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Abstract

Consider the p—system describing the subsonic flow of a fluid in a pipe
with section a = a(x). We prove that the resulting Cauchy problem
generates a Lipschitz semigroup, provided the total variation of the
initial datum and the oscillation of a are small. An explicit estimate
on the bound of the total variation of a is provided, showing that
at lower fluid speeds, higher total variations of a are acceptable. An
example shows that the bound on TV(a) is mandatory, for otherwise
the total variation of the solution may grow arbitrarily.

2000 Mathematics Subject Classification: 35L65, T6N10.
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1 Introduction

Consider a gas pipe with smoothly varying section. In the isentropic or
isothermal approximation, the dynamics of the fluid in the pipe is described
by the following system of Euler equations:

O(ap) + 0z(ag) =0

2
Oi(aq) + 0y |a <qp +p(p)> = p(p) dya, (1.1)

where, as usual, p is the fluid density, ¢ is the linear momentum density,
p = p(p) is the pressure and a = a(x) is cross-sectional area of the tube.
We provide a basic well posedness result for (1.1), under the assumptions
that the initial data is subsonic, has sufficiently small total variation and



the oscillation in the pipe section a = a(zx) is also small. We provide an
explicit bound on the total variation of a. As it is physically reasonable, as
the fluid speed increases this bound decreases and vanishes at sonic speed,
see (2.14).

As a tool in the study of (1.1) we use the system recently proposed for
the case of a sharp discontinuous change in the pipe’s section between the
values a~ and a™, see [3, 7, 8]. This description is based on the p-system

Op+0zq =0
i (1.2)
oug+ 0, (£ +p(p)) =0
equipped with a coupling condition at the junction of the form
W (0™, (0, )(t,0-); 0" (p, ) (£,04)) =0 (1.3)

whose role is essentially that of selecting stationary solutions.

Remark that the introduction of condition (1.3) is necessary as soon as
the section of the pipe is not smooth. The literature offers different choices
for this condition, see [3, 7, 8]. The construction below does not require any
specific choice of ¥ in (1.3), but applies to all conditions satisfying minimal
physically reasonable requirements, see (30)—(X%2)

On the contrary, if a € W1 the product in the right hand side of the
second equation in (1.1) is well defined and system (1.1) is equivalent to the
2 x 2 system of conservation laws

at,O + a:rq = _% Opa

2 1.4
Okq + Oy ( P(P)) =—L 0za. (14)
Systems of this type were considered, for instance, in [5, 11, 13, 15, 16,
18, 21]. In this case the stationary solutions to (1.1) are characterized as
solutions to

Or(a(x) 4) = 0 Oog = —1 0,0

see Lemma 2.6 for a proof of the equivalence between (1.4) and (1.1).
Thus, the case of a smooth a induces a unique choice for condition (1.3),
see (2.3) and (2.19). Even with this choice, in the case of the isothermal
pressure law p(p) = c?p, we show below that a shock entering a pipe can
have its strength arbitrarily magnified, provided the total variation of the
pipe’s section is sufficiently high and the fluid speed is sufficiently near to
the sound speed, see Section 2.2. Recall, from the physical point of view,
that the present situation neglects friction, viscosity and the conservation of



energy. Moreover, this example shows the necessity of a bound on the total
variation of the pipe section in any well posedness theorem for (1.1).

The next section is divided into three parts, the former one deals with a
pipe with a single junction, the second with a pipe with a piecewise constant
section and the latter with a pipe having a W11 section. All proofs are
gathered in Section 3.

2 Notation and Main Results

Throughout this paper, u denotes the pair (p, q) so that, for instance, ut =

(pt,q%), @ = (p,q), .... Correspondingly, we denote by f(u) = (q,P(p7 q))
the flow in (1.2). Introduce also the notation Rt = [0, +-oco[, whereas RT =
10, +00[. Besides, we let a(z+) = limg_,,+ a(§). Below, B(u;d) denotes the
open ball centered in u with radius 4.

The pressure law p is assumed to satisfy the following requirement:

(P) p € C3(R*;R") is such that for all p > 0, p’(p) > 0 and p”(p) > 0.

The classical example is the y-law, where p(p) = k p7, for a suitable v > 1.
Recall the expressions of the eigenvalues A\ 2 and eigenvectors 71 2 of the
p-system, with ¢ denoting the sound speed,

M) =2—clp), clp)=VPp), X@==%+cl),

Tl(u) = [ _:tu) ] ) TQ(“) - [ )\Q(U)

The subsonic region is given by
Ag = {u e RT x R\ (u) <0< )\g(u)} . (2.2)

For later use, we recall the quantities

2
flow of the linear momentum: P(u) = T + p(p)

p

2 p
total energy density: E(u) = a +p / ]Lg) dr
2p o T
flow of the total energy density: Fu) = €. (E(u) +p(p))
p

where p, > 0 is a suitable fixed constant. As it is well known, see [10, for-
mula (3.3.21)], the pair (E, F') plays the role of the (mathematical) entropy
- entropy flux pair.



2.1 A Pipe with a Single Junction

This paragraph is devoted to (1.2)—(1.3). Fix the section a > A, with A > 0
and the state u € Ag.

First, introduce a function ¥ = ¥(a~,a™;u~) that describes the effects
of the junction when the section changes from a~ to a™ and the state to the
left of the junction is u~. We specify the choice of (1.3) writing

+at — a—a—
Ty = aa e S, atuT). (2.3)

-y at
Pla™,umsat,u atP(ut) —a P(u™)

We pose the following assumptions on X:
(20) © e C' ([a—A,a+A] x B(@0);R?).
(X1) X(a,a;u”)=0foralla € [a— A,a+ A] and all u= € B(w;0).

Condition (X0) is a natural regularity condition. Condition (31) is aimed
to comprehend the standard “no junction” situation: if a= = a™, then the
junction has no effects and ¥ vanishes.

