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Abstract

In this paper we employ a ”direct method” in order to obtain rank-k solu-
tions of any hyperbolic system of first order quasilinear differential equations
in many dimensions. We discuss in detail the necessary and sufficient con-
ditions for existence of these type of solutions written in terms of Riemann
invariants. The most important characteristic of this approach is the introduc-
tion of specific first order side conditions consistent with the original system of
PDEs, leading to a generalization of the Riemann invariant method of solving
multi-dimensional systems of PDEs. We have demonstrated the usefulness of
our approach through several examples of hydrodynamic type systems; new
classes of solutions have been obtained in a closed form.

Résumé

Dans cet article, nous employons une "méthode directe” pour obtenir des so-
lutions de rang k pour tout systéme hyperbolique d’équations différentielles
quasilinéaires du premier ordre en plusieurs dimensions. Nous discuterons en
détail les conditions nécessaires et suffisantes pour 'existence de ces types de
solutions écrites en termes d’invariants de Riemann. La caractéristique la plus
importante de cette approche est l'introduction de contraintes différentielles
de premier ordre supplémentaires et compatibles avec le systeme d’EDPs orig-
inal, ce qui conduit & une généra-lisation de la méthode des invariants de Rie-
mann pour la résolution de systemes d’EDPs en plusieurs dimensions. Nous
avons démontré 1'utilité de cette approche par plusieurs exemples de systemes
de type hydrodynamique et des nouvelles classes de solutions sont obtenues.
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1 Introduction

This work has been motivated by a search for new ways of constructing multiple
Riemann waves for nonlinear hyperbolic systems. Riemann waves and their superpo-
sitions were first studied two centuries ago in connection with differential equations
describing a compressible isothermal gas flow, by D. Poisson [19] and later by B.
Riemann [20]. Since then many different approaches to this topic have been devel-
oped by various authors with the purpose of constructing solutions to more general
hydrodynamic-type systems of PDEs. For a classical presentation we refer reader
to a treatise by R. Courant and D. Hilbert [2] and for a modern approach to the
subject, see e.g. [9, [I8, 21] and references therein. A review of most recent develop-
ments in this area can be found in [3, Bl [13].

The task of constructing multiple Riemann waves has been approached so far
through the method of characteristics. It relies on treating Riemann invariants as
new independent variables (which remain constant along appropriate characteristic
curves of the basic system). This leads to the reduction of the dimensionality of
the initial system which has to be subjected however to the additional differential
constraints, limiting the scope of resulting solutions.

We propose here a new (though a very natural) way of looking at solutions ex-
pressible in terms of Riemann invariants, namely from the point of view of their
group invariance properties. We show that this approach (initiated in [, [12]) leads
to the larger classes of solutions, extending beyond Riemann multiple waves.

We are looking for the rank-k solutions of first order quasilinear hyperbolic system
of PDEs in p independent variables z° and ¢ unknown functions u® of the form

A () ul =0, p=1,...,1 (1.1)

We denote by U and X the spaces of dependent variables u = (u!,... u9) € R?
and independent variables z = (z!,...,27) € RP, respectively. The functions A*
are assumed to be real valued functions on U and are components of the tensor
products A" 9; @ du® on X x U. Here, we denote the partial derivatives by u® =
du® = Ou®/dz" and we adopt the convention that repeated indices are summed
unless one of them is in a bracket. For simplicity we assume that all considered
functions and manifolds are at least twice continuously differentiable in order to
justify our manipulations. All our considerations have a local character. For our
purposes it suffices to search for solutions defined on a neighborhood of the origin
x = 0. In order to solve (ITI), we look for a map f: X — J'(X x U) annihilating
the contact 1-forms, i.e.

fH(du® —u dz') = 0. (1.2)

The image of f is in a submanifold of the first jet space J! over X given by (L)
for which J*! is equipped with coordinates x%, u®, ug.
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This paper is organized as follows. Section 2 contains a detailed account of
the construction of rank-1 solutions of PDEs (ICT). In section 3 we discuss the
construction of rank-k solutions, using geometric and group invariant properties
of the system ([LTl). Section 4 deals with a number of examples of hydrodynamic
type systems which illustrate the theoretical considerations. Several new classes of
solutions in implicit and explicit form are obtained. Section 5 contains a comparison
of our results with the generalized method of characteristics for multi-dimensional
systems of PDEs.

2 The rank-1 solutions

It is well known [2] that any hyperbolic system ([LIl) admits rank-1 solutions
u=f(r), r(z,u)=N\u)z", (2.1)

where f = (f“) are some functions of r and a wave vector is a nonzero function

AMu) = (A (w), ..., Ap(w)) (2.2)
such that
ker (A")\;) # 0. (2.3)

Solution (ZTJ) is called a Riemann wave and the scalar function r(z) is the Riemann
invariant associated with the wave vector A.
The function f is a solution of (ILT) if and only if the condition

(@A) o =

holds, i.e. if and only if f’ is an element of ker (A’ );). Note that equation (24) is an
underdetermined system of the first order ordinary differential equations (ODEs) for
f. The image of a solution (ZTJ) is a curve in U space defined by the map f : R — R?
satisfying the set of ODEs (24]). The extent to which expresion (4] constrains the
function f depends on the dimension of ker (A’)\;). For example, if A*\; = 0 then
there is no constraint on the function f at all and no integration is involved. The
rank-1 solutions have the following common properties :

1. The Jacobian matrix is decomposable (in matrix notation)

B of or\ ' of

(2.4)

or equivalently

_of orof\ "



4 A .M. Grundland and B. Huard

where we have

ou = (up) e rr, 2 (%) € RY,

or or O " " (27)
=) =22 eRY, A= (\)ER"
du (0u0> gua’ SN () €

This property follows directly from differentiation of (21]). The inverses ( — % %) -

or ( — %%)_1 are scalar functions and are defined, since dr/du = 0 at = = 0. From

equations (ZH) or (1), it can be noted that u(x) has rank at most equal to 1.
2. The graph of the rank-1 solution I' = {x,u(x)} is (locally) invariant under the
linearly independent vector fields

X, =&wd, a=1,....p—1 (2.8)

a

acting on X x U space. Here the vectors

T
Ealu) = (& (u), ..., E(u)) (2.9)
satisfy the orthogonality conditions
NE=0, a=1,...,p—1 (2.10)

for a fixed wave vector A for which (Z3)) holds. The vector fields (Z8) span a
Lie vector module g over functions on U which constitutes an infinite-dimensional
Abelian Lie algebra. The algebra g uniquely defines a module A (over the functions
on U) of 1-forms \;(u) dz® annihilating all elements of g. A basis of A is given by

A= N(u)dz', €N =0 (2.11)

for all indices a = 1,...,p— 1. The set {r = \;(u)z",u', ..., u?} is the complete set
of invariants of the vector fields (2.J]).

