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We derive hydrodynamic equations describing the evolution of a binary fluid segregated
into two regions, each rich in one species, which are separated (on the macroscopic scale)
by a sharp interface. Our starting point is a Vlasov-Boltzmann (VB) equation describing
the evolution of the one particle position and velocity distributions, f;(x, v, ?),i =1, 2.
The solution of the VB equation is developed in a Hilbert expansion appropriate for
this system. This yields incompressible Navier-Stokes equations for the velocity field
u and a jump boundary condition for the pressure across the interface. The interface, in
turn, moves with a velocity given by the normal component of u.

KEY WORDS: Interface evolution, Navier-Stokes equations, Binary fluids, Phase
segregation.

1. INTRODUCTION

When a fluid mixture is suddenly quenched from a homogeneous equilibrium
state into an immiscible region of the phase diagram, where the uniform state is
thermodynamically unstable, it evolves to a new state consisting of two coexisting
phases, each rich in one species. There are various stages of this phase segregation
process. It starts with the formation of very diffuse interfaces that sharpen with
time and then move slowly, driven by surface tension effects.>>2% In a series
of papers,>3? we have investigated a kinetic model of this phenomenon. Our
model system consists of two species of particles interacting via a repulsive long
range potential between different species and a short range hard core between all
particles. At low temperature the system will undergo phase segregation.
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The evolution of the system, in a space region 2 which we assume for
simplicity to be a three-dimensional torus of volume L?, is given, on the kinetic
space time scale, by two coupled Vlasov-Boltzmann (VB) equations for the one-
particle distributions f;(x, v, 7),i = 1, 2. The Vlasov term models the long range
repulsive interaction between different species while the Boltzmann kernel takes
account of the hard collisions. These equations, which conserve the mass of each
species, the total momentum and energy, have the form:

ofi+v-Viofi+F -V fi=J(fi, A+ /), i=12 (1.1)

where J(f, g) is the (non symmetric) Boltzmann collision operator for hard
spheres,(!1)

I = [ dv. [ doBv =l o0 - fo)e(w]

where S, is the 2 — d sphere in R?, dw is the surface measure on it, the vectors v,
v, are the outgoing velocities of a binary elastic collision between two particles
with incoming velocities v’ and v, and B(Jv — v.|, w) = %|(v — V).

Moreover, F;(x, t) = —V, V;(x, t) are potential force terms with V; the self-
consistent Vlasov potentials

Vi) = [ Uil =X Doy o (1.2)

pj(x, 1) = [g fi(x, v, T)dv are the mass densities and Uy is the long range inter-
action potential with range £. We write it as

Un(x) = €73U (%) (1.3)

with U(x) a non negative smooth compactly supported function whose integral is
normalized to unity,

fw dxU(x) = 1.

This fixes the energy scale of the system. In (1.2) and (1.3) we have made explicit
the dependence on the range £ of the potential for future convenience. We also
note that (1.1) holds on the space scale where the mean free path A is of the order
of unity: we fix our units so that A = 1.

Computer simulations show that at sufficiently low temperature the solutions
to (1.1) relax to non homogeneous equilibrium states.) To characterize these
equilibrium states it is useful to consider the (negative of the) entropy functional

2
Hh f) = Y [ dxdu;tog . (14)
i=1
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which is a Liapunov functional for (1.1) in the sense that

CH(h ) <0 (1.5)

The time independent solutions of (1.1) then satisfy the equality in (1.5).
They are Maxwellian’s with constant mean value # = 0, which can be set equal to
zero, variance 7 = B!, and possibly nonuniform densities p; = [ dv/fi(x, v, 7)
satisfying

T log p;i(x) +/dx/Ug(|x —x'Dp;(x)=Ci, i=1,2,i # ). (1.6)

We shall call these states equilibrium states.

An alternative way to obtain equilibrium states is to minimize the entropy
functional under the constraints on the total energy and total masses. The densities
will then be determined® as the minimizers of the free energy functional

F(p1, pz)=/dx [(o1 log p1) + (02 log p2)] +ﬁ/dx dyUe(lx — yDp1(x)p2(»).

(1.7)

Equation (1.6) are indeed the Euler-Lagrange equations for this minimization
problem. T is determined by the constraint on the energy and C; by the constraints
on the masses.

It is proved in Ref. (9), under the assumption of a monotone U,(x), that at
low temperature there are non homogeneous solutions to (1.6), thermodynamically
stable in the sense that they minimize F.

On the infinite line non homogeneous minimizers w;(z), z € R and i =
1, 2, of the excess free energy arise when prescribing asymptotic values for the
densities corresponding to the two different phases coexisting at equilibrium: such
minimizers, called fronts, have monotonicity properties and interpolate smoothly,
over a region of size £ between the asymptotic constant values. Similar results hold
in higher dimensions in the sense that, for L > £, the volume 2 is divided into
two regions where the densities are those of the pure phases with an interpolating
region called the interface whose size is again of order .

In Ref. (2) we studied the time dependent macroscopic behavior of this system
by introducing a scale separation parameter & between the kinetic length scale A
and the typical macroscopic one L, while keeping the range of the potential
£ macroscopic. We derived there, via a rigorous Chapmann-Enskog expansion,
Vlasov-Navier-Stokes (VNS) equations which describe the behavior of the system
on length scales of order ¢! and time scales of order ¢! for small ¢ in a situation
in which the interface is diffuse. In these VNS equations there are, beyond the usual
terms present in the compressible Navier-Stokes equations, diffusive terms coming
from the presence of the self-consistent force. In particular, the equation for the
concentration can be put in the form of a gradient flux of an energy functional
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which is similar to an exact evolution equation (analogous to the Cahn-Hilliard
equation®) derived for a stochastic lattice model of a binary alloy.!'” In the limit
& — 0, the VNS equations reduce to the Vlasov-Euler (VE) equations. Both VE
and VNS have non trivial stationary solutions with the same solitonic profile as in
the VB equation.

In Ref. (3) we started to study the late stages of the segregation process
in which the interface becomes sharp. We argued there that the interface should
move in its normal direction following the incompressible velocity field solution
of the Navier-Stokes equation, while the pressure should satisfy Laplace’s law
relating it to the surface tension and curvature. Numerical simulations confirm
this scenario. This limiting evolution of the system is ruled by the following free
boundary problem. Let '’ be a regular surface in a 3 — d torus 2 (the interface
at time zero) dividing the torus in two regions Q% and Q. For each ¢ one has to
find a surface I';, moving with velocity V', a continuous velocity field u(-, ) and
a pressure function p(-, ¢) such that

oru+ (u-Vyu+Vp =nlu

V=—-u-v
[p]" =Kro  onT, (1.8)
divu =0

F() = FO, u(~, 0) = uo()

were 7 is the kinematic viscosity, o denotes surface tension, v(-, ¢) is the normal
to the surface pointing towards Q*, Kr, stands for the curvature of T'; and [#]" =
ht — h~ stands for the jump of the observable 4 across I';. We note that the signs
in the second and third of the Eq. (1.8) depend on the conventions on V' and v
specified in Section 2, where we shall give the precise definitions.

This free boundary problem was first formulated to describe the oscilla-
tions of an impermeable interface separating two viscous fluids in Refs. (18, 20).
Chandrasekar(!? then studied the linear stability of this system. We mention that
recently'*2% have obtained existence uniqueness and regularity results for the
one-side case, namely the flow of an incompressible Navier-Stokes fluid confined
in a region with free boundary where suitable surface tension boundary conditions
are specified. Such results can be extended to the present two-side case.?¥

To understand the intrinsic dynamics described by (1.8) let us give some basic
properties of the motion:

(1) volume conservation of each phase
d
—|QT| =0
21971

(2) basic energy identity

dT1
— —/dxlu(x,t)|2+a|I‘t| =—r)/dx|Vu(x,t)2
dr |2 Jq o
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These properties show that this flow diminishes the area of the boundary
while conserving the volume and at the same time forces the velocity field to
decay to zero. Hence, the stationary solution should be characterized by u = 0
and a surface I" determined by the isoperimetric problem on the torus, separating
Q in two phase regions with different values of the pressure such that [p]* = Kro.

Here we want to derive these equations for the motion of a sharp interface by
a Hilbert expansion of the solution of (1.1). We are interested in hydrodynamical
flows in the macroscopic regime obtained by sending ¢, the ratio between the mean
free path A and L = |2|'/3 to zero. (Note that in units in whichA = 1, = L™!).In
addition, for reasons that will become clear below, we want to consider a situation
in which the interface is sharp already on the kinetic scale in the sense that its
thickness is much smaller than the mean free path. Since the width of the interface
on the kinetic scale is of order £, we want to have £ much smaller than L. It turns
out that the right choice is £ = el = ¢.

