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1. Introduction

Although the concept of finite-part or hypersingular integral goes back to Hadamard (see [9,23]), in the last twenty years
the number of papers devoted to hypersingular boundary integral equations, published mainly in engineering journals, has
suddenly increased.

The boundary integral equation (BIE)/boundary element method has emerged as a powerful alternative tool to other
numerical methods for many problems in engineering (see for example [1,28,21,14]). In particular, hypersingular BIE’s have
relevant applications, for example, in aerodynamics, elasticity, diffraction, acoustics, fluid mechanics. These equations are
obtained by taking derivatives (gradients) of conventional integral equations.

Many papers and a few books (see for example [15]) have been published on definitions, properties and applications
of hypersingular integrals. Nevertheless, many researchers seem to be still unaware of these, or have not fully understood
these definitions and properties. For example, one current practical definition is the following one: define the hypersingular
integral

b f()
o (x—y)?
by deleting first a symmetric neighborhood (y — €, y + €) and computing the expansion of the corresponding integral, for e — 0;
then ignore the diverging terms and take the limit of the remaining ones for ¢ — 0. This limit value defines the finite-part (FP)
integral. At first glance this definition looks like a practical trick, apparently with little mathematical foundation.
On the other hand in [26,15] definitions and properties of hypersingular integrals/equations are derived within the
framework of pseudo-differential operators.
In this paper we present definitions and properties by using only standard calculus. In particular in the next section
we describe the concept and some main properties of Cauchy principal value integrals, since these are of importance in

dx, -0 <a<y<b<oo,
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understanding finite-part integrals. Indeed, they are fundamental ingredients for the definitions and properties of finite-
part integrals, which we present in Section 3. In the last section we describe four significant problems, whose solutions are
obtained by reducing them to corresponding hypersingular integral equations. In particular we describe, with all needed
details, the process that leads to these equations, and in particular to the previously defined finite-part integrals, that
otherwise would appear as a mathematical expedient.

2. Cauchy principal value integrals
2.1. The one-dimensional case

The concept of one-dimensional (1D) Cauchy principal value (CPV) integral is well understood and widely used in
applications. In the case of a bounded interval, the standard definition is:

bf(x) llm{/ye—i-f ]f(x) x, a<y<b, (1)
+€

ax_y X —

whenever this limit exists. A sufficient condition for its existence is that the function f(x) € L!(a, b) is H6lder continuous at
x = y. This condition has been slightly weakened in [20], where Martin and Rizzo have shown that if the even part of f(x) is
continuous at x = y, while the odd part is Holder continuous at x = y, then the limit in (1) exists.

An alternative, but equivalent definition, is the following one:

I / f) - f(y)dxﬂ(y) i UHJF/H]

a X—Y X—y

73’

(2)

/f(x) f(y)d +f(y)log

Remark 1. It can be easily shown that
bfx
fx) d
a X—Y
This is indeed the analytic operation that in the applications often gives rise to one-dimensional Cauchy principal value
integrals.

d rb
= — / log |x — y|f(x)dx.
dy a

Remark 2. If in definition (1) we delete a non-symmetric neighborhood (€1, €;) of y, with €; = €;(¢) and ¢, — 0 ase — 0,
then we have (see (2))

. e ] f®) ") —f)
PL%[/G +/y+Jx_yd":/ax_yd" ©)

b— . €
+F(y)log ~— +f(y) limlog <. (4)
y—a €—0 €)
Obviously, the limit exists only if
lim < = ¢ # 0, oo.
e—0 €y

In particular if c = 1 we have the same value given by the symmetric neighborhood; otherwise the new definition would differ
from the standard one by a f(y) log c additive term. Therefore, in (1) the deleted neighborhood need not be symmetric. What
is required is that it is ultimately symmetric, that is:

€1

lim— = 1.
e—0 €

Remark 3. Animportant consequence of the previous remark is that if in (1) we introduce a change of variable x = ¢(t),y =
¢(s), with ¢’ (t) Holder continuous, then we have

L (C0)
o x—y" Tl 90 =96

where in the second integral, instead of deleting the pre-image of (y — €, y + €) we delete a symmetric neighborhood of s.

