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Abstract. In this paper, following the studies in Amorim et al. (Partial Differ Equ
Appl 4, 36, 2023), we consider some new aspects of the motion of the director field
of a nematic liquid crystal submitted to a magnetic field and to a laser beam. In
particular, we study the existence and partial orbital stability of special standing
waves, in the spirit of Cazenave and Lions (Commun Math Phys 85:549-561,
1982) and Hadj Selem et al. (Milan J Math 82:273-295, 2014) and we present
some numerical simulations.

Mathematics Subject Classification. 76D03, 76 W05, 78-10, 35L53, 35C07.

Keywords. Liquid crystal, Nematic, Magnetic field, Laser beam, Standing waves,
Stability.

1. Introduction and Main Results

A great number of technological applications related to data display and non-linear
optics, use thin films of nematic liquid cristals, cf. [7] for the general theory of
nematic liquid cristals. In such devices the local direction of the optical axis of the
liquid crystal is represented by a unit vector n(z,t), called the director, and may
be modified by the application of an electric or magnetic field. The interaction of a
light beam with the dynamics of the director n(z,t), under a magnetic field, helps
to improve the device performance.

In this paper we consider the model introduced in [1] to describe the motion
of the director field of a nematic liquid crystal submitted to an external constant
strong magnetic field H, with intensity H € R, and also to a laser beam, assuming
some simplifications and approximations motivated by previous experiments and
models (cf. [2,3,20,21], for magneto-optic experiments, and [16,24] for the simplified
director field equation). The system under consideration reads

{ iy + Uy = —pu + alul?u + H22x%u

zER, t >0, 1.1
put = (0(0))s — bp + Jul?. (L)
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where ¢ is the imaginary unit, u(x,t) is a complex valued function representing the
wave function associated to the laser beam under the presence of the magnetic field
H orthogonal to the director field, p € R measures the angle of the director field
with de z axis,v = p,, a, H € R,b > 0 are given constants, with initial data

u(z,0) = uo(x), p(z,0) = po(x), pt(z,0) = p1(x),z € R, (1.2)

and where the function o(v) is given by

2
o(v) =av+ M, A= g’y(a -B), (1.3)
where o > 3 > 0 are elastic constants of the liquid crystal, cf. [16], and
v =4(xa) TH 23 >0, (1.4)

where x, > 0 is the anisotropy of the magnetic susceptibility, cf. [20].

In the quasilinear case @ > 3, a >~ 3, the study of the existence of a weak global
solution to the Cauchy problem for the system (1.1) with the initial data (1.2),
in suitable spaces, has been developed in [1], by application of the compensated
compactness method introduced in [22] to the regularised system with a physical
viscosity and the vanishing viscosity method (cf. also [8,9] for two examples of this
technique applied to related systems of short waves-long waves).

In Sect. 2 we prove, in the general case (A > 0), by application of Theorem 6 in
[19], a local in time existence and uniqueness theorem of a classical solution for the
Cauchy problem (1.1), (1.2). For this purpose we need to introduce some functional
spaces and point out several well known results:

Let A be the linear operator defined in L?(R) by

Au = Uy, — H*2%u, uw € D(A), H #0, (1.5)

where D(A) = {u € X|Au € L*(R)}, with
X ={ue H'(R)|zu € L*(R)}. (1.6)
We also define the norm |jul|% = |lu.||3 + ||zul]3, for v € X, denoting by |||, the

norm ||.|| z»(r)- It can be proved, cf. [23], that if u € X; = {u|zu, u, € L*(R)}, then
u € L?(R) with
lull3 < 2 lus 2 eull2, Vu € X, (17)
and so X = X1, and it is not difficult to prove that the injection of X in L4(R),2 <
q < 400, is compact (cf. [11]).
Moreover, it may be also proved, cf. [4], lemma 9.2.1, that A is self-adjoint in
L3(R), (Au,u) < 0,Vu € D(A), and (cf. [14]),
D(A) = (—A+1)7'L*(R) = {u € H*(R)|z*u € L*(R)}. (1.8)
We can now state the first result that will be proved in Sect. 2:
Theorem 1.1. Let (ug, po,p1) € D(A) x H3 x H* and A > 0. Then, there exists
T* = T*(uo, po, p1) > 0 such that, for all T < T*, there exists an unique solution

(u,p) to the Cauchy problem (1.1), (1.2) with uw € C([0,T]; D(A)) N C*([0,T]; L?)
and p € C([0,T); H?) N CY([0,T); H*) N C?([0,T); HY).
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As it is well known, in the quasilinear case the local solution, in general, blows-
up in finite time. In Sect. 3, by obtaining the convenient estimates, we prove the
following result in the semilinear case (o = 3):

Theorem 1.2. Let (ug, po, p1) € D(A) x H3 x H? and X\ = 0. Then, there exists an
unique global in time solution (u,p) to the Cauchy problem (1.1), (1.2), with u €
C([0,4+); D(A)) N C*([0, +00); L?) and p € C([0,+00); H*) N C1([0,+00); H?) N
C2([0, +00); HY).

In the special case of initial data with compact support, we will prove in Sect. 4
the following result:

Theorem 1.3. Assuming the hypothesis of Theorem 1.2, consider the particular case
where

supp{UO,pg,pJ} cD=]-6,0], 0>0. (1.9)
Then, for each t >0 and € > 0, there exists a § = 6(t,¢, ||uo| 1) > 0, such that
/ Iof? + 1612 + lpal? + o) (2 e <, (1.10)
R\ (D+B(0,9))

where B(0,6) = {z € R||z| < d}.

The proof of this result follows a technique introduced in [6] in the case of the
nonlinear Schrédinger equation.

