Journal homepage http://revistas.unitru.edu.pe/index.php/SSMM

SELECCIONES MATEMATICAS
Universidad Nacional de Trujillo
ISSN: 2411-1783 (Online)

2023; Vol. 10(2): 210-248.

Frobenius methods for analytic second order linear partial differential equations

Victor Arturo Martinez Le6n® ¢ Bruno César Azevedo Scardua®

Received, Aug. 29, 2023; Accepted, Oct. 03, 2023; Published, Dec. 27, 2023

O
How to cite this article:

Leén V, Scardua B. Frobenius methods for analytic second order linear partial differential equations. Selecciones
Matematicas. 2023;10(2):210-248. http://dx.doi.org/10.17268/sel.mat.2023.02.01

Abstract
The main subject of this text is the study of analytic second order linear partial differential equations.
We aim to solve the classical equations and some more, in the real or complex analytical case. This is
done by introducing methods inspired by the Frobenius method for second order linear ordinary differential
equations. We introduce a notion of Euler type partial differential equation. To such a PDE we associate an
indicial conic, which is an affine plane curve of degree two. Then comes the concept of regular singularity
and finally convergence theorems, which must necessarily take into account the type of PDE (parabolic,
elliptical or hyperbolic) and a nonresonance condition. This condition gives a new geometric interpretation
of the original condition between the roots of the original Frobenius theorem for second order ODEs. The
interpretation is something like, a certain reticulate has or not vertices on the indexical conic. Finally,
we retrieve the solution of all the classical PDEs by this method (heat diffusion, wave propagation and
Laplace equation), and also increase the class of those that have explicit algorithmic solution to far beyond
those admitting separable variables. The last part of the text is dedicated to the construction of PDE
models for the classical ODEs like Airy, Legendre, Laguerre, Hermite and Chebyshev by two different
means. One model is based on the requirement that the restriction of the PDE to lines through the origin
must be the classical ODE model. The second is based on the idea of having symmetries on the PDE
model and imitating the ODE model. We study these PDEs and obtain their solutions, obtaining for the
framework of PDEs some of the classical results, like existence of polynomial solutions (Laguerre, Hermite
and Chebyshev polynomials).
Keywords . Frobenius method, regular singularity, analytic solutions, .

1. Introduction. One of the most applicable fields in mathematics is the subject of partial differential
equations (PDEs for short). Indeed, a number of phenomena as heat diffusion, waves propagation and
electromagnetic forces are modeled by these equations (see [1] for the classical theory of PDEs). All these
equations belong to the class of second order linear equations. This class plays a special role in the theory.
Indeed, it includes the above mentioned and several other modern problems as nuclear reactions and atomic
models. Since the work of Euler, Lagrange, Bernoulli and Fourier, among others, the techniques for solving
such equations are based on reducing, at least partially, the original PDE to a system of ordinary differential
equations and trying to solve these ODEs. This is done by the use of special transforms as Fourier or
Laplace transforms. Another possibility is the use of the theory of distributions and operators as the heat
kernel. All this works pretty well, but has some limitations. One of the first to show up is the fact that
the equations must have constant coefficients or, at least, the majority of these. Another restriction of the
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classical methods is the fact that not all PDEs can have separated variables. Indeed, already some simple
perturbations of classical equations fall outside of the class of equations admitting this separation.

The classical Laplace-Fourier method has some limitations. For instance, it works well from the the-
oretical point of view, but very often the computation of the inverse Laplace or Fourier transform is hard
to be carried out. Another delicate point is the class of functions where the method converges, which is
essentially associate to those having subexponential growth. In our point of view, Frobenius method has
already proved its value when compared to the Laplace-Fourier in the classical second order ordinary dif-
ferential equations case. This is one of the reasons why it is an essential subject in any PDE course. The
discover of this method was responsible for some of the first concrete algorithmic computations of solutions
of ordinary differential equations associate to important phenomena in physics. The discovery and study
of Bessel functions, Lagrange, Legendre and Chebyshev polynomials owes a lot to the pioneering work of
Frobenius for second order ordinary differential equations.

Our aim is to bring to the framework of partial differential equations some of the techniques used in
the study of ordinary differential equations. Before going through this, let us recall the ordinary differential
case.

The classical method of Frobenius is a very useful tool in finding solutions of a homogeneous second
order linear ordinary differential equations with analytic coefficients. These are equations that write in the
form a(z)y” +b(x)y’ +c(z)y = 0 for some real analytic functions a(z), b(z), c(x) at some point o € R. It
is well known that if z is an ordinary point, i.e., a(z() # 0 then there are two linearly independent solutions
y1(z), y2(x) of the ODE, admitting power series expansions converging in some common neighborhood of
x¢. This is a consequence of the classical theory of ODE and also shows that the solution space of this ODE
has dimension two, i.e., any solution is of the form c¢;y (z)+coys2 () for some constants ¢y, ¢ € R. Second
order linear homogeneous differential equations appear in many concrete problems in natural sciences, as
physics, chemistry, meteorology and even biology. Thus solving such equations is an important task. The
existence of solutions for the case of an ordinary point is not enough for most of the applications. Indeed,
most of the relevant equations are connected to the singular (non-ordinary) case. We can mention Bessel
equation 2%y" +zy’ + (22 —?)y = 0, whose range of applications goes from heat conduction, to the model
of the hydrogen atom. This equation has the origin x = 0 as a singular point. Another remarkable equation
is the Laguerre equation xzy" + (v + 1 — z)y’ + Ay = 0 where A, v € R are parameters. This equation is
quite relevant in quantum mechanics, since it appears in the modern quantum mechanical description of the
hydrogen atom. All these are examples of equations with a regular singular point. The classical Frobenius
methods for second order ODE is found originally found in [2] and, more recently, in [3, 4] and for higher
order in [5].

The above brief description of the method of Frobenius already suggests that there may exist a version
of this result for partial differential equations.

We shall work with the class of second order analytic linear homogeneous partial differential equations.
Such an PDE is of the form

22’ 22 2 z z
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where the coefficients a(z,y), b(z,y), c(z,y), d1(z,y), d2(x,y) and ds(z,y) are complex analytic func-
tions defined in some open subset U C K? where K € {R, C}.

This is a very meaningful class when it comes to classical natural phenomena. We shall first introduce
a simple model for these equations, which is a kind of Euler PDE of second order. This will be a PDE of
the form

+ d3(z,y)z = 07
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where A, B,C,D,E, F € K.
To this equation we shall associate an indicial polynomial which defines a conic in the affine place.
This conic C C C? is given by

P(r,s) = Ar* + Brs + Cs* + (D — A)yr + (E — C)s + F = 0.

This conic plays the role of the indicial equation for Euler ordinary differential equations of order two.
Then we shall introduce a notion of regular singularity for such equations, which is a natural adaptation
of the notion of regular singularity imported from the theory of second order linear ordinary differential
equations. We are able to prove:

Theorem A. Consider the following Euler type PDE

02z 0%z 82 8
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where A, B,C, D, E, F € K. Given (r,s) € C? we have the following equivalence:
(i) The point (r, s) belongs to the indicial conic C.
(ii) We have a complex monomial solution of the form x"y°.
If K = R the indicial conic is of one of the following types:
(a) Ellipse, if B> — 4AC < 0.
(b) Parabola, if B> — 4AC = 0.
(c) Hyperbole, if B2 — 4AC > 0.
This however does not assure the existence of monomial polynomial or monomial rational solutions,
since the points of the indicial conic may be all non-integral. Using some basic Linear Algebra we prove:
Theorem B. Let E be a PDE of Euler type. Then we have the following possibilities:
(i) FE iselliptic = there are two linearly independent degree one polynomial solutions.
(ii) E is hyperbolic = there is one polynomial solution q(x,y) and one solution of the form
1/q(z,y), where q(x,y) is a degree one polynomial.
(iii) E is parabolic == there are infinitely many linearly independent degree n + n?* polynomial
solutions of the form p(x,y)"q(x, y)”2, n € Nwhere p(z,y), q(z,y) are degree one polynomials.
(iv) E is of degenerate type (i) = there are infinitely many linearly independent degree n poly-
nomial solutions of the form p(x,y)"™ and infinitely many solutions of the form q(x,y)™ where
p(z,y),q(x,y) are degree one polynomials intersecting transversely.
(v) E is of degenerate type (ii) = there are infinitely many r + m degree polynomial solutions of
the form p(x,y)"q(z,y)™
Let us consider a second order linear homogeneous PDE of the form

22 22 0%z 0z 0z
Alw) g5 + Bl y)goos + Clay) s+ D) g+ Blry) g+ Fa,y)z = 0,

Oy Oz Oy
where the coefficients A, B,C, D and E are analytic functions at some point (g, o) € R2. The point
(0, yo) is called ordinary if some of the coefficients A, B and C does not vanish at (xg, yo). Otherwise, if
A(zo,y0) = B(zo,y0) = C(x0,90) = 0, it will be called a singular point. A singular point will be called
a regular singularity if the PDE can be put into the form

2 2 2,

Az %—%—B yaa8 + Cy? g 5 +xa(z, y)g——kyb(x y)g—y—kc(x y)z =0,

with A, B,C € R constants, a(x,y), b(z,y), ¢(x, y) analytic functions, after some division by coefficients
and change of coordinates centered at (xo, yo).

The indicial conic of the PDE will be the indicial conic of the corresponding Euler PDE. If the PDE
has real analytic coefficients we shall then say that it is parabolic, elliptic or hyperbolic according to the
indicial conic.

The notion of regular singular point above gives rise to a version for this framework of PDE of the
classical method of Frobenius for finding solutions via power series. The picture is not so straightforward,
since we are dealing with a degree two affine curve instead of a one variable degree polynomial. First we
shall introduce a notion of non-resonance, which extends and gives geometric sense to the main obstruction
regarding the roots of the indicial equation in the classical Frobenius theorem for ordinary differential equa-
tions. A point in the indicial conic (rg, s9) € C is resonant if there is some non-trivial positive translation
of (rg, so) by integral shift (ro + q1, So +¢2), g1, ¢2 € Z which also lies on the indicial conic. This can be
seen as follows: consider the reticulate 7o V so C C? centered at (7, qo). This means the set of all points
of the form (r¢ + q1, So + ¢2) wWhere g1, g2 € Z. The positive part of the reticulate is the set of points of the
form (ro + ¢1, So + ¢q2) where ¢1, g2 € NU{0}. Then, a point (rg, sg) € C of the indicial conic is resonant
if there is some vertex of the positive part of the reticulate that lies over the indicial conic.

We then prove the following Frobenius type result the following existence constructive results:

Theorem C (parabolic real analytic). A parabolic real analytic second order linear homogeneous
PDE, with a regular singularity, admits a convergent Frobenius type solution for each pair (r,s) € R? in

the indicial conic. Indeed, there is a solution of the form x"y® > a,x?y% where the series converges
QeN?
in some neighborhood of the origin, the coefficients aq are real and obtained recursively from the PDE.

Theorem C is a consequence of the more general Theorem 7.1 which holds for complex PDEs. Versions
of Theorem C for the elliptic and hyperbolic case are also proved. The case of elliptic equations is stated
below and follows from the more general statement in Theorem 8.1 for complex PDEs:

Theorem D (elliptic real analytic). An elliptic second order linear homogeneous real analytic PDE
having a regular singular point, admits Frobenius type solutions. More precisely, consider the real analytic
second order linear PDE

2
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where AC' > 0, a(z,y),b(x,y) and c(x,y) analytic in the open bidisc A((O,O)7 (R, R)) R > 0. Let

(ro,80) € R? be a non-resonant real point of the indicial conic C C C?. Then L[z] = 0 admits a
convergent Frobenius type solution with initial monomial x"°y*°

Next we address the hyperbolic case and obtain as a result of the complex case stated in Theorem 8.2
we obtain:

Theorem E (hyperbolic real analytic). A hyperbolic real analytic second order linear homogeneous
complex analytic PDE having a regular singular point, admits Frobenius type solutions. More precisely,
consider the second order PDE

8%z

2
Liz] == Ax2% +Cy 20 —|—xa(x Y) o 02

0z
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where AC < 0, a(x,y),b(x,y) and c(x,y) real analytic in A((O, 0), (R, R)) R > 0. Let (19, 59) € R?

be a non-resonant real point of the indicial conic. Then L[z] = 0 admits a convergent Frobenius type
solution with initial monomial x™° 1%,

Our results are a first step in the reintroduction of techniques from ordinary differential equations in
the study of classical problems involving partial differential equations. Our solutions are constructive and
computationally viable. We give a number of examples illustrating the range of these techniques. A further
study of these examples is found in a forthcoming work.

The last part of the text is dedicated to the construction of PDE models for the classical ODEs like
Airy, Legendre, Laguerre, Hermite and Chebyshev by two different means. One model is based on the
requirement that the restriction of the PDE to lines through the origin must be the classical ODE model.
The second is based on the idea of having symmetries on the PDE model and imitating the ODE model.
We study these PDEs and obtain their solutions, obtaining for the framework of PDEs some of the classical
results, like existence of polynomial solutions (Laguerre, Hermite and Chebyshev polynomials).

This work naturally motivates the study of third order linear partial differential equations with analytical
coefficients in a domain of two variables. Aiming at the existence of solutions by algorithmic means, in the
real or complex analytical case. In [9] we present methods inspired by this work. We introduce a notion
of Euler PDE. To such a PDE we associate an indicial cubic, which is an affine plane curve of degree
three. Points on this curve are associate to solutions of the Euler PDE solutions. Next, we give the concept
of regular singularity for the PDE, followed by a notion of resonance and a partial classification of PDEs
having such regular singularities. Finally, we obtain convergence theorems, which must necessarily take
into account the existence of resonances and the type of PDE (parabolic, elliptical or hyperbolic).

2. Second order linear equations. Throughout this text K will denote the field of complex numbers
C or the field of real numbers R, according to the context. A second order linear PDE in two (real) variables
is an expression of the form

322 2 2

z 0z 0z
a(ﬁﬂ,y)@ +b(x’y)8x78y c(, y)a 2 +d1($ y)ax +d2($’y)87y +ds(z,y)z = f(z,y),

where the coefficients a(x, y), b(z,y), c(x,y), d1(x,y), d2(x,y), ds(z, y) and f(z,y) are functions defined
in some open subset U C R2.

The class of differentiability of the PDE is the common class of differentiability of its coefficients.

We shall be working with analytic PDEs, i.e., the coefficients will be assumed to be analytic in their
domain of definition. If K = R this means that they are real analytic. If K = C this means that they are
complex analytic (holomorphic). The PDE is homogeneous if f (1 y) = 0 The simplest model for these

PDE:s is the one with constant coefficients, given by A dmﬁ + B2 s ay + 0% ay2 +D gz Es 0z i Fz=0.

2.1. Classification of real PDEs. Let us assume that K = R. It is well-known that the sign of the
term ac — b* € R does not depend on the choice of the coordinates (z,y) € U C R? above. This allows a
partial classification of such PDEs as follows:

e The equation is elliptic if ac — b> > 0 everywhere in U.
e The equation is hyperbolic if ac — b*> < 0 everywhere in U.
e The equation is parabolic if ac = b? everywhere in U.
Notice that a PDE may change its behavior in different regions of the domain U.

An example of a hyperbolic equation is the wave equation z,, = \>z;. By its turn the heat diffusion

equation Zy, = N>z is parabolic. Finally, Laplace’s equation z, + zy, = 0 is elliptic.

2.2. Complex analytic PDEs. We shall consider PDEs with complex analytic coefficients.
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Definition 2.1. A second order complex analytic linear PDE in two variables is an expression of the
form
0%z 02z 0%z 0z 0z
—+b — d d — +d =
a(xvy)axg + (x7y)8xay+ ( )8 2 + 1(1’ y)al‘+ Q(xay)ay+ 3(x,y)z f(xvy)a

where the coefficients a(z, y), b(x,y), c(x,y), d1(x,y), d2(x, y), ds(x,y) and f(x,y) are complex analytic
functions defined in some open subset U C C2. The PDE is homogeneous if f(z,y) = 0.

3. Euler equation for second order PDEs. In this section we build the basis of the method of Frobe-
nius for PDE. The first step is to introduce the notion of Euler equation in this framework. Let us get
started.

3.1. Euler partial differential equation of second order. We shall consider the PDE of the form

2 2
AmQa—;—i-Bxyaaxa +CQ%—|—D362 + F %-FFZ—O x>0,y >0, (3.1)
where A, B,C, D, E, F € K. This will be called an Euler partial differential equation of second order in
K2. Notice that (Bry)? — 4(Ax?)(Cy?) = (B? — 4AC)x?y?. Thus we have the following possibilities for
the Euler PDE, according to the classical terminology for linear PDEs: Denote by K* = K\ {0}. Assume
that the equation is real, i.e., K = R, it has real coefficients. In this case the Euler equation is classified as:
hyperbolic it B2 — 4AC > 0, parabolic if B?> = 4AC and elliptic if B> — 4AC < 0.

