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Abstract

The Sommerfeld integral enabled one to solve various diffraction problems in
angle-shaped domains. The basic goal of the present paper is to demonstrate
a generalized form of the famous Sommerfeld integral. The kernel of the
traditional Sommerfeld integral is replaced by the solution of a scattering
problem. The latter hint leads to the possibility of representing solutions for
a more general class of diffraction problems in an angle-shaped domain with
the radial perturbation of the boundary or (and) with the presence of a radially
symmetric refraction index in the stationary wave (Helmholtz) equation. The
approach is demonstrated in the simplest situation of diffraction in an angle-
shaped domain with the centrally circular (with respect to the angle vertex)
perturbation of the perfectly conducting boundary.

PACS numbers: 02.60.Nm, 42.25.Fx

In the papers (Tai 1994, Luk’yanov and Nikitin 2000, Lavrov and Luk’yanov 2002) the
authors demonstrated that the explicit solution of the diffraction problems can be obtained in
some angular domains with the boundary supplemented by the circular part. We introduce
a generalized form of the well-known Sommerfeld integral and exploit it for construction of
the solution to a diffraction problem similar to those mentioned above. The corresponding
problems can be considered as important new canonical problems solved by means of
the generalized Sommerfeld integral. These problems may also be used in frames of the
geometrical optics conceptions for different research and engineering applications.

1. The formulation
Consider the domain Q2 = {(r, @) : r > a, |¢| < ]}, figure 1(A). The plane wave
u'(kr, @) = exp(—ikr cos(¢ — o)) (1)
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Figure 1. Diffraction by an angle with a radial perturbation (A); diffraction by a non-perturbed
angle (B).
is incident on the boundary 02 = o U a, U a_ consisting of the circumference arc o

(r = a,|p| < ®) of the radius a with the centre at the vertex O of the angle, a, are
the parts of angle sides for r > a,¢ = £®,2d(> ) is the opening of the angle, (r, ¢)
are the polar coordinates, k > 0 is the wave number. The parameter ¢, is the (incidence)
angle between the O X-axis and the direction from which the plane incident wave comes,
—ikr cos(¢ — ¢@p) = —ik(x cos @y + y singy), x =rcosg,y = rsing.
The total wave field

u(r, @) = u'(r, @) +u*(r, ¢) (2)
is the sum of the incident and scattered waves, and satisfies the wave equation

Au + kZV(r)u =0, 3)
where V (r) = N2(r) and N is the refraction index in €. We assume

V=1

for the problem in hand (though some generalizations are possible for V depending on r.)
The Dirichlet condition

is valid on the boundary and the traditional Meixner’s conditions are implied at the two angular
points of the boundary.
In order to formulate the conditions at infinity we introduce the diffracted field

ud = u — u®,

where u®° is the so-called geometrical optics part of the total field: the sum of incident and
possibly reflected from a4 waves in the corresponding subdomains of 2, r — o0, (see Babich
et al (20006)). The integral form of the Sommerfeld radiation condition is valid at infinity

[}
/ 18,ud — iku)’R dp — 0, R — oo. 5)
-
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Figure 2. The Sommerfeld double-loop contour and the contours C*.

The classical solution of the problem in hand is unique provided it exists. The
corresponding proof is similar to that in Babich e al (2006, chapter 1) for the ideal wedge.

2. The generalized Sommerfeld integral and the classical solution of the problem
We look for the solution in the form of the generalized Sommerfeld integral

1
u(r, ) = o U@, a, k)Z(a, ¢) da, (6)
Y+

where y, is the upper loop of the well-known double-loop Sommerfeld contour y, figure 2
(see also Lyalinov and Zhu (2003, figure 2)).

Contrary to the classical form of the Sommerfeld integral, for which the kernel U (r, «, k)
coincides with exp{—ikr cos«}, the function U (r, «, k) should be chosen appropriately in
order to ensure that the integral (6) solves the diffraction problem.

