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EXISTENCE OF SOLUTIONS FOR A SYSTEM OF COUPLED
NONLINEAR STATIONARY BI-HARMONIC SCHRODINGER EQUATIONS

P. ALVAREZ-CAUDEVILLA, E. COLORADO, AND V. A. GALAKTIONOV

ABSTRACT. We obtain existence and multiplicity results for the solutions of a class of coupled
semilinear bi-harmonic Schrédinger equations. Actually, using the classical Mountain Pass
Theorem and minimization techniques, we prove the existence of critical points of the associated
functional constrained on the Nehari manifold.

Furthermore, we show that using the so-called fibering method and the Lusternik-Schnirel’man
theory there exist infinitely many solutions, actually a countable family of critical points, for
such a semiliner bi-hamonic Schrédinger system under study in this work.
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1. INTRODUCTION

This work is devoted to the analysis of solutions that solve the following coupled nonlinear
stationary bi-harmonic Schrodinger system (BNLSS)

A%y + Mug = prul” T+ Blug |7 g [ug |7
A%uy + Agug = poud” T+ Blug |7 ug|o M ug

(1.1)

where Aj, u; > 0, u; € W22(RY) with j = 1,2, 3 denotes a real parameter and = € RV, with
N = 2,3 (for physical purposes).

To simplify the computations in this work we assume o = 1, hence we will study the system
{ A%uy 4+ Mug = pyud + Buduy

A2UQ + Aoug = ,ugu% + ﬁu%uQ
which has been analyzed in the context of stability of solitons in magnetic materials when
effective quasi-particle mass becomes infinite. Moreover, note that system (1.2) appears after
assuming the bi-harmonic nonlinear Schrédinger equation (BNLSE) of the form
(1.3) iWy — AW + BIW > W =0,

where i denotes the imaginary unit. Then, if W is the sum of two right and left-hand polarized
waves a1 Wy and agWa, where aj,as € R, the preceding equation (1.3) provides us with the
following coupled nonlinear bi-harmonic Schrédinger system

Z'let — A2W1 + |CL1W1 + CL2W2|2UW1 =0
iWay — A* Wy + |ai Wi + aaWa | Wy = 0

(1.2)

(1.4)
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where W,; = %, j = 1,2. For this problem we look for standing waves or finite-energy

waveguide solutions of the form
Wi(t,x) = ei’\ftuj(x), j=1,2,

where \; > 0 and u; are real value functions, which solve the system (1.2). Rearranging terms
in (1.4) one can easily see that u; solve the stationary system (1.2).

Problem (1.2) is the bi-harmonic version of a similar one studied, among others, in [2, 3, 21,
18, 28] where a non-linear system of coupled nonlinear Schrodinger equations (NLSE) of the
form

(1.5) { —Auy + Mug = pud 4 Buduy

—Aug + Agug = pou3 + Buiusg

with direct applications to nonlinear optics, Bose-Einstein condensates, etc, was considered. See
also [4] where a linearly coupled system was considered and note that in [11] system (1.5) was
studied in the one-dimensional case dealing with the fractional Schrodinger operator (—A)*+1d,
% <s<1.

Here, we assume that the solutions belong to the Sobolev space E = W22(RY), endowed with
the scalar product and norm

(1.6) (u,v); = Jpn Au - Av + Xj [pn uv, Hu||? = (u,u);, j=1,2

Also, we define E = E x E, and the elements in E will be denoted by u = (u3,u2); as a norm
in E we will take
2 2 2
[al]* = flually + [luzll3-
Moreover, we denote H as the space of radially symmetric functions in £, and H = H x H.
For u € F, respectively, u € E, we set

(1.7) Ii(u) = %/RN (JAu* + \ju?) dz — 1 p; /RN ut de,
(1.8) Fu) = 1 /]RN (put + pou3) da,

(1.9) Gu) = Glui,up) = %/RN g 22 d,

(1.10) j(u) = j(ul,uQ) = Il(ul) + IQ(UQ) — ﬁG(ul,uQ)
(1.11) = slul?®~ F(u) - 5G(u).

Remark 1.1. We recall a well known result about continuous Sobolev embedding (see, for in-
stance, [1, 19]),

(1.12) E — LP(RN), with 1<p<p*,
which are compact replacing E by the radial subspace H and if in addition 2 < N and p < p*
(see [19]). Besides, we recall here the definition of the critical exponent
(1.13) pr=2L if N>5  and p*=o0 for N=1,2 3, 4.

We observe that, by (1.12), the functional J is well defined since F';, G make sense for
4 < p* < N < 8, moreover, for 2 < N < 8 we have that F,G are compact on H. Furthermore,

it is easy to prove that the functional [J associated to (1.2) is cl.
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1.1. Main results. We basically ascertain existence and multiplicity results for the system
(1.2). To do so, we say that u = (u,v) # (0,0) = 0 is a non-trivial solution of (1.2) if u is a
critical point of 7.

We now state the definitions and differences between bound and ground states (non-trivial
solutions).

Definition 1.1. u € E is a non-trivial bound state of the system (1.2) if u is a non-trivial critical
point of the functional 7, i.e., J'(u) = 0. Moreover, a bound state w such that its energy is
minimal among all the non-trivial bound states, namely,

J(w) =min{J (u); u € E\ {(0,0)}, J'(u) =0},
is called ground state for the system (1.2).

Thus, we first analyse (Section 2) the bi-harmonic non-linear Schrédinger equation

(1.14) A2U)\ + Auy — |u>\|2JU)\ =0,

with! o = 1, with the associated functional

(1.15) Falu) =1 /(|Au|2 + 2) — s / ul?7F2,
RN RN

For this equation we show the existence of the ground state through an argument based on
the so-called fibering method. This is basically an alternative methodology to the bifurcation
theory or critical point theory in obtaining information about the number of solutions for certain
differential equations with a variational structure; see [12, 25, 26| for several examples and further
details.

