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Figure 1: At high school
I had an extraordinary
teacher in mathematics,
Larisa Petrovna Barkhat.
Urussu, Russia, 1956.

Figure 2: Lev Vasilyevich Ovsyan-
nikov and I at the Symposium
”Symmetry, similarity and group
theoretic methods in mechanics”,
August 1974, Calgary, Canada.



Preface

An initial idea that led to the present collection was to have the LATEX
files of my old papers for my own use, particularly of those published only
in Russian. My assistant Elena D. Avdonina (Ishmakova) translated into
English the papers published in Russian and also made the layout of the
whole collection in LATEX. When this work was done, I decided to add cur-
rent papers and publish the outcome as Selected Works in several volumes
in order to make the collection available to my colleagues.

Volume I contains 21 papers. Paper 1 which opens the volume is my first
research work carried out under supervision of Professor L..V. Ovsyannikov
in 1964 when I was a third-year student at Novosibirsk University. Later it
was published in [67] in an essentially abbreviated form. The main topics
discussed in this volume are as follows.

Lie group analysis of differential equations (Papers 4, 9, 10, 11, 16, and
21). It is shown here, inter alia, that the Huygens principle in wave propa-
gation has a group theoretic nature and, using this observation, Hadamard’s
problem is solved in space-times with nontrivial conformal group (Papers
10 and 11). Fundamental solutions and Riemann’s method are studied from
group point of view in Paper 21, Chapter 5.

Fluid dynamics and mathematical physics (Papers 1, 2, 5, 20). Here, one
can find, in particular, an extension of Pauli’s group for Dirac’s equations.

Riemannian geometry (Papers 3, 6, 7). In these papers, V.A. Fock’s
problem on uniqueness of harmonic coordinates is solved, a theory of gen-
eralized motions in Riemannian spaces is developed and Killing’s equations
are generalized, the wave equation in curved space-times is defined.

Symmetry and conservation laws (Papers 8, 12, 13, 15). These pa-
pers contain a differential algebraic proof of Noether’s theorem, the inverse
Noether theorem, and new conservation laws in fluid dynamics.

Infinite-order tangent transformations, or Lie-Bdacklund transformation
groups (Papers 14, 17, 18, 19). Theory of Lie-Bécklund transformation
groups is given in Paper 18.

Papers 1, 2 and 12 are presented here in their original unabridged ver-
sions. The original version of the concluding Paper 21 contained 184 pages
typed in Russian. But it was shortened by technical reasons. In this edition,
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I used the original version of § 3.3.2. Besides, I added § 5.1 and the proof
of Theorem 21.18 in § 4.4, both taken from the original manuscript.

I express my gratitude to Elena for her skill in translating and preparing
the book for publication.

At the final stage in the preparation of this collection, a tremendous
work was done by my wife Raisa who carefully checked the whole collection
and suggested a number of improvements. I am cordially grateful to Raisa
for her invaluable assistance and lasting encouragement. It is a pleasure
to thank my daughters Sania and Alia whose linguistic skills were a great
support in all stages of my work.

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.

Finally, I use this opportunity to express my gratitude to my teacher
Professor Lev V. Ovsyannikov to whom I owe much more than can be
expressed in this short Preface.

Nail H. Ibragimov
Karlskrona,
9 May 2006



Foreword by L.V. Ovsyannikov

Professor Nail Ibragimov is an outstanding mathematician, who is well
known among the international scientific community. He is one of the fore-
most experts in the field of group analysis of differential equations. The
research in this field, initiated at the end of the nineteenth century by the
works of the Norwegian mathematician Sophus Lie reached avalanche speed
in the 1960s, when the importance of symmetry in the mathematical de-
scription and investigation of complex natural phenomena became clear.
The solution of non-linear equations that describe these phenomena cannot
be based on the standard superposition principle typical for linear prob-
lems. Here, applications of the theory of Lie groups and algebras were very
fruitful. They have now been firmly established and incorporated into the
arsenal of modern methods.

The multifaceted talent of Nail Ibragimov became apparent in the solu-
tion of concrete problems as well as in the wide disseminating of the methods
of group analysis of differential equations. The story of his life is not triv-
ial. After studying at the Institute of Physics and Technology in Moscow,
he graduated at Novosibirsk State University and started working at the
Institute of Hydrodynamics of the Siberian Branch of the USSR Academy
of Sciences. He worked there in the years 1963-1980 and made significant
developments in group analysis of differential equations. For these results
N. Ibragimov was given the title of Doctor of Science in Physics and Math-
ematics and awarded the USSR State Prize in Science and Technology in
1983. Then, after the Bashkir and Moscow periods, he started his interna-
tional activity. He lived and worked, first in Turkey, then in the Republic
of South Africa, and since 2000, in Sweden.

The admirable industriousness and the ability to speak several languages
allowed N. Ibragimov to quickly come into contact with the leading univer-
sities of many countries, where he lectured in various courses, such as math-
ematical analysis, group theory and Lie algebras, mathematical physics and
continuum mechanics. He organized and chaired ten international confer-
ences in Modern Group Analysis (MOGRAN). Furthermore, he compiled
and published three reference books with the description of the main meth-
ods and algorithms from group analysis with a plethora of applications,

vil
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many of which are due to his own con-
siderable contributions.

Among the new results achieved by
N. Ibragimov in the field of group anal-
ysis of differential equations, some are
particularly impressive. He found an ex-
tension and the sufficient condition for
inversion of the classical theorem of E.
Noether concerning the existence of con-
servation laws for Euler’s equations, ob-
tained from functionals invariant with
respect to finite Lie groups. He discov-
ered a remarkable connection between
the Huygens principle for the solutions
of hyperbolic linear second-order equa-
tions and the property of conformal in-
variance in the Riemannian spaces as-
Figure 3: Prof. L.V. Ovsyannikov gsociated with such equations. He also
At inauguration of ALGA showed the efficiency of the utilization
Karlskrona, 16 March 2005 of the theory of Lie-Béacklund groups in

problems of mathematical physics and
contributed significantly to the development of this theory. Recently, he be-
gan a systematic investigation of so-called “approximate” transformations
and their applications to differential equations with a ”small” parameter.
One of his latest results deals with the construction of the basis of differen-
tial invariants for the coefficients of second-order linear differential equations
in two independent variables.

It is impossible to describe all achievement of N. Ibragimov in this short
preface, and neither was such a goal set. His works (over 100) have been
published in different languages in various journals, conference proceedings,
etc. Therefore his wish to collect the most remarkable of them in one book
is completely justified. Along with this, as a good wish to Nail Ibragimov, I
would like to express my certitude that the list of his scientific achievements
represented in this book will be repeatedly updated.

Professor L.V. Ovsyannikov
Member of the Russian Academy of Sciences
Novosibirsk, 29 July 2004



HNPEAUCTOBUE

[Ipodbeccop Haumnp  MOparumoB  sBISE€TCS  BBIJAIOIIMMCS
MaTEMaTUKOM, XOPOIIO U3BECTHBIM B MUPOBOM HAYYHOM COOOIIIECTBE
KPYHHBIM  CIEUMAIUCTOM B  00JACTM  TPYNIOBOrO  aHajIu3a
muddepeHIanTbHbIX ypaBHCHHUIA. Ota 00J1acTh HayKH,
WHUIIMUPOBaHHAs TpyJaMu HOpBexkckoro matematuka Codyca Jlu, Bo
Bropou nosouHe X VIII Beka, nonyuunna mmupokoe pa3BUTHE HAUUHAs
¢ 60-x roJoB MpOHUIOrO BEKa, KOrJa cTaja sSCHOM BakKHas pPOJIb
CUMMETPUH B MATEMATHYECKOM OINKMCAHUM U UCCIICIOBAHUH CIIOKHBIX
MPUPOJHBIX MpoLEcCOoB. PemieHne BO3ZHUKAKOIUMX TMPH  ITOM
HEJIMHEWHBIX YPAaBHEHUW HE MOXET ONHPAThCA HA CTaHAAPTHBIN
MPUHIUIT CYNEPIO3UIIMN, XapaKTEPHBIN JJIs JIMHEWHBIX 3aj]1ad. 3]1eCh
OKa3aJIMCh TJI0JIOTBOPHBIMU MPUIIOKEHUS T€OPUHU Irpynm U anredp Jlu,
KOTOpbIE B HACTOSIIIEE BpPEMA TMPOYHO BOLLIA B apceHal
MIPUMEHSIEMBIX METOJIOB.

Muororpansbii Tanant Hawnrst MGparumoBa NposSiBWICS Kak B
pELIEHNN KOHKPETHBIX 337a4, TaK U B IIUPOKOW MPOIAraHjie METOI0B
rpynmnoBoro  aHanusa auddepeHnuanbHpX  ypaBHeHUH.  Ero
KU3HEHHBIH TyTh He TpuBHaieH. [lociae yduebpr B MoCKOBCKOM
®uzuko-Texanueckom Huctutyte oH oxoHumMn HoBocuOupckuit
['ocynapcTBeHHBI YHUBEPCUTET U MOCTYNWI HAa padoty B MHCTUTYT
ruapoaunamuku Cubupckoro Otnenenust Axkagemuu Hayx CCCP,
rae B mnepuox ¢ 1963 mo 1980 r. BBIIONHWI CBOM TEPBBIE
UCCIICIOBAaHUS 10 TPYNIOBOMY aHanmu3y auddepeHImaibHbIX
ypaBHenuil.  [lonmyuennnie 3mech H.  MOparumoBbIM Hay4dHbIC
pe3yJbTaThl OBLIM OTMEUEHBI MPUCYKJICHHEM €My YYEHOM CTeleHU
TOKTOpa (HU3UKO-MAaTEeMaTHYECKUX HAYK M TOCYyJAapCTBEHHON MPEMUU
CCCP mno Hayke M TEXHUKE. 3areM, IMocie balikupckoro u
MOCKOBCKOrO  NEPUONOB,  Hayajacb  €ro  MEXIyHapoJHas
nesitenbHoCTh. OH xui u pabortan cHavyana B Typiuu, 3atrem B FOAP,
a c 2000 r. B llIBenuu.

3aBugHas pabOTOCTIOCOOHOCTH M BJIa/ICHHE HECKOJIBKUMU SI3bIKAMU
no3Bow H. M6parumoBy OBICTPO BXOAHWTH B KOHTAKT C BEAYIIUMU
YHUBEPCUTETAMU MHOTHX CTPaH, TJIe OH YUTAJl Pa3HOOOpa3HbIE KYPCHI
JICKIUNA 110 MaTeMaTUYeCKOMY aHaIN3y, TEOpUHU rpynm u anreop Jlu,
MaTeMaTU4eCcKol  (u3MKe, MEXaHWKe CIUIOMHBIX cpen. OH
OpraHW30BaJl W TMPOBEN 9 MEXKIyHApOAHBIX KOH(EpeHIHA 1O
COBPEMEHHOMY T'PYNIIOBOMY aHAJIM3y, a TAKXKE COCTAaBUII U U3J1A]l TPU
CIIPaBOYHMKA C ONUCAHUEM M MHOTMMH NpPUMEpPaMH METOJIOB U
AJTOPUTMOB TPYNIIOBOTO AHAIN3a, B PA3BUTUU KOTOPBIX €CTh U €r0
JIMYHBIA BECOMBIN BKJIAJI.



Cpean mnomyuyeHHbix H. HMOparuMoBbIM HOBBIX pE3yJIbTaTOB B
o0acTu TPyNIoBoro aHaiuza auddepeHnanIbHbIX YpaBHEHUN eCTh
ocoOeHHO Breuarssitome. OH Hallel yCWIEHHE U J0CTaTOYHOE
yciaoBue oOpalieHusi Kiaccuyeckod TeopeMbl . Hérep o
CyIIECTBOBAHUM 3aKOHOB COXPAHEHHUs ISl YpaBHEHUN Oiinepa,
NOPOYKIAEMBIX  MHBAPUAHTHBIM  OTHOCUTEIIBHO  KOHEYHOMEPHOU
rpynmsl Jlu dynkunonanom. UM oOHapykeHa 3amedarenibHas CBS3b
npuHuuna ['rourenca g pemeHud JTUHEWHOTO YPAaBHEHUS BTOPOTO
nopsA/ika TUIEPOOTUYECKOTO THUIIA CO CBOMCTBOM KOH(POPMHOM
WHBAPUAHTHOCTH pPHUMAHOBA IIPOCTPAHCTBA, ACCOLMHUPOBAHHOIO C
TakuM ypaBHeHHeM. OH mnoka3an 3()(EeKTUBHOCTb HCIOJIb30BAHUS
teopun rpynn Jlu — beknyHaa B NPWIOKEHUAX K 3aJadam
MaTeMaTU4YeCKOM (U3MKH M CcHella]l CBOM BKJIaJ B Pa3BUTHE 3TOU
Teopud. CpaBHUTEIBHO HEJABHO KM OBbUI OTKPBIT HOBBIA LIMKII
UCCJIEIOBAHMS TaK HA3bIBAEMBIX “NMPUOJIMKEHHBIX MpeoOpa3oBaHUN
U UX NpUMEHEHUs K JudPepeHlHaNbHbBIM YPABHEHUSM C “‘MajbiM”
napamerpoM. OIMH M3 €ro MOCIEOHUX pe3YyJbTaTOB COCTOUT B
noctpoeHun  Oasuca  AuddepeHuuanbHbIX ~ MHBAPUAHTOB IS
ko3 duiuenToB  auHEHHOro  AUGQEpeHIMaTLHOTO  YpaBHEHUS
BTOPOTO NOPSIAKA ¢ ABYMsI HE3aBUCUMBIMU IEPEMEHHBIMU.

Onucate Bce HayuHble pe3ynbrarbl H. MOparumoBa B 1aHHOM
KPaTKOM IIPEAUCIOBUU HEBO3MOXHO, /14 TaKas LeJIb U HE CTaBWJIACH.
Ero pab6oter (Oonee 100) omyOmmkoBaHBI BO MHOTHX CTaThiX, B
pa3IMuYHBIX JXKypHajax M COOpPHHMKax, Ha pa3HbIX s3bIkax. [loaTomy
IpEJCTaBIsIeTCs BIIOJIHE OINpaBIaHHBIM €ro JKeJlaHue codpath
HauOoJiee sIpKue U3 HUX B OAHOW KHHUre. Bmecte ¢ Tem, B KayecTBe
nobporo mnoxenanua Hawnro HMOparumMoBy, MOXKHO BbIpa3uTh
YBEPEHHOCTh B TOM, YTO IPEICTABICHHBIA B 3TOM COOpHHKE HAOOp
€ro Hay4YHbIX JIOCTHKEHHUI OyJeT ellle HEOAHOKPATHO MOMOIHEH.

Axanemuk PAH
JI. B. OBCAHHUKOB.
29 nrona 2004 r.
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Paper 1

Classification of invariant
solutions of the equations for
two-dimensional transient-state
gas flows

N. H. IBRAGIMOV

Original unabridged version of paper [67]

The dynamics of an ideal gas (a compressible fluid where p = f(p,5))
is described by the following system of non-linear differential equations:

dv 1 dp ds
— +—gradp=10, — divv=0, — =0 1
where the independent variables are the time ¢ and the components x? of
the position vector & = (z',...,2") of fluid particles, while the dependent
variables are the velocity v = (v!,...,v"), the pressure p and the density p
of the fluid. Here S = S(p, p) is the entropy and
d 0 ;0
— == [ 2
a ot ;U Ox 2)
is the particle derivative which acts on functions F'(¢, x) as follows:
dF

% :Ft—F’Uini = Ft+ (’U-gradF),

where the subscripts denote the respective partial derivatives. Since n has
the physical meaning of the dimension of the gas flow, it assumes the nu-
merical values 1, 2 and 3 for one-dimensional, two-dimensional (planar) and
three-dimensional flows, respectively.



2 N.H. IBRAGIMOV SELECTED WORKS, VOL. I

Let us substitute
ds dp

dp
Sy < AR SJ
TR T
in the third equation (1), and replace D;(p) by —pdivv according to the
second equation (1). Then Equations (1) become

d 1 dp d
Y = dt—i—pdlv'u—O P Spdlvv—O

at ",
provided that S, # 0. Using the equation (2) and denoting

S
Sp

we finally obtain the following form of the system (1):

1
68—::4—(1) V)v+;gradp = 0,
0
8/; + (v-grad p) + pdivo = 0, (4)
029

n + (v - gradp) + A(p,p)dive = 0,
where A(p, p) is a new arbitrary function instead of the entropy S.

Recall that a gas is said to be polytropic (or perfect polytropic) if its
equation of state has the form p = o(5)p” with any function o(S), where
~v is a constant known as a polytropic exponent. Hence, the entropy S(p, p)
of a polytropic gas is a function of the combination pp~". According to (3)
the function A(p, p) for a polytropic gas has the form A = ~p.

We consider the system (4) in the the two-dimensional (n = 2) case.
Accordingly, we denote = (z,y) and v = (u,v). The paper is devoted to
classification of non-similar invariant planar flows of a gas obtained by using
the optimal systems of one-dimensional and two-dimensional subalgebras*
of the Lie algebra admitted by the equations (4). We will consider separately
the arbitrary gas and the polytropic gas, i.e. the cases

I: A(p, p) is an arbitrary function
and

II: A = ~p,
respectively.

* Author’s note to this 2006 edition: The optimal systems are calculated in my MSc
thesis. English translation of the thesis is under preparation for publication in one of the
subsequent volumes of the present Collection.



1: CLASSIFICATION OF INVARIANT SOLUTIONS (1966) 3

The classification of the forms of the function A(p,p) in accordance
with symmetries (i.e. admitted groups of transformations or their Lie al-
gebras) of the system (4) is given in [138]. According to this classification
Equations (4) with an arbitrary function A(p,p) (the case I) admit the
seven-dimensional Lie algebra spanned by the operators

0 0 0 0 0 0 0
M=o T BT M T e T e M T Tae
0 0 0 0 0
Xeg=1t— — — Xe=y— —or— —_— — U= -
=l T TV YT Ve Tay T Van Yo %)

In the case II, the following operators are added to (5):

0 0 0 0 0 0
Xg=t——u——v—+2p—, Xg=p— —- 6
SS9 " Mau  Vae T Pay TP, TPy, (6)
Moreover, the group is extended further if v = 2. Namely the following

operator is added to (5) and (6):

0 0 0 0
_ 42 _
Xipp=t g +m8x +tyay + (x tu)au (7)

0 0 0

Let us denote the admitted group in the case I by G7, while the groups
in the case II are denoted by by Gg and Gig for an arbitrary v and for
~v = 2, respectively. The respective Lie algebras are denoted by L7, Lg, L1g.

Table 1.1 contains the optimal system of one-dimensional subalgebras of
Lg, and hence furnishes the optimal system of one-parameter subgroups for
the group Gg. When § = 0, the optimal system of one-parameter subgroups
for the group G is generated by the operators 1 — 7 from Table 1.1 and
the operator X, + aXg. The similar optimal system for the group Gyg is
generated by the operators 1 — 12 from Table 1.1 and the operators

14. Xi+ Xo+ X7+ 6X9 + Xio,

8
15 X1+OCX6—|—ﬁX7+5X9+X10. ( )

The parameters a and /3 in the operator 15 from (8) satisfy the condition
0<a<2 and >0 when a = 0.

Tables 1.2 and 1.4 provide the optimal systems of two-parameter sub-
groups for the groups G7 and Gy, respectively. Table 1.3 (involving Xig)
together with the subgroups 1 — 41 of Table 1.4 (not involving X;o) furnish
the optimal system of two-parameter subgroups for the group G1y.
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Table 1.1: One-dimensional subalgebras of Lg

2 X2 +5X9 ((5 = 0,1) 9 X4+X6+5X9

31 X1+ X1 10Xy (0=0:1) | 10 | aXe + X7 + Xs + 0Xo

4 X2+X5—|—(SX9 (5:0,1) 11 Xl—X6+C)éX7+X8—|—(5X9

5) X6 —I—OZX7+6X9 12 Xg

6 X7 + 5X9 13 X5 + 5X9 (5 = 0; 1)

7T X1+ X7+ 060X,
Table 1.2: Two-dimensional subalgebras of L7

1 Xl, XQ 6 X5, OZX4—|—X6 10 XQ, X1+X4+04X5

2 X17 XG 7 X7, X6 11 XQ, C(X4+ﬁX5+X6

3 Xl, OKX(; +X7 8 XQ, X3 12 XQ, X4

41 X5, Xy 9 Xy, Xs+ Xy | 13| Xy, X1+ X5

5 X5, X2+CVX3 14 X2+X5, CYX2+ﬁX3+X4

Table 1.3: Special two-dimensional subalgebras of L

1] Xo, X1 + Xo + X7 + Xuo

2 Xg, X1+CYX6+BX7+X10 (0 <a< 2)

3 X2—|-X5, X1+Oé(X6—X8) —X7+ﬁX9+X10 (Q#O)

4 X2+X5, X1+(XX2+BX3+(SX9+X10—X7

5) X2+X5+X9, X1+@X2+5X3—X7+X10

6 X7‘|—(5X9, X1+aX6+ﬁX9+X10 (0 <a< 2)

7 X6+€X7—X8+5X9, X1+04X6+5X7+XX9+X10 (0§Oé<2)




1: CLASSIFICATION OF INVARIANT SOLUTIONS (1966) 5

Table 1.4: Two-dimensional subalgebras of Lg

1 | X1+ Xy, aXi+ X7 26 | X1, X7+ aXg+BX

2 | X1+ Xo, aX; + Xg + BX7 — Xs 27 | X1, Xg + aXs + BXs + 6Xg

3 | Xo+ Xg, X34+ X4 28 | X1, Xo

1 [ Xo+ Xo, X1+ aXs+ B8Xs 29 | Xy, X1+ X4+ X5+ 06X (6 =0;1)

5 | Xo+ Xo, aXo+ X4+ X5 (a=0;1) | 30 | Xo, X1+ X5+ X9 (6,0 =0;1)

6 | Xo+ Xo, aXs+ X3+ Xg 31 | Xy, aXy+X5+0X9 (B=0;1)

7 | Xo+ X5, aXo+ Xy + X3+ 66Xy 32 | Xo, Xs+Xs+aXe (a=0;1)
(6=0;1) 33| Xy, Xs+aXy (a=0;1)

8 | X7+ aXy, Xg-+ BXo 34 | X5, XataXy (a=0;1)

9 | X+ aXg, (Xe+ Xs+0Xg 35 | Xo, Xu+aXs+ Xe+ X9

10 | X1+ X4, —2Xg+ X5 +aXo 36 | X2, X5+ Xg+ aXg

11 | Xo+ X5, —Xg+ Xg+aXy 37 | Xo, X+ aXy

12| X7+ aXy, X1— Xg+ Xs+ BXg 38 | X2, X3+ X+ aXg

13| X1+ Xr+aXg, 06X —Xg+Xg+6Xg | 39 | Xo, aXg+ Xg+ BXo

14 | X¢+aX7+ X9, X7+ Xg+eXog 40 | Xo, X7 — X5+ Xg+ aXy

15 | Xo, X1+ X4 41 | Xa, X

16 | Xo, Xo+ X5 42 | X5, X3+ X

17 | Xo, X+ aXy 43 | X5, X0+ afXs+ X4+ 06Xy (8=0;1)
18 | X9, Xy 44| X5, X3+ X4 + Xo

19 | Xo, X;+ X7 45 | X5, Xs+aXyg (a=0;1)

20 | Xg, Xo+ X3 46 | X5, X3+ Xs+ aXy

21 | Xo, Xi+ Xg 47 | X5, aXa+ X6+ X9 (a=0;1)

22 | X9, aXe+ X7+ Xs 48 | X5, Xo+aX3+ Xg+ 68X

23 | Xo, X1 — Xg+ aX7+ Xg 49 | X5, aXg+ Xs+ X,

24 | Xp, Xg+ aXyg 50 | X5, X

25 | X1, Xo+ Xg+aXy 51 | X5+ Xo, aXy+ 8X5+ Xe
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Let us find the general form of the invariant solutions of the rank 1. They
are derived from two-parameter subgroups. The values U, V., P, R depend
on a single argument \. The expressions of A in terms of ¢, x,y vary with
the subgroup and are indicated below. The necessary condition of existence
of the invariant solution is not satisfied for the subgroups where Xy is one
of the basic generators. Moreover, presence of Xy in generators of every
subgroup affects only the form of p and p and this influence can be easily
taken into account. Therefore, we ignore the operator Xgy. The subgroups
having Xy, X5, X3, X4 or X5 as one of the basic generators will also be
omitted from our consideration, for they provide the stationary and one-
dimensional cases. For instance, the invariant solution for H =< X5 > has
the form

1 1
u=U(t,x), v= %+ Vt,z), p= ;P(t,x), p= ;R(t,m),

and substitution in gasdynamic equations yields the following system for
the invariant solution:

Vi+ UV, +t71'V =0, U +UU,+R'P, =0,

Ri+URy+ RU, =0, P+ UP, + AT, =0
9S/0R
A= .
( RaS/ap>

Thus, U, P, R satisfy the one-dimensional gasdynamic equations whereas V'
is obtained from the equation

V,+UV,+t'V =0

with a known function U(¢,x). Hence, one has to solve only the equations
for a one-dimensional gas motion.
The subgroups of Table 1.2 furnish the invariant solutions of the form

r
7 u=U u,=V, p=P p=R; )\:?
where 7, ¢ are the polar coordinates on the (z,y) plane while u,, u, are the

projections of the velocity on the axes of the polar coordinates, and

tr —y _(a+t)y—pz

Mu=—""Y 7=
e ra—p YT Bra—g5

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

For Table 1.4, one needs to consider only the subgroups 9 — 14. We have
9. u, =1 VU, u, =r~ V8V, p=P, p=1r¥PR; A = tr=5+V/8 when 3 # 0,
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u, =t u, =t7'V, p=P, p=1*R; A\=7r when 3 =0

10, u=t+yU, v=\/yV,p=P, p=y 'R, A= (1/2) t*y ' —ay*
Nu={z—y)U,v=a0+tz—y)V,p=P, p=(tzr—y)?R; \=t

12. u, =1rU, u, =7V, p=P, p=1r"2R; A\ =ré

13.u,=rU, up,=rV, p=P, p=1"2R; A\=t+ ¢+ 3nr

14. u, = r®°e?/oU, u, = r%?V, p= P, p=t>r"2R; A = r*t%¥,

when § # 0, and

u =1t U, u, =rt'V, p=P, p=t*r2R; A\=p+alnr

when 0 = 0.
For Table 1.3, one has the following representations of invariant solu-

tions:

SO £00)
_t ¢ -
Tl FA), v=rd i

3. u= [V +tU — M(t* + 2)],

P e?OR (tr — y)e 0t
p= ( =72

P=1 1) T 14

1+1t2)2

UtV M2 (1/2)8t BO(t) _ P
4. u = - 5 p_(1+t2>2a

14+ ¢2 200

_ 2 2
VU = MR 12+ (1/2)582 | p() R

v=T 1+ 2 2 P T 1

Ctr—y+ (1/2)a+(1/2)5t n B
B 1+ ¢2 20
6. For the sake of simplicity let us consider the case « = 3 = 0. Then

A

0(t), 6(t) = aarctant.

rt +U %4 P R N r
Upr = T DR Up = —, = T o9 = T = :
1+ T Pr ey PTige Jite

7. Let us consider the case o = 3 = 0 again. Then

rt n rU rV P
= u = — =
1+ 1+ iy P (

o 1+ ¢2)2

R
p=—; A=¢p+diln
”

T
VIt
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Figure 1: Flow of a hill of water. Figure 2: Flow of an annular mass
of water.

The invariant solutions of the rank 2 are obtained likewise. For example,
consider the invariant solution for H =< X7, X; 4+ X9 > . It has the form

rt_ U |4 P R r ()
= —_ u = — = — = —-: = .
1+ T P T e P e V1412

In the given case 7 = 2, the equations of gas dynamics can be treated
as shallow water equations. One can assume without loss of generality that
density of water and acceleration due to gravity are equal to one. Then
p = p*/2, and p represents the height of the water above the even base.
We shall consider water motion over a dry base. Substituting (9) into (4),
written in the polar coordinates, one obtains one of the solutions

1

U=0, V=0, R:E(az—)\Q); A<a, a=const.

Uy

Thus, the invariant solution is

rt 0 1 ) r?
Up = ———, Uy, = =—\|a°——— ).
TTiye T P oae 1122

It describes a flow of a hill of water over a dry flat base (Fig. 1). Initially
(t = 0) the hill of water is at rest and has the form

p=(a®—-1%)/2, r<a.

The boundary (p = 0) moves according to the law r = a+/1 + ¢2 and the
height of the peak of the hill, located at r = 0, decreases in time by the
law a?/[2(1 + t?)]. The velocity of the flow remains bounded, u, < a. It
should be noted that in this solution the velocity is a linear function of the
coordinates and that it is contained in the class of solutions obtained by

L.V. Ovsyannikov in [135].



1: CLASSIFICATION OF INVARIANT SOLUTIONS (1966) 9

Let us consider an invariant solution describing an interesting motion in
channels in the framework of shallow-water theory*. We will write the dif-
ferential equations of the shallow water theory in physical notation, namely:

v+ (v-V)v+gVh =0,

. (10)
h;+v-Vh+ hdive =0.

Here h is the height of the water surface above the base, g = is the constant
of acceleration of gravity, v = (vy, vy). Let us consider again the invariant
solutions under the subalgebra L, spanned by

0 0 0 0
_ 2 7 1 2 - 1 =
X;=ux 91 x 8x2+v 901 v 52
0 . 0 . .0 0
_ 2 7 T 7 _ .
X1+ Xpo=(010+t )—at+tx B + (x t”)_aw 2th8h

The reckoning shows that the invariant solution has the form

tat 1 H()\)
1 _ el P! 2 —
V= st ERUCYEE 4OV il .
2 = +i[x2U()\)+x1V(>\)]‘ pR—

e e AT e

and is defined by the following system of ordinary differential equations:
NU —U* = V2 4+ gNH + M =0, UV =0, (UH)=0. (12)

Equations (12) describe various rotationally symmetric flows of shallow wa-
ter over a flat bottom. One of them is obtained by setting U =0, V = KA
and integrating (12). Then (11) yields:

1 tx! z? 9 tz? z!

Vo= - K , ve = + K
1+¢2 rv1+ 12 1+ ¢2 rv1+ t2

for the velocity, and

1 r? r
h:70—7+K21n7, K, C' = const. 13
(14+t2)g 2(1+t?) V1412 (13)

for the height of the water above a flat bottom.
Figure 2 describes the motion of a bounded annular mass of water with
the initial (¢t = 0) radii r1(0) > 0 and r9(0) > r1(0) of the boundary circles

* Author’s note to this 2006 edition: This solution was obtained in my MSc work but
was not included either in the final text of the MSc thesis or in paper [67].
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and the initial angular velocity w(0) = K /r. As the water spreads under the
action of gravity and rotation, the angular velocity w decays as
K
rv1+4+t2
The bottom boundary (h = 0) of the water consists of two concentric circles

with the radii 7 = r1(0)V1 + 2 and ro = 2(0)v1 + ¢2.

[ am indebted to Professor L..V. Ovsyannikov for helpful advice.

w =

Institute of Hydrodynamics Received 22 February 1966

Siberian Branch
Academy of Sciences of the USSR

Translated by E.D. Avdonina
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Group properties of wave
equations for particles with
ZE€ro mass

N. H. IBRAGIMOV

Original unabridged version of paper [70]

Introduction

The conformal invariance of the Dirac equations for particles with zero mass
(neutrinos) and the Maxwell equations in vacuum was established in works
[36], [16], [39], [129]. However, to the best of my knowledge, it has not been
demonstrated anywhere that the conformal group is the widest possible
group admitted by these equations. Furthermore, the group properties of
the linear equations of weak gravitational waves (gravitons) derived in the
recent work of G. Rumer [157] were not studied yet.

In the present paper I investigate the symmetries of wave equations for
particles with zero mass: neutrinos, photons and gravitons. Specifically,
the solution to the problem of finding the widest symmetry groups of point
transformations is given for the massless Dirac equations, the Maxwell equa-
tions in vacuum and Rumer’s equations.

We will use only the lower indices and assume that the summation is
taken over all repeated indices. The subscripts k,[, m,n run through the
values 1,2, 3,4, and the subscripts p, q,r,v run through the values 1,2, 3.
The permutation symbols (unit skew-symmetric tensors) in three and four
dimensional spaces are denoted by €,4-, and epymn, respectively. By defini-
tion, one has eja3 = 1,913 = —1, e112 = 0, and likewise ej934 = 1, etc.

11
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Generators of transformation groups in the four-dimensional Fuclidean
space E,(x) are written in the form

0
X = — 1
()5 )
and generators of transformation groups in the space Fy . n(x,u), where
u, (1 =1,...,N) are functions of x, are written
— 0 0
X = &l u) 7 — -+ 0, w) 5 2
Gelavu) 5+ (. 0) @)

Applying the usual procedure for calculating symmetries for systems of
differential equations [138] one can show that the operator (2) admitted by
the equations considered in this paper has the special form

— 0
X=X TO o8 > 3
+ 5ra (@)t ®)
where X has the form (1) and its coordinates & satisfy the equations

Ok | 0K

—— 4+ —=— = Okt 4

pro e el S (4)
Equations (4) define the 15-parameter group of conformal transformations
in the Minkowsky space [46]. Solving the system (4), one obtains the fol-
lowing basic generators of the conformal group:

0

Xp = —

k 3xk’

0 0

X =1 — —

kl X aiL‘k ZBkaxl (k < l),

0

T = z——

0

Yk = (Q:Ekl‘l — |$|25k1)%,
l

where |z|?> = " 22, Introducing the matrix S = |s,,| and noting that
s

Xy = Srotly = (Su)r,
one can write the system (3) in the following alternative form:

X=X+89. (6)
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§ 1 The Dirac equations

The Dirac equations for particles with the zero mass have the form

%a—xk =0, (7)

where 1) is a four-dimensional complex valued column vector:

U
_ | ¥
w wg )
Y4
and -y, are the complex valued Dirac matrices:
0 0 0 —1 0 0 0 -1
) 0 0 —1 0 , 0 0 1 0
TS0 o0 o> 7] 0o 1 0 0 |
1 0 0 0 -1 0 0
0 0 —1 0 1 0 0 0
0 0 0 i 0 1 0 0
3 _ 4_
7 i o |7 0 0 -1 0
0 —i 0 0 0 0 0 -1

Solution of the determining equations gives the following result.

Theorem 2.1. The general group of point transformations admitted by
the Dirac equations (7) is the 17-parameter Lie group* with the following
generators written in the form (6):

~ 1 9¢j,
X =X 4+ = (yem — vy — 36
+ 8 o) (e — vk ki),
A = 71727374, (8)
B=1.

*In fact, equations (7) admit an infinite group due to linearity. Namely, all transfor-
mations of the form ¢’ = 1) + ¢(z) are admitted, where p(z) is any solution of (7). Such
transformations are not taken into consideration. This remark holds for the remaining
two equations as well.
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Here X runs over the system of the generators (5) of the conformal group,
and [ is the 4 x 4 identity matrix generating the group of dilations of the
function 1. When the operator X corresponds to the non-homogeneous
Lorenz group, the first operator in (8) reduces to the following known for-
mula [173]:

— 1 0¢,

X =X -2 _ .
+ 3 9, (Ve — M ve)

§ 2 The Maxwell equations

Propagation of electromagnetic waves in vacuum is governed by the Maxwell
equations

1_@E = curlH, divE =0,

c Ot

1 0H .

el —cwrl E, divH =0, (9)

where the “curl” and “div” are taken with respect to the spatial coordinates
x,y, z. Let us set ¢ = 1, denote

T1 =2, T2 =Y, T3 =2Z, .’174:Zt,

where i = y/—1, and use the skew-symmetric tensor Fy; (i.e. Fjy = —Fj;) of
the electromagnetic field. The diagonal components of the tensor F}; vanish
(since it is skew-symmetric), i.e.

F11:F22:F33:F44:07

and the six independent components Fy; (k < [) are expressed via the
magnetic field H = (H,, H,, H,) and the electric field E = (E,, E,, E,) as
follows:

F12 = Hza F13 = _Hya F14 = _iEmy

Fo3 =H,, Fy=—ik, F3=—iE,.

Thus, the tensor Fy; can be written as the following skew-symmetric matrix:
0 H, -H, —iE,
-H, 0 H, —ik,
—-H, 0 —iF,
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In this four-dimensional tensor notation, the Maxwell equations are written:

oF, ok, O0F,
Wy Oftm | k

0x,,  Oxp ox; =0,
_o 10
. 0 (10)

The following equivalent form of the system (10) manifests that the first
line of the system contains precisely four independent equations:

OF oF
—0 kl

ot =0, =M 2 (k=1,...,4). 10/
Chtmn g o ( ) (10")

Solution of the determining equations gives the following result*.
Theorem 2.2. The general group of point transformations admitted by

the Maxwell equations (10) is the 17-parameter Lie group with the following
generators written in the form (3):

=X — m— "t Fy—— | =—, 11
X=X kzd <Fk o l@xk> OFx (1)
_ ~ 0 — 0
A:ZFklaTkl, B—ZFklaTkl' (12)
k<l k<l

Here ﬁkl is the dual tensor to the tensor of the electro-magnetic field Fy;. It
is defined by

~ 1
Fkl = 5 eklmnan

and provides the following skew-symmetric matrix:

0 E. —E, iH,

- —-FB, 0 E, H,
E, —FE, 0 1H,

—iH, —iH, —iH, 0

The operator X in (11) runs over the system of the generators (5) of the
conformal group.

*Yu.A. Danilov informed me that he considered group properties of Maxwell equations
as well.
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The formula (11) shows that Fj; is a tensor of the second order with
respect to the conformal transformations. It means that the transformation
law of the quantities under the conformal transformations x) = z(z) is

given by the equations
0%y, 0%y,

" ox), Ox,
Indeed, taking the infinitesimal conformal transformations and using (13),

one obtains (11).
The operator B in (12) generates the group of dilations

(13)

/

The group generated by A in (12) is less trivial. To manifest its physical
significance, let us rewrite the operator A in terms of the magnetic and
electric vector fields, using the expressions for Fj; and Fj;. We have:

— ) 0 0 ) 0 )
A=FE,r—— + By~ +E,— —H - H - H
oH, T yaHy+ ‘0H, "0E, ~YOE, ~COE,

or in the vector notation:

It is clear now that A is the generator of the group of rotations in the space
of the magnetic and electric fields:

H' = Hcosa+ Esina, E' = Ecosa— Hsina.

Let X run over the generators of the non-homogeneous Lorentz group.
Solving the equations X (J) = 0 for the corresponding operators (11), one
obtains two functionally independent invariants

L= _Fy ==Y Fulu

k<l k<l

The general 17-parameter symmetry group has no invariants, i.e. it is tran-
sitive.
8§ 3 Equations of a weak gravitational field

A theory of curvature waves is developed in [157] in the framework of the
general relativity. It is shown there that, in the linear approximation (weak
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gravitational field), the curvature waves in empty space-times (Ry; = 0) can
be described in terms of two traceless symmetric tensors H,, and E,, by
the following system of first-order partial differential equations:

OH, 0By _  OHy

i T (14)
OE,. = OH,, OE

Cpr g T atp =0, aqu = 0. (15)
q q

These equations are quite similar to the Maxwell equations (9) for electro-
magnetic waves.
I will write equations (14)—(15) in the following form:

.
M dx, Oy 7 Oy

=0, (16)

where x4 = 7t is the complex time and ®,, = H,, +iE),, are the elements of
the traceless symmetric 3 x 3 complex matrix (tensor of the second order).
Let us take the independent elements

up = P11, Uy =D, uz= D3, us = Doy, us = D3

of the matrix ®,, as the dependent variables and introduce the matrices

00000 00 -20 0
00100 000 0 -1
Z=]0-100 0|, B=|2001 0],
000 0 2 0000 O
1 00 -20 0100 0
0 2 0 00
10 0 10
B=[0 0 0 01
0 2 0 00
0 0 -1 00

In this notation, the main result on symmetries of equations (16) is
formulated as follows.

Theorem 2.3. The equations of weak gravitational waves are conformally
invariant. Namely, the general group of point transformations admitted by
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equations (16) is the 16-parameter Lie group with the following generators
written in the form (6):

Y’“:a%k (k=1,...,4),
X = xgaixl - xlaixz + s,
X3 = xlﬁixg - xgaixl + (s,
Xo3 = xgai@ — xQGixg + b1,
Xy = xlaﬁm — 134(%1 + b1,
X 2962(%4 _x4ﬁix2+ﬁ2’ (17)
X3 = xs% - 1348%63 + 0,
Y1 = (2x12p, — |x’251k)8ixk + 2(z302 — w23 + w41 — 3211),
Y, = (2womy — |x]252k)aixk + 2(z1 83 — w301 + x40 — 3x21),
Ys = (2asay, — |£E!253k)aixk + 2(z9B1 — 1102 + w43 — 331),
Y, = (2z47y, — |x|254k)3ixk — 2(x1 1 + w202 + x305 + 3w41),
TZ x’“aim’
B=1.

I express my gratitude to Professor L.V. Ovsyannikov for stimulating
critical remarks.

Institute of Hydrodynamics Received 27 March 1967
Siberian Branch
Academy of Sciences of the USSR

Translated by E.D. Avdonina
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In the article an investigation is made of the transformations taking an
arbitrary harmonic coordinate system in a Riemannian space into a har-
monic coordinate system. It is shown that if these transformations form a
continuous group, then only the linear transformations possess the property
of taking an arbitrary harmonic coordinate system into a harmonic system.
As distinguished from [50], we discuss harmonic coordinates locally, with-
out considering conditions at infinity. The discussion is conducted by a
well-known method of the group properties of differential equations [138].

We shall denote by V,, an arbitrary n—dimensional Riemannian space.
A system of coordinates {x} in V,, will be called harmonic if in these co-
ordinates the components of the metric tensor of the space V,, satisfy the
equations

%( lglg*) =0 (i=1,...,n). (1)

In any Riemann space there exists an infinite number of the harmonic
coordinates. We shall denote by I' the set of all harmonic coordinates of
the space V,, and introduce the following

Definition 3.1. The transformation
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is called a transformation preserving harmonic coordinates in V,, if it maps
the set I into itself.

In this definition it is considered that 2’ denote arbitrary harmonic co-
ordinates so that all harmonic coordinates transform by means of the same
functions ¢' (i = 1,...,n). In contrast to the definition introduced here, in
[50] by a transformation preserving harmonic coordinates in the space V;,
is understood that coordinate transformation which maps a fixed harmonic
coordinate system into a harmonic one. In this sense a problem of the
uniqueness of the harmonic coordinates was discussed in [52]. In what fol-
lows, we shall use the definition of the transformations preserving harmonic
coordinates introduced here. We shall impose the following restrictions on
the transformations (2) preserving the harmonic coordinates in the space
V... We require that they form a continuous group H composed by one-
parameter continuous local Lie groups.

Let us denote by E(z,g) the Euclidean space whose points have coordi-
nates 2' (i = 1,...,n) and ¢** (i,k = 1,...,n). By virtue of the formula for
the transformation of the components of the metric tensor

14 1k
1ik mn aZU 81‘

=g (i k=1,...
gt =g g Bk=1..n), (3)

the continuous group H of transformations (2) of the coordinates defines
a continuous group of the transformations of the space E(x,g) into itself,
which we shall denote by H.

Theorem 3.1. For any Riemannian space V,, the broadest continuous group
H of transformations (2) preserving harmonic coordinates in V;, is of order
n(n + 1) and consists of all linear transformations

" =ald* +b (i=1,...,n), (4)
where al, 0" (i,k =1,...,n) are arbitrary constants.

Proof of the theorem is based on the following two lemmas.

Lemma 3.1. The group H corresponding to the linear transformations (4)
is the broadest group of continuous transformations (2)-(3) admitted by
equations (1) in the sense of S. Lie.

Proof. Introducing the quantities

Bk = |g|gik (i,k=1,...,n)
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and setting
ahzk

Oz
we rewrite equations (1) in the form

Wi=0 (i=1,...,n). (5)

=n% (i,k,j=1,...,n),

Then (3) yields the transformations

Or'\ Lk O O™
J(8x>h =h 9 Do (i,k=1,...,n), (6)

where J(%%) is the Jacobian of the coordinate transformation (2). An
arbitrary generator of the group H is written in the form

i 0 ik 9
X =€)+ (e ) o 7
Considering the infinitesimal transformation (6), one obtains
, 3 ogh 08
ik il kl ik _
n"(xz,h) =h ol +h P h o (i,k=1,...,n). (8)

Let us extend the operator (7), using the equations (8), to the derivatives

hljk in accordance with the formulas [138]
0
] ahzk’

] anik ) agl
ik mn ik : P
G = + B 8hm”_h’l i (i,k,7=1,...,n). 9)
Consider the invarlance conditions for equations (5):

)thlmhj::O: lik|hj::0:() (Z: 1,...771).

X=X+

anzk

Substituting the expressions (9) for ¢{* and taking into account equations
(5), we reduce these conditions to the form

62 fz
Ok
The equations (10) must hold identically in the variables z* (i = 1,...,n)

and h'* (i,k = 1,...,n). Therefore, taking into account the symmetry of the
quantities h’*, we have from (10)

82§i
OxkoxI
This means that the quantities & (i = 1, ..., n) are linear functions of 2* (k =
1,...,n), which proves the lemma.

=0 (i=1,...,n). (10)

=0 (i,k,j=1,...,n).
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Lemma 3.2. In order for the group H of transformations (2) to map the
set I" into itself, it is necessary and sufficient that the group H be admissible
by (1) in the sense of S. Lie.

Proof. a) Sufficiency. If the group H is admissible by (1), then it follows
from general theory [138] that the transformations (2)-(3) map any solution
of equations (1) into some solution of (1). In particular, a solution deter-
mining the space V,, under consideration is also mapped by the group H
into a solution of (1). Since the transformations of the group H preserve
V,, it follows that the group H maps I into itself.

b) Necessity. It is obvious that the linear transformations of coordinates
leave the set I' invariant. Therefore, according to the theorem on the equiv-
alence of quadratic forms of the same signature, one can assign any value
to the components of the metric tensor at an arbitrary point xy € V,, by
means of an appropriate linear transformation; the transformation leaves
the set I' invariant. Consequently, taking various elements of the set I', one
can obtain an arbitrary point of the space E(z, g).

Let G be a continuous group of transformations of the space E(y) of vari-
ables ¢!, ...,y" into itself formed by one-parameter continuous Lie groups
G1. Consider a manifold M C E(y) given by equations

V(y)=0 (c=1,...,s),

and a manifold & C M. If any transformation 7' € G maps an arbitrary
point y € ® into a point Ty € M then for all generators X of the group G
the following equations hold:

X ()lyes =0 (0=1,...,5). (11)

Indeed, the operator X generates a one-parameter continuous local Lie
group G; C G with a parameter a (chosen in such a way that a = 0
corresponds to the identical transformation). Then, by assumption we have

¢’ (Tyy) =0 for all yed and T, € Gy.

Therefore the well-known formula [138]

0
Xd)o(y) = %¢U(Tay)|a=0 (J =1... S)

yields (11).
Let us apply this result to the case when the group G is the exten-
sion of H to the derivatives hf;“, whereas F(y), M and & are the extended
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space E(z,h, h’]k), the manifold given by equations (5) and its submanifold
corresponding to the set I', respectively. Then equations (11) yield that

)th’,;|h7::0 =0 (i=1,...,n) (12)

for {«} € I

According to the aforementioned property of I' to pass through any point
of the space E(x,g) or, equivalently, of the space E(x,h), equations (12)
should be satisfied identically in the variables z° (i = 1,...,n) and h** (i, k =
1,...,n). But only these variables appear in equations (12). Therefore, (12)
imply equations (10) which provide the necessary and sufficient condition
for the invariance of equations (5). This completes the proof of Lemma 3.1,
and hence of Theorem 3.1.

Above we confined ourselves to the discussion of groups of transforma-
tions of the form (2), (3). One can, however, consider the problem of seeking
the broadest continuous group G of transformations of the form:

i

' = ¢'(z,9),

g*=y*(x ) (i,k=1,...,n), (13)

composed by one-parameter continuous local Lie groups admitted by equa-
tions (1). Since equations (1) reduce to the linear homogeneous equations
(5), the group G admitted by these equations contains arbitrary functions.
Namely, G contains the subgroup G| of the transformations

g™ = aldet [y/lglg™ + " |[/C(lglg™ + o™ (@) Gk =1,....n)

where ¢*(z) is an arbitrary solution of equations (5), and a is a parameter.
The subgroup Gy is a normal divisor of the group G. Hence one can study
the factor group G/G( and prove the following statement.

Theorem 3.2. The factor group G/Gy of the broadest continuous group
G admitted by equations (1) has the order n(n 4 2) and consists of the
transformations

ik pi
i G +b ’
cprk +1
i _ [ 9z’ \ ] T o 02" 02" ”
7= Ox I G ggn (14)

where al, V', ¢, are arbitrary constants and ¢,k =1,...,n.
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In order to show that transformations (14) are in fact admissible by (1),
it is convenient to use equations (1) in the form (5). For the transformations
(14), the expressions (8) in the operator (7) are replaced by

a_fk+ s B ”+3hika_§l

ik il
—h Ll
" ox! ort n+1 0O

(i,k=1,...,n).

Substituting them in (9) and writing down the invariance conditions for (5),
one obtains the equations

(2 7

0xk0ri  n+1 *0rioxl n+1 70zkox!

2 i 1 92l 1 92l
0%¢ 07¢ 598 0 k=1, )

These equations have the general solution
¢ = —cqpatrt +ala" + b (i=1,...,n)

in accordance with (14).
The author expresses his gratitude to L.V. Ovsyannikov for the discus-
sion of the work and for his important remarks*.

Institute of Hydrodynamics Received 3 December 1967
Siberian Branch

Academy of Sciences of the USSR

Translated by K. Jargocki

* Authors note to this 2006 edition: When this paper was published, I received a letter
from V.A. Fock. He asked me if the method might be used for solving the problem on
harmonic coordinates in his formulation. See also his remark [49] on Frankle’s paper [52].
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In this paper, based on works [137],[138], the problem of the group
classification of second-order differential equations with n > 3 independent
variables is considered. The determining equations of infinitesimal transfor-
mations admitted by a certain type of quasi-linear second-order equations
of a physical interest are derived. An invariant Laplace equation in a Rie-
mannian space is introduced.

1. In physics (see [98] and the bibliography therein) equations of the
following type are considered:

0*u
o0xt0xI

+ bl(x)% + (z,u) =0, (1)

Flu] = g”(x)

(gij :gji; i,j=1,...,n; det Hg”H #0),

where n = 4, and the terms with derivatives provide simply the wave oper-
ator. We will consider an arbitrary equation (1) with n > 3.

Let us introduce the Riemannian space V,, with the metric tensor g;;(z)
determined by the equations g¢" = ¢/ (i,j = 1,...,n). In what follows,
the usual tensor notation is utilized. Namely, Ffj are the Christoffel symbols,
R;; is the Ricci tensor and R = R} = ¢ R;; is the scalar curvature of the
space V,,. Indices after the comma will denote the covariant differentiation in

25
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V,,. All equations will be considered up to equivalence, where the following
transformations are called equivalence transformations:

" =a2"(x) (i=1,...,n), (2)
F'lu) = e 7@ Flue @), (3)
F'lu] = ®(x)Flul. (4)

We consider the problem of determining the continuous groups of trans-
formations admitted by equations (1) in the sense of S. Lie. Omitting
standard calculations, I present here only the results.

The infinitesimal operator of the continuous one-parameter local Lie
group admitted by equation (1) has the form

X = (@) o + lo(mut 7(a)] o )
and is determined by the equations
§ij + &i = () gis,
2—n . .
205 = —5—ha — (@;€")0 — Kiy¢, (6)
(Kug'); = (K€,
o 0% 0T
"o Hyu+ X - ik V— =0
where
@ =V + T,
Kij = aij — aj;,
17, 1, n—2
H = __( 2 P : e >
5 a’l—|—2aa +2(n—1)R

It follows from the first line of equations (6) that, as in the case of
linear equations [137], the quantities ' define a subgroup of the group of
conformal transformations of the space V,,. It is known that the maximal
number of parameters of the group of conformal transformations of the space
Va(n > 3) does not exceed (n + 1)(n + 2)/2, and this number is reached
only for conformally flat spaces [169]. For groups of motions, the maximal
number of parameters is equal to n(n + 1)/2, and this is reached only for
spaces of constant curvature [46]. Using these facts, we arrive, after some
calculations, at the following theorem.
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Theorem 4.1. Equations of type (1) which admit the group of motions of
the space V), of maximal order n(n + 1)/2 are equivalent, with respect to
the transformations (2), (3), (4) to one of the following equations:

B4 a1 420 =0 (2=30E@R) ()

=1

in the case of nonzero constant curvature of the space V,,, or
Au+ p(u) =0 (8)

in the case of zero curvature, where ¢ is an arbitrary function. If equa-
tion (1) admits the group of conformal transformations of the space V,, of
maximal order (n + 1)(n + 2)/2 it is equivalent to the equation

Au 4 au"T/ (=2 = (9)
where a is an arbitrary constant.

In Theorem 4.1, A is the operator

n 82
A= i3, € = *l1,
2 ©

where the signature of the operator coincides with the signature of g%.
Henceforth we shall call A a Laplace operator, ignoring the signature.

Corollary 4.1. Every linear differential equation of second order, invari-
ant with respect to a ((n + 1)(n + 2)/2)—parameter continuous group of
transformations (disregarding the transformations v’ = au + ¢(x), where
a = const. and ¢(z) is an arbitrary solution of the equation in question)
reduces, by means of the transformations (2) — (4), to the Laplace equation

Au = 0. (10)

2. The above discussion manifests that, in considering linear second-
order equations, the Laplace equation (10) is characteristic for all confor-
mally flat Riemannian spaces. Let us now introduce an invariant Laplace
equation (in particular, a wave equation in the case of the corresponding
signature) in a Riemannian space possessing the similar property with re-
spect to mutually conformal spaces. It is generally accepted to consider as
a Laplace equation in a Riemannian space the equation

AQU = giju,ij = O, (1]_)
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obtained merely by replacing the usual partial derivatives by covariant ones.
A basis for this is provided by the external resemblance between equation
(11) and the usual Laplace equation (10), and also by the fact that (11) turns
into (10) when the space V,, is flat. There is, however, an essential difference
between equations (10) and (11), namely, that if (10) is invariant with
respect to the group of conformal transformations of a flat space, equation
(11) is invariant, in general, only with respect to the group of motions, and
not to conformal transformations of the corresponding space V,, (i.e. of
the space in which the components of the metric tensor are the coefficients
g of the second derivatives). This is easy to check, for example, when
equation (11) is written in a space of constant nonzero curvature, by solving
the determining equations (6). It seems reasonable, if we start from the
properties of the usual Laplace equation (10), to require that the Laplace
equation in V,, satisfies the following conditions:

1°. Linearity and homogeneity.

2°. General covariance.

3°. Invariance with respect to the group of conformal transformations of
the space V,.

Theorem 4.2. In any Riemannian space V,,, the equation

iy n— 2
Au = guj +—<Ru=0 12
u gu]+4(n_1>u (12)
satisfies conditions 1°,2° and 3°. For a conformally flat space such an equa-
tion is unique to within the equivalence transformation (3).

On the basis of this theorem the following definition is suggested.

Definition 4.1. Equation (12) is called an invariant Laplace equation in
a Riemannian space V,,, and the operator A appearing in (12) is called an
invariant Laplace operator in V,.

According to Definition 4.1, the invariant Laplace equation in the spaces
V,, with zero scalar curvature R has the form (11). This occurs, for example,
for the Einstein spaces (R;; =0, i,j = 1,...,n).

The invariant Laplace equation has the following remarkable property.

Theorem 4.3. Let V,, and V,, be conformal Riemannian spaces with re-
spective metric tensors

_ e2 0(x)

gij (),  gij(2) gij ().
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Then the invariant Laplace equations in these spaces are mutually equiva-
lent. The equivalence transformation has the form

n+2 n—2 0

Au=ce"2 "Alue %), (13)

where A and A are the invariant Laplace operators (12) for the spaces V,,
and V,, respectively.

