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EXISTENCE AND UNIQUENESS OF SOLUTIONS TO
SINGULAR QUASILINEAR SCHRODINGER EQUATIONS

LI-LI WANG

Communicated by Vicentiu D. Radulescu

ABSTRACT. In this article we study a quasilinear Schrodinger equations with
singularity. We obtain a unique and positive solution by using the minimax
method and some analysis techniques.

1. INTRODUCTION AND STATEMENT OF MAIN RESULTS

This article concerns the singular quasilinear Schrédinger equation with the
Dirichlet boundary value condition

—Au— AW u=g(z)u™" —uP~! in Q,
u>0 inQ, (1.1)
u=0 on 01,

where Q € RY (N > 3) is a bounded smooth domain with boundary 9%, r € (0,1)
and p € [2,22*] are constants. The coefficient g € L22*231+T(Q) with g(x) > 0 for
almost every x €  and 2* = %5 denotes the critical Sobolev exponent for the
embedding Hg (Q) — LI(Q) for every q € [1,2%].

Solutions of (1.1 are related to standing wave solutions for the quasilinear

Schrédinger equations

0 = —A¢ + ¥ + (|1 w — kAp([¥1)p' ([91%) ¢, (1.2)

where ¥ = (¢, z), ¥ : RxQ — C, k > 01is a constant. The quasilinear equations of
the form play an important role in several areas of physics in correspondence
to different type of functions p. For example, it models the superfluid film equation
in plasma physics for p(s) = s (see [14]), while for p(s) = (1 + s)*/? it models the
self-channeling of a high-power ultra short laser pulse in matter (see [2] [6l 23]).
For further physical motivations and developing the physical aspects we refer to
[13, [15] [16] 21] and the references therein.

Motivated by the above mentioned physical aspects, equation has received
a lot of attention. Indeed, up to our knowledge, the first existence results for
the subcritical quasilinear equations have been discussed in [2I] using constraint
minimization arguments. Subsequently, many authors in [4] I8 [I9] were interested
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in the existence results of standing wave solutions for by using a change
of variable and reducing the quasilinear equations into the semilinear ones in an
appropriate Orlicz space. For critical case, we can refer to [26] [10] 9, 19]. It is worth
noticing that up to now there are only one paper [§] investigating the singular case,
where they established the singular quasilinear Schrodinger equation

1
—Au — iA(uz)u =M —u—u"? u>0,z€EQ,

where Q is a ball in RY (N > 2) centered at the origin, 0 < a < 1. And they
proved the existence of radially symmetric positive solutions by employing Nehari
manifold and some techniques related to implicit function theorem when \ belongs
to a certain neighborhood of the first eigenvalue A; of the eigenvalue problem

—Au — %A(u2)u = \ub.

The singular problems are much more complicated than the regular one and they
require some hard analysis. For singular elliptic problems, there are many authors
(see e.g. [111, 5 B, 27, [7, 12], 22]) have studied. Especially, Ghergu and Rédulescu in
[11] established several existence and nonexistence results for the boundary value
problem

—Au+ K(z)g(u) = Af(z,u) + ph(xz) in Q,
u>0 inQ, (1.3)
u=0 on 0f,

where (2 is a smooth bounded domain in RY (N > 2), A and p are positive param-
eters, h is a positive function, f has a sublinear growth and the function g satisfies
the condition

lim g(s) = 4o0.

Obviously, g(s) = s~",r € (0,1) satisfies the above assumption. When K(x) =
—1, f(z,u) = w” and g(s) = s~ in (L.3)), where r € (0,1),p > 0, Coclite and
Palmieri in [3] proved that there is at least one solution for all A > 0if 0 < p < 1,
moreover, there exists a solution for small A > 0 and no solution for large A > 0 if
p > 1. For Second-Order Differential Equations, such as Sturm-Liouville operator,
Dirac Operators etc., there are many authors being interested, we can refer to
[20, I7] and the references therein.

