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1. Introduction

We study the following dissipative Euler system in the whole plane = € R?:
O+ (u, Vy)u+ au+ Vep =g,

divu = 0, u’t:o = Uy,

(1.1)

which differs from the classical Euler equations by the presence of the so-called Ekman damping term
au with @ > 0. These equations describe, for instance, a 2-dimensional fluid moving on a rough surface
and are used in geophysical models for large-scale processes in atmosphere and ocean. The term au
parameterizes the main dissipation occurring in the planetary boundary layer (see, e.g., [25]; see also [6]
for the alternative source of damped Euler equations).

The mathematical features of these and related equations are studied in a number of papers (see, for
instance, [3,5,7,15-17]) including the analytic properties (which are very similar to the classical Euler
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equations without dissipative term, see [4,21,22,30] and references therein), stability analysis, vanishing
viscosity limit, etc.

The attractors for damped Euler equations (1.1) in the case of bounded underlying domains have been
studied in [5,7,8,15-17]. Remind that, in contrast to the Navier—Stokes case, the damped Euler equations
remain hyperbolic and we do not have any smoothing property on a finite time interval. Moreover, even
the asymptotic smoothness as time tends to infinity is much more delicate here. Indeed, similar to the
classical Euler equations, following Yudovich, see [31], we have the global existence of smooth solutions,
but the best possible estimates for the smooth norms of these solutions grow faster than exponential in
time, so they are not helpful for the attractor theory. Thus, to the best of our knowledge, there is no
way to obtain more regularity of the attractor than the L°°(£2) bounds for the vorticity even in the case
of bounded underlying domain 2 or periodic boundary conditions. On the other hand, the L*°-bounds
for the vorticity cannot be essentially relaxed if we want to have the uniqueness of a solution. By this
reason, the weak attractors are normally used in order to describe the longtime behavior of solutions of
the damped Euler equations. Some exception is the paper [8] where the so-called trajectory attractor
is constructed for this system in a strong topology of W12(Q) based on the enstrophy equality and the
energy method.

The situation becomes more complicated when the underlying domain is unbounded, say, Q = R? and
we are interested in the infinite energy solutions. Indeed, although in this case we have an immediate
control of the L*°-norm of the vorticity from the maximum principle:

C 1
lo(@)llz= < Ce™|w(0) |z~ + —[leurlg|re, w = curlu, (1.2)

this gives only growing in time (faster than exponentially) estimates for the velocity w, see [14,28] even
in a more simple case of damped Navier—Stokes equations (see also [19,29] for the analogous results for
Euler equations), so in order to get the dissipative bounds for the velocity field, we need to use the energy
type estimates. For the case of damped Navier—Stokes equations these estimates have been obtained in
[36] for the case where the initial data ug belong to the so-called uniformly local Sobolev spaces, see also
[33,34] for the analogous results for the case of Navier—Stokes equations in cylindrical domains as well as
[10,11,23] and references therein for general theory of dissipative PDEs in unbounded domains.

The aim of the present paper is to build up the attractor theory for the damped Euler equation (1.1)
in uniformly local spaces extending the results of [8] and [36]. We assume that g € Hy, where

Hy = {u € [L3(R?)]?, divu =0, curlu € LOO(R2)} (1.3)
and LZ(R?) is the usual uniformly local space determined by the norm
[ull Lz :== sup HU”LZ(B;O) < 0. (1.4)
xoER2

Here and below, Bf;) means the unit ball of radius R in R? centered at 2o € R?. The norm in the space
‘Hy is defined by the following natural formula:

ull#, = llullzz + [l curlul[Le, (1.5)

see Sect. 2 for more details.

By definition, function v = w(t,z) is a weak solution of (1.1) if u(t) € Hp for ¢ > 0 and satisfies
equation (1.1) in the sense of distributions, see Definition 3.2 below.

The main result of the paper is the following theorem.

Theorem 1.1. Let the external forces g € Hy. Then, for every ug € Hy, problem (1.1) possesses a unique
weak solution u(t) and this solution satisfies the following dissipative estimate:

lu()ll#, < Qluollr,)e™ +Q(llgllr, ), (1.6)

where the positive constant 3 and monotone increasing function @ are independent of t > 0 and ug € Hp.
The solution semigroup S(t) : Hy — Hyp associated with this equation possesses a weak locally compact
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global attractor A in the phase space Hy, see Definition 6.1. Moreover, this attractor is a compact set in
[WLP(R2)]2, for every p < 0o and attracts bounded sets of Hy, in the topology of [W,P(R2))2.

loc loc

The paper is organized as follows.

In Sect. 2, we recall the definitions and basic properties of the weighted and uniformly local Sobolev
spaces, introduce special classes of weights and recall a number of elementary inequalities which will be
used throughout of the paper.

In Sect. 3, we introduce (following [36]) a number of technical tools which allows us to treat the
pressure term in the proper weighted and uniformly local spaces as well as to exclude it from the various
weighted energy estimates.

Section 4 is devoted to the derivation of the basic dissipative estimate (1.6). In this section, based on
the new version of the interpolation inequality (proved in the Appendix), we extend the method initially
suggested in [36] for the case of damped Navier—Stokes equations to more difficult case of zero viscosity.
Moreover, we also indicate here some improvements of the results concerning the classical Navier-Stokes
and Euler equations (which corresponds to the case of @ = 0). In this case, the solution u(¢) may grow as
t — oo and as proved in [36] the growth rate is restricted by the quintic polynomial in time. As indicated
in Remark 4.4, using the approach developed in this paper, we may replace the quintic polynomial by
the cubic one:

()| ey < Clt+ 1. (L.7)
Moreover, in the particular case g = 0 this estimate can be further improved:
[u(®)] 22y < C(t+1), (1.8)

see also the recent work [13] where the analogous linear growth estimate has been established for the
infinite energy solutions of the Navier—Stokes equations.

The uniqueness of the weak solution of (1.1) is verified in Sect. 5 by adapting the famous Yudovich
proof to the case of weighted and uniformly local spaces. Note that, in contrast to [29] and [19], our
approach does not use the so-called Serfati identity and is based on the Yudovich type estimates in
weighted L2-spaces. Moreover, following [9], we establish here the so-called weighted enstrophy equality
which plays a crucial role in verifying the strong compactness of the attractor.

