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ABSTRACT. In these proceedings we are interested in quantitative estimates for advective
equations with an anelastic constraint in presence of vacuum. More precisely, we derive a
quantitative stability estimate and obtain the existence of renormalized solutions. Our main
objective is to show the flexibility of the method introduced recently by the authors for the
compressible Navier-Stokes’ system. This method seems to be well adapted in general to
provide regularity estimates on the density of compressible transport equations with possible
vacuum state and low regularity of the transport velocity field; the advective equation with
degenerate anelastic constraint considered here is another good example of that. As a final
application we obtain the existence of global renormalized solution to the so-called lake
equation with possibly vanishing topography.
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1. INTRODUCTION

New mathematical tools allowing to encode quantitative regularity estimates for the con-
tinuity equation written in Eulerian form have been recently developed by the authors [see
[11] and [12]] to answer two longstanding problems: Global existence of weak solutions for
compressible Navier—Stokes with thermodynamically unstable pressure or with anisotropic
viscous stress tensor. These articles provide a new point of view regarding the weak stability
procedure (and more precisely on the space compactness for the density) in compressible fluid
mechanics compared to what was developed mainly by P.-L. Lions and E. Feireisl et al.: See
for example [20], [21], [28].

In the present work, we want to show the flexibility of the method introduced in [11, 12] by
focusing on quantitative stability estimates for advective equations with a vector field satisfy-
ing a degenerate anelastic constraint (linked to a non-negative scalar function). The method
itself introduces weights which solve a dual equation and allow to propagate appropriately
weighted norms on the initial solution. In a second time, a control on where those weights
may vanish allow to deduce global and precise quantitative regularity estimates. For a more
general introduction to the method, we refer interested readers to [10].

The theory of existence and uniqueness for advection equations with rough force fields is
now quite extensive, and we refer among others to the seminal articles [18], [1], and to [16, 2]
for a general introduction to the topic. But quantitative regularity estimates were first derived
on the Lagrangian formulation by G. Crippa and C. De Lellis in [15]. The main idea is to
identity the "good” trajectories where the flow has some regularity and then proving that
those good trajectories have a large probability, which strongly inspired the Eulerian approach
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that we present here. This type of Lagrangian estimate is also used for example in [5], [6],
[23] and [13]. Note that quantitative regularity estimates for nonlinear continuity equations
at the Eulerian level have also been introduced in [3], [4] using a nonlocal characterization of
compactness in the spirit of [7]. PDE’s with anelastic constraints are found in many different
settings and we briefly refer for instance to [24], [29], [19], [35], [30], [22] in meteorology, to [8],
[25], and to [27] for lakes and [33], to [26] for the dynamics of congestion or floating structures,
to [17] for astrophysics and to [14] for asymptotic regime of strong electric fields to understand
the importance to study PDEs with anelastic constraints especially the advective equation. As
an application, we derive a new existence result for the so-called lake equation with possibly
vanishing bathymetry which could vanish. The fact that we can obtain renormalized solutions
in the vorticity formulation is in particular a significant improvement compared to previous
results such as in [25].

Let us now present more specifically the problem that we consider: Let €2 be a bounded
smooth domain in R? with d = 1,2 or 3. We study the following advective equation

(1) a(Op+u-V¢)=01in (0,7) x Q
with a velocity field u such that
(2) div(au) =01in (0,7) x Q, au - nloryxe = 0.

where a is a given non-negative scalar function which depends only on the space variable and
is continuous on 2. The initial condition is given by

(3) a¢|t:0 = my in €.

To avoid assuming any regularity on a, we still need to impose additional conditions on a:
There exists a measurable non-negative function «(z), » > 1 and ¢ > p* (with as usual

1/p*+1/p=1) s.t.
4) a(z) <a(z), A(a,a) = /Q (|Voz1/p* ()7 4 a(z) (| log a(z)| + |V log a(m)|r)) dzr < oc.

Of course if a € WP with p > 1 and a|loga| € L' then we could just choose o = a”* with
k > 1. But (4) is far more general as in particular it does not require any regularity on a
away from its vanishing set.

An example. To illustrate the condition (4), assume that there exists a Lipschitz domain
O C Qs.t. a=0o0n O° and on O for some exponents k, [ > 0

C~! min((d(x,00))*,1) < a(z) < C min((d(x,d0))},1).

Then by taking a = min((d(z,00))?,1) with 6 > p*, we immediately satisfy (4).

Let us now consider a velocity field u such that (with a slight abuse of notation as ||ul|, is
not a norm)

T
6 el Ll + [ [ o) Vuta)] tog(e+ [ (u(t. ) dedi < .
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with p > 1 fixed and where the Lebesgue space L{LE and more generally the Sobolev space
LYW, are defined by the norms
< 00,

1/p
( [ irpat dm)
@ La([o, 1)

1/p
1F 1l payre = H </Q(|f!p+ IVfIP) a(x) dq:)

HfHLng =

< 00.
La(lo, T])

Because we do not have direct bounds on divw or even on Vu as a may vanish, the standard
theory of renormalized solutions cannot be applied to provide regularity (compactness of
the solutions) or uniqueness. Concerning the boundary conditions on the velocity field, the
anelastic constraint (2) and the integrability assumption on the velocity field allow to consider
velocity fields satisfying the boundary condition in (2) in a weak sense, see for instance [25].

