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THEORETICAL STUDY
OF AN ABSTRACT BUBBLE VIBRATION MODEL

YOHAN PENEL, STEPHANE DELLACHERIE, AND OLIVIER LAFITTE

ABSTRACT. We present the theoretical study of a hyperbolic-elliptic system
of equations called Abstract Bubble Vibration (ABV) model. This simplified
system is derived under non-physical assumptions from a model describing a
diphasic low Mach number flow. It is thus aimed at providing mathematical
properties of the coupling between the hyperbolic transport equation and the
elliptic Poisson equation.

We prove an existence and uniqueness result including the approximation of
the time of existence for any smooth initial condition. In particular, we obtain
a global-in-time existence result for small initial data. We then pay attention
to properties of solutions (depending of their smoothness) such as maximum
properties or evenness. In particular, an explicit formula of the mean value of
solutions is given.

1. INTRODUCTION

Over the past two centuries, several systems of equations have been proposed to
model motion of fluids. The most general formulation is the compressible Navier-
Stokes system that consists of conservation laws for variables such as density, mo-
mentum and energy. This system may be expressed differently including equations
on the temperature or pressure variables. Then, the equations may be simplified
through physical considerations. For instance, in this particular study, we are inter-
ested in the modelling of a diphasic flow — which can be assimilated as a nonmiscible
2-fluid flow — where the Mach number relative to each fluid is very small. In other
words, the ratio of the fluid velocity to the sound speed is supposed to be negligible,
which enables us to make a formal asymptotic expansion with respect to this small
parameter. We shall also underline that our model does not allow for phase change
and surface tension even if we consider these phenomena as perspectives for further
studies. The system we obtain is called Diphasic Low Mach Number (DLMN) [3]. A
numerical study is carried out in [4]. We also underline that similar systems appear
in other physical frameworks, like in the Kull-Anisimov instability model [8].

Finally, after non-physical simplifications, we obtain a 2-equation system de-
coupled from temperature and pressure laws [5]. This system — called Abstract
Bubble Vibration (ABV) model — consists of a Poisson equation for the velocity
field assumed to be potential and a transport equation for the mass fraction of
gas, together with initial and boundary conditions. Mathematically speaking, this
model has an interesting structure since it couples elliptic and hyperbolic effects in
a nonlinear way. Despite a lack of physical meaning and although thermodynamic
variables are not involved anymore, we get relevant numerical results by means of
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an efficient numerical algorithm. Nevertheless, one of the most difficult issues raised
by fluid mechanics is the numerical handling of interfaces. That is why an accurate
resolution requires an adaptive mesh refinement technique to avoid any diffusion of
the interface. Concerning these numerical aspects, refer to [12].

The investigations of simpler models provide reliable theoretical and numerical
results. They also turn out to be useful for more general studies carried out on the
full set of equations since they allow a better understanding of the overall process
of the motion of bubbles.

In this paper, we prove different properties of the ABV model. In Section 2,
we describe the derivation of this model from the compressible Navier-Stokes set
of equations while in Section 3, we get interested in theoretical results including
existence and uniqueness issues and properties that solutions must satisfy. At last,
we conclude with a lemma that provides an explicit expression for the mean value of
solutions that can be interpreted as the volume of a bubble in the case of nonsmooth
solutions (more precisely indicator functions of subdomains).

2. DERIVATION OF THE MODEL

As bubbles may appear in an operating reactor, we deal with a compressible
diphasic flow in a bounded domain  C R?, d € {1,2,3}. While many formulations
are based on a set of equations for each phase, our model consists of a single system
in which variables are global and not specific to one phase or the other.

The compressible Navier-Stokes equations for a viscous compressible diphasic
flow under gravity read in conservative variables:

9(pY1) + V- (pY1u) = 0, (
Oip+ V- (pu) =0, (1b
dh(pu)+ V- (pu®@u)=—-VP+ V- 0o+pg, (
O(pE)+V - (pEu) = -V - (Pu)+ V- (kVT)+ V- (ocu) +pg-u. (1d

Here and in the sequel, u denotes the velocity field, p the density, g the gravity field,
E = ¢ + |u|?/2 the total energy, ¢ the internal energy, x the thermal conductivity,
T the temperature and P the pressure. As shown in the course of the derivation [3],
we can formally approximate P by a function depending only on time when the
Mach number is close to 0. We note o the linearized Cauchy stress tensor that
reads under the linear elasticity assumption as:

o =pu(Vu+'Vu) + ANV - u)Z,.

