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RESUMEN. Consideramos un operador diferencial autoadjunto L con autova-
lores positivos. En este articulo damos una visién general del método que se
sigue para definir de manera espectral el semigrupo del calor e~ el de Pois-
son e—tVEL y los potenciales de Riesz L~¢, hasta llegar a la descomposicién
L =6*6 (con § y 6* dos operadores diferenciales de primer orden adjuntos),
y asi definir la transformada de Riesz R = §L—1/2.

En particular, para el operador diferencial L, que se corresponde con los
desarrollos de Fourier-Neumann de orden a > —1, con la ayuda de un sistema
de 4lgebra computacional hemos encontrado una pléyade de descomposiciones
Lo = 6*6 (o similares). Pero ninguna de ellas parece ser 1til para definir
la transformada de Riesz, puesto que los operadores ¢ y 6* son demasiado
“raros”: las expresiones de § y §* contienen funciones con una cantidad infinita
de polos, luego al aplicar § no obtenemos funciones integrables.

ABSTRACT. We consider a self-adjoint differential operator L with positive
eigenvalues. In this paper, we provide a general view of the method followed
to define, in a spectral way, the heat semigroup e*L, the Poisson semigroup
e~V and the Riesz potentials L~%, up to arrive at the decomposition L =
0*6 (with § and §* two adjoint first order differential operators), and then
define the Riesz transform R = §L~1/2.

In particular, for the differential operator L, corresponding with the
Fourier-Neumann expansions of order a > —1, we have found, with the help
of a computer algebra system, a pleyade of strange decompositions Lo = §*§
(or similar). Nevertheless, none of them seems to be useful to define the Riesz
transform, because operators ¢ and §* are too “weird”: the expressions of §
and 0* have functions with an infinite quantity of poles, so we do not obtain
integrable functions by applying 4.

1. A SKETCH OF THE GENERAL THEORY

Let X be an open (possibly unbounded) interval on the real line, a weight
w € CHX) with w(z) > 0 for all # € X, and let (-,-) denote the natural inner
product in L?(X,w(x) dz).
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Moreover, let L be a self-adjoint second order differential operator defined ini-
tally on a suitable (and dense) subset of functions in L?(X,w(z) dx).

Let us assume that there is an orthonormal basis {¢,}%, in L*(X,w(z) dx)
consisting of eigenfunctions of L that correspond with the eigenvalues {\,}22,
that is,

L@n = An@n»

and satisfying 0 < A\g < A\; < Ay < -+ and lim, A\, = +oc.
For a function f € L?(X,w(z)dx) whose Fourier expansion is

f= ;Cn@nv Cn = <fa San> = A f(x)cpn(x)w(x) dx,

we define in a natural way (at least formally)

Lf =1L <i Cn@n) = icn)\n@n

n=0 n=0

This spectral method can be used to extend to L?(X,w(x)dz) many operators
related to L. For instance, for a function ® defined over the eingenvalues we
would define the operator ®(L) as

(L) = (L) (Z Cn‘Pﬂ) = chq)()‘n)QOn-
n=0 n=0

In particular, for ¢ > 0, we define the operator e *” by means of

e, — e~thn

and, for f =" copn € L*(X,w(z) dx),

(e f)(x) =et* (Z Cn@ﬂ) (z) = Z cne” M, (2).
n=0 n=0

(Let us notice that, here and in what follows, the derivatives of the differential
operator L are taken with respect to the variable x.) If we denote u(z,t) =
(e~tL f)(z), the partial derivative with respect to ¢ is, formally,

Pn

%u(a@t) = —Le " f(2) = —Lu(x, 1)

so u(x,t) is the solution of the initial value problem

%u(x,t) = —Lu(x,t), ze€X, t>0,

(1)
tlii% u(z,t) = u(x,0) = f(x).

