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1 Introduction

This paper enters a work programme concerning the development of two-scale numerical
methods to solve PDEs with oscillatory singular perturbations linked to physical phe-
nomena. Recently, these methods have been tested on simple problems. For instance, in
Ailliot, Frénod and Monbet[fl], such a method is used to manage the tide oscillation for
long term drift forecast of objects in the ocean; in Frénod, Salvarani and Sonnendriicker f],
such a method is used to simulate a charged particle beam in a periodic focusing channel.

The ultimate goal of this work programme is to propose efficient numerical methods to
simulate plasmas submitted to strong magnetic field. Of course, simulations of magnetic
confinement fusion are part of this ultimate goal.

Before going further towards this ultimate goal, several questions concerning the be-
haviour of the concerned methods in front of non-linearities and non-smooth solutions
need to be investigated. The field of weakly compressible 1D isentropic Euler equations
offers a relatively confortable framework in order to tackle these questions.

Indeed, the mathematical context established in Grenier[fJ], Klainerman and Majdal[Ld,
[[1], Fortenbach, Frénod, Munz and Sonnendriicker[f], Frénod, Raviart and Sonnendriicker|H],
Frénod and Sonnendriicker[f], [ij, Majda[[[4], Métivier and Schochet[[L]], Munz|[[7], Schochet R,
1), 3, BJJ, offers a nice marked out way. This is the first motivation of the present paper.

A second motivation originates from the fact that robust numerical methods such as
finite volumes set out in Godunov[§], LeVeque[[J] and Roe[[g] have been developped in
order to solve compressible or incompressible Euler equations. Nevertheless, when they
are used to simulate the flow in an experiment with conditions inducing a small Mach
number, the CPU time cost of these methods is too high for operational applications be-
cause of the very small time step required in order to capture high speed travelling waves
that appear in this case.

The precise aim of this paper is to develop a two-scale numerical method to solve
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where (z,t) € T! x [0,7). In this model, € is the Mach number, u¢ = u¢(z,t) is the
dimensionless speed of the fluid, p¢ = p°(z,t) is linked to the dimensionless density p¢ =
p(x,t) by the relation

Pl

€ — 1.2
p — (1.2)

and

¢ () = 12 (09 + eai(o), (1.3

where ~ is the adiabatic coefficient of the fluid and ¢f(p¢) is regular. This form of the
isentropic Euler equations is set out in Grenier[J] (p. 494) and Métivier and Schochet|[[].
Equation ([L.1]) is obtained from the classical form of the 1D isentropic Euler equations

1
Opus + uf Opus + oy d=(p(p°)) =0,
P+ 05 (pu) =0, (1.4)
u(z,0) = uo(z),
5(,0) = 1+ e po(a),
where usually, pressure function is given by p(p¢) = (p i/)w. Using the relation ([.9) between
p¢ and p¢, we obtain
1 " 1 (L4+ep)y _ (Atep)
—— 0Oz V) = 19) = 0p° . 1.5
=5 % 00) =z o ( - ) ! p (1.5)
Making and expansion of (1 + € p€)?~2, we obtain
1 ~c 1 € € 2 €/ €
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where ¢§(p€) is regular, and, by introducing this result in the first equation of ([.4), we
deduce the first equation of ([[.1]). In order to obtain the second equation of ([.J), we
introduce the relation ([.9) in the second equation of ([[.4).

In order to achieve this precise aim, inspired by two-scale convergence theory devel-
opped in Nguetseng[[[§] and Allaire[f]], we establish a homogenized model describing the
mean behaviour of (u€, p¢). This homogenized model neither contains nor generates high
frequency oscillations but only their mean action. We also establish a way to reconstruct
the oscillating solution (u€, p¢) from obtained mean behaviour. The homogenized model
and the reconstruction procedure involve an additional variable which is a copy of the
time variable and which allows the transfert of informations between the mean behaviour
and the high frequency oscillations.

2 Results

In this section, we claim the mathematical results leading to the construction of our two-
scale numerical method.

After recalling existence and properties of solutions of ([L.1)), we give a first theorem
giving the homogenized model and convergence properties. Then, we set out a numerical
approximation for this homogenized model based on Roe’s finite volume method which



is the two-scale numerical method that allows to solve ([[.1)). Finally, we give a theorem
giving some properties about the convergence of the considered numerical scheme.

It is well known (see Grenier[f]], Klainerman and Majdall(], Majdal[f[4], Metivier and
Schochet[[Lf], or Schochet[Rd, R, BJ]) that, with initial data satisfying

3
ug, po € H(TY)  with s> 3 (2.1)

there exists an existence time 7' > 0, independent of €, such that the system ([[.1)) admits
a unique solution (u¢, p¢) in (C(0, T} HS(']I'l)))Zﬂ (c'(o,T; Hs_l(']I'l)))2 for any € > 0. Fur-
thermore, the sequence (uf, p©)¢ ¢ is bounded in (C (0, T:H? (']I'l)) ) ’n (C1 (0, T;H* ! (']I'l)) ) 2
for the usual norm.

Having this existence result at hand, we can claim the following theorem giving the
homogenized model.

Theorem 1. If we fix ¢g > 0 and s > 2, there exists a constant K > 0 such that, for any
€ €10, €0, we have
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N (2.2)
T t 2 2
“(,t) — R(-,—,t dt <K
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A way to interpret this theorem is that if we can compute some good approximations
Fj, and By, of the solutions F' and B of (@), we are able to reconstruct some functions Uy,
and Ry, in the same way as we reconstruct U and R in (P.J). Then the obtained functions
(z,t) — Up(z,t,t) and (2,t) — Ry(z,L,t) are good approximations of (z,t) — u(z,t)
and (x,t) — p(x,t) respectively.

Based on this idea, we build our two-scale numerical method: firstly, we consider a
uniform mesh on T! x [0, 7] with space step h and time step k, and we use the notations
r; = th and t,, = nk. Then we build F}, and Bj, such that

Fh(.%',t) = szn and Bh(.%',t) = Bln V(l',t) S [xi_1/2,$i+1/2[x[tn,tn+1[, (26)
where F/* and B! are computed with Roe’s finite volume approximation of (2-3):

FMl = F _%<T(( i+1)2_(Fifl)2)+T( i — Fy)

_"y-i—l 2H+(’y—1p‘
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| 4y + ZEO DR ),
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2h 4 47
v+1 2u—(y—1)p
- |+ By + =B, - By (2.8)
1+1 2u—(y—1)p
P 4 + 2O f_1>>.