It should be noted that the formal derivation of (1.1) presented in Ref. (2), from
an underlying microscopic model, makes sense in this scaling. The microscopic
interaction range of U can be chosen small compared to the mean free path, yet
sufficiently large so that the number of particles within the interaction range grows
indefinitely in the limit we consider.

We introduce the macroscopic coordinates » = ex. Since x € Q = T, the
torus of size L, r € Ty, the torus of size 1. We wish to study the small ¢ behavior
of a solution of the VB equations. In order to observe diffusive effects one has to
consider very long times, i.e. set T = £~2¢, with ¢ the macroscopic time. Setting
fEr v, 0) = fi(e7r v, 67%0), pE(r, 1) = [duff(r, v, t), the Vlasov-Boltzmann
equation, in this space-time scaling, becomes

Wfi+e vV ff+ e FE oV ff =P I(SE ST+ 1) (1.9)
Fi(r,t)y=—V, | dr'e UE?|r — /l)/ dv' (0 ). (1.10)
T[ T]

= -V, U*® % ,oj

Consider now a situation in which there is, at the initial time, an interface
separating the system in two regions with densities corresponding to the equi-
librium values at temperature 7 (i.e. with coexistence of two phases, one richer
in species 1 and the other richer in species 2). For ¢ finite, we approximate the
density profiles by one-dimensional fronts in the direction orthogonal to the inter-
face in each point. The fronts interpolate between the two phases on a scale &2. If
the interface were flat, this would be a stationary solutions of the VB equations.
Since the interface is not flat the fluid starts to move because of the unbalance
of the pressure on the two sides of the interface (surface tension). This pushes
the interface to move with the component of the fluid velocity in the direction of
the normal at each point of the surface. Since the initial density in the bulk is the
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equilibrium and the space-time scaling is diffusive, we expect that the fluid in the
bulk will evolve as an incompressible Navier-Stokes (INS) fluid. We recall that
the INS equations can be obtained from an equation of the type (1.9) when the
average velocity is small (low Mach numbers). Therefore, the effect of the surface
tension has to be suitably small in order not to get too big velocities. The surface
tension effect is proportional to the size of the interface and this is the reason why
we choose £ = ¢.

In Section 2, after introducing some notations, we construct an expansion in
the bulk (outer) and a different expansion close to the interface (inner) and impose
matching conditions on an intermediate region. In Section 3 we examine explicitly
the first and second order terms in this expansion. At the first order we find the
following free boundary problem for the velocity field u:

u—+ w-Vu+Vp=nAu (1.11)

In (1.11) the kinematic viscosity 7 is obtained from the Boltzmann equation
as in,"V u is continuous across the interface I'; whose normal velocity is given by

ur,(r) = —u(r, 1) - v(r, 1) (1.12)
while the pressure is discontinuous at the surface and satisfies Laplace’s law
(p+ —p-)=0K, (1.13)

Here (p4) p— is the pressure on the side of I'; (not) containing the normal
v; K is the mean curvature of I';, o is the surface tension given in terms of
one-dimensional fronts w; as

1 , dwi(z) ~ / / ’
== - E — (z))dzd 1.14
o 2/;@(2 z)i#j:l,2 e Uiz —z2)w;(z')dzdz ( )

and U is obtained from U by integrating out the two variables, parallel to the
surface. Moreover, we get equations for the first correction to the temperature 7!
(which at order zero is the constant T') and concentration ¢! which are similar to
phase field equations(”

D¢V = DA APV + DA,ATD (1.15)
D,TY = kATY + 43D,V (1.16)

where the diffusion coefficient D, the heat conductivity £ and the constants A4; are
explicit functions of g, 7.

In Section 4 we show that the second order corrections to the hydrodynamic
fields solve a boundary value problem on a prescribed surface, which is the
interface determined at the first order. We obtain also a correction to the velocity
of the interface.
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Finally, in Section 5 we consider the VNS equations,” which one obtains
from the Vlasov-Boltzmann equations when scaling space and time by a factor
e~! (hyperbolically), while keeping ¢, the range of Uy, finite on the macroscopic
scale. For the VNS equations we study the sharp interface limit by matching
expansions. This is the strict analog of what it is usually done in the literature in
the case of alloys, starting from the Cahn-Hilliard equation® (or equivalent non
local equations!”) and deriving the motion of the sharp interface (e.g. Mullins-
Sekerka motion®?). The difference is that we have to consider a limit in which
the interface is very sharp, since we have to scale its width by a factor &2, to be
compared with the factor ¢ for the alloys and to send to zero the Mach number, to
get the right hydrodynamics in the bulk. Surprisingly or not, we get the same free
boundary problem (1.8) as the one in Section 3.

2. HILBERT SERIES

We start with a system in which an interface is present. Since the stationary
non homogeneous solution of (1.9) is given by the Maxwellian multiplied by
the front density profiles we let our system start initially close to that stationary
solution. More precisely, we choose as initial density f(r, v) = M (v),oi(e) , where
M(v) is the Maxwellian with unit mass, zero mean velocity and temperature 7,

M) = QrT) % exp[—v?/2T]. (2.1)

The density profiles ,ol.(s) are very close to a profile such that in the bulk its values
are ,oii, the values of the densities in the two pure phases at temperature 7, and the
interpolation between them, at the interface, is realized along the normal direction
in each point by the fronts. By the symmetry properties of our model, p57 = pli.
Consider a smooth surface I'’ C 2, and let d(r, I'°) be the signed distance of
the point » € Q from the interface. We assume an initial profile for the densities
,0;8) of the following type: at distance greater than O(g?) from the interface (in the

bulk) the density profiles ,oi(g) (r) are almost equal to p;*; at distance O(e?) (near
the interface) we choose

p(r) = wi(e2d(r, T%) 4 O(?). 2.2)

Here, for any smooth surface I" separating the 1-richer phase from the 2- richer
phase, d(r, I') denotes the signed distance from r to I" taken positive in the 1-richer
region. Moreover w;(z) are the so called front (or sometimes solifon) solutions
with asymptotic values pl.i. These are the one dimensional stationary solutions of

Tlogw,(q) + /R dq'0(lq — q'Dws(q) = G (2.3)
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where U(q) = [g. dyU(y/q* + |y|?) and C; are constants determined by the con-
ditions at infinity pii. We will choose values of pii and temperature T, corre-
sponding to the phase transition region, which implies C; = C,. Existence of such
solutions can be proved along the same lines of the proofs in,'> and details will
be presented elsewhere. Since these solutions are unique up to a translation we fix
a solution by imposing that w;(0) = w,(0). Among the relevant properties of such
equations, we will use their exponential decay to the asymptotic values which also
follows from the arguments in Ref. (15).
Let I'{ be an interface at time ¢ defined by

[P ={reQ:pi(rt)=p5r 1)}

where pf(r, t) = [ dvff(r, v, t).Letsy > 0besuchthat I'¢ isregular for 7 € [0, 79].
Let d®(r, t) be the signed distance of r € €2 from the interface I';, such that d® > 0
in Q" and d® < 0in Q'", where @ = I'* U Q"" U Q;"~. Hence, by continuity,
Q¢ is the 1-richer region and "~ is the 2-richer region. For sake of simplicity
we drop from now on the superscript . For any r such that |d(r, t)| < % defined

below, there exists s() € I'; such that
v(s(r)d(r, t) +s(r)=r
where v(s()) is the normal to the surface I'; in s() pointing toward Q" ", namely
v(s(r)) = V,.d(r,t).
Define the normal velocity of the interface as
V(s(r)) = 0,d(r, t).