In Sect. 5, which contains the main result in the paper, we study the existence
and possible partial orbital stability of the standing waves for the system (1.1) with
a = —1 (attractive case) and A > 0. These solutions are of the form

(e"*u(), p(x)), p € R, (1.11)
and the system (1.1) takes the aspect (we fix a = 1, without loss of generality):

Uze — H?2?u + [ul?u + pu = pu
z € R. 1.12
s -
We can rewrite this system as a scalar equation
Upe — H?2%u + |ul?u + p(|ul®)u = pu, (1.13)

where p(f) is the solution to —p,, — A(p3), + bp = f. It is not difficult to prove
that if f € L2, there exists a unique p € H? satisfying the previous equation. This
allows for instance to prove that p(|u|?)u? € L provided that u € X. Now, to find
nontrivial solutions of this equation belonging to D(A), the domain of the linear
operator defined by (1.5), we will closely follow the technique introduced in [11] for
the case of the Gross—Pitaevskii equation. More precisely, we consider the energy
functional defined in X by (with [ .dz = [, .dx):

1 1
E(u) = 2/|uz|2dﬂc+2H2/x2|u|2dw

1 1
1 / lu|*dx — 5 /p(|u|2)|u|2dx, ue X, (1.14)
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and we look to solve the following constrained minimization problem for a prescribed
c>0:

Z. = inf {E(u),u € X, real, / lu(z)|?dz = *}. (1.15)

We start by proving the following result which corresponds to Lemma 1.2 in [11].

Theorem 1.4. We have:

i) The energy functional € is C* on X real.

i1) The mapping ¢ — I, is continuous.

i11) Any minimizing sequence of Z. is relatively compact in X and so, if
{un}tnen C X is a corresponding minimizing sequence, then there exists u € X
such that ||ul|3 = ¢ and lim,, .y o v, = u in X. Moreover u(x) = u(|z|) is radial
decreasing and satisfies (1.13) for a certain u € R.

To prove this result we follow the ideas in [11] and introduce the real space
X = {w = (u,v) € X x X}, for reals v and v, with norm

lwll% = llullk + lvl%, u,v € X, (1.16)

and observe that if u = uy + dug, with uy = Reu,us = Imu, the Eq. (1.13) can be
written in the system form:

{ulm — H%2%uq + |[uPuy + p(Jul®)ur = puy

€R, 1.17
gy — H20%us + [uf?us + p(Ju|?)us = pus " (1.17)

with w = (u1,u2) € X,u; = Reu,us = Imu.

In the new space X, the functional defined in (1.14) takes the form, for w = (u,v) €
X Jwlt = (Jur[? + |uzf?)?,

E(u) = 3 [ |wa|?dz + $H? [ ?|w|?dx
—1 Jwltde = 5 [ p(lwl)[w]?d¢, w € X, (1.18)
and, for all ¢ > 0,we introduce
7, = inf {c‘:’(w),wEX,/|w($)\2da::cz}, (1.19)
and the sets

W, ={ue X, |ulf =T =Eu),u> 0},

Z.={we X, |w|3 =T, = c‘f(w)}
Following [5] and [11], we introduce the following definition:

Definition: The set Z. is said to be stablejf Z. # & and for all € > 0, there exists
d > 0 such that, for all wy = (u1¢,u2q) € X, we have, for all ¢ > 0,

Jnf flwo —wllg <0 = inf [o(.6) —wlg <e,
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where ¢ (x,t) = (u1(z,t),us(x,t)) corresponds to the solution u(x,t) = wuy(x,t) +
ius(x,t) of the first equation in the Cauchy problem (1.1),(1.2), with initial data
ug(x) = u19(x) + iugg(z) and where p(x,t) = p(|u(z,t)]?)(z,t) satisfies

—Pae = A(p2)a + bp = Ju(.,1)|*.

This corresponds to the hypothesis py ~ 0, cf. [2,3,20]. The local existence and
uniqueness in X to the corresponding Cauchy problem for the Schrodinger equation
is a consequence of Theorem 3.5.1 in [4]. It is easy to get the global existence of such
solution ) (t) if their initial data is closed to Z.. Indeed, denote by T' the maximal
time of existence and suppose that Z. is stable at least up to the time T'. So, using
the stability at time T, we see that ¢ (7') is uniformly bounded in X. Therefore,
we can apply the local existence result for initial data (7"). This contradicts the
maximality of T" and yields to the global existence.

Proceeding as in the proof of Theorem 1.3 (see in particular (5.9)), we can show
that

lp(le () = p(lw)llzn < Cll(#) + wllz2le(t) — wllx,

where C' is a constant not depending on t. So, if w is stable, we derive, in the
conditions of the definition,

inf [lp(+) — @l < ex(luollz + c)e. (1.20)
”LUEZC

We point out that, if w = (uj,u2) € Z., then there exists a Lagrange multiplier
p € R such that w satisfies (1.17), that is u = u; + iuy satisfies (1.13).
We will prove the following result which is a variant of Theorem 2.1 in [11]:

Theorem 1.5. The functional £ is C* in X and we have
i) For all ¢ > 0,7, = 7., Z. #+ & and Z. is stable.
ii) For allw € Z., |w| € W,.
iti) Z. = {eu,0 € R}, with u real being a minimizer of (1.15).

The proof of this result is similar to the proof of Theorem 2.1 in [11]. We
repeat some parts of the original proof for sake of completeness. Next, in Sect. 6,
also following closely [11], we prove a bifurcation result asserting in particular that
all solutions of the minimisation problem (1.15) belongs to a bifurcation branch
starting from the point (Ag,0) (in the plane (p,w)) where Ag is the first eigenvalue
of the operator —0,, + H?x>.

Proposition 1.6. The point (Ao, 0) is a bifurcation point for (1.13) in the plane (u, u)
where —p € RY and uw € X. The branch issued from this point is unbounded in the
w direction (it exists for all —p > Ao ). Moreover solutions to (1.13) belonging to this
branch are in fact minimizers of problem (1.15).

As already mentioned, the proof of this proposition follows closely the one of
[11, Theorem 3.1]. An important ingredient which has also independent interest is
the following uniqueness result.

