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Stability of solitary waves in the nonlinear Dirac equation with arbitrary nonlinearity
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We consider the nonlinear Dirac equation in 1+ 1 dimension with scalar-scalar self interaction %(\if W<t
and with mass m. Using the exact analytic form for rest frame solitary waves of the form W(x,t) = ¥ (x)e "
for arbitrary «, we discuss the validity of various approaches to understanding stability that were successful for
the nonlinear Schrodinger equation. In particular we study the validity of a version of Derrick’s theorem and the
criterion of Bogolubsky as well as the Vakhitov-Kolokolov criterion, and find that these criteria yield inconsistent
results. Therefore, we study the stability by numerical simulations using a recently developed fourth-order
operator splitting integration method. For different ranges of ¥ we map out the stability regimes in w. We find
that all stable nonlinear Dirac solitary waves have a one-hump profile, but not all one-hump waves are stable,
while all waves with two humps are unstable. We also find that the time ¢., it takes for the instability to set in, is

an exponentially increasing function of w and 7. decreases monotonically with increasing «.
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I. INTRODUCTION

The nonlinear Dirac equation arises both in field theory
and condensed matter contexts. The Bose-Einstein condensate
in a honeycomb lattice in the long wavelength limit provides
a specific application [1,2]. The exact spinor structure of
the multicomponent condensate order parameter provides
a bosonic analog to the relativisitic electrons in monolayer
graphene. It has also found applications in binary optical
waveguide arrays [3,4] and in understanding the nonlinear
dynamics in honeycomb lattices [5] including nonlinear
diffraction in photonic graphene [6]. The nonlinear Dirac
equation has been studied [7,8] in detail in the past for the
particular case that the nonlinearity parameter k = 1 (massive
Gross-Neveu [9] and massive Thirring models [10]). In
those studies it was found that these equations have
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solitary wave solutions. These solutions are of the form
W(x,t) = e " r(x) in the rest frame, where ¥ (x) is a
two-component spinor.

In a recent paper [11] we generalized these solutions to
arbitrary nonlinearity « and compared the exact solutions
with the nonrelativistic reduction of these solutions. At that
time there were conflicting statements about the stability of
these solutions as to whether Bogolubsky’s approach [12] for
determining stability was valid. He suggested two approaches,
one a variation of Derrick’s theorem [13] which looks at
stability with respect to scale transformations and suggested
that for ¥ > 1 the solitary wave should be unstable. This
approach seemed to violate the continuity argument that the
nonlinear Dirac (NLD) equation becomes a modified nonlinear
Schrodinger (NLS) equation when w approaches the mass
parameter m of the Dirac equation from below. This argument
has been made more rigorous by Comech [14]. Comech
(private communication) has been able to prove that for
k < 2 the Vakhitov-Kolokolov [15] criterion guarantees linear
stability in the nonrelativistic regime of the NLD equation for
solutions of the form (in the rest frame) W(x,t) = ¥ (x)e
where w is less than but approximately equal to m. He was
also able to show linear instability in the same nonrelativistic
regime for k > 2. This is the first rigorous result for the Dirac
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equation that applies in the nonrelativistic regime. Below when
we refer to NLS or NLD, it would be implicit that we refer to
these equations with arbitrary nonlinearity (k).

Bogolubsky also proposed another test for determining
stability based on varying the frequency w, while keeping
the charge fixed. In his paper [12], Bogolubsky only used
this approach for k = 1, since he believed that only at k = 1
did the stability argument based on scale transformations not
apply. That argument (which we will discuss in Sec. IV),
predicts that for k < 1 the solitary waves were stable under
scale transformations and for xk > 1 they should be unstable
to scale transformations. This approach for studying stability
based on varying the frequency when extended to all values of
k < 2 predicts that when w < 0.7 the solitary waves should be
unstable to changes in w for fixed charge. (Note that @ has been
scaled by m.) We also show that the w variational approach
of Bogolubsky is equivalent to assuming that instability will
occur in variational trial functions which preserve charge as we
change w. Finally we will discuss the Vakhitov-Kolokolov [15]
criterion as applied to the nonlinear Dirac equation. We will
show that it predicts for all ¥ < 2 that the solitary waves
are stable for all values of @ and that there is a regime in
w even for « > 2 where the solitary waves are predicted
to be linearly stable. However, these predictions are not
confirmed by our simulations (Sec. V) which means that the
Vakhitov-Kolokolov criterion is not valid for the NLD case.
Before applying these methods to the NLD equation, we show
that these three variational approaches to stability all give the
same result when applied to the NLS equation, namely, for all
values of w when k < 2 the solutions are stable, and for k > 2
they are unstable.

Previous numerical studies of instability have been confined
to the case k = 1. Bogolubsky [12] studied this problem nu-
merically after suggesting that solitary waves of the nonlinear
Dirac equation should be unstable if w < wp ~ 1/4/2 for
g = landm = 1. He presented in his paper results forw = 0.5
(unstable) and w = 0.8 (stable) but the integration times were
not given. In contrast to this, Alvarez and Soler [16] claimed
based on their simulations that the solitary wave solutions for
k = 1 were stable for all w values. In our simulations, shown
in the subsequent tables and figures, we find that for v < w,
the solitary waves are metastable with a lifetime 7, growing
exponentially below w,.

The integration times in Ref. [16] are much too small to
observe the instabilities we have found for w < w,. This also
holds for the scattering experiments of Ref. [17] which studied
the collision of two solitary waves with @ = 0.6 and 0.8 at
k = 1. Here the former solitary wave looks stable, but the
integration time is only about 100. The simulations we have
performed here have confirmed Bogolubsky’s intuition that
there is a critical value of @ below which the solitary waves
are unstable, but they do not agree with his determination
of the critical value. Our simulations are in agreement with
Comech’s proof [14] that in the nonrelativistic regime solitary
waves should be stable for k < 2, and unstable for « > 2.

Our paper is organized as follows: in Sec. II we review
the exact solution for arbitrary «. In Sec. IIl we consider
the nonrelativistic limit which is the nonlinear Schrodinger
equation with a linear mass term. We discuss all three
variational methods as applied to the NLS equation, namely,
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Derrick’s Theorem, stability with respect to changes in w for
fixed charge, and the Vakhitov-Kolokolov criterion.

In Sec. IV we discuss how these three approaches when
applied naively lead to different conclusions for the NLD equa-
tion. A version of Derrick’s theorem predicts that all solitary
waves withk > 1 are unstable, which disagrees with Comech’s
results [14] in the nonrelativistic limit. Bogolubsky’s criterion
predicts that for w less than a critical value, and « < 2,
the solutions should be unstable, but in the nonrelativistic
regime predicts stability. Vakhitov-Kolokolov criterion instead
predicts all solutions should be stable for k < 2 and there is
a domain of stability for @ smaller than a critical value where
again the solution should be stable for ¥ > 2. In Sec. V we
present the results of detailed simulations of the nonlinear
Dirac equation fork = 1,0 <k <1, l <k <2,and x > 2
and map out the stability regimes in w. For 0 < « < 1 there is
a stability regime for w, < @ < 1, where the critical value o,
increases monotonically with x. For 1 < « < 2 there are two
types of stability regions. For ¥ > 2 small stable regions exist,
but only for x = 2 and values slightly larger than 2.