3. It should be noted that rescaling the wave vector A produces the same solution
due to the homogeneity of the original system ([LT).

4. Due to the orthogonality conditions (ZI0), together with property (23) or (),
any rank-1 solution is a solution of the overdetermined system of equations composed
of system ([LT]) and the differential constraints

Ewul =0, a=1,...,p—1. (2.12)

The side equations (I2) mean that the characteristics of the vector fields ([Z8) are
equal to zero.

5. One can always find nontrivial solutions of (24 if (IT]) is an underdetermined
system (I < ¢) or if it is properly determined (I = ¢) and hyperbolic. Here, a weaker
assumption can be imposed on the system ([LT). Namely, it is sufficient to require
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that eigenvalues of the matrix (A%)\;) are real functions.

The method of construction of rank-1 solutions to ([Il) can be summarized as
follows. First, we seek a wave vector A = (Ay,...,\,) such that

rank (A% )\;) < L. (2.13)
For each such choice of \; we look for the solutions v of the wave relations

(AMN) =0, p=1,...,L (2.14)
Functions f%(r) are required to satisfy the ODEs

f(r) = (f(r)). (2.15)

Alternatively, the system of equations (24]) is linear in the variables \;. Nonzero
solutions \; exist if and only if

rank (A" (f(r)) f*(r)) < p. (2.16)

If (ZT4) is satisfied for some function f(r) then one can easily find \;(r) satisfying
equations (Z4)). Using v = f(r) one can define \;(u) (not uniquely in general). If
[ < p then (ZIQ) is identically satisfied for any function f(r) and this approach does
not require any integration.

3 The rank-k solutions

This section is devoted to the construction of rank-k solutions of a multi-dimensional
system of PDEs ([LT). These solutions may be considered as nonlinear superposi-
tions of rank-1 solutions.

Suppose that we fix k linearly independent wave vectors A\',... . \F, 1 < k < p
with Riemann invariant functions

r(x,u) = )\f(u)xi, A=1,... k. (3.1)
The equation
u=f(riz,u), r(ru)=("(u),.. . "w) (3.2)

then defines a unique function u(x) on a neighborhood of x = 0. The Jacobian
matrix of (B2) is given by

B of or\ ' of
ou = (1[ - ——) Es (3.3)
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or equivalently

_of orof\ "

where f = (f%), f¢ are arbitrary functions of r = (r4) and

ou = (uf) € RI*P g = <8f ) S

or or4 (3.5)
or or4 oA . ’
)\ — >\A kap D o — 27N i kaq'
() € T Ou <0u"> due " <

We assume here that the inverse matrices appearing in expressions ([B3]) or (B4),
denoted by

respectively, are invertible in some neighborhood of the origin x = 0. This assump-
tion excludes the gradient catastrophe phenomenon for the function w.

Note that the rank of the Jacobian matrix (B3]) or (B4) is at most equal to k.
Hence the image of the rank-k solution is a k-dimensional submanifold & which lies
in a submanifold of J*.

If the set of vectors

Slu) = (@), &), a=1,....p—F (3.7)
satisfies the orthogonality conditions

e =0 (3.8)
for A=1,...,k,a=1,...,p— k then by virtue of (B3) or ([B4]) we have

Q¥(z,uM) =€ (Wut=0, a=1,....p—k, a=1,....q. (3.9)

Therefore rank-k solutions, given by (B2), are obtained from the overdetermined
system ([LT]) subjected to differential constraints (DCs) (B9

AP (u)ud = 0, Sé(u)uf‘ =0, a=1,....,p—k. (3.10)

Note that the conditions (B) are more general than the one required for the exis-
tence of Riemann k-wave solutions (see expression (BI) and discussion in Section
5).

Let us note also that there are different approaches to the overdetermined sys-
tem (BI0) employed in different versions of Riemann invariant method for multi-
dimensional PDEs. The essence of our approach lies in treating the problem from



Riemann Invariants and Rank-k Solutions of Hyperbolic Systems 7

the point of view of the conditional symmetry method (for description see e.g. [15]).
Below we proceed with the adaptation of this method for our purpose.

The graph of the rank-k solution I' = {z,u(z)} of (BI0) is invariant under the
vector fields

X, =&w)d;, a=1,....p—k (3.11)

acting on X x U C RP x R9. The functions {rt,...,r* ul,... u9} constitute a
complete set of invariants of the Abelian Lie algebra A generated by the vector
fields (BITI).

In order to solve the overdetermined system (BI0) we subject it to several trans-
formations, based on the set of invariants of A, which simplify its structure consider-
ably. To achieve this simplification we choose an appropriate system of coordinates
on X x U space which allows us to rectify the vector fields X,, given by (BI1).
Next, we show how to find the invariance conditions in this system of coordinates
which guarantee the existence of rank-k solutions in the form (B2).

Let us assume that the k by k£ matrix

M=), 1<Ai<k<p (3.12)

built from the components of the wave vectors A* is invertible. Then the linearly
independent vector fields

k
Xk+1 = aI~c+1 - Z (H_l)i‘ )‘?-Haj’
A,j=1
(3.13)
k .
X,=0,— > _ (I, Mo,
Aj=1

have the required form (BIT) for which the orthogonality conditions (B8) are satis-
fied. The change of independent and dependent variables

t=rl(z,u),.. ., 2" =rF(x,u), V=2 P =aP at, L at =l (3.14)

permits us to rectify the vector fields X, and get
Xk_;’_l :afk+1,...,Xp = Ugzp. (315)

Note that a p-dimensional submanifold is transverse to the projection (x,u) — =z
at x = 0 if and only if it is transverse to the projection (Z,u) — = at z = 0. The
transverse p-dimensional submanifolds invariant under Xy, ..., X, are defined by
the implicit equation of the form

u=f(z',....z". (3.16)
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Hence, expression (BI6) is the general integral of the invariance conditions
Ugrtr = 0,..., Uz = 0. (3.17)

The system ([TI) is subjected to the invariance conditions (BIM) and, when written
in terms of new coordinates (z,u) € X x U, takes the form

AH ((I)l)_l @A =0, ,Ug+1 =0,... 8w =0, (318)
0z
or
ou , o\ —1 _ _
A'u% ((I) ) A= 0, , Ugpk+1 :0,...,Ufp :0, (319)

where the matrices ®! and ®? are given by

A
(@) =5 — ae "

i v ( oue’

A ord
P?) " =5 — —al. 3.20
( )z i oue ( )
The above considerations characterize geometrically the solutions of the overdeter-
mined system (BI0) in the form (B2). Let us illustrate these considerations with
some examples.

