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Preface

Volume II contains thirteen papers. Six of them, namely Papers 1, 2, 3, 9,
10 and 13, were not published previously in English. Moreover, Papers 3, 9
and 10 were sketched some 20 years ago but not published (though partially
used in my short publications) since I hoped to work out more applications.
Unfortunately, I could not find time to accomplish the whole project due to
many academic and other engagements. Therefore, I decided to translate
into English the original versions of these manuscripts as they were 20 years
ago and publish them in this volume.

Papers 5 and 12 are presented here in their original unabridged versions.

Elena Avdonina translated Papers 1 and 4 into English. She also made
the layout of Papers 5, 6, 7 and 8 in LATEX. Paper 2 was printed in LATEX
by Elena Avdonina and Roza Yakushina. My wife Raisa carefully checked
the formulae in all papers of this volume. I am cordially grateful to them.

My sincere thanks are due to the Vice Chancellor of Blekinge Institute
of Technology Professor Lars Haikola for his lasting support and to my
colleague Associate Professor Claes Jogréus for his assistance.

Nail H. Ibragimov
Karlskrona,
23 November 2006.
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Paper 1

Optimal systems of subgroups
and classification of invariant
solutions of equations for
planar non-stationary gas flows

N. H. IBRAGIMOV

Master of Science Thesis in Mathematics
[Diplomnaia rabota]

Supervisor: Professor L.V. Ovsyannikov
Institute of Hydrodynamics, USSR Acad. Sci.
Novosibirsk State University
Novosibirsk, 1965

§ 1 Introduction

The purpose of this work is to classify the invariant solutions of the equations
describing two-dimensional adiabatic gas motions. The similar problem
for the one-dimensional gasdynamic equations has been considered by L.V.
Ovsyannikov [103].

I begin with some explanations of the terminology used in what follows.
The definitions and proofs of the statements mentioned below can be found
in [103].

Let S be a given system of differential equations admitting a group G.
The basic property of solutions for S is that any solution of the system S
carried over by any transformation of the group G to a certain solution of
the same system S. Therefore two solutions of the system S are said to be

1
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essentially different with respect to GG if they are not transformed to each
other by any transformation of the group G; otherwise they are termed
unessentially different with respect to G.

If H is a subgroup of the group G, then it is obvious that solutions
essentially different with respect to GG are also essentially different with
respect to H. However, solutions essentially different with respect to H do
not necessarily have the same property with respect to G.

Let us assume that ®; is a solution invariant with respect to Hy, (invari-
ant Hp-solution), @5 is a solution invariant with respect to Hy (invariant
Hj-solution), where Hy, Hy are two subgroups of G. If there exists a trans-
formation T" € G such that

Hy =TH, T, (1)

then there is a one-to-one correspondence between H;i-solutions and Hs-
solutions given by the formula

Oy = Td,. (2)

Let S be a system of equations with respect to the unknown functions
and admit the group H with 7 functionally independent invariants. Then,
provided that certain conditions are met, the problem of obtaining invariant
solutions of the system S is reduced to solving the system of equations S/ H,
where the unknown functions (invariants of the group H in the given case)
depend only on o = 7 — m independent variables. The number p is referred
to as the rank of invariant solutions. In search of all invariant solutions of
the rank p one has to find all subgroups of the admitted group G having
the same number of invariants 7 = m + p. Certainly, it is sufficient to find
only solutions essentially different with respect to G. To this end one has to
choose only subgroups which are not connected by the relation (1), where T
is any transformation of the group G. Two subgroups H; and Hs connected
by the relation (1) are called similar. The set of all subgroups is classified
into similar subgroups. A set of classes of similar subgroups of order A is
called an optimal system of order h and is designated by ©;. The problem
of classification of invariant solutions of the given system S consists actually
in constructing systems ©j,.

Due to one-to-one correspondence between subgroups and subalgebras
we will identify optimal systems of subgroups with optimal systems of sub-
algebras and use for the latter the same notation ;. Then one can compose
systems 0y, as follows. Transformation of Hy into H, is inner automorphism
of G. These automorphisms can be substituted by linear transformations of
the corresponding Lie algebra. The linear transformations are carried out
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by the adjoint group of Lie algebra with operators in the form

0

Ey = (Xaaxﬁ)a—Xﬁ

(3)

calculated according to the table of commutators for operators of the group
G. Selecting the appropriate transformation of the adjoint group one can
find the simplest representative of the subgroup H in the system ©,.

Consider the system of equations for a two-dimensional adiabatic gas
motion written in the form

1
Up + Uy + VUy + — Py = 0,
p

1
v + uv, +vv, + —p, =0,
t y ppy (4)

P+ Upy + VPy + p(us + Uy) =0,

Dt + Upy + Upy + A(p, p)(ux + vy) =0

> )
where
0S/0p
05/0p’
and p, p, S are pressure, density and entropy, respectively. It is assumed
that 9S/0p # 0.

We consider two cases:

1) A(p,p) is an arbitrary function of its arguments,

2) A =~*p,ie. apolytropic gas.

The group G admitted by the system (4) is calculated in [103]. In the
first case the Lie algebra of the group G is spanned by the operators

Alp,p) = —p

0 0 0
Xl_a7 X2_%7 X3_a_y7
0 0 0 0
X4—t%+%> X5_t8_y+%’
o o 0 (5)
XGZta‘{'QT%‘{‘ya_y,
X7 = ——a:——irvg—ug-

ox dy ou ov

In the second case the following operators are added to the above:
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Table 1: Table of commutators for the operators (5), (6), (7)

L X [ X | Xs [Xa| X5 [ X6 | Xr [ Xs | Xo | Xu

X, 0 0 0 | X, | X3 | X, 0 X, | 0 | Xo+ Xs
—4X,

X5 0 0 0 0 0 X5 —-X3 0 0 Xy
X3 0 0 0 0 0 X3 Xo 0 0 X5
Xy - X5 0 0 0 0 0 X5 | —X4 0 0
X5 —-X3 0 0 0 0 0 X4 —X5 0 0
Xs -X3 X5 | = X3 | 0 0 0 0 0 0 Xi0
X7 0 X3 | X2 | X5 | X4 0 0 0 0 0
X3 -X3 0 0 Xy | X5 0 0 0 0 X0
Xog 0 0 0 0 0 0 0 0 0 0
Xio I —Xo—Xs | —Xa| =X 0] 0 | Xio| 0 | —Xiu] 0 0

When v* = 2 one more operator is added to (5), (6):

e, 0 0 0 0 0 0

Xip=t pr +tx % +ty o +(z—tu) v (y—tv) 50 4tp 9 2tp 95 (7)

Let us denote in the first case the group admitted by the system (4) by
G, and the corresponding Lie algebra by L;. Likewise, in the second case
Gy, Lg and Gy, Lip when ~* is arbitrary and v* = 2, respectively.

It should be noted that according to the Cartan criterion, Lie alge-
bras L; and Lg are solvable and Lo is nonsolvable. Lo is also not a
semisimple algebra since it contains a solvable ideal spanned by the op-
erators XQ, Xg, X4, X5.

§ 2 Optimal system of one-parameter sub-
groups

1° Let us consider the group G7. The matrix of the general inner automor-
phism of the algebra L, is a superposition of the following basic matrices:

1 0 0 00 0 0 1 0 0 00 0 0
0 1 0 00 0 O 01 0 00 0 0
0 0 1 00 0 0 00 1 000 0
Aj(@)=]l 0 a 0 1 0 0 0l Ayfas)=[0 0 0 1 0 0 0
0 0 ag 0 1 0 O 00 0 01 00
at 0 0 0 0 1 0 00 az 0 0 0 1 0
0 0 0 00 0 1 0 0 —az 0 0 0 1
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1 0 0 0 0 0 O 1 a4 0 0 0 0 O
O 1 0 0 0 0 O 0O 1 00 0 0 O
O 0 1 0 0 0 O O 0 1 0 O 0O
Az(az) =0 0 0 1 0 0 O0}; A4(ag) =0 0O 0 1 0 0 O]
0O 0 0 0 1 0 O O 0 0 0 1 0 O
0 0 a3 0 O 1 O 0O 0 00 0 1 0
0O a3 0 0 O O 1 0O 0 0 0 a4 O 1
1 0 as 0 0 0 O ag 0 0 0 0O O O
0 1 0 0 0 0 O 0 ag¢ 0 0 O O O
0 0 1 0 0 0 O 0O 0 a 0 O O O
As(as)=[0 0 0 1 0 0 0:Aslag)=[0 0 0 1 0 0 0
0 0 O 0 1 0 O O 0 O 0 1 0 O
0 0 0 0 0 1 0 O 0 O 0 0 1 0
00 0 —as 0 O 1 0O 0 O O 0 0 1
1 0 0 0 0O 0 O
0 a a/ 0 0 0 0
0 —a% o, 0 0 0 0
Az(ab,af)=)0 0 0 at af 0 O (8)
0 0 0 —af a, 0 O
0 0 0 0 0O 1 0
0 0 0 0 0 0 1
Here a; (i = 1,...,7) are the parameters of transformations of the ad-

joint group, and a’, = cosar,a’ = sinay. The identical automorphism cor-
responds to a1 = ay = a3 = a4 = a5 = a7 and ag = 1.

Any operator of the one-parameter subgroup of the group G, can be
written in the form

X =e"X, (9)
where e® (o =1,...,7) are some coefficients. Transformation of the vector
e{e',...,e"} by means of the matrix A* transposed to A corresponds to

transformation of the operator X by matrix A. The coordinates €% and e’
do not change under the action of matrices A}. Therefore it is convenient
to consider different cases separately depending on whether €% and e’ are
equal to zero.
Let €8 = e = 0. If e* = €® = 0, then having e! = 0 and acting by the
matrix
A/t =), 2= () + (%),

one obtains the vector {0, 1,0,0,0,0,0}. Whereas having e! # 0 and acting
by the matrices
Aj(=e?feh),  Aj(=e’/el)
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one obtains {1,0,0,0,0,0,0}. If (e*)? + (%)% = a® # 0, then having e! = 0
we act by the matrices

e2et + e3¢’
a2

A5(et o~ a7 (-

and in case e3e?—e%e® = 0 we obtain {0,0,0,1,0,0,0}. In case e3e*—e?e® # 0
we act by one more matrix
2
A
6\ e3e4 — 265

and obtain {0,0,1,1,0,0,0}. When e! # 0 we act by the matrices
Aj(=e?/fel),  Ax(=e’/el),  Ai(e'/a, —€*/a)

and obtain {1,0,0, 1,0,0,0}.
Let €% = 1, €” = 0. Acting by the matrices

B, A - ), A — )
and in case a® = (e*)? + (€°)? # 0 by one more matrix
A;(64/aa _65/a)7

we obtain the vector {0,0,0, «,0,1,0}, where « is an arbitrary real number.
Let €5 = 0, €” = 1. Under the action of the matrices

As(etet +e%),  Aj(ele® —¢?),  Aj(=e”), Ai(eh)

we obtain the vectors {0,0,0,0,0,0,1}, {1,0,0,0,0,0,1}.
Let €® = 1, " = b # 0. Acting by the matrices

elet —e? + bed — bele5>
b

T e

. [e'e® —e® +belet — be? . .
A3 ( 1+ b2 ) ) A4(_65/b)7 A5(€4/b)
we obtain the vector {0,0,0,0,0,1,b}.
By means of the formula (9) we arrive to the conclusion that representa-

tives of classes of operators of similar one-parameter subgroups of the group
G are the following operators

X1, Xo, X5, aXe+ X7, X0+ Xg, Xa+ Xy, Xo+ X5, aXy + X6 (10)
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2°. Let us consider the group Gy. Table (1) shows that Xg generates the

center of Lie algebra Liy. Therefore it is sufficient to consider the residue

algebra Liy/Xo. The transposed basic matrices of inner automorphisms of

the algebra Ly are as follows.

0
0

10 0 0 0 O
01 0 0 0 a
0 01 0 0 O
00 0 1 0 0
0 0 0 0 1
0 0 0 0 0

0

0
—ay
0
0

0 0 0

0 O Qo

0 0 0

0
1

0 00 0 0 O
0 00 0 0 O
00 0 0 0 O
00 0 0 0 O

0
0
0

0
0

0
0

0 0 0 0

1 00 0 0 O
01 0 0 0 O
0 01 0 0 as
0 00 1 0 O
0 0 0 0 1
0 00 00

0 0 O
0 0 0 0
0 0 0 0

a3

0 0 0 as
0 0 0 0
1
0

0
0

0
1

00 0 0 0 O

0 0 O

0

1
0
0

00 0 0 0 O

000 0 0 O

0

0 00 0 O0 O

—
3
Loooo o §F -
_
=NeNelelol-l-N-Ei=
SO oo oo -0 O
cCooc o000 0o o0
SOoOooo o0 oo
co Jo—~oocoocoo
o oo oococoo
co—Hoooococo oo
=l =R le ool
— o000 OO O
l
//
i
3
~—
i
)

CQ(GQ)

Cg(ag)
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0
0
0

0
0
0

0
0
0

Qg

000 0 O0 O

1
Qy

1 00 0 0 O
0 01 00 0 O
0 001 0 0 O

0 0
0
0
0
0

0

0
0
0
1
0
0

0 00 0 1 0 a4

0 0 0 0 0 1

0
1

0 00 0 0 0 O
0 000 0 0 O
0 00 0 0 0 O

0 00 0 0 O

0
0
1

1
0

04(CL4) =

S
i
i
N—
Coocoococoocoo A
—
cCoOOODCoDDOoOO0 OO Coococococooodg P00 000 =0
cCcoocoocococooco o cCcooococoo—~0 O
cCoocoocococooco—O
10
—_ cCcoocococo 00O
e ge e S coccococo—~oo
- o e O oo
OOOﬂOOlOOO
-
SO0 —~0000 coo SYoococoo
cCoococ o~ o OO !
cCooco A0 oc oo o
cCooco—-ococooo coodFoocococo
coo A0 o0cococo o
cCcoo—-Hococoococoo .
SO OO0 O0S o SYocoocoococoocoo
e R e R e R e W e B e B e Wi e Wi e _
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a—lgooooooooo
0O 1.0 0 0 00O0O0 O
0O 01 0 0 00O0O0 O
0 00 ag 0 00 0 0 0
0 00 0 a 0 0 0 0 0
Gslas) =l 6 9 00 0 100 0 0
000 0 0 0100 0
000 0 0 0010 0
000 0 0 00O0T1 0
000 0 0 00 0 0 ag
1 0 0 00 0 00 00
O 1 0 00 0 0 0 00
0O 0 1 00 0 0 0 00
0 a 0 1.0 0 0 0 0 0 /
0 0 a 0 1 0 0 0 0 0] a5 =cosar,
Colao) =, 0 0 00 1 0 0 0 0 o = sinay.
0O 0 0 00 0 1 0 00
@ 0 0 00 0 0 1 00
449 0 0 0 0 0O 0O O 1 O
a2 0 0 0 0 a 0 a9 0 1

The identical automorphism occurs when
a1:a2:a3:a4:a5:a7:a920, CLGZCLs:]_.

Basic automorphisms of the algebra Lg/Xg consist of the matrices B; (i =
1,...,8) that are obtained from the matrices C; (i = 1, ..., 8) by eliminating
two last columns and rows. Matrices B (a;) act on operators of the form:

X=e"X,, a=1,..., 0. (12)

Let €8 = 7 = e® = 0. If e! = 0, then in the case of e* = €® = 0 acting
by the matrix
B7(€2/t7 _eg/t)7 t2 = (€2>2 + (€3>2

we obtain {0,1,0,0,0,0,0,0}, and in the case of a®> = (e*)? + (€®)? # 0
acting by the matrices

2.4 3.5
By (—w) . Bq(e*/a, €°/a)

a

we obtain {0,1,0,0,1,0,0,0}, {0,0,0,0,1,0,0,0}. When e' # 0, and in
case e* = €% = 0 we act by the matrices

Bi(—€¢*/e'), Bs(—¢’/e)
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and obtain {1,0,0,0,0,0,0,0} and in case a®> = (e*)? + (e°)? # 0 we act by
the matrices

By(—e?/e"), Bs(—e*/e'), Bi(e*/a, —€°/a)

and obtain {1,0,0,1,0,0,0,0}.
Let e =1, e” = e® = 0. When e* = €® = 0 we act by

Bl(_61)7 BQ(_62)a B3(_€3)
and obtain {0,0,0,0,0,1,0,0}. When a? = (e*)? + (€®)? # 0 we act by
Bi(—e'), By(—e*+ete), Bs(—e*+e'e®), Bq(e*/a, —€°/a)

and obtain {0,0,0,1,0,1,0,0}.
Let €8 = €8 =0, €7 = 1. Matrices

By(e'e +€%), Bs(e'e® —e?), Bu(—€’), Bs(—e')

lead to the vectors {0,0,0,0,0,0,1,0}, {1,0,0,0,0,0,1,0}.
Let e =1, " = a, e® = 0. We act by the matrices

Bi(—¢'), Bs(as), Bslas), Bi(—¢’/a), DBs(¢'/a),
where as, az are found from the system of equations

as + aas = elet — 2 }

aay — az = €° — eled

and obtain the vector {0,0,0,0,0,1,a,0}.
Let e =a, e" =0, ¥ =1. If a # —1 we act by the matrices

el ete — (1 + a)e? ete® — (1 + a)e?
B1<_1 )7B2( ( 2) )7B3( ( 2) )7
+a a+a a+a

B4(_€4)7 B5(_65>
to obtain {0,0,0,0,0,a¢,0,1}. If a = —1, acting by

Bi(eh), Ba(e?), Bs(e®), By(—e'), Bs(—¢®)

we obtain the vectors {1,0,0,0,0,—1,0,1}, {0,0,0,0,0,—1,0,1}.
Let €5 =0, " = a, €® = 1. Matrices

3 _ 1.5 1,4 2
Bi(—¢'), By (ﬂ) , Bs <g) ;
a a
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B _64 + ae® B, ae* — ed
14 a? 14 a?
yield the vector {0,0,0,0,0,0,a,1}.
Let e =a, e" =0, 8 =1.If a # —1 we act by the matrices

By (—ii@), Bs(as), Bs(as), Bi(as), Bs(as),

where as, as, a4, as are determined from the system of equations

1,4 )

aas + bas = —e* + €
14+a

eled
—bay + aaz = —e* +

14+a
ay — bas = —e*
bay, + a5 = —€°

Ve

and obtain the vector {0,0,0,0,0,a,b,1}. If a = —1, we act by
Bz(a2), B3(CL3), B4(a4), B5(G5),

where as, as, ay, as come from the system of equations

—ay + bag + elay, = —€?
—bay — as + etaz = —€*
)
ay — bay = —e*
_ 5
ba4 +as = —e

and arrive at two vectors {1,0,0,0,0,—1,b,1}, {0,0,0,0,0,—1,b,1}.
Let e =e” =0, €® = 1. Matrices

Bi(=€), Bi(—e"), Bs(—)

yield the vectors {0,0,0,0,0,0,0,1}, {0,1,0,0,0,0,0,1}.

Substituting the resulting vectors into Formula (12) and adding to every
operator the term yXg with an arbitrary real v and then adding to this
system operator Xy, we obtain representatives of the system ©; for the
group Gy in the form

X1 +7Xg, Xo+79Xe, Xs+7Xo, X1+ Xy+7Xo,
Xo+ X5 +9X9, Xe+aXs+vXe, X7+ vXo,
X1+ X7 +79Xe, Xo+ Xg+79Xo, Xy+ X+ 77Xy,

aXg+ BX7+ Xs +Xo, X1 — Xo+ X+ Xs +7Xo,  Xo.

(13)
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In the first five operators we can assume that v = 0; 1, since when v # 0 we
can make v = 1 by means of the automorphisms Bg, Bs.

3°. Let us consider the group Gip. The general inner automorphism of
the group G transforms the coordinate e!° to the form

1
et = — [2%e" + 2w(e + €°) + w?e'], (14)
Apas

where the following notation is introduced z = agag, w = ag + ajagag. The
brackets contain a quadratic form of z and w, whose discriminant is

1 1
A= elel0 _ 2(eb 4 82 — g g2
1 )V =a- 0
where p = €8 — €, ¢ = —elel® — e8¢ are invariants of any automorphism

C;. When A < 0 there will be real z, w such that €' = 0, therefore, the
operator
X=X, a=1,...,10 (15)

in this case is similar to one of the operators (13). When A > 0, i.e.

4etel® > (e85 + €8)?, we can consider that e! = €!© = 1. Indeed, let e!® =

1, e! =t, 4t > (e® + €®)2. Then under the action of the matrix Cg(v/t) we

obtain e! = 1% = 1. Let us investigate vectors provided by the case A > 0.
Let ¢ =e® =0, ¢” = a. If |a] # 1, acting by

Cy(asz), Cslaz), Cilas), Cs(as),

where as, as, a4, as are found from the system of equations

a9 — Qa5 = —64
_ 5
as + aay = —e
aas + ag = —e?
—oag + a5 = —e?

we arrive to the vector {1,0,0,0,0,0,,0,7v,1}. If |a| = 1, then by means
of the matrices
Cu(—€),  Cs(—e")

we arrive either to the previous vector or to the vector {1, 1,0,0,0,0,1,0,, 1}.
Let €® = a, e” = a, €® = 0. Acting by the matrices

Cy(az), Cslas), Culas), Cs(as),
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where ao, as, a4, as are derived from the equations

aas + aas + ay = —e*

—Qaas + aasz + as = -
a9 — Qs — —64
as + aayg = —65
we arrive to the vector {1,0,0,0,0,a,a,0,v,1}.
The case €3 # 0 reduces to the two previous cases.
Operator X of the system (13) transforms into X, under the action of
automorphisms

Ci(=1), C7(0,1), Cy(1).

The remaining operators of the system (13) transform neither to each other
nor to operators obtained for the case A > 0 (due to invariance of A).

Finally the following representatives of the system ©; for the group Gig
are obtained:

X1+79Xg, Xo+79Xo, X1+ Xy+7Xe, Xo+ X5+ X,

Xo +aX7s+7Xy, X7+7Xe, X1+ X7+ 7Xo,

Xo+ Xg +7Xo, Xy+ Xo+7Xo, aXe+ X7+ Xg+7Xo,

X1 —Xe+aXs+ Xg+9Xg, Xo, Xi+ Xo+ X7+ 7Xe+ Xy,

Xi+aXe+ 08X +9Xg+ X1, 0<a<2, when a=0, 3>0.
(16)

In the first four operators one can assume that v = 0; 1.

§ 3 Optimal system of two-parameter sub-
groups

1°. Any operator of the Lie algebra of a two-parameter subgroup of a group
can be written in the form

AX + uY, (17)
where the basic operators X, Y have the form (9) and satisfy the condition
(X,Y) =aX + VY, (18)

and A, u are two arbitrary real valued coefficients. For the sake of brevity
the operator (17), or more accurately speaking the two-dimensional Lie
algebra spanned by X and Y, will be often denoted by

<X,V >. (19)
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The system O, can be constructed as follows. One of the operators
(19) can be transformed to one of the operators (10) by the corresponding
automorphism. Therefore we assume that the operator X of the pair (19)
runs the system (10) and choose Y to satisfy the condition (18). Then
we find an automorphism that keeps operator X unaltered and apply it to
Y. Operators in the resulting set of pairs have a less number of arbitrary
coefficients e®. We fix one of the resulting pairs, let it be the ”simplest”
< X% YY > . Then we take the next pair < X!, Y! > from the set of
the resulting pars and check whether there is such an automorphism that
transforms < X1, Y1 > to < X% Y? > . To this end we follow the below
procedure. Let for the sake of simplicity < X°,Y? >=< X, X, > . We act
on the operator AX! + pY'! by the matrix A of the general automorphism
and equate the result to the operator £X; + nXs:

7
MAXY + pAY! = Z = 1Api(A) + ngi(A)] X = X1 + nXs.

i

We arrive to the following system of equations determining &, 7 and param-
eters of the automorphism:

Ap1</4)_kliq1(f4):::€7 } (20)
Apa(A) + puga(A) =1
Ap3(A) + pgs(A) =0,
..................... (21)

Ap7(A) + pgr(A) = 0.
If one of p;(A), ¢ > 3 is not equal to zero, then

i(A)
Pi(A) .

which contradicts the condition of independence of A and . The same is the
case with ¢;(A), i > 3. Therefore, System (21) is equivalent to the system

A:

p3(A) =0 )

p?(A) =0

s(A)=0 ( (22)
q7(A) =0
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that helps to find the necessary automorphism. If the system (20)-(21) is
not compatible, < X', Y’ > is not transformed into < X° Y° > . If it is
compatible < X’ Y’ > is transformed into < X° Y" > and equations (20)
are used to determine &, 7. If < X', Y’ > is not transformed to < X°, Y >,
we take the next pair and likewise check whether it can be transformed
into one of the above pairs, etc. Following the same procedure with every
operator of the system (10) one obtains the system O, for G7.

Let us apply these considerations to arbitrary finite-dimensional Lie
groups. Thus the same method is applied for constructing the system O,
for the groups Gy and Gyj.

Let us take the first operator X; of the system (10). Condition (18)
shows that a subgroup with X is formed only by those operators in the
form (9) which have e = €5 = 0. Automorphism that leaves X; unaltered
occurs only when Ay, As, Ag in (8) are identical. If e® = €7 = 0, the matrix

Ar(e2ft, = 1), 17 = () + (€°)°
yields the vector {0,1,0,0,0,0,0}. If (¢5)% + (e7)? # 0, then the matrices
Ag(az), As(as),

where as, az are obtained from the system

6

ageﬁ + CL367 = —¢?
)
—CL2€7 + aze” = —e?

provide the vectors {0,0,0,0,0,«,1}, {0,0,0,0,0,1,0}.
Let us consider X,. Condition (18) yields e” = 0. Matrices (8) do not
change X, when Ag, A7 are identical. If €® = 1, matrices

Aj(—e), As(ere® —e?)
provide the vector {0,0,0,a,3,1,0}. If € = 0, in case ¢! = 1 matrix
As(—e?) leads to the vector {1,0,0,a,3,0,0}. When e! = 0,e® = 1, the
matrix A;(—e?) provides {0,0,0,a,1,0,0}. When e! =0, ¢®> = 0 one has
{0,0,,1,0,0,0}, {0,0,1,0,0,0,0}.

Let us take X,. Condition (18) and the requirement for invariance of X,
provide e! = e” = 0; Ay, A7 are identical. If €% = 1, the matrices

Ag(—€?),  Asz(—e?)
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yield the vector {0,0,0,0,q,1,0}. If ¢ = 0, then depending on the values

of the coefficients €2, e, e® we obtain the following vectors:

{0,1,0,0,1,0,0}, {0,1,,0,0,0,0}, {0,0,1,0,1,0,0},

{0,0,1,0,0,0,0}, {0,0,0,0,1,0,0}

acting in case e? # 0 by the matrix
1
AG (g) )
and in case €2 = 0, €® # 0 by the matrix
1
A4 (_3) |

Let us consider aXg + X7. First assume that o« = 0. Then our conditions
provide €2 = €® = et = €® = 0. If €% = 0, the matrix

ue

yields the vector {1,0,0,0,0,0,0}. If €% = 1, the matrix

Ay (—e)
yields the vector {0,0,0,0,0,1,0}. Now let @ # 0. Then condition (18)
shows that either e? = € = e* = ¢® = €% = €7 = 0 which provides the

vector {1,0,0,0,0,0,0}, or e! = ¢* = €3 = ¢' = ¢ = 0 which yields the
pair < Xg, X7 > .

Let us take X; + X,. Condition (18) provides e! = e?, €5 = €f =7 = 0,
therefore one obtains {0,0,1,0,0,0,0}, {0,1,,0,0,0,0}.

Operator X; + X7 yields the pair < X7, X7 > .

Let us consider X5 + X4. We have e! = €® = ¢” = 0, and depending on
the the values €2, e, e® obtain the vectors

{07a75707 ]"0’07}7 {O’ 1,&,07070,0}7 {0707 ]‘70’07070}'

Let us take a X, + Xg. Let o = 0. Then we have either e* = e° = ¢” = 0,
which provides two pairs < X, Xg >, < X9, Xg >, or el = €2 = ¢e3 = 0,
which provides the pairs < X4, X¢g >, < Xg, X7 > . Let a # 0. Then either

el =e? =¢e3 = ¢ =0, which provides

{0,0,0,,1,0,0}, {0,0,0,1,0,0,0},
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Table 2: Optimal system of two-parameter subgroups of G~

1] X, X, 8 | Xo, X,

2 X,, X 9 | X, X, + X;

3 Xl, OCXG +X7 10 X5, X4

11 Xy, X3 11| X, Xo + aX;

5) XQ, X3—|—X4 12 X5, O[X4—|—X6

6| Xe, Xi+Xy4+aX; 13| Xo+ X5, aXo+ X3+ Xy
7 XQ, OZX4 + ﬁX5 + X6 14 X77 X6

> = 8 = ¢ = 0 which yields

{0,1,0,0,0,0,0}, {0,0,1,0,0,0,0}.

orel =et=c¢

Now let us take < X;, Xy > as the first pair and check whether there
is an automorphism that transforms for example the pair < X, Xg > into
< X1, X5 > . Since the coordinate €% is an invariant of any automorphism we
have gg(A) = 1 and these pairs cannot be transformed to each other. Upon
the above checking procedure one obtains the following optimal system of
two-parameter subgroups of G :

2°. Let us consider the group Gy. In this case we consider the pairs (19)
where X runs the system (13) and Y has the form

Y=¢eX,, a=1,...,0. (23)

Let us take the operator X; +vXy. Let v = 0. Then condition 18 yields
et =¢e>=0.1If e® = e” = 0, then in case t* = (¢?)? + (¢3)? # 0 the matrix

Br(e*/t, —e?/t)

provides the vector {0,1,0,0,0,0,0,, 3}, o = 0;1, and in case ¢ = 3 = 0
we have {0,0,0,0,0,0,0,1,a}. When (€®)? + (e7)? # 0 then acting by the
matrices

Bs(az), Bs(as),

where as, a3 are determined by the system
e6a2 + e7a3 = —¢?
7
—e"ay + ebag = —€*

we arrive to the vectors {0,0,0,0,0, 1, «, 3,7}, {0,0,0,0,0,0,1,a, 3}. When

v =1 we have e* = % =0, ef + €8 = 0, i.e., in the vectors obtained above

it is considered that % = —e8.
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Let us consider the operator X5 +vXg. When v = 0 it is necessary that
e¢” = 0, and when v = 1 that ¢ = ¢” = 0. If ¢® = 0, then in case e’ =
0, ! =1 we act by the matrix Bs(—e*) and obtain {1,0,0,«, 3,0,0,0,7},
and in case €% = e! = 0 we obtain the following vectors:

{070707a7 170’0’07/3}7 {0707 1717070’0’ O7a}7

{0,0,1,0,0,0,0,0,a}, {0,0,0,1,0,0,0,0,a},

acting when e® = 1 by the matrix B;(—e?), and when ¢5 = 1 under the
action of the matrices

B1<—€1), Bg(—€3 +€1€5)

we obtain {0,0,0,1,a,1,0,0,a}, {0,0,0,0,1,1,0,0,a}, {0,0,0,0,0,1,0,0, a}.
If 8 = 1, then in case e® = 0 matrices

Bl(_€1)7 B4(_€4)7 BS<_65)
yield {0,0,,0,0,0,0,1,3} and in case e® = —1 matrices
B3(@3 - 6165)a B4(—64)> B5(_€5)

provide {0,0,0,0,0,—1,0,1,a}, {1,0,0,0,0,—1,0,1,a}, and in case €% #

0, —1 matrices

61 61_63_6366
By | — By | ———————— By(—é* Bs(—¢€®
(o) m(atmn ). B B

provide {0,0,0,0,0,,0,1, 5}, a # 0, —1.
Consider X5 + vXy. If v = 0 it is necessary that e! = ¢ = 0, and if
= 1 that e! =¢” = e® = 0. If e = 0, then in case ¢® = 0 we have the
vectors

{0707171?0’070707a}7 {0717a7]‘?07070707/6}7 {070707]‘?07 070707a}7
{07 17&70,070’0’076}7 {0707 1707070’0707(]{}7
and in case €% = 1 under the action of the matrices
By(—€%), By(—¢’)

we arrive to the vector {0,0,0,,0,1,0,0,3}. If €8 = 1, then in case ¢ = 0
we act by the matrix By(—e?) and arrive to the vectors

{0717Q707O7O7O7 ]‘7/6}7 {0707170’070707 17a}7 {07070’0707 0707 ]‘7@}7
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and in case €5 # 0 we act by the matrices

e? el
By <—€—6) , Bs (_e_6> , By (—64)

and obtain {0,0,0,0,0,«,0,1, 5}, a # 0.

Consider X; + X4 + vXy. When v = 0 we have ¢! = e*, &5 = €7 =
e5+2e8 =0,and wheny =1 wehavee! =e*, e® =l =e" =8 =0.1If b =
e® = 0, we have two vectors {0,1,,0,0,0,0,0,3}, {0,0,1,0,0,0,0,0,a}.
If €8 =1, €% = 2, then matrices

1 (2). ()

provide {0,0,0,0,0,—2,0,1, a}.

Let us take X5 + X5 +7vXgo. When v = 0 we have e! = e = b 4 e® = 0,
and when v = 1 we have e! = €8 = ¢" = €8 = 0. If ¢® = 0 one has
{0,,3,1,0,0,0,0,~}, {0,,1,0,0,0,0,0, 3}, {0,1,0,0,0,0,0,0,a}. If e8 =
1, we act by the matrices

Bg(@g), 33(63), B4(—64)

and arrive to the vector {0,0,0,0,0,—1,0,1, a}.

Consider Xg + aX;7 +7Xy. If a = 0 we have either e* = €% = €6 = €7 =
e =e’=0,orel =e?=¢e>=0.1If el =0 the first case is reduced to the
vector {0,1,0,0,0,0,0,0,0} by the matrix

Br(e?/v/(€2)? + (€9)2, —€*//(e2)” + (¢%)?)

and if e! = 1 the case is reduced to {1,0,0,0,0,0,0,0,0} under the action
of the matrices
By(—¢€?), Bs(—¢?).

In the second case when e’ = ¢ = 0 under the action of

Br(e*//(eh)? + (€7)2, —e*//(e!)? + (e°)?)

we arrive to the vector {0,0,0,1,0,0,0,0,a}, and when (e”)? + (%)% # 0
we obtain the vectors {0,0,0,0,0,0,«, 1,3}, {0,0,0,0,0,0,1,0,a} acting
by the matrices

By(as), Bs(as),

where a4, a5 are determined by the system

€8a4 - 67CL5 = —64
5 .

e7a4 + 68a5 = —e
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When a # 0 we have either the vector {1,0,0,0,0,0,0,0,0}, or e* = ¢ =

e3 = e* = €% = 0 which yields two vectors

{0,0,0,0,0,,0,1,3}, {0,0,0,0,0,1,0,0,a}.

Consider X7 +vXy. Wehave e? =e3 =¢e* =¢®> =0. Incase e = €8 £ 0
we act by the matrix
ol
B[
' ( 6 + 68)

and obtain the vectors {0,0,0,0,0,«,0,1, 8}, a« # —1, {0,0,0,0,0,1,0,0, a},
in case €% + €% =0, e! # 0 we act by the matrix

Bg(el)

and obtain {1,0,0,0,0, —,0,a, 3}, « = 0; 1, and in case e’ +¢® = 0, ¢! =0
we have the vector {0,0,0,0,0,—1,0,1, a}.
Consider X; + X; +7Xy. Inthiscase e? = e3> =el = = el + e85 =0
and we have two vectors {«a,0,0,0,0,—1,0,1, 5}, {1,0,0,0,0,0,0,0, a}.
Let us take X5 4+ Xg + vX9. We have either the vectors
{1,0,0,0,0,0,0,0,0,}, {0,0,0,1,0,0,0,0,0}, {0,0,0,,1,0,0,0,0},

or el = et =e® =% = ¢’ = 0 and therefore the vectors

{0,,1,0,0,0,0,0,3}, {0,1,0,0,0,0,0,0,a}.
Consider X4 + X4 + 7Xy. Then we have either the vectors
{0,,1,0,0,0,0,0,0}, {0,1,0,0,0,0,0,0,0},

or
{0,0,0,,1,0,0,0,5}, {0,0,0,1,0,0,0,0,«}.

Let us take aXg + X7 + Xg + v Xy. First we consider the case a # —1.

Let a = 8 = 0. Then if t* = (e*)? + (€)% # 0 we act by the matrix
B7(€4/t> _65/t)>
and obtain the vectors {1,0,0,0,0,0,0,0,0}, {0,0,0,1,0,0,0,0,0}. If e! =
et = e® = €8 = 0 provided that €® = ¢” = 0 under the action of the matrices
Bi(e®/t, =€’ Jt), * = (e*)* + (&%)

we obtain {0,1,0,0,0,0,0,0,a}, and provided that (%)% + (e7)? # 0 we act
by the matrices
Bz(@), B3(a3),
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where as, az are determined by the system
e6a2 + e3a3 = —¢?
)
—e"ay + eSag = —¢3

and obtain {0,0,0,0,0,«,1,0, 5}, {0,0,0,0,0,1,0,0,a}. Let 3 # 0. Then
we either have the vectors

{0,0,0,0,0,,1,0,8}, {0,0,0,0,0,1,0,0,a},
or {1,0,0,0,0,0,0,0,0}. Let « # 0, = 0. Then we have either the vectors
{1,0,0,0,0,0,0,0,0}, {0,1,0,0,0,0,0,0,0}, {0,0,0,1,0,0,0,0,0}
(and if & = —2 there is one more vector {1,0,0,1,0,0,0,0,0}) or
{0,0,0,0,0,a,1,0,5}, {0,0,0,0,0,1,0,0,a}.

Now let us turn to the case o = —1. If g = 0, there are two possibilities:
1) e! =eb =e" = ¢e® =¢? = 0. Then under the action of the matrices

Bi(a1), Bz(az, ay)

where a1, a; are obviously selected depending on the values €2, €3, e*, €7,

we obtain the vectors
{0,1,0,0,0,0,0,0,0}, {0,0,0,1,0,0,0,0,0}, {0,0,1,1,0,0,0,0,0}.
2) e =e3=¢et=e% =¢® = 0. Here if ¢® = 1 we act by the matrix
Bi(—e)
and obtain {0,0,0,0,0,1,,0,3}, and if €® = 0 we have
{0,0,0,0,0,0,1,0,a}, {1,0,0,0,0,0,1,0,a}, {1,0,0,0,0,0,0,0,a}.

If B # 0 then e? = €3 = ¢! = €’ = ¢ = 0 and this case is contained in the
latter case.

Let us take X — Xg+ a X7+ Xg +v9Xy. If a = 0, then we obtain either
the vector {0,1,0,0,0,0,0,0,0}, under the action of the matrix

Br(e?[t, =€’ [t),  t* = (e%)* +(°)* £ 0,
or 2 = e = et =% =% = ¢ = 0 and consequently the vectors

{1,0,0,0,0,0,,0,8}, {0,0,0,0,0,0,1,0,a}.
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Table 3: Representatives for the optimal system of two-parameter subgroups
of the group Gy

1 | X1+ X9, aX;+ X7 26 | X1, X7+ aXg+BXg

2 | X1+ Xg, aXi+ X+ 6X7 — X3 27 | X1, Xe+4+ aX7+ PBXs+ Xy

3 | Xot Xo, X3+ Xa 28| X1, Xo

4 | Xo+ Xg, X1+ aXy+ X5 29 | Xo, X1 4 aXy+B8X5+vX9

5 | Xo+Xg, aXo+ X4+ X5 (a=0;1) (a,y=0;1. When « =0, 5 =0;1)

6 | Xo+ Xo, aXo+ X3+ Xg 30 | Xo, aXat X5+ 3Xo (B=0:1)

7T | X1+ Xy, —2Xg+ Xsg+aXo 31 | Xy, Xs+Xy+aXg (a=0;1)

8 | Xo+ X5, aXo+ X35+ X4+ 7Xo 32 | Xoy, Xs+aXg (a=0;1)
(vy=0;1) 33 | X2, Xu+aXe (a=0;1)

9 | Xo+ X5, —Xg+ Xs +aXo 34 | X5, Xa+aXs + Xe+ 5Xe

10 | X7+ aXy, OXe+ Xg+vXg 35 | Xo, X554 Xg+ aXy

11| X7 + aXy, Xg+ 0Xe 36 | X, Xg + aXg

12 | X7+ aXe, X1 — Xg+ Xs + 8Xo 37 | X2, X3+ Xs + aXo

13 | X1+ X7+ aXy,8X1 — Xe +Xg +7Xg | 38 | Xo, aXg+ Xg+ Xy

14 | Xg +aXs + BXg, X7+ Xs +0Xe | 39| Xa, X1 — Xe+ Xs + aXo

15 | Xo, X1+ X4 40 | Xa, Xo

16 | Xo, Xo+ X3 A1 | X5, X3+ Xo

17 | X9, Xg+ aXy 42 | X5, Xo+ afXs+ X4+ X9 (6=0;1)

18 | Xg, Xy 43 | X5, X3+ X4+ X9

19| Xo, X1+ X; | X5, XitaXe (@a=0:1)

20 | Xg9, Xa+ Xs 45 | X5, X3+ Xs + aXo

21 | Xo, X4+ Xg 16 | X5, aXs+ Xg+fXe (a=0;1)

22 | X9, aXg+ 8X7+ X3 47 | X5, Xo+ aXs+ Xg+ BXo

23 | Xy, X; — Xg + aXs + Xs A8 | X5, aXg+ Xs+ 5Xo

24 | X1, Xg+ aXy 49 | X5, Xo

25 | X1, X9+ Xg+ aXy 50 | X5+ X9, aXy+pPX5+ X
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If a # 0, then e = €3 = e* = % = €% = €® = 0 and the case is described in
the latter case.

Operator X composes pairs with all operators of the system (13) since
Xy is the invariant of any automorphism.

Finally, Table 3 of representatives for the optimal system of two-parameter
subgroups of the group Gy is obtained.

3°. Let us consider the group Gig. It follows from (13) and (18) that
subgroups composed by means of the operators

Xi+7Xy, Xot+vXy, Xi+Xu+7Xy, XetaXi+vXy, Xi+X7+7Xo,

Xo+ Xg+79Xy, Xy+ Xeg+vXy, Xi—Xe+aXs+ Xg+7Xy

are contained in Table 3 and the corresponding subgroups are not simplified
by automorphisms (11).

When « # —1 operator aXg + X7 + Xg + 7Xg also builds subgroups
contained in Table 3. When o = —1 it is sufficient to consider the case

since in the case .
elel0 < . (66)2

there will be such real z, w that ¢*° = 0 and in the operator —Xg + 3X7 +
Xg+7Xy the coordinate e!® = 0 with any z, w as follows from (14), therefore
the resulting pairs in the given case will be contained in Table 3. In the
case

we have e2 = e3 =e? =€ =0, €' = 1, ¢! > 0 and the matrix
Cg(\/ 61)

provides the vector {1,0,0,0,0,«, 3,0,v,1}.

Let us consider the operator Xs+ X5+7vXyg. The condition (18) provides
that e! = ! = —¢7, €% = —e®. The case e' = 0 is contained in Table 3, and
operator Y in case e! = 1 can be reduced to one of the last two operators
of the system (16), therefore we shall not consider this case separately.

For the operator X7 +vXg we have €? = 3 = e* = €5 = 0 and arrive ei-
ther to the pairs contained in Table 3 or to the vector {1,0,0,0,0,«, 0,0, 3,1}.

For the operator X¢ we take into consideration only the vectors

{17 170?0707 07 1707 07 1}7 {]‘?0707 07 07 a? /87 070? ]‘}’
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since all the rest pairs are contained in Table 3.

Consider operator X + aXg + X7 +vX9 + X19. If @ = 0 then in case
B#1wehave e +e® =0, el =e?2 =e3 =¢et =% =¢l” =0, and in case
B=1le' =€ =0, e* =¢e3 e = —e?, ® = —eb. The first case provides
the vectors

{07 07 O’ O’ O? ]‘7 &7 _]‘7 /87 0}7 {07 07 0’ O’ 07 07 17 07 a) 0}7
and the second one yields

{0,1,0,0,-1,0,0,0,,0}, «a=0;1,

{07 07 07 07 O? 17 a? _17 /87 0}7 {07 07 07 O’ O? 07 17 07 a? 0}7
provided that we act by the matrix

07(62/t7 _63/t>7 t2 = (€2>2 + (€3>2
when €% = e = 0, and when (€5)? + (e7)? # 0 by the matrices
Calas), Cs(—as), Culas), Cs(as),

where a4, as are obtained from the equations

66a4 + e7a5 =¢3
5 (-

—e7a4 + e6a5 = —e
If a # 0 we either have the vectors
{0,0,0,0,0,1,,—1,53,0}, {0,0,0,0,0,0,1,0,c,0},
or the pair

a? a a?
< Xi4+aXg+14/1— ZX7+’7X9+X10, §X9—|— 1-— ZX3+X4 >, o 7é 0

that transforms into the pair
<X2+X5, X1+CXX6—X7—O£X8+§X9+X10>, a;«éO

under the action of the matrices

Cl<—g), aGl-——1—]. o 1.

2 -
-7
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Table 4: Additional pairs for the group Gig

1] Xo, X1+ Xo + X7+ Xio
2 | Xy, Xi+aXe+0Xs+ Xy, 0 a<?2

3 X2—|—X5, X1—|—OCX6—X7—CYX8+£X9+X10, Oé7£0
4| Xy + X, X1+06X2+5X3—X7+’}/X9+X10

5) XQ—I—X5—|—X9, X1+CYX2+5X3—X7+X10

6 | X7+ vXo, X +aXe+ X+ Xy, 0<a<?2

7 X6+5X7—X8+7X9, X1+06X6+5X7+/1X9+X10, 0<a<?

Consider the operator X+ X+ X7+7vXe+ X10. Condition (18) provides

that el = b = €7 = €8 = €19 = (). Therefore we obtain the vectors

{0,1,a,c0,—1,0,0,0,3,0}, {0,0,1,1,0,0,0,0,a,0},
that by means of the matrix
Cr(e?/t, —e*Jt), 2 = (€%)* + (&%)?
provides the pair
< Xo+ Xs+aXyg, Xi+0Xo+7Xs—X7+0Xo+ X1p>, a=0;1.

Representatives of the optimal system of two-parameter subgroups of the
group G1g are the pairs 1-40 of Table 3 and the following pairs.

8 4 Invariant solutions of the rank 2.

Upon composing the optimal systems of one-parameter and two-parameter
subgroups we can start to construct invariant solutions. This section de-
scribes some invariant solutions of the rank two obtained from one-parameter
subgroups. Let us introduce the notation H; for one-parameter subgroups
and Hy for two-parameter subgroups. The variables U, V, P, R are functions
of two arguments A\, p with values being defined for different subgroups in
every separate case.

1. Let us consider the system (10). The invariant H;-solution in the
form

u=U, v=V, p=P, p=R AI=zx, p=y,

corresponds to the operator X;. It is a stationary well investigated case,
therefore we shall not take it into consideration.
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2. The invariant H;-solution
u=U wv=V, p=P p=R A=t pu=y
for the operator X5 describes a one-dimensional gas flow analyzed by L.V. Ovsyan-

nikov in [103].
3. Invariant H;-solution corresponding to the operator X5 has the form

1
u=U v==+4V, ng

1
P, pz;R; A=t, pu=uw.

The system S/H; is

3

1
%+U%+;V=0

1

R, +UR,+ RU, =0

P+ UP, + AU, =0 |

where the following notation is introduced

0S/OR
0S/0P

A'=A(P,R)=-R

For the values U, P, R the system of equations for a one-dimensional gas
flow is obtained, and V is derived from the equation

1
W+U%+¥V:O

when the function U is known. Therefore this case can also be related to the
case of a one-dimensional gas flow and omitted. We shall not consider one-
parameter subgroups corresponding to the operators X, Xs, X3, X4, X5,
and two-parameter subgroups that have these operators as one of the gen-
erators.

4. Let us consider the subgroup H; corresponding to aXg + X7. If we
introduce polar coordinates according to the formulae

r=+vz2+y% o= arctg%, (24)

then 9 o o o9 9
Xt Xo—atl sl 2,2 2
aXg + X7 atat+a7’8r 8g0+vau uav,
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and the invariant H;-solution has the form

u=Vsin(U—-p), v=Vcos(U-p), p=P, p=R; \=te™, p=re*.
5. Likewise the invariant H;-solution for the operator X;+ X7 is obtained

u=Vsin(U—p), v=Vcos(U—p), p=P, p=R; A=t+p, pu=r.

6. The invariant H;-solution for the operator X; + X, has the form

1
u=t+U, v=V, p=P p=R; )\:§t2—az, h=1.

7. The invariant H;-solution for the operator X5 + X5 has the form
u=U, v=x+V, p=P, p=R;, A=t pu=ter—y.

8. The invariant H;-solution for the operator aX, + Xg is

uz%—f—U, v=V, p=P, p=R; )\:%, ,u:%—ozlnt.
2°. Let us consider the system (13). We will not take into account the
operators of the system that differ from operators of the system (10) only
by the term vXy since this term affects only p and p and the changed form
of p and p can be easily found in every separate case.
1. For the operator Xy the following complete set of functionally inde-
pendent invariants is available:

p

p

Ji=t, =z JS=y J=u J=v J

This set does not satisfy the necessary condition of existence of invariant
Hi-solutions (see [103]), then there are no invariant Hj-solutions in this
case. In case of two-parameter subgroups with the operator Xg being one
of the generators, the necessary condition is not satisfied either and that is
why we will not consider this subgroups.

2. The invariant H;-solution for the operator X5 + Xg + 7Xy has the
form

1 1
u:gU, UZEV, p=t"R, p=10'P; A=y, p=te "

3. The operator aXg + X7 + Xg + 7Xg is written in polar coordinates
as

0 0 0 0 0 0 0
(04+1)75§+047“§—5%+(ﬁv—u)%—(ﬁU+v)%+(2+’y)pa—p+’ypa—p-
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If a # 0, B # 0 the invariant H;-solution is
u = r’iUsin(V —), v= r’éUcos(V —¢), p=raP, p=roR;
A=t =P
If « =0, B # 0 then the invariant H;-solution has the form
u=esUsin(V —¢), v=eilUcos(V —¢), p=t"P, p=t>"R;:
A=r, p=rtle’

If a#0, =0, then

142

u:r*éU, v:’r’*iv, p=raP, p=r= R, A=¢, p=t%>"
If « =3 =0, then
1 1 +2
u:gU, UZZV’ p=t"P, p=t"""R;, A=r, pu=¢.

4. The operator X; — X+ a X7+ Xg+ Xy in polar coordinates has the
form

2—ré—ozg—k(ow—u)g—(ozu—kv)qu(Q—l— ) é—k 9.
o ar %oy Bu v TP 55 TP ap

If o« = 0, then the invariant H;-solution has the form
u=rU, v=rV, p=rP, p=r"0PR, X=o, p=re.
If a # 0, then
u=rUsin(V —¢), v=rUcos(v—¢), p=rP, p=r"02R

A= +at, p=re.

3°. Let us consider the operator X; + Xjo of the system (16). The
corresponding invariant Hi-solution has the form

t 1 t 1 1 1
Y

1+¢  z 1+t




1: OPTIMAL SYSTEMS OF SUBGROUPS (1965) 29
§ 5 Invariant solutions of the rank 1.

These solutions are obtained from two-parameter subgroups. The variables
U, V, P, R depend on one argument A here. The values of A\ will be indi-
cated.

1°. Consider Table 3. If one omits the stationary and one-dimensional
cases there should be only the pairs 13 and 14 to be considered.

1. For the pair < X, + X5, aXs + X3 + X, > the following invariant
Hs>-solution is obtained

tr —y

- _(a+t)y— Pz
2 4at—p3 N

U
T t2+at—p

+V, p=P p=R; A=t

2. For the pair < Xg, X7 > the invariant Hs-solution in polar coordinates
(24) is
r

u=Ucosp+ Vsing, v=Usinp—Vcosy, p=PFP p=R; )\ZE-

2°. According to the remarks made in Section § 4 on the operators
X1, X, X3, Xy, X5, Xy it is sufficient to consider only the pairs 1-14, 50 of
Table 3. Let us find the form of the invariant Hy-solution for some of these
pairs.

1. Consider the pair < X7 + aXy, X7 — X5+ Xz + X9 > . The corre-
sponding invariant Hs-solution in polar coordinates has the form

u=rVsin(U — ), v=rVcos(U—¢), p=r e P,
p=r"CHeaPR X\ =rel.

2. Let us take the second pair < Xg + aX; + Xy, 7 X7+ Xg+0Xg > .
Here different cases are possible depending on the values of the parameters
a and 7. If v # 0, the invariant Hs-solution has the form

u=rre VsinU —¢), v=rreVeos(U—¢), p=r’¢P,
p =100 220R X = paT e,
If v =0, in case a # 0 we have

U= %V sin(U — ¢), v = %V cos(U —¢), p= B9t P,

p= 7‘5_5_2t2+5R; A=r"“%e%,
and in case a = 0 we have
T

UZEU’ v:gV, p=r""0P  p=rP0HOR N =
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3°. Consider the pair < X7;+vXg, X;+X19 > . The invariant Hy-solution
in polar coordinates has the form

xt 1. yt 1
u:1+t2+;Vsm(U—go), v:1+t2+;Vcos(U—go),
e 1P e 1P r
P (1+12)2 Po1+e V1+t2
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Preface

The present work is dedicated to investigating group properties of several
differential equations of physical significance. I give in Chapter 1 a brief
introduction to the theory of group properties of differential equations using
the terminology of the books [103], [104]. A detailed presentation of the
theory, main definitions and profs of theorems can be found in these books.

Group analysis of the Einstein equations of the general relativity has
lead me to a new geometrical notion - a group of generalized motions in
Riemannian spaces. In Chapter 2 of the present work the generalized mo-
tions are introduced and investigated for arbitrary Riemannian spaces, in-
dependently on the Einstein equations. Applications of generalized motions
to the Einstein equations are discussed in Chapter 3, § 6.

Note that § 6 and § 8 contain the solution of Problem 4 (“Find the
group admitted by Einstein’s equation of the general relativity”) and a
partial solution of Problem 5 (“Carry out classification of partially invariant
solutions of gasdynamic equation in two and three dimensions”) formulated
by L.V. Ovsyannikov in [104], §19.

I express my gratitude to Prof. L. V. Ovsyannikov for his invaluable
guidance and to Prof. Y. A. Smorodinsky for his interest in this work.
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CHAPTER 1
Transformation groups and symmetries of
differential equations

This chapter contains a brief introduction to basic concepts of the theory
of local Lie groups of transformations and is used in the subsequent chapters.
I call local Lie groups for brevity simply Lie groups. The comprehensive
presentation of § 1 and in part of § 2 can be found in [103], [104], [33].

8 1 Point transformation groups

1.1 Groups, invariance and partial invariance

Let 2' (i = 1,...,n) be independent variables and u* (k = 1,...,m) the de-
pendent variables. We denote by E(z,u) the (n+m)-dimensional Euclidean
space of the variables z = (z',...,2"), v = (u',...,u™) and consider an
r-parameter group G, of point transformations of the space E(x,u) into

itself given by the equations

(1.1)

It is assumed that the zero value of the group parameter a = (a',...,a")
corresponds to the identity transformation. To the group G, there corre-
sponds the n-dimensional Lie algebra L, of operators

k a

« za
A= R =G T

(1.2)

where e* = const. A basis of L, is provided by operators

-0 0
X,=¢ L 4 L =11
* Ozt o ouk “ r
where .
¢ - Of'(x,u,a) ko O (z,u,a)
o da” e = dDa” a0

a=0
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The elements of the algebra L, are called the generators (or operators) of
the group G,.. The transformations of the group G, with known generators
(1.2) can be found by solving the Lie equations with initial conditions:

ax/i O 7 i
=& (2 uw), 2'|g=0 = 2",

L CRTN

au/k: k(1 o1 1k k (1'3>
=na(r,u), U= =1u",

), Ml

(i=1,....,n; k=1,....m; a=1,...,r).

Accordingly, the group G, will further often be given by its generators. In

cases when the quantities £ (i = 1,...,n) in (1.2) are independent of the
variables u* (k= 1,...,m) we will write the operators (1.2) in the form
X=X +7"x u)i (1.4)
) auk Y
where
X =)o
B Ozt

Most frequently we deal with operators (1.4) of the specific form:

X =X +sf(2)u (1.5)

!
ouk

In this case we have
XuF = sfu' = (Su)*,

where S = |sF| is an m x m matrix. Then the operator (1.5) is also written

X=X+85. (1.6)

Both of these forms will be used in what follows.

A function J(z,u) is called an invariant of the group G, if J(z/,u’) =
J(x,u). A function J(z,u) is an invariant of G, if and only if it solves the
following equations for all generators X of the group G, :

XJ=0. (1.7)

A manifold (surface) M C E(z,u) is called an invariant manifold of the
group G, if all transformations of G, transform every point of M into a
point of the same manifold. Let M be given regularly by the equations

M: Y(x,u)=0 (v=1,...,p).
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The manifold M (or the system ¢"(z,u) = 0) is invariant if and only if the
equations

(wa)|M:O (v=1,...,p) (1.8)

hold for all generators of the group G,. The invariant manifold M is called
nonsingular if rank|¢L ) nk|,, = r., where

re = rank|€,, 0| (1.9)

is the general rank of the matrix |£, n¥|. Nonsingular invariant manifolds
can be represented by equations of the form

M: W(JL.. ., J)=0 (v=1,...,p0), (1.10)
where
rank 'aalik =L
and J'(z,u),...,J7(x,u) is a complete set of functionally independent in-

variants of the group G,. Thereafter we will consider only nonsingular
invariant manifolds. The rank of the invariant manifold M is number

o=dmM —r,.

A manifold N C E(x,u) is called a partially invariant manifold of the
group G, if N C M, where M is an invariant manifold of the group. This
manifold, in general, is distinct from F(x,u). The least invariant manifold
M containing the partially invariant manifold N will be called here the
determining manifold of the partially invariant manifold N. The rank p of
the determining manifold M is known as the rank of the partially invariant
manifold N while the number

0 =dim M —dim N

is referred to as the defect of invariance of the partially invariant manifold
N. Let the determining manifold M be given in the form (1.10). Then the
following conditions hold:

T=n4+m-—r,, 0=0+n—r., p=m-—2>7,

, (1.11)
max {r, —n, 0} <J <min{r, —1, m —1}.
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1.2 Groups admitted by differential equations

Consider a system of first-order differential equations

Fy(z,u,p) =0, a=1,...,s, (1.12)
where p = {p¥} is the set of the first-order partial derivatives p¥ = %’;.

Equations (1.12) define a manifold in the space E(x,u,p). Let G, be a
group of transformations in F(z,u) and G, the prolongation of G, to the
space E(x,u,p). The generators of G, have the form:

~ 0
k
X=X+G (%U,p)a—pfa (1.13)
where CF(z,u,p) are defined by the prolongation formula
k= Di(n*) — p*Dy(¢7), D; = o +p’?—(9 : (1.14)
‘ ‘ IR Y Or o

The system of differential equations (1.12) is said to admit the group G, if
these equations define an invariant manifold of the prolonged group C:’T.

Let H be a group admitted by the system (1.12) and u* = ©*(z) (k =
1,...,m) be a solution of of the system. We will consider this solution as a
manifold ® C E(x,u). If ® is an invariant manifold of rank p for the group
H then @ is called an H-invariant solution of rank p. If ® is a partially
invariant manifold of rank p and of defect of invariance ¢ for the group H
then ® is called a partially H-invariant solution of rank p and of defect of
invariance §. Using (1.11) one can show that if the general rank of a group
admitted by Egs. (1.12) is no less than n + m — 1, then the number of
possible types of partially invariant solutions is n - m.

The group admitted by Eqgs. (1.12) is found from the invariance test of
the manifold F' = 0, where F' = (F7, ..., Fy), namely, from the equations

X(Fy) FZO—O, a=1,...,s. (1.15)
Egs. (1.15) are called the determining equations of the group admitted by
the system (1.12). Due to (1.14) Egs. (1.15) are differential equations with
respect to the functions £ (x, u), n*(x,u). The general solution to the deter-
mining equations provides the broadest Lie group of point transformations
admitted by system (1.12).
In case of systems of higher-order equations the operator X should be
prolonged to all derivatives involved in the system.
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§ 2 Contact transformations
Consider a group G of point transformations

x/z:fl(x7u7p7a)7 u/kzgpk(l"ujpjal%

= ¥z, upa), (i=1,....,n; k=1,...,m)

of the space E(x,u,p) into itself, where a is a group parameter. The gener-
ator of the group G is written in the form

) 0 0 0

(2.1)

Let '
JF=duf —pFdat =0 (k=1,...,m). (2.3)

If Egs. (2.3) are invariant with respect to the group G obtained by pro-
longation of the transformations (2.1) of the group G to the differentials
dzt, du, dp¥, then the group G is called a group of contact transformations
of the space E(x,u). We will write the operator of the group G in the form

0
X=X+¢ + 7 .
T8 T g
(the terms with ajp’.c are omitted since they will be of no use). The quantities
éi and 77* are obtained by applying the operator i| 4o o the equations
) afz ) afz fz
da' = = da’ + dp);,
. oz aul 8p]
&pk D" D"
k _
du/ = agj dl’J—Fwdu +de]
and have the form:
5 08  ; 0€ g
f—%dﬂf +auld +Wd] (2—1,,n),
0 onk 0
i = azjd] o du+anldl (k=1,...,m)

Writing the invariance test (1.15) for Eqs. (2.3) and substituting the
expressions of ¢ and 77* we obtain:

on* on* on*
o ou sz dz’ + ap z dp]

og  ; o¢ o dd o
. pu— = 1 ... .
—pi (8 - do! + 8u - dr? + 8p dp; 0 (k=1,...,m)

l.
J

o
L da + ¢rda?
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Annulling the coefficients of the differentials dz’ and dp}; in (2.4) we get

oW oW ow oW

[ =, — — = ———— —Pi—, .:17..., y 2.

if m = 1. Here W(x,u,p) = &'p; — n. In the case of several dependent
variables, i.e. m > 1, the similar procedure leads to the equations

- = . k L= — —

&= M =rGr WG on Pigg o (26)
8”/'19 oWl owm™ .

T 0 (k # 1), S =T G Wk = gigh — ot (2.7)

where WF = ¢&ipt —pk i=1,....n; k=1,...,m. Egs. (2.7) yield that
Wk (z,u,p) = Q" (x,u)pl + P*(x,u).
Substituting these expressions of W* in Eqs. (2.6) we obtain:
g=¢(wu), =0 (zu), =D0")-piDi(¢). (28

Egs. (2.8) are identical with the prolongation formulae (1.13). Hence, we
have arrived at the following statement.

Theorem 2.1. In the case of several dependent variables (m > 1) all local
groups of contact transformations are obtained by prolongation of local
groups of point transformations. Hence, nontrivial contact transformation
groups exist only in the case of one dependent variable (m = 1), and their
generators (2.2) have the coefficients of the form (2.5).

§ 3 Higher-order tangent transformations

One can consider groups of higher-order tangent transformations as well.
However, it turns out that they can be obtained by prolongation of contact
(first-order tangent) transformation groups. This fact can be deduced from
Theorem 2.1, but I will give an independent proof of the following theorem
by considering, for the sake of brevity, second-order tangent transformations
in the case of one independent variable x and one dependent variable wu.

Theorem 2.2. Any group of second-order tangent transformation is the
prolongation of a contact (first-order tangent) transformation group.



38 N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

Proof. Denote by p = «/(x) and ¢ = «”(x) the first and second derivatives
of u = u(x), respectively, and consider a group G of point transformations

‘,L‘,:f(x’/U'?p?q’a)? u,:@(IaU’)pvqaa)?

P =v(,up.qa), ¢ =o0o(rupqa).
in the space E(x,u,p,q). If the equations

du =pdr, dp=qdr (3.1)

are invariant under the prolongation G of G to dx, du, dp, dq, then G is
called a group of second-order tangent transformations. Let

0 0 0 0
X_£%+M%+n%+ca_q

be the generator of the group G. If we prolong it to the differentials as in
§ 2 we will see that the invariance condition of Egs. (3.1) yields:

ov ~ ow

a0 =0 DO =W 2075 (32)
ow ow ow ~

f——a—q, ,M—V—Pa—q> U—W—qa—q, ¢ =D(W), (3.3)

where V = pu—p&, W =n—q{. Egs. (3.2) yield:

WV v oV
- Ox pau q@p

Whereupon, using Eqgs. (3.3) we obtain the following equation:

§=¢&(w,u,p), p=plx,u,p) n=n(rup),
~ ~ ~ 0 0
=Dn)—qDE&), D=—+p—+q¢—,
¢ =D(n) —qD(¢) 5 Pas 9o,
thus proving the theorem.

Hereafter, we will refer to a group of tangent transformations of any
order as a local transformation group, considering point transformations as
tangent transformations of the zero-order. We see from § 2 and § 3 that
in the case of m > 1 dependent variables local transformation groups are
restricted to Lie point transformation groups. In the case of one dependent
variable they are restricted to contact (first-order tangent) transformations.
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CHAPTER 2
Generalized motions in Riemannian spaces

Isometric motions (often called briefly motions) and conformal transfor-
mations have long been used in Riemannian geometry (see, e.g. [34]). They
are also used for obtaining particular solutions of the Einstein equation in
the general theory of relativity (see [108] and the references therein).

In the present chapter I introduce the concept of groups of generalized
motions in Riemannian spaces and investigate their properties. In § 6 we
will discuss application of generalized motions to Einstein’s equations.

§ 4 Groups of isometric motions

Let V,, be an n-dimensional Riemannian space with a metric tensor

and let H be a group of point transformations in V,, with a generator
. 0
X=¢ - 4.2
() 1.2
Let us associate with H the group H of transformations in the space of the
variables 2 and ¢;; (4,7 = 1,...,n; i < j) with the generator
— , 0 ok ok o
¢ <x>8x’ (g " Ol T 9 ozt ) 0gij (43)

The operator (4.3) is obtained via transition to infinitesimal transformations
of coordinates in the transformation formula of the tensor g;;.

Before defining generalized motions Riemannian spaces let us dwell on
isometric motions. There exist several definitions of motions in V,,. We
will consider three definitions and prove their equivalence by using the facts
from § 1.

Definition 2.1. A group H is called a group of isometric motions (briefly
motions) in V,, if the element of length

ds® = g;j(z)dx'dz’

is an invariant of the group H obtained by extension of the group H to the
differentials dz’ (i =1,...,n).
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Definition 2.2. A group H is called a group of isometric motions in V,, if
the equations (4.1) specifying the metric tensor of the space are invariant
withs respect to the group H.

Definition 2.3. A group H is called a group of motions in V,, if the Killing
equations are satisfied:

99i; 3 3
ok T 9k g Tk 5T
Let us prove the equivalence of these definitions.
a) 2.1 <= 2.3. We will extend the operator (4.2) to the differentials
regarding that transformations of the group H have the form:

" = fi(r,a) (i=1,...,n).

Then if the equalities dz'"* = af da? (i=1,...,n) are acted on by the oper-

ator % o 1t yields an operator of the group extended to the differentials.

The operator has the form:

¢k =0 (i,j=1,...,n). (4.4)

~ ok 0
RS
¢ oxk + orl Odxk

The necessary and sufficient condition for invariance of ds? will have the

form: 5 o+ o+
2 __ k gl] 7
Xd <§ Zkaj-i-gjka )dl’dl’]—o

By setting the coefficients of all differentials in the equation equal to zero
we obtain equations (4.4) thus proving the required equivalence.

b) 2.2 <= 2.3. The proof immediately follows from the necessary and
sufficient condition for invariance of the manifold (4.1) with respect to the
group H:

=0.