We also find for w < w, that the time . it takes for the
instability to set in is an exponentially increasing function
of the frequency w and 7. as a function of x decreases
monotonically with increasing x . Moreover, we find that below
k = 2 there is a nonrelativistic regime of w close to m where
the solitary waves are always stable. Finally, we remark that
all stable NLD solitary waves have a one-hump profile, but not
all one-hump waves are stable. All waves with two humps are
unstable. Our conclusions are presented in Sec. VII.

II. REVIEW OF EXACT SOLUTIONS
The NLD equations that we are interested in are given by
(y" B —m)¥ + g (IW) W =0, M

which can be derived in a standard fashion from the Lagrangian
density:

i\ - - -
L= <§)[llly”“8ﬂ\v — 3, Uy U] —mUW + Ly

J )
E =
"7k +1
For solitary wave solutions, the field W goes to zero at x —
+oo0. It is sufficient to go into the rest frame to discuss the
solutions, since the theory is Lorentz invariant and the moving
solution can be obtained by a Lorentz boost. In the rest frame
we assume the wave function is of the form

W(x,0) = e " P(x). 3)

We are interested in bound state solutions that correspond to
positive energy @ > 0 and which have energies in the rest
frame less than the mass parameter m, i.e., w < m. In our
previous papers [11,18] we chose the representation y, = o3
and iy, = o;. Here instead, to make contact with the numerical
simulation paper of Alvarez and Carreras [17] we choose the
representation y° = o3 and y! = io,.
Defining the functions u(x), v(x), R(x), 6(x) via

u(x) cosd
o) = (iv(x)) =Rt (i sin 9) ’ @

(\I/\I’)K+l .
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we obtain the following equations for the spinor components
u and v:

d

a + (m + w)v — g2u? — v*)v =0,

dx

dv

— 4+ (m—ou— g*wu* —vHu=0.
dx

From energy-momentum conservation [11]

®)

T =0 T = 31970,% = 0,9y, %] - gL,
(6)
we obtain in the rest frame for stationary solutions
Tio =const; Ty = oy —myy + L, =const.  (7)

For solitary wave solutions vanishing at x — oo the constant
in the second Eq. (7) is zero, and we obtain

Ti = oYy —myy + L, =0. (8)

Multiplying the equation of motion on the left by U we have
that

(+ DL = —oY'y +myy —Fiy'ay, )
implying that wxy'y —mixyyy — Fiy'd; = 0. For the
Hamiltonian density we have

H= TOO = ‘I—’l)/lal\lf —i—m\TJ\IJ _£1 = hl +l’l2 —h3. (10)

Each of h; are positive definite. From Egs. (8) and (9) one has
the relationship:

kLp=—Viy'oy. (11)

From this we have h3 = (1/k)hy, and in particular for k = 1,
‘H = my . In terms of R, 6 one has

_ do
—wiy‘alww*wa. (12)

This leads to the simple differential equation for 6 for solitary
waves:

do

dx
The solution, choosing the origin of the solitary wave to be at
x = 0 (which we will do in what follows), is

= —w, +mcos20; w,=kw, m,=k«m. (13)

6(x) = tan~!(« tanh B, x), (14)
where
S 1/2 " — 172 ) "
o= (m) = <m+w> o Be= =)
15)

Thus we have tan 6(x) = « tanh 8, x and
o’tanh® Box  (m — w)sinh® Bx
1 + o2 tanh® Bex  mcosh2B.x + o’
1 _(m+ow) cosh® Bex
1+ o2tanh® Bex  mcosh2Bx + o

sin? O(x) =
(16)

cos? O(x) =
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From (2) and (8) we find
2 [+ 1D(mcos26 — w) 1/k
o= [ g2(cos 20)<+1 } : (17)

Now we have

ao ,33
dx ~ w, + m, cosh 2B x

= —w, +m,cos20. (18)

One important expression is mcos20 —w =
B2 /ic*(w + m cosh 2B, x), using which we get

R? — <w+mcosh2/3Kx> |: (k + 1)B? ]I/K
m+wcosh2B,.x ) | g2c%(m + w cosh2B,x)
_ (14 o’ tanh® Bx
N (1 — o2 tanh? ,BKx>
sech?Bx(kc + 1)p2 e
x [g2(m F o)2(1 — o tanh? ﬁ,(x)i| '

19)

In particular, the expressions for R, u?, and v> we get for k =
1 agree with the expressions in Alvarez and Carreras [17] with
a redefinition of the coupling to our convention. For arbitrary
k we have (with 8, = xf3)

,  (m+ow) coshz(/cﬂx){ (k +1)B? }i

T T wcosh(2kBx) | g2[m + wcosh(2xBx)] ) ’ 20)
,  (m — w)sinh®(kpx) { (k + 1)B? }i

v T + wcosh(2kBx) | g2[m + wcoshRkBx)] )

The equation for w in terms of g2 is determined from the fact
that the single solitary wave has charge Q. We have

+00 +0o0o
0= iy dx =f dx R*(x)

1 1 2 1/k
[ — [M] I,([ot2], (1)
B gZKZ(m + w)
where
+1 1 2.,2
I[o?] = / dy + o’y .
= DT = g2y 2]

= B(1/2,1/k)2F1(1 + 1/k,1/2,1/2 + 1 /k;0?)
+a?B3/2,1/k)F (1 + 1/,3/2,3/2 + 1/ic; &%),
(22)
and ,F; is a hypergeometric function and B(p,q) is the

B function, also called the Eulerian integral of the first kind.
To find w as a function of g2 and Q one solves the equation

2,2 1/
gk~ (m+ w)} 23)

(c + DBZ

In what follows we will scale all parameters in terms of m (i.e.,
w — w/m,etc.). For « = 1, O has a very simple form:

L[o?] = QB [

+00 _
0= [ are - do 2 IR

I-—a)g?  go o
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Now for H| =

1 ,32 1+1/k K+1 1/k o0
Hy= - | P d
el el
1+1/k
e

1 — o tanh? Bex
Again changing variables, letting y = tanh B, x, we obtain

] ) olHljk 171/
H, e U s
kB | m+ow k2g?

ff;o dxR?d6/dx we have

! NV~
_ (I—-y%)
Jelel _ﬁldy(l_azyz)lﬂ/;c
AT AL NS TSR
o )T T2 T )
(26)
Fork =1,
2[V1T—o? —2tanh™" (,/172)]
Hilk =1]=— > 27
8
Now for H, = m [, dxR*cos 260 we have
WD P sech’gx 17"
h=|aa0te ol eyl B
k*g*(1 + w) oo 1 — o? tanh” B x
(28)

