LECTURE NOTES ON JET SPACES, SYMMETRIES OF PDES,
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1. INTRODUCTION

In these notes we try to describe the theory of (generalized or higher) symmetries of
PDEs in the most general, compact, and coordinate-free form. In particular, the initial
bundle is allowed to be nontrivial and non-vector, the subset of a jet space determined by
a system of PDEs is not required to be a submanifold and is not required to be formally
integrable in the classical sense. All necessary coordinate formulas are also presented.

It seems that in the literature the theory of symmetries is developed rigorously only for
formally integrable PDEs. However, as we show in Example 4 in Section 5, there are many
PDEs (and some of them are very simple) that are not formally integrable. Therefore,
the standard approach to symmetries must be generalized in order to include this kind of

PDEs, and we hope that the present notes fill this gap.
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The theory is illustrated with the examples of the KdV and sine-Gordon equations.
More examples can be found in [2, 5, 7]. Our framework is close to that of [2, 4, 5], but
is more general. Also, we announce without proof a new result from [3] on the existence
of symmetry-invariant solutions.

All manifolds, mappings, and functions are supposed to be smooth.

Remark 1. In the analytic situation the theory is essentially the same, but one must
consider sheaves instead of globally defined functions and vector fields.

For a bundle 7 the space of sections is denoted by I'(7). For a smooth map f: M; — M,
the differential is denoted by f. and the pullback map is f*: C*°(My) — C*°(M;). For
a manifold N the space of vector fields is denoted by D(N). The letter D here reflects
the fact that vector fields on N are in one-to-one correspondence with derivations of the
algebra C*°(N).

2. AN INSTRUCTIVE EXAMPLE: SOLUTIONS OF THE KDV EQUATION

To motivate the general theory, consider first an example.

For a function v = u(z,t) introduce the following notation for partial derivatives
Ou ou 0%u Du

—, W=, Uy =y Uggr = -

oz’ ' ot”  dwot’ " 0a®

The famous Korteweg-de Vries equation reads

Uy =

(1) Up = Upgy + Uy,

In what follows we call it the KdV equation.

By the Cauchy-Kovalevskaya theorem, for any analytic function f(x) there is a unique
solution u(z,t) of (1) such that u(z,0) = f(z). However, this solution is usually hard to
describe explicitly. We want to find explicit solutions of (1), for example, solutions that

can be expressed in terms of elementary or special functions. To do this, we add to (1)
another PDE

(2) Sp(xatauvuxauxm) =0.

It turns out that a system of two equations (1), (2) is easier to solve than the initial
equation (1). Indeed, one can solve first equation (2) as an ordinary differential equation
with respect to the variable x, treating ¢ as a parameter. Then one solves (1) as a first-
order ordinary differential equation with respect to ¢.

However, for a random equation (2) this system is inconsistent and has no solutions.
The theory that is described in these notes allows to construct many functions ¢ such
that system (1), (2) possesses solutions. It turns out that these solutions are in some
sense the most interesting of all KdV solutions and have a lot of applications in physics.

For example, one can take

(3) O = Ugpy + UgUh — Cly

for arbitrary constant ¢ € R. Let us solve system (1), (2) for this ¢. From
(4) Upgy + Ut — CUy = 0

and (1) one obtains

(5) Up = Cly
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Exercise 1. Deduce from equations (5) and (4) that u(z,t) is of the form u = P(z + ct),
where P is a function of one variable s and satisfies the ordinary differential equation

(6) P" 4+ P'P—cP =0.

Integrating equation (6), we obtain
1
P”+§P2—0P:a

for some constant a. Multiplying this by P’ and integrating once again, one gets

1 1 c
—(P?+ P>~ -P*=aP+b
(7) 2( )+ 5 5 aP +
for some constant b. This equation can be solved in terms of so-called elliptic functions.
If a =b =0 and ¢ > 0 then the general solution of (7) is P(s) = 3csech®(3+/cs + d),

where d € R is an arbitrary constant. Here

2

sech(r) = ——
( ) e 4 e %
is the hyperbolic secant function. The corresponding solution u(x,t) = P(x + ct) of the
KdV equation is called the one-soliton solution.

Function (3) corresponds to a symmetry of the KAV equation, and the obtained solution

is an example of a symmetry-invariant solution.

3. SYMMETRIES OF FINITE JETS

3.1. Jet spaces. Let m: E — M be a fiber bundle. For a section s of m denote by
'y C FE its graph. Let k& be a non-negative integer. Two sections s;, sy defined on a
neighborhood of a point = € M are said to be tangent of order k at x if s;(x) = so(x) and
the submanifolds I's,, I'y, are tangent of order k at the point sy(z) = so(x) € E. This
determines an equivalence relation on the set of germs of local sections at x. The set of
equivalence classes is denoted J¥(7), and the equivalence class [s]® of a section s is called
the k-th order jet of s at x.
The set
T = | JE ()
xeM
is said to be the k-th order jet space of the bundle m. We have a natural map

(8) T JH () — M, [s]" .

x

Obviously, J°(r) can be identified with F, then 7y = 7.

Set n = dimM and m = dimn. Let x € M, a € 7 '(z) C E, and U C M be a
neighborhood of x diffeomorphic to an open subset of R™ with coordinates x1,...,x,.
One can choose U such that there is an open subset V' C R™ with coordinates u!, ..., u™

and an open subset W C F containing a and diffeomorphic to U x V' in such a way that

7T‘W2 (21, o, 1ty u™) = (2, 1,).

Such subset W with coordinates zi,...,z,,u!, ..., u™

chart on E.

is called an adapted coordinate
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Remark 2. In what follows, speaking about local coordinates in jet spaces we always
mean coordinates on the preimage 7, (W) of an adapted coordinate chart W C E. As
we show below, the set 7, ' (W) has coordinates (9) and 7 .}(W) C J*(n) has coordi-
nates (17).

Let S(U,W) be the set of local sections on open subsets of U whose graphs lie in
W = U x V. Such a section s is determined by smooth functions

(fl(xl,...,a:n),...,fm(xl,...,:cn))

on an open subset of U. Denote by J(U, W) C J*(r) the set of k-th order jets of sections
from S(U,W). For any iy,...,i, € {1,...,n} and j = 1,...,m consider the functions

ul: JUW) =R, ul([s]¥) oL

: — =

7 ’ ’ 7 v (9@-1 e (9x2~p

Here o = (iy,...,1i,) is a symmetric multi-indez, i.e., a non-ordered collection of numbers

from {1,...,n}. Set |o]| = p.
The multi-index o is also allowed to be empty, and we can identify

u? :ué: J(U,W)—R.

Exercise 2. Prove that the number of symmetric multi-indices ¢ = (iy,...,4,) with
' - n+k)
1<i;<n,0<p<kis equal to s(n, k) = ( 'k') '
n! k!

We have also the functions z;: J(U, W) — R, i =1,...,n, determined by

(xl([s]i),,xn([s]];)):x c U

The functions z;, u/ provide a map from J(U, W) onto an open subset of R*+ms(mk),

It is easily seen that J*(m) can be covered by subsets of the form J(U, W) and this
determines on J*(r) a structure of a smooth manifold of dimension n +m - s(n, k). Map-
pings (8) become smooth bundles. Thus a system of local coordinates for J*(m) consists
of

(9) v, uw, i=1,....,n, j=1,....m, |o|<k.

