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Abstract

In this work, we numerically investigate how a defect can affect the behavior
of traveling explosive solutions of quintic NLS equation in the one-dimensional
case. Our numerical method is based on a Crank-Nicolson scheme in the time,
finite difference method in space including a Perfectly Matched Layer (PML)
treatment for the boundary conditions. It is observed that the defect splits
the incident wave in one reflected part and one transmitted part; hence the
dynamics of the solution may be changed and the blow-up may be prevented
depending on the values of the defect amplitude Z. Moreover, it is numerically
found that the defect can be considered as a barrier for large Z.

Keywords: Quintic NLS equation, delta-function, explosive traveling solution,
blow-up.
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1 Introduction

Nonlinear Schrodinger equation (NLS) plays an important role in the understand-
ing of many physical phenomena such as wave propagation in nonlinear media,
quantum mechanics or plasma physics. During the last decade, an intensive effort
has been paid on the study of the influence of a single defect on the behavior of the
solutions that can be physically interpreted as an impurity in the domain.

In this paper, we study the one-dimensional NLS equation with a quintic nonlinear-
ity and a defect represented by a delta-function:

(1)

ity + Uy + Zudg + [ul*u =0, xeR, t>0,
u(0,x) = ug(x), x€eR,
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2 .
where u; = % and u,, = 3712‘ Here, Z stands for the amplitude of the defect and

u = u(t,x) € C. The exponent involved in the nonlinearity is known as the critical
exponent, for which blow-up may occur at finite time.

Schrodinger equations involving delta functions have been recently studied in
the literature. For example, in a serie of papers, Holmer, Marzuela and Zworski
analyzed the splitting of a soliton in presence of the defect, using the scattering
properties in the cubic one-dimensional integrable case (see Holmer, Marzuola,
and Zworski 2007a, Holmer, Marzuola, and Zworski 2007b) for which the Cauchy
problem is globally well-posed in H!(IR). Asymptotic rates for the transmission
coefficients of solitons have been obtained and numerically illustrated. The stability
question of standing waves solutions for this perturbed model has been adressed
in Le Coz et al. 2008. In the defocusing case, the H! asymptotic completeness for
the scattering operator has been proved in Banica and Visciglia 2016. The Gross-
Pitaevskii equation with non-zero boundary conditions at infinity has also been
investigated in Ianni, Le Coz, and Royer 2017.

The aim of this work is to study the influence of the defect on the behavior
of the well-known solutions in the absence of defect in the quintic critical case,
especially traveling standing wave solutions and blowing-up solutions that may be
encountered in this case. Since this equation is not integrable, the inverse scattering
method is not available which makes the numerical investigation crucial in order
to have a good qualitative understanding of the solution dynamics. The paper
is organized as follows: in Section 2, some theoretical results are given for the
mathematical analysis of equation (1). In Section 3, the numerical method that will
be used for simulations is presented. Finally, numerical results are discussed in
Section 4.

2 Main theorical results

In this section, we recall the characteristics and the theoretical results of the NLS
equation with a point defect. This ensures a good understanding of numerical
approaches used afterwards. The following theorem concerns the well-posedness of
equation (1) in H(RR) (see Theorem 3.7.1 in Cazenave 2003):

Theorem 1 — For any uy € H'(R), there exists T > 0 and a unique u € C([0, T), H' (R))N
C([0,T), H"Y(R)) solving (1) such that either T = +co or T < +oco and |||z — oo as
t — T. Moreover, u satisfies the conservation of mass M(u(t)) = M(uy) and conservation
of energy Ez(u(t)) = Ez(ug) for t € [0,T), where M and Ey are formally defined for a
given function v = v(x) as

1
M) =i}, and Ez(V)=IIVXIIiz—ZIV(0)|2—§IIVII?6-
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We now recall some elementary properties of the solutions of (1), proved in
Fukuizumi, Ohta, and Ozawa 2008 (and in the references therein) for smooth
solutions.

Proposition 1 - Assume that the initial data u is smooth (say C*) and has compact
support in (—c0,0). Let u € C([0, T]; H'(R)) solution of (1). Then for each t, we have
u(t) € H*(R*) N H'(R) and satisfies both iu, + sy + [u|*u = 0 for x e R*, t > 0 as well as
the boundary condition

1, (t,0%) —uy(t,07) = =Zu(t,0). (2)

This result comes from the initial formulation of (1) set in a distributional sense.
Indeed, the linear part acting on a test-function ¢ € C;° writes

Uy + ZOgU, @ >=— < Uy, @y > +Zu(t,0)@(0).

