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Fourier type transforms on Lie symmetry groups
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In this paper, we construct operators on a Lie symmetry group which may be re-
garded as Fourier transforms. Essentially, we integrate solutions generated by Lie
symmetries against suitable test functions. We show that this idea leads to a power-
ful method for solving Cauchy problems for parabolic and hyperbolic equations
in two and higher dimensions. We also discuss applications to the elliptic case.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929653]

. INTRODUCTION

Lie symmetry methods provide a powerful set of tools for the solution of partial differential
equations (PDEs). For initial value problems, the standard technique has long been to seek a sym-
metry which preserves the initial data, then use the fact that the solution of the PDE satisfying
the desired conditions will be invariant under the action of the symmetry. See, for example, Lie, 2!
Olver,? and Bluman and Kumei.*

However, other methods are also available. One approach to the solution of initial value prob-
lems for parabolic PDEs is to seek an integral transform of a fundamental solution obtained by
applying a symmetry to a stationary solution. This provides a link between harmonic analysis and
Lie symmetries. This is a topic that has been studied in recent years, in works such as Refs. 5, 6, 11,
9, 10, 25, and 15. In this paper, we are concerned with extending this link.

The basic question we address is the following: suppose that ii(x; €), € € R, is a family of
solutions of a linear PDE obtained by symmetry from a known solution u. How should we use
ii(x; €)? Our answer is that ii(x; €) should be regarded as the kernel of an integral transform. To
see why, observe that if Q is an appropriate region of integration and ¢ is a suitable test function,
then

U(x) = /ng(e)ﬁ(x;e)de (1.1)

will again be a solution.

In other words, in the linear case, the family of solutions ii(x; €) provides the kernel of an
integral operator which maps elements of an appropriate function space to solutions of the PDE. In
essence, we can think of (1.1) as a type of Fourier transform over a one parameter symmetry group.

If the symmetry is sufficiently complex, then new solution (1.1) allows us to construct explicit
solutions to certain problems, without the need to solve another differential equation, as say, the
method of group invariant solutions does. In Refs. 12, 11, and 8, this idea was used to construct
integral transforms of fundamental solutions of parabolic PDEs from a stationary solution. In this
paper, we extend the method to include Fourier analysis with scaling symmetries and apply the
general theory to hyperbolic and elliptic equations.

While we must emphasize that we do not yet have a complete theory, the methods outlined
by our examples should be applicable to a wide variety of problems. There remain many open
questions in this area. The paper notes some of these, but see, for instance, the comment at the end
of Example 3.5. It is also worth mentioning that the application of the method to elliptic boundary
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value problems requires development. We hope that the current work will stimulate further research
in this area.

Il. FOURIER TRANSFORMS ON GROUPS

We briefly sketch the background material. Suppose that G is a locally compact group. Then, it
is well known that it possesses a left invariant Haar measure y. So that one may define L'(G) in the
natural way and the Haar integral [, f()du(g). f € L'(G) may be constructed analogously to the
Lebesgue integral. See Ref. 24 for Haar measure and integrals.

Next, consider a unitary representation p of G, defined on some Hilbert space H. For f €
L'(G), we may form the Fourier transform

o(f) = /G F(@)p(e)du(s). @.1)

This defines an operator on the Hilbert space H by

o(f)o = /G F@)p(evdu(g). v € H.

The group Fourier transform has been extensively studied. The literature is very substantial and it is
not our intention to present a detailed discussion of the subject, but see Refs. 24, 17, and 28 for an
introduction.

For linear PDEgs, it is often possible to realise the symmetries as global representations of the
underlying Lie group in the following sense. One has a Lie group G, a representation (o, V) of G,
and a mapping A : V — H, where H is a solution space of the equation. Then, if the action of the
symmetries on solutions u = Af is denoted by p(g)u for g € G, the following relationship holds:

(p(@Af)(x) = (Ad(g)f)(x), g € G, (2.2)

where f € V. (See Refs. 6, 7, and 9 for more on this.) As a consequence, if we take vy to be a vector
field in the Lie symmetry algebra of the PDE, then the operator

0e(x) = /A (&) plexplevi)u(x)de 2.3)

is essentially a group theoretic Fourier transforms, which inherits properties of the representations
equivalent to p. We note that the representation o~ will often not be unitary, though this will not
concern us here. Operator (2.3) is precisely the operator appearing in (1.1). It is therefore reasonable
to expect that the Fourier transform on the symmetry group of a PDE will provide us with a useful
tool for studying solutions of the PDE.

Let us briefly recall how the method works in the parabolic case. We illustrate with the
one-dimensional heat equation. Let vg, k = 1,...,6 be the basis for the Lie algebra of symmetries
of the heat equation given in Chapter 2 of Ref. 23. From the solution (H2:1 p(exp(evi)up)) (x,1), we
obtain the Fourier transform

(plomaen = |

2 2
@(€1,€2,€3,€4,€5,€p) €sX + €6X” — €5t
explez— ——

V1 + degt 1 +4eet
e % (x — 2€st) e~ 264
X — €1, - dedeydesdesdesdeg. 2.4
Mo( [+ deg Tt aeg ) derderdedesdesdes (2.4

This is an operator which maps solutions uq to solutions (o(¢)ug)(x,t). We will not attempt
to analyze this operator in full detail. Rather we will consider a special case. We take € = 0,

k=1,...,5,set € = €, and thus study a Fourier transform over a one parameter symmetry group.
We use this group Fourier transform to solve
Uy = Uy, x =0, u(x,0) = f(x), u(0,t) = 0. (2.5)

We will take u(x,¢) = x and define (p(¢)up)(x,t) = u(x,t) and the group Fourier transform becomes

xp(€) ex?
—_— - 2.
(I + dery’? eXp( 1+46t) de 20

o)

u(x,t) =
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for suitable ¢. In order for this to make sense, we require ¢ to decay fast enough to guarantee that
the integral is convergent and that we can differentiate under the integral sign. Clearly, u(0,) = 0
and u(0,7) = x®(x?), where ® is the Laplace transform of .

We will use the Laplace transform

ox e )] _X+E
Graert P\ T33a) " Vam fy P\~
><smh(\/E )

dé,

which may be easily verified using standard tables, such as those in Ref. 1.
So after reversing the order of integration (2.6) is

u(x € 5 \/Ex) €
( t)—m/ / ()exp( §)smh( > dedé¢

o o 5 ()

\/_/ y(D(yz)exp( - )mh(2 )dy

and u(x,0) = f(x) = x®(x?). This is the solution usually obtained by the method of images.
If we were to take up = 1, €5 = i€, and €, = 0 otherwise, we have the integral kernel operator

(e

(p(@uo)(x.1) = / g(e)e e,

which is the form of solution usually obtained by the classical Fourier transform. Thus, the clas-
sical Fourier analysis of the heat equation is essentially contained in our symmetry group Fourier
transform.

Fundamental solutions of linear parabolic equations on the line can be obtained by this method
whenever the symmetry group is at least four dimensional.” The extension to higher dimensional
parabolic problems was given in Ref. 10. We can also solve linear systems using the same approach.

Example 2.1. We wish to solve the linear system

A? B?
Uy = Uy — — U, A %0, Vr = U — — U, B # 0, 2.7)
X X

subject to u(x,0) = f(x),v(x,0) = g(x). It is not hard to show that this system possesses the symme-
try

i(x.1) 1 ox ex? ( X t )
U X, 1) = - u > >
Vizda P\ T4 2e )" \Tder’ 1+ der
5.(x.1) 1 ox ex? ( X t )
Oe(x,1) = - v , .
Vizda P\ Tv3e) " \Tder’ 1+ der

If 1 = 3V1 + 4AB, then a stationary solution of the system is u(x,t) = x2*# and v(x,t) = BJAx>*H,
Thus,

/2 ex?

Uxt,e)= ———exp [-—— ], 2.8

(x.€) (1+46t)1+/‘eXp( 1+4et) 28)
B x!/2m €x?