Proposition 1.7. There exists a unique radial positive solution to (1.13) such that
lim, o u(r) = 0.
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The proof of this proposition is strongly inspired by [15].
Finally, in Sect. 7 we present some numerical simulations illustrating the be-
haviour of the standing waves according to the intensity of the magnetic field H,

and also the limit as the Lagrange multiplier —u approaches the bifurcation value
Ao-

2. Local Existence in the General Case

In order to prove Theorem 1.1, let us introduce the Riemann invariants associated
to the second equation in the system (1.1),

l:w+/U\/a+3)\§2d§ and T:w—/v\/a—i—?))\f?d{, (2.1)
0 0

where w = pt, v = p,. We derive
l—r:2/ Vo + 3NE2dE
0

=vvVa+ 3?4+ arcsinh(vV3\v), w =

1
V3A
Noticing that

f(v) =vvVa+ 3 2+ arcsinh(v/3\v)

1
V3A
is one-to-one and smooth, we have v = f~1(I—r) = v(I,r) and, for classical solutions,
the Cauchy problem (1.1), (1.2) is equivalent to the system

g + Uge — H?2?u = —pu + alul?u
pr =3 +r)
(2.2)
li — Va+ 3 2, = —bp + |ul?
re +Va + 3 %, = —bp + |ul?
with initial data (cf. (1.5), (1.8)),
u(.,0) = ug € D(A) = {u € H*R|z*u € L*(R)}, (2.3)

p(.,0) = po € H3R),1(.,0) =l € H*(R),r(.,0) = ro € H*(R).

In order to apply Kato’s theorem (cf. [19, Thm. 6]) to obtain the existence and
uniqueness of a local in time strong solution, cf. Theorem 1.1, for the corresponding
Cauchy problem, we need to pass to real spaces, introducing the variables

u; = Reu,uy =Imu. (2.4)

Now, we can pass to the proof of Theorem 1:
With (u10> u20) = (Ul(-, 0)7 u2('a 0))7 let

U = (u1,uz, p,1,7),Up = (u19, u29, po,lo, o), (2.5)
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and

0 A0 0

~A00 0
AU)=10 00 0

0 00—Va+3xw22

000 0 a+3\%2

—puz + a(ui + uj)us
pur — a(uf + uj)uy
g(t,U) = s(L+7)
—bp + |ul?
—bp + |ul?

O O OO

The initial value problem (2.2), (2.3) can be written in the form

0
{mU+A(U)U:g(t’ U) (2.6)
U(.,0) = Up.

Let us take
Uy = (u10, u20, po, lo,70) € Y = (D(A))? x (H*(R))?

(the condition py € H3(R) will be used later). We now set Z = (L%(R))? x (L?(R))3
and S = ((1-A)I)?x ((1—A)I)3, which is an isomorphism S : Y — Z. Furthermore,
we denote by Wgr the open ball in Y of radius R centered at the origin and by
G(Z,1,w) the set of linear operators A : D(A) C Z — Z such that:

e —A generates a Co-semigroup {e " },ep, ;
e for all t > 0, [[e™*}|| < e**, where, for all U € Wk,

1

w = —sup a(p,l,7)|| < c(R), c:]0,400[— [0,400[ continuous, and

a
2 ger Ox

0 0 0
a(p,l,r) = | 0 —va + 3\v? 0
0 0 Va + 3 v?

By the properties of the operator A (cf. Sect. 1) and following [19, Section 12], we
derive

AU = (ug,ug,p,l,r) € Wrp — G(Z,1,w),

and it is easy to see that g verifies, for fixed T > 0, ||g(¢,U(t))|ly < 0r, t € [0,T],
U e C([O,T], WR)

For (p,1,7) in a ball W in (H?(R))3, we set (see [19, (12.6)]), with [., .] denoting
the commutator matrix operator,

Bo(p,l,r) = [(1 = A),alp,1,m)](1 = A)7" € L((L*(R))?).



P. Amorim et al.

We now introduce the operator B(U) € L(Z), U = (Fy, Fa,p,l,r) € Wg, by

000 0 0

000 0 0
B(U)=100

00 Bolp,l,r)

00

In [19, Section 12], Kato proved that for (p,1,r) € W we have
(1—Aalp,1,7)(1 = A) "t =a(p,1,7) + Bo(p,1,7).
Hence, we easily derive
SAUNS™ = AU) + B(U),U € Wkg.

Now, it is easy to see that conditions (7.1)—(7.7) in Section 7 of [19] are satisfied
and so we can apply Theorem 6 in [19] and we obtain the result stated in Theorem
1, with p € C([0,T]; H*) n C'([0,T]; H') N C*([0, T}; L?).

To obtain the requested regularity for p it is enough to remark that, since
Pe = U, pr = w,po € H3 vy = Poy € H? wg = p1 € H?, we deduce p, = v €
C([0,T); H?), pr = w € C([0,T]; H?), and this achieves the proof of Theorem 1.1.

3. Global Existence in the Semilinear Case

Now, we consider the semilinear case, that is when o = § and so A = 0.

Hence we pass to the proof of Theorem 1.2. For the local in time unique solu-
tion (u, p) defined in the interval [0, 7*[,T > 0, to the Cauchy problem (1.1),(1.2),
obtained in Theorem 1.1, we easily deduce the following conservation laws (cf. [1])
in the case A > 0,a > 0:

/]u(m,t)]Q dz = / o ()2 da, t € [0, T*[. (3.1)
O = [ )7 dot G [oato0)? do+ ] [(palei)t do
+ ;/(p(a:,t))2 da — /p(x,t)\u(x,tw dz + / ()2 d (3.2)
+5 / lu(z, t)|* dz + H? /:U2|u(:£,t)|2 dz = E(0), € [0,T"].

