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Abstract: In this paper, two kinds of occurrence mechanism on the phenomenon of concen-
tration and the formation of delta shock waves in the flux approximation limit of Riemann solutions
to the extended Chaplygin gas equations are analyzed. By phase plane analysis and generalized
characteristic analysis, we construct the Riemann solution to the extended Chaplygin gas equations
completely and obtain two results: on one hand, as the pressure vanishes, any two-shock Riemann
solution to the extended Chaplygin gas equations tends to a §-shock solution to the transportation
equation; on the other hand, as the pressure approaches the generalized Chaplygin pressure, any
two-shock Riemann solution tends to a §-shock solution to the generalized Chaplygin gas equations,
which generalize to the extended Chaplygin gas.
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1 Introduction

The extended Chaplygin gas equations can be expressed as

pr + (pu)s =0,

(pu) + (pu® + P), = 0, (1.1)

where p, u and P represent the density, the velocity and the scalar pressure, respectively,

and B
P=Ap"——, 1<n<3 0<a<l (1.2)
pa

with two parameters A, B > 0.

This model was proposed by Naji [1] to study the evolution of dark energy. For n = 2,
this model can also be seen as the magnetogasdynamics with generalized Chaplygin pressure
[2]. When B = 0 in (1.2), P = Ap™ is the standard state equation for perfect fluid. Up
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to now, various kinds of theoretical models have been proposed to interpret the behavior of
dark energy. Specially, when n = 1 in (1.2), it reduces to the state equation for modified
Chaplygin gas, which was originally proposed by Benaoum in 2002 [3]. As an exotic fluid,

such a gas can explain the current accelerated expansion of the universe. Whereas when

A=0in (1.2), P = fp% is called the pressure for the generalized Chaplygin gas [4].
Furthermore, when a« = 1, P = —% is called the pressure for (pure) Chaplygin gas which

was introduced by Chaplygin [5], Tsien [6] and von Karman [7] as a suitable mathematical
approximation for calculating the lifting force on a wing of an airplane in aerodynamics. It
has also been advertised as a possible model for dark energy [8].

When two parameters A, B — 0, the limit system of (1.1) with (1.2) formally becomes

the following transportation equations
pr+ (pu)w =0,
(pu)e + (pu?)z =0,

which is also called the zero-pressure gas dynamics, and can be used to describe some im-

(1.3)

portant physical phenomena, such as the motion of free particles sticking together under
collision and the formation of large scale structures in the universe [9-11].

The transportation equation (1.3) were studied extensively since 1994. The existence of
measure solutions of the Riemann problem was first proved by Bouchut [12] and the existence
of the global weak solutions was obtained by Brenier and Grenier [13] and Rykov and Sinai
[10]. Sheng and Zhang [14] discovered that the d-shock and vacuum states do occur in the
Riemann solutions to the transportation equations (1.3) by the vanishing viscosity method.
Huang and Wang [15] proved the uniqueness of the weak solution when the initial data is a
Radon measure. Also see [14, 16-19] for more related results.

d-shock is a kind of nonclassical nonlinear waves on which at least one of the state
variables becomes a singular measure. Korchinski [20] first introduced the concept of the
d-function into the classical weak solution in his unpublished Ph. D. thesis. Tan, Zhang and
Zheng [21] considered some 1-D reduced system and discovered that the form of §-functions
supported on shocks was used as parts in their Riemann solutions for certain initial data.
LeFloch et al. [22] applied the approach of nonconservative product to consider nonlinear
hyperbolic systems in the nonconservative form. Recently, the weak asymptotic method
was widely used to study the d-shock wave type solution by Danilov and Shelkovich et al.
[23-25].

As for delta shock waves, one research focus is to explore the phenomena of concentration
and cavitation and the formation of delta shock waves and vacuum states in solutions. In
[26], Chen and Liu considered the Euler equations for isentropic fluids, i.e., in (1.1), they

took the prototypical pressure function as follows:
p’y
P=e—, ~v>1. (1.4)
8

They analyzed and identified the phenomena of concentration and cavitation and the forma-

tion of d-shocks and vacuum states as € — 0, which checked the numerical observation for
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the 2-D case by Chang, Chen and Yang [27, 28]. They also pointed out that the occurrence
of §-shocks and vacuum states in the process of vanishing pressure limit can be regarded as
a phenomenon of resonance between the two characteristic fields. Moreover, they made a
further step to generalize this result to the nonisentropic fluids in [29]. Besides, the results
were extended to the relativistic Euler equations for polytropic gases in [30], the perturbed
Aw-Rascle model in [31], the magnetogasdynamics with generalized Chaplygin pressure in
[2], the modified Chaplygin gas equations in [32, 33], etc.

In this paper, we focus on the extended Chaplygin gas equations (1.1) to discuss the
phenomena of concentration and cavitation and the formation of delta shock waves and
vacuum states in Riemann solutions as the double parameter pressure vanishes wholly or
partly, which corresponds to a two parameter limit of Riemann solutions in contrast to the
previous works in [2, 26, 29-31]. Equivalently, we study the limit behavior of Riemann
solutions to the extended Chaplygin gas equations as the pressure vanishes, or tends to the
generalized Chaplygin pressure.

It is noticed that, When A, B — 0, system (1.1) with (1.2) formally becomes the
transportation equations (1.3). For fixed B, when A — 0, system (1.1) with (1.2) formally

becomes the generalized Chaplygin gas equations

{ pe+ (pu)e =0,

(pu)i + (pu* — £), = 0.

