Chapter 3 )
Symmetries and Integrals Qs

Valentin V. Lychagin

3.1 Preface

In these lectures, I want to illustrate an application of symmetry ideas to integration
of differential equations. Basically, we will consider only differential equations of
finite type, i.e. equations with finite-dimensional space Sol of (local) solutions. Ordi-
nary differential equations make up one of the main examples of such equations. The
symmetry Lie algebra Sym induces an action on manifold Sol. In the case when this
action is transitive, we expect to get more detailed information on solutions. Here,
we are going to realize this expectation; namely, we will show that in the case when
the Lie algebra Sym is solvable, integration of the differential equation can be done
by quadratures due to the Lie—Bianchi theorem (see, for example, [4] or [6]). In
the case when the Lie algebra Sym contains simple subalgebras, integration shall
use quadratures (for radical of the Lie algebra) and integration of some differential
equations, which we will call model equations [6, 10]. The model equations depend
on the type of the simple Lie subalgebras and are natural generalizations of the well-
known Riccati differential equations. They possess nonlinear Lie superposition,
and all their solutions could be obtained by nonlinear superposition of a finite set
of solutions (the so-called fundamental solutions). Once more, the form of this
superposition and the number of fundamental solutions are dictated by the symmetry
Lie algebra. In order to give a more “practical” reader a feeling of the power of
the geometrical approach to differential equations, we included in these lectures a
number of examples on the formula level.

The paper is organized as follows. First, we consider symmetries of two types
of distributions: Cartan distributions and completely integrable distributions. We
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show how to integrate completely integrable distributions possessing a symmetry
Lie algebra that acts in a transitive way on the space of (local) integral manifolds.
We begin with the most trivial (but also the more applicable) case of a commutative
symmetry Lie algebra and show how to get quadratures. As an example of
application of this case, we discuss the famous Liouville—Arnold theorem on
integrable Hamilton systems. We propose also the general reduction principle that
allows to split integration for pair (J,Sym), where J C Sym is an ideal in
the symmetry Lie algebra, into two separate cases with symmetry algebra J and
Sym/J. Application of this principle to solvable Lie algebras gives us the Lie—
Bianchi theorem (together with a constructive method of finding quadratures), as
well as integration of cases with general symmetry algebra Sym by means of
model equations. We conclude these lectures by showing applications to ordinary
differential equations and especially to the “toy” case of Schrodinger type equations:
y" 4+ W(x)y = 0. We show that (nontrivial) geometries on the line are hidden in
these equations and how symmetries allow us to write explicit solutions of these
equations.

I consider these lectures as an invitation to the wonderful world of symmetries
and differential equations. More details, results, and methods can be found in more
advanced expositions (see, for example, the cited books at the end of the lectures).

3.2 Distributions

Let M be an (n + m)-dimensional smooth manifold, and let T : TM — M be the
tangent bundle. Then, a distribution P on M is a smooth field

P:aeMv+—— P(a)CT,M

of m-dimensional subspaces of the tangent spaces. The number m is called the
dimension of the distribution, m = dim P, and the number 7 is called a codimension
of P, n = codimP.

The statement that P is a smooth family could be formulated in two different
ways:

1. For any point a € M, there are vector fields (Xi,..., X,,) defined in a
neighborhood O of a such that the vectors X;, € T,M,i = 1,..., m belong
to and form a basis in P (b) for every b € O.

2. There are differential 1-forms (wy, .., wy), such that

P () =kerwipN---Nkerwyp

in the neighborhood O.
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For the first definition, let us introduce C*° (M)-module
D(P) ={X € Vect(M), X, € P (a),Va € M}

of all smooth vector fields lying in (or tangent to) the distribution P.

Then, (1) states that this module is locally free (=projective) and that the sets
(X1,..., Xm) give us local bases for D(P). In a similar way, let us introduce
another C* (M)-module

Ann (P) = [(u c ' (M), w(X)=0,VX ¢ D(P)}

of all smooth differential 1-forms vanishing on vector fields from P. Then, (2) states
that this module is also locally free and that the sets (wy, .., ,) are local bases for
this module.

Example 3.1 Consider M = R3 with coordinates (x,y,2),and let w = dz — ydx.
This form does not vanish at any point of M and therefore defines a distribution P
on M of dimension 2 and codimension 1. The vector fields

Xi=—, Xo=—+y— (3.1)
give us a basis in the module D(P).
A submanifold N C M is said to be integral for the distribution P if
T,N C P(a), (3.2)

for all a € N. This condition is better to formulate in terms of the differential 1-
forms (w1, .., w,). Then, N is integrable if their restrictions to N are equal to zero:

wily=0,i=1,...,n.

An integral manifold is maximal if it is not contained in an integral manifold of
greater dimension.

Example 3.2 The distribution (3.1) has 1-dimensional integral submanifolds.
Namely, assume that x is a coordinate on N, i.e.

N ={z=A(x), y = B(x)},
for some smooth functions A and B. Then,
wly =dA — Bdx = (A’ — B) dx,

and N is integral if and only if B = A’, and
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N={z=A(), y=AW}. (3.3)

On the other hand, if N is a 2-dimensional integral manifold, then the vector field
d/0z is not tangent to N, because 9/0z ¢ D (P) . Therefore, we can represent

N={z=A(x,y)}.
Then, |y =dA — ydx = (Ay — y)dx + Aydy = 0if and only if
Ay =y, Ay =0, 34

which is impossible.

Two observations should be made from this example: (1) maximal integral
manifolds can have dimension less than dim P and (2) finding of integral manifolds
is equivalent to finding of solutions of some differential equations.

A distribution is said to be completely integrable if the dimension of every
maximal integral manifold is exactly the dimension of the distribution itself, and
if for any point of M, there is a maximal integral manifold containing this point.
For such distributions, the entire manifold can be presented as the disjoint union of
maximal integral manifolds of the distribution, which are the leaves of a foliation,
so that the notion of a completely integrable distribution is equivalent to that of a
foliation.

Theorem 3.1 (Frobenius) A distribution P is completely integrable if and only if
the module D (P) is closed with respect to commutator of vector fields

X,Y € D(P)=>[X,Y] € D(P). (3.5)

Moreover, if the distribution P is completely integrable, and if N1 and N, are
integral submanifolds of P, passing through a point a € N1 N N», then N = N> in
a neighborhood of the point.

Example 3.3 Consider the distribution given by (3.1). As we have seen, the
maximal integral manifolds for this distribution have dimension 1, and therefore
this distribution is not completely integrable. On the other hand, the module D (P)
for this distribution is generated by the vector fields

and we have

ol
Z
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The condition (3.5) can be reformulated in terms of differential forms generating
the module Ann (P) . Namely, using the formula

do(X,Y)=X (@)=Y (X)) —o(X,Y]),
we get
do (X, Y) = - (X, Y]),

forall X,Y € D (P) and w € Ann (P) . Therefore, the condition (3.5) is equivalent
to

dw(X,Y) =0,

for all X, Y € D (P). In other words, the restriction of the differential 2-form dw|p
on the distribution P vanishes for all forms w € Ann (P) .

In terms of local bases (X1, ..., X;;) for the module D (P) or (wi, .., w,) for
the module Ann (P), the conditions for complete integrability can be reformulated
in the following equivalent forms:

1.

[Xi. X1 =) ¢ Xk, (3.6)
k
foralli, j = 1,...., m and some smooth functions cl’.‘j.
2. '
dw; =Z)/ij/\a)j, 3.7
J
foralli, j =1,...., n and some differential 1-forms y;;.

3.3 Distributions and Differential Equations

3.3.1 Cartan Distributions (ODEs)

Let J* be the space of all k-jets of functions in one variable x. Then, the k-jet of
a smooth function f(x) at point a € R, denoted by [ f ]];, is given by its set of
derivatives:

h=(f@.f@.... /9 @).
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We denote by (x, ug, uy, ..., ux) the coordinates on Jk satisfying
ui (1F15) = £ @,

foralli =0,1,...k andx ([f]}) = a.
The differential 1-forms

w; = du; —uj41dx, (3.8)
onJ¥, wherei =0, ...,k — 1, we call Cartan forms, and the distribution
Cr =kerwgN---Nkerwg—1
we call the Cartan distribution on the jet-space.
We have dim J¥ = k + 2, codim Cj = k, and therefore dim C;, = 2, i.e. Cr is a
distribution of planes.

