5"-Shock wave as a new type solutions of
hyperbolic systems of conservation laws

E. Yu. Panov and V. M. Shelkovich

ABSTRACT. A concept of a new type of singular solutions to hyperbolic systems
of conservation laws is introduced. It is so-called §(")-shock wave, where (™ is
n-th derivative of the delta function.

We introduce a definition of §’-shock wave type solution for the system

Uy + (f(u))xz(), ’Ut+(f,(u)’0)x :07 we + (f//(u),u2+f/(u)w)$:0
Within the framework of this definition, the Rankine—Hugoniot conditions for ¢'-
shock are derived and analyzed from geometrical point of view. We prove §’-shock

balance relations connected with area transportation. A solitary 6’-shock wave
type solution to the Cauchy problem of the system of conservation laws

ug + (uQ)g: =0, v+ Z(U’U)w =0, w+ 2(1}2 Jruw)x =0

with piecewise continuous initial data is constructed.

These results show that solutions of hyperbolic systems of conservation laws
can develop not only Dirac measures (as in the case of d-shocks) but their deriva-
tives as well.

1. Introduction

1.1. Singular solutions to systems of conservation laws. Let us consider
the Cauchy problem for hyperbolic system of conservation laws

U+ (FU)), = 0, in R x (0, 00),
(1.1) { ( )U = U°, inRi{tzO},

where F' : R™ — R™ and U" : R — R™ are given smooth vector-functions, and
U=U(x,t) = (ui(x,t),...,un(z,t)) is the unknown function, x € R, ¢t > 0.
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As is well known, even in the case of smooth (and, certainly, in the case of
discontinuous) initial data U°(x), this system may have discontinuous solutions. In
this case, it is said that U € L™ (]R x (0,00); ]Rm) is a generalized solution of the
Cauchy problem (1.1) if the integral identities

(1.2) / / U o+ F(U) - @x>dxdt+/U0(x)-(ﬁ(x,(])dx:()

hold for all compactly supported test vector-functions @ : R x [0, co) — R™, where -
is the scalar product of vectors, [ f(z)dx denotes the improper integral [*_ f(x) dx

1.2. /-shock wave type solutions. Let us consider the hyperbolic systems of
conservation laws

(1.3) up + (F(u,v))m =0, vy + (G(u,v))x =0,
and
(1.4) v+ (G(u, v))x =0, (wv)e + (H(u, v))x =0,

where F'(u,v), G(u,v), H(u,v) are smooth functions, linear with respect to v; u =
u(z,t), v =ov(z,t) € R; x € R. The well-known “zero-pressure gas dynamics”
system is a particular case of system (1.4), where G(u,v) = wv, H(u,v) = v*v. In
this case v(x,t) > 0 is density, and wu(z, t) is velocity.

In [1], [6]-[9], [11], [12], [13], [19]- [22], [23], [25] it is shown that for some cases
of hyperbolic systems (1.3), (1.4) “nonclassical” situations may occur, when the
Riemann problem does not possess a weak L*°-solution except for some particular
initial data. In contrast to the standard results of existence of weak solutions to
strictly hyperbolic systems, here the linear component v of the solution may contain
Dirac measures and must be sought in the space of measures, while the nonlinear
component u of the solution has bounded variation. In order to solve the Cauchy
problem in this nonclassical situation, it is necessary to introduce new singularities
called d-shocks, which are solutions of the hyperbolic system, such that the linear
component of the solution can have the form v(z,t) = V(z,t) +e(z,t)d(I"), T'is a
graph in the upper half-plane {(z,¢) : x € R,;t > 0}, V € L*, e € C(T'), and the
nonlinear component u € L= (R x (0, c0); R).

Several approaches to constructing d-shock type solutions are known. An appar-
ent difficulty in defining such solutions arises due to the fact that, to introduce a
definition of the d-shock type solution, we need to define a singular superposition of
distributions (for example, a product of the Heaviside function and the delta func-
tion). We also need to define in which sense a distributional solution satisfies a
nonlinear system.

We recall that in [13], to construct a d-shock wave type solution of the system

(1.5) ug+ (f(u)) =0, v+ (f'(w)v) =0,

(here F(u,v) = f(u), G(u,v) = f'(u)v) the problem of multiplication of distributions
is solved by using the definition of Volpert’s averaged superposition [24]. In [17], a
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general framework for nonconservative product

du
(16) glu) 7
was introduced, where g : R® — R" is locally bounded Borel function, and u :
(a,b) — R™ is a discontinuous function of bounded variation. In the framework of
the approach [17] the Cauchy problems for nonlinear hyperbolic systems in non-
conservative form can be considered [13], [14], [15]. Note that in [14], [15], for non-
conservative systems the notion of generalized solution does depend on the specific
family of paths, which can not be derived from the hyperbolic system only.

One of the approaches to solving the problems related to singular solutions of
quasilinear equations was developed in [3], [4]- [9], [19]- [22]. In these papers a new
asymptotics method — the weak asymptotics method — for studying the dynamics
of propagation and interaction of different singularities of quasilinear differential
equations and hyperbolic systems of conservation laws was developed. Algebraic
aspects of the weak asymptotics method are given in detail in [2], [3], [18].

In [7)- [9], in the framework of the weak asymptotics method new definitions of
a d-shock wave type solution by integral identities were introduced for two classes of
hyperbolic systems of conservation laws (1.3), (1.4). These definitions give natural
generalizations of the classical definition of the weak L*-solutions (1.1) relevant to
the structure of d-shocks. (For the case of system (1.3) see Definition 2.1 below.)

1.3. Main results and contents of the paper. In this paper we introduce
a concept of a new type of singular solutions to hyperbolic systems of conservation
laws. This type of solutions we call 6 -shock waves, where 6 is n-th derivative of
the Dirac delta function.

Our main interest is in the following hyperbolic system of conservation laws:

Ll[u] = Ut + (f(?”)m = 0,
(1.7) Lofu,v] = ve + (f'(u)v) = 0,
La[u, v, w] = w;, + (f"(u)v* + f/(u)w)m = 0,

where f(u) is a smooth function, f”(u) >0, u = u(z,t),v = v(z,t),w = w(z,t) €
R, z € R. This system is extremely degenerate with repeated eigenvalues A = f'(u).

For system (1.7) a definition of a ¢'-shock wave type solution (Definition 3.1)
is introduced. Roughly speaking, it is such solution that its second component v
may contain Dirac measures, and the third component w may contain the linear
combination of Dirac measures and their derivatives, while the first component u of
the solution has bounded variation.

In this paper, as a step on the way to develop the theory of solutions of this type,
we construct a ¢’-shock wave type solution to the Cauchy problem of the system of
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conservation laws

LH[U} = Ut + (uz)z = O,
(18) ng[u, U] = U + 2(1”))3{j = 0,
Luslu,v,w] = wy +2(v* +uw) = 0

with the singular initial data

u'(@) = ug(r) +ui(x)H(-2),
(1.9) v(z) = vp(z) + ol (2)H(—z) + e*9(—x),
w'(@) = wi(z) +wl(2)H(—2) + g°0(~x) + h''(—=),

where u} (), v)(z), wy(x) are given smooth functions, k = 0,1, €, ¢°, h° are given

constants, H(z) is the Heaviside function, §(x) is the delta function, ¢'(z) is the
derivative of the delta function. System (1.8) is the simplest case of system (1.7).

Taking into account that system (1.7) has repeated eigenvalues A = f'(u), we
shall use the following admissibility condition for the ¢’-shocks:

(1.10) flus) < (1) < f'(un),

where ¢(t) is the velocity of motion of the §"-shock wave, and u_, u, are the respec-
tive left- and right-hand values of u on the discontinuity curve. Condition (1.10)
means that all characteristics on both sides of the discontinuity are in-coming. For
system (1.8) condition (1.10) has the form

(1.11) 2y < P(t) < 2u_.

The construction of a ¢’-shock type solution for the simplest system (1.8) points
out an entirely new perspective in the theory of singular solutions to hyperbolic
systems of conservation laws. This result shows that hyperbolic systems can develop
not only Dirac measures (as in the case of d-shocks) but also their derivatives, i.e.,
they admit solutions of “unlimited” degree of singularity.

In Sec. 2, we recall some facts on d-shock wave type solutions for system (1.3)
obtained in [7]- [9], [20]- [22], to compare them with our results on §’-shocks.
Namely, we repeat definition for d-shock type solutions (Definition 2.1), derive the
Rankine-Hugoniot conditions for d-shocks by Theorem 2.1, and prove d-shock bal-
ance relations by Theorem 2.2.