Assuming that u belongs to H!, u is continuous at x = 0. Moreover, if the first
spatial derivative of u coincides with a C! fonction in the two half-lines with a finite
jump at x = 0, this product reduces to

+00
<yy + Zoglh, @ >= J Uy @ Ax + [1y(t,07) —u,(,07) + Zu(t,0)]¢(0)
using two distinct integrations by parts performed on (—c0,0) and (0,+c0). By
choosing ¢ adequately, we finally obtain (2) and the NLS equation for x = 0.

From the mathematical point of view, the solution belongs to C([0,+c0); D(A))
where A is the unbounded operator —A whose domain is D(A) = {u € H*(R*)NH!(R);
the condition (2) is valid}. The condition (2) can be seen as a jump condition at
the defect location. Note that for Z = 0, this reduces to the continuity of the first
derivative at zero. For a general nonlinearity [u|P~'u where p € [1, +c0), Fukuizumi,
Ohta and Ozawa in Fukuizumi, Ohta, and Ozawa 2008 proved the existence and
uniqueness of a local solution in time with initial values uy in H'(RR). They also
showed that the Cauchy problem is globally well-posed in H'(RR) for 1 < p < 5.

2.1 Global solutions

In the case Z = 0, Weinstein proved in Weinstein 1983 that the Cauchy problem
for the quintic NLS equation is globally well-posed in H!(RR) for sufficiently small
initial-value uy. This reads as

Theorem 2 — Given Z = 0 and uy € H'(R), a sufficient condition for global existence in
the initial-value problem (1) is

lluollL2 <IIRll2, (3)

where R is the positive solution of the equation — + ¢, + ¢> = 0, of minimal L* norm,
often referred as the ground state.
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This result shows that ||R||;> appears as the critical mass for the formation of
singularity for the solutions of NLS equation

i+ ey +ulfu=0, xeR, ¢>0. (4)

One may wonder if there exists a similar but different result for solutions of (1).
We know (see Le Coz et al. 2008) that for some values of Z, there exists ground states
that are different of the usual ground state without defect. Actually, the condition
(3) comes from a precise formulation of the Gagliardo-Nirenberg inequality that
reads (see Genoud, Malomed, and Weishauupl 2016)

llull, & o

ol < 3( ) sl 5)
fo = \IRll, )

One may wonder for instance in the case Z < 0 what is the best constant in the

modified Gagliardo-Nirenberg inequality that reads

lallg, < Collully, (2, - ZIu(0)P), (6)

for any u in H!(R), where ||uX||IZJ2 — Z|u(0))* = (Au,u). We have straightforwardly

__3
Cy;<Cy= TRIE
Ly

Conversely, taking u(x) = R(x — ) and letting 4 — +o0, we have that in fact
Cyz = Cy. It transpires from this simple computations that of course the defect
does not play any role for solutions whose location is very far from 0. We will see
numerically in the sequel that the point defect does play a role for solutions that
encounter its location.

Actually, an analogous result of theorem 2 holds true if Z = 0.

Proposition 2 - A sufficient condition for global existence in the initial value problem
(1) for Z # 0 and uy € H'(R) is

lluollz2 <IIRI|L2-

Proof. We prove that under this smallness assumption, the L? norm of the gradient
remains uniformly bounded. Due to the conservation of energy, we have that

1 il \*
21 (6,00 = IZ 1R, = 5”13 = Bz (o) > | 2, (1 () ) Eete) @)

due to Gagliardo-Nirenberg inequality (5). We now claim that for any ¢ > 0, we
have

z? €
1211 (2, 0% < IZ 1l ll 2 < S I + Sl (8)

58



2. Main theorical results

using Agmon inequality and Young inequality. Combining (7) and (8), we then find
that

Z)2 lluollr2 )4 € zz o
1- ——|<E —_—

since the mass conservation holds. Choosing then ¢ sufficiently small such that
each term is strictly positive, which is possible since ||ug|[;2 < ||R||;2, we conclude
that |[uZ||;2 is bounded which implies that the solution u? is global in H'. This
concludes the proof. O

2.2 Blow-up solutions and the virial identity

For sufficiently large initial data, Glassey Glassey 1977 produced the necessary
conditions for blow-up for solutions of (4) introducing the momentum and virial of
a given function u as respectively

q(u) ZJ x*|lul?dx and V()= Imm(J. xuxﬁdx).
R R

Set E(u) = Eg(u) for the energy in the case Z = 0. We recall from Genoud,
Malomed, and Weishauupl 2016; Glassey 1977