In the classical case of L being the “ordinary” Laplacian (with a change of sign to
get a differential operator with positive eigenvalues) L = —88—;, (1) is the heat (or
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heat-diffusion) equation which describes the distribution of heat (i.e., variation in
temperature) in a given interval X over time!

2

0
—u(z,t) = @u(x,t), re X, t>0,

u(z,0) = f(z), zeX.
By the reason above, and since e "1 le L f = e~(titt)Lf for ¢, ¢, > 0, the
operator e~*" is known as the heat semigroup.
Another useful operator is e*t‘i7 that is defined by means of

e Vg, = e Vi,

and, for f =37 chpn € L*(X,w(x) dx),

(=Y f)(w) = e~VE (chw) (2) =D ene™ on(2).

n=0 n=0

This time, if we take u(z,t) = (e’t\/ff)(ac)7 we have
2

o2

so u(z,t) is the solution of

2
%u(m,t) = Lu(z,t), ze€X, t>0,

u(z,t) = Le_t‘/zf(x) = Lu(z,t),

(2)

}ijr})u(x,t) =u(z,0) = f(x), xe€X.

In the classical case of L = 768722 the first equation in (2) becomes

02 02
— + — |u(z,t) =0,
(8:02 + ot2 (1)
so it means that u(z,t) is harmonic (in the classical sense). In general, e*
known as the Poisson semigroup, and a function u(z,t) that satisfies

2
(3) <88t2 — L> u(z,t) =0

is said to be harmonic.

Under some conditions that we will not detail, the formal definitions that we
have shown above can be rigorized on L?(X,w(z)dr) in a standard way; see [11]
for details. Much more difficult is to extend it to functions on LP(X, w(x) dz) for
p # 2. Several cases of this topic have been studied for different operators and
orthogonal systems, starting from the seminal papers of Muckenhoupt and Stein in
1965 [8] and Muckenhoupt in 1969 [7]. In the recent years a considerable activity

vL

is

1The heat equation is derived from Fourier’s law and conservation of energy. The first solution
technique for the heat equation was proposed by Joseph Fourier in his treatise Théorie Analytique
de la Chaleur, published in 1822. Later, the solution technique was extended to many other types
of equations and this led naturally to the basic ideas of the spectral theory.
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can be observed; see [1, 6, 10, 12, 13, 14, 15, 16]. An important part of this work
is to identify the operators by means of suitable integral expressions with kernels,
and to find precise bounds for these kernels.

There is a way of relating the Poisson and heat semigroup. For that purpose,
let us note the well known identity

—t7 _ —t2/(4s) e~ —3/2
e te s ds.
VA /

Then, as shown in [11], the Poisson and heat semigroup can be related by means
of the subordination formula

(Ve b/ (e f) (@) s ds.

=l

There are other operators that can be defined by this technique. In particular,

the formula
1 oo
S—a — / ta—le—ts dt
L(a) Jo

suggests the definition of the Riesz potentials (also known as fractional integrals)
either as

L) = || T et ) @) db

L) = | T eV ) @) dt

that, in a espectral way (for f =Y >"  con € L*(X, w(z)dz)), is

= i Cn Ay, On.

n=0

1.1. The decomposition of the differential operator. Now, let us suppose
that we have a decomposition

(4) L=245%

where § and 0* are two adjoint first order differential operators, i.e., that verify
(5) [ @@y d = [ g@)s f@yoie) do

for functions f and g good enough. (In the classical case L = 738—;2, we have
o* = (%, 0= 31, and (5) is just the formula of integrating by parts for functions
f, g that vanishes in both extremes of the interval X.) This decomposition L = §*¢
is the key to generalize many classical operators of the harmonic analysis under
this general scheme.