Again changing variables, letting y = tanh S, x, we obtain

1/k
(k +1) :| [135]1/1(—1/2KK[O(],

2= |:K2g2(1 + w)
y2)1/K—l

1 (1 _
Klod = L D ety

_p(L (L1 11w 29)
TP\ )P\ 22 Tkl e)

Atk =1,
H=— (30)

III. THE NONRELATIVISTIC LIMIT-NONLINEAR
SCHRODINGER EQUATION

In a previous paper [11] we showed that if we write the rest
frame solutions as in Egs. (5) and take the nonrelativistic limit
where (m — w)/(2m) < 1, then u(x) obeys the equation:

2
T o 2 )+ mux) —
Defining v (x,t) = u(x)e™'®" we find that ¥ (x,t) obeys a
nonlinear Schrodinger equation with a linear term proportional
tom:

ou(x) = g . 31

- .
it 82w+g<www my =0 (32
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(here h = ¢ = 1, but we keep the explicit dependence of m for
clarity in this section). This equation has solutions of the form
Y(x,t) = e "y, (x) where

Vo(x) = Asech!/“[Bx] (33)
and
gz = Pt D (34)
2mgric?
and o is given by w=m — B2/2mk>. Thus B =

k~/2m+/m —w. Note that the expression for A? can be
obtained from Eq. (19) for R? by letting«?> — Oandm + w —
2m and again in the expression for

ﬂDirac:KVm_wvm+w (35)

by replacing m + w — 2m.
The analog of the “charge” (as well as the nonrelativistic
limit of Q in the Dirac equation) is the “mass” given by

L m g
Mlw] =/dxww1/fw= EF(l—-i-(l))

- [Heel]” LA

fr( )[(K+1)(m w)]

" c/mvm—ar (i) o

A. Derrick’s theorem

For the NLS equation we can use the scaling argument of
Derrick [13] to determine if the solutions are unstable to scale
transformation. The Hamiltonian is given by

H = /dX{ S—YiYs +my” } (37)
From the equations of motion one can show that when we
evaluate H for solitary wave solutions then H; = (2/k)H;.

Thus the value of the energy of a solitary wave solution is
given by

M) +

-2
> H3[¥,]. (38)
Here

g2 A2K+2 ﬁl“(l_i_%)
K+l B TE+1)

K

Jr(mfw)r 1+l (k+D(m—w) KL
e
kT(3+ )

It is well known that using stability with respect to scale

transformation to understand domains of stability applies to
this type of Hamiltonian. This Hamiltonian can be written

H = H, + mH, — H, (40)

3 =

where H; > 0 (i = 1,2,3). If we make a scale transformation
on the solution which preserves the mass M = [ y* dx,

¥ — A (), (41)
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we obtain Hy, = A>H; + mH, — A* Hs. The first derivative is

oH

—— =2AH; — kA" Hj. 42

m 1 3 (42)
Setting the derivative to zero at A = 1 gives the equation
consistent with the equations of motion: x H3 = 2H;. The
second derivative at A = 1 can now be written as

9*H

ETv i k(2 — k) H3[ Vo] (43)
The solution is therefore unstable to scale transformations
when k > 2.

B. Linear stability and the Vakhitov-Kolokokov criterion

In the case of the nonlinear Schrodinger equation, it is easy
to perform a linear stability analysis for the exact solutions.
Namely, one lets

Y(x.1) = [Yox) + r(x,0)]e ", (44)
linearizes the equation for r(x,?)
or(x,t) = A,r(x,t), 45)

and studies the eigenvalues of the differential operator A,,.
If the spectrum of A, is imaginary, then the solutions are
spectrally stable. Vakhitov and Kolokolov [15] showed that
when the spectrum is purely imaginary, dM[w]/dw < 0. Also
they showed that when d M [w]/dw > 0, there is a real positive
eigenvalue so that there is a linear instability. For the NLS
equation we have that

M[w] = kB = kim — 0)®™/) k>0, (46)

where k is positive real. Therefore
amM
— =k —2);
o (kK =2)

Thus for k > 2 the solitary waves are unstable.

K > 0. A7)

C. Stability to changes in the frequency at fixed charge

In this section we will study the suggestion of Bogolubsky
that we can determine stability by looking at whether the
energy of the solitary wave is increased or decreased as we
vary the frequency w for fixed values of the charge. That is if
we parametrize a rest frame solitary wave solution of the NLS
equation, which has a charge M[w], given by

Yo(x,1) = xs(x,0)e ", (48)
then we choose our slightly changed wave function to be
Vlx,t,0' 0] = ﬂx‘v(x,w’)ef"‘”,’
VM[']
= f(o,w)xs(x,0)e (49)

Then the wave function 1/~/[x,t,a)’,a)] has the same charge as
Y¥x,t,w]. Inserting this wave function into the Hamiltonian
we get a new Hamiltonian H,, depending on both ',w. As a
function of «’ the probe Hamiltonian H,, is stationary at the
value @ = w. The probe Hamiltonian has the form

Hp[a)”g)] = H3[0)/]|:§f(a)’,a))2 _ f(a)/’a))Z(K+1)i|

+mM[w'] f (0 ). (50)
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For this probe, the first derivative is identically zero for
the exact solution when @’ = w. The second derivative with
respect to o’ evaluated at o’ = w is exactly zero at k = 2, it is
then positive for all w for ¥ < 2 and strictly negative for all w
for k > 2. Thus this test agrees with all the other variational
methods in giving instability for all @ when « > 2. It has
nothing to say at the critical value k = 2.

The second derivative evaluated at o’ = w is explicitly
given by

0 H, [/ 0|  NTQ—K)k+ )5 (m— ) "'T(1+1)
00 |y 442200 (3 + 1) '

61V

IV. VARIATIONAL APPROACHES TO THE STABILITY OF
EXACT SOLUTIONS OF THE NONLINEAR
DIRAC EQUATION

In this section we will investigate whether the variational
methods that were successful in determining the domain of
stability in the nonrelativistic regime could be extended to
the full relativistic regime (w < m) of the NLD equation. We
will show that these three approaches suggest totally different
answers as to the domain of stability as a function of w.

A. Stability to scale transformations at fixed charge

The first approach to stability (Derrick [13]) is to consider
how the energy of the solitary wave responds to the scale
transformation x — Ax [12]. The exact solution is a stationary
value of H; when A = 1 with the constraint that the charge is
kept fixed. The assumption of this approach is that if the second
derivative is negative at A = 1 then the solutions are unstable
to scale transformations and thus unstable.

