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A GRADIENT FLOW APPROACH TO A THIN FILM APPROXIMATION
OF THE MUSKAT PROBLEM

PHILIPPE LAURENCOT AND BOGDAN-VASILE MATIOC

ABSTRACT. A fully coupled system of two second-order parabolic degenerate equations arising as a thin
film approximation to the Muskat problem is interpreted as a gradient flow for the 2-Wasserstein distance
in the space of probability measures with finite second moment. A variational scheme is then set up and
is the starting point of the construction of weak solutions. The availability of two Liapunov functionals
turns out to be a central tool to obtain the needed regularity to identify the Euler-Lagrange equation in
the variational scheme.

1. INTRODUCTION

The Muskat model is a free boundary problem describing the motion of two immiscible fluids with
different densities and viscosities in a porous medium (such as intrusion of water into oil). Assuming
that the thickness of the two fluid layers is small, a thin film approximation to the Muskat problem
has been recently derived in [10] for the space and time evolution of the thickness f = f(t,z) > 0 and
g =g(t,z) > 0 of the two fluids (f + g being then the total height of the layer) and reads

atf = (1 + R)ax (fa:cf) + Ra:c (fa:cg) )
Og = Ru0:(90.f)+ Ru0: (90:9) ,
supplemented with the initial conditions

f0)=fo.  9(0)=g0, z€eR. (1.1b)

Here, R and R,, are two positive real numbers depending on the densities and the viscosities of the fluids.
Since f and g may vanish, (1.1a) is a strongly coupled degenerate parabolic system with a full diffusion
matrix due to the terms 9,(f0,g) and 0,(g90, f). There is however an underlying structure which results
in the availability of an energy functional

(t,x) € (0,00) X R, (1.1a)

1
&(f.9) =5 | [+ RO+ da, (12)
which decreases along the flow. More precisely, a formal computation reveals that
d
%g(fa g) = _/]R |:f ((1 + R)amf + R5z9)2 + RRH g (8acf + amg)z dx . (1'3)

A similar property is actually valid when (1.1a) is set on a bounded interval (0, L) with homogeneous
Neumann boundary conditions: in that setting, the stationary solutions are constants and the principle
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of linearized stability is used in [10] to construct global classical solutions which stay in a small neighbour-
hood of positive constant stationary states. Local existence and uniqueness of classical solutions (with
positive components) are also established in [10] by using the general theory for nonlinear parabolic
systems developed in [2]. Weak solutions have been subsequently constructed in [9] by a compactness
method: the first step is to study a regularized system in which the cross-diffusion terms are “weakened”
and to show that it has global strong solutions, the proof combining the theory from [2] for the local
well-posedness and suitable estimates for the global existence. Some of these estimates turn out to be
independent of the regularisation parameter and provide sufficient information to pass to the limit as
the regularisation parameter goes to zero and obtain a weak solution to (1.1a) in a second step. A key
argument in the analysis of [9] was to notice that there is another Liapunov functional for (1.1a) given
by

H(f,9) :=/R[f1nf+R%glng dar, (1.4)

which evolves along the flow as follows:

d
U9 = [ [0nfP + R 10.F + 029P] do.
The basic idea behind the above computation is to notice that an alternative formulation of (1.1a) is

{ 8tf = O [f Oy ((1 + R)f + Rg)] )
8tg = Ru Oz [g Oy (f+g)]7

so that it is rather natural to multiply the f-equation by In f and the g-equation by In g and find nice
cancellations after integrating by parts. In this note, we go one step further and observe that a concise
formulation of (1.1a) is actually

of = o, [f , <%(f,g)>}

R%atg Y [g o, <%(f,g)>],

which is strongly reminiscent of the interpretation of second-order parabolic equations as gradient flows
with respect to the 2-Wasserstein distance, see [3, Chapter 11] and [18, Chapter 8|. Indeed, since
the pioneering works [12] on the linear Fokker-Planck equation and [15,16] on the porous medium
equation, several equations have been interpreted as gradient flows with respect to some Wasserstein
metrics, including doubly degenerate parabolic equations [1], a model for type-II semiconductors [4],
the Smoluchowski-Poisson equation [5], some kinetic equations [6,8], and some fourth-order degenerate
parabolic equations [14], to give a few examples, see also [3]| for a general approach. As far as we know,
the system (1.5) seems to be the first example of a system of parabolic partial differential equations which
can be interpreted as a gradient flow for Wasserstein metrics. Let us however mention that the parabolic-
parabolic Keller-Segel system arising in the modeling of chemotaxis has a mixed Wasserstein-L? gradient
flow structure [7].

The purpose of this note is then to show that the heuristic argument outlined previously can be made
rigorous and to construct weak solutions to (1.1) by this approach. More precisely, let K be the convex

(t,xz) € (0,00) X R,

(t,z) € (0,00) X R, (1.5)



subset of the Banach space L'(R, (1 + x2)dz) N L?(R) defined by
K= {h € LR, (14 2%)dz) N L*(R) : h >0 a.c. and / h(z)dx = 1} , (1.6)
R

and consider initial data (fo, go) € K2 := K x K. We next denote the set of Borel probability measures
on R with finite second moment by P2(R) and the 2—Wasserstein distance on P2(R) by Wa. Recall that,
given two Borel probability measures p and v in Py (R),

Wi = inf [ o= yfn(ey),
rell(uv) Jp2

where TI(p,v) is the set of all probability measures 7 € P(R?) which have marginals y and v, that is
m[AXR] = u[A] and 7[R x B] = v[B] for all measurable subsets A and B of R. Alternatively, = € II(u, v)
is equivalent to

6@+ o) dnte.p) = [ o) duto)+ [ wl)dvts) foral (60) € LR,
R2
With these notation, our result reads:

Theorem 1.1. Assume that R > 0, R, > 0. Given 7 > 0 and (fo,g0) € Ko, the sequence (f', g7 )n>0
obtained recursively by setting