In particular, the operator ¢ in this decomposition is used to define the so-called
Riesz transform

R=06L71?
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that, again in a spectral way (recall that {¢,}>2, is an orthonormal basis in
L?(X,w(x) dx) constituted by eigenfunctions of L, that is, Ly, = A,¢y), is given
by

R = 6L 0 = X, 250y,
and, for f =377 chpn € L*(X,w(x) dx),

Rf =6L7'2f = e, ?60n.

n=0
Now, let us take
M =66
so M = 665 = L. Besides, let us define
tn = 0pn,

that satisfies d*¢,, = 6*d¢,, = Ly, = Appn. Then

Mipp, = 66%0pn = 6Ly, = 0Ann = And¥n = Antn,
5o {1n}22, are the eigenvalues of M; in particular, the operators L and M have
the same spectrum. Moreover, it is also easy to show (at least formally) that
{¥n}5° is an orthonormal basis in §(L?(X, w(x) dx)).

From the eigenfunctions {,,}52,, we can, as with L, use the spectral method
to define many operators related to M. For instance, the semigroup e *™. An
important property is that, for “any expression” ®(L), we have
(6) O(M)§ = §P(L).

For any eigenvalue ,, it is clear that

2
% (e_tm6L_1/2<pn) _ Al/Qe—tmw _ Me—t\/M(SL—l/2(p
n n n n
so, for f € L?(X,w(x)dzx), the function

(7) v(z,t) = e VML 2 ()

satisfies
0?
2 M =
(8752 )U(m,t) 0,

that is similar to (3). Actually, v plays the role of the conjugate harmonic of u,
because there is something similar to the Cauchy-Riemann equations; indeed, by
applying (6) and cancelling v/L with L=/2, we have

%v(x, t) = %e*tmarlﬁf(x) = —VMe WML f(x)

= —5\/Z€_t\/fL_1/2f((E) = —6e_t‘/ff(m) = —du(x,t)
and
5 v(x,t) = 6 VMSLTV2 f(2) = 5*6e VL V2 f(2) = Le VELV2 f(x)

_ 71/2 —tVL :7Q —tVL :73
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By this reason, (7) is called the conjugate Poisson operator. Finally, it is interesting
to note that, in (2), instead of lim;_,o u(x,t) = f(z), we have, for v,

lim v(z,t) = v(z,0) = 6L~ '/2f(2) = Rf (2),

i.e., we are getting the Riesz transform of f.

All this theory that generalizes the classical harmonic analysis requires, in the
first place, to find the decomposition (4). In practice, we also want to find de-
compositions such that, if we start with a “good” system {¢, }>2, and we take
n = 0py, then the new system {1, }22 is “good” again.

Here, the easiest trick is to notice that the operator L can be chosen “except
for an aditive constant” because, if we add a constant, the only effect is that all
the eigenvalues are increased by this constant. This can serve to find suitable

decompositions
L—c=0%0,

where the constant ¢ must be chosen fulfilling ¢ < Ag so that the new eigenvalues
{An — ¢}22, to be positive. Sometimes, the useful decomposition to operate is
done via two summands

L—c= %(5*5 +65%),

like for the harmonic oscillator (here ¢ = 0)

0? s 1 0 0 1,0 0 .
a7 =5 a7 (g o) (g o) (g o)
this decomposition is the usual for expansions with respect to the orthogonal
system of Hermite functions.

Many different techniques and tricks have been followed for different operators,
and consequently there does not exist a standard way of defining the Riesz trans-
form. We can see many of them in [9], a survey devoted to studying the L?-theory
of Riesz transforms for many orthogonal expansions.

In the rest of the paper we are going to show an orthogonal system related to
a second order differential operator that is not easy to analyze with this scheme.
Actually, we have not been able to make a definition of the Riesz transform valid
in the corresponding L? space.

2. THE CASE OF FOURIER-NEUMANN EXPANSIONS

Let J, stand for the Bessel function of the first kind of order v (see [18], the
well-known Watson’s treatise on Bessel functions). For a > —1, the formula
° dx Onm
Jatar J, —=———, n,m=0,1,2,...,
A at2n+1(T) Jat2m+1(T) - 2a+2n+1) n,m

provides an orthonormal system {j2}2° , in L?((0, 00), x?*™! dz) given by

(@) =V2(a+2n+1) Joyonpa(2)z™ 7, n=0,1,2,....
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For a function f, provided that the coefficients

:/ fWigyy**ttdy, k=0,1,2,...,
0

exist, consider its partial sums
Se(f,x) ch ), n=0,1,2....

