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SUMMARY

The propagation of sound waves radiated by a two-dimensional source in a fluid moving with subsonic velocity between
two perfectly reflecting parallel walls is considered. The steady state problem appears to have a non-unique solution,
for which Sommerfeld’s radiation condition does not apply. Two methods are used for obtaining the unique solution.
First the corresponding problem for a fluid with non-zero bulk viscosity is solved, which has a unique solution and
then the limit for zero bulk viscosity is taken. Secondly, the initial value problem for a source being switched on at
time t =0 is solved and it is shown that its solution tends to the same steady state solution in the limit for £—o00. In the
last section the results for the corresponding axisymmetric case are given. In the appendix some properties of the two-
dimensional steady state solution are explained qualitatively.

1. Introduction

In the linear theory of propagation of waves such as acoustic, clectromagnetic or gravity
waves, one is usually interested in the situation occurring after an infinite period of time.
Particularly, in the case of a homogeneous medium, being undisturbed at time =0, with a
source (or a number of sources) being switched on at t=0", emitting harmonic waves with
constant frequency w and constant amplitude, it is assumed generally that for t—co the
functions describing the wave phenomenon, such as a velocity potential, an electromagnetic
potential, or a surface elevation, all become harmonically time-dependent with the same
frequency w (monochromatic waves). Mathematically this means that an initial-boundary-
value problem is replaced by a pure boundary value problem for t—oco. The initial value
problem, if properly posed, has a unique solution, also for ¢ tending to infinity, but the assumed
limit problem for t— oo, which will be called the steady state problem in the sequel, does not
have a unique solution in general. In many cases, however, the wellknown Sommerfeld radiation
condition may be used to determine a unique solution to the steady state problem. However,
this radiation condition which, roughly speaking, forbids incoming waves generated at infinity,
may only be used for an unbounded homogeneous medium with all disturbances, such as
sources and boundaries not extending to infinity.

In this article a problem is treated for which the Sommerfeld radiation condition does not
apply and where the non-uniqueness of the steady state solution should be relieved by other
means. We will consider a two-dimensional acoustic source, situated between two perfectly
reflecting parallel walls, both extending to infinity in both directions. Between these walls
flows an inviscid fluid with constant subsonic velocity parallel to the walls. At time t=0 the
source is switched on and emits a constant harmonic sound wave for ¢ >0. The steady state
problem will appear to possess a non-unique solution, and because the boundaries extend to
infinity, no use can be made of the Sommerfeld radiation condition. We will use two methods
for obtaining the unique solution. In section 4 a small artificial bulk viscosity is introduced in
the fluid which yields a unique steady state solution. By allowing this bulk viscosity to approach
zero, the unique steady state solution to our problem with zero bulk viscosity is obtained.

A second and mathematically more convincing method is to solve the complete initial value
problem and to obtain the solution in the limit for t— co. This is done in section 5 and it is
analogous to a method used by Stoker [ 1,2] for an initial value problem for gravity waves. In
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this way we will show that the same steady state solution appears as obtained by the bulk
viscosity method.

Furthermore we will show that the steady state solution to our problem exhibits a number
of unexpected properties. For instance it will appear that under special circumstances un-
damped incoming waves, generated at infinity are possible as parts of our solution. This
phenomenon, which has been described first by Le Grand [3], will be explained qualitatively
in the Appendix.

In section 6 the analogous axisymmetric problem of a point source radiating sound waves in
a circular pipe is treated. The results for the initial value problem are given and in a way parallel
to the two-dimensional case it is shown briefly that a unique steady state solution appears in
the limit t— co.

Throughout this paper all functions are assumed to be generalised functions in the sense of
Lighthill [4]. This allows us to make use of é-functions and to take Fourier transforms without
restrictions on boundedness at infinity or integrability. The results obtained in this way should
be interpreted as generalised functions, but in our problems this will cause no difficulties
because the results are readily seen to be interpretable as functions in the ordinary sense in
any region that does not contain the origin.

