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We use the method of dimensional continuation to isolate singularities in integrals containing products of
Green’s functions or their derivatives. Rules for the extraction of the finite part of so-called hypersingular
integrals are developed, which should be useful in methods based on boundary integral techniques in science and
engineering. In applications to potential theory, electromagnetic scattering, and crack dynamics in continuum
mechanics, boundary integrals now can be readily evaluated using computational techniques without recourse
to complex analysis or contour distortions since the hypersingularities occurring in intermediate steps of the
computations can be isolated and ignored while taking the finite parts of the integrals into account in a consistent
manner. We have also identified new forms of the Dirac § function in D dimensions, which are useful and
convenient in the calculations. A summary of the integrable singular integrals is given in tabular form. We extend
the considerations to a wider class of Green’s functions and present a theorem, with additional results arising from
it, that shows that hypersingular integrals associated with three-dimensional potential problems can be reduced
to one-dimensional finite integrals rather than two-dimensional integrals, again leading to direct evaluations in

such cases. These calculations are compared with existing results to show the efficacy of the approach.
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I. INTRODUCTION

The properties of Green’s functions and other generalized
functions are defined [1] by the “company they keep,” in the
sense that their behavior is determined by an integration of such
functions multiplied by well-behaved functions [2]. However,
frequently in physical calculations in science and engineering
we encounter derivatives of Green’s functions as in the bound-
ary integral method or its numerical implementation in the
boundary element method (BEM). This leads to nonintegrable
singularities that require careful attention in treating them.

In quantum field theory (QFT), we have an analogous
situation in which products of Green’s functions appearing in
loop diagrams lead to infinities. Particularly lucid comments
on this issue of the need to define new rules for the evaluation of
products of singular functions have been given by Bogoliubov
and Shirkov [3]. The method of analytic continuation in spatial
dimension D of the integrals, to isolate the singular part and
to identify the relevant finite values of the integrals, is used in
relativistic field theory in perturbative evaluations of physically
relevant quantities. In QFT the nature of the divergences
requires “dimensional regularization” by which the infinities
are absorbed into physically observable parameters through
the process of renormalization [4].

Fortunately, in potential theory, electromagnetic field com-
putations, and the theory of crack dynamics and continuum
mechanics, the singularities occurring in intermediate stages
of the calculations can be shown to cancel out. Thus, while
renormalization is not an issue in this case, managing the
infinities in the theory and performing numerical analysis is
an issue, and it can be troublesome, as evinced by the focus
of attention on this in the literature. Several investigations in
the literature refer to the integrals appearing in the integral
representation of potentials and fields and in their evaluation
by the BEM as hypersingular integrals [5-8].

In all the reports in the literature dealing with hypersin-
gular integrals, the approach for calculating them is to use
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either a distorted surface (two-dimensional [2D]) or contour
(one-dimensional [1D]) to directly address the issue of the
singularity. The presence of the hypersingularities typically
reduces the numerical accuracy attained in the integrals, and
the separation of the finite and infinite parts is a particularly
lengthy procedure. Transformation of variables and complex
analysis to evaluate the integrals are also employed in these
papers. We cite a recent cross section of typical articles in this
area in Refs. [9-16].

There are a few analytic methods to solve the problem of
singular integrals, such as the Galerkin approximation using
local polynomials (as in the finite element method) [9-11],
the Cauchy principle value technique to obtain the finite part
in integration [12—14], or complex analysis through contour
deformation [15]. These techniques usually consider a local
coordinate system around the singularity. The approaches dif-
fer only in the details of the evaluation of the singular integrals
to separate the finite and infinite parts. However, all these
earlier methods require very lengthy procedures due to the
arbitrary shape of the discretized elements, such as triangles,
and generally such discretized elements lack symmetry needed
to simplify the integrals. The same complicated procedure has
to be applied to each new type of Green’s function that is
appropriate to the problem, such as for Laplace problems [9],
elasticity problems [10,11], or in fracture analysis [13].

Here we wish to present a new, independent method for
the evaluation of the hypersingular integrals, whereby a more
universal approach can be implemented. We propose the use
of dimensional continuation in the evaluation of integrals of
the well-known Green’s functions. Since the singularities of
Green’s functions and their derivatives can be tamed by the
radial part of the Jacobian, rP-1 arising in D dimensions,
we arrive at a closed-form expression for the integrals at high
enough values of D. On returning to the dimension of interest
by analytic continuation, the singularity there can be explicitly
isolated and shown to cancel out in all applications. This is the
essence of the method of dimensional continuation.
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TABLE I. Comparison between the 2D calculations based on the final analytic expressions given by Fata ef al. [18] and the results from

our 1D reduction of the ISI using the theorem in Sec. IV.

Singular integrals

2D analytic results [18]

Present 1D calculations

I 7.161 515 826 913 852 (Nonsingular)

1} 1.373 374 685 494 244 1.373 374 685 494 246
I 1.549 306 788 877 796 1.549 306 788 877 799
L =1 3.484 787 720 187 224 3.484 787 720 187 223
n? 0.125 979 758 603 789 0.125 979 758 603 789
I —315“ 3.412 616 456 100 593 3.412 616 456 100 595
1512 0.978 715 205 225 059 0.978 715 205 225 061

We identify the rules for obtaining consistent results
through the use of such methods for the hypersingular integrals
occurring in the BEM [17]. We provide a systematic approach
to the treatment of the singularities in typical integrals using the
standard example of the Poisson equation in Sec. II and show
in Sec. II B how to isolate them using the dimensional contin-
uation method. Further, we define integrable singular integrals
that typically occur in physical applications in Sec. II C. These
results are then used in deriving new expressions for the Dirac
§ functions in D dimensions in Sec. IID; such expressions
help resolve the singularity in the derivative of the solution of
the Poisson equation over the infinite domain. In Sec. III we
derive further results for a general class of Green’s functions on
the integrability of their derivatives and show how integrals
can be performed over a general shape in the discretized
region around the singularity. In Sec. IV we prove that the
hypersingular integrals appearing in potential theory can be
reduced by one more dimension; in other words, the boundary
integral method that uses Green’s theorem and reduces the
dimensionality of the problem from three dimensions to two
can have its singular integrals reduced by yet one more
dimension. This is demonstrated for the Poisson’s equation,
and the results are compared in Table I with extant 2D
evaluations in the literature [ 18,19]. Examples of such integrals
occurring in electromagnetic scattering are considered in
Sec. V, with the example of fracture analysis presented in
Appendix B. A summary of the integrable singular integrals is
reported in tabular form in Tables II, III, and IV in Appendix C.
Concluding remarks are given in Sec. VL.

