FUNDAMENTAL SOLUTIONS, TRANSITION
DENSITIES AND THE INTEGRATION OF LIE
SYMMETRIES

MARK CRADDOCK

Department of Mathematical Sciences
University of Technology Sydney
PO Bozx 123, Broadway
New South Wales 2007
Australia

E-mail: Mark.Craddock@uts. edu.au

ABSTRACT. In this paper we present some new applications of
Lie symmetry analysis to problems in stochastic calculus. The
major focus is on using Lie symmetries of parabolic PDEs to obtain
fundamental solutions and transition densities. The method we
use relies upon the fact that Lie symmetries can be integrated
with respect to the group parameter. We obtain new results which
show that for PDEs with non trivial Lie symmetry algebras, the
Lie symmetries naturally yield Fourier and Laplace transforms of
fundamental solutions, and we derive explicit formulas for such
transforms in terms of the coefficients of the PDE.

1. INTRODUCTION

A Lie group symmetry of a differential equation is a transformation
which maps solutions to solutions. Lie symmetries allow complex so-
lutions to be constructed from trivial solutions. Indeed crucially, with
a Lie group symmetry, we obtain a continuous family of solutions, pa-
rameterized by the group variable. The books [17] and [1] contain both
an introduction to Lie symmetry groups and numerous applications.

The current paper is a part of a program which explores the connec-
tions between Lie symmetry analysis and harmonic analysis. Here we
will illustrate the links between the two areas by focusing on the appli-
cation of Lie symmetries to the construction of fundamental solutions.

The current author and his collaborators have developed the method-
ology used here in several publications, such as [9], [7] and [8]. The idea
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is to produce an integral transform of a fundamental solution by apply-
ing a single Lie symmetry to a trivial solution. For this to be useful, the
transform must have a known inversion integral. Ideally, the transform
should be one of the most well studied, such as the Fourier or Laplace
transform, since extensive tables for these transforms exist and there is
a rich theory which we can exploit to obtain further information about
the fundamental solution, such as its asymptotic behaviour.
In [7], Craddock and Lennox studied equations of the form

U = 08 Uy + f(2)Uuy — px"u, (1.1)

where 0 > 0, i,y and r are constants. They proved that it is always
possible to obtain integral transforms of fundamental solutions of (1.1)
by symmetry, when the drift f satisfies any one of a family of Riccati
equations. However, Laplace transforms could only be obtained for
certain subclasses of the problems they studied. For the remaining
classes, integral transforms involving Whittaker functions were needed.
Although these so called Whittaker transforms have known inversion
integrals, explicit inversion is usually not possible as few Whittaker
transforms have been calculated.

In this paper we significantly improve on previous results. We con-
sider a class of equations of the form w; = 02 Uy, + f(2)u, — g(x)u.
Suppose that ¢ is fixed and given and  # 2. We show that if h(x) =
x'77 f(z) is a solution of any one of three families of Riccati equations,
then by using the full group of symmetries, it is always possible to
obtain a generalized Laplace transform or Fourier transform of funda-
mental solutions of the PDE, purely by symmetry. Our method has
natural advantages over many other techniques and we will show how
it can actually be used to rectify a shortcoming of the method of re-
duction to canonical form. We will apply the theory to a number of
examples and problems in stochastic analysis.

The fact that we may compute Laplace and Fourier transforms,
purely through a Lie algebra calculation, suggests a close relationship
between Lie symmetry analysis and harmonic analysis. The symmetry
group itself gives us these transforms absolutely explicitly as functions
of the coefficients of the derivatives in the PDE. This is a consequence
of the relationship between the representations of the underlying Lie
group and the symmetry transformations, which was first developed
in [3] and [4]. We believe that the connections between Lie symmetry
analysis and harmonic analysis needs to be explored further. It is hoped
that this work will stimulate further investigations in this direction.

1.0.1. Integrating symmetries. Suppose that we have a linear PDE
P(x,D%u = Z ao(z)D%, x€QCR™, (1.2)

laf<n
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. ||
with a = (ay, ..., am),; €N, |a| = a1+ -+ a,, and DY = azﬁla--W‘
Let G be a one parameter group of symmetries, generated by some
vector field v = Y1 &(2)0,, + ¢(z,u)d,, where §, = 2 etc. Denote
the action of G on a solution u by o(exp ev)u(z) = Uc(z). By the Lie
symmetry property, there is an interval I C R containing zero such
that Uc(z) is a continuous one parameter family of solutions of (1.2),
for all € € I. Continuity and linearity imply the following.

Lemma 1.1. Suppose that U.(z) is a continuous one parameter family
of solutions of the PDE (1.2), which holds for e € I C R. Suppose
further that  : I — R 1s a function with sufficiently rapid decay. Then

u(z) = /Igp(e)Ue(a:)de (1.3)

is a solution of the PDE (1.2). Further, if the PDE is time depen-
dent and Uc(z,t) is the family of symmetry solutions, then u(x,t) =
[;e(e)Uc(, t)de and u(z,0) = [, p(e)Uc(z,0)de. Further, n—;(x)is also
a solutzon for alln =0,1, 2 3..

Proof. To prove that u is a solution, we simply differentiate under the
integral sign. If I is unbounded, we may take ¢ to have compact
support to achieve convergence of the integral. The final claim follows
from the fact that the PDE does not depend on €, so the order of
differentiation may be reversed. U

This simple result lies at the heart of the results we obtain here.

1.1. Fundamental Solutions as Transition Densities. A funda-
mental solution for the Cauchy problem

u = a(x, ) Uy + b(z, ) u, + c(z,t)u, z€QCR, (1.4)
u(z,0) = ¢(x),

is a kernel p(z, y, t) with the property that: (i) for each fixed y, p(z, y,t)
is a solution of (1.4) on 2 x (0,7 for some T > 0; and (ii) u(z,t) =
Jo @()p(x,y,t)dy, is a solution of the given Cauchy problem for ap-
propriate initial data ¢. In general a fundamental solution will be a
distribution in the sense of Schwartz. For an introduction to the theory
of fundamental solutions for parabolic problems, see chapter one of the
book by Friedman [11].

Fundamental solutions play an important role in probability theory.
Consider an Ito diffusion X = {X; : t > 0} which satisfies the stochas-
tic differential equation (SDE)

dXt = b(Xt,t)dt + U(Xt,t)th, XO =T, (15)

in which W = {W, : ¢t > 0} is a standard Wiener process. The existence
and uniqueness of solutions of (1.5) depends on the coefficient functions
b,o. See [13] for conditions guanranteeing a unique strong solution to
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(1.5). Assume that b and o are such that (1.5) has a unique strong
solution. Then the expectations

e 0) =B 000 =T E [o(X) Yo =] . (1)
are solutions of the Cauchy problem
1
u = 502@, ) Uyy + b, t)u, (1.7)

u(z,0) = ¢(x).