It is easy to see that a basis in the module D (Cy) of vector fields tangent to Ci
is formed by vector fields

0

X = —, (3.9
ouy
d 9

Xo=—+ui—+---+tu ;

0x dug o1

and

0
[X1, X2] = FY & D (Cp).
Ug—1

Therefore, Cy. is a non-integrable distribution, and its maximal integral manifolds
have dimension 1.

To find these curves, we remark that trajectories of the vector field X are integral
curves for Cy and, similarly to (3.1), integral curves N on which x is a coordinate
have the special form

N=1F=lu=A@. 0 =@ ... = 4P}
By an ordinary differential equation (ODE) of order k, we mean a relation that
connects components of k-jets [ f ]5 of unknown functions f (x), i.e. a relation of
the form

F(x,ug,...,ux) =0, (3.10)

which is valid when u; are coordinates of solutions.
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Geometrically, it means that we consider a submanifold (possibly with singular-
ities)

Er = {F (x,uq. ..., ux) =0} C J¥,
and solutions are curves
k
L(A) C &r.

Assuming that £f is a smooth submanifold of J*, we say that solutions of the ODE
Er are integral curves of the Cartan distribution C lying in £, or, in other words,
they are integral curves of the restriction of the distribution Cy on E:

Cr:acép—> Cr@NT,(EF).

Remark that dim Cr (@) = 1 if C¢ (a) is not a subspace of T, (£f) and that
dim Cr (a) = 2if Cy (a) C T, (EF) . In the last case, we say that point a € EF is
a singular point.

Therefore, on the complement £ \ Sing (£F), we have a 1-dimensional distri-
bution Cr. This is obviously a completely integrable distribution, and its integral
curves L C &f \ Sing (£F) are smooth solutions of the equation if and only if
function x is a coordinate on L.

To find a basis X in the module D (Cr), we write down vector field X in the
form

X =a(x)X1 + b(x)X2,

where X and X5 form basis in C¢. Then, X € D (CF) if and only if X is tangent
to EF or if

X (F) =0,

on £f. Thus,

oF
a— +bDy(F)=0
ouy

on £r. Here, we denoted by

ad ad
D, = — N
k 0x T dug + + “"auk_l

(3.11)

the vector field X» in (3.9).
Remark that Sing (£F) is given by equations
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oF
— =0,D,(F)=0, F=0
duy

and in general defines a submanifold Sing (£r) C £F of codimension 2.

Equations £r, where % # 0, are called equations of principal type, and for

such equations, a basis in D (Cr) has the form

oF 0
D=_—Dy— D (F) —,
ouy ou

and x is a coordinate on integral curves.
Thus, for principal type equations, solutions are smooth functions, and in all other
cases, they are singular and multivalued functions (see [7] for more such examples).
To simplify the formulae in what follows, we will consider only principal type
equations of the form

uy = F (x,ug, ..., ux—1). (3.12)

Then, EF is diffeomorphic to J L (x, ug, ..., ur_1) are coordinates on £, and
the basic vector field in D (Cr) has the form

Di= gyl
= — uG— e .
k= 9x 18140 Jug—_1

The distribution Cr can also be defined by the following Cartan forms:

wo = dug — uidx, (3.13)

wi—2 = dug_o — up_1dx,

wi—1 =dup_; — Fdx.

When working with algebraic equations, we use different algebraic manipula-
tions in order to simplify them. For differential equations, the class of possible
manipulations can be essentially extended by adding the operation of differentiation
or prolongation.

Take, for example, system (3.4)

0A _
ox ¥
JA
Lo,
dy

which we investigated above. Then, by differentiating, the first and second equations
in x and y, we get the following system:
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A 02A - 0?A
ax axz axdy
dA 3%A 32A
e 07 =V, —H=» = O’
dy xdy dy?

which is obviously contradictory and therefore has no solutions.
To apply the prolongation procedure to the ordinary differential equations, we
introduce the formal derivation (the total derivative in x)

0
= "™ auk71+uk+1@+”"

Then, the prolongation of Eq. (3.10) is the following system 5}]) c JH

F(x,up,...,ur) =0,

oF
D (F) = Dy (F) + ug+1— =0.
ouy

Applying in series this procedure, we get [-th prolongations é’g) c J* given by
relations

F=0,D(F)=0, D>(F)=0,..., D' (F)=0. (3.14)

The advantage of using prolongations Eg) and their inverse limit E;OO) c J®
comes from the fact that these equations contain information on all derivatives of
solutions up to order / or co.

It is easy to see that the Cartan distributions C on the prolongations are still 1-
dimensional at regular points and generated by the restrictions of the total derivative
D on Eg).

3.3.2 Cartan Distributions (PDEs)

For the case of functions of n variables x = (xy, ..., x,), and corresponding partial
differential equations, the above constructions can be repeated, practically word by
word.

Namely, denote by J¥ (n) the space of all k-jets of functions in n variables. Then,
the k-jet [f]’; of a smooth function f(xq, ..., x,) at a point a € R" is given by the
values of its derivatives

% f

0x°

(a)
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at the point. Here, 0 = (o7, ..., 0,) are multi-indices of order O < |o| < k, where
lo| =01+ -+ 0on.
Denote by (x, s, 0 < |o| < k) the standard coordinates on J*¥ (n), where

w (178) = 2L @),
Define also the Cartan forms

we =dus — Z”a+1,-dxi

and the Cartan distribution

Cr = ﬂ ker wg .
0o |<k—1

We have dimJ*¥ = n + (":k), codimCy = (”;{Lﬁl), and therefore dim C, =
n+ (n+k 1)

The following vector fields make up a basis in the module D (Cy):

Xy = Lol =k,
o aua o]
i=—l+ Z Ma+1l8 .
lo|<k—1
We have [X,, Y;] = du ¢ D(Cy) if o; > 1, and therefore the Cartan

distribution is not completely 1ntegrable
Similarly to the 1-dimensional case, this distribution has two types maximal
integral manifolds:

1.
lol A
(k) 9
L% — = A(x), .
s {uo %), ugs 350 }

where A(x) is a smooth function, and
2. integral manifolds of the completely integrable distribution generated by all
vector fields X, .

Remark that the dimension of the first type of integral manifolds equals 2, while the
dimension for the second type of integral manifolds equals (”H]:_l), and ("Hg_l) >
nifn > 1 and k > 2. For the complete description of various maximal integral
manifolds (and their dimensions) for the Cartan distributions, see [11].
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As above, we will consider differential equations (PDEs in this case) as
submanifolds

EF = {F (x,u,) =0} C J* (n)

and their smooth solutions as submanifolds LXC) C &F.

In the more general case, we will by solution mean any such n-dimensional
submanifold L of the Cartan distribution that L C £, i.e. n-dimensional integral
submanifold L of the restriction of the Cartan distribution on Ef.

By using the total derivations

i axl +Z (7+118

where i = 1, .., n, we define prolongations
EY = {F (x,us) =0, D" (F) =0, |o| <1} c F* (),

which contains all information about (k 4 [)-jets of solutions.

3.4 Symmetry

By a (finite) symmetry of the distribution P on the manifold M, we understand a
(possibly local) diffeomorphism ¢ : M — M, which takes P into itself, i.e. such
that ¢, (P;) = Py(a), for all points a € M, or, in short, ¢, (P) = P

A vector field X is said to be (an infinitesimal) symmetry of the distribution if the
flow generated by X consists of finite symmetries.

The infinitesimal approach turns out to be much more constructive and more
algebraic than its finite counterpart, so in what follows the word symmetry will
always mean infinitesimal symmetry unless otherwise explicitly specified.

Assume that distribution P is generated by differential 1-forms wy, ..., @y,
where m = codim P. We write P = (wy, ..., wy). Then, the condition ¢, (P) =
P means that the differential 1-forms ¢* (wy), ..., ¢* (w,) determine the same
distribution P and therefore can be expressed in terms of the basis forms

¢ (w1) = anw1 + - + Ao,

d)* (0m) = amw1 + -+ + Amm @,
for some smooth functions a;;, or in the equivalent form

P (W) AL A ANwyp =0, ..., d"(Wn) Aol A+~ Aw, =0. (3.15)
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These conditions take the form

Lx (w1) = ajjwy + -+ + aymwm,

Lx (on) = amior + -+ + Gmm©m,
or
Lx(w)Awi-- Awy =0, ..., Lx (Wy) Aw1 -+ A wpy =0, (3.16)

for infinitesimal symmetries X.

