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ARTICLE INFO ABSTRACT

Keywords: We study the effective dynamics of ferromagnetic spin chains in presence of long-range
Heisenberg spin chains interactions. We consider the Heisenberg Hamiltonian in one dimension for which the
Long-range interactions spins are coupled through power-law long-range exchange interactions with exponent
Fractional equations o. We add to the Hamiltonian an anisotropy in the z-direction. In the framework

Modulational instability of a semiclassical approach, we use the Holstein-Primakoff transformation to derive

an effective long-range discrete nonlinear Schrédinger equation. We then perform the
continuum limit and we obtain a fractional nonlinear Schrédinger-like equation. Finally,
we study the modulational instability of plane-waves in the continuum limit and we
prove that, at variance with the short-range case, plane waves are modulationally
unstable for « < 3. We also study the dependence of the modulation instability
growth rate and critical wave-number on the parameters of the Hamiltonian and on
the exponent «.

1. Introduction

Simplified models of magnetic systems, like the Ising model, have allowed the understanding of complex magnetic
phenomena and the theoretical interpretation of phase transitions [1]. Specifically, the study of low dimensional spin
systems has been at the center of a constant attention in the field of magnetic materials [2-4]. Applications of models
of magnetism cover a very wide range of phenomena, from classical and quantum transport to nuclear magnetic
resonance [5]. An important role in the study of magnetic systems is played by the description of strong correlations and of
the nonlinearities induced by inter-spin interactions [6,7]. On the other hand, the effects of long-range interactions, where
each unit is coupled to all others, motivated a remarkable activity in the last decades [8-10]. First studies of models of
classical spins with long-range interactions date back to Refs. [11,12]. A typical interaction which is relevant for a number
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of systems, ranging from gravitational ones to dipolar magnets and gases, is provided by the power-law decay 1/r¢,
where r is the distance among constituents. It is well known that a first criterion to determine the long-range nature of
a system with power-law decaying interactions is based on the comparison of « with the space dimension d. If « < d
and if the system is homogeneous, then it displays a diverging energy density. Thus, in order to obtain a well defined
thermodynamic limit, the so-called Kac rescaling of the energy is required. In the following, we will refer to this region
as the non-additive or strong long-range region. If « > d, the energy of the system is additive and it is useful to introduce
a value of «, which we denote by «*, such that for « > o* the system behaves at criticality as a short-range system [13].
Since o* > d, there is a region of values of «, given by d < @ < «*, in which the behavior of the system significantly
differs from the one of the same system with short-range interactions, although the energy is additive: such a region is
the weak long-range region. The actual value of «* depends on the specific model and the dimension d. As an example,
for classical O(n) models in d = 1, it is known that «* = 2, see e.g. [14-16]. These studies have been also performed for
quantum spin systems with long-range couplings [17,18].

A common feature for systems with long-range interactions is the behavior of the dispersion relation as o k® where
o = a — d. This behavior implies, in many cases, that the low-energy effective dynamics can be described by a fractional
differential equation [19], which involves derivatives and/or integrals of non-integer order. Such equations are used to
describe anomalous kinetics, anomalous transport phenomena, etc [20].. Fractional dynamics is a field of study which
investigates the behavior of microscopic and macroscopic systems that are either characterized by power-law non locality,
or by power-law long term memory. Recently, models of coupled nonlinear oscillators with long-range couplings have
been introduced with the aim of understanding the role played by nonlocal interactions in several phenomena: relaxation
to equilibrium [21], anomalous transport [22], localized solutions [23]. Among various possible examples, we can mention
the Fermi-Pasta-Ulam-Tsingou model [24] with long-range couplings [25,26], for which one can derive explicitly an
effective fractional equation, the fractional Boussinesq equation, whose solutions depend on the long-range exponent «.

A natural extension of these studies is to consider other models, in particular those relevant for the study of magnetism.
In this paper, we investigate the Heisenberg model with long-range couplings [27,28] and we derive for the first time in the
large-S limit, S being the value of the spin, a fractional nonlinear Schrédinger (FNLS) equation for the effective dynamics.
To this aim, we proceed by mapping the Heisenberg spin chain with long-range interactions into a continuum equation
with the Riesz fractional derivatives using the Holstein—-Primakoff transformation. The final equations of motion describe
the dynamics of the Heisenberg model with long-range couplings in the continuum limit. In order to show an application
of the equations that we obtain, we study modulational instabilities and we discuss how the modulationally unstable and
stable regions depend on the range of the power-law exponent «. Modulational instabilities were introduced and studied
in lattice models [29-31] to study the localization of energy and the stability of dynamical regimes [32]. In particular, the
modulational instabilities of the discrete nonlinear Schrédinger equations with long-range couplings were considered in
Ref. [33]. Here, the derivation of the effective fractional equation allows for a qualitative determination of modulationally
stable regions in the space of parameters.