The curvature K (the sum of the principal curvatures) is given by K =
A,d(r, t). Define, for gy small enough,

NG = {r: 1d@r, 1) < 8}

where

1 = max k(I;), and k(T;) = supk(r).
S5 tef0.n).e<en rel,
k(r) being the maximum of the principal curvatures in s(r)
We now try to construct an approximate solution to the rescaled VB Eq. (1.9).
We follow the approach based on truncated Hilbert expansions introduced by
Caflisch.® This method has been improved by including boundary layer expan-
sions in Ref. (16), where it is proved the hydrodynamic limit for the Boltzmann
equation in a slab. Here we try to adapt the arguments in Ref. (16) to the fact that
the boundary is not given a priori and has to be found as a result of the expansion.
We will do it by using the method of matching expansions. However, the estimate
on the remainder (see (2.12) below), which is crucial to establish the rigorous
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validity of our expansion, will not be discussed in this paper. For an alternative
approach, in the context of the Boltzmann equation, see Ref. (28). The Hilbert
expansion is nothing but a formal power expansion in ¢ for the solution of the
kinetic equations

fr=Y e (2.4)
n=0

Since we expect the behavior of the solution be different in the bulk and near the
interface we decompose fi(") in two parts: the bulk part fi(") and boundary layer

part fi(n). The latter will be fast varying functions close to the interface different
from zero only in A/(8), namely they depend on (r, ¢) in the following way

& = F2d@, 1), 1)

More precisely, a fast varying function A(r, t) for r € A/(8) can be represented
as a function k(z, r, t), z = e 2d(r, t), with the condition 4(z, r + £v(s(r)), t) =
h(z,r,t), £ small enough. Hence we can write

1 - I _
Voh = Svdh +V,h;  h = —Voh+ 3h;
& &

(2.5)

1 1 —
& &

where the bar on the derivative operators means derivatives with respect to 7 or ,
with the other variables fixed. Note that v - V,.h(z,r, t) = 0.
We shall use the notation pf = [dvff, and we denote by A (resp. h) a

function (/") whenever is evaluated on /" (resp. ™).
Since the surface I'; depends on ¢, so does d(r, t). Therefore we expand also
the signed distance:

dr,t)y = _"d"(r.1). (2.6)

i=0
The condition |V, d|? = 1 is equivalent to:

IV.dOP? =1, v,d%v,4dV =0,

i—1
_ 1} o g0
V,dOV,40) = -3 Zvrd(’)vrd(f_l), j=2

i=1
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so that d©) can be interpreted as a signed distance from an interface that we denote
by I';. As a consequence of (2.6) the velocity of the interface I'; has the form

o0
25[ yo, yo.=7y.
i=0

We remark that velocity V' determines the surface evolving with it. The velocity
¥ will generate an “order zero” interface I',. The interface generated by 3 et v®
will be a deformation, small for small ¢, of T';.
Our aim is to give an algorithm to construct the terms of the expansion at any
order. Below we just compute the first few orders and indicate how to continue.
We replace (2.4) in the equations and equate terms of the same order in
. First, we need to compute the terms in the expansion for the force term

Ff = Ziv:o 8”Fl.(") To write the expansion for the force term Ff we expand

U sy 020 p) =200 ng™ and F™ = —V,g™. We have to be careful in
dealing with the terms involving the potent1a1 U*®. These terms are computed in
Appendix A.

We define

NOm) := {r | dO@F, 1) < m}, T, := {r 1 1dO@, 1) = 0}, QF
= {r : 1dO®, 1) > 0(< 0)}
and fix m so that N°(m) C N(6).
We assume that in Q* \ N(m)
fi=Y"e"f". 2.7)
and that in N°(m) the solution is of the form

f,e — Z Snifl‘(n) (28)

We will match the inner and outer expansions inz = ¢ ~!c withc = &%, a € (0, 1).
Hence, we require as z — £00 (see Ref. (7))

f(o) (f(o)) + O(e—alz\)

+

f(l) ( ) + O(E—alz\)
f(z) (fl(z))i + V(O) X (Vrfi(l))id(l) + O(e—alzl) (29)
f(3) (fl(3))i 4 1)(0) . (Vrfi(z))id(l) + (Vrfi(l))i . (U(O)(Z _ d(z)) + U(l)d(l))
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1 INE (0), (0 2 -
g(a,ha,kﬂ )0 (z = (dM)7) + O(e@F)

where, for a slow function fz, the symbol (fz)i stands for lim,_, o= fz(r +vl),r € I,
and the same for the derivatives. We denote by v) the vectors V,d") but it is
important to keep in mind that they are not unit vectors (except v?)). To lighten
the formulas we have omitted the terms involving derivatives of fi(o) since they
will turn out to be zero.

We plug /% =" &"f ™ in the rescaled equations and write a set of
equations in Q\AN(m) involving only functions f[(") as well in A”*(m) for f:-(") by
equating order by order in &. We use the notation:

(U* * 0 )(r, t)—Zs””("), (U* £ )(r, t)—Ze n 5

The expressions for gi” and g,." are given in Appendix A, formulas (A.8) and
(A.9). We adopt the convention that fi(") and f:.(") vanish forn < 0.

Outer expansion
In Q% \ N(m) forn > 0:

Mn—2 AMn—1 (1 M
atfi(" )+U'Vrfi(n )+ Z F}()~va;-()
LU'>0:+'=n—1

20 2K 4
= Y IO A0+ 0. (2.10)
kK k+k'=n
Inner expansion
In NV°(m) for n0:

Z Ve’azfi(l) + Z v® . vazfi(k’) +v 'vrﬁ(n_Z) + gtfi(n—w

LUZ0:041'=n—1 k+k'=n
s [xwaene o
LU=0:+1'=n Lk+k'
Ak A (K
= Y IR+ AY). @2.11)
ki k+k'=n—1

The strategy for a rigorous proof is to construct, once the functions ff’” have
been determined, the solution in terms of a truncated Hilbert expansion as

N
fr=Y """ "R (2.12)

n=0
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where the functions are evaluated in z =e2d¥@, t), with dV(@ 1) =
S NP e"d™(r, t) and then write a weakly non linear equation for the remain-
der. In this approach it is essential to have enough smoothness for the terms of the
expansion. On the contrary, they would be discontinuous on the border of A/°(m)
since £ are not exactly equal to f ) there, but differ for terms exponentially
small in &. One can modify the expansion terms by interpolating in a smooth way
between the outside and the inside getting smooth terms which do not satisfy the
equations for terms exponentially small in g, that can be included in the remainder.
With this in mind, we did not put in the equations the terms coming from the force
such that in the convolution r is in N°(m) and ' in  \ N°(m). That is possible
because the potential is of finite range.

3. BUILDING EXPANSION TERMS

We start examining the bulk equations order by order.
Outer expansion
The Eq. (2.10) reads forn = 0 as

TR (R + 17) =0

which implies!?) that f;(o) are Maxwellians, with the same temperature and mean
velocity, as far as the dependence on v is concerned. We choose ;350), 7© and
4© to be constant in QF \ N°(m), equal to 5=, T and 0 so to match the initial
datum. Therefore, we put fi(o)(r, v, t) = /SI(O)M (see (2.1). We denote by p;(7, t)
the functions

P )= pTxs(r)+ o x=(r);  Pa(r 1) =p x4 (r) + P x-(r)

where x. () are the (smoothed) characteristic functions of QF \ A%(m) and p* =

,oli. We observe that the total density at order zero p(r, t) = pi(r, t) + pa(r, t) =

pT + p~ has the same value in Q* \ N°(m) and @~ \ N'°(m) while the concen-

tration ¢(r, t) = py(r, t) — po(r, t) changes sign. Moreover, the pressure at order

zero, PO(r, 1) = pOTO has a constant value since depends on the total density.
For n = 1 we have in (2.10)

20 (0 20 A1) A0 0 20) A0 1
v_vrf[()_vrgl()_vvfi()zj(fi() ()+f())+J(f,~() ()+f())
which implies

J( (0)+f(0)’ (1)+f(1))
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In terms of the sum and the difference defined as
A (k k k
)/( ) 1( ) + f( )

the previous conditions reads as
~(1 ~(1 ~(1
V=0, 29O =—J(@M, ") 3.1

where we have used that 7® is Maxwellian in velocity and constant in space.
Moreover

Lh = J(pM, h)+ J(h, pM), Zh = J(h, pM) 3.2)

are the standard linearized Boltzmann operator and the linear Boltzmann operator
respectively.
The first of conditions (3.1) implies

E + f’(l)v 3T
T 272

O v.1)= pM(v)( W14 ) —pMZXe(v)a (x. ).

(3.3)
and the second one implies

z [)?9’ iﬁf)} =2 =0
b

Here, xo = 1, xi = vi, x4 = %|v|2. Since the null space of Z is given by multiples
of M, )?il) — %)Z(rl) has to be equal to M times a function of (r, t). We introduce
the functions ¢ and ¢V as

(1 ¢ 1 (1 .

PO - L0 =gt 0= [ =650 G

We have
1
(1) . _
(E xeer, B +(—1)]“§pw(”>

PO /dvf;“) — g0 (=1 W(l) i :=/dvvf;(1): .