Equations (7) and (8) can be combined and written in the form (8) by as-
suming that A denotes the invariant Laplace operator in a space of constant
curvature. Then the standard forms (found in [137]) of linear second-order
equations admitting groups of motions of maximal order assume the form

Au—Au=0 (A= const.) (14)

with an invariant Laplace operator A. It follows from [137] that in a space of
constant curvature, equation (14) is a unique (to within equivalence trans-
formations) covariant equation admitting a group of motions of maximal
order. Equation (14) written for an arbitrary Riemannian space V,, will be
called an invariant Klein-Gordon equation in V,,.

As an example, let us discuss an application of the invariant Laplace
equation introduced here for an exposition of the red shift theory based on
the hypothesis that space-time is a Friedmann-Lobachevsky space [50]. Let
us take the square of the interval of the Friedmann-Lobachevsky space in
the form

ds* = H*(r)(dt* — da* — dy?® — dz?) (15)

without specifying the form of the function H(r). Let us assume that the
propagation of the light in V} is governed by a wave equation in this space.
If we accept the invariant Laplace equation (12) as the wave equation in V,,,
then the wave equation

Ay =0 (16)

in the Friedmann-Lobachevsky space is written, by virtue of equation (13),

in the following form:
1
A = 3 O(H), a7)

where O is the usual wave operator in the flat space. Setting
V" =9H,
we obtain from (16) and (17) the equation

Oy* = 0. (18)
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On the other hand, if one takes for the wave equation in a Riemannian
space the equation (11), then, instead of (18), one obtains ([50], § 95)

HOy* —¢*0H = 0, (19)

from which, using the special form of the function H(r) and ignoring the
term OH, one approximately obtains equation (18). The consequences for
physics of the transition from a wave equation in a Friedmann-Lobachevsky
space to the usual wave equation (18) are discussed in [50].

It is interesting to note the following. The simplification of equation
(19) carried out in [50] shows that the function ¢ in fact satisfies not equa-
tion (11), which it should satisfy, but equation (12). This leads to equation
(12) by a different (random) method. Here I have introduced the invariant
Laplace equation (12) formally, starting only from group theoretic consid-
erations. Equally formal, of course, is the hypothesis in the above example
that the transmission of light in the space V} is described by an invariant
Laplace equation (12). The question of the physical content of the invariant
Laplace equation in V,, (and in particular, the question of the correspon-
dence between equation (12) and the Maxwell equations in V}) remains
open.

The author expresses his gratitude to L. V. Ovsyannikov for valuable
comments and advice, to A. D. Aleksandrov for a valuable discussion of the
second section in this paper, and also to R.M. Garipov and participants
of the Seminar of the Theoretical Department of the Institute of Hydrody-
namics, Siberian Branch of the USSR Academy of Sciences.

Institute of Hydrodynamics Received 20 February 1968
Siberian Branch

Academy of Sciences of the USSR
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The article deals with the problem of invariance of Dirac’s equations
with respect to a continuous group of transformations of Pauli type. The
most general groups of transformations of this type admissible in Lie’s sense
by Dirac’s equations are found for nonzero and zero mass. In the case of zero
mass the group has 7 essential parameters and contains the well-known 4-
parameter Pauli group as a subgroup. A 6-parameter subgroup of this group
is determined, which is isomorphic to the group of 4-dimensional rotations.
In the case of nonzero mass this group turns out to be a 3-parameter group
isomorphic to the group of three-dimensional rotations.

Pauli discovered [146] a three-parameter continuous group of transfor-
mations with respect to which the Dirac’s equations

0
(g + ) =0 (1)

are invariant in case m = 0, by considering the transition to the complex
conjugate function of . In this case, besides equations (1), the conjugate
equations must also be taken into account. The latter can be written in the
form

(Vg —m) =0 (2)

31
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with the function

) = Y. (3)

The star and T' denote complex conjugate and transposition, respectively.
This group, together with the transformation group

Y = (cosa +isina - ys),

Y = (cosa +isina - vs)y, (4)

where v5 = 717277374, « is a real parameter, is called the 4-parameter Pauli
group. The structure of the Pauli group is studied in [132].
We will show that the Pauli group is not the most general continuous

group of transformations
(%) =4(%). )

where <¢> is an 8-dimensional column vector, A is a complex 8 by 8 matrix

(8

(in general depending upon z), admissible in Lie’s sense by equations (1)
and (2). Furthermore, we will find the most general group both for case
m = 0 and m arbitrary. Observe that considering the pair of complex
equations (1) and (2) is equivalent to dividing equation (1) into real and
imaginary parts. In the latter case it is natural to consider the group of real
transformations. The condition that the transformation is real leads in this
case to the equality

P =9 (6)

From (5) and (6) it follows that the matrix A has the form (v, is real)
a : b

A= o (7)

with arbitrary 4 x 4 matrices a and b. The equivalence of conditions (6) and
(7) is easily verified.

To describe explicitly an admissible group we choose a certain represen-
tation of matrices v, (© =1,...,4), namely:
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00 0 - 0 0 0 -1
oo o0 o010
M=l oioo0]|> "o 10 0|
i 00 0 100 0
0 0 -i 0 10 0 0
00 0 i 01 0 0
Bl i o000 T loo -1 o0 (8)
0 -i 0 0 00 0 -1

The following properties of matrices (8) will be useful:

Mo==T B =Y B =V =V Ve T W = 20 (9)

By the well-known method in the theory of group properties of differential
equations [138] we can find most general admissible groups. The results
obtained will be presented in two theorems valid for case m = 0 and m # 0
respectively.

Theorem 5.1. The most general continuous group of transformations (5)
satisfying condition (6), which is Lie-admissible by equations (1), (2) for
m = 0, contains 7 essential parameters. It consists of a 6-parameter group
G isomorphic with the group of 4-dimensional rotations O4 and of the
group of transformations (4). The 3-parametric Pauli group is a subgroup
of the group Gg.

Next we shall describe the basis of infinitesimal operators (generators)
of the group G and determine an isomorphism between Gg and Oy4. Using
matrices (8), the basis operators of the group Gg may be written in the
following form of 8 x 8 matrices:

0 Yy 0 1 iy
Si=1 ... : , Sy = : ;
—Y4Y2 0 1472 0
0 Y371 0 1371
Ss = , Se=1 ... ,  (10)

sn o0 —ipn 1 0
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s 10 i1 0
S5 = P y Se = :

Here 0 and 1 denote the zero and identity matrices, respectively. Transfor-
mations of group G can be written easily in view of the equations

S?=87=82=1, Si=S57=5;=-1, (11)

(©)-()

where « is a real parameter.
As an example we shall write down one-parameter groups of transfor-
mations for operators S; and Ss. In view of (11) we have:

making use of the formula*

2
et =1+ aS; + %5124—... = cosh a + S sinh a.

Thus formula (12) determines a one-parameter group
Y/ = cosha -1 +sinha - 4720, ¢’ = cosha -1 —sinha -4y, (13)
For S3 one has similarly

e = cosa+ Sysina, ¢ =cosa - +sina -y, (14)
Y = cosa -1+ sina - y3y11).

Comparing the transformations of group Gy with the Pauli group, it is
possible to make the following statement. Operators S3, Sy and Sg represent
the basis operators of the 3-parameter Pauli group in representation (8).
One-parameter groups generated by operators S, S5, S5 are not contained
in the Pauli group. So far as operators S; and Sy are concerned the latter
fact can be obtained using a different reasoning (it is done in Remark 5.2).

We shall construct the isomorphism of groups Gg and Oy4. Let us denote

7 1 1
Xig =295, Xog=2-51, X3 =-—=055,

22 21 21 (15)
X142551, X24=—§ Se, X34=—§ Ss.

*The connection between the expression of infinitesimal generators in Lie’s form and
the matrix form (10) is given in [70]. Formula (12) is equivalent to finding the transfor-
mations of the group by solving Lie’s equations.
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It follows from [70] that to commutators of infinitesimal operators in
Lie’s form there correspond “commutators” of matrices (10) defined by

Calculating the commutators of operators (15) by means of formulas
(16) we arrive at the structure of the group Oy :

[X/.LZIJ XO'T] = 5,LLUXVT + 51/TX,uo - 6/1,TXI/O' - 5VUX;LT- (17>

Furthermore, the infinitesimal operator of the group (4) commutes with
all operators (10).

Theorem 5.2. The most general continuous group of transformations (5)
under the condition (6) admitted by equations (1), (2) for m # 0 has 3
parameters and is isomorphic to the group of three-dimensional rotations
Os. As basis operators of this group one can choose S7, S5 and Sg.

In both Theorem 5.1 and Theorem 5.2 a trivial transformation, namely
the dilation of functions ¢ and ) was not taken into account.

The invariance of Dirac’s equations (1), (2) with respect to one-parameter
transformation groups given in Theorem 5.2 can be easily verified. We shall
do this e.g. for the operator S;. The one-parameter transformation group
for this operator has the form (13). Substituting (13) into (1), (2) and using
(9) one obtains

0 )
(%8—.:1:“ +m)y

0 . 0 -
= cosh oz(%% + m)y + sinh a(vﬂ% +m)yay21)

= sinh a - Y472 (m o V2 2 s ord T ox? Tmy
. a /)
=sinha - 74’}’2(—73@ +m)y =0,
and o
(75@ —m)J/
_ h r_0 ) inh r 9
= cosh (7, ozr m)y = sinha(y, oz M
_ 0
=sinha - 7472(%@ +m)y = 0.

These equations prove the invariance of Dirac’s equations.
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Remark 5.1. The condition m = 0 follows from the invariance of Dirac’s
equations (1), (2) with respect to any one-parameter group with an operator
which is a linear combination of the operators Ss, S4, S5, and also with
respect to the group (4).

Remark 5.2. No linear combination of the operators S; and S, can belong
to the operators of the Pauli group. In fact, if this were possible at least
for one operator obtained in such a way, we should obtain a one-parameter
group belonging to the Pauli group with respect to which the Dirac’s equa-
tions with mass different from zero are invariant, which is impossible ([132],
p. 368 in Russian translation).

Institute of Hydrodynamics Received 22 July 1968
Siberian Branch
Academy of Sciences of the USSR

Translated by Z. Vorel
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This article is devoted to a study of groups of generalized motions in
Riemannian spaces [68], [69]. An analogue of Killing’s equations is obtained
for arbitrary groups of generalized motions. A connection is established
between the set of all spaces conformal to a given Riemannian space and
the conformal group in this space. All the statements in this article have
local character.

8 1 Defect of invariance

The basic working idea of this article is that of the defect of invariance of a
manifold with respect to a continuous group of transformations, introduced
by L. V. Ovsyannikov [140], [138]. We therefore discuss below the basic
facts connected with the defect of invariance.

We denote by H a continuous group of transformations (we shall sim-
ply say the group H) of an n-dimensional Euclidean space E(x) of points
xr = (z',...,2") into itself. An element of H corresponding to a group pa-

rameter a = (a',...,a") will be denoted by T,, and the transformation will
be written in the form
2" =a2"(z,a) (i=1,..,n). (1)
We write the basic infinitesimal operators of H in the form
, 0
Xa:§é<x>% (&:1,...77‘). (2)

37
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Consider a manifold N' C E(z) of dimension dimN = n — s, regularly
defined [140] by a system of equations

V@) =0 (o=1,..,5), 3)
and introduce the notation
T.(N) = IENT‘”C’ HWN) = TaLéHTa(N). (4)

If M C E(z) is some manifold which contains A and has the property
H(M) = M (in particular, H(N) is such a manifold), then

HN) c M. (5)
Definition 6.1. The nonnegative integer
(N, H) =dimH(N) — dimN (6)

is called the defect of invariance of N with respect to H.

We denote by R(|M(x)|x) the general rank of the matrix |M (x)| eval-
uated on N. A convenient method of calculating the defect of invariance
gives the following important theorem [140].

Theorem 6.1.
SN, H) = R(| Xa”(z)|n)- (7)

8§ 2 Riemannian space

It is convenient for us to take the following point of view of an n-dimensional
Riemannian space V,,. Consider a Euclidean space E(z,g) of variables z°
(¢ =1,..,n), g (i, = 1,...,n) and all possible n-dimensional manifolds

V., C E(x,g) defined by the equations

9ij = wij(®),  (det|oy]| #0; vy =i i,j=1,...,n). (8

We shall say that a manifold V! defined by the equations g;; = gp;j(a:)

is equivalent to V;, and write V, ~ V,,, if there exist functions "% = 2"(z)
(1 =1,...,n) satisfying the equations

e @)D oy =1 @

Then the class of all mutually equivalent manifolds V,, will define a
Riemannian space V,,. We shall say that the manifold V,, defines a space V,,
in the system of coordinates x‘, and the manifold V! ~ V,, in the system of
coordinates x’* (i = 1,...,n). This method of defining a Riemannian space
agrees with the usual one [46].
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8 3 Generalized motions

Suppose we are given a group H of transformations (1), and suppose the
quantities g;; (¢, j = 1, ..., n) are transformed by it according to the formulae,

oxk Ozt o
g;j:gkl%% (i,7=1,...,n). (10)

Then to the group H there corresponds a group H of transformations
(1), (10) of the space E(x, g) into itself. The expression for the infinitesimal
operators of H is given in [68], [69]. Consider a manifold V,, defining a space
V,, in some coordinate system and give the following definition.

Definition 6.2. The number
0(Vp, H) :6(‘7n,ﬁ) (11)

is called the defect of the Riemannian space V, with respect to the group
H, and H is called the group of generalized motions of defect §(V,,, H) in
the Riemannian space V/,.

We denote by |£(ayi,j +&(a)j] the matrix whose rows are numbered by the
index o and the columns by the double index ij. For convenience, the index
« is written in brackets, and the indices after the comma denote covariant
differentiation in V,,. The following theorem gives an analogue of the Killing
equations for groups of generalized motions.

Theorem 6.2.
6(Vo, H) = R([&(ayij + Eyial)- (12)

Proof. Formula (12) follows from Theorem 6.1 applied to the manifold V;,
and the group H.

Corollary 6.1. In order that H should be a group of motions in the Rie-
mannian space V,,, it is necessary and sufficient that the equation

Vo, H) =0
should be satisfied.

On the right-hand side of equation (11), as well as of (12), a concrete
representative V,, of the space V,, appears explicitly. In order that Definition
6.2 should be correct, we must show that the number 6(V,,, H) does not
depend on the choice of coordinate system in V,,, i.e. on the choice of V.
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Theorem 6.3. The defect 6(V,,, H) does not depend on the choice of co-
ordinate system in V/,.

Proof. Under a transformation of coordinates in V,, the columns of the
matrix

1€y + &l
are transformed like the components of a second-order tensor. Therefore the
columns of the transformed matrix are linear combinations of the columns

of the original matrix, and so the rank of the matrix does not change. By
virtue of (12) this means that the theorem is true.

8 4 The invariant class of spaces and the in-
variants of a space

Let us clarify the meaning of the manifold fa(f/n) and H(V,,) constructed

according to formulae (4). The manifold 7, (V},) is defined by the equations

0x'*(x,a) 02" (x,a)
Ozt Oz’

gij = pr(2'(x,a)) (1,7=1,...,n). (13)

Therefore

T,(V,) ~V, (14)

forall T, € H.
It follows from the equation (see Definitions 6.1 and 6.2)

dimH(V,)) = n+8(V,,, H) (15)

and Theorem 3 that the manifold H(V},) defines, in a definite coordinate sys-
tem, a certain class of Riemannian spaces depending on 6(V,,, H) arbitrary
functions. Let us denote this class of spaces by H(V,,).

Definition 6.3. The class of Riemannian spaces H (V,,) is called the invari-
ant class of spaces corresponding to the pair (V,,, H).

The construction of the invariant class H(V,,), starting from a manifold
H(V,), is carried out according to § 2. The basic property of the invariant
class H(V,,) is that it is the smallest set of spaces which contains V,, and is
invariant with respect to all transformations of the group H. This follows
from (5).

It follows from Definition 6.3 that there exist exactly

n(n+1)

5 —6(V,, H)
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distinctly different geometric quantities which have the same values in all
spaces belonging to the class H(V,,) at the points with the same values of
the coordinates x* (i = 1,...,n). In particular, taking the space V,, and in-
voking (14), we see that there exist @ —0(V,,, H) independent geometric
elements in V,, that are invariant with respect to the group H. I call them
invariants of the space V,, with respect to the group H.

§ 5 Conformal group and conformal spaces

Let us consider, as a group of generalized motions, the group of conformal
transformations in V,,. In this case we can establish an interesting connection
between the conformal group and conformal spaces (Theorem 6.6). Usually
they are considered independently.

A space V) with metric tensor

is said to be conformal to a space V,, with metric tensor (8). Regarding o(x)
as an arbitrary function, one obtains the whole class of spaces conformal to
a given space V,,. We denote this class of spaces by {Vn(g }. It is defined by
the manifold

(V1) = v

Definition 6.4. A group H is called the group of conformal transforma-
tions in a space V,, if

To(Va) € {V,} (17)
for any T, € H.

In what follows, we consider spaces V,, where the conformal group is
wider than the group of motions.

Theorem 6.4. Let H be the group of conformal transformations in V,.
Then
O(Vp, H) = 1. (18)

Proof. The coordinates of the operators (2) of the group H satisfy the
equations [46]

§yij T &)ji = to(z)pii(z) (i,7=1,....n; a=1,...,7). (19)

Therefore equation (12) yields:

0(Vo, H) = R([pa() i (x)]) = 1. (20)
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Theorem 6.5. The group H of conformal transformations in a space V,, is
the conformal group in any space V,\”.

Proof. By virtue of (13), the condition (17) means that

Ox'*(x,a) 02 (x,a)
oz dz?

o (2 (x,a)) = f(z,a)pij(z) (i,j=1,...,n). (21)

Multiplying both sides of (21) by the function o(z'(z,a)) and setting

_o(2'(z,a))
fo'(aj)a) U(:L‘) f(x7a/)
one obtains
1k n
o' (2, @) pule’(r,0))] o 90 = (e, a)lo(@)py(@)] (g =1,..n).
(22)
It follows that
T.(V?) c {Vi7}
This proves the theorem.
Theorem 6.6. Let H be the conformal group in V,,. Then
H(V,) = {V,\"}. (23)

Proof. It follows from Theorem 6.5 that

H{V,?}) = {V7}.

Therefore, by virtue of (5), we have

Thus, using the equation
dim{V )} = dimH(V,)) = n + 1,

and taking account the local character of all considerations, we conclude
that

H(V,) = {V{"}.
This means precisely that (23) is satisfied. This proves the theorem.
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§ 6 Example
Consider the flat space S,, with the metric tensor given by the equations
gij :(5ij (Z,] = 1,...,71),

and an infinite group H with the basic infinitesimal generators

9 o, 0 .
=g Xw=2gn —%5m W<, vp=L...n-1
o,

where f(z™) is an arbitrary function.
It is not difficult to establish that §(S,, H) = 1. The invariant class
H(S,) is defined in a given coordinate system by the equations

9 =0, (w=1,....n=1;i=1,...,n), Ggwm=F,

where F' = F(z',... z") is an arbitrary function.
Let us find the invariants of S, with respect to H. To this end, we

consider an elementary n-hedron which is defined by giving all its n(nt1)

2
edges. The lengths of the @ edges of the n-hedron which lie in the
(n — 1)-dimensional subspace of the variables (z!,...,2""!), and the n — 1
ratios of the lengths of the remaining n edges, are the same for all the spaces
of the class H(S,,). The general number of identical quantities is thus equal
to w — 1. These quantities are invariants of .S,, with respect to H.

If, instead of an n-hedron, we take an elementary n-dimensional ball in
Sp, then under the transformations of H this ball is stretched along the axis
2™, while all the other dimensions are preserved.

It should be noted that, in contrast to the number of invariants which is
independent on the choice of coordinate system in the space, the concrete

form of these invariants does depend on the choice of coordinate system.

8 7 Application to Einstein’s equations

One of the difficulties in studying Einstein’s equations of the general theory
of relativity is the large number of unknown functions, namely the ten
components of the metric tensor of the space Vj. In order to simplify these
equations we can, for example, confine ourselves to the class of conformally
flat spaces. This reduces the number of unknown functions to one, and the
solutions obtained have a satisfactory physical interpretation [168].
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Theorem 6.6 indicates how one can similarly use the invariant classes
of spaces of different pairs (Vy, H). Namely, if one is looking for a solution
of Einstein’s equations which belongs to the class H(V}), then the number
of unknown functions is equal to §(Vy, H). The problem of simplifying Ein-
stein’s equations is thus reduced to the problem of a physically reasonable
choice of the original space V; and the group of generalized motions in this
space with a small defect.

This article owes a great deal to conversations with L. V. Ovsyannikov,
which were not limited to discussion of the results obtained. The construc-
tive criticism of A. D. Aleksandrov was also very valuable. The author
expresses his sincere thanks to them.

Institute of Hydrodynamics Received 6 January 1969
Siberian Branch

Academy of Sciences of the USSR

Translated by E.J.F. Primrose
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Introduction

The problem of determining a wave equation in a Riemannian space is
nontrivial. Equation

where indices after the comma indicate covariant differentiation, is usually
considered [42], [50], [168] to be a wave equation in the Riemannian space
V,, with the metric tensor g” (i,7 = 1,...,n) although it does not possess
the important property of a regular wave equation, namely the property of
conformal invariance*.

It was suggested in [71] to take the equation

iy L T2 9
g so,”+4(n_1)R90 0, (2)

where R is the scalar curvature of the space V,,, as the wave equation in
the space V,,. A remarkable property of equation (2) is that it is the only
equation which is invariant with respect to the group of conformal transfor-
mations in the space V,, for any Riemannian space V,,. Moreover, utilization

*Probably, this fact was first noticed by Schrédinger and Pauli [145].

45
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of equation (2) as the wave equation, e.g. in the study of the red shift pro-
vides the exact formula instead of an approximate result obtained in [50]
by means of equation (1) (see also [71]).

The present paper gives a detailed presentation of the results of the
paper [71] concerning the wave equation in V,.

§ 1 Covariant form of the wave equation

First let us check how the wave equation

2 2 2 2
_P o v e (3)
o2 0x?  Oyr 022

U

usually leads to equation (1).
In order to write equation (3) in an arbitrary coordinate system let us
introduce the values

gl=92=¢¥=-1, ¢g"=1, ¢"=0 (1#j4,j=1,....4) (4)

and denote

xlzx, x2:y, :1:3:z, ot =t.

Then equation (3) can be written in the form

. 62@
iJ —
9 giom ©)

Equations (4) define components of the metric tensor for the 4-dimensional
flat Riemannian space Vj, i.e. the Minkowsky space. In a coordinate system
where the metric tensor has the form (4), the covariant differentiation in Vj
is identical with the usual differentiation. Therefore, equation (5) can be
also written in the form

which does not depend on the choice of a coordinate system. Equation (6)
is the covariant form of the wave equation (5).

It is obvious that the generalization of equation (6) to an n-dimensional
flat Riemannian space V,, is obtained by extending the summation to the
indexes 7, 7 running from 1 to n.

The conventional viewpoint is that the wave equation in an arbitrary
Riemannian space V,, has the form (1). In this regard, A.S. Eddington
wrote ([42], Chapter II, Section 30): “A transformation of coordinates does
not alter the kind of space. Thus if we know by experiment that a potential



7: WAVE EQUATION IN RIEMANNIAN SPACES (1969) 47

¢ Is propagated according to the law (3) in Galilean coordinates, it follows
rigorously that it is propagated according to the law (6) in any system
of coordinates in flat space-time; but it does not follow rigorously that it
will be propagated according to (6) when an irreducible gravitational field
is present which alters the kind of space-time. It is, however, a plausible
suggestion that (6) may be the general law of propagation of ¢ in any kind of
space-time; that is the suggestion which the principle of equivalence makes.
Like all generalizations which are only tested experimentally in a particular
case, it must be received with caution.”

8§ 2 Symmetry of the classical wave equation

Let us consider the problem of invariance of the wave equation with respect
to the continuous group G, of transformations in the form

/ (7)

where a = (a',...,a") is the parameter of the group G,. One should not

confuse the invariance of an equation with its covariance discussed in the
previous section.

We will use the results on invariance properties of linear second-order
partial differential equations obtained in [138]. Let us write an arbitrary
linear homogeneous equation of the second order in the covariant form

Flp] = g7 (z)p.i5 + ai(x)%i + c(w)p =0, (8)

where det |¢¥| # 0; 4,7 = 1,...,n; n > 2. It is shown in [138] that the
group G, admitted by equation (8) has the generators of the form*

0 0
g Ho)e 5 )

X =¢(x)

The coordinates &' (i = 1,...,n) of the operator (9) are defined by the
equations

&+ &i=mx)g; (i,j=1,...,n), (10)
(Ka&); — (Kp&Hi=0 (i,j=1,...,n), (11)
EHy+pH =0, (12)

*Only the essential part of the group is considered. Namely, we omit the transforma-
tions ¢’ = kp+po(z), where o () is an arbitrary solution of equation (8) and k = const.
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and the function o(x) is defined by

2—n 1 , 1 P
o= Tu’l — 5 (ajfj),i — 5 ijéj (Z == 1, e ,n). (13)
Here the following notation has been introduced:
Ki' = Q5 — Qj4 (Z,j: 1,...,7’2,), (14)

1. n—2
H=-2c+a+=-da;+ ——
it 2(n —1)
where R is the scalar curvature of the space V,, with the metric tensor g%,
and the subscripts after the comma indicate the covariant differentiation in
V,.. In what follows, we will use the transformations (see also [138])

R, (15)

" =a2"z) (i=1,...,n) (16)
F'lg] = e 7@ F[pe! @), (17)
F'lg] = @(x) Flg]. (18)

Equations (16)-(16) provide the general form of the transformations keep-
ing the linearity and homogeneity of equation (8). These transformations
are called equivalence transformations of equation (8). Equations obtained
from each other by transformations (16), (17), (18) are called equivalent
equations.

Recall that equations (10) define the group of conformal transformations
in the space V,,. The group G, admitted by (8) is a subgroup of the conformal
group due to the additional equations (11) and (12). Since the conformal
group in any space V,, of dimension n > 2 contains maximum

(n+1)(n+2)
2

parameters [46], we conclude that the dimension r of the group G, is also
bounded by the number (19).
The wave equation

(19)

A :2"3.02%_0 (e; = +1) (20)
90 - 61 (al’l)Q - e’t -
i=1

in the flat space V,, is conformally invariant. Furthermore, the number of
parameters of the conformal group in the flat space reaches its maximal
value (19). Consequently, the symmetry group G, for the wave equation
(20) is the group of the maximal order (19). Moreover, we prove in the next
section that any equation (8) admitting the group G, of the maximal order
r=(n+1)(n+2)/2 is equivalent to equation (20).
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§ 3 Invariant equations in Riemannian spaces

Let us consider equation (8) as a basic second-order equation in V,,. Our
aim is to single out the equations that are conformally invariant, i.e. admit
the conformal group in V,,. It was mentioned in the previous section, that
the group G, admitted by equation (8) is a subgroup of the conformal group
in V,,. Hence, our task is to find the equations for which G, coincides with
the conformal group. For example, if V,, is the flat space, such an equation
is precisely (20). The latter equation has the form (6) in the covariant
notation.

In general, in order to find the conformally invariant equation we have
to determine the coefficients a‘(z) (i = 1,...,n) and ¢(z) of equation (8) so
that the equations (11) and (12) are satisfied identically due to the equations
(10). It is demonstrated in [138], that a necessary condition for the invari-
ance of equation (8) with respect to the conformal group in V,, is provided
by the equation

H=0. (21)

Therefore one has to investigate the equations (11) and (21) instead of
(11) and (12). Note that the transformation (18) maps the space V,, to a
conformal space. Consequently, we shall consider only the transformations
(16) and (17) as equivalence transformations.

Theorem 7.1. Consider equation (8) in a conformally flat space V,,. If
equation (8) is conformally invariant then it is equivalent to equation (2).

Proof. The metric tensor of any conformally flat space V,, can be reduced
to the form

g7 =(x)67 (i,j=1,...,n) (22)
by introducing certain number of imaginary coordinates (in accordance with
the signature of g”/) and using an appropriate change of coordinates (16).
The order of the conformal group for the conformally flat space achieves its
maximum value (19) and equations (10), due to (22), have the form

pi(z) -
£l7+€71:—(5z Z,jzl,...,n. 23
J J ID(Z‘) J ( ) ( )
The integrability conditions of equations (23) are satisfied identically [169].
Hence, the quantities &, & ; and p(z) are independent. Here i = 1,...,n
and 7 < J.

Let us show that, in this case, the condition of conformal invariance of
equation (8) implies that the equations
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hold. Indeed, let us rewrite equations (11) in the form

(Kag™ 6y — Kjg"™oF) &mp + (K — Kji) € = 0. (25)
Since the quantities & are independent, the equations (25) yield

(Kag"™8F — Kjg"™ 60 )&me =0 (i,j=1,...,n). (26)
Furthermore, we have from equations (23) that

_lp
=39
The remaining quantities &, x (m # k) are not connected with the function
p(x). Keeping this in mind and invoking (22) we single out in equations

(26) all terms containing p. Using the equations K;; = —Kj;, one obtains
consecutively

51,1 - 52,2 = ... = gn,n (27>

n

> (Kag™ s — Kijg™ 6™ mm

m=1
_ 1 Y - Ilm gm Ilm gm (28>
=39 D (K™ — Kjnps"™67")

m=1

n

T2

Since p is arbitrary, equations (28) lead to (24).
It follows from equations (24) that

(K — Kji) = nuky;.

ai:bﬂ' (121,,71) (29)
with a certain function b(x). Now the equivalence transformation (17) with
flx) = %b(x) maps our equation to an equivalent equation with

a;=0 (i=1,...,n). (30)

Therefore, we can assume that equation (8) has the following form:

g7 (@)p.; + c(z)p = 0. (31)

This equation is written in the covariant form, and hence it holds in an
arbitrary coordinate system. Therefore, it follows from equation (21) and
the definition of the function H that

c(r) =

n—2

TS (32)

Substituting (32) into (31) one obtains equation (2). The theorem is proved.
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Theorem 7.2. For any Riemannian space V,,, equation (2) is invariant with
respect to the group of conformal transformations in the space V,.

Proof. Since equations (21) and (24) are satisfied for equation (2), the
equations (11) and (12) hold identically and provide the conformal invari-
ance of equation (2). The theorem is proved.

Theorems 7.1 and 7.2 guarantee that equation (2) is the only (up to
the equivalence transformation (17)) conformally invariant equation in any
Riemannian space V,,. Thus, the following definition is suggested.

Definition 7.1. The equation

. n
Ap=gip, +—" Rp=
p=y w,zg+4(n_1)Rs@ 0 (33)

is called the invariant wave equation.

Remark 7.1. In this definition, the expression invariant emphasizes not
only the conformal invariance of equation (33), but rather the fact that
(33) is a wuniversal conformally invariant equation for any space V,,. The
usual wave equation (3), unlike (33), does not possess this property.

Equation (33) has one more remarkable property. Namely, the invariant
wave equations in conformal spaces are connected with each other by means
of the equivalence transformation (18). Specifically, the following theorem
holds.

Theorem 7.3. Let two spaces V,, and V,, be conformal to each other and
have metric tensors

20(x)

Gij and gij =€ 9ij (Z,] = ]_,...,TZ), (34)

respectively. Then

— n+2 n—2

Ap = e TN (pe"T), (35)
where A and Ay are given by the formula (33) for V,, and V,,, respectively.
Proof. Let us introduce the notation ¢; = %, ©Dij = %, and likewise

for the function #(x). Equation (33) is written in the form

n—2

Ap = g (pi; — Thon) +

where Ffj are the Christoffel symbols.



02 N.H. IBRAGIMOV SELECTED WORKS, VOL. I

The scalar curvatures and the Christoffel symbols of V,, and V,, are
connected by the relations

R = e¥[R —2(n — 1)g" (0 — T50,) + (n— )(n — 2)796,6,],  (37)

and )
Ffj = Ffj —0r0; — 5;?91 + 3i59"0, (38)

respectively (see, e.g. [46]). Using the equations (37) and (38) one obtains:

e TN (pe T ) = e g [Spij + nT @ity + n? p;b; + nT © bs
n—2 . n—2
LI

—20
T2 g
2 n—_1° 7

n—2\2
vy = n _
=9g” [%‘j - Ffj‘ﬂk + 5(%’93' +;0;) — gz‘jgkl@z%}

n—2 n—2

t—5—¢ g7 (0;; + —— 0:0; — L5060 + 26:0; — §:;5™0,0)
_ 2 _ . _ ..
+ 2 [R—2(n— 1)g (0 — Tyi) + (n — 1)(n — 2) 5790,0,]
4(n—1)
y _ -2 _ _
— G (0, — TF T2 Ro=A
g (901] z]gpk) + 4<n _ 1) RSO ¥,

thus completing the proof.

This theorem allows one to find solutions to wave equations (33) in the
whole class of conformal to each other spaces V,,, provided that a solution
to the wave equation in at least one of the spaces is known.

Remark 7.2. Although transformation (18) relates any spaces conformal
to each other, it does not mean that it relates any equations of the form (8)
in conformal spaces. For instance, equations (1) in conformal spaces cannot
be related by any transformation (18). Therefore, Theorem 7.3 indicates
once more that equation (33) is special among all equations of the type (8).

Theorem 7.4. Any linear homogeneous second-order differential equation
(8) admitting a group G, of the maximal order r = (n + 1)(n +2)/2 is
equivalent to equation (20) of the appropriate signature.

Proof. It follows from the condition of the theorem that equation (8) is
a conformally invariant and that the conformal group of the corresponding
Riemannian space V,, has the maximal order (19). It is known [169] that
any space V,, possessing the conformal group of the maximal order (19)
is conformally flat. Therefore the statement of the theorem follows from
Theorems 7.1 and 7.3.
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§ 4 Application in physics

In the physically significant case n = 4, I will use the common symbol [
for the wave operator and write equation (33) in a Riemannian space V} in
the form

. 1
O = g" ¢, +6 Ry = 0. (39)

It follows from the condition (35) that if the equation

O =0 (40)
is valid in the space Vj then the equation

O =0 (41)
holds in the conformal space V, as well, where

Q= gpe_e. (42)

As it was mentioned in [71], these formulae are useful in the theory of
the red shift.

Equation (39) and and formulae (40)—(42) are considered in [147], they
furnish interesting physical results.

The present paper was discussed with Professor L.V.Ovsyannikov. Pro-
fessor A.D. Aleksandrov made several valuable observations, and Professor
A. Trautman recently draw my attention to the paper [147]. I express them
my deepest gratitude.

Institute of Hydrodynamics Received 19 January 1969
Siberian Branch

Academy of Sciences of the USSR

Translated by E.D. Avdonina
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Noether’s theorem on the conservation laws for invariant variational problems
is generalized. All the conservation laws for the Dirac equations are found in an
illustration of the generalization.

Noether’s theorem [133] gives a convenient procedure for obtaining con-
servation laws for equations of mathematical physics arising from a varia-
tional principle. According to this theorem, the existence of r independent
conservation laws follows from the invariance of the variational integral with
respect to a continuous r-parameter transformation group. Examples show,
however, that the converse is not true: existence of conservation laws does
not imply an invariance of a variational integral with respect to the cor-
responding group. Therefore, the procedure for obtaining the conservation
laws, based on Noether’s theorem, is sometimes not sufficiently general (even
with account of divergence transformations [20], [65]).

We propose in this paper a certain modification of the concept of the
invariance of the variational integral; this leads to conservation laws of the
type (12). Conversion of Noether’s theorem is proved for non-degenerate
variational problems. The general results obtained are illustrated for the
Dirac equations. Interestingly, the well-known Pauli group [146] for the

o4



8: INVARIANT VARIATIONAL PROBLEMS (1969) 95

Dirac equations does not satisfy the conditions of Noether’s theorem.

8§ 1 Noether’s theorem

For simplicity, we restrict the discussion to variational integrals of the form

0
/QE (a:,w, 8—1:16) dw, (1)
1

where z = (x!,...,2") are independent variables, ¢ = (!,... ™), are
dependent variables, and g—f denotes the set of first derivatives ¢ = %ﬁf
(i=1,...,n; k=1,...,m). Thisis not, however, a fundamental restriction.
All the discussion can be easily extended to arbitrary variational integrals
in which the Lagrangian £ depends on derivatives of any order.

We denote by G, a continuous r-parameter transformation group:

" = fiz,ap,a) (i=1,...,n), (2)
Y% = FFz4pa) (k=1,...,m), (3)
where a = (a',...,a") is the group parameter. It is assumed that for

some value ag of the group parameter the transformations (2) and (3) are
identical, i.e.,

fiz,v,a0) =2" (i=1,...,n), FF(z,¢,a0) =" (k=1,...,m).

As usual, we will write the infinitesimal operators of the group G, in the
form [45], [138]

_ ¢t 0 k 9 _
X, = O‘@xi+n°‘8¢k (a=1,...,7), (4)
where of opt
i _ k _
Salw ) =52 o Talwd)=52 (5)

Here and below, the Einstein convention of the summation of repeated sub-
scripts and superscripts is adopted.
Consider given functions

V=) (k=1,...,m). (6)
Substituting (6) into (2), solving the resulting equations for the variables
z' (i =1,...,n), and using (3), we obtain the functions

Y=k (k=1,...,m)
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(it should be kept in mind that these functions involve also the group pa-
rameter). If the following equation holds for all functions (6) and all trans-
formations of the group G, :

[elen ) [l )

where the integration region {2’ is obtained from €2 by transformations (2) on
account™ of (6), the variational integral (1) is called invariant with respect to
the group G,. Reducing the integration over the region €2’ to an integration
over €2, and taking into account the arbitrariness of the region {2, one can
rewrite the condition for the invariance of integral (1) in the form

T R O T

where J(2'/z) = det||D;f?|| is the Jacobian of the coordinate transforma-
tion. Equation (7) shows that the function £(z, 1, g—i’)dw is an invariant of

the group G, obtained from the group G, by a prolongation of the trans-
formations (2) and (3) to the derivatives 1¥ and the volume element dw.
We can express the necessary and sufficient condition for this invariance in
terms of infinitesimal operators (4). We will calculate for this purpose the
infinitesimal operators of the group G,. We seek them in the form

0 0

Xo=Xat G +Ma8dw

m@wk (a=1,...,7).

The quantities ¢*, (i =1,...,n; k=1,...,m; a =1,...,r) are given by
the well-known prolongation formulas [138]

wo=D;(nk) — ¢?Dz‘(§£),
where D; is the operator for total differentiation with respect to z° :

0 9,

D=2
= T ’awk

+ ¥ (t=1,...,n).

ij a¢k

The coefficients p, (@ = 1,...,7) are determined by the general rule (5)
from the transformation equation for the volume element,

dw' = J(2'/z)dw

*The transformation (2) of the quantities 2* (i = 1,...,n) also depends on the func-
tions ¢* (k = 1,...,m). Therefore, it is meaningful to discuss transformation of the
coordinates z* (i = 1,...,n) only on account of (6).
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The rule for determinant differentiation, with account of (2) and (5), yields:

aJ (2’ /z)

0 ; j
o — %(det ||Dif3(:17,¢,a)||)‘ai = D;(&,),

a=ag
and therefore
odw’

B B oJ(x'/x)
Ho = Oa® -

e dw = Dy(€")dw.

67

a=ag a=ao

The test for the invariance [138] of the function £(x,, g—f)dw is written

oL p OL p 0L

jza([’dw) = (féaxz +1 aﬁwk + aia_wk

Invoking the prolongation formulae found above and arbitrariness of dw this
equation can be written as

oL oL
g+ Thggr * (D) — UIDUE 5 + £DE) =0, (¥

where aw = 1,. .., 7. After certain transformations of the left side of (8), one
arrives the following necessary and sufficient condition for the invariance of
the integral (1) with respect to the group G,

)dw—l—Eua—O.

oL

oL
(ng—wfgf)a—w+D(Al) 0 (a=1,...,7), (9)
where
oL _ oL (oc
Sk Ok (Wf)
and
Al = (nf ¢§J)8wk+£§’ (t=1,....,n; a=1,...,7).  (10)

This was established by E. Noether [133]. An important result, known as
Noether’s theorem, follows.

Theorem 8.1. (Noether’s theorem) Let the variational integral (1) be in-
variant with respect to a group G, with operators (4). Then the divergences

of r linearly independent vectors A, (o = 1,...,r) with components (10)
vanish for any solution of the Euler equations,
oL
= =9 11
e 0. (1)
i.e., the following equations hold:
DZ-(A;)|(11) =0, a=1,...,n (12)
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The existence of r invariants (i.e., quantities which do not depend on
the time ¢ = z™) of Egs. (11) follows from Equation (12), the invariants
being defined by [27] I, = [ A%dx'...dz""'. Equations (12) are usually
termed conservation laws. Various conservation laws obtained via Noether’s
theorem can be found in [133], [20], [65], [27], [47].

8 2 Remarks on Noether’s theorem

The necessary condition for the invariance of integral (1) with respect to
the group G, is the existence of the following properties:

A. The group G, transforms any extremum of integral (1) into some
extremum of the same integral. This means that the Euler equations (11)
are invariant with respect to the group G,.

B. The conservation laws (12) hold for all operators (4) of the group G,
and for all solutions of the Euler equations (11).

Properties A and B do not in general constitute a sufficient condition
for the invariance of the integral (1) with respect to the group G,. This
means that not all conservation laws (12) can be found from Noether’s
theorem. Therefore, we seek a principle regarding the invariant properties
of the variational integral (1), and based on the same grounds as Noether’s
theorem, which will permit us to find all the conservation laws (12). The
following theorem establishes this principle.

Theorem 8.2. Let the group G, satisfy condition A. In order that condi-
tion B holds, it is necessary and sufficient that the value of the variational
integral (1) be invariant with respect to the group G, at the extrema.

Proof. Invariance of the value of the variational integral at the extrema
with respect to the group G, means that Equation (7) holds for all functions
(6) which are solutions of Equation (11). It is more convenient here to
rewrite Equation (7) without the factor dw :

a 8 / /
L (x,w, 8_1)) =L (x’,w', 8?) J (%) . (13)

Let us consider the group G, of point transformations of the space of
the variables o', ¢* ¢F, of (i,7=1,...,n; k=1,...,m) and L, given by
Equations (2) and (3), along with their prolongation [138] to the first and

second derivatives of 1F and wzkj, and by the equation

L'=J"! <£/> L. (14)




8: INVARIANT VARIATIONAL PROBLEMS (1969) 99

Validity of Equation (13) for all the extrema and the condition (A) imply
that the manifold given by the equations (11), 2 wh =0, and

(¢)¢) (15)

is an invariant manifold for ér. The quantity L does not appear in Equation
(11), so Equation (15) does not affect the invariance condition of these
equations with respect to the group ér. We can thus assume immediately,
as was done in the conditions of the theorem, that a group with respect to
which Equations (11) are invariant is chosen as the group G,. Derivatives
of order no higher than the first appear in Equation (15), so that the group
G, should be prolonged only to the first derivatives ¥* (i = 1,...,n; k =

1,...,m). The operators of the group G, will be written in the form
Xo =X, +Ck + M,— 0
ot 6@[1’“ “OL

The coefficients ¢*; can be found from the prolongation formulas [138], and
M, can be found by letting the operator 5% |,—,, act on Equation (14),

M, = 2E = —LD;(&"). We thus have
R = Gt ko4 D) — v DUE o — LDUE) - (10
« aa 3 na awk a¢k

Since Equation (11) are invariant with respect to the group G,, a necessary
and sufficient condition for the invariance of the manifold given by Equations
(11) and (15) is that the following equalities be true:

=0 (a=1,...,7). (17)

(el )
(11),(15)

The left sides of Equations (17) imply that the expressions in braces are
calculated on the manifold given by Equations (11) and (15). Because of
Equation (16), we have

~ p OL
Rall-D)| |, = CDE) + &g+t
D) — e 25 =1 ), (18)

ot
Simplifying Equations (18) (as we did with Equations (8)) we obtain

XoL—-L)| =t we)

(15) 6¢k +D (AZ) (OZ: 1,,7") (19)
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Equation (17) thus has the form (12). The theorem is proved.

In Theorem 8.2, in contrast with Noether’s theorem, we are not inter-
ested in the behavior of the variational integral (1) for the functions (6)
which are not extrema of the integral (1). It may accordingly turn out that
not all the conservation laws (12) obtained from Theorem 8.2 are indepen-
dent. This means that the vectors A, (o =1,...,r) with the components
(10) may turn out to be linearly dependent. However, the number of linearly
independent vectors will in any case be no less than in Noether’s theorem,
since all the conservation laws (12) obtained through Noether’s theorem
satisfy the conditions of Theorem 8.2. In this sense, Theorem 8.2 is more
general than Noether’s theorem.

Using Theorem 8.2, one can show that the converse of Noether’s the-
orem holds for non-degenerate variational problems. We call a variational
problem non-degenerate when all the Euler equations in the system (11)
are of second order. Otherwise (i.e., when some of the equations of system
(11) can be written as first-order equations), the variational problem will
be called degenerate.

Theorem 8.3. Assume properties A and B hold for a non-degenerate vari-
ational problem. Then the variational integral (1) is invariant with respect
to the group G,.

Proof. Invariance of the variational integral (1) with respect to the group
G, is equivalent to the invariance of the manifold given by Equation (15)
with respect to the group G, with the operators (16). Therefore, in order
to prove the theorem, we must show that the equations

f(am—L)‘ 0, (a=1,...,r) (20)

(15)
hold identically for all variables x%,* % (i =1,...,n; k =1,...,m) for
all non-degenerate variational problems as a result of conditions A and B.
Because of A and B, we find from (19) that

- oL ;
Xa(L— L = (g - ’.”—‘ DAL =o. 21
(-0 = h-viesz| D] (21)
On the other hand, the right sides of Equations (18) do not depend on the
second derivative of 1/}1’“] (i,j=1,...,n; k=1,...,m). Therefore, the left
sides of these equalities, i.e., the expressions X, (L—L)|as), are also indepen-
dent of the second derivatives. In addition, because of the non-degenerate
nature of the variational problem, the Euler equations (11) contain no re-
strictions of any kind on the quantities 2%, 9", 1¥. Therefore, we have

X, (L—L =X, (L-L) |, 22
( ) ) ( ) " (22)
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and hence Equations (20) follow from (21). The theorem is proved.

Remark 8.1. The proofs of both these theorems are valid for variational
problems in which the Lagrangian £ depends on derivatives of order up
to N. Instead of the first derivatives here, we must take derivatives of the
N —th order; instead of second derivatives, we must take derivatives of the
(N + 1)-th order; and we must prolong the group G, the corresponding
number of times.

8§ 3 The Dirac equations

The Dirac equations

oL .
k— = _ k — =
gl +my =0, pl miy =0 (23)
can be written as the Euler equations (11) with the Lagrangian
L[ ou N

Here the usual notation is adopted: 1 is the column vector with components
Yk (k=1,2,3,4) and 1 is the row vector (with components ;) defined by

T =T (25)

The asterisk denotes complex conjugation, and 7" denotes transposition. We
will use the following representation of the matrices v* :

0 0 0 - 0O 0 0 -1
oo o . | 0o 01 0
T“foi oo T o 10 0|
i 0 0 O -1 0 0 O
0 0 -1 0 1 0 0 O
, oo o i , o1 0 0
Tl i o000 T Tloo0 -1 o0
0 -i 0 O 0O 0 0 -1
Since Equations (23) are linear, they admit the transformations
V' =Y +ap(x), ¢ =1+ ap(x), (26)

where the column vector ¢(x) solves the Dirac equations (23), ¢(x) is cal-
culated from ¢(x) according to Equation (25), and a is an arbitrary real
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number (the group parameter). The one-parameter transformation group
(26) has the infinitesimal operator

0 9)
X = w'“(fv)a—wk + @’“(x)a—% ‘ (27)

The Dirac equations have an infinite number of linearly independent so-
lutions; therefore the algebra of Lie operators (27) is infinite-dimensional
for all possible solutions ¢(z) of the Dirac equations, and the transforma-
tions (26) form an infinite-parameter group G.. In addition to the trans-
formations (26), the Dirac equations (23) are invariant with respect to the
following transformations.

Equations (23) with m = 0 are invariant with respect to the continuous
group with the infinitesimal operators

_ 0 - 0
X =X+ (SU)fF— + (¥S),—, 28
(9 5w + g 28)
where X = fk(z)a%k runs over the following system of generators of the
15-parameter conformal group:
X—i (k=1,2,3,4) (29)
k — al'k — Ly 4,9,%),
0 0
L k . _
Xkl—l’%—l'@ (kf<l, k,l—1,2,3,4), (30)
0
_ Lk
X() =X w, (31)
kol 2k O
Y = (222" — |z|79 )% (k,1=1,2,3,4). (32)

Here |2[> = S04, (2%)?, the matrix S is expressed via the coordinates &* of
the operators (29)-(32) by means of the equation [70]

1 < 0¢
S=35 2 5 =" 3", (33)

and

S =4t STy (34)
Equations (23) are also invariant with respect to the eight-parameter group
composed by the following one-parameter transformation groups with real
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parameters a [74] (¢’ is obtained from 1)’ by means of Equation (25)):

w
ot

W' = e,

U = e,

¢ = 1pcosha + y'y*)" sinha,
¢ = cosha + iy*y*)" sinha,
Y =pel”, AP =l

Y =g

Y =1pcosa+ vy sina,

Y =1 cosa+ iy T sina.

W W
~N O

s oo
—_ o ©

e e e N N e N R
e~ (o)
[\ o0
N N e e e T N

Transformations* (28)-(42), along with (26), form the largest group Gogioo
admitted by Equations (23) in the sense of S. Lie.

In the case of a non-vanishing mass (m # 0), the largest group admitted
in the sense of S. Lie by Equations (23) is the group G144, formed by
transformations (26), (28)-(30), and (35)-(38).

We turn to the question of the conservation laws for the Dirac equations,
for the case of zero mass. For the case m # 0 the discussion is similar, and
is omitted.

The Lagrangian (24) vanishes on solutions of Dirac’s equations (23) since
the value of the variational integral at the extrema is zero. It can be ver-
ified that all transformations of the group Gss, o, retain the zero value of
the variational integral for (24) at the extrema. Therefore, it follows from
Theorem 8.2 that all transformations of this group provide certain conserva-
tion laws (12). Before we calculate these conservation laws, we consider the
question of which of them can be obtained from Noether’s theorem. First,
we note that the variational problem is degenerate in this case, so Theorem
8.3 does not apply. A check shows that transformations (26), (35), (40),
(41), and (42) do not satisfy the condition of Noether’s theorem, i.e., they
do not leave invariant the variational integral for the Lagrangian (24) for
all functions 1. For example, with transformation (40), we find

( L, 8@&’) = (cosh® @ + sinh® a) L (CU; 0, 6_1/))

ox

+ coshasinha (wfy“r’ K 1/} -+ %’Vk’fw) )
T

*For brevity, the operators (28) are called transformations. We mean, of course, the
transformations obtained from these operators by solving the Lie equations [45], [138].
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from which we see that invariance holds only for functions ¢ solving the
Dirac equations (23). The remaining 19-parameter subgroup of the group
(G231 o0 satisfies Noether’s theorem*, so that the latter yields only 19 conser-
vation laws for the Dirac equations (23) with m = 0.

Equation (10) yields the following vectors for which the conservation
laws (12) hold. In order to indicate the transformations of G associated
with conserved vectors, the corresponding labels with prime are used. The
vectors presented below are linearly independent and give an infinite number
of conservation laws for the Dirac equations (23) with m =0 :

= P70 — gty (27)

- 3@/) k ¢ k @D o :

A g -
1 -

= Z[ww’w’vm Y]+ 2" AT - 2, (30')

Ay = a'af, (31)

Bf = 237’”145311 + [ [* A7, (32')

=3 (w’y’“ VT =Ty ) (37)

% (@/w PO+ Ty ) (38))

=Wy, (39)

G5 =3 (W T+ Ty ) (41')

ch=1 5 (70T =Ty ) (42')

For the transformatlons of (35) and (40), the corresponding vectors are
equal to zero. This agrees with the remark pertaining to Theorem 8.2 about
the possible linear dependence among the vectors obtained.

The author expresses his gratitude to L.V. Ovsyannikov for valuable
comments and to D.V. Shirkov for a useful discussion.

Institute of Hydrodynamics Received 20 May 1969
Siberian Branch
Academy of Sciences of the USSR

*It is not necessary to seek finite transformations of the group G234 in order to check
these assertions. It is sufficient to check the equations (9) for infinitesimal operators.
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Sur le probleme de
J. Hadamard relatif a la
diffusion des ondes

Note de MM. Nail H. Ibragimov et Evgeni V. Mamontov
présentée par M. Jean Leray™.

C.R. Acad. Sci. Paris, Sér. A, 270, 1970, pp. A456—-A458.
Paper [92] reprinted with permission from C.R. Acad. Sci. Paris.

1. Le probleme de la diffusion des ondes [61] est une partie essentielle
de la théorie des équations hyperboliques du second ordre

n n
Z 9" (z)ui; + Z b (z)u; + c(x)u = 0. (1)
ij=1 i=1
On dit que I’équation (1) n’entraine pas la diffusion des ondes si la solution
du probleme de Cauchy au point z = (z!,...,2") dépend seulement des
valeurs initiales dans un voisinage suffisamment petit de I'intersection du
support des valeurs initiales et du conoide caractéristique ayant x pour
sommet. Dans le cas de n impair la diffusion des ondes a toujours lieu [61].
L’équation classique de propagation des ondes pour n pair et n > 4 présente
un exemple remarquable d’une équation qui n’entraine jamais la diffusion
des ondes.

C’est J. Hadamard qui a posé le probleme de trouver toutes les équations
de forme (1) qui n’entrainent jamais la diffusion des ondes ([63], [64], [40],
[11], [35]). Un résultat remarquable a été obtenu dans cette direction par
Myron Mathisson [128]. Il a prouvé que dans le cas ot n = 4 et g% =

*Séance du 9 février 1970.
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Cte (i,j7 = 1,...,4), toute équation de forme (1) qui n’entraine jamais
de diffusion des ondes peut étre transformée en I’équation classique de la
propagation des ondes

Ut — Ugg — Uyy — Uzz = 0 (2)

au moyen d’un changement des variables et de la fonction inconnue. D’autre
part, Karl Stellmacher [164] a montré que dans le cas n > 6 il existe des
équations de forme (1) qui n’entrainent jamais de diffusion des ondes et qui
ne se réduisent pas a I’équation classique de la propagation des ondes.

Dans le cas n = 4 on ne connaissait jusqu’a présent aucune équation ne
se réduisant pas a l’équation (2) et n’entrainant pas de diffusion des ondes.
Mais il existe de telles équations. En voici une:

2. Soit 0 < f(o) € C*(R). Considérons le probleme de Cauchy

Ut — Ugy — f(.’L' - t)uyy — Uyy = O; (3>
u’t:o =0, (4)
ut|t:0 - gO(QT,y,Z). (5)

La restriction (4) ne joue pas de role essentiel. En effet, un probléeme de
Cauchy pour I’équation (3) & données initiales arbitraires peut étre réduit
au probleme (3)-(5). Donc, l'existence ou bien ’absence de la diffusion des
ondes ne dépend pas de la condition (4). Pour I’équation (3) le conoide car-
actéristique ayant pour sommet le point (x,y, z,t) est décrit par ’équation

Iz, y,2,t,&n0,(,7)

(T = = (=) e LT

FEe -7 Fa—1

—2=0. (6)

I1 en résulte que la solution du probleme (3)-(5) existe toujours pour ¢ > 0.
Elle peut étre mise sous la forme

u(x,y,z,t)zi/dﬁ/go(ﬁ,y—l—\/(x—l—t—f)[F(ﬁ)—F(x—t)} cosf,

24+ \/t? — (x —&)? sin@)d@, (7)

F désigne dans leg formules (6), (7) la fonction primitive de f. Il résulte
de cette formule que la solution du probleme (3)-(5) au point (z,y, z,t)
dépend seulement des valeurs de la fonction sur I'intersection du conoide
caractéristique ayant pour sommet le point en question et de I'hyperplan
7 = 0. C’est dire que I’équation (3) n’entraine jamais de diffusion des ondes.



