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ABSTRACT. Lie group symmetry methods provide a powerful tool
for the analysis of PDEs. Over the last thirty years, considerable
progress has been made in the development of this field. In this
article, we provide a brief introduction to the method developed
by Lie for the systematic computation of symmetries, then move
on to a survey of some of the more recent developments. Our focus
is on the use of Lie symmetry methods to construct fundamental
solutions of partial differential equations of parabolic type. We will
show how recent work has uncovered an intriguing connection be-
tween Lie symmetry analysis and the theory of integral transforms.
Fundamental solutions of families of PDEs which arise in various
applications, can be obtained by exploiting this connection. The
major applications we give will be in financial mathematics. We
will illustrate our results with the problem of pricing a so called
zero coupon bond, as well as giving some applications to option
pricing. We also discuss some results on group invariant solutions
and show how an important PDE in nilpotent harmonic analysis
can be studied via its group invariant solutions. Finally, the con-
nection between Lie symmetry methods and the theory of group
representations is presented. This development has the potential
to allow for a rich interplay between Lie symmetry group theory
and representation theory.

1. INTRODUCTION

The purpose of this article is to present a survey of some current
research in Lie symmetry analysis for partial differential equations.
We will begin with a brief introduction to symmetry methods for the
benefit of the reader unfamiliar with these techniques. Then we discuss
some recent developments in the theory. Our focus will be on symmetry
analysis for a single PDE, but symmetry methods are also very effective
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for the study of systems of PDEs as well as for the solution of ordinary
differential equations.

Sophus Lie [17], [15], [16] first developed and applied the theory of
symmetry groups to differential equations in the 19th century. The
applications of Lie symmetry groups include problems in a diverse
range of fields such as control theory, quantum mechanics, relativity
and mathematical finance. The references in the bibliography contain
numerous applications of the theory. These methods provide a system-
atic, mechanical computational algorithm which allows us to determine
explicitly the symmetry group of any system of differential equations.
In fact, software packages exist which partially automate such com-
putations. See for example the Mathematica package in Cantwell’s
book [2]. Olver [18] and Bluman and Kumei [1] also provide a rigorous
account of Lie group methods for differential equations.

We will consider a single PDE of order n in m variables, defined on
a simply connected subset 2 C R™. The PDE takes the general form

P(z, D) =0,
where P is a differential operator on €2 x R,
olely
Duy= ————,
Oxit ... 0xqm
and a = (o, ..., qy,) is a multi-index.

Definition 1.1. A symmetry group of a system of differential equations
is a local group of transformations G acting on the independent and
dependent variables of the system such that it maps solutions of the
equations to other solutions. More precisely, let Hp denote the space
of all solutions of the system of PDEs

P,(x,D%) =0, v=1,2,..,p.

A symmetry S is a mapping of Hp into itself. i.e S : Hp — Hp. Thus
if u € Hp, then we must have Su € Hp.

Example 1.1. Consider the one dimensional heat equation u; = u,,. If
u(z,t) is a solution of the one dimensional heat equation then u(x+e€, t)
is also a solution, at least for e sufficiently small. This is a symmetry.
As we will see below, the heat equation has more interesting symmetries
than this simple example.

Though there are symmetries which do not possess group proper-
ties, the symmetries which we will be interested in do. In fact these
symmetries typically form a Lie group.

Definition 1.2. An r-parameter Lie group is a group which is also an
r-dimensional smooth manifold, such that the group operation

m:GxG— G, m(g,h) =g - h, g,h €@,
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and the inversion
i:G— G, i(g) =g, g €@,

are smooth maps between manifolds. The dimension of the Lie group
is the dimension of GG as a manifold.

Lie groups often arise as groups of transformations on manifolds.
Elementary examples of transformations which are associated with Lie
groups are scalings, translations and rotations. There are also more
complex examples of group transformations.

2. Basic LiE THEORY

We require a method for the systematic computation of all Lie group
symmetries of a PDE. We will only be considering so called point sym-
metries in this article. A point symmetry is one in which the transfor-
mations act only on the independent variables z and dependent vari-
able u of the PDE. There exist generalized symmetries which involve
transformations that act on the derivatives of the dependent variable.
We refer the reader to the discussion in Olver’s book for a more ex-
tensive treatment of generalized symmetries. We will encounter group
symmetries which are not point symmetries in Section 8.

To compute point symmetries, we introduce the notion of a vector
field. For our purposes, a vector field is a first order differential opera-
tor, which can be written,

ka s gt + ol 2L (2.)
A slightly more general form of a vector field is used in Lie’s theorem
and the prolongation formula given below, but it is only vector fields of
the form (2.1) which we will need. The vector fields we deal with will
all be right invariant. See the remark following the definition below.
A Lie algebra g is a vector space which is closed under a certain kind
of multiplication, namely the Lie bracket. We will take the definition

of a Lie algebra to be the following.

Definition 2.1 (Lie algebras). Consider a collection of n linearly in-
dependent vector fields U = {vy,...,v,}. Define the Lie bracket of v;
and vy by

[Vz’, Vk]f = vi(Vif) = Vi(vif).

Suppose further that for any vectors v;,v;, 1 <1i < j <n we have

Vi, v;] = E c”vk

for some constants c .. Denote the linear span of U by g. Then g is an
n dimensional Lie algebm with basis vectors {vy, ..., v,,}. The numbers
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k

ci; are known as the structure constants of the Lie algebra. The Lie

bracket of v and w satisfies

[v,aw + bz] = a[v,w] + b[v, z] (2.2)
[av + bw, z] = a[v,z] + b[w, z] (2.3)
v, w] = —[w, V] (2.4)
v, [w, 2] + [z, [v, w]] + [w, [z, v]] = 0. (2.5)

This last equation is known as Jacobi’s identity.

Lie algebras generate Lie groups via the so called exponential map,
introduced below. First we make two remarks.

Remark 2.2. If we consider a Lie group G then it is natural to identify
its Lie algebra with T,(G), the tangent space at the identity.

Remark 2.3. The standard approach to Lie algebras requires that the
the vector fields defining the Lie algebra be left invariant under the
action of G. That is, if g € G and L, : h — gh, then the differential
map dL, satisfies

ALy(V]1) = Vlgn

In contrast, Lie group symmetry techniques use right invariant vector
fields. i.e. If R, : h — hg, then for the differential map we have

ARy (V1) = Vlng.

This will not be of any consequence for our work, but it does alter
some standard results slightly. For example, the adjoint representation
for right invariant vector fields becomes adx (Y) = [V, X|, which is the
negative of the usual result. For the reason why right invariant vector
fields are used, the reader should consult the first chapter of Olver’s
book, [18]. We refer readers to a standard text such as Jacobson [12],
for the general theory of Lie algebras.

Every vector field v with sufficiently well behaved coefficients gen-
erates a one parameter local Lie group, which is called the flow of v.
The flow of v is often written as exp(ev), since the action generated
by v can be obtained by summing the so called Lie series:

Flexplev)a) = )+ () + g (7) +o00 = D T (9)

The mapping which sends v to exp(v) is called the exponential map.
In general this series is not easily summed.

A more practical method for computing the flow is the following.
Consider a function v which depends upon z. If we have a vector field
of the form (2.1), then the group it generates can be thought of as
acting on the graph of u, which we write (z,u). That is, the flow acts
on the graph (z,u), transforming it in some manner. It is not hard
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to determine exactly how x and u are transformed. If we denote the
transformed variables by (Z, @), then we have

diy =&(z,a), k=1,..,m, du = ¢(Z,1u),

de
and 7(0) = zx, &k = 1,...,m and @(0) = u. It is standard practice
to write exp(ev)(z,u) = (Z,a). It is this sense in which a vector field
generates a one parameter group action. In this case, the parameter is
€.

We turn now to the problem of computing symmetries. Let G denote
the group generated by v. We introduce the nth prolongation of G,
denoted pr*G. It is the natural extension of the action of G, to (x,u),
and all the derivatives of u, up to order n. In other words the nth
prolongation acts on the collection (x,u, uy,, ..., Uy, . z,), Where the
order of the highest derivative is n.

More formally, we define the nth prolongation as follows.

Definition 2.4. To determine pr"G, let D™ be the mapping
D" (z,u) — (T, Ugy s ooy U, ) = (2, u™).
Then the n-th prolongation must satisfy
D"oG =pr"GoD".

The technical definition of the nth prolongation is essentially a state-
ment that the action of the group and differentiation commute with one
another. That is, if we act with G on x and u(z), then write down all
the derivatives of the new function @(Z) up to order n, the result should
be the same as writing down the derivatives of u(z) up to order n, then
acting on this set with the nth prolongation of G. This condition re-
quires that the chain rule of multi-variable calculus holds.

The nth prolongation of G also has an infinitesimal generator, which
we denote pr'v.

Definition 2.5. Let v be a vector field with corresponding local one-
parameter group exp(ev). The n-th prolongation of v, denoted pr™v is
defined to be the infinitesimal generator of the corresponding prolonged
one-parameter group pr™[exp(ev)]. That is,
n d n n
DOV iy = 4| o fexp(ev)] (@, u).
€ e=0

The central result of the theory of symmetry groups is Lie’s theorem.
It provides the necessary and sufficient conditions for a Lie group G,
with infinitesimal generator (2.1), to be a symmetry group.

Theorem 2.6 (Lie). Let
P,(z,D%) = 0, qg=1,...d (2.6)
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be a system of d, n-th order partial differential equations. Let v be a
vector field of the form

= 0 < 0
v = Z€Z($7U>axl + Z¢a(xau)%'
i=1 a=1

Then v generates a one parameter group of symmetries of (2.6) if and
only if

pr*v[P(z, D)) =0 (2.7)
whenever P(x, D*u) = 0.

A proof of this result may be found in Olver’s book [18]. Apply-
ing Lie’s Theorem to a system of PDEs yields a set of determining
equations for the functions & and ¢. These determining equations may
usually be solved by inspection. The vector fields satisfying (2.7) are
referred to as infinitesimal symmetries.