Finally, the weak locally compact attractor A is constructed in Sect. 6. Moreover, using the above men-
tioned weighted enstrophy equality and the energy method (analogously to [8]), we prove the compactness
of this weak attractor in the strong topology of the space [Wli’f (R2)]2 for any p < oo.

Note also that, in contrast to the case of 2D Navier—Stokes equations, in the case of Euler equations,
the L>-estimate for the vorticity holds not only for R?, but for more or less general unbounded domains.
This allows to extend the results of the paper to the case of unbounded domains different from R2. To
this end, one just needs to modify formula (3.3) for pressure by including the proper boundary terms.
We return to this problem somewhere else.

2. Preliminaries I: Weighted and Uniformly Local Spaces

In this section, we briefly discuss the definitions and basic properties of the weighted and uniformly local
Sobolev spaces (see [23,33,35] for more detailed exposition). We start with the class of admissible weight
functions and associated weighted spaces.

Definition 2.1. A positive function ¢(z), x € R?, is a weight function of exponential growth rate p > 0 if
oz +y) < Ce'Wlp(z), zyeR2 (2.1)

The associated weighted Lebesgue space Lg(}Rz)7 1 < p < o0, is defined as a subspace of functions
belonging to LY (R?) for which the following norm is finite:

Jul, :_/ (@) |u(@)|P dz < o (2.2)
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and the Sobolev space Wé;p (R?) is the subspace of distributions u € D’(R?) whose derivatives up to order
[ inclusively belong to LZ(R2) (this works for positive integer [ only; for fractional and negative [, the

space W(i’p is defined using the interpolation and duality arguments, see [11,33] for more details).
The typical examples of weight functions of exponential growth rate are
o(x) == e~clemmol or  p(z) 1= e VIFlTm2P s e Rz € R2 (2.3)

Another class of admissible weights of exponential growth rate are the so-called polynomial weights and,
in particular, the weight function

Oz, () : !

= € R? 2.4
1—|—|.13—J,‘0|3’ Zo ) ( )

which will be essentially used throughout of the paper.

Next, we define the so-called uniformly local Sobolev spaces.

Definition 2.2. The space L} (R?) is defined as the subspace of functions of L} (R?) for which the following
norm is finite:

lully = sup lullLesy,) < oo (2.5)
To€

(here and below Bfo denotes the R-ball in R? with center z). The spaces Wlf’p (R?) are defined as
subspaces of distributions u € D’(R?) whose derivatives up to order [ inclusively belong to the space
LY (R?).

The next proposition gives the useful equivalent norms in the weighted Sobolev spaces.

Proposition 2.3. Let ¢ be the weight function of exponential growth rate and let 1 < p < oo, | € R and
R > 0. Then,

p p
Cr [ o0l dro < kg,

<Co [ o)lullyun g, duo (2.6)
z0ER2 0

where the constants C; depend on R, I and p and the constants C and p from (2.1), but are independent
of u and of the concrete choice of the weight ¢.

For the proof of these estimates, see e.g., [11].
Thus, the norms fngRz ¢($0)\|U||€Vz,p(BR ) dzo computed with different R’s are equivalent.
0o

The next Proposition gives relations between the weighted and uniformly local norms.
Proposition 2.4. Let ¢ be the weight of exponential growth rate such that waRz ¢ dx < co. Then, for every
u e WPP(R?) and every k> 1,

||U||€Vz,p(350) <C _ ||u||€[/l,p(51) dy < Cra/ d(y — $0)||UH%/M(B1) dy (2.7)
yEBL, v y€ER? v

and, in particular, fiving k = 1 in (2.7) and taking the supremum with respect to xo € R?, we have

lullyr < Cﬁﬁ% lullywry_, (2.8)

where C' is independent of u and the concrete choice of the weight ¢. In addition,
||u|\’;[,i,p < Ollgllz ullgr.p: (2.9)

where C' is also independent of u and the concrete choice of ¢.
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For the proof of these results, see e.g., [33,35].
The next lemma gives a simple, but important estimate for the weights 6., (x) which will allow us to
handle the convolution operators in weighted spaces.

Lemma 2.5. Let 0,,(x) be the weight defined via (2.4). Then, the following estimate holds:

[ e a) o < OB (), (2.10)

where C is independent of xg,vo € R2.
For the proof of this lemma see, e.g., [36].
Corollary 2.6. Let 0,,(x) be defined via (2.4). Then, for every u € Lgmo (R?), we have

luly, <C [ Oulao)lullyy dao (2.11)
Y0 xo€ER2 0o

where C' is independent of yo € R2.

The proof of this corollary can also be found in [36].

We conclude this section by introducing some weights and norms depending on a big parameter R
which will be crucial for what follows. First, we introduce the following equivalent norm in the space
Wé’p(RQ):

by, o= sup, fulhwrrias (2.12)
Then, according to (2.7),
lullyrr < llullyey, < CR*?|lull i, (2.13)

where the constant C' is independent of R > 1. We also introduce the scaled weight function
1

Or.x == =R7%0, R). 2.14
R, o(x) R3 + = .’£0|3 o/R(x/ ) ( )
Then, the scaled analogue of (2.7) reads
v <CR™? v d
||U||W,‘,,(B:§) = yeBin ||u||WL,p(35) Y
<CR [ O )0l g (2.15)
yER2 y

where the constants C' and C,; are independent of R and the scaled analogue of (2.10) is
/ . OR.20 (T)0R 4o (v) dr < CR™0R 4, (v0), (2.16)
zeR

where C is independent of zg, yo € R? and R > 0. Moreover, multiplying inequality (2.15) by g 4, (o),
integrating over zy and using (2.16), we see that

| tnaa @l 45 < Co | Onng (@l o o (2.17)
zER? @ 2 z

z€R
where Cy is independent of R. We also note that, analogously to (2.9) and using (2.13),
2 —191, .12 2
[ Irao @)l aqop do < CR ullys < CuRulyy (2.18)

where the constants C' and C are independent of R > 1.
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3. Preliminaries II: Estimating the Pressure

