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Integrability of the Egorov hydrodynamic type systems

Maxim V. Pavlov
Lebedev Physical Institute, Moscow

Abstract

Integrability criterion for the Egorov hydrodynamic type systems is presented.
The general solution by the generalized hodograph method is found. Examples are
given. A description of three orthogonal curvilinear coordinate nets is discussed
from the viewpoint of reciprocal transformations.
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1 Introduction

The theory of integrable hydrodynamic type systems

N
=Y wiwul,  i=1,2,.,N (1)

J=1

was created by B.A. Dubrovin and S.P. Novikov (see [4]) and developed by S.P. Tsarev
(see [25]).

An integrability of the hydrodynamic type systems (1) was investigated by S.P. Tsarev
in [25] for the distinct characteristic velocities v*, which are determined by the algebraic
system

det |vj,(u) — v6}| = 0.

If (1) can be written via the Riemann invariants r*(u) (i = 1,2,..., N) in the diagonal
form

ri =o' (r)r
then the integrability condition (so-called the “semi-Hamiltonian” property) is given by

0; L Y L

vk — ot vl — vl

where 9, = 9/0r*. Any semi-Hamiltonian hydrodynamic type system (1) possesses an
infinite set of conservation laws
dih(u) = 0yp(u) (2)

and an infinite set of commuting flows (i.e. the functions u* simultaneously are functions

of x,t and 7, then the compatibility conditions (u%); = (u!), must be fulfilled)
N
ul = Zw;(u)u;, i=1,2,..,N (3)
=1

parameterized by N arbitrary functions of a single variable (see [25]). The algebraic
system ' ' .
xd), + tvg(u) = wy.(u), ik=1,2,...,N. (4)

yields (in an implicit form) a general solution for (1). This is the generalized hodograph
method.



Definition ([19], [20], [23]): The semi-Hamiltonian hydrodynamic type system (1)
is said to be the Eqorov, if (1) has the couple of conservation laws

(%a = (9xb, @b = Qcc. (5)

If (1) is the Egorov hydrodynamic type system, then each commuting flow (3) has the
similar pair of conservation laws (5) (see details in [19], [20], [23])

Ora = O,h, 0-h = 0,f. (6)

In this paper we describe a very important class of conservation laws — the Egorov
hydrodynamic type systems (see [3], [13], [14], [15], [17], [19], [20], [23], [25], [26]),
which have plenty applications in different areas of pure and applied mathematics, physics,
biology and chemistry.

In this paper we introduce the extended hodograph method for the Egorov hydro-
dynamic type systems; we significantly improve the generalized hodograph method (4)
for the Egorov hydrodynamic type systems; if the Egorov hydrodynamic type systems
possess Hamiltonian structure, then N series of conservation laws and commuting flows
can be found iteratively.

The paper is organized in the following order. In the second section the Egorov hydro-
dynamic type systems are considered with the aid of the differential geometry (conjugate
curvilinear coordinate nets). The Egorov basic set of conservation laws and commuting
flows is introduced. In the third section the generalized hodograph method is adopted
for the Egorov hydrodynamic type systems. In the fourth section the extended hodo-
graph method is presented. In the fifth section the integrability criterion of the Egorov
hydrodynamic type systems is given. In the sixth section orthogonal curvilinear coordi-
nate nets with symmetric rotation coefficients are considered. In the seventh section the
Egorov hydrodynamic type systems possessing a local Hamiltonian structure are investi-
gated. Corresponding associativity equations are derived. In the eighth section reciprocal
transformations preserving local Hamiltonian structure are found. In the ninth section
the Egorov three orthogonal curvilinear coordinate nets are considered. Transformations
connecting the Egorov hydrodynamic type systems associated with local Hamiltonian
structures are described. In the tenth section the Egorov hydrodynamic type systems
associated with nonlocal Hamiltonian structure are briefly mentioned.

2 Conjugate curvilinear coordinate nets

The theory of conjugate curvilinear coordinate nets is developed by G. Darboux (see [2]).
The linear system

OiHy = By Hi,  i#k (7)
is integrable, if (i.e. if 9;(0;Hy) = 0;(0;Hy), i # j# k)
azﬂjk = 5jiﬁik> i £ F k. (8)

The functions f3;, are said to be the rotation coefficients of conjugate curvilinear coordinate
nets, the functions H; are said to be the Lame coefficients.



Let us take some solution of the nonlinear PDE system (8). Suppose the general
solution H; of the linear PDE system (7) (parameterized by N arbitrary functions of a
single variable) is found. Let us take any two arbitrary solutions H g, and H(y); of (7),
then one can construct the integrable hydrodynamic type system (see [25])

. _Hw#
2 = 1,
t H(l)z t

(9)

where the Riemann invariants 7% are implicit functions of “times” t! and #2, which usually
are called as x and ¢, respectively. The general solution of this hydrodynamic type system
is given by the generalized hodograph method (see [25]):

Theorem [25]: The algebraic system

I’H(l)i—i—tH(g)i = H; 1=1,2,.... N (10)

yields a general solution (in an implicit form) of the hydrodynamic type system (9).

Thus, the general solution of the nonlinear PDE system (8) together with the general
solution of the linear PDE system (7) describe all possible semi-Hamiltonian hydrody-
namic type systems (9).