A and p are the Lamé coefficients (see [10] for example). Finally, Y7 is the mass
fraction of gas. Hence, Y7 can be assimilated to the indicator function of the
domain Q4 (¢) occupied by gas. Then, Qa(t) = Q\Q4(¢) is the liquid domain and
N(t) = Q1(t) N Qa(t) is the location of the interface between liquid and gas. It
corresponds to the discontinuity of the function Y7 because the two phases are non-
miscible. The system is closed as soon as the physical coefficients p, k, A and u are
known (through equations of state and constitutive laws).

After a singular perturbation analysis with respect to the Mach number M, =
U./+/Pi/ps < 1 applied on the non-conservative form of Syst. (1), the latter boils
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down to:
oY1 +u-VY; =0,
V-u=g,

2a)
2b)

~—~~ —~

plou+ (u-V)u] = —-Vr+ V- [u(Vu+'Vu)] + pg, (2¢)
pcp(OT +u-VT) =aTP'(t) + V- (kVT), (2d)
P'(t) = H(t). (2)

For more details about the derivation of this system — called Diphasic Low Mach
Number (DLMN) system — please refer to [3, 4]. The methods used to derive DLMN
as well as its theoretical study are based on works from Majda and Embid [7, 9].
o and ¢, are thermodynamic variables, 7 is a dynamic pressure while G and H are
nonlinear functional of Y7, T" and P.

The elliptic equation (2b) is a reformulation of the mass conservation law to
highlight the compressibility of the system despite the low Mach number. Fur-
thermore, it leads to Eq. (2e) by ensuring the compatibility with the boundary
condition u|pq = 0 [2]. Syst. (2) is thus closed.

Since all the coefficients appearing in Syst. (2) depend implicitly on Y7, T' and
P through the equations of state, the DLMN system is highly nonlinear. To tackle
this issue, we derive, as a preliminary, a simplified model based on the potential
assumption that consists in stating that w is a gradient field. Let ¢ be the potential
(known up to a constant), i.e. u = V. Eq. (2¢) is overlooked and ¢ is determined
by means of a Poisson equation which is coupled to the mass fraction, temperature
and pressure equations due to the dependance of G w.r.t. (Y1,T, P). To decouple
the velocity equation from temperature and pressure evolution laws, we replace G
by a nonphysical term depending only on Y; (linearly). The simplified model —
called Abstract Bubble Vibration (ABV) model — reads [5]:

9Y: +Vé- VY =0, (3a)

}/1(0’ :B) = Yo(z)’ (3b)
1 ! !

A = (1) [Yl(t,m) - ﬁ/ng(t,w ) da:} , (30)

V¢ - njpg = 0. (3d)

Y? and v are given functions of z and t respectively, with ¢ continuous on [0, +-00).
We additionally assume that € is smooth enough to allow the existence of the
normal unit vector m|pn and to provide elliptic regularity results for the Poisson
equation. Note that the global system (3) is still non-linear.

In spite of the loss of physical meaning due to the lack of thermodynamic ef-
fects, Syst. (3) is interesting for its structure: It consists of a transport equation
for Y7 (hyperbolic) and a Poisson equation for ¢ (elliptic). The same nonlinear
hyperbolic-elliptic coupling appears in Syst. (2) when w is written as w + V¢
(Hodge decomposition), which legitimates theoretical and numerical studies of the
ABV model.

3. THEORETICAL RESULTS

We present in this section results in a smooth case that is interesting from a
mathematical point of view as well as properties that less regular solutions must
satisfy. The last paragraph deals with estimates for the volume of bubbles.
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3.1. Preliminary. Before any investigation, we make two remarks about the po-
tential ¢. On the one hand, it is obvious that the potential cannot be unique,
except up to a constant. We chose the following gauge for ¢:

/ ¢(x) de = 0. (4)
Q

On the other hand, as Eq. (3c) is stationary, the potential necessarily satisfies the
initial condition:
1
AP =00 V(@) - g7
€2 Jo

Ve? - njpo = 0.