Example 1. Let us assume that there exist k£ independent relations of depen-

dence for the matrices A!, ..., AP such that the conditions

AFN =0, A=1,...k (3.21)
hold. Suppose also that the original system ([LIl) has the evolutionary form and
each of the ¢ by ¢ matrices A', ... A" is scalar, i.e.

A°=1, Af=d(u)ds, i=1,....n (3.22)

for some functions a'. . ... a" defined on U, where p = n + 1 and for convenience we
b ) )

denote the independent variables by # = (¢t = 2°, 2!, ..., 2") € X. Then the system
(L) is particularly simple and becomes

wy + at(u)ug + ...+ a"(w)u, = 0. (3.23)
The corresponding wave vectors

A= (—a'(u), 1,0,...,0),
: (3.24)
>\TL

|
—

|

S
3
—

<
~—
=
=
—_
N~—

are linearly independent and satisfy conditions (B221]).



Riemann Invariants and Rank-k Solutions of Hyperbolic Systems 9

A vector function u(z,t) is a solution of (B23)) if and only if the vector field
X = 8t + a’(u)@,

defined on R"" ! is tangent to the (n + 1)-dimensional submanifold S = {u =
u(x,t)} € R" 1 The solution is thus identified with the (n + 1)-dimensional
submanifold & C R"™*! which is transverse to R — R« (2 ¢, u) — (z,t)
and is invariant under the vector field X. The functions {r(z,t,u) = (r! = 2! —
at(u)t,...,r" =" — a™(u)t),ut, ..., u?} are invariants of X, such that drt A ... A
dr Adut A ... A du? # 0. If we define t = t, 4 = u, then (r,f, %) are coordinates on
Rt and the vector field X can be rectified

X =0
The general solution is
S ={F(r,u) =0}

where F': R*""? — RY satisfies the condition

OF Oor OF

but is otherwise arbitrary. Note that it may be assumed that

or
—(LU(), t(]u uO) = 07

ou

in which case the transversality condition is

det (aa—i(xo,to,uo)) £ 0.
Hence the general solution of (B23)) near (x, to, ug) is
S ={u=f(r)},
where f : R" — RY is arbitrary. Thus the equation
u= f(z' —a'(u)t,..., 2" —a"(u)t), (3.25)

defines a unique function u(x,t) on a neighborhood of the point (xg, tg, ug) for any
f. Note that

t=0, u(x,0)=f(z',...,2"),

so the function f is simply the Cauchy data on {t = 0}.
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Example 2. Another interesting case to consider is when the matrix ®! (or ®?)
is a scalar matrix. Then system (BI8) is equivalent to the quasilinear system in &

independent variables z', ..., z* and ¢ dependent variables ', ..., ud. So, we have

BA(a)u% = 0, (3.26)
where

B = A (3.27)
If k> 2 then ®! is a scalar if and only if

%—i:o,...,%—j:o (3.28)
and consequently, if and only if the vector fields A', ..., A\*¥ are constant wave vectors.

Finally, a more general situation occurs when the matrix ®' (or ®?2) satisfies the
conditions
oP! oP!
ST = 0,..., o = 0. (3.29)
Then the system (BIX) is independent of variables ™! ... zP. The conditions
(B29) hold if and only if

9?r O?r

o =" ug (3:30)
Using (BJ]) and (BI2) we get
VLA !

i —_= _— H_l >\B ° 1

ou IZle ou ()5 A (3:31)

Equation (B3T]) can be rewritten in the simpler form

k
a% (Z (H‘l);)\f> =0, 1<I<k<i<p. (3.32)

B=1

Thus system (BI8) is independent of variables 1, ... Z? if the k by p — k matrix
()\f), 1 < B < k<1< pisequal to the matrix I[IC, where C' is a constant k
by (p — k) matrix. In this case ([BI8) is a system not necessarily quasilinear, in k
independent variables Z!, ..., z" and ¢ dependent variables u', ..., u?.

Let us now derive the neccesary and sufficient conditions for existence of solutions

in the form (B2) of the overdetermined system (BI0). Substituting (B3]) or (B4)
into (L)) yields

-1
| A @_8_@) %] o (3.3

or du or
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or equivalently

of orof\ "
pZd (g 2L =
Tr|A o (H 5 87’) A] 0, (3.34)
respectively, where
AF = (A“ai) eRP* =1,...,1. (3.35)

Given the system of PDEs (Il (i.e. functions A (u)) it follows that equations
B33) (or (B34)) are conditions on the functions f*(r) and A (u) (or & (u)). Since
Or/0u depends explicitly on z it may happen that these conditions have only trivial
solutions (i.e. f=const) for some values of k. We discuss a set of conditions following
from (B33)) or (B34)) which allow the system (BI0) to possess the nontrivial rank-k
solutions.

Let g be a (p-k)-dimensional Lie vector module over C*°(X x U) with generators
X, given by (BIIl). Let A be a k-dimensional module generated by k < p linearly
independent 1-forms

M= M (u)dx!, A=1,...,k

which are annihilated by X, € g. It is assumed here that the vector fields X, and
M are related by the orthogonality conditions () and form a basis of g and A,
respectively. For k > 1, it is always possible to choose a basis A* of the module A
of the form

M =dr'a + A\ da', A=1,...k (3.36)
where (i4,1,) is a permutation of (1,...,p). Here we split the coordinates z* into
2% and z'». Then from (B) we obtain the relation

o4 o\t

— = —agle, 3.37

due ~ oue " (3:37)
Substituting (B31) into equations ([B33) or (B34 yields, respectively

40
Tr (A“(]I — anla)—l—fA> =0, (3.38)
or
or
Tr (A“a—f(l[ . Kaxia)—u) —0, (3.39)
or
where we use the following notation
af Of _ ki
o= —n, € R K, =n,—~ € RF*F, 3.40
Qo = 57 € Ny € (3.40)

N

Na = <w) < kaq’ ia = 17 Y 2 1. (341)
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The functions 4 and z% are all independent in the neighborhood of the origin x = 0.
The functions A¥, %, A, Q. and K, depend on r only. For these specific functions,
equations (B38) (or (B39)) must be satisfied for all values of coordinates x'. In
order to find appropriate conditions for f(r) and A(u) let us notice that, according
to the Cayley-Hamilton theorem, for any n by n invertible matrice M, (M~ det M)

is a polynomial in M of order (n — 1). Hence, one can replace equation (B38) by
of
Tr{ A*Q=—X) =0 3.42
(4@ 5l —o (3.42
where we introduce the following notation

Q= (I — Quz') tdet (I — Qqa™).