We propose here to extend the method introduced in [10] to this degenerate PDE system
(1)—(3) through an appropriate three level weights control. This helps to encode quantitative
stability estimates when approaching the degenerate constraint by a non-degenerate one: a
standard procedure when you want to approximate a degenerate PDE. The conclusion will
be existence of renormalized solution to the advective equations with degenerate anelastic
constraint, as per

Theorem 1. We have stability and existence of renormalized solutions:
1. (Stability) For any C' sequences a., ac, u. and a sequence of Lipschitz open domains §).
with
o a. is bounded from below, infq_a. > 0, and we have the divergence condition
(6) div(az ue) =0,

® ac, ag, u: satisfy (2) and (4)-(5) uniformly in e: sup, A(ae, ac) + sup, ||ue|la. < oo,
e . converges to ) for the Hausdorff distance on sets and |lae — allp1o.nq) — 0 as
e — 0,

and for any sequence of initial data ¢2 uniformly bounded in L>(RY) and compact in L' (RY),
consider the unique Lipschitz solution ¢. to

(7) a: (049 +ue - Vo) =0, in Q,
with boundary condition
(8) azu: -n =20, on 0.

Then ¢ is compact in L°L2_ and converges to a renormalized solution to (1) with (2).

2. (Ezistence) Let ¢g be in L*°(Q) and (a, o, u) satisfy (2) and the bounds (4) and (5). Then
there exists a renormalized solution ¢ of (1) with initial data (3).

We present a possible strategy at the end of the article to use our techniques to prove that
any weak solution is a renormalized solution and thus provide uniqueness of the solution; the
full argument would however go beyond the limited scope of these proceedings.

The main ingredient to prove Theorem 1, is to obtain uniform regularity estimates on
€. This is done in two steps: First introducing appropriate weights in section 2 and then
propagating regularity in the next section. We can then construct a sequence of solutions ¢°
for the approximate coefficients a. and obtain the renormalized solution as the strong limit.
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We conclude the manuscript by showing the existence of global renormalized equations for
the lake equations and presenting also a formal derivation of the model from compressible
equation from Fluid Mechanics. Since our method is based on a doubling of variable argument,
we make abundant use of notations like u® = u(t,z) to keep track of the physical variable
(comparing u” and uY for = # y) whereas the value of the time variable is usually obvious.

2. THREE-LEVEL WEIGHTS PROCEDURE AND PROPERTIES

The estimates in this part hold for general coefficients with appropriate renormalized so-
lutions but will later be used with the approximate coefficients a., a. and the velocity wu..

As in [10], we introduce auxiliary equations that will help to identify the appropriate
trajectories where the flow has some regularity. In this paper, we do it in three steps to
control trajectories : where « is very small, where |u| is large and where oscillations in the
velocity field occur. More precisely, we define w, solution to

lu - Va
Y w

(9) Bywg +u - Vw, = — e Wali=0 = ((2))".

(0}

The weight w, controls which trajectories can get close to points where o (and hence a) are
very small. Next we introduce w,, solution to

1+ fg |Vu(s,x)|ds
1+ fg lu(s,x)|ds ’

which controls trajectories going near points where |u| is large. Finally we define our main
weight, controlling oscillations in the velocity field

(10) Oywy, + u - Vw, = —wy, |u(t, )| Wy |t—0 = 1,

(11) ow+u-Vw=—-D w, wli—p = 1,
i M|V(aw)
au T x| —0*
D=\ == 5 (M| Va @) ful” + ||

for some constants A, # and 6* (chosen later on) respectively such that A >0, 1/0* =1—-1/6
with p > 6 > 1.

Observe that for general a, a and u only satisfying (4)-(5), we are at this point incapable
of ensuring that there exist renormalized solutions to Eqgs (9), (10), (11); in fact this would
only follow from a first application of our method.

However assuming that such solutions exist, we can easily investigate their properties,
summarized in the following

Lemma 2. Assume that (4) holds and that u satisfies (2) and (5). Then

o Consider w, a renormalized solution to (9). One has that
0 Swy(t,z) < (af2))” < (a(x))”,

(12) /Qa(a:) wy(t, ) |logw,(t, x)| dx
< Oy (L4 July2g) [V log all g o) + la log alli o) -
o Consider w,, a renormalized solution to (10). One has that

1
(13) 0 <wy(t,z) < ; , / a(z) |log wy (t, z)|dx < Op ||ullq.
1+ [ lu(s, )| ds Q




ANELASTIC DIVERGENCE CONSTRAINT 5

o Finally consider w a renormalized solution to (11). One has that

0<w(tz) <1,

/ a(2) wa(t,z) |log w(t,x)| dz < CT + C ||u| 7y [|Va'/P"||%,
Q a

T
—|—C/ /a|Vu| log(e + |Vul|) dz dt.
0 Q

Lemma 2 in particular shows that w, > 0 a-almost everywhere, that w, > 0 a w,-almost
everywhere and finally that w > 0 a ws-almost everywhere; and by the previous points, w, > 0
and w > 0 a-almost everywhere as well.

Proof. 1) Estimates on w,,.

1-1) Pointwise control. Since w = 1 identically at ¢ = 0 and D > 0, one trivially has that
0 < w < 1. The other estimates are less straightforward and we start by proving them on
w,,. Define

o(t,z) = —log(1 —i—/o lu(s, x)|ds),

and notice that

lu(t, z)| u(t, ) - fg Vau(s,x) - |ZE§3| ds
1+ fg lu(s,x)|ds B 1+ fg lu(s,x)|ds
while ¢(t = 0,2) = 0. Therefore by (10), one has that
O logwy, + u - Vi logw, < Oyp+ u - V.

Op+u-Vo=—

)

By the maximum principle since log w, = ¢ at t = 0, we have that log w,, < ¢ and by taking

the exponential
1

1 —i—fot lu(s, z)| ds
1-2) A log-control on w,. Using again the equation (10), and since div(au) = 0, we have that

1 ¢ \V4 , d
a a(x) [logwy(t,x)| dz = / a(z) ult, )| + fol u(s,x)| ds e
dt Jo Q 14+ fO lu(s, z)| ds

e?