2. Formulation of the problem

Consider in a three-dimensional X, v, Z-space a region bounded by two parallel walls given by
v=+d —x<X< xand — 2 <zZ< . This region is filled with a non-viscous compressible
ﬂund moving with constant velocity U in the positive ¥-direction. A harmonically fluctuating
acoustic line source is situated on the z-axis, extending to infinity in both dlrections. The
problem may be treated therefore as a two-dimensional problem, ie. independent of the z-
coordinate. The source is switched on at time {=0. We assume the fluid velocity to be subsonic,
Le. U< ¢, where ¢ denotes the constant sound velocity.

In a coordinate system (X,,, ¥, t,,) moving with the undisturbed fluid the velocity potential
¥ (X Yo L) Of the sound waves satisfies the inhomogeneous wave equation (c.f. for example
Friedlander [5], Landau and Lifshits [6]):

- - R .
Vetwrtn TV = 2 Vit = 00 FUL,) 81y, J ", 1, >0 (2.1)

where the righthand member accounts for the harmonic source of unit strength and frequency
o moving with velocity U in the direction of the negative x,-axis. Returning to the original
coordinates X, y and 7 by means of X=x,,+ Ut,,, y=V,,, I=t,,, equation (2.1) becomes:

- 2M _

(=Mt By 2 G — = 0(D0G)e, 70 (2)
where M = U/c denotes the Machnumber of the flow (M < 1). Introducing the dimensionless
quantities

x=xd7 ', y=3d"', t=wi, y=yo 'd % k=kd=wdlc,

we get the following initial-boundary-value problem for ¥ (x, y, t):

(L =M Yy, —2kMy — k* Y = 8(x)5(y)e”, t>0 (2.3)
with initial conditions for t=0:

Y(x,y,0)=,(x,»0)=0. (2.4)
Assuming perfectly reflecting walls the boundary conditions become for y=+1:

Yy (x,1, )=y, (x, —1,1)=0 (2.5)
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3. The steady state problem

Formulating the steady state problem it is assumed that for t—oo the potential ¥ (x, y, 1)
depends harmonically on ¢ with a dimensionless frequency equal to the frequency of the waves
emitted by the source:

‘r//(xa Y [) = y* (X, Y)eit .
In fact, our initial value problem may be replaced by the equivalent problem of an infinite
array of mirror sources, each of which emits waves in 2 moving medium without boundaries
(I'7])- Because each of these single sources, being switched on at =0, will emit sound waves
of which the potential for t— oo depends harmonically on time, we may expect the steady state
solution to our problem to exist. (c.f. Appendix).
The steady state boundary value problem for y*(x, y) becomes after omission of the asterisk :

B ey iy — 2kMY, +k2 4 = 6(x)5(y), pr=1-M?%, (3.1)
with boundary conditions
y(x, H=y,(x, =1)=0. (32)
Solving this ‘boundary value problem by the Fourier transform technique, we introduce:
YG)= | s, (3)
For this transformed potential ¥ (A, y) we have the ordinary differential equation
V=AY =3(y), v()= (2> +2kMi—k?)} (34)
with boundary conditions
Y, (A 1)="Y,4 —1)=0. (3.5)

The function y(4) is made a single-valued function of A by cutting the complex A-plane along
the part of the real A-axis between the two branch points A=k(1 +M)"'and 1= —k(1— M)~ !
and by choosing that branch of y(1) which behaves like /. for | 1| — co. The solution of equation
(3.4) satisfying boundary conditions (3.5) is

1 W=D ey D

ALy)==— .
R 69)
The formal solution of our original problem follows by inversion of ¥ (4, y):
I ‘
v(x,y) = EES e TP (A, y)dA. (3.7)

The integrand in equation (3.7) is an analytic function of A apart from an infinite number of
simple poles in the A-plane, a finite number of which lies on the real A-axis. The poles A=¢&F
follow from the equation:

y()= +tnni, n=0,12, .. (3.8)

yielding after some cdlculation:

éni:_ﬁ—Z(kMi /kz_ﬂ2n2n2)’ néN,
by = =P kM Fi/p*n?n*—k?), n>N

where N is the largest natural number < kz™!g~ L
The 2N +2 poles &5, £T, ... &5 on the real -axis give rise to difficulties in the evaluation of
integral (3.7), because the path of integration is running through these poles. In this case we
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Figure 1. The poles of ¥(4, y) and the path of integration L.

cannot use the Sommerfeld radiation condition in order to decide to which halfplane each of
these poles belong. o

In the next section, therefore, the analogous problem for a fluid with non-zero bulk viscosity
is solved. In that case the poles do not lie on the contour of integration. Taking the limit for
bulk viscosity zero, we are able to decide about the position of the poles with respect to the
contour of integration. This method has been used by Le Grand [3] for similar problems.