2.0.1. The Prolongation Formula. The determination of the symmetry
group of a system of differential equations relies upon the prolongation
of a group action to the dependent and independent variables of the
system as well as the derivatives of the system. An explicit formula for
pr"v, due to Olver is also to be found in [18].

Theorem 2.7 (Olver; The General Prolongation Formula). Let
p q
; 0 0
v = ;f (:p,u)axi + ;qﬁa(x,u)aua

be a vector field defined on an open subset M C X x U. The n-th
prolongation of v is the vector field

(2.8)

q
0
My — J (n)y_—_
pr'v = v+ ZZgba(x,u )8u‘} (2.9)
a=1 J
defined on the corresponding jet space M™ C X x U™ the second
summation being over all (unordered) multi-indices J = (ji,...,Jk),

with 1 < ji <p, 1 <k <n. The coefficient functions ¢ of pr™wv are
given by the following formula:

p p
u(w,u™) = Dy(¢a — D Eul) + > &us,, (2.10)
1 =1

i=

ou® oug
where u = Er and ug,; = a—‘.’, and Dy 1is the total differentiation
xz ) xz
operator.

Although the details involved in the construction of Lie’s theory
of symmetry groups are quite technical, the application of symmetry
methods to PDEs is straightforward.
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Let us illustrate the prolongation formula by an example. We will
make use of the formulae that we obtain. Let v be a general vector
field of the form (2.1) on X x U ~ R? x R. We take p =2 and ¢ = 1
in the prolongation formula (2.9), giving

_|_¢ti

0
priv = v + ¢* .
3ut

Ouy

This is the first prolongation of v.
The determining functions ¢* and ¢' are found using (2.10). This is
simply an exercise in differentiation. We have

¢:c = Dx (Qb - gux - Tut) + guoc:c + TUgt

- (¢r + ¢uux - é-xux - &ﬂé - guzm — TpUp — Ty Ug Ut — Tuxt)
+ guazx + TUgt

= be + (¢u - £m)ux - guui — TpUp — Ty Uz Ug.

Similarly

(bt = ¢t - gtux + ((bu - Tt)ut - fuua:ut - Tuuf-

Subscripts denote partial differentiation.
Further, the second prolongation of v is the vector field

0 0 0
2., T t 7 T
prv_v+¢8ux+¢8ut+¢ Oy

where for example

0
@uxt

0

autt ’

+ gba:t

+ ¢"* (2.11)

(bmx = D:r:p (¢ - guz - Tut) + gux:px + TUggt
- fuuui - 7_fuuu?gut + (gbu - 2€x)uacac - ZTxumt - 3§uuxuacac

— TyUtUgy — QTuumu:pt-

The coefficients ¢ and ¢* can be computed by the same method.
Before we present an example of a symmetry calculation, we point

out that the set of all infinitesimal generators of symmetries for a PDE

forms a Lie algebra. Again we refer the reader to [18] for a proof.

Theorem 2.8 (Lie). Let
P,(z,D%%) =0 q=1,..d, (2.12)

be a system of d, n-th order partial differential equations. Let the set
of all infinitesimal generators of symmetries of (2.12) be g. Then g is
a Lie algebra.
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3. COMPUTING LIE SYMMETRIES

Consider the one dimensional heat equation
Up = Ugy. (3.1)

To compute the symmetries of (3.1), let v be given by (2.1), where we
seek to determine all possible coefficient functions &, 7 and ¢ such the
the corresponding one-parameter group exp(ev) is a symmetry group
of the heat equation.

The heat equation is second order, so we need the 2nd prolongation
of v, which is given by (2.11). By Lie’s theorem, we obtain the following
condition;

previtg, — u] =0,
whenever u,, = u;.
Applying pr?v to (3.1), we obtain

¢ = o™, (3.2)
which must be satisfied whenever u; = u,,.
Substituting the formulae for ¢* and ¢** above into (3.2), and replac-
ing u; with u,,, we obtain the following system of defining equations
for the functions &, 7 and ¢.

¢t - gtuaz + (¢u - Tt)uxw - guua:uacz - Tuui;g

+ (¢uu - 2§zu)ui - QTmuuxum;r - éuuui

- 2Tzuxt - 3£uuruzx — TyUggpUgy — 2Tuumuxt-

To solve this system, we equate the coefficients of the monomials in
the zeroth, first and second order partial derivatives of u. We then
obtain a set of determining equations for the symmetry group of the
heat equation. From the monomial 1, we match the coefficients to
obtain ¢; = ¢,.

Looking at the coefficient of u?2,, gives 7, = 0. Also, the coefficient
of u,; tells us that 27, = 0. Hence 7 cannot depend upon x or wu.

We have £, =0, and &, = %Tt. Thus ¢ depends only on x and ¢, and
so &(x,t) = a7 + p(t) for some arbitrary function p of ¢.

Continuing in this way, we are able to determine all the coefficient
functions &, 7 and ¢ for the infinitesimal symmetry of the heat equation.
A convenient representation is

€ =1+ cax + 2cs5t + degat, T = o + 2c4t + degt?
¢ = (c3 — csx — 2c6t — cgx®)u + B(x,t),
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where ¢1, ..., cg are arbitrary constants of integration, and ((x,t) is an
arbitrary solution of the heat equation. Writing out the most general
form of v with these coefficients, and using the numbering of the con-
stants to determine the grouping, we now see that a basis for the Lie
algebra of symmetries is given by the six vector fields

9 00 0 10
a$, Vo = 8‘[,‘7 V3—Uau, V4 = u

Ox ot 2 ou’
)

V5 = Qt% - xuagu, Ve = 4:1:75% + 4t2% — (2* + Qt)u%.
There is also an infinite dimensional ideal within the Lie algebra
consisting of vector fields of the form vg = 6(x,t)%. Here [ is an
arbitrary solution of the heat equation. By the term ideal we mean the
following: J is an ideal in the Lie algebra g if: (1) J C g and; (2) for
all X e gand Y € J we have [X,Y] € J.

The symmetry produced by v is simply a superposition of solutions.
That is, if u is a solution of the heat equation, and [ is a solution, then
so is u+€/3. These symmetries are often thought of as trivial symmetries,
because all linear PDEs have them. They are usually considered to be
of little interest, however, we will see below that they can be extremely
useful.

Given the six vector fields v;, ¢ = 1, ..., 6, calculated above, the next
step is to determine the one parameter symmetry groups G;. If u(x,t)
is a solution, then the new solution is denoted by @(Z, ), generated by
the exponentiation exp(ev;(z,t,u)) = (7,1, 0).

To determine the group action arising from vg, we exponentiate the
infinitesimal symmetry. We must solve the following system of first
order ordinary differential equations

ﬁzuiﬁzﬁ,@
de de de
with Z(0) =z, #(0)=t, a(0)=u.

We solve the equation for ¢ first to obtain

Vi =

= — (2 + 2t)a,

o t
b= 1 —det
We then use this to solve the first equation for x. This gives
.
T T de

The final equation for @ may now be solved. The ODE is separable
and we have,

2

U =uv1 —4etexp{ < }

1 —4et
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Inverting the group transformations for # and ¢ gives
_z . t
1+ 4et’ 14 4et
Now let u = wu(z,t) be a solution of the heat equation. The new
solution produced by the group action is @(z,t). Substituting & and ¢
into the expression for u gives

_ 1 { —e1? } ( T t )
U = ————=€exXp = U =, = ).
V1 + 4et 1+ 4et 14 4et 1+ 4et

Since the distinction between the new and old variables is no longer
necessary, we drop the tildes from the independent variables. We have
thus obtained the group transformation which comes from vyg.

The remaining group actions can be determined by the same method-
ology. Let us denote the action of the symmetry group generated by v;
on a solution u by p(exp(ev;))u(x,t). For the infinitesimal symmetries
of the one dimensional heat equation, we have

plexp(evy))u(z,t) = u(z — 1),
plexp(evy))u(x,t) = u(x,t —€),
plexp(evs))u(z,t) = e‘u(x,t),

plexp(evy))u(x,t) = e~ 2 “ule‘x, e*t),
plexp(evs))u(z, t) = e~z — 2et, t),
plexp(evg))u(z, t) =

1 —€x x t
eXp Uu ? ?
V1+4det 1+ 4et 1+ 4et’ 1+ 4et
and p(exp(evs))u(e, t) = u(z,t) + eB(z, 1)
These formulae are to be interpreted as follows. If u(z, t) is a solution
of the heat equation, then by symmetry, so are

w(7,t) = plexp(ev;))u(z,t)
fori=1,...,6.

Now let us make an important observation. It is possible to obtain
the fundamental solution of the heat equation by symmetry. Consider
the symmetry generated by vg. Take the solution © = 1. We obtain the
solution

. 1 —ex?
U= —F———=8exps — .
V1 + 4et P 1+ 4et
If we translate ¢ by —1/4¢ and set € = 7, then we obtain the funda-
mental solution of the heat equation,

1 x?
k:(x,t) = \/Tﬂ-texp —E .
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from the constant solution, u = 1, by group transformation.

There are many other examples of PDEs whose fundamental solu-
tion can be computed by symmetry methods. See for example [5], [3]
and [4]. We will consider this problem in more detail in the rest of
the chapter. In particular, we will consider how the relationship be-
tween Lie symmetries and integral transforms can be used to compute
fundamental solutions.

4. CLASSIFYING PDES WITH NON TRIVIAL SYMMETRIES

The group classification problem refers to the task of determining the
most general equation which admits a certain group as its Lie symmetry
group. This is an important problem, particularly in the application of
symmetries to ordinary differential equations. Olver’s book contains a
discussion of this problem and its connection to the solution of ODEs
by quadrature.