. —37
7= /deTf“) 5 T (3.5)

Equation (2.10) for n = 2 gives
; A(1 20 22 ; 1 1 1
U'Vrf;'(l)_vrg,()'vvfi( ) =£f;()+c](f;(l),]/4(r)) (VJ(r)vf;( )) (36)
Summing oni = 1, 2 we get

1 ~(1 ~(0 A(1 ~ (0 2 1 1
0 VD =V VO 19,80 950 = £ a0 ) G



458 Bastea, Esposito, Lebowitz and Marra

where g< U/dv A(l).
In order that Eq. (3.7) be solvable, the compatibility condition
Plo- v, = v,¢0 - vp¥ +v,80 . v, 59 =0

has to be fulfilled, where P is the projector on the null space of £. We have that

y an
Plv-V,p m]:M,oli(l%-u)V i+

VAT D + TO) |
2T2 ( P + ):|

’ﬂ|| e

while
A A A A _v A I A
P[Vrg(l) Vyy (0) Vl‘g(j) : VUVSO)] = _M:O? ' Vrgitl) + M¢ Vrg(j)

The compatibility condition implies the condition on the divergence of the velocity
field

diva =0 (3.8)
and the Boussinesq condition
V. (Tpp" + 57" + 58} — ¢8V) =0 (3.9)

We notice that the last condition can be rewritten in terms of the chemical potentials
(1) . The chemical potentials are defined as

SF .,
Wi = e T(I+logp)+Usxpj, 1#]
We have also u! = u:(p;)=>_,¢€" pL(”) so that the Boussinesq condition
becomes

2 2
Zléz r/'Lfl) Vrf(l)Zﬁi logﬁi
i=1

i=1
We have not yet determined the first order corrections to the hydrodynamic
fields. To this end, we consider (2.10) forn = 3

A(1 22 ~(2 ~(0 ~(0 22 ~ (1
0 f " +v-V [P =8P v, jO =9, v, P = v,8V . v, {1

=GO I L o

Since f:.(o) is independent of » the term involving the potential is indeed a

gradient term and will contribute to the pressure. We replace fi(z) as given by
(3.6) in (3.10) and integrate over velocity after multiplying by v. The result is
Eq. (1.11).®
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To identify the pressure we write explicitly the expression of yf) = Zle fi(z)
2
2 ) A( A(1 2
v =L (=278 90 + P v + D8 (3.11)

with égz) in the invariant space and P~ the projector on the space orthogonal to
the invariant space. The gradient of p is given by

Z £(2)(r v, 1) — Z [ ré,() /dvvkvvfi(o)

i=1,2 i=1,2

-v,g". /dvukvuf,-(z)— v,e". /dvvkvufi(l)} (3.12)

V™ ~2 1 A0 A2 A2 A0 0 1
Z [<—€( )> Elulz} +Z[p,( Vg + 509" + S () ]

i=1 1

2
hp = 31{% +8k/

The last term in square brackets is equal to V,. (U 0i P (2) %](,ol.( 1))2). This identifies
the pressure up to a constant as

U
p= |:/dv — 9, v, t)+—|u| +Upip? + = > (p")? } (3.13)
i=1,2

By integrating (3.10) over velocity we get the following equations for 7M and
¢(1)

5T + U(p* — ¢ 1
D¢ = P & — ?) A+ D¢_—_AAVT(1) (3.14)
pA(T + pU) pT+pU
1 .
o (1 + —) DTV = kA, TV 4+ ¢UD, ¢V (3.15)
T+ pU

where D is the diffusion coefficient.””) We have used the Boussinesq condition and

29,V + pdiva® =0 (3.16)

where 47 := [ dvv /> = pi®. These equations are similar to the ones in the

phase field models,” but for the facts that in the (3.14) the non linear term in the
concentration is missing and the term proportional to the temperature is replaced
by the Laplacian of the temperature times a possibly negative coefficient.

Inner expansion

We now examine the equations in A/°(m), which will provide the bound-
ary layer corrections fi(n) and the boundary conditions on the interface for the
equations in the bulk as well.
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We start from (2.11) forn =0
_ O ~(0) - (0
vp. ¥ —0.8"5.v,70 =0 (3.17)
where D =v®. The matching conditions impose lim,_ 4o fl.(o)(z, rt)=
(SO (r, 1). We know that £7(r, v, 1) = p\” M, with limgo. o= ) = pit.

Hence, we look for a solution to the Eq. (3.17) on R x R? (r, ¢ are seen as
parameters) with the conditions at infinity

. Q) _
Jim 7P =5,
We first show that there is a unique solution among the class of functions
{S ‘R xR - R?, /de,»(z, v) = p,-(z)}
for a given p;. Let g; = U * pj, j # i.If we consider such two solutions S;, S} in
such class and write the equation for the difference g; = S; — S;
v v3.q; — 9:giv - Vg =0,
we obtain for the moments (v ¢;) of any order n > 1
(v i) = d.gin(viqi).

Since (g;) = 0 we have that 9.(v2g;) = 0 and the constant is fixed by the
conditions at infinity which are lim,_, 1o, ¢; = 0. By iteration, this implies ¢; = 0
and hence the uniqueness.

Then, we observe that the equation with fixed potential g; has an explicit
solution given by Me~¢/T | which satisfies the matching conditions and hence is
the unique solution (by the previous argument) with density

oi = [dee’g"/T.

By recalling that g; = U * pj, we realize that p; has to be indeed the front
w; solution of

1 .
8zw,-+?w,~U*8zwj =0 (3.18)
with conditions at infinity ﬁii. This equation written in the form
1~
0, (log w; + ?U * w_,-) =0

is exactly Eq. (1.6) in dimension 1. In the following we will often use the notation
d;w; = w}. In conclusion, we have shown that Eq. (3.17) for the first order cor-

rection fi(o) in the inner expansion with the prescribed boundary condition has the
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unique solution
f:(o) =M wi.
Next, we study (2.11) forn = 1:

I;'a f(o) L1099 f~(1) ~(0)— f(l) ~(1) = vf(o) =0 (319)
1. ., . 70) (0) 0y + 70) 1
The terminvolving v'V: vV - (v f, g, 'V, f; ")iszerobecause f; ~ satisfies
(3.17). Integrating over v and using the explicit form of fl.(o) we get
. (v-a") + Vo.w; =0
with u(l) fdvvf() Summingoni = 1,2
9. (v (@ +a)) + Pa(w +wy) =0
Integrating over z € R:
[_ ( i)+ ~(21))]_00 = —V[wi +w]*Z.
By matching conditions, u — (1p;)* and w; + wy — p, hence we have

1T =00 = —V[w + w]tX =0, (3.20)

plv-u
Then we have
plv-alt =0 reT,
The symbol [h_]ir stands for the jump of a function 4 across T',. Hence, 7 is
continuous on I';. Moreover, it is also true that
[5-ap]" = —Vwil*y
which implies due to the continuity of v - @
b-a(rty= -V, t), rerl; (3.21)
We remark that fl:f dsV = 0 because # is divergence free. This implies that the
area enclosed by I'; is conserved by the limiting dynamics.

We look for a solution to (3.19) matching f:m and hence we try with a
combination of collision invariants, namely a solution of the form

o =
7O = <~(1)Jr L/ |v|2j3Tf<1>)

T 272 !

Plugging in (3.19) the previous expression we get an expansion of the Lh.s. of
(3.19) with respect the basis (€ # z)

2 2
M, Mv,, Mv,v,, Mv:, Mv;|v|
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in the form
[ 0.5 — 1( D) 3,07 % 5O
1

N 1 oy, - 1
+v. (a Di+ =D;9.0 % 5 — _—2Ti(l)BZU* P+ ,0(0)8 U % N“’)

T
P () + 00 )
T 4
1 N 1oy ~
+v,|v)? Y (a 7! +?7;(1)82U*,5§0)>:| (3.22)

3 . . . .
where D; := /5,“) 77 i —T, .(1). Equating to zero the coefficients gives a set of equa-

tions for p(l), i) T.(l) the inner counterpart of the quantities defined in (3.5). We

have two cond1t10ns involving ¥ - u(l)

PR e
wiV — 7_1U>l<w4|)ouv =0 (3.23)
3. ~(”+ =U s wii ) =0 (3.24)
to be solved under the matching conditions llmznio<3 = (#)*p;. The second

Eq. (3.24) can be rewritten using the equation for the front (3. 18) as

~(1)
wj 82’— =0
i
For any vector T tangent to I'; we have

= (D)
T -1,

= const

w:
By matching conditions, hm T- u = (7 - 1p;)* and, by the asymptotic be-
havior of w; we get that “the constant has to coincide with (7 - #)* and, as a
consequence, (7 - #1)" = (T - #)~. Hence, also the tangential components of & are
continuous across the interface I'; and

Tea Nz, t) = (T 0)|z wi.

