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Shallow water equations: viscous solutions and inviscid limit
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Abstract. We establish the inviscid limit of the viscous shallow water equations to the Saint-Venant system. For the viscous
equations, the viscosity terms are more degenerate when the shallow water is close to the bottom, in comparison with the
classical Navier-Stokes equations for barotropic gases; thus, the analysis in our earlier work for the classical Navier-Stokes
equations does not apply directly, which require new estimates to deal with the additional degeneracy. We first introduce a
notion of entropy solutions to the viscous shallow water equations and develop an approach to establish the global existence
of such solutions and their uniform energy-type estimates with respect to the viscosity coefficient. These uniform estimates
yield the existence of measure-valued solutions to the Saint-Venant system generated by the viscous solutions. Based on the
uniform energy-type estimates and the features of the Saint-Venant system, we further establish that the entropy dissipation
measures of the viscous solutions for weak entropy-entropy flux pairs, generated by compactly supported C? test-functions,
are confined in a compact set in H~!, which yields that the measure-valued solutions are confined by the Tartar-Murat
commutator relation. Then, the reduction theorem established in Chen and Perepelitsa [5] for the measure-valued solu-
tions with unbounded support leads to the convergence of the viscous solutions to a finite-energy entropy solution of the
Saint-Venant system with finite-energy initial data, which is relative with respect to the different end-states of the bottom
topography of the shallow water at infinity. The analysis also applies to the inviscid limit problem for the Saint-Venant
system in the presence of friction.
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1. Introduction

We are concerned with solutions of the viscous shallow water equations:

(hu); + (hu?® + %hz)z + gbyh = e(hug) ., '

with initial data:
(hy w)]e=0 = (ho(z), uo(x)). (1.2)
Here, g is the free-fall acceleration and b(x) > 0 is the function describing the topography of shallow
water with possible different end-states:
lim b(z) = bF,

r—Fo0
h(t,z) > 0 is the height of water above the bottom b(z) at the time ¢ and the position & with possible
different end-states:

lim h(t,x) = h* = h — b*,

r—+o0

) Birkhauser
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h > 0 is the constant that stands for the height of water at rest, u(t, ) is the velocity of the fluid, and
(ho(x), up(x)) are the initial values of the height and the velocity.

This system can directly be derived from the balance laws of mass and momentum; it can also be
derived from the system of two-dimensional Navier-Stokes equations for incompressible fluids in the shal-
low water limit and under the assumption that there is no friction at the bottom of the reservoir. See
Bouchut [1], Gerbeau and Perthame [14], Mascia [20] and the references cited therein.

Consider the topography function b(z) satisfying

(i) b € L=®(R), b — b~ X{uco} — b X (20} € L2(R), by € L*(R) N L*(R), where xp is the indication
function on the set B, i.e., xp(x) = 1 when € B and 0 when z ¢ B;
(ii) b(z) > 0 and b* < h.

When e = 0, system (1.1) becomes the Saint-Venant system, i.e., the inviscid shallow water equations:

o+ (hu)z =0, (1.3)
(hu)y + (hu® + §h%); + gbsh = 0, '

or in a short form:
U +FU), +GU,x) =0, (1.4)
with U = (h,m)" := (h,hu) ", F(U) = (hu, hu? + $h*)", and G(U,z) = (0, gb,h)".
The eigenvalues of system (1.3) are
A =u+(=1)7/gh, j=1,2 (1.5)
From (1.5),

)\2—/\12\/gh—>0 as h — 0.

Therefore, system (1.3) is strictly hyperbolic when h > 0. However, near the vacuum h = 0, the two
characteristic speeds of (1.3) may coincide and the system be nonstrictly hyperbolic.

A pair of mappings (1,¢) : R := Ry x R — R? is called an entropy-entropy flux pair (or entropy
pair, for short) of system (1.3) if the pair satisfies the 2 x 2 hyperbolic system:

Vq(U) =VnU)VF(U). (1.6)
Furthermore, n(h,m) is called a weak entropy if

Mo =0. (1.7)

u=m/h fixed
An entropy pair is said convex if the Hessian V27 (h, m) is nonnegative in the region under consideration.
For example, the mechanical energy and the mechanical energy flux
1m? 1 1 m?

* _ e - 2 * _ -7
n(hom) = 5=+ 5l (hem) = 55

form a special entropy pair; n*(h,m) is convex in the region h > 0. -
_ The relative total mechanical energy over R for (1.3) with respect to the end-states (h—b*,0) through
(h —b(x),0) is

Elh,ml(t) = [

R

+ ghm (1.8)

(n*(h,m) —* (R — b(x),0) — Vi (. — b(x),0) - (h — o+ b(x),m)) dz >0. (1.9)

In the coordinates (h,u), any weak entropy function n(h, hu) is governed by the second-order linear
wave equation:

-7 uu = Oa h 07
{”’“‘ a - (1.10)

N|h=o = 0.
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Therefore, any weak entropy pair (7, ¢) can be represented by

i (h, has) = / Xl s — wy(s) ds,

R

(1.11)
() = 3 [ (s wx(his — u)p(s)ds
R
for any continuous function ¢ (s), where the weak entropy kernel y(h, s — u) is determined by
Xhh — %qu = 07 (1 12)
x(0,u;8) =0,  xn(0,u;8) = Gyes, '
with the Dirac mass d,—, concentrated at u = s.
This implies that the weak entropy kernel as the unique solution of (1.12) is
X(his —u) = [Agh — (s — u)?]}/?. (1.13)
Then, the weak entropy pairs have the form:
, 1/2
0% (h,m) =n¥(h, hu) = /R[élgh —(u— 3)2]+/ P(s)ds
1
- 4gh/ b(u+2v/ghs)[1 — s2]3/% ds, (1.14)
-1