A closely related problem is determining the largest class of equations
of a certain type that possess non trivial symmetries. In this section we
present an example of this and we exploit it to produce a new method
for the computation of fundamental solutions. We will be concerned
with the symmetries of a PDE which we refer to as a generalized bond
pricing equation, since the y = 1 case arises in the theory of bond
pricing:

Ou 0%u ou
5 = %% + f(z) 3 HEW (4.1)
The PDE (4.1) has time translation symmetries; that is, if u(z,t) is
a solution then so is u(z,t + €). It also has multiplicative symmetries:
if u(z,t) is a solution, so is cu(z,t), where ¢ is some constant. We
consider these symmetries as trivial, since every PDE of the form (4.1)
will possess them. We therefore seek to identify drift functions f for
which there exist non trivial symmetries for (4.1); that is, symmetries
that are not time translations or multiplication by scalars.

We sketch the proof of the following result.

Proposition 4.1. The partial differential equation (4.1) has a non
trivial Lie algebra of symmetries if and only if the drift function f is a
solution of one of the following families of Riccati equations

1
orf —of +=f*+2uox® = Ax+ B,

2
/ Lo 2 2
oxf —0f+§f +2uox® = Az + Bx+C,
1 3
oxf —of + §f2 +2uox? = A2+ Bx®+ Cx— §02.

Proof. The full proof of this result may be found in [14]. We only
do the case of the first Riccati equation, since the other two cases
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require essentially the same calculation. By Lie’s theorem, v generates
symmetries of (4.1) if and only if

priviu; — (02U, + f(2)u, — pau)] =0

whenever u; = 02Uy, + f(x)u, — pru. We take the usual form for v,
requiring its second prolongation.
The defining equations for the symmetries are given by

Gr — &g + (Qu — T)up = (4.2)
+08Uge + (00 + (Su — &o)ua) f(2) + £f (2)us — Pz — Epu.

Substituting u; = ozxuy, + f(x)u, — pru into (4.2), and matching
the coefficients on both sides of the equation, we solve for 7, £ and ¢.
We see that 7 is a function of ¢ only, ¢ is linear in u and the function
¢ has the form £ = z7; + /xp. The function ¢ has the form

¢ = a(x7t)u + ﬁ(l’,t),

where a and [ are arbitrary functions of x and ¢. It is easy to show
that

O = 0Ty + p f(2) — 2uxT — /2P (4.3)

and ; = 020, + f(2)F: — pxf. We have no more information about
(. Hence it is an arbitrary solution of the generalized bond pricing
equation.

Rearranging our expression for v and then integrating, we obtain

x Vi 1 1,1 f(x)
= ——Ty— —pPr — — — (= — —= t 4.4
« 20_Ttt o Pt 2O_f(x)7—t+ 2\/5(2 o )p+7]( )7 ( )
where 7 is an arbitrary function of . Also, we have ¢ = au + (.
Substituting these functions into the coefficient of u in our defining

equations, we produce the final condition

T T 1
— 5Tt — £ptt +n = ——(oxf" + ff + dopz)7,
20 o 20

302z — 8z (oxf" + ff + dopx) + 8x(owf — of + 1%+ 20ux?)
+0( 16025/2 )
(4.5)

We now have to analyse this set of equations. It is clear that we will
obtain non trivial symmetries only when f satisfies one of the Riccati
equations in the proposition. We illustrate this for the first Riccati
equation.
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4.1. Case 1. Let

oxf" + ff +dopr = A (4.6)
Integrating this by parts with respect to x gives
1
axf’—af+§f2+2a,ux2:Ax+B. (4.7)
From (4.5), we have
T Vi 1 302 + 8B)
—%Tttt — 7Ptt+7h = —%ATt—Fp(W) (48)

We naturally have two subcases, which we consider in turn.

4.1.1. Subcase la. If 30% + 8B # 0, then

1
T = 0, p =0, Ny = ——AT.

Integration then gives
1 1 9 1
T==c1t"+cot +c3, n=——Ac1t" — —Acot + ¢4
2 4o 20

and & = cyxt + cox, where ¢y, ..., ¢4 are constants of integration.
We now substitute the relevant expressions above into the equation
for (4.4), which gives

o= —%q(x b () 4+ %Atz) - %CQ(f(x) A+ (49)

Substituting the expressions for £, 7 and ¢ into (2.1) gives us the
most general vector field which generates symmetries of our generalised
bond pricing PDE, when the drift f satisfies the Riccati equation:

1
axf'—af+§f2—|—2a,ux2:Aa:+B.

The resulting vector field is

o D00
~Sor ot ou " ou

o 1, )
= (Cll't + CQZ')— + (—Clt + Cgt + Cg)a

ox 2
(- %cl(az +tf() + %At?) - %@(f(:c) b A+ 04)1% + ﬁa%.
(4.10)

Then the Lie algebra of infinitesimal symmetries, obtained by group-
ing the constants in (4.10), is spanned by the four following vector fields
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o 1,9 1 1, 9
8 0o 1 0 0 0
V2= Tp Mg T g W) A va= gy va= gy,

and there is an infinite-dimensional subalgebra spanned by vector fields
of the form

0
Az Zﬁ(%t)%,

where (3 is an arbitrary solution of the PDE.

4.1.2. Subcase 1b. 1f 30 +8B = 0, then the Lie algebra of infinitesimal
symmetries contains two additional vector fields

0 x x 0
:ﬁt—+(—£+$—;£<\/%)u%,
1 1 f(x), 0

\/__ 2 2GS ey

The calculations for the other two cases are similar. O

We illustrate with the calculation of the infinitesimal symmetries for
the Cox-Ingersoll-Ross model for interest rates.

Example 4.1. Recall that in the Cox-Ingersoll Ross model, the in-
stantaneous interest rate is modelled by the SDE

d?”t = (a —-b rt)dt + V 20'Ttth, (411)

where o and a are nonnegative, b € R, and W is a standard Wiener
process. We have written the SDE in a form consistent with our nota-
tion.

Let f(r) =a—0br. This drift is a solution of the second Riccati

1
equation with A = b*> + 4uo, B = —ab and D = Eaz — oa. A basis for

the Lie Algebra of symmetries is given by the following four vector
fields.

vad 1 yxd 1 & g B, 9
8r+\/Ze 5 " 55° (\/_T+f(r)+\/z)u8u,

V] =re

—V At 9 1 —V At 9 1 —VAt L 9
vy =Te o —\/_e g + 25° (VAr — f(r)+ _\/_)uf)u’
e 0
Vs T or V4T Ve

and we have the infinite dimensional subalgebra spanned by vector
fields of the form vz = 3(r, t)%
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We can obtain the corresponding group transformations for each of
the vector fields for the Cox-Ingersoll-Ross model by exponentiating
the infinitesimal symmetries vy, ..., vy.

Let us consider the second vector field v,. In order to find the trans-
formed variables 7, t and @ we solve the system of first order ordinary
differential equations below.

dar oz dt 1 _yap da 1 g, N

—_— = —_— = —— _— = — A —

de ¢ " de \/Ze Y de T 20C (VAR - f(7)

subject to the initial conditions #(0) = r, #(0) = ¢, @(0) = u.
The calculations are relatively straightforward and we see that if u

is a solution of the CIR equation, then so is

~ \/Zre 1 T‘eﬂt
u(r,t) = exp {m + by (F (m) — F(r)) }

\/Zt 1
e In(eV4 + e)> ,

B
+—=)u

VA

Bt At _B_
xXe 2 (e + €)20VA Y ,
( ) ((emt—l—e) VA

where F(r) = alogr — br.

5. LIE SYMMETRIES AND INTEGRAL TRANSFORMS

Study of the problem described in the previous section has recently
led to a rather surprising connection between Lie group symmetries and
integral transforms which allows us to obtain fundamental solutions of
large classes of parabolic PDEs by inverting an integral transform that
comes directly from the symmetry group. We outline the basic idea,
then illustrate the process for the Black-Scholes equation of option pric-
ing, before presenting a theorem which further clarifies the situation.

For simplicity we consider only a single linear equation

u = P(z,u™), zeQCR, (5.1)

We denote by @, = p(exp ev)u(z,t) the action on solutions generated
by v. Typically we have

plexpev)u(z,t) = o(z,t; €)u(ar(z,t;€), az(x, t;€)) (5.2)

for some functions o, a; and as. We call o the multiplier and a; and as
the change of variables of the symmetry.

Now suppose that (5.1) has a fundamental solution p(t, z,y). Then
the function

ML@Z%#@W@%@@, (5.3)

solves the initial value problem for (5.1) with appropriate initial data

u(z,0) = f(x).
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The idea is to connect the solutions (5.2) and (5.3). We take a
stationary (time independent) solution u = ug(x). So in this case

plexp ev)ug(x) = oz, t; €)ug (a1 (z, t;€)) . (5.4)
Setting t = 0 and using (5.3) suggests the relation

/Qa(y, 0; €)ug(ay(y, 0; €)p(t, x,y)dy = o(z,t; €)ug (a1 (z, t;€)) . (5.5)

Since ¢ and a; are known, we have a family of integral equations for
p(t, @,y).

A priori, there is no reason to believe that this integral equation
will be tractable. However, for large classes of PDEs, it turns out
to be a standard integral transform. Thus we may recover the desired
fundamental solution by inverting the transform. We will illustrate this
procedure with the Black-Scholes equation from option pricing, before
presenting a more general result which clarifies the situation further.

The forward-propagating Black-Scholes PDE, with the risk-free rate
r and the volatility o being taken as constants, can be written:

1

ou ou 5 50%u
= —TU+TT5- + 500

ot ox ox?’

This is subject to the initial condition u(x,0) = f(z). We refer to this
form of the Black-Scholes PDE as forward propagating, because we
apply an initial condition for the option payoff, and we then solve
the PDE forward in time from the initial condition. This should be
contrasted to the normal way in which option-pricing problems are set
up in finance, in which a terminal value corresponding to the option
payoff at expiry is provided.