Remark 3. In the classical language the symbol u/ corresponds to the partial derivative

(10) ul 0w

7 8xi1 ce 8xip .

3.2. The Cartan distribution and symmetries. For a section s of m denote by ji(s)
the section of m; given by

Jr(s)(@) = [s]z, = €M

x?

Let s be a section of m on a neighborhood U of x € M and a = [s]¥ € J*(r). The

n-dimensional vector subspace R(s,x) C T,J*(m) equal to the tangent space at a of
the submanifold j,(s)(U) C J*(nx) is called an R-plane. The Cartan subspace C(a) of
T,J*(m) is the linear span of all R-planes R(s’,z) such that [s']¥ = a. It can be shown
that Cartan subspaces form a smooth distribution on J*(r) called the Cartan distribution.

The following propositions can be proved straightforwardly.
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Proposition 1. In a coordinate neighborhood one has the following basis of vector fields
for the Cartan distribution

0 -0
_ E J _
Dkz + Uys j0 — 17 , I,
Or; ouy
J:17"'7m7
o] <k—1
0 )

The Cartan distribution is also given by the 1-forms
w! = dul, —Zuﬁ,idm‘i, lo| <k-1, j=1,...,m,
i=1

which are called Cartan forms. Here an below for o = (iy,...,1i,) the symmetric multi-
index i is (i1, ..., 10p,1).
In particular, for k > 1 the fibers of the natural bundle

g1 JH(m) = TN (), sl (sl

are integral submanifolds of this distribution.

Remark 4. Let ¢/ = (i,1,...,1), then
k
0 0
[ . D,“-]:— o" = (i,i,...,q).

PN 5 )
Ou O I

Therefore, the Cartan distribution on J*(7) is not involutive, that is, not closed with

respect to the commutator of vector fields.

Proposition 2. Let N C J*(r) be a submanifold such that Wk‘NI N — M is a diffeo-
morphism onto an open subset U C M. Then N is an integral submanifold of the Cartan
distribution if and only if N = ji(s)(U) for some section s: U — E of the bundle .

Proposition 3. For an R-plane R(s,z) C T,J*(n) consider the point [s]t1 € JF+1(r).
This correspondence provides a bijection between the set of R-planes at a and the set
Tei1p(a) C J¥N(m). The differential of the bundle myyy i J* (m) — J*(m) projects the
Cartan subspace C([s]*™1) onto R(s,z).

A vector field X € D(J*(r)) is said to be a symmetry if for any vector field X’ from
the Cartan distribution the commutator [X, X'] also belongs to the Cartan distribution.

Remark 5. Clearly, X € D(J*(r)) is a symmetry if and only if the corresponding one-
parametric group of local diffeomorphisms preserves the Cartan distribution.

For k; > ko we have the natural bundles
Ty ko * ‘]kl (77) - ‘]k2 (7‘(‘), [3]]:21 = [S]I;Q'

The next proposition is called the Lie-Backlund theorem in the infinitesimal form, its
proof can be found in [2].
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Proposition 4. Let X € D(J*(r)) be a symmetry. For each p > k there is a unique
symmetry X, € D(JP(m)) such that

(11) (Tp ) (Xp) = X.

If dimm > 1 then for each 0 < p < k there is a unique symmetry X, € D(JP(m)) such
that

(Thp)x(X) = Xp.
If dimm =1 then the same statement holds for each 1 < p < k.
For p1 > ps we have also

(7Tp17pz )+ (Xm) = Xp,.

Thus for dim7 > 1 every symmetry of J¥(w) is the lifting of some symmetry of
Jo(m)=E.

If dim7 = 1 then every symmetry of J¥() for k& > 1 is the lifting of some symmetry
of J().

Remark 6. Let X € D(J*(r)) be a symmetry and p > k. The unique symmetry
X, € D(J?(m)) satisfying (11) is constructed as follows.
Let a € JP(m). We have a = [s]? for 29 = m,(a) and some section s € I'(7). Consider
the point
ap = mpp(a) = [s]h € J*(m).
Let A; be the one-parametric group of local diffeomorphisms of J*(7) corresponding to
the vector field X € D(J*(r)). Consider the submanifold

N = ji(s)(M) = {[s]z | = € M} C J*(m),

which is an integral submanifold of the Cartan distribution. Since A;(V) is also an integral
submanifold of the Cartan distribution, according to Proposition 2 for small enough ¢ and
some neighborhood U of a; we have Ay(N) N U = jir(s;)(U’) where U’ C M is some
neighborhood of xy and s; is a section of © over U’ C M.

Set x(t) = mp(Ai(ay)) € M. We have z(0) = xg. Note that s; depends smoothly on ¢
and s = s|;,. Therefore, a(t) = [s]}, is a smooth curve in J?(r) and a(0) = a. Then
the value of the vector field X, € D(J?(7)) at the point a € JP(7) is defined to be

da(t)

— T, JP(m).
i | € mrm

Let us present explicit coordinate formulas for symmetries. Consider the total derivative
operators

— J -
(12) D, = o + | Z ugiT i=1,...,n.

=1,....m,

These operators commute and are vector fields on the infinite jet space, see Section 4.1
below. In particular, u] = D, (u).

Remark 7. The meaning of D, is the following. Consider a function f(zy,u? ul) of

coordinates (9). Set g = D,,(f). Suppose that u/ are functions of z1,...,z, and sub-
stitute (10) to f and g. Then f, g also become functions of zi,...,x, and we have
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For o = (i1,...,1,) set
Dy =D, o---0D

The simplest way to prove the next two propositions is to use infinite jet spaces, we will
explain this in Section 4.2.

Tip*

Proposition 5. For any collection of functions

(13) [l g gt e CP(E)
the vector field

n n

(14) X = 2:; fia% + ﬂzm (D(, (gj -y fiug')+(z uf,>) aiuz;

,,,,, i=1 i=1

is a symmetry of D(J*(r)).
If m > 1 then for any symmetry X € D(J*(r)) there is a unique collection of func-
tions (13) such that (14) holds.

Proposition 6. Suppose that m =1, k > 1 and denote
u=u', u, =ul.

For any symmetry X € D(J*(r)) there is a unique function

(15) fe>(J'(n)
such that
"L Of 0 " Of 0
(16) X = —z; ou, O, + Z (Da(f) - < 1 a_u,“("‘>)a_ug
i= o<k i=

And vice versa, for any function (15) vector field (16) is a symmetry of J*(m).
Remark 8. Note that, although (12) involves u/ for arbitrary o, vector fields (14), (16)
involve only coordinates (9).

4. SYMMETRIES OF INFINITE JETS

4.1. The infinite jet space and its Cartan distribution. The infinite jet space J*(r)
is the inverse (projective) limit of the sequence of bundles

oo JHY (1) = JF () — - = TN 1) - E — M.
Using the pullback of functions, we obtain natural embeddings
C®(M) — C®(E) — ... C®(J¥(7)) — C>®(J*" (7)) — ...
Using these embeddings, set
C=(J>(m) = | J O™ (I ().
k
Below we identify the algebras C°°(M), C*(FE), and C*(J*(r)) with the corresponding
subalgebras of C*(J*°(7)). Local coordinates for J*(m) are
(17) v, uw, i=1,....n, j=1,...,m, |o|>0.