YO (x) dsc’] : 5)

Egs. (4-5) will be implicitly included in Syst. (3) in the sequel even if they are not
referred to. Any initial condition satisfying (5) is called well-prepared.

We introduce the functional space related to this problem (and more specifically
to advection problems) defined for 7 > 0 by:

Wi, 7(Q) = ¢° ([0, 7], L*(Q)) N L™= ([0, 7], H*(2)).
The set W, #(€2) is a Banach space when equipped with the norm:

1flls,.7 = sap_[lf(£ )],
t€[0,7]

The injection from W 7 () to €°([0, 7], H (9)) is continuous for any s’ < s. So
does the injection from W, () to €°([0, 7] x ) when s > d/2 (see Lemma 10
and [5]).

3.2. Short time existence theorem. Th. 1 below was first published in [5].
Nevertheless, we present here a proof that enables to specify an approximation of
the time interval (Th. 2) and that leads to a global existence in time result for a
certain class of initial data (Cor. 1). Let so be the integer so = |d/2]| + 1.

Theorem 1. Assume Y° € H*(Q2) with s an integer such that s > so + 1 and
Y € €°(0,+0c). Then there exists Ty > 0 depending on ¢ and ||Y°||, such that
System (3) has a unique classical solution Y1 € Wy 7(Q) for T at least greater
than 9.

The time of existence 7 is not said to be optimal: It is prescribed by the way
we prove Th. 1, namely the combination of a boundedness property in Ws & ()

and a strong convergence in Wy #(£2). In the course of the proof, we derive the
constraint (8) for .7, that we improve to obtain the following lower bound:

Theorem 2. Under the same assumptions as in Th. 1, we have Y1 € Wy 7 (Q2) for
any Jo > 0 such that:

To 1 -1
/0 [9(r)dr < WHY"—MY")IL ; (6)

1
where p(Y°%) = @/ YO (x) dx and Cqp, is a universal constant.
Q
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We note that the left hand side in (6) is monotone-increasing w.r.t. %. Thus,
the greater ||V — u(YO)HS, the lower .

Furthermore, if Y0 = 1 € H>(Q) — which corresponds to a bubble occupying
the whole domain — (resp. Y° = 0), the unique solution is trivially given by ¥; =1
(resp. Y7 = 0) without restriction on the time of existence. Likewise, for ¢ = 0,
Y; = Y0 is a global solution. In those three cases, (6) is optimal.

We also infer that given .7 > 0 and ¢ € €°(0,.7), there exists a local solu-

tion Y1 € Ws #(Q) for every YO s.t. HYO — ,u(YO)HS < [e - Clapw ||1/JHL1(0’9)}7
Consequently, if ¢ also belongs to L(0,+00), we have a global-in-time existence

result:

Corollary 1. Let v be a function in €°(0,+00) N L*(0,+00). Then there exists a
unique solution Yy global in time for any Y° € H*o+1(Q) provided:

1
YO — pu(y° '
L L N o P N R T

Proof of Theorem 1. For the proof of uniqueness, see Lemma 1 below. For
the existence part, we consider the Picard iterates for Syst. (3). More precisely, we
introduce the sequences (Y*)) and (¢(*)) defined by induction as follows:

© Y(*=0 = y0
@ Given Y®) we compute ¢*) as the solution of:

AP (t, @) = () (Y“‘“) (t,z) — ﬁ /Q YR (¢, 2) dw’) :

Vok) . njpo = 0. (7
® Then, Y **D gatisfies:
oY k1) L ypk) . vy (k+1) = 0,
{Y<k+1>(o, ) =Y0 (™)

We shall show that the sequence (Y(*)) is bounded in W; #(Q2) and converges
strongly in Wy #(€2). Applying Lemma 8 to Eq. (7b) and Lemma 9 to Eq. (7a),
we get:1

Y&, 5 < 1Y°l, exp

g
Cadv(s)/o [Hess(¢™)][,_, (1) dt]

<Y, exp

T
Cadv(s) - Cenl(s —1) - IIY(’“)HS_Lg/O | (8)] dt]
< YOl exp[Capo(s) - 1Y I,y 7 - T(Z)],

where Cypy(s) = Cago(s) - Ceyp(s — 1) and W is s.t. U = || and ¥(0) = 0. We
introduce the sequence (uy) defined by ug = Capy(s) - ||YO|], - ¥(7) and upy1 =
ug expug. Thus, we have Capy(s) - [Y P, 5 - U(T) < ug.