The PDE (1.7) is known as the Kolmogorov forward equation. See
[13] for background on stochastic calculus. Thus if p(x,y,t) is the
appropriate fundamental solution of (1.7) then we may compute the
given expectations according to E, [¢(X,)] = [, o(y)p(x,y, t)dy.

In this context, the fundamental solution is known as the probabil-
ity transition density for the process. Obviously we also require that
Jop(z,y,t)dy = 1.

Recall that fundamental solutions are not unique. The PDE (1.7)
may have many fundamental solutions, only one of which will be the
transition density. One of the strengths of the methods of this paper,
is that they will always produce a fundamental solution which is a
probability density. There are many other methods for which this is
not the case.

To illustrate, recall Lie’s result that any PDE of the form (1.4) which
has a four dimensional Lie algebra of symmetries can be reduced to an
equation of the form

A

Ut = Ugy —

where A is a constant. (See the paper [12] for a detailed discussion
of this reduction method). This PDE has a well known fundamental
solution

VY z? + 5 Ty
Qz,y,t) = 5= exp | —— I%m(g)- (1.9)

Thus a common solution strategy is to reduce an equation of the
form (1.4) with a four dimensional Lie algebra of symmetries to the
form (1.8) and construct from @ a fundamental solution of the original
PDE. This is often referred to as the method of reduction to canonical
form.

This works if all we seek is a fundamental solution. But if we require
the fundamental solution to also be a density, then this strategy will in
general fail. As an example, suppose that we wish to find the transition
density for the diffusion X = {X; : t > 0} satisfying the SDE

2a.X;

dXt = mdt + 2Xtth, X() =T > 0, a > 0. (110)
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Observe that the drift is Lipschitz continuous for positive a and and /x
is Holder continuous, with Holder constant % Thus by the Yamada-
Watanabe Theorem, (Theorem 5.5 of [15]), the SDE has a unique strong
solution. We require a fundamental solution of

2ax
2+ ax

Up = TUgy + Usg- (1.11)
This can be reduced to (1.8) with A = 2 by making the change of
variables x — /r and t — 4t, then eliminating the first derivative
term by letting u = e¥®@d(z,t) for a suitable choice of 1. We may
then obtain a fundamental solution of (1.11) by applying the change of
variables to Q(z,y,t). From which we conclude that

12 . 2 /TT
_ - cta x—ﬂﬂ”h( xy), (1.12)

) 7t — 778 . N\ -
a(@,y.1) t(2+ax) y6 t

is a fundamental solution of (1.11). This conclusion is correct. The
problem is that (1.12) is not the transition density for the diffusion. To
see this, observe that

_z
e 2t

_2+ax

Iz, 1) =/ q(z,y,t)dy =1 # 1.
0

Thus ¢ is not a probability density. Notice that [(x,t) is a solution
of the Cauchy problem for (1.11), on (0,00) with u(z,0") = 1 and
that it has bounded second and first derivatives derivatives in x and
t. However [ isn’t a solution of the Cauchy problem on [0, 0), since
10(0,t) =3 # 1.

In [9], it was shown that the transition density is actually

p(z,y,t) = (Qe;—?:)t [\/3(2 +ay) (@) + té(y)} . (1.13)

This produces solutions of the Cauchy problem for (1.11) on [0, c0) for
bounded initial data.

Since (1.9) is not itself a probability density, there is no a priori
reason to expect that we will obtain a density from it if we make a
change of variables. In order to obtain a density, it is often necessary
to include additional terms which involve generalized functions, such
as the Dirac delta that occurs in (1.13). The obvious question is how
do we know what these extra terms are?

Exactly the same problem arises with a number of other techniques,
such as the method of group invariant solutions. See [8] for a discussion
of this. An advantage of our method is that the required generalized
function terms appear naturally.
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2. GENERALIZED LAPLACE TRANSFORMS OF FUNDAMENTAL
SOLUTIONS

We begin with a definition.

Definition 2.1. Let f : [0,00) — R be Lebesgue integrable and be of
suitably slow growth. The generalized Laplace transform of f is the
function

F(A) = / Fly)e ™ dy, (2.1)
0
where A > 0 and v # 2.

An explicit inversion theorem for this transform may be found in
[14]. However the transform is usually inverted by reducing it to a
Laplace transform by setting z = y>~7. We need the integral resulting
from (2.1) to be convergent under this change of variables, but for the
transforms we consider, this is not a problem.

In this paper we will be concerned with PDEs of the form

U = 08 Uy + f(T)up — g(x)u, >0, (2.2)

for o > 0,y # 2. Similar results can be proved in the case where v = 2,
but this is usually best handled by letting ¥ = Inz and reducing to
v = 0. However see [8] for an explicit result when v = 2.

Equation (2.2) always has time translation symmetries and we may
multiply solutions by a constant. In our context, we term these trivial
symmetries. We require richer, non trivial (at least four dimensional)
symmetry groups. For v # 2, introduce h(z) = z'77 f(z). It can be
shown (see [8]) that the Lie algebra of symmetries of (2.2) is non trivial
if and only if for a given g, h satisfies any one of the following Riccati
equations.

1
oxh’ —oh + §h2 +202* Vg(z) = 20A2*"" + B,

1 Axt=2 Bxz*™
h' —oh+ =h% +202%" = C
ox o) +2 + 202" "g(x) 2(2—7)2+2—’y+ ,
1 Axt=2 Bx*27  Ca?
W —oh+-h?+ 202" Vg(x) = + + — K,
ox oh+ 3 ox“ 7g(x) STV A By K

with © = 2(y — 4)0®. The constant factors multiplying A, B and C
above are included to simplify our later notation.

Remark 2.2. Clearly we could fix f in advance and these equations
would then give us conditions on ¢ which guarantee the existence of
non trivial symmetries.

For the first Riccati equation Craddock and Lennox proved in [8] the
following result.
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Theorem 2.3. Suppose that v # 2 and h(x) = z'77 f(z) is a solution
of the Riccati equation

1
oxh’ —oh + §h2 + 200* Vg(x) = 20 Ax* 7 + B. (2.3)
Then the PDE (2.2) has a symmetry solution of the form

_ U [+ Ao(2— 9))
vnt) = (1 + 4et)= p{ (2 =7 (1 + 4det) }

1 T T t
eXp{% (F <<1+4€t>2%> _F(x)>}“ (<1+4et>fv’ 1+46t> |

where F'(x) = f(x)/z7 and u is a solution of the PDE. That is,
for e sufficiently small, U, is a solution of (2.2) whenever w is. If
u(zx,t) = uo(x) with uy an analytic, stationary solution then there is a
fundamental solution p(x,y,t) of (2.2) such that

| e wpte .0y = Uia.) (2.4)
0
Here Uy(z,t) = U%J(z_v)gx Further, if ug = 1, then fooo p(z,y,t)dy = 1.