(f7,99) = (fo,90), (1.7)
Fr(frtl gntly = f Fn 1.8
T (et o b Fr (),
with
1 R
Fruo) = g (WA + 3 W g+ Eu0). (o) € Ko (19)
mn

is well-defined. Introducing the interpolation (f-,g;) defined by
fr(t) == fF and g-(t) := g2 fort € [n1,(n+ 1)7) and n > 0, (1.10)
there exist a sequence (Ty)k>1 of positive real numbers, 1, N\, 0, and functions (f,g) : [0,00) — Ko such
that
(fri»9r) — (£,9) in L*((0,T) x R;R?) for all T > 0. (1.11)
Moreover,
(i) (f,9) € L=(0,00; L*(R;R?)), (9 f,829) € L*(0,t; H' (R;R?)),
(i1) (f,9) € C([0,00); H*(R;R?)) with (f,9)(0) = (fo, 90),
and the pair (f,g) is a weak solution of (1.1) in the sense that

/f §dm—/f0§da:+/ /f [(1+ R)3yf + ROyg] (0)0p& dxdo =0, o

/ ()gdx—/gogdx+R // ) (0f + 0ug) (0)Dul dudor = 0,
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for all £ € C§°(R) and t > 0. In addition, (f,g) satisfy the following estimates

T
(a) H(F(T),g(T)) + / / (002 + RIOL(f + g)?] dxdt < H(fo. 0)

(b) E(f( / / 1 + R 8 f + Ra:cg) + RRug(axf + a:cg)2] dx dt < 5(f0790)7

for a.e. T € (0,00), €& and H being the functionals defined by (1.2) and (1.4), respectively.

Let us briefly outline the proof of Theorem 1.1: in the next section, we study the variational problem
(1.8) and the properties of its minimizers. A key argument here is to note that the availability of
the Liapunov functional (1.4) allows us to apply an argument from [14] which guarantees that the
minimizers are not only in L?(R;R?) but also in H'(R;R?). This property is crucial in order to derive
the Euler-Lagrange equation in Section 2.2. The latter is then used to obtain additional regularity on the
minimizers, adapting an argument from [15]. Convergence of the variational approximation is established
in Section 3. Finally, three technical results are collected in the Appendix.

As a final comment, let us point out that we have assumed for simplicity that the initial data fy and gg
are probability measures but that the case of initial data having different masses may be handled in the
same way after a suitable rescaling: more precisely, let (fo, go) € L*(R) N LY (R, (1 + 2?)dx) and denote
a solution to (1.1) by (f,g). Setting F' := f /|| foll1 and G := g/||go||1 and recalling that ||f(¢)||1 = || foll1
and [|g(t)|l1 = |lgo||1 for all ¢ > 0, we realize that (F,G) solves

ﬁ OF = 0,[F 0, ((1+Rw’F +RG)] |
0fl1
(t,2) € (0,00) X R,
R
—— 0,G = 0,|G 0, (RF+ Rn2G)],
Bl [ 9 (RE -+ Fn~G)]

with 7% := || foll1/|lgoll1 and initial data (Fy,Go) := (fo/llfoll1,90/llg0ll1) € K2. The corresponding
variational scheme then involves the functional

1 1 R )
W u, Fy vG0> U —I—— nu+ntollo, (u,v) €K,
(HgoHl (. Fo) + il 5 lul3 | 5 (u0)
to which the analysis performed below (with n = 1) also applies.

2. A VARIATIONAL SCHEME

Given 7 > 0 and (fo, go) € K2, we introduce the functional

Fr(u,v) = % <W22(u, fo) + Ri; W;(v,go)> +E(u,v), (u,v) € Kg, (2.1)

and consider the minimization problem

inf  Fr(u,v). 2.2
inf (u,v) (2.2)
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2.1. Existence and properties of minimizers. Let us start by proving that, for each (fo,g0) € Ko,
the minimization problem (2.2) has a unique solution in K.

Lemma 2.1. Given (fo,g0) € Ko and 7 > 0, there exists a unique minimizer (f,g) € Ko of (2.2).
Additionally, (f,g) € H*(R;R?) with

10718 + B0, + ) < 7 [HUo) = HU) + 5 (Hlan) = H(a)]| (2.3
where
H(h) := / hin(h)dz  for h € L*(R) such that h >0 a.e. and hln(h) € L'(R). (2.4)
R

Recall that, if & € K, then hlnh € L'(R) (see Lemma A.1 below) so that the right-hand side of (2.3)
is well-defined.

Proof. The uniqueness of the minimizer follows from the convexity of Ky and W3 and the strict convexity
of the energy functional &£.

We next prove the existence of a minimizer. To this end, pick a minimizing sequence (ug, vg)r>1 € Ka.
There exists a constant C' > 0 such that

fugllz + loxlla < C, k>1, (2.5)
Wa(ug, fo) + Wavk,90) < C, k>1. (2.6)
From (2.5) we obtain at once that there exist (f, g) € L*(R;R?) and a subsequence of (uy, vy )r>1 (denoted

again by (ug, vg)g>1) such that
up — f and v — g in L?(R). (2.7)

Let us first check that (f,g) € Ks. Indeed, the nonnegativity of f and g readily follows from that of
up, and vy by (2.7) while integrating the inequality 2 < 2y? 4 2|z — y|? with respect to an arbitrary
7 € (ug, fo) yields

/ wp(w)2? dr = / Pdn(z,y) < 2 / y dr(e,y) + 2 / & — yl? dn(z,y)
R R2 R2 R2

< 2 [ ftdyez [ o=l dnte),
R2 R2
which implies by virtue of (2.6) that
/ ug(z)z? dr < 2/ fo(z)x? do + 2W3 (ug, fo) < C, kE>1. (2.8)
R R
Similarly,
/ vp(x)z dz < C, kE>1. (2.9)
R