We point-out that this coincides with the classical notion for PDEs given above if we consider U =
(R")2.

Now we turn our attention to the Euler equation above in K? where K € {R, C}.

Definition 3.1 (indicial conic). The indicial conic associate to the Euler equation above is defined as
the complex affine plane curve C := {(r,s) € C?; P(r,s) = 0} where:

P(r,s) = Ar? + Brs + Cs* + (D — A)r + (E — C)s + F.

In the case of a real PDE, i.e., when the coefficients of the PDE are real, we define the real trace of the
indicial conic (or the real conic for short) as the intersection C(R) := C N R2. The real conic is the real
affine plane curve {(r, s) € R?, P(r,s) = 0}.

It is clear from the above that, in case K = R, the Euler equation is hyperbolic, parabolic or elliptic
according to the fact that the corresponding real conic C(R) C R? is a hyperbole, a parabola or an ellipse.

Definition 3.2 (monomial solutions). A monomial solution of the Euler equation is a solution of the
form ¢ = 2"y* where 7, s € C. The solution is real if (1, s) € R2.

Proof' [Proof of Theorem A] Let ¢ = z"y* and consider the differential operator L[z] = Azz% +

Bxy2 Bazay +Cy? 55 a Z +Dx ~+FEy gz + F'z. Then ¢ is solution of (3.1) if and only if L[] = 0. Substituting
we have

Lig] =a"y*[Ar(r — 1)+ Brs+ Cs(s — 1) + rD + sE + F]|.

Therefore ¢ = 2"y* is a solution of (3.1) if and only if Ar?+ Brs+Cs?>+ (D — A)r+(E—C)s+F = 0.
The last part, regarding the classification of the indicial conic, is well-known from Analytic Geometry
and Linear Algebra in dimension two. ]
Since the PDE is linear homogeneous, any linear combination of monomial solutions is also a solution.

Indeed, from the merely formal point of view, not all solutions of the Euler equation above are of the

“monomial form”. Indeed, since the PDE is linear, any linear combination or a series ¢ = > c,a"my""
n=0

where ¢, € K and (r,,s,) € C are points in the indicial conic, is also a solution of the Euler equation.

Later on we shall discuss the restrictions imposed by regularity of the solutions and boundary or initial

conditions.

Let us now assume that we are in the real case (z,y) € R2. Assume that we have a point of the
indicial conic (r,s) € C C C? which we write in real and imaginary part r = ry + iy, s = s1 + is where
i? = —1. Then given z,y € R, we have 2" = 2" [cos(rg Inz)+isin(rz Inx)] and y* = y°* [cos(sg Iny)+
isin(sg Iny)]. Thus we get

2"y’ = 2"y [cos(re Inx) cos(se Iny) — sin(ry Inx) sin(ss In y)]

+ix" Y [cos(rg Inz) sin(re Iny) + sin(rq Inz) cos(sz Iny)].



Leén V, Scardua B.- Selecciones Matemiticas. 2023; Vol. 10(2): 210-248 215

Hence we obtain two linearly independent real solutions

ui(x,y) = "y [cos(re Inx) cos(s2 Iny) — sin(re In z) sin(se Iny)]
and

ug(z,y) = 2y’ [cos(ra Inz) sin(rq Iny) + sin(rg In ) cos(s2 Iny)],

analytic defined for x > 0,y > 0.

Remark 3.1 (Euler type PDE # (ODE)? of Euler type). Consider the PDE (3.1) with real coeffi-
cients. The method of separation of variables can be used to obtain the solution of equation (3.1). Assuming
that z(z,y) = X («)Y (y) and substituting for z in equation (3.1), we obtain

Ar? X" ()Y (y) + BayX'(2)Y'(y) + Cy* X (z)Y" (y)

+DxX'(2)Y (y) + EyX(2)Y'(y) + FX(2)Y (y) = 0.

If B = 0 we obtain
Ax?X"(z) + DxX'(z) + FX(z) B Cy?Y"(y) + EyY'(y)

X(z) - Y(y)

(3.2)

in which the variables are separated; that is, the left side depends only on x and the right side only on y. If
we call this separation constant A, then equation (3.2) becomes

Ax?X"(z) + DaxX'(x) + FX(x) B _CyQY”(y) + EyY'(y)

— -\
X(z) Y(y)
Hence we obtain the following two ordinary differential equations for X (x) and Y (y):
Az?X"(x) + Dz X'(x) + (F — M) X(x) =0, (3.3)
Cy’Y"(y) + EyY'(y) + XY (y) = 0. (3.4)

Note that (3.3) and (3.4) are Euler equations. Therefore the solutions of (3.3) and (3.4) are of the form )
and y*M), where the indexes (), s(\) depend on the separation constant ). If we consider the two indicial
equations they are given by Ar(r — 1)+ Dr+ F —A=0and Cs(s —1) + Es+ A =0.

Eliminating )\ in the system above we obtain the indicial equation of the Euler PDE. The dependence
on the parameter A makes inviable the obtaining of solutions for the PDE separately via classical Euler
ordinary differential equations. It also suggests that more complicate situations, like PDEs which are of the

form Ax? gzi + By 68:51/ + Cyggiyi + Dz 9z + Eyg—z + Fz 4 h.o.t. = 0 (where h.o.t. stands for higher
order terms), are not always treatable via the classical ordinary differential equations Frobenius methods.

Definition 3.3 (analytic, meromorphic and real monomial solution). A monomial solution z =
x2"y® of an Euler equation will be called analytic (no matter the PDE is real or complex) (respectively,
meromorphic) if (r, s) € N? (respectively, (r, s) € Z?). The solution is real if (r, s) € R.

Let us consider the complex analytic case for the PDE. According to Theorem A an analytic (respec-
tively, meromorphic) monomial solution z = x"y* corresponds to a natural (respectively, integral) point
(r,s) € N? (respectively, (r,s) € Z?) in the indicial conic C of the Euler equation. A real solution corre-
sponds to a real point of the conic.

An affine change of coordinates T'(z,y) = (u,v), u = ax + by + e,v = cx + dy + g in R?, takes
an Euler equation & into an Euler equation T (). It is also clear that the indicial conics C(&) of C(T.E)
are related by C(T.€) = T(C(£)). In particular, these conics are of a same type (hyperbole, parabola or
ellipse). Another easy to see fact, partially consequence of the above, is that given any conic C C R? there
is an Euler equation € which has this conic as indicial conic.

Let us now consider a real Euler PDE. The indicial conic is given by a real equation and after a real
affine change of coordinates in R? we have the following possible normal forms for the real trace of C:

(i) C:r?+ 5% =1 (elliptic type)

(ii) C:r? — s? =1 (hyperbolic type)

(iii) C : s = r2 (parabolic type)

(iv) C : rs = 0 (degenerate type 1)

(v) C:r(r—1) =0 (degenerate type 2)
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Based on this we shall call a PDE of Euler type, complex or real, with coefficients in the field K, as
parabolic, elliptic, hyperbolic, degenerate type 1, degenerate type 2, according to the normal form above of
its indicial conic after some affine change of coordinates with coefficients in the field K.

Proof: [Proof of Theorem B] The proof is based on two steps. First, by hypothesis, the original
Euler PDE £ has its indicial conic C(£) taken into this normal form T'(C(£)) by some affine change of
coordinates say (£,7) = T(z,y) = (a + bx + cy,a + bx + ¢y) = (p(x,y),q(x,y)) with coefficients
a,b,c,a, INJ, ¢ € K. This same transformation T takes the original PDE £ into a PDE T'(€) with indicial
conic C(T'(£)) = T(C(E)) in the normal form. Given then a monomial solution ¢ = z"y® of T'(E) the
composition ¢ o T' = (p(x,y))"(¢(x,y))® is a first integral for the original PDE £. Second, now we just
need to consider the normal form and obtain a monomial solution z"y* with suitable exponents (r, s) € Z2,
according to the model. For instance, the elliptic model admits two point (r,s) € {(0,1),(1,0)} and
therefore monomial solutions of the form x and y.

O

3.2. Examples of Euler equations. Next we shall give a list of Euler equations and their correspond-
ing indicial conics. This list contains examples of all the possible cases for the indicial conic.
1- Elliptic case:

5 0%2 02z 0z 0z (r—>5)2 (s+2)2
42® = + 9y* = — 36z~ + 45y~ + 100z = 0 — =1.
e T G — 30, + 4G 41002 9 1
2- Degenerate type 1:
5 0%2 0%z 0z 0z 1 3
362”5 + 9"~ — 72 15y + 822 =0— s+ - = +£2i(r — =
x82+ 992 ot 3y+ 2 s+3 i(r 2)
3- Elliptic case:
0%z 0%z 0z 0z 92 175
2 2
— 4y — + 27— — by— + 25z = 1 4(s—=)" = .
9z 6x2+y8y2+ hax 5y8 + 252 = 0—>9(r+) +4(s 8) 6 <0
The solutions are then of the form r = —1 & 15‘[ cosa and s = 9 + 15‘[ sina, a € R.

4- Elliptic case:

02z 822 0z 82
2 2 2
* Oz? ay or 8y 2=0=(r—1) (s—1) L

5- Hyperbolic case:

9%z 9z 0z 0z (r+3)2
2072 5 9 il oz _ _2_ e
Sy 23/82+7ac8 +2y6 +92=0—(s—1) 5 1.
6- Hyperbolic case:
9%z 8%z 0z 0z
92——162— 99——144——31 =0
T 92 ay2 Ty T Wy, T

has indicial conic given by 9r% — 16s% + 90r — 128s — 31 = 0 and therefore by 3(r + 5) = F4(s + 4).
7- Parabolic case:
5 0%z 0z 0z _5(r—3)

2y ﬁ+5$8 + 10y a—y—7Z—0—>(s—|—2) 5

8- Parabolic case:
, 0%2 0%z )2 0%z 0z 0z

Z 249 = =
I8x2+ xyaxaer 82+ 9 +vy 8 z=0

has indicial conic given by 72 + 2rs + s> — 1 = 0 and therefore by r + s = +1.
9- Parabolic case:

0% 02

312 10y— —62=0

a2 T Wy T T
has indicial conic given by 352 + 7s — 6 = (3s — 2)(s + 3) = 0.
10- Parabolic case:

2

9%z 0z
2 _
3y o +y—a +2=0

+i

“fS

has indicial conic given by 352 — 2s + 1 = 0 and therefore by s = %
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3.3. Euler coordinates. We shall introduce for our framework of PDEs, a change of variables, in-
spired in Euler’s trick for ordinary differential equations. Start with an Euler equation (3.1) with real coef-
ficients. We consider the Euler coordinates (u,v) € R? which are given by x = e* and y = €. Suppose
that ¢ is solution of (3.1) and we define ¢(u, v) = @(e*, e”). Hence ¢ satisfies the equation:

02z 0%z 0%z 0z 0z
A— +B C D-A)—+(E-C)—+Fz=0. 3.5
5z + Bugy + Ogia + (D~ Mg, + (B C)g+ F )

Summarizing and extending the formal procedure also to the complex case we have:

Proposition 3.1. The introduction of Euler coordinates x = e*,y = eV transforms the Euler equation

5 0%z 0%z 02z 0z

9z
A= + B 2— D E— Fz=
x82+ :L’yaa+C’ 82+ xa+ 8y+z 0,

where A, B,C, D, E, F € K into the following PDE with constant coefficients
0%z 0%z 0%z 0z 0z

Aa— udo +Cﬁ+(D A)a——k(E C)6—+F =0.

4. Classical equations: heat diffusion, wave propagation and Laplace equation. As mentioned in
the Introduction, the classical PDE equations which are classically solved by separation of variables, can
also be solved by our methods. Let us study the classical heat, wave and Laplace equations.

4.1. Heat diffusion equation. Consider

0%z Oz
2
— ==, >0,y >0, 4.1
¢ 92 Ay v Y @1
where a is a positive constant. Equation (4.1) is of the form (3.5) with A = a2, E = —1land B = C =
D = F = 0. According to Proposition 3.1, equation (4.1) is transformed, by putting * = Inu,y = Inv, in
0%z 0z 0z
2,2 2 _
auw—l—au%—v%—o. (42)

This equation has parabolic indicial conic of the form a?r? — s = 0, hence the solutions of (4.2) are of the

form u™v®™ for any r. Back to the original variables the solution of (4.1) are of the form e’V for
any r.
4.1.1. Boundary conditions. In equation (4.1) we consider boundary conditions of type z(0,y) = 0,

z(L,y) = 0 for every y > 0. In order to have z(x,y) = ere®’™’Y as solutions, verifying these boundary
conditions, we must have the following. Write » = a 4 i and then

z(x,y) = eam+a2(a2_,82)y cos(Bx + 20z6a2y) + ieax+a2(a2_ﬁ2)y sin(Bs + 2a5a29)_
It is enough to consider the imaginary part of this solution
w(z,y) = Im(z(z,y)) = earta®(a’®—p%)y sin(Bz + 2aBa%y).

The boundary condition then implies 0 = w(0,y) = ed’ (e =By sin(Bx + 2aBa’y) for every y > 0. We
can choose v = 0. Thence 0 = w(L,y) = e~ #*Vsin(BL) for every y > 0. This implies sin(8L) = 0
and then L = nw, n=1,2,3,... therefore the solutions are of the form

Y sin (?)

This is what we obtain by the classical methods of separation of variables.

(1.27L27|'

wy(x,y) =

4.2. Wave propagation equation. Consider

2022 0%z

a@:a—yww>0,y>0, (43)

where a is a positive constant. Equation (4.3) is of the form (3.5) with A = a2, C = —land B = D =
E = F = 0. Equation (4.3) is transformed, by putting z = Inu, y = In v, into

0z 0%z 0z 0z

2,2 2 2

a‘u o5 —v —2+au——v—v—0. 4.4)
This equation has indicial conic of the form a?r? — s? = 0 hence the solutions of (4.4) are of the form

u"vr9" for any 7. Back to the original variables a solution of (4.3) are of the form e"*e*%™¥ for any .
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4.2.1. Boundary conditions. If in equation (4.3) we consider boundary conditions of type z(0,y) =
0, z(L,y) = 0 for every > 0. In order to have z(z,y) = e"e*%"¥ as solution verifying these boundary
conditions we must have the following: » = a + i3 and then

2(z,y) = evrFaoy [cos(ﬂx + Bay) + isin(fx + 5ay)].
Choosing a: = 0 we obtain:

z(z,y) = cos(Bzx) cos(Bay) F sin(Bz) sin(Bay) + i[sin(Bz) cos(Bay) £ cos(Bx) sin(Lfay)].

In this case we may consider the two parcels:

The first u(x,y) = sin(Bx) sin(Say) observe that this parcel verifies as boundary conditions if 0 =
u(L,y) = sin(BL) sin(Bay) for every y > 0. This implies sin(8L) = 0 and then SL = nm,n =1,2,3,...
therefore the solutions are of the form
mrx) . (mray)

un(x,y) = sin (T sin (—

The second v(x,y) = sin(Sz) cos(Bay) observe that this parcel verifies as boundary conditions if 0 =
v(L,y) = sin(BL) cos(Bay) for every y > 0. This implies sin(5L) = 0 and then SL = nm,n =1,2,3,...
therefore the solutions are of the form

vp(2,y) = sin (?) cos (m;ay).

Once again, these are the solutions obtained by the separation of variables method.

4.3. Laplace equation. Consider

8%z 0%z

2% * a2

Equation (4.5) is of the form (3.5) with A = 1, C = 1land B = D = F = F = 0. According to
Proposition 3.1, equation (4.5) is transformed, by putting * = Inu,y = Inv, in

=0, 2>0,y>0. 4.5)

0%z 0%z 0z 0z

2 2

— — — — =0. 4.6
u8u2+v 8v2+u8u+vav (4.6)
This equation has indicial conic of the form r% 4- 52 = 0 hence the solutions of (4.6) are of the form u"v*"
for any 7. Back to the original variables, the solutions of (4.5) are of the form e"*e*'"¥ for any r.

4.3.1. Boundary conditions:. If in equation (4.5) we consider boundary conditions of type z(0,y) =
0, z(L,y) = 0 for every y > 0 and z(z,0) = 0 for every > 0. For z(x,y) = " e to be a solution
verifying these boundary conditions we must have the following: » = « + i3 and then

z2(z,y) = e TP [ cos(Bz + ay) + isin(Bz + ay)].
Choosing oo = 0 we obtain:
z(z,y) = e¥PY cos(Bz) + ieTP¥ sin(Bz).

