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ON THE EXISTENCE OF GLOBAL STRONG SOLUTIONS TO
1D BILAYER SHALLOW WATER MODEL.

ROAMBA BRAHIMA!2 ZONGO JULIEN!, BAMOGO MOHAMED BASSIROU!, ZONGO
YACOUBA? AND ZABSONRE JEAN DE DIEUY2

ABSTRACT. Our study focuses on 1D viscous bilayer shallow water model.
The model considered is represented by two superposed immiscible fluids with
different physical properties. Each layer is governed by the shallow water
equations in one dimension. A regularized model of the considered model has
been the subject of some recent studies. Our contribution is to extend the
results of the work carried out in [Nonlinear Analysis, vol (14)2, 1216-1124,
(2013)] by proving the existence of global strong solutions of the considered
model.

1. INTRODUCTION

This paper is devoted to the existence of global strong solutions to 1D bilayer
shallow water model. The model studied is as follows:

Byhy + 0, (hnur) = 0, (1.1)
Oy (hiuy) + 0y (hiur?) — v10, (h10puy) + grhidpha + gh10,hy = 0, (1.2)
Otha + 0 (haug) = 0, (1.3)
Oy (hauz) + 9y (haus?) — 120, (haypuz) + grhadshy + ghadshs = 0, (1.4)

where (t,z) € (0,T) x Q, with Q a periodic domain in one dimension. The index
1 corresponds to the layer located below and the index 2 the one located at the top.
Thus we note hy, ho, u; and us respectively the water heights for each layer and
velocity for each layer. The constant g > 0 is the gravity number and v, and 1y
are the kinematic viscosity. We also note pi, p2 the densities associated with each
layer, then we define the quotient of densities by r = % < 1.
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Figure 1: Notation for the bilayer model

This work takes its inspiration from the work done in [I]. Note that in [I], the au-
thors showed the existence of global strong solutions of a regularized model of the
model studied in this paper by adding regularizing terms at the level of the momen-

tums equations of each layer of the form 51;0, (h Ozu;)) with 8 belongs to (0, 1

and ¢ is a small parameter. Also the studied model is associated with the initial
energies:

/h10,8|vlo,6|2 /h20,E|U20,E| + /|h1075+h20 8|2<C€ <C
8x<;08(h10,5) 2 283c§08(h20,5) ?

1 1

T A Gl R A
But we noticed that when ¢ tends towards 0, they obtain the existence of a strong
solution of the stationary model. In this paper we study the evolutionary model of
the model studied in [I] when ¢ tends towards 0.
As a reminder, it should be noted that the authors in [I] have proven that the reg-
ularized approximate system verifies the BD entropy, which gives the lower bound
for the water heights. This allows them to have the existence of global strong solu-
tions for the approximate system by using the regularity theorem for smooth data
given in [2] and manages to pass to the limit. The mathematical entropy named BD
entropy was introduced firstly in [3]. This work followed an improvement in [4] [5]
where the authors extended the result to the more general Navier-Stokes equations
with an algebraic relationship between the coefficients of shear and viscosity in
bulk. We also note that many researchers have used this entropy in their work,
we can mention among others [6l 8, [0, [I0] who thanks to this entropy have proven
the existence of global weak solutions for shallow water and viscous compressible
Navier-Stokes equations.

<Ce? <.

Several works have been carried out on the existence of strong solutions in shal-
low water and Navier-Stokes equations. Other examples include [8] where the au-
thors have proven the existence of strong solutions for one-dimensional compressible
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Navier-Stokes equations under the hypothesis that the initial datum is smooth and
the initial density is bounded below by a positive constant. In [I] the authors
proved according to the ideas developed in [8], the existence of strong solutions of
one dimensional regularized bilayer model. The existence of global strong solutions
to the Cauchy problem for a shallow water system in dimension N > 2 has been
proven in [II]. In [I2] the authors proved the existence of global strong solutions
for the compressible Navier-Stokes equations with degenerate viscosity coefficient
in 1D. The key ingredient of their proof resulting from the control of a new ef-
fective velocity (see [12]) in L>°((0,7); L>*°(R)) and this control allowed them to
have control of the inverse of the density 1/p in the same space. Our result draws
inspiration from their work.

