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Abstract

We analyze the stationary Navier-Stokes equations with a damping term in dimension n through a
general minimax principle for which we first develop. Our minimax principle is broad enough and can
be used in various ways to deal with the Stationary Navier-stokes equations. We shall provide existence
results for linear and nonlinear dampings with no restriction on the damping constant.
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1 Introduction
In this paper we study the n—dimensional stationary Navier-Stokes equations with a damping term:

—Au+ (u.V)u + plulP~2u+ VP = f(z), VreQ,
V. =0, Vz € (1)
u =0, Vr € 01,

where 2 C R™ is bounded, p > 1 and g € R. We address both linear and nonlinear dampings and we are
allowing 1 to take both positive and negative values. Here u = (uq,us, ..., u,) is the velocity, P stand for
scalar pressure and f is the external force.

The existence of global weak solutions of the classical evolutionary Navier—Stokes equations without damping
were established by Leray [11] and Hopf [6]. Thereafter, the issue of uniqueness and regularity has received
a lot of attention. However, the uniqueness of weak solutions and the global existence of strong solutions
remain open so far.

Over the years, many authors turn to consider Navier-Stokes equations with damping term which in some
cases is very advantageous from the mathematical point of view, as it allows to obtain solutions more regular
than in the standard Navier-Stokes equations without damping. The damping comes from the resistance to
the motion of the flow, to which describes various physical phenomena such as porous media flow, drag or
friction effects, and some dissipative mechanisms (see [7, 23]).

Many authors obtained the long-time behavior of solutions for three dimensional evolutionary Navier—Stokes
equations with damping term pu|u|P~2u (u > 0), (see [2, 8, 9, 10, 20, 25, 24, 26]). For instance, in [2], has
proved the existence of global weak solutions for p > 2, the existence of global strong solutions for p > g,
and the uniqueness of strong solutions for % < p < 6 in the whole space, respectively. Due to this, the global
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attractor was studied in [22] and [21]. In [8], the L? decay of weak solutions, the optimal upper bounds
of the higher-order derivative of the strong solution and asymptotic stability of the large solution were
studied. The regularity criterion of the three-dimensional Navier—Stokes equations with nonlinear damping
was studied in [26]. The author in [24] obtained the existence of strong solutions for p > 4, the uniqueness of
strong-weak solutions for 2 < p and established two regularity criteria as 2 < p < 4. The existence of weak
solutions for the generalized Navier—Stokes equations with damping was provided in [17]. In [15], by using
Fourier splitting method, the Ly decay of weak solutions for three dimensional Navier—Stokes equations with
damping was proved for p > 3.

For stationary Navier-Stokes equations with damping, the authors [13] obtained some partial results for ex-
istence and uniqueness of the weak solutions when p > 0. Lately, a lot of work has been done on numerical
simulations of Navier-Stokes equations with damping (see [12, 14, 18, 19, 27]).

In this work, we first develop a minimax principle to deal with stationary Navier-Stokes equations with
damping (see [16] for a comprehensive review on variational principles on convex subsets). Consider the
Banach space

V={ue€ H}(Q)NLPQ): V.u=0},
equipped with the following norm

wll ==lull zp )+ lullze ()

Let Au be the operator Au := (u.V)u, and K be a convex and weakly closed subset of V. We shall define
M : K x K — R as follows,

_1 ul? :Uf1 v|? dx u— xflupfzu u—v)dz
Mwo) =5 [ 1Vl do =5 [ (Vo do+ [ (u= f@) = P =) da, @

where f € L?(2). Note that Au— f(x)— %|u|p_2u and u—wv are both vector functions in R™. In the definition
of M, and also throughout the paper, the product of any two vectors is to be understood as the regular
inner product in R™. The following variational principle on general convex sets K is a key component in our
arguments. It is also broad enough to deal with various other cases by choosing a convex set K accordingly.

Theorem 1.1 Let K be a convexr and weakly closed subset of V. Assume that the following two assertions
hold:

(i) There exists 4 € K such that
M(a,v) <0, WYveK,

where M is defined in (2).
(ii) There exists v € K such that
~AD+VP = f(z)+|alP~?u— Aa,

in the weak sense, i.e.,
/ Vo.Vnde = /(f(:z:) + |a|P~%u — Aa)ndx, VneV.
Q Q

Then u € K is a weak solution of the equation
~Au+ Au +VP = f(x)+ |[ulf2u .