9: SUR LE PROBLEME DE J. HADAMARD (1970) 67

Remarquons qu’on obtient la formule bien connue de Poisson pour I’equation
(2) en posant f =1 dans la formule (7).

3. Il nous reste a montrer que dans le cas général I’équation (3) ne peut
pas étre réduite a I’équation (2) au moyen d’un changement des variables
et de la fonction inconnue. On considére comme toujours [64] les transfor-
mations jouissant des propriétés suivantes:

a) transformations 2’* = 2/!(x) des variables indépendantes qui ne sont
pas dégénérées;

b) changement de la fonction inconnue v’ = A(z)u, A(z) # 0;

¢) multiplication de I'équation par une fonction p(z) # 0.

Considérons I'espace de Riemann V,, dont le tenseur métrique g;;(x) est
lié au coefficient de 1’équation (1) par les relations g;; ¢’* = 8%, Les applica-
tions satisfaisant aux conditions a), b), c) transforment l’espace V,, en un
espace qui lui est conforme. L’espace de Riemann lié a I'équation (2) est
un espace plan. Donc, I'équation (3) ne peut pas étre réduite a I’équation
(2) si l'espace Vj lié a I'équation (3) n’est pas un espace plan-conforme.
Dans le cas contraire, I’équation (3) peut étre réduite a I’équation (2) [71].
Donc notre probleme est réduit a la considération du tenseur de courbure
conforme. L’évanouissement de ce dernier est nécessaire et suffisant pour
que 'espace soit plan-conforme. En s’appuyant sur cet énoncé on s’apercoit
que la condition f(o) = (ac +b)?, a et b étant des constantes, est la
condition nécessaire et suffisante pour la possibilité réduire 1’équation (3) a
I'équation (2).

Institut d’Hydrodynamique

de la Section Sibérienne

de I’Académie des Sciences de I'U.R.S.S.,
Novosibirsk 90, U.R.S.S.
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English transl.* Soviet Math. Dokl. Vol. 11, (1970), No. 5, pp. 1153-1157.
Reprinted with permission from American Mathematical Society.
Copyright (© 1971, American Mathematical Society.

I. The wave equation
Ut — Ugge — Uyy — Uge = 0 (1)

has the remarkable property of satisfying Huygens’ principle. This means
that for equation (1) the solution of Cauchy’s problem at the point & =
(z,y,2,t) depends only on the values of the initial data in an arbitrarily
small neighborhood of the intersection of the characteristic conoid (with its
vertex at the point @) with the initial data surface. Hadamard [61], [62],
[64] posed the problem of describing the entire class of linear second-order
hyperbolic equations

gij(m)ul-j + b (x)u; + c(x)u =0 (2)

satisfying Huygens’ principle (see also [63], [35], [150], [40], [11]). We shall
consider the case of only four independent variables z' (i = 1,...,4). Thus
it will be assumed below that in (2) the sum with respect to the indices 4
and j is taken from 1 to 4.

Huygens’ principle is invariant under the following transformations known
as equivalence transformations:

*Editor’s note. The present translation incorporates suggestions made by the author.

68



10: CONFORMAL INVARIANCE (1970) 69

a) a non-degenerate change of coordinates: =% = z"*(x);
b) a linear substitution of the dependent variable: v’ = A(x)u, A(x) # 0;
c¢) multiplication of Equation (2) by any function v(x) # 0.

Therefore two equations of form (2) that can be obtained from one an-
other by such transformations are considered to be equivalent.

Mathisson [128] has proved that any equation (2) with constant coeffi-
cients g¥(i, j = 1,...,4) that satisfies Huygens’ principle is equivalent to
the wave equation (this is not true if there are more than four variables
[164]). It would seem that Mathisson’s result proved Hadamard’s presump-
tion that an equation of type (2) satisfies Huygens’ principle only if this
equation is equivalent to the wave equation (Hadamard’s conjecture). Yet
recently we have given an example* of an equation of type (2) that satisfies
Huygens’ principle without being equivalent to the wave equation [92].

This example was considered in an analysis of equations (2) that have
“good” group properties [71]. It turns out that the group properties of equa-
tions (2) and the validity of Huygens’ principle are closely related. Namely,
if the Riemannian space with a metric tensor g;; (x) has a “nontrivial” (see
below) conformal group, then Huygens’ principle holds for Equation (2) if
and only if this equation is conformally invariant. This paper contains a
basic proof of this assertion. An explicit formula is presented for the solu-
tion of Cauchy’s problem for any conformally invariant equation of type (2)
with nontrivial conformal group. The latter equations comprise, of course,
the equation (1) as well as the example presented in [92].

II. A Lie group G is called the conformal group of a Riemannian space
Vi with a metric tensor g;; if any one-parameter subgroup of G' with an
infinitesimal operator

0
X =¢(x)—
£(@)
satisfies Killing’s equations [46]
§ij+ &= n®)gy (1,j=1,....4) (3)

Here & = g;;&7 and the subscripts after the comma denote covariant differ-
entiation. If u(ax) = 0 for all one-parameter subgroups of G then the group
G is called the group of motions. The conformal group of the space V} is
said to be trivial if it is a group of motions in a certain Riemannian space
which is conformal to the space V. The conformal group which is not trivial
is called a nontrivial conformal group [149]. For simplicity we shall confine
ourselves to the case of analytic functions g;;(x).

*After writing this article, the author has learned that a similar example was given
earlier by Giinther [60].
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Below we shall use the following lemma which is a consequence of the
results of Biljalov (see, for example, [149], Chapter 7).

Lemma 10.1. Any space Vj of signature (— — —+) with a nontrivial con-
formal group can be reduced by a change of coordinates and transition to
a conformal space to a space with a tensor g (g;;¢’* = 6F) of the form

1 0 0 0

y 0 —f(at —2* h(zt —2*) 0

i@ =| o T Tn) M T perse @
0 0 0 1

Note that the order of the conformal group in V4 with a nontrivial con-
formal group can be equal to 6,7, or 15.
ITI. Let us rewrite the equation (2) in the form

L(u) = giju,ij —i—aiu,i +cu =0 (5)

by using covariant derivatives in a Riemannian space V; with a metric tensor
gi;. The properties of invariance of equation (5) under continuous transfor-
mation groups are described in [139] with the aid of the functions

Ky=aij—aj; (,5=1,...,4)

and

. 1 . 1
H=—-2+d,+=da+<R,
c—l—a,+2aa+3

where R is the scalar curvature of the space Vj. In fact, the coordinates &7 (x)
of the infinitesimal operator of any one-parameter subgroup of a Lie group
admitted by equation (5) are specified as the solutions of the equations (3)
and of the equations

EFHy+pH =0, (Kg&),; —(Kpéh,u=0 (i,j=1,...,4). (6)

Therefore the group, admitted by equation (5), will be a subgroup of the
group of conformal transformations of V.

In the sequel it is important for us to ascertain which equations (5) are
invariant under the entire conformal group in V; (such equations are said
to be conformally invariant). For spaces with a non-trivial conformal group
this problem is solved by the following statement.

Theorem 10.1. In any space Vj of signature (— — —+) with a nontrivial
conformal group, any conformally invariant equation of type (5) is equiva-
lent to the equation

g7, —1—6 Ru = 0. (7)
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Proof. By virtue of Lemma 10.1 it suffices to prove this theorem for spaces
with a tensor ¢g"/ () of the form (4) for which a conformal group is easy to
calculate [149]. By solving equations (6), we obtain

Kij=0 (i,j=1,...,4), H=0, (8)

whence follows the assertion of the theorem (see, e.g. [64] and [139]).

It is worth noting that for spaces with a trivial conformal group there
exists, in addition to equation (7), at least one more conformally invariant
equation which is not equivalent to (7).

IV. Equation (7) in a space with a tensor g of the form (4) is equivalent
to the equation

Ust — Ugy — f(2 — t)uyy — 2h(z — t)uy, — u,, = 0. 9)
Let us consider for equation (9) the Cauchy problem with initial data
ufi=o = 0, (91)

ut|t:0 = (,D(ZL',y,Z) (92)

Here x = 2!, y = 2%, 2 = 2 and ¢ = 2*. The constraint (9;) is not essen-
tial, since for equation (9) it is possible to reduce Cauchy’s problem with
arbitrary initial data to the problem (9), (91), (92), this constraint having
no effect on the presence or absence of Huygens’ principle.

The solution of problem (9), (91), (92) has the form

2

x+t 2T
u(a:,y,z,t):ﬁ/df/go(f,y%—AcosQ,z+Bcos€+(]sin9)d9, (10)
where
A={(z+t-O[F(€) - Fz - )]},

" o 1/2

B =11 - He -] | 7|
B [H(€) — H(z — )P
C‘{(“H) [5‘““ Fl)~ Flz — ) ]} ’

F and H being the primitives of the functions f and h.

Formula (10) shows that Huygens’ principle holds for equation (9) with
any f,h € C'(R), f > h® Indeed, the solution of the problem (9), (9),
(92) at the point & depends only on the values of the function ¢ at the
intersection of the hyperplane 7 = 0 with a characteristic conoid whose
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vertex is at the point & and whose equation is I'(x, &) = 0. Here I'(x, &) is
the square of the geodesic distance between the points * = (z,y, z,t) and
& =(&,n,(,7). For equation (9) it has the form

D(@,&) =(t-7)"—(z-¢)°
r—t—&§+T
(@ —t—E+n)[Flx—t)—FE—7)] - [H@z—t) - HE-7)]°
{(@—t=&+7)y—n)*—2[H@—t) - HE—7)](y —n)(z —¢)
+H[F@—t) = F(§-7)]( =)’} (11)
Our example in [92] corresponds to the case h = 0. By setting h = 0

and f = 1, we obtain from (10) Poisson’s well-known formula for the wave
equation (1).

V.

Theorem 10.2. Let the Riemannian space Vj of signature (— — —+) have
a nontrivial conformal group. Then equation (5) satisfies Huygens’ principle
if and only if it is conformally invariant, i.e. it is equivalent to equation (7).

Let us note that this theorem contains the result of Mathisson [128].

Theorem 10.2 can be proved by the method suggested by Hadamard
[64] in the case g = const. By virtue of Lemma 10.1 and Theorem 10.1
it suffices to prove that the validity of Huygens’ principle for equation (5)
with leading coefficients (4) implies the validity of equations (8). We will
show that equations (8) hold for the adjoint equation to (5). This will prove
the theorem since equation (7) is self-adjoint.

Hadamard showed that Huygens’ principle holds for the adjoint equation
to equation (5) if and only if the equation L(W,;) = 0 holds along the
characteristic conoid with vertex at an arbitrary point . Here

1 L) —c —
Wozexp{——/ Mds},

4 o S

the integral being taken along the geodesic curve connecting the points
x = (x,y,2,t) and &g = (29, Yo, 20,t), I = s* is the square of the geodesic
distance, and W, is regarded as a function of the point .

By using Hadamard’s criterion, written in the form L(W,) = AI' with
an undetermined (regular) coefficient A = A(x), we find that equation (8)
holds at the point x(. Since the point x, is arbitrary, we hence obtain the
assertion of the theorem.
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VI. In [71], equation (7) is regarded as an equation describing the prop-
agation of light waves in a Riemannian space Vj, on the basis of the confor-
mal invariance of this equation. Even earlier (and apparently for the first
time), equation (7) was considered in [147] likewise from the point of view
of conformal invariance. Theorem 10.2 provides a certain physical reason
for regarding equation (7) as a wave equation in a Riemannian space (pos-
sibly to within an equivalence transformation b) or ¢) with v = 1/)). In
fact, by considering the radiation problem [35] and using Theorem 10.2, we
can see that if a nontrivial conformal group exists in the space V,, sharp
light signals will be transmitted and can be received as sharp signals if the
propagation of light waves in the space Vj is described by equation (7).

The author expresses his gratitude to L. V. Ovsyannikov for a useful
discussion.

Institute of Hydrodynamics Received 27 February 1970
Siberian Branch

Academy of Sciences of the USSR

Translated by L. Ebner



Paper 11
Huygens’ principle

N.H. IBRAGIMOV [78]

Published in Russian in the book Some problems of mathematics and
mechanics, Nauka, Leningrad, 1970, pp. 159-170.
English transl., Amer. Math. Soc. Transl., (2) Vol. 104, 1976, pp. 141-152.
Reprinted with permission from American Mathematical Society.
Copyright (© 1976, American Mathematical Society.

The history of the principle which we are going to discuss in the present
paper begins with the famous memoir of Christiaan Huygens [32]; subse-
quently this principle was given an adequate mathematical form (see, for
example, [17], [61]). For the classical wave equation

Ut — Ugy — Uyy — Uzz = 07 (1>

which describes propagation of light disturbances, Huygens’ principle states
that the wave carrying this disturbance does not leave any trace behind (the
disturbance is initially limited in space and time). In other words, Huygens’
principle for equation (1) means that the solution of the Cauchy problem
at any point P = (z,y, z,t) is determined by the Cauchy data given on the
intersection of the initial manifold and the characteristic cone with apex at
P.

Hadamard [61] has published a profound analysis of the Cauchy problem
for linear second-order hyperbolic equations

Zg uw%—ZbZ x)u; + c(x)u =0, (2)

3,j=1

which presents the nature of Huygens’ principle in a new light. His was
the discovery of a remarkable connection between the properties of the ele-
mentary solution of equation (2) and the existence of the Huygens principle

74
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for this equation. For equations of the type (2) the Huygens principle is
formulated in the same way as for the wave equation, the only difference
being that the characteristic cone is replaced by the characteristic conoid.
It was proved that for odd n the Huygens principle never holds, whereas
for even n > 4 it is valid if and only if there is no logarithmic term in the
elementary solution (the exceptional case n = 2 is discussed in [63]).

The Huygens principle holds, in particular, for wave equations with ar-
bitrary even n > 4 (and for equations which could be obtained from these
by means of simple transformations leaving the equation linear and homo-
geneous). There are many papers (see, for example, [64], [63], [163], [164],
[35], [59]) which are devoted to the most important question of existence
of other equations of the type (2) for which the Huygens principle is valid.
Examples of such equations for even n > 6 were constructed by K. Stell-
macher [163], [164], and the case n = 4, which is of special interest because
of its physical significance, was for a long time regarded as exceptional.
It was only recently that the desired examples were constructed [60] (and
independently in [92]).

Construction of these examples can be interpreted as the first step
in description of the whole class of equations of the type (2) for which
the Huygens principle holds. The solution to this problem formulated by
Hadamard ([61], § 149) apparently resides in the clarification of the geomet-
rical facts that lie at the basis of Huygens’ principle and whose existence is
indicated by available results (see the references).

Below one of these geometrical facts is established case n = 4. Namely,
it is shown that if in the Riemannian space with the metric tensor g;;(x)
(9i5(z)g™ (z) = 6F) there exists a nontrivial conformal group, then for equa-
tion (2) the Huygens principle holds if and only if this equation is confor-
mally invariant. For all these equations (including the wave equation (1) as
well as the examples from [60]) the solution of the Cauchy problem can be
obtained explicitly.

§ 1 Conformal invariance
We present equation (2) in the form
g7 (z) i +a’ (z)uy; +c(z)u = 0, (3)

making use of the covariant derivatives u,;; in the Riemannian space V,,
with the metric form

ds® = g;j(z)dr'dx?, (4)
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which corresponds to equation (3) of [61]; here, as usual, the repeated indices
imply summation from 1 to n. Since in what follows we shall be concerned
with the case of hyperbolic equations (3) with n = 4 independent variables,
the form (4) at each point z = (z!, ..., z%) from the considered set of values
can be assumed to have the signature (— — —+). For convenience we shall
also employ the individual notation for coordinates x = z!, y = 2%, z =
23, t = 2*. The coefficients of equation (3) will be assumed analytical.
The invariance properties of equations of the type (3) with respect to
continuous groups of transformations are described [138] by functions

Kij=aij—aj; (i,j=1,...,n),

P n—2
H=-2c+a,;+ 50 a; + 2 — 1)R
(R is the scalar curvature of V) and the coordinates £'(x) of infinitesimal
operators X = ¢! aii of one-parameter subgroups of the group G of transfor-
mations of the space V;, (n > 3). This means that equation (3) is invariant
with respect to a given group if and only if for each one-parameter subgroup
of G the Killing equations

i+ &i=nl)gy (,j=1,....n) (5)

and the equations
(Ku€'); — (Kp&h), =0 (i,j=1,....n), (6)
E"H j, + pH =0, (7)

hold.

The group G for which the Killing equations (5) are valid is called the
group of conformal transformations of the space V,, (in short, the conformal
group ), and the conformal group with all one-parameter subgroups having
the property pu(x) = 0 is called the group of motions. A group which is
conformal in V,, is conformal in any space conformal to V,,, but, generally
speaking, with a different function p(x).

Definition 11.1. A group of conformal transformations of the space V,,
is called trivial if it coincides with a group of motions in a certain space,
conformal to V,,. A conformal group which is not trivial is called nontrivial,
and the space V,, is called a space with a nontrivial conformal group [149].

A flat space is an example of a space with a nontrivial conformal group.
Obviously the property of being a space with nontrivial conformal group
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is preserved under transformation to a conformal space. In our case when
n = 4 there is a complete description of spaces V,; with a nontrivial conformal
group due to R.F. Biljalov (see, for example, [149], Chapter VII). This result
can be formulated in the following convenient form.

Lemma 11.1. Any space Vj of signature (———+) with a nontrivial confor-
mal group G, through a transformation of coordinates and a transformation
to a conformal space, can be mapped onto a space with the tensor g% of the

type

-1 0 0 0
i 0 —fle—t) —pl@x—t) 0O
0 0 0 1

The order of the group G can take on the values 6,7, and (in the case of a
conformally flat space) 15.

As follows from (5)-(7), the group with respect to which equation (3)
is invariant is a subgroup of the group of conformal transformations of the
space V,,. We make the following

Definition 11.2. Equation (3), which is invariant with respect to the gen-
eral group of conformal transformations of the space V,,, is called a confor-
mally invariant equation in V,,.

The above properties of equations (3) as well as the Huygens princi-
ple are invariant with respect a) to the non-degenerate coordinate trans-
formations £ = z(z), b) to the linear transformation of the function
v = v(x)u (v(z) # 0), and ¢) to the multiplication of equation (3) by a
function v(x) # 0 [64], [138]. Two equations obtained from each other by
the above transformations will be called equivalent, and all further develop-
ment is carried out up to these equivalence transformations. In what follows
we shall make use of the following theorem partially discussed in [71].

Theorem 11.1. Let the space V} of signature (— — —+) have a nontrivial
conformal group, and let equation (3) be conformally invariant. Then this
equation is equivalent to the equation

- 1

Proof. According to Lemma 11.1, the above space V; can be transformed to
a space with tensor g/ of the type (8) by means of transformations a) and b).
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Therefore, taking into account that the equations (9) in conformal spaces
are equivalent, it is sufficient to prove this theorem for the spaces described
in Lemma 11.1. After the coordinates transformation z! = z + ¢, 2?2 =
y, 25 = z, 2* = z — t the following operators enter the conformal group

(these are the only operators that will be made use of):

0
oz«

0 0
(=1,2,3), X4=22'—"+2?

Xa = ozl Ox? ox3

Since, under the conditions of the theorem, equation (3) is conformally
invariant, for all these operators equations (6) should hold. We rewrite these
equations in the form

8[(” og! ogl
TRy T i

gl =0 (i,j=1,...,4). (6)

This was done on the basis of the identity

oK;; O0K; 0Ky
]+ ]l+ l

oct " ow T am Y

For the operator X, (o = 1,2, 3) this equation has the form %Kj =0(i,j =
1,...,4), so that K;; = K;;(z*). Solving (6') for X4, we obtain
Ky=0 (i,j=1,...,4). (10)

Equation (7) can be solved in a similar way. Taking into account that
p(x) = 0 for the operators X, (o = 1,2,3), we obtain from (7) that H =
H(x%). Solving this equation for X, and taking into consideration that in
this case pu # 0, we arrive at

H=0. (11)

As follows from equation (10) [64], (3) is equivalent to a certain equation
(of the same type) with a’ =0 (i = 1,--- ,4) and from (11) and from the
definition of H we get C' = R/6. The theorem is proved.

Note that for spaces with a trivial conformal group there exist at least
two conformally invariant equations which are not equivalent to each other.
In order to show this, it is sufficient to consider a conformal space in which
the conformal group is the group of motions, so that u(x) = 0, and to
introduce two equations with the coefficients ' = 0 (i = 1,---,4). In
one equation we set H = 0, and in the other H = 1. These equations
are obviously conformally invariant and not equivalent to each other, since
during equivalence transformations the quantity H can acquire at most a
nonzero factor [138].
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§ 2 Geodesic distance

When discussing the Huygens principle for equations (3) in spaces with a
nontrivial conformal group, we shall need the square of geodesic distance
[61] in spaces Vj with tensor ¢¥ of the type (8). The geodesic distance can
be computed in the following way.

Let a fixed point P € V,, and a variable point Q) € V,, lie on a geodesic
line. On the latter we introduce as a parameter the arc length s read
from the point P. Then the coordinates z* of the point @) will be functions
r' = x'(s) satisfying the equations

R - dz? dxk

with the initial conditions
i i dx’ i
2| _, = |, = (i=1,...,n), (13)

where F;k are the Christoffel symbols in V,,, z are the coordinates of the
point P, and the constant vector a = (al, ..., a™) is subject to the condition

gij(r0)a'a? =1, (14)
following from (4). Let
1t =2 (s,z0,) (i=1,...,n) (15)

be the solution of problem (12), (13). From (15) we determine the quantities
o' and substitute the result o' = ¥'(s,zg,z) (i = 1,--- ,n) in (14). After
solving the resulting equation g;;(z0)y" (s, zo, )17 (s, 29, ) = 1 with respect
to s, we shall find the square of the geodesic distance I' = I'(P, Q) = s* =
[s(z0, 2)]*.

Return now to spaces of the type mentioned in Lemma 11.1. In what
follows, whenever these spaces are discussed, we shall use the following
notation: P = ({,n,(,7), Q = (x,y, 2,t), (o, 3,7,0) is the constant vector
appearing in (13), F and ® are the primitives for f and ¢, respectively, and
A = det|g”| = ¢* — f. In addition, we shall use abbreviations of the type
to fo= f(§&—7), f = f(z —1), etc. Calculations according to the above
method lead to the following result. The solution of the problem (12), (13)
has the form

a—0
2

$=€+<a+ﬁa— f0a2>8—%a2(F—E0)—ab(CI)—<I)O),
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y=mn+a(F —F)+b(®— ),
z=C(+a(d— Pg) + bl — 0)s,
r—t=E—T+ (a—9)s,

where
o= Yo — b:ﬁsﬁo—’yfo_
Ag(a —4)’ Ao(a — )
Solution (16) will take the form (15) if one substitutes in the functions
F = F(z —t) and ® = ®(z — t) the value x — ¢t from the last equation
(16), and then substitute the resulting value of x in the last equation. From
relation (14), which has the form (6 — «)(a + 0 + Ba + vb) = 1, we obtain

r—=&—t+T
(x—&—t+71)(F — Fy) — (D — )2

<[(@—E—t+7)(y—n)" =22 = Po)(y —n)(z — )+ (F = Fo) (= — {)°]. (17)

D= (t—77—(&—€>-

8§ 3 The Cauchy problem

According to § 1, any conformally invariant equation (3) in a space V; with
a nontrivial conformal group is equivalent to the equation

Lu = wy — Uy — f(x — t)uy, — 20(x — t)uy, —u,, =0 (18)

with certain functions f and ¢. This follows from the equivalence of equa-
tions (18) and (9) with coefficients of the type (8). Consider a Cauchy
problem

Lu =0, u}t:O =0, ut‘t:o = h(x,y, 2), (19)

which is obtained from the Cauchy problem
Lu =0, u‘t:o =g(z,y, 2), ut}t:o = h(x,y, z), (20)

with arbitrary g and h. Indeed, if V' is the solution of the problem (19) with
Vilt=o = g(x,y, 2) and W the solution of (19) with W= = —h(z,y,2) +
9z(2,y, 2), then u =V, + V,, — W is the solution of the problem (20). It is
easy to see that this transformation does not affect the Huygens principle.
The solution of the problem (19) can be obtained in the following way.
Perform a Fourier transformation with respect to the variables y and z :

1 0o 00 ‘
a(ZL’, )‘7 K, t) = % / / u(x, Y, =, t)e_z(Ay—HLZ)dde'

—00 —00
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As a result, (18) takes on the form
Ty — Ugw + (fA2 + 20\ + p?)a = 0,

which by the change of variables

1 1 _ 1
f:—§A2F(x—t)—)\,u(19(x—t)—§p2($—t), t:§(x+t)
is transformed to uz; + @ = 0, so that for this equation we have an explicit

expression of the Riemann function R(&, 7;x,t). It has the form

R= 10(\/(x et T)(F—F)N 2@ — o)t (€ —z—7 +t)u2]>

where [ is the Bessel function. This allows one to obtain explicitly the
solution of the Cauchy problem for the resulting equation. Then, performing
the inverse Fourier transformation, we can write the solution of the Cauchy
problem (19) in the form

x+t [ INe’e)
w(y, 2 ) = /d&/ /IhénCdndC (21)
where o o
1 —iM =) +a(z—C)]
= 2— R(£,0;z,t)e Au=tu dAd . (22)

From the condition f — ¢? > 0 follows validity of the inequality f\% +
20\ + p? > 0 for A2 + p? # 0, whence, after integration from x — ¢ to &,
we obtain that the quadratic form in A\ and g appearing in the expression
for R(&,0;x,t) is positive definite. Therefore this form can be presented as
a sum of squares, and then one can compute the integral (22). Substituting
the value of this integral in (21) and making use of the properties of the
special functions, we arrive at the following final version of the solution of
the problem (19):

T+t 27
1
u(z,y,z,t) = i / d§/h(§,y + Acosf,z+ Bcosf + Csinf)df, (23)
r—t

where

A=/(z+t—§[F () - F(z —1t)],

r+t—¢&

B = [B(€) — @(x t>]\/ Py Tt
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C:\/(:c+t—§) <€—x+t— [(D(g)_q)(x_t)P)

F(§) = Fz —1)

Direct substitution of expression (23) into (19) shows that this function
is indeed a solution of the Cauchy problem (19). We note only that the
computations are best performed if one introduces a change of variables
T=x+t, t=x—1.

One can see from equation (23) that for equation (18), and therefore
for any conformally invariant equation (3) in spaces Vj with a nontrivial
conformal group, Huygens’ principle is valid.

8 4 The Huygens principle

The conclusion about the validity of the Huygens principle for equation
(18) was made on the basis of the expression for the solution of the Cauchy
problem. Instead, one can use the Hadamard criterion [61], [64]. According
to Hadamard, the Huygens principle for equation (3) is valid if and only if

M(Wy) =0 for T(Q,P)=0 (24)
for arbitrary points P = (§,7,(,7) and Q = (z,v, 2,t), where

Q
Wy = exp{ - i/[M(F) - cF—8]%}
P

(the integral is computed along a geodesic connecting the points P and
@), and M is the adjoint operator for (3). This operator is applied to the
function W, which depends on the point Q). For equation (18) the function
Wy depends only on x —¢ (as a function of the point @), so that the validity
of (24) is obvious.

Examine now the validity of the Huygens principle for an equation which
is obtained from (18) (but not equivalent to it) by addition of lower order
terms to the left-hand side. In other words, we want to know whether
in spaces V4 with a nontrivial conformal group there exist nonconformally
invariant equations of the type (3) for which the Huygens principle holds.
The following theorem gives a negative answer to this question, and thus
completely solves the problem of the Huygens principle for spaces V; with
a nontrivial conformal group.

Theorem 11.2. Let a Riemannian space Vj of signature (— — —+) have a
nontrivial conformal group. Then for equation (3) in this space the Huygens
principle holds if and only if this equation is conformally invariant, i.e.
equivalent to equation (9).
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Proof. As follows from § 1 and § 3, it is sufficient for us to prove that
the validity of the Huygens principle for equation (3) with coefficients g*
of the type (8) implies the validity of equations (10) and (11). This can be
shown if one applies to our equation the condition (24). But it is sufficient
to make use of certain consequences of (24) obtained in [59]. In that paper,
among the necessary conditions for the validity of the Huygens principle for
equation (3) for n = 4, the following relations were obtained:
1 1 . R

10. C—ﬁafi—iazai:€,

i.e. equation (11).

. 1 5 1
2°. " (Spijq — 9 Ciiclrp) = == 9"(KpiKy — < 9459 lequl)7 (25)

b 4 ' 4
where 1
Lyp = =Ry + 6 grpBs 28pij = Lijp = Lpji,
C7;, is the tensor of conformal curvature and R,, is the Ricci tensor.

We shall prove the theorem if we demonstrate that (25) implies (10)
when the coefficients of the second derivatives in equation (3) have the form
(8). We know already that the Huygens principle is valid for equation (18),
so that in this case conditions (25) should be satisfied. But for equation
(18) the quantities K;; (i,7 = 1,...,4) are equal to zero, so that the right-
hand sides, and therefore the left-hand sides, of equations (25) are also
equal to zero. The left-hand sides of (25) depend, however, not on the lower
order coefficients of equation (3), but only on its higher order coefficients.
Therefore, for the equations which we are concerned with, the left-hand
sides of equations (25) are always equal to zero, and in our case (25) takes
the form

K Kyj+ fKyuKoj + (Ko K3 + K3 Koj) + K3 Ks; — Ky Ky,
1
+§9ij[fK122+K123 — AK3 4 20K, K3 — K7y — fK3, (26)
20Ky Ksy — K3, =0, d,7=1,...,4.
Denote the expression in the square brackets by 2N, and set successively

(1,7) = (1,1),(2,2),(2,3),(3,3), (4,4). Then we obtain the following system
of equations:

fK +20+ KipKi3+ Kiy — K3y — N =0, (27)

1
K} + K3y — K3, + ZN =0, (28)
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K19K13 — Koy K34 — pKj, — %N =0, (29)
K123+fK223_K§4+£N:0, (3())
K}y + fK3, + 20K Ky + K3, + N = 0. (31)

Eliminate N from (28) and (29), and then from (28) and (30). This will
result in the equations

Ki9K3 — Koy K3y = @(K224 - K122)7 (32>

K§4 - K123 - f(K224 - K122)‘ (33>

Subtracting (27) from (31) and taking (32) and (33) into account, we obtain
K%, — AK3, = 0, from which follows

Ky =0, Ky=0. (34)
By virtue of (32)-(34), equation (27) takes on the form
(K134 ¢K12)* — AK3, =0,
From this equation, as before, we obtain
Ky =0, Kij3=—pKis. (35)

Substituting these values of Ky and Ki3 in (33), we conclude that all the
quantities K;;, (4,5 = 1,...,4) are equal to zero, which proves our theorem.

In connection with Theorem 11.1 we note an interesting fact. As follows
from the examples discussed in [163], [164], for n > 4 a theorem which is
similar to this one is not valid. Namely, with n > 6 the equations considered
in [163], [164], for which the Huygens principle holds, contain higher order
derivatives in the form of the wave operator depending on the respective
number of variables. However, in this case also the Huygens principle is
related to the invariance properties of the respective equations. When n = 6,
for example, the equation discussed by K. Stellmacher (see, in particular,

[163]) has the form

A
Ju- g et =0

where
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i.e. it belongs to the class of equations invariant with respect to groups
(n+1)

of motions in V;, of the maximal order 5= (see [138]). As follows from
Stellmacher’s results, for n = 6 the Huygens principle for the equations of
the above type is valid only for A = 8! When dimensions greater than 6
are considered, equations with even weaker properties of invariance appear,
for which the Huygens principle holds. This can be demonstrated with
certain examples from [164]. Note further that equations of the type (18)
for which the Huygens principle is valid could be formulated also for higher
dimensions, and new examples could be generated which are different from
Stellmacher’s. This, however, will not be of great interest, until some general
results are obtained.

In conclusion, consider one example of space V, with a nontrivial con-

formal group. Introduce a space with the metric form
ds* — (14 t)de? — dy* — dz*> +dt*, t>0. (36)

Solving the Killing equation (5), we find that the order of the conformal
group for this space is 5, so that we indeed have a space with a trivial
conformal group. After some calculations one can see that for this space
equations (25) are not compatible (it is sufficient to consider these equations
for values (i,7) = (1,1),(2,2), (3,3), (4,4). Therefore, in the space V,; with
the metric form (36) the Huygens principle cannot be valid for any equation
of the type (3).

The author is grateful to L.V. Ovsyannikov and E.V. Mamontov for use-
ful discussions.

Institute of Hydrodynamics
Siberian Branch

Academy of Sciences of the USSR

Translated by O.A. Germogenova



Paper 12

Conservation laws in
hydrodynamics

N.H. IBRAGIMOV
Original unabridged version of paper [80].

The conservation of energy, momentum and angular momentum well
known for any continuous medium satisfying quite general assumptions [160]
arise due to certain symmetry properties of the medium under considera-
tion. For instance, the conservation of angular momentum follows from
Boltzman’s postulate on symmetry property of the stress tensor. However,
to the best of my knowledge, there is no publication where the classical
conservation laws are derived from the symmetry properties via Noether’s
theorem. In consequence, it has not been clarified yet if there are new
conservation laws corresponding to additional symmetries of gasdyanamic
equations found by L.V. Ovsyannikov some ten years ago in [138].

The present paper is aimed at filling this gap.We deal with equations
describing the flow of a perfect polytropic gas which has more symmetries
than equations of motion of an arbitrary gas [138]. Using the extended
symmetries we derive the classical conservation laws via Noether’s theorem
and find new conservation laws other than the classical ones.

§ 1 Ideal compressible fluid

Consider the flow of a perfect polytropic gas described by the equations

1
vt+(v-V)v+;Vp:O,
pt+v-Vp+pdive =0, (1)
pe+v-Vp+ypdive =0,

86
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where v = ¢,/c, = const. In what follows, the position vector of a fluid
particle with the coordinates ' is denoted by r = (z!,... 2"), where n
assumes the values 1, 2, and 3 for one-dimensional, planar and spatial flows,
respectively. The dot between the vectors indicates the scalar product of

n-dimensional vectors, in particular

v'V:izlvaﬂ-

Equations (1) admit the Lie algebra spanned by the operators

0 4 9 ; 0 0 0
XO:&’ Xi:@’ YOZtE—'—xaxw Y;—taxi-i-aviu
0 0 -0 0
=g/ Y L J i . _
Xij ox' 8xj+vc’)vi CIE (1<y), 4,j=1, n,  (2)
and 5 5 ; , ,
Zo=pg-+ps-y Zi=to —v' o 20
0 p8p+p8p’ 1 t&t Uav’+ pap (3)

The operators (2) generate the classical Galilean group (translations, rota-
tions, similarity and Galilean transformations) admitted by the equations
of motion of the general ideal gas:

1
v+ (v-V)v+-Vp=0,
p
pt+v-Vp+pdive =0,
pe+v-Vp+Ap,p)dive =0

with an arbitrary function A(p, p). Thus, the group admitted by the equa-
tions of motion (1) of the polytropic gas is wider than that of an arbitrary
ideal gas and is obtained by augmenting the Galilean group by additional
similarity transformations generated by the operators (3) (see [138]).
Moreover, it is shown in [138] that one arrives at a further extension of
the symmetry when
- n+2
= —

(4)

Namely, the maximal Lie algebra admitted by equations (1) with the poly-
tropic exponent (4) is obtained by adding to the basic generators (2)-(3)
the following operator (the generator of the projective group):

0 s } 0 0 0
Do = 12— + to'— L) — —ntp— — Ntp— -
2 =g, Hle' o + (2" — ') o —ntp (n+ )pap (5)

dp
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Let us turn now to derivation of the conservation laws associated with
the symmetries of equations (1). In order to utilize Noether’s theorem,
we proceed as follows. First let us consider particular flows of the gas by
assuming that the flow is potential,

v=Vo, (6)

and isentropic, i.e. the entropy S = const. Then the equation of state of
the gas, p = 0(S5)p?, has the form

p=Cp’, C =const. (7)

Let us set C' =1 and use the Cauchy-Lagrange integral written in the form

1
P, + |V + —— p7 7' =0, 8
510+ 0
where |[V@2 = > ®2. I use the common notation ®; and @, for the
partial derivatives of ® with respect to t and %, respectively. In the above
assumptions, one can replace the system (1) by the following single non-
linear second-order partial differential equation for the potential ®(t,r) :

1
By +2VD- VO, + V- (VE-V)VD + (7 — 1) (@t v 5|v<1>\2)v2<1> — 0. (9)
Indeed, the first equation of the system (1), in view of (6) is written

Vo, + (VP - V)V +vp " 2Vp = 0. (10)

Equation (10) is obtained merely by differentiating equation (8) with respect
to the variables z'. Furthermore, the third equation of the system (1) is
satisfied identically for isentropic flows; formally it can also be obtained
from the second equation of the system (1) by using equation (7). Thus,
it remains to rewrite the second equation of the system (1) in terms of the
potential ®. To this end, we differentiate equation (8) with respect to ¢ :

Py + VO -V, +vp" 2p, =0, (11)

and express p*~!, Vp and p; via ® from the equations (8), (10) and (11),
respectively. Now we substitute these expressions for p?=!, Vp and p; as
well as the equation dive = V2® into the second equation of the system
(1) and arrive at equation (9).

Equation (9) can be obtained from the variational principle with the
Lagrangian

1 v/ (v=1)
L= (CI)t + §|V<I>|2) .
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Indeed, one can readily verify that the variational derivative of L,

5L oL oL oL
5~ s~ 2 (55,) 2 5w)

has the form

)

oL y 1 o\ (2=1/(v=1)
ind . S o v U
5P (7—2)2<t+2’v |)

where W is the left-hand side of equation (9). Hence, equation (9) is equiv-
alent to the Euler-Lagrange equation % = 0. Note that D; and D; denote

the total differentiations in ¢ and 2%, respectively:

0 0 0 0
D, = &ﬂL‘I’ta—\I]‘F‘I’tta—qjtﬂL‘Pita—%,

0 0 0 0
+V,—+V—+ U

Di= 50 T Vigg ov, " ow;

Calculating the symmetries of equation (9) I have found that equation
(9) with an arbitrary polytropic exponent  admits the group with the
following basic generators:

0 0 -0 0
— R e N L
M= NT e T n T g
0 ;0 0 0 ;0
Y=t t i T %0 YT lgn T s (12)
and p p p

Furthermore, if the polytropic exponent has the form (4), the admitted Lie
algebra is extended. Namely, the following generator is added to (12)-(13):
1,0

0 .0
42 7 -
Zoy =1 e + tx o + 27’ 95 (14)

where 72 = (z')? + -+ + (z")2.

An appropriate extension of the operators (12)-(14) to the variables v, p
and p yields all the operators (2), (3) and (5) except Z,. Namely, we extend
the operators (12)-(14) to the derivatives ®; and ®; by means of the usual
prolongation procedure. In the resulting operators, we replace ®; by v
according to the equations (6). The extension to the variables p and p is
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obtained from the requirement that the extended operators should leave
invariant the equation (8) written in the form

—0. (15)

1
b, + - |Vor+ L
2 p

v—1

Consider, e.g. the operator Z; from (13). Taking its prolongation to ®;, ®;
and extension to p and p with undetermined coefficients n, C :

I 0 I I
=12 09 99,90 _5. % 1,9 9
1= %58 e, Ys, T, T,

and writing the invariance condition of equation (15),

~

|
7 <c1>t+ SIVo + Lp)

£ =0,
y—1p

(15)

we arrive at the equation

C—Bn+2p:0.
p

We solve it by letting n = 2p, ¢ = 0. In 21, we omit the terms with
@, @, replace @; by v’ and obtain Z; from (3). This procedure leads to the
operators (2), (3) and (5) exclusive of Zy. Hence, equations (1) and (9) have
identical symmetry properties if we associate the operator Z, with Z).
Now we can obtain the conservation laws for equation (9) by using the
symmetries (12)-(14) and applying the Noether theorem [133] (a detailed
discussion of the Noether theorem and its applications is available in [79]).

The conservation laws will be written in the form

[%(A9)4—2§:IL(A?)::0. (16)

i=1

We rewrite the resulting conservation laws in the variables v, p, p using the
definition of the potential (6), the connection (7) between pressure p and
density p in the isentropic gas flow, and the Cauchy-Lagrange integral (8).
The following notation is used below. An arbitrary n-dimensional vol-
ume moving together with the fluid and its boundary are denoted by ()
and S(t), respectively. The unit outer normal to S(t) is v. The volume and
surface elements are denoted by dw and dS, respectively. Furthermore, it is
convenient in fluid dynamics to write conservation laws in the form

Di(1) +div(to+ A) = 0. (17)



12: CONSERVATION LAWS IN HYDRODYNAMICS (1973) 91

Then the standard procedure (integration over an (n + 1)-dimensional tube
domain Q X [tq, 1] and the divergence theorem) allows one to rewrite the
differential conservation law (17) in the integral form

d
o [ = /()\-u)dS. (18)

Q(t) S(t)

Equation (18) is convenient for physical interpretation of conservation laws.
To illustrate the procedure, let us find the conservation law obtained

by using the symmetry Z, from (13). The general formula for conservation

laws* yields the conservation law (16) with the following components:

oL y 1 T
A== T (¢4 Vo)

oD, ’y—l( 3l |> ’
;0L vy 1 =
A‘a@i_7—1(®t+2|w’> ®,.

Invoking the equations (8) and (6), we have

1

g T 1)
R R T I

1

A= (o) = ko
y—1\1-v

Hence, ignoring the immaterial constant factor

v/(v=1)
k: - (L) ’
-~

we obtain the conservation law (17) with 7 = p and A = 0,
Dy(p) + div (pv) = 0.

Rewriting it in the integral form (18),

d
o7 pdw = 0,
Q(t)

we see that its physical meaning is the conservation of mass.

* Author’s note to this 2006 edition: See Paper 8 in this volume, equation (10).
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The conservation laws obtained by applying the above technique to the
operators (12)—(14) are summarized below.

The invariance of equation (9) under the one-parameter transformation
group ¢ — ®+a with the parameter a, and the Galilean group (translation
in time t — t + a, and coordinates 2 — ' + a’, rotations, transition
to a uniformly moving coordinate system) leads to the following classical
conservation laws. They are also valid in a more general case of motion of
a continuous medium.

Conservation of mass:

Q.|g‘

" /pdw =0. (19)
o)

Conservation of energy:

d I s D

— —plv|"+ —— ) dw=— [ pv-vdS. 2

dt <2p| | v — 1) / S (20)
Q) S(t)

Conservation of momentum.:

d

p pvdw = — /pudS. (21)
Q(t) S(t)

Conservation of angular momentum:

d

% ;0(7' X 'v)dw = — /p(’l" X V)dS (22)

Q(t) S(t)
Center-of-mass theorem:

p(tv —r)dw = — / tprdsS. (23)
Q(t) S(t)

dt

The following specific conservation laws hold for a polytropic gas satis-
fying the condition (4):

% [t(p|v|* + np) — pr - v]dw = — / p(2tv —r) - vdS, (24)

Q(t) S5(t)

dt
Q(t) S(t)

d / [t*(p|v|? + np) — pr - (2tv — 7)]dw = — / 2tp(tv — r) - vdS. (25)



12: CONSERVATION LAWS IN HYDRODYNAMICS (1973) 93

The conservation laws (19)—(25) hold for any solutions of equations (1).
Furthermore, the following conservation law:

d 2 —1 1 —1)—2
_/ Zn =l (Lo P, ot =2 ),
dt v+1 2 v—1 v+1

Q)

(B Y s 2

v+1
S(t)

holds for a potential flow of a polytropic gas with arbitrary ~. If the condi-
tion (4) is satisfied, equation (26) is identical with (24).

For spatial flows (n = 3), the condition (4) (y = 5/3) is satisfied for
monatomic gases. Thus, additional conservation laws (24), (25) are valid
for monatomic gases.

Similar occurrence of additional conservation laws can be observed also
in classical mechanics (motion of a particle in the Newtonian gravitational
field or in the Coulomb electrostatic field) as well as in quantum mechanics
(the hydrogen atom).

§ 2 Ideal incompressible fluid
Equations describing motion of an ideal incompressible fluid
v+ (v-V)o+Vp=0, divv=0 (27)

also have additional conservation laws different from the classical conserva-
tion laws (19)—(23).

One of these additional conservation laws holds for potential flows and
has the form

2
% (n;‘ t|v|2_r-fv—n(I>) dw = — /p[(”+2)tv—fr] -vdS. (28)
Q(t) st

Formally the conservation equation (28) can be obtained from equation (26)
by letting v — oo.
Note that the equation

/'vdw

Q

/('v -v)rdS
s
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holds for any vector v satisfying the condition dive = 0. Therefore, the
conservation of momentum can be generalized for an ideal incompressible
fluid as follows:

o[ 1o [r (L r)wvas
Q)

5(t)

Here f = (f(¢),..., f™(t)) is an arbitrary smooth vector-function of time
t. This conservation law results from the invariance of equations (27) under
the translational movement of the coordinate system, r — r + f(t).

Provided that the condition (4) is satisfied, one can treat the equations
of a planar (n = 2) flow of a polytropic gas as equations of motion of an
incompressible fluid in the theory of shallow water [166]. To this end one
has to set p = %pQ in equations (1) and replace the density p by gh, where
g is the acceleration of gravity and h is the depth of the flow. As a result
one arrives at the equations

v+ (v-V)v+gVh =0,

hi +v-Vh+ hdive = 0.

Furthermore, the special conservation laws (24) and (25) take the form

d 1
pr hlt(|v]* + gh) — 7 - v]dw = — / §gh2(2tv —7r)-vdS, (29)
Q(t) 5(t)
and
d
S [ B+ gh) — 7 20— )l = / gth2(to — ) - vdS, (30)
Q(t) S(t)
respectively.
Institute of Hydrodynamics Received 16 October 1972

Siberian Branch
Academy of Sciences of the USSR

Translated by E.D. Avdonina



Paper 13

Invariance and conservation
laws of continuum mechanics

N. H. IBRAGIMOV [81]

Plenary lecture at International symposium “Symmetry, similarity and
group theoretic methods in mechanics”, University of Calgary, 1974.

Abstract. The object of the present lecture is the discussion of the
group-theoretical nature of the conservation theorems for differential equa-
tions. To illustrate the use of the general conservation theorems the differ-
ential equations of mechanics are chosen.

§ 1 Introduction

In classical mechanics it has been known for a long time that the existence
of conservation laws for equations of motion is connected with symmetry
properties of mechanical system [99]. It has been shown by Klein [101]
and Noether [133] that if the differential equations are derivable from the
variational principle, a general and regular procedure for establishment of
the conservation laws can be developed, due to the investigation of invari-
ance properties of the variational integral. Since the differential equations
of Mathematical Physics are derivable from the variational principle, the
Noether’s theorem occurs to be a convenient method allowing to study con-
servation laws systematically.

The Noether theorem which has a rather general character does not how-
ever clarify fully enough a group-theoretical nature of conservation laws.
This theorem allows to find several conservation laws of a certain type due
to invariance properties of the variational integral. But in the general case

95
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it does not follow from the existence of the conservation laws that the vari-
ational integral is invariant.

The general conservation theorem has been recently proved which es-
tablishes the full correspondence between invariance properties of the varia-
tional problem and existence of conservation laws [75], [79]. Besides, it has
been proved that if the variational integral is non-degenerate, this theorem
is equivalent to the Noether’s theorem. The given lecture contains these
results. To illustrate the general conservation theorems the several equa-
tions of mechanics are chosen. Other interesting results on the conservation
theorems can be found in [20], [29], [43]. The basic conceptions of the group
analysis of differential equations [138] which are used later, can be found in
Ovsyannikov’s lecture [143].

8§ 2 Preliminaries

The independent variables of the system of partial differential equations
under discussion will be designated as z = (z?, ..., ™), while the dependent
variables will be designated as u = (u?,...,u™). The partial derivatives of
the functions with respect to the independent variables will be indicated
by the index notation. The derivative of the mapping u : R* — R™ is the
m x n matrix du = |u}].

For a system S of partial differential equations we have a conservation
law, if n-dimensional vector A with the components A*(z,u,du, ...) exists

for which the equation

%Al(x, o(x),0p(x),...) =0

is valid for every solution u = ¢(x) of the system S. In this equation and the
later formulae we shall employ the usual dummy index notation to indicate
summations over the coordinates of independent or dependent variables,
when the corresponding indices are repeated in a given member. Due to
the symbol

of partial differentiation over independent variables when variables u* and
their derivatives have been supposed to have been substituted as functions
of the independent variables, the conservation equation will be written in
the form

D;A'|, = 0. (2.1)
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Vector A = (A',..., A") satisfying the conservation Equation (2.1) will be
henceforth called C'—vector or, if n = 1, C-quantity.

It will be assumed that the system S is derivable by the application of
the variational procedure to the variational integral

/E(x,u,@u)dm (2.2)
so the system of differential equations under discussion is the Euler equa-

tions or or
i— —— =0, k=1,....,m. 2.3

duf  Ouk " (2:3)
The integral (2.2) is to be extended over an arbitrary region of the space of
the independent variables, in which dx represents the volume element. The
set of the extremals of the variational integral (2.2), i.e. the solutions of the
Euler equations (2.3), will be designated as E.

Let G be a local one-parameter group of transformations

y'=F(y,a) (2.4)
in RN with the tangent vector

() = 202 (2.5)

da  la=0
The manifold M C RY, which is given by the equation
Y(y) =0 where :RY — RP (p< N), rankazﬂM:p

is invariant with respect to the group G if and only if

- €], =0 (2.6)

We shall deal with the transformations of the independent variables x €

R™ and dependent variables u € R™, so y = (z,u) and the transformations
(2.4) will be of the form

v =x(x,u,a), (2.7)

u' = g(z,u,a).

In this case the tangent vector (2.5) will be written in the form

(&) where &=(&'...,Y, n=@"....0"). (2.8)

Let the function u = ¢(x) be transformed to the function v’ = ¢'(z’)
by the transformation (2.7) and the region @ C R" be transformed to the
region 0 C R™. Let the set ® of functions ¢ : R™ — R™ be invariant under
the transformations (2.7), i. e. ¢’ € @ for any ¢ € ®.
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Definition 13.1. If

/ﬁ(x’w’,asa’)dx/ = /E(l’,so,asa)dx (2.9)
Q/ Q

for any € ®, any region 2 C R" and for all values of the group parameter
a, then the variational integral (2.2) is called ®-invariant. If ® is the set of
all (smooth) functions, then the variational integral is called invariant.

Remark 13.1. The case of F-invariance is of particular importance to us,
i.e. the case when the stationary values of the variational integral are in-
variant under the transformations (2.7) of the group G.

Definition 13.2. The variational integral (2.2) is called non-degenerate if
all equations of the system (2.3) have the second order.

Remark 13.2. The Euler equations (2.3) is the system of quasi-linear
equations of the form

a’(z,u, Ou)u;; + b(z,u, Ou) = 0

where a, 4,7 = 1,...,n, are m x m matrices and b = (b',...,b™). The
non-degeneration condition means that

rank [a't ... a" ... ™| = m. (2.10)

8 3 Noether theorem

Theorem 13.1. [133]. If the variational integral (2.2) is invariant with
respect to one-parameter group G with the tangent vector (2.8), then the
conservation equation

D;A" =0, (3.1)
where or
i k kej i .
A:(n _ujgj)a—lbig+££7 Z:1,...,TL,

is valid for the Euler equations (2.3).

The application of this theorem to the case of invariance of the inte-
gral (2.2) with respect to the r-parameter group G, gives r independent
conservation laws. The independence of conservation laws denotes linear
independence of corresponding C-vectors. These independent C-vectors
Ay, a=1,...,r, can be derived by the formula (3.1) applied to r linearly
independent tangent vectors ({,,7,), a =1,...,r, of the group G,.
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8§ 4 Basic conservation theorem

Theorem 13.2. [75]. Let the Euler equations (2.3) admit the group G of
transformations (2.7). Then the conservation equation (3.1) is valid if and
only if the variational integral (2.2) is E-invariant with respect to the group

G.

Proof. Equation (2.9), taking into account that the region € is an arbitrary
one, can be rewritten in the form

L(z,p,00) = L(z',¢',00")] (4.1)

where J is the Jacobian of the transformation 2’ = f(x, ¢(z), a). Therefore
the condition of E-invariance of the integral (2.2) denotes that Equation
(4.1) is valid for any solution ¢(z) of the Euler equations (2.3).

Now let us consider the group G of transformations in the space of the
variables (z,u, Ou, 9*u, A), which consists of the second order extension of
the group GG and the transformation

AN =AJ? (4.2)

of the variable A. Then Equation (4.1) is valid for any ¢ € E if and only if
the manifold given by Equations (2.3) and

A = L(z,u,0u) (4.3)

is invariant with respect to the group G. Now it is necessary to write down
the infinitesimal criterion (2.6) of the invariance of this manifold. Taking
into account that Equations (2.3) do not contain the variable A and admit
the group G, and using the well known extension formula of the tangent
vector (2.8) [138], we shall get the criterion of E-invariance of the variational
integral (2.2) in the form

oL 0L e ki OC 4
for any ¢ € E.
It’s easy to verify that the left side of Equation (4.4) is equal to
, oL oL -
k k i
(" —uj¢’) (Dz(?—uf - %) + D; A (4.5)

where A’ are defined by (3.1). Therefore E-invariance of the variational
integral is equivalent to the conservation equation (3.1).
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Remark 13.3. Noether’s theorem (Theorem 13.1) is the particular case of
Theorem 13.2. Indeed, if the integral (2.2) is invariant with respect to the
group G, the Euler equations (2.3) admit the group G. Besides, it is clear
that the invariant variational integral occurs to be E-invariant.

Remark 13.4. In Theorem13.2 linear independence of the C-vectors which
are defined in (3.1), is not guaranteed. Nevertheless, all conservation laws
which one obtains from Theorem13.1, may be obtained from Theorem13.2.
Therefore, the latter gives no less independent C-vectors than the first one.

§ 5 Conservation theorem in non-degenerate
cases

Theorem 13.3. [75]. Let the variational integral (2.2) be non-degenerate
and Euler equations (2.3) admit the group G of transformations (2.7). Then
the conservation equation (3.1) is valid if and only if the integral (2.2) is
invariant with respect to the group G.

To prove this theorem it is enough to show that if the non-degenerate vari-
ational integral is E-invariant with respect to the group G this integral is
invariant with respect to the same group. This property of the variational
integral follows from the way of Theorem13.2 proof. Details of the proof
are neglected.

Remark 13.5. The simple generalization of the Noether theorem is known,
being obtained due to the usage of the so-called divergence transformations
[20]. They say, the transformations (2.7) are divergence ones, if for the
tangent vector (2.8) the equation

oL | |
ot (D" — D)oo + LD = DiBT - (5.1)

with some vector B(z, u, Ou) is valid. If the right side of Equation (5.1) does
not vanish, the variational integral (2.2) will not be invariant under trans-
formations (2.7), so the conservation equation (3.1) is not valid. However,
the conservation equation (2.1) is valid for the vector

C=A-B, (5.2)

where the vector A is defined by the formula (3.1) and B by (5.1).
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Now let’s turn to the applications of the general conservation theorems.
In Sections § 6, § 7 the cases of non-degenerate variational integrals are
considered. In Section § 8 we deal with the case of degenerate variational
integral, when far from all the conservation laws of the type (3.1) can be ob-
tained due to Theorem13.1. It will be shown in Section § 9 that the Noether
theorem may be useful in the cases when the equations under discussion are
not of the form (2.3).