Bogolubsky applied this argument to the Dirac equation and
obtained a result, which we will present, that suggests that for
the NLD equation for ¥ > 1 the solitary waves are unstable.
This disagrees with our intuition, presented in Ref. [11] that
in the nonrelativistic regime the NLD solitary waves should
obey the same pattern of instability as the NLS equation. This
intuition has been given more credence in the recent linear
stability analysis of the NLD equation by Comech [14], which
relies on studying the NLD equation in the nonrelativistic
regime. In that study, it was found that in the nonrelativistic
regime, the stability of the NLD equation solitary waves
should go over to the NLS equation result that for « < 2 the
solitary waves are stable. Our numerical evidence supports this
analysis.

The solution is of the form

Yx) = (l.”;) = R(x) (f;fﬁ)) . (52)

If we want to keep the charge fixed we consider the following
stretched solution:

_fu)_,! cos 0(Ax)
Valx) = (iv) = A2 R(x) (i sin@(kx)) L)
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The value of the Hamiltonian
2
= [ ax [wiwalw - g—ww]
Kk+1
=H + H, — H;, (54)

for the stretched solution is H;, = AH; + H, — A* H3, where
again H; are all positive definite. The first derivative is

dH,
o
At the stationary point, setting A =1, we obtain H; =
(1/x)H;, which is consistent with the equation of motion result
we obtained earlier (h; = hy/x). We see that for k = 1 the
energy is given by just H,. The second derivative yields
3% H,
A2
From this we see thatif k > 1, this analysis would suggest that
solitary waves are unstable to small changes in the width. For
k < 1 the solitary waves are stable to this type of perturbation.
The case ¥ = 1 would require a separate treatment since this
analysis yields no information.

The weakness in this argument is that one needs to prove
that the stable solutions of the NLD equation are not merely
stationary solutions of the variational principle but are actually
minima of H,. The fact that this idea disagrees both with
the continuity argument of Comech [14] and our simulations
makes us seriously doubt this assumption. We find that even
at k = 2 there is a range of w near m where the solitary waves
are stable.

= H, — kA\""H;. (35)

= —k(x — DA Hs. (56)

B. Stability to changes in the frequency at fixed charge

Bogolubsky [12] also suggested that the stability could be
ascertained by looking at variations of the wave function,
keeping the charge fixed and seeing if the solution was a
minimum or maximum of the Hamiltonian as a function of the
parameter w. If the deformed solution decreases the energy,
then he assumed that this is a sufficient condition for the
solitary wave to be unstable. Bogolubsky applied this criterion
only for the case x = 1 since he presumably thought that
Derrick’s theorem was applicable at all other values of «.

We know the wave function ¢ for the solitary wave at the
value of w corresponding to a fixed charge Q. If we change
the parametric dependence of ¢ on w this also changes the
charge. This can be corrected by assuming that the new wave
function has a new normalization that corrects for this. That
is if we parametrize a rest frame solitary wave, which has a
charge Q[w] given by Eq. (21), as

Us(x.0) = x(x,w)e ", (57)
then we choose our slightly changed wave function to be
7 / Q[CU] N —i't
Vix.to'\ 0] = Xs(x e
Qlo']
= [\ 0)xs(x,0))e . (58)

The wave function 1/7[x,t,a)’,a)] has the same charge as
Y¥x,t,w]. Inserting this wave function into the Hamiltonian
we get a new Hamiltonian H, depending on both o',w. As

PHYSICAL REVIEW E 90, 032915 (2014)

a function of ' the probe Hamiltonian H), is stationary
at the value ' = w. The criterion Bogolubsky proposes is
that the solitary wave is unstable to this type of perturbation if
the probe Hamiltonian has a maximum at @’ = w. What we
will find using this approach is that the second derivative of
the probe Hamiltonian is negative below a critical value of w,
where wp = 0.7, suggesting an instability for all w less than
this value. For ¥ < 2 using this criterion we find a regime near
w = m where w < m and the second derivative is positive, sug-
gesting stability in the nonrelatistic regime in agreement with
Comech [14]. We will use the notation wp for the critical value
of w below which the Bogolubsky criterion leads to instability.
The probe Hamiltonian has the form:

Hp[a)/,a)] = Hl[a)/]|:f(a)/,a))2 _ lf(a)/,a))z('(ﬂ)i|
K

+ Ho[1f (@, 0)*. (59)

In what follows we will suppress the dependence of H, on
g since that dependence is multiplicative, namely, H, g%
For all values of « we find that the first derivative of H,
with respect to ' evaluated at @ = w is indeed zero. The
behavior of the second derivative evaluated at o = w as a
function of w, is different as we change «. For x < 2 the
second derivative becomes negative for v < wp ~ 0.7 and
becomes positive above that value. This is seen in Fig. 1
forxk = 1.

For « > 2 there is a second regime near the nonrelativistic
limit where the second derivative again becomes negative.
For example when « = 5/2 the second derivative becomes
negative both for @ < 0.699276 and in the nonrelativistic
regime @ > 0.902641. This is shown in Fig. 2. Thisis in accord
with the fact that for ¥ > 2 the NLS solutions are unstable to
blowup. However, note that there is a range of w where the
second derivative is positive where stability is not ruled out by
this criterion.

For « = 1 we have that

_ Blole'
Blow’
where B[w] = /1 — w?. The first derivative of H,, with respect

to ' evaluated at o' = w is zero. The second derivative
evaluated at ®’ = w leads to the following expression:

2V = (e —3) + 4 tanh ™' (/2=2)]

w?(w? —1)2

f(@ w)?

(60)

32 H,lo' 0]
w2 o

w=w

(61)

This function is zero at wg = 0.697586, and the second
derivative is negative below this value of w (see Fig. 1). The
values of wp vary very slightly with «. We find

wp = 0.703714 for « = 1/10;

wp = 0.699767 for « =1/3,

wp = 0.698531 for « =1/2; (62)
wp = 0.697586 for «k =1,

wp = 0.697963 for « =3/2;

wp = 0.698612 for « =2.

032915-6



STABILITY OF SOLITARY WAVES IN THE NONLINEAR ...

* H

&’ w'

PHYSICAL REVIEW E 90, 032915 (2014)

0.6

FIG. 1. (Color online) Second derivative of probe
Hamiltonian at ' = w as a function of w for k = 1.

One can view the probe Hamiltonian in a slightly different fashion. Suppose we were choosing trial wave functions which have a
fixed charge Q = 1 in a time-dependent variational approach to the problem. Then we would choose as our trial wave functions

to be

sz

Ylw]
Vv QOlw,g?]

(63)

Here Q[w,g?] = [ dx 1. We would now find that the new Hamiltonian is given by

) 1
Hylw,g"] = Hi[w]

Olw,g’] «

H>[w]

= 64
Qlw,g?] )

1 K+1
(QM@Q) }+

Thinking now of w as a variational parameter to be determined by the minimization of this Hamiltonian we would next
determine  as a function of g2 by finding the stationary value of this Hamiltonian.
As an example let us choose k = 1, where o for fixed charge Q is a function of g2. Then

Hylw,g*] = —

grof(@® — 1)(g%0 — 2v/1 — ?) + 2(g%wv1 — @* + 40” — 4)tanh ™" (,/172)]

(65)

The first derivative is zero when g*[w] is given by Eq. (24),
i.e.,

W=
glo] = 2 (66)

w

Also the second derivative of this Hamiltonian, evaluated at
g%[w] changes sign exactly at wz = 0.697586. This approach
can be shown to be equivalent to the Bogolubsky approach and
yields the same values of wg.