Thus we can find fundamental solutions by inverting a generalized
Laplace transform. These generalized Laplace transforms can always
be explicitly inverted, see [10]. Inversion of the transforms which arise
from Theorem 2.3 will frequently involve the use of distributions. The
following result is useful for the purpose of inverting the Laplace trans-
forms that we will encounter.

Proposition 2.4. When n is a non-negative integer we have
n ntl
—1r\n & kl (n—=1) k 2
LA =30+ () (2\/@) . (25)
=0
where L is the Laplace transform, 0(y) is the Dirac delta and I, is a
modified Bessel function of the first kind.

For a proof, together with more general Laplace transforms of dis-
tributions, see [10].

2.0.1. Reduction to Canonical Form Revisited. Using Theorem 2.3 we
reconsider the method of reduction to canonical form.

Example 2.1. Consider the PDE
A
Up = Ugy — ﬁu, x>0, (2.6)

and for simplicity let A > —%. Stationary solutions of the PDE are

1+V/1+4 A 1-V1+4A .
up(z) == 2 and uy(z) =x~ 2z . Using Theorem 2.3 and uy we
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know that there is a fundamental solution @) with

00 2
_/\92 t d = UO(ZZ') (— )\x ) .
/0 e ’LLD(?J)Q(.T, Y, ) Yy (1 N 4)\t)1+ 142»4A exp 1+ 4\t

Letting z = y? converts this to a Laplace transform and inverting
this Laplace transform gives the fundamental solution (1.9). The cal-
culations are quite elementary. But what if we take the solution u;?
We now seck a fundamental solution p(z,y,t) such that

oo 2 o4 VTTTA A2
[T et =+ 0 5 e (<210,

Let us fix A = %. We let z = 3% in the generalized Laplace transform,
perform the inversion with the aid of Proposition 2.4 and obtain a
second fundamental solution of (2.6) for this choice of A given by

B —(22+44%) Y 1’11(%) 2
t) =2 1t = ) . 2.7
oy =2 5y 1 (T ). e

Now recall that in Section 1.1 we considered the Ito diffusion satis-
fying the SDE

QCLXt

dX; = dt +/2X dWy, Xo=2>0 > 0. 2.8
t2+aXt+ttan7a (2.8)
The corresponding Kolmogorov forward equation
2ax
= T Ty 2.9
Up = TUgy + 5t (2.9)
can be reduced to the canonical form
3
Up = Upy — 4—$2ux (2.10)

by a change of variables. This PDE has a known fundamental solution
given by (1.9). From this we earlier found a fundamental solution of
(2.9), but this fundamental solution was not a transition density.
However we now have a second fundamental solution of equation
(2.10). If we use the fundamental solution (2.7) we deduce that

(z4y)

o) = s |yt et (2 ) ). (2

2+ ax)

is also a fundamental solution of (2.9) and this, as noted above, is the
transition density for the diffusion.

Thus we failed to produce a transition density when we first consid-
ered this example, because we did not use the appropriate fundamental
solution of (2.10). The point is that in order to obtain a transition
density in general via the method of reduction to canonical form, it is
necessary to consider all fundamental solutions of the canonical form
and choose the one which leads to the desired density. This however
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can be quite a laborious exercise. Our results will give the correct result
much more efficiently.

If the drift in (2.2) satisfies either of the remaining two Riccati equa-
tions, Craddock and Lennox proved in [7] that fundamental solutions
can be obtained by inverting a Whittaker transform. Unfortunately
Whittaker transforms are difficult to invert, so we would prefer a re-
sult which gives fundamental solutions in terms of generalized Laplace
transforms. Fortunately this is possible. This discovery is one of the
main contributions of this paper. The first result is the following.

Theorem 2.5. Consider the PDE
up = 08 Uzy + f(2)uy — g(x)u, v # 2,2 >0, (2.12)

and suppose that g and h(x) = 2177 f(z) satisfy

1 A B
/ 2 2— 4-2 2—
oxh oh + 2h + 20x 7g(ac) = —2(2 7)2x 7+ —2 vx T+ C,

where A > 0, B and C are arbitrary constants. Let ug be a stationary,
analytic solution of (2.12). Then (2.12) has a solution of the form

U (z,t) = (1 + 2¢*(cosh(vV/At) — 1) + 2esinh(vV/At)) ™

B
20V A(2—7)
1 Bt
6_%}7(1‘)_ o(2—~)

cosh(YAL) 4+ (1 4 2¢) sinh(YAL)

cosh(¥Z) — (1 — 2¢) sinh(@)

X oxp { —V/Aex® 7 (cosh(v/At) + esinh(v/At)) }
o

2 — 7)2(1 + 2€2(cosh(v/At) — 1) + 2esinh(v/At)

1 x
X exp {%F ((1 + 2€2(cosh(V/At) — 1) + 2 sinh(\/Zt))z—lw> }

o ( : ; ) , (2.13)
(1 4 2€2(cosh(v/At) — 1) + 2esinh(v/At)) =

where F'(x) = f(z)/x" and ¢ = (;:3). Further, there exists a funda-

mental solution p(x,y,t) of (2.12) such that

/ e ug(y)p(x, y, t)dy = Uy(x, 1), (2.14)
0

where Ux(z,t) = U 5525 (2, 1).
VA
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Proof. Applying Lie’s algorithm shows that if f satisfies the given con-
dition, then there are infinitesimal symmetries

2—y 1—v
\/_I \fta i \fta < Ax \/Zl‘ f(m)) eﬁtuau

1T, 02— " 20(2=7)

A
ueﬁtau, Vo = 2\/__1’6_\/&8:0 + 6_\/2'5@

B ( Ax? VAx

202 -7  20(2—7)

f(x) + 5) A0y, V3 = Op, V4 = U0y,

_ 1= B _
Here o = 2(2—10\/2—1— rTommE 0 = 2(2 5 \/_—l— 20(2 = . The key is
to find the right symmetry to generate a generalized Laplace trans-
form. This turns out to be given by using vi, vy, vy to produce the
infinitesimal symmetry

2\/Z:B
-7
where g(z,t) =

AxQ_W B . xl_W’
(<2 7 t5o ’y) cosh(VAt) + \/Zsmh(\/zzf)(2 — ”yf(x) +oc).

