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HYPERBOLICITY STUDY OF MODELS FOR TURBULENT TWO-PHASE
FLOWS OBTAINED FROM THE VARIATIONAL PRINCIPLE

EMILE DELEAGE!2

ABSTRACT. We present a class of hyperbolic systems modeling two-phase, two-velocity flows that
can be obtained from Hamilton’s principle of stationary action, under conventional constraints:
conservation of the mass for each component. The governing equations imply the conservation of
total momentum and total energy. The hyperbolicity is guaranteed for small relative velocities,
i.e. close to equilibrium, by the presence of turbulence through a Reynolds stress tensor. This is
the main novelty of the paper. The incorporation of this tensor in the equations is made by the
addition of a turbulent term in the potential energy that appears in the Lagrangian of the model.
Various forms of the turbulent term are proposed, and the ones leading to a hyperbolic system of
equations are characterized by a general criterion. The presence of the Reynolds stress tensor is
crucial for the hyperbolicity. Indeed, if it is removed from the Lagrangian, the resulting equations
are not hyperbolic for small relative velocities.

1. INTRODUCTION AND MAIN RESULTS

Multi-phase flow modeling aims to describe the simultaneous flow of different materials (solid,
liquid, gas). It has a wide range of applications in biology, geosciences and industry, and is an active
area of research at the intersection between physics, mechanics and mathematics. In this study, we
focus on the case of two phases interacting with each other. We derive new two-phase flow models
from Hamilton’s principle, and we show that the presence of turbulence guarantees the hyperbolicity
of the resulting equations.

1.1. Different multiphase flow models and hyperbolicty criterion. The multi-phase flow
denomination can be used for very diverse phenomena occuring at various scales ([12]). Let us give
some examples that can be found in nature. In geophysics, gravity driven flows such that rock, ice
or snow avalanches and pyroclastic flows can be seen as multi-phase flows made of solid particles
flowing in a surrounding gas ([8],[I9]). Lava can also be modeled as a liquid-gas two phase flow (see
the recent studies [24], [6]). In biology, the flow of human blood can be modeled as a suspension
of red blood cells immersed in a viscous liquid (plasma) ([20], [I1]). Multi-phase flow theory is also
used at the planetary scale in climate science, to model for instance density stratified oceans, or
ocean-atmosphere couplings (see [29]).

In order to model these flows with accuracy, it is necessary to use models that take into account
the specifity of each situation. The kind of model used usually depends on key features of the multi-
phase flow, such as the nature of each component and the topology of the mixture. The microscopic
description tracks the motion and interactions of individual particles. It is well-adapted to the study
of granular suspensions when the number of solid particles is small (see for instance [2I]). When it
is not possible to track each particle, a continuous description has to be used. There are two main
kinds of continuous models for two-phase flows. When it is possible to identify distinct regions made
of one phase and interacting with each other inside the flow, a separated two-phase system with
interfaces can be used. This is the case for instance with the multi-layers models (see for instance
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2 E. DELEAGE

[1]). When the scale of these “one component regions” is much smaller than the typical scale of the
motion, or when the two phases are dispersed, it is better to use an averaged description. In this
kind of model, the two species are present at each space point, in a proportion given by volumes
fractions. The dynamics is described by extended version of Euler or Navier-Stokes equations. Some
models then use simplifying hypotheses in order to only keep one averaged velocity for all the phases
(as in [§] for example) . In other cases, the full complexity of the dynamics is taken into account
and the velocity of each phase is a distinct unknown of the model. For instance, this is the case of
the class of models presented in [9] that includes the Baer-Nunziato model.

In the following, we will focus on this last approach, but the three approaches are linked. Indeed,
a way to derive a fully dispersed model is to start from a microscopic or a separated one, and to apply
an averaging process. Closure relations are then needed in order to express averages of nonlinear
and interfacial terms. An introduction to averaging techniques can be found in [12]. For the link
between separated and dispersed phase flow models, see also [I3]. For more recent work on the topic,
see [] and [5].

We shall now give a brief presentation of an important mathematical feature of reversible multi-
phase continuum models, which is the hyperbolicity property. The hyperbolicity property is an
algebraic criterion that guarantees interesting behaviours when it is satisfied. From a mathematical
point of view, it provides local well-posedness for the model. It means that, starting from a regular
enough initial data, there exists a unique solution, which depends continuously on the initial data.
From a physical point of view, the propagation of waves occurs at finite speed in hyperbolic systems,
which is crucial for predictability and causality. For numerical purposes, hyperbolic systems can
be solved by well-known and robust schemes. For an introduction to hyperbolic systems, see for
instance the book [2].

A priori, the hyperbolicity property is not satisfied in every multi-phase flow model (see below).
In the framework of multi-velocity models, the hyperbolicity is often equivalent to a condition on
the relative velocities, i.e. on the difference between the velocity of two different phases. In [27] for
instance, it is shown that the hyperbolicity of a large class of barotropic systems is equivalent to the
condition |vq — vg| # ¢k, k = 2,..., N, where N is the number of different phases, v; is the velocity
of the phase i and ¢; is the sound speed of the phase 3.

In the following, we will show that the introduction of turbulence in multi-phase flow models
enables to guarantee that the hyperbolicity property is satisfied. Furthermore, the resulting models
can be obtained from a variational principle.

1.2. Variational formulation of fluid mechanics. Let us now describe the method that will be
used in order to derive the multi-phase models. It is called Hamilton’s stationary action principle.
This principle offers a unified way to formulate the governing evolution equations of many physical
systems. It enables to obtain the governing evolution equations from a scalar function called the
Lagrangian. The Lagrangian L is a function of the trajectory of the particles and is defined as
the difference between the kinetic and potential energies of the system. Once the Lagrangian of the
system is specified, one can define the associated action, which is the time integral of the Lagrangian.
The stationary action principle then states that the particles follow a trajectory for which the action
is stationary, eventually with additional constraints on the motion. The equations stating that the
action is stationary characterize the trajectory and are called Euler-Lagrange equations.

Let us give some examples in the context of continuous media. In this case, one often defines a
Lagrangian density £, which corresponds to a Lagrangian per unit of volume. The Lagrangian L is
then given by the integral of the Lagrangian density £ over the whole domain. For a compressible
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barotropic fluid of density p and of velocity v, the Lagrangian density can be defined as

1
L= Splvl* = pE(p).

The term p|v|?/2 is the density of kinetic energy of the fluid, and the term p€(p) is called the density
of internal energy. It is linked to the pressure of the fluid via the Maxwell relation p(p) := p2&’(p).
The trajectory, denoted x(t, X), and the velocity are related by the following ordinary differential
equation (ODE):

(1.1) Ox(t, X) =v(t,z(t, X)), =(0,X)=X.

The capital letter X is used for the initial position of the particles, also called the Lagrangian
coordinate. The letter x stands for the position of the particle in motion, also called the Eulerian
coordinate. In order that £ be a function of the trajectory only, one must specify how the density
p depends on the trajectory. This is done by imposing the constraint of mass conservation, via the
equation

(1.2) Op + div(pv) = 0.

With this constraint, one can apply the stationary action principle and obtain the corresponding
Euler-Lagrange equation, which is an evolution equation for the velocity (see for instance [7] for
detailed computations):

(1.3) Ov+ (v-V)v+ %Vp(p) =0.

Equations and form together a well-known system called Euler compressible barotropic
equations. This system is hyberbolic if and only if the pressure is an increasing function of the
density, which amounts to require that the map p — p&(p) is convex. Other properties of this
system are the conservation of momentum:

At (pv) + div(pv @ v + ply)* =0,

and of total energy:
1
Ore + div[(e + p)v] =0, with e:= §p|v|2 + p€(p)

for smooth solutions. Hamilton’s stationary action principle provides an additional interpretation
of these conservation laws. Indeed, Noether’s Theorem (see [25]) states that conserved quantities
correspond to symmetries of the Lagrangian. Here, the conservation of momentum comes from the
spatial translation invariance of £, and the conservation of energy is related to the invariance by
time translation.

We now move on to the case of a two phase flow. The two phases will be denoted by the indices
1 and 2. The density, velocity and internal energy are respectively denoted by p;, v; and &;, 1 = 1, 2.
Since the two velocities are different, it is also the case for the trajectories of the particles of the
phase 1 and 2, denoted by z; and defined as in by

(')txi(t,Xi) = Ui(t,l‘i(t,Xi)), J),‘(O, Xl) = Xi, 1= 1, 2.

The volume fraction of the phase ¢ is denoted by «;. The two volume fractions are linked by the
constraint

(1.4) a] +as =1,
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which means that there is no vacuum. It is important to distinguish the true density p; of each
phase from the material density p; o := p;/a;. The constraint of mass conservation only holds for
the true densities:

A possible choice to define the Lagrangian density of the mixture is to say that the kinetic (resp.
internal) energy of the mixture is the sum of the kinetic (resp. internal) energy of each phase,
weighted by the volume fractions:

1 1
(1.6) L= pilor]®+ spolval® — pi&s [ 22) = poa (22
2 2 o [6%)

Physically, this means that there is no energy associated to the interactions between the two phases.
Hamilton’s principle under the constraints given by Equation and Equations yields a
system of evolution equations for the variables (p1, v1, p2, v2), for which the two pressures are equal
(p1 = p2) and the volume fractions are given functions of the densities: «; = a;(p1, p2). This system
is hyperbolic if and only if the relative velocity is greater than an explicit lower bound: the system

is hyperbolic when
1/3 1/373
lvg = v1]* > pc, [(al) + <a2> ] ;
P1 P2

where ¢, is the speed of sound of the mixture and p := p; + p2 is the total density (see [14]).
This lower bound for the relative velocity can be problematic in situation where the two velocities
are close, e.g. near equilibrium. Indeed, when the criterion is not fulfilled, complex characteristics
appear.

In [15], Hamilton’s principle was again used together with the same Lagrangian and the
same constraints, and a different system was obtained, including an additional “lift” term. This
counter-intuitive fact can be explain by the choice of the trajectories made by the author. Indeed,
instead of defining the Lagrangian as a function of the trajectories of each phase x1 and x5, the mean
velocity of the fluid v := (p1v1 + pav2)/p (with p = p1 + po the total density) was used to define
a third trajectory x(t, X), given by the ODE 9z (¢, X) = v(t,z(t,X)). The Lagrangian was then
considered as a function of the trajectories x(t, X) and x2(t, X2). As a consequence, the evolution
equation obtained for the velocity v; differs by an additional lift term equal to curl(vy) A (v — v;)
(i = 1,2). The apparition of these lift terms is thus explained by the change of reference frame. Even
if the obtained system is different, the hyperbolicity criterion remains unchanged for this modified
model. In particular, the system is not hyperbolic when the norm of the relative velocity is small
(IT5), [14)).