Wy >

Therefore by the definition of ¢

/Qa(x)]logwu(tg,xﬂd:v— —/Oto/ﬂﬁtcp(t,x) <a—|—/0ta(:1:) ]Vu(s,:):)|ds> da .

Integrating by part in time
t to
/ a(x) |log wy(tg, z)|de = — / / aOpp(t, x) +/ / o(t, z) a(x) |Vu(t,z)|de dt
Q 0 JQ 0 Q
to
- / a(x) ¢(to, ) / |Vu(s,z)|dsdz.
Q 0

Remark that the first term reads

t
os—/ /aatsou,m)sru\m-
0 Jo /
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Note that the second term in the right-hand side is negative. For the last term, we use the
well-known convex inequality, xy < xlog(e + x) + e¥ for z, y > 0 to bound

—/a( ) lto, )/Oto Vu(s, 2)| ds do
/to/ |Vu s, z)| log(e + |Vu(s, x)|) +e|“’(t°’z)l) ds dx

/to/ <|Vu s,z)| log(e + |Vu(s,z)]) + 1 +/Ot0 lu(r, $)|dr> dsdzx,

again by the definition of . Hence

| ata)tog wuta, )| o
<cr <||u||L1L1 +/t0/ ) [Vu(s, )] log(e + [Vu(s, :c)|)dxds> .

2) Estimates on w,.

2.1) Pointwise control on w,. We now turn to the estimate on w,. First note that

-V
8ta+u-Voz:u-Va2—|u a|a,
o

and therefore, just as for w,, by the maximum principle log w, < log a which leads to
wa(t, ) < (a(z))”

and the other inequality as a < a.

1-2) A log-control on w,. We also follow the same strategy to bound |logw,| and obtain in
a straightforward manner, using Eq. (10) on w,, that

to
/ a(x) wy(to, ) | log we(to, )| dz <+ / / a(x) wy |ul |V log af dz dt
Q 0 Q

+ / a|logwy(t =0,2)|dx.
Q

From the initial data on w,, we(t = 0,2) = (a(x))?, we have that

/a|10gwa(t:0,:z:)|dx§*y/a|logoz]dx.
Q Q

Furthermore since a and o do. not dependent on time, we also have that

to to
/ / a(x) wy |u| |V log af dr dt < / )|V log al / |u(t, z)| dt "
0 Ja 1+f0|usx)|ds
= [atwviogal ["otos (1+ [ juts.o)las ) da
Q
to
= / a(x) |Vlog o log <1+/ |u(3,x)\d3> dx
Q 0
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By bounding the log polynomially and a Holder estimate, we deduce that
/Qa(w) wy(to, ) |log wa(to, )| dzdt < v |logallpy + Cuyllullpirz IV Iogall e,
for any p > 0. Choosing p s.t. 14 p < r one has

(15) / a(x) wy(to, x) [log wa(to, z)| dx dt < |[[logallry + v l|lull Lz [|V1og all ;.
Q

2) Estimates on w. The point wise estimate on w is straightforward due to the damping
term and the initial data. We now turn to the last estimate on logw. Following similar
calculations with Egs. (11) and (9), we have that

% a(z) we(t, z) |logw(t, z)| dx < /Qa($) we(t,z) D(t, x) dx.

Since wq(t, ) < (a(x))?, if v > 6%, one has from the definition of D in (11) that

d
— | a(z)we(t,z) |logw(t, z)| dx < /
dt Jq

a(z) (M IV (aw)| + (M|Va|)|ul’(a)” + 1) dz.
Q

We may simply bound
/Qa(ﬂf) (M[Val])? |ul’ (@) da < C||Va|alulfp,

with ¢ > 6 and recalling the maximal function is bounded on LY as ¢ > 1. For the other
term, by the standard properties of the maximal function, one has that

/ / ) M|V (aw)|(t, x)dxdt<0/ /M|v aw)|(t,z) dz dt

<c /0 119 (@ u)(t, )] e .

where H! is the classical Hardy space. Since |V(au)| is always positive and € is bounded,
this Hardy norm reduces to a L log L estimate

1V (au)| ||y ~C </Q |V(au)| log(e + |V(au)|) dm) .

This is of course slightly non-optimal as we are losing possible cancellations in V(au), but
necessary here if we want to keep positive weights. Of course since V(au) = uVa + a Vu,
we have for example by the properties of the log and Holder estimates that

/ |V (au)| log(e + |V(au)|)) dx <C / a|Vul log(e + |Vul) dx
Q Q

+C lullfp Va1,
where one needs g > p*. Therefore since a < a, we finally find that
/ a(z) wa(t, ) [logw(t, )| de < CT +C |lulf, [V P |1,
Q a
(16) T
+C / / a|Vul log(e + |Vul|) dx dt.
0 Q



8 D. BRESCH AND P.-E. JABIN

3. COMPACTNESS AND QUANTITATIVE REGULARITY ESTIMATES

We consider here any renormalized solution to our main equation (1) and prove that it
satisfies some quantified uniform regularity. As in the previous section those estimates will
be applied for our approximate coefficients a., o, as at this time we have not yet obtained
renormalized solution in the general case.

3.1. Regularity conditioned by the weights. The first step is to propagate an adhoc
semi-norms constructed with the weights, namely

Proposition 3. Assume that ¢ is a renormalized solution to the transport equation in ad-
vective form (1) with constraints (2). Let us define @ corresponds to a on Q and 0 on RI\Q.
Assume as well that we have renormalized solutions wq to (9), w,, to (10) and w to (11) with
A large enough. One has that for any h and for q > p*

—x —y \(;S(t,x)—qﬁ(t,y)\ w ) w ) w ) w ) w w T
AQda a (h—l—\x—y\)d a(ta ) u(t7 ) (t7 ) a(tv ) u(tay) (tvy)d dy
2 19°(@) = ()]
e P

+C[log A2 [[ll e (l[ulla + lulla) (1 + [|Val/P"|La)”.