Exponentiation of this symmetry shows that U.(x,t) is a solution of

(2.12). The change of parameters € — 0(2_—\/%)2’\ shows that Uy(z,0) =
—Az2=Y

e ug(z). The basic principle is that if p(z,y,t) is a fundamental
solution of (2.12), then we should have

/000 e_’\y%vuo(y)p(z, y,t)dy = Uy(z,1). (2.15)

That is, Uy(z,t) is the generalized Laplace transform of ugp.

To prove this, we first observe that U, is a generalized Laplace trans-
form if it is a Laplace transform. This follows from the obvious change
of variables reducing it to a Laplace transform. Any function which can
be written as a product of Laplace transforms is a Laplace transform.
The drift functions can be expressed in terms of hypergeometric func-
tions, which are analytic. So a straightforward argument shows that
U, can be written as the product of functions analytic in % and any
function analytic in % is automatically a Laplace transform. Thus U), is
a generalized Laplace transform of some distribution ugp. (Chapter Ten
of [20] contains the most general conditions under which a distribution
may be written as a Laplace transform).

Now suppose that (2.15) holds for some distribution p. We prove
that p is a fundamental solution of the PDE. The fact that Uy(x,t)
is a solution and Uy(z,t) = [;° e ug(y)p(x, y, t)dy implies that
p is a solution for each ﬁxed y. Now mtegrate a test function @(\)

sinh(vV/A)3, + 2(cosh(v/A¢) — 1), — %g(x, £)uda,

VvV =
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with sufficiently rapid decay against U,. By Lemma 1.1 the function
t) = [, Un(z,t)p(N)dX is a solution of (2.2). We also have

u(z,0) = /OOO Ux(z,0)p(N)d\ = /000 up(x)e T p(N)dA = up(x) P4 (),

where @, is the generalized Laplace transform of ¢. Next observe that
by Fubini’s Theorem

/ uo(y) - (y)p(z, y,t dy—/ / uo(y p(x y,t)ef/\yzﬂd)\dy
0

/ / uo(y)eN)p(z, y, )e ™" dydx
_/0 SN (x, )z = u(z, 1),

But u(z,0) = uo(z)®,(x). This means that if we integrate initial data
uo®, against p, the resulting function solves the Cauchy problem for
(2.12), with this initial data, which proves that p is a fundamental
solution. d

Corollary 2.6. Suppose that the conditions of the previous theorem
hold and that g = 0. Take the stationary solution uy = 1. The resulting
fundamental solution p has the property that fooop(x, y, t)dy = 1.

Proof. We know that [ e " "p(z,y,t)dy = Uy(x,t). Observe that

B
cosh(YAt) rginh(YAt) |20VA(2—) __ B
Uo(l‘,t) =1, since cosh hixft;+ hEL; ’ € 0(2j7) =1 ]

si

Remark 2.7. The extension of these results to the case A < 0 is achieved
by replacing cosh(v/At) with cos(y/|AJt) etc. The reader may check the
details.

For the final class of Riccati equations, we are able to establish results
similar to Theorem 2.5, which give Laplace transforms under a change
of variables.

Theorem 2.8. Suppose that v # 2 and h(z) = 2177 f(x) and g satisfy
oxh' —oh+1h?+202?Vg(z) = ‘4(14 2)2—1—3933 u +C;i,7
2y — 402y #2 and A > 0. Let ug be an analytz’c stationary solution

— Kk, where k =

of the PDE (2.2). Deﬁne the following constants: a = Wc—w)’b =
(I—NVA )B _ _ B __ a+d VAk?
2(27 > k= 3\/% ,d = QAU, | = 5 and s = \}% — Let
_2
1—7 _|_ k: =
X(e,z,t) = —k ,

\/1 + 2¢2(cosh(v/At) — 1) 4 2esinh(v/At)
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and F'(z) = L9 Then equation (2.12) has a solution of the form

x
_2b

xl(l + QEQ(COSh(\/Zt) — 1) + 2¢ Sinh(\/zt)) >
(k+ kxz(1 - \/1 + 2e2(cosh(v/At) — 1) + 2esinh(v/At)))!

U(x,t) =

oo 2 VA

cosh(YAL) — (1 — 2¢) sinh(¥2t)
“ ox —V/Ae(2'72 + k)?(cosh(v/At) + esinh(v/At))
P o(2 — 7)2(1 + 2€2(cosh(v/At) — 1) + 2esinh(v/At)

cosh(¥4) 4 (1 + 2¢) sinh(¥4) |
X

1
X exp {2— (F (X(e,z,t) — F(x)))} ug (X (€, 2,t)) .
o
Further, (2.12) has a fundamental solution p(x,y,t) such that

/ e—A(y277+2ky1*7)UO(y)p(x7y’ t)dy = Uy(x, 1), (2.16)
0

in which Ux(z,t) = U 525 (2, 1).
VA

Proof. The proof is similar to the previous result. It is a matter of
finding the right symmetry, which turns out to be

v = ( < 2B 3) sinh(vV/At)d, + (cosh(VA) - 1)3t + N(x’t)uau,

2= VA >
where
\/Z(:}:l_% + k)2 ’YB 29 .
N(z,t) = — 2= 7) cosh(V/At) + e sinh(V/At)—
flz) (@ 2B 5\ % |
oo \ 2~ + Y sinh(V/At) — 2s cosh(v/At) i sinh(V/At).

Exponentiation of the symmetry produces the solution U(z,t). The
rest of the proof proceeds as before. O

Remark 2.9. This theorem involves a somewhat different form of gen-

eralized Laplace transform . Note however that the transform ®(\) =
_ _

[ e Aw? TH2ky'2) () dy reduces to a Laplace transform when we

make the substitution z = >~ + 2ky'~2. (This gives a quadratic for

y'~7 in terms of z and we take the positive root).

When A < 0 a similar result holds, with cosh(v/At) replaced by
cos(y/|A|t) etc. When A = 0, the generalized Laplace transform takes
on a simpler form. The case where v = 1, B = 0 case can be found
in [9]. In addition, if g = 0, then taking uy = 1 yields a fundamental
solution p(z,y,t) with [ p(z,y,t)dy = 1.
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These Laplace transforms are less tractable than the previous two
cases and so a detailed analysis of the inversion process will be given
elsewhere. The drifts covered by this case include some very important
examples, such as the so called double square root model of Longstaff,
[16] which is an alternative to the Cox-Ingersoll-Ross model for interest
rates dynamics. Thus this result is potentially very useful in financial
modelling.

2.1. When is a Fundamental Solution a Transition Density?
We have already seen that a fundamental solution of the Kolmogorov
forward equation is not necessarily a transition density. We also require
that the fundamental solution integrate to one. However, even this is
not enough for the fundamental solution to be the desired density, as
the following new result for squared Bessel processes shows.

