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On the Brezis-Nirenberg problem with a Kirchhoff type
perturbation

Daisuke Naimen

Department of Mathematics, Graduate School of Science, Osaka City University,
83-3-138 Sugimoto Sumiyoshi-ku, Osaka City University, 558-8585 JAPAN

Abstract

In this paper, we consider a nonlinear elliptic problem,

{(1+b||u||2)Au)\u+u5, u >0 in €, P)

u =0 on 0,

where 2 C R? is a bounded domain with smooth boundary 99, A € R and
b > 0. We give an extension of the result by Brezis-Nirenberg in 1983 to the
case b > 0.

Keywords: Kirchhoff, nonlocal, elliptic, critical, variational method

1. Introduction

In this paper, we investigate the existence of solutions of the problem,

—(1 + b|jul|?)Au = Au + v’ in Q,

u>0in (P)
u =0 on 0,
here 2 is a 3 dimensional open ball and | - || denotes the usual HJ(2) norm.

We regard A € R as a given constant and b > 0 as a parameter. (P) has the
following two features.

The characteristic principal term of the equation of (P) has its origin in the
theory of nonlinear vibrations. See the book by Kirchhoff [14] and the survey
[6]. Recently this Kirchhoff type elliptic problem is investigated extensively. We
refer to [2]-[4][9][10][15]-[17][19]-[21][24][26] and so on. Among their works, the
effects of the nonlocal coefficient, on the existence of solutions are investigated.

On the other hand, the right hand side of the equation of (P) has the critical
term u®. Thus (P) has the typical difficulty in proving the existence of solutions.
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This difficulty is caused by the lack of compactness of the Sobolev embedding
HY(Q) < L5(£2). See the results for several critical problems, the pioneering
work [7] and [1][5][8][11][12][25], etc.

1.1. Main result

Here we note a result by Brezis-Nirenberg [7]. In [7], (P) with b = 0 is
treated. One of the results can be read, “If and only if A;/4 < A < A; there
exists a solution of (P) if b = 0", here A\; > 0 is the principal eigenvalue of —A
on the open ball. In this paper, we extend the result above to the case b > 0.
Our result is the following.

Theorem 1.1. Let A € R be a given constant. Then the following assertions
hold.

(i) If X < A\1/4, (P) has no solution for all b > 0.
(i1) If \/4 < X < Ay, there exists a constant By = Bg(X\) > 0 such that (P)
has a solution for all 0 < b < Bs.
(i1i) If A = A1, there exists a constant Bs = Bs(A1) > 0 such that (P) has a
solution for all 0 < b < Bs and (P) has no solution for b= 0.
(iv) If \1 < A, there exists a constant By = By(X) > 0 such that (P) has a
solution for all b > By.

We focus on Theorem 1.1 (iii) and (iv). As we state before, in the case
A > A1, (P) has no solution if b = 0. But our theorem says that even if A > Ay,
(P) do have a solution thanks to b > 0 in the appropriate region. Such existence
phenomena induced by the nonlocal perturbation is a new knowledge among the
other recent researches in Kirchhoff type elliptic problems.

On the other hand, we still have some questions, (i) the existence or nonex-
istence for the cases A\1/4 < A < A1 with large b > 0, (ii) similarly, for the case
A > Ay with small b > 0, and (iii) the existence of the second solution for the
case A > A\ with large b > 0. These are left for our future works.

Several results associated to the Kirchhoff type elliptic problems with critical
nonlinearity are obtained in [2][4][9][10][17][20][24][26]. In particular, [9], [20]
and [24] are closely related to (P). They consider (P) with nonlinear term Au? +
u® (but note that they consider b > 0 as a given constant and A > 0 as a
parameter in contrast to us). In [9], Figueiredo considers the case 1 < ¢ < 5.
He gets the existence if A > 0 is sufficiently large. In a part of [20], Naimen
treats the case 3 < ¢ < 5. He concludes the existence for all A > 0. In [24], Sun
and Liu consider the case 0 < g < 1. They ensure the solvability for sufficiently
small A > 0. But to our best knowledge, there is no previous work for the case
q = 1. In this paper, we consider such a case and conclude Theorem 1.1.