¢'(0ydt,

Remark 4. Consider the following CPV integral

][fz F®) 4y — /Cz f&) — f(0)

- X —c1

dx + f(0) log &,
C1
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where ¢; = ¢;(h) > 0and ¢; — 0 as h — 0. Then

0 if lim &2 =1
h—0 C]
lim f()dx—f(O)llmlog—z f(0)loge if llm*—fsf“ )
— —c1 ]
+oo if llm - =0, cc.
h—0 C1

In boundary integral equations, for example in potential theory, CPV integrals, defined as in (1), arise from a limiting process
of a regular integral which depends upon an outer variable. For example:

b (x—y)

Izlii%amdx’ a<y<bh. (6)
In this case we have
”f(X)—f(V)
1:/ +f(y)1;0/ (x—y)2+t2dx
/f(X) i soyiog V=Y = OB
—a a X—Y

This means that in (6) we can mterchange the limit and the integration operations, as long as the final integral is defined
as the Cauchy principal value (1).

We come to the same conclusion also by following a different route, which is often used to derive boundary integral
equations (see also Section 4). Write

y—€ y+€: —
- / ' / f()dx+l / 2 fO&=-y)
Ve ) X — t>0Jy—e; (X —y)2 +1t2
Here, €1, €, are independent one from the other. Proceeding further we obtain
Y€1 f® 4 e f®) —fO) 4 (y) vte  2(x—y)
I = / / de+ [ lim / XY gy
y+ea ) X =Y V€1 X—y 2 =0y (x=y)2 412

)

[T 1050 + 500 o

—a a X—Y

where the CPV integral is defined as in (1), i.e., by deleting a symmetric neighborhood. This is in spite of the fact that above
€1, €, are arbitrary.
In BIE applications one may have to deal with CPV integrals defined on closed or open plane curves ¢ as follows:

f(x,y)dex — lim f&x,y)

e—~>0Jo—g,

de,, yed, (7)

where r = ||x — y|| and £, is the symmetric neighborhood of y obtained by intersecting the line £ with a circle of radius €
centered at y. The function f(x, y) is such that the above limit exists: for example, Holder continuous. A classical case is

69 _ oo og, (8)
r aty

where u(x) is a Hélder continuous function and % is the tangential derivative at y.
Assuming that the curve £ has a smooth, let us say for simplicity €2, parametrization

x=¢@), y=9¢()

integral (7) can be rewritten in the form

f&xy) ., [halts)
f = S ®

where, because of Remark 3, in both integrals we delete a symmetric neighborhood.

If the parametrization is not C? at y, for example y is a corner point between two C? curves joined at y, after having
introduced the parametrization of each curve in the integral on the right of (7), one should delete a neighborhood (e, €3),
in general non-symmetric, coinciding with the pre-image of ¢.. If one deletes a symmetric neighborhood also in the
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transformed integral, to maintain the equality one has to add an extra term which is due to the non-zero coefficient log :—;
(see Remark 2), which depends upon the tangents of the two curves at y.
To verify this statement, assume that the curve has a C> parametric representation x = ¢(t), a < t < t to the left of the
point y = ¢(ty), and a (different) C? representation x = v (t) for ty < t < b, having
@(to) = Y (to), ¢’ (to)| # 1%/ (o).
Introducing this representation in (7) we obtain

fx,y) de, — /%*1 g-(t, to)dt+/b 2.(t, to)
a £

L—Le r

de, (10)

fo—t ote, [ — 1o

where we have set

f(@(0), ¢(to))

g,([’, tO) = 1 |¢/(t)|a
2 [ p0-gie0]? |
£ [aog |

gt t0) = FQ (@), ¥(to)) _ @l

N

2 2
Yi()—vi(to)
i; [ t=to : ]
Now if we let € — 0 (recall that ¢; = €;(¢)), we have the standard Cauchy principal value. If however on the right-hand
side of (10) we replace €1, €, by €, we have to add the following extra term

/tﬁie] 8- (ta tO) dt + /IOJFG g+(ts tO)
£ ¥

pa— de. (11)
0—€ -

o+e2 L— 1o
When we let € — 0 the only non-negligible terms arising from (11) are

_ to—€1 1] N to+e 1]
g-(ty, to) dt+ g, (5, to) dt
- fo—t tote; £ —lo
ie.,
_ €1 €
g-(tg to) log — +8:(t5, to) log . (12)
2
Notice that

}Ln%gi(t’ tO) =f(y’ y)
Therefore the extra term (12) reduces to
€
f(y.y)log .
€2
When € — 0 this term takes the value

[V (to)]
fo)log Gy

2.2. The two-dimensional case

Two-dimensional (2D) CPV integrals have been defined and examined in [27] and later in [8,22].