Applying the Gagliardo-Nirenberg inequality to the term |% [ |u(z,t)|* dz| and
since b > 0 we easily derive (cf. [1]), for ¢ € [0,T*],

[t dot [ putat))? do s x [ (patat))* ds

(3.3)
+ /(p(a:,t))2 dx + / lug (2, )| do + H2/x2|u(x,t)|2 dx < c.
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We continue with the proof of Theorem 1.2, in the semilinear case, that is A = 0.
We have, for t € [0, T,

lp()]l2 < llpoll2 +/0 lpe(T)lldT < ea(1 +1). (3.4)

Next we estimate || Au(t)||2, || pzt(t)||2 and ||pzz||2. For A = 0, the system (2.2) reads

iU + Uge — H?2?u = —pu + alul?u
1
pt=35(+7)
I — vJaly = —bp + [u]? (3:5)
re +y/ary = —bp+ |ul?
with initial data (2.3). To simplify, we assume o = = b = 1.
Recall that we have, since A = 0,
r=w—v=p;— Pg.

From (3.5), we derive
TtaTo + ToaTe = —PaTe + 2Re(UUy )Ty,

and so
1d

2dt (re)’de < ;/[(pI)Q +(r0)?]do + c3 /(Tz)Qdfﬂ + ¢3,

and a similar estimate for [,,. We deduce, with c4(¢) being a positive, increasing and
continuous function,

Ira (113 + (B3 < ca(t), t € [0,T7[: (3.7)
Moreover, we derive from (3.5), formally,
Re(uptiy) + Iml(uger — H2m2ut)ﬂt] = aIm[(\u|2u)tﬂt],
1d
2dt/]ut\2d:p—1m/umtﬂmtdx = 2aIm/Re(uﬂt)uﬂtd:v
< ¢s5 [ |u¢|*dz, and hence
/ ue2dz < eo(t), € [0,T"]. (3.8)
We deduce from (3.5),
JAu(®ll> < er(t), t € (0,7 (3.9)
We have by (3.5),

d _
TizeToe + TteaToe = —PzaTox + 2%[736(’&1%)]7@33
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and so, formally,

;(;lt/(Tmz)zdl“ < ;/[(ﬂwm)z + (Tmc)Q]dx

+;ﬂmmm+mﬁwmm

<5 [ e + o+ cs(t) [ I,

by (3.9) and (1.8). But, by (3.6), we derive

o = (I — 1),
and so, by (3.7) and (3.10), we deduce
% (rae)2dz < co(t) /(rm)Zd:U + c10(t)
and similarly
G [rde <) [ taydo + cunte)

We conclude that

||7"mr||g + ||lacz||g <ecn(t),t € 0,77,

(3.10)

(3.11)

(3.12)

(3.13)

with ¢11(t) being a positive, increasing and continuous function of ¢ > 0. This
achieves the proof of Theorem 1.2 (the operations that we made formally can be

easily justified by a convenient smoothing procedure).

4. Special Case of Initial Data with Compact Support

We assume the hypothesis of Theorem 1.2, that is is we consider the semilinear case
(A = 0) and, without loss of generality, we take « = f = b = |a] = 1. We also
assume that the initial data verifies (1.9) for a certain d > 0. Following [6, Section
2], if we take ¢ € W1>°(R), real valued, and u is the solution of the Schrédinger

equation in (1.1), we easily obtain

Re/¢2utuda§ —|—Im/qz52umudx =0.
We derive

[pu(®)ll2 < ll¢uollz + cotllgzlloc, =0,

where

co = 25upfu (1)
t>0

Moreover, from the wave equation in (1.2) with A = 0, we deduce for ¢t > 0,

O*puepr — > buupr = — 0 ppr + & pilul?,

(4.1)
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d

d d
a /(¢Pt)2d:v + (¢pz)’dx +

2
o (¢p)°dw

(4.2)
o / &% polul2dz < 2 épillalldulla]uol.
We assume
0<o<1. (4.3)
We have, by the Gagliardo—Nirenberg inequality and (4.1),
lpulloo < l$ullZll($u)el2
< (lguollz + cotlléz o) (l16alloclluoll + )% (44)
= go(t).
Now, with
g1(t) = go(t) Juo]l2, (4.5)
we deduce, from (4.2), (4.4) and with
£i0) = [npde+ [(@pordo+ [(on)n, (4.6)
1 1 t 1
IHOES HORS: / g1(7) £ (r)dr,
1 1 t 1
F2(1) < fE(0) + / gi(r)dr < £7(0) + tlluol2 go(t), ¢ > 0. (4.7)
Hence, if we define
F(t) = fi(t) + lgu(®)]2, t>0, (4.8)

we derive, by (4.7), (4.8) and (4.1),

7A@ < 52 ) + lou®ll2 < 17 0) + tluollago(®) + [ uoll2 + ot s
< £20) + tluolz2(luollz + cotéalloe))? (1 6x o uolls + )2 (49)
+ [l¢uoll2 + cotllpalloo-

Now, we fix ¢ > 0 and £ > 0 and assume that the initial data verifies (1.9). We
introduce the set C = R\(D + B(0,0)), § to be chosen, and the function ¢ €
W12 (R), real valued, verifying (4.3), ¢ =0in D, ¢ =1 in C and ||¢s [0 = 3. We
have f(0) =0, ¢ug = 0, and so, by (4.9), we easily obtain
s
0 52 ’

[SIE

3 t3
ft) < 200”“0”%(57 + C(%H'“OH%E +2¢ (4.10)

and now we can choose ¢ such that (1.10) is satisfied. This concludes the proof of
Theorem 1.3.
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5. Existence and Partial Stability of Standing Waves

We will consider the system (1.1) in the attractive case a = —1 and without loss of
generality we assume that a = 1. We want to study the existence and behaviour of
standing waves of the system (1.1), that is solutions of the form (1.11). As we have
seen in the introduction, we can rewrite this system as a scalar equation (1.13).
Following the technique introduced in [11] for the Gross—Pitaevski equation, we
consider the energy functional defined in X by (1.14). Recall that X C L9(R),2 <
q < 400, with compact injection, and the norm in X is equivalent to the following
norm (which by abuse we also denote by |.||x)

||| % :/uw|2daz+H2/x2|u|2d$,H #0,u € X. (5.1)

We now pass to the proof of Theorem 1.4, which is a variant of Lemma 1.2 in
[11], whose proof we closely follow. Let {u,,} be a minimizing sequence of £ defined
by (1.14) in X (real), that is

un € X, |[unl|® = ¢, lim E(un) = I,

defined by (1.15). Multiplying the equation satisfied by p(|u|?) by u and integrating
by parts, we find

/[pi + A + bp*ldx = / |ul?pdz.

