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Abstract

We have studied possible applications of a particular pseudo-differential algebra in singular anal-
ysis for the construction of fundamental solutions and Green’s functions of a certain class of
elliptic partial differential operators. The pseudo-differential algebra considered in the present
work, comprises degenerate partial differential operators on stretched cones which can be locally
described as Fuchs type differential operators in appropriate polar coordinates. We present a gen-
eral approach for the explicit construction of their parametrices, which is based on the concept of
an asymptotic parametrix, introduced in [8]. For some selected partial differential operators, we
demonstrate the feasibility of our approach by an explicit calculation of fundamental solutions
and Green’s functions from the corresponding parametrices. In our approach, the Green’s func-
tions are given in separable form, which generalizes the Laplace expansion of the Green’s function
of the Laplace operator in three dimensions. As a concrete application in quantum scattering
theory, we construct a fundamental solution of a single-particle Hamilton operator with singular
Coulomb potential.

1 Introduction

In the field of partial differential equations, fundamental solution and related Green’s functions
are a versatile tool with a wide range of applications in mathematics, physics and engineering.
Whereas the notion of a fundamental solution is uniquely defined, care has to be taken concerning
the notion of a Green’s function, which might differ depending on the context of its application. This
is particularly true for physics where the label ”Green’s function” might refer, e.g., to a classical
Green’s function in potential theory or to a many-particle Green’s function in quantum many-
particle theory. Despite some differences in the various notions of a Green’s function, there is an
essential common feature which links them to fundamental solutions. Therefore it does not seem to
be appropriate to give a single mathematically rigorous definition of a Green’s function. Instead we
will adopt it to the specific situation under consideration.

In the present work, we want to focus on second order linear partial differential operators of the

form
A= aq(x)0” (1.1)

o <2



in an open domain 0 €  C R"™. For such type of operators, let us briefly recall the definition of a
fundamental solution and Green’s function

Definition 1. A distribution u € D'(2) is a fundamental solution of the operator (1.1) if it satisfies
the equation

Au =9 (1.2)
i a distributional sense, with respect to the Dirac-distribution 9.

Fundamental solutions have been proven to exist for a large class of differential operators of the
form (1.1), cf. [11, 12, 13] for a detailed account in the case of constant and smooth coefficients.
In the particular case of second order elliptic differential operators with real analytic coefficients in
Q := Bpg(0), e.g. the Laplace-Beltrami operator on an analytic manifold, a fundamental solution

has the form )

u(w) = g f(@) + n(le])g(z) (1.3)
with f, g real analytic functions in 2 and g = 0 for n odd, cf. [9, 14, 15]. The general notion
of ellipticity restricts the kernel of an elliptic operator to a finite dimensional subspace of its do-
main of definition. Therefore, a fundamental solution of an elliptic operator actually represents an
equivalence class of distributions whose members are equal modulo elements of its kernel.

As already mentioned before, the notion of a Green’s function is not well defined and we start
with the most general definition appropriate for our purposes.

Definition 2. A Green’s function G € D'(Q) of the operator (1.1) is a distribution valued function
G:Q — D'(Q) which satisfies the distributional equation

AGz =6z forallz €, (1.4)
where 0z denotes the shifted Dirac distribution, i.e., 6z(f) = f(Z) for f € D(Q).

In our definition of a Green’s function, we abstain from specific boundary conditions and sym-
metry requirements which a classical Green’s function is supposed to satisfy, cf. [3]. This causes a
lack of uniqueness in our definition, cf. the discussion at the end of Section 3.2. The incorporation
of symmetry and boundary conditions in our approach will be discussed for the specific case of the
bi-Laplace operator in a forthcoming publication [2] and the general case is subject of our future
work.

Before we proceed with a discussion of our specific approach to fundamental solutions and Green’s
functions let us briefly compare the corresponding Definitions 1 and 2, respectively. In the case of a
differential operator (1.1) with constant coefficients both definitions are essentially equivalent. Let
u be a regular distribution which satisfies (1.2), the corresponding Green’s functions (1.4) in this
case is simply given by u(- — Z). However, in the case of nonconstant coefficients a canonical Green’s
function correspond to a regular distribution G(-,Z), & € Q, such that Gz(f) = [, G(z, %) f(z) d,
which cannot be derived by a simple translation from a fundamental solution. It is the intention
of the present work to develop computational tools that provide fundamental solutions and Green’s
functions in closed form by means of power series expansions. For Green’s functions, the power series,
furthermore, separate the variables x and & which is particularly suitable for numerical simulations.

In the present work, we want to discuss a novel approach for the construction of fundamental
solutions and Green’s functions for operators (1.1) with possibly singular coefficients a,, based on



methods from singular analysis, To be precise, we allow for a single point P € Q, w.l.o.g. located
at the origin, such that a, € C*(Q2\ P). In order to keep control of the singular behaviour,
we restrict ourselves to a specific typ of conical singularity, which can be best characterized by a
transformation to an appropriate system of polar coordinates. For notational simplicity, we consider
the case Q = R™. Let us introduce the cone C*(X) := R* x X/({0} x X) with closed compact, n— 1-
dimensional smooth base manifold X and the corresponding open streched cone C(X) := R* x X.
On C"(X), we choose polar coordinates (r,¢), where r € RT and ¢ denotes some set of local
coordinates on X. Now consider a homeomorphism ¢ : C® — R™ such that the tip of the cone is
mapped on the origin, which induces a diffeomorphism

90|C/\(X) C/\(X) — Rn\P (15)

From this diffeomorphism, we get a representation of the operator (1.1) in polar coordinates of the

form '
A= TQiaj(T)<—Taar>J. (1.6)

In the following, we will assume that A belongs to the class of degenerate partial differential operators
Diff?ieg(c/\) on the open cone C", with coefficients a;j(r) € C*(R*, Diff* (X)), where Diff> ™/ (X),
j = 0,1,2, denotes partial differential operators with smooth coefficients, at most of order 2 — j,
on the base X of the cone. The preceeding assumptions concerning A are required by the pseudo-
differential algebra to be discussed below. For a partial differential operator (1.6), which additionally
satisfies the ellipticity conditions of the pseudo-differential algebra, cf. Appendix D, a parametrix
exists.

Let us briefly outline the underlying ideas and essential features of the pseudo-differential calculus
employed in the present work. For a detailed exposition, we refer to the monographs [4, 10, 20]. In
general, a pseudo-differential algebra can be considered as an extension of a corresponding algebra
of partial differential operators such that the extended algebra contains parametrices of its elliptic
elements. Roughly speaking, a parametrix should be considered as a pseudo-inverse of an elliptic
partial-differential operator. Ellipticity comprises the Fredholm property, which means that the
operator has a finite dimensional kernel and cokernel. Under such a premise, the existence of a
parametrix P can be proven, which satisfies the equations

PA=T+K, and AP =T+K,,

respectively. The parametrix can be represented as a pseudo-differential operator or as an ordinary
integral operator and provides a left and right inverse modulo the compact operators K; and ICy,
respectively. In the standard pseudo-differential calculus these compact operators are smoothing
operators which do not encode any specific asymptotic information. In contrast to the standard
pseudo-differential calculus on smooth manifolds, the singular calculus on manifolds with conical,
edge or corner singularities involves compact remainders, denoted as Green operators G;, (G,),
which actually encode asymptotic information. We want to emphasize that the notions of Green’s
function and Green operator are different and should not be confused. As an illustrative example let
us consider the action of a parametrix P on an equation of the type Awu = f with possibly singular
elliptic operator A and right hand side f. By left-multiplication with P, the equation turns into

u=Pf—Gu.



Loosely speaking, the kernel function of a paramtrix P plays a role similar to a Green’s function G,
except of the presence of an remainder G; v which depends on a Green operator and an unknown
solution. Obviously, we dont know u, but irrespective of its particular asymptotic behaviour, the
Green operator G; maps it into a space with well defined asymptotic behaviour which only depends
on A, cf. [20] for a detailed exposition. In the present work, we actually show that by an appropriate
choice of a specific weight parameter of the parameterix, its kernel function satisfies our Definition 2
of a Green’s function. This follows from a property of the corresponding Green operator which maps
u into the kernel of A such that G;u can be extended from C" = R\ {0} to R™ and its extension
(G u)ext satisifies the homogeneous equation A(G; u)ext = 0.

In Section 2, we present a general approach for the explicit construction of these parametrices,
based on the concept of an asymptotic parametrix, introduced in Refs. [7, 8]. Within our approach,
we want to extract fundamental solutions and Green’s functions from the integral kernels of these
parametrices. In order to demonstrate its feasibility, we provide in Sections 3 and 4 some explicit
calculations of fundamental solutions and Green’s functions from integral kernels of parametrices
for some selected partial differential operators.

An important point which deserves our attention is the fact, that fundamental solutions and
Green’s functions are by definition distributions in 2 C R", whereas the kernel of a parametrix
and derived quantities are functions on the streched cone C”(X) where the origin is excluded by
definition. Therefore we will make use of Hadamard’s notion of a pseudofunction, cf. [21]. By the
diffeomorphism = = ¢(r, ¢), cf. (1.5), a function u(r, ¢) on C”*(X) corresponds to a function u(z) on
R™\ P. A function u on C"*(X) can be regarded as a regular distribution on § if @ can be identified
with an element in L}OC(R”), the set of equivalence classes of locally integrable functions in R™, and
therefore with a regular distribution in D’(R™). We call this regular distribution the pseudofunction
corresponding to u and denote it by Pf. .

Let us briefly illustrate these concepts for the most prominent case in applications which is the
Laplace operator Ag in R3.