The paper is organized as follows. In Section 2, we derive the effective Hamiltonian using bosonic operators. In
Section 3, we derive the FNLS equation and the corresponding integro-differential equation valid in the continuum limit.
In Section 4, we study the modulational instability of plane-waves excitations. In Section 5, we discuss the results and
provide an outlook on future directions of investigation. In the Appendices, we present some details of the analytical
computations leading to the results discussed in the main text.

2. The model and the Holstein-Primakoff transformation

In order to study the dynamics of the one-dimensional (1D) Heisenberg spin chain for spins S= (Sx, Sy, S;) located on
the sites of a chain, let us start by considering the Hamiltonian

N
H=-A Z (Sﬁ)z - Z ]m,ngn . §m (1)

n=-—N —N<n<m<N

where the indices n and m denote the sites of the lattice and N is the total number of spins. S is the value of the spin. In
the first term of the Hamiltonian, A represents the anisotropy parameter and in the second term, the exchange interaction
Jm.n is supposed to decay algebraically with distance as a power-law

J o (2)

T Im—=n

]m,n

We consider a ferromagnetic chain (J > 0) and choose « in the range 1 < a < 3, because for smaller values, 0 < @ < 1,
the Hamiltonian diverges. This latter is the non additive strong long-range region, we therefore limit in this paper to
analyze the weak long-range region. For larger values, « > 3, the system in the low-energy limit is expected to display a
short-range behavior, which is exactly reached only when o« — oc.

The cross product of the spins at two different sites can be rewritten in terms of annihilation and creation operators
as follows

S o 1

Sn-Sm= = (SSm + Sy S) + SiSz. 3)

N



We then use the Holstein-Primakoff transformation for spins operators in terms of bosonic operators in the framework
of the low temperature approximation [34-36] as

fe(l—‘la an 4o (e ))an (4)
o =~2eal (1—642an+an+o(g4)) (5)

S =1-¢%atay, (6)

)
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|

where ¢ = 1/\@. Therefore, in the limit of large S, substituting Egs. (4)-(6) into Eq. (3), we get
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Hamiltonian (1) can thus be rewritten in terms of bosonic creation and annihilation operators as

Hy = — E ]mﬁn{F (anaf + af am — af 0, — afam) — G(a:anana; +apatatan +atataan
—N<n<m<N
N
+ T 6
+atataman, — 4ataya am)} — E (=Ta;ja, + Iaf ayai ay) + o (%), (9)
n=-N

where Hy = H+ NA+ Y\ _,_m<nJmn and the coupling constants are F = ¢%, G = F>/4, T = 2FA, and | = AF?. Eq. (9)
is a bosonic, Bose-Hubbard-like, Hamiltonian which will be used in the next Section.

3. Equations of motion

The equations of motion are obtained from the Heisenberg evolution equation for a given bosonic operator a, as
follows

iha, = [a,, H] , =N <n <N (10)
One has to compute the different commutators arising from the previous equations to get the following nonlinear discrete
equation for the bosonic operators
iha, = — ijn [—F(an — am) — G (anna}, + 0 ,0mam + 407 0,0, — 4a,00m) |
m#n
+Ta, — I (ana; a, + a;f azay) . (11)
One can write mean-field, classical equations for the dynamics of the expectation values of the bosonic operators. One
way to do it is to use the Glauber coherent states representation which are defined as a|f) = f*|f) and a,|f) = fulf) and

apply it for the full equation of motion through {(f|iha, |f) = (f|[a., H] |f). We then get the following nonlinear equations
of motion for the amplitude f, of the spin chain excitation’s

ifa = Y Jun [FGa = fin) + G (32 + Uil frn + 4 Ul fin — 4 1fnl* fo) ] + T — 20 1ol - (12)

—N<n<m<N
Eq. (12) is a discrete cubic nonlinear Schrodinger-like equation which is the subject of our analysis in the following.