)

The normal projection of the second Eq. (3.24) gives that is a constant

Wi
w.r.t. z and the first equation fixes the value of the constant. In fact, by using (3.18)

we write (3.23) as
(1)
(V o ) —0
w;
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5.l

showing that the constant is = — V. Then, the matching condition forces

w;
—V =79-4,r € I'; which is Eq. (3.21). In conclusion,

D N(l)—v u|rw,, r € NO(m).

Now we examine the condition for 7}(1):
- 1 . -
9.7 + ?Tf”azu x5 =0

that we can write again as

70
wj 821— =0
i

70
so that —/— has to be constant and the constant is determined as before through

w;
the matching conditions 7" — (5;7")*. In conclusion, 7 is continuous on
I, and

I =70 w r e NOm).

The condition for ,5; Vs

1 ~ 3 3 . ~ 1 - o
N(l) /~(1) 1 (1) 7 (1)
3 + U*w _821 —_U*le —_—U*U)T;
T 2T 272 J T2 J

-
+ =0 8.5 w; =0 (3.25)

The previous equation can be written as

pll Wl_ 3 50 _ 3 zop
0| B U p .1, —TVTxw, =0
WO S T T T aF a2 Y

or, by using the equation for T[m,

wid A" + 0.7V =0 (3.26)

~(1)
where h(l) o p,- + U % ,5(1) Since T; 7V is known the previous relation allows

to find h( ) . Then, p N(l) will be obtained by solving
(26"), = h; (3.27)
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where the matrix valued operator Q is defined on the couples of functions ¢ =
(1. 92) as

(Qq): = Tqi(w)™' + U xq;.

The operator Q is symmetric with respect to the component-wise inner prod-
uct in L,(R) and has a zero mode since w’ = (w/, wj) is such that Qu’ = 0.
Therefore the equation Q5" = ¢ has a solution only if the compatibility condition

> /dzh“’w (z) = (3.28)

i=1,2

is satisfied. Summing on i = 1, 2, integrating over z in R (3.26) and using (3.28),

we obtain
> [wd)'E == Y [I0T S =0 (3.29)
i=1,2 i=1,2

50
We now introduce hl(.l) =Th +Up A(l) . By matching conditions
Pi

A(1) +
lim A", r 0= H")* = ( A U*”) (3.30)

z—*+o00 pl
The quantity

2 A" o1 =T 4 5 - 50+ T

is exactly the first correction to the effective pressure 5! appearing in the Boussi-
nesq condition (3.9). The condition (3.30) and the continuity of 7o imply the
continuity of 5’ on I, and together with (3.9) say that 5" has a constant value
in Q.

We compute now the value of the difference fz(ll) - 122” on I',. We
start from the compatibility condition (3.28) and add and subtract the term
S [ dowp; f(l)|ﬁ, log w;

2

2
Zfdzw;(12§‘) + 5T O] logw) = > Hi T /dzw; logw; =0 (3.31)
i=1

By using the explicit form of TN}(]) = w; f’(l)|ﬁ the Eq. (3.26) for hNEI), divided by
w;, becomes

- | A ~ A
azhl(l) n _wl{T(l)h: _ az(hfl) + T(l)‘ﬁ log wi) =0 (3.32)
wi ! !
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Since 125” + f(l)‘f’ log w; is a constant, that we call ;, we can write (3.31) as
2 2
0="> aw]*Z =D TV (wilogwil*% — [wil*)
i=1 i=1

2
=Y awl'% = (@ —a)(pf —py),
i=1

because ,01i = py . This implies ; = o, and
~ ~ ~ wr
Y =2 = TO|. log —.
1 2 |r, LY
By matching conditions

=\t
- ~ w
lmw@mh@Wihmi:@L
z—=+o00 z—>+00 W) (p1)

Since ¢ = 2! — A" we have that
21+ (1 02 -
[D]F = 1 >|ﬁ |:10g E} #0

on I', which means that ¢V jumps from a value |¢V| to —|¢"|. On the other

hand pya + proy = [3(1)|f*r and this fixes the value of o1 + «, and hence of «; as
1 _

— p|= . We observe that 5! is continuous on I7,.

2p !

This analysis provides the boundary conditions for the set of coupled
Egs. (3.9), (3.14) and (3.15). Once solved, we will have through the matching
conditions the conditions at infinity to find the solution of (3.26). We see from
(3.32) that le(.l) is a function decaying exponentially to its limit value.

We need now to show how to solve the Eq. (3.27). Let us denote
7 (1), 00 : 7(1) ~(1),400 : (1)
= i e 0 = im0

Clearly, by passing to the limit in (3.27) and using [ dzU(z) = 1, we see that

~(1),£00
i

p satisfy:

sk | s(hE00 _ p(1) %00
. = h, .

Tp 5 + 7

We introduce the discontinuous functions Rf])(z) and Hi(l)(z) as follows:

~(1),+00 .
| p: ifz > 0, I
R'@ =1 ..+ H'@=
o ifz <0

ADF* itz > 0,

551)’700 ifz<0
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and
(1) ~(l) (1) (1) 7 (1) (1)
0, - R A =h —HL
The functions 91.(1) have to solve
00 = 2 L gD,

with (UR); = —U R; + R,v(,éi_] - w[_]). Since 4 satisfies the compatibility
condition (3.28), by the Fredholm alternative 8" can be found uniquely in L,(R)
up to a term in the null space of Q. Let us denote by Q!4 the so found solution
to (3.27) orthogonal to w’. Then :51-(1) are given in terms of ftl(.l) as

AV = Q7" + yu

with y independent of z to be determined. It can be fixed by imposing in z = 0

,551) - ,5;1)) = 0. We are allowed to do that because we choose pj = p5. Finally,
since AV and w’ decay exponentially and 2/ R is the sum of the compactly supported
U R and an exponentially decaying term, one can show that 6() also decays
exponentially and hence ﬁi(l) decays exponentially to its limiting value.

The first order in the inner expansion is not yet completely determined because
to find ﬁﬁl) we need to know the value of the velocity field # on T',. This will be
provided by the solution of (1.11), once we will have all the boundary conditions
we need. We still miss the ones for the pressure p. For that, we consider the next
order equation in the inner expansion, namely Eq. (2.11) forn =2

7o. [ +vWa. 70 + 500, 1P — 0.8"5 - v, P — 0.875 - v, 7
_ Zgl(l)— \V/ f(l) OB [va f(l)+V f(l)az~(0)_,’_v f(0)32~(1)]

=7/ 7))+ (. 7Y (3.33)

Again, the terms involving v® disappear. From (3.33) multiplying by v - § and
integrating over v we have, because of the orthogonality of V,.d(® and V,d" and
the particular form of fi(l) ,

Vo (o) + 0 /dv(‘) w2 [P+ 508" + 5 0.87 + pf 0. =0.

(3.34)

i® andina part on

We decompose fi(z) in a part orthogonal to the invariant space f;
the invariant space, write the latter as

Loy v —3T
Mo+ = + T(Z)—)
W) 4; 772
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and introduce the function

h(2) lot

~(2)
)
e

+ g

We recall the matching condition for fl.(z)
f(2) N (ﬁ(2))i +5- (V,f-(l))id(l).

Since the same relation holds for 1352) and Ti(z) we have that

Zw SN Z 5i h() T 5 T<2) Zd(l)v v, (i h(” + pi T(D)
i=1

We recognize in the second term on the r.h.s. the derivative of p() which is
zero by (3.9) while the expression in the parenthesis in the first term is exactly the
contribution to p of the invariant part of fl.(z).

Equation (3.34) can be written in terms of Zgz) as
vo.(v- i) + wa.h® + 0.7 + pVa.8" + . / dv(w- 9P =0 (3.35)
The integral over z gives

+
— o (1)1+ 1 ~(1 ~(2 F(2)7+
Plo- a7 = [zl + [wd + 10T
—00

+o00 +
- f dzw/h® + [ / dv(v - a)zﬁz)]
. B

After summing on i we have that the first term vanishes because of the match-
ing condition and the continuity of #p. The second term can be written by the
properties of the convolution as

| (1) ~(1) 1 & (1) ~(1)
-3 dzd.[p{"U * p Y (8T
- i=1

[ee]

[\)

and is equal by matching conditions to
2 ~ l ~ l

We have used that ,6%1),6;]) (pp)? — (43(1))2 is continuous. We are left with

Z[p,h()—i—p 7o 4 /dv(v v)Z():| Z/ dzwh'® =0 (3.36)
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.~ is the projection of fi(z) on the orthogonal to the invariant space. To deal
with the last term we start from the relation

where 7?