Let D C R? be a bounded (open and convex) region, and y € D a given fixed point. The boundary of D is defined by the
function A(f), 0 < 6 < 2, taking as (polar coordinates) origin the given point y € D. To assume D to be convex is not a
restriction, since the definition we are going to present concerns a (fixed) neighborhood of y that of course we can always
take of convex form. Consider a function F(y; x), x € D, having the form

f; 0)
2
wherer = |[x — y||, x =y + re,e = (cos 0, sind)T, f(y; ) is assumed integrable with respect to # and F; € L' (D). Delete a

neighborhood o C D of the point y, defined by a contour a(e; ), such that «(¢; ) — 0 as € — 0 uniformly with respect to
6.

Then, consider the integral

Fly; %) =

+ F1(y; %), (13)

AO) dr

b= [ Fo: x)dx:/ Fi(y: x)dx—i—/oznf(y; 9)/ L a6. (14)

Do b (€0) T



G. Monegato / Journal of Computational and Applied Mathematics 229 (2009) 425-439 429

We have
2 2

lingl(, :/ﬁ(y; x)dx+/ fly; 6) logA(O)dG—lirr(l)/ f(y; 0) log a(e; 6)d6. (15)
€E—> D 0 €E—> O

If
im 2€9 _ 4.0, (16)
€e—0 €

then

a(e; 0)
€

2 2
lim / F(: 6) log 6 = / F(: 6) log g (6)d6. (17)
e—0Jo 0

A necessary and sufficient condition for the existence of the limit in (15) is

2
[0 F(y: 6)d6 = 0. (18)

In this case we have

A0 49 (19)

2
lim, = / Fy(y: x)dx + /0 F(y:0)log o .

Definition 1. Under the above assumptions, taking in (19) «g(#) = 1, we define
][ F(y: x)dx = lim . (20)
D e—0
Remark 5. In the standard definition of two-dimensional CPV integrals one takes a(¢; ) = €; however, the value of (20)
will not change if one chooses a(¢; 6) # ¢, as long as relation (16) holds with ag () = 1.

Remark 6. Let
D=Cs={(r0), 0<r<is@) <6, 0<6 < 2m}
and assume that the CPV integral

][ F(y: x)dx 1)
Cs

defined above exists, and therefore (18) holds. Notice that the latter implies

/ 2 / HOL030) 449 — / " fy: 6) log As(6)de, (22)
0 € 0

r

where f(y; 6) is defined in (13). Thus

lim{ F(y; x)dx = / i F(y: 6) log A5(6)d6.
0

§—0 Cs

If As(6) = & we have

lim+ F(y; x)dx =0,

§—0 Cs

while in the case As(6) = 5g(0)

lim{ F(y; x)dx = /0 e 0) logg(0)d6.

§—0Jcs

Definition 2. Two-dimensional CPV integrals can also be defined on closed or open surfaces S in R3. In this case, the
neighborhood of the point y € S we delete is the intersection S, of the surface S with the unit sphere of radius ¢, centered at
the singular point y, i.e.

][ F(y: x)ds, = lim / F(y: x)dS,.
s €0 Js—s,
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Remark 7. If we have, for example, a C?> parametrization x = ¢(t), y = ¢(s) of the surface S, with t,s € D C R?, then we
may write

Froids = £ Fe©: 90)1g @1,
(where, according to (20), in the definition of the integral on the right we delete a circular neighborhood of radius ¢). If
however, the surface S is not €2 at y, but it is only piecewise C? and globally continuous, that is y is a “corner” point, then the
integral on the right coincides with the one on the left only if the neighborhood o we delete in the former one, defined by

(19), is the pre-image of that we consider in the latter. If we delete a “circular” neighborhood in both integrals, then, as in
the case of a non-smooth curve, an extra term has to be added to the integral on the right.

3. Finite-part integrals

3.1. Integrals over bounded intervals — p integer

Let us first consider the following elementary CPV integral

b d b —
][ X = log y, —o<a<y<bhb<oo. (23)
a X—Y y—a

The right-hand side is certainly a C* function at any pointy € (a, b); therefore we can compute its derivatives. In particular
we have

d b dx 1 1

— = - . 24

dy]f xX—y [b—y+y—a} -
Now exchange the derivative and the integral operators and formally apply the standard integration rule, ignoring the
behavior of the integrand at the singular point x = y. We identify this particular integration technique by the symbol fub:

fb(xixy)zz_[b1y+yia]' (25)