For equation (1.14) the solutions have an exponential decay at infinity and using the topolog-
ical method due to Lusternik-Schnirel’'man we ascertain that there exists an infinite countable
number of solutions.

Furthermore, in Section 3 we prove the existence of solutions or critical points for the bi-
harmonic non-linear Schrodinger system (1.2). Thus, in order to find critical points of the
functional J we set

(1.16) T(u) = (J'(w) [u) = [lul? — 4F(u) — 43G(u),

Then, we show that when the parameter 3 is less than the minimum among the two following
Sobolev constants

0 leell ki — :
Sj = (pelEr'l\f{O} Wa with kv.] - 17 27 k 7&]7

where U; are the ground states of the equations
A%+ Aju = ,ujug,
such that system (1.2) possesses two semi-trivial solutions
u; = (U1,0), ug = (0,U,),

which are strict local minima. On the other hand if the coupling parameter 3 is bigger than the
maximum value among those Sobolev constants, i.e.,

G > max{Sf, 522},

INote that the results we are going to prove can be extended easily for o < ﬁ.
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then the semi-trivial solutions are saddle points of the associated functional J denoted by (1.7),
to the system (1.2), constrained on the Nehari manifold

(1.17) N :={ueH)\{0}; U(u) =0}

Consequently, we are able to prove that when the functional satisfies the Mountain Pass geom-
etry, if 3 < min{S?, S7} then there exists a critical point u* such that

J(u*) > max{J(uy), T (u2)}.

However, when 3 > max{S?, 53} we ascertain that a global minimum u exists for the function
J on the Nehari manifold A, such that

J() < min{J (u1), J (u2)}.

It is not difficult to prove that N is a natural restriction following the same kind of arguments
as in [3]. We include the computations for the reader’s convenience.

Proposition 1.1. u € H is a non-trivial critical point of J if and only if u € N and is a
constrained critical point of J on N .

Proof. For any v € H \ {0}, one has that
tve N <« |v|?=t*[4F(v)+468G(v)].

As a consequence, for all v € H\ {0}, there exists a unique ¢ > 0 such that tv € N. Moreover,
since F, G are homogeneous of degree 4, there exists p > 0 such that

(1.18) [ul*>>p, VuenN.
Furthermore, from (1.18) it follows that
(1.19) (¥'(u) | u) = —2|[ul]® <0, VueN.

From (1.18) and (1.19), we infer that A is a smooth complete manifold of co-dimension one in
E. Moreover, if u € N is a critical point of J constrained on N, there exists w € R such that

J'(u) = w¥'(u).
Then one finds ¥(u) = (J'(u) | u) = w(¥’'(u) | u). Since ¥(u) =0 Vu € N, while thanks to

(1.19) it follows (¥'(u) | u) < —2p < 0, we infer that w = 0 and, thus, J'(u) = 0. O
Remarks 1. (1) Note that due to the definition of N, it follows that
(1.20) |u|? = 4F (u) + 46G(u).
Substituting into J, we get
(1.21) J(u) = 1|lul?, YueWN,
or equivalently,
(1.22) J(u) = F(u) + 8G(u), VueN.
Then, (1.21) jointly with (1.18) imply that there exists C > 0 such that
(1.23) Ju)>C>0, VYuel.
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As a consequence, the main relevant fact of working on the Nehari manifold is that J is
bounded from below on N, so one can try to minimize on it.

(2) Concerning the Palais-Smale (PS) condition, it is not difficult to prove it by taking into
account the compact embedding of H into LP(RYN) for any 1 < p < p* and N > 2; see
Remark 1.1 and Lemma 3.1.

Moreover, for system (1.2) we apply again the fibering method and the Lusternik-Schnirel’man
analysis to show the existence of an infinite countable number of solutions. Indeed, we prove
through a fibering method argument that when the parameter

B> —\/1pe,

system (1.2) possesses at least a ground state solution. Note that as far as we know this is
the first time the fibering has been applied to the analysis of systems. Moreover, Lusternik-
Schnirel’man theory provides us again with the existence of infinitely many solutions for system
(1.2).

The outline of the paper is: the analysis of the bi-harmonic equation (1.14) is analyzed in
Section 2. In Section 3, we study the existence of critical points of the functional corresponding
to the system (1.2). Finally, we prove the existence of infinitely many solutions for the previous
system (1.2) in Section 4.

2. BI-HARMONIC NON-LINEAR SCHRODINGER EQUATION

During the last decades many works have been orientated to the analysis of nonlinear Schrédinger
equations (NLSE) (cf. [3]) of the form

(2.1) iwg + Aw + |w|*w =0, w(0,7) = we(z) € WH(RY),

especially because of its strong applications to several areas of Physics, such as nonlinear optics
and Bose—Einstein condensates. In particular, for equation (2.1) it is known that it possesses
solutions which become singular, i.e., blows-up in finite time. In other words, these solutions
exist in W1H2(RY) over a finite time interval such that

li = 0.
I [[wllwz = oo

Equation (2.1) is the canonical model for propagation of intense laser beams in bulk medium
with Kerr nonlinearity. However, that equation can be generalized with a general power-law
nonlinearity by

(2.2) iwg + Aw + |[w??w =0, w(0,2) = wo(x) € WH2(RN),

whose analysis has been primarily focused on the existence of standing waves, their stability and
the global or blow-up existence of solutions. Indeed, depending on the dimension one can assure
that when o N < 2 (subcritical NLSE) there is existence of solutions globally. However, in the
critical case, i.e., equation (2.1) with o N = 2 for N = 2, and the supercritical case o N > 2 the
solutions might blow-up and the standing waves are unstable.