Conditions (30)—(X1) ensure the existence of stationary solutions to
problem (1.2)—(1.3).

Lemma 2.1 Let (£0)-(X1) hold. Then, for any a € RY, @ € Ay, there

exists a positive  and a Lipschitz map

T:la—0,a+06[x |a—d,a+6[x B(4;6) — Ag (2.4)
such that

W(a,uat,ut) =0

e et B SRR

u™,u" € B (u;9)

In particular, T'(a,a, u) = u. We may now state a final requirement on X:
(22) 2(a,a%u)+ 2 (a®atT(a,a%u")) =S(a",atsu™).

With 7" as in Lemma 2.1. Alternatively, by (2.3), the above condition (32)
can be restated as

W) = 0|
\I!(ao’uo;a+7u+) -0 :>\If(a ,urat,u )_0

Condition (X2) says that if the two Riemann problems with initial states

(a=,u7),(a® u%) and (a®,u®), (a®,u) both yield the stationary solution,



then also the Riemann problem with initial state (a=,u~) and (a*,u™) is
solved by the stationary solution.

Remark that the “natural” choice (2.19) implied by a smooth section
satisfies (X0), (¥1) and (X2).

Denote now by @ a map satisfying

PO — =gt ot =
a(x):{u ifz <0 \I/(a , a1 )—0, (2.5)

N with .\,
atifx >0 a~, " € Ag.

The existence of such a map follows from Lemma 2.1. Recall first the defi-
nition of weak W-solution, see [7, Definition 2.1] and [8, Definition 2.1].

Definition 2.2 Let ¥ satisfy (£0)-(%2). A weak V-solution to (1.2)-
(1.3) is a map

u e C° (R+;a+ LY(R+; R* x R))

. (2.6)
u(t) € BV(R;RT xR) fora.e teR"T

such that

(W) for all ¢ € CLR x R;R) whose support does not intersect x = 0
/]Iw/R(uatcp—i-f(u)@Igo) drdt =0;
(®) for a.e. t € RT and with U as in (2.3), the junction condition is met:
\ (a_,u(t, 0—); a+,u(t,0+)) =0.

It is also an entropy solution if

(E) for all p € CLRT x R;RY) whose support does not intersect x = 0
/ / (E(u) Oy + F(u) Opp) dxdt > 0.
R+JR

In the particular case of a Riemann Problem, i.e. of (1.1) with initial datum
um if x > 0
u(0,2) = { ut i oz < 0

Definition 2.2 reduces to [8, Definition 2.1].

To state the uniqueness property in the theorems below, we need to
introduce the following integral conditions, following [4, Theorem 9.2], see
also [14, Theorem 8] and [1]. Given a function u = u(t,x) and a point (7, &),
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we denote by U(ﬁu_T € the solution of the homogeneous Riemann Problem
consisting of (1.2)—(1.3)—(2.3) with initial datum at time 7

lim, e u(r,z) if

(r,z) = T <
WA 2) = lim, et u(r,z) if =« >

3
2.7
¢ 2.7
and with ¥ satisfying (20), (21) and (X2). Moreover, define Ué’u_T ¢) as the
solution of the linear hyperbolic Cauchy problem with constant coefficients

w(r,z) = u(r,x), (2:8)

{ Ow+pAw=0 t>T
with A = Df (u(T,9)).
The next theorem applies [8, Theorem 3.2] to (1.2) with the choice (2.3)
to construct the semigroup generated by (1.2)—(1.3)—(2.3). The uniqueness
part follows from [14, Theorem 2].

Theorem 2.3 Let p satisfy (P) and X satisfy (£0)—(%2). Choose any
a>0,uec Ay. Then, there exist a positive A such that for all a™,a™ with
|af — C_L‘ < A and ‘a* — (_L‘ < A, there exist a map 4 as in (2.5), positive
5, L and a semigroup S:RT x D — D such that

1. DO {uea+LY(R;Ag): TV(u—1a) < 4}.
2. For allu € D, Sou =u and for all t,s > 0, SySsu = Ssyu.

3. For all u,u’ € D and for all t,t' >0,

[ Spu — Syt ||, < L- (Hu — ||+ [t - t’|) .

4. If u € D is piecewise constant, then for t small, Syu is the gluing of
solutions to Riemann problems at the points of jump in u and at the
junction at x = 0.

5. For all uw € D, the orbit t — Siu is a weak V-solution to (1.2).

6. Iiet \ be an upper bound for the moduli of the characteristic speeds in
B (@(R),8). For all u € D, the orbit u(t) = Syu satisfies the integral
conditions

(i) For all >0 and £ € R,

1 E+hX
lim — HU(T +h,x) — U

h, Hd —0. (2
h—0 h §—h5\ (U%T{)(T+ .’I/') v 0 ( 9)



(i) There ezists a C > 0 such that for all 7 > 0, a,b € R and
§ € la,b],

1 [o-hA
h/ A Hu(T—Fh,x) —Ué’umg) (T +h, x)Hda:
a+hA

) (2.10)
<C [TV {u(T);]a,b[}} .

7. If a Lipschitz map w:R — D satisfies (2.9)-(2.10), then it coincides
with the semigroup orbit: w(t) = Sy (w(0)).

The proof is deferred to Paragraph 3.1. Note that, similarly to what happens
in the standard case of [4, Theorem 9.2], condition (2.10) is always satisfied
at a junction.

2.2 A Pipe with Piecewise Constant Section

We consider now a tube with piecewise constant section

n—1
0= 0 X)—ooe1] T D, @ Xlaj ey T On X 40|
7=1

for a suitable n € N. The fluid in each pipe is modeled by (1.2). At each
junction z;, we require condition (1.3), namely

B N for all j =1,...,n, where
V(aj-1,u55a5,u7) =0 ujc = lim wuj(x). (2.11)
r—rit

We omit the formal definition of W-solution to (1.2)—(1.3) in the present
case, since it is an obvious iteration of Definition 2.2.