§ 6 Motion of a free particle in the de Sitter
space

A free particle in 4-dimensional space-time V; moves along the geodesic.
Let 2 = z%(0), 1 = 1,...,4, be a curve in the space-time V; with the
fundamental form

ds® = g;j(z)dx'da’

and i
. 1t
T = , i=1,...,4.
do
The equations of the particle motion are derivable from the variational
principle with the Lagrangian function

L = —mcy/gij(x)aiE (6.1)

where ¢ is the velocity of light and m is the mass of the particle. The
parameter o is the independent variable and the coordinates of the 4-vector
r = (z',...,2%) are dependent ones. The variational integral (2.2) with the
Lagrangian function (6.1) is invariant with respect to the group of motions

in Vj. The tangent vector (2.8) for this group is of the form

(0,7) (6.2)

where n = (n',...,n?) is the solution of the Killing equations

77@7]—1_77],1:07 27]21,,4

The comma in this formula denotes covariant differentiation. Let’s choose
the length s of a curve as its parameter 0. Then we shall obtain the C-
quantity in the form

A = meg;j(z)i'n’ (6.3)

for every solution 7 of the Killing equations by the formula (3.1).
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We shall consider the space-time Vj of constant curvature k, known as
the de Sitter space. The group of motions in the de Sitter space (the de Sitter
group) occurs to be 10-parameter group, so 10 independent conservation
laws exist for free motion of a particle in the de Sitter space, as in relativistic
mechanics. Below we shall write out all the C-quantities, with the index
k indicating these conservation laws corresponding to the motion in the de
Sitter space with the curvature k. In particular, C-quantities in relativistic
mechanics will have the index 0.

The fundamental form of the de Sitter space can be written in the canon-
ical form

ds* = 07%(Pdt* — da® — dy* — d2?) (6.4)
where .
0:1+Z(02t2—x2—y2—z2).

Below the notations z = z', y = 22, z = 23, t = 2* will be used. The Greek
indexes A, i, v will be changed from 1 to 3, and Latin indexes 7,7 from 1
to 4. Vector notations will be used for spatial vectors. So, ¢ = (2!, 2%, x3),

A

3
z-v =Y 2™ and & x v is the vector product: (z X v)* = ey, 2"V,
A=1

where ey, is the usual permutation symbol.
The components & = % of the 4-velocity in the de Sitter space and the
components v* = % of the physical velocity v are connected by

A
"\:L $4:L, where 52:’

S AP &
Now let’s consider the different subgroups of the de Sitter group together
with the corresponding C-quantities.
1°. Conservation of momentum. In classical and relativistic mechanics
the conservation of momentum arises due to the invariance of mechanical
system under the translations of the axes. In the de Sitter space, instead
of the translation group, we have the 3-parameter group, generated by the
tangent vectors of the form (6.2) with

(6.5)

ni = (0 —2)6™ + gx’\xi. (6.6)

Substituting (6.6) into the formula (6.3) and using the formulae (6.4)
and (6.5), we obtain the C-quantities

2 — 0)v* + 2(02752 —x- 'v)xk} .
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So, the momentum of a free particle in the de Sitter space is defined by the
formula

pk:\/%762{(;—1)0%—%(02752—:3-'0)33}. (6.7)

If £ = 0, this formula gives the well-known formula of the momentum in

relativistic mechanics:
muv

i

2°. Conservation of energy. Conservation of energy is the result of the
variational integral invariance under the one-parameter subgroup of the de
Sitter group generated by the tangent vector (6.2) with

k 1 k
Aok an 4 2
=gt 77—62(9+§|:13|).

The C-quantity (6.3) in this case is equal to

AW%W{H%WM.%}.

This quantity multiplied to ¢? is the energy of a free particle in the de Sitter
space:

m02

Sk:7{1+%(az—tv)-x}. (6.8)

V1= 32
For k = 0 we have the formula of the relativistic energy,

me?

e
3°. Conservation of angular momentum. The de Sitter group contains
the subgroup of rotations of the axes and the subgroup of the Lorentz
transformations. The conservation of angular momentum corresponds to
the invariance of the variational integral with respect to the rotations with
tangent vectors of the type (6.2), where

nk = exwr”, ny=0.
The expression for angular momentum according to (6.3), (6.7) and identity
x X x = 0 can be written in the form
1

M, = 55 (T X p). (6.9)
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Particularly My = & X py.

4°. Center-of-mass theorem. Center-of-mass theorem of the N-body-
problem of relativistic mechanics is associated with the Lorentz transfor-
mations. If N = 1, this theorem is equivalent to the statement that the
conservation equation QO = 0 for the vector

is valid. In the de Sitter space the analogous vector-valued C-quantity is
given by the formula

m

0\/1— 32

§ 7 Unsteady transonic gas motion equation

Qi = (x — tw). (6.10)

For the unsteady transonic gas motion equation

-, P, — 20, — P, =0 (7.1)
the Lagrangian function can be taken in the form
1 1
L=—3— D, + - D2 7.2
G ¢ ¢t 9 v ( )
Equation (7.1) admits the infinite group G, with the tangent vectors
(€,6%,6%n)

which depend on five arbitrary functions of time f(t),g(t), h(t),o(t), r(t)
and have the coordinates

€ = 34(1),

&€= Fr+ /0 + b, (=D,

& =2f"(t)y +g(t), (7.3)
D= —fOO + /(D)2 + 20" (Ezy + = [y + 20" (D)

3
2
+3 g" )y + 20 )z + 21" () y* + o(t)y + 7(¢).
The group G occurs to be an example of divergence transformations (Re-

mark 13.5). For example, let us consider the subgroup of the group G
generated by the tangent vector

¢=0, &€=0 &=0 n=0@)y. (7.4)
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The conservation equations will be written in the form
D,C* + D,C* + D,C® = 0.

In accordance with (3.1)

1
Al = —oyd,, A?=—0y (<I>t +3 cbg) , AP =oyd,.

The left-hand side of Equation (5.1) for (7.2), (7.4) is equal to
—0'y®, + 0®, = D, (—0'y®) + Dy(c®),

so on the right-hand side of Equation (5.1) one can take the vector B with
the components

B'=0, B?’=—0'y® B®=0d.

Substitution of these vectors A and B in (5.2) yields the conservation equa-
tion

1
Dy(—oy®,)+ D, (—ayfbt b oy®2 + J’g@) +Dy(oy®,+0®) =0. (7.5)

The analogous calculations, carried out for the general tangent vector
(7.3) of the group G, yield the C-vector depending on five arbitrary func-
tions of time. The coordinates of this vector are

. 3
Ch = =5 fOL+ (' + [y + gy + W@+ 5 )+ (2f'y + ) 2.9,

1 2
+ (f/q) . f”IQ . 2f’”xy2 . 5 f(4)y4 . 2g”xy - §g///ys — 94 x

_2h”y2_Uy_T)(bx+2<f”x+f/”y2+g//y+hl>®7

C? = % (f'z+ f"y* + gy + h) (9 + g %) + (3f®, + 2f'y®, + gP,
+ f1O — fra® = 2f"xy® — % Oyt — 29 ay — gg”’yg’ — 20z
W'y oy = )@yt B2) — (7 4 2 Dy
+ % FOA 4 2¢" 1y + 29(4)y3 + 20"z + 20"y + o'y + ),
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1N /1
% = — (f’y + 5) <§ O3 4 D2 4 2c1>xq>t) — (flz+ [P + gy + h)D,®,
1

_ 3f<byq>t + (fHZL"2 + 2f”’xy2 + g f(4)y4 o f/q) + 29”xy
2 2
+ 3 g"y? + 20z + 20"y + oy + 7)®, — 2(2f" 2y + 3 B3

1
+g”$+g”’y2+2h”y+§0)®.

§ 8 Dirac equations

The Dirac equations

0
k _
together with the conjugate equations
W -

are derivable form the variational principle with the Lagrangian function

1)-(,0 O 5
L= 5 {w (’Yk@ +m¢> - (@’Yk - m@b) ¢} : (8-3)

Here 1) is a complex 4-dimensional column vector, ¥* are Dirac’s matrices

00 0 —2 0 0 0 —1
1 10 0 = 0 s |0 0 1 0
T7lo i o of T T{o 10 ol
1 0 0 O -1 0 0 O
0 0 — 0 10 0 O
, oo 0 . o1 0 o
Tl 0 0 o T Tloo -1 of
0 —i 0 O 00 0 -1
and 1 is a line-vector defined by the formula
Y= 9T, (8.4)

where 17 is a line-vector, complex conjugate of the vector 1.
The Dirac equations give us an example of the degenerate variational
problem. To illustrate the difference between Theorem13.1 and Theorem13.2
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let us consider the following simple group of transformations admissible by
the Dirac equations. Let G, be infinite group with the generator
p O 0

AT + Gk 0 (8.5)

9]
A= gkaxk *

with
=0, n"=x"x), G=xk).

Here vectors x(z) = (x*(z),...,x*)) and x(z) = (x1(2),...,xa(2)) are
connected by means of (8.4) and satisfy the Dirac equations (8.1) and
(8.2). The variational integral (2.2) with the Lagrangian function (8.3)
is F-invariant with respect to the group G,. It is easy to verify that the
variational integral is not invariant with respect to this group. According
to Theorem13.2, substitution of the expressions (8.3), (8.5) into (3.1) gives
the C-vector A, with the components

A = yix(z) = X(@)yF, k=1,... 4.

It is well-known, the Dirac equations with the zero rest mass admit the
15-parameter conformal group. This group is generated by the operator
?777(8.5), where & = (¢£',...,£") is the solution of the generalized Killing
equations

ol oLk ik .
and L
n==5y, (=195,
where
1 93 jk k_j ik fad 4GT, 4
= - — — — 347 S =251 ~%.
S 8“:18:1:’6(77 vy ) STy

The invariance of the Dirac equations with respect to the conformal group
yields the following 15 independent C-vectors Ay, Ay (k < 1), By, k,l =
1,...,4, Ag with the components

O O
AJ—2{ % Y- ¢7—¢+5J (w a—f—%v%)}, (8.6)

1~ , . .
A= {1#(737’“71 + ’Yk’Yl’YJW} +al Ay — 2t A, (8.7)
4
B] =24 A}, + [aPAL, |2 =Y (272, (8.8)
j=1

Al =2k AL (8.9)
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Besides, the Dirac equations with the arbitrary rest mass m admit 4-
parameter group, generated by the following one-parameter groups of trans-
formations:

V' =ay, ¢ =y (8.10)
Y = 1pcosha+ v  sinha, ¢ = cosha + iv*v*)" sinh a.

In this and later formulae only the transformations of the vector v are
written. The transformations of the vector ¢ are defined due to the formula
(8.4).

The Dirac equations with the zero rest mass admit the 4-parameter
Pauli group as well. This group is generated by the following one-parameter
groups of transformations:

] Y
P=1pe’ P =apem T,

Y =1cosa+ W sina, ¢ =cosa+ iy sina,
where 75 = yly2~34%,

The transformations mentioned above together with the group G, occur
to be the main group of the Dirac equations i.e. the most general continu-
ous local group of transformations admissible by the Dirac equations (8.1),
(8.2) [79]. The variational integral is F -invariant with respect to this group,
except for the first transformation from (8.10). Not all the C-vectors being
obtained with this group, are independent. Namely, the C-vectors asso-
ciated with three last Pauli transformations appear to be identically zero.
Other transformations yield four independent C-vectors Cy, k = 1,...,4,
with the components

, L A s .
O] = —ipyly, C3 = 5(%%7472% — T2y iy),

i~ - . S
G5 = (Y0 0Ty YY), G = iy
If m # 0, the full list of C-vectors consists of

14007 Ak, Akl’ k,l: 1’...,417 Cl, CQ, 03-
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8§ 9 Conservation laws of fluid dynamics

9.1 The ideal gas

Let us consider the equations governing the motion of the ideal gas,

1
v+ (v-V)v+ —-Vp =0,
)

pe+v-Vp+pdivoe =0, (9.1)

c
pe+v-Vp+apdive =0, ~=-2 = const.
Cy

The main group of Equation (9.1) is known to be wider than the main

group of an arbitrary perfect gas motion equations [138]. It is also known

that when
n+2

n

v = (9.2)

the further extension of admissible group takes place. Here n = 1,2, 3 re-
spectively for one-dimensional, plane and three-dimensional flows. Now we
shall apply the group properties of Equations (9.1) and general conservation
theorems in the following way. Firstly let us consider the particular case,
namely, the isentropic potential flow of the ideal gas. In this case we can
consider the second order equation for the potential ®(t, x),

1
Py +2VP -V, + VO - (VO -VI)VD + (v — 1) (P, + §|V<I>|2)A<I> =0 (9.3)

instead of Equations (9.1). Equation (9.3) is derivable by the application
of the variational procedure to the variational integral with the Lagrangian

function
5

1 7T
L= (<I>t + §\V®|2> :

Having calculated the main group of Equation (9.3) and due to the Noether
theorem we shall find conservation laws for Equation (9.3). Then we rewrite
the obtained conservation laws in the variables v, p, p using the definition
of the potential ®, the Lagrange-Cauchy integral which can be taken in the

form

1
O, + - |VO[P +
2 v —

-1 —
1 p
and the relation between pressure p and density p in the isentropic flow of
the ideal gas. Below the conservation laws are given which have been found
by the mentioned above way. Here the integral form of the conservation
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equations is used, which is equivalent to the differential form (2.1). The
following symbols are used:

Q(t) - arbitrary n-dimensional volume, moving with fluid,
S(t) - boundary of the volume (¢),
v - unit (outer) normal vector to the surface S(t).

The invariance of Equation (9.3) with respect to the one-parameter
group of transformations ® = & + a and the Galileian group (transla-
tions in the time, translations of the axes, 3-parameter group of rotations of
the axes and three-parameter group of velocity transformations) yield the
following classical conservation equations.

d :

7 pdw =0 — Conservation of mass
Q1)

d 1

7 (§p|v|2+%) dw = — /p’U-I/dS —  Energy
0) S(t)

d

7 pvdw = — | prdS —  Momentum
Q1) S(t)

d

7 ple X v)dw=— [ p(x xv)dS — Angular momentum
Q(t) 5(t)

7 p(tv — x)dw = — / tpvdS —  Center-of-mass theorem.
Q) S(t)

The following additional conservation equations are valid only for the
ideal gas, satisfying the condition (9.2),

d
g7 / {t(p|v]* + np) —px - v} dw = — / p(2tv — x) - vdS, (9.4)
Q(t) 5(@)

d
p / {t(plvf® +np) — px - (2tv — @} dw = — / 2tp (tv —x) -vdS. (9.5)
Q(t) S(t)

The conservation equations (9.4), (9.5) arise due to the invariance of
Equation (9.3) with respect to two one-parameter groups generated by the
tangent vectors of the form (7, €&, n) with

T=2t, £€=0, n=0

and
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respectively, if the condition (9.2) is satisfied.

It is easy to verify that the conservation equations (9.4) and (9.5) are
valid for arbitrary flow of the ideal gas, satisfying the condition (9.2). Be-
sides, only for the potential flow of the ideal gas with the arbitrary v the
following conservation equation is valid:

d 2y+n(y—1) (1 9 D
— ——  Zt| = - ] — .
t/{ — 2p|ru|+7 7 px-v
() (9.6)

—Mpé}dw: _ /p(wtv_w> . vdS.
v+1 v+1

5(t)
Under the condition (9.2) Equation (9.6) turns into Equation (9.4).

For three-dimensional flow the condition (9.2) (y = ) is satisfied for
the monatomic gas. So, for the monatomic gas the additional conservation
equations (9.4) and (9.5) are valid. The analogous situation, i.e. appearance
of additional conservation laws, takes place in classical mechanics (motion
of a particle in the Newtonian gravitational field) as well as in quantum
mechanics (hydrogen atom).

9.2 Perfect incompressible fluid
For the equations of motion of the perfect incompressible fluid,
v+ (v-V)v+ Vp =0, dive =0, (9.7)

some additional conservation laws also take place. One of these additional

conservation laws is valid for potential flow of the fluid and has the form

d 2

pr <n—2|— t]'v|2—a:~v—n<I>)dw——/p[(n+2)tv—w]-l/d5.
Q(t) S(t)

In formal way this conservation equation may be obtained from Equation
(9.6) assuming vy — o0.
Now, for any vector v which satisfies the condition divv = 0, the equa-

tion
/’udw:/(v-y)mds

Q S
is valid. As a result we have the following generalized form of the conser-
vation law of momentum for the incompressible fluid

% (f.rv)dw:_/{pf.y—(%'a:)('vdj)}d& 9.8)

Q(t) 5(t)
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where f(t) = (f'(¢),..., f(t)) is an arbitrary smooth vector function of
time. From the group-theoretical point of view the conservation equation
(9.8) occurs to be the consequence of the invariance of Equations (9.7) with
respect to the infinite group of transformations, generated by the tangent
vector (7,&,m, ) where

df(t) _Ef()
Tat 0 T A T

T=0, £=f(t), n=

It is known that in the case n = 2 Equations (9.1) become the shallow
water theory equations if the condition (9.2) is valid. Namely, by setting

1

2
= — :h
D zpa p=gh,

where ¢ is the acceleration of gravity and h is the depth of the fluid, we
obtain the shallow water theory equations:

v+ (v-V)v+gVh =0,
hi +v-Vh+ hdive = 0.

Now Equations (9.4), (9.5) yield the following conservation equations:

1
% R{t(|v]* + gh) — - v}dw = — / 5 gh*(2tv —x) -vdS  (9.9)
Q(t) S(t)
and
d
S [ ME 0P+ gh) — - 200 — @)} = - / gth2(tv — @) - vdS (9.10)
o) S(t)

for shallow water theory equations which differ from the classical conserva-
tion equations.

§ 10 Variational problems of higher order

For variational problems with the Lagrangian functions depending on the
higher-order derivatives the main conservation theorems are valid. Only the
formula for the C-vector which is obtained in this case has another form.

Let us consider, in particular, the Lagrangian function depending on the
second order derivatives,

L = L(x,u,0u, 0*u). (10.1)
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The Euler equations in this case are of the form

0L 0L oL oL
—=—-D,—+D;D,—— = =1,...,m. 10.2
ouk — ouk “ouk Lt J@ufj 0, & RN (10.2)

The invariance criterion of the variational integral with the Lagrangian func-
tion (10.1) will have the form

0L 0L b ko OL
LD +¢ Er 8 —— + (Din —UjDz‘fj)a—f

o (10.3)
HDiDjn" — ufy Dig' — uy D€' — ui D D;€! >8 E =0.

The left-hand side of Equation (10.3) can be rewritten in the form

(n* — uk§])£ + DA, (10.4)
where
; oL oL . ;
A= (77 ulg) <8uf D]8u§j> +D (77 ulf) +££ (105)

So we have the C-vector (10.5) for every one-parameter group of trans-
formations with the tangent vector (2.8), if the variational integral with
the Lagrangian function (10.1) is invariant with respect to this group. It is
just the essence of the Noether’s theorem for invariant variational problems
with the Lagrangian functions of the form (10.1). In this case Theorem13.2,
as well as Theorem13.3 (by the corresponding change of Definition 13.2),
is valid with C-vector (10.5) instead of the vector defined by the formula
(3.1).

Let us consider, as an example, the well-known fourth order equation
U + Azu = O,

where
0? 0?
AT

The Lagrangian function is

L= S~ (au)?)
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Taking the one-parameter group of translations in time we obtain from the
formula (10.5) the following conservation equation:

% {uf + (Au)z} + div {2u,V(Au) — AuVu} = 0.

Besides, the invariance of the variational integral with respect to the one-
parameter group of rotations with the tangent vector

(07 5) where € = (y7 —l'),
leads to the conservation equation

0 .
a(@ut) + div{0V(Au) — AuVO + LE} =0,
where 6 = zu, — yu,. The variational integral is invariant under the trans-
latj.ons of the axes as well. Denoting = z', y = 2 we can write the
conservation equations, associated with the 2-parameter group of transla-
tions . . .
=2 +a, i=1,2,
in the form g il
i ,'7@] .
- =0 =1,2
ot + oxl ! o

where
T =wu, N7 =wAu; —ujAu, 1,7 =1,2.

Institute of Hydrodynamics
Siberian Branch
Academy of Sciences of the USSR



Paper 14

Groups of Lie-Backlund
contact transformations

N. H. IBRAGIMOV AND R. L. ANDERSON [90]

Doklady Akademii Nauk SSSR, Tom 227 (1976), No. 3, pp. 539-542.
English transl., Soviet Math. Dokl. Vol. 17 (1976), No. 2, pp. 437-441.
Reprinted with permission from American Mathematical Society.
Copyright (© 1976, American Mathematical Society.

In the theory of contact transformations developed by Sophus Lie [117],
[119], [121], one considers a function of several variables and studies con-
tinuous groups of transformations preserving first order contact. Gener-
alizations of Lie’s theory to the case of several functions or the case of
transformations preserving contact of finite order > 2 turns out to be triv-
ial (Theorem 14.1). A nontrivial generalization of Lie’s theory is obtained
by considering transformations preserving infinite order contact; in this case
the number of functions can be arbitrary. The idea of using transformations
which preserve infinite order contact of surfaces appears in the work of A.
Bécklund [13]. In the present work we realize this idea in a more general
setting, and we examine continuous local Lie groups of transformations pre-
serving infinite order contact, which we call groups of Lie-Backlund contact
transformations. The infinitesimal characteristics of Lie-Backlund groups,
formulated in Theorem 14.2, reduce to a result of Lie in the case of groups
of first order contact transformations, and to extension formulas in the case
of groups of point transformations. We note that the study of Lie-Béacklund
contact transformations gives a group-theoretic basis for a generalization of
the methods of group analysis of differential equations [138], as proposed
independently by various authors [161], [8].
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Let us consider the space of variables (x,u,u), ..., u(,)) where
reRY, ue RV, U(s) :{ug._is}a: L...,M; dy,...is=1,...,N},

s =1,...,n; the quantities uf, ; are symmetric in all lower indices. Let G

be a group of transformations

s

" = Uz, u,ug), - Uy Q)

' = @*(x, U, Uy, - .., Um); @)

= P8, u, Uy, - U @) (1)
’LL;?M = wﬁzn (‘CE’ Uy U(1)s - - -5 U(n); CL),

a=1,....,M; 1,iy,...,i, = 1,..., N, in this space. Without loss of gener-
ality we may assume that G is a one-parameter group.

Definition 14.1. The group G is a group of nth-order contact transforma-
tions if the equations

du® —ufda! =0, duf , —u ; dx’ =0, (2)

i1 i1.0s]
s=1,....n—1, a=1,....M; 1t,...,i,=1,...,N,

give an invariant manifold of the group G obtained by extending the trans-
formations (1) to the differentials dz’, du®,..., du$ , .

One example of a group of nth-order contact transformations is a group
of point transformations

" =g'(v,uja), i=1,...,N; u'*=h%(z,u;a), a=1,...,M, (3)
which is extended by the usual change of variables formulas to derivatives
of w with respect to  up to order n. Another example is the Lie contact
transformations which correspond to the case M = 1 and are the contact
transformations of the first order. An extension of a Lie group of contact
transformations to derivatives up to order n provides a group of nth-order
contact transformations. The following theorem shows that these examples
exhaust the whole class of contact transformations of order n for any n.

Theorem 14.1. Every group of nth order contact transformations is either
(I) a group of pointwise transformations (3) extended to derivatives up
to order n if M > 1, or
(IT) a Lie group of contact transformations extended to derivatives up
to order n if M = 1.
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In [13], while examining the case of a function u of several variables
', ..., 2V, A. Backlund studied transformations of the variables z,u de-
pending not only on these variables, but also on derivatives of u with re-
spect to x up to some finite order. He interpreted these transformations
as transformations of surfaces in (x,u)-space and introduced the notion of
transformations preserving infinite order contact of these surfaces. In ad-
dition he found that transformations of the derivatives of any finite order
necessarily depend on higher order derivatives. Taking this fact and The-
orem 14.1 into account, we will examine groups of transformations in the
infinite-dimensional space of variables (x,u, u(y, u), ...) under the assump-
tion that these transformations preserve infinite order contact.

Let . € RY, u € RM and for each s = 1,2,... let u( be defined
as above. We examine the analytic scale A [141], [142] of elements z =
(@, u, uqy, ue), ...) and a one-parameter local Lie group G of transformations

2 =F(z;a) (4)

in A, which will be written in coordinate form as follows:

(x U, Uy, - -5 @),
©*(x,u, uny, ... ;a),
Vi (x,u, uqy, ... a),

Let G be the extension of the group G to differentials dz = (dx®, du®, du?, ...)
given by the formulas

,_ Of of’ aft
dr'" = —— da’ du’ + == du”?
T D T’ + DuP U 8u u; + -
du'® = % da’ + ai du® + 690 du ﬂ :
Ox’ oub (’9u]
o} oy o}
oo ) J s ﬁ 2 8 e
du = B da’ + + 55 du 8u5 duj +---,

Definition 14.2. The group G is a group of Lie-Backlund contact trans-
formations if the system of equations

du® — u}ldxj =0, duy. i, —uj Zs]dxj =0, s=1,2..., (5)

a=1,...,M; i,...i5=1,...

is invariant relative to the extended group G.
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Now suppose that we are given a one-parameter family of transforma-
tions (4). We define the mapping = : A — A by the formula

_ 0F(z;a)
() = 2150

[1]

(6)

a=0
and we assume that the ordinary differential equation with initial condition

@
da

[1]

=E(2), 2|, =20
has a unique solution z € A; one can assume, e.g. that = is quasi-differential
[141], [142]. Under this assumption the group of transformations (4) is
uniquely determined by its vector field (6). That is, the mapping F(z,a)
gives a one-parameter local Lie group if and only if it is a solution of the
Lie equations
dF
da
The following theorem gives an infinitesimal characterization of groups of
Lie-Bécklund contact transformations; it makes use of the standard notation

(11

(F), Ewazozzz. (7)

O e ? g 9 s, 2y (8)
oxt b Oue “oug 2 oug ;)

D; =

and coordinate notation

E = (617 naa gzav giz’ . ) (9)
for the vector field (6).

Theorem 14.2. The group of transformations (4) is a group of Lie-Béacklund
transformations if and only if the vector field (9) satisfies the conditions

¢ = Di(n") —u5 Di(&),

> =D, (¢ )—@gmﬂDdgL s=2.3,..., (10)

i1...05 i1 l5—1

a=1,....M; iiy,....i5=1,...,N.

Using the relations (10), one may establish that groups of Lie-Bécklund
contact transformations which are neither groups of point transformations
(3) nor Lie groups of contact transformations do not have finite-dimensional
invariant subspaces in A; in fact the Lie equations (7) represent an essen-
tially infinite system of equations. Specifically, we have the following result.
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Theorem 14.3. Suppose a group of Lie-Backlund contact transformations
(4) is an extension of the group G of transformations (1) for some n > 1.
Then G is the n-th extension either of a group of point transformations or
of a Lie group of contact transformations.

Lie-Bécklund contact transformations may be used for a group-theoretic
interpretation of a generalization [161], [8] of group methods of analysis of
differential equations. The point of this generalization is that, instead of
considering infinitesimal operators of groups of point transformations that
are first order linear differential operators, one introduces higher order linear
differential operators. This generalization leaves unanswered the question
of assigning to these operators a natural transformation group. We now see
that operators of higher order (both linear and nonlinear) can be obtained
by considering infinitesimal operators of groups of Lie-Backlund contact
transformations. In fact, let the functions u'*(x) be obtained from the
functions u®(x) as a result of the transformations (4). Standard calculations
give

u(z) = u(z) + aQ[u(x)] + 0" (a),

where @ is the differential operator

Q*[u(x)] =n" (x,u(x), 81;2@7'”) —¢ (x,u(x), 8uf3(§p)"”) Qulz)

If, in particular,
na_sluza:q()+qﬂ +Zq7]1 ]sxu]l js
then Q% will be the linear differential operator

suP(x
Q (@) = ¢*(x) + 4() +quﬂ i () (D)

8:631 . O0xds ]

considered in the generalization indicated above.

The concept of a group of Lie-Backlund contact transformations admit-
ted by a given system of differential equations and the method for deter-
mining such a group are formulated the same as in the case of a group of
point transformations, with the difference that when considering the Lie-
Backlund group it is necessary to use the original differential equations
together with their differential consequences. By Theorem 14.2, the contact
vector field (9) of the Lie-Bécklund group is determined by its coordinates
€,i=1,...,N,and n® a=1,..., M. If we write the invariance criterion for
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the given system of differential equations relative to the Lie-Backlund group
in terms of the vector field (9), then taking account of formula (10) we ob-
tain equations in the functions &*(x, u, Uy, -..) and n*(z,u, ug)y, ...) known
as the determining equations for the desired Lie-Backlund group.

As an example we consider the Schrodinger equation for the hydrogen
atom

1Au—l—(l—k)u—(),

2 r
where r = [(z1)% + (%)% + (2*)?]"/2 and k is a constant. It admits a
3-parameter Lie-Backlund group generated by the tangent vectors =; =
(fgi), NGy, ---»), © = 1,2,3, with coordinates
é-gz) = 5137 N = — Z eijlejmnxmunl + 7 u,
Jlmmn=1

where 5{ is the Kronecker symbol and e;j is the usual permutation symbol.
The existence of this group leads to the specific conservation law for the
hydrogen atom known as the Lenz-Runge vector. This group is clearly not
a Lie group of contact transformations. We note that the equation under
consideration does not in general admit Lie contact transformations differ-
ent from point transformations.
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The existence of a connection between the conservation laws for differ-
ential equations obtained from a variational principle and the invariance
of the corresponding variational problem was established in the works of
Jacobi, Klein, and Noether. Jacobi [99] described such a connection for the
equations of classical mechanics. Klein [101], [102] established a similar fact
for the equations of the general theory of relativity and proposed a study of
the group-theoretic basis of the conservation laws for arbitrary differential
equations. In [133], Noether, under the direct influence of Klein’s ideas,
obtained a sufficient condition for the existence of conservation laws for ar-
bitrary differential equations obtained from a variational principle, based
on the invariance properties of the corresponding variational problem. This
result, now known as Noether’s theorem, says that if the values of a varia-
tional integral for arbitrary admissible functions are invariant with respect
to an r-parameter continuous group of transformations of the dependent
and independent variables, then the Euler equations for the extremals of
the functional under consideration have r linearly independent conservation
laws. All of these conservation laws can be obtained by a certain standard
formula, and the order of the derivatives on which the conservation laws
depend does not exceed the largest order of the derivatives which appear
in the corresponding Lagrange function. The restrictions mentioned are es-
sential, and while Noether’s theorem is sufficiently general to deal with the

121
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special equations of mechanics and physics, it leaves open the question of the
group-theoretic nature of conservation laws for arbitrary systems of differ-
ential equations. Furthermore, the invariance condition on the functionals
in variational problems, which is an assumption in Noether’s theorem, is
not necessary for the existence of conservation laws. A discussion of this
question and extensive bibliographies can be found in [75], [79], [81].

In the present paper, Klein’s idea that conservation laws have a group-
theoretic character is established for arbitrary systems of differential equa-
tions. The concept of invariance under Lie-Backlund groups of contact
transformations (see [90]) plays a fundamental role.

First of all, we treat the question of determining groups of Lie-Backlund
tangent transformations admissible by the differential equations, in order
to avoid certain formal difficulties in the calculation of these groups. To
simplify the notation, we consider only one-parameter groups.

Let G be a locally continuous group of transformations

Y = f(z0) 1)

in a space S whose elements are sequences z = (x,u, ug), U, - - .), where
r = (z...,2") € R", u = (u',...,u™) € R™, and for each natural
number v let u,) denote a set of quantities uf, ;, (a=1,...,m; i1,...,i, =
1,...,n) which are symmetric in all of the lower indices. We assume that
there is a norm defined in S and that it is a Banach space under the natural
structure of a real vector space, A group G is called a Lie-Bdacklund group
of contact transformations, or, briefly, a Lie-Bdcklund group if its extension
to differentials dz preserves ”contact of infinite order” [90]. If the tangent

vector field =: .S — S of the group G, defined by

df(z,a) (2) = (€(2), 1°(2), ¢ (2), ¢, (2), ... ),

da  la=0
is a smooth mapping, then the transformations (1) of this group are uniquely

[1]

d
determined as solutions of the Lie equations d_f =Z(f), flazo = 2. The
a

group G is a Lie-Backlund group if and only if
? s =Dy Dy (u)+us, ., v=12,.., (2)

Q1.0

where

; 9,
Ma:na_éf]ujqz’ D; + ug —+Zuul Ay

T e e 3u21

’L

Here and in what follows we use the usual rule of summation over repeated
indices. The relations (2), which differ in form from the criterion for invari-
ance of contact of infinite order in [90], are convenient to apply.
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We consider a system of differential equations of order ¢ :
w(, u, w1y, . .-, Ug)) =0, (3)

where w = (w1, ...,wy). For each v = 1,2, ..., the collection of all expres-
sions D;, ... D; (w;) (j=1...,N; i1,...,4, = 1,...,n) will be denoted by
w(). The equations (3) together with all of their differential consequences
define a manifold €2 C S; this manifold is given by the equations

Q: W(ZQ) =0, w(l)(ZfH-l) =0, W(Q)(ZQ-FQ) =0,..., (4)

where we have introduced the notation z, = (z,u, u(), ..., uq)). The system
(3) is called invariant with respect to a Lie-Bécklund group G if the manifold
2 is invariant under the transformations (1) of that group [90]; in this
case, we will also call G admissible by the equations (3). The criterion for
invariance of the system (3) with respect to a Lie-Bécklund group can be
written in terms of the infinitesimal operator

;0
o T s +Z i ’”au“

of the group in the form of the following infinite sequence of equations:

(5)

Ay

Xw)],=0, X(ww)|l,=0, v=12.... (6)

The coordinates ¢! ; , v = 1,2,..., in (5) can be expressed in terms of
the coordinates £, n® by means of (2); therefore the conditions (6) are a
system of equations in £(2), n®(z), called determining equations for the
Lie-Bécklund group admissible by the equations (3).

Definite difficulties arise in the determination of Lie-Backlund groups
admissible by concrete differential equations by means of a solution to the
equations (6). These difficulties are related to the fact that, in contrast
with the case of groups of pointwise transformations [138], the determining
equations (6) are not differential equations but are relations between the
values of £'(z), n®(z) and their derivatives at points z € €. In addition,
the conditions (6) consist of an infinite sequence of relations, which can
also lead to additional difficulties. The following considerations allow us to
circumvent these difficulties.

We note first of all that (6) is satisfied for any operator X, of the form
(5) whose coordinates &', n®, are linear forms in w, w(y),... with arbitrary
coefficients which are regular at the points z € €. Therefore the operator X
satisfies the determining equations (6) if and only if the operators X — X,
satisfy them. This remark allows us to limit our considerations only to
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operators (5) whose coordinates do not depend on (4), in which case (6)
will be a system of differential equations.

The following theorem shows that the infinite sequence (6) is a conse-
quence of the equations

X(w)|,=0. (7)
Theorem 15.1. For any operator (5) satisfying (2), we have the identities
DX — XD;=Dy(¢)D;, i=1,...,n. (8)

In what follows, (7) will be called determining equations of the Lie-
Bécklund group admissible by the system of differential equations (3). We
note that (7) are satisfied by the operator Xy = £(z)D; with arbitrary £'(2),
for any system (3). Therefore when we determine the Lie-Bécklund group
by means of a solution of the determining equations we may assume that
the coordinates &', ¢ = 1,...,n, of the required operator (5) are zero.

Noether’s theorem [133] gives the existence of conservation laws for sys-
tems of differential equations (3) if they are Euler equations of a functional

lu] = /L(a:, U, U(1ys - - - 5 U q))dx

which is invariant with respect to some Lie group of pointwise transforma-
tions in the space of the variables x, u.

Conserved quantities are obtained from the infinitesimal criterion for
invariance of the functional. However, the existence of conservation laws
can be established under less restrictive assumptions on the equations (3)
(see [79], [81]). The following definition contains all of these assumptions.

Definition 15.1. Suppose that the system (3) of differential equations is
admissible by the Lie-Bécklund group G with infinitesimal operator (5). A
smooth mapping L : S — 5, satisfying the condition

ac

(X(0) + LD(EN] =0, £=] =0, a=1,..m
where
5L oL X, ., oL
s~ o+ 2V DD ®)

v=1 iy
is called a relatively G-invariant weak Lagrangian of the system (3).
The main result concerning the connection between conservation laws

and invariance properties of differential equations with respect to Lie-Backlund
groups can now be stated in the following form.
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Theorem 15.2. Suppose that an arbitrary system (3) of differential equa-
tions with smooth coefficients is given. There exists a conservation law
D;(A%)|q = 0 for this system if and only if it admits a Lie-Backlund group
G and has a relatively G-invariant weak Lagrangian £. In addition, a vec-
tor A(z) = (A'(2), ..., A"(2) satisfying the conservation law is expressible in
terms of £ and the infinitesimal operator (5) of G by

, oL = oL
A= L6 4 o =€) (o 4 (1D Dy )4 ()

i v=1 Wigi. j,
oL > oL
+ZDk1- Dy, (" =) 5o+ _(~1)"D;, ... Dy ).
ous ous
ik1...ks =1 iJ1...Juk1.. ks

The proof of this theorem is based on the following identity, which is
valid for an arbitrary Lie-Bécklund group with infinitesimal operator (5)
and an arbitrary smooth function £(x,u, u)...) :

X(£) + £D,(€) = (" — €huf) o+ Di(A),

where the expressions 2% and A’ are obtained from (9) and (10). The
details are not given here.

The idea behind the relative G—invariance of the weak Lagrangian L is
that the values of the functional I[u f L(x,u,u(qy, ...)dx, corresponding
to it, calculated for any solution u® = ¢“(x) of (3), are invariant under
the transformations of the group G. Therefore, according to Theorem 15.2,
the existence of any conservation law for the equations (3) is the result of
the invariance of these values of the functional [[u] with respect to some
Lie-Bécklund group which is admissible by the equations (3).

The operations of addition, multiplication by a number, and differenti-
ation are defined on the set of all vectors which satisfy a conservation law
for a given system of differential equations. In addition, for each system of
equations it is possible to define other operations which act in this set of
vectors by making use of Lie-Bécklund groups which are admissible by these
equations. One such operation is given by (8) and has the form A — X (A),

where X is the operator (5) with £ = const., ¢ = 1,...,n, and satisfying (7).
Institute of Hydrodynamics Received 24 March 1976
Siberian Branch

Academy of Sciences of the USSR

Translated by H.T. Jones



Paper 16

On the Cauchy problem for the

equation ut — Ugpy
n—1

— X aii(x— t)uyy; =0
1,=1
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At the present time the theory of linear second-order differential equa-
tions of hyperbolic type, in that part of it which is devoted to questions on
the existence and uniqueness of the solution of the Cauchy problem, can
be considered completed. After Hadamard’s work it became clear, how-
ever, that besides existence and uniqueness theorems we can also study the
“explicit” representations of the solution. Hadamard was the first to give
such representations and to demonstrate their importance in a number of
questions connected with the behavior of the solutions.

One such question is the problem of seeking the class of all second-
order equations for which wave diffusion is absent or, what is the same,
for which the Huygens principle is valid. The Huygens principle is valid
for a wave equation with an odd number of space variables, not less than
three; this follows directly from the Poisson formula in the case of three
space variables, and from the representation given by Tedone [170] of the
solution of the Cauchy problem in the general case. This circumstance
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served Hadamard as a starting point for formulating the Huygens principle
for linear second-order hyperbolic equations of general form. Hadamard
[61] obtained a criterion for the validity of the Huygens principle for such
equations, and proved that wave diffusion always holds in the case of an
even number of space variables.

Hadamard’s criterion was formulated in terms of the elementary solu-
tion of the equation, and can be used only if we succeed in obtaining a
more or less explicit, representation of the solution. This explains why
the wave equation remained for along time the only known example of an
equation without wave diffusion. Furthermore, in the case of three space
variables, as Mathisson [128] proved, any equation without wave diffusion
with constant coefficients of the second derivatives is equivalent to the wave
equation. This is not true in the case of a larger number of variables, as
Stellmacher’s example shows [164]. For any odd number of space variables,
greater than or equal to five, he constructed equations with the wave opera-
tor in the principal part, not equivalent to the wave equation and for which
the Huygens principle is valid. The equations considered by Stellmacher are
the first examples of equations without wave diffusion other than the wave
equation. The restrictions indicated on the number of variables are essential
in the construction of these examples, and, as Mathisson’s theorem shows,
in the case of three space variables there cannot be similar examples, i.e.
equations without wave diffusion where a principal part is that of the wave
equation but not equivalent to the wave equation.

Thus, equations with three space variables, not equivalent to the wave
equation, for which wave diffusion is absent must be equations with vari-
able coefficients of the second derivatives. Such examples have been given by
Giinther [60] and by us [92]. Giinther established the validity of the Huygens
principle in the examples considered, using Hadamard’s criterion, which is
formulated particularly simply for the case of three space variables. In [92]
this fact followed from an explicit formula for the solution. The examples
constructed in the three-dimensional case are based on a geometric founda-
tion: the corresponding equations are unique equations, invariant relative
to the group of conformal transformations in four-dimensional Riemannian
spaces of hyperbolic type, connected with these equations, where the spaces
indicated have a “nontrivial conformal group”. Furthermore, an assertion
analogous to Mathisson’s theorem is valid in the spaces being considered;
it can be stated in the following invariant form. For a second-order equa-
tion to which corresponds a Riemannian space with a nontrivial conformal
group, the Huygens principle is valid if and only if this equation is invariant
relative to the group of conformal transformations; such an equation exists,
and, moreover, is unique, in all the spaces being examined. A discussion of
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the corresponding questions and literature references are contained in [79].

It is interesting that in all known examples of equations without wave
diffusion explicit formulas have been successfully obtained for the solution
of the Cauchy problem, from which follows the validity of the Huygens
principle. In the present paper we derive a formula yielding the solution
of the Cauchy problem for the given in the title hyperbolic equation with
an arbitrary number n of space variables. The validity of the Huygens
principle for this equation for any odd n > 3 follows directly from the
formula obtained. When n = 3 we obtain the known examples in [60] and
[92], while for greater odd values of n we obtain examples of equations
without wave diffusion equivalent neither to the wave equation nor to the
examples of Stellmacher.

The equation being examined is solved with the aid of the Fourier trans-
form with respect to the variable y = (y1, ..., yn—1). The Fourier transform
of the solution satisfies a differential equation with two independent vari-
ables z and t, the solution of whose Cauchy problem can be constructed in
explicit form. Next, for the case of odd n > 3 we put into consideration a
generalized function with compact support, and with its help we realize an
approach to solving the original problem. In the case of even values n > 2
the solution is constructed by a descent method.

§ 1 Statement of the problem. Preliminary
results

We consider a second-order differential equation of the form

n—1

Liu) = uy — Uy — Z ij (1 —t)uy,, =0 (1.1)

i,j=1

with an arbitrary number n > 2 of space variables (z,y), where y =
(Y1, ..., Yn—1) and z is a selected variable. The coefficients a;; of this equation
are taken to be arbitrary, symmetric (a;; = aj;) and infinitely differentiable
functions of only one variable z — ¢, such that equation (1.1) is strictly
hyperbolic, i.e. the quadratic form Z?;:ll a;;&;€; 1s positive definite.

For the equation mentioned we seek, in the domain ¢ > 0, the solution
of the Cauchy problem with data at ¢ =0 :

Llu) =0, wu|,_,=fz,y), w|_,=9(zy). (1.2)

The initial data are assumed to be infinitely differentiable functions of com-
pact support. These requirements on the equation’s coefficients and on
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the initial data are adopted only for the convenience of the presentation to
follow, and are not necessary for the validity of the final results.

Under the assumptions made, the Cauchy problem (1.2) has an infinitely
differentiable solution which is unique. It has compact support with respect
to the space variables. We obtain a formula giving a representation of this
solution, from which the validity of the Huygens principle for equation (1.1)
with an arbitrary odd n > 3 follows directly.

We can limit the analysis to the following special Cauchy problem:

L[u] =0, u‘t:o =0, ut’t:o = h(x,y) (1‘3)
As a matter of fact, the following statement is valid.

Lemma 16.1. Let v(t,x,y) be the solution of the special Cauchy problem
(1.3) with h = f, and let w(t, z,y) be the solution of (1.3) with h = f, — g.
Then the function

U=v+ v, —w (1.4)

is a solution of the Cauchy problem (1.2).

Indeed, the function u defined by (1.4) satisfies equation (1.1), since the
operator L commutes with the operator % + 8%, ie.

0 0 ) 0
—+—|L=L(=4+—|.
(at * 8x> (81& * 8x)
The fulfillment of the initial conditions of problem (1.2) for the function u
is verified directly.
Let us apply the Fourier transform with respect to y to obtain the for-

mula giving a representation of the solution of problem (1.3). If u(t, x,y) is
the solution of this problem, then its Fourier transform

1

’&(Zf, oN )\) = W

/ ult, 2, y)e OV dy (1.5)

Rn—1

satisfies the equation

n—1

with two independent variables ¢ and z (with parameters Aq, ..., \,_1) and
initial data
- 0, ﬂt

o = hlz; ), (1.7)
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where h is the Fourier transform of h(z,y) :

1 .
AN ST
( ﬂ-) ? Rn—1

here A = (A, ..., Ao1) and (v, \) = S0 wiki.

Let us now write out in explicit form the solution of problem (1.6), (1.7)
for any real values of the parameters Ay, ..., \,_1. This proves to be possible
because of

hz; \) =

Lemma 16.2. The Riemann function of equation (1.6) has the form

n—1
R(r.&t,x) = Jo | \|(E=7+2 =8 Y [Ay(€ —7) = Ayle =) |
ij=1
where Jj is a Bessel function and A;;(o f aij(o)do, i,7=1,...,n—1.

Proof. The lemma is trivial if the vector A\ equals zero. If X\ # 0, then the
nonsingular change of variables

n—1

Aij(x—t)A

l\DI»—t

1(t _
+x), T=
2

.

g =1
leads to the equality
n—1
att — ﬁ':ca: = (Z Clij((L' — t)>\z)\]> ﬁ{f-
ij=1
Therefore, in the new variables ¢ and T equation (1.6) has the form

The Riemann function for this equation is known; it is equal to

(VA=) - 9)

with 7= 1(7+¢) and £ = — Z” 1 Aij (& — 7). Reverting now to the
old variables ¢, x, T, &, we obtam the lemma s assertion.

To obtain the solution of problem (1.6), (1.7) we substitute the above
value of the Riemann function into the general formula

x4+t

Utz ) = %/R(O,{; t,2)h(E, N)dX

r—1
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for the solution of this Cauchy problem. Invoking the definition of h, we
rewrite the formula obtained for the Fourier transform of the solution of
Cauchy problem (1.3) as follows:

T+t

o . — 1 “tor —i(An)
u(t,x,M—Q(%)nT_lx_/t RO.6t0) [ bEme P 1

Rn—1

We introduce the notation k? = t+z—& and Q(\) = ij_:ll[Aw(f) —A;j(x—
t)]AiA;. In this notation (1.8) takes the form

T+t

it ) =~ [ B(VQ )de [ hgme
2(27T)
r—t Rn—1
The function wu(t,x,y) is obtained from a(t,x,y) by taking the inverse
Fourier transform:

1 .
u(t,z,y) = W / a(t, z; N)e' WMV d.

Rn—1

Let us implement the inverse Fourier transform, having changed the
order of integration with respect to A and £&. Then

T+t

u(t, z,y) = 1/ozg/JO k\/i dA/ Je A Vdn. (1.9)

.’IttR’"l

Formula (1.9), yielding a representation of the solution of Cauchy prob-
lem (1.3), admits a further simplification. We remark first that the quadratic
form Q(\) is positive definite for £ > x — ¢; indeed, we can write the for-
mula for Q(\) as an integral Q(\) = fﬁt q(a; N)da of the quadratic form

qlaz N) = Z?;:ll a;;(a)A\;A; which is positive definite for each value of a.

Therefore, there exists the nonsingular real linear transformation
w="TA\, (1.10)

taking the form Q()\) into a sum of squares: @ = S~ yi2. In (1.9) we
make a change of variables A in accordance with (1.10). Here it turns out to
be convenient to simultaneously transform the integration variables n. Let
T" denote the transposed matrix of transformation (1.10). Instead of the
variables 1 we introduce the new integration variables z = T"~'(n — y). The
transformations indicated preserve the scalar product: (A\,n —y) = (u, 2),
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and the volume element: dA\du = dndz. Therefore in the new variables (1.9)
becomes

u(t,z,y) = (1.11)
1 x+t 1
— [ d /J klu))dyp ——— / hE,y+T> o—ili2) g
2(2”)T/t éR | o(klul) MQ(%)TR_l (& y+T'2)

Here |u| = 1/2?:_11 p?; a similar notation for the length of a vector will
be used later on. Everywhere in this article the vectors in coordinate form
are written as a row even though the algebraic operations over them are
performed by the usual rule of actions with column-vectors. For instance,
when multiplying vectors by a matrix, we write the matrix on the left. The
conventions mentioned, adopted for convenience of writing, will be applied
without special stipulation.

The following simplifications of (1.11) are connected with the computa-
tion of the integrals occurring in it. Note that the direct change of order
of integration with respect to the variables p and z leads to a divergent
integral. We bypass this formal difficulty by noting that the inner integral
in (1.11) can be treated as the Fourier transform of the generalized function
given by the locally integrable function Jo(k|u|). The next section contains
material connected with the computation of this Fourier transform.

§ 2 Fourier transform of the Bessel function
Jo(alul)

We use some well-known facts from the theory of generalized functions
(distributions) [158]. We consider a generalized function defined by the
locally integrable function (a is an arbitrary nonnegative constant)

Jo(alpl) = Jo | a

and acting on test functions ¥ (u1, ..., fin—1) by the formula

< o(alul) i) > = [ (el (2.1)

Rn—1

This generalized function is, obviously, slowly growing, so that we can speak
of the Fourier transform F[.Jy (a| u|)] In this section it is convenient for us
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to denote by the symbol F the Fourier transform of both ordinary as well
as generalized functions.
The function

is the Fourier transform of the function ¢(z) from the space of rapidly
decreasing functions. The inverse Fourier transform is determined by the

formula
1

n—1
2 n—1
o)

The Fourier transform F[Jo(a|u|)] of the generalized function Jo(a|u|) acts
by the formula

< Fldo(alul)), o(2) >=< Jo alpl) vwp) > . (2.2)

We find the Fourier transform of the generalized function Jo(a|u|) for the
case of odd n > 3; u = (1, ..., in_1) With n = 2m + 3, m > 0. This proves
to be sufficient for the desired simplification of (1.11).

() = F U [(p)] = / SO0y

n—1

We introduce the generalized function j, acting on ¢(z1,. .., 2ami2) by
the formula
. ar ( .
<hlhet) = (s [evsow)] o ey
s=a?
Wam+42

where w10 is the unit sphere with center at the origin in a (2m + 2)-
dimensional space, dw is a surface element of the sphere, ( € w,, 2, and

z=4/sC.
Theorem 16.1. Let n be odd and n = 2m + 3, m > 0. Then
FlJo(alul)] = 2" ja.

Proof. It is enough to show that

F i = g do(alnl). 2.4

We compute the left-hand side of this equality. We first note that the
generalized function j, has compact support. Therefore

1 . 1 dm )
=115 7 — ; i(,2) [ m iv/5(1,¢) dw
F []a] (27r)m+1 <]a(z),e > (27r)m+1 [dsm (S / € )LGQ‘

wWam+2
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We transform the expression obtained by introducing the angle 6
(0 <6 < 7) between the vectors u and (. We have (p, () = |u| cos @ and

/ eV dw = Qopia / etValnleost (gin g)2m g,
Wam42 0

where
2,n_m+%

I'(m+3)
is the surface area of the unit sphere in a (2m + 1)-dimensional space.

The last integral can be expressed in terms of a Bessel function (see [176],
Chapter 11, §2.3, formula (2)):

™

/ei‘/a“'wse(sin 0)*™df = 2™

0

QQm—i—l -

F(m+3)T(
(v/s )™

)Jm(\/g\u\)-

Hence
1

A" [ m

F il = | (5 5 D))
ds™ \ " |pl™

To simplify the right-hand side we introduce the new variable = = |u|/s.

d _ w? d
Then =y o and

£l = g | () @)

zdzx

s=a?

a=alul
Using the reduction formula for Bessel functions [176]

LN @) = 2 ().
(i)

xdx

we obtain the required equality (2.4).

8 3 Representation of the solution

We now return to the calculations connected with the simplification of the
formula (1.11) for the solution of Cauchy problem (1.3). Let us begin with
odd n > 3. Setting n = 2m + 3 (m > 0) and using the results of § 2, we
write (1.11) in the form

x+1

s || < Bl Floela)] > e

u(t, z,y) = 22

x—1
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where ¢¢(2) = h(§, y + T'z). According to definition (2.2) of the Fourier
transform of generalized functions, we have

< Jo(klul), Flee(2)] >=< F[Jo(klul)], p¢(2) >,
and, therefore,

x4t

tr.9) = g | < FURHIDLvel) > de ()

r—t

In (3.1) we substitute the value of the Fourier transform F[Jo(k|u|)] of the
generalized function .Jy (k| ,u\), given by Theorem 2.1, and we make use of
the definition (2.3) of the generalized function j, with nonnegative a = k =
vx+t—E£ As a result we obtain the following final representation of the
solution of Cauchy problem (1.3) for the case of odd n =2m +3,m > 0:

-+t

u(t,x,y):4wi+l / {am <sm / h(f,y+\/§T’§)dw>} de. (3.2)

osm
s=x+t—&

x—t W42

In (3.2) we have used the notation introduced earlier: 7" is the transposed
matrix of transformation (1.10), and ¢ = ({1, ..., Cam+2) are the coordinates
of points on the unit sphere ws,, o with center at the origin in a (2m + 2)-
dimensional space, over which the integration is carried out.

To obtain the formula giving the solution of Cauchy problem (1.3) in the
case of even n > 2 we make use of a descent method. Let n =2m+2,m > 0.
We consider the following auxiliary Cauchy problem:

2m—+1
L[u] = Ut — Ugy — Z aij(x — t)uyiyj — Upp = O, (3 3)
ij=1 .
u‘tZO:O, Ut‘tzo:h(x,yl,...,y2m+1>.

Since the function h is independent of p, by virtue of the uniqueness of the
solution of a Cauchy problem the solution u of problem (3.3) will also be
independent of this variable, and by the same token will be the solution of
the Cauchy problem we are interested in

2m—+1

L[u] = Ut — Ugg — Z aij(l' — t)uyiyj = O’ (3 4)
ij=1 .
u{t:() =0, utlt:() = h(:(],y)7

where y = (Y1, .., Yom+1)-
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We obtain a formula for the solution of problem (3.4) by taking ad-
vantage of the representation (3.2) of the solution of the Cauchy problem
with n = 2m + 3, written for the auxiliary problem (3.3). Let T be the
(2m + 1) x (2m + 1) matrix of transformation (1.10) corresponding to the
problem (3.4) being examined, and let 7" be the transposed matrix. Then,
as the (2m + 2) x (2m + 2) matrix of transformation (1.10) corresponding
to the auxiliary problem (3.3), we can take the matrix

0
0

~:
Il
~

(3.5)
0
0O 0 ... 01

The transposed matrix T’ has the same form, with 7" instead of T Further,
let ¢ = ({1, s Coma1,0) € womaso. The solution of the auxiliary problem
(3.3), according to (3.2), has the form

x+1

tr) = o [ | (7 [ e s vsTO®)| e

s=x+t—¢

r—t w2m+2

(3.6)
Starting from (3.6), we arrive at the desired result after the following
simple calculations. The function h in (3.3) is independent of p, and there-
fore the integral over the surface of the unit sphere wo,,,,, can be written
as an integral over a (2m + 1)- dimensional ball. Indeed, let Kj,,.; be a
ball of unit radius with center at the origin in a (2m + 1)-dimensional space
and let ¢ = ({1, .-, Comy1) € Kopmi1. Then ¢ = ((,0) € womas if o is real
and |o| < 1. We make use of the special form (3.5) of the matrix T, and we

rewrite the integral over w12 in (3.6) in the following form:
[ ey T =2 [ ney s S e)

Here we used the equality 7" E = (T'(,0) and the standard transformation
of integrals over the surface of a sphere in the (2m + 2)-dimensional space
of functions independent of one of the variables to integrals over a (2m+1)-
dimensional ball.

