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ABSTRACT. We establish a relative energy framework for the Euler-Korteweg system with
non-convex energy. This allows us to prove weak-strong uniqueness and to show convergence
to a Cahn-Hilliard system in the large friction limit. We also use relative energy to show that
solutions of Euler-Korteweg with convex energy converge to solutions of the Euler system
in the vanishing capillarity limit, as long as the latter admits sufficiently regular strong
solutions.

1. INTRODUCTION

The isothermal Euler-Korteweg (EK) system is a well-known model for the description
of liquid-vapor flows. It contains as a special case the system of quantum hydrodynamics
obtained by applying the Madelung transform to the Schroedinger equation[11]. It consists of
the compressible Euler equations augmented to contain dispersive terms modeling capillarity.
It goes back to the 19th century but was derived using modern thermodynamic methods in
[10]. For a review on its analytical and numerical treatment see [2, 4]. Well-posedness and
stability results for (local in time) smooth solutions can be found in [3], and are valid for a
large class of (capillarity) constitutive functions, and pressure laws. By contrast, the issue of
existence of global weak solutions is widely open at present.

We will consider the model in the form:

pt +dive(pu) =0
(1.1)

(pu)e + diva (pu @ u) = oV (W (o) + LV, pf? — div,(5(0) Vi)

where p > 0 is the density, u € R? the velocity, m = pu the momentum, h = h(p) is the
energy density, and k = k(p) > 0 is the coefficient of capillarity.
Note that (1.1) can also be written in conservative form as

pt +divy(pu) =0

1.2
(pu) + dive(pu @ u) = div, S, (12)
where S is the Korteweg stress tensor,
K (p) + K :
5= [~ () - LG o2 v, (on() o) |1 wlp) Va0 © Vap (13
I denotes the identity matrix in R?*?¢ and the (local) pressure is defined as
plp) = pl'(p) = 1lp),  P'(p) = ph"(p). (1.4)

JG thanks the Baden-Wiirttemberg foundation for support via the project 'Numerical Methods for Multi-
phase Flows with Strongly Varying Mach Numbers’.
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Strong solutions of (1.1) satisfy the balance of total (internal and kinetic) energy,

1|m|? K(p) 2
O <2p + h(p) + ?|pr|

1 2 /
+ div, <m‘mp2| + m(h’(p) + M!Vmpp — divm(m(p)vmp)) + k(p)Vzpdivy m) =0.

2 2
(1.5)

The purpose of this paper is to study some consequences of the relative energy framework
for the Euler-Korteweg system presented in [13] and to develop extensions for fluids with non-
monotone pressures. In [13] a relative energy framework for general fluid dynamics systems
arising from a Hamiltonian structure is developed. The framework is conceptually related to
the relative entropy computations of Dafermos and DiPerna [6, 7, 8] well known in the theory
of hyperbolic conservation laws. However, the former emerges from a variational structure
while the latter emerges from the Clausius-Duhem inequality of thermomechanical systems.

One key goal is to extend the stability implications of relative energy to Euler-Korteweg
systems with non-convex (local) energies. We will achieve that in the case of constant capil-
larity, which is a typical setting when (1.1) is used to model liquid-vapor flows. In the study
of liquid-vapor flows the energy is convex on the majority of the state space and there is only
a small interval, usually called the elliptic region, in which it is concave. Thus, we restrict to
energies obeying the structure:

h(p) = hy(p) + e(p) == cp” + e(p) (1.6)

with ¢ > 0, v > 1 and e(p) € C(0,00) smooth and compactly supported. In (1.6) the
(local) internal energy consists of a y-law part h, and another (localized in state space) part
e containing the non-convexity.

The extension of the relative energy framework to non-convex energies suggest to consider
the issues of weak-strong uniqueness and of large friction limits to systems admiting non-
convex energies. The question of weak-strong uniqueness for the Euler-Korteweg system was
addressed in [9, 13] for fluids with monotone pressure laws. Such results were not known to
apply to weak solutions for systems of liquid-vapor flows. The present note closes this gap,
i.e., we show weak-strong uniqueness for the Euler-Korteweg model with non-convex energy.

This modified relative energy framework for non-convex energies also allows to carry out
the large friction limit from the Euler-Korteweg system to the Cahn-Hilliard equation again
for non-convex local energy. For convex energies, such limits were established in [16] following
a general strategy for convergence from Hamiltonian systems with friction to gradient flows.

Our second objective is to study the vanishing capillarity limit of (1.1) in the smooth
regime, restricting now to convex energy densities. We show that solutions to (1.1) converge
as k(p) — 0 to solutions of the associated compressible Euler system (with x = 0) as long
as the limiting Euler system admits smooth solutions. We are not aware of such a general
convergence result in the smooth regime, and the proof is a remarkably simple consequence
of the relative energy framework.