Theorem 2.4 Let p satisfy (P) and ¥ satisfy (£0)-(X2). For any a > 0
and any u € Ag there exist positive M, A, 0, L, M such that for any profile
satisfying

(A0) a € PC (R;]a— A,a+ Af) with TV(a) < M,

there exists a piecewise constant stationary solution

n—1

U= ﬁOX]—oo,asl[ + Z an]xjyijrl[ + anX]xn,—i-oo[
j=1

to (1.2)-(2.11) satisfying
Uj € Ay with ‘ﬂj—ﬂ‘ <d forj=0,...n
v (aj,l,&j,l;aj,&j) =0 fO?“j = 1, ey
TV(a) < MTV(a) (2.12)

and a semigroup S*: R x D* — D* such that



1. D* D {uea+LY(R;Ag): TV(u—a) < 4}.
2. 5S¢ s the identity and for all t,s > 0, S¢S§ = S¢,,.
3. For all u,u’ € D* and for all t,t' >0,

st =g < L+ (ll(w) =l + e = 1))

4. If u € D is piecewise constant, then for t small, Syu is the gluing of
solutions to Riemann problems at the points of jump in u and at each
Junction x;.

5. For allu € D?, the orbit t — Sfu is a weak V-solution to (1.2)-(2.11).

6. The semigroup satisfies the integral conditions (2.9)-(2.10) in 6. of
Theorem 2.3.

7. If a Lipschitz map w:R — D satisfies (2.9)-(2.10), then it coincides
with the semigroup orbit: w(t) = Sy (w(0)).

Remark that § and L depend on a only through @ and TV (a). In particular,
all the construction above is independent from the number of points of jump
in a. For every u, we provide below an estimate of M at the leading order
in § and A, see (3.11) and (3.8). In the case of ¥ as in (2.19) and with the
isothermal pressure law, which obviously satisfies (P),

p(p) = p, (2.13)
the bounds (3.11) and (3.8) reduce to the simpler estimate

42 ifo/c € ]0,1/v2],
M = al_e(q_)/c)Q (2.14)
gy e e }1/\/5,1[,

where v = ¢/p. Note that, as it is physically reasonable, M is a weakly
decreasing function of v, so that at lower fluid speeds, higher values for the
total variation of the pipe’s section can be accepted.

Furthermore, the estimates proved in Section 3.2 show that the total
variation of the solution to (1.2)—(2.11) may grow unboundedly if TV(a) is
large. Consider the case in Figure 1. A wave o, hits a junction where the
pipe’s section increases by Aa > 0. From this interaction, the wave o of
the second family arises, which hits the second junction where the section
diminishes by Aa. At the leading term in Aa, we have the estimate

‘aﬁ’ < (1+/C(5/c) <Aaa>2> ’02_

—1+8&2—7¢t +2¢£5
K@) = A—FaTer (2.16)

, where (2.15)

8
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Figure 1: A wave o, hits a junction, giving rise to o5 which hits a second
junction.

see Section 3.2 for the proof. Note that IC(0) = —1 whereas lim¢s_;_ K(§) =
+00. Therefore, for any fixed Aa, if © is sufficiently near to ¢, repeating
the interactions in Figure 1 a sufficient number of times makes the 2 shock
waves arbitrarily large.

2.3 A Pipe with a W'! Section

In this paragraph, the pipe’s section a is assumed to satisfy

ac Whi (R;]a —A,a+ AD for suitable A >0, a > A
(A1) TV(a) < M for a suitable M > 0
a'(z) =0 for a.e. x € R\ [—X, X] for a suitable X > 0.

For smooth solutions, the equivalence of (1.1) and (1.4) is immediate. Note
that the latter is in the standard form of a 1D conservation law and the
usual definition of weak entropy solution applies, see for instance [19, Defi-
nition 3.5.1] or [9, Section 6]. The definition below of weak entropy solution
to (1.1) makes the two systems fully equivalent also for non smooth solutions.

Definition 2.5 A weak solution to (1.1) is a map
ue o (]R*;ﬁ FLY(RRY % R))

such that for all ¢ € CLRT x R;R)

WAL

Orp + Opp +

a] o |dedt=0. (2.17)

aq 0
aP(u) p(p)0x



w is an entropy weak solution if, for any ¢ € C%(Iﬁi* x R;R), ¢ >0,

/ / (a B(u) 9 + a F(u) dyp) dudt > 0. (2.18)
RtJR

Lemma 2.6 Leta satisfy (A1). Then, u is a weak entropy solution to (1.1)
in the sense of Definition 2.5, if and only if it is a weak entropy solution

of (1.4).

The proof is deferred to Section 3.3.

Now, the section a of the pipe is sufficiently regular to select stationary
solutions as solutions to either of the systems (1.5), which are equivalent by
Lemma 2.6. Hence, the smoothness of a also singles out a specific choice of
Y, see [14, formula (14)].

Proposition 2.7 Fiz a=,a" € |la— A,a+ A[ and u= € Ag. Choose a
function a strictly monotone, in C1, that satisfies (A1) with a(—X—) = a~
and a(X+) = a™. Call p = R*(z;u~) the p-component of the correspond-
ing solution to either of the Cauchy problems (1.5) with initial condition
u(—=X) =u". Then,

1. the function
Y(a",at,u”) = /X (2.19)

satisfies (X0)—(X2);

2. if a is a strictly monotone function satisfying the same requirements
above for a, the corresponding map X coincides with 3.

The basic well posedness theorem in the present W11 case is stated similarly
to Theorem 2.4.