It is worth noting that the primary consequence of this theorem centres on the choice of K, i.e., by choosing
an appropriate K, one is able to establish the existence of a solution enjoying all the properties induced by
the set K (see Remark 1.5 for an application where the problem (1) has some symmetry properties). Also,
condition (¢) in Theorem 1.1 is most of the time guarantied due to the the well-known Ky Fan’s min-max
principle by Brezis-Nirenberg-Stampacchia [1]. We provide more details of how to apply the above theorem
in the sequel.

As an application of the above theorem we first prove the following result.



Theorem 1.2 Let 2 be a bounded C? domain in R™ and p < 0. Then for f € L*(Q)) small enough, the
following statements hold:

(i) Forn <4 and p > 2, the Navier-Stokes equation (1) has a solution u € W22(Q).

2n —4
" 1 the Navier-Stokes equation (1) has a solution u in W22(L).

(i) Form=5,6 and 2 <p <
n—

Furthermore, for n > 2, there ezists a scalar function P :  — R and a constant C > 0 such that
|Aul| 2y + VP 120 < O(Hf||L2(Q)+||uHIl);&)—1)(Q)+Hu”W1>2*(Q)HUHL"(Q))7 (3)
where 2* = 2n/(n — 2).

When the constant p in the damping term is non-negative we can cover higher values for p as shown in the
following theorem.

Theorem 1.3 Let 2 C R™ be a smooth bounded domain and p > 0. Suppose that p > 1 and f € L?().
Then there exists u € V' such that the following holds:

(i) If n > 2, then
/ Vu.Vn dx + ,u/ |ulP~%u n +/ Aundx = / f(x)ndx, YneCHQ), with V.n=0.
Q Q Q Q
(i) If n < 4 or p >4, then

/Vu.Vn dx+,u/ |u|p_2undm+/[\u77d;v:/f(x)nda:, Vn e V.
Q Q Q Q

We would like to remark that the solution we are getting in part (i) of the above theorem is weaker than
the one we are getting in part (i7). This is due to the fact that all the test functions 7 in part (i) are coming
from C1(Q) on contrary to part (ii) where the test functions 7 live in a less regular space Hg(2) N LP(£2).

We shall also deal with the linear damping term where p = 2 for positive and negative values of u. To state
our result we first recall the following standard fact about the first eigenfunction of the Laplacian on bounded
domains. Recall that

B Jo |Vy|? dz

T gemivoy [, u? do

where the minimum is taken over all ¢ : H}(Q2) — R. Note that in Theorem 1.3 we have already covered
the case u > 0. Here is our result for the linear case where we are allowing negative values for pu.

Theorem 1.4 Let Q2 be smooth bounded domain in R™ and p = 2. Assume that —\y < p < 0, and
f € L%(). Then there exists u € V such that the following assertions hold:

(i) If n > 2, then

Vu.Vn dx + u/ unde + [ Aunde= [ f(x)ndx, ¥ne CHQ), withV.n=0.
Q Q Q Q

(i) If n < 4, then
/Vu.Vndm—I—,u/unda:+/Aundx=/f(m)ndm, Yn e V.
Q Q Q Q

The highlight of the above theorem is the case where 1 = —A; in which case one losses the coercivity required
in most minimax arguments.



Remark 1.5 Fven though our main objective in this paper is to prove existence results having a damping
term in mind, we would like emphasize that the applications of Theorem 1.1 goes well beyond this goal. In
light of this remark, let us define the maps w1, ma, 73 : 2 C R3 — Q as follow:

Wl(xlquP/BS) = (—$1,$2,$3)7
7'('2(%1,%2,‘%3) = (xla *.Tg,xg),

m3(x1, T2, 23) = (T1, T2, —x3).