Vixte) = o——exp[-—>— 2.9

(xt.€) A(1+4et)1+l‘exP( 1+46t) 9

are a solution. We may then form a solution by setting

u(x,t) _/°° p1(€)U(x,t,€)
0

v(x,1) wa(€)V(x,t,€)
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Obviously, this solution satisfies the initial condition
u(x,0) O, (xz)
= B N
v(x,0) Zc1>2(x2)

where ®@; is the Laplace transform of ¢;,i = 1,2. Expressing U and V as Laplace transforms, we can
rewrite our solution as

2 “ Wy
VaytlPe w0, (T)

u(x, 1) i(e) 4 .
oy / / t . (x\/y) e Ydyde

yﬂ/Z

2t

902(6)— a7

(Dl(y)v‘ym ()

:/ 4t dy
’ p Vxy"%e _Tl (XW)

(Dz(!/)z a7

after reversing the order of integration. The change of variables y — y? gives, after letting f(y) =
®(y?) and g(y) = P5(y?), the solution

_x2+y2
Vay'tre T 1, (32)

u(x,1) =| /W) 4t
U(.x t) - 0 x2+y2 dy
R WS CTA A 2
2t
Lo~ xy
‘/;!/ He™ ™ Iu(f) 0
_[" 4t W\,
“Jo x2+y? g(y) v
0 B VEy e L (3)
A 4t

Other linear systems can be treated by this method, but we will not discuss the problem here.

lll. INTEGRAL OPERATORS FROM TRANSLATION AND SCALING SYMMETRIES

The most basic symmetries and certainly the easiest to find are those arising from translations
and scalings. We turn first to translation symmetries. That is, we consider the situation in which
the transformation u(x,. .., Xxk,...,X,) = u(xy,..., Xk — €, ...,X,) is a symmetry for some linear
PDE Lu =0

The method outlined above leads us to the operator

i(x) = /an(e)u(xl,. ey Xk — €y Xp)dEg, (3.1

where ¢ lies in a suitable function class and Q is an appropriate domain of integration. Of course if

translation preserves solutions in other variables, we may extend this operator in the obvious way.
An interesting special case arises from the choice ¢(€) = [}, ot Q = R" and the integral is

taken in the principle value sense. This is essentially a Hilbert transform of the solution. The Hilbert
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transform plays a central role in modern harmonic analysis.?”-!%?° More generally, if Lu = 0 has
translation symmetries in k variables, where the symmetries are generated by v;, i € K, where K is
an index set such that |K| = k, then the Hilbert transform

(Hu)(x) = ikP / expleiviulx) ;o 3.2)
T Rk €1 €L

will be a solution whenever u is, provided that the integral converges.

Example 3.1. Consider the heat equation and the solution u(x,?) = ﬁe”‘z/ 4 Then, taking
the Hilbert transform in x gives

2

e~ Frerfi (fﬁ)
H )= — 3.3
(Hu)(x,1) Nrpe (3.3)

and it is easy to show that this is indeed a solution. Now suppose that we take u(x,7) = e”’ sin x.
Taking the Hilbert transform gives

(Hup)(x,t) = —e~ " cos x,
which is also a solution. In both cases, we used the table of transforms in Ref. 20.

Our focus is on operators of form (1.1). However, there are other types of symmetry operators
that can be constructed from a single point symmetry. We will not here attempt to give a detailed
theory, but rather will give an example. Suppose that ¢(2) is an analytic function such that

o)

1
(1) = ) —d"O1", 4] < M. (34)

n=0 """

Consider the series

00

U(x,e) = Z %Q)(")(O)/l"u(x — ne).

n=0 """
We suppose that this series converges and we can take the Fourier transform in x. Then, if
U(¢,€) = [0 U(x,€)e”**dx, we have

00

—~ 1 o
U.)= ) —a" 01" " “u(¢)

n=0""
= ¢(le ().
Fourier inversion gives the operator
1
2m)"

Essentially, we have obtained a pseudo-differential operator from translation symmetries. This argu-
ment is of course completely formal, having ignored all questions of convergence, but one would
hope that Au is also a solution of Lu = 0.

Let us now suppose that the PDE is equivalent to the pseudo-differential equation

1
(2n)"

(Au)(x,€,1) = /R ) d(Ae €)™t dé. (3.5)

(P(D)u)(x) =

/R ) p&)u(€)e™4dé = 0. (3.6)

We assume the pointwise product piz € L'(R"). If translation is a symmetry, then

T X—OE g —
S [ peme s =0 @)
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whenever (P(D)u)(x) = 0. If we denote Fourier transform by 7, then (7 Au)(17,€, 1) = ¢(1e™ €M)
u(n). Hence,

(PO €)= s [ paetie e dn. (338)

Let
X an ‘
Un(x,m,€,1) = p(n)ul(n) Z _'¢('l)(0)et(x—ke)-q.
P n.

Clearly, Y n(x,17,€,1) = p(;)d(1e "¢ N)ii(n)e’> " pointwise in 77 as N — oo. Further,
lWn(x,m,€, V)| < [p(mum)lle )],

which is integrable in 7. Since translation is a symmetry, it follows that

/ YUn(x,n,€,)dn = 0.

(27T)”
By the dominated convergence theorem, we conclude that
(P(D)Au)(x,€,1) = hm (271r)" / Un(x,n,e,)dn = 0. (3.9
We have thus proved the following.
Theorem 3.1. For pu € L'(R") let
(P(D)u)(x) = (21)n / pEu(é)e™ 4 dé. (3.10)

Suppose that translation in x preserves solutions of the pseudo-differential equation (P(D)u)(x) =
0. Then if ¢ is given by (3.4), the mapping

(Au)(x,e,4) =

any / p(Ae “Oa(E)e" “dg (3.11)

is also a symmetry of (P(D)u)(x) =0

Corollary 3.2. Let ¢ be a compactly supported function, with support in €. Then,

U(x,/l)=[2<,0(6)(Au)(x,6,/1)d6 (3.12)

is a solution of

(P(D)u)(x) = / p(&u(€)e™4d¢ =0, (3.13)

@ny'

whenever u is.

Of course we could also integrate U(x,A) against a test function in A and obtain another
transform, but as they stand, these results are somewhat theoretical. It is relatively easy to obtain
examples of the operator defined by Theorem 3.1, but more difficult to actually evaluate the result-
ing solutions explicitly, unless u is itself a trivial solution. But it should be clear that even apparently
trivial symmetries may potentially be turned into more complicated integral operators.

A. Fourier analysis with scaling symmetries

In order for the symmetry group Fourier transform to be useful, we either have to have what we
may refer to (rather imprecisely) as an “interesting” symmetry, such as the one used in the earlier
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heat equation example, or a non-trivial solution. For scaling symmetries, we obviously require a
non-constant solution. These are often easy to obtain, by an ansatz, separation of variables, or
sometimes simply by inspection.

As ever, we start with the one dimensional heat equation. An elementary solution is u(x,) =
e**'. The heat equation has a scaling symmetry

u(x,t) — u(Ax, 1%).

Applying this to u; gives the solution i(x,?,1) = e***4*". Now let 1 — il. We then have the
solution

. iAx—12
ﬁ](x,l;l/l) = e”lx 4 t.
Now consider the solution

Ulx,tsy) = / (L, y)e . (3.14)

We have let the test function depend on two variables. This gives us another family of solutions
indexed by y. Consequently, we can build solutions using the same approach. That is, let

0t = [ fUessdy. (3.15)
If we take ¢(2, y) = 5-e"1¥, then we have the solution
O(x.1) / e ay (3.16)
1) = Yy . .
—00 Art

Thus, even from a scaling symmetry and a quite trivial solution, we are able to construct the heat
kernel with very little work.