Theorem 2.8 Let p satisfy (P). For any a > 0 and any u € Ay there exist
positive M, A, 6, L such that for any profile a satisfying (A1) there exists a
stationary solution 4 to (1.1) satisfying

@ € Ag with ||a(z) — a|| <6 for allz € R
and a semigroup S*: R x D* — D% such that
1. D* D {uea+LY(R;Ag): TV(u—a) <4}.

2. S is the identity and for all t,s >0, SpS¢ = S¢,,.

10



3. for all u,u' € D* and for all t,t' >0,

|5t =S < L+ (Jlu—llga + e = 2]).

4. for all uw € D*, the orbit t — Sfu is solution to (1.2) in the sense of
Definition 2.5.

5. liet \ be an upper bound for the moduli of the characteristic speeds in
B (a(R),8). For all u € D, the orbit u(t) = Syu satisfies the integral
conditions

(i) For all T <0 and £ € R,

1 E+hA
— T _
}Llir[l) 3 /g—hﬁ\ HU(T + h,x) Ulyrg) (T + h, {L‘)H dr=0. (2.20)

(ii) There ezists a C > 0 such that, for all T > 0, a,b € R and
§ €la,b],

1 [o-hA
h/ A Hu(T—Fh,x) _U(bu;T,g) (T +h, x)de
a+hA

(2.21)
2
<C [Tv {u(r);)a, b} + TV {a;]a, b[}} .
6. If a Lipschitz map w:R — D solves (1.1), then it coincides with the
semigroup orbit: w(t) = Sy (w(0)).

Thanks to Theorem 2.4, the proof is obtained approximating a with a piece-
wise constant function a,. The corresponding problems (1.2)—(2.11) gener-
ate semigroups defined on domains characterized by uniform bounds on the
total variation and with a uniformly bounded Lipschitz constants for their
time dependence. Then, we pass to the limit (see Section 4 for the proof)
and we follow the same procedure as in [4, Theorem 9.2] and [14, theorems 2
and 8] to characterize the solution.

As a byproduct of the proof of Theorem 2.8, we also obtain the follow-
ing convergence result, relating the construction in Theorem 2.4 to that of
Theorem 2.8.

Proposition 2.9 Under the same assumptions of Theorem 2.8, for every
n € N, choose a function B, such that:

(i) Bn is piecewise constant with points of jump YLy with yl =
=X,y =X, and maxj(yffl —yh) < 1/n.

(ii) Bn(x) =0 for allz € R\ [-X, X].
(iii) Bn — a' in LY (R;R) with |8l < M, with M as in Theorem 2.8.

11



Define an(x) = a(=X—=) + [y Ba(€) ¢ and points =, }yn,yﬁl[ for
7=1,....my,—1 and let
my—1

Ap = CL(*X X oo xl[ + Z an ygz+1 ijrl[ + Q(X+) X

T, Ln

[z ™ ,4o00[

(see Figure 2) . Then, ay, satisﬁes (A0) and the corresponding semigroup
S™ constructed in Theorem 2.4 converges pointwise to the semigroup S con-
structed in Theorem 2.8.

3 Technical Proofs

3.1 Proofs Related to Section 2.1
The following equalities will be of use below:
8pP ==X A and 8qP = A1+ Ao (3.1)

Proof of Lemma 2.1. Apply the Implicit Function Theorem to the equal-
ity ¥ = 0 in a neighborhood of (a, @, a, @), which satisfies ¥ = 0 by (31).
Observe that 0,%(a,a;u™) = 0 by (21). Using (3.1), compute

o -0+ 21 a
det v = det P
ot 0+ ¥(a, 4,3, ) “| a9, P ad,P
0 a
= det [ @0, P @0, P
= @ Mi(a) ho(a)
# 0,
completing the proof. O

Proof of Theorem 2.3. Let A be defined as in Lemma 2.1. Assump-
tion (F) in [8, Theorem 3.2] follows from (P), thanks to (2.1) and to the
choices (2.2)-(2.5). We now verify condition [8, formula (2.2)]. Recall that
D,-¥(a,a;u) =0 by (¥1). Hence, using (3.1),

_ det a)\l(ﬂ)—i-?ple( , @ )+>\18 El(aa ) d)\Q(fL) )
a (M) + 0,-2(a,a;u) + A\ 9,-X2(a,a;u)  a(Aa(a))

— de aAi(a) a (@)

) dt[awmf a (@)’

12



The proof of 1.-5. is completed applying [8, Theorem 3.2]. The obtained
semigroup coincides with that constructed in [14, Theorem 2], where the
uniqueness conditions 6. and 7. are proved. O

3.2 Proofs Related to Section 2.2

We now work towards the proof of Theorem 2.4. We first use the wave
front tracking technique to construct approximate solutions to the Cauchy
problem (1.2)—(2.11) adapting the wave front tracking technique introduced
in [4, Chapter 7).

Fix an initial datum u, € @ + L(R; 4p) and an ¢ > 0. Approximate
u, with a piecewise constant initial datum wu¢ having a finite number of
discontinuities and so that lim._.q Huf) — UOHL]' = 0. Then, at each junction
and at each point of jump in u$ along the pipe, we solve the corresponding
Riemann Problem according to Definition 2.2. If the total variation of the
initial datum is sufficiently small, then Theorem 2.3 ensures the existence
and uniqueness of solutions to each Riemann Problem. We approximate
each rarefaction wave with a rarefaction fan, i.e. by means of (non entropic)
shock waves traveling at the characteristic speed of the state to the right of
the shock and with size at most €.

This construction can be extended up to the first time £; at which two
waves interact in a pipe or a wave hits the junction. At time #; the functions
so constructed are piecewise constant with a finite number of discontinuities.
At any subsequent interaction or collision with the junction, we repeat the
previous construction with the following provisions:

1. no more than 2 waves interact at the same point or at the junction;

2. ararefaction fan of the i-th family produced by the interaction between
an i-th rarefaction and any other wave, is not split any further;

3. when the product of the strengths of two interacting waves falls below
a threshold &, then we let the waves cross each other, their size belng
unaltered, and introduce a non physical wave with speed )\ with A >
sup(y) A2(u); see [4, Chapter 7] and the refinement [2].