One possible interpretation of this lack of hyperbolicity is that some interaction terms are missing
and should be added in the Lagrangian. In [I7], an extension of the kinetic energy by addition of a
term of the form (do /dt)? modeling inertia enabled to obtain an unconditional hyperbolicity for a
model of bubbly fluid (liquid-gas interaction). Allowing the Lagrangian to depend on derivatives of
the unknowns is frequent in multi-fluid modeling. This is done for instance in Korteweg-type models,
used in the context of liquid vapor mixture with a diffuse interface, and for which the Lagrangian
depends on the gradient of the density (see e.g. [18]).

1.3. Models studied and main results. In this work, we will show that two phase flow models
that are hyberbolic for small relative velocity can be obtained from Hamilton’s stationary action
principle by adding an additional term to the Lagrangian, corresponding to a turbulent interaction.
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More precisely, we will consider the following Lagrangian density:

1 1 P1 P2 r
L=—pilor? + =p2lva]® — p1&1 (= ) —p2&a () — STe(P
2pl|v1| +202|’02\ p1é1 <a1> P2 2(042 5 v(P),

where r € {p1, p2, p} is either the density of one of the two phases, or the total density, depending on
the choice of the model, and P is the Reynolds stress tensor. P is a second order symmetric definite
positive tensor whose evolution equation is prescribed as an additional constraint to the model and
is given by

T
(1.7) P+ (u-V)P+ gzP+P<gZ> =0,
where the velocity u drives the evolution of the tensor P and is given by u € {v1, v9,v} depending
on the choice of the model.

The Reynolds stress tensor appears in the context of turbulent flows when a Reynolds averaging is
performed. The tensor P is then obtained from the second order correlations of the velocity (see [26]).
Equation is classical and appears whenever third order correlations are neglected ([23], [30]). It
was shown in [28] that the same equation structure appears in the context of sheared shallow-water
flows. In this context, the averaging operator is the depth-averaging. In the compressible barotropic
case, Reynolds averaged equations form a system of hyperbolic equations (see [3]). In the previous
study of the author [I0], it was proved that this system of equations is symmetric hyperbolic if
and only if the pressure is constant or the tensor P is scalar. The proof that Reynolds averaged
equations can be obtained from Hamilton’s stationary principle was presented in [I6], in the case of
a one phase flow.

Here, we aim to extend the Reynolds averaged equations to the case of a two phase flow. For
two phases, there are various possibilities regarding the tensor P. Indeed, the turbulence can be
carried either by one of the two phases, by the two phases, or by the mixture itself. We describe
these different cases below.

Turbulence carried by the mixture velocity. Our first result concerns the case of a turbulence
carried by the mean velocity. A possible interpretation is that the turbulence is caused by the
mixture of the two phases. We thus first consider the following Lagrangian:

(1.8) L= %/J'1|Ul|2 + %PQ|U2|2 — & (le) — p2&2 <ZZ> - gTT(P%
with convex internal energies, and assume that the evolution equation of P is given by
(1.9) 0P+ (v-V)P+ mPJrP(aU)T:O,
ox ox
with v the mean velocity, associated to the conservation of total density:
Op + div(pv) =0

(this last equation being obtained by summing the conservation equation on p; and ps). Assuming
Equations (1.5) and (1.9) as constraints, the full system obtained by Hamilton’s principle is given
by (see Section |2| for the derivation):

(110&) atpi + diV([)i’Ui) =0, 1 =1,2,
1
(1.10b) | Orv; + (v; - V) + curl(ve) A (v —v;) + V(U;) + ;div(pP)T =0, i=1,2,

(1.10c) | P+ ( -V)P+@P+P ov T—o
e ! v oz oxr)
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The pressure of the system is defined by

2
P = p1 = P2, with  p; = (m) & (m> , i=1,2.
(673 (673

The relation p; = ps is the Euler-Lagrange equation associated to the variable «;. It enables to
express the volume fractions oy and g = 1 — a3 as functions of the densities p1, p2 only via the
implicit functions theorem. The functions U; that appear in (1.10b)) can then be expressed as

(1.11) Ui(p1, p2) = ((f?apl [pi& ((ZZ)D

As a consequence of the convexity of the internal energies p;&; ((’;—1), the partial derivatives of the

i=1,2.

a;=a;i(p1,p2)

potentials U; satisfy

o, Uy 90U, U,
1.12 ay = — >0, bi=—=—=>0, ag = —— >0,
(1.12) LS o s~ Oy 2= 5
as well as the additional relation
(1.13) araz — b* = 0.

System (1.10) admits two additional conservation laws. For smooth solutions, the total momentum
pv is conserved:

(1.14) de(pv) + div(p1v1 ® v1 + pave @ v2 + pId + pP)T =0,

as well as the total energy

(1.15) O(e1 4 ez) + div(e1v1 + eavy + (vy + apvy)p + pPv)T = 0.
The energy of each phase is given by

e = = pifuil® + i (’)) FipTP, i=12,
2 (677 2

Once again, the variational formulation of System enables to relate the conservation
laws with symmetries of the Lagrangian density . Indeed, Noether’s theorem states that the
conservation of momentum is associated to the invariance of by spatial translations,
while the conservation of energy is associated to the invariance by time translation.

Note the presence of the lift term curl(vz) A (v —v;) in the evolution equation of v;. As explained
before, this term appear because the Lagrangian was considered as a function of the two trajectories
x1(t, X1) associated to vy and z(t, X) associated to the mean velocity v. The choice of the trajectory
x(t, X) is unevitable in the derivation of the equations in order to be able to express the constraint
in Lagrangian coordinates (see the detailed derivation in Section. Since the lift terms depend
on the choice of the trajectories and are uncommon in the litterature, we also study a simpler version

of System (|1.10]), where the lift terms are removed:

(1.16a) Opi + div(pv;) = 0, 1=1,2,
1
(1.16b) Owv; + (vi - Vu) + V(U;) + =div(pP)T =0, i=1,2,
p
Ov av\"

The hyperbolicity of Systems (1.10) and (1.16]) is characterized by the following theorem:
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Theorem 1. (Hyperbolicity of two-phase flow with a turbulence carried by the mean velocity)
Let us denote p; o := p;/a; the material density of each fluid, fori=1,2. Let also

(1.17) 0= pron (Vi — /) — 3 (prv/ar + pov/aa)’

ay, as being defined in (1.12)). Then it holds that:

e In dimension d = 1, the lift terms of Equation vanish and System is hyperbolic
whenever p1,0 # p2o, for small relative velocity. In other words, there exists a constant
C = C(p1,p2, P) > 0 such that is hyperbolic whenever |v; — va] < C.

o When d = 2, suppose again that p1o # p2o. Also suppose that

(1.18) |v1 —va| < C, and either pP >0I; or pP <0I,.

Then both System (L.10) and System (L.16) are hyperbolic.
o When d = 3, system (1.16) is hyperbolic under the assumptions pi1o # p2o and (L1.18).

Under these two assumptions, System (1.10]) is only weakly hyperbolic.
In dimension 2 and 3, if the condition pP > 6Id or pP < 0Id is not satisfied, System (1.10) and
(1.16)) are only weakly hyperbolic.

The fact that the hyperbolicity of the system is improved after removing the lift terms is quite
surprising and is a consequence of the presence of the Reynolds stress tensor. Indeed, as already
explained in the end of paragraph the hyperbolicity criterion is not affected by the addition or
removal of lift terms for a two-phase flow without Reynolds stress tensor. See also Remark 2 below.

Turbulence carried by one of the two phases. We now suppose that the turbulence is only
carried by one phase, say the phase 2. We thus consider the following Lagrangian :

1 1 P1 P2 1
1.19 L= = 24 - 2 & 5 ) = pe&s [ 22 ) — S 0T ().
(1.19) 2P1|111| + 2P2|U2| p1&1 <a1> p2&a (Oéz) 5P2 r(Py)

We use the superscript 2 for the tensor P; to insist on the fact that it is carried by the phase two.
As a consequence, we assume that the evolution of P is given by

6’02 6’02 T
1.20 Oy P, V)Po+ —PFP+P|— ] =0.
(1.20) i Py 4 (v2 - V) 2+8x o + 2(830)
We also impose the conservation of the two densities:
(1.21) Opi + div(p;v;) = 0, i=1,2.

In order to lighten the presentation, the system obtained is given by Equation (4.4) of Section
The result concerning this system is the following:

Theorem 2. (Hyperbolicity of two-phase flow with a turbulence carried by one phase only)
The hyperbolicity of the system obtained by Hamilton’s principle from the Lagrangian and
the constraints and can be caracterized as follows:
o When d =1, System is hyperbolic for small relative velocity |vy — va|, i.e. there exists
C = C(p1, p2, P2) > 0 such that is hyperbolic when vy — vg| < C.
o When d=2,3 let

1
M= p101 — §P2a2

and assume that either Py > ply or Py < puly. Then (4.4)) is hyperbolic for vy —vq| < C. If
the condition Py > ply or Py < uly is not satisfied, System (4.4)) is only weakly hyperbolic.
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Turbulence carried by each of the two phases. We also study the case of the mixture of two
turbulent phases. In other words, each phase is endowed with a Reynolds stress tensor denoted P;,
i = 1,2. The Lagrangian density is the following:

(1.22) L= %p1|v1|2 + %p2|v2|2 — & <Zi> — p2&a (Zi) — %plTr(Pl) — %pgTr(Pg).
The densities are still conserved:
Opi + div(pv;) =0, i=1,2.
The evolution equations for Py, P, are given by
(1.23) (‘3,:P¢+(UZ--V)P¢+%PZ-+PZ- (81}1>T =0, i=1,2.
ox ox

In order to lighten the presentation, the system obtained is given by Equation (4.6)) of Section
The result concerning this system is the following:

Theorem 3. (Hyperbolicity of the mizture of two turbulent phases)
The hyperbolicity of the system obtained by Hamilton’s principle from the Lagrangian under
the constraints of mass conservation and can be characterized as follows:
o When d=1, System is hyperbolic for small relative velocity |vy — va|, i.e. there exists
C = C(p1,p2, P2) > 0 such that is hyperbolic when |v3 — vg| < C.
o When d = 2,3 assume that

1 1
(1.24) §P1 < P, <3Py, or equivalently §P2 < P, < 3P;.