Series of the form 37 ., anJatn are usually called Neumann series, hence we
refer to > o, c¥(f)ji(z) as to a Fourier-Neumann series. The mean and almost
everywhere convergence of these series have been studied in [17, 2, 3, 5].

It is well-known that the Bessel function J, () satisfies the differential equation

22 (z) + xJ (2) + (2® — v*)J,(z) = 0.
Then, it is easy to check that, if we denote by L, the differential operator

d? d
Lof = (x W+(2a+3)xd—+x +(a+1) >(f),

we have

Loji = (a+2n+1)%7,
ie., j% n=0,1,2,...,are eigenfunctions of L,, with eigenvalues \,, = (a+2n+1)2.
(Let us note we are seeing which differential equation is satisfied by the function j&,
and it is a simple change of variable on the abovementioned differential equation
for the Bessel functions; even more, the precise equation that is satisfied by j& can
be found in [18, §5.73, p. 158].)

The system {j2}°°, is not a basis on L2((0,00),z2**1dz), but a basis in a
proper subset By & L2((0,00), 22t dx) (with the same norm), that makes it
be an interesting and peculiar system. Although it is not important in this mo-
ment, let us say by completeness that the space Bs is formed by the functions
f € L*((0,00), x%>T1 dz) such that the so-called “modified” Hankel transform of
order «,

) (@) = [T et oo

is supported on [0, 1]; see [17, 2, 3, 5] for details, where not only is Bs identified,
but also

B, =span{j2}>>, (closure on L?((0, 00), z***! dx))

for some range of p’s.

The density of span{;j®}°2 in a proper subset of the whole L? (or LP) is not
a handicap to use the spectral method of defining operators related to L,; the
only restriction is that we define these operators only for functions on the subset.
In [1], we have recently studied the heat and Poisson semigroups related to the
differential operator L, as well as its fractional integrals. But, how to define the
Riesz transform?
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In this paper we are going to check that it does not seem to be an easy task,
and that unexpected problems arise when trying to do the decomposition of L,
into two adjoint differential operators.

2.1. The decomposition of the operator. Let us decompose

L, =a? d—+(2a+3)xi+x + (a4 1)* = 676,

dx? dr
with § and —¢* two adjoint differential opperators, i.e., that verify
(9) / f(l')ég(x)x%x-‘rl dr = _/ g(x)é*f(x)xhﬂ dx
0 0

for functions f and g good enough. The reason for taking this kind of decompo-
sition instead of (4)—(5) is that the coefficient of % in L, with positive eigen-
values is 2%, which is positive (otherwise, we need to use complex coefficients in §
and 0*). In what follows, all the derivatives involved in the differential operators
L., § and §*, are with respect to the variable z.

If we have two adjoint operators § and §*, it is easy to check whether L, = 6*6
or not. But the contrary is not true; that is, given L,,, it is not easy to find adjoint
operators ¢ and 6* such that L, = §*4. Moreover, there are many other variants
that can be useful, such as L, = §*§+cor Lo —c = £ (6*5 + §6*), for a constant c,
as was seen above.

The best way is to use a good computer algebra system such as Mathematica
(but with its cons, see [4]); any other should be useful for the same purposes.
Although we will not reproduce the Mathematica code, all the formulas and de-
compositions that we show in what follows have been found with the help of this

program. Since L, = xQ% + - - -, it seems reasonable to find decompositions with
the form § = x% +--- and also 6* = xdi +---. We have also tried operators with
the more general form § = ar(z)4 + - and §* = & £ ... (for an arbitrary

function r(z)) but nothing interesting seems to arise, so we do not show any of
them in this paper.
The first idea is to look for with Mathematica functions p(x) and ¢(z) such that

5f =2y o),
5 f = m% o)

satisfy L, = 6*0 and (9) for functions f,g that “vanished enough” in 0 and oo
(making integrations by parts, this means that f(z)g(x)22**! vanishes both in
x =0 and when z — 00).