Beyond the smooth regime the effect of dispersion is known (at the level of integrable
systems) to induce oscillations and the behavior in the small capillarity limit of shocks is
not at all understood. On the other hand, the inclusion of viscosity has a stabilizing effect,
but again the zero viscosity-capillarity limit is a very subtle process. The reader is referred
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to [5, 14] for existence results on the Navier-Stokes Korteweg systems, and to [1] for the
intricacies of its use as a selection criterion to the issue of shock admissibility.

The outline of the rest of the paper is as follows: In section 2 we recall notions of dissi-
pative and conservative weak solutions as well as relative energy computations for the Euler-
Korteweg system. Section 3 deals with removing the terms from the relative energy which are
related to e. This allows us to prove weak-strong uniqueness. This version of relative energy
is used for studying the large friction limit in section 4. Section 5 is devoted to establishing
the vanishing capillarity limit for convex energies.

2. RELATIVE ENERGY

To keep this paper self contained, we recall notions of weak solutions for (1.1) and standard
relative energy arguments in this section following the exposition in [13]. For simplicity, we
focus on periodic solutions, defined in T? the d-dimensional flat torus. Extending our results
to finite domains with Dirichlet or Neumann boundary conditions is not straightforward.
Many of the computations performed here can be carried out for solutions in R¢. However,
to obtain similar results one would be restricted to adiabatic coefficients v > 2, since the
estimates in the range 1 < v < 2 make frequent use of Poincaré’s inequality.

We recall:
Definition 2.1. (i) A function (p,m) with p € C([0,00); L}(T%)), m € C([0, 00); L' (T, R%)),

p >0, is a weak solution of (1.1), if m%’m, SelL. ((0, o0) X Td))dXd, and (p, m) satisfy

—// Py + m - Vathdwdt = /p(o,x)¢(o,x)dx, Vi € CL ([0, oo);C’l(’JI‘d)) :

—/ m-pp+ m(i)m Ve — S Vypdrdt = /m(O,x) (0, z)dx (2.1)
Vel ([o, ); (Cl(’]l‘d))d> .

(ii) If, in addition, %@ + h(p) + @\prﬁ € C([0,00); L'(T%)) and it satisfies

[ G+ 9.2

< / <;|mp‘2 +h(p) + “(QP)NMI?) L:OH(O)dJ:, (2:2)

V6 € WH*[0,00),6 > 0, compactly supported on [0, c0),
then (p,m) is called a dissipative weak solution.

(iii) By contrast, if %@ + h(p) + @]Vmpp € O([0,00); LY(T9)) and it satisfies (2.2) as an

equality, then (p,m) is called a conservative weak solution.

Depending on how the solutions arise one might be inclined to use either conservative or
dissipative weak solutions. The appropriate notion depends on how solutions emerge: if they
emerge as vanishing viscosity limits of models in fluid mechanics then the use of dissipative
solutions is advisable; by contrast, if they arise from the Schroedinger equation as in the case
of the QHD system the use of conservative solutions might be more appropriate. In any case,
our analysis covers both eventualities.
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In the sequel we consider weak solutions with finite mass and finite energy, i.e., we place
the assumption

(H) (p,m) is a dissipative (or conservative) weak periodic solution of (1.1) with p > 0 in
the sense of Definition 2.1, and

sup / pdr < Ky < o0, (2-3)
te(0,00) J T4
1 2
sup / ,M+h(p)+w|vxp|2d$§f(2 < 0. (2.4)
te(0,00) JTd 2 P 2

Definition 2.2 (Strong Solution). We call (p, pu) a strong solution of (1.1) on [0,T) x T¢
provided

p € C°([0,7),C*(T%)nC'([0,T),C"(T?)) (2.5)
u e CO([0,T),C*(T¢,RY) nCY([0,T),CO(T?, RY)) (2.6)

and (1.1) is satisfied in a point-wise sense.

To deal with the capillary part of the energy we define

K
F(p,q) := (2[))|q|2 for any p > 0,q € RY. (2.7)

Following Dafermos and DiPerna [6, 8] we define relative quantities comparing two different
states. They are given by the value at one state minus the first order Taylor expansion around
the other state. The relative potential energy consists of two parts:

h(p| p) == h(p) — h(p) — I (p)(p — P),
OF . OF ~ (2.8)

F(p,qlp,q) :== F(p,q) — F(p,q) — 87(0, q)(p—p)— afq(p, 7)(q — q).

