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Abstract

The appearance of singularities at isolated point loads of plane load-bearing structures, like
ceilings, poses severe difficulties for numerical simulations in structural engineering based on
elastic plate theory, e.g., Kirchhoff-Love or Mindlin-Reissner models. In order to overcome this
obstacle, we propose a general approach based on Green’s functions and methods from singular
analysis to explicitly determine the asymptotic behaviour of elastic plate models in the vicinity
of point loads. In this context, we have studied interrelations between Green’s functions and
parametrices in a conical pseudo-differential algebra for the Laplace and bi-Laplace operator.
Eventually our method provides a general approach for the construction of Green’s functions
of elastic shell models, where analytic Green’s functions are presently not available. Besides
a global model, we consider a local defect correction (LDC) in a neigbourhood of a point load.
These models are coupled with each other and can be solved in an iterative manner. Whereas the
global model can be treated numerically by a coarse discretization scheme, which is appropriate
away from a point load, the local model has to take care of the singular structure by a priori
subtracting the singular asymptotic behaviour of the solution which is provided by the above
mentioned methods from singular analysis.
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1 Introduction

The presence of singularities in physical models is a generic difficulty for their numerical simulation.
Even a rather mild singular behaviour of the quantity of interest, e.g., divergent higher derivatives
near the singularity, might severely restrict convergence rates of numerical discretization schemes.
Various approaches exist to overcome this obstacle, among these are adaptive refinement schemes
[16] and singular basis functions [2], which restore the original performance of discretization schemes
in absence of singularities. In this context it is helpful to have a priori knowledge of the expected
asymptotic singular behaviour of the quantity of interest. The desired asymptotic information can
be obtained by using techniques from singular analysis. Within the present work, we provide a case
study for the interrelation of numerical and singular analysis in order to solve singular boundary
value problems related to elliptic partial differential operators.

The paper is organized as follows: In Section 2, we outline two general types of singular elliptic
boundary value problems and discuss some basic techniques from singular analysis which provide a
priori asymptotic information in the vicinity of a singularity. In order to make the paper reasonably
self contained, this part contains a short outline of terms and definitions we have employed from
singular analysis. Section 2.1 provides a brief outline of the LDC method and how we want to make
use of a priori asymptotic information. This is followed in Section 2.2 by a preliminary error analysis
of the LDC in this context. In Section 3, we ouline the Kirchhoff-Love and Reissner-Mindlin plate
models and our Green’s function based approach to transform the original singular problems into
smooth problems that can be efficiently solved by numerical methods. Having specified the Green’s
functions, including boundary conditions, which are required by our approach, we turn to a discus-
sion of these Green’s functions from the singular analysis point of view. In particular, we highlight
some specific features of these two dimensional problems which are absent in higher dimensions.
For the sake of honesty, one should mention, that analytic expressions for the required Green’s
functions are well known in the literature, see e.g. [22, 20, 21]. Therefore readers only interested
in the numerical aspects of this work can immediately jump to Section 5. The motivation behind
our treatment of Green’s functions in the framework of singular analysis, is the lack of a general
approach that provides analytic expressions for a wide class of elliptic partial differential operators.
Actually, we hope that our work paves the way for applications where no analytic expressions for
the Green’s function are presently available. As a first step in this direction, the present work
should be considered as a feasibility study, which reveals the prospects but also potential problems
of our approach. In Section 4.1, we discuss a recursive scheme for the construction of the parametrix
of an elliptic operator and illustrate it for the Laplace operator. We discuss the properties of its
parametrix and point out how to get the desired Green’s function from it. Finally, we consider
in Section 4.2 a similar construction for the parametrix of the bi-Laplace operator and derive the
corresponding Green’s function, including appropriate boundary conditions. The paper closes in
Section 6 with concluding remarks and an outlook on our future work.



2 Local defect correction incorporating asymptotic information

Before we enter into our discussion of the LDC method, cf. [13, 14, 17] for a detailed exposition, let
us depict the basic idea of our approach in a rather informal manner. The boundary value problems,
we want to solve numerically are of generic form

Type a): Au"=f or Typeb): Au*=0(-—z) with Z € Q, (2.1)

in an open domain 2, where A represents a possibly singular elliptic partial differential operator.
For type a) problems, the right-hand side f is commonly supposed to be singular. We want to
consider second and fourth order differential operators and boundary conditions involving u*|,
0yu*|5q and Ggu*‘ o Where 0, denotes the normal derivative at the boundary.

It is a peculiar feature of our LDC method that it requires an a priori knowledge of the asymptotic
behaviour of «* in the vicinity of singularities. The pseudo-differential calculus of singular analysis
provides a systematic approach to obtain the desired asymptotic information, for detailed expositions
we refer to the monographs [6, 19, 24]. In the following, we want to sketch some basic ideas of the
corresponding operator algebra and introduce appropriate function spaces which take care of the
asymptotic behaviour near a singularity. The function spaces we have to consider are weighted
Sobolev spaces with asymptotics, so called Kegel spaces, which replace the ordinary Sobolev spaces
commonly used in numerical analysis. Within the present work, it is sufficient to restrict our
discussion to point-like conical singularities, it should be mentioned, however, that the techniques
discussed below can be extended to higher order edge and corner singularities as well.

Let us consider a conical singularity that can be locally modelled by an open stretched cone
C? .= R, x S', with base S'. For applications in plate theory it is sufficient to consider cones
with base S! but the definitions given below work for arbitrary cones with a smooth base. For the
definition of weighted Sobolev spaces K*7(C?), we make use of the identification R? \ {0} and C>
via polar coordinates 6 : = — (r, ¢), i.e.,!

K27(C?) := wH(C?) + (1 — w) H(R?),

for a cut-off function w, ie., w € C§(R;) such that w(r) = 1 near r = 0. Here H*7(C?) =
rYHO(C?), and H*O(C?) for s € Ny is defined to be the set of all u(r,¢) € r~1L?(Ry x S1)
such that (r0,)Du € r~'L*(Ry x S') for all D € Diff*7(S1), 0 < j < s. The definition for
s € R in general follows by duality and complex interpolation. Beyond a certain distance from the
singularity, K*7(C?) spaces become ordinary Sobolev spaces which means that for u € K%7(C?),
the part (1 — w)u belongs, after back-transformation from polar to Cartesian coordinates, to the
ordinary Sobolev space H*(R?). Weighted Sobolev spaces with asymptotics are subspaces of K%
spaces which are defined as direct sums

Kg'(C?) = EH(C) + K57 (C?) (2.2)
of flattened weighted cone Sobolev spaces

]Cg’Y(CQ) — ﬂ Ks,’y—ﬂ—e(CQ)

e>0

with © = (9,0], —oo < 1 < 0, and asymptotic spaces

EL(C?) = {w(r) > %cjk(a?)rqj In* r}.

j k=0

'The definition means that a function v : C* — R in K*7(C?) can be represented in the form wu + (1 — w)u such
that 0*(1 — w)u € H*(R?), where 6* denotes the pullback on functions of the diffeomorphism 6.



The asymptotic space 532 (C?) is characterized by a sequence gj € C which is taken from a strip of
the complex plane, i.e.,

3 3

gGESZz:iz—Y+FI< Rz < - =7,

2 2
where the width and location of this strip are determined by its weight data (7, 0) with © = (¢, 0]
and —oo <9 < 0. Each substrip of finite width contains only a finite number of g;. Furthermore, the
coefficients c;j; belong to finite dimensional subspaces L; C C*°(S'). The asymptotics of 532 (C?) is
therefore completely characterized by the asymptotic type Q = {(qj, mj, Lj)}jez, . In the following,
we employ the asymptotic subspaces

5y(C?) = {u € KFT(C?): (1 - w)u e S(R, 000(51))|R+}

with Schwartz type behaviour for exit r — oco. The spaces ICZQ’V(Cz) and 832(62) are Fréchet spaces
equipped with natural semi-norms according to the decomposition (2.2); we refer to [6, 19, 24] for
further details.