In this way we have found the following decomposition:

_df xJ1(z)

v df xJy(x)
5f_xdx+<a+l_ Jo(a:)>f

(10)
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(we will call it the “J-decomposition”). This kind of decompositions 6*J is very
strange, because the infinity quantity of zeros of Jy(x) makes the fraction x.J (z)/Jo(x)
be neither continuous nor derivable in infinitely many points, and it is not a func-
tion in L? (p > 1).

Moreover, if, as usual, Y, (x) denotes the Bessel function of the second kind and
order v, also the following decomposition appears:

5f:xj—f+ (a+1+ xYl(x)) f,

Yo(z)

_x+( +1—mYl )))f

(we will call it the “Y-decomposition”). It is also easy to get new decompositions
by combining the J-decomposition (10) and the Y-decomposition (11) by means of
a process of mediation? of fractions (i.e., passing from a/b and ¢/d to (a+c)/(b+d)).
In this way, we have the decomposition

(1)

L ) )

) o1 =g 5 (0 )
. df xJ1(z) + 2Yi(x)

"= +2( e Jo(x) + Yo(2) >f

Even more, we can add two extra real parameters  and s and take

_df raJy(z) 4+ szYy(x)
(13) 5f—$£+ <a+1+ rJo(z) + sYy(z) )fu
5 f = xﬁ + <Oé+ 1_ raJy(z) + sxYi(x ))
= dx T‘JQ(J:) -+ SYO(

But we always get J, or Y, Bessel functions in the denominator, with infinitely
many zeros. Recall that, for = large enough, J, (x) and Y, (z) oscillate as a cosine
or a sine respectively; more precisely, they satisfy the asymptotic formulas

2@ =(2) e (e -7 -T)v0E]. woe

T 2 4
2 \'/? . vmwT 1
Y., (z) = (m) [Sln (x -5 Z) +O(x )} , x — 0.

2The mediation is a very common process in diophantine approximation due to the property

(with denominators b,d > 0) = 4.4 te o

< b Sb+d - d

S|
Ul o

it is used, for instance, in the definition of Farey and Brocot sequences. It is funny to see that it
also appears in the context of this paper.
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By definition, the Riesz transform is R = §(L,) ™'/, with (L,)~'/? being the
fractional integral. Thus, if we apply this to f = > 7 ¢nj%, we get

=R (Z anﬁ) (l‘) = 6(La)_1/2 (Z an::) (.13)
n=0 n=0

3 Cn o N O
=’ <Z ((a+2n + 1)2)1/72 ‘7"> (z) = nz:% arame1 @

n=0

But (unlike other cases in which the Riesz transform is studied) it does not seem
easy to find a “good” expression for 055 (x), that in the case of (10) would be

0ji(z) = v2(a+2n+1) x%%m

)

+ 2(0[+2n+1) <Oé+1+ le(Z)> Ja+2n+1($)

Jo(z) xotl

so nothing “smart” seems to appear. (We will not insist on it, but the same can
be said for the decompositions as in (14)—(18) that we will see below, and also
for (19) and (20).)