)

Taking arbitrary solutions wﬁ.ﬁ of the adjoint linear system (see (7))

az¢k — ﬁkl,l?bl, Z: 1, 2, coe ey N, (]_1)
one can construct conservation laws written in the potential form
dz’ = "al(r)dt? (12)
¥
for the hydrodynamic type systems
iy =i =12 . . N, (13)
Hyyi
where
B
O = 0 Hy (14)

It means, for example, that the hydrodynamic type system (9) has an infinite number of
the conservation laws
8tzaf = 8t1a§,
parameterized by N arbitrary functions of a single variable.
Let us consider the hydrodynamic type system (9) together with its M — 2 nontrivial
commuting flow (see (13))
i Hewi

T’f:m = m’f’th m:2,3,...,N. (15)

Then the generalized hodograph method (see (10)) yields the general solution (see [14])

N
wHy + tHy + Y " Hoy = H;, (16)
K=3
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where N Riemann invariants v’ are functions of N independent variables t*. This is
invertible transformation r¢(t, 2, ..., t").

In this article we restrict a consideration of the hydrodynamic type systems (9) (see
also (13) and (15)) on the symmetric case

Bir. = Pri»  1FF. (17)

Corresponding conjugate curvilinear coordinate nets (8) were introduced by G. Darboux
in 1866 and investigated by D.Th. Egorov in 1901 in his thesis (see [5]). It was G. Darboux
(see [2]) who proposed to call them (see (8) and (17)) the Egorov curvilinear coordinate
systems. From the point of view of integrability properties a remarkable progress was
achieved by L. Bianchi in 1915 (see [1]). He found a Bécklund transformation for this
problem and established the permutability property as well as the superposition formula
for it in the flat case, i.e. when conjugate curvilinear coordinate net becomes to be
orthogonal
0By, + OBy + D BrilBBt = 0. (18)
m#i,k

Namely, the Egorov orthogonal curvilinear coordinate nets were extensively investigated
at that time.

If rotation coefficients (. are symmetric, then the linear problems (7) and (11) co-
incide, and corresponding conservation laws (see (12) and (14)) can be taken in the
symmetric form too

Qs =Y ag,dt’, (19)
Y
where
diagy = HgyiH y)i- (20)
It means that one can introduce the function 2 determined by its second derivatives
9*Q 00}
Y8y = S5Bar B~ OB

Then the commuting flows (15) are determined by the unique function €. Thus, the
hydrodynamic type system (9) has the Egorov couple of conservation laws (5) (see (20)),
where

diay = H(Ql)i, Oiara = HyiHyy,  Ojaxn = Hé)i, (21)

Definition ([19], [20], [23]): The conservation law density aiy is said to be the
potential of the Egorov metric.

Let us take N particular solutions Hg); of the linear system (7). If the rotation
coefficients f3,, are symmetric (see (17)), then the Egorov hydrodynamic type systems
(15) can be written together in the symmetric potential form (19).

In the next section we improve the generalized hodograph method (see (10), (16)) for
the Egorov hydrodynamic type systems.



3 The generalized hodograph method

Let us introduce N field variables aj, such that 0;a, = HuyiHay (ie. ap = ag, see (19)
and (20)).
Then the algebraic system (16) for the Egorov hydrodynamic type systems (15)

atkan - atla,kn(a) (22)
can be written in the form
N N
> o =0h = Y t'day =dh, (23)
k=1 k=1

where the conservation law density h(ay, as, ..., ay) is determined by its derivatives d;h =
H;Hy; (see (20)) and parameterized by N arbitrary functions of a single variable. The
fluxes pi(a) of this conservation law (cf. (2))

Oph(a) = Onpr(a) (24)
can be found in quadratures
Oh(a
dpp(a) = 8( )da,m(a).
a,

Lemma: The Egorov hydrodynamic type systems (22) possess an arbitrary commuting
flow (see (3) and (6))

dra; = Oph(a), Orar, = Oppp(a), k=23, .. N. (25)

Proof: can be obtained from the compatibility condition O (0,a;1) = 0-(Oway).
Thus, we have the generalized hodograph method adopted for the Egorov hydrody-
namic type systems.
Theorem: A general solution of the Egorov hydrodynamic type systems (15) is given
by the algebraic system (in an implicit form, see (23))
x_ Oh(a)

= (26)

Corollary: The function €2 can be expressed explicitly via the field variables a; and
found in quadratures in two steps (see (19) and below)

Oh(a)

8ak '

Oh(a)

ko = aks(a)d 8(Lk .

In the next section we introduce the extended hodograph method for integrability of
the Egorov hydrodynamic type systems based on this symmetric representation.



4 The extended hodograph method

Any two-component system (1) is integrable by the hodograph method (see, for instance,
[24]). Let us adopt this hodograph method for the Egorov hydrodynamic type systems.
The hydrodynamic type system (1) can be written in the conservative form (5). This
couple of conservation laws can be written in the potential form

dy = adx + bdt, dz = bdx + c(a,b)dt.

Using the Legendre transform ® = ax + bt — y, & = bx + ¢t — z the above couple of
equations can be written in the form

d® = xda + tdb, d¢ = xdb + tdc(a, b).