Type a) problems are of standard form and the singular behaviour, to be specified below, should
be restricted to a finite number of points in . Furthermore, let us assume that we have a left
parametrix P of A, which means that P acts as a pseudo-inverse of A, satisfying the operator
equation

PA=I+G, (2.3)

where G denotes a so-called Green operator. The operators in (2.3) belong to a pseudo-differential
algebra of operators that map between weighted Sobolev spaces with and without asymptotics.
More precisely, we consider a partial differential operator which represents continuous operators

A: KBT(C%) = K5 MT7H(C?), A KP7(CP) — K5 H71(C?),

where IC;'{Q) and K*7 denote weighted Sobolev spaces with and without specified asymptotic be-
haviour, respectively. The specified, possibly disctinct asymptotic behaviour is indicated by the
subscripts P, Q). Similarly, a parametrix acts as continuous operator

P Ky MTHC) = KBY(C?), P KPTRITH(C?) = KPY(CP), (2.4)

and the Green operator

G: K*(C*) — 857(C?), (2.5)

maps weighted a weighted Sobolev space without specified asymptotic behaviour into a Schwartz
space with specified asymptotic behaviour. Application of a parameterix from the left to a type a)
equation yields

w=Pf-Gu". (2.6)

Let us take a closer look at the asymptotic behaviour of the two terms on the right-hand side of
(2.6). If we assume that f has a specific asymptotic behaviour, i.e., it belongs to K, 7™ for a
certain asymptotic type @, then, according to (2.4), also P f belongs to such a space with a certain
asymptotic type P. The second term depends on the unknown solution u* € K%7, however, because
of (2.5), the Green operator provides a priori asymptotic information without an explicit knowledge
of u*. In summary, (2.6) provides rather detailed asymptotic information concerning the unkown
solution u* if the parametrix P and the Green operator G are explicitly known.

In the LDC method, an approximate solution u(?) on the global domain €, induces boundary
conditions on the boundary of the local domain dw. The corresponding boundary value problem on
w is conveniently solved in two steps. In a first step appropriate boundary conditions, e.g., homo-
geneous Dirichlet or Neumann boundary conditions, are chosen for the parametrices and Green’s
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functions of type a) and b) problems, respectively. The actual boundary conditions, imposed by the
global solution on dw, are taken into account in a second step, by a numerical solution of a desingu-
larized boundary value problem on w, cf. point (iv) in the LDC schemes outlined below. Concerning
the pseudo-differential calculus for type a) problems, it should be mentioned that the parametrix
and corresponding Green operator are only required on the local domain w, which actually contains
the singularity. This offers the possibility to employ a local asymptotic expansion of the parametrix
P, and Green operator G, in a neighbourhood of the singularity. In order to determine the leading
order singular asymptotic terms of the exact solution u*, we furthermore approximate u* on the
right-hand side by the approximate solution u(?), i.e.,

u* ~ Py f—Gou. (2.7)

Solutions of type b) problems correspond to fundamental solutions of the differential operator
A and are generically singular at the point Z. We assume, that an asymptotic fundamental solution
is known in a local neighbourhood w C €2 of the singularity, which satisfies the equation

Ag*(-,2) =0(-—2) + O(|lz — z|™), (2.8)

Application in LDC is simplified, if the asymptotic fundamental solution g*(-, &) satisfies homoge-
neous boundary conditions, i.e., g*(-,Z)|y5q = 0, for second order differential operators, and addi-
tionally 8,9*(+, )]s = 0 or 92g*(:, j)‘aQ = 0 for fourth order differential operators.

2.1 Brief outline of the LDC approach

Let us outline the simplest version of a LDC method based on (2.7) or (2.8). Here and in the following
section our discussion is based on a finite difference instead of a finite element discretization scheme
in order to avoid particular reference to a specific type of finite element in the regularity estimates
given below. Before we enter into this topic, let us define some spaces and operators which are
required in the following. The LDC method is based on two different grids €2, and wy, where €
refers to a uniform global grid on the domain €2 and wy to a local grid on the domain w. On
the grids €, and wy, we consider discretized differential operators A, and A,,, respectively. In
order to restrict f (u*) to Qy let us introduce an appropriate restriction operator R (Rg)?, and
a similar operators Rw (R,,) to restrict these functions from w to wy. Actually it makes sense to
consider different kinds of restriction operators for the right-hand side f and (approximate) solutions
because of their behaviour near the singularity. In some particular applications, the right-hand side
f has a divergent behaviour near the singularity, whereas the solution itself remains finite and
only its derivatives diverge. Vice versa let us also introduce prolongation operators Tq,, 1,,, which
provides prolongations from functions on the grids 2y and wy to functions on €2 and w, respectively.
Furthermore let us introduce a transfer operator mg, which maps functions on €2, into functions on
wy. For the reverse mapping wy, — €y N wy, we introduce the transfer operator m,,. After these
preliminary remarks let us discuss two basic LDC approaches.

Type a) boundary value problems:
(i) Consider Eq. (2.1)[Type a)] on the global grid €,
Agul” = Rof, (2.9)

which is appropriate to approximate the solution except near singularities of the right-hand
side f.

For type b) problems, discretization of the Dirac delta distribution requires special care, cf. [5, 26].



(ii) Interpolate the boundary values, i.e., determine WQZUEO)‘BWZ.

(iii) Approximate the singular asymptotic behaviour via

a0 =P, f = Go To,ul, (2.10)
on the local domain w.

(iv) Solve on wy the local problem
Au,dp = Ry, (f — Aal?) (2.11)

with Dirichlet boundary conditions 0|, = WQZU§O)|aw£ — Rwﬁ(o)]aw.
(v) Set on wy: a§1) := R,a9 + §, which satisfies the boundary condition ﬂgl)]aw = nguéo)bwé.

(vi) Solve on £

Agul) = Amzrwﬂél) Qr Nwe (2.12)
‘ Rof Q\ we

Type b) boundary value problems:

(i) Consider Eq. (2.1)[Type b)] on the global grid €2
Al = Ros(- — 7), (2.13)

which is appropriate to approximate the solution except near the singularity at £ € € of
the Dirac distribution. We do not assume that T corresponds to a lattice point of €y or wy,
respectively.

(ii) Interpolate the boundary values, i.e., determine WQZUEO)\&%.
(iii) Approximate the singular asymptotic behaviour via the given asymptotic fundamental solution
a0 = g* (., &), (2.14)
on the local domain w.

(iv) Solve on wy the local problem
Au,bo = R (6(- — 7) — Aal) (2.15)

with Dirichlet boundary conditions 6|, = 7q, ug)) EX —R,a© | 5w, for second order differential
operators and an additional condition for fourth order operators, to be specified below. Here
o(-—z)—A @9 is supposed to represent a regular distribution which vanishes at the singularity.

(v) Set on wy: ﬂgl) := R,a® + §, which satisfies the boundary condition ﬂgl)’&ue = Wgéuéo)bw‘z.
(vi) Solve on

Ayl = { Ay 0w (2.16)
’ Raf Qe \ we



2.2 Preliminary error analysis of the LDC method

Let us perform a rough error analysis of our LDC approach for Type a) problems for a second order
elliptic partial differential operator A. In order to simplify our presentation, we use some standard
estimates for finite difference schemes on regular grids. In the following, we will use standard Sobolev
spaces H*(Q2), H*(w) on the global and local domain, as well as the corresponding discrete Sobolev
spaces Hj (), H}(we) on the grids. Restriction operators Rq, ... which simply act by pointwise
restriction of functions require s > 1 (2D), according to the Sobolev embedding theorem, in order
to represent bounded operators, i.e.,

1Ro s pre < 0. (2.17)

On a uniform grid, we assume ||AQZHHE,_H;+2 < o0 and HAéngHf”'—Hf < oo for all s € R. For the

canonical choice s = —1, e.g., Rq has to be some kind of average® in order to satisfy (2.17) for all
s> —1.
The discretisation error of (2.9) is given by

AQZ (’U,EO) — RQU*) = RQf — AQERQU/* = (RQA — AQZRQ)’U,*. (2.18)
For a finite difference scheme it is reasonable to expect

HRQA—AQL,RQ‘ <h? fors> 1, (2.19)

H () H*+1()

where hy denotes the grid spacing on ;. Through interpolation between (2.19) and the estimate

Ro A—Aq,R ‘ <1 fors> 1,
H nA—dao,Ro Hy(Qp)—Hs+2(Q) ~ ors =
one gets
H (R A—Ag,Ro)u* SHET gy for i > s 42> 1 (2.20)
HG (Q)
Taking into account HA_l < 1 one gets from (2.18) and (2.20) the following error
g 2| sv20) s () g (2.18) (2.20) g

estimate on the global grid

Hug)) — Rou*

< hmin{Q,t—S—Q} * f > 1. 2.21
ey S [l ey for s = (2.21)