Then (4.6) is hyperbolic whenever |vy — va| < C. If (L.24) is not satisfied, (4.6)) is only
weakly hyperbolic.

General criterion of hyperbolicity for turbulent two-phase flows. We finally come back to
the general Lagrangian density

L 2 1 2 P1 P2 r
= — — — =) = =) - -Tr(P
L 2p1|’l)1| + 2p2|1}2| P151 ((le) pggg (042 5 1"( ),

The three previous results show that the turbulence rTrP/2 can be added in various ways to the
potential energy of a two-phase flow in order to obtain a hyperbolic system of equations. The next
and last result states that the three examples given previously are the only ones for which the
resulting system of equations is hyperbolic.

Theorem 4. (General criterion of hyperbolicity for turbulent two-phase flows)
Consider the following general Lagrangian density:

(1.25) L= %p1|vl\2 + %p2|z}2\2 — ;& (Zi) — p2&s (ZZ) — %rTr(P),
endowed with the constraints
(1.26) Opi + div(p;v;) =0, i=1,2
and
(1.27) P+ (u-V)P+ @P—i-P (8U>T =0,
ox ox
where

(r,u) € {p17p27p} X {Ul,vQ,U}'



HYPERBOLIC MODELS FOR TURBULENT TWO-PHASE FLOWS 9

Let us consider the system formed by Equations , and the FEuler-Lagrange equations
associated to the Lagrangian density . We denote by M the matriz of this system. Then, in
dimension 1, all the eigenvalues of M are real when vy = vo, whatever the choice of conver internal
energies p;Ei(p), i = 1,2, if and only if the density r and the velocity u are compatible, i.e. the
following equation is satisfied:

Or + div(ru) = 0.

Let us give two remarks to complete the results obtained.

Remark 1. When one of the two phases, say the phase 1, is made of solid particles, one often
assumes that the material density of the phase 1, given by

P1
P10 = —
aq
is a constant. This is the case for instance for a dry granular flow or for a granular suspension. Note
that it is then straightforward to express the volume fractions as functions of the density p; :

P1 P1
ap = —, g = .
P£1,0 P1,0

All the systems and hyperbolicity results obtained are still valid under the following modifications:

e There is no internal energy associated to the phase 1: & = 0.
e The pressure is defined by

2
P2 P2

pP=p1=p2= () 5§ <> )
(65 (65)

e The chemical potentials U; are defined by

_ 90 P2 .
Uz(P17P2) T apl |:p2£2 (1 — p1/,01,0):| y 1= 152

Remark 2. In dimension 2 or 3, the results obtained state that the hyperbolicity is valid under
additional conditions on the spectrum of the Reynolds tensor (see for instance). These
additional conditions are necessary to prevent some eigenvalues of the systems to appear with a
multiplicity greater than 1. They are called non resonance conditions. If they are not satisfied, the
systems obtained are only weakly hyperbolic. The solution of weakly hyperbolic systems are known
to be less regular than the ones of hyperbolic systems. In particular, phenomena like creation of
vacuum or high concentration (delta shocks) can occur (see [22] for instance).

Recall that the Reynolds stress tensor is a symmetric, definite positive tensor. As a consequence,
in some cases, these non resonance conditions are always satisfied. For instance, the condition
pP > 01; or pP < 61; of Theorem [1] is automatically satisfied when 6 < 0, which is the case
whenever a; is close to ag. Similarly, the non resonance condition of Theorem |2| is automatically
satisfied whenever p < 0.

Outline of the paper. The rest of this document is organised as follows. In Section 2, we give the
derivation of the two-phase flow system with a mixture turbulence, System , from Hamilton’s
principle. In Section 3, we give a detailed study of the hyperbolicities of this system and its simplified
version, System 7 in order to prove Theorem |l In Section 4, we show the hyperbolicity of the
two other models presented in the introduction (Theorems [2| and [3) and we establish the general
hyperbolicity criterion stated in Theorem [
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2. DERIVATION OF THE MODEL FROM VARIATIONAL PRINCIPLE

Notations. The space dimension is denoted d and can be equal to 1, 2 or 3. We denote 9; := 9/dx;
the partial derivative of the variable z;, for 1 <i < d. If f : R — R is a scalar function, we denote
by Vf € R? the gradient of f, i.e. the vector field of components 9;f, 1 < i < d.
If Z=(Z1,...,24) : R - R% is a vector field, the divergence of Z is the scalar function defined
by
le(Z) = 81Z1 +---+ 8dZd.

We also denote by 0Z/0x the Jacobian matrix of Z, i.e. the matrix of coefficients (0Z/0x);; =
0Z;/0xj, for 1 <4,j <d.

If Z = (Zi)1<i<a and Z' = (Z])1<i<q are two vector fields, we denote Z @ Z' the second order
tensor defined by Z® Z' := Z(Z")T, i.e. the matrix of coefficients (Z®2'); ; = 2;75, for 1 <, j < d.

If A:RY — My(R) is a second order tensor, we define the divergence of A as the line vector of
R? whose i-th component is given by the divergence of the i-th column of A.

We denote I; the identity matrix. For any positive integer d, we denote S;LJF(R) the set of
symmetric definite positive matrices, i.e. the symmetric matrices of size d with a positive spectrum.

Derivation of System from variational principle. We now give the derivation of System
from Hamilton’s stationary action principle. Various arguments that are used in this proof
can be found in other works. We refer to [16] for the derivation of Reynolds averaged equations
via variational principle. Detailed computations of Euler-Lagrange equations in different reference
frames were performed in [I5]. Finally, we refer to [7] for an introduction to the application of
Hamilton’s principle to fluid mechanics.

We consider a two-phase flow with a Lagrangian density given by

1 1 41 P2 P
2.1 L= plorl2+ 2pelval? — pi&y [(P2) — posa (22) = PP
(2.1) 2f01|Ul| +2P2|U2| pi&1 (041) P2 2<a2> 9 r(P),

where p; (resp. wv;) is the density (resp. velocity) of the phase i, i = 1,2. The two density are
conserved :

(2.2) Opi + div(pv;) =0, i=1,2,
which implies that the total density p := p1 + p2 is also conserved:
Op + div(pv) =0, with pv := prvy + pavs.
a1 and as are the volume fractions of the phases 1 and 2 and verify the constraint
a] +as =1,
hence as =1 — a3. The evolution of the Reynolds stress tensor is given by

(2.3) 0P+ (w-v)P+ Lpip (2 "o
. v - — — ] =0.

’ Ox ox
We aim to show that Hamilton’s principle applied to the Lagrangian (2.1) endowed with the two
constraints (2.2)) and ([2.3) yields Equation (1.10b]) as the Euler-Lagrange equation associated to the
velocity v;:

1
Owv; + (v; - V) + curl(va) A (v —v;) + V(U;) + ;div(pP)T =0, i=1,2.
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2.1. Trajectories and Lagrangian quantities. Let us suppose that the two-phase flow lies in a
fixed open set Q C RY, d = 1,2,3. We denote by X € Q (or X;,i = 1,2) the initial position of an
element of fluid at time t = 0. X is usually called the Lagrangian coordinate. The trajectory of an
element of the phase 1, flowing at velocity v, that started at the point X; at time ¢ = 0, is denoted
by z1(t, X1) € Q. It is defined by

8t$1(t,X1) :Ul(t,.’ﬂl(t,Xl))a with 1’1(0,X1) :Xl.

We will assume that z1(¢) : Q — Q is a diffeomorphism for every ¢ € [0, T], where T' > 0 is fixed, and
we will denote by x1(¢) ! its inverse. The trajectory z; enables to define Lagrangian quantities, i.e.
quantities that depend on the Lagrangian coordinates. Three examples are the Lagrangian velocity
v}, the Lagrangian density p! and the Lagrangian volume fraction o, defined by

vll(thl) = Ul(tvxl(taXl))v pll(thl) = pl(taxl(taXl))a and all(taXl) = al(tvxl(thl))'
From the chain rule and the mass conservation, one then computes that

(2.4) 0ip' (8, X1) = (Depr + v1 - Vpr)(t,21(t, X1)) = —[prdiv(on)](t, 21 (8, X1)).

Using the identity v; = v} o x1(¢)~! and the chain rule once again,

= (3] (8t (427 - () ()

O
==

o zl(t)fl,

where we defined

L 3{131
J1 ;= det <8)(1>

the Jacobian of the trajectory x; and we used the identity

d [detA(s)] = detA(s)Tr {f{:

(2.5) - A(S)l} :

valid for any C! function s — A(s) such that the square matrix A(s) is invertible. Returning to
(2.4), we obtain

O J B
—ph = L ie 9, (pllJl) =0, hence p}= pile=o
J1 7

(note that x1(0) = Id, hence Ji|;—9 = 1). We deduce that the density p; is determined by its value
at time ¢ = 0 and by the trajectory z;.
In a similar way, we define z(¢, X') the solution of

Oz (t, X) = v(t, z(t, X)), z(0,X) = X.

(2.6) atpll =

In other words, x(t, X) is the trajectory of a particle flowing at the mean velocity that started in
position X at time 0. As before, one can define the Lagrangian mean velocity, the Lagrangian total
density and the Lagrangian Reynolds tensor by

ol (t, X) = o(t, z(t, X)), pH(t, X) = p(t,z(t,X)) and P(t,X):= P(t,z(t, X)).
As in Equation ({2.6)), we deduce that

!
1 _ Pli=o : a0
(2.7) F=—7 with J = det <8X) .
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Furthermore, the chain rule yields that P' solves an ordinary differential equation, given by

Oy P!+ @om(t) P+ P @ox(t) T—O
! ox oz -
Hence P is also uniquely determined by the trajectory and the initial value P|;—.