Of course the heat equation has a rich symmetry group. To consider an equation which does not
have as many useful symmetries, let us study the third order PDE u; = u,,,. The only symmetries
possessed by this equation are multiplication of the solution by a constant, translations in x and ¢,
and scalings. But if we use the scaling symmetry u(x,t) — u(Ax, At) and the solution u(x,z) = e**,
then we obtain i(x,t; 1) = eAx+ 2’ Again, we complexify A and obtain the solution

Ux,1) = / m¢(/l)ei/lx_i/l3’d/l.

So again we can recover the Fourier transform solution—and hence the fundamental solution—
from a simple solution, a scaling symmetry, and the process of integrating against a test function.

So far, none of this is terribly surprising. We can obtain the solutions of the previous two
equations by standard Fourier analysis, but let us generalize the idea. Every scaling symmetry is of
the form u(x,1) — A%u(A#, A7t), where we take 8 and y to be non-zero. The A® term is irrelevant as
it can be absorbed into the test function. Thus, we may consider the solution

Ux,t) = /0 B o(Du(AP, 1)dA. (3.17)
The requirement that U(x,0) = f(x) leads to the integral transform
7= [ eoua® 0
Obviously, the change of parameter 1 — 1'/# leads to the equation
f(x) = /0°° d(Du(Ax,0)dA, (3.18)
where ¢ is obtained from ¢ in the obvious way. So without loss of generality, we consider the case

B = 1. We assume that u is not time independent. For many choices of u, this is a known integral
transform.
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More generally, following Titchmarsh (see the material on Mellin type kernels in the book??),
we take the Mellin transform of both sides of (3.18). We are assuming here that u(Ax,A%t) #
A"u(x, A%t) for any r. We also require that u is not group invariant, or more generally that u(Ax,
A%t) # c(Du(x,t) for any c(A).

Recall that the Mellin transform is defined by

(MF)(s) = /0 FOe s,

for s € Q c C. Typically, the transform exists for s in some strip, 51 < R(s) < s5. See Ref. 31 for a
discussion of the Mellin transform.
Applying this to (3.18) gives

F(s)= /0 ) /0 wq&(/l)u(/lx,O)xs_ldxd/l

- [ su(4) " L an

= O(1 — s)i(s,0),

where F and ® are the Mellin transforms of f and ¢ and i is the Mellin transform of u. We therefore
have

_ F(s)
D1 -s)= 205.0)° (3.19)
Letting s = 1 — k leads to
_ F(1-k)
D(k) = 20 -%.0) (3.20)

Using the convolution theorem for the Mellin transform, a standard argument (see Ref. 13, p. 352)
allows us to write

_ -1
p(1) =M [ ko)](a) (3.21)
- /O F)g(Ay)dy., (3.22)
where
_ 1
gly)=M [(1 ko)](y)

So formally we have the solution of the initial value problem given by

v = [ [ rpe@uucin ondyar
o Jo
We encapsulate this in the following result.

Theorem 3.3. Let P(x,t,0y,0;)u =0 be a linear PDE which possesses scaling symmetries
u(x,t) = u(Ax, A7t). Suppose that u is a nontrivial solution, neither homogeneous in x nor invariant
under scalings, such that the Mellin transform of u(x,0) exists in some strip. Then, the problem
P(x,t,0x,0,)U = 0, U(x,0) = f(x), where f has compact support, has a solution

U(x,t) = /m/mf(y)g(/ly)u(/lx,/lyt)dyd/l, (3.23)
o Jo
with

_ 1
g(y) =M ! [m] (),

whenever m is itself a Mellin transform.
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Proof. If f has compact support and g exists, then (3.23) converges and differentiation under
the integral sign shows that it is a solution. Our previous calculations show that U(x,0) = f(x). O

This result guarantees that the solution generated will satisfy the data u(x,0) = f(x) but places
no constraints on other derivatives. If we have to also satisfy, say, u,(x,0) = g(x), then further
analysis is needed. We will present an example below. Of course one can improve on this result in
other ways, for example, by specifying in which function spaces u and f must lie. However, for
many functions u, it will be possible to invert transform (3.18) immediately. Let us illustrate this
situation.

Example 3.2. Suppose we wish to solve the equation

u; = %um - %u u(x,0) = f(x).

This equation possesses the same scaling symmetries as the heat equation. The simplest way
to obtain a non-trivial solution is to look for a separable solution. With separation constant equal to
one half, this leads to u;(x,7) = VxI,(x)e”"/*, where v = 1V8A + 1. Applying the symmetry and
complexifying as before, we have

u(x,t) = /0 " S OVTEh (e 3,
We absorbed the terms in i into ¢. Setting u(x,0) = f(x) gives
7= [ VTR0
So f is the Hankel transform of ¢. The inversion theorem for the Hankel transform yields
0= [ oWy,

Hence,
u(x,t)= / m(wv POV (Ax)e 381 d
0
- / °°/ mf (PVEGALAX) L (Ay)e 2 dAdy
0 0
_ T VY 24y’ (xy
- [ e (- 4 (2 ) ay

solves our initial value problem. We used formula 6.633(2) on page 699 in Ref. 16 for the final
integral. Thus, we have obtained a fundamental solution from a separable solution and a scaling
symmetry.

Example 3.3. The fourth order PDE u, = x%uyy, x > 0 has scaling symmetries of the form
u(x,t) = A% (Ax,A’t). Observe that separation of variables gives the solution

w(x,1) = xK>(2vVx)e', (3.24)

where K5(z) is the modified Bessel function of the second kind, see 9.6.2 of Ref. 1.
We will solve the equation subject to u(x,0) = f(x), where f has compact support. Letting
A — i1, taking the real part, and using the general procedure lead to the solution

u(x,t) = /wgo(/l)xkerz(Z\/E)e’lztd/l. (3.25)
0

Here, kery(z) = R(e ™ K»(ze™*)) is the Kelvin function given by 9.9.11 of Ref. 1. We note that this
function decays very rapidly. We require

/ ) @()xkers(2VAx)dA = f(x). (3.26)

0



091501-10 Mark Craddock J. Math. Phys. 56, 091501 (2015)

We will derive an inversion integral for this transform.
Taking Mellin transforms of both sides of (3.26) gives (see Ref. 14, but the integral can also be
done in Mathematica), for R(s) > 0,

« |
/ o()= A "T(s)T(s + 2) sin (E) A = F(s).
o 2 2
Letting K(s) = %/l‘s‘ll"(s)l"(s + 2)sin (%) we have a solution to our equation given by
u(x,t) = / / f(y)k(y/l)xkerz(ZV/lx)e_’lztdyd/l, (3.27)
o Jo
where k(y) = M™! [ﬁ] (y). Recall that T'(s)I['(1 — s) = m, see 8.334.3 of Ref. 16. So that

1 ~ 2sec(%) B 447 sin (%) I(s)
K(1-s) 151 -s)[3-s)  aAT(3B-y)

(3.28)

Since ﬁ is an entire function, it follows that 1/K(1 — s) is analytic except at s = 0,—1,-2,...
where there are simple poles. The residues at the poles of the form —2nr — 1 have the values
4/12( l)n (ﬂy)2n+l
bis 2n+DII'2n+4)
and the residues at the negative even integers are zero. The Mellin inversion theorem (see Ref. 26)
then gives us

1 s 4),2 1 2n+1
M—l :Z_(_l)n ( _1/)

K(1-y) e LS 2n+ DHIIC2n+4)
_ 4aber (2vy)
= T.

Here, ber, (z) is the Kelvin function defined by equation 9.9.9 of Ref. 1. So our solution is
o e 41ber, (2yA
u(x,t) = / / f(y)#xkem@\/ﬁx)e’lztdyd/l
0o Jo

- /0 FOH(x.y)dy.

where

2V wkers(2V Ax)e dA. (3.29)
Yy

s - [ )

The integral defining the kernel H is convergent, since bery(v/z) ~ ¢Y¥/2z=!/4 for z large (see
9.10.1 of Ref. 1) and ker, decays rapidly. We have not yet evaluated it. It is also interesting to note
that as a consequence of this analysis, we have derived an integral transform pair, specifically

f(x) = /O ) @(1)xker,(2V Ax)dA, (3.30)

©  4iber, (2Vx)
so(/l)=/o f(x)de. (3.31)

We will not investigate properties of this transform pair further, but see Ref. 30 for more on this
method.