Example 1. A fundamental solution of the Laplace operator Az in R3 is given by u(x) = L

— 5
and the corresponding Green’s function by G(z,%) = u(zx — ) = —m. Given any f € D(R3)
the convolution

g(x) == | G(z,2)f(%) dz (1.7)

R3
satisfies the equation Ag = f.
In spherical polar coordinates, the Laplace operator is given by

. 1 8> d
b= (-5) - (rar) as]

and its fundamental solution can be expressed as

1
=Pf ——.
u(z) 47r

The Green’s function G(x, ) of the Laplace operator, also known as Newton or Coulomb potential
in the physics literature, can be represented in a separable form by the Laplace expansion, i.e.,

G2 = { Pf. limz—,o G(*|F, ) for#=0

4



with
¢

G(r.¢ Z o . 1 2 (C0MYem(0,9)Yem(0,9) (18)
—
and r< = min{|z|, |Z|} and rs = max{|x\, |Z|}, respectively, where (1.8) corresponds to a function
on CN(S?) x CN(S?).

In order to achieve a separation of variables, the Laplace expansion is done with respect to the
eigenfunctions of the Laplace-Beltrami operator on the sphere S?, so called spherical harmonics,
Yim, £=0,1,... and m = —{,... (. By taking the limit 7 — 0 in (1.8) one can easily recover the
fundamental solution w. The Laplace expansion greatly facilitates the computation of the convolution
(1.7) and is therefore of great practical significance in computational physics and chemistry.

Our change of perspective from cartesian to polar coordinates is a key component of the present
work and is motivated by the fundamental solutions (1.3) for differential operators of the form (1.1)
with real analytic coefficients and the Laplace expansion of the Green’s function (1.8), where R? has
been replaced by the cone C2 := Rt x §2/({0} x S?) with base S? on which the Laplace-Beltrami
operator has a pure point spectrum and the eigenfunctions form a complete basis in L (S?).

1.1 Outline of our approach for the Laplace operator

Before we enter into a general discussion for second order differential operators in the cone algebra,
we want to exemplify our approach for the Laplace operator in R”, with n > 3'. Following our
discussion in Section 1, there are two different types of representation for the Laplace operator in n
dimensions, depending on whether one considers it in R™ with respect to Cartesian coordinates

Ap=) 0 (1.9)
j=1

or some kind of spherical polar coordinates defined on the stretched cone C" := RT x S"~! with
base S"~!. In spherical polar (n = 3), and hyperspherical polar (n > 3) coordinates, the Laplace
operator is represented by

A, = :2K—r§;)2 (- 2)<—r§> + Agn ] (1.10)

where Agn-1 denotes the Laplace-Beltrami operator on the n—1 sphere S”~!. The Laplace-Beltrami
operator Agn—1 has a pure point spectrum with eigenvalues \y = —¢({ +n —2), ¢ =0,1,2,.... For
n = 3 each eigenvalue )y has multiplicity 2¢ + 1 and for n > 3 its multiplicity is given by

(€+n/2—1)H (€+j)
(n/2—-1)-(n=3)! ~’
cf. [19] for further details. In the following, we denote by Py, £ = 0,1,2,..., the projection operators

from L?(S™~!) on the corresponding eigenspaces of the eigenvalues —¢(¢+n — 2). Herewith, we can
form the spectral resolution

Agnr==> ((l+n—2)P (1.11)
=0

!The case n = 2 is different, according to our discussion in Section 2.1



which is crucial for the following considerations.

The basic idea of our approach is to consider (1.10) as an element of an operator algebra which
enables the construction of a parametrix. This can be achieved within the pseudo-differential cone
algebra, developed by Schulze and collaborators, cf. the monographs [4, 10, 20]. Existence of a
parametrix for a partial differential operator is intimately connected with its ellipticity. In the
framework of the pseudo-differential calculus, considered in the present work, the notion of ellipticity
involves a whole hierarchy of symbols associated to a partial differential operator, cf. Chapter 10 of
[10] for a detailed discussion. For unbounded domains, e.g. C*, one has to take into account the exit
behaviour to infinity, as a result, the Laplace operator A, is not elliptic in C”, because it fails to
satisfy the elliptic exit condition. It is only the shifted Laplacian A, — K2, discussed in Section 3,
which satisfies all ellipticity conditions. For the formal construction of a parametrix outlined below,
the exit condition is not essential and does not affect the final result. A rigorous justification for
disregarding it will be given in Section 4, where we consider a fundamental solution and Green’s
function for shifted Laplacian and recover the results given below by taking the limit « — 0.

In order to construct a parametrix, we have to represent (1.10) as Mellin type pseudo-differential
operator, i.e.,

Aju=r2 op;(/[_nT (h)u

for u € D(C"), here D(C") := {¢*g | g € D(R™)}, where ¢*g denotes the pullback under the
diffeomorphism (1.5), with operator valued Mellin symbol

h(w) = w?—(n—2)w+ Agn
= w?— (n—2)w—i€(€+n—2)Pg (1.12)
=0

we refer, e.g., to [4, Chapter 8] for further details. For the parametrix we take the ansatz
_nt3
Pu=r? OpL 2 (h(_l)(w))u

and consider the operator product

- n+3 n—1

Pudy = rPopy = (WD (w))ropy, * (A(w))
n—1 n—1

= opy * (KD (w+2)opy, 7 (A(w))

~ n—1

= opy 2 (WD (w+2)h(w))
The operator valued symbol of the parametrix has to satisfy the equation
Y (w + 2)h(w) =1

which can be solved for

WD (w) = h(wl_g)
_ 1
o (w—2)2—(n—2)(w—2)+ Agn
0o P,

= : (1.13)




It can be easily that the terms in the sum (1.13) have only simple poles for n > 3 but has a pole of
order 2 for n = 2 at £ = 0. It turns out, that for this particular reason, the case n = 2 is special,
therefore we only consider the case n > 3.

Let u € D(C"), the action of the parametrix P, is given by the double integral

- (2 —y+ip) dr
roply 2 (W Vyu=r / / WD =y +ip) u(F, @) —dp, (1.14)
with dp := g—ﬁ. Here we choose 2 — 5 < v < & which is related to the ellipticity condition of the

conormal symbol in the cone algebra Splitting the radial integral into two parts, i.e., 7 < r and
7 > r, one can apply Cauchy’s residue theorem to the spectral resolution (1.11) of the operator
valued symbol. Taking into account, that all poles in (1.11) are of order 1, one can calculate the
integral along the complex line by closing the path on the right and left hand side, respectively.
After some algebraic manipulations one obtains

Postr) = =3 [ [ st by i

rl—l—n 22€_|_n_2

v -
y o -
By [ PeOO) 7, 3) ity 1 (8)d6.
— n—1
Therefore, the parametrix can be represented by an integral operator

0= [ [ Kol byt s (3105

with kernel function

re ¢lo
Rl ol §) = =3 im0
=0

where py(¢|¢) denotes the integral kernel of the projection operator Py, £ = 0,1,2,... and r. :=
min{r, 7}, r~ := max{r, 7}, respectively. For n = 3, using spherical coordinates ¢ = (0, ), we have

l
pe(0,010,8) = D (=1)"Yom(0,90)Ye—m(6, )

m=—/

and recover the well known Laplace expansion of the Green’s function of As, given by (1.8).

The Laplace operator is a particularly simple case because the symbol of the parametrix can be
derived by direct inversion (1.13). This was only possible, because all terms which contain derivatives
with respect to coordinates of the base S"~! are subsummed in the Laplace-Beltrami operator
Agn-1 which has especially nice spectral properties that enable the use of a spectral resolution in
(1.13). Furthermore, the direct inversion (1.13) requires that all coefficients a;, j = 0,1,2, in the
representation (1.6), are constants, which is obviously the case for the Laplace operator. However,
this will not be the case in general and we have to rely on an asymptotic parametrix construction
[8], which is considerably more envolved.



2 A generalized approach for elliptic partial differential operators
in the pseudo-differential algebra

The Laplace operator discussed in Section 1.1 motivates a generalization of our approach to elliptic
second order differential operators on open stretched cones C(X), with closed compact, n — 1-
dimensional smooth base manifold X, of the following form

— Za] <Tar>j+b(7‘)AX (2.1)

and real analytic coefficients a;,b € C*° (R*)2. Tt should be mentioned, that despite the analyticity
of the coefficients, (2.1) might be singular, due to prefactor r~2 in front of the differential operator.
Furthermore, we assume that Ax is an elliptic, essentially self-adjoint, second order differential
operator, semibounded from below, on the base X. Furthermore, we assume that A x has a pure point
spectrum Ao, A1, Ao ..., with lowest eigenvalue \g = 0 and a corresponding constant eigenfunction,
such that the corresponding eigenfunctions form a complete basis in La(X).

For differential operators (2.1), we want to derive an explicit expression of the kernel of the
parametrix in terms of a generalized Laplace expansion of the form

K(r, |7, §) = Zke (r, 7, A)pe($, 6), (2.2)

where pg(gﬁ]q;) denotes the integral kernel of the projection operator Py, £ = 0,1,2,..., onto the
Ly(X) subspace spanned by the eigenfunctions of Ax for the eigenvalue Ay, i.e.,

gE) = Z U&m((b)ﬂ&m(d;), with Ax g, = Awgm, form=1,... my.

In order to deal with r dependent coefficients a;,b, j = 0,1,2, it becomes necessary to perform
an asymptotic parametrix construction, introduced in Ref. [8] from which we take notations and
definitions in the following. The differential operator (2.1) can be represented in the cone algebra
by the Mellin type pseudo-differential operator
n—1
- yonsl
A=r"2op,, (h(r,w, Ax)

where

h(r,w,Ax) : Za] Jw? + b(r)Ax
belongs to C®(RT, M3 (X)), cf. [20] for further details.