Furthermore, and important in our analysis there are some studies focusing on a BNLSE of
the form

(2.3) iwg — A%w + |w*w =0, w(0,z) =wy(x) € E,

similar to (1.3). See for instance [7, 13] where blow-up solutions are considered and others such
as [20, 23, 24] where existence of global solutions is analysed. In relation with the existence of
5



solutions for the BNLSE equation (2.3), it was proved in [13] that some of the properties and
characteristics for the NLSE (2.2) can be extended to BNLSE of the form (2.3), with the obvious
transformations. In particular, looking for standing wave solutions for (2.3) of the form

(2.4) w(t, z) = eMuy (),
such that u is a radially symmetric ground state solution satisfying the equation
(2.5) A2U)\ + Auy — |u>\|2JU)\ =0,

for which there exist non-trivial solutions (radially symmetric ground state solutions) if o < ﬁ.
Note that due to the expression of equation (2.3) we are working on the focusing BNLSE. For
the NLSE (2.1) it is said that the equation is focusing or defocusing when the diffraction and
nonlinearity work one against or with each other. Therefore, since the Laplacian is a negative
operator this would correspond to positive or negative nonlinearity. However, the bi-Harmonic
operator is positive so that (2.3) is called a focusing BNLSE.
Moreover, depending on ¢ and the dimension (see [13, Section 4]) one has that:

e If 0N < 4 the standing wave solutions (2.4) are stable;

e In the critical case oIN = 4 there exist global solutions if the L?-norm for the initial
condition wq is bounded. This suggests that a priori bounds imply global existence;

e However, the critical exponent/dimension o N = 4 creates singularity formation in the
focusing BNLSE (2.3).

Another very important aspect shown in [13] about the BNLSE (2.3) is that the solutions or
critical points of the associated functional, once they exist, oscillate. On the contrary to what
happens for the NLSE (2.1) in which the ground state is positive and radially symmetric. Indeed,
the ground states or non-trivial solutions of minimal energy for the equation (2.5) are neither
positive nor monotonic.

It should be pointed out that even for bounded domains the issues concerning the positivity
of the first eigenfunction of a bi-harmonic operator are not straightforward. Indeed, there are
only partial results about this problem having the positivity of the first eigenfunction in a ball
or for certain perturbations of the bi-harmonic operators or of the domain; see [16] for further
details and references therein.

Also, using the two-scale WKBJ approximation method, it is possible to approximate the so-
lutions of the PDE (2.5) assuming that the radially symmetric ground state can be approximated
by u(r) = ed(",

Then, analysing the leading order terms one can ascertain the asymptotic behaviour of the
solutions. Namely, scaling out the parameter A > 0 for u = u(r), with r = || > 0, so that

u(r) = )\*1/2"11,()\*1/47“),
we obtain,

(2.6) A2y =@ 1 2(1\;*1),“/// + 2(N*1T)2(N*3) W — (Nflng*3) W = —u+ ]u\Q"u,

with o < ﬁ. Next, using a standard algebraic-exponential pattern of the form u(r) ~ rd ear

(as 7 — 00) in (2.6) leads easily to the following characteristic equation

N-1
(2.7) at=-1 and §=-"51

To be precise, note that the first equation in (2.7) comes from the homogeneity of the leading
terms in (2.6). The second equality in (2.7) comes from a similar argument after evaluating
6



the next leading terms on the left-hand side in (2.6). This yields a two-dimensional exponential
bundle:
N-1 . r
(2.8) u(r) ~ T*Te_r/‘/ﬁ[C’l cos (%) + Cysin (ﬁ)] )
where C1,Cy € R are arbitrary parameters of this linearized bundle.

2.1. Multiplicity results for the BNLSE (2.5). Now, we perform an analysis that will pro-
vide us with an estimation for the number of stationary solutions or standing waves for the
BNLSE (2.3). To this end, we will first use the so-called fibering method, introduced by S.I. Po-
hozaev in the 1970s [25, 26], as a convenient generalization of previous versions by Clark and
Rabinowitz [10, 27] of variational approaches, and further developed by Drabek and Pohozaev
[12] and others in the 1980’s. This methodology gives an alternative to other methods such as bi-
furcation theory or critical point theory in relation to obtaining multiplicity results of differential
equations with a variational structure.

We actually have the uniqueness of the ground states for the BNLSE (2.5), although other
solutions exist. Indeed, thanks to the Lusternik-Schnirel’'man theory we are able to prove the
existence of a countable number of solutions. However, a different story occurs for the BNLSE
(2.3) for which this uniqueness is not true in general and, actually, very difficult to prove.

Fibering Method. Thus, consider the following Euler functional associated to (2.5) defined by
(1.15) such that the solutions of (2.5) can be obtained as critical points of the C! functional
(1.15). To simplify the analysis we write F = F).

Subsequently, we split the function u € F as follows

(2.9) u(z) = rv(zx),
where r € R, such that » > 0, and v € E, to obtain the so-called fibering maps
¢y :R =R,
r — F(rv).
Substituting u from (2.9) into the functional (1.15), we have the following maps
(2.10) Ou(r) = F(rvo) =5 [ |Aef+52 [ 0?5 [ Jol”
RN RN RN

Thus, (2.10) defines the current fibering maps. Note that, if u € E' is a critical point of F(u),
then

Dy F(rv)v = % = 0.
In other words, D, F(rv)v = (D,F(rv)|v). Hence, the calculation of that derivative yields

ooy =r( [ 102+ [ 0?) =13 [ ol
RN RN RN

where ' = %. Moreover, since we are looking for non-trivial critical points, i.e., u # 0, we

have to assume that r # 0. Also, as usual, the critical points of the functional F(u) in (1.15)
correspond to weak solutions of the equation (2.5), i.e.,