It is hoped that the present approach will provide an
effective, powerful, and practical method of evaluating the
so-called hypersingular integrals in computational science
and engineering applications, with an automated approach to
accounting for these issues in a direct manner.

II. POISSON’S EQUATION
IN AN INFINITE DOMAIN

We consider the usual three-dimensional (3D) Laplace’s
equation with an inhomogeneous term in order to iden-
tify the problem of singular integrals and illustrate our
method in resolving this problem. We also obtain a new
generalized expression for the Dirac § function in arbitrary
dimensions.

A. Poisson’s equation in three dimensions

In the infinite domain, the solution of the Poisson
equation, V2¢(r) = —4mp(r), is given by [20] ¢(r) =
[ p)/Ir — 1| d’r’. Here the potential is represented by ¢(r),
and p(r) is the charge density. The Green’s function for the
Poisson problem is G(r,r’) = 1/|r — r’|. The potential’s first-
and second-order derivatives are

/' (ri —r; )p(l") r. )
Ir—r'|3
3(ri —r(rj —r;
a,»aﬂp:/[_'r_ur ot ( - _)(r/,|5 )} p(r)d’r'.
@

When i = j, we should have the result

3

> 00i0(r) = Vo(r) = —4mp(r), 3)

i=1

from the standard identity V2G(r,r') = —478(r — r'). Thus
we should be able to carry out the above integral explicitly,
and we expect to have

3 ; "2 ) )
Z/[ |r—r’|3 |(’”_ f|5) i|/0(l‘)d3r = —47p(r).

“

However, the individual integrals are singular as r — r’
because of the factors of 1/|r —r’|* and 1/|r — r'| in the
integrand. In the following we consider the singularities in
detail. Equation (4) also suggests that we can define a new
form of the Dirac § function, and we will consider this issue
rigorously in Sec. IID.

B. Singular integrals

We classify a set of singular integrals that frequently occur
in integral equations. Consider singular integrals of the form

/ f(l‘) )
IF|<R Jrjd

where f(r) has a Taylor series expansion around the origin, and
D is the dimension of space that we will take to be continuous.
We introduce a shift in the denominator [8,21] by substituting
[r| = /12 + €2 in order to easily isolate the infinite part of
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the singular integral. At the end of the calculation, the limit =~ where § = D — d. The details of evaluating this integral are

€ — 0 will be imposed. given in Appendix A. We now consider three limits for the
integral I:
1. Basic singular integrals 1. When § > 0, the first term vanishes when € — 0. In this

case Iy is not a singular integral.

We first consider a basic singular integral defined as 2. When § — 0, we have

1 . ’
Io(R:d.8) = / T (©) WRdd) _ _TWD 7 wR o0, ®
ri<r Tl Ap 2T(d/2) 2 € ’
Doing the “angular” integrations in D dimensions, we note  where y is Euler’s constant y = 0.5772.... In this case the
that dPr = Ap r®~!dr, where Ap =27P/2/T(D/2) is the integral has a logarithmic singularity as € — 0.
surface area of the D-dimensional unit hypersphere. We 3. When § < 0, we have

change |r| in the denominator to o = +/r2 + €2 to write

. 3 _
lo(Ridd) R [r( 5/2)1“(1)/2)} ©)

R A 1) 2T°(d/2
Io(R;d,8) = Ap / o~ rP1 gy, b @/2)
0 In this case we see that the singular integral has an € %/-type
To leading order in € the integral then becomes infinity as € — 0.
Therefore, we separate the infinite part of the singular

Iy(R;d,8) _ ,T(=8/2I'(D/2)  R® integral Io(R;d,8) as follows:

€ , (N
Ap 2T(d/2) 5
|
RTB, for § > 0, no infinity,
Iy(R;d,$) / . .
0 P _{r(((iz//zz)) -2 +InZ%, for 8§ = 0, log infinity, (10)

R® —18|TT(=8/2)T(D/2 sl - .
S 4e H[%/(z)/)]’ for § < 0, e ¥l infinity.

Notice that the nature of the infinite part is determined only by singular integral I,. When all n; are even numbers, I; is given

§=D—d. by
2. General singular integrals (D =2 l‘[k eSO
. NI N " .
The general singular integrals are defined as I(R: d’s’{n’}"=1) o (D + n—=2)! lo(R;d+N.9),
nony 15)
I(R; d.8,{ni}i_,) =f x‘ﬁTx"d"r, (11)
< r . . .

i<k and [; vanishes otherwise. We note that these integrals all have

where N = Y"'_, n;. Let us first focus on the form the same singular behavior as /p.

. _ X" b
I(R;d.é,n) = /;<R |p|d+n (12) 3. e-singular integrals

We can have a singular integral that has € in the numerator.
We assume that € is a constant when performing the integra-
tion. Hence we will have

The details of the evaluation of these integrals are given in
Appendix A, and we provide only the results here. When 7 is
odd, this integral vanishes, and when » is even, [ is given by

(D —=2)!(n — ! ehoxM M Ly
(R = Io(R; 1 <(R: ) = ) B MY S
(Rsd ) = =5 =T = (Rsd ke md), (13 L (Rid.8 () /M FrET
where (n; — D!'=m; — D(m; —3)---1, and (—D!! =1. = e""lk(R;d + np,8 — no,{ni}f:]), (16)

The most commonly occurring nonzero case in typical ap-
plications is when n = 2 [see, for example, Eq. (4)], for which

— k N 1
we obtain where N = ) ._, n;. We need consider only the case when all

n; are even, since the integral vanishes otherwise. For nonzero

2
cases, we have

X

1
Il(R;d,8,2)=/ dPr = 5 I(Rid +2.8). (14)

r|<r T|4+2

—NTT* (i = DN
Since the type of infinity just depends on §, I;(R;d,8,n) has I (R;d,(S,{ni}f_o) _ (D =Ny 0 — DN
the same singular behavior as Io(R;d,8). In fact, the general B (D+N =2
singular integrals [; are always multiples of the above basic x €™ Iy(R;d + N + ng,8 —ng). (17)
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To simplify the notation we define I§(R;d,5,n0) =
€™ Iy(R;d + ny,6 — ng), so that

(D — )N TTe (s = )N
(D+N—2)!!
x I§(R:d + N.,8.n). (18)

I (R;d,8,{n; 1 ) =

Therefore, I is transformed to /j, and hence we need to
discuss the properties of I;. This is done in the following.