Let us denote by Sym (P) the set of all infinitesimal symmetries of the
distribution P. Then, the above formulae show that the following conditions are
equivalent:

e X eSym(P),
e YeD(P)=[X,Y]eD(P),
e we Ann(P) = Lx (w) € Ann(P).

It follows that Sym (P) is a Lie algebra over R with respect to the commutator
of vector fields.

3.4.1 Symmetries of the Cartan Distributions

Let us now consider symmetries of the Cartan distributions first on J¥.

Lemma 3.1 We have

a
df = Dy (f)dx + anduk mod (wo, ..., k1),
k
for any smooth function f on J*.
Proof Indeed, we have
du; = ujy1dx + w;,

foralli =0,...,k — 1. Therefore,

k—1

d +Z—d ,:yd +Zu,+1%dx+ d +Z—a),

= Dy (f)dx—i—%duk mod (wp, ..., we_1) .
k
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Now, let X € Sym (Cy) and

9 e~ D
X=a— Aj—,
a8x+§ lau,-

where a and A; are smooth functions on J¥. Then, by using the above lemma, we
get

Lx (wj)) =dA; —ujr1da — Aj11dx =

0A; da
(Dy (Ai) —uiy1Dy (a) —Ait1) dx+ <—I—Mi+1—> dug mod (wo, ..., w—1),
ouy ouy
fori =0, ...,k — 1. Therefore,
Ajy1 = D (Aj) —uiy1Dg (a), (3.17)
0A; da
i — =0,
duy Hitl ouy

fori <k-—1.
Let us introduce the functions

¢i = Aj —ujyia,

for all i < k — 1. Then, the system (3.17) takes the form:

di+1 = Dy (¢i),
i _
duy
fori <k—2,and
Ax = Dy (¢r—-1) ,
0dr—1
a=— .
ou
Therefore,
¢i = Dj (¢0) .

fori < k — 2, and the condition % = 0 implies that ¢9 = ¢ (x, ug, u1), and
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i __ 9
dur  Oup

Moreover,
; RY0)
A; = Dy (¢) + M“Hl,
fori <k—1,and

Ay = Df ().

Summarizing, we get the following description of symmetries of the Cartan
distribution.
Theorem 3.2 (Biacklund-Lie) Any symmetry X € Sym (Cy) has the form

d¢

k

‘ 3

X:ZD,Q (¢)a_u,-_MD"’ (3.18)
i=0

for some smooth function ¢ = ¢ (x, uog, uy) .
Remark 3.1

1. We call the function ¢, which defines the symmetry, the generating function, and
the corresponding vector field X will be denoted by X 4. Thus,

¢ = o (Xp).

2. The commutator of two symmetries Xy and X is also a symmetry. Denote its
generating function by [¢, ¥], then

(¢, ¥]=wo ((Xg, Xy 1),

and the bracket [¢, ] (called the Lagrange bracket) defines a Lie algebra
structure on C*° (J').
Moreover, a straightforward computation shows that

[P ¥]= Xy (V) — X1 (@) V. (3.19)

3. The Cartan distribution C; defines the contact structure on J!. The elements of
Sym (C1) are called contact vector fields, and they also have form (3.18)

Xyp=0¢ i + D1 (¢) i 3¢D (3.20)
= %ou0 ! du;  du b '
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where

D 0 n )
= —+4u—.
! 0x 18140

4. Vector fields (3.18) are prolongations of (3.20).

Similar results are valid for symmetries of Cartan distributions in the jet spaces

JE ().

Theorem 3.3 (Lie-Biicklund) Any symmetry X € Sym (Cy) on J* (n) has the
form

9 " 9¢
Xy = DY —_—— —D; , 3.21
o= Y D{ (@) e Z 3u; D (3.21)
o<k i=1
where ¢ (X1, ..., Xp, U, U], ..., Uy) = W0 (X¢) is the generating function, and
B 0 0
Dix=—+ui—+--Ftsy;,m— +---,|lo| <k—1,
ox; dug iy

o __ o1 0;
D; _Dl,ko"'ODn:lk'

The Lagrange bracket [¢, Y] = X¢ (V) — X1 (¢)  defines the Lie algebra structure
on C*® (J1 (n)) , and, as above, [¢, V] = wy ([X¢, Xll,]) .

3.4.2 Symmetries of Completely Integrable Distributions

Let X € Sym (P) be a symmetry of a completely integrable distribution P, and let
A; : M — M be the corresponding flow. Then, for any integral manifold L C M,
the submanifolds A; (L) are also integral.

In other words, a symmetry X generates a flow on the set Sol (P) of all maximal
integral manifolds. There is, however, a distinguished class of symmetries (they
are called characteristic symmetries) which generate trivial flows, i.e. they leave
invariant every integral manifold. Namely, we have [D(P), D(P)] C D(P),
because P is a completely integrable distribution, and therefore D(P) C Sym (P).

Moreover, the vector fields X € D(P) are tangent to any maximal integral
manifold of P and therefore generate the trivial flow on Sol (P). The relation
[Sym (P), D(P)] C D(P) shows that D(P) is an ideal in the Lie algebra Sym (P).
We call elements of the quotient Lie algebra

Shuf (P) = Sym (P) /D (P)

shuffling symmetries of the distribution P.
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The name reflects the fact that flows on Sol (P) corresponding to different
representatives of a class X mod D (P) rearrange, or shuffle, the set of maximal
integral manifolds of P in the some way.

3.5 The Lie-Bianchi Theorem

Let P be a completely integrable distribution, codim P = m, generated by the
differential 1-forms wy, ..., @y, and let g C Shuf (P) be a Lie subalgebra with
dimg = m. Let X1,..., X, be a basis of g, where X; = X; mod D (P) for
X;eSym(P),i=1,...,m).

Suppose that g is transversal to the distribution in the sense that the natural
mappings

g—>T, (M) /P,

are isomorphisms for all points a € M.

The problem of integration of a distribution consists of describing its maximal
integral manifolds. For completely integrable distributions, this is equivalent to
finding a complete set of first integrals.

A function H € C* (M) is called a first integral of the distribution P if
every integral manifold of P lies entirely in some level surface M. = H~!(c)
or, equivalently, if Z (H) = 0 for every vector field Z € D (P) or, equivalently, if
dH € Ann (P).

A complete set of first integrals of the distribution P is a set of functions
Hi, ..., H, with the property that
=H ' ()N~ NH, (cm)

vvvvvvv

represent the set of all maximal integral manifolds of P in some dense domain
of M. In this section, we discuss a method to find such integrals when we have a
transversal shuffling algebra of symmetries.

3.5.1 Commutative Lie Algebra Symmetries

Assume that the transversal shuffling algebra of symmetries g is commutative. The
matrix

w (X1) -+ o1 (Xip)

O
o=

W (X71) -+ o (X))

is nondegenerate: det (Z') # 0.



3 Symmetries and Integrals 89

Let us choose another basis /, .., @}, in the module Ann(P) such that
a)l/ (Xj) = 5,']'. (3.22)
Indeed, we have relations

wll =anwi + -+ dim®mn,

where the matrix A = ||a,~ I “ is also nondegenerate.
The condition (3.22) is equivalent to AZ =1, 0or A = & —I In other words, the
differential forms w}, .., w;,, where

w) w1

I
o

/

[ W

satisfy condition (3.22). To simplify notation, let us assume that the basis w1, .., Wy,
is normalized from the very beginning, i.e. satisfies condition (3.22).
Then, we have

dow; (Xi, X1) = Xi (i (X)) — X; (0; (Xr)) — o ([(Xk, Xi) =0,

because of the commutativity of Lie algebra g and condition (3.22).
We also have

dwi (Xi, Z) = Xy (0; (2)) = Z (0; (Xi)) — i ([Xk, Z]) =0,

for all vector fields Z € D (P), because w; (Z) = 0and [Xy, Z] € D (P).
And finally

dw; (Z1, Z3) = Z1 (0; (Z£2)) — Z2 (w; (Z1)) — w; ([Z1, Z3]) =0,

for all pairs of vector fields Z1, Zy € D (P) because of complete integrability P,
[Z1, Z2]1 € D (P).

Theorem 3.4 Let g = (Yl, ey 7,,,) be a transversal commutative Lie algebra of
shuffling symmetries, and let (w1, .., wy) be a normalized basis in Ann (P) . Then,
all differential 1-forms w; are closed:

da),- = 0,

fori=1,...,m.
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Corollary 3.1 Under conditions of the above theorem and H 1 (M,R) = 0, the
complete set of first integrals can be found by quadratures:

H1=/w1,...,Hm=/wm.