C. Vakhitov-Kolokolov criterion

In this section we will study the consequences of assuming
that the Vakhitov-Kolokolov criterion, which was derived for
the NLS equation, holds for the whole range of @ in the NLD
case. That is we will explore the consequences of assuming
one has stability when

dQlw]
dw

<0, (67)

21 — w?)?

(

and instability otherwise. For the NLD equation one has that

A+ (1 — )0 (141
- ko(w + D1 — w?

1,13, 11-0
2’ kK'2 k14w

Olw]

X (K + 1)((1)"‘ 1)2F1 (—

2 2 K1+t
(68)

1 13 1 1l-w
+o(—k +ow—1F | =, 1+—;- 4+ —; )

where »F) is a hypergeometric function. Taking the derivative,
we find that for « < 2 it is always negative, suggesting that
the solitary waves are stable in the entire range of w values,
i.e.,0 < w < 1. For k > 2 one finds that there is a region of w
below the curve w*(«x) where the solitary waves are suggested
to be stable (Fig. 3). However, both suggestions will not be
confirmed by our simulations (Sec. V). Thus the Vakhitov-
Kolokolov criterion is not valid for the NLD case.
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FIG. 2. (Color online) Second derivative of probe Hamiltonian at
o' = w as a function of w for x = 5/2.

V. NUMERICAL METHODS

We have shown that different theoretical methods lead to
different results on the stability of NLD solitary waves. In
order to understand and resolve these inconsistent results, we
try to study numerically the stability of NLD solitary waves.
We first tried a fourth-order Runge-Kutta method which had
worked very well for forced NLS equations with arbitrary
nonlinearity exponent k [19]. However, for the NLD equation
we obtained inconsistent results, in particular for small values
of k. Various other numerical methods have been proposed in
solving the NLD equation, and readers are referred to a recent
review [20]. It is also reported there that the operator splitting
(OS) method performs better than other numerical methods
in terms of accuracy and efficiency. The main advantage of
the OS method is that different numerical techniques can
be exploited into integrating the subproblems in view of the
features of the subproblems. In this work, we will employ the
OS method to investigate the stability of NLD solitary waves.
The NLD system is decomposed into two subproblems: one
is linear and the other one is nonlinear, and both of them
can be integrated analytically with the nonreflection boundary
condition (NRBC). For the sake of completeness, we will
briefly describe below the OS scheme used in this paper; the

I . . . I : . I . . . I
4 6

FIG. 3. (Color online) w* as a function of «x. For o < o*,
dQ/dw < 0 and there is no instability predicted for this deformation
in this regime of w.
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related detailed theoretical analysis and numerical comparison
with other schemes can be found in Ref. [20].
For convenience, we rewrite the NLD system into

¥, =(L+N)W, (69)

where the linear operator £ and the nonlinear operator N are
defined by

LU= -y W, NW:=i(f —m)y'¥

with f := g?w* and w := WW. In consequence, the prob-
lem (69) may be decomposed into two subproblems as follows:

v, =LV, (70)

v, = NW. 71)

Due to the local conservation law [see Eq. (78) below] the
solution of the nonlinear subproblem (71) may be expressed as
an exponential of the operator NV acting on “initial data.” Thus
we may introduce the exponential operator splitting scheme
for the NLD equation (69), imitating that for the linear partial
differential equations. Based on the exact or approximate
solvers of those two subproblems, a more general K-stage
Nth-order exponential operator splitting method [21] for the
system (69) evolving from the nth step to the n + 1-th step can
be cast into a product of finitely many exponentials as follows:

K
v = [ e (@A) exp (AD) . 2

i=1

where 17; = a;7, with T > 0 being the time step size, denotes
the time step size used within the ith stage and satisfies
ZiK=1 a; =1, and {A(l),Aﬁz)} is any permutation of {£,N}.

The classical second-order Strang method [22] can be rep-

resented by %%T (.e., a; = % for i = 1,2) if denoting a; :=
et A et A” and al = etA” e A" [21]. The remaining task is
to determine the operators e* L and eV , 1.e., the solvers of the
subproblems.

The computational domain is set to be [0,#5,] X [ X1, Xg].
Let t, =nt (n=0,1,...,t5/7) and x; = X; +(j — Dh
(j=12,...,J)with x; = Xg. The ghost points are denoted
by x¢ and x;;. Here T and % are the time spacing and the
spatial spacing, respectively.

A. Linear subproblem

We now solve the linear subproblem (70). We denote its
“initial data” by ¥ = ((y)7.(¥2))T at the ith stage
in (72) and its solution after 7; by \Il(jl) = ((wl);'),(l//z)y))T.
Denoting ¢ = ¥ + ¥, and ¢, = Y| — ¥, the linear sub-
problem (70) can be rewritten as

0:¢1 + 0x¢p1 =0,
012 — 0x¢p2 = 0,

which means that the initial data of ¢; (resp. ¢,) simply
propagate unchanged to the right (resp. left) with velocity 1.
Therefore (73) can be exactly integrated by the characteristics

(73)
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TABLE I. Accuracy check for the OS method with NRBC and a rational fourth-order splitting. We take a normalized solitary wave with
k =1 and w = 0.50 as an example, and measure the related quantities within the domain [—100,100] at # = 100. Here 7 is the time step size,
err; and err, are, respectively, the [? and [* errors, ¢ denotes the centroid position of charge density, Vo, Vi, Vp» measure, respectively, the
variation of charge, energy, and linear momentum at the final time relative to the initial quantities.

T err, Order elToo Order q Vo Ve Vp
0.1 2.99E-09 2.12E-09 2.75E-14 2.22E-16 2.22E-16 2.28E-16
0.05 1.86E-10 4.01 1.32E-10 4.01 3.20E-15 1.78E-14 8.33E-15 3.57E-17
0.025 1.16E-11 4.00 8.24E-12 4.00 1.33E-14 7.66E-15 3.44E-15 2.30E-16
0.0125 7.26E-13 4.00 5.87E-13 3.81 1.23E-14 1.14E-13 5.55E-14 2.98E-16
method with 7; = £ as follows: obtain the solution W'" = ()", (12)")" of the following
form:
@0} = @D, oW
) () (74) 1) (¢1)j + (¢2)]‘

(#2);" = (92); 14> W), = — o6
with j =1,---,J, and the values at the ghost points are ) (¢l)5‘1) - (¢2)§1)
naturally given by NRBC as (Wz)_i = 2 )

@10 1= 1 (x0,1) = 0 The characteristic method is very appropriate for the linear
o 10 ’ (75)  subproblem (70) only under the condition of i to be an integer