First, we prove a simple statement (which is an extension of the well-known fact for
U(r,a, k) = exp(—ikrcosa), V = 1; see, e.g., Babich er al (2006, chapter 2), Budaev
(1995)).

Lemma 1. Let U (r, a, k) and X (a, @) be the classical solutions of the equations
(r'8,(ra,) +r 2 + K>V () U(r, o, k) =0, (7)
(07 —92) Z(a, ) =0 ®)
correspondingly, and

U (r, o, )X (at, ¢) sy, =0, 9)
U, a,k)dZ(a, )]sy, =0, (10)

i.e., vanish at the ends of the contour y.. Then the integral (6) is a classical solution of the
Helmholtz equation (3).
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Indeed, we substitute the representation (6) into equation (3), then after simple
rearrangements and integration by parts we obtain

! 1o @ + 1 & +K2V) | U o, k) E(a, @) d
-——r—t =— r r,a, a, o
o \ror or r2 g2 ¢

2mi

= L/ [{(liri+la—2 +k2V(r)) U, a k)} (e, @)
27i J,, ror or r?oa? T ’
+ U, « k)ia—zE(a ¢) — X(x q))ia—zU(r o k):| do
' ® ) g ) ) s ,

b / 19 9 + 1—32 +K2VI) U, o, k) | (e, @) d
= - — —_ r r, o, o, o
2mi J,, [\ror or r2 do? ¢

+ ! / U( k)1 ” » 2( )d 0 (1
o . r,a, S\ 5 -, 5., 4 =Y
2ri J,, ®Ea 992  da? * @)

Remark. It is assumed that the integral (6) rapidly converges so that its substitution into the
Helmholtz equation is justified (see below).
On the second step, we choose the function X («, ¢) in the form

(e, @) =s(@+¢) —s(—a+gp) (12)

which obviously satisfies equation (8). Moreover, such a choice is in agreement with the
radiation condition at infinity (see Babich et al (2006, chapter 2), Budaev (1995)).

Now we consider the boundary conditions on the parts a+ of the boundary 2. They can
be ensured by the appropriate choice of the function s. Recalling the problem for the ideal
wedge, we take

JL €OS [L¢pp
sin poe — sin ugo’
and verify that the integral (6) fulfils the boundary condition (4) on a4 in view of the equalities

s(a £ P) —s(—a D) =0.

s(a) = u=m/2® (13)

Up to now we discussed the choice of the function X. The kernel U of the generalized
Sommerfeld integral must fulfil equation (7), and, on the other hand, the boundary condition
on the arc ¢. It is remarkable that the appropriate choice of the kernel for the problem in hand
is as follows (Honl ef al 1961),

Ur,a, k) =U'(r,a, k) + US(r, o, k), (14)
where
. > .
U'(r o, k) = exp(—ikr cosa) = Y Ty (kr) ™ @/, (15)
o0
‘ Ik .
Us(r,a, k) = — Z #H;’l)(k},) eim@—m/2) (16)
S H (ka)

We observe that formulae (14)—(16) represent the solution of the diffraction problem
provided the plane incident wave U'(r, a, k) is incident' on a circle of radius a with the

! The direction of incidence is specified by ag = 0, provided the incident plane wave has the form (15)

U'(r, a, k) = exp(—ikr cos(@ — a0))lag=0-



Letter to the Editor L711

Dirichlet boundary condition. The solution U*(r, «, k) also satisfies the radiation condition.
The solution is obtained for r > a and —m < « < 7. In order to have the possibility of
substituting expressions (14)—(16) into the integral (6) we should continue the solution on the
complex plane «. Indeed, the continuation is given by expressions (14)—(16), where o € C. It
is a 2w -periodic even function. Moreover, in view of the estimate (m — 00)

I (ka)

Hy (ka)
for any fixed r > a, it is an entire function of the variable «.