In this section, we introduce the key estimates which allow us to work with the pressure term Vp in
the uniformly local spaces. Note that the Helmholtz decomposition does not work for the general vector
fields belonging to LZ(R?), so the standard (for the bounded domains) approach does not work at least
directly and we need to proceed in a bit more accurate way.
As usual, we assume that (1.1) is satisfied in the sense of distributions. Then, taking the divergence
from both sides of (1.1) and assuming that the external forces g are divergence free:
divg =0, (3.1)

we have

— Ayp =div((u, V) Z Oz, 0x, (uiuy). (3.2)
1,7=1
Thus, formally, p can be expressed through u by the following singular integral operator:
1 |z|?6;; — 2xiz;

| e (33)

that we present in the form
p=Kw:=Kx*w, w:=u®u, K*w:ZKij*wij. (3.4)
ij
It is well-known that the convolution operator K is well-defined as a bounded linear operator from
w € [LY(R?)]* to p € LI(R?), 1 < ¢ < oo, but it is not true neither for ¢ = co nor for the uniformly local

space Lg(RQ). However, as the following lemma shows, the gradient of p [which is sufficient in order to
define a solution of (1.1)] is well-defined in uniformly local spaces and has natural regularity properties.

Lemma 3.1. The operator w — Vp, where p is defined via (3.4) can be extended by continuity (in L )
in a unique way to the bounded operator from [W4(R2)]* to [Wy ™4 (R?)]?, 1 < ¢ < 0o and s € R.

For the proof of this lemma see [36]. We denote the operator constructed in Lemma 3.1 by VP and
the corresponding term in the Euler equation is denoted by V., P(u ® w). Then, in particular

VoP(u@u) : [WUR?)2 — [LUR?)?, 1<q< . (3.5)

Here the operator V, P(u ® u) is considered as a nonlinear (quadratic) operator u — V,P(u ® u).
Now we are ready to define a weak solution of problem (1.1).

Definition 3.2. Let the external forces g € Hj, where the space H;, is defined as follows:
Hp := {u € [L}(R?)]?, divu=0, curluc L>®(R?)}. (3.6)
Here and below curl u := 0,,u1 — 05, u2 and the norm in this space is given by (1.5). A vector field u(¢, x)
is a weak solution of the damped Euler problem (1.1) if
u € L>®(Ry, Hyp) (3.7)

and the Euler equation is satisfied in the sense of distributions with V,p = V,P(u ® u) defined in
Lemma 3.1. Note that, according to the interpolation and embedding theorems,

u e LRy, W)Y (R?)) € L®(Ry x R?), 2<g< oo, (3.8)

see e.g., [20]. Thus, u ® u € L°°(R+7Wl)1’q(R2)), so, due to the previous lemma, the pressure term
V.p € L>=([0,T], L{(R?)) and the equation (1.1) can be understood as equality in this space. Moreover,
from Eq. (1.1), we then conclude that d;u € L (R4, L (R?)) and, therefore, u € C([0,T], L (R?)). Thus,
the initial data is also well-defined.
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Remark 3.3. We emphasize once more that only the gradient of pressure Vp is well-defined as an element
of L*°([0, 77, L{), but the pressure itself may be unbounded as |z| — co. To be more precise, the operator
VP defined above satisfies

—divVP(w) = 0y, 0p,wij, curl VP(w) =0 (3.9)
ij
in the sense of distributions. These relations can be justified by approximating w by finite functions and
passing to the limit analogously to the proof of Lemma 3.1 given in [36]. Therefore, there is a function

p € L=([0,T], W2 (R?))

oc

such that
Vp = VP(w),

see [30], but this function may grow as |z| — oo (in fact, one can only guarantee that p € BMO(R?),
however, functions with bounded mean oscillation may grow as |z| — oo, say, as a polynomial of log |z,
see [20]). Thus, in general p ¢ L>(R?).

Note also that the choice of Vp = VP(u ® u) is not unique. If p; and ps both satisty (3.2) (for the
same velocity field u), then the difference p; — p2 solves A(p; —p2) = 0 (in the sense of distributions) and,
consequently, p1 — p2 is a harmonic function. Moreover, every harmonic function with bounded gradient
is linear, so, if we want to look for a velocity field u in the proper uniformly local space, the most general
choice of the pressure is

Vp =VP(u®u)+C(t), (3.10)

where the constant vector C'(t) depends on time only (it is independent of z) and VP is defined in
Lemma 3.1. In the present paper, we consider the choice C(t) = 0. In fact, the vector C(t) should be
treated as one more external data and can be chosen arbitrarily, but this does not lead to more general
theory since everything can be reduced to the case of C=0 by replacing the external force g by g — c (t).

We conclude this preliminary section by reminding the key estimate which allows us handle the
pressure term in weighted energy estimates, see [36] for more details. To this end, we introduce for every
zo € R? and R > 1 the cut-off function (g ,, which satisfies

YRz () =1, forxe Bﬁ), CRazo () =0, foraxé¢ BiOR, (3.11)
and
VaRa (2)] < CR™Y0}2 (@), (3.12)

where C is independent of R (obviously such family of cut-off functions exist). Then, the following result
holds.

Lemma 3.4. Let 1 < p,q < oo, % + % =1, w € [LY(R?)]* and v € [WH4(R?)]? be divergence free. Then
the following estimate holds:
1/2
(V2P() o) £ C [ Oyl do- o3, oler (313)

where C is independent of R and xo, while Og 5, () is defined by (2.14).

For the proof of this lemma, see [36].
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4. Dissipative Estimates for the Velocity Field

In this section, we prove the dissipative estimate for the solutions of (1.1) in the phase space Hy. We start
with recalling the L°°-estimate for the vorticity w = curlu which satisfies the scalar transport equation

Ow + aw + (u, V) )w = curlg, w|t:O = wq := curlug. (4.1)

Lemma 4.1. Let u be a weak solution of the FEuler problem (1.1). Then, the vorticity w satisfies the
following estimate:

a curl g||
oz < Cluw(0) et + 190, (1.2

where the constant C' is independent of t and u.