In this case we can consider two parcels:
e The first u(z,y) = e’Ysin(Bz) observe that this parcel verifies as boundary conditions if 0 =
u(L,y) = €Y sin(BL) for every y > 0. This implies sin(8L) = 0 and then 3L = nm, n =
1,2, 3, ... therefore the solutions are of the form

U (z,y) = €T sin (@)
L
e The second v(x,y) = e P¥sin(Bz) observe that this parcel verifies as boundary conditions if
0 = u(L,y) = e PYsin(BL) for every y > 0. This implies sin(3L) = 0 and then SL =
nm, n=1,2,3,... therefore the solutions are of the form

vp(z,y) = e T" sin (%)

Notice that, putting

wn (2, y) = Un(,y) ;Wz(ﬂfay) — sinh (@) sin (me)

L
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5. Rational Euler equations: existence of monomial meromorphic solutions. Let us now investi-
gate the existence of meromorphic or rational solutions for a given Euler equation with rational numbers
are coefficients. This may be useful if we want to obtain monomial solutions which have analytic behavior,
possibly admitting poles. As we have already observe, the problem of finding monomial holomorphic or
meromorphic solutions of a given Euler equation is related to the existence of integral or rational points of
the indicial conic. This last is related to the existence of solutions of Diophantine equations. Let us present
families of examples, of each type for the indicial conic type above, exhibiting rational solutions. Such
families are constructed based on the existence results from [8] and [10].

Theorem 5.1 (existence of meromorphic monomial solutions). The following families of Euler PDEs
with integer coefficients admit meromorphic monomial solutions:

(elliptic)
gl A2x2a—+02 26—+3A? 8—+3C2 +(C? 4+ A% — A%C*2=0,2>0,y >0
ox? oy? ox 8y ’ ’ ’
where A, C' € Z such that AC' > 0.
(parabolic)
0%z 02z 0%z 0z 0z
. 2 2
Par.AJ;@—&-Ba:yaa +Cy W+3Ax87+(0+3)8 +Az=0,2>0,y >0,
where A, B, C' € Z such that B> — 4AC = 0.
(hyperbolic)
5 0%z 0%z 0z 0z
A B Axr— + By— — Az =0, 0 0,
Hyp x82+ xyaa+ 8+ By z x>0,y >

where A, B € 7 such that B # 0.
Indeed, on each case, there are integral points of the corresponding indicial conic.
Proof: Let us start with the first elliptic case. The corresponding indicial conic is

A% 4 C%6% 4 2A%r +2C%s + C? + A% — A%2C? = 0. (5.1
Completing the square in equation (5.1) we have
(Ar+ A)* + (Cs + C)? = (AO)~. (5.2)

Equation (5.2) admits entire solutions in the following cases: Ar + A = £AC and Cs + C = 0 or
Ar+ A =0and Cs+ C = +AC. In these cases r and s have integral values: r = —1 +C and s = —1 or
r=—lands= -1+ A.
Now, for the second (parabolic) case the indicial conic is given by
Ar? 4+ Brs+ Cs?> +2Ar + Bs+ A = 0. 5.3)
Multiplying equation (5.3) by 4A and using that B2 = 4AC we have (2Ar + Bs + 2A)? = 0 hence
2Ar + Bs = —2A. (5.4)

Let h = gcd{2A, B}, since h divides —2A we have that equation (5.4) admits entire solutions.
Finally we consider the hyperbolic case. In this case we have the indicial conic given by

Ar? + Brs+ Bs— A = 0. (5.5)

Multiplying equation (5.5) by B* we have A(B?r)? + B(B?r)(B?s) + B3(B%s) — B'A = 0 by
putting B%r = R — B2 and B%s = S + 2AB we have

R(AR + BS) = 0. (5.6)

Equation (5.6) admits entire solutions in the following cases: R = 0 or AR 4+ BS = 0 back to the original
variables B%r + B? = 0 or A(B*r + B?) + B(B?s — 2AB) = 0 then r = —1, s any integer or

Ar 4+ Bs = A, 5.7

be a h = gcd{ A, B}, since h divides A we have that equation (5.7) admits entire solutions. O
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6. Frobenius method for second order linear PDEs. In this section we pave the way to our main
results Theorems 7.1, 8.1 and 8.2, as well as their real counterparts Theorems C, D and E. Let us consider
a second order linear homogeneous PDE of the form
0%z 22 22
— +B c
5.2 T (z, y)(9 o9 + C(x, y)ay2

0
+ E(x,y) = + F(z,)2 = 0,

0z

Az, y) o

where the coefficients A, B, C, D and F are analytic functions at some point (zg, 7o) € K2.

6.1. Regular singularities. We recall the following definition from the Introduction:

Definition 6.1 (regular singularity). The point (xq, yo) is called ordinary if some of the coefficients
A, B and C does not vanish at (zg, yo). Otherwise, if A(xo,yo) = B(xo,y0) = C(x0,y0) = 0, it will be
called a singular point. A singular point will be called a regular singularity if the PDE can be put into the
form

2 2 2

0 0%z z 0%z 0z 0z
A2 = 4+ B 22 = = = =
v o By 5 +Cy 052 +za(z,y) 5 +yb(x7y)ay +c(z,y)z =0,

with A, B, C' € R constants, a(z,y), b(x, y), ¢(x, y) analytic functions, after some division by coefficients
and change of coordinates centered at (z, yo ).
We look initially for solutions of the form i» = z"y* + h.o.t.. We write a(z,y) = a(0,0) +
x"y™aq(z,y) where a1(x,y) is analytic and n + m > 1. Similarly we write b(z,y) = b5(0,0) +
Lykb (. y) and ez, ) = (0,0) + 2ty*e: (z, y).
Then we can rewrite the PDE as

)

822 622 82 oz 92
o a9, a 9 -
Az 522 + Bxyaxay + Cy? 0 + za(0, 0)a + yb(0,0) 9 +¢(0,0)z
9 0
+x n+1yma1($y y)aiz. + zeykJrlbl (CC, y)£ + ZEtySCl (1_7 y)z 0.

Thus the PDE has a first jet which is a PDE of Euler type given by

2 322’ 2

AxQQ + Bry—— + Cy? 20% + za(0, O)8

0z
922 D20y 92 oz Y005+

oy ¢(0,0)z = 0.

The higher order part is seen as an increment and the original PDE as a deformation of the Euler PDE
above.

Based on this we define:

Definition 6.2. The indicial conic is the complex affine curve C C C? given by the zeros of the
polynomial

P(r,s) = Ar? 4+ Brs + Cs* + 1(a(0,0) — A) + s(b(0,0) — C) + ¢(0,0).

In case the PDE has real coefficients we can define the real trace of the indicial conic (or real indicial conic
for short) as C(R) := C N R2.
The above definition of regular singularity is motivated by the following
Lemma 6.1. Let
A 5 0%z 9B 0z o 5 0%2 0z b 0z —0
(@ y)a* 55 + (@ y)ry g g, T O g5 traley)g bl y)g +z,y)z =0,

be given with A(x,y), B(z,y),C(z,y), a(z,y),b(z,y), c(x,y) of class C" in a neighborhood of the origin.
For any change of coordinates (x,y) — (Z,7), of class C", that preserves the coordinate axes, the new
PDE is still of the above form. More precisely, if we put (Z,3) = (z - &1 (z,y),y - m(x,y)), then in the new
coordinates we have

~ 02,2 0%z ~ 0%z 0z - 0z
A&, 5 2B o 222 §) = + Gb(E, §) = + &(F, )z =
(7,97 32 T 2B, )xy&T:@g] +C(2,9)7 e +2a(Z, §) 5= + §0(E, §) o5t &, 9)z =0,

for some A(%,§), B(%,§),C(&,§),a(Z,§), b(Z,§), é(Z,7) of class C" at the origin.

Moreover, we have

A#®  Baj Axz?  Buxy
Bz Cy? Bzy Cy?
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where J is the Jacobian matrix of the change of coordinates. In particular, (B>*—AC)(z7)? = | det J|? (B2
AC)(zy)’.
Proof: We start with a PDE of the form

22 822' 22 82’ 0z

and perform a change of coordinates (x,y) — (£(z,y),n(x,y)). Then we obtain a PDE of the form

2 2 2

82 2B(¢, n)az C(&, 77)8 + e (&, n)a

§+@@n9n+@@nw—asm

where we have A = afi +2b6, &y + ng» B = a&yny +b(n:€y +ny€a) +ckyny, C = an% + 20m51y + 6775-
In terms of matrices we have

A B gt a b
B C boc)
where J = S is the Jacobian matrix of the change of coordinates. ]
Ne Ty
Remark 6.1 (Behavior of solutions in straight lines). Consider the following PDE
0%z 0%z 0?2 0z 0z
Az? B + Cy? Dz— + Ey— +Fz=0, 6.1
82+ :vyaa 82+ anryaerz (6.1)

where A, B,C € C*, D, E, F € C. Let ¢ be a solution of (6.1). Hence we have

8¢ 92 9 9
1 Oy? S0+D3;—+Eya L Fp=0. (6.2)

32
Am7—|—Bxyaa 902 3

82

Consider the line y = tz. We want to understand the behavior of the solutions restricted to this line. For
this sake we evaluate (x, tx) in equation (6.2)

Aan % (x,tx) + Bta? 5% 8 5y (@, tx) + Ct2x26 5 (, tw)D 5o (x, tr) + Etmg—“y”(w,tx) + Fo(z,tx) = 0.

We define ¢(x) = ¢(x, tx), taking derivatives we have

3 9 9 3 52 52 ,0?

/ ,Z )ﬁ /! )ﬁ f )‘
= o M = 922 +2 +

&' (x) - (x,tx)+t y (x,tx) and ¢"(x) = 3 (x,tx) t y(az,tm) t 2

(z,tx).

Thus observe that ¢ is solution of the second order Euler equation x2w" + x(%)w’ + (%)w = 0if
A=C= g and D = E. Observe that in this case equation (6.1) would be of parabolic type.

6.2. Resonances. We shall now introduce the notion of resonance for a second order linear PDE with
a regular singular point. For this sake, we shall consider the second order PDE

2 2 2

5 0%z 0%z 0%z
(&) Llz] := Az? ﬁ—&-Bacya 3y +Cy 2ﬁ—i-xa(

B)
Z b, y) o+ c(z,y)z =0,

I

ox dy
where A, B,C € R, C, a(x,y), b(z,y) and ¢(x, y) real analytic or holomorphic in the open bidisc A ((0, 0),
(R, R)) CR%C2,R>0.

The indicial conic C C C? is then given by the zeros of the polynomial

P(r,s) = Ar? 4+ Brs + Cs* + 1(a(0,0) — A) + s(b(0,0) — C) + ¢(0,0).

Definition 6.3. A pair (r,s) € C is called resonant (with respect to the PDE &) if there is @ =
(q1,92) € Z3 \ {(0,0)} such that P(q1 + 7, g2 + s) = 0. Since P(r, s) = 0 this is equivalent to

Agp(2r+q1 — 1)+ B(gis +rg2 + q1q2) + Cq2(2s + g2 — 1) + ¢1a(0,0) + ¢2b(0,0) = 0.
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This last is a degree one equation in r and s. Let us introduce the set of resonant points of € as R(E) :=

o0
RNCwhere R = |J Rgand Rg :={(r,s) € C; P(q1 + 7,92 +s) = 0}.
Q=1

A point (rg, o) € C is non-resonant if (ro, so) € RNC.

Lemma 6.2. R(E) is nowhere dense in C and in R? C2. In particular, the set of non-resonant points
is dense in C.

Proof: The set of resonant points of £ is the intersection of the indicial conic with a countable number
of straight lines in R?, C2. By Baire’s category theorem this set has empty interior. It also has zero Lebesgue
measure and contains no interior points even when looked inside C. ]

Remark 6.2. Let us point-out a few facts about the notion of resonance we have introduced above:

(i) Geometrically, a point (g, sg) € C is resonant if there is some non-trivial translation of (7, sp)
by integral shift (ro + g1, So + g2), ¢1, 92 € N which also lies on the indicial conic. This can be
seen as follows: consider the reticulate ro V so C C? centered at (1o, qo). This means the set of all
points of the form (r + g1, so + g2) where ¢1, g2 € Z. The positive part of the reticulate is the set
of points of the form (¢ + g1, So + ¢2) wWhere ¢1, g2 € NU {0}. Then, a point (rg, sg) € C of the
indicial conic is resonant if there is some vertex of the positive part of the reticulate that lies over
the indicial conic.

(ii) Consider a second order linear analytic ODE of the form az?u” + zb(z)u’ + c¢(z)u = 0, with a

regular singularity. From the classical method of Frobenius, we know that the indicial equation is
of the form P(r) = ar(r — 1) + b(0)r + ¢(0) = 0. If we choose the root ro with greater real

o0
part then there is a solution of the form u(x) = 2™ > a,x9. We looking for other solutions, the

exceptional case occurs when there is another root r; of the indicial equation which is of the form
r1 = 1o — qo for some go € N. This means that the indicial polynomial P(r) has a root r; and
another root of the form ;1 + ¢. This is exactly the notion of resonance we have just introduced
above for the case of PDEs.

6.3. Frobenius type solutions. We consider a second order linear homogeneous PDE of the form

02 02 02 0 0
gaz + B) o+ Clay) s + Dl y) g+ Bl y) g+ Fa,y)e =0,

Al@,y) 0xdy Ox Oy

where the coefficients A, B, C, D and E are analytic functions at some point (x¢,yo) € R2. Assume that
(70,Yo) is a non-singular point or a regular singularity of the PDE. Let be given (1o, sg) € R? a point of
the indicial conic.

Definition 6.4. A Frobenius type solution of the PDE above is an expression

o
¢(xay) = Zﬂ“oyso Z dQﬂfqu%, d070 = 17
Q=0

which satisfies the PDE from the formal point of view, i.e., L[¢](x,y) = 0 where L[z] = A(z, y)% +
B(z,y) Ba;az +C(z,y) % —|—D(x, Y) g—i +E(z, y) g—; +F(x, y)z Moreover, the coefficients dg are obtaiqed
by means of recurrences associate to the equation. The solution is called of convergent type if the series
ZT&ZO doz®y®, dyo = 1 is convergent in A((O, 0), (R, R)) We shall say that the solution is real if
the exponent (r, s) € R? and coefficients d¢ of the power series are all real.

Example 6.1. Consider the second order PDE given by

2 2 2
1
822 0 2072 0z 9z 1 _ (6.3)

5 z
AT T i g-
¥ o2 + xy(?:z:ay +y oy? Ox Oy 2

The origin is not a regular singularity for (6.3). Let us check for the existence of formal solutions. This

equation admits as solution a formal power series ¢ = Z|O602|:0 agX Q| where the coefficients agq satisfy
the following recurrence formula

1
Co = {|Q|2 —1Q| - 5} ag, forevery|Q|=0,1,2,..., (6.4)

where Cy, g, = (1 + q1)@144,,¢» + (1 + g2)ag, 1+4,- But is not convergent, since if we consider 7,, =
o2 o anx™ where a,, = 2 0|=n a@- We see that by (6.4) the coefficients a,, satisfy the recursion formula

1
(n2 —n— i)an = (n+1)apy1, foreveryn=0,1,2,.... (6.5)
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If agg # 0 then ag # 0 and then by the quotient test to (6.5) and ~,,, we have that

Qpt1 In+1

Apx™

as k — oo, if |z| # 0. Thus, the series converges only for x = 0, and therefore ¢ does not define a
convergent solution of (6.3).