7(9” N gij(m)) 9i5=9ij (2) ik 55 OxJ T Yik 55 Ot

9ij=9i;(x)
8 5 Groups of generalized motions

5.1 Definition and basic properties

Definition 2.4. A group H is called a group of generalized motions in a
Riemannian space V,, if the metric tensor (4.1) of V,, defines a partially
invariant manifold of the group H. The numbers ¢ and § are called a rank
and a defect, respectively, of the space V,, with respect to the group H.
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For groups of generalized motions we have the following analogue of
Killing’s equations for isometric motions.

Theorem 2.3. Let H be a group of generalized motions in a Riemannian
space V,, with a metric tensor (4.1) and let the determining manifold of the
space V,, have the form:

1
M: 90”(1‘79):07 V:]'”#”MS% (51)

Then the equations

0G;; ock OEEN\ Op”
9ij 1 gij=gi; (x)

are satisfied.

Remark 2.1. For brevity, we term as the determining manifold of the space
V,, the determining manifold of the manifold given by Eqs. (4.1), i.e. the
least invariant manifold containing the partially invariant manifold (4.1).

The proof of Theorem 2.3 is based on the following lemma.

Lemma 2.1. The manifold M defined by (5.1) is invariant under the group
H if and only if

99ij ok O\ 0y
k994 08T
[(5 oxk T Gk oz sk 0z ) Dgi;

} =0 (v=1,...,p). (5.3)
M

Proof. Since i1 < in(n+1), all quantities z* (k = 1,...,n) on the manifold
(5.1) can be considered as independent parameters on which depend the
quantities g;; (4,7 =1,...,n). Hence,

do” | m dp”  O¢p” gy
= =0 (k=1.....n0 v=1.....1).
T (8xk + Jg5 05 )|, ( v,y v=1,..., 1)

Multiplying by &* and summing over k from 1 to n we obtain:

D" dp” 0gij
k k J _ _
(g ot axk)‘M =0 (v=1,...,p) (5.4)

The invariance test X ¢”

op”
k
[5 Ox*

= 0 for the manifold (5.1) is written now:

- ( ek agk) Bp”

Gik Oz + ik ot ag”:| v 0 (V ) nu) (5 5)
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Subtracting (5.5) from (5.4) we obtain (5.3). Conversely, Egs. (5.3) and
(5.4) yield (5.5). The lemma is proved.
Proof of Theorem 2.3. Equations (5.2) clearly result from (5.3) since
under the conditions of the theorem the manifold (4.1) is contained in the
manifold (5.1). This proves Theorem 2.3.

Let us introduce the notation:

993 3 ok
hijzgkaxlz+gik@+gjk% (i,j=1,...,n).

Then the metric tensor of the space obtained from V,, via transformations
of the group H can be written in the form (see [34]):

gij = gij + hija (Z,] = 17 e ,n). (56)

5.2 Geometry of generalized motions

Let us use Theorem 2.3 for better understanding a geometric meaning of
generalized motions. Let H be a group of generalized motions in a space
V,, with the metric tensor (4.1) and the determining manifold (5.1). Equa-
tions (5.2) are linear equations (generally speaking, under-determined) with
respect to the quantities h;;. From these equations we can express p quan-
tities f;; via the remaining 6 quantities. Here 6 = in(n+1)—pu is the defect
of the space V,, with respect to the group H. These § quantities h;; can
change arbitrarily thus causing the corresponding ”distortion” of the space
V,, due to formula (5.6). Thus, the defect 6 shows the number of arbitrarily
changing quantities h;; by means of which all the remaining quantities are
expressed linearly. For instance, for groups of motions we have § = 0, and
Egs. (5.2) yield that all h;; vanish, hence the space is left undistorted. For
conformal transformations equations we have [34]

hij = a(:c)gl-j,

whence, assuming without loss of generality that g;; # 0 and eliminating
the arbitrary function o(z) we obtain:

hij = 2 hny.

g11
This means that the defect of the space V,, with respect to the group of
conformal transformations equals to one as it was expected. We change
here the arbitrary element o(x) by hq; in order to show clearly the meaning
of the defect of invariance of a conformal group.
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A more vivid geometric interpretation of generalized motions can be
obtained by comparing them with motions and conformal transformations.

Recall that the metric at a point xy “carried by a group of motions”
coincides at a point of destination x; with the local metric defined at the
point x1. Hence, it suffices to “measure” the metric properties of a space
element at a starting point z in order to know these properties (without
additional measurements) at any point where we can arrive from z, by
means of motions. Therefore, we can talk about equality of geometric figures
having different positions, e.g. we call two triangles to be equal if they
coincide after an appropriate translation and rotation (isometric motions).

Conformal transformations do not preserve all metric properties but
only those that depend solely on ratios of the components of a metric ten-
sor (angles), and hence they map geometric figures into similar figures. An
additional measurement is to be taken in order to know all metric properties
at a point attained by a conformal transformation. However, the advantage
is that we can arrive by conformal transformations into a larger number of
points from a given point as compared to motions. In this respect a confor-
mal group has a greater capacity. Of course, arbitrary transformations are
the most prolific in this respect since the allow us to reach from a given point
into any other point. However, in general, there are no conserved quanti-
ties (angles, etc.) for such transformations, and hence all characteristics of
space elements are to be measured at every attained point.

Groups of generalized motions fill the “gap” between motions (§ = 0)
and arbitrary transformations (6 = $n(n+1)). Namely, for transformations
with the defect ¢ there are = 3n(n + 1)) — & conserved quantities. Thus
only ¢ metric characteristics have to be measured at a new point.

Let H be a group of generalized motions with a defect § in a space V,.
Equations (5.2) allow one to obtain a group H’ of motions in V,, without
solving the complete system of Killing’s equations (4.4) by taking H' as a
subgroup of the group H. Indeed, it suffices to solve equations (5.2) for u
quantities h;; (due to linearity of (5.2) they will be linear forms of the rest
of h;;) and to annul the remaining ¢ quantities h;; for the coordinates £"(z)
of the desired subgroup H’. This approach is illustrated in the next section.

Given a group H, the space V,, having H as a group of generalized
motions is sought as follows. First we construct the prolongation H of
the group H in accordance with (4.3). Then we find a complete set of
functionally independent invariants J'(x,y),...,J!(x,y) of the group H
and express the determining manifold in the form (1.10). Any space with
the metric tensor satisfying this system of equations will admit H as a group
of generalized motions and have the defect 9.
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CHAPTER 3
Symmetry analysis of some equations

This chapter is devoted to investigation of group properties of Ein-
stein’s empty space field equations, wave equations with zero mass and
two-dimensional gasdynamic equations. The maximal group admitted by
gasdynamic equations is already known [103]. Here the non-similar sub-
groups of this group are listed and used for investigating invariant and
partially invariant solutions in gas dynamics. To the best of my knowledge,
the problem of the maximal Lie groups of local transformations admitted
by the other equations considered in the chapter has not been solved yet.
Groups with generators (1.5) were considered for the Einstein and Maxwell
equations while for the Dirac equations operators of the same form were
analyzed but the operator X was assumed a priori to belong to a group
of conformal transformations (about the Dirac and Maxwell equations see
[20], [32], [95]). It is not obvious a priori that these groups are the broadest
Lie groups admitted by the above equations, in particular for the Einstein
equations due to their nonlinearity. The present chapter is dedicated to the
general investigation of this problem. All cumbersome calculations are omit-
ted and only the final results are presented.

§ 6 Einstein’s empty space field equations

6.1 The maximal symmetry group

The notion of a group of generalized motions cited in the above section can
be used to obtain particular solutions of the Einstein equations:

1
Ry, =T; —ETgik (i>k:17--->4)- (6-1)

I will consider here Einstein’s empty space field equations:
Rix=0 (i,k=1,...,4). (6.2)

Let us begin with computing the maximal group of point transformations
admitted by Eqgs. (6.2).

It is well known that Egs. (6.1) admit all transformations of coordinates,
i.e. the infinite-dimensional Lie algebra of operators (4.3). However, the
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operators (4.3) do not provide the maximal admitted algebra for Egs. (6.2).
Indeed, Eqgs. (6.2) admit, e.g. the dilations of the tensor g;; :

X :'T.a g;j:a’g’bj7 (17.]:]-774)

with the generator

_ 0
- gz] 39”
which is not of the form (4.3). Therefore, we will solve here the problem

of computing the maximal Lie algebra admitted by equations (6.2) with
generators of the form (1.2). For the sake of brevity, I will use the notation

Xo (6.3)

P G . Gtii = g '
kl,l - axl Y k‘l,’tj - axlax]

Then
2Ri, = 6" (Gik.im + Gimik — Gim.ik — Gikam) + Pit
where the terms P are defined by

Py, = 26" (T Tk — Tt

and do not contain second derivatives of functions g;; (i,j =1,...,4).
We seek operators of the form:

4 0 0
X :fz(%g)@ﬂwhj(l’ag)@‘ (6.4)
ij

Equations (6.2) are of the second order, hence the operator X is to be
prolonged by formulae (1.13), (1.14) twice. The prolonged operators are:

~ 0
X=X+ )\Z'jka—, >\ijk = Dk(nz]) - gz'j,sDk<§S)7
Jij, k

~ o _
X=X+ Wikl 5o Wijkl = Di(Nij) — 9ij, ks Di(£7),
Gij, ki
where p 5 5
L + Gijk 5 k k + 9ij kil D9

We will write the invariance condition (6.2) in the form:

XRy, = LRy (i,k=1,...,4) (6.5)
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where QZ}C are undetermined coefficients depending, in general, on x* as well
as on ¢;; and their first derivatives. Separating in (6.5) the terms with
second derivatives of g;; we obtain the determining equations given by

(g7 g% 5501, + g7 g 510}, — g™ g 636, — g7° g% 610} npq

+ glm(Kjrst + Kjrst _ Kjrst _ Kjrst) . g]th]: . gerZli (66)

lkim imlk Imik iklm
+ g]rﬂfli + gSth]:]gjnst =0, (i>j7 kyrys,it=1,... a4>a
and

9™ (Migim + Mimir — Mimik — Migam) + X Py — Py =0
(6.7)
(i k=1,....4).

Here Mijkl = Dle(T]U — gij,sgs) and

s anlj 8€t 5T 88 D ™ §8 D, (€5) 87 é‘p(sq
ki =\ g T g, | 0k — (Di(€7) 67 + Di(€°) 07,) 6707 .
pq prq
Equations (6.6), after setting the coefficients of g;; 1 equal to zero (symme-
try of g;j, i in both couples of indices should be taken into account), yield
¢ = ¢i(x). Therefore we take X — X instead of X, where X is given by (6.4)
and X is given by (4.3). In consequence we obtain £ =0 (i = 1,...,4) and
simplify equations (6.2) and (6.7) considerably. By solving the resulting
equations we finally arrive at the following statement.

Theorem 2.4. The operators (4.3) and (6.3) span the maximal Lie algebra
admitted by Einstein’s empty space field equations (6.2).

6.2 Spaces with a given group of generalized motions

Consider now the problem of finding exact particular solutions of the Ein-
stein equations using the symmetries (4.3). According to Definition 2.2
in § 4, classification of invariant solutions of equations (6.1) geometrically
means classification of space-times by groups of motions. A detailed discus-
sion of this problem for equations (6.2) can be found in the book [108].

A similar classification can be done by using groups of generalized mo-
tions. In the case of general relativity, the classification by groups of general-
ized motions is equivalent to enumeration of all partially invariant solutions
of the Einstein equations (6.1). I will discuss here the classification of the
Einstein spaces only, i. e. partially invariant solutions of Eqs. (6.2).
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According to the general theory [103], a search for Einstein’s spaces
admitting a given group H of generalized motions and having a rank p
and defect 0 with respect to H leads to decomposition of Egs. (6.2) into
two sub-systems of equations. All functions of one sub-system depend on
o arguments, whereas the second sub-system (it is overdetermined) com-
prises equations with respect to ¢ functions g;; depending on all variables
x', ..., 2% In particular, if o = 0 then the first sub-system turns into re-
lations among constants, and hence it remains to solve only the second
sub-system. This is the case in Example 2.1 given below. It is obvious that
the less the defect § the narrower the class of solutions with a given rank
0. Thus in this regard the narrowest class is the class of the Einstein spaces
admitting groups of motions.

Possible types of spaces V4 admitting groups of generalized motions are
listed in Table 1 obtained by applying the conditions (1.11) to the case
n =4, m = 10. The table presents all necessary characteristics (defect,
rank etc.). The last column in the table indicates the form of the deter-
mining manifolds (1.10) written by using the convention that all invariants
outside the parentheses are functions of the invariants in the parentheses.
For instance, the notation J!,.J? J3(J* J°) means that the determining
manifold is to be taken in the form J' = Wl(J*4 J5) ... J3 = W3(J4, J°).
This kind of notation will be used in other tables as well. Note that types
1,2,4,7 of Table 1 correspond to groups of motions.

Example 2.1. We will find a partially invariant solution of Egs. (6.2) of
type 11 from Table 1. Let us take the group Hjs with the generators
0 0
Xi=— (i=1,...,4 X5 =a'—
Ori (Z ) ) )7 5 T 81’2 )

with respect to which the desired space will have the rank ¢ = 0 and the de-
fect of invariance 0 = 1. Calculations will be carried out in the synchronous
coordinate system [81] which is invariant under the group Hs. The genera-
tors of the extended group Hj are given by (1.10) and have the form:

Xi: - X5:ZE]_—
X

Let us find the invariants of the group Hs by solving the equations:
XiJ(2,9)=0 (i=1,...,4), XsJ(z,9)=0.
The first four equations yield J = J(g), Then the last equation becomes:

2 ﬂ + a_J + ﬂ — 0
g12 don g22 D12 g23 2015 .
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Solving the characteristic system

dgn _ dgi2 o dgi3

2012 g22 923

we obtain the following functionally independent invariants:

Jh = 911912 — 9%27 J? = 912923 — 913922,
S =ga, TP =gss, J° = gss. (6.8)

We have here only five invariants instead of nine predicted by Table 1.
The reason is that we have pre-fixed the values of four components of the
metric tensor, and they are precisely the missing four invariants. To be
more specific, we used the equations

914 = g24 = g34 = 0, 944 = -1

which define a synchronous coordinate system and which determine an in-
variant manifold for the group Hs. Then we used the group induced by H
on this manifold instead of the original group H, keeping the same notation
Hj for the induced group.

According to Table 1, we take the determining manifold in the form
J¥=c¢, (k=1,...,5), express from these equations five components of
the tensor g;; via one of its components (since the defect 6 = 1) and five
arbitrary constants ¢, and obtain:

1 1
911 = c_(cl + /%), g = C_(C4f —C2), g2 =03 Gz =Ca g3z = Cs,
3 3

where f = g5 is an arbitrary function of four variables !, 22, 23, 2*. We
can set here ¢y = ¢4 =0, ¢o =1, ¢c3 = —1 by means of a suitable change of
variables preserving synchronous coordinate systems. Then

-2 f 1 0
1 0 0
gij = { 0 e 0o | 97 det |g;;| = —1. (6.9)

0 0 0 -1

For (6.9) we obtain the following Christoffel symbols I'%, (all other com-
ponents I't; equal to zero except those that differ from the below only by
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permutation of subscripts):

of 1 of of of  of
Fh:fﬁy F%zz_iﬁa Fil:f?ax?’_faﬂ_@xl’
Leof g o LOF e LOF s 2 0F
27 0x3’ 13 2 Ox3’ 4 2 Oxt’ 1 0x?’

of 1 1. of s _0f s 10f

3 _ —
F12__f@7 13__5 %7 22_@7 23_5@7

I‘:1))4:_1][%’ F§4:lﬁ7 F‘flz_fﬁ, F%zzla—f'
27 0x4 2 Ox* ox?t 2 0x4
By calculating the components of R, (i,k = 1,...,4) and equating them
to zero we obtain 10 second-order differential equations for one function f.
Solutions of these equations can be obtained in an explicit form. I will not
carry out the calculations here but present the final result only. Neglecting
the trivial case of the flat space and making some simplifications we can

write the solution in the following form:

2 _
FIQ__

=0, f=2*A(")+ :1:4\/—2 (A(x1)2 + M) : (6.10)

dxt
where A(z') is an arbitrary function. The metric of the obtained space is
ds®> = —(fdx' — do*)? + 2dz'dz® — (dz*)?, (6.11)

where the function f is given in (6.10). If A(x!) is an arbitrary function, the
space with the metric (6.11) is not flat. For instance, one of the non-zero
components of Riemann’s tensor is

3 dA(z!)
Rl = 5 (A(x1)2 + ) :

Let us find out which subgroup H' of the group Hj is a group of isometric
motions of the metric (6.11). According to § 5, to answer this question it
suffices to solve one equation h;; = 0 with a certain pair (¢, 7). In order to
identify the (4, j) we should find out a particular quantity h,; via which all
other h;; can be expressed upon solving the equations (5.2):

8 v

2
Yij 9ij=9ij (x)
with ¢ = J” —¢, (v =1,...,5), where J” are the invariants (6.8) of the
group Hs and g;;(z) is the metric tensor (6.9). The reckoning shows that
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all quantities h;; can be expressed via hio. Hence, it is sufficient to annul
the quantity his calculated for an arbitrary subgroup H’ of the group Hs.
Writing the generators of the subgroup H’ in the form X = o X;+3X5 with
undetermined constant coefficients o!, ..., a* 3 and solving the equation
his = 0 we find that o' = o? = o' = 8 = 0if A(x') is an arbitrary function.
Hence, X = X3, i.e. H' is the one-parameter group of translations in z3.
It is obvious that the translations in ® do not change the metric (6.11)
because the function f in (6.10) does not depend on z3.

With some special types of the function A(x!) there are cases when not
all of the o', a?, o, 3 equal to zero. We will skip here this problem as well
as the question about the maximal group of isometric motions (which is not
necessarily a subgroup of Hj) of the metric (6.11). However, it is worth
noting that in investigating Einstein spaces having a group of generalized

motions H of special interest is the following problem.

Problem of symmetry augmentation. Let an Einstein space be sought
as a space of the rank ¢ and the defect ¢ with respect to a group H. Is there
a group H' (if yes, find this group) such that the space in question has a
rank ¢’ < p and a defect 0" < § with respect to H'?

Hence the problem is to clarify the symmetry properties of the Einstein
space obtained from the Riemannian space having a priori some partial
symmetry. If this question can be settled before solving equations (6.2)
then as an alternative to finding the Einstein space via the group H, with
respect to which the desired space has the defect ¢ and the rank p, the more
facile problem of finding a space with a less rank and defect could be solved.

A good example to the problem on symmetry augmentation is provided
by Birkhoff’s theorem. It states that the spherically symmetric Einstein
space is static. In this case H is the three-parameter group of rotations
in the space of spatial coordinates (z', 2% 23), and the solution in question
has the rank o = 2 and the defect 6 = 0 with respect to H. The problem
of symmetry augmentation has a positive solution. Namely, the spheri-
cally symmetric Einstein space has the rank ¢’ = 1 and the defect &' = 0
with respect to the four-parameter group H' obtained by adding to H the
translations of the time variable z.

Remark 2.2. The problem on symmetry augmentation is closely related to
possibility of reductions of partially invariant solutions ([104], §18). Namely,
according to Ovsyannikov, a partially invariant solution having the rank p
and the defect § with respect to a group H is said to be reducible if there
exists a subgroup H' C H such that the partially invariant solution in
question has the rank ¢’ = ¢ and a defect ¢’ < § with respect to H'.
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Table 1: Einstein equations (n=4, m=10)

(Nofre |7 [O]e]n M |
1 |1 [13(0|3]10|JY...,J0(J" Jt2 Ji3)
2 2 [12(0[2]10|J% ..., J0(JM Jt?)

3 |2 [12]1]3]9 [JY..., 910 gt J12)
4 I3 [1nfof1]10]Jt.. . J90JY

5 3 [1af1]2]9 [JY.. ., J9%J%0 gt

6 |3 [11]2]3][8 [Jh..., 8% J9 J)
7 [[4 [1ololo|10]JF=CF (k=1,...,10)
8 4 [10][1]1]9 [JH...,J%J19)

9 |4 [10]2]2]8 [J..., 80U JY)
104 [103|3]7 |JY...,J0(J%,J% J9)
1mils |9 [1]o]9 |JF=CF (k=1,...,9)
125 [9 (2|18 |JY...,J8°

135 [9 |3|2]7 |JY...,J0(J%,J9

14 5 [9 (4|36 |JY...,J80J7,J8,J9
516 [8 |2]0]8 |JF=CF (k=1,...,8)
166 [8 |3|1|7 |JY...,J0(J®

176 [8 [4]2]6 |JY...,J8J7,J%)
186 [8 |5|3|5 |JY...,J°(J% J", J%)
97 [7 |3]o]|7 |JF=CF (k=1,...,7)
20 [[7 |7 [4|1]6 [ JY...,J0(J")

21 |7 |7 |[5|2]5 |JY...,J°(J%J")

22 [[7 [7 6|34 | JY...,J%J> J5 J7)
23 [[8 |6 [4]0|6 |JF=CF (k=1,...,6)
24 |8 [6 [5|1]5 |JY...,J°(J%

25 [[8 |6 [6|24 [ JY ..., J%J% J9)

26 |8 |6 [7]3]3 [ JYLJ% 3% 0°, 0%
27 /9 |5 [5]0|5 | JF=CF (k=1,...,5)
28 [[9 |5 [6|1]4 [ JY...,J%J%

20 |9 |5 [7]2]3 [ JYJ273(J% %)

30 (19 [5 [8]3]2 [JLJ%J3, T4 %
31104 [6|0]4 [JF=CF (k=1,...,4)
32 104 [7]1]3 [ JLJ%03J%

33 104 [8]2]2 [JLJ2(J3 0%

34 104 [9]3]1 [ JYJ% T3, 0%

35 (113 [7]o0|3 [JF=CF (k=1,2,3)
36 |11]3 [8][1]2 | JLJ%(J?

37 113 [9f2]1 | JYJ% TP

38 1212 [8|o|2 [JF=CF (k=1,2)
39 122 (91|11 | JHJ?

40 [[13]1 [9]o|1 |Jt=C1

ol
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§ 7 Wave equations with zero mass

In this section we find the maximal Lie groups of local transformations
admitted by the homogeneous Dirac, Maxwell and the scalar wave equa-
tions. Inspection of the determining equations shows that the generators of
the point transformation groups admitted by these equations have the form
(1.5). Moreover, the coordinates £* (k = 1,...,4) of the admitted operators

0
k
X=¢ (x)@
satisfy the equations:
ogk  o¢
@—l—% :,U(ZE)(SM (k‘,l: 1,...,4). (7.1)

I omit here calculations (rather time consuming) since they are performed
in the standard way [103]. Equations (7.1) determine a group of conformal
transformations of the Euclidean space. Finding the general solution of
these equations we obtain the basis operators:

0 0 0
X, = — Xy =a'— —aF — 2
L M=l = (k <1), (7.2)
0
T—l’ W, Yk: (QZ'k.Z'l— |$|2(5kl)%, (kf,l: 1,. ,4),
where |72 = Sp_, (zF)2.
7.1 The Dirac equations
The Dirac equations with zero mass have the form:
o
P =0 7.3
e (7.3)

The maximal group of point transformations admitted by Eqgs. (7.3) is the
17-parameter group* with with the following generators of the form (1.6):

=X+2 Z ol 77 — 'yt = 30M),

kl 1
A=~y B=1 (7.4)

*To be more precise we deal with an infinite group due to linearity of equations (7.3)
Namely, all transformations of the form ¢’ = ¥+ p(z), where p(z) is an arbitrary solution
of equations (7.3), are admitted. I excluded such transformations from consideration.
The comment is valid for the other equations of this section as well.
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Table 2: Dirac equations (n=4, m=4)

(Nofr|7]o]eln] M |
1 [[1 |7]0[3]4]JY...,J%J" J8J0)
2 2 (60|24 ]J. .., J4%J% J9

3 [[2]6]1]3][3]J5J%03J% 0%, J5)
4 I3 [5]0o|1]4]J. .. J4JP

5 [[3 [5]1]2]3]|J50%03J% 0%

6 |3 [5]2[3]2]JL %3 0% 09

7 [[4 [4]0o]of4|JF=CF (k=1,...,4)
8 |4 [4|1|1]3]JLI%03JY

9 4 [4]2|2]|2]JLT%(J3 %

10 [[4 [4]3]3]1]JYJI% T3 0%

115 [3]1]o|3]JF=CF (k=1,2,3)
12 [[5 [3]2]1]2]JY0%J%

1315 [3[3]2]1]JYJ%T%

14 |6 [2]2]0]2|JF=CF (k=1,2)
1506 [2[3]1]1]JYJ?

6|7 [1]3]0]1]|Jt=Ct

In (7.4) X runs trough the system of operators (7.2) and I stands for
the unit 4 x 4 matrix corresponding to the dilation group

V' = a.

Solving the Lie equations (1.3) for the operator A we get the following finite
transformations of the corresponding one-parameter group: In (7.4) X runs
trough the system of operators (7.2) and I stands for the unit 4 x 4 matrix
corresponding to the dilation group

V' = ai.

Solving the Lie equations (1.3) for the operator A we get the following finite
transformations of the corresponding one-parameter group:

Y =t cosha + ¢3sinha,
Y'? =1* cosha + ¥*sinha,
Y = ' sinha + 9* cosh a,
Y™ = 9p?sinh a + 9* cosh a.
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Note that the formula for X in (7.4) is a generalization to the conformal
group of the following well-known spinor representation for the Lorenz group
(see, e.g. [120], [115]):

4
X=X+2>, 550" ="
k=1

The possible types of partially invariant solutions of the Dirac equations
are given in Table 2.

7.2 The Maxwell equations

We will use the four-dimensional presentation of the Maxwell equations:

0F, 0F,, OF,..
ox™ * oxk Oxt
.\ OFy
=1 ozt

=0 (k,iim=1,...,4),
—0 (k=1,...,4). (7.5)

The reckoning shows that the operators admitted by the Maxwell equations
have the form (1.5). Namely, solution of the determining equations yields
that the maximal Lie algebra admitted by Eqgs. (7.5) is the 17-dimensional
algebra spanned by

X=X-) (ka‘%m +F, agm) 0

- = | ——
el 8$l " 8.1'k 0Fkl’

_ ~ 0 — 0
AZZFkl@TM7 BZZFM@TM’ (7.6)
k<l

k<l

where X runs through the system of operators (7.2) and Fj, is the dual
tensor of the electromagnetic field defined by

4
-/
Fkl:T Z ekimnd mn (k7l:1774>

m,n=1

Note that B in (7.6) is the generator of the dilation group F}, = aFy, and
A is the generator of the one-parameter group of dual transformation which
is written in terms of the electric and magnetic field vectors as follows:

H' = H cosa + Esina,
E' = Ecosa — Hsina.
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Table 3: Maxwell equations (n=4, m=6)

(Nofr[r[o]e]n] M

1L [f1 19lo[3]6][J...,J8J7, J8 J9)
2 2 [8]0]2]6]|JY....J5J7, %)

3 2 8|1 [3]|5][J...,J°(J5J7,J%)
4 |3 [7]of1]6]|JL. .., J5(J7)

5 (3 7125 ]JY. .., J°(J%J)

6 |3 |712[3]4]J...,J%J?,J5,J)
7 [[4[6]0]0|6]JF=CF (k=1,...,6)
8 4|6 |1][1]|5][J...,J°(J%

9 |4 6]2]2]4]JL... JYJI? T

10 [4 [6[3]3]3]JLT%T3(J%J°,J9
15 51|05 ]Jf=CF (k=1,...,5)
12 |5 [5]2]1]4]J...,J%])

135 [5[3]2]3]JLJ%T3(J%T°)
4[5 [5]4]3]2|JL T3 T8 T°)
56 [4]2(/0/4]J=CF (k=1,...,4)
16 [6 [4][3]1]3]JLJ%T3(JY

17 (6 [4]42]2]JYJ%(J3JY

18 [6 [4]5]3]1|JYJ2 T TY

19 [7[3[3]0][3]|JF=C% (k=1,2,3)
20 [[7 [3]4]1|2]JY 3T

21 [[7 [3]5]2|1 [ JHJ% T

22 [8 |2]4]0]2|JF=CF (k=1,2)
23 [ 8 [2[5]1|1]JYJ?)

24 |9 [1][5]0|1]Jt=C1

95
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The operator X in (7.6) shows that for conformal transformations of
coordinates 2% (k = 1,...,4) the quantities Fjy (k,l = 1,...,4) are trans-
formed as components of a covariant tensor.

It is well known that the non-homogeneous Lorentz group (when X in
the operators X runs through the operators Xj, Xj; from (7.2)) has the
following two functionally independent invariants (see, e.g. [81]):

J'=N"FL 2= FuFa.
k<l k<l

In other words, the non-homogeneous Lorentz group is intransitive. The
complete 17-parameter group has no invariants, i.e. it is transitive.

Table 3 lists the possible types of invariant (6 = 0) and partially invariant
solutions of the Maxwell equations.

7.3 The wave equation

The maximal Lie group of point transformations admitted by the wave
equation with three spatial variables:

(37 - A) =0 (7.7)

is the group of conformal transformations [103] with the generators (7.2).
It can be shown that the group of contact transformations admitted by
equation (7.7) coincides with the extended group of point transformations.

§ 8 Two-dimensional gasdynamic equations

The system of equations of two-dimensional gas dynamics has the form:

1
g—?—i—(v-V)an;gradp:O,
dp .
E—l—(v-gradp)jtpdlvv:(), (8.1)
Op

g + (v - gradp) + A(p, p) dive = 0.
Here p is pressure, p is density, v = v(z,y,t) is the velocity vector with
components u, v, and A = —p S5, / Sp, where S is entropy. It is assumed

that S, = % # 0. We will consider the case when A(p, p) is an arbitrary
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Table 4: Gasdynamic equations (n=3, m=4)

(Nofr[r[d]e][n|M |
L L]6[0]2]4]J5. .., J5J5,J%

2 2[5 0|L]4]J%. . J5T)

3 | 25123 J% 02 J350(J% J5)

1 3a]olo[4][JF=CF (k=1,....4)
5| 34113 J5 T2 0%

6 || 34222 J%J%J5T%

7 43103 JF=CF (k=1,23)
8 | 43212 J5 2%

o |4 3321 J(% TP

105 [22]0[2]JF=CF (k=1,2)
1[5 [2]3]1[1]J(?

function®. In this case, the maximal Lie algebra admitted by Eqgs. (8.1) is
the seven-dimensional algebra L; is spanned by the operators [103]:

0 0 0
Xl_aa XZ_%7 X3_8_ya
0 0 0 0
X4 t%—f-%, X5—t8—y+%7
0 0 0
0 0 0
T =Y— —T— +tUV— —

The usual test for solvability of Lie algebras [28] shows that L7 is solv-
able. This fact will be useful in constructing optimal systems of subalgebr.
One can see from the formula (1.9) that the the Lie algebra L; has general
rank r, = 5. Using this equation we obtain Table 4 of the possible types of
partially invariant solutions of Egs. (8.1).

8.1 Optimal systems of subalgebras

In order to investigate all types of solutions from Table 4 we construct
optimal systems of subgroups of all orders by employing the method of enu-
merating non-similar subgroups, or rather subalgebras of Lie algebras used

*For discussion of particular forms of A(p, p) leading to an augmentation of the ad-
mitted group, see [103] and [50].
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in [103]. In our case the solvability of the algebra L7 is used as follows.
Let us seek an optimal system Oy of s-dimensional subalgebras of the al-
gebra L;. Any subalgebra of L, is solvable by virtue of its own solvability.
Hence, any s-dimensional subalgebra has at least one (s — 1)-dimensional
subalgebra. Thus if we know an optimal system O, _; then we can obtain
an optimal system ©; of s-dimensional subalgebras by supplementing every
(s — 1)-dimensional subalgebra from ©,_; till an s-dimensional subalgebra
and eliminating the similar subalgebras of the resulting set of s-dimensional
subalgebras. Choosing the values of s consecutively from 1 till 6 we will
enumerate all non-similar subalgebras of L;. Tables (8.3)-(8.8) contain the
final results of the construction of the optimal systems O, ..., Gs.

Optimal system O

1 X1 5| Xy + Xy
2 X2 6 X1 + X4 (8 3)
3 Xs 7 Xo+ X5 '
4 X7+O&X6 8 X6+06X4
Optimal system ©,
1 X5
2 X1 X
3 X7+ aXg
4 X3
5 X3+ Xy
6 X2 X1 + X4 + OzX5
7 X6 + 04X4 + ﬁXg)
3 X, (8.4)
9 X1+ X5
10 X,
11 X5 X2 + OéXg
]_2 X@ —|— (XX4
13 X2+X5 X4+C¥X2+5X3
4] X, | X
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Optimal system ©O;

1 X3
2 X4
3 X4 X5 X3+ Xy
4 X6 —+ OéX4
) X X7
6 X7+ aXg
7 X1+ Xy
8 X3 X1+ X5
9 X4
10 XQ Xﬁ + OéX4
11 X6+ aXs
12 Xy X1+ X5
13 X5
14 X3+ Xy X1+ X5
15 X5 X7 + 04X6
16 Xy Xo+ Xs+aXg, a#0
17 Xg
18 X3+C¥X2 X6+aX5
19 | Xo+ X5 X7 X3 — Xy
20 X3 X4 + OéXQ
Optimal system O,
1 Xe
2 Xl,XQ,Xg X4 +O[X6
3 X7+ aXg
4 | Xq1,X9, X4 | Xg
5 | Xo,X3, X7 | Xg
6 X1+ X5
7 X2,X3,X4 X6 +04X5
8 X5
9 | Xo, X4, X5 | Xo
10 | X4, X5, X6 | X7
Optimal system ©;
1| X1, X9, X3, X6 | X7
2 X5
3 Xl,XQ,Xg,X4 X6+OJX5
4 X
5 | Xo, X3, Xy, X5 | Xu + Xy
6 X7+ aXg

99

(8.7)
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Optimal system Og

1 X17X27X37X47X5 X6
2 X7 +OéX6 (88)
3 | Xo, X3, Xy, X5, X¢ X7

In these tables «, (3 are arbitrary real constants. We will illustrate
by an example the arrangement of the tables. For instance, the eights
line of Table (8.6) represents the four-dimensional subalgebra spanned by
X5, X3, X4, X5. The other cases are similar. Let us proceed to an analysis
of partially invariant and invariant solutions.

8.2 Partially invariant solutions

In this section, we will examine partially invariant solutions of types 7, 10
and 11 (in classification of Table 4) in the listed order. Note that all par-
tially invariant solutions constructed on the subalgebras of Table (8.8) are
contained among the solutions constructed by using Table (8.7). Therefore
we can exclude (8.8) from consideration.

Type 11. For this type we need subalgebras of the rank r, = 5. They
can be only from ©j. Inspecting Table (8.7), one can verify that the condi-
tion r, = 5 is satisfied only for the subalgebra 2 from (8.7). It is spanned
by Xy, Xo, X3, X4, X5 and has two independent invariants (7 = 2):

J'=p, J*=p.

A solution of type 11 has the form:

p=p(p) (8.9)
Substitution of (8.9) in Eqgs. (8.1) yields:
ov 1 dp
— : ——gradp=0
5 T V)v+p g, &edp =10,
0
8—? + (v - grad p) + pdive =0, (8.10)

(A—pj—i) divev = 0.

The last equation of this system shows that two cases can be singled out:

a) dive =0,
dp

b) A(p,p)—pd—p:()-
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In the case a) Eqgs. (8.10) are written:

ov 1 dp
P (v % oradp =0
5 T V)v+p 4, &redp =0,
dp _ Op (8.11)
P ZF .orad ) =
o = 5 T (v-gradp) =0,
dive =
In the case b) Egs. (8.10) have the form:
9, 1
a—?#—(v-V)v%— ?Agradp: 0,
dp .
a5 + (v - grad p) + pdive =0, (8.12)
dp
—=A .
iy (., p)

Type 10. This type of solutions is based on the same subalgebra as
type 11 and have the form p = Cy, p = Cy. Now Egs. (8.1) yield:

dv +(v-V)v=0,
ot (8.13)
dive = 0.

Type 7. All solutions of this type are based on the subalgebras 2, 3,
6-10 of the optimal system (8.6). Let us discuss these solutions in detail.
Note that the solutions of type 7 are particular cases of the solutions of
type 10 because p and p are invariants of all subgroups. Therefore, we can

consider Eqs. (8.13) instead of (8.1).
SUBALGEBRA 2. It is spanned by X, X5, X3, X4+ aXg and has the
following functionally independent invariants:

Jt=p, JP=p, J=v.
Hence, the corresponding partially invariant solution is determined by
p=a, p=0b, v=c,

where a,b,c = const. By translation in v we can get ¢ = 0, thus we will
assume v = 0. Then Egs. (8.13) yield u; = u, = 0. The desired solution is

p, p=const., v=0, u= f(y), (8.14)

where f(y) is an arbitrary function.
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SUBALGEBRA 3. This subalgebra is spanned by X, X5, X3, X7+ aXs
and furnishes the following form of partially invariant solutions:

p=a, p=b, uw+vP=c (8.15)
Let us write Eqgs. (8.13) in the form
up + uuy +ouy, =0, v +uvy, +vv, =0, uy +v, =0. (8.16)

Substitution of (8.15) in the second and third equation (8.16) yields:

c v
v Vy = —
Ve—2 7 Y Ve — 2

The first equation (8.16) is satisfied due to (8.17). Hence, the result.

v = — Vg (8.17)

Theorem 2.5. The partially invariant solutions of type 7 based on the
subalgebra spanned by X, X5, X3, X7+ aXg is given by the equations

zu + yv — ct = F(v),

u’ + v =c (818)
with an arbitrary function F'(v).
Proof. Indeed, writing Egs. (8.17) in the form
vy = A(V)vy, v = B(v)vy, (8.19)

or
Vg Vg Uy

we obtain along the surface v = const. the following equation:

dv=v dt + vy, de +vydy = kBdt + kdx + kAdy = 0.

Since the functions A and B depend only on v, they keep constant values
along v = const. Ignoring the trivial solution v = const. (the constant flow),
we can assume that k # 0. Then the above equation yields:

Bt+x+ Ay =C.
Since this equation holds for any v, we have:

B(v)t +z 4+ A(v)y = C(v).
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Substituting the expressions of the functions A(v) and B(v) given by Egs.
(8.17) and (8.19), we finally arrive at (8.18).
SUBALGEBRA 6. This subalgebra yields the following form of solutions:

p=a, p=b v=t+ec

Substitution in the second equation of the system (8.16) gives the contra-
diction 1 = 0. Hence, the subalgebra 6 does not provide solutions of type 7.
The reckoning shows that this statement is valid for the rest of subalgebras
of the optimal system (8.6) as well. This proves the following theorem.

Theorem 2.6. All solutions of type 7 from Table 4 are similar to one of
the solutions (8.14) or (8.18).

8.3 Invariant solutions

Let us examine the invariant solutions, i.e 6 = 0. They can be of type 1, 2
or 4 from Table 4. We will begin with the simplest of them, namely type 4.
For this type, we can use (8.13) instead of (8.1) (cf. type 7 in Section 8.2).

Type 4. Solutions of this type are invariant solutions of the rank p = 0.
Consequently, construction of this type of solutions reduces the differential
equations (8.1) to certain relations connecting four constants (by the number
of invariants). All solutions of type 4 are obtained on subalgebras of the
optimal system ©3 given in (8.5). Note that the subalgebras 2, 10-13, 19
and 20 from (8.5) are to be excluded since they do not satisfy the necessary
condition for existence of invariant solutions given in [103], §15.

SUBALGEBRA 1. The first subalgebra from (8.5) is spanned by the
operators

X1, Xo X3

and has the functionally independent invariants
J' = p, J2:p JP=u, J'=v

According to Table 4 we set the invariants to be equal to arbitrary constants
and obtain the constant solution p = const., p = const., v = const. This
trivial solution can be considered as a particular case of the solution (8.14).
SUBALGEBRA 3. The invariant solution based on the subalgebra spanned
by the operators
X1, Xo X3+ Xy

has the form
p=a, p=0b, v=c, u=y-+d
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with arbitrary constants a, b, ¢, d. Substitution in Eqgs. (8.13) yields ¢ = 0.
Thus the invariant solution is

p=a, p=0b, v=0 uwu=y-+d.

It is a particular case of the solution (8.14).
SUBALGEBRA 4. This subalgebra with o # 0 (if & = 0 the flow is
constant, cf. subalgebra 1) provides the solution

p=a, p=>b v=0, u=alhy+d

with arbitrary constants a, b, d. It is also contained in the solution (8.14).

Simple calculations show that the other subalgebras from (8.5) do not
provide invariant solutions, i.e. the expressions for the general form of the
corresponding invariant solutions do not satisfy Eqs. (8.13). Hence the
following statement holds.

Theorem 2.7. All solutions of type 4 from Table 4 are similar to the so-
lutions obtained on the subalgebras 1, 3, 4. Moreover, the latter solutions
are particular cases of the solution (8.14).

Type 2. These solutions have the rank o = 1 and are based on the
subalgebras of the optimal system O, listed in (8.4). We will not consider
the subalgebras having in their bases one of the operators Xs, X3, X4, X5
since the construction of the corresponding invariant solution reduces to
integration of one-dimensional gasdynamic equations. The latter problem
has already been investigated from group point of view [103] as is shown
further while considering solutions of type 1. Subalgebras having X; as one
of basic operators yield the stationary solutions and will not be considered
here as well. Thus, we restrict the consideration to subalgebras 13 and 14
from (8.4). These subalgebras are Abelian and the corresponding invariant
solutions are similarity solutions in accordance with [104], §15, Theorem 34.

SUBALGEBRA 13. The subalgebra is spanned by the operators

X2+X5, OéX2+6X3+X4

and leads to solutions which are linear functions of the spatial variables x,y
and have the form:

- tr —y B
(a+t)y — Bz
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Substituting in Eqgs. (8.1) and letting o = (3 = 0 for simplicity we obtain

tx—y—a+b y+a
W= ——— — v =
t2 t’ t

C
p:t_27 p:P(t)7

where a, b, ¢ are arbitrary constants, and the function P(t) satisfies the first-
order ordinary differential equation

%g —A(Ré>:0

Note that the equation for P(¢) can be easily solved for the polytropic gas.
SUBALGEBRA 14. The solutions based on the subalgebra spanned by
the operators Xg, X7 has the form:

u=U(X)cosp+ V(A)sing, p=P()\)
v=U(\)sinp — V(\)cosp, p = R(\),

where ,
A= o p= arctang, r=+\/z2+ 9>
T

Substitution in (8.1) yields the following system of ordinary differential
equations for the functions U(X), V(A), P(A) and R()) :

(U= MV + 20V =0,

A
1
(U—mw——v%% P =0,
R
1
(U—MR+(U+AU)R

1
(U—MP+(U+AU) =0,

where the prime denotes here the differentiation with respect to A.

Type 1. Solutions of this type have the rank o = 2 and are based
on the subalgebras of the optimal system ©; listed in (8.3) and described
by partial differential equations with two independent variables. Therefore
we will not consider this case in detail. I will only show that in the case
of the operators X, and X5 the invariant solutions are described by one-
dimensional gasdynamic equations. It is obvious that one can take the
operators X3 and X} instead of Xy and X5, respectively.

For the operator X, the invariant solution has the form

:U(t>y)7 U:V(t’y>7 p:P(tay)v p:R<t,y),
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and Egs. (8.1) become:

1
Ui+ VU, =0, Vi+VV,+ 5P, =0,
R,+VR,+RV,=0, P,+VP,+ AV, =0.

The last three equations are precisely the one-dimensional gasdynamic equa-
tions while the first equation determines the function U(t,y).

In the case of the operator X5 we arrive at a similar result if we write
the corresponding invariant solution in the form:

1 1
u=Ulta), v="7+V(ta), p=R(ta), p=- P

Then after introducing the function

- as /0S8

Egs. (8.1) yield:
1
R, +UR, + RU, =0,

P, +UP, + AU, = 0,

1
Vit UV, + 2V =0.

Here the first three equations are the one-dimensional gas dynamics equa-
tions for the functions U(t,x), R(t,x), P(t,z). The last equation of the
system determines the function V' (¢, ), provided that U(¢,x) is known.

We have investigated the general case when the form of the function
A(p, p) is not specified. In this case the class of invariant and partially in-
variant solutions is rather limited. For certain specific functions A(p, p), i.e.
if A = ~p (polytropic gas) the admissible group extends [103] and augments
the class of group invariant solutions. If v = 2 the group extends even
further [103] (in this case equations (8.1) describe the motion of a “shallow
water”). Classification of invariant solutions of (8.1) for the above specific
cases is given in [50]*.

Institute of Hydrodynamics May 1967
Siberian Branch
Academy of Sciences of the USSR

* Author’s mote to this 2006 edition: See also Paper 1 in this volume.
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§ 1 Introduction

Mathematical models are often described in terms of differential equations
containing unknown parameters or functions called “arbitrary elements”.
The group classification allows one to find specific values of these arbitrary
elements when the symmetry group of the equations under consideration is
wider compare to the group admitted by the equations for any values of the
parameters or functions. Moreover, numerous applications manifest that
equations provided by the group classification have physically interesting
solutions. Therefore, the group classification has not only a theoretical
significance, but it is important for applications as well.

Unfortunately, the group classification is a complicated problem since it
requires integration of determining equations containing not only unknown
coefficients of symmetry generators, but also unknown “arbitrary elements”.
In consequence, group classification is not widely used in mathematical
modelling.

In this paper I suggest a simplified approach to the problem. It is hinted
by the observation that most of extended symmetries are contained in the
Lie algebra of the equivalence group (I call it briefly equivalence Lie algebra)
of the equations in question. The method suggested here is based on the
theorem of projections of the equivalence Lie algebra given in § 2. This
theorem allows one to partially solve the problem of group classification,

67
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namely, to identify those values of arbitrary elements when the equations
have extended symmetries contained in the equivalence Lie algebra.

[ illustrate the method in § 3 by providing a partial solution to the prob-
lem of group classification of gasdynamic equations. The compete solution
of this problem is given in [103] and requires rather complicated calculations.

§ 2 Description of the method

2.1 Projections of equivalence Lie algebras

Consider differential equations

F,(z,u,uqny,...,uw), f(2)) =0, v=1,...,M, (1)

where = (z!,...,2") and u = (u!,...,u™) denote independent and de-

pendent variables, respectively. In most of cases the number M of equa-
tions in (1) is equal to the number of the dependent variables, M = m,
but this requirement is not necessary for further considerations. The set
of the first-order partial derivatives uf = Ju®/dx' are denoted by wu).
Likewise, ) stands for the second-order derivatives ufy = 0°u®/dz'0x’,
etc. Furthermore, f(z) = (fl(z), o fl(z)) are unknown functions, where
z = (2',...2%) is a certain subset of the variables x,u,ug), ue),.... The
functions f1(2),... fY(z) are termed arbitrary elements [106] of Eqs. (1).

Definition 3.1. An equivalence transformation of Egs. (1) is an invertible
change of variables & = Z(x,u),u = u(x,u) taking the system (1) into a
system of the same form,

E(z,a,uqy,..., 4, f(2) =0, v=1,...,M,

where, generally speaking, the functions f of Z = (2!, ... 2%) may be different
from the functions f of z = (2!,...2%).

The set of all equivalence transformations form a group. According to
Definition 3.1, the generators of continuous groups of equivalence transfor-
mations (in brief, equivalence generators) are written

9
oxt

0 0
T gt T (2)

y=¢ ou®

where

gizgi(x’u)’ na:na(x7u)7 :uk::uk(wau>u(l)7"'7f)'
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The dots in (2) indicate that if z includes some of the derivatives wy,.. .,
then the action of the differential operator Y is extended these derivatives
by means of the usual prolongation formulae.

I will denote by X and Z the projections of the operator (2) to the
(x,u)-space and to the (z, f)-space, respectively. Namely,

7 a [} a
p 0 (3)
Z=pr,pY) =X % ot u 8f’“

Remark 3.1. In what follows, we will assume that the projection Z in (3)
is well defined, specifically, that its coefficients A%, u¥ depend only on the
variables z, f. Note also that, by definition of the operator Y, the coefficients
A% in (3) comprise some of the coefficients £, n® and some of the coefficients
given in (2) by dots if 2z includes certain derivatives wy, ... .

Example 3.1. Consider an equation (1) of the following the form:

Uy = f(xa u)uaca; + g(x7ux)
Then z = (z,u,u,) and the operator (2) has the form

. 0 5 0

Y = £—+£ +77 +ua

ou

where ¢, €2, depend on x,t,u, the coordinate (; is given by the prolon-
gation formula, ¢; = D,(n) — uyD.(£') — usD,(€?), and p', u? depend, in
general, on z,t,u, ug, u, f,g. The projections (3) are written:

0

X§ §+na
L0 , 0

o 9
_ 1 s
Z=Cq g, tag, +“a

According to Remark 3.1, the projection Z is well defined if (i, ut, u? do
not depend on t and ;.

2.2 Main theorem

Theorem 3.1. Let Y be a generator of a group of equivalence transforma-

tions for Egs. (1). Its projection
X =pry,»(Y)

z,u)
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given in (3) is admitted by the differential equations (1) with specific values

fk:fk(z)? k:17...,l’ (4)
of the arbitrary elements f,..., f' if and only if the projection

Z =pri, pn(Y)
of Y given in (3) is admitted by Eqgs. (4).

Proof. According to Definition 3.1, an equivalence transformation does not
alter Egs. (1) with specific values (4) of the arbitrary elements f!,..., f!if
and only if f(Z) = f(2). The latter equation guarantees that X = DI (g (Y)
is admitted by the equations (1) with the given f(z). On the other hand,
the infinitesimal test for the validity of the equation f(2) = f(2) is given by

=0 ()

20 - ),

since the coordinates of the operator Z depend on z and f only. Hence, we
conclude that Z is admitted by Eqgs. (4) thus proving the theorem.

The following corollary of Theorem 3.1 allows one to easily find the prin-
cipal Lie algebra (denoted by Lp) for Egs. (1), i.e. the maximal Lie algebra
admitted by Eqs. (1) with arbitrary functions f(2) = (f1(2),..., f'(2)).

Corollary 3.1. An operator

‘ ) 0
X = gz(x,u)% + na(x,u)aua

is admitted by Egs. (1) for any values of the functions f1(z),..., fi(2) if
and only if it has the form

X =pry (), (6)

where Y is a generator of a group of equivalence transformations of Egs.
(1) such that its projection Z given in (3) vanishes:

Z =pr,pY)=0. (7)

Proof. Let Y be a generator of a group of equivalence transformations such
that Z = pr(, ;(Y) = 0. Then Eq. (5) is satisfied by any functions 5(2),
and hence X = pr(, ,(Y) € Lp. Let us take now any X € Lp. Since X is
admitted by Eqs. (1) with arbitrary f(z), it is an equivalence generator,
Y = X, such that Egs. (5) hold for any f(z), i.e.

of*(2)
0z°
for any f*(z). It follows that u* =0, A” = 0. Hence, Z = pr(, ;(Y) = 0.

k=7 =0
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§ 3 Application to gasdynamic equations

3.1 Equivalence algebra

Consider the gasdynamic equations:
pr+v-Vp+pdive = 0,
plviv+(v-V)v]+Vp = 0, (8)
prt+v-Vp+ Ap,p)dive = 0,

where A(p, p) is an arbitrary function connected with the entropy S(p, p)
by the equation

2

P

The dependent variables are the velocity v, the pressure p and the density p
of the fluid. The independent variables are the time ¢ and the position vector
x = (x',...,2"), where n assumes the values 1, 2 or 3. Accordingly, the
flow is termed one-dimensional, plane, or three-dimensional, respectively.

In order to find the generators

0 .0 -0 0 0
Y =7— t— (P N —
T T e T e, TN g, THaa
of the continuous group of equivalence transformations, we rewrite Eqs. (8)
as an extended system

A= —

(10)

pt+v-Vp+pdive =

0,
ploi+ (v-V)v|+Vp = 0,
pe+v-Vp+Adive = 0
At:O, sz:(), Avi — O,

where A is treated as a new unknown variable depending on ¢, x, v, p, p. Ac-
cordingly, the coefficient p of the operator (10) is, generally speaking, a func-
tion of t,x, v, p, p, A. All other coefficients of Y are functions of £, x, v, p, p.
The last line in Egs. (11) indicates that A does not depend on ¢, x, v.
According to the general theory [106], the operator (10) is a generator of
an equivalence group for Eqgs. (8) if it is admitted by the extended system
(11). The latter condition is guaranteed by the determining equations

(11)

9

Y(pt+v~Vp+pdivv) = 0,
}i(p v, + (v-V)v]+Vp) = 0, 12)
Y(pt+v-Vp+ Adivo) = 0,

Y(A) =0,Y(A:)=0,Y(A,) = 0,
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which should be satisfied, as usual, on solutions of Eqgs. (11). The prolonged
operator Y is obtained from Y by the usual prolongation procedure with
the exception of prolongation to the derivatives of A. For example, the
prolongation to A; is written [Lta%t with

it = Di(p) — ADi(7) = A Dy(§) = Ay Dy(n) — A Di(N') = A, D, (M),

where P P
Dt - & + Ata—A N

Taking into account the last line in Eqs. (11) we write D, = % and obtain
fle = pht — Ap/\z} - Ap)‘tQ'
Now the equation Y (A4;) = 0 from (12) is written i, = 0, i.c.
e — A\ — Ap)‘t2 =0,
and yields u; = A\f = A7 = 0, since u, A', \* do not depend on A, and 4,,.
Using the equations Y (A,:) = 0,Y(A,:) = 0 in a similar way, we conclude
that A', A2 can depend on p and p only, whereas j; can depend on p, p, A.

Using this information and solving the remaining equations (12), one can
show that the equivalence Lie algebra for Eqs. (8) is spanned by

0 0 0 ;0 0 0
K—a, Ym’-@; Y:s—ta-i-xaxi, qu—tami‘F%a
0 0 0 . 0 0
- k R k e -
Vo= A A A Y op’ (13)
-0 0 9, 0 0
Yo=a'—+v'——-2p—, Yi=p—+p—+A—-
o P aw T e, TP, TP, TG
3.2 Projections of the equivalence algebra
Using the notation of § 2, we have:
{L':(t,:l?), u:(p,p,'v), Z:(p7p)a [=A
The projections (3) of the operator (10) are given by
0 e, .0 0 0
X = V)= 11— ) : i : 1~ 2 7
P (V) T ot e ox’ I vt A Op A op’
0 0 0
7 = V)= + XN = 14
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Accordingly, among the basic equivalence generators (13), only Y3, Y and
Y7 have non-vanishing (z, f)-projections:

0 0 o o 0
Pr(-,p(Y5) = o’ P, (Vo) = —208—/)7 Pris,p(Y7) = pa—p+p%+A@—A-

It is convenient to take their linear combinations and deal with the operators

0 0 0 0
o = p— Jys=p— +A—- 1

Thus,
1 1
Zl :pr(z,f)(}/::’% ZQ :pr(z,f)<_ 5}%), Z3 :pr(z,f) (Y7+5Y%> (16)

3.3 The principal Lie algebra

The general equivalence generator (10) is the linear combination
Y = C1Y1 + CyYo + C3Ys + CyYa; + CyYi5 + CsYs + CeYs + CrYr (17)

of the operators (13) with arbitrary constant coefficients Cy, Cy, ..., C7. The
projection Z = pr(, ;(Y’) of the operator (17) vanishes if C5 = Cs = C7 = 0.
Hence, according to Corollary 3.1, the principal Lie algebra for gasdynamic
equations (8), i.e. the maximal Lie algebra admitted by Eqs. (8) with
arbitrary A(p, p), is spanned by

B B o .
X1—§> X2i—?> X3 taﬂanl, (18)
M=t Yo X T T e T e Y g

3.4 Optimal systems of subalgebras spanned by (15)
3.4.1 One-dimensional subalgebras

Elements Z of the three-dimensional Lie algebra L3 spanned by the opera-
tors (15) are written

Z=eZ\+e*Zy+ 37, (19)
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Taking the commutators [Z,, Zs] = ¢, 37, of the operators (15) one obtains
the following commutator table:

Zy | Zy | Zs
Z 0 0 | 24
(20)
Zy 0 010
Z3 || =211 0|0
Thus, the only non-vanishing structure constants are cj; = 1 and ci; = —1.
According to the formula
0
— 2 B
E, = CapC 5
we find non-vanishing generators of the inner automorphisms:
0 0 0 0
_ 1.3 _ 3 11 1
El—cmea—el—e@, E3_Csle@—€@.
These generators provide the transformations
el =e tae?, E=e e=¢ (21)
and
e' =aze' (a3 >0), e=¢e* & =¢ (22)

respectively. To construct the optimal system ©; of one-dimensional sub-
algebras of L3, we have to partition the coordinate vectors e = (e!,e?, e?)
of (19) into similarity classes with respect to the transformations (21)-(22)
and the reflection p — —p which is a discrete equivalence transformation
and maps Z; into —Z;, and hence e! — —e!. It is clear from (21) that we
have to distinguish the cases €3 = 0 and €3 # 0.

If 3 = 0, we have three possibilities:
(i) e #0, =0, (ii)e' =0, e2#0, (ii)e' #0, e #0.

Since the vector e is determined up to a constant factor, we we can as-
sume: (i) ! =1, i.e. e =(1,0,0), (ii) e? =1, i.e. e =(0,1,0). In the case
(iii) we use (22) and the reflection p — —p to obtain e = (1,1, 0).
If €3 # 0, we let €3 = 1, apply the transformation (21) with a; = —e!
and map the vector e = (e',e? 1) to € = (0,¢, 1) with an arbitrary c.
Thus, the optimal system ©; of one-dimensional subalgebras comprises

Zl, ZQ, Zl + Zg, Zg + CZQ. (23)
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3.4.2 Two-dimensional subalgebras

The optimal system ©, of two-dimensional subalgebras can be easily con-
structed by the procedure explained in §3 of my MSc Thesis*. Namely, one
can construct two-dimensional subalgebras L, taking each member of the
optimal system ©; as one of basic operators of L,. It remains to partition
the set of resulting two-dimensional subalgebras Lo into similarity classes
with respect to the transformations (21)-(22) and the reflection p — —p.

Let us take the operator Z; from the optimal system (23) and consider
the two-dimensional vector space Ly spanned by Z; and Z = €2Z, + e3Zs.
The commutator table (20) shows that [Z;, Z] = €3Z;. Hence Ly is a two-
dimensional Lie algebra for arbitrary e and e3. We have two possibilities:

(i) € = 0,e* # 0. Then we set e = 1 and obtain the subalgebra L,
spanned by Zy, Z, and denoted by

< Ly, hy > .

(i) € # 0. Then we set e* = 1, e? = ¢ and obtain the subalgebra L, spanned
by Zl, 23 + CZQ, ie.
< Z17 Zg + CZ2 >

with an arbitrary constant c.

Let us take the operator Z, from (23) and consider the two-dimensional
vector space Ly spanned by Zy and Z = e'Z; +e2Z5. The commutator table
(20) shows that [Z;,Z] = 0. Hence Ls is a two-dimensional Lie algebra
for arbitrary e! and e3. If €2 = 0,e! # 0 we set ¢! = 1 and arrive at the
subalgebra < Z;, Z, > obtained above. If € # 0 we make e! = 0 using the
transformation (21) and obtain the subalgebra

<ZQ,Zg>.

Let us take the operator Z; + Z5 from (23) and consider the two-
dimensional vector space Ly spanned by Z; + Z, and Z = e2Z, + e3Zs.
We assume that e3> # 0 and set €3 = 1, since if e = 0 we return to the
subalgebra < Z, Z, > considered above. We have [Z;, Z] = Z;. There-
fore the subalgebra condition is written Z; = a(Z; + Z5) + b(Z3 + €2Z5) or
(a —1)Zy + (a + be*) Zy + bZ3 = 0. Since the operators Z;, Z, and Zs are
linearly independent, this equation yields a —1 = 0,a +be? = 0,b = 0. This
is impossible. Hence, Z; + Z5 does not lead to new subalgebras.

Finally, we take the operator Z3 + ¢Z from (23) and consider the two-
dimensional vector space Lo spanned by Zs + kZ, and Z = e'Z; + €2 7,. If
el = 0 or €2 = 0 we arrive at the subalgebras < Zy, Z3 > or < Zy, Zs+kZy >,

* Author’s mote to this 2006 edition: Paper 1 of the present volume.
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respectively. They have been obtained above. Let e! # 0,e? # 0. Then,

using the transformation (22) and the reflection p — —p, we arrive to the

subalgebra < Z; + Z5, Z3 + ¢Z5 > which also has been obtained above.
Thus, the optimal system O, of two-dimensional subalgebras comprises

< D, Ly >, < Lol >, < L, A3+ chy > . (24)

3.5 Equations with extended symmetry algebras

Let us find the invariant equations A = F\(p, p) for the operators (23) of
the optimal system ©;. For each case, the corresponding extension of the
principal Lie algebra (18) is obtained by means of Theorem 3.1.

For the first operator, Z; = a%, the invariant equation test is written
F, = 0 and yields F(p, p) = f(p) with an arbitrary function f(p). According
to Theorem 3.1 and Eqs. (16), (13), (14), the gasdynamic equations (8) with

A= f(p) (25)
have, along with (18), the additional symmetry
X = P (%) = o (26)
= Dr = —.

Likewise, using the second operator from (23), Zy = ,08%, and Egs. (16),
(13) and (14), one can verify that the gasdynamic equations (8) with

A= f(p) (27)

have the additional symmetry

1
XS = _§pr(m,u) (}/6)

or, neglecting the immaterial coefficient (—1/2),

0 0 0
X8—$a—+ avz_2pap

(28)

For the third operator from (23), Z; + Z,, the invariant equation test is
written

OF n oF
Op s ap
and yields F'(p, p) = f(p —Inp). Hence, the gasdynamic equations (8) with

A= f(p—Inp) (29)

=0
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have the additional symmetry

1
Xg = Dr(e (V5 = 575)

2
o o 9 1,,0 0
Xs= = +pp-— 5 (e'2 +0'o), 30
® 8p+p8p 2 m@xl—i_vavl (30)
Finally, according to (15), the forth operator from (23) has the form
0 0 OF
Z Ly =A— — —
3+ cZo 8A+p8p+cp8p
and the invariance test for the equation A — F(p, p) = 0 is written
OF OF
A—p——cp— =0
b Op - opla=r 7
or
OF N OF 7
- cp — =
b dp P dp

The general solution of this equation has the form F(p,p) = pf(p¢p~!).
Hence, the gasdynamic equations (8) with

A=pf(pp") (31)

have the additional symmetry

1
XS = pr(x’u) <Y7 + 5(1 — C)%)

or

l—cy , 0 .0 0 0
Xy = (2" 40 ) epe 4 p 32
® 2 \" oz v ov' + Cpap +p8p (32)
Summarizing Eqs. (25)-(32) we have the following special functions
A(p, p) and the corresponding additional symmetry of Eqs. (8) for each

specialization:

A=) K=y

A= f(p): Xg = ﬂaxi +”ia?ﬂ — Qp%, (33)
A=f(p—TInp): nga%”a%_%(ﬂaii +ui£i),
A=pfe): XS_1;C<xiaii+“iaii>+c’)8%+p%'
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We apply now the similar procedure to the optimal system O,. Let us
find the invariant equations A = F'(p, p) for the subalgebra < 7, Zy > from
(24). We have to solve the equations
0.

Z1(A—=F(p,p 0, Zy(A—F(p,p

’Af ‘Af

Substituting the expressions (15) for Z;, Z, and dividing the second equation
by p we obtain the system

oF OF
o

with the general solution F' = const. Using an equivalence transformation
we set F' = 1. Thus, according to Theorem 3.1 and Eqgs. (16), (13), (14),
the gasdynamic equations (8) with A = 1 have two additional symmetries:

0 ; 0 Ly 0 _9 o
(9:61 ovt p@p

Likewise, the invariance under the subalgebra < Zs,Z3; > from (24)
yields the system (cf. derivation of Eq. (31))

oF OF
— =0, =F

dp 8p

whence F(p, p) = vyp with an arbitrary constant . The corresponding two
additional symmetries are pr(m’u)( Yﬁ) and Pr(, (Y7 + = Y6) Since we can
take their linear combinations, we set Xg = pr(x,u) (Ys), Xo = pr,.(Y7):

; 0 ;0 0 0 0

X _9 Xo=p2 4 2.
ST g TV g T 2, Xe=rg g

Finally, the subalgebra < Z;, Z3 + ¢Zy > from (24) yields the system

OF _ . OF  OF

ar _ _F
o 0 Py, Ty, = h

whence F(p, p) = Agp®, s = %, Ay = const. The additional symmetries are

9,
ap  Pop

Y=g X9:S;1< aiz+ iai>+ 5P
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Thus, we have obtained the following inequivalent specifications of the
function A(p, p) when Eqs. (8) have two additional symmetries:

B 9,0 B
A=1: Xg—%, Xg—.T%—FUan—zpa—p,
.0 o, 0 0
=9p: =1'— '— —2p—, Xo=p=— = 4
s 0 _s—17,0 ;0 2 g
A= Ao’ Xs_é?p’ Xo = 2 <I 0xi+vavi>+8p8p+p0p

Remark 3.2. Equations (33) and (34) represent all cases of extensions of
the principal Lie algebra (18) by one symmetry and by two symmetries
obtained in [103], §22, by direct method. However, the simplified approach
presented here does not reveal the case of extension by three symmetries
found in [103], namely, A = yp with v = (n + 2)/n. In this case Egs. (8)
have, along with two additional symmetries given in (34) for A = ~p, a
third additional symmetry, namely, the generator of the projective group:

0 .o,
XlO = t2_ + tx’

; w0 9] 9]
By 8a:i+($ —tu')=— — (n+2)tp —ntpap (35)

ou’ dp
The operator X is not projection X' = pr, ., (Y) of an equivalence operator
Y of the form (17) and therefore cannot be obtained by our approach.

Laboratory of Mathematical Physics 19 January 1986
Department of Physics and Mathematics

USSR Academy of Sciences, Bashkir Branch

and Department of Applied Mathematics

Ufa Aviation Institute

Ufa, USSR.



Paper 4

Quasi-local symmetries of
non-linear heat conduction
type equations

I. SH. AkHATOV, R. K. GAzIZov, N.H. IBRAGIMOV [4]
Doklady Akademii Nauk SSSR, Mat. Fiz., Tom 295, (1987), No. 1, pp. 75-78.

1. We have developed in [2] the concept of quasi-local symmetries and
gave a constructive method for their computation. Our approach is based
on the observation that Backlund transformations can augment invariance
properties of differential equations ([58], § 17.1, Remark 3). The essence of
the method is as follows. Let us consider evolutlonary equations u; = F' and

= ( connected by a Backlund transformation in the form y = ¢,v = .
Here F,p,® € Alz,u] and G € Aly,v], where Alz,u] and Aly,v] are the
spaces of differential functions of local variables x,u, uq,... and y,v,vq, ...,
respectively. Let the equation uw; = F' admit a canonical Lie-Backlund
operator X = f,:2 + -+ with f, € A[z,u]. The Bicklund transformation
connecting the equations in question maps f, into f, € Aly, v|, where f, and
fv are connected by the following transition formula (see [58], Eq. (19.44d)):

Do(9) fo = (D)@ — Do(P) ) fu- (1)

The asterisk indicates transition from differential functions to differential
operators by the formula

Oy 890 o Oy
y >0 6uz r 8u 8U1 =t 8u2

D2

Extension of Equation (1) to the case when f, & Aly, v| necessitates intro-
duction of new, nonlocal, variables () determined from (1) up to arbitrary

30
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Table 1: Equivalence transformations (« # 0, 3104 — B235 # 0)

wy = H(wgz) kit v = h(Vp) Ve = up = [h(u)uge
t=at+m t=at+v t=at+m
j:51»”C+72 T =11+ fov + 72 i=51$+72
W = Prysz + Brfaw + LB B3 + yut + 5 0= Fax+ Pav +ys 4= et

]
(o))

[0

+B233(xw, — w) + Boyzwy + § B2 aw?