Consider the 3D case of the stationary Navier-Stokes equations with damping presented in equation (1).
Assume that 2 is invariant under the maps w1, mo, w3 : 0 — Q. Moreover, assume that Kg is a subset of V
containing all w € V with the following property:

U1($1,$2,$3) = *Ul(*xl,@aﬂ%)a
U2($17$27$3) = Uz(—$179€27$3), (4)

U3(x17.'152,l‘3) = U3(_.’E1,x2,x3).

Furthermore, assume that f(x) € L?(2) also holds the same property; i.e.,

fi(z1, x2,23) = = fi(—x1, 22, 23),
fa(z1, 29, 23) = fo(—x1, 22, x3),
fa(x1, 2, w3) = f3(—x1, 22, x3).

Then, the solution u = (uy,us2,uz) obtained in Theorems 1.2, 1.3 and 1.4 is symmetric in the sense (4).

The paper is organized as follows. In section 2, we shall provide the proof of Theorems 1.1 and 1.2 through
a minimax principle. Section 3 is devoted to the proof of our results in Theorems 1.3 and 1.4.
2 A minimax principle and the proof of Theorem 1.2

In this section, we first prove the variational principle presented in Theorem 1.1 which is applicable specifically
to our problem when p < 0, and p > 2. Afterwards, we proceed with the proof of Theorem 1.2.
We consider the Banach space V = {u € H3(Q) N LP(Q) : V.u = 0} equipped with the following norm

[l =llull g o)+l @)-

Let Au be the operator Au := (u.V)u, that is

- ou;
<Au,v>:/ Auv:/ U —2 5.
Q( ) 0 Z kaxk J

jk=1

Let K be a convex and weakly closed subset of V. As stated in Theorem 1.1 we shall consider the functional
M : K x K — R given in (2).

Proof of Theorem 1.1: It follows from condition (i) in the theorem that there exists @ € K such that

1/ \Va|? do — 1/ |Vo|? dx < /(f(as)+1|ﬂ\p*2@f/\ﬂ)(ﬂfv) dz, WveK. (5)
2 Jo 2 Jo Q D

It also follows from (ii) that there exists ¥ € K such that

/ Vo.Vnde = /(f(x) + |aP~2a — Aw)ndz, ¥neV. (6)
Q Q
Substituting n = 4 — v in the latter equality gives

/ V0.V (i —0) de = /(f(x) + |a|P~%u — Aa)(a—0) dx, VneV. (7)
Q Q



Setting v = ¥ in (5) and taking into account the equality (7) we obtain that
T 1 12 1 =12
VoV(u—v)de > < | |Vua|"de — < [ |VO|* dx. (8)
Q 2 Ja 2 Ja
1
On the other hand, it follows from the convexity of g(t) = 5752 that

1 1
VoV (i — 7) da < f/ Val? dz — f/ Vol? da. ()
Q 2 Q 2 Q

Inequalities (8) and (9) together imply that

/V@.V(ﬂ—@) dle/ |Val|? d:c—l/ Vol da.
Q 2 Ja 2 Ja

Therefore,
/ |Va — Vo|*> =0,
Q
from which it follows that v = @ for a.e. x € Q. Hence, the equality (6) proves the desired result. |

We shall apply Theorem 1.1 to prove the existence of a solution in Theorem 1.2. The convex subset K of V/
required in Theorem 1.1 is defined by

K:=K(r)={ueV:|u|wzeq <1}, (10)

for some r > 0 to be determined. To see that K(r) is weakly closed, we present the proof of the statement
in the following lemma.

Lemma 2.1 Letr > 0 be fizred. The set
Kry={ueV: ||UHW2,2(Q) <r},
is weakly closed in V.

Proof: Let {u,,} be a sequence in K(r) such that u,, — u weakly in V. Then there exists a subsequence
of u,,, denoted by u,, again such that u,, — u a.e in Q. On the other hand, |[tm,|[w=22@q) < r for all m € N
and so {u,,} is bounded in W22(Q). Going if necessary to a subsequence, there exists 4 € W2?2(Q) such
that u,, — 4 weakly in W?22(Q) and u,,(z) — u(x) for a.e. x € Q. It follows then u(r) = @(x) for a.e.
x € Q. Thus u,, — u weakly in W22(Q). Now from the weak lower semi-continuity of the norm in W?22((Q2)
follows that

Hu||W2,2(Q) < limianumHW2,2(Q) <r
m— o0

which means that u € K(r). O

To apply Theorem 1.1, we shall need to verify both conditions (i) and (ii) in this theorem. To verify condition
(i) we shall use the following version of the well-known Ky Fan’s min-max principle [1]. We refer to Lemma
12.1 in [5] for a proof.