(1.5)

When « = 1, it is just the Chaplygin gas equations. In 1998, Brenier [34] first studied the 1-
D Riemann problem and obtained the solutions with concentration when initial data belongs
to a certain domain in the phase plane. Recently, Guo, Sheng and Zhang [35] abandoned this
constrain and constructively obtained the general solutions of the 1-D Riemann problem in
which the d-shock wave developed. Moreover, in that paper, they also systematically studied
the 2-D Riemann problem for isentropic Chaplygin gas equations. In [36], Wang solved the
Riemann problem of (1.5) by the weak asymptotic method. It has been shown that, in their
results, d-shocks do occur in the Riemann solutions, but vacuum states do not. For more
results about Chaplygin gas, one can refer to [37-40].

In this paper, we first solve the Riemann problem of system (1.1) with Riemann initial

data
(,0, u)(a:,O) = (p:tvu:t)v tx > 0, (16)

where p; > 0, uy are arbitrary constants. With the phase plane analysis method, we
construct the Riemann solutions with four different structures: R;Rs, R1S2, S1 R and S1.55.

Then we analyze the formation of 6-shocks and vacuum states in the Riemann solutions
to the extended Chaplygin gas equations as the pressure vanishes. It is shown that, as
the pressure vanishes, any two-shock Riemann solution tends to a J-shock solution to the
transportation equations, and the intermediate density between the two shocks tends to a
weighted d-measure that forms the d-shock; by contrast, any two-rarefaction-wave Riemann

solution tends to a two-contact-discontinuity solution to the transportation equations, and
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the nonvacuum intermediate state between the two rarefaction waves tends to a vacuum
state, even when the initial data stays away from the vacuum. As a result, the delta shocks for
the transportation equations result from a phenomenon of concentration, while the vacuum
states results from a phenomenon of cavitation in the vanishing pressure limit process. These
results are completely consistent with that in [26], and also cover those obtained in [2, 32, 33].

In addition, we also prove that as the pressure tends to the generalized Chaplygin
pressure (A — 0), any two-shock Riemann solution to the extended Chaplygin gas equations
tends to a d-shock solution to the generalized Chaplygin gas equations, and the intermediate
density between the two shocks tends to a weighted d-measure that forms the J-shock.
Consequently, the delta shocks for the generalized Chaplygin gas equations result from a
phenomenon of concentration in the partly vanishing pressure limit process.

From the above analysis, we can find two kinds of occurrence mechanism on the phe-
nomenon of concentration and the formation of delta shock wave. On one hand, since the
strict hyperbolicity of the limiting system (1.3) fails, see Section 4, the delta shock wave
forms in the limit process as the pressure vanishes. This is consistent with those results
obtained in [2, 26, 29-32]. On the other hand, the strict hyperbolicity of the limiting system
(1.5) is preserved, see Section 5, the formation of delta shock waves still occur as the pressure
partly vanishes. In this regard, it is different from those in [2, 26, 29-32]. In any case, the
phenomenon of concentration and the formation of delta shock wave can be regarded as a
process of resonance between two characteristic fields.

The paper is organized as follows. In Section 2, we restate the Riemann solutions to
transportation equations (1.3) and the generalized Chaplygin gas equations (1.5). In Section
3, we investigate the Riemann problem of the extended Chaplygin gas equations (1.1)—(1.2)
and examine the dependence of the Riemann solutions on the two parameters A, B > 0.
In Section 4, we analyze the limit of Riemann solutions to the extended Chaplygin gas
equations (1.1)—(1.2) with (1.6) as the pressure vanishes. In Section 5, we discuss the limit
of Riemann solutions to the extended Chaplygin gas equations (1.1)—(1.2) with (1.6) as the
pressure approaches to the generalized Chaplygin pressure. Finally, conclusions are drawn

and discussions are made in Section 6.

2 Preliminaries
2.1 Riemann Problem for the Transportation Equations

In this section, we restate the Riemann solutions to the transportation equations (1.3)
with initial data (1.6), see [14] for more details.

The transportation equations (1.3) have a double eigenvalue A = u and only one right
eigenvectors 7 = (1,0)”. Furthermore, we have V-7 = 0, which means that ) is linearly
degenerate. The Riemann problem (1.3) and (1.6) can be solved by contact discontinuities,
vacuum or d-shocks connecting two constant states (p+,u).

By taking the self-similar transformation £ = %, the Riemann problem is reduced to the
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boundary value problem of the ordinary differential equations:

(2.1)

—€pe + (pu)e = 0,
—&(pu)e + (pu?)e = 0

with (p, u)(£00) = (px, us).
For the case u_ < wu,, there is no characteristic passing through the region {¢ : u_ <

& < u4 }, so the vacuum should appear in the region. The solution can be expressed as

(p—,u_), —-oo<&<u_,
(psu)(§) = ¢ (0,), u- <& <wuy, (2.2)

(p4ruy),  ugp <E <00

For the case u_ = u., it is easy to see that the constant states (p+,u+) can be connected
by a contact discontinuity.

For the case u_ > u., a solution containing a weighted J-measure supported on a curve
will be constructed. Let 2z = z(t) be a discontinuity curve, we consider a piecewise smooth
solution of (1.3) in the form

(p—,u_), x < x(t),
(pu)(w,t) = § (wt)d(z —z(t),us(t), = =a(t), (2.3)
(p+7u+)7 x> J}(t)

To define the measure solutions, a two-dimensional weighted §-measure p(s)ds supported
on a smooth curve S = {(z(s),t(s)) : a < s < b} can be defined as

(p(s)ds, p(x(s), t(s))) =/ p(s)d(a(s),t(s)\/a'(s) + t'(s)"ds (2.4)

for any ¢ € C°(R x Ry).