2.1 Construction of an asymptotic parametrix

Given power series representations for the coefficients

Za rP, j=0,1,2 and b(r) pr)rp

p=0

In our examples, we consider only the case where these coefficients are polynomials in 7 of finite order.



we decompse
(o)

h(r,w,Ax) = E ' hi(w, Ax)
i=0
where

2
hi(w,Ax) = Z ag-l)wj + DAy
j=0

denotes the asymptotic symbols of the differential operator (2.1). From the ellipticity condition EC2
of the cone algebra, cf. Appendix D, we have the constraints a(o ;é 0 and that these coefficients
must be of opposite sign. In the following we take v € R such that the ellipticity condition EC3 with
respect to the conormal symbol, which in our case equals hg, is satisfied, i.e., hy defines isomorphisms
ho(w,Ax) : H*(X) — H*?(X) for any s € R and Rw = % — ~. With respect to the coefficients,
this condition is equivalent to

ago)w +a§ )w—}—a(o)—kbo)\g;ﬁo, £=0,1,2,...

for all Rw = 5 — . For its corresponding asymptotic parametrix, we take

n+3

r opVM_T(h(_l)(r,w,Ax))
with formal power series ansatz
h(fl)(r,w,AX) = erhyl)(w, Ax).
j=0
for its symbol.

Remark 1. For notational simplicity, we occasionally represent symbols of pseudo-differential oper-
ators by formal power series. Notwithstanding the fact that in the standard calculus such expressions
are avoided due to its asymptotic character and lack of convergence in general. In our applications
constdered in the present work, however, we always perform calculations of parametriz symbols to
infinite order and prove convergence of the derived fundamental solutions or Green’s functions in
hindsight.

For notational simplicity we suppress the Ax dependence of the symbols for a while. As a first
step, we commute the r—2 factor to the right
n+3

~ _nt3 _n-1
PA = 2 OpX/[ 2 (h(_l)(r, w))r_2 op?w 2 (h(r,w))
. S |
= opy ° (h(*l)(r,w+2)) opy (h(r, w)) (2.3)
Inserting the power series of the symbols and shifting all powers of r to the right, we obtain

n—1

PA Zr]op - h( 2 w+2 Zr opy 2 (hi(w))

e . _n=1_, _ ——1
= > rtopy, 7 (W w+2—i)op), 7 (hi(w))
,i=0

00
— Z It Op'Y

4,i=0

n—1

T (hE_l)(w +2—1)) op;(/[_T (hi(w)) mod G




where the last step is modulo Green’s operators, which will be discused in detail below. After the
manipulations, we can now define the sympbols of the parametrix in a recursive manner. For the

(=1)

symbol hy ~’ we get the equation

n—1

1= opw_i (h( 1)(w + 2)) opL_T (ho(w)) = opX/[_T (h(() 1)(w + 2)ho(w ))

and therefore
(h((fl)(w + 2)>ho(w) -1 — héfl) (w) = hal(w —2). (2.4)

(-1

The equations of the symbols hj , for j > 1, are

1 n—1 _n—1

O—oppgi(hg-fl)(w—i-Q))op;(/;n; +ZOpM 2 hj (w+2—z))0pM 2 (hi(w)),

which gives
J

0= (h{(w +2))ho(w) + Y (A7) (w + 2 — ) ha(w),

and

(=P (w — ) (hi(w — 2))) (hg* (w - 2))

2
-——(wa?whwﬂmw—mﬁhKWw (2.5)

respectively. In order to derive integral kernels, we have to know the poles of the meromorphic
operator valued symbols hg.fl)(w). It can be seen from (2.5) that the poles are recursively defined

such that hg-_l)(w) has meromorphic terms of the form

j=0: h(*l)( )
j=1: (k" (w —nM‘1w>
j=2: (RS (w = 2)) (S (w — 1)) AV (w), (h§™ (w = 2))hS ™ (w)

j=3: w&Ww—mM%”mwa»wEWw—wwﬁkm,w&Ww—wx%”@ww»%”wm

(hS Y (w = 3)) (h§D (w = 2))h§ (w), (b (w = 3))h§ ™ (w))

After re-emerging of Ax in the symbols of the parametrix, we can perform spectral resolutions

eV (w, Ax) = SRSV (w AP, hi(w, Ax) = Zh w, Ao) P,
/=0

_ 1 i
h(() 1)(w,)\g) = , (w, Ap) : Za() i

o a) (w—2)) + b0,

10



and use the orthogonality of the projection operators, i.e. PpFP; =9, EPg, to get the coorresponding
spectral resolution of the Mellin symbols of the parametrix

RV (w, Ax) = ST R (w, )P
(=0

with .
J
B (w, A) = — (Z (h$22 (w — i, A0)) (hiw — 2, m)) h$ (w, M)
i=1
where the latter symbols are defined in a recursive manner. According to our previous discussion, the
poles of hg-_l)(w, A¢) are given by the poles of the shifted symbols h(()_l)(w —m), form=20,1,...,].
The symbol h(()_l)(w) has poles at

0 0) \ 2 0
won a0 [N o
2a(0) Qago) ago) ago)

2

In order to simplify our discussion, we want to restrict in the following to two different types of
differential operators.

Definition 3. Let A be an elliptic differential operator in Diffﬁeg(CA( )) of the form (2.1), where
(0)

we assume w.l.o.g. ay’ =1 for notational szmplzczty A differential opemtor is referred as type-A if

(ago))Q —4a 8) >0, b9 <0, and as type-B if (al ) —4a (()) =0,b0 <

Remark 2. If follows from the ellipticity condition EC2 of the cone algebra, cf. Appendiz D, that

ago)b(o) < 0 and therefore our choice ago) =1 implies b0 < 0.
(=1)

Remark 3. According to our definition, the symbol hy ' has two poles of order 1 if it corresponds
to a type-A differential operator and a single pole of order 2 if it corresponds to a type-B differential
operator.

Example 2. The Laplacian A, in R™ is of type-A for n > 3 and of type-B for n = 2.

In the present work, we want to focus an type-A differential operators and leave type-B differ-
ential operators for a subsequent publication.

2.1.1 Parametrices for type-A differential operators

Let us consider asymptotic parametrices for type-A differential operators. For notational simplicity,
we introduce the Ay dependent parameter

(0) 2
Aw(N) = (‘g) —al? — b)),

Let us first consider the operator (2.1) with constant coefficients, which corresponds to the 0-th
order term in the expression of A with respect to powers of r.

11



Performing a similar calculation as in Section 1.1, with u € D(C"), we get:

Pou(r,¢) = —Z / /0 rwllz Q;Zj(‘fz)u(f ¢) P L dF 1 (0)d
—Z ) e 2O 0y e+ B

— et (VO D) s
- 62:% /X/O ' <T>> 2Aw()\g)u(r’ @) dr pn—1(9)do,

with
agO) agO)
W= 2 — BB + Aw(Ay), Wy =2 — - Aw(Ny),
where we choose an integration contour I nxd_ between the two poles, i.e.,
2

n a® (0)

n o oa
5 + 5 w(Ag) <y < > + 5 + Aw(Ay).

This particular choice is motivated by our considerations for the Laplace operator in Section 1.1.
Eventually our choice can be justified by explicit constructions of fundamental solutions and Green’s
functions from the parametrices. In the following, we will provide evidence by considering selected
examples for type-A differential operators.

The parametrix Py can be represented by an integral operator

Po ulr,¢) = // Ko(r, 6|7, §)u(F, )7 \djun 1 (3)dd

with kernel function

0 Aw(Ae) 7
~ (0) (0) r
N _ _pa/252-n-al”/2 T< p£(¢|¢>
KO(T7¢|T5¢) rt r ! ; (7">> QAU)()\K)

Lemma 1. Let Ay be an elliptic type-A differential operator in CNX), i.e.,

o N o 9 ©) | 5(0)
Ag=r e +ay o +ay’ +0WAx |, (2.7)

with coefficients satisfying

a(()o) = _ago) (n—2) — (n—2)>2 (2.8)
The distribution Pf. kg € D'(R™), with
ko(r) := lim Ko(r, ¢|F, ¢) = —7'2771(0)]?—0 (2.9)
r—=0 a;’ +2(n—2)

s a fundamental solution of the corresponding differential operator Ag in R™, i.e

*)

Ao Pf. kg = 0.

12



Proof. Under the first assumption in (2.8) the limit (2.9) follows immediatelly.

For any test function g € D(R") let g := ¢*g be its corresponding counterpart in 15(0/\). Due

to the spherical symmetry of kg, we get?

/ (@) Ao Pi.ko(a) da

= /0 T [((n ~2)+ ri)zgom +a}” (<n ~2)+ ri)aom + aé°)§o<r>] folr) .

r Po

where the right hand side only depends on the projection go(r) := Pyg. Calculating the integrals
o 1 0 1
n—1 ~ 2—n
— — | r=— —d
/0 T (Tf)rgo(r)> " 2Aw(No) "

o0 1
(o —,
/0 i) 350

= lim —~—

r—0 QAU)()\())
9(0)

2Aw(Ag)

e (V[0 ]
/0 - <T8r Tar‘%(r) " 2Aw(Ng) dr

e N 1
= —/0 8r(rargg(r))72Aw()\o) dr

and

I
o

we finally obtain

/n o(z) Ao PE. ko () dz = g(0).

O

It remains to consider the higher order terms in the asymptotic parametrix construction for

type-A differential operators.

Proposition 1. Parametriz symbols hg-_l)(w, A¢) of higher order, i.e. j = 1,2, ..., which correspond
to type-A differential operators have generically poles of order 1, however in particular cases second

order poles may show up. For a symbol h;._l)(w, A¢) poles at most of order 2 can appear only if

28w(N) € {1,2,...,j}. (2.10)

3Here and in the following, we make a slight abuse of notation concerning partial differential operators acting
on pseudofunctions. Generally it yields a distribution which is not regular any more, e.g., Ao Pf. ko is not a regular
distribution. However, we make use of the pervasive notation which treats e.g. Dirac’s delta distribution like a function,

ie., 8(g) = [d(z)g(z)dx.
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If this is the case, then hg»_l)(w, A¢) potentially has qo := j — kmin(A¢) + 1 poles of order 2 at

)
Wn(Ae) =2 — ‘% FmtAw), m=0,1,....5 — kmin(Ao),

with kmm()\z) = QAw(/\g).