e emphasize dependancies on s for the constants appearing in the proof and we omit other
dependancies as specified in the annex.
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It is easy to prove that (uy) converges iff ug < e~!. Then, the limit is the lowest
solution? zq of the equation z exp(—z) = ug and we have up < ug+1 < zo. Hence,
under the assumption:

e Capo(s) - Y, - ¥(7) <1, (®)

the sequence (Y (%)) is uniformly bounded in W & () with upper bound e®||Y?|| .
In particular, this result implies that the sequence (||[Y®)(¢,)||,) is equicontinu-
ous and uniformly bounded in ‘60([0, g ]) The Arzeld-Ascoli theorem yields the

existence of a subsequence (Y *)) that converges strongly in £°([0, 7], L*(Q)).
Likewise, the boundedness property in W, 7(€2) also provides the weak-x conver-
gence of a subsequence (Y #")) of (Y *)) in 1> ([0, 71, H*(2)). We still note (Y (¥))
the weak-+ convergent subsequence in W, 7 () and Y € W, () its limit.

We shall prove now that the sequence (Y (*)) converges strongly in Wy #(9)
thanks to a contraction inequality. Indeed, we deduce from Eq. (7b):

O (YD) —y(R)) L volk) . v(Y -+ — y(R)) = (Vo) — Velk—1). vy *)
(y(k+1) _ y(k))((x ) =0.

The energy estimate given by Lemma 8 reads:

—XO"’(t)H(Y(kH) y(k))< )H

t o)
< / 67X0 (T
0

t
S CM(Ovs - ]"d) : Hy(k)||9,9/ e_XOk)(T)

0

(V(b(k) _ vqg(k*l)) vy(k) H

(wae) _ w(k—l)) (7, .)HO dr

< Oy - ™YY, - Cpw SUP ‘/ o Y(k) B Y(k_l)) (7, ')Ho dr

tel0,7

cabv,2
using Lemma 9 and the Moser inequality (Lemma 10). Here, the exponent is

given by X(k) / ||A¢> « d7. Using the boundedness property and

the Sobolev embeddmg mequahty (see Lemma 10), we have:
@) < [ 166 IO ), ar <0,

with x(t) = €™ || Y|, - Csop(s) - ¥(t). We can thus replace ng) by x in the energy

estimate:>

t
e—x(t)H<y(k+1)_y(k)) (t")H SCazw,z/ o—X(™)
0 0

(=) o

2z satisfies zo € [0,1] and zo = 1 iff (8) is an equality.

3See Lemma 8: the exponent may be replaced by any upper bound (in the differential form).



THEORETICAL STUDY OF AN ABSTRACT BUBBLE VIBRATION MODEL 7

Iterating the process, we obtain:

o= X(®) H (y(k+1) _ y(k‘)) (t, )H

0
t
< Gl [ X0 (v v ®) 1| ET
O
Cabv2
< 2Ly _y O .

Thus:
||Y(k+1) —_y®

k

o < %emm”ym _ vt
The series Y, |[Y*+) —y®)||) o is convergent, which shows that the sequence
Y (%) converges in the complete space Wy, 7 () to Y € Wy (). By uniqueness of
the limit, the weak-+ limit Y is necessarily equal to Y. Therefore, Y € Ws. 7 ()
even if there is no proof that Y*) tends to Y in W, () (strongly). However,
we can show by means of an interpolation inequality [11] that the convergence is
strong in Wy & (2) for any s’ < s.

Likewise, we prove that V() converges in Wo,7(2) to @ € Wey1, 7 (). Indeed,
applying Lemma 9, we have:

IV68 41 7 < Ceuls) sup [w(t)] - [[YH, o,
t€(0,7]

(k) _ 4k=1) H < " H y (k) _ y k=1 H ,
[ (o = ot D), < Cow s wie|( ), »

The previous results for Y*) provides the convergence for Vo(*). Moreover, there
exists ¢ € Ws12 7(€) such that & = V¢ because the gradient field space is closed.