It is obvious from the construction of the kernel in the generalized Sommerfeld integral
that expression (6) satisfies, in view of the lemma, the Helmholtz equation and the boundary
conditions, provided the integral rapidly converges and can be substituted into the equation
and the boundary conditions. So it remains to verify that the sought-for solution is represented
by the convergent integral and fulfils the radiation conditions, which shall be discussed in the
next sections’.

It is worth making some comments on the solution obtained. Obviously, the solution
in hand is more complex than that for the famous Sommerfeld problem in a non-perturbed
angle, figure 1(B). It also depends on the additional parameter @ which is the radius of the
circular part of the boundary. In particular, this means greater diversity of the wave processes.
Let us assume that the parameter ka is large, i.e., consider short-wavelength approximation.
In addition to the waves reflected from the angle’s sides and from the circular part, one can
expect the creeping waves propagating along the circular part of the boundary which attenuate
irradiating the energy into the shadow, figure 1(A). This can be demonstrated by means of the
appropriate asymptotic analysis not discussed in the present letter.

On the other hand, provided a — 0, the solution in hand reduces to the Sommerfeld
solution for the non-perturbed angle. If the parameter ka is of O (1), qualitatively the far field
(kr is large) is similar to that in the Sommerfeld problem, figure 2(B), which is not surprising,
because for a remote observer the scatterers in figures 1(A) and (B) are indistinguishable. The
scattering amplitude of the cylindrical wave from the origin, however, is different as follows
from the analysis below and preserves the information on the circular part of the boundary.

H,,S”(kr) < const m~ /2 exp{m log(ka/2) — m[log(m) — 1] — mlog(r/a)}

3. Convergence of the generalized Sommerfeld integral

In order to study the convergence of integral (6) we should investigate the behaviour of the
kernel, or more precisely, of the function

i eiv(rr—oz)
Us(r,a, k) = —/ - A(v)dv,
2 Jp+ur- sinmy
a7
—imr \)/2 JU (ka)
H," (ka)
o = oy +ian, ap — 00, a7 € (0, ), where Watson’s transformation of the sum (16) has been
exploited, the contour is L* = (—oo + i, 0o +18) with some small positive 8 and L~ is the
symmetric with respect to the origin contour.
We introduce the large parameter p = e*>. Exploiting the change of the variable v = pt
in (17) and using the asymptotics of the cylindrical functions, we asymptotically approximate
Watson’s integral in (17) by the expression

Usr k) = — P ey (1+0,(1/p))d (18)
r, o, = —— — T T,
2 JpsuL- 27pt P

2 The Meixner conditions at the corner points can also be followed.

A) = —e HD (kr),
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where
p¥(t, 1) := pltt — p~log(sinpr) — int/2 — t(log(pt) — 1) + T log((ka)? /2kr)]
and t = ap +1(wr — «1). The integral in (18) is written in such a form that the saddle point

technique can be directly applied.
The saddle point 7y solves the equation

COSTPTy

p¥' (19, 1) :=p |:t -7 —imr/2 — log(pty) + log((ka)z/Zkr)i| =0,

sinTpT
then

log(pto) =t +im /2 + log((ka)?/2kr) + O (*™1P™),
provided Im 7y > O as oy € (7w /2, ), which is assumed. We also obtain

10 = —((ka)*/2kr)[sina; +icosa](1 +o(1)),

Py (10, 1) = =p/To + O(p* e,

pY (10, 1) = pro +log2 +im /2 + O(p e ™PInly,

The contour of integration is then deformed in such a manner that its part locally coincides
with a segment of the steepest descent path going through 7y and the leading asymptotic term
is then computed® so that the generalized kernel in the Sommerfeld integral (6) satisfies the
estimate

|US(r, @, k)| < const|exp{—e®[sina; +icos a;](ka)?/(2kr)}| (19)

uniformly with respect to r belonging to any compact domain in [a, 00), ¢ = o) + iay,
ay — 00, ) € (0, m). Exploiting the periodicity and evenness of U*(r, ¢, k) and the known
properties of U'(r, o, k), we assert that the integral rapidly converges on the contour y.