Finally, we compute U and Ry by

Uh(CC,’T,t) = Fh(x - Tat) + Bh(x + T?t) + 5=
i (2.9)
Rh(CC,T,t) :Fh(x_Tat)_Bh(x+T?t)+_,

and we have the following convergence result.

Theorem 2. If s > 2, then the approzimations Up(-,T,-) and Rp(-,T,-) converge to
U(,7,:) and R(-,7,-) in Ll([O,T) X Tl) for any T € T'. Furthermore, if s > 3, the
local truncation errors of the numerical scheme (B.4)-(B.1)-(2-8) are first order accurate.

Remark 3. The proof of the convergence result (B.3) and of Theorem [§ do not work if
s € ]%, 2[. However, in this case, the regularity is enough to get

uE—U(-,;,-)AO weakly — *

€ (2.10)
p¢—R(y—,) =0 weakly — *,

€

in L>(0,T; H*(T")) when € — 0, with U and R solution of (2-3)-(-3).



3 Construction of the two-scale numerical method

3.1 Homogenized model

We present here the construction of the model (R.§). We recall that we start from the
weakly compressible 1D isentropic Euler equations ([L.1)-([.3). Introducing the functions
f€, b€ defined by

. 1/ ., t Lt U+p
(3.1)
€ 1 € t € t ﬂ—ﬁ
b(m,t):§<u (m—l—g,t)—p(:c—kg,t)— 5 >,
we can rewrite the system ([[.1)):
€ € € € € 2t p
O f (3%’5)4‘583: Q1<f (w,t) —b (334'?,75)4'%)
ry_‘_l € 2 ’7_3 € 2t 2 2ﬂ+(7_1)p €
+8:B<T(f (l“at)) +T(b (334':,75)) +Tf($at) (3-2)
(3_7)ﬁ € % 3_’7 € € % _
o b(:c+€,t)+—2 f(x,t)b(:c+€,t) =0,
Ob (z t)—|—£8 qe(fe(x—%t)—be(x t)—|—£>
9 2 X 1 E, 9 27T
T+1,. 2, Y =3/ . 2t 2, 2u—(y—-1)p
+ax< L)+ I (- 2 e T ey sy
(3_’7)p € % 3_’7 € % € _
~ f(:r:—e,t)+—2 f(:v—e,t)b(x,t) =0,
equipped with
. 1 U+7p
f\t:0:f0:§<uo+/)o— 27Tp>, (3.4)
€ - _1 ﬂ_ﬁ
oo = 0—§<UO—P0— - ) (3.5)

Since the sequences (f€).~¢ and (b).~ o are bounded in L (O, T; HS(']I‘I)), there exist
two functions F' and B in L™ (O,T; H S(Tl)) such that for some subsequences always
denoted (f€)e>0 and (b%)¢ >0, we have

fe—=F weakly-* in L>(0,T; H*(T")), (3.6)

b = B weakly-* in L>(0,T; H*(T")), (3.7)

for e — 0.



A first property of F' and B is that their averages are equal to 0: to show this, we
integrate (B.)-(B.3) with respect to z to obtain

at< 5 fe(:c,t)d:c> :at</qu b (z, 1) dx) -

Then we deduce that, for all ¢ € [0,T"), we have

lfedx:/lfodxzo, /lbedx:/lbodx:(). (3.8)
T T T T

These results, combined with the fact that f¢ and b weakly-* converge to F' and B re-
spectively, lead to the results (P.4).

Furthermore, usual compactness results (for example Lions[[[J]) yield that the func-
tional space

U= {g e L0, T; H*(TY)) : Bg € L(0, T; Hsfl(qu))} , (3.9)

provided with the usual product norm, is compactly embedded in L*® (O,T; H S*I(Tl)).
As a consequence, since (f€)eso and (b)e> o are bounded in U, we have

=Y F strongly in L™ (0,75 H*~H(TY)), (3.10)
b =B strongly in L (0,75 H*~(T")). (3.11)

Since f€ and b° are continuous in ¢, we can remark that F, B € C(O,T; Hs_l(']l‘l)), SO
the convergence result (B.I0)-(B11) is also true in C(0,7; H*"*(T')). Having now this
convergence result at hand, we can look for the constraint equations on F' and B. For
that, we multiply the equations (B.2)-(B.) by a regular function ¢ with compact support
on T! x [0,T) and we integrate with respect to  and t on T! x [0,T). We obtain

T
—/ f(x,t) Opp(x,t) dedt — fo(x) p(z,0) dx
0 Tt Tt

_/ / VTH(fe(x,t))zﬁxgp(g;,t) do dt
0 T1
T ry’ _ —
o Jrt 47
T
v—=3 2t 2
: R 3.12
T _
B ey 2
a /0 /’]1‘1 4 b (x + € ’t) 8190(55,75) dx dt
T _
_/ 3_7f€($,t) bE(x—|— §,t) Opip(z,t) da dt
o Jmt 2 c
e (T o E o ;
_5/0 /qh‘h(f (x,t)—b(w—l—:,t)—i-%)(?xw(x,t)dxdt_o,



and

T
—/ /bg(m,t)(?tcp(w,t)dmdt—/ bo(z) ¢(x,0) dx
0 T T1
Tl

_/o 4 (be(xvt))23x<ﬂ(x,t) dx dt
T T —
_/0 /Tl # b (z,t) Opp(x, t) du dt
g V=3 e 2t 2
_/0 /Tl T(f (- :,t)> Bpp(, 1) da dt (3.13)
T M €(p — % . .
+/0 /1r1 47 f( e’t)a'r@( ) dx dt
T
0 T

T _
2t
— E/ / ql(fe(x — =, t) = b, t) + ﬁ) Opp(z,t)dxdt =0.
2 0 2
Because of (B.10) and (B.11)), passing to the limit in the four first terms of (B.13) and
(B.13) is straightforward. Because of the factor § in front of the last term of (B.19) and
(B:13), we deduce that these terms converge to 0.