Example 3.4. Consider now the Cauchy problem
Ut = XU 1(x,0) = £(x), u(x,0) = g(x), x > 0.

We will once more suppose that f and g have compact support. The PDE possesses scaling
symmetries u(x,t) — u(dx, At). We choose two solutions,
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ui(x,1) = x ker,(2vx) cos t and u(x,t) = x ker,(2v/x) sin ¢

and build a solution

u(x,t)= /000 @(A)x kery(2V Ax) cos(Ar)dA

+ /0 ) ¥(A)x ker,(2V Ax) sin(A1)dA.
Now we require
u(x,0) = /0 ) e(D)xker(2VAx)dA = f(x) (3.32)
and from our previous example, we see that

©  42ber, (2VAx
o) = /0 oy Aotz (2V25)

X

dx.
Also
u(x,0) = /°° AY(A)x ker,(2VAx)dA = g(x),
0

so that

dx.

o) = l /wg(x)4/lber2ﬂ(xz\/E) = /°o o(3) 4ber, (2%)

X

So we have a solution to our Cauchy problem given by

u(x, 1) = / / f(y )4/lber2(zv_)xkerz(ZM)cos(At)dydﬂ

/ / Jdbers 2\/_ 4012 QVAY) 1 err VTR sin(Ady A,

Example 3.5. Let us consider the equation u; = y(uy + u,,) + u,, where x € R and y,z > 0.
This equation possesses translation symmetries in x and ¢ and the scaling symmetry u(x, y,t) —
u(Ax, 1y, Ar). Separation of variables gives the solution v(x, y,7) = ¥~ cos x. Thus,

Ux,y,t) = / @(2)e~ W+ cos(Ax)dA
0

y+t
a(x2+(y+1)?)
that K(x, y,0) is the Poisson kernel for the upper half-plane. As translation in x is a symmetry, we
conclude that for ¢ € L'(R),

is also a solution. The choice ¢(1) = 1/ produces the solution K(x,y,t) = . Observe

ey = [ 0OK( - £y.ne (333)
is a solution of the problem
up = Y(Uee + tyy) + Uy (3.34)
with u(x, y,0) harmonic in the upper half-plane and u(x,0,0) = ¢(x). For example, the choice
#(£) = e¢” produces the solution
u(x,y,t) = ( (1=ix+y)? erfc(t —ix + y) + e(’”“y)zerfc(t +ix + y)).
It is not surprising that

X

R (g0 o

“1
P/ -K(x —€,y,t)de =
o €

which at ¢ = 0 gives the conjugate Poisson kernel for the upper half-plane.
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More generally,

w(x,y,t) = /°° /000 P(E, DK (Ax — &€, Ay, At)dAdé (3.36)

is also a solution of the PDE. We would like to choose ¢ in order that w(x, y,0) = f(x, y). However,
it is not yet clear how to do this.

IV. THE HYPERBOLIC CASE

Now let us develop the method in the context of second order hyperbolic problems. The nat-
ural starting point is the one-dimensional wave equation. We will use our method to derive the
D’ Alembert solution of the Cauchy problem

Uy = Uxx, M(X,O) = f(x)’ ut(x70) = g(x)’ X € R

We will proceed by integrating a pair of solutions obtained by the application of Lie symme-
tries to elementary solutions. It is easily established that if u,; = u,,, then
x+e(x>—1?) t
1 +2ex +€2(x2—12)" 1 + 2ex + €X(x2 - 12)

ie(x,t) =u ( 4.1)

also solves the one-dimensional wave equation, see Ref. 3. Since both x and ¢ are solutions, we see
that
X+ e(x? - 1)
1+ 2ex + €X(x2—12)°
t
1 +2ex +€X(x2-12)

k'(x,t;€) = 4.2)

kKX (x,t;€) = 4.3)

solve the wave equation. As in the fourth order PDE of Example 3.4, we form a solution by integrat-
ing these against test functions ¢ and ¢, with suitable decay. So we obtain a solution of the wave
equation of the form

u(x,t) = /Owgo(e)kl(x,t; €)de + /0°° Y (e)k*(x,1; €)de. 4.4)

Thus, u is defined in terms of a pair of integral kernel operators, where the kernels are con-
structed from the symmetries of the equation. To study this, we represent the solutions k!, k> as
Laplace transforms, by analogy with the heat equation case. In the first case, we have

x+e(x®>-1?)

kl(x,t; €)=
X 2 2
(x2=1%) [(x + xz,,z) - (xzt,tz)z
L[~ & &
== -— — - . 4.
2/0 (exp( t+x)+exp(t_x))exp( €£)dé 4.5)
A similar calculation shows that
1 [® n -n )
2y 2 _ _
k(x,t;€) = 2/0 (exp(t+x) exp(t_x) exp (—en) dn. (4.6)

Using these identities, we arrive at

u(x,t)= % /R% o(€) (exp (—%) + exp (:)) exp (—e&)déde

— % /R% W (6) (exp (%) —exp ( il )) exp (—en) dndé,

t—Xx

in which fRi =4 r
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Now let @ and ¥ be the Laplace transforms of ¢ and ¥, respectively. Observe that when we
reverse the order of integration, we arrive at

[ & £ L[ n
u(x,t) = 3 /0 (&) (e X+ et-X) dé — 5/0 Y(n) (e X — et-X) dn, 4.7
leading to
u(x,0) = / (&) exp (——) dé =0(-) (4.8)
0 X X
and
1 [ d ~ 1
1, (x,0) = — / Y@ exp (-1 ) dn = S F (). 4.9)
x2 Jo X X x

Here, ® and ¥ denote the Laplace transforms of ® and Y. To solve our initial value problem,
we must choose @ and ¥ so that

~ 1 d =1
(=) = f(x) and —¥(-) = g(x).
by dx “x
Denoting Laplace transform by £, we require

&) = L)), (4.10)

where f(x) = f(1/x). We also note that if §, is the Dirac delta function at a then £(8,)(¢) =
exp (—a&). Recall also that

/ LE L ()E)dE = / FOR(O)de.
0 0
It therefore follows that

3 [ v@ (e s et)ae= 3 [ ripese o v
1 = 1 1
| Folole- ) vofe- i)
1]~ < 1
-3 (55) 7 ()
1
>

[f(x=0)+ f(x+D)].

d =1
Since —W¥(—) = g(x), we can write
dx “x

1

¥(n) = / " g(s)ds = G(n) (4.11)
and so ¥(x) = £ 1(G)(x). We now write

%/ W) (e — o) dn = & / £GWL (51 -6 ) oy

1 1 1
=5(G(x—t)‘G(m))
%([m g(n)dn—[w g(n)dn)

1 X+t
=—5/ g(m)dn. (4.12)

-t

The solution of the wave equation satisfying the given initial data is therefore
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x+t

) = 3 =0+ S0l + 5 [ g, @13)

—t

We have thus recovered the D’ Alembert solution of the one-dimensional wave equation.

V. WAVE EQUATIONS WITH POTENTIAL

Many of the analytical issues that arise with this method are encapsulated in the equation

1
Uy = Uy — yem =5 0<x<t, A#0. 5.1)

We will give a detailed analysis of this problem.