The same definition can be obtained by a different route. Delete a neighborhood (y—e¢1, y+¢€3), not necessarily symmetric,
of the singular point y and consider the integral

y—€1 b d 1 1 1 1
/ +/ X2=—[ + ]+—+—. (26)
a y+e) (x—Y) b—y y-—a €1 €

If we ignore the terms diverging as €; — 0, we obtain the previous integral (23). This integral is called “finite-part” value.
By iterating these simple ideas we obtain the following definition of finite-part integral in the case of any integer p > 2:

f szdyf (X—y)"

or, compute

y—€1 1 1 (—1)p+1 1|t 1
(f +/y+€2)(x_y)p+1——p[(b_y)ﬁ(y_a)p%p{ € +e§}

and ignore the diverging terms (as ¢; — 0).
For a more general integrand function, of the type

fx)
(x—y)?
with f € C**(a, b) (see however [20]), we define
b f(x) B f(X)
(x—y)zdx - dy x—y @7
_ [/ fx) — f(y)d +f(y)log y]
P —f)
- [l e ot 5 28)



G. Monegato / Journal of Computational and Applied Mathematics 229 (2009) 425-439 431

where, we recall that, the CPV integral is defined as in (1), i.e., by deleting a symmetric neighborhood of y. From expression
(28), and recalling Remark 4, it is a trivial task to find out the behavior of

vt f(x)
Lo ooy

where ¢; = ¢;(h) > 0,forh — 0.
Alternatively, we could consider the integral

(L) l= (1L o[ />
-([ L)f“ —m[ =

ignore the diverging term and let ¢ — 0 in the remaining ones. Once again we obtain (28).

Remark 8. If in (29) we delete a non-symmetric neighborhood (y — €1, y + €2), €; = €;(€), then the above procedure would
lead to a corresponding CPV integral, whose value would differ from that given by the previous definition by an additive
term of the type f'(y) log c, where ¢ = llmﬁo .Therefore, the associated finite-part integral value would differ by the same

quantity. This happens whenever we have a non constant function f(x), and it is due to the CPV integral component.

The above definitions easily extend to finite-part integrals of the form

b f(x)

o (x—y)ptl

where p > 1is an integer and f(x) is assumed to have a Holder continuous p-derivative (for a milder sufficient condition
see [20]). These definitions justify the following practical rule, that otherwise would appear like a trick: delete a symmetric
neighborhood (y — €, y + €) and compute the expansion of the corresponding integral, for ¢ — 0; then ignore the diverging terms
and take the limit of the remaining ones for ¢ — 0. This limit value is the finite-part integral (30).

dx, a<y<h, (30)

3.2, Integrals over bounded intervals — p real

Next we consider the improper integral

/b dx =(b_y)1ia O<a<l1
(x—y) '

1-«a

and define

fb dx _li/” dx _ 1
y x—y)ett T ady )y -y alb—y)*

This definition formally allows the exchange between differentiation and integration. Alternatively, we could consider the
integral

/yi (x —dyx)aﬂ - _é [(b —]y)a - el]

and, as in the case of Section 3.1, ignore the diverging terms.
In the more general case, where we assume that f € C!, we have

bf®) dx = d " fx)
_ Wy = ——
(x — y)ot! adyJy (x—y)*
or, we compute the integral

b b fx) —f 4 dx
———dx= / — 31
e el W e L O W e GU
and ignore the diverging terms (as € — 0). We obtain
bfx) Y0 - )
g [0 S
%y (X — y)OHrl y (X — y)O(+1 )0H~1
These definitions can be generalized to define the finite-part value of integrals of the form
b
f&x) (32)

y (x—y)r+t
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for any real p > 0, where f is assumed to have a Holder continuous |p|-derivative. This integral is sometimes called a

one-sided finite-part integral, while (30) is called a two-sided finite-part integral.
Notice that when p is an integer

b §)
CENG <7£ +7€)(x— yyr &

We also have
6 I AR AW (69
; X_ydx_ (f +f)x_ydx

3.3. Integrals over curves and surfaces

The previous finite-part definitions can be extended to integrals over open or closed lines in R?, or even on open or closed
surfaces in R3.
For instance, in the case of a C? curve £ in R?> we define the FP integral

f&x,y)
¢ 1’

dby, r=lx—yl, yekt, (33)

by considering first the integral over £ — £., where £, is the symmetric neighborhood of the singular point y obtained by
intersecting the curve ¢ with the circle of radius € centered at y. Then, after computing this integral, we ignore the diverging
terms (as € — 0) and take the limit, for ¢ — 0, of the remaining ones.

The calculation is actually performed as follows. Since f(x,y)/r? is integrable over £ — £, we introduce the curve
parametrization and reduce the integral to the form

/“ [ g(t, S)
a step t — 5)2
where (s — €1, s + €;) is the pre-image of £.. Then we proceed as described in Section 3.1. We remark once more that when

the curve ¢ is smooth (C?), we can replace the neighborhood (s — €1, s + €;) by the symmetric one (s — €, s + €); the final
answer will not change. In this case we have

LT L L PO

Notice that in both the FP 1ntegrals above we delete a symmetric neighborhood.