Using Young’s inequality, we get, for a constant C' depending on b (we allow this
constant to change from line to line),

/u|2pdm < g/defc+Cb/u|4dx.

So using the two previous lines, we get that
/p2dx < Cb/ lu|*dz. (5.2)

From Holder’s inequality, we obtain that, for some constant C' > 0,

/p]u]de < (/p?dw)é </yuy4d;p>é < C’/\u\4dx. (5.3)

and, by Gagliardo—Nirenberg inequality,
lull* < Clluallzllull3, u € H' (R). (5.4)
Hence, reasoning as in [11], (1.1) in Lemma 1.2, we derive, for each e > 0 and = € X,

such that [jul|3 = ¢,

2
€ 1
lufld < 5”%”% + 2762067 (5.5)

and so, for u € X such that |[ul|3 = ¢?, we deduce

1 2(1 C s 1 (1 C\ g 1.5/ o9 o
> 242 S = _
E(u) > <2 5 <4+ 2)) [z || 523 <4+ 2)0 2H /x lu|*dz, (5.6)
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and we can choose ¢ such that 1 —2(1 4+ §) > 0.

Hence, the minimizing sequence is bounded in X and there exists a subsequence
{u,} such that u, — u in X (weakly). Recalling that the injection of X in L*(R)
is compact, we derive

Uy, — win L*(R). (5.7)

Moreover, by lower semi-continuity, we deduce
/(\uxF + H22|uf?)dz < lim in /(|um\2 + H2? ) da (5.8)

On the other hand, we have, setting f := p(|u|?) — p(|un|?) := p — pn,

~fae = APz = (pn)3)z + 0f = [ul* = Jun|*.
Notice using Young’s inequality that

= 0= )0t = )2z = [(0h+ (pu)2 = p2(pn)e — () 20)d = 0
So proceeding as in (5.2), we can show that
I£172 < Clllul® = Jun |7 (5.9)

Using this last estimate, we deduce that

| / pul?)lul? / o((tin ) 2]
< / () (uf? — un]2)] + | / (ul?) — pllun|?) un 2da

< llpCul) ez lllunl* = [ul?ll7s + lunlZallp(ul®) = p(lunl*) 22 — 0,

since |u,|? — |u|? in L3(R).

Hence, v is a minimizer of (1.14), that is
u€ X, |ul]z =% E(u) = ..
We conclude that &(u,) — £(u) and so

/|um,]2d:c—l-H2/a:2|un|2d1:—>/|uz]2dx+H2/$2\u|2d$. (5.10)

We derive that u € X. We denote by u* the Schwarz rearrangement of the real
function w, (cf. [18] for the definition and general properties). We know that

luzl? < llusll, flw|* = Jull®.
The Polya—Szego inequality asserts that, for any f € WP with p € [1, 0],
IVfllee = IV llze-
Moreover, by [11], we have

/x2|u*|2daz < /x2|u|2dx, unless u = u*. (5.11)

By [12, Theorem 6.3] (see also [13]), we know that

/G daz</G



P. Amorim et al.

provided that G(t) = fg g(s)ds and g : Ry — R is such that
l9(s)] < K(s +s"),

where K > 0,1 > 1 and s > 0. We want to apply this result for G(s) = p(s?)s?. So
g(s) = (p(s5?))ss? + 2sp(s?). Observe that (p(s?))s := f is the solution to — fy, —
3M(p(5?))2fs)z + bf = 2s. Using the maximum principle, we can show that g :
R4+ — R4. On the other hand, by standard elliptic regularity theory, we have that
Ip(s?)], |p(s?)s] < CO(s+ s?), for any s > 0. So, [12, Theorem 6.3] yields that

[ otuPulas < [ ol 2t P

Combining all the previous inequalities, we see that £(u*) < £(u) unless u = u* a.e.
and this proves that the minimizers of (1.14) are non-negative and radial decreasing.
This completes the proof of Theorem 1.4.

We now pass to the proof of Theorem 1.5, which follows the lines of the proof
of Theorem 2.1 in [11]. For sake of completeness we repeat some parts of the proof
to make it easier to follow.

We recall that, cf. [5], to prove the orbital stability it is enough to prove that
Z # @ and that any sequence {w, = (uy,v,)} C X such that |jw,|} — ¢® and
£ (wy,) — fc, is relatively compact in X. By the computations in the proof of The-
orem 1.4, we have that the sequence {w,} is bounded in X and so we can assume
that there exists a subsequence, still denoted by {w,} and w = (u,v) € X such
that w,, — w weakly in f(, that is u,, — u,v, — v in X. Hence, there exists a
subsequence, still denoted by {w,,)}, such that there exists

lim /(\unw2 + [Vng|?)d. (5.12)
n—0o0

Now, we introduce g, = |wn| = (u2 +v2)2, which belongs to X. Following the proof
of [11, Theorem 2.1], we have

O, = YnlinetUnlng if 2 4 42 5 0, and g,, = 0, otherwise.
(uz+v3)2
We deduce
. 1 Up Uy, — Up U 2
E(wn) — E(on) = / (W) dx
2 Juz+v2>0 up + vy

— 1 [+ ePds+ 5 [laltae (513)