For convenience, we usually select the parameter s = ¢ and use w(t) = /1 + 2/()*p(t)
to denote the strength of the § shock wave from now on.
As shown in [14], for any ¢ € C§°(R x R, ), the d-measure solution (2.3) constructed

above satisfies

<P71/Jt> + <PU,¢T> = 07
{ (pu, o) + {pu, ) = 0, 25)
in which o e
(o) = / / potbdadt + (w1()3s, (- ),
(o, ) = / N / " pootidadt + (wy(-)ds, B(-,-)),
where

po = p-+[plH(z —at), pouo = p-u_ + [pulH(x — ot)



No. 4 Concentration in the flux approximation limit of Riemann solutions to the extended - - - - - - 509

and
t t

wi(t) = ——=(o|p| — |pu]), w2(l) = ——=(0|pu| — u?]).
Here, H(x) is the Heaviside function given by H(z) =1 for z > 0 and H(xz) =0 for x < 0.
Substituting (2.3) into (2.5), one can derive the generalized Rankine-Hugoniot condi-

tions
) uy0),
dlgT(tt) = [plus(t) — [pul, 20
w = [pu]us(t) — [pu?],

where [p] = py — p_, etc.
Through solving (2.6) with 2(0) = 0, w(t) = 0, we obtain

u(t):U:\/piu*""\/E?M
’ VR

z(t) = ot,

w(t) = —p=pr (s — u)t.

Moreover, the §-measure solution (2.3) with (2.7) satisfies the d-entropy condition

(2.7)

up <o <u_,

which means that all the characteristics on both sides of the d-shock are incoming.
2.2 Riemann Problem for the Generalized Chaplygin Gas Equations

In this section, we solve the Riemann problem for the generalized Chaplygin gas equa-
tions (1.5) with (1.6), which one can also see in [35, 36].

It is easy to see that (1.5) has two eigenvalues
/\118 =u— \/ozin_aTH, )\QB =u+ @p_%“
with corresponding right eigenvectors
mP = (—VaBp~7,p)T, 7P =(VaBp ", p)".

So (1.5) is strictly hyperbolic for p > 0. Moreover, when 0 < a < 1, we have \yAZ - 778 #£ 0,
i = 1,2, which implies that AP and AZ are both genuinely nonlinear and the associated waves
are rarefaction waves and shock waves. When a = 1, AP - 72 =0, i=1,2, which implies
that AP and AP are both linearly degenerate and the associated waves are both contact
discontinuities, see [41].

Since system (1.5) and the Riemann initial data (1.6) are invariant under stretching of

coordinates (z,t) — (Bz, 5t) (B is constant), we seek the self-similar solution

(p,u)(x.1) = (p,u) (&), €= 7.
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Then the Riemann problem (1.5) and (1.6) is reduced to the following boundary value

problem of the ordinary differential equations

—&pe + (pu)e = 0,
{ —&(pu)e + (pu® — p%)g =0 (2.8)

with (p, u)(£o0) = (px,uy).
Besides the constant solution, it provides the backward rarefaction wave

Blpou):{ ST ZuYaBr s, 29)
p—,u—): - atl =B —ot .
u—RELp T =u. = B2Ep T, p<p.,
and the forward rarefaction wave
Flpu):d St oBp T, (2.10)
P u_): . :
ek BBy — oy p 2EB T s

When o = 1, the backward (forward) rarefaction wave becomes the backward (forward)
contact discontinuity.

For a bounded discontinuity at £ = o, the Rankine-Hugoniot conditions hold:

{ —aP[p] + [pu] =0, (2.11)

—oBlpu] + [pu? — pﬁa] —0,

where [p] = p— p_, etc. Together with the Lax shock inequalities, (2.11) gives the backward
shock wave

Sp_u):d L PP (2.12)
and the forward shock wave

S(p_,u_): PP

(2.13)

When « = 1, the backward (forward) shock wave becomes the backward (forward) contact
discontinuity.

Furthermore, for a given left state (p—,u_), the backward shock wave 5 (p—,u_) has a
straight line u = u_ — v/ Bp_ =R as its asymptote, and for a given right state (p4,u.y), the
forward shock wave S (p+,uy) has a straight line u = uy + \/> p;%l as its asymptote.

It is easy to see that, when u, + \/Epfr =R —VBp_ p =N , the backward shock wave

g(p,,u,) can not intersect with the forward bhOCk wave S (p+,u+), a delta shock wave



No. 4 Concentration in the flux approximation limit of Riemann solutions to the extended - - - - - - 511

must develop in solutions. Under definition (2.4), a delta shock wave can be introduced to

construct the solution of (1.5)—(1.6), which can be expressed as

(p—,u_), x < oPt,
(pu)(at) = § (WO —aPt),0B), z=oPt, (2.14)
(p+7u+)7 T > UBt
with
ﬁ%’ x < oBt,
B ¢
piot = O, xr = OBt,
ﬁa, x> oBt,
Py
see [34].

By the weak solution definition in Subsection 2.1, for system (1.5), we can get the

following generalized Rankine-Hugoniot conditions

doe O _up(e) = o,
20— up@)(p) - [pul, 219
A O — up(o)pu) - [ov? - B)

where 28 (t), wP(t) and uZ(t) are respectively denote the location, weight and propagation
speed of the d-shock, [p] = p(zP(t) +0,t) — p(zB(t) — 0,t) denotes the jump of the function
p across the d§-shock.

Then by solving (2.15) with initial data z(0) = 0, w?(0) = 0, under the entropy

condition

ug + \/ozB,oJ_raTJr1 <oB <u_ —vVaBp_ agl, (2.16)
we can obtain
w?(t) = wit, (2.17)

when p, # p_, where
wf = {pro-((wr —u ) = (5 = ) — ) H, (219)
and

wP(t) = (p-u_ — pyuy)t, (2.20)
of = 1(u+ +u_), (2.21)

when py = p_.
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In the phase plane (p > 0, u € R), given a constant state (p_,u_), we draw the

elementary wave curves (2.9)—(2.10) and (2.12)—(2.13) passing through this point, which are
— — — — —

denoted by R,R,S and S, respectively. The backward shock wave S has an asymptotic

+1

line u = u_ —v/Bp_ I addition, we draw a S5 curve, which is determined by

at1 _atl
U+ \/Ep_% =u_—VBp_ *, p>0. (2.22)

Then, the phase plane can be divided into five parts I(p_,u_), W(p_,u_), M(p_,u_), N(p_,u_)
and V(p_,u_) (see Fig.1).