Proof. We skip the bar on a to simplify calculations. Since ¢ is a renormalized solution, one
has the non-linear identity

a®a’ | 0|9 — ¢ + u” - Vo[ — ¥ + u? - V9" = ¢¥[| = 0.

Hence

Or(aa|¢" — Y| w wf wl w’ wl wh) + atabu® - V|97 — o] w wf wh wd wh wh)
T+ ataul - V(|67 — ¢¥] w” wf wk w wh w)

< —a®a? (D* + DY) |9 — ¢Y| w” w} wi, w¥ wl wl.

Multiplying by (h + |z — y|)¢ and integrating by parts yields

d T — Y
/]R2d axaywawffwfjwngwgdwdy

dt h+ e — y))?
0" — 9" oy
<d x Y T, T, T Y oY Y ¢ . + ] d d
B /dea Clht = yarr Y e wy wy (u(t, x) — u(t,y)) o —y Y
6% — ¢Y]
_ rx,y ‘'~ 0 b xT T xT Yy Yy y Dz Dy d d .
‘Lwaa<h+m—yw“’wﬂ%w1%wu< + DY) da dy

As usual the main issue is the commutator estimate. As Vu is only controlled when integrated
against a, this is a more delicate issue. Indeed in principle ©* — u¥ involves the values of Vu
between x and y whereas we only have the values of @ at x and y. It is the reason why we need
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to introduce «, which has some regularity, and proceed with the following decomposition

(ut 2) — u(t, ) - L < L am v ut, 2) — u(t, )

Jo—yl| = aray
z Y
< (a7 (a) o ur —avur] S
z\—1 / y\—1 x_ya|u|+a‘u|
+ (@) (@) a7 — av) ST
By symmetry in « and y this leads to
(17)
d ¢ — Y|
% .y axaym wx wg 'U}g wy wg wg dx dy

6° — & o® +
<d a®a¥ w® w? wr w¥ wYy w¥ |aF v — VY| —— dx d
< AN oy g vl | | dedy

ao® [u®| 4+ a¥ |uY|

ot oY

+d T Yy ‘¢z_¢y‘ T, T T, Y Y Y [T Y
a“a ( w” wi wi wY wl wl o — Y| dx dy
R2d

h+ |z —y[)dH!

|¢” — ¢Y|
f e et (07 + DY) oy

We now appeal to the technical lemmas that have already been used in [10] to control the
difference u® — u¥.

Lemma 4. There exists C > 0 s.t. for any f € WHL(RY), one has

v

where we denote

h

A full proof of such well known result can for instance be found in [13] in a more general

setting namely f € BV. Through a simple dyadic decomposition, one may also immediately
deduce that

(18) Dy f(z) < C M|V f|(z),
where M denotes the usual maximal operator, and thus recovering the classical bound
(19) [f(x) = f) < Clz =yl (M|V f|(z) + M|V f|(y)).

Applying Lemma 4 to Eq. (17), we find, by symmetry in z and y that
d 6" — ]
0t Jeaa ™ T oyt e v vl e dy

dx dy

al‘

T ¢x_¢y T x ..
<c [ a ayw_y")dw w? wf w? wd wd (D (@u) () + Dy () (1))

¢ — ¢Y] |u”]
+C - axaym w” wy wy wY wY wh (Dig_yja(x) + Dig_yja(y))

o dx dy

¢ — ¢Y]
— a0y —————— w*” wk wl w w wl (D* + DY) dx dy.
Je o g )
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We recall the definition of the penalization D*
M|V .
D7 = (ML 1 (1 o)t + o)

with A > 0 chosen large enough. Since vw < v? + w?" | one has that

|u”] o
— < (M[Val|@)’[u|” + o7,

Djg—yja()
By the bound (18) with some symmetry in z and y, and using A large enough, we therefore
obtain that
(20)
d x Yy ‘¢x B ¢y‘

— a*a¥y ———T—— wF wF wrwY w¥ w¥dxd
dt Jaoa® " (o —yhd e e e Tu G

T |¢m_¢)y| T, T, T dxdy
<O [t i s w e w wf (Do (ou)y) ~ Doy w)(@) 5
+C amqu w” wg wy wY wY wh (Dyp_y(y) — Dip_yja(z)) i dx dy.
R2d (h"—‘.ﬁ—y’)d a u a u =Y T—y Oéy
Recalling now Lemma 2, we have that w? < a”®. Therefore,
T ’¢x_¢y’ T, T, T dmdy
/dea aymw we wyy ! wi wy (Djg—y(au)(y) — Dy (au)(z)) o
‘D|m—y|(a u)(y) - D\x—y|(a u)(x)|
<C o0 dx d
<l [, CERFEL o

R dp
<clole [ [ /0 D)z + pw) = Dyfau)(@)] 75 dpdadu,

by a direct change of variables to polar coordinates in y — z and where R is the diameter of
Q. This leads to a square function type of estimates as by Cauchy-Schwartz

T ¢m_¢y T x T dwdy
o g e w wu wlwl (D (@) 0) ~ Doy 0 0)(e) ot
R d 1/2
<Cllole= [ Nosh? [ ([ IDan)atpu) - Dyfaw@ ;L) dodw,
Sd-1 rRe \Jo h+p

We now recall the classical estimate (see for example the remark on page 159 in [34])