2.2. Action and variations. Recall that the Lagrangian density of System (1.10)) was given in
Equation (|1.8) by

1 1 p1 P2 1
L=— 2+ - Zop& (5 ) ;e [ B2 ) - S pTa(P).
2P1|v1| + 202|v2| p1&1 <a1> p2&2 (ag 5P r(P)
This Lagrangian density can also be written in terms of the variables (p1, p, v1, v, a1, pTrP):

2 p1p 2 1
PP P~ Ulpr, p— — TP
| +2(p_p1)‘v U1| (p17p plval) 2/0 I,

Ulp1, p2, 1) == p1&1 () + p28&2 (1 P2 ) ;
o

From now on, we will see £ as a function of the variables (p1, p, v1, v, a1, pTrP) only. One can
now define the action associated to this Lagrangian:

1
E(pl,p, Ulvvyoél,pTI‘P) = §p|v

where

T
.A[a:l,x,aﬂ ::/ L(p1, p,v1,v, a1, pTrP)dzdt.
0 Ja

Let ® = (¢1, ¢, o, ) € RIxRIxR be a smooth vector field which is compactly supported in (0, 7') x 2.
For every e € R, one can perturbate the trajectories and define (1 ¢, @, all’e) = (z1,2,0b) +eP. To
these modified trajectories, one can associate the corresponding densities, velocities and Reynolds
stress tensor that we will denote py ¢, pe, V1,c, Ve, Pe.. We define

A = A[xl,e,ace,all’ﬁ]
the perturbed action. Hamilton’s stationary action principle states that the trajectory followed by
the particles is a stationary point of the action, i.e. that
0A,
Oe

for every perturbation ®. In order to simplify notations, we denote, for every quantity f. depending
on €, 6f := (Ocfe)|e=o. 0f is often called the variation of f. The stationary action principle is thus
equivalent to require that the variation of the action is equal to zero: § A4 = 0. We will also define
Gi=¢rox(t) (= ¢ox(t)™ and (4, = ¢a, o 71(t)"!. From the stationary action principle,
one obtains the following equality:

oL oL oL oL oL
0=0A= / / <5p1+ p5p+ 8—5 1+ 8v5v+ R 15a1+ 8(pTrP>5(pTrP)> dzxdt.

We thus need to compute the variations of all variables. First, it follows from the conservation of
mass (2.6) and ([2.7), as well as the formula (2.5]) that

dp1 = —div(p1¢1) and dp = —div(p().

As a consequence, we can integrate by parts to obtain that

[ fgmon= [ Lo (5) o [ o= [ (5)

= ()7
e=0
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We now move on to the variation of the velocities. Since vy o x1(t) = v} and dv} = 9,¢1, we get that

oG Ovy
o1 —

o1 :3tC1+87 1 %CL

Let us define

1 foc\7* oL
K i=— | — h KT = =,
1 (31}1) ; ence P14 ov;

An integration by part coupled by the conservation of p; yields

— vy = p1 Ky | O + 5=v1 — ﬂgl
[} L= [ (9 Gm - Grc)
/ /Qp1C1 <8tK1 + %m + (%1;1) K1> .

T
K:—l(aﬁ>
p \0Op

[ o [ e (s G (30) ).

Concerning the variations of a1, we compute that

In a similar way, we define

and obtain that

0
B1 = Gay = 51

Finally, the equation satisfied by P implies that the variation of P is given by

8( ~I(TxP)
Ox ox
(see [16]). In particular, the field ¢ is needed to express the variations of P. This is why we use

the trajectory z(t, X') corresponding to the mean velocity v and responsible for the presence of lift
terms (see [I5] and below). It follows that

STrP = —2Tr ( ¢

0(pTrP) = —2Tr (gC pP) — div(pTrP().

Hence, by integration by parts,

/ / pTrP OpTrP) = / / Tr(a PP> /UT /R div(pP)¢

The stationary action principle can thus be written

ot oL 1 0ay OL
0=0A=-— / /,01C1 <8tK1+ U1+(8x) Kl_v<(9m>+mﬁa:éb1>
K ov oL 1
/ /p( (&K—i— <8x> K_v(8p> + —div(pP) )
/ / 3041Ca1
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Since (1, ¢ and (,, are arbitrary and independent of each other, each of the integrands must vanish
and we obtain the following Euler-Lagrange equations:

0K, o\ © oL 1 day OL
2. =9,k + —L ) g v ) 2T
(28) 0 =0uKy + Oox v1+(3m) ! v<6p1>+p1 dz day’

0K o\’ oL 1
2. —0,K + — ) K-v(Z=) + Zdiv(pP)T
(2.9) 0=0:K + 5xv+<8x> V(ap)+pdlv(p ),

oL

2.1 =—.
(2.10) 0 e,

2.3. Computation of the equation of the velocities. We can now use the three Euler-Lagrange
equations obtained to get the evolution equations for the velocities v;, i = 1,2. Note that Equation
(2.8) can be simplified with the help of Equation (2.10). We also compute that

oL 1
Ky =v; — = Cluy — vel?
1 =01 — Vg, EyS 2|’Ul |
oL

dp
Hence after adding (2.9) to (2.8]), we obtain the equation for v;:
ou

1
Opv1 + (v1 - V)vg + curl(ve) A (v —wv1) +V (5‘;)) + ;div(pP)T —0
1

1
K =uv,, = §|v|2 -

We also compute that (2.9)) yields the equation for vs:
ou 1. T
Opva + (v2 - V)vg + curl(vg) A (v —v2) + V PP + ;dlv(pP) =0.
2

We still need to express these two equations without the dependence on «; coming from (OU/9p;).
In order to do this, we define g(p1, p2, @1) := OU/Oc; and obtain with Equation (2.10) that

ou oL

9(P1aﬂ270¢1) = % = —@ =0.

We compute that

oU p1 2 1 P2 2 P2
= — = — _— 4 —_— o m— 4 - -
9(p1, p2, 1) = e <a1> & <a1> + <1 _al) & (1 — Oé1> P2 — P1,

hence (2.10) states that the two pressures are equal. Furthermore,

D9 _ U _ 1, (nN (), () o (1
day  0a2 o o oy o L\

1 p2 \’ P2 p2 \° (2) P2

2 & E.
+1—a1[ (1—0[1) 2<1—a1)+(1—a1> 2 <1—a1)]
2 2
= (m) Un + < P2 ) Usa,
fo%1 11—y

1 pi Pi o2) { Pi 9*U 1 d?p&i(p)
v i [ ¢ (%‘) * a; & o op?  o;  dp?

where

> 0,
p=pi/ i
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since we assume that p&;(p) is a convex function of p for i = 1,2. We are thus allowed to use the
implicit functions theorem to express a; as a function of p; and ps: a1 = a1(p1, p2). For i = 1,2,
we obtain that

oUu 02U 0?2 0*U
(t%) ~ dpidp vert piOp2 Vet IpiOay ven
< o*U 02U 8a1> ( o*U 02U 8a1)
= 1 VPQ

+ — + —
dpiOp1 ~ Op;0ay Opy OpiOp2 ~ Op;iOay Ops
:v(Ul)7

where oU
Ui(p1, p2) == aip(p17p25a1(p1ap2))

as claimed in Equation (1.11). We also compute that
0*U 11, m p1 i\’ @ { P p1
—=——2=& | = — | & — )| = ——"U,
Op100 aq [ o ! aq N aq ! aq [e%1 1

02U
8/)28&1

and that

P2
—Uss.
Q2
Finally, we can use the identity

oy 0g/op;  (9°U/Ba10p;)

dp;  0g/da;  (92U]0a?)
to obtain that
U U <P3—i)2
aUZ 11722 \ oy,
a; ‘= Yy = ) 3 >0,
pi (5711) Ui + <1fil> Uso
and
%: U11U22,%11g72 :%:'b>0
9 2 2 P : :
p2 (%) Ui + (1521) Uao 1

It follows that ajas — b% = 0 as claimed.

Remark. In the case where one phase is incompressible, there is no dependence on the variable
ay and the derivation is easier. However, the system obtained still has the same structure, and the
equality ajas = b? is obtained by direct computation.

3. HYPERBOLICITY OF THE EQUATIONS

We give here the proof that System (1.10) is hyperbolic. We first write (1.10) in matricial form:

d
0Y + Y A;(Y)0;Y =0.

j=1
The vector field Y takes values in R?+2d+d(d+1)/2 — R(A+1(@+4)/2 and the square matrices A;(Y)
are smooth functions of Y. Let us also define, for every £ = (£1,...,&4) € RY, the matrix

d
AY€) =D 4,V
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Then saying that (T.10]) is hyperbolic is equivalent to saying that, for every ¢ € R? such that [¢| = 1,
the matrix A(Y,¢) is diagonalizable with real eigenvalues.
Since the property of hyperbolicity is invariant under C' change of variables, we choose to set

02 gll

V2 } ~ Py ~ P12
Yi=|p|, with P:=P>0ifd=1, P:=|Py| ifd=2, P:= P13 ifd=3

v PQQ 22

5 Pos

Py

(recall that P is a symmetric second order tensor). With this variables, the matrix A(Y,¢) can be
written as a block matrix:

v € pat” 0 0 0
o (v OLi+é&w—0)" (BHP/p)E 0 C©
Av.e)=| 0 0 v-€ pe™
5¢ 0 (y+P/p)e (v-6Iy  C(€)
0 0 0 DE) (v &l

The coefficients «, 3,y and § are given by
1 1
a:=ay—0b, B:=0b y:= ;(p1a1 + p2b), 0:= ;[pl(b —ay) + p2(az —b)].

When d = 1, the matrices C(£) and D() are scalars given by C(§) := &, D(§) := 2P¢. When d = 2,
one has

2P11&1 + 2P12&s 0

o) = <g01 ? 60 ) and D(€) := | P&+ Pt Pu&i+ Pt
1 & 0 2P19&1 + 2P0
When d = 3,
2(P¢) 0 0
(P€2 (P& 0
&L & & 0 000
C(&) = 01 é 03 & & 0, D)= (P§)3 2(]25)2 (POE)1 ’
0 0 & 0 & & 0 (P)s  (P€)2
0 0 2(P¢)s3

where (P¢); denotes the i-th component of the vector PE.
In order to prove the hyperbolicity, the first step is to compute the characteristic polynomial of
the matrix A(Y,¢). This polynomial is given by the following proposition.

Proposition 1. The characteristic polynomial of the matriz A(Y, &) is given by
(B1)  xaweV) =(v- & = N)EDED/2H (4 ¢ 32 (T pe) T2
% {2020(0 - € = N(va — )T [P — (PO € + [(v- € — N2 — €7PE] gV},
where
(3.2) q(A) = [(v2- € = N)? —ap] [(v- € = A)? = 3T PE — py] — p2d (36T PE+ pp3) .

Let us also denote A'(Y,€) the matriz of the simpler system (1.16) (without lift terms). The
characteristic polynomial of this system is given by

(3.3) Xarvey = (va - € = N (v € = N)H@D/24 [(y ¢ = 2)2 = TP g (),
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where q(\) is as in Equation (3.2)).