Theorem 3 — Let u be a solution of (4) such that q(uy) < +co. Assume that either
E(up) <0 or E(ug) = 0 and V(ug) < 0. Then there exists a finite blow-up time T* such
that

lim ||lu =400 and lim ||lu = +00.
Tim Lim

The key argument in the proof is that q(u) cannot exist for any positive time
t. Actually, we may address the same strategy in the case Z # 0 and we have (see
Le Coz et al. 2008):

Theorem 4 — Let uy € H'(R) such that xuy € L*>(R) and let u solves (1). Setting
q(t) := q(u(t)) and V(t) := V(u(t)), we have for t € (0, T)

q'(t)=4Vv(t) (9)
and
V'(t) = 2E4(ug) + Z|u(t, 0)[%. (10)

The calculations we present in the following are formal. A rigorous proof of the
virial theorem is given in Le Coz et al. 2008.
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Proof. We first calculate q’(t). We formally have

q'(t) = ZREe(j xzutﬁdx).
R

Recalling that u; = ity + ilu/*u and that u,(t,0%) — u.(t,07) = —=Zu(t,0) for each
t €(0,T), we deduce with integrations by parts performed on (—c0,0) and (0, +o0)
that

q'(t)=-2TImm (J xzuxxﬁdx) = 2Imm(J- Uy (x%70), dx) —2Tmm ([xzuxﬁ]gf)
R R
= 4f X u,udx =4V(t).
R
We also have

V'(t)=-2 Imm(j X Uplhy dx) + Imm(f x(u,T) dx).
R R

On one hand,

Imm(j x (upth)y dx) = —Imm(j umdx + [x utﬁ]gz)
R R

= —Imm(J. (iuex +ilul*u) de)
R

, o
= gl = llull — [wt]5.

Using the transmission condition in zero, the first integral rewrites
Imm(J. X(u ) dx) = lluall7, = NullSs = Zlu(t, 0%,
R

On the other hand,

2Imm(f X Uiy dx) = —2REe(J X (tyy + || u) 70, dx)
R R

= —2Rze(.r X Uy Uy dx)— 2Rze(f X |u|4uﬁxdx)
R R

1
2
=[xl + gllullfﬁ-

It follows that V'(t) = 2llull?, — Zlu(t,0)]> - 3|lull; which finally leads to
V'(t) = 2E7(ug) + Z|u(t,0)|%. o

A sufficient condition for blow-up is the following:
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Proposition 3 - Let Z < 0 and let u solves (1) with finite momentum. If Ez(ug) <0,
then there exists a finite time T* such that

Lim [|t,||;2 = +o0.
t—>T*” x”L

Proof. If Z <0 and Ez(ug) < 0, the energy conservation and virial equality (10)
shows that V/(t) is a decreasing function, that implies

0 < q(t) < q(0) + 4V (ug)t + 4E (1u0)t>. (11)

Hence, the solution cannot last forever since t — +oo leads to a contradiction if
Ez(ug) <0. O

Once again, at a first glance, Z does not play a role for all blow-up solutions. We
will discuss numerically in the sequel that in fact it does.

2.3 The wall effect while |Z]| — +o0

We now focus on the case |Z| — +oo. In this case, Z can be seen as a penalization
term in transmission condition (2). This means that when |Z| is large, this condition
formally reduces to Dirichlet condition u(t,0) = 0. We intend here to derive a
rigorous asymptotic.

We then give the following statement

Theorem 5 — Let the initial data ug € H'(R) of the problem (1) be such that supp(ug) C
(—00,0) and that

liol2, < IRIF (12)

where ||R||]%2 is related to the best constant involved in the one-dimensional Gagliardo-

Nirenberg inequality (5). Then, when Z converges to —co, the solution u = u? of the
problem (1) converges to u® solution of the limit problem

v+ v +v[fr =0, xe€(-0,0), t>0,
v(0,x) = ug(x), x € (—00,0), (13)
v(t,0)=0, t>0.

Proof. Using the energy conservation and since supp(ug) C (-0, 0) we obtain
1 1
1uZ 117, = Zlu? (2, 0) - §||MZ|IE6 = l(uo)ll7> - glluollf6 = Eo(u). (14)

Using assumption (12), the Gagliardo-Nirenberg inequality implies that Ey(1) is a
positive constant, since

1 llollz, \*
Dt -2 )
“(uO)X“LZ 3||u0||L6 = ”(uO)x”LZ “RHL2
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Furthermore, in the case Z <0, (14) implies

1 lluollr, \*
Eo(ttg) > 117, = 3l1w”Is > Nl 17, (1 ~(TRn )
2

Consequently the H! norm of the solution is uniformly bounded in time: indeed,
we have

Eo(uo)

Z)2 Z)2 Z)2 2 Z)2 2 0\*%0
e e = Nl + 72 = Hwollpz + llug Il < Hluollfz + —————-

1_(||140||2

IR

From this, we conclude that the solution u? is global in H!(R). The estimate (14)
also leads us to

~Z|u”(£,0)|* < Eo(uo)
and passing to the limit Z — —oo, we finally have

lim |u?(t,0)| = 0.
Him [u” (£, 0)

Hence, we can extract a subsequence that converge weakly-star in L*°(0, T; H! (R))
towards u®. We denote by u? this subsequence. We have u*(t,0) = 0 if it makes
sense.