T
2t
In order to find the limit of / / b° (m—|— —, t) Orp(x,t) dx dt we firstly make a change
0 T1 €

of variables

T 2t T 2t
/ / b (z+ —, 1) (9xg0(x,t)dacdt:/ / b (2,t) Opp(x — —,t) da dt,
0 T1 € 0 T1 €

then, we write

r 2t
/ / b (z + =, t) Opp(, t) dx dt
0 JT! €
T ot T 2t
:/ / (b°(z,t) — B(x,t)) Opp(z — =, t) dxdt—{—/ / B(x,t) Opp(x — =, t) da dt.
0 T1 € 0 T1 €

Then, using the Cauchy-Schwarz inequality, we show that

T
lim / / (b°(z,t) — B(x,t)) Opp(x — §,t) dxdt=0. (3.14)
e—0 0 T1 €

If we define ¢(x,t) =
bounded in L> (0, T; H*(T
such that

T t T
lim / / Y(z, =, t) ¢ (2, 1) drdt = / / Y(z,7,t) ®(x, 7,t) dT de dt (3.15)
e—0 /g T € 0 T1 JT1

for any regular function 9 defined on T' x T! x [0,7). As described in Allaire[l], @ is
called the two-scale limit of ¢¢. Furthermore, following Marusic-Paloka and Piatnitski[[L3]
and Allaire[]], since ¢ is regular and 27-periodic in 7, it is an easy game to prove that

p(z

,%, t) where ¢(x,7,t) = p(x — 27,t), the sequence (¢)¢=q is
1)). Then, there exists a function ® in L> (0, T; L*(T*; H*(T")))



® = ¢ in L>(0,T; L*(T'; H*(T'))). As a consequence, we have ®(z,7,t) = (z — 27,1)
and
@t — / p(x —27,t)dr  weakly-* in L>(0,T; H*(T")). (3.16)
T

Using these results, we obtain

T 2t
lim B(z,t)0,0(z — —,t) dz dt
€

e—0 /g T
T
—/ / (0:B(x, 1)) p(x — 27,t) dr d dt (3.17)
Tt JT1
1 T
:——/ B(z,t) / O-(p(z —27,t)) dr | dxdt =0,
2Jo Jm T!
and finally
T 2t
lim b (z+ =,t) Opp(z,t)dudt = 0. (3.18)
e—0 0 T1 €
In the same way, we obtain
lim / / —, ) 0oz, t) dudt =0, (3.19)
e—0 T
lim/ / bex+—t> o(x,t)dedt =0, (3.20)
e—0 T1
lim/ fEm——t> oz, t)dedt = 0. (3.21)
e—0 T1

T
2
To find the limit of / [z, )b (z + —t, t) Oup(x,t) dx dt, we notice that
1 €

T 2t
/ [, ) b (z + - t) Opp(z,t) dz dt
0 T!

/0 /qu (f(, F(x, ))B(:c%—%,t) Opip(z,t) dx dt
+/OT/T1F b5x+2—t) B(x—i—%,t))@w(p(x,t)dxdt
-|-/OT/Tl Flz ,t)) <be(x+%7t) —B(m—l—%,t)) Opip(z,t) da dt

2t
—i—/ F(z,t) B(z + —,t) Opp(z,t) dx dt .
T1 €
With Cauchy-Schwarz and Holder’s inequalities, we easily show that
T 2t
(f(z,t) — F(x,t)) B(x + —,t) Opp(x,t) dudt — 0, (3.22)
T1 €
T . 2t 2t
F(x,1) (b (x+=t)— Bz + —,t)> Bpp(a,t)dedt — 0, (3.23)
0 JT! € €

/T/ (f(z,t) = F(x,1)) <b€(m - %,t) — Bz + ﬁ,t)) pp(z,t)dzdt — 0, (3.24)
0 T! € €



when ¢ — 0. If we define the functions B¢(x,t) = B(m + %,t), we remark that the
sequence (B€)¢ > is bounded in L*(0,T; H*~(T')) and then admits a two-scale limit B
in L*>(0,T; L>®(T*; H*~1(T"))) satisfying

B(x,7,t) = B(x + 27,1) Y (z,7,t) € T' x T x [0,T), (3.25)

B = | B(z+2r,t)dr =0 weakly-* in L*(0,T; H*(T")). (3.26)
’]I‘l

This means that, for any function v € C(O, T, Hs_l(']l‘l)), we have

T
lim Bf(z,t)¢Y(z,t)drdt =0. (3.27)
e—0 Jo T1

Setting then v = F 9,¢ in (B.27), we obtain

limo F(z,t)B(x + = t) Opp(x,t)drdt =0. (3.28)
€— ’]I‘l
Hence
(" 2t
lim [z, )b (z+ =, t) Opp(z,t) dudt = 0. (3.29)
e—0 0 T1 €

The same method also gives

lim/ /T1 b (z,t) f(z —, t) Opp(a,t)dadt = 0. (3.30)

e—0

With these results, we can pass to the limit in (B.I9)-(B.13) and get

/ F(z,t) Opp(z,t) dx dt — fo(x) o(x,0)dx
v (3.31)
/ / 7“ ,t))2+2“+i—)'”F(x 1)) e, t) dedt =0,
T1 77
and
T
—/ / B(z,t) Oyp(z,t) dx dt —/ bo(x) p(z,0) dx
0 /T ™ (3.32)

- /T /T1 <WT+1 (B(xﬂf))z + WB(OCJ)) Opp(z,t)drdt =0.

Remembering the definition (B.4)-(B-H) of fo and by, we recognize here the weak formulation
of (E3).

Under the hypothesis of Theorem [ about the initial data in (R.5), we deduce that the
solution (F, B) belongs to (C (O,T; Hs("]l‘l)))2 and is unique in this space (we can apply
the Theorem 3.6.1 of Serre[24] for example). Finally, from uniqueness, we have all the
convergence results above for the whole sequences (f€)¢~ 0, ()¢~ and not only for some
subsequences.



3.2 Convergence of the homogenized model: proof of Theorem [I

In this section, we will prove inequalities (R.J). Before going further, we remark that con-
vergence (B.6)-(B.7) is already proved and that, thanks to (B.3) and (B.1), these inequalities
are equivalent to the theorem below.