By the analysis method in the phase plane, one can construct the Riemann solutions
for any given (py,u) as follows:
(1) (ps.us) € I(p—,u_): R + R;
(2) (p4.us) € D(p_,u): R + 53
(8) (p+rus) € W(p_,u-): S + s
(4) (psrus) € N(p-ju-): S + S
(5) ( )

€ V(p_,u_): §-shock.

(o u_)

Q
H
-

u_ +vBp_ 2
Fig.1 The (p, u) phase plane for the genreralized Chaplygin gas equations (1.5).

3 Riemann Problem for the Extended Chaplygin Gas Equations

In this section, we first solve the elementary waves and construct solutions to the Rie-

mann problem of (1.1)—(1.2) with (1.6), and then examine the dependence of the Riemann
solutions on the two parameters A, B > 0.

The eigenvalues of the system (1.1)—(1.2) are

aB aB
MAB = — \/An,o"—1 + pr=s ME =+ \/Anp”—1 + P
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with corresponding right eigenvectors

. aB . aB
P = (—p \/Anp" L+ —)" P =(p, \/Anp"‘l +—5)"
p p
Moreover, we have

YAAB L AB _ An(n+1)p"** + (1 - a)aB
2/(Anp+e + aB)pet

>0, i=1,2.

Thus A2 and M\{'Z are genuinely nonlinear and the associated elementary waves are shock

waves and rarefaction waves.

For (1.1)—(1.2) with (1.6) are invariant under uniform stretching of coordinates: (z,t) —
(Bz, Bt) with constant S > 0, we seek the self-similar solution

(p,uw)(@,t) = (p(€),u(€)), &€=2

;'
Then the Riemann problem (1.1)—(1.2) with (1.6) is reduced to the boundary value problem
of the following ordinary differential equations

—&pe + (pu)e =0,
~&(pu)e + (pu* + P)g =0, P=Ap" — =

P

with (p, u)(£00) = (px, us).
Any smooth solutions of (3.1) satisfies

u—_§ p dp \
(Anp”1+ p(u—f))(du)‘o' o

It provides either the constant state solutions (p,u)(§) = constant, or the rarefaction wave

which is a continuous solutions of (3.2) in the form (p,u)(£). Then, according to [41], for a

given left state (p_,u_), the rarefaction wave curves in the phase plane, which are the sets

of states that can be connected on the right by a 1-rarefaction wave or 2-rarefaction wave,

€=M —u—[Anp—1 + 2B
Ri(p_,u_): (3.3)

fp \/Anp” 14 gfl .

are as follows

Uu—u_ = —

§=Xa=u+/Anp"~t + 4 a+1a
Ralp_yu_) v (3.4)

e wdﬂ

and

U —u—
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From (3.3) and (3.4), we obtain that

AMB 9NAB gy

. a(l—a)B
An(n +1)p" 1+ ———
B a)\{xB ( )P

pa—i-l 0 35
dp du_dp " p aB =0 (3:5)
2p4/ Anpn—1 + )
pa
w1  a(l—a)B

NP _ 0P du 0N At VP T .

dp— Qu dp  9p oB ’ '

204/ Anpn—1 +

paJrl

which implies that the velocity of 1-rarefaction (2-rarefaction) wave A2 (A2'B) is monotonic
decreasing (increasing) with respect to p.

With the requirement A\{'Z(p_ u_) < M'B(p,u) and N8B (p_,u_) < A\'B(p,u), noticing
(3.5) and (3.6), we get that

g = )\1 = u— Anp”fl + 7;‘,{?1,
A’ﬂ,pn_l-f— aB
p a1
u—u-=—[" %dm p<p-,
and

g: )\2 :u+1/An,0"71 + p?xflﬂ
R2<p—a u—) : o \/Anp”_urpg% (38>
U — U_ :f_ Tdm p>po.
For the 1-rarefaction wave, through differentiating v respect to p in the second equation
in (3.7), we get

Ri(p—,u_):

aB
\/Anpn_l T e
N P
p
" - —An(n —3)p"** + a(a+3)B
e 2/)2 \/Anpn-‘r(x + aBpot!

<0,

(3.9)

(3.10)

Thus, it is easy to get u,, > 0 for 1 < n < 3, i.e., the l-rarefaction wave is convex for
1 < n < 3 in the upper half phase plane (p > 0).

In addition, from the second equation of (3.7), we have

_ 2
) (p p—? ),
which means that liH(l) U = +00.
p—

By a similar computation, we have that, for the 2-rarefaction wave, u, > 0, u,, < 0

for 1 <n <3 and lim w = +4o00. Thus, we can draw the conclusion that the 2-rarefaction
p—+o00

wave is concave for 1 < n < 3 in the upper half phase plane (p > 0).
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Now we consider the discontinuous solution. For a bounded discontinuity at & = o, the

Rankine-Hugoniot condition holds

{ 48] = [pul,

3.11
oABlou] = [pu + P}, P = Ap"— £, (311

where [p] = py — p_, etc.
Eliminating o from (3.11), we obtain

u—u_::t\/pp (A(p"—pz)—B(i—ia)). (3.12)

pp- e p*
Using the Lax entropy condition, the 1-shock satisfies
oA < NP (p_ul), MP(p,u) < o*B < \B(p,u), (3.13)
while the 1-shock satisfies
MEB(p_ju) <o <X B(p_,u_), XB(p,u) < o?B. (3.14)
From the first equation in (3.11), we have

gap _puzpus o poluzus) o pluzu) (3.15)
p—p- p—p- p—p-

Thus, by a simple calculation, (3.13) is equivalent to

aB  pp_(u—wu_) ., aB
—p4/ Anpn—1 + < < —p_y | Anp"T 4+ ——, 3.16
v af oluss o s
and (3.14) is equivalent to
aB _ pp_(u—u-) no1, OB
oy Anpn—1 4+ < < p_y[Anp” T + —. 3.17
v R ok (3.17)