4. The steady state solution as the limit case for zero bulk viscosity

Introducing a small non-zero bulk viscosity coefficient [ we take into account a damping
caused by the frictional effect in the fluid due to pure compression and expansion. The basic
wave equation corresponding to equation (2.1) then becomes, {([3,6]):

(ﬁ_ + ﬁz_> (& + ! @>_ 1 azj = 3(x, +UL,)(yn)e ™, t,>0

oxZ oy cat,) otk

m

and the steady state boundary value problem analogous to equations (3.1) and (3.2) becomes
with [=1d:
2 2

¢
PP+, + (5;*2 + a—y—2> UMy +iky)—2ik My +k*§ = 5(x)d(y) . 4.1)

Taking Fourier transforms with respect to x we get the same differential equation (3.4) with
solution (3.6) for ¥ (4, y), but with y?(1) replaced by

(1= M?) 22 +2kMA— K +12(AM — k) — il (AM — k)?

202 =
Vi ( ) 1+12(/1M—k)2 ? (42)
which may be written for small values of [ as:
pE(4) = (1 —Mz)/l2 +2 {k—-—%il(Ml—k)z}Mﬂv— {k—%il(MA— k)2}2 +O(lz) . (4.3)

This equation shows after comparison with the corresponding one for zero bulk viscosity, that
the introduction of a small bulk viscosity gives a slight shift in k with negative imaginary part,
causing an exponential decay in our wave solution.

For small non-zero bulk viscosity, assume that the poles of in the complex A-plane are
analytic functions of / in a small neighbourhood of /=0 and hence may be expanded as follows

& () =&+, +0(P), n=01,2, ... (44
where &F denote the poles in the case of zero bulk viscosity. Substituting eq. {4.4) in the equation
y7(A) +r*n?=0, n=0, 1, 2, ..., and linearizing with respect to [ we find:
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(1= MA)[EF 4200, &7 +2kM[EF +In, ] — k2 —il[EEM —k]'= —n’n”
n=0,1,2,...

Because of the fact that the &F satisfy eq. (3.8), we find approximatively for the shifts n, of the
poles £X:
Si(ME; — kY
n"—(l—Mz)é,,i YR n=0,1,2 ... (4.5)
Now it is easily seen that the shift is negative imaginary for the poles ¢, n=0, 1, ..., N, situ-
ated on the real A-axis to the right of the axis of symmetry Re 4= —kM 2. Thusin the case of
non-zero bulk viscosity these poles belong to the lower halfplane. Analogous the poles &,
n=0,1, ..., N, get a positive imaginary shift and hence belong to the upper halfplane. In the
limit case of zero bulk viscosity the contour integration should be taken as indicated in fig. 1.
By the residue theorem the solution of our steady state problem with zero bulk viscosity
is found for x > 0 as the sum of the residues of the poles &, n=0, 1, 2, ..., and for x< 0 as the
sum of the residues of the poles £, n=0, 1, 2, ..., by closing the contour with large semi-circles
in the lower resp. upper halfplane, the contributions of which vanish for the radius tending to
infinity (c.f. Doetsch [8]):

. < : i_ i : i(t—¢&¢; x
Wle v )= —i B im ey cosUm(i=Dje R x>0 (4.6)
@© — &t ) .
X, ¥, )= —1I lim —l—é—’-fcos Gm(ly] 1))l ™% ~ x<0 (4.6b)
i S

=0 a-ef 2p(e "¢’

This steady state solution has a number of unexpected properties which will be examined by
considering the physical meaning of the individual residues. Consider for the moment the
region x >0, with Y (x, y, t) given by (4.6a). Each residue represents a travelling wave: for
Re &, >0itisawave moving to the right (outgoing wave) and forRe &, < 0itisa wave moving
to the left (incoming wave). For each value of the Mach-number M >0 there is an infinite
number of waves coming in from infinity and only a finite number of outgoing waves, corre-
sponding to the finite number of poles &, i=0, 1, ... m=[kn~ '], on the positive part of the
real A-axis. Note that this number m is independent of M.