Example 3.4 Example (Distributions of Codimension 1) Let P = kerw be a
completely integrable distribution of codimension one, and let X be a transversal
symmetry of P, i.e. w (X) # 0. Then, the differential 1-form

Y
w (X)

w
/w(X)

Example 3.5 Let M = R x R x (0,2m), with coordinates x € R, y € R, ¢ €
(0, 27). The 1-form

is closed, and

is a first integral.

a)=2sin2%dx+sin¢dy—yd¢

defines the so-called oricycle distribution, and the vector field

0
X=—
ox
is a shuffling symmetry. The 1-form
=__@ sin ¢ J y ¢

0 X) T T 5™ T T cose

is closed, and the function
H=/5=x+y cot%

is a first integral.

Example 3.6 (Liouville-Arnold) Let (M?",2) be 2n-dimensional symplectic
manifold with structure 2-form £2, and let the functions (Hj, .., H,) be independent
and in involution, i.e.

dH N---NdH, # 0,

and the Poisson brackets vanish: [H;, Hj] =0fori, j =1,...,n.
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Then, the level surfaces
L°={H =ci,...,H, =c,} C M*"

are Lagrangian submanifolds, and the Hamiltonian vector fields X, i =1,...,n
are tangent to L°.

These vector fields are independent, and the involutivity conditions mean that
they commute. We have dim L = n and, as we have seen, there exist such differ-
ential 1-forms a)l .., f that f (Xp;) = 8, which are closed. Then, integrals
Ff = = J [c W] give us (multlvalued) functions on L¢ with linearly independent
dlfferentlals The submanifolds L€ give us a foliation of M, and we define functions
F;,i =1,...,non M by the requirement that their restrictions on L€ equal Ff.

Differentials of the functions Hy, ..., Hy, F1, ..., F, are linearly Independent,
and therefore, in simply connected domains, they are coordinates.

We have [H;, Hj] = 0, and [H;, F;j] = §;;, and the flows along Hamiltonian
vector fields X g; in these coordinates take the form

Hj =0, F, 25,"/'.

Therefore, the equations for flows of Hamiltonian vector fields Xy, are integrated
in quadratures.

3.5.2 Symmetry Reduction

Let P be a completely integrable distribution, g C Sym (P) a Lie algebra of
shuffling symmetries, and j C g an ideal in the Lie algebra. For any pointa € M,
define a subspace P; (a) C T, M formed by the space P (a) and the space generated
by values of vector fields from j at the point. Assume that dim Pj (a) is constant, so
that P; D P is a distribution. Then, the following result is valid.

Theorem 3.5

1. The distribution P; D P is completely integrable, and
2. the quotient Lie algebra g,/j is a shuffling symmetry Lie algebra of the
distribution P;.

Proof We have

* [D(P),D(P)] C D(P), because P is completely integrable.
* [j, D(P)] C D(P), because j is symmetry ideal.
e [j,j] Cj, because j is an ideal.
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* Therefore, [D (P;), D (P;)] C D (P;) and P; is completely integrable.
* [g,D(P)] C D(P)andlg,j] Cj. Therefore, g is a symmetry algebra of P;, and
g,/j is a shuffling symmetry algebra.

O

Remark 3.2 This theorem shows that integration of P with symmetry algebra g
could be done in two steps:

1. Integration of the completely integrable distribution with symmetry algebra g,/j.
2. Integration of the restrictions of distribution P on integral manifolds of distribu-
tion P; by symmetry algebra j.

Assume now that algebra g,j is commutative. Then, the first step could be
done by quadratures due to theorem (3.4). The next step involves integration
of distributions with symmetry algebra j, and if this algebra possesses an ideal
j» C j1 = j, such that j; /jp is commutative, we could reduce it by quadratures.
There is a special class of Lie algebras that can be exhausted by this procedure.

Let g be a Lie algebra. A Lie algebra g is said to be solvable if there is chain of
subalgebras j;

g2j1D--DjiDiit1D--Djr=0,

such that j; 41 is an ideal in j; and the quotient Lie algebra j; /j; | is commutative
for every i.

A more constructive, but equivalent, definition uses the chain of derived subal-
gebras. Namely, the derived Lie algebra gV = [g, g] is the subalgebra of g that
consists of all linear combinations of Lie brackets of pairs of elements of g, and
derived series of the Lie algebra is given by g@) = [gC—D, g@=D] fori =1,2,....

We have chain of Lie subalgebras

g5g0 5 5g? 5 gith 5.,

with commutative Lie algebras g) /g(*D and the Lie algebra g is solvable if
g® =0, for some k.

Assume now that g is a solvable Lie algebra of shuffling symmetries which is
transversal to the completely integrable distribution P. Let g1 be the first derived

subalgebra and let [ = codimgg(l) > 0. We choose a basis X, ..., X7, ..., X,; in
the Lie algebra g in such a way that X1, ..., X; ¢ g, but X; € gV, fori > 1+ 1.
We also choose a basis wi, ..., w, in Ann (P) such that w; (X]) = §;j. Then,

do; (X, X;) = —o;i ([Xs, X)) =0

foralli=1,...,lands,t =1,...,m.
Therefore, the differential 1-forms w;, i < [, are closed and
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H,-:/a),-

are (in general multivalued) first integrals of the distribution P.
Moreover, the submanifolds

Me=H ' enn---nH (e)
are g'V-invariant because
Xi (Hj) =dH;j (X;) = wj (X;) =0,

ifj<lLizl+1

Let P, be the restriction of distribution P on the submanifold M.. Then, P, is
a completely integrable distribution of the same dimension dim P and codimension
dim gV, Applying the above procedure in series to derived subalgebras gV, we find
the complete sequence of first integrals by integration of closed differential 1-forms,
and the integral manifolds of P are given by quadratures: Hl_1 (e)N---NH 1 (cm).

Theorem 3.6 (Lie-Bianchi) Let P be a completely integrable distribution, and let
g be a solvable symmetry Lie algebra transversal to P, dim g = codim P. Then, the
distribution P is integrable by quadratures.

3.5.3 Quadratures and Model Equations

In this section, we consider in more detail the case when the symmetry Lie algebra
g C Sym(P) of a completely integrable distribution P acts in a transitive way
on the set Sol (P) of all maximal integral manifolds of P. In general, this set has
very complicated structure, which is why we restrict ourselves to only consider the
set Soljoc (P) of local maximal integral submanifolds or (better to say) germs. In
a small neighborhood of a point a € M, this set is an open domain in R"™, where
m = codim P.

So, we assume that dimg > m, and the value maps &, : g >T,M /P, are
surjections. The case when &, are isomorphisms and g is a solvable Lie algebra is
completely covered by the Lie-Bianchi theorem.

To proceed with the general case, we take a homogeneous space G, H of a
simply connected Lie group G, where Lie(G) = g and Lie(H) = ker&,. The left
action of the Lie group G on the homogeneous space G, H gives us the embedding
A of the Lie algebra g into Lie algebra Vect (G /' H) of vector fields on G /H.

Let us consider a distribution P on M x G /H generated at point (a, b) €
M x G / H by vectors of P, and vectors X, +A (X); , where X € g. In other words,
the module D(ﬁ) is generated by D (P) and vector fields of the form X + A (X),
where X € g.
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This distribution is completely integrable, because [D (P), D (P)] C D (P)
and [g, D (P)] C D (P). Moreover, codim P = dimG /H and maximal integral
manifolds of P are graphs of some maps h : M — G/ H, which we call integral.

Assume that we have an integral map /. Then, the tangent space to the graph at a
point (a, h (a)) equals to 1/5(5,,;,(5,)), the image of differential 4, , at a pointa € M,
Imhy ¢ = Th) (G, H) , and therefore A, 4 is a surjection. Consider a submanifold
My = h~'(b) € M, b € G/ H. Then, codim M, = dimG /H = codim P and
T My C P. Therefore, M}, are maximal integral manifolds of P and to find them, if
the integral map / is known, we should solve functional equations h(x) = b.

To construct an integral map &, we will use the following lifting method. Assume
that the value of 4 at a point ay € M is fixed, h (ap) = bo, and M is a connected
manifold. Then, to find value 4 (a;) at a point a; € M, we take a path « (¢) , with
a(ty) = ag, x(t]) = ay, and lift it to a path @(¢) on M x G/ H in such a way that
the curve o(¢) is an integral curve for the distribution P. Assume that the tangents
« (¢) to the curve do not lie in the distribution P. Then, we can present them as
linear combinations of values of vector fields in g, say

a@)=q ) X100+ + a%® Xeaq), (3.23)

for some functions ¢i(¢), ..., qr(t), where Xi,..., X} is a basis in the Lie
algebra g.

