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Editor’s preface

This volume contains four papers: two translations of classical works and two original
research papers.

The first paper is the translation from French of the Introduction of Louise Petrén’s
PhD thesis defended in Lund in 1911. Louise Petrén is an interesting person in the his-
tory of Swedish mathematics not only because she was the first Swedish woman who
defended PhD in mathematics, but also because she made a profound contribution to
the constructive integration theory of partial differential equations in the direction ini-
tiated by Euler and continued by Laplace, Legendre, Imschenetsky, Darboux, Goursat.
In her PhD thesis she extended to higher-order equations Laplace’s method of integra-
tion of second-order linear hyperbolic equations with two independent variables. The
Introduction presented here is an excellent survey of Laplace’s method and its gener-
alizations to quasi-linear partial differential equations in two independent variables. It
is interesting to consider her results from the point of view of equivalence transfor-
mations and invariants of differential equations and compare with the theory of the
Laplace invariants. However, L. Petrén’s research was not known until recently among
mathematicians working in group analysis. The aim of this translation is to fill this
gap. We plan to publish the translation of the whole thesis in one of future volumes of
Archives of ALGA. Professor Lars Haikola, Louise Petrén’s grandson, provides in his
preface a family background of Louise Petrén and introduces her as a person.

The second paper is the translation from German of Bessel-Hagen’s paper on
derivation of conservation laws in electrodynamics. It is one of the first papers deal-
ing with an application of E. Noether’s theorem on symmetry and conservation laws.
It is worth noting that Bessel-Hagen applies Noether’s theorem not to the first-order
system of Maxwell equations but the second-order equations for the vector-potential,
e.g. to the wave equations. Then the equations admit a variational formulation and
have a usual Lagrangian. It is interesting to see how the author uses (in §5) the infinite
part of the symmetry group to eliminate coordinates of the four-potential from the final
expressions for the conservation laws.

In the third paper I prove a new theorem on derivation of conservation laws us-
ing symmetries of differential equations. The new theorem which I call theorem on
nonlocal conservation laws is applicable, unlike Noether’s theorem, to all differential
equations independently on existence of usual Lagrangians. These two theorems do
not exclude each other and, in the case of variational problems, provide different con-



servation laws for each symmetry. The nonlocal conservation theorem is applied, in
particular, to derive the infinite series of local and nonlocal conservation laws for the
Korteweg-de Vries equation.

The fourth paper is dedicated to derivation of conservation laws for symmetrized
electromagnetic equations by using the general conservation theorem from the third
paper. We obtain new conservation laws in electrodynamics. In particular, we arrive at
nonlocal conservation laws depending on the values of the electric and magnetic vector
fields at times ¢ and —t.

Nail H. Ibragimov



Louise Petrén-Overton, min mormor

”Om jag inte far ta matematikbdckerna med mig till himlen, sa vill jag inte
komma dit!” Detta dramatiska yttrande fallde min mormor nar hon lag sjuk
I scharlakansfeber som barn och hon berattade garna om héndelsen &nnu
nastan nittio ar senare.

Min mormor — Louise Petren, gift Overton —
var inte bara min mormor, utan ocksa min
granne under tjugo ar. Jag besokte henne
néstan dagligen for att hjalpa henne med allt
som en aldrande och alltmer ororlig
méanniska behdver hjalp med i vardagen.
Hon berattade gérna om sin barndom, sin
uppvéxt och sitt liv. Hennes huvud var
fullstandigt klart nastan intill hennes dod
vid 96 ars alder.

Min mormor féddes 1880 som yngsta syskon av tolv i en prastfamilj.
Hennes nio brdder blev naturvetare, medicinare och jurister medan hennes
tva systrar fick hjalpa till i hushallet. Lillasyster behovdes inte i hushallet
varfor hon fick mojlighet att studera. Hon tog studentexamen som privatist
1899, filosofie kandidatexamen 1902 och filosofie licentiatexamen 1910.
Hennes grundexamen bestod av matematik, mekanik, fysik och kemi. 1911
disputerade hon for doktorsgraden i matematik.

Hennes far, som alltsa var kyrkoherde, hade sjalv disputerat pa en
avhandling med titeln ”Om ett vidstrdktare bruk av gvadrat — och om
rutetalens tabell” 1850. M@jligen var detta &mne inspirerat av att han bodde
hos sin morbror — Carl Johan Hill, professor i matematik vid Lunds
universitet — som vid denna tid publicerade olika typer av matematiska
tabellverk.



Nar hon pabdrjade sina studier vid Lunds universitet sa fanns dar 600
studenter varav 12 kvinnor. Som naturvetare var hon naturligtvis ensam
kvinna och professorn i matematik frangick inte sina vanor att hélsa
auditoriet med "mina herrar” men forsékrade att han i detta inbegrep froken
Petrén. Studietiden beskrev hon som forvanansvart torftig — det var helt
enkelt for sma grupper av studenter som laste matematik och mekanik. Hon
tyckte ocksa det var sloseri att professorn skulle forelasa for enbart tva
personer - henne och ytterligare en manlig student. Nar hon en gang fick
mojlighet att delta i en konferens i Stockholm hos professor Gosta Mittag-
Leffler upplevde hon det som utomordentligt stimulerande att méta andra
matematiker och upptécka andra grenar av matematiken.

Lars Garding — professor i matematik vid Lunds universitet 1953 — 85 — har i
sin bok om svenska matematiker* beskrivit Louise Petréns avhandling med
orden ”Louise Petren visar en imponerande fortrogenhet med litteraturen och
en nyskapande formaga inom dess ram. Hennes framstéllning ar ocksa klar
och vardad”. Men han gor ocksa klart att amnet for avhandlingen vid denna
tidpunkt egentligen redan var foraldrat.

Efter sin disputation dgnade sig mormor inte at nya forskningsuppgifter. Det
gavs heller inte mycket mojlighet at detta. Professorn i matematik uttalade
mycket tydligt att en docentur bara kunde komma ifraga fér en man av det
enkla skalet att en denne hade forsorjningsborda vilket kvinnan saknade.
Min mormors gramelse over detta forhallande hade inte forsvunnit ens nar
hon fyllt 95 ar! Hon undervisade dock i matematik under tjugo ar pa deltid
och arbetade en kort tid som forsdkringsmatematiker men var i ovrigt inte
"aktiv” matematiker. Hon gifte sig aret efter disputationen, fodde fyra barn
och levde ett synnerligen aktivt liv utdver hemmets sysslor.

Min mormor var en synnerligen prosaisk person — en typisk exponent for det
forra sekelskiftets fornuftstro. Darwinismen var det stora debattdmnet och
tilltron till vetenskapens mojlighet att 16sa alla problem var stor. Hon var
prastdotter men liksom sina nio bréder vetenskapligt skolad och ingen i
syskonkretsen sag nagra konflikter mellan tro och fornuft. Det var en nastan
osannolik tillfallighet att morfar - Ernest Overton, professor i farmakologi -
faktiskt var slakt med Darwin.



Hennes prosaiska sinnelag tog sig flera uttryck. Humor och skamt sag hon
mest som sloseri med tid och vid ett tillfélle i radions barndom ségs hon ha
frast ”stdng av den déar dansmusiken” — ndr dansmusiken bestod av Sveriges
nationalsang. Hon var fullstandigt omusikalisk vilket visar det mytiska i att
alla matematiker ocksa ar musikéalskare. Jag har hort av nagon av de elever
hon undervisade under arens lopp att hon var en svag pedagog. Det &r inte
osannolikt att det forholl sig sa, ty hon var latt oférdragsam med den som
inte genast forstod. Matematik och rationalitet var fér henne sjalv alltid
nagot sjalvklart.

Hennes langa liv blev ovanligt innehallsrikt. Hon var en skarp och en stark
personlighet som skulle ha uppskattat att hennes avhandling nu kan na en
vidare krets.

Lars Haikola
Rektor for Blekinge Tekniska Hogskola

* Lars Garding, Matematik och matematiker. Matematiken i Sverige fore 1950. Lund
University Press 1996.



Louise Petrén-Overton, my
grandmother

“If I am not allowed to bring the mathematics books with me to heaven, I do not want
to go there!” My maternal grandmother uttered these dramatic words when as a child
she was down with scarlet fever. She continued to enjoy telling the story almost ninety
years later.

My grandmother-Louise Petrén, married Overton-was not only my granny but also
my neighbor for nearly twenty years. I visited her almost daily to help her with ev-
erything that an aging and increasingly immobile person needs assistance with. She
gladly talked about her childhood, adolescence, and adult life. Her mind was totally
clear almost to the day of her death at the age of 96.

My grandmother was born in 1880 as the youngest child of twelve siblings in a
clergyman’s family. Her nine brothers became scientists, medical doctors, and lawyers,
while her two sisters helped with housekeeping. Since the household duties did not
require the youngest sister’s involvement, she was given the opportunity to study. She
received her General Certificate of Education as a privately-tutored student in 1899. In
1902 she got her BA degree in a combination of four subjects: mathematics, physics,
chemistry, and mechanics. In 1910 she received her Licentiate of Philosophy and in
1911 defended her doctoral dissertation in mathematics.

Her father, a parish priest, had himself defended a doctoral dissertation in mathe-
matics with the title ”About a more general use of square and about the table of square
numbers” in 1850. It is likely that he was inspired in the choice of the subject by his
maternal uncle in whose household he lived. The uncle, Carl Johan Hill, professor of
mathematics at Lund University, had published diverse types of mathematical tables.

When my grandmother began her university studies, there were about 600 students
at Lund University, 12 of whom were women. She was, not unexpectedly, the only
woman among the science students, and the professor of mathematics did not change
his habit of addressing the auditorium with “Gentlemen’; he assured his students, how-
ever, that Miss Petrén was included in this greeting.

My grandmother described her university time as surprisingly uninspiring. The
group of students studying mathematics and mechanics was quite simply too small;
she also thought that it was a waste of time for the professor to give lectures for only
two students: herself and another, male, student. When at some point she had the
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opportunity to participate in a conference in Stockholm, organized by Professor Gosta
Mittag-Leffler, she found it extremely stimulating to meet other mathematicians and to
discover new branches of mathematics.

In his book! about Swedish mathematicians, Lars Géarding, Professor of mathe-
matics at Lund University from 1953 to 1985, described Louise Petrén’s dissertation
as follows: “Louise Petrén shows an impressive knowledge of literature in the field and
a creative talent within the framework of the discipline. Her presentation is clear and
correct.” But he also makes it clear that he finds the subject of her dissertation quite
dated.

After her doctoral defense my grandmother did not undertake new research projects;
there was hardly any opportunity to do so. The mathematics professor sternly an-
nounced that a promotion to associate professorship was only an option for a man who
had to support a family, which was not a woman’s duty. At 95, my grandmother was
still mortified over this attitude! She taught mathematics for about twenty years on a
part-time basis and worked for a shorter period as an actuarial mathematician. Apart
from that, she was not an “active” mathematician. A year after her doctoral defense
she got married, gave birth to four children, and led a very active life in addition to
taking care of the household.

My grandmother was an extremely down-to-earth person, a typical exponent of the
previous turn-of-the-century belief in reason. Darwin’s theory was the big subject of
debate and the trust in the power of science to solve problems was great. She was
the daughter of a clergyman, but, like her nine brothers, she had an education in the
sciences; none of the siblings saw a conflict between faith and reason. It was an almost
improbable coincidence that my maternal grandfather, Ernest Overton, a professor of
pharmacology, was Darwin’s relative.

My grandmother’s no-nonsense temperament manifested itself in various ways.
She saw humor and jokes as a waste of time. At one point in the early years of the
radio, it is said, she hissed “Turn off this dance music,” the “dance music” being the
Swedish national anthem. She was totally unmusical, contrary to the myth that all
mathematicians are also music-lovers. One of her students told me once that she was a
bad pedagogue. It is not impossible that it indeed was so, since she was easily irritated
when people did not speedily comprehend what she was saying. She took it for granted
that mathematics and intellect went hand in hand.

Her long life was unusually eventful. She had a distinct and strong character and
she would appreciate the fact that her doctoral dissertation can now reach new readers.

Lars Haikola
Vice-Chancellor
Blekinge Institute of Technology

I'Lars Garding, Mathematics and mathematicians. Mathematics in Sweden before 1950, History of
mathematics, Vol. 13, AMS, 1998. Translated from the Swedish by Lars Garding.
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BY LOUISE PETREN

Translated from French by
Nail H. Ibragimov and Gunter Leguy

[Louise Petrén, Extension de la méthode de Laplace aux équations
n—1
) 9itly 6‘ z _
120 Avi(,y) By Z Agi(, y) =0,

Lunds Univ_ersitets Arsskrift, N.F. Afd. 2, Bd. 7, Nr. 3, p. 1-165,
Kongl. Fysiografiska Séllskapets Handlingar, N.F. Bd. 22, Nr. 3.
Imprimerie Hakan Ohlsson, Lund 1911]

Introduction
The first significant results on integration of the equation

0%z 0z 0z
el - = 1
8x8y+aax+bay+cz 0, (1)

where a, b and c are functions of x and y, were obtained by Euler?. He proved that the
necessary and sufficient condition that Equation (1) admits a first-order intermediate
integral, is that the coefficients a, b and c satisfy one of the following two equations:

@%-ab—C—O (2)
ox
%—l—ab—c—o 3)
dy

2EULER, Institutiones Calculi Integralis, T. III, Pars prima, Sectio secunda, Cap. II.

© 2006 ALGA
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14 Louise Petrén

0
If — + ab — ¢ = 0 then Equation (1) can be reduced to the form:

Ox
(%—Fb)(g—;%—az) =0

and the equation admits the integral e~/ % X, where X is an arbitrary function of z.
In the same way, if g—z + ab — ¢ = 0 then Equation (1) can be reduced to the form:

(%—l—a)(%—l—bz) =0

and the equation has the integral e~/ Y, where Y is an arbitrary function of y. In
both cases the integration of Equation (1) is reduced to successive integrations of two
first-order linear partial differential equations, which require only quadratures.

Moreover, Euler gave examples of equations of type (1) for which one can find, in
an explicit form, an integral depending on an arbitrary function and for which there are
no first-order intermediate integrals. The integrals in question are written explicitly as
follows:

apX™ 4oy XD oy X X 4)

or
G 4 YUY 4 B Y+ BY 5)
where ag, a1, .. ., Gm_1, m, B0, B, - - -, Br_1, B, are given functions of z and 3y, X @

and Y'U) are the ith- and jth-order derivatives of X and Y, respectively, and m and r
are certain numbers. Euler was the first who discovered integrals of this type. Recently
they were called integrals in Euler’s form?.

In a paper * presented to the Academy of Sciences in Paris in 1773, Laplace gave
a method for recognizing if Equation (1) admits an integral of the form (4) or (5). If
Equation (1) admits an integral of the form (4) or (5), the integral is obtained by the
method of Laplace and the integration of the Equation (1) can be reduced to integration
of two first-order linear differential equations. Laplace’s method consists of a repeated
application of the transformations

0
o= a_z +az, 6)
0
Z_1 = a—; + bz (7)

3Le Roux is the first who gave the name integral in Euler’s form to the integrals expressed linearly
with the help of an arbitrary function of a characteristic variable and a certain number of derivatives of
this function. Journal de Mathématiques pures et appliquées”, 5™ série, T. IV, 1898, page 401.
4Oeuvres compleétes de Laplace, Tome IX, pages 5-68.



Extension of Laplace’s method 15

and reduces the integration of Equation (1) to integration of an equation of the same
type which admits a first-order intermediate integral and therefore can be immediately
integrated. By applying the transformation (6) Equation (1) can be written in the form

9% e — e h=2" e (8)
ox ox

If A # 0, the elimination of z from Equations (6) and (8) leads to the equation

0%z 0z 0%

by —= =0 9
8x8y+a18x+ 18y+6121 ) 9
Olnh da 0Ob Olnh
where a; = a— ay , blzb, 0120_6_x+8_y_b ay .

It follows from Equations (6) and (8) that if one of Equations (1) and (9) admits an
integral in Euler’s form, the same will be true for the other equation. The integrals
for the two equations (1) and (9) are in a one-to-one correspondence, and hence one
obtains from every integral of one of these equations a solution of the other equation
without integration. If Equation (1) admits the integral

z=apX™ 4+, XM 4 4 Am-1) X+ an X,

then Equation (9) has an integral of tge same type which contains derivatives of X
Qo
Ay

mits an integral of the form (4) then transformation (6) (applied m times at most) leads

to an equation which is of the same type as Equation (1) and which admits an integral
of the form o X with a determined function « of z and y. Hence, the general inte-
gral has been obtained by successive integration of two first-order linear differential
equations. Likewise, if Equation (1) has an integral of the form (5) then, applying the
transformation (7) at most r times, one can reduce the integration of Equation (1) to
integration of two first-order linear differential equations. But if Equation (1) does not
admit integrals of the form (4) and (5), Laplace’s method is not successful.

The linear partial differential equation of second order

maximum of order m — 1 because + aay = 0. Therefore, if Equation (1) ad-

0%z 0%z 0%z 0z 0z
A—+ B —+D—4+ F—+Fz= 1
502+ Bougy + O + Dy + By + F2 =0 (10)

where A, B, C, D, E, F are functions of x and y, can be reduced to an equation of type
(1) by a change of independent variables if the equation admits two distinct systems of
characteristics. The characteristics of Equation (10) are:

_ of\* | ,ofof Of\* _
f(z,y) = const., where A(a—x> +B%8_y+0 ay =0.



16 Louise Petrén

We also say that f(x,y) is a characteristic variable. The necessary and sufficient con-
dition that two systems of characteristics do not to coincide is B? — 4AC # 0. If
B? — 4AC = 0, then one can reduce Equation (10) to the form

%%—a%—kb%—i—cz—o
0x? ox oy N

by a change of independent variables; the condition for Equation (10) to admit an in-
tegral of Euler’s form is b = 0. But for recognizing if Equation (10) is integrable by
Laplace’s method, it is not necessary to make a change of independent variables. Leg-
endre’ gave a method, similar to Laplace’s method, which can be applied directly to
Equation (10). Equation (10) is integrable by the Laplace (Legendre) method if and
only if it admits an integral of Euler’s form. The advantage of Legendre’s approach
is that it allows one to identify if the equation is integrable without determining the
characteristics. If Equation (10) admits an integral of Euler’s form, then after calculat-
ing the characteristics, one can reduce the integration of the equation to quadratures.
In this way, one obtains for the general integral an expression involving an arbitrary
function under the signs of quadratures which can not be removed if the equation does
not admit two integrals of Euler’s form.

Later Imschenetsky © has presented the Legendre process in a very simple form.
Imschenetsky 7 also gave an extension of Laplace’s method to the equations

Gs+ Hp+ K =0 (11)
0%z 0z 0z

D=0 = o
0xdy ox oy
Imschenetsky applied to Equation (11) the transformation

with G, H, K depending on ¢, z, z,y. Here s =

21 :F(q,z,x,y) (12)
. . OF oF .
where F'(q, z,z,y) satisfy to the equation Ga— = Ha—. Equation (11) can be re-
z q
duced to
0z
n=F(qz,1y), p= o — pi

SHistoire de 1’Académie des sciences de Paris, 1787: Mémoire sur I'intégration de quelques
équations aux différences partielles, § IV, pages 319-323

%Grunert’s Archiv der Mathematik und Physik, Bd. 54, 1872: Intégration des équations aux dérivées
partielles du second ordre d’une fonction de deux variables, §. 11. Translated from Russian: Mémoire
de Kasan 1868 ( Kazanskij vestnik 1868).