For the kinetic energy K (p,m) = %% we proceed analogous to F' and
1 1'm m?2
K(P’mm m) =5P— — —|> (29)
27 0p p

see [13] for details.
For the energy density at hand [13, Theorem 3.2] implies that for any strong solution
(p, m) of (1.1) and any weak (dissipative or conservative) solution (p, m) of (1.1) the following
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inequality is fulfilled for almost all ¢t € [0,7) :

1 1m m|2
o2 = 2 4 1ol ) + P (0, Vaplp, Vap) ) da
/Td <2P‘p F (plp) (p plp P)) l“t

1 1m m2
< / (p‘ - f‘ +h(pl p) + F(p, Vaplp, Vw)) dl”
Td p 0

B2 (52 ()] e
(

[ /m
JE— p — —
//[O,t)x'ﬂ‘d L <P
diwmsam+pmmﬂdwx

m

p

St (3)
[0,t)xTe | p

- / / v, () H(p,Vap|5,Vap) + Vi div, <m> 1 (p, Vap |5, Vap) | dsdz,
[0,¢t) x T p D
(2.10)

where s(p, q, |p,q), r(p,q,|p,q) and H(p, q, |p, ) are defined in a way analogous to (2.8), based
on the functions

s(p.a) = 3 (k(p) + pr'(P))1al* s r(p,q) = pr(p)a. H(p,q) = r(p)a@q, (2.11)
that appear in the Korteweg stress tensor (1.3).

3. WEAK-STRONG UNIQUENESS FOR NON-CONVEX ENERGIES

In this section we consider energies possessing a decomposition of the form (1.6) and con-
stant capillarities k(p) = C, > 0. We will see that the gradient terms in the energy (which
express nonlocal contributions to the energy) allow to compensate for the non-convexity of
the local part of the energy density. The energy estimates dictate that a weak solution (p, m)
has the regularity:

2
sup / %M+cp'y+%]Vp]2dx<oo, (3.1)
t€(0,00) JTd p

for v > 1. The decomposition (1.6) implies

h(pl p) = hy(pl p) + e(pl p),

and it will be our goal to remove the terms containing e from the left hand side of (2.10). In
particular, we aim at providing an upper bound for

[ ctol el = [ etolppaa],

In [12, 13] this was done for two strong solutions by estimating die(p|p). However, here we
only assume that p is a weak solution, so die(p|p) is not well defined. To overcome this
technical issue we derive the corresponding estimates, on the level of a smooth approximating
sequence (p",m") and then go to the limit on both sides of the estimate.

To this end, we first extend (p,m) to negative times by setting

p(t,x) = po(x), m(t,z) =0 fort <O0. (3.2)
Note that these extended functions weakly solve

Op+div,m=0 in (—o0,00) x T (3.3)
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Let ¢ € C(R, [0,00)) with supp(¢) C [0,1] and [ ¢ = 1, then we define
6"(z) = no(ne),
p(t)i= [ [ 6= 99" - wpls.g) dyds, »
o Jpa (3.4)
m(t)i= [ [ (= 56w~ yhmls.y) dyds,
R JTd

where for z € T? we understand

d
=TI ¢" @)
i=1
p™(0,:) — po in H'(T?). Moreover for any test function ¢ € C°°(( 00,00) x T?) we
define
0(s)i= [ [ 6= 90"~ y)utt,a) dadt. (35)

Then, we have

// PO +m' - Vabdrdt
/// " (t — s)p" (x — )( (s,9)0n(t, ) +m(s,y) - Vz¢(t,x))dxdydsdt
~ [[[[ 0.6~ 906" - wyots.wyute.a) (3.6)
+ ¢"(t — s)Vy (o™ (x — y)) - m(s,y)¥(t, x) dedydsdt
— [ #6107 (5. + m(s.9) - V0" (5. )iy = 0.

Equation (3.6) implies (due to the regularity of p™,m™) that for all n € N the following
equation holds in a point-wise sense

Ap" 4 div,m™ =0  in (—o0,00) x T (3.7)
Let (p™,m™) and (p,m) solve (1.1); point-wise, then we obtain

de(p"|p) (3.8)
= Oi(e(p ) e(p) —€(p)(p" — p))

= (p ) — " (p)ap(p" — p) — €' (p)Orp"
= _( /< )) le;B( n + dlvz( ) /(ﬁ)(pn - ﬁ)
= —dlvx( )(€' (") =€ (p) =" () (" = p)) — (¢ (p") — €(p)) (diva(m™) — div,(m))
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and thus

/w e(p"|p) dz|, — /Tde(pn\p) dz|,
:‘/ / div, (i) (¢ (o) — € (p) — €' (p)(p" — p)) dads
0 JTd
+ /0 /T (" (p")Vap® =" (p)Vep) - (m" —m) dxds. (3.9)

From (3.1) we see that p € LY((0,T) x T?), Vp € L?((0,T) x T%)) and m € L'((0,T) x T%).
Standard properties of convolution dictate

pn —/p in LV((OvT) X Td)?
Vp" — Vp in L2((0,T) x T9), (3.10)

m"® — m  in LY((0,T) x T%),
and along a subsequence (if necessary)

(p",m™) — (p,m) ae. in (0,t) x T¢.