The Lie symmetry algebra is spanned by v; = d;,Vy = x0y + 10, V3 = 2xt0y + (X2 +0,,v4 =
ud, (as usual, 9, = 6 /0u etc). The symmetry group is isomorphic to SL(2,R) x R. We introduce the
constant y = 4+ 2. We may easily show then that if we set

X+

K(x,t;€) = o (5.2)
(1 +2et + €X(12 — x2))**2

then for ¢ with suitable decay,
u(x,t) = / w(e)K(x,t; €)de (5.3)
0

is a solution of (5.1). Here, we have taken ug(x,t) = x**!/2 and applied the symmetry arising from
v3. For x < t, it is easy to see that the singular points of the kernel are € = _ﬁ and € = —t— which
are to the left of the region of integration, so that integral (5.3) is convergent and defines solutions
of the PDE. For x > ¢, the singularities are on the positive axis, so we could perform the analysis by
taking the range of integration over the negative € axis.

We will rewrite this using the Laplace transform to obtain two integral kernel operators.

Elementary algebra shows that

+L oo
u(x,t) = (ﬁ)ﬂ 2/0 w(€)G(x,t,€)de, (5.4)

where

ro\? VT
G(x,t,€) = ((e+ tz_xz) - (tzicxz)z) .

We use the standard Laplace transform identity (see Ref. 14)

1 \/; h V= —(e+a
(e+ai-p) @B IO /0 £,y p(BE)e e,

where I, is the usual modified Bessel function and I is the gamma function, see Ref. 22. Using this,
we are able to write

u(x,t) = cm/ x2 / o(e)éH exp( ef) ( a3 )dfde (5.5)

where ¢, = 27H\/m/T(u + 5). Assuming that ¢ has suitable decay, we can reverse the order of
integration and this leads to

u(x,1) = Cpy | ﬁ /0 O(£)eH exp (tg__tiz) L (tz)igxz) dg

= —\/ﬂ"i—xz /0 @(5)5”‘1’2«/x_fexp(t[_ti2)Iﬂ(tfxz)df.

As @ is arbitrary, we can absorb c,, and ¢“~!/? into it to obtain the more elegant expression
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u(x,t)= P

1 o0 _
—zz—xz/o (D(f)\/x_fexp(tz_tiz)lﬂ( x¢ )dg.

This integral will certainly converge if, for example, ® € D(R"), the compactly supported smooth
functions on the positive half-line.

Proposition 5.1. If ® € D(RY), then Equation (5.1) has a solution

/0 <D(§)\/X_§6XP(t2__ti2)1u( X )df,

u(x,t)= P

1
ViZ_ 2
satisfying u(0,¢) = 0.

Proof. The condition u(0,7) = 0 is obvious. The compact support of ® guarantees convergence
of the integral. Differentiating under the integral sign proves the result. O

Actually the integral will also converge for ® € L!'(R*) since using standard estimates for
Bessel functions (e.g., Ref. 1, p. 377) for large £ and x < 1,

—t& ! x& 2 — x2 -£
ex ~ ex ,
Pl ez 2nxé Pliex
which is enough to guarantee the convergence of the integral in Proposition 5.1. Indeed, the integral
will converge for ® a polynomial. For example, ®(£) = & gives the solution
(- X (5
2

T(u+3) a5

)= ——— F
u(x,1) TGt ) x etV

T u x2
R el E
17 TR )

where ,F) is Gauss’ hypergeometric function.??
To solve the appropriate Cauchy problem, we require two operators. To this end, we complexify
the parameter &. That is, we replace ¢ with i& to obtain the solution v(x,t;&) = ———+/x&

AV
—ité

exp <z2—x2) Ju (tzx_iz). This leads to the solution

/O é(f)«/x_fexp(t{fiz)fy( i 2)alf.

2—x

u(x,t)=

1
V2 — 2
Here, J, is the Bessel function of the first kind.?* Since the real and imaginary parts must satisfy the

PDE, we obtain a useful corollary. We let $(R*) denote the smooth functions ® on R* with rapid
decrease. That is, D*®(x) (where D = %) tends to zero faster than any power of 1/x for all k£ € N.

Corollary 5.2. If ®,¥ € $(R*), then

1 * 5 £
ui(x,1)= ﬁ/o D(&)/x COS(xz_tz)J#(xzx_ tz)d§
and
1 * . té ¢
o= s [ e () 0 (5 e

are both solutions of (5.1).

Proof. This is an exercise in differentiation. The integrals are convergent by the rapid decay of
® and P. We used linearity to replace > — x> with the more convenient x> — ¢2. o
We would like to choose @ and ¥ in such a way as to guarantee that u(x,0) = f(x) and

—=(x,0) = g(x) for appropriate initial data f and g. The similarity of the operators to the Hankel

transform suggests a way of doing this.

0
Observe that u,(x,0) = 0 and %(x,O) = 0. In fact,
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w0 = | [ ooyt (£) e
- @(f)f (£) e

= (H,D) (;) , (5.6)

A S Y

where 7-(,1 denotes the Hankel transform

(Ho f)(y) = /0 FONFTIuxy)d.

To satisfy the initial condition u;(x,0) = f(x), we have to have

(H0) 1) = 500
X
which implies

(H,D)(x) = fH(x) = f(1/x), x> 0.

As the Hankel transform is its own inverse (see Ref. 32), we have, at least formally,

D(x) = (H, fH)(x). (5.7)

To obtain sufficient conditions on f to justify this analysis, we recall that Zemanian constructed
a Frechet space $,(R*) characterized by three properties: every ¢ € $,(R") is a rapidly decreasing
smooth function on R*, with an expansion of the form

P(x) = xHH1/2 (ao Fapxt+ -+ apxF + Rok(x)), (5.8)

where

an = lim (x~ DY (7 2g(x)) (5.9)

k'2k
and the remainder satisfies (x"'D)* Ry (x) = o(1) as x — 0*. (See Lemma 5.2.1 of Ref. 32.) Zema-
nian proves that the Hankel transform is an automorphism on S5,,(R*).32 It plays essentially the same
role that Schwartz space does for the Fourier transform. Thus, if f is such that (¥ e Hu(R*), then O
will also have rapid decay.

Soif f# e Hu(R*), we have a solution of the initial value problem

Uy = Uy — (Al )2u 0<x<t,
u(x,0)= f(x),
ut(x’o): 0,

given by

u(x,t)=

S H(E)AxE cos (x2tf IZ) T (x;f_ftz) dé.

Turning to the second solution, we find

0 1
groaen| =55 [ s&"(f)\f ( ) (5.10)

0
Consequently if —u,(x, t)| = g(x), then
ot t=0

EV(E) = (H,.8M(é), (5.11)
where gh(¢) = £73/%g(1/¢).
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So that if gh € ﬁy(RJr), this gives us the solution of the initial value problem

1
Uy = Uy — Wu, 0<x<t,
u(x,0)=0,

uy(x,0) = g(x),

1 ® (1€ £ ) d¢
== [ e )0 (555) £

This leads to the following result.

Theorem 5.3. The solution of the initial value problem

””:””_(A_i)z”’A#O’ O<x<t,
u(x,0)= f(x)),
M[(.X',O): g(x),

where f¥, g% € Hu(R*) is given by

1 * 1€ 3
u(x,t) = \/ﬁ /0 (W#fﬂ)(f)\/x_cos (xz _ t2) J.“ ( 2x_ tz) df

X

1 o .,
MV /O (H,.8")(E)x€ sin(xztiz)J,l(xzx_gtz)f. (5.12)

For the first term in (5.12), we need to evaluate

I [ rrwwsecos (S5 0 55 ) autveravae.

Formally, reversing the order of integration leads us to consider integrals of the form

/00 xcos(cx)J (ax)J, (bx)dx. (5.13)
0

Unfortunately, this integral is divergent in the classical sense. We therefore seek to define it as a
distribution. We make use of the result

/°° sin(cx)J (ax)J (bx)dx
0

=0, O<c<b-a,0<a<bd
1 b*+a* - c?
=—P12(—), b-—a<c<b+al0<a<b
ab “ / 2ab
cos(urm) ( b*+a’- cz)
=—Q0up|l-————|,b+ta<c,0<a<b,
aNab " / 2ab

which is valid for u > —1. (See formula 6.672.1 of Ref. 16.) Here, P, and Q, are Legendre
functions.?” These are smooth functions and so their derivatives exist with respect to c.
Let I, ] be the indicator function of the interval [a, b]. Both the integrals

AZ‘:/ Iio,n1(x)x cos(cx)J(ax)J, (bx)dx,
0

—
=)
—_

"= /OO Iio,n1(x) sin(cx)J,(ax)J, (bx)dx
0
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are convergent for finite n and differentiating under the integral sign shows that for each n € N,

Al = Fo e E.. Thus, for every test function ¢ € $,,, we have

(herd) = (o-Z0.0).