"The same book, § 9.
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oF oF
5 oq 0 OF
where p = % = %, p1 = a—; Let us write Fre pK = Fi(,. 2y - The equation
OF OF, _OF OF, _
dz Jq dqg 0z

is the necessary and sufficient condition for Equation (11) to admit a first-order inter-
mediate integral depending on an arbitrary function of y. If

OF OF, OF 0F,

0z Oq dq 0z

equations
ZIZF(q7zax7y)7 plZFl(Qazvm7y)

can be solved with respect to z and ¢, and the equations become

Z:f(p17217$7y>7 q:f1<p1721ax>y);

The elimination for z between those two equations leads to equation

of of . of _
o Tty ~ =0 (13)

2
%, Q= % Equations (11) and (13) can be integrated simulta-
0xdy dy

neously. If the solutions of one of these equations are obtained, the solutions to the
remaining equation is obtained without integration.

Since Equation (13) is linear with respect to s; and ¢;, there always exists an Im-
schenetsky transformation of the form v = ¢(p1, 21, z,y) which can be applied to
Equation (13). But this transformation leads again to the equation under consideration,
and hence it is not interesting. Imschenetsky’s transformation (12) can be applied to
Equation (13), if Equation (13) is linear with respect to s; and ¢;. It is only in excep-
tional cases that we can apply Imschenetsky’s transformation (12) several times to an
Equation (11). Let us suppose that Equation (13) is linear with respect to s; and p;.
Then Equation (13) can admit a first-order intermediate integral which depends on an
arbitrary function of y. Otherwise Imschenetsky’s transformation (12) can be applied
to Equation (13). One can continue this procedure until one obtains an equation ad-
mitting a first-order intermediate integral, and hence reduces the integration problem
to an integration of two first-order differential equations, or arrives to an equation to
which one cannot apply Imschenetsky’s transformation (12). In the last case, the Im-
schenetsky method doesn’t succeed. In this way the Imschenetsky method reduces - by

where s; =



18 Louise Petrén

a repeated application of transformation (12) - an equation (11) which does not admit
any first-order intermediate integral depending on an arbitrary function of y, to a same
type equation which admits an intermediate integral of this type. When Equation (11)
has the form (1), the Imschenetsky transformations® are obviously identical with the
Laplace transformations.
Teixeira'® tried to extend the Imschenetsky method to the equation
0z 02z 0?2z

A— +B C—+D=0
0x? + 8w6y+ 0y? +

0z 0
where A, B, C, D are functions of —Z, —Z, z,x and y.
oz’ Oy
Moutard has treated a problem which has several connections with the Laplace
method. In a paper presented to the Academy of Sciences of Paris in 1870!!, Moutard

8Note that other equations of type (11) were integrated, before Imschenetsky, by applying transfor-
mations identical to Imschenetsky’s transformations. I cite an example Liouville’s equation aé.fazy = ehz,
where k is a constant, integrated by J. Liouville (see: Goursat, ”Legons sur I’intgration des quations aux
drives partielles du second ordre”, T. I, page 97.)

°Tt seems to me that the Imschenetsky transformations deserve to be examined closer. Indeed, if
Equation (11) can be reduced by m transformations (12) to an equation which admits a first-order
intermediate integral, then we obtain an integral of the form z = ¢(x,y, X, X', ..., X (™)), where ¢ is a

determined function of the arguments, and there exists an equation of the form

om+1z 9™z 0z

(W, &y—m’ e a—y,z,az,y) =Y
providing a system in involution with Equation (11). If Equation (11) has a solution of the form z =
o(x,y, X, X', ..., X(™) then, by applying transformation (12) at most m times, one obtains an equation
admitting an intermediate integral of the first order depending on an arbitrary function of y. It follows
that the integration of Equation (11) can be reduced by the Imschenetsky method to the integration of
two first-order differential equations provided that Equation (11) admits an integral of the form z =
o(x,y, X, X’,..., X(™)). If Equation (11) does not admit an integral of this form, the method doesn’t
succeed. It would be interesting to single out Equations (11) admitting a solution of the form z =
o(x,y, X, X', ..., X™): in other words, to the conditions G, H, K that guarantee that Equation (11)
can be reduced with m transformations (12) to an equation admitting a first-order intermediate integral.
- The Imschenetsky transformations are not so much mentioned in the literature. Goursat (Lecons, T.
II, page 263) mentions these transformations, it is true, but without motivating of their use and without
indicating their connection with Laplace’s method. Forsyth ("Theory of differential equations”, Part
IV) does not mentioned them at all. J. Hagen ("Synopsis der hoeheren Mathematik™, Bd III, page 425)
writes about the Imschenetsky transformation as it applies to Equation (11): “His substitution requires
a quadrature. In the new variables the equation takes again the original form. The substitution can
be repeated until one arrives at an equation satisfying the integrability condition”. All statements are
wrong.

19Comptes rendus, T. XCIII, 1881, page 702. Paper of Belgium’s academy, 3?™¢ series, T.III 1882,
pages 486-498.

1Gee Comptes Rendus, T. LXX, 1870, pages 1068-1070.
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has examined which of the equations

Ay A
oxdy 0x’8y’z7x’y

have the general integral of the form

z=F(z,y, X+ X' + .+ X" Y +Y' +...+Y")

where F is a given function. In his paper, Moutard has shown that the equations

Ry
oxdy oz’ oy Y

which admit a general integral in the above space and are not reducible to Equation (1)

or to the J. Liouville equation = €” by a changing of variables, are all reducible

07z
0x 0y
- except for two simple cases- to the form

2
gy~ 32 (4) = 7 (7).

where A and B are functions of = and y subjected themselves to certain conditions
(Moutard’s theorem). The integration of the latter equation reduces to integration of
the following equation of the form (1):

0% 10A0z
_ 19409 4p.
oxoy  Adzoy U7

Thus, the problem is reduced to Equation (1). Then Moutard has shown how to find the
most general equation of type (1) whose general integral belongs to the space indicated
above. But Moutard’s original manuscript has disappeared in 1871. Only the introduc-
tion'%, where the contents is indicated and the above mentioned results are formulated
(but not proved'?), and the third part'* on a special equation

0z
0x 0y

+cz=0

have been published.

2Comptes Rendus, T. LXX, 1870, pages 834-838. Printed later in Journal de I’Ecole polytechnique,
Cahier 56, 1886, pages 1-5.

13Later Moutard’s theorem has been prved by Cosserat in: Darboux, Lecons sur la théorie générale
des surfaces, Part IV, pages 405-422. See also: Forsyth, Theory of Differential Equations, Part IV, Ch.
XV. - Moutard’s theorem can also be proved by means of Imschenetsky’s transformations.

“Journal de I'Ecole polytechnique, Cahier 45, 1878, pages 1-11
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Later, Darboux continued the studies on applications of Laplace’s method to Equa-
tion (1). In his very beautiful and complete studies, Darboux ' had notably improved
and simplified the method. Today Laplace’s method is usually presented after Dar-
boux'. In this work, I also follow the notation of Darboux.

Darboux has demonstrated the invariance properties of the functions

h = g—z+ab—c, k:g—z+ab—c.
Namely, the functions h and k£ don’t changed under the substitution z = Az, where A
is any function of = and y. If one makes the change of variables x = ¢(7), y = ¥(7),
the functions h and & are only multiplied by '(7)y' (7).
Under the Laplace transformations of Equation (1), the invariants of the trans-
formed equations depend only of the invariants & and k. Namely, the invariants /4
and k; of Equation (9) are

9*log h
hi =2h —k — ky = h;
1 axay ) 1 7
and the invariants h_; k_; of the equation for z_; are
02 log k
1 axay ) 1

Thus, in order to identify the Equations (1) integrable by Laplace’s method, there
is no necessity to compute two series of equations obtain by repeated application of
Laplace’s transformations to Equation (1). Instead, one can calculate step by step the
invariants of the transformed equations:

hl) h?; h37 ceey k—h k—?a k—37

starting with the invariants h, k and using the recurrent formulas

hit1 + hi—1r = 2h; — 82?§yhi,
ki1 = h;, 12 0.
The necessary and sufficient condition for Equation (1) to be integrable by Laplace’s
method is that one of the invariants in the above series vanishes. Equation (1) admits
an integral of type (4), if h,, = 0, and an integral of type (5) if k_, = 0.
Darboux studied in detail the equations (1) for which Laplace’s method provides
the general integral. He gave the general form of Equations (1) admitting an integral of

SDarboux, Lecon sur la théorie générale des surfaces, Part I1., book IV., Ch II-IX, pages 23-218.
16See Goursat, Lecons, Vol. 11, pages 1-39; Forsyth, Theory of Differential Equations, Part IV, Vol.
VI, pages 39-158.
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Euler’s type as well as the general form of Equations (1) admitting an integral of type
(4) and an integral of type (5). The latter problem was already solved by Moutard, but
since his paper was lost nobody knew how he solved this problem.

Then Darboux studied the relation between the integrals of Equation (1) and of the
adjoint equation ,
aigy - %(au) - (%(bu) +cu=0 (14)

and showed that if the general integral of one of Equations (1) and (14) is obtained
by Laplace’s method, then from this integral one can derive the general integral of the
other equation. — R. Liouville!” has already indicated the remarkable property of both
equations (1) and (14) that they have the same invariants but in the inverse order and
that both equations can be integrated simultaneously by Laplace’s method; if one of
the equations is reduced, by applying the transformation (6) m times, to an equation
admitting an integral of the type o)X, then the other equation is reduced, by applying
the transformation (7) m times, to an equation admitting an integral of the type 5Y. —
I have cited here only some of the most important results obtained by Darboux which
are interesting for us because of their connections with Laplace’s method.

The Laplace method was essentially simplified by using the concept of invariants,
but the calculation of the invariants hq, ho, hs,...,k_1,k_o,k_3,... can be very com-
plicated. Therefore, one should try to find easier way to identify the Equations (1)
admitting an integral of Euler’s form. The most important criterion is Goursat’s one.

Goursat'® proved that if Equation (1) admits m -+ 2 integrals such that there is no
linear and homogeneous relation with constant coefficients, but there exists a homoge-
neous and linear relation with coefficients depending on z, then Equation (1) admits a
solution of the form

apX ™+, XY 4t X+ an X,

Comparison of the method of Laplace (Legendre) for integration of Equation (10)
with the general method of Darboux!® for integration of the equation
Dz 0%z 0*2 9z 0Oz
F[—7—7—7_7_7 ) 7]:0 15
0x? 0xdy’ Oy? Ox’ Jy S =
applied to Equation (10) shows that both methods succeed equally, namely they give
the general integral of Equation (10) admitting an integral of Euler’s form?°. Indeed,

7Journal de I’Ecole polytechnique, Cahier 56, 1886: Formes intégrables des équations linéaires du
second order, IV, pages 49-50.

18 American Journal of Mathematics, Vol. XVIIIL, 1896: ”Sur les équations linéaires et la méthode de
Laplace”, pages 347-364. Also: Goursat, “Lecons”. T. II, Chap. V, pages 21-31.

9For the first time given in Comptes Rendus, T. LXX, 1870, pages 675-678, 746-749; Annales de
I’'Ecole normale, T. VII, 1870, pages 163-173. See: Goursat, Lecons. T. II, Chap. VII. Forsyth, Theory
of Differential Equations, Part IV, Ch. XVIII.

2Goursat, Lecons. T. II, Chap. VII, pages 174-182.
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the methods of Laplace (Legendre) and Darboux, when applied to Equation (10), have
both the same goal which is to find an intermediate integral depending on an arbi-
trary function, i.e. to find an equation containing an arbitrary function and such that
all integrals of Equation (10) are also integrals of this equation. In other words, both
methods apply successfully to Equation (10), if there exists an equation with an arbi-
trary function which furnishes a system in involution with the equation in question for
all possible forms of the arbitrary function. Laplace’s method leads more directly to
the goal. Since the method of Darboux gives all explicit integrals?' depending on an ar-
bitrary function, then each explicit integral of Equation (10) depending on an arbitrary
function is an integral of Euler’s form.

Methods for identifying the equations (10) that can be integrated by the method
of Laplace (Legendre) are important not only for Equation (10) and for the equations
whose integration can be reduced to integration of an equation of the forme (10), but
also for the general partial differential equation of second order when one want to know
if the method of Darboux provides the general integral of Equation (15). Darboux??
showed that if his method provides the general integral to Equation (15), then the
auxiliary equation of the form (10):

oF 027 N oF 9% N oF 022 N OF 02 N OF 972 N 8FZ, 0
922 92z 922 92 9. ' 20z A, T 9,°
055 ox? a@:pay 0x0y 88—y2 0y? 0% ox 88—y oy 0z

where 2’ is the independent variable, can be integrated by the Laplace (Legendre)
method?.

It is natural to try to extend Laplace’s method and the related studies on the second
order linear equations to linear equations of higher order. Two attempts have been
already done in this direction.

Le Roux * tried to extend Laplace’s method to the nth-order linear equation:

21 An explicit integral depending of an arbitrary function has the form

z=F (Oé, f(()é), f/(a)v sy fm(a)a ﬁ)v
Y= FQ(a7 f(Oé)7 f/(Oé)7 sty fm(a)7 ﬂ)7
2= Fy(a, f(a), f(@), .. f™(a), B),
where f is the arbitrary function, i.e. z,y, z are expressed as determined functions of two auxiliary
variables «, 3, of an arbitrary function of « and a finite number of its derivatives.

22Darboux, Legons, Part IV, Note XI. Also: Goursat Lecons. T. II, Note I, pages 334-336.

23In this way it is often possible to find which form an equation should have in order to be integrable
by the Darboux method. I cite as example the equation 8‘125?! = f(z), considered by Lie [See Goursat,
Lecons. T. II, pages 182-186.]; the problem is easier solved by comparing the equation in question with
the auxiliary equation.

XBulletin de la Société Mathématique de France, T. 27, 1899, pages 237-262: Extension de la
méthode de Laplace aux equations linéaires aux derivées partielles d’ordre supérieur au second.
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n n—i ai+jz
A =0 (16)

1=0 j=

<
o

where the coefficients A;; are function of z and y. The characteristics of Equation (16)

are of of
o + u; o =0, (1=12,..,n)

where u; (i = 1,2,...,n) are the n roots of the equation

fi(x,y) = const., where

n

Z(_l)iAi,n—iui = 0
=0

n

The function f;(x,y) is also called a characteristic variable. The term can be

eliminated by a change of independent variables. Hence, one can assume without loss
of generality that A,; = 0. Then x is a characteristic variable and Equation (16) is
written

Pz Pz 0z
— =+ .. — =0 16’
gy, T erigy— Tt eigs ez =0, (16)
where p; = i Aij% (1=0,1,...,p); p < n—1.If Equation (16") admits an integral
=0

of the form (4), oy has to be an integral of the equation p,o¢ = 0. By assuming as an
starting idea that the essential property of the Laplace transformation, corresponding
to the characteristic variable z, is that it reduces integral (4) to an integral of the same
type which contains the derivatives of X at most up to the order m — 1, Le Roux
considers each transformation of the type

6, — ao—(i), where @, a0 = 0, (17)

as a Laplace transformation of Equation (16”). The transformations (17) provide the
simplest transformations which can be significant for the problem in question. Le Roux
considers also the completely determined transformation

0 = @,z (18)

and treats it as a Laplace transformation corresponding to the characteristic variable x,
because the transformation (18) is composed of transformations of type (17).

Note that if A,; = 0 (j = 1,2,...,n — p), the transformation (18) is reduced to
6 = A,,z, and Equation (16’) does not admit integrals of the form (4).
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Likewise Le Roux considers the Laplace transformations corresponding to other
systems of characteristics. Le Roux has found that the application of a transforma-
tion (17) to Equation (16") doesn’t usually lead to an equation of the same type, but
to a system of several partial derivative equations of order greater than n. Repeated
application of this transformation will lead to a very complicated system of equations.

Pisati®® showed later that the equation

0z - g - g
Pro + oz =0, where 1= Ayr— @o= Ao 19
163;' 0% , cre 1 pr 17 8y3’ 0 pr 07 83/]’ ( )

is, in general, the only equation among the equations (16") which is reduced by trans-
formation (17) to an equation of the same type and the same order at most. Further-
more, Pisati proved that if Equation (19) admits m + 1 integrals such that there is
no linear and homogeneous relation with constant coefficients, but there exists a ho-
mogeneous and linear relation with coefficients depending on x, then by applying the
transformation

0=z

successively m — 1 times (should be: at most m — 1 times) one obtains an equation
admitting an integral of the form oX. (Pisati excluded the case when A, ,_; = 0, but
the statement is valid for this case as wsell). For the equation
3 2 2

i azy+Alog +Aozg 2+A01gy
Pisati has defined the functions of the coefficients that don’t change after the substi-
tution z = \Z. Pisati gave also the conditions under which these invariants guarantee
that the equation admits one or two integrals of the form o .X.

I studied Equation (19) (independently of Pisati whose paper was not known to me
until 1908) and found that almost all the results obtained by Darboux for Equation (1)
can be extended to Equation (19).

Equation (19) of n order satisfying the condition A;,_; # 0 has two systems of
distinct characteristics, namely:

+A002 = 0

X = const.

is a system of multiple characteristics of order n — 1 and

0%z 0z
o Mgy =

is a system of simple characteristics. If A, ,,_; = 0, then

f(z,y) = const., where Ay, ;—

X = const.

Rendiconti del Circolo Matematico di Palermo, T. 20, 1905, pages 344-374: Sulla estensione del
metodo di Laplace alle equazioni differenziali lineari di ordine qualunque con due variabili indipendenti.
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is a system of multiple characteristics of the n order. In my work I have treated sep-
arately the case when all systems of characteristics coincide and the case when only
n — 1 of them coincide.

If there are two systems of distinct characteristics, we can change the independent
variables so that y will be a simple characteristic variable and = will be a characteristic
variable of order n — 1. Then Equation (19) will be written:

a Otz 0z
z;) ( 0xdy* + 8y1)

Ay=1, q+1=mn,

(20)

where A;, B; are functions of = and y. Equation (20) is the subject of investigation in
the first four chapters.