Proof. The symbols hgil)(w, A¢) given by the recursive formula (2.5) have zeros in the denominator,

cf. (2.6), at
a0 a0
wim(Ae) =2 — % +m+ Aw(Ng), war(A) =2— % +k—Aw(A\), mk=0,...,7.
Therefore a zero of order 2 can appear only if

kE—m =2Aw()\y),

which leads to a pole of order 2 at wg := w1 ; = wy ; provided w—wq does not divide the correspond-
ing nominator. So let kyin(A;) := 2Aw(A¢), then hg-fl) (w, A¢) potentially has gy = j — kmin(N;) + 1
poles of order 2 at
o\
Wy = 2 — %—l—m—kAw(Ag), m=0,1,...,5 — kmin(\e).
d

Let us assume that the symbol hg-_l)(w,)\g) has 25 + 2 — 2qy, q¢ > 0, simple poles, which we

arrange for each Ay in descending order, i.e.,
wi(Ag) > wa(Ae) > -+ > wapya—g,(Ar)

where w1 (Ag), ..., w;, () lies right and wj,11(Ar), . .., wapt2(Ae) left of the integration contour. The

remaining poles of order 2, denoted by w,(f)(/\g), k=1,...,q, are accordingly on the right side of
the integration contour and are as well arranged in descending order, i.e.,

wgz)()\g) > wéQ)(Ag) > > w(g)()\g).

The residue of such a poles is given by

W~ ) d —w
Reswlgz)(Az) (r) hg 1)(w) =  lim — [(w—w,(f)()\g))Q (%) hg 1)(u;)}

T

’F k
with
Res’)y (WY M) == lim [(w—w,?)(Ae))th”(w)}?
Yk w%wf)()\g)
(2 (-1 - 1 “ _ 2 2, (=1)
Reswl(f)()\e)(h] (7)\6)) w_w}(fgo\e) dw {(w wy, ()\g)) h] (w)}



Putting things together, we obtain with u € D(C")

0o Je ”wk >\£ ) ) ) ~ N
rne) = _ZZ/ /0 i (Resuy ) B A PG, 6) 7 i+ ()5
/=0 k=1
> 2pt2— 20 0 Fwp (Ae)— (-1) -~
+Z Z // T () —2 Reka(,\Z)h (-, M) pe( @] @) ul, B) 7 di a1 (6)dd
£=0 k=je+1 r
o qe wa;(f)()‘e)_n . r W -
3 [, Sags [ (F) R, 1)

— Resfj()Q) (o) hg-_l) (-, /\e)] pz(¢|¢3)u(f7 <13) 7ZTL_ldan—l (&)d(b

Let us summarize our calculations in the following lemma
Lemma 2. For a type-A differential operator A, the asymptotic parametriz given by the series

n+3

P =r? er opX/l_T (hgil)(w,AX))
=0

can be represented, for u € f)(CA), by an integral operator

with kernel functions

oo Je
Kj(r,0l7,0) = —H(r—7) Y3 r27u)moe®o=n(Res,, 0 b (M) pe(6]9)
(=0 k=1
oo qp
= w® (A) zw; —n r (1) (-1)
—|—H(r—r)z r2=u O o ) [ln —)Res () hi (5 M)
=0 k=1 (7“) wy, ()\4) J
2 -1 x
—Res%, 1] )<-,Ae>] pe(619) (2.11)
Wy, (Ae)
oo 2p+2-2q, . R
—r) Y D P RE RO Res, ) B (M) pe(916).
(=0 k=j,+1
Here H denotes the Heaviside function, i.e., H(r —7) = {[1)’ r t
, r>T

0 — ago) (n—2)—(n—2)2, the limit # — 0 of Ky yields a fundamental
solution of Ag. Under these conditions, we get 2Aw(A\g) = ago) +2(n—2), which can lead, according
(0

to Proposition 1, for integer ay ) to poles of order 2 in the asymptotic parametrix construction if

Lemma 1 shows that for a
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(2.10) is satisfied. In such a case, due to the presence of logarithmic terms, it is not possible to take
the limit 7 — 0 of K for j > 2Aw()\g). It should be emphasized, that this problem only concerns
Mo, because for higher eigenvalues, the prefactors 7@c(X)=n ¢ — 1 2 . . have positive exponents
and the terms 7wr(Ae)— "In(7) vanish in the limit 7 — 0. Furthermore it might happen, that poles
are located on the real axis between the integration contour Fn+4 _., and the pole wj, (Ao) = n.

According to our construction, we only assume that I"ni4 — cuts the real axis between the poles
2

wj,_,(Xo) =4 — ag ) —n and wj, (Ao) = n, so depending on the choice of v such cases might occur.
For r > 7, we decompose the kernel according to

Kj(r, 0|7, &) = K (r, 6|7, &) + K (r, 0|7, 8) (> 7)

with
oo Je
K{O(r 01, 6) = =Y % Howe(Ae) = n)r? e OO0 Res,y, 1) B (- 00))pel 1)
(=0 k=1
oo qy (1) ( 1)
2—wi (Ap) zwi (Ap)—n
+;;;r eO) o () [m( JRestl)y KV
- Res(222) hg-_l)(-, Ae)] pe(6]9)
wy (Ae)
oo Je
Kg(l)(r,qﬁ\ﬂ $) = = > Hi(n—wp(Ap))r? OisGo0=n(Res, ) hg_l)(.,/\g))pe(cbltﬁ)
(=0 k=1
oo gy 1 1 ~
=D oy () RGSEURz)(A ) n Y Ape(919),
(=0 k=1 F

where the Heavyside functions are defined at 0 by Hp(0) = 1, H1(0) = 0, respectively. Taking the
limit 7 — 0 of the average of K]Q), we obtain

Jo
ki(r) == hm/ K (r, ¢IF, @) pin-1(9)dp = —r>™ " 6(wi(Mo) — 1) (Resy, (o) hg_l)(',Ao))po

7—0 AX 1
n 1 -1
2 E §(w D (o) — n) [ln(r) Resﬁug})(/\o) hg. (-, o)

—Res(z()Q) h( 1)( )\o)} Do, (2.12)

(Ro)

where Ax denotes the surface area of X.

Remark 4. Logarithmic terms can only appear for j > 2Aw(Ng). For each order j of the asymptotic
parametriz contruction, there are only a finite number of non vanishing terms in the sum over £.
Furthermore, there is at most only one nonvanishing term on the right hand side of (2.12).
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3 Shifted Laplace operators

As a first example for the asymptotic parametrix construction, we consider the shifted Laplace
operator A, — 2 in dimension n > 3 with A, given by (1.10). The shifted Laplace operator is of
type-A with base X = S" ! and Ax = —Agn-1. Its Mellin symbol has the form

h(w) = ho(w) + r2ha(w)
with ho and ho given by (1.12) and —x?2, respectively. Application of the recursion formula (2.5)
yields
hD( 2mHh w—2j) and hSN =0 form=0,1,..., (3.1)

2m

(1)

where hy  is given by (1.13).

3.1 Fudamental solutions from the parametrix

To exemplify our approach, we only consider the cases n = 3,4 in the following proposition. However
it is clear that analogous calculations can be performed in any dimension > 3.

Proposition 2. For A, — k%, n = 3,4, the asymptotic parametriz construction, with integration
contour I'n+a__ taken for2 — 35 <y <3 -3, yields a fundamental solution
2

u = Pf. k(r) with k(r) := ko(r) + rki(r) + r2ka(r) -,
where the functions k,, p=0,1,..., are given by (2.12).

Proof. According to (3.1), the symbols hgm()) have a pole at n if 24 2j or n + 25 equals n for some
j €40,1,...,m}. Therefore for n odd, only poles of order 1 appear, whereas for n even, poles of
order 1 and 2 show up. For an admissible 7, no poles appear on the strip between the integration
contour and the pole at n.

Case 1: n odd N

In each symbol hg:n , there is only for j = 0 a pole of order 1 at n. Formulas (2.12) and (3.1) yield

1)mp2m 1 —2)!
ka(T) = —T'Q_n( )mH | Po - N Wlth Po = %
2mml e =2 =2 272wz
In particular, for n = 3 we get
1 ’i2m 39
k =—r  — .
2m(r) " 4m(2m)! (3:2)
and -
(kr)?m 1
Tki(r) = = ——— cosh
ZT 47Tr Z (2m)! dmr °° ()
m=0
This can be compared with the standard fundamental solution, cf. [21],
u(z) = Pf. —ie*m. (3.3)
4mr
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It can be easily seen, the difference between both fundamental solutions

1 1
Pf.—— h —e ") = Pf. ———sinh
e (cosh(kr) —e™") p— (kr)

correspond to a smooth harmonic function in R3.