We know that u# is bounded in L®(0, T; H'(R)). Now, we show that utZ is
bounded in an appropriate space. We have

u? = i(uZ +u?u? + Zu? ).
It is easy to see that the map u? + uZ, + u?d, is continuous from H!(R) into
H~Y(R). Therefore utZ remains in a bounded set of L*(0, T; H™'(IR)). We now use
the following theorem (see Temam 1997)

Theorem 6 — Consider V C H a compact embedding between two Hilbert space. Con-
sider H ~ H” and then H' C V’. Consider T > 0 and a sequence v" that is bounded in
L2(0, T; V) and such that v} is bounded in LZ(O, T;V’). Then there exists a subsequence

v" that converge strongly in L*(0, T;H).

Here uZ is bounded in L2(O, T;H! (I)) for any compact interval I =[-L,L] of R
and its time derivative is bounded in L?(0, T; H~!(I)). Then for any I,, = [-n,n] we
may extract a subsequence u7 that converges strongly in L?(0, T;L?(I,,)). Using the
Cantor diagonal process we may extract a subsequence still denoted by uZ such that
u? converges strongly towards u in L%(0, T; L*(I)), for any I. We set L?(0, T; L*(R;,))
for this convergence. Interpolating, we also have that this convergence holds in
L2(0, T;C(I)) for any I.
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We may now pass to the limit. Consider a test function ¢ € C;°(I) for a given I.
We have that
Zp4, 2

<u? —i(uZ. +Zu?by), ¢ >y =<ilu L, P >, (15)

where <-,- >y-1 ;1 denotes the dual product. On the one hand, due to the weak
convergence results stated above the left hand side of (15) pass to the limit. On the
other hand, interpolating between L®(0, T; H'(I)) and L?(0, T; L*(I)) we now that
u? converges strongly towards u in L(0, T;L%(I)), and then we may pass to the limit
in the right hand side of (15). Since the limit equation is valid for any I and any
test function supported in I, then u is solution to the limit problem set in R. We
observe that since u belongs to L?(0, T; H!(IR)) and since its time derivative belongs
to its dual space, then u is a continuous function in time with value in L?(R) (and
by interpolation in C(IR)). Then the wall condition u(t,0) = 0 is valid and the initial
condition (0, x) = uy(x) holds true. This completes the proof of the theorem. O

In the following Sections, we investigate the ability for the defect to stop or slow
down the blow-up mechanism.

3 The numerical method

3.1 Numerical method without defect

We start with the numerical method in the case Z = 0. Our discretization is based on
a finite differences semi-implicit Crank-Nicolson scheme in time and space, that is
well-known to be unconditionnally stable in L? and second-order both in time and
space. In order to perform simulations in a bounded domain, one has to implement
well-adapted boundary condition in order to avoid reflections due to the boundary.
Among all possible choices known in the literature, we have chosen to use Perfectly
Matched Layer approach (PML) Zheng 2007. This consists in solving a Schrodinger-
like problem on a domain including absorbing layers that surround the numerical
domain, where outgoing waves will be forced to vanish without propagation accross
the domain under study. Let QQ = (x;, xg) be the computational domain and L be the
width of PML band.

Figure 1 - Domain with PML.

The PML equation, defined in an enlarged interval (x;p,xgp) = (xy — L, xg + L), is
written
Ro’

4
Usy — U, +|ul*u=0, xe€(xp,xgp), t>0,
(1+Rc)2 ™ (1+Ro)> ™ g (xip-Xke)

iut +
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where R € C and o is the so-called absorption function

Go(X—XL)Z, Xpp <x<Xp,
0=<0, xp < x < Xg,
og(x—xR)z, XR <X < XRp,

with oy > 0. A specific choice of parameters R, oy and L (namely R = ¢4, 55 = 1 and
L = 2) minimizes reflected waves at the boundary: indeed, the outgoing waves are
anihilated when travelling inside the absorbing layer. At the two boundary points
{xrp, xgp} a zero Dirichlet boundary conditions is imposed. The strong formulation

of the problem in the absence of defect is then given by

. 1 Ro’ 4

T R T (v Rop T ufu=0, xelup.xpp) >0

u(0,%) = g (), x € (x1p, Xp), (16)
M(t,pr):M(t,XLR):O, t>0.