4. Basic e-singular integrals

With the result for /y derived above in Eq. (10), we have

e ()

19)

I§(R;d,8,np) = €° [

The earlier definitions for /; and I; are convenient because a
factor of €% can be pulled out. Because n is always greater
than 0, the second term vanishes in the limit € — 0 if § # ny.
When 8 = ny, recall that /; is a multiple of Iy, and by Eq. (10)
we have

I5(R;d,8,n9) = €™Iy(R;d + no,8 — ny)
r'[d 2 R
_ e {_ [@+n)/2) _y o }

2T[(d +ng)/2] 2 €
— 0. (20)

Therefore, I; — 0 ase — Oforall § > 0, even when § = ny.
In summary, we obtain the following:

1. When § > 0, we simply get I5(R;d,5,n0) = 0.

2. When § — 0, we have

IS

)

IE(R;d,8,n0) = + 0(d), 21

rers)

“or (L)

vm

which is finite.
3. When § < 0, we have

(=307 (2
I5(R:d.8.np) = ™" [w] . @)
2

which has a singularity arising from the € ~!%! factor.

C. Integrable singular integrals

If two singular integrals have the same infinite part
their difference is a finite number. More generally, a linear
combination of singular integrals may sum to a finite number
when their infinite parts cancel. We call such combinations
as integrable singular integrals (ISIs) [22]. As will be shown
below, most of the singular integrals in physics applications
of potential theory and engineering analysis using Green’s
functions are ISIs [23].

PHYSICAL REVIEW E 85, 016706 (2012)

For the nonzero cases, the integrals I (R; d,(S,{ni}f:l) are
always a multiple of Iy(R;d + N,8), so that both classes of
integrals have the same type of infinity: logarithmic infinity
when 8§ =0 and € Pl-type infinity when § < 0. Therefore,
we can take the linear combination of I;(R;d,é ,{ni}fle) and
Io(R;d,8) to cancel the singular parts and obtain ISIs [24].
Such ISIs are given by

d+N -2

Iy(R;d,5) — I.(R:d.8, if-(_
o ) (d_z)!!l—[jle(ni_l)” k( {n }_1)
_ |- GESan] R frd <o
[W(5Y) - w(5)]ap,  fors=o0,

where all n; are even, and W (x) = I''(x)/ I'(x) is the digamma
function. W[(d + N)/2] — W(d/2) can be written as

v d+ N " d —2+ 2 R 2
2 2] d d+2 d+N-=2"
(24)

Another type of ISI includes /. Because I; can always
be transformed to I, we just need to consider /5. We noted
earlier that /§ is finite when § = 0, and is integrable. When
5 < 0, we have

r(-3) r<4+"—0>}
Ip(R:;d,8) — - 2__27 | [£(R:d,8,n0)
[F(—%Jr?‘)) NORN
_ Ab s
~ R’ (25)

We call the above the fundamental ISIs because all the
other ISIs can be written as linear combinations of them. Some
simple examples of fundamental ISIs are given as follows:

1. By setting k = 1,n; =2 in Eq. (23), we obtain the
simplest ISI, which takes the form

1 x2 AD
— —d dPr = 2 RS, 26
/KR(W |r|d+2) =D 20

It can be checked that this formula holds forall § > Oord < 0.
2. By setting nyp =2 in Eq. (25), we have another ISI
obtained from Iy and I§, which we call €2-ISI, for which

1 d 62 AD
i — dD = —R‘s. 27
fM(md d—D |r|d+2> =5 @7

D. The Dirac § function in ISI
We note that

D 2
1 1 D r:
_ 2 [ A 28
Ap = <|r|D |r|D+2> 29
is a Dirac é function in the D dimension in the sense that [25]
D(rl /)2 / D_/
— r)d r = p(r).
Z/[H@ s | P p(x)

(29)

8P(r) =

To verify the above we take a series expansion of p(r'):

p(t') = p(r) + (' —1)- Vp(r) + O[(r' = 1)’].  (30)
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The leading term of the expansion gives
D(r; — 1)) D
Z./|:|r—r/|D o r’ID”]p(r)d '

—pmpb /<|s|D ) |s|D+2>st’ oy

where s = r’ — r. This is the simplest ISI withd = D. So from
Eq. (26) we have

D(r; — r})?
Z/[r—r’lD B |(r r/r|5) ]p(r)dDr/=AD,0(r).

(32)

We can show that the further terms in the series expansion
are zero. Actually, any integral of the following form can be
expressed as

D

1 Ds )
Z/ <W _ |s|D+2) Hs " dPs = A Io(R:d.5). (33)
i=1 YIsI<R

where d = D — Y _ a;, with a; being the power of s; in the
Taylor expansion of p(r'),§ = D —d =) a; > 0,and A is a
constant that is obtained by doing the angular integration and
is given by Eq. (15). Because § > 0, we know this is a regular
integral with no singularity, and from Eq. (10) we obtain

Ds R?
— WqdPs = Apr —. (34
Zfsd(w |D+2)l_[3 S=Apn e O

On the other hand, by evaluating the difference between two
such integrals over the ranges |s| < R; and |s| < R, with R >
R; we have

R — R?
ai 4D
2/ (|S|D—|S|D+z>l_ls S
(35)
We note that for s # 0
D

Z 1 Dsi2 D Ds? —0 (36)
—\IsIP  [s|P¥2) " gs|P P2

Hence the left-hand side of Eq. (35) is zero, so that A = 0.
Therefore the integral in Eq. (34) vanishes. Combined with
Eq. (32), we reconstruct the relation Eq. (29).