Theorem 4. For ¢y > 0 and s > 2 fixed, there exists a constant K > 0 such that

T 2
(/O er(-,t)—F(-,t)HiQ(Tl)dt> < Ke, (3.33)

N

</0 Hbe(.,t)—B(.,t)HiQ(Tl)dt> < Ke, (3.34)

for any € €10, €).

Proof of theorem [J: to prove this theorem, in the same spirit of Frénod, Raviart and
Sonnendriicker[l], we introduce the functions ¢ and 6¢ defined by

(F(art) = 1)) = W (2, 2,1),
(3.35)

(B, t) — b(x,0)) — V(x, L t) .

€

WE(x’t) =

0(z,t) =

A==

with W and V defined on T! x T! x [0,T) by

Wz, 7,t) = —'VT_?’ /0 Dy <(B(a: +26,1))* — 2F (2, t) B(z + 26, 1)

BRSNS

Bz + 26, t)) a8, 0

—~

V(z,7,t) = y=3 /OT 8$((F(g; - 29,75))2 —2F(xz —20,t)B(x,t)

BRSNS

+ PRz — 29, t)) df.

Concerning sequences (7€)ce]o,eo) and (6)c c0,¢0]; We have the property below.

Lemma 5. Under the hypothesis of theorem [}, there exists a contant M > 0, independent
of € €]0,e0] and t € [0,T), such that

(1), + 0G| o)) -
X |
< M (5+V2) ([ G o + 10°C O agm) ) + VM,

for any € €]0,¢] and t € [0,T).

Having this inequality at hand, we can apply Gronwall’s lemma to find a constant
L > 0, independent of ¢ and ¢, such that

G ey + 8GO oy STy V() € [0,T)x]0,6] . (3.38)

10



Finally, we define the constant K by

K = VT |VL + max (t sEpT HW T, t)‘ O s%pT) HV(-,T, t){ HS(T1)>] ,  (3.39)
€10,
T€T! T€T!

and we obtain the inequalities (8.33)-(B.34), giving the theorem.

Now, to finish the proof of Theorem [, we have to prove Lemma [f|. Firstly, we notice
that 0;v¢ and 0;0¢ read

81576(3:,15):(—a(fe(x,t)%—F(x,t))+CB(x+%t) m) (. 1)

+ (—a@m(fe(:c,t)+F(x £)) + ¢, B( :c+— t) )
P

FS(BE+ L et 2 - apen) - )356 L2y @0
+gar<3($+%,t)+be($+?f)—2f€(w,t))5€(x+?t)
+I(x, 1),

85 (2.1) = (— a(Bla.t) + b2, 1) +CF(x %,t) B 0,6 1)
+ (— a0y (B(z,t) 4+ b (2,1)) 4+ (0. F (x — %,t)) 5(x,t)
+ £(fe(:n - %,t) + F(x — %,t) — 2b%(x,t) + g) 8176(:6 — %,t) (3.41)

2
2t 2t 2t
+ 50, (10— 20+ Flo = 20) — 20(00)) v (o - 200)

+ A(x,t),

with «, B4, 8-, ¢, T(x,t) and A¢(z,t) defined by

_+1 2u+(y—1)p _2u—(y—1)p =3
o= P w0 e sy (342)
D 1) = = ad, (W (2, 2, 8) (F (1) + Fl1)) ) = 820, (2, 5,1)
—C@C(fe(x )V( —l—% E t) B(m—l—%,t)W(x,z,t))
(3.43)

2t ¢t 2t
+%8x<V(:c+:,g,t)(B(x+:,t)+b€(az+?,t)>>
(p 2% t 1 . t t
~LovE+ =) - 50 <q1(p (z+ E,t))) — (0 (w,=.1)
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and

A1) =~ ad, (V (a. i ) (B, ) + b (2,)) = B0,V (x, i t)

- C(%(W(x - % E,t)be(x,t) — F(x— %,t)v(x, E,t))
o(we-Llo(re-tore-to)) 00

Cp 2t t 1

ef ¢ t t
+LoW(—=21) + 50 <q1 (¢ (= - E,t))> — (V) (@ =.1).
Since the sequences (f)ccjo.e, and (b)cejo,e, are bounded in C(0,T; H*(T')) with

s > 2, F and B are in C(O,T; HS(’IFl)), and ¢f is regular, we can find some constants
C;>0(i=1,...,8), independent of € and ¢, such that

Q/qu (_ a(f(z,t) + F(x,t)) — By +(B(z + %’t)> Y (@, t) OpY (2, 1) d

, (3.45)
< U0 s
2 /Tl (= a(s@.0) + Bla.t) — 5 +CF (- %,t)) 5 (2, £) Bp0° (1) da )
< Cof}0 (.0 2oy
2/11,1 <—oz(9x(f€(:n,t) + F(2,t)) 4+ (0. B(z + %,t)) (We(zc,t))zdx (3.47)
< Gl GO oy
2/11‘1 <— a@x(be(aﬁ,t) + B(x,t)) + C@xF(x — %,t)) (5E(x,t))2 dz (3.4
< C4H5E('vt)Hi2(1rl)7
2/11,1 g(?m<B(x + %,t) +b€(:v + %,t) — 2f€(x,t)) 66(3: + %,t) ¥ (z,t) dx (3.49)
< C5H'YE('vt)HLmrl)H‘SE('vt)HB(TI) )
2/11‘1 g@x (F(x — %,t) + f(z - %,t) — 2b€(x,t)) v (z — %,t) 0¢(z,t) dx (3.50)
< Cb’HVE("t)HLQ(Tl)Hée("t)HH(Tl) )
2 [ TG0 do < Colly Dl oy (3.51)
2 | Az, t)6(x,t)dx < Cguéf(-,t)HLQ(Tl) . (3.52)

T

12



On the other hand, making in the first integral the change of variable x — x 4+ 7 and in
the second one = — x — 7, rearranging the terms and using the definitions of v¢ and §¢,
we have

¢ (be(x +27,t) + B(x + 27,t) — 2f(x,t) — g) 0,0 (x + 27,t) ¥ (2, t) dx
T
+¢ (fe(x —27,t) + F(z — 27,t) — 2b°(x,t) + Z) Oy (x — 27,1) 6%(2, t) dx
T
= C/ (b(x +7,t) — Bz + 7,0))7(x — 7,1) 0,0(x + 7,t) da
T