(3.6) and (3.7) yield the following representation of the solution of Cauchy
problem (3.4):

Wam+2 Komy1

u(t,x,y) = (3.8)
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T4t
1 " [ m ' de
27Tm+1x—/t |:8Sm (S KQm/+2 h(& v+ \/ETC)TW)L_mJFt_Edf-

The results obtained are stated in the following theorem.

Theorem 16.2. The solution of the Cauchy problem,

n—1

Uyt — Upy — Z aij (v —t)uy,, =0, t>0,
ij=1

u|t:0 =0, ut‘tzo = h(z,y)

is given by

u(t,x,y) = (3.9)
L TN
47?717_136_/,: l($> (S2w/ ey \/ET/Odw)] s:m+t75d§

for odd n > 3 and

u(t, z,y) = (3.10)
VN s
- / [(%) (sTK / e+ VAT <|2>Lx+t_gd€

for even n > 2, where w,_; is the unit sphere with center at the origin
in an (n — 1)-dimensional space, K,_; is a ball of unit radius with center
at the origin in an (n — 1)-dimensional space, the integration variable { =
(C1,...,Cn_1) ranges over the sphere w,_1 let and the ball K,,_; respectively,
and 7" denotes the transposed matrix of transformation (1.10).

Remark 16.1. The nonsingular matrix 7" is not uniquely defined. The
only requirement imposed on 7" is the equation

A(E) — A(z —t) = T'T,

where A(0) is an (n—1) x (n—1) matrix with elements A;;(0) = [ a;;(0)do,
1,7 =1,...,n— 1. It is easy to see that this equality defines the matrix 7" to
within multiplication by an arbitrary orthogonal matrix. In particular, as T
we can take the symmetric positive definite matrix T = [A(€) — A(x —1)]'/2,
infinitely differentiable in the variables x, ¢, and £ > x — t.
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§ 4 The Huygens principle

In this section we discuss a special property of equation (1.1), connected
with the fulfillment of the so-called Huygens principle. Historically the
Huygens principle arose in connection with problems in optics. At first the
Huygens principle meant only a certain method for constructing a wave
front. Later on the Huygens principle was also said to be a statement on
the existence of the trailing edge of a light wave caused by a light source
localized in space and time. Here, by the Huygens principle we shall mean
precisely this statement, specifically its formulation given by Hadamard [61].

Hadamard’s starting point was the investigations of Kirchhoff, Beltrami,
and Volterra, devoted to ascertaining the mathematical meaning of the
Huygens principle for the classical wave equation in three-dimensional space

As a result of these investigations it was established that the Huygens prin-
ciple expresses a specific property of the solution of the Cauchy problem for
equation (4.1). The property mentioned is that the solution of the Cauchy
problem at the point (¢, o, yo, 20) depends upon the values of the initial
data and of their derivatives only on a sphere of radius ¢ with center at
the point (zg,yo, 20) in the space of the variables x,y, z. In other words,
the solution of the Cauchy problem for equation (4.1) is determined by the
values of the initial data and of their derivatives only on the intersection of
the inverse characteristic cone with the manifold where the initial data is
given. The validity of this statement follows from the explicit formula for
the solution.

Tedone obtained the formulas giving the solution of the wave equation

i=1

with an arbitrary number of space variables. From his formulas it followed
that the Huygens principle, in the formulation presented above, is fulfilled
for equation (4.2) with an arbitrary odd number n > 3 of space variables
and is not fulfilled if the number of space variables is even.

Hadamard formulated the Huygens principle for arbitrary linear second-
order hyperbolic equations and obtained a number of important results con-
nected with the description of the class of equations satisfying the Huygens
principle. Since the problem of a complete description of all such equations
proved to be difficult and has not yet been solved, the construction of ap-
propriate examples is important. A number of papers were devoted to this
question by Hadamard himself as well as by other authors.
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Below we discuss the examples known, and we consider equation (1.1)
from this point of view. Now, however, we wish to show that in the case of
equation (4.2) Theorem 16.2 yields the known formulas for the solution of
the Cauchy problem in spite of the formal difference between the formulas
being compared. Thus we shall have established that the representation of
the solution of the Cauchy problem for equation (1.1), given by Theorem
16.2, has, essentially, as simple a structure as the known formulas [35] in the
case of the wave equation (4.2). For our purpose it is sufficient to consider
only odd values of n > 3. In this case we once again take n = 2m + 3 with
nonnegative integers m, and we use the notation (3.2) for formula (3.9).

For equation (4.2) we consider the Cauchy problem with initial data

ult:O =0, ut‘t:o = h(z), (4.3)

where © = (z1,...,Z9m+3). The classical representation of the solution of
problem (4.2), (4.3) (see [35]) has, in our notation, the form

u(t,z) = ﬁ (%)m {ﬁmﬂ / he + toz)dw}, (4.4)

wW2m+3

where o € wop, 13 is the integration variable. Formula (4.4) is easily put
into the form (3.2) by the following transformations. We rename the in-
dependent variables: z = 1, y; = z;41 (i = 1,...,2m + 2), and in (4.4)
we change the variables of integration by introducing the variables ¢ and
G (1=1,2,...,2m + 2) in accordance with the formulas

¢z G

5 (67 -
t 1 /

Then z —t < & <z +t and [(| = 1, where ( = ({3, ..., Coma2). After the
indicated changes of variables equation (4.4) is rewritten as

ap = <z (221,,2m—|—2>

ult,z,y) =
T+t
1 [\
Ty (@) / d¢ / (£ = (€ = 2)]"h(&, y + V17 = (§ — 2)? ()dw

with ¥y = (y1, ..., Y2ma2). We have used here the connection between the area
elements dwa,, 1o and dws,, .3 of the surfaces of the unit sphere in spaces of
dimensions 2m + 2 and 2m + 3, respectively; in our notation

[ — (€ — =)™

2me-i-l

dwam 12 d§.

dw2m+3 =
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The expression [t? — (€ — z)?]™ vanishes at £ =z —t and £ = x +t together
with all of derivatives with respect to t* up to order m — 1, inclusively.
Therefore

(taxvy) =

e / / (atQ) (12— (€= 2)*I"h(€ y + VI — (€~ 2)2 Q) }do.

Wam+2

We now prove the identity
(%)m {[f* = (€ —2)7"h(&, y + VE - (€ —2)%0)}
_ K%)m{smh(&, y+ mo}}

and hence complete our transformation of (4.4) to the form (3.2). If we
make a change of variable by introducing the variable 7 = t? — (£ — x)?)
instead of ¢2, then the left-hand side of (4.5) becomes

(2) trnie v+ vr0)]

By changing the variable s to the variable o = s(§ — x + t), the right-hand
side of (4.5) is transformed to

(2) o v +v7 0}

The expressions obtained coincide, and (4.5) is proved.

We now return to the discussion of the Huygens principle for general
linear second-order hyperbolic equations. Following Hadamard [61], by the
Huygens principle we mean the following statement. For any point zo the
value u(zg) of the solution u(x) of the Cauchy problem for the equation

(4.5)

s=x+t-¢,

=2~ (6-a)?

o=t2—(¢—r)?

n

> (%), +Zb )y, + c(x)u =0 (4.6)

i,j=0

with arbitrary data on a surface S of spatial type depends on the values
of the initial data and of their derivatives up to some order only on the
intersection of S and of the inverse characteristic conoid with vertex at x.

As we said above, the classical example of an equation satisfying the
Huygens principle is the wave equation with an odd number of space vari-
ables. This example was the only one known for a long time. This cir-
cumstance is partly explained by the theorem proved by Mathisson [128]
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for equations with three space variables. He proved that if in (4.6) with
n = 3 all the coefficients a,; are constant, then the only equation satisfying
the Huygens principle is the wave equation (4.1). Speaking more precisely,
any such equation can be reduced to the wave equation by means of certain
equivalence transformations which we shall take up in the next section.
An example of an equation satisfying the Huygens principle and not
equivalent to the wave equation was first constructed by Stellmacher. He
examined equation (4.6) with n = 5, b, = 0 and a;; = const. (i,j =
0,1,...,5), and described the form of the coefficient ¢(x), starting from the
requirement of fulfillment of the Huygens principle. The equation he found

25 2
Ut — Ug;x; — t_zu =0
=1

is not equivalent to the wave equation and satisfies the Huygens principle,
as is seen from the explicit formula Stellmacher obtained for the solution of
the Cauchy problem. Similar examples of equations where a principal part
is that of the wave equation were constructed later by him also for other odd
n greater than five. As Mathisson’s theorem shows, the restriction n > 5 is
essential when constructing these examples.

In the case of n = 3 an example of an equation of form (4.6) satisfying the
Huygens principle and not equivalent to the wave equation was presented
by Giinther [60] and by us [92]. This example is a four-dimensional variant
of equation (1.1). Giinther established the validity of the Huygens principle
with the aid of Hadamard’s criterion. In our paper that fact followed from
the explicit formula for the solution of the Cauchy problem.

Let us discuss this example, following its presentation in [79]. We con-
sider the equation

U — Uy — [ — )uyy — 20(z — t)uy, —u,, =0, (4.7)
and we solve the Cauchy problem with the data
u|t:0 =0, ut‘t:o = h(x,y, 2). (4.8)

Its solution has the form

T+t 27

u(t,z,y,z) = % / df/h(@ y+ Acosf, z+ Bceosh + Csinf)dd (4.9)
x—t 0
where
A= Ve -Fe—-0l, B="""Sa) - e@-1),

A
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C=VE— - - B,
while ' and ® are the primitives of functions f and ¢, respectively. (4.9)
is obtained from (3.9) with n = 3 if as 7" we choose the matrix

A
—— 0
T/_ \/:U—i_t_é
a B C

Vi+t—§& Jo+t—¢

For equation (4.7) we can construct the characteristic conoid in explicit
form. Let the point (t°, 2°, 3°, 2°) be fixed. The characteristic conoid with
vertex at this point is given by the equation

(t—1%)?% = (z — 2°)? (4.10)

(z —t) — (z° —1%)
[(z = 1) — (20 — 1] [F(z — t) — F(20 = 19)] — [®(z — t) — D(a® — 0)]

_|_

X{[(ﬂ? —t) = (2" =)y — ") = 2[@(x — 1) — (" — °)](y — y°)(= — &)

H[F(@—1t) = Fz® — 9] (2 - 20)2}.

From (4.9) we see that the solution of problem (4.7), (4.8) is expressed as an
integral of the initial function h over a two-dimensional surface in the space
of variables x, y, z, being the intersection of the characteristic conoid (4.10)
with the initial manifold ¢ = 0. This signifies the validity of the Huygens
principle for equation (4.7).

Let us now consider the question of the validity of the Huygens principle
for equation (1.1) with an arbitrary number of independent variables. The-
orem 16.2 essentially answers this question. Indeed, if n > 3 is odd, then the
solution of Cauchy problem (1.3), given by (3.9), is determined by the val-
ues of the initial function h and of its derivatives on an (n — 1)-dimensional
manifold in the n-dimensional space of variables = and y. From Lemma 16.1
it follows that the solution of the general Cauchy problem (1.2) also is de-
termined by the values of the initial data f and g and of their derivatives
up to some order on the same (n — 1)-dimensional manifold. It follows from
Hadamard’s results [61] that this manifold should be the intersection of the
inverse characteristic conoid and the hyperplane ¢ = 0 where the initial data
is given. The Huygens principle is connected only with the properties of
the equation itself, and its validity does not depend upon the form of the
initial manifold. Therefore, we can state that for odd n > 3 equation (1.1)
satisfies the Huygens principle. As Hadamard showed, equations of form
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(4.6) satisfying the Huygens principle do not exist for even n or for n = 1.
In the case of equation (1.1) we see this directly from (3.10).
We summarize the properties of equation (1.1) in the following theorem.

Theorem 16.3. The Huygens principle is valid for the linear hyperbolic
second-order equation

n—1

Upt — Ugy — Z aij(x - t)uyiyj =0

ij=1

with arbitrary smooth coefficients a;; (a;; = aj;) if n > 3 is odd, and is not
valid for the remaining n.

Thus, equation (16.1) with odd n > 3 provides an example of an equation
for which the Huygens principle is valid for all values of n mentioned. For
arbitrary coefficients a;;(z — t) this equation does not reduce either to the
wave equation (4.2) or to Stellmacher’s examples. This will be proved in the
next section, which is devoted to an analysis of equivalence transformations
of linear second-order differential equations.

8 5 Equivalence transformation

Here we shall use certain results of classical Riemannian geometry. Accord-
ingly, we shall employ upper and lower indices for vectors and tensors, the
summation convention for repeated indices, and other commonly adopted
notation of local Riemannian geometry [46]. The partial derivatives u,, and
Uz,; Will be abbreviated to u; and w;j;, respectively. We write an arbitrary
linear homogeneous second-order equation as

P(u) = a”(z)u;j + 0’ (2)u; + c(x)u = 0, (5.1)

where z = (2°; ..., 2") and the summation over i and j is taken from 0 to n.
It is convenient to connect an (n + 1)-dimensional Riemannian space V11
(see [61]) with equation (5.1), whose leading coefficients form a nonsingular
symmetric matrix ||a”/||. The metric tensor a;; of the space V,,;; is deter-
mined by the matrix ||a;;|| inverse to ||a]|, i.e. a;;a’* = 6F, where §¥ is the
Kronecker symbol.

Transformations obtained by superposition of the following three basic
transformations:

(a) the nonsingular change of independent variables Z° = a'(x),
1=0,1,...,n;
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(b) the linear transformation of the dependent variable u = f(x)u,
B(x) # 0;

(c) the multiplication of the left-hand side of the equation by a nonzero
factor Plu] = v(z)P[u], v(z) # 0,
are called the equivalence transformations for equation (5.1). Equivalence
transformations are characterized by the fact that they do not violate the
linearity and homogeneity of the equation.

Two equations of form (5.1) are said to be equivalent if one of them can
be transformed into the other by some equivalence transformation. Here
we shall examine only equations (5.1) of hyperbolic type. It is clear that
equivalent equations simultaneously satisfy or do not satisfy the Huygens
principle. Therefore examples of equations satisfying the Huygens principle
should be considered to be different if they are nonequivalent. In this regard
we are interested in the following two questions:

1) Is equation (1.1) equivalent to the wave equation (4.2)7

2) Is equation (1.1) equivalent to one of Stellmacher’s examples?

Equations where a principal part is that of the wave equation were exam-
ined in Stellmacher’s examples. This enables us to answer both of the above
questions using one and the same arguments. To do this we first note that
the transformation (a) is simply a transition to new coordinates in V.
Transformations (b) and (c) change equation (5.1) in such a way that all
the leading coefficients a® of this equation are multiplied by some nonzero
factor. The form of the lower coefficients of (5.1) and the nature of their
variation under the equivalence transformations turn out to be immaterial
for our arguments.

The remarks made can be formulated geometrically thus. If two equa-
tions P[u] = 0 and P[u] = 0 of form (5.1) are equivalent, then the Rieman-
nian spaces V.1 and Vn+1 corresponding to them are conformal to each
other. Therefore, to answer the questions interesting us it is sufficient to
ascertain whether the space V,,;; corresponding to equation (1.1) is con-
formal to a flat space, i.e. to the (n 4 1)-dimensional Riemannian space
corresponding to the wave equation (4.2). We show that the Riemannian
space corresponding to equation (1.1) with arbitrary coefficients a;;(z — t)
is not conformal to a flat space.

It is sufficient to find some equation of the form (1.1) to which there
corresponds a Riemannian space not conformal to a flat space. We shall
seek such an equation among the equations of the following simple form:

n—2
Ut — Ugy — Z Uysy; — [z — t)uyn—lyn—l =0 (5.2)

t,j=1

with a positive function f. We write (5.2) in the form (5.1), using the nota-
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tion: 2° =t, a' =z, 2> =y, ..., 2" = y,_1. Then (5.2) takes the required
form (5.1) with coefficients

V=0 (i=0,...,n), c¢=0a"=-1, da"=-1 (5.3)
(i=1,....,n—1), a"™=—f'-2"), a?=0 for all i#j.

Recall the well-known test for a Riemannian space V,,, to be conformal
to a flat space [46]. Namely, a space V,, is conformal to an m-dimensional
flat space if and only if the Weyl tensor (the tensor of conformal curvature)
C! iix Of space V;, equals zero. This tensor is defined by

’LJ

R l l
+(m — 1)( _ 2) (5kgz] - (5]glk)

Here g, is the metric tensor of V,,, while R”k, R, and R are the Rie-
mann tensor, the Ricci tensor, and the scalar curvature of this space, respec-
tively. In accordance with the common tensor notation, the mixed tensor
Ré is obtained from the Ricci tensor R;; by raising the subscript.

We also find functions f(x —t) for which a Riemannian space V,,;1 with
the nonzero Weyl tensor corresponds to equation (5.2). To do this it is
sufficient to find a function f with which at least one of the components of
the tensor CZ]  being examined is nonzero.

The metric tensor of V,, ;1 corresponding to (5.2) has, according to (5.3),
the following components:

CL[)O:l, (l”‘:—l, (z:l,,n—l), App = —— CLZ‘]‘:O (55)

for all i # j. From (5.4), invoking (5.5), we compute the component

1 1 R 1
Cl. =R} — (R — = R} _ 5.6
nln nln+n_1( f 1 +n(n—1)f ( )
From the general formulas we first find expressions for R, Ri, R,, and
R!,.. To do this we require the values of the Christoffel symbols computed

for the metric tensor (5.5). In the case being examined, from the formulas

8&[ 0alk da ik
Fz J A J
i+ = ((%"7 0w T o
it is easy to obtain the following nonzero Christoffel symbols:

/1y . . . AR
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the prime denotes differentiation with respect to the argument. Then

1 1 17 1 1 112
ro == (7) | 5[ (5) ]
n—1
R :ainij = Roo — Z Rzz - fRnn =0
=0

and

ORI

Equations (5.8) and (5.9) yield Ry, = ; Ri, and hence (5.6) gives

nln
,  n—2R]
nln — n—1 f
We can now find all such positive functions f for which C!,, = 0. We

introduce the function h = 1/f and we write the value of R{ from (5.8) in
the form R! = —(Inv/h )" —[(Inv/h )’]?. Then the equality C}, = 0 reduces

nln
to the following equation for the function h of one variable 0 =z —t : we

have (Inv% )"+ [(Inv/h )]?> = 0 with the general solution k(o) = (ao + b)?,
where a and b are arbitrary constants.
Thus, C},,, = 0 if and only if

flo—t) =[a(x —t) + b2 5.10)

(
Therefore the Weyl tensor of the space V,,11 with metric tensor (5.5) does
not equal zero for any function f other than a function of form (5.10),
and consequently equation (5.2) with an arbitrary function f(x — t) does
not reduce either to the wave equation or to Stellmacher’s examples. More
over, equation (1.1) with arbitrary coefficients a;;(x — t) is not equivalent
either to the wave equation or to Stellmacher’s examples.

Remark 16.2. Equation (1.1) with n = 3 is characterized as the unique
conformally invariant equation in the Riemannian space V; with a nontrivial
conformal group [79]. In the case of an arbitrary n the Riemannian space
Vpg1 corresponding to (1.1) also has a nontrivial conformal group, while
(1.1) itself is a conformally invariant equation in this space.
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ABSTRACT

Bianchi-Lie and Backlund transformations are discussed in the context
of two questions posed by Lie which naturally identify two related directions
of development of the classical treatment of surface transformations. These
transformations are then related to a general structure consisting of Lie-
Backlund tangent transformations.

Introduction

Recently, it has been shown that by wedding Backlund’s idea of infinite-
order tangent transformations with Lie’s notion of continuous groups of
transformations it is possible to construct a generalization of Lie’s theory of
first-order tangent (contact) transformations and its application to differen-
tial equations. This generalization is founded upon invertible infinite-order
tangent transformations or what we call Lie-Backlund tangent transforma-
tions acting in a necessarily infinite-dimensional space. Its exposition relies
heavily on the calculational techniques of L. V. Ovsyannikov [138], [144]
and is discussed elsewhere (Ibragimov and Anderson [91]). Here we relate
these transformations to the classical treatment of surface transformations.

The classical treatment of surface transformations is founded upon the
idea of higher-order tangent transformations. The original papers of

147
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S. Lie [108], [110] and A.V. Bécklund [12], [13], [14], [15] which develop this
treatment evidence the mutual influence each had on the other’s contribu-
tion. The basic ideas underlying the possibility and importance of applying
higher-order tangent transformations to differential equations were clearly
formulated by Lie (see [108], Note on p. 223) as two questions in a 1874 pa-
per. These questions naturally characterize two directions of development
evidenced in the classical literature. The first direction was a search for
invertible higher-order tangent transformations which was abortive in the
classical literature. This direction of development is summarized in Section
§ 1. The second direction is closely related to the first one but distinct in
character. It led to the development of a special type of surface transforma-
tion first discovered by Lie [110] in his analytical treatment of Bianchi’s [21]
construction for surfaces of constant curvature. A formal generalization of
type of transformation is due to Bécklund [13] and these transformations
were later called Béacklund transformations. In this paper these transfor-
mations are discussed in some detail in Sections § 2—-§ 4 and we conclude
Section § 4 by relating these surface transformations to Lie-Backlund tan-
gent transformations.

§ 1 Lie’s first question

Lie realized that a generalization of the concept of the tangent transforma-
tion could be important in applications to second and higher-order differ-
ential equations. He formulated this idea in his 1874 paper as the first of
two questions (Lie [108], p. 223).

Lie’s first question: Are there transformations which are not first-order
tangent transformations and for which tangency of higher-order is an in-
variant condition?

If this question could be answered in the affirmative, one would have
a higher-order transformation which is not a prolonged Lie tangent trans-
formation, but which converts any kth-order partial differential equation
(k > 1) into another one (without raising the order).

Lie predicted a negative answer to this question. From Lie’s group theo-
retical treatment of transformations, it is natural here to understand trans-
formations as invertible maps. With this understanding of transformations
as invertible ones, or in classical terminology, as single-valued surface trans-
formations, one can interpret the main results in Backlund’s first papers
(Bécklund [12], [13]) as a verification of Lie’s conjecture. Backlund’s results
can be summarized in the following statement: There are no nontrivial
higher-order or infinite-order generalizations of Lie tangent transformations
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if one understands a transformation as an invertible map or as a single-
valued surface transformation acting invariantly in a finite-dimensional space.

Recently, we have realized this search for invertible higher-order tan-
gent transformations with the following notion of a Lie-Béacklund tangent
transformation. Consider the infinite-dimensional space of variables x =
(x',..;2") € R", uw € R, u = {u;, _;.|i1,...,5s = 1,...,n}, s =1,2,...,
and a transformation 7T :

= f(z,u,uqy,...),
u = o(r,u,ua,...),

U(l) = Q,D((E, u, U(l), .. .),

(1.1)

In equation (1.1), the number of arguments of each of the functions f?, ¢ is
a priori arbitrary and may be finite or infinite. The number of equations in
(1.1) is assumed to be infinite. The transformation (1.1) and its extension
to the differentials dz, du, du), ... represent the prolonged transformation
T. Now we introduce the following definition.

Definition 17.1. The transformation T is called a Lie-Béacklund tangent
transformation (co-order tangent transformation) if the oo-order tangency
conditions

du —ujdr! =0, du; —uyda?! =0, ..., (1.2)

are invariant with respect to the action of the prolonged transformation 7.

We refer the interested reader to Anderson and Ibragimov [7] for a more
detailed exposition of the material presented in this section. With this as
a background we now turn to the second direction of development which is
the principal focus of this paper.

8§ 2 Lie’s second question

Lie [110] and Bécklund [14] showed in later papers that one way to realize the
substantive generalization they sought is to consider many-valued surface
transformations. The importance of the existence of such transformations,
was emphasized by Lie in his second question (Lie [108], p. 223).

Lie’s second question: Given a higher-order partial differential equation,
does this equation admit a transformation which is not a first-order tangent
transformation?
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Lie predicted an affirmative answer to this question. Further he recog-
nized that the realization of this possibility would open an important area
of investigation (Lie [110], [111]).

Lie’s analytical treatment of Bianchi’s geometrical construction of a
transformation of surfaces of constant curvature was the example which first
clearly demonstrated the potential inherent in the notion of many-valued
surface transformations. This example also directly leads to what is called
in the literature Backlund transformations and clarifies their structure. We
now proceed to discuss these transformations.

§ 3 Bianchi-Lie transformation

Here we outline Bianchi’s geometrical construction. In three-dimensional
Euclidean space, consider a surface S of constant negative curvature —a%
where the constant a > 0 and another surface S” which is related to S in
the following way. For every point M € S there corresponds a point M’ € S’

such that:
(i) |[MM'| = a, where |[MM'] is the length of the line segment M M’;
if 7, 7/ are tangent planes to S, S" at M, M’ respectively, then
(i) MM e T;
(i) MM’ e 7';
(iv) 7L7".

Bianchi [21] demonstrated that S’ is also a surface of the same constant

curvature —a%.

In order to clarify the analytical structure of this transformation and
investigate the properties of the family of transformed surfaces S’, Lie ex-
pressed Bianchi’s geometrical construction in an equivalent analytical form.

Given a surface S of constant curvature —a% the surface S satisfies the
second-order partial differential equation

(3.1)

where the usual notation p, ¢, r, s, t is employed for the first and second
derivatives. If (X, Y, Z, P, Q) is a surface element of the transformed sur-
face S’ then conditions (i)-(iv) in Bianchi’s construction can be expressed
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in the following form which we call the Bianchi-Lie transformation:
(@ =X+ =Y)+(z-2)" =a,
plx=X)+qly—Y)-(2-2) =0,
Pla-X)+Qy—-Y)-(2-2)=0,
pP+qQ +1=0.

(3.2)

First we observe, that given any surface element (z, vy, 2, p, q) equation (3.2)
gives four relations between the five quantities X, Y, Z, P, ); hence there
is a one-fold infinity of surface elements (X,Y, Z, P, Q) satisfying (3.2).

In order to treat (3.2) as a surface transformation, consider z as a
given function of x, y and regard p, ¢, r, s, t as the usual first and second-
order derivatives of this function. Let S denote the surface described
by the function z = z(x,y). Then, we seek the condition that any ele-
ment (X,Y,Z, P,@Q) obtained by means of (3.2) from a surface element
(z,y, 2,p,q) of the surface S is also a surface element, i.e.,

oP  0Q
The following theorem summarizes Lie’s results for transformation (3.2) of

surfaces of constant curvature.

Theorem 17.1. (Lie [110].) Equation (3.1) admits transformation (3.2)
and
transformation (3.2) is defined only on solutions of (3.1).

According to Theorem 17.1 and the structure of the transformation (3.2)
one can construct by quadratures a family of surfaces of constant curvature
starting from some given one. With this example Lie demonstrated that
many-valued surface transformations can be used in a manner similar to
that in his previous theory of differential equations based on first-order tan-
gent and point transformations. In particular, equation (3.2), regarded as a
transformation, is admitted by the differential equation (3.1) and as a direct
consequence of the definition of invariance one has the property that such a
transformation converts a solution of equation (3.1) into a solution(s) of the
same equation. For a given solution z = z(x,y) of (3.1) the corresponding
transformed family of surfaces is found by quadratures, namely, here as a
solution of a completely integrable system of two first-order partial differ-
ential equations for the unknown function Z(X,Y’), which is obtained from
(3.2) when one substitutes z = z(z,y) into (3.2) and then uses two of these
equations to eliminate the variables x and y. This procedure applied to
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four general equations relating (x,y, z,p,q), (X,Y,Z, P,Q) instead of (3.1)
leads to transformations which are called Backlund transformations in the
literature.

§ 4 Backlund transformations

Bécklund [15] geometrically generalized Bianchi’s result to surfaces S, S’
that are related by a construction which is obtained from Bianchi’s con-
struction by replacing the condition of orthogonality of the two tangent
planes 7, 7" with the condition that the angle between these tangent planes
is fixed.

Darboux [37] completed the geometrical analysis of Bianchi’s construc-
tion by replacing Bianchi’s conditions (ii), (iii) with the conditions that the
line segment M M’ makes fixed angles (not necessarily equal to each other)
with the tangent planes 7, 7/ and retaining Béacklund’s modification. He
classified the cases for which the analog of (3.2) is a surface transforma-
tion. In particular, he recovered Backlund’s generalization of the Bianchi-
Lie transformation as a subcase. Further, although Backlund’s construction
(called in the classical geometrical literature (Darboux [37]; Bianchi [23]) a
Bécklund transformation) geometrically generalized Bianchi’s construction,
analytically it turned out to be only a simple composition of a Bianchi-Lie
transformation and a one-parameter Lie group of dilatations. A nontrivial
analytical generalization of Bianchi-Lie transformation was introduced by
Bécklund [14] who considered two sets of surface elements:

Fi(x>yaz7paqu7KZaP7Q):Oa i:1727374' (41)

A literal repetition of Lie’s considerations and techniques for treating (3.2)
applied to (4.1) leads to what is called in the literature a Backlund trans-
formation (in the analytical sense as contrasted with the prior geometrical
sense) (Clairin [33], Goursat [57], Ames [3]). In particular, we recall that
given equation (3.2), Lie posed and solved the problem of determining the
family of surfaces in (x,y, z)-space such that (3.2) acts on the member of
this family as a surface transformation in the previously described sense.
His result as expressed by Theorem 17.1 is that this family is a family of
surfaces of constant curvature. Now turning to equation (4.1), and fol-
lowing Lie, we see that substituting a given function z = z(x,y) in (4.1),
and using two of the resulting relations to eliminate z, y the two remaining
relationships implied by (4.1) represent an over-determined system of two
first-order partial differential equations in one unknown function which we
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denote as
f(X7 Y? Z7 P7 Q) - 07

o(X,Y,Z,P,Q)=0.

The consistency conditions for this system have the form of partial differ-
ential equations for the function z(z,y) and are stated in their general form
in Bécklund’s paper ([14], p. 311). If z(z, y) satisfies these consistency con-
ditions, then equation (4.1) is considered as a transformation of the surface
z = z(z,y) in (x,y, z)-space into a surface in (X,Y, Z)-space and this latter
surface is given as a solution surface of the system (4.2) now treated as an
integrable system.

Lie’s treatment of Bianchi’s construction when extended to equation
(4.1) leads to the consideration of several subtypes of surface transforma-
tions all christened Backlund transformations in the literature. The variety
of subtypes of these transformations is connected with the possibility of
posing different problems when one treats (4.1) as a surface transformation.
The sources of these possibilities lie principally in applications.

Analyzing what is common to all these subtypes of transformations, one
can define a Backlund transformation as one that is specified by an over-
determined system of first-order differential equations of the form (4.1).
As Goursat [57] has remarked one can generalize this form in many ways,
including increasing the dimension of the underlying space(s), the order of
the surface elements, and the number of relations in (4.1), etc.

We conclude this section with the observation that the Backlund trans-
formations of the form (4.1) can be related to Lie-Béacklund tangent trans-
formations as defined in § 1 in the following way. Here we confine ourselves
to a heuristic argument and without loss of generality we take

X =ux,
Y =y,
P ={1(z,y,2,p,q, %),
Q= ¥a(2,y,2,p, 4, 2),

Now, we suppose that (4.3) is a given Backlund transformation of a family of
surfaces M. Any surface z = z(x, y) in (x, y, z)-space is specified at any fixed
(z,y) in point language by the values of z and its derivatives p, q, r, s, t,...
at (z,y) (Backlund [12]). Now if the surface z = h(z,y) belongs to the fam-
ily M, equations (4.3) can be integrated. Let Z = Z,(x,y) be a particular
solution for a given h, then if we take z = h(z,y) to be an arbitrary ele-
ment of M and specifying any surface by the element (z,vy, z,p, q,r, s, t, ...),
then the solution Zj(z,y) becomes Z = ¢(x,y,2,p,q,r,S$,t,...). This for-
mula when added to (4.3) and extended by differentiation and elimination

(4.2)

(4.3)
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yields a Lie-Bécklund tangent transformation (Definition 1.1).

X=z Y=y,
Z - ¢(x7 y? Z7p7 q’ r? S? t7 A ')7
P:wl(x7y7Z7p7q7¢(x7y7z7p7q7r787t7'"))7 (4’4)

Q = ¢2(w7yazap7q7¢($7y727paQ7r7 $7t7"'))7

This relation between Backlund and Lie-Backlund transformations can
be strengthened within the context of the application of these transforma-
tions to differential equations. (The following results are taken from Fokas
and Anderson [51]). In order to discuss this relation it is more convenient
to return to the notation of Section § 1. Consider a Backlund transforma-
tion which maps an nth-order surface element (z', 22 v,v(1), ..., v(»)) into a
family of nth-order surface elements (z', 2%, u, uy, ..., u(n)). Without loss of
generality, we may take it in the form

u; = V(X U, 0, V(15 - - 5 U(n))s
Ui = Vij (@, 0, 0,00y, - ., V),

(4.5)
Uiy iy = Viy i (T, 0, 0, V(s -« - - 7U(n))7

where i, 7,71, ...,2, = 1,2. Observe that less restrictive Backlund transfor-
mations are obtained if we only require

ur = Y1 (T, u, 0,00y, - ., V), (4.6)

Uy = Yo (T, U, U, V(1), - - -, Un))- (4.7)
Further, observe that if (4.6), (4.7) are admitted by the differential equation

w(@, u, ugy, . ..) =0, (4.8)
when v satisfies the differential equation
Qx,v, vy, ...) =0, (4.9)

then the system (4.6), (4.8), (4.9) implies (4.7) through the process of dif-
ferentiation and elimination. Thus, we conclude that the less restrictive
nth-order Backlund transformation (4.6), (4.7) admitted by (4.8), when v
satisfies (4.9), is determined by (4.6).
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With these observations in hand, it is now possible to establish the
group nature of (4.6), (4.8) which are obtained by augmenting (4.6), (4.7)
of the relations in (4.5) for classes of differential equations. In particular,
for example, if we omit the z-dependence in (4.6) and take (4.8) to be of
the form

uy + F(u, ug, ugg, uge, ...) = 0, (4.10)

and (4.9) to be of the form
’U1—|—G(U,’U2,U22,’0222,...> :O, (411)
then the following necessary condition is valid.

Theorem 17.2. Equation (4.10) admits the Bicklund transformation (4.6),
(4.7) if the system of equations (4.10) and (4.11) admits the operator

0
X = ()t
on the manifold of solutions of (4.8) which are invariant under the action
of X, ie. if
X(u + F>|(4.6),(4.10)7(4.11) =0.
This result generalizes to systems of such equations and to other types of
equations including those with several spatial coordinates.

In this regard one of the interesting open problems is to ”invert” the
above theorem. By this we mean the following: find group theoretical
conditions sufficient for the existence of an equation of the form 4.7 which
is compatible with (4.6) on the solutions of (4.8) and (4.9). This problem has
two aspects: First, to characterize those systems (4.8), (4.9) which admit
Bécklund transformations (4.6), (4.7); Second, if the system (4.8), (4.9)
admits Bécklund transformations to find criteria under which equation (4.6)
can be completed by an equation (4.7) to form a Béacklund transformation
for equations (4.8), (4.9). Observe that this problem is closely related to
the problem of the linearization of a given equation, say (4.8), by means of
a Bécklund or Lie-Backlund transformation. In particular, a linear ansatz
can be taken for the form of (4.9). Finally, we point out that the solution
of this problem would complete the classical considerations of Lie, namely,
given (4.6), (4.7) and (4.8) find the equation(s) such that (4.6), (4.7) is a
Bécklund transformation for equations (4.8) and (4.9).
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ABSTRACT.

The attempt to apply the theory of Lie groups to the case of Lie-Backlund trans-
formations, which are certain tangent transformations of infinite order, leads to
an infinite-dimensional analogue of Lie’s equations. This constitutes the main
difficulty in any attempt to construct an analytic theory of Lie-Backlund trans-
formation groups. In this paper an algebraic solution of this difficulty by means of
power series is suggested. A formal theory which preserves the principal features
of Lie’s theory of tangent transformations is constructed. Some applications of
this theory to the group theoretic study of differential equations in which the use
of Lie-Backlund transformations is essential are considered.

Introduction

A special place in the theory of first-order partial differential equations is
occupied by Lie’s tangent transformations, i.e, transformations of the form

wlZ:fZ(x7u7p)7 ul:(lp(aj’u7p)7 p;:¢l(x’u7p)7 izl""7n7 (1)
preserving the first-order tangency condition

du — pidx’ = 0. (2)
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This is connected with the fact that the tangent transformations act transi-
tively on the set of first-order differential equations: an arbitrary equation
F(z,u,p) = 0 is mapped by a tangent transformation to some first-order
equation, and each solution of the original equation is taken to a solution of
the new equation. Moreover, the group of all tangent transformations has
no invariants, and therefore every first-order equation can be mapped to an
arbitrary first-order equation of the same type by means of some tangent
transformation.

The question naturally arises on possibility of constructing a similar
theory of transformations for differential equations of second and higher
order by considering higher-order tangent transformations or, equivalently,
for systems of first-order equations by considering, instead of (1), first-
order tangent transformations involving several dependent variables. This
question was already posed by Sophus Lie in his fundamental paper [108]
on the theory of tangent transformations and was formulated in the form
of the following two questions:

1.Are there transformations which are not tangent transformations of
the form (1)-(2) and which preserve higher-order tangency conditions?

2. Do partial differential equations of higher order admit transformations
which are not tangent transformations (1)-(2)7

Lie predicted a negative answer to his first question and an affirmative
answer to the second question. The correctness of Lie’s prediction regarding
the first question was confirmed by Bécklund [12]. He showed that every
transformation preserving a tangency condition of any finite order is Lie’s
tangent transformation. Soon afterwards Lie [110] verified that question
2 should have an affirmative answer by giving an analytic formulation of
Bianchi’s well-known geometric construction mapping any surface of a con-
stant negative curvature into a surface of the same curvature. If the basic
differential equation of such a surface is given in the form

0?(2u)
0x 0y

= sin(2u), (3)
then the Bianchi-Lie transformation is given by the following system of
first-order differential equations:

O(u+u)
Ox

O(u — )

o sin(u + u'). (4)

= sin(u — u’),
If equations (4) are compatible for a given function v = u(x,y) and the
function v’ = u'(z,y) solves the system (4), we say that the surface S
defined by the equation u = wu(x,y) is mapped by means of (4) to the
surface S’ given by «' = u/(z,y). As Lie has shown, this transformation is
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defined if and only if S is a surface of constant curvature, i.e. if u = u(x,y)
satisfies (3), in which case the image v’ of w under this transformation is
also a solution of (3). Thus any transformation defined by (4) acts on the
set of solutions of (3), leaving this equation invariant, and is not a tangent
transformation.

Later Backlund [15] generalized Bianchi’s construction and applied Lie’s
results to his generalization, establishing a connection with his own investi-
gations on the consistency of over-determined systems of first-order differ-
ential equations. However, the analytic expression he obtained turned out
to be a rather trivial generalization of the Bianchi-Lie transformation (4).
It has the form

!/ /
O(u+ ) _ lsin(u—u’), d(u —u)

5 - o asin(u + u'). (5)

It is just the superposition of the transformation given by (4) and the one-
parameter group of dilations = +— ax,y +— %y, under which equation (3)
is invariant. Transformations of the form (5) are termed in the literature
as Backlund transformations for equation (3). Similar transformations are
also well known for a series of other nonlinear equations (see, for instance,
[131]).

Bécklund’s theorem on nonexistence of tangent transformations of higher
order does not exclude the possibility of existence of tangent transforma-
tions of infinite order. In fact examples of such transformations have long
been known and occur frequently in the literature, for instance in connec-
tion with the Legendre transformation. In a more general context they have
been studied in the papers of Backlund cited above. He generalizes trans-
formations of the form (1) by considering, instead of f* and ¢, functions
depending also on higher-order derivatives up to certain finite order. The
transformations of derivatives are defined by consecutive differentiation of
the dependent variable u’ with respect to . Derivatives of u’ with respect
to #* of any order contain derivatives of higher order of the original vari-
able u. Therefore, equation (2) is replaced by an infinite set of tangency
conditions of all orders.

Group theoretic approach and Lie’s infinitesimal method simplify the
proof of Bécklund’s theorem considerably, as was shown in [68] for the case
of tangent transformations of second order and in [90] and [91] in the general
case. In [90] and [91] we also studied general tangent transformations of
infinite order and called the Lie-Backlund transformations.

Lie-Bécklund transformations and vector fields related to them (the Lie-
Bdcklund operators) appear, sometimes in an omplicit form, in various prob-
lems as an expression of certain symmetry properties of the problems in
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question (see, e.g. [7], [83], [66], [175], [104], [162], [53]). In particular the
well-known Fock transformations for the hydrogen atom (as well as their
modifications in other similar problems) written in terms of the original
space variables turn out to be Lie-Béacklund transformations. The transfor-
mations (4) and (5) can also be treated as Lie-Bécklund transformations.
A detailed discussion of Bianchi-Lie, Béacklund, and Lie-Backlund trans-
formations, the relationships among them and applications to differential
equations can be found in [7], where also a more detailed bibliography is
given.

An attempt to extend Lie’s theory to Lie-Béacklund transformations with
the goal of their infinitesimal description leads to an infinite-dimensional
analogy of Lie’s equations. The resulting infinite system of first-order or-
dinary differential equations can be reduced to a finite-dimensional system
only in the cases of Lie’s point and Lie tangent transformations (see [90];
one can find an interesting discussion of this question in connection with
conservation laws in E. Noether’s paper [133], § 3). This fact, which is
actually another form of Backlund’s theorem, leads to the considerable dif-
ficulty in constructing an analytic theory of of Lie-Backlund transformation
groups. This difficulty has been overcome in a few special cases (see [83]),
but in the general it appears to be of a fundamental character.

In this paper I propose an algebraic solution of the problem. The crucial
idea is to replace the analytic viewpoint in the study of continuous trans-
formation groups by the method of formal power series. In this way we
succeed in constructing a simple formal theory of groups of Lie-Backlund
transformations, which maintains main features of Lie’s theory of tangent
transformations. (A similar situation is well known in the theory of infinite
Lie pseudogroups; see [105].) We will also discuss applications of the theory
in certain problems of the group analysis of differential equations in which
the use of Lie-Backlund transformations is essential.

8§ 1 Formal one-parameter groups

We consider the algebra of formal power series in one variable with coeffi-
cients in an infinite transcendental extension €2 of the field of real or complex
numbers. An element of this algebra is said to be a formal one-parameter
group if has a special (“group”) property. Using the isomorphism between
) and a field of rational functions with real or complex coefficients, formal
groups can be represented as power series whose coefficients are rational
functions with special properties.

Let Z be the space of sequences z = (z%);>; of variables 2, i =1,2,....



160 N.H. IBRAGIMOV SELECTED WORKS, VOL. 1

We consider a sequence of formal power series in one symbol « :
fi(za) =) Aj(2)a", i=12,. .., (1.1)
k=0

whose coefficients are rational functions* of a finite number of variables 2,
where different coefficients can be functions of different finite sets of these
variables. We assume that

Al(z)=2" i=1,2,..., (1.2)
and denote the coefficients A¢(z) by £'(z),
€'(2) = Aj(2). (1.3)

One can treat (1.1) as a transformation in the space Z taking the se-
quence z = (z');>1 into the sequence 2z’ = (2'");>; of variables

Z=fz,a) i=1,2,.... (1.4)

A linear combination and the product of formal power series of the form
(1.1) are defined by

A (Z A;;a’f) +u (Z B,ia’f> = (M} + uB;)d*
k=0 k=0 k=0

and
() () -3 (3 )
k1=0 ko=0 k=0 ki+ko=k

respectively, and represent new formal power series of the form (1.1). There-
fore one define the superposition of the formal transformations (1.4):

= fI(0) = D ALY,
k=0

which, in general, takes formal power series z’'* in one symbol a into formal
power series 2 in two symbols a,b, etc. The following definition singles
out a special class of formal transformations for which this increase in the
number of symbols does not occur.

* Author’s note to this 2006 edition: The theory can be extended to a more general
space A of differential functions introduced in [85] (Paper 19 in this volume), see also
[86]. Consequently, A (z)in (1.1) as well as invariants F'(z) in § 2, etc. can be differential
functions, i.e. locally analytic functions of any finite number of variables z°.
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Definition 18.1. The sequence f(z,a) = (f%(z,a));>1 of formal power se-
ries (1.1) is called a formal one-parameter group if the coefficients of these
power series obey the conditions

= (k+1D)!

RN A (2)d, i=1,2,...; k=0,1,2,.... (1.5)

=0

Remark 18.1. The formulas (1.5) are equivalent to

fi(f(z,a),b) = f(z,a+b), i=12,.... (1.6)

Indeed, the left-hand sides of (1.6) are equal to

F(f(z0),0) = > A (f(z, )"

and the right-hand sides of (1.6) can be transformed as follows:

fi(z,a+b) = ZA’ )(a + b)* ZAl > lm{; abrof o (1.7)
1 2

k1+ko=

(k1 + ko) = E+D! .
_ZZ l;'kf k1+k2(z)aklbkzzz<z(k'l') Al (2)a )bk.

=0k1= k=0 =0

Hence the equations (1.6) have the form which is equivalent to (1.5).

If the series (1.1) converge then (1.4) defines a usual one-parameter
group of transformations T, : z +— 2/, and the group property (1.6) asserts
that the superposition 7Ty o T}, of the transformations corresponding to the
values a and b of the group parameter is equal to the transformation 7,
corresponding to the sum of these values. In the case of formal series (1.1),
equation (1.6) expresses the identity of the formal series f(f(z,a),b) in two
symbols a, b and the formal series f*(z,a + b) in one symbol ¢ = a + b. The
substitution b = —a in the formal series f(f(z,a),b) in two symbols with
the corresponding decomposition of the expression f*(f(z,a), —a) into for-
mal power series in a leads to a formal power series in one symbol. Moreover,
(1.6) yields the equations

fi(f(z,a),—a)=2" i=1,2,.... (1.8)

Equations (1.8) can be regarded formally as an invertibility of formal trans-
formations (1.4). Furthermore, one can use in the theory of formal one-
parameter groups a change of the group parameter, a — a, obtained by
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replacing @ in (1.1) by the formal power series

o0
a = E )\kdk
k=1

with real coefficients A;. In particular, the substitution a — Aa can be used
to cancel the common constant factor in the coefficients (1.3).
Given a formal power series

f(z,a) = ZAk(Z)ak’

we formally set
AO(Z) = f(zaa)‘azo'
Then equations (1.2) and (1.3) can be symbolically written as

fl(za)| =2 i=12..., (1.2)
£i(z) = W =12 (1.3)

We say that the sequence £(z) = (£%(2));>1 of rational functions in (1.3)
is the tangent vector field of the formal one-parameter group (1.1). The
following theorem extends to formal groups Lie’s theorem on the connec-
tion between local one-parameter transformations groups and their tangent
vector fields.

Theorem 18.1. Any sequence of formal series (1.1) representing a formal
one-parameter group with a tangent vector (1.3") satisfies the differential
equations

daf’ ; ,

da—ﬁ(f), 1=1,2,.... (1.9)
Conversely, for any sequence £(z) = (£'(2));>1 of rational functions £(z2)
there exists one and only one solution of (1.9) given by formal power series
(1.1) and satisfying the initial conditions (1.2"). The solution defines a
formal one-parameter group whose formal tangent vector field coincides
with the given sequence £(z).

Proof. Let a sequence of series (1.1) represent a formal one-parameter
group. By definition of the derivative of a formal power series we have

% = (k+ 1) A4, (2)a",

k=0
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On the other hand, the property (1.5) of formal one-parameter groups yields
g(f)=A Z (k+1) A?cHAZH( z)a*
k=0

and hence, equation (1.9) holds.

Consider now any given sequence £(z). Plugging the series (1.1) into the
differential equations (1.9), we obtain recursive formulas for the coefficients
At These recursive formulas, with initial conditions (1.2), have a unique
solution. Let us show that the solution (1.1) of the problem (1.9), (1.2')
satisfies the conditions (1.5). Consider the following two sequences of formal
series:

o= Azt i=12. (1.10)
k=0
i S . <k+l)! i .
v :Z<ZWAIC+I(Z)@Z b, i=1,2,.... (1.11)
k=0 =0

Since the series f‘(z,a) satisfy equations (1.9) and the initial conditions
(1.2"), the following equations hold:

dv® . . ) )
D= 6), v, = A 0) = fza), i=12

On the other hand, according to (1.7) the series w’ can be rewritten as

=> A()a+d)k, i=12. ... (1.12)
k=0
Hence Jw
w’ ;
dasp) & W)

Furthermore, the representation of w® by (1.11) yields that

dw' & (k+1+1)
T Z (Z T At (2 )al> b,
k=0 \ =0 o

and their representation by (1.12), upon using transformations of the form
(1.7), yields

i

= (k+ DAL (2)(a+ D)
k=0
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N k+1)! = (k+1+ 1),
- ZAIH-I(Z) Z (k1| ;{;21) atbt = Z (Z ( kN : Ak+l+1(z)al> b
par L iy H!

k1+ka=k k=0 \1=0
Therefore A .
dw'  dw'
db d(a+b)

and hence the sequence of formal series (1.11) satisfies the system of differ-
ential equations

db
From (1.11) we also have

wi‘bzo = ZA}'(Z)CLZ = f'(z,a).
1=0

Thus, the formal power series (1.10) and (1.11) satisfy (with respect to
the symbol b) the same system of differential equations of type (1.9) and
the same initial conditions. Hence, by the uniqueness of the solution of the
problem (1.9), ((1.2)), the series (1.10) and (1.11) coincide. It follows that
the solution of (1.9), ((1.2)) satisfies (1.5). Finally, the fact that the tangent
vector field of the formal one-parameter group thus obtained coincides with
the original sequence £(z) follows immediately from the recursive formulas.

§ 2 Invariants and invariant manifolds

The action of the formal transformations (1.4) can be extended to rational
functions F'(z) in an arbitrary finite number of variables z’ by the formula
F(z) — F(%'). Here F(2') is a formal power series in a. Let

F(z') =) Bi(z)a".

The coefficients of this series are rational functions and can be expressed in
terms of F(z) and the coefficients of the series (1.1). In particular, in view
of equations (1.2) and (1.3),

Bie) = F(2), Bl =€),
Hence oF
F(Z) = F(2) + a&'(2) oF(z) +a’Fi(z,a), (2.1)

07'
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where Fi(z,a) is also a formal power series of type (1.1). Using the conve-
nient symbolic notation introduced above, we therefore obtain

F()|_, = F(2), (2.2)
dF(2') . OF(2)
da la=0 (2) oz (23)

The function F(z) is said to be an invariant of the formal transforma-
tions (1.4) if F(2') = F(2).

Theorem 18.2. The rational function F(z) is an invariant of the one-
parameter group of transformations (1.4) if and only if

£i(2) agz(f ) o (2.4)

Proof. The validity of condition (2.4) for the invariant F'(z) is insured by
(2.3). Now let F'(z) be an arbitrary rational function satisfying (2.4). Since
(2.4) is an algebraic identity, we also have

OF(Z)

£(2) F =0 (2.5)

Furthermore, since

dF(2') _OF(z') df'(z,a)

da 02" da
equations (1.9) yield
dF (2" - OF(2))
=& Sy 2.
&) eI (2:6)

Equations (2.5) and 2.6) show that the formal series F'(2’) satisfies the
differential equation
dF (%)
da

Since the solution of equation (2.7) with the initial condition (2.2) is uniquely
determined, we conclude that F'(z’) = F(z) thus proving the theorem.

Likewise one can prove the formal version of the infinitesimal test for
the invariance of manifolds. Let us consider a manifold M C Z given by a
system of equations

V() =2 +,(2) =0, v=1,...,p, (2.8)

where ¢, (Z) are rational functions, z = (z%,...,2%, ), the i, are natural
numbers, and p < oo. The manifold M is said to be invariant under the
formal transformations (1.4) if for each solution z = (z');>; of (2.8) the
image 2’ = (f%(z,a));>1 of z under the transformation also satisfies (2.8).

= 0. (2.7)
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Theorem 18.3. The manifold M given by the system of equations (2.8) is
invariant under the formal one-parameter group of transformations (1.4) if
and only if the following equations hold for for each z € M :

0, (2)
0zt

£'(z) =0, v=1,...,p (2.9)
Proof. If the manifold M is invariant, then the equations ,(z) = 0 and
1, (2") = 0 are satisfied for every point z € M and for each v = 1,...,p.
Therefore the decomposition of each series ¢, (z) according to (2.1), namely,

P (2) =, (2) + afi(z)a%z(.z) + a*P,1(z, a),

provides equation (2.9).

Let us assume now that manifold M satisfies (2.9). Consider an arbitrary
point 2z = (2*);>1 in M and its image 2’ = (f(z,a));>1. According to (2.6),
(2.2) and (2.8), the formal series v, (2’) satisfy the system of equations

dip, (2') Iy ()

T =£(7) G V= 1,...,p, (2.10)
and the initial conditions
U(2)] _, =0, v=1,....p. (2.11)

Since 1, (%') and the right-hand sides of (2.10) are rational functions in 2/,
the solution of problem (2.10), (2.11) in the form of formal power series in
a is defined by the recursive formulas and is unique. Note that according
to (2.9) the right-hand sides of (2.10) are zero if ¢, (') =0, v = 1,...,p.
Therefore the identically vanishing series v, (z) satisfy the conditions (2.10)
and (2.11). Hence, the unique solution of our problem is given by ,(z') =
0, v =1,...,p. Therefore the image z’ of an arbitrary point z € M satisfies
equations (2.8), i.e. 2’ € M.

§ 3 The tangent structure

Let Z be a trivial bundle

Z =R"XYV,
where the fiber V' = Y V* is a graded vector space with finite-dimensional
s>0
homogeneous components V* s =0,1,2,.... The elements of V are defined

[e%
21...25"

by their homogeneous coordinates u®, wu where u® are coordinates of
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homogeneous elements of degree 0 and uf ; are coordinates of homoge-
neous elements of degree s > 1. All indices range over positive integers:
a=1,..,m; i1,...,is = 1,...,n. The quantities uf, , with s > 2 are sym-
metric with respect to the subscripts.

The elements of the space V will also be written in the abbreviated form
w=(u',..,u™), ue = (u@ _; lo=1,...,m; iy,...,is = 1,...,n). Sometimes,
for the sake of uniformity of notation we shall write u() for u. Elements
of V' will be denoted by y, where y = (u, uq), w),...). For z € Z we shall
write z = (z,y) = (2, ¥, uq), w@),...), where x = (z',...,2") € R™.

The linear transformation D; : V' — V (1 <i < n) defined by

s

D;(u®) = ug,

Di(u ) = u s=1,2,...,

11...05 111 ...05)

satisfies the condition D;(V*) C V*t! for all s > 0. Hence it is an endomor-
phism of degree 1. The endomorphism D; can be formally written as the
differential operator

0 0 0
_ (o 0% a ...
Di - ui aua + uiil au?l + uiiliz au?lm +
acting on arbitrary rational functions in the variables u, u(y, we),.... In

particular, one can apply it to the elements y € V' since the representation
Y = > u(s), and hence the expression D;(y) are finite sums.

If we deal with functions depending on z = (z,y), we extend the operator
D; by means of partial differentiation with respect to the variable x?. The
result is the operator of total differentiation with respect to z¢. It is also
denoted by D; and has the form

0 0 0 N 0

~ Oxt L Oue i oug: T i oug;, L

Let T(Z) be the tangent bundle of the space Z. The elements of the
tangent space

Z,= R xV,
of Z at the point z = (z,y) will be denoted by dz = (dz, dy), where dz € R}
and dy € V,. It is convenient to identify Z, with another copy of the space
Z. Let V;/ (s =0,1,2,...) be the homogeneous components of the space V,
where the grading of V), is that inherited by identifying V,, with V. Elements
dy in V,, will be written in the form

dy = (du, duq)y, dug,...),

where

du = (du,...,du™) € V;/O,
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dU(S) = (duq

Coada=1. om0y, i, =1,...,n) € vy
are the homogeneous elements of degree 0 and s > 1, respectively.