Following a finite difference strategy, we intend to compute the approximate value,
say u;l, of the solution of (16) at time t,, = nAt and at spatial point x; = xp + jAx.
Using Taylor expansions that enable us to compute approximations of the partial
derivative operators, we get for each (j, n)

n+l _ n n+1/2 _ 5 n+1/2 n+1/2
iuj u]-+ 1 Uiy 2u] Ui
At (1 +RO']')2 Ax?
Ro’ u{1+1/2 _ un+1/2
J jt1 j-1 Lo nepa, el n4, n

- + -l P+ |uFu ) =0, (17

(1+Ro;)? 2Ax 2(|J "uj luj ]) (17)

where 12 = (u]” + u]’»“l )/2. This nonlinear system is solved using a fixed point

method at each time step. It means that successive linear equations are solved until
the nonlinear error that quantifies the size of two consecutive iterations becomes
small enough.

3.2 The delta-function approximation

We now focus on the discretization of the defect term at x = 0. As in the work of Le
Coz and al. Le Coz et al. 2008, J. Holmer et C. Liu Holmer and Liu 2020 and also in
Genoud, Malomed, and Weishauupl 2016, we do not consider the initial form of
the problem but choose to take into account the transmission condition in zero. We
thus consider the problem

i Ro o luPu=0, x20, t>0

U Uyy — u urru=9v, Xx » y

" (1+Ro)2 ™ (1+Ro)3 (18)
1y (t,0%) —u,(t,07) = =Zu(t,0), t>0.
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Discretization of the transmission condition is performed with a O(Ax?) accuracy
for the sake of consistency with the second order accuracy in space of the scheme.
Starting from the approximation

1
g (£,0%) = E( —u(t, 2A%) + 4u(t, Ax) - 3ult, 0)) +O(AXY)
and the similar expression for u,(t,07), we get a second-order approximation of the
transmission condition as

—Up o+ 4up, +2(ZAx = 3)up +4up,_ | —up,_,=0

where integer D stands for the defect index (such that xg; + DAx = 0). This extra
relation is added to the discretization (17) expressed for j = D.

3.3 Numerical evidence of blow-up

It is reported that for Z = 0 there are three ways of checking blow-up occurrence.
Indeed, finite time blow-up can manifest itself as the divergence of the norms ||u/|y
and ||uy||;2. Using Gagliardo-Nirenberg inequality (5), it leads us to the divergence
of |[u]|l;s. When dealing with numerical computations, one naturally wonders how
blow-up can be numerically detected. In this condition, one can compute the three
discrete norms and check the corresponding orders of magnitude.

Computing the L* norm may seem the most intuitive way for the blow-up
detection, because it is the most natural way of investigating how "big" the solution
is. However, for conservative schemes for which the discrete 1> norm ||u"|;2 is
conserved, the maximal amplitude is attained at some index jj and it can be written
that

1
2 2 2 2 02 2
Il = Dl P <Dl = )P = ) [P ~ ool
j j

It means that the computed solution cannot go higher in amplitude than \/%. Conse-

quently, for a prescribed spatial mesh, the maximal amplitude is uniformly bounded
and numerical detection of blow-up in terms of maximal amplitude requires to deal
with well-adapted grid: approximate solutions of maximal magnitude M can only
be computed for spatial mesh with size ~ 1/VM which may be inappropriate if M
is large.

Other way is to investigate the time evolution of the discrete versions of ”””I(iﬁ
and ||“x||iz- Indeed, these two norms are involved in the energy; checking these
quantities gives us information about the energetic divergence whereas the maxi-
mum amplitude depicts the punctual one.

In order to illustrate this, we plot in Figure 2 the temporal plot of these three
discrete norms as well as the singular profile when computing a blowing-up solution
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L2’
singularity formation at t = 0.9557 (right).

Figure 2 - Discrete versions of ||u,|| ||u||]6ﬁ and ||u|;~ versus time (left) and spatial

that is initialized with initial data calculated from the self-similar solution that will
be given in Section 4. It can be logically noticed that the orders of magnitude of
||u||1646 and ||uX||I%2 are much larger than the one found for ||u||;~. This suggests us to
detect the blow-up occurrence in terms of "energetic" norms instead of the maximal
amplitude of the solution.

In all that follows, we will compute the discrete approximation of the quantity
||sx|l;2 to state the occurrence of blow-up.

4 Numerical results

In this Section, we investigate the influence of the defect on the dynamics of solu-
tions of the ideal case Z = 0. Several kinds of Cauchy data will be considered. We
begin by travelling states.