+2¢ (Fz —7,t) = f(z — 7,8))y (x — 7, 1) 0,0 (x + 7, 1) da

T1
—2¢ (F(m —7,t) — Blx 4+ 7,t) + i>*y5(uv —7,t) 0p0(x + 7,1) dx
T1 2w
+C (fE(x —7,t)— F(x — T,t))ée(x +7,t) 0,7 (x — 7, 1) dx
T
+2¢ (B(x+7,t) = b(z +7,1))0(x + 7, 1) Oy (x — 7, 1) da
T1
+2¢ (F(m —7,t) — B(x +7,t) + ﬁ)ée(aﬁ +7,t) Oy (x — 7,t) dx
T1 2w

= C/qu (0o (& — 7,t) — 0x0(x + 7,1)) Y (x — 7,t) 6(x + 7, t) du
+ g/Tl €0 (z — T, t)(W(x —7,7,t) + 2V (z + 7,7,1)) 0 (z + 7, t) d
—¢ N €00 (x + 1, t)(V(x + 7,7,t) + 2W (x — 7,7, 1)) (2 — 7, t) dx
—2C . €0,0(z + 7,t) (v (z — T, t))2 dx
+2§Afﬂﬂ%x—ﬂnw%x+ﬂnfdx
+2¢ | R(z,7,t) (6 + 7,0)0:7 (@ — 7,t) — ¥ (2 — 7,8) 0,0 (x + 7, 1)) da .

’]1‘1

The sequences (€7)c co,e,) and (€5°)c e]0,¢,] are bounded in C(0,T; H*(T")), so we can find
some constants C; >0 (i =9,...,13), independent of € and ¢, such that

C/ (07 (x — 7,t) — 00 (x + 7,8)) Y (x — 7,t) 6 (x + 7, t) du
T

(3.53)
< O[O oy I G Ol 2y
C/ €0y (x — 7, t)(W(x — 7,7,8) + 2V (z + 7,7, 1)) 6°(x + 7,t) dz: (3.5
T! .
< CIOH(Se(',t)HL2(T1) ’
(/ €00 (x +7,t)(V(z + 7,7,0) + 2W (z — 7,7, 1)) 1 (z — 7, 1) d (3.55)
T! .

< CllH’YE(Ht)HIQ(Tl) )
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2% [ D@t (3@ 1) de < Cuol |y ()| 2 - (3.56)
2 /T €0y (x = 7,8) (5°( + 7,1)) " do < Cug |6 ()| o - (3.57)
For the last integral, we simply compute:
2¢ R(x, 7, 8) (6(x + 7,8) 0,7 (x — 7,8) — ¥ (x — 7,1)0,0(x + 7, 1)) da
—2(/ R(z,7,t))6(x + 7,t) ¥ (x — 7,t) dz
—2¢0, </ Rth)ée(x—i-Tt)*y(x—Tt)d) (3:58)

—2C/ R(z,7,t))6(x + 7, 1)y (z — 7, 1) d

= —QC/ x4+ 7,t) v (x — 7,t) 0, U (x, 7,t) dz
T1

< Cual]7e(-,1) [|6¢(-, 2)

e |2y

for a constant C14 > 0 independent of € and ¢.

Having (B.49)-(B.5§) at hand, we multiply (B.4() by ~*(z,t) and (B.4]) by 6(x,t) to

deduce
8t(H76("t)Hi2(T1) + H‘Se("t)Hi?(Tl)) < M(‘W(‘at)||i2(1rl) + H‘Se(',t)Hi?(Tl)
- H'Ve(Vt)Hm(Tl) + H‘Se("t)HB(TI) (3.59)
+ H7€("t)HL2(T1)H(Se("t)HB(Tl)) )
with M = max(C} + C3 + C12,Cs + Cy + C13,C5 + Cg + Cy + Cha, C7 + C11, Cs + Chp).

Inequality (B.37) is directly obtained from (B.59), ending the proof of lemma [ and then
the proof of theorem [ [J

3.3 Properties of the finite volume scheme: proof of the Theorem 2

Thanks to (2.3) and (2.9), convergence of (U (-, 7,), Rp(-,7,t)) to (U(-,7,-), R(-,7,t)) for
any 7 € T! is equivalent to the convergence of (F},, By) to (F, B).
Furthermore, the equations satisfied by F' and B are of the form

Orq + Bx(f(q)) =0, q(z,0)=qo(x), /11‘1 q(z,t)de =0, Vt, (3.60)
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with f(q) = ag® + Bq, a and 8 = (4 defined in (B.49). In the same way, the numerical
method (R.6)-(R.7)-(R.9) is of the form

Qn(z,t) =QF  V[zi_1j2, Tig12[X[tn: tasa ],

k
Q;H—l = Q? - E(f( lT'LJrl?Q?) - f( ?7 12‘171)) ) (361)

F(Qi Qi) = 5 (F(@0) + F(Qi1)) — 3@+ Qi) + Bl(Qi ~ Qi)

with a space step h = and a time step k.

N, +1

We notice that the CFL condition at the n-th time step is given by
k
B odnax (@ + Q) + 6| =v <1, (3.62)

With these notations, proving Theorem 2 is equivalent to proving the theorem below.

Theorem 6. If s > 2, the approvimation Qp converges to the solution q of (B-64) in
Ll([O,T) X ']I'l) norm. Furthermore, if s > 3, the local truncation error of the numerical

scheme ([3.61) is first order accurate.
Proof of theorem 5: the total variation of a function ¢ € L! ([O, T) x ']I'l) is defined by

1 [T
TVr(q) = lilnnjlgp E/o /1rl Uq(x +n,t) — q(m,t)‘ + ‘q(x,t +n) — q(x,t){] dxdt. (3.63)

For an approximation @}, computed with the numerical method (B.61)), we have

T/k

TVr(Qn) = Y [kTV(Q™) + Q™ — Q"] , (3.64)

n=0
with TV (Q) and ||@Q]]1 defined by

Ny Ny
TV(Q) =Y 1Qi—Qial and [Q1 =1 |Qil. (3.65)
=0 i=0

Introducing the sets £ and K defined by

L= {qeLl([o,T) x T) : /

qu:OVt}, IC:{qGE : TVT(q)SR}, (3.66)
T1

where R is a constant depending on qq, it is well known that X is a compact subset of L.