3.11
Vp* — Vp a.e. in (0,t) x T% (38:11)

Lemma 3.1. Let (p,m) and (p,m) be a weak and a strong solution of (1.1) respectively,
then,

[ ctasl, - [ etipa),
B _/ / dive(m)(¢'(p) — €'(p) = €"(p)(p — p)) dwds
0 JTd
+ /0 /Td (e"(p)Vap — €"(p)Vap) (m —m) duds. (3.12)

Proof. The mollification (p", m™) of (p, m), defined in (3.4), satisfies (3.7) and (3.9). We
study the limit of (3.9) as n — oo. Since the function e € C2°(0, 00) is compactly supported
in (0,00), the function e(p) and its derivatives are uniformly bounded. As a straightforward
application of (3.11), (3.10) and the dominated convergence theorem, we obtain

et iprasl,~ [ c@ipasly— [ eolpaal, - [ ctolpasl,  313)
and
| [ divatm)(e") = €0) — () (o" = p) dnds
0.JTd

t
7 /O/Td divy(m) (€' (p) — €'(p) — €"(p)(p — p)) dads . (3.14)
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The last objective is to show the convergence

/O/Td (" (p")Vap" = €"(p)Vap) (m" —m) duds
— /o/ﬂrd (e"(p)Vap — €"(p)Vap) (m —m) dads. (3.15)

This is split into four terms and the only term whose convergence presents new difficulties is
to show

" (p")Vpp"m"™ — €’ (p)Vepm in LY((0,T) x T?). (3.16)
To prove (3.16) we will use the following variant of the dominated convergence theorem:

If {f,} and {g,} are sequences that satisfy f, — f a.e., |fu| < gn and g, — ¢ in L' then
fn — fin L'. We apply that to the functions
(%)
p

Note first that, since ¢”(p) is compactly supported in (0, 00), the vacuum region is avoided
and it follows from (3.11) that

fa= ell(pn>vzpnmn7 gn = C‘V

e"(p")Vep"m"™ — € (p)Vepm ae.

Since k(m, p) = @

obtain

is convex, applying (the multivariate version of) Jensen’s inequality we

\ m"

" n Im(s, y)|? _(ImP\"
p 1) / [ o= (t—s)dyds-.( : ) (o). (3.17)

p(s,) p

Moreover, as [m p‘ S L1 we have

M ! w in Lt d
( ; ) — 5 L ([0,T] x T¢). (3.18)

Observe next that

(o) Vo] = \rpne"wmpn

< C|Vep"|

and, on account of (3.10) and (3.18),

2 / 2
V0" (’ ‘ —>\pr\ in LY([0,T] x T%).

This completes the proof of (3.16) and the lemma. 0
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Now we prove a stability estimate which immediately implies weak-strong uniqueness. We
restrict to cases where one of the two following hypotheses holds:

v > 2 (A1)
l<~v<2 and / ,00:/ 20 (A2)
Td Td

Theorem 3.2. Let k(p) = C,. constant and (Al), (A2) hold. Consider (p,m) a dissipative
(or conservative) weak solution of (1.1) satisfying (H) on [0,T)x T, T > 0, and let (p,m) be
a strong solution of (1.1) satisfying for some § > 0 the bound p(t,z) > & on [0,T) x T%. Then
there ezists a constant C > 0 depending on (p,m) and their derivatives so that for almost
everyt € [0,T) :

/ ( (* - *‘ + hy(pl ) + *!pr Vel )dz‘
Se“(/ ( Lf——¢+41pm>+—4vM Kam)dﬂg (3.19)
Proof. For convenience let us define

o ., Ok _
Ey(p,Vaplp, Vap) = hy(pl 0) + = |Vap = Vapl*;
2. (3.20)

)

K(pam‘ﬁv 7:0 T =
p

pe(p) == pe (p) —e(p).

By subtracting (3.12) from (2.10) we obtain

t
LB 0,515, .0) + K oyl ), (3.21)

< _// P (m - ﬁf) ® (m - ﬁf) LV, <T_?) dsdz (3.22)
oHxTd \p P pp p
v (%) (505 .52 + (ol s
[0,t)xTd
// [ < ) tH(p,Vap|p, Vep) + Vi divy (Tib> 7(p,Vap|p, Vaip)| dsdx
[0,t)xTd p