The proof of this Proposition is technical and requires a lot of linear algebra computations. Hence
we defer it to Appendix [A]

Now that we have a formula for the characteristic polynomial of the matrices A(Y,¢) and A'(Y,¢),
we can study the hyperbolicity of Systems and . We will investigate the cases d = 1,
d = 2 and d = 3 separately.

3.1. Case d =1. When d = 1, the hyperbolicity is given by the following proposition.

Proposition 2. There ezists a constant C = C(p1, p2, P) such that, in dimension 1, System (|1.10)
and System (L.16) are hyperbolic when |vy — va| < C.

Proof. When d = 1, the second order tensor P is a scalar, as well as the vector £. Since we have
that |¢| = 1, we deduce that £ = +1 and P — £T P¢ = 0. Hence the second line of (3.1)) vanishes and
the characteristic polynomial is equal to

Xae) = W-E=N) ([(v2- € =N —apa] [(v- &= N)? = 36T PE — py] — pa6 (36T PE+ pB))

Without loss of generality, we can suppose that £ = 1. We thus obtain that
(3.4) g(N) = [(v2 = N)? = apa] [(v = N)* =3P — py] = p26 (3P + pf) -

We need to show that ¢(\) has four real roots. Since the general study of the roots of this polynomial
is complicated, we first restrict ourselves to the case v; = vy = v. If we define X := (v — \)2, then

a(A) = (X — ap2)(X =3P — py) = p20(3P + pfB) =: Q(X).
Hence ¢(A\) = 0 if and only if Q(X) = 0. Since @ is of degree 2, we have an explicit formula for its
roots denoted 74:
_apa+py+3PEVA
= 5 ,

where
(3.5) A = (aps + py +3P)* = 4[(aps(3P + py) — p20(3P + ppB)]
= (apz — py — 3P)* + 4p20(3P + pB).
We recall that a, 3,,d are given by
a:=az—0b, B:=b, v:= %(Plal +p2b), §:= %[m(b —ay) + pa(az — b)].
It follows that
apz + py = pra1 + p2az >0, apy — py = paz — p1a1 — 2p2b = pd — pp,

hence

A =(pd — pB —3P)% + 4p26(3P + pp3)

=(pd + pB + 3P)* — 4p16(3P + pp).

We can combine the two previous lines to obtain

A= %(pé—pﬁ _3P)? ¢ %(P5+pﬁ+3P)2 >0,
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since pfS + 3P = pb+ 3P > 0. Hence the two roots r1 are real and distinct. If we now return to

(13.5)), we see that
A = (pra1 + paas + 3P)* — 4[3Ppa(a — 6) + pap(ay — 68)]
P1P2

=(p1a1 + p2az + 3P)2 —4 |:3P (a2 + a1 — 2b) + pap1(aras — b2)

P1P2

=(p1a1 + p2az + 3P)2 —12P (a2 + a1 — 2b),

where the last equality comes from the relation (1.13]). From the expressions of a1, as and b obtained
in Section 2] we see that

2
(3.6) a1+a2—2b:7<p1—p2> ,

aq Q2

where 7y is a positive constant. It follows that

2
pray + paag + 3P + \/(p1a1 + paas + 3P)” — 12P 2122y (Ll - &)

ar az
2

We see that ri. > 0 and r— > 0, with r_ = 0 if and only if p1/a; = pa/aq, i.e. if and only if the two
material densities are equal. Since by hypothesis the two material densities are different, we also
have r_ > 0. Hence x 4(y,¢) has five distinct roots, given by

A=, Xr=vx.ry, Ar=vit.r_.

By continuity, there exists C' = C(p1, p2, P) such that x 4(y,¢) has five disctinct roots for every vy, vo
such that |v; — va| < C(p1, p2, P). Hence the matrix A(Y,¢) is diagonalizable with real eigenvalues
and System is strictly hyperbolic. The proof for the system without lift terms is the same
since these terms vanish when d = 1.

r+ =

O

3.2. Case d = 2. We now move on to the case d = 2. Recall that we aim to prove the following
result:

Proposition 3. Let 0 be defined as in Equation (1.17) of Theorem :

0= prp2 (VT —Va2)* — 3 (/T + po/@a)’

If pP < 014 or pP > 014, there exists C = C(p1, p2, P) > 0 such that Systems (1.10|) and (1.16]) are
hyperbolic, whenever |v; — va| < C.

Proof. In dimension 2, the characteristic polynomial of A(Y,¢) is given by
Xae = (- &= N ([(v-€=N)? = €T PE] q(N) +2p26(v - € = N)(v2 — )T [P = (€T PE)] €)
where ¢(\) was defined in Equation (3.2). Let us first look at the polynomial
G(N) = [(v-€ = N)? = €T PE] q(N) + 2p28(v - € = N)(v2 —v)" [P — (€T PE)] €,
such that

XA(Y6) = (v-§— )\)3(10\)-
When vy = v = v, ¢ reduces to

q\) = [(v- €= N)? =€ Pegla(N).
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By mimicking the case d = 1, we deduce that ¢ has six roots, given by

Mz =v-§EVETPE, Nor=v-EE 1y, Mz =v-§£ 1,

with

2
pras + paas + 36T PE + \/ (pra1 + paay + 367 PE)” — 1267 Peatay (£ — £2)

2
Let us show that the six roots are all distinct. From the case d = 1, we see that Ao1 and A3y are
always distinct. We also see with Equation (3.7) that 7 > ¢7 P¢, hence A;+ and Ao are also always

different. If finally we suppose that A\j+ and Asz+ are not distinct, we obtain from Equations (3.7))
and (3.6) the following equality:

(37) r4+ =

1
pEPE = prpa(ar + az = 2b) = S (plar + plaz + 2p1p2b),
which yields after replacing b by /aias,

0" PE= prpa(v/aT — V) — 5 (o1 + /) = 6,

where 6 was defined in (1.17)). Since we supposed that pP > 61, or that pP < 61, and £7¢ =1, we
deduce that p&¢” P¢ # 6 and the six roots are real and distinct.

By continuity, there exists C' = C(p1, p2, P) such that () has six disctinct real roots for every
v1, vg such that vy —ve| < C(p1, p2, P). Up to reducing C, we can suppose that all six eigenvalues are
different from v - €. Since the six eigenvalues are distinct, there exist six corresponding eigenvectors.

We are thus left to find three independent eigenvectors for the eigenvalue A = v - £. The matrix
A(Y, 5) - (U . f)[d is given by

v E—v-E  potT 0 0 0
af Eua—v)T (B+P/p)§ 0 C(§

A(Y,8) = (v-§Ia = 0 0 0 pE" 0
V3 0 (y+P/p)§ 0 C§)

0 0 0 D) 0

Let X be an eigenvector of A(Y,€) for the eigenvalue (v-£). We write X as a block vector compatible
with A(Y,¢) and solve the linear system [A(Y,&) — (v-&)I;] X = 0. After some computations, we
obtain the following three independent eigenvectors:

0 0 P2
0 &t A (v-€—v2-E)E
(3.8) X, = 8 . Xo = % . Xs= pzé—pzag-i(;fz—v)~f] 7
0 0
Uy U us

where &1, uy, up, us € R? are four vectors such that

vy — ) - &L
A0 S =0 wA0 COu=0. Cu=-""0 (1 D)

and

p20 = paar + [(v2 — v) - €] P
C(§)us = | —p20 — v+ =&
© B—x p
In order to see that the three vectors are well defined, we first note that v — 8 = p1(b—a1)/p # 0,
since otherwise b = a1 and from ajas = b? one obtains a; = as = b, which is incompatible with the
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assumption that a; + ag — 2b > 0. Furthermore, we see that the matrix C(¢£) has always a rank 2
submatrix when & # 0, which implies that C(€) is onto and the dimension of its kernel is one. Thus
the vectors uy, uz, ug are well defined. Hence the matrix A(Y,¢) is diagonalizable and System
is only weakly hyperbolic.

Case of the system without lift terms. Finally, let us investigate the case where the lift terms vanish.
In this case, the characteristic polynomial is given by

Xarve(AN) = (v2- € = N)(v- &= N)?[(v- & = A)? = T PEJg(N).
When v; = vg = v, it follows from the case d = 1 that ¢(\) has four distinct real roots, given by

Ali:U'fi\/ﬁ, )\Qizv-fi\/ﬁ.

Hence there exists a constant C' = C(p1, p2, P) such that ¢ has four distinct real roots, for any
|v1 — va| < C(p1, p2, P). This implies that x a/(y,¢) also only has real roots for these values of vy, vs.
As in the previous case, up to reducing C, we can assume that the roots of ¢ are distinct from v - &,
from vy - € and from v - £ + \/£T PE by using the condition pP < 014 or pP > 01,. Tt follows that
most of the eigenvalues have a multiplicity one, except for v - £, which has multiplicity two (or three
if vg- & =wv-&). Thus we need to find two eigenvectors for this eigenvalue v - £, and three when
vy - & = v - £ We compute that

ve-&—v-§& p2ET 0 0 0
ag (v-€—v-OIg (B+P/p)E 0  C(€)
A/(ng) - (’U'f)ld = 0 0 0 PfT 0
o8 0 (y+P/p§ 0 C®©)
0 0 0 DO 0
We find two independent eigenvectors, given by
0 P2
0 (v2- €= v-£)E
(3.9) X1 = 0 and X5 = po(a—8)+(va-E—v-€) ’
v—B
0 0
U7 U3

where u; # 0, C(§)uy = 0 and
C(§uz = |—p2d — P2 = provt [(v2 —v) £ <v+ I;)] 3

B
Note that, when vy - £ = v - &, a third eigenvector for the eigenvalue v - £ is
0
gL
(3.10) Xo=1|0 with ¢+ #0 and £T¢t =0.
0
0

Finally, we can show that the condition pP < 613 or pP > 61 is necessary for the hyperbolicity
of System . Indeed, if this condition does not hold, one can find a vector ¢ such that |{] =1
and that g(v - & £ 1/ETP¢) = 0, whenever vy and vy are close enough. In this case, v - € + /T P¢
is a root of x 4/(y,¢) of multiplicity two. However, computations show that the kernel of the matrix

A(Y, &)= (v-EE£+/ET PE) 1, is always of dimension 1. Hence the matrix A’(Y, €) is not diagonalisable
in this case and System (|1.16]) is not hyperbolic.
([l
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3.3. Case d = 3. In dimension 3, we need to prove the following proposition:

Proposition 4. Let 0 be defined as in Equation (1.17) of Theorem :

0= pro (Vs — V) — 3 (/i + pay/a)”.