In Subsec. 3.1 we explain why system (1.7) can admit ¢’-shock wave type solu-
tions. A ¢’-shock wave type solution for system (1.7) is introduced by Definition 3.1
in Subsec. 3.2. This definition is of the same type as Definition 2.1 for §-shock wave
type solutions mentioned above. The integral identities used in these definitions
are introduced after analyzing asymptotic solutions of hyperbolic systems. In this
subsection, within the framework of Definition 3.1, the Rankine-Hugoniot condi-
tions for ¢’-shocks (3.16)-(3.19) are derived by Theorem 3.2. In Subsec. 3.3, the
Rankine-Hugoniot conditions for §’-shocks are analyzed from geometrical point of
view. ¢'-Shock balance relations (3.22), (3.23) connected with area transportation
are proved.
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We construct a §'-shock wave type solution of the Cauchy problem as the weak
limit of a weak asymptotic solution. A definition of a weak asymptotic solution for
system (1.7) is given in Subsec. 3.4.

In Sec. 4, we study the problem of propagation of a §’-shock in system (1.8), i.e
we solve the Cauchy problem (1.8), (1.9). In Subsec. 4.1, by Theorem 4.1, we con-
struct a weak asymptotic solution of the Cauchy problem (1.8), (1.9). In Subsec. 4.2,
using the weak asymptotic solution of the Cauchy problem, a §'-shock wave type so-
lution of the Cauchy problem is constructed by Theorem 4.2. By Corollary 4.1 we
solve the Cauchy problem (1.8), (1.9) for the case of piecewise constant initial data.
To solve these problems, we use the weak asymptotics method mentioned above,
extended to the case of this type of singular solutions.

System (4.28), which determines the trajectory x = ¢(t) of a ¢'-shock wave
and the coefficients e(t), g(t), h(t) of the singularities, constitutes the Rankine—
Hugoniot conditions for ¢'-shock. Here the first equation in (4.28) is the “standard”
Rankine-Hugoniot condition for the shock, while the first and second equations are
the “standard” Rankine—Hugoniot conditions for 6-shock (see Theorem 2.1).

The problem of defining §’-shock wave type solutions for the Cauchy problems
(1.8), (1.9) in connection with the construction of singular superposition (products)
of distributions (4.35)—(4.37) is discussed in Subsec. 4.3. If we knew the “right”
singular superpositions (4.35)—(4.37) in advance then Theorem 4.2 and Corollary 4.1
could be proved explicitly by substituting these superpositions into system (1.8).

It remains to note that, since system (1.7) has no terms of the type (1.6), it is im-
possible to construct a ¢’ -shock wave type solution for it by using the nonconservative
product [13], [14], [15], [17].

The problem of constructing §(™-shock waves is discussed in Sec. 5.

According to the weak asymptotics method mentioned above, we shall seek a
¢d’-shock wave type solution of the Cauchy problem (1.7), (1.9) in the form of the
singular ansatz

u(x,t) = wug(z,t) +ui(z,t)H(—x + &(t)),
M1y vE) = et bl OH (o4 6(0) + et + o),
w(x,t) = wolz,t) +wi(z, ) H(—z+¢(t) + g(t)o(—2 + o(1))
+h(1)d' (= + ¢(1)),
where ug(z,t), vi(x,t), wp(z,t), k=0,1, ¢(t), e(t), g(t), h(t) are desired functions.
The singular ansatzs (1.12) correspond to the structure of the initial data (1.9).
Within the framework of the weak asymptotics method, we find a ¢’'-shock wave
type solution of the Cauchy problem (1.7), (1.9) as the weak limit of a weak asymp-
totic solution given by Definition 3.2.
Let o € R. Denote by Op/(e*), € — 40 the collection of distributions f(z,t,¢) €
D'(R,) such that

(f(x,t,€), ¥(x)) = O(e"), & — +0,

for any test function ¢(x) € D(R,). Moreover, (f(x,t ), ¥(x)) is a continuous
function in ¢, and the estimate O(e®) is understood in the standard sense being
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uniform with respect to t. The relation op/ (), ¢ — +0 is understood in a corre-
sponding way.

We will construct a weak asymptotic solution to the Cauchy problem (1.7), (1.9)
in the form of the sum of the singular ansatz regularized with respect to singularities
and corrections:

u(z,t,e) = u(wz,te)+ Rz, t,¢e),
v(z,t,e) = v(x,te)+ (:zc,t,e),
w(z,t,e) = w(x,t,e)+ Ry(x,t,e).

Here, a triple of functions (u(z,t,¢),0(x,t,¢),w(z,t,€)) is a regularization of the
singular ansatz (1.12) with respect to singularities H( x + (1)), o(—x + ¢(t)),
8 (—x + ¢(t)), and the corrections R,(x,t,€), R,(x,t,€), Ry(x,t, ) are the desired
functions, which must admit the estimates:

OR;j(x,t,¢)
ot

Let us note that choosing the corrections is an essential part of the “right” construc-

tion of the weak asymptotic solution [3], [4]- [9], [19], [20].

In order to construct a regularization f(x,¢) of a distribution f(z) € D'(R) we
use the representation
)

where * is a convolution, and the mollifier w(n) has the following properties: (a)
w(n) € C*(R), (b) w(n) has a compact support or decreases sufficiently rapidly, as
In| — oo, (¢) fw(n)dn =1, (d) w(n) >0, (e) w(—n) = w(n). It is known that
lim (f(z,€), p(2)) = (f(2), p(x)) for all p(z) € D(R).
Thus we will seek a weak asymptotic solution of the Cauchy problem (1.7), (1.9)
in the form:

(1.13)  Rj(z,t,e) = op(1), =op(l), &— +0, J=u,v,w.

(1.14) flz.e) =

)+ ug(z, ) Hy(—x + 6(t), €) + Ry(z,t,¢),

uo(z
( + vy (z, t)Hy(—x + ¢(t), e

vo(x,t)

)
o(t),e) + Ry(z,t,¢),

+e(t)d,(—x +
W19y te) = e ) + (o)l + (1)
(1) (— + B(1). 2) + h(E),(—x + 6(1). )
+Ry(z,t,¢),

where, according to (1.14),
§

3

6.0 = 2 (%),

are regularizations of the J-function,

(1.16) 0w(§, ) = é%(

)

1

2

(1.17) 0y (&, 8) =

§

3

=4()
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is a regularization of the distribution ¢’, and

£/e

(1.18) Hj(é,e)zwwé) :/ wj(n) dn

—0o0

are regularizations of the Heaviside function H(§), where wy;(z) € C°(R), and
lm, . joowo;(2) = 1, im, . wpj(2) =0, j = u,v,w. Here mollifiers w,, wy, wp,
wj, j = u, v, w have the properties (a)—(e).

2. 0-Shock wave type solutions.

2.1. Generalized solution and the Rankine-Hugoniot conditions. Sup-
pose that I' = {v; : i € I} is a graph in the upper half-plane {(x,t) : x € R, t €
[0,00)} € R? containing smooth arcs ~y;, i € I, and I is a finite set. By Iy we denote
a subset of I such that an arc v, for k € Iy starts from the points of the z-axis.
Denote by Ty = {z% : k € Iy} the set of initial points of arcs i, k € Iy.

Consider §-shock wave type initial data (u°(z),v°(z)), where

W0(x) = VO(x) + €% (Ty),
u?, VO e > (R;R), eV (Ty) = Zkelo eVo(z — V), el

are constants, k € Ij.

DEFINITION 2.1. ( [7]- [9]) A pair of distributions (u(z,t),v(z,t)) and a graph
', where v(z,t) is represented in the form of the sum

v(z,t) = V(z,t) +e(x,t)6(),

u,V € L*(R x (0, 0c0);R), e(z,1)6(I') = >, €z, 0)d(v:), ez, t) € C(T), i€ 1,
is called a generalized §-shock wave type solution of system (1.3) with the d-shock
wave type initial data (u®(z),v%(z)) if the integral identities

/ / upr + F(u, V) )dxdt+/u0(3:)gp(x,0) de = 0,
/ / Vi + Glu, vm) da dt
(2.1) +Z/ aw dplat)

i€l
- / VO(z)p(x,0)dr + Z edpo(z?,0) = 0,
kely
. dp(z,1) . :
hold for all test functions ¢(z,t) € D(R X [0, 00)), where T the tangential

derivative on the graph T, f,yv - dl is the line integral over the arc 7;.

Suppose that arcs of the graph I' = {~, : i € I'} have the form v; = {(z,t) : z =
¢i(t)}, 1 € I and n = (1q,15) is the unit oriented normal to the curve ;. In this
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(2.2) n= () = e (1,—di(8), 1= (—vm,m),
1+ (¢i(t))?
and .
Op(x,t)|  _ u(di(t), 1) + ¢i(t) u (i), 1)
o L+ (di(1))?
s 1 .