Lemma 2.2 Let G be a closed convex subset of a reflexive Banach space X, and consider M : G x G — R
to be a functional such that:

1. For each y € G, the map x — M (z,y) is weakly lower semi-continuous on G.
2. For each x € G, the map y — M(z,y) is concave on G.

3. There exists v € R such that M(x,z) <~ for every x € G.

4. There exists a yo € G such that Gy = {x € G : M(z,y0) < v} is bounded.



Then there exits T € G such that M (Z,y) <~ for ally € G.

Without loss of generality, we can assume that 4 = —1 in Theorem 1.2. Recall that the functional M :
K x K — R is defined as follows,

1 1 1
M(u,v) = f/ |Vu|? do — f/ \Vo|? dx + / (Au — f(z) — = |ulP~2u)(u — v) dz. (11)
2 Ja 2 Ja Q p
One of the requirements in Lemma 2.2 is the lower semi-continuity of M(. ,v) for a fixed v. In order to
verify that, we begin by the following Lemma.

Lemma 2.3 V v € K, the map u —>< Au,v > is weakly continuous on K for the values of n,p in Theorem
1.2.

Proof: Fix v € K, and let {u™} be a sequence in K such that «™ — u weakly in V. We have
m - m aum (911,
< Au >U>—<AU’U>‘=";1/Q(ULCa;kvj—ukaxivj)dx‘

ou’" o(u" — uy)

- ‘ Z /Q ((UZL _uk) ax]k Uj +uk67xkvj) dl“

k=1

- ou" " A(u™ — uy)
< ’um—uk —]U"—&— /‘ukjijvl‘dx.
Mz_l/ﬂu R VYA ey ratl

On the other hand, by Holder inequality we can conclude that

m
auj

n
ult —u v;
j;l/g‘( T

< Oll(u™ = w)vl| L2 ) | Vu™ || L2 ()

< Cllu™ = ullago) [vllLe @) VU™ ([ L2 (o),
for some constant C. Therefore, we would have

- O(u — uy)
<A™, 0> — < Au,v > ] < Cllu™ =l oo llvll o) IVu™ 2oy + > / ’ukjij
Q

v;i| dx.
j
= oxy,

Moreover, since the space W22(Q) is compactly imbedded into L*(€2), for all n < 6, it follows that u™ — u
strongly in L*(9). Furthermore, since u, v are in W%2((2), we deduce from Holder’s inequality that uyv; €
L?(Q). Finally, since Vu™ — Vu weakly in K, by definition of weak convergence the result follows. |

Lemma 2.4 Vv € K, the map u — M (u,v) is weakly lower semi-continuous on K for the values of n,p in
Theorem 1.2.

Proof: Let v € K be fixed and, let {u™} be a sequence in K such that «™ — u weakly in V. Considering
< Au,u >= 0, it follows from (2) that

1 1
M(u,v):f‘/ |Vul? dx—<Au,v>—/f(3c)udw—f/ |ul? dz
2 Ja Q P Ja
1 1
+ f/ |uP~?uv do — f/ |Vo|? dzx —|—/ f(z)v dz, (12)
bJa 2 Ja Q

Now we shall verify lower semi-continuity of every single term in (12) separately. Note that the last two
terms in (12) are constant with respect to w.

e Since the function g(u) = |u|? is convex, it can be easily shown that

|Vu|? dz < hminf/ |V, |? dz.
Q m=ee Jo

This implies that the map u — / |Vu|? dz is weakly lower semi-continuous.
Q



e The map u — — / Au.wv dx is weakly lower semi-continuous by Lemma 2.3.
Q

e Since f € L?(f2), applying the definition of weak convergence leads to

n— oo

/Q (@) u dz = lim inf /Q F@)m da.