Lemma 5. For any 1 < p < oo, any family L, of kernels satisfying for some s > 0
(21) /Lp =0, sup ([[Lpllr + p* [|Lpllwsn) < C,  supp™ /\le [Lp(z)|dz < CL.
P p
Then there exists C > 0 depending only on Cf, above s.t. for any f in the Hardy space H'(£2)

1 d 1/2
2 ap
(22) L ([ v s@p 22 ar< i,

whereas if f € LP with 1 <p < oo

1 d p/2
(23) L ([ 1 P %) e < eyl
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Observe that obviously

1 - 1

Dpf:f/p*fvﬂ, Ep(fc) oz |d T lzj<p =0~ L(CU/P) with L(ﬂf):mﬁﬂmg-

Hence defining L,(z) = L,(z) — L,(x+ pw), we can easily check that L, satisfies the assump-
tions of Lemma 5. This proves that

dx dy

aac

T _ AHY
[t e e v el (D@ )) = Diamy () (0)

< O 1¢llze [og b2 | [V ()] ll31 0

We now follow the exact same steps as for the bound at the end of the proof of Lemma 2.
Note that here it would be easier to use the cancellations in V(au) by being more precise in
Lemma 4 and using an exact representation instead of a bound. For simplicity though, here
we have kept the more direct version of Lemma 4. Hence we have that

/ IV (o) og(e + |V (aw)]) dz <C / o |Vl log(e + |Vul) dz
Q Q

+ Cllullzy Ve ||Z,
where again one needs g > p*. This lets us conclude that

dx dy dt

al‘

(24) / /RQd a? h’i |JU—7 y’|) w” wy wY wY (Dig_y|(u)(y) = Dig_y(au)(z))
L.

< Cr ||z~ [log A2 [|[ulla + [[ull gy | Ve
We apply the same strategy to the other term in the bound (20). We again start using that
wy < a¥ to obtain that

/ /R ST —— h+|x—y\) W wg Wy w? g Wy (Dig—y 0(y) = Da—yjol@)) =7
| Djy—yj(y) = Dyo y|a z)|
< o v a” |u”| dt dxd
= ol /R (h+ |z —y])? / el dedy

since « is independent of time. By Prop. 2, w, < 1/(1+ fg |u(s, z)| ds and hence

g T uft,)] g '
/ wy(t, ) |u(t, z)|dt < / . dt = / O¢log | 1 —l—/ |u(s,z)|ds | dt
0 0 14 fylu(s,x)|ds 0 0

= log <1+/0T|u(s,x)yds> .

Choose now any p > 0 and bound

T T w/ (14p)
log (1 +/ lu(s, z)] ds) <C, <1 +/ \u(s,x)|ds> )
0 0
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so that by Holder since 1 —1/(1+ p) = p/(1+ p)

|9 — ¢ |u®| d dy dt
y T xT T Yy Yy Yy . juTjaxr ay at
/ /RM (it o=y w* wy wy; w¥ Wi w (D)p—yja(y) — Djp—yja(z)) "
1/(141)
Diy_y(y) — Dyp_yal) 1
< N log A/ (1+8) / Dy o=y |
< Cullolleee llullpazs [loghl - (ERTE—T d dy

We can now apply Lemma 5 for f € LP, and find similarly that

/ |D|z—y\a(y) - Dlm—y|a($)|1+u
R2d (h+ |z —y|)*

dz dy < C,, |log h|1=M/2 | Va1

Litw:

This leads to

|u®| dx dy dt

oy

g ¢* — ¢¥|
T Y 0% w® wY w? w? (D, _D._
/0 /RM“ Vs =gtV Y W v 0wy (Dia—yja(y) = Dip—y ()

< Culldllze [lullpyra og b2 [Vl e

Choosing g small with 1 + ¢ < ¢ and combining (25) with (24) in (20), we finally conclude
that

d T Yy |¢I B ¢y|
— ata? ———————
dt JRrea (h+ |z —yl|)
< C[log h['?[|gl| oo ([ulla + u]l§) (1+ Va7 [|24)°,
thus proving the proposition. ]

w” wy w,, w? wi w; dr dy

3.2. Our explicit regularity estimate. By using a straightforward interpolation argument
thanks to the previous controls obtained on the different weights w,,, w,, w, we can now state
our main result

Theorem 6. Assume that (a, ) satisfy (4) and that (2) and (5) hold for u. Assume as well
that we have renormalized solutions w, to (9), wy, to (10) and w to (11). Consider now any
renormalized solution to (1) and denote

0(
0 a® ywd dy.
19711 = llogh] (h+ |z —y|)4
Then
1 9" — ¢V c
a*aV ——————dxdy < ,
[log h| Joz2a (h+ |z —y[)? | log([[¢°]l + | log h|~1/2)[1/2

for some constant C' > 0 depending only on the bounds on ||| (qy, [[ulla and |[¢l Loe((0,7)x0)-

1blln =

Proof. The proof relies on a appropriate decomposition of the domain playing with sets con-
structed using intersection of the set {x, y | wy(t,z) > n, wy(t,y) > n} or its complementary
set with the set {x, y | wa(t,z) > 1/, wa(t,y) > n'} and its complementary set and with the
set {z, y | w(t,z) >n", w(t,y) >n"} and its complementary. More precisely, we write

_ [ -] et N~
||¢||h—/ T+l =g a aydﬂcdy—Z/ h+]:n—y] S a ayda:dy—ZJ]