The next step in the LDC error analysis is to study the error on the local grid wy. For this let
us introduce a convenient cut-off function x,, and consider the difference

o (@® ) = Py f - GuTou” — xu(Pf—Gu)
= (Po—xP)f = (Gu—xw )" + Gu(u* — To,ul”) (2.22)
In the case of (2.1) Type a), the last two terms in (2.22) belong to C°°(w) whereas the regularity

of the first term can be controlled by construction of P,. Therefore, let us assume in the following
that . (21(0) — u*) belongs to C™(w) for any n € N which seems to be convenient. We can now

3 A possible choice would be e.g. (Rgf) (p) :== [ f(z)bp(z)dz/ [ by(x)dz with a finite element basis function f, in
the grid point p.



consider the discretisation error on the local grid. From (2.9) and (2.11), we get
Ay, (@ = Rou*) = Ay, (Roa® + 6 — Rou”)
= Ay, 0+ Ay, Ry (1© — u¥)

= (Ruf — Ry Au) + Ay, R, (39 — u*)
= RM.A(u* — &(O)) + Ay, Ry (11 0) _ u*)
= (Au R — Ry A) (@ —u), (2.23)

which satisfies the boundary condition

(@" - Rau*)| = )

= (WQZUZ —Rwu*)

Owy Owy

The error on the boundary therefore correponds to the error of the initial global solution uéo). For
sufficiently regular @(?) — u*, the consistency error (Awe R, — Ry, .A) (ﬂ(o) — u*) is determined by the
grid spacing h,, of the local grid wy. In the case of homogeneous Dirchlet boundary conditions one
gets the error estimate

ﬂgl) . Rwu* ’EL(O) —u* for s > —1. (224)

min{2,t—s—2}
s+2 5 hf ‘
Hg (we)

H(w)

Finally, let us consider the second and last step (2.12) of the iteration scheme. For notational
simplicity, let us introduce the characteristic function x,, of the local grid w,. Then (2.12) can be
written in the form

The error can be represented in the following manner
Aq, (uy) — RQu*) = Xu (AQ,_,TrwaE,”) + (1 — Xw)figf — Aq,Rqou”*
= xw(Aq,m, @Y — Ag, Rou®) + (1 — xu) (Raf — Ag, Rou”)
— XA, (1@ = Rou*) + (1 — x) (Ro Au* — Ag, Rou®)
= Xwdq, (Trwﬁﬁl) — Rgu*) +(1- Xw)(RQA—AQZRQ)U*,

where the second term (1 — Xw)(RQ A—Aq, RQ)u* corresponds to the consistency error away from
the singularity, which is supposed to be fine. This part of the error can be estimated e.g. for s = 0
according to

~ * min{2,t—s—2 *
|(Ra A—Ag, Ro)u* sy S hE™ 7 | ey

~

The case s = —1, however, requires a modified cut-off function x, with bounded gradients. The
error due to the first term is due to

Xw (ngaél) - RQU*) = XwTwy (ﬂgl) - RwU*) + Xw (ngRw - RQ)U*

where the contribution of &él) —R,u* has been allready estimated in (2.24) and we assume x,, (7Tw£ R,—
RQ) = 0 for simplicity. Putting things together, we obtain the final estimate

[ — Rou* sy S ey (mui? = Raw) + (1 - xu) (Ra A - Ag, Ra)u* Lz )

~(1 * S ~ *
S N = Rowll e, + (o A=Ag, Ro) (1 = X )|l 2 0,

N

min{2,t—s—2 ~ * ~ *
hy {2 }maX{HU(O) —u HHt(w)) (1= Xw)u ||H§(Qg)}7

which demonstrates, by comparison with (2.21), a balanced treatment of the errors on the local and
global scale.



2.3 Global versus local defect corrections

In the preceding Sections, we made no explicit assumptions concerning a specific choice of the local
subdomain w C €. An important aspect for an optimal choice of w is the need for further refinement
of the local grid w, with respect to the global grid £2,. If further refinement turns out to be unneces-
sary, it is fine to choose w = §2 and to avoid a cumbersome matching of boundary conditions between
local and global solutions and possible iterative steps altogether. In order to determine whether a
global defect correction is appropriate or not depends on our a priori knowledge of the singular
behaviour of the unkown solution w*. In general, we will only assume asymptotic information, like
in (2.7) and (2.8), but in certain cases much more could be known. Let us first consider Type a)
problems where (2.7) requires a parametrix P,,, Green operator G, and an approximate solution
u(9). The construction of a parametrix and corresponding Green operator is an inherently asymp-
totic procedure, see [8] for a general outline and [7] for a specific example. Therefore it is advisable
to consider the asymptotic expansions of P, G, only in a sufficiently small neighbourhood w of the
singularity and allow for a further refinement of the grid. Furthermore, the term Gyu(®) might re-
quire an iterative treatment due to the presence of the approximate solution u(9). For a non-singular
operator A, however, the term Gy, u ) represents a smooth function which does not contribute to the
singular asymptotic behaviour of u* and the parametrix dependent term P, f completely resolves
the singular behaviour. In such a case w = 2 could be an appropriate choice. A similar argument
applies to Type b) problems, where fundamental solutions or classical Green’s function might be
known analytically or can be obtained from an asymptotic parametrix construction. The latter case
is explicitly dicussed in the present work for the Laplace and bi-Laplace operator in two dimensions?.

Even if the defect correction allows us to completely remove the singularity from our problem
it might still be beneficial to consider a locally refined grid wy. Let us assume for example, that
after the defect correction our modified problem, which must be solved numerically, has a solution
of the form x(z)u*(z), where x € C*(12) vanishes in a neighbourhood of the singularity. Cut-off
functions like y are poorly approximated on regular grids® and a local refinement scheme turns out
to be necessary for a balanced treatment of the discretization error.

Le us briefly summarize our previous discussion. In those cases where appropriate information
concerning the singular behaviour of the exact solution u* is available, it is often preferable to
use a global defect correction which yields a simplified numerical treatment of the problem under
consideration. Otherwise one has to work with a local and global domain and adjust the local grid
to the asymptotic information at hand.

3 Green’s functions and plate theory

In the context of the present work, we want to consider Green’s functions for elliptic partial differ-
ential operators

A= D" an(z)0” (3.1)

o <p

of order p in an open domain  C R2. Our focus is, in particular, the Laplace and bi-Laplace
operator, which play a major role in the plate models considered in this paper. It should be men-
tioned, however, that from the very beginning, it was our intention to generalize this approach to
models which involve more general types of operators (3.1). Despite the fact, that Green’s func-
tions provide a versatile tool for numerical simulations, applicability is hampered by their limited
availability. Only for selected elliptic partial differential operators analytic expressions of the corre-
sponding Green’s functions are known. Amongst others, it is an intention of the present work, to

4Similar results can be obtained in dimensions greater than two, see [10] for specific examples.
5This argument does not refer to the asymptotic behaviour of the discretization error but considers the local error
distribution for a fixed discretization.



develop more flexible tools in order to obtain analytic expressions of Green’s functions for a broader
class of differential operators. The label ”Green’s function” has been used in a variety of contextsS,
and we restrain from a general rigorous mathematical definition, instead we will refer in the following
to the working definition given below.

Definition 1. A Green’s function G € D'(2) of an elliptic operator A is a distribution valued
function G : Q — D'(Q) which satisfies the distributional equation

AG(-,Z) =0z for all T € Q, (3.2)

where §; denotes the shifted Dirac distribution, i.e., 0z(f) = f(Z) for f € D(Q). In the follwing, we
will also use the commonly employed notation

dz(f) E/(S(:B—i‘)f(ﬂj) dx,

which treats Dirac’s distribution formally like a reqular distribution.

This essentially corresponds to the classical notion of a Green’s function, cf. [4], with special
emphasize on its distributional character.