(@2) 741 1= 2(xy41,1) =0,

where we have merely used the fact that outside a relatively
big domain [X,Xg], the NLD spinor ¥ is negligibly small
for it decays exponentially as |x| — +o00. Consequently, we

J

T —~—~T

foralli =1,...,K, i.e., all a; must be rational. That is, the
spatial spacing i should be smaller than the time spacing
7, which results in huge computational cost. For example, a
fourth-order splitting with rational a; demands 18 stages given
in Ref. [21]:

T T T B T R R B R R R I I R R N I o
12 1212 612 12 12 12 1212 12121212 6 1212 12
[
and requires that # = ;57, which implies that the number of ~ follows:
grid points is J = 96 000 if choosing T = 0.025 and —X; = o e o o
X = 100. To accelerate the simulations, we will adopt the ¥, =exp|i /(’_) (f —m);y~dt | ¥;
multithread technology provided by OpenMP. Note in passing fn
that. nqmerlcal results for t'he (0N .methoq are reported only for = exp [i(f — m)g.o)yot,-]\ll}o)
periodic boundary conditions with an irrational fourth-order
splitting [20]. = diag{exp[i(f —m){ 7],
x exp[—i(f —m)Pr]}w. (79)

B. Nonlinear subproblem

The nonlinear subproblem (71) is left to be solved now. Its
“initial data” are still denoted by ‘Il(jo) = ((wl)(,.o’,(wz)(jo))T at
the ith stage in (72), and define '

i—1
1® =tn+2tp, i=12,... K.
p=1

For the nonlinear subproblem (71), it is not difficult to verify
that

qw=0, of=0. (78)
Using this local conservation law gives analytically the
solution at z = ¢V of (71) with the “initial data” \Il;O) as

With NRBC, subproblems (70) and (71) can be both solved
analytically, and the numerical error only comes from the
operator splitting in time. That is, the OS method with the
rational splitting (77) (recall that the spatial spacing h = {5),
denoted by OS(4) hereafter, is of the order O(t*), which is
confirmed numerically by simulating a normalized standing
wave with k = 1, w = 0.50 and the centroid located at x = 0
(see Columns 2—5 of Table I), where err, and erro, are the /2
and [*° errors, respectively. The centroid position g (¢) does not
change at all until + = 100; see Column 6 of Table I. We have
also shown there that Vy, Vg, Vp, measuring, respectively,
the variation of charge, energy, and linear momentum at
t = 100 relative to the initial quantities, are all almost zero
(see Columns 7-9), which demonstrates that the OS(4) method
is able to keep the charge, energy, and linear momentum
constant before the instability happens. (In fact, it will be
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shown later that this normalized standing wave is unstable
and the instability appears at ¢+ = 11036; see Fig. 6.) We can
conclude that the OS(4) method is highly accurate and the
numerical error is controlled only by the time step size t for

no approximation is used in space.

To perform the numerical study of the stability of NLD
solitary waves, the employed numerical method is required

PHYSICAL REVIEW E 90, 032915 (2014)

to be not only of high-order accuracy but also immune to
the effect of artificial boundaries X, g. NRBC (75) used in
the OS(4) method can avoid completely the numerical effect
of X; r on the stability of NLD solitary waves provided
a relatively big domain [X;,Xg] is adopted, since it is
transparent for outgoing waves and does not allow any waves to
be pumped into the computational domain. In such situations,

14 : . :

0 — o =00l 0-25 — & =001
— 5 =002 — =002
= —oztn

012y —5Z00 —&Z0.05
— 5 =0.00 0.2t — 5 =0.00
—5=00 — 6 =007
0.1 w = 0.08] w = 0.08
w=20.0 w=20.0
wzg,% w:gé
w = U. w = U.
0.08 w =040 015¢ w =040
o ﬁggigc <) ﬁ%gig
< | —
0.06 o=08 il — & = 0.80/
w=20.9 . —w =20.9
0.04
0.05} :
0.02
% 2 ‘
- 30 -30 —20 20 30
0.35 — & =0.01 0-35 — o =0.01
— 5 =002 — & =002
= =
03r — ) 03¢ — g
— =000 — & =000
—5Zi —EZin
0.25¢ o=00g 025 © = 0:0d]
O=01 o=01
9203 9203
0.2 w = 0.30] 0.2} w = 0.30]
Z 04 — 04
o ﬁ:g.g o 528‘%
U w="u. QU w=0.
0.15 —«=0i ots —e =04
— =09 — =009
0.1F : 0.1
0.05f : 0.05}
0 0
-10 10 -10 10
4 ‘ 4 :
0 — =001 0.45 — =001
—c2i =
0.35/ —&Z ool 04y S— ¥
= =
—w = U. L —w = U. |
0.3k —w=007 035 — & =0.07
. w = 0.08 w = 0.08
w =0.09 w = 0.0
=01 0.3r w = 0107
0.25F w = 0.201 w = 0.20
=040 _ozs © =040
w =0U. . r w = U. Il

Q ool L=050] O O=05

Q. Y- w = 0.6 Q. w=10.6
—w =0.7 0.2+ —w = 0.704
—6=08 — 5 =08

0.15 —w = 0.904 — 0 =009
0.15 g
0.1 0.1} 1
0.05 0.05f ]
0
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FIG. 4. (Color online) Typical profiles of the charge density py for various exponent powers (or the nonlinearity parameter) « and
frequencies w. Smaller values of w correspond to the outer double peaks and larger values to the inner single peak.
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TABLEII. The first column represents the computational domain lenghts [—L, L]. The other columns show the time at which the quantities
q, €ITog, €T, Vp, Vi, and V become larger than a given tolerance € (=1.0 x 1073). Here g denotes the centroid position of the charge density

and T = 0.025.
L q CITo CeI1) Vp VE VQ
Two-hump wave withx = 1 and w = 0.1
50 147 121 121 135 131
75 146 122 122 135 132
100 146 122 122 134 132
125 146 122 120 135 139
150 145 122 122 133 132
One-hump wave withx = 1 and w = 0.5
50 7373 6585 6614 6580 6601 6921
75 9552 8728 8724 8720 8876 9177
100 11036 9935 9937 9930 9930 10412
125 12 905 11673 11 670 11672 11 670 12 183
150 14 641 13561 13 560 13 560 13 560 14 104

we can also prove easily that the OS(4) method conserves the
total charge. In summary, the proposed OS(4) method with
NRBC is very appropriate and will be used for investigating
the stability of NLD solitary waves.