Indeed, the desired estimate (4.2) is an immediate corollary of the maximum principle applied to the
transport equation (4.1). The validity of the maximum principle can be easily justified using the fact that
the weak solution of the damped Euler equation is unique (which will be proved in the next section) and
approximating the solution u by the smooth ones by the vanishing viscosity method. Thus, we only need
to estimate the L?-norm of u. To do that, we will extend the approach developed in [36] to the case of
Euler equations.

Theorem 4.2. Let the above assumptions hold. Then the Euler equation (1.1) possesses at least one weak
solution which satisfies the following dissipative estimate:

lu(®)llr, < QUlluollre, )e™ + QUllgllre, ), (4.3)

where B> 0 and Q is a monotone function.

Proof. For simplicity, we first derive the desired estimate (4.3) in the non-dissipative case § = 0 and then
indicate the changes to be made in order to verify the dissipation. The existence of a solution can be
obtained after that in a standard way using e.g., the vanishing viscosity method which we leave to the
reader.

We will systematically use the weight functions

1
GR,wo (a:) .

=" 4.4
RS + |£C — {E(]|3 ( )

and the family of cut-off functions g ., (x) which equal to one if x € Bfo and zero outside Bgf such
that

Ve R0 (2)] < OR™ R ()2, (4.5)

introduced in Sects. 2 and 3.
Then, multiplying equation (1.1) by upr ., (where R is sufficiently large number and zo € R?) and
following [36], after the integration over x, we estimate the nonlinear term as follows:

1 -
(4, V)t proao )] = 51(w-Va@r,zg, [uf*)] < CR™|ulgs g2

After the standard transformations, we get

d 2 2 2
alv®lz  +alulie - <Cliglzs

+CR™ ullLspzn) +2(Ve P(u @ 1), r .z )| (4.6)

Here, the constant C' is independent of R. To estimate the term containing pressure, we use Lemma 3.4
with ¢ = 3 and p = 3/2. Then, due to (3.13) together with the Holder and Young inequalities,

(Vo P(u® ), R .zou)|

<C [ Oray(@llu® ulsaag do- lulszn
R
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<C [ Oy (@)l my do- ellzscoag)

1/3 2/3
< C(/ Rz (2) d33> (/ Or,zo (@)Ul () dfC) Nullzss2m)
R2 R2 :
2/3
< CR1/3</ Or,zo (@)Ul 225y dx) Nullps(p2my
R2 v 0

<C [ Onan@lullfsgag, do+ CR ullf g, (4.7)

where all constants are independent of R > 1. Thus, (4.6) now reads

d 2 2 2
Slelzs +alults,  <Cllly

+ CR_l Hu||i3(33102) + O/]Rz GRJJO (x)||u\|i3(35) dl‘ (48)
We set
Zran()i= | On(ao)lully, doo (1.9)
I0€R2 PR,xq
Then, using (2.17), we have
C | Oran@lulfacog) dy < Zeaw(@) v [ Oy @luliagupy v (010
yER2 h y€ER2 Y

where C; are independent of R. Multiplying inequality (4.8) by 0g.,, (o), integrating over zo € R? and
using (2.16), we see that, for sufficiently large R,

d

Zp 2R (W) + @ZR 2o (ult)) < CZRa, (9)

+CR™! /EW Ot (@) [l 3y e (4.11)

where the positive constant C' is independent of R.

Thus, we only need to estimate the integral in the RHS of (4.11) which, however, a bit more delicate
than in [36] since now we have no the control of the H!'-norm. We use instead the interpolation inequality
proved in Appendix

1 5/2 1/2
i) < € (102 + Vil 2 ) - (4.12)
which holds for every R > 0 and every u € Hy. Using this inequality, we have
| Or@lulitsgog do (413)
r€R2 )
5/2 1/2
<O [ tnnl) (e + 1l 132 gy )
xT€

1
< C/ e GR,xo(x)Hu”%?(BgR) ( HUHL?(B?R) + ||u||L2(32R)|w||Loo(an)> dx

1/2 1/2
< C (R M ullgg,, + iy 1901E2) | Orao(@luls gz do
zeR2 *

< CRY*(|w]| = + R_1||UIIL;R)ZR@0(U)-
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Inserting this estimate into (4.11), we finally get

O g 0(t)) + S e (1)
+ (5 = OBl + B u®)l1,,)) Zrao (W(t)) < CZray (o). (4.14)

This estimate is an analogue of the estimate (5.18) in [36], so arguing exactly as in the proof of estimate
(5.23) there, we end up with the inequality

lu)lizz < Clluollr, + llgllr, +1)°. (4.15)

For the convenience of the reader, we give below a schematic derivation of (4.15) from the key estimate
(4.14). The details can be found in [36]. Indeed, under the additional assumption that the constant
R = R(uo, g) satisfies

KRR ulp, + wll) < 50 t20, (4.16)
we apply the Gronwall inequality to (4.14) and we obtain
ZRyuo(u(t)) < ZRay (u0)e™ % + CZR,uo(9) < CR(Juol 7z + llgl72)- (4.17)
Therefore, taking into the account (4.2) and (2.15), we have the desired control
R u@)llzz , + lw®)llz= < Cr(lluollr, + llgllw, +1)- (4.18)

Thus, to finish the proof of (4.15), we only need to fix the parameter R in such way that our extra
assumption (4.16) is satisfied. Inserting the obtained estimate (4.18) into the left-hand side of (4.16), we
see that it will be formally satisfied if

-1/2 _ _ @
2KC,

and this estimate together with (4.18) gives the desired estimate (4.15). Of course, the above arguments
are formal but they can be made rigorous exactly as in [36].