H — H+ 'YE4 iL _ (ﬁ1+22vz)2h iL

[0

functions of time. Dependence of () on time is specified from the invariance
condition for the equation v; = G with respect to the operator

0
X:fv(yavavla--w@)%+”'

The resulting function f, is called a quasi-local symmetry, associated with
the local symmetry f,.
2. Here the method is applied to the sequence of equations

wy = H(wge) —2 v =h(v)vee —5  w(h(uw)ug)y, h=H, (2)

connected by the simplest Backlund transformations indicated over the ar-
rows. We classify these equations according to their quasi-local symmetries,
associated with point symmetry groups. The first equation in (2) is the
equation of inertia-free string vibrations in a liquid with nonlinear resis-
tance, the second equation is the equation for filtration of non-Newtonian
liquid in a porous medium, and the third one is the nonlinear heat equation.
First, group classification of every term of the sequence (2) is carried out
with respect to local symmetries (the second and the third equations are
classified in [2], [102], see also [106]). Then, the corresponding groups of
quasi-local symmetries are constructed. Application of the groups of equiv-
alence transformations extended by quasi-local equivalence transformations
completes the classification. The result is given in Tables 1 and 2, where the
operators and equivalence transformations included in boxes are non-point.
The well-known case of linear heat conduction is omitted here.

Note that all non-point symmetries and equivalence transformations for
the first equation from (2) are tangent, i.e. local. Furthermore, the case



82 N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

h(u) = u=*3 of group extension for the nonlinear heat equation obtained
in [102] is equivalent to the case h(u) = u~%® and is obtained by the quasi-
local equivalence transformation Z = v,% = u~*. The corresponding chain
of operators for h(u) = u=*3 has the form
Ty =2®— — = Ye=a"— AN . KA A
7—xax+xwaw—> 6—xax+(w xv)av—> 5= = 3rug -

3. Quasi-local symmetries allow one to extend the class of exact solu-
tions provided by the group method. Indeed, the number of invariant solu-
tions increases. Moreover, the new approach allows us to construct partially
invariant solutions for scalar differential equations possessing a Bdcklund
transformation.

Consider, e.g. the nonlinear heat equation with h(u) = (1 + u?)~!. In
this case the group is extended by adding the quasi-local symmetry

) )

We will be interested in partially invariant solutions with the defect 6 = 1
and the rank p =1 (see [106]). Let us consider the over-determined system

m:(“x>,%=m1& Voo 3)
€T

14 u? T 1402

In order to determine all essentially different invariant and partially invari-
ant solutions of the rank p = 1 for the system (3), one has to compose the
optimal systems 6#; and 6y [106] of non-similar one-dimensional and two-
dimensional subalgebras, respectively, for the five-dimensional Lie algebra
with the basis

0 0 0 0 0
Y1—§, YQ—%, %—2t§+$£+va7

0 o 0 ) 0
Yi=gp Vo= —vgy tog, TUTWg,

The optimal system 6, is provided by the operators
YIJ }/27 Yl‘i‘Y% }/57 Sfl—i_%v }/1 _1/:57 }/3—’_05}/5,

where « is an arbitrary parameter. Using 6#;, one can easily show that the
optimal system 65 is given by the following pairs of operators:

<Y,Ya>, <Y,Y5>, <Y,YV3+aYs> <Ys, V3> <V3 V5>,



Table 2: Group classification (h(§) = H'(£))

(1861) SATIIANINAS TVOOTISVNO F

H(wg,) w; = H(wye) = v = h(Up) Ve b u = [h(u)ugl,
Arbitrary
function Z1 = % Y, = % X, = %
7 =4 Yo =5 X2 =3
_ 0 o] o) _ o) o] o] _ o) o]
Z4 = l’a% }/4 - (‘% -
Zs =2 . -
2
R V=g -oh Xi=th -4
p) P p) 0 p) p)
Twl, o#1 Zg=(1—-o)ty +wi Ys=(1-o)ts +vs: Xy=(1—o)tzg +uy-
_1 .0 .0 20 .0 0
U—§ Z7— a9z }%—w%—U% X5—w%—3uv%
In wg, Zg=1tL + (w+1t)2 Vs=t2 +vl Xi=t2 +ul
2 .2
arctan Wy, Zg = —w, 2 + (x 5=+ t) L Vi=—vZtal Xy=—vZ+(1+u?)E
- _ d ) 2wz 9 _ d d ) _ d d
%eAarctanw Z6 = —At& — wma—x + z 2'UJ 3w YV5 = —)\ta — 'Ua—z + .T% X4 = —Ata — ,Ua_:ﬂ ‘I— (

€8
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Let us illustrate the method by obtaining partially invariant solutions for
the subalgebra < Y3,Y; > . The independent invariants of this subalgebra
are I} = (22 +v?)/t, I, = (zu—v)/(uv+z). Therefore the partially invariant
solutions with the defect 6 = 1 and the rank p = 1 are sought in the form
I = (1), ie.

G zp(2)
= vp(2)

x? +v?
t

u , where z= (4)

Substituting (4) in the first equation of the system (3) and taking into
account the two remaining equations one obtains an ordinary differential
equation for ¢(z). Upon one integration the latter equation takes the form

H w HH
ﬁ\HEQI |+|€“QH8:£.
2 2z

Now the problem reduces to integration of the compatible system

2z¢' 1 v+ T
w= (2 +0) oo, o=t

Its solution has the form

v=vVv2+22sin(Clnt + \(2)), N(z)= Hﬁwmv :
Bashkir State University; Received 12 May 1986
Ufa Aviation Institute;
Department of Physics and Mathematics
Bashkir Branch of the USSR Academy of Sciences;
Ufa, USSR.

Translated by E.D. Avdonina



Paper 5

Nonlocal symmetries

I. SH. AkHATOV, R. K. GAzZI1ZzOov, N.H. IBRAGIMOV*

Preface

We have suggested in [1] a method for computing special types of nonlo-
cal symmetries (which we call quasi-local symmetries) for differential equa-
tions having Backlund transformations. The quasi-local symmetries are
connected with local (Lie or Lie-Bécklund) symmetries, and hence the Lie
equations corresponding to quasi-local symmetries can be integrated. In the
present paper we discuss key points of our approach and apply the method
to nonlinear diffusion models and one-dimensional gasdynamic equations.

The first chapter contains the key ideas and methods for computing
quasi-local symmetries. Nonlocal variables arising in this approach are used
for constructing more general nonlocal symmetries.

The second and third chapters may be useful for those who want to use
nonlocal symmetries in their own problems. In these chapters, we provide
detailed calculations for obtaining local and nonlocal symmetries as well
as group invariant solutions for nonlinear diffusion equations and the one-
dimensional gasdynamic equations. Introducing nonlocal variables, we find,
e.g. the gasdynamic equations that are invariant with respect to passage to
uniformly accelerated coordinate systems (see Example 5.6 in § 16). Fur-
thermore, this approach allows us to disclose a hidden symmetry of the so-
called Chaplygin gas corresponding to the state equation p(p) = pg— %aQ(S )
(see Example 5.8 in § 16).

* Author’s note to this 2006 edition: 1 give here the translation of the original Russian
manuscript a modified version of which has been published in [7].

85
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CHAPTER 1
Preliminaries

§ 1 Introduction

Sophus Lie gave an efficient method for constructing groups of point and
contact transformations admitted by differential equations. However, it
is significant for applications to investigate more general symmetries (see,
e.g. [84], p. 223, and [105], §9). The theory of Lie-Bécklund transformation
groups (see [56], [58]) provides a method for computing rather general types
of non-point and non-contact symmetries defined by Lie-Béacklund operators

o 0
+n (JJ,U,U(l),U(g),...)% (1.1)

X = fz($, Uy U(1), U2)y - - )axz
with coordinates £, n7® € A. Here A denotes the space of differential func-
tions, i.e. analytic functions of independent variables z = (z!,... 2"),
dependent variables x = (u!,...,u™) and an arbitrary finite number of
partial derivatives uy = {uf'}, u@ = {ug},..., etc. Symmetries provided
by point, contact and Lie-Béacklund operators are called local symmetries.
Most of known symmetries belong to this category. However, in practice
differential equations are encountered that admit operators of the form (1.1)
such that &%, n® ¢ A. These kind of generalized symmetries are termed non-
local symmetries. They have coordinates depending either on an infinite
number of derivatives of u or on expressions involving integrals of u. Dis-
cussions of nonlocal symmetries and conservation laws can be found, e.g. in
[24], [122], [123], [124], [127], [126], [58], [69], [73], [75], [79], [80], [40], [41],
[42], [74], 18], [9], [21], [27], [29], [49], [57], [84], [7C].

Let us consider the case of two independent variables, ¢ and x, one
dependent variable u, denote the derivatives by s, u1 = Uy, Uz = Ugy, . . .
and use the canonical representation (see further Equation (2.8)) of the

operator (1.1):
0
X = f(zx,u,uy,ug,...)— +--- . 1.2
fla s,z (12)
If the operator (1.2) is admitted by a differential equation, the term sym-
metry applies both to the operator X and its coordinate f.
In a number of cases nonlocal symmetries may be easily obtained by

using recursion operators as is shown in the following example.

Example 5.1. The Korteweg-de Vries equation u; = wus + wu; has the
recursion operator

2 1
L=D?+ Su + gulD—l.
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Its action on the coordinate f() = 1 + tu; of the canonical operator (1.2)
of the Galilean group provides a new symmetry (1.2) with the coordinate

1 2
f(g) = Lf(l) = t(u3 + uul) + gl’ul + gu
Here fM, f®) ¢ A, but further action of the recursion operator L leads to
the nonlocal symmetry [69], [74]

) 10 ) 1
o = t(u5 + guus + uits + 6u2u1> + gx(u;), + uuy)

T I
—Uu —Uu —Uu —U
3 2 9 9 9 1%,

where ¢ is a nonlocal variable defined by the over-determined system of
differential equations

U2

Pz = U, SOt:lbz—i‘?'
The integrability condition ¢,; = ¢, of this system coincides with the
Korteweg-de Vries equation.

The symmetry f®) can also be found by direct calculation if one permits
dependence of f on a nonlocal variable u_y = D7 (u), i.e. D(u_1) = u.
Developing this observation one could introduce instead of A the space A
of analytic functions of finite numbers of local (z,u,u;...) and "natural”
nonlocal (u_1,u_...) variables and seek operators with coordinates from A.
However, the action of L on f® provides a nonlocal symmetry

7 3 35
0 = t(ur + Suus + Tur g + —ugus + —uus + —uug s

3 18 9
35 35
Eu? + 5—4U3U1) + §$(U5 + §UU3 + ?UQUQ + guzul)

8 1 1
+ 2uy + 3 2 + §(u3 + uul)go + Eulw

with a new nonlocal variable i) determined by the following equations:

2
Vo = u?, Py = 2uuy — ul + u

3

The nonlocal variable 1 does not belong to A since it involves infinite num-
ber of "natural” nonlocal variables, namely it is given by an infinite sum:

V=D (u®) =uu_; — ugu_y + usu_3 — - . (1.3)
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Therefore, the use of the "natural” variables u,uq,u_1,... would be unsuc-
cessful. Eq. (1.3) follows from the equations u = D(u_1), u—; = D(u_s),...
and from the rule of integration by parts written in the form

D Y (uDv) = uv — D' (vDu).
Indeed, we have D! (u?) = D' (uD(u_1)) = uu_y — D~(u_yDu) or
D' (u?) = uu_y — D™ (ugu_y).
Integrating by parts again, we have
D Y uu_y)=D! (ulD(u,g)) = uu_g — D (ugu_s),

and hence:
DY u?) = wu_1 — uu_y + DM (ugu_s).

The iteration of the procedure leads to Eq. (1.3).
If one acts by the recursion operator L on f(7) one obtains the symmetry
@ = L™ depending on ¢, and on a new nonlocal variable @ defined by

3 4
0, = 5 —u%, 0, :u§—2u1u2+u2u2—2uu%+uz-

A formal theory of nonlocal symmetries can be developed by introducing
functions of an infinite number of variables w,uy,u_q,... (see, e.g. [73]).
However in this way one loses the possibility of a constructive computation
of nonlocal symmetries.

A basic problem for computing nonlocal symmetries is the proper choice
of nonlocal variables. They are defined by integrable systems of differen-
tial equations which relate the nonlocal variables to the original differential
variable u. The choice of these differential equations requires additional
considerations. In Example 5.1 such an additional consideration was the
recurrent determination of symmetries.

In the present paper we develop the approach suggested in [58] and
based on the observation (cf. below Examples 5.2 and 5.3) that the exis-
tence of Backlund transformations can lead to extension of the admissible
group due to nonlocal symmetries. The method of obtaining non-point
symmetries with the help of a nonlocal transformation (the Fourier trans-
form) was earlier used by Fock [39] (cf. also [107]) for discovering additional
symmetries of the Schrédinger equation for the hydrogen atom.

The nonlocal variables obtained in what follows are connected with local
or nonlocal conservation laws. In Example 5.1 they are connected with the
familiar series of conservation laws for the Korteweg-de Vries equation. In
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particular, the compatibility conditions of the system of equations for ¢, ¥,
and 0 give, respectively, the first three conservation laws of this series:

u2
Di(w) + D, (—u2 - 3) 0,

2
Dy(u?®) + D, (uf — 2uuy — gu?’) =0,

u? ut
D, (3 — u%) + D, <2u1u3 — 3 — utuy + 2uu — Z) =0.
Example 5.2. The wave equation u;; = ug, is invariant with respect to the
Bécklund transformation ([58], Section 17.1) vy = u,, v, = u; and therefore
has the nonlocal symmetry f = n(u 4 v) with an arbitrary function 7.

Example 5.3. The linear heat equation u;—us = 0, in view of its invariance
with respect to differentiation and integration, has the nonlocal symmetries
fi =v (where v, = u,v; = u,) and fo = 2tu + w (where w, = zru,w;, =
TUy — U).

Example 5.4. The Burgers equation u; —uu; —us = 0 is connected with the
heat equation vy — vy = 0 by the transformation ([38], [49], [29]) u = —2%
and therefore has nonlocal symmetries, e.g. f = (hu + 2h,)e?/?, where ¢ is
a nonlocal variable defined by the system ¢, = u, oy = u; — %uz, and h(t, z)
is an arbitrary solution of the heat equation, h; — h,, = 0.

We will consider only equations having particular Backlund transforma-
tions, namely differential substitutions (or coverings in terms of [123], [124]).
We will use these transformations for constructing quasi-local symmetries.
The quasi-local symmetries augment the set of group-invariant solutions. In
particular, using quasi-local symmetries one can find partially invariant so-
lutions for scalar equations. Note that partially invariant solutions provided
by local symmetries exist only for systems of equations [103].

§ 2 Lie-Backlund operators

We use the following notation of [58], [57]: z = (x!,...,2") are independent

variables and u = (u',... ,u™) are the dependent variables (called also dif-

ferential variables) with successive derivatives uy = {uf'}, ue) = {ug}, ...,

where uft = D;(u®), uf; = D;(ug),... . Here
D=2 v d ey
i = - u: —— U:-U:. —— o ..
Oxt ' our Y Ouf
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are the total differentiations with respect to z°.

Locally analytic functions of a finite number of variables x,u, u(), ...
are termed differential functions and the space of all differential functions
is denoted by A[z, u].

Any function F' € Alx, u| determines a differential manifold [F| defined
by the infinite system of equations

It is convenient to associate with any differential function F' € Alz, u]
the following differential operators:

F., = D; D;D;+ ... 2.2
(F2) 8ua+8u§“ +8u‘?‘. it (2:2)

v

Recall that continuous one-parameter groups of point transformations
are determined by their generators (known also as infinitesimal operators)

0
)8ua .

. (2.3)

+n%(z,

Likewise, Lie-Backlund transformation groups are determined by their
generators of the form (see [56])

.0 5’ 0
xX=¢ & 4 . 2.4
g T g TG 50 Uau%+ : (2.4)
where &', 7% € Alz,u] and (2, i, . .. are given by the prolongation formulae:

¢ = Di(n”) — ug Di(€"),
C& = Di(¢%) — u, Di(Eh), ...

Operators of the form (2.4) are called Lie-Bécklund operators. Bearing Eqgs.
(2.5) in mind, Lie-Bécklund operators can be written for short as follows:

(2.5)

X = g*'a

et 2.6

tnte ot (2.6)

The action of the operator (2. 6) on any function from Afz,u| is well-
defined. Hence the Lie bracket Y] = XY — Y X of arbitrary operators

(2.4) is an operator of the same form. Therefore one can consider the Lie
algebra L of Lie-Béacklund operators. It is called the Lie-Backlund algebra.

A differential equation F' = 0 admits a Lie-Backlund operator (2.4) if the
group generated by this operator leaves invariant the differential manifold
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[F] defined by Egs. (2.1). A necessary and sufficient condition for the
invariance is written in the form of the following determining equation:

XFjpp = 0. (2.7)

Any operator X, = £'D; with arbitrary &' € Alz,u] is a Lie-Backlund
operator. Moreover, X, = £'D; is admitted by any differential equation and
the set L, of all operators X, = £'D; is an ideal in the Lie-Bicklund algebra,
L. Hence, instead of the algebra L we can deal with the quotient-algebra
L/L, by considering operators X and Y to be equivalent if X —Y € L,. In
particular, any operator (2.6) is equivalent to the operator

. , 0
Y =X —¢D;= (" - )5

Operators of this form, i.e.

)
X= gt (2.8)

with any f € Az, u| are called canonical Lie-Bécklund operators. For them
the prolongation formulae (2.5) have the simple form

G =Di(n"), ¢ =Di(G7), - (2.9)

Thus, the theory of Lie-Béacklund operators lets us to restrict our con-
sideration to the canonical operators. For these operators the independent
variables 2° are invariants. It is worth noting that a canonical Lie-Béicklund
operator (2.8) is equivalent to an operator of the group of point transfor-
mations of the form (2.3) if and only if f* can be represented in the form

£ =0, u) — €1, uu (2.10)

§ 3 Transition formula

In what follows we will need the formula for transforming coordinates of
Lie-Bécklund operators under changes of variables (z,u) — (y,v) given by
differential substitutions:

y =¢, =07 (3.1)
where ¢/, ®° € Alz,u]. The change of variables (3.1) maps a canonical
Lie-Bécklund operator (2.8), X = f&5% + -+ into the operator

- )

0
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which is equivalent to the canonical operator Y = f# a% + ... with

=X (@) = v/ X ().
Using the notation (2.2), we arrive at the following formulae for transfor-
mation of coordinates of canonical Lie-Backlund operators:

fuﬁ = [((I)f)a - Uf(@i)a]fg (3.2)

The formulae (3.2) can be used both for passing from f, to f, and from
fo to fu. In this procedure, one should the change of variables (3.1) together
with the transformations of the total differentiation operators:

D,i = Dyi(¢))D,. (3.3)

8 4 Quasi-local symmetries

Let a differential equation F' = 0, where F' € Alz,u], be connected with
an equation G = 0, G € Aly,v], by a Biacklund transformation of the form
(3.1). Let the equation F' = 0 admit a canonical Lie-Bécklund operator
with a coordinate f,, € Az, u]. If the the Backlund transformation connect-
ing the equations F' = 0 and G = 0 maps f, into a differential function
fo € Aly,v], then the equation G = 0 admits the canonical Lie-Bécklund
operator with the coordinate f,, and the differential functions f, and f,
are related by the transition formulae (3.2). Extension of (3.2) to the case
fo & Alu,v] leads to the necessity of introducing new, nonlocal, variables
(7. They are defined from (3.2) and from the invariance condition of the
differential manifold [G] with respect to the operator with the coordinate
foly,v,v1,...,Q). The function f, calculated in this way is called in [1], [5]
the quasi-local symmetry* associated with the local symmetry f,.
In what follows we will consider systems of evolution equations

u=F, F e Az ul, (4.1)

v, =G, Ge Ay, (4.2)
connected by a Béacklund transformation of the form

s=t, y=op(ruuy,...,u), v°=0z,u,u,...,u). (4.3)

* Author’s note to this 20006 edition: The closely related notion of a potential symmetry
for PDEs written in a conserved form is introduced in [22].
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Here t and s are time, x and y are scalar independent variables, v and v are
vector-valued differential variables with the successive derivatives uq, us, . ..
and vy, ve, ..., respectively, where

Up = U, Uip1 = D:c(“i)% Vo =V, U1 = Dy(“i)-

Let the system (4.1) admit an algebra of local symmetries, i.e. a Lie-
Backlund algebra

Afu
Arfovi] = { fu € Alevul s 50— (R 1) =0}
Here %i; —A{F, f.} = 0 is the determining equation (2.7) written for the

evolution equation w; = F, and {F, f} is the Lie bracket defined as the
m-~dimensional vector from A[z, u] with the components

(R =Ff= - F

where

S ore
Ff'f:Z<Ff)ﬁfﬁv (FS)BZZ ﬁD;c? G=1....m.
B=1 i>0 Ou
If the transformation (4.3) maps f, € Ap[z,u| into f, € Agly,v], then
fu and f, are connected by the transition formulae (3.2) which in the present
case can be rewritten, using (3.3), in the form

Dw(@)fz?é = [Dx(QO)(I)(: - Dx(CI)O‘)gp*]fm (4'4)
Dy =D, + Dt(gp)Dy, D, = Dx(gp)Dy' (45)

The extension of (4.4) to arbitrary f, (in general f, & Aly, v]) leads to quasi-
local symmetries calculated in accordance with the following definition.

Definition 5.1. A quasi-local symmetry of Eqs. (4.2) associated with a
local symmetry f, € Ap[z,u] is a vector-function f, which is connected with
fu by the transition formulae (4.4) and depends, along with s,y,u, vy, ...,
also on new variables Q', ..., Q' satisfying the following equation:

f, L Ofy .
83 _{Gafv}—i_zzlanQs_o

In calculating the Lie bracket {G, f,} one uses the total differentiation
extended to nonlocal variables Q* as to ordinary differential variables.

Inverting the sequence of arguments in this definition one can get quasi-
local symmetries f, for Eq. (4.1) associated with local symmetries f, for
Eq. 4.2). Furthermore, the transition formulae (4.4) are applicable also to
the case when both symmetries f,, and f, are quasi-local.
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CHAPTER 2
Diffusion equations

This chapter is devoted to the classification of the sequence of equations
wy = H(wy) =2 v, =hw)ve =2 w = (h(u)uy), (H)

related to nonlinear heat equations and connected with one another by
the simplest Bécklund transformations (introducing potentials). The clas-
sification is made with respect to quasi-local symmetries associated with
point symmetries. The functions H and h, where H(§) = [ h(§)dE, are
arbitrary elements with respect to which one performs the group classifica-
tion. The first equation of (H) describes the inertia-free motion of a string
in a medium with nonlinear resistance. The second is used in mechanics
for the study of the shear currents of a nonlinear viscoplastic medium and
processes of filtration of a non-Newtonian fluid [13], [18], and also in the
physics of the ocean for describing the propagation of oscillations of tem-
perature and salinity to depths [122]. The third equation of this sequence
is the classical equation of nonlinear thermal conductivity. The Béacklund
transformations (in the present case differentiation and integration) let one
transfer a symmetry of one term of the sequence with a certain function h
to a symmetry of any other term of this sequence with the same function
h. In this way, we naturally arrive at quasi-local symmetries [4], [5]. We
note that the nonlocal symmetries of the sequence (H) were found indepen-
dently and simultaneously with us in [75]. It is also shown in [75] that the
nonlinear heat equation does not have other transformations not depending
explicitly on ¢, x and leading to nonlocal symmetries, besides the Béacklund
transformations indicated in (H).

A possibility of increasing the number of exact solutions of equations of
the sequence (H) at the expense of invariant solutions of other equations of
this sequence is indicated in [100].

§ 5 Equivalence transformations

At the first stage of the group classification it is necessary to calculate the
equivalence transformations for each term of the sequence (H). Let us begin
with the nonlinear filtration equation

vy = h(v1)vs (5.1)

and find all pointwise equivalence transformations, i.e. non-degenerate
changes of variables ¢, x,v, carrying any equation of the form (5.1) into
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an equation of the same form, generally with a different filtration coefficient
h(v1). Equations which are related by equivalence transformations admit
similar groups and are considered indistinguishable in the group classifica-
tion [106].

Direct search for the set £ of all equivalence transformations is connected
with considerable computational difficulties. On the other hand, since the
set £ forms a group we can apply the infinitesimal method and find the
continuous subgroup &. C & relatively easily. Then we will complete &, to
the general equivalence group &.

5.1 Filtration equation: continuous equivalence group
We shall seek the operator

0 0 0 0

at+§—+?7—+uah (5.2)

E=¢ 5

of the group &, from the condition of invariance of (5.1) written as a system

V¢ = hUQ, ht == O, hz = 07 hv = 0, hvt = 0. (53)
Here v and h are considered as differential functions: v in the space (t, z)
and h in the extended space (t,z,v,vs,v1). The coordinates £, 2, n of the
operator F are sought as functions of the variables ¢, x, v, and the coordinate
i as a function of ¢, x, v, vy, vy, h. If along with the usual total differentiations

0 0 0 0
Di=Dy=—-+v— +tou—+tonu—
ot v vy vy’
(5.4)
Dy=D, = 2 +v 0 +v 8 + v 0
2= e =50 150 %50 T V250,
we introduce the following differentiations in the extended space:
~ ~ 0 0 0 0 0 0
Di=Dy=—+h h h hiv— 4 htp, = .
1= D= g gy g T gt hgg g (59
~ ~ 0 0 0 0 0 0
Dy=D,=— — — — — __
2 T o +hxah +hxtaht +hxxahx +hxvahv +hxvtahvt )
~ ~ 0 0 0 0 0 0
D3s=D,=— — — — — —
3 v 81} + hv Oh + hvt 8ht + hv:p ahx + hvv Ghv + hvvt ahvt )
Di=by =2 4 n, 2 R S S A

Ut h UVt g TV VU ViVt g )
R TR TR T, oh, Dy,
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then the the prolongation of the operator (5.2) is written

0 0 0 9,

_ 9 B 9
Fer+ral 162 1L 42
Oy, gy T g TG g Ha g g

where

G = Di(n) — v Dy(€') — v1Ds(€),
Co2 = Dz(Cz) - UltDz(fl) - U2D2(52>7 (5-6>
p1; = Di(pt) — hyDi(€") — hyDy(€2) — hyDy(n) — hy Di(G1) — huy Di(Go)-

The infinitesimal test for invariance of the system (5.3) has the form

(G = ha — pa)] 54 = 0, (5.7)
Mi\m) =0, i=1,...,4. (5.8)
Invoking that the functions &, 7, ( do not depend on h, we write Eqs. (5.8)
in the form 9 o 5 o
e 2 K 2
__hv—:()a __hm—zoa
ot Lot ox Ox
ol 9o o d(a
- vl—:O, __hvl_:()‘
ov ov 8vt 32}25

Since here h is a differential variable (so that h and h,, are algebraically
independent), the above equations give

_ 0G _6 90 _, 0G_, 9% _
= M(Ulu h)a ot =0, o =0, v =0, (?vt =0. (59>
Since (o = 1, + v11y — V€L — v &l — v €2 — v2E2 Egs. (5.9) yield

gl :gl(t), 52 :Al(t)x+C’11)—|—A2(t), n:A3(t)U+CQ$+A4(t),

where C; = const. Substituting the expressions for £, 7, u in Eq. (5.7), we
obtain the general solution of the determining equations (5.7), (5.8):

51 :Clt—i-cg, 5220333‘{'041}‘1'05,

n=Csr+ Crv+Cg, p= (20401 +2C5 — Cy)h.
Substitution in (5.2) yields the eight-dimensional Lie algebra spanned by

0 9, 0 0 0
El—ay EZ—%a E3_%7 E4—ta_h%7
E5:J)2+2h£ E6202+201h6 E7:ZL’8 ESZUQ'

ox oh’ o’ ov
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Taking the prolongation of these operators to v; and solving the Lie equa-
tions, we obtain the 8-parameter group &, of equivalence transformations

t=at+y, T=p0T+Bw+7, U= L7+ P+ s,

5, = st Pavy (But Bvr)* (5.10)
' 61 + ﬁgvl ’ a

with the coeflicients

il:

a=ay, Pr=as, [(r=uas [3=asaras, (1= (1 + CLGCW)GS,

T =104, Yo = G205 + azag, Y3 = (as + asasar + azagar)as.

Here a; is the parameter of the subgroup with operator E;. Therefore a4, as, as
are positive, and hence in (5.10) we have o > 0, 3; > 0, (5184 — F2/33) > 0.

5.2 Filtration equation: complete equivalence group

Note that the reflections t — —t and * — —x are also equivalence transfor-
mations, i.e. they are contained in the group £. Adding them to the contin-
uous group &, found in the previous section, we get transformations (5.10)
with arbitrary coefficients «, 3;, 7; satisfying merely the non-degeneracy con-
dition a(B184 — Po3) # 0. We will prove now that in this way we obtain
the most general equivalence group.

Theorem 5.1. The complete equivalence group £ for the filtration equa-
tions (5.1) is provided by the transformations (5.10),

t=at+v, T=/px+ Bv+ v,

~ 2
PR R SCEL )

with arbitrary coefficients «, 3;, v; satisfying the non-degeneracy condition
a1y — Baf33) # 0.
Proof. Let the transformation
y=p(t,z,v), s=it zwv), 0=3>(tx,0v)

be an equivalence transformation for Eq. (5.1). In other words, we assume
that it maps the equation v; = h(v,)v,, into the equation

By = h(Dy,)0y,. (5.11)
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Using the transformation formulae for the differentiation operators Dy, D, :
Dy = Di(p)Dy + Di(¥)Ds, Dy = Dy(p) Dy + Do(¥)Ds,
we obtain the following expression for v, = vy, :
b — Dy (®) Di(h) — Dy(®) De()
Dq (@) Di()) — Di(0) Do ()

It follows from the definition of equivalence transformations that the right-
hand side of the above equation should depend only on vy so its derivatives
with respect to t, z, v, v, are equal to zero. This condition leads to a system
of equations on the functions ¢, 1), ® whose solution has the form

o = A1(t)(Brx + Bov) + Aa(t), b = (),

D = A (t)(Bsx + Bav) + As(t),

where (134 — Bo33 # 0,¢'(t) # 0, A1 (t) # 0.
The specification of the functions A;(t) and ¥(t) is effected by substi-
tuting the expressions for ¢, 1, ® in Eq. (5.11) and leads to Eqgs. (5.10).

5.3 Equivalence group for the equation w; = H(ws)
the equivalence transformations for the equation
wy = H(wy) (5.12)

are calculated as in Section 5.1. Namely, we rewrite Eq. (5.12) in the form
of the system

wt:H, tho, Hm:(), szo,

(5.13)
Hwt = 0, Hw1 = 07 H’wtt = 07 ku = 0’

where w depends on t,x and H depends on t,x,w,wy, wq, Wy, Wi, wo. In
other words, we consider w as a differential variable in the space (¢, z) and
H as a differential variable in the extended space (t, z, w, wy, w1, Wy, Wiy, Wa).
The generators of the continuous group of equivalence transformations are
sought as the operators
0 0 0 0
E=—+&8—+n—+p-p0
St o T ow Ton
admitted by the system (5.13), where &' &2 1 depend on ¢, z,w and u de-
pends on t,...,we, H. Acting on Eqs. (5.13) by the prolonged operator

A L L
w, ' ow—1 Mom, T1Mom

(5.14)

E=E+¢
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+M3i+ﬂ4i+u5 0 + He 0 ‘HML
0H, 0H,, 0H,, 0H,,, 0H,,,
we obtain the determining equations
(G = n) ‘(5.13) =0 (5.15)
and
m\(m) =0, i=1,...,7. (5.16)
Here

pi = Di(p) — H,Dy(€') — H,Dy(§%) — HyDi(n) — Hu, Di(G)—
—Hu, Di(G2) = Hupy Di(Gi1) = Huny Di(Ci2) — Huy Di(C22),
where D;, D;, Gi, Cji are obtained from Eqgs. (5.4)-(5.6) by replacing v and

h by w and H, respectively.
Rewriting Egs. (5.16) in the form

&u aCQQ 8/L 8<22 aﬂ aC22
ot 20t 0 ox “2 Oz 0 ow 2 Jw 0
3_# . 022 0 o _H (22
ow, “2 O, T Owy “2 Owy
ou (a9 op O(22
— H,, 2 =y, — Hy 22—
Owy ? Owy 0 Owny Owyy 0

and splitting with respect to H,,, one obtains
p=plws, H), & =¢E(t), &€ =At)r+A(),
n=[24,(t) + Ci]w + Coz® + As(t)x + A4(t).
Substitution of these expressions in Eq. (5.15) yields the following general
solution of the determining equations (5.15), (5.16):
g =01t+ 0y, & =Csz+Cy,
n = Csw + Csz® + Cqx + Cst + Cy, = Cs+ H(C5 — Cy)

involving nine arbitrary constants C1,...,Cy. Substitution in (5.14) yields
the nine-dimensional Lie algebra. Solving the Lie equations for the basic
generators of this algebra and taking the composition of the resulting nine
one-parameter groups, we obtain the nine-parameter continuous group &..
Finally, we add to &, the reflections t — —t,x — —x,w — —w and arrive at
the following complete equivalence transformation group £ for Eq. (5.12):

t=at+v, I=/p/x+,

o , 6 (5.17)
W = 0w + Ox” + 032 + d4t + 05, H = aH+64,

where o301 # 0.
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5.4 Equivalence group for the nonlinear heat equation

The equivalence transformations for the nonlinear heat equation
up = (h(u)ug )

have the form [106]:

3? (5.18)

§ 6 Classification of the equations w; = H(w-)

6.1 The determining equations

Let us classify the equations
wy = H (ws) (6.1)

in accordance with the admitted point transformation groups. The classi-
fication is simplified by using the equivalence transformations. Eliminating
from consideration the well-studied case of linear heat equation w; = kwo,
we assume that H” # 0.

An admissible operator is sought in the form

0 0 0
Z = fl(t,w,UJ)a +€2<t7'r7w)% +77(t7x7w>a—w

and is found from the determining equation
G — H'(w2)¢a2 = 0.

where (; and (o9 are given by Eqgs. (5.6) with v replaced by w. In solving the
determining equation, we replace w; by H(ws) and consider wy, wy and wy,
as free variables. Splitting with respect to the variables wyy, wy, we have:

5;: =0, 5:11: =0, 12vw =0, Nww= 25511;7 (6'2)
& + &0 H + (2000 — &, — 3ws&l)) H' =0, (6.3)
N + (M — gtl)H - [nm + (M — 253)w2]Hl = 0. (6'4)

Egs. (6.2) yield:

=), € =alt,x)w+Bt ), 1n=a,ts)w® -+t z)w -+t ).
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Substituting these expressions in Eqs. (6.3) - (6.4) and splitting with respect
to w, we obtain oy — H' oy, = 0 and

o+ Sax:le = 07 (

ﬁt + aH + (2’790 - ﬁzx - 3CE'LU2)H/ = 07 (
Y + 2aazH - ﬁszH/ = 07 (

(6.

8+ (7 = &V H — [050 + (v = 28, )wa] H' = 0.

Since H” # 0, Eq. (6.5) yields oy = 0, a,, = 0. Differentiating Eq. (6.6
with respect to wy and x, Eq. (6.7) with respect to ws and adding the
results, we get

(f}/:ms - ﬁx:px - 30@11)2)[‘1” = 07

whence a, = 0, Bize = Yaw- Now Eq. (6.7) yields v, = 0, vz = 0, and
hence (.., = 0. Thus

a=Cy =const., B=p01)2”+ Be(t)x + Bs(t), ~=Cox+Cs.
Furthermore Eq. (6.6) reduces the expression for g to
B = Cux* + Csx + Cgt + Cs.
Collecting the above results, we obtain the expressions
¢h=¢t), &€ =Cuw+ Cua®+ Csz + Cgt + Ch,

n = Ciw® + (Cox + Cs)w + 6(¢, z)

for the coordinates of the operator Z and conclude that the determining
equations reduce to the following equations:

06 + ClH + 2(02 — C4)H/ — 30111)2[’[/ = 0, (69)

5t -+ (CQZL' + 03 - gtl)H - 6xacH, - [(02 - 404)[E + 03 - 205]M2H/ = 0. (610)

In the case of an arbitrary function H(ws) all the coefficients in (6.9)
and (6.10) should vanish, i.e.

Ce=0, Ci=0, Co—Cy=0, =0,

0256—1-03—@1:07 0oy =0, (Cy—4Cy)x+ C5—2C5 = 0.

It follows that
Ci=0C,=0C,=0Cs=0, C3=2C%,

' =205t + Ky, 6= Kyr+ Ks,
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whence finally
fl :205t+K1, 62205234—07, 772205w+K2x+K3

Thus, Eq. (6.1) with an arbitrary H(ws) admits the five-dimensional Lie
algebra spanned by

0 0 0 0 0
Zl—a, ZQ—%, Zg—ztaﬁ-x%—f—QW%, (611>
YT 0w TP ow

6.2 The classifying relation

Extensions of the symmetry algebra are possible if Egs. (6.9) and (6.10) do
not imply that all coefficients in these equations vanish. To find all possible
cases, note that Eq. (6.10), as well as (6.9), is equivalent to the equation

a+bH + (c+ dw)H =0 (6.12)

with constant coefficients a, b, ¢, and d. Indeed, since H depends only on ws,
Eq. (6.10) holds only when all its coefficients either vanish identically or
are proportional (with constant coefficients) to a function A(¢,z) # 0, i.e.

6 = a\(t,x), Cox+Cy—¢& =bA(t, ),
_5:v:c = C)\(t, l’), (404 - CQ)J] - 03 + 205 = d)\(t, CL’)

If all coefficients in (6.9) and (6.10) are simultaneously equal to zero, then
this corresponds to the case of arbitrary function H. Hence, extension of the
group is possible only for the functions H(ws) satisfying an equation of the
form (6.12) with constant coefficients a, b, ¢, and d not simultaneously equal
to zero. Thus, the problem of group classification of Eq. (6.1) reduces to
listing of all functions H obeying Eq. (6.12). Therefore we call Eq. (6.12)
the classifying relation for Eq. (6.1).

Remark 5.1. It is significant in group classification that the classifying re-
lation (6.12) inherits the equivalence transformations of Egs. (6.1). Namely,
after the equivalence transformation (5.17) Eq. (6.12) preserves its form,

a+bH+ (¢+dwy)H =0

G-ty oy o 200

~ (6%
Y A ) 6.13
5 5 TR (6.13)

01
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Let in (6.12) d = 0. Then we obtain from Eq. (6.12), due to the condition
H" # 0, that ¢ # 0 and b # 0. Therefore one can reduce (6.12) to the form
H' = H using (6.13) with suitable parameters «, (3, 0. Hence, we have

H=e" (6.14)

If d # 0 and b = 0 then one can reduce (6.12) by the transformation
(6.13) to the form woH' = 1, whence

H = Inws. (6.15)
If d # 0 and b # 0 then one can reduce (6.12) to we H' = o H, whence
H =wj, o = const. (6.16)

The condition H” # 0 requires that o # 0 and o # 1. Note that in the
derivation of Eqs. (6.14)-(6.16) the constants of integration are eliminated
by an appropriate dilation of ¢ in Eq. (6.1).

6.3 Additional symmetries

Now we solve the determining equations (6.9) and (6.10) for all three cases
(6.14)-(6.16). Substituting (6.14) in (6.9) and (6.10) and splitting with

respect to wy we get
C(;:O, 02—04:(), Clzo, 5t:O,

025C+C3—§1—5m:0, Co—4C; =0, C5—2Cs = 0.

Hence,
1 2 Al 2
6 :A1t+A2, 5 :A3x+A4,77:2A3w+ (Ag— 7) e +A5$+A6

Consequently, in the case (6.14) Eq. (6.1) has, along with the operators
(6.11), the following additional symmetry:

N

Similar calculations in the case (6.15) give the supplementary operator

0 0
T =t — e 1
6 x@x ow (6.18)
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For the function (6.16), Egs. (6.9) and (6.10) give the system
06 = 07 CQ = 047 515 = 07 5I1‘ = 07

& =031 —0) +2Cs0, Ci(1-30)=0, Cy(1+30)=0.
The last two equations of this system provide additional classifying relations.

They show that if o # £1/3, one should add to (6.11) only one operator

0 0
7= (1 — — —_— 1
6= ( U)tat+w8w (6.19)
If o =1/3 or 0 = —1/3 then Eq. (6.19) has, along with (6.11), (6.19), the

seventh symmetry, namely

0
T — W— 2
[ (6.20)
for 0 = 1/3 and
0 9,
_ 2
Zr==x e + TWH (6.21)

for o = —1/3.

§ 7 Equations of nonlinear filtration

7.1 Determining equations

Here we give detailed calculations in solving the problem of group classifi-
cation of the filtration equations ([2], [3])

vy = h(v1)vy (7.1)

with h/(v1) # 0. The operator of the admitted group is sought in the form

Y = fl(t,x,wg + fZ(t,x,v)g + frz(t,:c,mg

ot ox ov
and is found from the determining equation
Cl — h/(U1>U2C2 — h(’Ul)CQQ = O, (72)

where (;, (22,7 = 1,2 are given by the prolongation formulae (5.6). In solving
Eq. (7.2) v, is replaced by h(vi)ve and wvy,vs, vy, are considered as free
variables. The decomposition of (7.2) with respect to the free variables
v1¢, U9 leads to the equations

51 =0, 51% =0, (73)
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(262 — & +2E8v)h = [0, + (ny — & )v1 — il (7.4)
T — gtzvl = [nm + 2(779011 - gz)vl + (Mow — 25:?;1;)7}% - 3vv?]h' (7'5>

In the case of an arbitrary function h(v;) all coefficients in (7.4) and

(7.5) should vanish:

5151_25323207 512;:07 nz:Oa 771;—53:07

(7.6)
Ny = 07 ftz = 07 anv - ngcx = O? Now — 265'0 =0.

Using Egs. (7.3), (7.6) one can easily see that Eq. (7.1) with an arbitrary
function h(vy) admits the four-dimensional Lie algebra spanned by

0 0 0 0 0 0
o Ya= Yy=2to +ao-tvo, Yi=oo

Y= o’ ot Toxr | ov

(7.7)
Let us find all cases of extension of the group. We note that Eq. (7.4)
is equivalent to the following classifying relation:

h(a + 2bvy) = h'(c + dv; — bvy) (7.8)

with constant coefficients a, b, c, and d. Indeed, since h depends only on
v; Eq. (7.4) implies that its coefficients either vanish identically or are
proportional (with constant coefficients) to a function A(¢,z,v) # 0, i.e.,

255 - ftl = a\(t,z,v), 53 = bA(t,x,v),

Ne = cA\(t,z,v), 1y — 52 = d\(t, z,v).

One can readily verify that vanishing of all coefficients in (7.4) corresponds
to the case of an arbitrary function h. Consequently, extension of the group
is only possible for functions h satisfying an equation of the form (7.8) with
constant coefficients a, b, ¢, and d such that the polynomials a + 2bv; and
¢+ dv; — bv? do not vanish. Hence, one can rewrite the classifying relation

(7.8) in the form
h a+ 2bU1
_—_— . 7.9
h ¢+ dv — b} (7.9)

7.2 Analysis of the classifying relation

The classifying relation (7.9) inherits the equivalence transformations of
Egs. (7.1) (cf. Section 6.2). Indeed, two last equations from (5.10) yield

> =

= 2 [26:05 + Bov) + (B + B, (7.10)
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where B = (313, — 5203 # 0. We solve the equation for o; in (5.10) with
respect to vy, substitute the resulting expression vy = (5191 —03) /(84— F201)
in (7.10) and obtain an equation of the form (7.9):
~ 2'6~
= fbi—vlm (7.11)
¢+ doy — bo?

= =

with the coefficients a, I;, c, d related to a, b, c,d by the equations

a = Ba+20;01b — 261058 — 28204,
b= 32— 32¢ — Bofud, c= —[2b+ B2+ Brfsd. (7.12)
d = —20384b + 261 526 + (5184 + B2 35)d.
Using Egs. (7.12) one can prove the following.

Lemma 5.1. Under the action of the equivalence transformation (5.10)
the discriminant A = d? + 4bc of the trinomial ¢ + dv; — bv? undergoes the
conformal transformation, namely A = B72A.

Theorem 5.2. Every equation of the form (7.9) belongs to one of the three
distinctly different classes determined by the conditions A =0, A > 0 and
A < 0. Furthermore:

(i) all equations (7.9) with A = 0 are equivalent to the equation

ﬁ/
- (7.3
(ii) each equation (7.9) with A > 0 can be reduced to the form
o o—1
— =22 >0, (7.14)
h U1
(iii) each equation (7.9) with A < 0 can be reduced to the form
N v—20
-—=— > 0. 7.15
T A (7.15)

Proof. Lemma 5.1 shows that the conditions A =0, A > 0and A <0
are invariant under the equivalence transformations (5.10), and hence these
conditions divide the equations (7.9) into three distinctly different classes.
Let us verify that in the case A = 0 all equations (7.9) can be obtained
from (7.13) by equivalence transformations. Substitution of (7.13) in (7.10)
shows that the equations that are equivalent to (7.13) have the form

n (B —2616s) — 233v1 _ (B1Ba = Bafs — 26182) — 203501
h (B + Bav1)? (51 + Bav1)?
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On the other hand, invoking that ¢ = —d?/(4b) due to A = 0, one can write
an arbitrary equation (7.9) in the form

W —(a/b) = 2v;
he [ —d/(2b)]?

Therefore, to prove the statement (i) we have to verify that these two equa-
tions coincide upon an appropriate choice of the parameters i, ..., 34. But
this is quite obvious, since these four parameters are arbitrary. For example,
it suffices to set By = —d/(2b), 0 = 1,85 = a/b, B4 = 2.

Likewise, for (7.14) Eq. (7.10) yields

' _ [Bo — (184 + B233)] — 2028401 (7.16)

h (B1 + Bav1)(B1 + Bavr)
and the statement (ii) follows again from the arbitrariness of the parame-
ters G, ..., 4. Furthermore, Eq. (7.16) yields the following expression for
calculating o for given coefficients of Eq. (7.9):

_f Wa/b) + 7+ 7ol =7t bF#0,
"—{ (a/d) + 1], b=0, (7.17)

where r; and 7y are the zeros for the trinomial ¢ + dr — br?. The condition
o > 0 is achieved by the equivalence transformation

rT=v, UV=2=x

mapping Eq. (7.14) with arbitrary ¢ into the equation

R o+1
]’L— U1

The statement (iii) is proved similarly. Here one gets the formula
v =2a+d|/V—0. (7.18)

Thus, the set of Egs. (7.9) splits into equivalence classes with represen-

2

tatives (7.13)- (7.15). Omitting in these equations the symbol “ ~ 7 over v
and h and integrating each of these equations, we obtain:

h=e", (7.19)
h=v{"' >0, (7.20)
h=(1+v)"! exp(varctanv,), v >0, (7.21)

The constant of integration is eliminated by dilation in (7.1).
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Remark 5.2. The problem of group classification of Eqs. (7.1) has been
discussed in [83] in connection with the study of shear motions of nonlinear
visco-elastic fluids. In [83] only the cases (7.19) and (7.20) are indicated but
the complete solution of the problem of group classification is not given.

Remark 5.3. It is shown in [116] that (7.21) is carried into (7.20) by
composition of the complex substitution z — iz, vi — 2(n + 1) and the
equivalence transformation (5.10). Here one takes into account the relation
arctan(iz) = % 1In {2,

Remark 5.4. Since Egs. (7.20) with A/(v1) = 0 have been eliminated from
consideration, it is necessary to assume that o # 1. As is clear from (7.16),
the equation v; = h(vy)vy is equivalent to the linear heat equation if and

only if h(v;) = (Avy + B)™2, where A and B are arbitrary constants.

7.3 Additional symmetries

Now we return to the solution of the determining equations (7.3)-(7.5). In
the case (7.19) we obtain from Egs. (7.4) and (7.5):

. =0, 5152:07 New = 0, 27751?U_€§:v:07

whence, taking into account Egs. (7.3) we have:
fl = (2141 —Ag)t—i—Ag, 52 :A1$+A4, ?7:A2.CE—|—A1’I)+A5.

These equations furnish the previous four operators (7.7) and one additional
symmetry

0 0

Proceeding likewise in the cases (7.20) and (7.21), we obtain the supple-
mentary symmetry

0 0
Kr):(l—a)ta—t—kvg

for (7.20) with o # 1 and

Y——I/tg— 2—1— 2
> ot Uax xc%

for (7.21).
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§ 8 Quasi-local transformations

8.1 Lacunary table. Quasi-local symmetries

We have summarized in Table 1 the results of the group classification of the
first two members of the sequence (H) obtained in § 5 and § 6 and of the
nonlinear heat equations u; = (h(u)u,), obtained in [102]. The table shows
that extension of symmetry properties occurs not always simultaneously for
all equations of the sequence (H). For example, if H = wg with arbitrary
o, all members of the sequence (H) admit an extension of the symmetry
algebra by one operator, but for o = 1/3 a supplementary symmetry appears
only for the equation w; = H(wy). Therefore Table 1 contains empty blocs,
“lacunae”. The latter testify to the existence of hidden symmetries. To find
them, we fill the lacunae using the transition formulae (4.4):

Dm(@)fv - (Da:(@)q)* - Dm(q))gp*)fm

dp Oy oP 09
L=t Dy, By=—— Dyt
14 8u+8u1 + 8u+8u1 +

connecting the symmetries f, and f, of scalar equations u, = F(x, u,u;...)
and v; = G(y, v,v;...) related by (4.3), y = p(z,u, us...), v = D(x, u,uy...).

We will denote the symmetries of the first, second, and third equation
of the sequence (H) by fy,, f, and f,, respectively. Then, since y = z and
v = wi, u = vp, the above transition formulae are written as follows:

Jo = Dx(fw)v (8'1)
Ju= Dac(fv) (8'2>
Example 5.5. Let us translate the operator Y; = xa% — Ua% admitted by

the equation v; = vy /(1 +v?) into the corresponding operators admitted by
the other two equations of the sequence (H). Using Eq. (2.10) written as

fo=mn— flvt - 521)1
we obtain the coordinate f, = x4 vwv; of the canonical representation of the
operator Y. Now the transition formula (8.2) yields
fu=D.(f,) =14+0] +vvy =14+ u* + vuy.
Ui

1+u?
u? 4+ vu; with a nonlocal variable v defined by the equations v; = u, v, =

u1/(1+ u?). The corresponding generator can be written in the usual form:

Hence, the equation u; = ( )1 has a quasi-local symmetry f, = 1 +

) )
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Further we calculate the corresponding quasi-local symmetry f,, for the
equation w; = arctan wy. The use of (8.1) leads to the equation

D.(fw) =z +vv; = x + wywe
for determining f,,. The solution of this equation can be written in the form

2 2
-t w
fo="——F—"+C(t).
2
The function C(t) is determined from the invariance condition of the equa-
tion wy; = arctanw, with respect to the operator fw%. The invariance
condition is C'(t) = t. Consequently, the operator Y5 becomes the generator

0 22 — w? 5,
Zo= g+ (S5 ) 4

of a group of contact transformations ([58], Sec. 16.2).

Proceedings as in this example, we fill all lacunae in Table 1. The result
is given in Table 2. The new symmetries obtained in this way for the first
equation of the sequence (H) are contact symmetries®, i.e. local, whereas for
the second and third equations from (H) they are quasi-local. Quasi-local
symmetries for the linear heat equation are given in § 1, Example 5.3.

8.2 Nonlocal equivalence transformations

Using Bécklund transformations, we translate the equivalence transforma-
tions (5.10) of the filtration equation into equivalence transformations of the
other two members of the sequence (H). This adds to the pointwise equiv-
alence transformations (5.17) and (5.18) contact and nonlocal equivalence
transformations (cf. Table 3). In particular, the equivalence group of the
filtration equation contains the substitution & = v, v = x which is carried
into the nonlocal transformation # = v, % = u~! for the heat equation’ and
into the contact transformation = = wy,w = xw; — w for the first equation
of (H).

The extended equivalence groups are used afterwards for completing
the group classification. As a result one imposes the restriction ¢ > 0 in

*Tt is shown in [43] that the classification of the first equation of the sequence (H) with
respect to groups of contact transformations does not lead to other cases of extension.

tA direct proof of the fact that the nonlocal transformation & = v, 4 = v~ ! is an
equivalence transformation of the nonlinear heat equation is given in [27], [96]. This
question is also discussed in [8], [9], [110], [111].
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the case H = o~'wg. In particular, the known [102] case h(u) = u=*/3 of
extension of the symmetry group for the nonlinear heat equation turns out
to be equivalent to the case h(u) = u~%? and is obtained from the latter by

the nonlocal transformation # = v, 4 = u ™.

8§ 9 Integration using quasi-local symmetries

Using quasi-local symmetries and nonlocal transformations, one can extend
the class of exact solutions obtained by group methods. First of all, the
number of invariant solutions increases due to extension of the symmetry
group. Moreover, in general, there appears a possibility of constructing
partially invariant solutions for scalar differential equations®*.

9.1 Invariant solutions

We will illustrate methods of computation of invariant and partially invari-
ant solutions with respect to quasi-local symmetries by considering, e.g. the
following nonlinear heat equation:

up = (ﬁ)l 9.1)

According to [102], Equation (9.1) does not have additional point sym-
metries in comparison with the general case. However, extension of the sym-
metry algebra occurs due to the quasi-local symmetry (Table 2, H(wsy) =
arctan ws)

0
Xy=—-v—+(1+u*)=—-
! Ox ( )8u
This additional symmetry provides new group invariant solutions.
Since Eq. (9.1) is connected with the filtration equation

0
1+ v?

(9.2)

Ve =

by the substitution u = vy, every invariant solution of rank p = 1 of Eq.
(9.1) can be obtained by differentiation with respect to x of an appropriate
invariant solution of Eq. (9.2). Recall that the task of listing all essen-
tially different invariant solutions of rank p = 1 of Eq. (9.2) reduces (see

*However for the sequence (H) the construction of partially invariant solutions does
not lead to new solutions different from the invariant ones (see Section 9.2).
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[103], [106]) to construction of an optimal system ©; of inequivalent one-
dimensional subalgebras of the Lie algebra with the basis

0 0 0 0 0
= — Yo = — — _ _
Y o’ " ox’ Ys 2t8t+x8x+vav (9.3)
Y,=—, Y5= —v——i—xﬁ- .
o P ox ov

The reckoning shows that the system ©; is furnished by the operators
}/17}67}/1+167}/5')7}/1+K)7}/1_}%7%+&K)7 (94>

where « is an arbitrary parameter.

The first three operators from (9.4) provide well-known invariant so-
lutions, namely, stationary, spatially homogeneous and travelling waves,
respectively. They are easily calculated, e.g. Y7 4+ Y5 leads to the solution

v = C} — arcsin(Cqe' ™).

The invariant solution of Eq. (9.2) obtained by using the operator Yj
is found from a first order ordinary differential equation (since one of the
invariants of the operator Y; is the variable ¢) and has the form

v=VC—-2t—22 (C = const. (9.5)

The graph of this solution for C' = 1 is given in Fig. 1 (¢t; = 0,y = 0.25).
Differentiating (9.5) with respect to x and setting v; = u we get the solution

S (9.6)

VC =2t —a?
of (9.1) which is invariant with respect to the nonlocal operator X4. The
question arises of the possibility of obtaining (9.6) as an invariant solution
with respect to a point symmetry of Eq. (9.1), i.e. of the existence of con-
stants aq, am, ag, such that the operator (see Table 2, operators X, Xs, X3)

Xead varl vay (2l 0l
TN T Yo T\ e T o

satisfies the invariance condition

X(z+u/C—2t—2%)| =0.
(9.6)
This equation yields oy = C, ay =0, az = —1, i.e.
0 0

X=(C=2)5 —am--
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The invariant solutions of (9.1) with respect to this operator have the form
u=p(2),z=x/yv/C — 2t and satisfy the ordinary differential equation

(Y
2o = (1+¢2) ) (9.7)

We have not been able to find the general solution of Eq. (9.7). On the
other hand, the invariant solution (9.6) obtained by using the quasi-local
symmetry X, provides the particular solution ¢ = —z/v/1 — 22 to Eq. (9.7).
Similar approach can be useful in other cases when the calculation of in-
variant solutions using point symmetries leads to complicated equations.
For the operator Y; + Y5 (¢ = £1) we take the independent invariants

v
I, = 2* +v*, I, = arctan <—> — et
x

and seek the invariant solutions of Eq. (9.2) in the form Iy = ¢(I3), i.e.
v =xtan[p(z) +et], z=a2"+ 0% (9.8)

Substitution of (9.8) in Eq. (9.2) leads to the following system of ordinary
differential equations:

2z z

¢ = i, N = %(1 + %) (g — 3) . (9.9)

The corresponding solution of (9.1) which is invariant with respect to the
nonlocal symmetry X; + X, has the form

u = tan[p(z) + arctan \(2) +et], 2z = 2% + 07, (9.10)

where v(t, ) is determined by Egs. (9.8)-(9.9).
For the operator Y35 + aY; we take the independent invariants
v+ a?

L = P I, = arctan (%) — %111(2}2 + z?)

and seek the invariant solutions of Eq. (9.2) in the form I, = ¢(I;), i.e.

v? + 22
t

v =ztan [p(z) + %lnt}, z=

Substitution in Eq. (9.2) yields to the following system of ordinary differ-
ential equations:
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The corresponding solution of (9.1) which is invariant with respect to the
nonlocal symmetry X3 + aXy has the form

u = tan[p(z) + arctan A(z) + et]. (9.11)

The solution (9.10) and (9.11) cannot be obtained as invariant solutions
using the Lie point symmetries X1, X5, X3.
Let us consider also the equation of nonlinear filtration

v, = (1 +v})exp(varctanv)vy, v # 0, (9.12)

and find its invariant solutions with respect to the Lie point symmetry

Y__tg_ 24_ g
> V@t U@v x@v

Taking the following basis of invariants of the operator Y5 :

1
I =v*+ 2% I, =—Int+ arctan (E)
1% xXr

and seeking the invariant solution in the implicit form

1
v=uatan [p(z) — —Int], z=0"+2% (9.13)

v
one obtains a second order ordinary differential equation for p(z). After one
integration and substitution ¢ = tan (% In 02_ £ — 90) the equation reduces
to Abel’s equation of the first kind

/
2
v v, 2,

1+4¢? 2z v(C—2)

where C' is the constant of integration.
The nonlinear heat equation corresponding to (9.12) is written

exp(v arctan u)
U = Uy .
1+ u? L

It describes the heat propagation in a medium, where the coefficient of
thermal conductivity dependins non-monotonically on the temperature. For
this equation, Eq. (9.13) furnishes the invariant solution

1
u = tan [p(z) + arctan(2z¢") — — Int]
v
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with respect to the quasi-local symmetry

o d N

Let us discuss another method (based on nonlocal equivalence trans-
formations) for computing invariant with respect to nonlocal symmetries.
Consider the nonlinear heat equation

Uy = (u’2/3u1)1, (9.14)

and find its invariant with respect to the quasi-local symmetry

9, 9,
X5 = wo— = 3U1}% : (9.15)

We will first map Eq. (9.14) to the equation
iy = (0431, (9.16)
by the nonlocal equivalence transformation (see Section 8.2)
=7, u=1u " (9.17)

The transformation (9.17) carries X5 (9.14) into the Lie point symmetry

of Eq. (9.16). The invariant solution of Eq. (9.16) with respect to Xj is

(a2 _ 4t)3/4

u = 7(1 + i-2)3/2 .

The transformation (9.17) carries it into the invariant solution

(a? — 4t)3/2
= [(a2 — 4¢)3/2 — 22]3/2 (9.18)

of Eq. (9.14) with respect to the operator (9.15). The graph of the solution
(9.18) for a = 2 is given in Fig. 2 (t; = 0,%2 = 0.5). We note that (9.18) is
a special case of the invariant solution with respect to the point symmetry

5, 0 0
X =a’X; —3X3+3X,=(a® — 4t)— — 32— + 3u— -
@ Xy = 3Xs 43Xy = (o7 = dh) 57 — w4 Bug
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-

-1 -0.5 1]

Figure 1: Figure 2:

9.2 Partially invariant solutions

Let us consider the over-determined system

Uy 2 v = u, ut:( ! ) , (9.19)
1

Tl 14 u?
which admits the Lie algebra with basis

0 0 0 0 0
N=g Y=g, NL=lg rog g
Y, = 0 Y5=—u3+m3+(1+u2)8 (9.20)

v’ dxr v ou’
The operators (9.20) are obtained by extending the action of the operators
(9.3) admitted by the first equation of the system (9.19) to the variable u
(see also Table 2). The problem of listing all essentially different partially-
invariant solutions of rank p = 1 of (9.19) reduces (see [103], [106]) to
construction of an optimal system O, of inequivalent two-dimensional sub-
algebras of the Lie algebra spanned by (9.20). One can show using (9.4)
that O, is defined by the following pairs of operators:

<YYo >, <Y, Y5>, <Y, Y3+aYs > <Y, Y5> <VY3Y;>.

To illustrate the method, we take the subalgebra < Y7, Y5 > . Its invari-
ants are [} = x* + v I, = (zu — v)/(z + wv), and the partially-invariant
solution of defect § = 1 and rank p = 1 is given by Is = ¢(I;), i .e.

v+ zp(2)

r —vp(2)

Substituting (9.21) in the last equation (9.19), taking into account the other
two equations and integrating once the resulting ODE for ¢(z), we get

s (9.21)

K — f) , K = const.

z

s@’:1+902<
2
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The other two equations of (9.19) are equivalent to the integrable system

K
- ;o 1= vrre. (9.22)
T —vp T —vp

Ve =

We solve Egs. (9.22) using the change of variables (¢, z,v) — (¢, z, w), where
2z =22 +v% w = v, and obtain the partially-invariant solution

v=mtan(Kt+ \(2)), wu =tan(arctan(p(z))+ Kt + A(2)),

1 2
N = :l:Z_i’ o = +2('0 <K— %) , K = const.,

to Eqgs. (9.19) with respect to the two-parameter group with the generators
Y1, Ys5. However, this solution is invariant with respect to the one-parameter
subgroup generated by the operator Y; + KY5 [cf. (9.8)-(9.10)], i.e. it is a
so-called reducible partially-invariant solution [103].

As a matter of fact, all partially-invariant solutions for the sequence
(H) are reducible to invariant solutions. Let us prove this statement for
partially-invariant solutions with the defect 6 = 1. Any such solution can
be represented in one of the following three forms:

(i)U:f(t,l’,U), w:g(t,x,v),

(ZZ> U:f<t7x7w)7 /U:g(t7x7w>7

(1i1) v = f(t,z,u), w=g(t,z,u).
For all three cases the proof is similar. Therefore, let us consider, e.g. the
first case (the example considered above belongs to precisely this case).
According to Ovsyannikov’s reduction theorem [106] it suffices to show that
for the function v one gets an integrable system of first order equations which

can be solved for the derivatives. Using the equations of the sequence (H)
it is easy to show that this is indeed so:

vn=u=f, v =h(vi)va=h(wu =h(f)(fo+ [0).

For the partially invariant solutions with defect 6 = 2 the proof is similar.

§ 10 Tables to Chapter 2

In Tables 1 and 2, in the case of a power function H(w,), we give in the first
row the basic extension of the symmetry algebra and then, under numbers
(i) and (ii), different subcases of supplementary extension. The shaded
areas indicate quasi-local symmetry in Table 2 and nonlocal equivalence
transformations in Table 3.
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Table 1: Lacunary table

w1=0

V1=u

H(wy) wy = H(ws) S vy = h(v1)ve —  u = (h(u)ui);
—
Z % Yl_& Xl—%
_ 9
: _ 910 ) i)
fArbltrary Zy =20 v ol 2wl | Vs =25 tag +ug, X3 =25 + 22
unction
ho= o ( ) | (
o _ 220 i) ) _ 10 _ 9
o2 Zs =15~ Tow Ys =15 — 235, Xe=1g5— 5
0 )
Lug o #1 Zg=(1— o)ty +w Ys=(1-o)tg +vg, Xy=({1-o)td +ul
ooy | DR ( J I (
(i)o =3 ) 0 2.0 P
N 1 Z7:x2%+a:w% [ J X5_..'L' 5—3qu
(ii)o = —3
) ) _ 40 0 _ 40 )
— 9 _ 8
arctan wy ( ) Y5 =15, — Vg, (

e)\ arctan ws

1
A
A>0




Table 2: Classification by quasi-local symmetries

H(wy) wy = H(wy) = vy = h(vy)vg = ur = (h(uw)ug )y
ZQ = 3 YQ = 9z X2 ~ oz
Arbitrary function | Z3 = 2t§ + x% + 2w% Y; = 2;% + x% + U% X3 = Zt% + x%
Z4 = l‘a—w }/;1 = 5o —_—
Zo= 2 - -
w — .0 220 — 0 9 — .0 _ 0
et Zs=tp — T ou Yo=to = oy Xa =15 — 5,
Lug, o #1 . Y5 =(1—o)ly +vg, Xy =(1—-o)td +ul
Zg=(1—-o)tg +wg, Ve — wd 2.0
(@)o’: % Z7 :w% { 6—’(1)%—11 %) [X5 ZW%—EEUU%J
Zr = 2?2 4+ zw
(ii)o = 3 R (=22 +w-w)Z) | X=2"% 30,
In w, Zg =12+ (t+w)£ Vs =t + v Xy =tf +ul
arctan w _
: B[S g u] |vi-oh -2 (= 1+ )% -2)
%e)\arctanwg

A>0

)| o=xg 4oz -a

9
ov

(8861) SHATMIANINAS TVOOTINON :G

611
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Table 3: Equivalence transformations (a # 0, 5154 — B2/33 # 0)

w= Bl(fy?)x + 6411} + %ﬁg.ﬁlﬁZ) + Y4t + 5 V= ﬁgl' + /647] + 3 = B3+Bau

+B2(Bs(zwy — w) + 3wy + %ﬁﬂﬂ%))

)

G

B1Ba| —
104 5253H

(e}

+ % h = (ﬁ1+ﬁ2vl)2h h = (ﬁl

«

H =

o ()

+52U

Q.

wy = H(ws) “= v, = h(v))vy 2= w = (h(w)ui):
. t=at+ t=at+~v—1
F—at+m at at+y
fi:@lﬂf‘f‘% T = pz+ Bov+ 72 fzﬁl‘*‘%

L

CHAPTER 3
One-dimensional gasdynamic equations

§ 11 Introduction

11.1 Preliminary discussion
One-dimensional gasdynamic equations can be written in the form
prtvpstpv, =0,
p(ve+vvy) +p, = 0, (11.1)
pet+vps+ Alp,p)va = 0,
where A(p, p) is connected with the entropy S(p, p) by the equation

95/0p

=—p 950p (11.2)

In particular, the the polytropic gas flows correspond to A(p, p) = vp with
an arbitrary constant +.
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Until recently, the main result on group analysis in fluid dynamics
was Ovsyannikov’s classification [101], [103], [106] of gasdynamic equa-
tions by admitted groups of point transformations. In particular, for one-
dimensional polytropic flows the group theoretic natur of exclusiveness of
the adiabatic exponent v = 3 has been discovered in [101]. At the same time
the value v = —1 (the Chaplygin gas [114]) is remarkable from the point
of view of integrability, although it has not been singled out in the group
classification [101] among other values of . This fact hints the existence of
“hidden” (non-point) symmetries of the gasdynamic equations (11.1).

In the present chapter we discuss quasi-local symmetries of the equations
of planar one- dimensional motion [1], [6], and in particular, we exhibit a
hidden symmetry of the Chaplygin gas.