" (hom) = g (o) = 5 [ (s )fdgh = (u= 521 0s) ds

= 4gh/l(u + /ghs)b(u + 21/ghs)[1 — 5%}/ *ds. (1.15)

The idea of regarding inviscid fluids as viscous fluids with vanishing physical viscosity dates back the
middle of 19th century; see [16,22-24] (also cf. [8]). The first rigorous proof for the inviscid limit of the
Navier-Stokes equations to the isentropic Euler equations for polytropic gases for general initial data has
been given only until recently in Chen and Perepelitsa [5]. For the Navier-Stokes equations, there exist
no natural invariant regions for the equations with the real physical viscosity term so that the uniform
sup-norm of solutions with respect to the physical viscosity coefficient may not be directly controllable,
and furthermore, convex entropy-entropy flux pairs may not produce signed entropy dissipation measures.
For the viscous shallow water equations, the viscosity term is more degenerate when h is close to zero,
in comparison with the classical Navier-Stokes equations for barotropic gases; thus, the analysis in [5]
does not apply directly in several key steps. These require further new ideas and techniques to deal with
the additional degeneracy of the viscosity term for the limiting problem. In particular, the existence of
entropy solutions of the viscous shallow water equations (1.1)—(1.2) needs to be established in an appro-
priate space, and the uniform estimates of the viscous solutions require to be carefully made with the
additional degeneracy, on which the inviscid limit is based. See Sects. 2—4.

Now we define a notion of entropy solutions of the viscous shallow water equations (1.1)—(1.2) on
which our inviscid limit is also based.

Definition 1.1. A pair of functions (h,m) is called an entropy solution of (1.1)~(1.2) provided that

(i) m e L'(R2), ™2 € L=(0,00; L' (R));
(ii) > 0,h+b—h € L>®(0,00; L2(R)), (Vh), € L>(0, 00; L*(R));
(iii) (VA)e+ (I)s € L*(RY);
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(iv) for any smooth, compactly supported function 1p = (t,x) on [0,00) x R, the following identities
hold:

/DO /00 (hz/)t + mww) dxdt + /OO ho(x)y(0,z)dz = 0,
0 —00 —o00

Y m* g,
/ / <mwt + (T + §h - 8\/571)1% - gb:chw) dzdt + / mo(x)y(0,z)dz =0,
0 —00

— 00

with n := 2((Vh); + (%)I)7

(v) for any weak entropy pair (n%,q%) in (1.14)~(1.15) generated by a smooth, compactly supported
test-function v = 1 (-), there exists u¥ € Mfgc (R2) such that the following entropy balance equation
holds in the distributional sense:

w o+ af + gbhnl, — e (Vhuin) 4 pf = 0. (1.16)

In the above conditions, the functions vhn¥, % and mT2 are defined by zero on the set {h = 0}, besides
the weak entropy pair (n¥, q%).

A similar weak formulation of equations (1.1) was developed in Mellet and Vasseur [21] even for its
multidimensional analog. One of our main concerns in this paper is uniform estimates of global solu-
tions in the sense of Definition 1.1 with respect to the viscosity coefficient e, which are established in
Theorem 1.1 below.

Define
B = [Ibll g ®) + 116 = 0™ X (<0} — b X{os03llL2@) + b2l L1nLs@) (1.17)
and
e} oo m2 _ oo 2
M0: / |m0|dx, EO = / <h/0 +g|h0+b—h|2> dl’, El :Ez/ ’(\/ hO)az dx. (118)
—00 —00 0 —o00
Theorem 1.1 (Main Theorem). Let € > 0. Let a pair of functions (ho,mq), with hg > 0, be such that
m - 3
mo € L'(R), (=, ho+b—h, (vVho)) € (L2(R))".
Vho

Then, there exists an entropy solution (h,m) of (1.1)-(1.2) on R with the following properties: For
any T > 0, compact set K C R and ¢ € C§°(R2), there are C; = Ci(T,Eo, E1,B), i = 1,2, C3 =
C3(T, K, Eg, By, My, B) and Cy = Cy(T, Ey, Eq, B,) that are all independent of € > 0 such that

oo ¢ 2 B

€ss sup / (m(,x)| +glh(t,x) + b(z) — h|2) dz < Ey, (1.19)
tel0, 7] J—o0 h(tax)
€ss sup 52/ |(V/h(t,z))|* do < Cy, (1.20)
t€[0,T] —o0
s/ (n? + |hy|?) dadt < Oy, (1.21)

[0,T]xR

T 3

m

/ / <h3 + |h2|> dzdt < Cs, (1.22)
0o JK
g/ / |dp?| < Cy. (1.23)

0 —oo

Based on the global existence and uniform estimates established in Theorem 1.1, we study the inviscid
limit of the solutions (h®,m®),e > 0, to a solution of the Cauchy problem of the Saint-Venant system
(1.3) with initial data (1.2).
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Definition 1.2. Let (ho,mo) be given initial data with relative finite energy with respect to the end-states
(h*,0) := (h — b%,0) at infinity, i.e.,

E[ho,mo] < Ey < 0.

A pair of measurable functions (h,m) : Ri — Ri 1s called a finite-energy entropy solution of the Cauchy
problem (1.3) with Cauchy data (1.2) provided that

(i) The relative total energy with respect to the end-states (h*,0) is uniformly bounded in time: there
exists a bounded function Cp(Ey) such that, for a.e. t >0,

E[h,m](t) < Cr(Eyp) for a.e. t €10,T);
(ii) The entropy inequality:
1? (hym); + g% (hym)s + gngy, (h,m)byh < 0 (1.24)

is satisfied in the sense of distributions for any test-function 1(s) € {£1,+s,s?} in [0,T] x R;
(iii) The initial data functions (ho,mo) are attained in the sense of distributions.