1.2. Organization of this paper

This paper is organized as follows. In Section 2, we prove Theorem 1.1 (i).
In Section 3, we demonstrate Theorem 1.1 (ii) and (iii). Finally in Section 4,
we conclude Theorem 1.1 (iv). In the proof, we use a same character C' to



denote several positive constants. Note also that we denote B(xz,r) as an 3
dimensional open ball centered at x € R? with radius » > 0 or an open ball in
HL(Q) topology centered at z € Hg () with radius r.

1.3. The weak solutions of (P)

Here we give the definition of the weak solutions of (P). We say u € Hg ()
is a weak solution of (P), if and only if u satisfies

(1 + bllul?) /Q Vu - Vhdz — )\/Qu+hdw — /Qu‘ihdm =0, (1)

for all h € H}(2), where uy := max{0,u}. By the analogue with the usual
elliptic regularity argument, we can conclude that every weak solution of (P) is
a classical solution of (P) even if b > 0.

1.4. A priori estimate

We can get a priori estimate for the solutions u of (P) if b > 0 as follows.
Let A\1/4 < X and b > 0 be in the appropriate region. We have if A < Ay,

4)\—)\1)5‘7 o)

0 < Jlull < ( e
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In fact, put C := (1 + b||ul|?)~'/%. Then v := Cu satisfies

and if A > Ay,

—Av:mv—kvf’, v>0in Q,
v =0 on 0f2.

From [7], it follows that
A A

A o
4 STroup S

This proves (2) and (3).

2. The case A < A1/4

In this section, we prove Theorem 1.1 (i). The argument is strictly based on
that in [7]. Firstly we consider the case A < 0. In this case, we use the following
Pohozaev type identity [22] (see also [23]) for the solutions of (P).



Lemma 2.1. Let u be a solution of (P) and put g(t) := M\ + 5. Then the
following identity holds.

2 2
7(1“;““” )/ |Vu\2d:rf3/G(u)da:Jri(lebQ”uH )/ (x.y)‘g“
Q Q o0 v

i do=0
(4)

where G(t) == [ g(s)ds, v and 0/0v denote the outer normal vector and the
outer normal derivative on 0S) respectively, and further do is the 2-dimensional
surface measure on OS).

Proof. Let u be a solution of (P). Then applying the well known procedure, the
proof is straightforward. O

We give the following theorem.

Theorem 2.2. Let Q be strictly star-shaped and X < 0. Then (P) has no
solution for all b > 0.

Proof. Utilizing (4), we can clearly conclude the theorem by the usual argument.
O

Next we consider the case 0 < A < A1 /4.

Theorem 2.3. If Q is an open ball and 0 < A\ < A1 /4, there exists no solution
of (P) for allb> 0.

Proof. For simplicity we assume ) = B(0,1). Then by careful reading of the
argument in [13], we can confirm that every solution of (P) is radially symmetric
even if b > 0. Consequently every solution of (P) satisfies

—A(u" + 2u) = Au+ S in [0,1),
u>0in [0,1), (K
w/(0) = u(1) =0,

where we put A = A(||ul|?) = 1 + b||u||? for simplicity. Now let 0 < A < \;/4
and u be a solution of (K,). We take a smooth function v in [0, 1] such that
¥ (0) = 0. By a similar procedure to that in [7], we have a variant of Pohozaev
type identity,

1 A 92 i A
/O u2 (4w1// + /\¢/> r2dr — 5/0 ub (W _ T2¢/) dr + §|u’(1)|2¢(1) (5)

We take

(r) = sin ((4)\/A)1/2 7‘) ,
so that 1(0) = 0 and (1) > 0. Then noting A > 1 we get a contradiction by
(5). O

The proof of Theorem 1.1 (i). Assume 2 is an open ball. Then the proof is
obvious by Theorem 2.2 and Theorem 2.3. O



3. The case A1/4 < A < A

In this section, we prove Theorem 1.1 (ii) and (iii). We suppose 2 = B(0,1)
for simplicity and fix A;/4 < A < A;. If b = 0, the conclusion is in [7]. Hence
here, we give the proof for the case b > 0. But if b > 0, the minimizing argument
in [7] does not seem to work because of the existence of the nonlocal coefficient.
Thus we apply the mountain pass theorem here. We define the energy functional
associated to (P) so that

1 b A 1
Iy(u) = 5Hu||2 + 1||u||4 — E/Quidx — E/Quﬁdac.