The main purpose of this article is to study the singular quasilinear Schrodinger

equation and introduce a uniqueness result of solutions for , which is the
first work on this subject up to our knowledge.
Notation. C is a positive constant whose value can be different. The domain of an
integral is © unless otherwise indicated. [ f(z)dxz is abbreviated to [ f(z). LP(Q),
1 < p < o0, denotes the Lebesgue space with the norms ||lull, = (f|u\p)%, for
1<p< oo, ||u|ee =inf{C > 0: |u(z)| < C almost everywhere in Q}. X = H}(Q)
denotes the Hilbert space equipped with the norm ||u|| = ([ |Vu|?)!/2. The main
result is described as follows.

Theorem 1.1. Suppose that r € (0,1), p € [2,22*] and g € L= (Q) with
g(x) > 0 for almost every x € Q. Then problem (1.1) has a unique positive solution
in X. Moreover, this solution is the global minimizer solution.
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The classic semilinear singular equation
—Au=g(z)u™" + Pt in Q,
u=0, on 9dQ,
where p = 2%, has been studied for A > 0 in [27] and also in [7] for A = 0 under

the condition g(x) € L*°(£2). We point out that the condition g € Lﬁ(ﬁ) is
more general than the condition g(z) € L (). To the best of our knowledge, the
existence and uniqueness of solutions for the quasilinear Schréodinger equation
has not been discussed up to now.

This article is organized as follows: Some preliminaries are given in the next
section. In Section 3, we give the proof of Theorem

2. PRELIMINARY RESULTS

We observe that the energy functional corresponding to (1.1]) given by

I = [ar 2N - 1= [o@lal= 3 [l

is not well defined in X. To overcome this problem, we use the change of variable
v:= f~!(u) introduced in [I8], where f is defined by

= — on 00), an = —f(—t) on (—o0
F10) = s on 0, 09), and (1) = ~f(~1) on (00,0]

We list some properties of f, whose proofs can be found in [4} 25].

Lemma 2.1. The function f satisfies the following properties:
) f is uniquely defined, C*° and invertible;

2) || <1 forallteR;

3) [£(0)] < It for allt € R;

4) f(t)/t—1 ast—0;

5) [f()f' (D) < 1/v2, Vt € R;

6) 7(t)j2 < t£/(1) < £() for all t > 0;

7) |f(@)] < 2YV4HV? for all t € R;

8) the function f~7(t)f'(t) is decreasing for all t > 0;

(9) the function fP=1(t)f'(t) is increasing for all t > 0.

Proof. We only prove (8) and (9). By f”(t) = —2f(t)[f'(¢)]* forallt € R, p > 2
and (5), with simple computation we obtain

dif = (O ()] _
dt

(1
(
(
(
(
(
(
(

eI O - 20O @] <0, >0
and

w — 2O O — 1= 22 (D2 >0, V>0,

which imply that f="(¢)f’(t) is decreasing and fP~1(¢)f'(t) is increasing for all
t>0. O

By exploiting the change of variable, we can rewrite the functional in the form

=5 [ = = o+ [iser. vex.
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By Lemma [2.1}(7), the Holder inequality and the Sobolev inequality we have

[o@li@P < Clgl e
Then I is well-defined but only continuous on X. Also equation (1.1) can be

rewritten as

(2.1)

—Av=g(z)f"(v)f (v) = fFH ) f'(v), v>0, z€Q. (2.2)

In general, a function v € X is called a weak solution of (2.2]) with v > 0 in € if it
holds

/VUVw —g(@)f ") f ()w+ P ) (v)w =0, VYwe X. (2.3)
We observe that if v € X is a weak solution of (2.2)), the function u = f(v) € X is
a solution of ([1.1)) (cf:[4])
3. Proor orF THEOREM [[]]

In this section, we shall show that there exists a unique positive solution vy of
(2.2), which is the global minimizer of the functional I in X, and then ug = f(vg) €
X is the unique positive solution of (1.1)).

Lemma 3.1. The functional I attains the global minimizer in X; that is, there
exists vg € X \ {0} such that I(vg) =m :=1infx I <O0.