Remind that estimate is still not dissipative in time. In order to obtain its dissipative analogue, we
just need to take R = R(t) depending on time and argue exactly as in Section 6 of [36] (see also [26] for
the analogous estimate in the case of the Cahn-Hilliard equation in R?). Indeed, as shown there, if we
replace (4.19) by

(luollzz + I curluol|z + 1 + llgllzz + || curlgllz=)~" (4.19)

— (6% _ -1
R(t) 1/2 = 2K01 (HUOH'Hbe pt +1+ ||g||Hb) ) (420)
where 0 < # < « is small enough then, arguing exactly as above we obtain that
lu)lzz < llullzz , < Clluolly,e™ +C(1 + llgllw,)*. (4.21)

Thus, the desired estimate (4.3) for the LZ-norm of the velocity field is obtained. Since the control of the
L°°-norm of the vorticity has been already obtained in (4.2), the theorem is proved. O

Remark 4.3. The analogue of the dissipative estimate (4.3) for the case of damped 2D Navier—Stokes
system

ou+ (u, Vy)u+au+ Vep =vAzu+g, divu=0 (4.22)

has been previously obtained in [36]. However, the proof given there used essentially the viscous term
vAzu and the obtained estimate was not uniform with respect to v — 0. In contrast to this, based on
the new version of the interpolation inequality, see (4.12), we have checked that the above estimate holds
for the limit case v = 0. Moreover, as not difficult to see, the dissipative estimate (4.3) is now uniform
with respect to v — 0.
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Remark 4.4. The method described above works in the case of classical Euler equations (which corre-
sponds to @ = 0) as well. However, in this case we cannot expect any dissipative estimates and the
analogue of (4.3) will be growing in time:

[u)llre, < CA+ gl + lluollae,)* (¢ +1)°. (4.23)

The proof of this estimate repeats word by word the one given in [36] for the case of damped Navier—
Stokes equations (if we use the new version of the key interpolation inequality). In addition, the following
estimate stated in [36] remains true:
1
(t+1
where the constant C' depends on ug and g, but is independent of ¢. As elementary examples with
g = const, u = tg show, in contrast to (4.23), estimate (4.24) on the mean value of the energy with
respect to the expanding balls of radii R(t) = (¢ + 1)* is sharp.
Moreover, in the important particular case g = 0 this estimate can be essentially improved arguing
exactly as in [36]:

a0l ., <O+, (424)

! )z c (4.25)

(t+1

so the L%—norm of the velocity field in this case can grow at most as a quadratic polynomial in time. The
usage of the following L>° analogue of the interpolation inequality (4.12):

<
b,(t+1)2

1/2 1/2 1
gy < € (Ilewrtully2 gy 1l gy + bl ). (1.26)
which can be proved analogously to (4.12), allows us to improve essentially the inequality (4.23). Indeed,
applying (4.26) for the vector field u(t), fixing R = (¢ + 1)* and using that
[ curlu(t)|| o= < C(|| curl ug||poe + || curl g|| L) (4.27)
(which is the analogue of (4.2) for the case of @ = 0) together with estimate (4.24), we see that
lu)llzz < lu(®)llz= < Ot +1)7, (4.28)
where C' depends on g and wug but is independent of ¢. Finally, in the particular case where g = 0, taking
R = (t+1)? and using estimate (4.25), we see that
lu@®)llzz < C(E+1), (4.29)

where C' depends on g, but is independent of ¢. Actually, we do not know whether or not the [lu(?)]|.2
norm can grow as t — oo. However, it has been recently established in [12] that in the case of damped
Navier—Stokes equation in an infinite cylinder (with the periodicity assumption with respect to one vari-
able, say, x1), the corresponding solution remains bounded as ¢ — oco. We also mention that estimate
(4.29) has been recently obtained in [13] based on a slightly different representation of the non-linearity
and pressure term in Navier—Stokes equation which allows to avoid the usage of rather delicate interpo-
lation inequality (4.26).

5. Uniqueness and Enstrophy Equality
The aim of this section is to adapt the Yudovich proof of uniqueness for the Euler equations (see [31]) to
the case of uniformly local spaces. The key technical tool for this proof is the following lemma.
Lemma 5.1. Let the vector field uw € Hy. Then, the following estimate holds
[ullyyr < Cpllull,, (5.1)

where the constant C' is independent of p > 2 and u € Hy.
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Proof. Estimate (5.1) follows from the analogous estimate in the case of bounded domains established by
Yudovich.

Proposition 5.2. Let Q C R? be a smooth simply connected bounded domain. Then, for any vector field
v e [WHP(Q)]? such that v.n}aﬂ =0 and any 1 < p < 00, the following estimate holds:

1 .
lvllwir) <C <p+ p_1> (Il div ]| Lo (@) + [l curlv]| Lo (q)) 5 (5.2)
where the constant C' is independent of p and v.

Indeed, due to Leray-Helmholtz decomposition, the vector field v can be expressed in terms of inverse
Laplacians as follows:

v=—V.(~A) N dive — VE(=A,) 5! curlw, (5.3)

where (—Am)Bl and ( —Aw);,l are inverse Laplacians with Dirichlet and Neumann boundary conditions
respectively and Vi := (—0,,,0,,) is the rotated gradient. Thus, to verify (5.2), it is enough to know
that

1
4olhwasiay <€ (p+ 25 ) Iolznca (5.4

for the case A = (—A,)p" and A = (—A,)y" (of course, for the case of Neumann boundary conditions
we need the extra zero mean assumption). The proof of (5.4) can be found in [32].

Thus, estimate (5.2) is verified and we may return to the proof of the desired estimate (5.1). Let ¢y,
be the smooth cut-off function which equals one identically if 2 € B} and zero outside of the ball BZ .
Then applying (5.2) to the function v := p,,u and Q = B2

o0 We get
[ullwrrss,) < CpllcurlullLesz ) + llull~(s2,))
< Cplll curlall g, ) + o, ), (5.5)
where we have used the obvious estimate ||u||Loo(Bgo) < (]l CurlU”Loo(Bgo) + H“||L2(B;%O)) and the fact

that p > 2 is separated from the singularity at p = 1. Taking the supremum over zy € R?, we obtain the
desired estimate (5.1) and finish the proof of the lemma. O

The main result of the section is the following theorem.

Theorem 5.3. Let ui(t) and us(t) be two weak solutions of the damped Euler equation (1.1). Then, the
following estimate holds:

[lu1(0) —uz(o)%g>6_“ (5.6)

lur (t) = u2(t)l[7, < Ke ( K

where the positive constants K and L depend on the Hy-norms of u1(0) and uz(0), but are independent
of t. In particular, the weak solution of the damped Euler solution is unique.