(2.11) [ Auldp+ X [ up— [udp=0, forany ¢€E.
RN RN RN

Moreover, we also say that « is a critical point when

(2.12) veC:={ueckE : D,F(u)p=0 forany ¢eFE}.
7



By classic elliptic regularity for higher-order equations (Schauder’s theory; see [8] for further
details), we will then always have classical solutions for such equations.
Therefore, using (2.9) and looking for ¢/,(r) = 0 we actually have

(2.13) [ 1Av2+ X [ 0?2 =72 [ |t =0,
RN RN RN

and assuming that [ |v|* # 0, we finally arrive at
RN
[ AP [ v?
2 _ RN RNV >
(2.14) r e 2 0.
RN
Now, calculating r from (2.14) (values of the scalar functional r = r(v), where those critical
points are reached) and substituting it into (2.10) gives the following functional:

(f 180 [ )’
(2.15) §(v) = Fr(v)o) == 3=

RN

Thus, according to Drabek—Pohozaev [12], r = r(v) is well-defined and consequently the fibering
map (2.10) possesses a unique point of monotonicity change in the case

(2.16) [ 1Av2+X [02>0 and [ |v[*>0.
RN RN RN

Indeed, thanks to [12, Lemma 3.2], we have that the Gateaux derivative of the functional § at
the point v € E in the direction of v is zero, i.e.,

(DyF(v) |v) =0.

Therefore, assuming that v, is a critical point of §, by the transformation carried out above, we
have that a critical point u. € FE, u. # 0, of F is generated by v, through the expression

Ue = T'cVe,

with 7. defined by (2.14). Note that in fact we could have r > 0, something that can be
ascertained just applying the Sobolev embedding (1.12), (1.13),

({v|AU\2+>\ {\,1)2)2
(2.17) F(v) = i - T ‘U‘z]lR > C(AN).

RN

for a positive constant C' depending only on A > 0, N, and related with the corresponding
Sobolev’s constant of (1.12), (1.13). Moreover, the different critical points of those fibering maps
will provide us with the critical points of the functional § in (2.15), and, hence by construction,
of the functional F given by (1.15).

Now we state several properties of the fibering maps.

Lemma 2.1. The fibering maps defined by (2.10) has a unique point where the monotonicity
change. Precisely, it has a unique critical point which is its global mazimum.
8



Proof. Clearly ¢,(r) = c17? — cor*, with ¢1, co > 0; thus ¢,(r) has a unique point where its
monotonicity change and it is where its global mximum is achieved. In order to be more precise,
we use the auxiliary function

(2.18) wy : Ry = R, wy(r)= [ |Av]2 =72 [ Jo|h

RN RN
such that u = r(v)v is a critical point for the functional (1.15). Additionally, by construction
for r > 0 we arrive at the equality

(2.19) wy(r) ==\ [ 0%

RN
and, hence, we have that rv(r) is a critical point of (1.15). Also,
(2.20) wh(r) =—=2r [ |v]4,

RN

and, since [ |v[* is always positive we can conclude that the function w, is strictly decreasing
for any r >R]5 Moreover,
(2.21) ehr)y= [ |Av]2+ X [ 02 =3r2 [ Jo|t=-2r2 [ |v]%
RN RN RN RN
Then, if u = r(v)v is a critical point for the functional denoted by (1.15) the following is attained
() = o),
then, the fibering map ¢, is concave in a neighborhood of r(v) and we get a local maximum

point, which indeed, by the geometry (described at the beginning of the proof) of ¢, is a global
maximum point. ]

Remark 2.1. As we shall prove below, due to the Lusternik-Schnirel’'man analysis (L-S) the
previous result is true for the first critical point. Moreover, using this topological and variational
methodology we are able to prove also that there are a countable number of critical points for
the functionals in hand, with the possible existence of others that are not of minimax type and
might not be identify here.

2.2. Spectral properties of the linear associated problem. To establish the values of
the parameter A for which we have the existence of one non-trivial solution we will take into
consideration the spectral properties of the following eigenvalue problem

(2.22) A%/)ﬂ = (657)\ - )\)1/)5 in RN, and‘ l‘im ¢ﬁ($) = 0,
such that we define the first eigenvalue of the previous problem (2.22) by

Au? 4 X fyn u?
(2.23) finm ing JEy AU A

u€H N U2
e H Jr

It is obvious that the function ¢; ) is increasing in A and positive by the definition of (2.23).

9



Remark 2.2. We point out that equation (2.22) can be scaled out and, hence, reduced to the
etgenvalue equation

Az +1hg = Lat)g.
Howewver, since it will be important in our subsequent analysis for the system (1.2) we keep the
parameter X in the following.

As we have seen before the linearized equation of (2.5) admits solutions with a proper expo-
nential decay at infinity, radially symmetric solutions indeed.
Furthermore, the eigenvalues of the other problem (but similar)

(2.24) A% =lghsg in RN, and lim ¢s(z) =0

|| —o0

are strictly positive. Basically thanks to the positivity of the left hand side of (2.24), with the
first eigenvalue satisfying the expression

A Aul?
(2.25) 0y = inf M
uefl Jr

Also, for a large enough the resolvent operator (A% + ald)~! corresponding to the eigenvalue
problem (2.24) (and equivalently (2.22) with \) is compact and, hence, there exists a discrete
family of isolated real eigenvalues

0<é1§é2§...§éﬁ§...
Similarly, assuming
(2.26) 0 <A<ty

we also find a discrete family of isolated real eigenvalues for the eigenvalue problem (2.22)

2
U A
0<€1’>\§€2)\§...§€ﬁ’>\§... so that /1 ) := inf IRN‘ 2’ +A=4+A1>0,
’ ’ Ueiélg fRNu
u

then since f; > 0 we actually have that A < ¢;,. We also point out that those families of
eigenvalues in fact tend to infinity.
Under those assumptions we have the following variational expression of the problem (2.22)

Jgn Aulv = (€y — N) [px uv, for any v e H.