Proof. For v € X, from (2.1) it follows that

1
I(w) = S vl* - 7\\9\\

Since r € (0,1), I is coercive and bounded from below on X. Thus m :=infx I is
well defined. For ¢ > 0 and given v € X \ {0} by Lemma[2.1}(7) one gets

2
I0) = S0l - 1 [ g@lste) T+ /vw
< S - 1 [o@iser+ St [l

Note that the function |¥|1*’” is non-increasing for ¢ > 0. By Lemma (4)
and Beppo-Levi Monotone Convergence Theorem, we can see

lim Itv) B /g(x)\v\lfr <0.

t—0+ ti=r 1—r

o]

(3.1)

22* 1

So we have I(tv) < 0 for all v # 0 and ¢ > 0 small enough. Hence, we obtain m < 0.

According to the definition of m, there exists a minimizing sequence {v,} C X
such that lim, . I(v,) = m < 0. Since I(v,) = I(Jun|), we may assume that
vp > 0. Tt follows from that there exists a constant C' > 0 such that |jv,| < C.
Passing if necessary to a subsequence, we can assume that there exists vy € X such
that

v, = vy in X,
v, — vg  in LP(Q), p € [1,2%),

vp(z) — vo(z) a.e. in Q,
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there exists a function k € LP(Q), p € [1,2*), such that
lun(x)] < k(xz) a.e. in Q. (3.2)
By Vitali’s theorem (see [24]), we claim that

lim 9@#“7%%{/%@#”@@- (3.3)

n—oo

Indeed, we only need prove that {[g(z)f'""(v,), n € N} is equi-absolutely-
continuous. For all £ > 0, by the absolutely-continuity of [ |g(x)|22*231+7', there

exists & > 0 such that [, |g(x)|22*231+r < em 1 for all E C Q with meas E < 6.
Consequently, by (2.1) and the fact that ||v,| < C, we have

Jo@s ) < o= ([ o) T < ce
E E

Thus, (3.3) is valid. In the case that p € [2,22*), by Lemman ) and . we
see

[f(vn)P < Clog|? < Ck? € L'(),

then the Lebesgue Dominated Convergence Theorem implies

[ = [ )+ o)

Combining the above equality, the weakly lower semi-continuity of the norm, and

(3.3), we have
m < I(vg) = 7”1}0”2_7/ () f1( /fp vg) < liminf I'(v,) = m,

n—oo

which yields that I(vg) = m < 0 and vy # 0. In the case that p = 22*, by
Brézis-Lieb’s Lemma (see [1]) and Lemma [2.1}(7), one obtains

[ @ = [ 7 )+ [ 2 - w) + o),

which together with the weakly lower semi-continuity of the norm and (3.3)), we
have

m<1wo:4mwf———/ (@) F " (v /ﬂvo

<liminf I(v,) — lim —/f22*( —v9) < m,

n—00 n—oo 22*

which also implies that I(vy) = m < 0 and vy Z 0. O

Proof of Theorem[1.1 Since I(vg) = m < 0, we obtain that vy > 0 and vy # 0.
Now, we divide the proof in three steps:
First, we claim that vg > 0 in Q. Fix ¢ € X with ¢ > 0, let ¢ > 0, one has

0 < I(vo + to) — I(vo)

4m+wW—ﬂmW———j/ Y (w0 + 1) — £ (o))
o /fp(vo +t¢) — fP(vo).
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Dividing by ¢ > 0 and passing to the limit as ¢ — 07 in the above inequality, we
have

lim inf
1 —7r t—0t

S/Vvov¢+fp71(vo)f/(vo)¢~

/g(m)f 7T(Uo+t¢? — f"(vo)

Note that

/g(x)f (v + tﬁﬁt) — 7 "(vo)

=(1-r) /g(x)ffr(vo +t09) f'(vo + t0P) ¢,
where 0(x) € (0,1). For any = € 2, we denote

h(t) = g(x)f " (vo + t00) f' (vo + t0p)g, t > 0.