=1
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with
Il = {JZ‘, Yy ‘ wu(ta l‘) <mnor wu(tvy) < 77}7
I, = {337 Yy | wu(taf) > 1 and wu(ta y) > 77} N {$, Yy ‘ wa(tvx) < 7]/ or wa(tay) < 77/}
and denoting
I= {l‘, Yy ’ wu(ta :E) > n and wu(t’y) > 7’} N {:c, Yy | wa(tvx) > 77/ and wa(tay) > 77/}7
with
Ii=I1n{z,y|wtxz) <n orw(ty) <n"},
and
Li=In{z,y|wtz)>n" and w(t,y) > n"}.
Note that it is straightforward that
1 ¢ — ¢Y|
0< <" ra¥ ——— y YwwYdx dy.
S Js < P /dea a (h+ |z —g))? JWawawywyww?dr dy
Remark now that by symmetry, J; is bounded by
0 < Ji <|logh| a®(Kp * ald(t, z)| + K, * [ag|) dx
z, wy(t,z)<n
where Kj,(z) = (h + |z|)~%/|1log h| so | K}||,1 = 1. By Holder estimate

/ a® (K, % al(t, 2)| + K x |ad|) dz
z, wy(t,x)<n

<CH¢\|LOO/ adz.
z, wy(t,z)<n

Now it suffices to note that

| log wu(t, ) alt, ) dw < [ulla

| log il
to get an appropriate control. Similarly we get using properties of w, and w,

Cllogh . .
< S ol [ autftoguz]
n|log 7’|

We end the proof with the same kind of estimate on J3 using properties of w, and w, namely

Cllogh|

6l [ aullogu”]
n'[logn”| o

Now using the bounds on aw,|logw,| and aw,|logw| and the uniform bounds on u and «,
and using Proposition 3 we get

sup ! axay—wm — ¢
tejo.7] [1og h| Joza (h+ [z —y[)4

600 + Hog ] + €[

/ adr <
z, wy(t,z)<n ‘log 77| z, wy(t,z)<n

3>

dx dy

1 1
<O =ty
n2n2n"? |logn| = n|logn'| ~ 1'|logn

Optimizing in n, 7', n” (by choosing 7 in function of 7’ and 7" in function of n” and finally n”
in function of a and |log h|~'/2) we get the conclusion.

/l| '

0
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4. STABILITY AND EXISTENCE OF RENORMALIZED SOLUTIONS: PROOF OF THEOREM 1.

4.1. Stability of renormalized solutions. Assume that we have been given sequences a.,
ae and u. on a set . which satisfy the assumptions specified in Theorem 1.

Since all terms are smooth, Eq. (7) has a unique Lipschitz solution ¢. for any given initial
data ¢? € L°°(€).). This solution is then obviously automatically renormalized. For the same
reason we also trivially have solutions w, to Eq. (9) with a and u. and similarly for Egs.
(10) and (11). Of course while our solutions are smooth for a fixed ¢, the main point is to
derive and use uniform in & bounds to obtain appropriate limits.

First define . = a. on €. and extended by 0 on the whole of R?. Proceed similarly to define
at the limit a. Since a is uniformly in L°°, we can replace the convergence [|ac —al| 1 (o.n0) —
0 and . — © in Hausdorff distance by the simple

||d5 - EL”LI(Rd) — 0

From the uniform L{°LL_ estimate for u. provided by (5) and sup, ||uc||q. < 0o, we can extract

a weak limit of (_Z;/ P 4. in the whole space R? and from the strong convergence of @, identify

the limit as au for some u € L{°LE:
al/Pu, — a'/Pu in w—« LPLP(RY), u € LPLE,

while for simplicity we still denote the extracted subsequence with e. Since sup, ||¢?|| Loo(Rd) <
oo then through renormalization sup, ||¢c|| 7 (R, xRd) < 00, we may also extract a converging
subsequence

. —> & inw—x LR, x RY).
+

For any x € WH(R) with x(0) = 0, x(¢:) still solves (7) by the chain rule for smooth
functions. Choosing any test function 1 € C2°(R?), we deduce from (7) with the divergence
condition (6) and the boundary conditions (8) the weak formulation

d

g f, Yeav@ s [ (oo Vopdr =0

Qe

The previous definition of @. and ¢. actually implies that this weak formulation is equivalent
to the formulation in the whole space

(26) % X(®e) ae ¥(x) dx — / X(Pe) e ue - Vyth dx = 0,
R4 R4

which is much simpler to use since the domain is now fixed. In that sense (26) implies the
boundary condition (8) on 052 if one imposes that a. = 0 out of .. It is straightforward to
check that a = 0 out of © at the limit. Thus to prove that ¢ is a renormalized solution to (1)
with (2) on the limiting set €2, it is now enough to pass to the limit in (26).

Let us now first prove compactness in space on y(¢.) for any smooth function y. This
is exactly where our approach proves its use: We have all required assumptions to apply
Theorem 6 and deduce from the compactness of ¢? and a. that

(27) lim sup 1 Supsup/ &z&yM dxdy — 0
hoo |loghl "¢ Jgea © F (lz —y|+ h)4

Note now that
azal(¢r — ¢¥) = (azd — alo¥)(al + af)/2 + (a¥ — af)(ald? + aZ¢7)/2
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and that |(aZ¢? — aZ¢?)| < C(a® + a¥) then get
lafof — alél|® < C(afal|¢t — ¢Y| + |al — aZl).

and therefore using (27) and compactness on a., by the Rellich criterion this implies lo-
cally in space compactness of a.¢.. Using the same procedure, it is possible to prove space
compactness of acx(p:). We get compactness (in space and time) on a.x(¢.) using the renor-
malized equation which provides a control on d;(a.x(¢¢)) allowing to use Aubin-Lions Lemma.
Thus, up to a subsequence, we deduce that a.x(¢.) converges almost everywhere and thus

1_1/ PXx(¢:) converges almost everywhere using the Compactness on a.. As ¢. is uniformly

bounded and therefore y(¢:) also, we get compactness of a5 1/p X(¢:). To conclude we just

have to write x(¢e)asu: = ar” pr(d) ) /pug and use the weak-star convergence of as/pug in

L LE and the strong convergence of ar” Px(¢e) in L} LY where 1/q+1/p = 1.