11.2 The LIE sequence

In Euler’s variables the one-dimensional adiabatic motion of a gas with
planar, cylindrical or spherical waves can be described by the equations

pr+r " (purt), =0,

vH—va—%pr:O, (E)
pitop, + D@ Ty g
p r
where
B0 = 505 5 (113)

Here p, v, p are the density, velocity, and pressure of the gas, respectively, r
is a spatial variable, and S is the entropy which is a given function of the
pressure p and the specific volume 1/p. Finally, we have n = 0 for planar
waves, n = 1 for cylindrical waves, and n = 2 for spherical waves. In
what follows we assume that B # 0. Note that the functions A(p,p) and
B(p,p~!) defined by (11.2) and (11.3), respectively, are connected by the
relation B = pA. In particular, for the polytropic flow B = ypp.

Recall that passage from Euler’s variables (¢, 7, p) to Lagrange’s variables
(s,y,q) is effected by

1
s =1, y=/r”pdr, q=—"
p
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As a result, the system (E) is written in Lagrange’s variables as follows:
qs — (r"v), =0,
vs +1"p, =0, (L)
ps + B(p,q)(r"v), = 0.

For application of the approach developed in Chapter 1, we introduce
the intermediate system

Rt + URT = O,
,rn
Ut“_vvr“_ﬁrpr =0, (I)
r" n
Dt + Upr + E B(p, TH/RT) (Ur + ;'U> =0

obtained from (E) by the substitution 7"p = R, with subsequent integration
with respect to . The gasdynamic equations in Euler’s variables (E) and in
Lagrange’s variables (L) are obtained from (I) by differential substitutions.
Namely, the passage (I) — (E) is effected by the substitution

p=1r""R,, (11.4)

and (I) — (L) by the substitution
s=t, y=R, q=—" (11.5)

In what follows we consider only the planar waves (n = 0,7 = x). Then
Equations (E) are written
pi + U pe + pUL = 0,
p (Ve + v V) + pa = 0, (11.6)
p(petvps) +Bp.p )ve = 0.
The sequence (L) — (I) — (E) (briefly LIE) of three systems of equations

related by the transformations (11.4), (11.5), together with the equivalence
transformations, is summarized in the case of planar waves in Table 4.

11.3 Equivalence transformations

Using the method described in § 5 we calculate the generators FE; of the
equivalence transformations for each term of the sequence LIE. Then for
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every E; we find the one-parameter group with the parameter a; and obtain
the multi-parameter equivalence group. Finally, we add discrete equivalence
transformations and obtain the general equivalence transformation groups.
The result is summarized in the following theorem.

Theorem 5.3. (i) The continuous group &. of pointwise equivalence trans-
formations for the system (E) is generated by the operators

0 0 0 0 0
E1—§, EZ—%y Eg_(?_p’ E4_t%+%v
0 0 0 0 0 0
0 0
Er=p—+p—+

The corresponding equivalence transformations are given by

~ 5 - 1
t=ait+v, T=axx+ [it+ 0, UZQ—(OQU‘F@);
1

2 2.2

~ 703 N ~ [6%Ye)

p=—"5"p, P=amp+y, B=-1B (11.8)
Qs a3

with the coeflicients

Q) =as, Y1 =mas, O = a0, [ = G450,

Y2 = (a2 + a1a4)a5a6, a3 = ar, Y3 = agar,

where a; is the parameter of the group with the generator FE;.
(ii)) The group &. for the system (I) is generated by the operators

0 0 0 0
El_§7 EQ_%a E3_@7 E4_a_p7
0 0 0 0 0 0
E5—t%+%, Eﬁ_ta+2x%+1}%_238—3’
0 0 0 0

OR op 0B Ox
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The corresponding equivalence transformations are given by

- 1
t=ait+v, T=ax+ fit+ PR+ s, v:a—(a2v+ﬁ1),
1

- ~ 2 9
R= o 1BR +71, pP=oagp+s, B= al(j‘”’B (11.10)
a2 ;)

with the coefficients

aga
2 2 8 9
oy = ag, Y1 = A1Gg, O = Qgzary, B = as0aga7, Be = a
7
a3agay 2 a3a8
Y2 = a + (az + a1a5)a6a7, 3 = ag, Y3 = aadg, Ya = a
7 7

(iii) The group &. for the system (L) is generated by the operator

0 0 0 0

El %a E2 8_y7 E3 a_p7 E4 %
0 0 0 0 3 0

Es = — Eg = s— — Er; =v— — 11.11
0 0 0

The corresponding equivalence transformations are given by

0103

§:518+'L€1a ?j:52y+52> 75:5—2)—‘—/%3,
2
_ _ 0203 62
b= 53p+ Ry g = 52 5 4+ K5, B - 523 (1112)

with the coefficients (another form of the coefficients is used in Table 4)

01 =ag, K1 =a1as, Oy = QeAg, Ko = A204as,

asay
03 = arag, K3 = asay7, K4=dazazas, Ks= a_g )
Adding the corresponding reflections to the continuous equivalence groups
listed above, we get the transformations (11.8), (11.10), and (11.12) with ar-
bitrary real coefficients «, 3;,7;, k; satisfying the non-degeneracy condition
only. These transformations furnish the general equivalence point transfor-

mation groups.
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Using differential substitutions relating the equations of the sequence
LIE, we transform the pointwise equivalence transformations (11.11) of the
system (I) into equivalence transformations of the other two terms of the
sequence LIE. This approach does not extend the group of equivalence trans-
formations for the system (L), but it provides supplementary nonlocal equiv-
alence transformations for the system (E). All equivalence groups including
nonlocal equivalence transformations are summarized in Table 4.

§ 12 Group classification of the system (I)

12.1 General analysis of the determining equations

We write the system (I) in the form
Rt -+ UR;E = 0,

1
Ut+vvz+R—xpx =0,
yg; + UPx + A(p7 RJ})Ux = 07
where A is connected with B by the equation
R, A(p,R,) = B(p, R, "). (12.1)

The equivalence transformations (11.10) change the function A as follows:
7 B2
A= 1 + R A. (12.2)

Let us write the generator of the point transformation group admitted
by the system (I) in the form

0 0 0 0

Y = fat—i-é——‘—)\aR—i-’f]%‘i‘/L@—p

The determining equations, upon splitting with respect to “free variables”,
show that

h=¢(t), &€=tz R), A=AR)
n=n(t z Rv), w=upn( R p),
where €1, €2, X, n, p satisfy the following equations:

=& — v + g, (12.3)
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AR = pip + 28 — &2, (12.4)
[R = =T} — U, (12.5)
e = —(ns + Re +np) A, (12.6)
0A  0A
(kp + 26 = 265 — RulR) Ragm + iy = ot R.&R) A (12.7)

One can readily deduce from these equations that the system (I) with
an arbitrary function A(p, R,) admits the five-dimensional Lie algebra Lj
spanned by the operators

0 0 0 0 0
Yi=gp Y=g Yssig e+ lgn 125)
Y—t2+g Y—i .
YT Tov T OR

The problem of group classification consists in singling out all particular
forms of the function A(p, R,) when the symmetry algebra Lj extends.
Differentiation of Eq. (12.4) with respect to = yields 2, = 0. Now we
substitute in (12.5) and (12.6) the expression (12.3) for 1, split the resulting
equations with respect to v and obtain ur = —&2%, &, = 262, €25 = 0. These
equations yield, in particular, that £}, = 0,£2, = 0. Using these conditions
and Eqs. (12.3)-(12.6) we have

g =Cit* + Cot + C3, & = (Cit + Cy)z + aft, R),
A=C;R+Cs, n=Cix+ (Cy— Cy— Cit)v+ au(t, R), (12.9)
p=(Cs —2C, + Cy = 3Cit)p + B(t, R),
where
ﬁR = — iy, (1210)
ﬁt = 301}? — (Cl + CKtRRx> A. (1211)

The compatibility condition for Eqgs. (12.10) and (12.11) yields:
gt — RIA OtRR- (1212)

Egs. (12.12), (12.11) and (12.7) provide a system of classifying relations.
Since a = a(t, R), A = A(p, R.), Eq. (12.12) singles out the following cases:

R,A = const., R,A # const.,

or, according to Eq. (12.1), B(p, R;') = const. and B(p, R;') # const.



5: NONLOCAL SYMMETRIES (1988) 127
12.2 The case R,A = const.

Using the equivalence transformations (11.10), (12.2), one can assume that
R,A = ¢, where ¢ = £1. Then Eqs. (12.12) and (12.10) yield

Qyp — EQCRR — K(R),

B=M(t)—car— L(R), L'(R)=K(R).

Now the equations (12.11) and (12.7) yield C; =0, M'(t) = 0 and C5 = Cs,
respectively. Hence the solution of the determining equations is written

=00t +Cs, & =Cur+alt,R)+7(R),

A= O2R + 067 n= (04 - CQ)U + a’t(ta R)7
p = (Cy — Cy)p+ C7 — cag(t, R),
where 7(R) is an arbitrary function and a(t, R) solves the equation

ay — carr = 0.

Consequently, in the case R,A = ¢ the group G5 extends to an infinite
group generated by the operators Ys, Y3, Y5 from (12.8) and the operators

Yé:x2+vg+pgu Y7:27 }/’F:T(R)g)
ox v 5 dp 88}9 5 ox (12.13)
Ya = Cl(t, R)% + Clt(t, R)% — EGR(t7R)a—p :

12.3 The case R, A # const.

In this case Eq. (12.12) yields ayy = 0, a4rr = 0, and then it follows from
Egs. (12.10) and (12.11) that 8, = 0, Brrr = 0, Bu: = 0. Consequently,
Egs. (12.9) are replaced by the following:

fl :Clt2+02t+03, )\:O5R+Cﬁ,
62 = (Clt + 04)33 + (C7R + Cg)tQ + (CQR + 010)75 + T(R),
n = CL’E -+ (04 — CQ — C’lt)v + 2<C7R + Cg)t + CQR + Clo,
"= (C4 + 05 - 202 - 3C'1t)p — C7R2 — 208R + (5(t>,

where 7(R) is an arbitrary function and 6" (¢) = 0. Substitution of these
expressions in Eq. (12.11) gives the equations

(12.14)

07 = 0, 5 == Cllt -+ 012 (1215)
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and the following classifying relation:
20yp — Cyy = (C1 + CyR,) A. (12.16)
It follows from Eq. (12.16) that either
Cy=Cy=Cyy =0, (12.17)
or the function A(p, R,) satisfies the condition
3ap+b=(a+cR,)A (12.18)

with constant coefficients a, b, and ¢ not simultaneously equal to zero. First
we study the second possibility.

If a # 0, we reduce Eq. (12.18) by an appropriate equivalence transfor-
mation (11.10), (12.2) to the form

A(p, R,) = 3p.

Then solving Egs. (12.16) and (12.7), taking into account Egs. (12.14) and
(12.15), we get

' =Cit’ +Cot +C5, & =Citx+Cy+ Cipt +Ch3, A= CsR+ Co,

n= CLT + (04 — CQ — Olt)v + 0107 H = (04 - 202 + 05 — 301t)p.
Consequently, the symmetries (12.8) are augmented by

0 0 0 0 0

0 9] 0 0
Yy =t~ — —tv)— — 3tp— -
s =t T +m8x + (z — tv) 5 3tpap

If a = 0, we arrive at the case R, A = constant analyzed in Section 12.2.

Let us turn now to the case (12.17). In this case, the function A(p, R,)
is determined from the classifying relation (12.7) which, invoking (12.14),
is written in the form

[2Cy — Cy — C5 — 7'(R)R,JA+ [C5 — Cy — T (R)R,) R, AR,
+ [(Cy — 2C5 + C5)p — 2CsR + C15) A, = 0. (12.19)
Differentiating this equation twice with respect to R, we get

(A+ R,Ap,) 7" (R) =0, (12.20)
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and hence either A+ R, Agr, =0or A+ R, Agr, #0, 7"(R) =0.
In the first case, A + R, Ar, = 0, we have

A= ez

Substitution in Eq. (12.19) yields Cs = 0 and the classifying relation
2(02 - C5)f + {(04 — 202 + 05)]9 + Clz]f/ =0.

It follows that if f(p) is an arbitrary function then the symmetries (12.8)
are augmented by the operator

0

Y = T(R)a_x

(12.21)

with an arbitrary function 7(R). Further extensions of the symmetry algebra
occur for the functions f(p) = ee? and f(p) = ep?(¢ = £1). Namely, the
symmetry algebra spanned by 12.8) and (12.21) is extended by the operator

for f(p) = eeP, and by the operator

0 0 0 0
}/6_ (2—0)$%+(2—0)U%+0R@+2p8—p

for f(p) =ep”.
Let A+ R,Ag, # 0. Then Eq. (12.20) yields 7"(R) = 0, and hence

7(R) = C13R* + C14R + Ci5. Substitution of 7(R) in Eq. (12.19) and
decomposition with respect to R lead to the following equations:

CisRo(A+ RyAg,) + CsA, =0, (12.22)

(205 — Cy — C5 — C14R)A + (C5 — Cy — C14R,) R, AR,
+ [(04 — 202 + 05)}? + Clg]Ap =0. (1223)

It is manifest from Eqs. (12.22), (12.23) that extensions of the symmetry
group G5 with the generators (12.8) occur when A(p, R,.) obeys the equation

(a+bR;)A+ (c+bR,)R AR, + (d —ap)A, =0 (12.24)

with coefficients a, b, ¢, and d not simultaneously equal to zero.
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Remark 5.5. The classifying relation (12.24) is invariant under the equiv-
alence transformations of the system (I). Namely, after the equivalence
transformation (11.10), (12.2), Eq. (12.24) has the same form provided
that its coefficients change as follows (cf. Remark 5.1 in Section 6.2):

2

2 ~
@303 c+ 041(213 b, ¢=aszc, d=d—a, (12.25)

a=asa, b=

where aq, as, a3 are not equal to zero by virtue of the non-degeneracy the
transformation (11.10).

If a # 0,c¢ # 0, one can reduce Eq. (12.24) by the transformation (12.25)
to the form o R, Ar, — pA, + A =0 (c # 0), whence

l—0o

p
Ry

If a =0, ¢ # 0, one can reduce Eq. (12.24) by the transformation
(12.25) to the form R, Ap, +0A, =0 (6§ =0 or 1), whence

A:

f(P7Ry). (12.26)

A= fp) (12.27)
for 6 =0 and
P
A=§ (R—) (12.28)
for § = 1.

Ifa+#0, c=0, Eq. (12.25) reduces to (1 —dR,)A —R2Ap, —pA, =0
(0 =0 or 1), whence
for 6 = 0 [this case is included in (12.26) with o = 0] and

— P g (pel/Re
A= wa (pe'/ =) (12.29)

for 6 = 1.
If a =0, ¢ =0, b# 0 then, invoking that A + R,Ar, # 0, one can
reduce Eq. (12.25) to the form R, A+ R2Ag, +cA, =0 (¢ = 1), whence

1 €
A=— — . 12.
ot () (1230
Ifa=0, c=0, b=0, then d # 0 and Eq. (12.25) gives
A= f(R,). (12.31)

It remains to find supplementary symmetries for all the cases (12.26)-
(12.31). These symmetries are found by solving Eqs. (12.22) and (12.23)
and are given in Table 6. Furthermore, we give in Table 5 the result of
the group classification of the system (E) presented in [103]. Note, that we
replace the function A(p, p) by B(p,p~') = pA(p, p) (see Eq. (12.1)).
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§ 13 Preliminary group classification

The group classification of differential equations containing “arbitrary ele-
ments” (parameters or functions) is a difficult task. The problem is partic-
ularly complicated for systems of equations containing functions of several
variables as arbitrary elements. In our case an arbitrary element is the
function B(p, q) of two variables. The main difficulty is of computational
character and is connected with sorting a large number of variants. The
method of preliminary group classification suggested in this section is help-
ful in precisely such cases. This approach to group classification opens a
new application of the equivalence group. In Sections 13.1 and 13.2 we
explain the method on the examples of the systems (E) and (I) and then
apply it to the system (L) in § 14.

13.1 Application to the system (E)

It is known ([103], §23.6) that the system (E) with an arbitrary function
B(p, p~!) admits a four-parameter group. This group, called the basic group
of the system (E), has the Lie algebra L, spanned by the operators

0 0 0 0 0 0
Xi=—, Xo=—, Xz=t— —, X — 4+ — 13.1
T T o o e N lgr gy U3
To pick out the cases of the extension of the Lie algebra L, and find the
corresponding supplementary operators we will use the continuous equiva-
lence group &. of the system (E). We rewrite the generators (11.7) of the
group &, in the form

0 0 0 0 o 0
£y ox’ E ot’ Es t§+x8$ E t% ov
9, 1 9 1 0 0 9,
E5—a—p, Fg 575, " 5" 8_+p8 +Ba—Ba (13.2)
1 9 1 0 9, 0
b= 55 T 2% TPay T PaB

and consider their action on the space of the variables p, p, B, i.e.

- 0 ~ K 8 ~ 8 0

The operators (13.3) generate the three-parameter group &, of transforma-
tions in the space of the variables p, p, B. Invariant equations with respect
to any one-parameter subgroup of the group &, define functions B(p, ¢) with
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functional arbitrariness such that the corresponding system (E) has an ex-
tension of the symmetry algebra L,. It is manifest that to similar (equiva-
lent) subgroups of the group &, furnish equivalent systems (E). Therefore,
in order to find different cases of extension of the symmetry algebra L,
obtained in this way, we have to construct the optimal system ©; of one-
dimensional subalgebras of the three-dimensional Lie algebra spanned by
(13.3). The reckoning (taking into account the reflection p — —p, p — —p)
shows that this optimal system is provided by the operators

EG; E7—0E5, E5+E6; ESa (13.4)

where o is an arbitrary parameter.
Let us find the invariant equations for the operators listed in (13.4). We
take the first operator, Ejg, solve the equation

e )

Eg(I)
and obtain two functionally independent invariants, I; = p~!B and I, = p.
The invariant equation is written I; = f(I3) and yields B = pf(p) with an
arbitrary function f. For the second operator from (13.4) the equation

~ ~ oI oI o0l

provides the functionally independent invariants I; = Bp°~! and I, = pp°.
Then the equation I, = f(I,) yields B = p'=? f(pp?). For the third operator
from (13.4) the equation

I I /
o2 g g

(E5+E6)(I>Ea_p+’08_p 55

yields the invariants Iy = p~'B and I, = p~'e?. We see from the invariant
equation I = f(I) that B = pf(p~'eP). Likewise, the last operator Ej
from (13.4) provides the function f(p). Thus, we arrive at the following four
distinctly different types of the function B(p, ¢) with functional arbitrariness
when an extension by one of the symmetry algebra L, occurs:

B=pf(p), B=p"flpr7), B=pf(p'e’), B=f(p). (13.5)

To find the additional symmetry X5 in each case listed in (13.5), it
suffices to replace the operators E; appearing in the system (13.4) by the
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corresponding operators F; and take the action of the resulting operators
on the variables ¢, x, p, p,v. As a result we have:

B=pf(p): st—x%—v%Jﬂp%,

B=p " f(pp"): Xs5=(1+0) [fca% +v%] +2[Pa% - Upa%]’
B=pf(p~'e"): X;= —xé% — U% + 2/)% + 2% : (13.6)
B = f(p): X5=8%'

We will find now the invariant equations with respect to two-parameter
subgroups of the group &.. The optimal system O, of two-dimensional sub-
algebras of the Lie algebra spanned by (13.3) is given by the following pairs
of operators (representing the bases of the corresponding subalgebras)*:

< EG; E’? >, < E5,E7 — O'EG >, < E5,E6 > . (137)

To explain the calculations, let us consider the first pair in (13.7), i.e. the
two-dimensional subalgebra spanned by the operators Eg and FE;. Solving
the system of first-order linear partial differential equations

o1 o1 ~ of oI _

Ep8—p+ 8—8:0’ Er(I) =

Eo(I — % pd
o(1) Pop TP aB

07

we find the only independent invariant I = B/(pp). Hence, the invariant
equation is written [ = ~, or B = ypp, where v = const. Thus, for the
function B = ypp with an arbitrary parameter v the gasdynamic equations
(E) admit an extension of the basic group by two symmetries. To find these
supplementary symmetries, we proceed as above in the case of the optimal
system ©; and obtain the following two supplementary symmetries:

Two remaining subalgebras from (13.7) are treated similarly. Note that
for the second subalgebra from (13.7) we have to assume that o # 0 since
the reckoning shows that the subalgebra < Es, E; > does not lead to an
extension of the symmetry group. After simple calculations, we get the

* Author’s note to this 2006 edition: They were found by using the approach described
in §3 of Paper 1 of the present volume.
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functions B = vp and B = vp™ with m = (0 — 1)/0. Then we reduce these
functions to B = p and B = €p™ (¢ = %1), respectively, by appropriate
simultaneous dilations of the variables p and p. Thus, the invariance under
the subalgebras (13.7) leads to following functions B(p, p) :

B =n9pp, B=¢ep™, B=p, (13.8)

where (¢ = +1,m # 1). Now we find the supplementary symmetries for the
second and third cases in (13.8) and summarize the result:

0 0 0 0 0
N 9 ) ) 9
B=eps Xo= oo Xo= (140) o +ogt] +2pg —opg ]
0 0 9, 0
B—p X5—a—p, Xﬁ——$%—’0%+ pa—p (139)

The operators (13.9) can be rewritten in the form given in Table 5 by
takin appropriate linear combinations with the generators (13.1) of the basic
group. Comparison of (13.6) and (13.9) with Table 5 shows that the method
of preliminary group classification provides the results of the complete group
classification with the exception of B = 3pp.

13.2 Application to the system (I)

We will write the generators (11.9) of the equivalence group &, in the form

0 0 0 0 0
E1—%, Ez—ay E3—ta+$a—x+3@>
E4:tg+g7 E5:i7
or Ov OR
(13.10)
o . A A LAY
SToap 7T or Yav T OR 9B’
E8:x£+vg+Ri+2p£—l—QBi, EQZ—RQ'

ox ov OR dp 0B ox

The first five operators in (13.10) coincide with the operators (12.8), i.e.
they span the Lie algebra Ls of the basic group of the system (I). We find
the cases of extensions of the algebra Lj by means of operators from (13.10).



5: NONLOCAL SYMMETRIES (1988) 135

The action of the operators (13.10) on the variables p, R,, B yields the
four-dimensional Lie algebra L, spanned by

I T 9 9
=Y EB_-p 2 .Y
6= 5y DT lhgn t Bag
9 o o (13.11)

An optimal system ©; of one-dimensional subalgebras of the algebra Ly is
given by the operators

E?a E8 - O—E% EG + E77 E8 + EQ) E67 EG + €E97 E97

where o is an arbitrary parameter, € = £1. Proceedings as in Section 13.1,
we obtain the following seven types of the function B(p, R, ') with functional
arbitrariness when an extension by one of the symmetry algebra Ly occurs:

0 0 0
B=Raflp)e Vo= —ag—vp + Rap
0
_ 1-0 o\ . _ J—
B=p f(Rxp).Y};—(J—i—l)ajax—l—(a—l—l)vav
0 0
+(1_U)R@+2pa_p7

0 0 0 0
—_= _1p N —_= —_— _— _— —_—
B=Rf(R'): Yo=ao +vo-— R 25
0 0 0 0
B=pf(pe"): Y= (x 2R)8x+vav+R8R+2p8p7

(13.12)

0
0 0
_ -1y . - _
B=f(p+eR,"): YG_@p gR(?x’
0
B—f(p). %—R%'

The reckoning shows that an optimal system O3 of two-dimensional sub-
algebras of the algebra L4 with the basis (13.11) is given by

<E7,E8 >, <E6,E8+Eg >, <E6,ES—O'E7 >,

< EG,E7 >, < EQ,E6+E7 >, < Eg,Eg —0'E7 >,
< Eg,Fy>, <E,—Fs Fg+cEy>, <Fq7 Fy>.
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It leads to the following extensions of the basic group by two symmetries:

0 0 0 0 0
B=9Rs:  Yo=-—wg-—va-+Reap, E—Rﬁ%—pa—p,

B =ege VM Yﬁza%, Y7=(:L’—2R)%—I—U%+R%+2p§p;

B =c¢R}: Ygz(%, Ez(l—ka)[x(%—kv%]+(1—0)R%+2p§p;
B=ce™: %ZR%, %=x%+v%—3%—2%;
Bzepl“’:Ya:Ra%, }/7:(14-0)[%5%—1-1)%}—i—(l—a)R%—i—?p%;
B=e: YG:@%’ EZR%, }%Zx%Jrva%eré%-

Remark 5.6. In the first case we use E; + Ey for X7, in the third case we
set m= (o —1)/o.

The supplementary operators Xg, X7 given above can be rewritten as in
Table 6 by taking linear combinations with the generators (12.8) of the basic
group. The cases B = ce™'/% and B = e are reduced to B = ge!/fe
and B = eeP from Table 6 by the reflection p — —p, R — —R. The
function B = ¢ invariant simultaneously with respect to two subalgebras,
< E6,E’9 > and < E7 — ES,E’6 + 6E9 >. therefore in this case we have
three additional symmetries. The subalgebra < E7, Ey > does not lead to
additional symmetries. Comparison with Table 6 shows that the method of
preliminary group classification provides almost all results of the complete
group classification. The case B = 3pR, is an exception as it is for the
system (E). Moreover, Table 6 shows that in the cases B = f(R,) and
B = f(p+¢/R,) the system (I) admits, along with the operators Yg cited
above, one more supplementary operator Y7, whereas for B = f(p) and
B = ¢ an extension to an infinite group occurs.

§ 14 Preliminary classification of system (L)

The point symmetries the system (L),
QS_Uy:O’ Us+py:Oa ps+B(p7Q)Uy:07
will be written in the form

0 0
Z: 1= 2 7 . . .
685+§8y+n8v+ﬂﬁp+ dq



5: NONLOCAL SYMMETRIES (1988) 137

The determining equations, after decomposition with respect to free vari-
ables and preliminary simplifications are written

51 = 51(8)7 §2 = 52(:1/)’ Mg = 0, Hq = 0, (
Ns + iy =0, )‘s_nyzov )‘y+77p:Oa (

ps + Bny =0, Bnp — p, =0, (14.3
)\q—B)\p—ﬁiJrf;—m:O’ (
7711_5;_”]3_’_55:07 (

2Bn, — 2B, + uB, + AB, = 0. (14.6

One can readily deduce from these equations that the system (L) with an

arbitrary function B(p,q) admits the four-dimensional Lie algebra spanned
by following operators (generators of the basic group):

0 0 0 0 0
=S+t Ys-, Zz=5-, Za= -
dy

(14.7)

In contrast with the systems (I) and (E), in this case it is impossible
to solve the determining equations (14.1)-(14.6) in a closed form and find
concrete specifications of the function B(p,q) when the system (E) admits
an extension of the symmetries (14.7). Therefore we start with a preliminary
group classification of the system (L) by the method of § 13. Let us rewrite
the generators (11.11) of the equivalence group &, for (L) in the form

0 0 0 0 0
E1—%, Ez—Sg‘i"ya—y, Eg_ﬁ_v’ E4_8_y’
0 0 0 0 0
E5—a—p, Eﬁ——ya—y+U%+2qa_q_2Ba_B7 (148>
0 0 0 0
FEr=y— — +2p— +2B—. Fg = —
Y Ve TP TP T gy

and consider the projection of the operators (14.8) to the space of the vari-
ables p,q, and B :
~ 0 ~ 0 0 ~ 0 0 ~ 0
— __B—’ E: ——|—B—7 E:—' 149
15, Pap Frorg, Thape Bemg 149
Applying to the Lie algebra spanned by (14.9) the standard approach
to computation optimal systems and using the reflections p — —p, q — —q,
we arrive at the following optimal system ©; :

E(;, E7+O'E6, Eﬁ—ﬁg), E7-E8, E5—5E8, Eg), Eg, (1410)
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where ¢ = 1 and o is an arbitrary parameter. Proceedings as in Section
13.1, we obtain the following seven types of the function B(p, q) with func-
tional arbitrariness when the basic symmetries (14.7) of the system (L) are
extended by one symmetry:

pfpe?), P q ), éf(qep% (14.11)

éf(p% f@), floteq), f).

In each case, we find the corresponding additional symmetry Z5 by solving
Egs. (14.1)-(14.6) and arrive at the following result:

0 0 0
B =pf(pe?) : Z5=ya—y—l—v—v+2p——2—

—o o _— 0 0
B=p"7f(p7q"): Zs= (1= alyg + (1t o)y + 2+ 2005 .

Bzéf(qep): X5:—y%+v%—2§p+2q§q,

B gf(p) Js = —y(%—l—va——irQqag, (14.12)
f(a): 25:(%,

B=fpte)s  Zi=g —eg

B = f(p) 2528%'

It is plain to see that the possibilities listed in (14.12) coincide with
the cases (13.12) of extension of symmetries for the system (I). This is
due the fact that the operators (13.11) and (14.9) for the systems (I) and
(L), respectively, provide different representatives of a basis of the same
Lie algebra. Therefore we shall not use the optimal system O, since this
does not lead to new results compared with the system (I). Instead, we will
solve the determining equations (14.1)-(14.6) for the cases listed in (14.11).
Note that all functions B(p, q) from (14.11), with the exception of the last
of them, obey the condition B, # 0.

Therefore, let us first assume that B, # 0. Then Eqgs. (14.1)-(14.3) and
the equation obtained by differentiation of (14.3) with respect to ¢ yield:

fl :€1<8)7 52252@/)7 77:77(871})7

(14.13)
p=puy,p), A=Ny,p,q), ns+py=0.
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Furthermore, differentiation of (14.5) with respect to p and v leads to the
equations i, = 0 and 7,, = 0, respectively, whence

n(s,v) =a(s)v+pB(s), ply,p)=~)p+dy).

Substitution of these expressions into the last equation of (14.13) gives
a(s)=0,7(y) =0, pF'(s)+(y) =0. Now using (14.5) and (14.6) we get

g =Cis+0y &= (C3 4 Ch)y + Cy,

n=Csv+Css+Cr, = (C3+Cs)p— Cey + Cg, (14.14)
B B,

Finally, splitting Eq. (14.4) with respect to y we arrive at the following two
classifying relations:

— 0, (14.15)

[(C3 + Cs)p + C5] B? (14.16)

q

(5), (),

B B
+ (03 - 05)BBq (Bp - Eq) — 203B2 (Bp — §q> et 0
q

Now we analyze the classifying relations (14.15)-(14.16) for each function
B(p,q) from (14.11) satisfying the condition B, # 0. The corresponding
supplementary symmetries are easily found from Eqs. (14.14) and are not
given in the text. The reader can find them in Table 10. Note that the
calculations are similar to all functions from (14.11) satisfying the condition
B, # 0. Therefore, we will consider in detail only two cases, B = f(p)/q
and B = p'=? f(p°q~'), and will give the results for all cases in Table 10.
1°.  Let B= f(p)/q, f'(p) # 0. Egs. (14.15), (14.16) are written

C@Ul = 0, [(03 + 05)]) + Og]ul + (03 + Cg,)U = O, (1417)

where u = (f"+ 1)/f. If f(p) is an arbitrary function, Eqs. (14.17) yield
Cs = Cg = 0,03 +C5 = 0. Then Eqs. (14.14) give one supplementary
operator Z which coincides with that listed in (14.12). Eqgs. (14.17) show
that further extension of symmetries is possible in the following two cases.
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(i) Let ' = 0, i.e. w= k. Then Cs and Cg are arbitrary and Eqs. (14.17)
reduce to (C5 + C5) u = 0. The latter equation yields that either

(71) u = 0 and Cj5, C5 are arbitrary, or

(i) u # 0 and C5 + C5 = 0.

For (i;) we have f = —p (up to addition of a constant to p); in this case
the five-dimensional symmetry algebra, given by (14.7) and the appropriate
operator Zs from (14.12), is extended by three operators.

For (i) the solution of the equation u = k is f = C'e*” 4 + which can be
reduced to f =1+ ceP, ¢ = &1, by an equivalence transformation; in this
case the symmetry algebra is extended by two operators.

(ii) Let v’ # 0. Then Eqgs. (14.17) show that Cs = 0 and that extension
of the symmetry algebra is possible if an equation of the form

(ap+ B)u' +au=0

holds with constant coefficients «, 3 not simultaneously equal to zero. Since
for a = 0 we return to the case (i), we assume that o # 0. Then, using a
translation with respect to p, we reduce the above equation to pu’ +u =0
and obtain two new cases of extension of the algebra:

f=ap+optti 4 £0,—1; §=0,4+1,

and
f=—-plnp.
In both cases Egs. (14.17) yield Cs = 0, and hence the algebra extends by
one operator.
2°. When B = p'"7f(p°/q), Eqgs. (14.15)-(14.16), after decomposition
of (14.16) with respect to p, lead to the equations

Csl(1—o)fu' +ouf]=0, Cs[(1—o0)fu +ouf]=0, (14.18)
[Cs3(c+ 1)+ Cs5(0 — 1)] (%) =0, (14.19)
where )
u=(-o)f tosf + 2, = fe) i=a

Extension of the algebra (14.7), (14.2) is possible in three cases:
u=0, u=kf(k#0), (1—o)fu +ouf =0 (c#1).

(i) For u = 0 the constants C3, C5, Cg, Cy are arbitrary. The solution to
the equation u = 0 is written implicitly in the form

(140" f=cC.
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(i) If w = kf then
(k=12 =1 =0 for k#£1,

Inf+oz'f=C for k=1.

In this case Cg = Cy = 0 and Cj3, C5 are arbitrary.
(iii) The equation (1 — o) fu’ + o f'u = 0 after one integration gives

2 f
f

Any solution f of this differential equation leads to extension of the algebra
by two operators since in this case Cg, Cy are arbitrary, while C5 and C5 are
related by C3(0+ 1)+ C5(0 — 1) = 0 and give the operator Z5 from (14.12).

3°. Let us consider the last function from (14.11), B = f(p) by assuming
f'(p) # 0. Solving Eq. (14.6) and invoking account (14.5), we have:

2f

f/
whence u, = 0. Differentiating (14.5) with respect to p and taking into
account (14.3), we obtain j,, = 0. This leads to the classifying equation

(fo) (@)=

Let ( f) # 0. Then & = &, whence, using Eqs. (14.1), (14.20), we

get & = Cys + 0y,8% = Chy + C3,u = 0. Egs. (14.1)-(14.3), (14.5) yield
= (Cy. Furthermore, Eq. (14.4) yields the equation A\, = B\, whose
solution, invoking (14.2), is written

)\:9(y,q+/%),

where 6 is an arbitrary function. It follows that the group admitted by the

2
system (L) for B = f(p), <%) # 0 is infinite: to the generators (14.7) of

kfo/e= = (1 —o)f+ozf + 2z

(& = &), (14.20)

the basic group one adds

d 0
Zo =0 (y,q n %) o (14.21)
"
Let (i—{) = 0, i.e., i—{ = Kp + M, where K and M are arbitrary

constants. Using translation with respect to p, one can restrict oneself to
the consideration of two cases, namely K # 0, M =0 and K =0, M # 0.
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If K#0,M =0, then f(p) =ep” (¢ = £1, o # 0), and Egs. (14.20)
and (14.5) yield

o—2
o

p= 2 (@ -ehp =T (- ) vt bl

where b(s, y) is an arbitrary function. Substituting these expressions in Eqs.
(14.2)-(14.3) and decomposing with respect to p and v, we obtain

fl 2018+CQ, 52:C'3y—|—C'4,b:C'5.

Consequently, the above expressions for p and n become

2 —2
= ;(03—01)]?7 n= 7 (C1 = C3)v + Cs.

o

Furthermore, (14.4) leads to the equation

2(c — 1)

)‘q - CpUAp - (Cl - 03) =0

whose solution, in view of (14.2), is written

A:%(Q—Cg)ﬁ@(y,ﬁ/d—p)?

ep?

where 6 is an arbitrary function. It follows that the system (L) with B = ep?
has, along with (14.7) and (14.21), the following additional symmetry:

Zs :ay% - (a—2)vg+2p3 —2(c—1)

ov op qa_q '

If K =0,M # 0, then B = ceP. Proceeding as above, one can show that
in this case the symmetries (14.7), (14.21) are extended by

0 0 0 0

4°. Let B = const. Using the dilation one can always assume that B = ¢,
where € = +1. Then Egs. (14.5)-(14.6) yield £, = £/, i.c.

'=Cis+ 0y, & =Cy+Cs. (14.22)

By virtue of (14.2) and (14.4), we have (ep+\)s = 0, (e + ), = 0, whence
A+ep = 0(y, p, q) with an arbitrary function 6. Substituting this expression
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in (14.4) and invoking that p, = 1, we get the equation 6, — €6, = 0 with
the general solution 6 = 6(y,p + £q). Hence,

A= —eu+0(y,p+eq). (14.23)

Egs. (14.1)-(14.6) provide the following system for determining 1 and y :

Ns = —fys Ty = —Els, Ny = Hp, Np =Ey, Tg= g =0. (14.24)
Let us take ¢ = 1 and consider the compatibility conditions for Egs.
(14.24). Part of these conditions are written as the wave equations

Hss — Hyy = 0, fhpp — pow = 0,

Nss = Ty = 0, Npp — Mo = 0,
whence
p= (e y) + (e, 0) + (8, 7) + 1*(B8,9),
n=n"(a,7) +n*(a,0) +1°(8,7) +n'(8,9),
where « = s —y, 8 =s+y,y=p—v,0 = p+ v and u',n' are arbitrary
functions. The remaining compatibility conditions have the form

Mps = —Hovy, Hos = —Hpy,

Tps = Moy,  Nws = —Npy

and impose additional restrictions on the forms of the functions u?, 7', As a

result we have
=yY(s—y,p+v)—p(s+y,p—v),
n=vY(s—-y,p+v)—o(s+yp—v) (14.25)
p=1(s—y,p+v)+e(s+yp—u),

where ¢ and ¢ are arbitrary functions. Combining Eqs. (14.22), (14.23),
and (14.25), we conclude that the system (L) with B = 1 has the symmetries
(14.7), (14.21), and

0 0 0
Zp=@(s+y,p—v) (%_8_19+8_q)’

0 o 0
Zy = - — — =),
v =v(s—y,p+v) (au ot aq)
In the case ¢ = —1 the system (14.24), after introducing two complex
variables z; = y + s, 29 = p + v, can be written as the condition
0 0
T 0. T g

0n | 0z
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of analyticity of the complex function z(z1, z2) = (21, 22) + in(21, 22). Con-
sequently, for B = —1 one adds to (14.7), (14.21) the following operator:

0 0 0
7 — —_ 4 = I .
. Reﬂ( + q)+ mﬁv

The results of the preliminary classification are summarized in Table 10.

8§ 15 The complete group classification of the
system (L)

The case B, = 0, i.e. B = f(p) has been studied completely in § 14. On
the other hand, the case B, # 0 is analyzed there only in special situations
furnished by the method of preliminary group classification. Therefore, we
will investigate here the determining equations for the case

B, #0 (15.1)

and provide the complete group classification of the system (L).
As shown in § 14, the determining equations (14.1)-(14.6) under the
condition (15.1) yield the equations

& =Cis+0Cy &= (Ci +C3)y+Cy, 1= Csv+ Cgs+ C,

B B 15.2
ft=(Cs+Cs)p— Coy+ Cs, A=2C3 — =p (15.2)
By By
and the following two classifying relations:
B B
Cy (ﬁ) B (gp) o, (15.3)
17 q 7 p
B B
[(C5+ C5)p + C5] (gp) - B (gp) B+ (15.4)
9/ q 9/ p
B B
+(C3 - 05)BB(] <Bp - Eq) — 203.82 (Bp — Eq) — 0
q
We introduce the notation
B
B=DB,— Eq (15.5)
and rewire Egs. (15.3), (15.4) in the form
Cs(B,B, — B,B,) = 0, (15.6)

[(Cg + 05)]? + Cg](Bqu — Bqu) + (Cg — C5>BqB — 203BBq =0. (157)
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15.1 The case B,B, — B,B, # 0

In this case Eq. (15.6) yields Cs = 0, and Eq. (15.7) shows that an extension
of the basic symmetries (14.7) is possible if B(p, q) obeys the equation

[((a+b)p+ (BB, — B,B,) + (a —b)B,B —2aBB, =0 (15.8)

with constant coefficients a, b, ¢, not all zero. The problem naturally splits
into three cases: (i) a+b # 0, (ii) a+b =0, ¢ # 0, and (iii) a+b =0, ¢ = 0.

(i) If a + b # 0 one can assume a + b = 1,¢ = 0 by using a dilation and
translation of p, and hence carry (15.8) into the equation

p(BpBy, — B,B,) + (2a — 1)B,B — 2aBB, = 0. (15.9)

Eq. (15.7), after substitution of the expression for B,B, — B,3, obtained
from (15.9), becomes:

[(2(a — 1)Cs + 2aC5)p + 2aCs| BB, (15.10)

—[(2(@ — 1)03 + 2@05)]3 + (2@ — 1)08]Bq8 =0.
Eq. (15.10) shows that if the function B(p, q) satisfies only (15.9) then

(CL — 1)03 + CLC5 = 0, Cg =0. (1511)

In this case Eqgs. (15.2) give the following supplementary operator to (14.7):

Z5:ay£—(a—1)vg+pg+ 205 —pBy 0 |

_— 15.12
oy ov dp B, dq (15.12)

Further extension is possible if B satisfies, along with (15.9), an equation
(ap+ B)BB, — (ap+v)B,B =0 (15.13)

with constant coefficients «, 3,7, not all zero. Let us dwell on Eq. (15.13).

If a # 0 one can assume o = 1, # = 0 by using an equivalence transfor-
mation. Then Eq. (5.12) yields B = B'*7/?. However this expression is in
contradiction with the condition (15.1). Indeed, substitution of the above
expression for B in Eq. (15.9) gives B = exp <2a + pj;;;?) , 1.e. B= B(p).

Let a = 0. If 8 = 0, then v # 0 and Eq. (15.13) gives B = 0 which
does not satisfy the requirement B,B, — B,B, # 0. If 3 # 0 one can assume
B =1 and solve Egs. (15.13), (15.9) to obtain

B = kB p* (-1, (15.14)
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The expression (15.14) for B satisfies the requirement B,B, — B,B, # 0
provided that 2a(1 — ) — 1 # 0. Then Egs. (15.14) and (15.10) yield

(v —D[aCs + (a — 1)C3] =0, Cg = 0.

If v # 1 we obtain the previous case (15.11) with one additional operator
(15.12). The case v = 1 leads to the extension of (14.7) by two operators,

& & 2B o 0 pB,od

Ty = Yo — v+ 2 Zym v — 2R
> y@y Y0 + B, 0q’ 6= B0 +p8p B, 0q

(ii) fa+b=0,c# 0, one can assume a = 1, b = —1, ¢ =2, and write
Eq. (15.8) in the form

B,B, — BB, + B,B — BB, = 0. (15.15)

Eq. (15.7), after substitution of the expression for B,B, — B,B3, obtained
from (15.15), becomes

[(03 -+ 05)p+ Cs— QCg]BBq — [(03 + C’l)er Cs+Cs— Cg}BqB = 0. (15.16)

If the function B satisfies only Eq. (15.15), then Eq. (15.16) yields

C5 - —03, Cg = 203, (1517)
and hence the symmetry algebra spanned by (14.7) is extended by one
operator

0 9] 0 B B,\ 0
Zs=y=— Vo +2—+2( =— -2 ) =- 15.18
> y@y Yoo + op + (Bq Bq> dq ( )

Further extension is possible if B, along with (15.15), satisfies Eq. (15.13).
The cases o # 0 and a = 0, 3 = 0 do not satisfy the requirements (15.1)
and B,B, — B,B, # 0, respectively. This is proved as in the case (i) with
Eq. (15.9) replaced by (15.15).
For a = 0,3 # 0 one can assume 3 = 1 and solve Eqgs. (15.13), (15.15)
to obtain
B =kB7e-7P, (15.19)

The requirement B,B, — BB, # 0 implies v # 1. But then Eqgs. (15.19)
and (15.16) lead to the previous case (15.17).
(iii) Let a + b= 0,c = 0. Then Eq. (15.8) yields

B = Bf(p). (15.20)
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The requirement B,B, — BB, # 0 implies that f'(p) # 0. Furthermore,
Egs. (15.20) and (15.7) yield

[(Cs + Cs)p+ Cslf'(p) + (Cs + Cs) f(p) = 0.

It follows that if f(p) is an arbitrary function, then Cy = 0,C5 = —C3, and
hence there is one supplementary operator

0 0 2B 0

Zs =y — Vo +
> yay v@v+Bq8q

(15.21)

Further extension is possible if the function f(p) satisfies an equation

(ap+B)f +af =0

with coefficients «, 3, not both zero. If o # 0 then f = kp~! up to an
equivalence transformation, and hence (15.20) has the form (15.14) with
v = 1. The case a = 0 does not satisfy the requirement f’(p) # 0.

15.2 The case B,B, — B,B, =0
In this case the coefficients Cg, Cg are arbitrary and Eq. (15.7) is written

(C5 — C5)B,B — 2C5BB, = 0. (15.22)

If B is an arbitrary function satisfying the equation B,B, — B,B, = 0 only,
then Eq. (15.22) shows that C5 = C5 = 0. Hence the symmetries (14.7) are
extended by two operators:

0 B, 0 0 B,0

0

Further extension is possible if the function B satisfies the equation
(a —b)B,B—2aBB, =0 (15.24)

with coefficients a, b, not both zero.
If a # 0 we can assume a = 1 and, invoking that B,B, — B,B, = 0,
obtain:
B=B""
Substituting this expression in Eq. (15.22), we obtain C5 = b(Cj, i.e. the
following supplementary operator to (14.7), (15.23):

) ) ) B B, )
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If a = 0, then we obtain from (15.24) the equation

B
B=p5,- ==,
which corresponds to the maximal extension of symmetry algebra in the
case B, # 0. Namely, the six-dimensional Lie algebra spanned by (14.7),

(15.23) is extended by the following two operators:

L0 0. 20 9 0 po
7_y8y Y80 B, dq’ = "9 p@p B 0q

The results of the complete group classification for the system (L) are
collected in Table 7.

§ 16 Computation of quasi-local symmetries

We saw above that transition from Euler’s variables to Lagrange’s variables
leads to considerable extension of symmetries in gas dynamics. This circum-
stance can be used for obtaining an information about “hidden” symmetries
of the gasdynamic equations, e.g. in Euler’s variables®.

The computation of hidden (quasi-local) symmetries of the sequence LIE
is based on transition formulae given in the first chapter. If we denote the
coordinates of the canonical operators for the systems (L), (I), and (E) by
fr, fr and fg, respectively, then the transition formulae (4.4) are written

v v Uz Dz 1 fR

and
fe=1r, fe=1 fo=D.(f7). (16.2)

To apply them, one should use the following transformations of differentia-
tion operators (4.5):

1 Ry
D,=—D,, Ds=D;,——D,.
'R, 'R,
In particular, it follows that
(M Pz R:cx
'Uy = R—x7 py = R—z’ qy = _R—§7 (163)

*Passage from Euler’s variables to Lagrange’s variables leads to an extension of sym-
metries in problems of nonlinear thermal conductivity as well [110], [111]. Moreover, this
happens also with the equations of planar flows of ideal incompressible fluids [11], [12].
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Rt Rt Rtx + RtRJ::E
- Uz, s — - 5 Mz s — — :
R, © Ps TP Pz 4 R RS

Rx
To illustrate the transition formulae (16.1), let us carry the operators
(14.7) admitted by the system (L) for an arbitrary function B(p, q) into the
corresponding operators for the system (I). As to the transition formulae
(16.2), they do not require additional comments since they coincide with
the prolongation formulae (2.9) on the derivative of R with respect to x.
The first operator from (14.7), Z; = 0/0s, rewritten in the canonical
representation, has the coordinates f} = vs, f7 = ps, f{ = ¢s. Substituting
them in Eqs. (16.1) we obtain the following equations with respect to the
coordinates f¥, f¥, fF of the canonical operator admitted by the system (I):

Vg = U —

. Us Pa fF
-l =u - L=y, D(RL) -

We integrate the third equation by taking into account the equation ¢ = v,
from (L) and the equation v, R, = v, from (16.3), and obtain:

fff=—vR, + C(t)R,,

where C(t) is an arbitrary function. Substituting this expression into the
first two equations, taking into account (L) and (16.3), we get
Pz

o= [B;—i + vpx} O, fU=-— [R_x + vvx] + O (),

Using the system (I), we finally arrive at the following expressions:
fl=v+Ct)ve, [[=p+C)ps, [{=Ri+C(t)R,.

The corresponding generator of a point transformation group is equal to

0 0
Y = 5 +C(t)8x'
To determine the function C(t), we write the condition of invariance of
the system (I) with respect to the operator Y and obtain C’(t) = 0, i.e.
C = const. Since the constant C' is arbitrary, the operator Y “decomposes”
into two linearly independent operators /0t and 9/0x. Consequently, the
symmetry Z; = 0/0s of the system (L) furnishes the following two symme-
tries for the system (I):
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For the operator Z, = s2 + ya% the transition formulae (16.1) give

v Vg px
SUS+yUy:f[—R—f[R, Sps"{'ypy:f})_R_fﬁv

1 /T
=——D, (L),
5¢s + Yqy R, x (Rm)

Using (L) and (16.3), we rewrite the last equation of this system in the form

R I
tv,+ D, | =— ) —1=—-D, | = |,
e (Rx) (Ra:)

=R+ xR, —tvR, + C()R,.
Substituting f# in the first two equations and using (L) and (16.3) we get

whence

fl=av, —t (vvx + %) + C(t)vy,

ff=ap, —t (Upm -+ B%) + C(t)pa-

T

Using the system (I), we present the result as follows:
1 =tv + zv, + C(t)v,,

f? = tpt + xp. + C<t)px7
fE=tR, + [z +C)]R., — R.

The invariance of the system (I) yields C' = const. Omitting the immaterial
term Ca_aw we conclude that the operator Z; = 3% + ya% goes into

0 0 0
Y;=t— — 4+ R—-
R T )

The operator Z3 = 9/0v from (16.1) leads to ¥ = C(t)% + %. The
invariance of the system (I) yields C'(t) =1, i.e. C(t) =t + const.. Conse-
quently, Z3 = 0/0v goes into the generator

0 0
Yy=t—+ —
YT o * v
of the Galilean group. Finally, the operator Z, = 0/0y goes into the oper-
ator Y5 = 0/0R.

The following examples illustrate the procedure for calculating quasi-

local symmetries given in Tables 8 and 9.
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Example 5.6. Let B = f(q). It is easy to show that Z5 = 0/0p admitted in

this case by the system (L) goes into X5 = a% —|—C’a% admitted by the system
%—y%. Substituting its
coordinates f} = s, fI = —y, f{ = 0 into the transition formulae (16.1) and
taking into account the relation between Lagrange’s and Euler’s variables,

we get the following system of equations for f?, f¥, fF :

(E). We dwell in more detail on the operator Zg = s

v Vs Da 1 r
t:ﬁ—ﬁﬁi—ﬂzﬁ—ﬁﬁaozﬁﬁ@(%)

The solution of this system is given by
fjﬁ = C(t)Raca f? =—-R+ C(t)pm, f}} =t+ C(t)vx-

Now the transition formulae (16.2) and the relation R, = p yield the fol-
lowing coordinates of the canonical operator for the system (E):

fe=t+Ct)vs, fo=-R+CWO)ps, [E=C(t)pa

The corresponding operator written in the variables ¢, x, v, p, p :

0 0 0
X=Ct)z7—+t-——R—
( )8x + ov op
is quasi-local symmetry for the system (E) with a nonlocal variable R de-
fined by the equations (see the first equation of the system (I))

R, =p, R;=—pv.

The invariance of the system (E) with respect to X yields C'(t) = t, i.e.

C(t) = 1t? + const. Omitting the immaterial term C %, we conclude that

-2
the operator Zg = s% — ya% provides the nonlocal symmetry

2
L0 0 gl

Xo = 20z Ov dp

for the system (E). The corresponding group of nonlocal transformations
/ / 1 2 / /
t =t, x:x+§at, v=v+at, p =p-—akR,

describes passage to a non-inertial coordinate system moving with a con-
stant acceleration a.

In the following two examples we consider a polytropic gas, B(p, q) = 7(1—’3.
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Example 5.7. If v = 3, the system (E) admits the operator [101]

0 0 0 0 0
— 427 - _ - _ i
Xr=t ot * tx@x (z tv)f)v Stpf)p tp@p

Let us use the transition formulae (16.1)-(16.3) to get the corresponding
operators for the systems (I) and (L). Substituting the coordinates

fp =1t +tv + zv,) — ,

[ =1t3p + tp: + xpy),
fp=1tp+tp:+ps)

of the canonical representation of the operator X7 into (16.2) and noting
that f& = D,(tzp — t*pv) by virtue of (E), we have

fi =t +tv +av,) — x,
fT=1(3p+tpe + aps),
fIR = tzR, — t>vR,.
Using these expressions and Egs. (16.1) and (16.3) we obtain
fr=sv+s*v,—x, fP=3sp+s’ps, fI=—sq+ 5.

In consequence we arrive at the local symmetry

0 9] 0 9,
2 _ — —
Y=t 8t+m8x+<x tv)av 3tpap

for the system (I) and the quasi-local symmetry

0 0 0 0
T = 52— — sv)— — 3sp— il
7 saSJr(x sv)av 3spap+sqaq

for the system (L), where the nonlocal variable x is defined by the equations
Ty =¢, Ts=71.

Example 5.8. Let v = —1 (the Chaplygin gas). The system (L) admits
the operator (see Table 10)

g2 9 w9
T o yap p Jq
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In the present case the transition formulae (16.1) are written

v Uy px R &
t=fl— R—fIR, —R=f] - R—fIR, o= D, (%) : (16.4)

Introducing the nonlocal variable @ defined by D,(Q) = R/p we obtain
from Eq. (16.4):

fIR:R:L‘Qa f}D:_R"i_pra f}):t"i_va
Now Egs. (16.2) yield

R
fo=t+0,Q, fL=-R+p.Q, Fz%ﬂwﬁ,

whence
X;=—Q—+t——R—+——- (16.5)
x

The dependence of () on t is determined by the equation ); + %UR +t=0
which is the condition of invariance of the system (E) with respect to the
operator (16.5). Thus, the gasdynamic equations for the Chaplygin gas in
Euler’s variables admit the quasi-local symmetry (16.5) with the nonlocal
variables R and @) determined by the integrable system

RI =P Rt = —pu,
Q=" Q=-""u
D p
Example 5.9. Let B = f(p). In this case the system (L) admits the canon-

ical operator
dp ) 0
Xo=0y, g+ | — ) — 16.6
9 @q ) 9q (16.6)

with arbitrary function 6. According to (16.1), the coordinates of the cor-
responding operator Yy for the system (I) are determined by the equations

ﬁ)__ ( 1 ﬁ@)
DI(RI =Rd (Rt [ 505)

v Ug Dz
i :R—fﬁ’ ff:R—fIR
and have the form ff!'=-R,0, ¥ =—-p,0, f} =—0v,0, ie.

)
Y, = O— 16.
) @ax’ (16.7)
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where © is a nonlocal variable satisfying the condition D,(©) = 0R,. Fur-
thermore, Egs. (16.1) yield

0 5. 0
The condition of invariance of the system (E) with respect to the operator
(16.8) yields the equation ©; + vO, = 0. Thus, the symmetry (16.6) of
the system (L) leads to the quasi-local symmetries (16.7) and (16.8) for the
systems (I) and (E), respectively, where © is a nonlocal variable determined
by the equations
O,=p, O,+v0,=0. (16.9)

All quasi-local symmetries from Tables 8 and 9 can be calculated simi-
larly. The additional nonlocal variables given in these tables are defined by
the following equations:

_ 2aB-—p

B
P,(a) 5 PR, +2a—1, Pya)+vP.(a)=0;
q

B
Uy = EpRRx, Ui +oU, = 0;

q

B—-RB
Ve=2+42—0 PR., Vi+oV,=0;

q

B
W, = —LR,, W,+vW,=0.
Bq

Remark 5.7. Quasi-local symmetries can degenerate into local symme-
tries. For example, in the case B = f(p) we have associated with the
symmetry (16.6) of the system (L) the quasi-local symmetry (16.7) for the
system (I). At the same time the system (I) admits the infinite group of
point transformations with the generator

9,

Y, =7(R)—,
T(R) 5
where 7(R) is an arbitrary function. The latter is a special case of the
operator Yy for 6 = 0(y). Similar situations arise in the case B = ¢ as well.

The calculation of all quasi-local symmetries of the equations of the
sequence LIE and their systematization singles out thirteen basic types of
functions B(p,q) for which the main symmetry algebras are extended by
point or quasi-local symmetries. These types are given in Table 9 where
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the numbering of the types is done according to the principle of increasing
dimension of the symmetry algebra. Quasi-local symmetries are indicated
by shading and the equations defining the nonlocal variables are given in
§ 19. Note that the majority of the basic types are determined by differential
equations with respect to the function B(p, q).

§ 17 Nonlocal symmetries of first generation

Suppose that for a given sequence of equations connected by Backlund trans-
formations all quasi-local symmetries have been calculated. Any quasi-local
symmetry contains a nonlocal variable. We call these symmetries and the
corresponding variables quasi-local symmetries and nonlocal variables of the
first generation. In each specific case the question arises of the existence
of nonlocal symmetries (depending on nonlocal variables of the first gen-
eration) which are different from quasi-local symmetries. To answer this
question we include all non-local variables of the first generation in the set
of differential variables, add the equations defining these nonlocal variables
to the original systems of differential equations of the sequence in ques-
tion and then calculate the point transformation groups admitted by the
extended systems. If this procedure leads to extension of the group we
shall speak of nonlocal symmetries of the first generation of the original
(unextended) systems of equations.

Example 5.10. Let us find a nonlocal symmetry of the first generation
for the Chaplygin gas (B(p,q) = —pq~'). We consider the system (I) with
B = —pR;! and supplement it by the equations
R R 1
Ut_v_zoy U$+_a Wt_g:07 W$+_:0 (17]‘)
p p p p
defining nonlocal variables U and W. The group of point transformations
admitted by the extended system (I), (17.1) is generated by the operators

0 0 0 0 0 0
0 0 0 0 0 0 0 0
n:t%—i‘%, }/5:@4‘”/%, }%:JZ%—FU%—R@—i‘Ww,
0 0 0 1 0 0 0
Yi=Roedpe —Wee, Vo= (=f — +t—— R
T=Ror T, Waw o <2t+U)3x+t8v Rop
}/;):WQ—i_ga }/vloth2+Wg_t£7 }/vllzi7 }/12: a

or ' Op or  Ov  Op oU ow
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Comparison with Table 8 shows that a nonlocal symmetry of the first gen-
eration corresponds to the operator Y;y which in Lagrange’s and Euler’s
variables assumes the form

d tqo 9, 5, 5, o tpd
W+ Lt X = W A W — e 4 L
8v+p8q+ op’ ’ W@m+W8v 8p+p8p

We arrive at the same result if we begin with the system (L).

Ly =

§ 18 Second generation of quasi-local sym-
metries

Now we apply to the extended systems described above the technique of
construction of quasi-local symmetries, namely, with the help of transition
formulae we construct quasi-local symmetries associated with the nonlocal
symmetries of the first generation. If in this way we arrive at quasi-local
symmetries generated by new nonlocal variables, we will call the quasi-local
symmetries and nonlocal variables of the second generation. Iterating the
procedure one can construct a hierarchy of nonlocal variables and symme-
tries. In the preceding example this procedure breaks off at the first step.
The following example illustrates the appearance of quasi-local symmetries
of the second generation.

Example 5.11. The system (I) of the sequence LIE in the case B = f(p)
admits the quasi-local symmetry (16.7),

0
Yy =0—
0 @ax )
with the nonlocal variable © defined by the equations
0,=R0, O;+v0, =0, (18.1)

where 0 = 0 <R, =t/ %) is an arbitrary function of two variables. In

Lagrange’s variables the system (18.1) is written

(%z@(g,g%—/%), O, =0. (18.2)

Let us consider the extended system comprising Egs. (L) and (18.2):

qs—'Uy:O, Us+py:OJ ps+f(p)vy:07

@yzg(y,q+/%>, 0, =0 (18.3)



5: NONLOCAL SYMMETRIES (1988) 157

and seek an operator admitted by this system in the form

0 0 0 0
Z — 1_ 2_ _ _ )\_ _
s T, e e, T e TV he
where £, €2, m, 1, A, v depend on s, y, v, p, q, ©. A nontrivial quasi-local sym-
metry for the extended sequence LIE is given by

1
Z = 9—2(1/2/ + 91/9)6% + V%
provided that 6 # 0, where Ay denotes the derivative of 6 with respect to
the second argument, and v = v(y, ©) is an arbitrary function. To construct
quasi-local symmetries of the second generation, it is necessary to carry the
operator Z into the corresponding operators Y and X by means of the
transition formulae (16.1)-(16.3). Then one obtains the operators

9 8 2 )
Y—A%, X—A%—g(l/]{—f—el/@)a—p

with a new nonlocal variable A defined by the equation

A, = %Dm(y), A +vA, =0.
2

Remark 5.8. If §; =1 then A = (R, 0), and hence

0
Y =v(R,0)—-
V(R,0) 5
This operator is a new nonlocal symmetry which generalizes the symmetry
(16.7), Yy = ©Z (cf. Tables 8 and 9) and furnishes a nonlocal symmetry

of the first generation.
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§ 19 Tables to Chapter 3

1. In the classification tables we adopt the following convention: at the
beginning of each “block” the basic case is given and below with translation
to the right we indicate its subcases when further extension of the group
occurs. If there are several subcases they are numbered (i), (ii), etc. For
example, the next to the last block of Table 5 means that for B = pf(p) the
system (E) admits one supplementary operator X5 if f(p) is an arbitrary
function, two supplementary operators X5, X¢ if f = vp, and three operators
X5, XG; X7 if Y= 3.

2. k,l, 0,7 are arbitrary real constants; e = £1,6 = 0, £1.

3. B=1B, — &.

B

4. m = 7w(y +1is,p+iv) is an arbitrary analytic function of two complex

variables, w(t, R) is an arbitrary harmonic function.

5. Shading indicates quasi-local symmetries.
6. Nonlocal variables are defined by the following equations:

{ U, = pRB,B; ", { V, =2[1+4p(B—B,)B, "],
U, +vU, = 0; Vi + oV, = 0;

{ W, = poBt;17 { , = —py,

W, + oW, = 0; D, + 0P, + ¢ =0;
U, = py, O, = pb,
{\I/t+v111x+¢:0; {@,Hrv@x:();
{ II, = pRem, { Py(a) = p(2aB — pB,) B, +2a — 1,
I, + vll, — Im7 = 0; P,(a) +vP.(a) = 0.

It is assumed that one substitutes in these equations the values of the func-
tion B(p,q) from the left column of the corresponding table. Furthermore,
v, and 6 are arbitrary functions of two real variables.
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Table 4: The LIE sequence

System of equations Equivalence transformation

N N 0 t= a1l +y, T =g+ Bit
Pt T VPz T PUz = U, -
+,82R +72a
_ ~ g B1 _
E | p(vy +vv,) + p. =0, U= 20+ -, p=asp+ s,

a1 aq
p(pe +vpe) + B(p,p~ o, =0. | p= ——2x B =" | &
oj| +o2B2p : L

L= aont + 7,

R, +vR, =0, '
v T = ag + Bit + BoR + 7o,

= 220+ 2L p=agp +
a?ag > a?a?
;—2R+’y4’ B — ;%33.

I | Ry(ve +vvy) +pr =0, o
Ro(pe +vpy) + B(p, R;Yv, = 0. | R

I
-1
T

xS + 1,
a2a

2y 4,
az B
alv + @’
asp + 73,

o3 232

ajas a%ag’

2
2.2
[e2xed
B,

2

QS_Uyzoa

L | vs+p, =0,

Ds + B(p, Q)Uy =0

b = e @ = =
I

Table 5: Classification of equations (E)

B(p,p~') | Type | Admissible operators

Arbitrary X = 8%, X, = %, X3 = t% + x%
functions Xy = t% + %

P f(pp7) | 1 Xs = (0 +1)tg + (0 + Dvg +2pg, — 2005,
pf(p~ter) | 1T X5 :x%jtv% —2p8% —28%

of(p) I | X5 =g, +vg, — 25,

f=a |IV | Xe=pL +pL

f=3p VIL | X7 =05 +ted =3ipf + (v —to) 5 — tpg
f(p) \ X5 = %

f=ept | VI Xo= (0 =1t — (0 = 1)vg, — 20p5, - QPa%

=R

=R, q

t, y

(L)
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SELECTED WORKS, VOL.