Proposition 2.10. Consider a squared Bessel process X = {X; : t >
0} of dimension 2n. The Kolmogorov forward equation is

Up = 2TUpy + 2NU,. (2.17)

There are two linearly independent stationary solutions ug(x) = 1 and
uy(x) = 217" For the stationary solution ug, the inverse Laplace trans-
form of Ux(t, z) coming from Theorem 2.3 yields the transition density
for a squared Bessel process of dimension 2n. If n = 2,3,4,.... and we
use the second stationary solution uy to construct Uy(t,x), then the
inverse Laplace transform of the symmetry solution produces a second
fundamental solution q(t,x,y) with [ q(t,x,y)dy = 1. Moreover, if
E, denotes expectation taken with respect to this fundamental solution,
then
E, [(X)'7"|Xo = 2] = 2"

Proof. Taking ug(x) = 1 gives Uy(z,t) = mexp (—%), and
inversion of this Laplace transform gives the well known transition
density for a squared Bessel process of dimension 2n.

To prove the second claim, we use the fact that if u;(z) = z'~™ then

Ux(z,t) =™ (14 2t )\)"726_% The fundamental solution will be
q(:c, y,t) = (2t)" (g) e LT A (2.18)
x

Here k = 2 is a nonnegative integer, we have

nfl

n—2 l
LTU[A2eRA] = 2%5(”_2_”(3;) + (S) I (2\/_> (2.19)
< 1!

=
From which ¢(x,y,t) =

1 /y\" 5 oty 2\/zy 2 o= a2 ( 20" (y)
(¢ T, 2t)" ( ) .
ot <x> O ( P ) T Z (26)21]

=0
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Now

) o n—2 1
n-2 (Y\" T (n—ae
/0 (2t)"? <;> > W(S( *D(y)dy =0,

1=0
since the Dirac delta functions and their derivatives select the value of
the test function y"~! and its derivatives at zero. Also

00 n—1 [rn]
/ l <g> 2 e_g%yln—l 2V dy =1,
0 2t \w t

as the integrand is simply the transition density of a squared Bessel
process of dimension 2n. To complete the proof we note that Uy(z,t) =
ui(x) and

Ux(z,t) = /OOO e Muy (y)q(t, =, y)dy. (2.20)

Which implies that fooo u(y)q(z,y, t)dy = ui(x). O

Thus we have two fundamental solutions which integrate to one, but
they cannot both be the transition density, as the transition density
for squared Bessel processes is known to be unique. (See [18] for a
detailed exposition of the theory of squared Bessel processes). The
existence of these additional fundamental solutions does not seem to
have been previously observed.

Example 2.2. Take n = 3. Then the transition density for the squared
Bessel process of dimension 6 is

1 oty v/
p(z,y,t) = —ge_%b (ﬂ) : (2.21)

C x t

From the stationary solution wug(z) = 72 we obtain a second funda-

mental solution

_zty y2 y\? /
pa(x,y,t) = plx,y,t) +e (—5(3/) +2t <—> 6 (y)) ,  (2.22)
2tx T
and fooo pa(t,z,y)dy = 1. It acts on test functions which have finite
derivative at zero. Notice however that the solution of the Cauchy
problem u; = 2zuy, + 6u,,u(z,0) = ¢(x) given by this fundamental
solution will not be continuous as x — 0.

So how can we tell that a fundamental solution is in fact the desired
density? A reasonably straightforward one in the v = 1 case is the
following. Similar results can be proved for any ~.

Proposition 2.11. Let X = {X; : t > 0} be an It6 diffusion which is
the unique strong solution of

t t
Xt = XO + / f(XS)dS+/ \/ 20Xtth, (223)
0 0
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where W = {W, : t > 0} is a standard Wiener process. Suppose

further that f is measurable and there exist constants K > 0,a > 0

such that |f(x)| < Ke* for all x. Then there exists a T > 0 such that

u(z;t, \) = E, [e"\Xt] is the unique solution of the first order PDE
ou ou

5 A%a +AE, [f(Xy)e M ] =0, (2.24)

subject to u(x;0,\) = e, for 0 <t <T,\>a.

Proof. The It6 formula gives
t
e Mt — g7 / e (N0 X, — Mf(X,))ds — AM,, (2.25)
0

where M, = fg e Ms\/20X,dW, is a local martingale. Obviously we
have

t t t
d
E, l / (\/Xse)‘Xs)zds] =, { / XseQAXSds} <E, [ / a5

so M; is a martingale, from which E, [M;] = My = 0. Taking expecta-
tions in (2.25) therefore gives

t t
]Ex [e_AXt:I o )\20_/ Ez [Xse—)\Xs:I dS — e—)x:lf - )\/ ]Ex [f(XS)e_AXS] dS-
0 ’ (2.26)

Further, E, [Xse_’\XS} = —%Ex [e‘AXﬂ . Differentiation of (2.26) with
respect to ¢ gives (2.24). Now f(z)e ** is bounded and measurable for
A > a.SoE, [f(X;)e***] is continuous in ¢. (For example, Proposition
15.49 of Breiman [2]). For each fixed ¢ it is analytic in A. The coefficients
of the PDE are analytic as is the initial data. The uniqueness of the
solution follows from the Cauchy-Kovalevskaya Theorem for first order
systems. (See Treves’ book [19] for a proof of the Cauchy-Kovalevskaya
Theorem). O

Example 2.3. Let X = {X, : t > 0} be the squared Bessel process sat-
isfying the SDE, dX; = ndt + 2y/X;dW;. Then equation (2.24) implies
that u(z;t,\) = E, [e"\X’f} is the unique solution of the first order PDE
us+222uy+Anu = 0, u(x; 0, \) = e~**. This PDE is easily solved by the

method of characteristics, giving E, [e"\X’f] = (H;}\t)% exp (—1 J;\QIM) .

This is of course the same result we obtained from Theorem 2.3 with
Uy = 1.

< 00,

3. SOME APPLICATIONS AND EXAMPLES

Now that we are able to determine when a fundamental solution is
a transition density, we are in a position to give some examples. Of
course the transition densities will always arise from taking ug = 1 as
the stationary solution. This is obvious in practice, though rather more
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difficult to prove in general. The virtue of our results is that they are
extremely easy to use. Despite the apparently complicated expressions
for U, in Theorem 2.5, their Laplace transforms can easily be inverted.