Thus, u € H\ {0} is an eigenfunction of the problem (2.22) associated to the eigenvalue ¢y, that
will depend on the value of the parameter A. Moreover, to have that weak formulation of the
problem we need the following result.

Lemma 2.2. Suppose that w € H. Then, there is a sequence {R,} C Ry, with R, — oo as
n — 0o, such that

lim vu¥"45 =0 and  lim W2B5 o,
n—0o0 OBr,, on n—oo dBRr,, on
where Bp,, is the ball of radius Ry, and centered at the origin, and n = qir, with lz|| = Ry, is

the unitary outward normal vector.
10



Consequently we can obtain certain monotony results for those fibering maps depending on
the value of the parameter .

Lemma 2.3. There exists rmax > 0 such that the fibering maps ¢, (r) are increasing for r < rmax
and decreasing for r > rmax provided A € (—%, oo), with
-2
0’

where Uy is the first eigenvalue of problem (2.24).

Proof. According to the definition of the fibering map denoted by (2.10) if the parameter A is
very small, i.e., A\ < 0, the fibering map is a decreasing function and without critical points.
Moreover, we observe that if the parameter A is bigger than a certain value (to be ascertained

below) the fibering map is positive, ¢,(r) > 0, since [ |v|[* > 0 at least for sufficiently small 7’s.
RN
Then, considering the functional

7,2 7,4
Ho(r) =% [ A2 =5 [ |v]*,
RN RN

we can assure that H,(r) has a unique critical point at the value 7 = ry,x such that

[ 1A 2 1 (f |Av|2>

N
227 Tmax — [L and H T'max :—R—
( ) a f |v|4 U( a ) 4 f]RN |v|4
RN

Note that H,(r) is clearly increasing in the interval (0, ryax), for sufficiently small r’s. Subse-
quently, by the Sobolev imbedding (1.12), (1.13) we have that

Hv(rmax) > CN)
where C'y > 0 is related to the Sobolev’s constant. Finally, we will prove that there exists a
value of the parameter A = A* such that ¢, (rmax) > 0, i.e.,
Hv(rmax) + 71[2]0%)\ f IUQ >0,
RN
for any u € W22(RV)\ {0} and A > \*. Indeed, thanks to the first eigenvalue in problem (2.24)
and (2.27)

) [ 1Av?
max 1 N _ 2
e [ u? < ERIW J 1A = Z’Hv(rmaX)-
RN RN RN
Then, if
2
if K= % we find that rm% [ u? < KHy(rmax)s
RN
and, hence

¢v(TmaX) > Hv(TmaX) + )\KHv(Tmax) = Hv(rmax)(l + )\K)
Therefore, the fibering map denoted by (2.10) is defined positive at rpyax for all non-zero w if
A>—+.
]
11



Remark 2.3. Note that we are assuming that X > 0 so that for the existence of solutions we
just consider positive values of the parameter.

This fact is not very important to get the first solution through these fibering map techniques
but it will be crucial in ascertaining the countable family of minimax solutions via Lusternik-
Schnirel’man analysis; see below.

Remark 2.4. Furthermore, if we assume that
1
(2.28) A > e and l1(A) — A >0,

it is clear that, by the fibering method, there exists exactly one solution of (2.19). Indeed, the
fibering map ¢, (1) is a strictly increasing function for r < rmax, and decreasing for r > Tyax.
Thus, there exists a unique value of

ri(v) >0 such that ri(v)v =u

is a critical point of the functional F(u) in (1.15). Also, thanks to (2.20) we get w)(r1(v)) <0
the unique critical point r = r1(v), that fibering map ¢, has a local mazimum, since ¢ (r1(v)) < 0
due to (2.21).

Lusternik-Schnirel’'man analysis. Through the topological method due to Lusternik-Schnirel’'man
we are able to establish the existence of multiple solutions for the functional F (1.15). This the-
ory is based on determining a topological analogue for the minimax principles which characterize
the eigenvalues of self-adjoint compact operators L. If ¢1,/¢5,--- denote the real eigenvalues of
a self-adjoint compact operator L, ordered by their values with multiplicities it yields

lg = su min (Lu|u),
= LDin (Lufu)

where SN~ denotes the unit sphere in an arbitrary N-dimensional linear subspace ¥ of the
corresponding functional space H, and [SN ~1] denotes the class of such spheres as ¥ varies in H.
Thus, applying the calculus of variations theory to an operator L, the eigenvalues of the operator
L are precisely the critical values of the functional (Lu|wu) on the unit ball 0¥ = {u : |ju| =1}
of H.

To extend it to general smooth functionals such as F, we just need to find the topologic
analogues for the sets SV =1, Indeed, in our particular case this functional subset is the following

(2.29) Rop={ucH: [

Aul2+ X [ u? = 1}.
RN RN

Remark 2.5. Note that we could have performed the previous fibering analysis restricted to
this subset (2.29) yielding similar results. Indeed, following the L—S theory through a fibering
analysis approach the number of critical points of the functional (1.15) associated with the elliptic
equation (2.5) depends on the category (or genus) of the functional subset (2.29) on which the

fibering is taking place.
12



Consequently, the critical values? cp and the corresponding critical points {ug} are:

(2.30) cg = Aiélfflg 223}-(”) (6=1,2,3,...),

and
(2.31) Ag :={A : AC Ry, compact subsets, A=-A and ~(A)> g},

is the class of closed sets in Ry such that, each member of Az is of genus (or category) at least
B in Ro » and invariant under any odd continuous amp. The fact that 4 = —A comes from the
definition of genus (Krasnosel’skii [14, p. 358]) such that, if we denote by .A* the set disposed
symmetrically to the set A,

A" ={u : v = —ue A},
then, v(A) = 1 when each simply connected component of the set AU A* contains neither of
the pair of symmetric points v and —u.