We complete the above algorithm stating how Riemann Problems at the
junctions are solved. We use the same rules as in [7, § 4.2] and [8, § 5]. In
particular, at time ¢ = 0 and whenever a physical wave with size greater
than € hits the junction, the accurate solver is used, i.e. the exact solution
is approximated replacing rarefaction waves with rarefaction fans. When a
non physical wave hits the junction, then we let it be refracted into a non
physical wave with the same speed A and no other wave is produced.
Repeating recursively this procedure, we construct a wave front tracking
sequence of approximate solutions u. in the sense of [4, Definition 7.1].

13



At interactions of waves in a pipe, we have the following classical result.

Lemma 3.1 Consider interactions in a pipe. Then, there exists a positive
K with the properties:

1. An interaction between the wave oi of the first family and o, of the
second family produces the waves of and o5 with

‘Uf‘—al_‘—l—‘a;—ag‘§K"01_02_‘. (3.2)

2. An interaction between o) and o) both of the same i-th family produces
waves of total size Uf and 0; with

o = (o + o)

+‘U;’§K-‘O‘/10‘i/ ifi=1,

ot | | — o8+ ot

§K~|aéa’2’ ifi=2.

3. An interaction between the physical waves oy and o, produces a non
physical wave a; , then

+ [ —
‘JSISK"GIJQ’.

4. An interaction between a physical wave o and a non physical wave o
produces a physical wave o and a non physical wave agr , then

i o < -]

For a proof of this result see [4, Chapter 7]. Differently from the construc-
tions in [7, 8], we now can not avoid the interaction of non physical waves
with junctions. Moreover, the estimates found therein do not allow to pass
to the limit n — 400, n being the number of junctions.

Lemma 3.2 Consider interactions at the junction sited at x;. There exist
positive K1, Ko, K3 with the following properties.

1. The wave o5 hits the junction. The resulting waves af, U; satisfy
+
+ o | "
‘01 ‘ S K1 ‘aj — aj_l“O'Q ’ y
- U
] = (1o sl o) i
Kalaya "
a;—a;_ —
< el T o, ‘ xj
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2. The non-physical wave o~ hits the junction. The resulting wave o™

satisfies

i

IN

(1 + K3 |a; — aj_1|> )a*‘

< 6K3|ajfaj,1|

o

O'_‘.

Proof. Use the notation in the figure above. Recall that af and a;
are computed through the Implicit Function Theorem applied to a suit-
able combination of the Lax curves of (1.2), see [7, Proposition 2.4] and [8,
Proposition 2.2]. Repeating the proof of Theorem 2.3 one shows that the
Implicit Function Theorem can be applied. Therefore, the regularity of the

Lax curves and (P) ensure that o) = o} (a;,aj - aj,1;11> and of =

oy (05, a; — aj_1; ﬂ) An application of [4, Lemma 2.5], yields

_l’_ —
o1 (0,05 —aj_15a) = 0 . .
‘71+ a;,();ﬂ) — 0 = 01’§K1‘aj—aj_1"02 ,
+ —
o3 (0,0 —aj1;u) = 0 + - _
of (0‘2_,0;7] — o = |0y — 0, ‘ < Kg}aj - aj,ll‘JQ ‘ (3.3)
= J;_’ < [1+K2|aj—aj_1‘”02_ ,
completing the proof of 1. The estimate at 2. is proved similarly. O

We now aim at an improvement of (3.3). Solving the Riemann problem
at the interaction in case 1. amounts to solve the system

Lo <T (ﬁl(a; 01")) ;0’;) =T (Eg(ﬂ; 02_)> . (3.4)

By (2.1), the first order expansions in the wave’s sizes of the Lax curves
exiting u are

q+ Ao(u)o + o(o)

) — — 0 +o(0) ) —
Liluio) = [ q *p)\l(U)O' + o(0) ] and Lo(ui0) =

p+o+o(0) ]

while the first order expansion in the size’s difference Aa = a™ — a™ of the
map T defined at (2.4), with v = ¢/p, is

(1 +H%> p+ o(Aa)

T(a,a+ Aa;u) = (1 - M) tolda) |7 where (3.5)
02 + Zar=—r(p)
H = —— P~

2 2

ct—0

15



Inserting these expansions in (3.4), we get the following linear system for

o 05
( Hi) of = (1+8%)0;
(Aa) 1+C_¥7“>)\2U§r = (1-22) %oy
where
H:@2+(6a+2(«;z,d,_?—p(ﬁ>) /P nd G- C@p-—v)H -0
c4— U+ cC

and all functions are computed in . The solution is

5\2 = Aa _

+ _  _ 74 P

o= =5, (1+G+H) 02 (3.6)
MH +X(1+G) Aa) _

which implies the following first order estimate for the coefficients in the
interaction estimates of Lemma 3.2:

o i1+0’7p(g)2+c%(6’7p+1)%++—p<m
1 = 2 1_(%)2 ’ (38)
P 1-2(2)" 4+ %2 (2)" + & (2 — 1) 2 '
S )

Cc

The estimate (3.7) directly implies the following corollary.

Corollary 3.3 If ’aj — aj_l‘ is sufficiently small, then 0';_ and o, are ei-
ther both rarefactions or both shocks.