F [ divm)e (o) ~ (¢ (0)Vap — € (p)Vap) (m ) dda
[0,¢) xT¢

In view of (2.11) some terms on the right hand side of (3.21) are estimated in a straightforward

fashion:
v (m - ”f) ® <m = ”f) LV, (m> | < CK(p,mlp,m),
pp pp p

(3.23)
m _ _ _ _
Ve (p) t H(p,Vap|p, Vap) < CFy(p, Vaplp, Vap).
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Using the decomposition (1.6), equation (2.11) and the fact that for v-laws pressure and inner
energy coincide up to a constant we find

_ _ _ _ . Cy _
s(p, Vaplp, Vap) +p(plp) = (v = Dy (plp) + pe(plp) + = [Vap — Vol
< CFv(p, V:cp’ﬁy vzﬁ) +pe(p‘ﬁ)' (3'24)

Inserting (3.23) and (3.24) into (3.21) we get
t
L B 0.5l 50) + K (ol )], (3.25)

<C [ FoVarlp.Vap) + Klp.mlpm)dsd
[0,t)x T4

m

_ //[Ot) Td |:le;(; <p> pe(p|ﬁ) +Vx dlvx <7;> . T(p, vxﬂ|ﬁ, vxﬁ) deLIT
)X

+ //[Oi)m div,(m)e' (p|p) — (€”(p)Vap — €”(p)Vap) (m — m) dsdz.

For the remaining terms the L? norm of (p — p) has to be estimated. In case of (Al), in
the range v > 2, Lemma 2.4 in [15] asserts that there exist constants Ry, C, Cy depending
on p such that

Cilp—pl*  for p < Ry,
ho(plp) 2 { Calp—p|" for p> R

In this estimate, exploiting the fact that p is a bounded solution, Ry can be chosen sufficiently
large so that for v > 2 we have

o= pI* < Chy(plp) Vp>0. (3.26)

In case of (A2) mass conservation implies that p(t,-) — p(t,-) has mean value zero for any
t € [0,T] such that

lp = pll2(ray < ClVap — Vap||L2(1a)- (3.27)
Using now (3.26) or (3.27) we estimate the remaining terms. For
r(p,Vap|p:Vap) = Culp — p)(Vap — Vap)

we obtain, using Young’s inequality,

J.

We also obtain, since all derivatives of e and p. are uniformly bounded,

Vg div, (TZ) -r(p, Vzp|p, Vzﬁ)' dx < C/ Fy(p,Veplp, Vap) de. (3.28)
Td

[ Jwam)e olp)] da <€ [ B (5. uplp. Vap) d,
T R (3.29)

m

div, (P) Pe(p ‘p)' dr < C/ﬂ‘d Fv(pa Vauplp, Vap) dz.

J.
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Inserting these estimates into (3.25) we obtain
t
LB 0,915, .0) + K (ol ), (3.30)
<C[[  FoVaplp.Vap) + Kol m)dsdo
[0,t)x T4

- // (e"(p)Vap — €"(p)Vap) (m — m) dsdz.
[0,t)xTd
We rewrite
(€"(p)Vap —€"(p)Vup) (m — )
= (¢"(p)(Vap = Vup) + (¢"(0) = " (9))Vup) (p(u = @) + ulp — p) . (3.31)

Since /pe” (p) is bounded uniformly in p we have

’\/ﬁe”(p) (Vfﬂp - Vivﬁ) ﬁ(u - ﬂ)’ < CFW(p7 pr|f_)7 Vzﬁ) + CK(p7 m|ﬁ7 7’71);
¢"(p)(Vap = Vap)ilp = 5)| < CF,(p, Vuplp, V.p) (3.32)

(¢ (0) = " () (Vap)iilp = 5)| < CPy(p, Vapl, V.p).

It remains to derive a bound for
(¢(p) — €"()) Vi plus — ).

It suffices to show that |(e”(p) — €”(p))+/p| is uniformly bounded by C|p — p|. This is trivial,
as long as p is bounded from above so we restrict ourselves to the case p > R+ 1 where R is
a constant satisfying

R >supp(t,z) and e(r) =0 Vr > R.

t,x

In that case
(¢ (o) = ") V| = | (" (o) = " @)VR+ (" (0) = (7)) (v~ V)|

= |(¢" (o) = " P)VE+ (€' (7) Clo—pVR+—lp—7l. (339

p—R ) <
VP+VRI T VR
By combining (3.32) and (3.33) and inserting them into (3.30) we obtain
/w Ey(p, Vaplp: Vap) + K(p, m|p, m)dx‘t < /Td Ey(p, Vaplp, Vap) + K(p,m|p,m)dz|
v [[ BVl Vo) + K mlpm) dsde. (339
[0,t)x T4

The theorem follows from applying Gronwall’s lemma to (3.34). O
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4. FROM EULER-KORTEWEG WITH LARGE FRICTION TO CAHN-HILLIARD

In this section we study the relaxation limit from the Euler-Korteweg system with large
friction to the Cahn-Hilliard equation. This limit was studied for monotone (increasing)
pressures, i.e., convex energies, in [16] and we will show that the same techniques as in
Section 3 allow us to extend the results to the non-monotone case. As before we will assume
that the energy density has a decomposition (1.6) with (A1) or (A2) and k(p) = Cx > 0.
After rescaling time the Euler-Korteweg system with friction can be written as (cf. [16, Sec.