The path @(¢) on M x G / H is alift of the path «(¢) on M, and integral curve for
distribution ﬁ, if and only if @(¢) satisfies the following equation, similar to (3.23):

T() = q1(0) MXDag + -+ g ) A XDaw. (3.24)

In other words, in order to lift the path «(¢) to the path @(¢), we have to find integral
curves of a vector field of the form

k
d
5+§%mum (3.25)

on R x G/ H, which correspond to paths X () = Zle qi (t) X; on the Lie algebra
g. We call equations of form (3.24) model differential equations.
Summarizing, we get the following generalization of the Lie—Bianchi theorem.

Theorem 3.7 Let g be a symmetry Lie algebra of a completely integrable distri-
bution P on a connected manifold M such that the value maps &, : ¢ -T,M /P,
are surjective. Then, integration of the distribution can be done by using solutions
of model differential equations, corresponding to the Lie algebra symmetry, and
solutions of a number of functional equations.

We begin with the main properties of the model differential equations.
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Theorem 3.8 For any system of model ordinary differential equations associated
with a path X; on the Lie algebra g and the vector field

d
Z=—+4+xrX),
oy TA (X0

there is a path g(t) on the group G with g(0) = e, such that any trajectory y(t) of
Z has the form

y() = g()y(0). (3.26)

Moreover, this property defines the class of model equations completely.

Proof 1f the path g(¢) is given, then the path X, is defined as follows:
X =g (g). (3.27)

and from (3.26), we get y (t) = A (X,). On the other hand, if the path X, is given,
then the path g(¢) is found from equation (3.27). |

Let us analyze one-dimensional models.

Theorem 3.9 (Lie) Let a finite-dimensional Lie algebra g act on R in a transitive
way. Then, dim g < 3, and locally the action is one of the following:

I. dimg =1, g—(a—x),

2. dimg=2g= (L x2), and

3. dimg=3g=(L xL x221)

|m

A proof of this theorem can be found, for example, in [6]. The theorem shows
that vector fields for model equations in the 1-dimensional case have the following
forms:

L2+am L,

2. % +a (1) % +b(t)x7, and

i ta L +b0xt+emxi
The corresponding model equations are
l.x(t)=a@),

2. x(t)=a @) +b(t) x (1), and
3.x()=a@)+b@) x(t)+c@) x ).

Let functions a(¢) and b(t) be given. To find solutions of model equations of
types 1 and 2, we should add to our set of functions

1. the function [ a(r)dt and
2. the functions exp (f b(t)dr) and [ a(t) exp (— [ b(r)dt) dt

respectively.
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This observation explains the idea of Liouville (1833) to introduce the field of
elementary functions as the result of a series of Liouvillian extensions of the field of
rational functions, i.e. extension by adding integrals and exponents of integrals, in
other words, by adding solutions of model equations of the first and second types.

Model equations of the type 3 are known as Riccati equations and, as we will
see later, they are related to linear ordinary equations of the second order as well as
projective structures on the line.

More information on model equations corresponding to simple Lie groups can
be found in [6].

3.5.4 The Lie Superposition Principle

Here, we use Theorem 3.8 to get more information about solutions of model
equations.

As we have seen, finding solution y(¢) of the model equation is equivalent to
finding a path g(¢) on the Lie group G, and y(t) = g(¢)y(0). Assume that we know
k solutions, say yi(t), ..., yx(t), then y; (t) = g(¢)y;(0), foralli =1, ..., k.

From a geometrical point of view, this means that points (y;(¢), ..., yx(t)) €
(G/H} = (G/H) x -+ x (G,/H) and (y1(0), ..., yt(0)) € (G,/H)* can be
transformed by a single transformation g(t) € G, forany k = 1,2, .. ..

To analyze this situation, consider diagonal G-actions on direct products
(G/H), g :a = (a1,...,at) — ga = (gay, ..., gay). Then, the stationary
group G, is the intersection G4, N --- N G, of stationary subgroups G, of points
ai € G/H.

By the stiffness of a homogeneous manifold, we mean a number k such that the
stationary groups G, for general points a = (ay, ...,a;) € (G, H) are trivial.
We call such points regular. Given two regular points a, b € (G /H)¥, there is a
unique element y (a, b) € G such thata = y (a, b) b.

A set of solutions (y{(t), ..., yx(t)) is said to be fundamental solution of the
model equation if k is the stiffness of G H and (y{(0), ..., yx(0)) is a regular
point. Then, we define the path g(¢) as

g @)=y (@), ..., (), ¥1(0),..., (),
and all solutions of the model equation have the form
y@©) =y (1@, ..., y(@), (y1(0), ..., yc(0)) y(0). (3.28)

The last formula is called the Lie superposition principle.

Example 3.7 Example (1D model equations)
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1. Consider the case G/H = R, g = (%) Then, y (a,b) = a — b. The
fundamental solution is a solution of equation y(t) = A(t), and the superposition
principle says that all solutions of the equation x (1) = A(r) have the form

x(t) = x(0) + (y(@) — (0)) .

2. LetG/H =R, g = (%, x%) and G be the group of all affine transformations
of the line. The stiffness is k = 2 and

(x —=by)a;— (x —b)az
y ((a1,a2) , (b1, b2)) x = .
b — by
The fundamental solution of the model equation x(1) = A@t) + B(t)x(t) is pair
of solutions y;(¢), y2(¢) such that y; (0) # y»(0), and the superposition principle
says that the general solution has the form

_ GO = »O)n@) = =0 = »1©) »20)

x® 110) — 12(0)

3. Consider G/H = RP', g = (L x2 x2.1) with the group G = SL; (R) of
projective transformations

ajx +apz
Aix > ——=
a1 x +axn
where A = ||al~.,' || € SL; (R). It is known that any projective transformation of

the projective line is completely determined by images of three distinct points.
Therefore, the stiffness of RP! equals 3. It is also known that the cross-ratio

X —dypaz —ap

X —ayasz —a

is a projective invariant. Therefore, the element y (a,b) € SL, (R) such that
y =y ((x1, x2, x3) , (¥1, ¥2, ¥3)) x can be found from the equation:

Y=YIY3— Y2 X=X X3—X2
Y= ¥3— Y1 X —X2X3— X

Thus, a fundamental solution for the Riccati equation x(t) = A@t) + B(t)x (1) +
CHx(t)isa triple of solutions (y1(¢), y2(#), y3(¢)) with distinct initial values
¥1(0), ¥2(0), ¥3(0), and the general solution y(¢) can be found from the equation

¥(0) — y1(0) y3(0) — y2(0) _ (@) — y1(1) y3(2) — y2(8)
y(0) — 2(0) y3(0) — y1(0)  y() — y2(t) y3(t) — y1 (1)
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3.6 Ordinary Differential Equations

As we have seen above, the ordinary differential equation

F (x, y(x), ¥y (x), ..., y(k)(x)) =0 (3.29)

of order k, for functions y(x) in one variable x, is represented as a submanifold £
in the space of k-jets J*:

Er = {F (x,uo, uy, ..., ux) =0} c J&.

Its solutions y(x) are represented by curves
Ly= {uo =y@),ur =y @), ..., u = y(k)(x)} cérclh
These curves are integral for the restriction Cr of the Cartan distribution
Cr=kerwgN---Nkerwi_1
on . Here,
w; = du; —ujp1dx

are the Cartan forms.

As we have seen, the Cartan distribution Cj has dimension 2, and therefore the
spaces of the distribution Cr are intersections

TERNCy =kerdF NkerwgN---Nkerwg_1,

which are of dimension 2 or 1. The points x; € £p where the intersection has
dimension 2 we call singular and the points where the dimension equals 1 we call

regular.
Since we have

dIF
dF = Dy (F)dx + 3_duk mod Cg,
Ug

where

points are singular if and only if
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oF
Dy (F)=0, — =0. (3.30)
ouy

At regular points, we have dim Cr = 1 and the vector field

oF d
Zrp = —Dy — Dy (F) — (3.31)
duy ouy

is a basis in the distribution.

Thus, solutions L, of (3.29) are trajectories of Zr. However, there are trajecto-
ries of Z, which does not have the form L, since the function x, in general, is not
a coordinate on the trajectory. This situation appears every time when gTi = 0 on
the trajectory.