Then, as a corollary of Theorem 1.1 (Main Theorem) and the compactness framework established in
Chen and Perepelitsa [5], we conclude

Theorem 1.2. Let (h§, m§) be a sequence of initial data functions for problem (1.2)-(1.3) which satisfy the
assumptions of Theorem 1.1 with the constants My, Ey and 4, independent of €. Moreover, assume that
(h§,mg) — (ho,mo) a.e. x € R. Then, for the global solutions (h®, m®) established in Theorem 1.1, when
e — 0, there exists a subsequence of (h®, m®) that converges almost everywhere to a relative finite-energy
entropy solution (h,m) to the Cauchy problem (1.3) with Cauchy data (1.2) in the sense of Definition 1.2.
Moreover, there exists a bounded Radon measure p(t,x;s) on Ri X R such that

p(U xR) =0
for any open set U C Ri, and the corresponding entropy kernel x(h,s — u) defined by (1.13) satisfies

1
Oex(h,s —u) + iaz((s +u)x(h, s —u)) — gbyOsx(h, s —u) = 02p (1.25)
in the sense of distributions on Ri x R.

When the Saint-Venant system describes the motion of shallow water in the presence of friction, an
additional term r(h, u)hu, called the friction term, is present:

e + (hu)e =0, (1.26)
u)e + (hu* + 5h%), + gbph 4+ r(h,u)hu = 0. '
h hu? gh2 b.h h,u)h

The interaction between the dynamics of the shallow water and the geometry of the physical domain may
generate the formation of remarkable structures. In Sect. 6, for the case that r(h,u) is positive constant,
we show how our analysis can also be applied to the inviscid limit of the viscous solutions to the viscous
shallow water equations with the friction term to the corresponding Saint-Venant system (1.26).

We remark that, through straightforward arguments, the analysis also applies to a range a > 0 and
v > 1 for more general singular viscosity term: e(h%u, ), replacing e(hu,), and more general pressure
laws p(h) = kh? replacing h?/2.

The further organization of the paper is as follows. In Sect. 2, we introduce and construct a nonde-
generate viscosity approximation of global solutions to the viscous shallow water equations and establish
the basic uniform estimates. Further essential uniform apriori estimates are made for the approximate
solutions in Sect. 3. In Sect. 4, we establish Theorem 1.1 for the existence and uniform estimates of the
viscous solutions with respect to the viscosity coefficient €. Finally, in Sect. 5, we complete the proof of
Theorem 1.2 by combining the uniform estimates in Theorem 1.1 with the reduction theorem of Young
measures with unbounded support established in Chen and Perepelitsa [5].
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Finally, we further remark that the reduction theorem of Young measures with bounded support for
the isentropic Euler equations was established by DiPerna [13], Chen [3,4], Ding et al. [9-12], Lions et
al. [19] and Lions et al. [18] for the ~-law gases, and Chen and LeFloch [6,7] for general pressure-law
gases. Also see LeFloch and Westdickenberg [17] for the reduction theorem for the case 1 < v < 5/3 and
Chen and Perepelitsa [5] for the general case v > 1 with a simpler proof for the Young measures with
unbounded support.

2. Nondegenerate viscosity approximation

To establish Theorem 1.1, we first introduce and analyze an approximate system of equations for which
the viscosity coefficient is bounded away from the vacuum. Let § > 0. Consider

ht + (hu)x = 0,
{(hu)t + (hu? 4 £h?), + gbyh = e((h 4 0)ug),- 21)

We first follow Hoff [15] to show that (2.1) has a unique, global, smooth solution with A(t,z) > 0
provided that the initial data functions (hg,ug) are smooth, hg > 0, and b* < h, as stated below. Mean-
while, we carefully make uniform estimates of the solutions with respect to both parameters 6 > 0 and
€ > 0, which are essential to establish the inviscid limit for Theorem 1.2.

Theorem 2.1. Let (ho,ug) be such that
ho +b—h € L*(R), essmf ho(x) >0, ho(oo)s ), up € HY(R),

where o¢ = 6%’10_6. Then there exists a unique strong solution (h,u) of (2.1) on [0,00) x R with the

initial data (ho, ug) and such that, for any T > 0,
h,u € C([0,T]; L3 .(R)), h,h~t € L>=([0,T] x R),
h, € L=(0,T; L*(R)), hy € L*(0,T; L*(R)),
u€ L0, T; HY(R)), ut, uze € L?(0,T; L*(R)).
Proof. We first assume that (h,u) is a smooth solution of (2.1) on Q7 := [0,T) x R, with sufficiently

rapid decay as |z| — oo and with h(t,z) > h > 0 for all (¢,z) € Q. In the estimate below, we also assume
that € < gp and § < §y for some fixed g and .

1. For a smooth solution (h,u) of (2.1), multiplying the second equation in (2.1) by 2w, using the first
equation in (2.1), the fact that

(9(h*)s + 2ghbg)u = 2g(h + b)zhu = 2g(h + b — h) hu
=2g((h+b— h)hu) +2g(h+b— h)hy
=2g((h+b—h)hu)_ +g((h+b—h)?), (2.2)
and integrating the result over (0,¢) x R, we have

/oo (n(t.)lu(t. )P + |ht.2) + b(z) — ) dx+5/0t /_Z2(h+5)|ux|2dxdt

— 00
- / (o) uo(@)I? + Iho(z) + b(z) — B?) dz < Fo. (2.3)
2. The next estimate was first observed by Bresch and Desjardins [2]. However, our main concern here
is whether the estimate is uniformly bounded, independent of the viscosity coefficient . That is,

