, for any C € M, ,,(R)

E[e" €V H] :/

. T i T
e1tr(C SH)O'p’m(ds) — / eltI‘(HC S)O'p,m (dS)
p)

p.m 2p,m

Now, let N1, N> be two independent p x m matrix-variate standard normal distributions with
respective polar decomposition Ny = Z{H{, No = Z> H,. Then, by considering the product o -
field o (H;, Hy) generated by H;, H, we easily derive

E[e2itr(CTN1)|H]]E[e2itr(CTN2)|H2] _ E[e2itr(CT(N1+N2))|H1’ Hz]. (3.1)

Since N1 + N> is up to a constant factor a p x m matrix-variate standard normal distribution,
then it admits almost surely a polar decomposition N1 + N, = Z3 H3, where Z3 is uniformly
distributed on X, ;,; and is independent from H3. Similarly to the case m = 1, one proves that
Z3 is independent from o (H;, H>) (analogue of proposition 2.1) using the following variable
change formula (Faraut and Koranyi [7], Proposition XVI.2.1, page 351): let dA be the Lebesgue
measure on M ,; (R), let S;F(R) be the set of real positive definite matrices with Lebesgue
measure dr and y = (p/2) — 1 — [m(m — 1)]/2. Then

/ f(A)dA = / f f(s/r)[det()]" op m(ds) dr.
My n(R) Zp.m I S (R)

Accordingly and with the help of Lemma 2.2, one gets

E[eZitr(CTZ3H3)|H1, Hz] :/ E[eZitr(CT3H3)|H1, Hz]ap,m(ds),
2:p,m

and if (s (H,, 1) 18 the conditional distribution of H3 given (Hj, Hz), then Fubini theorem
entails

E[eZitr(CTZ3H3)|H]’ Hz] =/

: T
[ / e?itr(€ ‘Y@ap‘m(ds)}mh<H1,H2)<ds>.
Sh®YLIZ,
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Using Herz [9], (3.5), page 493, one sees that

E[e2 €M) p] :/

Ep,m

where o F is the Bessel-type hypergeometric function of one real symmetric argument and of
geometrical index value (p/2) (it reduces when m =1 to j(,/2)—1 (Muirhead [10])). Finally,
(3.1) yields the product formula

oF1 (g, —chTCH1>0F1 <§, —HZCTCH2>

= / oF1<§;—scTcs>uH3|(H1,H2><ds>.
S (R)

4. Absolute continuity of u p;(H,, H,) and product formula for
Bessel-type hypergeometric functions of two matrix
arguments

4.1. Absolute continuity of u g,(H,, H,)

In contrast to the case m = 1, the absolute-continuity of it g;|(H,, H,) 1S not obvious and needs a
careful analysis we perform below.

Proposition 4.1. For any p > m + 1, ty;|(H,, Hy) IS absolutely continuous with respect to the
Lebsegue measure on Sy, (R) and its density, say f(u,, 1, (A), satisfies:

T
/ f(O]H]OIT,OzHZOZT)(OS A03)d01®d0,
O(m)x0(m) (4 1)

= f T r(A)dO; @ dO,
fmm)xo(m) (01H, 07 ,0,H,07)

almost surely for any O3 € O (m), where dO;,i € {1, 2}, are two copies of the Haar distribution
on O(m). For p =m, lWh,|(H,, Hy) 1S singular.

Proof. Since
(H3)* = (H)* + (H)* + H1 ZT ZoHy + Hy 21 71 H,

then gy (#,, Hy) 18 the pushforward of o), ;, ® 0p ;,» under the map

(21, 22) > \J(H1)? + (2P + Hi 2] ZyHy + Hy 20 2, Hy
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for fixed Hi, Hp, where for a positive semi-definite matrix A, VA s its square root. But from
the very definition of o' i, 4 H;|(H,, H,) 18 the pushforward of the Haar distribution dO ® dO on
O(p) x O(p) under the map

(01, 02) > \/(H)? + ()2 + Hiel,,, 0 OsepH + He,,, 01 01y Hy

or equivalently

(01, 09) > \J(H\? + (H))? + HieD , 01 0s¢p mHa + Hael,, 05 O ey Hy

since dO is invariant under O — O7T. Besides, the random variable O] 0, € O( p) is Haar dis-
tributed since it is O(p)-invariant. As a matter of fact, \4p;|(#,, H,) 1S the pushforward of dO
under the map

0> \/(Hl)z + (H)? + Hyel ,,0¢p pH + Hael ,, 07 e,y o Hy.
Now observe that for fixed H;, Ha,
O+ (H1)* + (H)* + Hiey, ,, Oepm Hy + Haey, , 0" e Hy

is a Lipschitz map from O(p) into S,,(R) whose differential is affine. Moreover, O(p) and
S (R) are real analytic manifolds such that dim O(p) = p(p — 1)/2,dim S,,(R) =m(m + 1)/2.
As a matter of fact:

e If p=m+1, then dim O(m + 1) = dim S;, (R) and Theorem 3.2.5, page 244 in Federer [8]
implies that the pushforward of the Haar distribution on O (p) under this map is absolutely
continuous with respect to the Lebesgue measure on S, (R).

e If p>m + 2, then dim O(p) > dim S, (R) and Theorem 3.2.12, page 249 in Federer [8]
yields the same conclusion.