In the first chapter I give an extension of Laplace’s method to Equation (20).
Laplace’s method, applied to Equation (20), should be a method for recognizing if
Equation (20) admits an integral of Euler’s form, and if yes, the method should allow
one to determine this integral or these integrals. When Equation (20) admits an integral
of Euler’s form, the latter have to be either of type (4) or (5). According to Le Roux,
there are two completely determined Laplace transformations: the transformation

q i
z
. 2; ay 21)
corresponding to the system of multiple characteristics z = const., and the transfor-
mation

)
- a_j: + B,z, Q1)

corresponding to the system of simple characteristics y = const. - If one applies the
transformation (21) to Equation (20), one obtains the results completely similar to
those obtained by the transformation (6) applied to Equation (1). Hence, one can con-
sider the transformation (21) as a Laplace transformation of Equation (20). If Equation
(20) admits an integral of the form (4), then by applying transformation (21) at most
m times, one obtains an equation of the same type and the same order which admits an
integral in the form o X, and the order of the transformed equation can be immediately
reduced by one; each integral of type (4) can be obtained by applying the transfor-
mation (21) sufficiently many times. To obtain integrals of type (4), it is necessary to
integrate only first-order linear differential equations (in exceptional cases of higher
order). When Equation (20) admits s distinct integrals of type (4), the integration of
Equation (20) can be reduced, by repeated application of the transformation (21), to
integration of an (n — s)-order equation of type (20) and to integration of linear dif-
ferential equations. - If one applies the transformation (21’) to Equation (20), € is
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defined, as a rule, by n — 1 linear partial differential equations of order 2(n — 1), and
a repeated application of this transformation usually leads to a complicated system of
equations. But I have found a linear transformation which is analogous to Laplace’s
transformation (7), namely:

az—l—l az
= Z (7 =), (22)
axﬁy ay
where 7; and U, are completely determlned functions of the coefficients of Equation

(20). Application of the transformation (22) to Equation (20) leads to an equation of
the same type and the same order, provided that Equation (20) does not have the form

10 otz D'z

9y [7; (T30, ey T Y ayzﬂ 0
where 7 is a function of z and y. If Equation (20) has the latter form, its order can be
immediately reduced by one. When Equation (20) admits an integral of type (5), one
can obtain it by means of the transformation (22) and by integrating linear differential
equations, usually of the first order. The transformation (22) is inverse to the transfor-
mation (21), as the the transformation (7) is inverse to the transformation (6). It is the
transformation (22) which should be considered as the completely determined Laplace
transformation corresponding to the characteristics system y = const. - I designate
Equation (20) by (E). By repeated application of the transformation (21) to Equation
(20), one obtains a series of equations of the same type and of the order n at most;
these equations are denoted by (E}), (Es), (E3), .... Likewise, the repeated application
of the transformation (22) to Equation (20) yields a series of equations of the same type
and of order the n at most; these equations are denoted by (E_1), (F_3), (E_3),... -
By examining the connection existing between Equation (20) and the adjoint equation

4q - git1 o
_1) [—.Ai -2 B ]:o, 23
ZZ( )" | gy Ai) = 5 (B (23)
I have obtained some results containing the results known for the equations (1) and
(14). The necessary and sufficient condition for Equation (20) to admit an integral
of type (5) is that the adjoint Equation (23) admits ¢ distinct integrals of type (4); if
Equation (23) admits ¢ distinct integrals

(mi) (mi—1) / .
OinXZ- Y4 Ozh‘XZ- + ...+ ami—LiXi + Q‘miiXia (Z = 1, 2, cees q),
where X; are arbitrary functions of z, and v, ai;, ..., Qo — 1,3, Qi are determined

functions of x and y, Equation (20) admits an integral of the form

q
ﬁoY(r) + ﬁly(r—l) NI 5(7,71)}/’ + 6,.Y, where r= Zm,

=1
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When the adjoint Equation (23) admits s distinct integrals of type (4), one can reduce
the order of Equation (20) s times by repeated application of the transformation (22).
If one of the equations (20) and (23) admits an integral of type (5) and consequently the
other equation admits ¢ distinct integrals of type (4), integration of Equation (20) and
Equation (23) can be reduced by the Laplace method to integration of linear differential
equations. There are also some other cases when integration of equations (20) and (23)
can be reduced by the Laplace method to integration of linear differential equations; a
necessary (but not sufficient) condition for that is that Equation (20) admits s distinct
integrals of type (4) and that Equation (23) admits at least ¢— s distinct integrals of type
(4); the necessary and sufficient condition is given by Proposition 12. - When Equation
(20) admits an integral of Euler’s form, the adjoint Equation (23) has an intermediate
integral depending on an arbitrary function. The necessary and sufficient condition
for Equation (20) to admit an integral of the form (4) is that Equation (23) admits an
intermediate integral of the form

qg—1 m+1
aerju

]Zo ; 7 D1y
where the coefficients a;; are functions of = and y; every integral of Equation (23) is
also an integral of this equation. Furthermore, the necessary and sufficient condition
for Equation (20) to admit an integral of form (5) is that Equation (23) admits an
intermediate integral in the form

gtr

Zb Y,
1=0

where the coefficients b; are functions of x and y.

In chapter II, I define 2¢q functions of the coefficients of Equation (20) which fur-
nish a complete system of invariants. Two equations having the same values of in-
variants forming a complete system can be reduce one to another to the substitution

= MAz. I give the relations that the invariants have to satisfy in order that Equa-
tion (20) admits s distinct integrals a; X;, (i = 1,2, ..., s), as well as the relations that
the invariants have to satisfy in order that the adjoint Equation (23) admits s distinct
integrals o,; X;, (i = 1,2, ..., s). Then I give the relations existing between the invari-
ants of Equation (20) and of Equation (FE;), when they are of order n and when of
order lower than n. Similar relations between the invariants of Equation (20) and of
Equation (E_,) are also given. Therefore there is no necessity to compose the equa-
tions (E1), (Es), (Es),... and (E_1),(E_3),(E_3),... in order to clarify if Equation
(20) or (23) admits an integral of Euler’s form. Instead, one can calculate the in-
variants of the equations (E), (E2), (Es),... and (E_1), (E_2), (E_3),... by starting
by the invariants of Equation (20), but usually the calculations will be very compli-
cated. — In special cases it can be easy to find the values of invariant of equations
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(Ev), (E2),...,(E_1), (E_2), .... As an example, I consider the equation

q . ‘
8z+lz azz
; [aiax—f)yi + (b; + caiy)a—yi] =0 (aq =1;b, = 0;a,-1 = 0;¢c # 0),

where a;, b;, c are constants. All invariants of this equation are constants. The neces-
sary and sufficient condition that this equation admits s distinct integrals of type (4) is
that the algebraic equation

i di(me)' =0
i=0

has s positive integer roots (including zero), where the coefficients d; are completely
determined functions of the invariants of the given equation and m is the unknown
quantity. The necessary and sufficient condition that the adjoint equation admits s dis-
tinct integrals of type (4) is that this algebraic equation has s roots which are negative
integer numbers (including zero). — As I said (page 24), Pisati generalized Goursat’s
criterium. I obtained more complete results. If Equation (20) admits m + 1 integrals (;
(1 =1,2,...,m+ 1) between which there exists one and only one relation of the form

Cmr = Y fil2)Gi,
i=1
then the m + 1 integrals determine an equation of the form
S —o,
i=0 0y’

where \; are functions of z and y, which provides a system in involution with Equation
(20). One can always suppose that there is no relation of the form

m

Z cifi(z) = cmp

i=1
with constant coefficients ¢; (i = 1,2,...,m + 1). Two equations:
i=1 oy i=1 oy

have at least one common solution. If the above two equations have only one common
solution, then Equation (20) admits an integral of the form

ap X 4 g X 4t o X a1 X,
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and this integral can be derived directly from the integrals ; (i = 1,2,...,m + 1). If
the equations in question have s distinct common solutions, then Equation (20) admits
s distinct integrals of type (4), and these integrals are of the form

Oéoz'XZ»(miil) + OéliXi(mi72) + ...+ Oémi*QJXZ{ + Oémifl,iXi (Z = 17 2, ceey S),

where Y m; = m.
i=1
In chapter III, T investigate the equations (20) admitting n distinct integrals of
Euler’s form. The general integral of the equations in question has the form

X1 XX Xy X XS Xy XL XY YY)
x11 x’ll...xgrlnl) T12 x'lz...x%m) ...... Tiq :r’lq...xgzlq) Y1 y’l...yir)

2 =M| x01 xél...x;q”) 29 xéz...xg;m) ...... Tog :r’Qq...xéZLq) Y2 y’z...yér) (24)
Thi :L’;Ll...a:gfl) Tha :U;Q...:U;gm ...... Thg Ty :EEZQQ) Yn y;L...y}(LT)

where h = r+q+z m;; xy; (i =1,2,...,h; j =1,2,..., q) are determined functions

of y, and M is a determmed function of z and y. Conversely, every expression of
the form (24), where the coefficient Y ") are not equal to zero, represents the general
integral of an equation of type (20) and of order equal or greater than n. The necessary
and sufficient condition that an expression of the form (24), where the coefficient Y (")
are not equal to zero, is the general integral of an n — s order equation of type (20), is
that there exist s (and no more than s) distinct relations of the form

Z fz'(x)am' =0,
i=1

where «; are the coefficients of XZ-(m") in the determinant (24). By supposing that

the general integral of Equation (20) is given in the form (24), one can derive directly
the general integral of equation (F;) (i = 0), at least if equation (F;) is of order n
Moreover, the general integral of the adjoint Equation (23) can be derived from the
integral (24).

At last, I study in chapter IV the equations (20) admitting an integral of type (5).
The general integral of the equations in question is given by the formula

z=G(0)
day omi—lay dayg oma—la,
9 Q]_ oz 81’"1*1 ...... Oéq —2 8:1,"’”‘171
a0 doy 9% O™y Oay 0% ay oM
VIR T T = T I A i
@ 8h041 6h+1a1 8h+m171a1 Bhaq 3h+1aq 8h+mq71aq
ayh 8yh 81’8yh tee Ox™m1— layh """ ayh 8$8yh s Or™ma— 18yh
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q
where h = > m,; ; ai,as,...,a, and M are determined functions of = and y; and
i=1
finally @ is the general integral of the equation

20  9%0 930 91t1g
Ox Ox0y OxOy? " 0Oxdyt
a Jag 0%ay 090

1 881; a%y"’ T afzyq

daz  d%ag az |

&%) dy oyz ya = 0.
o dag 0%y 0oy

7 9y oy T oyl

Conversely, each expression of the form (25), where 6 is defined as above, represents
the general integral of an equation of type (20) and of order not grater than n. When
there exist s (and no more than s) distinct relations of the form

> @) =0

the expression (25) is the general integral of an n — s order equation of type (20). By
supposing that the general integral of Equation (20) is given in the form (25), one can
derive directly the general integral of the equation (F;) (i = 0), at least if equation
(E;) is of order n. — I could not obtain the general formula for the general integral of
equations (20) admitting ¢ distinct integrals of type (4); in consequence, I could not
derive from the integral (25) the general solution of the adjoint equation (23).

In the last chapter V, I apply the Laplace method to those of Equations (19) for
which all systems of characteristics coincide. I write the equations in question as

q i+l n iy
;Azaxayﬁio Bzayi =0, (A, =1; B, #0; ¢+1<n). (26)
If Equation (26) admits an integral of Euler’s form, the later should be of type (4), be-
cause z is the characteristic variable. Equation (26) admits at most ¢ distinct integrals
of this type. Consequently, the general integral cannot be represented by integrals of
Euler’s form. Since Equation (26) has only one system of characteristics, there is only
one completely determined Laplace transformation, namely, the transformation (21).
If one applies the transformation (21) to Equation (26), one obtains the same results as
for Equation (20). Each integral of Euler’s form can be obtained by repeated applica-
tion of the transformation (21); to obtain the integrals of Euler’s form, it is necessary
only to integrate linear differential equations of first order (higher order in an excep-
tional case). If Equation (26) admits s distinct integrals of type (4), the integration of
Equation (26) can be reduced, by repeated application of the transformation (21), to
integration of an equation of the same type and of order n — s and integration of linear
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differential equations. — There is also one completely determined transformation

aH»l n—1

B Z Loy ' 0z0y! Z @7

(the inverse transformation to the transformation (21)) which reduces Equation (26)
to an equation of same type and same order, provided that Equation (26) is not in the

form
1071 (¢ az+1 . 0z
Uigyi)] =0
vy v Oy [ <Z 83:8 Pt Z
If one applies the transformation (27) to Equation (26) and the transformation (21) to
the adjoint equation
g i+1

Z(—l)iﬂjx—ayi(&u) + Z(—

=0

i (Biu) =0, (28)
Ay’

one obtains two equations that are again adjoint. When the adjoint equation (28) admits
s distinct integrals of Euler’s form, one can reduce the order of Equation (26) by s by
repeated application of the transformation (27).
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Introduction

During the winter semester 1920, at the occasion of a colloquium on mathematical
questions of the theory of relativity, Mr. privy council F. Klein expressed a desire
that Miss Emmy Noether’s theorems on invariant variational problems, proved ap-
proximately two years ago', should be applied to the Maxwell equations. In short the
content of these theorems is the following: from the invariance of a variational prob-
lem with respect to a continuous transformation group follows a number of relations
which are fulfilled identically in virtue of the differential equations of the problem. In
the case of one independent variable they describe first integrals. In the case of a finite
group these relations have the form of so-called ”conservation laws”.

The Maxwell equations are, as well known now, invariant with respect to a finite
10-parameter group, the so-called Lorentz group. It consists of the real “movements”
of the four-dimensional x, y, z, t-space which leave invariant the infinitesimal defor-
mation of the surface

24y + 22 - =0.
Moreover H. Bateman? discovered in 1909 that the Maxwell equations are invariant

with respect to an even wider group of transformations, namely the group which does
not change the equation

da? + dy? + dz? — 2 dt? =0

! Géttinger Nachrichten 1918, p. 235 et seq., in what follows quoted brifly E. Noether. See also Felix
Klein, Gesammelte mathematische Abhandlungen 1, p. 585, Berlin 1921.

2Proc. London Math. Soc. (2), 8, p. 228 et seq. In this and the preceding volume of this journal
there are more investigations of Bateman and Cunningham about the significance of our &5 for physics.
See also F. Klein Ges. math. Abhandl. 1, p. 552.

© 2006 ALGA
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and does not change the signature of four-dimensional figures®. If one denotes the vari-
ables z, y, z, ict by x1, T2, x3, T4, this group will correspond (ignoring the question
whether the parameters are real) to the largest subgroup of the 15-parameter group of
transformations of reciprocal radii, the so-called conformal group *in R4. AsJ. L. Lar-
mor’ has already mentioned the Maxwell equations can be obtained from a variational
problem. And since, as will be shown later, this problem is invariant with respect to
the mentioned group &5, E. Noether’s theorems must supply us with 15 linearly in-
dependent electrodynamic conservation laws. The aim of this paper is to obtain these
conservation laws.

The first seven of them (cf. formulae (27) a,, a, and b,) are the well-known theo-
rems about the conservation of energy, momentum and angular momentum®; so I don’t
go further in their interpretation. The three following (27 b,) provide an exact analogy
of the second center-of-mass theorem of classical mechanics and were obtained for
the electrodynamic phenomena, to my knowledge, for the first time by A. Einstein’ by
formal integration of the Maxwell equations. FEinstein claimed their validity only in
the first order approximation because he didn’t know at that time if the Lorentz group
is appropriate for the dynamics of the theory of relativity. G. Herglotz® established
the similar formulae for the continuum mechanics in terms of the theory of relativity
and identified them precisely as center of mass theorems. His approach is similar to
the method used in the present paper. The five other formulae (27 ¢, d, and d,) are,
to the best of my knowledge, new. The future will show if they have any physical
significance.

§ 1. E. Noether’s theorem

First I formulate both of E. Noether’s theorems in a more general form that it is written
in her paper cited above. I owe this generalization to an oral communication from
Emmy Noether. Consider an integral

ou 0?u
[m—/v/f(l}u,%,@,)dx, (1)

3Bateman calls it spherical wave transformations”.

“Details on the conformal group can be found in S. Lie and G. Scheffers, Geometrie der
Beriihrungstransformationen, Leipzig 1896, ch. 10, §1 and §2.

5 Aether and matter, Cambridge 1900, §50, p. 83 et seq. See also F. Klein, Seminarvortrige iiber
die Entwicklung der Mathematik im neunzehnten Jahrhundert, ch.X, vol. II, §4 (1917). (The detailed
version of these lectures is available as a transcript in many mathematical departments of universities.)

6See also M. v. Laue, Die Relativititstheorie 1, 4th ed., Braunschweig 1921, §15 b-e.

7Ann. d. Phys. (4), 20 (1906), p. 627 et seq.

8Ann. d. Phys. (4), 36 (1911), p. 493 et seq.. Compare especially the formulae 96’ on p. 513
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. . . 2
taken over an arbitrary domain of the real variables x1, xo, ..., x,. Here u, %, %, e
are abbreviations for p real valued functions of xq,..., x, and their partial deriva-

tives®, and dz stands for dxy dzs . .. dx,. A one-to-one transformation of variables

{ Ui :Ai(az,m%—g,...) i =1,2,...,n], 2
vo(y) = By(z,u, 5%, ...) [0 =1,2,..., 4]
considered together with its extension to the derivatives g—;’, giyg, ... maps (1) into

Iy:f...ff(a:,v,g—z,gi;g,...)dy,

where the integral is taken over the y-domain corresponding to the z-domain in (1). If
the function f is identical with the function f, then [ is said to be invariant under the
transformation (2).

Now we consider a continuous group of transformations (2). We assume that the
parameters €1, o, ..., €, in the case of a finite group ®, [and the arbitrary functions
pV(x), pP(z),..., p'@(z) in the case of an infinite group ®.,] are chosen so that
the identical transformation corresponds to the values € = 0 [resp. to the functions
p(z) =0, ag_(;) = 0,...]. Then the transformation (2) takes the form

- nj,

3
L 3)

{ yi =x;+Ax+... i 1,2,.
Vo(y) =u,+Au,+... [o 1,2, ..,
where Ax;, Az, are linear'® in £ [resp. in p and their derivatives]. If we keep in
the right-hand sides of (3) only these linear members we obtain what is called by
Lie infinitesimal transformations. The invariance of the integral I with respect to an
infinitesimal transformation means that f and f differ only in terms which are at least
of the second order in £ [resp. in p, %, ]

A divergence is an expression of the form

. 0A 0A 0A
DivA=— 424 4222
81‘1 81'2 axn
where A; are functions of z, u, %, .... The differentiations with respect to x are total,
i.e. u, %, ... are considered as functions of z.

I will say that 7 is “invariant up to a divergence” with respect to an infinitesimal
transformation if

f = f + Div C + higher-order members, 4)

90On admissibility of complex variables, see E. Noether, p. 237, footnote 3.
10See E. Noether, p. 244 and p. 246, beginning of §4.
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where the expression C'is linear in € [resp. in p, %, ...]). The case when C' is iden-
tically zero is included in this notion'!. The introduction of this notion is the gen-
eralization (mentioned in the beginning of this section) of Emmy Noether’s original
publication.

Now we can formulate E. Noether’s theorems as follows.

If the integral I is invariant up to a divergence with respect to infinitesimal trans-
formations of a finite group ®,, then g linearly independent combinations of Lagrange’s
expressions become divergences.