A smooth function on J*°(7) depends on a finite number of coordinates (17).
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For a point
a=(ag,an,...,a,...) € Jo(n), ar € JN7), Tpym(an) = ar, Yk > ky
a tangent vector v € T,J>°(m) is a sequence
(18) Voy ULy v v sy Uy eony Vg € Tak,Jk(W), (They ey ) (Vky) = Uy VK1 > ko

Vector fields on J*(m) are derivations of the algebra C'*°(J*(w)). Each vector field
V € D(J*°(r)) determines naturally the tangent vector V, € T,J* in the usual way. In
coordinates V' is determined by V (x;), V(ul) € C>(J>(m))

0 0
V = E V ) — E V(u
; ($l)3$i o <u“)aui'

Although this sum is infinite, V(f) € C*°(J>°()) is well defined for any f € C*(J>(n)).

A tangent vector (18) belongs to the Cartan subspace C(a) of T,J*° () if and only if vy
belongs to the Cartan distribution on J*(7) for all k. The spaces C(a) form the Cartan
distribution on J*°(m). From Proposition 3 it is easily seen that dimC(a) = n and the
differential of the natural map 7. : J*(7) — M projects C(a) isomorphically onto the
vector space T (q)M. This allows to define the C°°(M)-linear embedding

C: D(M) — D(J>(n))

such that for any X € D(M) and a € J*() one has (). (C(X)) = X and the tangent
vector at a corresponding to the vector field C(X) lies in C(a). The map C is called the
Cartan connection. 5

Using Proposition 1, one obtains that in local coordinates we have C(—) = D,,,

81‘1‘
where the vector field D,, € D(J*(7)) is given by formula (12). Since [D,,, D,,] = 0, the
Cartan connection is flat, that is,

(19) C([X,Y]) = [C(X),C(Y)] VX,Y e D(M).

Denote by C(m) C D(J*®(n)) the C*°(J*®(7))-submodule of vector fields that belong
to Cartan distribution. In other words, the submodule C(7) is generated by vector fields
of the form C(X) for X € D(M). In local coordinates C() is a free C*°(J*(m))-module
generated by D,,,...,D,,.

Property (19) implies [C(7),C(m)] C C(w). However, one cannot apply the Frobenius
theorem to the Cartan distribution, because dim J*°(7) = oo. For a section s € I'(m)
consider the map

Joo(8): M — J®(n), x> [s]° = ([s]% [s]},...,[s]F,...) € J®(n).

x x) x) x?

The n-dimensional submanifold j.(s)(M) C J*°(w) is an integral submanifold of the
Cartan distribution.

4.2. The structure of the symmetry algebra. Similarly to the finite-dimensional
case, a vector field X € D(J*°(m)) is said to be a symmetry if [X,C(7)] C C(m).

Example 1. According to Proposition 4, for any symmetry X of .J *(r) there is a unique
symmetry X of J*(m) such that

X ommmy =X Xlommn=Xe Y2 F.
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Such symmetries of J*(7) are said to be classical. Any classical symmetry determines
a one-parametric group of local diffeomorphisms of J*°(7), which preserve the Cartan
distribution.

An arbitrary symmetry of J*°(7) does not always determine a one-parametric group of
local diffeomorphisms.

Denote by Sym(w) C D(J>°(w)) the Lie algebra of symmetries. Obviously, C(7) is an
ideal of Sym(7). Consider the following subalgebra

S(7) = 1X € Symi(r) | X = 0}
For any X € Sym(w) there is a unique X}, € C(m) such that X — X € S,(m), that is,
(20) X‘COO(M): Xh}COO(M)'

Indeed, in a coordinate neighborhood we set X = ) . X(z;)D,,. Since for fixed X
there is no more than one X € C(m) satisfying (20), the formulas for X}, in coordinate
neighborhoods provide a well-defined vector field on J*°(7). Since C(w) N Sy(m) = 0
and each X € Sym(7) can be presented as a sum X = X, + (X — X}), we obtain the
decomposition

(21) Sym(m) = C(m) ® S,(m) (a direct sum of vector spaces).
The structure of C(7) is already known, so it remains to describe S, (7).
Proposition 7. For any X € S,(w) one has

(X, C(Y)]=0 VY e D(M).
In particular, in local coordinates
(22) IX,D,]=0, i=1,...,n

Proof. Since X } Coo(h) = 0, it is sufficient to prove (22). Since X is a symmetry, one has
(X, D,,] = >, fiDy, for some f; € C*(J>*(n)). Using this and the fact that X (z,) = 0,

we obtain

fo= (3 fiDa)(2a) = X, Do) (wa) =0 a=1,....n.

Equation (22) implies X (u?) = D, (X (u’)). Therefore, X is determined by
X(u'), ..., X(u™) € C®(J>®(n)).
In coordinate-free terms this means the following. Denote by () the vector space of
C>°(J*®(m))-valued derivations ¢: C®(E) — C*°(J>°(m)) of the algebra C*°(E) such that
= 0. That is, ¢: C®(E) — C*(J>(7)) is an R-linear map satisfying
p(fg) = felg) +g9(f) VfgeC™(E), @C*(M))=0.

Proposition 8. For any ¢ € »(m) there is a unique symmetry E, € S,(m) such that

90{000(1\4)

E<P|c<>o(E): ®-

This is an isomorphism between the vector spaces »(m) and S,(r).
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Remark 9. For each point a € E consider the vector space
V(a) ={veT,E | m(v) = 0}.
Consider the tangent bundle TE — E and the following submanifold of TE
V(E)=|J V() cTE.

acE

Let v(m) be the natural vector bundle v(w): V(E) — E, which is a subbundle of the
tangent bundle of F.
Denote by

(23) v (m): V() — J®(m)

the m-dimensional vector bundle equal to the pullback of the bundle v(7) by the natural
map Teo: J(m) — E. It is easily seen that the C°°(J°°(7))-module »(7) is naturally
isomorphic to the C*°(J*(7))-module of sections of the bundle v> (7).

Remark 10. If 7 is a vector bundle then the bundle v(7) is isomorphic to the pullback
of m by 7 and the bundle v () is isomorphic to the pullback of m by 7 : J®(7w) — M.

Let us describe the space S,(7) in local coordinates. We have the isomorphism
s(m) — (C=(I®)", o (plu), ... o(™)).
For o = (o', ..., ¢™) € x(7m), ¢! € C®(J>®), one has

21 Bo= Y Dile)

oul,

Now we can prove Propositions 5, 6.
Proof of Proposition 5.
For any functions (13) consider the following vector field on £

R
XOZ;f&cijL;g]%'

Since the Cartan distribution on J°(7) = E coincides with the whole tangent bundle TE,
the vector field Xy is a symmetry of JO(7). By Example 1, there is a unique symmetry
X of J*°(m) such that

and X, = X|C°°(J’€( is a symmetry of J*(r).

7))

Remark 11. X is unique, because, as it follows from the results of this section, any
symmetry of J*(7) is uniquely determined by its restriction to C*°(E).

By (21), we have

(26) X =N "hD, +E, ¢=(....9"), hi, ¢ e C=(Ix(n)).