1 UnUng — UnUng \ 2
=3 21z )@
2 uZ4+v2>0 Uy + vy

Hence, we derive as in [11, Theorem 2.1],

7, = lim E(wy) > limsup &E(op) (5.14)

n—oo n—oo

and

lim ||Qn||§ = lim ||wn||§ = 2. (5.15)
n—oo n—oo
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Applying Theorem 1.4 with ¢,, = ||o,||2, we obtain

liminf £(0,) > liminf 7., > 7. > .. (5.16)
Hence, by (5.14) and (5.16), we derive
lim £(en) = lim E(wy) =1.=1., (5.17)
and so, by (5.13) and (5.17), we get
nlgrolo/ ftmal? + [tma 2 — 10 ((u2 +v2)%)[2dz = 0. (5.18)
We can rewrite this last line as
T [ (unaf? + o] 2o = Y[ oo, (5.19)

Now, by (5.15), (5.17) and iii) in Theorem 1.4, we conclude that there exists o € X
such that g, — o in X and ||||3 = ¢2,&(0) = Z.. Moreover o € H*(R) C C*(R) is
a solution of (1.13) and ¢ > 0. We prove that o = (u? + v?)2 just as in the proof of
Theorem 2.1 in [11, p. 279].

Finally, we prove that |wy, |3 — ||w.||3. By applying (5.19) we have lim,,
[wall3 = limp oo [[0n, 13 and [l0n,ll3 — lloz3, since 0, — ¢ in X. Hence, |Jw,||3

< limy,— o0 ||Wnz |3 = |l0z]|3- But it is easy to see that
(g + vvg )3\ 2
el = [l + ety = [ (Sl ) = o

because (uu, + vv,2) < (u? + 1}2)(|ygﬁ|2 + (Jvz|?). Hence, ||[wn,l|3 — |Jwz]]3. We

also have that w,, — w_, weakly in X. In particular, by compactness, w,, — w in
(L*(R))* N (L4(R))*.

Since &(w,,) — Z. = £(c), we derive that [ 2?|w,|?dz — [2?|w|?dz and so
HwnH?{ — HwH?( We conclude that w,, — w in X, and this achieves the proof of

Theorem 1.5.

Remark 5.1. We would like to remark that in the semilinear case, namely when
A = 0, we can simplify some arguments. Indeed, by applying the Fourier transform
to (1.13), we can solve explicitly this equation and derive

_ Flul?
1
= — . 5.20
p=7 (b + 47r2§2) (5.20)
The energy functional is then given by:
1 1
E(u) = 2/|ux\2d3:+ 2H2/x2|u|2dx
(5.21)

1 4 1 ].7:|u]2]2
_ - S B i e B B X.
4/\u| dx 4/1 42§2d§,u€

We can use directly (5.20) to obtain an estimate on p. To prove the symmetry of
minimizers, we can use Proposition 3.2 in [17], noticing that (|u|®)* = |u*|?, to
deduce that
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2|2 2\x|2
/ | Flul”] it < [ F(Jul®)"]
1+ 47r282 1+ 4n2¢?

[ F(u )P
6. Bifurcation Structure

This section is devoted to the study of the bifurcation structure of solution to the
minimization problem (1.15) namely we prove Proposition 1.6. We begin by showing
a Pohozaev identity which is also of independent interest.

Lemma 6.1. (Pohozaev identity) Letu € X be a solution to (1.13). Then we have
1
2|3 — 2H[lzull3 — S lluli + /u2$pz(\U|2)dx =0.

Proof. To simplify notation, we set p := p(|u|?). Multiplying the Eq. (1.13) by zu
and integrating by parts, we get

1
13 = BH[lzu3 + S llulls + /UQ(P +apg)de — pllull3 = 0.

On the other hand, multiplying the equation by u and integrating by parts, we get
|3 + H?||zull3 — /qudw —|lullz + pllull3 = 0. (6.1)

So combining the two previous lines, we find

1
2lus} — 2H?oulfy — 5 ulli + [ Papade =0,

O

Let us denote by u,. a function achieving the minimum for the problem (1.15)
and by pu. its lagrange multiplier. We also set Ay for the first eigenvalue of the
harmonic oscillator —0,.,, + H2x2. We will show that p. converges to —\g when the
mass ¢ goes to 0.

Proposition 6.2. We have

lim p1. = —Ao.
fig e = —o

Proof. In a first time, we are going to show that —u. < Ag. Multiplying the equation
satisfied by u. by u. and integrating by parts, we get

—pe = [|(ue)oll3 + H?[lzucl3 — llucllz — /p(luclz)lﬁdw = 2E(uc)

Thus, we deduce that

_ e/
5

2E(u,)

_,LLS 5

C

c
Let ug be the eigenfunction associated to Ao namely |ug||3% = Ao and |ugll2 = 1.
We set v. = cug. Using that u. is a minimiser of problem (1.15), we have that
E(u.) < E(v.) and

2F (cu c?
(o) — o)l + B2l -

2/u3dm—/p(|u0|2)u3dx < Ao.
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This proves that —pu. < Ag.
Using Pohozaev’s identity (see Lemma 6.1) and (6.1), we have

:pr(\uc|2) )
2 welell+ [ o220 s — St + el = 0

So, recalling that —pu. < Ag, we have for a constant M > 0 not depending on ¢ that

2pu(fu?)
ool < M Ml — [ 2P — p(fuc ) d

Notice that, integrating by parts and using radial coordinates,
[ eenauePyis = [ aep(luc)ade — [ 2pllu s
=<2 [uctuc)rplfucP)ar = [ u2pu iz
>~ [ p(lucf)da.

In the last inequality, we used that u, < 0. So, by (5.3), we obtain, for some constant
M not depending on c,

(uc)all3 < Me? + Mluc|li + M/U?ﬁ(luc\Q)dx < Mc? + Muclli.