Case 2: n even
For p < n — 2, the symbols h( U have a pole of order 1 and for p > n a pole of order 2 at n. Let

m m

1 1 1
Qo(w)::w_2 and Qp(w) := H w—2'—2Hw—2'—n for m > 1,
j=0,2j+2#n J j=1 J
as well as
dQm = 1 = 1
j=0.2j+2#n J j=1 J
With this, we get
Res), hg;ll) = K2"Qum(n) for 2m < n —2,
and
Res(!) h(f = k2 Qm(n), Res? hé;zl) = r?mQ! (n) for 2m >n —2.
Therefore, according to formulas (2.12) and (3.1),
k (7,) _ 2-n,.2m Qm(n)po for 2m <n —2
2mAt) = —(In(r)Qm(n) — @}, (n))po for 2m >n —2

Let us demonstrate the proposition by an explicit calculation for n = 4, where we have

1 1
Q0(4) = 57 Qm(4) = _m form>1
and
1 m—1
/
Qm(4):_22m+1m!(m—1)! —1+Zj +Z] for m > 1.
7j=1
Finally, with pg = 27r2, we get
R ST 1 1 =
— - - m
k(r) = _Hr _Z:lr 272 | 22mm!(m — 1)! In(r) — 22m+1ml(m — 1)! —1+ Z it Z]
m= 7j=1
and after some algebraic manipulations, we obtain
1 2 1 1 2 1 k+1 o
k(r):—mr —m(m) I (k) In(r)+ (47T2222kk|(k+ 1+Z] +j§_:lj (kr)

18



where we used, cf. [1][Eq. 9.6.10],

o0

1 1
—1 _ = s 2k
(kr) " Ii(kr) = 5 ,;0 TEI(E 1 1)1 (kr)*",
which according to (A.4), with a = —1, represents a fundamental solution. ]

Let us finally consider the role of the terms in the kernel of the parametrix which have been
excluded from our construction, i.e.,

KW (r, |7, ¢) =Y _rP KM (r, |7, §).

0

Remark 5. According to our discussion after Lemma 2, it is only the £ = 0 term for which the

Limit 7 — 0 cannot be performed.
(1)

For n even, ks,

= POKST)N m=1,2,..., is given by

q0
Bym(r7) = =S 6 (wy? (ho) — n) n(7) (Resfj&m hg;nl)(v)\o))}?o
=1 7

= —p¥n 1n(7’)l<;2QO(n)p0

which sums up to

k(l)(r7 7:) = Z szk;r{(r, f) [ (Z T2(m+1)n1€2QO(n)> ln(f)po,

m=1 m=1

in particular for n = 4, we get

1
Wy 7y — E 2m-2.2m - ~
R T) ( " " 22mm\(m — 1)!> In(7)po

m=1
K 1

2k ~
= & N —
1 k:o(m) 22k(k+1)!k!> n()po

1
= 57“_1[1(/@7“) In(7)po
In the second line, we used (A.3), which shows that k@) corresponds to the kernel of a Green operator
which maps onto a smooth function in the kernel of the shifted Laplace operator.

3.2 Green’s functions from the parametrix

In order to demonstrate that one can even get a generalized Laplace expansion of a Green’s function
from the kernel of the parametrix, we consider the case n = 3 where no logarithmic terms show up
in the expansion.
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Proposition 3. For Az — k2 ,the kernel of the asymptotic parametric
~ e ~
K(r, ¢IF, @) = Y P K (r, 6|7, ).
0

s given by

Ku(r, 07, ¢) = H(r —r>§z<—1>f

=0

I -
V5 Z ” Se(rP)pe(, @) (3.5)
=0

with )
2
o 1o (FD)™(2(0 = m) — 1)
Sy(kT) := mz::O(/ir) o]

and Iﬂi% denote modified Bessel function of first order. The corresponding family of reqular dis-
tributions

5 - PEK([F,0)  for & =p(F,0) #0
Kel,2) := { Pf.lims_o K. (|7, §) forz=0 ’

satisfies Definition 2 for a Green’s function.

Proof. Details of the calculation for (3.5) are given in Appendix C. It is intructive to verify (3.5)
by comparison with the canonical Green’s function of the shifted Laplace operator, cf. [21], which
can be obtained from the fundamental solution (3.3)

- 1 klr—7
Gn(qu;) = _me K|lz—Z|

For this Green’s function a generalized Laplace expansion based on Gegenbauers addition theorem
is known in the literature, cf. [22][p.366], such that

GA-@):{ PE Gl IF, ¢>|> for & = (7, @) # 0

Pf. limz—,0 G (- ) forz=0
with
~ > KH;(/W) I£+;(I£f) ~
Gn(rv ¢’F7 ¢) = _H(T - f) : s = ((Z)a ¢)
NV R A
> I£+;(/§r) KH_;(M?) ~
—H(r—7) : = (¢, 9) (3.6)
ZZ:; NG N
where .
Kepy (57) = 5 (0 (1o g (5r) = Ty, () (37)

denotes a modified Bessel function of second order.
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Let us consider the differences between the kernel functions (3.5) and (3.6), which is given by

- _ - > Jyy1(kr) <Ke+1(’“?) TR ) ~
Ky(r, @I, 0) — G(r, @I, ) = : =+ Se(wT) | pe(@, d). (3.8)
2 Vi \ﬁ YA

According to (A.3), the distribution corresponding to this difference maps D(R?) into a smooth
function in the kernel of Ag — k2. O

Although, the kernel of the parametrix (3.5) satisfies our definition of a Green’s function it is
clear, by comparison with (3.6), that it has some shortcomings. First of all, (3.5) is not a symmetric
kernel function, unlike (3.6), which reflects the fact that the shifted Laplace operator is symmetric.
Given (3.5), this can be cured however by a simple consideration. First of all, the second sum can
be skipped, bcause it maps D(R?) into smooth functions in the kernel of Az — k2. Furthermore,

according to the previous remark, we are free to add a term of the form

Ie+ 1 (Kr )A(/i?“)
2(—1)K§ \[ N De

(¢, 9),

in order to restore symmetry under permutation (r, ¢) <> (7, <Z~>) Permutational symmetry requires

Ty s (o) Iya () Iy (sr) (u;wm A(m*)) Awr) Lo s (1)
- + + =

v v TR )T
which is obviously satisfied by
A(kT) = —Iifié(ﬁf) mod IH%(m:)

The remaining ambiguity can be resolved by another shortcomming of (3.5) which concerns its
asymptotic behaviour for r,7 — oco. Whereas (3.6) decays exponentially, this is not the case for
(3.5). The reason is due to the fact that the modified Bessel functions of the first kind I, 1 increase
exponentially, and it is only their difference, the modified Bessel functions of the second kind K, 1

cf. (3.7), which decays exponentially [1][9.7.1,9.7.2]. In order to get the desired asymptotic behaviour,

we have to add the term
(kr IM 1 (KT) ~

I
Z G5 e p(6:)

which obviously preserves permutational symmetry. With these modification (3.5) ultimatey be-
comes (3.6). From the point of view of singular analysis the required modifications can be assigned
to Green operators, which is linked to the fact that these terms map into spaces with fixed asymptotic
behaviour.

4 Application in Physics: Scattering theory
In pseudo-differential calculus the notion of ellipticity poses severe restrictions on the partial dif-

ferential operators for which a parametrix exists and therefore excludes many interesting cases. A
typical example, already mentioned in Section 1.1, is the Laplace operator which does not satisfy
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the exit condition. As a possible remedy, one can consider the elliptic shifted Laplace operator,
calculate a fundamental solution or Green’s function and finally takes the limit £ — 0, which yields
the corresponding quantities for the Laplace operator, cf. Appendix A for further details.

Such an approach can be easily generalized by performing analytic continuations with respect
to a given parameter on which the fundamental solution or Green’s function depends. The method
of analytical continuation paves the way to many interesting applications in physics, in particular
quantum many-body and scattering theory.

Remark 6. Typical differential operators in scattering theory do not satisfy the exit condition for
ellipticity. A prominent example is the Helmholtz equation

(A+K)u=34

which differs from the shifted Laplace equation, discussed in Section 3, by the minus sign in front
of constant k>. Actually, the two equations and their fundamental solutions are related by analytic
continuation of the parameter k, i.e., a rotation in the complex plane by +£7/2 transforms one into
the other. More explicitly, let us consider the fundamental solution of the Helmholtz equation in
n-dimension, cf. ([6]),

_ — knng%ng (kr),

4i(2m) = Tz

U = Pf.

where H& denotes a Hankel function of the first kind. Using the indentity, cf. [1][9.6.4],
2

the fundamental solution becomes

n—2 2—-n

Un s = Pf. —(2ﬁ)_%(—in)TrTKnT4(—inr)

which can be obtained from the standard fundamental solution of the shifted Laplacian, cf. (A.1) by
rotating K from the real to the negative imaginary axis. The renormalized fundamental solution (3.4),
which we have obtained from the asymptotic parametrix construction, differs from it by holomorpic
terms only. Therefor it is possible to get access to a fundamental solution of the Helmholtz equation
by an analytic continuation from the asymptotic parametriz construction.

Analytic continuation, like the one discussed in the previous remark is a versatile tool in quantum
theory [17]. A rigorous treatment however, requires full control on the convergence of the power
series expansion of the asymptotic parametrix construction. We want to discuss this topic in the
simplest non trivial case of n = 3 nonrelativistic electron-nucleus scattering based on a differential
operator, given in spherical coordinates by

2
A= —2(H+r?) = :2[(—7*51> — <—r§r> + Age + 127 — 12252, (4.1)

where H denotes the non relativistic Hamiltonian of an electron (atomic units), interacting with a
nucleus of charge Z, cf. [16] for further details. The corresponding Mellin symbol & of the differential
operator A is given by the expansion

h(w) = ho(w) + rhy 4+ 2hy  with ho(w) = w? — w4 Age, hy = 2Z, hy = —2k2.

22



According to (2.5), we get for the asymptotic parametrix symbol of order 1

1) — — (D (0 — 1)) 2D wh BV () =
hi 7 (w) (ho (w )) ho “(w)  with hy 7 (w) ho(w — 2)
and for order p > 2, the recursive formula
B (w) = — <(h§;11) (w—1))Z — (B2 (w — 2))#) h$™ (w) (4.2)

In order to keep track of the combinatorics, let us introduce the notion of binary words given by
the following definition

Definition 4. A binary word « is composed of the numbers 1 and 2, i.e., a = (a1,a9,as,...)
with o € {1,2}. For a word composed of N characters, let N and NS denote the number of
characters 1 and 2, respectively. Furthemore, let Sy, p > 1, denote the set of all possible words such
that p = Z,ivzl ap = Ng +2N2.