Clearly I, is well-defined and continuously Fréchet differentiable on H}(€2). We
shall ensure the existence of a nontrivial critical point of I,. The main argument
lies in ensuring the local PS condition for I,. To this aim, we give the following
lemma.

Lemma 3.1. Let {u;} C H}(Q) be a (PS). sequence with

1 b, 1 4
c < §CK+ ZCK - @CK
where Ck = (653 +4/(bS3)?2 +4S3) /2. Then there exists a function u €
H} () such that (uj)4+ — us in LO(Q) up to subsequences.
Proof. We first claim that {u;} is bounded in Hj (). In fact, since I(u;) — ¢
and Ij(uj) — 0 in H~(Q), the Poincare inequality and our assumption A < \;
confirm

1 1
¢+ 12 Iy(uy) = (L (ug), uy) + & (D (ug), ug)
1 A b
>_ (12 N2 e g 1A — .
>3 (1 1) Bl + Gyll =

b

il = llusll,

for large j € N. As b > 0, this proves the claim. Hence by the weak compactness
of H}(Q) and the compactness of the Sobolev embedding, we have

uj — u weakly in Hg (),

u; — u in L*(Q),

u; — u a.e. on £,
up to subsequence but still denoted {u;}. Furthermore by the second concen-

tration compactness lemma [18], we can assume that there exist an at most
countable set J, points {xy }res C Q, and values {ug bres, {Vk thes C RT with

Svf < (k€ J) (6)



such that,

V[ = dp > [Vul® + ) pda,,
keJ

(uj)i —dv = ui + Z l/k(sxk,
keJ

in the measure sense, here J, denotes the Dirac delta measure concentrated at
r € R? with mass 1. Now we claim J = ). To show this, we assume J # ()
to the contrary. Then fix k € J. Define a smooth test function ¢ in R?® such
that ¢ = 1 on B(zg,e), ¢ =0 on B(xg,2¢)° and 0 < ¢ < 1 otherwise. We also
assume |V¢| < 2/e. Again since Ij(u;) — 0 in H= () and {u;} is bounded,
we have after some calculations,

0= lim (I;(u;), u;0)
j—o00

:(1+b/9du>/ﬂ¢du—/g¢dV+0(1)

where o(1) — 0 as € — 0. Taking ¢ — 0, we conclude
0> (1 + bpug)pir. — Vg
Finally using (6) we reach to an estimate,
1
e = 3 (b5° + V(572 +45%) = Ok (7)

Then since I (u;) — ¢ and I}(u;) — 0 in H~(£2), we have

c¢= lim {Ib(uj) - i(]{)(uj),%?}

Jj—o0
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1 1
SOx + 0% — —
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Y

Ci

where for the last inequality we use (6), (7), and the fact that Cx + bC% —
C3./S? = 0. This contradicts our hypothesis on c. It follows that

/(uj)idx — / ul dz as j — oo.
Q Q

This leads us to the proof. O



Remark 3.2. We can easily confirm that u is nonnegative. In fact, since {u;}
is bounded, we can assume that ||u;|*> — B for some value B > 0. If B = 0, we
finish the proof. If not, noting that we can further suppose u; — u weakly in
H} () and (u;)4+ — ug in LP(Q) for all 1 < p < 6, we have

(1+bB)/ vu.Vhdx:A/umder/uihdx,
Q Q Q

for all h € H}(Q). Taking h = — min{u,0} =: u_, we ensure the claim.
Here as in [7], for all € > 0 we introduce the cut off Tarenti function function,
er(|z])
(€2 + Jz[2)2
where 7 € C§°([0,1]) is a cut off function with 7(0) = 1 and 7/(0) = 7(1) = 0.
Then we estimate
Jo IVuc?de = Ky + we fol |7’ (r)|?dr + O(£?),
Jouldz = K3 4+ O(e?), (8)
Jo uldr = we fol |7(r)|?dr + O(g?),

ue(x) ==

where w is the area of a 2 dimensional unit disc and K, Ky > 0 are some
constants with K1/Ks = S. Here S > 0 is the usual Sobolev constant defined
by
Jo [Vul?da
weHE(O\(0} ([, ubdw)s

The next lemma shows that a mountain pass level of I, is below the desired
value.