)P =h? -k /R dZ'(z — 2)0(|2' — z)w;(z)

where we used the definition of izl(.z) and the form of gfz) given in Appendix A.
Since Qw’ = 0 we have the compatibility condition

2 2
Z / dzfzgz)w; =K Z / dzdz'w)(2)(z — 2)U(|z — z)w;(z)
i=1 i=1
The last term is equal to Ko (see Appendix B). Replacing in (3.36) we have that

2 +

> [f’fhf-” + 5T+ / dv (v v)sz”} - ko

i=1 _

It is a matter of a computation based on the expression (3.11) to show that
2

+ +
> [/ dv(v-f))zfi(z)] = BW —nv~Vr(12-1'))] . (3.37)
i=1 - -

The first term on the r.h.s. contributes to the pressure so that (see (3.13))

5 +
A A 1
|: E (ﬁih,(-z) +5,T?) + §|12|2:| =[p]*.
i=1 _

The second term instead is zero, due to the continuity of the derivatives of
11, which follows from the continuity of # and the condition div &z = 0. Putting all
the terms together we get the Laplace’s law (1.13).

At this point, we have obtained the last equation of the free boundary value
problem (1.11), (1.12) and (1.13) and also determined completely the first order
terms of the expansion fi(l) and f:.m .

4. HIGHER ORDER TERMS

Following an analogous procedure we can construct the higher order terms.
Let us discuss briefly the second order term. We start by examining the equations
in the bulk at second order. The equations for 1@, 7@, ,6;2) will be linearized
equations with boundary conditions on I',. Their derivation is standard® and to
lighten the formulas we will discuss explicitly only the simpler case in which we
choose at initial time 5V = 0 and 7(") = 0, so that they will stay zero at any time

because Egs. (3.14), (3.15) and (3.9) admit the identically zero solution. To get
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the equation for the velocity field 2#) we multiply (2.10), n = 4, by v, sum over
the index i and integrate over velocity

2
3,4 + v, / dvv@ vy =Y FV5 =0. 4.1)

In above equation some of the force terms drop because p}l) =0 and ,oi(o)

constant. The expression of y(3) Z?Zl fia) is found from Eq. (2.10), n = 3,
after summing over i:

2
~(3 — 2) (1 2 73
P =L (0P ) + P VD)) + 8 @)

with O(f,g)=J ( f.2)+ J(g, f), P+ the projector on the orthogonal to the
invariant space, E, belongs to the invariant space and has the form

7 =M®w <p + U; = + 2 —)
! ( ) 272

We separate the tensor [ dvv ® vﬁf) into its traceless and diagonal parts:

/dvv@vy(3)_/dv(v®v— ~wP)p + f ~lPpd).

Weput A(v) =v Q@ v — —|v|2 Since A(v) is orthogonal to the invariant space,
we have

/ dvA)p? = f dvA)L' o7, 7) + f dvAW)L™ P (v V,7P)
4.3)
By replacing (4.2) in (4.4) we get, after some computation,

30 +u - V,a® + V, PO = yA, 4@ + N (4.4)

The first term in (4.3) gives the transport term, a contribution to the pressure, that
we denote by w, and a source term N depending only on quantities at lower orders.
The second term is responsible for the dissipative term in (4.4). The diagonal part
of the tensor [ dvv @ vy glves another contribution to the pressure. Therefore,
the expression of the pressure pPis

PP =w+ Z Upipy) f dv Y (4.5)

i=1,2
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~(3)
O = TP 4 50 g

We can write the pressure in terms of 4; +g
Pi
2
=Y (5:hY + 5T7) + 0 (4.6)
i=1

The condition (3.16) gives in this special case div #® = 0. Therefore, p has
again the role of a Lagrangian multiplier, so it is one of the unknown to be found
after prescribing the appropriate boundary conditions. They will be provided by
Eq. (3.33) in the inner expansion.

By integrating (3.33) over v and remembering that in this section

~ M
fl.(l) =Fv ", we get

0w, —vV . 84" +a.(v-a?) =0, “.7)

with i'” = [ dvv f*. This equation will fix the correction to the velocity V(.
In fact, by integrating over z and taking the difference in (4.7) we get

2VB + [0 - a®Pg1t —21¢v V-6t +dV[pp - V4]t =0, rel,

Moreover, summing on i/ and using the matching conditions (2.9) gives

2
v T+ dO[e ZV(U g =o0. (4.8)

i=1

This relation gives the continuity of ¥ - ) because the second term is zero. By
using the continuity of ¥ - #®, & and ¥ - V,.&i we can write velocity V(1) as

O = —5. 4@ 404 = gV5 v,

Notice that in the previous relation both ¥ -4® and v" have yet to be
determined.

To get the boundary condition for ), we look at Eq. (2.11) for n = 3.
Multiplying by v - ¥ and integrating over v we have

7o.(v- 1)+ v Do, (5-a") +a. / dv(-v)? 7P +520.8% + 500,57 = 0.
4.9)
As before, we decompose ]7[(3) in a part on the invariant space

~(3) 1)2 — 3T)

M(p0 + i L+ 7OV
OIve 72

v
T
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and in a part fi@) orthogonal to the invariant space and introduce the function

70) _ P( ) ©)
pi
h; p(o) +g7.

We write (4.9) in terms of ﬁl@ as

7o.(5-a?) + v Wa.(5-a") + wa.h + 0. T + o, f dv( - vy =0

(4.10)
The integral over z gives
_ +00
Plo-a®]™ + vo[s - a®]re [w PO+ O+ / dv(i-v)zfl.@)}
—00
+00 N
—/ dzw/h? = 0. (4.11)

By matching conditions we have, after summing on i, that the first two terms
vanish because of the continuity of b - & and ¥ - #®).
From the matching condition for fim we deduce

2 2 2
S [wih® + 79 = Y (5 + pTO* + 3 dWs v, (5h? + pTO)*.
i=1

i=1 i=1

(4.12)

2 2 +
> / dv(®-v)’7 - > ( / dv(D - v)zfi@))
i=1

i=1

P +
+dV5 .V, (Z / dv(D - v)zf}2>> (4.13)
i=1

where fi@) is the projection of fim on the orthogonal to the invariant space.

Equation (3.37) shows that the parenthesis in the last term of (4.13) is equal
1 . ~ . 1.,

to §|12|2 —nv - V(& - V). The function p,-hf?) + Ti(z) + 5'”'2 is the pressure p.

Moreover, after a computation based on (4.2) and the explicit expressions of

ﬁf), i = 1,2, using the continuity of v - V,.71®) we get

2 +
[Z ( / dv(D - u)zfi@))} = [o]*.

i=I
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To compute the last term in (4.11) we use the compatibility condition for the
equation

op” =h? — KO / dz'(@ = )U(|' = zhw, ()
R

where we used the definition of lNzl@ and the form of gNi(B) given in Appendix A. We
recall that K is A,d" and hence is not known at this stage. We have

2 2
Z / dZ/Z,@wl{ =KW Z / dzdz' w)(z)(z' — 2)U(|Z - z)w;(z) = KWVo.
i=I i=1

Putting everything together and replacing in (4.11) we have that

2 +
[Z (5:hY + 5T + a):| = KVs —dV[5 -V, pI*
i=1 _

+0dV v -V.(v-V.(v-a)]T.

Since by (4.6) the quantity 37| (,5Jz§3) + pT®) + w is the third correction
to the pressure, the previous equation gives the wanted jump boundary condition
for the pressure.

In summary, we got the following set of coupled equations for #®, P®), 4V

34? +u-v,a® + v, PO =na,a® + N
diva® = 0,
O = 5.4 4.5 —adV5 . v,4q, (4.14)
[pO] = kWo — a5V, pl* + 5dV [v - Vo (v Vo (v - )]
v,d? . v,.dV =0,

with 7®) continuous and initial datum #®(r, 0) and dV(r, 0) = 0,7 € Ty.