Example 3.1. We will now obtain the transition density for the Cox-
Ingersoll-Ross process of interest rate modelling from Theorem 2.5.
That is, we will obtain the transition density for the process X = {X :
t > 0} where

dXt = ((I — bXt)dt + \V/ ZO'Xtth, XO = X. (31)

We assume that a is positive and real for convenience. The drift
is a solution of oaf' —of + 1f* = $A2? + Bx + C with A = b?,
B=—ab,C = %aQ — ao. We require a fundamental solution of

U = OTUL, + (@ — bx)uy, (3.2)

which is positive and integrates to one. Using Theorem 2.5, with
up(z) = 1, F(z) = alnz — bx and after some cancellations, we arrive at

/OO e Mp(x,y,t)d b et ¢ b
= o €X .
0 p 7y7 y ()\0-<€bt . 1) + bebt); p )\U(ebt _ 1) + bebt
(33)

We easily invert this Laplace transform to obtain

bet(5+11 5 —b(z + e by /Ty
p(xayvt):—<y>QeXp{M}[V . 1 /b |

o(e —1) \z o(e’ —1) o sinh (%)
(3.4)

with v = 2 — 1. This is the transition density for the CIR process. We
can check this using Proposition 2.11.

Example 3.2. Consider now the diffusion X = {X,; : t > 0} satisfying
the SDE

dXt = 2Xt tanh(Xt) + 2Xtth,X0 =z >0. (35)

Then the transition density is a fundamental solution of u; = xu,, +
2tanh(z)u,. The drift satisfies «f' — f + 3 /% = 22%. So A =4,B =
C = 0. An application of Theorem 2.5 with uy = 1 reveals the existence
of a fundamental solution p(z,y,t) such that

> cosh(+—= L . )
/ ef)\yp(x’ n t)dy _ 1+Asinh(¢)(2 cosh(t)+Asinh(t))
0 cosh(z)

Az (cosh(2t) + A cosh(t) sinh(t)
P {_ 1+ Asinh(¢) (2 cosh(t) + Asinh(t)) } ‘
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Inversion of this Laplace transform requires a certain amount of work,
which we omit for the sake of brevity. The result is that

pla,y,t) = o {_%} cosh(y) ( ’n <2\/$_y) + sinh(t)é(y)) .

sinh(¢)  cosh(x) y sinh ¢

This is the transition density for X satisfying (3.5).

An important application of our results is to the calculation of Laplace
transforms of joint densities. We present some examples.

Example 3.3. We will find a fundamental solution of the PDE

1 15

ut:xum—i-(§+\/5)um—gu, x>0, 0§M<E’
which at p = 0 reduces to the transition density of the process X =
{X; :t >0}, where dX; = (% + v Xy)dt ++/2X,dW,. To obtain such a
fundamental solution, we require a stationary solution wuy(x) with the
property that ud(z) = 1. Such a stationary solution is not difficult to
find. It is u/(z) = zie VE(I(T) + I_o(V/T), where @ = VI + 164

Applying Theorem 2.3 we have to invert the Laplace transform,
et 1e2
@*ﬁx%ef%
14+ Mt

| e ubwmte.v.tdy = Bes(z,,8),  (3.6)
0

where Bes(x,y,t) = I, (1\ﬁt> +1_, (%) . This is quite straightfor-
ward with the aid of the inversion formula

.c—l[% exp (#) I (27"7")] = L;(2m\/y)L4(2n\/y), d > —1.

Inverting the Laplace transform gives the fundamental solution

t Yy

Io (L)1, o (X1,
where P(x,y,t) = (51 (Vo) +e () e ()
Io(V5)+1-a(v5)
damental solution is not integrable near zero. Taking p = 0 gives the
transition density for X, (see [9] for the density), which means that we

N T s
Doy t) = © (—) =4 p(z, 1), (3.7)

15 1.8
. For p > 7z this fun-

can use it to calculate E, [e_)‘Xt_“fot %] via the Feynman-Kac formula.
That is
E, [e’AXt”‘fJ fﬂ = / e Mp(x, y, t)dy, (3:8)
0

where p is given by (3.7). See [15] for the Feynman-Kac formula. How-
ever it does not seem possible to evaluate this integral in closed form.
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Example 3.4. Here we will consider the process X = {X; : t > 0}

where
1
dXt = (5 + \/ Xt tanh( \V Xt))dt + \/ 2Xtth

t ds
We wish to calculate the expectation [E, [e*AXt’“ Jo %} . To this end we

need a fundamental solution of u, = zug, + (3 + /2 tanh(y/z))u, — Lu.
A stationary solution which reduces to u = 1 at u = 0 is provided by

up(z) = Cosh(f) — 1 o(V/x), where v = ¥*E%  This leads to

SN ot () A+ 12)
RN exp (2D
0 (14 At) cosh(y/x) 1+ At

Inversion of the Laplace transform gives the fundamental solution

1
1 1 cosh 1 2/t
p(‘rayvt):_ z Mexp _x—l_y__t I, J .
t \y/ cosh(y/x) t 4 t
This reduces to the transition density of the process at p = 0. (See
[9] for the derivation of the transition density). This fundamental so-
i

lution is integrable near zero for 0 < pu < 5. We may calculate by

the Feynman-Kac formula E, [e i fy dg] = f “Mp(x,y, t)dy but

this integral again does not seem to be easy to evaluate analytically.
Of course it is possible to evaluate it numerically.
We leave it to the reader to show that for X = {X; :t > 0} where

1
dXt = (5 + v Xt COth(\/ Xt))dt + \/ 2Xtth,

we may solve the equation u, = Tz, + (3 + /& coth(y/z))u, — Eu to
obtain the fundamental solution

o =1 (3) S (<552~ 40) 1. (7).

where a = —VH;G“. This reduces to the transition density of the process
at = 0. It is integrable at y = 0 for all p > —%.

The range of p values in these examples for which the fundamental
solution is integrable at y = 0 depends on the properties of the process.
For 11 outside the given ranges we may find other fundamental solutions,
and investigate their properties. Some will contain distributional terms.
A full study of this is beyond the scope of the current paper.

Example 3.5. Let X = {X; : t > 0} be a squared Bessel pro-
cess, where dX, = ndt + 2v/X;dW,, X, = x. The joint density
of (Xt7 ! s) arises in the pricing of Asian options and other prob-
lems, see [6] To obtain its Laplace transform we require a funda-
mental solution for the PDE w, = 2xu,, + nu, — gu From Theorem

2.3 the reader may check that the stationary solution wug(z) = ¢,
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where d = 1(2 — n 4+ /(n —2)? + 8u), leads to the Laplace trans-

xd
form fo Y p z,y,t)e MNdy = e eXp{HQ/\t} Inversion gives
the fundamental solution

pl,y,t) = Qlt <f);(l_g)12d+gl (@>exp{—w}. (3.9)

2t

Now

E, [ ~AXi—p [ ;ﬂ = / e Mp(z,y,t)dy
0

_ = <£>dr(a)1F1(a7ﬁ,m)
B 2t D(B)(1+2Xxt)>

with o = d + 5,8 = 2d + 3. Here 1 F; is Kummer’s confluent hyper-
geometrlc function. This is the Laplace transform of the joint density
of (X3, J, Uds %) See [8] for more on this example and applications of
symmetrles to the calculation of joint densities.