Namely, let us set

u; = vi(z) —wi(z) = Au; — ; gg: Axy 5)
and define A4, ..., A, by the equation
> b du; = 6 f + Div A,
where v); are Lagrange’s expressions of the function f and By, ..., B, are defined by
B, =C;+ A, — fAx; . 6)
Then one separates du and B with respect to the several e:
Su; = e16Wu; +... +¢,0@uy,
Bi= BY +.. . +¢,B9,
and the wanted divergence relations become'?
S 4h; 6Wuy; = Div BW .. Y4 6©@u; = Div B, (7

Conversely, let us assume that for given Lagrange expressions there are suitable
functions d « and B such that there exist precisely p linearly independent relations
(7). Then one can find" p linearly independent infinitesimal transformations leaving
I invariant up to a divergence. Since the separation of B into C' and A — f Az is
possible in different ways, there are various possibilities to specify such infinitesimal
transformations. However, one can easily verify that there is only one possibility of the
mentioned separation such that the resulting infinitesimal trans’f01rm22}tion§3 are indepen-

0u  J°u

2 . .
dent of %, %, ... whenever the functions ¢ « do not depend on S2ar 5.5+ and, in

"'The usual invariance with respect to an infinitesimal transformation 7" implies the usual invariance
with respect to the one-parameter group generated by 7. The same statement, in general, is not true for
the invariance up to a divergence. Therefore the definition of this notion must be necessarily linked to
infinitesimal transformations.

12Gee E. Noether, §2,p. 242.

13 As it is done by E. Noether, § 3.
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addition, they also do not depend on g—;‘ or dependent in a very special way'4. If these
conditions are satisfied, one can prove that the o infinitesimal transformations, which
are obtained, generate exactly a p-parameter group.

For further applications, I provide also the expression for B; in the case when f
depends on derivatives % of the first order only:

k ox; A k

5o L0t A£G
ML, 0 A=

The second theorem corresponds to an infinite continuous group &, and says that:

The invariance of I up to a divergence with respect to the infinitesimal transfor-
mations of ®, provides o linearly independent relations between 1; and their total
derivatives with respect to x. Conversely, existence of o such linearly independent
relations leads to the invariance of I up to a divergence with respect to certain o in-
finitesimal transformations with o arbitrary functions.

To find the mentioned relations one writes equation (5) in the expanded form:

4
Op™)
bu =Y {al (@ u, . (@) + 0 (w0, )
A=1
o° \)
—}——f—CE)\)(IE,U,) aia } (9)

Then the relations are written in the simple form!

0 o7
> {@Mv) = 0+ (D) () f =0 A=12,..4) (10)

)

§ 2. Application to the n-body problem

As a first illustration of utility of E. Noether’s theorem let us apply it for derivation of
the known ten integrals in the n-body problem. Although the underlying idea and its

81)\

YNamely, § u; = ai(z,u) + 3. B (z,u) Ou; . Then one obtains: Ax; = —f;(x,u), Au; =
X

ai(z,u), C;= Ai}Bi + Bi(z, u).

I5E. Noether, § 2, p. 243.
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accomplishment are not new!®, I will give the short calculations completely in order to
provide the formal analogy with the electrodynamic conservation equations listed fur-
ther. The differential equations of the n-body problem are derived from the variational
problem

5IL dt =0,

where the bars indicate that the variation is taken in fixed limits. The Lagrange function
L has the form

L= T-U,
T= % > ml(‘r?l + ft?Q + x'%),
i=1
U = _Z#, 1<i<k<n,
Tik = \/(%1 — x1)? + (T2 — Th2)? + (i3 — Tr3)?,

Kk = gravitational constant,

and the x;;, are regarded as functions of ¢. Thus, we have here a single integral, where
t replaces x and the z;; take the place of the former w.

It is well known that the equations of motion in the n-body are invariant with
respect to a finite ten-parameter group known the “Galilei-Newton group”. Under this
group, the variational problem behaves so that L is invariant with respect to some of
the infinitesimal transformations and invariant up to a divergence with respect to other
infinitesimal transformations of the group. Namely, the following holds:

16This question has been also discussed by F. Engel, Gott. Nachr. 1916, p. 270 et seq. He uses
Lie’s methods, however without using the advantageous circumstance that the differential equations
originate from a variational problem. — The comparison should express the preference of the variational
approach clearly. — One should compare the appropriate places in Jacobi’s Lectures on Dynamics for the
historical development of the comprehension of the meaning and relationships of the ten integrals for
the equations of motion; see also the interesting remark by J. R. Schiitz, published in Gott. Nachr. 1897,
p. 110 et seq., as well as a survey by F. Klein in ”Die Entwicklung der Mathematik im neunzehnten
Jahrhundert” (The development of mathematics in the 19th century), chap. 10, A § 2 and C § 4, 1917.
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a) At= 1, Azy = 0,

b) At = O, Allfik: A,

3 B = 0 (11)
At = 07 A ik — A o )7
c) Lik Q;lﬁkpxg (ﬁkg: — Bk
d) At = O, Axlk = ’ykt [k‘ = 17 2, 3]

One can verify that in the cases a), b), ¢) we have AL = 0, whereas in the case d)

= (Z Z mzfykxzk) = iC Div C.

=1 k=1

Furthermore, the equations (5) and (8) are written

(5:1:'% = A.I’lk — .I'lkAt,

3

||M:

and E. Noether’s divergence relations take the form:

Z Z xzk¢zk T + U)

=1 k=1

n

d n
b) Dt =~ ;mxk [k =1,2,3], (12)

i=1

n

d — ) :
C) Z(«Ti,uwiu - Iz‘ﬂ/’zp) = —% Z mi<$i,u$il/ - xiz/xiu>
i=1

[(M7 V) = (273)7 (37 1)7 (172”’

So far we have only formal identities which can be verified directly by substituting
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n /
oL d s 0L K, d .
Vi = P £<%> = ; 5 (Tpp — Tig) — a(mifﬂik).
v#i

We did not use yet the equation ¢ [ Ldt = 0. But if we consider the differential
equations of the n-body problem, we have to set the Lagrange expressions v; equal to
zero. Then the equations (12) whose left-hand sides vanish, provide us the ten known
first integrals of the problem. Namely, (12 a) is the energy theorem, b) the first three
center-of-mass theorems (also known as the momentum theorems), c) the three area
theorems, and d) the three second center-of-mass theorems. The form of the latter
differs from the usual formulation which can be obtained, however, by merely noting

that according to (12 b) one has > m;&;. = ¢, whence:

> i, = cxl + G k=123,
izzlmll‘lk C +Ck [ s ,3] (13)

(¢x, ¢’ = constants.)

For us, however, the form (12 d) is useful by two reasons. First, because it shows
that the second center-of-mass theorems are are properly arranged in the sequence
of the other conservation equations, and second, because they give us a key for an
interpretation of the similar electrodynamic relations (28).

8 3. Survey of the notations used in what follows

Before proceeding to the electrodynamic equations I give a survey of the notations used
in what follows. In general, I adopt the notation used by M. v. Laue in his book “Die
Relativititstheorie”, Vol. I, as well as his symbolism for three- and four-dimensional
vector and tensor calculus (even though they are annoying), so that the reader can
check all symbols which are unknown to him. The Lorentz measurement system!” is
adopted in CGS-units, ¢ denotes, as usually, the light velocity.

Table of the notations'®

In four dimensional notation In three dimensional notation

T1,T9, X3, T4 T,Y,2,tct

17See also Encycl. d. math. Wissenschaften 5, article 13, 7 d.
3The comparative columns contain not all corresponding quantities because it will be confusing to
include symbols that will not be used later.
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In four dimensional notation

In three dimensional notation

Electromagnetic six tensor:

[ f23, f31, fi2s  fia, foa, fa
fik = — fri

The corresponding dual six tensor:
[ o= Jfsa, fis = faz, [y = fo3
f2*3:f14; f§4:f31; f§<4:f12

Four-potential:
© Y1, P2, P35, P4

Analogy to the Lagrangian function:

A=3 X Y fh=2 > fi

i=1k=1 1<i<k<4

Electromagnetic energy-momentum tensor:

4
Sik = Ski = > fixfow + 0iA
A1

5. [0 ifi#k
kTN 1, ifi=k

vector from the origin to a fixed
I = point in space, not to a moving
particle.

Dz, -@ya 9. —i€y, — i@w — i€,

(- ¢)

D=

3
Pezz  Pexy Pexz Egex

3
peyx peyy peyz Zeey

pezm pezy pezz %eez

266:0 Esey 5662 —We
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In four dimensional notation

In three dimensional notation

Density of the four-dimensional flow:
Py, Py, P3, Py

Density of the electric four-dimensional force:

Fy, Fy, F3, Fy
Fi =) fuPx
%

Pe = density of Maxwell’s tensions
S, = c[(‘f, .9]

the Poynting vector of the
electromagnetic energy flow

We = %(@2 + @2)

density of the electromagnetic
field energy

8.

9e = c?

density of the electromagnetic
momentum of the field

0q, 29, of
cx7 c ) CZ, ZQ

spatial density of the electric
charge

velocity vector of the electric
9 = charges and of their material car-
rier respectively

Density of the field force to the charges:

§=o(e+ 1o 9))
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In four dimensional notation

In three dimensional notation

Mechanical energy-momentum tensor:

R, = Ry;

Total energy-momentum tensor:
T = Ty = R + Sk

Density of the power of this force:

(89) = 0 (€q)

([[gm,qn | icay, )
&, | —Wn

density of the mechanical
momentum

_ ko g

ko = mass density

density of the kinetic energy
of moving matter

ko 2
2
-5

density of the energy flow
= which appears due to the
movement of the matter

p | i
€, | W

P = pPe+][8,,, 9] = total tension tensor

9= g, +g,, = total momentum density
&= &, + &, = total energy flow

W = W, + W,, = total energy density
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8 4. Invariance of the Maxwell equations under the con-
formal group

In the two systems of Maxwell equations in vacuum:

I. Awf*=0 II. Aivf=0 (14)
the first will be satisfied identically upon setting

f=Rot . (15)
If one inserts this in II., the left-hand sides of II. will become exactly the Lagrange
expressions 1); of the variational problem

5////Adx1dx2dx3dx4:(),

where 1, x5, x3, x4 are the independent variables and 1, s, @3, @4 are unknown
functions. The variation should be accomplished with fixed boundaries (so that the hor-
izontal bars are unaltered) and fixed boundary values of ¢. The integral in question re-
mains unaltered when the variables 1, ..., x4 undergo an arbitrary transformation of
the 15-parameter conformal group of R, provided that the components ¢1, 2, ©3, @4
of the four-potential transform contragradiently to the differentials dz1, dzo, dxs, dzy.
Since we deal only with formal operations, we don’t have to worry about the question
(though important from the physical point of view) if the parameters of the group are
real numbers. One can easily Verifyathe invariance of the integral by considering the
— 9%k

condition that the quantities fi = Z& — 27“’; transform contragradiently to dx; dzy.

This can be done by calculating the expression obtained from the expression

(%: ff’f) dry dry dzs day

after an arbitrary linear transformation of dx. One can show that the new expression
will have the same form in the new variables:

(; ;i) diy iy diis dzy

if and only if the transformation maps the equation Y dz? = 0 into the same equation,
i

>~ dz? = 0. These transformations form exactly the conformal group.

Along with this finite continuous group, the variational problem admits also an
infinite group containing the first derivatives of an arbitrary function:

dp
T, =X, ©, =@+ —  =1,2,3,4],
Ti=an Bi=eit g [i ]

since the rotation (see 15) of a gradient vanishes identically.
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§ 5. List of formal identities

According to E. Noether’s theorems, 15 linearly independent linear combinations of
the Lagrange expressions

Of; 0 i
_ Z fik Z < Pr Oy > (16)
- Oxy, oz, \ 0x; &vk
will become divergences. Furthermore, one relation between ; and their first-order

partial derivatives must be satisfied identically.
A system of 15 linearly independent infinitesimal transformations of our &5 is!':

a) Az = ay,

_ Bklc = 0
b) Axy = zg:ﬁkgxg < Bro = —DBok ) 7

(17)
c) Axp = g,

d) Azp= 21 Y €7, — 6 p, T3 [k =1,2,3,4].
4 4

The transformation (17 a) with £ = 4 corresponds to the transformation (11 a) of the
Galilei-Newton group, three other (17 a) correspond to the spatial translations (11 b).
The “spatial rotations” corresponding to the parameters (o3, 331, F12 in (17 b) provide
the rotations (11 c) of the Galilei-Newton group, while the “time-like rotations” as-
sociated with (314, (o4, P34 match (11 d) in the Galilei-Newton group with a changed
direction of t-axis and fixed z, y, z-space. The formulae (17 c) and d) result from
combinations of transformations of reciprocal radii. Finally, the transformation of ¢
contragradient to dx is simply given by the formula

0A
App==3 "2y [k=1,2,34 (18)
3 895 k
and the infinitesimal transformation of the infinite continuous group by
0
8x k

Let us consider the dependence corresponding to the last transformation. Accord-

ing to (5) we have
dp

a.fll'i ’
“See, e.g. S. Lie and F. Engel, Theorie der Transformationsgruppen 3, Leipzig 1893, p. 281.

0pi =
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and comparison with (9) and (10) yields:

0
Xij i =0 (19)

In order to find the divergence relations, we apply (8) and obtain
Doy
Bi==> faldor+ > An{) faggy — O}
k A k
Invoking the definition of the electromagnetic energy-momentum tensor S;, we have:

0
B = —;f@-kwﬁ;m{ —smikjfma—ii}. (20)

If we insert here the expressions for Ax, Ay given by (17) and (18), we will arrive
at divergence relations, that are very long and complicated?’. But te main lack of the
relations is that they contain the components of the four-potential ¢ explicitly, and not
only via the combinations f;; having physical significance. The components of  are
only auxiliary mathematical quantities and have no autonomous real physical meaning.
However, we can overcome this obstacle by the following trick. Note that one can
single out from the infinite continuous group finite groups by letting the function p be
not arbitrarily, but assuming that p depends on a finite number of parameters. This
can be done in many different ways. The function p being specified, we add to the
transformation (18) the expression a% and obtain an infinitesimal transformations that
yield to divergence relations where ¢ will appear only in the combinations f;. In order
to clarify how to specify p, let us make the calculations.
If we insert in (20) the following expression for Ay, :

0A 0
—Y S e 1)

we obtain:
B; = ;fik{ > D002 oy — 2 + ;Am%@} -3 Sulay

= Zfik @%IC(Z%\AJC’,\ —P) - ZSAiAiUA-
k A A

It is clear now that the appropriate choice for p is

20 As an example, I give here their expressions provided by (17 d):
> %{%k S xpor — 2z A + Y fir [2(zher — Tror) + 228 Y @ gfg

,% Zﬂfﬂ} + %(AZ@) = — 21/11{2(5%%‘ — Tiok) + 2xk Y. Ts g_f;‘
—Ge A} - 20k Ly [k =1,2,3,4].
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p= ; ox Ay
In accordance with (5) and (21)
0 pi = %:fi,\Al“A,
and hence the divergence relation takes the form

Z Z Vi finAxy = Z % ( Z S)\iA~73)\> . (22)
i A LD

7

Substituting the expressions (17), we finally obtain:
a) Z %Sm = Z%’fi/\ A=1,2,3,4],
b) Z % (xMSVi - 'TVSW‘) = Z 1/11 (x,ufiu - -Tufiu)

i (.v) = (1,2), (1,3), (1,4), (2,3), (2.4), (3, )]
(23)

c) ; 3(;. (%xgsgz) = ;¢i<§ngig> 5

d) ; 821_{2:70,\ D xSy — SMZ%} = ;%{2@ > Tofio — fir sz}

A =1,2,3,4].

8 6. Introduction of physical formulations

Until this point the discussion was only about pure formal identities which can be
verified by using (16) and the expressions of .S;; as functions of ¢ obtained from the
table in §3. Now we will introduce physical formulations by letting the Lagrange
expressions v; equal to zero for the free aether in accordance with (14 II), and equal
to the related components P; of the four-dimensional flow for regions containing a
massive matter’'. Then the identities (19) and (23) give rise to physical theorems
known as “conservation laws”.

In order to express completely the physical content, we should not confine our-
selves to formulation of the occurrence of an electro-magnetic field in presence of a
massive matter, given by the assumption 1); = F;, but we also have to consider the
interaction of a field and a massive matter by introducing the four-dimensional force

21 For the sake of simplicity, I confine myself to the fundamental equations of the theory of electrons,
i.e. the limiting case € = 1, 4 = 1, o0 = 0 of the equations for a massive matter.
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Fi=Y fuiP

Furthermore, due to the relativistic dynamics, the force (resp. power) density is related
with the momentum (resp. energy) density of moving masses, namely:

§= -+, ql.

(§a) = 2= +divq Wy,

or in the four-dimensional form:

mzzﬁmﬁ

Then the conservation equations become

a) Y aT=0 A=1,2,3,4],
b) Za%l (xﬂ T’/i - Ty T/“) =0 [(:ua V) = (172)a s '7(374>]7
(24)
) Zaii (Zl’g Tm’) = R,
1 0 i

d) Za%l {Z’L’)\ ZxQTQi — Ty ZxZ} = 2x) ZRZZ [/\ = 1727374]7
i e v

e

where the notation S\; + R); = T); and the symmetry R;;, = Ry, are used.

§ 7. Physical significance of the results

To manifest the physical meaning of Eqs. (24), we split them into spatial and time
components>? even though this destroys their beautiful symmetry. Using the notation
of three-dimensional vector analysis and denoting > R;; by K we have:

22Below, the indices 7 and z denote the spatial and time components, respectively.
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a) %g—i—bibp:(),
a.) 2W+divg =0,

b) 2t q) +biv [r x p] = 0%,

b.) 2 {% —taf o { [ $]] 0} =0,

(25)
¢) 2{(g)—Wit}+div{[r,p -St} =K,
d,) 2{r(e)+[r, [r, q]] — 20t W + 2 ¢%q}
+oio{ [[r, [r, pJ]] + [r x o x pl] — 2¢[[r, &]] + S ¢*p} = 2r K,
d.) 2{2t(rg) — %L (2 + AtH)} + div {2t [r, p] — gt + 21} } =2t K.
In addition, Eq. (19) yields the equation of continuity equation for electricity:
0
div (0q) + 22 = 0. (26)

ot

Equations (25) are often transformed from the differential into an integral form
by integrating them over a three-dimensional part of the space and using the fact that
the integrals of the divergence members become surface integrals. We will assume
that we have a closed system of masses and of charges with a finite basis and that the
components of the energy-momentum tensor decrease outwards so fast that we can
neglect the surface integrals compared to the space integrals for a sufficiently large
integration area B containing the masses and charges. Then Egs. (25) a,.), a.) and b,)
result in the conservation of momentum, energy and angular momentum of the system:

Z3Since v. Laue has already used the symbol [t, p] for the vector with the z-component zp .. +YPay+
2Pgy, I have taken the liberty to use the symbol [r x p] instead of the tensor
YPzx — Z2Pyz  YPzy — ZPyy YPzz — ZPyz
( ZPxx — T Pzx ZPry —TPzy ZPzz — TPzz )
xpyz — YDz xpyy - ypxy xpyz — YDz

By the way, the following is valid: [r, divp] = div[r X p].
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a,) [ [ [ sdr =® = constant vector ,
B

. W dr = E = const. ,
a,) f g i T cons -

b.) [ [ [Tt q]dr = &= constant vector .
B

In contrast, formula (25) takes at first the form

%{/Z/rgdwﬁ///gﬁ}:m (28)

whose obvious analogy to the second center of mass theorem (12 d) in the n-body
problem can be noticed immediately. From point of view of the theory of relativity,
mass and energy can be treated as identical quantities, namely the mass m can be
regarded as energy of the value m ¢, and visa versa, any energy with a density W is
equivalent to a mass density of the value Cmg = k. Accordingly, the electromagnetic

field in the free aether also obtains a ’center of mass”, and the quantity
[[[t%dr=[[[rtkdr
B B

is the radius vector from the origin of the coordinate system to the common center of
mass of the electromagnetic field and the massive matter multiplied by the total mass
C%. Hence, this quantity corresponds to the expression » | m; x; in (12 d), whereas the

coefficients of ¢ in (28) and (12 d) mean the total morlnentum of the system in both
cases. It follows from formula (28) in combination with (27 a,.) that

[[[t% dr =€ + 6t (€ = constant vector ) (270.,)
B

in complete analogy to (13), i.e.