Since z, = t, (see the first above equation), then (see the second above equation) the
compatibility condition (£,), = (£;)a

(x4 tey)a = (tca)p (27)
can be written as the linear PDE equation of the second order
(I)aa —+ qu)ab == Caq)bb- (28)

Thus, the hodograph method is the transformation from the field variables (unknown
functions) a(z,t) and b(x,t) of the quasilinear system (1) to the new field variables
(independent variables) x(a,b) and t(a,b) of the linear system (27).

Remark: Since (see (26)) © = h, and t = hy, then ® = h and £ = p. Thus, the above
equation (28) coincides with the equation describing conservation law densities h(a, b) of
the hydrodynamic type system a; = by, by = 0,¢(a,b).

Example: the nonlinear elasticity equation (see, for instance, [18]) is determined by
the function ¢(a). The above linear equation is reducible to the hypergeometric equation
if ¢c(a) = a”, c(a) = Ina, c(a) = e

Let us consider the couple of three component Egorov hydrodynamic type system

ay = b:(:> Ay = Cy,
by = dyu(a, b, c), b, = 0,v(a,b,c), (29)
¢ = Opv(a, b, c), ¢, = O,w(a, b, c),

which can be written in the potential symmetric form (22)

'S a b c
dl &€ |=[b u v |d| ], (30)
€ c v ow t3

where y = t3.
If functions a(z,t,y), b(z,t,y) and ¢(x,t,y) are common for both hydrodynamic type
systems (29), then the compatibility condition 0;(9,a) = 0,(0,a) satisfies identically and
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the compatibility condition 0,(9,b) = 0,(0;b) is identically coincides with the compatibil-
ity condition 0,(9,c) = 0,(0:c).

Lemma: If two hydrodynamic type systems (29) commute, then the relationship be-
tween three coefficients u(a, b, c), v(a, b, c) and w(a,b, c) is given by

UqUp + VqUVe — UpVq Vq + VpUe
Oy = Op—,
Ue U
2
UeVp + V. — UpUe — Ug Vg + VpUe
Oy = QJp—m-—, (31)
Ue Ue
Uy + V2 — UpUe — Uq UgVp + VgUe — UpUy
aa - ac 5
Ue Ue
where
J (UqUp + Ve — Upa)da + (Vg + Vyve)db + (uevp + V2 — Upve — Uy )de (32)
w = )

Ue

Under the Legendre transformation h = at' + bt? + ct® — &', p = bt' 4+ ut® + vt® — &2,

q = ct' +ut? +wt? — €3 the above symmetric system (30) reduces to the three differentials
dh = t'da + t*db + t3dc, dp = t'db + t*du + t3dv, dq = t'dc + t*dv + t3dw.

Since (see the first above equation and (26)) t* = h,, t> = Iy, t* = h,, then (see the second
and third above equations) the compatibility conditions ((pa)s = (P6)as (¢a)o = (@), €tc)

(tPug +t30,) = (t' + Puy + Puy)a,
(t2uc + tSUC)a = (t2ua + t3Ua>C7

(FPue + vy = (' + Pup + Pvp),
can be written as the linear PDE system (where we use the temporary notation ® = ¢*)

uaq)bb + an)bc - (I)aa + ubq)ab + qu)acv
uaq)bc + an)cc - ucq)ab + 'ch)aca (33)

ucq)bb + 'ch)bc - (I)ac + ubq)bc + 'qu)co

Thus, the above described transformation from the field variables (unknown functions)
a(x,t,y), b(x,t,y) and ¢(x,t,y) of the quasilinear system (29) to the new field variables
(independent variables) x(a, b, ¢), t(a, b, ¢) and y(a, b, ¢) of the linear system (33) is noth-
ing but the extended hodograph method for a couple of three component hydrodynamic
type systems.



The compatibility conditions (P..)s = (Ppe)es (Pec)a = (Pac)e, (Pac)s = (Ppe)a of the
over-determined system (33) are equivalent (31).

Remark: Since (see (26)) © = h,, t = hy and y = h,, then (see (24)) ¢' = h, &' =p
and ¢' = ¢ (where we use temporary notation F; = p and F, = ¢). Thus, the above
system (33) coincides with the system describing conservation law densities h(a, b, c) of
both hydrodynamic type systems (29).

Obviously, this construction easily can be extended on N component case.

5 DNatural extra commuting flows. The integrability
criterion

Without lost of generality let us restrict our consideration on the first nontrivial three
component Egorov hydrodynamic type system written in the conservative form

ar = by, by = 0,u(a, b, c), ¢ = 0yv(a, b, c). (34)

If this hydrodynamic type system is semi-Hamiltonian, then it must admit the natural
commuting flow (cf. (29))

a, = ¢, b, = 0,v(a,b,c), ¢y, = O,w(a, b, c). (35)

Indeed, since (34) is semi-Hamiltonian, then this hydrodynamic type system has an
infinite series of conservation laws

Oh(a,b,c) = d.pla,b,c)
and commuting flows. Each of them can be written in the form (25) (see [23])
a, = 0.h(a,b,c), b, = 0.p(a,b,c), ¢ = 0xq(a, b, c), (36)
where the commuting flow (35) has the conservation law
dyh(a, b, c) = 0,q(a,b,c).