Thus, we have two alternatives. Either we continue to consider solutions of (3.29)
as smooth functions on the line, or we start to consider solutions as integral curves of
distribution Cr. We shall follow the second alternative, and then we get solvability
of our equation at regular points for free. Also, if L C &F is an integral curve of
CF, then we can remove from L the points where gTi = 0. Then, we get

-1
oF
L~|— 0) = L;,
( M) (0) U i
where each curve L; has the form
Li =Ly,
for some functions y; (x), each defined on its own interval. In this case, we call
integral curves L multivalued solutions of (3.29).
There are also exceptional cases, when gTi = 0 at all points of L. Then, L has
the form
L = {x = const, ug = consty, ..., u;,_; = consty_p},
where constants are chosen in such a way that

F (const, consty, ..., constg_1, ur) = 0.

Example 3.8 Consider the Lissajous equation (see [7]):

2 a?
(1 _x ) ¥ =3y + 5y =0, (3.32)

where a # 0 and b # 0 are some constants. Here,
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a2

F = (1 —xz) Uy — xup + ﬁuo,

and

x2 = Dup + xu
EFZ iuo:( )azz 1b2 CJ2

is a smooth 3-dimensional submanifold in J with coordinates (x, u, u2) .
We have

oF
dur

a
Dy (F) = —3xup +
and therefore the two curves
a
x==1, u = :I:b—zuo, Uy =

consist of singular points of the equation.

Also, % = 1 — x2, which implies that all integral curves that contain points

(x = %1, ugp, uy, up) are multivalued solutions. To find these solutions, we represent
them in parametric forms

x = cos (bt),
y=rf@®,
for —1 < x < 1, and in the form
x = £ cosh (bt),
y=g(@®,
for x > 1 or x < —1. Then, our equation in the first case takes the form
f+d*f =0,
and the form

/

g/_azgzo’

in the second case. Therefore, the solutions have the form
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Fig. 3.1 The solution to
(3.32) given by x = cos(5¢)
and y = sin(37)

0.5+

x = cos (bt),

y = c1 cos (at) + ¢ sin (at) ,
on intervals |x| < 1 and

x = £ cosh (b1),

y = c1 cosh (at) + c3 sinh (at) ,

on intervals x| > 1. We plot the first type of solutions for ¢c; = 0 and ¢c; = 1 in
the cases where § = % and ¢ = %, respectively. The first picture (Fig.3.1) gives
exactly what we expect from multivalued solutions, but the second one (Fig. 3.2) is

very far from the standard image.

3.7 ODE Symmetries

To simplify our exposition, we will assume that Eq. (3.29) is resolved with respect
to the highest derivative and therefore has the form

E ={ur = F (x,up, .., up_1)}. (3.33)

Then, functions (x, ug, .., ux_1) are coordinates on &, and the Cartan distribution
C¢ on £ is given by forms
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Fig. 3.2 The solution to
(3.32) given by x = cos(5xt)
and y = sin(37)
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wo =dug —urdx, ...., wg—2 =dup_py — up_1dx, wrg—1 = dup_1 — Fdx
and generated by the truncated total derivative

D 0 + 0 + o+ 0 + F 9
= —4u— 4+ Fup .
ox lauo k lauk,2 oUg—1

Similarly to what we had in the general case, we have now the following expression
for differentials of functions on £ modulo the Cartan forms:

df = D(f) dx mod (wog, .., wk—1),

where f = f(x, ug, .., Ug—1).

We have dim C¢ = 1, and therefore this distribution is completely integrable,
and the vector field D is obviously characteristic. We present shuffling symmetries
in the form

d
X=a—+ - +a- ,
0814() k laukq

where q; are functions on £.
This vector field is a symmetry of Cg, or of &, if

Lx (@;) =0 mod (wp, ...,wk-1),

foralli =0,...,k—1.
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We have
Lx (w;) =da; — ajy1dx = (D (a;) — aj+1)dx mod (wp, ..., wx—1), (3.34)
fori =0,...,k—2, and

Ly (wx—1) =dar_1—X (F)dx = (D (ap—-1) — X (F))dx mod {(wo, ..., wr_1).
(3.35)

Therefore, if we put agp = ¢ (x, ug, .., ug—1), then the formulae (3.34) and (3.35)
give us

ai = D' (¢),
fori =0,...,k—1and

DX (¢) — X (F) = 0.

Therefore,
d 0 a
X=Xp=¢—+D (@) — -+ D' (¢) ——, (3.36)
oug ouy ouy_1

and the last formula gives us condition on ¢ (Lie equation):

k oF 4 oF oF
D" () ——D" (@) - ——D(@)——¢=0. (3.37)

ouj_1 oup oug

Summarizing, we get the following result.

Theorem 3.10 Let Sym () be the Lie algebra of shuffling symmetries of ODE
(3.33). Then, formula (3.36) gives the isomorphism of this Lie algebra with the space
of smooth solutions to the Lie equation (3.37). The Lie algebra structure in Sym (&)
in terms of solutions (3.37), we call them generating functions, has the following
form:

[Xg. Xy ] = Xip.y1.
where
(¢, V] =Xy (¥) — Xy (). (3.38)

Proof To prove (3.38), we remark that ¢ = Xy (uo) .
Therefore,

[, ¥] = X,y (o) = [X¢, Xy Wmo) = Xy (V) — Xy (9).



104 V. V. Lychagin

Remark 3.3

1. If we compare formula (3.36) with description of symmetries of the general
Cartan distribution, we see that when the generating function has the form ¢ =
¢ (x, ug, uy), then the symmetries X are restrictions of the contact symmetry of
Cy on our differential equation. Moreover, symmetries with generating function
¢, depending on u», ..ui_1, are not anymore classical contact symmetries, and
this can happen only when the order of the differential equation k > 3.

2. Contact symmetries with generating functions ¢ = b (x, ug) + a (x, ug) u; are
called point symmetries. They correspond to transformations given by vector
fields

on the plane JO of the 0-jets (see [6] for more details).

3. Point symmetries, with generating functions ¢ = b(x)ug + a (x) u1, correspond
to transformations, which are linear automorphisms of the line bundle 7 : J° —
R. We call them linear symmetries.

3.7.1 Integration of ODEs with Commutative Symmetry
Algebras

In this section, we will discuss an application of symmetries to integration of ODEs.
Assume that Eq. (3.33) has k linearly independent (in some domain) commuting
symmetries Xg, ..., Xg_;, [¢i, ¢j]1 = 0.
Remark that all symmetries X, preserve the Cartan distribution, and therefore

[Xg,. D] = 4;D,

for some functions A;, i =0, ..., k— 1.

Applying both sides of this relation to the function x and using the relations
Xp(x) =0, D(x) =1, we get A; =0, i.e. k + 1 vector fields D, Xy, ..., X, ,
commute and are linearly independent.

Consider differential forms

w_1 =dx,a)o,...,wk_1
on &, then w_1 (D) = 1, w; (D) = 0, fori > 0, and w; (X¢j) = Di (‘ﬁ./)’ for

i,j=20.
Therefore, the matrix & that we used in Sect. 3.5.1 has the form
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1 [ T 0
0 ¢ ove- dr—1
- . 1o
- “low|”
0D gy D1 (1)
where
L T
W = CEEEEY DY ...
D1y - D (g-)
Therefore, the differential forms
dx
et || PO |l dx || _ |ldx
= T wle o’
W1
where
wo
w=| : |, 0=wlo, (3.39)
Wk—1

give us the dual coframe: 6; (Xy,) = 8;j, and they are closed d6; = 0.
Let

fi= / 6;, (3.40)
then the functions (x, fo, .., fx—1) are coordinates on £ and since
D (f)) =06; (D) =0,
they are first integrals. In other words, solutions of £ are given by relations
fo(x,up, ..., ur—1) =consty, ...., fi—1 (x,uq, ..., Ug—1) = consty_i,
(3.41)

and the explicit dependency ug on x could be found by the elimination uy, ..., ux_g
from the above equations.
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Theorem 3.11 Solutions of ODE (3.33) of order k with k linearly independent
commuting symmetries Xy, ..., Xg,_, can be found by quadrature (3.39, 3.40,
3.41).

Example 3.9 Example (k = 1) Consider the first-order ODE
y = F(x,y).