The Gagliardo—Nirenberg’s inequality (5.4) and Young’s inequality then imply that
H(UC)xH% < Mc.
We have, by definition of Ag,

_ ue)alld + H2||zuell3  Jluelli + [ p(luc*)uddz
2

—Mc
c? c

_ [uelli + J p(|uc|*)uide
2 :
c

> Ao

Then, using (5.3) and Gagliardo—Nirenberg’s inequality (5.4), we deduce that, for
some constant k£ not depending on c,

— e = Ao — ket

Taking ¢ — 0, the result follows.
O

Adapting the proof of Proposition 6.7 of [15], we can prove the uniqueness of
positive solution to (1.13) namely Proposition 1.7.

Proof of Proposition 1.7. We denote by u(r, 1) the radial solution to (1.13) such
that u(0,a1) = aj. Suppose that there exist two numbers 0 < a3 < &; such that
u(r,aq) and u(r, &) are two positive radial solutions decaying to 0 at infinity. To
simplify notation, we set u(r) = u(r, 1) and n(r) = u(r,ay). Let ¥» = n — wu. In the
following, we denote by u' = d,u. Then v satisfies

W — A+ 1)+ [nl*n — |ul*u +np_(lzl2)n —puP)u g, (6.2)
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Multiplying the previous equation by u and multiplying (1.13) by ¢, taking the
difference and integrating by parts, we find

W (r)u(r) — ! (r)(r) = / " + pllul)u)dz
= [+ P = plul?

- / (w? + p(uf®) — i — p(|n]?))nud.

Observe that the left-hand side goes to 0 as r — oo whereas if we assume that
n(r) > wu(r) for all » > 0, the left-hand side converges to a negative constant. So
there exists 1 such that n(y1) = u(y1) (by the maximum principle, we can show

that p(|ul?) — p(|n|*) < 0).
Next, we will show that it is in fact the only intersection point between u and
1. Indeed, suppose by contradiction that there exists y2 > ~; such that

0 <n(r) <u(r) for r € (71,72), u(y2) =n(r2)-
This implies that
P(r) <0 for 7 € (v1,72), ¥'(71) <0, ¥'(72) > 0 and ¢(y1) = P(y2).
Let € be a solution to
& — A+ )&+ [plulf~t + du(p(ul?)u)]§ = 2ru, v >0
£(0) =0, £'(0) = (A = p(a®))a — aP.

In fact, we can think of ¢ as u/ noticing that (p(|u|®)u). = u'(p(Jul?)
+ udu(p([ul?))). Let

[P~ — [ulP u + p(Inl*)n — p(jul*)u
(plluf?)u) ~ 2 L)

n—u
Observe that the function u — p(|u|?*)u is convex. Indeed Oy, (p(|u]?)u) = uByup(|u|?)
+ 20, p(|ul?) where d,p(|u|?) := f is the solution to

=1 =3A(p([ul*))?fa)" + bf = 2u,
and, Oy, p(|ul?) = g is the solution to
—g" = 3M(p([ul*)')?gs)" + bg = 2+ 6A((Dup(|ul*))*)".

By the maximum principle, we see that f > 0 and g > 0 (since by comparison
principle we can show that p(tz;) < tp(x1) which implies, using once more com-
parison principle that p(tx; + (1 — t)xa) < tp(z1) + (1 — t)p(x2), for all x1,20 >0
and t € [0,1]). Using this and the convexity of u?, we see that x(r) > 0 when
r € (71,72). Taking the difference of (6.2) multiplied by ¢ and (6.3) multiplied by
¢ and integrating by parts on [y1, 7], we find

X(r) = plulf~" + 0u

T

Er)y'(r) = &' () (r) = €(n)¥' () +/ (x(s)§(s)¥(s) — 2su(s)y(s))ds. (6.4)

Y1
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Taking r = ~5 in the previous identity, we get
72

E(ra) (v2) = E( W (12) + / (S)E(s)(s) — 2su(s)p(s)]ds.

71
This is a contradiction since the left-hand side is strictly negative while the right-
hand side is strictly positive. This establishes that v and 7 intersect exactly once.
Finally, we show that n has to change sign. Suppose by contradiction that

0 < n(r) <u(r) for r € (y1,00).

This implies that +(r) < 0 for » € (y1,00), ¥'(71) < 0 and +(v1) = 0. Since u, v’
and u” go to 0 as r — oo (and the same for 1), we see that the left-hand side of
(6.4) goes to 0 taking r — oo whereas the right-hand side converges to a positive
constant. Therefore, n cannot be positive everywhere and consequently u is the
unique positive radial solution to our equation. O

We are finally in position to prove our bifurcation result, i.e. Proposition 1.6.

Proof of Proposition 1.6. Since A\g is a simple eigenvalue, we can apply standard
bifurcation results (see for instance [10, Theorem 2.1]) to deduce that (Ag,0) is
indeed a bifurcation point and that the branch is unique provided that we are
sufficiently close to the bifurcation point. Next, Proposition 6.2 guarantees that
the minimizer of (1.15) wu. actually belongs to this branch at least for ¢ > 0 small
enough. Finally, we use our uniqueness result Proposition 1.7 to see that the set
{ue, ¢ > 0} is convex and therefore included in the bifurcating branch. O

7. Numerical Simulations

In this section we perform some numerical simulations to illustrate our results. We
investigate the limit 4 — —A¢ mentioned in the previous section, and analyse the
behaviour of standing waves with the variation of the intensity of the magnetic field
H.

7.1. Numerical Method

Our first goal is to numerically approximate the standing waves (1.11), according
to the system (1.12). Following [11], we use a shooting method. However, in the
present case, the director field angle p = p(Ju|?) acts as an additional potential type
term, depending on wu itself. Due to this, we perform a Picard iteration and look for
a fixed point u of the operator ¢ — ®(¢), where ® () is the solution of

Upw — H22%u + |ul?u + p(p)u = pu, (7.1)
with p(¢) solving
— Pz = M2z +bp = ¢ (7.2)

and with boundary conditions u(0) = ug > 0, p(0) = po > 0, u(co) = u/(0) =

p(o0) = p'(0) = 0.
According to the results in previous sections, we look for u € R even, smooth,
vanishing at infinity, strictly positive and decreasing with |z|. For convenience, we
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shall denote the class of functions verifying these conditions by V. Although there is
no result giving a similar structure for p(x), it is natural to assume that p satisfies
the same hypotheses as u, at least for small A\, and so we look for u,p € V.