4. The behaviour at infinity

In order to study the behaviour at infinity we represent the solution in the form

1 1 .
u(r,p) = — / U(r,a,k)s(a+¢)da = — f g ikreosagio 4 @) da + uP"'(r, @),
2w J,y, 271 J,
1 (20)
uP"'(r, @) 1= —/ Us(r, o, k)s(a + @) da.
2mi v

The first summand in (20) is the classical solution for the angle with the Dirichlet boundary
conditions, whereas the second term can be considered as the perturbation of the classical
Sommerfeld solution due to the circular part o of the boundary. The classical Sommerfeld
integral in (20) obviously satisfies the radiation conditions (5) which is a sum of the incident
and non-perturbed reflected from the angle sides waves as well as the non-perturbed cylindrical
wave (r — 00) specified by the saddle points =7 of the integral; see, e.g., Babich er al (2006),
Buldyrev and Lyalinov (2001).

We turn to the second summand uP*"'(r, @) in (20). Deform the double-loop contour y
into C = C* U C~ shown in figure 2. In the process of such deformation the poles of the
integrand (more precisely, of s(« + ¢)) are captured. These poles are

o = ¢o — ¢, oty = 220 — (¢ + o). 21
3 It can be shown that the leading term of the asymptotics in the second term of (14) is
US(r, a, k) ~ — exp{—i(ka)?/(2kr) e™i¥}

asap — 00,1 € (0, ), ¢ = aq +icp.
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They correspond to the incident and reflected by the angle waves. Addressing to the second
summand in (20), we have

uP"'(r, @) = Z H,US(r, o, k) + ub™ (7, 9),
n=1—1,(),+l (22)
ugen(r, Q) = —/ Us(r, o, k)s(a + ¢) da,
2ri Je
where H, is zero provided the corresponding pole was not captured, otherwise H, = 1. The
sum in (22) can be interpreted as the waves related to the scattering of the incident and reflected
on a4 plane waves by the circular part o of the boundary. These terms satisfy the radiation

condition at infinity.
Now we reduce the integral ugen(r, @) in (22) to

e 1
ug ", p) = 2_711/ Us(r, o, k)s(a + @) da
c

= L Us(r, o, k)[s(a + @) — s(—a + ¢)] da.
27'[1 Cc+

We can change the Hankel function in the kernel U* (see (16)) by its asymptotics

Hn(})(kr) — T el(krfrr/477'[m/2))(1 + Om(l/kr))
TTKr

and obtain in the leading approximation (» — 00)

2 .
uh" () =,/ — e (¢, go, ka)(1 + O(1/kr)),

(23)
1 .
Y (g, ¢o, ka) = — A’(a, ka)[s(a + @) — s(—a + ¢)] da
27Tl c+
with
o0
' (K ;
Aka)y=— Y #e""(‘k”). (24)
oo Hm'(ka)

The integral in (23) converges on C*, which is proven by the reduction of (24) to the Watson-
type integral and further asymptotic evaluation analogous to that in the previous section.

The scattering amplitude W (¢, ¢, ka) describes the influence of the perturbation caused
by the circular arc o to the far field. This arc plays the role of a virtual source at the angle
vertex producing the far field with the scattering amplitude W (¢, ¢o, ka).

5. Conclusion

Considering a simple example of the diffraction problem, we demonstrated that the generalized
form of the Sommerfeld integral can be applied to a broader class of diffraction problems than
it was implied before. We also emphasize that the generalized form of the integral could
be exploited for the other problems like diffraction by an angle with the circular material
coating centred at the vertex or by a dielectric sphere with the centre at the vertex of the
perfectly conducting cone, etc (see also Tai (1994), Luk’yanov and Nikitin (2000), Lavrov and
Luk’yanov (2002)). It seems that extension of the approach to the case of the impedance-type
boundary conditions on the infinite part of the boundary, if exists, is non-trivial.
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