=1
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Taking into account (25), one obtains

W= X(2;) = Xo(x;) = [,

¢ = X (u) Zhl o (1) = Xo(u?) Z Z

=1

Combining this with (12) and (24), we get that the symmetry Xj = X | oo (7K (my) COICIdeES
with (14).

Now let X be an arbitrary symmetry of J*(m). Set f* = X(z;), ¢/ = X(u?). By
Proposition (4), one has f’, ¢ € C*(E). According to Example 1, there is a classical

symmetry X of J°(x) such that )~(|Coo (Jr(r )): X. Then

X‘COO Zfl Zgaj

As we have shown above, this implies that X = X | . is given by (14).

(JE(m) : : :
Finally, if X is given by (14) then one can reconstruct f*, ¢ as f* = X (x;), ¢ = X (u/).
Proof of Proposition 6.

For any function (15) consider the symmetry
27 X' =FE;— —D,,
(27) f Z ou;

of J*(m). It is easy to check that X'(C*(J*(w)))C C*(J' (7)) and X; =
a symmetry of J!(m).

Xl‘cwul(w)) is

By Example 1, there is a classical symmetry X of J*(x) such that X ‘ Coo i (m) = Xi.

According to Remark 11, since X}COO(Jl(w)):~X/‘COO(Jl(n))’ one has X = X’. Since X is
: . o R :

a classical symmetry, the restriction X = X ‘ Coo (4 ()= X ’ oo (i (ry) 15 2 symmetry of

JH(m). From (27) it follows that X}, is given by (16).
Now let X be an arbitrary symmetry of JE(m) and X be the classical symmetry of
J(m) such that X|Coo(Jk(ﬂ)): X. By (21),

X =F;+ X:hiDg;i7 for some f, h; € C*(J>(m)).

Since X is a classical symmetry, one has X(C’OO(Jl (m)))C C*(J*(r)). This implies
(28) hi = X(z;) € C®°(J'(n)), f=X(u Zhul e C>(J\(m)).

Then the condition X (u;) € C*°(J'(x)) yields h; = —0f /dx;. Therefore, X is given by
formula (27), which implies (16) for X = X | oo (T ()"

If X is given by (16) then one can reconstruct f as f = X(u) — >, X(z)u,.

Exercise 3. Let X be a symmetry of J*°(7). Prove that

e if dimm > 1 then X is a classical symmetry if and only if X (C*(E))C C*(E).
e if dim7m =1 then X is a classical symmetry if and only if

X(C*(J'(m)))c C=(J ().
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5. INFINITE PROLONGATIONS OF PDES AND SYMMETRIES

The described approach allows to associate with a system of PDEs a geometric object,
a subset of the corresponding jet space.

Example 2. Consider the trivial bundle
(29) T R - R? (2,t,u) — (z,1).
One has the following coordinates in J*(r)
T, b, Uy Ug, Upy Ugg, Ugt, Utty, Uzgrs Uzzty Uztts Uttt

The KdV equation (1) determines a nonsingular algebraic hypersurface in J3(7).
Consider the sine-Gordon equation u,; = sinu. It determines a nonsingular analytic
hypersurface in the space J?(m) with the coordinates

z, ta U, Uy, U, Ugg, Ugt, Utt-

Return to the general case of an arbitrary fiber bundle 7. Let & C J¥(x) be an
arbitrary closed subset. Consider the ideal

I(&) = {f € C=(J*(m)) | f|,, =0}

of the algebra C*°(.J*(r)). Denote by Z the ideal of C>(J*°()) generated by all functions
of the form

fio Vel Vo(f) )
where f € (&), Vi € C(m). The infinite prolongation of & is the subset

E={ae J®)|gla)=0VgeI} C J®m).
Example 3. In local coordinates, let £ C J*(r) be given by equations

l j 1
Fyzju',ul,...) =0, s=1,...,m.

(We assume that I(&) is generated by Fy, € C®°(J*(r)), s =1,...,m/). Then & C J*®(x)
is determined by the following infinite system of equations

(30) F;=0, Dy(F,)=0, s=1,....m', |o|>0.

In other words, the infinite prolongation is given by the initial PDEs and all their differ-
ential consequences.

Clearly, points of £ are in one-to-one correspondence with infinite formal Taylor series
satisfying the initial system of PDEs.

We define the algebra C>°(€) as follows. A function f: £ — R belongs to C*°(€) if and
only if there is f € C*°(J*(m)) such that f = f"g. Consider the ideal

I(&) = {f e C=(J*(m)) | f|=0}
of the algebra C*°(J*°(m)). Then C*(&) = C*(J>(n))/I(E). Clearly, T C I(£). We
assume that
(31) Z=1I(¢).

The space of vector fields D(E) by definition consists of derivations of the algebra
C>(€). Let X € D(J*°(m)) be such that X (I(€)) C I(£), then X determines a derivation
of C*(&) denoted by X|SE D(€). In this case X is said to be tangent to £, and X‘g is
called the restriction of X to €£.
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Due to (31), for any V' € C(w) C D(J*°(rw)) one has V(I(E)) C I(E). Therefore, the
vector field V| £€ D(&) is well defined. In other words, the Cartan distribution of J>°()
is tangent to £. Denote by C(£) C D(E) the C*(E)-submodule of vector fields of the
form V|, where V' € C(m). One has [C(E),C(€)] C C(E).

Remark 12. In local coordinates for each integer p > k consider the subset
E ={aec J?(m)| f(a) =0, D,(f)(a) =0 Vfel(&), Vo, |o| <p—Ek}.

It is called the (p — k)-th order prolongation of & and can be defined also in a coordinate-
free way [2, 4]. (We do not present the coordinate-free definition of &,, because we will
not need this set).

The initial set & is said to be formally integrable if the following conditions hold

e &, is a submanifold of J?(x) for all p > k,

e the map 7, ,, ‘5171 : &y — &, 1s a bundle for all p; > py > k.

It seems that in the literature one always requires the initial set & to be formally inte-
grable. We do not make this assumption, for us & and £ are closed subsets (not necessarily
submanifolds) satisfying (31). It is not hard to show that condition (31) holds for any
formally integrable &. According to the next example, our class of sets & satisfying (31)
is wider than the class of formally integrable sets. (In fact our class is much wider).

Example 4. Let k& = 2, consider bundle (29) and the set & C J*(7) determined by the
equation u; — ut,, = 0. Then £ C J3(7) is given by the equations

Up — Wlgy = 0, Dyt — Ullgg) = Uzt — UplUpy — Ulggy = 0,
Dt(ut - UUa;ac) = Ug — Ugllgy — Ulgge = 0.
It is easily seen that any point of the form
(u=1u; =0, Uy = Ugy = 1, Uy =2, x,t,uy € R) € &

does not belong to the image of the projection m39: &3 — &». Therefore, & is not formally
integrable.
The system

uf =u,,  ul=ul for u'=u'(z,t), u®=u*(z,1),
is not formally integrable either. As we will show in Example 11, these examples satisfy
condition (31), and, therefore, the presented approach is applicable to them.
A remark for specialists. The two described examples represent the two typical situa-
tions when a system of PDEs & is not formally integrable.

(1) If the symbol of & is not of constant rank.
(2) If the system consists of equations of different orders.