We now describe our procedure in more detail. First, equations (7.1),(7.2) can
be recast as a first-order system:

Uy = W

wy = H*2x?*u — |ul?u — U+ pu
|ul"u = p(p) (7.3)

Po =V
Uy = =A%)y + bp — 7,

with boundary conditions u(0) = ug > 0, p(0) = pp > 0, v(0) = w(0) = 0, and
peV.

At each stage in the Picard iteration, we need, for a given ¢ € V, to find
(u,w, p,v) solving (7.3). As mentioned, we employ a shooting method, which we
now describe. Suppose that we have computed p(¢),v(¢), and wish to compute
u,w. The idea is to adjust the initial value u(0) = ug so that u(co) = 0. Following
[11], ug should verify ug = sup{s > 0 : u(x;5) > 0,z > 0} where u(z; () is the
solution of (7.1) with u(0) = 3, u € V. At each step of the shooting method, we
look for ug in an interval [a,,b,]. We set ug,, = (an + b,)/2 and solve the first
two equations of (7.3) using an explicit Euler scheme (which is sufficient for our
purposes) with w(0) = 0. Then, if u attains negative values for some z, we set
Ap+1 = Uon, bpt1 = by, thus decreasing ug n+1. Conversely, if u(z) is increasing
at some point (so that it does not belong in the class V), we set ap+1 = a, and
bp4+1 = uo,n, which increases ug 1.

The procedure to compute p and v is similar, except that the behaviour of p
exhibits an inverse dependence on the initial value p(0); thus in each iteration of
the shooting method the value of p(0) is increased when p becomes negative, and
decreased when p becomes increasing.

Let us mention that on each iteration of the shooting method, the equation for
v in (7.3) contains a nonlinear term when A # 0. The discretized equation reads
3

L 2

and so we use a Newton method at each step to approximately solve for v;, .

As a starting point to the Picard iteration, we take u(o)(x) € V as the solution
with p = 0, that is, u(?) solves u,, — H2z?u+ |u|>u = pu with «(?) € V. With an ini-
tial guess u(?) (x) € V for the Picard iteration in hand, we compute u™ (z), w™ (),
and so on, using the shooting method, according to

) = )
(7.5)

Ujt1 — U _ 7)\(Uj+1)3 — (v))

wl® = H222u™ — (u™) — p(u™ D)™ 4 ),

where p(u(™~1) solves

Pz =,
vp = = Mv¥), + bp — (u("D)?
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FIGURE 1 Numerical approximation of the standing wave u(z) and
the director field angle p(x), solutions to (1.12), computed using a
shooting method and Picard iteration (Picard iterations in dashed
lines). Parameters are H = 1,4 = —0.8, \ = 0.1,b = 1.

(also using the shooting method), with boundary conditions u(0) = uy > 0, p(0) =
po >0, v(0) =w(0) =0.

7.2. Numerical Results

In Fig. 1, we plot the standing wave u(x) and the director field angle p(x) calculated
according to the procedure described previously. The dashed lines correspond to the
iterations of the Picard method. For this simulation, we have used a spatial step
dzx = 0.002 (corresponding to 3000 spatial points) and 15 Picard iterations.

Next, we illustrate the result of Proposition 6.2. First, note that it is easy to see
that u*(z) = e~ 2% is the first eigenfunction of the harmonic oscillator —d,,+H2x2,
with eigenvalue A\ = H. Note that in our notations, the parameter —u plays the
role of Ag. In parallel to [11], and in accordance with Proposition 6.2, we verify
numerically that the L? norm of u,, goes to zero as y1 — —)\g . Taking H = Ay = 2,
we show in Fig. 2 the numerical solutions of (1.12) for various values of p — —AJ.
We can see that the solutions appear to converge to zero, although the convergence
is very slow. In Fig. 3, we show how the L? norm of u = u,, varies as the Lagrange
multiplier p tends to the value —\g. Our numerical tests indicate that, although
slow, the convergence to zero of the L? norm of u,, is verified, in accordance with
Proposition 6.2.

Next, we investigate numerically the behaviour of the standing wave when
the intensity of the magnetic field, H, is varied. It turns out that for each set of
parameters that we analyzed, there is a maximum (relatively small) value of H such
that our numerical method diverges for larger values of H. This may be related
to the observation that the behaviour of u (and p) with respect to u(0) is very
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FIGURE 2 Numerical approximation of the standing wave u(x) and
the director field angle p(z), solutions to (1.12), with u — —\o.
Parameters are H = A\g =2, A=0.1,b = 1.
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FIGURE 3 The norm |ul|3 as a function on the Lagrange multiplier
pas pu— —Ag=—H = —2, in log-log scale. The values of y are the
same as in Fig. 2, but p is ranging from —1.9 to —1.9999153, taking

60 values (left). On the right is a zoom on the last 15 values of p.

sensitive to perturbations: any arbitrarily small perturbation of the u(0) found by
the shooting method produces a solution which (numerically at least) quickly blows
up exponentially. The desired solution appears to be unstable in this sense, and this
effect appears more markedly for larger values of H. Still, in Fig. 4 we show the
behaviour of the solution for H between 0 and 2, which lets us nevertheless see the
general trend. In particular, it is clear that the director field angle becomes more
concentrated at the origin for larger values of H.
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FIGURE 4 Numerical approximation of the standing wave u(x) and
the director field angle p(z), solutions to (1.12), with varying mag-
netic field intensity H. Parameters are y = 0.2, A = 0.1, b = 2.
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