According to the previous definition, we have, e.g., S1 = {(1)}, S2 = {(1,1),(2)}, S3 =
{(1,1,1),(1,2),(2,1)}.

Proposition 4. Given the word operations |1, |2 (], 2J), given by a = (...) = al1= (...,1)
(a=(.)=a=(1,...) anda=(...) 5 ala=(...,2) (a=(...) =22]a=(2,...)), respectively.
With these operations acting on all elements of a set of binary words, we get Sy = Sp—1[1USp—2|2
and Sy =1]Sp—1U2|Sp—2, respectively.

Proof. Sy, = Sp—1|1USp—2]2 follows from the fact that a € S, is either of the form (..., 1) or of the
form (...,2). The other one follows in an analogous manner. O

Proposition 5. The p’th order symbol of the asymptotic paramtriz is given by

Na
_ @ e @ N« —
WD (w) = 3 (~1)NE2N" 282 ()M TT 15 (w — py), (4.3)
=0

a€Sp
with po = p and p; =p — Zi:l ay for j > 1.

Proof. The proof goes by induction. Formula (4.3) is obviously true for p = 1,2. Using (4.2) and
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Proposition 4, we can perform the induction step

NO{.
Byt (w) = D2 ()M ()N T g (0 = py = 1) | By (w)
aeSp .

+ Z (—1) N%QNQ'HZN N—H Hh (w—pj —2) héﬁl)(w)

acSp1
=Y ()M 2 (s Hh (w - p;)
a€Sp |1
+ Z N%2NQZNQ Hh (w —pj)
a€Sp_1l2
_ Z (— 1)Na2NaZNa Hh( 1)
a€Spt1

O]

Let us first consider the physically most relevant case n = 3 and calculate the spherical limit k),
given by (2.12), i.e

N
kp(r) = b Z (_1)N§2NQZN§(/@2)NE (Res;th(()_l)(-—pj,/\o)) (4.4)
§=0

a€Sp_2|2

NQ
Y (MY 2N ()™ ) (Resl) [T pya)

OzESpflLl
Res Hho 1) (- = pj, o))
7=0

Taking into account

h - *— Py, )\0 = )
Lw " =nro = o= =)
we get the resolvents
N Ne—1 1
-1
Res;gl—[hg )(-—pj,)\o) H m (o € Sp—2|2 and p > 2),

(@€ Sp-1l1);

NO(

_ =1

Resél) I | h(() 1)(' —Dpj,No) = { HNa 2 1 p>2
=0

J=0  p;(p;—1) =
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Ne 0 p=1
Resi(’)z) H hg)_l)(' — Pj, /\0) = { Ne—2 1 N&—2 1 1 (a S Sp_l Ll)
§=0 _H Z ( + ) p > 2

J=0  p;(pj—1) £~j=0 pi—1 ' pj

Plugging these expressions into (4.4), we get

1 1
ko(r) = =g—,  ki(r) = ;—2Z1n(r),
and for p > 2
1 ye Ne—1 1
kp(r) = — - S (Ve ZVE (x2)N T s (45)
a€Sp_2|2 =0 Dj\Pj
1 v o2y Ne o X
eI MG AR | e O R S Ce i
dmr a€Sp_1|1 §=0 p](p] - 1) =0 pPj — 1 Pj
Lemma 3. Let the function ka(Z, k,r) be given by the series
ka(Z, k1) = erkp(r)~ (4.6)
p=0

The series converges absolutely, i.e., k4 is well defined, for all values of 7 € Ry4. For fized r > 0 it
is an entire function of the parameters Z, x € C.

Proof. Let us first estimate the cardinality of a set |Sy|, ¢ > 0, which is given by

VL
5= > (Y3 ) = FG.

Nr=0

where F(q) is the ¢’th Fibonacci number, which for large ¢ have the asymptotic behaviour

g 1 )
F(q)wa— with a = +\[.

NG 2

Furthermore, we can estimate the products

N*—1 N*—-2
1 1 1 1
0y = ; < =
plp—1! ™~ JHO pi(pj —1) Jll pi(pj —1) ~ p!
and finally the sums
N*-2 1 1
> < +> < H,+ H,_1 ~In(p) + In(p — 1) + 2
par AN Rl

Taking C' := 2amax{|Z|, ||}, we can prove the lemma by performing a direct comparisation test
with respect to the convergent series

i~ p—2 p—1
4\}57r erfl <(pc— i + (pC_ ol U In(r)| +In(p) + In(p — 1) + 27]) .

p=2
]

4Actually, it represents a regular function k A(Z, Kk, z) in the complex z-plane cut along the negative real axis.
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For (4.5) we can consider two limits with respect to the paramters Z, k. For Z = 0, we just
recover (3.2 of the shifted Laplacian, whereas for x = 0 our calculations yield a fundamental solution
of the Hamiltonian.

Proposition 6. A fundamental solution of the differential operator (4.1) for k = 0, is given by
(4.5), taking k =0, i.e.,

o0

1 (—1) pzpzp
ka(Z,0.7) = = — |1-2Zrln(r Z i P(In(r) — (Hp + Hy—1 — 1)) | , (4.7)
where Hy, := Y¥_, + denotes the p-th harmonic number. Furthermore, ky(r) = —3ka(r) is a

fundamental solution of the corresponding Hamiltonian.

Proof. The absolute convergence of the series (4.7) for any r > 0 follows from Lemma 3.
In order to show A |.—o Pf. k4 = 0, we have to consider for w € D(R"), cf. Appendix B,

/ w(z) Alg=o Pf. ka(Z,0,r)dx
R3

= 4 /OOO -<1 +7"§r>2w0(7’) - <1 +7"88r>w0(7“> + 2r Zwo(r)

_ 47T/0°O :<r£>2wo(r)+ <r£>wo(r)+2r2wo(r)

where wo(r) == &[4 @(r, ¢)u(¢) dp with @ := ¢*w in D(CM). Straightforward calculations

) r ” wolTr r dr —Wo

[ (2) [ o] i o

/ooo <T§rw0( )) ridr=—(g+ 1)/000 rwo(r) dr

/000 <r§w0( )) r?1n(r)dr = — /OOO((q + 1) In(r) + 1)rwo(r) dr

/0°°< §T> [rgwo( )} ridr = (q+1)2/ooorqw0(r) dr

s <r§> [ra‘iwo(r)] () dr = (1) [ ((a+ 1))+ 2)r ) dr

ka(Z,0,r)dr

ka(Z,0,r)dr, (4.8)

and for g =0,1,2,...
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Interting these expressions into (4.8) yields

/ w(z) APL. ka(Z,0,7) dx

o0

= wp(0) + 2222 /OOO rIn(r)wo(r) dr — Z (;;;p_gpj!p [p(p -1) /000 P~ n(r)wo (1) dr
p=2

+(2p—1) /0 Sl (r) dr + 22 /0 P In(rYwo(r) dr
—(Hy+ Hy 1 — 1) (p(p —1) /OOO P Ly (r) dr + 27 /OOO r? In(r)wo(r) dr)]

= wo(0) + Z m [_ (Hp—l + Hp2 — 1)17(19 —-1)
p=3 '

—(@p—1)+ (Hy+ Hyy — )p(p — 1)] / g (r) dr

= wp(0)
= w(0)

In order to illustrate the behaviour of the fundamental solutions (4.7) of the differential operator
(4.1) for kK = 0, we have plotted some of them for selected values of Z in Fig. 1. For Z = 0 we get
a strictly increasing fundamental solution of the Laplacian as a reference function. With increasing
values of Z, we observe an increasing oscillatory behaviour around this reference function. These
oscillations are caused by the 27Z/r term in (4.1) and resemble to the oscillatory behaviour of
fundamental solutions of the Helmholtz equation. In contrast to the latter, however, the oscillations
are damped with increasing distance to the origin.

Next, let us consider the general case

Proposition 7. The regular distribution Pf. k4(Z, k,r), given by (4.5) and (4.6) is a fundamental
solution of the differential operator (4.1) for Z,x € C.

Proof. Similar to the proof of Proposition 6, we have to consider integrals
/ w(z) APL. ka(Z, k,7) dx
R3
or

— dn /0 - [(raa)ng(r)—l— <Ta>w0(r)—|—2rZw0(r)—2T2/<2w0(r) ka(Z, w,7)dr, (4.9)
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Figure 1: Fundamental solutions (4.7) of the differential operator (4.1) for Z =0,1,2,3 and x = 0.

with w € D(R3). Using the integrals from Proposition 6, we obtain

/ w(x) APL. ka(Z, k1) dx
R3

= w0(0)+2/<c2/ rwo(r) dr+2222/ r1n(r)wo(r) dr—22/<;2Z/ 2 In(r)wo (r) dr
0 0

0
> aNail 1 [e'e)
S X e ] g (o0 [ty
p=2 “acS, 2> iz Pilpi—1) 0

+2Z/ rPwo(r) dr — 2&2/ rp+1w0(r) dr>
0 0
N*-2

£ e e T e 1) [T e

a€Sp-11 Jj=0 pj(pj B 1) 0

+(2p—-1) / P~ Lwo (r) dr + QZ/ P In(r)wo(r) dr — 2k> / P n(r)wo (1) dr
0 0

0
Ne—2 1 1 .
- Z < + > <p(p— 1)/ rp_lwg(r) dr
=0 \Pi~ L p 0

+27 /0 h rPwo(r) dr — 2K /0 h P g (r) dr)} }

In order to prove the proposition, we can compare the coefficients of the integrals fooo rP~Lwg (r) dr
and [;° P~ In(r)wo(r) dr, with p = 1,2,.... Let us start with the integrals [} rfwo(r) dr. It can
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be easily seen that the two p = 2 terms cancel each other. For p > 3 we get the coefficients