However, usually one can find a system of internal coordinates in the sense of Section 7.2,
then, by Theorem 2, condition (31) holds and the presented theory of symmetries is
applicable. (According to Remark 18, for any system of PDEs a system of internal
coordinates exists on a neighborhood of any point from some open dense subset of the
infinite prolongation).

Another situation that requires the presented approach is when &, and £ are algebraic
varieties with singularities.
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A vector field X € D(€) is said to be a symmetry of £ if [X,C(E)] C C(E).
Consider the projection 7, ’ ¢+ € = M and the pullback homomorphism

(ﬂoolg)*Z C*(M) — C™(€&).

Set

A= (m ) (C®(0MD) € C%().
Similarly to (21), the space C(€) is an ideal of the Lie algebra Sym(€) of symmetries and
(32) Sym(E) =C(€) ® Sy(E) (a direct sum of vector spaces),
where

So(€) = {X € Sym(&) | X| ,= 0}.
Theorem 1. For any X € Sym(&) there is X e Sym(7) tangent to € such that X‘SZ X.

If X € S,(€) then there is ¢ € () such that E, € S,() is tangent to € and Ew‘gz X.

Proof. By (32), X = X, + X, for some X; € C(£) and X, € S,(€). By the definition of
C(€), there is X, € C(m) such that X,| .= Xj,. Therefore, it remains to study the case
when X € S,(&).

Consider the map 7roo70’g: & — F and the homomorphism (7r0070’g)*: C>®(E) — C>(&).
Set

‘52

A = (1] ) (C(E)) € C=().
Similarly to »(7), denote by (&) the vector space of C*°(€)-valued derivations
P A — C%(E)
of the algebra A’ such that w‘A: 0. An element ¢ € () is said to be tangent to & if

cp(ker (7roo70|g)*> c I(€)
Then ¢ determines a derivation A" — C*(&) denoted by ¢| e € #(€).

Lemma 1. For any i € »(E) there is ¢ € s(mw) tangent to € such that @‘g =.

Proof. Suppose first that 7 is a trivial bundle with fiber diffeomorphic to an open subset
of R™. Let u',...,u™ be coordinates in fibers of 7. By the definition of C*°(£), there
exist functions !, ..., ¢™ € C(J>(x)) such that

Soj|5: ¢(Uj’g), j=1,...,m.

Then the required derivation p: C®(E) — C*(J*(7)) is defined by ¢(uv/) = ¢' and
o(x;) = 0.

Now let 7 be an arbitrary bundle. By the above argument, the statement holds on each
adapted coordinate chart of E. Then the proof is completed using a suitable partition of
unity on the manifold £. U

Return to the proof of the theorem. For X € S,(€) set ¢ = X|A/ € »#(&). By the above
lemma, there is ¢ € »(m) tangent to £ such that @‘g =1). Let us show that E, € S,(m)
is tangent to £ and E(p‘g:
Similarly to Proposition 7 one has [X, D,, ‘ ¢l =0, and, therefore,

X(“Hs) = D0|5<X(uj‘5)> = Da‘s@(“j)‘e) = Eso(“%)‘g'

X. Tt is sufficient to check this in local coordinates w;, u!.
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Recall also that X(xi|5) =0 and E,(x;) = 0.
Now the statement follows from the general fact that if Y € D(E) and Y’ € D(J*®(7))
satisfy

Y(uf,‘s) = Y’(u§)|g, Y(xi‘g) = Yl(iUi)‘s

then Y is tangent to £ and Y'|. =Y. O

E

Remark 13. In [2] this result is proved under the additional assumption that the map
Woo’O‘gi & — F is surjective.

Remark 14. The partition of unity technique cannot be applied to symmetries directly,
because for X € Sym(w) and f € C°(J*®(7)) the vector field fX is not a symmetry in
general. But this technique can be used for elements of s(7), because the space s(m) is
a module over C*(J*(m)).

The structure of C(£) is clear, in local coordinates it is a free C*°(€)-module spanned
by D,, } ero- s D, | ¢+ In order to study the algebra S,(€) we need to introduce nonlinear
differential operators and their linearizations in the next section.

6. NONLINEAR DIFFERENTIAL OPERATORS AND THE CATEGORY OF PDES
6.1. Nonlinear differential operators. Let
mE—-M, :E —M
be fiber bundles over the same base M. A nonlinear differential operator of order k is a
map A: I'(r) — I'(n') of the form
(33) A: s+ o gi(s),

where §: J*(r) — E’ is a smooth map satisfying 7’/ o § = ;. It is easily seen that for
each [ =0,1,2,... the smooth map

6 JH () — JNA),  a([s]F) = [A(s)],, seTl(n), x € M,

x x)

is well defined and dy = 0. We have the commutative diagram

L — JF (1) —— TR (7) J¥ ()
s -
L — () —— JN) E

whose inverse limit determines a map
(34) Ay J®(m) — J>®(n).

In other words,
Ax(a) = [A(s)]7,  a € J¥(m),

x )

where = mo(a) € M and s € I'(m) is such that a = [s]3°. It is easy to check that the
map A, preserves the Cartan distribution.
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6.2. The category of PDEs. One can define the category of PDEs as follows. An object
of the category is a triple (W, C*°(W), D), where

e IV is a topological space,
e (W) is a subalgebra of the algebra of continuous functions on W (elements of
C>°(W) are called smooth functions on W),
e Disa C™(W)-submodule of the module of derivations of the algebra C*°(W') such
that [D, D] C D.
Using C*°(W), one can define the tangent space T, for a point a € W in the standard
way
v is R-linear,
TW = v: C*(W) = R | v(fg) = fla)v(g) + g(a)o(f), ¢ = Homz(L,/I7,R),
Vg€ CW)
where [, = {f € C®°(W) | f(a) = 0}. We have the natural map
evo: D =T, W, ev (V)(f)=V(f)(a), V€D, felCW).
Set D, = ev,(D) C T,W.
A morphism connecting two objects (Wy, C>(W;), D;) and (W, C*(W3), Ds) is a con-
tinuous map 7: W; — W,y such that 7* (COO(WQ))C C*>(W;) and for each a € W; one
has

Tk ((Dl)a) C (D2>T(a) .
Here 7,.: T,W; — T4 W5 is the differential of 7 defined in the standard way.
Example 5. The triples (J*(x), C*(J*(n)),C(m)) and (J*(x"), C>(J>*(7")),C(n")) are
objects of this category, and A, is a morphism. For D = C(7) the subspace D, C T,.J>(r)
coincides with the Cartan subspace C(a).

Example 6. A triple (£,C(€),C(£)), where £ is the infinite prolongation of a system
of PDEs and C(€) corresponds to the Cartan distribution, is the main example of an
object of the category of PDEs. So-called Bdcklund transformations in soliton theory are
examples of morphisms of infinite prolongations of PDEs [2].

Exercise 4. For a € £ consider the vector space ev,(C(€)) C T,E. Prove that
dimev,(C(£)) = n = dim M.
Remark 15. We have given the most general definition of the category of PDEs. Usually

one imposes the following additional conditions on (W, C*>°(W), D).

e W is supposed to be a (possibly infinite-dimensional) manifold. An infinite-di-
mensional manifold here is a topological space N such that for any point a € N
there is a neighborhood U, endowed with a homeomorphism onto to the inverse
(projective) limit of

o MU B 2 It

where M! are finite-dimensional manifolds and f; are bundles. We can identify

C>(M!) with the subalgebra f;(C°°(M.)) of C*®°(M!!) and set
C=(Ua) = | ().