If £ is only piecewise smooth, and y is a corner point (in this case see [20]), then if we replace (s— €1, s+¢€3) by (s—¢€, s+¢€)
we have to add an extra term (evaluated at y) to the right-hand side in (34) (see also [12]). This is due to the CPV term, which
should have been defined by using the original non-symmetric neighborhood (see (12)). An analogous extra term appears
also in the case of a one-sided FP integral.

Similarly, in the case of an integral defined on a surface, for example,

fx,y)
s

(34)

ds,, r=|x—yll,yes

we start by considering the integral defined over S — S, where S, is the neighborhood defined by the intersection of S with
the sphere of radius € centered at y. Then we proceed as in the previous case of a curve. After having introduced the surface
parametrization x = ¢(t), t € D C R?, in the case of a C? surface we can replace the (pre-image) neighborhood of S, of the
new singular point by a circle D, and the final FP integral value will not change. That is, in both the integrals we delete a
“circular” neighborhood. In particular we write

f&xy) g(t,s) —g(s, 5)
dsx_/D_De ridf'i- 8(s, s)/ R

s-s. 13

where we have set 7 = ||t — s||, examine the behavior of the last integral as € — 0, ignore the divergent terms, and finally
let € — 0. If this limit exists then it defines the FP value.

If S is only piecewise smooth and y is a “corner” point, then, if we replace the above pre-image by a circle, an extra term
generated by the CPV integral ought to be added (see also [12]).

These are the definitions that naturally spring from the applications (see the next section).

Remark 9. In [24] and [17] one-dimensional and two-dimensional finite-part integrals have been defined by means of
analytic continuation, performed using integration by parts. In particular in [ 17], two-dimensional finite-part integrals have
been defined also in the case of line hypersingularities.
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4. Some significant applications of FP integrals

After having defined finite-part integrals, a natural question is: why are these integrals needed? How do they stem from
applications?

In this section we briefly describe four examples of engineering problems whose solutions have been reduced to those
of corresponding hypersingular boundary integral equations. In particular we will carefully analyze the limiting processes
that give rise to the definitions of FP integrals given in the previous section. Some (hopefully illuminating) remarks are also
presented.

4.1. Problem 1

The first example is taken from [11]. There, a two-dimensional elasticity problem of an infinite (plane) strip S =
{x,y), 0 < x < h, —o00 <y < oo}containing acrack0 < a < x < b < h, y = 0 perpendicular to its boundary,
under a prescribed surface traction p(x), is described by a system of two second-order elliptic partial differential equations,
subject to certain boundary conditions. This system defines the displacement vector u, and in particular its x-, y-components
Uy, Uy.

The solution of this problem is reduced (see [11]) to the determination of the crack opening displacement

V(x) = uy(x,07) —u,(x,07), a<x<bh,

which is related to the stress tensor component oy, by means of the following integral transform

2 b
VY = ——— K(|x — t|; Ko(t, x; y)V(t)dt, 35
o) = s [ K= ) + Kot x VO (35)
where p and « are physical constants, Ky is continuous, while K(|x — t|; y) is given by

2 2,2
I<(|x—r|;y)=lz—4y—4 +8%, P =(x—-0)>+y~ (36)
T r r
To solve the original problem, one has to enforce the boundary condition o,,(x, 0) = p(x), a < x < b, to determine the
new unknown V(x). Here it is of key importance to realize that the function o,, has a limit for y — 0; thus, in spite of the
behavior of the kernel K when y = 0, the integral in (35) exists for y # 0 and has a finite limit for y — 0. This limit exists
only if we consider all three terms in K. If we drop one of them, or modify some of the coefficients, the limit would not exist.
This is a property of the kernel, i.e., of the original elliptic PDE.
Since we are only interested in showing how the FP integral is generated, for simplicity we consider only the integral
transform

b
A(x,y) = / K(lx — t]: y)V(D)dL. (37)

Then, for any sufficiently small € > 0 we rewrite A(x, y) as follows:

A(x, y) <f+fi) K(lx — tl;y)V(r)dt+/:€ K(|x — t; y)V(t)dt (38)

/ K(lx — tl: y)V(t)dt + / K(lx — t]: IV(E) — V(x)Ide + V(x) / K(lx — tf: y)d,
I-I¢ Ie Ie
where we have setI = (a, b), I = (x — €, x + €). We have

lim A(x, y) = /
y—0t

| K(x =t OV(@)de + lim UI K(x — tl: Y)IV(D) — V) Idt + V() /, K(Ix — tl: y)dt} .