The common center of mass of the electromagnetic field and the massive matter
moves uniformly along a straight line.

Five remaining equations in (27) do not have the form of pure conservation laws
(% of space integral = surface integral) due to presence of K if the integration area
contains moving fields. Therefore the integration with respect to time cannot be per-
formed explicitly. Nevertheless, these equations carry a certain physical meaning. In
order to simplify the interpretation, let us consider the case of the free aether without
heavy masses are moved through the field. Then K = 0, and we have again pure
conservation equations which can be written as follows:
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o) [[[(g)dr=Ci+E.t,

B

d) [ [ [ {re)+ [t [re)]}dr =€ +232€ t+ 26,12,

27)
d.) [[[r%edr=Co+2Cit+ E.
B
Ch, Cy = const., €, = constant vector .
Here, the easiest equation for understanding is d,). Since ‘g = “mass density” of

the electromagnetic field, the left side of d,) means the half sum of the principal mo-
ments of inertia of the “electromagnetic mass” of the field with respect to the origin of
coordinate system, and we can say:

The sum of the electromagnetic principal moments of inertia of the field with re-
spect to an arbitrary fixed point is a quadratic function of time, where the coefficient
of the square of time is the double total energy of the field.

It seems to me that the equations (27 ¢) and d,.), unlike d,), don’t have an direct
analogy in mechanics. Therefore their left side integrals should be introduced as new
quantities in physics. The dimension of (r g,) is that of the density of an action quan-
tity, and the dimension of {r(r q.) + [r [t ge]] } is that of the momentum of an action
density.

I don’t want to finish without expressing my gratitude to Miss Emmy Noether and
Mr. Prof. Paul Hertz for their encouraging interest to my work.

(Received 3 March 1921.)
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Abstract. In 1973, during a discussion of contemporary works in soliton theory at “Theoreti-
cal seminar of the Institute of Hydrodynamics” in Novosibirsk, Professor Ovsyannikov asked
me if the infinite number of conservation laws for the Korteweg-de Vries equation can be ob-
tained from its symmetries. The answer was by no means evident because the KdV equation
did not have the usual Lagrangian, and hence the Noether theorem was not applicable. In the
present paper I give the affirmative answer to Ovsyannikov’s question by using my recent new
general theorem on conservation laws applicable to arbitrary differential equations. The new
theorem, which I will call here Theorem on nonlocal conservation laws, does not require exis-
tence of Lagrangians and is based on a concept of adjoint equations for non-linear equations.
For derivation of the infinite series of conservation laws for the KdV equation, I modify the
notion of self-adjoint equations and extend it to non-linear equations.

I dedicate this paper to L.V. Ovsyannikov
on the special occasion of his 88th birthday.

1 Introduction

Recall the formulation of the well-known conservation theorem proved by Noether [1]
in 1918 by using the calculus of variations. Let us begin with variational integrals

/ L(x,u,unq)y)d, (1.1)
.

where L(z,u,u()) is a first-order Lagrangian, i.e. it involves, along with the inde-
pendent variables z = (z',..., ") and the dependent variables v = (u, ..., u™), the
first-order derivatives u (1) = {u{'} of u with respect to z, i.e. uf = D;(u®).

I will formulate Noether’s theorem in the case of Lagrangians up to third order.

© 2006 ALGA
(© 2006 N.H. Ibragimov
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Theorem 1.1. Let the variational integral (1.1) be invariant under a group GG with a
generator

- 0 0
X =& (@, u,uqy, - . ')8mi +n%(x, u, uq), - - )% . (1.2)
Then the vector field C' = (C', ..., C") defined by
3 % «a et oL :
C'=¢L+ (n _gjuj)ﬁ—u?’ i=1,...,n, (1.3)
provides a conservation law for the Euler-Lagrange equations
oL oL oL
—=—-D;)|=— ) =0, =1,...,m. 1.4
ou®  Ju (8u?) « m (1.4)

In other words, the vector field (1.3) obeys the equation divC' = D;(C") = 0 for all
solutions of Egs. (1.4), i.e.

D;(C")

=0. (1.5)
(1.4)
Any vector field C* satisfying (1.5) is called a conserved vector for Egs. (1.4).

In the case of second-order Lagrangians L(x, u, u(1), u(2)), the Euler-Lagrange equa-
tions (1.4) and the conserved vector (1.3) are replaced by

oL oL oL oL
— = —Di| =— D;D = 1.
ou*  Ju® Z(@uf‘) i k(au?k) . (16)
and
: A , oL oL ; oL
1 ___ 7 (e ) Oé - @ ] Oé
C =Lt - ) | 5 - D )| + il - e )
respectively.

In the case of third-order Lagrangians L(z,u, u(1), U(2), U(3)), the Euler-Lagrange
equations are written:

a a [e% a a
ou ou ous ou, Qugyy,

and the conserved vector (1.3) is replaced by

C'=&LA+ (" = &uf) [% - Dy(%) + DjD’“(aiikﬂ (1.9)
7 (¥ )
00 =) [y = P )] + Dl - )i
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Remark 1.1. It is manifest from Eq. (1.5) that any linear combination of conserved
vectors is a conserved vector. Furthermore, any vector vanishing on the solutions of
Egs. (1.4) is a conserved vector, a trivial conserved vector, for Egs. (1.4). In what fol-
lows, conserved vectors will be considered up to addition of trivial conserved vectors.

The invariance of the integral (1.1) implies that the Euler-Lagrange equations (1.4)
admit the group G. Therefore, in order to apply Noether’s theorem, one has first of all to
find the symmetries of Egs. (1.4). Then one should single out the symmetries leaving
invariant the variational integral (1.4). This can be done by means of the following
infinitesimal test for the invariance of the variational integral (see [2] or [3]):

X(L)+ LD;(¢") =0, (1.10)
where the generator X is prolonged to the first derivatives u ;) by the formula

8+a8 0
a1 ou?

X=¢ ou®

+ [ D) = g Di(&) (1.11)
If Eq. (1.10) is satisfied, then the vector (1.3) provides a conservation law.

The invariance of the variational integral is sufficient, as said above, for the in-
variance of the Euler-Lagrange equations, but not necessary. Indeed, the following
lemma shows that if one adds to a Lagrangian the divergence of any vector field, the
Euler-Lagrange equations remain invariant.

Lemma 1.1. A function f(z,u,...,u.)) € A with several independent variables
xr = (x',...,2") and several dependent variables v = (u', ..., u™) is the divergence

of a vector field H = (h',... h"), hi € A, i.e.
f =divH = D;(h"), (1.12)
if and only if the following equations hold identically in x, u, u(y), ... :

ﬁ:(}, a=1,...,m. (1.13)
dou

Therefore, one can add to the Lagrangian £ the divergence of an arbitrary vector
field depending on the group parameter and replace the invariance condition (1.10) by
the divergence condition

X (L) + LDy(¢") = D;y(BY). (1.14)
Then Egs. (1.4) are again invariant and have a conservation law Di(Ci) = 0, where
(1.3) is replaced by (see also Bessel-Hagen’s paper in this volume)
: . . oL ,
C'=8L+ (" = &uf)— — B". (1.15)

o
ous
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The restriction to Euler-Lagrange equations reduces applications of Noether’s the-
orem significantly. For example, Noether’s theorem is not applicable to all evolution
type equations, to differential equations of an odd order, etc. Moreover, a symmetry of
Euler-Lagrange equations should satisfy an additional property to leave invariant the
variational integral. In spite of the fact that certain attempts have been made to over-
come these restrictions and various generalizations of Noether’s theorem have been
discussed, I do not know in the literature a general result associating a conservation
law with every infinitesimal symmetry of an arbitrary differential equation.

In 1973, during a discussion of the pioneering works on soliton theory at the “The-
oretical seminar of the Institute of Hydrodynamics™” in Novosibirsk, Professor Lev V.
Ovsyannikov asked me if the infinite number of conservation laws for the Korteweg-
de Vries (KdV) equation can be obtained from its symmetries. The answer was by no
means evident because the KdV equation did not have the usual Lagrangian, and hence
the Noether theorem was not applicable. I give here the affirmative answer to Ovsyan-
nikov’s question by proving a new conservation theorem (Theorem 3.4) applicable,
unlike Noether’s theorem, to arbitrary differential equations (see also [4]).

The new theorem is based on a concept of adjoint equations for non-linear equa-
tions and does not require existence of Lagrangians. The crucial fact is that all Lie
point, Lie-Bédcklund and nonlocal symmetries of any equation are inherited by the ad-
joint equation (Section 3.1, Theorem 3.1). I give in Section 3.2 an explicit formula for
the conserved quantities associated with these symmetries. Accordingly, one can find
for any differential equation with known Lie, Lie-Bécklund or nonlocal symmetries
the associated conservation laws independently on existence of classical Lagrangians.
The theorem is valid also for any system of differential equations where the number of
equations is equal to the number of dependent variables (Theorem 3.2).

The new conservation theorem is, in fact, a theorem on nonlocal conservation laws,
since the conserved quantities provided by this theorem are essentially “nonlocal”.
Namely, they involve, along with the variables of the equations under consideration,
also adjoint variables which can be treated as nonlocal variables as defined, e.g. in
[5]. In order to single out local conservation laws, I modify the notion of “self-adjoint”
equations and show that the adjoint variables can be eliminated from the conserved
quantities for the self-adjoint equations. However, this elimination may reduce some
of nonlocal conservation laws to trivial local conservation laws. For example, the KdV
and modified KdV equations are self-adjoint. It is shown in Section 4 that the known
infinite series of local conservation laws of the KAV equation are associated with its
nonlocal symmetries. On the other hand, the local symmetries of the KAV equation
lead to essentially nonlocal conservation laws which become trivial if one eliminates
the adjoint variable.

Finally, it is shown in Section 5.1 that even for equations having Lagrangians my
theorem leads to conservation laws different from those given by Noether’s theorem,
e.g. in the case of nonlinear equations that are not self-adjoint.
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2 Preliminaries

I begin with a brief discussion of the space A of differential functions, the basic oper-
ators X, §/0u®, N acting in A and the fundamental identity connecting them (see [2],
Chap. 4 and 5; also [3], Sections 8.4 and 9.7). Then I recall the definition of adjoint
equations to arbitrary equations and a new concept of self-adjoint equations [6].

2.1 Notation

Let x = (z',...,2") be n independent variables, and u = (ul, ...,u™) be m depen-

dent variables. We will use the notation u(yy = {uf'}, w@) = {uf}, ..., where

Ut = Di(ua>, u® = Dz(u;l) = DiDj(ua), .

% i
with D; denoting the total differentiation with respect to z :

o .0 )
o puz @.1)

D; =

The variables u® are also called differential variables. A function f(x,u, vy, ..)
of a finite number of variables x, u, u(1), u(2), . . . is called a differential function if it is
locally analytic, i.e., locally expandable in a Taylor series with respect to all arguments.
The highest order of derivatives appearing in the differential function is called the order
of this function. The set of all differential functions of all finite orders is denoted by .A.
This set is a vector space with respect to the usual addition of functions and becomes an
associative algebra if multiplication is defined by the usual multiplication of functions.
The space A is closed under the total differentiations: if f € A then D;(f) € A.

2.2 Basic operators and the fundamental identity

The variational derivatives (the Euler-Lagrange operator) in A are defined by

b o R— . )
%_auaJrZ(_l)D“'”DisauT’ a=1,...,m, (2.2)

—1 i1

where the summation over the repeated indices 7; . . . 75 runs from 1 to n.
A first-order linear differential operator

.0 o .0 G,
AT T e T g g, T

2122

(2.3)

(07
i1i90 " "

where &', 7™ € A are arbitrary differential variables, and ¢, are given by

Cz D (Wa) + 5] z]? 2112 = D DIQ(WQ) + éj (24)

Wjirigs - -
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with '
We=n*=&uy, a=1,...,m, (2.5)
is called a Lie-Bdcklund operator. It is often written in the abbreviated form
.0 0
X=¢— St 2.6
Som T gt (2.6)

where the prolongation given by (2.3) - (2.4) is understood. The operator (2.3) is
formally an infinite sum, but it truncates when acting on any differential function.
Hence, the action of Lie-Bdcklund operators is well defined on the space A.

The commutator [ X7, X5] = X3 Xy — XX of any two Lie-Bicklund operators,

.o, 0
X, =& — —t =1,2),
o T gt (v )
is identical with the Lie-Bécklund operator given by
% % a ot o a
(X1, Xo] = (X1(&) — X2(§1))—axi + (X1 (n3) — Xa(n )>—8ua +- (2.7)

The set of all Lie-Bédcklund operators is an infinite dimensional Lie algebra with
respect to the commutator (2.7). It is called the Lie-Bdcklund algebra and denoted by
Lg. The algebra L is endowed with the following properties.

I. D; € Lg. In other words, the total differentiation (2.1) is a Lie-Backlund opera-
tor. Furthermore,

X.=¢&Di e Ly (2.8)

for any & € A.
II. Let L, be the set of all Lie-Biacklund operators of the form (2.8). Then L, is an
ideal of Lg, i.e., [X, X,] € L, forany X € Lg. Indeed,

[X, X.] = (X(&) — X&) Di € L.

III. In accordance with property II, two operators X, Xo € Lp are said to be
equivalent (i.e. X1 ~ X)if X1 — Xy € L,. In particular, every operator X € Lg is
equivalent to an operator (2.3) with £ = 0,7 = 1, ..., n. Namely, X ~ X where

v % « i, 8
X=X-¢&¢D;i=n*"—-&u)—+---. (2.9)
ou®
The operators of the form

0
X=n ou®

are called canonical Lie-Bdcklund operators. Hence, the property III means that any
operator X € Lpg is equivalent to a canonical Lie-Bécklund operator.

o, P EA (2.10)
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IV. Generators of Lie point transformation groups are operators (2.6) with the co-
efficients ¢ and 7 depending only on z, u :

0 9
X =8 wgs dus

The Lie-Bicklund operator (2.3) is equivalent to a generator (2.11) of a point transfor-
mation group if and only if its coordinates have the form

éi :ﬂ(x,u)ngi, 77a :U?(xaUH' (gé(x,u)—i—gi)uf‘,

where £ € A are any differential functions and &%, £, n® depend only on z, u.

+ (2, u) 2.11)

Example 2.1. Let ¢, x be the independent variables. The generator of the Galilean
transformation and its canonical Lie-Bédcklund form (2.9) are written:

= 0
X=— —t—~X=(14tuy)=—+---
(1 + tug) 0
Example 2.2. The generator of non-homogeneous dilations (see operator X5 in Sec-
tion 4) and its canonical Lie-Bicklund representation (2.9) are written:

0 0 0 0
X =2u— —3t— —x— ~ X = (2u + 3t o)+
Uz 5 T~ (2u + ut+xu)au+
I associate with Lie-Bécklund operators X = £'>% +7® 52+ - - of the form (2.3)
the infinite-order operators N (i = 1, ..., n) defined by the following formal sums:

= )
_g + Wa Z <Dy, WO‘) S , (2.12)

— le Z

where W are given by (2.5) and the variational derivatives with respect to vari-

ables u', ... are obtained from (2.2) by replacing u“ by the corresponding derivatives
., e.g.

)

ous 8u

0

D aum Js

(2.13)

The following statement holds (N.H. Ibragimov, 1979, see [3], Section 8.4.4).

Theorem 2.1. The operators (2.2), (2.3) and (2.12) are connected by the following
Sfundamental identity:

X + Di(&") = 5%+DN’ (2.14)

where W are given by (2.5).
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2.3 Adjoint equations

Recall that the adjoint operator to a linear differential operator L is defined in the
classical literature as a linear operator L* such that the equation

vL[u] — uL*[v] = divP(x) (2.15)

holds for all functions « and v, where P(z) = (p'(x),...,p"(x)) is any vector and
divP = D;(p%). The equation L*[v] = 0 is called the adjoint equation to L[u] = 0.
The operator L and the equation L[u] = 0 are said to be self-adjoint if L[u] = L*[u]
for any function u(z). For example, if L is a linear second-order differential operator,

L[u] = a”(2)D;D;j(u) + b'(x) D;(u) + c(x)u, (2.16)
Eq. (2.15) yields the adjoint operator L* given by
L*[v] = D;D;(a"” (z)v) — D;(b'(x)v) + c(z)v. (2.17)
The operator (2.16) is self-adjoint provided that
Vi(z) = D;(a”), i=1,...,n. (2.18)

The definitions of the adjoint operator and the adjoint equation are the same for sys-
tems of differential equations. For example, in the case of systems of second-order
equations the adjoint operator is obtained by assuming that v is an m-dimensional
vector-function and that the coefficients a*(z), b’ (z) and c(x) of the operator (2.16)
are m x m-matrices. The following two second-order equations provide an example
of a self-adjoint system:

T2 Upy + Uyy + 22U, +w = 0,

Wee + wayy + 2yw, +u = 0.

Linearity of equations is crucial for defining adjoint equations by means of Eq.
(2.15). The following definition of an adjoint equation [6] is applicable to any system
of linear and non-linear differential equations.

Definition 2.1. Consider a system of sth-order partial differential equations

Fa(x,u,...,u(s)):(), a=1,....,m, (2.19)
where Fi,(z,u,...,us)) € A are differential functions with n independent variables
x = (x',...,2") and m dependent variables u = (u',...,u™), u = u(x). We intro-

duce the differential functions

5(UﬂFﬁ)

du

F;(x,u,v,...,u(s),v(s)) = , a=1...,m, (2.20)
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where v = (v!,... v™) are new dependent variables, v = v(z), and define the system

of adjoint equations to Egs. (2.19) by
F;(x,u,v,...,u(s),v(s)) =0, a=1,...,m. (2.21)

In the case of linear equations, Definition 2.1 is equivalent to the classical definition
of the adjoint equation. Namely, taking for the sake of simplicity scalar equations, we
can formulate the statement as follows.

Theorem 2.2. The operator L* to a linear operator L defined by Eq. (2.15) is identical
with the operator L* given by
d(vL
L*[v] = M (2.22)
ou
One can easily verify that if L[u] is the second-order operator given by (2.16), then
the operator L*[v] defined by Eq. (2.22) coincides with the operator L*[v] defined by
Eq. (2.17). For practical use, the definition by (2.22) is simpler than by (2.17).