Then to obtain the critical points of a functional on the corresponding functional subset R y,
one needs to estimate the category ~ of that functional subset. Thus, the category will provide
us with the number of critical points that belong to the subset Ry . Namely, similar to [26, 15]
we state the following.

Lemma 2.4. The category v(Ro ) is given by the number of eigenvalues (with multiplicities)
of the corresponding linear eigenvalue problem satisfying:

(2.32) Y(Rox) = 8{ls > 0}, where g is defined by (2.22)
Proof. Let {5 ) be the B-eigenvalue of the linear bi-harmonic problem (2.22) such that
(2.33) bp = agthp,

k>1

taking into consideration the multiplicity of the (-eigenvalue, under the natural “normalizing”

Zak =1.

Here, (2.33) represents the associated eigenfunctions to the eigenvalue £3  and

{12)15 o )Q;Z)Mﬂ})

is a basis of the eigenspace of dimension Mg. Moreover, assume a critical point

(2.34) u = Z ar P,

k>1

constraint

belonging to the functional subset (2.29) and the eigenspace of dimension Mg.
Thus, substituting (2.34) (since we are looking for solutions of that form) into the equation
(2.5) with 0 = 1, and using the expression of the spectral problem (2.22) yields

. N3
> k>1 Gklrr — (Zkzl akwk) =0,

2Clearly7 one can prove without difficulties the Palais-Smale condition in order to achieve these critical values,
since we are working on compact subsets of the radial space H; see also Remark 1.1.
13



which provides us with an implicit condition for the coefficients a; corresponding to the critical
point (2.34). Indeed, assuming normalized eigenfunctions 13, i.e.,

/¢§:1,

and multiplying by « in (2.5) and integrating we have that

A\ 4
Zkzl a%ék - fRN (Zkzl ak?ﬁk) =0.
Furthermore, taking into account that u € R\ one arrives at the relation
Z azly = 1.
k
Therefore, in order to have the sphere (2.29) we actually find that the category of that subset
Ro,» must satisfy the expression (2.32). O

Subsequently, since functional (1.15) is symmetric we can state the following result with
which we establish that the elliptic problem (2.5) possesses a countable set of different solutions
obtained as critical points of the functional F denoted by (1.15).

Theorem 2.1. F possesses an unbounded sequence (family) of critical points.

Proof. We estimate the category by approximation. Namely, as customary, we consider our
equation in a ball of arbitrarily large radius R > 0 with homogeneous Dirichlet boundary

conditions:

(2.35) A%pg = (LgA(R) — A\)pg in  Bg.

In the radial geometry, by obvious scaling we deduce the spectral problem to that in Bj:
(2.36) Rir=y = A= (ls.(R)—A\R%; in B

Denoting by {ay > 0} the spectrum of this self-adjoint operator in Bj, we see a simple depen-

dence
(R)—A=% —0 as R— oo.
Then clearly
lgA(R) — A as R — oo,

because ({5, (R)—A)R* is a positive constant independent of R, thanks to (2.26). Moreover, due
to (2.32), applied to the approximating problem (2.35), we then conclude that the category (as
the number of critical points) gets arbitrarily large as R — oo which ensures that the category
of the set (2.29) in RY is infinite. O

Remark 2.6. The Lusternik-Schnirel’man theory cannot assure that there exists a precise num-
ber of solutions since this topological method provides us with a countable family of solutions and
the possibility of having more than that number of solutions cannot be ruled out.

Moreover, from the analysis performed above if the parameter A is sufficiently small, i.e.,
A< —%, and assuming only positive solutions, there are no such critical points, since the

fibering map ¢, is then a strictly decreasing function.
14



However, assuming oscillatory solutions of changing sign, we show below that the number

of possible critical points of the functional (1.15) increases while decreasing the value of the

parameter . Indeed, fix a value of the parameter X bigger than —% and so that the following

condition is satisfied
(2.37) by —A>0,

where £g 5 is the [(-eigenvalue of the linear bi-harmonic operator (2.22) for the eigenfunction
(2.33).

Thus, we obtain that, for a solution of the form w = rvg, we will have Mg corresponding
solutions similar to the one obtained in the previous case, i.e., when the parameter \ > —%.
Indeed, substituting u = rig into the functional (1.15) for A = {3\ —¢ (so that condition (2.37)

is fulfilled), then we have
Frvg) =15 [T [
mg) = = v 1 v|%,
RN RN

and performing a similar analysis as the one done previously, we will find B—critical points
(corresponding to the dimension of the eigenspace).

3. EXISTENCE RESULTS
In this section we will mainly prove that the infimum of J constrained on A is achieved.

Remark 3.1. If we denote by U the radially symmetric ground state of the equation A?u+u =

u?, then
X 1/4
Uj(w) = /52U (N 2)

is the radially symmetric ground state solution to

A%u+ Nju = pju’.
As a consequence, for any 3 € R, system (1.2) possesses two semi-trivial solutions

u; = (Ul,O), Ug = (0, UQ).

Moreover, proving the existence of nontrivial solutions of (1.2) requires proving that both com-
ponents are not zero, i.e., the new solutions must be different from u;, with j =1, 2.

We define the following Sobolev constants associated to the weights U; previously defined.

B 1 E N SO [
peE\[0} [pn UTp? peB\[0} [pv USp?

and
A = min{S?, 53}, A = max{S?, S3}.

The first step in order to prove existence results, as in [3], consists of proving the following.

Proposition 3.1. (i) V3 < A, the semi-trivial solutions u;, j = 1,2, are strict local minima of
J constrained on N .
(it) If B > A’ then both u; are saddle points of J on N. In particular,

ijr\lffj < min{J (u1), J (uz2)}.