Lemma 3.3. For every A\1/4 < X < Ay, there exists a constant B = B(\) > 0
such that for all 0 < b < B, we can choose a constant €1 = €1(X,b) > 0 so that

L s

1 b

>0
forall0 < e <e;.

Proof. Let u. be as defined before with 7(r) := cos(nr/2). Take ¢ > 0. Then
we have after some calculation that

t2 5 5 bt . 8 6
Ip(tue) = — [ Juel|” = A | wide ) + —|lue||” — = [ wde
2 0 4 6 /o

]. b 1 < )\ 1
< — — 2 [ 3 _ ,71 3 2

for some constant C' > 0. Notice that since A > A;/4, there exists a constant
B = B(\) > 0 such that

()\—):>55+O(b)>0



for all 0 < b < B. Fix such a b. Then we can take a constant ¢; = £1(\,b) > 0
so that

1 b o 1
Ib(tus) < 50}{ + ZCK - @CK
for all ¢ > 0 and all € € (0,&1). This completes the proof. O

Proof of Theorem 1.1 (ii) and (iii). Fix A\1/4 < X\ < A;. The conclusion for the
case b = 0 is in [7]. Let us consider the case b > 0. Take B = B(\) > 0 from
lemma 3.3. For all 0 < b < B, we shall ensure the followings.

(1) There exist constants a, p > 0 such that I(u) > « for all u € H}(Q) with
[ull = p.
(2) There exists a function vy € Hg () such that ||vg|| > p and I(vo) < 0.

We confirm (1). Let p > 0 and u € H}(Q) with [[u]| = p. Then the Poincare
inequality and the Sobolev embedding imply

1 A b
) 2 5 (1= 30 ) Il + - Clal®
> 9,04 —Cpb
— 4

for some constant C' > 0, where for the last inequality we use the assumption
A < A1. Noting b > 0, we obtain the conclusion. We can also prove (2) as usual.
Now we define

Iy = {y € C([0,1], H3()) | 7(0) = 0, 7(1) = vo}

and
= inf I t)).
e = inf max b(7(1))

Noting Lemma 3.3 and choosing vg appropriately, we get

b

1 1
SOk + 0% — —
Cb<2 K+4K

653

Finally let us conclude the (PS)., condition for Ip. Let {u;j} C HJ(f2) be a
(PS)., sequence. Then by Lemma 3.1 and Remark 3.2, we can assume that
there exists a nonnegative function u € Hg(£2) such that

i

uj — u weakly in Hg (),
u; — u in L*(Q),

(uj)+ — uin L5(Q).
Furthermore since I}(u;) — 0 in H (), we have

(I (uy), w5 —u) = o(1)



where o(1) — 0 as j — oo. Then the L?*(Q) convergence of {u;} and the L°(Q)
convergence of {(u;)4} show

(1 + bllu;|?) /Q Vu; - V(uj —u)de = o(1) as j — oco.

Finally by the weak convergence, we obtain u; — u in H}(). The mountain
pass theorem concludes the proof. O

4. The case A > \;

In this section we prove Theorem 1.1 (iv). We remark that for the conclu-
sion, it is enough if we assume 2 is a bounded domain with sufficiently smooth
boundary. Fix A > A;. As in the previous section, we define the energy func-
tional,

1 b A 1
Iy(u) = 5Hu||2 + 1||u||4 — E/Quidx — é/ﬂuidm.

We shall prove the existence of a nontrivial critical point, in particular a minimal
point, of I,. To this aim, inspired by [24], we apply the method of the Nehari
manifold. We also refer to the original work [25]. To the beginning, we define

A= {u e HY(Q) | (Tj(u),u) = 0},

and split A into 3 parts,

A= fue Al > 2 [ utdal, (9)
AV :={uecA|bul*= Q/Quidx}, (10)
A" ={ueA|blul!< 2/Quidx}. (11)

Now we choose

bomaxda( 1) 52 a( X 1) sl (12)
A A

where S is the Sobolev constant as defined in previous section. Since we fix
b > 0 as above, we denote I, as I for simplicity. Let us begin with the following
lemmas.