These are linearized equations in two different ways: the transport term
is linear and the boundary T, is given. In the last respect, they are similar to
the linearized Hele-Shaw problem in.(!) The strategy to prove the existence of a
solution is then analogous to the one in"): find the value of ") on I, by using the
first four equations and then use the last one to find d'" in A°(m).

We conclude this section by remarking that one can go on constructing the
terms of any order in the expansion along the same lines and these terms will solve
linearized initial boundary problems on a given surface. Only the first order term
is solution of an initial free boundary problem. This is characteristic of the Hilbert
expansion. One can also give different procedures such as Chapmann-Enskog
expansion so that the terms at any order solve non linear problems. An algorithm
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to construct approximate solutions to Cahn-Hilliard equation which gives free
boundary problems at any order has been given recently in Ref. (10).

5. VLASOV-NAVIER-STOKES EQUATIONS

In this section we consider the Vlasov-Navier-Stokes equations (VNS) de-
rived in Ref. (2) from the VB Eq. (1.6). We show that in the sharp interface limit
these equations reduce to the same free boundary problem (1.11)—(1.13) we found
in the previous section.

We start by rewriting the equations in term of dimensionless quantities. We
introduce the typical velocity i , the length of the box L, the range of the Vlasov
potential £, the time scale 7, the sound speed ¢, T = c? the typical temperature,
¥ the intensity of the potential. In terms of this scales we can define the numbers
‘R (Reynolds number), M (Mach number), P (Prandlt number), A and P’

R="E = M= N A
n 7] c L
where 7, D and i are the characteristic strength of the viscosity, the diffusion
coefficients and the heat conductivity. Then the VNS equations can be put in
dimensionless form as

0p+V-(pu)=0,
Pl
0+ V- (pu) = EV -(DQ),

1 A
D+ —VP— ——pGxp+ G*
PEMT 0 M2l xP Mz‘pz

3 1 M P’
5pD,T+PV~u = R—PV(KVT)— =4 Vu — ﬁG‘S x¢-DO. (5.1)

. P= P =

o |
P?‘llsl

1
k@ = —§Vq,

The notation is:

Dt Z=3,+u-v,

q = —n(Vu + (Vu)t — %]IV “u),

Q= —+ (0 = (#))G’ * .

(o )2T

(Vu)' is the adjoint of the matrix Vu, g : Vi = Tr (¢ Vu), L is the unit matrix,
p = p1 + p is the total density, ¢ = p; — p; is the concentration, P = pT is the
pressure, G° = VU?, U = §~4U'r).

It is well known that the compressible Navier-Stokes equations reduce in
the limit M — 0, taking fixed all the other dimensionless parameters, to the
incompressible Navier-Stokes equations. We want to consider this limit here and
at the same time the limit of sharp interface, that means § — 0. We call M = ¢
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and choose § = M?, keeping fixed all the other parameters (will be put equal
to 1). The result is

%p" + V- [pu]=0,

d¢* + V- (p°u’) =V - (DO,

pDuf + ;—ZVP’“‘" — 81—2ng8 x p° + 81—2905(}3 *@° = —Vg°,

%pSD,TS + PV -uf = V(«VT®) —&2q° : Vu® —G* x¢°-DQ°. (5.2)

where S¢(x, t) = S°(e"'x, e72¢), with S(x, t) = {p, ¢, u, T}(x, t).

We want to study the solutions of these equations in the limit ¢ — 0. The
front solutions (2.3), after the appropriate scaling, are stationary solution of the
VNS equations. We consider as before an initial situation in which an interface I'’
is present and choose as initial datum for our system (2.2). Moreover, for sake of
simplicity, we assume that at time zero 7" and p'" in the bulk are zero.

We are keeping all the notations of Section 2.

We look for a solutions in terms of an expansion in the parameter &

pf =Y [PV )+ VG 0] ¢ =) e [6V0 ) + ¢V r )]

s=0 s=0

T¢ =

M2

[T )+ T )], uf =

M2

e [aVr, 1)+ a(z, r, 1))

Il
<)
“
Il
<)

N

where the functions with tilde are fast functions depending on e ~2d(r, t) defined
only near the interface at time t, I';, while the other functions are defined in the
complement.

We match the expansion in the bulk and near the interface of S° =
(0%, °, u®, T?) by requiring that

. ~ S + . ~ S +
im 39, r0= (8900, lim 8 r0= 800 (53)

(@) 45 (V50) 54" 4 25 V.(39)%) 1)

— §(2)(27 r,t)+o(l) as z—> xoo, (5.4)

Outer expansion
We will be very sketchy here since the incompressible limit for the Navier-
Stokes equations is a well established topic.'”) From the equation for the velocity
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field we see that necessarily
V}Ss _ ﬁséa *,68 +¢)sée *(/38 — 0(82)

To compute the expansion of the force terms we use a simple argument based
on Taylor expansion (see Appendix A) for the functions appearing in the outer
expansion

U® % h(r, 1) = h(r, )U + e* A h(r, 1)U + O(e%)
with U = [ U(r)dr, U= i r2U(r)dr . Hence, the previous condition gives
VPO — 500v50 4 600ve® = o
v PO _ ﬁ(O)le[)(l) + @(O)f]v@(l) _ ﬁ(l)UVﬁ(O) + @(l)fjv@(o) -0

By choosing at initial time 5© and ¢®’ independent of x (and remembering the
choice p = T = () we see that the previous conditions can be satisfied at any
time by choosing 4, ¢ equal to these constant values and gV = 7™ = 0 at
any time. With this choice, the continuity equation at zero order gives div it = 0
and by the equation for the concentration ¢(*’ we also obtain that Q(O) is constant.
Finally, the equation for the temperature becomes

P06, T +a® . vTO) = V(kvT®)

which has as unique solution 7® equal to its constant value at time zero. The
momentum equation at order zero is

A0, +u® . Vi) + vp = nai®
with
Vp = VPD — OV + OV, (5.5)

Inner expansion
By using (2.6) we have that at the lowest order ¢~ the conditions are

3.(D2.0") =0 (5.6)
- ~ ~ 1
1_)321)(0) _ ,5(0)G0 % /5(0) + ¢(0)G0 * @(0) =7 |:322ﬁ(0) + 51-)322(1;(0) . g)] (5.7)

9 (k0.7 = GV % ¢ . DOV =0 (5.8)
where

GO xh=—v [dz3,U(z — 2'|)h(z')

¢(0) 1

A0) _ 4 ¢ 5002 _ (5(00)2) 30 . ~(0)
0 _8215(0) + ('5(0))27~,(0)(('0 ) = (¢7)) G % .
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We are using the notation: 0° = 3" 57200, G* = 32 &572GY.

The conditions at infinity for the densities imply the vanishing of O and
3.0 at infinity. Hence, from the first equation we obtain Q) = 0 identically.
Then the third equation together with the matching conditions implies that 7 is
constant. From the second equation, since b - T = 0, for any 7 in the tangent plane
to I, we have that # - T satisfies

a(T-a®) =0,

with the boundary condition 7 - #”(£o0) = 7 - (4'?)*. This implies also 9.( -
#©) = 0 at 00 and since the derivative has to be constant we have also 3.(T -
#©) = 0 which in turn implies that 7#?) - 7 is a constant.

We assume that the first term of the expansion for the density is the front.
The equations for the front are Q¥ = 0 and

5. PO _ FOG0 4 5O 4 GOG0 4 5O
since 7 is a constant. As a consequence, we have that
aZ(v-a?) =o. (5.9)

This equation together with the matching conditions give that #() - § is indepen-
dent of z.
At the order £ 3 we have similar conditions:

3.(Da.0M) =0 (5.10)

59, PV — pOGO 5 1 4 OGO % 5O + DGO % Gy + GG % gV

1
=7 [aja(” + gaaj(zz“) : r))} (5.11)
9k TM) = GV % ¢V .DOW — GV % gV . DOy =0. (5.12)

We notice that 7" = ¢() = 5 = 0 satisfy Eqs. (5.10) and (5.12) and also the
matching conditions. This choice implies 324" = 0.
At the order &2

Va.p? +9.(p % - a®) =0 (5.13)
V9.0 +0.[¢"% - a] = KDd.0 + D32 02, (5.14)
0= g(az(ﬁ<°> )’ + (0.2 - 7))’ + 0. (k3. T?) — G(0) ¢ - DO?