A straightforward application of the above techniques shows that the
Lie algebra of symmetries of the Black-Scholes equation is spanned by
the following vector fields:

0 0 0
V3 = QtE + {lnx — pt} T T 2Ttu%,

0 0
2
V4= —0 tmax +{lnx+ut}uau,

0 0 0
vs = o’txln x2% + 202752& —{(lnz + pt)? + 20%rt? + ot} uge
0 0
= u— = 1) —
Vg uaua Vg 6(%’, )8167
where = r — 20% and [((z,t) is an arbitrary solution of the forward-
propagating Black-Scholes PDE. Exponentiating the generators in turn,
we obtain the following result.
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Proposition 5.1. For the infinitesimal symmetries of the backward
propagating Black Scholes equation, we have

plexp(evy))u(x,t) = u(x,t + ). (5.6)
plexp(eve))u(x,t) = u(e‘z,t). (5.7
plexp(evs))u(x,t) = e(CQ’I)Mu(a:Ce_C(C_l)(T_%”Q)t, c’t), (5.8)

where ¢ = e°.
h i

1 1
plexp(evy))u(x,t) = x % ~(rgofetze’e u(ze 7 ). (5.9)

Inz
plexp(evs)ule, t) = u (757, ot )

1 — ([n(a) + (r — 02)]” + 2r0%7) €

m exXp 1+ 992¢l (510)
plexp evg)u(x,t) = e “u(x,t). (5.11)
plexpevg)u(x,t) = u(z,t) + ef(z,t). (5.12)

5.0.3. Calculating the fundamental solution of the Black-Scholes PDE.
We will use the symmetry

0 0
2 1.2
vy = —c“tr— + |In(x) + (r — 50°)t| —.
4 o ax |: ( ) ( 20 ) ] au
to obtain the fundamental solution, from the stationary solution
up(x) = .
We identify:
hf(rflo'z)eJrlaQeQit
u(z,t;€) =2 2 2
so that
u(y,0;€) =y~ .

Substituting into the integral equation (5.5), we get after some simpli-
fication:

este((e=1a?=2r) 1 :/ y' o p(t.z,y) dy.
0

We make the substitution of parameter ¢ = 2 — s to obtain
e%(S—Q)t((S—l)ch—l-QT)xS—l _ / ys—lp(t’ z, y) dy
0

We recognise the right hand side as the Mellin Transform of the
fundamental solution with respect to y:

MA{p(t,z,y)} (s) = o3 (5=2t((s=D)o>+2r) 51
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Hence we can recover p(x,y,t) by performing a Mellin inversion from

s to y:

p(ty x) y) = -1 {6%(372)7&((5*1)024*27‘)1‘5_1} (y)

- <

_ o {e%(—iwa)t((*iw*1)02+2T>x_iw_l} (—1In(y))
N L Gt N

— X -

oot p 202t

B et B [ln(%) —(r— %02)15}2
= ——— exp
oy 2t 202t .

5

Note that we have performed the Mellin inversion by converting it to
a corresponding Fourier inversion. We have used the well known result

M{f ()} (s) = Var F{f(e™")} (is).

Here we have taken the Fourier transform F(f) = \/% 7 f(x)e v da.

Note also that the final expression is easily recognised as the tran-
sition probability density function for Geometrical Brownian Motion
(GBM). This is precisely what we expect for the fundamental solution
for the Black-Scholes PDE, as the underlying asset price dynamics is
driven by GBM in the classic Black-Scholes case.

It turns out that this connection between fundamental solutions,
symmetries and integral transforms is quite deep. Whenever a second
order, linear, parabolic PDE in one spatial variable z has a nontriv-
ial symmetry group, then for at least one of the vector fields in the
Lie algebra, equation (5.5) can always be identified as a classical in-
tegral transform. There are a number of results along this line, in
which we identify the multiplier of the symmetry and a stationary so-
lution as an integral transform of a fundamental solution. The types
of transforms that arise are all classical: Laplace transforms, Hankel
transforms, Whittaker transforms and so on. We present one result,
whose proof is in the recent paper by Craddock and Lennox, [4].

Theorem 5.2. Let f be an analytic solution of the Riccati equation
1
0xf’—af—|—§f2+2,u0xr+1 = Az + B. (5.13)

Let ug(z) be an analytic solution of the PDE

Ut = OTUL, + f(2)uy — pa’u, (5.14)



LIE GROUP SYMMETRIES 19

which is independent of t and

U(z,t) = exp {% (F (ﬁ) - F(x)) - %} X

where F'(x) = f(x)/x. Then

Us(z, ) = / wo(y)pa(t, 7, y)e—dy
0

where p,(t,x,y) is a fundamental solution of the PDE (5.14).

This theorem allows us to obtain the fundamental solution for PDEs
with the given drift function by inverting a Laplace transform which
arises directly from the symmetry group. This result has applications
in the theory of bond pricing.

Example 5.1. We take 0 = 1, u = 0. We may take uy = 1 in this case.
For the PDE

1
Up = TUgy + (5 + ﬁcoth(ﬁ)) Upy. (5.16)
we have

[ESY; { Az + 1%) }
expe —————= 5.
snh(VOVIF M P 1+ At
Inverting the Laplace transform in A is easily accomplished, to obtain
the fundamental solution

sinh (242 .
e - L ()

t 4
5.0.4. An Application in Bond Pricing. Let us consider a simple exam-
ple. We don’t propose this as a real model of interest rates, but simply
present it as an illustration of the theory.
Consider the interest rate model dry = f(ry)dt + /20r,dW;, where

Un(a,) = sinh (£>

Fr) =2r /o cot(%).

We want to obtain the price of a zero coupon bond for this model.
In order to do this, we obtain the fundamental solution of the PDE

1
Vi + §arVM + f(r)V, —prV =0,

and set p = 1.
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This is a straightforward application of Theorem 5.2. Omitting the
calculations, we obtain the fundamental solution

sin(L2
pultr) = L5 (LY ay)) %
S1n v

Here ¢ is the Dirac delta function and I; is the usual Bessel function.
To obtain the bond price, we set = 1 in our expression for p, (¢, 7, y),
calculate the integral

B(r,t,T) = / (T —t,r y)dy,
0

and replace t with 7" — t. This integral can be done exactly, giving the
result

n (1) osin <—\/E+ogr(Tt)2)
B(r,t,T) = e 1+o@-0? :
sin (\%)

Since we have the fundamental solution, we can do more than simply
price bonds. We can also price options on bonds, swaps, caps and many
other instruments. For example, the price of a call option C' with strike
E on this zero coupon bond is

0 —y(T—t) sin <\/E+U§/(T—t)2) +
C = / (e T+o(T—1)2 — E) (T —t,ry)dy.
0

sin (\%)

Here (z — K)™ = max(z — K,0). It may be necessary to evaluate this
integral numerically.

6. GROUP INVARIANT SOLUTIONS

One of the most powerful methods for constructing exact solutions of
PDEs uses the notion of group invariance. A group invariant solution
is one which is invariant under the action of a symmetry group.

We illustrate the idea of group invariance with an example. We know
that if u(z,t) is a solution of the heat equation, then so is

(2. 1) 1 —ex? x t 6.1)
Ue(T,t) = ———ex U , i .
V14 4et P 1+ 4et 1+ 4et’ 1+ 4et

Now we apply the symmetry (6.1) to the one dimensional heat kernel
k(x,t). The result is
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2 =
e\ 1 4 4et 1+ det % 1—éétlst
1 221+ 4det 1

_ _ —x2 /4t __
_ R e ) QU — k1),
VAt Xp{ 4751-1—4625} \/47rt6 (z,%)

The point is that the application of the symmetry (6.1) has no ef-
fect on the fundamental solution. We say therefore that it is a group
wwvariant solution of the heat equation.

This raises a number of questions. First, are there other solutions of
the heat equation which are also invariant with respect to this group
action? Secondly we can ask if there is a systematic method for com-
puting invariant solutions? Thirdly, how representative of the PDEs
solutions are group invariant solutions? For example, is the fundamen-
tal solution of a linear PDE always a group invariant solution?

The answer to the first two questions is yes. To demonstrate this,
we will introduce the method of constructing group invariant solutions
and go through this example for the heat equation in detail. The
answer to the third question is not entirely clear, but it is certainly
true that fundamental solutions for many PDEs may be obtained as
group invariant solutions. In the next section we will obtain the heat
kernel on the Heisenberg group as a group invariant solution.

The procedure for computing group invariant solutions is easy to
describe and easy to use. It involves computing invariants of the group
action by the method characteristics, and using these to reduce the
number of variables in the problem.

The technical justification of this method is however quite involved
and we refer the reader to Olver’s book once more. Our aim of is to
give a very quick introduction to the ideas, without being too concerned
with technicalities.

Definition 6.1. Let GG be a group which acts transversally on a man-
ifold M. Let x € M and let the action of an element g € G on = be
denoted g.z. The orbit of x under G is the set

O, ={ye Mly=g.x,g9€ G} (6.2)

That is, the orbit is the set of all points that x is mapped to as g varies
through the whole group.

Example 6.1. Consider the group SO(2). If we take (z,y) € R? then
the orbit of (z,y) under SO(2) is the set of points of the form
(xcosf —ysinh, xsinf 4+ ycosf), 6 € |0,2m).

It is not hard to identify this set of points. Elementary algebra shows
that
(zcosf —ysinf)? + (xsinf + ycosh)® = x* + 32
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This is clearly the equation of a circle of radius r = /22 + y2. So
the orbits are circles. There is also a degenerate case, namely when
(z,y) = (0,0). Here the orbit is the single point (0, 0).

Notice that the orbit in the first case is a submanifold of R?. This
is always the case, at least under suitable technical assumptions. In
the case where the orbits are circles, the dimension of the orbit is one,
since a circle is a one dimensional manifold. In general, if O is an orbit,
then the dimension of the orbit is the dimension of O regarded as a
submanifold.

Suppose that we have a PDE P(z, D*u) = 0, in n variables. Suppose
also that there exists a symmetry group G of the PDE and that the
orbits of G form a submanifold of dimension p < n. Then the PDE
P(xz,D*u) = 0 can always be reduced under a change of variables to
a PDE in n — p variables. In the literature it is common to write the
reduced equation as P/G(y, D*v) = 0, where y and v are the new
variables given by the change of variables.