e The map u — / |u|P dx is weakly lower semi-continuous for n, p in Theorem 1.2 because
Q

(i) if n < 4, then W22(Q) is compactly imbedded into LP(Q) for all p > 2, and

2
(ii) if n =5, 6, then W22(Q) is compactly imbedded into LP(Q) for all 2 < p < 7n4
n—

It then follows for both of cases that
lim / P = / ul? de,

o The map u — / |u|P~2uv dx is weakly lower semi-continuous for n, p in Theorem 1.2 because
Q

(i) if n < 4, then W22(Q) is compactly imbedded into L>®~1)(Q) for all p > 2, and
2n —4

(ii) if » = 5, 6, then W?22(Q) is compactly imbedded into L*®~1(Q) for all 2 < p < I

In both cases, we have |u[P~2u € L?(2) from which we deduce that the map u — / |u|P~2uv dz is a
Q

continuous functional and
n—oo

lim / |t [P 2w dx:/ |ulP~?uv da.
Q Q

This completes the proof. O

We are now in the position to state the following result addressing condition (i) in Theorem 1.1.

Lemma 2.5 Let K = K(r) be a convex and weakly closed subset of V' defined in (10). Let M : K x K — R
be defined as (2) and n,p as in Theorem 1.2. Then there exists u € K such that

M(u,v) <0, YvelkK.

Proof: We shall show that the function M satisfies all the conditions of the Ky Fan’s Min-Max Principle
presented in Lemma 2.2. The condition (1) is provided by Lemma 2.4. For each u € K, the map v — M (u, v)

is concave on K since M (u,v) is a linear functional with respect to v except —5 |Vo|? dz , which is in
Q

fact concave . Also we have M (u,u) = 0 = for every u € K. Finally, since K is bounded, we can conclude
that {u € K : M(u,v) < 0} is bounded. It now follows by Lemma 2.2 that there exists @ € K such that

M(a,v) <0, YveK,
as desired. 0

Our next task consists of verifying condition (ii) in Theorem 1.1. In order to do this, we start with the
following two lemmas, which provide us the required estimates. Hereafter C' will denote a positive constant,
not necessarily the same one.



Lemma 2.6 Let Q) C R" be a bounded domain and 1 < p. Then there exists a constant C' such that for any
u € K(r) we have

Hf + ufP"u — AUHLQ(Q) < C(Hf”LQ(Q)+”uH:l[);(}ofl)(Q)—’_HUHWL?*(Q)HUHL"(Q))a (13)

when n > 2, and

1+ =20 = Al gy < OO o HlEES oo+l lullzs@)): (14)

when n = 2.

Proof: Let u € K(r) and n > 2. By Holder’s inequality we have

£+ |ufP~?u — AUHLz(Q) <[ £l ez 1P 2 o)+ Aull L2 o)

2n
—1 *
S||f||L2(Q)+Hu||122<p—1>(9) + C||VUHL2*(Q)||U| L™(Q)s (where 2% = e 2)
-1
S”f||L2(Q)+Hu”i2(p71)(g) + CHUHWL?*(Q)”U”L”(Q)a
as desired. For the case n = 2, one can proceed via the same argument considering the fact that
[Aullz2(0) < Cl|Vullpa@)llullLa)-
|

Lemma 2.7 Let p > 2 and C > 0 be given. If || f||12(q) is small enough then there exists 0 < r € R which
satisfies
CIfllzz@) + 7P~ +7%) <

Proof: Since p > 2, we can choose r such that

CrP=t 4% <

N3

Now if C|| f||z2(0) < § then we have
Cfllzeey +rP7 +72) <,
as desired. 0

Here is another useful results that we shall use in the sequel. See Theorem 1.2 in [3] for a more general
version of the following theorem.

Lemma 2.8 If g € L%(Q), then there exists u € W22(Q) N HE(Q), a scalar function P : Q — R and a
constant C' such that
Au+VP=g, V.au=0, ulgg=0,

and
|Aull L2y + VP L2 (0) < Cllgllz2(o)-

The following result is proved in [4], Lemma 9.17.