/ h(t,z)|oy(t, x)| da:—!—eg// h+6\h | dedt < Cy, te[0,77], (2.4)
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where o = 6%7 and Cy = Cy(T, Ey, E1, B) is independent of both § > 0 and € > 0.
Indeed, from the first equation in (2.1), we obtain

h+6
Ot + Uy = —E—F Uy,
h
and
h+46 h+46
Opt + UOLy = —eT_ZhwugC —€ ( _f: uCE)z (2.5)

Multiplying (2.5) by h yields
(hoz)t + (huoy), = —6((h + 6)u$)z
Adding this to the momentum equation, we have
(h(u+02)), + (hu(u+ 04)) _ + gh(h+b)y =
and then
(h(u+04)?), + (hu(u + 04)?)  + 2gh(h + b)e0y + 2gh(h + b)u =
We integrate this over (0,t) x R and use (2.2) to obtain

h+6
/ (hlu+ o, +glh+b— h|)dx+2ga// + ——|he |2dxdt+29// byho, dadt

:/ (holtio + 00,01 + o + b — h|?) da. (2.6)

Moreover, the last term on the left of (2.6) can be estimated as

bxhazdxdt‘
t e} B B

g// (hlow|® + (h+b—h)|by|* + [b — h|by|*) dzdt
0 —o0

t e}
< [ ] Gl b= B dode + oy + 10— Flimo ol (2)
Then, (2.4) follows from both (2.3) and the assumptions on the initial data and b(z).
3. There exists C = C(T, Ey, E1, B, €,0), such that

sup (h(t,z) +h™'(t,z)) < C.
(0,7 xR

We first show the uniform lower bound for h. For any z,y € R,
1

1 v 1
WMm_mmwSL (Mm)xm

Then, using the energy estimate (2.4), there exists C = C(T, Ey, E1, B) such that

< Clz —y|=. (2.8)

’ 11
Vh(t,z) /bt y)

From the properties of b(x), it follows that there exists 3y > 0 such that h — b(z) > 3, for all large
|z|. Define B as an open interval such that

B C{x + h—b(x) > f > 0}.
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Let
A(t) = {a: 2 h(t,x) < %)}
Then, from the first energy estimate, it follows that

A N Be| < ¢,

for some Cy = C1(T, Ey, E1, B). Then, for any = € A(t), the interval (z—2(C1+|B|),z+2(Cy+|B]))
contains a point zq(t) such that h(t,zg) > % From (2.8) with y = x, we obtain

inf h(t“’l?) >C>0
e A(t)

for some C' = C(T, Ey, E1). On the other hand, h(t, z) > % on A(t)°. This yields a uniform bound
for h in (¢, ). The uniform upper bound is obtained in a similar fashion.

4. Higher-order derivative estimates: Let, in addition to the conditions on the data used above, ug, €
L?(R). Then, there exists C = C(T, Ey, E1, B, ¢, ) such that

&S] T 00 00
sup / [ug (t, z)|? do + / / [tpe|® dadt < C (1 + / g, ) dx) . (2.9)
t€[0,T] J —c0 0 —o0 —o0

We will repeatedly use the inequality

1/2 1/2
el ey < V20l 5 et | oy

Differentiating the momentum equation with x yields

R(Ugt + Wgs + Ugty) + ha (U + utiy) + (h?) e + (gbeh)s — e((h+6)ug) =0.

rT

Multiply this equation by u,, integrate over R and notice that

| o) unde = = [ (et + D)) da

— 00 — 00

Then, we have

Ld ™ de + /Oo(h+6)| 2d
st ) Uy |?da + ¢ . Uy |* dx
2/ 6hxuxumdx—/ h|uz|3dx—/ he (up + vty )u, do
—/ (hQ)Iumdx—/ (gbah),u, do
=L+ +1Is. (2.10)

Let k > 0 be a number to be chosen later. We have
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IMSH/\wﬁM+@MM%®/ h? da

— 00 —

gm/ um‘ldwcﬁ(/ |um|2dx/ |ux|2dm>/ (B2 da

< /{/ \um\de—i—C,g(Tl,EO,El)/ |uz|2dx;

— 00 — 00
5 1 10
|I2| < Clluwnz?(R)”ummHz?(R) < “HUMH%Z(R) + CnHumHLs?(R)

4
= Klluze |72y + Cn||uw||2L2(R)||Ua:H22(1R)3

I = / hote (S ((h+ 0)ua)o — 2Dy — b, da

— 00

o h+4
= / hatiy (s(ln h)zug + E%UII —2h, — gbm) dz

=Ji+ o+,

where

ooth $2
\J1|§C/ %dgc
— 00

< Cllug || Foo @y 122 |72 m)
< CH“:C||L2(R)||U:1:$||L2(]R)
< Ailluge T2 @y + CrlluzlFe),
| Ja| < Cllug|| oo ®) |zl L2 () Uz | 22 ()
< CHUI||L°°(R)||UI:I:||L2(R)

2
< ’<5||urm||%2(]R) + Cn”um”zz(]g)a
o0
I <C [ el do
— 00

< Ollug | poo ) 1P |72 gy
< Cllug || Lo )

< Bllugel| L2y + Cklluell L2 (w),
and similarly,
Ml < Alltzsll 2y + Callbo 2@ el 2 gy
Thus,
15| < Flltas 3 ey + Coe (s 3y + o ey )-
Similarly, we have
1] + 15| < Klluael|32m) + C.

Now we combine all the above estimates in (2.10). Since h(t, z) has a lower bound, we can choose ~
sufficiently small so that (2.10) implies
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[e%e] t [e%¢]
/ ()2 dz + / / (g (2, ) 2 dadt
—0o0 0 —00

t 4 2
< Clluoellfz) + C/ (1 +llual|Ee @y lall 2 ) + sz + Huxlliz(m) dt. (2.11)
0

From the first energy estimates, we know that

T
/0 a2, dt < C(F).