The key to the method is finding invariants of the group action.
Suppose that we have a one parameter group which is generated by
a vector field of the form (2.1). To determine the action of v on a
function f, we can form the Lie series

exp(ev) f(x) = () + ev(F(@) + 3V (F@) + -+

If f is invariant under the action of v then f(x) = exp(ev)f(x) which
implies that v(f) = 0. This means that the invariants are found by
solving the first order PDE

u of of
;Q(:c,u) + o(z, u)% = 0.

aIZ’

This can be done by the method of characteristics. We illustrate the
procedure by finding invariants for some vector fields.

Example 6.2. Let
0 0
vV=2x 3y Var
This generates rotations. To find the invariants we must solve v(f) = 0.
By the method of characteristics we see that the general solution of this

PDE is f = G(2? + y?), for G an arbitrary differential function.

Example 6.3. The one dimensional heat equation u; = u,, has the
symmetry

B 0 5, 0 9 0
V_4$t8x+4t at—(w +2t)uau.

We find invariants of the group generated by v by solving

dx dt du
T R v (09
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To demonstrate the method, we will solve this in steps. First, solving

dr  dt

drt 42

gives Inz = Int+C. Therefore C' = In(z/t). We could take n = In(x/t),

but since we may actually take any function of In(x/t) for n, it makes
sense just to write n = M@/ = gz /t.

Notice that we then have z = nt. Returning to (6.3) we have to solve

dt du
a2 T (P2 4 20 (6.5)

(6.4)

Integration leads to

1 1
Inu=—-n*—=Int+ D.
nu 47) 2n +

Where D is the result of combining the constants of integration from
both sides of the equation. Since n = z/t we have

Vi) + &
D=1 t —.

This gives us our second invariant. In fact, any function of D will be a
second invariant. Let us take v = e” as our second invariant. That is,

we set
v = \/%612/4%[,

to be the second invariant. Notice that the two sets of invariants we
have obtained are functionally independent. Two invariants 1 and £ are
functionally dependent if there exists a continuous function F' such that
n = F(£). If no such relationship exists, they are said to be functionally
independent. In general, for a vector field with three variables, there
will be two functionally independent sets of invariants.

We use the invariants to rewrite the PDE. We saw that n = 2% + ¢/?
is an invariant of the rotation group SO(2) in the plane. The Laplace
equation Au = 0 has SO(2) as a group of symmetries.

Let » = 2% + y* be our invariant. We look for a solution of the
Laplace equation of the form u(z,y) = U(2* + y*) = U(r). Then by
the chain rule Laplace’s equation in the plane therefore becomes

aUu d*U

Au=4—+4r— = 0.
Y d'r’+rdr2

This ODE is called the reduced equation, because we have reduced a
PDE in two variables to an ODE.

We may solve this to obtain U(r) = Alnr+ D, where D is a constant
of integration. This is the family of solutions of the Laplace equation
invariant under rotations. If we take D = 0 and A = 1/47 we obtain

the solution | |
N _ L 2 .2
U(r) = pp Inr yo In(z” + y7),
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which is the fundamental solution of the two dimensional Laplace equa-
tion.

What would happen if we chose a different invariant for the change
of variables? We could equally have picked r = /22 + y? for the
Laplace equation. Doing this, we would obviously arrive at a different
ODE. However the ODE which we arrived at would be equivalent to
the previous one under the simple change of variables r — /r. This
is a special case of a more general situation. If n is an invariant and
¢ = f(n) is another invariant, then the reduced equations we obtain
by using 1 and & respectively as changes of variables, will always be
equivalent under the change of variables n — f(n).

Judicious choice of invariants can lead to easier forms of the reduced
equation. For example, the so called heat equation on the ax + b group
can be written as

% - 2(@ 4 @) + a_u
ot Y \ar2 a2 T Vay
This has scaling symmetries (x,y,t) — (Ax, Ay, t), A > 0. If we make

the obvious choice for an invariant £ = x/y then the reduced equation
is

du 0*u ou
— = (14— +26—.
However, the less obvious choice & = sinh ™' (z/y) leads to the reduced
PDE

ou  0*u
ot 02’
This is just the one dimensional heat equation. So, some experimenta-
tion may be needed to obtain an optimal form of the reduced PDE.
Having illustrated the general procedure, let us turn to the heat
equation.

Example 6.4. Let us find the group invariant solutions for the heat
equation u; = u,,, where the group action is generated by the vector
field v = dzt-2 + 4122 — (2% + 2t)u .

We found two invariants, namely n = x/t and v = Ve /4y, Let our
change of variables be y = x/t, v = Ve Ay,

Applying the chain rule we have

2 !
y — ((—2t+x ) v(g) —4zv (y)> -y
4t2
Turning to the z derivatives gives

= (2 A= 2V $ 47

- At ‘
So using our expressions for u; and u,,, the heat equation becomes
v"(y) = 0. The general solution is just v(y) = Ay+ B. Hence the group
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invariant solutions are of the form
1

u(z,t) = %e_IQ/“t(A% + B). (6.6)

Taking A =0,B = \/%7 will give the fundamental solution of the heat

equation.

Example 6.5. Suppose we have the generalized bond pricing PDE
U = OTUgy + f(2)uy — pau.

If f satisfies a Riccati equation of the form
1
0xf’—af+§f2+2,uax2 = Az + B
then there is symmetry of the form

_ Loy 1 1,
v = xtd, + 225 O 20(x+tf(x)—|— 2At YuO,,.

To find the invariants of this group action, we have to solve

dx dt du
i T 1. T T 1 VIR (6.7)
xt §t %(I’ + tf(l’) + §At )U
This is straightforward and we take as our two invariants
At x 1
= z/t? = — 4+ — 4+ —F :
y=a/t, wv exp<20+0t+20 (x))u

We now wish to rewrite our PDE in terms of these invariants. That
means we want v to be of the form

(@, ) = exp (_At v 1 F(x)) o(z/£2).

26 ot 20
We need to substitute this into our PDE and simplify to obtain an
ODE for v(y).
The reduced equation is simply

20%y*" (y) = Bu(y).

This is the reduced equation for our generalised Bond pricing PDE and
it is of Euler type. Substituting v(y) = y* gives the general solution
for v as

o+ \/2]3+cr2 _—o+ \/23«1»0‘2
v(y) =cy 2 + 2y 20 .

Consequently the group invariant solutions of the generalised bond
pricing PDE for this group action are

u(z,t) = e(%—a—zF(x))v@/ﬂ)

_ (s L Fw) (cl(g)wgﬁﬂ +c2(£)‘”235+02> ‘

Other group invariant solutions can similarly be found.
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6.1. The Heat Equation on the Heisenberg Group. In attempt-
ing to use Lie group symmetry methods to study PDEs, it is important
for the researcher to be aware that very often the PDE of interest may
not have many or possibly even any interesting symmetries. This does
not mean that Lie symmetry analysis is of no use. In this section we
will show that it may still be possible to analyse a PDE that has few
useful symmetries, by a creative use of the ones available.

The key is the following somewhat surprising phenomenon. A PDE
obtained by a group reduction can have more point symmetries than
the original PDE. There are many examples of this known. Take the
heat equation on the ax + b group. This has a five dimensional Lie
point symmetry algebra, excluding the infinite dimensional ideal which
comes from superposition of solutions. However, as we saw in the
previous section, if we reduce it under a scaling variable, then we obtain
the heat equation, which has a six dimensional Lie point symmetry
algebra. Using this, we can obtain considerable information about the
heat kernel on the ax + b group. See for example the analysis in [3].

The material in this section can be regarded as something of a case
study. We will carry out a Lie symmetry analysis for the heat equa-
tion on the Heisenberg group. Even though the heat equation for the
Heisenberg group has few point symmetries, we can still obtain the heat
kernel by Lie symmetry methods. We also obtain an interesting new
result on the invariance properties of the heat kernel. Other equations
can be treated by the same type of analysis we make here.

A basis for the Heisenberg Lie algebra may be taken as

0 0 0 0 0
:—+x

or Yoz dy 0z’ 0z

Taking the subLaplacian Ay = X? 4+ Y2 leads to the following heat
equation.

0*u N 0*u P 0*u 5 0*u (@2 2)82u du

— x €T _— -,

ox?  0y? Y or02 Y0z Yoz~ bt
This does not have many useful symmetries, but is invariant under
rotations. The fundamental solution should also be invariant under
rotation. We therefore make the change of variables r = (/2 + 2.

This reduces the heat equation to

(6.8)

1
Up=Un+-Ur + 222U, (6.9)

It is then natural to remove the z by Fourier transform to obtain the
reduced PDE

1
Up = Uy + —Up — N2120, (6.10)
r
where u(r, t; ) = [7°_U(r, z,t)e”*=dA.
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This PDE does have interesting symmetries. Our first task is to find
a basis for the Lie algebra of symmetries of (6.10). The following is
easy to prove.

Proposition 6.2. A basis for the Lie algebra of symmetries of

1
Uy = Uy + —u, — N0 (6.11)
T
15 given by
0 0 0
= 2\)\|re4|A|t§ + 64|/\|t§ — 2 (N2 4 ]A\)u%,

0 0 0
vy = —2|>\\re’4|’\‘t§ + 674‘)‘“& — 2N ]A|)u%,
v 0 v 0

= — - u_
3 @t’ 4 8”’

and there is an infinite dimensional ideal spanned by vector fields of

the form vz = B(r, t)a%, where 3 is an arbitrary solution of (6.11).

It is not difficult to see that the vector fields vq,vo, and vz span a
copy of sly,. Of more immediate interest is the question of what sym-
metries these vector fields produce. The proof of the following result
is standard.

Proposition 6.3. Let u be any solution of (6.11). Then the following
are also solutions, at least for e sufficiently small.