1>1



SYMMETRIES OF PDES 17

Then C*°(N) is defined as follows. A continuous function f: N — R belongs
to C°(N) if and only if f!U € C*(U,) for all a € N. Rigorous theory of such

infinite-dimensional manifolds is developed, for example, in [1].
e [t is supposed that the spaces D, C T,W form a smooth distribution on W.

But for the general theory we do not need these conditions.
Example 7. The space J*°(7) is an infinite-dimensional manifold in the above sense.

6.3. Linearizations of nonlinear differential operators. For a finite-dimensional
manifold M’ consider the triple (M',C*°(M’),0). This is an embedding of the cate-
gory of finite-dimensional manifolds into the category of PDEs. Let f be a morphism in
the category of finite-dimensional manifolds, that is, a smooth map f: M; — Ms. Recall
that the differential f, of f is a morphism of vector bundles

f*

TM, [T M,y
M,

where 7;: TM; — M;, i = 1,2, are the tangent bundles and
f*TQZ f*TMQ — M1

is the pullback of the bundle 7 by the map f.
We want to introduce a similar notion of ‘differential’ for the morphism

(35) Ay: J¥(m) — J>®(7)

in the category of PDEs. This ‘differential’ is called the linearization of A, is denoted
la, and is a morphism of vector bundles

V() B (AL)V()
05 () /@ww)
Joo(m)

where
v (m): V(r) — J®(n), o>2(x): V(x") — J>®(x)
are the vector bundles introduced in Remark 9 and
(Do) v (1) : (Age) V(") — J>(m)

is the pullback of v>(x’) by (35).
The morphism /¢ is defined as follows. Recall that I'(v>°(7)) = () consists of
C>(J>°(m))-valued derivations p: C®(E) — C*(J*°(m)) of the algebra C*°(FE) such that

90‘000(1\4): 0.
For a section ¢ € I'(v°°(7)) we need to define a section £a(p) € IT'((Ax)*v>(x’)). Note
that T'((Ax) 0™ (7)) can be identified with the space of R-linear maps

v: CX(E') — C®(J%(r))
satisfying
V(fif2) = A3 (o) + 8" (f)v(fa)s ¥ fis o € C(E), A gmary= 0,
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where 6: J*(1) — E’ was introduced in (33) and §*: C°°(E') — C>°(J*(r)) is the pullback
homomorphism. Then for f € C*(E’) we set

(36) Ca(p)(f) = Eo(6°(f)),
where E, was defined in Proposition 8.
Remark 16. Thus for the smooth map A : J®(m) — J¥(7') we have the usual differen-

tial (A )« (which does not take into account the Cartan distribution) and the linearization
la, which is closely related to the Cartan distribution.

Let us describe £ in local coordinates. Let m = dim 7w and m’ = dim #’. Since £ is a
morphism from some m-dimensional vector bundle to some m/-dimensional vector bundle
over J®(m), locally /a is a (m' x m)-matrix whose entries

[Ualij: CF(J>(m)) — C®(J®(n)), i=1,....m/, j=1,....m,

are linear differential operators. Let v',...,v™ be local coordinates in fibers of 7’. Set
F;, = 6*(v') € C°°(J°°(7)). Then

OF;
(37) [lali; = Z Ol D,.

o

The sum on the right-hand side is finite, because F; depends only on a finite number of
the coordinates u/ .

7. COMPUTATION OF SYMMETRIES OF PDESs

7.1. The defining equations for symmetries. Let us return to (32) and describe the
space S,(€), where & C J*(7) is the infinite prolongation of & C J*(r). Suppose that
there is a nonlinear differential operator (33) and a section so: M — E’ of ©’ such that

(38) Ex =07 (so(M)).

Set I(sg) = {f € C(E") | fL»o(M) = 0}. Consider the pullback homomorphism
§*: OF(E') — C>=(J*(r)).

Due to (38) one has 6*(I(so)) C I(&;). We assume that

(39) the ideal of C*°(J*(m)) generated by 6*(I(so)) coincides with I(&j).

According to the following example, at least locally this can be achieved practically
always.

Example 8. In local coordinates let & C J*(m) be determined by a system of PDEs
(40) Fy(zy,u'ul,...) =0, s=1,...,m

In other words, & = {a € J*(n) | Fy(a) =0, s = 1,...,m'}, where F, € C®(J*(n)).
Consider the trivial bundle
M XR™ = M, (x1,..., 20,0 0" (21, T),
and the map
(41) §: JE(m) = M xR™,  §*(z;) =x;, 0*(v°) =F,.
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Then we have (38) for sp = 0. Condition (39) holds if and only if the functions Ff,
s=1,...,m, generate the ideal I(&,) C C>°(J*(x)).

If the ideal generated by the functions Fy does not coincide with I(&y) then one should
replace F; by any finite collection of generators of the ideal I(&y).

(A finite collection of generators exists unless the subset & C J¥() is extremely
complicated. For example, it exists if & is a submanifold or an analytic subset).

Example 9. Let n = kK =2, m = m' = 1 and consider the PDE
Fy = (us — uge)® = 0.

In this case F} does not generated the ideal I(&;), this ideal is generated by the function
Uy — Uze, SO one should consider instead the equivalent PDE u; — u,, = 0.

It is easily seen that conditions (38) and (39) imply
~1,.
(42) E=(Ax) (Jools0)(M)),

where
Joo(S0): M — J(7), x> [so]°.

Recall that, by Theorem 1, the Lie algebra S,(£) C D(E) consists of vector fields of
the form E,|,, where ¢ € »(m) is such that E, € D(J>(r)) is tangent to & C J>(m).

Proposition 9. Suppose that (38) and (39) hold. For ¢ € s(m) the vector field E, is
tangent to &€ if and only if

(43) EA(SD)LSZ 0.

Proof. Recall that, according to Section 6.3, the element ¢4 () is a section of the bundle
(A )*v>(7'), and at the same time ¢a(p) can be identified with a map

lalp): CF(E') — C=(J=(m))
given by (36). In the latter interpretation of £a(y), condition (43) is means that
(44) lalp)(f) = E,(0"(f)) € I(E)  Vf e C™(E).
Suppose that ¢ satisfies (44), then we must prove that £, is tangent to £, that is,
(45) E,(I(€)) € I(¢).
Combining (44) and (39), one obtains
(16) B,(1(&) € 1(6)

Taking into account Proposition (7) and the definition of the ideal Z C J*°(7) in Section 5,
from (46) it follows that

(47) Eg,(I) C1(&).
Finally, combining (47) with (31), we get (45).
Now suppose that F, is tangent to £. Then it is sufficient to check that

@], =0 Ve,
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in local coordinates. Coordinates in fibers of 7’ can be chosen such that sy = 0. Therefore,
we can assume that & is given by (40) and ¢ is given by (41). Since E¢(FS)|S =0 and

E,(z;) =0, for any f = f(z1,... T, 0. ™) € C®(E') we have

(@)D, = B0 ()], = BolFwr,-o 2 Py )| =
oo

81) (Il,...7$n,F1,...,Fm/) : E@(Fs)

Let us summarize the obtained structure of the algebra of symmetries Sym(€) is local
coordinates. Suppose that £ is the infinite prolongation of system (40). We have (32),

where the ideal C(&) is spanned by D,, |g’ .oy Dy, |£ and the subalgebra S, (€) consists of
vector fields of the form Ew‘y where E,, is given by (24) and ¢!, ..., o™ € C®(J>(m))
satisfy

OF; .
48 LD, ()| =0, i=1,....m
(49 > 5D,

Remark 17. Equations (48) appear from (43) and (37).