Also, we can write the § function as a limit:

5Oy - 2 [ B 2 }
Ap e~>0 ( /,-2 + €2)D ( /r2 + €2)D+2

D g (L 37

AV 7

This new representation of the Dirac § function can be used
to directly prove Eq. (4).
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III. FURTHER RESULTS ON INTEGRABLE
SINGULAR INTEGRALS

We present here two important additional results that can
further substantially simplify the evaluation of integrable
singular integrals.

A. Singular integrals arising from the derivatives
of Green’s functions

With the formulas obtained from dimensional continuation
above we can prove a general theorem that shows that the
singular integrals coming from the derivative of Green’s
functions must actually be finite.

Theorem: If the Green’s function G(r) can be expressed as
the following series expansion:

rnlrnz . rnl)
G =3 Y amm) 5 (38)

then we have the following equality:

/ G 10

- G(r)dPr, 39
x Or RBR/ rGmdr, (39

which is always a finite number. We have relegated the proof
of this theorem to Appendix A. With this theorem we can
show that the integral of the double derivatives of the Green’s
function is also integrable, as shown below. In fact, this implies
that any finite-order derivatives of Green’s functions can be
integrated.

Assume the conditions of the above theorem hold for G(r).
Then the integral of the double derivative of G is also finite,
where we have

10

/ 39,Gd’r = — —
r<R ROR r
18] [
R r<R
ad 1 d
b ——/ r,-erle‘
R \RR J. ¢

1 0

— 8 —— G dPr. 40
jRBR/,Q r (40)

ri 8JG dDI'
R

3;(ri G) — 8, G1d"r

x| = =l

B. Singular integrals over a general shape

In practical applications, we usually have singular integrals
over volumes V of any general shape rather than necessarily
spherically symmetric regions. We now generalize our method
to account for this in the following. Assume the conditions in
the above theorem hold for G(r). For an analytic function u(r),
we have

/ uaiGdDrzf [0;(u G) — G d;u] d°r
r<R r<R

19
=—— r,-quDr—/ G ud’r.
ROR J,<r r<R

(41)
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We employ the characteristic function (Ref. [26], p. 313)
defined by

1 reV,

xv(r) = {0 rev. (42)

[This is a generalization of the usual step function 6(x), which
is zero for x < 0 and unity for x > 0.] Then if we take a large
enough spherical integration range such that it contains V, we
have

f Xv BiGdDrzf 3;G dPr. (43)
r<R 1%

By the Stone-Weierstrass theorem (Ref. [26], p. 159), the
characteristic function xy can be approximated closely by
polynomial functions. We can therefore apply this result to
obtain

1 0
/8iGle'= —_ ri Xv Gle'—/ GaiXVdDI'
Vv ROR r<R r<R
=& - / n(r) G(r)d”'r, (44)
A%

where 9V is the boundary of V, n(r) is the (outward directed)
unit normal vector on 0V atr, and €; is the i th unit basis vector.
The first term in Eq. (44), having /0 R, vanishes because xy
is zero outside V, so the integral does not depend on R. The
derivative of xy will become (the negative of) the § function
on 9V, as the derivative of the step function 6(x) is the delta
function §(x), so the second term becomes an integration on
the boundary.

The above discussion is a physical explanation rather than
a strict mathematical proof. In order to provide a rigorous
proof, we need to have several conditions for V, such as the
requirement for compactness and convexity, and by saying
that xy can be approximated by polynomials we actually
mean a uniform convergence as stated by the Stone-Weierstrass
theorem. We also note that Eq. (44) can be applied when G
has 07" singularities inside V; however, it cannot be applied
when G has logarithmic singularities.

The formula in Eq. (44) is especially useful in the boundary
integral equation (BIE) method, where we break up the surface
into discrete triangles and have singular integrals of the
forms [, p3;GdS and [, p 8;3;G dS. In a small triangle A
enclosing the singularity we can assume p to be a constant py.
With the above formula, we have

3

/8,»GdS=Z<é,--nk/Gdl), (45)
A I

k=1

where the sum over k means that we evaluate the integral over
the three sides of the triangle, thereby reducing the BIE integral
to a sum of one-dimensional integrals.

IV. POISSON PROBLEM IN A FINITE DOMAIN

A. Poisson’s equation in three dimensions

Now we consider the boundary integral approach to a
typical 3D potential problem for which the Poisson Green’s

PHYSICAL REVIEW E 85, 016706 (2012)

function is G(x,y) = 1/|x — y|. The boundary integral equa-
tion is given by

9
/G(x,y)y dSy —/ n(y) - VxG(x,y)p(y) d Sy=4m ¢(x),
r n r
(46)

where ¢(x) is the potential needed to be solved on the
boundary I', and n(y) is the unit normal vector on I" aty. In a
numerical approximation of the boundary integral equation we
divide the surface I" into nonoverlapping contiguous triangles,
so the original integration can be expressed by a sum of
2D integrations over flat triangles, and we express ¢(y) by
polynomial functions in each triangle. In essence this is
the boundary element method. One problem arising in this
calculation is that if X and y lie in the same triangle, the
integration over this triangle will become singular because the
singularity appearing in G(X,y) and its derivative (and in other
examples its higher derivatives). We note that this problem
does not occur if x and y lie in different triangles because they
are separated and their distance will have a lower bound, and
G(x,y) will be a finite number.

In the following, we restrict our attention to the case when
x and y are in the same triangle A, and we definer = x —y.
The class of singular integrals that appear in such calculations

are
1 ; ri
L=| -ds, 1i=/[ —Lds,
AT r

A
. r; ii T r:
I :f r—3ds, L =/ r—3’dS, 47)
A A

. S 3rir;
5,»,»13—315'":fA<r_;_ isrf>ds.