(3.16) and (3.17) imply that p > p_, u <wu_ and p < p_, u < u_, respectively.
Through the above analysis, for a given left state (p_,u_), the shock curves in the
phase plane, which are the sets of states that can be connected on the right by a 1-shock or

2-shock, are as follows

(3.18)

_ pP—pP— n__ ,nY) _ 1 1
u—U———\/pp (A(p pr) — B(s pg)), p>p-

and
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For the 1-shock wave, through differentiating u respect to p in the second equation in
(3.18), we get
1 1

1 —p_ _ aB
20— uJu, = (A(p" ) =Bl ~ p—)) + pppf (Anp" ™ 4 550 >0, (320)

which means that u, < 0 for the 1-shock wave and that the 1-shock wave curve is starlike
with respect to (p_,u_) in the region p > p_. Similarly, we can get u, > 0 for the 2-shock
wave and that the 2-shock wave curve is starlike with respect to (p_, u_) in the region p < p_.
In addition, it is easy to check that pEI-&I-loou = —oo for the 1-shock wave and /Eii% U = —00
for the 2-shock wave.

Through the analysis above, for a given left state (p_,u_), the sets of states con-
nected with (p_,u_) on the right in the phase plane consist of the 1-rarefaction wave
curve Ri(p_,u_), the 2-rarefaction wave curve Ra(p_,u_), the 1-shock curve Si(p_,u_)
and the 2-shock curve S3(p_,u_). These curves divide the upper half plane into four parts
RiRa(p_,u_), RiSa(p_,u_), SiRa(p_,u_) and S1S2(p_,u_). Now, we put all of these
curves together in the upper half plane (p > 0, u € R) to obtain a picture as Fig.2.

By the phase plane analysis method, it is easy to construct Riemann solutions for any
given right state (p,,u, ) as follows

(1) (p+us) € RiRa(p—,u_) : Ry + Ro;

(2) ( ) € RiS2(p—,u_) : Ry + So;
(3) (p+:u+) € SiRa(p—,u-) : St + Ro;
4) ( ) € S1S2(p_,u_): Sy + S,

hs

Sl R2
S1Ra(p-,u-)
//
SlSQ(ﬂ—’u—) // R1R2(p77u7)
< (p—un)

o Rl

R1S3(p—, u-)

> U,

Fig. 2 The (p,u) phase plane for the extended Chaplygin gas equations (1.1)—(1.2).

4 Formation of /-Shocks and Vacuum States as A, B — 0

In this section, we will study the vanishing pressure limit process, i.e., A, B — 0. Since
the two regions S1Ry(p_,u_) and R1S2(p_,u_) in the (p,u) plane have empty interior when
A, B — 0, it suffices to analyze the limit process for the two cases (p;,uy) € S152(p_,u_)
and (p4,us) € RiRa(p—,u_).
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First, we analyze the formation of d-shocks in Riemann solutions to the extended Chap-
lygin gas equations (1.1)—(1.2) with (1.6) in the case (p;,us) € S1.52(p_,u_) as the pressure

vanishes.
4.1 §-Shocks and Concentration

When (py,uy) € S19(p_,u_), for fixed A, B > 0, let (p2Z,u2P) be the intermediate
state in the sense that (p_,u_) and (p2B, uP) are connected by 1-shock S; with speed o2,

(p2B uAB) and (p,,uy) are connected by 2-shock S, with speed o5'Z. Then it follows

GAB _ Pe U —pou
1 AB _ )
S : e T = (4.1)
wl —us = = [ (AP = o) = Bl — %)), p% > p
\
gAB — P+U+ — P*ABUfB
2 _ AB )
S, P+ — Py — (4,2)
iy —ut® = = B (At — (p80)7) = B — ) e <
\

In the following, we give some lemmas to show the limit behavior of the Riemann
solutions of system (1.1)—(1.2) with (1.6) as A, B — 0.

Lemma 4.1 lim p#8 = 4o0.
A,B—0

Proof Eliminating u“'? in the second equation of (4.1) and (4.2) gives

PP p-

\/m—PfB (At = (027 = Bz = o)) ()

p+peB Jo

wp—un = - \/’M(A«pfw—pﬁ)—m( 5~ )

If Al}igmopr = M € (max{p_,p;},+00), then by taking the limit in (4.3) as A,B — 0,
we obtain that uy — u_ = 0, which contradicts with u, < u_. Therefore we must have

lim pA8 = +o0.
A,B—0

By Lemma 4.1, from (4.3) we immediately have the following lemma.