It remains to prove that Y and V¢ are solutions to Syst. (3). To do so, we
rewrite (7b-7a) as

Y(k+1) — YO 7/ Qb(k VY (k+1) d

vweHl(QL/ Ve Vo) da = —¢(t)/ © (Y(k) — i/ y *) dw') de.
Q Q €2 Ja

As each function involved in the latter relations belongs to ¢°([0,.7] x Q) due to

the embedding W;, 7 () € €°([0, 7], H*' () for s’ < s (see Lemma A.1, [5]), we
apply the dominated convergence theorem to obtain the integral form of (3). In
particular, we have:

Yl(t,a:):Yo(a:)—/O Vo - VYi(r,x)dr

The previous embedding results show that VY; and V¢ are continuous. This fact
implies that Y; € €1 ([0, 7] x Q) and we recover the differential form of Eq. (3a).
Similarly, V¢ € Wsy1,2(Q) C €°([0, 7],4*()), which means that the weak
formulation above is equivalent to Eq. (3¢) in the strong sense. ]

Proof of Theorem 2. Let Y° € H® with s > d/2+ 1 and ¢ € €°(0,+00). Then
there exists Y1 € Ws #(Q) with .7 prescribed by (8) (as great as possible, maybe
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T = +00). Let ¢y be a constant such that [|[Y° — ¢, = min YO — ¢, ie.
ce

1/0
o= — Y (x) dx.
A ()

Hence, we have [|[Y? — ¢g|, < ||[Y?]|,. We consider Syst. (3) with initial condition
Z(0,-) = Y9 — ¢y € H® to which we apply Th. 1. There exists a unique solution
Z € Wy, /() for 7' satistying:

y, 1
) dt < .
/0 L e

Hence, we can choose 7’ > .7 with a strict inequality iff ¢y # 0 and .7 < +oo.
Thus, Y1 = Z 4 ¢y is a solution to Syst. (3) on [0, 7] [ |

3.3. Other properties. In this paragraph, we give some lemmas about solutions
under weaker assumptions than in Th. 1. Set Z5 () = L>([0, 7], W1>°(2)) for
some 7 > 0. Note that W, 7(Q) C Z5(12), which means that the lemmas below
can be applied to the classical solution induced by Th. 1. We do not state any
existence result in Z4 () but any solution must satisfy the following properties.

First, we shall wonder whether Z () is a suitable functional space for solutions
to Syst. (3). Let Y1 € Z7(Q) be a solution of:

t
leyof/ V¢ - VY dr,
0

A¢ = (t) (Y1 — u(Y)).

AsY; € L™ ([O, T x Q), elliptic regularity results guarantee that the solution V¢
of the Poisson equation in (9) belongs to L> ([0, 7],4°(f2)). Knowing that VY; €
L>([0, 7] x Q), the term V¢ - VY7 is in L ([0, 7], L*(Q)) c L'([0, 7], L*(2)).
Thus, the integral in (9) is continuous w.r.t. ¢ and differentiable for almost all ¢
(see § I1.4.1, [1]) and Y; satisfies (3a) in L?(Q) and thus almost everywhere in €,
which legitimates the following calculus.

9)

Lemma 1. There exists at most one solution in the space Z ().

Proof. Let (Y1, ¢1) and (Y2, ¢2) be two solutions. Combining the two equations
with the notation d* = %1 — %o, we have: 0;0Y + V¢ - VY = —VYs - Vio.

Multiplying by Y and integrating by parts, we get by virtue of the Cauchy-
Schwarz inequality:

d 1
3197 llo = 51201l 16Y lg + VY2l V6o

We apply Lemma 9 to the last term and the Gronwall’s inequality to obtain
|0Y ||, = 0 due to the fact that ||6Y(0,-)||, = 0. |

Lemma 2. Assume Y] is a solution in the space Z7(2). Then, Y7 keeps the same
upper and lower bounds as Y° almost everywhere.

Proof. We first prove that if Y° > 0, then Y3 > 0. Multiplying Eq. (3a) by
Y, = min(Y;,0) € Z2(Q) and integrating by parts, we obtain:

d 1
Gl =5 [ 0 e adta) da.



THEORETICAL STUDY OF AN ABSTRACT BUBBLE VIBRATION MODEL 9

|
o

As A¢ € Z7(Q) € L>([0, 7] x ), the Grénwall’s inequality yields [|Y;™ ||, =
allowing for the fact that ||Y;(0,-)||, = 0. Thus ¥; > 0 a.e.