The analytic results for these integrals have been evaluated
previously by accounting for the singularities through lengthy
procedures in two dimensions [18,19,27]. Here we are using
the notation in Ref. [18] for the integrals. Within our frame-
work, as developed in this report, the analytic expressions can
be obtained more easily because, with the exception of I
which is a finite integral, the 2D integrals can be transformed
to (1D) line integrals, by employing the result in Sec. III B, as
follows:

3

3
| . ‘ ) 1
I = E (ei~nk[rdS), Ié:—g (ei~nk/1;d5>,
k k

k=1 k=1

3
. 1 e
I”:—/r-ﬁ,-—dS:— (é,nk/—]dl>+8,11,
’ 1 : 1
51--13—31”=/8,-8-—d5= <é,ﬂk/8—dl>
J 5 A Jr ; I Jr
(48)

For the Poisson Green’s function, it can be verified that the
numerical results from the line integration perfectly match
the analytic expressions of the earlier work when they are
evaluated numerically [18]. We have verified that our line
integrals can also be evaluated analytically to obtain the same
expressions. In Table I we give the numerical comparison
between the two methods. We have taken the three vertices
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of the triangle, shown in Fig. 3, to be (-2, — 1), (2, — 2), and
(1,1) as a general example for obtaining concrete numerical
results.

For more complex Green’s functions, evaluating the ana-
Iytic expressions on arbitrary 2D surfaces with singularities
appearing inside them will be very lengthy procedures within
the framework of the methods used in the literature. Analytic
approaches in two dimensions would be more complex than
the 1D analytic approach presented here. Second, if numerical
integrations are performed over the 2D region, the presence
of the singularities reduce accuracy of the integrals in the
intermediate steps of the analysis. The 1D numerical integrals
that one would encounter correspondingly in our method will
not have any reduction in accuracy due to the singularities
since the integrations are on the boundary.

B. Poisson’s equation in two dimensions

For completeness we present a short elaboration of singular
integrals appearing in the 2D boundary integral method, even
though the following integrals are not ISIs. In the 2D Poisson
problem, cast in terms of the boundary integral method, we
have [17]

0G(r,1’)

8 /
*”(r)—so(rv—a, } (49)
n

on’

o(r) = L f dl’ |:G(r,r’)
4

where G(r,r') = —2In|r — r’|. We can assume ¢ and 9,y ¢ to
be constants, as a worst case scenario, over a small line element
from £, to £, so that we need to evaluate the singular integrals:

£y Ly S - n/
B =/ Insdl’, Bng s—dl, (50)
i 7

a a

where s =r —r'. B; is a well-defined integrable end-point
singular integral typified by

R
/1nxdx=1in(1)(x1nx—x)\f=R1nR—R. (51)
0 €—>

The integral B, can be evaluated using the point-shifting
technique used earlier. We make use of the geometry displayed
in Fig. 1 and write dI’ = s df/cosa = s d6/§ - n'. Then,

bs.n' sdo b
B, — 59 _ 7 e, (52)
L, la

s2 §-n

This integral in the limit € — 0 corresponds to an angle
subtended by the contour at the singular point, so that for
a straight contour [see Fig. 2(a)] we have B, = m, while
for a corner, as shown in Fig. 2(b), we have B, = 37/2,
as an exterior angle. Further details can be obtained for 2D
treatments of the boundary integral method in Ref. [17].

V. ISI IN ELECTROMAGNETIC SCATTERING

We illustrate the above considerations with a brief ap-
plication to the evaluation of electromagnetic fields emitted
by a conducting surface [28,29], where again integrable
singularities occur. (An additional example from the field of
fracture dynamics is described briefly in Appendix B.)

PHYSICAL REVIEW E 85, 016706 (2012)

P

FIG. 1. (Color online) The contour used to identify the terms in
the integrand of the boundary integral approach for evaluating the 2D
Poisson potential.

A. 3D scattering

In 3D, the electric field radiated by a conducting surface
takes the form [21,30]

E = —ikZo/ [G(r,r’)J(r’) + k—leVG(r,r’) . J(r/)i|dS/,
S
(53)

where the Green’s function is given by G(r,r') = % /4r,
with ¢ = |r — /|, and Zy = /1uo/€o is the impedance of
free space [28]. The second term in the integral involves a
second derivative of the Green’s function, and therefore the
corresponding integral is a hypersingular integral. It is usual
to discretize the surface into small elements. As a simple
approximation, we may assume that the current J(r') is a
constant Jo over a suitably small element (in general it can
be taken to be a simple polynomial). We can then write the
second term of the integral explicitly as

/ VVG(r,l'/)'JOdS=J0'Z@i@j/ G;;jdS, (54)
AS AS

ij

lp

FIG. 2. (Color online) The geometry used in evaluating the 2D
Poisson contour integral in the boundary element method: (a) for a
straight contour and (b) for an angular edge.
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Y A

FIG. 3. (Color online) The 2D triangular region for the evaluation
of the hypersingular integrals in the 3D Poisson problem with a
singularity located at (0,0) is shown. The 2D integrals over the triangle
calculated using the expressions given by Refs. [18,19] are compared
with our 1D line integral along the edges of the triangle in Table I.

where AS is an element containing the singularity and

3 —3iko — k20¥oi0;  8ij(1 — ik ‘
Gy = [( iko e)eoigj  &i(1—i Q)} Je. (55

o’ o?

The singular integrals in [ G;; dS are

| (%_7)ds, K= [ %%as. i,
As \ © 0" As @

(56)

where we have expanded the exponential exp(iko) =~ (1 +
iko) for small g to isolate the singular terms. If we take the
region of integration to be a circle around the singularity, we
find K; = /R is the simplest ISI with d =3,D =2, and
K> = Oasis evident from Eq. (A13). In the full calculation, we
have to take the integral within and outside the circular region
separately; we then note that the integral over the exterior of the
circle is a regular integral and can be computed directly. These
identifications of the finite parts should substantially simplify
the computational modeling of electromagnetic scattering.

B. 2D scattering
In 2D scattering, the Green’s function is given by [28]

eikQ
Gr,r)=—, 57
NG
where ¢ = |r — r/|. Similarly, the components of VV G are
0;0,G = (2 Q_% — 2ikg_% — k2Q ;)Q,’QJ
+( =307 Hiko)s e
5 _9 1 _3
=30i0j0 > — 380’
+ik(=Foi0re7t +345e7) + 0(eY).
(58)
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It can be easily checked that the singular terms in [ G;; dS
also sum to ISIs. For example, the leading terms of [ G;; dS

given by
1 50
o= [ (G m35m) s

1 3¢
w=[ (Gragn)es @

where K3 = w R™'/2 is the simplest ISI withd = 5/2,D = 2,
and K4 = 7 R'Y/? is the simplest ISI withd = 3/2,D = 2.