Lemma 2.9 Let 2 be a bounded C*' domain in R"™ and let the operator Lu = a* (z) D;;u+b'(z) Dju+c(z)u
be strictly Elliptic in Q with coefficients a;; € C(Q), b;,c € L>(Q), withi,j =1,...,n and ¢ < 0. Then there
exists a positive constant C (independent of u) such that

llullw2r) < CllLullLr ),

for all u € W*P(Q) N W, P(R), 1 <p< oo.



Here comes a direct consequence of Lemma 2.9.

Corollary 2.10 Let Q be a bounded C*' domain in R™. Then there exists a constant C' such that
[ullw22(0) < CllAullL> (o),

for all w € W32(Q) N H ().

We are now ready to prove Theorem 1.2.

Proof of Theorem 1.2. Without loss of generality we may suppose that 4 = —1. Define K = K(r) for
r > 0 to be determined presently. By Lemma 2.5 we have the existence of a non-trivial z € K such that

M(u,v) <0 Yve K.
Now we shall show the existence of ¥ that satisfy condition (ii) in Theorem 1.1. Consider
g(z) = f+|alP~%a — Ax.
Thus we have to show there exists ¥ € K that the following equation holds in the weak sense,
—Av+ VP = g(x), (15)

where P : Q2 — R is an appropriate scalar function. By Lemma 2.8 there exists o € V' which satisfies (15)
and

[1AV]|L2@) IV P2 ) < Cligllze ). (16)
It is sufficient to show that v € K. For n > 2, the estimate (16) together with Lemma 2.6 imply that

1A% L2 (@) +IV Pl 20y < CIIf + |alP~?u — Al 2o
< C(Hf||L2(Q)+||@||I;<£—1>(Q)+Hﬂ||W1»2*(sz)HﬂHLn(Q))- (17)
On the other hand, Corollary 2.10 together with (17) yield that
[0llw2z2) < CllAD||L20) < C([|AD]| L2()+ VPl L2(0))
< C(If 2@y @l a0 o) Flallw 2= o) 1l o)) (18)

Using the imbeddings of W22(Q) «— L2?~1)(Q), W22(Q) < W12 (Q) and W?2(Q) — L"(Q) for 2 < n < 6,
we obtain from (18) that

[ollwz2(0) < O 2@+ l@l o +lallwee @llallwz2)- (19)

Let r be as in Lemma 2.7 for C' given in the last inequality above. The inequality (19) and Lemmas 2.7 yield
that

[ollw22) < CUIf L2 + P~ +17) <,

where || f|z2(q) is small enough. That means v € K and so © = % as in Theorem 1.1. This completes the
proof of (i) for n > 2, and (ii). Now the inequality (17) gives that

12wl 2(0) + IV Pl 20y < C (Il 2 Hlullf 2 o) Flwllwres o ull o))

For n = 2, by inequality (14) in Lemma 2.6 and by repeating the same argument we have the desired result.
O



3 Proof of Theorems 1.3 and 1.4

We shall need some preliminary results before proving our results in this section. We shall consider the same
notation for the Banach space V' = {u € Hy(Q) N LP(Q) : V.u = 0} with norm [Jul| =|[ul| gx ) +|ullLro)-
Where  is a bounded domain of R™. Note that the operator Au = (u.V)u may not be defined on whole

space H (). Although, there exists constant C such that
~ (’)uj
| <Auv>[=][ > uka—vj\ < Cllullpz@ IVull L2 @)llvllor )
Qg Ok
which means that for the dense linear subspace
E={uecClQ):V.u=0}

of V', we have that < Au,v > is well defined for all w € V and v € E. We shall define ® : V — R by

1 1
@(u)zi/ﬂ\vuf dm—|—g/ﬂ\u|p dx—/ﬂfu dx.

We also define H : V' x V — R by
H(v,u) = ®(u) — ®(v).

For r > 1, set
Kir)y={ueV:|ul| <r},

that is convex and weakly closed in V' by similar arguments as in the proof of Lemma 2.1. Let
KO(T) = K(T) n Ea
and define M : K(r) x Ko(r) = R by

M(u,v) = H(v,u)— < Au,v > .