Our contribution to this work is to extend the results obtained by the authors
in [I]. Indeed the authors have noted the existence of global strong solutions of the
regularized model using a test function depending on the unknown. For our part,
we prove the existence of global strong solutions of the studied model in [I] when the
regularizing terms will tend towards zero by following the approach proposed in [12].

In section 2 we will give the theorem of the existence of global strong solutions
of bilayer shallow water model in one dimension. To prove this result of existence,
we have to use some intermediary results to achieve it, which will be the subject of
the third section. We will give the proof of some results in the last section.

2. MAIN RESULTS

In this section we give the initial data, the initial energy associated with the
system ([1.1)) — (1.4) and the existence of strong solutions theorem of the model.
Consider the initial data,

hiy, = hiji—0s  h2y = hojy—o, U1, = U1j=o and uz, = uz;—

testing the following assumptions

0<¢, Shiy <y, 0<cy < hy, <0

(2.1)
hi, € HY(Q), w, € HY(Q), ho, € HY(Q), wuz, € HY(Q)

where ¢, ¢y, €1, and ¢z, are some positive constants. We also assume that
the viscosities v and v, verify the following relation:

21/1 21/2

> >r with 0<r<L (2.2)
v+ v v+ v

We further assume that the following quantities are finished:

1
3 L [Pl 2+ 001 = )+ 91—
Q
+rg|h1, + hoo|* |dz < C4, (2.3)
1
3 | [P, + 0up(a )P i + Oup(ha ) Plas < €2 (2
Q

where Cy, Cy are real constants and ¢(h;) = v;logh,;, i={1,2}.
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Theorem 2.1. The system (1.1)) — (1.4) admits a strong solution (hi,ha,u1,us)
such that

hy s bounded in L*>(0,T; H*(Q)),
hy is bounded in  L>(0,T; H (1)),

uy is bounded in  L°°(0,T; HY(Q)) N L2(0,T; H*(Q)),
(2.5)
ug is bounded in  L>(0,T; H'(2)) N L2(0,T; H*(Q)),

Oyur is bounded in  L*(0,T; L?(1)),

Oyug is bounded in  L2(0,T; L*(2)).

Moreover for every T > 0, there exists constants aq(T),a2(T), 51(T) and B2(T)
such that:

0 < ay(T) < hilt,z) < Bu(T), Y(t,z)e (0,T)xQ,
(2.6)
0 < ao(T) < holt, ) < Bo(T), V(t,z) € (0,T) x Q.

In the following section, we will give some results that will help prove the previous
theorem.

3. ENERGIES INEQUALTIES

We start this section with the energy equality associated with the system (1.1]) —

(1.4

Proposition 3.1. For (hy, he,u1,u2) smooth solution of the system (1.1)) — (1.4)

with boundary conditions (2.1),(2.2)) and (2.3]), then the following classical equality
holds:

1d

5@/ [h1|ul|2+h2|u2|2+9(1—7")|h1|2+g(1—r)|h2|2+rg|h1+h22 dx
Q

+V1/ h1|6wu1|2 —l—llg/ h2|8mu2|2dx =0. (31)
Q Q

From this energy estimate (3.1)), we deduce the following result:

Corollary 3.2. Let (hi, ho,u1,u2) be a solution of model (1.1)) — (1.4)). We have
the following uniform bounds:

Vhiuy is bounded in L>(0,T; L*(Q)), \/hausy is bounded in L>(0,T; L*(R)),
hy is bounded in L°°(0,T; L*(Q)), ha is bounded in L>(0,T; L*(£)),
Vh10,uy is bounded in L*(0,T; L*(Q)), v/ h20,usg is bounded in L*(0,T; L*(Q)).