The function h(a,b,c) satisfies the linear PDE system of the first order with variable
coefficients. Thus, it is very difficult to find the function h(a, b, ¢) in general case. However,
at least three particular solutions h(a,b,c) are given a priori (see (34)); i.e. ha) = a,
h(zy = b and h(g) = c. The first choice is trivial, the second choice is given by (34). Thus,
we can try to reconstruct an extra commuting flow, where the first conservation law is

Ay = Cy.

Moreover, the compatibility condition 9,(0;a) = 0;(d,a) leads to the next conservation
law

b, = 0,v(a,b,c).

Finally, the compatibility condition 0,(9;b) = 0,(9,b) leads to the criterion of an integra-
bility for the three component Egorov hydrodynamic type systems (34).

9



Criterion of integrability: The Egorov hydrodynamic type system (34) has the
commuting flow iff the function w can be found in quadratures (32).

The compatibility condition 0,(0,c) = 0,(9,c) leads to the same result. Thus, if the
compatibility conditions are fulfilled, then the Egorov hydrodynamic type system (34)
has the extra commuting flow (35).

Remark: Taking into account that b = 2, = £, ¢ = 2, = 0, (see (22)) a new
potential function € can be introduced, where

dQ) = zdzx + £dt 4 ody.
Then, the couple of hydrodynamic type system (34), (35) can be written in the form
Qtt = U(me Q:cta Qxy)> Qyt - 'U(Qxxa th> Q:cy)a ny - w(Qxxa th> Q:cy)

These equations separately can be considered as 2+1 quasilinear equations. However, in
general case all of them are non-integrable (see, for instance, [9]). In some cases one
of them can be integrable (by the method of hydrodynamic reductions; [9]). Then two
other equations are reductions of higher order commuting flows on a three component
case. These three 241 equations are compatible if (31) are fulfilled.

Obviously, the same integrability criterion can be derived for N component hydrody-
namic type system written in the conservative form and containing (5).

Theorem: [f the Egorov hydrodynamic type system (see (1) and (5)) is semi-Hamiltonian,
then M — 2 nontrivial commuting flows can be found in quadratures. In such a case these
hydrodynamic type systems can be written in the symmetric form (22).

Proof: Consider the Egorov hydrodynamic type system written in the form

8ta1 = ama27 atak = ambk(a)u k= 27 37 ) N. (37)

If this hydrodynamic type system is semi-Hamiltonian, then (N —1) x (N — 1) symmetric
matrix with the elements ay,(a) can be introduced, where agy(a) = b(a) and all other
elements are not determined yet. Since (37) is semi-Hamiltonian, then a; is the potential
of the Egorov metric (see (9) and (21)), i.e. d;aq = H(21)i‘ Then (see (9)) Ojar = HyiH 1y
and 0;b, = H ;)i H (2);. Then, indeed, all other components ay, can be found in quadratures
(see (20))

8mak&man

dr™.
8ma1 "

dagn =Y Higm Hpymdr™ =

Definition: The commuting flows (15) written in the conservative form (22) are said
to be the Egorov basic set.

Remark: The above proof can be obtained without the Riemann invariants 7*. The
compatibility conditions O (Opmap,) = Om(Opman) lead to the full set of relationships be-
tween the coefficients ag,, which are complicated in the variables a* (see, for instance, the
above case (32)).

The main reason for consideration of local Hamiltonian structures for the Egorov
hydrodynamic type systems (34) is following: the general solution (26) is determined by
the general solution (33) (in the three component case), which is parameterized by three
arbitrary functions of a single variable. However, in general case this linear PDE system
has variable coefficients. The Hamiltonian structure leads to a reduction of (33) to the
linear ODE system, whose coefficients h*) can be found recursively (see below).

10



6 Orthogonal curvilinear coordinate nets

Local Hamiltonian structures of hydrodynamic type systems integrable by the generalized
hodograph method are connected with the theory of orthogonal curvilinear coordinate nets
(see [2]). The zero curvature condition (18) is a consequence of relationship of two linear
problems (7) and (11)

Hi = 00+ Y Britbm: (38)
The existence of this first order transformation is equivalent (see [25]) the existence of
local Hamiltonian structure for corresponding hydrodynamic type system (9)

, . 0h
i —ik
=0 (15 ). (39)
where the Hamiltonian is h = [ h(a)dz, 0;h = ¢§2)H(1)z‘> the momentum density is P =
gia'a® /2, 8, P = " Hiyyi, where

H(2)i = iwz@) + Zﬁmzwg)a H(l)i = iwz('l) + Zﬁmﬂﬂ%)
m#i m##i

and the flat coordinates a* are determined by its derivatives d;a* = {bfk)H (1)i» the con-
stant non-degenerate metric

> — (3) 7 (k
g = T0,0, (40)
is given by . .

If the rotation coefficients (3, are symmetric (see (17)) then all above formulas simplify
(see [25]). For instance, the zero curvature condition (18) reduces to 03;, = 0, where
0 = X0y, is a shift operator. It means, that the rotation coefficients 3;, depend only on the
differences of the Riemann invariants ™ — ™. The corresponding linear transformation
(38) reduces to H; = 6H; (where H; and H; are solutions of the linear system (7)); the
linear system (41) reduces to 5FIi(k) = 0. It means, that the basic Lame coefficients
H}k) depend only on the differences of the Riemann invariants r™ — r™. Since the linear
problems (7) and (11) coincide, then we are able to introduce the Lame coefficients with
up/sub-indexes
AP = g"* H s, Hyi = i

)

where the constant non-degenerate metric is given by (cf. (40))
gt = Z qOm e Jik = Z H iy H (tym-

Let us introduce the adjoint flat coordinates a; = giza*. Then the Hamiltonian hy-
drodynamic type systems (39) can be written in the form

oh
Oa; = Oy (gikﬁ) . (42)

11



In this paper we restrict our consideration on two cases, where the the Egorov hy-
drodynamic type system is written via flat coordinates a* (see (39)). The first case is
determined by the condition that a (see (5)) is a flat coordinate a; and b is a flat coordinate
as. In general case a is an arbitrary conservation law density h.