Taking equation (B42) and all its z'» derivatives (with r=const) at x’ = 0, yields

of
Tr{ A*—X\| =0 3.43
(a30) = (3.43)
0
Tr (A“Q(al .. .Qas)—f)\> =0, (3.44)
or
where s = 1,...,9g — 1 and (ay,...,as) denotes symmetrization over all indices in

the bracket. A similar procedure for equation (B39) yields (BZ3) and the trace
condition

TI‘(A” %K(‘“’ ceey Kas))\) = 0, (345)

where now s =1,...,k— 1.
Equation (B:43)) represents an initial value condition on a surface in X space given

by 2z = 0. Equations (B44)) (or (B4H)) correspond to the preservation of ([B43) by
flows represented by the vector fields (BITl). Note that X, can be put into the form

Xo=0;, —M\t0a, &-MN'=0, A=1,... k (3.46)
By virtue of (840), B41]), equations ([B.44)) or (B4H) take the unified form
of ~ of of
pw 2L ) =
Tr (A or T(a; or - Nas) or )\) 0, (3.47)

where either maxs =¢— 1 or maxs =k — 1.

The vector fields X, and the Lie module g spanned by the vector fields X3, ..., X, &
are called the conditional symmetries and the conditional symmetry module of (ICTI),
respectively if X, are Lie point symmetries of the original system ([LT]) supplemented

by the DCs (B3) [15].
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Let us now associate the system (LI]) and the conditions (B3) with the subvari-
eties of the solution spaces

Ba = {(z,uM) : AM(u)ud =0, p=1,...,1},
and

Bo = {(z,uV) : & (wpud =0, a=1,....p—k, a=1,...,q},
respectively. We have the following.

Proposition 1. A nondegenerate first order hyperbolic system of PDEs (1) admits
a (p-k)-dimensional Lie vector module g of conditional symmetries if and only if (p-
k) linearly independent vector fields Xy, ..., X,—x satisfy the conditions (343) and
(547) on some neighborhood of (zo,uo) of B = Ba N By.

Proof. The vector fields X, constitute the conditional symmetry module g for the
system ([LT)) if they are Lie point symmetries of the overdetermined ststem (BI0).
This means that the first prolongation of X, has to be tangent to the system (BI0).
Hence g is a conditional symmetry module of ([LT]) if and only if the equations

WX, (A* (u) u® =0, X, (§wud) =0, a=1,....p—k (3.48)

are satisfied on J' whenever the equations ([BI0) hold. Now we show that if the

conditions (BA3)) and (BZ1) are satisfied then the symmetry criterion (B48) is iden-
tically equal to zero.
In fact, applying the first prolongation of the vector fields X,

0
pr X =X, +§auﬁu] o z
to the original system ([LTI) yields
priV X, (Afuf) = AMed uluf =0, (3.49)

whenever equations (BI0) hold. On the other hand, carrying out the differentiations

of (B) gives

(jzuﬁ éha jyub - (350)
Comparing ([B29) and B50) leads to
Ve Za(NF) =0, (3.51)

where we introduce the following notation

Qra = AF ZaNA, (3.52)
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Here the new vector fields Zg are defined on U

Zy= Zj% eT,U. (3.53)

It is convenient to write equation (B2l in the equivalent form

Te(AYZ0,ZN) =0, p=1,...,1 (3.54)
where the following notation has been used

O = Aol (3.55)

The assumption that system ([L1I) is hyperbolic implies that there exist the real-
valued vector fields A and v, defined on U for which the wave relation

(AMIAN Ay =0, A=1,... .k (3.56)

is satisfied and that the U space is spanned by the linearly independent vector fields

Ya = 74 Oue € T,U. (3.57)

Hence, one can represent the vector fields Z4 through the basis generated by the
vector fields {v1,...,7}, i.e.

Za=h5vp. (3.58)
Using equations (B3)) and ([B8) we find the coefficients
ha = ((6") )4,

This means that the submanifold S, given by ([B2), can be represented parametri-
cally by

ofe N
p R~ (3.59)

On the other hand, comparing [B3) and ([B58) gives
uf = ZS\2 (3.60)
Applying the invariance criterion (BZ48) to the side conditions (B) we obtain
pr X, (Qf) = &80 oui s (3.61)

The bracket [a,b] denotes antisymmetrization with respect to the indices a and b.
By virtue of equations (BA0) and (B60), the right side of (B is identically equal
to zero. Substituting ([BA5Y) into equation (B54]) and taking into account equation
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B306) and (BEJ) we obtain that for any value of x € X the resulting formulae
coincide with equations ([BZ3) and (BZM). Hence, the infinitesimal symmetry cri-
terion (BAY) for the overdetermined system (BI0) is identically satisfied whenever

conditions (BZ43) and (B4D) hold.

The converse also holds. The assumption that the system (1) is nondegenerate
means that it is locally solvable and takes a maximal rank at every point (zg, u((]l)) €
Ba. Therefore [I4] the infinitesimal symmetry criterion is a necessary and sufficient
condition for the existence of symmetry group G of the overdetermined system
(BI0). Since the vector fields X, form an Abelian distribution, it follows that the
conditions (BZ3) and (BZD) hold. That ends the proof since the solutions of the
original system ([LT]) are invariant under the Lie algebra generated by (p— k) vectors
fields Xy, ..., Xp_g. Q.E.D.

Note that the set of solutions of the determining equations obtained by applying
the symmetry criterion to the overdetermined system (BI0) is different than the
set of solutions of the determining equations for the initial system ([CII). Thus the
system (BI0) other symmetries than the original system (CII). So, new reductions
for the system ([LT) can be constructed, since each solution of system (BI0) is a
solution of system (ILTI).