If YO < 1, we apply the previous result to the variable Z = 1 — Y7 which is a
solution to (3) with initial condition Z(0,-) = 1—-Y% > 0. Hence Z > 0 and Y7 < 1.
The general case Y € [a,b] can be inferred from the positivity of variables Y1 —a
and b — Y7, which are solutions to Syst. (3) with suitable initial data. [ ]

Lemma 3. The system is time-reversible in Z(£2).

Proof. Let Y1 be a solution to Syst. (3) in the class Z4(Q) for a certain .7 > 0.
The question adressed in the lemma is to determine whether starting from Y7 (7, -),
one recovers the initial condition Y° by “inverting” the time scale by means of
the transformation ¢ — 7 —t. With ¢(t) = —¢(7 — t), we check out that
()}1, qg) = (Yl(fft, x),—(T —t, cc)) is a solution to the system on [0, 7]. By the
uniqueness lemma 1, ()71, qAS) is the unique solution and }71(?, ) =Y1(0,-) = YO.
|

The last lemma deals with the symmetric case where (Q satisfies:

e xc)= (—x) e
o Vxed n(—x)=—n(x).

Lemma 4. If) is symmetric and Y° is even, then any solution in the space Z .z (§2)
is also even.

Proof. Denoting Y; (¢, ) = Y1 (t, —x) and ¢(t, x) = ¢(t, —x), we remark that:

/ﬁ(t,m) de = / Yi(t, x) de,

Q Q

which shows that (Y7, ) is a solution to Syst. (3) with the same initial datum
Y%(—z) = Y%(z) and the same boundary condition. The uniqueness lemma 1
provides Y (t, ) = Y1(t, ) = Y1(¢t, —x). The velocity field is odd. [ |

3.4. Volume. We consider in this paragraph a more general case, namely Y; €
L>([0, 7] x Q) and Y° bounded in [0, 1]: this case corresponds to the modelling of
bubbles in which Y7 is the mass fraction of gas. For miscible fluids, Y; takes values
between 0 and 1 while in the present study (without phase change), Y7 is equal to 0
or 1. In the latter case, the mean value of Y] is equal to the volume of the bubble.
We present in this section a general result about mean values (Prop. 1) and its
application to a more physical case (Lemma 7).

Let j1,,(t) be the mean value of Y{*(¢,-) over Q. In the class Z5 (), when Y
takes values in [0, 1], so does Y7 according to Lemma 2. The sequence (un(t))n
is bounded (in [0, 1]) and monotone-decreasing (pointwise). Thus, u,(t) converges
to pioo(t) == [Q21(2)[/|Q where Qy(t) = {@ € Q@ : Yi(t, @) = 1} since (Y1) g, () =
(Yln)|91(t) = 1. Nonetheless, these considerations do not enable to conclude about

the convergence of y, in the weaker case L ([0, 7] x Q). This is achieved thanks
to Prop. 1, which provides an explicit expression for u, and a new proof for a
maximum principle restricted to [0,1] (Lemma 6).

We first establish an ODE to which u,, is a solution.
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Lemma 5. The sequence (piy,),, satisfies the following ODE:

11, (8) = () (ptng1 () — pa () pn(1)). (10)

Proof. 1f Y7 is a weak solution of Eq. (3a), then Y7" satisfies 0,Y;" +V¢-VY]" =0
according to the renormalisation principle [13]. That means:

. T
Vees ([0,7) x Q) /O /len(atg + V- (£V9)) dadt =0,

Taking (t, @) = ((t)&,(2) with ¢ € €5°(0,.7) and &, € €5° () converging point-
wise to 1q, the last equality can be rewritten as:

T T
/ ¢ | YPe, dedt + / ¢ / Y'Y - (€,V¢) dzdt = 0.
0 Q 0 Q

In the limit as p — +o00 through the dominated convergence theorem, the equation
reduces to:

V(e6c(0,7),

7 7wy ()
| cwmmas [0

which is ODE (10) in the sense of distributions. Since ¢ is continuous and pu,
bounded for all n, the right hand side in (10) is bounded. We deduce that p., is
continuous, which provides the continuity of the right hand side. ODE (10) thus
holds in a classical sense. ]

/QYln(t, x)(Yi(t, z) — py(t)) dedt =0,

The main consequence is that we can derive an explicit expression for pu, in
terms of ¢ and Y©:

Proposition 1. Let ¥ be s.t. ¥ =1 and ¥(0) = 0. Then:

" /Q[Yo(a:)]" exp [\Il(t)YO(m)] dx "
n(t) = . 11
g /Qexp[\ll(t)Yo(a:)] dx

Proof. Since p, + 1p1 py, can be expressed as:

o (- [ () ).