7 Local Hamiltonian structures. The complete inte-
grability

Without lost of generality for simplicity we restrict our consideration on three component
Egorov hydrodynamic type systems (39). Since the symmetric constant matrix g** under
a linear transformation of independent variables can be reduced to the diagonal or skew-
diagonal case, we restrict our consideration of the first case (a and b are flat coordinates)
on these two sub-cases.

1. Let us consider the Egorov hydrodynamic type system (34) with the local Hamil-
tonian structure

Ohy Ohy Ohy

e T %a 0T %

where Ohy/0c = b (see (5)). Then we are able to choose the extra commuting flow (35)
written in the same Hamiltonian form

(43)

atzﬁx

. (4)
where Ohy/0c = ¢ (see (29)).

Definition: The Egorov basic set of commuting flows (22) is said to be canonical if
the first flat coordinate aq is a potential of the Egorov metric, and all other flat coordinates
ay are fluxes of the first conservation law Opa; = Opay, where the corresponding local
Hamiltonian structure is given by (42).

Since Ohy/0b = Ohy/0a, both Egorov hydrodynamic type systems are determined by
the sole function z(a, b) satisfying the famous associativity equation (see [3], [6], [8])

2
Zaaa = Zgbb — RaabRbbb, (45)

where hy = bc+ 2y, ho = /24 z, and the momentum density P is given by hg = ac+b? /2.
Since the flux h of the potential a (see (5)) is a conservation law density for an arbitrary
commuting flow (see (6)), then the shift operator 0/0c is consistent with linear system
(33) describing conservation law densities (i.e. dh/dc = h, where h and h are solutions
of the linear system (33)). It is easy to understand, if to take into account that the first
equation of an arbitrary commuting flow is written in the form (cf. (5) and (43))
oh
ar = 0, 90— Ozh. (46)
Theorem: The Egorov hydrodynamic type system (43) has three infinite series of
conservation law densities, whose coefficients h,(:) (k=0,1,2and n =0,1,2,...) can be
found iteratively.

12



Proof: Taking into account (36) two other equations of an arbitrary commuting flow
are written in the form

oh oh
% - a:cp> Cr = a:c_ - axq

br =0 da

Thus (see also (24)),

dhF Y = p®de 4 p®db + ¢Wda,
dpgzkﬂ) = pglk)dc + (q,(f’ + zbbbpﬁf) + Zabbh,(f)) db + (zabbpﬁf) + zaabhfﬁ)) da,  (47)

dgt¥ ) = ¢Pde+ (zap™ + zaaphl®) db + (20aP™® + 2aaah) da,

n n

where h'g)) = a, p(()O) = b7 q(()O) = G h'gO) = b7 ng) =c+ Zbb qg()) = Zab; hg(]) =G, pg]) = Zab,

qéo) = Z4q- Then three infinite series of particular solutions by the generalized hodograph
method (see (26)) are given in an implicit form (cf. (36))

r =q(a,b,c), t=p(a,b,c), y = h(a,b,c), (48)

where

2 o0 2 oo 2 o0

k=0n=0 k=0n=0 k=0n=0

and oy, are arbitrary constants.
Complete integrability: In general N component case the Egorov basic set (22) is
canonical (see (39) and (42))

Ooh
atkan = 8t1 (ﬁ) = 8t1a1m(a). (49)

It means, that
oF

= 20
The compatibility conditions O (Opmay,) = Om (Opay,) lead to the WDVV equation (see

[3])

hy,

PF_ PF PF . OF

dakdalOa® g daP0aida”  Oal aida’ g daPda*dan’

The canonical Egorov basic set must have N infinite series of conservation laws

Oph? = 0aq”), k,s=1,2,.,N, p=0,1,2,.. (50)

and commuting flows (see [25])

on”
8t;ak:8t1 W y ]{7,8:1,2,...,]\[, p:0,1,2,... (51)

13



Since a; is a potential of the Egorov metric, then (see (6))

(p)
at;al = atl <aah;1 ) = atlhgp_l), (52)

where h" = as and ty =t°, s =1,2,.., N. Thus, 8h§p)/8a1 = 1. The compatibility
conditions Oy (Jgsa1) = Oss (Jprar) lead to (see (50) and (51))

1 8h§p) (r—1)
atk hgp_ ) - atl aak - @1 qk,s . (53)
Thus, the conservation law densities hP™) can be found in quadratures (see (52) and

(53))

dh V) = qPda*, s,k =1,2,.,N, p=0,1,2, .., (54)
where qf s) = h{". The consistency of the conservation laws (53) with (49) lead to the
relationships

oql)  on®  PF
m =70 (55)

dai  dan damdakdat
The substitution of (54) in r.h.s. of (55) implies the recursion relationship
Y OF ony
daida®  daidardam’  dan
found by B.A. Dubrovin in [3]. Taking into account (54) the above formula leads to the
iterative procedure (cf. (47))