1 —2\Zer2etAlt
) = s
pleslen)utnt) = e { I+ 4|>\|664IM} x

r 1 CAAIE
u , In ( )
1+ 4|\ |ee*Mt 4|\ 1+ 4|\ |eetMt

(6.12)

21\t 2\%er?
t) = T — 4[N e
p(exp(ev2>>’u<r, ) €4|)\\t = 4|)\|€ exp { e4|)\|t — 4|A|6} X
2|\t AAl
§ ( re In(e 4|A|E)> (6.13)

Vet — 4 e’ 4 Al
plexp(evs))u(r,t) = u(r,t —€), (6.14)
plexp(evy))u(r,t) = e‘u(r,t). (6.15)
It is now easy to obtain explicit solutions of the heat equation on

the Heisenberg group from solutions of (6.11). Stationary solutions of
(6.11) can be found by solving.

1
Upr + =y — V2120 =0 (6.16)
r
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The general solution of (6.16) is

Al Al

uop(r) = c11o( 5

in which I, and K, are modified Bessel functions of the first and second
kind.

Using the symmetries in (6.3), we can find families of solutions of
the heat equation on Hj, such as

) + c2Ko(——), (6.17)

1 [ 1 —2eX? (22 4 32) et
U! t) = —
Ay sl =5 /_oo T+ 4[AJce M eXp{ I+ 4[Aee? }
Al(z® 4+ 9*) irz
I (2<1+4|A|€e4lk|t) e d\. (6.18)

Another family of solutions which comes from the symmetry given by
Vi + vy is

o —2e IAI(1—e~8€) tanh(2|A[#) (2% +2)
U6 (x, Yy, z, t) = / ¢ SeCh(2|)\|t> 6_ 2(1—e—8¢ tanh2(2t\)\|t))+y
~20 /1 — =5 tanh?(2] A1)

I (|)\|e4ﬁsech2(2|)\|t)(:v2 +y2)) o dA

e —.
"\ 2(1 — e~% tanh®(2|\[t)) 2
There are more such families of solutions which can easily be written

down. Our next task is to exhibit the fundamental solution for the
heat equation.

(6.19)

6.1.1. The Heat Kernel on the Heisenberg Group. It is possible to ob-
tain the heat kernel for the Heisenberg group using the integral trans-
form approach as discussed in Section 5. This calculation is presented
in [4] and a similar calculation is presented in the next section. There
we deal with a form of the heat equation on the Heisenberg group that
is associated with the classical harmonic oscillator. In this subsection
we will show that the kernel may also be obtained as a group invariant
solution. It is easy to verify that the vector field

sinh(4|A11) &

0
v =2r cosh(4])\\t)5 + o o

— (2|A|r* sinh(4|A[t) + 2 cosh(4]A[t) + 2) ua2 (6.20)
u

generates a local group of symmetries of (6.10). Invariants of the group

action are ,
Y= —F— (6.21)

\/sinh(4[\]t)’
: |A|r?
w = 4/sinh(2[\|t) exp {m} u. (6.22)

and
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We now rewrite (6.11) in terms of the new variables y and w. Under
the change of variables given by w and y, (6.11) becomes the ODE

1
w”(y) + gw’(y) — (M = 2[X)w(y) = 0. (6.23)
We consider solutions of the form
2
wly) = C\)e 7, (6.24)

in which C'()) is a constant of integration, which depends upon A. If we
reintroduce the original variables, we will get a solution of the original
equation (6.10). We obtain

ot — O I
A= Snne D) TP 2tanh(@\[)  2sinh(4[\]f)
() —|AJr?
S GV S e LS 2
Snh (2N eXp{Qtanh(2|)\|t) (6.25)

In order to obtain a solution of (6.8), we require a choice of C'()), such
that the following integral converges

Y & 0y —Al(@* +v%)
Ulz,y,2,1) = 5 / _ sinh(2[\[t) exp{ 2 tanh(2[\[t) +idzpdA
(6.26)

If we choose C'(A) = 2 we obtain the solution

)

I Al A= +9%) .
h no b —ARE Y ) s Lan
(9,20 = 5.5 /OO 2 sinh(2\[t) eXp{ 2tann(2 VD)
(6.27)

In fact, h is the fundamental solution of the heat equation on the
Heisenberg group, which is normally found by spherical Fourier trans-
form. Here we obtain it through a simple calculation with symmetry
groups. We further point out that generalisation to the 2n + 1 dimen-
sional Heisenberg group is straightforward. We have also proved the
following new result about the heat kernel on Hj.

Proposition 6.4. Let F3 denote Fourier transform in the third vari-
able. The heat kernel h(x,y, z,t) on Hs is invariant under the trans-
formation T.u(x,y, z,t) = F3 ' exp(ev)Fsu(z,y, 2,t), where v is given
by (6.20).

The reader may note that here we have merely observed that the
solution we have obtained is the known heat kernel for the Heisenberg
group. However there are systematic procedures for searching for fun-
damental solutions by group invariant solution methods, such as those
described in Bluman and Kumei’s book. There are also approaches
combining representation theory and symmetries, but we will not go
into details here as this line of investigation will be the subject of a
forthcoming publication.
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7. THE HEISENBERG GROUP AND MEHLER’S FORMULA

Let us now consider a different realisation of the subLaplacian for the
Heisenberg group. This will lead us to an easy proof of Mehler’s formula
for the harmonic oscillator. The irreducible unitary representations of
Hj are indexed by nonzero real numbers A and may be represented on

L?*(R) by
ma(a, b, c) f(z) = eMete@=a0) £ — 1) (a,b,c) € Hy, f € LA(R).

(7.1)
See for example [7]. We set

Xf = 2om(0,0,01/(2)],_y = N f(©

d d
Yf=2m(0,0,0)f(@)],_, = = f(@),
Zf = %m(O,O,c)f(:c)k:O =i\ f(z).

Plainly [X,Y] = —Z. We are interested in solving the heat equation
associated with the sublaplacian H = X? + Y2. In other words, we
would like the heat kernel for

Up = Uy — N2220. (7.2)
We will find it more convenient to study the equation
Uy = Uy — (AN222 — [N )u. (7.3)

We can obtain a solution of (7.2) from a solution w of (7.3) by multi-
plying u by e~

We determine the symmetries for (7.3). Leaving the details to the
reader, we state the necessary result.

Proposition 7.1. A basis for the Lie algebra of symmetries of (7.3)
15 given by

0 0 0
vy = 2|/\|xe4wt5 + 64%& - 2)\235264"\‘%%,

Vo = —2’)\|$6_4l>‘t% + 6_4)‘|t% . 2(/\21,2 . |)\|)6—4l>\tu%7
0 0 0
Vs= g Va= €2|)\\t% - |A|x62"\|tu%,

0 0 0
—2|At A ze—2t
Vs =e . + |A|ze uzs Ve = Uge

and there is an infinite dimensional ideal spanned by vector fields of

the form vg = B(x,t)a%, where (3 is an arbitrary solution of (7.3).

We are concerned with vy. We have
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Lemma 7.2. If u(z,t) is a solution of (7.3), then so is
N = —2)\%ex?
plexp evaJul, 1) = 7= P | G — []e
2|\t 1 4NE _ 4|\
u Ajili Infe LU
NN SUTHVP 47|

—|A|z?

We make use of the fact that ug(x) = e~ 2  is a solution. Applying
the symmetry (7.4) to ug gives

(exp ev)up(z) = ——om I\ (e 4+ 4l
= ex .
plexp eva)ug(z T p 9 et — 4| \|e

(7.5)

o2t

It is possible to obtain the heat kernel for (7.3) from this function.
Theorem 7.3. The heat kernel for (7.3) is given by

=B () (e

7'r7 = X T 1 AN T 1 o~~~ .

P Y 27 sinh (2| \[t) P 2 tanh(2|A[t) sinh(2|\[¢)
(7.6)

Proof. We set

At —[Na? [P 44| \|e
£ = . .
uele:t) = —4|A|eexp{ 2 (e“'t —4M|e>} (1)

The integral equation (5.5), implies that we must have

. (2t —[Alz? (e 4|A e
€ 70 t’ ) dy =
/_oou (y,0)p(t, z,y)dy = e eXp{ 92 (e4|At — 4\>\!6)}

(7.8)

Introduce the change of parameters s = ‘—;‘l (%}it) . Then u.(y,0) =

2
e Y

. Using the symmetry of p(t,z,y) in = and y, this reduces the
/1—4[Me T ’

problem of obtaining p from (7.8) to the inversion of a Laplace trans-
form when we let %> = £. Inversion of the transform and replacement
of the original variables gives the result. U

Example 7.1. We use this result to obtain a solution of the heat
equation. Integrating the kernel against ¢(y) = 1 gives

> APt {—I/\I(ﬂc2 +4%) } coslh < Alzy ) s
X _— _
o 2rsinh (2 P 2 tanh(2]A]E) sinh(2[\[¢)

elAlt ||
= m exp {— 5 tanh(?])\ﬁ)} . (7.9)
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Differentiation shows that u(x,t) is a solution of (7.3) and it is clear
that u(z,0) = 1.

We obtain the heat kernel for (7.2) in the obvious way.
Corollary 7.4. The heat kernel for (7.2) is

VIAL[ERIEE \|zy
27 sinh(2[\[t) { 2tanh(2|A[t) } b (Sinh@)(\t)))'
7.10

p1(t,l‘,g/> -

If we let A = 1 in expression (7.10) then we obtain what is essentially
Mehler’s formula for the harmonic oscillator, as given on page 113 of
Davies book, [9]. Previously Craddock and Dooley have shown that
Mehler’s formula can be obtained directly by transforming the initial
solution wug(z) = e~ M=?/2 by the appropriate symmetries.