R

THEOREM 2.1. ([20]- [22]) Let us assume that Q@ C R x (0, oo) is some region
cut by a smooth curve I' into a left- and right-hand parts Q, (u(z,t),v(z,t)) and
[ is a generalized §-shock wave type solution of system (1.3), and (u(z,t),v(x,t)) is
smooth in Q4. Then the Rankine—Hugoniot conditions for d-shocks
[F(u, )] jor + [u] e = 0,
(Gl o)] g + [o] e = ZGPE,
hold along ', where n = (11, 15) is the unit normal to the curve I' pointing from _
into Qy, 1= (—wa,14) is the tangential vector to T,

[h(u,v)] = h(u_,v_) — h(ug,vs)

(2.4)

is, as usual, a jump in function h(u(z,t),v(x,t)) across the discontinuity curve T,
(us,vs) are respective left- and right-hand values of (u,v) on the discontinuity curve.

IfTU' = {(z,t) : . = o(1)}, Qxp = {(z,%) : £(x — ¢(t)) > 0} then relations (2.4)
can be rewritten as

] _ [P
¢<t) = [u]

(2.5)

where e(t) 2 e(d(t),t) and (1) = ().

Tat

PROOF. Selecting the test function ¢(xz,t) with compact support in Qi, we
deduce from (2.1) that (1.3) hold in Q, respectively. Now, choosing a test function
(z,t) with support in €, we deduce from the first identity (2.1) that

O:A%/@%+FWVMOMﬁ
:/l;@%+FmvaMﬁ+/K;@%+F@vaMﬁ.
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Next, integrating by parts, we obtain

//Qi (wpe + F(u, V)g.) dwdi
— _//Qi (ut + (F(u, V))w)goda; dt $/F <V2u:|: + VlF(ui,Ui)>S0dl

= [ (s + mPlus02) )
r
owing to (1.3). Adding the last relations, we have

O—/ / upr + F(u, V) >dxdt:/F<[F(u,v)}yl+[u}l/g)go(:r;,t)dl

for all p(x,t) € D(Q). This implies the first relation (2.4).
In the same way as above, we obtain the equality

(2.6) /0 N / (VgotJrG(u, V)%> dr dt = /F ([G(u,u)}y1+ [v}y2)<p(x,t) dl.

Now integrating by parts we can easily see that

Op(z,t) de(x,t)
2. t dl = — t)dl
Ode(x,t de(x,t Oe(x,t)
where <(91 )|r ( <(9t by — éx ve) |-

Adding (2.6) and (2.7), we deduce

[ (6o + [ - 25D Yot =0

for all p(z,t) € D(2). Thus the second relation (2.4) holds.

T ={(z,t) : 2 =o(t)}, ¢(t) € C*(0,400) and Qy = {(z,t) € Q: £(z—¢(t)) >
0}, taking into account that n and W’F are given by (2.2) and (2.3), conditions
(2.4) can be rewritten in the form (2.5). O

The first equation (2.4) (or (2.5)) is the standard Rankine-Hugoniot condition.
The left-hand side of the second equation in (2.4) (or the right-hand side of the
second equation in (2.5)) is called the Rankine—Hugoniot deficit.

The system of d-shocks integral identities (2.1) is a natural generalization of
the usual system of integral identities (1.2) (in the case of m = 2). The integral
identities (2.1) differ from the integral identities (1.2) (in the case of m = 2) by the

additional term
&P (2, 1) / 8g0 T t)
x, dl dl
[ et >

in the second identity. This term appears due to the so-called Rankine—Hugoniot
deficit.
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2.2. Geometrical sense of /-shock Rankine—Hugoniot conditions. It
is well known that if a pair of compactly supported functions (u(m,t),v(m,t)) €
L>=(R x (0, 00); R?) with respect to x is a generalized solution of system (1.3) then
integrals of the solution on the whole space

(2.8) /u(x,t) dx = /uo(:c) dx, /v(:c,t) dr = /Uo(x) dx, t>0

(that is, the total area, mass, momentum, energy, etc.) are independent of time,
where (u°(x),v%(x)) is initial data.

For a d-shock wave type solution this fact does not hold. However, there is a
“generalized” analog of conservation laws (2.8).

Denote by
Su(t) = f‘w (x,1) dx+f u(x,t) dx,
2.9 S,(t) = fz““ v(z,t) dr + f(t) v(w,t) dz
5.0) = [ u(@)de+ [ u(x) da

S.(0) = [ %) dw+ [ 00(x) du

the areas under the graphs y = u(z,t), y = V(x,t), and y = u%(z), y =
respectively, where z = ¢(t) is a line in the upper half-plane {( ) x €
[0,00)} issued from ¢(0) = 0.

THEOREM 2.2. ([20], [22]) Let the pair of distributions (u(z,t),v(z,t)) be a
generalized 6-shock wave type solution of the Cauchy problem (1.3) with §-shock
wave type initial data, where v(x,t) = V(z,t) +e()d(I), T = {(x,t) : z = ¢(t)}
is the discontinuity line, and u(x,t), V(z,t) are compactly supported functions with
respect to x. Then the following balance relations hold:

(210) Su(t) = Oa Sv(t) = _é(t>a
where Sy (t), Sy(t) given by (2.9), and

&(t) = ([G(u,v)] _ [v]%)

VO(x),
R, t €

z=¢(t)
is the Rankine—Hugoniot deficit. Thus,

o(t) +oo
/ u(z,t)dr + / u(zx,t)dx
—oo o(t)

(2.11) » joo/—io u’ () dx + /0+°° u’(z) d,
/_ v(z,1) dm+/¢ v(x,t) dr + e(t)

00 (t)

0 +o00
—/ () dx—l—/ v(z) dw + €°,
—o0 0

where €° is the initial amplitude of the 6-function.
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PROOF. Let us prove the second relation (2.10). Let vy = limg @40 v(2, 1)
denote the right- and left-hand sides value of v(x,t) on the curve I'. Differentiating
the second relation (2.9) and using the second equation of system (1.3), we obtain

() +o0

v(z,t) de + / v(z,t) dx
o(t)

8u(0) = 0600~ v2d0) + [

—00

. #(1) +00
00— [ (G, do- [ (Gww), ds

—00 o(t)

6(t) = [G(u,v)]

a=0(t)
+G (u(—o00,t),v(—00,t)) — G(u(+00,t),v(+00,1)).
Taking into account that

G (u(—00,t),v(—00,t)) = G(u(+00,t),v(+00,t)) = G(0,0)

z=¢(t)

and using the Rankine-Hugoniot conditions (2.5), we obtain

S,(t) = (m% [G(u,v)])

The first relation (2.10) is the well-known relation for L' N L>-generalized solu-
tions of conservation laws. The proof of this relation is carried out in the same way.
Integrating expressions (2.10), we obtain (2.11). O

—olt) r=o(t)

From the second relation (2.11), we can see that the sense of amplitude e(t)
of ¢ function is the “area” of the discontinuity line. Moreover, the “total area”
Sy(t) + e(t) is independent of time.

3. ¢’-shock wave type solutions.

3.1. Some misty reasoning. Let us consider a scalar conservation law

(3.1) ut (f(w), =0,

where f”(u) > 0. Differentiating this equation with respect to x and denoting
v = u,, we obtain the another equation v; + (f’(u)v)x = 0. The pair of equations
(1.5) constitutes so-called 2 x 2 “prolonged system”.
Now consider the Cauchy problem for system (1.5) with the singular piecewise
smooth initial data
(32)  u'(z) = ug(w) + ui(2)H(=2), v"(z)=vy(z) + o} () H(~2) + "d(~x),
where u)(x), v2(z), k= 0,1 are given smooth functions, €’ is a given constant.
In [6]- [9] the following theorem was proved (see also [11], [13]).
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THEOREM 3.1. There is T > 0 such that fort € [0, T') the Cauchy problem (1.5),
(3.2), has a unique §-shock wave type solution

w(z,t) = wuy(z, 1) + [u(z, )] H(=z + ¢(1)),
v(a,t) = vz, 1) + [o(z, OJH (=2 + (1)) + e(t)d(=z + 6(1)),

which satisfies the integral identities (2.1), where I' = {(z,t) : x = ¢(t), t €

0, T}, V(x,t) = vy +[v]H(—z+¢(t)). Here functions uy(z,t), vy(z,t), u_(x,t) =
up(z,t)+ [u(z, )], v_(z,t) = vi(x,t) +[v(z,t)], and ¢(t), e(t) are defined by system

(us); + (f(ui))z = 0, =£z>=£¢(t),
(va)e + (f/(ui)v'i)m = 0, +z>+£4(),

3.4 P O]
( ) Qb() [u] x=¢(t)’

e(t) = ([vf "(w)] = hﬁ%) )xzqs(t)’

with the initial data determined by (3.2), ¢(0) = 0.