Let us take in each spaces V; (s = 0,1,2,...) the subspace generated
by elements of the form

du® = ufdz’, dug, ; = UZI,,,isdl’i>

where dx’ are the coordinates of the elements dz € R”. We thereby arrive
at a subbundle of the tangent bundle 7'(Z) which is a vector bundle over Z
and has the dimension an n, i.e. has n-dimensional fibers. This subbundle
is called the tangent structure of the infinite order and is denoted by the
symbol Z7. Thus the tangent structure Z7 is given by the equations

du® — ufdz' = 0,

du® . —u® o dx'=0, s=1,2,... (3.1)

11...0s 111...05

(a=1,....,m; i1,...,is=1,...,n).

§ 4 The Lie-Backlund transformations

Let F' be a vector bundle over a space B, and G a Lie group. F' is said to
be a vector G-bundle over the G-space B if

1) G acts continuously on the spaces F' and B,

2) the projection P : F — B is equivariant with respect to the actions
of G on the spaces F' and B (P commutes with the actions of G, i.e. Pg =
gP, g €G),

3) for an arbitrary point b € B every element g € G defines a linear
transformation of the fiber Fy, over b onto the fiber Fy over g(b).

For a local (and therefore also formal) Lie group G the corresponding
notion is defined in the obvious way.

We now consider a formal one-parameter group G of transformations

l’li — fi(Z,CL),
ula — g004(2761)’ (41>
u;?le = g...is <Z7 a); s = ]., 2, RN

aCting in the space Z = R"xV of sequences z = (LL', Uy U(1), U2)y - - )

«

According to § 1, each of the functions f'(z,a), ¢*(z,a) and ¥ ; (z,a) is
a formal power series in a with coefficients in the field of rational functions in
variables x, u, w1y, U2, . ... The tangent bundle T'(Z) is a vector G-bundle
over the G-space Z if the action of GG is extended to elements of the tangent
space by the formulas
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afi

) 8}” ) af
no__ j B B
dx = 5 dz’ + 85d au?aluj—i—...,
a(pa ] 8¢a 5 a(pa 8
o __
J
0 -0 oS .
due = O da’ + Vir. S lhebs By TRt By e = 1,2,
teets x] ﬂ 8’&6 J

J

The right-hand sides of (4.2) contain only a finite number of nonzero
summands and are formal power series in a with coefficients in the field of
rational functions in variables

T, Uy, U), U2)y--- ,dw, du, dU(l), dU(g)
Therefore the transformations (4.2) are of the same kind as (4.1).

Definition 18.2. The formal transformation (4.1) is called a Lie-Bdcklund
transformation if the manifold defined by equations (3.1) is invariant under
the transformations (4.1), (4.2).

Remark 18.2. Let G be a formal one-parameter group of Lie-Béacklund
transformations. In view of the invariance of equations (3.1) under the
transformations (4.1), (4.2) the action of G can be extended to the tan-
gent structure Z7. Then Z7 becomes a vector G-bundle over the G-space
Z. This property is a characteristic attribute of Lie-Backlund transforma-
tion groups and permits an obvious geometric generalization. Let F be
an infinite-dimensional vector bundle, locally given as the trivial bundle
Z of § 3, and let F'T be the corresponding tangent structure, i.e. the n-
dimensional subbundle of the tangent bundle T'(F') locally given by the
procedure described in § 3. The Lie group G acting on F' is called the
group of Lie-Bécklund transformations if F'7 is a vector G-bundle over the
G-space F' with respect to the action of the group G on FT induced by the
action of G on the tangent bundle T'(F).

Consider a formal one-parameter group G of transformations (4.1). The
tangent vector field of this group will be written in the form

E = (527 17(17 'ﬁy iolézéa c ')7 (43)
where, according to (1.3),
- dft dp® d
§'= i , ot = & ) Cioi...zs - d}“ = s=12,.... (4'4)

da la=0 da la=0 da la=0’
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We now examine the action (4.1), (4.2) of the group G on the tangent
bundle T'(Z). The tangent vector field of the extended action (4.1), (4.2) of
G can be written in the form

==(5, &, 0% ¢ L, ). (4.5)

717 D112

Its coordinates é’, ne, appearing in addition to the coordinates of

(4.3), are defined by

«
i1y e

Fi d(dx’i) o d(du') é—'a o d(duﬁzé)
 da le=0  da  la=o  Cuets da a=0

In view of (4.2) and (4.4) they are equal to

NS g 23
7 d ] d ﬁ d
§' = O 8@3 U 8% uj + -
~ 877 8’)7 817 ﬁ
(03 d ] d d
. oce . 9ce ag.a .
@ — _2U-ls J 11...%s B 11...05 ﬁ
i1...0s O dx’ + Jub du” + —auﬁ CZ’LLJ 4+ ...

J

To each vector field (4.3) there corresponds, according to Theorem 18.1,
a formal one-parameter group of transformations of the form (4.1). The fol-
lowing theorem (see [90] and [91]) identifies those vector fields (4.3) to which
correspond groups of Lie-Backlund transformations, and thereby gives an
infinitesimal characterization of Lie-Béacklund transformations.

Theorem 18.4. A formal one-parameter group G of transformations (4.1)
is a group of Lie-Bécklund transformations if and only if the tangent vector
field (4.3) of G satisfies the conditions

¢ =Dy Dy (" —Eud) + &, ., s=12,.... (4.7)

i1...05s

Proof. According to Theorem 18.3, the manifold (3.1) is invariant under
the transformations (4.1), (4.2) if and only if the equations
7" — ' — G’ =0,
ST A e Gy ldx =0, s=12,...,

01...05 01 ...0s

(4.8)

hold for all points (z,dz) € Z. We derive (4.7) from (4.8) by substitution of
(4.6) in (4.8) with the subsequent replacement of du® and dug ; by uda’

and u$; ,; da', respectively, in accordance with (3.1).
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According to Theorem 18.4, the vector field (4.3) of a group of Lie-
Béacklund transformations is completely determined by its coordinates £ =
(€Y...,&" and n = (n',...,n™). Furthermore, the coordinates £ and 7
can be arbitrary rational functions. The remaining coordinates (7, (7, - .
of the vector field (4.3) are defined by (4.7). Keeping this fact in mind
and adopting the standard way of treating vector fields as differential, or

infinitesimal, operators

0
ous .’

11...0s

16 « a «
X—éﬁ‘i‘ﬁ %4';@;1...15

we can now write the tangent vector fields of groups of Lie-Backlund trans-
formations in the abbreviated form

- 0 0
X - Z—, @ e 49
Eam T+ (4.9)
and call them Lie-Bdacklund operators.
The operator
A ) . 0
X.=&D;, =€, + &ud +..., (4.10)

*Oxt 7 Oy

where & = €i(z2) (i = 1,...,n) are arbitrary rational functions, is a Lie-
Bicklund operator. Indeed, the expressions n® —&7 ug for the operator (4.10)
are identically zero, and it is evident that the conditions (4.7) are satisfied.
The commutator

X, X] = X,X — XX,
of the vector fields (4.9) and (4.10) equals

[X., X] = (X&) — X (&) D, (4.11)

*

so that the operators of the form (4.10) generate an ideal in the Lie algebra
of Lie-Bécklund operators (4.9). Therefore, considering the corresponding
quotient algebra, we can write the Lie-Backlund operators in the form

0
X=n ou®

Then the prolongation formulas (4.7) become

T (4.12)

Ca = DZ'1 e Dis (na). (413)

11...05

Thus, there exists an equivalence relation on the set of Lie-Backlund oper-
ators:
XNX, lf X_X/:X*;
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where X, has the form (4.10) with some coefficients £!(z). In particular it
follows from (4.11) that the operator (4.12), assuming conditions (4.13),
commutes with the total differentiations D;. Conversely, commutativity of
the vector field (4.3) (with £ = 0) with the differentiations D; yields (4.13)
(see [54]), and hence can be used for definition of Lie-Bécklund transforma-
tions.

The transition from (4.9) to the equivalent Lie-Béacklund operators of
the form (4.12) is convenient in many problems. In some cases it can lead,
however, to a loss of geometric clearness. For example the infinitesimal
operator

0

~ Ox
of a point transformations group, namely, the group of translations ' = z°+
a in the variable x?, after transition to the equivalent form (4.12) becomes

0
X =uf——+....
L oud *

The formal transformations corresponding to the latter operator will be pre-
sented in Example 18.1 at the end of this section. It is desirable, therefore,
to distinguish among all Lie-Bécklund operators of the form (4.9) those to
which there correspond groups of point transformations or, in the case of
one dependent variable u (i.e. m = 1), Lie tangent transformations.

As regards point transformations, this problem is easy to solve: the
vector fields (4.9) which are equivalent to infinitesimal operators of groups
of point transformations are characterized by the relations

gi - gl(xa u) + gi(z)v 77a - Ua(1?7 u) + Eli(xv u) + 51(2)]1/“? (414>

with arbitrary functions £ (x,u), £"(z,u), n%(z,u), and £%(z).
Tangent transformations (1) generate a broader class of equivalent Lie-
Backlund operators. It is characterized by the following theorem.

Theorem 18.5. When m = 1 the Lie-Bécklund operators of the form (4.9)
are equivalent to infinitesimal operators of one-parameter groups of Lie
tangent transformations if and only if

Proof. The infinitesimal operators of groups of Lie tangent transformations
have the form (see [108])

WD (oW 0w oy o
Ou; 0x' Ui ou; oxt i ou ) Ou;’

Y = (4.16)

(9u+
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where W = W(x,u,un)) can be an arbitrary function. Therefore it is
sufficient to show that an arbitrary Lie-Backlund operator of the form

- 0
X =&(w,u,uny) 5= + 1z, u,up)) (4.17)

oxt
is equivalent to an operator (4.16) with some function W in variables
x, u, ugpy. For such a function one can take W = n — &'u;, where £ and
n are the coefficients of the operator (4.17) under consideration. Indeed,
one can easily verify that

X-Y= (§i+6W) D,
(9ui

for the indicated choice of W.
Let us consider now several examples taking for simplicity n = m = 1.
In this case we will write u, for u).

Example 18.1. 1. Let the Lie-Bécklund operator (4.12) have the coeffi-
cient n = wy. For the construction of the corresponding formal transfor-
mations (4.1) it is necessary to solve equations (1.9). In our case, these
equations, invoking (4.13), are written:

du/ ,dul

S
- = ul 2
da " da

The initial conditions (1.2’) have the form

/!
=Ug, S=1,2,....

/ /
u‘azozu’ us|a:0:usa s=1,2,....

In order to solve the problem it suffices to find a formal power series
u = ZAk(u, Ui, g, ...)a", Ay =u,
k=0

satisfying the equation

du’
— =D 4.1
W~ D), (4.18)

where, in accordance with § 3, the differentiation D is written

> 0
D = Ugqp] —-
; +18u5

The variable x is not subjected to any transformation (z’ = z), and the
transformed values u),u),... of uy, us,... are obtained, according to the
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definition of Lie-Backlund transformations, by differentiation of the series
', le.

uy, = D), uh=D*1),....
Substitution of the series v’ in (4.18) yields the recursive formula

(k+1)Apy1 = D(Ap),

whence, using the initial condition Ay = u, one can determine uniquely the
coefficients of the desired series u’. Thus the operator

0
X =y —
u13u+

which, as we remarked above, is equivalent to the infinitesimal operator of
the group of translations T = x + a, generates the following formal one-
parameter group of Lie-Backlund transformations:

i% i“’”s Eoos=1,2,.... (4.19)
k=0

k=0

Example 18.2. As the second example we take the Lie-Backlund operator

X T

= U,—
P ou

where p is an arbitrary natural number. Now, instead of (4.18), wee have
the equation

du’
— = DP(d)).
70 ()
Substitution of v’ = 7, ., Aga® in this equation provides the following

recursive formula
(l{ -+ 1)Ak+1 = Dp(Ak), AO = Uu.

Hence the Lie-Backlund group is given by the formal transformations

[ee]

oo
p Upk+s g .
Zk— ) T s=1,2,.... (4.20)
k=0 k=0

It is not difficult to clarify when (4.20) defines a usual one-parameter
group of transformations, i.e. the corresponding series converge. If the series
v’ in (4.20) converges in a disk |a|] < 7, then the sequence (u, u1, usg, ...)
satisfies the inequalities

lupk] < Ck'7* k=0,1,2,...; C = const.. (4.21)
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The conditions (4.21) imply that it is possible to apply the transforma-
tions (4.20) repeatedly since the sequence (v, u}, u,...) obtained after the
transformation again satisfies inequalities of the type (4.21). Indeed, for
la| < r, using (4.20) and (4.21), we obtain

> al* = (k+s)! ak_s _Sook+s!
|u;S|§Z%\up(k+s)|§CZ< k!) <|T_\) Pt =Cr Z( - ) g

k=0 k=0 k=0
_ —s a o k+s —s a R k —s a ’ 1
=Cr (%) ot =cr (ab) d vh=cr (ab) —
k=0 k=0
_ s! r _ _
=Cr° =C st(r—la])™ < Cislri®, s=0,1,2,....

=0+ = =Tl

If we apply Lie-Bécklund transformations to functions u = u(z) with u; =
dz(;), 9 = di;;g””), ..., the above inequalities show that the transformations
(4.20) act as an ordinary one-parameter group of transformations in the class
of entire functions defined by the conditions (4.21). The indicated class of
functions coincides with the class of all analytic functions in the case p = 1
in agreement with the possibility of interpreting the formal transformations

(4.19) as point transformations.

Example 18.3. Consider the operator X = u%a% + -+ The correspond-
ing formal group of Lie-Backlund transformations is given by the recursive
formula (k + 1)Ags1 = >, D(Ai) - D(4;), Ao = u. In accordance with
Theorem 18.5 the Lie-Backlund operator under consideration is equivalent
to the infinitesimal operator Y = —2u1% —u%% of the one-parameter group
of tangent transformations

v = —2uwa, u=u-—uja, u,=u.

§ 5 A few applications

It is a well-known phenomenon in group analysis of differential equations
(see [144]) that the standard reduction of a differential equation of higher or-
der to an equivalent system of first-order differential equations can substan-
tially change the group properties of the original equation. The reason for
this effect is obviously based on the fact that the transformation of the orig-
inal equation into a first-order system is not a point transformation, while
one requires that the group admitted by the original equation should be rep-
resented by point transformations. However, this explanation is incomplete.
It remains unclear how new symmetries not inherent to the original equation
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arise and in what these symmetries pass to under the inverse transforma-
tion. A natural answer to these questions is supplied if we consider, instead
of point transformations, a wider class of Lie-Backlund transformations.
This is due to the fact that the transformation of higher-order differential
equations to equivalent systems of first-order equations belongs precisely
to the class of Lie-Backlund transformations. In consequence, some point
transformations admitted by the equations in question may become, after
the transformation into the equivalent system, Lie-Béacklund transforma-
tions admitted by the transformed systems, and vice versa. This explains
the illusion of appearance or disappearance of some types of symmetries
which occurs when one restricts oneself to groups of point transformations.
The following simple example illustrates this phenomenon.
The second-order equation

d*u

ke 0 (5.1)
is invariant under an 8-parameter group which is the maximal group of
point transformations for this equation. The equivalent system of first-order
equations

dut 5, du?
=2, =0 5.2
dx dx (52)
admits an infinite group of point transformations generated by the operators
0 0
X, =¢— P 5.3
g@x Su ou! (53)
X = (g + ) g (5.4
oul ou?’ '
where & = £(z, ut, v?), g = g(ut — xu?, u?) and h = h(u! — zu?, u?) are
arbitrary functions of their arguments. The transformation u! — u, u? —
uiy = % connecting the system (4.2) with equation (5.1), converts the

operator (5.3), extended to the derivatives u' and w2, into the trivial Lie-
Bécklund operator of type (4.10). The resulting operator is obviously admit-
ted by equation (5.1) since every operator of the form (4.10) is admitted by
any differential equation. Furthermore, the above transformation converts
(5.4) into the Lie-Bécklund operator

0
X = [ug(u — ZU(1), U(l)) + h(u — TU(1), U(l))]a + ..., (55)
which, as is easily verified, also is admitted by equation (5.1). Among the
operators of the form (5.5) there are, in particular, all infinitesimal opera-

tors of point transformations admitted by equation (5.1). Furthermore, one
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can show that the operators of the form (5.5) exhaust the class of nontrivial
Lie-Bécklund operators admitted by (5.1). On the other hand, although
not every operator of type (5.5) is the infinitesimal operator of a group of
Lie tangent transformations, every operator (5.5) is in fact, according to
Theorem 18.5, equivalent to an infinitesimal operator of Lie tangent trans-
formations. Therefore we can conclude that the appearance of additional
symmetries resulting from replacing (5.1) by the equivalent system of first-
order differential equations (5.2) is connected with existence of an infinite
group of Lie tangent transformations admitted by equation (5.1).

The invariance of the group property of differential equations under
equivalence transformations opens new possibilities for using group theo-
retic considerations in the study of linearization of partial differential equa-
tions. In the case of equations which can be linearized by an ordinary
change of variables (i.e. by means of point transformation) the situation
is clear; this is only possible in the case when the equation under consid-
eration admits an infinite group of point transformations where the degree
of infinity of the group is defined by the size of the set of solutions of the
original equation. However, many methods of linearization occur in practice
which are not given by point transformations and which therefore cannot
be treated a priori by group theoretic methods when one restricts oneself
to groups of point transformations. One can take, for example, the famous
Hopf transformation

Uy
u = _27 . (5.6)
It linearizes Burger’s equation
Up + Uy — Uy = 0, (5.7)
taking it into the heat equation
Up — Vgg = 0. (5.8)

The group properties of these equations are well known. Equation (5.7)
is invariant under the 5-parameter group of point transformations specific
in one-dimensional gas dynamics for the special gas with the polytropic
index v = 3, whereas equation (5.8), being linear and homogeneous, admits
dilations of v and the infinite group of point transformations generated by
the operator

0
X =h(t,r)— 5.9
(t) 2 (5.9
where h(t,z) is an arbitrary solution of (5.8). Furthermore, the transfor-
mation (5.6) takes the above-mentioned 5-parameter group for Burger’s
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equation into a group admitted by (5.8) preserving its pointwise charac-
ter. This difference in the group properties makes obvious the impossibility
of linearizing (5.7) by point transformations and, in particular, of com-
paring these two equations without the use of nonpoint transformations.
The use of Lie-Béacklund transformations allows one to extend group theo-
retic considerations to certain types of linearization by means of non-point
transformations. The transformation (5.6) maps the operator (5.9) into the
Lie-Backlund operator

X = (hu+2hx)e"°/2g+--- , Pz = (5.10)
ou

admitted by equation (5.7) for an arbitrary function h(t, z) satisfying (5.8).
The existence of such an infinite group of Lie-Backlund transformations
serves as the group theoretic foundation of the linearization of Burger’s
equation. However, it should be pointed out that, because of its depen-
dence on the potential ¢, the operator (5.10) has a nonlocal character not
envisioned above. But it is possible to avoid this difficulty by noting that
(hipy + 2hy)e?!? = 2(he?/?), and rewriting (5.7) in terms of the potential.
Substituting u = ¢, in (5.7) and integrating it once, we obtain, taking into
account non-uniqueness of the choice of ¢, the equivalent equation

1
1+ =02 — pe = 0. (5.11)

2
Then we obtain, instead of (5.10), the operator X = h(t, x)e“D/Q% generat-
ing an infinite group of point transformations admitted by (5.11). There-
fore, it is clear from the group theoretic viewpoint that equation (5.11) is
linearizable. Since the Hopf transformation is now the point transformation

v=e? =2y (5.12)
connecting the equations (5.8) and (5.11), these two equations admit similar
groups of point transformations.

Another widely known example is provided by the equation for station-
ary transonic motion of gas:

PpPaz + Pyy = 0. (5.13)

It can be linearized by the hodograph method. A discussion of the group
theoretic aspects of this method can be found in [138] and [24]. In this
connection we should point out that it is not possible to decide on the
basis of the invariance properties of equation (5.13) under the group of
point transformations whether or not it is possible to linearize this equation,
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since the latter only admits a 6-parameter group. However a possibility of
linearization can be easily seen on the basis of invariance properties of (5.13)
under a group of Lie-Backlund transformations. Taking a Lie-Béacklund
operator (4.12) of the special type

0
X = ®(p,, — 4+ 5.14
(e 05 (514
one obtains, as condition for the invariance of equation (5.13) under the
formal one-parameter group with tangent vector (5.14), the second-order
linear equation

Dy + udyy = 0, (5.15)

where u = ¢,, v = ¢,. The existence of this infinite group of Lie-Backlund
transformations not only hints the possibility of linearizing (5.13) but also
realizes this possibility by means of (5.15). Since Theorem 18.5 is applicable
to the operator (5.14), one can also realize the linearization by means of
tangent transformations, which is well known in mechanics. After we carry
out the equivalence transformation indicated in Theorem 18.5 the operator
(5.14) takes the form of the infinitesimal operator

0 + (IDUQ + (u®y, + 0P, — (IJ)i

X=0o,—
“Ox oy Op

of the following group of tangent transformations:
¥ =x+ad,, vy =y+ad,,

o' =+ aud, +vd, — D),
uW=u, v =u

where, as above, we employ the abbreviations u = ¢, and v = ¢,.

Let us make a few remarks on a question connected with the use of
Lie-Bécklund transformations in the search for conservation laws. Let a
given system of differential equations S admit a group G of Lie-Béacklund
transformations. As in the case of groups of point transformations, every
transformation of G takes an arbitrary solution of S into another solu-
tion. Hence we have an action of GG on the set of conservation laws of the
differential equations being considered. Therefore, starting with a certain
conservation law one can obtain new conservation laws by applying the Lie-
Backlund transformations to the given conservation law. New conservation
laws, generally speaking, can form together with the original conservation
law a linearly independent system. It is therefore natural to pose the prob-
lem of finding a basis (specifically, a G-basis) of conservation laws, i.e. a
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minimal set of conservation laws from which one can obtain all others by
means of transformations of the group G and linear combinations. It would
be desirable in this context to find out whether or not there exists a finite
basis of conservation laws for each system of differential equations when we
choose G to be the group of all Lie-Backlund transformations admitted by
the system S, or a sufficiently large subgroup of G.

The method of constructing a basis of conservation laws is illustrated
here by means of the equations of gas dynamics,

1
vt+(v-V)v+;Vp:O,

pe+v-Vp+pdive =0, (5.16)
pr+v-Vp+ypdive =0,

with the special value of the polytropic index v = (n + 2)/n, where n < 3
is the number of coordinates of the spatial variable z = (z',...,2"). It is
known (see [138]) that in this case the group admitted by the system (5.16)
is larger compare to the group admitted by gasdynamic equations with an
arbitrary . Namely, the group is extended the one-parameter group with

the infinitesimal operator

. 0 0
+ (2" —tv")=— — (n+ 2)tp

0 -0
__ 42 7 i : - .
X =t +tx i ntp

ot ox’

(5.17)

The result of this extension of the group of symmetries is a larger number
of conservation laws in gas dynamics. This was shown in [80] by means of
E. Noether’s theorem, and in [171] by a direct construction of conservation
laws. Namely, the laws of conservation of mass m, energy E, momentum
P, angular momentum M and the law of the motion of the center of mass
C given by

% pdw = 07 <m>
Q(t)
4 / —p[’u|2—i-L dw = — /pv vdS (E)
dt 2 v—1 ’
Q(t) S(t)
d
7 pvdw = — /pl/dS, (P)
Q) S(t)
d
pr ple X v)dw = — /p(zc X v)dS, (M)
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and

p(tv — x)dw = — / tpvdS, (C)
Q(t) S(t)

dt

respectively, hold in the case of arbitrary . If v = (n+2)/n, there exist the
following two conservation laws specific to this for the case v = (n +2)/n :

% [t(p|v|* + np) — px - v]dw = — / p(2tv — x) - vdS, (5.18)

Q(t) 5(t)

% /[tz(p\v|2 +np) — px - (2tv — x)]dw = — / 2tp(tv — x) - vdS, (5.19)

Q(t) S(t)

We employ here the integral form of conservation laws commonly used in
fluid dynamics and the following notation: €)(¢) is an arbitrary n-dimensional
domain, moving together with the gas, S(t) is the boundary of Q(¢) and v
is the outer unit normal to S(t).

We now provide a basis of the conservation laws (refotm - (5.19) with
respect to the well-known (see [138]) group G of point transformations ad-
mitted by equations (5.16). In the calculations it is convenient to represent
the group G by Lie-Backlund transformations rewriting the corresponding
infinitesimal operators of the group G in the equivalent form (4.12). Then,
evidently, a conservation law for (5.16) will go over under the action of
the corresponding operator of type (4.12) into a conservation law. In what
follows, for convenience we will write the expressions for the conserved den-
sities (i.e. the integrands on the left-hand sides of the conservation laws
given above) up to inessential divergent summands. To illustrate the char-
acteristic features of these computations let us consider the operator (5.17).
The equivalent form (4.12) of this operator is

Y = (t*%} +tx - Vo' + tv' — 2') —
ot 5.20
9 B (5.20)
+t(tpt+az-Vp+(n+2)p)8—p+t(tpt+az-Vp+np)8—p-

Under the action of the operator (5.20) the law of conservation of energy
becomes the special conservation law (5.18). Indeed, using (5.16) we obtain

Y (plv|* +np) = [v*[t*p; + div (tp)]

+n[t*p; + 2tp + div (tpx)] + 2pv - [tPv; + t(z - V)v + tv — 2]
= 2[t(plv]* +np) — px - v] + div [t(p|v|* + np)(z — tv) — 2t°p].
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Likewise on can show that the conservation law (5.19) is obtained from
(5.18) by the action of the operator (5.20). Moreover, using the Galilean
transformations one can perform the following transformations of conserva-

tion laws:
Er—P, P+—m, M+—C.

Furthermore, by using rotations, one can map any one of the components of
the angular momentum M (see equation (M)), e.g M3, to its other compo-
nents. The two remaining conserved quantities, namely the energy E and
the component M3 of the angular momentum, cannot be transformed into
one another by the action of G. Thus we arrive at the following statement.

The conservation of energy E and Mz provide a basis of conservation
laws for the equations of gas dynamics.

Institute of Hydrodynamics Received 10 August 1978
Siberian Branch

Academy of Sciences of the USSR

Translated by Ben Seifert
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Sur I’équivalence des équations
d’évolution, qui admettent une
algebre de Lie-Backlund infinie

Note de Nail H. Ibragimov, présentée par André Lichnerowicz*.

C.R. Acad. Sci. Paris, Sér. I, 293, 1981, pp. 657-660.
Paper [85] reprinted with permission from C.R. Acad. Sci. Paris.

Le but de cette Note est de montrer comment on peut construire des trans-
formations d’équivalence (réalisées par des transformations de Lie-Bécklund [91])
pour des équations d’évolution, qui admettent une algebre infinie. En partic-
ulier, on établit que les équations u; = u? Uz, (OU 2 = (z‘l/Q)xm, 2 =u"?)
et vy = vyyy + vVUy, considérées usuellement comme des équations “intégrables”
différentes, sont équivalentes.

The aim of this Note is to show how one can construct equivalence trans-
formations (using Lie-Bécklund transformations [91]) for evolution equations,
which allow an infinite algebra. In particular it is established that the equa-
Surxxr (or z = (2_1/2);”96, z=u"?%) and v; = Uyyy + VU, usually

considered as different “integrable” equations, are equivalent.

tions u; = u

§ 1 Algebres Ap et Lp

Soit x une variable indépendante, D une dérivation, u une indéterminée
différentielle [154] avec des dérivées successives uy, ug, ..., ¢’est-a-dire des
indéterminées telles que D(u;) = u;y1, ug = u. Une fonction analytique
f=flr,u,uq,. .. u,), n < oo, % 2% 0, est dite une fonction différentielle

*Remise le 2 novembre 1981.

183
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d’ordre n. On considere 'espace A des fonctions différentielles d’ordre fini
muni de la dérivation

0 0
D=D, = %—’_;uiﬂ(’?—ui

et de deux structures algébriques, une structure d’algebre associative donnée
par le produit usuel des fonctions et une structure d’algebre de Lie donne
par le crochet:

. i of
{f.o}=rfg—gf o fo=D) fiD' fi=-"
i>0 Ui
Des éléments de A peuvent dépendre d’un parametre t.
Une équation d’évolution:
u = F(z,u,uy, ... upy), m>2 (1.1)
est considérée comme un systeme dynamique:
dui ;
= D'(F 1 =0,1,2,... 1.2
dt ( )7 ? ) ) Y Y ( )
dans A. On désigne par:
d 0 - 0
- =— D'(F 1.3
R SLUF v (1.3)

i>0

la dérivation le long des trajectoires de (1.2). L’algebre de Lie-Bécklund
pour l'équation (1.1) est une sous-algebre Ap de l'algebre de Lie A définie
par:

0
AF:{fEA:a—{—{F,f}:O}.
L’algebre Ap donne naissance par le systeme dynamique:

dui
dr

au groupe formel (en parametre 7) des transformations de Lie-Béacklund
[84], qui laisse (1.1) invariante. On ne consideére ici que des équations,
qui admettent une algebre de Lie-Backlund infinie telle qu’elle contient des
éléments d’ordre arbitrairement grand.

Soit £ une algebre associative des opérateurs formels:

=D'(F), fecAp, i=01,2,...,

L= aD' a€cdA (1.4)

1=—00
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le nombre entier n est dit I'ordre de l'opérateur (1.4). La multiplication
dans L est définie par la regle de Leibniz et la formule

Dta=aD™ —D(a)D?+ D*(a)D™® —--- .
A (1.1) correspond une sous-algebre Lr C L définie par I’équation:
Li=F.L — LF., (1.5)

ou L, est obtenu par la différentiation (1.3) des coefficients de 1'opérateur
L. I’algebre L contient des puissances fractionnaires de ses éléments: si
L € L est un opérateur d’ordre n # 0 et si p est un nombre entier, il existe
un opérateur M € L d’ordre p tel que M™ = LP. Si I’équation (1.1) admet
une algebre Ap infinie, I'algebre L est non triviale et détermine la partie
linéaire principale de Ap [96]. Si Lr contient des éléments rationnels en D,
on peut les utiliser pour la construction récurrente d’algebres Ap.

8§ 2 Transformations d’équivalence

On considere des transformations de Lie- Backlund dans A, c’est-a-dire
celles déterminées par une substitution (z,u) — (y,v), soit:

y=Y(z,u,uy,...,u,), v=V(z,uu,... , u,), (2.1)

qui donne naissance par les équations:

D,=D,(Y)D,, (2.2)
av dy
D,(V)=v1D,(Y), vig1=Dy(vy); — =v+v1— (2.3)
dt dt
et:
D,(Y)f = (D.(Y)V. =D (V)Y.) f, [feA (2.4)
aux applications D, »— D, u; = v;, fr— f
Une équation:
vy = H(y,v,v1,...,0m) (2.5)

est dite équivalente a I’équation (1.1) s’il existe une transformation (2.1)
du systéeme dynamique (1.2) en (2.5). La transformation v(t,y) — u(t, )
réciproque de (2.1) est en général une transformation de Béacklund dans A.

Théoréme. Si les équations (1.1) et (2.5) sont équivalentes les algebres Lp



186 N.H. IBRAGIMOV SELECTED WORKS, VOL. 1

et Ly (donc Ap et Ap) sont isomorphes. L’isomorphisme Lp < Ly est
déterminé par la relation:

LV, —unY,) = (V. = )Y.)L, v =

owLeLr, LeLy.

Preuve. On utilise le fait qu'une équation de Lax L, = [A, L] est invariante
par la transformation L = MLM~, A = MAM~' + M,M~! avec M €

L quelconque: B L B
Ly —[AL]=M(L,—[A, L)M ™.

§ 3 Exemples
1° Pour I'équation linéaire:
up = ug, (3.1)

on obtient aisément deux solutions indépendantes d’ordre 1:
L1 = D, L2 =2tD + Z, (32)

de I'équation (1.5). L’algebre Lr se compose des séries formelles en Ly, Lo
a coefficients constants.

Les opérateurs (3.2) donne naissance par (2.6) aux solutions de (1.5)
pour I’équation de Burgers v; = vy + vvy; car cette équation est équivalente
a (3.1) par la transformation v = V(u,u;) = 2u™'u;. Dans ce cas

1
V.=2u"'D—u?u)=2Du"t, V,!'= 3 uD™!

et (2.6) donne:
_ 1
Li=Du™'DuD™ = D+ Du™'wiD™ = D+ 5 DvD™ = D+ % + % D,

Ly =2tLy + DaD™ = 2tD + (x + tv) + (1 + tv) D

2° La distribution de la chaleur dans I’hydrogene cristallin est conduite
par I’équation non linéaire [156]:

vy = vy, v =1u(ty), (3.3)

qui admet une algebre de Lie-Bécklund infinie ([25], [96]) et qui se réduit
a (3.1) par une transformation de Bécklund (c¢f. [156], [25]). Trouvons
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par (2.6) une transformation (2.1) de (3.1) en (3.3). Apres la substitution
z=v"' t— —t, (3.3) devient z, = D,(27%z;) et introduisant un potentiel
w (z = wy), on obtient I’équation:

w; = wy 2ws, (3.4)

équivalente a (3.3). Pour (3.4) on trouve une solution simple L, = D,w;"
de I'équation (1.5) et la relation (2.6) avec L = L,, L = Ly = D, donne
I'équivalence (3.4)« (3.1) ponctuelle:

r=w, u=y. (3.5)
A T’aide de (2.3) on obtient donc la transformation:
y=u, v=u, (3.6)
de (3.1) en (3.3). Pour (3.6)
Vi—oY, =wDyuy ', (Vi —uYe) ™ =w D, uy!

et (3.2), (2.6), (2.2) donnent des solutions (rationnelles en D) de ’équation
(1.5) pour (3.3):

T -1 -1, -1 _ 2712 -1, -2
Ly =wDyuy Dyuy D uy = Dy vDy v,

Lo = 2tL, + uy Dy D uyt = (2tv2D§ + 1)1}Dy’1v’2 + x.

8 4 Proposition

L’équation

ug = uius, uw=u(t, ), (4.1)
est équivalente a 1’équation de Korteweg-de Vries:
v =v3+ovy, v=u0(tvy). (4.2)
Preuve. Apres la transformation:
9
v = 3w, ws — 3 wy w3,
I'équation (4.2) devient:
3
w=wy— Swilud, w=wlty) (4.3)

et par x = w, u = w; on réalise 'application (4.3) — (4.1).

Département de Physique Mathématique,
Bachkir filiale, de I’Académie des Sciences de I'U.R.S.S.,
Tukaeva 50, Ufa 450057, U.R.S.S.
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We consider the equation

U = V(U ) Ug (1)

describing the motion of a non-Newtonian, weakly compressible fluid in a
porous medium with a nonlinear filtration law

V= —/v(uz)dum, (2)

where V' is the speed of filtration and u is the pressure. The classification of
filtration laws on the bases of symmetry properties of equation (1) relative
to groups of point transformations is of interest for solution of applied prob-
lems. Such a problem has already been considered in [106] in connection
with the study of translational motions of a nonlinear, viscoplastic fluid.
Some special cases of a group extension were indicated in [106] (namely,
v = exp(u,) and v = u?), but the complete solution of the problem of
group classification was not given.

In the present paper the problem of group classification is solved, and a
large new class of filtration laws with extended symmetry is discovered. It is

188
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also shown that equation (1) possesses a larger group of equivalence trans-
formations than the nonlinear heat equation w; = (f(w)w,), connected
with equation (1) by the substitution u, = w.

§ 1 Solution of the determining equation

At the first step group classification assumes the solution of the determining
equation of the group admitted by the differential equation in question
[144]. Analysis of the determining equation in the present case leads to the
following results.

1) For an arbitrary filtration coefficient v(u,) equation (1) admits a
four-dimensional algebra with the basis

0 0 0 0 0 0
E’ XQ—%, Xg——, X4—2t——i—x——|—u—

X = ou ot Tor 9

2) If the function v satisfies the differential equation of first order

v a + 2bu,

o e 3
v c+duy —bu? 3)
with constants a,b,c,d, then an extension of the group occurs, and the
following operator is added to the foregoing:

o) 9] 0
Xg,——at&—l—bu%—i-(csv—l—du)%- (4)

3) In the case
v’ 2a

- o)

v aug+b

a further extension of the group occurs. Equation (1) here admits an infinite
group similar to the group of the linear heat equation. It is known ([86],
§ 19.4, Example 3) that if in (5) b = 0, a # 0, the corresponding equation
(1) is mapped to the heat equation @; = iz by the change of variables

T=u, u=ux. (6)

It is easy to see that actually all equations satisfying the condition (5) reduce
to the linear heat equation.
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§ 2 Equivalence transformations

At the next step of the classification equivalence, transformations are used,
i.e., nondegenerate changes of the variables ¢, x, u taking any equation of
the form (1) into an equation of the same form, generally speaking, with a
different filtration coefficient v(u,). To clarify the physical meaning of the
filtration laws obtained after equivalence transformations it is expedient to
determine also the corresponding transformations of the filtration speed V.
The set of all equivalence transformations forms a group £. We shall first
find a continuous subgroup E. of it using the infinitesimal method [144].
We seek an operator of the group F.

9 L0 9D

V=g + &g, t g, g, oy

from the invariance condition of equations (1), (2) written as the system

U = VUgy, V¢ = 07 Ve = 07 Uy = 07 Uy = 07

V. =v, V,=0, V,=0, V,=0, V,=0.

Here u,v and V' are considered as differential variables [86]: u on the space
(t,z) and v and V on the extended space (¢, x, u, u;, u,). The coordinates
£, €2, n of the operator Y are sought as functions of ¢, x, u, while the co-
ordinates p and 6 are sought as functions of ¢, x, u, u, u,, v, V. By solving
the corresponding determining equations, we obtain the operators

0 0 0 0 0

N=gp =gy =g, NTlingvg,
0 0 0 0 0 0
}/5—13%+2U%, %—U%+2UIU%7 Sfl—l’a—u, }/8—7]/%7

which generate the 8-parameter equivalence group

t'=at+y, 2'=p0a+fouty, U =Pz fu+ s,
+ Boug )?v BV (7)
v = —(51 fj ) , V= o B = (104 — (23

with coeflicients

a=ay, (i=as, [a=uas P3=asaras, [s= (14 agar)as, ®

Vi =104, Yo = Goas + azag, Y3 = (ag + asasar + azasar)as,

where a; is the parameter of the one-parameter subgroup with generator Y;
(therefore, a4, as, ag > 0).
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It is easy to see that the reflections ¢t — —t and x — —x are also
contained in the group E. Adding them to the continuous group F., we
obtain transformations (7) whose coefficients «, [3;, 7; are chosen not from
conditions (8) but can assume arbitrary values satisfying the condition of
non-degeneracy (o # 0, B # 0). It can be proved that the transformations
(7) obtained in this way provide the complete equivalence group E. Among
the transformations of E/E, the transformation (6), obtained by rotation
in the (z,u)-plane and reflection in x, will be of special interest to us.

8 3 Results of the classification

Let us apply the equivalence transformations for the final classification of
equations (1) with the additional operator (4). It can be shown that under
these transformations the condition (3) goes over into a similar relation
written in terms of the coefficients a’, v, ¢/, d’ connected with a, b, ¢, d by
the equations

a = Ba' + 2033640 — 26102 — 20B553d', b= @fb’ — 2530’ — Bofud’
c= [ — 020 + BiBsd,  d=201Bac — 203046 + (5184 + Bafis)d.

It follows from (9) that the discriminant A = d? + 4bc under the action of
(7) undergoes the conformal transformation A’ = B2A. Therefore the set
of functions v(u,) satisfying (3) decomposes into three equivalence classes
in accordance with whether A =0, A >0 or A <0.

1) If A = 0, then all equations of this class are equivalent to the equation

(9)

Uy = exp(ux)ua::c- (10)

2) If A > 0, then any equation of this class can be mapped to the form

wy = (Up) Mg, A >0, (11)
where
_ls++a
18—«

and o and /3 are the zeros of ¢ + dx — bx?.
3) If A < 0, then any equation of this class reduces to the form

_exp(Aarctanu,)
B 1+ u2

Ut Uy, A > 07 (12>

where

_ 2|a+d|

A A
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The corresponding equivalence transformation (7) can easily be found
from equations (9).

Remark 20.1. The transformation (6) maps the equation

to the equation

In particular, the equation
u$1‘
Uy = —
u.’L‘

is invariant with respect to the transformation (6).

Remark 20.2. In contrast to (10) and (11), equation (12) corresponds to
a filtration law “with saturation”, i.e. the speed of filtration V' tends to a
finite limit as u, — 00.

Bashkir State University; Received 10 December 1985
Sergo Ordzhonikidze Aviation Institute;

Department of Physics and Mathematics

Bashkir Branch of the USSR Academy of Sciences;

Ufa, USSR.

Translated by J.R. Schulenberger
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Preface

“The extraordinary significance of Lie’s work for the general development of
geometry cannot be overstated. I am convinced that in years to come it will
grow still greater” - so wrote Felix Klein in his nomination (see [100], pages
10-28) of S. Lie’s results on the group-theoretic foundations of geometry to
receive the first N.I. Lobachevsky prize at the Kazan Imperial University in
1895. There can be no doubt that the work of Lie in differential equations
merits equally high evaluation.

Marius Sophus Lie was born on 17 December 1842 at the vicarage in
Nordfjordeid on the west coast of Norway. He was the sixth (youngest)
child in the family of Johan Herman Lie, a Lutheran pastor. Starting in 1857
he studied in Christiania (now Oslo), first at a grammar school and then

* Authors note to this 2006 edition: The original manuscript contained more material,
but it was shortened, for publication in Uspekhi Matematicheskikh Nauk, by technical
reasons. Here, I used the original version of § 3.3.2. Besides, I added § 5.1 and the proof
of Theorem 21.18 in § 4.4, both taken from the original manuscript.

193
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during 1859-1865 at the University. Among other events that determined
the choice of his scientific direction, of importance were:

self-study in 1868 of the geometric works
of Chasles, Poncelet, and Pliicker, a
journey to Germany and France (1869—
1870) and a meeting there with Klein
(which grew into a close friendship and
a long term partnership), Chasles, Jor-
dan, and Darboux. During 1872-1886
Lie worked at the University of Chris-
tiania, and from 1886 to 1898 at the
University of Leipzig. Lie died on 18
February 1899 in Christiania. The life,
development of ideas and work of the
great Norwegian mathematician are dis-
cussed in detail in the excellent book
Sophus Lie by E.M. Polishchuk (Nauka,
Leningrad, 1983, in Russian). This book
reflects in sufficient detail the main as-
pects of Lie’s scientific work and enables
the reader to get close to Lie the man*.

One of the more remarkable achievements of Lie was the discovery that
the majority of known methods of integration of ordinary differential equa-
tions, which seemed up to that time artificial and internally disconnected,
could be derived in a unified manner using the theory of groups (see the
book [120]). Moreover, Lie [113], [114], [115], [116] provided a classifica-
tion of all ordinary differential equations of arbitrary order in terms of the
groups they admit, and thus described the whole collection of equations for
which integration or reduction of order could be effected by group-theoretic
considerations. However, these and other very valuable results he obtained
(see [126]) could not for a long time be widely disseminated and remained
known to only a few. It could be said that this is the state of affairs to-
day with methods of solution of problems of mathematical physics: many
of these are of a group-theoretic nature, but are presented as a result of a
lucky guess.

The present survey, written to mark the coming 150th anniversary of
Sophus Lie, was planned as a possible way of presenting group-theoretic
methods in an advanced course on differential equations. It represents a
significant expansion of the chapter on Group Analysis of the course on

Figure 1: Sophus Lie (1842-1899)

* Authors note to this 2006 edition: Today, the reader can find a vivid description of
Lie’s life story and the complete bibliography of his works in the remarkable book [167].
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Mathematical Physics I teach at Moscow Institute of Physics and Technol-
ogy. In this work I present the basic methods of group analysis and results
of Lie as well as related results of other authors including some of my own.

CHAPTER 1
Definitions and elementary applications

The concept of a differential equation has two components. In the case of
first-order ordinary differential equations, for example, one has to

1) define the surface F(x,y,y’) = 0 in the space of the three variables
x,y,y". I call this surface the frame (or hull) of the differential equation;

2) determine a class of solutions; for example, a smooth solution is a
continuously differentiable function () such that the curve y = ¢(z), 3y’ =
¢'(x) belongs to the frame, i.e. F(z, p(z), ¢'(x)) = 0 identically for all z,
where ¢'(z) = ag—f) - Passage to discontinuous or generalized solutions (with
the same frame) changes the situation drastically.

In the process of integrating differential equations, the crucial step is the
simplification of the frame by a suitable change of variables. To this end we
use the symmetry group of the equation (or the admitted group), which is
defined as the group of transformations of the (x, y)-plane, the prolongation
of which to the derivatives 3/, ... leaves the frame of the equation under
consideration invariant.

Example 21.1. The Riccati equation
v +yt =2/ =0
admits the following non-homogeneous group of dilations (stretchings):
G: T=uxe", y=ye*
since the frame of this equation given in Fig.2 is invariant with respect to
non-homogeneous dilations

a a

’ g/ — y/ 6_2
obtained by the prolongation of the group G to the first derivative y’. After
the change of variables t = Inx, u = xy, we have the equation

T =uxe", y=ye

WA ur—u—2=0.

Its frame is a cylindrical surface (a parabolic cylinder given in Fig. 3)
in accordance with the fact that the group of dilations is transformed into
the group of translations ¢t =t+a, u =u, @ =

In this chapter we concentrate mainly on finding and using one-parameter
symmetry groups for ordinary differential equations.
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Figure 2: Frame of the equation Figure 3: Frame of the equation
v +yP—2/22=0, p=1y. vWAut—u—2=0, ¢g=1u

§ 1.1 One-parameter transformation groups

Consider invertible transformations in the (z,y)-plane

T=(r,ya), §=1v(ya), (1.1)

depending on a real parameter a. It is assumed that

30|a:0 =T 1/)|a:0 =Y (12>

These transformations are said to form a one-parameter group G if consecu-
tive application of two transformations (1.1) is equivalent to the application
of a third transformation of the form (1.1). By a suitable choice of the pa-
rameter a the group property can be written in the form

(p(j7gab) = 90<x?y7a+b)7 (1 3)
w(fa@b) = 1?(%3/7@"‘[)) .

If the conditions (1.3) hold not for all values of the parameters a and
b (taken from some fixed interval) but only for sufficiently small values of
these parameters, then G is called a local one-parameter group. In group
analysis of differential equations one deals precisely with local groups, which
for brevity are called simply groups.

Transformations (1.1) are called point transformations (unlike, for exam-
ple, contact transformations, in which the transformed values z,y depend
also on the derivative y’, see § 1.7), and the group G is called a group of
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point transformations. It follows from equations (1.2), (1.3) that the in-
verse transformation to (1.1) is obtained by changing the sign of the group
parameter a :
{L‘ZQO({Z',?], —CL), y:,‘vb(jvg? —CL). (14)
Denoting by T, the transformation (1.1) which takes a point (z,y) into
a point (7,¥), by I the identity transformation, by 7, ! the transformation
inverse to T,, which takes the point (z,y) into (x,y), and by 17,7, a com-
position of two transformations, we summarize the properties (1.2)-(1.4):

Definition 21.1. The collection G of transformations T,, is called a local
one-parameter group if

NWTy=I€G, 2)T,=T,we€G, 3)T,'=T,€G
for sufficiently small a and b.

Let us expand the functions ¢, v in Taylor series in the parameter a in
a neighborhood of @ = 0 and write down the infinitesimal transformation
(1.1), with (1.2) taken into account, as

rro+E(r,y)a, yry+n(zya, (1.1)
where Dplr,y.a) o0(z,y,a)
_ O¢(z,y,a _ OY(x,y,a

flay) === ==| + 0wy =—5"—| (1.5)

The vector (§,n) with components (1.5) is the tangent vector (at the point
(x,y)) to the curve described by the transformed points (z,7), and is there-
fore called the tangent vector field of the group.

For example, for the group of rotations

T =xcosa+ysina, Y =ycosa—zxsina
the infinitesimal transformation has the form
r=x+ya, YRY-—xa.

A one-parameter group is completely determined, provided that its in-
finitesimal transformation (1.1’) is known, by solving the following Lie equa-
tions with the initial conditions:

d
= = )y =a

a0 1.6)
dp - (
% - 77(90717&)7 ¢a:0_ Y.
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The tangent vector field (1.5) is often written as a first-order differential
operator

0 0
X=§@w@;+ﬂaw@7 (1.7)

which behaves as a scalar under an arbitrary change of variables, unlike the
vector (&,m). Lie called the operator (1.7) the symbol of the infinitesimal
transformation (1.1") or the symbol of the group. Then the term infinitesimal
operator of the group (or, for short, the operator of the group) entered into
usage. In physical literature one frequently encounters the term generator
of the group.

Definition 21.2. A function F'(x,y) is called an invariant of the group of
transformations (1.1) if for each point (x,y) the function F' is constant on
the trajectories described by the transformed points (Z,%):

F(z,9) = F(z,y).

Theorems 21.1-21.4 quoted below are well known. We omit the proofs
of the first three, while the proof of the fourth one is included as it uses the
method of passing to canonical variables we shall use in what follows.

Theorem 21.1. A function F'(x,y) is an invariant if and only if it satisfies
the partial differential equation

OF oF

ox
It follows from Theorem 21.1 that every one-parameter group of point
transformations in the plane has one independent invariant, which can be
taken to be the left-hand side of the first integral J(z,y) = C of the ordinary
differential equation associated with (1.8) (the characteristic equation):
dx d
S (1.8
§lz,y)  nlz,y)
Any other invariant is then a function of J.
The concepts introduced above can be generalized in an obvious way to
the multi-dimensional case where one considers, instead of transformations
in the (z,y)-plane, groups of transformations

7' = fix,a), i=1,...,n, (1.9)
in the n-dimensional space of points z = (z',...,2"). Let us dwell on this

higher-dimensional case and consider a system of equations

F(z)=0,...,Fs(z) =0, s<n. (1.10)
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We assume that the rank of the matrix |0Fy/dz"| is equal to s at all points
x satisfying the system (1.10). The system of equations (1.10) defines an
(n — s)-dimensional surface M.

Definition 21.3. The system of equations (1.10) is said to be invariant
with respect to the group G of transformations (1.9) if each point z of the
surface M moves along the surface, i.e. £ € M whenever x € M.

Theorem 21.2. The system of equations (1.10) is invariant with respect
to the group of transformations G' (1.9) with the symbol

) iy O0f(z,a)
9 =2 (1.11)

da a=0

X = €i(x)

if and only if

XF, 0, k=1,...,s. (1.12)

‘M -
Theorem 21.3. Let the system of equations (1.10) admit a group G' and
let the tangent vector &(x) of the group do not vanish on the surface M
defined by equations (1.10). Then the system (1.9) can be equivalently
rewritten in the form

Op(Ji(x), ..., Ju1(x)) =0, k=1,... s, (1.10")

where Ji(z),..., J,—1(x) is a basis of invariants (a set of all functionally
independent invariants) of the group G. Equations (1.10) and (1.10") are
equivalent in the sense that they define the same surface M.

Theorem 21.4. Every one-parameter group of transformations (1.1) re-

_ 0
duces to the group of translations t = t+a, u = u with the symbol X = e

by a suitable change of variables

t=t(z,y), u=u(zy).
Such variables ¢, u are called canonical variables.

Proof. Under the change of variables t = t(x,y), u = u(z,y) the differential
operator (1.7) transforms according to the formula

- 0 0
X =X(t)7 +X(u)5-

Therefore canonical variables are found from the equations

(1.13)

X(t) =1, X(u)=0. (1.14)
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§ 1.2 Prolongation formulae

Let us work out the rules for the transformation of the derivatives y’, 3"
under the action of point transformations (1.1) regarded as a change of
variables. It is convenient to use the total differentiation

D_ﬁ_|_ ’24_ ”i_|_....
C Oz y@y yay’

The derivatives are transformed according to the formulae

dy D N !
= —1{ = Y — Yo + Yy = P(m,y,y’,a), (1.15)
dt. Dy oz +Y'py

0 _ d_@’ _ DP _ P, +y'P,+y"Py, ‘
~dr Dy Pr + Y0y

(1.16)

If one starts from a group G of point transformations (1.1) and extends its
action to y by adding the formula (1.15), one obtains the so-called first
prolongation Gy of G. The prolonged group G(;) acts in the space of three
variables (x,y,y’). If one adds to (1.1) the formulae (1.15)-(1.16), one arrives
at the twice prolonged group G2 acting in the space (z,y,y',y").

Substituting into (1.15), (1.16) the infinitesimal transformation (1.1')
T =x+af, y =y + an and neglecting all terms of order o(a), we obtain
the infinitesimal transformations of derivatives:

L, Y +aDmn)
= Trane) [y +aDn)][1 — aD(§)]
~ y +[Dn) —yD()a=y +al,
7 =Y = W el - aD(e)

~ Y+ [D(G) —y'D(©)]a=y" + ate.
Therefore the symbols of the prolonged groups G(1), G2y are written

9

0 0

Xa) :§%+n8_y+glc‘9y” G = D(n) —y'D(©), (1.17)
0

X(Q) = X(l) + CQW ) <2 = D(Cl) - y”D(g) (118)

The operators (1.17) and (1.17) are termed the first and second prolonga-
tions of the infinitesimal operator (1.7), respectively. The term prolongation
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formulae is frequently used to denote the expressions for the additional co-
ordinates:

¢ = D) —y'DE) =na+ (ny,— &) — v, (1.19)

G = D(G)—y'D(§) = Nea + (277:vy — &)Y

2 13 / 7 (1'20)
+ (nyy - 25961/)?/ -y gyy + (ny — 2§ — 3y Sy)y .

§ 1.3 Groups admitted by differential equations

Let G be a group of point transformations and let G 1), G(2) be its first and
second prolongations, respectively, defined in § 1.2.

Definition 21.4. They say that a first-order ordinary differential equation
F(z,y,y) =0

admits a group G of point transformations (1.1) if the frame of the equation

in question (that is, the two-dimensional surface defined by this equation

in the three-dimensional space of the variables x,y,y’) is invariant, in the

sense of Definition 21.3, with respect to the prolonged group G ).
Likewise, a second-order differential equation

F(z,y,y,y") =0 (1.21)

admits a group G if its frame is invariant with respect to the twice prolonged
group G (). The frame of equation (1.21) is a three-dimensional surface in
the space x,y,vy',y".

This definition can be extended naturally to differential equations of
higher order, as well as to systems of partiall differential equations.

It is not hard to construct differential equations admitting a given group
by using Theorem 21.3 on the representation of invariant equations in terms
of invariants. Here it is useful to keep in mind that every one-parameter
group of transformations in the (z,y)-plane has exactly one independent
invariant. Prolongation the group to the first derivative y’ adds one more
invariant which necessarily depends on 3" and is therefore called a first-
order differential invariant. Likewise, a twice prolonged group has three
functionally independent invariants, where the additional invariant depends
on the second derivative and is called a second-order differential invariant.

It is convenient to compute second-order differential invariants by using
the following theorem due to Lie ([120], Ch. 16, §5).
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Theorem 21.5. Let an invariant u(z,y) and a first-order differential in-
variant v(z,y,y’) of a group G be known. Then the derivative

_dv v +yv,+y'vy _ Du

w = — = =
du Uz + Y'uy Du

is a second-order differential invariant of the group G.

Any (second or lower order) differential invariant of the group G is a
function of w,v,w. By further differentiation we can obtain differential
invariants of higher orders d*v/du?, d*/du?,... .

For reference, we quote in Tables * 6.2 and 6.3 some first-order and
second-order differential equations together with the symbol of the one-
parameter group they admit. These tables have been constructed using
Theorems 21.3 and 21.5.

§ 1.4 Integration and reduction of order using
one-parameter groups

Group theory sheds light on a whole range of approaches and results con-
cerning integration of specific types of equations that are widely used in
practice. It allows us to understand better the interconnections between
various particular methods of solution. In this section we discuss the sim-
plest applications of one-parameter groups in problems of integration and
reduction of the order of ordinary differential equations.