Within the present work, we want to consider two popular plate models of structural engineering.
The first model can be obtained from Kirchhoff-Love plate theory and corresponds to a fourth order
elliptic boundary value problem on a bounded open domain  C R?, i.e.,

KAAu = Po(-—Z), wulpa =g, Onulaqg = f, (3.3)

for a plate with bending stiffness K, where a point load P is given at & € (). Due to Dirac’s §
distribution on the right-hand side, the solution of (3.3) should be considered as a fundamental
solution in the distributional sense. For (3.3), we consider the Green’s function

AAGbL(',a?) = (5( — .QNZ), GbL(-,i')‘aQ = 0, 8nGbL(~,§:)|3Q =0 for z € Q, (34)

which is symmetric, i.e., Gpr(x, &) = Gpr (T, x), x, & € Q, because of the essential self-adjointness of
the bi-Laplace operator AA. In order to solve the boundary value problem (3.3) with the help of
(3.4), we decompose its solution u into two parts, i.e.,

u(x) = up(x) + uoo(z),

with

uo(x) = %GbL(x,i'), (3.5)

and u, given as solution of the boundary value problem
KAAUOO = O’ Uoo’@Q =9, 871”00’89 = f (36)

For a sufficiently well behaved boundary 952, e.g., circle or square, it has a smooth solution, which
can be efficiently approximated by finite difference or finite element schemes.

Another model, we want to consider belongs to Reissner-Mindlin plate theory. Like the Kirchhoff-
Love model discussed before, it corresponds to a fourth order elliptic boundary value problem on a
bounded open domain 2 C R?, i.e.,

(2 —v)h?

KAAu=Po(-—T) — )

PAS(-— ), ulsq =g, Onulsa = f, (3.7)

5The notion of a Green’s function might refer to classical Green’s function in potential theory, many-particle Green’s
function in quantum many-particle theory or propagators in quantum field theory.
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where h, v denote the thickness and Poisson’s ratio of the plate, respectively. In order to get rid of
the singular part of its solution, we can make use again of the Green’s function (3.4) and of another
Green’s function for the Laplace operator,i.e.,

AGL(Z2)=0(-—2), Gr(,T)|sq =0, for T € Q. (3.8)
For this purpose, let us decompose the solution into three parts, i.e.,
u(x) = up(x) + ur(z) + uso (),

with
(2—-v)h? P

ue) = —5a =,y g @ D),

and ug, us given by (3.5) and (3.6), respectively.

4 Green’s functions from a singular analysis point of view

In the second part of the paper, we want to discuss a general approach, based on techniques from
singular analysis, in order to explicitly determine the singular behaviour of solutions of singular
PDEs, fundamental solutions and Green’s functions of elliptic operators. The motivation behind
our work is that one can take significant advantages from the knowledge of the singular asymp-
totic behaviour in the design of algorithms for numerical solutions of singular problems. The LDC
method, discussed in the first part of the paper, provides a convincing example for such an approach.
Besides some well known singular problems, however, it is in generally difficult to get access to the
required asymptotic information. Singular analysis provides a unified framework for PDEs with
various types of singularities. It is in particular possible to derive rather detailed asymptotic infor-
mation concerning solutions of type a) problems, see e.g. [7, 8, 9], as well as fundamental solutions
and Green’s functions for elliptic partial differential operators [10] in dimensions greater than two.
For some technical reasons, to be discussed below, two dimensional problems are different. First
we consider the well known Green’s functions of the Laplace operator in R?, which reveals some
subtleties of this function from the singular analysis point of view.

Actually we have to consider two different representations of Laplace operators, depending on
whether one considers the Laplace operator with respect to Cartesian coordinates x := (z1, z2)

2 2
A

==+ 4.1
Ox? * Ox2 (4.1)

or polar coordinates defined on the stretched cone C? := Rt x S with base S'. In polar coordinates,
the Laplace operator is represented by

Ay = 7}2[<_T;>2 + Asl]. (4.2)

where Ag1 = 887?2 denotes the Laplace-Beltrami operator on the circle S'. The Laplace-Beltrami op-

erator Ag: has a pure point spectrum with eigenvalues A, = —¢2, £ = 0,1,2,... and each eigenvalue
A¢ has multiplicity two. In the following, we denote by Py, £ = 0,1,2,..., the projection operators
from Lo(S!) onto the corresponding eigenspaces. Herewith, we can form the spectral resolution

oo
Agr ==Y 1°P, (4.3)
=0
which is crucial for the following considerations.

11



In the singular cone algebra, the Laplace operator (4.2) is represented by a Mellin pseudo-
differential operator with corresponding operator valued Mellin symbol h, i.e.,
- _1 s\ —(=v+ip) . _ . dar
Agu =12 opL 2(h)u :=r—2 /R/O (;) h(1 =~ +ip) u(r, d) ?dp
with dp := g—ﬁ, acting on functions u € D(C?), here D(C?) := {¢*g | g € D(R?)}, where ¢*g denotes

the pullback under the diffeomorphism ¢ : C2 — R?\ {0} given by charts of polar coordinates. The
operator valued Mellin symbol of the pseudo-differential operator is given by

h(w) = w? + Ag = w® = 2P, (4.4)
=0

we refer, e.g., to [6, Chapter 8] for further details. Actually, the Laplace operator A, is not elliptic
on the streched cone C?, therefore in order to construct a parametrix, it would be necessary to
consider the shifted Laplace operator As — k2 for which one can perform an asymptotic parametrix
construction, outlined in Ref [7]. However, these additional asymptotic terms vanish in the limit
k — 0 and eventually do not contribute to the Green’s function, therefore we neglect them from the
beginning.

The corresponding parametrix

5 S —(8—~+ip) r
Pu=r> opL 2 (h(_l))u = 7'2/ / (T> B h(_l)(?) — v +ip) u(F, P) %d‘p,
R J0O

f

with operator valued Mellin symbol h(~1), can be constructed in the usual manner. First, we consider
the operator product

- _5
PAsu = 7‘20p;<42

_1
(RD)r20py, 2 (h)u
_1 _1
= opy, 2(T*h)op,, 2 (h)u

_1
= opL 2 (T2h(_1)h)u,

where T", n € N, denotes shift operators acting on Mellin symbols via T"g(w) = g(w + n). The
operator valued symbol of the parametrix has to satisfy the equation

(T2h D (w)) h(w) = 1

which can be solved for

R (w) = h(wl_z)
B 1
N (w — 2)2 + AS1

[e.9]

Py
(w=2+0)(w—-£0-2)

=0

=:h{D (w)
The last step is an exact inversion and therefore we have

PAsu=u
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on the space of test functions u € D(C2). Vice versa, we have
- _1 _5
AyPu = 172 opX/j 2 (h)r? op;(/[ 2Ky
_5 _5
= opy *(T7*h)opy, * (K™ )u

= op}(}g ((T*Qh)h(*l))u

= u’

on the space of test functions D(C?), where the last step follows from (T~2h)h(~1) = I. It can be
easily that the terms in the sum (4.5) have only simple poles for £ > 1 but has a pole of order 2
at £ = 0. It turns out, that for this particular reason, the Laplace operator in two dimensions is
special.

4.1 Construction of Green’s functions from the kernel function of the parametrix

In this section we discuss a general approach of how to recover a classical Green’s function of the
Laplace operator from the kernel function of a parametrix. As already mentioned before, the two-
dimensional case is different because of a pole of order 2 in the £ = 0 term of (4.5). This requires
some modifications of the general approach discussed in Ref. [10], which we first discuss for the
Laplace operator and in the following section for the bi-Laplace operator.