) (5.15)
where K is the curvature of T, (see (2.6)).
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Equation (5.13) implies, since v - i#?) is independent of z, that

V=—p-q9. (5.16)

Replacing in (5.14) we get 20? = 0.
Moreover,

Vo.a® + (@ - 9)o.u® + v, P® — F@ — 5O

[ @z =200 2050
YK 1
+¢<°>Eaaz / dZ'(z — 2)U(Z - z|)¢g V() = ¢ [a}a@) + 51')822 (@ - r))}
R
(5.17)
where
FO = _5O0G0 4 5@ _ 5OGO 4 5O 4 OG0 5 3O 4 GOGO 4 g

We have used

Cxh=Uxh+ 825 f dz'(z — 2)U(Z' — z))h(z) + O(eY). (5.18)
2 Jr

The first consequence of this equation is
#(@?-1)=0. (5.19)

Taking into account this relation and (5.16) we write (5.17) as
59, PP — FO 550 — /dz @ —2)U0(2' - z)3.p ()

+vfﬂ(0)_ f dz'(z' — 20(12 —z|)az¢<°>(z>—nv 92@? - ). (5.20)

Since / dzF® =7 / dzo.[pOU * 5P — §PU * 3] by integrating over z we
get

[P]7% =] / dz'U(|z' — zD)[ = 5O5P + Gog®] % + [0.@® - 9)] 7

+ = / dzdz'(z — 2)U(1z' = zD[F V@)Y () — $ V()¢ ().
2 RZ

(5.21)
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The last term is equal to K o (see Appendix B). Using the matching conditions
we have

[POT° = [PO), [0.G? D) =[p-va® )]
U d='0(2 — N[0 — @“’)@‘”]TOO = U[p"5% — O]
R —0o0

The continuity of 4*) gives obviously that [7 - V(@ - )] = 0. This and
diva® = 0 give also

[7-v@®- 9] =o.
Therefore,
[p(z)]f _U [6©p® — A(O)(ﬁ(z)]f - Ko,
The pressure p in the incompressible Navier-Stokes equation is given by (5.5) as
p= p _ U(ﬁ(O)ﬁQ) _ @(O)¢(2)).
Hence,
[p]F =Ko

In conclusion, the inner expansion provide the boundary conditions on T'; to
be added to the hydrodynamical equations obtained from the outer expansion.
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A.1. FORCE TERMS

For a slowly varying function /4(r, t) we have that

U s h(r,t) = / e SUEr — DG, t)dr’
]R3

- / U(lq—¢' DI 1) — h(e>q. )ldq + h(r. 1 / Ullg—q'Ddq’
R3 R3
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2 2
— [ va-gD[a - ) Vohea. 0

4
+ 5 Y@~ 4)ila — @ )ididih(eq. 1) + O |dg’ + i )0

ij
= h(r, HU + *Ah(r, )T + O(e%) (A.1)

where U = [U(r)dr, U= [r?U(r)dr.

To compute the expansion of U® * & for a fast varying function A(z, r, t) it is
more convenient to use a local system of coordinates. Fix d = 3. For a given curve
I' and for any point s € I' we choose a reference frame centered in s with the
axes 1, 2 along the directions of principal curvatures k; and 3 in the direction of
the normal. Consider two points » and " and choose the reference frame centered
ins(r):r = s(r) + e*zv(r). We denote by y; and y/ the coordinates of ¢ = =%
and ¢’ = e~2r/ in this new frame. Then y; = y, = 0, y3 = zand g/ = 4;,y,, with
A.; the component j of the normal and the tangents to the surface in 7. We will
use the notation 7'({y}) = &?4;,y, and z'({y/}) which is given by (")

2=+ Y, sy = 2642y 4] + O(), (A.2)

where z is defined by ' =s(')+e2v()z and h(Z,r,t) =
h(Z'({yiD), ¥ ({¥;}), t). We have by Taylor expansion

U e = [ dy Uy =y DED, e (B

= [ Uty = YDAE0.0.59). £20(0.0,59).1

3%h 1 . a*h
+ = Z (Ulz 3 /2> 4 Z (UZ,i * m) (A3)

i=1,2

1 o 04
+ Z Z UZZ] * 8_/2 /2. + Na
P j=12.i%) Yiy

where

(v 25, 5, 1) = A (2 (191), €% (). 0)

Osillgs — 43 = / dq'U (/ s — ¥+ Iyi12 + |y§|2> Iy
R
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We have

oh 9z’
2
2= VihAj;
oy, 82 ey

a2h 0z’ _oh 97 3%h oh 92z
——8 ZAJkAZij£h+ y [SZAjkV, i| .

ay’? m 9z dy 9z2 9z 9y’?

(A.4)

We replace this expression in (A.3). The contribution of order £? comes only from
the last term in (A.4) because the contribution of the third term of this order is
zero for k # 3. By using the relation between z’ and y; (A.2) we see that the last

term equals to
oh ,
5(0, 0, ¥4, )(e%ki — e*2k25%).

Therefore, the second term in (A.3) gives at order &2

d—1

[ aruay-yn3i.o PRk 5 [[42E =500 - zh'n
LUy =y y3,=12 2 J,97¢ 2)U(lz° — zDh(', 7).

(A.5)
The equality is proven in Ref. (5).

To compute the contributions at different order in & we go back to the specific
curve I'¢ and use the expansion d*(r, ) = Y., &"d"(r, t) which implies kf =
Y k™ and 45, =%, S”Agj).

In conclusion,

K (€8}
(U® s h)(z,r) = (U * h)(z,r)+ 82§C(h) + 83%C(h)

+ Z e* | Ui % Dy i(h) + Usi 5 Dyi(h) + Z 02,1‘1‘ % D31 (h)

i=1,2 J#i
K . 2
+TC(h)> +0@) | = (Uxh)z.r)+ Y &"Bu(h)+ O(). (A6)
n=1

where K := K© and
2 0%

1 0 402 h, (0 3-6y5 0
Dl,i(h)ZEZAj[ Ay Vjeh a9 (k ) J’3: DZz(h)— (k: ) 922

Jjt 4
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J 8%h
Cty = [ 42 =20 = 2DhEr). Dayy(h) = KK LS.
R

We use the notation:

(U % 55)(r, 1) = Zg" 5" po)r 1) = Zg" 5" (A7)

We have that
g =0v.p". n=0.1; §g?2=0vp?+0A.p" (A.8)
3 =0xv,p" n=01 g”=0xvp>+5B, (A.9)

The previous computations can be generalized to compute the terms g, g at
any order.

B.1. SURFACE TENSION

The computation in this Appendix is taken form.?" The surface tension for a
planar interface can be defined as the difference between the grand canonical free
energy (pressure) of an equilibrium state with the interface and a homogeneous
one.?” We call excess pressure this difference. The pressure for this model is

Plny, na) = / dxp(n1(x), ma(x))

1 1
p(ni,ny)=T(ny logn, +n210gn2)+§n1U*n2 + EnZU*nl — pny — Uy,

Consider the system in a cylinder of base (2L)?~! and height M in presence
of a planar interface dividing the cylinder in the half upper cylinder where the
densities are p,’, p,;” and the half lower cylinder with densities p; , p; , where
,oli, ,02jE are the equilibrium values of the densities in the coexisting phases at
temperature 7. Then the excess pressure is given by®

1 L L M
_ . . + —
o= Jim o dim [y v [ dsilpon = p(or )

where w;(q) are the front solutions, smooth functions satisfying the equations
Tloguitg) + [ dg'O(lg = gDt = G (B.1)
where U(q) = Jpe YU (w/q + y?)and C; = pu; — T are constants determlned by

the conditions at infinity ,ol Notice that f (,01 0y ) = fp;,p ) since ,01 = p5
and that u; = u, = w in the coexisting region.
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We rewrite the surface tension by using integration by part and the condition
at infinity

+00 +oo d
o= / dz[p(wl, wy) — p(nT, nz_)] =— dzzzp(wl(z), w(2)).

oo —0oQ

We have
d / ’ 1 ! 17
d—Zp(wl, wy) = T[(log wi + Dw| + (logw; + l)wz] + E[wlU * Wy

+wyU s wy + w1 U s wh + w0 % wi] — pw(w) + wb).
By using (B.1) and C; = C, = C we get

d 1 - o - N
d—Zp(wl,wz) = E[_ wiU s wy — wyU s wy + wi U wh + wpU * wi

+(C+ D)(w) + wy) — p(w] + wy)

and for the surface tension, by remembering that C = u — T,
1 / / & ’ / & / Iy
=5 [ dzdz'z Z [ - wi(@U(z - 2Yw;@) + w2 U(z — 2 )W)
In conclusion,

o= % /dzdz’(z -7 ; [w;(z)f](z —Zw;(2)].
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