VI. CONCLUDING REMARKS

We have used dimensional continuation in the evalua-
tion of integrals of the well-known Green’s functions and
their derivatives. We have identified the rules for obtaining
consistent results through the use of such methods for
the hypersingular integrals occurring in the BEM, potential
theory, electromagnetic scattering, and fracture analysis (see
Appendix B). We have provided a systematic approach to
the identification of the singularities in typical integrals and
shown how to isolate them using the dimensional continuation
method. We have identified new representations for the Dirac
§ function in D dimensions that are not stated in the standard
literature. These results are then used in the calculation of
examples of such integrals occurring in physical applications.
A summary of the integrable singular integrals is given in
tabular form in Appendix C. The theorem presented in Sec. 111
shows how the potential problems in three dimensions, which
are reduced to 2D boundary integrals by Green’s theorem
with hypersingularities, can be further reduced to 1D finite
integrals. This provides a concrete example of the strength of
our approach through the further reduction in dimensionality
afforded the application of the theorem.

It is hoped that the present approach will provide an
effective, practical method of evaluating the so-called hyper-
singular integrals in computational science and engineering
applications. Our tabulated ISIs will lead to an automated
computation of the physical quantities of interest without
having to recalculate finite parts of integrals for each specific
occurrence.
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APPENDIX A: CLASSIFICATION OF SINGULAR
INTEGRALS

For convenience, we use the substitutions

22, 2
p-=r"+¢€, r=(x1,%,...,Xp),

217

-
r(z)
We will always use d as the order of the singularity of the
integrand, i.e., the power of r in the denominator of the

§=D—d, Ap= (A1)
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integrand, and D as the dimension of the multidimensional
integration. It will be shown below that whether an integral is
singular, and if so the type of the infinite part, is determined by
8§ = D — d. Here Ap is the surface area of the D-dimensional
unit hypersphere.

d’r
Doing the “angular” integrations in D dimensions, we note
that d°r = Ap rP~'dr. We change |r| in the denominator to

0 = /12 + €2 to write

1. The basic integral Io(R; d,§) = [ L

Ir|<R |r|d

R
Iy(R;d,$) = AD/ o 4 rP=ldr.
0
The integral then becomes

Io(R:d.,8 ® 4 ¥ 4 p-
M:/ perldr—/ o~ rPtdr.  (A2)
0 R

Ap
The first integral can be expressed in terms of gamma
functions,

/00 D=1 G [F(—(S/Z)F(D/Z)}
0

P 2T(d/2) (A3)

and the second integral can be expressed as a hypergeometric
function,

% D=1 R’ d 5 5 &
—dr=—\— | F |5 —5:1l—51—— ).
- 5 2772 2R
(A4)
|

Ii(R;d,8,n) = Ap_, f
o Jo

T R Grcos"0)
-

pd+n

PHYSICAL REVIEW E 85, 016706 (2012)

where
o0
(@) (b), z"
Fi(a,b;c; =E —,
g l(a’ ¢ Z) =0 (C)n n!

with (§), =§@E +DE +2)---(§ +n—1), (§)o = 1. From
the series expansion of the hypergeometric function, to leading
order in €, we have

oo rD—l R(S
/ —dr = ——[1+ 0()]. (A5)
R P )
Therefore,
. _ s
h(Rid®) _ 4 T8DTD2) R

Ap 2T(d/2) 5

2. Integrals of the type I,(R;d,d,n) = flr|<R Irl):’% dPr

We suppose that the x above coincides with one of the x;
in Eq. (A1). In this case, we make the usual substitution into
hyperspherical coordinates:

xy =rcosf;, 0<6 <m,
X, =rsiné; coshy, 0<6, <2m,

(AT)
Xp = rsinf; sin6, --- sinfp_

dPr = yP! SinD_291 <o-drdby---dbp_y,

and shift the denominator from |r| to p = +/r% + €2 (with
x = x; without loss of generality, and 6; = ) to write

sin®20 dr do

R T
= AD_I/ p @M r[(D+”)_1]dr/ cos" 6 sin®~% 9 do
0 0

A

= Iy(R;d + n,$) -

D—1

b
/ cos" 6 sin®26 do. (A8)
0

D

The angular integrals have been suppressed into Ap_1,Ap, which are the surface areas of the unit hypersphere in D — 1 and D
dimensions. The last integral in Eq. (A8) is a beta function, and we have

7 0, for n odd,
Ap-1 g s D=2
cos” 6 sin 0do = | rr (A9)
Ap Jo AT for n even.
When 7 is even, the gamma functions can be simplified further to obtain
—Dn=3).--1
h(R:dsmy= — L= DO =Y Io(R; d + n.9). (A10)

(D+n—2)(D+n—4)---D

Since the type of infinity just depends on 8, I;(R;d,8,n) has the same singular behavior as Iy(R; d,§). For example, the most
commonly occurring nonzero case in typical applications is when n = 2, for which we obtain

2 1
L(R;d,8,2) :/ dPr = — Iy(R;d + 2.95). (Al1)
j<r |T|4H? D
A. Integrals of the type I,(R;d,3,m,n) = f|"|<R |r;:’in+i?+" dP’r
For such integrals we again make the substitutions into hyperspherical coordinates
X1 =rcosfy, x»=rsind cosb, d°r= Ap_orP " sin?26,sin?> 6, dr do; db,, (A12)

016706-9



ZEHAO LI AND L. R. RAM-MOHAN PHYSICAL REVIEW E 85, 016706 (2012)

and as usual change |r| in the denominator to p = +/r2 + €2 to obtain

r"™ " cos™ 6, sin” 6 cos” 6
L(R;d,8,m,n) = Ap_ 2/ / / ! ! 21D~V sin?~2 9, sinP 3 0, dr d6, db»

d+m+n

= Ip(R;d +m +n, 5)

T
/ cos™ 0, sin®*" 729, do, / cos" 6, sin® 3 6, do,
p Jo 0
r(e)reEs) )
= 2;11“(1’2*’2"*”) 22 Io(R;d +m +n,8), (A13)

when both m and n are even, and I, = 0 otherwise. Thus I, also has the same singular behavior as Ip(R;d,d).