(3.3)

Here, according to the results of Sec. 2, the third and fourth relations in (3.4)
are the Rankine—Hugoniot conditions for d-shock.
Now we consider the Cauchy problem for the first equation in system (1.5):

(35) wt (F), =0, (@) = ule) +ud(x)H(a).
This Cauchy problem has a solution in the shock wave form

u(, t) = uy(z,t) + [u(z, )] H(=z + ¢(1)),
where, according to the Rankine-Hugoniot condition,

[f ()]

[U’] :L’:qﬁ(t).

(3.6) o(t) =

Equality (3.6) is the first Rankine-Hugoniot condition for §-shock in (3.4).

Taking into account the fact that the second equation in system (1.5) was derived
by differentiating of the first equation (in system (1.5)), one may expect that the
second component v in (3.3) is obtained by differentiating v = u,. However, in this
way one can construct only a particular case of solution (3.3), (3.4) of the Cauchy
problem (1.5), (3.2), i.e.,

u(z,t) = wy(z,t) + [u(z, )| H(-z + ¢(1)),
(3.7) v(x,t) = ug(x,t) =upe(z,t) + [ug(x, t) | H(—x + ¢(t))
—[u(z, D)]0(=z + ¢(1))-
Thus we construct the solution of the Cauchy problem (1.5), (3.2) such that

U+($at> = u+x(x,t), [U(xat)] = [ux(mvtﬂv e(t) = _[u(xut)”x:¢(t)'
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Moreover, in this way we can derive the last relation in (3.4), i.e., the second
Rankine-Hugoniot condition for d-shock. Namely, from equalities

(us)e + f(us)ve =0, x> +¢(1)

it follows that [ut” _o) = —[f'(u)v H o0 and
oft) =~ MO (1) 4 )y
8) = (17 (w)e] — SO

Above misty reasoning is useful as a start for constructing ¢’-shock type solutions.
Differentiating the scalar conservation law (3.1) twice with respect to x and denoting
V= Uy, W = Uy = Uy, We obtain the 3 x 3 “prolonged system” (1.7).

Clearly, for the smooth solution u(x,t) € C* of (3.1) in some domain € the triple
(u,v,w) is a generalized solution of the prolonged system (1.7) in the same domain
Q.

Now we consider a piecewise smooth generalized solution u(x,t) of (3.1), which
contains a single shock I' = {(x,t) : x = ¢(t)}, ¢(t) € C*(0,+0c0), and has the form

w(z,t) = up(z,t) + [u(z, )] H(—z + ¢(1)).
as above. Denote Q = Rx (0,4+00), Q1 = {(x,t) € Q: £(x—¢(t)) > 0} and suppose
that uy € C*(Q). Denote by vy = (uy),, we = (v1), = (u1)se the derivatives of
u+, and define functions

Vi,t) = vi(z,t) + [o(z, )] H(=z + ¢(1)),

Wi(z,t) = wi(z,t) + [w(z, )] H(=z + 6(t)).
Observe firstly that gb( ) = |/ (“)] by the “standard” Rankine-Hugoniot condition
for scalar equation (3.1). Further as it is easy to see, in the sense of distributions

on )

u(z,t) = U+(I t) + [uz, )] H(—z + 6(t)),
(3.9) v(z,t) = =V(z,t) + e(t)o(—z + ¢(t)),

w(a,t) = vy =Wz, 1)+ g(t)d(—x + ¢(t)) + h(t)d'(—z + &(1)),
where
(3.10) e(t) = —[u(o(t),t)], g(t) = —[v(et),1)],  h(t) = [u(o(t),)].
In this case, according to (3.6), (3.8),

i)~ L)
t - I
(3.11) #lt) b Ta=g()

é(t) = ('] = O],y
Similarly as above, from the equalities

(v) 4+ f(ux)(ve)? + f(us)wse =0, +2 > +¢(t)
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it follows that [Ut”x:¢(t) = —[f"(u)v? + f’(u)w]‘m:¢(t) and
g(t) = —W = — (o] + o(1)[va]) oot
(3.12) = ([f"(@)® + f'(ww] = () [w])|,_y -

We also see that

.0 )
=00 W Ly

Since v = u,, w = v,, it is natural to expect that the triple (u,v,w) must be a
generalized ¢'-shock type solution of the prolonged system (1.7). Thus the "right”
class of generalized solutions must involve solutions of the form (3.9)—(3.10). Here
the equalities (3.11), (3.12), and a direct consequence of the equality (3.13), i.e.,

(3.13)

o0 = Y|
et) = (el =R,
(314 i) = (e + flw] - o),

< (oot n)) = <

must constitute ¢’-shock Rankine—Hugoniot conditions in the case of solution (3.9)-
(3.10). But we ask: In which sense the §’-shock type solution (3.9)—(3.10) satisfies
the nonlinear system (1.7)?

Below we give the following definition of a §’-shock type solution for system (1.7).

3.2. Generalized solution and the Rankine-Hugoniot conditions. Let
[' = {v; :i € I} be a graph introduced in Sec. 2. Initial data (u°(z),v%(z), w(x)),
where

(z) = VO (x) + e (Ty), w’(z) = W)+ ¢°0(I) + h%'(To),

and u*, VO, W° € L>=(R;R), we call ¢'-shock wave type initial data. Here, by def-

inition, %8(To) & Spes €06(x — 29), ¢°6(To) & ey gl6(x — ), hO8(To) <

> wer, Mo (x — af), where €}, g, hy are constants, k € Io.

DEFINITION 3.1. A triple of distributions (u(az,t),v(:t, t),w(:v,t)) and graph I,
where v(x,t) and w(z,t) are represented in the form of the sums

v(z,t) =V (x,t) +e(z,t)0(T), wlx,t)=W(x,t)+ g(x,t)0(T) + h(x,t)d'(T),
where u, V,W € LOO(R x (0, oo ;R),

r) Yo el i),
0 Y S i 0)6(),
e, 0)8(T) E S b, )5 (),
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and e;(x,t), gi(z,t), hi(z,t) € CHT), i € I, is called a generalized &'-shock wave type
solution of system (1.7) with the §’-shock wave type initial data (u’(z),v°(z), w’(x))
if the integral identities

//ugpt—irf gpx)d:cdt—l—/ O(2)p(z,0)dx = 0,
// o+ f'(W)pa dxdt+2/ez agpxt)dz

el

/VO p(r,0)d + > edp(af,0) = 0,

kel

(3.15) / / Wor+ (f"(w)VZ+ f(u)W )I>dxdt
([ e

e? (z,t) Olu(x,t)]

o (7, 1) . o — hil@, 1) =

+/Mmﬁ————ﬂ+/ ool 1) dl
( [u(z,1)]

/WO ©(x,0) d$+ngg0 7,0 +th% z9,0) = 0,

kelp kel

hold for all test functions ¢(z,t) € D(R x [0, c0)).

In the same way as in Theorem 2.1 we can derive explicit formulas for the
Rankine-Hugoniot conditions (including the deficits) from integral identity (3.15).
For simplicity assume that the graph T" has the single wave form: T' = {(x,t) : z =
o(t)}, ¢(t) € CH0,4+00) and Qy = {(z,t) € Q: (2 — ¢(t)) > 0}.

THEOREM 3.2. Let us assume that Q@ C R x (0, oo) is some region cut by
a smooth curve I' into a left- and right-hand parts Qz, (u(z,t),v(z,t), w(z,1))
and T is a generalized §'-shock wave type solution of system (1.7), and functions
(u(z,t),V(x,t), W(z,t)) are smooth in the domains Qx and have one-sided limits
Uy, Vi, Wi on the curve ', which are supposed to be continuous functions on T
Then the Rankine—Hugoniot conditions for ¢'-shocks

(3.16) ot) = % )
r=(1)
. ) Lf (w)]
3.17 e(t) = upp = ’
(3.17) 0 = (7] - ) o
(3.18) g(t) = ([f”(u)v2 + f(u)w] — [w] [f[S]L)]) )
de?(t)

(3819)  Z(hOu(6(),0)]) =
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hold along I'.  Here the functions e, g, h can be treated as functions of the single
de def

variable t, so that e(t) < e(p(t), 1), g(t) L g(s(t), 1), h(t) 2 h(s(1),1).

PROOF. Setting F'(u,v) = f(u), G(u,v) = f'(u)v and repeating the proof of
Theorem 2.1 word for word, we prove conditions (3.16) and (3.17).