We need additional estimates on the unknown hq, hy, u; and us. The following
proposition will allow us to have some of them.
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Proposition 3.3. Let (hy, ha,u1,us) be a smooth solution of (1.1]) — (1.4), then the
following mathematical BD entropy inequality holds:

1d 1d
ia/ﬂhﬂul—kaﬂp(hl)ﬁdx—ki% Qh2|U2—|—ax(p(h2)|2dI
1 d
+=g— [ |(L=7)[ha]® + (1 = 7)|ha|* + 7|k + ho|?|dz
27dt Jq

1 1
+g(v1 — gr(ul + 1/2)/ |0,h1)? + g(ve — 57"(1/1 + 1/2)/ |0,h2)? < 0. (3.2)
Q Q

The BD mathematical entropy inequality allows us to find the estimates given
in the following Corrolary.

Corollary 3.4. Let (hy, ha,u1,uz2) be a solution of model (1.1)) — (1.4) verifying the
inequality given in (3.2]). We have the following uniform bounds:

hy is bounded in L>(0,T; H'(R)), hy is bounded in L>(0,T; H'(Q))
uy s bounded in  L>°(0,T; H(Q)), ug is bounded in L°°(0,T; H*(Q))
Oxhy is bounded in L*(0,T; L*(Q)), dyhy is bounded in L*(0,T; L*(2)),
dp\/h1 is bounded in L>®(0,T; L*(Q)), 8,\/ha is bounded in L=(0,T; L*(Q)).

)
)

Q)
Q)

Remark 3.5. The sobolev embedding allows us to deduce that:
h; is bounded in L*°(0,T; L>°(£2)),
which leads to the existence of a constant 3;(7") V7T > 0 such that:
0 < hi(t,x) < Bi(T), Y(t,x) € (0,T)xQ; i={1,2}.

This assures us the upper bound of the heights in the theorem. To lower limit
the height, we need the following result.

Lemma 3.6. Ve > 0 small enough, we have for v = % +e:
hu; s bounded in  L*(0,T;L>(Q)), 1= {1,2}.
Proposition 3.7. For (hy, ha,ui,us) solution of the system (1.1]) — (1.4), we have

the following estimates:
uy is bounded in L*(0,T; H*(Q)), Owuy is bounded in L*(0,T; L*(Q)),
uy is bounded in  L*(0,T; H*(Q)), Owug is bounded in L?*(0,T; L*(2)).
Lemma 3.8. Fori={1,2}, we have the following bounds:
v; = u; + v;0zp(hi) s bounded in L% (0,T); L*°(Q)).

For every T > 0, there exists a continuous fonction o and ¢ > 0 such that for all
T < Ty, we have:

hi(t,z) > a(T) > ¢ > 0.

The proofs of the Proposition , Proposition Proposition ,
Lemma ,Lemma and the Remark assures us the proof of the
theorem.

In the next section, we will give the proofs of the above Propositions.
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4. APPENDIX

Proof. Proposition [3.1

We multiply the momentum equations (|1.2)) and (1.4 respectively by u; and us
and we obtain:

/ l:(@thlul) + aw(hlu%)} uldx + g/ l:hlawhl + Thlawhgil uldaz
Q Q

—1/1/ ulax(hlawul)dx = 0,
Q
and

/ {(&thg) + ax(hzug)] Ugdl’ + g/ |:h28xh2 + Thgamh1:| ’U,le’
Q Q

—1/2/ uQﬁx(hgaqu)dx =0.
Q
Look at the terms :

/ {(&hlul) + ax(hluf)]uldx A (4.1)
0 24dt o
2 1d 2
((’9th2uQ) + Bm(hgqu) ’LLQdiL’ = = h2|’LL2| dx. (42)
o 2dt Jo

Furthermore,

9/ |:h1u18wh1 + houzdpho + 1 (h1uy Opho + h2u28whl>:| dx
Q

1 d o, 1 d ,
=590 -0 [ InPdat 500 -0 [ hoPda

1 d
Zrg— | |hy + hol?dz. 4.
45105 [ 1+ e (13)
We have also

—1/1/ulax(hlamul)dx—w/uQaz(hgaqu)
Q Q

= Vl/ h1|8wu1|2 + 1/2/ h2|8zu2|2dx. (44)
Q Q
Now we add the equations (4.1) — (4.4) to find the proclaimed equality. |