Denote by 0' , the wave belonging to the i-th family and sited at the
point of jump x® w1th x® in the j-th pipe I;, where we set Iy = |—o0, z1],
I; = ]xj,xj+1[ for j=1,...,n—1and I, = |x,, +oo[. Aiming at a bound
on the Total Variation of the approximate solution, we define the Glimm-like
functionals, see [4, formulee (7.53) and (7.54)] or also [10, 12, 17, 20],

n .
5% 5 ([ bl o B e

j=0z>€l;
n 1
C3hZ; |ant1—an
+ ) O Ei lennmen] > o],
J=0 o non physical in 1,

16



-/

Q = Z Ug,aazj",a”
(Uiavo'gll a/)EA
T = V+0Q, (3.9)

where C is a positive constant to be specified below. A is the set of pairs
(Uf,a,af., o) of approaching waves, see [4, Paragraph 3, Section 7.3]. The
i-wave 01{ . sited at xz, and the ¢'-wave O'Zj,, o Sited at x, are approaching

if either 7 < ¢’ and z, > o, or if ¢ = ¢/ < 3 and min{afa,ag/la,} < 0,
independently from 7 and j'. As usual, non physical waves are considered
as belonging to a fictitious linearly degenerate 3rd family, hence they are

approaching to all physical waves to their right.
It is immediate to note that the weights exp <C S lan — ah,ﬂ) and

exp (C ZZ;JI lapi1 — ah|> in the definition of V' are uniformly bounded:

—
VAN

exp (C Z‘}jz:1 lap, —an—1]) < exp(CTV(a)),

\¥]
exp CZZ;;- lans1 —an]) < exp(CTV(a)).

(3.10)

—_
IN

Below, the following elementary inequality is of use: if a < b, then
e —eb < —(b—a)e.

Lemma 3.4 There exists a positive § such that if an e-approximate wave
front tracking solution u = u(t, z) has been defined up to timet, T (u(t—)) <
0 and an interaction takes place at time t, then the e-solution can be extended
beyond time t and Y (u(t+)) < T (u(t—)).

Proof. Thanks to (3.10) and Lemma 3.1, the standard interaction esti-
mates, see [4, Lemma 7.2], ensure that T decreases at any interaction taking
place in the interior of I;, for any j =0, ...,n.

Consider now an interaction at x;. In the case of 1 in Lemma 3.2,

AQ

< Z ‘ofoi,a + Z {0,'704‘ <’U§" — )0’5’)
(o‘i",oi,a)G.A (a;",aiya)EA
< | Kila; —aj-| Z |oia| + (€K2‘aj_aj*1’ - 1) Z |00 ‘a;‘
[NeY i,
S (K1 + KQ) T(LT—) ‘aj — aj_l} ‘0'2_)
< (K1+K2)(5|aj—aj_1“02_‘.

AV

17



ec Zi;ll |ah_ah*1 |

IN

ot |+ <A lonsienl

ot | — e Ti s ool

o7 |

IN

j—1
eCZiﬂ |(lh—(1h71| <Kl‘aj _ aj—l“UQ_D
+ <6022_} |“h+1_ah’eK2‘“J’*aj*1| — 6022;}_1 ’“h+1_“h|> ’05‘
i—1
<K1\aa‘ — aj_1]e?Xi= ‘ah_ah‘l‘) ‘05‘
+ eCZZ;Jl |ah+1_ah| <6K2|aj—aj,1| _ €C|ajfaj,1’> ’0_2—‘

j—1
(Kl ‘aj - aj_l‘ecZizl |ahah1|> ’02—‘

—(C = Ky)|aj — aj_y| eflesmari] iz lanti—an]

IN

IN

o |

IN

<(K1 + K») (1 + eKQ,at‘f’) eCTV@) _ C) |aj — a1 ‘02_‘.
AT
< <(K1 + Ky) (1 + 6K2|a+*a7|) €TV 4 (Ky + K2)d — C) ‘aj — Cljfl{ ‘05‘.

Choosing now, for instance,

1
TV(a)

In2
i<1l, C= , ‘a+—a_‘§% and TV(a) < (3.11)
2

4(K1 + KQ)G

the monotonicity of Y in this first case is proved.
Consider an interaction as in 2. of Lemma 3.2. Then, similarly,

AQ < S oudl (\‘”\ _ “’_D
(U 7o-i,o¢)€v4
< (6K3|aj*aj71| _ 1) Z |Ui,a‘ ‘0__‘
7,0
< Ky Y(-) [ay — aoa| o
< Kosto-onllr]
AV < CXiZ) lonsa—an| U+’ Ol fansa—an| U,‘
< <€CZZ:1~ ‘ah+1—ah’eK3’aj—aj_1’ _ 6022;;71 ’ah+1—ah|> ‘0_,‘
< ECZZ;} |ah+1—ah| (ng\a]-—aj_1| . ec‘aj*ajfly) ‘0__‘
< (K3— C)’aj - aj,l‘ eK3|“7_aj*1‘ 6022;; |an+1—an| U—‘ )

AT S (K36K3|a+7a_|€CTv(a) +K3(5 - C) ‘aj — aj_l‘ ‘(7_’
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and the choice § < 1 and C > 2K3 ensures that AY < 0. O

Proof of Theorem 2.4. First, observe that the construction of the station-
ary solution @ directly follows from an iterated application of Lemma 2.1.
The bound (2.12) follows from the Lipschitz continuity of the map 7" defined
in Lemma 2.1. Define

D= {ue o+ LY (R; Ag):u € PC and Y(u) < (5},

where PC denotes the set of piecewise constant functions with finitely many
jumps. It is immediate to prove that there exists a suitable C7 > 0 such that
&TV(u)(t) < V(t) < CiTV(u)(t,) for all (u) € D. Any initial data in D
yields an approximate solution to (1.2) attaining values in D by Lemma 3.4.