Proof. Let u; and ug be two solutions of (1.1) and w = uy; — uz. Then, this function solves
Ow + (w, Vg )ug + (ug, Viy)w + aw + Vup = 0. (5.7)

Multiplying (5.7) by w¢g 4., where pg ., is the same as in (4.5) and R > 1 and z € R? are arbitrary,
after the straightforward calculations, we have
1d
sllwlzs  +allwli, < C(Vaw| + [Vauo|, w’oRm,)
PR,z PR,xq

+CR71(|7.L2|,U}2)L2(B£0R) + |(VzP(’LL1 XU — U2 ® UQ), wch,mo)\.
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To estimate the term with pressure, we use (3.13) with p = 2 which gives

(Ve P(u1 @ up — ug @ uz), WPR z,)]

< Cllwll2(s2m) / IR (W) llur @ ur — uz @ usl| L2 (pr) dy.
yeR

Now using ||u;||r~ < C, i = 1,2, where the constant C' depends on the Hp-norms of the initial data
(thanks to the dissipative estimate (4.3) and the obvious embedding H, C L), together with the
Cauchy-Schwartz inequality and the straightforward inequality

o) < Crn | Oy )l g o
o yER2 v
we end up with
1 d 2 2 2
gl | wollly,  <Cn [ on @l 6:5)

+ C(|Vaur| + ‘Vmu2|7w2¢3’wo)'
Thus, we only need to estimate the most complicated last term in the RHS of (5.8). To this end, we will
essentially use (5.1) and the fact that ||u;|l», < C. Then, due to the interpolation inequality
1
[wllz2er -1 < CllwlGoe wllz2, 6 =,
which holds for any p > 2, we end up with

(Vo] + [Vaual, w?eres )| < Crllually e + ezl o) 0l 2001 g2y

2 1 2 1)
< Cpllwl[Z2 wll 7520 < Cpllwl Tz -

K

LZ(BZR)

Let us take here p = In

llwll?

), where K is large enough to guarantee that p > 2. Such K =

K (|lu1(0)]|7,, [[ua(0)]|2,) exists since u; and uy are globally bounded in the Li-norm and, consequently,

+lluzllzz , < Qr([[ur(0)l2, + [luz(0)ll%,)

lwllz2(szm) < lluallez 2, S

b,2R

for some monotone increasing function Q. Then, we get
2 2 K
[(IVaur] + [Vaus|, w R0 )| < Cllwl|z2(per) In
o || HLz(B2R)

and (5.8) reads

d 2 2
— <
dtHw”L?"R,zo <Cr /y€R2 QR,xo(y)”wHB(ByR) dy

K

|| HLZ B2R)

We now use the fact that the function z — zlog % is concave. Then, due to Jensen inequality

K
/ HRJ/(J"O)”U]H%;(B%R) In TORTE A— dxo
zoER? 0 HU}HLQ(BEUR)

Kfm 91:57, (xo) dxo
< / O (w0)l|0]22 ey dao In Jreke TV DD )
zo€ER? 0 szGRZ R7y(x0)‘|w||Lz(BgOR) o
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Using also that the function z — zIn % is monotone increasing if z < Ke~!, together with (4.10) and
(2.17), we get

K K
0 zo)||lw||? In|{ ———— | deg <CZp,(w)ln ——
JCRI <||w|12(335)> 0= el 7 )

for some new constant K7 > 0. Multiplying now (5.9) by 0r ,(z0), y € R?, integrating over z¢ € R? and
(2.10), we finally arrive at

d K

—7 <LZ cz In — 5.10
dt Ry(w) < Ry(w) + Ry(w)In Z 1y (w) ( )

for some new constants L and K depending on the Hy-norms of the initial data. Integrating this inequality,

we have
— Lt

Zry(wt) <K (W)e el (5.11)

Fixing, say, R = 1 in this estimate and taking the supremum over y € R?, we end up with the desired
estimate (5.6) and finish the proof of the theorem. O

To conclude this section, we recall a weighted enstrophy equality which will be used in the next section
to verify the convergence to the attractor in a strong topology. Indeed, multiplying formally equation
(4.1) by we. 4, where ¢ 4, () := e~51#=%l integrating over x € R? and using that divu = 0, we arrive
at

1d 1

2 dt 0 2
However, these arguments require justification since for weak solutions w € L*([0,7] x R?) only and
the term ((u, Vi )w, w@e 4,) is not rigorously defined. We overcome this difficulty using the mollification
operators and arguing as in [9].

lwlzs | +alwllzs | =5 Vebeum, wl’) = (curlg,wées, ). (5.12)

Theorem 5.4. Let u be a weak solution of the damped Euler problem (1.1) and let € > 0 and xo € R? be
arbitrary. Then, the function t — ||w(t)||2, s absolutely continuous and the equalitys (5.12) holds for
Pe,zq

almost all t.

Proof. Indeed, let S,v := p, * v where p,(z) = p2¢(xp~t), u > 0 and p is a standard mollification
kernel. Then, applying S,, to both sides of Eq. (4.1) and denoting w,, := S,w, we have

Oww,, + aw, + (u, Vy)w, = curlg, + R, (5.13)
where R, := ((u, Va)w)) * p, — (u, V) (w * p,,). Using the fact that u(t) € W, P(R?) for all p < oo and
arguing exactly as in [9], we see that R, is uniformly with respect to s — 0 bounded in L>([0, T, L} (R?))

and

R, —0 in L*([0,T],L? (R?)), (5.14)

loc

see [9], Lemma II.1, page 516. Multiplying (5.13) by w,¢¢ 2, (which is now allowed since w,, is smooth in
x) after the integration over x and ¢, we get that for every t > s > 0

1 t
3 (ln®: =l )= [ ((lgowmonn)
e,xq e,zg s

1
5 () Ve g (7)) = a“”u(T)“iis,m) o

Passing to the limit 4 — 0 in this equality and using (5.14) together with the standard convergence
properties of the mollification operators as well as that

we L®(Ry x R*)NCyW([0,T], L7 (R?)), (5.15)

o

+(RM (T) ’ wu (T)Qbe,;co ) +



Vol. 17 (2015) Dissipative Euler Equations 527

we end up with the integral equality

1 t
3 (I~ @Iz )= [ ((contgwtronn)

(U(T)~Vw¢87l'o’ |w(7‘)|2) o alw(T)Hiif@O) o

| —

_%

~— [\&)

which is equivalent to (5.12) and finish the proof of the theorem. (I

6. The Attractor

The aim of this section is to verify the existence of the attractor for the damped Euler equation in the
uniformly local spaces. We first recall that according to Theorems 4.2 and 5.3, Eq. (1.1) generates a
solution semigroup S(¢) in the phase space Hp:

S(t): Hy — Hp, St ug:=wu(t), t>0, (6.1)

where u(t) is a unique solution of (1.1) with the initial data ug € Hj. Moreover, according to estimate
(4.3) this semigroup is dissipative in the space Hy, i.e., the following estimate holds:

1S(#yuollne, < Qlluollre,Je™ + Q(llgllre,) (6.2)

for some positive § and monotone increasing ) which are independent of ¢t and uy and, according to
estimates (5.6) and (5.11), the maps S(t) are locally Holder continuous in the space L?(R?) and as well
as in the space Lg}mo (R?).