PF
d (p+1) _ ,(p)znm .
ks @n,s9 da™dakda’
including (54). The complete integrability of the Egorov Hamiltonian hydrodynamic type

systems (49) was proved in [25]. Then the general solution can be given in implicit form
by the generalized hodograph method (see (26) and cf. (48))

N oo
o g % | =SS0,

s=0 p=0

n=0,1,2 ..,

da',  i,k,s,mn=1,2,...,N, p=0,1,2,...,

where 0,5 are appropriate constants.
Example: The first choice h(()o) = a, p(()o) = b, q(go) = ¢ determines the Egorov hydro-
dynamic type system
2

b 2
0_a =0, <ac + 5) ;O b= 0y (be+ bz + azap — ), 0_c=0, <% + bzgp + AZgq — za> )
0 0 0

Thus, first four conservation laws for the canonical Egorov basic set (43), (44) together
with the above commuting flow can be written in the potential symmetric form

¢! a b ¢ P x
2 B b u v R t

d Sl |l e v w S d y |’ (56)
¢! P R S Q T
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where all coefficients can be found in quadratures (see (47))
u = Cc+ Zw, V= Zap, W = Zya,

2

R = bc+ beb + azq — Zp, S = % + bzab + Zaq — Za, (57)

Q = ac® +bc+ a*zaq + 2abzay + V22, — 2(az, + bz, — 2).

2. Let us consider the Egorov hydrodynamic type system (34) with the local Hamil-
tonian structure
8h1 8h1 8hfl

%> bt:a:c%a Ct:a’c%a

where Ohy/0a = b (see (5)). Then we are able to choose the extra commuting flow (35)
written in the same Hamiltonian form
8h2 ahg ah2
—0,22 0,=0.52 ¢ =02
WESH T e YT T

where Ohy/0a = ¢ (see (29)). Since Ohs/Jc = Ohy/0b, both Egorov hydrodynamic type
systems are determined by the sole function z(b, c) satisfying the famous associativity
equation (see [3], [6], [8])

[ 896 (58)

1+ ZbbeRbee = ZbbbZcce)

where hy = ab+ z., hy = ac+ z, and the momentum density P is given by hg = a*/2 + be.

Theorem: The hydrodynamic type system (43) is equivalent to the hydrodynamic type
system (58) under the transformation z < t. . )

Proof: Let us replace x <> t, Ohy/dc — a, Ohy1/0b — ¢, Ohy/da — b; ¢ — Ohy/0a,
a — Ohy/0b, b — Ohy/0¢. Then (58) transforms in (43).

Remark: The transformation connecting the above associativity equations was found
in [8]).

3. In general case the Egorov hydrodynamic type system (39) has the couple of extra
conservation laws (5), where a and b are not connected with the Hamiltonian structure
(39).

Let us consider the commuting flow (see (39) and (42))

0.a; = 0,(0h/0a’),
where the extra conservation law is (see (5))
8Za = Qcal. (59)

Under the transformation (see [21]) z <> z, the above commuting flow reduces to the
Egorov hydrodynamic type system

dyc; = 0.(0h/0c), (60)
where ¢; = dh/da¥, h = a*Oh/da* — h and the extra conservation law is (cf. (59))

0,(0h/0ct) = 0,a,

15



where a; = 0h/dc'. Thus, in this case the potential of the Egorov metric @ = ¢;. At the
same time the Egorov hydrodynamic type system (60) possesses the commuting flow

Oyci = 0.(0h/0c"),
where the extra conservation law is
8ycl = 8202.

Thus, this general case is reduced to the simplest case described above.

8 Reciprocal Transformations
In the previous section we considered the simplest reciprocal transformation
dy* = oFdt™, oF = const

preserving the FEgorov hydrodynamic type systems. In this section a more complicated
reciprocal transformation is presented. Suppose we already know (see, for instance, the
previous section) all conservation laws and commuting flows for the Egorov hydrodynamic
type systems (22). The generalized reciprocal transformation (see [11]) contains M rows
and M columns determined by M conservation laws and M — 1 commuting flows. The
number M and the number N (see (1)) do not correlate to each other in general case. The
Egorov hydrodynamic type system (22) can be written in the potential symmetric form
(19). If M > N, then the generalized symmetric reciprocal transformation (cf. (19))

d?jl = ;L (a) dtk

preserves a potential symmetric form and again transforms (22) to the Egorov hydrody-
namic type systems. If M < N, then the generalized reciprocal transformation

dij; = ai,(a)dt®, i=1,2,.., M; dy; = opdt®,  i=M+1,...,N

must contain a symmetric part including the potential a of the Egorov metric, while all
other independent variables transform linearly (i.e. oy = const).
Without lost of generality we restrict our consideration for simplicity on the reciprocal
transformation
dy' = apdt”, dy* =dt*, k=23, .. N. (61)

Then the Egorov hydrodynamic type system (22) reduces to the similar set of the Egorov
hydrodynamic type systems

A recalculation of local Hamiltonian structures under generalized reciprocal transforma-
tion is given in [11]. In this section we restrict our consideration on the above three
component case (43).