(20)

In the case where u > 0 in the damping term, we shall make use of a different version of Ky-Fan minimax
theorem (See Lemma 12.1 in [5]) for a proof). This version is more practical when one expects less regularity

of the solution. For a set D, we denote its convex hull by conv(D).

Lemma 3.1 Let ) # D C G C X where G is a weakly compact convexr set in a Banach space X, and

consider M : G x conv(D) — R to be a function such that:
1. For each y € D, the map x — M (z,y) is weakly lower semi-continuous on G.
2. For each x € G, the map y — M(x,y) is concave on conv(D).
3. M(xz,z) <0 for every x € conv(D).

Then there exits T € G such that M(Z,y) <0 for ally € D.

Proof of Theorem 1.3. Without loss of generality we may suppose that p = 1. By similar arguments as

in Lemma 2.4 for M defined in (20) we obtain that

e For each v € Ky(r) the function u — M (u,v) is weakly lower semi-continuous.
e For each u € K(r) the function v — M (u,v) is concave.

o M(u,u) =0,Yu € Ko(r)

10



Now we can apply Ky-Fan minimax principle (Lemma 3.1), which yields the existence of a @, € K(r) such
that

M(td,,v) = H,ty)— < Ay, v ><0, Vo e Ky(r). (21)

Substituting v = 0 in the latter inequality implies that ®(u,) < 0. Now the coercivity of the functional ®
follows that {,}, is bounded in V and so there exists a sequence r,, — co and @ € V such that @,, — @
weakly in V. If v € FE is fixed, then from (21) and the weak lower semi-continuity of the functions involved,
we get

H(v,u)— < Aa,v ><0, Yo € Ko(r). (22)

Since r > 1, this indeed implies that

sup < Aw,v>+ inf H(z,a)<O0. (23)
veE,|v][<1 llzlI<1
Therefore,
sup < Ag,v>< — inf H(z,a) < 0. (24)
veEE,||v||<1 llzll<1

This implies that the linear functional [ : F + Rz — R defined by I(v 4 t@) =< Ad,v > is continuous. It
now follows from the bounded linear extension theorem that [ can be extended to a bounded linear operator
L : V — R with the same operator norm as [. It then follows from the Riesz representation theorem that
there exists Aw € V* such that

< Au,u >=0, and < Aa,v >=< Ai,v>, YwekE. (25)
This together with (22) yield that
H(v,a)— < A,v ><0, YuveE. (26)
But since E is dense in V' and expression (26) is continuous with respect to v, we can conclude that
H(v,1)— < Aii,v ><0, YoeV. (27)
Now by substituting v = a +tn, n € V, into (27) we obtain that
H(a+tn,u)— < Au,a+1tn ><0, VieR. (28)
Dividing (28) by t > 0 and letting ¢ converge to zero yield that

/Qva.vn dx + /Q |a|P~%a 1 dx — /Q fnde+ < Au,n>>0, VneV. (29)
Now substituting n by —n in (29) we deduce the opposite inequality and thus

/Qva.vn dx + /Q |a|P~%a n dx — /Q fnde+ < Au,n >=0, VneV. (30)
This together with (25) follow that

A Vu.Vn dx + /Q |a|P~2a n dx — /Q fndx+ < Au,n>=0, VnekE.

This complete the proof of part (i).
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For the proof of the second part we will consider two cases n < 4 and p > 4 separately.

2
Case 1, (n <4): Let ve V. If n <4, then 4 < 7712 From continuous imbedding of Sobolev space H} ()

into L*(Q2), and by the Hélder inequality we obtain for operator Au

ou;
| < Au, v>|—|/ 3 e G| < Cluvlpaoy [ Vulge)
7,k=1

< CH“||L4(Q)HU||L4(Q)||U||H3(Q) < 00.