ODE (10) can be rewritten under the integral form:

/

[unu) e [ (o dT]
My (t) = v (0) + / $(1) M4 (7) dr, (12)

t
with My (t) = pun(t) exp/ Y(7)p1(7) dr. By induction, we show that:
0

k—1 t WY
e R e R

Mi(t) = 3 s(0)
k=1
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Since ¥ is continuous and the sequence 4 (0) is uniformly bounded (Y° € [0, 1]),
the series Y, pr+1(0)¥*(¢)/k! is normally convergent on every compact set. Fur-
thermore, the last term reads:

N

1t ) (B() - ()] V(T B () do g
MAA - Yi(r, 2)(7) dzdr.

In the limit as N — 400, the integral tends to 0 by virtue of the dominated
convergence theorem. Thus:

My (t) = pa(t eXP(/dJ ) (7 dT> > (0) Ep(t)kl)ll-

k>1

Multiplying by % and integrating, we obtain:

exp(/z/) T (T dT>—1+Z,u;¢

k>1

The combination of the last two equalities leads to:

W)kt
k;”k(o)( ol /Q YO () exp ()Y ()] da
pa(t) = = .
1+3 t /Q exp [T (1) Y(x)] da
k>1

The last equality is obtained by inverting integral and sum symbols, as the series
S YO (2)U(2)]*/k! converges normally. Then, we show (11) by induction: For
n = 2, we differentiate the expression of M; as well as Eq. (12), and so on. [ |

This result holds for any solution to Syst. (3) given 1 and Y at least bounded.
Moreover, it enables to extend Lemma 2 (when Y € [0,1]) to the bounded case:

Lemma 6. Let Y be a solution to Syst. (3) belonging to L= ([0, 7] x Q) for a
certain 7 > 0. IfY° € [0, 1], then Y7 also takes values in [0, 1] (almost everywhere).

Proof. First note that Eq. (11) shows that u, () converges for all ¢ since Y €
[0,1]. Considering the definition of u,, that is:

polt) = 1 [ Y2 da

we shall prove that Y7 cannot take values outside [0, 1]. Indeed, assume there exists
w(t) CQ st |w(t)] #0and Yi(t, ) > 1 for almost all z € w(t). Writing s, as:

1
on(t) = — Y t,x) dw—i—— dex,
Q 12| Jorw() " 12| w(t)

>0 ——+o

n— oo

we show that u, cannot converge, which is contradictory to what we stated above.
Thus, Y7 < 1 a.e. Likewise, if Y7 < 0 on a positive measure set, we consider the
solution Z = 1 — Y] associated to the initial condition Z° = 1 — Y°. Necessarily,
Z <1 as shown previously and Y; > 0 a.e. |

Although Prop. 1 and Lemma 6 have been proven for Y9 taking values in

Y —
0,1], they still hold for general bounded Y in [a,b] by considering Z = ¢
b
—a
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When Y7 is the mass fraction of gas as described in § 2, Prop. 1 has the following
simpler formulation:

Lemma 7. (Lemma 1.1, [5]) Assume there exists a solution of the type Y1 (t,x) =
1o, @) () where Qi (t) C Q, t € [0, F] for a certain 7 > 0. Let V be the “volume
of the bubble”, i.e. V(t) = |Q(t)|. Then V is explicitly known as:

V() = !

1 T T (13)

(v<o> B |m) e PP+ rgp

Proof. This lemma was first proven in [5]. Here, the proof is based on Prop. 1.
In this irregular case, pun(0) = u1(0) = V(0)/|2| for all N and (11) leads to (13).
|

Remark 1. Fq. (13) turns out to be interesting from a numerical point of view.
As it is an exact formula for the volume, we can compute this volume so as to
compare it to the numerical approxzimation. Thus we can check out the accuracy of
the numerical scheme involved in the simulations [12].