4.1 Travelling solutions

We first perform simulations when considering travelling solutions built from the
ground state C. Sulem and P. Sulem 1999, that explicitly express as

2

u(t,x) = R(x —vt — xq) exp(i%x) exp(i(l—vz)t), (19)
with R(x) = 31/4/(cosh(2x))%. This wave is located at x( that will be chosen far away
for the defection location in order to be initially consistent with the transmission
condition. As preliminary test, we numerically check the conservation of mass and
energy with a defect of amplitude Z = 10. We have chosen discretization parameters
Ax=5x1073 and At = 2.5x 107> for a simulation performed until final time T = 0.7,
starting for the initial standing wave centered at xy = —5 considered with v = 30. Let
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M, and E, respectively stand for the discrete mass and energy at t = t,,. In Figures
3, we represent the order of magnitude of the relative errors made for M,, and E,,
versus time. It is observed that the numerical scheme mimics the right preservation

0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07

Figure 3 — Plot of In W (left) and In EHEI,IE” (right) versus time.

of the invariants of the NLS equation at a discrete level, claiming that the relative
error for these quantities is found smaller than 107°.

We now investigate the influence of the defect on the propagation of the trav-
elling wave solution for Z = 10, starting from an initial state that is located at the
left-side of the defect (see Figure 4), inside the numerical domain Q = (-20,20).
Following a phase of interaction with the defect that is observed in Figure 4, we see
that the solution splits into two parts: a transmitted wave u; and a reflected one u,.
We note t; the interaction time such that for t > t,, we have u = u; + u, where u;
turns to be the restriction of u on (0, xg), while u, is the restriction of u on (x;,0).
In Figure 5, we point out that u; travels to the right whereas the reflected wave u,
propagates to the left side of the domain.

Diregtion of propagation
—_—>

X Of ccmmmccc e e c e -

Figure 4 - Initial profile and solution profile when interacting with the defect for
Z=10att=0.174.

In the following test, we calculate the transmitted mass for the same previous
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initial data and for different values of Z: Z = 2 and Z = 10. The plots viewed in
Figure 5 show that large defect amplitude enhances the reflection of the incoming
wave.

Figure 5 — Left: Solution profile after defect interaction for two values of Z (con-
tinuous line: Z = 2, dot-dashed line : Z = 10) at + = 0.3846. Right: plot of the

. . OMZ .
transmitted mass ratio W as a function of Z.
oll72
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To evaluate the transmitted mass, we compute M}, as the portion of the mass
located between the defect interface and the right boundary. We then set

XL
M, = J- [u? (t, x)|? dx
0.5

for different Z. Our simulations have shown that as t is large enough, M}, converges
to a limit value M7’ that depends on Z. We have found in particular M5° = 2.7091,
M:° = 2.649 and M7, = 0.2261. It is noticed that the bigger Z is, the smaller the
transmitted part is. We also decide to plot the transmitted mass ratio M;"/Iluolli2
as a function of Z. The plot displayed in Figure 5 shows us that this ratio logically
turns out to be a decreasing function of Z and tends to zero when Z tends to infinity.
For large Z, no more mass is transmitted at the defect location and the point x =0
behaves as a boundary point for which Dirichlet would have been prescribed. Thus,
for large enough Z, the solution is totally reflected and the defect plays the role of a
barrier. In Figure 6, we present the result obtained for Z = -10000 from a travelling
data centered at xy = —15, that is far enough from the defect in order to avoid initial
interactions. It can be clearly seen that the transmitted solution is nothing but the
initial one that has been reflected by the defect.

In Figure 7, it is numerically checked that |uZ(t,0)| tends to zero when Z tends
to —co, which is in good agreement with the theoretical results. Our simulations
have shown that —Z|u?(t,0)|? is always bounded by Ez(uy) = 612.567 for all time,
as shown in Section 2.

The question that now arises is what happens in the symmetric case Z > 0. In
Figure 7, the convergence of |uZ(t, 0)| to zero is observed when Z tends to +co. When
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Figure 6 — Solution profile for Z = -10000 at different times.

— —Z=10
-==z100 ||
wusnns Z=1000

----- 2=-10000 =-=-=Z=10000

Figure 7 — Evolution of |u(t,0)| versus time for Z < 0 (left) and Z > 0 (right).

Z — +o0, the defect behaves as a Dirichlet boundary condition (DBC) at x = 0. In
Figure 8, we plot at the same final time t = 0.777 the solutions computed with
Z =-10000 and Z = 10000 compared with the solution v calculated with DBC at
x = 0. The superposition of the three curves is clearly observed. We then conclude
that the defect always plays the role of a barrier when |Z| — co. Note that the case
Z — +oo is not covered by Theorem 13 given in Section 2.