Proof. Proposition

The system (1.1) — (1.4)) can be written as follows:  for 4,7 = 1,2 with i £ j
Och; + 8$(hluz) =0,
(Si) 1
Following the idea proposed in [12], we set v; = u; + v;0, log h; = u; + 9 p(h;) and
we can rewrite the system (.5;) as follows:
Oth; + a,v(hﬂ}l) — Viaihi =0,

(S)
¢ 1



EJMAA-2024/12(1) ON THE EXISTENCE OF GLOBAL STRONG SOLUTIONS ... 7

for i,5 = 1,2 with i # j.
We multiply the second equation of (S!) by v; and integrate on €, for ¢ = 1, 2.

We have for each layer:
1d

5% h1|u1+8wg0(h1)| dx—l—rg/ hg@thldx—l—rgul/ Ogh10,hodx

+*g/ athfdx—i—gul/ |6wh1|2 =0, (45)
2 Q Q
And

2dt/h2|U2+anO(h2)| dx—l—rg/ hlathgdl'—i—Tsz/ 8 h16 hgdl‘

+*g/ 8th§dx+ygg/ |8£]’L2|2=O (46)
27 Ja Q

We sum up the equations by performing a simple calculation to have:

2dt/h1|u1+8L<p(h1)| dx+ /hg|U2—|—aL<p(h2)| di

1 d
+29dt/ [(1 — )2+ (1 = 7)|ho|® + r|hy + hﬁ}dx
+V1g/ 10,h1|? +V29/ |0pha|? + 7g(11 +V2)/ Oph10,hs = 0. (4.7)
Q Q Q

1
We use the inequality zy < §($2 + y?) on the last term to deduce the proclaimed
inequality. O

Proof. Lemma (We follow the ideas proposed in [12] )

The proof of the lemma is inspired by the work of Boris Haspot in [12]. We
first rewrite the equations (|1.2]) and (1.4)) as follows:

1
at(hiui) + 8m(hzul2) — ulam(hzamuz) + grhiaxhj + igath =0

for i,j = 1,2 with i # j. We multiply this momentum equation by wu; |u;|” with
p > 0 and we integrate by parts over [0, T] x Q where T € (0,Tp)

1

T T
— hi|ui\p+2d$+l/i(p+1)/ /hi|axui|2\ui|pdl“dt+g/ /hiui\ui\p&chidl‘dt
p+2 /o o Jo 0o Ja

T
1
+gr/0 /thuz|uz|pazh]dxdt = m‘/ﬂhio‘UiOP-‘er‘r. (48)

Next we have by integration by parts and Young inequality:

T 1)
p / / hows|us POy hudwdt| — (p; / / B2 s P Dy usdadt
0 Q

1) (T n ("
< M/ /hi |azui||ui|pdxdt+w/ /hf|ui\pdxdt (4.9)
4 0 O 4 0 Q

Using Holder inequality and by interpolation, we get for p > 2 :
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/ / h3|u;[Pdxdt < ||h; ||L°C([O X9 / / (L, ) |ug|P (¢, z)dzdt

1/pt2 (p—2)(p+2) 4
<1l o sy / [ || H\/m(,.) mdt
T
2 1/p+2 p+2
SHhi”quo,Txﬂn/o ( B i LW)HV iwi(t,.)|| ,dt - (4.10)

Using Young inequality we have for n > 0:

T

gr/ /ui|ui|phi5)whjdxdt
0o Ja

<gr l/ / R |ul|pdxdt+f/ 1Pt 7o (/ |uip+2dx> dt] (4.11)

We recall that smce u;, belongs to L (R)NL?(R) then u;, is any LP+2( ). Plugging

in and using Gronwall lemma we deduce that h”ul is bounded in
L°° (0 TO, LP(Q)) for any p > 4 and by interpolation for any p > 2.