Table 6: Classification of equations (I)

I1

B(p, R;1) Type | Admissible operators
Arbitrary Y, = %
function Y, = %
Ys; = taat + xam + Rag 6
Yi=ty+5
Y=
pf(peR;I) I Y5:ta +2R——v——2p6p
P f(R.p?) I YVs=—(c+1)t2 + (0 +1)vd —20RZ + Zp%
R.f(R;'eP) 11 Yo =y, +vg — Ry — 25,
R.f(p) 111 Yo =2 +vZ — R
(1) f=np v Y7:$%+v%+pa—p
f=3p VIT | Yy =85 +tegs + (¢ — tv) 5, — 3tps,
(i) f=1 VI | Yr=2
Yy =35 +t4 — RE,
f(R) \ Yo = &
Y; =22 + 22 —2RE
(i) eef= VI | Ys=tg —2RZ —vl 2p8p
(i1) e RTH! VI | Yy=(oc—1)t2 (a — Do g —20pf — 2R5x
fo+eRr;Y) |V Yo=cRZ - Z
Y7 = (* +eR?) g + 2t 5 — 2R
f(p) X [Y,=1R)Z
(i)eeP X Ys = xa% + v% — Ri — 2%
(i) ep”, 0 A0 | XTI | V5= (2= 0)ad + (2— o)vi + oRFy + 205
(i) 1 XII | Y, =#(t+R)2 + K (t+ R) (— - 8%)
Yy =x(t—RZ +r({t-R) (%—F%)
(iv) —1 XHOI | Y, =w(t,R)2Z +w(t,R)Z +wg(t,R)Z

P
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Table 7: Classification of equations (L)

161

B(p,q) Type | Admissible operators
Arbitrary 7, = %
function Zy=s2+ ya%
Zys =2
Zy = a%
(2a —1)B,B—2aBB, |1 Zs = ay% +(1—apl -|-paip
+p(BpB, — B,B,) =0 +(2aB — po)Bq_la%
B,B, — BB, II Ls = ya% — v% + 26i
+B,B—- BB, =0 +2(B Bp)Bq—la%
B=Bf{p), [(p) #0 [T | Zs=Z —vZ+2BB;'Z
B="2k#0 IV | Zs=vg +ps —pBB ' &
BBy — BB, = 0 \ Zs —S% —ya%erBqu‘la%
Zs =4 — —B,B ' &
B=pBt-v2 VI | Zr=yZ+bvl+(b+1)p2
+(2BB;" — (b+ 1)poBq_1)a%
B=0 VI | Zy = vl +pd —pB~' 2
f(p X | Zo=0(va+ 7))
(i) ee” X Zs = yg —vis + 24 — 204
(i) ep”, o #0 XL | Zs=oyg + (22— o) + 2%
—2(0 — 1)g7;
(1) 1 XIL | Z, = pls+yp—v) (2 2+2)
Xy=t(s—yp+0) (Z+2-2)
() —1 XIII | Z, = Rer (8% n aﬁ) + Imn 2




Table 8: Point and quasi-local symmetries of the sequence LIE

91

B(p,q) Type | Admissible operators

L I E
Arbitrary - Y, = 8% X; = %
function 7, = % Y, = % Xy = %

Zg:s%—l—y% Y3=t%+x%+R% Xg:t%—l—x%

Zgza% Y4=ta%+% X4=t%+%

Zy= % Vs =2 -

a I Zs=—s52 -0l +2p2 22 | Vy=—t2 —2RZ 402 4+ 2p 2
pf(pe?) 5 595 ~ Vo T Pap dq | °6 at oz T Vo TPy [X5:—t%—2R% +U%+2pa%+202a%J
(0)(k — f)i—F = VI | Zo= s gieho 2 (Y7 = —wl + a%) (XG ——wl + %B,,B—lngp)
_ 2 2

—Ufz k#0,1 Zo= 2 -yl + Uil [Yg=(%+v)%+t%_3%} {X7=<%+U)%+t%—R§p—Uzp3%}
@) T rmf=it | V| Zo=y 4+ SR | (G=pF +f tB] | (Xe=p0) 8+ (- 27 )
+(k—1)Inz, k#£0
k=0, ie. VI | Z =2 - L2 [Yg ——wl + %J [X7 ——wd L+ Bqu—po(%J
M= 1/(zf) Zy=sL -yl + 242 {Ygz(§+U)%+ta%—Ra%} {XSZ(%—I—U)%—Ftaa—U—R%—Ump%}

continued on the next page
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B(p,q) Admissible operators
L 1 E
7 f (07 /a) I Zs = —(0+1)s 5 — 2093, Yo=—(c+1)tF+(0+ v | Xs=—(c+ 1)t + 0+ v
" +(o + v +2pa% +20q8% —20R 5% +2p8% +2p8% —QUpa%
(i1) (ki —1) Y. = 9 _ o o
X oy D 4 pd o UetDoft(-0)z o 7= (z+ P(0)))5; X6 = (z+PO)L +v2
:lfk, k;«éO,—l Vv Z@—v8v+pap+ (hto)f qaq _1_,0%_’_1)8% +pa%+poBq—1pza%
(ie) zlnf4+of =1z
g ) kofo/(e-D+0-0)= 5 o) o) o) P -1,28
(i1) o=+ 22f" VI | Zs = g + ifrrenaoony 5 (r=-vg+ ) (Xo=—wis + -+ 5,575
— ffolloD) , o , X7 = (& U)i L2
/ Zy =34 —uhelir aloak sy 0 [Ys = (5 +U) & +t2 —Ra@J T\t o e
+Ho=1)f, k#0 rk Hlomipoa - Tor »J| ~RZ ~RB,B;'p* 2
7z
B o )
_ _ 0 o | of+(1-0)z o _ P P) P) Xs = [z+ P(0)] 5, +vg,
k=0, ie VIII Zs = vy, +p% + 7 43g [YE; [ZL‘+P(0)]6— + v, +p3—p) [ +pap +poBq_1pzagp
o—1 o
=14y =
1 _ J J J J _ J J J J _ J J J J
1k _ 1—kf 8 _ o | 0 _ o, 0 1,20
FA—kf) T =1z, | VI | Zg= 2 — 41D (Y7——W%+a—p) (Xﬁ——W%-F%-i-Bqulpza—p)
k#0;1
t2 a fél
_ .0 p) 1—kf & 2 p) p) P X7 = _+U26_z+t%
Zr=s2 -yl + Uikl o {Yg <5+U)%+t%—Ra—p} o)
9 zPa,
k—0,ie fed =1z | VI | Zs=y2 +p2 + 222040 Yo=P()Z +p2 + R Xy =PV +p5;
— 0, l.e. f6 =z g—y%+p6—p+Tqa—q 9 ( )m‘i‘pa_p-'- R —|—[1 Pz(l)]pa%

continued on the next page
—=
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791

B(p,q) Type | Admissible operators
L I E
;@) Ul | Zs = —yg +vg + 205, Yo =g +vg — Rgp Xs=ag: +vg, — 205
i)+ op ( P P
(1) op +9 ) 0 v+l _p, 8 X6—(9U+P(0))a—+va—
— 9 9 Jyrl P, O — @ v
?Z';?Oi;llnp v Zg—vav—i—pap—k( > fq8q> (Y7 (a:—i—P(O))am—i-vavapap) +pap+p3 B, ip? ap
(ii) 1+ beP VI | Zo= 2+ 12q ( =—W%+ap) (X6=—W%+C%+BPB;1;)23%)
( 2
e 2 X7 = (t—+U L )
Z?:sa ydipilj-éepyq% {Yg—(t _'_U)ai g_RaBp} ) 2 Oz v
—Rz, —Uzpyp,
|
(i) 3p vl Z6=U%+pa%+qa% Y =x3 +v%+pap Xo=ag5, +vg +p5, — Py
Z7:s +(x—sv)a‘9 Ygth%ngm X, =122 thx%f?)tpap
35p6p -1- sqaq +(@ —tv)5; — 3tpg,; +(z —tv) 2 — tpap
(iv) —p VI | Zs = vg; +pg, + a5, YVr=ad v +pg X5 =2 + v + 0 — pis
_ o _ o ., 0 1,20
Z7*8p+p3q (YS__W%+8P) (X7_—W%+3_p+Bqu p 3_;’)
_ .0 a a a a _ t2 o) a i) i)
_ 0
f(a) N Zs = 35 Y6*a_p X5 =5,
Zo= s -y Yo =22 + 22 —2RL (Xﬁ_t23+2t——2R
X7 = +2RZ +v2
; — 0 9 9 9 _ 40 7 oz v
(i) et VI Zy = —s5; +vg, +2p5; + 25, Ys t5; +2R +v8 +2p8p [+2pa_p_2p ap ]
_ — _ 9 _ _ 9 _ 0 _ 8
(”) Eq(”"'l) VI 47 = (O' 1) 2ydy Ys = (g 1)t8% (O’ l)Uav X7 —( 1)t 0’ V3,
—(oc—=1)v ——2Up8p+2qaq —20pg; — 2R35 _2017@_2/’0;)
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B(p,q) Type | Admissible operators
L I E
f(p+eq) Vo[ Zi=2 e Yo = —eRZ + £ (X =—€R%+%+€p23@p)
Zo =585 —yis +eyp Yp=EHE 0 40 RO \X Y Ra%—stza%)
( (
(D)eln f + f~ o .0, 2 o Ys = [z + P(0) — P(1)] & X7 =[x+ P(0) -~ P(L)] & +vg+
VI Jw= -y +0v< + =(e— )L ox B ox ov
= k(p+eq) +1 7= Yoy T Ve e~ o | v - Rk | 2BB; 'L
( (
(i) ef —In f vi | 7= Yoy T 05 +2pa,,2 ) Yo = [o+2P(0,5)] 5 + vy Xo = [o+2P(0,5)] & + v
=k(p+eq)+1 +(FInf+2q+20-%) 5 \+2p8—p+Rﬁ \+2p3——2pz(0 5)ps,
(i) 55 f117 = 2 f° L ( ( )
K f;e " Zy = yg; + (20 + Dvg; Ys = [(20 + 1)@ + P(0)) X7 = [(2o+ 1)(@ + P(0) + P(1))] 5
= RP T e A% 20+ 1)p2 +P(D)] 2 + (20 + L2 +(20 + v +2(c +1)p2
o#0,-1 +[2(0 + 1)(q tel)+ 2] 5 +2(0 + L)pgy + Ry —[20 + (20 + 1) P:(0) + Px(1)] p5
| &
f(p) X Zy =16 (y,q +/ f(p)) o Vs =02 [XO =02 - p2ei)
(i)ee? X Z5:y%—v%+za—p—2qa% Yg:—x%—véa—v—i—fi%—l—Qa% X5:—x8‘1—v8v+2 —|—2p0p
. Zs =0y + (2 - o)l Y6—(2—O') +(2 -0 Xs=2-0)zZ +(2-0)
c 0’ 0 XI oy v ov &L ov
(@)ep?, o # +2p 2 —2(0 — )¢ +oR + 2pap +2p 2 + 20— 1)p
(iii) 1 XU | Zi=g(s+yp+o) (& -2 +2 {);:@%-M%-%)} Xp=02 o (2 -2 -02)
_ 2] o) o) 9 5] _ 8 9 o) a9
Zw—zb(sfy,erv)(%a*p*afq) {Ym—w(%m—p)} { = Vg — (%+a—p+p23—p)}
(iv) —1 XII | Z; = Ren (a% + a%) + Imﬂ% (Y,r = H% + Imﬂ% —|—Re7ra%) { g Irmra + Rerm <% — pza%)}
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Type | Condition for B(p, q) Admissible operators
L E
Arbitrary function Z) = % X, = %
Zy = saai +yd Xy = g% -
Z3 = % X3 = t g
Zs= gy X4_tdx+dv

I p(BpB, — BylBy) Iy = ayay—k(l—a) 55 T Pay X5—[(1—a)m—|—P( )] —i—él—a)v%
+(2a —1)B,B —2aBB, =0 +(2ab — pB,) B, ' & +p% — (2aB — pB,)B; ! o>
I | BB, BB+ BB~ BB, =0 | Zs =y — v +22 + 2B - B,)B;' 2 (X5:(U )2 — va%Jrngr(z—pRBpB—l)p%)
M | B=Bf(p), f'(p)£0 Zs =y — v + 2BB, 2 (X5:[P(l)—P(O)—x]%—vav—2BB 1p2§pJ
v BB k20 Z5:y8——vav+2BB % X5 =[P(1) — P(0) — 2] 2 —vZ& —2BB;'p*Z
P Zs=v4 +p —pB,B;} Xe=[z+P(0)& +vE +pZ +pBpB; 0 L
\
B Zs = sfs ~ iy +yB, By g Xs= (£ +v) & +t& - RE — 21+ (B - B,)B; Yo
\4 Bqu*Bqu—O Z__ BB 18 ) ) 128
6_61) X(;:—’LU%‘F%‘FBPB pap
\ Z
Z5:36U—ya +yB,B ' & X5=(t2+v) 2 +i2 —RE —2(1+ (B - Bp)B; ' plp
— 10
VI | B=B% Zs = g, = ByBy XG__waz+3p+BB128

Z7:yay+b”ay (b—|—1) aﬁ
+[2B — (b+ 1)pB,|B; ' 5

X7 = [bz +bP(0) + P(1)] &
+(b+ )pgs —

[2B —

-l-bv6

(b+ )pB |B;1p*2

P B

7/
continued on the next page
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Type | Condition for B(p,q) | Admissible operators

L E
_ J J J
Zs =Ygy T U5y T 205 X —xaﬁvmnpap
VII | B=3p/q Zo = Vg, +Pgy + 49 Xa—xaw+vaav+pap—p§p

(27—323 +(z—sv) 2 3$p8p+sqaq)

X7—7f28 +tm8—xf3tpa (xftv)%ftpa%

Z5_56v ya +yB,B, 1

X5 = (§ +v) 8% +i5 — RE —2[1+ (B - Bp)B;'plp

o)

ap

VII | B=0 ZG__ BBqlaaq Lo X6=—'w3x 3 + BB, 1p2
Zy —yay+p%p+(23 :g)Bp)Bq‘ 3¢ X7 = P(1 )Bw—l—p [2B po]B 1?22
ZS—U3v+p pBi 9q XS_[:E+P ]Bx+vav+p3p pB 1/) ap
_ — o _ 2@
X ee? 9gy Q+ff(p)) 5 (XG_@ 5 )
Z5:ya——vav+2 —an—q X5 = xa_m_vav+2 +2p3p
0o _ (9
XI ep® ZQ_H(y q+ff(p)) ( eaz )

Zy = ay@ 2-owi + 2p% —2(0c — 1)q%

Xs=Q2-0)zZ+2-0opd + 2p0% +2(0 — l)pa%

Zy=0(v.a+ [ t5) &
X1 Z¢=¢(s+y,p—v)(%—i+

Zy =9Y(s —y,p+v) (av + 3

i)

Qo

Sfo S
N—

7

9

=02 - 02
— 1o} 5] 4] 2 0
Xw—‘l’m—v’(%—%—l’ m)
szlp%—¢(%+%+p23@p)

Z9—9(y q+ff(p>)a%

XIIT | -1 5 5
Z. = Rer (8p + 8_q) + Irnwm

\
( — @Q _ pQQQ

X, _n0 +Im7TaU+Re7T< £

\
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Table 10: Preliminary classification of equations (L)

B(p,q) Type | Admissible operators
Arbitrary 7, = % . Ty = 3% I ya%
function Zy = % . Iy = a%
pf(pe?) I Zs=—sZ +vZ —2pZ — 22
(@) (k= f)'* VI | Zg=2 - =kl
_ . _ .0 (k=Dy &
=z k7051 Z1 = 555~ Yop T T on
1 _ _ (2—k)f-1
(Zl>?+1nf_l Vv Zﬁ—ya—y+p%+ )7 8q
+(k—=1)lnz, k#£0
k=0, ie. VI | 2= 2 - 12
M =1/(zf) Ty =55 —Yar + o
pl_af(%> I Zs=—(0+1)sZ — 20y6%
+(o+ v+ 2pa‘9p + 2‘7‘13%
; ! otk _ _ .9 9 | (k+D)of+(1—0)z &
(i) (b —1)7 =1f% Zs = vy + Pyt e 90
kE#0,-1
(Zg) lnf + 0'% =
(i) azf’+z2f7':/gfﬁ VI | Zs za%ng%wa%
- k:af"/<‘7 Di(l—0)z 9
Ho—Df k#0 Zr =iy~ Yy — kg 1>+(ET 1))f B
. o—1 o g
k=0,ie f(1+1)" " =1]VII ZS:U%TL%_Z)JF%%%
./ (ae?) T | Z=—yZ +vZ-2Z+2%Z
FA—kfT =1z, k#0;1 | VI | Zg= £ — 4542
o) o) 1-kf o
Z1= 55 ~ Vo T T Tk 0
k—0,ie. fe/ =1lz VII | Zs = ygy +pi+ 2*pf*2fqa%
/) M| Z=—yZ +oZ +2¢Z
: 241
(i1) yp+0op 7,y #0,-1 | IV Zﬁzv§+p§p+(%“—§>q§q
(12) —plnp )
(i4) 1+ ber VI | Zo= 5+ 05545 Z1 =54 —yZs
_ 0
(@11) — VI | Zs=vZ +p2 +q2
— 0
Z dp+p3q ZS Sa?)_yd_p_y?;]a_q

continued on the next page
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continued from the previous page
B(p,q) Type Admissible operators
f(a) \ Z5 = ZG =55, yap
(ii) eq= @tV VI Z7 = ((7 —1)s 2y — (0 —1)v2
—2Up6p + 2q6q
— i
f(p+eq) \ Zs = 55 — €5q
Zg = Saav y% + 5yaaq
(empet VU | Zm oy g s -
+k(p+ <q)
(ii) ef —In f =1 VI Z7:y8%+vaa—v+2pa%
+k(p + £q) +(2—,flnf+2q+25l——)a%
(@1) 755 /17 = L7 =1 VI | Zr=y& + (20 + v g +2(0 + 1)pg
+h(p+eq), 0 #£0,—1 +[2(0 +1)(g +el) + 28 5
fp IX ZG—Q(QQJFff(p)
(i) eeP X Zs :yay Ve + 25— 245
(i) ep”, o # 0 XI Zs —aya +(2—a)v%+2pa%
—2(0 — 1)q8
(iii) 1 XIL | Z, = (s +y.p—v) (2 2+ 2)
Xy =1(s—y,p+0) (%Jra% - a%)
(iv) —1 XL | Z; =Rer (£ + 2) +Imr
Bashkir State University, Ufa; 10 June 1988

Ufa Aviation Institute;
M.V. Keldysh Institute of Applied Mathematics
USSR Academy of Sciences, Moscow.



Paper 6

Approximate symmetries

V.A. Baikov, R.K. Gazizov, AND N.H. IBRAGIMOV [15]

Matematicheskii Sbornik, Tom 136(178), (1988), No. 3, pp. 435-450.
English transl., Math. USSR Sbornik, Vol.64, (1989), No.2, pp. 427-441.
Reprinted with permission from American Mathematical Society.
Copyright (© 1989, American Mathematical Society.

ABSTRACT. A theory, based on the new concept of an approximate
group, is developed for approximate group analysis of differential equations
with a small parameter. An approximate Lie theorem is proved that en-
ables one to construct approximate symmetries that are stable under small
perturbations of the differential equations. The use of the algorithm is il-
lustrated in detail by examples: approximate symmetries of nonlinear wave
equations are considered along with a broad class of evolution equations that
includes the Korteweg-de Vries and Burgers-Korteweg-de Vries equations.

Tables: 2. Bibliography: 4 titles.

Introduction

The methods of classical group analysis enable one to distinguish among all
equations of mathematical physics the equations that are remarkable with
respect to their symmetry properties (see, for example, [91], [106], and [58]).
Unfortunately, any small perturbation of an equation disturbs the group ad-
mitted, and this reduces the practical value of these “refined” equations and
of group-theoretic methods in general. Therefore, it became necessary to
work out group analysis methods that are stable under small perturbations
of the differential equations. In this article we develop such a method that
is based on the concepts of an approximate group of transformations and
approximate symmetries.

170
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The following notation is used: z = (z!,...,2%) is the independent vari-
able; € is a small parameter; all functions are assumed to be jointly analytic
in their arguments; the vector expression & % is used, along with ¢¥-2 for

Ozk
expressions of the type
M L0
Sl
- 0zF

Everywhere below, 6,(z,¢) denotes an infinitesimally small function of order
el p >0, 1e., 0,(z,2) = o(eP), where this equality (in the case of functions
analytic in a neighborhood of ¢ = 0) is equivalent to any of the following

conditions: 0 (2.c)
. 2, €
lim 2222 =/
e—0 eb

— ()7
or there exists a constant C' > 0 such that
0p(z2,¢)| < CleP*,

or there exists a function p(z,e) analytic in a neighborhood of ¢ = 0 such
that
617(2?6) = €p+130(276)' (1)

Furthermore, the approximate equality f &~ g means the equation

f(z,e) = g(z,¢) + o(eP)

for some fixed value of p > 0. The following notation is also used in § 5: ¢
and x are independent variables, u is a differentiable variable with successive
derivatives (with respect to z) uy,us, ..., i.e.

0 0
Uat1 = D(Ua), wo=u, D=o-+ Zu‘”la—ua'

We denote by A the space of differentiable functions, i.e. analytic functions

of any finite number of variables ¢, x,u,uy,... . We also use the notation
of of of Z
= — = — = — = OéDa'

a>0

Below we use the following variant of the theorem on continuous depen-
dence of the solution of the Cauchy problem on the parameters.

Theorem 6.1. Suppose that the functions f(z,e) and g¢(z,¢), which are
analytic in a neighborhood of the point (zg,0), satisfy the condition

9(275) = f(Z,c?) + O<€p)
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and let z = z(t,¢) and Z = Z(t, €) be the solutions of the respective problems

dz
a = f(Z,€>, Z|t:0 - a(g)
and s
Z - ~
E :g(Z,g), Z|t:0:5(5)7

where a(0) = 3(0) = zp and §(e) = a(e) + o(e?). Then
Z(t,e) = z(t,e) + o(€P).

We consider the approximate Cauchy problem

dz
% ~ f(Z,&?), (2)
zli=0 & afe), (3)

which is defined as follows. The approximate differential equation (2) is
understood as a family of differential equations

Z —gze) with g(z0)~ f(z ) ()

the approximate initial condition (3) is understood similarly, namely,
zlemo = B(e) with B(e) = ale). (5)

The approximate equality in (4) and (5) has the same degree of accuracy p as
in (2) and (3). According to Theorem 6.1, the solutions of all the problems
of the form (4), (5) coincide to within o(e?). Therefore, the solution of the
approzimate Cauchy problem (2), (3) is defined to be the solution of any of
the problems (4), (5), considered to within o(?). Theorem 6.1 gives us the
uniqueness (with the indicated accuracy) of this solution.

8§ 1 One-parameter approximate groups

Let 2/ = g(z,¢, a) be given (local) transformations forming a one-parameter
group with respect to a, so that

9(27870):’2’ 9(9(278’61/)75’()):g(zﬂg7a+b)7 (1'1)

and depending on the small parameter €. Suppose that f ~ g, i.e.,

g(z,e,a) = g(g,e,a) + o(eP). (1.2)
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Together with the points 2z’ we introduce the ”close” points Z defined by

zZ=f(z¢,a). (1.3)

It is easy to show by substituting (1.2) in (1.1) that (1.3) gives an approxi-
mate group in the sense of the following definition.

Definition 6.1. The transformations (1.3), or
7~ f(z,e,a), (1.4)

form a one-parameter approzimate transformation group with respect to the
parameter a if

f(z,6,0) = z, (1.5)
f(f(z,e,a),e,b) = f(z,e,a+b), (1.6)

and the condition f(z,¢,a) ~ z for all z implies that a = 0.

The main assertions about the infinitesimal description of local Lie
groups remain true upon passing to approximate groups, with the exact
equalities replaced by approximate equalities.

Theorem 6.2. (an approximate Lie theorem). Suppose that the transfor-
mations (1.4) form an approximate group with the tangent vector field

£(z,6) ~ W . (1.7)

Then the function f(z,e,a) satisfies

0f(z,¢e,a)

5 ~&(f(z,¢,a),¢). (1.8)

Conversely, for any (smooth) function £(z,¢) the solution (1.4) of the ap-
proximate Cauchy problem

d !/
— ~ (7,9, (1.9)
2 gm0 & 2 (1.10)

determines an approximate one-parameter group with group parameter a.

Remark 6.1. Equation (1.9) will be called the approximate Lie equation.
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Proof. Suppose that f(z,e,a) gives an approximate group of transforma-
tions (1.4). The (1.6) takes the form

0f(f(z,e,a),e,b)

f(f(z,e,a),e,0) + % bzo-b+o(b)
zf(z,a,a)—i—w'b—ko(b)

after the principal terms with respect to b are singled out. The approximate
equation (1.8) is obtained from this by transforming the left-hand side with
the help of (1.5) and (1.7), dividing by b, and passing to the limit as b — 0.

Conversely, suppose that the function (1.4) is a solution of the approx-
imate problem (1.9), (1.10). To prove that f(z,¢,a) gives an approximate
group it suffices to verify the approximate equality (1.6),

f(f(z,e,a),e,b) = f(z,e,a +b).

Denote by x(b,e) and y(b,e) the left-hand and right-hand side of (1.6),
regarded (for fixed z and a) as functions of (b, ). By (1.9), they satisfy the
same approximate Cauchy problem:

0
a—iwg(l‘ﬁ?)a $|b:0%g(2767a)7
%
b~
Therefore Theorem 6.1 furnishes the approximate equation x(b, €) =~ y(b, €),
i.e the group property (1.6).

£<y7€)7 y‘b:ﬂ %9(2,8,&).

8§ 2 An algorithm for constructing an approx-
imate group

The construction of an approximate group from a given infinitesimal oper-
ator is implemented on the basis of the approximate Lie theorem. To show
how to solve the approximate Lie equation (1.9) we consider first the case

p=1.
We seek the approximate group of transformations

2~ folz,a) + efi(z,a), (2.1)

determined by the infinitesimal operator

X = ((2) +€£1(2))(9/9z). (2.2)
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The corresponding approximate Lie equation

W ~&(fo+efi)+e&(fo+efi)
can be rewritten as the system
d d,
Yosali). Lxgin+ain)

after singling out the principal terms with respect to e, where | is the
derivative of &. The initial condition z’|,—¢p & z gives us that fy|.—0 ~ 2
and f|q=0 =~ 0.

Thus, according to the definition of a solution of the approximate Cauchy
problem (§ 1), to construct the approximate (to within o(¢)) group (2.1)
from the given infinitesimal operator (2.2) it suffices to solve the following
(exact) Cauchy problem:

C;_JZ) = &o(fo), % =& (fo) i +&(fo), fola=o =2, fila=o =0. (2.3)

Example 6.1. Suppose that N =1 and X = (1 + 2)(9/0x). The corre-
sponding problem (2.3)

d d
%Zl, %Zfoa folazo =2, filazo =0

is easily solved, and gives us fo =  + a and f; = za + a*/2. Consequently,
the approximate group is determined by

¥~ r+a+ (va+a*/2)e.
This formula is clearly the principal term in the Taylor series expansion

with respect to € of the exact group

ag—1 CL2

:(I+a)+a(x+g>€+§(x—i—%)&?Q—i—...,

generated by the operator X = (1 + ex)(9/0z).

/
T = ze® +

Example 6.2. Let us find the approximate group of transformations

o'~ fo(r,y,a) +efi(zy,a), ¢ = fi(z,y,0) +efi(z,y,a)
determined by the operator

X =(1+ exz)% + sxy(%
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in the (z,y)-plane. After solving problem (2.3)

dfe . dfg o dff
da _1a d(l _Oa da - (f(]) )

f&|a:0=1} fg|a,:0=y, f11’a:0=0; f12|a:0:O

W R

one obtains
v~ +a+ (PPa+za® +a/3)e, Y ~y+ (vya+ ya®/2)e.

To construct an approximate (to within o(e?)) group for arbitrary p we
need a formula for the principal (with respect to €) part of a function of the
form F(yo + ey1 + ... + €Py,). By Taylor’s formula,

Flyo+ep+...+2%,) = Flyo) + Z J(yo) (e + - - - +€7y,)” +o(e7),
lo|= i |
(2.4)
where
el F al
(o) — P p, k\k
= (821)‘71 ce (azN)aN’ (5?/1 T te yp 1:[ eyl -te yp) )
(2.5)
o= (01,...,0n)is a multi-index, |o| = 01+ ... + on,0! = ol...on!, and the

indices 01, ...,0n run from 0 to p. In the last expression we single out the
terms up to order &? :

N N P
k k\o k k  _i14-+is
[leyr+ e =TT > wioul et

k=1 k=1 \i1, . io), =1

N N p
~IT 2= 2w, | =11 20 &by 20

k=1 V=0 i1+..-+igk:Vk k= 1vp=o0y

SOR] (D S R B S o

j=|o]| vi+-+rn=j j=lol  |vl=j

Here the notation is

= Z 4t iak:ukyfl . .yfnk, Yo) = y(lyl) . .yg,N), (2.7)

where the indices iy, ..., i, run from 0 to p, and v = v(o) = (14, ...,vN) is
a multi-index associated with the multi-index o in such a way that if the
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index o, in o is equal to zero, then the corresponding index vy is absent in v,
and each of the remaining indices v}, takes values from o to p; for example,
for o = (0, 09, 09,0, ...,0) with 09,03 # 0 we have that v = (s, v3), so that

— .2 .3
Y) = Ywo)Y(ws):

Substituting (2.6) into (2.4) and interchanging the summations over o
and j, we get the following formula for the principal part:

P J
) 1 -
F(yoteyit. . +€"y,) = Flyo)+Y & > EF( () D ywyto(), (2.8)
=1 |o|=1 v|=j
where the notation in (2.5) and (2.7) has been used. For example,

Fyo +eyr + %ya + %y3) =

0zk
k=1
N N N
IF (yo) 1 9°F (yo)
2 ko, L k1
+€ o azk y2 + 2 ;; azka 1 ylyl

Ly P E)
kol m 3
312222 D argaigum " | + )
We also need a generalization of (2.8) for the expression

p
D e Fi(yo+eyi+ -+ Pyy).
=0

Applying (2.8) to each function F; and introducing for brevity the notation

J
| —
Ti= ) ;Fz'( (10) D v,
lo=1] = lv|=j
we have that

p

p
Y EF(yoteyi ety Y &

=0 =0

p
Fi(yo) + ng]
j=1
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p—1 p—i

~ ZaF Yo —i—ZZsZﬂTN

=0 j=1

to within o(e?). The standard transformations are used to order the last
term with respect to powers of ¢ :

: P -1 P l
i+ l — !
€ ]TJZ g g elr_ i = E € E Ti—ij = E € g Tji—j-
=1 =0 =1 j=1
As a result, we arrive at the following generalization of (2.8):

p
ZaiFi(yo +eyr + ...+ €Py,)
i=0

0(vo) + Zf i(Yo) + Z Z yo Z Yw) (2.9)

jl\a]l ! lv|=5

with the same notation as in (2.5) and (2.7).
We now return to the construction of an approximate group to within
o(e?) with an arbitrary p. For the infinitesimal operator

X =[o(2)+e&(z)+...+ 5”@(2)]%

the approximate group of transformations
2~ folz,a) +efi(z,a) + ...+ P fo(z,a) (2.10)

is determined by the approximate Lie equation

d LN

d—(fo +efi+...+ €pfp) ~ Zézfi(fo +efi+...+ €pfp). (2.11)
a i=0

Transforming the right-hand side of this equation according to (2.9) and

equating the coefficients of like powers of £, we get the system of equations

(in the notation of (2.5) and (2.7))

dfo

=&l (212

i

dfl_ &(fo) ZZ_ me i=1,...,p, (2.13)

lv|=j
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which is equivalent to the approximate equation (2.11).
Accordingly, the problem of constructing the approximate group (2.10)
reduces to the solution of system (2.12), (2.13) under the initial conditions

f0|a:0 =z, fi|a:07 1= 17 <oy D (214)

For clarity we write out the first few equations of system (2.12), (2.13):

d
o — .
dfi  ~— 9%(fo)
=D At alh), (2.15)
a z
dfy <0 1 & 9¢1(fo)
o= i+ 522 ,2 flf1+2 = e,
k=1 -
Example 6.3. Let us write out system (2.12), (2.13) for the operator
0 0
X = (1 +ex? )&E +5xy8

in Example 6.2. In this case N = 2,z = (x,y) and

fo=(fe. f2), k=0.1,....p,
o = (17())7 & = (JJQ,Iy), &=0 (l = 2)'
Egs. (2.15) yield:
dfy /da =1, df3/da = 0;
dfi/da=(fo)*, dfi/da= fof5;
dfy/da=2fyfi, dfy/da= f3fi + fo f7.

For ¢ > 3 equation (2.13) simplifies because of the special form of the vector
¢. Namely, since &, = const. and & = 0 for [ > 2, only terms with j =7 — 1
are present on the right-hand side of (2.13), and the latter can be written

in the form
& Z L) 3 fo

lo|= 1 7 : lv|=i—1
A further simplification of these equations has to do with the form of the
vector & : since & = z? and £ = xy, only 0 = (1,0) and o0 = (2,0)
are used in the expression for the first component of the equations under
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consideration, and only o equal to(1,0), (0,1), and (1,1) in the expression
for the second component. As a result we have the following recurrence
system:

dl
i_2]601“761‘1—1+ Z le1le27

da .
11+i2=1—1
Example 6.4. We compute the approximate group of transformations of

order P generated by the operator

X = (1—|—€x)%

in Example 6.1. In this case system (2.12), (2.13) takes the form

dfo df; .
—=1 -5 — Ji—-1, :17"'a )
da ’ da f 1 1 p

and, under the initial conditions (2.14), gives us

xai N ai—i—l ' 0
VY 1= ..
it G+ ’

fi= D

The corresponding approximate group of transformations is determined by
P g a
=~ —lz+ g,

§ 3 A criterion for approximate invariance

Definition 6.2. The approximate equation
F(z,e) =0 (3.1)

is said to be invariant with respect to the approximate group of transfor-
mations 2’ ~ f(z,¢,a) if

F(f(z,e,a),e) =0 (3.2)
for all z = (21, ..., 2) satisfying (3.1).
Theorem 6.3. Suppose that the function

F(z,e) = (F'(z,¢),...,F"(z,¢)), n <N,
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which is jointly analytic in the variables z and e, satisfies the condition
rank F'(2,0)|p.0)=0 = 1, (3.3)

where F'(z,e) = |0F"(2,€)/02"| for v = 1,...,n and i = 1,..., N. For the
approximate equation (3.1)

F(z,e) = o(eP)
to be invariant under the approximate group of transformations
2= f(z,e,a) + o(e?)
with infinitesimal operator

0 0
X =t €= Do tole), (3.4)

it is necessary and sufficient that
XF(z,€)|@31) = o(e"). (3.5)

Proof. Necessity. Suppose that condition (3.2) for invariance of the ap-
proximate equation (3.1) holds:

F(f(z,¢€,a),¢)|1) = o(e?).

By differentiation with respect to a at a = 0, this yields (3.5).

Sufficiency. Suppose now that (3.5) holds for a function F(z,¢) satis-
fying (3.3). Let us prove the invariance of the approximate equation (3.1).
To do this we introduce the new variables

y' = Fl(z,e),..., y" = F"(z,¢), y"*' = H'(z,¢),..., ¥y = H  ""(z,¢)

instead of 2!, ..., 2", choosing H'(z,¢), ..., HN™"(z,¢) so that the functions
Fl . F" H' .. HN" are functionally independent (for sufficiently small
e this is possible in view of condition (3.3)). In the new variables the original
approximate equation (3.1), the operator (3.4), and condition (3.5) take the
respective forms

y =0 (y,e), v=1,...,n, (3.6)

. o , . oy'(x, e
X:nl<y7€)a_yia where 77Z zéj(gj’{—:)%’

77”(9;,...,Hg,y"Jrl,...,yN) =o(e) v=1,...,n, (3.8)

(3.7)
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where 07 = o(e?) (see Eq. (1)). By Theorem 6.2, the transformations of the
variables y are determined from the approximate Cauchy problem

dylu , . . } )
da ~n ( ,17 "7y, 7y/ +17"'7y/N7€)7 y/ ‘a:():Qp(y,g),

dylk k N k k

da %TI(yd?"‘7y/n7ym+17"'7y/ 75)7 y, ’a:OZy, k:n—l—l,...,N,

where the initial conditions for the first subsystem are written with (3.1)
taken into account. According to Theorem 6.1, the solution of this problem
is unique (with the accuracy under consideration) and has the form

y = (0117, 0y, Yty

in view of (3.8). Returning to the old variables, we get that
F"(z,e) =o0(e?),v =1,...,n,

i.e., the approximate equation (3.2). The theorem is proved.

Example 6.5. Let N =2 z = (z,y), and p = 1. We consider the approxi-
mate group of transformations (see Example 6.2 in § 2)

¥~zx+a+ (:I:Qa + za® + la?’) e, y=~y+ (zya+ ly0L2) 5 (3.9)

3 2
with the generator
0
X =(1+ex®)5- —- 3.10
(1+ ea®) - + ey (310)
Let us show that the approximate equation
F(z,y,e) = y** —ex? =1 =o(e) (3.11)

is invariant with respect to the transformations (3.10). We first verify the
invariance of (3.11), following Definition 6.2. For this it is convenient to
rewrite (3.11), while preserving the necessary accuracy, in the form

F(z,y,e) =y* —e(a? —y*lny) — 1 = 0. (3.12)
After the transformation (3.9) we have that
F(@',y &) = y* +e(z”? =y Iny) — 1
~y? —e(a® —y*lny) — 1 +e(2za+a®)(y* — 1)
= F(x,y,¢) +e(2za + a®)[F(x,y,¢) + e(x? — y* Iny)]
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= [1+e(2azx + a2)]F(x, y,e) + o(e),

which implies the necessary equality (3.2): F'(2',y,¢)|3.12) = 0.

The function F(x,y,¢) satisfies condition (3.3) of Theorem 6.3; there-
fore, the variance can be established also with the help of the infinitesimal
criterion (3.5). the operator (3.10) we have that

XF = (2+¢)exy*™ — 2ex(1 + e2?)

= 2ex(y** — 1) + o(e) = 2exF + o(e),

so that the satisfaction of the invariance criterion (3.5) is obvious.
According to Theorem 6.3, the construction of the approximate group
leaving the equation F'(z,¢) = 0 invariant reduces to the solution of the
determining equation
XF(z,€)] ., ~0 (3.13)

for the coordinates £(z,¢) of the operator

0
X=tg

To solve the determining equation (3.13) to within o(e?) it is necessary to
represent z, I, and £¥ in the form

2R Yo eyt -+ Py,

F(z,e) ~ Z £'F(2), (3.14)
(z,6) = Ze’ff(z), (3.15)

substitute them in X F, and single out their principal terms. We have

OF
P =85%

p p
_ E ek (yo +eyr + ...+ €Pyy) [§ @Fj(yo+sy1+...+spyp)
i=0 =0

Using (2.9) and the notation

Ay + 3% ﬁ £ S 0, (3.16)

j=1lo|=1 lvl=j
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)

3F yo J 1 8Fj,1 @)

=i
we get that
p
i OFy(y
XF = |€h(yo) + ) _'Ab| - (,;Zko +Z & Bl
i=1
which implies
9Fo(yo) 9 fo(yo)
xF = &) 20 [sé:(yo)Bl,k + ap 20l
p
+Z €4 (o) Ba s +Ak ) 4 > AlB, (3.18)
1+j=s

Combining (3.13)-(3.18) and (2.9), we arrive at the following form of the
determining equation:

OFy(vo)

OF
& (o) 8zk =0, &Bux+ A} o(0)

0zk

:O,

(3.19)
f (yo)Bl k

+2Ak gk = lI2,,p,
i+j=l

these equations hold on the set of all yo, ..., y, satisfying the system

Fo(yo) =0, Fi(yo +ZZWF( W) Y Yoy, i=1,....p, (3.20)

J=1|o|=1 lv|=j

which is equivalent to the approximate equation (3.1). Thus, the problem
of solving the approximate determining equation (3.13) has been reduced
to the solution of the system of exact equations (3.19), (3.20).

We write the determining equations for p = 1. Equations (3.19) and
(3.20) give us*

OF
ek 20 g, (3.21)

*Here, as everywhere in this section, the following notation is used for brevity:

d OF, N9 9 )
l18— (fo 329(2?)) = Zzyia—zi@ <fo(z) gi(k )>

=1 k=1

Z2=Yo0
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OFy(vo) OF1(yo) 1 9 (., \OFo(vo)
_ 9 o) ) _ o (3.9
32’“ azk O + yl 321 50 (yD) 32’“ O (3 )

& (vo) + & (vo)

under the conditions

OFo(yo)
07!

Fo(yo) =0, Fi(yo) + 4! = 0. (3.23)

Example 6.6. Let us again consider the approximate equation (3.11)
F(x,y,e) =y°t —ex® — 1 = o(e)
from Example 6.5. In the notation of (3.14) (see also (3.12)) we have
Fo(z,y) =y* =1, Fi(z,y) =y*Iny —2°.

Since y > 0, the equations (3.23) imply that yo = 1 and y; = x3/2, and the
determining equations (3.21) and (3.22) can be written in the form

85(2)(3307 yo)
ox

Y€1 (0, Yo) — w0&y (%0, Yo) — 2oy (w0, Yo) +

€§(x07y0) = 07 = 07

$_(2)8§§(170, Yo)
2 2

(3.24)
=0

after splitting with respect to z; and substituting y; = x3/2. Any operator

X = [gle.) + €l + 6 + )l

with coordinates satisfying (3.24) with yo = 1 and arbitrary values of xg
generates an approximate group leaving (3.11) invariant (to within o(g)).
For example,

0 0 0 0
Xi=o—+20y—1)=—, Xo=ay—+ (> — 1)
1=ag Ay =g X=aygo+ 15

are such operators, along with (3.10).

Remark 6.2. If some variables z* do not enter in the equation F(z,¢) =~ 0,
then it is unnecessary to represent z* in the form ;. y¥e’ in the deter-
mining equation (3.19).
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Table 1: Group classification of the equations (4.4)

o(u) £ & Mo
Arbitrary Cit+ Cy Cix + C3 0
function
1| ku® Cit+ Oy Csx+ Cy %(03 —Ch)u
2 | kus Cit +Cy C32® + Cyz + Cs | —3(2C32 + C4 — Cy)u
3| ku? Cltz + Cot + C Cyx + Cs (Clt + %(02 - 04)) U
4 | ke Cit+ Cy Csx+Cy 2(03 — Cl)
k = 41,0 is an arbitrary parameter, and C1,...,C5 = const.

§ 4 Approximate symmetries of the equation
U+ eur = (p(u)y),

The approximate symmetries (understood either as admissible approximate
groups or as their infinitesimal operators) of differential equations can be
computed according to the algorithm in § 3 with the use of the usual tech-
nique for prolongation of the infinitesimal operators by the necessary deriva-
tives. Below, we consider approximate symmetries of first order (p = 1) and
classify according to such symmetries second-order equations

uy + eup = (p(u)ug)y, @ # const., (4.1)

with a small parameter, which arise in various applied problems (see, for
example, [10]). The infinitesimal operator of an approximate symmetry is
sought in the form

0 0 0
X = (& +ed)g; + (& + &) 5+ (o +em) 5 (4.2)
The coordinates £ and n of the operator (4.2) depend on ¢,z, and u and
occur in the determining equations (3.21) and (3.22), in which

Zz = (tv:U?uvut)uxautt?utxauxl’)v Fo = uy — (‘P(U)Uz)x, Fy = wy;

according to Remark 6.2 (see § 3), it suffices to carry out the decomposition
z = yo+ey; only for the differentiable variable (since ¢ and = do not appear
explicitly in (4.1)): u = ugp + euy, uy = (ug)z + €(u1),, and so on.

Equation (3.21) is the determining equation for the operator

0 0

0
X02535+53%+7I0%, (4.3)
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admitted by the zero approximate of equation (4.1), i.e., by the equation

uy = (p(u)ug)y, @ # const. (4.4)

Consequently, the first step in the classification of the equations (4.1) ac-
cording to approximate symmetries is the classification of the equations
(4.4) according to exact symmetries. The second step is to solve the de-
termining equation (3.22) with known Fy and with values &}, &2, mo of the
coordinates of the operator (4.3).

A group classification of the equations (4.4) (according to exact point
symmetries) was obtained in [10], and its result can be written in the form
of Table 1 with the use of dilations and translations.

We now pass to the second step in constructing approximate symmetries.
Let us begin with an arbitrary function ¢(u). Substituting in (3.22) the
values

§G=Cit+Cy §=Ciz+C3 =0

we get that
Cl :O, 511 IK1t+K2, 5% IKl.fL'—l-Kg, m IO, Kz = const.

We now observe that equation (4.1) admits together with any admissible
(exactly or approximately) operator X also the operator €X; such operators
will be assumed to be inessential and omitted. In particular, the operators
£(0/0t) and €(0/0x) are inessential, so that the constants Ky and Kj in
the solution of the determining equation (3.22) can be set equal to zero.
Thus, for an arbitrary function ¢(u) equation (4.1) admits three essential
approximate symmetry operators, corresponding to the constants Cy, Cs,
and K. The remaining cases in Table 1 are analyzed similarly. The result
is summarized in Table 2, where for convenience in comparing approximate
symmetries with exact ones we have given the operators admitted by equa-
tions (4.4) exactly, and those admitted by (4.1) exactly and approximately.

Note. In Table 2 bases of the admitted algebras are given for the exact
symmetries, and generators for them are given for the approximate sym-
metries: a basis for the corresponding algebra is obtained by multiplying
the generators bye and discarding the terms of order 2. For example, for
o(u) = ku=*3 equation (4.4) admits a 5-dimensional algebra, and (4.1)
admits a 4-dimensional algebra of exact symmetries and a 10—dimensional
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Table 2: Comparative table of exact and approximate symmetries

Symmetries for (4.1)

o(u) Symmetries for (4.4) | Exact Approximate
Arbitrary | XY =2 X0=2 V1 =X?, | X1 =X}, X=X},
function | X§=t2 + 22 Yo=X3 | X3=¢X}
1| ku X¢=orf+oul | Va=X9 | Xy=x9+ (25 - 2d),
Xy = X0

2 | hu13 | X0=222 —3ul | | Va=X0 | Xy=X0— g(ﬁ% + 3tu3%),

X9 =22 —3rul | Ya=XJ | Xa=X{, X5=X{

3| ku™t Xy=222 —ul, | V3=X{ | X4=X],
X0=12 +tul Yi=X? | X5=¢eX?

ke [ Xi=agt2g | %=X1 | G=xPre(sh - &),
X, = X9
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algebra of approximate symmetries with basis

0 0 ~ 1 0 0 3 0
Xi=—=—, Xo=—, X:(t——t2>— — — —ctu—,
1= 2T gy 1) o T T 1M

0 0 0 0
X, =20— —3u— . Xs=2>— —3zu— ., Xg=¢X;, X; =X
4 Iax u@u’ 5 x@x :wé?u’ 6 —EA], A7 = EA9,
0 0
X8:€<ta+$%), X9:€X4, X10:€X5.

8§ 5 Approximate symmetries of the equation
ur = h(uw)uy +eH
We Consider the class of evolution equations of the form
w = h(u)u; +eH, HeA, (5.1)

which contains, in particular, the Korteweg-de Vries equation, the Burgers-
Korteweg-de Vries equation, etc.

Theorem 6.4. Equation (5.1) approximately (with any degree of accuracy)
inherits all the symmetries of the Hopf equation

up = h(u)u. (5.2)

Namely, any canonical Lie-Béacklund operator [58]
0
X0 — 02 4 ...
/ ou *

admitted by (5.2) gives rise to an approximate (of arbitrary order p) sym-
metry for (5.1) determined by the coordinate

F=Y 61 feA (5.3)
1=0

of the canonical operator

0

Proof. The approximate symmetries (5.3) of equation (5.1) are found from
the determining equation (3.19), which in this case takes the form

£ = h(u) 2+ D (hay) — haysa) £ — B (w)uy f° = 0, (5.4)

a>0
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fi=hw)fi+ Y [D(hur) = huy o] fi — b (uus f

a>0

=> [D*(f7")H, — fi'D*(H)),i=1,...,p. (5.5)
a>0
Equation (5.4) in f° is a determining equation for finding the exact group of
transformations admitted by (5.2). Let f° be an arbitrary solution of (5.4)
that is a differentiable function of order k > 0 and let H be a differentiable
function of order n > 1, i.e.,

f():fo(t,iC,u,...,uko)’ HIH(t,x,u,...,un).

We look for a solution f! of (5.5) in the form of a differentiable function of
order k; = n + ko — 1. Then (5.5) is a linear first-order partial differential
equation in the function f! of the k; + 3 arguments ¢, x,u,u1, ..., ug,, and
is hence solvable. Substitution of any solution f!(t,z,u, us, ..., us,,) in the
right-hand side of (5.5) with ¢ = 2 shows that f? can be found in the form
of a differentiable function of order ks = n + k; — 1, and the corresponding
equation for f? is solvable. The rest of the coefficients f,i = 3,...,p, in
(5.3) are determined recursively from (5.5). The theorem is proved.

It follows from Theorem 6.4 that, in particular, any point symmetry of
(5.2) determined by the infinitesimal operator

9] 9] 9]
Y =0(t,z, u)a—l—[go(x—l—tu, w)—t(z+tu, u)—ub(t, z,u)] £+w(m+tu, u)%

with arbitrary functions ¢, and 6, or with the corresponding canonical
Lie-Backlund operator with coordinate

1O = [p(x + tu, u) — t(z + tu, u)|u; — P(x + tu, u),

is approximately inherited by equation (5.1). For example, the Burgers-
Korteweg-de Vries equation

uy + uug + e(aus + bus) (5.6)

to within o(¢?) admits the operator

1
fu = o(uw)ur + e(ap'uz + 2a0"uiuy + 2&@'" ud + bp'uy + bp"u?)

3 ) us 2
+€2<ga290//w, + Zab@ Uy + — O ab "—ui?f — 2—0 bgo” Y2 §b290”u
uf
9 7 23
+5a2g0"'u 1y + 3a®p ugus + = abgp”’u1U3 + —Oabgp’” 2 (5.7)
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5 23 31 15
—|—§b2g0”’u1uQ + Eazalvu%u;; + Ea2<plvu1u§ + Zabgolvufm

1 8 1 1
—|—§b2<pjvui’ + ga2cpvui’u2 + éabgpvu‘f + §a2gpwu?) + o(e?).
Setting @ = 1 and b = 0 in (5.7), we get a second-order approximate
symmetry for the Korteweg-de Vries equation

U = uuy + eug. (5.8)

We remark that in this case the coefficient f* of the approximate symmetry
(5.3) is a differential function of order 2k + 1 containing derivatives of ¢ of
order > k. This implies that if ¢(u) is a polynomial, then the approximate
symmetry becomes an exact Lie-Backlund symmetry; then we can set ¢ = 1
and get exact symmetries of the equation

U = Uz + uU. (5.9)

For example, for p =2 and ¢ = u? Eq. (5.7) yields (cf. [58], Section 18.2)

6
fu= w?uy + dugus + 2uus + 5“5'
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A classification is given of equations Vi = f(v, vz)vgs + g(z,v5) admitting
an extension by one of the principal Lie algebra of the equation under con-
sideration. The paper is one of few applications of a new algebraic approach
to the problem of group classification: the method of preliminary group clas-
sification. The result of the work is a wide class of equations summarized in
Table 2.

I. Introduction

The first general solution of the problem of group classification was given by
Sophus Lie for an extensive class of second-order partial differential equa-
tions with two independent variables. In his paperl he gave a complete

*Permanent address: Center for Mathematical Modelling, USSR Academy of Sciences,
Miusskaya Sq. 4, Moscow 125047, USSR.
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group classification of linear equations

Az, y)uyy + 2B (@, y)uay + C(2,)Uae
+ a(z, y)u, + b(x, y)uy + c(z,y)u = 0. (1.1)
An essential part of the classification was the utilization of equivalence

transformations of Eq. (1.1) , i.e., arbitrary changes of independent vari-
ables

T = f(z,y), ¥=gy) (1.2)
and linear transformations of the dependent one,
u=p(x)u, ¢#0. (1.3)

In another paper Lie accomplished the group classification of nonlinear
equations of the form

Here, he again essentially used equivalence transformations.

Ames et al., [10] motivated by a number of physical problems, investi-
gated group properties of quasilinear hyperbolic equations of the form

or
vy = f(V2)Vss, (1.5a)
where
U= v,. (1.6)
Later, this investigation was generalized in [118] to equations of the form
or
Vit = f(, V) Vse, (1.7a)
and in [119] to equations
u = [f(Wue + gz, u)l, (1.8)
or
Uit = [f(vx)vxx + g(:v, Ux)~ (18&)

In this paper we investigate the problem of group classification of equa-
tions of the general form

Vgt = f(:EaU:L‘)%m + g(x>vx)' (19>
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The study of Eq. (1.9) is stimulated not only by physical examples
mentioned in [10], [118], [119] but also by other examples: nonlinear non-
homogeneous vibrating string, nonlinear telegraph equation, etc.

We remark, that because of a nonpoint character of the transformation
(1.6), group properties of Eqs. (1.5), (1.7), and (1.8) are not completely
identical to group properties of the corresponding Eqs. (1.5a), (1.7a), and
(1.8a).

II. Invariance transformations and principal
Lie algebra

Following the well-known monographs [106], [58], [99], [8], [9], [22], [113] on
these arguments we write the invariance condition for Eq. (1.9) as
X(Q) [Utt - f(l’, U:E)Uxm - g(l’, Um)”(l-9) =0. (21>
Here, X (9 is the second prolongation of the infinitesimal operator
i 9 9 0
obtained by the following prolongation formulas:
0 0 0 0
Xoy =X+ G-t Qg -+ lug -+ g — (2.3)
where )
Dy(n) — v Dy(€Y) — v Di(€2),
v D v, D, (€2 ,
D, (n) = uDa(€) = v.Du(€) o)

Cn = Dt(Cl) - ’UttDt(f ) - Uth(fZ),

C22 — (CQ) (7 m(gl) - ,U.Z‘.Z’D$(€2)

The operators Dy, and D, denote the total derivatives with respect to ¢
and x :

[ A Fo
t ot Uta Uttat Utzav s 54
D= iy 9, 0, 24
* T 0z T ey Ty, T ey, '

The term ”"total” is to distinguish D,, and D, from partial derivatives
0/0t and 0/0x.

So, after substituting (2.2) and (2.3) in (2.1) we obtain the following
determining equation:

[Cll - fCQZ - sz(SQfa: + <2fvz) - 52990 - CngzH(l.g) = 0. (25)
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In the case of arbitrary f and g it follows
§2 =0, <2 =0, CQQ = <11 =0 (2.6)

or
=c, €=0, n=c2+cst. (2.7)

Therefore, for arbitrary f(z,v,) and g(x,v,) Eq. (1.9) admits the three-
dimensional Lie algebra L3 with the basis

IR R ) o8

We call Lz the principal Lie algebra for Eq. (1.9). So, the remaining
part of the group classification is to specify the coefficients f and g such
that Eq. (1.9) admits an extension of the principal algebra Ls. Usually,
the group classification is obtained by inspecting the determining equation.
But in our case the complete solution of the determining equation (2.5) is a
wasteful venture. Therefore, we don’t solve the determining equation but,
instead we obtain a partial group classification of Eq. (1.9) via the so-called
method of preliminary group classification.

This method was suggested in [7] and applied when an equivalence group
is generated by a finite-dimensional Lie algebra Lg. The essential part of the
method is the classification of all nonsimilar subalgebras of Le. Actually,
the application of the method is simple and effective when the classification
is based on finite-dimensional equivalence algebra Le¢.

III. Equivalence transformations

An equivalence transformation is a non-degenerate change of the variables
t,x,v taking any equation of the form (1.9) into an equation of the same
form, generally speaking, with different f(x,v,) and g(x,v,). The set of all
equivalence transformations forms an equivalence group £. We shall find a
continuous subgroup &, of it making use of the infinitesimal method [106].

We introduce the local notation f = f!, g = f? and seek for an operator
of the group &, in the form

0 0 0 0
S| 2
Y_gﬁt—’_g 8x+n

k—
5 + 1 ofF (3.1)

from the invariance conditions of Eq. (1.9) written as the system:

Utt_flvzx_f2:07
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ftk:f’llf:flizo (3.2)
Here, v and f* are considered as differential variables: v on the space
(t,z) and f* on the extended space (¢, x,v,v;,v,). The coordinates &%, €2, n
of the operator (3.1) are sought as functions of ¢, x, v while the coordinates,
u¥ are sought as functions of ¢, z, v, vy, vy, f1, f2.
The invariance conditions of the system (3.2) are

Y (v — floge — f2) =0, (3.3)
V(I =Y(H=Y(fr)=0 (k=12), (3.3a)
where Y is the prolongation of the operator (3.1):
~ 0 0 0 0
Y=Y+ (1—Ut + (28—% + CnaTtt + Cmavm
0 0 0

The coefficients (1, (2, (11, (22 are given in (2.3) and the other coefficients
of (3.4) are obtained by applying the prolongation procedure to differential
variables f* with independent variables (¢, z,v,v;,v,). For instance

Wi = Di(p*) = [EDA(EY) = F2 Di(€%) = 2 Do) = [, De(C1) = 1 De(Ga), (3.5)

where 9 5
=0 . .
In view of Eq. (3.2) we have
~ 0
D= —- .
L= oy (3.6a)

~ We obtain the coefficients wy and wp; from (3.5) replacing the operator
Dy by the operators

- 0 r O
and 9 5
—a p 0
D, = o, T (3.8)

respectively. In view of Eqgs. (3.2) they become

b 0

v = % ) (37&)
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~ 0
Dv = 3
K 3vt

So, we have the following prolongation formulas:
Wi =g — 26— [ (G,

wy =ty — [2 &0 = [ (G2, (3.9)
win = Hy, = fur (C2)or-

After (3.4), the invariance conditions (3.3a) give rise to

(3.8a)

W=wi=wh =0, k=12 (3.10)

So, taking into account Eqs. (3.9) and the fact that (3.10) must hold
for every f! and f2, we obtain

py = ph = pk =0,

&=6=0, (3.11)
(G2)e = (G2)v = (G2)ve = 0.
After easy calculations we find from (3.11)
&=¢), &=
n=cv+ F(z)+ H(t), ¢ = const. (3.12)

pE =t ve, £ F7) (R =1,2).
The remaining invariance condition of (3.3), after (3.4) can be written
as,

Ci1 — Mlvzz - f1C22 - M2 = 0. (3'13>

From (3.13), taking into account (3.12), and introducing the relation
vy = flug, + f? to eliminate vyt it follows

(6" ve +{ler =261 = 1! = [er = 2(87)1f Fvaw + [er — 2(67))F?

‘I‘H” . lel/ + f1’0$(§2)” _ ,u2 =0. (314)

Since in Eq. (3.14) the quantities v, vy, v, and v,, are considered to be
independent variables it follows

51 :CQt+C37 2 :¢($)a

n = c1v+ F(z) + cyt?® + cst, (3.15)
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/’Ll - 2(90, - C2)f7
p? = (1 = 269)g + 24 + (¢"ve — F")
with constants ¢y, 9, ¢3, ¢4, ¢5, and two arbitrary functions ¢(z) and F(x).
We summarize: The class of Egs. (1.9) has an infinite continuous group

of equivalence transformations generated by the following infinitesimal op-
erators:

Y=o, Yimo Y=t
}/4::17%, Y},:t%+x%+2v%,
}%—t%—2f%—2g§g, (3.16)
}@:ﬂ(%wa%,
Y, = 908% + 2@’]‘% + w”vmfa%,
YF:F%—F"fa%-

Moreover, in the group of equivalence transformations are included also
discrete transformations, i.e., reflections

t— —t, (3.17)
T —, (3.18)
v —v, g —g. (3.19)

Remark 7.1. The operator Y from (3.16) is included in the set of oper-
ators yr as the particular case F' = 1. The reason for individualizing Y5 is
that it is part of the principal Lie algebra Lj [see (2.8)].

IV. Sketch of the method of preliminary group
classification

One can observe in many applications of group analysis that most of exten-
sions of the principal Lie algebra admitted by the equation under consider-
ation are taken from the equivalence algebra Le. We call these extensions
E-extensions of the principal Lie algebra.
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The classification of all nonequivalent equations (with respect to a given
equivalence group Ge,) admitting £-extensions of the principal Lie algebra
is called a preliminary group classification. Here, G¢ is not necessarily the
largest equivalence group but, it can be any subgroup of the group of all
equivalence transformations.

The method is clarified here by means of its application to Eq.(1.9).

As we said in Sec. II, an application of the method is effective and simple
when it is based on a finite-dimensional equivalence algebra.

So, we can take any finite-dimensional subalgebra (desirable as large as
possible) of an infinite-dimensional algebra with basis (3.16) and use it for
a preliminary group classification. We select the subalgebra L1o spanned
on the following operators:

10— 5 45

The coefficients f and g of Eq. (1.9) depend on the variables z and v,.
Therefore, we construct prolongations of operators (4.1) to the variable u”
and take their projections on the space (x, v, f, g).

The prolongations are

Y N R
-2 p-2 v
1 (915’ 2 av7 3 t@)
~ 0 ~ 0 0
Yél_%7 }%_w%+avxa
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(4.2)

The nonzero projections of (4.2) are

Zl = pr(n), ZQ = pr(f%)v Z3 = pT(%)

Zy=pr(Ys), Zo=pr(Ys), ,Z-pr(Ys) (4.3)
L7 = pr(ﬁo),

or

—f=" (4.3a)

We denote by L the Lie algebra with the basis (4.3a).
The essence of the method is contained in the following statements.

Proposition 7.1. Let L,, be an m-dimensional subalgebra of the algebra
L7. Denote by ZWi=1,....,m a basis of L, and by Y@ the elements of the
algebra Lyo such that Z®) = pr(Y®), ie., if

Z0 =3 "etZ, (4.4)
a=1
then by (4.1)-(4.3)
ZWelYy 4 2V 4 2e2Ys + - + el Yio. (4.4a)

If equations
f=®(x,0)v0 + [z, v,) (4.5)
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are invariant with respect to the algebra L,, then the equation
vy = (2, 03V + T, vy) (4.6)
admits the operators
X® = projection of Y@ on (t x,v). (4.4b)
Proposition 7.2. Let Eq. (4.6) and the equation
v = D' (2,0, Ve + TV (2, 0,) (4.6")

be constructed according to Proposition 7.1 via subalgebras L,, and L/,
respectively. If L,, and L/ are similar subalgebras in Ly then Egs. (4.6),
(4.6") are equivalent with respect to the equivalence group Gy generated
by LIO-

According to these propositions the problem of preliminary group clas-
sification of Eq. (1.9) with respect to the finite-dimensional subalgebra Ly
of the main equivalence algebra (3.16) is reduced to the algebraic prob-
lem of constructing of nonsimilar subalgebras of L7, or optimal systems of
subalgebras [106]. Actually we can consider only one and two-dimensional
subalgebras because for subalgebras L,,,, m > 3, there are no invariant equa-
tions (4.5).

In this paper we completely solve the problem of preliminary group
classification with respect to one-dimensional subalgebras. The case of two-
dimensional subalgebras will be considered elsewhere.

V. Adjoint group for algebra L;

Let G be a Lie group, with L its Lie algebra. Each element T' € G yields
inner automorphism 7, — TT,T~' of the group G. Every automorphism
of the group G induces an automorphism of its Lie algebra L. The set of
all these automorphisms of L is a local Lie group called the group of inner
automorphisms of the algebra L, or the adjoint group G4. The Lie algebra of
G* is the adjoint algebra L4 of the algebra L, defined as follows. Let X € L.
The linear mapping ad X : X — [, X] is an automorphism of L, called
inner derivation of the Lie algebra L. The set L” of all inner derivations
ad X(X € L) together with the Lie bracket [adX,adXs] = ad[X;, Xs] is
a Lie algebra, called the adjoint algebra of L. Clearly, the adjoint algebra
L4 is the Lie algebra of the adjoint group G*. Two subalgebras in L are
conjugate (or similar) if there is a transformation from G4 which takes
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one subalgebra into the other. The collection of pairwise nonconjugate s-
dimensional subalgebras is called an optimal system of order s and denoted
by 6s. The algorithm becomes clear by the following calculations of the
adjoint algebra and the adjoint group for the algebra L, with the basis
(4.3a).

Denote by A elements of the algebra adL;. According to what is stated
above one can take operators

0
Ao = [Za, Zﬂ]ﬁ—Zﬁ (5.1)

as a basis of the algebra adL;.
Using the table of commutators (Table 1) we get

R R N NN
Az = (218821 + Zgai%) , Ay = _Z58iZ5’
As = Z;5 (% + aiZ@-) , (5.2)
g = (22 oo+ Do+ 7 8527)
A; = —Zgaa +Z7£6

The infinitesimal operator A; generates the following one-parameter
group of linear transformations:

Zy =2y, Zy=12y Zy=Zs+aly, Z;= "L,

Zé = Z57 Zé = Zﬁ, Z7 Z7 + CL1Z2,

which is represented by the matrix

1 0 000 0 0
0 1 00000
aa 0 1 00 0 0
Mi(a)=| 0 0 0 1 0 0 0
0 0 00100
0 0 000 10
0 a 0 0 0 0 1
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Following the same procedure we obtain the matrices Ms(az), ..., M7(az)
associated to the infinitesimal operators As, ..., A7, respectively.

Here 0 < a3, a4,a6 < 400 and —o0 < aq, as,as, a7 < +0o. We do not
write all these matrices because for our purposes we need only their product:

as —asay 0 O 0 0 O

0 asag 0 0 0 0 O

ai1as Qaoa3ag — ajazay; 1 0 0 0 0

M = M(ay)...M(a7) = 0 0 0 1 asag 0 O
0 0 0 0 agag 0 O

0 a2030¢ 0 0 506 1 ay

0 a1a30ag 0 O 0 0 ag

Actually it is preferable to work not with the operators 7, ..., Z;, but
with coordinates of the decomposition

7
Z=Y 'z (5.3)
1

of Z € Ly, i.e., with the vectors
e=(ee? ... €. (5.4)

Vector e is transformed by means of the transposed matrix M7T of M
and after the transformation has the following coordinates:

él = ag(el + ale3),
2 1 2 3 6 7
e-az[—are” + age” + (agag — arar)e’ + asage’ + ajage’],

e =e3, et=¢' &b =", (5.5)

& = aglase* + aze’ase’,

7 7

e' = a766 + age’.

These transformations give rise to the adjoint group of the algebra L.
We remind that aq, as, as, and a; are arbitrary real parameters, while as, aq4,
and ag are real positive parameters. We use also the reflections (3.18), (3.19)
which give rise to the following transformations of operators (4.3a):

Zl — —Zl, Z2 = —ZQ (318/)

ZQ — —ZQ7 Z5 — —Z5, Z7 — —Z7. (319,)
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Table 1: Table of commutators

Z Ly Us Ly Ls Zg Lz
Zi 0 0 Z; 0 0 0 Z
Zy 0 0 Zy 0 0 Zy O
s —Z1 —Zy 0 0 0 0 0
Zy 0 0 0 0 —-Z O 0
Zs 0 0 0 Zs 0 Zs O
Ze 0 —Zy 0 0 —-Z5 0 —Z
Zy —Zy 0 0 O 0 Zz 0

V1. Construction of the optimal system of one-
dimensional subalgebras of L-

The construction of the optimal system of one-dimensional subalgebras of
L, can be carried out using a very simple natural approach. Namely, we
simplify any given vector (5.4) e = (e!,...,e") by means of transformation
(5.5) and reflections (3.18'), (3.19') and divide the obtained vectors into
nonequivalent classes; in any class we select a representative having as sim-
ple form as possible. After this brief and somewhat vague description, we
proceed to the calculations.

First, we remark that transformations (5.5) leave invariant the compo-
nents €2, e, and e® of the vector under consideration. Therefore, we have to
look over all for possibilities for €3, e*, and €% and in every case to simplify
other components by means of transformations (5.5). So, we will start by
the case

e® #£0,e* #£0,e% £0. (6.1)

In this case we get
el =0, =0 (6.2)

by putting in formulas (5.5)

ay = —e'/e’, ag=1, a;=—e"/a’. (6.3)

So, after the transformation (5.5) with the values (6.3) of the parameters
ai, ag, a7 (other parameters are arbitrary) any vector e is transformed to

(0, 62,63,64,65,66,0), (6.4)
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provided that conditions (6.1) are valid. We further simplify the vector
(6.4) by means of transformations (5.5) with a; = a7 = 0.

After this transformation the vector (6.4) goes to the vector € with
components

ed=e’ et=et = (6.5)
e* = azagle® + az(e® + €%)],
& = aglas(e* + €°) + ase].

Formulas (6.5) point out that we have to distinguish the following four
subcases:

B+eb£0, et +eb#£0,

eS+ef#£0, et+ef=0,

S+ef =0 et+e8£0,

e4+e8=0, et+ef=0,
If (6.6) is valid we put

ag = —e2/ (e + €Y), (6.10)
ag =1, as=—e"/(e* + €% (6.11)

to obtain
e=(0,0,¢*¢*0,¢e%0). (6.12)

Using the fact that any infinitesimal operator is defined up to a constant
factor we can write the vector (6.12) in the form

6=(0,0,0,30,1,0), a#0,—-1, B#0,—L (6.12a)
If (6.7) is valid we take aq from (6.10) to obtain
e=(0,0,¢e*, —€b agage®, e 0).0,—1, B#0,—1. (6.13)

Here, when e® # 0 we can get ajage® = €® using an arbitrary factor

asag and the reflection (3.19") , and obtain [see the passage from (6.12) to
(6.12a)]

6=(0,0,a,~1,1,1,0), a#0,-1.0,—1, B#0, 1. (6.13a)
When e = 0 we get from (6.13)

e=(0,0,a-1,01,0), a#0-1.0—1, B#0, —L. (6.13D)
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If (6.8) is valid we take (6.11) to obtain
e = (0, asage?, —€°,¢*,0,e%0).0, -1, B#0,—1. (6.14)

Following the same procedure as in the case (6.7) we obtain from (6.14)
two different vectors:

e=(0,1,-1,3,0,1,0),3 #0,—1 (6.14a)

and
e=(0,0,—-1,5,0,1,0),8 # 0, —1. (6.14b)

If (6.9) is valid we put ag = 1 and have
e = (0,as, ey, —€5, —¢® aya®, €%, 0). (6.15)

Here we use arbitrary positive factors as, a, and both reflections (3.18’),
(3.19’) and obtain from (6.15) the following four different vectors:

e=(0,1,—1,-1,1,1,0), (6.15a)
e=(0,0,—1,-1,1,1,0), (6.15b)
e=(0,1,—1,-1,0,1,0), (6.15¢)
e=(0,0,—1,-1,0,1,0). (6.15d)

We summarize: Any vector (5.4) that satisfies the conditions (6.1) is
equivalent to vectors (6.12a), (6.13a), (6.13b), (6.14a), (6.14b) and (6.15a)-
(6.15d). These vectors give rise [via formulas (5.3) and (5.4)] to the following
nonequivalent operators:

OéZ3+ﬂZ4+Z67 O‘#076§£07

aZs—Zy+ Zs+ Zs, a#0, (6.16)
Z2_ZB+ﬁZ4+Z67 /87é07
Ty — Ty — Zy+ Zs + Ze.