By the smoothness of the Legendre functions, the lim,,_, (-2 5o 20, @) exists and is well defined for all
a,b,c,and ¢ € H,,. So that we may set

. n . 0 —_n
lim (A¢, ¢) = r}gg(gnc,qﬁ)-

This is equivalent to defining (5.13) by setting

(/mxcos(cx)],,(ax)JF(bx)dx,¢) (5.14)
0
= (i/ sin(cx)Jﬂ(ax)Jﬂ(bx)dx,qﬁ),
dc 0
for all ¢ € H,,. We therefore define
O, x.1 ) = \/_/ efcos( < )J (W), ( i )def (5.15)

as a distribution via (5.14).
For the second term in (5.17), the desired integral is actually convergent and we set

1 =
niin) = s [ sn (5 s (55

These provide us with fundamental solutions of our wave equation.

) dé. (5.16)

Theorem 5.4. The solution of the initial value problem
Uy = Uyy — (Al)zu A#0, O<x<t,
u(x,0) = f(x)),
uy(x,0) = g(x),
where f* gb e Hu(R*) is given by
u(x,1) = (O £%) (6 1) + (T, 8%) (x.1). (5.17)

So once again we are able to explicitly construct the solution of a Cauchy problem by means of
Fourier type operates on the symmetry group.
Equations of the form

1

L ee——— / eC 5.18
(Aewx + Be“”)zu @ ( )

Uy = U
also have non-trivial symmetries. In fact the Lie symmetry group is SL(2,R) x R. Analysis of the
type just presented is also possible. However, the details are rather more complicated, involving
integral transforms with hypergeometric functions in the kernel. We will therefore leave discussion
of these equations for another publication.

VI. EQUATIONS WITH VARIABLE WAVE VELOCITY

In Ref. 3, Bluman and Kumei consider the problem of classifying equations of the form
Uy = cz(x)uxx which have non-trivial symmetries. We will not consider every class of equation
they treat, but will instead restrict our attention to some illustrative examples. First, we consider
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c(x) = AeP*. Actually, we study the equation

Uy = ity (6.1)
The exponential wave speed is perhaps physically unrealistic, but it is nevertheless mathematically
interesting. The case of arbitrary A, B follows by a change of variables. This has Lie symmetry
algebra spanned by

1 1 1
Vi=0;,Vy = Oy — t0; + zuau, V3 = t0y — E(z‘2 + e-2X)a, + Etuau.

Exponentiating v3, we find that if « is a solution of (6.1), then so is

N 2e*
i(x,t;€) =
V4e2 + deXxet + €X(e12 - 1)
1 2t (te +2) — 2€
1 + €™t + 7 2(e*2 — e7)),
( n(e” +ee el ) eXx(te + 2)? — €2

We take u = 1, apply the symmetry, and construct the solution
2 X
u(x,f) = / ple)e de (6.2)
0 \4eX + 4e2ret + €2(eX1 1)

for suitable choice of ¢. Rewriting this using the Laplace transform, exactly as in the two preceding
examples, we have

—2e¥té 2e%¢
vtf/ e p( 1)’°(e2xr2—1

Complexifying & produces the pair of solutions

ZXI(‘;: 2€X§
u(x,1)= W/ @(5)005( TN I)Jo(ezxt2_1)d§’

2xté_- Zexé‘-‘
v(x,t)= W / Y(£) sm( 22 ) Jo (62xt2 ] ) dg.

Again, these are essentially Hankel transforms of ¥ and @. Since v(x,0) = 0 and u,(x,0) = 0, we
may solve the initial value problem

Wy = e Wy,
w(x,0)= f(x), w:(x,0) = g(x).

We have u(x,0) = —i2e*(Hy®)(2¢*), where for convenience, we use the well known variant of the
Hankel transform

(Hof ) = /0 y F () ol y)d. 6.4)

This is its own inverse.”® So if we let f’(x) = x~!f(In(x/2)) then the condition u(x,0) = f(x)
implies that ®(y) = i(Hof°)(y).

Next, Eu(x,O) = g(x) implies that
o l i
| ev@neeaa - - e, ©3)
0
Letting g7(y) = 2/y3g(In(y/2)), we are lead to the following result.
Theorem 6.1. Let

O(x,t;y) =

22x 2eX
cos( ¢ tgl)Jo(e efl)Jo(fy)d.f

ert2 _ 2xt2

2ie /
Ve2x2 -1 Jo



091501-20 Mark Craddock J. Math. Phys. 56, 091501 (2015)

be defined as a distribution by (5.14) and let

2ie /‘X’ sin 2%t
\[e2xt2 —1Jo ezxtz -1

Then, the initial value problem

T(x,t;y)=

2 X
) I (ehfzf 1 ) JEy)de.

Uy = ezxuxx’
u(x,0)= f(x), ur(x,0) = g(x),

where f°,g" € $o(R*) has a solution given by

e>xte 2e*¢
u(x,r) = ezT / (Hof")(&) cos ( T2 1) Jo (e2xt2 — 1) dé
2ie* N . e>té 2e%¢
R | s@rsi (ehﬂ - 1) . (ebfﬂ - 1) a@
Equivalently, the solution may be written as
u(x,t) = (0, £°) (x.t) = (1.87) (x.1). (6.6)

We could write the solution in terms of 1 — ¢**#2 instead of ¢**r> — 1 in order to avoid the
appearance of complex numbers in the solution, but this seems unnatural in this case.
Equations of the form u, = (Ax + B)Cu,, may be solved by the same methods. We will not

present the full details, but briefly consider the case

_ 2 2a
Uy = X Uxxs

where @ > 1,a # 0,%1. A rescaling of ¢ and an affine transform in x will lead to the more general
case. These equations have an infinitesimal symmetry

vV = Xt0y + %(m2 + X% a)d, + %(1 —a)tdy,. (6.7)
Exponentiating and applying the resulting symmetry to u = 1, we obtain the solution
C(x,t;€) = (4 + 4aet + €2 - x*) P, B = (a - 1)/2a). (6.8)
The solution
u(x,t) = /000 o(€)C(x,t; €)de (6.9)

can be rewritten using the Laplace transform to produce the operator

FTCTTE T (2t

2B-1T(B) (12 - xza)% — x2
Ta 1 72 (2 —
xé‘:ﬁ—l/zlﬁ_é(z X+t (a, 1 f)

l2 x2(l

u(x,t) =

As before, we can absorb the extraneous terms into ® and construct two operators which allow us
to solve the Cauchy problem for this equation. Again the details are basically as before, involving
complexifying the parameter £ and taking the Hankel transform of the initial data. We leave this to
the interested reader.

The methods introduced here can be applied to other classes of problems, such as those with
variable wave speed in Ref. 3 or equations of the form

Uy = Uxx t f(X)I/tX, (610)
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where f/+ 1 5f°= 2 = (ax + b)~%. For example, the axially symmetric wave equation uy, = i, + 1/xuy
has a symmetry acting on solutions by

. 1
i(x,t; €)=
V1 +2et + €212 - x2)
X t+e(? - x?)
1+ 2et + €2(t2 = x2)" 1 + 2et + €2(£2 - x2)
Taking the constant solution leads to the pair of solutions for 0 < x < ¢,
173 x&
u(x,t) = Nrampe: / ED(¢) cos ( — xz) Jo (t2 — xz) dé, (6.11)
B (g xé
v(x,t) = m/o EY(¢) Sm(ﬂ—xz Jo P dé. (6.12)

Using these we can solve the Cauchy problem. The interested reader can provide the details.