Thus, by Gronwall’s inequality and from (2.11), we obtain the expected estimate.

Then, the global existence of strong solutions with the uniform apriori estimates is established by
extending the local solutions that can be obtained directly via the fixed point argument. Moreover, the
solution in this class of functions is unique. O

3. Further apriori estimates

In this section, we derive further uniform estimates of the global strong solution (h,u) of (2.1), which
are needed to pass to the limit § — 0 to establish Theorem 1.1, especially to analyze the inviscid limit as
e — 0 later on.

A direct corollary of the energy estimate (2.4) is the following uniform L> bound for h, independent
of § € (0, (50]:

12l Lo (0,750 (k7)) < Cle, K, Ey, E1, B) (3.1)

for every compact K C R.
Estimates (2.3) and (2.4) allow us to obtain the uniform higher integrability of h and w.
Higher Integrability I: Given a compact set K C R and T > 0, there exists C; = Cy(K, T, Ey, B),

independent of ¢, such that
T
/ / h? dxdt < C. (3.2)
0o JK

The proof of this estimate is identical to the proof of Lemma 3.3 in [5].
Higher Integrability IT: For K as above, there exists Co = Cy(K, T, Ey, E1, B), independent of €, such

that
T
//h\u|3dmdt§02. (3.3)
0 K

The estimate is analogous to the estimate in Lemma 3.4 in [5], but requires few technical modifications
that we explain now.
Let (9%, ¢%) be the weak entropy pair, generated by the function ¢y(w) = %w\w|, through the formulas:

1 1
nt = 4gh/ Yy (u+ 2+/ghs)[1 — s%]2 ds,
-1

1 1
¢ = 4gh/ (u + \/gh) Vy(u+ 2+/ghs)[1 — s*]2 ds.
-1
They satisfy the following estimates (see [5,18]):
Inf(h,m)| < C(hlul*+h?),  ¢*(h,m) > C~ (h|ul® + r*/?), (3.4)
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[ (h,m)| < Clul+Vh),  |nhy(hym)| < OB, (3.5)
and, regarding nf, in the coordinates (h,u),

(o h)| < C, [k ()| < (3.6)

Slo

for all A > 0 and u € R.
We multiply the first equation in (1.3) by ng, the second by 7% . and add them and integrate over
(0,t) x (—o0, ) to obtain

t xT
/ g dt = gt + / (1 (ho, mo) — nf(h,m)) dy
0

— 00

t t x
—I—e/ nt (h + 8)uy dt—l—E/ / (nﬁlu(h+5)|ux|2 —|—777ﬁnh(h—|—5)hw) dydt
0 0 J—-oc0

t x
—gq / / hn? b, dydt
0 —00

=L+ + 13+ I+ I5, (3.7)

where ¢*~ = ¢*(h™,0) is the left-end-state of g*.
Consider the term I5. First, as argued in [5], there exists a constant o > 0 such that

n* = avVhm + ro(h,m), ro| < chu?.

We write

avVhm = a(Vh — Vh=)hu + aVh=hu
< ahlu* + ah(Vh — Vh=) + aVh~=hu. (3.8)
Without loss of generality, we assume h~ > 0 (the case h~ = 0 can be treated similarly). Then
hVh—=Vh=) <C(h—h")2 <Ch+b—-h)*+(b—b")?
since h = h™ + b~. It follows that
|I5] < C/z (hu2+(h+bB)2+(bb)2)dy+a\/f7‘/$ hudy‘.

Thus, for a compact set K,
T
/ |Ig|dx§C’(K,EO,B)+avh*/ ‘/ hudy’ dy.

K K |J—c

Assume that My = [ hglug|dz < co. Then, we can obtain as in [5]:
x
/ ‘/ hudy’ dy < C(T, By, B, M),
K |J—c
and consequently,
/ |12|dl‘ S C(T, K7E0,B,M0). (39)
K
From the pointwise estimate (3.6) on (nfnh, nf..) and using (2.3) and (2.4), we have

t xT
5/ / Tmu(h =+ 0)|ug|* dydt| < C(Fy), (3.10)
0 —00

t x
5/ / i (h + )t dydt‘ < C(T, By, By, B). (3.11)
0 —00




1078 G.-Q. Chen and M. Perepelitsa ZAMP

It follows that
/K L] dz < C(T, K, Eo, Er, B).
Furthermore, we have
/K |I3|de < C(T, K, Ey, Eq, B)

by the same arguments as in the proof of Lemma 3.4 in [5].

Finally,
t x
/ / gbehnf, dydt’
0 —00

t x
< C/ / glbs|h(u + V) dydt
0 —00

15| =

t x
< / / (hlu[* + |k +b— h[*) dydt + C(B). (3.12)
0 —00

Integrating (3.7) over K and using (3.4) and the estimates on I;,j = 1,...,5, we conclude the proof
of (3.3).

4. Proof of Theorem 1.1: existence and estimates of the viscous solutions

In this section, we establish Theorem 1.1, that is, the existence of global solutions to the Cauchy problem
(1.1)=(1.2) in the sense of Definition 1.1 and the necessary uniform estimates for the inviscid limit to the
Saint-Venant system as ¢ — 0.