6.4. Pre-canonical forms. We start with a PDE of the form
22 0%z 22 0z 0z
a(l‘,y)@ + 25(%9)8?@ c(, y)a 5 +di(2,y) o= 9z dQ(x’y)éTy +d3(2,y)z = f(z,y),

and perform a change of coordinates (x,y) — (£(z,y),n(x,y)). Then we obtain a PDE of the form

822 22

A& D% +2BE ) e + CAEM T = + er(E1) o+ eal&m T2 + ()= = o6,

9¢

where we have A = a&2 +2b¢,&, + 055, B = a&uny +b(u&y +1y&a) + cyny, C = an?+2bn,n, + cni.
In terms of matrices we have

A B ,[a b
=J J,
B C b c
where J = S is the Jacobian matrix of the change of coordinates.
Nz My

Parabolic case. In this case we have ac = b* and therefore we can write A = (p&, + qu)2 and C =
(pnz + qny)? for some functions p(z,y), ¢(z,y). Let now & be a solution of the equation p&, + ¢, = 0.
Then we have A = 0 and, since AC' = B? we obtain B = 0. This gives the following parabolic canonical
form, after re-renaming the variables (£,7) as (z,y):

0%z

0z 0z
C(x7y)87y2 + 61($7y)£ + 62($7y)87y + €3($7y)2 = 9(3373/)

Hyperbolic case. In this case ac < b?. We can split in factors A = (p1&, + ¢1&y)(P2&e + ¢2&,) and
C = (p1nz + q17y) (P2 + g2ny). Then we choose £ and 7 satisfying p1&, + ¢1&y = p2ny + gany = 0.
Then we obtain A = C' = 0. In this case, after re-renaming the coordinates back to (z,y) we obtain the
following hyperbolic canonical form:

0%z

z
O ay 7+€3($,y)2*g(x,y)-

2B(.1) 5o+ eale) o+ ealen)
Elliptic case. In this case ac > b%. We cannot not make A or C equal to zero, but we can obtain A = C
and B = 0 so that the elliptic canonical form is:
9? 22 0 0
A(x,y)aij + A(ﬂf,y)a 5 ei(z,y) a; + eg(w,y)£ +es3(z,y)z = g(z,y).

We point-out that, usually the canonical forms are a bit simpler. Indeed, in the parabolic case it is observed
that C' does not vanish and therefore the equation may be divided by C and we ay assume that C' = 1.
Similarly, in hyperbolic case it is assumed that B = 1 and in the elliptic case that we have A = C = 1.
Nevertheless, we shall not work with these simpler canonical forms. Indeed, we will not be considering
exactly the same situation. We shall use the above “pre-canonical forms” adapted to our framework.

6.4.1. Preparation lemma. In the next lemma we show how to reduce some cases of PDEs to the one
we deal with directly.
Lemma 6.3. Consider the following PDE
, 0%2 0%z 0%z 0z 0z
A B —— 4+ (W) y?=— + D(z,y)x— + E(z,y)y— + F(z,y)z =0, (6.6
()2 72 T B y)xyaxay +Cy)y a2t (@,y)zo + Bz y)yay + F(z,y)z (6.6)

where A, C holomorphic in the open disc Dr(0) and B, D, E, F holomorphic in A((O7 0), (R, R)) R >

0. Assume that B(x,y) = 24/ A(x)+/C(y) then there suitable change of coordinates so that the equation
(6.6) has the form

32~ 2 25 5

Z 8 Z = 0z

A(0)¢? E(¢, n)n%j +EEnz=0, (6.7
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where D, E, F holomorphic in A((O, 0), (R, ]:Z)), R>0.
Proof: Let us consider a change of coordinates of the form { = z f(x) and n = yg(y). Let (&, 7n) =
o(z,y), where g is solution of (6.6) thus we have

A(2)z(f(w) + 2 (2))* % + Bla,p)ay(F(@) + o f (2)) (9(y) + v9' () 22

+HCW)Y2a() + yg' @)° 55 + (A@)a2 2 (@) + 21" (@) + D(w, y)e(f(2) + 2f'(2)))

‘Qv
M6

+(CW)y2(29' (v) +y9" () + E(=,9)y(9(v) +v9'(v))) 52 + F(,9)@ = 0.

We want to find holomorphic functions f and g in a neighborhood of he origin, so that

A(z)2?(f(z) + zf'(x))? = A(0)§? = A(0)(zf (x))

and C(y)y*(9(y) +vg'(y))* = C(0)n* = C(0)(yg(y))*.

f@)taf'( VA 9W)+yg'(v) _ 4 VOO _k ( VA0 )
Hence “57 05— = j:\/i and £ETHEE = im. Therefore f(z) = % exp I* ) d
and g(y) = ’;—2 exp ( + [Y Fvgio)ds) where ki, ko are constant. Now observe that B(x,y)zy(f(x) +
xf () (g(y) +yg'(y)) = £B(x, y)¢ FV::EO Fvgzo +B(0,0)&n. Thus, it is enough to choose f(z) =
Lexp ( [ A( ds) and g(y) = = exp ( ks ﬁv)ds) obtaining the desired change. Under these con-
ditions we have that u is solution of equation (6.7).
U

7. Parabolic equations. Now we shall prove the existence and study the convergence of “formal”
solutions. More precisely, we shall state and prove the effectiveness of a method of Frobenius for such
PDEs. The first idea would be to put the PDE into a simpler form. Nevertheless, this method requires
the use of affine transformations in the changes of coordinates. This procedure has two main cons: One
is the difficulty in order to find the affine transformations on each case. The second is the fact that affine
transformations very much change the expression of the solution. This would therefore make the procedure
less effective in computational terms, since this would be more on the theoretical point of view. Somehow
this would slide a bit from our original purpose. Let us therefore analyze case by case, without performing
any change of coordinates on the given PDE.

We shall now deal with the parabolic case. For this sake, we shall consider the second order PDE

2 92 2

0 0%z 0
L[z] := szﬁ—; + Bxyﬁazy + Oy?— —|—xa(x Y) = -

0z

b hded

+ub(e.y)5

where A, B,C € R*, C*, a(x,y),b(x,y) and c(x, y) real analytic or holomorphic in A((O, 0), (R, R))
C R2, C%, R > 0. The parabolic type is given by the condition B? = 4AC. L

Definition 7.1. We must say that the PDE is parabolic of real type if B = 2v/A+/C and Re(v/AV/C) >

We observe that, though there is an ambiguity in the choices of v/A and v/C, this does not affect the

condition Re(v/Av/C) > 0. Indeed, the fact that B = 21/A+/C shows that the condition Re(v/Av/C) > 0
does not depend on the choices of \/Z and vC.

In the real analytic case this condition is automatically fulfilled.

We state the full complex and real analytic case:

Theorem 7.1 (parabolic complex). A parabolic of real type complex analytic PDE, with a regular
singularity, admits a convergent Frobenius type solution. Indeed, consider the complex analytic second
order PDE

2 2 2

0°z 0%z 0z 0z
L = A 2 z B —_ 27 —_— _— = .1
[2] S + By 910y +Cy 052 + za(z,y) o + yb(z,y) a9 +c(z,y)z =0, (7.1)

with A, B, C' € C* such that B = 2/A\/C andRe(\/Zﬁ) >0, a(z,y), b(z,y) and c(x, y) holomorphic
in A((0,0), (R, R)) R > 0. Let (ro,s0) € C? be a non-resonant point of the indicial conic. Then



Leén V, Scardua B.- Selecciones Matemiticas. 2023; Vol. 10(2): 210-248 225

there exists a Frobenius type convergent solution of (7.1) with initial monomial x"°y*° and converging in
A ((07 0), (R, R)) Moreover, the solution is real provided that the point (rq, so) and the coefficients of the

PDE are real.
Proof: Let ¢ be a solution of (7.1) of the form

p(z,y) =2"y" Y doX©, (7.2)
Q=0

where dy o # 0. Given that a(z,y), b(z,y) and ¢(z, y) are holomorphic in A((O7 0),(R, R)) we have that

alz,y) = Z agX®, blz,y) = Z boX® and c(z,y) = Z coX¥, (7.3)
|QI=0 |Q[=0 Q=0
for every (z,y) € A<(070), (R, R)) Then
9 - i ( + r)dgantr=tymte, 92 f: (g2 + 8)dqu® Ty
Ox Ty ’
|Q|=0 |QI=0
82 = r— s 82 = r— s—
far = 2 (@t )= Ddgut T, S = 37 (g ) (g + )t Ty
|QI=0 Q=0
82 - T S—
2= 3 (@ s b~ Diga Ty
|Q|=0
and from this we have
0%p > 0%p =
Am2$ ="y’ Z Alqr +7)(q +7—1)dgX©, Bgcyaxay ="y’ Z B(qi +7)(g2 + 5)do X,
|QI=0 Q=0
2 0%p =
Cy F ¥ 2y Y Clga+5)(qa+ 5 — 1)dgX?,
|QI=0
8%0 o0 oo oo
Yy _ ,r,s Q Q _.r. s ~ Q
za(z,y) 5 =1"y > agX Y (g +r)deX? ) =2y | D agX® |,
|Q|=0 |Q|=0 |Q|=0
8@ o0 oo oo
Y¥Y _,r,s Q Q _r.s 7 Q
wb(ey) g =y | D0 bXY ) | 3 @+ 9)doX? | =aTyt | 3] boX |,
Q=0 Q=0 1Q|=0
clwyp=a"y | D c@X?| | D doX? | =aTy* [ D @X?|,
Q=0 |QI=0 |QI=0
where
q1 Q2 B q1  q2 q1  q2
Q=YY (i+7)ag-ig—jdij; bg =Y (4 8)bg—igo—jdij and e =D > g i.go—jij-
i=0 j=0 i=0 j=0 i=0 j=0

Given that ¢ is solution of (7.1) we have

2y Y ([Ala+r) (@ +r=1)+Blgi+7)(q2+5)+Claz+5)(q2+5—1)|dg + g +bg+ég) X9 =0
1QI=0
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hence
[A(ql+r)(q1—|—r—1)+B(q1—H‘)(q2+s)+C(q2+s)(q2+s—1)]dQ—i—dQ—i—l;Q—i—EQ =0, |Q=0,1,2,....

Using the definitions of dg, bg and ég we write the previous equations

[A(qr +7)(qr +7 = 1)+ B(qr +7)(q2 + 5) + Clgz + s) (g2 + s — 1)]|do+

3;0 ;12:0 [(Z + T)athfi-,thfj + (] + S)blhfi,qz*j + Cq1*i,q2*j]di~,j =0

equivalently

Al +r) (@ +7r =)+ Bl +7)(g2+5) + Clgz + 5) (g2 + 5 — 1)
+(q1 + 7)o + (g2 + $)bo,o + o] dg
-1 . .
+ Zg;o ?2:0 [(Z +7)ag —i,g—j + (J + 8)bgy—iga—j + qu—i,qz—j]di,j

+ 250 (@1 +7)a0,g5—7 + (5 + 5)b0.ga—j + C0.ga—5]dgy.j = 0.
For |Q| = 0 we have
Ar(r —1) 4+ Brs+ Cs(s — 1) + rag,o + sbo,0 + co,0 =0
provided that dy ¢ 7# 0. The second degree two variables polynomial P given by
P(r,s) = Ar? + Brs + Cs* + r(ago — A) + s(boo — C) + ¢o,0

is called indicial conic associate to equation (7.1). We see that

Pla+rg+s)dg+eq=0, [Q=12..., (7.4)
where
eq =21 Y (64 1)ag, g+ (G + 8)bgy—igo—j + Car—igrj)dij
(7.5)
+ 270! (g1 + Maoge—s + G+ $)b0,gams + Coa—s)dargs 1Q1=1,2,....
Observe that eg is a linear combination of d o, d1,0,do,1, - - -, dn—1,0, do,n—1, Whose coefficients are given

only in terms of the already known functions a, b, ¢, r and s. Letting 7, s and dj o undetermined , as of now
we solve equations (7.4) and (7.5) in terms of dg o, 7 and s. These solutions are defined by D (r, s), and a
eg corresponding to Eq(r, s). Thus

E1o(r,s) = (rai,0 + sbio + c1,0)do,o, D1,o(r,s) = —g;;ﬁ:ii,

Eop1(r,s) = (rapa + sbo1 + co1)do,0, Doa(r,s) = _IED(();;::)V

and in general:

-1 . 3
Eq(r,s) = Zg;o q'2=0 [(Z +7)ag,—igo—j + (J + 8)bg,—igo—j + qu—i,qz—j}Di,j (r,8)
1 i
+ ;12:0 [(QI +T)a0,qz—j + (] +8)b07Q2—j +CO7Q2—j]DQ17j(T7 8)5 |Q‘ =12,...,

Eq(r,s
Dq(rs) = —ptl— Q| =1,2,.... (1.6)
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The coefficients Dy obtained in this way, are rational functions of r and s, and the only points where they
are not defined, are those points r and s for which P(q; + r,¢2 + s) = 0 for some |Q| = 1,2, .... Let us
define ¢ by:

o((x,y), (r,s)) = doox"y’ +2"y° Z Dg(r, s)xy®. (7.7
Q=1

If the series (7.7) converges in A ((0, 0), (R, R)) , then we have

L((p)((x, y)7 (Tv 5)) = dO,OP(T7 3)$rys-

We have the following situation: If a ¢ given by (7.2) is solution of (7.1), then (r, s) must be a point of the
indicial conic P, and the dg (|Q| = 1,2,...) are uniquely determined in terms of dy o, r and s to be the
Dg(r, s) from (7.6), provided that P(g1 +7,¢2 +s) # 0, |Q| = 1,2,. ...

Conversely, if (r, s) is a root of P and if the D¢ (r, s) can be determined (i.e., P(¢1 +r,g2 +5) # 0
for |Q| = 1,2,...) then the function ¢ given by ¢(z,y) = ¢((x,y), (r, s)) is solution of (7.1) for every
choice of dy o, provided that the series (7.7) is convergent.

By hypothesis (79, o) is a point of the indicial conic P such that (1o, sg) ¢ R, then P(¢q1 + 7o, q2 +
s0) # 0 for every |Q| = 1,2,.... Thus, Dg(ro, o) there exists for every |Q] = 1,2,..., and putting
do,0 = Do,o(r0, s0) = 1 we have that the function 1 given by

Y(z,y) = a0y Z Dq(ro, s0)x®y®,  Do,o(ro,s0) =1, (1.8)
|Q[=0

is a solution of (7.1), provided that the series is convergent.
We need to show that the series (7.8) converges in A ((O7 0), (R, R)) where the coefficients D (7, So)

are given recursively by

Do,o(r0,50) =1,

P(ql + 70,92 + SO)DQ(T07 50) =
(7.9)

1
qu [( + TO>GQ1 i,q2—j + (] + So)bchfi,th*j + Cth*iﬂz*j]DiJ(rm 80)

*2?2:61 [(q1 +70)a0,qs—5 + (7 + 50)b0.g2—j + C0,q2—5] Dar i (ro, 50), [Ql =1,2,....
Observe that
P(q1 470,92+ 50) = (\/Z(h +\FCqQ) +2q1A[r0+ 5750+ w} +2Q2C[so + 207“ 0+ M}
therefore

IP(q1 + 70,2 + s0)|| > [|[VAq + vVCaal? — 2q1[| A

T0+2A80+7(00) AH

72(]2“0” So + 207’0 +

b(0, o) CH

Given that

IVAg + VCaqs|? = ||Allg} + IClg3 + 2q192Re(VAVC)
be a & = min{||A], |||, Re(vVAVC)} > 0 we have
IVAq + VCaql|* > alq + g2)*.

Let 0 = max{Hro + Beso + MH , Hso + %ro + %H} and 8 = max{|| 4|, ||C]|} hence we
have

[ P(qr + 70,02 + s0)|| = alqr + g2)* — 20B8(q1 + g2).
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Consequently,

1P(ar + 70,2+ 50)| = alar + a2) | (01 + a2) — 2. (7.10)

Let p be any number that satisfies the inequality 0 < p < R. Given that the series defined in (7.3) are
convergent for (x,y) = (p, p) there exists a constant M > 0 such that

lagllp'®" < M, |bgllp®' < M and |eqllp® <M |Q]=0,1,2,.... (7.11)
Using (7.10) and (7.11) in (7.9) we obtain

olQ1[1Q1 = 22]||Dg (7o, o)l
< MZ?:Bl L oli+ 5+ Iroll + llsoll + 1p™ =19 Di 5 (ro, 50) | (7.12)

a—1 i
+M 320 [an + Dol + llsoll + 1]~ Dy, 5 (ro, s0) -
Summing up all terms of norm |Q| = n in (7.12) we have
an[n = 22) 53, oy [Dalro, o)l <
(7.13)
n—1 —n
2M S5 ( + lIroll + soll + 1) 04~ (g1 1Da(ro, s0)ll)

Consider ¢(z) = Zr&:o | Dg(ro, 50)|2!9! the formal power series of nonnegative power in the

variable 2. We will show that ¢ converges in D (0), this will imply that ¢ converges in A ((O, 0), (R, R)) .
Letd, = 3" =y [Dq(ro, so)|| and then

b =3[ 3 IDotroso)l | 2" = 3 dua™
n=0 |Q|:n n=0
Let ng be a natural number such that ny > % and let us define gy, g1, . . . of the following way:
90 =[Doo(ro.s0)l| =1, gn = Y_ [Dq(ro,so)ll, (n=1,2,...,n9—1)
lQl=n
and
an [n _ %]gn = M S0 (b + [Iroll + [1soll + 1) 0% " g, (7.14)
forn = ng,ng + 1, . ... Then, comparing the definition of g,, with (7.13), we conclude that
dn < gn, n=20,1,2,.... (7.15)
Thus we will show that the series
(oo}
> gna” (7.16)
n=0

converges for |z| < p.
Replacing n by n + 1 in (7.14) we have

pa(n+ D)+ 1-22]g, 1, = (anfn— 28] 4 2M(n + o] + llsoll + 1)) gn,

forn = ng,ng +1,.... Thus
’gn+1wn+l _ onfn = #P] 4 2M(n + ol £ soll )
gnT" pa(n+1)[n+1— %}

converges to |z|/p as n — oo. Thus according to the quotient test, the series (7.16) converges in |z| < p.
Using (7.15) and by the comparison criteria, we conclude that the series ZZO:O d,z™, dy = 1, converges
in |z| < p. But given that p is any number that satisfies the inequality 0 < p < R, we have already proved
that this series converges for |z| < R. O
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8. Non-parabolic equations. We shall now deal with the non-parabolic cases, in particular the elliptic
and hyperbolic cases. For this sake, we shall consider the second order PDE

2
222 2P % e+ ey =0,

(€) Ar 53 B2 o ay

where A, C € K*, a(x,y),b(z, y) and c(z, y) analytic in A((O, 0), (R, R)) CcK? R>0.