X x'z x
4. Integrals of the type I,(R;d,8,{n;}*_) = [, sttt d’r; N = ZLI n;

Ir|<R |r|d+N

Using the same approach as above, we can obtain a general formula

xMxM g [T, (s — DN
I(R:d,8,{n;}_,) = 2 Tk gPy = =1 Io(R;d + N,35), Al4
k( {niYisy) /|r|<R T "= DFN-2D+N—4-D o(R;d + N,8) (Al4)

when all n; are even, and I; = 0 otherwise. Also, (n; — D!! = (m; — 1)(n; —3)---1,and (—D)!! = 1.
5. Integral of the derivative of Green’s function

Theorem. If the Green’s function G(r) can be expressed as the following series expansion:

Ay
G(r) = ZZaM ) : (A15)
M
then we have the following equality:
0G 19
/ = ® 4y — =% | rGmad-r. (A16)
r<rR OFi r<R

which is always a finite number. Here M is any real number and the n; are non-negative integers.
We can prove this result for each of the terms in G. Let
ny_.na

np
rnrnorp

g=-12 "D (A17)

M
g = ('ﬁ - %) g (A18)
r r
Its integral is
M
/ 31gdPr = / MeaPr— [ ZlgaPr. (A19)
r<R r<R 1 r<rR T

If n; is even or any of the other n; is odd, the multidimensional integral vanishes because of symmetry, and the theorem holds
trivially. Otherwise, notice that the two terms on the right-hand side of Eq. (A19) are, respectively, given by

n pTlp
g1 =/ —lngr=n1/ 2D 4Py =y Ip(Rid,8,{m — Lna, ...,np)), (A20)
r<R T1 r<R r
and
1‘4},.1 n1+1 n2 V
& =— - = —Mf M Nty dPr = —M Ip(R;d,8,{n1 + 1,ns, ... ,np)), (A21)
<R I’ FM+2

whered =M —N+1,N=Y" n,ands =D —-d=D—-M+N — 1.
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Recalling Eq. (23), we note that it applies to g; and g, with k = D, now that we have n; odd and all other n; even. We then
obtain

D
m!! [[isy (i = DY ApRP-M+N-1 (A22)
DD +2)---(D+N—-1)
which holds for all § and is always a finite number.
From the right-hand side of Eq. (A16) we have

g1t+g&=

mAlm o 12, — DN
/ rigd’r = / OB D gPr— [p(Rid,8fny + Lina .. np)) = —nt iyt = 1) Io(R; M.5),
r<R r<R r DID+2)---(D+N—-1)
(A23)
whered = M — N —1and § = D — M + N + 1. The derivative with respect to R applies only to Iy, so that
d
a—RIo(R;M,D—M—i—N—}— 1) = ApRPM+N, (A24)
which is a finite number, independent of whether I is a singular integral or not. Thus we have
ag(r 19
/ L Iy (A25)
r<R 8}’] RaR r<R

This equation holds if we take linear combination of different g, and we can also change r; to any r;. Therefore, in general we
have

3G 19
/ ® e L2 [ Gayabr. (A26)
r<R 8r,~ R OR r<R

APPENDIX B: FRACTURE ANALYSIS

It is important to show the generality of our method. The theory of crack energetics again illustrates the issue of resolving
hypersingular integrals using dimensional continuation. For the sake of completeness we briefly describe the relation appearing
in fracture analysis. The relation between surface displacements u;(P) and tractions 7;(P) for a smooth crack is given by the
integral equation [8,31,32]

uj(P)=2 8C[Uij(PvQ)Ti(Q) — T;;(P,Q)ui(Q)ldsg, (BI)

where dC is the crack surface. A sum over repeated indices is implied. The displacement U;; (P, Q) and traction T;;(P, Q) at the
observation point P due to source point Q are given by Kelvin’s solution,

Uj= ——————[3 —40)8; + ;7 ; B2
! 167rr(1—v)G[( VI o+ Oir 9y (B2)
and

1

Ti=——
87 r2 (1 —v)

{[(1 — 2V)8ij +3 8,'}" E)J-r] 2_7' + (l — 2V)(l’lj 8,»r —n; ajr)}, (B3)
n

where r = |[rp —rg|, v is Poisson’s ratio, and G is the shear modulus. With the normal force N = N; e;, the traction 7 is given
by

2
4(P)=G |:(8ju[ + BN, + % N 8kuk:| . (B4)
— 2V

The derivative of u; can be obtained from Eq. (B1) to be substituted here, and we have

5i(P) =2GN; /ac{[aiji(P,Q) + 0iUnj(P, Q)] tn(Q) — [0, Ti (P, Q) + 0i Tnj (P, Q) un(Q) } dsg

4y
1—2v

+ GNi/ [t (Q) O Uni (P, Q) + tm(Q) % Tk (P, Q)] dsg. (BS)
aC

We assume the boundary condition that the traction 7,,(Q) = 0 on the crack, so the above integral is simplified to

4v
1—2v

0= _2GNj/ [0 Tni (P, Q) + 0; Tnj (P, D] un(Q)dso — GNi/ um(Q) % Tni(P, Q) ds g, (B6)
aC aC
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and 0, 7;; is given by

W Tij(P,Q) = .

ar
W{ﬂ&k 0;r + i 0jr — 50,7 9;r akr)ﬁ + 30y O 0,1

a
+(1 - 2v)|:8,-jnk - (Sjkn,‘ + Siknj + 3<I’l, ajr akl‘ — I/lj 8,~r Bkr — 8,‘]‘ akr 8—r)i| } (B7)
n

We will show that the first integral of Eq. (B6) is a singular integral and can be resolved by the ISI method. The same
technique can be applied for the second integral. Invoking the finite element method, we assume the crack surface is flat over
a small element AS, and choose the local coordinate system so that the normal direction of AS is e;. Here AS contains the

singular point, so that P and Q are points in AS. On this element we have n = e; and the normal force N = N;e;. Hence the
first integral in Eq. (B6) becomes