The proof of conditions (3.18) and (3.19) is carried out in the same way as
the proofs of conditions (3.16) and (3.17). Since the triple (u,V, W) is a smooth
solution of the system (1.7) in the domains Q. applying (3.15) to a test function
o(x,t) € D(R x (0,+00)), taking into account (2.2), (2.3), and integrating by parts,
we obtain the identity

0= /Q <Wg0t + (f"(w)V? + f’(u)W)gor> dx dt + /Fg(x, t)%‘?t) dl

+/Fh(x,t)wm+/r%(62([th))90x(a:,t)dl

:/F<[W}V2+ [f"(u)V2+f’(u)W]V1>gp(x,t) dl—l—/rg(x,t)aw(;l’t) dl
D, (i, 1) Oet) _ py(a, ¢) 2Lt
+/Fh(x’t)—8l all—l—/F e o (z,t)dl
= [ (= W60 + v+ raw] )eto.
+ /0 Oog(t)—dsp(fg)’t) dt
* iy eeO0.1) [ g = h(o gl
+/0 (e 2= dt+/0 e N COL
= [ (= W16+ L @V? + rw] - (o) eto(e). o) d
vo , (M) _ p o du@®s]
(3.20) + /0 ( Z [u(l;((?),t)]dt —h(t))%@(t),t)dt.

Here we take into account that integrating by parts, we can easily see that

/w 890 mt dl /F—aw(aal:’t)go(ﬂi,t) dl = —/FW@(Q%@J) dt’

where ¢ (x,t) is a smooth function.

Since @(¢(t),t), @.(o(t),t) are arbitrary smooth functions, we conclude that
conditions (3.18), (3.19) hold on the curve T'.

The proof of Theorem 3.2 is complete. U

REMARK 3.1. We can see that according to our expectations, the conditions
(3.14) derived in Subsec. 3.1 for solution (3.9)—(3.10) coincide with the Rankine—
Hugoniot conditions (3.16)—(3.19) for ¢’-shock.
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The equality (3.16) is the classical Rankine-Hugoniot condition, the right-hand
sides of the equalities (3.17), (3.18) are the first Rankine-Hugoniot deficits, and the
right-hand side of (3.19) is the second Rankine-Hugoniot deficit.

The integral identities (3.15) differ from classical integral identities (1.2) (in the
case of m = 3) by additional terms in the second and third identities. Here the

terms
/ i, 228D gy / i,y 221 g
Vi Vi

ol ol

appear due to the first Rankine—Hugoniot deficit, and the term
e (

7 X, ) B[u(m,t)]
00, (x,1) a1 2 — hi(z, ) o1
/% hi(x,t) ol dl + [/Z (e, 0] (. t)dl

appears due to the second Rankine—Hugoniot deficit. Moreover, the first integral
identity in (3.15) is a “standard” type integral identity (see (1.2)), while the first
and second integral identities in (3.15) constitute d-shock type integral identities
(see Definition 2.1), and the third integral identity in (3.15) is a special type of
d’-shock type integral identity.

3.3. Geometrical sense of §’-shock Rankine-Hugoniot conditions. Now
we derive a “generalized” analog of conservation laws (2.8) for ¢’-shock wave type
solutions.

Denote by

Sw(t) = f¢ xtdx+f xt)dx

Sw(0) = f w dx—i—fo (x)dx

the areas under the graphs y = w(z, t) and y = wﬂ(x), respectively, where x = ¢(t)
is a line in the upper half-plane {(z,t) : x € R, t € [0, 00)} issued from ¢(0) = 0.

Repeating the proof of Theorem 2.2 almost word for word, we obtain the follow-
ing assertion.

(3.21)

THEOREM 3.3. Let the triple of distributions (u(z,t),v(z,t),w(z,t)) be a gen-
eralized ¢'-shock wave type solution of the Cauchy problem (1.7) with §-shock wave
type initial data, where v(x,t) = V(z,t) +e(t)6(T"), T = {(z,t) : v = ¢(t)} is the
discontinuity line, and u(x,t), V(z,t) are compactly supported functions with respect
to x. Then the following balance relations hold:

(3.22) S.(t) =0, S,(t)=—¢ét), Su(t)=—g(t),
where Sy (t), Sy(t), Sw(t) given by (2.9), (3.21), and

e(t) = () o)] — o] @)
0 = (Ire]-w5)|
0 = (1o iomi - i)
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are the first Rankine—Hugoniot deficits given by (3.17), (3.18). Thus

o(t) +oo
/ u(z,t)dr + / u(zx,t)dx
—oo b(t)

— /_(; u’(x) dv + /0+OO W(z) da,
/_W) v(z,t)dx + /;OO v(x,t) dr + e(t)

0 (t)

0 +o00
:/ V() dx+/ v(z) dx + €°,
—o0 0

/_it) w(z, ) dz + /(p; w(z, ) dz + g(t)

+oo
= / w’ () do + / w(z) dr + ¢°,
—00 0

where € and ¢° are initial amplitudes of the J-functions in v and w, respectively.

(3.23)

From relations (3.23), we see that the sense of amplitudes e(t) and g(t) of o
functions in v and w are the “areas” of the discontinuity line. Moreover, the “total
areas” S,(t) + e(t) and S, (t) + g(t) are independent of time.

REMARK 3.2. The most unexpected result obtained by Theorem 3.3 is the fact
that the “area” balance relation for w is independent of the second Rankine-Hugoniot
deficit.

3.4. Weak asymptotic solution. Now we introduce the notion of a weak
asymptotic solution, which is one of the most important in the weak asymptotics
method.

DEFINITION 3.2. A triple of functions (u(z,t,¢),v(z,t,¢), w(z,t,£)) smooth as
e > 0 is called a weak asymptotic solution of system (1.7) with the initial data

(1) (), () i
[ mlutetep@ds = o),
[ Balute o). vla i) de = o),
[ Balutet.2), oot ) wlot o) de = of0),
/( (,0,¢) );b
/((an—v o) dr = o).
(@) )(x)d

/( (,0,) — = o(1), £— 40,
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for all ¥(z) € D(R). The last relations can be rewritten as

Li[u(z,t,e)] = op(l),
I [ ( . L)z[u((x}t’i)’vgl"?E)% i OD’Ei}
(3.24) T u(x: [;, £) _ ug(x) ii— op (1),
v(z,0,e) = %(z)+ op (1),
w(z,0,e) = w'(z)+op(l), &— +0,

where the first three estimates are uniform in ¢.

In (3.24), all distributions in u, v, w depend on t as a parameter.

Within the framework of the weak asymptotics method, we find a §'-shock wave
type solution of the Cauchy problem as a weak limit
(3.25)

t)=1li t t) = li t t)=1li t

u(z,t) sirilou(x’ €)y v(z,t) ELIEOU(ZL‘, €)y  w(z,t) silfow(x’ LE),
of the weak asymptotic solution (u(x,t,e),v(x,t, &), w(x,t )) to this Cauchy prob-
lem.

Constructing the weak asymptotic solution, multiplying the first three relations
(3.24) by a test function ¢(z,t) € D(Rx [0, 00)), integrating these relations by parts
and then passing to the limit as ¢ — +0, we will see that the triple of distributions
(1.12) satisfy the integral identities (3.15).

4. Propagation of §’-shock in system (1.8)

4.1. Construction of a weak asymptotic solution. The first step of our
approach is to find a weak asymptotic solution of the Cauchy problem (1.8), (1.9). In
this case the graph I' contains only one arc and has the form I' = {(x,t) : z = ¢(¢)}
and hence e(x,t)‘r =e(t), g(x,t)|r = g(t), h(m,t)h, = h(t).

Here we choose the corrections in the special form

R.(xz,t,e) = 0,
(41) Rv(xvtag) = 07
Ry(w,te) = POZp(=0)

where P(t) is the desired function, Q7 (x/¢) is a regularization of the distribution
6" (x). Consequently, R, (z,t,e) = e*P(t)0f(—x + ¢(t),e) € Op/(e), i.e., estimates
(1.13) hold.

LEMMA 4.1. Let 6(z,e) = tw <§>, ¥ (x,e) = E%w’(g”), 0P (x,e) = £ (f), and

Hj(xz,e) = w0j<§) = fio w;(n) dn be reqularizations of the delta function o, &', 8",
and the Heaviside function H(z), j = 1,2, respectively. Then we have the following
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weak asymptotic expansions:

(Hj(:v,g))r =
Hi(z,e)Hy(z,e) =

|
s
S E
+ +
OO

3
oo

(Hi(w,2)) 8(z.2) = (@) [ whynywn)dn+ Op(e),
) (5@.0)" = é(sl(x) [t dn+0pc)
Hy(w o) (w.2) = —20() [ dr
+9(2) [ woy(moln) dn + On(2),
Hi(e. )60 (w.8) = 20(a) [ win)Rpn) dn+ Op(e). = =40,

r=12,...; j,k=12.
PROOF. From (1.18), we obviously have the first two relations in (4.2).
Consider the asymptotics of the product (Hj(a:, €)>T5(QJ, ¢). Using (1.16), (1.18),
and making the change of variables x = en, we obtain

Co@) (D) via)

9 9

- / s (mewmyien) di = (0) / (M) dn + 0(e), & — 40,

for all ¥(z) € D(R), i.e., the third relation is proved.
Analogously, making the change of variables £ = en, we obtain

((e.0) vt0)) =2 [wPmuten dn
=20 [ty an+00) [aman+ o), <=+,

where, according to property (e), [w?(n)ndn = 0.
Next, we calculate the asymptotics of the product H;(x,<)d’(x, ). Using (1.17),
(1.18), and making the change of variables £ = en, we have

(B, 208 @2 0@)) = 2 [ s’ aiien) dn

= @ /woj(n)w’(n) dn +¢'(0) /woj(n)w’(n)n dn+ 0(e), e — +0.