§ 1.4.1 Integrating factor

This method is applicable only to first-order equations. Let us consider a
first-order ordinary differential equation written in a form symmetric with
respect to x and y:

Theorem 21.6. (Lie [109]). Equation (1.22)

Q(z,y)dr — P(x,y)dy =0

admits a one-parameter group with the symbol (1.7)

0 0
XngﬁLUa—y

*The notation Table 6.n means Table n in Chapter 6.
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if and only if the function
1

H=eq—np

is an integrating factor for the equation (1.22) provided that £Q — nP # 0.

(1.23)

Example 21.2. Let us consider the Riccati equation
2
VY= (1.24)

Since it is an equation of power type, it is natural to expect that it admits
a group of stretchings. Substituting * = ax, y = by, we have

2 b
—/ =2
R Ay T :
YTV TR T Y YT g2

Equation (1.24) is invariant if b/a = b*> = 1/a®. Hence b = 1/a. It means
that equation (1.24) admits the one-parameter group of stretchings (it can
be written in the form z = ze®, § = ye~®) with the symbol

0 0
X=r——y—- 1.25
*5r Yoy (1.25)
Writing equation (1.24) in the form (1.22),
d 2 2y = 1.24/
y+(y—;>w—0 (1.24)

and applying the formula (1.23), one obtains the integrating factor

T

Gl

After multiplication by this factor, (1.24") is brought to the following form:

d 2 _2/x)d d d d 1 -2
sy o = 2e)de _ _adydvds de g Ly vy
x2y? —xy — 2 2?2y —zy—2 x 3 ay+1
Integration yields the following solution:
xy—2 C 223 + C

wy+1 2P o y:x(x?’—C).
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§ 1.4.2 Method of canonical variables

If we know the admitted group, we can use Theorem 21.4 on reducing a
one-parameter group to a group of translations by introducing canonical
variables. Since the property of invariance of an equation with respect to
a group is independent on the choice of variables, introduction of canon-
ical variables leads to an equation which does not depend on one of the
variables, and hence can be integrated in quadratures (in the case of a first-
order equation) or admits reduction of order (in the case of a higher-order
equation). The following examples clarify these statements.

Example 21.3. Let us solve the Riccati equation (1.24) by the method of
canonical variables. The group with the generator (1.25) admitted by equa-
tion (1.24) is a particular case of a group of non-homogeneous stretchings
from Table 6.1 for £ = —1. In this case canonical variables are

t=Inz, wu=uxy.

Changing to these variables reduces (1.24) to a clearly integrable form
W+ u?—u—2=0.

Example 21.4. The linear second-order equation

y'+ fl@)y =0 (1.26)
admits a group of stretchings in y with the operator

X :yagy- (1.27)

Reduction to translations is effected by the change of variables u = z, t =
Iny, after which (1.26) takes the form

u’ —u' + flu)u”® = 0.

The resulting equation does not contain the independent variable. Therefore
its order can be reduced by the well-known substitution v’ = p(u), and the
problem reduces to the integration of the Riccati equation

dp 2 _
%—i—f(u)p —1=0.
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§ 1.4.3 Invariant differentiation

If a second-order or higher-order equation admits a one-parameter group, its
order can be reduced by one by using Theorems 21.3 and 21.5. This method
is an invariant formulation of well-known methods of reduction of order
of equations that do not contain either the dependent or the independent
variable explicitly.

For definiteness, let us dwell upon second-order equations. By Theorem
21.3 any second-order equation admitting a group G can be written in terms
of the differential invariants u, v, w of, respectively, zeroth, first, and second
order.

By Theorem 21.5 the second-order differential invariant can be chosen
to be of the form w = dv/du and the invariant second-order differential
equation under consideration can be written as

d

% = F(u,v). (1.28)
Thus we can reduce the order: if we have found an integral

O (u,v,C)=0 (1.29)

of the first-order equation (1.28), the solution of the original second-order
equation can be reduced to quadratures. Indeed, substitution of known
expressions u(x, y) and v(x,y,y’) into (1.29) leads to a first-order differential
equation, which admits the group G in view of the invariance of u and v,
and which can therefore be integrated by quadratures.

Let us use this second method to reduce the order of the equation (1.26).
Writing down the first prolongation of the operator (1.27)

0 o 0

- yay y ay/ I

we find the invariants u = z, v = y'/y. Theorem 21.5 yields the second-
order differential invariant

X

dv "y Yy 2
Y

_— = _— = — — s
du vy
whence "y
Yy v 2
2 = 4 .
y  du v

On substituting this expression into (1.26) one obtains a first-order equation
of the form (1.28), namely the following Riccati equation:
dv

@+v2+f(u):0.
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§ 1.5 Determining equation

Let us move on now to the problem of construction of an admitted group.
Suppose we have a second-order equation (1.21) (first-order equations are
included as a particular case, in which Fj» = 0). By Definition 21.4 and
Theorem 21.2, the infinitesimal invariance test has the form of equation
(1.12) applied to the twice prolonged operator X y):

X(Q)F}F:O = (ng + nFy + Cle/ + CQFy//)

where (7 and (, are are given by the prolongation formulae (1.19) and (1.20).
Equation (1.30) is called the determining equation for the group admitted
by the ordinary differential equation (1.21).

In what follows we shall consider differential equations written in the
form solved for 3" :

=0, (1.30)

F=0

y' = fz,y,9). (1.31)
In this case, after substituting the values of (1, ¢, from (1.19), (1.20) with
y" given by the right-hand side of (1.31), the determining equation (1.30)
assumes the form

Nzx + (277373; - é-:ml?)y, + (nyy - 2§xy>y/2 - ylggyy + (T]y - 2§w - ?)y/éy)f
_[nz+(77y_£x>y/_y/2€y]fy’ —&fa—nfy =0. (1.32)

Here f(z,y,vy’) is a known function since we are dealing with a given dif-
ferential equation (1.31), whereas the coordinates £ and 71 of the required
admitted operator (1.7) are unknown functions of x, y. Since the left-hand
side of (1.32) contains in addition to z,y also the quantity y’ considered as
an independent variable, the determining equation decomposes into several
independent equations, thus becoming an overdetermined system of differ-
ential equations for &, n. Solving this system, we find all the operators
admitted by the differential equation (1.31) under consideration.

Example 21.5. Let us find the operators

admitted by the second order-equation

1
y'+ -y —e’=0. (1.33)
x
1
Here f = e¥ — — ¢ and the determining equation (1.32) has the form
x

Yy
Nz + (277my - 5m)y/ + (nyy - 252?2;)?/2 - ylggyy + (77y — 28 — Sylfy) [ey - ;]



21: INVARIANCE PRINCIPLE (1992) 207

/

1 y
+;[nac + (ny - §$>y/ - y’2§y] - 5; - T]ey = 0.

The left-hand side of this equation is a third-degree polynomial in the vari-
able y'. Therefore the determining equation decomposes into the following
four equations, obtained by setting the coefficients of the various powers of
y' equal to zero:

A (1.34)

W) My = ey + 26 =0, (1.3)
Voo —tet (3) —sge=o (1.36)
) et e (g — 26— e =0 (1.37

The integration of Equations (1.34) and (1.35) with respect to y yields
p
§ = pla)y + a(z), n=<ﬂ—;ﬁf+ﬁ@y+dw'
We substitute these expressions for £, n in Equations (1.36), (1.37) and
observe that the functions £ and 7 are polynomial in y, while the left-hand

sides of Equations (1.36), (1.37) contain e?. Since Equations (1.36), (1.37)
should vanish identically in x and v, it follows that

gy:()a ny_2€x_7720-

These equations yield:

§=alz), n=—2d(z)

Substituting these expressions into (1.36), we have
(a// - E)’ - 07
x

a=Cizlnz + Cyx.

whence

Then Equation (1.37) is satisfied identically.
Thus, the general solution to the determining equations (1.34)—(1.37)
has the form

§=Cixlnz+ Coz, n=-=2[Ci(1+1Inz)+ Cs
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and contains two arbitrary constants C'; and C5. In view of the linearity
of the determining equations, the general solution can be represented as a
linear combination of two independent solutions

&S =xzlnz, 1 =-2(1+Inx);

52 =T, T2 = —2.
This means that equation (1.33) admits two linearly independent operators
0 0 0 0
Xi=rzhr— —-21+hnhz)—, Xo=2——2— 1.38
1=zlnao (+n:17)ay, 2= To oy’ (1.38)

and that the set of all admitted operators is a two-dimensional vector space
spanned by (1.38).

§ 1.6 Lie algebras

Let us return now to general properties of determining equations. As can
be seen from (1.32), a determining equation is a linear partial differential
equation for the functions ¢ and 7 in the variables = and y. Therefore
the set of its solutions forms a vector space as it was already noted in
Example 21.5. However, in addition there is another property which is a
specific characteristic of determining equations. It turns out that the set
of solutions of a determining equation forms a very special type of vector
space called a Lie algebra (the term is due to H. Weyl; Lie himself referred
to an infinitesimal group).

Definition 21.5. A Lie algebra of operators (1.7) is a vector space L with
the following property. If the operators

0 0

51 —ting a9y’ 52 R 95 (1.39)
are elements of L, so is their commutator
0 0
X1, Xo] = (X1(&) = X2(&)) 5 + (X1(m) = Xa(m)) 5 - (1.40)

dy

The Lie algebra is denoted by the same letter L, and its dimension is the
dimension of the vector space L.

A general statement about properties of determining equations for second-
order ordinary differential equations is the following result due to Lie [120].

Theorem 21.7. The set of all solutions of a determining equation (1.32)
for second-order equations (1.31) forms an algebra L, of dimension r < 8.
The maximal dimension r = 8 is reached if and only if Equation (1.31)
either is linear or can be linearized by a change of variables.
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§ 1.7 Contact transformations

In addition to point transformations (1.1), groups of contact or tangent
transformations [125], [124] have been found to be of use in mechanics,
geometry, and the theory of differential equations. We will discuss the
multidimensional case with an arbitrary number n of independent variables
r = (z',...,2") and one dependent variable u. For a larger number of
dependent variables there are no contact transformations that are not point
transformations; a proof can be found, e.g. in [144], §28.3, [7], §9, or [86]
§14.1.

Let us denote by u the collection of first derivatives u; = % and consider
a one-parameter group of transformations

= (z,u,u a), @@= uu,a), U =wr,ui,a)
in the (2n + 1)-dimensional space of variables (z,u, u’).

Theorem 21.8. An operator

a + 2+Ci
o7 Tou " Ou;

X =¢

is a symbol of a group of contact transformations if and only if

LW OW W oW
8ui’ n= i (9ui’ e 89{;2 i ou

¢ =
for some function W = W (z, u,u’).

Lie [125] calls the function W defined in this theorem the characteristic
function of the group of contact transformations. Construction of a group of
contact transformations admitted by an ordinary differential equation thus
reduces to the determination of the characteristic function, the function
W = W (x,y,p) of three variables x, y and p = 3/, by substitution into the
determining equation of an operator of the form

0 0 0
X=-W,—+ (W —-pW,)— + (W, W,)— - 1.41
Example 21.6. Let us find the operators (1.41) admitted by the equation
y" = 0. (1.42)

Prolongation of the operator (1.40) to the second and third derivatives has
the form 9 9

X(3) :X+C2w +C3W,
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where (, is given by the second prolongation formula (1.20) and (3 is given
by the similar third prolongation formula:

G = D(C) —y"D(9).
The determining equation has the form

(Xey") 0

y'"=0 = C3 y""'=0 =

and decomposes into the following four equations:

(y//)ii . prp =0,
(y”)2 s Wy + Wapp + pWypp =0,

y' ot Way 4 Waap + pWyy + 20Way, + p* Wy = 0,
(y")° + Wage + 3pWaay + 3p*Wayy + p° Wy, = 0.

The above system of differential equations for W can be easily and yields:
W = Cl + 0227 + 031'2 + C’4y + C5p + 0627]? + 07(1132]9 — 21’y)
+ Csp® + Cy(ap® — 2yp) + Cro(2’p? — dayp + 4y°).

The function W depends on ten arbitrary constants C;. Consequently, equa-
tion (1.42) admits a ten-parameter group of contact transformations. The
Lie algebra of this group is obtained by substituting the function W in the
formula (1.41) and has the following basis:

Xlz%, 2—96(%/, )(3:;1:2({%7 4—y§, 5:((%7
X@—w%, X7:x2%+w8—’ Xy = pa_+p2(%7
Y-S L
oo )24 (7 L) L o o)
The operators X1, ..., X7 generate a 7-dimensional algebra of a group of

point transformations. This is the maximal group of point transformations
admitted by equation (1.42). The prolongations of the operators X, ..., X7
to the derivative ¥’ = p contained in (1.41) are, naturally, omitted here.
Three remaining operators, Xg, Xy, Xjo, are symbols of proper contact
transformations.
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This seemingly simple example has a deep
geometrical meaning. Namely, Lie established
a remarkable connection between the group
of contact transformations for equation (1.42)
and conformal mappings in three-dimensional
space (see [125], Ch. 10, §2). M, + M) E )M

Remark 21.1. For every second-order dif-

ferential equation there are infinitely many

contact transformations transforming it into

any other given second-order equation, for

example into y” = 0. In particular, ev- Figure 4: Construction of
ery second-order ordinary differential equa- the wave front.

tion admits an infinite group of contact trans-

formations. The situation changes drastically

for higher-order equations. In this connection, in addition to the example
considered above, it is useful to keep in mind that for a third-order equation
to be reducible to the simplest form y” = 0 by a contact transformation it
is necessary that it be of the form*

y/// +A<y//)3 +B(y//)2 +Cy//+ D — 0
with coefficients A, B, C, D depending only on z, y, y" ([125], Ch. 3, §3).

Lie also indicated connections between contact transformations and the
theory of waves and was groping towards a group-theoretic approach to the
Huygens principle (see [124] and the book [125], p. 97), from which Fig.
3 is taken). According to Lie, Huygens’ construction of the wave front is
identical with the statement that the contact transformations

tp t _

ﬁa y:y—TpQ, bp=Pp

defined by the characteristic function W = —4/1 + p? form a one-parameter
group with the group parameter t.

Development of this idea of Lie together with the above-mentioned re-
lation of contact and conformal transformations has become subsequently
the basis of the solution of the problem on the Huygens principle (in the
sense of Hadamard) for equations with a non-trivial conformal group. See
[77] (Paper 10 in this volume) or [86], Ch. 2, as well as the survey [95].

rT=x+

*Authors note to this 2006 edition: All third-order equations reducible to a linear
equation by point and contact transformations are determined in [94].
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CHAPTER 2
Integration of second-order equations
admitting a two-dimensional algebra

“I noticed that the majority of ordinary differential equations which
were integrable by the old methods were invariant under certain transfor-
mations, and that the integration methods consisted in using that property.
Having thus represented variety of old integration methods from a gen-
eral viewpoint, I set myself a natural problem: to develop a general theory
of integration for all ordinary differential equations admitting finite or in-
finitesimal transformations.” (S. Lie [117], Preface, page IV).

§ 2.1 Consecutive reduction of order

We know from § 1.4 that one can reduce the order of a second-order equa-
tion once by using an admitted one-dimensional algebra. See also [10],
[56] (Chapter II, Section IV: Infinitesimal transformations), [97], [38], [138],
[134], [26], [165], [87]. Therefore it is natural to expect that if there is a two-
dimensional algebra, one can reduce the order twice, i.e. one can integrate
the equation. Let us start with a simple example.

§ 2.1.1 An instructive example

Let us consider the following linear equation:

V' +y =2 =0 (2.1)

x
Clearly, it has the solution y = x and by the superposition principle it
admits the group of transformations § = y + ax with symbol X; = xa%-
In addition, equation (2.1) is homogeneous and therefore admits the group
of stretchings in y with symbol X, = ya%~ Thus, for equation (2.1) we
know at least two admitted operators (out of the eight operators possible

by Theorem 21.7):

Xlzxﬁa XQZyg
dy

o (2.2)

Their commutator is

(X1, Xo] = X;. (2.3)
Therefore the vector space with basic (2.2) is a two-dimensional Lie algebra.
Let us take the first prolongation of the operator X; :
0 0

Xy = T4 + —
1(1) x8y+5y”
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Its invariants are u = x, v =y’ — £. By Theorem 21.5 we have a second-

x
order differential invariant

from which we have y” = 9 + £ . Expressing the left-hand side of (2.1) in
the variables u, v, we obtain the following first-order equation (1.28):

Next let us find the action of the operator X5 in the (u,v)-plane. To that
end, we prolong it to 3’ and pass to the variables u, v according to (1.13):

o 0 B )
Xoqy = ya—y +y oy =Y = Xon)(u) 5= + Xoy(v) 5=

ou ov
We have Xy(1)(u) = 0, and hence obtain the generator Y = Ua% of a group of
dilations admitted by equation (2.4). Therefore the operator X, has enabled
us to reduce the order of equation (2.1) and to transform it to the form (2.4),
while the operator Xo ensures the ability to further integrate the resulting
first-order equation. Construction of the solution of the original equation is
done in reverse order: first we find the solution of equation (2.4):

Ch
= —ce

u

—Uu
Y

v

which, by substituting v = y'—%, is rewritten as a first-order non-homogeneous

equation
y Ch

y/:_+_€—m‘
X Xz

Above we started the reduction of order using the first of the operators
(2.2). This was a completely random choice. Let us work out next whether
anything changes if we start with the operator X,. Its differential invariants

are / d 1/ 12
v
u:gj‘7 ’U:y—7 —:y_,_y_.
y du oy oy
Using these, equation (2.1) assumes the form

dv 1
— ——=0. 2.5
du—l—v +v " (2.5)

Unlike equation (2.4), this Riccati equation does not have an obviously
integrable form. Let us see if the so far unused operator X; provides us
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with the simplifying change of variables. To that end we find how it acts in
the (u,v)-plane. We have

0 0 1 xzy\o 1 0
K=o+ Y = (53 ) = g

Since y = e/ Y% the resulting operator can be written in the form

0
vdu
Y =el (1 — wo) 50
This is not an operator of a group of point transformations, as it contains
an integral term, but rather an operator of non-local symmetry of equation
(2.5). If we try to find a simplifying change of variables by reducing (2.6) to
a translation operator in accordance with § 1.4.2, it becomes clear that the
idea of starting the reduction of order of equation (2.1) using the operator
X5 is not a good one. Why?
In order to understand the situation arising here and to formulate a
general principle of integration using a known group, we need some facts
about the structure of Lie algebras.

(2.6)

§ 2.1.2 Solvable Lie algebras

Let L, be a finite-dimensional Lie algebra of dimension r and let N be a
linear subspace in L,.

Definition 21.6. A subspace N is called a subalgebra if (X, Y] € N for all
X, Y € N (that is, if this subspace is a Lie algebra in its own right) and
an ideal of the algebra L, if [X, Y] € N forall X € N and all Y € L,.

If N is an ideal, then we can introduce an equivalence relation in the
algebra L,: operators X and Y in L, are said to be equivalent if Y — X €
N. The set of all operators equivalent to a given operator X is called
the coset represented by X; every element Y of this coset has the form
Y = X + Z for some Z € N. The cosets form a Lie algebra, which is called
the quotient algebra of the L,, with respect to the ideal N and is denoted
by L,/N. As elements of the quotient algebra we can take representatives
of the corresponding cosets.

If all the constructions are to be considered in the complex domain, then
we have the following theorem.

Theorem 21.9. Any algebra L,, r > 2, contains a two-dimensional sub-
algebra. Moreover, every operator X € L, can be included in a two-
dimensional algebra.
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Definition 21.7. An algebra L, is called solvable if there exists a sequence

L.OL,_1D---D1I4 (2.7)
of subalgebras of dimensions r, r — 1,..., 1 respectively, in which each sub-
algebra Lg ; is an ideal in Ly (s =2,...,r).

Definition 21.8. Let Xi,..., X, be a basis of the algebra L,. The sub-
space spanned by the commutators [X,, X, | of all possible pairs of basis

operators forms an ideal, denoted by L, and is called the derived alge-

bra. Derived algebras of higher order are defined recursively: L£n+1) =

LMY, n=1,2,....

Theorem 21.10. An algebra L, is solvable if and only if a derived algebra

of L, of some order is identically zero: L™ =0 for some n > 0.

Corollary 21.1. Every two-dimensional algebra is solvable.

In the case of a two-dimensional algebra Lo, to construct the sequence
(2.7) we have to choose the basis X, X, so that the equality [X;, X5| =
a X7 holds. Then the one-dimensional algebra L, spanned by X; forms an
ideal in L, while the quotient algebra Ls/L; can be identified with the
one-dimensional algebra spanned by Xo.

Now we can give the answer to the question posed at the end of § 2.1.1.
As can be seen from the equality (2.3), the operator X, generates an ideal
Ly in the algebra L, with the basis (2.2). Having reduced the order of
equation (2.1) using this ideal L;, we have obtained a first-order equation
(2.4) which admits the quotient algebra Ls/L; (which we identified with
the one-dimensional algebra spanned by X5) with a natural definition of its
action on the (u,v)-plane. But when, so as to reduce the order, we used the
one-dimensional algebra with basis X5, which is not an ideal, we lost this
additional symmetry. In our attempt to restore the symmetry, we found it
necessary to extend the concept of symmetry by introducing the non-local
symmetry operator (2.6). Therefore, if we want to deal exclusively with
point symmetries, reduction of order must be done using ideals, which is
what Lie himself did.

Theorem 21.9 and the corollary of Theorem 21.10 clarify why two-
dimensional algebras (or, equivalently, two-parameter groups) play a fun-
damental role in problems of integration of second-order equations. It is
rather obvious that if we want to integrate an equation of order n > 2 by
the method of consecutive reduction of order, the equation should admit a
solvable n-dimensional Lie algebra. For a detailed discussion of this ques-
tion see, for example, [134], Theorems 2.60, 2.61, and 2.64. Here we restrict
ourselves to the case of second-order equations.
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§ 2.2 The method of canonical variables

If a second-order equation admits a two-dimensional Lie algebra, then in-
stead of consecutive reduction of order one can directly make a change of
variables z,y (introduce canonical variables in the sense of Lie), in which
the equation under consideration assumes an integrable form. By Theorem
21.9 this also includes equations that admit Lie algebras of higher dimen-
sions (in this case complex-valued changes of variables may be necessary).
Furthermore, there is a special method for integrating second-order equa-
tions admitting a three-dimensional algebra (see [120], Ch. 24) but we do
not discuss it here.

§ 2.2.1 Changes of variables and of a basis in an algebra

First we consider structural peculiarities of two-dimensional Lie algebras.

One of the properties, namely solvability of every two-dimensional alge-
bra, was already mentioned in the corollary of Theorem 21.10. The property
of solvability is, obviously, invariant with respect to changes of variables x, y
and is independent of the choice of a basis.

Let us now discuss two other invariant properties, which lead to a par-
tition of all two-dimensional Lie algebras into four types and form the basis
of the method of canonical variables for integration using two-dimensional
algebras. These properties are related to the rule of transformation of the
commutator (1.40) of the operators (1.39) and of their pseudo-scalar product

X1V Xy =&m —mée (2.8)
under a non-degenerate change of variables

=t u=umgk o

= t,uy, — tyu, #0 (2.9)

and a change of a basis in Lo:
Xi = CE1X1 + CYQXQ, Xé = ﬁle + /BQXQ; A= alﬁg — Oégﬁl 7£ 0. (210)

Lemma 21.1. When changing to a new basis (2.10) the commutator of the
operators (1.39) transforms according to

[XL Xé] =A [le X2]7
while under a change of variables (2.9) it transforms covariantly (see (1.13)),

ie.
[717 72] = [Xlu X2]
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Proposition 21.1. In every two-dimensional Lie algebra we can choose
a basis X1, X, so that either of the two following commutation relations
holds:

[Xl, XQ] =0 or [Xl, XQ] = Xl-

Both relations are invariant with respect to the change of variables (2.9).

Lemma 21.2. The pseudo-scalar product (2.8) transforms under (2.9) and
(2.10) according to

- = O0(t,u)
I(z,y)

(Xl\/XQ), X{VX;IA(Xl\/XQ)

Proposition 21.2. The equation
Xl V X2 - O

is invariant under any change of variables (2.9) and any change of a basis
(2.10).

§ 2.2.2 Canonical forms of two-dimensional algebras

Propositions 21.1 and 21.2 lead to the following statements concerning the
partition of all two-dimensional Lie algebras into four main types.

Theorem 21.11. Any two-dimensional Lie algebra can be reduced, by
choosing an appropriate basis X, X, to one of the four different types
defined by the following structure relations:

I [X;, Xo] =0, X,V X,y £ 0;
I [Xi, X5] =0, X,V X,y = 0;
II1. [Xl, XQ] :Xl, X1VX27£0,
V. [X1, Xo] =X, X,VX,=0.

These structure relations are invariant under the change of variables (2.9).

Using the invariance of the structure relations I-IV with respect to the
change of variables x,y one can simplify, by an appropriate change of vari-
ables, the form of basic operators of the two-dimensional algebras of the
above types and arrive at the following result.
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Theorem 21.12. A basis of any algebra L, can be reduced by a suitable
change of variables (2.9) to one of the following forms:

L Xlza%, XQZ(%;
I1. Xlza%, Xzzxa%;
I11. Xlza%, XQZI(%W@%;
Iv. Xlz(%, XQ:y(%.

The corresponding variables z,y are called canonical variables.

§ 2.2.3 Integration algorithm

Let us find the second-order ordinary differential equations admitting the
canonical two-dimensional Lie algebras of four indicated types and integrate
them.

TYPE I. To construct all second-order equations admitting the Lie al-
gebra Lo with the basis X; = a% and Xy = 8%, we have to find a basis
of second-order differential invariants of these operators. In this case the
prolongations of the operators coincide with the operators themselves, so
that the desired differential invariants are 3" and y”. Therefore, the general
second-order equation admitting the algebra Ly of the first type has the

form

y' = fy).
It can be integrated by two quadratures:
dy, s . !
70 =2+ C; or explicitly ¢ = p(z + Cy),

whence y = /go(a:+Cl)d(:v+Cl)+Cg.

TypE II. A basis of differential invariants of the algebra Lo of type II
is given by z and ¢/, and hence the invariant differential equation has the
form

y' = f(z).

Its solution is given by two quadratures:

y:/(/f(x)dx>dx+01x+02.
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TyPE III. The invariant equation has the form

y' =10

It is also solved by two quadratures:

y/
=lnx+C
) '
or explicitly v/ = o(Inz + C4), whence y = Inz + Cy)dx + Cs.
p Yy ¥ ) Yy ¥

TyPE IV. Here we have the invariant equation

y' = flx)y

with the general solution
y=CY /ef F@dege. 4 .

The results of Theorems 21.11 and 21.12, as well as the corresponding
invariant equations, are given in Table 6.4, while the integration algorithm
is presented in Table 6.6.

§ 2.2.4 An example of implementation of the algorithm

Let us apply the group algorithm to the equation

/
1
" % - (2.11)

1st step. Determination of the admitted algebra. Solving the determining
equation (1.32) we find that

C
&= Ciz? + Oy, n= <C’1x + ?2>y

Hence equation (2.11) admits the Lie algebra Lo with the basis

5 0 8 0 9

According to Table 6.6 one can proceed directly to the third step.
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3rd step. Determination of the type of the algebra Ly. We have

X), Xy = _
(X1, Xo] = —X1, X1VX2——77£0-

Therefore the algebra L is of type III in Table 6.4. For the correspondence
to be complete, one can change the sign of the operator X, and obtain the
basis

0 0 o wyo

X1:I2%+$ya—y, X2:—$———— (212)

obeying the structure relations of type III in Table 6.4.

4th step. Determination of the integrating change of variables. Here
X is the operator of the group of projective transformations of Table 6.1.
Therefore we use the change of variables given there and, interchanging ¢
and u, obtain:

1
t=2 u=-=. (2.13)
After this change of variables, the operators (2.12) become

_ 0 — t o 0
Xi=g0 YT T iae

The difference between them and the corresponding operators of type 111
in Table 6.4 (the factor 1/2 in X5) is of no importance. Excluding the
solutions

y= Kz (K = const.) (2.14)

of equation (2.11), when ¢ = const., we rewrite equation (2.11) in the form

u” 1
st =0

Whence, integrating once, we obtain

u = t
Ot —1
If ¢ = 0 then
t2
u=—75+C. (2.15)
If ¢4 # 0 then
t 1
u=—+—In|Cit — 1| + Cs. (2.16)

c, ' C?
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Sth step. Solution in the original variables. Substituting into (2.15),
(2.16) the values (2.13) of the variables ¢, u and taking into account the
isolated solution (2.14), we obtain the following general solution to equation

(2.11):
y= Kz, y = £V2z + Ca?, (2.17)
C’ly—i-C'gx—kxln‘C’l%—l’—i-Cf:O. (2.18)
CHAPTER 3
Group classification of second-order
equations

“In a short report to the Scientific Society of Gottingen (3 December
1874) I presented, inter alia, an enumeration of all continuous transforma-
tion groups in two variables z,y and specially emphasized that this might
be used as a basis for classification and for a rational theory of integration
of all differential equations f(z,y,7/,...,y"™) = 0 admitting a continuous
group of transformations. Subsequently I carried out in detail the great
programme outlined there.” (S. Lie [113], p. 187)

Below I present the results of the realization of that programme as they
pertain to second-order equations. The restriction to second-order equations
is not due to any limitation of the method but to the desire to concentrate
on specific material and to provide exhaustive results.

§ 3.1 Equations admitting three-dimensional algebras

The group classification of ordinary differential equations is based on a
listing of all possible Lie algebras of operators (1.7) on the (z,y)-plane.
The basis operators of all the algebras are maximally simplified by means
of a suitable change of variables (2.14). Algebras related by such a change
of variables are called similar. Enumeration of algebras is made up to
similarity, since equations admitting similar algebras are equivalent in the
sense that they can be reduced to each other by a change of variables.
Lie’s group classification [113], [114], [115], [116] has a particularly sim-
ple form in the case of second-order equations of interest to us (the clas-
sification result for second-order equations is presented briefly and clearly
in [118], §3). In this case the admitted algebra (by which we mean the
maximal algebra admitted by a given equation) can be only of dimension 0,
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1, 2, 3, or 8. Dimension 0 means that the equation does not admit a group
of point transformations; examples of such equations are

V' = +ay, Y =)V 4y, ¥ =6 +z, ¢y =2 +ay+C.
Dimensions 1 and 2 were considered in the previous chapters. Therefore we
start with a discussion of equations admitting three-dimensional algebras.

§ 3.1.1 Classification in the complex domain

Lie performed his classification in the complex domain, using, where nec-
essary, complex changes of variables or of algebra basis. Enumeration
of all non-similar (with respect to a complex change of variables) three-
dimensional algebras in the plane, derivation of the corresponding invariant
second-order differential equations and methods of their solution, are all dis-
cussed in detail in the book [120], Part V. There, in Ch. 22, §3 and Ch. 24,
63 Lie gives a summary of the results of classification of three-dimensional
algebras and the invariant equations. These results are reproduced here in
Table 6.8. Let us see how the equations admitting given three-dimensional
algebras are constructed in that table.

For all three-dimensional algebras the construction of an invariant equa-
tion is the same. It requires the solution of the determining equation (1.32)
with respect to the unknown function f(z,y,y’) for known coordinates &
and 7 of basis operators of the algebra L3 under consideration. Therefore it
suffices to demonstrate the construction for one of the algebras. As such an
example, let us choose the second algebra from Table 6.8, i.e. the algebra
with the basis

o 0 0 9, 0 0
_ 29 x, =Lyl x, =2l 2l 1
8x+0y’ 2 x@x+y8y’ ’ x8x+y8y (3:1)

For the operator X; we have £ = 1, n = 1. On substituting these values
of &, n, the determining equation (1.32) assumes the form

of ~of
8x+8y_

X4

0,

whence

f:f(x_ya y/)
Now one has to substitute into the determining equation the obtained value
of f and the coordinates £ = x, n =y of the second of the operators (3.1).
As a result, one obtains the equation zf, + f = 0, where z = x — y. The
solution of this equation has the form

9(y)
T —y

f - (3.2)
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with an arbitrary function ¢g(y’). Finally, the substitution into (1.32) of the
function f of (3.2) and of the coordinates & = 2%, n = y? of the operator
X3 leads to the following equation for the function g(y’):

dg
2y’d—y, —39+2(y”*—y) =0
It follows that
g=—201+Cy3?+4y?*), C = const. (3.3)

Formulae (3.2), (3.3) provide the desired right-hand side of the invariant
equation. Thus, the algebra Ls with the basis (3.1) is admitted by the
equation

y/+0y/3/2 +y/2 _
r—y

yl/+2 O

with an arbitrary constant C.

§ 3.1.2 Classification over the reals. Isomorphism and similarity

Lie’s complex classification is quite sufficient from the point of view of in-
tegration methods. However, it is also of interest to consider the results of
the classification over the reals, since we are dealing with real valued dif-
ferential equations. The results pertaining to second-order equations with
a three-dimensional algebra are summarized here. They supplement Lie’s
complex classification. Certain details can be found in [127].

Table 6.7 gives a perception of the difference between classifications in
the real and the complex domains. It contains the well-known enumeration,
due to Bianchi, of all possible structures of three-dimensional Lie algebras
that are non-isomorphic over the reals (see [22] or, e.g. [148], §10 and [41],
§24). In the table, the values of three different commutators of the basis,
which define the structure of each algebra L3, are provided.

Recall that to algebras are said to be isomorphic if one can choose bases
for the algebras such that the structure constants of the two algebras in
these bases are equal. One can see from Table 6.7 that real non-isomorphic
algebras can turn out to be isomorphic over the field of complex numbers
(that is, when complex transformations of bases of algebras are allowed).

Note that in the case of two-dimensional Lie algebras there are precisely
two non-isomorphic structures (both over the reals and over the complex
numbers), which can be taken to be [X;, X5] =0 and [X;, X5] = X; (see
Table 6.4).

The concept of isomorphism is independent of a particular realization of
a Lie algebra, e.g. as an algebra of vector fields (or of differential operators
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(1.7)). In the case of Lie algebras of operators (1.7) there is an additional
way of transforming one algebra into another, namely, by means of a change
of variables x, y. Algebras related by a change of variables are called similar.

Similar algebras are isomorphic (see [144], §7.9). The converse, in gen-
eral, is not true as can be seen from Tables 6.4 and 6.8. It is precisely
similarity (and not simply isomorphism) that is of use in group analysis as
a test for reducibility of one differential equation to another by a suitable
change of variables. Nonetheless, establishing isomorphism is important as
a first (necessary) step for the determination of similarity of algebras.

It is both interesting and useful to give more detailed instructions for
the construction of similarity transformations. The main theorems on sim-
ilarity of groups and Lie algebras were obtained by Lie ([117], p. 356) and
Eisenhart* ([44], [45]). Here, we will dwell upon one of them. Let us first
introduce the necessary notation.

Let L, and L, be two r-dimensional Lie algebras of operators of the
form (1.11) in the n-dimensional space of variables z = (z',...,2"). It was
already mentioned above that a necessary condition for Lie algebras to be
similar is that they are isomorphic. Therefore we assume that the algebras
L, and L, are isomorphic, their operators are written in the variables z and
Z, respectively, and that their bases

0

9 _
;axi, O‘:g‘aji (a=1,...,7)

are chosen so that the structure constants of the two algebras in these bases
are equal. We are interested in the case when r > n and the ranks of the
matrices |€1], |€.] are the same and equal to n. Renumbering the indices,
if necessary, we shall assume that this is the value of the rank of the square
matrices |€1], |€i] (i,h = 1,...,n). Then the following conditions hold:

52290252, 5;;:@’;5; (i=1,....,n; p=n+1,...,1), (3.4)

Xo =

where 901’;, @Z are functions of x and Z, respectively, and where we sum over

h from 1 to n. Under these assumptions, the following theorem is valid.

Theorem 21.13. For algebras L, and L, with the same structure and the
same number of variables z°, 7' to be similar, it is necessary and sufficient
that the functions ¢, @/ satisfy the system of equations

ST = @) (h=1,..om p=n-+1,...1), (3.5)

*Eisenhart used the term “equivalent groups”. We have used “similar groups” (and
“similar algebras”) in view of what is said in the first paragraph of § 3.1. Two different
words are used in the Russian text for “similar” and “equivalent”. (Ed.)
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and that this system does not lead to any relations either among the vari-
ables x' or among the variables 7.

Sketch of the proof. Similarity of the algebras under consideration means
that there is a non-degenerate change of variables 7' = f*(z) such that

(t=1,....,n; a=1,...,r). (3.6)

Equations (3.6) and (3.4) yield n(r — n) equations (3.5).

Necessity. If the algebras L, and L, are similar, then, clearly, equations
(3.5) are compatible. Therefore, elimination of Z* from these equations does
not lead to any relation between the variables %, and vice versa.

Sufficiency. For o = 1,...,n let us write the equations (3.6) in the
explicit form

oF
E%ZQ@ﬂW)Qk:L”m) (3.6')

where ||¢!] is the square matrix inverse to €], i.e.
i =i, el =08" (i,khl=1,...,n).

One can show, using the conditions (3.5), that the system (3.6), and hence
the system (3.6), is compatible (a detailed treatment of this non-trivial step
in the argument can be found in [45], §22). This means that there is a
change of variables that establishes the similarity of the algebras L, and L,.

Determination of the change of variables. To determine the similarity
transformation one has to find z! by solving the mixed system of equations
comprising functional equations (3.5) and differential equations (3.6") which
are integrable in view of (3.5).

Example 21.7. Let L3 and Ls be the first and the second algebras of Table
6.8. They are complex isomorphic. Indeed, taking for L3 the basis

_ 1 — ) — 1
X1:§(X1+X3), XQZZXQ, X3:§(X1—X3),

one can easily verify that the two algebras have the same structure and be-

long to the type IX in Table 6.7. Thus, let us consider the three-dimensional

Lie algebras L3 and L3 in the plane with the same structure having the bases
0 0 0 0

d 0
X1:(1+$2)%+xya—y, ngxa—y—y%, ngxy%+(1+y2)a—y

and

Xi= [0+ )+ (4

ozx 8_y] ’

N —
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R

respectively. Equations (3.4) written in the form

2 2
g=>"ph, &=> ¢,
h=1

h=1
yield:
) 1
vy = (1+2%)p" —yg?, %(1 - %) = S(L+2)¢" +izg?,
7 1
L+y? =ayp! +2¢?, S(1=9%) = 5L+ 5)¢" +iye”.
Hence we have
1 14+ 7y
x x 1—xy 1 -2y

With these functions " and @" the system (3.5) is written
1+27  y T+y 1

?

1—zy z’ 1—zy =

and furnishes the change of variable
I —xy 1 +xy

- — Y= —1—= —
r+vy rT+y

establishing the similarity transformation of the algebras Ls and Ls in the
complex plane. In this example, in order to find the change of variables, it
was enough to solve equations (3.5).

Example 21.8. Let us consider the algebras Ls and L3 with the bases

o 0 0 0 0 0
X, =24+9% x,-224+,9 x,—p22 4,29
! 3x+8y’ 2 x8x+y8y’ ’ $8$+y8y
and — 0 — 0 y O — 0 0
) y L -
YT o 2 x@:f:+28_’ s $8:E+xya§’

respectively. They have the same structure (see Table 6.8). Equations (3.4),
written as in the previous example, have the form

2?2 = o + 22, 72 =o'+ 1¢?,
L,

y? =o'+ yp?, Ty = 599"
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Hence
ol=—xy, Q=x+4y, @' =-2°, @ =2
With these functions ¢" and @", equations (3.5) assume the form
P =xy, 2T=ax+v,
whence, eliminating z, one obtains to the relation
r—y=0

By Theorem 21.13 the existence of this relation between x and y shows that
these algebras L3 and Lj are not similar (neither over the reals, nor over
the field of complex numbers), though they are isomorphic.

§ 3.2 The general classification result

It can be shown (e.g. by inspecting all non-similar Lie algebras of all possible
dimensions and the corresponding invariant equations) that if a second-
order equation admits a Lie algebra of a dimension greater than 4, then it
admits an 8-dimensional algebra. All such equations are linearizable (§ 1.6,
Theorem 21.7) and equivalent to the equation y” = 0 (see § 3.3.2, Remark
21.4). Thus, second-order ordinary differential equations can admit Lie
algebras of the dimensions 1, 2, 3, and 8. The classification result is given
in Table 6.9. See also [103].

All equations of Table 6.9, apart from those in the first line, and all
equations obtained from them by an arbitrary change of variables (2.9) can
be integrated by quadratures by means of the group method. Therefore the
set of such equations is infinite and depends on four arbitrary constants,
two arbitrary functions of one variable (see Table 6.9), and on arbitrary
functions of two variables which arise as a result of the change of variables

(2.9).

§ 3.3 Two remarkable classes of equations

The classes of equations considered in this section naturally arise from the
previous classification. They deserve to be studied more thoroughly than it
has been done up till now.

§ 3.3.1 Equation y"+ F3(z,y)y"” + Fa(x,y)y” + Fi(z,y)y' + F(z,y) = 0.
Linearization test

In practical situations of solving differential equations it is useful to have
simple tests for linearization. Such tests, obtained by Lie, are summarized
in the following theorem.
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Theorem 21.14. The following statements are equivalent.
(1) A second-order ordinary differential equation

y' = flz,y,9) (3.7)

is linearizable by a change of variables (2.9);
(2) equation (3.7) admits an 8-dimensional Lie algebra;
(3) equation (3.7) has the form

y'+ F3(z,y)y° + Fa(z,y)y'* + Fi(z,9)y + F(z,y) =0  (3.8)

with coefficients F3, F,, Fj, F satisfying the compatibility conditions of
the following auxiliary system:

0 OF
“ = ZQ—Fw—F12+a—+FF2,
Y

oz
10F, 20F
9z = —Zw‘i‘FFg——&_'“_&,
oy 30r 30y (3.9)
or 5309y 30z’
0 OF.
—w = —w2+F2w+ng+—3—F1F3;
oy ox

(4) equation (3.7) admits a two-dimensional Lie algebra with a basis
X1, Xy such that

Example 21.9. Let us verify that the equation
y'+ F(z,y) =0, (3.11)

where the function F' is non-linear in y, cannot be linearized.
Indeed, in this case equations (3.9) have the form

2 = 22— Fw+F,, 2z, = —zw,
w, = zw, w, = —w

(3.12)

One of the compatibility conditions, namely z,, — z,, = 0, leads to F,, = 0.
Therefore for any function F(x,y) that is non-linear in y the system (3.12)
is incompatible.

Example 21.10. Let us single out all linearizable equations of the form

J =10 (313)
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In accordance with Theorem 21.14, one has to restrict himself to the equa-
tions

1
y” + ;(AgyB —+ Agy/Q + Aly, + Ao) = 0, (314)

where the coefficients A; are constant since the function f depends only on

For equation (3.14), the auxiliary system (3.9) is written

2 AO Al A()AQ - A()Ag AQ
zx—z—?w—? . Zy = —2W + 2 3.2
w :zw—AoA?’—gé w——w2+—2w—l—éz—é—A1A3
¢ x? 3a27 Y T T x? x?

The condition z,, = z,, yields Ay(2 — A;) + 94pA; = 0. Likewise, using
the condition wy, = w,, we obtain 343(1+ A;) — A3 = 0. These equations,
upon setting A3 = —a, Ay = —b, yield:

) ()

Thus, we have the following result (see [127] and the references therein).

FEquation (3.13) is linearizable if and only if it has the form

1 b? b b3
" 13 /2 /
"z 1 _> 3a ]
Y T 4 by ( 3a Y 3a  27a?

with arbitrary parameters a and b.

§ 3.3.2 Equations y” + a(z)y’ + b(x)y = c(x)y >

Consider the equation
y' =ky >, k= const., (3.15)

from Table 6.9 and replace there y” by the general linear second-order dif-
ferential expression with variable coefficients. Then we divide the resulting
equation by the coefficient of the second-order derivative and obtain the
equation

y" + a(z)y’ +b(r)y = c(x)y™>. (3.16)

Its particular case,

y' +b(x)y = ky™>, k= const., (3.17)
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has long been discussed in the literature [48], [151], [19], [155] as an example
of a non-linear equation with exceptional properties. These properties are
as follows.

First of all, it was noticed by Ermakov [48] that the general solution to
equation (3.17) can be expressed via solutions of the corresponding linear
equation

y" + b(z)y = 0. (3.17)
Namely, the solution of equation (3.17) with arbitrary initial data
y(xo) = yo # 0, y'(xo) = y1 is given by

y(z) = [u*(x) + k:W_21)2(x)]1/2, (3.18)

where u and v are two linearly independent solutions of equation (3.17")
such that u(zg) = yo, v'(x0) = y1, v(xo) = 0, v'(z9) # 0, and W is the
Wronskian: W = uv’ — vu’ = const. # 0. Since equation (3.17) is reducible
to the linear equation, it satisfies a “superposition principle”, but of course
in a non-linear form (see [155], pp. 154, 389). This is the second remark-
able property of equation (3.17). Equation (3.17) is also of importance in
applications. It appears in the study of travelling wave type solutions of the
Schrodinger equation [28], in the theory of elasticity (see [155], §3.3), etc.

The peculiarities of equation (3.17) mentioned above are related to the
fact that, for an arbitrary coefficient b(x) and constant k # 0, it admits
a three-parameter group, and, moreover, reduces to equation (3.15) by a
change of variables. The latter equation is easily integrated with the help of
invariant solutions. Now, using the group-theoretical approach, I generalize
the class of equations (3.17) and single out from (3.16) the equations having
the properties of (3.17).

Theorem 21.15. Equation (3.16) admits the following Lie algebras:

(i) Lg if c(x) =0,
(ii) Lz if c(x)=kexp(—2 [a(x)dx), k= const.# 0, (3.19)
(13i) Lo in all other cases.

Proof. If ¢(x) = 0, equation (3.16) is linear and the statement (i) follows

from Theorem 21.7 in § 1.6. Let c¢(x) # 0. Considering the determining
equation (1.32) for the operators

0 0

X = il il

§(x7y)a$-+7KI,y)ay

admitted by equation (3.16) and proceeding as in Example 21.5 from § 1.5,
we obtain

(3.20)

¢=¢&@), n=;[¢@) - a@)(@)]y (3.21)
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together with the following two equations for determining £(x) :

[d(z) + 2a(z)c(x)]€ =0 (3.22)
and )
"+ p@) + 5P ()€ =0, (3.23)

where p = 4b — 2a’ — a?. Equation (3.22) shows that either
d(x) +2a(x)e(z) =0 (3.24)

or £ = 0. Integration of equation (3.24) implies that ¢(z) has the form
(3.19). Furthermore, (3.23) is an ordinary differential equation of the third
order, and hence its solution {(z) depends on three arbitrary constants.
This proves the statement (i7). It remains to note that if & = 0 then the
second equation (3.21) yields n = 0, and hence (4i7). This completes the
proof of the theorem.

Remark 21.2. The proof of Theorem 21.15 shows that the calculation of
the three-dimensional Lie algebra admitted by the non-linear equation

k
Y +a(z)y +b(z)y = 7 ¢ 2/ ale)de (3.25)
with a constant k£ # 0 and arbitrary functions a(x) and b(x) requires only
integration of the linear third-order equation (3.23). Multiplying the latter
equation by ¢ and integrating one obtains

1

£ — %f’z + 5p(33)£2 = const.

whence, denoting ¢ = w? and substituting p = 4b — 2a’ — a?, one has

1 1 l
w” + (b— 5 a — 1 a*)w = e [ = const. (3.26)
According to (3.21), the coordinates of the admitted operators are expressed
via solution of equation (3.26) as follows:
1
E=w? n=(ww - 3 aw?)y. (3.27)
Furthermore, it suffices to integrate the linear equation obtained from (3.26)
by letting [ = 0. Taking its two linearly independent solutions, w;(x)
and ws(z), and substituting them in (3.27) one obtains two operators,
X; and Xy, respectively, admitted by equation (3.25). The commutator
X3 = [Xi, X] furnishes the third operator (3.20) admitted by equation
(3.25).
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Example 21.11. Consider equation (3.15), y” = ky™3. Here a = b = 0,
and equation (3.26) with [ = 0 has the form w” = 0. Taking its two linearly
independent solutions, w; = 1 and ws = z, we obtain from (3.27) & =
1, . = 0 and & = 2%, 1, = zy, respectively. The corresponding operators

(3.20) are:
0 0 0
Xi=—, Xo=2"— — -
YT o 2 x8x+xy8y
These operators together with their commutator

0 0
X3 = [Xl,XQ] = 21'% +ya—y

provide the basis of L3 given in Table 6.9.

Example 21.12. Consider the equation

Yty =ky. (3.28)
Here a = 0, b = 1, and equation (3.26) with [ = 0 has the form w” +w = 0.
Its two linearly independent solutions, w; = cosx and wy = sinz, the

following operators (3.20) admitted by equation (3.28):
0

X, =cos’x — —y coszsine —, X, =-sin’z— +y coszsinz — -
! o 7 dy 2 oz 7 dy

Their commutator

0 9,
X3 = [X1, Xy] = sin(2x) B + y cos(2x) 9y

provides the third operator admitted by equation (3.28).

In investigating any family of equations, it is significant to know equiv-
alence transformations of the family of equations in question, i.e. trans-
formations mapping any individual equation of the family into an equation
of the same family. Consider, in particular, the family of equations of the
form (3.16). Then an equivalence transformation is a change of variables
T = ¢(x,y), ¥ = ¥(x,y) such that any equation y” + a(x)y’ + b(z)y =
c(z)y~3, upon rewriting in the new variables, has again the form (3.16):

d*y .\ dy N - N\ -3
a2 A(m)% +B(x)y=C(@)y "
Lemma 21.3. The equivalence transformations of equations (3.16) are given
by
T=o(), ¥=g)y (3.29)

with two arbitrary functions ¢(z) # 0 and g(z) # 0.
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Remark 21.3. The nonlinear equations of the form (3.16) and the linear
equations y” + a(x)y’ + b(x)y = have the same equivalence transformations
(3.29).

Theorem 21.16. Equation (3.16) can be reduced by an equivalence trans-
formation to the canonical form (3.15) if and only if the condition (3.19)
holds, i.e. if equation (3.16) has the form (3.25):

k :
Yy +a(x)y + b(x)y = 7 e 2/ a@dr g — const. (3.25")

The equivalence transformation is given by

_ e—f a(z)dz p 3 y (3 3O>
xr = 5~ ar, Y= -, .
f(x) f(z)
where f(x) is any non-vanishing solution of the linear equation
"+ a(x)f +b(x)f =0. (3.31)

Proof. To simplify the calculations, we can write the general equivalence
transformation (3.29) in the form

Then, denoting dy/dz = y’, we have
V=100 + g v =0+ (f" 21N g+ G
Therefore

y' 4+ ay + by —cy™®

:fgo’Qy”—F(fso"+2f'g0'+afg0')y’+(f”+af'+bf)y—%y_?’,

and hence equation (3.16) becomes:

f/
f f /2

In order to arrive at equation (3.15) in the variables T and 7, one has to get
rid of the linear terms in y and 3’ in (3.32), i.e. to satisfy the equations

gj"—l—(p (QD +2=p +a>g’+ (f"+af +0f)y = s ,ng—3 (3.32)

f'+af +bf=0 (3.33)
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and
— —i— ZL/ =0, (3.34)
¢’ /

respectively. Equation (3.33) coincides (3.31), whereas (3.34) yields the first
equation (3.30) upon integrating twice:

gp/ B effa(z)d:p . effa(:r)d:):
fz) f*(x)
Finally, (3.35) yields

dz. (3.35)

fCAE:Z/L _ C(ZL‘) ef a(z)dz

and hence the right-hand side of equation (3.32) assumes the required form
kg~ if and only if ¢(z) = k e~/ *®) This completes the proof.

Remark 21.4. Letting in equation (3.25') k = 0 we obtain the classical
result that the transformation (3.30) reduces the linear equation y"+a(z)y' +
b(x)y = 0 to the simplest form §” = 0.

CHAPTER 4
Ordinary differential equations possessing
fundamental systems of solutions
(following Vessiot—Guldberg—Lie)

Continuing our discussion of problems of integration of ordinary differ-
ential equations, let us dwell on the following question: what equations
(apart from linear ones) have fundamental systems of solutions, so that the
problem of constructing the general solution reduces to finding a finite num-
ber of particular solutions? The problem has no direct relation to admitted
groups but, as Vessiot [174], Guldberg [58] and Lie [122] showed, it is also
solved using group theory.

§ 4.1 The main theorem
We say that a system of ordinary differential equations

dz’

- =F'(t,z",...,2"), i=1,...,n, (4.1)
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has a fundamental system of solutions if the general solution of the sys-
tem can be expressed in terms of a finite number m of arbitrarily chosen
particular solutions

zp = (2h,...,27), k=1,...,m, (4.2)
by expressions of the form
' = (x1,. . T, O, .., C), (4.3)

which contain n arbitrary constants Ci,...,C,,. In this case the particular
solutions (4.2), which are taken to be functionally independent, are called
a fundamental system of solutions of (4.1). It is required that the form of
the expressions (4.3) be independent of the choice of the specific particular
solutions (4.2). However, this does not exclude the possibility that a certain
system of equations (4.1) admits several distinct representations (4.3) of
the general solution with a different number m of the required particular
solutions (see Example 21.18 below). The general form of equations with
a fundamental system of solutions was determined by Lie, who proved the
following basic theorem (its proof, together with a thorough preliminary
discussion and examples, can be found in [122] Ch. 24).

Theorem 21.17. The system of equations (4.1) has a fundamental system
of solutions if it can be represented in the form

dx’ . .

pr Ti(t)& () + ... + T (1) (x) (4.4)
such that the operators

Xa:&i(l’)%, a=1,...,m (4.5)

span an r-dimensional Lie algebra. The number m of the necessary partic-
ular (fundamental) solutions (4.2) satisfies the condition

nm >r. (4.6)

§ 4.2 Examples

Example 21.13. For a linear homogeneous equation

dx
— = A(t
wehaven=1, m=1,r=1, X = x%. The representation (4.3) of the

general solution in terms of the particular solution x; has the form z = C'z;.
Clearly, condition (4.6) is satisfied as an equality.
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Example 21.14. For the linear non-homogeneous equation

2—:; = A(t)x + B(t)

we haven = 1, m = 2, r = 2, so condition (4.6) is also an equality here. The
operators (4.5) are X; = £ X, = 24 and their commutator is [X;, X,] =
X;. Hence they span a two-dimensional Lie algebra Lo. Furthermore, (4.3)
is given by the representation x = x; + C% of the general solution z in
terms of the particular solution z; of the non-homogeneous equation and a
particular solution Z of the homogeneous equation written as a difference

of two solutions of the non-homogeneous equation: = = x5 — 7.

Example 21.15. An example of a non-linear equation with fundamental
solutions is the Riccati equation

fl_f — P(t) + Q(t)z + R(t)a”. (4.7)

It has the special form (4.4) with » = 3 and the operators (4.5) given by

X1 = %, XQZJ:%, X3:I2%, (48)
which span a Lie algebra Ls. Formula (4.6) gives m > 3. Consequently,
in order to find the general solution of the Riccati equation with arbitrary
coefficients P(t), Q(t) and R(t) one needs at least three particular solutions.
In fact it suffices to know three solutions, as any four solutions of the Riccati
equation are related by the condition that their cross-ratio be constant. In
§ 4.3 we shall return to a discussion of the properties of the Riccati equation
from the group-theoretical point of view.

Example 21.16. Let us consider a homogeneous system of two linear equa-
tions,

dx

a = a11 (t)l’ + au(t)y,
d

d_:lt/ = a921 (t)x + agg(t)y.

It has the special form (4.4) with the coefficients
Ty = an(t), Tr=ap(l), Tz=an(t), Ti=axnt),

&1 = (ZE,O), §o = (y,O), §3 = (07$)’ §4 = (Ovy)
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Therefore in this case the operators (4.5) are

0 0 0 0
Xi—12 Xy—yL Xy—z2. X, —y—.
1 xaxa 2 y8$> 3 xayv 4 yaya

One can easily verify that the span a Lie algebra L,. The formula (4.3) is
provided by the representation of the general solution:

x = Cix1 + Coxe, y = Ciyr + Oy

in terms of two particular solutions, (z1,y;) and (x2,y,). It follows that
m = 2 and that the condition (4.6) is an equality since n =2, r = 4.