Since the numerical flux involved in (B.61)) is continuous and satisfies

F(g.9) = fla) Vg, (3.67)

the considered scheme is consistent with the conservation law (B.6(]). Hence, applying
LeVeque[[ld], proving that @}, converges to the solution ¢ of (B.60) in L'([0,T) x T') norm
for h — 0 reduces to prove that the scheme is TV-stable. In other words, we need to prove
that for h € [0, hol, the approximation @, lies in some fixed set K where R only depends
on the initial data ¢g, the final time 7" and the function f.

The TV-stability is the consequence of two lemmas.
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Lemma 7. The numerical method ([3.61) is TVD (Total Variation Diminishing), i.e.
TV Q™™ <TV(Q™) Vn. (3.68)

Proof of the lemma rj: we develop Q?_:'ll — Q?H:

QU — QI = Qe — Q1 — o (F(@Q) — F(QD) ~ (@) + F(QI)

— QP2 + Q1) + B( 2+2 - Qi)
+2|a(Qf 1 + QF) + B(QF 1 — QF)

— |o(@1 + Q1) + Bl(@QF - Q1))
= (1= sg( @y + Q) + ) ) (2@ + QPir) + B) (@s — Qi)
(1 T a(@i + Q1) + 8]) (@ - @)
+%(1+sg( (@ Q31) +8) ) (@(QF + Q1) + B)(QF — Q).
where sg stands for the usual sign function. Using the CFL condition (B.69), we write:

Qi — Qi < % <1 —5g((QFo + Q1) + B)) |(QFyo + Q1r) + Bl 1QT s — Q7|
+ (1—E1a(62?+1+@" +BD Q71 — Q7|
+%(1+sg( Qr+ Q1) )) (@ + Q1) + 8| 1QF — Q4]
We deduce then

Ny
V@) = Z Q1 = Qi <3 |Q - QF| = TV(QY) (3.69)
=0

giving the lemma. [J

As a consequence of this lemma, we deduce that there exists a constant M7 > 0 which
only depends on the initial data gg and such that

TV(Q™) < M; Vn. (3.70)

Lemma 8. For any n, we have HQ”“ — Q”Hl < 2M;h.

Proof of lemma Ia: we develop Q?H - Qi

k
Qi = Q= = (F(QR) = F(QF) = (@ + Q1) + Bl(@QF - QD)
— F(Q1) + F(@) + |o(QF + Q1) + B(QF — Q1))

B _% (1 - s8(a(Qt + Q1) + ) ) ((Qi + Q1) + B) (@t — QD)
(1 sg(a(Q + Q)+ ) (@) + Q1) +8)(Q) - Q).

16



Then, using the CFL condition, we obtain

Ny
lom =@l =h)_lor - QF

i=0

<h2[ |o(Q 1 + Q) + B Q7 — |]
+hZ[ a(QF + Q1) + 8] 1Q7 — H]

and we complete the proof by applying lemma [7. O

End of the proof of theorem 5: combining all these results, we finally have the inequality

TVr(Qn) < (1 + 2:>TM1 . (3.71)

Remarking that % is bounded by a constant M, which only depends on the initial data
qo, we finally obtain that there exists a constant C' > 0 which only depends on gg and T',
and such that

TVr(Qp) <C (3.72)

for any space step h. We conclude that the numerical method (B.61) is TV-stable, yielding
the convergence of @y, to q.

Now, we have to prove that, assuming that s > 3, the local truncation error is first
order accurate. With the notation above, the expression of the local truncation error reads

@—qtt 1
(i ty) = " — oh (f(qzn—i—l) = flgity) — ‘a(qznﬂ +q') + B‘(an-i—l —q;")

A (3.73)

+ ladaf + a) + Bl(a} — ai))

where ¢' = q(z;,t,). According to the signs of a(qj +¢;' ;) + 8 and a(q} ; +q}') + 3, we
distinguish four different cases.

e First case: we assume that a(q,; +¢') + 8 > 0 and a(q +¢i* ;) + 3 > 0. Then,
the local truncation error becomes
g =g fe) - flahy)

e(xi, ty) = k: - . (3.74)

Since s > 3, ¢ € C2([0,T) x T'), so we can write

e(wistn) = =0u(wistn) = 0u(F(a(wista) ) + O(k) + O(h) = O(h + k). (3.75)
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e Second case: we assume that a(q’; +¢;') + 8 <0 and a(q]' + ¢ ) + 3 < 0. Then,
the local truncation error becomes

n n+1 n _ n
(. t) = & —kqﬁ B f(qm)h fla) (3.76)

Since s > 3, q € CQ([O,T) X ’]1‘1), SO we can write

B(CCZ', tn) = _825(1(55% tn) — Oy (f(Q(xla tn))) + O(k) + O(h) = O(h + k) : (377)
e Third case: we assume that a(q}’.; +¢;') + 3 >0 and a(q;' + ¢ ;) + 3 < 0. Then,
the function A defined by
ANz) = a(q(z,tn) + q(z = h,ty)) + B (3.78)
admits a zero denoted x, in [z;,x;41]. Since s > 3, A is of class C? and verifies

AMz;) = Mzy) + O(x; — xi) = O(h),

3.79
AMzit1) = Mzs) + O(zip1 — xs) = O(h). (3.79)
In the same way, we have
1'(a") = 2aq] + 8 = Mzit1) + O(h) = O(h). (3.80)
The local truncation error is of the form
‘ . 4 — QinJrl _ ) _ g ) )
e(zi tn) = T —0iq(wi,ty) + O(k) = f (Q(xlatn)) 0zq(xi,tn) + O(k).
(3.81)
Then, using (B.80), we obtain
e(xi,ty) =Oh+k). (3.82)

e Fourth case: we assume that a(q,; +¢') + 6 < 0 and a(q)' +¢; ;) + 3 > 0. We
proceed as we did in the precedent case, i.e. we deduce that the function A defined
by (B-7§) admits a zero =, € [x;, z;+1], and then the result (B.80) is true. Hence,

=gt fld) — f(dy)

e(zi ty) = p — .
= ~Ohg(wistn) = 20, (f (alwi,tn)) ) + O(h + ) (3.83)
= —f"(¢i")0zq(xi, tn) + O(h + k)
= O(h+k).