3.1. The continuum limit

Following the different steps proposed by Tarasov [23,37], let us define the operation which transforms the above
equation for fy(t) into a continuum medium equation for f(x, t). We assume that f,(t) are Fourier coefficients of some
function f(k, t). Then, we define the field f(k, t) on the interval [—-K/2, K/2] as

fk 1) = an Je = FA{fu(0)), (13)



where X, = nAx and Ax = 27 /K is a distance between oscillators, and conversely

1 (k2 ‘ R

fult) = f/ dk f(k, t)e™n = 7 f(k, t)). (14)
K J kp

These equations define a Fourier transform, which is obtained in the limit Ax — 0 (K — oo). In order to perform this

limit, let us replace the discrete set of functions f,(t) = (27 /K)f(x,, t) with continuous function of two variables f(x, t),

while letting x, = nAx = 2nn/K — x. Then, change the sum into an integral, and Eqgs. (13) and (14) become

+00
flk,t) = / dx e ™f(x, t) = F{f(x, t)} (15)
+00
flx,t) = %/ dk e*f(k, t) = FUF(k, £)}. (16)

Note that f(k, t) is the Fourier transform of the field f(x, t), and that f(k, t) is the Fourier series of f;(t), defined by
fult) = 2 /K)f (nAx, t). A

The map of the discrete model into the continuum one can be defined by the chain of transformations T = FIL Fa,
where F, is the Fourier series transform F{fy(t)} = f(k, t), the passage to the limit Ax — 0 is represented by the
operator £{f(k, t)} = f(k, t) and the inverse Fourier transform is F~'{f(k, t)} = f(x, t). One has therefore

(0 25 Fle ) 5 Fik, t) T fix, £) = T(0). (17)

After introducing the general formalism needed to perform the continuum limit, let us analyze, using these methods,
the discrete description displayed in Eq. (12) and derive the corresponding continuum one. Let us begin by analytically
evaluating each of the terms in this Equation. Since most of the analytic computations will be performed in the framework
of the continuum limit, we will consider the limit N — oc.

To this end, let consider the first term

Ar=" > Jmn () = finlt). (18)
—N<n<m<N

The computations are performed in Appendix B in the similar spirit of those in which fractional equations are derived in
Refs. [19,23,37-41]. We obtain

3 f(x t)
Al =0y ——— 19
P e (19)
where
A, =2JI' (1 — a)sin (ra/2) (20)
where I' is the Euler gamma function and the partial Riesz derivative is defined as
%u (x, t 1 [t . ;
S = [ vl e 1)
a |x|* 27 J_ o
The following term reads
B= Y Jndif} (22)
—N<n<m<N
1\3 pto ] . ) +oo - +0o .
= (5= / Y (k. ek f Foe ek [ Fok', e mdk”. (23)
27 —00 |m - n|a —00 —00
—N<n<m<N
In the continuum limit N — oo and setting m — n = m’, we get
1 3 400 +o00 ]e,ikm/ B ) +oo o +oo S
B= <7> / > —f*(k, t)e~*dk / Fek, t)e*dk’ fk", t)e dk” (24)
27-[ —00 m= ,# |m | —00 —00
1\3 ptoo, B ) +oo y +o0 i,
=(— Ju(=k)f*(k, t)e * dk fk, e dk’ fk”, t)e* "dk”. (25)
21 —o0 —00 —o0
It is useful to introduce the following function
R +00 im’x
=Y ]W. (26)

m’'=—o0,m’#0



Next, we use the so-called infrared limit approximation, which is helpful to derive the main relation that allows us to
pass from the discrete medium to the continuum [23,37,38]. For 1 < « < 3, @ # 2 and k — O, the fractional power of
|k| is a leading asymptotic term and

Jo(—k) = Ju(k) = ag [KI*~" +J,(0). (27)

This allows us to transform the nonlinear discrete equation into a fractional differential equation. In the range 1 < @ < 3,
provided « # 2, we get

1 3 +o0 . ) +00 - +00 » R
B= (7) o / |k|“~T F(k, t)e *mdk / fK, t)e*mdk’ K7, 0)e*mdk” + J,(0) [f(x, ) f(x, ¢). (28)
T —00 —00 —00
Therefore, the fractional derivative allows us to write
1 3 +o0 . ) +00 - +00 » R
B= (7) a, / |k|“~T F(k, t)e *mdk fK, t)e*mdk’ f K7, 0 mdk” + J,(0) If(x, ) f(x, t). (29)