Owing to (2.5), (2.8), and (2.9), we deduce from the Dunford-Pettis theorem that (ug)r>1 and (vg)k>1
are weakly sequentially compact in L'(R). We may thus assume (after possibly extracting a further
subsequence) that uy — f and v, — ¢ in L'(R), whence

/f Jdr = lim [ ug(z)dr =1 and / g(x)dr = hm vp(z)de =1.
k—o0 R R —0 JR
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Finally, combining (2.5), (2.8), and (2.9) with a truncation argument ensure that f and g both belong
to LY(R, (1 + 2%)dx). Summarising, we have shown that (f,g) € K.
The next step is to prove that

Fof,g) = inf Fr(u,v).
(f,9) Wt (u,v)

Indeed, on the one hand, the weak convergence (2.7) implies that

E(f,g) <liminf & (ug, vg).
k—00

On the other hand, we recall that the 2-Wasserstein metric Wy is lower semicontinuous with respect to
the narrow convergence of probability measures in each of its arguments, see [3, Proposition 7.1.3|, and
the weak convergence of (ug,vg)r>1 in L'(R;R?) ensures that

WZ(f, fo) < liminf Wy (ug, fo) ~ and  W3(g,90) < liminf W5 (v, go)

Consequently,
F:(f,9) < 1igninf./'-7(uk,vk) with (f,g) € Ko,
—00

so that (f,g) is a minimizer of F, in /Cs.

As a final step, we show that f and g belong to H'(R). To this end, we follow the approach developed
in [14] and take advantage of the availability of another Liapunov function as already discussed in the
Introduction. More precisely, denote the heat semigroup by (Gt)¢>o, that is,

1 |z — y[?
(Gl (2) .—\/m/ReXp<— - >h(y)dy, (t,2) € [0,00) x R,

for h € L'(R). Since (f,g) € K2, classical properties of the heat semigroup ensure that (G¢f, Gig) € Ko
for all ¢ > 0. Consequently, F,(f,g) < F-(Gf,Grg) and we deduce that

£(f.9) ~ E(CLf,Gug) < o~ [(Wf(th, fo) = W3 (. fo)) + R% (W3 (Gig,90) = W5 (g,90)) | (210)

for all ¢ > 0. Moreover, for all £ > 0, we have

d
Eg(th’ G9) :/ [Gif 0Gif + R (Gef + Grg) O(Gif + Grg)] da = —[|0:.G1f |5 — R [|0:Ge(f + 9)I3,
R
and by integration with respect to time we find that
1t E(f,9) —EGf,G
¢ [ [10.6.718 + RIo.G.(s + g)1F] ds < SO ZEERED por e
Since s — ||0,Gsh||2 is non-increasing for h € L'(R) we end up with
E(f,9) —EGf,G
06 fI3 + Rl G + g) |y < ELIZECL Gy 5 (211)

t
We recall now some properties of the heat flow in connection with the 2-Wasserstein distance Woa,
see [3,8,16], these properties being actually collected in [14, Theorem 2.4]. The heat flow is the gradient
flow of the entropy functional H given by (2.4) for W5 and, for all (h, h) € Ko, we have [3, Theorem 11.1.4]

%%Wf(Gth, h)+ H(Gih) < H(h)  forae. t>0. (212)



Choosing (h, h) = (f, fo) and (h,h) = (g,g0) in (2.12), we obtain
o7 [WRGH o) + W2 Gug )] < HU) —~ HUGuT) + 2 (Hlan) ~ H(Go)
m

for a.e. t > 0. Integrating the above inequality with respect to time and using the time monotonicity of
s — H(Gsf) and s — H(Gsg) give

3 [WHGA . o) = W3 o) + - (W3(Grgn) — W30
m

< /0 ()~ H(Gf) + - (Hlow) ~ H(Ga)| ds

Rﬂ
¢ H - H G+ - (Hlo0) - ()| (2.13)
Gathering (2.10), (2.11), and (2.13), we find
100G f I+ R 10:Gi(f + )3 < 1+ |H(f) = H(Gf) + 5 (Hlan) = H(Goa)| (219

for t > 0. As a direct consequence of (2.14) and the boundedness from below (A.2) of H in K, (0;G¢f)i>0
and (0,Gtg)¢>0 are bounded in L?(R) and converge to d,f and d,g, respectively, in the sense of distri-
butions as ¢t — 0. This implies that both f and g belongs to H'(R) and we can pass to the limit as ¢ — 0
in (2.14) to obtain the desired estimate (2.3) and finish the proof. O

2.2. The Euler-Lagrange equation. We now identify the FEuler-Lagrange equation corresponding to
the minimization problem (2.2).

Lemma 2.2. Given (fo,g0) € Ko and 7 > 0, the minimizer (f,g) of Fr in Ko satisfies

2
et [0 m pos iRt o ogar] < 1wz g, @)
1 92¢ oo
L[ eo-mdo R [ o g0 g e < I w2, o)

for & € C§°(R).

Proof. To derive (2.15)-(2.16) we follow the general strategy outlined in [18, Chapter 8]. According to
Brenier’s theorem [18, Theorem 2.12|, there are two convex functions ¢ : R — R and ¢ : R — R which
are uniquely determined up to an additive constant such that

W3(f, fo) = /lx— Lio(z) | fo(x) dv =, b f/lx— (@)% fo(z)dw (2.17a)

where the infimum is taken over all measurable functions 7' : R — R pushing fq forward to f (f = T# /o),
i.e. satisfying

/ f(z)dz = / fo(x)dx for all Borel sets B of R,
B T-1(B)

and

5(9:90) /\x— O (x)]? go(x)dx = inf /]a:— go(z) dx. (2.17b)