In our approach the construction of solutions of the original system ([LT]) requires
us to solve first the system (B47) for A as functions of u® and then find u = f(r) by
solving (B43). Note that the functions f*(\!) are the functions A(f) pulled back
to the surface S. The A\2(f) then become functions of the parameters r1,... 7% on
S. For simplicity of notation we denote f*(A\) by AA(rl, ... r¥).

The system composed of (B43) and (B41) is, in general, nonlinear. So, we cannot
expect to solve it in a closed form, except in some particular cases. But nevertheless,
as we show in section 4, there are physically interesting examples for which solutions
of (B3)) and (BZ1) lead to the new solutions of (LT]) which depend on some arbitrary
functions. These particular solutions of (8:43]) and ([B.41) are obtained by expanding
each function A\#! into a polynomial in the dependent variables u® and requiring that
the coefficients of the successive powers of u® vanish. We then obtain a system of
first order PDEs for the coefficients of the polynomials. Solving this system allows
us to find some particular classes of solutions of the initial system ([CIl) which can
be constructed by applying the symmetry reduction technique.

4 Examples of applications

We start with considering the case of rank-2 solutions of the system (1) with
two dependent variables (¢ = 2). Then (B4) adopts the simplified form.

of  of \
Tr (A“E Na E)\) =0. (41)
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By virtue of (B43), equation (E]) can be transformed to

s (12 am(n2))] <o ”

Using the Cayley Hamilton identity, we get the relation

AB —TTrAB = (B — I TrB)(A — I'TvA) (4.3)
for any 2 by 2 matrices A, B € R**?2. Now we can rewrite ([E2) in the equivalent
form

of (9f _ of
p (9L e dL — -
[A yom ( 5 ITr By ) (Ma I[Tma)x} 0. (4.4)
So we have
of
det 3 Tr[A*(n, — ITrn,)A] = 0. (4.5)
/A

The rank-2 solutions require that the condition det df/0r # 0 be satisfied (otherwise
g = 2 can be reduced to ¢ = 1). As a consequence of this, we obtain the following
condition

Tr[A*(n, — ITrn,)A ] =0, p=1,...,1, (4.6)

which coincides with the result obtained earlier for this specific case [I2]. One can
look first for solutions A(u) of (H) and then find f(r) by solving (B223)). Note that
equations (EE0) form a system of I(p — 2) equations for 2(p — 2) functions A; (u).
This indicates that they should have solutions (say, for generic systems) if ([L1]) is
not overdetermined.

Example 3. We are looking for rank-2 solutions of the (241) hydrodynamic
type equations

up +wul + Al =0, i, k=12 (4.7)

where A’ are some matrix functions of u! and u2. Using the condition representing
the tracelessness of the matrices Alu® and A%u$, it is convenient to rewrite the
system () in the following form

1 1,2 12 U% u?
Tr 1w+ A7 v+ A Wl _0
0 All Al2 T T - Y
2 2 w2
L voorl (4.8)
0 Ul u? “g U?
1,2 _
r <1 ul + A% u2+A222) ty ty ) =0
L Uy Uy /]
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Let F be a smooth orientable surface immersed in 3-dimensional Euclidean (x,y,t) €
X space. Suppose that F can be written in the following parametric form

u= f(r',r*) = (u'(r',r?),v*(r', r?)), (4.9)

such that the Jacobian matrix is different from zero

are out/ort  ou/or?

Without loss of generality, it is possible to choose a basis A* of module A of the
form

L Y A A U
A _ 1 A2 A3 _ _
>\i_<)\% ¢ Ag) (20 ) e=m, (4.11)
where a and b* are functions of u' and u? to be determined.

The rank-2 solution can be constructed from the most general solution of equa-
tions (D) for M = (—1,a?,b*), A = 1,2. These equations lead to a system of four

PDEs with four dependent variables a, b, A = 1,2 and two independent variables
u' and u?,

94 0
— (A'a” + APV S+ (0 + AT)a 4 (0 + AP - %32 (4.12)
) :
+ (A}’ +A;2bl>% — (! + A)al + (u® + AR 1>§Z2 -0
o ob'
(A + APP) S (! A 4 (@ AP - 1) 5
N (All ) A12b1)8b2 B ((ul _I_All)al +(u2+A12)b -1)— o =0
2 oul ! ! ou
(1= (u + A2)a? — (2 A22)62)% 4 (A2 A22b2)ga2
_ 21y 1 2271y 00° o1 1 gon, 007
(1 (u ‘|‘A )a (u +A )b)a (A —|-A 6)82—07
1
(1— (! + A3)a® — (u +A22>b2>% (A AP 5
9 2
— (1= (u' + AM)a' — (u® + Am)bl)gbl (A'a" + A22b1)§b2 =0

Finally, a rank-2 solution of ({L8) is obtained from the explicit parametrization
of the surface F in terms of the parameters r! and r2, by solving equations (B.23))
in which A adopt the form (B0)

out 0
((u' 4+ Aa' + (u® + AP — 1)— + ((u' + AHa® + (u? + AP)D* — 1) (;;2

orl
2
(AH 1—|—A1261)au +(A11 2+A12b2)?} _
2

or1 .
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(4.13)
out out ou?
(Ara' + A?bl)i1 + (A2a? + A?bz)l2 + ((u' + A3Ha! + (u? + A3 — 1)l1
or or or
a 2
(! + AN + (0 AP~ D =0,

while the quantities 7! and r? are implicitly defined as functions of y, x, t by equation

).