We conclude that, in any case, the local truncation error is O(h + k), i.e. first order
accurate. [J

4 Numerical results

The first goal of this section is to numerically show that u®(z,t) — Up(z,£,t) = O(e) and
p(z,t)— Ry (z, L, t) = O(e). Secondly, we will briefly analyze the gain in term of CPU time
our two-scale numerical method brings when compared with a classical method consisting
in solving directly ([L.I). Lastly, by using our method, we will explore the simulation of

experiments which were not accessible before because of too small Mach number.
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4.1 Convergence in ¢

We consider here the initial data ug and pg defined by

sin(z)
2 )

cos(z)

up(z) =1+ and po(z) =1+ (4.1)

and we take a uniform mesh with N, 4+ 1 points denoted zg,...,znN,.

As illustrated in figures 1 and 2, the functions Up(z, %, t) and Rp(z, é, t) are very close
to u€ and p° respectively. The numerical experiment showed in these figures is made with
e=0.05,v=1,and N, = 1023, T = 2.5.

t=0andepsilon= 005 t=2.497468 and epsilon = 0.05

2625 2625

2250 2250

1875+ 1875

1500 1500

1125+ 1125+

0.750 0.750

0.375- 0375+

T T T T
0.00 090 179 269 359 448 538 62 o 0.90 179 269 359 4.48 538 6.28

wrepsilon(x.) wrepsilon(x,()
777777 Ul tepsilon,) —====- U(xVlepsilon)

Figure 1: Comparison of u(-,t) and Up(, %,t) at times t = 0 and ¢t = 2.5.

t=0and epsilon = 0.05 t=2.497468 and epsilon = 0.05
3
2:625-] 2625
2.250-] 2250
1875-| 1875-]
1.500-] 1500-] / \
i W
11254 1125+
0.750- 0.750-
0375+ 0375
T T T T T T X T T T T T T
000 090 179 269 359 448 538 62 000 090 179 269 359 448 538 628
——— rhovepsilon(x,) rhotepslon(x.f)
777777 R(x.t/epsilon,t) —====- Rxt/epsilon;)

Figure 2: Comparison of p*(-,¢) and Ry(-, £,t) at times ¢ = 0 and ¢ = 2.5.

In order to quantify this good accuracy of Up(z, E, t) with u¢ and Rp(z, E, t) with p©,
we compute the errors u®(z,t) — Uy(z, £, t) and p(z,t) — Ry(w,,t) in LP([0,T) x T?)
norm (p = 1,2,00), for several values of € ranging in {0.01,0.03,0.05,0.07,0.1}, and we
obtain the figures and the array below:
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T T T T
0 0.02 0.04 0.06 0.08 0.10 0.12
O error in L1 norm K*epsilon with K = 2.8893757
+ erorinL"2norm - ——=—- K*epsilon with K = 1.0358362
x error in Max norm - K*epsilon with K = 1.3792216

Figure 3: Error u(z,t) — Up(x, %,t) in L', L? and L*> norms.

T T T T
0 0.02 0.04 0.06 0.08 0.10 0.12
O error in L1 norm K*epsilon with K = 3.5842834
+ error in L2 norm K*epsilon with K = 1.1780144
x error in Max norm K*epsilon with K = 1.690496

Figure 4: Error p(z,t) — Ry (2, %,¢) in L', L? and L™ norms.
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Value Error u(z,t) — Up(x, £, t) Error p°(z,t) — Rp(x, £, t)
of € L' norm L? norm | L*® norm | L' norm | L? norm | L* norm
0.1 0.2880016 | 0.1034517 | 0.1201132 | 0.3634635 | 0.1192177 | 0.1651374
0.07 | 0.2043288 | 0.0735498 | 0.1160378 | 0.2516643 | 0.0828920 | 0.1203342
0.05 | 0.1452756 | 0.0518309 | 0.0719549 | 0.1744198 | 0.0575395 | 0.0879887
0.03 | 0.0845621 | 0.0296311 | 0.0483544 | 0.0987818 | 0.0326775 | 0.0499608
0.01 | 0.0260695 | 0.0085251 | 0.0195340 | 0.0303524 | 0.0092954 | 0.0269734

Table 1: Errors u(z,t) — Up(z, t,t) and p(z,t) — Ry(x, L, t).

)€ )€

The results above show an error u(z,t) — Up(z, %,t) in L' norm decreasing when € — 0
as Kie with Ky ~ 2.8893757, as Kje with Ky ~ 1.0358362 in L?([0,7") x T') norm,
and and as K€ with Ko ~ 1.3792216 in L>°([0,7') x T') norm. Concerning the error
pS(z,t) — Ry (x,L,t), we observe that it decreases when € — 0 as K{e with K| ~ 3.5842834
in L' ([0,7) x T') norm, as Kje with K} ~ 1.1780144 in L*([0,T) x T') norm, and and
as K/ e with K/ ~ 1.690496 in L*°([0,T) x T') norm.

4.2 CPU time cost

One of the motivations of the present paper is the high CPU time cost of classical methods
when used with small Mach number, as we explained it in the introduction. For example, if
we apply Roe’s finite volume scheme on the model ([[.1)), we must verify the CFL condition

—=n
ap £ Yo

max <1, (4.2)

i,n

where h is the space step, k is the time step, @) and F? are defined by
. ui/ el +ul /1 +epl
u, =
‘ \/1+ep?+\/1+ep?_1
(I+ep )" =(1tepp )7 .
5" { — i el #F il

)

(4.3)

S ve(pi =piq)
(1+ep)r—t else.

Hence, in order to garantee the stability of the scheme, the smaller € is, the smaller
k must be (and the higher the CPU time cost will be). One advantage of our two-scale
numerical method is that its CFL condition (B.63) does not depend on ¢, so k does not
have to diminish with e.

Value Roe’s method Two-scale numerical method on (R.3)-(P.9)

of € on ([L.1) Computation of (Fj, Bp,) | Computation of (U, Rp,)
0.1 24 m 34 s 36” 3m 45 s 317 42 s 79"

0.07 32 m 55 s 44” 3 m 45 s 227 42 s 93”7

0.05 44 m 7 s 217 3 m 45 s 38” 42 s 747

0.03 1h10m15s 3m 45 s 34”7 42 s 80”

0.01 | 3h20m 53s 78" 3m45s 127 42 s 917

Table 2: Comparison in terms of CPU time cost between Roe’s method on ([.]) and the
two-scale numerical method on (R.3)-(R.§) with the initial data ([L.1), N, = 1023, v = 1.
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The array above gives the comparison in terms of CPU time cost between Roe’s method
applied on the non-homogenized model (@), and our two-scale numerical method. These
results have been obtained with the computer characteristics below:

e processor: Pentium®© M 715,

memory: 512 Mo DDR-RAM,

e operating system: SuSe© 9.1 Pro,

e compiler: gce 3.3.3-41.