Remark 2.1. The adjoint equations (2.21) to linear equations F'(z,u,...,u() = 0
for u(x) are linear equations F*(z,v,...,v.)) = 0 for v(z). If Equations (2.19) are
nonlinear, the adjoint equations are linear with respect to v(x), but nonlinear in the
coupled variables u and v.

The following definition [6] extends the classical concept of self-adjointness of
linear operators to nonlinear equations.

Definition 2.2. A system of equations (2.19) is said to be self-adjoint if the system
obtained from the adjoint equations (2.21) by the substitution v = u :

F;‘(x,u,u,...,u(s),u(s)) =0, a=1,...,m, (2.23)

is identical with the original system (2.19). In other words, the self-adjoint equations
obey the condition

Fi(z u,u, ... ue), we)) = P Fo(z,u,. .. JUs)), a=1,...,m, (2.24)
with regular coefficients ¢2 € A.

Example 2.3. For the heat equation u; — u,, = 0, Eq. (2.20) yields

. 0 %) )
F* = E[v(vt—um)] = <—Dta—Ut—|—ch D

) [0ty — 11,)] = —Dy(v) — D2(v).

Hence, the adjoint equation (2.21) to the heat equation is v; + v,, = 0. It is manifest
that the heat equation is not self-adjoint.
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2.4 Formal Lagrangians

Consider the extension of the variational derivatives (2.2) to differential functions with
2m differential variables (u,v) = (u',...,u™;v', ... v™) defined by the coupled
formal sums:

0
ua aua + Z il o lg au“ N ’
) 0 = 0
— = —1)°D;, --- D; 2.25
S0 = gun 2D Da e D e (2.25)
where o = 1,...,m and the summation over the indices ; . . . ¢; runs from 1 to n.

Consider the differential function

ﬁIUﬂFg@Z,U,...,U(S)) (2.26)

with 2m differential variables (u,v), where u = (u',...,u™),v = (v',...,0o™). Itis

manifest from Eqs. (2.20) that the variational derivatives (2.25) of the function (2.26)
provide the differential equations (2.19) and their adjoint equations (2.21), namely:

oL

&}—a = Fa(x,u,...,u(s)), (227)
Lo

@ = Fa (IL‘,U,U, R 7U(5),U(8)). (228)

This circumstance justifies the following definition.

Definition 2.3. The differential function (2.26) is called a formal Lagrangian for the
differential equations (2.19).

Example 2.4. The heat equation u; —u,, = 0 has the second-order formal Lagrangian
L= v(ut — um)

Using Lemma 1.1 and the identity —vu,, = (—vu,), + u,v,, one can replace it by the
equivalent first-order formal Lagrangian

L = vuy + ugv,.

The variational derivatives (2.25) of both £ provide the heat equation together with its
adjoint equation v; + vy, = 0 :

oL oL
— = U Ugg, o =
ou

50 —<Ut + Uxm)-
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Let us extend Example 2.4 to any linear second-order differential equation
Lu] = a" (z)u;j + b'(v)u; + c(x)u = f(z). (2.29)
The formal Lagrangian (2.26) is written £ = (a” (z)u; + b'(2)u; + c(z)u — f(z))v.
We rewrite it in the form
L =D, (Uaijui) — v D; (aij) — aijuivj + vb'u; 4 cuv — f(z)v.
The first term at the right-hand side can be dropped by Lemma 1.1, and hence
L = cuv + vb'(z)u; — vu;Dj(a”?) — aVuv; — f(z)v. (2.30)

The variational differentiation of the function (2.30) leads to Eq. (2.29) and the adjoint
equation D; D; (a"v) — D;(b'v) 4+ cv =0

oL i ij ij ij i

S0 :cu—l—b(:c)ui—uiDj(a )—i—Dj(a ul) —f=a"u; + b +cu—f
oL

Su U D;(b'v) + D;(vD;(a"v)) 4+ D;(a"v;) = D;Dj(a”v) — D;(b'v) + cv.

If the operator L[u] is self-adjoint, then (2.30) leads to the following well known
Lagrangian for Eq. (2.29):

L= 3 [c(z)u? — a” (z)uuy]. (2.31)

Indeed, the second and the third terms in the right-hand side of Eq. (2.30) annihilate
each other by the condition (2.18). Now we set v = u, divide by two and arrive at the
Lagrangian (2.31).

Example 2.5. Consider the Korteweg-de Vries (KdV) equation
Up = Uppy + Ully. (2.32)

Eq. (2.20) yields F*(t, z,u,v, ..., u(), V() = —(Vt — Upga — ut,). It follows that the
adjoint equation to the KdV equation is

Vp = Ugpy + UVy. (2.33)

Moreover, we see that F*(t, z,u,u, ..., u@s), ws)) = —F(t,z,u,...,ueg)). Hence the
KdV equation is self-adjoint since the condition (2.24) is satisfied with ¢ = —1. Using
Eq. (2.26), we obtain the third-order formal Lagrangian for the KdV equation:

L = v[uy — utly — Ugay]- (2.34)
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It can be replaced by the second-order formal Lagrangian
L = vu; — vuly + Vplipy (2.35)

due to Lemma 1.1 and the equation —vuy; = (—VUyug)s + Upliy,. Furthermore, one
can easily replace (2.35) by

1
L = Uty — uvy + §u2vm. (2.36)

Each of the functions (2.34), (2.35) and (2.36) yield the KdV equation and its adjoint:

oL B %
ou

= —V¢ + VUgpgy + UV,

3 Main theorems

3.1 Symmetry of adjoint equations

Let us show that the adjoint equations (2.21) inherit all Lie and Lie-Bécklund symme-
tries of Egs. (2.19). We will begin with scalar equations.

Theorem 3.1. Consider an equation

F(ZL‘,U,U(D,...,U(S)) =0 (31)
with n independent variables © = (z',...,2") and one dependent variable u. The
adjoint equation

d(vF
F*(m,u,v,...,u(s),v(s)) = (:; ) =0 (3.2)
u

to Equation (3.1) inherits the symmetries of Equation (3.1). Namely, if Equation (3.1)
admits an operator

0 0

X =¢= —, 33

$oni T3, (3.3)
where X is either a generator of a point transformation group, i.e. &' = &'(x,u),
n = n(z,u), or a Lie-Bicklund operator, i.e. £ = &'(z,u,u(), ..., ugp)) and n =
n(x,u, uq)y, .. ., uq)) are any differential functions, then Eq. (3.2) admits the operator

(3.3) extended to the variable v by the formula

y_gd 0 )

. — o — 4
8xl+n8u+nav 34

with a certain function 7, = n.(z,u, v, u), . . .).
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Proof. Let the operator (3.3) be a Lie point symmetry of Eq. (3.1). Then
X(F)=\F (3.5)

where A = A(z,u,...). In Eq. (3.5), the prolongation of X to all derivatives involved
in Eq. (3.1) is understood. Furthermore, the simultaneous system (3.1), (3.2) can be
obtained as the variational derivatives of the formal Lagrangian (2.26)

L=vF (3.6)

of Eq. (3.1). We take an extension of the operator (3.3) in the form (3.4) with an
unknown coefficient 7, and require that the invariance condition (1.10) be satisfied:

Y (L) + LD;(¢)) = 0. 3.7)

We have:
Y (L) + LDy(€) = Y (v)F + vX(F) +vFD;(€)
= 0 F + 0AF + vFD;(€") = [, + v\ + vD;(&9)]F.

Hence, the requirement (3.7) leads to the equation
Ny = — [)\ + Di(fi)}v. (3.8)

with )\ defined by Eq. (3.5). Since Eq. (3.7) guarantees the invariance of the system
(3.1), (3.2) we conclude that the adjoint equation (3.2) admits the operator

0 0 )
Yy =¢ 50 T3 A+ Di(€)]v = (3.9)

thus proving the theorem for Lie point symmetries.

Let us assume now that the symmetry (3.3) is a Lie-Bécklund operator. Then Eq.
(3.5) is replaced by (see [2])

X(F) =X F + X, Dy(F)+ X\ D;D;(F) + X D;D;D(F) +---,  (3.10)
where )\gj = )\gi, ... . Therefore, using the operator (3.4), we have:
Y(L) + LD;(¢") =Y (v)F +vX(F) +vFD;(¢)
= [ + 0o + vDi(E)]F + v\ Di(F) + v\§ D;D;(F) +vX\{* D;D;Dy(F) + - --

Now we use the identities
v\, Di(F) = Di(vA{ F) — FD;(v)}),
v\ DiD;j(F) = D;[v\] Dj(F) — FD;(v\])] + FD;D;(vAY),
v\Y* D;D;Dy(F) = D;[- -] — FD;D; Dy, (vAj"),
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etc., and obtain:
Y (L) + LD;(&') = D;[vA] F + v\ D;(F) = FD;j(v\{) + -+ -]
+ [+ 0Xo +0Di(€Y) — Dy (vA}) + D;D; (vAY) — D;D; Dy (vAY*) + -] F.
Finally, we complete the proof of the theorem by setting
e = —[Xo + Di(€)]v + Dy (vA}) — D;D; (vAY) + D;iD; Dy (vAY*) — -+ (3.11)
and arriving at Eq. (1.14),
X(L)+ LD;(¢") = Diy(B"), (1.14)

with
B' = —u)\\ F — v\ D;(F) + FD;(v\y) — - - (3.12)
Let us prove a similar statement on symmetries of adjoint equations for systems of
m equations with m dependent variables. For the sake of simplicity we will prove the

theorem only for Lie point symmetries. The proof can be extended to Lie-Béacklund
symmetries as it has been done in Theorem 3.1.

Theorem 3.2. Consider a system of m equations

Fo(z,u,uay, ... ue) =0, a=1,...,m, (3.13)
with n independent variables z = (z',...,z") and m dependent variables
u = (u',...,u™). The adjoint system

5(1}’3}%)

F;(:v,u,v,...,u(s),v(s)) =0, a=1,...,m, (3.14)

ou®

inherits the symmetries of the system (3.13). Namely, if the system (3.13) admits a
point transformation group with a generator

X = gl(‘r?u)

+n%(z, u) (3.15)

ozt e’

then the adjoint system (3.14) admits the operator (3.15) extended to the variables v

by the formula
0 0 0

Y=£i%+n“%+n3% (3.16)

with appropriately chosen coefficients ¢ = n%(z, u,v,...).
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Proof. Now the invariance condition (3.5) is replaced by
X(F)=MF; a=1,...,m, (3.17)

where the prolongation of X to all derivatives involved in Eqgs. (3.13) is understood.
We know that the simultaneous system (3.13), (3.14) can be obtained as the variational
derivatives of the formal Lagrangian

L =v"F, (3.18)

of Egs. (3.13). We take an extension of the operator (3.15) in the form (3.16) with un-
determined coefficients 1 and require that the invariance condition (1.10) be satisfied:

Y (L) + LD;(¢)) = 0. (3.19)
We have: . .
Y(L)+ LD;(&") =Y () F, +v* X (F,) +v*F,D;(&")
=1 Fo + Aqu Fs + 0" FuDi(¢") = [0 + Agv” + v Di(€)] Fu.

Therefore, the requirement (3.19) leads to the equations

0 = -\ +0"Dy(¢)], a=1,...,m, (3.20)
with Aj defined by Egs. (3.17). Since Eqgs. (3.19) guarantee the invariance of the
system (3.13), (3.14), the adjoint system (3.14) admits the operator
0 0 0

a_ ~ a, B an (] 2.
ot [AG07 + 0 D;(€))] (3.21)

Y=< ove

This proves the theorem.
Theorem 3.3. Theorems 3.1 and 3.2 are valid for nonlocal symmetries defined in [5].

Proof. The statement is proved by adding to Egs. (2.19), (2.21) the differential equa-
tions defining nonlocal variables involved in nonlocal symmetries and repeating the
proofs of Theorems 3.1 and 3.2.

3.2 Theorem on nonlocal conservation laws

Theorem 3.4. Every Lie point and Lie-Bécklund symmetry

. 0 0
X =&z, u,upy, . . '>8xi + n%(z, u, ugy, - . '>8ua , (3.22)
as well as nonlocal symmetry, of differential equations
Fo(z,u,...,uy) =0, a=1,...,m, (3.23)

provides a nonlocal conservation law for Eqs. (3.23). The corresponding conserved
quantity involves the adjoint (i.e. nonlocal) variables v given by the adjoint equations
(3.14), and hence the resulting conservation laws is, in general, nonlocal.
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Proof. We take the extended action (3.16) of the operator (3.22),

6 + ai_}_ @i.
ox’ " ou™ s v

In the case of one variable u, the coefficient 7, in (3.24) is given by (3.8) if (3.3) is a
Lie point symmetry and by (3.11) if (3.3) is Lie-Bédcklund symmetry. In the case of
several variables ©u® and Lie point symmetries (3.15), the ¢ are given by (3.20). Now
we extend the action of the operators (2.12) to differential functions of 2m variables
u®, v and obtain the following prolongation of the operators A/ :

Yy =¢ (3.24)

) )
% Wwe — we
=& du + W 51}
X i [ - Dy (W) 0 + Dy, - D; (W) 0 (3.25)
9 6u221 i ' ’ - 51)7?;1 i 7
where (see (2.5)) ‘ ’
W =n* = &uj, W =n—gvf, (3.26)
and (see (2.13))
) 0 0 0
- _ D, D;, D; ...
oug  Oug T gue ugs, * 2 gug ugs s, ’
) 0 0 0
— = — —D; — +D; D, .
L e
) 0 0 0
=——-D:; D; D; — . 3.27
T W e S
) 0 0 0
o a DJ a + D DJ e T
&}iil aviil 1 3 Yii1 g1 ’ 3 Yii1j1jo
The fundamental identity (2.14) is extended likewise and has the form:
% 5 « 5 7
Y+DZ-(£):W—+W*—+DN (3.28)
ou® ove

Now we act by the both sides of the operator identity (3.28) on the formal Lagrangian
(3.18), invoke the equations (3.19) and (2.27)-(2.28) obtain the conservation law

D;(CY) =0, (3.29)
(3.23),(3.14)
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where

Cl=N(L). (3.30)

Since the differential function £ = v Fj given by (3.18) does not contain derivatives
of the variables v, it follows from Eqgs. (3.27) that (3.30) reduces to the form

C'=N'(L). (3.31)

Substituting in (3.31) the expansion (2.12) of N up to s = 2, we obtain the following
coordinates of the nonlocal conserved vector:

Ci— i we [%—Dj(%>+DjDk(ai§k)—...] (3.32)
D, (W) [gf —Dk<£gk> o] DD () [aigk -

Note that if (3.3) is a Lie-Biacklund symmetry, we have Eq. (1.14) instead of Eq.
(3.19), and therefore we should add to (3.31) the term —B? (cf. (1.15)). However, one
can ignore this term since the vector B’ defined by (3.12) vanishes on the solutions of
Eq. (3.23) (see Remark 1.1). Finally, we complete the proof by invoking Theorem 3.3.

Remark 3.1. Eq. (3.32) shows that for computing nonlocal conserved vectors by us-
ing formal Lagrangians in the form (2.12), £ = v°Fj, we do not need the expressions
W, and hence the coefficient 7, of the extended operator (3.24).

Remark 3.2. If one changes a formal Lagrangian £ = v°F} to an equivalent form,
e.g. as in Examples 2.4 and 2.5, one arrives at a formal Lagrangian containing deriva-
tives of v®. Then one should use Eq. (3.30) instead of (3.31), and hence one should
calculate the coefficient 7, of the operator (3.24).

3.3 An example on Theorems 3.1 and 3.4

Let us consider the heat equation u; —u,, = 0 together with its formal Lagrangian £ =
v(uy —ug,) (see Example 2.4) and apply Theorems 3.1 and 3.4 to a Lie point symmetry
and a Lie-Bicklund symmetry. Since we have one dependent variable (m = 1) and
deal with a second-order formal Lagrangian, Eqgs. (3.32) for computing the conserved
vectors are written:

oL oL oL

o~ D (873)] +D;() 5= (3.33)

As an example of a Lie point symmetry I will take the generator

ci:gi£+w[

0 0
X = 2t% — xu% (3.34)
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of the Galilean transformation admitted by the heat equation. Let us extend the opera-
tor (3.34) to the variable v by means of Theorem 3.1so that the extended generator will
be admitted by the adjoint equation v; 4 v, to the heat equation. The prolongation of
X to the derivatives involved in the heat equation has the form

0 0 0 0
The reckoning shows that Eq. (3.5) is written X (u; — uy,) = —x(u; — ug,), hence

A = —z. Noting that in our case D;(£¢) = 0 and using (3.8) we obtain 77, = zv. Hence,
the extension (3.9) of the operator (3.34) to v has the form

0 0 0
Y =2t— —zu— —- 3.35
ar  ou v v (3-33)
One can readily verify that it is admitted by the system u; — u,, = 0, v¢ + vz = 0.
Let us find the conservation law provided by the symmetry (3.34). Denoting
t = 2!, x = 22, we have for the extended operator (3.35):

=0, €=2 n=-au, n=av, W=—(vu+2u,). (3.36)

Substituting in (3.33) £ = v(u; — u,,) and invoking Egs. (3.36) we obtain the conser-
vation equation D;(C") + D,(C?) = 0 for the vector C' = (C', C?) with
oL

Ccl = Wa— = oW, C?=2L+WD,(v)—vD,(W).
Ut

Substituting here the expressions for £ and W, we get:
C' = —w(zu+ 2tu,), C* = v(2tuy +u + 2uy) — (vu + 2tuy )v,. (3.37)

This vector involves an arbitrary solution v of the adjoint equation v; + v,, = 0. Since
the adjoint equation does not involve u, we can substitute in (3.37) any solution of
the adjoint equation and obtain an infinite number of conservation laws for the heat
equation. Let us take, e.g. the solutions v = —1, v = —z and v = —e’sinz. In the
first case, we have:

C' = xu + 2tu,, O = —(2tuy +u+ ru,).

Noting that D, (2tu,) = D;D,(2tu) = D,D;(2tu) = D,(2u + 2tu;) we can transfer
the term 2tu, from C' to C? in the form 2u + 2tu,. Then the components of the
conserved vector are written simply

Cl = zu, C* = u — zu,.
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In the second case, v = —x, we obtain the vector
C' = 2%u + 2twu,, C? = (2t — 2*)u, — 2tzuy,
and simplifying it as before arrive at
C' = (2% — 2t)u, C* = (2t — 2*)u, + 27u.
In the case v = —e’ sin z, we note that
2tue’ sinz = D, (2tue’ sin x) — 2tue’ cosx
and simplifying as before obtain:

C' = e'(zsina — 2t cos x)u,

C? = (u + 2tu — 2ug)e’ sinx + (zu + 2tu, )e’ cos .

The heat equation has also Lie-Bicklund symmetries. One of them is

X = (Tugs + 2tupyy) % (3.38)

We prolong (3.38) to u; and u,,, denote the prolonged operator again by X and obtain
X (U — Upg) = D2 (s — Uy ) + 26D (Uy — Upy).