Example 3.6. Let us now consider a two dimensional problem. We
will solve

A

mu, (ZL’,y) S R2,A >0 (310)

Up = Ugy + Uyy —

u(z,y,0) = f(z,y).
We convert the problem to polar coordinates. So we let u(x,y,t) =
U(v/x%2 4 y? tan"'(4),t), where U(r,0,t) satisfies
1 1 A
Ut: Urr+_Ur+_2U00__2U7 (311)
r r r
with U(r,0,0) = f(rcosd,rsin@) = F(r,0). Taking the Fourier trans-
form in 6, where f(n) = 027r f(0)e~™dh, this becomes

)

Llp _mrAg
A

= Uy + -0, — ——

(3.12)

Ry
=3 I

r
With initial data (7(7“, n,0) = F(T, n,0), this has solution

~

U(r,n,t) = / F\(p,TL,O)p(T, p,n,t)dp,
0

with p(r, p,n,t) a fundamental solution of (3.12). Stationary solutions
are uo(r) = rV» 4 and u, (r) = r~V**+4. Applying Theorem 2.3 with
uo we find that there is a fundamental solution of (3.12) such that

Oo A\p? r A )\T2
—Ap t d —_— .
/0 e uo(p)p(r, psm, t)dp = (1 1 AN LHVmia © p( 1+4)\t>
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The change of variables p?> = z converts this to a Laplace transform
and inversion gives
1 r’ + p?) rp
)= Lo (ZEA) (7Y e

Formally at least, this gives us the Fourier series expansion of the
solution of (3.11)

RPN 1 _r24p? TP\ in
U(r,Q,t):Z/ F(p,n)me 4 I\/m(%)e Ydp.

neL 0

Convergence of the series obviously depends on F.

As in the one dimensional case, we can find further solutions. If we
take ui(r) = r~V""*+4 as a stationary solution, then we see that there
is a fundamental solution of (3.12) such that

00 A2 T*\/n2+A )\TQ
AP t)dp = TV R
/0 e uy (p)p(r, p,n, t)dp (1 +4)\t)1*\/m exp < 1 +4/\t)

Inversion of these generalized Laplace transforms will require distribu-
tions and the result depends on n and A. These kinds of distributions
are discussed in [10]. As we have a different distribution for each n,
the fundamental solutions will depend upon infinite sums of right sided
distributions, rather than a single distribution as happens in the one
dimensional case.

4. FOURIER TRANSFORMS OF FUNDAMENTAL SOLUTIONS

We have so far dealt only with PDEs defined over the positive half
line. When the domain of the PDE is the whole of R, we can re-
cover fundamental solutions by inverting a Fourier transform. We il-
lustrate the procedure for an interesting subclass of the equations we
have looked at.

Consider as motivation the heat equation. This has a well known
symmetry

(2. 1) 1 ex? T t (4.1)
U(T,l) = ———==expy ———— ¢ U , : :
VIt det PV 1+4etf "\ T et T+ 4et
Take u = 1. The general method we have introduced implies that we

should look for a fundamental solution K (z,y, t) with the property that
2

o 2 1 €T
YK Hdy = ——— — ) 4.2
/_Ooe (z,y,t)dy T%dexp{ 1+46t} (4.2)

_(z—y)?

It is easy to verify that K(z,y,t) = \/iﬁe i is a solution of

this equation. However, if we did not know K to begin with, it is not
clear how it can be extracted from (4.2). This integral equation does
not even have a unique solution, since for ¢ > 0 and any bounded,
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continuous odd function h we have [ e~V (K(z,y,t) + h(y))dy =
S eV K (2, t)dy.

o0

A method for extracting the heat kernel from (4.1) using two station-
ary solutions is given in [7]. However, the heat equation also possesses
a symmetry of the form @ (x, t) = e~ <ty (x — 2et, t). If we take € = i)
and let uw = 1, then this symmetry leads to

/ eNEK (z,y,t) = e (4.3)
So we have obtained the Fourier transform of the heat kernel from a
Lie group symmetry. The Fourier inversion theorem easily gives the
one dimensional heat kernel.

This method applies to more problems than the heat equation. When-
ever we have a PDE

Up = OUgy + f(T)upy — g(x)u, € R (4.4)

with a six dimensional Lie algebra of symmetries, we may construct
Fourier transforms of fundamental solutions. We have seen conditions
on the drift f which guarantee the existence of a nontrivial symmetry
group. Proposition 4.1 is a special case of our earlier results, which
we have not yet exploited. It guarantees the existence of a six dimen-
sional symmetry group for equations of the form (4.4) and provides the
symmetries that will be used to produce Fourier transforms.

Proposition 4.1. Let the drift function f in equation (4.4) satisfy the
Riccati equation

1 1
af/+§f2+2<Ig:§Ax2+Bx+C’ (4.5)

where A, B,C are arbitrary constants. Then equation (4.4) has a siz
dimensional Lie algebra of symmetries. Moreover if A # 0, then it has
a symmetry of the form

A cosh(vAt)a-+YAZ sinh(2v/At) + B (1—cosh(vAL))

Ue(z,t) =€
x eaq (Fla—2e Sinh(ﬁt))*F(x))u(x — 2esinh(V/At), t). (4.6)
If f satisfies the special case
Uf'+%f2—l—2crg:Ax+B (4.7)
then it has a symmetry of the form
Gz, t) = e BT PTR Fa D F@)y(p _ et ). (48)

In both cases F'(x) = f(x).
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Proof. Let v = £0, + 70; + ¢0,. Lie’s method shows that v generates
symmetries if and only if £ = Ja7 + p, ¢(z,t,u) = a(z,t)u where

x? T 1 1
== T = 5Pt~ E(xf(x))ﬁ 55" +1 (4.9)
and
x? T 1 1
_8_O_Tttt - %Ptt + = _ZTtt - %(U(%’f)// + f($f)2 + Q(ng)/)Tt
1
— g0 f + L1+ 204)p. (4.10)

The Lie algebra of symmetries is six dimensional if and only if p is
nonzero. This occurs when f satisfies the given Riccati equations. In
the first case, we find that there is an infinitesimal symmetry of the
form

: B , u
vi = sinh(VAt)d, — (VAz + ﬁ) cosh(VAt) + f(x) smh(\/Zt))%ﬁu.