/ rpflwo(r) dr :
0

N*—1
T L | SRR
a€Sp—2|2 j=0 Dy (pj -1)
N*—1 1
R Ik .
a€Sp_3|2 j=0 (p - 1)j((p - 1)j - 1)
N*—1
DI AP AL CO R || : o
a€Sy_4l2 =0 (p—2);((p—2); - 1)

B SRNERICHCIHEIL S § S S PRI [ ol (L S |
> (MR ] s (@ = | X (gt ) | pe - D)

a€Sp-11 j=0 pj (pj -1 j=0 pi—1
e r? 1 Ne2 1 1
p T a0 | & (e=n=1 " o,
p—2l1 J J

¥ e T et (£ (b5 )
(p=2);((p=2); =1 \ 4 (r—2);-1 (»-2);

a€Sp_3l1 J=0

In order to prove, that the terms in these coefficients cancel each other, let us consider the first
three terms and the last three terms, separately. The second and third term add up to

Ne—1
« « a N& 1
_ (—1)NZ2N ZNZ I‘i2 K 97
aespz_:gb (=) };[0 (p—1)((p—1); - 1)
N1 )
B SRR )
a€Sy_4l2 =0 (p—2);((p—2); - 1)
ve ! 1
- Yo ()TERNZNE() T T] ﬁP(P—l)
a€l|Sy 3|2 j=0 Pi\Pj
ne et 1
D, (DYRMIZYE(R) T ] ﬁp@ —1)
a€2]Sp—4l2 j=0 PjP;
ve ! 1
- Z (~1)N22N" ZNE (k) 7 H ﬁp(p— 1)
a€Sp_22 j=0 Dj\pj
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and therefore cancel the first term. By a similar argument, we get for the last and second last term

o (p—1);((p—-1); - 1) (p—1),;-1 (p—1);

J=0

B | G | S S
o =2)i((p=2);-1) P=2)j-1 (p-2);

a€Sp—3|1 j=0 §=0
N*—2 N>—2
e «@ «@ « 1 1 1 1 1
S S 1] Dl e e e L
a€l]Sp—21 3=0 pi(p; = 1) j=0 \Pi— Pj ppP=
N*—2 Ne—2
e « « N& 1 1 1 1 ].
Sy e ot (S e ) L e
a€2]Sp-31 J=0 p;i(p; —1) j=0 \Pi T 1 p p p-1
L=t | N2 1
- — Z (—1)N%2NQZN%(,<;2)N~ H L Z <p4 1+p) p(p—1)—(2p—1)
J J

OéESpfll_l ]:0 p](pj - 1) ]:0

and therefore cancel the third last term. It remains to consider the coefficients of the integrals
fooo P~ n(r)woe(r) dr, with p = 2,3,.... It can be seen by inspection that the p = 2 and p = 3
terms cancel each other. For p > 4 we get the coefficients

/OO PPl In(r)wo(r) dr :
0

N*—-2

Y Y 2 ()M ] - 1)

it g Pilpi—1)

N2oN® NS/ 2 N‘J‘Na_2 1

_ _ A A K

D U B (e T
N*—-2

>0 ()NERN NE ()Y T 0

a€Sy—3l1 =0

By the same argument given before, it can be shown that the second and third term cancel the first
term, and therefore also these coefficients vanish all together. Summing up, we get

/n w(z) APE. k4(Z,0,7) dz = wo(0) = w(0),

which finishes the proof. O

5 Conclusions

It was the intention of the present work to shed some light on possible connections between Green’s
functions and parametrices of elliptic partial differential operators. Closely related from a formal
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point of view there are subtle differences in their conception. Roughly speaking, given a linear
partial differential equation of the form Awu = f, a Green’s function for A gives a solution via
u(z) = [ G(z, ) f(Z)dE, whereas a parametrix provides a solution u modulo some remainder, which
is typically not further specified. For potential applications of parametrices in science and engi-
neering this poses a problem and in our previous work, see e.g. [7], particular attention was paid
to determine these remainders explicitly. Furthermore it is a typical feature of pseudo-differential
calculus to construct parametrices in an asymptotic manner, either, within the calculus of clas-
sical pseudo-differential operators, up to a certain order in the covariables, or as in the singular
case, cf. [8], up to a certain order in an appropriate distance variable. By such constructions one
is left with unspecified higher order terms and the question of convergence for these asymptotic
series remains open. Within the present work, we have calculated complete asymptotic series of
parametrices for various variants of the Laplace operator and discussed their relation to the corre-
sponding fundamental solutions and classical Green’s functions. It turned out in these cases, that
we could recover convergent series expansions for fundamental solutions and Green’s functions from
the parametrices. These considerations pave the way to obtain more general results which are valid
for a larger class of elliptic, possibly singular differential operators. In particular we would like to
overcome some severe limitations in Definition (2.1) concerning the dependence of coefficients on
the variables and respective derivatives of the cone X. Eventually, we want to obtain a general
framework which allows the explicit construction of Green’s functions for a large class of elliptic
differential operators that can be applied for numerical simulations. This seems to be a promising
strategy to overcome limitations due to the presence of singularities in the underlying mathematical
model.
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Appendices

A Regularization of fundamental solutions

Loosely speaking, any reasonable definition of ellipticity for differential operators in a pseudodiffer-
ential calculus implies existence of a parametrix. In the framework of the singular pseudodifferential
calculus, considered in the present work, the notion of ellipticity involves a whole hierarchy of
symbols associated to a differential operator, cf. Chapter 10 of [10] for a detailed discussion. For
unbounded domains, e.g. R™, one has to take into account the exit behaviour to infinity, as a result,
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the Laplacian A,, is not elliptic in R™, it is only the shifted Laplacian A,, — k2, which satisfies the
ellipticity conditions. A possible resolution to this problem is to construct at first regularized para-
metrices for the shifted differential operators which have the correct exit behaviour at infinity and
from these, the corresponding fundamental solutions or Green’s functions. Afterwards one considers
the limit k — 0 for the regularization parameter x, and sees whether one gets the fundamental
solution or Green’s function of the original problem.

Let us illustrate such an approach for the Laplacian A,, in R™ in the case n > 3. A fundamental
solution of the shifted Laplacian A,, — k2, see e.g. Schwartz [21][Section II, §3], is given by

Up, = Pf. [—(277)_% H%T%THK%& (m’)} ) (A1)

where Kn-2, n = 3,4..., denote modified Bessel functions of the second kind. The modified Bessel
2

functions have an asymptotic behaviour for r — 0, cf. [1], of the form

n—2

Kanz(Fnﬂ ~AT(252) (Bkr)” 2

Using the identities

I(252) = 2I'(%) and w, = T (area of S"71),
we get
1
li - - 2—n
ng% Un,s (n — 2)wnr
which agrees with the fundamental solution of the Laplacian.

For the shifted Laplacian A,, — k2 in even dimension n, we want to consider possible variations
of the canonical fundamental solution (A.1) by subtracting some smooth terms which belong to the
kernel of the shifted Laplacian. For the modified Bessel functions of integer order K»-2, we consider

2

the series, cf. [1][9.6.11], and obtain

n—4
o)~ k152 25 _ 1 2y 11@(”7_4_]“)! 2%
—(2m) 2Kk 2 1 ng2(/€7‘) = 47T%7“ kzo( ) Tk!(mn)
+(—1)n772(27r)7%/£n772r277nln;2(ﬁr) In(3xr) (A.2)
2
o ,.n—2 -z n 2k
with Psi function )
Y1) ==y, $(m)=—y+Y j ', m=23,. ..
j=1
The function, cf. [1][9.6.10],
5 _ ()Y ! 2 A3
77 Iz (k1) = (5) ;OW(W) (A.3)



can be obviously extended to a smooth function in R", which belongs to the kernel of the shifted
Laplacian as can be seen by an explicit calculation in polar coordinates

(A, - /£2)7‘2_TnInT_2 (kr) = r% [(—r;ﬁ>2 —(n—2) (_Taar) + ASn—1:| T‘Q_TnInT_z (k1)
- [(mfazf%_z(w) + (k)0 Lucs () = ((%52)” + (KT)Q)I,LT_Q(W)}
-0,

which continuously extends to R™ because of the smoothness of the function. Therefore, we can
subtract from (A.2) the terms

n—2 2-—n

(—l)nT_Q(QW)_%mTTTInT_z (k) In(3k)

and
o0

no _n 1
2y DI g () @€ R

in order to obtain the modified fundamental solution Pf. k,,,q(r) with

R (22 — k)!
kmod(r) = _477%72 (—l)kzlﬁT(HT)%
k=0 )
+(-1)"z (2 —%R”T‘QTQ‘T”I%(W) In(r) (A.4)

_2
00 u5tk

k
no_ _n . . 1
+(—1)2K/ 2(47’1’) 2 Z —Q+Z] 1+ Z ] 1 m(ﬁﬂ”)2k
k=0 7j=1 7j=1 N2 '

B Derivatives of distributions in polar coordinates

Within the present work, we consider regular distributions Pf.k in D'(R"), with functions k :
CN(X) — R which are O(r>™) for r — 0. In order to show that Pf.k represents a fundamental
solution of a partial differential operator A, with corresponding operator A in the cone algebra, we
have to consider the distributional derivative A Pf. k, i.e., the distribution defined by

/n g(x) APt k(x)dx == /n (A* g(z)) Pf. k(z) dz,

where A* denotes the formally adjoint operator and g any test function in D(R™). It should be em-
phasized, that this definition refers exclusively to cartesian coordinates with corresponding Lebesgue
measure dz, cf. Schwartz [21][Section II, §3].