It follows that Eq. (3.10) is satisfied and that the only non-vanishing coefficients in
(3.10) are A\3? = x and A\3*? = 2¢. Accordingly, Eq. (3.11) yields:

N = —D2(zv) + D2(2tv) = —20, — 2Vpe + 2tVss0,

and hence the extension (3.4) of the operator (3.38) to the variable v is

% = (mum + 2tumx) % + (2tvmx — Uy — xvm) % - (3.39

For the operator (3.39), we have
E'=62=0, W =n=2uy + 2tus,.

Therefore, (3.33) provides the conserved vector with the following components:

Ccl = W% = N0 = [TUge + 2Ugss |V,
8Ut
oL oL
2 o — _ _
C? =20~ WD, ( a%) + Da(W) 5= = 2t — ) = Dalm)lo +1Dx(0)

- [2t(ut = Ugy — uzm:cc) — Ugge — zurzz}v + [uzz + Qtumxz]vz'
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4 Application to the Korteweg-de Vries equation

4.1 Generalities

The KdV equation (2.32),

has the formal Lagrangian (2.34),
L= v[uy — utly — Uggy]. (2.34)

Since we have one dependent variable (m = 1) and deal with a third-order formal
Lagrangian, Eqgs. (3.32) for computing the conserved vectors are written:

Ci:gicwv[aﬁ Dj(a—[’) + D, 0L )]

a_ui B auz‘j auijk
oL oL oL
+0;(W) | B Dy ( auijk)] +D;D(W) 5= (4.1)

As before, I will set t = x!, 2 = 2 and write the conservation equation in the form
Dy(C") + D,(C?) = 0.
Let us begin by applying Theorem 3.4 to the generators X; and X5 of the Galilean
and scaling transformations, respectively:
0 0 0 0 0

Xlz——t—, XQZQU%—StE—Ia,

which are obviously admitted by of the KdV equation.
The operator X yields the conservation law D;(C') + D,(C?) = 0, where the
conserved vector C' = (C', C?) is given by (4.1) and has the components

C' = (14 tuy)v, C% = t(Vallpy — UgUpy — VUy) — UV — Vg

Since the KdV equation is self-adjoint (see Example 2.5), we let v = wu, transfer the
term tuu, = D,(3tu®) from C* to C? in the form tuu, 4+ 3u? and obtain

1
Cl=u, C*= —§u2 — Uy 4.2)

Let us make more detailed calculations for the operator X. For this operator, we
have W = (2u + 3tu; + zu,) and the vector (4.1) is written:

C' = —3tL + Wuv = (3tugae + Stun, + xuy, + 2u)v,

C? = —2L — (w0 + Vo)W + 0, D, (W) —vD2(W) = —(2u* + wuy; + 3tuw,
+ dugy + Bttyze )V + (Bug + 3ty + TUpy )V — (20 + 3tuy + 2y )V
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As before, we let v = u, simplify the conserved vector by transferring the terms of the
form D,(...) from C" to C? and obtain

2
C'=u? C* =1 — 2uty, — 3 ul.

4.3)
Remark 4.1. One can use also the second-order formal Lagrangians, (2.35) or (2.36).
Since they involve the derivatives of v, one should use Eq. (3.30) for computing the
conserved vectors (see Remark 3.2). Since the formal Lagrangians (2.35) and (2.36)
contain only the first-order derivatives of v, one can use the operator (3.25)in the trun-
cated form:

. . 0 0 0 0

=W | — - D —— DW) —+W, — - 4.4

N 5 * 8u, J auij + ]( ) auij + 8vi ( )
The reckoning shows that the extension (3.4) of X to v coincides with X;. To find the
extension of X5, we prolong it to the derivatives involved in the KdV equation:

0 0 0 0 0 0 0
Xy = 2u— — 3t — L 45y, o, - 7
2 “ou s ot ox U ouy 3ua ou,, + S Oy T OUazs o LTI

and get Xo (Us — Ully — Uy ) = 5(Us — Uy —Ugyy ). Whence X = 5. Since D;(€Y) = —4,
Eq. (3.8) yields 7, = —v. Thus, the extension (3.4) of X5 is

0 0 0 0
Egs. (3.26) yield
W=1+tu,, W,=rtuy,

and
W = 2u + 3tuy + zu,, W, = —v+ 3tv; + v,

for Y7 = X, and Y5, respectively. Substituting these expressions for W, W, in (4.4)
and applying Eq. (3.30), e.g. to the formal Lagrangian (2.35), we arrive again the
conserved vectors (4.2) and (4.3). It is manifest from these calculations that the use of
the second-order formal Lagrangians does not simplify the computation of conserved
vectors. Therefore, I will will use further the third-order formal Lagrangian (2.34).

4.2 Nonlocal conservation laws furnished by local symmetries

Let us find conservation laws associated with the known infinite algebra of local (Lie-
Bécklund) and nonlocal symmetries of the KAV equation (see, e.g. [7]; see also [2],
Ch. 4 and [8], Ch. 5, and the references therein). I will write here only the first compo-
nent of the corresponding conserved vector (4.1). Let us begin with local symmetries.
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The Lie-Bicklund symmetry of the lowest (fifth) order is

0 . 5 10 5
X3 = f5% with f5 =us + gUUg + §U2U2 + 6u2u1, (45)
where u; = U, Us = Ugg,.... The reckoning shows that the invariance condition

(3.10) for F' = u; — uuy — Uy, 1s satisfied in the following form:

5 5 10 5
X3(F) = [g(Ug + uuy) + 6(41@ +u*)D, + §u1D§ + gUDi + Di] (£).

The first component of the nonlocal conserved vector (4.1) is O = v fs, i.e.

1
cl = (u5 + guug + §0U2”LL2 + gvful)v. (4.6)

Upon setting v = u, we have

<u5 + guug + ?uzm + gu2u1>u =D, (uu4 — Uruz + %ug + §u2u2 + %uﬂ.
Hence, the Lie-Bicklund symmetry (4.5) provides only a trivial local conserved vec-
tor, i.e. with C* = 0. The reckoning shows that all local higher-order (Lie-Bécklund)
symmetries lead to nonlocal conserved vectors, the first component of which are simi-
lar to (4.6), but contain higher-order derivatives, and vanish upon setting v = w. Thus,
the local higher-order symmetries lead to essentially nonlocal conservation laws.

4.3 Local conservation laws furnished by nonlocal symmetries

Let us apply our technique to nonlocal symmetries (see Theorem 3.3). The KdV equa-
tion has an infinite set of nonlocal symmetries, namely:

0
Xn+2 = 9n+28— s 4.7)
U

where g, 2 are given recurrently by ([7], see also [2], Eq. (18.36))

2 2
g1 =1+ tus, gn+2:<D§+§u+§D;1>gn, n=1,3.... (48

The operator X; = (1 + tuy) % corresponding to g; is the canonical Lie-Bécklund
representation of the generator X; of the Galilean transformation (Example 2.1). Eq.
(4.8) yields g5 = (1/3)[2u + 3t(us + uuy) + xuq] = (1/3)(2u + 3tu, + zu,), hence
X3 coincides, up to the constant factor 1/3, with the canonical Lie-Bécklund represen-
tation of the scaling generator X, (cf. Example 2.2).
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Continuing the recursion (4.8), we arrive at the following nonlocal symmetry of
the KdV equation:

x 4 4, 1
g(Ug +uwy) + sus + —ut + —uy,

0
X: = gs— ith =t
5 =05 9u w1 gs f5+ 3 9 9

where f5 is the coordinate of the Lie-Backlund operator X3 used above and ¢ is a
nonlocal variable defined by the following integrable system of equations:

1
Pr = U, Qotzuxx"i_iu?'

The first component of the conserved vector (4.1) is given by C'! = vgs. Setting v = u,
transferring the terms of the form D,(...) from C ! to C?, eliminating an immaterial
constant factor and returning to the original notation u; = u,, we arrive at a non-trivial
conservation law with

C' =u® — 3u?. (4.9)

The nonlocal variable ¢ is involved in the component C? of the conserved vector.
We can also take in C' = wvgs the solution v = 1 of the adjoint equation (2.33),
V¢ = VUgge + uv,. Then we will arrive again to the conserved vector (4.3).

Dealing likewise with all nonlocal symmetries (4.7), we obtain the renown infinite
set of non-trivial conservation laws of the KdV equation. For example, X’ yields

C' = 29u* + 852 uui — 252 u3. (4.10)

5 Further discussion

5.1 Derivation of local and nonlocal conservation laws for nonlin-
ear equations that are not self-adjoint but have a Lagrangian

Noether’s theorem on local conservation laws (Theorem 1.1) and my theorem on non-
local conservation laws (Theorem 3.4) are distinctly different even for equations having
usual Lagrangians. To illustrate the difference, consider the following examples.

Example 5.1. Consider the equation
Uy + UpUpy — Uyy = 0, 5.1

describing the non-steady-state potential gas flow with transonic speeds. It has the
Lagrangian
1

L= —ugu, — b+

5 (5.2)

2
2uy.
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Application of Theorem 1.1, e.g. to the generator

0
X = T (5.3)

of the time translation group leaving invariant the variational integral with the La-
grangian (5.2) provides the local conservation law

Dy(C) + D,(C?) + Dy(C*) =0
with the following components':

1 1 1
Cl = §u§ — éui, C? =u? + 3 wu?, C° = —Uply. 5.4)
On the other hand, Eq. (5.1) has the second-order formal Lagrangian
L. = (2uty + Uglyy — Uyy )V (5.5)

which can be replaced by the first-order formal Lagrangian (cf. (5.2))
1
L, = —2v,u; — §vzui + Vyy. (5.6)
Accordingly, the adjoint equation to (5.1) is

20ty + UgUgy + Vplzy — Vyy = 0. 5.7

It is manifest from Egs. (5.1) and (5.7) that Eq. (5.1) is not self-adjoint.

Application of Theorem 3.4 to any of the equivalent formal Lagrangians non-
self.eq4 and nonself.eq5 furnishes the following nonlocal conserved vector associated
with the symmetry (5.3):

1
1 2 2 2 3
C" = vyuy — 3 vpuy,  CF = 2uuy + wuv, + viuy,  C° = —wvy — vy, (5.8)

Thus, one symmetry (5.3) generates two different conserved vectors, (5.4) and (5.8).

Example 5.2. The nonlinear wave equation

Uy — Au+au® =0, a = const., (5.9)
where Aw is the three-dimensional Laplacian, has the Lagrangian
L = |Vu]? —u§+%u4. (5.10)

Let us write conservation laws in the form
Dy(1) + (V- x) =0,

where 7 is the density of the conservation law and x = (x!, x?, x?).

For the calculations see [2], Section 23.3, p- 329. Note that the second component is misprinted
there as C? = u? + S u?.
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Application of Theorem 1.1 to the Lagrangian (5.10) and to the operator (5.3) admitted
by Eq. (5.9) yields the conservation law with the density (see [2], Eq. (24.10))

r = + [V’ + Su', (5.11)
On the other hand, Eq. (5.9) has the second-order formal Lagrangian
L, = (uy — Au+ au’)v (5.12)
which can be replaced by the first-order formal Lagrangian (cf. (5.10))
L. = —w, + Vu - Vo + 3avu?®. (5.13)
Accordingly, the adjoint equation to (5.9) is

vy — Av + 3avu® = 0. (5.14)

It is manifest from Egs. (5.9) and (5.14) that Eq. (5.9) is not self-adjoint.
Application of Theorem 3.4 to any of the equivalent formal Lagrangians non-

self.eq10 or nonself.eql1 and to the symmetry (5.3) yields the nonlocal conservation
law with the density (cf. (5.11))

T = wv; + |Vl - Vo] + avu®. (5.15)

5.2 Determination of self-adjoint equations

Example 5.3. We have used the remarkable property of the KdV equation to be self-
adjoint for deriving an infinite series of local conservation laws. Let us consider a more
general set of equations containing the KdV equation as a particular case, namely:

Up — Upgr — f(T,u,u;) =0 (5.16)

and single out all self-adjoint equations. We have:

)
@ (ut — Uggxr — f)vi| = =Vt + Uggy — Ufu + D:p(vfuz)
Hence, the adjoint equation to (5.16) has the form

Letting v = u we obtain
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Comparison with (5.16) yields f,_ ., = 0, whence

flx,u,u,) = o(x, u)u, + 9z, u). (5.18)
Now Egs. (5.16) and (5.17) take the form
and
respectively. Whence, (¢, — 1, )u = 1), or
ua—w + Y = up,. (5.21)
ou

Given an arbitrary function ¢(x, u), we integrate the linear first-order ordinary differ-
ential equation (5.21) for ¢ with respect to the variable « and obtain

Y(z,u) = 1 [/ugpmdu + oz(x)}7

u
thus arriving at the following result.

Proposition 5.1. The general self-adjoint equation of the form (5.21) is

Up — Uggy — (T, U) Uy — % [/ugpx(w, w)du + a(x)] =0, (5.22)

where ¢(x, u) and a(z) are arbitrary functions. In particular, the equation

Ut — Ugge — f(uaux) =0

is self-adjoint if and only if it has the form

Up — Uggy — P(U) UL — a_ 0, a = const. (5.23)
U
According to Proposition 5.1, the KdV equation (2.32) and the modified KdV equa-
tion
Up = Uygy + U Uy (5.24)
are self-adjoint. Using this property of the modified KdV equation and the known
recursion operator (see, e.g. [2], Eq. (19.50))

2 2
R =D+ 3 u? + 3 ue D M (5.25)

for the modified KdV equation (cf. (5.25) and (4.8)), one can apply Theorem 3.4 to
Eq. (5.24) and, proceeding as in Section 4, compute local and nonlocal conservation
laws for the modified KdV equation.
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Example 5.4. Let us single out the self-adjoint equations from the set of the equations
up = f(U)Uggg- (5.26)

Writing the adjoint equation:

% (g — f(u)umx)v] = —v — f(W)0Ugse + D3 (vf(u)) =0
and letting v = u, we obtain:

—Ut + fgee + 32F + uf Vuptiee + 3f" + uf")ud = 0. (5.27)
Comparison of Eq. (5.27) with (5.26) yields 2f" + uf” = 0, 3f" + uf"” = 0. Since

the second equation is obtained from the first one by differentiation, we integrate the
equation 2 f" + uf” = 0 and obtain:

f(u) = 4 b, a,b= const.
u
Proposition 5.2. The general self-adjoint equation of the form (5.26) is
a
= (% 4 b) s (5.28)
u
Example 5.5. Consider the second-order equations of the form
u = f(U) Uy (5.29)

Proceeding as in the previous example, one can prove the following statement.

Proposition 5.3. The general self-adjoint equation of the form (5.29) is

w = Ly, (5.30)
u
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Introduction

In 1921, Bessel-Hagen applied Noether’s theorem to the Maxwell equations in vacuum
written in terms of the vector potential and the electromagnetic tensor since in this form
the Maxwell equations have a Lagrangian. Bessel-Hagen employed the conformal in-
variance of the equations in question and found five new conservation laws along with
the well-known energy-momentum tensor corresponding to the Lorentz invariance of
the Maxwell equations (see [1]' and the references therein).

We apply a new method for deriving conservation laws from symmetries, devel-
oped recently by Ibragimov [2]?, to a symmetrized version of the Maxwell-Lorentz
microscopic equations, allowing magnetic charges and magnetic currents, where the
latter, just as electric currents, are assumed to be described by a linear relationship be-
tween the field and the current, i.e. an Ohm’s law. The conservation laws obtained in
the paper contain two new adjoint vector fields which fulfil Maxwell-like equations. In
particular, using the two-solution representation, we obtain the conservation laws for
the electromagnetic field which are nonlocal in time.

'For its English translation, see the second paper in this volume.
2See also the third paper in this volume.

© 2006 ALGA
(© 2006 N.H. Ibragimov, R. Khamitova, B. Thidé
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1 Formulation of the main conservation theorem

Let z = (z',...,z") be independent variables and v = (u',... u™) be dependent
variables. The set of the first-order partial derivatives
ou”
s == =1,....m;i=1,...,n),
us o (cv m; i n)

will be denoted by w1y = {u'}. The similar notation is used for higher-order deriva-
tives, u(z) = {u;}, etc. The symbol D; denotes the total differentiation with respect to

'
0 o O o O
Di = %+UZ%+U1]%+
J
We employ the usual convention of summation in repeated indices.
Consider an arbitrary system of sth-order partial differential equations

e!
Z]k «
dus

Fo(z,u,uay, ... ue) =0, a=1,...,m, (1.1)

where the functions I, (2, u, (1), . . ., u(s)) involve the independent variables = and the
dependent variables u together with their derivatives up to an arbitrary order s.
An infinitesimal symmetry of Eqgs. (1.1) is a generator

- 0
X=¢£ — +n“ .
&' (@, u) o + (@, u) 52
of a continuous transformation group leaving invariant Eqs. (1.1). Here £*(z,u) and

n*(z,u) are real-valued functions of x and u.
A vector field C' = (Ct, ..., C"), where

C’i:C'i(a:,u,u(l),...), i=1,...,n,

(1.2)

is said to be a conserved vector for the differential equations (1.1) if the equation
D;(C") =0 (1.3)

holds for any solution of Egs. (1.1). If one of the independent variables is time, e.g.
2™ = t, then the conservation law (1.3) is often written, using the divergence theorem,
in the form

dE
0
dt ’
where
E= / C’"(:p,u(x),u(l)(m),...)dxl---dw"‘l. (1.4)

]Rn—l
Accordingly, C™ is termed the density of the conservation law.
We will use the recent general theorem on a connection between symmetries and
conservation laws (see [2], Theorem 3.5). In the case of systems of first-order differ-
ential equations this theorem is formulated as follows.
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Theorem 1.1. Let an operator (1.2) be a symmetry of a system of first-order partial
differential equations

Fa(x,u,u(l)) =0, a=1,...,m. (1.5)
where u = (u!,..., u™). Then the quantities
C' =0 |EFs+ (n* — &uf) gij . i=1,...,n, (1.6)
furnish a conserved vector C' = (C',... C™) for the equations (1.5) considered to-
gether with the adjoint system
Fr(z,u,v,ua),v0)) = % =0, a=1,...,m, (1.7)
where v = (v!,...,v™) are new dependent variables, i.e. v = v(z),
E:vﬂFﬁ(x,u,u(l),...,u(s)), (1.8)
and 5 P 5
6u°‘:8u0‘_Di8u°" a=1l..,m

Remark 1.1. Using Eq. (1.8), one can write the conserved vector (1.6) as follows:

oL
ous’

(2

Cf = L&+ ( — €uf)

1=1,...,n. (1.9)
Remark 1.2. If Egs. (1.5) have r symmetries X, ..., X, of the form (1.2),

, 0 0
Xy =& (v,u) =+ (v,u)z—, p=1,...,7

a or? due’
then Eqgs. (1.9) provide r conserved vectors (', . . ., C, with the components
% i « e’ 8£ .
C'Mzﬁgu—i-(nu—iuj)%, w=1,....r; i=1,...,n.