2w 0o —00

Thereafter, we get

ARG
B= —af(x 0° o +AO U O (x.0) (30)
Following similar analytical steps, after the computations given in Appendix B, the three following terms are derived
2 2 37 f(x, 1) | - 2
C= Z Jmnfin finl™ = —aa If (x, 1) PN + 1 (0) If(x, £)1° f(x, t), (31)
—N<n<m<N |X|
aailf(xv t) %
D= D0 Jmnlfl = —a F(x. OF —— = + L) (x OF f(x. ), (32)
—N<n<m=<N |X|
I fx t) -
E= 30 Jmlnlfo = =0 [l OF == 25 ()6 OF fCx, 1), (33)
—N<n<m<N |X|
Next, introducing the following ansatz
f(x, t) — '(//(X, t)e—iZ&‘ZAt/h (34)
and the parameters U, = —Fa,, B, = Ga,, Dy = 21 — ZGL(O), Eq. (12) now reads
) aw. aa71w ) 8&71w* ) aotflw 2
ih— 4+ U, + By + B, + D, =0. 35
o o B e e Wiy (35)

This is a fractional cubic nonlinear Schrédinger-like equation that turns out to be the one governing the dynamics of a
ferromagnetic Heisenberg spins chain involving long-range interactions in the framework of the approximation described
in Appendix B, i.e. the fields f are slowly varying in space.

However, if the latter approximation is avoided, then new formulas of the terms C and E are retrieved by the
computations done in Appendix C. It follows from this analysis that we get a fractional integro-differential cubic nonlinear
Schrédinger equation given by

L0y 3 (x, 1) A A 5 07X, 1) 2
ih— + U,————— " 4+ B, + By lv(x, ) ——=— 4V,
o e B B W 0P S TS VY
e /+°° gy VE= Y OP Y=y, O+ W+ y, OF Yy X+, 0
b vl
oo -y, )P t t)? t
_4baf dylxlf(x ¥, O ¥(x, )+a|w(x+y, Wyx0 _ g (36)
b Iyl
with V, = —5Gfa(0) — 2I. Egs. (35) and (36) are the main results of the present paper. The approximation done to

get the differential Eq. (35) corresponds to the excitations with small amplitudes, while Eq. (36) can also describe large
amplitude excitations. It would be very interesting, but nontrivial, to get their analytical solutions. This task appears not
to be straightforward and in the following we focus on the modulational instability of the extended linear solutions of
Eq. (35).

4. Modulational instability for the continuum medium

The modulational instability of Eq. (35) can be studied using the standard method described for example in Refs. [42,

43]. Here we are interested in the stability of the homogeneous solution ¥(t) = o eP«¥3t/" for which the amplitude v,
is a real quantity without loss of generality. We remind that we are in the region of parameters 1 < o < 3, with o # 2.
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In the presence of a small perturbation a(x, t) in the system, one can write

Y(x, t) = (Yo + a)ePeVot/n, (37)

in which a(x, t) <« v. Substituting the ansatz (37) in Eq. (35), we obtain
aafla a—1 % a—1

aa a9
ih— =-U,—— — B, 2a)——— — B, a+a)——
o Y Vo(Yo + )8 M Yo(Yo +a+ )8 X

Next, splitting the perturbation term into real and imaginary parts, a(x, t) = u(x, t)+iv(x, t), and linearizing Eq. (38) with
respect to u and v, it turns out that we get the following system of equations

— Doy(a+a”). (38)

ou 91y
h— = —U, , 39
at “ |x|e! 59
v 9% 1y 9e1
h— = U,——— + 2B, W2 ——— + 2D, 2u. 40
at P) |X|a71 + 1/’0 9 |X|a71 + l7//0 ( )
By introducing the following Fourier transforms
+00
ik, t) = / u(x, t) exp(ixk)dx, (41)
oo
ok, t) = / v(x, t) exp(ixk)dx, (42)
—00
Eq. (39) is converted into a set of ordinary differential equations in the wavevector k domain,
ou
— = U, [k|*" 19, 43
o [k|“=' D (43)
90 2 pje—1 7 25
hE = (=Uy — 2B ¥2) [k il 4 2D, v, (44)
that can be combined into
029 _ 1A
ot [2Da 7§ — (Ua + 2Bo ) [kI* "] Uq (kI D, (45)

and the same equation for ii. Consequently, perturbations can grow if and only if the prefactor of the right-hand-side is
positive. In such a case, one can thus define the growth rate of the modulational instability as