4.2 Blowing-up travelling solutions

We now study the influence of Z on the behavior of explosive solutions. We address
here the question of blow-up prevention by the defect. It is well-know that a
negative initial energy is a sufficient condition for blow-up occurrence. In this
critical case, it is possible to compute explicit blowing-up solution with use of the
pseudo-conformal invariance. We here consider the self-similar solution

u(t,x) = ! ex —ix? u( ! X )
= CP e o) "\t =)

where u is given by (19). What is remarkable with this solution is that it blows-up
at prescribed time T. The simulation performed in the case Z = 0 (see Figure 2 in
Section 3) has shown the formation of the singularity at x ~ 4.3, that is at the right
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Figure 8 — Comparison between solution profile of NLS equation with DBC and the
solutions obtained for Z =-10000 and Z = 10000 at t = 0.777.

side of the defect. This provides us to reference solution in order to investigate the
defect influence on the explosive dynamics.

We first perform a simulation in the case Z = 5. We have considered the following
parameters: T =1,v =5, xy = —15, Ax = 2.5x 107> and At/Ax? = 1. Due to the shift
term v/(T —t) involved in the self-similar solution, the initial data is centered at
x, = —10. In this simulation, parameters have be chosen in such a way that the exact
solution of the problem without defect blows-up at x, = 5. As for the travelling
stationary state, we now compute the mass of the transmitted wave as well as the
norm ||ux||1242 versus time after the defect interaction.

190

185
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165

160

155

150
06 08 1 12

Figure 9 — Numerical solution after the defect interaction, Z =5 (left) and evolution
of IIu,CIIi2 versus time for Z = 5 (right).

In Figure 9 (left) is shown the temporal profile of the solution after it has crossed
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the defect. Once again, it consists in two parts and it can be observed that both
the transmitted and reflected part have a mass that become strictly smaller than
the initial one [|u|l;2 = ||R||l;2. Note that the L?> norm of u, plotted in Figure 9
(right) is bounded, even if early stage mimics a divergent profile before the defect is
reached by the solution. Consequently, this suggests that each of them gives a global
solution: the splitting effect of the defect thus prevents blow-up. Of course, this is
not rigorous since equation (1) is nonlinear. Nevertheless, if the support of the two
waves are well-separated (meaning that uu, ~ 0 on the whole spatial domain), then
|ug + e (14g + 1ay) = [ug|* 1ty + |u|*1, and the total solution u can be approximated by
the sum u =~ u; + u,, each of them solving (1). In our test case, we numerically have

loell25 < lluell?, ~ 2.441 <||R||?, = 2.7207.

2= 2=
We have also performed simulations when considering the initial Gaussian data

ug(x) = q exp(ikx) exp(—(x - xo)?). (20)

Here, the global existence or finite time blow-up of the corresponding solution
strongly depends on the choice of parameters g and k. First, the solution is global if

lueoll2 < |IR]l2, which implies g < ( )411 := g}, this upper bound being independent of
k. On the other hand, recalling that a sufficient condition of blow-up of the solution
is E(ug) < 0, we explicitly have

E(u) uO:—\/7(1+k2——4).

Hence, E(ug) < 0, if g > 33(1 + kz)i = q5(k). Consequently, for a prescribed k,
the solution blows up for q > g;(k). Note that in this case, blow-up occurrence
is very strong, which let the numerical investigation of the defect influence quite
delicate since the solution cannot propagate on a long distance before blowing-up.
Furthermore, one has to notice that the blow-up time is not explicitly know as
opposed to the self-similar solution. Simulations made with g € (q7, g5 (k)) leading to
blowing up solutions in the unperturbed case have shown that blow-up is prevented
in presence of the defect. As an example, the values k =10, g = 1.55 and xy = -5 for
the Gaussian data (20) have given a global solution for the defect amplitude Z = 20.
We conjecture that there exists a critical Z, = Z,(gq) for which the solution becomes
global for |Z| > Z.(q).