2 Electromagnetic equations and their symmetries

2.1 Basic and adjoint equations

Adopting Dirac’s ideas on the existence of magnetic monopoles [3], one can formulate
a symmetrized version of Maxwell’s electromagnetic equations (see, e.g. [4], [5]). We
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shall use the electromagnetic equations in the following form (see [6], Eqgs. (1.50)):

0B .
VX B+ 8+ g =0, @.1)
1 0F .
VXB_gE_MOJe—Oa (2.2)
V- E — ppc*p. =0, (2.3)
VB — piopm =0, (2.4)

together with the dual Ohm’s law
Je=o0E, 3,=0,B. (2.5)

The first equation in (2.5) is Ohm’s law for electric currents. The second equation is a
dual Ohm’s law for magnetic currents, that has been introduced for symmetry reasons
(see [4], Eq. (1-5), and [6], Eq. (2.20); see also Eq.(38) in [7], and its generalization
Eq.(8) in [8]). For homogeneous media, considered in the most part of the present
paper, the coefficients o, 0,,, and 11 are given constants.

Now we substitute Egs. (2.5) in Egs. (2.1)-(2.2). The resulting equations involve,
along with the light velocity ¢, three other constants, o, 0,, and 1. We eliminate two
constants by setting

~ ~ - ~ Ho
t=ct, B=cB, 0.=cly0e, Opm=—0m,
c

ﬁe = C2M0Pe, ﬁm = CloPm (2.6)

and rewrite our basic equations, discarding tilde, as follows:

B
VxE+a—+amB:0,

ot
OF
B-2" 4 E=0 27
V x 5 O 2.7
V-E—p.=0,
V-B—p,=0.

The system (2.7) has eight equations for eight dependent variables: six coordinates
of the electric and magnetic vector fields E = (E', E? E®) and B = (B!, B?, B?),
respectively, and two scalar quantities, namely, the electric and magnetic monopole
charge densities p. and p,,.
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The expression (1.8) for Egs. (2.7) has the following form:

£:V.(V><E+a—B

5 —I—amB> —i—Re(V-E—pe)

+W~(VxB—aa—lf—aeE>—|—Rm<V-B—pm>, (2.8)

where V., W R.. R,, are the adjoint variables. We have:

oL ow oL

= =V xV+ o ccW —VR,, 5—/)6 = —R,,
5[, 8V oL

and hence the adjoint equations to Eqgs. (2.7) are written:

VxV—l—aﬂ—aeW:O,
ot
VXW—%—‘;+0mV:O, (2.10)

R.,=0, R, =0.

Let us denote the spatial coordinates z*, 22, 23 by z, y, z. It is convenient for further
computations to use the following coordinate representation of £ given by Eq. (2.8):

L=V'(E}—E2+ B +0,B") 4+ V?(E! — E} + B} + 0, B3%)
+ V3 (E} = E, + B} + 0,B%) + R.(E, + E; + E} — p.) (2.11)
+ W' (B, — B} —E/ —0.E")+ W? (B, — B, — E} — 0.E?)
+W? (B2 — B, — E} —0.E°) + R (B, + B, + BS — pp).

2.2 Symmetries

The system of equations (2.7) is invariant under the translations of time ¢ and the
position vector & = (x,y, z) as well as the simultaneous rotations of the vectors x, E
and B due to the vector formulation of Egs. (2.7). These geometric transformations
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provide the following seven infinitesimal symmetries:

) ) ) 0
X P — X = — X = — X: = —
"ot ot TP oy TP a2
0 ) ) 0 ) )
Xy = —r— 4+ 2 _pt 4 p? _ B!
=Y Ty T e TP o TP am TP o
Xlgzzg—xg—i-E?’ 4 — E! 0 + B3 0 — B! 0 (2.12)

ox 0z OE! OE3 0B! 0B3’

B o 4 0 , 0 , 0 , 0
X =g Vg, T om ~Egm B gm B

The infinitesimal symmetries for the adjoint system (2.10) are obtained from (2.12) by
replacing the vectors E and B by V and W, respectively.

Furthermore, it follows from the homogeneity of Eqs. (2.7) that they admit the
simultaneous dilations of all dependent variables with the generator

0 0 0 0
T=F -— + B- + pPer— + P
Ope Opm

E 9B (2.13)

where

gl oy gl 50yl
OE & 0E" 0B & 9B

=1
Moreover, since Egs. (2.7) are linear, they admit the usual superposition principle, i.e.
they are invariant with respect to addition of any given solution. In other words, Egs.
(2.7) admit the operator

%—(bm(zc,t)i

0 0
+¢e(w>t)— apm )

S =E&(x,t)- i+l§’(:1f; t)- 3B o9

B (2.14)

where
E = g(m7t)7 B = B(m7t)v Pe = gbe(a:,t), Pm = ¢m(m7t)

is any particular solution of Egs. (2.7).
Recall that the Maxwell equations in vacuum also admit the one-parameter group
of dual transformations

E =Ecosa— Bsina, B=FEsina+ Bcosa

with the generator

0 0
X=E-55-B- 55

’ 0 0
> (P a5
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It is shown in [2] that this group provides the conservation of energy for the Maxwell
equations. Let us clarify if Eqgs. (2.7) admit a similar group. Let

0 0 0 0
X=FE — —-B- — 2.1
The prolongation of the operator (2.15) is written
0 0 0 0 0 0

X=F — —-B- —pm=—+E — — B, — 2.16

OB o Pea,. Pma, TP g By G109

0 0 0 0 0 0
TP om, P om, P em,  Pras, P o, TP aE.

Reckoning shows that the operator (2.16) acts on the left-hand sides of Eqgs. (2.7) as
follows:

X(VxE+B,+0,B)=—(VxB-E, —0,E),
X(VxB—-E —-0E) = VxE+B,+0.B,
X(v E - pe) _(V'B_pm)7
(V B — pm) = V-FE —p..

It follows that the operator (2.15) is admitted by Eqs. (2.7) only in the case
Om = O¢. (2.17)

Note that in the case (2.17) Egs. (2.7) admit also the operator
x=12 29 _ (Ei+Ba>

ot Ox OE 0B (2.18)

3 Conservation laws in homogeneous media

Let us derive the conservation laws associated with the symmetries of the electromag-
netic equations in homogeneous media, i.e. when o,,,, 0. = const.
We will write the conservation law (1.3) in the form

Dy(1) +divx =0, (3.1)
where 7 is the density of the conservation law (3.1), x is a three-dimensional vector:
x = (xH x5 x7),

and
divx = V-x = D,(x")+ D,(x*) + D.(x%).



88 Nail H. Ibragimov, Raisa Khamitova, Bo Thidé

3.1 The case g, = o,

Let us find the conservation law furnished by the symmetry (2.15) when the condition
(2.17) is satisfied, 0, = o.. Applying the formula (1.6) to the symmetry (2.15) we
obtain the following density of the conservation law (3.1):

The vector x is obtained likewise by applying the equations (1.6) and (2.11). For
example,
Xl — E2W3 _ E3W2 _ BQv3 + B3V2.
The other coordinates of x are computed likewise, and the final result is:
X=(ExW)—(BxV). (3.3)

One can readily verify that (3.2) and (3.3) provide a conservation law for Eqgs. (2.7)
considered together with the adjoint equations (2.10). Indeed, using the well-known
formulaV:(a x b) =b-(V x a) —a- (V x b) and Egs. (2.7), (2.10), we obtain:

Dt(T):EtV+EW+BtW+BWt
=V . (VxB—-0.E)+E-(VxW+g,V)
-W.(VxE+0,B)—B-(VxV —-0gW),
V- x=V-(ExW)-V-(BxYV)
=W - (VXE)-E-(VxW)-V . (VxB)+B-(VxV).
Whence,
Di(1)+divx = (6, —0)(E-V —B-W).

It follows again that the conservation law is valid only if ¢,, = o..
Likewise, one can compute the conservation law furnished by the symmetry (2.18)
in this case. We will give here only the density of this conservation law. It has the form

T=W.[t(VxB)+(x -V)E] -V -[t(V x E)+ (x-V)B]. (3.4)

Remark 3.1. The conservation law given by (3.2)-(3.3) depends on solutions (V', W)
of the adjoint system (2.10). However, substituting in Egs. (3.2), (3.3) any particular
solution (V', W) of the adjoint system (2.10) with ¢,,, = o, one obtains the conserva-
tion law for Egs. (2.7) not involving V' and W. Let us denote 0,, = 0. = o and take,
e.g. the following simple solution of the adjoint system (2.10):

Vieedt V2=Vi=0, W!=e" W2=W3=0.
Then Egs. (3.2), (3.3) yield:
T = (El 4 Bl)eat; Xl — 07 X2 — (ES o BS)eUt, X3 — (B2 o EQ)eUt.
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Remark 3.2. The operator (2.15) generates the one-parameter group

E =FEcosa— Bsina, B =FEsina+ Bcosa,

pé=pecosa—pysina, p" = p.sina+ p,,cosa.

Remark 3.3. In the original variables used in Egs. (2.1)-(2.2) and (2.5), the operator
(2.15) is written:

1 0 0 0 1 0
X=-E - — —¢B-— T .
c aB ¢ OF +Cp68pm cpm@pe

3.2 The case of arbitrary o,, and o,

Let us turn now the case of arbitrary o,,, and o.. Applying the above calculations to the
generator (2.13) of the dilation group provides the conservation law with

T=B-V-E-W, x=(ExV)+(BxW). 3.5
This conservation law is valid for arbitrary o, and o.. Indeed,

D(r)=B,-V+B-V,—E,-W —E-W,
=—V . (VxE+o0,B)+B-(VxW+07,V)
~W - (VxB-0E) +E-(VxV—cW),
=V . (VXE)+B- (VxW)-W - (VxB)+E-(VxV),

V- x=V-(ExV)+V-(BxW)
=V . (VXE)—E- (VXxV)+W.(VxB)-B-(VxW).

Hence, D;(7) + div x = 0.
Let us find the conservation law provided by the symmetry X, = % from (2.12).
The formula (1.6) yields:

T=L+E,-W-B,-V.
Since L given by (2.8) vanishes on the solutions of Egs. (2.7), we can take
T=E,-W-B,-V (3.6)

T=W . [(VxB)=0.E+V-[(VxE)+0,B] 3.7)

Let us calculate the vector x. The equations (1.6) and (2.11) yield, e.g.

X' =—EV?+ E}V? - BIW?® + BJW?.
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The other coordinates of x are computed likewise, and the final result is
x =V xE,)+ (W x By). (3.8)

Thus, the time translational invariance of Eqgs. (2.7) leads to the conservation law (3.1)
with 7 and x given by (3.6) and (3.8), respectively.

Remark 3.4. Let us substitute in Egs. (3.7), (3.8) the following simple solution of the
adjoint system (cf. Remark 3.1):

Vi=e™! V2=V3i=0;, W!'=e™" W?=W?*=0.
Then Egs. (3.7), (3.8) yield:
7= (B, — B} — 0. E")e™ + (E, — E2 4 0,,B" )™,
X' =0, x?=—El™ — Bl \*=FEX + B

The conservation law provided by the symmetry X; = a% from (2.12) has the
following density:
r=FE, W-B,-V.

For the vector x the formula (1.6) yields, e.g.
X' =L - B2V 4+ BV - B2WE 4+ BAw2
The other coordinates of x are calculated similarly:
X' =EV’ - EV'+ BW’ - BJW",
= —EV?+ BV — BIW? 4+ B*W!.
We can ignore £ in ! since D, L = 0 on solutions of Egs. (2.7), (2.10) and the final

result is
x = (VxE,)+ (W x B,). (3.9)

Replacing = by y and z we obtain the following conservation laws corresponding to
X, = a% and X3 = 2, respectively:

r=E, W-B,-V, x=(VxE,)+ (W x B,)
and
T=E, W-B,-V, x=(VxE,)+ (W xB,).

Applying the formula (1.6) to the symmetry X, we obtain the following density
of the conservation law:

oL oL oL
_ 2 _r1 _
=By t2—|—(xEy yE,)

oL oL
+(xzBy—yB,) ——

oL
2 _ pl
+B B 9B,

0E, =~ 0Bl = 0B?
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=W?E' -W'E*+W . (yE, — 2E,) — (V*B' = V'B*) -V . (yB, — 2B,).

The densities of the conservation laws for X3 and X3 are
T=WE'-W'E*+W . (zE, —zE,) — (V’B' - V'B*) -V . (2B, — vB.)
and
T=WE*-W?E*+W . (:E, —yE.) — (V*B*-V?B*) -V . (2B, — yB,),

respectively. Finally, the densities of conservation laws corresponding to the rotation
generators X;; can be written as one vector:

T=WxXxE+W - (xxV)E-VxB-V-(zxV)B,  (3.10)

where = (z,y, 2).
The operator X5 provides the following vector x:

X' =-V°E' —y(EXV? — EXV?) + 2(EV® — E}V?)
—W?B' —y(BiW?® — BiW?) + x(B2W? — ByW?),
X' =-VE* +y(E,V’ - EJV') —x(E,V® — EJVY)
—W?B? + y(B,W? — BiW') — x(B,W? — ByW),
X' =VIE' 4+ VEE? —y(E,V? — EZVY) + x(E,V? = EJVY)
+W'B'+ W?B? — y(B,W? — B2W') + x(B,W? — B2W").
The vector x for the operator X3 has the following form:
X' = V2E — B2V — B3V + 2(E2V? — E3V?)
+W?2B' — 2(B2W? — B3W?) + o(B*W? — B3W?),
2= -VE' - V3E? + 2BV - BVY) — (ELV3 — BBV
~W'B' —W3B® 4+ 2(BIW? — B3W?') — 2(B!W? — B3W1),

X' =V2E? — 2(ELV? — B2V + 2(EIV? — B2V
+W?2B? — 2(BIW? — B2W) + z(BIW? — B2W).



92 Nail H. Ibragimov, Raisa Khamitova, Bo Thidé

The operator X,3 provides the following vector x:
X' =VEE+ VPE® — 2(EJV? — E;V?) +y(E2V? — E2V?)
+W?B* + W?B* — 2(B;W?® — B)W?) + y(BIW?® — BIW?),

X' =-V'E* +2(E,V? - EJVY) —y(E.V? — E2V')
~W'B? + 2(ByW?® — BIW') — y(BIW?® — BiW"),

' =-V'E® —2(E)V? - EXVY) +y(ELV? — E2VY)
—W'B? — 2(ByW? — BJW') + y(B,W? — BZW").

Finally, applying our procedure to the infinitesimal symmetry S, (2.14) we arrive
at the conservation law (3.1) with (cf. (3.5))

T=B(x,t)-V —-E(x,t) - W, x=I[E(x,t)xV]+[B(x,t)x W]. (3.11)

3.3 Two-solution representation of conservation laws

The conserved quantities obtained above involve solutions V', W of the adjoint equa-
tions (2.10). It may be useful for applications to give an alternative representation of
the conserved quantities in terms of the electric and magnetic vector fields E, B only.

We suggest here one of possibilities based on the observation that one can satisfy
the adjoint system (2.10) by letting

V(x,t) = B(x,—t),

W(x,t) = E(x,—t),

Re(x,t) =V - E(x,—t) — pe(x, —t), (3.12)
Rn(x,t) =V - B(x,—t) — pu(x, —1),

where E(x, s), B(x, s) solve Egs. (2.7) with s = —t. Indeed, employing the substitu-

tion (3.12) and the notation s = —t we have
1% % B OE(x,s) ds
VXV—FW—JEW—VXB(m,S)‘FTa_UeE(waS)a
oV B 0B (x,s) Os
V X W—W—i—gmv—vXE(w,S)_Ta—i_O—mB(w?S%

R. =V - -E(x,s) — pe(x,s), R, =V - -B(z,s) — pn(x,s).
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Hence, the adjoint equations (2.10) reduce to (2.7):

V x E(z,s) + % +0,B(z,s) =0,
S
E
V x B(z, s) — % — 0. E(z,s) =0, (3.13)

V-E(x,s) — pex,s) =0,
V- B(x,s) — pm(zx,s) = 0.

Let (E(x,t), B(z,t)) and (E'(x,t), B'(z,t)) be any two solutions of the elec-
tromagnetic equations (2.7). Substituting in (3.12) the solution (E’ , B’ ), we obtain the
two-solution representations of the conservation laws. For example, the conservation
law given by (3.2)-(3.3) has in this representation the following coordinates:

7= E(x,t) - B'(z,—t) + B(z,t) - E'(x, —t), (3.14)
x = (E(z,t) x E'(z,—t)) — (B(z,t) x B'(z, —t)).

In particular, if the solutions (E(z,t), B(x,t)) and (E'(x,t), B'(z,t)) are identical,
(3.14) provides the one-solution representation:

7= E(x,t) - B(x,—t)+ B(x,t) - E(x,—t), (3.15)
x = (E(z,t) x E(z,—t)) — (B(z,t) x B(z, —t)).

All other conservation laws can be treated likewise, e.g. the conservation law given
by (3.6), (3.8) has the following two-solution representation:

7= E(z,t)- E'(x,—t) — By(x,t) - B'(x, —t), (3.16)
x = [B'(z,—t) x Ey(xz,t)] + [E'(z, —t) x By(z,1)]

and one-solution representation:
7= Ey(z,t) - E(z,—t) — By(z,t) - Bz, 1), (3.17)
x = [B(z, —t) x Ey(z,t)] + [E(z, —t) x By(z,1)].

In conclusion we give the one-solution representations of the conservation laws
(3.5) and (3.11) corresponding to the homogeneity and linearity of the electromagnetic
field equations. Namely, the one-solution representation of (3.5) is written

7= B(z,t) - B(z,—t) — E(z,t) - E(z, —t), (3.18)
x = [E(x,t) x B(x,—t)] + [B(x,t) x E(x,—t)]



94 Nail H. Ibragimov, Raisa Khamitova, Bo Thidé

and can be called the nonlocal energy conservation law. The similar representation of
the conservation law (3.11) has the form

7= B(x,t) - B(x,—t) — E(x,t) - E(x, —t), (3.19)
x = [E(z,t) x B(x, —t)] + [B(x,t) x E].

However, the conservation law (3.19) is not new and can be regarded as the two-
solution representation of the conservation law (3.5).

4 Conservation laws for inhomogeneous media
If 0. and o,,, are not constant but depend on time and space coordinates,
Oc = 0c(T,t), Om = on(x,t), 4.1)

then the operators (2.12) and (2.18) are not admitted by Eqgs. (2.7) provided that
oc(x,t) and o,,(x, t) are arbitrary functions. However, the operators (2.13) and (2.14)
are still admitted due to homogeneity and linearity of the equations in question. The
symmetries (2.13) and (2.14) of Eqgs. (2.7) with arbitrary variable coefficients (4.1)
provide the conservation laws given by (3.5),

T=B-V-E-W, x=(ExV)+(BxW),
and (3.11),
T=B(x,t) -V -E(x,t) - W, x=I[E(,1t) xV]+[B(x,t) x W|.

respectively.
Furthermore, if o.(x,t) = o,(x,t), Eqs. (2.7) admit the operator (2.15), and
hence have the additional conservation law given by (3.2)-(3.3):

r=E-V4+B- W, x=(ExW)—-(BxV).
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