Formulae (11) and (13) are global in time, which tends to show that there is no
blow-up in finite time, even if it is still an open problem. Moreover, they show the
influence of ¢: If 1 is positive, the bubble grows and conversely. Likewise, if ¢ is
periodic and has a zero mean value over the period, the volume is periodic too.

Another remark is the dependance w.r.t. |2|: the same bubble inside two do-
mains of different sizes will evolve differently. It is the influence of the Poisson equa-
tion and more particularly the boundary condition. We recall that the ABV model
is derived from a low Mach number system (DLMN, [3, 4]). In that case, the acous-
tic waves have an infinite speed of propagation which gives an elliptic character to
the DLMN system.

Finally, Eq. (13) shows that the bubble cannot reach the boundary in finite time.

4. CONCLUSION

The mathematical coupling in the ABV model between a transport equation and
a Poisson equation turned out to be an interesting problem balancing hyperbolic
properties and elliptic effects. Despite an underlying physical context, we got in-
terested in various cases according to the regularity of the initial datum. In the
smooth case, we proved both short time existence and uniqueness of the solution
of the ABv-model. In less regular situations, we established properties of possible
solutions. However, the study of periodicity is still in progress: If 1 is periodic and
has a zero mean value over the period, we proved that the mean value of solutions
is periodic but the periodicity of the solution itself remains unsolved.

Among open problems, it remains to prove existence of solutions in weaker func-
tional spaces satisfying physical constraints. There exists an explicit solution in 1D
for a bubble-kind initial datum, which tends to show that there exist solutions in
the general bounded case even if we did not prove either existence or uniqueness
yet in higher dimensions. A possibility may be to extend to the space of functions
with bounded variations. The question of the time interval is still open. We derived
in this article an approximation of the time of existence which may be improved.
The fact remains that this study forms a relevant starting point for the analysis of
the DLMN system [3, 4].
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A. ANNEX

We recall in this part some functional results about hyperbolic and elliptic reg-
ularity as well as classical inequalities.

Lemma 8 (See Lemma 2.4, [6] and Lemma 3.1, [5]). Assume that YO € H*(Q),
u € Wy, 7(Q) such that u-njpq =0 and f € Wy 7(Q) with 7 > 0 and s an integer
s.t. s > sg+ 1. Then, the transport equation:

8Y +u-VY = f,
Y (0,z) = Y%=x),

has a unique classical solution Y € Wy () satisfying the energy estimates:
t
el < @ ([0, + [ sl dr )
0
t
el < ® (vl + [ e, ).
0

for allt € [0, 7] and any functions xo and xs such that:
1
X{)(t) > §||V ’ u(t7 )”oo and X/s(t) 2 Cadv(sv d, Q)Hvu(t? ')”s—l‘

Lemma 9 (See Lemma 3.2, [5] and Th. I1L.5.3, [1]). Suppose ¢ € €°(0,+o00) and
Y1 € Wy, 2(Q) for 7 >0 and s € N. There ezists a unique solution to the system:

Ad(t,z) = b(t) (Y (t2) g [ vate.w) dm’) |

This solution satisfies Vo € Wyy1 7 () and:*

IV(t, )y < Crw (d, Q) - [(8)] - [Yi(E,)llo,
IVt )lora < Cenls, d, Q) - [ (@)] - [Y1(, )]s

Lemma 10. We recall that so = |d/2]| + 1.

(1) Let s1 and s2 be two integers satisfying s1 + s2 > so. Assume f € H' and
g € H®2. Then fg € H® with s3 = min(sy, 2,81 + S2 — So). Moreover,
there exists Cpr = Chy(s1, $2,d) s.t. for all f and g as above:

1f9lls, < Car £l llgll, -

(2) (Sobolev embeddings) so is the lowest integer s such that H*(2) C L>=(Q):
Vs > 50, 3 Coop(s,d,Q2) >0,V feH(Q), |[fllo < Csall fll;- Likewise,

we have H*(2) C €™(Q) as soon as s > m + d/2.

4CPW and Cy;; denote the constants involved in the Poincaré- Wirtinger inequality and in
elliptic regularity results.
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