As usual, in the case of unbounded domains and infinite energy solutions, see [23] for more details,
we cannot expect the existence of a global attractor in the uniform topology of Hy, but only in the local
topology of the space

Hioe := {u €L} (R, divu=0, we L;fc(R?)}. (6.3)

However, we do not know whether or not the above defined semigroup S(¢) is asymptotically compact
in the strong topology of H,e, so we have to use the weak star topology in Hj,. (which we will further
denote by H;".) in order to define the convergence to the global attractor. We recall that a sequence
Up € Hioe converges weakly star in Hj,. to some function u € H;,. iff for any ball Bfﬂ the restrictions

Up, | pr converge weakly to u} pr I L? (Bfo) and the restrictions wn| » converge weakly star to w|,, in
zQ zQ zo

B B

i B
the space L>°(BE ). Remind also that any closed ball in M, is metrizable and is compact in the topology
H;", see [27]. Thus, we will use the following version of a global attractor.

Definition 6.1. Let S(t) : H, — Hp be a semigroup. Then, a set A C H; is a weak locally compact
attractor for this semigroup iff:
1. The set A is bounded and closed in H; and is compact in the topology H%;
2. It is strictly invariant: S(¢)A = A for all ¢ > 0;
3. Tt attracts bounded (in the norm of Hp) sets in the topology of H'ﬁ)z, i.e., for every bounded set
B C Hp and every neighbourhood O(A) of the attractor A4 in the topology H}‘(’)Z, there exists
T =T(B, O) such that
S(t)B C O(A) (6.4)
forallt >1T.

The main result of the section is the following theorem.
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Theorem 6.2. Let the above assumptions hold. Then the solution semigroup S(t) : Hy — Hp associated
with the damped Euler equation (1.1) possesses a weak locally compact attractor A in Hy which is generated
by all bounded solutions of the equation:

A=K|,_, (6.5)

where K C L (R, Hy) is the set of all weak solutions u(t) of Eq. (1.1) which are defined for allt € R and
are bounded in Hy.

Proof. Indeed, according to the dissipative estimate (6.2), the ball
B :={u € Hp, |lulln, < R} (6.6)

is absorbing for the semigroup S(¢) if R is large enough. This ball is metrizable and compact in the weak
star topology of 'H%C Thus, the considered semigroup possesses an absorbing ball Br which is bounded
in H;, and compact in HZ‘;Z Moreover, using the fact that the semigroup is Holder continuous on Bg
(due to estimate (5.11)) together with compactness of the embedding H;,. C L7, it is straightforward
to show that, for every fixed ¢ > 0, the operators S(t) are continuous on Bp in the topology 'H}‘(’)c Thus,
all assumptions of the abstract attractor existence theorem (see e.g., [1]) are satisfied and the existence
of the attractor A is proved. Formula (6.5) for the attractor’s structure is also an immediate corollary of
this theorem. So, Theorem 6.2 is proved. (I

Corollary 6.3. Let the above assumptions hold. Then, for every e > 0 and every p < oo, the weak locally
compact attractor A is compact in the strong topology of [Wllogg’p (R%)]? and attracts the images of bounded

sets in Hy, in this strong topology, i.e., for every bounded set B C Hy and every R > 0 and xo € R?

lim diStwl—s,p(BfLO) <(S(t)B)|BfO7A|B§0> = 07 (67)

t—oo
where disty (X,Y) is a non-symmetric Hausdorff distance from a set X to a set Y in a metric space V.

Indeed, the convergence (6.7) is an immediate corollary of the definition of the attractor .4 and the
compactness of the embedding Hj. C Wlizs’p (R?).
We conclude this section by establishing, analogously to [8], that we may take ¢ = 0 in (6.7).

Theorem 6.4. Let the above assumptions hold. Then the attractor A of the solution semigroup associated
with the damped Euler equation (1.1) is compact in Wl’p(RQ) for any p < 0o and attracts the images of

loc

bounded sets in Hy in the strong topology of this space.

Proof. Indeed, due to the interpolation, it is sufficient to verify the asymptotic compactness of S(¢) in
WL2(R?) or, which is the same, the asymptotic compactness of the associated vorticity w in L?, (R?).
To verify this assertion, following [8], we use the so-called energy method, see also [2,24]. Let uj € Br be
a sequence of the initial data and t,, — oo be a sequence of times. We need to verify that the sequence
S(tn)uy is precompact in W,22(R?).