Moreover,
. 2
llm/ K(x—t]; y)dt = —= (39)
y=>0Jj, €
and
. ) L [*re V() - V(x)
tim [ e v —veoude = f - Z0=E8
Finally, we consider
V(t) — V(x) dt
K —t;Othtz/ — 2 dt+V —_— 40
/ (=t ovodi= [ S8R v [ (40)
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and remark that

/ de _g+j€b de
I-le (t—X)2_6 a (t—X)z.

Notice that the above diverging term cancels the one that we have in (39). Thus

. byv(t) —v(x) b dt bv(t)
limAGx, :][ YOZ9 4 v j@ = : 41
lim *,9) T2 + (X)a =L a2 t (41)
The unknown function V(x) ought to satisfy the following hypersingular integral equation:
bv(t b 1
f Vo _ dt—l—/ V(OKo(t, 0)dt = —1-——p(x), a <x <b. (42)
a (t — X)Z a 2[1/

Remark 10. In (38) we could have considered any non-symmetric neighborhood (x — €1, x + €3) of x, since A(x, y) does not
depend on it. The final result would have been the same, i.e. (41), where, in spite of this choice, the FP integral is defined by
deleting a symmetric neighborhood. The choice of a symmetric interval simplifies the calculation.

4.2. Problem 2
The second application (see [25]) refers to the study of a time-harmonic electromagnetic scattering problem associated
with a T-junction between two rectangular waveguides. This junction is composed of an infinite (primary) waveguide
D'={(x,y,2), 0<x<a, 0<y<b,—o00<z< 00}
together with a semi-infinite (secondary) waveguide
D" ={(x,y,2),—00<x<0,0<y<b 0<z<d}

having the same height; these are coupled through a common aperture (0, b) x (0, ).

In this particular case, standard calculation reduces the Maxwell equation which models the problem, to a simpler scalar
two-dimensional non-homogeneous Helmholtz equation, to which a domain decomposition technique is then applied. In
each waveguide the scattered electric field satisfies a non-homogeneous Helmholtz equation with homogeneous boundary
conditions. An integral representation for this field is then obtained. For the primary waveguide we have:

d g (¥, Z; %, 2)
Is __ £ %
E (x,2) = /0 P
E)’f(O, 2) =0,

M(EZ)dZ, O0<x<a (43)

x'=0t

where g’ is the Green function for the Helmholtz equation defined on this waveguide (see [10]). It is to be remarked that
E;f(x, z) is discontinuous at x = 0, for 0 < z < d'. Recalling that

1 [ Oy (x, 2)

HB(x,z) = —
2 (%, 2) jor ox

+M(2)8(x — oﬂ} (44)

8(x — a) being the Dirac delta function centered at x = a,j = +/—1, and w, ; two physical constants, the corresponding
expression for the scattered magnetic field follows:

. 1 . 7 PP, 7%, 2)
HE(0",2) = — llm/O B

- M(Z)dZ. (45)
Jwu x—0t

X'=0%

Note that the singular term in (44) is exactly cancelled by the one that appears when the derivative of the discontinuous
function E®(x, z) is evaluated. The tangential magnetic field H*(, z) is analytic forx > 0, 0 < z < d/, and has a finite limit
forx — 0.

Proceeding as in the case of the primary waveguide, we obtain the following integral representation for the scattered
magnetic field H*(0~, z) on the secondary waveguide:

1
HS(0",2) = ——— lim

gt Jm M(Z)dZ. (46)

x'=0"

/”’ Pg' (. 71%,2)
0 ox0x’

In (45) and (46) g’ and g" are the Green functions associated with the primary and secondary waveguides, respectively.
For both of them we have a representation (see [10]) of the type:

/ J ] / /
g¥,Z;x,2) = —ZH?’(knp—p||)+go<p,p), (47)
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where
=x2", P =2
2
Hy'(5) = —i~ 2 logs Jo(s) + ho(s)

and g is analytic in its (x, z) (open) domain of definition. In these expressions H(z) is the Hankel function of second kind of
order 0, Jq is the Bessel function of first kind of order 0, and hy is an entire functlon. Here and in the following we drop the
upper index I, II of the functions g and H,, since the analysis we perform holds in both cases. Notice that the kernels of the
integral representations (45) and (46) become hypersingular as x — 0, since

B2 (5) = H(2>(S) (48)
H(Z)(S)—] —j(slogs)h1(sz)+h2(sz) s—0 (49)

where H(l )(s) is the Hankel function of second kind and order one, and hy(t) and h,(t) are entire functions. In particular for
z # 7 we have