It follows from g(z) > 0 a.e. € Q and Lemma [2.1}(8) that h(t) is non-increasing
for t > 0. Moreover,

lim h(t) = g(z)f ™" (vo(x)) f (vo(x))d(x)

t—0+

for every x € Q, which may be +o0o0 when vg(z) = 0. Consequently, by the Beppo-
Levi Monotone Convergence Theorem, we obtain

lim inf
t—0t

—/ gy L0 +18) = 117" (o)

- / a(2) " (00) £ (v0)

which together with (3.4) implies that

/ VuoVé — g(@)f " (v0)f (v0)é + 7~ (wo) /' (v0)é = 0, b€ X, 6>0. (3.5)

Therefore,
—Avg + fP7H(vo) f'(vo) 2 0
in the weak sense. Hence the maximum principle implies that vg > 0 in Q.
Secondly, we show that vy is a solution of (2.2)), that is, we prove vy satisfies

(2.3). For given § > 0, define H : [-6,0] — R by H(t) = I((1 + t)vg), then H
attains its minimum at ¢ = 0 by Lemma |3.1] namely

H'(0) = [Jvoll* ~ /g(l’)f”(vo)f’(vo)vo = /77 (vo) ' (vo)vo = 0. (3.6)

Choose ¢ € X \ {0},& > 0. Define ¢ € X by ¢ = (vo +e¢)". Let

U ={zeQ:v(r) +ep(x) >0}, Qo={reQ:vo(x)+ep(z) <0}
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Easily, we see ¢|o, = vo + ep and ¢|g, = 0. Inserting ¢ into (3.5) and applying
with (3.6]), one obtains

0< /VUOV¢> —g(x) " (v0) f'(vo) + f77 (v0) f' (v0)

=/, VeV (vo +ep) — g(x) £~ (vo) £ (vo) (vo + )

+ 27 (wo) £ (vo) (vo + £)

= - VooV (vo + £¢) — (@) f " (vo) f (vo) (vo + €)

+ 77 wo) £ (vo) (o + €9)

(3.7)
- €/V”0Vso —g(@)f " (vo) f (vo) e + f7~ (vo) ' (vo)

-/ VoV (vg +ep) — g() f~"(vo) f' (vo) (vo + £¢)

+ 77 (vo) £ (v0) (vo + £)

S¢€ / VoV — g()f 7" (v0) f'(vo)e + F77" (vo) ' (vo)

—€ A VeV + P~ (vo) f' (vo) .

From meas )y — 0 as € — 0, it follows that

VuoVe + 27 (wo) f'(vg)p — 0 as e — 0.
Q2

Then dividing by € > 0 and letting ¢ — 0 in , we conclude that

/ VuoV — g(2)f " (wo) £ (wo)p + 17 (v0) ' (wo) = 0.

By the arbitrariness of ¢, the above inequality also holds for —¢, so we get that vy
solves (2.3). Hence vy € X is a positive solution of with I(vg) = m < 0, that
is, vg is the global minimizer solution.

Finally, we show that vy € X is the unique solution of . Assume that v € X
is also a solution of (2.2)), it follows from that

/WOV(UO —v) = g(x) [ 7" (vo) f'(v0) (vo — ) + 7~ (vo) ' (v0) (vo — v) =0 (3.8)
and

/VUV(vo =) = g(@)f (W) f () (vo — v) + P W) f (V) (v —v) = 0. (3.9)

Subtracting (3.8) and (3.9)), since g(z) > 0 a.e. € Q, by Lemma (8), (9) we
get

oo — o2 = / 9(@) " (wo) f'(wo) — £ (0) £ (0)](wo — v)
- / 7~ (wo) ' (w0) — 71 @) ()] (w0 — v) <O,
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which implies that ||vg — v|| = 0, that is vg = v. Therefore, vy € X is the unique
solution of (2.2), and then ug = f(vg) € X is the unique solution of (L.1). We
complete the proof of Theorem [1.1 O
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