This means, the operator Au is well defined on V. Since E is a dense subspace of V, from uniqueness of the
bounded linear extension theorem we have < At,v >=< Au,v >, Vv € V. Now the result follows from (30).
Case 2, p > 4: For v € V, since V C LP(Q2) we can deduce that

| < Au,v > [ < Cllwvllpz@)lIVul @) < Cllullay@llule@llvl ) 2, o<

2
where the last inequality follows from 7p2 < p. Thus operator Au is well defined on whole V' and this

completes the proof. O

As we have just seen, the case of y > 0 with the linear damping term was covered in the theorem 1.3.
But for p < 0, due to an essential role of Lemma 2.7 in the proof of Theorem 1.2 we were not be able to
deal with the linear damping term in this theorem. However, with a similar argument as in the proof of
Theorem 1.3, we would be in a position to manage this separately. Note that when p = 2 we have that

V ={u€ H}Q): Vu=0}, and
1
zf/|Vu|2d1:+E/|u\2dx—/fudz.
2 Ja 2 Ja Q

Proof of Theorem 1.4. In the same way as in proof of Theorem 1.3, it follows from the Ky-Fan minimax
principle ( Lemma 3.1) that there exits 4, € K(r) with

M(t,,v) = Hw,4,)— < At,,v ><0, Yve Ky(r). (31)

Now we claim that {@,}, is bounded in V' and so there exists a sequence r,, — oo and @ € V such that
Uy, — @ weakly in V. Thus, by similar arguments as in the proof of Theorem 1.3 we obtain the result.
Now in order to complete the proof we have to show the claim. Assume, by contradiction, that {@,}, is
unbounded. So there exists a sequence r,,, — oo such that {@,,, }., is unbounded. By substituting v = 0 in
(31) we obtain that

O(ay,,) / V., |* dv+ = / |y, |* do — / fa,, dx<0. (32)

Let 12, = / V., |* dr, and w,, = l;rm . Note that [[wy| 1 (q) = 1. Thus, there existsaw = (21,...,2p) € V
Q m

such that w,, — w weakly in V. It follows that w # 0, because dividing (32) by t2, we obtain

1 u 9 1
-+ = m|” de < — m AT, 33
545 [ wnf < = [ o, (3)

and letting m — oo, due to the compact imbedding H}(2) < L?(£2) we obtain that

1 2
= dx <0, 34
315 [ ke (34)
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which implies w # 0. Also, we have

1 1
§/Q|Vw|2 dx—‘rg/9|w|2 dxglirrlriglof (i/ﬂ‘vme dm+g/§2|wm|2 d:zc)

L p 2
< -+ = dx.
_2+2/Q|w\ v

This estimate together with (34) yield that

|Vw|? dz + u/ |w|? dx < 0.
Q Q

Therefore,
Vw|? d
Jo Vwl* de <—u, (35)
Jo lw|? dx
from which together with hypothesis —A\; < p in the theorem we obtain that
Jo [Vw|? da
= < )\ 36
Jo lw|? dz — ! (36)
On the other hand, for the first eigenvalue A\; of —A we have
fQ [Vwl|* dzx . D1 fQ Vzi|? dx > D1 M fQ 2z} dx — (37)
Jo lw|? dx a Yo de T XL [ofdr -
where w = (#1, ..., 2n). It then follows from (36) and (37)
Jo IVw|? dz
A== 38
! Jo lw]? dz (38)
from which we obtain that
/ |V 2 dx:)\l/ 22 dx, (i=1,..,n).
Q Q
Therefore,
—AZZ‘ :)\12’1', 1= 17...,71. (39)

Since the first eigenvalue of the —A is simple it follows that there exists o = (v, ..., ) € R™ such that
zi = oy, 1=1,...n, (40)
where 91 > 0 is the unique eigenfunction of —A corresponding to Ay with [[¢1][z2(0) = 1, i.e.
—Atpr =M1, Pilaq = 0.
Since V.w = 0, it follows from (40) that

0=>" O _ ¥ _ . (41)
1=1

(67}
=1

Now let = be an interior point of {2 and z the closest point on 9} to = such that z — z = Ca for some
constant C' € R, and the line joining x to Z lies in Q. Define

g:[0,1] =R
g(t) = vr (o + (1 = D)2).
It can be easily deduced from (41) that
g )= (z—2).Vii(tz + (1 — )z) = Ca. Vi1 (tx + (1 — t)z) = 0.
Thus, g is a constant function and since 11]sn = 0 we have
g9(t) = g(0) =91 (z) =0, Vtel0,1],

which implies that 1 (z) = 0. This is the contradiction we were looking for. O
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