Here, we changed the restrictions on the parameters o and 3 in order
to compact the operators; for example, the vector (6.15¢) is included in
formula (6.14b) when we cancel the condition 5 # —1.

Now we pass from the case (6.1) to the second case

240, e #0, =0. (6.17)
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Analysis of this case gives the following nonequivalent operators
OéZg + Z4 + Z7, OéZg + Z4, (6% # 0 (618)
The other cases are

240, et=0, e#£0,

Z2 - Z3 + ZG; OéZg + Z6, (07 # O, (619)
e3=0, e'#£0, € #£0,
Zy+ Js — Zg, Zy— Zy+ Zs+ Zsg, (6.20)

BZy+ Zs, Zy+ [+ Zs, B F#0;

340, et=e=0,

Zs, L3+ Zs, Zs+ Zn, (6.21)
L3+ Zs + Zy, Zs+ Zs — Ly,

et #£0, el=el=0,

Zy, L1+ 2y, Zo+ Zy, Zy+ Zn, (6.22)
Zl+Z4+Z7, ZQ+Z4+Z7;

ed=et=0, 5#£0,

Zs, L1+ Zg; (6.23)

Zy, Lo, s, Ly, i+ s, Zi+ 2y, Zy+ Zs,
Lo+ Ly, Ls+ Ly, Ls— Ly, L1+ ds+ Zy, (6.24)
I\ +Zs — 2y, Lo+ Zs+ Zy, Lo+ Zs — Zy.

We summarize the results of Eqgs. (6.16), (6.18) - (6.24) to obtain the
following optimal system of one-dimensional subalgebras of L7 :

zZW =2z, 79 =2z, 2V =127, (6.25)
ZW =7, +aZy, Z© =Z;,

7O = Zs+aZs+ 32y, 270 =7,

AR =71+ Zy, A = Zy + Zs,

700 = 7, + Zs + pZy, 2"V = 7, + 7,

70 = Zy+ Zy, ZUY = Zy + Zs,

720 = Zy+ Z;, 200 = Zy + Zs,
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709 = Zy+ Z;, 29D = Z5 + 7,

7 = 7. — 7., 70 =7, 4+ Z, + Z;,

ZC0) = Zy + Zs + Z7, ZCV = Zy+ Zs — 7,

7O = Zy+ Zo+ Zy, 2P0 = Zo+ Zs+ 7,

7Y = Zy 4 Zs — Zz, ZP) =als+ Zy+ Zs

7% = 7o+ Zo+ Zp, 70D = Zy+ Zs — Zs,

7 =7, — Zy+ Zs+ Zs, Z = Zy — Zs+ BZ4 + Zs,
760 =0y — Zy+ Zs + Zg, 28V =7y — Zs— 24+ Zs + Zs.

Here, o and ( are arbitrary constants.

VI1I. Equations admitting an extension by one
of the principal Lie algebra

Now we apply Propositions 7.1 and 7.2 to the optimal system (6.25) and
obtain all nonequivalent equations (1.9) admitting £-extensions of the prin-
cipal Lie algebra L3 by one, i.e., equations of the form (1.9) such that they
admit, together with the three basic operators (2.8) of Ls, also a fourth
operator Xy. For every case, when this extension occurs, we indicate the
corresponding coefficients f and g and the additional operator Xjy.

We clarify the algorithm of passing from operators (6.25) to f, g, and X,
by the following examples. For the first example we take the last operator
from (6.25):

20V = Zy — Zy — Za+ Zs + Zs

0 0 0 0

= —x— —f=+=" 7.1
Tor T ow ar T ag (7.1)

Invariants are found from the equations

dx df

—— =dv, = ——=d
x Y f g
and can be taken in the form

L =v,+Inlz|, L=f/x, I3=g—uv,. (7.2)

From the invariance equations taken in the form

Iy =®(L), 1I3=T(hL) (7.3)
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it follows
f=20(N), g=uv.+T(), (7.4)
where A = I;. From the formulas (4.4a)-(4.4) applied to the operator
0 0 0
Xy=t=+2r—— (£ +22—2v)—- 7.5
1= gy T gy A 2= ) (7:5)
So, the equation
vy = 2P (v, + In|z|) Vg + T(ve + In|2]) + v, (7.6)
admits the four-dimensional algebra L, generated by the operators (2.8)
and (7.5).
For the second example we take the operator
0
70) — 7 — . 7.7
= 5 (77)
Invariants of this operator are
Il :$,[2:UI,[3:f. (78)

In this case there are no invariant equations of the form (4.5) because
the necessary condition for existence of invariant solutions (see [106], Sec.
19.3) is not satisfied, i.e., invariants (7.8) cannot be solved with respect to
f and g.

After similar calculations applied to all operators (6.25) we obtain the
following result (Table 2) of the preliminary group classification of equation
(1.9) admitting an extension L4 of the principal Lie algebra Ls.
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Table 2: The result of the classification (o = 1

arbitrary functions of \)

o’

SELECTED WORKS, VOL. I1

v = g, and ® and I" are

N Z Invariant A Equation Additional operator X4

1 zOM Vg vy = Pvgy + T o

2 yAS) T v = vy + T z%

3 zO Vg /T Vg = PUgy + T t%—i—mé—i—%}%

4 Zg;)éo vz /T vy = 27 { Py, +T'} (1-9) t% + x% + 2@%

5 ZSQO T v = V{ Py, + Ty} ﬁt% — 21}%

6 ZS;O vy Jxo Tt vy = 2V {Pvy, + 2T} @2-NtE +222 +2(0+2)2

7 A x v = Pvgy —x 1 Dv, + T xza%

8 zZ® Vg vy = € {Pvy, +T'} t% - 281

9 AS) Vg Vg = Pug + T+ 2% +t2§—v

10 z(0) e, vy = VI {®vy, + Ty} ﬁt% - 2% - Qv%

11z a2 -2, Ui = Pvgp + T — 2@ 22 +222

12 742 T vy = € {Dvy, + T} to — 2202

13 z(13) T Vg = Py + T + vy (t? + Qm)aﬁ

14 209 x vy = Py + T — (2 4+ 1)1 D0, (2 + 21‘){%

15 Z(15) Vg /X Vit = Pugy + T + In |z 2t% + 230% + (82 + 41))8i

16 zU6) v _n|g v = Puge + T — @ ln |z 2t%+2x%+(m2+4v)a—é;

17 z4m T vt = Pvgy + (1 — @)z lo, + T (t? + 222

18 z(8) T VpPVgy — (1 + @)z~ tv, + T (t? — xz)%

19 219 2 — 2u, vee = e {Pvy, — a® 4+ T'} tag — 28% — x28@

20 220 2 — 2u, Vi = Pvgp + (1 — @)z + T 25 + (2 + xQ)aﬁ;

21 2D 2242, Vi = Bvgy + (1 4+ B) + T 20 (12— 2?)d

22 7(22) x Vit = e%{@vm — %vm +T} t% x(x + 2)%

23 723 T Vi = PUgy — %vx +T (t2 + 22 + 21‘)%

24 724 T vy = Pugy + %vx +T (t? — 2% + Zx)a%

25 ij()) x vy = e {Pvy, — In|z|® + T} t% fo%

26 Zf;()) %2 —olnfz] vy = 27{Pvye —oIn|z|® + T} 2-o)ts +2:2
+(ox? +4v)%

27 Z39 L _Infz| vy =Pug +(1—@)Injz[+T 2t%+2x§+(t2+x2+4v)8%

28 Z®D L glnz] vy =Pug + 1+ @) x| +T 265 +222 + (#2 — 2 +4v) S

29 z(28) e, v =€ TPuy + T+ t% + 2% + (t2 + 21})%

30 Z® oy, +1n|x| vy = 2 P{ Py, + 27T} (B+2)te +202 +2(v—2)2

31 ZS:O()) T v = Pv; g, + T + In vy t% +(t2+2v)%

32 Z((f;gg x— (o), Uy = a%vm + T +oln|z| 2+ a)t% + 2:58%

+o(t? + 2v) + dv] &
33 zG1 vy + In |z] Uy = 2PUgy + T 4+ vy t%+2x% — (t2+2x—211)%
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A simple procedure is suggested to obtain extensions of the principal Lie
algebra of a given family of equations by using the equivalence algebra. An
application to a qualitative model of detonation is performed.

Introduction

It is well known that the problem of group classification of a given family
of equations (containing arbitrary parameters or functions) is more com-
plicated than the problem of calculation of a symmetry group for a given
equation.

Recently, a simple approach was suggested in [7] for a partial solution of
group classification based on an equivalence group, or its Lie algebra, called
equivalence algebra and denoted Lg¢. The approach was called a method of
preliminary group classification.

*Permanent address: Institute for Mathematical Modelling, USSR Academy of Sci-
ences, Miusskaya Sq. 4, Moscow 125047, Russia.
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The program of realizing this simplified approach to, the problem of the
group classification was undertaken in our paper [71] and applied to a wide
class of nonlinear wave equations that appear in many physical problems.

The method of preliminary group classification has been hinted by the
observation that in applications of group analysis most of the extensions of
principal Lie algebra Lp (algebra admitted for every equation of the family
of equations under consideration) are taken from equivalence algebra L.
These extensions are called £ extensions.

In this paper we use the equivalence algebra in order to simplify the
calculation of symmetry groups without solving the determining equation.
If we calculate the equivalence algebra, £ extensions for equations of a given
family are obtained by solving simple algebraic equations only.

An important feature of the approach is that the construction of an
equivalence algebra for a given family of I equations is reduced to calculation
of a symmetry algebra for a given system of partial differential equations
(PDE’s), where arbitrary functions do not appear (see [71]).

In Secs. 8 and 8 we discuss this approach in detail by focusing on the

first-order system
Iy (1.1)
u+—=0, v =g, .
T t =4
where p and ¢ are arbitrary functions of v and v, and
dp

% = Pyl + PyUye

In Sec. 8 we give a sketch of a qualitative model of detonation [36] and
in Sec. 8 we apply our method to this model.

The Appendix is written for those who want to follow the details of
calculations.

II. Equivalence algebra and notations

An equivalence transformation in our case is a non-degenerate change of
variables t, z, u, v, taking any system of the form (1.1) into a system of the
same form, generally speaking, with different functions p(u,v) and g(u,v).

We consider a continuous group of equivalence transformations and seek
for its generator

o .0 .0 ,0 .0 )
y — ¢l 2 7 1= 2_ 1= 2 2.1
ST T e T T g T g (2.1)

from the invariance conditions of Eqs (1.1) written as the following system:

U + Pylhy + PyUp = 07 Uy =g, Pt =DPzx= 07 gt = g = 0. (22)



8: SIMPLE METHOD FOR GROUP ANALYSIS (1992) 213

Here, the coordinates £ and 7 of the operator (2.1) are sought as func-
tions of ¢, z, v, u while the coordinates p are sought as functions of ¢, x, u, v, p, g.
The invariance conditions of the system (2.2) are

Y (us + putiy + pyvg) =0, Y(vp —g) =0, (2.3)

?pt = 07 ?px = 07 ?gt = OJ ?gx = 07 (24>

where Y is the prolongation of the operator (2.1).

In order to write the prolongation formulas, we introduce necessary no-
tations. First we emphasize that the symmetry transformations and their
generators, for differential equations (1.1), act on the space (x,u) of inde-
pendent variables,

r= (2" 2%), 2':=t 2*:=2, (2.5)
and dependent variables,
u=(u'u?), u'i=u, ui=w, (2.6)

In contrast to this equivalence transformations and their generator (2.1)
act on the space (y, f) of four independent variables,

y = (x,¥), (2.7)
and dependent variables,
f=(417, fl=1f =g (2.8)

These notations allow us to put Y in a compact form and to clearly
distinguish symmetry and equivalence generators. Namely, we write a sym-
metry operator as

.0 .0
X=¢—+4+n"— 2.9
e (2.9)
and its first prolongation as
X=X+ 0 (2.10)
1 = jau;"’ ‘
with ‘ A ‘
G = D;(n') — u.D;(€"), (2.107)
where 9 5
Dji= 2=+ (2.11)
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As for equivalence generator (2.1), we write it in the form

(9

Y = 2.12
where
= (&n). (2.13)
so that p
Y =X+p - 2.12/
g (2.12))
Now we can give a compact form for the prolongation of (2.12):
Y=Y+ wi 2 (2.14)
9 O |

The coordinates ¢} of operator (2.14) are given by formula (2.10") while

wh, = Do(p') — f5Da(V7), i=1,2, a=1,...,4, (2.15)
where 9 5
Dy = —+f 2.1
0= g +f0‘8fl (2.16)

It is worthwhile to note that the differential operators defined by (2.11)
and (2.16) are similar, but act on different spaces.
We also note that the prolongation formula (2.14) can be rewritten as

0
afz “edf

Y = X(l) + Wi (2.14/)
in accordance with (2.12").

Now, taking into account our notations, we substitute the prolonga-
tion formulas (2.14) in the invariance conditions given by Eqgs. (2.3) and
(2.4). The general solution of these equations, obtained in the Appendix
[cf. (A16)] gives rise to the equivalence operator for the system (1.1):

0 0 8
Y = (Ol + Cgt) (03 + 041‘)— + <C5 + Cﬁu)

+ [(Oz; + Cﬁ - Og)p + O7]g + [0' (U) — OQ]g_

+o(v)— o g

v
Here (Y, ..., C7 are arbitrary constants and o(v) is an arbitrary function.
So the equivalence algebra Lg¢ is infinite dimensional and can be written

as the direct sum
Le=1L7;® L,,
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where L7 is spanned by the seven operators

0 0 0 0
=5 =g Py, 95,
0 0 0 0
_ — _ = — 2.1
0 0 0
— - Vo — —

and L, is the infinite-dimensional subalgebra of operators

0 ) 0
Y, = U(’l})% +o (v)ga—g : (2.19)

III. Projections and principal lie algebra

We introduce the following projections of the equivalence operator (2.1):

0 0 0 0
Pl (Y) =X = fla + 520—1, + 771% + 772% :
9 P) 9 , (3.1)
Prup(Y) =2 = Ula—u + 772% + Mla—p + 9
The significance of these projections is defined by the following simple
(but important for applications) statements.

Proposition 8.1. An operator X belongs to the principal Lie algebra Lp
for the system (1.1) iff
X = pr(x,u) <Y> (32>

with an equivalence generator Y, such that
Py ) (Y) = 0. (3.3)
Proposition 8.2. Let Y be an equivalence generator. The operator
X =pruy(Y), (3.4)
is a symmetry operator for the system (1.1) with functions
p=pu,v), g=g(u,v), (3.5)

iff the equations (3.5) are invariant under the group generated by

Z = pryp(Y). (3.6)
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The proof of these statements is almost immediate. In fact, to prove
Proposition 8.1 we recall that the principal Lie algebra consists of all the op-
erators (2.9) admitted by system (1.1) for any p(u,v) and g(u, v). Therefore
the principal Lie algebra is the subalgebra of the equivalence algebra, such
that any operator Y of this subalgebra leaves invariant equations p = p(u, v)
and g = g(u,v). It follows that p, g, u, and v are invariant with respect to
Y. It means that n* = 0 and p* = 0, or

Pr' iy (Y) = 0.
Proposition 8.2 can be easily proved in a similar way.

Example 8.1. Let us find the principal Lie algebra via Proposition 8.1.
We have, for the general operator (2.17) of the equivalence algebra,

o o o ., o
pr(uyf) (Y) = (C5+06u)%+a(v)%+[(C’4+06—Cg)p+07]a—p+[0 (’U)—Cg]ga—g :

Therefore from Eq. (3.3) we get
C5-|—C6U:O, O'(?)) :0,

which give
Co=0, C,=0, C;=0, C4=0, C7;=0, o(v)=0
So 5 5
Y = Oﬁ + Cga— ,
and the principal Lie algebra Lp is two dimensional and spanned by
Xl—%, Xg—%- (3.7)

Example 8.2. Let us take the two-dimensional Abelian algebra Ly spanned
by the following operators (3.6):

Z3:(1+v2)2+2vgg,
Z—ug+(k+1)g— 9. .
Y p@p gag

The operator Z3 corresponds to the equivalence operator (2.17) with Cy =
... = C7; =0 and o(v) = 1+ v?, while the operator Z, is obtained by letting
02 = 1,04 = k+ 1,06 = 1,05 = 07 :O, and O'(U) = 0.
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So, here we look for Egs. (1.1) admitting an extension of the principal
algebra Lp by two-dimensional algebra with the basis

0 0 0 0
Xs=(1+v")=—, Xy=t—+(k+1)r—+u- 3.9
= U0, Ma=tg vkt Degs tug, (3.9)
According to Proposition 8.2, we have to find invariant equations (3.5)
for algebra Lo with the basis (3.8). For this algebra we have the following

two functionally independent invariants:

pu 7 1 —"_ UQ Y

and invariant equations can be written by putting A and B to be arbitrary

constants:

1 2
p=Aut, ¢g=B v , A, B = const. (3.10)
u

So the specialization

1+ 02

ug + Ak + DuFu, =0, v, =B
u

(3.11)

of the system (1.1) admits the algebra L, spanned by the operators (3.7)
and (3.9).

Now we inspect if this algebra L, is the greatest £- extension of the prin-
cipal algebra Lp. For this we write the invariance conditions of Eqs. (3.10)
with respect to the general operator Z defined in (3.1). These conditions
are written as

(Cy + Cs — Co)u"™ + Cr = (K + 1)Csu” + (k 4 1)Cuf T,
(o) — Co)(1 +v*) = —Cs(1 +v?) + 2v0
and give, in the case of arbitrary k,
C;=0C7;=0, Cy=Cy+kCs,
o =[L+ (Cy — Cg) arctanv](1 +v?), L = const.
So the system (3.11) admits the following operator:

0 0 0
X = — - _
(C1 + Cat) T + [C5 + (Cy + kCs)x] e + Cﬁuau
0
+[L + (Cy — Cg) arctan v](1 + 02)% :
Therefore the largest £ extension of Lp is given by the operators (3.9) and
0 0 0
X5 =kr— +u-— — (1+v?)arctanv—— -

ox ou ov
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IV. Sketch of a qualitative model in detona-
tion

As is well known when we consider the model of a binary reacting mixture of
inviscid compressible gases by assuming that flow is adiabatic and neglecting
diffusive effects, the governing system consists of the following equations:
1dp J :
dp . P 5

p da =0 6‘;,@:07 =T, (4.1)

p+pu, =0, U+
where the independent variables ¢ and x represent the time and space, and
p,u, e, and X\ represent, respectively, density, particle velocity, internal en-
ergy, and reaction progress variable (0 < A < 1) given by the mass fraction
of the product.
The pressure p and reaction rate 7 are given as constitutive functions,
describing the mixture

p=p(p,e,N), 7=r(peN). (4.2)

The qualitative model, to which we apply the simplified approach ex-
posed in previous sections, is defined by the system of equations

dp .
pe + ﬁ =0, M=7 (4.3)
with
p=10(p, ), 7=7(p,N). (4.3)

This system is a simplified mockup of the physical system (4.1) and can be
regarded as a prototype of Euler’s equations describing reactive compressible
adiabatic flows.

This model was introduced by Fickett in [35] and widely discussed in
[36] ( also see [48], [37], [109]). The number of original field variables is
reduced to p and A, while the first three original equations of the ”real”
model are replaced by the first equation in (4.3).

The equation of progress of reaction is retained, but in a simplified form.
Also, the equation of state and rate equation are retained, but they depend
only on two arguments instead of three. Some variations are introduced in
these equations in order to adapt them to some classes of phenomena. Here
we consider an irreversible and exothermic reaction. In this case it is usual
to assume the following form of the state equation for pressure:

. 1
p(p7 )‘) = §(p2 + q)‘)7 q = const., (44)
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where ¢ > 0 is the heat of reaction.
Hall and Ludford [48] generalized this form of p by assuming

b= 31" +af (V)]

and specialized the function f in the form
f(A) = A" (nis a positive integer).

In agreement with this, here we also consider the following form of p :
1
b= 5o +a(2r— )] (45)

A rate equation, the most general form of which was considered in [36],
is given by
P =EkR(p)G(N),

where k is a rate multiplier and G()) is the depletion factor. Following [36]
we put G(A\) = (1 — )™, where m is a real positive number. So we write

r=k(1—=XN"R(p). (4.6)
When we take R(p) = 1 the rate function assumes the following form:
= k(1= \)™.

In this case the second equation in (4.3) is decoupled and the reaction
proceeds independently of p.

V. Application of the method to system (4.3)

We first rewrite the projection Z [cf. (3.1)] of the equivalence operator
(2.17) in physical notations:

0 0 0
Z = (Cs+ Cep)=— A)=— Cy+ Cs — Co)p + Crl =
(Cs + 6/))8p+<7( )8>\+[( ;+ 6 — C2)p+ 7](9}5
I)\ _ - .
+Ho'(N) = Calf 5
Here we consider the following two cases for the form of constitutive

equations (4.3').
Case 1:

(5.1)
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The invariance condition for Eq. (5.2) is written

1
Z[A—— 2 4 g\
p 2(0 +q)(52)

= [(Cy+ Cs — Co)p + C7] — Csp — Cop* — QU]
2 1o

1
— 5(Ci— G — Ca)p* + 3(04 4O — C)A+Cr— Csp— ga —0.
It follows that

2
C4 = CQ + C@, 05 = O, o = 206)\ -+ —07. (54)
q

The invariance condition for (5.3), by using (5.4), is written as

z[7 = k(1 = )" R(p)] g = (206 = C2)(1 = N R(p)
Fom(1 — Ay (CGA + %)R(,)) CCs(1 = N"pR(p) = 0. (5.5)

It follows that a nontrivial extension of the principal algebra Lp exists only
if

pR'(p) =1, = const. (5.7)
We substitute the solution
R(p) = hp!, h = const., (5.8)

of Eq. (5.7) into Eq. (5.5) to obtain

We use Proposition 8.2 and summarize the equations (5.4), (5.6), (5.8) and
(5.9) as follows.

The system (4.3) with the constitutive equations (5.2) and (5.3) admits
an &£- extension of the principal algebra Lp [cf. (3.7)] iff

1
p=5("+qN), F=EK1-N"p (K =kh).
The corresponding system (4.3),

pe+ ppa + g)\x =0, M\=K(1-\N" (5.10)
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has the symmetry algebra spanned by

0 0
X i=—. X,=— 5.11
Yo TP o (5:11)
0 0 0 0
X3=2-2m—-)t— —2m — l)z— — +2A—1)=—-
Some results of [109] are also related to this case.
Case 2: Here we take
.1
b= 3lo* +a(22 = X)), (5.12)

and 7 of the same form (5.3) as in the previous case.
The invariance condition of Eq. (5.12) is written

1
Zp—=(p? 2\ — \? =
[p 2 ('0 +al ))} (5.12) 0
and implies
1
05 :07 04 :OQ+06, o = m[06(2)\—A2)+O7]
The invariance condition of (5.3) yields
C’7—Cﬁ, 0206()\—1),
R(p) = hp', Cy=(1—m—1)Cs.

Now we summarize.

The system (4.3) with constitutive equations of the form (5.12) and (5.3)
admits an £- extension of the principal algebra Lp if the function R(p) is
of the form (5.8). The corresponding system (4.3),

pe+ppe a1 =M)A. =0, X\ =K(1-X\)"p, (5.13)
has a symmetry algebra Lz spanned by (3.7) and

0 0 0 0
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Appendix: Calculation of L¢

Here, a detailed solution of the determining equations for the equivalence
algebra Lg of Egs. (1.1) is offered.
After (2.14), Egs. (2.3) and (2.4) are written as

1
¢ +puC21 —l—pUCQQ + wgux + wyv, = 0, Cf —u?=0; (A1)

wi =0, wy=0, wi=0 ws=0. (A2)

We solve these determining equations, taking into account Eqgs. (2.2).
According to the prolongation formula (2.10”), we have

C11 = Dt(nl) - UtDt(fl) - Uth(52) (A3)

=0+ w A+ wny — w(§ + wé, +0igy) — ua(§ + Wl + vigl),
G = De(n') — weDy(€') — us Do (€7)
= g+ Uy + Vatly — (€5 Uy 0:€y) — U (EUrEL + 065 + 1.ED),
(¢ = Di(n) = v:Dy(€") — v, D(€?)
=07 + wery + s — v(& +wl, +0iEy) — (& + wl + ks,
G = Do(1®) = v:Do(€') — 0D, (€7)
= Mg+ UaTly + Vally — V(&g + Uaby + 02€y) — Va7 + Wy + vay).

In view of equations p; = p, = g = g, = 0 from (2.2), the differentia-
tions (2.16) are reduced to

~ 0 ~ 0 9, 0
Di=—, Du=— +Dur=+ Guri">
T 8u+p 6p+g g
~ 0 ~ 0 0 0
D=2 D=L ypZ gl
x ax7 v av+pvap+gvag7

and the prolongation formulas (2.15) become

W% = Et(ﬂl> - ptﬁt(fl) - met@Q) - puf?t(nl) - pvﬁt(UQ)

= [ — pullf — Pol?, (A4)
w% = E (/’Jl) ptﬁx(fl) - prx(gz) _puf)x(nl) - pvﬁx(HQ)
= [ty = Pully — Do, (A5)

w? = Dy(1i%) — 9:Di(€Y) — 9.Di(€?) — 9. D:i(n") — 9, D:(1)

= 12 — gunt — gun?, (AG)
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wg = ﬁm(ﬂ2) - gtﬁm(él) - gzDr(éﬁ) - guﬁm(nl) - gvﬁm<n2)

= 117 — Gully — Yoo, (A7)
wh = Dy(1') = peDu(€") = peDu(€?) — puDu(n') — puDu(n?)

= L Dully T Gubly — Dully — Dol (A8)
wi = Dy(uh) — piDo(€Y) — paDu(€?) — puDu(n*) — puDu(n?)

=l Dobly + Gubly — Dully — Dully- (A9)

First we solve Eqs. (A2), which, after (A4)-(AT7), are written as
Hi = Dtk = potl; =0, fig — Putly — Dol = 0,

i = guld = 9o =0, g — gully — g1l = 0.
Since here u,n' are independent on py, Py, Gu, gu, it follows that

pp =y =0, my=n,=0, =12 (A10)
After (A10) and (2.2), the second equation in (Al) is written as

12 (u,v,p, g) = ¢}
= (Putty + Pova) (960 + V&0 — M) + (Mo + & —v2E0)9 — &0 57 — & Vs

and implies immediately that

ggzlL +U$£’3 - T]12L =0

or
£.=0, & =0, n;=0, (A11)
and also
&=0, &£=0. (A12)
Thus p? is equal to
wr=(m—&)g— &9 (A13)

and, according to (A10) and (A11), depends on v and g only. Differentiation
of (A13) with respect to ¢t and x gives rise to

ftt ftw = ftv = 535@ = 0. (Al4)
It follows from Eqs. (A10)-(A14) that
¢ =Ct+a(r)+Bv), & =),
n=n(u, )77=d) (A15)
ph=pl(uvp.g), p*=lo'(v) = Clg—F'v)g”
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Consider now the remaining determining equation, namely the first
equation in (Al).
After (2.2) and (A15), the formulas (A3), (A8), and (A9) give rise to

(i = (Putte + pov2)[C = ny, + ' (0)g] + gy,

3 = uaty + Vol + (Putts + povs) [ (2) + B/ (V)vs] — 7/ (%),
G =0 (Ve — [a'(x) + B (V)va]lg — 7' (2)vs,

W = 1 + Pubty + Gully — Pully,

Wi = iy + Polty + Gulty — Pully — Pu0 (V).

We substitute these expressions into the first equation (Al), and af-
ter easy calculations find the following general solution of the determining
equations:

' =Cy 4+ Ost, € =C5+4 Cyr,

0t = Cs+ Cou, 12 =o(v), (A16)
it = (Cy+ Cs — Co)p + Ci,

p? = lo'(v) — Colg.
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Group analysis - a microscope
of mathematical modelling.

I: Galilean relativity in
diffusion models

N. H. IBRAGIMOV

Original unabridged manuscript partially published in [59], [63] and [64].

Principles of invariance and symmetry play a significant part in philos-
ophy, mathematics, physics, engineering and life sciences.

In particular, Felix Klein [77] noted that the special theory of relativity
is, in fact, a theory of invariants of the Lorentz group.

The aim of this series of papers is to extend Klein’s idea and to clarify
a significance of Lie group analysis in mathematical modelling in general.
In these papers, however, no adherence to general theory is attempted, the
emphasis is rather on physically relevant examples. The series comprises
three parts, namely,

Part I The Galilean relativity in diffusion models,
Part II: Dynamics in the de Sitter space,
Part III: Comments on explanation of Mercury’s anomaly

Physical effects hinted by Lie group analysis and discussed in this series
are relatively small and difficult to observe. But small effects are some-
times of fundamental significance for the theory, specifically if we deal with
description of real world phenomena.
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8§ 1 Introduction

The invariance of the heat equation with respect to the Galilean transfor-
mation was discovered by S. Lie [85] in the case of one spatial variable and
by J.A. Goff [44] in the case of three spatial variables. However, a physical
significance of the Galilean invariance has not been elucidated until recently.

I enunciated in [59] the principle of Galilean relativity in diffusion prob-
lems. In what follows, I provide a systematic development of this approach
by considering the linear thermal diffusion. The Galilean relativity expresses
the independence of the fundamental physical law of heat balance upon a
choice of inertial frames. It is shown that the derivation of the heat con-
duction equation can be based totally on the Galilean relativity principle,
without using Fourier’s law.

A physical consequence of the validity of this principle is that the phe-
nomenological temperature, defined by Fourier’s law, depends upon a choice
of an inertial frame.

Finally, it is shown that the thermal diffusion with an arbitrary initial
distribution of temperature is determined uniquely by the Galilean relativity
principle, without using the differential equation of heat conduction.

The concluding section is devoted to nonlinear diffusion type equations.

1.1 Some comments on special relativity

Let us discuss the idea of Lorentz invariance in physics by considering the
following well-known examples.

Consider, in the space (z,y, z,t), the Lorentz transformation describing
the motion of a reference frame with a constant velocity V' along the z axis:

, x4+ Vit ) v t+x(V/c?)

J— /: —
x_m7 y ?/7 < <, \/m )

where 3% = V?2/c? and ¢ & 3 x 10'%m/sec. is the light velocity in vacuum.

Egs. (1.1) determine, e.g. the transformation of velocities. Consider the
particular case of motion parallel to the x axis. If an observer at rest in the
original reference frame (x,y, z,t) detects the velocity u, then an observer
at rest in the inertial frame (z/,y/, 2/, t') moving with velocity V' along the
x axis will detect the velocity

,  utV
1+ u(V/e2)”

Likewise, one finds the transformation law of the volume €2 of a body:

O =0/1- 3 (1.3)

(1.1)

u

(1.2)



9: GALILEAN RELATIVITY IN DIFFUSION MODELS (1990) 227

It follows that the particle density p undergoes the transformation

/ P
p N (1.4)
The transformation law (1.4) is an immediate consequence of (1.3) and the
“physically natural” assumption that the number pdf2 of particles in a given
volume df2 is Lorentz-invariant.

From point of view of an observer in the moving reference frame, u, €2, p
and u/, 2, p’ can be considered as proper and effective velocity, volume and
density, respectively.

If the velocity V is significantly smaller than the velocity of light, then
the Lorentz transformation (1.1) is written approximately as the Galilean
transformation

¥=x+Vt, Y=y, =2z =t (1.5)
whereas Egs. (1.2) and (1.3)-(1.4) lead to the Galilean addition of velocities
W=u+V (1.6)

and the laws of Galilean invariance of volume and density
Q=Q, p=p (1.7)

respectively.

We observe the Galilean addition of velocities (1.6) in everyday life while
travelling, e.g. by train. When the train sets out from a station, it is difficult
to perceive which of two trains, ours or a nearby train, is moving. This is
the commonly known Galilean relativity.

Unlike the transformation of the velocity, the law of Lorentz diminution
(1.4) of the density p is mainly of a theoretical value. Indeed, it is difficult
to imagine how one might practically detect the effective density p'.

1.2 Galilean group in classical mechanics

The Galilean transformations provide a group theoretic background of clas-
sical and continuum mechanics based on Newton’s laws of motion. In nu-
merous models of fluid mechanics, one deals with finite or infinite dimen-
sional extensions of the Galilean group represented in the space of physical
variables (density, pressure, velocity vector etc.). Consequently, fluid me-
chanics is, from group theoretic point of view, a classification theory of
extensions of the Galilean group, their representations and invariants.
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If a mechanical system is composed of particles obeying Newton’s laws
of motion, then the system will be described by a set of ordinary differential
equations of second order in which time is the independent variable. These
equations are invariant under the Galilean transformation. In particular,
this applies to systems consisting of arbitrarily large number of particles,
e.g., fluids. In fluid mechanics, the molecular character of the fluid is of no
direct interest and one can approximate a system by a continuum. Then
one is primarily interested in distribution of field quantities such as density,
pressure and velocity of fluid elements. It is remarkable that the hydrody-
namical approximation also obeys the principle of Galilean relativity. That
is, the differential equations are invariant under the Galilean transformation
(1.5) provided that the field quantities undergo a suitable transformation.

Consider, e.g. the one-dimensional gasdynamic equations

pe +upz + puy =0,
p(uy + uug) + pr =0, (1.8)
Pt +upe + A(p, p)us, = 0,

where p, p and u are the density, pressure and velocity, respectively, A(p, p) is
an arbitrary function. The equations (1.8) are invariant under the Galilean
transformations (1.5)-(1.6) and the identity transformation p’ = p, p' = p
for the density and pressure.

1.3 Does temperature depend upon motion?

The usual approach to modelling of diffusion processes does not bear the
Galilean invariance of resulting differential equations. This invariance has
been revealed for the first time in 1881 by S. Lie in his paper [85] on the
group classification of linear second-order partial differential equations.
Consider the one-dimensional
heat conduction equation:

Uy = Ugpy (1.9)

The symmetry group of the
heat equation (1.9) contains,
in particular, the Galilean
transformation (cf. (1.5))

Does temperalure
depend upon motion?

t=t, T=ux+2at (1.10)

describing the motion of the
reference frame by the velocity V' = 2a. Eq. (1.9) is invariant under the
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transformation (1.10) provided that the temperature u undergoes the trans-
formation

i = ue” (@), (1.11)

Thus, Lie’s result provides us with the positive answer to the question
whether the temperature in diffusion problems depends upon a motion of
inertial frames. To the best of my knowledge, a physical significance of
this result was not elucidated until recently. It seemed that the thermal
diffusion, unlike the classical and continuum mechanics, did not bear the
Galilean relativity as an essential principle.

On the other hand, it has been shown in [59] that the Galilean invariance
determines uniquely the fundamental solution and hence allows one to solve
the problem of heat diffusion with an arbitrary initial temperature without
using the differential equation of heat conduction. This is due to the fact
that the heat equation itself is uniquely determined by the requirement of
the Galilean invariance.

The present paper contains a discussion of both mathematical and phys-
ical aspects of the Galilean principle in thermal diffusion problems.

§ 2 Physical Postulates

The behavior of physical systems in diffusion processes is described by ne-
glecting the molecular character of the system. The elements of this ideal-
ized system are assumed to be unaffected by molecular fluctuations regard-
less of how small a volume is being considered.

Let us discuss a steady heat diffusion process in a homogeneous medium
of an arbitrary dimension n. We assume that the density p of the medium,
its specific heat ¢ and thermal conductivity k are positive constants. Let us
isolate, in the medium, an arbitrary domain €2 and denote by 02 and v the
boundary of {2 and the unit outer normal to the boundary, respectively. De-
note by u the absolute temperature, so that u = u(¢, x) is the temperature
field defined for any time t and o € (2.

After J.B.J. Fourier’s 1811 paper on the theory of heat conduction and
his famous 1822 book Théorie analitique de la chaleur, the mathematical
model of thermal diffusion is usually based on the following physical laws
of heat balance in arbitrary domains 2.

First Postulate. The quantity of heat ) in the domain € is propor-
tional to the mass of the domain and to its temperature:

Q(t):/gpcu(t,a:)dﬁ. (2.1)
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Second Postulate. Heat diffuses from a higher to a lower temperature,
and the heat flow is proportional to the gradient of temperature.

Third Postulate. For any domain 2, the rate of change of heat content
dQ/dt in Q is equal to the difference between influx and efflux of heat
through the surface 0€2. According to (2.1) and the Second Postulate, this
postulate is written:

pc%dﬂ = EVu - vdS. (2.2)
o Ot 9

The above three postulates do not include the invariance under Galilean
transformations. In other words, they do not specify whether the physical
laws of heat balance depend upon a choice of inertial frames. Therefore, I
complete the Fourier laws by the following fourth postulate expressing the
Galilean principle in diffusion problems.

Fourth Postulate. The heat balance equation is Galilean invariant.
Namely, the Galilean transformations (1.10), accompanied by a suitable
linear transformation of the temperature u, leave the balance equation (2.2)
unaltered.

The following statement shows that the fourth postulate determines how
the temperature 1" behaves in different inertial frames.

Theorem 9.1. In order that the invariance Fourth Postulate hold it is
necessary and sufficient that the Galilean transformation

T=x+tV (2.3)

be accompanied by the following transformation of temperature:

0 — ue—a(2az~V+t\V|2)' (2.4>
Here V = (V! ... V") is any constant vector, and the positive constant
k
o=—
4dep

is known as the thermal diffusivity of the medium.

Proof. Let the balance equation (2.2) be invariant under the transforma-
tion (2.3) and
u=f(t,z,V)u (2.5)

with an unknown coefficient f(t,x, V) to be found from the invariance
condition of Eq. (2.2). For twice continuously differentiable functions u(t, x)
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the surface integral in the right hand side of Eq. (2.2) can be rewritten by
the divergence theorem in the form

/ kEVu - vdS = / kdiv(Vu)dSQ.
o9

Q

Hence, Eq. (2.2) is equivalent to the differential equation of heat conduction
w = daAu (2.6)

since the domain ) is arbitrary. The usual infinitesimal invariance test of
Eq. (2.6) under the n-parameter group of transformations (2.3), (2.5) with
the group parameters V1, ... V" yields

f _ e—a(2m~V+t\V|2)

Hence, the transformation law (2.4) is a necessary condition for the validity
of the fourth postulate.

One can verify by straightforward computation that the transformations
(2.3)—(2.4) leave invariant the integral equation (2.2) for any continuously
differentiable w(t,x) and any domain 2. Hence the transformation law
(2.4) is sufficient for the validity of the fourth postulate. This completes
the proof. See also § 3.

Thus, according to the Galilean principle, if an observer at rest detects
the temperature field

u=u(t,x),

an observer moving with the constant velocity V' will detect field in his local
coordinate system {Z} the following effective temperature:

u = e UVIE=22 V)t F — V).

§ 3 Derivation of diffusion equations from
Galilean principle

3.1 Semi-scalar representation of the Galilean group

The Galilean group comprises the time translations, the isometric mo-
tions, i.e. the translations and rotations, in the space IR" of variables

x = (z',...,2"), and the n-dimensional generalization of the Galilean trans-
formation (1.10). The respective generators of this transformations are:
0 0 0 )
Xo==, Xi=—, X, J —'—, 4,7=1..,n, (3.1

: =) — :
oxt’ " ozt oI’

ot’
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and 5
0
Y= 2t83ﬂ ’
It was shown by Lie [85] and, in a more general context, by Ovsyan-
nikov [103], [106] that a point symmetry group for linear partial differential
equations with one dependent variable v and any number of independent
variables z = {2’} has a special form. Namely, the transformations of the
independent variables do not depend upon u while the dependent variable
u remains unaltered or undergoes a linear transformation, i.e.

i=1,...n. (3.2)

2= fz,a), v =g(z,a)u+h(za). (3.3)

We will deal with homogeneous linear equations. In this case we can let
h(z,a) = 0, and hence consider infinitesimal symmetries of the form

9
X =€) pz s (3.4
where o 5
e =22t =R

Furthermore, any linear homogeneous equation admits the dilation of the
dependent variable, i.e. has the infinitesimal symmetry

0
Ty =u—- 3.5
1= (3.5)
Therefore, we will add T to the operators (3.1), (3.2) and call the cor-
responding extended transformation group again the Galilean group and

denote it by G.

Definition 9.1. Let the group of transformations (3.3) do not change the
dependent variable u, i.e. v’ = u. Then w is said to be invariant or scalar.
Thus, transformation groups with a scalar u are given by generators (3.4)
with p(z) = 0.

The geometric uniformity of a medium means its invariance under iso-
metric motions in IR". Therefore, it is natural to assume that steady diffu-
ston processes in homogeneous media are governed by functions u that are
invariant under the time translations as well as translations and rotations
in IR". The situation is described by the following definition.

Definition 9.2. A linear representation of the Galilean group G is an ex-
tension of the action of G by linear transformations of the variable u. A
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linear representation is said to be semi-scalar if u is invariant under the

time translations and isometric motions in IR". That is, a semi-scalar rep-

resentation is determined by a Lie algebra spanned by the operators (3.1)

and by the operators of the form:

0 0 , 0

Th=u—, Y=t—+p'(t,2)u—, i,7=1,..,n. 3.6

1= ug oy TG @ uS 0 (3.6)

In the particular case p'(t,&) =0, i = 1,...,n, the generators (3.1), (3.6)

define what is called the scalar representation of the Galilean group. The
scalar representation is naturally identified with G.

Theorem 9.2. There exist precisely two different semi-scalar linear repre-
sentations of the Galilean group. One of them is the scalar representation
G and the other is a proper semi-scalar representation with the generators

0 0 -0 o,
= — L= — L.o= J — 1
Xo=gp Xi=gm M=V V55
0 0 -0
T = u— Y, = 2t— — 2'u— ., =1,...,n. .
1 uaua 7 @x’ mu@u’ 1,] ) , (37)

Proof. According to Definition 9.2, the operators (3.1), (3.6) generate a
semi-scalar representation of the group G if and only if the linear span L of
the operators (3.1) and (3.6) is a Lie algebra. This condition is satisfied if

X, YileLlL, a=0,1,....n; i=1,...,n, (3.8)
and
[Xijyyk] el, i,5,k=1,...,n. (39)
We have
o oyt 0 out 0 .
X0,V = = v = L k=1, 0 (310
KoYl =gn+artge PYl=gmug 7 n. (3.10)

It follows from (3.10) and (3.8):
[X07 Y;J = Xl + OSTD [Xk7 Y;,] - CliTla

or 9 9
' o' :
i ZE
ot O Ok k
where C? are arbitrary constants for« = 0,1,...,nand i =1,...,n. Hence,
up to the addition of T} to Y;, we have
0 , , 0
Y; =t— + (Cit + Cia®yu—=—, 4,5=1,....n. (3.11)

oxt ou
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Substitution of the operator (3.11) into the conditions (3.9) yields
Ci=0, C|=0C6,

where C' is an arbitrary constant and 6} is the Kronecker symbol. If C' =0
one arrives at the scalar representation G. In the case C' # 0 one can set
C = —% by choosing a suitable scaling of ¢ or . This proves the theorem.

Definition 9.3. The group with the generators (3.7) is called the heat rep-
resentation of the Galilean group and is denoted by H.

Thus, according to Theorem 9.2, there are exactly two distinctly different
semi-scalar linear representations of the Galilean group, namely, the scalar
representation G and the heat representation H.

3.2 [Extension by scaling transformations

In mechanics, scaling transformations (dilations) play an essential role. The
generator of an arbitrary dilation can be taken in the form

0 0 0
T=at— +blal— + ...+ 02" — 3.12
a8t+ x8x1+ + i (3.12)
with arbitrary constant coefficients a and b°. The dilation of u can be elim-
inated by virtue of the operator T; given in (3.5). The extension of the
heat representation H of the Galilean group by scaling transformations is
described by the following theorem.

Theorem 9.3. The Lie algebra spanned by the operators (3.7) admits an
extension by a generator of dilations (3.12). The extension is unique and is
obtained by adding to (3.7) the operator

o 0

(3.13)

Proof. Let L be the linear span of the operators (3.7) and an operator (3.12)
with undetermined coefficients a, b*. The Lie algebra condition requires that

T, X,;] €L, [T.Y]e€L. (3.14)

We have (no summation with respect to the repeated indices i, j):

Y R o
[T,Xij]:(lﬂ—b)(aﬂaxi+x %), i,j=1,...,n.
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Therefore the first equation (3.14) yields

b= =b"=b.
Hence,

0 ; 0
T—at§~l—bx R

Now we have

9 .0

and the second equation (3.14) yields
a = 2b.
Thus, we have arrived at the operator (3.13).

Definition 9.4. The group with the generators (3.7) and (3.13) is termed
the extended heat representation of the Galilean group. This extension of
the group H by scaling transformations is denoted by S.

3.3 Diffusion equations

Diffusion processes are described, in the linear approximation, by second-
order partial differential equations. Bearing this in mind, let us find all
linear second-order equations

a®?(t, &) uap + b*(t, T)ug + c(t, T)u = 0 (3.15)

satisfying the Galilean invariance principle. Here o, = 0,...,n, and
2% = t. The subscripts «, 3 denote the derivations with respect 2%, 2.

Theorem 9.4. Equation (3.15) is invariant under the scalar representation
of the Galilean group G if and only if it is the Helmholtz equation

Au+ fu =0, [ = const. (3.16)

Proof. We have to investigate the invariance of Eq. (3.15) under the
generators (3.1), (3.2) and (3.3). The invariance under the translation gen-
erators X, (o =0,...,n) shows that Eq. (3.15) has the constant coefficients
a®? b, c. This equation is invariant under (3.3) as well because it is homo-
geneous. Thus, we have to determine the constant coefficients of Eq. (3.15)
from the invariance test under X;; and Y;°.
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Consider the operator X;;. Its prolongation to the first and second
derivatives has the form
.0 .0 0

0 ) . ) .
Xij =z’ — ' +U;=— — ([ a + (5;€ua]‘ + 52’&]@]‘ — (%um- — %UM)

Ozt Oxi 7 Qu, Ou;

OUn
where 2,7,k =1,...,n and a = 0, ..., n. Hence:

Xij(ao‘ﬁuaﬁ + b%uy + cu) = ao‘iuaj + aikukj — a®uy; — a*uy; + biuj —Vu,;.
Using this expression and the well-known invariance condition one obtains
=0, av=as”, V=0, i,j=1,...,n,

and hence arrives at the following equation:
Auy + alu+ bus +cu =0, A, a,b, c = const. (3.17)

Now we test Eq. (3.17) for the invariance under (3.2). The second
prolongation of the operator (3.2) has the form

0 0 0 9,
Y = - — Ui — — Uy — Uiy
! tax’ Y 3ut e 8utt i

Therefore, the invariance conditions
Y (Augy + alu+bug +cu) =0, i=1,..,n,

are written
—2Auy; —bu; =0, i=1,...,n,
and yield A = 0,b = 0. Setting § = ¢/a, we obtain Eq. (3.16).

Theorem 9.5. Equation (3.15) is invariant under the heat representation
H of the Galilean group if and only if it has the form

wy = Au + fu, (3.18)
where A is the n-dimensional Laplacian in IR" and § = const.

Proof. We have to investigate the invariance of Eq. (3.15) under the
generators (3.7) of the group H. As shown in the proof of the previous
theorem, the invariance under the translation generators X, (o =0,...,n)
and the rotation generators X;; reduces Eq. (3.15) to the form (3.17). Thus,
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it remains to satisfy the invariance conditions of Eq. (3.17) under Y; from
(3.7). The second prolongation of the operator Y; has the form

— (@' g + 4un‘)% — (Ojue + 2'ugy + 2%’3‘)% — (Opu; + Ojup, — Uak)m

The invariance conditions
Yi(Auy + aAu+ buy +cu) =0, i=1,..,n,

yield

A=0, a+b=0.
By setting 5 = c/a, one arrives at Equation (3.18), thus completing the
proof of the theorem.

3.4 Heat equation

Theorem 9.6. The extended heat representation S of the Galilean group
is a symmetry group for the heat equation

u = Au. (3.19)

Furthermore, Eq. (3.19) is the only linear second-order equation (3.15) ad-
mitting the group S.

Proof. In virtue of Theorem 9.5, it suffices to identify those diffusion equa-
tions (3.18) invariant under the scaling transformations with the generator
(3.13). After simple calculations one obtains from this invariance condition
that 8 = 0, and hence arrives at Eq. (3.19).

Remark 9.1. The maximal Lie algebra admitted by the n-dimensional
heat equation (3.19) is spanned by (found for n = 3 in [44])

0 0 .0 .0 0 G
Xo=—, X;=—, Xjj=0v——2'—, Y, =2t— — 2'u—,
0= Bt O Tor T 9 ozt " You

0 0 -0 0 ) 1 0
T\=u—, Tho=2—+a'—, Z=t—+4ta*— — - (2nt Hu—
e PR L TR ot T g — @t =gy
and by the infinite-dimensional ideal consisting of the operators
0
XT = t; a
7( az)au

where 7(¢, ) is an arbitrary solution of Equation (3.19).
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3.5 Addition to the 2006 edition

The results of § 3 have been extended to the Lorentz group in [68]. It is
proved there that there exist two non-similar semi-scalar linear representa-
tions of the Lorentz group. One of them is the scalar representation with
the usual generators augmented by the generator T} of the scaling transfor-
mation, namely:

0 0 -0 0
Xo=— Xi=—, Xy=0'——2'"—,
07 ot Ox? R T

0 0 xt 0
T =u }/z:t ; "9 a0 .a.:172737
LT Y 6x1+028t b

where c is the light velocity. The other representation is the proper semi-
scalar representation defined by the generators

0 0 .0 -0 0
X - Xi:_»a Xl: J T 7'—., T: -
07 ot ox! 1T g Y o 1= %%y
K:taii—l—%% —amiu{%, a=const. #0, 1,5=1,2,3.

The most general linear second-order equation admitting the proper semi-
scalar representation of the Lorentz group has the form

1
—uy = Au — auy + fu, «, = const.
c

It is manifest that by letting here ¢ — oo we arrive at Equation (3.18).

§ 4 Solution of the Cauchy problem using
Galilean principle

The Galilean principle, specifically the invariance under the extended rep-
resentation S of the Galilean group can be used, e.g. for constructing the
fundamental solution and solving the Cauchy problem. This approach is
essentially simpler than the commonly used Fourier transform method. An-
other advantage of the new approach is its independence on a choice of
coordinate systems. Therefore the method can be applied to differential
equations with variable coefficients as well*.

*Author’s note to this 2006 edition: A general invariance theory of fundamental so-
lutions for parabolic and hyperbolic equations is presented in [65], Chap. 3. See also
Paper 21 in Vol. I of these “Selected Works”.
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4.1 Fundamental solution of the Cauchy problem

Recall that the distribution u = E(¢, x) is called the fundamental solution
of the Cauchy problem for the heat equation (3.19) if it solves Eq. (3.19)

u—Au=0, t>0, (4.1)
and satisfies the following special initial condition:
u‘tzo = d(x), (4.2)
where d(x) is Dirac’s é-function and

u’tzo = tl_i}rj_lo E(t, x).

The theory of distributions reduces the solution of an arbitrary Cauchy
problem to calculation of the fundamental solution. Namely, if the funda-
mental solution F(t, x) is known, the solution u(¢, x) of the Cauchy problem

u—Au=0 (t>0), u‘tzo = up(x) (4.3)
with an arbitrary initial data ug(x) is given by the convolution:
u(t,®) = E*xug = /uo(y)E(t, x —y)dy, t>0, (4.4)
R?’L

provided that the convolution (4.4) exists.

4.2 Symmetry of the initial condition

Theorem 9.7. The maximal subgroup of the extended heat representa-
tion S of the Galilean group leaving invariant the initial condition (4.2) is
generated by the operators

o .0
X =g i — V55
0 .0
Y = 2%— — ztu— .7 =1 4
KA tax $u8u7 Z?] b 7n7 ( 5)

Proof. The invariance of the initial condition (4.2) assumes, in particular,
the invariance of the initial manifold ¢ = 0 and of the support & = 0 of the
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d-function. Thus, we write the invariance test of the equations ¢t = 0, =0
with respect to the linear combination with constant coefficients,

X = COXO + CiXZ' + Cinij + ZIY; + k’lTl + k’zTQ,

of the generators (3.7), (3.13) of the group S. Inspection of the invariance
condition shows that ¢ = ¢/ = 0, i.e. the translation generators X, and
X; has been eliminated. Hence, the operators (3.7), (3.13) are restricted
to Xi;, Y, 71 and T5. Equation (4.2) is manifestly invariant under the
operators X;; and Y;, but it is not invariant under the two-dimensional
algebra spanned by T3, T5. Therefore, we inspect the infinitesimal invariance
test for the linear combination

0 9
(T1 + kTQ)‘t:O =X % + I’CU% s k = const.

Under this operator, the variable u and the J-function are subjected to the
infinitesimal transformations

U~ u+aku, 6~5—and.

It follows, that
U—06=u—03+alku+nd) + ola),

and that
(70— 3)|,_y = alk + )5+ ola).

Hence, the invariance condition is written k£ +n = 0 and we arrive at the
operators (4.5).

Remark 9.2. Since the differential equation (4.1) admits the group S, the
operators (4.5) are admitted by both the differential equation (4.1) and the
initial condition (4.2). In other words, the group with the generators (4.5)
is a symmetry group of the special Cauchy problem (4.1)—(4.2).

Remark 9.3. Eqgs. (4.1)—(4.2) admit, in addition to (4.5), the generator

0 .0 1
427 i T A
Z=t at+tx e 4(2nt+|az| )uau

of projective transformations (see Remark 9.1). However, this excess sym-
metry is not used in what follows.
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4.3 Calculation of the fundamental solution

Now we can show that the invariance under the heat representation of the
Galilean group determines the fundamental solution uniquely. Moreover,
computation of the fundamental solution does not require integration of
the heat equation. Namely, the following statement holds.

Theorem 9.8. There exists one and only one function, namely
E(t,x) = (2v/rt) " e 12I7/140), (4.6)

which is invariant under the group with the generators (4.5) and satisfies the
initial condition (4.2). The function (4.6) solves Eq. (4.1) as well. Hence it
is the fundamental solution of the Cauchy problem for the heat equation.

Proof. Let us first notice that the functionally independent invariants for
the operators X;; from (4.5) are t,r, u, where

r=lx|= \/(x1)2 + e (27)2

Now we restrict the action of the operators Y; from (4.5) to functions of
these invariants and arrive at the operators

For them, the independent invariants are
t and p= we /40,

The last operator from (4.5) is written in these variables in the form:

0 0
Z1 — Nty =2t— — np—.
1—nds t@t npap

It has one functionally independent invariant, namely J = ¢t"/?p. Hence,
the function

J = (\/Z)nu e7“2/(4t)

is the only independent invariant for the operators (4.5). Accordingly, the
general form of the function u = ¢(t, ) which is invariant under the oper-
ators (4.5) is given by J = C, whence

u=CHt) e /M = const.
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Invoking the following equation known from theory of distributions:

1 2
lim ———— e /) = §(x),
t—=+0 (24/7t)" (@)

we obtain from the initial condition (4.2) that
C=2ym)™

Thus, we have proved the uniqueness of the invariant function satisfying
the condition (4.2) and arrived at the fundamental solution (4.6).

Remark 9.4. It is worth noting that the proof provides also a practical
algorithm for constructing the fundamental solution. Furthermore, using

Equation (4.6), we conclude that the Poisson formula
1 2
ult, ) = ——— [ uo(y)e =¥/ Wy, >0, 4.7
() = G [ W y (@7
Rn
for the solution of the Cauchy problem (4.3) has been obtained solely by
the invariance principle, without integrating the heat equation.

Remark 9.5. According to the above construction, the fundamental solu-
tion (4.6) has the remarkable property to be independent on a choice of
inertial frames.

8 5 Nonlinear diffusion type equations

Definition 9.5. An evolutionary equation
u = F(x,u, Uy, Uyy) (5.1)

is said to be diffusion type if it is invariant under the heat representation
H of the Galilean group (see Definition 9.3).

Theorem 9.9. The most general diffusion type equation (5.1) has the form

weo[()] o2

Proof. The reckoning shows that the generators (3.7) of the of the group H
in the case n = 1 have the following two functionally independent invariants
depending on u, uy, Uy, Ugy :

Upe U Uy
J=u —uxxr, Jo=—-——"S=(—].
x

Hence, the most general regular invariant equation is given by J; = ®(.J,),
i.e. by (5.2).
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Theorem 9.10. The most general diffusion type equation that is invariant
under the extended heat representation S of the Galilean group with the
generators (3.7), (3.7) (see Definition 9.4) has the form

ug

U = kg + (1 —k)—=, k= const. (5.3)

u
Proof. Using the invariance test under the generators (3.7), (3.7) of the
group S, one can show that the group § has only one functionally indepen-
dent invariants depending on w, uy, U, Uz, namely:

2
g M Uy

Uty — U2

The most general regular invariant equation is given by J = k, i.e. by (5.3).
Institute of Mathematical Modelling April 1990

Russian Academy of Sciences
Moscow
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Group analysis - a microscope
of mathematical modelling.
II: Dynamics in de Sitter space

N. H. IBRAGIMOV
Original unabridged manuscript partially published in [60], [66].

8 1 The de Sitter space

Two astronomers who live in the de
Sitter world and have different de
Sitter clocks might have an interesting
conversation concerning the real or
imaginary nature of some world events.

F. Klein [78]

The present work provides a first step towards the relativistic mechanics
in the de Sitter space. It is based on an approximate representation of the
de Sitter group. Namely, the de Sitter group is considered as a perturbation
of the Poincaré group by a small curvature. In order to illustrate a utility
of the approximate approach, a derivation of exact transformations of the
de Sitter group is presented, then an independent and simple computation
of the first-order approximate representation of this group is suggested.
Modified relativistic conservation laws for the free motion of a particle and
unusual properties of neutrinos in the de Sitter space are discussed.

244
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1.1 Introduction

In 1917, de Sitter [30] suggested a solution for Einstein’s equations of general
relativity and discussed in several papers its potential value for astronomy.
This solution is a four-dimensional space-time of constant Riemannian cur-
vature and is called the de Sitter space.

Felix Klein [78] gave a remarkably complete projective-geometric anal-
ysis of the de Sitter metric in the spirit of his Erlangen program. Ear-
lier, Klein mentioned (see [77], p. 287) that “what modern physicists call
the theory of relativity is the theory of invariants of the four-dimensional
space-time x,y, z,t (the Minkowski space) with respect to a certain group,
namely the Lorentz group” and suggested to identify the notions “theory of
relativity” and “theory of invariants of a group of transformations” thus ob-
taining numerous types of theories of relativity. The de Sitter universe (the
space-time of a constant curvature) admitting, like the Minkowski space, a
ten-parameter group of isometric motions, the de Sitter group, served Klein
as a perfect illustration. Klein’s idea consisted in using the de Sitter group
for developing the relativity theory comprising, along with the light veloc-
ity, another empirical constant, namely the curvature of the universe. The
latter would encapsulate all three possible types of spaces with constant
curvature: elliptic, hyperbolic (the Lobachevsky space), and parabolic (the
Minkowski space as a limiting case of zero curvature).

The following opinions of the world authorities in this field give a com-
prehensive idea of utility and complexity in developing relativistic mechanics
in the de Sitter universe.

Dirac [31]: “The equations of atomic physics are usually formulated in
terms of space-time of the space of the special theory of relativity. ... Nearly
all of the more general spaces have only trivial groups of operations which
carry the spaces over into themselves, so they spoil the connexion between
physics and group theory. There is an exception, however, namely the de
Sitter space (without no local gravitational fields). This space is associated
with a very interesting group, and so the study of the equations of atomic
physics in this space is of special interest, from mathematical point of view.”

Synge ([117], Chapter VII): “The success of the special theory of rel-
ativity in dealing with those phenomena which do not involve gravitation
suggests that, if we are to work instead with a de Sitter universe, the curva-
ture K must be very small in comparison with significant physical quantities
of like dimensions (K has the dimension of sec™2). Without good reason
one does not feel inclined to complicate the simplicity of the Minkowski
space-time by introducing curvature. Nevertheless the de Sitter universe is
interesting in itself. It opens up new vistas, introducing us to the idea that
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space may be finite, and this seems to satisfy some mental need in us, for
infinity is one of those things which we find difficulty in comprehending.”

Girsey [47]: “Since the de Sitter group gives such a close approximation
to the empirical Poincaré group and, in addition, is based on the structure
of the observed universe in accordance with Mach’s principle, there seems
now sufficient motivation for the detailed study of this group. What can
we expect from such study? The curvature of our universe being as small
as it is, can we hope to obtain any results not already given by the Lorentz
group? A tentative answer is that we should be optimistic for two reasons.
Firstly, the translation group no longer being valid in the de Sitter space,
we shall lose the corresponding laws of energy and momentum conserva-
tion. The deviations from these laws with the usual definitions of energy
and momentum based on the Poincaré group should manifest themselves in
the cosmological scale. These laws, however, will be replaced by the laws
of the conservation of observables corresponding to the new displacement
operators which in the de Sitter group have taken the place of translations.
It is in the light of these new definitions that such vague motions as the
creation of matter in the expanding universe should be discussed. Secondly,
we should see if new results are implied for elementary particles. Because
the structure of the de Sitter group is so widely different from the Poincaré
group its representations will have a totally different character, so that the
concept of particle, that we have come to associate with the representations
of a kinematical group will need revision. Another point worth investigat-
ing is the possibility of having new symmetry principles connected with the
global properties of the de Sitter group.”

One of obstructing factors is that in the de Sitter group usual shifts of
space-time coordinates are substituted by transformations of a rather com-
plex form (see Section 1.3). Therefore invariants and invariant equations
also become much more complicated as compared to Lorentz-invariant equa-
tions. In order to simplify the theory of dynamics in the de Sitter space by
preserving its qualitative characteristics, an approximate group approach
is employed here. The approach is based on recently developed theory of
approximate groups with a small parameter [14]. In this connection the
de Sitter group is considered as a perturbation of the Poincaré group by a
small constant curvature K (cf. [72]). The approximate representation of
the de Sitter group obtained in this way can be dealt with as easily as the
Poincaré group. To elicit possible new effects specific for dynamics in the
de Sitter universe it is sufficient to calculate first-order perturbations with
respect to the curvature of the universe because, according to cosmological
data, the curvature is a small constant K ~ 107°* cm—2.
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1.2 Notation from Riemannian geometry

We will denote by V,, an n-dimensional Riemannian space with the metric
ds® = g;j(z)dx'da’, (1.1)

where x = (z',...,2") and4,j = 1,...,n. We use the convention on summa-
tion in repeated indices. It is assumed that the matrix | g;;(z)| is symmetric,
9i;(x) = gji(z), and is non-degenerate, i.e. det|g;;(x)| # 0 in a generic point
x € V,. Hence, there exists the inverse matrix [g;;(x)|" with the entries
denoted by ¢¥(z). By definition of an inverse matrix, one has g;;g/* = .
The length s of a curve 2* = z°(0) (07 < 0 < 03) in V,, joining the points
T1,T9 € V,,, so that z'(0y) = z}, x'(0q) = b, is given by the integral

o2
s:/ Ldo, (1.2)

where :

da’ (o)
do

If the curve has an extremal length, i.e. it provides an extremum to the

integral (1.2), it is called a geodesic joining the points x; and 5 in the space

V,. The condition to be a geodesic is thus given by the Euler-Lagrange

equations with the Lagrangian (1.3):

d (OL\ 0L .
zg(aﬂ)—aﬂ—O,Z—ann (1.4)

L =\/gjn(x)iii*t il = (1.3)

If we set 0 = s, where s is the arc length of the curve measured from the
point x1, then the equations (1.4) of geodesics are written

d*a ; da? dx® .
W‘i‘ jk(.l')%%:o, Z:L...,?’l, (15)
where the coefficients Fék, known as the Christoffel symbols, are given by

i1 9915 | Ogik _ 9gj
ik = 99 <3:1:k "o o ) (16)

It is manifest from (1.6) that I'}, = T}.

With the aid of Christoffel symbols one defines the covariant differentia-
tion of tensors on the Riemannian space V,,. Covariant differentiation takes
tensors again into tensors. Covariant derivatives, e.g. of a scalar a, and of
covariant and contravariant vectors a; and a' are defined as follows:
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da
@k = Bk
Qi = _@aZ —a;TY, -
i,k — 8l'k 7+ ik
) oa’ o
i __ Jre .
Uy = 5% + a’1

The covariant differentiation will be indicated by a subscript preceded by a
comma. For repeated covariant differentiation we use only one comma, e.g.
a; jr denotes the second covariant derivative of a covariant vector a;.

The covariant differentiation of higher-order covariant, contravariant and
mixed tensors is obtained merely by iterating the above formulae. For
example, in the case of second-order tensors we have

a . 8aij
ik = A g
! oxk
.
aij . aa‘]
ik ok
ai _ aa; +alri o aiFl .
ik = gk T Gt T gk
For scalars the double covariant derivative does not depend on the order
of differentiation, a j, = a ;. Indeed,

! !
— @l — aly

18 v IjTi
+a"I, + a1, ,

0%a - Oa 0%a - Oa
a':.i_rl‘—.’ CL ':7._111}'—,’ 1-7
I i dak Ik O K ki R Qi (17)
and the equation T, = T}, yields that a . = a ;. However, this similarity
with the usual differentiation is violated, in general, when dealing with
vectors and tensors of higher order. Namely, one can prove that

!
Qijk = Qi + QR

afjk = afkj - alRfjka (1.8)
etc. Here z
ory, oy | . m
Ri’jkz = &Ef - ij + Fz’krlmj - Fijrink (1-9)

is a mixed tensor of the fourth order called the Riemann tensor. It is also
used in the form of the covariant tensor of the fourth order defined by

Rty = gthrl[jk;' (1.10)



10: DYNAMICS IN DE SITTER SPACE (1990) 249

According to Eqgs, (1.8), the successive covariant differentiations of ten-
sors in V,, permute only if the Riemann tensor vanishes identically:
R

()

x=0,  igkl=1,..n (1.11)

The Riemannian spaces satisfying the condition (1.11) are said to be flat.
The flat spaces are characterized by the following statement:

The metric form (1.1) of a Riemannian space V,, can be reduced by an
appropriate change of variables x to the form

ds* = (dz')* + - + (da?)? — (daPT)? — -+ - — (da™)?

in a neighborhood of a regular point zy (not only at the point () if and
only if the Riemann tensor Réj  of V,, vanishes.

Contracting the indices [ and & in the Riemann tensor (1.9), one obtains
the following tensor of the second order called the Ricci tensor:

R,. déf Rk = arfk — arfj
" 9k Qpi Ok

Finally, multiplication of the Ricci tensor by ¢ followed by contraction
yields the scalar curvature of the space V,,:

+ LRIk =TTk (1.12)

ij - mk-

R = g"R;;. (1.13)

1.3 Spaces of constant Riemannian curvature

Recall the notions of curvature and spaces of constant curvature introduced
by Riemann [112] (for a detailed discussion, see [34], Sections 25-27).