Lemma 4.1. AT, A~ # () and A° = {0}.

Proof. We consider the principal eigenfunction ¢; > 0 of —A on 2 with ||¢1]| =
1. Then for ¢t > 0, we put a function

ft):=— (/\Al - 1) 2 + bt — (/Q qs?dx) t6



Noting the fact [, ¢dz < S=% and (12), there exist constants 0 < ¢t~ < t*
such that f(¢*) = 0 and f/(t*) < 0. This implies t*¢; € AT. In addition, we
assume that there exists a nontrivial function u € A° to the contrary. Firstly
suppose [[u[[?> > X [, u3 dz. Then we obtain by (10),

0= ||uH2+bHu||4f)\/uid:z:f/uﬁ_dx
Q Q
b
> Y.

This is impossible. Next we assume [[ul[* < X [, u}dz. Then (12) and the
Sobolev and the Poincare inequalities implies

b2 6
0<|——~v— 1] [ uSda
4 (A - 1) 5-3 Q

A1
b2 8
ST P
t(R =) 2 o
2 ul®

e
T AN [puide —[lul]?) 2

)

where for the last equality, we use (10). This is impossible. This concludes the
proof. O

Lemma 4.2. For any u € A, there holds

[Jul < s1)

Proof. For all u € AT, we have by the Poincare inequality and (9),

O:||uH2—|—bHu||4—/\/uida:—/uidw
Q Q

by o fr s 2/ A
> g i -2 (5 -1) )

Noting our assumption A > A\; and (12), we get the conclusion. O

Lemma 4.3. For allu € AT, there exists a constant € > 0 and a C' functional

t on B(0,e) C H}(Q) such that t(0) = 1, t(w) > 0, t(w)(u —w) € A for all

w € B(0,¢), and further,

(1 +2b]jull?) [, Vu - Vhdz — X [, uphdz — 3 [, u’ hdx
bllul[* — 2 [, u dx ’

(t'(0), h) = (13)
for all h € H(Q).

10



Proof. For all u € AT, we define a C'* map,
g(w,t) := |lu—w|* + bt?|Ju — w||* — )\/Q(u —w)%dx —t! /Q(u —w)$ dz.
Then by (9), we can easily verify that
9(0,1) = 0 and g;(0,1) # 0.
The implicit function theorem concludes the proof. O

Lemma 4.4. —oo < inf,cp+up0 <0

Proof. For all u € AT U A°, using the Poincare inequality we get

() = I(w) — 54I" (),

14)
1/ b (
>——(=-1 24—l
> -3 (5 1) Il +
On the other hand, we fix a function v € A*T. Then we have from (9),
b 4
LAY 15

I(u) <~ lu] (15)

(14) and (15) ensure the proof. O

Now we put ¢g := inf,cp+ua0 I(u). From the Ekeland variational principle,
there exists a sequence {u,} C AT UAY such that

1 1
I(u,) < - + ¢ and I(w) > I(uy,) — EHw — up| (we AT UA?). (16)
Lemma 4.5. Let {u,} be given as above. Then
I'(up) — 0 in HH(Q), (17)

up to subsequences.

Proof. We first claim that {u,} is bounded in H{(£2). Actually noting (16), we
have similarly to (14),

<I/(Un)v Up,)

1/ A b
>—— | = = 1) [Junll® + —=lun||*
> =5 (5 = 1) Il + b

for large n € N. Since b > 0, this inequality implies the claim. Then by the
weak compactness of H}(Q) and the compactness of the Sobolev embeddings,
there exists a function u € Hg () such that

[N

Co—|-12[(un)—

u, — u weakly in Hj(Q),
up — u in L2(Q),

U, — U a.e. on £,

11



up to subsequences but still denoted {u,}. Next we propose that u # 0. If not,
since {u,} C AT UAP, by the L?(Q) convergence, we have

o<1>::nunn2+—bnunn4—-ja<un>idx
2 b 4
> Junll? + 2 s

It follows that w, — 0 in H}(Q). This is a contradiction. Consequently we
can assume {u,} C AT. Now let us conclude (17). To this end, we follow the
argument in the proof of Theorem 1 in [25]. We assume ||’ (uy,)|| > 0 for large
n € N. For such a n € N and u, € AT, we take a constant ¢ > 0 and a C!
functional ¢ on B(0,¢) C H}(Q) from Lemma 4.3. For all 0 < § < &, we define
tn(0) 7= t(81"(un) /|| (un)]) and