4.2. Existence of renormalized solutions. To obtain existence of renormalized solutions
through a stability argument, it only remains to be able construct a sequence of approxima-
tions on which we may apply the previous stability argument.

In our case, given a, o and u which satisfy (2), (4) and (5), the first question is whether
we can construct smooth a., a. and u. which still satisfy the previous estimates uniformly in
¢ and where a, is bounded from below on 2.

First define Q. = {a > ¢}. On QE, one has that a > o > ¢; hence by (4), a belongs to a
Sobolev space on a neighborhood of Q. so that the boundary of Q. is Lipschitz.

Define a. = a on Q.and a =¢on Q \ Q.. Hence @. may be discontinuous. Define similarly
&. = a on Q. and ¢ outside. By the definition of QE, @, does not jump on 9.

Note that &, satisfies (4) uniformly in €, i.e. sup, A(Ge,a:) < oo; as for example

a: |[Vloga.|" =a|Vlegal|"lg .

Choose now a smooth and non-negative function x s.t. x(£/¢) is a good approximation of
the Heaviside function with in particular x(£/e) =0if £ <e and x({/e) =1 if £ > 2e.
Define then u. = W Xx(a/e). And observe that

Vu U U u «
= - . 1 A
Ve, 1+\u|/LX(a/€) IACESTIIAE ® Vu |u]+1+|u|/L®v ogoagx(a/a)
Vu
= — U, D, y.
Tz X\@/8) + Uer + Der

67

Since SX X'(a/e) is bounded uniformly and Vlega € Ly, one has that ||D. r|r: < CL for
some given constant C independent of ¢ and L. But note that Vlog« is independent of &
and L and hence equi-integrable in L], while £ x/(/e) converges to 0 in L' as e — 0. Hence
for a fixed L, D, — 0 as ¢ — 0 for L fixed.

Therefore we can connect L and € and choose L. s.t. || D r||Lr — 0 as e — 0. By the same
type of equi-integrability arguments, we can show that

/ a|Uer.| Tog(1 + |Ue ) de — 0, asz — 0.
Q

As a consequence u. 1, still satisfies sup, ||uc 1. |lo < co. Hence since u. . vanishes outside
of €), it satisfies sup, ||uc 1. |la. < co. We still need to correct the divergence and for this we
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solve the following elliptic equation
div(aVV,) = —aTr(Ue . + De1.) in Q.. V. =0 on 9.

Since a is bounded from below in Q. and 99, is Lipschitz, this equation is well posed and we
can extend V. to all Q by taking V. = 0 in Q \ Q.. Furthermore by the previous bounds on
D, 1. and L. 1, we have that V. converges to 0 in Wgs’q for some ¢ > 1. In dimension 2 for
instance, the energy inequality would directly give this in H. C%E.

We finally define @, = u. ;. + VV.. From the construction, Eq. (6) holds for @. and ..
The bounds in (4) and (5) are also satisfied uniformly in e: sup, A(ae, @-) +sup, ||tz||a. < c©.
Finally a., & and . all converge strongly.

Of course those coefficients are not yet smooth but this last step is the easiest and we only
sketch it. By standard Sobolev approximation since a. is now bounded from below, one may
find o, and . in C*°(2) but close to &. and 1. in the corresponding Sobolev spaces so that
(4) and (5) still hold with weight a. uniformly in e.

One then approximates a. by a. € C*°(Q2), uniformly bounded and with a. > ¢. In addition
it is possible to choose ||@: — ac||;1 small enough to obtain the uniform bounds (4) and (5):
sup, A(ae, ac) + sup; ||uella. < 0o.

We finally correct u. = u. + V'V as before to satisfy the divergence condition (6).

Once those approximated coefficients are constructed, we may directly apply our stability
estimates to obtain at the limit a renormalized solution ¢.

4.3. Toward the uniqueness of weak solutions to (1). We conclude this section by
briefly sketching a possible strategy to obtain the uniqueness of Eq. (1) by proving, as in the
classical argument, that all weak solutions are also renormalized.

Since [18] this is usually performed by convolving Eq. (1) for any weak solution ¢ by
some smooth kernel p. and showing that p.(a ¢) still solves (1) with a right-hand side that is
vanishing in L'. This commutator estimate would require here that

(28) /Q (ult, 2) — ult, ) - Vpelz — y) aly) S(t.y) dy — 0 in LI LD as e -+ 0.

One can then typically conclude by using Sobolev bounds on a. But since there is no a(y)
factor in the above integral and we only control Vu in L, this cannot work here.

A second issue arises since (28) also usually requires a control on divu which is again
unavailable.

Instead we would propose the following approach:

e Through a stability argument, obtain the existence of renormalized solutions to (9)
and (10).

e Show that the commutator estimate (28) for ¢ = w, w,, holds by using in particular
that w, < a”. The exact calculations here should be reminiscent of what were in
essence other commutator estimates in the proof of Prop. 3.

e For any weak solution ¢, use the previous point to prove that ¢ w, w,, is also a solution
to (1) with the corresponding added right-hand side from (9) and (10).

e Prove a commutator estimate like (28) but where ¢ is replaced by ¢ wg wy,.