4))

1
Pt + z div,m=0
4.1)
mem 1 (
) = —am- pV$ (R (p) — Cldgp).

1
my + — divy (
9

Our goal is to investigate the limit € — 0 of (4.1). Formally the limit equation is
— div, (pV. (I (p) — Cxlyp)) = 0. (4.2)

We will make this rigorous on time intervals for which (4.2) possesses a strong solution and
(4.1) has weak solutions for all (sufficiently small) € > 0.

To this end we will establish a relative energy framework comparing weak solutions to (4.1)
and classical solutions to (4.2).

Definition 4.1. (i) A function (p,m) with p € C([0,00); L'(T%)), m € C([0, 00); L' (T, R%)),
p >0, is a weak solution of (4.1), if m®m , S e L, ((0,00) x Td))dXd

, and (p, m) satisfy
[ ot 2 ovdodt = [ p0.0pp0.0)de. ol (0.0 M)
1 1 1
—/ m- @+ _mem t Ve — =8 Ve — smpdrdt = /m(O,x) (0, x)dx ,
e p 5 €

Vo € C! <[0, 00); (Cl(']I'd))d> .
(4.3)

(i) If, in addition, 310 + A(p) + “2|¥,p[2 € C([0, 00); L'(T%)) and it satisfies

] (G o)+ 249,12 ) b0
g/(i’p‘ 4 hip) + ()m |2)L —//’m‘2 Ddtdr, (4.4)

for any non-negative § € W°°[0, 00) compactly supported on [0,00) then (p,m) is called a
dissipative weak solution.

(iii) By contrast, if %@ + hip) + @|Vmp|2 € C([0,00); LY(T9)) and it satisfies (4.4) as an
equality, then (p,m) is called a conservative weak solution.

Note that solutions to (4.2) can be understood as solutions to (4.1) with forcing. For any
solution p of (4.2) we set

m = —ep(h'(p) — Cuyp) = O(e) (4.5)
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and
E = ediv, (ﬁvx(h’(ﬁ)—C,.@Axﬁ)@)vx(h’(ﬁ)—CKAzp)) —e(p(W (p)—Clrep)), = O(e). (4.6)

Then, (p, m) satisfy

o+ — leg; =0

1 1 _

For smooth p the forcing term is of order O(e) and is visualized henceforth as an error term.

Definition 4.2. We call  a strong solution of (4.2) on [0,7) x T¢ provided
p e C°([0,T),CH(T?)) N C'([0,T), C*(T7)) (4.8)

and (4.2) is satisfied in a point-wise sense.

Note that the regularity required in definition 4.2 is more than what we need to give a
point-wise meaning to each term in (4.2). The imposed regularity makes (p,m) a strong
solution of (4.7).

Next, [16, Thm 4.2] implies for any weak (dissipative or conservative) weak solution (p,m)
of (4.1) and any strong solution p of (4.2) the following inequality

/( ‘———‘ + h(p )+—|Vzp V.pl)d \

/( )fff\ + hip|p) + “|vxpvxﬁ|2>d:c\

w2 fyntls G e [ NG - e
ol G52 (5-5) v (5)] e

- i//m - [divx <7Z> (C19ap VP +p<plp>)} dsdz
—//WW{ <m> :vx(p—p>®vx(p—m+vzdivm(

SE

> (p = P)Valp—p)| dsdz.
(4.9)
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Invoking Lemma 3.1 we obtain the following estimate from (4.9)

/ ( ‘*_*‘ + By ( p\p)+f|pr Var| )d:r‘
/ ( )7_*‘ +hy(pl P H*\pr Vmp\2)dm’
// ‘7_7‘ dex_// i*—*)dsd:n
(0,6)T¢ H)xTd PNP P
_// [ <m_m> <_>'V (mﬂ dsda
€ J Jo,t)xTd P pp ® s ) VD
- 1//Ot)><1rd [dlvz (T;) (%me_vxﬁp +p(P|f5))} dsdz

//Ot o [ ( > :Va(p—p) @ Va(p—p) + Vi divy (7}) (p—p)Vau(p—p)| dsdz

T3 / /[07t)><'ﬂ‘d dive(m)e' (plp) — (¢"(p)Vap — " (p)Vap) (m — m) dsda . .