VIl. THE WAVE EQUATION IN HIGHER DIMENSIONS
Let us use return to the task of applying scaling symmetries to the solution of Cauchy problems.
We will use a scaling symmetry to solve the Cauchy problem
ut,zAu—%u,r¢0,A>O, (7.1)
u(r,0,0) = f(r,0),
ui(r,0,0) = g(r,0).

We will assume that f, g are compactly supported smooth functions. As A — 0, we recover the solu-
tion of the wave equation. This possesses scaling symmetries u(r,8,t) — u(Ar,0, At). Our treatment
is similar to that given for the case of parabolic equations in higher dimensions in Ref. 10.

For our solutions, we use separation of variables. Let u(r,6,t) = U(r,0)T(¢). This leads to

1 1 A
Uy + = U + Ugg U =aUT,;=al, (7.2)

where « is the separation constant. We take a= —1. So T(t) = cycost + cpsint. If U(r,0) = R(r)
®(0), then

O(R" + - R )+ 5RO”+ RO - —R@ 0. (7.3)
So that
1 1
ROR +rR) +17 = A= 59" = k* (7.4)
or
P’R"+rR +(r*—k*= A)R =0, 0" = -k’0. (1.5)

79 sin(z) are our solutions. Then, we

So ux(r,6,t) = J\/m(r)e”‘e cos(t) and vi(r,0,t) = J\/m(r)e

apply the scaling symmetry. Next, construct solutions of (7.1) by setting

u(r,0,t) = oe(A)J (Ar)e'™*? cos(Ar)dA (7.6)
R
+ Yi(2)J (Ar)e™*? sin(Ar)dA. (1.7)
WS
Then, we require that
u(r,0,0) = Z / er()J ‘/—(/lr)e‘kgd/l £(r,6). (7.8)

kezZ
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To this end, we expand f in a Fourier series in € so that

Fr0)= )" flr,k)e™, (7.9)
nez
where
—~ 1 [ )
frky=s=[  f(r,g)e*?dgp.
271' 0
This tells us that

o0 1 e

Inverting the Hankel transform gives

Lor= [ piipko Ap)d

z‘/’k( )= 5 pf(p,k) m( p)dp
or

1 ) 2 ko

er(A) = ﬂ/o /o Apf(p,p)e fm(/lp)dfﬁdﬂ

Similar considerations lead to an expression for ¢, namely,

1 ) 2 i
() = 5~ /O /O pg(p,d)e ""’Jm(/lp)dwp-

We now consider the Nth partial sum of the second series appearing in (7.6). This is

N o 0 2

Y este.trnaonunet e sinandododn

v Jo Jo Jo
o o 2 N

[ [ ] peto.orsinan Y, duatamniane™ e arasap.
o Jo Jo Pt

where we have set v(k) = Vk2 + A. Now since |J,)(z)| < 1, we have

S= Z T\ Ap) yiaof(Ar)e™ =) < Z Ja(Ap)e @)

k=—0c0 k=—0c0

and Y0 Ji)(Ap)e*@=?) and its derivatives are uniformly convergent. See Ref. 10, p. 69 and
following. The proof there is more general than our case, but the argument is the same. So the series
S and its derivatives converge uniformly.

Now let z = 22 By 8 822 of Ref. 16,

20r
1 [” dé¢
Py)-1/2(2) = —/ " .
vy T Jo (z+Vz2—1cos&)k+1/2

Observe that for |z + Vz2 — 1 cos&| > 1, the series

°° oIk (0-0) g

k:z—oo (z+ V72— 1cos &)rk)+1/2
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is convergent by the comparison test and the limit is bounded in &. Thus, by the bounded conver-
gence theorem, for |z + VzZ — 1cosé| > 1,

[e]

Z eik(e_d’)Pv(kH/z (2)

k=—0c0

. i /” ekO-0)g¢

m —

N—oo T =N 0 (Z + —\[ZZ _ lcosé‘:)v(k)+l/2
N eikO-0) g

1 s
= / lim
7w Jo Now £ (24 V2 = Teos )Wl

1 /n i eik(0-9)g ¢
wJo (E (z+ VT = Teos )12

A similar argument holds for |z + VzZ — 1 cos €| < 1 using the integral representation

1 s
Pyo-172(2) = p / (z+ V72— 1cos &) ®124¢,
0

which is the second part of 8.822 in Ref. 16.
Soitfollows thatforr —p <t <r+p,r > porp—r<t<r+p,p>r,

Ki(r,p.0,¢: k) / D Tt Ap)o(Ar)e™ D sin(at)dA
0 k="

(e

= ) ko / Jo(e\(AP) 1 (Ar) sin(A1)dA
0

k=—c0
1 - ik(0-0) 4+ p2 -7
= § Pyior1)o | ———
2vor L€ -2\ T,

is a smooth function. If t <r — p,r > port < p—r,p > r,then K, = 0. If »r + p < ¢ then a similar
argument based on the representation

Oy (i)-1/2(2) =/
0
(8.823 of Ref. 16) yields

cos(V()T) D o I
Ki(r,p,0,¢; k) = ——— e i [-——].
2+/pr kzz_m 2pr

We then have a solution of (7.1) given by

dé
(z + VzZ — 1 cosh &)rtk+1/2

o0 2r
u(r,0,t) = /0 /0 p8(psP)Ki(r, p,0,¢; k)dpdp
= (g.Ky), (7.10)

which satisfies u(r,6,0) = 0, %uz(r,G,O) = g(r,0). As g is a compactly supported smooth function,
this integral converges.

For the first series in (7.6), we obtain a solution satisfying u(r,0,0) = f(r,0),u,(r,0,0) = 0,
where f is compactly supported and smooth, given by

0
u(r,0,t) = E(f’Kt)' (7.11)

Combining these, we see that

0
M(r’05t): E(f’Kt)'i'(g’Kt) (712)

is the solution of Cauchy problem (7.1).

In three dimensions, the analysis remains the same, except that we have a double sum involving
spherical harmonics in place of the e’k term. As we let A — 0, this must return the Kirchoff solu-
tion of the wave equation, but we do not have a proof of this as yet, so we will not proceed further.
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It should be clear that using scaling symmetries in this way will allow us to construct solutions for a
wide variety of linear PDEs.

VIIl. ELLIPTIC EQUATIONS

For elliptic equations, we can apply the same methods. Often, however, we may recover a funda-
mental solution from the corresponding heat kernel. The argument is very well known (for example
Ref. 2). If p(¢,x,y) is the heat kernel for the elliptic operator £ and the integral converges,
then

G(x,y) = —/ p(t,x,y)dt 8.1)
0
satisfies

LG(x,y)= —/ Lp(t,x,y)dt
0

© 9
=- —p(t,x, y)dt
/Oatp(xy)

=p(0,x,y) = 6(x, y),

where 6 is the Dirac delta function. Thus, G is a fundamental solution for L.

2a
ax+by

Example 8.1. The equation Au +
solution

2b _
U+ gty = 0, x>0,y >0 has a fundamental

(c+O2+(y-1)?) ((x+&+(y+1)%) )
aglog ( (2P +-1P) (2 P+

4n(ax + by)

(=& (y+)?)((x+&+(y+m)?) )
3 bn log (((x,§)2+(y,,7>2)((x+§)2+(y,,])2)

4n(ax + by)

G()C, !/,f,ﬂ): -

To see this, we observe that the PDE
2a 2b

:A+ x+ 1=0’ >0, >0 82
e . ax+byu ax+byu" * y 8.2)

has a fundamental solution (see Ref. 10) given by

1 X+ y?+ 240
t’ s YsG = - X
Pt x; y.€.m) nt(ax + by) exp( 4t )
[ag sinh(g)cosh(%) + by cosh(%) sinh(% ] . (8.3)
We then have

G(x,y.&.m) = —/O pt,x,y.&.n)dr. (8.4)

The integral can be evaluated from tables or Mathematica.