We pass now to the L-Lipschitz continuous dependence of the approx-
imate solutions from the initial datum. Consider two wave front tracking
approximate solutions u; and us and define the functional

D (ug,uz) :z”:i:/l:oo

j=1i=1

sf(m)’ Wf(:c) dx , (3.12)

where s (z) measures the strengths of the i-th shock wave in the j-th pipe

at point z (see [4, Chapter 8]) and the weights W/ are defined by

7

Wi (2) = 14 k1 Al(x) + k1 2 (T(ur) + T (up))

7

for suitable positive constants x1, k2 chosen as in [4, formula (8.7)]. Here T
is the functional defined in (3.9), while the A/ are defined by

j . J xa<l‘,2<ka§2
Ai(z) = Z{‘%a,a‘ To > 2, 1< ko <i

znocam e

J

Tial" gy >z a€ T (u2)
+
i | Ta <z, o€ Jj(u) () > 0
Z{Uz’,a' To >, a € Ji(uy) if sj(x) = 0;

see [4, Chapter 8]. Here, as above, o7, is the wave belonging to the i-th

family, sited at x®, with “ € I;. For fixed k1, ko the weights Wi (z) are

(2
uniformly bounded. Hence the functional ® is equivalent to L' distance:

1
o lur —uallpr < @ (ur,u2) < Co - flug — uz|lga
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for a positive constant Cy. The same calculations as in [4, Chapter 8] show
that, at any time ¢ > 0 when an interaction happens neither in u; or in wug,

d
dfq) (ul (t), Ug(t)) < Cg 9

t
where Cj3 is a suitable positive constant depending only on a bound on the
total variation of the initial data.

If ¢t > 0 is an interaction time for w; or us, then, by Lemma 3.4,
A [T (ur(t)) + 71 (UQ(t)):| < 0 and, choosing k9 large enough, we obtain

AP (ul(t),uQ(t)) <0.

Thus, @ (u1(t),uz(t)) — @ (u1(s),uz(s)) < Coe(t —s) for every 0 < s < ¢.
The proof is now completed using the standard arguments in [4, Chapter §].

The proof that in the limit € — 0 the semigroup trajectory does indeed
yield a W-solution to (1.2) and, in particular, that (2.11) is satisfied on the
traces, is exactly as that of [6, Proposition 5.3], completing the proof of 1.-5.

Due to the local nature of the conditions (2.9)-(2.10) and to the finite
speed of propagation of (1.2), the uniqueness conditions 6. and 7. are proved
exactly as in Theorem 2.3. U

Proof of estimate (2.14). We first compute 0,+%, with ¥ defined
in (2.19). To this aim, by 2. in Proposition 2.7 (in Paragraph 2.3), we
may choose

a” ifr € ]—oo,—X|,
N at —a~ — .
G’(x)_ T(l’—FX)—I—a ifx € [—X,X],
a’ ifz € ]X,+oof,

so that we may change variable in the integral in (2.19) to obtain

at

Og+ 2 = Oy+ (/ p (R*(a, w)) da) =p(p) + O(Aa). (3.13)

Now, estimate (2.14) directly follows inserting (2.13) and (3.13) in (3.11)
and (3.8). O

Proof of estimates (2.15)—(2.16). Refer to the notation in Figure 1,
where the pipe’s section is given by

a ifx € ]—oo,l],
a(z) =49 a+Aa ifzx € [[,2]],
a ifx € )21, +o0],
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where Aa > 0. The wave a; arises from the interaction with the first

junction and hence satisfies (3.7). Using the pressure law (2.13) and (3.13),
we obtain

o5 = (1449 (u,a)Aa)oy, where
_ My 2
o) = = (1- =)

Now we iterate the previous bound to estimate the wave o5 * which arises
from the interaction with the second junction, i.e.

oft = (1 —Y(a+ Aa,u™) Aa> oy,

where, by (3.5),
1/J(CL+ACL,U+):’¢ a+Aa, 1+1(Aa pv(lAa)q

Introduce n =1/ (1 — (v/c)?) and ¥ = Aa/a to get the estimate

oft = <1 + <@Z1(a, u,) — ¥(a+ Aa, u+)> Aa) oy

Aa n Aa 1/2 _
+ a ( Jr2> a+ Aa 1 -9 v\ 2 72
T \T+nde
Aa n 1 1/2 _
- |1+ 9+ = -
T totiiw L (120 0\ 72
_<1+19772>

and a further expansion to the leading term in Aa gives (2.15)—(2.16). O

3.3 Proofs Related to Section 2.3

Proof of Lemma 2.6. If a € C! (R; [a*,aﬂ) and u is a weak entropy
solution of (1.4). Then,

= L

8t90 +

p
q

(%cgo—[ 5a ]@ dz dt

rQ

QQM@"Q
g

q
P(u)
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SHAS

B _ap- [ aq _1 | w | e
= /R+/R aq O — + aP(u) axgo [aqz]a2@ﬂ dx dt

ap aq
= 0 Oy =
/R+ /R aq ty T aP(u) a *

SHAS

0 ]“P da dt
a

showing that (2.17) holds. Concerning the entropy inequality, compute pre-

liminarily
L0za ¢ Pp(r)  plp)  q|| 20sa
V(aE(u)) q%aza] = [‘zpﬁ /p T O 2o
ap ap
3 P 3
q p(r) q q
— —+q/ dr+ =p(p) + = | Oza
( 2p? b T2 p 2 pQ)

= 2 (B +p(p)) dea
= F(u)0za.

Consider now the entropy condition for (1.4) and, by the above equality,

0 < / / E(u) Opp + F(u) 0zp — VE(u) | 2 o | dedt
R+JR apaxa
— b b
_ /W/R(aE(u) 0.2 + aF(u) 0,
F(u)d,a — V(aF % ) 2) g ay
+ | Pdee—ViaB@) | Eo || T)ds
— b b
_ /R+/R(aE(u) 0% + aF(u) 0,
+ (F(u)dza — F(u)0ya) f) dx dt
a
= / / <aE(u) th + aF(u) 8m(p> dzx dt,
R+ JR a a
showing that (2.18) holds. The extension to a € W1 is immediate. O

Proof of Proposition 2.7. The regularity condition (30) follows from
the theory of ordinary differential equations. Condition (31) is immediate.