Its symmetries have the form
Xy = ¢ (x,u0) 0
= ¢ (x,up) —,
¢ 0 dug

where the function ¢ is a solution of the Lie equation

D(¢)_Ftto¢:¢x+F¢uo_Fu0¢:0,

and

wo _ dug — Fdx

o — _
wo (Xp) ¢

If we consider the Lie equation as equation on F given ¢, we get
éx
F=¢(X,M0) h(x)+ ¢—2dl/l0 )
and

0 = d(% — (h(x) —I—/%duo> dx,

for arbitrary functions 4 (x) and ¢ (x, ug) .

Example 3.10 Example (k = 2) Consider the second-order ODE

y'=F(,y).

Symmetries of this equation are vector fields of the form

a 0
X =95+ (0 turdug + Fu) 5 -
where generating function ¢ = ¢ (x, ug, u1) satisfies the Lie equation

2 oF oF
D% — =D (@)~ ¢ =0,
ui aug
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with

D 0 + 0 + F( ) !
= — +u— ug, uy) —.
0x 18uo 0.1 ouy

Remark that the equation is invariant with respect to translations in x, and
therefore ¢ = u is a solution of the Lie equation. In order to get a commutative
algebra of symmetries, we assume that the generating function for the second
symmetry is of the form ¢ (uq). For this type of symmetry, the Lie equation takes
the form

¢u0uou% - ¢Fuo - ¢uo (ulFul - F) =0.
For example, equations with function F quadratic in #; have the form

¢u0 +ci 2

F (ug,u1) = 3 uj + couy + ¢3¢, (3.42)

and ¢ = ¢ (up) is the symmetry of the equation.
Let us take the representative with ¢y = 0,¢c2 =0, c3 = 1, ¢ = exp (uo):

up = u + exp(up).

It has commutative symmetry algebra (¢ = u1, ¢» = exp(up)). Then,

W= ‘ o1 P uj exp (uo)
D¢1 D | |uf + exp(uo) ui exp (uo)|’
and
01 = —uy exp (—ug) wo + exp (—up) i

0y = exp (—2ug) (u% + uo) wo — uq exp (—2up) wg
are closed 1-forms. We have
6, =dH;, 0 = dHs,
where
Hy = —x +exp (—uo) u1 +ci,
H, = —%u% exp (—2ug) — exp (—ug) + ¢z,

and solutions of the equation are given by
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2
X) = ln )
ye) <2c2—c%—x2+2c1x)

where c; and ¢, are constants.

3.8 Schrodinger Type Equations

3.8.1 Actions of Diffeomorphisms on Schrodinger Type
Equations

In this part, we consider linear second-order equations of the form
Y+ W)y =0, (3.43)

with the potential W (x), and we study the cases when W is infegrable, i.e. the
Eq. (3.43) can be solved by quadratures. Because of linearity (3.43), we will restrict
ourselves to linear symmetries ¢ = a(x)ug + b(x)u;.

Then, the Lie equation takes the form

D?(¢) + W(x)p =0, (3.44)
where
D 0 + 9 W(x) 0
=—tur— —Wxuo—,
ax " auo Odu,
or

(b” + Za') up + (a” —2Wb — W’b) ugp=0

in explicit form. Therefore,

1b/+
a=—— c,
2
¢ = cug + ¢p,
/
= buy — —uy,
Db Uy — o

where the function b(x) satisfies the following third-order differential equation:

b +4Wb +2W'b = 0. (3.45)
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To understand the meaning of this equation, consider the action of point
transformations on equations of type (3.43). If these transformations preserve the
class of linear equations, they have to be of the following form:

T :(x,ug) = (y =Y(x), A(x)uo) .
Then, the image of (3.43) under this transformation is the following equation:

Koup + Kjuy + Koug =0,

where
K= 2
(r?
2A'Y — AY"
T
Ko —A'Y £ YA — AW (Y) (Y/)3.

)}

Therefore, to get transformations preserving the class of Schrodinger type equations,
we should require that K1 = 0, and this requirement gives us the following class of
transformations (up to a constant scaling of u):

T (x,u0) — (Y(x), ﬁuo), Y' > 0. (3.46)

__ Then, Eq. (3.43) will be transformed to the same type of equation with potential
W equal to

y®  3(r")

W= () w)+ TR

(3.47)

Notice that if we consider symmetric differential forms
gw = Wdy?,
then the last equation takes the following form:
gy =Y"(gw) — S (¥),

where

3) 2
S(Y)z( i +3(Y) )dx2

2y 4 (v

is the Schwarzian derivative.
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It is easy to check that S (Y) = 0 if and only if Y is a projective transformation:

b
() = EE°0
x +d
where
abl L, (®).
cd

Therefore, the SL; (R)-action on the set of Schrodinger equations is equivalent to
the SL, (R)-action on the space of quadratic differential forms.

3.8.2 Actions of the Diffeomorphism Group on Tensors

To understand the geometrical meaning of solutions of Schrodinger type equations,
we reconsider actions of the diffeomorphism group on tensors.

Let M and N be manifolds, and let ¢ : M — N be a diffeomorphism. We define
action ¢, of ¢ on tensors in such a way that

Wodh=vuode @07 =(¢7") . (3.48)
Functions For f € C* (M), we define ¢, (f) € C* (N) as follows:

¢ (f)=fog™ .

Remark that the difference of ¢, (f) from the more standard ¢* (h) = h o ¢,
where h € C*° (N) and ¢* (h) € C*° (M), is the following:

¢ We define ¢, (f) for diffeomorphisms ¢ only but ¢* (k) defined for all smooth

mappings ¢.
» Since we have (¢ o ¥)* = ¥™* o ¢*, instead of (3.48), the correspondence
¢ —> ¢* is not a group homomorphism, but ¢ — ¢, is.

Vector fields Let V € Vect (M) be a vector field on M, we define ¢, (V) by

b (V) () = . (V (67" 1)),
where h € C* (N) or, in operator form,

b« (V) =0 Voo,

Then, once more, we have property (3.48), and
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b« (fV) =« (/) b (V)
forall f € C*®°(M).

Differential Forms Let w € £2! (M) be a differential 1-form on M, and then we
define ¢ (w) € 21 (N) as follows:

(6 @), 2) = ¢ (0. 97" (2)).

for all vector fields Z € Vect(N). For exterior differential forms of higher
degree, we define

G (W1 A ANwg) = Py (W1) A+ - A Dy (),

where w; € VM), ..., 0p € Q' M) and v A - Awg € 2F(M).Ina
similar way, we define images of the symmetric differential forms and general
tensors.

Once more, we have property (3.48) for maps of differential forms and tensors.

Coordinates Let x = (x1,..,x,) be local coordinates on M and let y =
(y1, --, yn) be local coordinates on N. Assume that diffeomorphism ¢ has the
following form in these coordinates:

¢:x—>y=Yx),
P iy x=X ().

Then,

FX) = ¢ () = F (X)),
h(y) = o7 (h) (x) = h (Y (x)).

LetV = % € Vect (M). Then, ¢, (V) € Vect (N) has the form

- 3
6 (V) =Y a; (») —,
jX—;aj "oy,
and
a; () = (V) () = 6. (V (7 (1))
aY; aY;
0. (v (1) = (52 ) = 52 X ).

Therefore,
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d 2 9Y; d
— ) = — (X — 3.49
o <8xi> ,-E=1 ox; (X () oy, (3.49)
Let w = dx; € 2! (M) be a differential 1-form. Then,

b« (dxi) =Y bj (v) dyj,

Jj=1

oy — et (V) 29X
b] (y) = ¢« <<d-xlv (08 <3yj)>> = 3yj X ).

and

Therefore,

n

dX;
bu (dx;) =D = (X () dyj.
= 0

Solutions As we have seen, the natural type of transformations for solutions
of Eq.(3.43) is very similar to transformation of vector fields, with only one
difference: instead of the multiplier % that we used for transformations of vector
fields, we have to use multiplier \/% , 1.e. solutions of the Schrodinger type
equations behave like *“5 —vector fields.” To check this hypothesis, we substitute
square b(x) = y(x)? of a solution y(x) of equation (3.43) in symmetry Eq. (3.45)
and get zero.

Therefore, any product of solutions b(x) = yi(x)y2(x) of the Schrodinger
equation also satisfies equation (3.45). In other words, if (y; (x), y2(x)) is a
fundamental set of solutions of Eq.(3.43), then (y; (x)?, 2y; (x)y2(x), y3(x)) is a
fundamental set of solutions of Eq. (3.45).