A pair of contravariant vector-fields A\* and u’ in a Riemannian space
V,, is called an orientation in V,,. Riemann introduced a so-called geodesic
surface S at a point z € V,, as a locus of geodesics through x in the directions

a'(z) = 7\ () + ou'(z)

with parameters 7 and o. Then the curvature K of V,, at x € V,, is defined as
the Gaussian curvature of S. The Riemannian curvature K can be expressed
via Riemann’s tensor R = ging’}d as follows:

Rijkl/\i,uj )\kﬁbl

K = . . .
(9ikgjt — gagjr )N pI N !

Definition 10.1. A Riemannian space V,, with the metric (1.1) is called a
space of a constant Riemannian curvature if K is constant, i.e.

Rijii = K (995 — gugjr), I = const.
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The following form of the line element (I keep Riemann’s notation) in
the spaces of constant curvature:

ds = e sz \/Zdﬁ (1.14)

was obtained by Riemann ([112], Section I1.4), whose name it bears.

In the case of an arbitrary signature, the Riemannian spaces V,, of con-
stant curvature are characterized by the condition that their metric (1.1)
can be written in appropriate coordinates in the form (see [34], Section 27):

1 ¢ : K< :
2 _ ) 1\2 _ - (12
ds _0—2;62(@;), 0=1+ 4;%@), (1.15)
where each ¢; = £1, in agreement with the signature of V,,, and K = const.
Eq. (1.15) is also referred to as Riemann’s form of the metric of the spaces
of constant curvature.

1.4 Killing vectors in spaces of constant curvature

The generators

. 0

X =¢&"(v)—
£(w) o
of the isometric motions in the space V,, with the metric (1.1) are determined
by the Killing equations

091 %3 o¢'
I J
f zla ; +ggzaxl

The solutions £ = ({ oo, &) of Egs. (1.16) are often referred to as the
Killing vectors. Let us write Eqgs. (1.17) for the metric (1.15). We have:

!
9ij = 92 €i0ij ] €T €045,

(1.16)

=0,4,j=1,...,n. (1.17)

(1.18)

where ¢;; is the Kronecker symbol. The indices ¢ and [ in the expressions
€;0;; and €;z!, respectively, are fixed (no summation in these indices). Upon
substituting the expressions (1.18), Eqs. (1.17) assume the following form:

O&! ot K -
Ez(szla + ej(sjla i g Eicsij IZ_: €l$l§l = 07

or (no summation in ¢ and j)

i J
gﬁj 851 Kgl(SZ]Zexf_O ij=1,....n (1.19)
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The spaces V,, of constant Riemannian curvature are distinguished by
the remarkable property that they are the only spaces possessing the largest
group of isometric motions, i.e. the maximal number @ of the Killing
vectors (see, e.g. [34], Section 71). Namely, integration of Eqs. (1.19) yields
the @ - dimensional Lie algebra spanned by the operators

K . 0
X; = (5:;; o (2—9)@51)@, (1.20)
X = €x) — — elx’i (1 <37)
ox! O’ ’
where 4,5 = 1,...,n, and §% is the Kronecker symbol. In the expressions

e;x' and €;0Y the index i is fixed (no summation). Likewise, there is no
summation in the index j in the expression €;2”.

Remark 10.1. The direct solution of the Killing equations (1.19) requires
tedious calculations. Therefore, I give in Section 3.2 a simple method based
on our theory of continuous approximate transformation groups.

1.5 Spaces with positive definite metric

The spaces V,, of constant Riemannian curvature can be represented as
hypersurfaces in the (n + 1) - dimensional Euclidean space IR™**. Let us
dwell on four-dimensional Riemannian spaces V.

The surface of the four-dimensional sphere with the radius p :

G+E+E+G+E =0 (1.21)

in the five-dimensional Euclidean space IR® represents the Riemannian space
V, with the positive definite metric having the constant curvature

K=p>= (1.22)
Introducing the coordinates x* on the sphere by means of the stereographic

projection:
= 26

LGt
one can rewrite the metric of the space V; in Riemann’s form (1.15):

p=1,....4, (1.23)

4
1
ds? = éa-zzz(dx“)Q, (1.24)
where

K 2 2 2
0=1+"0% o => (2" (1.25)



252 N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

Remark 10.2. The inverse transformation to (1.23) has the form
xt C5 1 K 9
=—, —=—-(1-——0"]. 1.26
It is obtained by adding

5 2:1_C5p_1

o
4 L+ Gp!
to the equation (1.23).

Let us consider the generators

0
X = f“(ﬂﬁ)%

of the group of isometric motions in the space V; of constant curvature with
the positive definite metric (1.24). In this case the Killing equations

09w %3 23

e gy T Iy =0
have the form (1.19) with all ¢; = +1, i.e.
agr o8y K
— —(x- = =1,...,4 1.2
al'l/ _I_ ax‘u 9 (ZL‘ 6)61141/ 07 ll’?V I ) ( 7)

4
where z - £ = > 2™ is the scalar product of the vectors z and &.

a=1
According to (1.20), Egs. (1.27) have 10 linearly independent solutions
that provide the following 10 generators:

r K 10 K ., 0 0 0 1
No= 1 Q) =) g+ oo [Py s s e )
r K 10 K ,r, 0 0 0 T
X, = _1 + Z(2(x2)2 — 02)_ B + 5x2 xl(“)xl +x38x3 +x4ax4_,
K 0 K .r, 0 0 0 T
X3 = 1+Z(2(x3)2—02) F—i_?xg xla 1+x2a 2—1—1:48 2|
10x x x 4]
K 4\2 n] 9 K 41,0 s 0 3 07
Xy = 1+Z(2(:)3) —U)_@—l—?x K 8$1+x 8:62+$ i
0 0
Xy =2"5— —a" (n<v, p=123; v=1,234), (1.28)
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where 02 = (2')? + (2%)? + (23)? + (2*)? defined in (1.25).
Let us verify that, e.g. the coordinates

€ =14+ [~ () = (09— @),
5_5 12, fgzgxlﬁ?’, {4:§x1x4

of the operator X; satisfy the Killing equations. We write

and obtain

4

"
Z xﬂé"# = (1 + 5 02)5517 gi” = 5($15,u,, + xtdy, — .Q?V(Slu).

4 2
pn=1
Whence,
oer g
— 1 _ 1
ZE§—0I7 8$V+6$M_KI5MV’

and hence the Killing equations (1.27) are obviously satisfied.

The six operators X, from (1.28) correspond to the rotational symmetry
of the metric (1.24) inherited from the rotational symmetry of the sphere
(1.21) written in the variables (1.23). The other four operators in (1.28)
can also be obtained as a result of the rotational symmetry of the sphere
(1.21). To this end one can utilize the substitution (1.23) and rewrite the
rotation generators on the plane surfaces ({1, (s), - . ., ({4, (5) in the variables
x. Unlike this external geometrical construction, the Killing equations give
an internal definition of the group of motions independent of embedding V;
in the five-dimensional Euclidean space.

Remark 10.3. The structure constants 2, of the Lie algebra L;, spanned
by the operators (1.28) are determined by the commutators

(X, Xo) =KX, (X, X)) =X,

(X, Xa) =0 (a # p,a #v),

(X/wv Xa ) 5,uO<XVﬂ + 6V5Xlwé - 5MBXV04 - (5an“5.
It follows that the determinant of the matrix A, = cf, ch, is equal to
—6K*, and hence does not vanishes if K # 0. Thus, by E. Cartan’s theorem
(see e.g. [33], Section 45), the group of isometric motions of the metric
(1.24) with K # 0 is semi-simple. This fact is essential in investigation of
representations of the de Sitter group (see [47] and the references therein).
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Exercise 10.1. Deduce the operators (1.28) by both suggested approaches,
namely by the change of variables (1.23) in the rotation generators of the
sphere (1.21), and by solving the Killing equations (1.27).

Remark 10.4. It is manifest from Riemann’s form (1.15) that the spaces of
constant Riemannian curvature are conformally flat. In particular, the space
V, with the metric (1.24) is conformal to the four-dimensional Euclidean
space and has the metric tensor

1

%f:ﬁ%m g = 0", pv=1,... 4. (1.29)
Its Christoffel symbols I'}, and the scalar curvature R are given by
« K o o,V (0%
re, = %(@Wg; — 6" —dyat), R=-12K. (1.30)

In Egs. (1.29), (1.30), 0., 6" and &}, denote the Kronecker symbol.

Hvs

1.6 Geometric realization of the de Sitter metric

In order to arrive at the de Sitter space V,; we set
=z, 2=y, =2z '=ctv-1, (1.31)

where ¢ is the velocity of light in vacuum. Then, according to Egs. (1.23),
the variable (4 is imaginary whereas (1, (s, (3 are real variables. As for the
fifth coordinate, (5, it is chosen from the condition that the ratio (5/p is
a real quantity. Hence, either both variables (5 and p are real, or both of
them are purely imaginary. If both (5 and p are real, Eq. (1.21) yields that
the de Sitter metric is represented geometrically by the surface (see [31])

GHrE+E-ag+E=r" (1.32)
If both (5 and R are imaginary, we have the surface
GHE+E -G -G =" (1.33)

Inserting (1.31) in (1.24) and denoting —ds? by ds* in accordance with
the usual physical convention to interpret ds as the interval between world
events, we obtain the following de Sitter metric:

1
ds* = 0—2(02dt2 — d2® — dy* — dz?), (1.34)
where
K 99 2 9
Qzl—z(ct—x —y° —2°). (1.35)

Egs. (1.22), (1.32) and (1.33) show that the de Sitter space can have positive
or negative curvature depending on the choice of the surface (1.32) or (1.33),
respectively. The geometry of these surfaces is discussed by F. Klein [78].
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1.7 Generators of the de Sitter group

Rewriting the operators (1.28) in the variables x,y, z,t defined by Egs.
(1.31) we obtain the following generators of the de Sitter group:

r K 0 K 0 0 01
i hhaetpe_ 222y B o o
1= +4(x y z—i—ct)_a + :c[ya +Z@ +t8t-’

L K s o o o ﬁ K o 2 g
XQ__1—|—4(y x z+ct)_ay+2y[xax+zaz+tat,
0 5 2 2 2 22_£ E 2 d 2
Xg__1+4(z x y—l—ct)_ax—i—z [a:ax—l—ya +tat,

C1r K, 9 Kro o 0
X4_02[1 Tty +Z>}8t Qt[$8x+y8y+zaz]

9 .9 0 1,0
PP S L VA N N BT e
A IR A TRRY 3. (1.36)

In other words, the de Sitter group is the group of isometric motions of the
metric (1.34). If K = 0 the de Sitter group coincides with the Poincaré
group (i.e. the non-homogeneous Lorentz group). Let K # 0. Then the
operators X;; and Y; in (1.36) generate the homogeneous Lorentz group
(the rotations and the Lorentz transformations). However, the operators
Xy, X, X3, Xy in (1.36) are essentially more complicated than the sim-
ple generators %, (,)ay , (,fz , 5, of the space and time translations in the
Poincaré group. The operators X7, X, X3 and Xy in (1.36) can be con-
sidered as the generators of the “generalized space-translations” and the

“generalized time-translations”, respectively.

§ 2 The de Sitter group

Attempting to find the group transformations z'* = f#(x, a) by solving the
Lie equation

= éﬂ(x’)’ $l#|a:0 =t p=1...,4 (21)
for X or Xy from (1.36), it is hard to disagree with Synge’s opinion cited
above. Nevertheless, let us check how these transformations look like.

2.1 Conformal transformations in IR?

Let us consider a relatively simple problem on determining the one-parameter
group of conformal transformations in the Euclidian space IR® generated by
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the operator

9]
X=u+22"- x2>8_x — 2:cy—y — 2xz— -

In this case the Lie equations (2.1) are written

dx’

- _ y/2 42 ]:/27 CL’/‘ =

a a=

dy’

- =2, ). _o=v

d /

d—Z = 22", z’! =2
a =

(2.3)

To simplify the integration of Egs. (2.3), one can introduce canonical
variables u, v, w, where u, v are two functionally independent invariants, i.e.

two different solutions of the equation

of of of
— 2 2_ 2 - v — =
X(f) =W +=z x)ax Qxyay ZxZaZ 0,

and w is a solution of the equation
X(w) =1.
Then rewriting the operator X in the new variables by the formula

B 0 0
X = X(u)=— + X(v)— + X (w)—
() 5+ X (v) 5+ X(w) 5~

and invoking that X (u) = X(v) =0, X(w) = 1, one obtains
0

X=—:
ow
Hence, the transformation of our group has the form

/ / /
U = u, Vv =, w =w —+ a.

(2.4)

(2.5)

(2.6)

(2.7)

The solution of Egs. (2.3) is obtained by substituting in (2.7) the expressions
for w,v,w via x,y, z, and the similar expressions for «',v",w’ via z’,y’, 2’
Thus, the problem has been reduced to determination of u and v from Eq.

(2.4), and w from Eq. (2.5). Let us carry out the calculations.
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Calculation of invariants v and v requires the determination of two in-
dependent first integrals of the characteristic system for Equation (2.4):

dx dy dz
22 —y2—22 2y 2xz

The second equation of this system, dy/y = dz/z, yields the invariant

u=—-
Y
Substituting z = uy into the first equation of the characteristic system one

obtains
dx dy

or, setting p = a2,

dy vy
Taking into account that u is constant on the solutions of the characteristic
system, we readily integrate this first-order linear equation and obtain

p=uvy— (1 +u®)y?* v = const. (2.8)
Expressing the constant of integration v from (2.8) and substituting p = x2,
u = z/y, we obtain the second invariant

r2
V= — 7"2::E2—1—y2—|—z2.
Y

In order to solve Eq. (2.5) we rewrite the operator (2.2) in the variables
u, v,y using the transformation formula similar to (2.6):
0 0 0
X=Xu)=—+Xw)—+X(y)=—
(1) + X )55+ X5,
Since X (u) =0, X (v) =0, X(y) = —2zy, and Eq. (2.8) upon substitution
p = 2? yields x = \/vy — (1 + u2)y?, the operator (2.2) becomes

X = =2y\/vy — (1 + u?)y? a% :

Therefore Equation (2.5) takes the form
dw 1

W I
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whence, ignoring the constant of integration, we obtain

1 1+u? =z
w = _ _ — .
vy v? r?

Now we substitute the resulting expressions

Z
—_—= — _— = — —_— = — a.
y/ Y ’ y/ Y r2 r2 +

Solution of these equations with respect to z’, v/, 2/, furnishes the following
transformations of the conformal group with the generator (2.2):

, T + ar?
— ,
1+ 2ax + a?r?

/ Yy
= 2.9
¥y=1 + 2ax + a?r?’ (2.9)
, z
z

- 1—{—2ax+a2r2.

2.2 Inversion

An alternative approach to calculation of the conformal transformations
(2.9) is based on Liouville’s theorem [93] which states that any conformal
mapping in the three-dimensional Euclidian space is a composition of trans-
lations, rotations, dilations and the inversion*

X y z
xry = ﬁ, Y1 = 7”_2’ 21 = 70—2 : (210)

The inversion (2.10) is the reflection with respect to the unit sphere. It pre-
serves the angles, i.e. represents a particular case of conformal transforma-
tions. It carries the point (z,y, z) with the radius r to the point (x1,y1, 21)
with the radius r1 = 1/r (therefore it is also called a transformation of
reciprocal radii) and hence, the inverse transformation

x1 Y1 21
= 3 = 5 Z = —F (210,)

2
1 1 1

*Liouville’s theorem was generalized to multi-dimensional spaces by Sophus Lie. A
detailed discussion is available in [90], Ch. 10, and [19], § 1.
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coincides with (2.10). If the inversion (2.10) is denoted by S, then the
latter property means that S~' = S. According to Liouville’s theorem,
the one-parameter transformation group (2.9) can be obtained merely as a
conjugate group from a group of translations H along the x-axis. Indeed,
if one introduces the new variables (2.10") in the generator of translations

X = 0/0x; according to the formula (cf. (2.6))

0 0 0
X=58X1=X —+ X —+ X — 2.11
1 l(x)ax+ 1(y)ay+ 1(’2)027 ( )
then by virtue of
2 2 2
+2{—x
Xl():yl }1 1:y2+22—x2,
T
Xi(y) = _2_33131 = 2zy, Xi(z2)=—2xz
T

one obtains the operator (2.2). Therefore, the group G with the generator
(2.2) is obtained from the translation group

H: zo=x1+a, yp=1y1, 2=2n (2.12)

by the conjugation
G=SHS. (2.13)

Indeed, mapping the point (x,y, z) to the point (z1, ¥, 21) by means of the
inversion (2.10), we write the transformation (2.12) in the original variables

x + ar? 2
To = , y2:£ 2= = (2.14)

2
Now according to (2.13) let us make one more inversion

/ T / Yo / %)
) ) )

Substituting here the expressions (2.14) and the expression

(x4+ar?)? +y°+2° 14 2ax+a*r?

2 _
2 ra r2

T )

we arrive precisely to the transformations (2.9) of the group G.

Remark 10.5. Note, that the inversion, like any conformal transformation,
is admitted by the Laplace equation. Specifically, the Laplace equation

AU = Upy + Uyy + Uy, =0
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is invariant under the transformation (2.10) of the independent variables
supplemented by the following transformation of the dependent variable w :

Uy = ru. (2.15)

Thus, Equations (2.10), (2.15) define a symmetry transformation

Yy z
2 T3 AT g, wm=T, (2.16)

T =
r2 r2

of the Laplace equation known as the Kelvin transformation.

2.3 Bateman’s transformations

As mentioned in Remark 10.5, the inversion (specifically, the Kelvin trans-
formation (2.16)) is admitted by the Laplace equation and is widely used in
potential theory for elliptic equations. Upon obvious modification, inversion
can also be adjusted to the wave equation. Bateman [19], [20] found several
other transformations admitted by the wave equation that differ from the
inversion and the Lorentz transformations. We will consider here the fol-
lowing transformation (it differs from Bateman’s form given in [19], p. 76,
only by notation and the constant coefficient «):

_ aoct-1  _ y _ 2 a o?+1
T=———, J=u« Z=a —

2 x—ct’ x—ct’ x—ct’ T 2% r—ct’

|

(2.17)

where
o? =12 — A2,

Remark 10.6. Bateman'’s transformation (2.17) supplemented by the change
of the dependent variable

u=(x—ctu

is admitted by the wave equation
2 _
Uy — " Au =10
and hence is a conformal transformation in the Minkowski space-time.

We will use Bateman’s transformation (2.17) for determining transfor-
mations of the de Sitter group generated by a linear combination of the
operators X; and X, from (1.36). Let us rewrite the generator X = 0/0z
of translation group in the variables (2.17). In accordance with the formula
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of change of variables (2.6) we determine the action of the operator X on
variables (2.17), and by virtue of the equation

Focf=——2 (2.18)
xr—ct
arrive at
- 9 1, 1, 0 N 0
1 0 « 1 9 1 1 ,| 0
+az<x‘%—+2—c{1——2<x‘c@ et

Assuming that K > 0 and letting v = 2/ V'K we obtain

X

1 /— _
\/—E<X1+CX4),

where X, X4 are the corresponding operators from (1.36) written in terms
of the variables T, 7, z, t. Thus, the Bateman transformation B :

_ o?—1 _ 2y
T=—F7= = T =, O
VK (z — ct) Y VK (z — ct)
2 _ 1
7= : L (2.19)

VEK(z —ct) VK (x—ct)

where 02 = 2% + y? + 2% — 2t%, transforms the operator of translation
X = 0/0x into

— 1 _ —
BX=X= <X1 n cX4>. (2.20)
We can get rid of the factor 1/v/K by replacing the parameter @ in the
group with the generator (2.20) by the parameter

a=a/VK. (2.21)

Let us invert the transformation (2.19). Substituting = — ¢t given by
(2.18) into the expressions for y and z we obtain

] z
Y = _F . 2.22
y z—ct’ : T —ct ( )

Then (2.19) shows that the expression 62 = 7% + % + 22 — ¢*t? has the form

5 Ax et
52 — “Ra—d) (2.23)
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Equations (2.18) and (2.23) yield

N S
VEG— ) 2 — i)
whence Ka? 4 Ko® 44
r=———, t=———. (2.24)
4NVEK (T — cf) 4evVK(z — cf)

Equations (2.22) and (2.24) define the inverse transformation B~ :

Ko* -4 Y
T1 = — Y, = —_—,
' AV K (x — ct) . xr —ct
Ko? +4
2 = _L’ t = _fRord (2.25)
xr —ct devV K (x — ct)

for the transformation (2.19).

2.4 Calculation of de Sitter group transformations

I provide here the computation of finite transformations of a one-parameter
subgroup of the de Sitter group using Bateman’s transformation. It is useful
to compare these calculations with the calculation of approximate group
transformations given below in Section 3.3.

Equation (2.20) shows that the group G with the infinitesimal operator
X1 4 ¢X, and the group H of translations along the z-axis are conjugated
by means of the Bateman transformation:

G =BHB™'.

Therefore one can use the following procedure for calculating the one-
parameter transformation group generated by X; + cX4. First one moves
the point (x,y, z,t) to the position (xy,y1, 21,%1) by applying the map B!
and writes the translation

To=2T1+a, Yo=Y, ==z, la=1th
in the original variables in the form
Ko? — 4 +4avK(x — ct) Yy
To = )
AV K(x — ct)

z Ko?+4

- t
x—ct’ 4evVK (z — ct)

Z9 =
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Then one applies Bateman’s transformation (2.19) to the point (2, ya, 29, t2).
To this end, one has to evaluate the expressions

2 9 2 2 2,2
0y =05+ Y5+ 25 — Ly

and

\/E (.172 - Ctg).

Using the change of the parameter (2.21), the above expressions are written

1
xr —ct

2 _
0-2_

{—(a: + ct) + 2a (%02 — 1> + Ka*(z — ct)]

and
-2+ Ka(z — ct)
T —ct

\/? (%2 — Ctg) =

Y

respectively. These equations together with the representation (2.19) of
Bateman’s transformation B furnish ultimately the point

(xla 3//7 Z,a t,) = B<$27 Yo, 22, t2)

with the coordinates

x,:x+a—%[aa2+2a2(x—ct)] f_ Y
1—La(z — ct) ’ 1—Za(z—ct)’ (2.26)
, 2z , t+ % — Elao? + 2a*(z — t)] '
z = , t = — .
1—La(z — ct) 1—La(z — ct)

In order to check that the transformation (2.26) leads to the generator
Xj + cXy, one can single out in (2.26) the terms that are linear in a :

K K
¥+ [1+Z((x—ct)2—y2—22)]a, y’%yjt?y(x—ct)a,

K 1 K
2~z + Ez(x —ct)a, t ~t+- [1 - Z((x —ct)+y* + 22)}0@ (2.27)
c

and compare the result with the coordinates of the operator X; + cXj.

The transformations of the whole de Sitter group, but in a realization of
the metric different from (1.34), are presented in [128], Chapter 13, § 3. A
matrix representation of this group in the metric (1.34) is available in [47].
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§ 3 Approximate representation of the de Sit-
ter group

In this section, the de Sitter group is considered as a perturbation of the
Poincaré group by a small constant curvature K. The approximate repre-
sentation of the de Sitter group obtained here can be dealt with as easily
as the Poincaré group. A brief introduction to the theory of approximate
transformation groups given in Section 3.1 is sufficient for our purposes.

3.1 Approximate groups

The concept of approximate transformation groups was suggested in [14].
Here the necessary minimum of information about approximate groups is
given. For a detailed presentation of the theory of approximate transforma-
tion groups, see, e.g. [15] (Paper 6 in this volume).

Let f(x,¢) and g(z,€) be analytical functions, where z = (z!,... 2")
and ¢ is a small parameter. We say that the functions f and g are approx-
imately equal and write f ~ ¢ if f — g = o(e). The same notation is used
for functions depending additionally on a parameter a (group parameter).

Consider a vector-function f(z,a,e) with components

fz,a,e),..., ["(z,a,¢)

satisfying the “initial conditions” fi(x,0,e) ~ z' (i = 1,...,n). We will
write these conditions in the vector form

f(z,0,¢) =~ x.

Furthermore, we assume that the function f is defined and smooth in a
neighborhood of @ = 0 and that, in this neighborhood, a = 0 is the only
solution of the equation

f(z,a,¢e) ~ x.

Definition 10.2. An approximate transformation
v = f(zr,a,¢) (3.1)
in IR" is the set of all invertible transformations
/

' =g(x,a,e)

with g(x,a,¢) = f(z,a,¢).
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Definition 10.3. We say that (3.1) is a one-parameter approzimate trans-
formation group with the group parameter a if

f(f(z,a,e),b,e) = f(x,a+b,e). (3.2)

Let us write the transformations (3.1) with the precision o(e) in the form

¥~ fo(z,a) +efi(x,a) (3.3)
and denote
0 0
G = P00 D| gy OB gy

Theorem 10.1. If (3.3) obeys the approximate group property (3.2) then
the following approzimate Lie equation holds:

W =&o(fo +efr) +e&i(fo+efi) +o(e). (3.5)

Conversely, given any smooth vector-function &(x,¢) ~ &(x) + &1 (x) % 0,
the solution z’ &~ f(x,a,¢€) of the approrimate Cauchy problem

dx’
% ~ £(xl7 6)7 (36>
x'|a:0 ~ (3.7)

determines a one-parameter approximate transformation group with the
parameter a.

The proof of this theorem is similar to the proof of Lie’s theorem for
exact groups [14, 15, 16]. However, we have to specify the notion of the
approximate Cauchy problem. The approximate differential equation (3.6)

is considered here as a family of differential equations
dz' -
= =i@e) (3.8)

with the right-hand sides £(z, €) ~ &(x, ). Likewise, the approximate initial
condition (3.7) is treated as the set of equations

o, =oalze), olze) (3.9)

Definition 10.4. We define the solution of the approximate Cauchy prob-
lem (3.6), (3.7) as a solution to any problem (3.8), (3.9) considered with
the precision o(¢).
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Proposition 10.1. The solution of the approximate Cauchy problem given
by Definition 10.4 is unique.

Proof. Indeed, according to the theorem on continuous dependence on
parameters of the solution to Cauchy’s problem, solutions for all problems
of the form (3.8), (3.9) coincide with the precision o(e).

Definition 10.4 shows that in order to find solution of the approximate
Lie equation (3.5) with the initial condition (3.7) it suffices to solve the
following exact Cauchy problem:

dfo
da

0
le]z _Z SO f1 +&(fo): fl,,=0

= &(fo), fo’a:0 =z, (3.10)

Equations (3.10) are obtained from (3.5) by separating principal terms with
respect to €.

Example 10.1. To illustrate the method, let us find the approximate trans-
formation group
¥ =xy+exy, Y =y, +ey

on the (z,y) plane defined by the generator

X = (1+¢e2?) aw—l—styaa

0

The above operator X is a one-dimensional analogue of the operator X,
from (1.36). We have:

50 = (170)7 61 = (x2,2xy),

and the Cauchy problem (3.10) is written in the form

dx| dy;

d—ao =1, d—cf =0, :L’6|a:0 =1, y6|a:0 =y; (3.11)
dz, dy;
dal = (1’6)2, d—al = 2$6y6, xll‘a:() = yi’a:() = 0. (312)

Egs. (3.11) yield z{, = z 4+ a, y{, = y, and hence Egs. (3.12) take the form

/

dy
=@+l D=2l ta), o =tileo =0,

dx
da
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whence i
v = 2%a + va® + ga?’, Y, = 2xya + ya®.
Thus, the approximate transformation group is given by
1
v =z +a+ (2%a+ va® + ga?’)a, Y =y + (2zya + ya*)e. (3.13)

It is instructive to compare the approximate transformations with the cor-
responding exact transformation group. The latter is obtained by solving
the (exact) Lie equations

dz’ dy’
e 1+ ex, e 2exy’, A\ _ =, Y| _, =Y
These equations yield:
,  sin(da) + 0z cos(da) , Yy

y = 5,  (3.14)

B 6] cos(da) — 6z sin(da)] ’ [ cos(da) — bz sin(da)]

where 6 = /2. The approximate transformation (3.13) can be obtained
from (3.14) by singling out the principal linear terms with respect to e.

3.2 Simple method of solution of Killing’s equations

Now we will carry out the program of an approximate representation of the
de Sitter group. Let us first apply the approximate approach to differential
equations outlined in Section 3.1 to the Killing equations (1.27) for the
metric (1.24). Setting

£=E& + K& + o(K), (3.15)

we obtains from (1.27) the approzimate Killing equations

ogy | o5y o [osk | o

or? Ot oV Ot - (SE : éO)duV ~ O, (316)
whence (cf. Egs. (3.10))
& | 0%
8331, axu - Oa (317)
and ser e
1 1 _
3x” + (9:16“ (I‘ 50)5#1’ O (318)

Equations (3.17) define the group of isometric motions in the Euclidian
space, namely rotations and translations, so that

& =abx” + b (3.19)
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with constant coefficients a” and 0*. The coefficients a? skew-symmetric,
Le. aly = —ay,, therefore we have

4
v =b-x=) bt (3.20)
pn=1

Due to the obvious symmetry of Egs. (3.18) it is sufficient to find their
particular solution letting b = (1,0,0,0). Then Eq. (3.20) yields z - £, = 2!
and Eqs. (3.18) take the form

ogy  ogy
aa:lv 03; =2'0,,. (3.21)
Solving Eqs. (3.21) with u = v one obtains
1 1
1 1
&= 53:11’2 +Q* (a2 at), & = 51’13:4 + o (at, 22 2%). (3.22)
Using Egs. (3.22), we arrive at the following Eqgs. (3.21) with =1
It dp” 1
—x¥' =0 =234
8x”+ax1+2x VTS
whence P2 .
¥
———+=-=0 =234
(61’”)2 —|_ 2 Y v Y Y
A particular solution to the latter equations is given by
1
Q! = - (%)% + (%)% + (2*)?]. (3.23)

One can easily verify that substitution of (3.23) and ¢? = ¢* = ¢ =0
in (3.22) yields a solution to Egs. (3.21). Finally, combining Eqs. (3.22),
(3.23), (3.15) and Egs. (3.19) with a# = 0,b = (1,0,0,0), one obtains the
following solution of the approximate Killing equations (3.16):

¢ = 1+§[(I1)2—(5L’2)2—(1‘3)2—<I4)2], g = %xlx”, v=2,3,4. (3.24)

The vector (3.24) gives the operator X; from (1.28) and hence, according
to Section 1.5, it is an exact solution of the Killing equations (1.27). The
fact that the approximate solution coincides with the exact solution of the
Killing equations is a lucky accident and has no significance in what follows.
Of importance for us is the simplification achieved by the approximate ap-
proach to solving the Killing equations. All other operators (1.28) can be
obtained by renumbering the coordinates in (3.24). The transition from
(1.28) to the generators of the de Sitter group has been given in Section 1.7.
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3.3 Derivation of the approximate representation of
the de Sitter group

It is sufficient find the approximate representation of the de Sitter group by
takin one typical generator of the group, e.g. (1.36). Let us take ¢ = K/4
as a small parameter and write the coordinates of the first operator (1.36),

Xy = (1+efa? — 2 — 22+ ) % + 2w <ya% + z% + t%) , (3.25)
in the form £ = &y + €&;. Then
& =1(1,0,0,0), & = (2* —9y® — 2%+ %, 22y, 222, 2at).
In order to find the corresponding approximate group transformations

/ / / / / / / / / / / /
T =Ty tEer, Y =Yytey, Z =2 tex, U=t t+et

we have to solve the Cauchy problem (3.10) comprising, in our case, the
equations

dry 1 dyj, dzy 0 dty 0
da da da da (3.26)

$6|a:0 =, y(,)|a:0 =1, Z(l)|a:0 =z, t6|a:0 = t,

=0,

and ”
i
da1 _ x62 _ y(/)z _ 262 + 02t62,
dy, dz dat
D= oafp, = apef, L =2ait, (3.27)

$/1|a:0 = y“a:O - ZHa:O = t/1|a:0 = 0.
In order to solve the system (3.26), (3.26), we proceed as in Example
10.1. Namely, we solve Egs. (3.26) and obtain
ro=x+a, y,=y, 25=2, ty="=t. (3.28)

Then we substitute the expressions (3.28) in the differential equations from
(3.27) and arrive at the following equations:
dx

da

=a? —y? — 22 + A+ 2xwa + a?,

dy, dz, dt!
% _ 2xy + 2ya, i R 2xz + 2za, d—l = 2zt + 2ta.
a

da da
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Their integration by using the initial conditions yields

3

1
2y = (2 —y* = 22+ P)a+ xd® + Zd®,
/ — 2 2
U rYa + ya-, (329)
2] = 2wza + za?,
t) = 2xta + ta®.
Combining the equations (3.28), (3.29) and substituting e = K /4, we obtain
the one-parameter approximate transformation group

K 1.
¥ =x+a+ Z[(xz —y? = 22+ AtH)a + xva® + ga‘g],

K

Yy =y + —(2zya + ya?),
4 (3.30)
K

Z=z+ Z(sza + za?),

K
t=t+ Z(2gcm + ta?)

with the first generator (1.36):

(1 B e B (9.0 0
Xl—(1—|—4[x Yy — 2%+t 8$+2m y0y+282+t8t :

The transformations (3.30) can be called a generalized translation in the de
Sitter universe. In the case K = 0 they coincide with the usual translation
' = x 4 a along the z-axis, whereas for a small curvature K # 0 they have
little deviation from the translation.

Remark 10.7. Integration of the exact Lie equations for the generator
(3.25) yields the following exact one-parameter group:

2y/2x cos(2a+/g) + (1 — e0?) sin(2a+/¢)

"7 VR + eo?) + VE( - 2% cos(2ayE) — 26 sin(2a/E)

Y 1+e02+ (1 - 50’2) COS(QQZCZ\/E) - Qx\/gSin(Qa\/g> 7 (331)
P TH 07+ (1 - 20%) cos(2avE) — 2ay/Esin(2ayE) |

B 2t

t

T 14e0?+ (1 —eo?)cos(2a/E) — 2zy/zsin(2ay/z)

where 02 = 2% + y? + 22 — 212
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Exercise 10.2. Find the approximate group with the generator X, of the
generalized time-translations from (1.36).

The following exercise is useful for clarifying specific properties of the
Bateman transformations.

Exercise 10.3. Find an approximate group generated by X; + cX; and
compare the result with Eqgs. (2.26) in Section 2.4.

§ 4 Motion of a particle in de Sitter space

4.1 Introduction

The free motion of a particle with mass m in the space-time V; with the

metric
ds® = g, (v)dxtdz”

is determined by the Lagrangian

L = —mey/ g (x)iray, (4.1)
1

where z = (z!,...,z%) is the four-vector and & = dz/ds is its derivative
with respect to the arc length s measured from a fixed point xy. In other
words, the free particle moves along geodesic curves in V, defined by the
equations (1.5),

2z, dxtda”
—_— = A=1,...,4 4.2
ds? + () ds ds 0 o (4.2)

where the coefficients Ffw are the Christoffel symbols given by (1.6):

1 5, 0Ga 09a 09
Ff;zz - 59/\ <axVM 31:5 N axua , Awmr=1234 (4'3)

The factor —mc in (4.1) appears due to special relativity.
By using the Noether theorem, we associate with the generators

X = (o) (4.4

of the isometric motions in Vj the following conserved quantities for the
equations of motion (1.5) (see [58], Section 23.1):
dz”
ds

T = mcgu & (4.5)
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4.2 Relativistic conservation laws

The relativistic conservation laws are obtained by applying the above pro-
cedure to the Minkowski space with the metric

ds* = 2dt* — da® — dy* — d2°. (4.6)

The group of isometric motions in the Minkowski space is the Lorentz group
with the generators (cf. (1.36))
0 0 -0 -0 0 1 .0

L X=Xyl — g Y=t gt (47
ot’ ozt i=® ozt o oxJ oxt * CQI ot (4.7)
where 7,7 = 1,2, 3.

Let us apply the conservation formula (4.5) to the generators (4.7). We
will write Eq. (4.5) in the form

Xo =

dz?
ds ’

3
T =mc Z G &

p,v=0

(4.8)

where
=t al =2 2> =y, 23 =2 (4.9)

We will denote the spatial vector by & = (2!, 2%, 2*). Accordingly, the physi-
cal velocity v = dx /dt is a three-dimensional vector v = (v!, v? v3). We also
use the usual symbols (x - v) and @ X v for the scalar and vector products,
respectively.

Writing Eq. (4.6) in the form

ds = c\/1 - p2dt, > =|v|*/c?, (4.10)

we obtain from (4.1) the following relativistic Lagrangian, specifically, the
Lagrangian for the free motion of a particle in the special theory of relativity:

L =—mc*\/1— 3. (4.11)

Furthermore, we have:

dz” 1 da’ vt

_:—’ —:—, 221,2’3 412
ds  ¢cy\/1— B2 ds  cy/1— 32 (4.12)
Now the conserved quantity (4.9) is written:

T= [~ (&-v)], (4.13)

S
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where ;
(§-v) =) &'
i=1

Let us take the generator X, from (4.7). Substituting its coordinates
€9 =1,¢ = 01in (4.13) we obtain Einstein’s relativistic energy:

mc?

E=—n (4.14)

S

Likewise, substituting in (4.13) the coordinates of the operators X; and
we arrive at the relativistic momentum

X

YK

p= "0 (4.15)

V1= 32
and the relativistic angular momentum

M =z X p, (4.16)

respectively.
The generators Y; of the Lorentz transformations give rise to the vector

m(x — tv) ‘
Ve

In the case of N-body problem, conservation of the vector (4.17) furnishes
the relativistic center-of-mass theorem.

Q= (4.17)

4.3 Conservation laws in de Sitter space

In the notation (4.9), the de Sitter space metric (1.34) is written

= 0—12(02dt2 — |ldz|?), 6=1- %(CQ# — |zf?), (4.18)

and Eqgs. (4.10), (4.11), (4.12) and (4.13) are replaced by

ds = g\/1 —@dt, P =/ (4.19)

ds?

L=—-mc*0 /1 -2, (4.20)

0 g ‘
e 0 A W 93 (421)

E_c\/l—ﬁf ds  ¢/1—32’
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and
m

_ 200 _ (¢
T = em [c & —(&-v)l, (4.22)
respectively.

Let us apply (4.22) to the generalized time-translation generator X,
from (1.36) written in the form

K 0 K o,
Xo=[1= (@ +]aP)| £ - St = 4.23
° p D 5 et (4:23)
Substituting the coordinates
K A K ,
@:1—Zﬁ%%wﬂﬁ éz—aﬁmaisz&
of the operator (4.23) in (4.22), we obtain the conserved quantity

: - 5(02752 + |z|?) + Et(a: : v)}

mc
T°:91/1_@2[1 4 2

One can readily verify that the following equation holds:

1 K
L ERL . 2 ]
ARG
Therefore, Ty the yields the energy of a free particle in the de Sitter space:
mc? K
E=— |14 —(tv—x) - x|. 4.24
7 gt (4.24)

If K =0, we have £ = E, where E is the relativistic energy (4.14). If
K # 0, (4.24) yields in the linear approximation with respect to K :

S%E[l—g(w—tv)wc]

Similar calculations for the operators X; from (1.36) provide the mo-

mentum

Po— " - g@zt _z-v)zl. (4.25)

NG
In the linear approximation with respect to K, it is written:
K 1
Pr~p-— EE[t(:c—tv)+c—2(zc X v) X

where £ and p are the relativistic energy (4.14) and momentum (4.15),
respectively. It is manifest that P = p if K = 0.
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By using the infinitesimal rotations X;; and the generators Y; of the
Lorentz transformations from (1.36), one obtains the angular momentum

1

and the vector
o- m(x — tv)
0\/1— 32"

respectively.

4.4 The Kepler problem in de Sitter space

Let us extend the Lagrangian (4.20) of the free motion of a particle to
Kepler’s problem in the de Sitter space. We will require that the generalized
Lagrangian possesses the basic properties of the Lagrangian in the classical
Kepler problem, namely, its invariance with respect to the rotations and
time translations. Furthermore, we require that when K = 0 and 5?2 — 0,
the generalized Lagrangian assumes the classical value

1
L= -mlv]*+ - , «a = const. (4.26)
2 ||

Therefore, starting from (4.20), we seek the Lagrangian of Kepler’s problem
in the de Sitter space in the form

L=—-m0 /1 F+ ﬁesu — ) (4.27)
T
with undetermined constants s and [. The action integral

/ Cat (4.28)

with the Lagrangian (4.27) is invariant with respect to rotations. Hence,
the invariance test (see [58])

Xo(L) + Dy(€9L =0 (4.29)

of the action integral (4.28) with respect to the generalized time-translations
with the generator (4.23),

K 0 K .0
Xo=|1=-2= 2t2 2\ | 2 Tt 240 :
0 4(C +|m|)8t 26 axl7
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will be the only additional condition for determining the unknown constants
k and [ in (4.27). Here Xj is the prolongation of the operator X, to v and
¢ is its coordinate at 2 :

K
€0 =1- Z(«:Qt2 + |x|?).
The reckoning shows that

Ro(L) + Di(e)e = “E e

= Soi 1= (- 20) =5 + st. (4.30)

Therefore, Eq. (4.29) yields that s = 0 and [ = % This proves the following.

Theorem 10.2. The Lagrangian (4.27) is invariant under the group of gen-
eralized time-translations if and only if it has the form

L= {— mc0~! + ﬁ} J1- 3. (4.31)
T

Remark 10.8. A similar theorem on the uniqueness of an invariant La-

grangian is not valid in the Minkowsky space. Indeed, as follows from

(4.30), for K = 0 Eq. (4.29) is satisfied for any Lagrangian (4.27). Thus,

Theorem 10.2 manifests a significance of the curvature K.

Let us check that the Lagrangian (4.31) assumes the classical value (4.26)
when K = 0 and 3* — 0. Taking in (4.31) the approximation

1 |v|?
Vi-PRxl-p=1— - —
B 5 5 2

and letting 3% — 0, we obtain

1
L=—mc*+ =m|v|* + @
2 x|

2

Ignoring the constant term —mc?, we arrive at (4.26).

8§ 5 Wave equation in de Sitter space

Recall the definition of the wave equation in curved space-times given in
[52], [53]. According to this definition, the wave equation in the space-time

Vi with the metric ds* = g, (z)datdz”, where x = (a',..., "), is given by

1
Ou = ¢"'u y + éRu =0, (5.1)
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where R is the scalar curvature of V; and w ,, is the second-order covari-
ant derivative. Upon substituting the expression (1.7) for the covariant
differentiation, the wave operator defined by Eq. (5.1) is written

L O%u y Oa 1
Cu = g (836“83:” 1, W) + =R (5.2)

Characteristic property of Eq. (5.1) is that it is the only conformally in-
variant equation in Vj provided that Vj; has a nontrivial conformal group.
Moreover, in Vj; with a nontrivial conformal group, (5.1) is the only equation
obeying the Huygens principle [54].
The wave operator (5.2) in the de Sitter space with the metric (1.34),
1

ds® = 6—2(c2dt2 —da® — dy* — d2?), (5.3)
can be written explicitly by using the expressions (1.30) and the change of
variables (1.31). However, it is simpler to use the equation (see [52])

Ou = H0(Hu) (5.4)

connecting the wave operators [J and O in the the conformal spaces V; and
V4 with metric tensors g, and g,,, respectively, related by the equation

Gu(2) = H*(2)g(z), pv=1,...,4. (5.5)

In the case of the metric (5.3) we have H = #~! and O is the usual wave
operator in the Minkowski space. Therefore, using Eq. (5.4) we obtain the
following wave operator in the de Sitter space:

- 1 2 P\,
(- = =~ = -
Hu=90 <c2 o2 02 Oy 8u2) (7) (56)

Hence, we arrive at the following statement.

Theorem 10.3. The solution to the wave equation

Ou =0 (5.7)
in the de Sitter space is given by
u=~0v, (5.8)
where v is the solution of the usual wave equation,
Vi — (U + Uyy + ) = 0, (5.9)
and
K 5 2 2 2
0=1——(ct"—a*—y*—2°). (5.10)

4
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§ 6 Neutrinos in de Sitter space

In the present section, a specific symmetry of the Dirac equations for par-
ticles with zero mass (neutrinos) in the de Sitter space-time is considered
in the framework of the theory of approximate groups. A theoretical con-
clusion of this section is that, in the de Sitter universe with a constant
curvature K # 0, a massless neutrino splits into two “massive” neutrinos.
The question remains open of whether this conclusion has a real physical
significance and of how one can detect the splitting of neutrinos caused by
curvature.

6.1 Two approximate representations of Dirac’s equa-
tions in de Sitter space

Dirac’s equations in the de Sitter space [31] for particles with zero mass
(neutrinos) can be written in the linear approximation with respect to the
curvature K as follows:

L0 3

v %—ZK@WWZO- (6.1)

Here 4* are the usual Dirac matrices in the Minkowski space, ¢ is a four-
dimensional complex vector, and

1
(w-7) =) _aty".
pn=1

The following propositions can be proved by direct calculations.

Proposition 10.2. The substitution

3
b= 06— SKlal. (62)

reduces Eq. (6.1), in the first order of precision with respect to K, to the
Dirac equation in the Minkowski space,

p OV _

Note that Eq. (6.3), due to homogeneity, is invariant under the following
transformation of the variables x:

Yy =daxt, i=+v-1. (6.4)
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Therefore, by setting
¢(x) = o(y), (6.5)
we can rewrite Eq. (6.2) in the form

3
Y=+ gK!yIQw- (6.6)

The invariance of Eq. (6.3) with respect to the transformation (6.4)
means that

e
= 0. 6.7
" oy (6.7)
Substitution of (6.6) into Eq. (6.7) yields:
9, 3
gl aiJr—K(y-v)sD:O- (6.8)

Eq. (6.8) coincides with the Dirac equation (6.1) in the de Sitter space-time
with the curvature (—K).

Proposition 10.3. The combined system of equations (6.1), (6.8) inherits
all symmetries of the usual Dirac equation (6.3). Namely, the system (6.1),
(6.8) is invariant under the approximate representation of the de Sitter
group and under the transformation (6.4) - (6.5). Moreover, it is conformally
invariant in the first order of accuracy with respect to K.

6.2 Splitting of neutrinos by curvature

The above calculations show that the Dirac equations in the de Sitter uni-
verse have the following peculiarities due to curvature.

6.2.1 Effective mass

The equation (6.1) can be regarded as a Dirac equation

3¢
with the variable “effective” mass
3
m = —ZK([B ) (6.10)

Then, in the framework of the usual relativistic theory, neutrinos will have
small but nonzero mass. It follows from Proposition 10.3 that the “massive”
neutrinos move with velocity of light and obey the Huygens principle on
existence of a sharp rear front.
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6.2.2 Splitting of neutrinos

Since the equations (6.3) and (6.7) coincide, there is no preference between
two transformations (6.2) and (6.6), and hence between Egs. (6.1) and (6.8).
Consequently, a “massless” neutrino given by Eq. (6.3) splits into two “mas-
sive” neutrinos. These “massive” neutrinos have “effective” masses

3
my = —Zk(aﬁ"y)
and
3
me = ZK(xv)

and are described by the equations (6.1) and (6.8), respectively. These two
particles are distinctly different if and only if K # 0. One of them, namely
given by the equation (6.1), can be regarded as a proper neutrino and the
other given by the equation (6.8) as an antineutrino.

6.2.3 Neutrino as a compound particle

I suggest the following interpretation of the above mathematical observa-
tions. In the de Sitter universe with a curvature K # 0, a neutrino is a
compound particle, namely neutrino—antineutrino with the total mass

m=my + mg = 0. (6.11)

It is natural to assume that only the first component of the compound
is observable and is perceived as a massive neutrino. The counterpart to
the neutrino provides the validity of the zero-mass-neutrino model and has
the real nature in the antiuniverse with the curvature (—K). A physical
relevance of this model can be manifested, however, only by experimental
observations.

Institute of Mathematical Modelling October 1990
Russian Academy of Sciences
Moscow
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Experience gained from solving concrete problems and reading lectures
on various aspects of mathematical physics has convinced me that quite a
few phenomena (diffusion, wave, etc.) can be modelled directly in group-
theoretical terms. Differential equations, conservation laws, solutions to
boundary value problems, and so forth can be obtained as immediate con-
sequences of group invariant principles. It is this idea that has inspired
the major part of the present paper. Various results on group analysis are
presented here in the form of relatively independent, self-contained short
stories, so that the exposition is concise and the reader does not have to
read the entire paper.

§ 1 The Galilean group and diffusion

The invariance principle with respect to the Galilean group can be used
to describe heat propagation in the linear approximation and to replace
the Fourier law (or the Nernst law, which describes diffusion in solutions
etc.). It is shown in [59] (see also [61]) that the fundamental solution can be
directly derived from the invariance principle and the heat equation itself
plays only an auxiliary role. The reasoning is as follows.

281
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First, consider the Galilean group for the case in which space is one-
dimensional. This is a three-parameter group formed by the translations
with respect to time ¢ and the space variable x and by the Galilean transfor-
mations, which describe the passage to steadily moving coordinate systems.
We add a dependent variable u to the independent variables ¢ and x. It will
denote the temperature, and, by definition, will be transformed in pass-
ing to a moving (with constant velocity 2a) coordinate system according
to the law @ = ue~(@*%°t)_ This extension of the Galilean group yields the
three-parameter family of transformations, generated by the operators

0 0 0 0
a, Xlz%, Y =2t— —xu—-

This family is not a group since the linear span of these operators is not
closed with respect to the commutator. The closure of this vector space
yields the four-dimensional Lie algebra with the basis

9 0 0 0 0
ona, X1=%, T1:U%7 Y:2t8_x_xu%. (1‘1>

Thus, in the one-dimensional theory of heat conductivity ( diffusion) the
Galilean group is realized as the four-parameter group formed by the trans-
lations with respect to ¢ and x, the Galilean transformations, and dilata-
tions of u. In [59] this realization was named the heat representation of the
Galilean group.

Xo =

Lemma 11.1. The Lie algebra with the basis (1.1) can be extended to a
five-dimensional algebra by adding operators of the dilatation group (scale
transformations of ¢ and z). This extension is unique and is obtained by

adding the operator

0 0

to the basis (1.1).

Proof. Let us add a dilatation operator of general form 7" = at% + ﬁxf%
to the basis (1.1) and write down the conditions that the resultant space is
closed with respect to the commutator. We obtain o = 2 and g = 1.

Theorem 11.1. Any linear second-order equation that admits the Lie al-
gebra with basis (1.1) has the form

U = Ugy + Cu, ¢ = const. (1.3)

Furthermore, the only second order equation admitting the extended algebra
with the basis (1.1), (1.2) is the heat equation

Up = Ugy. (1.4)
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Proof. The general linear equation that admits the operators Xy, X, and
Ty in (1.1) is the equation

Aty + By + Cuy + aug + buy + cu =0

with constant coefficients. It remains to write out the criterion for this
equation to be invariant with respect to Y, and then with respect to T5.

Remark 11.1. Equation (1.4) also admits the group of projective trans-
formations with the operator

0 o 1 0
Z=1—+tr— — (2t + 2*)u—- 1.5
o e T BT gy (15)
The generalization to the multi-dimensional case is obvious. Thus, the
heat equation

u = Au (1.6)

with n space variables z = (2!, ..., 2") admits the Lie algebra with the basis

0 0 -0 0
= — . = — L= J J— 1
Xo ag X axi(j) X 836 oz wag]» )
T=u—, Ty=2%—+2'—, Yi=2%— —2'u— 1.7
! “%u’ 2 taif”azz’ bow ~ Ty (1.7)
Z=0—+tr'— — —2nt+1ru—., i.7=1.....n.

In conjunction with X = ¢(t, z)2 [where ¢(t, z) is an arbitrary solution to
(1.6)] this algebra furnishes the maximum symmetry algebra of Eq. (1.6).

Theorem 11.2. (see [59], [61]). The equation
u — Au = 0(t, x) (1.8)

with the Dirac é-function on the right-hand side admits the algebra with
basis X;;,Y;, To — nTy, Z. The fundamental solution to the heat equation is
an invariant solution with respect to the group generated by that algebra.

§ 2 On the Newton-Cotes potential

Consider the motion of a particle of mass m in a central potential field. The
Lagrangian function is

L= %02+U(T), (2.1)
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where v? = |v|?, v = = dx/dt. The equation of motion is written

U0,

mv

2.2
: (22)
Since scale transformations are important in mechanics, let us find out for
what potentials U(r) the group of dilatations with the generator
0 o,
T =kt— '—, k = const. 2.3
ot i Ozt " (23)
satisfies the Noether theorem on conservation laws [i.e., when (2.3) is a
Noether symmetry].
It is convenient to represent the generator (2.3) as the canonical Lie-
Bécklund operator (see [58])

0
oxt

and to consider the infinitesimal coordinate transformation € = x + dx,
where

X = (2" — ktv') (2.4)

dx = (x — ktv)a. (2.5)
The differentiation of (2.5) with respect to t yields the velocity increment
dv = ((1—k)v — ktv)a. (2.6)

For small coordinate and velocity variations d and dv the main part of
increment of the Lagrangian (2.1) is equal to

U'(r)

0L =muv - dv + - ox. (2.7)

As applied to this case, the well-known Noether theorem asserts that if the
increment of the Lagrangian is the total derivative

dF
0L = — 2.8
dt Y ( )
then equation (2.2) has the integral
J=mv - dx — F. (2.9)

Theorem 11.3. The condition (2.8) is valid for the Lagrangian (2.1) and
for the infinitesimal transformations (2.5) and (2.6) of the dilatation group
if and only if

U=—

%, a = const. (2.10)
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Moreover, we have k = 2, and consequently, the equation

. xTr
mi = 2ar—4 (2.11)
admits the dilatation group with the operator
0 )
T =2t— R 2.12
ot T ox? ( )

Equation (2.11) also admits the group of projective transformations with
the generator

0 -0
Z=t"—+ta'— -
ot i oxt
Both operators satisfy the condition (2.8), and the formula (2.9) provides

the corresponding integrals of motion

Jy =2tE —mzx -v, Jy=2"E —mzx- (2tv — x), (2.14)

(2.13)

where F = %02 + % is the energy.

Proof. With (2.5), (2.6), and (2.2) taken into account, the formula (2.7)
can be rewritten as
d

oL =~ (1= k)ma - v — 2ktU]a + ka(rU' + 2U).

Thus, we should find out under which conditions the expression rU’ + 2U
is a total derivative. This is possible if and only if its variational derivative
vanishes, i.e.

O v o) = L v 20y = (U7 120y S = 0

5:vi(r * )_&Bi(T -\ ro
Hence we have the second-order equation (rU’+ 2U)" = 0 for the unknown
function U(r). Its solution, to within an additive constant, is the potential
(2.10). The other statements of the theorem can be verified by standard
computations (also see [58], Sec. 25.2).

The central potential (2.10) possesses a number of specific properties (we
ascribe this to its projective invariance), and that is why it occurs in various
problems in Newtonian mechanics. Newton [97] (see also [98]) considered
the motion of a body under the action of a central force proportional to the
inverse cube of the distance. Later, such motion was investigated in more
detail by Cotes (Roger Cotes, 1682-1716, English astronomer and mathe-
matician, who prepared the second edition of “Principia”) in his “Harmonia
Mensurarum.”

There is also a remarkable connection between the Newton-Cotes po-
tential (2.10) and a monoatomic gas. This connection is realized by the
conservation laws (2.14) (see [58], Sec. 25.2), which are also inherited by
the Boltzmann equations [23].
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§ 3 The Lie-Backlund group instead of New-
ton’s apple

Had not Newton lain in the garden under an
apple tree and had not an apple suddenly fallen
on his head, we might be still unaware of the
motion of celestial bodies and about a great
number phenomena, which depend upon it.

L. Euler

As far as I know, the ”law of inverse squares” of Newton’s gravitation
theory has not yet been derived from symmetry principles in literature.
In this section (which is, surely, only of methodical significance) such an
attempt is made. The main point here is to state Kepler’s first empirical
law in group-theoretical terms.

It was shown as early as by Laplace [82] that Kepler’s first law (the
planets move along ellipses with the Sun in one of the focuses) is a direct
corollary of the conservation law for the vector*

A=vxM+a>, (M=mzxwv) (3.1)
r
for the equation of motion
, x
mo = a-—3 (3.2)

in the central field with potential

U=——, «=const. (3.3)

a
T
In addition, Eq. (3.2) admits the infinitesimal Lie-Bécklund transformation
& = = + dx with the vector-parameter a = (a', a?, a®), where

dx=2(a-x)v—(a-v)x— (r- v)a. (3.4)

The Hermann-Bemoulli-Laplace vector (3.1) can be obtained from the Noether
theorem according to formula (2.9) (see [58], Sec. 25.2).

The cited Lie-Backlund symmetry is a natural generalization of the ro-
tational symmetry of the Kepler problem. To visualize this fact, it suffices
to note that an infinitesimal transformation from the rotational group is

*According to [45], this vector appeared in the literature as a constant of integration
for the orbit equation in 1710 in the publications by Jacob Hermann, a student of brothers
Bernoulli, and by Johann Bernoulli.
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determined by the increment d& = x x a and that the expression (3.4) can
be represented as the, symmetrized double vector product of the vectors
x,v,and q :

dx =[(x x v) X a]l + [z X (v X a)]. (3.5)

The symmetry with respect to the Lie-Bdcklund group with infinitesimal in-
crement (3.5) is just Kepler’s first law expressed in group-theoretical terms.

Theorem 11.4. The condition (2.8) for the applicability of the Noether
theorem is valid for a central field U(r) and the increment (3.5) if and only
if the potential has the form (3.3).

Proof. The reasoning is the same as in the preceding section. In this case
we have

d /
0L =2 @((:v-a)U)—(v-a)(rU +U)]|.

Hence the condition (2.8) takes the form

where ® = (v -a)(rU’ + U), and so

od B , , r d , 1 , , B
E—(TU"‘U)(Ua)?—a(TU‘i‘U)a—;(TU‘i‘U)UX(.’.UXCL)—O
It follows that (rU’ 4 U)" = 0, which implies the potential (3.3) to within
an unessential additive constant.

8§ 4 Is the parallax of Mercury’s perihelion
consistent with the Huygens principle?

In the concluding “Common scholium” of his “Principia,” Newton wrote:
“The gravity to the Sun is the gravity to its isolated particles and it is
reduced with the distance to the Sun. This reduction is proportional to
the square of the distance even up to the Saturn orbit, which follows from
the fact that planets’ aphelions are at rest, and even up to the farthest
comets’ aphelions provided that these aphelions are at rest. But so far I
have not been able to derive the reason for these gravity properties from
the phenomena, and I do not devise any hypotheses... It is enough to know
that gravity really exists, acts according to the laws stated and is sufficient
to explain all motions of celestial bodies and of the sea.”
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About 150 years later it was however found that the planets’ aphelions
(or perihelions) are not at rest but are slowly moving. For example, the
observed parallax of Mercury is only about 43" per century. However, small
effects are sometimes of fundamental significance for the theory, all the more
so if we deal with description of real phenomena. Specifically, the anomaly
in the motion of Mercury has not been given a satisfactory explanation on
the basis of Newton’s gravitation law, despite the efforts of greatest scien-
tists. The explanation given by Einstein in 1915 was the first experimental
justification of the general relativity theory. All these facts are well known,
and a wonderful critical survey can be found in [128], Chap. 8, Sec. 6. Here
we consider a point that has not apparently been taken into account so far.

Einstein’s explanation of the parallax of Mercury’s perihelion is based
on the assumption that the space near the Sun is not plane but has the
Schwarzschild metric (1916), previously found by Einstein to within the
second approximation. But in passing from the plane Minkowsky space-
time to the Schwarzschild metric the Huygens principle is violated. This
principle implies the existence of rear front for sonic, light, and other waves
that carry localized perturbations. This is because the Minkowsky space
belongs to the family of Riemann spaces with nontrivial conformal group,
whereas the Schwarzschild space has a trivial conformal group and therefore
does not satisfy the Huygens principle (see [55], Chap. 4 or [58], Chap. 2).

Thus, in connection with the theoretical explanation of the observed
anomaly in the planets’ motion a new problem arises. It can be stated as
the following alternative.

1. The explanation by passing to the Schwarzschild metric is adequate to
the phenomenon in the approximation required. Then the Huygens principle
is not valid, and hence sonic, light, and other signals undergo distortions.
And we should estimate the distortion level from the view point of possible
observation.

2. The Huygens principle holds in the real world. Then we should ex-
plain the parallax of Mercury’s perihelion without any contradiction with
this principle. This task requires thorough physical analysis of the equations
of motion for a particle in a curved space-time with nontrivial conformal
group. The problem is facilitated by the fact that such spaces can be de-
scribed completely. Namely, any space-time with nontrivial conformal group
is defined in an appropriate coordinate system by the metric ([58], Sec. 8.5)

ds® = e"@[(dz®)? — (dz)? — (dz?)? — 2f (z* — 2°)da?da® — g(x' — 2°) (dx®)?],

where f and ¢ are functions only of ! — 2%, such that g — f? > 0, and the
function p(z) can depend on all variables .
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§ 5 Integration of ordinary differential equa-
tions with a small parameter admitting
an approximate group

The theory of approximate transformation groups [17] can be used to clas-

sify and integrate differential equations with a small parameter. Consider

an example that illustrates the method of integrating ordinary differential

equations in the framework of regular perturbations of symmetry groups.
The second-order equation

' —r—ey’ =0 (5.1)

with small parameter € does not have any exact symmetries, and hence can-
not be integrated by Lie group methods. However, it admits the following
approximate symmetry generators (here we do not dwell on the question
whether Eq. (5.1) has any other approximate symmetries):

2 0 11 0
X, = Zerd— + [1 —|—5<yw2 + —x5>}—

3 Ox 60 oy’
X :15$4£+ [m+€<1yx3+ix6>]g- o
767 or 3 180 Ay

The operators (5.2) span a two-dimensional Abelian Lie algebra and gener-
ate a two-parameter approximate transformation group [17].

The method of successive reduction of order (see [61], Chap. 2) provides
the following technique for approximate integration of Eq. (5.1) by means
of the approximate symmetries (5.2). In what follows all equations should
be interpreted as approximate equations to within o(e).

The change of variables

1 11 2
t=y—c¢ <§x2y2 + @ym‘r’) ., U= — geyxg (5.3)
transforms X, into the translation operator X; = %. The transformed equa-
tion (5.1) for the function wu(t) reads
" N3 2,/ 1 2, N2 11 2,13
v +u(u)’ e [3utu' + S (wu) — —(uu)’ | =0
6 60

and does not depend upon t. Therefore, it can be integrated by the standard
substitution ' = p(u), which yields

1 11
P +up®+e (3u2 + 6u4p — @u6p2> =0. (5.4)



290 N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

Let us now integrate Eq. (5.4) by using the second operator in (5.2). To this
end we rewrite the operator X, in terms of the new variables ¢, u defined
by (5.3), extend the resultant operator to the variable p = u’ and consider
its action in the space of the variables (u,p). As a result, we obtain the
following approximate symmetry for Eq. (5.4):

~ e 4,0 13 0
X _ - 4 7 2 2 3,, _ ~“,.5,2 . 55
> 2u8u+[p +€(UP 1" )| 5 (5.5)
The change of variables
ut 1 ud 13 u®
_ hdl — = - = 5.6
z u+€2p, q p+€(p2 15p) (5.6)

takes the operator (5.5) into the translation operator X, = 6% and Eq. (5.4)
into the explicitly integrable form

11
qd(z)+z+ @526 = 0.

Integration yields:

1 11
q= —522 - @827 +C, C = const. (5.7)
If we substitute the expressions (5.6) for z and ¢ into (5.7), and then resolve
the obtained equation as p = f(u), a single quadrature yields the solution
t = [ f(u)du. Then the solution of the original equation (5.1) can be found
via the change of variables (5.3).

8§ 6 Specific features of group modelling in
the de Sitter world

Two astronomers who live in the de Sitter
world and have different de Sitter clocks might
have an interesting conversation concerning the
real or imaginary nature of some world events.

F.Klein [78]

This section is a sketch for future more detailed work on some new
approaches and effects that are possible if the curvature of our universe is
small but nonzero. Here we will discuss only the following two features of the
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transition from the Minkowsky geometry to the de Sitter world (space-time
of constant curvature).

The first feature is the possibility to treat the de Sitter group in terms
of the theory of approximate groups and to consider it as the perturbation
of the Poincaré group by introducing a small constant curvature. Indeed,
according to the cosmological data, the curvature of our universe is so small
(about 107%¢m™2) that it suffices to calculate only the first-order pertur-
bations. The resultant Lie equations can easily be solved and provide an
approximate representation of the de Sitter group [60]. This permits us to
simplify the formulas of the exact theory dramatically. The second feature
is connected with the use of a special complex transformation, which, in the
case of the Minkowsky space, is a very simple conformal transformation,
admitted by the Dirac equation with zero mass and is not significant there.
But if the curvature is not zero, then the transformation becomes a non-
trivial equivalence transformation on the collection of spaces with constant
curvature. The addition of this transformation to the de Sitter group results
in an interesting combination of the three possible types of spaces of con-
stant curvature: elliptic, hyperbolic (Lobachevsky spaces), and parabolic
(Minkowsky spaces considered as the limit case in which the curvature is
zero). The metric of the de Sitter space is

K —2
i (16 K om) e —ap—a, o)

where
r* =2 +9* +2°, K = const. (6.2)
With the standard notation (z!,2?% 23, 24) = (x,y, 2,ict), ds = idr we
have
K 2 4
2 _ 2 2 2 _ 2
ds? = <1+ Zo—) ;(dx”) . ol = ;(w) (6.3)

The motions of the metric (6.3) form the de Sitter group, which differs
from the Poincaré group in that simple translations of the coordinates z*
are replaced by more complicated “generalized translations”. For example,
generalized translation with respect to the coordinate z! has the generator

= (1 Bl - @ - @ - 0] )
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and the translation itself has the form
2" cos(avVK) + (1 — %02)\/% sin(avVK)
1+ £o02+ (1 - £02) cos(aVK) — 22 VK sin(aVK) ’

l
~1 x

B +£62 4 (1 - £02) cos(aVK) — 2'VK sin(aVK) '

where a is the group parameter, and [ = 2, 3, 4.

If the constant curvature K is small, one can use the theory of approx-
imate groups [60]. The approximate Lie equation for the operator (6.4)
can be solved easily. As a result, we obtain the following simple approx-
imate representation of the generalized translation (6.5) (see the detailed
calculation in [60]):

=2
(6.5)

P=al+a+ 5{[(351)2 — (2%)* — () — (2")?]a + 2'a® + a—} +o(K),

4 3

=1 o, K 1 2

=z —i—zx(an +a°) +o(K), 1=2,34. (6.6)
The free motion of a particle in the de Sitter world is described by the
Lagrangian

L=-mc0 /12 (6.7)
with % o]?
_ 2 2.2 2 |V
9—1"‘2(7" —Ct>, ﬁ—?,

where m and v are the mass and the velocity of the particle, respectively.
We write & = (2!, 22, 23), so that v = dzx/dt. Starting from the formula
(6.7), we shall find the Lagrangian for Kepler’s problem in the de Sitter
world. The invariance of the classical Kepler problem with respect to the
rotations and time translations, the known limit value of the potential (3.3)
for K = 0 and 3% — 0, and formula (6.7) will serve as heuristics in our
consideration. Hence we seek the Lagrangian in the form

L=-mc*0 /1 -3+ g95(1 — %)™ s,n = const. (6.8)
r

The action integral [ Ldt is invariant with respect to rotations. Therefore,
the invariance with respect to the generalized time translations with the
operator
1 K o K <, 0
Xo=—= |[1——(+r))| = — =t — 6.9
T 4(0 +T)8t 2;96890[ (6.9)
[which is obtained from (6.4) by replacing z' with z%] will be the only
additional condition.
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Theorem 11.5. The action integral [ Ldt with the Lagrangian (6.8) is
invariant with respect to the group with the operator (6.9) if and only if
s=0and n =3, ie. when

L=-m0W1-p+2/1- (6.10)
r
Proof. The required invariance condition is [58]
(X + Di(€)IL =0, (611)

where Xy is the extension of operator (6.9) to v, and ¢ is the coordinate of
this operator at % - The calculation gives

(X4 + Dy(E)]L = %93(1 — BA™(1 — 2n)%v + st]. (6.12)

Therefore, the statement of the theorem follows from (6.11).