15



The previous result follows easily from the proof of Proposition 4.1 in [3] with the appropriate
changes, but we include it for the sake of completeness. The idea consists on the evaluation
of the Morse index of u;, as critical points of J constrained on N. To this end, let us denote
D2Jy as the second derivative of J constrained on A. Since J’ (u;) =0, then

D*Jn(u)[h)? = J"(u;)[h]? for any he Tu,N,

where Tuj./\/' denotes the tangent space to N at u;. Moreover, if we define the Nehari manifold
associated to I; by

Nj = {u € E: (Ij(u)|u); = 0} = {u €E: |ul? -y fpw ut = o},
since I7(U;) = 0, then
D*(I), (U;)[W)? = I]'-’(uj)[h]2 for any h € Ty, Nj.
According to [3], it is easy to prove that
heTyN ifandonlyif h; €Ty N;, j=1,2.

Proof of Proposition 3.1. (i) Note that
T"(un) b2 = IO + [hol3 - B fux U3, Vhe TuN.
Since U; is a minimum of I; on N there exists ¢; > 0 such that
(3.1) I'U)[R)? > el||h)?,  VheTy,Ni.
Taking h € Ty, NV, i.e., hy € Ty, N7 and using (3.1) we get
J"(w)b? > ellhnllf + 2|36 fen UTh3
crllbalf + 1213~ & l1h2ll3.

A\

Therefore, if 3 < S7 there exists ¢y > 0 such that
J"(w)]? > e[ [T + ol 3.
Similarly, if 3 < 53, 3¢ >0, j =1, 2 such that
J"(w2)[h]? > ]| [[§ + chllha 3
(ii) Assume 3 > S?, then there exists 1) € E such that

2
g2 o3 _ g
VS v U297 g

In particular, one has that (0,1) € Ty, N. Therefore
— — —2
J"(w)[(0,9)]* = [¥]13 — B few UTY™ < 0.
Similarly, if 3 > S2, there exists (¢,0) € Ty, N such that J”(u2)[(4,0)]> < 0. m

Remark 3.2. Note that Proposition 3.1 can be read as u; are strict local minima, resp. saddle
points, provided § < SJQ», resp. 3 > SJZ, j=1,2.

Concerning the PS condition (see Remark 1-(2)) we prove the following result.

Lemma 3.1. Assume that 2 < N < 8, then J satisfies the PS condition constrained on N .
16



Proof. Let u, € N be a sequence such that J(u,) — ¢ > 0, as n — oo. From (1.21) it follows
that u,, is bounded and, without relabeling, we can assume that u,, — ug. Since H is compactly
embedded into L*(RY) for 2 < N < 8 (see Remark 1.1), we infer that

F(u,) + 8G(un) — F(ug) + BG(uo).
Moreover using (1.20) jointly with (1.18), one has that
de¢ >0 such that F(u,)+ BG(u,) > ¢, and then ug #0.
Letting
VaJ (u) = J'(a) — w¥'(u),
denote the constrained gradient of 7 on N, with w € R. Suppose that
VnT(a,) — 0.

Taking the scalar product with u,, and recalling that (J7'(u,) | u,) = ¥(u,) = 0, we find that

wn (¥ (uy,) | w,) — 0,
and this, jointly with (1.19), implies that w, — 0. Moreover, taking into account that

19" (un) || < e1 < o0,

we deduce that J'(u,) — 0. To finish the proof, since lim(J’(u,) | up) = 0 one can conclude
that u, — ug strongly. m

Note that Proposition 3.1 and Lemma 3.1 will be useful in the proof of the main result dealing
with the existence of non-trivial solutions different from the semi-trivial solutions.

Theorem 3.1. (i) If 3 < A, then J has a Mountain-Pass (MP) critical point u* on N, and
there holds J(u*) > max{J (u1), J (uz2)}.
(i7) If B > A then J has a global minimum a on N, and there holds J(u) < min{J (u1), J (uz)}.

Proof. (i) Due to Proposition 3.1-(7), u; (j = 1, 2) are strict local minima of 7 on A. This
fact allows us to apply the Mountain Pass Theorem (MPT for short, see [5]) to J on N, yielding
a PS sequence {v,,} C N with

J(vn) — ¢, where c= 1¥f max D(y(1)),

and
I'={v:[0,1] = N continuous | v(0) = uy, ¥(1) = ug, }.
By Lemma 3.1, we find a convergent subsequence (if necessary without relabeling)
v, — u*, strongly in H,

so that u* is a critical point of 7 and, hence, thanks to Proposition 1.1 u* € A/. Moreover, by
the MPT again, it also follows that

J (") > max{J (u1), J (uz)}.
(i4) Now, due to Lemma 3.1, the infyr J is achieved at some u € N. Moreover, if 3 > A’, by
Proposition 3.1-(i7) we get that
J @) < min{J (uy), J (u2)}.

Note that if u had for example, the second component zero, then clearly u = (u1,0) with u; # 0,
but in that case, %4; would be a non-trivial solution of the equation A?u+4\ju = pu® with energy
17



strictly less than the energy of u; which is a ground state of the previous equation (see Remark
3.1), and this is a contradiction. Arguing in a similar way we conclude that the first component
of u is non-trivial too. m

Remarks 2. (1) Note that statement (i) of Theorem 3.1 is weaker than one could expect,
since although u* # u;, j = 1,2, it does not exclude that u* might be a solution of (1.2)
with one component zero. This is not the case in statement (ii) of Theorem 3.1 as we
have proved.

(2) We observe as in [3], in order to prove the preceding theorem, it would be enough that
only one among u; is a minimum or a saddle. For example, if

J (1) < J(uz),

to prove (i) it suffices that ug is a minimum. According to Remark 3.2, this is the case
provided 3 < S3. Unfortunately, a straight calculation shows that

if J(uy) < J(ug) then S3 < Si.

Hence vy is a minimum as well. The same remark holds for the case (ii).