Let u,(t), t > —t,, be the solutions of the following damped Euler problems:
Oty + (U, Vi)up + Vapn + au, = g, un‘t:%n = ug (6.8)
and the associated vorticities w,, = curlu,, solve
Own, + (Up, Vi )w, + aw, = curlg, w”|t:0 = curlug. (6.9)

To verify the desired asymptotic compactness (and to finish the proof of the theorem), we only need
to verify that the sequence wy(0) is precompact in L? (R?). We first note that, due to the dissipative
estimate (4.3), the sequence w,, is uniformly bounded in Hj:

[unllLoe®,1,) + [10stn || Lo v, L3 R2)), ¢ < 00, (6.10)
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where the control over the norm of d;u, is obtained from Eq. (6.8) analogously to Definition 3.2 (to
simplify the notations, we extend w,, and du, by zero for ¢t < ¢,). Thus, without loss of generality, we
may assume that

u, — u weakly star in LS (R, Hioe),
Oyun — Oyu weakly star in Lo (R, LY (R?)). (6.11)

Then, due to the compactness arguments,
Up — u  strongly in Cee(R x R?) (6.12)
and, in particular,
w, — w  weakly star in L (R x R?) and

wp, — w strongly in Cloe(R, w, b 2(RQ)) (6.13)

loc

Passing to the limit n — oo in a straightforward way in Eq. (6.8), we see that the limit function u(t),
t € R, solves the damped Euler equation (1.1) and, therefore, u € . Moreover, from (6.13), we conclude
that

wn(0) — w(0) weakly in L7 (R?) (6.14)
and using that wy, (0) is uniformly bounded in L?(R?) the last convergence implies that
wn(0) = w(0) weakly in L3 (R?) (6.15)

for all ¢ > 0 and zy € R2.
At the second step, we will show that the convergence in (6.15) is actually strong which will complete
the proof of the theorem. To this end, it is sufficient to prove that

lon ()2 — w2 (6.16)
e,x0 e,x0

for some € > 0 and z¢ € R?. To this end, we will use the enstrophy equality (5.12) for Eq. (6.9) which
we rewrite in the following form:

1
[lwn (0 ||L2 /4 S/ER2 (a 2¢57m0(x)lun(x,s).vrqﬁs,zo(z)) (6.17)

X ¢s7z0( Nwn (s, z)|* dz ds

0
= ”wn(*tn)“%is w0 e i + / e™” (Curlg7wn(5)¢s,mo) ds.

—tn

Remind that
|Vt ao ()] < Cete zy () (6.18)

and therefore we may fix € > 0 being small enough that

¢e xg( ) Un(x 5) x¢6,x0(x) >0 (619)

for all (s,2) € R_ x R% Then, using the classical result on the weak lower semicontinuity of convex
functionals, see e.g., [18], together with the strong convergence (6.12) and weak convergence (6.13), we

conclude that
/ / F(s,z,u(s,z),w(s,z))dsdx
sER_ JzeR?

0
< lim inf/ / F(s,x,upn(s,x),wn(s,x))dsdz,
—t, JTER?

n—oo
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where
1 _
F(s,z,u,w) := e** (a - 5(;55@0 (2) lu.VngE,mo (:c)) Dm0 (x)|(.u|2

is a positive function. Passing now to the limit n — oo in (6.17), we arrive at

lim sup ||wy, (0 ||L2 / / (s,x,u(s,x),w(s,z))dx ds
zER?

0
S/ e (curl g, w(s)dz z,) ds.

On the other hand, according to the enstrophy equality for the limit functions u and w,

0
||w(0)||2L§) +/ F(s,z,u(s,z),w(s,x))dxds
€70 —oo Jz€R?

0
= / e“*(curl g, w(s)pe ) ds

—00

Thus,

timsup [wn(O)F; < [w(O)F; < lminffon(O)3;

n—oo

Therefore, the convergence (6.16) is verified and the theorem is proved.

JMFM

(6.20)

(6.21)

(6.22)

(6.23)

O
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Appendix: The Interpolation Inequality

The aim of Appendix is to verify the following interpolation inequality.

Lemma 6.5. Let u € L}(R?) be a divergence free vector field such that w := curlu € L>°(R?). Then, the

following inequality holds:

lulZscps) < € ( el 3y + lull gy ||2/£<ng>>~
where R > 0, xg € R? are arbitrary and the constant C' is independent of R, xo, and u.
To verify this inequality, we use the following result proved in [36].
Proposition 6.6. Let the vector field u € [W,’ 2(BQP”)] be such that
div u, curlu € L“(Bzf).
Then,

/6
5/6 .
[ull s (p2m) < C||U||L/2(Bg§) (|| curlul| oo (pzry + [ div U||Loc(ng)) ;

where the constant C' is independent of R and xq. Moreover, for 2 < p < oo,
1-6
||u||Loo<BgR> < Cllula gz, (Il curlulloszm + | divul ogszm )

where 6 =

% - 1), the value C' may depend on p, but is independent of R and xo € R2.

(6.24)

(6.25)

(6.26)
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Proof of the lemma. We first note that (6.24) is homogeneous, so (scaling * — Rz if necessary) it is

sufficient to prove the assertion for R = 1 and z¢ = 0 only. Let now ¢ € C§° (Bé/ %) be the cut-off function
such that ¢(z) = 1 if € B}. Then applying inequality (6.25) with R = 2 to the vector field gu, we get

5/2 1/2
lullgsy) < lullyagarm < Cllullyap 1117 )
5/2 1/2
+ Cllull 5t gy 1l 2 s (6.27)

Applying now inequality (6.26) with p =4 and 8 = 1/3 to the vector field ¢ju, where ¢ € C§° (B5/3)
a new cut-off function which equals to one if z € B 4/3 , we get

1/2 1/6 1/3 1/6 1/3
a2 garay < Cllull g Il 5t g, + lll oy Il o (6.28)

In the first term, we replace the Li-norm of w by its L°-norm, insert the obtained result to (6.27) and
use the Young inequality, this gives

5/2 1/2 8/3 1/3
lull3sme) < Cllulie s w2 52y + Clullar o Il 2 )
8/3 1/3 5/2 1/2
+ Cllull 5t gyl oroy < Cllullaggy + Cllul 2o 111 22 5,
8/3 1/3
+ Clu[ 357 a1 ||L1(Bg/3). (6.29)

Thus, we only need to estimate the L*-norm in the RHS of (6.29). To this end, we introduce one more
cut-off function o € C§°(B2) such that po(x) = 1 for z € BS/ % and use the following Ladyzhenskaya
type inequality for vector fields v € VVO1 2 (B3):

1ol ooy < CllollZam) (1divolZa s + el vl s ) - (6.30)

Applying this inequality to the vector field ¢ou and estimating again the L?-norm of the vorticity by its
L°°-norm, we have

1/3 1/6 1/6 1/3
el ey < Clullagsgy 19112 53 + Cliull a3, (6.31)
Inserting this estimate to the RHS of (6.29) and using Young inequality again, we derive the desired
estimate (6.24). O
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