If pP < 01, or pP > 01,4, there exists C = C(p1, p2, P) > 0 such that System (1.16)) is hyperbolic,
whenever |v; — va| < C. Under these assumptions, System (1.10)) is weakly hyperbolic.

Proof. We first prove the result concerning System (1.10). When d = 3, the characteristic polynomial
of the system is given by

Xawe = (0-€ =N [(v- €= XN)? =T PE] (M),
with
qN) = [(v-€ =N = €T PE] g(A) + 2p20(v - £ = M) (va —0)T [P = (£TP€)] ¢
and ¢(A\) was defined in Equation . When ¢ is such that

(3.11) (2 =) [P = (€T PE)| € =0,

the characteristic polynomial can be written
2
Xag = (€= 2" [(v-€=N)? = €T PE] q(N).

Hence the algebraic multiplicity of v - & £ /&7 P¢ is equal to two. However, computations show that
the geometric multiplicity of this eigenvalue is equal to two if and only if the vectors vy — v and &
are proportional, and is equal to one when it is not the case. Since Equation can be satisfied
even when ¢ and v, — v are not proportional (for instance when ¢ is an eigenvector of P), the matrix
A(Y,€) is not diagonalizable for every & and System is not hyperbolic in dimension 3.

Case of the system without lift terms. Let us now consider System (1.16]). When d = 3,

Xarve) = (V3 - € = N)2(v- € = N [(v- € = N2 = €TPe)” g(N).

From the case d = 1, there exists C = C(p1, p2, P) > 0 such that ¢ has four distinct real roots
whenever |v; —vs| < C. Up to reducing C, we can suppose that the four roots of ¢ are distinct from
v- &, from vy - € and from v - € £ /€T PE.

We are thus left to find two independent eigenvectors for the eigenvalue vy-£, four for the eigenvalue
v-& and two for the eigenvalues v - £ + /€T PE. First, we see that the matrix C'(€) is of rank 3 since
it always has an invertible 3 x 3 submatrix. Thus the dimension of its kernel is also 3. Hence the
formulas for the vectors X; and X3, that were defined in Equation for the case d = 2 already
provide 4 independent eigenvectors. Similarly, the subspace which is orthogonal to £ is of dimension
2 when d = 3, hence the Equation defines two independent eigenvectors for the eigenvalue
Vg - §

Finally, the matrix A’(Y, &) — (v- & F /T PE)1, is equal to

v - & —v- &£ \ETPE p2&T 0 0 0
af (v2-&—=v-Ex\ETPEIy (B+ P/p)E 0 Cc(é)
0 0 +\/ETP¢ ol 0
¢ 0 (v +P/p)¢ £VETPEI Cc(§)

0 0 0 D(¢) +/ETPET,
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We obtain two eigenvectors of the form

0
+/ETPect
0

(v2-€—v-E£ VETPOER |
v2-§—v-§£/ETPE i
—Y—=——D

Hence A'(Y,€) is diagonalizable and System ([1.16]) is hyperbolic.

X, = where &1 #0 and ¢Tet =0.

4. OTHER MODELS

This section is devoted to the proofs of Theorems and [ The proofs of these theorems is
very similar to the proof of Theorem As a consequence, the proofs are given without detailed
computations.

4.1. Case where the turbulence is carried by one phase. In this part, we give the proof of
Theorem [2 We thus consider a two-phase flow for which one of the two phases, say the phase 2, is
turbulent. In other words, instead of assuming that the turbulence is created by the mixture of the
two phases, as it was the case in System 7 we supppose that it is intrinsic to the phase 2. We
choose for this two-phase flow the Lagrangian defined in Equation :

1 1 P1 P2 1
4.1 = = 24z 2 — ] = — | — =poTr(P).
(4.1) L= gpilul”+ Sp2lval” — ;& <a1> p2E2 <a2) 5 P2 Te(F2)

We use the superscript 2 for the tensor P; to insist on the fact that it is carried by the phase two.
as a consequence, we assume that the evolution of P; is given by Equation ([1.20)):

81)2 302 T
4.2 Oy P -V)P+ —FP+P|— ] =0
(4.2) Py + (va )2+3x 2+ 2(83:)
We impose again the conservation of the two densities:
(4.3) Opi + div(pv;) =0, 1=1,2.

We also define, for i = 1;2, the trajectory followed by the particles of the phase 7, denoted z;, such
that

Opi(t, X) = v (t, z; (¢, X)), z;(0,X) = X.
The action associated to the Lagrangien (4.1]) is given by

T
A[xl,x%all] ::/ /E.
o Jo

One can apply the stationary action principle under the constraints given by (4.3) and (4.2)) to
obtain the following system:

(4.4a) Opi + div(p;v;) = 0, i1=1,2,
(44b) Oyv1 + (’Ul . V’Ul) —+ V(Ul) =0,
1
(4.4C) Opvo + (7)2 -Vua) + V(Us) + ;div(pQPQ)T =0,
2
(4.4d) OBy + (vs- V)P + 2P, 1 P da\"_,
. i 2 + (V2 CR NI LA = 0.
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The potentials U; and Uy are defined as in Section The conservation of total momentum still
holds:
Oc(p1v1 + pav2) + div (p1v1 @ v1 + pave ® v + plg + ,02P2)T =0,
as well as the conservation of energy:
Or(e1 + e2) + div (e1vy + eavs + p(a1v1 + aovs) + pe Povg) = 0,

where
1 1 1
er = —pilvi|* + p1&1 LS ) ey := s p2lvaf’ + p2&2 £ + 5p2Tr(P)
2 ai 2 a2 2

2 2
= () o (5) = (2) = (%)
(651 a1 (65) (6)
We now recall the main result about System (4.4]):

Proposition 5. The hyperbolicity of System can be caracterized as follows:
o When d=1, System is hyperbolic for small relative velocity |vy — va|, i.e. there exists
C = C(p1,p2, P2) > 0 such that is hyperbolic when |v3 — vg| < C.
o Whend=2,3 let

and

1
= p1ra1 — 502612
and assume that either Py > puly or Py < uly. Then (4.4) is hyperbolic whenever |v) —vg| <

C.
Proof. We use here the notations of Section [3} The matrix of System is given by
(O f plfT 0 0 0
alf (’Ul . ﬁ)Id bf 0 0
BY,§)=| 0 0 CPRES pat” 0
23 0 (a2 +22)€ (v2-OIs  C(8)
0 0 0 DE) (vl

We compute that the characteristic polynomial x p(y,¢) of this matrix is given by

XB(re)(N) = (01 € = M) (v € = NUD2 (0 € — 0)2 — €T Pg] 7 o (),
where
() = [(Ul €= )\)2 - P1al] [(Uz - )\)2 — pP2a2 — 3§TP25] - Plpzb2.
Let us show that ¢o has four distinct real roots when v; and ve are close. When v; = v = v, let us
denote X := (v-& — A\)%. Then

qo(N) = X% — (pra1 + paaz + 36T P2€) X + 3T Pobprar =: Qo(X).
Hence ¢o(A) = 0 if and only if Q¢(X) = 0. The roots of Qg are given by

_ p1ax + paag + 3§TP2§ + \/Z
= 5 ,

where
A :=(p1ay + paaz + 3" Py€)? — 126 Paépray
=(pray — paag — 36T Py€)? + 4p1paaras > 0.
Hence r4 > 0 and g has four distinct real roots, given by

Ay i=0v-E+/ry, Aot =0 €+ /r_.
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By continuity, there exists C' = C(p1, p2, P2) > 0 such that go has four distinct real roots, for any
|v —v2| < C. For these values of [v; —va2|, Xp(v,¢) has only real roots. Since r1 > 0, the roots of go
are distinct from v - £. The assumption Py < ply or Po > ply ensures that the roots of gy are also
distinct from v - £ £ /€T Py€. Thus, up to reducing C, we can always assume that the roots of ¢
are roots of xp(y,¢) of multiplicity one. It follows that vy - £ is a root of multiplicity d — 1, v - § is
of multiplicity d(d —1)/2 + 1 and vy - € + /T Py¢ is of multiplicity d — 1.

Let us show that B(Y, &) is diagonalizable. We see that we can find d — 1 eigenvectors for the
eigenvalue vy - £ which are of the form

0
é-J_
X, =] 0], where ¢-#0 and ¢T¢t=0.
0
0
For the eigenvalue v, - €, we can find d(d — 1)/2 + 1 eigenvectors of the form
0 p1
0 (v2-&—v1-§)§
Xo:=| 0| and Xy:= | laéwdiopa
0 0
Ui U2

where u; # 0, C'(§)u; =0, and
C(g)UQZ plal_(vl'g_v2'§)2 (a2+2>_plb:| &-

b

Note that C(&) is a matrix of size d(d + 1)/2 x d and of rank d, hence the dimension of its kernel is
d(d—1)/2.
Finally, we can find d — 1 eigenvectors corresponding to the eigenvalue v - £ = /&7 Py€, given by
0
0
X, = Ol . where &8 #0 and ¢T¢t=0.
§
+———D(&)EH

Hence B(Y,¢) is diagonalizable and System (4.4) is hyperbolic.

O

4.2. Case where each phase is turbulent. We now give the proof of Theorem We thus
consider a two-phase flow in which each phase is endowed with a Reynolds stress tensor denoted P;,
i =1,2. The Lagrangian density is the following:

1 1 1 1
(4.5) L= 501|Ul|2 + 502|U2|2 — & <Op;> — p2&s <Z§> = 5,1 Te(Py) = 5paTe(Py).
The densities are still conserved:
Opi + div(pv;) =0, 1=1,2.

The evolution equations for Py, P, are given by

0P+ (v - V)P, + Lip 4 p (20 "0 iz1o
tLa 7 7 839 7 2 5‘:5 — Y% — Ly 4
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The action associated to the Lagrangian density ([1.22) is

T
A[xl,xz,ozll] ::/ /E,
0 Q

where the trajectories x; are defined by
3tl’i(t,X) :”Ui(t,l’i(t,X)), IEAO,X) =X.

The stationary action principle then gives the following system of equations:

(4.6a) Opi + div(p;v;) = 0, 1=1,2,
1
(4.6b) dyv; + (v; - V) + V(U;) + —div(p: P)T =0, i=1,2
Pi
(%i 8%‘ T .