The majority of the incoming waves has an amplitude tending to zero for x— oo, namely all
waves corresponding to the poles &, n=N +1, N +2, ..., with N=[knp""]. This is due to
the negative imaginary part of these poles, resulting in an exponential decay in x. Depending
on M and k there are one or more poles &, 1, ... E5_ 1, £y on the negative part of the real axis,
namely if kM —(k?> — B2 N2 %)t >0. These poles yield undamped incoming waves generated
at infinity! However, for x< 0 we only get diverging waves. Note that for M =0 the axis of
symmetry of the poles coincides with the imaginary A-axis and hence in that case no waves
incoming from infinity will occur. Thus for the case M =0 a radiation condition, which forbids
waves incoming from infinity, may be used to determine the contour of integration.

In the Appendix some aspects of the steady state solution are explained qualitatively by
means of the replacement of the diffraction problem with boundaries by the equivalent problem
of an infinite array of mirror sources on the y-axis, radiating in an unbounded medium.

In the next section we will give a mathematical justification of our steady state solution
obtained in this section. We will solve the initial value problem (2.3), (2.4) and (2.5) and show
that for t— oo its solution tends uniquely to the steady state solution (4.6a,b).

5. The initial value problem

Consider now the complete initial value problem as given by eq. (2.3) with initial conditions
(2.4) and boundary conditions (2.5). We will solve the initial value problem by applying first a
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Fourier-transform with respect to the variable x and subsequently a Laplace-transform with
respect to the time t.
Transforming the initial value problem we get:

~ ~ 9
Po— (A )P = % (4, 5)= P2A2—2ikMAs +k2s? (5.1)

where
T(Ly,5)= [ e Y4,y t)dt= ( e |: j ey (x, y, t)dx:I dt
0 Jo

The boundary conditions for ¥ are @y(ﬂv, +1, 5)=0. For real values of  the function {4, s)
has two branch points in the complex s-plane, viz. s=i(M + 1)1k~ '. We make § a single-valued
function of s by cutting the s-plane along the imaginary axis between these two branch points
and by requiring that § should behave like ks for |s|— oo.

The solution of eq. (5.1) satisfying the boundary conditions is given by :

- 1 [efI-1 feTiyI-1)
l‘y(i’y’s):;———i[ 25(e™7—¢7)

The formal, unique solution of our initial value problem is given by :

(oo retico ~
Y(x, y, 1) = e iax U . e“?’(/l,y,s)ds] i,

«w

- @

4n?i
where the integration in the complex s-plane is performed along a contour to the right of the
singularities of ¥ in the s-plane and in the complex A-plane along the real A-axis.

The singularities of ¥ only consist of simple poles which are seen to be s=i and the infinite
number of points s satisfying the equation (4, s)= —n?=n?, n=0, 1,2, ... A calculation
shows that

i
st :E[Mxi\/m] , n=0,1,2,....

Hence all singularities of @ are situated on the imaginary s-axis. Calculus of residues then gives
after some manipulation :

1 (© L ev(ly!—1)+e—y(ly‘l*1)
Y(x, v, 1) = —J e‘”"e”[ +
-

0

4n y(e77—¢7)
n (1)t cos{mt(]y|—1)}{ oifi D Gifd (A ]

+ e — i, 5.2
Eo ky/ A2 +n*n’ LA AT } 2

where ¥’ means that half the contribution for n=0 should be taken and where

f"i(l):%(Ml—ki\/i—zW), n=09 152>“"