Remark 11.2. A similar theorem on the uniqueness of an invariant La-
grangian is not valid in the Minkowsky space. Indeed, as follows from
(6.12), for K = 0 condition (6.11) identically holds for the Lagrangian (6.8)
with any n. Thus, the theorem proved is an effect characteristic of nonzero
curvature.

The spinor analysis in a curvilinear space has been developed from var-
ious points of view by many authors. A good exposition of its techniques
and a general review of literature on the topic are given in [26]. According

0 [26], Sec. 2, the Dirac equation in the metric (6.3) can be rewritten in
the form

K 0 3
(1 + ZU2> v“a—;i - ZK(Z‘ Y)Y +mip =0, m = const., (6.13)
where v#(u = 1, ..., 4) are the usual four-row Dirac matrices in the Minkowsky
space and z-y denotes the four-dimensional inner product (z-y) = Zi:l ke,
Here we are interested only in the equation for neutrino (m = 0) in the linear
approximation with respect to K :

u OV

ol EK(:C )b = 0. (6.14)

Equation (6.13) admits the de Sitter group, whose action on the wave
function 1 is defined as follows. Let us write out the infinitesimal transfor-
mation of the de Sitter group as dz = a&. Then dv = aS, where

4

_l afﬂ KAV _ A VAR § 52_1
S—Szaxy(vv VN = 30m) + K<1+ o (z-&). (6.15)

4 4

pr=1
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Let us now return to Eq. (6.14). It can be reduced (in the linear approxi-
mation with respect to K') to the common Dirac equation

= =0 (6.16)

% (1 + %0’2> _3] . (6.17)

Equation (6.16) is invariant with respect to the transformation
B =izt Q=L (6.18)

Therefore, instead of (6.17), we choose the representation of ¢ as

% (1 + %y?) _3] : (6.19)

From (6.16) we obtain the equation (the bar over Z is omitted)

L Ox 3
W + K( Y)x =0, (6.20)
which coincides with Eq. (6.14) in the de Sitter space with curvature of the
opposite sign.

In the Minkowsky space the transformation (6.18) takes timelike inter-
vals into spacelike ones and vice versa. The same is true of the de Sitter
space, with the simultaneous change of sign of the space curvature. Indeed,

assigning the subscript K to the interval (6.3) and using (6.18), we have
sy = —ds7_g. (6.21)

Formulas (6.17) and (6.19) can be interpreted as the “splitting” of a
neutrino into two neutrinos, that are described by equations (6.14) and
(6.20) and differ only if K # 0. System of equations (6.14), (6.20) admits
the approximate transformation group whose infinitesimal transformations
are defined by the increments

ox =al, 0p=aSyy ox=alx (6.22)
where the vector € = (£1,...,&%) belongs to the 15-dimensional Lie algebra

of the group of conformal transformations of the Minkowsky space (e.g., see
[58]) and the matrices S and 7" are given by the formulas (see (6.15))

by the change

¢ = (x)exp

¢ = X(T)exp

1 3
: ; (6.23)
=8 — _35W)_4K(x'§)-
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§ 7 Two-dimensional Zabolotskaya-Khokhlov
equation coincides with the Lin-Reissner-
Tsien equation

The group admitted by the equation

PPz + 290151’ — Pyy = 0 (7'1>

describing a nonsteady potential gas flow with transonic velocities [92], has
been calculated in [94]. The Lie algebra of this group is infinite-dimensional
and contains five arbitrary functions of . On the other hand, in [125] the
infinite-dimensional symmetry algebra of the equation

9% [u? 0%u 0%u
aQ% ( 2 ) 0q10q2 8q§ ( )

which is the two-dimensional version of the Zabolotskaya-Khokhlov equation
[129] known in nonlinear acoustics, has been found in [125]. This algebra
contains three arbitrary functions of the variable ¢,. The comparison of the
two algebras suggests the possibility of a nonpoint (since the dimensions
of the symmetry algebras are different) correspondence between equations
(7.1) and (7.2). In fact, these equations can easily be identified by intro-
ducing a potential. Namely, if we set x = —qy,t = —2¢, and y = g3 in Eq.
(7.1), differentiate it with respect to ¢; and denote

_ %

u = , 7.3
o (7.3)

then we obtain Eq. (7.2). The passage from the symmetry algebra of Eq.
(7.1) to the algebra for Eq. (7.2) can easily be accomplished by applying
the formulas from ([58], Sec. 19.4) to the differential substitution (7.3).

This work was supported by the Russian Fund of Fundamental Research
(Grant No.93-013-17394).

Institute of Mathematical Modelling Received 16 April 1993
Russian Academy of Sciences
Moscow



Paper 12

Perturbation methods in group
analysis: Approximate
exponential map

N. H. IBRAGIMOV

Lecture [67] presented at Workshop Differential equations and Chaos,
University of the Witwatersrand, Johannesburg, South Africa, January 1996.

Recently, a new direction in symmetry analysis of differential equations
has been developed. This approach, based on the concept of approximate
groups, is used for tackling differential equations with a small parameter
and for approximate representations of Lie groups.

In the classical Lie group theory, the one-parameter group with a given
infinitesimal generator is represented by the exponential map. The present
paper is an introduction to the topic with the emphasis on the role of the
exponential map in the theory of approximate groups.

Introduction

The initiation and subsequent development of the theory of approximate
transformation groups were inspired by the following two chief circum-
stances.

A variety of differential equations recognized as mathematical models
in engineering and physical sciences, involve empirical parameters or con-
stitutive laws. Therefore coefficients of model equations are defined ap-
proximately with an inevitable error. Consequently, differential equations
depending on a small parameter are of frequent occurrence in applications.

296
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Unfortunately, any small perturbation of coefficients of a differential equa-
tion disturbs its symmetry properties, and this reduces the practical value
of group theoretical methods.

Instability of Lie symmetry groups is the first circumstance that has led

s [14] to the concept of approximate groups.

The second factor is that, in practical applications, Lie group analysis
may come across unjustified complexities.

The second circumstance is illustrated by the following example. Con-
sider the de Sitter space-time with the metric form

4
ds® = — (—i—ea) ;dx“

where

4
= Z(m“)Z, (z', 2%, 2%, 1) = (z,y, z,ict),
=1

i = =1, ¢ = 2.99793 x 10* cm/sec is the velocity of light in empty
space, and ¢ = K/4 with K denoting the curvature of the de Sitter uni-
verse. According to cosmological data, the curvature K is a small constant
(~ 1075 em™2), hence ¢ can be treated as a small parameter. We assume
here that ¢ > 0. The de Sitter group (i.e., the group of isometric motions
in the de Sitter space-time) differs from the Poincaré group (i.e., the group
of isometries in the Minkowski space-time) in that the usual translations
of space-time coordinates x* are replaced by more complicated transforma-
tions, the so-called “generalized translations” in the de Sitter space-time.
The generalized translation, e.g. along the z! axis has the infinitesimal
generator

0 0 0 0
_ N2 (2\2 (23\2_ [, 4\2 3 4
X = <1+5[(:1: )2 (22)2— ()2 — (%) }>%+25x ( et W).
The corresponding group transformations (with the group parameter a)
have the form

1
x! cos(2a+/2) + (1 — e0?) ——= sin(2a+/¢)
=2 2ve

1+ ¢e02?+ (1 — e0?) cos(2a+/2) — 2x'\/esin(2a/g) ’

: x’
=2 , ] =2,3,4.
1+ e0? 4 (1 — e0?) cos(2ay/e) — 2zt /esin(2a+/e) J
However, since ¢ is small, it is sufficient to use an approximate expres-
sion of these transformations, e.g. by expanding them in powers of ¢ and
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considering only the leading terms of the first order. That is, to consider
the de Sitter group as a perturbation of the Poincaré group by the curvature
K. Then the result is rather simple, viz.

P aattate([(@)? - (@2 - (@) - @)+ 2le? + %a?’),

¥ 2 +e(2axt +a)r?, j=2,3,4.

The question naturally arises of how to calculate this perturbation di-
rectly, without using the complicated formula of group transformations.
The theory of approximate groups gives a method of calculation. Namely,
one can use the approrimate Lie equations. Furthermore, this approxima-
tion inherits the group property of the exact transformation group in the
precision prescribed.

The present paper focuses on construction of one-parameter approximate
groups, in the first order of precision, by using the exponential map. The
main result is formulated in Theorem 12.2 and states the following.

Given an operator

X=Xo+eX;

with a small parameter €, where

0

oxt’

0

Xo = f(i)(ﬂf) o’

Xy =& (x)
the corresponding approximate group of transformations

T =ry+ex;, t1=1,...,n,

is determined by the following formulae:

T = e o(a), 7 = (aXo, aX (@), i=1,..m,
where
a? a®
X0 =14 aXo + o X + 5 X+
and
a2 a3
{aXo,aX1)) = aXy + E[X()le] + g[X()a [Xo, Xa]] -+

In other words, the approximate operator X = Xy 4 X generates the
following one-parameter approximate group of transformations in IR":

' = (1+e((aXo,aXy)))e™ ("), i=1,...,n.
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The above approximate representation of the de Sitter group is readily
obtained by applying this theorem to the generator X of the generalized
translations:

X:X0+€X1
where 5
Xo =5t
and
0 0 0 0
_ N2 22 32 a2\ 9 1 2 3 4
Xl_(<x) (%) (z7) ($)>8x1+2x (x 8x2+$8x3+x8x4)'

The calculations are given in Section 3.2, Example 12.9.

8§ 1 Preliminaries on Lie groups

A brief sketch of the Lie equations and the exponential map is given here
to draw a parallel between the classical and approximate group theories.

1.1 Continuous one-parameter groups

Let z = (z!,...,2") € IR™. Consider a one-parameter family of invertible
transformations T,:
z = f(z,a), (1.1)
or in coordinates,
= f'r,a), i=1,...,n.

Given a € U, the transformation T, carries the point x € IR" to the point
z e R"™

Here the parameter a ranges over all real numbers from a neighborhood
U C R of a = 0, and we impose the condition that (1.1) is the identity
transformation if and only if a = 0, i.e.

f(z,0) =z, (1.2)
and, conversely, the equation f(x,a) = x with a € U implies a = 0.

Definition 12.1. A set G of transformations (1.1) is called a continuous
one-parameter group of transformations in IR™ if the functions f'(x,a) sat-
isfy the condition (1.2) and the group property

fi(f(z,a),b) = fi(z,c), i,...,n, (1.3)
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for all a,b € U, where ¢ € U is a certain (smooth) function of a and b:

c = ¢(a,b), (1.4)

such that the equation
¢(a,b) =0 (1.5)
has a unique solution b € U for any a € U. Given a, the solution b of

Eq. (1.5) is denoted by a~!. The function ¢(a,b) is termed a group compo-
sitton law.

According to Definition 12.1, a continuous group G contains the (unique)
identity transformation I = Ty. Further, the group property (1.3) means
that any two transformations 7T,,7T, € G carried out one after the other
result in a transformation which also belongs to G:

TT,=T. c=¢(a,b)eU,

for any a,b € U. The solvability of the equation (1.5), together with the

group property (1.3), provides the inverse transformation 7, ! = T,-1 € G
toT, € G:
TonT, =T, T, 1 = I

for any a € U.
The group parameter a is said to be canonical if the composition law is
o(a,b) = a+b, i.e., if the group property has the form

f'(f(z,a),b) = fi(z,a+0b), i=1,...,n (1.6)

Given an arbitrary composition law (1.3), there exists the canonical param-
eter a. It is defined by the formula

0¢(a,b)

0b )b:o'
Example 12.1. Let n = 1, and let £ = x + ax. This is a one-parameter
group with the composition law ¢(a,b) = a+ b+ ab. Here A(a) = 1+a and
hence the canonical parameter is

“d
EL:/ ¢ = In(1+ a).
0

1+a

where

Aa) =

In this paper we shall adopt the canonical parameter when referring to
one-parameter groups as well as approximate groups.
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1.2 Group generator. Lie equations

Let G be a group of transformations (1.1) with a function f(z,a) satisfying
the initial condition (1.2) and the group property (1.6). The infinitesimal
transformation of the group G is the main linear part (in a) of (1.1), viz.

T~ 2+ al'(x), (1.7)
where ofi(x.a)
. “z,a
(r) = —1— =1,...,n.
g = Y| oy
The first-order linear differential operator
~ 0
X =& P 1
() (18)

is known as the infinitesimal operator or generator of the group G. S. Lie
called it a symbol of the infinitesimal transformation (1.7). One-parameter
groups are determined by their infinitesimal generators according to the
following Lie’s theorem.

Theorem 12.1. Given an infinitesimal transformation (1.7) or its symbol
(1.8), the solution = = f(x,a) of the system of ordinary differential equa-
tions

dz’ 4
=&z =1.... 1.9
@), i=1.m, (19)
with the initial conditions
| _ =2 i=1....n (1.10)

determines a one-parameter group of transformations (1.1).

First-order ordinary differential equations (1.9) (sometimes the equa-
tions (1.9) together with the initial conditions (1.10)) are known as the Lie
equations.

Example 12.2. Consider, in the (x,y) plane, the infinitesimal transforma-
tion
f%m+am2, Yy~ Y+ ary
with the symbol
0 0
X=2’"—+ay—-

ox dy
Here the Lie equations (1.9) have the form
@ — 72 @ — 77
da " da "V
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Integrating,
1 Cy

Cl —a ’ y= Cl —a ’
where C] and Cy are arbitrary constants. The initial conditions (1.10)
provide

xr =

1 e
L= C,’ y= C,’
whence
C, = 1 L Oy = ¥,
x x
Thus the one-parameter group of transformations has the form
le—xax’ gzl—yax. (1.11)

1.3 The exponential map

The solution of the Lie equations (1.9) —(1.10) can be represented explicitly
by the exponential map,

T =e"%(z"), i=1,...,n, (1.12)

where the exponent is given by the infinite sum:

a2

3
e“X:1+aX+§X2+%X3+-~-. (1.13)

Example 12.3. The exponential map (1.12) is written in the (z,y) plane
in the form:

T =e"N(x), 7=-e"(y), (1.14)

where e4¥ is given by the series (1.13). Let us apply the exponential map
to the generator

0 0
X = xZa—x + xya—y
considered in Example 12.2. We have:
X(z)=2% X*z)=XX(2))=X(z? =2* X3)=3*. ...
These equations hint the general formula
X"(z) =nlz"™, n=1,2....
The proof is given by induction:

X" () = X(nlz"h) = (n 4 1)12%2™ = (n + 1)la" 2.
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It follows:
eaX({L‘):fE+aIQ—|—---—|—CLnIn+1—|—---

One can rewrite the right-hand side of this equation in the form

T

1 g ) =
r(l+ar+---+a"2" +--) T

where the well known Taylor expansion of the function (1 — ax)™! is used
provided that |ax| < 1. Hence,

T

eaX (

x)zl—ax.

Similarly,
X(y) =ay, X*(y) = X(2y) =yX(2) +2X(y) = y(2*) + y(zy) = 2lya”,
X3(y) = 2[yX (%) + 2° X (y)] = 2[y(22°) + 2*(xy)] = 3lya”.
This hints the general formula
X"(y) =nlyz™, n=12,...
that can be readily verified by induction:
X" (y) = !X (ya™) = nl[nya" ™ + 2" (2y)] = (n + 1)lya™ .

It follows:
e (y) =y + ayr + aPyx® + - 4 a"ya" + -

—y(ltar+ - +aa" 4+ )=—0—.
1 —ax

Thus, we arrive at the transformation (1.11):

x oy
1-az’ YT 1-az

T =

8§ 2 One-parameter approximate transforma-
tion groups

For a detailed discussion of the material presented here and of the theory
of multi-parameter approximate transformation groups, see [65], Ch. 2.
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2.1 Notation and definition

In what follows, functions f(z,e) of n variables z = (z',...,z") and a

parameter ¢ are considered locally in a neighbourhood of ¢ = 0. These
functions are continuous in the z’s and ¢, as are also their derivatives to as
high an order as enters in the subsequent discussion.

If a function f(z,¢) satisfies the condition

e—0 cb

it is written (after E. Landau, Vorlesungen tiber Zahlentheorie, vol. 2, 1927)

f(z,€) = o(e’).

Then f is said to be of order less than &P. If

f(l’,é) - g(l‘,é‘) = 0(5p>7

the functions f and g are said to be approrimately equal (with an error
o(eP)) and written

f(z,e) = g(x,€) + o(e"),
or, briefly
[~y
when there is no ambiguity.
The approximate equality defines an equivalence relation, and we join

functions into equivalence classes by letting the functions f(x,¢) and g(z, €)
to be members of the same class if and only if f ~ g. Given a function

f(z,e), let
folz) +efi(x) + -+ fp(z)

be the approximating polynomial of degree p in € obtained via the Taylor
series expansion of f(x,¢) in powers of € about ¢ = 0. Then any function
g ~ f (in particular, the function f itself) has the form

g(x,e) = fo(z) +efi(x) + -+ " fp(x) + o(e").
Consequently the function
folx) +efi(z) + -+l fp(2)

is called a canonical representative of the equivalence class of functions con-
taining f.
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Thus, the equivalence class of functions g(z,¢) =~ f(x,¢) is determined
by the ordered set of p + 1 functions

fO(z)’ f1<l'), S fp(x)'

In the theory of approximate transformation groups we consider ordered
sets of smooth vector—functions depending on x’s and a group parameter a,
Viz.

folz,a), fi(z,a), ..., fo(z,a)
with coordinates
fix,a), fi(z,a),... f;(a:, a), i=1,...,n.
Let us define the one-parameter family G of approzimate transformations
T~ fé(x,a) +efi(z,a)+ -+ 5pf;(x,a), 1=1,...,n, (2.1)

of points z = (z!,...,2") € R" into points 7 = (z',...,7") € IR" as the
class of invertible transformations

z = f(z,a,¢) (2.2)
with vector—functions f = (f!,..., f™) such that
i@, ae) = fi(x,a) +efi(z,a) + -+ 2 fl(x,a).
Here a is a real parameter, and the following condition is imposed:
f(z,0,¢) =~ x.

Furthermore, it is assumed that the transformation (2.2) is defined for any
value of a from a small neighborhood of a = 0, and that, in this neighbor-
hood, the equation f(x,a,c) ~ x yields a = 0.

Definition 12.2. The set G of transformations (2.1) is called a one-
parameter approrimate transformation group if

f(f(z,a,e),b,e) =~ f(x,a+b,e)
for all transformations (2.2).

Remark 12.1. Here, unlike the classical Lie group theory, f does not nec-
essarily denote the same function at each occurrence. It can be replaced by
any function g &~ f (see the next example).
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Example 12.4. Let us take n = 1 and consider the following two functions:
1
f(z,a,e) =x+a(l+ex+ iea)
and )
g(xz,a,e) =x+a(l+ex)(1+ 55@).

They are equal in the first order of precision, viz.

1
g(x7a7€) :f(xaaa5)+€2¢<$7a)a QD(QS',G) = 5&21',

and satisfy the approximate group property. Indeed,
f(g(x,a,e),b,e) = f(x,a+b,e)+2¢p(x,a,b,¢),

where )
o(z,a,b,e) = ia(ax + ab + 2bx + cabx).

2.2 Approximate group generator

The generator of the approximate group G of transformations (2.2) is the
class of first-order linear differential operators

, 0
X=¢ . 2.3
£(w0) 23)
such that . ' ‘ .
§'(,e) = &ola) +e€i(x) + -+ + 6 (x),
where the vector fields &y, &, ..., &, are given by
. of
& () = %L}:O, v=0,...,p;i=1,...,n.
In what follows, an approximate group generator is written as
, . , 0
X~ (§(0) + €@ + o+ @) 5
It is written also in a specified form, viz.
i 9 i i i
X =g(@e)ms = (Go) + e (@) +--- +7E(@) 5 (2.4)

oxt
Remark 12.2. In theoretical discussions, approximate equalities are con-
sidered with an error o(e?) of an arbitrary order p > 1. However, in the most
of applications the theory is simplified by letting p = 1. The assumption
p = 1 is adopted in what follows.
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2.3 Approximate Lie equations

Consider one-parameter approximate groups in the first order of precision.
Let

X = XO + €X1 (25)
be a given approximate operator, where
i 9 i 9
Xo = fo(if)%a X1 = 51@)8961- .

The corresponding approximate group of transformations of points x into
points & = Ty + €x; with the coordinates

T =T} + T (2.6)

is determined by the following equations:

dzy » .

dao - éO(xO)’ xO’azO =T, (27)
dz’ " 08 (z) - i B
W | AraE) Hl,=0 09

where i = 1,...,n. The equations (2.7)—(2.8) were derived in [14] and called
the approximate Lie equations.

2.4 Solution of approximate Lie equations

An approach to the solution of approximate Lie equations is illustrated by
the following simple examples.

Example 12.5. Let n =1 and let

0
X =1 —_—
(1+ Em)@x
Here &o(x) =1, &(z) = x, and Egs. (2.7)—(2.8) are written:
dT . =
— = T =z
da ) 0lga=0 )
dz
d—al = T, T a=0 0
Its solution has the form
a2

To=x+a, T1=ar+ —-
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Hence, the approximate group is given by

a2
:Z%:z:%—a—i—a(a:c—i—;).

Example 12.6. Let n = 2 and let

X=~0+ex )86;7

Here &o(z,y) = (1,0), &(z,y) = (22, zy), and Egs. (2.7)-(2.8) are written:

0
—i—exya

dzy _ dyo 0 _ B _ B
da da 96’0‘@:0—% yo‘azo—’y;
dil —\2 dgl _ _ _

da ~ @0 gy =0 Tlosy =0 Bily =0

The integration yields:

CL3 a2
fzx+a+5(ax2—|—a2x+§>, y‘my+g<axy+5y>.

§ 3 Approximate exponential map

3.1 Main theorem

Let X and Y be linear differential operators of the first order. Consider the
exponential map

=1 1 1
SXF =14 X+ X2 =X
;;k X X

The differential of the exponential map is a linear mapping given by the
following infinite sum (see, e.g. [25], Ch. III, § 4.3):

Z (ad X)*
k:o k—|—1

where ad X is the inner derivation by X. It is known also as the map adjoint
to X and is defined by the linear mapping

ad X(Y) = [X,Y]
with the usual Lie bracket (commutator)

[X,Y]=XY - YX.
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Definition 12.3. Let us define the differential operator of the infinite order
{(X,Y)) by the formal infinite sum

(XD = Y Gy 01

By substituting
ad X (Y) = [X,Y], (adX)*(Y)=[X,[X,Y]],...

we write it as follows:

(XY) =Y + %[X, Y]+ %[X, X, Y]] + %[X, XY+ (3.)

Theorem 12.2. The solution
(To; 1) = (Tg, -, T0; 1y -, ZY)

to the approximate Lie equations (2.7)—(2.8) is given by the formulae:

Th = eXo(2h), 7= ((aXo,aXl»(:ié), i=1,...,n, (3.2)
where
a? a?
<<CLXO, CLX1>> = aX1 + §[X07X1] + g[Xo, [Xo, Xl]] + e (33)

In other words, the approximate operator (2.5),
X = Xo + EXl

generates the following one-parameter approximate group of transforma-
tions in IR™:

' = (1+e((aXo,aXq)))e™™ ("), i=1,...,n. (3.4)

Proof. According to the definition of the approximate group generator (see
Sections 2.2 and 3.1), we substitute

Xo + €X1

into the definition (1.13) of the exponent:

2 3
et(Xo+eX1) _ 1 + CL(XO + €X1) + %(XO + 5X1)2 + %(XO + 5X1)3 +o
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and single out the sum of terms of the first degree in €. Then we obtain the

following;:
2

3
a(Xo+eX1) ~ CL_ 2 a_ 3 c.

3

2
+€{CLX1 + a—(X(]Xl + XlXo) + Z—(XgXl + X0X1X0 + Xng)

+a (X3X1 + X5 X1 X0 + Xo X1 X5 + X1.X5) + - }. (3.5)

By using the identities
XoX1 = X1 Xo + [Xo, X1,

X2X, + XoX1 X = 2X, X2 + 3[Xo, X1] X0 + [Xo, [ X0, X4]], - ..
one can rewrite (3.5) in the form:

2

3
X0t & 1 4 a Xy + %X@ + %XS’ +-

2 3
+8{aX1(1+aXO+%X2+ 3'X?’ )

2 2 3

+2 (X0, X3] (1 +aXo + 5 o7 X0 + 3,X3+ )

a’ a2 a3
g[XOa[XO,Xﬂ](l—I—aXO—I—zX2+3'X3 )_|_}

Thus, in virtue of (3.1):
X0t X) ~ (1 4 ((aXo, aX1)))e ™. (3.6)

Hence, the exponential map (1.12) written for the operator (2.5) in the first
order of precision with respect to € has the form (3.4). Taking into account
(2.6), one obtains the formulae (3.2) thus proving the theorem.

3.2 Examples
Example 12.7. Let us use Theorem 12.2 in Example 12.5. Here,

Therefore
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and
0
X0, Xq]==— =X
[ 05 1] ax 0
[Xo, [Xo, Xu]] = [Xo, Xo] = 0,..
Consequently,
:EO — eaXO(x) =X _|_ a/’
and -
a
Xo.aXq) = 2\ =
(aXo,aXq)) = (az + 2!)69;’
whence
71 = (aXo,aX 1) (To) = a0 _
Ty = <<a 0,@ 1»(%) = (ax + a)a—x(x + a) — axr + 5
Hence,

a2
:Z'%x%—a—i—é(axﬁ—?).

Example 12.8. Let us use Theorem 12.2 in Example 12.6. Here,

Xo = %, X, :x2(%+xy(%.
Therefore,
Ty = ™ (x) = x + a,

and

[Xo, Xi1] 2$% + yaﬁy ;

X0, X0, Xi]] = 2.

Ox

[Xo, [Xo, [Xo, Xi]]] = 0,

Consequently,

2 0 0 30
{(aXo,aX1) = aX; + a—(2x— +y)+ e

200 Oz dy 3! 0x

3 2
(a4 ate s T a9
—(ax+ax+3)ax+(a:cy+2y)ay.
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Whence
_ _ s o a* 0
71 = ((aXo,aX1))(To) = (ax” 4+ a*z + —)=—(z + a),
370z
02
g1 = ((aXo,aX1))(%0) = (azy + 7y)8—y(y)-
Hence,
a® a?
1 :ax2+a2x+§, Y1 :axy—i-?y.

We thus arrive at the result of Example 12.6:

3

E%x+a+5(ax2+a2x+%),

2

a
gzy+5<axy+§y>.

Example 12.9. Consider now the generator of the generalized translation
along the z!' axis in the de Sitter space-time (see Introduction):

) B ) B
X = (1+5[(w1)2—(x2)2—(x3)2—(9c4)2]> +2ea’ <x2 Syttt W).

Here X = Xy + X, with

0
0= 51>
X, = ((x1)2 (@22 — (2%)? — (x4>2>%

0 0 0
1,2 3 4
+ 2z (x w2+x $3—|—[L' $4>.

The operator X, generates the translation group:
Io=a'4a, T =2 j=234

Now we calculate the differential of the exponential map by Eq. (3.1) applied
to the operators Xy, X;. We have:

0
a1
o, Xa] =22 <$ ozl T 0x? ox3 Oxt

X0, [Xo, X)) = 2.0

orl’ [Xo, [Xo, [Xo, Xiu]]] =0, ...
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Consequently, the formula (3.3) takes the form:

(aXo,aX1) = ([(@1)2 = (@) = (&) = (@*a + a'a® + za*) =

20+x38+x48>.

1 2
+(202" +a )<I ox? ox3 oxt

Therefore (3.2) yields

7} = (X0, X)) = (') — ()7 — (&2 = (@*la+ a'a? + 5,

7 = (2az' +a?)2?, j=234.

We thus arrive at the approximate transformation given in Introduction:

1
S A 5([(:51)2 — (2?)? — (2*)* — (2)%a + 2'a® + §a3>,

T ma) +ex] =2t 4+ e(2axt +d®)a?, j=2,3,4.

Department of Computational November 1995
and Applied Mathematics,

University of the Witwatersrand,

Johannesburg, South Africa
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Discussion of Lie’s nonlinear
superposition theory
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§ 1 Lie’s theorem on nonlinear superposition

It is a very interesting problem to seek, together with E. Vessiot [121] and
A. Guldberg [46], all systems

dat

v = fi(t,x), i=1,...,n, (1.1)

whose general solutions v = (x',. ..

,x™) can be expressed via m particular
solutions 1 = (x,...,27), ..., xm = (z

! x™) in the form

xi:wi(mlw"?xm; Clv"'aon)7 Zzl,,n (12)
S. Lie, 1893

Lie (see [88], [87], [89]) solved the problem by proving the following
theorem™.

Theorem 13.1. Equations (1.1) possess a nonlinear superposition if and
only if they have the form (discovered by Lie [86])

da?
dt

*The reader can find a detailed presentation of Lie’s theory in [59].

=Tt (x) + -+ T,)E(x), i=1,...,n, (1.3)

314
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whose coefficients £’ (x) satisfy the condition that the operators

Xazgi(x)%, a=1,...,r, (1.4)

span a Lie algebra L, of a finite dimension r termed the Vessiot-Guldberg-
Lie algebra for equation (1.1). The number m of necessary particular solu-
tions is estimated by

nm > r. (1.5)
Superposition formulae (1.2) are defined implicitly by the equations
Ji(x,z, .. ) =Cy i=1,....n, (1.6)

where J; are functionally independent (with respect to z!, ..., z") invariants
of the (m + 1)-point representation

Vo=Xo+XW ... 4 xm (1.7)

« «

of the operators (1.4).

In the present talk, I illustrate Lie’s theorem by several examples.

§ 2 Examples on Lie’s theorem

Example 13.1. Consider the homogeneous linear equation

dx
—=A )
P (t)z

Here r = 1 and the operator (1.4) has the form

d
X — p— .
xdx

We take the two-point representation (1.7) of X :

0 0
V—l’%—‘—l'l&—xl

and its invariant J(x,x;) = x/z;. Equation (1.6) has the form z/x; = C.
Hence, m = 1 and the formula (1.2) is the linear superposition x = Cz;.
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Example 13.2. The simplest generalization (1.3) of Example 13.2 is the
equation with separated variables:

dz
— =T (t)h(x).
= T(t)h(x)
Here r =1 and (1.4) is
d
X =h(x)—-
(@)
Taking the two-point representation V' of X,
0 0
=h(z)—+h —
V = h(e) g+ hlan) -

and integrating the characteristic system dz/h(x) = dzq1/h(z1), one obtains
the invariant J(z,z1) = H(x) — H(x1), where H(x) = [(1/h(z))dz. Equa-
tion (1.6) has the form H(z) — H(x;) = C. Hence, m = 1 and the formula
(1.2) provides the nonlinear superposition

v=HYH(z)+C).

Example 13.3. The non-homogeneous linear equation

dz

— = A(t B(t

2 Aty + BU)

has the form (1.3) with 77 = B(t) and Ty = A(t). The Vessiot-Guldberg-Lie
algebra (1.4) is an Ly spanned by the operators

d d
Xi=—, Xo=0—"
1 ) 2 dz
Substituting n = 1 and r = 2 in nm > r, we see that the expression (1.2)
for the general solution requires at least two (m = 2) particular solutions.
In fact, this number is sufficient. Indeed, let us take the three-point repre-
sentation (1.7) of the basic operators X; and X5 :

0 0 0 0 0 0

_a{L‘ 8{E1 8—1‘27 ‘/Q—ZEa—x—f—l‘la—xl‘i‘an—xQ,

and show that they admit one invariant. To find it, we first solve the
characteristic system for the equation Vi(J) = 0, namely, dz = dz; = das.
Integration yields two independent invariants, e.g. ©w = x — x; and v =
x9 — x1. Hence, the common invariant J(z, 1, x5) for two operators, V; and
V5, can be obtained by taking it in the form J = J(u,v) and solving the



13: LIE’S NONLINEAR SUPERPOSITION THEORY (2000) 317

equation Va(J(u,v)) = 0, where the action of V; is restricted to the space of
the variables u, v by using the formula V5 = Va(u)0/0u+Va(v)9/0v. Noting,
that Vo(u) = x — x1 = w and Va(v) = 29 — 21 = v, we have

0 0
Vg—ua —H)%

Hence the invariant is J(u,v) = u/v, or J(z,z1,22) = (x — z1)/(x2 — x7).
Thus, equation (1.6) is written (x — x1)/(z2 — 1) = C. Hence, (1.2) is the
linear superposition:

r=x1+C(ry—x1) = (1 = C)x; + Cus.

Example 13.4. Consider the Riccati equation

d
d—f = P(t) + Q(t)z + R(t)z>. (2.1)
Here the Vessiot-Guldberg-Lie algebra is L3 spanned by
d d d
YT A 2= ST 4 (22)
We take the four-point representation of the operators (2.2),
V—2+8+8+a Va:a—l—xa—l—xa—l—a:@
YU 0r Oy Oxe  Ory’ 7 "9 '0x C0xy Oxs
0 0 0 0
2 2 2 2
— 27 2.
Vé v 8x+x15x1 +x28$2+x38$37 ( 3)
and find its invariant
7 (x — z9) (23 — 1)

(21 — z)(z2 — 73)
The equation J = C' gives the well-known nonlinear superposition.
Example 13.5. Theorem 13.1 associates with any Lie algebra a system of

differential equations admitting a superposition of solutions. Consider, as
an illustrative example, the three-dimensional algebra spanned by

0 0 0 0 0
Xi=7—, Xo=2v0—+y-—, Xz=2a"+ —- 2.4
The system (1.3) corresponding to the operators (2.4) is written*
dx dy

*The operators (2.4) span a subalgebra of the eight-dimensional Lie algebra of the
projective group on the plane. Accordingly, the first equation of the system (2.5) is the
Riccati equation (2.1) with P =T},Q = 215, R = T3.
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In other words, the operators (2.4) span the Vessiot-Guldberg-Lie algebra L
for the system (2.5). The estimation nm > r with n = 2,7 = 3 determines
the minimum m = 2 of necessary particular solutions. Consequently, we
take the three-point representation of the operators (2.4):

V_g+i_|_i
YU or T 0x, | Oz

0 0 0 0 0
Vo = 20— 2x 2
2 »’Ua +y3 + 1(9 +3/181+ 562a +y28y2
Vi= 2?2 yayd 4 i 0 0 T oy
=, oy xl@xl e 5”232 T

The operator V; provides five invariants:

Y, Y1, Y2, 21 =21 — T, 22 = T — L.
Restricting V5 to these invariants, one obtains the dilation generator

8+ 0
By N7

0 0
‘/2_221 +222 +y a
hn

B 02 + Yo

ayz

Its independent invariants are u; = 23/21,us = y*/(x1—2),us = y3/(v1—1),
and uy = y2/(x1 — ). Substituting the expression for z; and z,, one obtains
the following basis of the common invariants for V7 and V5 :

2 2 2

To — T Yy Y _ Y
) Uy = ) U3z = ) Uy = :
O i r1 — X 4 i 4 i

uy =

It remains to find the restriction ‘73 of V3 to the above invariants by the
formula

~ 0 0
Vs = Va(ur) 5+ - +V3(U4)8—
1

The reckoning shows that

(z2 — @1)(z — 29)

Va(ur) = = (a1 —2)(L+w)u, Va(uz) = yi = (21 —x)us,

T+ x — 22
Va(ug) = —y* = —(21—2)us, Va(ug) = s e ys = (z1—2)(1+2u )uy

r — T

Hence,

0 0 0 0
Vs = <x1 — x) <(1 + up)ug Ju; u28u2 + u38u3 +(1+ 2u1)u48u4)
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Consequently, the equation ‘731/1(’&1, ..., uy) = 0 is equivalent to
o o o N
1+u)u —u +u + (1 + 2uy)ug— =0,
( 1) ! (9u1 2 87@ 3 8u3 ( 1> 4 8u4
whence, by solving the characteristic system
du1 o dUQ o dU3 . dU4
(1 + U1>U1 N U9 N us N (1 + 2U1)U4 ’
one obtains the following three independent invariants:
2,2 2
_ ¥y uug (g —m)y
= Uy = ——, = = ,
V1 = uguy (1 —x)? vz l+u  (x;—2)(x — 2)
Uy (21 — 2)y3

Y3 =

(I4+up)u; — (zg —x1) (29 — ) '

Hence, the general nonlinear superposition (1.6), involving two particular
solutions, (z1,y1) and (x9,ys), is written

J1(V1, 0, 03) = C1,  Jo(1, 9, 3) = Cs, (2.6)

where J; and J, are arbitrary functions of three variables such that their
Jacobian with respect to x,y does not vanish identically. Letting, e.g.

J1 = V1 and Jy = /1hat)s, i.e. specifying (2.6) in the form

W _ o Y
T, — 1 1, Ty — T 2

one arrives at the following representation of the general solution via two
particular solutions:

. Cr1ys — Cozayy ) = CiCs(z2 — 1)
Ciya — Coyn Cryz2 — Cayn
Institute for Symmetry Analysis June 2000

and Mathematical Modelling,
University of North-West,
Mmabatho, South Africa



Bibliography

1]

I. Sh. Akhatov, R. K. Gazizov, and N. H. Ibragimov. Backlund trans-
formations and nonlocal symmetries. Dokl. Akad. Nauk SSSR, 297,
No. 1:11-14, 1987. English transl., Soviet Math. Dokl., 36(3), (1988),
pp. 393-396.

I. Sh. Akhatov, R. K. Gazizov, and N. H. Ibragimov. Group classifica-
tion of the equations of nonlinear filtration. Dokl. Akad. Nauk SSSR,
293, No. 5:1033-1036, 1987. English transl., Soviet Math. Dokl., 35(2),
(1987), pp. 384-386. Reprinted in: N.H. Ibragimov, Selected Works,
Vol. I, ALGA Publications, Karlskrona. 2006, Paper 20.

I. Sh. Akhatov, R. K. Gazizov, and N. H. Ibragimov. Group properties
and exact solutions of equations of nonlinear filtration. In Numerical
Methods of Solution of Problems of Filtration of a Multiphase Incom-
pressible Fluid, pages 24-27. Novosibirsk, 1987. In Russian.

[. Sh. Akhatov, R. K. Gazizov, and N. H. Ibragimov. Quasi-local
symmetries of non-linear heat conduction type equations. Dokl. Akad.
Nauk SSSR, 295, No. 1:75-78, 1987. (Russian).

I. Sh. Akhatov, R. K. Gazizov, and N. H. Ibragimov. Quasilocal
symmetries of equations of mathematical physics. In Mathematical
Modelling. Nonlinear Differential Equations of Mathematical Physics,
pages 22-56, Moscow, 1987. Nauka. In Russian.

I. Sh. Akhatov, R. K. Gazizov, and N. H. Ibragimov. Basic types of
wmvariant equations of one-dimensional gas-dynamics. Preprint, Inst.
Applied Math. of the Acad. of Sciences of the USSR, Moscow, 1988.

I. Sh. Akhatov, R. K. Gazizov, and N. H. Ibragimov. Nonlocal sym-
metries: Heuristic approach. [togi Nauki i Tekhniki. Sovremennie
problemy matematiki. Noveishye dostizhenia, 34:3-84, 1989. English
transl., Journal of Soviet Mathematics, 55(1), (1991), pp. 1401-1450.

320



BIBLIOGRAPHY 321

8] W. F. Ames. Nonlinear partial differential equations in engineering,

[9]

[10]

[11]

[12]

[17]

[18]

volume I. Academic Press, New York, 1965.

W. F. Ames. Nonlinear partial differential equations in engineering,
volume II. Academic Press, New York, 1972.

W. F. Ames, R. J. Lohner, and E. Adams. Group properties of uy =
[f(u)ug),. Internat. J. Nonlinear Mech., 16:439-447, 1981.

V. K. Andreev and A. A. Rodionov. Group analysis of equations of
planar flows of an ideal fluid in Lagrangian coordinates. Dokl. Akad.
Nauk SSSR, 298, No. 6:1358-1361, 1988.

V. K. Andreev and A. A. Rodionov. Group classification and ex-
act solutions of equations of planar and rotationally-symmetric flow

of an ideal fluid in Lagrangian coordinates. Differents. Uravnen.,
No. 9:1577-1586, 1988.

J. Astarita and J. Marucci. Foundations of Hydrodynamics of Non-
Newtonian Fluids. Mir, Moscow, 1978. Russian Translation.

V. A. Baikov, R. K. Gazizov, and N. H. Ibragimov. Approximate
symmetries of equations with a small parameter. Preprint No. 150,
Institute of Applied Mathematics, Acad. Sci. USSR, Moscow, pages
1-28, 1987. (Russian).

V. A. Baikov, R. K. Gazizov, and N. H. Ibragimov. Approximate
symmetries. Math. Sbornik, 136 (178), No.3:435-450, 1988. English
transl., Math. USSR Sb., 64 (1989), No.2, pp.427-441.

V. A. Baikov, R. K. Gazizov, and N. H. Ibragimov. Perturbation
methods in group analysis. [togi Nauki i Tekhniki: Sovremennye prob-
lemy matematiki: Noveishie Dostizhenia, VINITI, Moscow, 34:85—
147, 1989. English transl., J. Soviet Math. 55 (1991), No. 1.

V. A. Baikov, R. K. Gazizov, and N. H. Ibragimov. Approximate
groups of transformations. Differentz. Uravn., 29, No. 10:1712-1732,
1993. English transl., Differential Equations, Vol.29, No.10 (1993),
pp.1487-1504.

G. I. Barenblatt, V. M. Entov, and V. M. Ryzhik. Theory of nonsta-
tionary filtration of a fluid and gas. Nedra, Moscow, 1972. (Russian).



322

[19]

[20]

[21]

[22]

[23]

28]

[29]

[30]

[31]

N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

H. Bateman. The conformal transformations of a space of four di-
mensions and their applications to geometrical optics. Proc. London

Math. Soc., Ser. 2, 7:70-89, 1909.

H. Bateman. The transformation of the electrodynamical equations.
Proc. London Math. Soc., Ser. 2, 8:223-264, 1910.

G. W. Bluman and S. Kumei. On the remarkable nonlinear diffusion
equation 2 [a(u +b)728%] — %4 = 0. J. Math. Phys., 21, No. 5:1019~
1023, 1980.

G. W. Bluman and S. Kumei. Symmetries and differential equations.
Springer-Verlag, New-York, 1989.

A. V. Bobylev and N. H. Ibragimov. Relationships between the sym-
metry properties of the equations of gas kinetics and hydrodynamics.
Journal of Mathematical Modeling, 1, No. 3:100-109, 1989. English
transl., Mathematical Modeling and Computational Ezperiment, 1(3),
1993, 291-300.

N. N. Bogolyubov. Question of model Hamiltonian in the theory
of superconductivity, volume 3 of Selected Works in Three Volumes.
Naukova Dumka, Kiev, 1971. (Russian).

N. Bourbaki. Elémentes de mathématique; Groupes et algébres de Lie,
Chapitres I-I11. Hermann Press, Paris, 1971. —1972.

D. Brill and J. Wheeler. Rev. mod. phys. 29, pages 465479, 1957.

J. R. Burgan, A. Munier, M. R. Felix, and E. Fijalkow. Homology
and the nonlinear heat diffusion equation. SIAM J. Appl. Math., 44,
No. 1:11-18, 1984.

N. G. Chebotarev. Theory of Lie groups. GITTL, M-L, 1940. (Rus-
sian).

J. D. Cole. On a quasilinear parabolic equation used in aerodynamics.
Quart. Appl. Math., 9:225-236, 1951.

de Sitter W. On Einstein’s theory of gravitation and its consequences.
Monthly notices Roy. Astron. Soc., 78:3, 1917.

P. A. M. Dirac. The electron wave equation in de sitter space. Annals
of Mathematics, 36(3):657-669, 1935.



BIBLIOGRAPHY 323

[32] P. A. M. Dirac. Wave equations in conformal space. Ann. of Math.,
37(2):429-442, 1936.

[33] L. P. Eisenhart. Continuous groups of transformations. Princeton
Univ. Press, Princeton, N.J., 1933.

[34] L. P. Eisenhart. Riemannian Geometry. Princeton Univ. Press,
Princeton, N.J., 2nd edition, 1949.

[35] W. Fickett. Am. J. Phys. 47, page 1050, 1979.

[36] W. Fickett. Introduction to detonation theory. University of Califor-
nia, Berkeley, 1985.

[37] W. Fickett. Phys. Fluids. 30, page 1299, 1987.

[38] V. A. Florin. Some of the simplest nonlinear problems of consoli-
dation water-saturated earth media. Izv. Akad. Nauk SSSR, OTN,
No. 9:1389-1402, 1948.

[39] V. A. Fock. Hydrogen atom and non-euclidean geometry. Izv. Akad.
Nauk SSSR, VII Seriya Otdel Mat. FEstestv. Nauk, No. 2:169-179,
1935.

[40] V. I. Fushchich. Suplementary invariances of relativistic equations of
motion. Teor. Mat. Fiz., 7, No. 1:3-12, 1971.

[41] V. I. Fushchich. A new method of study of group properties of the
equations of mathematical physics. Dokl. Akad. Nauk SSSR, 246,
No. 4:846-850, 1979.

[42] V. I. Fushchich and V. V. Kornyak. Realization on a computer of
an algorithm for calculating nonlocal symmetries for Dirac type equa-
tions. Preprint, Inst. Mat. Akad. Nauk UkrSSR, 85.20, No. 20, 1985.

[43] R. K. Gazizov. Contact transformations of equations of the type
of nonlinear filtration. In: Physicochemical Hydrodynamics. Inter-
University Scientific Collection, Izdat. Bashk. Gos. Univ., pages 38—
41, 1987. (Russian).

[44] J.A. Goff. Transformations leaving invariant the heat equation of
physics. Amer. J. Math., 49:117-143, 1927.

[45] H. Goldstein. . Am. J. Phys., 43, No. 8:737-738, 1975. 44, No. 11,
(1976), pp. 11231124,



324

[46]

[47]

[53]

[54]

[55]

N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

A. Guldberg. Sur les équations différentielles ordinaire qui possedent
un systeme fundamental d’intégrales. C.R. Acad. Sci. Paris, 116:964,
1893.

F. Giirsey. Introduction to the de Sitter group. Group Theor. Concepts
and Methods in Elementary Particle Physics. Lectures of the Istanbul
Summer School of Theor. Phys., July 16-August 4, 1962. Ed. Feza
Giirsey, New York: Gordon and Breach, 1963, pp. 365-389.

F. S. Hall and G. S. S. Ludford. Physica. D 28, 1, 1987.

E. Hopf. The partial differential equation u; + uu, = pug,. Comm.
Pure Appl. Math. 3, pages 201-230, 1950.

N. H. Ibragimov. Classification of the invariant solutions to the equa-
tions for the two-dimensional transient-state flow of a gas. Zhurnal
Prikladnoi Mekhaniki © Tekhnicheskot Fiziki, 7, No. 4:19-22, 1966.
English transl., Journal of Applied Mechanics and Technical Physics,
7(4) (1966), pp. 11-13. Original unabridged version see in: N.H. Ibrag-
imov, Selected Works, Vol. I, ALGA Publications, Karlskrona. 2006,
Paper 1.

N. H. Ibragimov. Group properties of some differential equations.
Nauka, Novosibirsk, 1967. (Russian).

N. H. Ibragimov. On the group classification of differential equations
of second order. Dokl. Akad. Nauk SSSR, 183, No. 2:274-277, 1968.
English transl., Soviet Math. Dokl., 9, No. 6, (1968), pp. 1365-1369.
Reprinted in: N.H. Ibragimov, Selected Works, Vol. I, ALGA Publi-
cations, Karlskrona. 2006, Paper 4.

N. H. Ibragimov. The wave equation in Riemannian spaces. Con-
tinuum Dynamics, 1:36-47, 1969. Publisher: Institute of Hydrody-
namics, USSR Acad. Sci., Siberian Branch, Novosibirsk. (Russian).
English transl. in: N.H. Ibragimov, Selected Works, Vol. I, ALGA
Publications, Karlskrona. 2006, Paper 7.

N. H. Ibragimov. Conformal invariance and Huygens’ principle. Dokl.
Akad. Nauk SSSR, 194, No. 1:24-27, 1970. English transl., Soviet
Math. Dokl., 11, No. 5, (1970), pp.1153-1157. Reprinted in: N.H.
Ibragimov, Selected Works, Vol. I, ALGA Publications, Karlskrona.
2006, Paper 10.

N. H. Ibragimov. Lie groups in some problems of mathematical
physics. Novosibirsk Univ. Press, Novosibirsk, 1972. (Russian).



BIBLIOGRAPHY 325

[56]

[57]

[61]

[62]

[63]

[64]

N. H. Ibragimov. On the theory of Lie-Backlund transformation
groups. Mat. Sb., 109, No. 2:229-253, 1979. English transl., Math.
USSR Sbornik, 37, No 2 (1980), 205-226. Reprinted in: N.H. Ibrag-
imov, Selected Works, Vol. I, ALGA Publications, Karlskrona. 2006,
Paper 18.

N. H. Ibragimov. Sur I’équivalence des équations d’évolution, qui
admettent une algébre de Lie-Backlund infinie. C'R. Acad. Sci. Paris,
Sér. I, 293:657-660, 1981. Reprinted in: N.H. Ibragimov, Selected
Works, Vol. I, ALGA Publications, Karlskrona. 2006, Paper 19.

N. H. Ibragimov. Transformation groups in mathematical physics.
Nauka, Moscow, 1983. English transl., Transformation groups applied
to mathematical physics, Riedel, Dordrecht, 1985.

N. H. Ibragimov. Primer of group analysis. Znanie, No. 8, Moscow,
1989. (Russian). Revised edition in English: Introduction to modern
group analysis, Tau, Ufa, 2000. Available also in Swedish: Modern
grouppanalys: En inledning till Lies losningsmetoder av ickelinjdara
differentialekvationer, Studentlitteratur, Lund, 2002.

N. H. Ibragimov. Dynamics in the de Sitter universe: I. Approximate
representation of the de Sitter group. Preprint No. 144, Institute of
Applied Mathematics, Acad. Sci. USSR, Moscow, pages 1-22, 1990.
(Russian).

N. H. Ibragimov. Group analysis of ordinary differential equations
and the invariance principle in mathematical physics (for the 150th
anniversary of Sophus Lie). Uspekhi Mat. Nauk, 47, No. 4:83-144,
1992. English transl., Russian Math. Surveys, 47:2 (1992), 89-156.
Reprinted in: N.H. Ibragimov, Selected Works, Vol. I, ALGA Publi-
cations, Karlskrona. 2006, Paper 21.

N. H. Ibragimov. Seven miniatures on group analysis. Differential
equations, 29, No. 10:1739-1750, 1993. English transl., Differential
equations, 29:10 (1993), 1511-1520.

N. H. Ibragimov. Small effects in physics hinted by the Lie proup
phylosophy: Are they observable? I. From Galillean principle to heat
diffusion. Lie groups and their applications, 1, No. 1:113-123, 1994.
Proceedings of Int. Conference on Modern Group Analysis V.

N. H. Ibragimov. Galilean principle in thermal diffusion. Symmetri,
2, No. 3:56-62, 1995.



326

[65]

[72]

[73]

[74]

[75]

N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

N. H. Ibragimov, editor. CRC Handbook of Lie group analysis of
differential equations. Vol. 3: New trends in theoretical developments
and computational methods. CRC Press Inc., Boca Raton, 1996.

N. H. Ibragimov. Massive galactic halos and dark matter: Unusual
properties of neutrinos in the de Sitter universe. In New Fxtragalac-
tic Perspectives in the New South Africa: Proc. of Int. conference
on “Cold Dust Galaxy Morphology”, Johannesburg, January 22-26,
1996, Eds. D.L. Block and J.M. Greenberg, pages 544-546. Kluwer
Academic Publishers, Dordrecht, 1996.

N. H. Ibragimov. Perturbation methods in group analysis. In Differ-
ential equations and chaos, pages 41-60, New Delhi, 1996. New Age
International Publishers.

N. H. Ibragimov and R. Maartens. Semi-scalar representations of the
Lorentz group, and propagation equations. J. Physics A, 28:4083—
4087, 1995.

N. H. Ibragimov and A. B. Shabat. Korteweg-de Vries equation from
the group-theoretic point of view. Dokl. Akad. Nauk SSSR, 244,
No. 1:57-61, 1979. English transl., Soviet Phys. Dokl. 24, No. 1 (1979),
pp. 15-17.

N. H. Ibragimov and M. Torrisi. A simple method for group analysis
and its application to a model of detonation. J. Math. Phys, 33,
No. 11:3931-3937, 1992.

N. H. Ibragimov, M. Torrisi, and A. Valenti. Preliminary group clas-
sification of equations vy = f(x, v;)vee + g(x,v,). J. Math. Phys, 32,
No. 11:2988-2995, 1991.

E. In6nii and E. P. Wigner. On the contraction of groups and their
representations. Proc. Nat. Acad. Sci. USA, V. 39, No. 4:510, 1953.

O. V. Kaptsov. Extention of symmetries of evolutionsal equations.
Dokl. Akad. Nauk SSSR, 262, No. 5:1056-1059, 1982.

N. G. Khor’kova. Conservation laws and nonlocal symmetries. Mat.
Zametki, 44, No. 1:134-145, 1988.

E. G. Kirsanov. Wohlquist-Estabrook type coverings over the equation
of thermal conductivity. Mat. Zametki, 42, No. 3:422-434, 1987.



BIBLIOGRAPHY 327

[76]

[77]

78]

[85]

K. Kiso. Pseudopotentials and symmetries of evolution equations.
Hokkaido Math. J., 18, No. 1:125-136, 1989.

F. Klein. Uber die geometrischen Grundlagen der Lorentzgruppe.
Jahresbericht d. Deutschen Mathematiker Vereinigung, 19, Heft 9-
10:281-300, 1910.

F. Klein. Uber die Integralform der Erhaltungssétze und die Theorie
der raumlich-geschlossenen Welt. Konigliche Gesellschaft der Wis-
senschaften zu Gottingen, Nachrichten. Mathematisch-Physikalische
Klasse, Heft 3:394-423, 1918.

B. G. Konoplenko and V. G. Mokhnachev. Group analysis of differ-
ential equations. Yadernaya Fiz., 30, No. 2:559-567, 1979.

V. V. Kornyak. Applications of a computer to study the symmetries of
some equations of mathematical physics. Group Theoretic Studies Of
Equations of Mathematical Physics. Inst. Mat. Akad. Nauk UkrSSR,
Kiev, 1985. (Russian).

L. D. Landau and E. M. Lifshitz. Field theory. Course of theoretical
physics, vol. 2. Fizmatgiz, 4th revised edition, 1962. English transl.
of 5th ed. The Classical Theory of Fields, Pergamon Press, New York,
1971.

P. S. Laplace. Traité de Méchanique Céleste. t.1, Paris, 1798.
Reprinted in P. S. Laplace, Ouvres complétes, t. I, Gauthier—Villars,
Paris, 1878; English transl., New York, 1966.

E. V. Lenskii. Group properties of equations of motion of a non-
linear viscoplastic medium. Vestnik MGU: Matematika © Mekhanika,
No. 5:116-125, 1966. (Russian).

S. Lie. Begriindung einer Invariantentheorie der Beriihrungstrans-
formationen. Mathematische Annalen, 8, Heft 2-3:215-303, 1874. In
Ges. Abhandl., Bd. 4, Teubner, Leipzig — Aschehoug, Oslo, 1929.
Reprinted by Johnson Reprint Corp., New York, 1973.

S. Lie. Uber die Integration durch bestimmte Integrale von einer
Klasse linearer partieller Differentialgleichungen. Archiv for Matem-
atik og Naturvidenskab (Abbr. Arch. for Math.), 6, Heft 3:328-368,
1881. English transl., CRC Handbook of Lie Group Analysis of Dif-
ferential Equations, Vol. 2: Applications in Engineering and Phys-
1cal Sciences, ed. N.H. Ibragimov, CRC Press, Boca Roton, 1995.



328

[36]

[87]

[38]

[90]

[91]

N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

Reprinted also in the book Lie group analysis: Classical heritage, ed.
N.H. Ibragimov, ALGA Publications, Karlskrona, 2004.

S. Lie. Allgemeine Untersuchungen iiber Differentialgleichungen, die
eine continuirliche, endliche Gruppe gestatten. Mathematische An-
nalen, 25, Heft 1:71-151, 1885. Reprinted in Lie’s Ges. Abhandl.,
vol. 6, 1927, paper III, pp. 139-223.

S. Lie. On differential equations possessing fundamental integrals.
Leipziger Berichte, 1893. Reprinted in Ges. Abhandl., Bd. 4, paper
VI, pp. 307-313 (in German).

S. Lie. On ordinary differential equations possessing fundamental sys-
tems of integrals. C.R. Acad. Sci. Paris, 116, 1893. Reprinted in Ges.
Abhandl., Bd. 4, paper VII, pp. 314-316 (in French).

S. Lie. Vorlesungen tiber continuerliche Gruppen mit geometrischen
und anderen Anwendungen. (Bearbeited und herausgegeben von Dr.
G. Scheffers), B. G. Teubner, Leipzig, 1893.

S. Lie. Geometrie der Beriihrungstransformationen. (Dargestellt von
Sophus Lie und Georg Scheffers), B. G. Teubner, Leipzig, 1896.

S. Lie and F. Engel. Theorie der Transformationsgruppen. B. G.
Teubner, Leipzig: Bd.1, 1888. Ubrat’!!! Bd.1, 1888; Bd.2, 1890; Bd.3,
1893.

C. C. Lin, E. Reissner, and H. S. Tsien. J. of Math. and Phys. 27,
No. 3:220, 1948.

J. Liouville. Note on sujet de l'article précédent. J. Math. Pures et
Appl., T. 12:265, 1847.

E. V. Mamontov. Dokl. Akad. Nauk SSSR. 185, No. 3:538-541, 1969.
(Russian).

J. A. McLennan. Conformal invariance and conservation laws for
relativistic wave equations for zero rest mass. Nuovo Cimento, 3:1360,
1956.

A. Munier, J. R. Burgan, J. Gutierrez, E. Fijalkow, and M. R. Fe-
liz. Group transformations and the nonlinear heat diffusion equation.
SIAM J. Appl. Math., 40, No. 2:191-207, 1981.



BIBLIOGRAPHY 329

[97]

[102]

[103]

[104]

[105]

[106]

107]

I. Newton. Mathematical principles of natural phylosophy. Benjamin
Motte, Middle-Temple-Gate, in Fleet Street, 1929. Translated into
English by Andrew Motte, to which are added, The laws of Moon’s
motion, according to gravity by John Machin. 1st ed., 1687; 2nd ed.,
1713; 3rd ed., 1726.

I. Newton. Mathematical Principles of Natural Phylosophy, volume 1,
Section VIII, Statement X, Corollary 3. Russian Translation, Moscow,
1989.

P. J. Olver. Applications of Lie groups to differential equations.
Springer-Verlag, New York, 1986. 2nd ed., 1993.

A. Oron and P. Rosenau. Some symmetries of the nonlinear heat and
wave equations. Phys. Lett., A, 118, No. 4:172-176, 1956.

L. V. Ovsyannikov. Groups and group-invariant solutions of differ-
ential equations. Dokl. Akad. Nauk SSSR, 118, No. 3:439-442, 1958.
(Russian).

L. V. Ovsyannikov. Group properties of nonlinear heat equation. Dokl.
Akad. Nauk SSSR, 125, No. 3:492-495, 1959. (Russian).

L. V. Ovsyannikov. Group properties of differential equations. Siberian
Branch, USSR Academy of Sciences, Novosibirsk, 1962. (Russian).

L. V. Ovsyannikov. Lectures on the theory of group properties of
differential equations. Novosibirsk Univ. Press, Novosibirsk, 1966.
(Russian).

L. V. Ovsyannikov. Some problems arising in group analysis of dif-
ferential equations. Proc. Sympos. Symmetry, Similarity and Group
Theoretic Methods in Mechanics, Ed. P.G. Glockner and M.C. Singh,
University of Calgary, Calgary:181-202, 1974.

L. V. Ovsyannikov. Group analysis of differential equations. Nauka,
Moscow, 1978. English transl., ed. W.F. Ames, Academic Press, New
York, 1982. See also L. V. Ovsyannikov, Group properties of differen-
tial equations, Siberian Branch, USSR Academy of Sciences, Novosi-
birsk, 1962.

M. I. Petrashen” and E. D. Trifonov. Application of Group Theory to
Quantuum mechanics. Nauka, Moscow, 1967. (Russian).



330

[108]

[109]

[110]

[111]

[112]

[113]

114]

[115]

[116]

[117]

[118]

[119]

N.H. IBRAGIMOV SELECTED WORKS, VOL. I1

A. Z. Petrov. New methods in the general relativity. Nauka, Moscow,
1966. English transl. Einstein Spaces, Pergamon Press, New York,
1969.

A. Pompei and M. A. Rigano. Atti del Seminario Matematico e Fisco
dell’Universita di Modena. XXXVIIIL, 1990.

V. V. Pukhnachev. Fvolution equations and Lagrangian coordinates.
In: Dynamics of continuous media in the seventies, Novosibirsk, 1985.
pp. 127-141. (Russian).

V. V. Pukhnachev. Equivalence transformations and hidden symme-
tries of evolution equations. Dokl. Akad. Nauk SSSR, 294, No. 3:535—
538, 1987.

G. F. B. Riemann. Uber die Hypothesen, welche der Geometrie
zu Grunde liegen. Abhandlungen der Koniglichen Gesellschaft der
Wissssenschaftern zu Gottingen, 13:1-21, 1868. (Habilitationsschrift,
Gottingen, 10 Juni, 1854. Reprinted in Gesammelte Mathematische
Werke, 1876, pp. 254-269. English translation by William Kingdon
Clifford, On the Hypotheses which lie at the Bases of Geometry, Na-
ture, 8, 1873).

C. Rogers and W. F. Ames. Nonlinear boundary value problems in
science and engineering. Academic Press, Boston, 1989.

B. L. Rozhdestvenskii and N. N. Yanenko. Systems of quasilinear
equations and theiwr application to gas dynamics. Nauka, Moscow,
1978. (Russian).

S. Schweber. Introduction to relativistic quantum field theory. Harper
and Row, New York, 1961.

S. R. Svirschevskii. Group properties of a model of thermal transport
taking into account relaxation of thermal flow. Preprint, Inst. Prikl.
Mat. Akad. Nauk SSSR, No. 105, 1988.

G. L. Synge. Relativity: The general theory. North-Holland, Amster-
dam, 1964.

M. Torrisi and A. Valenti. -. Int. J. Nonlin. Mech., 20:135, 1985.

M. Torrisi and A. Valenti. -. Atti Sem. Mat. Fis. Univ. Modena,
XXXVIII:445, 1990.



BIBLIOGRAPHY 331

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

H. Umezava. Quantuum field theory. North-Holland, Amsterdam,
1956.

E. Vessiot. Sur une classe d’équations différentielles. Ann. Sci. Ecole
Norm. Sup., 10:53, 1893.

A. M. Vinogradov and I. S. Krasil’shchik. A method of calculation
of higher symmetries of nonlinear evolution equations and nonlocal
symmetries. Dokl. Akad. Nauk SSSR, 253, No. 6:1289-1293, 1980.

A. M. Vinogradov and I. S. Krasil’shchik. Theory of nonlocal sym-
metries of nonlinear partial differential equations. Dokl. Akad. Nauk
SSSR, 275, No. 5:1044-1049, 1984.

A. M. Vinogradov, I. S. Krasil’shchik, and V. V. Lychagin. Intro-
duction to the Geometry of Nonlinear Differential Equations. Nauka,
Moscow, 1986. (Russian).

A. M. Vinogradov and E. M. Vorob’ev. Akust. Zh. 22, No. 1:23-27,
1976.

V. S. Vladimirov and I. V. Volovich. Conservation laws for nonlinear
equations. Usp. Mat. Nauk, 40, No. 4:17-26, 1985.

V. S. Vladimirov and I. V. Volovich. Local and nonlocal flows for
nonlinear equations. Teor. Mat. Fiz., 62, No. 1:3-29, 1985.

S. Weinberg. Gravitation and cosmology. Wiley, New York, 1972.

E. A. Zabolotskaya and R. V. Khokhlov. Akust. Zh. 15, No. 1:40-47,
1969. (Russian).



ALGA Publications

(Continued from front flap)

Volumes published

1.

2.

ARCHIVES OF ALGA, Vol. 1, 2004, 126 pages. ISSN 1652-4934.

A PRACTICAL COURSE IN DIFFERENTIAL EQUATIONS: Classical and
new methods, Nonlinear mathematical models, Symmetry and invari-
ance principles by Nail H. Ibragimov, 2004, 203 pages.

I[SBN 91-7295-998-3.

LIE GROUP ANALYSIS: Classical heritage, Translation into English of
papers of S. Lie, A.V. Backlund and L.V Ovsyannikov, Ed. Nail H.
Ibragimov, 2004, 157 pages. ISBN 91-7295-996-7.

A PRACTICAL COURSE IN DIFFERENTIAL EQUATIONS: Classical and
new methods, Nonlinear mathematical models, Symmetry and invari-
ance principles by Nail H. Ibragimov, Second edition, 2005, 332 pages.
ISBN 91-7295-995-9.

ARCHIVES OF ALGA, Vol. 2, 2005, 170 pages. ISSN 1652-4934.

INTRODUCTION TO DIFFERENTIAL EQUATIONS by A.S.A. Al-Hammadi
and N.H. Ibragimov, 2006, 178 pages. ISBN 91-7295-994-0.

N.H. Ibragimov, SELECTED WORKS, Vol. I, 2006, 291 pages. ISBN
91-7295-990-8.

A PRACTICAL COURSE IN DIFFERENTIAL EQUATIONS: Classical and
new methods, Nonlinear mathematical models, Symmetry and invari-
ance principles by Nail H. Ibragimov, Third edition, 2006, 370 pages.
I[SBN 91-7295-988-6.

N.H. Ibragimov, SELECTED WORKS, Vol. II, 2006, 331 pages. ISBN
91-7295-991-6.



Nail H. Ibragimov

SELECTED WORKS
Volume |l

Nail H. Ibragimov was educated at Moscow
Institute of Physics and Technology and
Novosibirsk University and worked in the
USSR Academy of Sciences. Since 1976 he
lectured intensely all over the world, e.g. at
Georgia Tech in USA, Collége de France,
University of Witwatersrand in South Africa,
University of Catania in lItaly, etc. Currently
he is Professor of Mathematics and Director
of ALGA at the Blekinge Institute of
Technology, Karlskrona, Sweden. His
research interests include Lie group analysis
of differential equations, Riemannian
geometry and relativity, mathematical
modelling in physics and biology. He was
awarded the USSR State Prize in 1985 and

the prize Researcher of the year by Blekinge Research Society, Sweden, in
2004. N.H. lbragimov has published 14 books including two graduate
textsbooks Elementary Lie group analysis and ordinary differential equations
(1999) and A practical course in differential equations and mathematical
modelling (1% ed., 2004; 2" ed., 2005; 3" ed., 2006).

Volume Il contains the MSc and PhD theses and papers written during 1986-
2000. The main topics in this volume include approximate and nonlocal
symmetrties, method of preliminary group classification, Galilean principle in
diffusion problems, dynamics in the de Sitter space, nonlinear superposition.

Sy, o
mmélnc\i
S Perpétuu®

91-7295-991-6




	cover2.pdf
	Nail H. Ibragimov
	
	
	
	
	
	
	SELECTED WORKS

	ALGA Publications







	backCoverVol2.pdf
	Nail H. Ibragimov  
	Selected Works
	Volume II