Since [woj(n)w’(n)dn = — [w;(n)w(n)dn and, according to property (e),
/%MWWMWZ—/M@@MW+WNMM:—/MW%MMm

we prove the fifth relation in (4.2).
In a similar way we can prove the last relation in (4.2). O
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THEOREM 4.1. Suppose that inequality (1.11) holds for t = 0, then there exists
T > 0 such that the Cauchy problem (1.8), (1.9) fort € [0, T) has a weak asymptotic
solution (1.15), (4.1) if and only if

Lu[ui] = 0, +x > :|:¢( )

ng[ui, :I:] = 0, +z > j:gb(t),

ng[ui, V+, wi] = 0, +x > :|:¢(t),
o) = % =ot) (?_ M u+)’$* (t)

e ety = (2]~ lbH)|
= [U] (?)_ + ,U+) |z*¢(t)’
. _ 5 )

§(t) (2@ + ] — [w] >L_¢<t)

2Ll + v + [+ ws)
WORG.D])  de)
dt dt -’
P(t), and mollifiers wy, wy, we, wy, wy, are such that

B (u‘f(o ho — () 2) [ wi(n)dn 1
o) fw iy Tu(of0). 0]
(4.4) / wou (M) dip = / wovw)we(n)dn:—, j=c.g.h,

/ wy(nwn(n)dn = / w(n) dn, :

where uy = ug, V4 = vy, Wy = Wo, U_ = Uy + U1, V_ = Vg + V1, W_ = wg+ wy. The
initial data for system (4.3) are determined by (1.9), and ¢(0) =

z=¢(t)’

PRroOOF. Using the first three relations in (4.2) (of Lemma 4.1), one can show
that

(45)  (ulw,t,e))? = ud + [W]H(—z + ¢(1)) + Opr(€), & — +0,
u(x,t,e)v(x,t,e) = ugvy + [wv]|H(—x + ¢(1))

@0)  +e(t)(un+ur [ o) dn)o(— + 6(0) + On(), = = +0.
Analogously, using relations (4.2) from Lemma 4.1, one can calculate

(v(z,t,2))" = 03 + [V H(~z + (1))

+2e(t) (vo +o / wou(1)we(n) d77>6(—:v + (1))

(@7) e / <2() d) éd(—x +6() + Opr(e), = — +0.
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Using relations (4.2) from Lemma 4.1 and taking into account that R,(z,t,e) €
Op(€), we obtain

uw(z, t,e)w(z, t,e) = upwo + [uw]H(—z + ¢(t))
+{ott) (w0 + [ ooy () )
+h(t) o+ s [ woa(nhann) dn}8(— + 0(2)
+{ = uhlt) [+ P [ o020 dn)

(4.8) x%é(—x 1 6()) + Opr(e), = — +0.

Relations (4.7), (4.8), and the obvious identity
p(x, )8 (—z + ¢(t)) = p((t), )8'(—z + ¢(t)) + p=(6(t), 1) (—x + 6(1))
Vp € C* imply

2((1}(33, t,e))? 4+ u(z, t, e)w(x, t, 5))
= 2(vE + upwo) + 2[v* + uw]H(—z + H(t))

+2{26(0) (i + o1 [l )

+9(0) (w0 +us [ i hyn) i)
) (w00 + s, [ ()t} d) b+ o(0)
42000 (v + w1 [ n(man(n)dn)| 5=+ o(t)

xr=

v2{ e [t n-uh(v) [ wtmentn dn

(4.9) +uy P(t) /w;(n)Q}D(n) dn}é(F(—m + o(t)) + Op (), € — +0.

Substituting the smooth ansatzs (1.15) and weak asymptotics (4.5), (4.6), (4.9)
into system (1.7), we obtain up to Op(¢) the following relations

LH[U(I, t, 8)] = Lll[U+] + [Ln[uﬂ H(—I + ¢(t))
(4.10) +{[ulb(t) - [w?] }o(—a + 6(1)) + Oni (o).
Lis[u(z,t,e),v(z, t,€)] = Lio[uy, vi] + [Liofu, v]| H(—z + ¢(1))
+{[01(8) + é(t) - 2[uv] Jo(—z + 6(1))
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(@.11) +e®{9(0) ~ 2(ua+ w1 [ vl dn)

Lislu(z,t,e),v(z,t, &), w(z,t, )]
= L13[U+, U+ w+] + [L13[U’v v, IUHH(—ZL' + gb(t))

+{[wlé(t) + 9(t) = 2* + ww] [o(— + (1)
+{o3(0) + ht) = 2(2e(6) (v + 1 [ ol n) )
+9(1) (uO +u / wou (1) wg (1) dn)
h(t) (or + s [wn(mnmn) b 5-o+ 600)
+h(){9(0) ~ 2(uo + ur [ woulnhantn)dn) }| _
—2{0) [ w2 dn—win®) [ nmyn(ndn

)5'(—96 +¢(1)) + Opi(e),

r=¢

RACER0)

@12) P [ )| 28 (o o) + Op(e)

Equating the coefficients of d(—z+@(t)), 0'(—x+¢(t)), 8" (—x+¢(t)), 26’ (—z+¢(t))
with zero, we obtain the necessary and sufficient conditions for the relations

Lufu(z,t,e)] = Op(e),
(4.13) Lysfu(z,t,e),v(z, t,e)] = Op(e),
ng[u(:v,t,e),v(:v,t,e),w(x,t,a)] = OD/<5>7

i.e., the first six equations in system (4.3) and the following system of equations

50) = 2w+ un [ e n) dn)

a=o(t)’
50) = 2(w+u [anmanmdn)|
(4.14) ) = 22 (s0+ o1 [t dn)

+9(0) (w0 + ur [ i (m)yn) )
+00) (w00 + a1, [ () )}

fv.=¢>(t)
~g()(),
o) [umeantmdn = s [+ p) [ el dn
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Comparing the first two relations in system (4.14) and fourth relation in system
(4.3), we readily see that [ wou(n)we(n) dn = [ wou(n)ws(n) dn = 3.

Taking a derivative of the last equality in (4.14) and using the relation é(t) =
(2[uv] — [v]e(t)) ‘m:d)(t) = uy(2vg + Ul)‘x:d)(t)’ we derive that

. Jw2(n
h(t) = 2e(t)(2 t),t
(t) 6()(vo(¢() ) +vi1(o(t), )fwu a
[o2li)dn_ 0000 , o, [l i
ot w0 PO T
Let us subtract the third relation in (4. 14) from the latter equahty. Taking into
account the equalities ¢( ) = (2u0 + Uy ‘ f wou (N n)dn = 3, and
e*(t) Jwi(n f wy, ()Qp(n) dn
h(t) =
= O ot PO oo i

we obtain that

ool m

+u1(o(1), )( f e i —2 / wou (1) we (1) dn)}

Jwuln
—u((2), (8 (2 / )i dn ~ 1)
e (1)
o AT
Y (d“l— + (20e(B(0), 1) + 1 (0(0), ) m (9(0), 1))
1) L dg (P(t) — P(O) (200 (600, 6) + (60, 1) ).

Taking into account the first equality in (4.3) and the limit properties of the function
us, we readily obtain that to,(6(t), £) + 2u(6(t), uns(6(£), 1) = 0, (uou(6(t), 1) +
ult(¢(t)7 t)) + 2(U0(¢(t), t) + ul(gb t)7 )) (UOx(¢<t)7 t) + u1$(¢(t)7 t)) = 0. Hence,

(), 1
ult((b(t)? t) + le(¢(t>7 t) (2u0<¢(t)7 t) + u1(¢(t>, t))
+U1(¢<t)7 t) (2U0$(¢(t), t) + le(¢(t)= t)) = 0.