Using the ideas that in [12], we now put the term 9, (h]u;) in the following form:
.Y_l 1L fy_l 1
Oy (hTu) = B~ 7 h7Z Opus + (29) h] ™ 2 w0y (h)

1
Taking v =¢ + 3 with € small enough, we have

K2

8y (W) = RS2 Byuy + 2BhSw;0, (h ).
We note now that hfu; is bounded in L™ (O,To; L%(Q))because h; is bounded in

1
L>(0,Tp; L*=(9)) ( Remark and hfu; is in L™ (0, Tp; LP(2)) for any p > 2.
It implies via the estimates of the corollary - the existence of a constant 3;(T)
with V1" > 0 such that:

0 < hy(t, ) < Bi(T)
that 9, (h]w;) is bounded in L2(0, T L*(Q))+L>(0,T; LP(Q2)) (for any T € (0,Tp))
which is embedded in L2(0,T; L?(Q2)) + LP(Q2) with % = 3 +e¢. By the Riesz Thorin
theorem it implies that the Fourier transform F(9,(h]w;)) is in L*(0,T; L*(Q)) +
L(Q) with % + % = 1. In particular we deduce from Holder inequality that
F (h]wi) 1gg>1y is in L2(0, T; L1 (Q)) for any T € (0,Ty). As hju; = hiv/hiu;, we
obtain from Hélder inequality that h]w; is in L?(0,T; L*(Q)) for any T € (0, Tp).
From Plancherel theorem we can prove that F (k] u;) 1{¢j<1y is in L*(0,T; L' ().
It gives that F (h]u;) is in L?(0,7; L'(2)). We thus get that h]u; is bounded in
L2(0,T; L>()). O

Proof. Proposition
We consider the momentum equation for ¢,5 = {1,2} i # j,

1
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We rewrite that as:
h;Opu; + hiu;Opu; — ulam(hlﬁxul) —+ rghié'mhj -+ ghzf)zhl =0,
hiatui + hzuzazul — Vlhlﬁiuz — Vzazh.ﬁwuz + rghiaxhj + ghiaxhi =0,

Ozh;
Oy + w;0pu; — I/iagui - VzTamUz + rg&'mhj -+ g@zhz =0,
Opu; — z/iagui = —rgdzh; — g0z hi + (v;0; log hy — ;) 0z ;. (4.12)

Thanks to the corollary 2, d,.h; is bounded in L?(0,T; L?(2)). Following the ideas
proposed in [12] and [§] using Holder inequality, Gagliardo-Nirenberg inequality and
energy estimate, we have:

[(9zp(hi) — wi)OzuillL2(0, 1,12 ()
< |0xp(hi) — wil| Lo 0,112 Q) 102 uil | L2(0, 7L (2))
< |102p(hi) — ui‘|L°°(01T%L2(Q))||a$ui||22(O,T;L2(Q))||agui”i2(0,T;L2(ﬂ))
1
< Oll0zuil £ 07,12
Using regularity results for parabolic equation of the form (4.12) gives for any
T e (0, To)l
1
OeuillL2(0,7522(0)) + 102uill L2 (0,711 () < CllO2uil| 20,7111 (02)) + €
with C depending on ||u;,||g: and by boostrap for any T' € (0, Tp):
10willL2((0,1):z2(0)) + [[willL2((0,7);52(0)) < C(T)

Proof. Lemma [3.8

We recall that if (hi,ho,u1,u2) is a regular solution which verifies the system
(1.1) — (1.4) on (0,Tp) then (h1, ha,u1,us) is the solution of the system (S}):

Oih; + 8w(hivi) — Vlﬁihi =0,
(4.13)
hlﬁt("ui) =+ hluﬁm(vl) + grhi(’?zh]— + ghlc%hz =0,

for 4,5 = 1,2 with i # j.
We multiply the momentum equation of (4.13)) by v;|v;[P for p > 0 and integrate
over (0,T) x © where T € (0,Tp).