As already mentioned before, the Laplace operator has a pole of order 2 at w = 2 which belongs
to the term with £ = 0. The residuum at w = 2 is given by

Resacs(5) 0 = o027 () H0)]

-2
- n@E)
7/ \F

Because of the poles at w € Z, we have to choose v ¢ Z. For reasons to be discussed below, we
choose either 0 <y <1 or 1 <+ < 2 for the integration contour I'3_,. Depending on our choice,
we obtain
. — [ZIn (%) PourdF for 0 <y <1
r? opX/[_§ (h((fl))u =

for In (%) Pourdr for 1 <~ <2

and for £ > 1 one gets

_5 o0 ¢
r? opX/l 2 (héfl))u =— / (7“<> 1 Pyurdr
0 20

>
with
1 1 : 7 : 7
P := / peudu, po = o and py = — (e_w((ﬁ_d’) + ew(d’_‘b)) , =1,2,.... (4.6)
sl 0 27
Putting things together, one gets
oo ¢
~ 7 - T r 1 ~
K0l 6) = 00 ) (2) m =3 (1) gym(0.d) o<t @)
(=1
and ;
o~ . T = /r 1 ~
Ky(r,o|7,¢) = O(r —7)In (;) Po — Z (é) ﬂpg(qﬁ, ¢), forl <~y <2, (4.8)
(=1

where © denotes the Heaviside step function and r~ := min{r, 7}, r~ := max{r, 7}, respectively.
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In the following, we will make use of Hadamard’s notion of a pseudofunction, cf. [25]. By the
diffeomorphism ¢ : C — R?\ {0}, a function u(r, ¢) on C? corresponds to a function (x) on R?\ {0}.
Therefore a function u on C? can be regarded as a regular distribution on R? if & can be identified
with an element in L}OC(R2), 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 now consider the kernel K as a distributional kernel in D'(R?), i.e., we define Ky(x, %) :=
Pf. Ko(r, ¢|7, qg), where we tentatively assume & # 0. A straightforward calculation, given in Ap-
pendix C, reveals

AoKy(,x) =0(-—2) —0, for 0 <y <1, (4.9)

and
AQKQ(~,§Z> = (5( - 53), for 1 <~ < 2. (410)

On a first glance, (4.8) seems to be a suitable candidate, however it cannot be considered as a
classical Green’s function because of its singular behaviour for ¥ — 0 outside the diagonal D. Let us
therefore look a little bit closer at the shortcoming of (4.7), which consists of the additional Dirac
distribution on the right-hand side of (4.9). This shortcoming indicates the need for a more general
approach which involves an additional Green operator, in addition to the parametrix that maps
onto the fundamental solution of the Laplace operator, i.e., we consider the ansatz

AQ(P—Fg):I, Agg:()

on the cone C2. Such an approach, however, seems a bit like a snake who bites its own tail. The
original idea was to devise a general scheme to calculate Green’s functions and now it seems that
we require such a fundamental solution for repair. A closer look at the properties of the parametrix,
however, resolves this discrepancy. According to a general result, cf. [6][Section 7.2.3, Theorem 9],

wr 2 op}g%(h)&) : 7—[5’7(62) — HS_Q’V_Q(Cz)

is continuous for all s € R and v € R, where w, © denote arbitrary cut-off functions. Let us suppose,
there exists a function u which satisfies Aqu = 0 on C2, and Pyu = u, such that Pf.u represents a
fundamental solution of As. The existence of such a u follows from the general theory of fundamental
solutions of partial differential operators [15]. Due to the local character of the Mellin operator’, it
satisfies

y—1
r2opy, * (h)au =g,

with g € H*~2772 ((32) for some s € R and v € R. By choosing a cut-off function w < @, we get

_1 -
wr™? opL >(W)ou=0 and 72 op;(/[

D=

(Wou = (1 - w)g
Acting with the parametrix from the left, this yields
ou="P(l—w)g
For r sufficiently small, i.e., @(r) = 1, we get from (4.7),
u(r) = P(l—w)g(r)
= [ | Ketrolr. 50— wo)g(r)rarad

= —ln(r)/o (1 —w(f))g(f)fdf—k/ooo In(7) (1 — w(7)) g(F)7dr . (4.11)

:=C1 =C

"The Mellin pseudo-differential operator represents a local partial differential operator As.
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A simple calculation gives
Ay Pf.u=-S1g,

which shows that w is just a constant multiple of a fundamental solution of As. More precisely, the
previous consideration provides, up to a multiplicative constant, a fundamental solution of Ay, which
can be used to correct (4.7) in order to get the correct behaviour in (4.9). Adding a corresponding
counterterm® In(r)pg to (4.7) yields

KQ (’I“, ¢|7:a Q;) = KZ(T’ ¢|fa ¢) + 111(7")100

> /r 151
- (@(r—f)lnm+@<f—r>1n<f>)po—Z(<) L o(6.9),

o] l
= 1n<r>>po—z(j:) o pi(.9). (4.12)

(=1

Our correction term corresponds to adding an additional Green operator
(o0}
Gu :=In(r) / Pyurdr,
0

which obviously satisfies Ay G = 0 to the parameterix P and K> represents the corresponding kernel
function of the operator P 4 G in the pseudo-differential algebra. Taking the limit lim;_,o in (4.12),
one recovers the fundamental solution In(r)pp, which means that we eventually obtained a Green’s
function Go(+,Z) of the Laplace operator in a separable form given by the Laplace expansion, i.e.,

2y . Pf. Ks(-|F, §) for & = (7, ¢) # 0
Gl ) = { lims_,0 Pf. Ky (-|7, ¢) for & =0

It can be easily seen, that a similar line of arguments doesn’t work for (4.8), just because (4.11)
becomes zero in this case. This is due to the fact, that a fundamental solution u does not belong to
HY (CQ) for 1 <« < 2. For comparison, we have calculated the Laplace expansion for the Green’s
function Gy of the Laplace operator Ag in Appendix A by a conventional approach, cf. Eq. (A.2). It
can be seen that this expansion agrees with (4.12) for all £ > 0. Furthermore, it is worth mentioning
that in contrast to dimensions > 3, the Green’s function G5 cannot be obtained from Green’s
functions G,. of the shifted Laplace operator A — k2 by analytic continuation with respect to the
parameter x — 0. Here too, it is only the £ = 0 term in the spectral resolution (4.3) which causes a
problem. A detailed discussion of this problem is given in Appendix B.

In order to impose boundary conditions the operator P+ G can be further modified. Let us
consider a homogeneous Dirichlet boundary value problem

Aou=f, ulop, =0

on the open ball Br(0) of radius R. Green’s functions which satisfy homogeneous Dirichlet boundary
condition are called Green’s functions of the first kind. In our particular case, the Green’s function
of first kind can be constructed by the method of images, cf. [11, 18], where one obtains

o) = i - -3 [ () - (52

,
(=1 >

(&0). (@)

The additional terms which impose the boundary condition correspond to the Green operator

00 o0 V4 [e)

. r . o

Gou = —ln(R)/O Pyurdr + E W/o 7 Ppurdr
/=1

8The second constant Cs is irrelevant for a fundamental solution and can be discarded.
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which maps w into a harmonic polynomial Ggu. Our previous considerations can be summarized in
the following proposition:

Proposition 1. The classical Green’s function Ga of Ag on the open ball Br(0) with homogeneous
Dirichlet boundary conditions is given by to Go := Pf. Ko where Ko denotes the kernel of the operator

P+G+Go: La(Br) — H*(Bp), (4.14)
and satisfies the following conditions

(i

(ii

AoGa(-, ) =6(- — )

Gy € C®°(R? x R?\ D) (4.15)
Go(z, %) = Go(&,x) for (z,%) € RZx R?\ D

Go(z,z) = Go(Z,2) =0 for x € Br(0), € dBR(0).

(iii

)
)
)
(iv)
It’s Laplace expansion is given by (4.13).

In order to treat an inhomogeneous Dirichlet boundary value problem

Aou=f, ulopy =g
we have to supplement the parametrix (4.14) by a Poisson operator [12]
Kg= Z ﬁpgg with g € Lo(0BR),

=0

where ICg is a harmonic function on Br(0) which satisfies the boundary condition u|sp, = g.
Putting things together, we obtain the operator

Lo(BgR)

(P+G+Gy K) : (LZ(aBR)

> —  H*(Bp).