Lemma 4.2 Al}BmOA(pr)” = PPy (o — )

(Vo + VP )

Lemma 4.3

lim v2? = lim o{? = lim 03'% = 0. (4.4)
A,B—0 A,B—0 A,B—0
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Proof From the first equation of (4.1) and (4.2) for S; and S5, by Lemma 4.1, we have

urB p-u—
AB, AB _ * AB
lim % = lim P B PU= — fim —— P = i ul?
A,B—0 A,B—0 — A,B—0 _ P- A,B—0
Px P 1 YV
Px
B A P+U+ AB
_ B B AB *
lim ¢3? = lim Pty p*ABu* = lm 2 — lim ul?,
A, B0 A,B=0 — AB=0o P+ A,B—0
P+ Px B 1
Px
which immediately leads to lim u#f = lim o = lim o3'®.
A,B—0 A,B—0 A,B—0
From the second equation of (4.1), by Lemmas 4.1-4.2, we get
AB
AB — 1i L* _p_< AB\n _ ,n) _ L _i)
m u- A}ggo\/ AB A((pAB)m = pm) B(( PAB)s o )
1 P—P+
= U — | ——F————5(u_ —uy)?
- (Vo + /Py
S P o N YR
VP— Py
VP-U- TP Us
VP— /P
The proof is completed.
Lemma 4.4
4P
lim piPde = \/prp—(u_ —up)t, (4.5)
A,B—0 xf’B
4P
lim p2ButBdy = o\ /prp(u_ — uy)t. (4.6)

A,B=0 [ a5

Proof Here we only prove the case for p, # p_. The first equation of the Rankine-
Hugoniot condition (3.11) for S; and S, read

aiP(pP —p_) = pPud? —p_u_, (4.7)
3% (ps = p2P) = pruy — plPul®,

from which we have

hm P PlogP—oi'?) —AI}BIEO(*U?BP—+02ABP+*P+U++P—U—) = Vp+p—(u——uy). (4.8)

Similarly, from the second equations of the Rankine-Hugoniot condition (3.11) for S;
and Ss,

(P (pPul? = pus) = ptP () = pu + ()" = ) = Bl oy = o),

(P p-
Jé“B(p+U+ piPull) = poud — plP(ulP)? + A(pl — (p27)") = B(% - rAlB)a),

(4.9)



No. 4 Concentration in the flux approximation limit of Riemann solutions to the extended - - - - - - 519

we obtain

lim ABUAB O,AB _ O'AB
A,B—)Op* * (2 1 )

11
: AB AB n n
Aim (=o' p-u_ + 03" pruy — pyul + poul — A(py —p") + B(E - E))

o/pp—(u_ —uy). (4.10)

Thus, from (4.8) and (4.10) we immediately get (4.5) and (4.6). For the case py = p_, the
conclusion is obviously true, so we omit it. The proof is finished.

The above Lemmas 4.1-4.4 show that, as A, B — 0, the curves of the shock wave S; and
S will coincide and the delta shock waves will form. Next we will arrange the values which
give the exact position, propagation speed and strength of the delta shock wave according
to Lemmas 4.3 and 4.4.

From (4.5) and (4.6), we let

w(t) = Voo (u- —up)t, (4.11)

w(t)us(t) = o/prp—(u- — uy)t, (4.12)

then

us(t) = o. (4.13)
Furthermore, by letting dfi—(tt) = us(t), we have

x(t) = ot. (4.14)

From (4.11)—(4.14), we can see that the quantities defined above are exactly consistent
with those given by (2.7). Thus, it uniquely determines that the limits of the Riemann
solutions to system (1.1)—(1.2) and (1.6) when A, B — 0 in the case (py,uy) € IV and
u_ > u, is just the delta shock solution of (1.3) and (1.6). So we get the following results
which characterizes the vanishing pressure limit in the case (py,uy) € IV and u_ > uy.

Theorem 4.1 If u_ > u,, for each fixed A, B, (p;,u) € IV, assuming that (pZ, u4P)
is a two-shock wave solution of (1.1)—(1.2) and (1.6) which is constructed in Section 3, it is
obtained that when A, B — 0, (pAB,u4?B) converges to a delta shock wave solution to the

transportation equations (1.3) with the same initial data.
4.2 Formation of Vacuum States

In this subsection, we show the formation of vacuum states in the Riemann solutions to
(1.1)-(1.2) with (1.6) in the case (p4,u4) € RiRo(p—,u_) with u_ < uy and py > 0 as the
pressure vanishes.

At this moment, for fixed A, B > 0, let (p2B uAB) be the intermediate state in the

sense that (p_,u_) and (p22,u2B) are connected by 1-rarefaction wave R; with speed \{'Z,
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(p2B uAB)and (py,u,) are connected by 2-rarefaction wave R, with speed A\3'Z. Then it

follows
E=MP =u— /Anpn—

pa+17
Ry : p 1/ Anpn—1 + pifl B (4.15)
=- dp, p.” <p
o P

u—u_ <p-,
£=X£‘B=u+\/Anp"*1+‘3—i,
Ry : Anpn—1 + a+1 B (4.16)
U+—u—/ dp, pi~ <p<pst.
o p

Now, from the second equations of (4.15) and (4.16), using the following integral identity

p— ) Anp”” a+1
/ .
_ 2 _ n—1 n—1 n—1 a+l n—1 a+1
= ochl( Anp" +p°‘+1 \/Anp In \/Anp +aB+\/Anp ))‘p ,
it follows that the intermediate state (pAZ, uA?) satisfies
U4+ — U—

/ Anpn=1 + a+1 / Anprn=t + u+1
d,

\/Anp’i t Anp 7t + oy
/ dp + / dp
AB AB

_ n— 1 n—1 n—1 a+1 n—1 a+1
= a+1 [ Anp™ a+1+\/Anp In \/Anp +aB+\/Anp

—l—\/Anp" paB)aT \/Anp" 'n \/Anp pAB)etl 4 aB + \/Anp L(paB)atl)

IA

Anp’ " + T \/Anpf_ n \/Anp" "o +aB + \/Anp" Yot
Py

—|—\/Anp1 (APt \/Anpf_ n \/Anp pAB)etl 4 aB + \/Anp (pr)a“)),
(4.17)

which implies the following result.