32
W:x’l"/:o - 2 IxOx /H((JZ)(k\/m) +ko(x;2,2), (50)
where ko is at most weakly singular when x = 0, otherwise it is analytic. Moreover
2x? 1
@) /
" k\/27 B - k1(x; z,2), 51
38/ o (ky/x2 + (z )?) = {[X2+(Z 7)2)2 X2+(Z—Z’)2}+ 1(x;z,2) (51)

where kq is at most weakly singular when x = 0, otherwise it is analytic.
Now we consider the integral representations (45), (46), define I = (0, ), I = (z — €, z + €), and write

2 /. 2 /.
H(0,2) = 1 { / 760.2:0.2) oy ptim [ PBOZXD on Mo - @ — v @1d2
I—Ie

jor oxox’' x—=0J, 0xox’'
9%g(0, 7; x, . 92g(0,
M@ lim 80, 2:%2) 4 vz lim / Te0.2:%2) 4y (52)
Ie 0x0x’' x—0J, 0x0x’

They hold for any real € > 0 sufficiently small, therefore also in the limit € — 0. Taking into account the above expression
(50) and (51) for the the kernel L;,”) we notice that the second and the last terms in (52) vanish when we let ¢ — 0.
The value of the third term in (52) is

2M (z)

+ 0(e).

Given € > 0, the limit in (52) exists because of the special form of the singular component on the right-hand side in (51). If,
for example, we replace 2x* by x? in the first quotient, the limit would be co. Furthermore, the analysis of the first integral
in (52) shows that it contains a singular term, for € — 0, whose value is
2M(2)
Pt
Therefore we have

1 7 #g(0,7;0,
H(0,2) = — Md
jou oxox’
Remark 10 also applles to this case. This proof was not given in [25].
When we enforce the continuity condition on the tangential component of the total magnetic fields at the aperture (0, a'):
HL(0%,2) =H"(07,2), 0<z<d. (53)
we obtain the following hypersingular integral equation defining the unknown magnetic current M(z):

jé Gz — 2)M(Z)dZ + 7@ ¢z, Z)M(Z)dZ (54)
o 0
= jou(HY(0,2) —HY'(0,2)), O0<z<d, (55)
where H(0, z) and H" (0, z) are given incident magnetic fields and
#g ., 7 x,
Cz—7) = lim 2&¥:Z:%2) (56)
x—0F 0x0x’' Yot
2510 (v .
¢(2,7) = lim 2E&:Zix2
x—0- oxox’ V—o-
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4.3. Problem 3

This problem concerns the standard one-dimensional (linear) heat equation in the half-space for the temperature T(x, t)

oT(x,t) o 0%T(x, t)
aH oxz
where « is the thermal diffusivity, subject to the initial condition

x>0,t>0, (57)

T(x,0) =Ty, x>0

and to boundary conditions.
Often one needs to compute the heat flux q(x, t), related to the temperature T(x, t) by the relationship

aT(x, t)
ox
where k is the thermal conductivity.
Since the temperature may be expressed in terms of the heat flux by the following Abel integral transform (see [4])

T(x, t) =T, —l—l\/g/t (x, u) du
P JE—u

using the inversion formula given in ([16], Sect. 5.2) we obtain

B toT(x,u) du
10 =F ./0 ou Ji—u
k

where we have set § = NG

q(X7 t) =—k

(58)

Since T(x, t) can only be approximated numerically, to avoid the computation of % we proceed as follows. Write

. t—€ 9T(x,u) du
= Bl
q(x, t) ﬂg%fo o Ji—a (59)
and, recalling that T(x, 0) = Ty, perform integration by parts; we obtain:
.| Txt—€) To 1 7€ T(x,y)
0 =Blim| ——— — — — = d
4 H ﬂ:i%[ Ve Vi 2h oyl }
. T(x,t—e€) Ty 1 =€ T(x,y) —T(x,t) ( 1 1 )
= Blim| ———F% — — — = — = Cdy - T(x, t) [ —= — —
ﬂeio[ Ve v zh Ty VTN ETa
To B [‘ T(x,y) — T(x, 1) T(x, )
Pr 2 { 0 (t-pi Vi
To B[ TkxY)
=-pf—-= dy, x,t>0. (60)
Vi 20 (t-y)s
Since in the last integral change of variable is allowed, we finally have
B 1 1 T(x,ts)
X t)=——|(To+ = ds), x,t>0. 61
q(x, t) ﬁ(o 2% (-9} (61)

For the numerical evaluation of the last FP integral several quadrature formulas are available; see for example [23,24].
The above described reduction of the original problem to a hypersingular integral equation has been recently presented
also in [5], Appendix B.