S#go=g
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We pick now two test functions n and £ in C§°(R) and define
foi= ((d+e€) 0 Dup)#fo = (d+e€)#f  and  g. == ((id +em) 0 D) #g0 = (id+en)ttg  (2.18)
for each e € [0, 1], where id is the identity function on R. To ease notation we set
T.:=id+e¢ and S;:=id-+en, (2.19)

and observe that there is £y small enough (depending on both £ and 7) such that, for € € [0,¢¢], 7. and
S. are C*°—diffeomorphisms in R. Then, by (2.18), we find the identities

fo T;l go Se_l
S Sl S d =& € (0, 0] 2.20
fe T 0Tt M T e 05T e € (0.e0l (2:20)
Observing that || fzlli = [|f]l1 = [[gelli = llglli = 1 and
9 |f ()] 9 lg(x)[?

we clearly have (fz,g:) € Ko for all € € (0,e9] and thus F(f,g) < Fr(fe, g-). Consequently,

0< % |:W22(f67f0) - W22(f7 fo) + Ri; (Wg(gaygo) - Wf(gago))} +&(fer9e) — E(f,9)- (2.22)

Concerning the energy &, it follows from (2.21) that
2(E(fer9e) —E(f,9) = A+ R) [T + R I5 + 2R I3, (2.23)

£ [ (gzg ) eldn 5= [ (G 1) et d

I3 ::/R(fa ge — f g) (z)dz.

We now consider the three integrals in the right-hand side of the relation (2.23) separately: since

If:—e/&fzdzn and IQE:—s/ﬂgzdx,
R

with

r 1 4€0,€ 14 ¢ed:n
it readily follows from Lebesgue’s dominated convergence theorem that
[5 [5
lim L = — / € f2dr and lim =2 = — / dun g° da . (2.24)
e—0 € R e—0 € R

We next turn to the term I5 involving both f and g and split it in two terms 21§ = I3, + I3, with

= [t D @ —9de and I = [ (0.+0) (1— Do
By (2.20),

) (e s )
G :/ <7E+ _9°9 "\ 4
31 R 8xTeOTe_l f 83255055_1 g !

foT oS,
- € - £ xr~re d
/R(({)ITEOTE_loSa—’_fOS)(Q (goS:) 0,5:) dx

- foTE—loS8 / foTE_IOSg
_/R<8xTEOTa_1OSa+fOS€ (g—goS:)dr—e R&m(QOSg) 3xTeOTE_1OS€+fOS€ dz.
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On the one hand, invoking Lemma A.2 (with (h,{) = (g,7)), we know that (¢ — go Sz)/e = —nd,g
in L?(R) as ¢ — 0. On the other hand, using again Lemma A.2 as well as Lemma A.3, we have that
foS.— fand foT 'oS. — fin L?(R) ase — 0, and so does foT- 10 S./(9,T. 0T !0 S.) owing
to the uniform convergence of (9,7%). to 1. Consequently,

g% b /fa ng) d (2.95)
and similarly

L

gl_%? ——2/Rg 0z (Ef) d. (2.26)

Gathering (2.24)-(2.26), it follows from (2.23) that

- 2 2
lim EUe92) —EWU9) _ 4 py /R% &cﬁdx—R/R% inde ~ R [f 9:(ng) +9 Ou(EN)] da

e—0 £
(2.27)
To handle the terms of (2.22) involving the Wasserstein distance, we argue as in [18, Section 8.4] and
write

Wf(fa,fo)é/\id—Taoamz fodl’:/!id—axs@—é?ﬁo wol? fode
R R

:/\id—&ccp]2 fodx — 2¢ /(id—@xgp) (€0 0z) foda:+62 /\go x(p‘z fodx,
R R R

from which we deduce, according to the definition of 0,,

W3(f-, fo) < WE(f, fo) — 2¢ /R (id —9s¢p) (0 0pp) fodx + € /[R €0 0y foda, (2.28)

and similarly

W2(ge.90) < Wi(g,g0) — 22 /R (id —0u15) (0 0 D) go da + 2 /R 100 B2 go da. (2.20)

Summing (2.27), (2.28), and (2.29), we obtain by dividing (2.22) by ¢ and letting £ — 0 that

1 U (id =) (£ 0 Dap) fodz+ 2 / (id —8,08) (10 D) go dm}

p
+(1+R) /85 dx+R/8x77—d:E—|—R/f8 (ng) + g 0.(£f)] dz < 0.

Since the relation is valid for (£,7n) as well as for (—&, —n), we end up with

1 [/R(id —0,) (€0 0yp) fodx + R% /R(id —0u1) (10 0x) go dw]

T

(2.30)
2 2
+(1+R) /Ramgf?din“‘R/Ramn %dw—i—R/R[fax(ng)_‘_gax(é.f)] de =0

for all (¢,7) € C§°(R; R?).
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Consider now Z € C§°(R). For z € R, we have

2(2) = E(Oep(2)) — 0:5(02p(2)) (2 — Oup())| =

[ w-vewa
15)

2 o()

_ x — 0pp(x))?
<922, LA
Multiplying the above inequality by fo(z), integrating over R, and using the definition of 0, yield

W3(f,
| [E) = 20up(e)) - 0.2(0u0)) (@ - dup(o)] ola)d| < 3l P2V 2
Owing to (2.30) with (§,n) = (0,Z,0) and the property f = 0,0# fo, we deduce that
1

= f2 = =
! /R(f—fo) Zdr — (1+R) /Rgaiudx—R/Rgax(fau)dw

T

1 = W2 f7f0
< Sz T To)
:

Taking into account that (f,g) € H'(R;R?) by Lemma 2.1, we arrive, after integrating by parts once,
to (2.15). A similar argument leads to (2.16). O

We next develop further an argument from the proof of |15, Proposition 2| which allows us to gain
regularity on f and g by using the Euler-Lagrange equation.

Corollary 2.3. The functions \/f 9,((1+ R)f + Rg) and \/g 0.(f + g) both belong to L*(R) and
r |Viada+Rir+Ra|, < Wl po). (2:323)
T RullVg 0:(f +9)ll, < Walg,90)- (2.32b)

It is worth mentioning here that the estimates (2.32) match exactly the regularity of (f,g) given by
the dissipation in the energy inequality (1.3).