16



Theorem: The local Hamiltonian structure (43) of the Egorov hydrodynamic type
system (34) is invariant under the reciprocal transformation (61)

dz = adz + bdt, dy = dt. (62)

Proof: The Egorov hydrodynamic type system (34) has 4 local conservation laws
associated with local Hamiltonian structure (43), where the momentum density P is the
quadratic expression with respect to flat coordinates (see [23])

b2
P=ac+ 5 (63)
Under the above reciprocal transformation any conservation law density h reduces to
h/a*. Thus, (63) reduces to

2
P=ait—
ac + 5
where P = —c/a, a = 1/a, ¢ = —P/a, b = —b/a.
Remark: The Hamiltonian density of the Egorov hydrodynamic type system (43)

oh - oh . oh
%, bt—azg, Ct—az£

dt:az

is given by h = h/a.

9 Three orthogonal Egorov curvilinear coordinate sys-
tems

N orthogonal Egorov curvilinear coordinate nets are described by the Bianchi-Darboux—
Egorov-Lame system (8)

azﬂjk = 5jzﬂika i # ] Fk; Bir = Bris i # k, 0B, = 0.

N orthogonal curvilinear coordinate nets were investigated in many publications (see,
for instance, [1], [2], [12], [25], [27]; and plenty references therein). In this section
we establish a new link connecting an infinite set of N orthogonal Egorov curvilinear
coordinate systems:

= B B B g 5@ (64)

Without lost of generality we restrict our consideration for simplicity on a three component
case only. The main advantage of the approach presented below is that all formulas are
given via flat coordinates only (in comparison with the Riemann invariants). In such
a case corresponding formulas can be easily used for a construction of solutions for the
WDVYV equation.

Suppose all rotations coefficients 55,2) and the Lame coefficients H ), are given. It
means that the couple of the Egorov hydrodynamic type systems (29) is given too. The

17



local Hamiltonian structure (39) can be reduced (in three component case) to (43) by a

linear transformation of field variables (a* — o%a®, 0% = const), because the symmetric

constant non-degenerate metric g** is reducible to the diagonal or skew-diagonal form.
1. Let us apply the reciprocal transformation (61)

(0))2
de® = a@dz© £ pO g 4 (0 gy © 4 <a<o>c<o> i M) dr©
2 b

(65)
dr = dt(o), drV) = dy(o), dy(l) = dr©

to the Egorov hydrodynamic type systems (29) (see also (43), (44)) written for simplicity
in the potential symmetric form (56)

+0) 4O O O pO £
7 B0 4O O RO +(0)

o | = o 0 o go |4 o |
(1) PO RO SO QO ~0)

where 2(¥) satisfies the associativity equation (45). The hydrodynamic type systems
(29) form the canonical Egorov basic set (43), (44) (i.e. the fluxes b, c¢© of the
first conservation law 0,0 a® = 9,0 b, 8y(o>a(0) = 0,0 are the corresponding flat
coordinates). Since aV) = 1/a®, 1) = —p0) /g 1) = — PO /qO) are flat coordinates
(and @'V is a potential of the transformed Egorov metric), then the transformed canonical
Egorov basic set (22) can be extracted from the above transformed potential symmetric
form

p(© p0) (0
© 1/a® i — — < "
" b () o) B0PO o) 000 () p
d —t(l) . _W CL(O) — U CL(O) ) - R CL(O) - d t(l)
7O ) T _p9 w0po  po) (PO) po) d0PO g 7
—?](1) a(0) a(0) a(0) ( %(()(;))2 y(l)
c©  p00) (0 pO c
S V9 S5 -S5O S -l
The transformed canonical Egorov basic set must be given by (see (43), (44))
8t(1)a(1) = 890(1)[?(1), 8y<1>a(1) = 890(1)0(1),
O b = Oy (C(l) + Zlg(ll))b(l)) ’ Oy bt = ax“)zl(ﬁ)buw (66)
at(l)c(l) = 39@(1)21%1)(1), ay(l)c(l) = Qc(l)zgf)au),

where (1) satisfies the associativity equation (45). Comparing corresponding fluxes from
the above equations

o PO ) b p©)

2,0 a) = O ) “aWp) = o) - )

—~
(=]
=

1 1) _
ot )+Zb(1)b(1) =0 )
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one can compute the new solution 2" of the associativity equation (45) in quadratures

1 (1) p()

d

(1)
dZ( ) = Za(l)dw — Zb(l) m,

where

0)) 2
0 — (PO po) gL - (YOPY pw) 20
a(l) a0 a0 a0 a0’

p0 _ (WPY e L (O o POY Y
b o) POR A0 a0 ) o

Moreover, the substitution (57) in the above differentials yields an explicit link

2V = (b - 20, (67)

of the solutions z(*) and ™) of the associativity equation (45).
Remark: The Ribaucour transformation. Transformations of local Hamiltonian struc-
tures under generalized reciprocal transformations are described in [11]. In the simplest

case (65) the comparison of the Lame coefficients H ((10))Z and the transformed Lame coef-

ficients H( . from (see (20))

_ 0 1 —~(0 rr(1
8,00 = (H((l))i)2’ diaV) = 9,— a(o - _W(H( )2 = (H((l))i)2

leads to the Ribaucour transformation (see details in [25]) of the three orthogonal curvi-
linear coordinate nets

= (0) 7(0) ~(0)
W _ 0 HoiH o How
By = B A S S H =1
ik ik CL(O) ) (1)k a((]) .