These functions represent vector fields

5 0 a 5 0
A=y1(x)"—, H=2y1 (x) y2(x) 7=, B =y2(x)"—.
ox ox ox
Assume that the Wronskian of y; and y, equals 1. Then,
[A,Bl=H, [H,Al=-2A, [H, B]=2B;

i.e. these vector fields satisfy the structure equations of the Lie algebra sl (2, R).
To summarize, we have the following result.
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Theorem 3.12

1. The solution space of Eq.(3.45) is formed by pairwise products of solutions of
Eq. (3.43), i.e. Eq.(3.45) is a symmetric square of Eq. (3.43).

2. The solution space of Eq.(3.45) is the sl (2,R) Lie algebra with respect to
bracket [z21, 2] = 212, — 7} 22.

3. The Lie equation on symmetries of Schrodinger equation (3.43) defines a
projective structure on the line: sl (2, R) C Vect (R).

Remark 3.4 By a projective structure on R, we mean a covering R by intervals
(Uq, to) with coordinates #, such that on intersections U, N Ug, these coordinates
are connected by projective transformations

Ba Ba
_aj letap

1g = , (3.50)
aby'ta + aby
where
Ba  Pa
UMl e SLy (R). (3.51)
a) Ay

It is easy to check with formula (3.47) that locally any Schrodinger equation (3.43)
could be transformed to the equation y” = 0. The Lie algebra, corresponding to this
equation, has the form

a d 3
sI(2,R) = <£ xa,x2£>. (3.52)

In particular, any realization s[(2, R) C Vect (R) is locally equivalent to model
(3.52), and any two such realizations are connected by a projective transformation
(3.50).

In other words, to define a projective structure on R is equivalent to have a
representation of Lie algebra sl (2, R) in Lie algebra of vector fields Vect (R), and
it is also equivalent to have a Schrodinger equation (3.43).

Example 3.11 To the Schrodinger equation, y” 4+ w?y = 0 corresponds the Lie
algebra

) ) )
s[(2,R) = <sin2 (wx) —, sin 2wx) —, cos” (wx) —>, (3.53)
dx 0x ax

which is not equivalent to (3.52) on R because any nonvanishing vector field in
(3.53) has an infinite number of zeroes, while those in (3.52) have not more than
two.
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3.8.3 Integration of Schrodinger Type Equations with
Integrable Potentials

As we have seen, the Schrodinger type equations (3.43) have linear symmetries of
the form ¢9 = ug and ¢, = bu| — %b’uo, where the function b = b(x) is a solution
of the Lie equation

b3 AW +2W'b = 0.

They do commute [¢g, ¢p] = 0, and therefore the Schrodinger equation can be
integrated in quadratures if we know a nontrivial symmetry ¢,. In this case, we call
potential W integrable.

Moreover, integrating the Lie equation with respect to W with given function b,
we get the relation

o 1P\ 1D
W=b—z+z<;) T2 G539

where ¢, is a constant.

Remark that the solution space of the Lie equation is a Lie algebra, which is
isomorphic to sl, and the constant ¢, is proportional to the value of the Killing
form on sl on the vector b € sl,.

The relation (3.54) shows that if two potentials W and W have the same
symmetry ¢y, then

for some constant c.

This observation can also be used in the opposite way: if W is an integrable
potential with symmetry ¢, then the potential W + b‘—'z is also integrable with the
same symmetry ¢p.

Example 3.12 The potentials
c
(c2x? + 2c1x + Co)z’
2 c
(c1 sin Qwx) + ¢3 cos Qwx) + co)?’

and

1+ _
(sin (2x) + 1)?

are integrable (Figs. 3.3 and 3.4).
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. _ 1
Fig.3.3 w = )
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Fig. 3.4

w=1+ 1

(sin2(2)c)+])2

1.0

0.9

0.8[4

04

(.34
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3.8.3.1 Integration by Symmetries

To integrate the Schrodinger equation with given symmetry ¢,, we will use the
following observation:

Lemma 3.2 Let ¢ and v be symmetries of the Schrodinger equation. Then, the
function

H=¢D ) —-v¥D(9)

is a first integral.

Proof The conditions that i and ¢ are symmetries mean that D () + Wi = 0
and D? (¢) + W¢ = 0. Therefore,

D(H)=D(¢)D ) — D) D(¢)=0.
0
By applying this lemma to the symmetries ¥ = ¢o = up and ¢ = ¢, we get that
H— C_b¢2 + lqbz
IR

is a first integral of the equation.
Assume that ¢, = c% > (, and let y be a solution. Let

then
H = cos? +b%2 = 2.
Let

c . , C
z= —sin(y), 7= —cos(y),
co b

for some function y. Then,

and therefore solutions y have the form

d
y = i\/|b| sin (Co/ _x) .
co b
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In a similar way, we get

d
y = <./Ib| sinh (co/ %)

co

for the case ¢, = —cg < 0, and

d
y=cVibl [ 5

for the case ¢, = 0.
Finally, we conclude that knowledge of a single nontrivial linear symmetry ¢y
gives us

¢ Potential function

wo o, b\ 1D
T2 4\ b 2b°

¢ Fundamental solution (if ¢, = c(z) >0)

y1=\/mSin<Co/d%)dzzmcos(w/d?x)-

* Linear symmetries

d d
by :b,bzzbsin<2c0/7x),b3=bcos(200/7x>‘

* Integrable potentials

k.
W + ! 5, etc.
= (c1iby + c2iby + ¢i3b3)

Example 3.13 For the case

2
+t
(2 + sin2x)

b=2+sin2x, ¢, =5,

we have (Fig.3.5)

2 2t 1
y1 = +/2 4+ sin2x sin (— arctan (an_x—f—)) ,
V3 V3

2 2tanx + 1
y2 = +/2 4+ sin2x cos (— arctan (—)) .
NE] V3
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. _ 2
Fig.3.5 w=1+ Ty

3.8.3.2 Lame Equation
Let us consider the case when the potential function W generates linear symmetry

ow = Wup — %W/ ug for the corresponding Schrodinger equation.
In other words, the lift of the vector field

0
W(x)a

in the bundle of %-vector fields is a symmetry of the Schrédinger equation.
Putting b = W in the Lie equation gives us differential equation for potential:

W +6ww =0,
or
W’ +3W2+c1 =0

for some constant c¢j. Therefore,

1 n” 3
EW + W+ W+cp =0,

for some constant ¢, and
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W= -2p,

where g is the Weierstrass p-function with invariants go = —cy and g3 = ¢2/2.
Therefore, the Lame equation

Y'=2py=0

has linear symmetry

1
bp = pu1 — 560/“0,

with constant ¢, = —g3.
The fundamental solution (in the case, g3 < 0) has the form

. dx dx
y1 =+ lplsin (v—ga/ E)Jz = Vgl cos <\/_g3/g>,
and all linear symmetries are generated by
) dx dx
bi=g.by=gsin|2v-g3 [ -~ | .bs=gcos|2v—g3 [ -~ ).

and the potentials

ki
_2&)4—2 2 (0 . — dx . — dx )2
T 9% (c1i +caisin (24/=g3 [ F) + cizcos (24/=g3 [ F))

are integrable.

3.8.3.3 Eigenvalue Problem
Here, we consider equations of the form
y' + (W =21y =0. (3.55)
At first, we consider equations that have symmetries that are linear in A:
b =bg+ \b;.
Collecting terms with A%, A, and A?, we get the following relations: b; =

const, bp = —%, and bg is a symmetry of W. Therefore, we get the discussed
case of the Lame equation:
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Y= +29)y =0,
with symmetry
b=X7+p.

Then, the functions

y=alo s (v=a [ 2 )+ oy aioos (v [ 2

satisfy equation (3.55).
Assume that we are looking for eigenvalues for the boundary value problem
y (a) = y (b) = 0 on the interval [a, b], where the function g has no singularities.
Then, the boundary value problem gives us a linear system for the coefficients
Cy and C; of the solution

y(x) = Cn/lp(x)+k|sm< —83 p+x>
+C2\/|5o(x)+)»|cos< —g3 K>+)»)

We have

@ (a) + Al =0,

at the point x = a and

dx
Ci1/ g (b) + Al sin («/—g +A)+C2\/|@(b)+klcos< —g3 p—|—k>
a

at the point x = b.
Therefore, solutions of the equation

J|p<a>+w|p<b>+usin( &

dx)
=0
A

are eigenvalues for given boundary problem, or
A=—-p(),r=—-pOb),

b
dx wk
= ——k=0,%1,%2,....
/a p+r /8

are the eigenvalues.
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Similar results are valid for eigenvalue problems with symmetries that are

polynomial in X (see [8]).
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