Be
Exponentiating 2v; and multiplying the result by the constant e-va
produces (4.6). In the second case there is an infinitesimal symmetry

1 A,
v =t0, — %(m +tf(x)+ ?& Yu0,,.

This leads to (4.8). O

Observe that in both cases @.(x,0) = e~ ““u(x,0) for constant c. So
we can seek a fundamental solution with the property that

/ e Mu(y, 0)p(x, y,t)dy = @i (z,1). (4.11)
In other words, we can obtain Fourier transforms of fundamental
solutions. We present some examples.

Example 4.1. We will obtain the transition density of the process
X ={X;:t >0} where

ce2eXe —
ce?aXe 1

dX, = 2aX, ( > dt 4+ V/2dW;, (4.12)

. . 2ax __
for a,c € R. The Kolmogorov equation is u; = g, + 2ax (gZQGI +}> .

and we seek a fundamental solution which integrates to 1. Observe
that the drift satisfies f’ + 5f? = 2a?. Using the stationary solution
ug = 1 and Proposition 4.1 leads to the symmetry solution

1 + Cean—4ai)\t>

1 + ce?ex (4.13)

Un(z, t) = e X1miXa=20) <
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Since Uy(z,0) = e~ we seek a fundamental solution p(x,y,t) such
that ffooo e~ ™p(x,y,t)dy = Ux(z,t). The Fourier inversion immedi-
ately gives the result. The integrals are standard Gaussians and we
have

1 00 ; N9 1+ Ce?ax—4ai)\t
p(x’y’t):%/_ooekye A t—i\(z—2at) (W d\
K(xz —2at — y,t) + ce**@ K (x + 2at — y,t)

- s , (4.14)

_(e—y)?

where K(z — y,t) = ﬁe 7. The reader can check that this is a

fundamental solution and since [*°_p(z,y,t)dy = Up(z,t) = 1, it is a
density. In fact it is the transition density for the process.

An interesting feature of this Fourier transform analysis is that it
is not always optimal to use stationary solutions. In the next set of
examples, we use nonstationary solutions, for the simple reason that
they lead to Fourier transforms which are easier to invert.

Example 4.2. We will obtain the transition density of a mean revert-
ing Ornstein-Uhlenbeck process X = {X; : t > 0},

dXt = (CL — bXt)dt + Vv QO'th, (415)

with @ > 0,b > 0. If a = 0, then we have the regular Ornstein-
Uhlenbeck process. The Kolmogorov forward equation is

U = OUyy + (@ — bx)u,, x € R. (4.16)

Observe that (4.16) has a symmetry of the form

+ e(a—ba+be sinh(bt))

Gz, t) =eb o t2e Tty y(x—2esinh(bt),f).  (4.17)

€

Now @ic(z,0) = e* s u(z,0). We will let e — 22 Then we look for a

fundamental solution p(z,y,t) and a solution u such that

/ e My, 0)evp(z, y, t)dy = Uigr (x,t). (4.18)
We could use u = 1, but as illustration, instead we seek a solution of
(4.16) of the form wu(x,t) = e™®*+2(1)  Substitution into the PDE gives

ert(a—bm)+a
u(x,t) = e 2ve2bt . Using this solution and the given symmetry,

we seek a fundamental solution such that

/Oo _AZo2simno) | (o+ePt (a=ba—ebt (ato))) ()

e~ MeVp(z,y,t)dy = e b be2bt

o0

with r(z,t) = % We can now recover p by taking the inverse

Fourier transform. The integrals are standard Gaussians and we leave
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the details to the reader. The result is that
bt
(@ y.t) = Vbes exp (_ e b (a(e? — 1) + b(x — ebty))z) .
7 47TO'SiIlh(bt) 4bo Slnh(bt)
Despite the fact that we did not use the stationary solution uy = 1,

this is the transition density for the mean reverting Ornstein-Uhlenbeck
process.

Example 4.3. Consider the PDE w; = uy, — Bx?u, x € R, with B > 0.
Now this has a symmetry of the form

Ue(x,t) = g~ 2V Becosh(2VBt)z—2vBe Sinh<2\/§t)u(m — 2v/Becosh(2VBt), t).

~ _ ,—2VBex : _ 4
Observe that @.(x,0) =€ u(z,0). We replace € with € = S5 We

take u(z,t) = e~2VB*"~VBt Here u(z,0) = e~2VB*’ This gives us the
Fourier transform

0o (1—e*4\/§t)>\2+4i\/§e*2\/§tm+23(m2+2z)
/ e N 3VEY p(a y tydy = e B
—00

We apply the inverse Fourier transform. The result is that

1 9 1 [e'e) ) (176_4\/§t)/\2+4i\/§e_2\/§tzk+25(a:2+2t)
e~ 3VBy plx,y,t) = ﬂ/ Mo 75 dy

—0o0
\/§(x2 7462\/§t yw72t+e4\/§t (:c2+2y2+2t)>

4 2(—14e4VBt
_ VB ( ) . (4.19)

/7 — e—4Btg

From which we obtain
VB VB(z? 4 1?) v/ By
ex — + ,
2tanh(2v/Bt)  sinh(2v/Bt)

p(z,y,t) =

- \/ 2 sinh(2v/Bt)

which is valid for all B > 0. For B < 0, we may show by similar
calculations that the obvious extension to negative B, namely

V18] exp(_m@”y% \Buy)

2tan(2+/|BJt)  sin(2+/|B|t)

q(z,y,t) =

- \/27r sin(2+/|B|t)

is a fundamental solution.

Example 4.4. Consider now the PDE u; = u,, — Azu, —00 < x < o0.
Lie’s method shows that if u is a solution, then so is

ez, 1) = e HAL Y (1 — et 1), (4.20)
Further, u(z,t) = e~ A*34°" is a solution. Then we look for a funda-

‘ 2,3 .
mental solution such that ffooo e~ Np(z,y,t)dy = 23—t (48 -a)a— Ao
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From which

p(ZE, y7t) - i /oo €i)‘y6A23t3 7t}‘2+i(At2*36))\fAtxd)\

1 4243 L A(zty)t— (z—y)2
e 12 24 y)t . 4.21
vVt ( )

The results and applications of this paper can be extended to larger

classes of equations. Although we have concentrated on PDEs in which
the coefficient of the second derivative term is a power law, our methods
may be applied to any PDE of the form w; = a(z, t)uz, + b(x, t)u, +
c¢(x, t)u which has at least a four dimensional Lie algebra of symmetries.
For such PDEs we may obtain, up to a change of variables, a Fourier

or

Laplace transform of a fundamental solution, by applying a single

symmetry to a trivial solution. This is discussed in [5]. The process for
constructing integral transforms of fundamental solutions for equations
lying outside the class considered in the current work is essentially the
same as the method employed here.
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