The first fraction in the integrand, representing the residue of s=1, is completely analogous to
the Fourier-transform of the steady state solution and hence possesses again poles on the real
A-axis. This seems rather disastrous but we will show that these singularities are cancelled
for finite time ¢ by the first N +1 terms of the infinite series between square brackets.
Therefore we rewrite eq. (5.2) as:

o [erl=Dye=wlyl-1 N
l//(x’ A [) == 1 S e'”"e" [e © + Z, r,,(i, t) di]‘*’

2"; - v(e“‘r’_eY) n=0
c L[ eme § i, (53)
47‘[ —® n=N+1
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where
(=1 cos{nn(|y|-1)}{eif"(“‘ e
W)= e ) (,1)}' G4

Making use of the identity
5O (0)= —k 202 et = — fk2(- &) (- &),

an alternative form of r, (4, t) becomes:

(1" coslmmlyl 1)} K fy e H—p, el
N T R

It is scen now that the finite sum to N +1 terms in the first integral of eq. (5.3) has exactly the
same 2N +2 poles &, n=0, 1, ..., N, on the real A-axis as the first item of this integrand.
Hence by showing that these poles mutually cancel each other for finite time ¢ it is clear that
the integrand of the first integral of eq. (5.3) is an analytic function of A in a small neighbourhood
of the real Z-axis. Each term of the infinite series in the second integral in eq. (5.3) has simple
poles in the complex A-plane with non-zero imaginary parts. Making use of the sine-product

(D):

p(e Y —e") =2y siniy = —2y* n “21 % (y—nmi)(y +nni) =
: )

rn (l’ t) =

=2 [ B2n7 22 2 (A= &) 0= &a).,

n=1
we may denote the expression between square brackets in eq. (5.3) as F (4)= N (1)/D(4), where :

=3 1 a2 0-g) - &).
n=1
N(i)z _%[e—v(ly|~1)+ev(|yl—l)] +
3R fy € ) T] T E) ) +
j=

N (—1)"+1cos{nn(|y|—1)} ﬁl~eif¢t__f+ ifat £ 2 s _2
- LA L

We will show that N(£5)=0, n=0, 1,2, ... N. This means that F(4)=N(1)/D(%) has a zero
residue for A=¢F, n=0, 1, ..., N, and hence it is an analytic function of 4 in a heighbourhood
of these points. First we remark that the A=¢2, n=0, 1, ... N, satisfy the equation f,* (1)=0.
This follows by substitution of the equality

(EX) +nPn? = (MEF —k)?
into the expression for f,* (1). So we have forn=1,2, ..., N:
( )n+1kf ( @ 2
NED= - -1} |1+ <> =
)= —sostomi= ) [1 + LD 14— ()

j#n

K
—_

_J#n

= —cos{nn(lyl—l)}[l + —%:r—}(—%] = —cos{nn(jy|—1)} T%zzo‘
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In a similar way one shows N (&, )=0,n=1,2,... N and N(£F)=0.

So F(4) is an analytic function of 4 in a small neighbourhood of the real 4-axis and hence by
Cauchy’s theorem the path of integration may be deformed within this neighbourhood. We will
now deform this path of integration in such a way that the first integral of eq. (5.3) is split up
into a number of contributions of which the behaviour for t—co is apparent. This is done by
circumventing the 2N +2 points &f, n=0,1, ..., N on the real A-axis by small semi-circles
around & in the upper halfplane and around &, in the lower halfplane (c.f. fig. 1). With this
choice of the contour L all functions £, (1) have positive imaginary part on the semi-circles.
This may be concluded from

Frpt L ie(f2Ey +Mk
m £, (& +is) = Im [%}>0

bl

where Re (¢) >0 for &, andRe (g)< O for £;.

As the number of terms in the integrand of the first integral of eq. (5.3) is finite we are allowed
to integrate term-by-term. With r,(4, t) as stated in eq. (5.4) all terms containing the f,” (1) are
each separately analytic functions of 4 in a small neighbourhood of the real A-axis. Hence we
may transform back the contour L into the real i-axis for these terms.