Proof. Consider £ € C§°(R). We infer from (2.30) with n = 0 that, after integrating by parts,

JI+R) f 0.+ R 5 0ug) €= [ (@ 0upl@) (€0 0)(@) ola) e

R
Since f = 0,¢# fo, it follows from the Cauchy-Schwarz inequality and (2.17a) that

@ =0.00) (€00.9)(0) fow) da
< ([e-ouptar fo(iv)dw>l/2 ([ec0.0%w) fo(w)dw>l/2

<t ([ €@ 1@ dx)m .

Therefore,

1/2
Jl+m) 507+ R g 0ug) ) < LI ( [ é@ i@ dx) . (2.33)
R T R

Consider next a nonnegative function x € C5°(R) such that |[x|[; = 1 and define x,,(z) := my(mx) for
m > 1 and z € R. Then, (xm)m>1 is a sequence of mollifiers in R and, given ¢ € C§°(R) and m > 1,
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the function ¥/ (m =% 4 x,, * £)'/2 belongs to C§°(R). Taking & = 9/(m ™4 4 x,, * £)1/% in (2.33), we
obtain
1/2

\/Tn_l/4 + Xm * f
The previous inequality being valid for all ¥ € C§°(R), a duality argument yields

Wz(ﬁ fo) f
T m= Y4 4 o+ f

Wa(f, fo) f

<
vdz| < = T R—

L[(1+ R)f + Ry 1/2
\/m‘1/4+>< « f

Now, since f € H'(R) by Lemma 2.1, we have |[xm * f — flloo < Cy [|0xf]l2 m~/2 for some constant
Cy > 0 depending only on y from Wthh we deduce that

f < f_Xm* Xm*f <1+CXHafo2
m YA x5 flloe = Im Y4 4 xmx fllae Mm%+ X % flloo — ml/4

In particular, for x € R,

(2.34)

o0

(2.35)

\/m—1/4f4(_x>zm « f(2) < (1 +1/Cx Ha:cf|’2> Vf(z) € L*(R)
and
- o [0=VI@ i e =0,
m=o0 /=L § o  f(2) @) i f(z)>0,
so that
/ — \/? in Lz(R)

Vm VA X x f
by the Lebesgue dominated convergence theorem. Since (14 R)f + Rg belongs to H'(R) by Lemma 2.1,
we conclude that

f
VmTY g x f

Owing to (2.35) and (2.36), we may let m — oo in (2.34) and deduce that +/f 0.[(1+ R)f + Rg] € L*(R)
and satisfies (2.32a). The proof of (2.32b) is similar. O

1+ R)f + Rg) — \/f 0.[1+R)f +Rg] in L'R). (2.36)

2.3. Interpolation. Thanks to the results established in the previous sections, we are now in a position
to set up a variational scheme to approximate the solution to (1.1). More precisely, given (fo,go) € K2
and 7 € (0,1), we define inductively a sequence (f7, g% )n>0 as follows:

(f2,9%) = (fo.90), (2.37)
Fr(frh gt = WBE TR ), (2.38)

with

1 R
Fruo) = - (WE A+ WE (09D +ECu0), (o) €K,
m
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the existence and uniqueness of ( oL gf“) being guaranteed by Lemma 2.1 for each n > 0. We next
define two interpolation functions f; and g, by (1.10), i.e. f-(t) := fI and g,(t) := g2 fort € [n7, (n+1)7)
and n > 0. By Lemma 2.2, we have

/(f?—f?‘l) €dotr [ 20,14 R) 24 Rgp) dutds| < s
R R

WE(F 70,

(2.39)
W3 gy, g8 ),

2
‘/ gr —977") €dz+7 R, /gT 9T+9T)3§da:_‘|am§”°°

for all n > 1 and £ € C§°(R). Given T > 0 arbitrary, we set N := [T/7]. Summing both equations of
(2.39) from n =1 to n = N, we find

02%¢ || 0o _
< 106 Sy o,

n=1

‘/ (F+(T) — fo) sda:+/(N+l /fT (L4 R) o+ R g2) 0u€ dadt

(2.40)

e S w3,
(2.41)

N+1
‘/ 6 (T) = g0) 5d:c+R/ /gT (o + 9r) D€ dudt| <

3. CONVERGENCE

We gather in the next lemma various properties of the interpolations (f;,g,) defined in Section 2.3
which are consequences of Lemma 2.1 and Corollary 2.3.

Lemma 3.1. There exists a positive constant Cy depending only on R, Ry, fo, and go such that, for all
t>0 and T € (0,1), we have

0 [ r0d= [ gwya=1, (3.1)
(i) SRR Y+ WE(gr gi )] < i, (3.2)
n=1
(@@i)  E(fr(t),9-(t) < E(fr(8),9-(s)), s€[0,1], (3.3)
@) [ (Grra)ta) st <4, (3.4)
(v) / 1102 £+ ()3 + 10297 (s)[|3] ds < Cy (1+1), (3.5)
(vi) /TOO/RfT 0, [0+ R) fr+ R g.]]> duds < Ch, (3.6)
(vi) / /RgT 10, (- + g.)° dwds < C. (3.7)

Proof. The property (3.1) readily follows from the fact that (f7,¢?) € Ko for all n > 0 and 7 > 0. Next,
for 7 > 0 and n > 1, the minimizing property of (f,g") ensures that

g( Tng)+2_ |:W22( f 1)+ W2 (97—7 1) ég(fT 1797— 1)' (38)
T R,
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Given t € (0,00) and s € [0, ], We set N :=[t/7]|, v:=[s/7], and sum (3.8) fromn=v+1upton =N

to obtain, since (fr,g,)(t) = (£, g¥) and (7, 9:)(s) = (f2,6Y),
1 5 2/¢n pn—1 R 2/ n n—1
O ) + 52 S RS+ g WRaa )| < EG el (9
n=v+1