4.3 The case of two defects

We finally study the influence of two defects with respective amplitudes Z; and Z,
located at x; and x; on the explosive behavior of solutions. We have considered the
discretization parameters Ax = 2.5x 107> and At/Ax? = 1, starting from the initial
data

ug(x) = 2.18 exp(60ix) exp(—(x + 3)2).
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leading us to an explosive travelling solution. We first chose Z; = 80 and Z, =0
(which means that only the first defect is present). In Figure 10 is shown the first
splitting of the Gaussian data leading to blow-up. After crossing the first defect
located at x; = 0, the solution divides itself into a reflected part and a transmitted
one. After the interaction time tz,, we thus have

Zy Zy
u=u" +u',

where utZ ! is the transmitted wave which is in our case the restriction of u on (0, 20),

. z ..
while u;! stands for the reflected wave that can be seen as the restriction of u

on (—20,0). We observe that urZ1 is a global solution, which can be numerically

| J]

10 15 20 0 001 002 003 004 005 006 007 008 009 01
t

Figure 10 — Numerical solution after the first defect interaction (Z; = 80 and Z, = 0),
t = 0.0442 (left) and plot of the norm ||(utZ1 )x||]%2 (right).

confirmed since ||urZl ||i2 =1.822«< ||R||% However, the transmitted part utzl is an

explosive solution: it can be explained by the fact that the defect did not extract a
sufficient amount of mass to prevent blow-up. It implies that ||utZl ||1242 > ||R||§ and

a singularity will develop for this transmitted part. The evolution of ||(utZ ! )xlli2
plotted with respect to time in Figure 10 confirms this tendency.

We now introduce a second defect of amplitude Z, = 120 at x = 5, in order to in-
vestigate if the blow-up occurring after the first defect interaction can be prevented.
The solution utzl
write

splits into two parts due to the second defect. Consequently, we

Z V4 V4
u = u +ur
. . . z
where each part is now global since the computations show that ||u; 2||i2 =2.1003 <

z
IRIZ, and [[uf?]2, = 2.0768 < [IR]1,.
We also note that the reflected solution encounters the first default and wave
splitting phenomenon is repeated over time. Thus, the presence of two defects
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Figure 11 — Numerical solution after the second defect interaction, t = 0.0873 (left)
and t =0.1371 (right).

stopped the explosion. Of course, taking a larger amplitude for the initial data may
change the qualitative property of the solution. Indeed, the blow-up may still occur
for a larger total mass.

From these computations, it can be conjectured that a travelling blowing-up
solution may become global in presence of a defect lattice formed with a family
(Z, X )k>0 that could successively extract mass and generate interaction waves at
each defect location.

5 Conclusion

In this work, we have theoretically and numerically investigated the influence
of a defect on the dynamics of solutions of the quintic NLS equation in the one-
dimensional case.

First, we showed that it is possible to obtain sufficient conditions for global
well-posedness. Surprisingly, this condition is the same as in the absence of defect,
involving the ground state of the NLS equation. Similarly, finite time blow-up is
proved by means of virial identity for negative energy initial data. The asymptotics
Z — —co has been studied, showing when |Z| is large, the solution mimics on
the negative half-line the one of the boundary NLS problem with homogeneous
Dirichlet conditions set at x = 0. It means that large defect amplitude drives the
point x = 0 to behave as a barrier. This can be interpreted as a consequence of the
fact that Z acts as a penalty parameter in the transmission condition, meaning that
if the jump of the spatial derivative of the solution at the origin is seeked bounded
through time, then Zu?(t,0) is bounded and the solution tends to zero when |Z| is
large.

We then performed numerical simulations in order to observe the defect influ-
ence on two well-known classes of solutions: travelling standing waves and blowing-
up self-similar solutions that can be explicitly computed in this one-dimensional
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critical case. The discretization of the transmission condition is performed and
added to the classical Crank-Nicolson scheme. It is generally detected in our com-
putations that the defect splits the incident wave in two parts: one reflected part
and one transmitted one. The mass of each part depends on the value of Z and the
mass transfer becomes more relevant as the defect amplitude is large.

What is remarkable is that even if a initial data localized far away from x = 0
may lead to blowing-up solution for Z = 0, the defect can prevent blow-up if each
separate part has a remaining mass smaller than the one of the ground state. It
means that at large distances, the time dynamics of each part is driven by the
classical NLS without defect, as if both of them solved a separate NLS equation on
each half-line. Of course, for a given initial mass, |Z| has to be large enough in order
to extract for the initial wave emitted and reflected parts that are "well-balanced" in
such away that each mass is smaller than the critical one.

From all these computations, it turns out that the defect can be considered as
a perturbation of the ideal NLS equation, meaning that for small Z, the classical
travelling and blowing-up behaviors are recovered, with little influence of the
singular contribution. However, large defect amplitude leads us to a breaking
effect that drastically affects the well-known dynamics: in particular, blowing-up
solutions in the case Z = 0 may become global after crossing the original. This could
be somehow referred as a stabilization effect.

The same considerations could logically be addressed in higher spatial dimen-
sion, where the defect is located on a line or a curve. This should deserve a forth-
coming paper.
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