7.2. Internal coordinates for infinite prolongations. It is convenient to study equa-
tion (43) in terms of internal coordinates of the subset £ C J*°(w). First recall the similar
notion for submanifolds of R".

Exercise 5. Consider the space R® with coordinates (z,y,2). Let f(z,y) be a smooth
function and

S={(z,y,2) €ER*| z = f(x,y)} C R>
Prove that
e the ideal
1(S) = {g € C*(R%) | g[4= 0}
of the algebra C°°(R?) coincides with the ideal generated by the function

Z = f(xay)a

e the algebra C*°(S) = C*(R3)/I(S) is isomorphic to the algebra of smooth func-
tions in x, . In other words, for any h(x,y, z) € C*(R?) there is a unique smooth
function Ay (z,y) such that h—hy € I(S). Namely, one can set hy = h(x,y, f(x,y)).
In particular, z, y form a system of coordinates for S.

Hint. Use the following property of smooth functions. Consider the space R™ with
coordinates z1, ..., x, and a fixed point (a4, ...,a,) € R". For any function f € C*(R")
there are functions g1, ..., g, € C°(R") such that

flz, .. xn) = flay,...,a —1—2 T — a;)gi(x1, ..., Ty) Vi, ..., Tp.

Before giving the general definition of internal coordinates for &£, let us consider an
example.
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Example 10. Return to the KdV equation (1). It is easily seen that, using its differential
consequences

(49) Dy (up — Uggy — uzu) =0, lo| >0,
all derivatives of the form

oty

owog P 0, ¢=0,
can be expressed in terms of

ui:%, 1=0,1,2,...
That is, one can obtain from (49) equations of the form

oty

(50) m:Fp,q(u,ul,ug,ug,...) Vp>0,q>0.
For example, applying D, to (1), one obtains
(51)

Up =Us+ULU, Uy :u4+u2u+uf, Uppr = UsFUSUF3UUT,  Utzgs :u6+u4u+4u3u1+3u§,
applying D; to (1) and using (51), we get
Upp = Upgzy + Uz + Ugtly = Ug + gt + duguy + 3us + (g + uou + uf)u + uy (uz + ugu),

and so on.
Moreover, it is easy to check that in the algebra C'*°(J*(7)) the ideal Z generated by
the functions

Ut — Uggry — UgU, Da(ut — Uggx — U’l‘u)a |U| Z 07

coincides with the ideal generated by the functions

oPTay
(52) M—Fp,q(%ub%u?,,---), p>0,¢>0.
OP Ty,
where p is considered as a coordinate of the jet space. Similarly to Exercise 5,

one can show that the ideal generated by (52) coincides with the ideal I(€). Therefore,
condition (31) holds in this case. Besides, similarly to Exercise 5, we obtain that C*(&)
is isomorphic to the algebra of smooth functions in the variables

(53) z, ta Ui, 7/2 0.

This allows to call (53) internal coordinates of €. One can also introduce on & the
structure of an infinite-dimensional manifold in the sense of Remark 15 as follows. Set
M! = R+ with coordinates x1,...,%n,u,...,u;, then £ is isomorphic to the inverse
limit of the sequence of bundles

o MUV B 2 B
fio (@, @ty 1) o (X, e Ty Uy ).

A vector field V' € D(E) can be written in these coordinates as follows

B) B) )
V= V(:v)% + V(t)a + ; V(ui)am.
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In particular, the total derivative operators restricted to £ are
0 0
Dy|.= =+ E Uiy =
T ‘5 o £ i+1 auz )

0 i 0
Dt’g: E —+ Z(Dz‘g) (U3 + U1U)a—uz

>0

Equation (48) reads

3
(54) Dyl ¢(¢) = (Dalg) () + uDal () + wrp.
Thus any symmetry X € S,(€) is of the form

i 0
X = D, YR
Z( ‘5) (90) 8ui
>0
where ¢ = @(x,t, u, uy, us, ..., u) € C*(E) satisfies (54). For example, ¢ given by (3) is
a solution of (54). In fact for any p > 1 there is a solution of the form

© = Ugpt1 + g(u, ..., ug).

For any fixed integer | > 0 one can solve equation (54) for ¢ = p(z,t,u, ..., u;) straight-
forwardly and obtain a finite-dimensional space S; of solutions. The space S,(€) = |, S
is infinite-dimensional, and this fact is very important for soliton theory.

Now let us give a general definition motivated by the above example. Consider a system

of PDEs
Fy(zg,ulul,...)=0, s=1,...,m/,

such that I(&) is generated by the functions Fy. Its infinite prolongation £ is determined
by equations (30), and the ideal Z C C*°(J*(m)) is generated by the functions

(55) Fs, Dy(Fs), s=1,....m', |o|>0.

Let € be the set of all symmetric multi-indices o and Z = {1, ..., m}. Suppose that there
are a subset ¥ C Z x  and G, , € C*(J>®(r)) for each (i,0) € € such that

e the functions G;, do not depend on any of the coordinates ui,, (j,0") € &V,
e the functions

(56) ul — Gy, (i,0) €Y,

(o

generate the same ideal Z. In particular, £ is determined by the equations
ul =Gy, (i,0) €.
Then
(57) T1,. s Ty 1), (j.0) € (Z x Q\Y,

g

are called internal coordinates of &.

Similarly to Exercise 5 and Example 10, one gets that the ideal generated by (56)
coincides with the ideal I(€). Therefore, condition (31) holds true. Besides, the algebra
C>°(€) is isomorphic to the algebra of smooth functions in the variables (57). Thus we
obtain the following result.
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Theorem 2. If a system of PDEs with infinite prolongation £ has a set of internal coordi-
nates then condition (31) holds, C*(&) is isomorphic to the algebra of smooth functions
in the internal coordinates, and £ has a structure of an infinite-dimensional manifold
described in Remark 15.

Remark 18. In [6] an algorithm is presented that for any system of PDEs £ and any
point a from some open dense subset of £ constructs a set of internal coordinates for £
on a neighborhood of a.

Example 11. Consider a system of the form

(58) ul = Fi(x,t,u, .. ud ul, o ud b, ol ), ui=af(at), i=1,....d,

Y X7 Y x? xax) ) xax?

(on the right-hand side there are no derivatives with respect to ¢). Similarly to Example 10,
one can show that

oot
x, t, u', el 1=1,...,d, [>1,
form a system of internal coordinates for the infinite prolongation of (58). Therefore, by
Theorem 2, such systems satisfy condition (31).
A remark for specialists. Note that if the order of the right-hand side of (58) is greater
than 1 and the symbol of the right-hand side is not of constant rank then this system is

not formally integrable.