The monotonicity property (3.3) is a straightforward consequence of (3.9) while the nonnegativity of £
and (3.9) with s = v = 0 give

N

_ R noon—
Z |:W22( 77:L7f71:L 1) + R_ W22(gT7gT 1):| < 25(f0790) T
n=1 K

Since the right-hand side of the above inequality does not depend on N, we obtain (3.2). In order to
prove (3.4), we combine (2.8) and (3.2) and obtain for t > 0 with N := [t/7]

/fT(t,:E) 2dr = /fiv(x) :1:2d$§2/f0(x) 2 dx + 2WE (N, fo)
R
< /fo z? dr + 2N ZW2 ol

< 2/ folw) 2 dz + ANT E(forg0) < C (1+1).
R

We next infer from (2.3) that, for n > 1,

R

T (10715 + R 10:(fF + g)3) < H(fF7) = H(fF) + R, (H(gr™") — H(g})) .

Let N > 1. Summation from n =1 to IV yields

(N+1)T R
/ (1022 ()13 + R 110 (f= + 9-)(5)|3) ds < H(fo) = H(f+(N7)) + = (H(go) — H(g-(N7))).
! ' (3.10)
It now follows from Lemma A.1, (3.1), (3.4), and (3.10) that

(N+1)T
/ (19 ()3 + R 10a(F+ + g:)()IIZ) ds

SH(fo)%-Ri; H(QO)-I-%—!—/R(L!—&) <fT(NT)+R% gT(NT)> <C (1+Nr7),

which entails the validity of (3.5) for t € [N7, (N + 1)7).
We finish the proof by showing (3.6) and (3.7). By Corollary 2.3, we have for n > 1

|V ol + Ry g2+ R

Summing over n > 1 and using (3.2) give

S |V o a+R) fr+ R g
n=1

<SWE(E Y.

ZW2 nopeh <Oy,

whence (3.6). The proof of (3.7) also relies on Corollary 2.3 and is similar. O
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3.1. Compactness. We now turn to the compactness properties of (f;)r~o and (g, )r>o and point out
that the nonlinearity of (1.1a) requires strong compactness. We first observe that the compactness with
respect to the space variable x is granted by (3.5) thanks to the following lemma.

Lemma 3.2. The spaces HY(R)NLY(R, (1+2?) dz) and L*(R)NLY(R, (14+2) dx) are compactly embedded
in L?(R) and H~3(R), respectively.

Proof. Let us first consider a bounded sequence (h;);>1 in H'(R) N LY(R, (1 +2?)dz). On the one hand,
since H'(R) is continuously embedded in L>°(R) and C'/2(R), the Arzela-Ascoli theorem implies that
there are h € H'(R) and a subsequence of (h;);>1 (not relabeled), such that (h;);>1 converges to h in
C([-R, R]) for all R > 0. On the other hand, using once more the embedding of H'(R) in L>(R), we
have for R > 1

/ hi(x) — W) de < / Ihi() — h(a)P? de + / Ihi(z) — ha)P do
R {|z|<R} {|z|>R}
2 1 2
<2R [lhi = hllc(-p,my + g2 1hi = Pl = |hi(z) — h(z)| dx

2
<2R s = bl + gz sup{ il [ o2 ol de

Letting first i — oo and then R — oo shows that (h;);>1 converges to h in L*(R).

Next, let (h;);>1 be a bounded sequence in L?(R)N LY (R, (1+2?%) dz) and denote the Fourier transform
of h; by Fh; for i > 1. A straightforward consequence of the bounds for (h;);>1 is that (Fh;);>1 is
bounded in L?(R) N W2>(R). Arguing as above, this implies that (Fh;);>1 is relatively compact in
L*(R, (1 + 2%)~3dx). Coming back to the original variable, (h;);>1 is relatively compact in H3(R) as
claimed. O

We next turn to the compactness in time and prove the following result:

Lemma 3.3. There is a positive constant Co depending only on R, Ry, fo, and go such that, for T € (0,1)
and (t,s) € [0,00) x [0,00),

1+ (&) = fr()-s + llgr(t) = gr(s)lm-s < Co V|t = s|+ 7. (3.11)
Proof. Consider t € (0,00), s € [0,t], and define the integers N := [t/7] and v := [s/7]. Either N = v

and f-(t) — fr(s) = 0 satisfies (3.11) or N > v+ 1 and it follows from (2.39) that, forn € {v+1,--- ,N}
and & € C§°(R),

(n+1)T
< / /f7<s> 0, (14 R) fr+ R g] ()] 10s€] da ds
nt R

03¢llsc
* 2

/ - Y €da
R

WG L)
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Summing the above inequality from n = v + 1 to n = N and using (3.1), (3.3), (3.6), and the Cauchy-
Schwartz inequality, we are led to

N
_ — N _ v n__ rn—1
[0~ 1o o \ [ mews 3 [ -p et
(N+1)T
< / / Fo(8) 100 [(1+ R) f + R g.] ()] |0u€] dads
(v+1)7 R
2 N
n=v+1
(N+1)7
< ot [ IEGIN [VE 00+ B) £+ R g )], ds
(v+1)T 2
+Oy 7 (1026 o
< Clelwen (VIN=D)7+7)

< CEllwaee (VE—s+T7+7).

Since H3(R) is continuously embedded in W2°°(R), the claimed estimate for f,(t) — f-(s) follows by a
density argument. A similar computation relying on (2.39), (3.1), (3.3), and (3.7) gives the same estimate
for g, (t) — g, (s) and completes the proof of Lemma 3.3. O

We are now in a position to establish the strong compactness of (f;,g;)r>0 in L2((0,7) x R) for all
T > 0 as announced in (1.11).