Following the arguments in the proof of Theorem 3.3 and using the orders in (4.5) and
(4.6), we obtain:

Theorem 4.3. Let (p,7m) be a strong solution of (4.2) on [0,T) x T? for some T > 0, for
which there exists § > 0 such that p(t,x) > & for all (t,x) € [0,T) x T%. Let (A1) or (A2)
hold. Then for any conservative or dissipative weak solution (p,m) of (4.1) on [0,T) x T¢
satisfying (H) the function

v.t) = [ (6% = 5]+ ool ) + G = V) (4.11)

satisfies the following estimate for almost every t € [0,T) :
W (t) < (W (0) + &)

with C a positive constant depending only on T, K1, p, m and their derivatives. Moreover,
if U2(0) - 0 as e — 0, then

sup U.(t) -0 ase—0.
te[0,7

5. VANISHING CAPILLARITY LIMIT

In this section we study the vanishing capillarity limit in the case of convex energy densities
h. For convenience we use a y-law h(p) = p? with v > 1. We consider two different settings
for the capillarity. The first setting is constant capillarity

k(p) =Cyx > 0. (Set1)

The second setting is:

k(p) >0, k(p)s"(p) = 2(K'(p))* > 0, p?k(p) S h(p)+p, [oK' (D) SK(p),  (Set2)

for all p > 0. Recall that the notation a < b for two positive quantities a, b indicates that
there is a constant C' > 0 such that a < Cb.
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Remark 5.1 (Setting 2). (1) The conditions on k in (Set2) ensure that the Hessian of
F(p,q) := "L given by

1..m 2 l
2 _ (35" (" K (p)g
v(p,q)F(p’ 9 < K (p)g" K(p)l
is positive semi-definite. This, in particular, implies
F(p.alp,9) 20 ¥ p,5>0,q,q€R"

(2) The assumptions of setting 2 cover, in particular, the quantum hydrodynamics case

w(p) =p~ .

We will fix from now on some & satisfying (Setl) or (Set2) and investigate the limit for
e — 0 of dissipative or conservative weak solutions (p°, pu®) of

p; + divg(p°u®) =0

(p7u)s + divy(p°u” @ u°) = —pV, (h’(pa) + 5,‘Q/;p€) Vap®|* — divm(sff(pg)%pa)) - o1
We will show that (p°, p°u®) converges, for ¢ — 0, to a solution (p, pu) of
pi + divy(pu) = 0
() + dive(pu @ ) = ¥ (W (p)) o2
on any time interval [0, 7] such that (5.2) admits a solution satisfying
p € C°([0.T],C*(T%, R+)) N CH((0,T), CH(T%, Ry)) (5:3)

u e C°([0, 7], C*(T¢,RY)) n C*((0,T),CO(T¢, RY)) .

Remark 5.2 (Regularity). Note that it is not sufficient for (p, pu) to be a classical solution
of (5.2) but it needs to have the regularity of classical solutions to (1.1) and, in addition,
second (spatial) derivatives of the velocity need to exist.

The convergence results we obtain in both settings are similar, and we use relative energy
in both cases. However, there is a difference in strategy in the two proofs. In setting 1, we
use the Euler-Korteweg relative energy, while in setting 2 we use the relative energy for the
limiting Euler system adapted to account for the Euler-Korteweg energy of (p°, u®).

Theorem 5.3. Let k satisfying (Setl) be given. Let (p,u) be a solution of (5.2) with initial
data (po,up) satisfying (5.3). Let {(p°,u®)}e=0 be a family of (conservative or dissipative)
weak solutions to (5.1) parametrized in € having the same initial data (po,uo). Then, there
exists a constant C > 0 depending on T and (p,u) such that

pg(tv )

5wt ) = ult, )P de < O (5.4)

/ B (1, )\ olt, ) +
Td

for almost all t € [0, T).
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Proof. Since the initial data coincide and x(p) = C\ equation (2.10) reads,
me
T e *‘ +h :0 |p) +57|vzp - xp| )d$’

/ G
p°
<7 (G =5) 2 (7= 5) 2 (5) o
[0,£) x T p p p p
- // [divx () (88(/)5,%/)5 0, Vap) +p(P6|P)>] dsdzx
[0,t) xTd P
m ) m
— // [Vm <) ceH(p",Vep® |p, Vaip) + Vi divy () cer(p®,Vap© |p, Vaip)| dsdz
[0,t)xTd P p
g
+ // eCxVAp-p° (me — m) dsdx
[0,£)xTd p p

with

(5.5)

H(p*,Vplp,Vap) = Cu(Vaep® — Vap) @ (Vap® — Vaep);
$(p°,Vep® |p, Vap) = CxlVap® — Vapl;
(0%, Vap® |9, Vap) = Cx(p® = p) (Vep® — Vep);
confer [13, Sec 3.1]. Thus, there exists a constant C' > 0 such that
|H(p°,Viplp,Vap)| < C|Vep® — Vapl?;
(0%, Vpp, zp)! < C|Vap® = Vapl%; (5.6)
|7(0°, Vap|p, Vap)| < CIVap® = Vapl;

where we have used Poincaré’s 1nequahty in the third estimate.
The last term in (5.5) is estimated by