Since ¢(t) = (2uo + u1)|x:¢(t), the last relation can be rewritten as

du1(¢<t)? t)

(4.16) o

+ (2u00(6(1), 1) + u12(6(2), 1)) ua (6(t), 1) = 0.
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Thus (4.15) can be transformed as
2e(t 2ot (LD 1)
+ui(o(t) (hiw i Q/wWWMJWWO}

s (6(2), Dg() (2 / ey dn 1)

_ Sl d77< u1(¢(t)7t)>
(4.17) fwu a P(t) +P(t>u1(gb(t),t) .
Note that we construct the asymptotic solution of the Cauchy problem which is
suitable for any entropy initial data.
Taking t = 0 in relation (4.17), we see that this relation holds for any initial
data if and only if

s LB o=, [t -3,
and P(t) + P(t)% gg;g 0, ie.
(4.19) P(t) = ul((ﬁj?t),t)’

where A is a constant.
Using relations (4.18), (4.16), and é(t) = uy(2vg +v1) ’x: , we rewrite the third

o(t)
relation in (4.14) as

dun(9(0). Oh(t) _ de*(t)
dt Codt
The fourth relation in (4.14) and relations (4.19), (4 20) imply that

(4.20)

A= (W00 — (2)2 Jw?
(O — () 7 T
Thus the first relation in (4.4) holds.
At the second stage of the proof, we show that system (4.3) is solvable.
Let us consider the shock-front problem

Lu[ui] = (ug)e+ (ud), =0, +x>+o(t),
k7 _
& o = ]y = O e

)
u(z,0) = wup(z) +uj(x)H(-z), ¢(0) =0,
assuming that condition (1.11) holds for ¢ = 0, i.e., u°(x) is entropy initial data.

In order to solve this problem, we consider the Cauchy problem Lq;[u] = u; +
(u?)_ =0, u(z,0) = u’(z). According to [16, Ch.2.1.], we extend uf (z) = uf(z)
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(u® (z) = ud(z) + ¥ (x)) to <0 (z > 0) in a bounded C' fashion and continue to
denote the extended functions by u% (x). By u4(x,t) we denote the C! solutions of
the problems

Lifu] = u+ (v*) =0, uy(z,0)=ul(z)

T

which exist for small enough time interval [0, T;] and can be determined by integra-
tion along characteristics. The functions u4(x,t) determine a two-sheeted covering
of the plane (z,t). Next, we define the function = = ¢(t) as a solution of the problem

It is clear that there exists a unique function ¢(¢) for sufficiently short times [0, T5].
To this end, for "= min(7}, T3) we define the shock solution by

_ u+<x>t)’ r > ¢(t)7
U(I’t)_{ u_(z,t), = < o).

Thus we define a solution of the front-problem (4.21) for ¢ € [0, T'). This solution
is determined by the first and fourth equations in system (4.3).

Solving problem (4.21), we obtain u(x,t), ¢(t). Then, substituting these func-
tions into the other equations in system (4.3), we obtain vy (z,t), w4 (x,t), and e(t),
g(t), h(t). Next, we determine a function P(t) given by the first equation in (4.4).

The proof of Theorem 4.1 is complete. U

4.2. Construction of generalized solution. We obtain a generalized solu-
tion of the Cauchy problem (1.8), (1.9) as a weak limit of a weak asymptotic solution
constructed by Theorem 4.1.

THEOREM 4.2. Suppose that inequality (1.11) holds for t = 0. Then for t €
[0, T'), where T > 0 is given by Theorem 4.1, the Cauchy problem (1.8), (1.9) has a
unique generalized solution (1.12):

u(z,t) = uy(z,t) + [u(z, )] H(=z + ¢(1)),
v(,t) = vz, t) +[o(z, O1H(—z + ¢(1)) + e(t)o(—2 + 6(1)),
w(z,t) = wi(z,t)+ [w(z, t)|H(—x + o(t
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which satisfies the integral identities (3.15):

/ / u(z,t)p; + u? a:t)gox>d:cdt+/ O(x)p(z,0) dv
/ / (2. )0 + 2l )V (2, 1), ) dxdt+/ )
—l—/VO( Yo(x,0) dx + (0, 0)

(4.22) /O : / (W, )00+ 2(V3 1) + ue, W (,0)) 02 ) i

+ /F g(t)ago(;l Y

+/h(x,t)6%(f’t) dl +
I

0

—I—/Wo(x

9e2(z,t) N h(l‘ t) )
/ - [u(x t)] A Pz (.T, t) dl

)e

Ou(z,t)]

dp(z,t) di

(,0) dz + ¢°0(0,0) + h%p,(0,0)

0,

27

for all p(z,t) € D(R x [0, o0)), where functions uy(x,t), ve(x,t), wi(z,t), ¢(t),
e(t), g(t), h(t) are defined by the system

Lyo[ug, vy
Lis [Ui, U4, w:l:

]
]
o(t)
(4.23) )

9(t)

d(h(D)[u(g(t), 1))
dt

I'={(z,t) : z =

0,
0,
0,

2]

Tul

2

]

+x > +¢(1),
+x > +¢(1),
+x > +o(t),

= (u- +uy)|

%)
el T a=s(t)

r=¢(t)’

2[v](v- +vy) + [u](w- + w+))‘ ()
de?(t)

dt

where initial data for system (4.23) are determined by (1.9), and &(
¢(t), 0 <t < T}, V(zt) = vy + [v]H(=z+ (1)),

wy + [wH(—z + ¢(t)), and (see (2.3))

/Fe(x, t) &p(@ﬂi .t

/Fg(:a t) &pg’ £

0. (z,
/Fh(a:, t) a1

t)

Y

t,

- [0,
dl = /0 ! g(t)dgp((gtt)’ D
= [ o,

t

= 0. Here

(z,1) =
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0 (as) _ 1y p)Olutel TR gy ) dut0).0)
ol ) ol dt dt
/r [u(z,t)] 0 [u(o(t),1)]

PROOF. By substituting relations (4.4), which determine mollifiers w,, w,, we,
Wy, wp, and P(t) into relations (4.6), (4.9), and taking into account (4.16) and
relations ¢(t) = (2ugp + u1)|x:¢(t), é(t) = u1(2v + v1)|x:¢(t) (see (4.3)), we obtain

2u(x, t,e)v(x, t,e) = 2urvy + 2[uv]H(—x + ¢(t))

(4.24) +e(t)p(t)6(—x + p(t)) + Opr(e), & — 40,
and
2((v(z,t,2))* +u(z, t,e)w(z, t,€))
= 2(03 + upwy) + 2[v* + uw]H(—x + ¢(t))

40 ) dluto().0) _

dt dt —x
(i 000 ) (- + ol0)
(4.25) +h(t)d(t)d' (—z + p(1)) + Opi(e), & — +0,

By Theorem 4.1 we have estimates (4.13). Let us apply the left-hand and right-
hand sides of relations (4.13) to an arbitrary test function ¢(z,t) € D(R x [0, 00)).
Then, integrating by parts, we have

/OT/ (U(Ltag)%(xat) + (U(x,t,e))%x(m,t)) dxdt

—l—/u(m, 0,e)p(z,0)dr = O(e), & — +0,

/OT/ (v(:c,t, e)p(x, t) + 2u(w, t, g)v(a:,t,s)apx(x7t)) drdt

—I—/v(x, 0,e)¢(x,0)dr = O(e), € — +0,

/OT/ (w(m, t, &)z, t) + 2((v(x, t,e)): + u(x,t,é)w(x,t,é))goz(x, t)) dxdt

+/w(w, 0,e)p(z,0)dr = O(e), e — +0.

Passing to the limit as ¢ — 40 in each of these integrals, and taking into account
relations (4.5), (4.24), (4.25), and the fact that

(4.26)  lim / / FO5( =z + 8(2), &) (e, t) dadt = /0 FO)p(6(0), 1) dt

e——+0

(4.27) hm/ /f DY (= 1z + 6(t), ) (a:,t)dxdt:/o F(B)ou(6(t). 1) dt,

e—+0
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o(x,t) € D(R x [0, T')), we derive the integral identities (4.22).

In view of above arguments in the second stage of the proof of Theorem 4.1, the
Cauchy problem (1.8), (1.9) has a unique generalized solution.

Observe that the function wu(z,t) is the unique entropy solution to the Cauchy
problem of the scalar equation Lj;[u] = 0 (recall that the admissibility condition
uy < u_ is assumed to be satisfied). In particular, the shock line x = ¢(t) is
uniquely determined. Then, using the method of characteristics, we find the func-
tions vy, wy in the domains +(z — ¢(¢)) > 0. Remark that all characteristics are
incoming at the shock line, therefore these functions v, wy are unique. Finally, the
functions e, g, h are unique solutions of the Rankine-Hugoniot relations in (4.23)
with the corresponding initial data €%, g°, h®. We see that the generalized solution
is unique. Naturally, the admissibility condition u, < u_ is essential for uniqueness

(see Subsec. 4.4 below).