Lemma 3.4. There are a sequence (T )k>1, Tk — 0, and functions f and g in C([0,00); H3(R)) such
that, for allt > 0,

(fro (), gr (1)) — (f(£),g(t)) in  HP(R;R?), (3.12)
(frir9m) — (fr9) i L*((0,1) x R;R?), (3.13)
(frn>9m.) — (f,9) ae in (0,00) xR. (3.14)

Proof. The proof relies on [3, Proposition 3.3.1] and [17, Lemma 9|. Indeed, it first follows from (3.1),
(3.3), (3.4), and Lemma 3.2 that (f-(f))r¢(,1) lies in a compact subset of H73(R). This fact, together
with Lemma 3.3 and a refined version of the Arzela-Ascoli theorem [3, Proposition 3.3.1] ensures that
there are a sequence (7y)r>1, Tk — 0, and a function f € C([0,00); H—3(R)) such that (f,, (t)) converges
towards f(t) in H3(R;R?) for each ¢ > 0. Since the same argument applies for (9r)re(0,1), We have
established (3.12). We then infer from (3.3), the embedding of L?(R) in H—3(R), the convergence (3.12),
and the Lebesgue dominated convergence theorem that

(Fror9r) — (f,9) in L*(0,T; H3(R;R?)) forall T >0. (3.15)
Now, given ¢ € (0,1) and T > 1, the estimates (3.1), (3.3) (with s = 0), (3.4), and (3.5) in Lemma 3.1

ensure that
(fre) 97 )p>1 18 bounded in L*(6,T; H'(R) N L' (R, (1 + 2?) dx)). (3.16)

Since H'(R)NLY (R, (14+2?) dz) is compactly embedded in L?(R) by Lemma 3.2 and L?(R) is continuously
embedded in H3(R), we are in a position to apply [17, Lemma 9] and deduce from (3.15) and (3.16) that
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(fr4s 9y ) > converges towards (f, g) in L?((6,T) xR;R?). Owing to (3.3), this convergence may actually
be improved to (3.13). The a.e. convergence (3.14) then follows from (3.13) after possibly extracting a
further subsequence. O

Finally, (3.5) implies that, after possibly extracting a further subsequence, we may assume that
(Opfry> 0gry) — (0uf 0ng) in  L*(5,T)xR) forall 0<d6<T. (3.17)

Now, combining (3.6), (3.7), (3.13), and (3.17), we obtain

{ \/f_m\%_glaj(lzﬁkng gn] — \/fzgi ([S}jgf;f) THRI @1y xR) (3.18)

for 0 < § < T, while (3.13) and (3.17) imply that, for 0 < ¢ < T,

fro % [(1+R) fr, + Rgr] — fO[1+R)f+Rg] . .
{ 9r Oz (fr. + 97,) —~ g8 (f+9) in  L°((6,T) xR). (3.19)

3.2. Passing to the limit. Combining the convergence (3.12) with the estimates (3.1), (3.3) (with
s = 0) and (3.4) in Lemma 3.1 ensures that (f(¢),g(t)) € Ko for all ¢ > 0. Moreover, gathering (3.3),
(3.5), (3.13), and (3.17), we conclude that (f,g) satisfies the integrability properties (i) of Theorem 1.1.
In addition, it follows from (3.12) and Lemma 3.3 that

1F@) = F() -3 + lg(®) —g(s)lg-s < Ca VIt —s|,  (t8) €[0,00) x [0,00), (3.20)
which proves assertion (i) of Theorem 1.1.

In order to establish the estimate (b) of Theorem 1.1, we pick 7' > 0 and set Ny := [T'/7x] for all
integers k£ > 1. Then, we infer from Corollary 2.3 and (3.9) (with s = 0) that for all £ > 1 we have

5 [ T {Hm 0,11+ R)fs, + Rgry] 0) } do

N, _ _
AW, Y +£W§(gﬂk,gﬁk Y
27 R, 27

2

+ RRM 97, (U) Or [frk + ng](U)
2

] < g(nyQO) - g(ka (T)7gm (T))

n=1

Letting k — oo, the convergences (3.13) and (3.18) lead us to

; /;{Hm 0.1+ R)f + 1ol @), + R, [ VA 0.7 + a0} do
< E(fo.0) — E(F(T).9(T))

for all 6 € (0,1), whence the desired assertion (b) of Theorem 1.1 after letting § — 0.



Now, we identify the equations solved by f and g. To this end, fix £ € C§°(R), ¢t € (0,00), s €

and set N := [t/7] and v := [s/7]. We infer from (2.40), (3.1), (3.2), and (3.6) that

‘/ fr(t) = fr(s éda:+/ /fT L [(1+ R) fr+ R g,] (0) 8,¢ dado

N+l
() — fo) 5dm+/ /fT L1+ R) £+ R g.] (0) 0,6 durdo
R

(v+1)7
+ /(ff() fo)édw+/ o /fT L [(L+ R) fr + R g7 (0) 8,6 dedo

(N+1)T
+/‘ /ﬁ (14 R) fr+ R g,) (0) 0,€ dado

(v+1)7
41/ /ﬁ (14 R) £+ R g, (0) 0,6 dado

rgmmWEJ% N )

n=1

H@mmlwhw; W2 VT 0L+ B) fr+ R g7 (o) o

(N+1)7
Hostle [ 1N |VE 010+ R) £+ Rl )], do
< C |éllwae (T+v7) -

17

(0,2)

Taking 7 = 7 in the above inequality and letting k& — oo with the help of (3.12) and (3.19), we end up

with the first identity in (1.12)

/(f() sd:c+//f L1+ R) f+Rgl(0) 0 dado =0.

The proof of the second one being similar, it remains to check the property (a) stated in Theorem 1.1.

To this end, we first claim that
(froIn fr,gr Ingr ) — (fInf,glng) in L'((0,7) xR), T>0.
Indeed, by (3.13) and the continuity of r — rInr in [0, 00), we have for T' > 0

(frolnfr,97,Ingr) — (fInf,glng) a.e. in (0,7) x R.