Now let us take the inverse Fourier transform in A. We see that if u
is a solution of (7.2), then U(x, z,t) = 5= [*°_u(z,t; A)e™* is a solution

of
Up = Upp + 2°U... (7.11)

This is the heat equation (6.8) restricted to the y = 0 plane. It is easy
to see that solutions of (7.11) can be obtained by

B oo |)\‘€i)\z _|)\|$2
U(ZL’, Z, t) = 2— o Slnh(2|)\|t) {m} G)\(ZL', Z,t)dA
(7.12)
with
_ [T —AI(* + &) RVEZS
G)\(Z',Z,t) = /_Oo gO(f) exp {m} cosh (m) df

for suitable initial data. Taking ¢(y) = 0(y) yields the heat kernel for
the restricted heat equation (7.11). It is

h [Ale™ { —[Alz” >}d)\. (7.13)

hr(x,z,t) = — "
al ) 27 sinh(2|A[t) 2 tanh (2| At

7.0.2. An Orthogonal Family of Solutions. As remarked previously, ev-
ery linear PDE has symmetries which reflect the fact that superposition
of solutions leads to new solutions. Here we will show how this fact
can sometimes be exploited to obtain interesting results, by combining
it with other symmetries. The basic idea is that we use the Lie algebra
property of the infinitesimal symmetries.

Consider the equation (7.3). Since the vector fields in Proposition 7.1
form a Lie algebra, we can generate a family of solutions in the following
manner. We know that if v; and v; are infinitesimal symmetries, then
so is the v = [v;, v;]. We will use two vector fields, v5 = e 22 4



LIE GROUP SYMMETRIES 33

|/\|xe*2‘>‘|tua%and \ ﬁ(x,t)a%, where [ is an arbitrary solution of
7.1. Then the Lie bracket

_ _ 0
[V5,Vg] — (6 2|/\\th . |)\’$€ 2|/\\tﬁ) %

is also an infinitesimal symmetry. This means that if 3 is a solution of
(7.3), then so u(x,t) = e 23, — |N|ze 23,
We can thus generate a family of solutions of (7.3) by setting [y =

e~ Me*/2 and
ﬁn—i—l _ 6_2‘)\”% . |/\|l’€_2‘)\|tﬁn.
Ox
It is possible to produce an explicit formula for the solutions (,.
We will see that the family of solutions generated in this manner is
orthogonal on L*(R x [0,00)). To prove this, we observe that if we
exponentiate vs we find that

A
plexp(evs))u(x,t) = exp {e\)\\xe”“ - %6264)\“} u(z — ee 2N ).

(7.14)

2
e~ M*°/2 we see that

Applying this symmetry to the solution ug =

- _ A2 —2|Alt_ 2 —4|)|t
ue(a:,t) — e 2% 626\)\|xe [AleZe

is also a solution of (7.3). It is well known that if we expand . in a
Taylor series we obtain

_ "
NEREDY —On(,1). (7.15)
n=0
This may be checked by direct calculation. However, @, is the gener-
ating function for the Hermite polynomials, H,. So we have

o —
67%xQ626|>\‘me—2\)\\t7|)\|€26—4\)\\t _ 67‘)\|x2/22 ( |)\|€€ 2|/\‘t)an( ‘)\lx)

n!
n=0
= e_)‘le/Qi SN (7.16)
B — ol T '

We thus have an explicit expression for the solutions j3, :

(1) = (—1)e 2N 2P (/).
Now observe that if (8., 3n) = [° [ o Bul@,t)Bn (2, t)dzdt then

U%@a:/ / e Na? X 252 o 20 mIN (/TN ) Ho (/[N ) derdl
0 —00

_2mnl|Al”
Y
where 0y, is the Kronecker delta. Thus the family {3, }nen is an orthog-

onal family of solutions. We can thus study the expansion of arbitary
solutions of the (7.3) in terms of the functions [3,.

Srm = 2" 20N A" 0,
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In principle, a similar analysis should be possible for any second order
parabolic PDE with non trivial symmetries. For example, the reader
can check that using this method, it is possible to construct the heat
polynomials for the heat equation from the solution v = 1. Theorems
for the expansion of arbitrary solutions of the heat equation in terms
of heat polynomials and associated functions have been established by

Widder [19].

8. SYMMETRIES AND GROUP REPRESENTATIONS

There is a close connection between Lie symmetry groups and group
representation theory. This connection has been explored in [6], [7] and
[8]. The basic idea is that Lie group symmetries for linear PDEs can
often be constructed from standard representations of the underlying
group. One has to find a suitably restricted space of solutions and an
intertwining operator and this can often be done. This approach to
symmetries has many potential applications. We will present one such
here.

We illustrate the basic connection with an example involving the
heat equation. Consider the symmetry of the one dimensional heat
equation given by

ez, t) = ety (z — et t).

The idea is to apply this to the solution of the heat equation with initial
data u(x,0) = f(z) given by

U(%t)Z/Zf(y)\/iﬁeXp{—%}dy-
We have

& x — 2¢et —y)?
ae(x’w — e x+62t/_ f(y) 1 exp{—w—tw}dy

Vart 4t
Z/Ooe‘eyf(y)\/i?exp{—(x;—ﬁ}dy-

Notice that the complicated symmetry . (z,t) = e‘E”EQtu(x —2¢t, t)
is revealed here to be nothing more than the resulting of transforming
the initial data f(x) to e~ f(z). This is clear if we substitute ¢ = 0
into u(x,t). We have

Ue(z,0) = e “u(x,0).

So the symmetry solution . (z,t) is the solution of the heat equation
whose initial value is e~* times the initial value of the original solution
u(x,t).

In fact all the point symmetries of the heat equation arise in a similar
fashion. However this is not so easy to prove. The difficulty lies in the
fact that the representations which the construction relies upon are not
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unitary and cannot define an action on any Banach space. This makes
it necessary to construct a topological vector space of distributions
upon which the representations act.

The unitary case is much easier to handle. For example, consider
the complex heat equation 7u; = u,,. This possesses a six dimensional
Lie symmetry algebra spanned by

v—gv—gv—'gv a+2t2—1£
o V2T o T e Y T Tar T %0 2" ou
Vs =2t— —izu—, V Zlyc’zfg—i-étha (2'51:2—1-22€)u2
T Yo o ¢ oz ot o’

It is a straightforward exercise to show that {vq,vs, vs} generate the
three dimensional Heisenberg group. The remaining three vector fields
generate SL(2,R). We denote the action of the symmetry group on a
solution u by o(g)u(z,t). We then have

o(expevy)u(z,t) = u(z — €,t) (8.1)
o(exp evy)u(z,t) = (x t—e) (8.2)
o(expevy)u(z,t) = e*“u(z,t) (8.3)
o(exp evy)u(z,t) = % “ule‘r, e*t) (8.4)
o(expevs)u(z, t) = e Ty (z — 2t t) (8.5)

(e ) ( t) 1 o —1Ex x t
g\exXpP eEVg U\ = X u
PEVe Y = A g P\ 1+ det 1+ det’ 1+ det

We define the operator
: 1 = iy2t+-2iyx
Aftat) =tims— [ (et ay,
™ —0oQ

where lim denotes the limit in the L? mean. This defines solutions of
the complex heat equation for all f € L*(R). (See Kato [13] for a proof
of this claim).

We work with the three dimensional Heisenberg group Hs = R? x R.
We take the group product to be

1
(a,b,¢) - (a', b, )= (a+d,b+b,c+ + §(ab/ —d'd)).

We will use the representation of the Heisenberg group given by (7.1).
For each A this is an irreducible representation of the Heisenberg group.
See for example Folland’s book, [11] for a proof of irreducibility. For
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SL(2,R) we have the projective representation (Ry(g), L*(R)) given by

m((p 1)) 56 =1 .7)
B (5 ,h)) 56 = 5)
m(() 7)) 56 = e (59)

where f(z) is the Fourier transform of f. This is not a genuine repre-
sentation of SL(2,R), since it has a nontrivial cocycle. That is,
Rx(g)RA(h) = a(gh)Rx(gh)

where « is a nontrivial cocyle and |a(gh)| = 1 for all g,h € SL(2,R).
Of course we can extend Ry to a genuine representation, but this is
not necessary for our purposes. (It is in fact a genuine representation
of SL(2,C)).

We consider the projective representation of G = Hz x SL(2,R)

given by py = m\ ® Ry with L?(R) as the representation space. Then
the following is true.

Theorem 8.1. Let o denote the Lie symmetry operator given for basis
vectors by (8.1) and let (px, L2(R)) be as above. Then for all g €
Hs x SL(2,R) and f € L*(R) we have

U(Q)Af(x’t) = (AT1<g>f)(:r’t)

A proof of this result is in [7], with slightly different notation. Equiv-
alent results are true for at least the following list of PDEs:

My = Ugg + k2®u, k # 0 (8.10)
Wy = Ugy + azxu, a # 0 (8.11)
. a

WUy = Ugy + ol (8.12)
. a

WUy = Uy + <ﬁ + k;x2> u, a# 0,k #£0. (8.13)

In other words, for these equations, the Lie point symmetries are ac-
tually global projective representations of the underlying Lie group,
intertwined with a standard representation via a unitary intertwining
operator.

The technical details in the non unitary case are rather difficult. The
problem is that in order to prove a result for the heat equation, which
is equivalent to Theorem 8.1, we have to take the parameter A\ in the
representation to be purely imaginary. This leads to a non unitary
representation which cannot act on any Banach space. We thus have
to construct a locally convex topological vector space of distributions
upon which the non unitary representation acts. Call this space H*.
The construction is rather involved and we refer to [7] for the details.
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It turns out that there exists a family of representations Ty of Hjz x
SL(2,R), which has a nonunitary action on H*. The following is true.

Theorem 8.2. Let the symmetries of the heat equation u; = Uy, be
denoted by

te(x,t) = o(exp(ev)u(z, ),
where v is an infinitesimal symmetry. Let G = Hz x SL(2,R). Then
there exists a locally convex topological vector space of distributions H*,

a non unitary representation Ty of G acting on H* for each A € C such
that for all f € H* we have

(0(9)Af)(x,t) = (ATi(g)f)(x, 1), (8.14)
where Af (v,t) = & [ f(y)e Ve dy.