There are obvious technical difficulties at each step and for this reason implementing such a
strategy is beyond the limited scope of these proceedings.
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5. AN ANELASTIC COMPRESSIBLE EQUATION COMING FROM FLUID MECHANICS

Let us present in this subsection a PDEs system occurring in fluid mechanics where the
advective equation appears with a possible degenerate anelastic constraint. Then we will look
more carefully on the two-dimensional in space lake equations where an advective equation
with transport velocity satisfying the anelastic constraint appears.

i) The anelastic constraint from compressible isentropic Fuler equations. This anelastic
constraint appears when the Mach (or Froude) number tends to zero starting the compressible
isentropic Euler equations with some heterogeneity F' (bathymetry, stratification for instance).
More precisely consider the following system

Ope + div(psus) =0
with

i \Y VF
Ot (peus) + div(peue @ us) + i(zpe) _ p5€2

and the pressure law p(p) = ¢p? (with two constants ¢ > 0 and v > 1) and where F' is given
and depends on the space variable (it represents heterogeneities in the environment). By
letting formally € to zero we get the following limit anelastic system

v—1 ) 1/(v=1)
cy
Therefore the anelastic constraint div(au) = 0 actually accounts for the heterogeneity.

a (O +u-Vu)+aVr =0, div(au) =0 where a = ( (F)Y0=1),

ii) The lake equations. This application concerns the so-called lake equation (under the rigid
lid assumption) with possible vanishing topography. The PDEs is valid on a two-dimensional
bounded domain 2 (the surface of the lake). This system reads

a(Ou+u-Vu+Vp) =0 with div(au) =0 1in (0,7) x Q
with respectively the boundary condition and the initial data
au - n|oryxa0 =0, auli—p = mgp in

where a denotes the bathymetry and v = (u1,u2) is a two-dimensional vector field which
corresponds to the vertically averaging of the horizontal components of the velocity field
U = (U1,Uz,W) in a three dimensional basin. Note that such system has been studied by
[27] in the non-degenerate case and by [8], [25] and [31] in the degenerate case.

By reducing €2 to the support of a, we may assume that the bathymetry a is strictly
positive in the domain €2 and possibly vanish on the shore 0€2. Introducing the relative
vorticity wgr = curlu/a where curlu = dyus — daug, we check starting from the lake equation
and dividing by a inside the domain that

1
Bwr +u-Vor=0in (0,T) x Q,  wrleo = wit = 0 45
a

with
div(au) =0,  cwlu=awg,  au-n|gryxon =0

Remark. The boundary condition on au may be considered in a weak form if the boundary
of the domain is not Lipschitz (£2 reduced by the support of a for example).

Definition. Let (ug,w%) be such that

div(aug) = 0 in Q, aug - nlgg =0
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and

W% € L>(Q), curlug = awh,.
A couple (v,w) is a global renormalized solution of the vorticity formulation of the lake
equation with initial condition (v",w?) if

e wr € L>®((0,T) x Q) and v/au € L>(0,T; L*(2))

e div(au) =0 in (0,7) x Q and au - n|pryxo0 =0

e curlu = awp in the distributional sense.

e For all y € W1*°(R) with x(0) = 0, choosing ¢ € C°(€2), then
4 X(wgr) ap(z) dz — / X(wgr) au - Vipdr = 0.

Using the stability process regarding the advective equation with anelastic constraint, we can
get the following result

Theorem 7. Let a be continuous on Q and strictly positive in Q. Assume that V/a € L*T(Q)
and that there exists n > 0 such that 1/a" € L'(Q). Then there erists a global renormalized
solution of the vorticity formulation of the lake Equation.

Constructing an approximate sequence of global renormalized solution in the sense of the
definition given above for (a.,a.) constructed in the paper and in the whole space R? is an
standard procedure since the coefficients and the domain are regular and the approximate
bathymetry is far from vacuum, see for instance [27], [25], [8]. We get the following bounds
uniform with respect to the parameter
(29) u. € L*(0,T; L2(R?),  wh € L®((0,T) x R?).

Remark now that
curl(asue) = ue - V4ta. + ae curlu. = yJaqu. - Vl\/g8 + ag wh
and
div(acus) = 0.
This is the system that we will use to get regularity on a. Vu, required in the hypothesis for the
stability. Using the uniform bounds on w% and y/a_u. and the uniform bound Vv/a, € L2 (Q),
we get that
azu. € L0, T; WP (Q)) for some p > 1
Thus writing
a:Vu. = V(azu:) — ue - Vae
we get that, uniformly in &,
(30) a:Vus € L*(0,T; LP(Q2)) for some p > 1.
On the other hand,
1 1
/ ac |Vue| |loga.| dz < / a:|Vue|(log(e + a:|Vue|) — logn) +/ —5-
Q nJa Q Qe

for 7 > 0 chosen such that 1/aZ € L'(Q2). By combining this with (30), we obtain a uniform
bound on

T
/ / ae |Vue| log(e + |Vue|) dx dt,
0 Q
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leading to the uniform bound on u. for the quantity ||u||,. recalling that we already control u.
uniformly in L>°(0,7T; L2(R2)). This allows then to use the stability procedure taking a = a*
for any k£ > 1 to get the conclusion of the Theorem.

Remark. 1t is interesting to note that we get global renormalized solution instead of global
weak solution as in [25]. In our result we use compactness on the vorticity through quantitative
regularity estimate compared to compactness on the velocity field through the stream function
equation and Aubin-Lions Lemma as usually.

Remark. Let us observe that assuming a behaves dist(x, 9Q)F the first hypothesis in the
theorem asks for k£ > 1. The second hypothesis being satisfied. Of course we can generalize
for more general power k playing with parameters 6 using for instance that

aPu e L=(0,T; WP(Q))
and also
a®Vu € L®(0,T; LP(Q)) for some p > 1
if af+1/2 € L2+(Q) and Va?~1/2 € L2+(Q).
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