Taking now the limit t— oo we first note that the integral over L of the finite sum, containing
the £} (1) only, tends to zero because the semi-circles are chosen in such a way that these
contributions tend to zero exponentially in ¢ and the remaining parts of the real A-axis make
contributions that die out like 1/¢ : this may be shown easily by integration by parts. It is clear
now that in accordance with this remark the integration over the real A-axis of the finite sum
containing the f,” (4) only, yields a contribution that also dies out like 1/¢. The inverse Fourier
transform of the remaining infinite series of generalized functions may be taken term by term
([4]). By the method of stationary phase it may be shown that each term of the series behaves
for large t like n~ # ¢t~ * from which we may conclude that the second integral in eq. (5.3) dies
out like ¢~ * for ¢ tending to infinity.

Hence we have:

et ) eI 4 e ryl-1)
NS GO F T Y
e =g ), e —¢)

This shows that the original steady state solution as derived in section 4 is the correct solution
of the initial value problem in the limit t—oco.

6. The axisymmetric case

In this section we will give some results for the three-dimensional case of an acoustic source
radiating in a cylindrical tube. Introducing dimensionless cylindrical coordinates (x, r, ) we
have a source at x=0, r=0 and a perfectly reflecting cylindrical tube given by r=1. The
complete axisymmetric initial value problem then becomes (Le Grand [3]):

B s +%(rtﬁ,),—2le//xt—k2|//,, = %5(r)5(x)e”, t>0. (6.1)

with initial conditions: ¥ (x, r, 0)=,(x, r, 0)=0, and boundary conditions y,(x, 1, £)=0, and
¥, (x, 0, 1)=0, (x#£0). Quite analogous to the two-dimensional case a steady state solution may
be derived for this problem, which may be made unique by introducing a small bulk viscosity.
Note, however, that in this case where also incoming waves generated at infinity will occur, no
use can be made of the mirror source principle to give a qualitative explanation of that phe-
nomenon.

By the same argument as in the two-dimensional case we may solve the initial valuc problem
by first applying a Fourier transform with respect to x and then a Laplace transform with
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respect to time ¢. This yields the following boundary value problem for the Laplace-Fourier
transform ¥ (4, r, s) of Y (x, r, 1):

L PZ -
L P — 52, 9) =1’

where 7(/, s) is the same as in section 5. The solution of this problem is given by

¥,(4,1,5)=¥,(40,5=0, (6.2)

P01, 9) = 55 T O KO Io) ) Ko (7). (63)

where the Iy, I}, K, and K, denote the modified Bessel functions ([9]). The formal solution of
our initial value problem is then given by

1 @© . etico -
W(x, 1, t) = 4—515 e M [g e Y (4,r, s)ds:| di, (6.4)
7 o

J e—icwo

where the integrations in the s- and A-planes are performed as in section 5. The integral with
respect to s may be evaluated by calculus of residues. This gives after some manipulation:

O e [ KW L On) HL() Ko ir) |
W(x,r,t) = Z;Ln e e [ 10) ; :| (6.5)
with

. _ S K (R s7) Lo {rf(d, s) )} feti Tt et

(A t) = G KR, {f; 7 } (6.6)

where s;" =iMAk™ '+ in;, j=0, 1, ... are the zeros of I; {§(4, 5) } in the complex s-plane. Making
use of the identity

[T A= =Bk (A=) (A&,

where the &;* are the zeros of I, {y( )} in the complex A-plane, the function r;(4, t) may be

written as
) = TS KL s Vo050, 57)} fet 1
e Io {7 (4, Sjv}.ujﬁz (A=&7 )¢5 )
With the aid of the product development of I (y), ([9]),
Li(y)=1%y ﬂ B2y (EF) A=A -&]),

j=1

it may be shown that all real singularities of the first item between square brackets in eq. (6.5)
and of the infinite series, all occurring in the first N +1 terms only, mutually cancel each other
for finite time . The complete integrand will therefore be divided into two portions, one
containing the first item between square brackets and terms r,(4, t) which have singularities
on the path of integration and one containing all others. Because of the analyticity of the first
portion in a small neighbourhood of the real A-axis we may again deform the path of integration
into L by Cauchy’s theorem (cf. fig. 1).