These rotation coefficients 52k and ﬁ .. are symmetric and satisfy the zero curvature
condition (18). Thus, indeed, the Egorov three orthogonal curvilinear coordinate nets
are preserved under the above Ribaucour transformation (see [1] and [25]).

2. Let us rewrite the canonical Egorov basic set (66) in the form

(1) (1) _ 1
) 2y 1)) = O <1>Z (1)b<1)> On0 2y gy = Oy eV,
(1) (1) (1) 1
Oy 2 aDp) — =0 y(D M+ 21 p(1) 8;p(1)za(1)b(1) =0 (Ub( )7
1 1 1 1
8t(1)c( ) = 8y(1) b( ), 896(1)0( ) = 8y(1)a( ).

Thus, under the linear transformation of independent variables

2@ =0 @ )@ ) (68)
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the above canonical Egorov basic set reduces to the transformed canonical Egorov basic
set

Oy a® = 0, b2, Oy a? = 0,2 c?,
Oy = D,02) (C(z) + 223 b<2>) ; 0y b = 0,2 ij%baw
Fyc® = Oy Z,(j%b(zw 8y<2>c(2> = 0u Zﬁg)a@w
where
a® = 2&2)@(1)’ b = Z&z)buw =Y 215(22))17(2) = Zzg<11)>b<1)> Z((jg)b(z) =0, Z((jg)am =l

It means that the solution 2(?) of the associativity equation (45) can be found in quadratures

2 1 2) 1.1
dz® = 20, dzyd ) + 20 Doy (69)
where
2 1 1 1 2 ! ! (
zc(a%) = a(l)zi&)a(l) + b(1)2,2<3>b<1> — z,(1<3>> d22<3> = le(l))b(l)dzz(z(z)b(l) + b(l)dzé(f)a(l)-

Remark: The above right differential
dG = zpdza, + bdzg,

exists iff the function z is a solution of the associativity equation (45). This function
G is the first such example of infinitely many expressions, which cannot be computed
explicitly. A computation of higher conservation laws leads to similar differentials. For
instance (see (43), (44)),

2

Oy(be + z) = Ou(czap + G), O, (% + za) = Ozlzan(c+ 20p) + b2aa — G.

Thus, the iterative replication of solutions for the associativity equation (45) can be
based on the above two steps

i A R S (70)

The negative direction means that the transformations (65) and (68) are applied in an
inverse order.

The main statement of this section: Each solution of the associativity equation (45)
creates the canonical Egorov basic set, simultaneously, the corresponding basic Lame coef-
ficients Hi(k) and rotation coefficients [3;,. It means, that an infinite set of solutions z*)
(see (67), (69) and (70)) creates an infinite set of orthogonal curvilinear coordinate nets
(64). Thus, a description of all solutions of the associativity equation (45) is equivalent
to a description of three orthogonal curvilinear coordinate nets.

This set of transformations has the same interpretation as the so-called “dressing
method” in the soliton theory.
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Choosing the initial solution of the associativity equation (45) 2 = 0, the first
iteration yields the solution given by

b4

The second iteration yields the same solution. The fourth iteration yields again the
“zero” solution. However, in general case this iterative chain of transformations cannot
be truncated.

In this paper just a three component case was considered in details, but without any
restrictions this approach can be applied for N component case.

Remark: The first transformation (67) is exactly the “inversion I” transformation
for the WDVV equation found in [3] (see the formulas B.13, Appendix B). The second
transformation is exactly the Legendre type transformation for the WDVV equation found
in [3] (see the formulas B.1 and B.2, Appendix B).

(1)

10 Nonlocal Hamiltonian structures

Theory of nonlocal Hamiltonian structures for hydrodynamic type systems was con-
structed by E.V. Ferapontov in [7] (see also [16]). The simplest nonlocal Hamiltonian
structure is associated with the metric of constant curvature (see also [10], [22]). The
existence of the Hamiltonian structure for the Egorov hydrodynamic type systems (22)
leads to the symmetry operator (see (46) for the local Hamiltonian structure). In this
section without lost of generality we restrict our consideration for simplicity on the non-
local Hamiltonian structure associated with the metric of constant curvature. The corre-
sponding hydrodynamic type system can be written via special field variables a* in the
conservative form (cf. (39))

. . . oh .
i —ik ik 7
a; = 0, (g™ —ed'a )WjLaah :
where g% is a constant symmetric matrix and ¢ is a constant curvature.
Let us apply the reciprocal transformation (62) to the Egorov hydrodynamic type sys-
tem (58). Then the quadratic relationship (connected with local Hamiltonian structure,

see [23]) )

a
P=b —
c+2

transforms in another type quadratic relationship (connected with the above nonlocal
Hamiltonian structure; see [16] and [22])

1
5 = a102 — 304,

where a; = 1/a, ay = P/a, a3 = —b/a, ay = —c/a. The coordinate a; is the potential of
the Egorov metric, and the corresponding transformed Egorov hydrodynamic type system
has the above nonlocal Hamiltonian structure. Thus, this nonlocal Hamiltonian structure
is reducible to the local Hamiltonian structure (39).
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