€
‘// eCxVAp - p° <m€ - m) dsdw’ < // fp “lu® — ul dsdw+52Ct/ pdx
[0,)xTd P P [0,)xTd 2 Td

where [ p°dz < C' is uniformly bounded by the conservation of mass. Moreover, p(p) =
(v — 1)h(p) and thus the function

w0 [ (3

t
t)g/ Cd.(s)ds +e*Ct, ®.(0)=0
0

m
p———\ +hp|p>+ef|vmp - Vapl?)da] (5.7)

satisfies

for some constant C' > 0 independent of . Hence,
®.(t) < 2Cexp(Ct)
which completes the proof of the theorem. O

Remark 5.4 (Initial data). It is straightforward to see that a result analogous to Theorem
5.3 holds in case (p°, u®) has initial data (p§, uj) such that

2
1631211 xy = O(1), /Tdh(P5|Po)+P(6)\U8—UO‘ de = O(?)  and /pos—pdm:o. (5.8)
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Theorem 5.5. Let k satisfying (Set2) be given. Let (p,u) be a solution of (5.2) with initial
data (po,uo) satisfying (5.3). Let {(p°,u®)}es0 be a family of (conservative or dissipative)
weak solutions to (5.1) parametrized in € having the same initial data (po,uo). Then, there
exists a constant C > 0 depending on T and (p,u) such that

[ lote ) + ZE ) — e )P s < (.9

for almost all t € [0, T).

Proof. For any pair of density p and momentum m we denote

_ Limf* | x(p) 2,
ne(p,m) == h(p) + 2, te Vapl;
m
f(p,m): rrw([?vvw+p(p)>7 (5.10)
/
+ .
_S.lp = [meﬁ - dlvm(pm(p)vxp)]]l +ek(p)Vap ® Vap.
Using this notation we can rewrite (5.1) as
p° . e e . 0 (0
Oy <m5> + div, f(p°, m®) — div, (Sg[pa]) = (0> (5.11)
and (5.2) as
P . (0
Oy (m> + div, f(p,m) = <0> . (5.12)

We will monitor the temporal evolution of
£ € pa - P
(1) = /Td 1e(p,m°) = 1o(p, m) = Dno(p, m) <ma _ m) dl"t
— 1 (S 2 € H(ps) € 2) ’
_/Td (2,0 p= p‘ +h(p°|p) +¢ 5 V20| dxt.

(o) — LIml?
Dno(p,m) = (h (e) m; o )
p

A straightforward computation shows

o.(t) < //[Oyt)w ~(Dmolp.m)), <n§ - fn)
0

-V (Dmtom) (1679 - (5

Since (p,u) is a strong solution of (5.12) we infer

(5.13)

mf  m

Note that

) — f(p, m))dsd:c. (5.14)

v < [[ - Te(Dmlom)  [1065m) = som) =D s m) (171 ) s

+//MW Vx(Dno(p,m)) : <S€([]pa]> dsdz. (5.15)
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Using the definitions of f and S., equation (5.15) is equivalent to

//[Ot xTd [ <:_TZ> ® <npz:_¢;) : Ve <7Z)] dsdzx
g [5 (5 ) ti0

e I( € e
. // div, <m> 6[’0 R (p ) + /<a(p )|vxpa|2 _ diVm(psli(pe)vxpa)] dsdx
[0,¢) xTd p 2

- //[0 t)xTd er(p)Va (ZL) : Vep® @ Vap© dsdz.
)%

Due to the hypothesis |p°r'(p%)| S k(p®) there is a constant C' > 0 such that

/ - |77 (") + K (p7)
Td 2
We infer from (5.16) that
D_(t) <C/ s)ds + // div, (m) edivy(p°r(p°) Vo) dsdx
[0,t) xTd p

:C/ D ( ds—// <diva7 (m)) epk(p°)Vyp® dsdx
0 [0,t) xTd p

and obtain that
<divx (m>> ‘ (0°)2k(p°) dsd. (5.17)
)

<C/ ds+€//
[0,t)xT4

Due to (p°)2k(p°) < h(p®) + p° equation (5.17) implies
<0/ s)ds + eCt [/ h(p ;’”;2‘2 H(SO)
In turn, applying Gronwall’s inequality to (5.18) implies
. (t) < eCexp(Ct)
and completes the proof. O

(5.16)

Vap?|?

+ |er(p®)Vup® @ Vyp®| de < CO..

ycpo|2d:L‘+/ podl':|. (5.18)
Td
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