Definition 8.1. The above PDE will be classified as elliptic or hyperbolic according to Re(AC) > 0or
Re(AC) <0

The definition above extends the definition in the case of real PDEs.

8.1. Non-parabolic: elliptic case. We shall now state what we understand as the version of Frobenius
method for elliptic complex PDEs:

Theorem 8.1 (elliptic complex). An elliptic second order linear homogeneous real analytic PDE
having a regular singular point, admits Frobenius type solutions. More precisely, consider the second
order linear PDE

2

0? 0 0 0
L[z] := Ax 28 z +Cy 28 z + za(z, y)az +yb(x,y)a—;+c(x,y)z:0, 8.1

where A,C € C* with Re(AC) > 0, a(x,y),b(z,y) and c(z,y) analytic in A((O,O)7 (R, R)), R > 0.

Let (19, 80) be a non-resonant point of the indicial conic C C C2. Then (€) admits a convergent Frobenius
type solution with initial monomial x™y*°. Moreover, the solution is real provided that the point (1o, So)
and the coefficients of the PDE are real.

Proof: Let ¢ be a solution of (8.1) of the form

oz, y) =27y Y doX©, (8.2)
Q=0
where do,o # 0. Given that a(z, y), b(z,y) and ¢(z, y) are holomorphic in A((O, 0), (R, R)) we have that

oo o0 o0

a(z,y) = Y agX?, blz,y)= > boX? and c(x,y)= Y X, (8.3)
Q=0 Q=0 a0

for every (z,y) € A((0,0), (R, R))

Given that ¢ is solution of (8.1), proceeding as in the proof of Theorem 7.1, we have

[Alg +7)(@a +7=1) + Clg2 + ) (g2 + 5 — 1) + (@1 + r)aoo + (g2 + 5)bo,o + co,0]do
qu ! [(Z + 7“)%1 —i,ga—j T (Jj+ S)bql—i,qz—j + qu—i7qz—j]di,j

+ 20 (@1 + P)a0,g—g + (G + $)b0.02—5 + C0.0a—3]dars = 0, 1Q =0,1,2,.....
For |Q| = 0 we have
Ar(r—1)4+ Cs(s — 1) +rag,0 + sbo,o + coo =0
provided that dy ¢ 7# 0. The second degree two variables polynomial P given by
P(r,s) = Ar® + Cs* + r(ago — A) + s(boo — C) + co0
is the indicial conic associate to equation (8.1). We see that
P(gi+7,q2+8)dg+eg=0, |Q =12,..., (8.4)

where

1 .
€Q qu [(2 +7)ag,—igo—j + (J + 8)bgy—i.ga—j t Cqr—irga— J]d 0,3
(8.5)

+Zqz ! [((h + T)a(),qz—j + (] + S)bO,qz—j + CO,qz—j]dthv |Q| = 1727 e
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Observe that eg is a linear combination of d o, d1,0,do,1, - - -, dn—1,0, do,n—1, Whose coefficients are given
only in terms of the already known functions a, b, ¢, r and s. Letting 7, s and d o undetermined , as of now
we solve equations (8.4) and (8.5) in terms of dj o, r and s. These solutions are defined by D¢ (r, s), and a
eq corresponding to Eq(r, s). Thus

Eio(r,s) = (rai,o + sbi,o + c1,0)do,o, D1,o(r,s) = — 1531045:37

Eo1(r,s) = (rao,1 + sbo,1 + co,1)do,0, Do1(r,s) = _IED?;{::)V

and in general:

1 . )
EQ(ﬁ 5) qu [(Z + T)aqri,qz—j +( + S)bql—i,lp—j + qu—l}qz—j]D i,J (r,5)

1 .
+ an [((h + T)aquzfj + (] + s)b()-,quj + CO#M*J']DQLJ' (Tv S)v |Q| =12...,

EQ(T7 S)

D - e\
Q(r,s) Pl trmts)

Q| =1,2,.... (8.6)
The coefficients Dy obtained in this way, are rational functions of r and s, and the only points where they
are not defined, are those points r and s for which P(q; + r, g2 + s) = 0 for some |Q| = 1,2, .... Let us
define ¢ by:

o((x,), (r,8) = door"y* +a"y* > Do(r,s)z®y®. (8.7)
Ql=1

If the series (8.7) converges in A ((0, 0), (R, R)) , then we have:

L(p)((,y), (r; 8)) = do,o P(r; s)x"y". (8.8)

We have the following situation: If a ¢ given by (8.2) is solution of (8.1), then (r, s) must be a point of the
indicial conic P, and the dg (|Q| = 1,2,...) are uniquely determined in terms of dy o, r and s to be the
Dg(r, s) from (8.6), provided that P(g; + 7, g2 + s) =1,2,....

Conversely, if (r, s) is a root of P and if the D¢ (r, s) can be determined (i.e., P(g1 +, g2 +s) # 0 for
|Q] = 1,2,...) then the function ¢ given by ¢(x,y) = ¢((x,y), (r, s)) is solution of (8.8) for every choice
of dy o, provided that the series (8.7) is convergent. By hypothesis (g, so) is a point of the indicial conic
P such that (19, s9) ¢ R, then P(q1 + 79,2 + so) # 0 for every |Q| = 1,2,.... Thus, Dg(ro, so) there
exists for every |Q| = 1,2, ..., and putting do o = Dy,0(70, So) = 1 we have that the function 1) given by

oo
b(x,y) = 2"y Y Dq(ro,so)x®y™, Doo(ro,so) = 1, (8.9)
|QI=0

is a solution of (8.1), provided that the series is convergent.
We need to show that the series (8.9) converges in A ((O7 0), (R, R)), where the Dg (ro, so) are given

recursively by

Do ,o(r0,50) = 1,

P(q1 +r0,q2 + 50)Dg(ro, s0) =
(8.10)

1 .
qu j [(Z + To)am i,q2—j T (] + So)b!h*iyqz*j + qufi-,th*j]Di,j (?"0, 80)

—1 .
=250 (@1 +ro)aoge—j + (J + 50)b0,gs—j + €0,42—5] D i (10, 50), |Q] = 1,2, ...

Observe that

P(g1 + 70,42 + 50) = Ad} + Ca} + 21 A|ro + “C=A] 4 20,0 |5 + MO
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therefore

|P(ar + 70,02 + 50) | = | 4a} + Ca3ll = 2]l A] ||ro + 2022 | -

|
Given that
[4gi + Cg3|1” = || All*q1 + Cl* g2 + 2¢7¢5Re(AC)
be a o = min{[|A||?, |C||?,Re(AC)} > 0 we have
|4¢} + O3l > valnel

Letd = max{HrO + M

so + b(o 0 H} and 8 = max{||A||, ||C]|} hence we have

9

2
1P(q1 + 70, 02 + s0)[| > ValHe2h — 208(gy + g).
Consequently,
IP(a1 + 70,02 + s0)ll 2 5 (a1 + a2) (a1 + 42) — 92 ]. 8.11)

Let p be any number that satisfies the inequality 0 < p < R. Given that the series defined in (8.3) are
convergent for (x,y) = (p, p) there exists a constant M > 0 such that

lagllp'® < M, |bgllp'® < M and |cq[p!?' <M |Q|=0,1,2,.... (8.12)

Using (8.11) and (8.12) in (8.10) we obtain

ElQI[1Q] - 2] 1Dg (1o, s0)ll <
1—1 2 [ . i+j
2SI S+ G+ roll + lsoll + 11579 Dis (7o, s0) (8.13)

+M 255 gy + [roll + llsoll + 1]p7 || Dy (o, o)l
Summing up all terms of norm |Q| = n in (8.13) we have
Lo [n— 2] i1 [ Dalro. o)l <
(8.14)

2M 35325 (k4 [Iroll + llsoll + 1) 0* =" (X g 1=k P (o, 50)1)-

Consider t(z) = Z“B‘:O |Dg (70, 50) |2/l the formal power series of nonnegative power in the variable
. We will show that ) converges in Dg(0), this will imply that ¢ converges in A ((0, 0), (R, R)) Let
dn =32 0)1=n 1P (70, s0)|| and then

B Z ( Z [ Dq(ro, s0)[l) 2™ = Zdnxn.

n=0 |Q|=n n=0

Let ng be a natural number such that ny > f 5 and let us define 9o, g1, - - - of the following way:

9o = [[Do,o(ro,s0)| =1, gn = Z [Dg(ro, so)ll, (n=1,2,...,m9—1)

|Q|=n
and
i [n = 298] g, = 2M 375 (k+ lIroll + l1soll + 1) " g (8.15)
for n = ng,ng + 1, . ... Then, comparing the definition of g,, with (8.14), we conclude that

dp < gn, n=0,1,2,.... (8.16)
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Thus we will show that the series

> gna" (8.17)
n=0
converges for || < p. Replacing n by n + 1 in (8.15) we have:

PR+ D)+ 122 g0 = (FEnn— 22| + 20+ o]l + llsoll + 1)) gn,

forn = ng,ng +1,.... Thus
o 0
Gunrzm | 5n[n— 28] £ 2M(n + |Irol + Ilsoll + 1>‘ |
— X
gn" PP+ D+ 1- 4]

converges to |z|/p as n — oo. Thus according to the quotient test, the series (8.17) converges in |x| < p.
Using (8.16) and by the comparison criteria, we conclude that the series ZZO:O d,z™, dy = 1, converges
in |z| < p. But given that p is any number that satisfies the inequality 0 < p < R, we have already proved
that this series converges for || < R. O

8.2. Non-parabolic: hyperbolic case. We present now our version of Frobenius method for second
order linear complex PDEs of hyperbolic type:

Theorem 8.2 (non parabolic convergent II). A hyperbolic second order linear homogeneous complex
analytic PDE having a regular singular point, admits Frobenius type solutions. More precisely, consider
the second order PDE

0%z 0? 0 0z

L[z] = Ax? = + C’yQ—Z + za(z, y)—z + yb(x,y)

92 2 I 3y + c(z,y)z =0, (8.18)

where A, C € C* with Re(AC) < 0, a(z,y), b(x,y) and c(x, y) holomorphic in A((O, 0), (R, R)), R>0.

Let (19, so) be a non-resonant point of the indicial conic. Then (£) admits a convergent Frobenius type
solution with initial monomial x"°y*°. Moreover, the solution is real provided that the point (r¢, so) and
the coefficients of the PDE are real.

Proof: Let ¢ be a solution of (8.18) of the form

p(z,y) =27y Y doX©?, (8.19)
|Q|=0

where dg o # 0. Given that a(z,y), b(z, y) and ¢(x, y) are holomorphic in A((O, 0), (R, R)) we have that

a(z,y) = Z aQXQ, b(z,y) = Z bQXQ and c(z,y) = Z CQXQ7 (8.20)
|Q|=0 |QI=0 |Q|=0

for every (z,y) € A((O7 0), (R, R))
Given that ¢ is solution of (8.18) we have

[Algr +7r) (@ +7— 1)+ Clgz + ) (g2 + s — 1) + (q1 + 7)ao,0 + (g2 + $)bo,o + co,0]dg
—1 . .
+30 ?2:0 [(Z +7)ag —iga—j + (J + 8)bg1—isga—j + qu—mz—j]di,j

+ 320250 (@1 + 1)aog—j + (G + $)bo.ga—j + C0.ga—3]darj =0, 1Q=0,1,2,....
For |Q] = 0 we have
Ar(r—1) 4+ Cs(s — 1) +rag,o + sbo,o + coo =0
provided that dy ¢ 7# 0. The second degree two variables polynomial P given by

P(T‘, S) = A’f‘2 + 082 + T(ao’o — A) + S(bo’o — C) + €0,0
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is called indicial conic associate to equation (8.18). We see that

P(gi +71,¢2+s)dg+eg=0, |Q=12,..., (8.21)
where
cQ = Z?LEl ;1'2:0 [(l +7)aq—i,qs—j + (I + 8)bgy—igo—j T+ Cth*i,quj}di,j
(8.22)
+ ;1-2:_01 [(q1 +7)a0,gs—j + (J + 8)b0,ga—j + Co,go—j | dar,j» 1Q] =1,2,....
Observe that e is a linear combination of dg o, d1,0,do.1,- - -,dn—1,0, do,n—1, Whose coefficients are given

only in terms of the already known functions a, b, ¢, 7 and s. Letting r, s and d o undetermined , as of now
we solve equations (8.21) and (8.22) in terms of dy o, 7 and s. These solutions are defined by D (r, s), and
a e corresponding to Eqg(r, s). Thus

Eio(r,s) = (rai,o + sbio + c1,0)do,o, D1,o(r,s) = —ﬁ;fﬁ:ii,

Eo1(r,s) = (rags + sbo1 +co1)doo  Doa(r,s) = —£?,1§ii§’

and in general:

EQ(Tv S) = 231:0 ;]'2:0 [(Z + r)a(h*ixlhfj + (] + S)bthfi’th*j + cth*i,tD*j]Di,j (Tv 8)
1 .
+ Z?io [((h + T)ao,qz—j + (] + S)bO,th—j + CO,qz—j]thj (7”’, S), |Q| = 13 27 ey

B Eq(r,s) B

The coefficients Dg obtained in this way, are rational functions of r and s, and the only points where they
are not defined, are those points 7 and s for which P(q; + r,q2 + s) = 0 for some |Q| = 1,2,.... Let us
define ¢ by:

o((,y), (r,5)) = door"y" +a"y* > Do(r,s)azy™. (8.24)
Q=1

If the series (8.24) converges in A ((0, 0), (R, R)) , then we have:

L((p)((:ﬁ, y)7 (Tv 5)) = dO,OP(ra S)xrys~ (8.25)

We have the following situation: If a ¢ given by (8.19) is solution of (8.18), then (7, s) must be a point of
the indicial conic P, and the dg (|Q| = 1,2, .. .) are uniquely determined in terms of dg o, 7 and s to be the
Dq(r, s) from (8.23), provided that P(g1 + 7,2 +s) # 0, |Q| = 1,2,. ...

Conversely, if (r, s) is a root of P and if the D¢ (r, s) can be determined (i.e., P(q1 + r,g2 + ) # 0
for |@Q| = 1,2,...) then the function ¢ given by ¢(x,y) = ¢((x,y), (1, s)) is solution of (8.25) for every
choice of dy o, provided that the series (8.19) is convergent.

By hypothesis (r¢, sg) is a point of the indicial conic P such that (rg, sg) ¢ R, then P(¢q1 + 10,2 +
s9) # 0 for every |Q| = 1,2,.... Thus, Dg(ro, o) there exists for every |Q] = 1,2,..., and putting
do,0 = Do,0(r0, S0) = 1 we have that the function % given by

(oo}
w(agy) = xTOySO Z DQ(T07SO)xq1yq27 DO,O(TOa 80) = 1a
Q=0

is a solution of (8.18), if series converges.
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We need to show that the series (8.24) converges in A ((O7 0), (R, R)), where the D (19, so) are given

recursively by

Do,o(ro,50) = 1,

P(q1 +r0,q2 + 50)Dg(ro, s0) =
(8.26)

= o [+ 70)ag—ivge—j + (G 4 50)bgy —isgs—i + Car—irgr—3] Dij (0, 50)

2—1 .
2050 [(a1 +7r0)aogs—j + (5 + 50)bo,gs—j + €0,a:—7] D i (10, 50), [Q] =1,2,....