4.4. Problem 4

This last example describes a classical application of FP integrals, which springs from the boundary integral
representation given by Green’s second formula applied to the Laplace equation, defined on a bounded domain D, with
boundary S. In particular, if we consider the boundary representation of the potential u(y) aty € D:

_ ou(x) aG(x, y)
u(y) _‘/5[ on. G(x,y) — u(x) on, ]dsx, yeD, (62)

where G(x,y) = ﬁ log r in the two-dimensional case, G(x, y) = 4%” for three-dimensional problems, and r = ||x — y|.
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In several applications it is convenient or mandatory to take the gradient of u(y)

au(y) _ 311()() 36(){’ y) 32G(X,y)
i - / |: ony Yk —u(x) Byion, i|dsm yeD, (63)

and lety — & € S, in order to derive an (implicit) expression for the normal derivative at S. In this case we have to compute

2
lim u LE%Y) 4o (64)
y—>§Js a.Vkanx

To this end, we delete a neighborhood of &, obtained by intersecting the curve (surface) S by a circle (sphere) of radius
€ centered at £. We denote this domain by S.. As remarked in Section 3, we could delete a neighborhood (of “size” €) of
arbitrary shape, but the one above simplifies the following (analytic) calculation. Then we write

=l L

Since we have

8 G
lim f f PO 8) g (65)
y—>§ Js—s, S—Se 3}’/< Mx
the critical part is
. PG(x,y)
lim ——=dS,, 66
y—>§Jse u(X) 8y1<8nx ( )

since its kernel has a non-integrable, even in the CPV sense, singularity at x = y = &. The calculation of (66) can however be
easily reduced to the case u(x) = 1. Indeed we have:

PG(x.y) _ [ PGy
55()3k8 ueds, = [ 5 SR — u) — v @) (- Hlds,
?G(x, y) G(x,y)
vu® [ s @ [ S - g,
= L) +u@LY) +u ©L). (67)

where we have set u'(§) = (Vu(€))".
At this point we remark that

lim L) = 1),
lim () = £(©),
where I2(&) is defined in the CPV sense. Moreover,
lim [ (§) =0
while for the computation of
lim12(§)
we need to apply Remarks 6 and 7. This means that when S is smooth (let us say €?) at &, we have
lim (§) = 0
otherwise
lim 12(8) = ac(®)-
Thus the only difficult part is the evaluation of

#G(x,y)
—=2dS 68
y—&Js.  Oypony (68)

This is not a simple task, even when S is C? at & (see for example [19,13]). For instance, in [13], to evaluate (68) in this case,
the authors apply a clever formulation of Stokes theorem, to reduce the integral over S, in (68) to a line integral defined on
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the boundary of S, whose value is of the type b, (&) /€; however this term exactly cancels the corresponding one that springs
from the integral (65). Therefore in this case we have

lim [ ugo 0% Y 46 —7@ uGo LE%8) o (69)

y—£&Js Yy 0Ny oy 0y

When £ is a corner point of S, to our knowledge in no applications integral (68) has been evaluated.

An alternatively, and apparently simpler approach (see [7,18]) applies Green’s formula to the modified domain D, =
S —Sc + C., where S, S, are defined as before, and C, is the part of the boundary of the circle (sphere) of radius ¢, centered at
& € S, which belongs to the domain D. Thus for this domain we have:

/ [au(x) Gx. £) — ulx )8G(X S)] ds, =0, >0, (70)
S—se+Cc L on ny
hence

. du(x) G(x, &) #G(x, &) _

LY L U~ 7y

Since we assume that u € €%, « > 0, the only term whose evaluation poses some difficulties is

7Gx, &)
Ce 8ékanx

The calculation of this integral, even when S is not smooth at &, turns out to be much simpler than that of (68), since it
requires only basic calculus tools, after introducing polar coordinates centered at £. An expression of the form

PC(x, §) k(S)
c. &y

with the coefficients bk(é‘), c.(§) given explicitly, can be obtained. Thanks to this approach, Guiggiani [6], Manti¢ and
Paris [18], and Young [29], have been the first to evaluate (72), hence to point out that when & is a “corner” point and
the two continuous elements, separated by it, are not linear, we have ¢, (&) # 0. This implies that (71) will also produce the
additive term —c(§)u(€). For a more precise statement see [7]; see also [3].

Finally we recall that in these last years there has been an increasing use of higher-order hypersingular BIEs (see for
example [2]). They are obtained by taking higher-order derivatives of Cauchy singular integral equations.

ds,. (72)

ds, = + (&) + 0(e), (73)
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