The reason for choosing L in this way is exactly the same as in section 5, so is the limitprocess
t— 0. Hence we have

tim (s 2, = o f [ (v)fo(a}rz(:)zl(w)KOwr)} "

This represents the Fourier transform of the steady state solution in the limit t—co.
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Appendix
The free source solution and the mirror sources principle.

The initial value problem for a single two-dimensional source, situated at x=0, y=0 and
switched on at time t=0, in an unbounded homogeneous medium is given by eq. (2.3) together
with the initial conditions ¥ (x, y, 0)=1,(x, y, 0)=0. Let us consider this initial value problem
in a X, , -coordinate system moving with the fluid:

fF=x—Mk™'t, =y, i=k't.
Then eq. (2.3) becomes:
sz Fs5— Y= 0 (R +MDS(Me™, >0

with initial conditions (%, 7, 0)=4,(%, ¥, 0)=0. The solution of this initial value problem is
wellknown and may be found in [10]. It is given by

- __l_fdt H e’ 5(¢ +M1)d(n)dédn
2m o [E—1)~(X=&?—(F~n)*]*"

where the domain of integration in the &, #-plane consists of all points satisfying the inequality
(X—=EP+(T—n?=({-).

Performing the integration in the ¢, y-plane and returning to the original x, y, t-variables,

we find

"tk et dr
‘l’(xay’[):'fj PRV — WA
2n) o [(t—t/k)? +H(x + Mt — Mt/k)*—y?]
if the square root is real and
ll/(x’ y7 t) = 0 ]

if the square root is imaginary.
After substitution of §=1t/k—1t we get after some manipulation

0, for tfk<Oo=p2[~Mx+/x+5"]

Y(x, y.1) = it rt/k k8 70
© j ¢ for t/k =0,

- 2n ), [07—(x—MO)*—y2]E’
where 0, is the positive root of the equation
6% —(x~ MO —y*=0.

Restricting our attention to the case t/k =0,, the integral may be transformed into

w(x’ y, t) = aikMBT2x s

2B 1 Jo1

where the upper bound of integration a(t) tends to infinity for t—oo. In the limit t—co this
upper bound may be replaced by oo and the integral is expressed in terms of the Hankel-
function H:

et 90 exp[ —ikf~ 21 /x? +2y?] e
1 »

Uy ) = 1 exp M ) HEP 2 e

showing that for a single source in a homogeneous unbounded medium the steady state is
reached for t— co.
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Our problem of a single steady source situated at x=0, y=0 radiating between two parallel,
perfectly reflecting walls y= + 1 may be replaced by the equivalent problem of the radiation of
an infinite array of mirror sources of equal strength and phase, situated at x=0, y=2j,j=0, £ 1,
+2, ... in a medium without boundaries ([10]). This means that an alternative form of the
steady state solution is given by

Wy, )=2ip™1 Y exp(kMB2x)HED (kB2 /x> +B*(y—2j)*} e
j=—w
For large values of x? + 2y we may use the asymptotic representation of the Hankel functions
([9]) to give

© 282 + 2 TR A e
by~ Y {nk x2+ﬁ2(y_2j)2.} exp [ikp~*(Mx— /3% FF(—2)) Je

From this equation it can be seen that the approximate form of the equi-phase curves (or
wavefronts) for fixed ¢ of the mirror source situated at x=0, y=2j is given by

Mx—/x* +f(y—2j) = —c

where ¢ is a positive constant. This equation can be rewritten as
(x—=McB™ 2P +(y—2jP =c?p2

Hence the wavefronts for fixed ¢ are approximately circles with center (Mcfi~2, 2j) and
radius ¢/f. Fixing our attention to a fixed point (x*, y*) with x* >0 in the region between the
walls y= 41, it is clear now, that for all sources sufficiently far away from the origin, the center
of the circular wavefront running through (x*, y*) lies to the right of the vertical x=x* and
hence the outward normal to this wavefront at x*, y *has a negative x-component, representing
a local phase-velocity in the direction of the negative x-axis, in other words an incoming wave.
Only a finite number of mirror sources gives rise to a positive x-component of the phase-
velocity at x*, y* Fora point x*, y*, with x* < O only phase-velocities in the negative x-direction
are possible, all representing outgoing waves.

j=—
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