VI. NUMERICAL RESULTS

In accordance with the theoretical results, we consider
merely the normalized NLD solitary waves; i.e., the charge is
fixed to be Q = 1. For such normalized NLD waves, only the
frequency w can be adjusted to get different profiles if fixing
the mass m = 1 and the exponent power (or the nonlinearity
parameter) k. For « = 0.1,0.5,1.0,1.5,2.0,2.4, Fig. 4 plots
the profile transition of charge density pp when w increases
from 0.01 to 0.9. It is clearly observed there that, as the
frequency increases, the charge density is transmitted from
a two-hump profile to a one-hump profile during which the
valley of the two-hump wave rises until the one-hump wave is

formed and then disappears; the maximum height of the peak
of the one-hump wave is larger than that of the two-hump wave
for k = 0.1,0.5,1.0, comparable for x = 1.5 and less than
for k = 2.0,2.5. Actually it has been proved that the charge
density has either one hump or two humps under the pure scalar
self-interaction and also conjectured that there is a connection
between the stability and the multihump structure [11,23]. In
the following we will use the OS(4) method with NRBC to
study such stability of normalized NLD waves and determine
the range of w in which the NLD solitary waves are stable or
unstable for a given nonlinearity (or exponent power) «. For
simplicity, we only consider here the standing waves with the
centroid located at x = 0.

A. k=1

In this section, we present the numerical results for the
Soler model [16], i.e., k = 1. The first numerical simulation

-3 t=122 t=146
12719 0.25
1r B 1
PO 02
0.8 I 1
5 i £ 015
i 5% ERhe
U & QU
I 0.6} E |
:
g 2 o4
0.4t :
0.05
0.2t -
ol ‘ LA ‘ ‘ 0 ¥l
-15  -10 -5 0 5 10 15 -15  -10 -5 0 5 10 15
T x

FIG. 5. (Color online) Unstable two-hump solitary wave with « = 1 and @ = 0.1: Snapshot of the difference of the charge density between
the numerical solution and the reference solution at r = t, = 122 and ¢ = r, = 146 (left and right panels, respectively). Here T = 0.025 and
L = 100. For each mesh point for x, there is only one value of the absolute difference. Due to the instability the wave breaks up into several
waves, which seem to be represented by curves because of the very fine mesh.
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FIG. 6. (Color online) Unstable one-hump solitary wave with x = 1 and w = 0.5: Snapshot of the difference of the charge density between
the numerical solution and the reference solution at t =, = 9935 and ¢t = 7. = 11036, (left and right panels, respectively). Here 7 = 0.025
and L = 100. The comment about the very fine mesh in Fig. 5 holds here as well.

is performed using the OS(4) method for the two-hump
wave with @ = 0.1; see Fig. 4(c). A large computational
domain[—L,L](i.e.,X; = —L,Xg = L)issetwith L = 100.
The time spacing, the parameter controlling the numerical
error, is taken to be v = 0.025. That is, the numerical error
introduced by the OS(4) method at each time step is about 7# ~
3.91E-07. However, the numerical error often accumulates
slowly over time. If the solitary wave is unstable, such a slowly
accumulated numerical error will be amplified in a relatively
short period, after that the wave will change its position, which
implies that the instability happens. This indeed occurs when
w = 0.1; see Row 5 of Table II. There we have shown the
instants of time at which the monitored quantities, g, err, erty,
Vp, Vg, become larger than a given tolerance € (=1.00E-03
here). It can be seen that err.,, erry, Vg, Vp, and ¢ increase
over € in sequence. We denote the instant at which the centroid

x 107

position g (resp. erry,) becomes larger than € by 7. (resp.
t.). In Fig. 5 we plot the difference of the charge density
between the numerical solution and the reference solution at
t, = 122 and t; = 146, respectively. Meanwhile, the history
of g and err is displayed in Fig. 7(a). It is observed there that,
although the accumulated numerical error is larger than € at
t, = 122, the NLD wave still preserves its two-hump shape and
its centroid hardly wavers from the initial position; after that,
eIt increases quickly, soon the wave loses its shape, many
waves are then generated, and the centroid moves from x = 0
over € at t; = 146. Hereafter, we define 7, to be the moment
at which the instability sets in. As shown clearly in Fig. 5,
the entire process from err,, > € to g > € develops very fast
because it takes place only in the central area (around the initial
centroid position x = 0). This is also confirmed by numerical
simulations within the domain [—L, L] of different length, say,

X 10 0.014
0 ¢ 10.012
: ,
1
0 "o -2 b {001
1 al
! —
= S NS} W Jo.oos =
= ) R M -
S k Sl %
! @ -6f 10.006 ©
—1r ;o1
! -8t 10.004
/ 1
) —10t r' 40.002
; &
1 v'
) 1 L 0 —12 . L L 1 V"M\ %
0 50 100 150 0 2000 4000 6000 8000 10000 12000
t t
() w=0.1 (b)w=05

FIG. 7. (Color online) Plots of the centroid position g(#) (solid line) and the [*° error err., (dashed line) vs time for « = 1. Here 7 = 0.025

and L = 100.
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L = 50,75,100,125,150, which reveal that instants of time
at which the monitored quantities become larger than € are
nearly independent of the domain length; see Rows 2-7 of
Table II. During the process, no charge is radiated out from
the central area, and thus the total charge is conserved, e.g., at
ty =146 Vo ~ 2.23E-14 for L = 75, and V¢ >~ 9.66E-15 for
L = 100.

The second numerical simulation is performed for the
one-hump wave with @ = 0.5; see Fig. 4(c). The setup of
the OS(4) method for simulating the two-hump wave with
w = 0.1 is used. We plot the difference of the charge density
between the numerical solution and the reference solution at
t, = 9935 and 7y = 11036 in Fig. 6 as well as the history
of ¢ and erry, in Fig. 7(b). Therefore this one-hump wave is
considered to be unstable. However, contrary to the fast process
occurring only in the central area when w = 0.1, the entire
process from erro, > € to g > € develops very slowly when
w = 0.5. As demonstrated by Figs. 6 and 7(b), the reason for
such a slow process is the following: Although many waves
of small amplitude are generated because of the instability,
the wave is unstable only if enough generated waves move
outside the computational domain. This is further confirmed
by numerical simulations within domains of different lengths,
the results of which can be found in Rows 8-13 of Table II.
Those results show that the variation of charge V, decreases
by € before the instability occurs at #.; and ¢, linearly depends
on L as plotted in Fig. 8.

We have shown above that the OS(4) method with NRBC
is capable of capturing the instability regardless of whether
it occurs quickly or slowly. When the time step size t, the
only parameter controlling the numerical error, decreases
from 0.025 to 0.0125, we have a very small change of 7., e.g.,
t. = 146 (resp. t. = 11306) for T = 0.025 and 7. = 148 (resp.
t. = 11278) for r = 0.0125 when w = 0.10 (resp. w = 0.50).
Consequently, the methodology to determine the stable range

0.7 :
50 100 150

L

FIG. 8. (Color online) Plot of 7. at which the centroid position
q(t) becomes larger than € (=1.00E-03 here) with respect to L for
k = 1 and w = 0.5. The computational domain is [—L,L] and five
different lengths are tested. The concrete data are given in Table II.
Here t = 0.025.
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0.1 0.2 0.3 0.4 0.5 0.6
w

FIG. 9. (Color online) Plots of the instant 7. against the fre-
quency o for 0 < k < 1. The value of « increases from left to right.

for w [denoted by €2,., being a subset of (0, 1)] in which the NLD
waves are stable, is to use the OS(4) method with T = 0.025
and L = 100 to simulate the wave with the frequency wy. If the
centroid position ¢ () is always less than the given tolerance €
before a prescribed final time #4,, then wy € 2, otherwise the
NLD wave with wy is unstable, i.e., wg € (0,1)\€2,. For the
sake of confidence in our results, #5, should be long enough,
and we choose t5, = 40000 in this work.