Moreover, it readily follows from (3.3) (with s = 0) that

(froIn fr, 97, In g7, )p>1 is uniformly integrable in LY(0,T) x R;R?),

(3.21)

(3.22)

(3.23)
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while (3.3), (3.4), and the inequality |rIn7| < 2y/r max{r, 1}, r > 0, guarantee that, for R > 1,

! T
/ / ’kalnka‘dmdt < 2/ / \/El[(]l](frk)dxdt
0 J{lz|>R} A - |
T
v /0 /{I >R} f%/? 1(1,r)(fr,) dudt
' 7 2
" 2/0 /{|m|>R}f§k/ LR 00) (fr, ) dedt
T
2 ( / / 2 fr, d:ndt) ( / / da;dt)
{lz[>R} - —~

+ 2\/—// kad:ndt+—// 2 dudt
{|z|>R} {|z|>R}

IN

1+T 1+T
< C—+—/ / 22 f. dwdt + C ——
VR R¥? Jo Jiasry I VR
147
< C \J/fﬁ, (3.24)

Due to (3.22)-(3.24), we are in a position to apply Vitali’s convergence theorem (see, e.g., [11, Theo-
rem 2.24| or [13, Théoréme 1.4.13|) and deduce the claim (3.21) for (fr, )x>1, the proof for (g-, )x>1 being
identical. Consequently, after possibly extracting a subsequence, we have also

(H (fr.(8)), H(gr,. (1)) — (H(f(t)), H(g(t))) ae in  (0,00), (3.29)
the functional H being defined in (2.4). We next infer from (3.17) and the Fatou lemma that, for ¢ > 0,

| 0:56)B+ R 1027 + 9)(s)13) ds = lim [ (J0.5(s)1B + R 0.5 + 9))F) ds
0 —0Js

6—0

t
< lim likn_1)i£f/6 (102 fr ()13 + R |02 (fr, + g7, )(5)]I3) ds . (3.26)

Owing to (3.25) and (3.26), we may pass to the limit as & — oo in (3.10) to obtain the assertion (a) of
Theorem 1.1, which completes its proof.
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APPENDIX A. SOME TECHNICAL RESULTS

We first collect some well-known properties of the functional H defined by (2.4).
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Lemma A.1. Let h be a nonnegative function in L*(R, (1 + 2?)dz) N L?*(R). Then hlnh € L*(R) and
there is a positive constant Cy such that

/h(a;) In h(z)|dz < Cg—i—/h(x) (1422) do+ [h]3. (A1)
R R
H(b) > —C’g—/h(:n) (1+2%) de. (A.2)
R

Proof. Introducing the function w(z) := e~+2*) 2 € R, and using the monotonicity of 7 — r|Inr| in
[0,1/e], we have

h(x)|Inh(x)|dz = h(z)|In h(x)| dx h(z)|In h(x)| dx
[ n@mio) /{h@)@m}”’ (@)]dz+ ()| n h(e)|

{w(z)<h(z)<1}

+/ h(z)|In h(z)|dx
{h(z)>1}

IN

/ e~ W+ (1 4 22y do + / h(z)(1 4 %) dz
{h(z)<w(z)} {w(z)<h(z)<1}
+/ h(z)(h(x) —1)dx

{h(z)>1}

/ e ) (1 4 %) dg + / h(z)(1 + 2*) dz + ||h[|3 ,
R R

IN

whence (A.1). Similarly,

H(h) > / h(z)Inh(x)dx +/ h(z)Inh(z)dx
{h(z)<w(x)} {w(z)<h(z)<1}
> —/ e~ ) (1 4 22) da —/ h(z)(1 + 2?) dx
{h(z)<w(x)} {w(z)<h(z)<1}
from which (A.2) readily follows. O

The next results allowed us to identify the limit of some terms arising in the derivation of the Euler-
Lagrange equation in Lemma 2.2.

Lemma A.2. Consider h € HY(R) and ¢ € C§°(R). Setting (. := id+e ¢ for e > 0, we have
hol.—h

hoC.—h in L*R) and
e—0 €

— COzh i L*(R). (A.3)

Proof. Since (. is a C*°—diffeomorphism from R onto R for £ small enough, its inverse (! is well-defined
and satisfies

2= M@)| <e Koo, zER (A.4)
It follows from the Cauchy-Schwarz inequality, the Fubini theorem, and (A.4) that

¢ (2) 2 ¢ (z)
lhoG —hl} = /R ( / axh<y>dy> dz < /R @ — (o) / 10:(y)|? dy

€ HCHOO/RI&Eh(y)l2 ly = ¢ )| dy < € [ICI1% 110:hl13

dx

IN
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which gives the first assertion in (A.3) and the boundedness of ((ho (. — h)/e). in L*(R). Next, since
h € H'(R), almost every = € R is a Lebesgue point for d,h and, for such points,

h(x +e((x)) —h(z) 1 z+e(z)
: —w L B @) o) ().

Therefore, ((ho (. — h)/e). converges a.e. to (9;h as € — 0 and is bounded in L?(R), and the second
assertion in (A.3) readily follows from these two facts. O

The first assertion of Lemma A.2 is actually true in a more general setting:

Lemma A.3. Consider h € HY(R) and a sequence ((:)e>0 of functions in C°(R) such that w. =
l¢: —id|leo —> 0 as e — 0. Then
hol.—h in L*R).
e—0

Proof. As in the proof of Lemma A.2, it follows from the Cauchy-Schwarz inequality and Fubini’s theorem
that

Ce(z) T+we
Ihoc.—hl} < Am—@wr/ \mmw%ymswgé/ 10:h(y)[? dyda

e
< 2w [0ahl3,

and the right-hand side of the above inequality converges to zero as £ — 0. U
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