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1. Introduction. Riemann’s method for solving the Cauchy problem for hyperbolic
differential equations in two independent variables has been extended in a number of papers
[4], [5], [2] to the wave equation in space of higher dimensions. The method, which consists
in the determination of a so-called Riemann function, hinges on the solution of a characteristic
value problem. Accordingly, if Riemann’s method is to be used in solving a characteristic
value problem, one will have to consider another characteristic value problem and thus the
process becomes circular. This difficulty was first overcome by Protter [7] in solving the
characteristic value problem for the wave equation in three variables. There he employed a
variation of Riemann’s method developed by Martin [5]. Martin’s result was later extended
by Diaz and Martin [2] to the wave equation in an arbitrary number of variables. This made it
possible to extend Protter’s result to the wave equation in space of higher dimensions [8].

In this paper we show how the modified Riemann’s method developed in [5] can be used
to obtain an explicit solution to the characteristic value problem and the Cauchy problem for
the damped wave equation

Uy — Uy — Uy, —dcu =0 (0]

in three variables. At the end of the paper we make a remark concerning the extension to the
case of the damped wave equation in an arbitrary number of variables.

2, The characteristic value problem. For convenience we suppose that the initial condition
is prescribed on the direct characteristic cone

K=*—x*—y>*=0 (tz0)
with vertex at the origin, so that
ulx,y,r) = ¢(x,y),  r=+yH 3]

The function ¥(x, y) will be assumed to have continuous derivatives up to at least the second
order, We then seek a solution of (1) at points interior to K = 0 which assumes the prescribed
values (2).

First we introduce the new coordinates a, f, ¢ defined by the relations

x=rcosp, y=rsing, =4a+p), 3)

with r = $(a— ). The coordinates a, B are called characteristic since a = const., § = const.
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represent characteristic cones with vertices on the ¢-axis. Under the transformation (3),
equation (1) becomes

L) =u,—ate Yoo o @

“2a—p) @—P)
We associate with this the equation
D, — Vg
2a—p

for a function v(x, f) depending only on the two characteristic coordinates. This equation
plays the role of the adjoint equation in our investigation.
If we write

M(v) = v+ —cv=0 )

U,— Y,
A=ugvg+cuv, B= —(u,v,+cuv), C=“——‘9u¢,

(@=p)*

it is easy to verify that
A+ By+Cy = (v~ v )L(u) + (ug— u)M(v).

Thus, if D is any domain in (o, 8, ¢) space bounded by a surface S, it follows by Green’s
theorem that

I= JJ (Av,+Bvg+Cvy)dS = ijv [(vp— v )L(u)+(ug—u I)M(v)] da df d, (6)

where v,, v, v4 are the components of the unit outward normal to S.
1t suffices to find the solution at points on the axis of the cone X = 0, for once the solution
is obtained there we may employ a Lorentz transformation to obtain the solution at all
interior points of the cone (see [6, p. 371]). Thus let (0,0,7) (z 2 0) be the point at which we
wish to determine the solution. Denote by D the domain bounded by the characteristic half
cones
fxP+yr =1 0t i,

x+yr=(t-1)?, Ittt
Regarding (o, 8, ¢) as a rectangular coordinate system, we see that under the transformation of
coordinates (3), D is transformed into the triangular prism

{0§ﬁ§r, Bsasr,
T:
0S¢ <2,

in which the cone K = 0 becomes the plane f = 0, and the point (0,0, ) appears as the edge
a=f=r1.

Now if u is a solution of (1) and if v is any regular function yet to be determined such that
M(v) = 0, then formula (6) applied to the domain 7T yields

I+I1+1+1+4+ 1 =0
=0 a=t a=pf ¢=0 ¢=2r
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The last two integrals above taken over the faces ¢ = 0, ¢ = 2r cancel each other since u must
be periodic of period 2z and the normals to these planes have opposite signs. Therefore, when
the surface integrals in the first three terms are written out explicitly, we obtain

2r fr 2n c
'[ f[uava+cuv]ﬁ=odad¢+J I[upvﬁ+cuv]a=,dﬁd¢
0 ] 0 0]
2r 't
—J j[u,v,+u,,v,,+2cuu]a=ﬂdadd>. @)
(1] (1]

3. Determination of v(x, f) and the solution. We now try to determine the * Riemann
function * v(a, B) satisfying the associate equation (5) and such that v and v, both vanish when
o =1. Choose v = V(#), where 6 = (t—a)(t— f) (see [9], p. 229). Then (5) becomes

M@) = ¢,+( ﬂ)—-cv— V' +3V'—cV=0,

where primes indicate differentiation with respect to . The last equation above is a Bessel
equation whose two independent solutions are z*I,(z) and z*I_,(z), where I,(z) denotes the
modified Bessel function of order p and z = 2(cf)*. By a well known relation, the above
solutions can be written as constant multiples of sinh z and cosh z, respectively.