The potentials U; and Uy are defined as in Section The conservation of total momentum still
holds:

Ay (p1v1 + pav2) + div (p1v1 @ vy + pava @ Vg + pla 4+ pr Py + paPo)’ =0,

as well as the conservation of energy:
Oi(e1 + e2) + div (e1v1 + eava + plarvr + azv2) + p1Prv1 + paPovs) = 0,

where

1 2 P1 1 1 2 P2 1
= = E1 | — —p1Tr (P = = Ey | — —po'Tr( P
el 2p1|v1| + ;& <a1> -1-201 r(Pr), ) 2P2|U2\ + p2&o <a2 + 5P2 r(Ps)

e () () - (2) = (2),
(651} a1 (6%) (6%)

We now state the main result about System (4.6):

and

Proposition 6. The hyperbolicity of System (4.6) can be caracterized as follows:

o When d =1, System (4.6)) is hyperbolic for small relative velocity |vy — va|, i.e. there exists
C = C(p1,p2, P2) > 0 such that (4.4) is hyperbolic when |v1 — va| < C.
o When d = 2,3 assume that

1
(4.7) 3P < P2 <3P

Then (4.4) is hyperbolic whenever |vy — ve| < C.
Proof. We use here the notations of Section [3] The matrix of System (4.4)) is given by

vy - € p€" 0 0 0 0
(a1 + L6 (v1-OIa  C(€) bE 0 0
o 0 Di(§)  (v1-8)1 0 0 0
C(Yv 5) E 0 10 ! 0 ¢ Vg g 02§T 0 ’
b¢ 0 0 (a2 +22)¢ (va-OIa  C(8)
0 0 0 0 Dy(&)  (v2-§)Ia
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where

and D;(€) is defined as in Section [3] but with P; instead of P (i = 1,2). We compute that the
characteristic polynomial xc(y,¢) of this matrix is given by

Xerg () =(v1 - €= VD [y g — n)? — T Pe]
X (vg - € — /\)d(dfl)/2+1 [(UQ E— )\)2 . §TP2€] d—2 a(N),
where
@A) = [(v1 - € = N)? = prag — 3" Pig] [(v2 - € = N)? — paas — 36T Pag] — p1pab®.

Let us show that g; has four distinct real roots when v; and vy are close. When v; = vy = v, let us
denote X := (v-& — \)2. Then

1(A) = X? = (pras + paag + 36" Pi& + 367 Po&) X + (pray + 367 Pi&)(paag + 3" Pof) — prpaaray
=: Ql(X)
Hence ¢1(A) = 0 if and only if Q1(X) = 0. The roots of @y are given by

_pray + paas + 36T PE+ 3T P+ VA
- . ,

T+

where
A :=(pray + paaz + 36T PL& + 3T Py€)? — 4 [(prax + 36T Pi&)(p2as + 36T Pat) — p1paaras]
=(pra1 + 36T Pi€ — paas — 36T Pr€)? + dpipaaras > 0.

Hence r4+ > 0 and ¢ has four distinct real roots, given by

Ay =0+ /ry, Aot i=v-E+/r_.

By continuity, there exists C' = C(p1, p2, P2) > 0 such that ¢; has four distinct real roots, for any
|vg — va| < C. For these values of [v1 — va|, Xc(v,e) has only real roots. Since r4 > 0, the roots of
q1 are distinct from v - £&. The assumption ensures that the roots of g; are also distinct from
v- &+ /ET P for i = 1,2. Thus, up to reducing C, we can always assume that the roots of ¢; are
roots of xc(y,e) of multiplicity one. It follows that v; - £ is a root of multiplicity d(d —1)/2 + 1 and
v; - € £ /ET P is of multiplicity d — 1, for i = 1, 2.

Let us show that C(Y,¢) is diagonalizable. We see that we can find d(d — 1)/2 + 1 eigenvectors
for the eigenvalue vy - & which are of the form

0 paaz + 3T Pl — (va - & — vy - )2
0 0
N — 2
X1 = 0 and XQ = _p2b )
0 Tt BET Pot — (v2 - € — w1 - €)? — 2Py]bé
0 (vz-f—v1-§)2—£TP2£D2(€)[3£TP2€ - (UQ : 5 — V1 5)2 - 2P2]b§
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where u; # 0, C(§)u; =0, and

C()uz = | pab® — [p2az + 36" Paf — (v2 - € — w1 -€)%] (a1 + 1;11)] 3

Note that C(§) is a matrix of size d(d + 1)/2 x d and of rank d, hence it is onto and the dimension
of its kernel is d(d — 1)/2.

We can also find d — 1 eigenvectors corresponding to the eigenvalue vy - € £ /£T P€, given by

0
£L
1 D 1
Xy = ix/fTTg O] where €570 and eTet —o.

0
0

Since the system is invariant under permutation of indices 1 <+ 2, one can find similar eigenvectors
for the eigenvalues vq - £ and vy - € £ /€T P&, Hence C(Y,€) is diagonalizable and System is
hyperbolic.

|

4.3. Other systems. In the previous sections, we showed that the presence of turbulence in a two-
phase flow, modeled by a Reynolds tensor, enables to obtain a hyperbolic system coming from a
variational principle. We showed that the turbulence can be added in various ways and gave three
different examples. Theorem [4] states that the three examples given previously are the only ones for
which the system of equations obtained is hyperbolic. Recall the statement of Theorem [

Theorem. Consider the following general Lagrangian density:

(4.8) L= %Pl|v1\2 + %p2|1;2|2 —p& ((’2) — p2&o (ZZ) - %TTI‘(P),
endowed with the constraints
(4.9) Opi + div(psv;) =0, i=1,2
and
(4.10) WP+ (u-V)P+ @P+P (8u>T =0,
ox oz
where

(7", u) € {,017 P2, P} x {vla V2, ’U}.
Let us consider the system formed by Equations , and the FEuler-Lagrange equations
associated to the Lagrangian density . We denote by M the matrix of this system. Then, in
dimension 1, all the eigenvalues of M are real when vy = vo, whatever the choice of convex internal
energies p€i(p), i = 1,2, if and only if the density r and the velocity u are compatible, i.e. the
following equation is satisfied:
Or + div(ru) = 0.

Proof. We treat each possible value of (r,u) € {p1, p2, p} X {v1,v2,v} separately. The case (r,u) =
(p,v) was treated in the study of System (1.10]). The case (r,u) = (p2,v2) was treated in the study
of System . By symmetry, we are left to study the three following cases:

o (r,u) = (p1,v2)

® (Tv U) = (pv UQ)
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o (r,u) = (p1,v)
4.3.1. Case (r,u) = (p1,v2). We obtain the following system:
Opi + div(p;v;) = 0, 1=1,2,
o1 + (v - Vv + V(U + %TrP) =0,
Opva + (v - V)vg + V(Us) + idiv(plP)T - 2%V(TrP) =0,

O+ (vs- V)P + 22p 1 p (92 T o
¢ v2 Oz Oz e

In 1d, the characteristic polynomial is given by

X(A) =(v2 = A) [(Ul - )\)2(112 - )\)2 — praq(ve — )\)2

P P P\?
—p2 (a2+p12) (1)1 f)\)2+p1p2 ay <CL2+,012) - (b+>
P2 P2 P2

Let us look at the case v; = vo = v. If we denote X := (v — \)2, we get that

A P P P\?
o 5 o (o 50) ()

v—A P2 P2

The discriminant of Q(X) is

P\? P P\?
A= (p1a1 + p2a2 + pl) —4p1p2 a1 (CLQ + /)12) — <b + >
P2 P32 P2

P\? P\?
= (Plal — p2a2 — pl) + 4p1p2 (b + ) > 0.
P2 P2

Hence @ has two real roots. This gives four roots for x. In order that the roots of x be real, the
roots of @ have to be positive. This gives the condition

P P\*> P
0<a1(a2+p12>—(b+) zﬁ(p1a1—2p2b—P).
P2 P2 P2

Hence there are some admissible values of a1, b, P such that x has complex roots.

4.3.2. Case (r,u) = (p,v2). We obtain the following system:
depi + div(pivi) = 0, i=1,2,
1
Opvr + (v1 - V)vr + V(Up + iTrP) =0,

1
Bpvs + (v - V)va + V(Us) + p—div(pP)T - %V(TrP) =0,
2 2

P+ (v V)P + L2p 1 p (92 "o
¢ 2 Oz Oz o
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In 1d, the characteristic polynomial is given by

X(A) =(v2 = A) [(Ul - )\)2(02 - )\)2 — praq(ve — )\)2

P P P\?
—p2 [02 + (p1 + 3p2) pg] (v1 — A + p1p2 lal <a2 + (p1 + 302)p2> - <b + )
2 2

Let us look at the case v; = vo = v. If we denote X := (v — \)?, we get that

A i P P\?
72(( i\ =X? - (Pla1 + p2az + (p1 + 3Pz)pg> X+ p1p2 [01 ((12 + (1 + 302)[)2) - <b+ >
- 2 2

=: Q(X).
The discriminant of Q(X) is

P\? P P\?
A= <p1a1 + poas + (p1 + 302)2) —4p1p2 a1 <a2 + (p1 + 3p2)2> — (b + )
P2 P2 P2

2 2
P P
=( prar — p2a2 — (p1 +3p2)—= | +4pip2|b+— ] >0.
P32 P2

Hence @ has two real roots. This gives four roots for x. In order that the roots of x be real, the
roots of @ have to be positive. This gives the condition

P P\?> P
0<a (ag + (p1 + 3p2)2) — (b + > = — [(p1 + 3p2)ar — 2p2b — PJ.
P2 P2 P2

Hence there are some admissible values of a1, b, P such that y has complex roots.
4.3.3. Case (r,u) = (p1,v). We obtain the following system:
Opi + div(psv;) = 0, 1=1,2,

1
Oyv1 + (v1 - V)og 4 curl(ve) A (v —v1) + V(Uy) + %V(TrP) + ;div(plP)T =0,

1
Ova + (v2 - V)vg + curl(ve) A (v — va) + V(Us) — %V(TrP) + ;div(plP)T =0,

0P+ ( ~V)P+@P+P 9 T—o
k Y oz ox)

In 1d, the characteristic polynomial is given by

P
W) = [m A= N - ( 3P 22313) (02— N2 = po ( ; plpg) (01— \)?

P P\?
(a1 +3Z§P+2£§P> <a2+p1p2> - (b+ (2p1 +p2)p2) H (v —=A).