Theorem 4.2 Let u_ < uy and (p4,uy) € I(p—,u_). For any fixed A, B > 0, assume
that (pAZ,u”P) is the two-rarefaction wave Riemann solution of (1.1)—(1.2) with Riemann
data (p+,us) constructed in Section 3. Then as A, B — 0, the limit of the Riemann solution
(pAB, uAB)

intermediate vacuum state as follows

is two contact discontinuities connecting the constant states (p,u) and the

(p,,u,), -0 << u,
(p7 U)(f) = (075)7 u_ < f < U,

(p+7u+)7 U §€<007
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which is exactly the Riemann solution to the transport equations (1.3) with the same Rie-
mann data (py,uy).
Indeed, if Algnopr =K € (0,min{p_, p, }), then (4.17) leads to uy —u_ = 0, which

contradicts with u_ < u,. Thus lim pA% = 0, which just means vacuum occurs. Moreover,
A,B—0

)

as A, B — 0, one can directly derive from (4.15) and (4.16) that A%, \s'Z — v and two
rarefaction waves R; and R, tend to two contact discontinuities § = § = ux, respectively.

These reach the desired conclusion.

5 Formation of 5-Shocks as A — 0

In this section, we study the formation of the delta shock waves in the limit of Riemann
solutions of (1.1)—(1.2) with (1.6) as A — 0 in the case (p;,uy) € V(p_,u_), ie., uy +
_atl _atl
VBp, > <wu_—+vVBp_ > (seeFig. 3).

o

Fig.3 The (p,u) phase plane for the generalized Chaplygin gas equations (1.5)
and the extended Chaplygin gas equations (1.1)—(1.2).
Lemma 5.1 When (py,us) € V(p_,u_), there exists a positive parameter A, such
that (p4,uy) € S152(p—,u_) when 0 < A < A,.
Proof From (pi,uy) € V(p—,u_), we have

1 a+1

u++\/§p;a2 <u_—VBp_ 7, (5.1)

then

)2

a+1 a+1
a+1 a+1

(u_ —uyp)* > (\/Epi 2 +VBp_ ®
= B(pi* ' +pZ 200 T pl 7))

> B(p;afl 4 p:afl _ pllp:a _ p:lp;a)

1 1 1 1
= B(-- Z)(E - ) (5.2)
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All the states (p, u) connected with (p_,u_) by a backward shock wave S; or a forward

shock wave S5 satisfy

P—P—< 1 1
v = — A(pn — o7 —B———a>, p>p, 5.3
W)ﬂ (=) = Bl =) (53)
or
p—p-< 1 1
U—u_ = — A(pn — p™ —B———a>, p<p_. 5.4
\/pp_ ( ) (pa ,o,) (5.4)
When p; = p_, the conclusion is obviously true. When p, # p_, by taking
(e —u 2 = L2 (4o — ) = B~ ) (55)
pyp- o py p2’ )
we have
P+P— 9 1 1 1 1
Ao (TR YRAVR S VR S ) RCP
0= o = o)y e T = B = )G = ) (5:6)

which together with (5.2) gives the conclusion. The proof is completed.
When 0 < A < Ay, the Riemann solution of (1.1)—(1.2) with (1.6) includes a backward
shock wave S; and a forward shock wave S, with the intermediate state (p2, u?') besides two

constant states (p4,u+). We then have

S : e = (5.7)
== [ (Ao - )~ Bk~ ). o> -
and
o = Pxte = plu
S, : P e — (5.8)
wp =t = = B (A — (p2) — BGE = ) e <

here 0! and o' are the propagation speed of S; and S,, respectively. Similar to that in

Section 4, in the following, we give some lemmas to show the limit behavior of the Riemann
solutions of system (1.1)—(1.2) with (1.6) as A — 0.
Lemma 5.2 }‘irr%) p = +o0.

Proof Eliminating uZ in the second equation of (5.7) and (5.8) gives

u- —uy = \/pi;f(fl((pf)”p”)B( }1 *%)>

\/ PP (At~ (o) - Bl — o)) (59)

p4p2 g (p)~
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If EH}) pd = K € (max{p_, p; }, +00), then by taking the limit in (5.9) as A — 0, we obtain
that

A\
S
—
Q
e
FQ"‘
Q
P
E@"‘
~—

VBp, * +VBp_ 7, (5.10)

which contradicts with (5.2). Therefore we must have }‘irr%) p2 = +o0. The proof is completed.
By Lemma 5.2, from (5.9) we immediately have the following lemma.

Lemma 5.3 }‘imo Alph™ < p_(u— —uy)?.

Lemma 5.4 Let EH{) u = 0B, then

—~ o+l _at1
}‘in%)uf = fl}irr%)af‘ = }‘inhag‘ =oB e (u+ +VaBp, * ,u_- —VaBp_* ) (5.11)

Proof From the second equation of (5.7) for S;, by Lemmas 4.2 and 4.3, we have

A —p_ 1 1
lim u? = ulim\/W(A((pf)"p”)B( 5 f—)>

A=0 A=o\[ pip- (p)> p2
= ey [ (e 2)
< u-— \/aBp:aTH. (5.12)

Similarly, from the second equation of (5.8) for Sy, we have

gt = e T [P (Al — (o) = B - )
A0 A=o\[ pips pt  (pd)>
1 B
= u;+ —( lim A(pd) + 7)
P+ \ A0 Py
a1
> uy+VaBp, * . (5.13)
Furthermore, similar to the analysis in Lemma 4.3, we can obtain }lin}) uld = }‘irr%) ot =
}‘in%) o = oB. The proof is completed.
Lemma 5.5 For ;B mentioned in Lemma 5.4,
1 1. B B 1
- pruy —pu_ + {prp-((ug —u_)® - (7 - 7)(p7 - pTV)) )
oB =oP = h . — (5.14)

P+ — P-
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as py # p_ and N
oB =gl = T 5.15
o o 5 (5.15)
as Py = P—.