For our purpose we take v = sinhz, z = 2[c(t—a)(r—B)]*. It is clear that v and v, both
vanish whena =1. Ona =, we note that r =0, x = ¢,

v, =) =0,  ¥(v,+v;) = —ctcosh[2ct(z—1)],
and on f§ = 0 we have

v = sinh [2{c(z—0)7}*],

- [T_c_’;]* cosh [2{c(t—a)r}*].

Vs

Moreover, from (3) we note that
u=4(u,+u) and  up=14(u—u,).

Substituting these values in (7), we then obtain

2z
J‘ J‘ [u, v, +cuv]y-odadd
o Jo

' 2n *t 2r f*r
=J I —ctu,cosh [2c* (v~ 1)] dtd¢p + Zf f usinh [2c¥(t—1)] dtd¢,
0 0 0o 0o

The integration on the right above is performed along the t-axis. In the integral on the left,
and hence u, are known on f = 0. Thus, after performing an integration by parts in the first

integral on the right and rearranging terms, we have finally the formula
K
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u(0,0,7) = (0, 0) cosh (2ct7)

~ [T [Aerwsimnpatee—a1-( %) vecon 2tets—arpi}deds. @

This gives the solution of the characteristic value problem (1), (2) for points on the z-axis. For
a point (&, 1, 7) inside K = 0 not lying on the z-axis we apply a Lorentz transformation [6, (1.6)]
which takes (,7,7) into (0,0, (12— ¢2~n%)?) and then use (8). That the solution obtained
actually satisfies (1), (2) may be established in a manner similar to that performed by d’Adhemar

[1].
When ¢ = 0, (8) coincides with (1.4) of [6] provided we note that 2r = a on § = 0.

4, The Cauchy problem. It is well known that the solution to the Cauchy problem

u(xa ¥, 0) =f(x: y)a ut(x,y’ 0) = g(xsy) (9)
for the damped wave equation (1) is given (see for example [3], p. 209) by

2l ,9) = Fg)+5- FUP), (10)

where

F(h) = f ZT WE+rcos¢nrsing)cosh e~ 4

(@ -r’)
with (x—&)2+(y—n)? = r%. In order to be able to compare this with the solution to be obtained

here, we shall rewrite (10) as follows.
On setting r = pt and differentiating under the integral sign, we find that

2rp== J:Lf COSh(fz[c_(T,z)_ 1 arag

+1J2"J‘f' osh Al =1 2 4y 4
TJo [} (

12—r?)t

4c

+— j‘h jt (z* —r®¥fsinh 2[c(r® —r®))trdrds.
o Jo

After an integration by parts in the first term and a little simplification, this reduces to

—F(f) 2nf(&,n)cosh 2ctr +I " J'tf;- cosh 22[c(1_-2 - r2)]‘} ardo.
0 (2=-r?)t

Thus the solution (10) takes the form

u(,n,1) = f(C,n)coshZc*r+—f f 1:f,+r2g drdé. (11)
(2-r?)?
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Now, to solve the problem (1), (9) by Riemann’s method, we introduce the coordinates
(o, B, @) defined by the relations

x=&+Ha—p)cosp, y=n+ie—P)sing, t=13a+ph). (12)

If we write r2 = (x—¢&)?+(y—n)?, then we have r = #(@—p). Under (12) the characteristic
retrogade cone

(=P —(x=&*~(y-n*=0 (12t20)
is transformed in the (, f, ¢) space into the wedge
W:0sast, —asfsea, 0=5¢=2g,

with the face & = — f§ corresponding to the plane ¢ = 0 on which the initial data are prescribed.
Applying formula (6) over the wedge W and using the same argument as in Section 2, we obtain

J. I [ugvg+cuv],- ‘dﬂd¢+J‘ j[u Uy—UpUgy=—pdade
‘[ f [ug0 +u,vﬂ+2cuv]a=ﬁdad¢

Again we take v = sinhz, z = 2{c(r —a)(z— B)}}, so that the first term above drops out.
On o = — B, where the values of u are known, we note from (9) and (12) that

u, = Hu,+u,) = Hg+f)
Upg = %(ul_ur) = '}(g - r)'
Further, a = — f§ implies that r = « so that

ctrcosh[2{c(z? - r®)}¥]
(2 —ri)t

and

i(va - vﬂ) = -

and
_ ctrcosh [2{c(z* - rz)}*]

=)

%(Ua + vﬂ)

Substituting these values in (13), we finally obtain

(g, 7) = (& n)cosh 2cHe 4+ J J (Tf 79 drdg,

12 —r?)
which is (11).

5. Concluding remark. For the damped wave equation in more than three variables, the
same problems may be solved by using the extension of Martin’s result given by Diaz and
Martin [2]. In this case the associate equation (5) becomes

%(n 1)
T

(v,—vg)—cv =0,
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where n denotes the number of space variables, and the corresponding Riemann function
v(a, B) is 2~ V721, _),5(z). However, the solution u(0,7) or u(é,7), & = (¢4, ...,¢,), must be
obtained by solving an integral equation of Volterra type involving a Bessel function as a
kernel.
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