Example 12. Consider the sine-Gordon equation u,; = sin u and its infinite prolongation
E. It is easily seen that

_ du , 0w -
“or T 2h
form a system of internal coordinates for £. We have

xr, t, u, u

0 B o
Dw " oz ' O, ! ou - ¥ si ceey
‘s or + ; U +1(9ui + sin u@u/l + ug Cosuau,2 + (uQ COS U — U] Sin u) _aug +
0 0 9 0 2 0
Dile= 5, + i1 7 sl + U + (u —uy sinu) — + ...
t‘g ot ; Uiy1 ou] sin uam Uy COS u8u2 (u2 cosu — uy~ sin u) 0
Equation (48) reads
(59) Dx’th}g<S0) = COoSU - Y.

1 1
For example, ¢ = us + §u‘;’ and ¢ = uj + §UI13 satisfy (59).

8. APPLICATIONS TO FINDING SOLUTIONS OF PDEs

8.1. Symmetry-invariant solutions. Let & be the closed subset of J*(m) correspond-
ing to a system of PDEs and £ C J°°(x) be its infinite prolongation. A section s: U — F
of the bundle 7 over an open subset U C M is said to be a solution of the system of PDEs
if ji(s)(U) C &. Then j(s)(U) C E.

It can be shown that any n-dimensional integral submanifold of the Cartan distribution
on J*°(7) is locally of the form j.(s)(U) for some U and s. Therefore, locally solutions
of £ are in one-to-one correspondence with n-dimensional integral submanifolds of the
Cartan distribution on &.
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Consider a symmetry X € Sym(7) tangent to £ (that is, X(I(€)) C I(£)). A solution
s: U — FE of £ is said to be invariant with respect to the symmetry X if the vector field
X is tangent to the submanifold j.(s)(U) C J*°(m).

Remark 19. This means that for each = € U the tangent vector at a(z) = [s]3° € J*=(m)
corresponding to the vector field X belongs to the subspace (jo(s)), (ToU) C Ty J*(7),
which is equal to the Cartan subspace C(a(z)).

Proposition 10. Suppose that X € Sym(m) is tangent to E. Consider the vertical part
E, € S,(m) of X with respect to the direct sum decomposition (21), where

p € s(m) = D(v™(m)).
Then a solution s: U — E of £ is invariant with respect to X if and only if
(60) VeeU  os]y7) =0.
Here ¢ is regarded as a section of the bundle (23).

Proof. We have X = X}, + E,,, where X, € C(). Since X}, is tangent to the submanifold
Joo(8)(U) for any s, the symmetry X is tangent to j(s)(U) if and only if E, is. By
Remark 19, this is equivalent to the fact that for each x € U the tangent vector corre-
sponding to £, at the point [s]2° € J*°(7) belongs to the Cartan subspace at this point.
However, since E,(C*(M)) = 0, this means that the vector field E, is equal to zero at
the points [s]2° for all x € U. Finally, it is easy to check in local coordinates that the
latter condition is equivalent to (60). O

For any reasonable system of PDEs the set 7,,(£) C M contains an open subset U of
M (otherwise there is no chance to find any solutions for £). Restricting the bundle 7 to
7Y (U) C E if necessary, we will assume in what follows that 7., (€) = M.

Let us write down the statement of Proposition 10 in local coordinates. Suppose that
the initial system of PDEs is

(61) Fy(zyu'ul,...)=0, s=1,...,m,

Y o)

and o = (¢',..., ™) € x(7) = (C’OO(JOO(W))m. Then functions
w (..., 1), j=1,...,m,

form a solution invariant with respect to the symmetry X if and only if they satisfy the
following extended system of PDEs

(62) F(zjutul,...)=0, s=1,...,m,

Y o)

(63) o (v, ulul, .. ) =0, j=1,....,m

) o

This suggests the following method to obtain solutions for (61): find a symmetry E,
for (61), and solve system (62), (63).

Note that system (62), (63) is overdetermined, because it consists of m +m’ equations
for m unknown functions u!,...,u™. Nevertheless, according to the next theorem, this
system almost always possesses solutions and is often easier to solve than the initial
system (62).

Theorem 3 ([3]). If E, is a symmetry of (61) and o = (p',...,¢™) satisfies some non-
degeneracy conditions then system (62), (63) is consistent, that is, its infinite prolongation
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is non-empty. (Note that a system with non-empty infinite prolongation almost always
possesses solutions).

Moreover, system (62), (63) is usually equivalent to a system with fewer than n in-
dependent variables. In particular, if n = 2 then this system is usually equivalent to a
system of ordinary differential equations.

Remark 20. For systems of the form (58) this result is well known.

We would like to stress that in Theorem 3 the initial system (61) is allowed to be
overdetermined (but, as we said above, it must satisfy 7,,(€) = M, where € is the infinite
prolongation of (61)).

Here we do not have a possibility to describe explicitly the non-degeneracy conditions
mentioned in Theorem 3, but many studied examples suggest that practically all impor-
tant symmetries satisfy these conditions.

Example 13. For a PDE of the form
(64) up = fx,t,u, Up, Ugy, - - . )
ou

the non-degeneracy condition for ¢ = ¢(x,t, u, uy, us, ...), where u; = PPt is
x

0
>0 o
3ul
Example 14. In Section 2 for the KdV equation (1) we studied solutions invariant with
respect to the symmetry E, for ¢ equal to (3).

8.2. Reproduction of solutions. Let ¢ € »(m) be such that E, is tangent to £. Sup-
pose that there are ¢ € »(7) and V' € C(m) such that

(65) P(CF(E)) C I(€)

and the symmetry Y = E, ., + V is classical. Condition (65) implies that £, is tangent
to £ and Ew| ¢ = 0, therefore, the symmetry Y is also tangent to £. Recall that & is the
infinite prolongation of &, C J*(7). We assume k > 1, because the case k = 0 is trivial.
Denote by
Go: J¥(m) — J¥(7), a€R, Gy=1d,
the one-parametric group of local diffeomorphisms corresponding to the classical symme-
try Y. Let s: U — E be a solution of &. Since Y is tangent to £, we have

(66) Ga(ju(s)(U)) C &  Va.

For a small enough open subset U’ C U and small enough a the projection 7y, | N Ne— M

is a diffeomorphism onto an open subset U, C U, where N, = G, (ji(s)(U’)) C &. Since
Y is a symmetry, N, is an integral submanifold of the Cartan distribution, and, by
Proposition 2, there is a section s,: U, — F such that N, = ji(s,)(U,). Since N, C &,
the section s, is a solution of &.

Thus, using a classical symmetry of &, for any solution s one obtains a one-parametric
family of solutions s, such that sqg = s.

Remark 21. One has s, = s for all a if and only if the solution s is invariant with respect
to the symmetry Y. Equivalently, s is invariant with respect to E,,.
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Example 15. For the KdV equation (1) consider the symmetry E,, where
O = Uggg T UgU — ClUy

is equal to (3) and ¢ € R is a constant. For ¥ = uy — tugpy — u,u and V = ¢D, — D; set
Y = E_ iy + V. We have

Y(u)=0, Y(z)=r¢, Y(t)=-L1.

Therefore, by Exercise 3, the symmetry Y is classical and the scheme described above
is applicable to it. For a solution s(x,t) of (1) the one-parametric family of solutions s,
determined by Y is given by

So(z,t) = s(x + ac,t — a)
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