Consider now the item 2. If a; and ag both satisfy (A1), are strictly
monotone, smooth and have the same range, then a; = ag o ¢ for a suitable
strictly monotone ¢ with, say ¢’ > 0, the case ¢’ < 0 is entirely similar.
Note that if u = (R;(z;u™), Qi(z;u™)) solves (1.5) with a = a;, then di-
rect computations show that Ri(z,u”) = Ry (¢(z),u”) and Q1(z,u™) =
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Q2 (¢(x),u). Hence

Yi(a”,aTuT) = /X D (Rl(:):;u_)) a)(z) dz

Having proved (X0) and (X1), we use the map 7" defined in Lemma 2.1.
We first prove that ¥ satisfies X(a™,a™;u™)+% (™, a7 T(at,a"5u7)) =0,
given a satisfying (A1), strictly monotone and with a(—X) = a~, a(X) =
a™, let a(z) = a~ +a* — a(x). Then, using 2. proved above, and integrat-
ing (1.5) backwards, we have

z (cﬁ,a*;T(a*,aJr;u*)) = /);p (R(x;T(af,cﬁ;u*)) ' (z) dx

= —%(a ,a";u7).

Finally, condition (32) follows from the the flow property of R and the
additivity of the integral. Indeed, by 2. and 3. we may assume without loss
of generality that a~ < a® < a™. Then, let ¢ = Q(z;u~) be the ¢ component
in the solution to (1.5) with initial condition w(0) = w~. Then, if T" is the
map defined in Lemma 2.1, we have

T(a™,a*5u”) = (R(a™ (@ );u7),Q(a " (a*)iu7))

so that



proving 1. U

Proof of Theorem 2.8. Fix a > 0, and u € Ay. Choose M,A,L,J as
in Theorem 2.4. With reference to these quantities, let a satisfy (A1l). For
n € N, let a,,ay,, 8, be as in Proposition 2.9. Note that «,, is piecewise

-X y% xﬁl yﬁbﬂ X x

Figure 2: The thick line is the graph of a = a(x), the dotted line represents
a,, while the polygonal line is ay,

linear and continuous. By (iii), we have that o,, — a and a, — a in L.
Moreover, TV(a,) < M and TV(a,) < M and, for n sufficiently large,
an(R) Cla— A,a+ Al. Hence, for n large, a, satisfies (A0). Call S™ the
semigroup constructed in Theorem 2.4 and denote by D™ its domain.

Let uY be a sequence of initial data in D". The S™ are uniformly Lipschitz
in time and SPu) have total variation in z uniformly bounded in t. Hence,
by [4, Theorem 2.4], a subsequence of u,(t) = SPul converges pointwise
a.e. to a limit, say, u. For any ¢ € Cg(]f%+ x R;R) and for any fixed n, let

e > 0 be sufficiently small and introduce a C2°(R;R) function 7. such that

ne(z) =0 forall = € Ul 'k —cah+e],
1

forall = € Ui 2[ad + 2e, 2 — 2]

Thus, we have

0, dx dt
/R+/ [anQn 90+ anp(un) 7 *
: Qn Pn AnQn
-1 n
61_r>1r(1]/R+/R i Ne Opp + P (11) Ne Oz | dx dt
. QnPn GnQn
= 1 n
ali%/R+/R i Or(ne @) + an P (1) 0z(ne ) | dx dt
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andn

a1 P11 @ Oz dz dt .

— lim / /
=0 Jr+JR
The first summand in the latter term above vanishes by Definition 2.2 ap-

plied in a neighborhood of each z7,. The second summand, by the BV
regularity of u,,, converges as follows:

anpPn andn
— Orp + Oz | dx dt
/R+/R [anQn vy anP(un) v .
T GnQn
AP R

Mp—1 . , 4 '
= N an(x%"i_)Qn(m%‘F) — an(aj%—)qn(g;%_) .
= X | R b ] Al

mp—1 0

N ; /R+ _ Z(an(a:%—),an(x%—i-),u(t,m%—))

p(t,a3,) dt .

We proceed now considering only the second component. Using the map

mp—1
palti) = plta)x,_ (@) + Z 620 X g ()
]:
+30(t7 .T) X}y;?”,—i-oo[(m) )
we obtain
myp—1

Jz::l /RJr ) (an(x%—), an(x%—i-),u(t,xib—)) o(t, xl) dt

mp—1

= 3 [ 5 (oot utai) ote )

mp—1

= ; /R+ = (an(y$;)>0én(y¥;“),U(t,:czg—)) o(t, ) dt

- mgl/R /y#; <R°‘" (x; un(t,le—)>> al (z) dz go(t,:r%) dt

+Jyl

mp—1

-[x

Jj=1

yhtt , ,
/_ p<RO‘" (m;un(t,x%—») ol (z) dz ¢(t,x),) dt
J

mp—1

= /w/R ; p(RO‘” (x;un(t,x;—)))
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xay, (2) p(t, 33%) X[y;“yglﬂ[(x) dx dt

_>/ /p(p(:n)) dpa(z) p(t,ad)drdt  asn— +oo,
Rt JR

where we used (i) in the choice of the approximation «,.

We thus constructed a solution to (1.1), for any initial datum in D. Note
that this solution satisfies (2.20)—(2.21), as can be proved using exactly the
techniques in [14, Theorem 8]. Therefore, the whole sequence w,, converges
to a unique limit u, which is Lipschitz with respect to time. This uniqueness
implies the semigroup property 2. in Theorem 2.8. The Lipschitz continuity
with respect to the initial datum follows from the uniform Lipschitz regu-
larity of the approximate solutions u,, completing the proof of 3. Finally,
6. is proved exactly as in [14, Theorem §|. O
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