Let b(z) be as described in the Introduction. Define v°(x) = min{h—d, b(z)}. Notice that b’ measured
in the norms in (1.17) does not increase B. Let (hg,mg) be as in Theorem 1.1, and let (h),ug), with
essinfg h) > 0 and ud € H'(R), be such that (h, hiud) — (ho,mo) a.e. x € R with the norms

h5u52+gh5+b5—ﬁ2dx,/ hé),|? da
/Rwo\ 1% Bz, [ 1/

bounded independently of § € (0,d0]. Let (h°,u°) be the global strong solution of (2.1), with b°(z)
replacing b(x) and with initial data (hQ,uJ), constructed in Theorem 2.1.
We will make use of the following equation that holds for a smooth solution (h°,u°) :

(Vho)y + (Vhoud), = %mu‘;. (4.1)

In particular, we will use this equation to define the limit of the left-hand side as a suitable distribution
obtained in the limit as § — 0.
Using estimates (2.3), (2.4), (3.1), and Eq. (4.1), we conclude

(i) Vh® uniformly bounded in L>(0,T; L%, (R));

(ii) (v/h®), uniformly bounded in L>°(0,T; L*(R));

(iti) (V/h8); uniformly bounded in L?(0,T; H;!(R)) by using (4.1).
Also,

My = 2(\/E)m\/ﬁu + VhvVhug,
and, using estimates (2.3), (2.4), (3.1) and (3.3),

6
5

(Vho) o Vhou’ is uniformly bounded in L3(0,T; Ly (R)),
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and

Vhovhoud is uniformly bounded in L?(0,T; L2 (R)).

loc

On the other hand,
(m*)e = =(F @) + S(0°)?), = gheh® +&((h° + )ul)

w?
_1.3
and is uniformly bounded in L2 (0, T I/Vlocl’2 (R)).
We now summarize the estimates on m?’:

(i) m?® is uniformly bounded in L3(0,7; L} .(R));
(ii) mS is uniformly bounded in L2(0,T; L5 (R));
18
(iii) m¢ is uniformly bounded in L%(O, T; Wlocl’2 (R)).
Moreover,

Vhoud  is uniformly bounded in L?(R2).
We conclude (by Aubin’s lemma) that

h? is compact in L} (R%), p € [1,00),
5

m®  is compact in L}  (R?),
Vhoud is compact in L2, (R3).
Then there exists (h,m) € LS (R%) x L}

loc loc

(h®,m®) — (hym)  in LP(R%) x L}

loc

(R2) such that, on a suitable subsequence,
(R2), p € [1,00), and a.e. (t,z) € R%,
and

Vhoud  converges weakly to n in L?(R%).

To pass to the limit in Egs. (1.1) and (4.1), we have to deal with the functions that involve the negative
powers of h, which are not defined on the vacuum set. We will use repeatedly the following simple lemma.

Lemma 4.1. Let (h%,m?), with h% > 0, converge to (h,m) a.e. (t,x) € R2. Let ¢(h,m) be a measurable
function defined on {(h,m) € R%, h > 0}. Suppose that, for some py > 1 and any compact K C R?,

[p(h°,m®)|| Lo (i) < C(K),
H¢(h6am6)X{h:0}||Lpo(K) —0 with 6 — 0.
Then
d(h?,m°) — ¢(h,m) in LP(K),¥p € [1,py), asd — 0,
where ¢p(h,m) is defined by zero on {h = 0}.

We apply this lemma for ¢ = mT2 and ¢ = % Estimates (3.1) and (3.3) imply

5
m
—— is uniformly bounded in L*(0,T; LY .(R)),
Vhe o
(mé)z . . . 3 3
X is uniformly bounded in L2 (0,7; L2 (R)).
Lemma 4.1 yields
mo m
—_—— — in LP(0,T; LY (R)), pel[l,3),
h5 \/E ( loc( )) p [ )
(m6)2 m2 ) 3
h(s - T m LP(O?T7L{)00(R))? p 6 [17 5)'
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By taking the limit in (2.1) and (4.1), we recover (1.1). To obtain (1.16), we find from (1.3) that
{0+ qi0 + gba ki — e((h + Sy ul), + e(h® + 8)ud (niy)e = 0. (42)
For any compactly supported C?-function 1, it holds (see [5]):
0% (h,m)| +1q” (h,m)| < Cyh,
and
13, (h,m)| < Cy

uniformly in (h, m).
Using Lemma 4.1 and the uniform apriori estimates, it is straightforward to deduce that
1”°,4"°) = (n¥,¢¥) in LY (RY), p> 1,
Vhe +ont? — VhnY i LP (R2), p> 1.
It follows then that
(h® + 0y ug = V/ho + 0ni " Vh 4 6uf, — Vhin in Lio(RY),
and we can pass to the limit in the terms of Eq. (4.2), except the last one. However, the last term equals
(0 + 8)ul (n)a = (h° + Sl |* + (h° + S)mp .
From the uniform estimates,
1
Ml < Cys [minal < Cyh™2,
we obtain

[(h? + O)malug Pl < Oy (h° + 0)|ug |,

R +6

8

(00 + pmandesd] < o’ +0)udl? + X2,

both of which are uniformly bounded in L'(0,T; L'(R)), by the energy estimates. This means that
(R + 8)ud (n%:°), converges to some p¥ € Mioo(R2) and

el L atioe(r) < C(K)

for every compact K C R3.
Finally, we notice that the estimates (2.3), (2.4), (3.2) and (3.3) hold in the limit § — 0 for the limiting
solution (h,m) as well. This completes the proof of Theorem 1.1.

5. Proof of Theorem 1.2: H ~'-compactness and inviscid limit

For the sequence of solutions of (1.1) constructed in Theorem 1.1, we can establish the compactness of
entropy dissipation measures. The following proposition is the straightforward generalization of Proposi-
tion 4.1 in [5].