In the case when equation ([f2) does admit two linearly independent vector fields
M with e = —1, there exists a class of rank-2 solutions of equations [IZ) and
(#I3) invariant under the vector fields

X1 =0, +u'dy, Xy =0, +u20,. (4.14)

Following the procedure outlined in Section 3 we assume that the functions f! and
f? appearing in equation (B2) are linear in u?. Then the invariance conditions take
the form

r—u't = g(u') +u?h(u'), y—uPt = alu') +ub(ul), (4.15)

where a,b, g and h are some functions of u'.
One can show that if A = 0, then the solution of the system (EIZ), EIJ) is
defined implicitly by the relations

z—u't=gu'), y—u't=au')+ug.,, (4.16)
where a and ¢ are arbitrary functions of u!. Note that in this case the functions u!

and u? satisfy the following system of equations

1,11, 21 1,1 _ 2 12,1 _
Uy +uuy, +utu, + Ay (u, —uy) + Ajtu, =0,

4.17
up + u'ul + uPul + AT (u) — ul) + APu, =0, (4.17)

for any functions A7 of two variables u' and u?.
If the function & of u' does not vanish anywhere (h # 0) then the rank-2 solution is
defined implicitly by equations ([ELIH) and satisfies the following system of PDEs

ur +utul + u2u; + Al? [uf} —ul (M) + m(ul)u;] =0, (4.18)
u? +ulu + uzuz + AP [“3 —ul 4+ I(uh)u? + m(ul)u;] =0, '

where Al? and A3? are any functions of two variables u! and u?. Given the functions
[ and m of u!, we can prescribe the functions a and b in expression [IH) to find

h = /lb7u1du1, g= /[b — hm — a,q]du’. (4.19)
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For instance, consider a rank-2 solution of equations ([E12) and ([EI3)) invariant
under the vector fields

X1 =0, +u'd,, Xy=0,—u20, (4.20)

with the wave vectors A* which are the nonzero multiples of A\! = (u', —1,0) and
A% = (u?,0,—1). Then the solution is defined by the implicit relations

v —ult = g(u))

4.21
y+u’t = h(u') + u’g ... (421)
and satisfies the following system of equations
uy 4 uluy 4+ uPuy, + b(u', u?)uy, =0,
u? + utu? 4+ uPul 4 c(ut, u?)ul =0 (422)
t T Y ) y

where b and ¢ are arbitrary functions of u! and u?.

Thus, putting it all together, we see that the constructed solutions correspond
to superpositions of two rank-1 solutions (i.e. simple waves) with local velocities
u' and u?, respectively. According to [I0], if we choose the initial data (¢t = 0) for
the functions u' and u? sufficiently small and such that their first derivatives with
respect to x and y will have compact and disjoint supports, then asymptotically
there exists a finite time ¢ = T > 0 for which rank-2 solution decays in the exact
way in two rank-1 solutions, being of the same type as in the initial moment.

Example 4. Consider the overdetermined hyperbolic system in (2+1) dimensions

(p=3)
ou S
5 T (@-V)i+kagrada =0
% + (- V)a+ k™ tadivi = 0, (4.23)
da da
9 _y, Loy
o "oy ’

describing the nonstationary isentropic flow of a compressible ideal fluid. Here we
1/2
use the following notations : @ = (u',u?) is the flow velocity, a(t) = (%) # 0 is

the sound velocity which depends on t only, k = 2(y — 1)~ and 7 is the polytropic
exponent.
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The system (B23)) can be written in an equivalent form as

1w w up u? o
Tr|| O 0 ur u 0 =0,
[\ 0 ka O ull/ “12/ 0/
[ /0 0 0 up u? oap \ |
Tri| 1 o' w? ur u 0 =0, (4.24)
\0 0 Fka u, u; 0 /]
[ /0 k7'a 0 ul u? oa
T|[ 0O 0 k'a ul w2 0 = 0.
\1 Wb W u, u 0

We are interested here in the rank-2 solutions of [24]). So, we require that con-
ditions (B43)) and (BAD) be satisfied. This demand constitutes the necessary and
sufficient condition for the existence of a surface F written in a parametric form
#3) for which equation (EI0) holds. In our case, p = ¢ = 3 and k = 2, conditions
B23) and [B41) become

of
B e e
Tr(A 2 )\) 0, u=123, (4.25)
and
of of of of
u el e
Tr (A o (771 5 2 + 12 o 771) o A) 0, (4.26)

respectively. Here, we assume the following basis for the wave vectors

o (MM N To—1r ot et (4.27)
N NN T\ =1 v w? ’ :

where v4 and w” are some functions of u' and u? to be determined. The 2 by 3
matrices 7, and the 3 by 2 matrix df/0r take the form

ONE ( ONL Jour OAL Jou* O JOa ) W19

o= Fue =\ OAZ Jout ONZ Jou? N2 O

of out/ort  out/or? (4.28)
3 = ou?/ort ou?/or?

.

da/Ort  da/Or*
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Equations ([22H) lead to the following differential conditions

ol ol 1 . 2 o2 Oda  Oa
a,r.l _'_W_'_(u — kav )W—O—(u —kaw )a B +u (%4_%) 07
Oul aul au au Oa
1 ou” gu” 2.1 AN
arl_'_ ar2+u(val+ 82)+<uv +k(w)8r1
+ (u2w1 4 ]{7@’11]2)% — 07 (429)
ou' ,oul Ou’
,0u’ o201
k(v 51 +w 7 —) — (a—kv'u )87’
a a (9&
— (0 — wku" )W_F(CL’U + kv’u )$+(aw + kw*u )aﬂ:O.

Assuming that we have found v4 and w* as functions of u! and u?, we have to solve
#ZH) for the unknown functions u! and w? in terms of r' and r2. The resulting
expressions in the equations (EL20) are rather complicated, hence we omit them here.
Various rank-2 solutions are determined by a specification of functions v* and w*
terms of u! and u?. By way of illustration we show how to obtain a solution which
depends on one arbitrary function of two variables.

Let us suppose that we are interested in the rank-2 solutions invariant under the
vector fields

= 8t + ulﬁx, X2 = &g + u28y. (430)

So, the functions r' = z — u't and r?> = y — u?t are the Riemann invariants of

these vector fields. Under this assumption, equations (E2H) and (f226) can be easily
solved to obtain the Jacobian matrix

8(u1 u?)

7= 8(7"1 r2)

£ 0 (4.31)
which has the characteristic polynomial with constant coefficients. This means that

the trace and determinant of J are constant,

(Z) u rl + UTQ = 2C1,
C,CeR 4.32
(ZZ) ui1u2 — Uizu 1 02 ! 2 ( )

The trace condition ([E32(i)) implies that there exists a function h of 7! and r? such
that the conditions

u' = Oyt + b2, w?=Cir? — by, (4.33)

hold. The determinant condition ([E32(ii)) requires that the function h(r!,r?) sat-
isfies the Monge-Ampere equation

hyipihy2e — hzlﬂ =C, CeR (434)
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Hence, the general integral of the system ([2Z3) has the implicit form defined by the
relations between the variables t, z, v, u' and u?

h
u' = Ci(z — u't) + 8—(:E —u't,y — u?t),
or?