4. MULTIPLICITY RESULTS FOR THE SYSTEM (1.2)

We analyse the multiplicity results in relation to the bi-harmonic nonlinear Schrodinger system
(1.2). This analysis could provide us with some answers to the discussion made at the end of
last section in which we did not exclude the possibility of having u* as a solution of (1.2) and
with one nil component.

To this end we perform an analysis that will provide us with an estimation in the number of
solutions for (1.2). Thus, we will first show an application of the so-called fibering method used
in Section 2 for the one single fourth order Schrédinger equation (2.5).

Fibering Method. Consider the following Euler functional associated with (1.2):

In(u) = Tn(ur,uz) = I (ur) + Ia(u) — B G(u1,us2),

defined by (1.10) such that the solutions of (1.2) can be obtained as critical points of the C!
functional (1.10). To simplify the analysis we again write J = J).
Subsequently, we split the functions u1,us € W22(RYN) as follows

(4.1) ur(x) = rvi(x), wux(z) =rvi(z),

where r € R, such that » > 0 (we shall shortly see this) and v = (v1,v2) € H, to obtain the
so-called fibering maps

P, :R— R,
r— J(rv).
Then we get
2
(4.2) O, (r)=TJ(rv) = %HVHQ - T4F(V) — r4ﬂG(v).

18



Thus, (4.2) defines the current fibering maps. Note that, if u = (uj,us) € H is a critical point
of J(u), then thanks to (4.1),

(4.3) DuJ (rv)v = 8.78(:\') —0, ie 8¢gr(r) —0

In other words, Dy J (rv)v = (DuJ(rv) | v) = 0. Hence, the calculation of that derivative
yields
® (r) = 7[|[V|[* = r’(4F (v) + 45G(v)).
Moreover, since we are looking for non-trivial solutions (critical points), i.e., u # (0,0), with
at least one of the components different from zero, we have to assume that r # 0. Therefore,
since we are looking for r # 0 such that ®/ () = 0 and according to (4.3) we actually have

(4.4) IVI[? = 7*(4F (v) + 4BG(v)) = 0,
and, in order to have non-trivial solutions (for a certain (3 to be shown below)
F(v) + BG(v) # 0,
hence,
2
is s Ivl
(45) " T UF() T 48G(v)

Now, calculating r from (4.5) (values of the scalar functional » = r(v), where those critical
points are reached) and substituting it into (4.2) gives the following functional:

(4.6) Ty = L VI
' 16 F(v) + BG(v)’

Note that applying a similar argument to the one performed in (2.17) through the use of the
Sobolev’s embedding (1.12), (1.13) we actually have that » > 0 and the positivity of the fibering
maps as well, i.e.

> 0.

J(r(v)v) > C, for some positive constant C' = C(Aj, uj, N).
In fact we already had that since previously, by (1.23), we obtained that
Ty >C>0.

Hence, this result means that the fibering maps never cut through the axis although, and as
we shall see below, due to the Lusternik-Schnirel’'man analysis they can have infinitely many
critical points.

Thus, we have the following result.

Lemma 4.1. r = r(v) is well-defined and consequently the fibering map (4.2) possesses a unique
point of monotonicity change in the case

(4.7) 4F (V) +BG(V)) = 1 [pn vidz + po [on v3dz + 28 [on |[v1]2[v2]? dz > 0.
such that \; > 0, with j = 1,2, and 3 > —\/p1ji2.

Proof. The positivity of the parameters \; comes directly from the norms (1.6) under which we
are stating the problem. Furthermore, due to Young’s inequality we find that

VITEZ [ o1 ?|ve]? < % (Ml Jan v + g Jan v%) .
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Thus,
M1 fRN Uil + 2 fRN U% + 20 fRN |U1|2|112|2 > 2(\/,“1#2 + ﬁ) f]RN |Ul|2|v2|2a

so that, it will be positive if and only if

B> =/,

and therefore, proving the conditions in (4.7). O

Remark 4.1. Note that due to Lemma 4.1 the only considered possibility in order to have
r = r(v) well-defined will be (4.7). Hence, the possible condition when both terms in (4.5) are
negative is neglected.

Therefore, assuming that v, = (vi¢,v2.) is a critical point of J(r(v.)v,), thanks to the
transformation carried out above, we again have that a critical point u, = (uj ¢, ug,.) € H, with
uj.7# 0for j =1or j =2, of J is generated by v. through the expression

Uc = T'cVe,

with r. defined by (4.5). Moreover, the different critical points of those fibering maps will
provide us with the critical points of the functional J(r(v)v) denoted by (4.6), and, hence, by
construction, of the functional J given by (1.7).

Lusternik-Schnirel’'man analysis. Similarly as performed for one single equation we apply the
topological method due to Lusternik-Schnirel’'man in order to have an estimation of the number
of solutions.

In this case the functional subset is denoted by

(4.8) Soane ={ueH : |ul?=1}.

Again the critical points of the functional [J are directly related with the category v(So, x,)
of that functional subset (4.8), providing us with the number of critical points that belong to
the subset Sp a, ). Indeed, the category v(Sp a, »,) is given by the number of eigenvalues (with
multiplicities) of the corresponding linear eigenvalue problem satisfying:

(4.9) Y(Soa02) = s, >0},  where
(4.10) A%pg = (L, — A\j)bg, in RY and‘ l‘im Yp(r) =0, with j=1,2.

For the particular case of the system (1.2) we are able to ascertain the existence of a countable
family of solutions for the functional 7, but not to get any further information.

Theorem 4.1. J possesses an unbounded sequence (family) of critical points.

Remark 4.2. The proof follows the same argument performed in Theorem 2.1 since the linear
part of system (1.5) consists of just two separated eigenvalue equations. Note that the coupling
terms for system (1.5) are of non-linear type.
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