A different idea is to use a constant ¢ and decompose

d2 d
Lo —c=2a? ﬁ+(2a+3)xd—+x + (a+1)* —c = d%6.
We have found that this can be done with
14 J1+f( T) — J1+\/E(33))) 7

(1+e
_ ;;u(m ey,
(1+e

—33—4-

(14)
* df Jl f( r)—J_4 ﬁ(fc))
Pt S )
—x—f . xJ:f(x)
=T (l-l— + J\[( 2) )f

Of course, similar Y-decomposition can be found, as well as combinations between
the J-decomposition and the Y-decomposition by means of the mediation process
as in (12) and (13). We do not see marvelous improvements, but it is interesting to
note that, with ¢ = 1/4, we get trigonometric expressions; and with ¢ = (o + 1)2,
the Bessel functions in the decomposition depend on «. (For us, it sounds strange
that, except for the summand 1+ «, the decomposition can be taken independent
of a.)
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An example of decomposition with ¢ =1/4 is

(5f:a?2l—f—|— (;)—l—oz—i—xtan(m)) /s

df

(15) 5 f =z +<2+a—xtan( )>f~

Another (also with ¢ = 1/4):

of =x Zf <2+a—mcot( )>f,
df

(16) 5= +<;+a+g§cot(x)) I

In general (for ¢ = 1/4), and taking into account a mediation process as in (13),
we get

_df ((34 2a)s — 2rx) cos(z) + ((3 4 2a)r + 2sx) sin(z)
(17) of = @t ( 2scos(x) + 2rsin(x) ) /
. df ((1+2a)s + 2rz) cos(z) + ((1 + 2a)r — 2sz) sin(x)
Yl + < 2s cos(z) + 2rsin(x) > /

for arbitrary constants r and s. At least formally, these constants can be complex
numbers; in this way, taking » = ¢ and s = 1, we get

5f:x£+<g—|—a+ix) f

df

(19 ;
o f = 7—|— <2+Oé—i$> f-

But it seems difficult to apply these decompositions in the context of real functions.

2.2. Decompositions with two summands. Decompositions of the form
1 * *
La—c:i(é 0+ 66™)

(with 6 and —§* adjoint) can be also found. This time, completely different expres-
sions appear in the decomposition (without Bessel functions in a denominator!),
but unfortunately nothing useful seems to arise.

For instance, we have checked that the above decomposition with two summands
can be obtained with

(5f:36ﬁ—&-(1—1—0[—1—\/0—:&)]‘7

dr

6*f:x%+(1+a—m)f.

(19)
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But 2 € (0,00) so, now, we always get complex functions in a range of z. In
particular, with ¢ = 0 we get

5f:xﬂ+(1+a+ix)f,
dx
(20) df .
) f:x%+(1+a7w)f.

2.3. The “non-modified” case. We can wonder what would happen if we
carry out the study of Riesz transforms in the Fourier-Neumann expansions setting
in another way. The case studied up to now concerns the measure x2*+! dz, which
is usually known as the “modified” case (because it is related with the modified
Hankel transform (8)), and that is used in [1, 2, 3, 5, 17]. But we might be also
interested in the case that deals with Lebesgue measure, or the “non-modified”
case (that is related to the so-called non-modified Hankel transform, a simple
variation of (8)).

In this context, we consider the space L?((0,00),dx) in which the system

{#n}nZo, given by

=V2(a+2n+1) Joyonsi(x)z 12, n=0,1,2,...

is orthonormal. The associated second order differential operator is
, d? d 1
and we have
Lod? = (a+2n+1)%¢2
ie, ¢%, n=0,1,2,..., are eigenfunctions of £, with eigenvalues A\, = (o + 2n +
1)2.
Again with the help of Mathematica, we have also found the corresponding

expressions for the non-modified case, but as one can expect (we are making simple
change of functions), nothing new appears. For instance, we get L, = 6*§ with

5f = df+(1+“1( 3L

d 2 Jo(z)
R df xJ1 ()
(25,

or, analogously, with its corresponding Y-decomposition. Of course, the same
can be said about the mediation process, the variation of the operator by an
additive constant ¢, as in £, —c¢ = 6*§ (one more time, trigonometric expressions
appear for ¢ = 1/4), and the decompositions of the kind £, = %(5*6 + 66*) or
Lo—Cc= %(5*5 +00%).
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