Proof Letting }‘in%) A(p)" = L, by Lemma 5.4, from (5.12) and (5.13) we have

1 B 1 B -
hmuf:u,— —(L—}-—a):qu—i— 7([/—’—7):03,
A=0 p- P Py P
which leads to
B “=.9
L+ — =p_(u_—0oP), (5.16)
P+
B —.5
L+ ro pi(uy —oP) (5.17)
Eliminating L from (5.16) and (5.17), we have
—~ —~ 1 1
(04 = p-)(08)? = 2(pruy — pou)a® + prut — p_u? — Bz —a)=0 (518
+ —_

a+1

From (5.18), noticing 0B ¢ <u+ + v aBpIaTH,u_ —+vaBp_* ), we immediately get
(5.14) and (5.15). The proof is finished.
Similar to Lemma 4.4, we have the following lemma.

Lemma 5.6

zg
lim pidr = wlt, (5.19)
A—0 xf‘

zg
lim pAulde = wloPt. (5.20)
A—0 A

L1
Proof Here we only prove the case for p, # p_. Similar to the proof of Lemma 4.4,
taking account into (3.11) and (5.18), we have

lim p(0y —o1) = lim(=oi'p- +05p — (prus = pou-)

—0

= 0P(pr —p-) = (pyuy — p-u_) = wy,

and

: A JAr _A A
lim Py Vs (02 -0 )
A—0

= lim (—o{'p_u_ + 03 pruy — prug (us + Bt) + pou(u_ + Bt)
1 1
(7 = 0) 4 Bl )
B 2 2 1 1
= o7 (pyuy —p_u_) — (pyui —p_uZ)+ B(— — —)
Py P

= (p+ = p-)0") = (prus — p_u_)o”

= PP (py —p-) = (pruy —p_u_)) = cPug.
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So
g (t) t
i Ag 1 A A Az _ B .
fm [ dx }‘1111)0 pa(os —o7)dt = wy't, (5.21)
i (t) 0
x4 (t) t
lim pAulde = lim / plul(of — oydt = oPwBt. (5.22)
A—0 z‘f‘(t) A—0 0

For the case p. = p_, the conclusion is obviously true, so we omit it. The proof is finished.
The above Lemmas 5.1-5.6 show that, as A — 0, the curves of the shock wave S and
S3' will coincide and the delta shock waves will form. Next, we will arrange the values which
give the exact position, propagation speed and strength of the delta shock wave according
to Lemmas 5.4 and 5.6.
From (5.21) and (5.22), when py # p_, we let

w?(t) = wit, (5.23)
w?(t)ug () = (o7 + pHjwy't, (5.24)
then
uf (t) = of + B, (5.25)
which is equal to oZ(t). Furthermore, by letting @ = oP(t), we have
B By, Lo
zo(t) =05t + iﬂt . (5.26)

From (5.23)—(5.26), we can see that the quantities defined above are exactly consistent
with those given by (2.17)—(2.20). When p, = p_, similar results can be obtained. Thus,
it uniquely determines that the limits of Riemann solutions to system (1.1)—(1.2) and (1.6)
when A — 0 in the case (p,uy) €V and u_ > uy is just the delta shock solution of (1.5)
and (1.6). So we get the following results which characterizes the vanishing pressure limit
in the case (pr,uy) €V and u_ > uy.

Theorem 5.1 If u_ > u,, for each fixed A, B, (p,,u;) €V, assuming that (p*,u?)
is a two-shock wave solution of (1.1)—(1.2) and (1.6) which is constructed in Section 3, it
is obtained that when A — 0, (p*,u?) converges to a delta shock wave solution to the

generalized Chaplygin gas equations (1.5) with the same initial data.

6 Conclusions and Discussions

In this paper, we have considered two kinds of flux approximation limits of Riemann
solutions to the extended Chaplygin gas equations and studied the concentration and the
formation of delta shocks during the limit process. Moreover, we have proved that the van-
ishing pressure limit of Riemann solutions to extended Chaplygin gas equations is just the

corresponding ones to transportation equations, and when the extended Chaplygin pressure
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approaches the generalized Chaplygin pressure, the limit of Riemann solutions to the ex-
tended Chaplygin gas equations is just the corresponding ones to the generalized Chaplygin
gas equations.

On the other hand, recently, Shen and Sun have studied the Riemann problem for the
nonhomogeneous transportation equations, and the nonhomogeneous (generalized) Chaply-
gin gas equations with coulomb-like friction, see [38, 39, 42]. Similarly, we will also con-
sider the Riemann problem for the nonhomogeneous extended Chaplygin gas equations with
coulomb-like friction. Furthermore, we will consider the formation of delta shock waves in its
flux approximation limit and analyze the relations of Riemann solutions among the nonho-
mogeneous extended Chaplygin gas equations, the nonhomogeneous generalized Chaplygin
gas equations and the nonhomogeneous transportation equations. These will be left for our
future work.
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FE+H Chaplygin S A2 2 MRVIE TR PRI IZ A E T3

5K PRFS
(TLBUR U S5 AR b, W6 5 430056)

FEE: AW T A4 Chaplygin U (152 SR 7E 08 1 AR PRIk 752 v 10 4 v 30 R B s 0k (1 5
TE AL 10 . ) AR ST T ATV AN SCRFE 20 BT, #4036 T ZE4H Chaplygin U AR 2 ) IF3R45 T
PIANGE R 2 78 R, 4E$H Chaplygin A /8L 2 NS0 R RIS B dania 7 AR I AKChL e Bopk i 4070
ki 1) L Chaplygin& J1 iR, 4E#i Chaplygin S 44 165 P AN R I 8 21 ) L Chaplygin S 4 15k
PSR, 2510 HE) ] T AEHi Chaplygin <4,

X BIA: SEIHChaplyginUH; Ik seBop; FOELTIIR; 22 2 Mz 7 iE; ) L Chaplygin U4
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