™

Similar results can be proven for many other equations, such as cer-
tain Fokker-Planck equations and the axially symmetric wave equation.
Notice that viewing symmetries as representations immediately reveals
information that the standard approach does not. To see why, suppose
that we have a linear PDE

P(z,D*u=0 (1)

for = € Q. Suppose also that there is a kernel function K (z,y) defined
on €2 x  such that for functions f in some suitable function space,

V(Q). (eg. for f € L'(Q2)) the integral

u(z) = / F () (. y)dy (8.15)

defines solutions of (1). This requires the kernel K (x,y) to be a solution
of (1) for each fixed y. Now suppose that G is a group (usually a Lie
group in our context) and 7' is a representation of G on V(€2). Then
for all ¢ € G, the mapping T'(g) : V() — V(). This means that if
feV(Q) then T(g)f € V(Q).

We have assumed that the integral (8.15) converges for all f € V. So
if it converges for f it also converges for T'(g) f. Thus we may define a
symmetry of (1) by setting

o(g)ulx) = / (T(9) ) () K (. y)dy. (8.16)

There are interesting questions about this set up. First, is it the case
that the symmetries we have just defined are always the same as the
Lie point symmetries provided by Lie’s method? The answer is that
in many cases they are, such as the examples given above. However
there are also cases for which they are not. For the cases in which the
symmetries defined by (8.16) are point symmetries, it is clear that the
integrand of the function can be rewritten

(TN K (z,y) = pl) f(y) K (a(z), y)- (8.17)
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In other words

= p(x /f ,y)dy
= p(z)ula(z)), (8.18)

for some functions p and a which depend on the individual symmetry.
In the example of the heat equation above, (8.17) reads

1 _@w»? 1 (z—2ct—y)?

U e T =TT W) e

Vint
Here p(x,t) = e~ q(z,t) = x — 2€t.

A useful feature of the representation theory approach to symmetries
is that it can be applied even when a PDE has no non trivial point
symmetries. It can also produce group symmetries which are not Lie
point symmetries.

To illustrate this claim, suppose that we consider the third order
PDE u; = ugs,. This is the linearised KdV equation. We may ob-
tain solutions of this PDE by means of the Fourier transform. If f is
integrable, then

1 ~ —1 1yx
o) =5 [ sy

is a solution of the linearised KdV equation.

Now let us consider the group R and let it act on L'(R) by trans-
lation. That is, if € € R then T'(¢)f(y) = f(y — €). It is clear that
f € L'(R) implies that f(y —e€) € L*(R). So the integral

1 © . .
umwzﬁff@ﬁwWWm (8.19)

also converges. Hence it too defines a solution of the linearized KdV
equation. We have

1 o0

(o(yu)(@,t) = 5~ [ (x(e)f (y)exp{—iy’t + iyx}dy
1 . - o0 . . .
— %616171631‘, / (f(s)€3ztes2fzs3t)ezszds,
where z = x — 3€%t. Thus
(o(e)u)(x,t) = em_iest/ u(x — 3%t — v, ) Ksiet(y)dy,

Where K3Eit('r> = 1261 p{ 12¢t
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This is certainly not a Lie point symmetry. The only Lie point
symmetries of the linearized KdV equation are

(o()u)(z,t) = u(z —€,1), (8.20)
(a(u)(z,t) = u(z,t —¢), (8:21)
(o(e)u)(z,t) = ule, Sﬁt) (822)
(o(e)u)(z,t) = eu(x,t). (8.23)

However, (8.19) is a symmetry which arises from a Lie group. Other
non point symmetries may be identified by choosing different pairs of
groups and representations. The actions of many of these symmetries
are very hard to explicitly describe in terms of the original solutions .

Thus the representation theory approach to symmetries reveals more
symmetries than does the standard Lie approach. The drawback is that
we require a mapping which sends some initial data f to a solution.
In contrast, Lie’s method provides an algorithm for computing sym-
metries, which does not require us to know such a mapping. However
exploiting the connection between symmetries and representations can
be very fruitful.

To connect symmetries and representations, we need an intertwining
operator. It is actually possibly to find such an operator by identifying
the kernel of the operator as a group invariant solution. However, study
of this problem is beyond the scope of this article.

To conclude the discussion on symmetries and representations, we
will see how the representation theory approach leads to a new class of
operators which map solutions to solutions.

9. A HEISENBERG GROUP FOURIER TRANSFORM FOR THE
CoMPLEX HEAT EQUATION

We work with the three dimensional Heisenberg group Hs = R? x R.
For f € L*(R) we set

(ma(a,byc) f)(€) = Nl f(e —p) AeR-{0},  (9.1)

as above. The Fourier transform on the Heisenberg group is defined as
follows.

Definition 9.1. Let f € S(H3), where S(Hj) represents the Schwartz
space. The Fourier transform on the Heisenberg group is the operator

(7T>\(f)¢) (f) = f((l, b, C)ﬂ')\(a, b, C)¢<€)dadbdca (92)

Hj
for ¢ € L*(R).
The operator 7y (f) is a Hilbert-Schmidt operator of trace class. The

following Fourier inversion theorem is easy to prove. See for example
the paper by Fabec, [10].
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Theorem 9.2. Let f € S(H3). Then
(1)

10 = 53 [ m(nIA 93
2 .
118 = 3 | Im(HIBIaA (9.4
0 .
F0) = 5z | alm(h m( ) (95

Here ||T|| = tx(T*T)Y? is the Hilbert-Schmidt norm.

We now turn to the complex heat equation iu; = u,,. We consider
the Heisenberg group symmetries

o(expevy)u(z,t) = u(x — €,t) (9.6)
o(exp evs)u(z,t) = e*“u(w, t) (9.7)
o(exp evs)u(z, t) = e Ty (z — 2t t). (9.8)

This symmetry is unitarily equivalent to (my, L*(R)) when A = 1. We
wish to extend o in such a way that we obtain a family of unitary
operators depending on \. For any ¢ € L*(R) we know that

ule, ) = A(e,1) = / " ) Kl — y)dy. (9.9)

K(xz,t) =1/ Amte=""/4 s a solution of iu; = uy, with initial data
u(z,0) = ¢(x). We define o, by the rule

ox(h)Ag = Amy(h)o (9.10)

for all ¢ € H3. Then for all h = (a,b,c) € Hs we have:
ox(a,0,0)u(x,t) = u(x — Aa,t) (9.11)
ox(0,b,0)u(x, t) = e P+t (1 — bt 1) (9.12)
(0,0, c)u(z,t) = e u(z,t). (9.13)

Using the decomposition (a, b, ¢) = (a,0,0)(0,b,0)(0,0,c— %ab) we eas-
ily obtain

ox(a, b, c)u(x, t) = e PTHPHENCTR) (0 Ng — 2pt ). (9.14)

Thus we have a family of unitary representations of Hjz unitarily
equivalent to (my, L*(R)), which act on solutions of the complex heat
equation. The Hilbert space H on which o) acts is the image Hilbert
space of L?(R) under the unitary mapping A. We can therefore use oy
to define a Fourier transform. This will produce operators which map
solutions to solutions. In essence, we can realise L'(H3) as a Banach
algebra of symmetries of the complex heat equation.
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We have the following easy result.

Corollary 9.3. For f € S(H3) we have the Heisenberg group Fourier
transform

ox(flu = fla,b,c)or(a,b, c)u(z,t)dadbde (9.15)
Hj

which acts on solutions of iuy = ug,. The following properties hold. Let

f € S(Hs). Then
(1)

10 =55 [ tom)INan (9.16)

)
18 = 50z | o) BN 9.17)

®)
F0) = 5z | (o o)A (9.18)

Here ||T|| = tr(T*T)"? is the Hilbert-Schmidt norm.

The result for {0, H} follows from the corresponding result for
{my, L*(R)} by unitary equivalence. This Fourier transform has some
very interesting properties. Not only does it map solutions to solutions,
we also have the useful fact that the eigenfunctions of the Fourier trans-
form form an orthonormal basis for H.

The following lemma is easy to prove, involving nothing more than
writing out the definition of the Fourier transform and evaluating the
integrals.

Lemma 9.4. For each f € S(Hj3), ox(f) is a mapping from H into
itself. Thus L'(Hs) is a Banach algebra of symmetries of ity = Uyy.
Further we may write

u(z,t) = / / fg(a, b, c— §ab)e_’bx+1b2tu(x — Aa — 2bt, t)dadb.
T (9.19)

Here f3 denotes the classical Fourier transform of f in the third vari-
clble. We take the classical Fourier transform to be
= [7 flx)e¥ dx. If u = A then we also have

we)= [ [T P0ETE mpnageenieo Eay

(9.20)

Here ]?1’3 denotes the classical Fourier transform in the first and third
variables.
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Example 9.1. Let us take f(a,b,c) = e 2@+ and the solution
u = 1. The integration is straightforward and we have

ox(flu(e,t) = / e~ 2 (@) ibatit 500 o dpd e
Hj

(2703/267%)\2 2

eX
1+ 2 — 20t Pl E 2

From the solution u = 1 we have obtained a family of solutions of the
complex heat equation, indexed by a parameter A\. We have thus a new
notion of symmetry, which may potentially be fruitful in the analysis
of solutions of PDEs. It is possible to construct Fourier transforms on
solution spaces of other PDEs, but that is a subject for later work.

(9.21)

10. CONCLUSION

Lie symmetry group methods provide one of the most powerful tools
available for the construction of exact solutions for PDEs. They can be
used to derive complex solutions from trivial solutions and construct
the fundamental solution of a PDE from a trivial (stationary) solution.
They have applications in a diverse range of fields, from physics to
mathematical finance. The theory of Lie group symmetries is a highly
active field of research, with new results appearing regularly. It is pos-
sible that the deep connections between symmetries, transform theory
and representation theory, can be exploited to give new insights into
the problem of obtaining exact solutions of PDEs.
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