Let us look at the case v; = vo = v. If we denote X := (v — \)2, we get that

xX(\)
v— A\

+p1p2

P
—X7 - [pl <a1 +32p 2p§P) +p2 (az + p12>] X
p p p

+ p1p2

P P\?
(al +3Z;P+223P) <a2 +/)1p2> - <b+ (2p1 +ﬂz)p2> ] = Q(X).
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The discriminant of Q(X) is
p1 P2 P\
A= P1 a1_|_372P_|_272P + p2 Clg-{—p1f2
p p p
P P\°®
<a1 +3%p 4 2”313) <a2 + p12> - (b +(2p1+ pz)z)
P P P p
2

P\’ P
- {pl (a1 +32p4 2p§P) — s (ag + plgﬂ + 4p1 o (b + (201 + p2)2) > 0.
P P p p
Hence @ has two real roots. This gives four roots for x. In order that the roots of x be real, the
roots of () have to be positive. This gives the condition

P P\?
0< (al + 3%P + 222P> (az + p1p2> — (b+ (2p1 + P2)p2>

P
<? (pl(al —+ ag — 2b) +2p(a2 — b) 7P) .

—4p1p2

Hence there are some admissible values of a1, ao,b, P such that y has complex roots.
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APPENDIX A. COMPUTATION OF THE CHARACTERISTIC POLYNOMIAL

We compute here the characteristic polynomial of the matrix A(Y,€) given at the beginning of
Section [3] in order to get the eigenvalues of this matrix. We first state two lemmas which will be
useful in the proof.

Lemma 1. For any £ € R?, one has C(£)D(€) = (€T PE)Iy + PEET, where C(€) and D(€) are the
matrices defined in the beginning of Section[3

The proof of this lemma can be obtained by a direct computation. The second lemma is also
elementary:

Lemma 2. Let x,y € RY. Consider the matriz B := I+ xy”. Then the determinant of B is given
by det(B) =14 x - y. Furthermore, when det(B) # 0,

-1 1 T

B =1;—- mxy .
Proof. By density and continuity of the determinant, we can restrict ourselves to the case x -y # 0.
We see that the linear space y* is a subspace of the eigenspace of B associated to the eigenvalue
1, of dimension d — 1. Furthermore, x is an eigenvector of B for the eigenvalue 1+ z - y. Hence B
is diagonalizable and det(B) = 1+ x - y. The formula for B~! can be checked by computing the
product BB~!. O
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We will proceed by using the Gaussian elimination method to obtain an upper block triangular
matrix. Since the matrix A(Y,€) is quite large, we will perform the operations on the blocks rather
than the coefficients. When doing this, one has to be careful that blocks generally do not commute
with each other. Hence it is important to keep in mind that operations on rows of blocks are
made through left multiplication, while operations on block columns are performed through right
multiplication. By definition, the characteristic polynomial of A(Y,¢) is given by

vy &= A p2£" 0 0 0
73 (v-&=NIg+E&ve —v)T (B+ P/p)E 0 c(§)
XA(ye)(A) = 0 0 v-g—A pe” 0
5 0 (y+P/p)& (v-&— N4 ()
0 0 0 D(¢) (v-&—= )1y

We multiply the last block column by —(v-£& — A)~tD(€) and add it to the fourth block column. By
Lemma |1} the characteristic polynomial is equal to:

vg & — A p2t” 0 0 0

al (v-&=NIg+ &z —v)" (B+P/p)§  No c(6)
(A1) xaweo) = 0 0 v-E=X pgt 0

0 0 (vy+P/p)& M C(é)

0 0 0 0 (v-&=NIy
where we defined

My = ([(0-€ = V) ~ €7 PEl — PeeT)
and
No = e [€"POL + PecT).

We now multiply the third block column of (A.1)) by —p&T /(v - € — \) and add it to the fourth block
column. We obtain that

02 €2 2™ o0 o
ag (v &=Nla+&v2—v)" (B+P/p)§ N C(¢)
o8 0 (y+P/p)& M C(8)
0 0 0 0 (v-&—=NIy
where
(43) Ny = s (€7 PO +2PEET + 3T
and
My = ([0 € = NP = €7 Pe] 1= 2PE6™ = prée”)
vig= N2 —€TPe 1

oo (U.f_A)Q_ngg(QPer)&T :
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By Lemma [2] it follows that

Mol v-€—A I 1 1 P -
! (1}~§7)\)27£TP€ d+1fﬁ%(y§7A)27§Tpg(2 "‘P'Y)ff
_ v-§— A 1 .
(A4 (v E=N)2—¢TPE {I‘H_ (U.g_)\)2_3§Tp§_p7(2P+PW)§§ }

(recall that £7¢ = 1). We now multiply the fourth block column of (A.2) by —Mf1§§ to the right
and add it to the first block column. We obtain that the charactersitic polynomial is equal to the
determinant of an upper block triangular matrix:

B, B
(A5) XA(Y>§)()‘) = 01 Bz = ‘BlHBS"
where
B, .:< v2-§— A p2&” )
T\ - NMME (v-E = Mg+ E(ve—v)T)

B < 0 0 0 >
2T \B+P/pE N C©)°
and
v-E— A 0 0
Bs:= | (v+P/p)§ M c(€) :
0 0 (v-&=N1Ig
In view of ([A.5]), we need to compute the determinants of the matrices B; and Bs. Since Bs is block

triangular, its determinant is equal to the product of the determinants of each diagonal block. By
Lemma 2

|Bs| =(v- & = A)[M|(v- & = M) 4]

B (v-&€— N2 —¢TPg]” 2T PE+ py d(di1)/2
e[S (1 G e ) e

=(v- €= NN (g = N2 = TP T (06— N2 = 36T PE - pr]

We now compute the determinant of B;. Let us define

(A6 B (e Nt g0 = (60 L+ — -],
By Lemma 2]
(A7)
-1 _ 1 . 1 1 7,UT . 1 B 1 o T
E U-f—)\[ld 1+”i‘é‘_g\'5v~£—)\§(v2 ) v-f—)\{Id U2'§—)\§(2 U)}

We now multiply the second block row of By by —po(T E~1 and add it to the first block row. We
obtain that

|B1| =

vg - &= A= potTE7 (€ — Ny M '6¢) 0
af — Ny M to¢ E
=[va - & = A — poTET (0 — N1 M '6E)] |E.
By Lemma 2]
vy & —v-§

— (1. £ _ )\
Bl=(o-g -0 (14 2520

) (o€~ N(w-E— A
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We are left to compute the scalar [vz =X —pTE af — Nlel(sf)]. First, by Equation (A.7),
1 1

Tp-1_ T vs — )T
¢ vEAC (v-g—A)(v2-5—A)(2 )
It follows that )
TEfl — )
3 3 v E—
On the other hand, Equation (A.4]) gives that

v-&—A 1
1 2P .
(v-€=X)? = €TP¢ [ T nE seTpe LTS
Equation (A.3]) then yields
-1

M=

. ¢Tpe
(v~£—A)2—§TP£{£ Pet e N —setpe -
26T PE+ py ﬂ
2P 1
wer o (14 e e )
~ -1 {ngg(v-§A)23§TP£+ 2v- € — N2
“(0 E—NZ-3ETPE— py (0 €—AN?_€TPE (0 € NP €TPE

NlMl_lf =

(2P + pv)
Py

P+pﬂ}§

_ -1 . (v- €= NP~ (£"PE)°
A I S VR T Ty {é PP e = e } ¢
Hence
ETE—lNlMl—lg

-1 FTP§+P5+ 26T P¢
T (woE- )—3€TP§ py L v2-E=X  w-&—A
I A)*(va —0)" PE — (prﬁ)Q(U2U)T§]

(v € AM(v2 - £ =N)[(v-£—A)? = TP
1

2(v- & = N)(v2 —v)T [(£TPE) — P ¢

T
— P
(0 & N2 BETPE ] (ug £ n) |° FEHPPH (v € N2 €TPE 7
and
vy & — X — potTET af — Ny M 16¢)
ey ap2
=v2-§— A v € —
pad 2v- &= N)(vy —v)T [(ETPE) — PJ ¢

3¢TPe + pB +

(0 €= N2 =3TPE— py] (v2- € — N) (v-E—N)2—£TP¢
(W2 €= ) —apy] [(v- €= N)? = 3T PE — py] — pad (3T PE + pP)
(v2-€— N [(v-€ — N2 — 36TPE — ]

N 2026(v - & — N)(vy —v)T [P — (£TPE)| €

(02- €= N)[(v-€ = N2 —3ETPE— ] [(v-€ — N2 — ETPe]’

Finally,
Xa (V) =(v- € = )V (g - a2 - TP T
X [2p26(v - € = N)(va — 0)7 [P = (€7 PE)] €+ [(v- € — N)? = €T PE] q(N)]




34 E. DELEAGE

where
g(N) =t [(v2- € = N)? —aps] [(v- € = N)? = 36T PE — py] — p26 (36T PE+ pf)
as claimed in Proposition
Case of the system without lift terms. When there are no lift terms the previous computations can

be adapted to compute the characteristic polynomial of the modified system. Let us also denote
A'(Y, £) the matrix of System (1.16). It is given by

vy & patt 0 0 0
af  (va-8§Iy (B+P/p) 0 c(€)
AY,e)=1 0 0 v-§ pe” 0
3 0 (Y+P/p)§ (v-Lla  C()
0 0 0 D) (v-&)1a

Thus the only difference is that one should replace the matrix E of (A.6]) by

1

E = (vg-&—N1;, h Etl=— 71,
(v2-¢ Ma, hence Vs € — A d

All computations of the proof stay unchanged until Equation (A.6). We deduce as in (A.5)) that

Xa'(v,e) = |B1l| Bsl,
with
Bi| = [v2- & = XA = potTE" (af — N1 My '6¢)] |E'|
and
|Bs| = (v- € = U024 [y ¢ = 02— €TPE)" ™ [(v- € = N)? = 3¢TPE— ]

as previously, substituting £’ to E. We compute that
B =(v2-6=N)7,  TET¢=

and , with the help of (A.8§]),

3T PE+ pp
[(v-€=X)2=3TPE—py] (v2- €= )

ETETINIME = —

Hence

g1 (2 - &€= N)? = paa] [(v- € = N)? = 36T PE — py| — pad[3ET PE + pf]
(v-&=A)? =361 PE — py

Finally, the characteristic polynomial is equal to

|Bi| = (v2-§ = A)

Xarre) = (2 - € = ) (v € = NUD/2 [y ¢ — 22 —¢TPg) " (),
where

q(A) = [(v2- € = A)? = paa] [(v- & = A)? = 3T PE — py] — p2d[367 P+ pfi).
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