—2GN3/ [03T3i (P, Q) + 8; Tu3(P, Q) uw(Q) dso, (B3)
AS

and 0, 7;; becomes

1
8kTij(PsQ) = [m] {3(8jk 0;7 + i ajr —50;r Bjr Oxr) 03r + 3831 9;r Bjr
+(1 - 2V)[8ij53k — 8jk53i + 5ik83j + 3(83; ajr ol — 53j 0;r oyr — Sij orr 03r)]}. (B9)

We further assume that u,,(Q) is a constant u,, over the small element AS, and consider the integral in Eq. (B6) to be over a
small circle centered at P. We then have the singular integral

Jim =8 (1 — V)/ [03Tni (P, Q) + 8: T,u3(P, Q)] dsg
r<R

— (Sim/ |:(3+1283m)(a3r)2+3(amr)2_30(a3r)2(amr)2 N 7 3(83r)2 _ 3(amr)21|d2r7
r<R

(1—2v) .

3 (B10)
r r

with no sum over m. Notice that we take the integral to be on the xy plane, and the z direction is actually the direction along
which we shift the origin. We therefore write d;r = z/r = €/r. Since J;, is zero for i # m, we are left with

32 32 30622 2 32 3
Jm,,,zf [r’”+i5—¥+(1—2v)<——%’”— 6>]d2r, form 3 (B11)
r<R r r

rs r r3 rd

and

18¢2  30¢* 2 6€2\]
J33=[<R[r5 —r—7+(1—21))<r—3—r—5>1|dl'
When m s 3, J,,, is a linear combination of the integrals

J—f L3 gs J—/ L3¢ s J—/ L5 s (B13)
l_r<R }"3 I"S ’ 2_r<R r3 rS ’ 3_r<R rS r7 ’

Here, J,, J> and J; are all ISIs with no singularities. In the above, J; = 7 R~ isthe simplest ISIwithd =3,D =2,J, = —2n R!
is an €2-ISI withd = 3,D =2, and J; = w R3 is the simplest ISI with d = 5,D = 2. In fact, we have

(B12)

Jom = —J1 + Jo +6€2 T3 + (1 = 2v)(J; + Jo) = 2(v — 2)mR™". (B14)

Returning to J33 we see that it is a linear combination of J, and J4 given by
Iy = / L3¢ s (B15)
T r<R LT 3 3 r 3 .
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Here J, = —(2mR~3/3) is an €2-ISI with d = 5,D = 2. So
we have

J33 = 18€% U, +2(1 — 2v)Jr, = —4(1 —2v)7R™'.  (B16)

In all the above integrals the finite parts are explicitly deter-
mined by the ISI method. We thus see again that dimensional
continuation provides a unified approach to all hypersingular
integrals, making it easy to isolate the singularities, which
actually cancel, leaving a well-defined finite part.

APPENDIX C: TABLE OF INTEGRABLE
SINGULAR INTEGRALS

1. A table of the simplest ISI: [, _. (% — r’%"z)d”r = AL R-@-D)

TABLE II. A table of integrable singular integrals for spatial

dimension D = {1,...,5}, with singular denominators r~¢, with
d={1,...,5.d}.

Integral D d Value
i (rl - f—;)dx 1 1 2

fr<R (%2 - zriz)dx 1 2 2R-!
S (5 = 35 )ax I 3 -
Joer (,% - ,ddizz)dx 1 d QR
Jrer ('Lz B 2'L“z)ds 2 2 b4

frn (5 = %)ds 2 3 PRl
Sk (,th - 4%2)‘15 2 4 7R2
fr<R (,% - :Idﬁ)ds 2 d T R-@-2
Sran (3 =3 Jav 3 3 47 /3
fr<R (,L4 - A‘,Lz)dv 3 4 47R7/3
fron (=3 )av 3 5 B3
Jr<x (%1 - fdﬁ)dV 3 d 4w R€-9/3
fr<R (,% - fdﬁ)d“l‘ 4 d n2R-@4 /2
fr<R (rid - f,,ii)dSr 5 d 8712R7(d75)/15
fr<R (%d - fdﬁ)dpl’ D d ApR~4=D)/D
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2. A table of the integrals:
2
€-ISI [, _o (5 — 7% —)dPr = — 75 R=4-D

TABLE III. A table of €?-integrable singular integrals for spatial

dimension D = {1, ...,5}, with singular denominators r—¢, with
d=1{1,...,54d).

Integral D d Value

S (2 =25 )dx 12 —2R"!

S (=35 )dx 13 —2R2)2

Jow (=45 )ax 1 4 —2R7/3

Jrow (5 = 25 7 )dx 1 d 2RV /(d 1)
S (5 =35)ds 2 3 —27 R

Jow (F—2%)as 2 4 —wR

Jow (F-35)ds 2 s —27R7/3

fa(F-dsdm)ds 2 4 —2aREVEd-2)
)dv 3 4 —47 R

hw (5 =35)av 3.5 —2nR

fn(s-2 ;i)dv 36 —47R3)3

S (F=ds5m)av 3 d ARV -3)
fn (& =24 rjiz)d“r 4 d 2pR)d — 4
how (= a5 sm)dr 5 4 STRIAE-S)

—ApR™=D)/(d — D)

—~
A
=

—

A

=
AN SININ TN N I N N N N N N N N
: s ~ 5 s

B"_

|

N~

LN

(=) I )

1=
I
|~
NN
HMe
8
SN—"
QU
>l
-
o
U

3. The Dirac § function in ISI:
. 2
§P(r) = % l'mp—>r+(,%n - pzr)ﬁ), P*=r’+é)

TABLE IV. A table of Dirac § functions in spatial dimension

D = {1, ...,4} arising in integrable singular integrals.

Dimension § function

1 sO(r) = Lim,, (% - pé)
2 §O(r) = Llim, .+ (piz - ﬂi>
3 69 = i, (5 - %)
4 89(r) = 2 lim, .+ (p% - ;—2)
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