4.2 Classical Green’s functions for the bi-Laplace operator

The bi-Laplace operator AyAg, cf. (4.1) plays a prominent role in the two dimensional Kirchhoff-
Love and Reissner-Mindlin plate theories. In polar coordinates, the biharmonic operator is given

by
< = 1 a\" 9\’ A 9\°
0
+4<—T8T>Asl + 4.A51 + A51A51:| . (416)

Similar to the Laplace operator, we can represent the bi-Laplace operator in the cone algebra by a
Mellin type pseudo-differential operator, i.e.,

- _1
AgAgu = r* opL 2(b)u
for u € D(C™), with operator valued Mellin symbol
b(w) = w! + 4w? + 4w? + 2(w? + 2w + 2) Agr + Agi1Agn.
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For the parametrix, we choose the ansatz
_9
Pu=rt OPX/[ 26"y
and consider the operator product
L _9 _1
P(AQAQ) = rt opX/[ 2 (b(_l))r_4 opXJ 2(b)
1 1
= opy P (T D) opy, ()
_1
The operator valued symbol of the parametrix has to satisfy the equation
T (w)b(w) = 1

which can be solved for

1

) =

1

(w—4)2(w—2)2 +2(w? — 6w+ 10)Ag1 + AgiAg

Py
(w—4)2(w — 2)2 — 2(w? — 6w + 10)¢2 + ¢4

[
Nk

~
Il

0
Py
(w—tl =D (w+l—4)(w—Lf—2)(w+{—2)

[
WE

Iy
=)

::b&fl) (w)

(4.17)

where we applied a spectral resolution with projection operators (4.6). The term ¢ = 0 in (4.17) has
two poles of order 2 at wy = 2 and wo = 4, respectively and the term £ = 1 has a pole of order 2 at
wy = 3. Otherwise all the poles in the sum (4.17) are simple. For ¢ = 0 the residuum at w; = 2 is

given by

w=2

YYD _ A o2 (T
Resua () 070000 = o w22 (5) i)
r
T
and at wo = 4 it is given by

Rt ()40 = i o= ) )

Resws (%)_” K D(w) = L [(w—S)Q (;)_“’ b(l_l)(w)}



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

_9 —(5—~y+i r
ot =t [ TGy i) Tan @

T

For the bi-Laplace operator, we consider the intervals 1 < v < 2 and 2 < v < 3 as natural choice.
Like before, one can apply Cauchy’s residue theorem to the spectral resolution (4.17) of the operator

valued symbol. The calculations yield
/OT i [1 +In (r)} (Pou) (F) FdF
+/Oo [1—1n< )} Pou) (
~1
/0 Zr< [ ( )] Pou 7) Tdr

e 1%% (Piu) (7, ¢) 7dF + [ Lriln (Z) (Pyu) (7, §) 7di for 1 <~ <2

9
2

r opL (bg_l))u

T) 7dr

=3

rtopy * (B )u =

I S (PG )7 Jy i () (Pua) (7 0) e for2 < 7 < 3

and for £ > 2 one gets

i -2y [\ 2 _r2> N
r*op,, (bg )u—/o 8<r>> <€(£i1) E(Z—T—l) (Pgu)(r,qb)rdr.

Putting things together, one gets for

Ka(r 0|7, @) = EQ [l—ln< >] p0+[i@(r—r)rf1n(f)—1ﬂpl (4.19)

T 16 r~

>
1 7’2
- for 1 9
*3 2< ) < K—l £+1)>m orl<y<s

and
- 1,5 < 1 r 172
Kol 6) = 32 |1=mn (=) po— |00 —rrin )+EE po (420)
1 s r< ¢ Ti Ti
15 (1< _ for 2 3
+82(r>> (E(E—l) )P ioresrss

For comparison, we have calculated the generalized Laplace expansion for the Green’s function G4
of the bi-Laplace operator in Appendix A, cf. Eq. (A.3), in a conventional manner. It can be seen
that the expansions (4.19), (4.20) and (A.3) agree for £ > 2. The first term, corresponding to £ =0
is the same for (4.19) and (4.20), whereas the second term differs, depending on the choice of 7, i.e.,

Ga(r, ¢|7, @) — Ka(r, 8|7, ¢) = L (r*In(r) + 7 In(7))po — (L In(r) + L)ripr, for 1 <y <2, (4.21)

G4(T’¢|fa Qg) - K4(T‘,(}5‘7:, gg) = %(72 ln( ) +r ln( ))pO - (% ln(":) + %)T’pr for 2 < 7 < 3’ (422)

In Appendix C, we performed some explicit calculations in order to reveal the properties of the
corresponding distributions. For 1 < v < 2, we getcontinuationGreen

Ay Ay PE. K4(,.f’) = 5( — .i') -0+ S;, (423)
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with non-regular distribution

o= (%)

For 2 < v < 3, we get
Ao Ao Pt Ky(,Z) = 6(- — &) — 6, (4.24)

Following the same line of arguments as for the Laplace operator discussed before, we can repair
the kernel for 2 < v < 3 by adding a fundamental solution in order to obtain a Green’s function for
the bi-Laplace operator. For the bi-Laplace operator, we have

1

wr™dopy, 2(b)d : HE(C?) — AP,

which is continuous for all s € R and v € R, where w,w denote arbitrary cut-off functions. Let u
satisfy AAu = 0 on C?, and Pyu = u, such that Pf.u represents a fundamental solution of AA. It
satisfies
4 V%~ —4 V=5~
wrtop,, 2(b)ou=0 and 7 %op,, 2(b)ou = (1 —w)g
with w < @ and g € HS~47~4 (Cz) for some s € R and v € R. Acting with the parametrix from the
left, we get

ou="P(l—-w)g
For r sufficiently small, i.e., w(r) = 1, we get from (4.20),

u(r) = P —w)g(r)
= // Ks(r, 9|7, ¢) (1 — w(7)) g(7)Fdidg
st Jo

= L*(1-1In(r)) /000(1 — w(7)) g(F)FdF +1r? /Ooo In(7) (1 — w(F))g(F)FdF.  (4.25)
- Cy

Like for the Laplace operator, a calulation gives

ApAy Pf.u = —E1 6, (4.26)

Po

which shows also in this case that u is a constant multiple of a fundamental solution of AgAs.
The (Cy + Co)r? term in (4.25) represents a smooth function which belong to the kernel of the bi-
Laplace operator and is irrelevant for a fundamental solution. It is only the —iCﬁ“Q In(r) term which
is required to correct the kernel function (4.24). According to (4.26) we have to add a counterterm
%7“2 In(r)py to (4.20) which would yield, however, a non symmetric kernel function, therefore its
better to add the symmetric expression

i (r2 In(r) 4 72 In(7)) po

where the second term maps onto a constant function and is irrelevant. Furthermore, we observe
that the p; term in (4.20) is not symmetric with respect to a permutation of  and 7. In order to
restore this symmetry of the kernel, we have to add another correction term A(r,7) which has to
satisfy

—i@(r — 7)riln (2) + A(r,7) = —i@(f —r)riln <r> + A(7,r)

r T

or equivalently
A(r,7) — A(T,r) = %'rf In(r) — %rf In(7).
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Among two possible choices for A(r,7), these are —3r7In(7) and 1rFIn(r), it is only the first one
which maps into a smooth function in the kernel of the bi-Laplace operator. According to Eq. (4.24)
and the preceding discussion, we can therefore obtain al classical Green’s function, for 2 < v < 3,
by adding the Green operators

Gou = / 1(r*In(r) + #* In(7)) Pyu 7dF,
0

o
Giu= _/0 %rfln(f)Plu 72dr,

whereby the kernel function of P 4+ Go + G becomes’

= ~ 7 1 1 1 1 73
Ky(r, ¢|F,¢) = <4(7€ + 7"2) In(rs) + 47%) Do — [47“<7“> In(rs) + Ei D1
VAN
Q o - . 4.2
YA <r>> <5(£— I ET A (4.27)

Taking the limit lim;_,o in (4.27), one recovers the fundamental solution 2 In(r)po, which means
that we eventually obtained a Green’s function G4(x,Z) of the bi-Laplace operator in a separable
form given by a generalized Laplace expansion, i.e.,

N Pf. K4 (|F,¢)  for & =p(F,¢) #0
G4(',.%') o { lim;_>0 Pf. R4(‘f, (5) forz =0 '

Furthermore, we can impose homogeneous Dirichlet boundary conditions
AQAZU = f) U\E)BR = 07

on an open ball Bg(0) of radius R, by the method of images. By substituting r — R and 7 — % in
(4.27), the image kernel function is given by

nolind) = |3 (55) 1) + {RE] m - e mm + 5 ((52) 3| me.d

- r<r> 2 r<r> 1
+alz;:;( R )Z<e(eR— 0 - (%% )25(6110”@"1’)'

such that the kernel function

~

Ky(r, 0|7, @) := Ku(r,¢|F, 8) — Iu(r, ¢|F, &)
satisfies ) ~ ) )
Ky(r,¢|R, ¢) = Ku(R, ¢|T, ¢) = 0.