The proof is complete. O
The system of equations
_ [
¢(t) - T]z:¢(t) (U_—l—u_,_)‘m B(t)
0 - i )
é(t) fou] — [u]145 ” (v + 0]
(4.28) i) = (20 +uw] - wif)| »
= (2W)(o- +op) + W (w- +wi)) |,y
2

S(ruem,0) = Y,

that determines the trajectory x = ¢(t) of a §-shock wave and the coefficients
e(t), g(t), h(t) of the singularities, constitute the Rankine—Hugoniot conditions for
d'-shock. Moreover, the first equation in system (4.28) is the “standard” Rankine-
Hugoniot condition for the shock, while the first and second equations are the “stan-
dard” Rankine—Hugoniot conditions for §-shock (2.5). The right-hand sides of the
second and third equations in system (4.28) are called the first Rankine—Hugoniot
deficits. The right-hand side of the fourth equation in system (4.28) is called the
second Rankine—Hugoniot deficit.

If the initial data (1.9) are piecewise constant then Theorem 4.2 implies the
following corollary.

COROLLARY 4.1. Suppose that inequality (1.11) holds for t = 0. Then for t €
[0, 00), the Cauchy problem (1.8), (1.9) with piecewise constant initial data has a
unique generalized solution (1.12):

u(e,t) = uy + [ulH(=z + (1)),
v(a,t) = v+ PIH(=z + (1) + e(t)d(—z + (1)),
w(e,t) = wy + [WH(=z +6(t) + g(t)o(~z + ¢(t))

+ g(
+h(t)d'(—x + (1)),
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which satisfies the integral identities (4.22), where

e(t) = &+ (2[vu] - [U]%)t =’ + [u](v- +vy)t,
(4.29) g(t) = ¢+ (2[v* + uw] — [w]% ¢
= ¢+ ((2[11}(1} +vy) + [ul(w_ + w+))t,

[u]

ht) = h°—F 4l
= hY+2e%v_ + vt + [u](v + vy )t

REMARK 4.1. To find a generalized solution of the Cauchy problem (1.8), (1.9),
we construct a weak asymptotic solution (1.15), (4.1) of the problem, where the
functions uy (z,t), ve(z,t), we(x,t), ¢(t), e(t), g(t), h(t), the mollifiers wy, wy, we,
Wy, wh, p(n), Qo(n) and function P(t) are determined by systems (4.3), (4.4).

Without introducing a correction (4.1), i.e., setting P(t) = 0, we derive from
(4.4) that we can solve the Cauchy problem (1.8), (1.9) if the initial data satisfy the
following condition

(4.30) [u(0,0)]R° = ().

In particular, in the case of solution (3.9)—(3.10), condition (4.30) holds, according
to (3.13). Condition (4.30) makes the Cauchy problem overdetermined, so we cannot
solve this Cauchy problem with an arbitrary jump.

4.3. “Right” singular superpositions. As mentioned in the Introduction,
the problem of defining a ¢’-shock wave type solution of the Cauchy problem is con-
nected with the construction of singular superpositions (products) of distributions.

For example, it seems natural to introduce a product of the Heaviside function
and delta function as the weak limit of the product of their regularizations. Then,
according to the third relation (4.2), we have

TN def
(4.31) H(z)é(x) = ElirJrrlOH(x,e)(S(ac,s) = Bé(x),

where B = [ wo(n)ws(n) dn. The product (4.31) defined in this way depends on the
mollifiers w, ws, i.e., on the regularizations of distributions H(x), d(z).

In a similar way, using regularizations u(z,t,¢), v(z,t,¢), w(z,t, &) of distribu-
tions u(x,t), v(x,t), w(z,t) given by (1.15), and asymptotics (4.5), (4.6), (4.9), one
can introduce singular superpositions (u(x,t))Q, 2u(z, t)v(z,t), and 2((v(z,1))* +
u(z, t)w(z,t)) by the following definition:

’—/\j def 2
(4.32) (u(z,t))” = sliIJrrlo (u(z,t,e))” = u? + [W]H(—z + (1)),

,—/\q e
2u(x, t)v(z,t) = lirJrrlO 2u(z, t,e)v(x,t,e) = 2uivy + 2[uv]H(—x + ¢(t))
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(433) +26(t) (w0 -+ [ ) ) dn) (2 + 9(0)

é((v(x, t))? +11;(x, tw(z,t)) = 51—1202((”(% t,e))* + u(z, t,e)w(z,t,e))
= 2(02 + upwy) + 2[0* + uw]H(—z + ¢(t))

+2{2(0) (v + 10 [ () () i)

+9(0)(ws + 4] [ oy )

#0) (s + ] [ cnnentn) d) fo(-z + 0(0)
s20(®) (s + (0] [ woulnnn) dn)| (ot o)

 tim 2{ o) [ an—1no) [t

e—40 &

(4.34) HulP) [ o) dn}6<—m ().

It is easy to see that the singular superpositions (4.33)—(4.34) depend on the
regularizations of the Heaviside function, delta function, its derivative, and function
P(t). Moreover, the right-hand side of (4.34) is unbounded. This means that the
above introduced singular superpositions are not unique.

However, in the context of constructing weak asymptotic solutions of the Cauchy
problems, we can define explicit formulas for the “right” singular superpositions.

Recall that relations (4.24), (4.25) were obtained by substituting relations (4.4),
which determine w., w,, wp, wy, wy, P(t) into relations (4.6), (4.9). Now, using
relations (4.5) (4.24), (4.25), we can define explicit formulas for the “right” singular
SUPETPOSItions:

(4.35) (u(z, 1) Y lim (u(z,t,e))? = v + [W2]H(—z + 6(t)),

e—+0

2u(x, t)v(, t) “I Yim 2u(x, t,e)v(x,t, )

(4.36) = 2ug vy + 2[uv] H(—x + ¢(t) + e(t)p(t)d(—x + 6(t)),
(( (z,1))* + u(z, )w(z, ) = liI«Ikl02< v(x,t,¢))? +u(x,t,5)w(x,t,5))
=2( v+ + u+w+) + 2[v* + uw]H(—x + ¢(t))

£ duto(0.0)] ‘
( o +g<t>¢<t>)5<—x o)

(4.37) +h(t)p(t)d (— + b(t)),
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where distributions u(x,t), v(z,t), w(z,t) given by (1.15).

Note that, although according to (4.7), (4.8), the terms lim. .o 2(v(z,t,¢))?,
lim. o 2u(z,t,e)w(x,t,e) are unbounded, the right-hand side of (4.37), (like the
right-hand sides of (4.35), (4.36)) is a well defined distribution.

In contrast to (4.32)—(4.34), where u(x,t,¢), v(x,t,¢), w(x,t, &) are regulariza-
tions of distributions (1.12), in (4.35)—(4.37) u(z,t,¢), v(z,t,€) give a weak asymp-
totic solution of the Cauchy problem (1.8), (1.9).

4.4. On the uniqueness of generalized solutions. Consider the initial data
of the form

(4.38) u’(z) = —14+2H(—2), 1°(2) = uge = —20(—2), w’(x) = vy, = 20'(—2).
It is clear that the Cauchy problem (1.8), (4.38) has the stationary ¢§’-shock wave
type solution u(z,t) = u’(x), v(z,t) = °(z), w(z,t) = w’(z).

Nevertheless, there are infinitely many solutions of this problem which satisfy
the integral identities. For example,

u(zx,t) = —1+3H(—x+t)—4H(—z)+3H(—z —1),
v(x,t) = —=30(—xz+1t)+40(—x) —30(—x — 1),
w(z,t) = 30 (—x+1t) — 46 (—x) + 30 (—x —t).

Thus we need entropy conditions for ¢’-shocks.

5. On ¢6(-shock wave type solutions.

Starting from the scalar conservation law u; + ( f (u))x = 0, by successive differ-
entiation with respect to x variable and setting u; = u, us = Uy, U3 = Uy, ...,
Upt2 = Unyi1e just as above (see Subsec. 3.1), we obtain a n-“prolonged system”

(w)e + (f(w)), = 0,

(ug)e + (f'(w)uz), = 0,

(5 1) (u3)t + (f”(ul)ug + f,(ul)u3)m = 0,
' (wa)e + (" (wi)us + 3f" (wi)uzus + f'(ur)ua), = 0,
(o) + (SO (wn)ug ™ 4o + fl(w)unya), = 0.

It is clear that by repeating the constructions from Sec. 5, a §(™-shock wave
type solution of system (5.1) can be constructed in the same way as the ¢’-shock
wave type solution of system (1.7). To solve this problem, we need to derive integral
identities for defining this type of solution.
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