ws = 1, (0) (un_ f’(un)>

(17 ()|

Note that ws € AT for sufficiently small § > 0. Recalling (16), we have

ey )| > Tus) — T(un)

o ) L)
Dividing by § > 0 and taking § — 0, we get
COLED 5 0y, L)y 14, 5 (), L2
= [l (un) I,

for some constant C' > 0, where |t/ (0)] := [(¢,(0), I'(un)/||I'(un)]])|- Thus the
proof is done once we confirm that |¢/,(0)] is bounded. Let us show this. From
(13), there exists a constant C' > 0 which is independent of n € N such that

C
t.(0)] < :
[#.0)] bllun|[* — 2 [, (un)S da

We claim that we can extract a subsequence so that

|t — Q/Q(un)idx e

for some constant C' > 0. To confirm this, it is enough to show that

lim <b||un||4 — 2/9(un)idx> >C (18)

for a value C' > 0. Since {u,} C AT, obviously

s 4 _ 6 >
lim <b||un|| Q/Q(un)+dx) >0

12



Now we suppose
. 4 6
lim <b||un|| - z/ﬂ(un)+dx) —0 (19)

to the contrary. Then since {u,} is bounded, we can assume that there exists
a constant B > 0 such that
lunl* — B (20)

and thus by (19),
/(un)idm — EBQ. (21)
Q 2
In addition as {u,} C AT, (20) and (21) shows
/\/ u’dr = B+ gBQ. (22)
Q

Again using (12) and applying the Sobolev and the Poincare inequalities, we
have

bZ
o< |— " /(un)de
16(%1—1)5—3 o 7

— b2||un||8 _/(u )6 dx
16 (2 —1) Jua? o T
A1 n
b2 s |

< — [ (un)8 du.
16 (A [, u dz — [Jun?) /Q *

Taking n — oo and noting (20), (21) and (22), we conclude

3vB?
0<— .
- 8
This is impossible. Thus (18) holds. This completes the proof. O

Finally we ensure the existence of a nontrivial critical point of I.

Lemma 4.6. Let {u,} be a minimizing sequence of ¢y as in the paragraph above
Lemma 4.5. Then there exists a nontrivial critical point u € AT of I.

Proof. Our argument is based on that in [24]. As in the proof of Lemma 4.5,
we have that {u,} is bounded in Hg(£2). Then by the second concentration
compactness lemma, there exist a nonnegative function u € H}(Q), an at most
countable set J, points {z3}res C Q, and values {ux res, {Vk}res C RT with

Sui/g < pg for all k € J such that up to subsequences,

Vun[* = dp > |Vl + Z 11k
keJ

(un)i —dv=u° + Z Vk?(sﬂfk
keJ

13



in the measure sense. Similarly to the proof of Lemma 3.1, we shall show J = ().
To do this, we assume J # . Choose k € J. Define a smooth cut off function
¢ such that ¢ = 1 on B(xg,¢), ¢ = 0 on B(x,2¢)¢ and 0 < ¢ < 1 otherwise.
Moreover we suppose |V¢| < 2/e. Since I’(u,) — 0 in H~1(Q) by Lemma 4.5,
we estimate similarly to (7),

lw

pr > Sz,

This inequality implies .
[un|> > % +0(1),

where o(1) — 0 as n — oo. But since {u,,} C A", there holds

g3
[[un[|* < >0

by Lemma 4.2. This is a contradiction. It follows that
(tn)y — uin L(Q).
Then analogously with the proof of Theorem 1.1, we have
Uy, — uin H}(Q).

As a consequence, u is a critical point of I and clearly u € AT UA°?. Furthermore
since u # 0, Lemma 4.1 concludes that u € A*. This finishes the proof. O

The proof of Theorem 1.1 (iv). Let A > A\;. We put

1
A 2 A .
By := max {4 (Al - 1) S2.4 <A1 - 1) 55} .
Then from Lemma 4.6, (P) has a nontrivial weak solution for all b > By. This
completes the proof. O
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