Additionally, we want to impose Neumann boundary conditions, such that the radial derivative of
the kernel function vanishes. Taking the radial derivative of Ky(r, |7, ¢) at r = R, we get

1 — 1 .
=B P Lm0~ (R =) Y ey pel@,9).
(=1

8TK4(T7 ¢|7z’ gg)

9Comparison with (4.22) reveals, that this kernel function agrees with the Green’s function Gy up to the term
—§r<r>p1, which however is irrelevant, because it maps into a smooth function in the kernel of the bi-Laplace
operator.
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From this expression and taking into account the permutational symmetry of the kernel function
with respect to r and 7 one gets the term!

o0

(R2_T2)(R2_,’72) [1+]H(R2)]p0—L(R2—T2)(R2—'F2) Z (&)Z %pf(ﬁsa q;)a

H AN
4(7", ¢|r7¢) 8R2 — R2

T RR?

which has to be added to K (r, @|T, 45) and eventually derive an kernel function
K4(T) ¢|f7 (;5) = K4(T’ ¢|7:a ¢) - I4(T‘, ¢)|f7 ¢) + H4(T7 ¢‘f7 ¢)
which satisfies
Ka(r, 6| R, ¢) = Ka(R, ¢|7, ¢) = 0 and 0, Ka(r, ¢|7,0)| _ = 0:Ka(r, 0|7, 0)| _ =0.
r= r=
and represents the unique Green’s function for the bi-Laplace operator with Dirichlet and Neumann
boundary conditions on B(R).

The previous calculations for the Laplace and bi-Laplace operator demonstrate the feasibility
of our approach to obtain classical Green’s functions from a pseudo-differential calculus on the
cone. However, in contrast to the cases in dimensions > 3 considered in [10], our approach this
time required some additional fine-tuning concerning the kernel functions of the parametrices. The
reason behind are poles of order > 1 in the spectral decomposition of the operator valued symbols
of the parametrices (4.5) and (4.17). Our treatment of such poles, i.e. by adding appropriate Green
operators, could be performed within the pseudo-differential calculus, but nevertheless it asks for a
better conceptual understanding. Actually, it demands for a theory which identifies relationships

between classical Green’s functions and pseudo-differential parametrices in a more general setting
and not only by means of concrete examples.

5 Numerical examples for the Laplace operator

In order to demonstrate possible improvements due to our approach in numerical calculations, we
consider the Laplace operator and a boundary value problem of mixed type a) and b) on the bounded
domain € := (0,1) x (0,1) C R? i.e.,

Aoqu = m+25(- —&), ulpn=y9

i=1

with & € Q and x € R. In our examples, we take the ansatz

1 m
70 — E L&

as a global defect correction (2.14) in Q.
In the first example we want to consider a boundary value problem where an exact solution is
known. For this we choose k = 4, & = (0.2,0.5), & = (0.8,0.5) and the artificial boundary condition

g(z) = (@V(z) + 1+ [z[*)|sq, (5.1)

such that the exact solution becomes u*(x) = @(®)(z) 4+ 1 + |z|2. In Fig. 1, we compare the relative
errors with respect to u* of the standard FEM solution and our improved defect corrected FEM

0bviously, Ha is consistent with homogeneous Dirichlet boundary conditions. It can be easily seen, that functions
of the type 7pe(¢, ) and 72+ p,(¢, #) belong to the kernel of the bi-Laplace operator. Therefore Hz can be added to

the kernel function K without further complications.
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Figure 1: (left figure): Comparison of the standard FEM solution, improved defect corrected FEM
solution and exact solution for the boundary value problem (5.1), with k = 4, & = (0.2,0.5),
& = (0.8,0.5), along a line parallel to the z-axes at y = 0.5. (right figure) Relative error with
respect to the exact solution of the standard FEM solution and improved defect corrected FEM
solution.

solution. It can be seen, that along a line parallel to the z-axes at y = 0.5, the errors at the singular
points &1 2 are significantly reduced.

Our second example corresponds to the first example with homogeneous Dirichlet boundary
conditions. The difference between the standard FEM solution and our improved defect corrected
FEM solution along a line parallel to the z-axes at y = 0.5 is shown in Fig. 2. A significant deviation
between both solutions at the singular points £; 2 can be clearly recognized.

6 Conclusions and outlook

Taking into account the asymptotic behaviour at singularities in numerical simulations provides
an alternative to adaptive refinement schemes which require a posteriori error estimates and corre-
sponding modifications of the underlying global grid. In particular for point-like isolated singularities
one might not be willing to change the global grid and modify the corresponding underlying data
structures of the numerical algorithm. The LDC approach offers an attractive alternative in such a
case either by a global subtraction of the singular part of the solution or by a local subtraction with
additional grid refinement in the vicinity of the singularity.

Within the present work, we tried to tackle the basic obstacle of such kind of approach which
consists of a lack of knowledge concerning the asymptotic behaviour of the exact solution in the
vicinity of the singularity. In particular this is true for models where fundamental solutions or
Green’s functions are required like for the plate theories discussed in the present work. Classical
Green’s functions are explicitly known in the literature only for a few special cases. The general
scheme for the construction of Green’s functions, based on methods from singular analysis, outlined
in the present work might be a way out of this dilemma. For the models problems under consideration
we could demonstrate the feasibility of our approach. This opens the possibility to construct Green’s
functions for models where explicit expressions for these functions are presently not available. A
particularly promising application are plates of variable thickness, where Laplace and bi-Laplace
like operators with varialble coefficients appear, see e.g. [3] for further details. Such kind of partial
differential operators require an asymptotic parametrix construction [8] which has been already
sucessfully applied to shifted Laplace and Schrédinger operators [10] in dimensions > 3. This will
be subject of our future work.
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Figure 2: Comparison of the standard FEM solution and improved defect corrected FEM solution
for homogeneous Dirichlet boundary conditions, with k =4, §& = (0.2,0.5), & = (0.8,0.5), along a
line parallel to the xz-axes at y = 0.5.
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Appendices

A Laplace expansion for the (bi)-Laplace operator

Because of lack of an appropriate reference, we give a brief derivation of the corresponding expansion
for the classical Green’s function Gy of the Laplace operator in R?, i.e.,

Go(z,%) = 5= In|z — 7|

let o := min{r, 7}, r~ := max{r,7}, A¢ := ¢ — ¢ and h := r/r~. Using polar coordinates (r, ¢),
we obtain
} . (A1)

D=

Go(z,%) = & [ln(ri) —2In(1 4 h* — 2hcos(A¢))

Next, we use the expansions, cf. [28, p. 303ff],

-

In(1+h%—2hcos(A¢)) 2 =In(1+1 hem(z’—i-l?’h2 28 .. )—Hn(l—i—%he*m‘z’—i—ﬁhze*ﬂ&b—i----)

and

— k:1@
n(l+a) Z

k=1

for a € C with |a| < 1. One gets
ln(1+%heZA¢—l—%h2eﬁA¢+): %hGiA¢+%h26i2A¢+%h3€i3A¢+"'

and its complex conjugate, which inserted into (A.1) yields the Laplace expansion

6ol =)o~ 5 (=) m =5 (=) o (A2

2 (S >

The previous caculation can be easily modified in order to obtain the corresponding expansion
for the bi-Laplace operator in R?, where the fundamental solution is given by

Go(z,) = & — 7% In|z — 7.