U2 = Cl (y — uzt) + %(QE‘ — u1t7 Yy — u2t)’ (435)
T

a = ay ((1 + Clt)2 + Ct2)_1/k , ap €R

where the function h obeys ([E34).
Note that the Gaussian curvature K expressed in curvilinear coordinates (¢, !, 7?) €
R? of the surface S = {t = h(r',r?)} is not constant and is given by

C

K@) = ————
) = T

(4.36)
For example, a particular nontrivial class of solution of [Z23)) can be obtained if we

assume that C' = 0. In this case the general solution of (EZZ3) depends on three
parameters, ag, C1, m € R and takes the form

ul = Cy(z — u't) + (1 — m) (x _ult)m,

y — u’t
u? = Ci(y — u’t) —m y—ut o (4.37)
! x —ult ’
Qo

a(t) = (1+ Cit)2/F

Note that if C' = 0 and C; = 0 then the Jacobian matrix J is nilpotent and the
divergence of the vector u is equal to zero. Then the expression

— w1\
ulz(l—m)<$ u) . a=ap,

y — ut

4.38
) (y . th) 1-m ( )
u®=-m ,
x — ult
defines a solution @ = (u',u?) to incompressible Euler equations
U+ (0-V)u=0, divi=0, a=ap. (4.39)
Note that for m = 2, the explicit form of [H3F) is
L Y =2t £yt + At
v 212 !
(4.40)

s YFAY 4t

uc =
t
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Example 5. Now let us consider a more general case of to the autonomous system
EZ3) in p = n+ 1 independent (¢,2°) € X and ¢ = n + 1 dependent (a,u’) € U
variables. We look for the rank-k solutions, when k& = n. The change of variables in
the system ({LZ3) under the point transformation

t=t, at=z'—ult,....Z"=2"—u"t, a=a, U=u (4.41)

leads to the following system

Di
or ="
_ _ _ 4.42)
Da Da . 4 Duy (
E—O, ﬁ—i—]{? aTr(B —j)—O, CL?AO
where the total derivatives are denoted by
D 0 .o, D 0 0
— = = 72*—. — . = =~ 7Z—j—., .:1,..., 443
Di o “gw D@  ow  ow " (4.43)
and the n by n nonsigular matrix B has the form
B = H+t8—1f. (4.44)
0z
The general solution of the first equation in ([Z2) is
w=f(z), z=(z'...,7") (4.45)

for some function f : R"™ — R". The second equation in (42) can be written in an
equivalent form

9 (nfa)) + T[(1+ IDF(2) " D (@)] = 0. (4.46)

where the Jacobian matrix is denoted by

_9f

). (147)

Df(z)

Differentiation of equation (EE48) with respect to Z yields

2

0xot

(Indet (I+¢Df(z))) =0 (4.48)
with general solution

det (1 +£Df(7)) = a()B() (4.49)
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for some functions o : R® — R and : R — R. Evaluating ([49) at the initial data
t = 0 implies a(z) = 3(0)~'. Therefore

ey B
det (I+tDf(x)) = —=. 4.50
(1+iD() = 5 (1.50)
So, we have
0 P
—det (I+tDf(x)) = 0. (4.51)
Ox
Now, let us write the determinant in the form of the characteristic polynomial
_ _ 1
det (I+tDf(z)) =t"P,(e,z), €= 7 (4.52)
where
det (e1+ Df(7)) = &" + ppa(2)e" ™" + ...+ p1(2)e + po(2). (4.53)

Equation (EX]]) holds if and only if the coefficients of the characteristic polynomial
Do, - - -, Pn_1 are constants. So, equation (FL40) implies that

_ln|a(f)|k _ln\det(ﬂ+th( )| = 0.

Then we have,

9 (ja(d)* det. (1+ IDF(@))) = 0. (4.54)

Solving equation ({04l we obtain

a(t) = (det T+ Df(z))™*, 0#£~eR. (4.55)
Thus, the general solution of system ([EZ3) is

uw=f(z), af)=~y[14paaf—+...+pl"] ", (4.56)

for any differentiable function f : R®™ — R"™ and takes the form of a constant
characteristic polynomial on the Cauchy data t =0

Po(e) =™ + pp1e™ 4+ ..+ pie + po. (4.57)
Note that the function a is constant if and only if
P,(e)=¢€" (4.58)

This fact holds if and only if the Jacobian matrix D f(z) is nilpotent.
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Note that in the particular case when p = 2, the general explicit solution of (23
is given by

u(z,t) = (B+az)(l+at)™!, at)=y(l+at) V" afyeR  (4.59)
An extension of this solution to the (n+1)-dimensional space X is as follows
u(z,t) = [+ ta) (B +ax), a(t)=y(det (I+ at)) V", (4.60)

where 3 is any constant n-component vector and « is any n by n constant matrix.
In this case the Jacobian matrix is constant

Df(z) =« (4.61)

for any € R".

Finally, a similar computation can be performed for the case in which the vector
function @ = (u',u?, u?) satisfies the overdetermined system (E39). In the above
notation, an invariant solution under the vector fields

X, =0+ u"0, a=123 (4.62)
is given by u = f(Z) and is a divergence free solution
divd = 0 (4.63)

if and only if the trace condition

Tr(B‘lg—Z) =0, B= H+tg—Z(:):) (4.64)
holds. But

Du 0B

Dz Ot
Therefore diva = 0 if and only if

Tr (B—la—B) =0, (4.66)

(4.65)

ot

or equivalently, if and only if

0
— (det B) = 0. 4.
5 (det B) =0 (4.67)
This means that the Jacobian matrix D f(Z) has to be a nilpotent one and takes the
form
0 fio fis

Df(@)=| 0 f2 —f2 |, (4.68)

0 f2 —f
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where f!is an arbitrary function of two variables 2 and z* and f? is an arbitrary

function of one variable s = 2% —z®. Note that if f1, # f1; then the Jacobian matrix
Df(z) has rank 2 (otherwise f! is any function of s and D f(Z) has rank 1). As a

consequence, the matrix B has the form

1 tfie  tfh
B=1| 0 1+tf2 —tf>2 |, detB=1. (4.69)
0 tf 1-tf?