Theorem 8.1. Suppose that K is continuous and that the Sturm-Liouville problem,

L"(0) + (K(8) + A)L(B) =0, (8.5)
aL(a)+ a;L'(a) =0, (8.6)
BiL(b) + BoL'(b) =0 (8.7)

has a complete set of eigenfunctions and eigenvalues, and that the eigenvalues are all positive.
Then, the elliptic equation

K(6)

Au +
2

u=0,r>0,0 €a,b] (8.8)
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has a fundamental solution

pCos (\//l_,,sec‘1 (2r_p))

Gr0.0.8)= - 3 L(O)L.(9) ), 89)
4 I,
Proof. In Ref. 10, we studied the initial and boundary value problem
Uy = Upp + %ur + ﬁugg + K”qu, (8.10)

r>0,a<60<b,a,bel0,2n],
u(r,6,0) = f(r,0), f € D(Q),
aju(r,a,t) + asuy(r,a,t) = 0,

ﬁlu(r,b,t) + ﬁzug(r,b,t) =0.

Here, Q = [0,0) X [a, b] in polar coordinates. It was established that there is a solution

0 b
u(r.6.1) = /0 / F(o.)p(t.1.0.p.0)pdodp, 8.11)
where
1 _ﬁtpz — rp
Pr0.p.9) = 3¢ ;Ln(@Ln(@)lm(g), (8.12)

in which L, (0),4,,n = 1,2,3... are the normalised eigenfunctions and corresponding eigenvalues
for the given Sturm-Liouville problem. The series converges uniformly, allowing reversal of the
order of integration and summation. Hence, there is a fundamental solution of the given elliptic
problem defined by

G(r,0,p,¢) = — /mp(t,r,H,p,@dt. (8.13)
0

Evaluating the integral gives the result. O

We can, of course, also obtain solutions of elliptic problems by integrating a test function
against a solution obtained by symmetry. We briefly illustrate with the two dimensional Laplace
equation which has a rich symmetry group. It is easily verified that if u is a solution of the Laplace
equation, then

x+e(x®>+ y?) y )

A, ys€) = u 1+2ex+eX(x2+ y2) 1 +2ex + €2(x2 + y?)

(8.14)
is also a solution for x > 0 and € > 0.

As before, one can use this symmetry to construct an integral kernel operator mapping elements
of an appropriate function space to harmonic functions. Some properties of these operators are
immediate.

Proposition 8.2. Suppose that u and v are harmonic conjugates, so that ux = v, and u, = —v.
Then,
_ x +e(x* + y?) y
ux,y,€e)=1u s s 8.15
(x.y:€) (1 +2ex + €X(x2+ y2) 1 + 2ex + €X(x2 + y?) ®.15)

x+e(x?+ y?) y ) (8.16)

1+2ex+eX(x2+ y2) 1+ 2ex + €2(x2 + y?)

i(x,y;€)=v (
are also harmonic conjugates.

Proof. This is a straight calculation. For example,
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0
aft(x, yi€) = (1 +2ex + eX(x2+ y?)) % x

( x+e(x®+ y?) y )

-2 +1 ,
ye(xe+ Duy 1+2ex+€X(x2+ y2) 1 +2ex + e2(x2 + y?)

xte(+y?) y ))

1+2ex +eX(x2+ y2) 1 +2ex + €2(x2 + y2)

+T(x,y; €)uy (
and

0
a—ﬁ(x, yie) = (1 +2ex + (x> + y?) > x
y

2 2
(T(x,y;e)vy( x+e(x®+ y?) y )

1+2ex+eX(x2+ y?) 1 +2ex + €2(x2 + y?)

x+e(x*+y?) y ))

+2 + 1o, s
yelxe+ 1o <l +2ex + €2(x2+ y2)" 1 + 2ex + €X(x2 + y?)

where we set T(x, y; €) = 1 + 2ex + €*(x* — y?). Since u, = v, and u, = vy, then 2ii(x, y;€) =
3%5 (x, y; €). The other case is essentially the same. O
This has an immediate consequence.

Corollary 8.3. If u and v are harmonic conjugate solutions of the two-dimensional Laplace
equation, then so are

U = [ eten AL y Jae

1 +2ex + €2(x2+ y2) 1+ 2ex + €2(x2 + y?)

and

Vir.y) = /0 " oo ( Xt e+ y) Y )de,

1+2ex+eX(x2+ y2) 1+ 2ex + €2(x2 + y?)
assuming that the integrals are convergent. Consequently, the function F(z) = U(x,y) +iV(x,y),z
= x + iy is analytic.

The choice of ¢ for which the integrals are convergent will depend on the choice of u and v. For
example, take the solution u(x, y) = y, apply the symmetry, and integrate against a test function ¢
to obtain

~ yp(€)
,Y) = de. 8.17
u(x, ) /0 1+ 2ex + €X(x2 + y?) ¢ ®.17)
Rewriting with the Laplace transform as we did in the previous examples produces the solution
_ (7 x|\ yé
u(x,y) —/0 (&) exp (_x2+ y2)51n(x2+ yz)dg, (8.18)
for x > 0 and ® € L'([0,0)). By similar means, we can obtain the solution
_[" xé yé
v(x,y) _/0 Y(&)exp (_x2+ yz)cos(x2+ yz)df, (8.19)
and if @ = P, these solutions are easily shown to be harmonic conjugates.
If we take (&) = V(&) = ﬁf", the integrals still converge and we obtain
u(x,y) = (2 + y»)" sin[(n + Dtan™'(y/x)], (8.20)
o(x,y) = (2 + y»)"T cos[(n + Dtan"'(y/x)]. (8.21)

For n an integer, it is not hard to see that these generate the harmonic polynomials.

To solve the Laplace equation with u(0,y) = g(y),y > 0, we would let ®(y) = (Ts‘lgﬁ)(y),
where g#(y) = g(1/y) and F; is the Fourier sine transform. We can then proceed to obtain an appro-
priate function space for g. However, this type of problem is unnatural for the Laplace equation.
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Indeed, Cauchy problems are generally ill posed for elliptic equations (see the discussion in Ref. 18)
and usually do not have unique solutions. Natural problems for the Laplace equation and elliptic
equations in general are boundary value problems, such as those of Dirichlet and Neumann.

Throughout this paper, we have relied upon constructing solutions from trivial solutions. There
are many other solutions which we can apply symmetries to, so we can produce a considerable
range of integral operators. We can also use other integral transforms. This approach can be used to
deduce information about harmonic functions. We conclude with a simple example.

Instead of using the Laplace transform to rewrite our operators, we use the Fourier transform.
An easy result may be obtained. We note that S(R) is the usual Schwartz space.

Proposition 8.4. If ¢ € S(R), then
1 <
u(x,y) = 2—/ @(&) exp (
T J-oo

is a harmonic function. We take here p(&) = f_o; o(r)e”irdr.

i §+y|§|) dé

24 2

Proof. We consider the harmonic function
y
7(1 +2ex + €2(x2 + y?2))
| Y ix& +
= — exp (_M
2r

x2 + y?

K(x,y;e)=

- ieg) de.
As ¢ € S(R), we also have ¢ € S(R) and

u(x.y) = / H(OK(x. y: )de

/ / o(€)ex p( lxiimfl—ief)dfde
:_/ (&) ex ( lxi-:yy|§|)d§.

2 ; . . . .
Now we note that (‘3—2 + :—yz) exp (—%Z’lfl) = 0 and we may differentiate under the integral sign

since ¢ has rapid decay. O

One may carry out this type of analysis for any linear equation with non-trivial symmetries.
We believe that exploring the properties of the group Fourier transform on the symmetry group of a
linear PDE may prove to be very fruitful.
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