Example 21.17. In the case of a non-homogeneous system

dx
E = an(t)x + Cllg(t)y -+ bl (t),
dy
E = Q921 (t)CC + a22(t)y + bg(t)

one has to add to the coefficients T,, &, of the previous example the fol-
lowing;:

15 = b1<t)7 Ts = bQ(t)v 65 = (170)7 56 = (07 1)'

Hence, the Lie algebra L, of Example 21.16 extends to the algebra Lg
obtained by adding to the basis of L4 the following two operators:

Thus n = 2, r = 6, and (4.6) shows that for a representation of the general
solution of the above non-homogeneous system with arbitrary coefficients
a;;(t) and b;(t) one has to know three particular solutions (zy,yx), k =
1,2,3. The corresponding formula (4.3) is well known and has the form:

r = + 01(132 — .Tl) + Cg(ﬂfg — LU1>,
y=1y1+Ci(y2 —y1) + Calys — y1).

Example 21.18. In his book [122] Lie gives an example of a non-homogeneous
system of two linear equations, where knowledge of two particular solutions
is sufficient. Namely, he considers the system

dx

a = a12(t)y + bl (t),
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dy

dt
The peculiarity of this system is of group-theoretical nature and consists in
the following. By Theorem 21.17, we associate with the system (4.9) the
operators

= —a(t)T + ba(t). (4.9)

0 9] 0 0
Xi=y——ao—, Xo=—, Xz=_—-
1= Yo dy > ox s dy
They generate the group of isometric motions (rotations and translations)
in the (x,y)-plane. As the motions conserve distances between any two
points, any three solutions (z1,v1), (%2,%2), (z,y) of the system (4.9) are
connected by two relations:

(z—2)*+ (y—w)* = Cy,

(x—22)? + (y —12)? = Ch. (4.10)

Thus, the system (4.9) admits two representations of the general solution:
as a linear superposition of three solutions (Example 21.17), and as a “non-
linear superposition” of two solutions obtained by solving equalities (4.10)
for x,y.

§ 4.3 Projective interpretation of Riccati’s equation

Theorem 21.17 allows one to find all ordinary differential equations (4.1)
possessing fundamental systems of solutions by reducing the problem to
enumeration of all possible transformation groups with a finite number of
parameters (or of the corresponding finite-dimensional Lie groups of oper-
ators (4.5)) in the n-dimensional space of variables x = (x!,... z"). Such
an enumeration has been performed by Lie, e.g. for the cases of the real
line (n = 1) and of the plane (n = 2). These results can also be found
n [30], Ch. IV. Here we confine ourselves to the case n = 1. Then the
choice is severely restricted. Namely, every group of transformations on the
real line coincides (up to a change of variables) with the group of projec-
tive transformations generated by the three-dimensional Lie group with the
generators (4.8), or with one of its subgroups. This means that for n = 1
the Riccati equation (4.7) is (up to a change of the variable z) the most
general equation with a fundamental system of solutions. For n > 2 such
equations are much more numerous (see [4], [5], [9]).

Thus the Riccati equation is in a sense a realization of the group of
projective transformations. A reflection of this fact is the theorem that the
cross-ratio of any four solutions of the Riccati equation is constant. To
prove this theorem, let us introduce the homogeneous coordinates u, v by
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setting © = u/v. Then the Riccati equation ((4.7’)) assumes the form

(%——Qu—PU) —u(cj;; + Ru+ = Qv) =0. (4.7)

As the definition z = u/v contains two functions, one can constrain them
du

by one additional relation, e.g. by the equation % — —Qu — Pv = 0. Then

equation (4.7) reduces to the system of two linear equations:

du 1 dv 1

— =-QWu+ Ptw, — =—R(t)u—=Q(t)w.

This is a representation of the Riccati equation in the projective space. Let
(u1, v1) and (ug, v9) be two particular solutions of this system, chosen so

that the ratios uy/us and vy /ve are not equal to the same constant. Then
u = C1U1 + CQUQ, V= 011)1 + CQUQ,
and hence the general solution to the Riccati equation (4.7) is given by

~ Crup + Couy ug + Kuy '
Civg +Covy v + Ky

(4.11)

Let x1,...,x4 be four solutions of the Riccati equation corresponding to
certain particular values K7, ..., K4 of the constant K in (4.11). Then the
following equation holds:

X1 — T2 T1 — T4 K, — Ky, K —K,
333—562.353—%1 KS_KQ.KS_KAL’

(4.12)

and hence the cross-ratio of any four solutions of the Riccati equation is
constant.

§ 4.4 Linearizable Riccati equations

Thus, by Theorem 21.17, to each Riccati equation (4.7) there corresponds
a Lie algebra L, which is either a three-dimensional algebra with the basis
(4.8) or its subalgebra (for certain particular coefficients P(t), Q(t), R(t);
in this case r = 2 or » = 1). This algebra allows one to find out easily
whether there is a linearizing change of the variable x for a given Riccati
equation. Namely, the following statement is valid [87].

Theorem 21.18. If a Riccati equation (4.7) has one of the following four
properties, it also has the other three:

(1) equation (4.7), & = P(t)+Q(t)z+ R(t)z?, is linearizable by a change
of the variable z;
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(2) equation (4.7) can be written in the two-term form

‘fl—j — Ty(1)er(x) + To(t)es(2) (4.13)
so that the operators
d d
Xy = 51(9’5)% , Xo= 52(37)% (4.13")

generate a two-dimensional Lie algebra, i.e.
(X1, Xo] = aXq + BXo.

If [X, X3] =0, the algebra is one-dimensional and the Riccati equation in
question has separable variables;
(3) equation (4.7) has either the form

dx )
- = Q) + R(t)z™. (4.14)
or the form p
= = P(t)+ Q) + kQ() — kP(1)]a” (4.15)

with a constant (in general complex) coefficient k;
(4) equation (4.7) has a constant (in general complex) solution.

Proof. Let us demonstrate that, e.g. the properties (1) and (2) are equiv-
alent. A key factor in the proof is that equation (4.13) and the Lie algebra
structure [ X, X5] = aX; + X, remain unaltered under any change of the
dependent variable x.

(1) = (2). If equation (4.7) is linearizable, we can assume that it is al-
ready written in the linear form and the property (2) follows from Examples
21.13 and 21.14 in § 4.2.

(2) = (1). Let the operators (4.13") span a Lie algebra L, of dimension
r < 2. The case r = 1 yields &(z) = ¢&1(x), ¢ = const. Then (4.13) is an
equation with separable variables:

dz
It becomes linear after introducing a canonical variable for X; = & (z)L.

Indeed, defining the canonical variable y by the equation

dy

Xify) = G(@) 2 = 1,
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one can rewrite the above equation in the linear form:

d
d—i = Ty(t) + cTa(t).

Suppose now that » = 2. In order to linearize equation (4.13) we will trans-
form the operators (4.13") to the form (cf. Examples 21.13 and 21.14)

d d
Xi=—, Xo=0—" 4.13"
YT de 2= %1 ( )
One can assume that the first operator (4.13’) is already written in the
canonical variable z, i.e. it has the form X; = - given in (4.13"). Let

d
Xy = f(x)%

be the second operator (4.13’). We have

(X1, Xo] = f’(fﬂ)%

and the equation (X7, X5] = aXj + X5 is written

df
S avby.
iz a+bf

It follows that at least one of the coefficients a or b is not zero since the oper-
ators X; and X are linearly independent, and hence f’(z) # 0. Integrating
the above equation we obtain:

d
f=ar+C = ngaa:d—+CX1, if b=0,
T

d
f=ce— % — x,=ce X, if b0
b de b
In the first case, a basis of Ly has already the form (4.13"”). In the second

case, one can assign br as new x and take a basis of Ly in the form

d d
X, =2 X, =t
P edx

and transform them to the form (4.13”) by the substitution T = e™*.

It remains to show that the equation [X;, X5] = 0 implies that the
operators (4.13') are linearly dependent. Indeed, the equation [X;, X5] =0
is written &€, — &&= 0, or

ds _ dé
& &

and the integration yields & (x) = a & (z), a = const.
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Remark 21.5. Equation (4.15) has a constant solution x = —1/k. There-
fore the linear equation, which is a particular case of (4.15) for k = 0, can
be considered as a Riccati equation, which has the point at infinity as its
constant solution.

CHAPTER 5
The invariance principle in problems of
mathematical physics

Special types of exact solutions, widely known now as invariant solu-
tions, have long been successfully applied to the analysis of specific problems
and were in accepted use in mechanics and physics prior to the development
of group theory, becoming in the process a sort of folklore. Lie uncovered the
group-theoretical meaning of these solutions and considered the possibility
of using invariant solutions for integrating partial differential equations with
a sufficiently large group of symmetries ([123], Chapters III and IV). Sub-
sequently group theory made it possible to understand, clarify, and extend
many intuitive ideas, as a result of which the method of invariant solutions
could be included as an important integral part of contemporary group
analysis. It was precisely through the concept of invariant solutions that
the theater of action of group analysis shifted in the 1960s from ordinary
differential equations to problems of mechanics and mathematical physics
(largely due to the books [24], [159], [148], [138], [2]-[3]).

In the passage from ordinary to partial differential equations it becomes
impossible (barring rare exceptional cases), as well as practically futile,
to write down a general solution of the equation. Instead, mathematical
physics deals with solutions that satisfy a priori fixed side (initial, bound-
ary, and so on) conditions. In the solution of many problems of mathemat-
ical physics the following semi-empirical principle (it has been rigorously
justified so far only in limited cases; see [144], §29, [24], §89, [130], [152])
may be used with success.

Invariance principle: If a boundary-value problem is invariant with re-
spect to a group, then one should look for a solution in the class of functions
wmvariant with respect to that group.

Invariance of a boundary-value problem presupposes the invariance of
the differential equation and of the manifold containing the data, as well
as the data given on that manifold. If the boundary conditions violate in-
variance (which happens frequently), the invariance principle is useful in
conjunction with other methods. For instance, it will be shown below in
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§ 5.3 that Riemann’s method reduces the Cauchy problem with arbitrary
(and therefore not invariant) data to a particular problem (Goursat’s prob-
lem) which turns out to be invariant, and hence can be solved by applying
the invariance principle.

§ 5.1 Application of the invariance principle to a non-
linear boundary value problem

Consider the following nonlinear equation
Au =e", (5.1)

where u = u(z, y) and Au = uy,+u,, is the Laplacian with two independent
variables. Equation (5.1) admits the operator

0 0

0
X =¢6—
g@x i
where £(x,y) and n(z,y) are arbitrary solutions of the Cauchy-Riemann
system

&xo—my =0, & +n,=0. (5.3)

Consequently, one can express the general solution of the nonlinear equation
(5.1) via the solution of the Laplace equation

Av =0 (5.4)
in the form , )
v+ v

In other words, the nonlinear equation (5.1) is mapped to the linear equa-
tion (5.4) by the transformation (5.5). However, this transformation is not
particularly useful in dealing with concrete problems. Let us turn to an
example.
Consider the following boundary value problem in the circle of radius
r=1:
Au = e", u}ril =0, (5.6)

where r = /22 + y2. The general solution (5.5) is not suitable for solving
our problem since it leads to the nonlinear boundary-value problem

1
Av=0, (v+v,—=0v7)

=0.
2

r=1
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In order to solve the problem (5.6) it is convenient to use the polar
coordinates
T =rcosp, y=rsingy. (5.7)

In these coordinates Equation (5.1) is written
1 1 u
Upy + U + gl =" (5.8)

Since the differential equation and the boundary condition in the prob-
lem (5.6) are invariant with respect to the rotation group, we can apply the
invariance principle and seek the solution depending only on the invariant
variable r. Then Equation (5.8) is written

1
Upp + —u, = €. (5.9)
r

We will assume that the function wu(r) is bounded at the “singular” point
r = 0 and formulate the boundary conditions of the problem (5.6) in the
following form:

u(l) =0, u(0) < oo. (5.10)

One can integrate equation (5.9) by means of Lie’s method. Namely, it
has two infinitesimal symmetries

0 0

Xi=r——2—, XQZTIHTE—Q(l—FlDT)a—u' (5.11)

We reduce the first operator to the form X; = % by the change of
variables

t=Inr, z=wu+2Inr.

Equation (5.9) is written in these variables as follows

d*z

Integration by means of the standard substitution % = p(v) yields

dz
— =t+ (5. 5.13
/ vV Cl + 2e? 2 ( )
Evaluating the integral in (5.13) one can verify that the condition u(0) <

oo is not satisfied if C'; < 0. Therefore we calculate the integral for C; > 0.
For the sake of convenience we set C; = A2 and Cy = In C. Then we evaluate
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Figure 5: Solution (5.15) with
> =5—2/6 is bounded. Figure 6: Unbounded solution.

the integral, rewrite the result in the old variables and obtain the following
solution:
222 (er)?

- P o1

u=In

It follows that

urx(A=2)Inr (r —0).
Therefore the condition u(0) < oo entails that A = 2. Furthermore, the
boundary condition u(1) = 0 takes the form 8c* = (1 — ¢?)? whence
? =5+2V6.

Hence, the problem (5.6) has two solutions given by the equation

u = In(8¢*) — In(1 — *r?)? (5.15)
with
A=5-2V6
and with
& =5+ 2V6,
respectively.

The first solution (Fig. 5), i.e. (5.15) corresponding to the case
?=5-2V6
is bounded everywhere in the circle

2 +y? < 1.
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The second solution (Fig. 6) corresponding to the case
A =5+2V6
is unbounded on the circle
2?4y = rf, where r, =1/c~0.33.

In this solution, we have u(0) = u(ro) = ug ~ 4.37, where 7y = v/2/c.

8§ 5.2 Spherical functions

Let us consider Laplace’s equation Au = 0 in three independent variables
x,1, 2z, and let us find its solutions that are invariant with respect to rota-
tions and stretchings in the independent variables and the function w.

It is convenient to use the spherical coordinates

xr=rsinfcosp, y=rsinfsinyp, 2z =rcosf

(0<0 <m 0<y<2m) and write Laplace’s operator in the form
1,0 0
A:—(—2— A)
2\or ' or 22,

where A, is the Laplace—Beltrami operator on the unit sphere defined by

Agu = L 8(81119@) L O

sinf 90 00 sin2f 0y
The solutions that are invariant with respect to spatial rotations (spher-

ically symmetric solutions) have the form u = R(r). For the Laplace’s
equation yield (r*R’)" = 0, whence

C
R=—"40C,. (5.16)
r
For the group of stretchings in v with the symbol X = uf% any invariant

is a function of z, y, z. Therefore no solution u = ¢(z,y, z) can be invariant
with respect to this group, as u is not an invariant.

Let us find invariant solutions for the group of stretchings in the inde-
pendent variables and the function w:

IT=ax, y=ay, zZ=az, u=a"u. (5.17)

A function u = ¢(z,y, z) that is invariant with respect to the stretchings
(5.17) is called homogeneous of degree n. Thus, let us consider solutions of
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Laplace’s equation that are homogeneous of degree n. Keeping in mind that
the homogeneous solutions will be used for an expansion of an arbitrary
solution, we assume that n is an integer.

Writing the operator of the group of stretchings (5.17) in the spherical
coordinates in the form

and solving the equation X.J = 0 one can see that a basis of invariants
is furnished by A = ur™, 6, ¢. Hence, the invariant equation is written
A =Y, (0, ) (the index n means that for each choice of n one has a different
function Y') and provides the following general form of the invariant solution:

u=r"Y,(0,p). (5.18)
Then
1 a n+1 n n—2
Au— 5 —(nr"TY,) ALY, | =" n(n + 1)Y, + AqgY,),
r
and Laplace s equation assumes the form

A)Y, +n(n+1)Y, =0. (5.19)

Thus, the coefficient Y,, of the invariant solution (5.18) is an eigenfunction
of the Laplace—Beltrami operator Ao with the eigenvalue n(n+1). It is known
as the spherical function of order n.

Equation (5.19) is invariant under the change n = —(m + 1), since
n(n+1) = m(m+1). Therefore, if (5.18) is a solution of Laplace’s equation,
the following function is also a solution:

r= YL (6, ). (5.18)

The series composed of the invariant solutions (5.16), (5.18) and (5.18")
with constant coeflicients,

u(r, 0, 9) = <A0+—)+Z( e nH)Y(Q,g@), (5.20)

is a (formal) solution of Laplace’s equation in view of the superposition
principle (the latter being also a group property). The formula (5.20) gives
a representation of the general solution and is usually derived by the method
of separation of variables (see, e.g. [172]).

§ 5.3 A group-theoretical touch to Riemann’s method

This section is of a synthetic nature, being a result of combining Riemann’s
method [153] for integrating second-order linear hyperbolic equations with
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Lie’s classification [112] of such ¢
equations. One can find in [34]

a detailed description of known \e,g HUT 4y
methods of constructing Rie- Bor————- '
mann’s function (called in [34]
the Riemann—Green function) L4
for particular types of equa- |
tions. Specifically, six meth- :

ods are described there. The :
group-theoretical approach pre- 0 _'z,o 2=
sented below provides the sev-

enth method.

B

Figure 7: Riemann’s method.
Riemann’s method reduces the problem of integration of the equation
Llu] = tay + az, y)us + b(x, y)uy + c(z, y)u = f(z,y) (5.21)
to that of constructing the auxiliary function v solving the adjoint equation
L*[v] = vgy — (av), — (bv)y +cv =0 (5.22)
and satisfying the following conditions on the characteristics:

V]pmay = elio (@0 mdn. Vymyy = el P& wo)E, (5.23)
Provided that the function v is known, the solution of the Cauchy problem
Ll = £ ul=uole), uyly = () (5.24)

with data on an arbitrary non-characteristic curve ~y is given by the formula

u(zo,y0) = %[u(A)v(A) +u(B)v(B)] + /AB { [%vum + <bv — %vx> u} dx

— [%vuy + (av — %1@)4 dy} + // vfdzdy,

where the double integral is taken over the domain bounded by the char-
acteristics * = xg, y = yo and the curve v (ses Fig. 7). The function v is
called Riemann’s function, and the boundary-value problem (5.22), (5.23)
is called the characteristic Cauchy problem, or the Goursat problem. The
solution of the Goursat problem is unique.
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Example 21.19. For the wave equation u,, = 0 the corresponding Goursat
problem has the simple form

Ugy =0, Vlpmgy =1, Vlyzy, = 1.
Clearly its solution is the function v = 1.
Example 21.20. The telegraph equation
Upy +u =0 (5.25)

is one of the simplest equations (after u,, = 0) to which Riemann’s method
is applicable. In this case, the Goursat problem (5.22), (5.23) has the form

Upy F0 =0, Vlpmgy =1, lymy, = 1. (5.26)

Usually, textbooks offer the following “method” for solving it: let us look
for a solution of the problem (5.26) in the form

v=V(2), z=(x—1x0)(y—yo). (5.27)
This leads to the ordinary differential equation
V'V + V=0,
which is Bessel’s equation and assumes the standard form
pV" + V' 4 uV =0

upon the substitution u = v/4z. Thus the Riemann function for the tele-
graph equation (5.25) is expressed in terms of Bessel’s function Jy in the
form

v(z,y; w0,0) = Jo(v/ 4 — m0)(y — wo) ). (5.28)

Example 21.21. Riemann himself applied the method he suggested to the
following equation (see [153], §9):

l

Vpy + ——=v =0, [ = const. 5.29

Y (1’ + y)g ( )

For this equation the conditions (5.23) on the characteristics are written
Vpmzy = 1, Ulymy, = 1. (5.30)

Riemann reduces the resulting characteristic Cauchy problem to an ordi-
nary differential equation (which defines a special Gauss’ hypergeometric
function) by assuming that v is a function of the one variable

o= w20y = yo) (5.31)

(Io + yo>($ + y)
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In the last two examples we could reduce the construction of the Rie-
mann function to the solution of an ordinary differential equation by having
guessed correctly the form of the solution of the Goursat problem. It turns
out that the ability to perform such a reduction is related to the fact that
the equation admits a sufficiently large group, and to the invariance of the
conditions on the characteristics with respect to a one-parameter subgroup
of that group. It is the invariance principle, and not a lucky guess, that
gives us the correct form of the solution. Let us consider the equations of
Examples 21.20 and 21.21 from this point of view.

Example 21.22. The telegraph equation (5.25) admits the three-parameter
group (in addition to stretchings of the variable u and the infinite group con-
sisting of addition to u of any solution of the equation; this group is common
to all linear equations) with the generators

0 0 0 0
X,= 2 Xo=Z Xy=al —yZ.
1 ) 2 ay y 3 xz 81’ ay

Let us find a linear combination of these operators,
X =aX; + Xz +7X;,

admitted by the Goursat problem (5.26). Let us require first the invariance
of the characteristics x = xg, y = yo. The invariance test has the form

[X(CU - IO)]J?:CC() =a+yrg = Oa [X(y - yO)]y:yo = ﬁ — YYo = 0.

It follows that v # 0, since otherwise @« = § = 0. Therefore one can set
v = 1 and obtain a = —x, = yy. One can readily verify that the resulting
operator

X = (- )~ (= w)y (5.32)

ox
is admitted by the Goursat problem (5.26). Therefore one can use the in-
variance principle and look for the solution to the Goursat problem among
invariant functions with respect to the one-parameter group with the gen-
erator (5.32). This group has two independent invariants, namely v and
z = (x —x0)(y — yo). Therefore the invariant solution has the form (5.27).

Example 21.23. Equation (5.29) also admits three operators, namely:

o 0 o 0 , 0 )

= - Xy=1— Xy =a2— — ¢y —.
ox Oy’ 2= 570 o y@y

X <z
! 8az+y8y’
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As in the previous example, one can find uniquely thir linear combination,

X=(@-m)atmg — - wo o)y (53)

leaving invariant the characteristics and the conditions on the characteris-
tics. Therefore we shall look for the solution of the problem (5.29), (5.30) in
the class of invariant functions. Since the invariants for the operator (5.33)
are v and
_ (z — 20)(y — wo)
SENCEDIPEEnA

the invariant solution has the form v = v(u). This is the invariant solution
found by Riemann; the variable z (5.31) he used is related to the invariant
p (5.34) by the functional relation z = u/(1 — p), and hence is also an
invariant.

(5.34)

Let us now move on to general statements. The starting point here will
be Lie’s result [112] on the group classification of homogeneous equations
(5.21). Most convenient for our aims is the invariant (with respect to equiv-
alence transformations of linear equations) formulation of this result due to
Ovsyannikov [136] (see also [144], §9.6). Note that in the assertions below
the admitted group is considered modulo addition to the dependent variable
of an arbitrary solution ¢(z,y) of the linear equation. In other words, by
an admitted algebra we mean the quotient algebra of the general admitted
algebra by the ideal spanned by the operators X = go(m,y)%- So let us
start with the following result of group classification.

Theorem 21.19. Let us denote by h and k the Laplace invariants of Eq.
(5.36):
h=a,+ab—c, k=0b,+ab—c. (5.35)

The equation
Llu] = ugy + ax, y)uy + b(z,y)uy, + c(z,y)u =0 (5.36)
admits a four-dimensional Lie algebra if and only if the quantities*

k 1 %In|h
1T Oxdy

p= (5.37)

* Author’s note to this 2006 edition: 1t is assumed that h # 0. If h = 0,k # 0 then h
and k have to be interchanged. If h = k = 0 equation (5.36) is equivalent to uz, = 0.
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are constant. It admits at most a two-dimensional algebra if at least one of
the quantities (5.37) is non-constant. Furthermore, in the case of constant
p and ¢ equation (5.36) reduces either to the form (if ¢ = 0)

Ugy + TUy; + pyuy, + pryu =0 (5.38)

and admits the operator

0 0
X = (12 4+ o) =— + (—aqy + az) =— — (y + aspx + ay)

Ox oy You
or to the form (if ¢ # 0)
2 2p 4p
Uy — Uy — U,y + u=20 5.39
R R P R A e (539
and admits the operator
0 0 2 0
X = (a1x2+a2x+a3)a—x+(—a1y2+a2x—a3)a—y+ alg(px—y)—l—oq]u% .

Corollary 21.2. The adjoint equation (5.22) admits a four-dimensional
algebra if and only if so does the original equation (5.36).

Indeed, in the mutually adjoint equations L[u] = 0 and L*[u] = 0 the
Laplace invariants h, k and h,, k, are related by the permutation, h =
k., k = h.. This follows immediately from (5.22), (5.35). Therefore the
corresponding invariants (5.37) p, ¢ and p., ¢, are either constant for both
equations, or non-constant.

Remark 21.6. The general equivalence transformation of equations (5.36)
has the form

T = f(x)a y = g(y)v u = )\(a:,y)u (540)
The Laplace invariants (5.35) are in reality invariant only with respect to
the linear transformation of the dependent variable, @ = A(x, y)u, without
a change of the coordinates x,y. On the other hand, the quantities p and ¢
defined by (5.37) are invariant with respect to the general equivalence trans-

formation (5.40) (see [136]) and therefore arise naturally in the statement
of Theorem 21.19.

Now we can prove the main result of this section.

Theorem 21.20. [89]. Let equation (5.21) have constant invariants (5.37).
Then the Goursat problem (5.22), (5.23) admits a one-parameter group and
Riemann’s function is determined by a second-order ordinary differential
equation.
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Proof. By Theorem 21.19 and its corollary, it suffices to consider equations
(5.21) for which the adjoint equation (5.22) has already been reduced by a
suitable equivalence transformation either to the form (5.38) or to the form
(5.39), depending on whether the invariant ¢, of the conjugate equation
vanishes or not.

Let us consider the case g, = 0 and assume that the adjoint equation
has been reduced to the form (5.38):

L*[u] = vy + 20, + puyvy, + pazyv =0, p, = const. (5.41)
Then the conditions (5.23) have the form
'U’x::r:o _ exo(yO*y)7 'U’y:yo — ep*yo(:cofx) (5'42>

and the Goursat problem (5.41), (5.42) admits the operator

0 0 0
X =(z— l’o)% —(y— yo)a—y + [20(y — yo) — P=yo(x — 5170)]’0% :

This operator has the invariants
V — Ue[xo(y7y0)+p*y0(x7x0)} and ILL — (x — xo)(y — yo)

By the invariance principle, the solution of the Goursat problem (5.41),
(5.42) is sought in the invariant form

V= e[mo(yo_y)+p*y0($0—1’)]V(M>’ = (g} — ;L‘O)(y — yo)
By substituting into (5.41) we obtain the ordinary differential equation
pV" + 1+ (pe + DV + popV =0 (5.43)

for the function V(u). Two conditions (5.42) on the characteristics yield the
single initial condition V(0) = 1. So the construction of the Riemann func-
tion requires the integration of equation (5.43) with this initial condition.

Suppose now that ¢, # 0 and that the adjoint equation has been reduced
to the form (5.39):

2 20, n 4dp,v
— UV, — )
e(z+y) * alz+y) "V @az+y)?

L.[v] = vgy —

=0,  (5.44)

where p,, ¢. = const. In this case the conditions (5.23) are of the form

2/(]* ZP*/Q*
Vo = (YN ), = (2 , (5.45)
o + Yo o + Yo
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and the Goursat problem (5.44), (5.45) admits the operator

X = (= o)(a+ )5~ (= )+ )5+ o —a0) = (=)l

*

The invariants are

V= —2p+ /¢« —2/qx« _ (l’ - Z)L'())(y - yO)
o) T ) G )

and an invariant solution is written in the form
v (fc‘f‘yo)QP*/(I*(%‘FZ/)wq*U(N) _ (z —20)(y — o)
o + Yo o + Yo ’ (z + o) (20 +¥)

As a result, the Goursat problem (5.44), (5.45) is reduced to the solution of
the ordinary differential equation

u(1 = )2V + (1 - p) [1 + (w _ 1>u] V't 4;2* pV =0 (5.46)

under the condition V' (0) = 1. This completes the proof.

Example 21.24. Let us consider the equation

Ugy + u=0, [=const. #0,

Tty
which holds an “intermediate” position between equations (5.25) and (5.29).
The Laplace invariants (5.35) are h = k = —l/(z + y), and the formulae
(5.37) yield p = 1, ¢ = 1/[l(x + y)]. As ¢ is not constant, Theorem 21.20
cannot be applied.

For practical use of Theorem 21.20 in the case of constant p and ¢, there is
no need to reduce the adjoint equation to the corresponding standard form
(5.41) or (5.44). It can turn out that the computations are easier in the
original variables. For that we only need to find the admitted operators.
The corresponding algorithm is described in Table 6.10, and it will be easy
to remember after the following additional clarifications.

If for an equation (5.36) one is looking for an admitted operator of the
form

0 0 0
X = g(xvyau)a +n(x7yau)a_y +M<x7yau)%7

then, after a preliminary analysis of the determining equations, one can
verify that this operator has the following special form:

0 0 0

X=&x) o= +ny) 5=+ U(x,y)u% :

- 5y (5.47)
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Hence, the group admitted by equation (5.36) belongs in the class of equiva-
lence transformations (5.40). This is the first useful observation.

Subsequent analysis of the determining equations shows ([144], §9.4)
that the operator (5.47) is admitted by (5.36) if and only if the following
equations hold:

(hf)w + (hn)y =0, (kf):c + (k7}>y =0,
(c+an+0b8), =(h—Fk)n, (c+an+0bf),=(k—h)E. (5.48)

The second useful observation concerns these equations and allows one to
give them a clear geometric meaning.

Let us start by noting that up till now we have actively used the tangent
vector field of a one-parameter group in the form of a first-order linear
differential operator (1.7). If we now take into account the close connection
between linear partial differential equations and equations in differentials
(equations of characteristics), then it becomes natural to use along with the
generator

0 0

its dual differential form
= = ndx — &dy. (5.49)

Furthermore, the differential form (5.49) will be considered to be dual with
respect to the operator (5.47) as well. In this way we emphasize the fact that
transformations of x, y have a geometrical meaning, whereas the transforma-
tion rule for the dependent variable u is defined by its physical significance,
and not by geometry.

Using the differential form (5.49), the determining equations (5.48) are
written

d(hZ) =0, d(kZ) =0, d(o+an+b) = (h—k)=. (5.48")

Since every closed form is locally exact, the first two equations (5.48)
mean that both Laplace invariants h and k (5.35) are integrating factors for
the dual differential form (5.49) to the operator (5.47). In view of this, in
particular, the form (h— k)= is exact. Therefore the last equation in (5.48")
can be integrated and gives us the coefficient o of the operator (5.47).

Example 21.25. Consider the equation

(wr+uw) = foy), 140, I#£-1 (550

gy — ————
v Tr+y

Here p =1, ¢ =2/[I(l 4+ 1)] and Theorem 21.20 is applicable.
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The adjoint equation is

21
zty (v +vy) — Gro? v=0 (5.51)
and the conditions on the characteristics have the form

l !
To + Y To+Y
V] = ( 0 0) s Olymyo = < 0 0) : (5.52)

Y+ Zo T+ Yo

Ugy +

Let us find the algebra admitted by equation (5.51). The Laplace invari-
ants for equation (5.51) are equal and coincide with the invariants h = k of
equation (5.50) (see Corollary of Theorem 21.19). Therefore the first two
equations (5.48) reduce to the single equation

((xfyv)y* (ﬁ) -0

§=C1a” + Cox 4+ Cs, n=—-C1y° + Coy — Cs.
Now integration of the third equation in (5.48"), which has the form
[
oo erm) =0
N y(ﬁ n)

yields o0 = Cy+C1l(y—x). Hence, the operator admitted by equation (5.51)
is has the form

whence

0 0 0
X = (Cy2° + Cyz + 03)% — (C12* — Cyy + 03)8—;1/ +[Cy+ Chl(y — flf)]U%

and contains four arbitrary constants C', ..., C}, in accordance with Theo-
rem 21.19. This operator, upon using the invariance condition of equations
(5.52) on the characteristics, becomes

X = (5= a+0) 5~ (=) +i0) =)~ =)o (5.53)

Thus, the Goursat problem (5.51), (5.52) admits the one-parameter group
with the symbol (5.53). The invariant solution is written

2 _ —
v — (%o ‘|l' Yo) V(z), z= (z —20)(y — %)
(z +yo)'(y + o) (zo +yo)(z +y)
Substitution into (5.51) yields the ordinary differential equation

l
142

One can easily verify that two conditions (5.52) on the characteristics lead
to the single initial condition V' (0) = 1.

AL+ 2V + (14201 D)V =124+ —— )V =0,
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§ 5.4 Symmetry of fundamental solutions, or the first
steps in group analysis in the space of distribu-
tions

Continuing in the direction of the previous section, namely, application of
the invariance principle to boundary-value problems with arbitrary data
by reduction to an invariant problem of a special type, let us consider the
potential of group theory in the construction of fundamental solutions for
the three classical equations of mathematical physics. This natural path
of development of group analysis venturing into the space of distributions
(generalized functions) has been sketched in the booklet [87], where one can
find some additional heuristic considerations which are omitted here. On
the other hand, here we use infinitesimal techniques to a greater extent than
in [87].

§ 5.4.1 Something about distributions

We will consider the general n-dimensional case, so test functions ¢(x) are
infinitely differentiable functions of z = (z!,..., 2") with compact support.
The action of a distribution f on ¢(z) is denoted by < f, ¢ > or by

< f(z), ¢(x) > when different variables are in use.

Transformation of distributions. Consider a given transformation in
R",

T = ®(z), (5.54)
where ® is a C*° diffeomorphism. The Jacobian of this transformation is
denoted by J = det(%). Let us define a transformation of distributions by
the equation

< f(@), p(z) > =< (fo2)(@), (po®')(7)> (5.55)

expressing the invariance condition for a functional.
Let us start, as usual, with the regular case when f is locally integrable
and

<), plo)> = | flo)el)dr

The formula for a change of variables in the integral yields

[ f@ptaa = [ (Fo07)@)e o0 @I e

n

that is (see [31], p. 456)

< fl@), pla) > =< |J[7(fo @) (2), (po@')(T)>. (5.56)
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Comparison of (5.55) and (5.56) leads to the following formula for trans-
forming arbitrary distributions:

F=11f or f=|det (g;)‘f (5.57)

Taking, in particular, f = §, we obtain from (5.57) the following transfor-

mation of the d-function:
oz
5= ‘d g (S8

Consider now a one-parameter transformation group. Taking, instead of
(5.54), the infinitesimal transformation 7' ~ z' + a&’(x) of this group and
using the rule for differentiating Jacobians,

(5.58)

=0 '

?)_i 0T Di(&),
we obtain the infinitesimal transformation (5.57):
fa f—aDi(§)f. (5.59)
For the d-function this has the form
§~0—a [Di@i)\xzo] 5. (5.60)

The Leray form. Let us consider a hypersurface in R" defined by the
equation

P(z)=0 (5.61)

with a continuously differentiable function P(x), where gradP # 0 on the
surface P = 0. The Leray form ([107], Ch. IV, §1; see also [55], Ch. III, §1,
[31], p. 439) for this hypersurface is defined as an (n — 1)-form w such that

dP ANw=dxz" N ... Adz".
At the points where P; = % = ( it can be represented in the form

dz'' N oANdEITVANdTITEA LA d
P.

J

w=(-1)7"1

Using the Leray form on the surface (5.61) one can define the Dirac
measure 0(P) by

<o(P), o> = / ow. (5.62)

P=0
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Let 6(p) be the Heaviside function, or the characteristic function of the
domain P > 0, i.e.

0 for P <0,
0(P) =
1 for P>0.
The distribution
<O(P), ¢p > = o(z)dz (5.63)
P>0
satisfies the differential equation
0'(P) =6(P). (5.64)

Differential equations with distributions. Here we do not deal with the
problem of describing all solutions of arbitrary linear differential equations
in the space of distributions (in this regard, see, e.g. [55], Ch. 1. §2.6 or [31],
pp. 450-452). We dwell only on those simplest equations that are needed
in what follows. One of them is (5.64).

Let us take n = 1 and consider the first-order equation

zf =0. (5.65)

Its only classical solution is f = const. In distributions it has two linearly

independent solutions: f; = 1 and f; = 6(x). Therefore the general solution
of (5.65) in the space of distributions has the form

f=C10(z) + Cs. (5.66)

The Dirac measure (5.62) satisfies the following equations:

P§(P) =0, (5.67)
P& (P)+6(P) =0, (5.68)

as well as the equations of order m = 2,3, ..., namely:
P& (P) +mé™~D(P) = 0. (5.69)

Indeed, equation (5.67) follows from the definition (5.62):

< P6(P), p >=<§(P), Pp>= /ngw:().

P=0
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Furthermore, if 25 # 0 (for some i it must be true in view of the condition
gradP # 0), then differentiation of (5.67) with respect to z leads to the
equation

oP opP

— 0(P)+ Pd'(P)— =0

ox’ (P)+ P )8902 ’
which on division by 9% yields (5.68). Further differentiation leads to the
equations (5.69).

It follows from (5.69) that the first-order equation

Pf'(P)+mf(P)=0 (5.70)
has the general solution

f=ComI(P) + CoP™. (5.71)

8§ 5.4.2 The Laplace equation

It is well known that Laplace’s equation
Au=0

is conformally invariant (moreover, it is the only conformally invariant linear
elliptic second-order equation [86]) and admits the Lie algebra L spanned
by

0 0 )
- Y oy _ i
X oxt’ Xy =2 o Oud
Y, = (22'27 — ]x\Q(Sij)i + (2 — n)ac’u3 (5.72)
! O ou’
;0 o ..
lex%, ZQ—U% (t,7=1,...,n).

We shall regard the equation of a fundamental solution,
Au = (z), (5.73)

as a boundary-value problem, in which at a fixed point (at the origin) we are
given a J-function singularity. Let us apply to this problem the invariance
principle. To that end, we first single out in L all operators leaving invariant
the singular point z = 0. It is easy to see that this property is shared by all
operators (5.72) apart from the translation operators X; (i =1,...,n). For
the rotation operators X;; and for the stretchings Z; and Z, it is obvious,
whereas the validity of the invariance condition Y;z*|,—o = 0 of the point
x = 0 under Y; is clear from the equation Y;z* = 2xia® — |x|2§.
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Let us return now to the equation (5.73). First of all, it admits the
operators X,;, since the Laplacian and the ¢-function are invariant with
respect to rotations (see (5.58)). As far as the operators Z; and Z are
concerned, there exists an admitted linear combination of these operators:

-0 0
Z =x'— 4+ ku—, k = const. 5.74
ox? ou ( )
To find k, one has to satisfy the infinitesimal invariance criterion of equation
(5.73). For that one has to prolong the operator (5.74) to second derivatives
and add the transformation of the J-function in accordance with (5.60).
Since in this case D;(£') = n, the resulting operator has the form

= ) ) ) )

Therefore

Z(Au —6) = (k —2)Au + nd,

and the invariance condition of equation (5.73) is written

Z(Au — )] =(k—24+n)5=0,

Au=0

whence k£ = 2 — n. Thus equation (5.73) admits the following operators:

Xij :xjﬁii —x’%, Z:xl%+(2—n)u§u- (5.76)
Likewise one can verify that the operators Y; are also admitted. How-
ever, we do not need them and regard them as an excess symmetry of the
fundamental solution. In accordance with the invariance principle, we shall
look for a solution of equation (5.73) that is invariant with respect to the
group with the basic generators (5.76). The rotation group has two invari-
ants: r = /()24 ...+ (2")? and u. In these invariants the generator Z
(see (5.76)) of the dilation group is written in the form

0 0
Z_r5+(2—n)ua—u

and supplies us with the invariant

J = ur"?

common to all operators (5.76). By Theorem 21.3 an invariant solution can
be written in the form J = const., i.e.

u=Cr*", C = const. (5.77)
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Substituting (5.77) into (5.73) we find

1

C:(z—n)gn’

where €, is the surface area of the unit sphere in the n-dimensional space.
Hence, the fundamental solution has the form

1 —n

Note that the fundamental solution (5.78) has been determined from the
invariance condition up to a constant factor, and equation (5.73) played the
role of a normalizing condition only.

§ 5.4.3 The heat equation

In this case equation (5.73) is replaced by the equation
ur — Au = 0(t, ), (5.79)

where A is the n-dimensional Laplacian in the variables z?, and the oper-
ators (5.76) are replaced by the following generators of rotations, Galilean
transformations and dilations:

0 -0 0 .0

Xji=a'— —2'—, Y, =2t— — z'u—,

U T o taxl T
Z:2t2+xia -n 9. (5.80)

ot oxt Y ou

As in the case of Laplace’s’equation, the operators (5.80) are singled out
from the general symmetry algebra of the heat equation by requiring the
invariance of equation (5.79).
Now we use the invariance principle. The invariants for X;; are ¢, r, u.
In the space of these invariants the operators Y; are written in the form
/ot 0 0
Y; :ZEZ<2—— —u—) .
’ ror 9,
Therefore the rotations and the Galilean transformations have two common
invariants, ¢ and p = e”/(#), Rewriting the last of the operators (5.80) in
terms of these invariants we have
0 0

7 —nL _npL
o Pap
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and obtain the following invariant:
2

r_
J=uvVvthe#

Therefore the invariant solution is of the form

u= ¢ e m, (5.81)

Again, equation (5.79) plays the role of a normalizing condition. Namely,
substituting the function (5.81) into (5.79) we determine the value of the
constant C' and find the fundamental solution of the heat equation:

1 2

Gy t>0. (5.82)

§ 5.4.4 The wave equation

Reasoning as in Section § 5.4.2, one can verify that the equation

g — Au = 4(t, x) (5.83)
admits the following operators:
0 .0 0 0
A Yo
Xy=1 O’ oxt’ Y t@xi T ot’
0 0 0

Z=t—+a2'— +(1— —, i,j=1,...,n .84
tat+xaxz+( n)uaua (W} ) T (58)

The operators (5.84) can be obtained from the (n + 1)-dimensional version
of (5.76) by making one of the variables imaginary. It is manifest from this
analogy that the rotations X;; and Lorentz transformations Y; furnish two
invariants, v and 7 = ¢ — r?, and that in these invariants the last operator
of (5.84) is written
Z =2 9 1— 9. 5.85
= 767_—1-( n)uau (5.85)
It is also clear that the invariant common to all the operators (5.84) is

J = ur™H/2,
Therefore, one may seek the invariant solution in the form
u=Cr=m/2, (5.86)

However, substitution of (5.86) into (5.83) shows that there is no such solu-
tion. The reason is very simple: equation (5.83) has no classical solutions.
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Nonetheless, we shall find an invariant solution by moving into the space of
distributions. To this end, let us look for an invariant solution of the form

u= f(7). (5.87)

Equation (5.87) admits the operators X;; and Y; since it is written in terms
of the invariants u and 7 of these operators. Therefore, it remains to examine
the invariance condition with respect to the operator (5.85). This condition
1s written

Z(f(T) - U)|u:f = 07

271 (1) + (n — 1) f(7) = 0. (5.88)

The classical solution of the ordinary differential equation (5.88) is given by
(5.86). Let us find the general solution of (5.88) in the space of distributions.

It suffices to treat the case of odd n, since the fundamental solution
for even n can be obtained by Hadamard’s method of descent. Thus, let
n =2m+ 1, where m = 0,1,... . Then equation (5.88) is written

(1) +mf(r) =0 (5.89)

and coincides with equation (5.70). Therefore its general solution for m = 0
is given by (5.66):
f(m) = C0(7) + Cs, (5.90)

and for m # 0 is given by (5.71):
f(r) = C16"™ V(1) + Cor ™™ (5.91)
Substitution into (5.83) yields
20, =7"", Cy=0.

Returning to the original notation, we obtain a fundamental solution of the
wave equation for any odd number n of spatial variables:

1
u=g O(t* — ) for n=1, (5.92)
u = %7((1_”)/25(%3)(152 —|z[*) for n >3, (5.93)

The group method of constructing fundamental solutions presented above
was applied recently [18] to wave equations in Lorentz spaces with a non-
trivial conformal group.
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CHAPTER 6
Summary of results
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Table 1. Frequently encountered groups on the plane

Group Generator Invariant | Canonical variables
0
in which X = —
ot
Translations
0
inz: T=x+a, Y=y X =— J=1y t=z, u=y
ox
. _ _ 0
my: 2=z, y=y+a X:8_ J==x t=y, u==2x
Y
along the straight line
kx+1ly=0:
_ _ 0 0 x
T=x+la, y=y—ka | X=l——k— |J=ke+ly |t==, u=kx+1ly
ox oy l
Rotation
0 0
T =uzcosa+ysina X=y——a— | J=a?+4> t:arctanz,
ox dy
§J =1ycosa— xsina u= /22 +y>?
Lorentz transformation
0 0 1
T = xcosha + ysinha X=y—+a— | J=y?—2? t:—lny+x,
oz dy 2 y—=x
y = ycosha + xsinha u=y?—a?
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Table 1 (continued)
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Group Generator Invariant | Canonical variables
0
in which X = —
ot
Galilean transformation
0 x
T=rtay, Y=y X =y J=y t=—,u=y
ox Y
Homogeneous dilation
0 0 x
T =xe, y=ye® X=rx—+y— J=- t=Inz, u=—
ox oy Y
Non-homogeneous dilation
o o k k
T =xe?, §=yek X=o—+ky— J:x— t=Inz, u=—
ox oy Y Y
Projective transformation
SR S p— x=a22 pay |y P
r = = = r°— Ty — = — = —— u = —
1—az Y 1—ay Ox y(‘?y Yy x’
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Table 2. First-order equations with a known admitted operator

(D

(IT)
(111)

(IV)

(VI)
(VII)

(VIII)

y =F(y)

y' = F(x)

y' = F(kx + ly)

y_ytalr)

Y —W, T—\/m
y' =F(y/z)

y =" R (y/ah)
zy = F(xe™Y)

Y = yF(ye™)

y =2 +aF(y/)

vy =y+ F(y/x)

X=ig kg
0 0
:y%_xﬁ_y
X:a:(%—i-y%
X:r%+§y
X:(,%—Fyagy
X:mzs—x—i-xy(%
X:my%wLyQ(%
xoul
X=o
X::Uy%
X—xy% ,
X:e]'P(x)da:aiy

X = yrell—n) [ P(x)dz

0

267
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Table 3. Second-order equations with a known admitted operator

0
" _ / X = —
(I y'=F(y, v) p
0
"n_ g / X = =
y (z, ) 3y
0 0
N __ / _— ] R
y' = F(kz +1ly, ) X=l5: %,
"_ 12\3/2 y—zy _ 2_ 2
m |y =aye(r, x+yy,) X=yg —ag
n__ '3 Y- a:y’ _ 2
") 5 1 d(y) 9
" 13 _ I — _
(IV) y" + ) Y F (y 7w :L‘) X Q(?;) o
(V) y'=F(z, y—xy) X = 25y
0
(VI) p(x)y" —p"(x)y = F(z, p(x)y" —p'(2)y) X = p(w)@
(VII) | p*(z)y” + p(z)p' (x)y' = F(y, p(x)y) X =pl)5-
"o__ vy o — 2 2
(VIID) | xy _F<x, y) X=ag +vy,
(IX) y' = 2F (a7 Ry, 2l 7Ry X = 938% + ’fya%
0 0
/A —x / —_ P
(X) y' =yF(ye™, y'/y) X_O:U+y8y
0
(XT) y' =yF(z, ¥'/y) X=yg-
q'(y) Y 9
XII = DIz () F(x, X = a() -2
(XII) V=Y q(y) ( q(y)) q(y) 3y
" 12 2 my/ (9
= A X = py—
(XII) | yy" =y* +y°F (ﬂf , In y) W,
(XIV) |2y +y = :L‘Qy’3F<y, xiy’ —1In x) X = LUQJ%
3 Yy o _ 22 2
(XV) 7y —F<x7y l’fU) X—xax—i-a:yay
s, o 3p(Y Y~ zy' _ 3 23
(XVI) Yy =Yy F<xa " ) X xyax+y ay
k+1 " . N _ i r_ — Lk 3 2
(XVII) | =z [:Uy +(1 k:)y] = F(xk , TY k:y) X=z (:138$ + ky@g)
" _ 21 _ /3 xr Yy _ — .k ﬁ 2
(XVII) | 2y[yy” + (k— 1)y?] =y F(yk, y, k::x) X =y (kxaw +yay>
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Table 4. Canonical form of second-order equations
admitting a two-dimensional Lie algebra

Type | Structure of Lo Basis of Ly in Equation
canonical variables
0 9 " )
I (X1, Xo] =0, X1 VXy#0 X1=%,X2=8—y y' = fv)
0 0 "
II (X1, Xo] =0, X1V X2=0 X128—y7X2=SCa—y y' = f(z)
111 (X1, Xo]=X1, Xi VX2 #0 X—2 X—x£+ ﬁ ”—lf(’)
1, A2 = A1, A1 2 l_ay’ 2 = or y@y y_x Yy
0 0
v (X1, Xo] =X, X1 VXy=0 Xlzﬁ_y’ Xzzya—y y' = f(x)y

Table 5. Computation of Lie algebras of operators
admitted by second-order equations

Differential equation (1.31)

y' = flz, y, ¥)

Admitted operator

0 0

Second prolongation of

the operator

0 0
X2 =X+C18—y,+CZW,
G =D(n) —y'D(&) =nz + (ny — &)Y — ¥y,
C2 = D(Cl) - y”D(g) = Nz + (277:(:1/ - gcca:)y/

+(77yy - 25:63/)3//2 - y/3€yy + (ny — 26, — 3?/’5@/)9”

Determining equation (1.32)

Nex + (277:531 - fmx)yl + (nyy - 2§a:y)y/2 - y/3§yy
+(77y — 28, — 3y/§y)f —&fr — nfy
—[nz + (ny — &)y — y?&) fy =0
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Table 6. Algorithm for integration of second-order equations using
a two—dimensional Lie algebra Lo by the method of canonical variables

Step | Actions Result
1 Find the algebra L, of all admitted operators | Basis of L, : X1,..., X,
0 0
X =¢&(@y)5 +n, y)a—y by solving
determining equation (1.32) of Table 5

2 If r = 2 go to next step, if r > 2 find in L, Basis of Lo : X1, Xo

a subalgebra Lo using Theorem 21.9.

For » = 1 the order of the equation

can be reduced (§ 1.4), while for r = 0 the
group-theoretical approach is inapplicable

3 Determine the type of Lo by Theorem 21.11: | Reduction of the
compute the commutator [X;, Xs] and the structure of Lg to one
pseudo-scalar product X; V Xs (see (2.8)). of the four types of
If [X3, X2] # 0 and is not equal to X7, then | Table 4
by the linear change of variables (2.10) pass
to a new basis X7, X} with [X], X}] = X]

4 By Theorem 21.12, reduce the basis of Lg Determination of the
to one of Table 4 by a suitable change of integrating change of
variables z, y. By this change of variables variables
reduce your equation to canonical form
of corresponding type from Table 4 and
integrate it (see § 2.2.3)

5 Rewrite the solution in original variables Solution of the equation
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Table 7. Real non-isomorphic structures of three-dimensional Lie algebras
(classification by Bianchi [22])

Type | [X1, X3] (X2, X3] (X3, Xi]

1 0 0 0

11 0 0 -X5

11T 0 0 -X3

v 0 X5 —(X1+ Xo9)

\Y 0 X5 —X1

VI 0 kXo,k#0and 1 -X3

VII 0 X1+ gXo Xo —qX1

VIII X4 X3 —2Xy

X X3 X4 Xo

Remark. In complex domain there are only seven non-isomorphic structures:
type VII becomes VI with k = a —_F Z in the complex basis

X1 =Xo0+iXy, Xo=Xo—iX;, X3= %Xg, and type IX coincides
with VII in the basis X1 = X7 — i X3, Y;J :Z—z’XQ, X3 =X; +iX3.
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Table 8. Real non-similar Lie algebras L3 and invariant equations

Type in
N | Table 7 Basis of Lj Equation
0 0
X 1 2\ 7 I "
1 (—I—x)8$+xyay, y
1 IX X —yi—xg o 1442 + (1 + 22y — 2zyy/13/2
? (98 dy’ 9 14 22 + 92
X3 =azy— + (1 + 9
3= 2yg-+( +y)6y
0 0
X = — 4+ =
Y7 ox oy’ » ,
8 / Cl /
2 X2_xai+ya_7 yuzzyJr Y ty
y@ Yy—x
Xa = 2 7 2 Y
3= 9 +y oy
0 o 1 0
3 VIII Xl:%’ Xy = 8_+§y8y’ Y =Cy3
Xy=2>—~+x 9
3T % 9z T Wy
a a 3y//2
4%* X = Xo = y— no_ < /
X3 =y?=—
3 yay
5* VII X = 63 . Xo g , Yy = C(1 4 y?)3/2 eqarctany’
£ Yy
0 0
X3 = — )
3= (a2 +y) 5+ (ay x)ay
0 0
6 VI Xi=—, Xo=—,
8813 5 Ay
ith£0 | Xg=ap thyg , k#] Y = Oy 5
7 III Xlzﬁ, X, ;1:2,
oy 80@/
if k=0 X3:(1—k)m%+ya—y,k7él y' = Cx it
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Table 8 (continued)

Type in
N Table 7 Basis of L3 Equation
8 Xl = 2 5 X2 = 27
V X —_ r— - " — 0
3= Ey +y B Y
0 0 0
9 Xi1=—, Xo=20—, =y—
1 By 2= dy 3=Y p)
10 X1 = ﬁ , Xo = 27
85: aya
v Xy =x— = "=CeV
3 xax+(w+y)ay y e
11 Xlzé,XQZ.ﬁg,
0 5 86y
X —_ _ "o C T
3% oa +y 9y Y e
0 0 0
12 I Xi=—, Xo=—,Xg=0— "=C
1= 5 2 Dy 3= Dy Y
13** I X1:27X2:x£7
a ay ///( )
0 " (x
X — —, /! 0 " — /!
3 p(:v)ay p'(z) # PR f(x)
Remarks. * In complex domain, case 1 reduces to case 2 by changing to variables
Ty — 1 Ty + 1
Z, y defined by the equations x = x_y+ —, Yy = —1 a:_y +_ , while 5 reduces to 6
Tty
) 1 1
with k= 2 +Z, by the change of variables T = §(y —ix), y= §(y +iz).
q—1
** In cases 4 and 13 there are no invariant second-order equations, therefore
the third-order equations are given.
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Table 9. Lie’s group classification of second-order equations
Group Symmetries Equation
Gy x =2 y'=f. ¥)
Ox ’
0 0
X = — X = — /" = /
1 o 3 2 8y Yy f(y )
0 0 0 1
Xi=— . Xo=1p— _ "n_ - /
Go 1= gy UE&EﬂLyay y l,f(y)
/ 13/2 /2
Xl_i"i‘g,Xz x£+y£’ y//:2y+cy +y
Oor 0Oy oz y y—x
X3 = ng + 22
ST 0 Yy
Gs Xl—gy X2:2x2+y2, y' = Cy3
Oz Oz y
X —x2£ +x 2
BT O y@y
0 0 0 PR
Xl—ax,XQ—a ,X3—.’L' —i—(x—i—y)ay y—C'e
0 0 0 P =
-, 1,2
k‘%()? 27 )
Xl gvXZ Q,X3_$2,X4_332,
8:178 8ya oy 5 %IL‘
X =y— . X, X, = g2 v "_
Gs 5= g K6 T g, XK1= x+wyay, y' =0
_ i 27
ngxya +y oy
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Table 10. Construction of the algebra admitted by a
linear hyperbolic equation in two variables

Equation

Uzy + alx, Y)uz +b(x, y)uy +c(z, y)u=0

Laplace invariants

h=a;+ab—c, k=0by+ab—c

The general form of an

admitted operator X = §($)% + n(y)aay + o(x, y)u%
Differential form dual
to the operator X 2 =ndx — &dy

Determining equations | d(hZ) =0, d(kE) =0, d(o +an+b§) = (h — k)=

Coordinate form of the

determining equations

(h€)z + (hn)y =0, (k&)z + (kn)y =0,
(0 +an+b8§)z = (h—k)n,
(o 4+ an+b&)y = (k — h)§
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