Within the present work, we consider partial differential operators A which correpond to partial
differential operators on the streched cone of the form

A2 (2N s (2,0 L0 4 s
N or ! or 0 X
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with coefficients satisfying a( ) = 50)(n —2) — (n—2)% Using (—r2) = —(301, xza ) and the
essential self-adjointness of A x, we get

/” g(x) APf. k(x)dx

= /n([(iaii%')(iaij%')—ago)(iai )+ag°>+b<0>A] ())Pf k(z) da

22

- I ([n+r)2a§)<n+r§)+a<0>+b<0mx} g(r’d)))k(?",cb)v“"_ldw(qb)dcb

r2
A T R e

ral? 000 30.0) k(. 0) ()0

with g := ¢*g(r, @) for g € D(R™), cf. Section 1. These integrals exist, because the integrand remains
bounded due to our constraint on the coefficients and the O(r?>~") behaviour of k.

C Calculation of the parametrix for the shifted Laplace operator
in three dimensions

In this appendix we want to give some technical details concerning the calculation of the kernel of
the parametrix (3.5) for the shifted Laplace operator in three dimensions. According to Proposition
1 all poles of symbols of the parametrix are simple, and formula (2.11) simplifies to

[e.e]

KQm(T)d)Wa (;;) = Tfr ZZ 2 wk(A£)~wk Ag)—n (Reswk()\g) hg;ll)(v)\é))pg(gﬂgf;)
(=0 k=1
co  4m+2
Py Y 20O Res,, ) 85,0 (5 M) pe(]6).
=0 k=j,+1

The integration contour T’ T, is taken with % <y < %, where the poles
2

wi (M) =3+L0+p;, withj=0,1,...,m and wy;(A\) =2—{+p;, withj=0,1,...,m— ng 1
are located right of the integration contour, and the poles
waj(Ae) =2 — €+ pj, withj=m—[5],....m,

are located left of it. Here and in following, we use the notation p; := 2m — 2j.
The symbols (3.1) of the parametrix are given by

m

(1) 1
h o) f —-0.1,...
o (W, Ap) H w240 p)w—3—{—pj) or m R TEERR)
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and we have to calculate the residues at their poles. Let us first consider the case r > 7, where the
poles right to the integration contour contribute. For these poles, we get

m m

1 1
Res hS DA for j=0,1,...m w;(\)=34¢+p;,
wy ) P (4 A) = ,H)pj—pk,}_[()pj—pk+1+2£ J 5(0e) J
k#j
and
_ SO . 1
Resy. () b (-, Ag) = for j = 0,1,...m—|4|—1 w;(\) =2—l+p;,
50 Fam 5 0) ,}_[()pj—pk,}_l()pj—pk—l—zz L] i(Ac) !
KA
For the products, we get
ﬁ 1 (=
i Pi— Pk 2mjl(m = j)!
k£
() for 2 > 20+ 1
m 1 (26-0-1)n((2(m—j+0)+1)! or 4 +
oo Pi Pt 1+ 20 —Q(Z_j)_l)” for 25 <2041
(@m—j+o+1)n
(_1)é+j+1 f < iy
il 1 (2G+0)+1)1(@(m—j—0)—1)1 ory=m
—1)m+1 j+4—m)—1)!!
oy —p—1-20" ) ((?(J“ 1)t for j>m—t+1
(2i+0)+1)n
We can now sum up the kernel of the parametrix,
K(r, 6|7, )
_ — —1—0+425 =2(m—j)+£ 2m (—1)jfj gt
_ L L N . pdld) (D)
ez—gmz_:oj‘z:% 2 ]!(m—])!((2(m—]+ﬁ)—|—1)!!
00 1% m_l.gj_l g
N Z Z 042j z—1—042(m—j) .2m mj (¢|&)
T T K
— — 27 j1(m — (G + 0 + Hn”
£=0 mz'.%]‘f'l 7=0 ( )
with
(20— -1 for0<j<¥
fi= i for (+1<j °
(@G-0-1)1
and o
S Gl ek for 0 < j <m—¢
gmj = { (2m—j—0-1)n U= =m :

(=)7L (2 +—m) - 1)l form—L+1<j<m—[§] -1
By changing the order of summation,

oo m

=

NE

7=0 7=0m=j 7=0 0

3
I
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we can achieve a separation of the variables, the first sum in (C.1) becomes

00 00 00 L o it ( )Jf] -
ZZZ 1—4+2j 52+ 2( H)Qmﬂ'j!fn!(( 2 +£)+1)” pe(9]9)

=0 j=0 m=0

- i 2 (=1) ((2(5 — €) — 1) _ i 2 (=1)*
=0 (; =0 e 2741 * Z TR 23’]'!((2(;'5)1)!1)

j=tt1
F2m m 1 7
X (m ) 21t 20 O ST )pe(éb\@
e I_, 1(kr)I, 1(kT)
. _E LY V4 3 ng
- 2;;( 1) \/7? \/; ( |¢) (0.2)

in the last line, we have identified the power series with modified Bessel function of first kind 7, ,, 1,
2

cf. [5][Eqgs. 10.53.4, 10.47.8]. The second sum in (C.1) can be rewritten as
o o0 o0 g
042 z—1—L0+2m  2(1+5) ] ~
=2 > g ATt pe(619)
+7 4517 "
=0 ]=0m:L§J+1 243§l ((2(5 + €) + 1)!!

with

Like

oo o0 X0

_ 0425 =—1—0+217, 2(1+j) 9rnj 7
)B) Bt S (G + 0+ )

£=0 j=0 m=0
o oo 5] ,
042§ =—1—04+2m,_2(1+j) g ~
0425, .27
;%(2) CEARG D+ )
{—1 7 ~ 00
S—1—{+21m 21 (_1)m((2(€ — ) — 1)” 1—042m 2 (-1)* ~
X (m:or K o) +ﬁ§r K Sl (2 — ) — 1)1 pe($|9)
o [Se220 1 ) o om GO (2 —m) = D! -
; ]ZOT " ARG+ + 1) mz::or w il pe(dl9)
o0 I, 1(kr)I_,_1(kT) I, 1(kr) ~
> [(—1)”5 - T”;;sew)] pi(613), (€.3)
=0
) A for ¢ <m
G = (2m—0-1)1

(=)™ (2 —m) -1 form<l-1

before, we identified the power series with modified Bessel function of first kind, except of the
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finit sum given by

L£/2] ym o1
Su(si) = 3 () 1-tom (1) (22(5%!;) e
m=0

Finally, let us consider the case r < 7, where the poles left to the integration contour contribute, we
get

)
=

S
ﬁ i
\%z

,_
Nl
[y

042§ =—1—04+2(m—j) ,.2m Imgj
T T K 2mj!(m—j)!((2(j+€)+1)”m(¢|¢)

I
WE
g

NE

£=0 m=0 j=0
TZ+2jffle+2(mfj)l€2m : : 9mj . pz(¢|¢~>)
Ez; ZE: Zf 2mjl(m — )23 + ) + 1)
m=|5]+1j=m—|3]|

o oo itl5] ,
_ 0425 ~—1—0+2(m—j) .2m mj 7
= T K . . : pe(B|)

;:%;) n; 2mjl(m — )2 +£) + 1! |

L

o oo JTL3] m .
S S Y it o COTTHRU A ) Z D g

(=0 j=0 m=j 2m4l(m — )23 +¢) + 1)U

o oo L3 - .
_ 042j ~— 1042 2(m+j) (=1 ((2(6 —mm) — 1)1 7

=0 j=0 m=0 il (25 +£) + 1)1

5]
© [ . 1 2 o o (D™ ((2(£ = m) — )N -
- _ 0425 2] 1—£+2m  21m -
; =0 o 251((2( + £) + 1) mzzor " 21 pe(919)
I, 1(kr)
TR L0+ . -

- = Se(wP)pe(019). (C4)

Summing up the terms (C.2), (C.3) and (C.4), we get the kernel of the parametrix (3.5).

D Ellipticity conditions for partial differential operators in the
cone algebra

In this appendix, we briefly outline the ellipticity conditions for partial differential operators (2.1)

in the cone algebra and resulting implications for (2.7). For a detailed treatment of ellipticity

conditions in the cone algebra, we refer to the monograph [20]. Let us denote the covariables for
r, ¢ by p and &, respectively. The homogeneous principal symbol of A is given by

Tu(A)r, 6.9, 6) = 5 [~a2(r) ()2 + b(r)oF (M), 6)]
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which has to satisfy the 1. ellipticity condition (EC1)

oy (A)(r, ¢, p, &) # 0,

for all (r,¢) € Ry x X and (p,§) # 0. Furthermore, we have to consider the reduced principal
symbol
G (A)(r, ¢, p,€) 1= 2oy (A)(r, 6,77 p, €) = —az(r)p? + b(r) o (A) (9, ),

which has to satisfy the 2. ellipticity condition (EC2)

oy (A)(r; ¢, p,8) # 0,

for all (r,¢) € Ry x X and (p,&) # 0, i.e., it does not vanish up to r = 0. In particular, we get with
respect to (2.7) the condition aéo) = a3(0) # 0 and b® = b(0) < 0, which enter into our definition
of type-A and type-B differential operators, cf. Definition 3. For the construction of an asymptotic
parametrix, the 3. ellipticity condition (EC3) is crucial, which states that the principal conormal
symbol

op(A)(w) =Y a;j(0)w! +b(0)Ay : H¥(X) — H?(X) (D.1)

M-

7=0
is a family of isomorphisms for all w € F%_A/. If this is the case, A is said to to be elliptic with
respect to the weight v € R. Finally, we want to mention the 4. ellipticity condition (EC4) on the
exit symbols o.(.A) and oy .(A) which describe the behaviour of the symbol of a differential operator
for r — oo. These symbols are important concerning the Fredholm property of A with respect to
certain weighted Sobolev spaces. Since we restrict ourselves in the present work to test functions
with compact support, this condition is largely ingnored in the present work.
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