Observe that

P(q1 + 710,92 + 50) = Agi + Cqj + 261114[7"0 + 2, 0) } + 2(120[50 + 2 O) C}
therefore

|P(ar + 70, a2 + 50)| 2 [|Aa? + Ca3l| — 2an [l A] [ro + 222 | — 202 [ + 2OP=C

Given that
|4 + Cag3|1” = || All*q1 + CI* g2 + 2¢7¢5Re(AC)
let « = min{||A||?, ||C]|?} > 0 and since Re(AC) < 0 we have

|Ag? + Cg3|* > M((Ql +2)? + 8Re(Aﬁ)).

Letﬁ—max{Hr +M

50 + Z)(LH} and 8 = max{||A||,||C||}. Let ng be a natural number
such that nZ > % — %Re(AC) > 0. Thus for |Q| = ¢1 + g2 > no we have that

1P(g1 + 70, g2 + s0)|| = %(fh + fh)\/(fh + q2)? + 2Re(AC) — 2053(q1 + ¢2).-

Consequently, for |Q| > ng we have

1P(as + 70,02+ 50 = 35101 (/1QI + £Re(AC) — 2222, (3827)

Let p be any number that satisfies the inequality 0 < p < R. Given that the series defined in (8.20) are
convergent for (x,y) = (p, p) there exists a constant M/ > 0 such that

lagllp'®! < M, [bollp!®! < M and |eg|lp!? <M Q] =0.1,2,.... (8.28)

Using (8.27) and (8.28) in (8.26) for |Q| > ng we obtain

Z21Q1(\/1Q12 + ERe(AT) — 2Z22) | Dg(ro, s0)I| <
MY S i+ + Hlroll + llsoll + 1o =191|[Dy 5 (ro, s0)l (8.29)

1 i—
+M 32520 [ar + lIroll + llsoll + 117 %[ Dy, 5 (o, s0) -

Summing up all terms of norm |Q| = n (n > nyp) in (8.29) we have

2—\/\/&;71( n2 —+ %Re(Aé) 4\[95> Z|Q|—n HDQ(TOa 50)” <

(8.30)

M Y0 (k+ llroll + 1soll + 1) 0"~ (g1 1D (o, s0)1))-
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Consider ¢ (z) = ZTZJIZO | Dg(ro, 50)|2!@! the formal power series of nonnegative power in the

variable . We will show that ¢) converges in D (0), this will imply that ¢ converges in A ((0, 0), (R, R)) .
Let dn, =3 =, [Dq(ro, o) and then

Z > 1Dq(ro, s0)ll)= Zdw

n=0 |Q|_n n=0

Let us define go, g1, - . . of the following way:

go = HDO’O(TOﬂSO)” =1, gn= Z HDQ(TOVSO)H? (?”L =12,...,n0 — 1)

|Q|=n
and
%n( n? + 8Re(AC) — ngﬁ) Gn = 2M SPZY (k4 roll + [lsoll + 1) 05" g, (8.31)
forn = ng,ng + 1, . ... Then, comparing the definition of g,, with (8.30), we conclude that
dn < gn, n=0,1,2,.... (8.32)
Thus we will show that the series
(oo}
> gna" (8.33)
n=0

converges for |z| < p. Replacing n by n + 1 in (8.31) we have:

p(n+1) (\/(n +1)2 + ERe(AC) — 4‘§fﬂ>gn+1

[0 (y/n2 + ERe(AT) — 2222) 4 2M (1 + [Irol| + 3o + 1) gn.

2v2
forn = ng,ng +1,.... Thus
oz [M ( n? + SRe(AC) — 4\Q9ﬁ>+2M(n+||r0||—|—|\so||+1)]
' gaz | ki

ps(n+1)(\/(n+1)2 + SRe(AT) — 2/22)

converges to |z|/p as n — oo. Thus by the quotient test, the series (8.33) converges in |z| < p. Using (8.32)
and by the comparison criteria, we conclude that the series Y .~ d,,z", dy = 1, converges in |z| < p. But
given that p is any number that satisfies the inequality 0 < p < R, we have already proved that this series
converges for |z| < R. O

8.3. Non parabolic case: a sufficient convergence condition. A general statement for a wide class
of complex PDEs that includes all the real analytic cases is given below:
Theorem 8.3 (Non parabolic convergent). Consider the complex analytic second order PDE

2 2 2

5072 0
92t Bffy(9 By + Cy? 92 + yb(x7y)—z +c(z,y)z =0, (8.34)

0z
+ (e, y) L o

L[z] := Ax? e

with A, B, C' € K* such that @ +Re(AC) > 0, Re(AB) > 0, Re(BC) > 0, a(z,y),b(z,y) and c(x,y)
analytic in A((O, 0), (R, R)), R > 0. Let (ro,s50) € C? be a non-resonant point of the indicial conic.

Then there exists a convergent Frobenius type solution of (8.34) with initial monomial x™y*°. If (19, So)
and the coefficients of the PDE are real, the solution is also real.
Proof: Let ¢ be a solution of (8.34) of the form

pla,y) =a"y* Y doX@, (8.35)
Q=0
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where dg o # 0. Given that a(z, y), b(z, y) and ¢(x, y) are holomorphic in A((O, 0), (R, R)) we have that

a(z,y) = Z aQXQ, b(z,y) = Z bQXQ and c(z,y) = Z CQXQ7 (8.36)
|Q|=0 Q=0 |Q|=0

for every (z,y) € A((O, 0), (R, R))
Given that ¢ is solution of (8.34) we have

Al +7) (@ +7 =)+ Bl +7)(g2+ 5) + Claa + 5) (g2 + 5 — 1)
+(q1 + r)ao,o + (g2 + $)bo,o + co0]dg
+ 23;0 ;]2:0 [(l + T)aql—i,quj + (.7 + s)blh*i:lh*j + Cth*iﬂlzfj]di;j

+ 70! (a1 + Paoge—s + G+ 9)b0.ga—j + C00a—5)darj = 0, 1Q] = 0,1,2,....
For |Q| = 0 we have
Ar(r—1)4 Brs+ Cs(s — 1) + rag,o + sbo,0 + co,0 =0
provided that dy ¢ # 0. The second degree two variables polynomial P given by
P(r,s) = Ar? + Brs + Cs* + r(ag,0 — A) + s(bo,o — C) + co,0

is called indicial conic associate to equation (8.34). We see that

P(gi +71,¢2+s)dg+eq=0, |Q=12,..., (8.37)
where
—1 . .
eQ = Zg;o 3’2:0 [(Z +7)aqy—i,go—j + (G + 8)bgy—igo—j + qu—i,qz—j}di,j
(8.38)
-1 .
+ 200 [(ar +7)aog—j + (G + 8)bo,ga—j + C00s—3) gy js 1Q] = 1,2,
Observe that eg is a linear combination of d o, d1,0,do,1, - - -, dn—1,0, do,n—1, Whose coefficients are given

only in terms of the already known functions a, b, ¢, r and s. Letting r, s and dg o undetermined, as of now
we solve equations (8.37) and (8.38) in terms of dy o, 7 and s. These solutions are defined by D¢ (r, s), and
a eq corresponding to Eq(r, s). Thus

E1o(r,5) = (ra1o + sbio + c1,0)do,0, D1,o(r,s) = — ﬁ;f’ﬁi;?

Ep1(r,s) = (rapa + sbo1 + co1)do,o, Doa(r,s) = —ﬁ‘(’;fii)),

and in general:

—1 . .
Eq(r,s) =30 Y% (i +7)ag —ige—j + (J + 8)bgy—iq3—j + Car—isga—i] Dij (s )

-1 .
+ 232:0 [(fh + T)aquzfj + (] + s>b0-,q2*j + 001q2*j]DfI1,j (T} 3)7 |Q| =12,...,

Eq(r,s)

D S AN
o) = B g ¥ 9

Ql=1,2,.... (8.39)

The coefficients D¢ obtained in this way, are rational functions of r and s, and the only points where they
are not defined, are those points 7 and s for which P(q; + r, g2 + s) = 0 for some |Q| = 1,2,.... Letus
define ¢ by:

o((z,y), (r,s)) = doox"y® +2"y° Z Dg(r, s)xzTy?®. (8.40)
Q=1
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If the series (8.40) converges in A ((O, 0), (R, R)), then we have:

L(@)((2,y), (r,s)) = do,o P(r, s)x"y".

We have the following situation: If a ¢ given by (8.35) is solution of (8.34), then (7, s) must be a point of
the indicial conic P, and the dg (|Q| = 1,2, .. .) are uniquely determined in terms of dg o, r and s to be the
Dq(r, s) from (8.39), provided that P(g1 +7,¢g2 +s) # 0, |Q| = 1,2,.. ..

Conversely, if (r, s) is a root of P and if the D¢ (r, s) can be determined (i.e., P(¢1 + r,g2 + ) # 0
for |@Q| = 1,2,...) then the function ¢ given by ¢(z,y) = ¢((z,y), (r,s)) is solution of (8.34) for every
choice of dj o, provided that the series (8.40) is convergent.

By hypothesis (79, sg) is a point of the indicial conic P such that (rg, sg) ¢ R, then P(¢q1 + ro,q2 +
s0) # 0 for every |Q] = 1,2,.... Thus, Dg(ro, so) there exists for every |Q] = 1,2,..., and putting
do,0 = Do,0(r0, S0) = 1 we have that the function 1 given by

U(z,y) = 2"y Z Dq(ro, so)z"y®,  Doo(ro,s0) = 1, (8.41)
Q=0

is a solution of (8.34), when the series is convergent.
We need to show that the series (8.41) converges in A ((O7 0), (R, R)) where the D (1, so) are given
recursively by

Do ,o(r0,50) = 1,

P(q1 +r0,q2 + 50)Dg(ro, s0) =

(8.42)
qu ' [(Z + 7’0)%1 —i,q2—j T (j+ SO)bm—mz—j + qu—@qz—j]Di,j (T0,50)
qu ! [((h +70)@0,g,—5 + (J + 50)bo,go—j + CO’QZ*j]DQ17J(TO’SO Q=1,2,....
Observe that
P(q1+70,q2+50) = At + Bq1ga +Cqi +2q1A[r0 + 2A3 o+ a(0, 0) A} —|—2q2C[50—|— Boro+ M}

therefore

1P(ar + 70,2 + 50) | > 462 + Bargs + Ca3ll — 24| Al [ro + Ly + 052

22| Hso + Lo+ MH .

Given that

|46+ Bargz +Ca3 |2 = al| AI* + 20363 | L5 + Re(AC)| + a3 C11° + 24102 [4?Re(AB) + g3Re( BT)]
bea o = min{[| 4|2, LB 4 Re(AT), |||, Re(AB),Re(BT)} > 0 we have

144 + Barge + Ca3l| = L (a1 + a2)*.

Let 0 = max {|ro + Zrso + MH s0+ By + 200- CH} and 8 = max{|| A, |C||} hence we
have

P(q1 +70,q2 + s0)l| = %((h +q2)* — 208(q1 + q2).
Consequently:

ﬂ

1P + .02 + 50) | 2 5 (a1 + a2) (@1 + a2) — 2222 (8.43)
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Let p be any number that satisfies the inequality 0 < p < R. Given that the series defined in (8.36) are
convergent for (z,y) = (p, p) there exists a constant M > 0 such that

lagllp'®! < M, [bgllp!®! < M and |legllpl? <M Q] =0,1,2,.... (8.44)

Using (8.43) and (8.44) in (8.42) we obtain

LElQI1Q) - 222 Dg(ro, s0)l| <
M S0 8 i+ + lroll + llsol + o191 D5 (7o, s0) (8:45)

M a4 ol + lsoll + 1o 2Dy, o 5o

Summing up all terms of norm |@Q| = n in (8.45) we have

%”[” - 2\%5} > 101=n 1Pq(ro, s0)|| <

(8.46)

2M 31 (k+ roll + llsoll + 1) p" =" ()= [ Dq (ro. s0)1l)-

Consider ¢(z) = ZTC(SIZO | Dg(ro, 50)|2!9! the formal power series of nonnegative power in the

variable z. We will show that ¢) converges in D (0), this will imply that ¢ converges in A ((O, 0), (R, R)) .
Letd, =3 =, [Dq(ro, s0)|| and then

) =3 (Y 1Paro,so)l)e" = 3" dua™

n=0 |Q|:n n=0

Let ng be a natural number such that ng > 2‘§fﬁ and let us define g, g1, . . . of the following way:

90 = [[Doo(ro,s0) | =1, gn = Z [Dq(ro,s0)[l, (n=1,2,...,m9 — 1)

|Q|=n
and
Ll — 2298 g, = 20 574 (4 lrol + l1soll + 14", (8.47)
forn = ng,ng + 1, . ... Then, comparing the definition of g,, with (8.46), we conclude that
dn < gn, n=20,1,2,.... (8.48)
Thus we will show that the series
(oo}
> gna” (8.49)
n=0

converges for |z| < p.
Replacing n by n + 1 in (8.47) we have:

p%(n+1)[n+1 2\/96}gn+1 (%n[n 2\\ffeﬁ]+2M(n+Hr0H+||so||+ ))gn,

forn = ng,ng +1,.... Thus
granzn | Gn[n— 2ZZL] 4 2M(n + iroll + oll + 1)
gnl'n - |$|,

L _ 2v208 }

pYa(n+1)[n+1 - 22

converges to |z|/p as n — oo. Thus according to the quotient test, the series (8.49) converges in |z| < p.
Using (8.48) and by the comparison criteria, we conclude that the series ZZO:O d,z™, dy = 1, converges
in |z| < p. But given that p is any number that satisfies the inequality 0 < p < R, we have already proved
that this series converges for |z| < R. O
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9. Examples: Bessel, Airy, Hermite partial differential equations and others. In this section we
introduce some classes of examples bringing to our framework classical examples from the theory of ordi-
nary differential equations. The strategy is based on Remark 6.1. Indeed, we look for models which once
restricted to straight lines y = tz, t € R, are of the original classical model. For instance, the candidate
for being the Hermite partial equation must be such that once restricted to lines y = tx becomes a Hermite
ordinary differential equation. The only exception is for the Bessel equation. We shall start with:

9.1. Bessel partial differential equations. We have mentioned in the Introduction that one of the
motivations of this work is to introduce in the partial differential equations framework some classical models
and therefore to obtain some of their possible applications. This is the case of the Bessel equation x*y" +
xy’ + (22 —v?)y = 0, whose range of applications goes from heat conduction, to the model of the hydrogen
atom ([7, 6]). This equation has the origin x = 0 as a singular point. Its solutions are called Bessel functions
and the most important cases are when v is an integer or half-integer. Bessel functions for integer v are
also known as cylinder functions because they appear in the solution to Laplace’s equation in cylindrical
coordinates. Let us now introduce what we shall understand as the equivalent of the Bessel equation for the
case of PDEs.

9.1.1. Bessel PDE type I. Consider the equation Bessel PDE of type I given by

, 0%z 02z 5 0%2 0z 0z 9 9

a?”yaa TG gy tyg, T -2 =0, ©-b
where v € R. This model is obtained by imposing that the restrictions to lines y = ¢z are Bessel ordinary
differential equations.