T
/ / (B0 (v3) + hotido(v:) + grhaduh; + ghidshs]vilvi Pde = 0,
0 Q

we notice that:
g(hiduhi)vilviP = Lh2(v; — w;)|vi P (4.14)
Vi

Using , we have:
T
| Tttt a)ouhierm)yontz, o) 0 o
0 Q

T
= E/ /hf(z,x)\vi(zwﬂp”dxdz
ViJo Ja



10 ROAMBA BRAHIMA'2 ZONGO JULIEN'... EJMAA-2024/12(1)

T
—|—£/ /hf(z,x)ui(z,x)vi(z7m)\vi(zw)\pdxdz.
ViJo Ja

Also, we have:

/OT/Qh?(z,:E)ui(z,x)vi(z’;,;)m(z’z)|pd$dz

p+1
p+2

T 1
/ / h;er (z,2)u;h P2 (2, 2)vi (2, @) |vi (2, x) |Pdrdz
0o Jo

T 1
< [ I ) e [
T
= 1 (r-2)(1- )
S/o {H W7o e < A wi (el VR, Jui(z, ) 122l il 772,
1
for any 7 such that: v = 3 +e  with e > 0 (see [12]).

Furthermore,

’A?A@m“@@%@wwwzwmuwww

T T
Sg[/ /hi(Z,IE)|Ui(Z,I)|p+1dZdIE+/ /|arhj(z,x)2dzdx]
o Ja 0 Jo

T
= g[/o /Q hi(z, @)[vi(2, @) P o, (2.9 21y dzd

T T
—l—/ /hi(z,x)\v,»(zgx)\p+11{|vi(z,m)\<1}dzda?+/ /|8whj(z7x)|2dzdx}
o Jao 0o Ja
T
Sg[/ /hi(z,33)|vi(z,x)\p+21{|vi(z’z)‘21}dzdx
0o Ja
T T
+/ /hi(z,x)\vi(z,x)\Ql{\vi(Z,m)|<1}dde+/ /|5‘mhj(z,x)|2dzd:v]
0o Ja 0o Ja
T
§g[2/ /hi(z,m)|v¢(2,m)|p+2dzda:
o Jo

T T
—|—2/ hi(z,x)|vi(z,x)|2dzdx+/ /6xhj(z,a:)|2dzdx}
o Ja 0o Ja

By borrowing the ideas developed in [12] (using Young inequality, the Gronwall
lemma, the Remark and the Lemma [3.6)), we have for all p € [0, +o0[:

| hi(T, )72 wi(t, ) || posa< C(T) VT € (0,T), (4.15)

where C' is a continuous function independent on p.
By considering the regularization on the initial data such that v;, * k,, belongs to
H?® with s > % and k,, the regularizing Kernel, the solution (hq, ha,v1,v2) verifies:

hi(t,x) > ﬂl(t) >0 VxeQand || ’Ui<t, ) ||Loc§ Ci<t), vVt € [O,To],
with possibility 8;(t) —+—1, 0 and C;(t) — 1, +00.
i(t,) || L
We observe that Ve > 0 sufficiently small (such that M > )
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we have Vp > 2,t € (0,Tp):
1
| A vilt, ) lzr>

1 1
[ wit, ) lpse—e [Bi(®)7 [{z, [i(t, 2)] 2 wilt, ) lneo-e}] 7 (4.16)
Since we have B;(t) > 0 and 0 < |[{z, |v;(t,2)| >| vi(t,.) ||p=-<}| < 400, we can
pass to the limit when the limit p goes to +oc in (4.16]). It implies that for any
€ > 0 small enough, we get using (4.15)):
[ vi(t,.) lLe-=< C(t) Vit € (0,Tp).

Thanks to the maximum principle, we deduce according to the ideas proposed in
[21 12] that:

1
Eis bounded in L*(0,T; L>)).

CONCLUSION

In this paper, we were interested in the theoretical study of a viscous bilayer
shallow water model of one dimension. Indeed, the authors in [Nonlinear Analysis,
vol (14)2, 1216-1124, (2013)], considered an approximate system while justifying
the existence of global strong solutions using the regularity theorem for smooth
data given in [R. I. American Mathematical Society, vol (23), ((1968)]. We have
improved their work by proving the existence of global strong solutions to the
initial model(without the regularizing terms) by getting inspired by the work done
in [Math Nachr. 291 (14-15), 2183-2203, (2018)].
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