In particular, we distinguish the time cost for the computation of Fj and B on one
hand, and the time cost for the reconstruction of Uy (z, é,t) and Rp(z, %,t) on the other
hand.

4.3 Numerical experiments with small Mach number

In this paragraph, we present some numerical results obtained with our two-scale numerical
method on simulations of experiments inducing a very small Mach number. These results
are obtained with the initial data ({.1]), N, + 1 = 1024 points in x, and v = 1.

Function x > U(x,epsilon,t) with t = 0 and epsilon = 0.0001 Function x > R(xyepsilon,t) with t = 0 and epsilon = 0.0001

3 3
274 2.7
24 2.4
214 2.1
18- 1.8
15 15|
12-| 1.2
09 0.9
06 064
03 03
T T T T T T T T T o T T T T T T T T T
o 0628 1255 1883 2511 3139 3766 434 502 5649 6 0000 0628 1255 1883 2511 3139 3766 4394 5022 5649 6277
U(x Uepsiton,) R(xtepsilon,t)
Function x ~> U(x,tepsilon,t) with t = 1 and epsilon = 0.0001 Function x -> R(x,Uepsilon,t) with t = 1 and epsilon = 0.0001

3 3
2.7 2.7
2.4 2.4
2.1 214
1.8 16|
15| 154
12 1.2
o v\/\/ 0.9
064 0.64
0.3 0.3
o T T T T T T T T T o. T T T T T T T T T

0000 0628 1255 1883 2511 3139 3766 4394 5022 5649 6. 0000 0628 1255 1883 2511 3139 3766 4394 5022 5649 6277

R(x tlepsilon.t)

Ux.vepsilon.§)

Figure 5: Uy (z,,t) (left) and Ry(z,%,t) (right) with e = 107* at times ¢t =0, t = 1.
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Function x > U(x,epsilon,t) with t = 2 and epsilon = 0.0001

Function x > R(xvepsilon,t) with t = 2 and epsilon = 0.0001

T T T T T T T T T
0628 1255 1883 2511 3139 3766 4304 5022 5649 6
U(x tlepsilon.t)

°

Function x => U(x,epsilon9) with t = 0 and epsilon = 0.00001

°

T T
0628 1255

R(xUepsilon.§)

T
1883

T
2511

T
3.139

T
3.766

T
4394

T
5.022

T
5.649

6.

77

Figure 6: Uy, (z,,t) (left) and Ry(z, %, t) (right) with e = 107 at time ¢ = 2.

Function x > R(x.epsilon,t) with t = 0 and epsilon = 0.00001

T T T T T T T T T
0628 1255 1883 2511 3139 3766 4394 5022 5649 6.
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Function x —> U(x tepsilon.t) with t = 2 and epsilon = 0.00001
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Figure 7: Up(z,t,t) (left) and Rp(z,t,t) (right) with e = 107° at times t = 0, ¢

t=2.

23

1



Function x > U(x,t/epsilon,t) with t = 0 and epsilon = 0.000001 Function x > R(x,t/epsilon,t) with t = 0 and epsilon = 0.000001
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Function x ~> U(x,t/epsilon,t) with t = 1 and epsilon = 0.000001 Function x ~> R(x,t/epsilon,t) with t = 1 and epsilon = 0.000001
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Function x ~> U(x,t/epsilon,t) with t = 2 and epsilon = 0.000001 Function x ~> R(x,t/epsilon.t) with t = 2 and epsilon = 0.000001
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Figure 8: Up(z,t,t) (left) and Rp(z,L,t) (right) with e = 107% at times ¢t = 0, t = 1,
t=2.

We can notice that these results have been obtained after a few minutes of computation
just as described in the table below:

Value of € | Computation of (F},, By) | Computation of (U, Ry)
1074 3m45s 71" 42 s 847
107° 3m 45 s 95" 42 s 877
1079 3m45s 75" 42 s 987

Furthermore, if we continue the simulation to final time T ~ 3.2 for e ranging in
{1071,1072,1073,1074,107°,107%}, we remark that discontinuities appear at time ¢ ~
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Table 3: CPU time costs.

3.11 independently of € and that, for € ranging in {0.01,0.03,0.05,0.07,0.1}, these discon-
tinuities also appear in the solution (u€, p) of ([L.1]) at the same time.

5 Conclusion

In this paper, we have developped a two-scale numerical method for the weakly compress-
ible 1D Euler equations. By using two-scale convergence tools from Nguetseng][[l§] and
Allaire[f]], we have developped a new model independent of the Mach number e. Then,
using a finite volume scheme on this model, we have obtained numerical approximations
that converge to the solutions of the weakly compressible 1D Euler equation when we
refine the mesh on T! x [0, 7] and when ¢ — 0.

Furthermore, we have proved that this two-scale numerical method is first order accu-
rate in €. One the other hand, numerical results have confirmed this accuracy in € and also
have proved that, even with a very small Mach number, the two-scale numerical method
allows us to simulate experiments with a reasonable CPU time cost.

Motived by the behaviour of the two-scale method, we are now ready to develop such
a method on a model which describes a plasma submitted to a strong magnetic field such
as the Vlasov-Poisson model established in Frénod and Sonnendriicker [[f]. Furthermore,
we only studied the behaviour of the two-scale numerical method in front of smooth initial
data: it can be interesting to study the behaviour of the method on non-smooth initial
data. Concerning the periodicity, we have built our numerical method in a periodic frame-
work for mathematical reasons. However, it must be possible to extend this method to
almost periodic framework in order to study problems like the noise generated by the
blades of a turbine or a fan. If we go further, it can be interesting to improve the method
in order to use it for studying the noise generated by multidimensional structures like
cooling systems for computers or air conditioning, even if the links between time scales
and space scales are not clear in this framework.
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