9.1.2. Solution of Bessel type I. Let us first consider the case v = 0. Let ¢ be a solution of (9.1) of
the form ¢(z,y) = z"y* Zr&:o doX@, where do o # 0. Then (r + 5)%dog = 0, (1 + 7+ s8)%d1o =
0, (14+7+s)?do1 =0and (|Q| + 7+ s)%dg + dg,—2.4o = 0, forall |Q| = 2,3,. ... Given that dy o # 0
we have that

r+s=0. 9.2)
Let (r,s) point of (9.2). Note that |Q| + ro + so # 0, for all |@| = 1,2,.... Thus we have d; o =
dpis = O and dg = —dqlléfgq"‘, for all |Q| = 2,3.... Therefore dy, 4, = 0, (q1,92) # (2n,0) and
dano = %, n=1,2,.... Choosing dyo = 1 we have that

o(x,y) = a0y

|

is solution of (9.1), where (79, so) verifies (9.2). We observe thaty(z) = 1+, %

of the solutions of the Bessel ordinary differential equation z2y” + zy’ + (22 — v?) = 0 for v = 0. Indeed,
this is well-known as a first type Bessel function of order zero and denoted by .Jy. Thus our solution is of
the form ¢(z,y) = ™y Jy(x), which show that nothing striking comes from this first model, though it
may be useful in applications.

is exactly one

9.1.3. Bessel PDE type II. Now we consider a more symmetric model for the Bessel PDE. Consider
the Bessel PDE of type II given by the equation

5 0%2 5 0%z z
=ty +x

8 aZ 2 o
3 o o + ya—y + (xy —v*)z = 0. 9.3)

9.1.4. Solution of Bessel type II. Let us first consider the case v = 0. Let ( be a solution of (9.3) of
the form ¢(z,y) = 2"y* 375 |—o de X9, where do o # 0. Then (1 + s%)do,o = 0, ((r +1)* +5°)d1 0 =

0, (r*+ (s+1)?)doy = 0and [(¢1 +7)% + (g2 + 5)?]dg + dg,—1,4,—1 = 0, forall |Q| = 2,3,... .. Given
that dy o # 0 we have that

r?+ 5% =0. (9.4)
Let (r, s) point of (9.4) such that

(r,s) & {(r1,51) € C%; 2qu7m1 + 2g251 + ¢} +q3 = 0, forsome |Q| =1,2,...}. 9.5)
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Thus we have dy g = dp1 = O and dg = — 2q17‘()0lj-12;21:;2—;;%+q§’ for all |Q| = 2,3, .... Therefore dy, 4, =
—1)"d, :
0, 1 # ¢ anddy, , = 2%(n!)(m+so+1()(r()]+s?{iz),..(ro+so+n)’ n =0,1,2,.... Choosing dy o = 1 we have

that

o(x,y) = xy™ , 9.6)

- (=1)" (zy)"
! +; 2 (n)(ro + 50 + 1)(ro + 50 + 2) --- (0 + 50 + )

is solution of (9.3), where (rg, so) verifies (9.4) and (9.5). Equation (9.3) will be called Second order
Bessel PDE, due to the similarity of the solution (9.6) with the order zero Bessel functions for second order
ordinary differential equations.

9.1.5. Bessel functions. Let us study more the solutions of the Bessel PDE of type II. Recall that the
ordinary Bessel equation 22y” + xy’ + (22 — v?)y = 0 has two important cases: v = 0 and v = 1/2. The

case v = 0 has one solution of the form y; (z) = ag [1 + > %} defined for « > 0.
m=1

Let us take a sample of our solutions. For r = s = 0 there is no resonance in the Bessel type II and we
have a convergent solution of the form

< (1)) = (1) (ay)”
Py =14 D s T2 P

Unlike in the case of type I, the solution of Bessel type II is not straight connected to the Bessel function
Jo, providing a different type of object for study.

9.2. Airy partial differential equations. In ordinary differential equations we have the Airy equation
y"" — xy = 0. This equation named after George Biddell Airy British astronomer, appears quite frequently
in problems connected with optics. The Airy equation describes some very interesting phenomena. It is
well-known as the simplest second-order linear differential equation with a furning point (a point where
the character of the solutions changes from oscillatory to exponential). There are two linearly independent
solutions of the Airy equation and they are called Airy functions. The Airy functions are solutions to
Schrodinger’s equation for a particle confined within a triangular potential well and for a particle in a
one-dimensional constant force field. They are also used in the approximation near a turning point in
mathematical physics. Next we introduce an equivalent to Airy equation for partial differential equations
and calculate its solutions.

9.2.1. Type I Airy PDE. Consider the Airy partial differential equation of type I as given by

L 0% Pz L%

22y — 232 =0. 7
x8x2+xy8m8y+y Oy? vz=0 ©.7)

This is a parabolic PDE with a regular singularity at the origin. Notice that for each line y = Ax we
have a copy of the Airy equation. This seems quite surprising since the original Airy ordinary differential
equation is not singular at the origin.

9.2.2. Solution of Airy type I. Let us now calculate the solutions of this equation. Let ¢ be a solution
of (9.7) of the form ¢(z,y) = z"y* 2\05\:0 doX®@, where dyg # 0. Then (r + s)(r + s — 1)dgo =
0, A+r+s)(r+s)dio=0, 1+r+s)(r+s)dog =0, 2+r+s)(1+r+s)dso=0, 2+7+s)(1+
r+s)di1 =0, 24+7r+s)(1+r+s)dp2=0and (|Q|+7+5)(|Q|+r+s—1)dg+dg -3, =0, for
all |Q] = 3,4, . ... Given that dy o # 0 we have that

(r+s)(r+s—1)=0. 9.8)
Let (r, s) point of (9.8) such that

(r,s) ¢ C ={(r1,s1) € C?; (1Q|+m +s1)(Q]+7r1+s1—1)=0, forsome |Q|=1,2,...}. (9.9)

Thus we have d1g = do1 = 0, dop = di,1 = do2 = 0and dg = (\Q\+r+d§)ldé’fir+sfl>’ for all |Q| =
d
3,4, .... Therefore dq17q2 = 0, (q17q2) 75 (3n,0) and d3n,() = (2+T+S)(3+T+S)..4(§£,1+r+5)(3n+7«+5)v

n=1,2,.... Choosing dy o = 1 we have that

x3n

= "8 |1

is solution of (9.7), where (r, s) verifies (9.8) and (9.9).
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9.2.3. Type II Airy PDE. Consider the Airy partial differential equation of type II as given by
0%z 2 0?

222 4 ouy— = 2o %y = 0. 9.10
T 8x2+ xyaxay+y B2 oYz ( )

This is the second possible type (up to interchanging = and y) for the Airy PDE in order to have the
restrictions to lines y = tx also given by Airy equations.

9.2.4. Solution of Airy type II. Let (o be a solution of (9.10) of the form

p(r,y) =a"y" Y doX©@,
Q=0

where dg o # 0. Then (r+s)(r+s—1)doo =0, (1+7+s)(r+s)dio =0, (1+r+s)(r+s)do,1 =0,
2+r+s)1+7r+5)doo=0, 2+r+s)1+r+s)di1=0, 2+r+s)(1+7r+s)dp2=0,and
(1Q+7r+9)(Q|+7+s—1)dg — dg,—2,¢,—1 =0, for all |Q| = 3,4,.... Given that dy o # 0 we have
that

(r+s)(r+s—1)=0. 9.11)

Let (r, s) point of (9.11) such that
(r,s) ¢ {(r1,51) € C% (IQl + 71+ 51)(1Q| + 71+ 51 —1) =0, forsome [Q|=1,2,...}. (9.12)
Thus we have d1 o = dp1 = 0, doo = d11 = dpo = 0 and dg = day 2,951 for all |Q| =

(IQI+r+8)([QI+r+s-1)°
3,4,.... Therefore dg, 4, = 0, (q1,92) # (2n,n)
n =1,2,.... Choosing dy,o = 1 we have that

and d = do,0
2n,n — (24+7r+s)(3+r+s)-(3n—1+r+s)(3n+r+s)?’

I,Znyn
— r,,S 1
wlay) ="y +7;(2+r+s)(3+r+s)---(3n—1+r+s)(3n+r+s)

is solution of (9.10), where (rg, so) verifies (9.11) and (9.12).

9.2.5. Airy functions. Let us first investigate the non-resonance conditions (9.11) and (9.12) above.
If (r,s) € Cthenr +s = 1lorr+ s = 0. Assume that r + s = 0. In this case the resonance condition
becomes |Q|(|Q| — 1) = 0 for some multi-index Q = (g1, ¢2) with ¢; + g2 > 1. Therefore it becomes
|@Q| = 1. Thus we may have resonance in this case. On the other hand if 7 + s = 1 then the resonance
condition becomes (|@Q| + 1)|@Q| = 0 and therefore it becomes |@Q| + 1 = 0. This does not occur and we do
not have resonance in this case. For instance we can take » = s = 1/2 and have no resonance. In this case
r + s = 1 and we have a solution of the form

pa(x,y) = (zy)?

”Z )(3n+1)

This will called Airy function of type Il in two variables.
Similarly we have the Airy function of type I in two variables given

3n

HZ 3 GBn £ 1)

p1(z,y) = (zy)?

which is a solution of (9.7).
Recall that the ordinary Airy equation is " — zy = 0 which has general solution of the form y =
apy1(x) + a1y2(x) for

:L,3n

yi(z) =1+ ; 2.3...(3n — 1)(3n)

and
3n

3n+1 T
1
+ Z 3.4.(30)(3n + 1)

volw) = x+z 34..(30)Bn+1)

The functions y1 (), y2(x) are called first and second Airy functions.
Let us write (¢) := 1+ Y 07, WT)L(%H) Then 3 (x) = o - £(2%) and £(t) = t(s
we can write @1 (z,y) = (ay)2€(z3) = (wy)? yz(w) fyg . As for ¢o(x,y) we observe that
1

©a(z,y) = \/Tyé(x?y) and therefore o (x,y) = /Ty ““x nh _ (%)Gyz((ﬁy)%)

y)3

w\'-‘

) Then
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9.3. Hermite equation. In ordinary differential equations the Hermite equation is the second-order
ordinary differential equation y” — 2zy’ + Ay = 0. The constant ) is complex or real. This equation
has an irregular singularity at x = oo. The solutions by series are defined for |z| < co. If A = 2n
for some natural number n € N the Hermite equation has among its solutions the Hermite polynomial
of degree n given by H,,(z) = (—1)"6752 dd; (6’952). Hermite’s differential equation appears during the
solution of the Schrodinger equation for the harmonic oscillator. The Hermite polynomials are mutually
orthogonal with respect to the density or weight function e~ This allows the use of Hermite polynomials
as generating functions in several problems in mathematical-physics. Also in probability theory the use of
Hermite functions is quite important.

9.3.1. Hermite PDE type I. Let us now proceed to introduce what we shall understand as a first model
for the Hermite partial differential equation. Consider the equation

0%z 0%z 0%z 0z 0z
2 Qg 2= 22 2 94378 94222 4 A2 =0 9.13
¥ o2 + xy@x@y ty Oy? Tor yay +artz=0, ©-13)

where A € R.

The restriction of this equation to lines y = tx is a Hermite ordinary differential equation. Again, this
is somehow unexpected, since the PDE has a singularity at the origin and the Hermite ODE is non-singular
at the origin.

9.3.2. Solution of Hermite type I. Let ¢ be a solution of (9.13) of the form
plz,y)=2"y" Y doX©,
|Q|=0

where do o # 0. Then (r+s)(r+s—1)doo =0, (1+r+s)(r+s)dio=0, 1+7r+s)(r+s)do1 =0
and (|Q| +7+s)(|Q|+r+s—1dg + [-2(|Q| +r+s) +4+ Adg,—2,4, = 0, forall |Q| =2,3,....
Given that dy o # 0 we have that

(r+s)(r+s—1)=0. (9.14)
Let (r, s) point of (9.14) such that

(r,8) ¢ C={(r1,s1) € C*% (|Q| +7r1+51)(|Q| +7r1+5 —1) =0, forsome|Q|=1,2,...}. (9.15)

[—2(1QI+7+5)+4+A]dg; —2,4, _
(O TrTs) (Ol Tr sty = for all |Q| = 2,3,.... Therefore

dQly‘ZQ =0, (‘han) 7é (277'70) and d2”70 = (71)71[72(T+:2)I—G)-\;ﬁ£;i(ll)k;5:€2)(r+8)+)\]d0’0’ n=12...
Choosing do o = 1 we have that

Thus we have d; g = dp,1 = 0 and dg = —

=2(r+8)+A—4(n—1)]---[=2(r + s) + N2
2n+r+s)---(1+r+s)

r, s = -1
P y) =27y |1+ =L
n=1

is solution of (9.13), where (r, s) verifies (9.14) and (9.15).

9.3.3. Hermite polynomials. Let us first investigate the non-resonance conditions (9.14) and (9.15)
above. If (r,s) € Cthenr +s = lorr + s = 0. Assume that r + s = 0. In this case the resonance
condition becomes |Q|(|Q| — 1) = 0 for some multi-index @ = (¢1,g2) with ¢; + g2 > 1. Therefore it
becomes || = 1. Thus we may have resonance in this case. On the other hand if » + s = 1 then the
resonance condition becomes (|Q| 4+ 1)|Q| = 0 and therefore it becomes |Q| + 1 = 0. This does not occur
and we do not have resonance in this case. For instance we can take r = s = 1/2 and have no resonance.
In this case r 4+ s = 1 and we have a solution of the form

D=2+ A —4(n—1)]---[-2+ Nz>
(2n+2)---(2)

ey =2y 143 C

2
n=1

Thus, for A\ = 2(2m + 1) we have a solution H,,(z,y) = (2y)2 Py (x,y) where P,,(z,y) is a
polynomial of degree m, satisfying P,,(0,0) = 1. Given any r, s withr + s = 1 and A = 2(2m + 1) as
above, we have a solution of the form ¢ (z,y) = z"y* P, (x, y). We shall call P,,,(x, y) Hermite polynomial
of degree m.
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9.3.4. Hermite equation II. A second possible model for the Hermite equation in the PDE framework
would be as follows: Consider the equation

02z 0%z 0%z 502 202
2 2 2 -2 37~ 2 377 A = .16
i + xy@x@y Ty Oy? Tor Y Oy +Aryz =0, ©-16)

where A € R. This second model though symmetric with respect to = and y and though it is parabolic, it
does restrict to lines y = tx as a Hermite ordinary differential equation.

9.3.5. Solution of Hermite type II. Let ¢ be a solution of (9.16) of the form
o0
pla,y) =a"y* Y doX9,
|QI=0
where dg o # 0. Then (r +s)(r+s—1)dpo =0, (1+r+s)(r+s)dio=0, (1+7r+s)(r+s)dp1 =0
and (|Q| +r+ 5)(|Q‘ +r4s— l)dQ - Q(Q1 +r— 2)le1—2,<12 - 2(Q2 +s— Q)dqmln—Q + )‘dQ1—17(12—1 =0,
forall |Q| = 2,3,.... Given that dy o # 0 we have that
(r+s)(r+s—1)=0. (9.17)

Let (r, s) point of (9.17) such that

(r,8) ¢ {(r1,51) € C% (|Q| + 7 +5)(|Q| +7r1 + 51 —1) =0, forsome|Q|=1,2,...}. (9.18)

Thus we have dq o = do,; = 0 and

2(q1 + 7 —2)dg, 2,4, +2(q2 + 5 — 2)dg g—2 — Adg,—1,45—1
dg = = : ’ , forall =23,.... (919
? (@l +7+5)(@+ 7 +s-1) “ o1

Therefore dy, 4, =0, |Q| =2n — 1land dg, 4, # 0, |Q] = 2n. Choosing dy o = 1 we have that

o0
plz,y) =2’y |1+ > deX?|,
|Q| even

where dg given by the recurrence (9.19), is solution of (9.16), where (¢, so) verifies (9.17) and (9.18).
It is visible that the recurrence in this Hermite PDE model II is much more complicate than the one for
the first model.

9.4. Legendre equation. The Legendre ordinary differential equation writes
(1 -2y — 22y’ + A\ + 1)y =0,

where ) is a constant.

The Legendre differential equation shows up when applying the separation of variables solution of
second order linear elliptic, hyperbolic and parabolic partial differential equations in spherical coordinates,
especially the Helmholtz equation, Laplace’s equation, and the Schrodinger equation. These equations are
important in electrostatics, electromagnetic wave propagation (e.g. antenna theory), and the solution of the
Hydrogen atom wave functions in single-particle quantum mechanics. Their solutions form the polar angle
part of the spherical harmonics basis for the multi pole expansion, which is used in both electromagnetic
and gravitational statics.

9.4.1. Legendre PDE 1. Consider the equation

2 2

07z 0°z 0z
2\ 27 < 2 v < 2y, 2
(1—2%)zx +(1-z )meﬁxay +(1—x%)y

2
97z 21322 — 2:&;% + AN+ 12?2 =0, (9.20)

0x? Oy? ox Oy

where A € R. Let ¢ be a solution of (9.20) of the form ¢(z,y) = z"y* EEIZO doX@, where dg o # 0.
Then (r + s)(r+s —1)doo = 0, (1 +7r+ s)(r+ s)dio =0, 1+ 7+ s)(r+ s)do1 = 0 and
(1QI+r+9)(Ql+r+s—1)do — [(|Q| + 7+ s —2)(|Q| + 7+ 5 —3) = A(A+1)]dg,—2,4, = 0, for all
|Q] = 2,3,.... Given that dg o # 0 we have that

(r+s)(r+s—1)=0. (9.21)
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Let (r, s) point of (9.21) such that

(r,8) & {(r1,51) € C% (|Q| + 7+ 8)(|Q| + 71+ 81 — 1) =0, forsome|Q|=1,2,...}. (9.22)

[(|Q|+T+5—2)(|Q|+T+S_3)_A()\+1)]dq1—2,02 for all |Q| =923 ...