So, the condition (LG7) is identically satisfied. Thus, the general solution of system
#39) is implicitly defined by the equations

u' = fH (2=t (2®—2%), 2’ —tf* (2’ —2%)), o’ =u’ = fA(®—2°), a=ao (4.70)

where the functions f! and f? are arbitrary functions of their arguments. Equations
(M) define a rank-2 solution but, according to the formula for the corresponding
principle [I0], it is not a double Riemann wave.

Obviously, other choices of the wave vectors A4 (and the related vector fields
X,) lead to different classes of solutions. The problem of the classification of these
solutions remains still open but some results are known (see e.g. the functorial
properties of systems of equations determining Riemann invariants [T1]).

5 Conclusions

In this paper we have developed a new method which serves as a tool for constructing
rank-k solutions of multi-dimensional hyperbolic systems including Riemann waves
and their superpositions. The most significant characteristic of this approach is that
it allows us to construct regular algorithms for finding solutions written in terms
of Riemann invariants. Moreover, this approach does not refer to any additional
considerations, but proceeds directly from the given system of PDEs.

Riemann waves and their superposition described by multi-dimensional hyper-
bolic systems have been studied so far only in the context of the generalized method
of characteristics (GMC) [, [0, [I8]. The essence of this method can be summarized
as follows. It requires the supplementation of the original system of PDEs ([L1]) with
additional differential constraints for which all first derivatives are decomposable in
the following form
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Here, €4 # 0 are treated as arbitrary scalar functions of z and we assume that
the vector fields {vi,...,v} are locally linearly independent. The necessary and
sufficient conditions for the existence of k-wave solutoins (when k& > 1) of the system
(ET) in terms of Riemann invariants impose some additional differential conditions
on the wave vectors A and the corresponding vector fields 4, namely [I8]

[va, V8] € span{ya, v5},

5.3
575)\‘4 cspan{\*, NP}, VA#B=1,... Fk, (5:3)

where [y4,75] denotes the commutator of the vector fields v4 and vp, £,, denotes
the Lie derivatives along the vector fields vp.

Due to the homogeneity of the wave relation (22) we can choose, without loss
of generality, a holonomic system for the fields {v1,...,7x} by requiring a proper
length for each vector v, such that

[VAa’yB] =0, VA%B: 1)"'71{:' (54)

It determines a k-dimensional submanifold & C U obtained by solving the system
of PDEs

af* o
WIVA(fla---afk) (5.5)
with solution 7 : F' — U defined by
a:(rt. o rh) = (fl(rl,...,rk),...,fq(rl, ) ..,rk)) ) (5.6)
The wave vectors A* are pulled back to the submanifold S and then A* become
functions of the parameters r!,... 7%, Consequently, the requirements (&) and
(BE3) take the form
or4
o (@) = € @N ), (5.7)
&“—BESpaH{)\’)\ Y, VA#B=1,...,k (5.8)

respectively. It has been shown [I8 that the conditions (BH) and (B28) ensure
that the set of solutions of system ([IL1l) subjected to (BII), depends on k arbitrary
functions of one variable. It has also been proved [I7] that all solutions, i.e. the
general integral of the system (B.7) under conditions (B.8) can be obtained by solving,
with respect to the variables r!,... 7%, the system in implicit form

Nt = A, (5.9)

where 14 are arbitrary functionnally independent differentiable functions of k& vari-
ables r!,... r¥. Note that solutions of (E7) are constant on (p — k)-dimensional

hyperplanes perpendicular to wave vectors A\ satisfying conditions (55).
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As one can observe, both methods discussed here exploit the invariance properties
of the initial system of equations ([CTl). In the GMC, they have the purely geometric
character for which a form of solution is postulated by subjecting the original system
(1) to the side conditions (BJ). In contrast, in the case of the approach proposed
here we augment the system ([LT]) by differential constraints (B9).

There are, however, at least two basic differences between the GMC and our
proposed approach. Riemann multiple waves defined from (BJ)), (E5) and (B-8)
constitute a more limited class of solutions than the rank-k solutions postulated
by our approach. This difference results from the fact that the scalar functions &4
appearing in expression (B) (which describe the profile of simple waves entering
into a superposition) are substituted in our case (see expressions (B3]) or (B4])) with
a q by q or k by k matrix ®! or ®2, respectively. This situation consequently allows
for a much broader range of initial data. The second difference consists in fact
that the restrictions (E5) and (BX) on the vector fields v4 and A\, ensuring the
solvability of the problem by GMC, are not necessary in our approach. This makes
it possible for us to consider more general configurations of Riemann waves entering
into an interaction.

A number of different attempts to generalize the Riemann invariants method and
its various applications can be found in the recent literature on the subject (see e.g.
[4, 16, 7, 8, 22]). For instance, the nonlinear k-waves superposition u = f(r!,... r¥)
described in [T6] can be regarded as dispersionless analogues to "n-gap solution” of
(CT) which require the resolution of a set of commuting diagonal systems for the

Riemann invariants 74, i.e.
ro =y (rrs, A=1..k i#j=1...p (5.10)

That specific technique involves differential constraints on the functions ,uf} of the
form [22]

O: i oub.
A] Z(j)A = BJ Z(])B ) Z#]a A#B:].,,k’, (511)
Higy — sy Hagy — H50)

no summation. As in the case of Riemann k-waves if the system (BITl) is satisfied
for the functions ,u{} then the general integral of the system (BI0) can be obtained
by solving system (X with respect to the variables rt, ... 7¥.

In contrast, our proposed approach does not require the use of differential equa-
tions (E10) and therefore does not impose constraints on the functions ,uf‘j when the
1-forms A\? are linearly independent and &k < p.

However, if one removes these assumptions and A\* can be linearly dependent and
k > p then the approach presented in [7] is a valuable one and provides an effective
tool for classification criterion of integrable systems.

In order to verify the efficiency of our approach we have used it for constructing
rank-2 solutions of several examples of hydrodynamic type systems. The proposed
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approach proved to be a useful tool in the case of multi-dimensional hydrodynamic
type systems ([LT]), since it leads to new interesting solutions.

The examples illustrating our method clearly demonstrate its usefulness as it
has produced several new and interesting results. Let us note that the outlined
approach to rank-k solutions lends itself to numerous potential applications which
arise in physics, chemistry and biology. It has to be stressed that for many physical
systems, (e.g. nonlinear field equations, Einstein’s equations of general relativity
and the equations of continuous media, etc) there have been very few, if any, known
examples of rank-k solutions. The approach proposed here offers a new and promis-
ing way to investigate and construct such type of solutions.
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