Proposition 5.1. Let ¢ : R — R be any compactly supported C-function. Let (n%,q%) be a weak entropy
pair generated by . Then, for the solutions (h®,m®) with m® = h°u® of equations (1.1), the entropy
dissipation measures

n%(he,m%); + % (h*,m®), are confined in a compact subset of H; '(R?). (5.1)
The proof basically repeats the arguments from [5]. We conclude that the sequence of solutions (h®, m¢)
of (1.1)—(1.2), with the initial data (h§, m§), satisfying the uniform bounds in Theorem 1.1 converges (on

a subsequence) almost everywhere to a finite-energy entropy solution (h,m) to problem (1.3) with initial
data (1.2). This completes the proof of Theorem 1.2.
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6. Shallow water equations in the presence of friction

When the friction is taken into consideration, an additional term, called the friction term, is present in
the viscous shallow water equations:

{ht + (hu)y = 0,

6.1
(hu); + (hu? + §h?) g + gbzh + r(h, u)hu = e(huy),. (6.1

The interaction between the dynamics of the fluid and the geometry of the physical domain may generate
the formation of remarkable structures; see [20,25] and the references cited therein.

Now we consider the case r(h,u) = a > 0 and show how our analysis can also be applied to the
inviscid limit of the viscous solutions of the viscous shallow water equations with the friction term to the
corresponding Saint-Venant system.

Theorem 6.1. Let (h§,m§) be a sequence of initial data functions for problem (1.2) and (6.1) which
satisfy the assumptions of Theorem 1.1 with the constants My, Ey and Eq, independent of €. Moreover,
assume that (h§,mg) — (ho,mg) a.e. x € R. Then there exists an entropy solution (h,m) of problem
(1.2) and (6.1) on R% for r(h,u) = a > 0 with the following properties: For any T > 0, compact set
K CRand 9y € Cgo(Ri), there are C; = C;(T, Ey, E1,B), i = 1,2, C3 = C3(T, K, Ey, Er, My, B) and
Cy = Cy(T, Ey, Er, B,) that are all independent of € > 0 such that

OO ‘m(tax)P B 2)
ess su ——— +glh(t,z) + b(x) — h dz < Ep,
eto.r] /oo< h(t,x) glh(t, ) + b(z) — h| 5

o0 2
€ss sup 52/ ‘( h(t,x)) ‘ dz < Ch,

te[0,T)

s/ (n? + |he|?) dzdt < Cs,
[0,T] xR

T 3
s |m|
E/ / |dp?| < Cy.
0 —00

Furthermore, when € — 0, there exists a subsequence of (h®, m®) that converges almost everywhere to a
relative finite-energy entropy solution (h,m) to the Cauchy problem (1.26) with Cauchy data (1.2) in the
sense of Definition 1.2 in which the entropy inequality (1.24) is replaced by

0¥ (h,m); + q¥(h,m), + nﬁfb(h, m) (gbzh + ahu) <0

in the sense of distributions for any test-function (s) € {£1,+s,s?} in Ri. Moreover, there exists a
bounded Radon measure p(t,x;s) on R2 x R such that

w(U xR) >0
for any open set U C R%, and the corresponding entropy kernel x(h, s — u) defined by (1.13) satisfies

1
Ox(hys — ) + 50 (s + wx(hy s —w) = (gbe + aw)dox(hys — u) = O2p (6.2)
in the sense of distributions on Ri X R.

As before, we first conclude the following approximate system for ¢ > 0:

{ht + (hu), =0,

6.3
(hu); + (hu? + $h?), + gbyh + ahu = e((h + §)uy) (6:3)

e
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First, the energy estimate (2.3) becomes

/_O:o (h(t,l‘)u(t71’)2 + g(h(t,z) + b(z) — B)2> da

ve [ [ 2ol asarva [ [ nasar
= /_O; (ho(x)|uo(x)|2 + g(ho(z) + b(x) — B)2> dr < E,. (6.4)

It follows by multiplying the second equation in (6.1) by 2u, using the first equation of (6.1) and the
fact (2.2).
Then, under the assumptions on the initial data and b(z), we still have

h+46
/ h(t,x)|o.(t, )| dx—|—sg/ / + ——|he|? dzdt < Cy, t e [0,T], (6.5)

where o = 5%.

This can be proved as follows: Indeed, from the first equation of (6.1), we obtain

h+46
Ot + U0y = _ETux7

and then

h+0 h+0
Opt + UOpy = —E———hyUuy, — € Ugp | .
h? .

Multiplying it by h:
(hoz)t + (huoy)r = —e((h + 0)uyg) .
and adding this to the second equation of (6.1), we have
(h(u+0z))t + (hu(u + 04))z + gh(h + 1), = —ahu,
and then
(h(u+04)?)

.t (hu(u + cf:,j)z)ﬁE + 2gh(h + )0, + 2gh(h + b),u = —2chu(u + o,).

We integrate this over (0,%) x R and use the calculation in (2.2) to obtain

/ (h(u+05)* + g(h+b—h) )dx+2g5/ / h+6|h \dedt+29/ /halb dadt

— 00

= / (ho(uo + 00.5)* + g(ho +b—h)) da — 2a/ /hu(u + o,) dadt.
0

— 00

Moreover, the terms on the left can be estimated as

bmhoz dxdt‘
/ / + (h+b— h)|by|* + |b— hl[b,]?) dzdt

/ / (h+b—h)?) dedt + [|bz]|7agmy + 10— Rl Loo @) 1b2]|72 gy
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<2// (u+ 0,)* dedt + //h|u\2dmdt

Then, (6.5) follows by the assumptions on the initial data and b(x) and (6.4
With the uniform estimates (6.4) and (6.5), the other steps for the umform apriori estimates are the
same, and the functional framework of the inviscid limit remains unchanged as in Sects. 2-5.

and

hu(u + o,) dadt

Acknowledgments

The research of Gui-Qiang Chen was supported in part by the National Science Foundation under Grants
DMS-0935967 and DMS-0807551, the UK EPSRC Science and Innovation award to the Oxford Centre
for Nonlinear PDE (EP/E035027/1), the NSFC under a joint project Grant 10728101 and the Royal
Society-Wolfson Research Merit Award (UK). The research of Mikhail Perepelitsa was supported in part
by the NSF Grant DMS-1108048.