In polar coordinates, one gets

N[

Ga(,7) = 12 (1+ h% — 2hcos(Ag)) [m(ri) —2In(1+ h? = 2hcos(Ag))

)

which yields the generalized Laplace expansion for the bi-Laplace operator

Go(z,z) = <4(r> + 7“<) In(rs) + ir<> Do (A.3)

-G

1
3
41
3

1 +1 +1r<
rerT nr TT
<> > 8<> 16 7~ D1

(= (2 -2)»
( )(6 )
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B Analytic continuation of Green’s functions

In Section 4.1 we have seen that within our approach, the Laplace operator in 2 dimensions behaves
differently from Laplace operators in dimensions > 3. The special status of 2 dimensions can be
also seen by considering the analytic continuation of the Green’s function Gy, for the shifted Laplace
operator Ay — k2. Taking the limit k — 0 of G in dimensions > 3 one recovers the Green’s function
of the corresponding Laplace operator, cf. [10]. Due to the non-analyticity of the fundamental
solution, with respect to the parameter k, at k = 0 this is not the case for the Laplace operator in 2
dimensions. However as we will see in the following, this non-analyticity only affects the £ = 0 term
in the spectral resolution (4.3).
A fundamental solution of the shifted Laplace operator A — k2, see e.g. Schwartz [25][Section 1T,
§3], is given by
u,, = Pf. [—(27T)_1K0(K,7")] , (B.1)

where K denotes the modified Bessel function of the second kind and the corresponding Green’s
function is given by
Go(,&) = —(2m) " Ko(rlz — 7).
We have, cf. [1],
Ko(rr) = —[In(3k7) + 7] Lo (kr) + Qo(kr)

with v the Euler constant and power series

2
1,2 1.2
Qo(z):@Jr(lJr%)%er
Due to the logarithm, the limit kK — 0 doesn’t exist. To gain some insight into this divergent

behaviour, it is instructive to consider the generalized Laplace expansion in the shifted case. For
this, we apply Mehler’s formula, cf. [28][p. 383],

> tJ()(tZ)
K = dt

with k > 0 (Jo Bessel functions of the first kind), and get

Ky(kz) = /000 sJo(s2) ds

K2 4 52

Let us take z = |z — & = \/r2 + 72 — 277 cos(#) and apply the expansion, cf. [28][p. 380], to get

Jo(sz) = Jo(sr)Jo(sT) + 2 Z I (s1) T (s7) cos(nb),

n=1

here J,, n = 1,2,... denote Bessel functions of the first kind. We get the generalized Laplace
expansion of the Green’s function

Gz, ) = Pf.[-Ky(kz)]

sJ; s7) cos(nf
— Pf. [/0 ol j)L ) s +2Z/ K2+8)2 00 45| (B2)

Taking into account, Jo(0) = 1 and J,,(2) ~ (32)"/T'(n + 1) for z — 0 and

2
Jn(z) = ”E cos(z — snmw — 1m) + O(z™Y) for z — oo
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it can be seen that it is only the first integral, corresponding to n = 0, which diverges in the limit
k — 0. Therefore we get

% Jn(sr)Jn(sT)

. ds cos(nf), forn >1

éll)% P,Gu(z, %) = Pf./o

The remaining indefinite integral is of Weber and Schafheitlin type, cf. [27][Chap. XIII, Section

134], and yleldS
7< n ( (7<> )
QI 1 n707n ]-7 r>

n
8
were we used [1][15.2.1]. This shows that terms with n > 1 agree in the limit x — 0 with the
corresponding terms in the expansion of the Laplace operator (4.12).

/ In (1) I (ST) ds — 1
0 s 2n
1
2n

C Some explicit calculations

In the following we want to calculate integrals with respect to distributional derivatives of kernel
pseudofunctions in R?. The kernels are given in terms of a spectral resolution with respect to
eigenfunctions of Agi. Therefore it is necessary to consider appropriate subspaces of test functions

Dy(R?) := {u € D(R?) | Pyu = u}

Proposition 2. A test function w € Dy(R?) can be represented in an open ball Br of radius R,
centred at the origin, by a Taylor approximation

q

_ Ck_ .2k B —

= Z e 4 Z Rp(x)x” for L =0, (C.1)
o V2T |8]=2q+1

and

w(z) = Zq:rzk (c,(:)rzy(l)(&b) +c ( rly®? (L9)) + Z Rg(a:)xﬁ for £ >1, (C.2)

k=0 |8|=2q+¢+1

with yW () := 2= cos(+), y@ () := ﬁ sin(-) and Rg € C*(Bg,R).

Proof. We consider only the case ¢ > 1, the case £ = 0 follows analogously. A function w € D(R?)
can be represented in Br by a Taylor approximation

w(zr) = Z 8°‘w'(0)xa+ Z Rs(x)z?

.
| <2q+¢ |Bl=2¢+¢+1

with Rg € C®(R? R). Introducing polar coordinates z = ('r cos(d)),rsin((b)), it can be converted
into

2q+¢ k
Ck, —-m m m B,
w(z) = Z \/T%rk + Z rk (c,glznr y D (me) + c,(finr ¥ (m ?)) |+ Z Rg(x):rﬁ, (C.3)
k=0 m=1 |Bl=2g+0+1
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(1)

k,m>

(2)

k,m
for kK —m even, which follows from the smoothness of the Taylor polynomial. For w € D,;(R?), we
have to impose the additional constraint Pyw = w, which applied to (C.3) yields

where the coefficients ¢ o are non zero only for k even, and similarly c ¢,/ are non zero only

2q+4
w(z) = > rF Ay W) + 2ty @ o)) + Y Pi(Ra(x)a?),
k=( |8l=2¢+¢+1

with c,(clz, 61(32 non zero only for k—/¢ even. The latter expression is obviously equivalent to (C.2). O

Remark 1. When we consider for w € Dy(R?), £ = 0,1,..., expressions of the form Agqw or
AgAqw in integrals, we can replace them, after changing to polar coordinates, by the corresponding
expressions Aqw or AgAow . It follows from Proposition 2 that Asw(r,¢) and AsAsw(r, @) are
o(rth).

C.1 Laplace operator
Let us check Egs. (4.9) and (4.10), for & # 0, by an explicit calculation. For this purpose let

u € D(R?) and Pyu = u, i.e., the test functions depend on the radial variable only. Depending on
the choice of ~, we get for % <vy<l1

/u(x)AmPf.IQ(a:,;E)dx = /(Axu(x))KQ(x,i“)d:U
R2 R2

3
and for 1 <y < 3

/u(:n)Afo.Kg(:L‘,a?)dx = /(Axu(:n))Kg(:z:,i‘)d:L‘
R2 R2

_ /O (& (=10 u(r) O —7)In (%) rdr

=~ [ oo (5) ar+ [ oot (%) ar

T

= —In(7) /000 O ((roy)u(r))dr + /000 Oy ((roy)u(r)) In(r)dr + u(F) — u(0)

= u(7)

27



C.2 Bi-Laplace operator

Let @ € D(R?)g, i.e., Pyt = @, and u(r) := (x), for r = |z|, with u € C°(R,R). For 1 < v < 3,
we get

/ﬂ(m)AxAfo.Kg(x,fv)dx = /(AxAfo(x))Kz(m,i’)dx

R2 R2
1 o\? 1 d\? Lol (™Y
2\ o) 2\ ey ) u) ZT{_D<?)}“

:/OF

Il
S~

N ——— S
(3]
O
= =
| E— |
| |
| =
=3
/‘\
N——
| I
a

Il
S—
N =
| —
e N 3
4 | 3
= =
QD
| Flo $le = =

|
1l \ 1l el
o — —

< <
— 3)‘ Q T\v
<

Il Il
c\
85
I~
s T
Plo o
N——— 3
=
=3
I;J
| —
QU

)dr
= () —u(0)
= u(x) — u(0)

Let 4 € D(R?)y, i.e., P = 4, and w.l.o.g. assume 4(z) = ﬁu(r) cos(¢), with u € C*° (R4, R).

For 1 < v < 2, we get

Gao(z, &) — Kao(z,%)|,; = Pf.(—3In(r) — %)r?pl
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ond last line the identity

29

/ W(2)Ap Ay PE(Ga(z,2) — Ko(2, 7)) da

™
= —
— |00 ‘=
0
+ o
© — — —~
= . ) s RS
E . =
— < .W 1 U e /%\
—_—— =S =5 <5 S
= " 10 & & & &
T o+ F 5 5 3 -k
_|_1 /W\ _1,8_ _5,8_ _1,8_ 5 .W
_ = + + + e
R E— (T\ ~ ~ — \mir
< o 7= A = = 5 3
oy T /W\ —174_ _174_ _174_ /\ (
" (_\ S —_—— ——— — — «.OTW
e O T G
_|_2 T 1T 1T 1 — N
| — N — — — _ o
® _ YRS ! _ IS s
- ™ ~ ™ ™ ™ /N NS
~ &~ ~ ~
& Rl = s s S < > 8
= & ~ . = s _ nde R
= | — % | | =, = S
) N— — N—— N——— N — -
=1 o 87_ o e T oy~ —
AM_,W — | S ~L —~L =L —— T ==
4 — 38 —s —= I T
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which gives

where we have used in the sec



()

/RQ W(x) Az Ay P (Ga(, &) — Ky(z, &) da

For 2 < v < 3, we get
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