Our numerical simulations reveal that 2; = [0.56,1). When
the frequency approaches 0.56 (the lower end of €2;), the
instant of instability 7, increases exponentially; see Fig. 9.

B.0<k <1

For k € (0,1), we find the stable region 2, for w as
follows: Q]/]o = [035,1), 91/4 = [040,1), 91/2 = [0.47,1),
and Q3,4 = [0.53,1), all of which are left-closed and right-
open intervals with the same right end of 1. Moreover, it is
observed that the left end of €2, increases monotonically as
k increases from 0 to 1, and the limit is about 0.60 for larger
values of «; see Fig. 10.

C.l<k<?2

For « € (1,2), we find two types of stable region €2,: the
first type is a left-closed and right-open interval with the
left end around 0.60 and the right end at 1, e.g., Q5.4 =
[0.58,1) and 27,4 =[0.89,1); the second type consists of
two disjointintervals, e.g., 2118 = [0.58,0.67] U [0.77,1) and
Q35 =[0.59,0.64] U [0.85,1). In Fig. 11 we plot ¢, against w
for 1 < k < 2, where ¢, is not available for the stable NLD
waves and we use t5, = 40000 instead. That is, the flat part
of the curve with a value of 40 000 corresponds to the waves
in the stable region. It can be easily observed there that: When
the exponent power k is slightly larger than 1, we have a
large stable region of the first type; when we keep increasing
Kk, this large stable region is divided into two small intervals
located around the left end and the right end, respectively,
which form together the stable region of the second type,
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FIG. 10. (Color online) Plot of the left end of the stable region
Q, for0 <k < 3/2.

one closed interval with the left end around 0.60 and the other
left-closed and right-open interval with the right end of 1; when
k approaches 2, the small interval around 0.60 disappears, and
then we have again the stable region of the first type but of
much shorter length. As the frequency approaches the left end
of Q,, the instant of the instability 7. increases exponentially.
In the case of a stable region of the second type, f. for the
unstable NLD waves with the frequency @ between the two
disjoint intervals oscillates in w and decreases monotonically
in k¢ for a given frequency.

D.k>2

For « > 2, the stable region exists only for « slightly
larger than as well as equal to 2, e.g., 2, =[0.92,1), 2, =
[0.93,0.97], and €2,, = [0.93,0.94]. For larger x, the NLD

x 10
4,

—e—r=>5/4
——r=11/8}
——Kk=3/2
——k=T/4

0.5 . . . . 1
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
w

FIG. 11. (Color online) Plot of 7. vs w for 1 < k < 2. For the
NLD waves in the stable region, 7. is not available, and we use
tsn = 40000 instead. That is, the flat parts of the curve with a value
of 40 000 correspond to the waves in the stable region. The value of
Kk increases from top to bottom.
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FIG. 12. (Color online) Plot of ¢, vs w for « > 2. For the NLD
waves in the stable region, 7. is not available, and we use #5, = 40 000
instead. That is, the flat parts of the curves with a value of 40000
correspond to the waves in the stable region. The value of « increases
from top to bottom.

waves are unstable for all w € (0,1),e.g., Q2,3 = Q24 = &.In
Fig. 12 we plot 7, against k and see that the instant of instability
t. increases exponentially as w approaches the left end of €2,
and decreases monotonically in « for a given frequency.

E. Discussion

According to the discovered stable region €2, for ¥ > 0
and Fig. 4, we can conclude that all stable NLD waves are
of one-hump profile, which gives a positive answer to the
conjecture put forth in [11,23], i.e., the NLD waves of two-
hump structure are unstable. This is also in accordance with
numerical observations in Ref. [24], which imply that the two-
hump NLD solitary waves may collapse during scattering (i.e.,
after collision they stop being solitary waves), whereas the
collapse phenomena cannot be generally observed in collisions
of the one-hump NLD solitary waves.

When the exponent power « (denoting the strength of
nonlinearity) increases, the stable region 2, narrows. For a
given w in the unstable region, the moment of instability .
decreases monotonically with increasing «; see, e.g., Figs. 11
and 12. Particularly, for w = 0.1, we find that ¢, is inversely
proportional to «; see Fig. 13.

VII. SUMMARY

In this paper we reviewed various variational methods that
had been put forward to determine possible criteria for the
exact solitary wave solutions to the NLD equation to be
unstable. We showed that these methods yield inconsistent
results (in contrast to the NLS equation for which the results
of all these methods agree): The arguments of Bogolubsky
suggested that for w less than a critical value wp = 0.7, which
is practically independent of «, the solitary waves should be
unstable to slight changes in w for fixed charge Q. An argument
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FIG. 13. (Color online) Plot of . against « for unstable NLD
waves with w = 0.1.

based on scale transformations suggested that the solitary wave
solutions are unstable for all « > 1. The Vakhitov-Kolokolov
criterion suggested that for ¥ < 2 all solitary waves are stable,
and for k > 2 there is a region of w below a curve w(k)
where the solitary waves are suggested to be stable. As the
above suggestions yielded inconsistent results, we performed
extensive numerical simulations in order to determine the
stability regions €2, for w. For 0 < « < 1 the stability regions
are left-closed and right-open intervals with the same right
end of 1, while the left end increases with k. For k = 1 the
stability interval is [0.56,1). For 1 < ¥ < 2 we find two types
of Q,: The first one is a left-closed and right-open interval
with the left end around 0.60 and the right end at 1. The
second type consists of two disjoint intervals. For x = 2 there
is a stable region just below 1. For k > 2 a very narrow stable
region exists only for « slightly larger than 2. For 0 <« < 1
the time 7, when an instability sets in, increases exponentially

PHYSICAL REVIEW E 90, 032915 (2014)

with w while the stable region is approached. For 1 < « < 2,
t. is a very complicated function of w in the instability regions
and ¢, decreases monotonically with increasing «. The stability
of the solitary waves depends on their profile, i.e., on the shape
of the charge density as a function of x. All stable waves have
a one-hump profile, but not all one-hump waves are stable. All
waves with two humps are unstable. An open issue is the study
of collisions of NLD solitary waves with different « values.
Our results are relevant to understanding nonlinear phenomena
in Bose-Einstein condensates in honeycomb lattices [1,2]
and optical binary waveguides [3,4] as well as nonlinear
dynamics [5] and diffraction in photonic graphene [6].
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