References

1. Bouchut, F.: Nonlinear Stability of Finite Volume Methods for Hyperbolic Conservation Laws and Well-Balanced
Schemes for Sources. Birkhiiser Verlag, Basel (2004)

2. Bresch, D., Desjardins, B.: Existence of global weak solutions for a 2D viscous shallow water equations and convergence
to the quasi-geostrophic model. Commun. Math. Phys. 238, 211-223 (2003)

3. Chen, G.-Q.: Convergence of the Lax-Friedrichs scheme for isentropic gas dynamics (III). Acta Math. Sci. 6B, 75-120
(1986) (in English)

4. Chen, G.-Q.: Convergence of the Lax-Friedrichs scheme for isentropic gas dynamics (III). Acta Math. Sci. 8A, 243-276
(1988) (in Chinese)

5. Chen, G.-Q., Perepelitsa, M.: Vanishing viscosity limit of the Navier-Stokes equations to the Euler equations for com-
pressible fluid flow. Commun. Pure Appl. Math. 63, 1469-1504 (2010)

6. Chen, G.-Q., LeFloch, Ph.G.: Compressible Euler equations with general pressure law. Arch. Ration. Mech.
Anal. 153, 221-259 (2000)

7. Chen, G.-Q., LeFloch, Ph.G.: Existence theory for the isentropic Euler equations. Arch. Ration. Mech. Anal. 166,
81-98 (2003)

8. Dafermos, C.M.: Hyperbolic Conservation Laws in Continuum Physics. Springer, Berlin (2000)

9. Ding, X., Chen, G.-Q., Luo, P.: Convergence of the Lax-Friedrichs scheme for the isentropic gas dynamics (I)—(II). Acta
Math. Sci. 5B, 483-500, 501-540 (1985) (in English)

10. Ding, X., Chen, G.-Q., Luo, P.: Convergence of the Lax-Friedrichs scheme for the isentropic gas dynamics (I). Acta
Math. Sci. 7TA, 467-480 (1987) (in Chinese)

11. Ding, X., Chen, G.-Q., Luo, P.: Convergence of the Lax-Friedrichs scheme for the isentropic gas dynamics (II). Acta
Math. Sci. 8A, 61-94 (1988) (in Chinese)

12. Ding, X., Chen, G.-Q., Luo, P.: Convergence of the fractional step Lax-Friedrichs scheme and Godunov scheme for the
isentropic system of gas dynamics. Commun. Math. Phys. 121, 63-84 (1989)

13. DiPerna, R.J.: Convergence of the viscosity method for isentropic gas dynamics. Commun. Math. Phys. 91, 1-30 (1983)

14. Gerbeau, J.-F., Perthame, B.: Derivation of viscous Saint-Venant system for laminar shallow water: numerical valida-
tion. Discrete Continuous Dyn. Syst. 1B, 89-102 (2001)

15. Hoff, D.: Global solutions of the equations of one-dimensional, compressible flow with large data and forces, and with
differing end states. Z. Angew. Math. Phys. 49, 774-785 (1998)

16. Hugoniot, H.: Sur la propagation du movement dans les corps et epécialement dans les gaz parfaits. J. Ecole Polytech-
nique 58, 1-125 (1889)

17. LeFloch, Ph.G., Westdickenberg, M.: Finite energy solutions to the isentropic Euler equations with geometric effects. J.
Math. Pures Appl. 88, 386-429 (2007)

18. Lions, P.-L., Perthame, B., Tadmor, E.: Kinetic formulation of the isentropic gas dynamics and p-systems. Commun.
Math. Phys. 163, 415-431 (1994)

19. Lions, P.-L., Perthame, B., Souganidis, P.E.: Existence and stability of entropy solutions for the hyperbolic systems of
isentropic gas dynamics in Eulerian and Lagrangian coordinates. Commun. Pure Appl. Math. 49, 599-638 (1996)



1084 G.-Q. Chen and M. Perepelitsa ZAMP

20. Mascia, C.: A dive into shallow water. Riv. Mat. Univ. Parma. 1, 77-149 (2010)

21. Mellet, A., Vasseur, A.: On the barotropic compressible Navier-Stokes equations. Commun. Partial Differ. Equ. 32,
431-452 (2007)

22. Rankine, W.J.M.: On the thermodynamic theory of waves of finite longitudinal disturbance. Philos. Trans. R. Soc.
Lond. 1960, 277-288 (1870)

23. Rayleigh, L.(Strutt, J.W.): Aerial plane waves of finite amplitude. Proc. R. Soc. Lond. 84A, 247-284 (1910)

24. Stokes, G.G.: On a difficulty in the theory of sound. Philos. Mag. 33, 349-356 (1848)

25. Whitham, G.B.: Linear and Nonlinear Waves, Reprint of the 1974 original. Wiley, New York (1999)

Gui-Qiang Chen
Mathematical Institute
University of Oxford

Oxford

OX1 3LB

UK

e-mail: chengq@maths.ox.ac.uk

Gui-Qiang Chen
Department of Mathematics
Northwestern University
Evanston

IL 60208

USA

Mikhail Perepelitsa
Department of Mathematics
University of Houston

651 PGH

Houston

TX 77204-3008

USA

e-mail: misha@math.uh.edu

(Received: October 27, 2011)



	Shallow water equations: viscous solutions and inviscid limit
	Abstract
	1. Introduction
	2. Nondegenerate viscosity approximation
	3. Further apriori estimates
	4. Proof of Theorem 1.1: existence and estimates of the viscous solutions
	5. Proof of Theorem 1.2: H-1-compactness and inviscid limit
	6. Shallow water equations in the presence of friction
	Acknowledgments
	References