Thus we have di o = dp;1 = 0and dg = O T5) (0 Ts=1)

Therefore dy, 4, =0 (q1,92) # (2n,0) and

d _ lr+s+2(n—1))(r+s+2(n—1)—1) = A(A+1)]---[(r+5s) (r+s—1)—A(A+1)]do,0
2n,0 — 2n+r+s)---(14+r+s)

forevery n =1, 2,.... Choosing dy o = 1 we have that

e
r s r s r+s5+2(n—1))(r+s+2(n—1)—=1)=A(A+1)]---[(r+5) (r+5—1)=A(A+1)]2>™
ol,y) = 27y +ayt 3 Lt 2nm D2 DAL=l 201)
n=1

is solution of (9.20) where (r, s) verifies (9.21) and (9.22).

9.4.2. Legendre PDE II. Consider the equation

0%z 0%z 9%z 0z 0z
1— 222 4 (1—2y)2 1— ERat) JVS Sl V7 1 = 2

where A € R. Let ¢ be a solution of (9.23) of the form p(z,y) = z"y* 2‘05‘:0 dQXQ where dy o # 0.
Then (r + s)(r + s — 1)doo = 0, 1 +r+s)(r+s)dio =0, (1 4+7r+s)(r+s)dy1 = 0 and
(lQI+r+s)(Q[+7+s—1do —[(IQ +7+s =2)(IQ| +7+5—3) = AN+ 1)]dg, 1,41 — 2(q1 +
r—2)dg,—2.4, — 2(q2 + 5 — 2)dy, 4,—2 = O forall |Q| = 2,3,. ... Given that dy ¢ # 0 we have that
(r+s)(r+s—1)=0. (9.24)
Let (7, s) point of (9.24) such that
(r,8) & {(r1,51) € C% (|Q| +r1 +51)(|Q| +71 +s1 —1) =0, forsome |Q|=1,2,...}. (9.25)

Thus we have d; o = do,1 = 0 and

QI+ +5—=2)(|Ql+r+5—3)—A+D)]dg; 1,90 —142(q1 +7—2)dg, 2,95 +2(q2+5—2)dg, g0 2
dQ— (|Q|+q7}+s)(é\2Q\+r+sfl) a1 =242 91,022 (9.26)

for all |Q| = 2,3,.... Therefore dy, 4, =0, |Q| =2n —1and dy, 4, # 0, |Q| = 2n. Choosing dy o = 1
we have that

p(z,y)=a"y" |1+ > doX?|,
|Q| even

where dg given by the recurrence (9.26), is solution of (9.23), where (r, s) verifies (9.24) and (9.25).

9.5. Chebyshev equation. Chebyshev’s equation is the second order equation
(1 —a?)y" —ay' +p*y =0,

where p € K. Solutions of Chebyshev’s equation are of importance in numerical analysis such as solution
to partial differential equations, smoothing of data etc. Chebyshev’s equation can be used to generate
polynomials that could serve as mathematical model to approximate some observed physical phenomena.
Let us give a word about it.

The solutions of the Chebyshev equation are of the formy = > a,,z™ where the coefficients a,, are

— (n=p)(ntp)
= (n+1)(n+2)
we obtain a solution 77 (z) and by choosing ag = 0, a; = 1 we obtain a solution 72(x). The remarkable

fact is: if p is even then 77 () is polynomial of degree p. If p is odd then 73(z) is polynomial of degree p.
These give rise to the so called Chebyshev polynomials.

given by a2 ay,. These solutions are convergent for || < 1. By choosing ag = 1, a3 = 0
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9.5.1. Chebyshev PDE of type I. We present now a PDE model for Chebyshev equation, with the
property that its restriction to straight lines is a Chebyshev ODE. Consider the equation

0? 2 5 0%2 0z
@ + (1 — 332)2%';1/ 3

0z
1-— — — 7 — =0, 9.27
pagy T LTI G T gy TGy TP =0 02D
where p € K. Let ¢ be a solution of (9.27) of the form p(z,y) = x"y* Z|Q|=0 dgX @, where dg o # 0.
Then (r + s)(r + s — 1)doo = 0, (1 +r+ s)(r + s)dio =0, (1 +7+ s)(r + s)dp1 = 0 and
(1QI+ 7+ )(1Ql+ 7 +5— 1)dg — (@) +7+5—2—p)|QI +7+5— 2+ P)dyy 24, — 0, for al
|Q| = 2,3,.... Given that dy o # 0 we have that

(r+s)(r+s—-1)=0. (9.28)

(1 — 2?)z?

Let (r, s) point of (9.28) such that
(r,8) ¢ {(r1,51) € C% (|Q| + 71+ 51)(|Q| + 71+ 51 —1) =0, forsome|Q|=1,2,...}. (9.29)

(1Q+r+5—2—p)(|Q|+r+5—24p)dg; —2,4y B
(QFr+9)([Q[+rFs—1) ,forall |Q| = 2,3

Thus we have dq o = dp,1 = 0and dg =
Therefore dy, 4, =0, (¢1,¢2) # (2n,0) and

d _ (rts+2(n—1)—p)(r+s+2(n—1)+p)---(r+s— P)(T+S+P)doo
2n,0 = (2n+r+s)---(14+r+s)

foralln =1,2,.... Choosing dy o = 1 we have that

- r+s n—1)—p)(r+s n— c(rts—p)(rts 22"
o(z,y) =a"y* +a"y° Z (r+s+2(n—1) P)((;njr‘fsrs)-}.)(i‘i)7”+(s)+ p)(r+s+p) (9.30)
n=1

is solution of (9.27), where (r, s) verifies (9.28) and (9.29).

9.5.2. Chebyshev polynomials in two variables. By choosing in (9.30) = s = 1/2 we obtain a
solution

1 (142(n—1)—p)(14+2(n—1 1—p)(14p)z3"
o(z,y) = )2 1+Z +2( (J(F2T(L+1))J2127§ ‘(1=p)(1+p)

Thus for odd natural values of the parameter p = 2n — 1 € N we have solutions of the form p(z,y) =
(zy)lT( y), where T,(x,y) are degree 2n = p + 1 playing the role of Chebyshev polynomials in the
case of ODE Sumlarly, and surprisingly, when —p = 2n — 1 € N is odd also have a solution of the form
o(z,y) = (zy)2 T, (x,y) for some polynomial 7, (z, y) of degree 2n = —p + 1.

9.5.3. Chebyshev equation II. Now we introduce the model for Chebyshev PDE based on symme-

tries. Consider the equation
5 0%z 0%z 02z 0z 0z
1- — + (1 —ay)2 l—ay)y’— —2° = —y* = +p’zyz =0 9.31

( xy)x82+( ry) xy3x8y+( zy)y 02 " on Vg, TP IVE=0, (9.31)
where p € K. Let ¢ be a solution of (9.31) of the form p(z,y) = x"y* nggl:o doX @, where dg g # 0.
Then (r + s)(r +s —1)doo = 0, (1 +7r+ s)(r+ s)dio =0, 1+ 7+ s)(r+ s)do1 = 0 and
QI +7+5)(QI +7+s—1)dg = [(|Q +7+s=2)(|Q +7+5—3) = pP*|dg 191 — (@1 +7 =
2)dg,—2,9, — (g2 + 5 — 2)dg, q,—2 = 0, for all |Q| = 2,3, .... Given that dy 9 # 0 we have that

(r+s)(r+s—1)=0. (9.32)

Let (r, s) point of (9.32) such that
(r,s) ¢ {(r1,s1) € C?, (1Q+m1+s1)(Q]+7r1+s1—1)=0, forsome |Q|=1,2,...}. (9.33)

Thus we have d; o = do,1 = 0 and

[(|Q|+T+S 2)(|Q|+T+5 3) /4 ]dq 1,qg 1+(q1+7" 2)dq —2,q¢ +(‘I2+572)dq ,q2—2
do = Qs Q=1 ) (9.34)

forall |Q| = 2,3,.... Therefore dy, 4, =0, |Q| =2n —1and dy, 4, # 0, |Q| = 2n. Choosing dy o = 1
we have that

ple,y) ="y |1+ > doX?|,
10| even

where dg given by the recurrence (9.34), is solution of (9.31), where (r, s) verifies (9.32) and (9.33).
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9.6. Laguerre equation. As already mentioned in the Introduction the Laguerre equation is given by
xy” + (v +1—2)y + Ay =0, where A\, v € R are parameters. This equation is quite relevant in quantum
mechanics, since it appears in the modern quantum mechanical description of the hydrogen atom. Let us
consider the case v = 0 i.e., the simplified Laguerre equation given by zy” + (1 — )y’ + Ay = 0, for
A € K. It is well-known that the solutions by series are polynomial when A is a nonnegative integer. This
is the so called Laguerre polynomial.

9.6.1. Laguerre PDE of type I. As before, based on the condition that the PDE must have its restric-
tions to lines y = tz as given by Laguerre EDOs we obtain the following model. Consider the equation
0%z 0?2 5022

0z 0z
22 %49 —- 1— - 1— — 4+ dxz = 35
SR + xy@ac@y +vy PYE + ( x)xax +( x)yay + Axz =0, (9.35)

where A € R. Let ¢ be a solution of (9.35) of the form p(z,y) = «"y* Zr&:o dgX @, where dy g # 0.

Then (r+5)%doo = 0and (|Q|+7+5)%dg —[|Q| +7+5— (1+N)]dg,—1.4, = 0, forall |Q| = 1,2,3,....
Given that dy o # 0 we have that

r+s=0. (9.36)

Let (r,s) point of (9.36). Note that || + r + s # 0, for all |@] = 1,2,.... Thus we have dg =

[‘Q‘7(1+/\)]d41*1=q2 for all |Q| =1 2 e

1Q[?
Therefore dg, ¢, = 0, (¢1,¢2) # (n,0) and d,, o = %, n = 1,2,.... Choosing

dop,0 = 1 we have that

olx,y) =z"y® |1+ Z [n—1 _(/:1]1)2 [—A]x"

is solution of (9.35), where (r, s) verifies (9.36).

9.6.2. Laguerre equation II. As for the symmetric model of Laguerre PDE we consider the equation

P, oo
Ox? y@x@y Y Oy?

? +(1- xy)x% +(1- xy)yg—z + Azyz =0, (9.37)

or

where A € R. Let ¢ be a solution of (9.37) of the form ¢ (z,y) = «"y* ZIOZH:O dQXQ, where d o # 0.

Then (r + 5)%doo =0, (1 +7+8)%d1o=0, (1+7+35)%do1 = 0and (|Q| +r + s)%dg — [|Q| + 7 +
s— (24 A)]dg,—1,4,—1 =0, forall |Q| = 2,3, .. .. Given that dy o # 0 we have that

r+s=0. (9.38)

Let (r, s) point of (9.38). Note that |Q| + 79 + so # 0, forall |Q] = 1,2, .. ..
Thus we have d1 o = dp1 = 0 and dg = IQIZCEMIg 10521 g Q] = 2,3,.... Therefore

[QI*
dgrgo =0, (q1,92) # (n,n) and d,, , = [2("71%;)2];!')[;)‘}d°’0, n =1,2,.... Choosing dg o = 1 we have
that
_r..s - [2(“—1) _)\][_)\](my)n
olz,y) =a"y" |1+ ; e

is solution of (9.37), where (r, s) verifies (9.38).

9.6.3. Laguerre polynomials in two variables. Both models Laguerre type I and II above exhibit
solutions giving rise to polynomials for suitable values of the parameter A. Indeed, for instance for ry =
so = 1/2 and A\ = n we have the first model giving rise to solutions of the form o (x,y) = (xy)? Ly ()
for some polynomial L, (z) of degree n. This is however a one-variable polynomial. On the other hand,
the second model Laguerre type II gives, for ro = sg = 1/2 and even A = 2n — 2 a solution of the form
o(z,y) = (#y)? Ly, (xy) for some polynomial L(t) of degree n.

9.7. Disturbed heat equation. The next example shows the efficacy or our methods when compared
to the classical separation of variables methods. It is an example that cannot have separated variables, but
fits into our approach. It is based on the heat diffusion equation in a two dimension plaque. A perturbation
is included in the equation as result of some external influence as a source of heat for instance:
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Example 9.1 (Disturbed heat equation). We shall now apply our techniques in a PDE that cannot
be solved by the usual method of separation of variables. Let us consider the following perturbed heat
diffusion equation

92z 0z 0z

2

Ze_ = Y)—, x>0,y >0, 9.39

@ o2 8y+a(m y)ax z Yy (9.39)
where a is a positive constant and « is analytic. Notice that putting Z(z,y) = X ()Y (y) and substituting
in the PDE we obtain

2 XMx)  Y'(y)  olzy)
X(z) Yy Y
and therefore the PDE is not always separable variables equation. Let us now solve this equation by our

methods in some concrete examples.
Making the change x = Inu, y = In v we transform the equation (9.39) in

023 0z 0z
aQuZa—uz + u(a2 — a(lnu,lnv))a—z — v£ =0. (9.40)
For example, if we consider a(z,y) = ¢**¥ in (9.40) we obtain
9 . -
aguz% +u(a® — uv)% - v% = 0. ©9.41)

Note that equation (9.41) is a parabolic equation with regular singularity.

Let ¢ be a solution of (9.41) of the form ¢(u,v) = u"v*® ZE‘:O dou?*v® where do o # 0. Then
(a*r? —s)doo =0, (a*(r+1)>—s)d1o =0, (a®>r?—(s+1))do,; = 0 and [aQ(ql +7)2 — (g2 + 8)] do+
dgi—1,go—1 = 0, forall |Q| = 2,3, . ... Given that dy 9 # 0 we have that

a’r? — s =0. (9.42)
Let (r, s) root of (9.42) such that
(r,s) & {(r1,51) € C% a*(q1 +71)*> — (g2 + 51) = 0, forsome|Q|=1,2,...}. (9.43)
day 1,40
Thus we have di o = dp,1 = 0 and dg = fm, for all |Q| = 2,3,.... Therefore dg, 4, =
0, @1 # g2 and
dppn = (C1)"doo n=12,....

(@2 (1) (@@ (2412 — (2 ) (@ (nF )2 —(nts))’

Choosing dy o = 1 we have that

~ TS T, (=)™ (uv)™
B(u,v) = u' + U ) T @ G @ )
n=1

is solution of (9.41), where (rq, o) verifies (9.42) and (9.43). Therefore

_1)nen(zty)

_ ,xr+ys
P(@,9) = e+ Y @ e e @ e T )

n=1

is solution of

20?2 0z ——

a @ = 67y e 83:" (944)

where (r, s) verifies (9.42) and (9.43).
Example 9.2 (Frobenius method vs Laplace-Fourier method). Consider the disturbed heat diffusion
equation (9.44) of Example 9.1 with the following initial conditions

2(x,0) = f(x), x € R (9.45)

where f is analytic function. Denoted

+oo
Z(x,5) = L]z, 9)](s) = / V2 (z, y)dy.
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Now applying Laplace transform to both sides of the equation (9.44)
207

.07
a W(:ﬁ, s)=sZ(x,s) — z(x,0) + e —(x,s — 1)

Ox
and using (9.45) we get
0’z
2
¢ 2

On the other hand, denoted

(z,8) =sZ(z,s) — f(x) + e‘”g—i(x, s—1). (9.46)

+oo
F(e,w) = Fla(z.y))(w) = J% / (2, y)dy.

Applying Fourier transform to the equation (9.44) a

0’F oF

W(w, w) = (iw)F(z,s) + e””%(a:,w +1). (9.47)
Note that ODEs (9.46) and (9.47) cannot be resolved by any known method. Although, in the Example 9.1
we saw that using the Frobenius method we can solve.

10. Conclusion. This article aims to study second-order analytic linear partial differential equations in
the real or complex case. For this, introducing methods inspired by the Frobenius method for second-order
linear ordinary differential equations. We introduce an Euler-type notion of PDE in which we associate an
indicial conic, then we give the concept of regular singularity and finally we show convergence theorems,
which must necessarily take into account the type of PDE (parabolic, elliptic or hyperbolic) and a non-
resonant condition. This condition gives a new geometric interpretation of the original condition between
the roots of the original Frobenius theorem for second order ODEs. The interpretation is something like,
a certain reticulate has or not vertices on the indexical conic. We recovered the solution of all classical
PDEs by this method (heat diffusion, wave propagation and Laplace equation), and also increase the class
of those that have explicit algorithmic solution far beyond those admitting separable variables. Finally, we
build PDE models for classic ODEs like Airy, Legendre, Laguerre, Hermite and Chebyshev by two different
means. These models are given by restriction of the PDE to lines through the origin must be the classic
ODE model and given by symmetries on the PDE model and imitating the ODE model.
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