Now, since the Jacobian of the transformation A — /A on the space of positive definite ma-
trices is proportional to det(A)~!/2, then it suffices to prove (4.1) for the conditional dis-
tribution of H32|(H2, Hjp). But if g denotes its density then for any Oi, Oz, O3 € O(m),
8(01H,07.0,H,07) (O3T A 03) is the density of the random variable (for fixed Hy, H>)

0501 (H))* 07 0 + 0;0,(H)? 0T 0T
+050,H,0] 21 2,0, H,01 01 + 0;0,H,0] 21 z,0,H,0] 01
which can be written as
(0301)(H1)*(0] 07) + (03 02)(Hy)*(05 07)
+ (0300 H (0] 01)(2,01)" (2,07 ) (030 Hy (0] 07)

+(0300)Hy(0] 01 (2,07)" (2107 ) (0301 H (0T OF).
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But since o, is invariant under the right action of O(m) (Chikuse [2], page 28) and since
the Haar distribution dO is O (m)-bi-invariant, then the f(y, u,) satisfies (4.1). Finally, since
dim O (m) < dim S, (R) then Theorem 3.2.5 in Federer [8] shows that for p =m, ;| (H,, Hy) 1S
singular with respect to the Lebesgue measure on S, (R). ]

Remark 4.1. Note that
e;m Oepm=0Mn ®0p_p—m

where A,, is the upper-left m x m corner of the orthogonal matrix O. According to Collins
[4], Remark 2.1, page 118, if p > 2m then the distribution of A,, is absolutely continuous with
respect to the Lebesgue measure on My, ,,, (R): its density is given by

(p—2m—1)/2

det(L, — AAT) Lyjag<ty

where || - || is the matrix norm induced by the Euclidian norm | - |. This fact should be compared

with Lemma 3.7, page 495 in Herz [9].

4.2. Product formula for functions of two matrix arguments

Let p > m + 1 so that wp,|(m,, Hy) is absolutely continuous with respect to Lebesgue measure
on Sy, (R). Then one derives a product formula for the Bessel-type hypergeometric functions of
two real symmetric matrix arguments and of geometrical index values p/2, p > 1: if A is a real
positive semi-definite matrix and C € M), ,,(R), then these functions are related to those of one
real symmetric matrix argument by

0Fy (g; A; —CTC)

“.2)
zf oF1 <£; —OJKOT(CTc)OJXOT> do
0O (m)

2

where dO is now the Haar distribution on O (m) (Theorem 7.3.3, page 260 in Muirhead [10]).
Keeping the same notations used in the previous section, one has

oFi (5; A; —CTC) =/ E[eX"C" M5 = 0/A0"]dO
2 0(m)
which in turn implies that for any positive semi-definite matrices A, B and any C € M, ,(R)
oF) (%; A; —CTC>0F1 <§; B; —CTC>

14 T
B °F1<—;—SC Cf)ﬂ r r,(d§)d0 ® dO.
/;(m)XO(m) /SVWR) 2 H31(01v/A0T ,0,v/BOT)
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Recall now that f(y, u,) denotes the density of w g, (s, 1,)- Then Weyl integration formula for
S (R) (Faraut [6], Theorem 10.1.1, page 232), (4.1) and Fubini theorem entail

p T
oF1| =;—&C Cé)f T r(§)dE ®dO ®dO
/0<m)x0<m> /SJ(R) (2 (01VA0[.0,VBOY)

:Cmf / oF) <£; —ODOT(CTC)0D0T>
0(m)x0(m) J 0 (m)xR™ 2

% fio,vAoT.0,yBo(0DO")V(D)dD ®d0 ® d0 ® dO

:cm/ 0F1<£; —ODOT(CTC)ODOT)
O(m)x]R'j: 2

X {/ f(le/XOlT,OQ\/EOZT)(D)dO®dO}V(D)dD®d0’
O (m)x 0 (m)

where D = diag(A; > A2 > --- > X,,) is a positive definite diagonal matrix,

V(D) := ]_[ (A = Aj), dD=]_[de

l<n<j<m j=1

and ¢, is a normalizing constant. By the virtue of (4.2), one gets

0F1<§; A: —CTC)0F1<§; B: —CTC> —cp me oF (%; D% —CTC>KA,B(D) D,
+

where

ka,B(D):= V(D)I{A1>»-->Am>0}/ f(Ol\/XOT OzﬁOT)(D)dO ®do.
0(m)x 0 (m) I 2

Finally, one performs a change of variable A; — /A;, 1 <i < m in order to get the product

formula:
oF) (%; A: —CTC)OFl (g; B: —CTC)

Cm 14 T KA, B(v D)
= — 0F1 —; D; -C ) d)\.
m Ap>e >y >0 (2 VA 1_[
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