Gk, @) = /U, 1K~ [2D,97 — (Uy + 2Bo92) ], (46)

which shows that perturbations with wavevectors in the range of —ko < k < ko with k, = +ky = i(ZDawg /(Uy +
2B, y2))V/ @1, are exponentially amplified. The growth rate, which depends on the parameters A and J, the wavevectors
k and also the long-range interacting parameter «, is definitely the quantity allowing to characterize the regions of
stability/instability of the system. In this specific case, the growth rate can be zero, an imaginary number or either a
positive real number. If the growth rate is zero or an imaginary number, then, the system displays stability. However
if the growth rate is a real and positive number, then, the system may display a modulational instability phenomenon.
Therefore, as the modulational instability phenomenon is the main focus of this study, it does occur in specific regions of
the values of the parameters. Henceforth, Fig. 1 presents in green the region in the (A, J) plane where the system displays
the modulational instability phenomenon.

Fig. 2 shows the dependence of the modulational instability growth rate on the wavevector k and the fractional index «
for particular values of the parameter J. Here, we realize that the larger is the exchange parameter J, the larger is the stable
region.

Our study is suitable only for non integer values of o between 1 and 3. While looking at different panels of Fig. 2
obtained for the same value of the anisotropy parameter A4, it is realized that as the parameter J increases, the range of
values of « for which the modulational instability occurs, reduces. Fig. 3 presents the evolution of the critical wave-vector
as a function of the exponent « for the three cases presented in the previous figure. Similarly, when the parameter |
increases as seen in the panels of Fig. 3, the range of values of the critical wavevactor k. reduces.

Figs. 4 and 5 show that when the parameter J is fixed and the parameter A varies, the phenomenon is reversed as
compared to what is observed in Figs. 2 and 3. This means, as seen in the corresponding panels, that as the anisotropy
parameter increases, the instability region increases. From this, one sees that if the parameter ] tends to favor the stability
of the system, the anisotropy parameter at variance induces the instability in such a system. Needless to mention is the
fact that while looking at Figs. 2 to 5, it is realized that the power-law long-range exponent displays a minimal value
below which the instability does not occur. This minimal value depends also on both the exchange parameter ] and
the anisotropy parameter A. For instance, if the anisotropy parameter A is fixed, the minimal value of « increases with
increasing values of the exchange parameter J, as seen in panels (a) and (b) of Figs. 2 and 3. The dependence of the
minimal value of @ on the A and J is also observed when J is fixed and the parameter A varies as seen in panels (a) and
(b) of Figs. 4 and 5 with a reversed effect.
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160.
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5. Conclusion

We have investigated the effective dynamics of a Heisenberg ferromagnetic spin chain with algebraic long-range
couplings using a semiclassical approximation. We considered a spin chain with long-range power-law interactions having
a strength proportional to 1/(n — m)“ in the regime 1 < o < 3 and o # 2. We have used the Holstein-Primakoff
representation of the spins to derive a discrete nonlinear cubic Schrédinger equation. We have also shown how one
can get, in the continuum limit, on the one hand, a fractional cubic nonlinear Schrodinger-like equation and, on the other
hand, an integro-differential fractional cubic nonlinear Schrédinger-like equation, corresponding to excitations with small
amplitudes and excitations with large amplitudes, respectively. This has been achieved after performing the analytical
derivatives by firstly using the Riesz derivative of fractional calculus and using, secondly, a direct analysis of the Fourier
spectrum in the k — 0 limit. A remarkable feature of this interaction is the existence of a transformation that replaces the
set of coupled individual bosonic spin equations with a continuum medium equation with a fractional spatial derivative
of order «. Such a transformation is an approximation and it appears in the infrared limit for k — 0. We also studied
the appearance of modulational instability using the obtained fractional equation. The modulational stability has been
studied for the fractional equation and the stable and unstable regions have been determined. We showed the shifting
of the onset of the modulational instability region for « > 1 and we studied the dependence of the regions of instability
on the parameters of the system. It clearly appears that the modulational instability is present only for « < 3 and that
above @ = 3 only stable regions are present, thus indicating that the system behaves as a short range system. It is
also realized that the parameter J tends to favorise the stability of the system while the anisotropy parameter A tends to
induce the instability in the system. As a future work, it would be interesting to compare the results obtained using the
effective continuum equation with those of the original lattice model. In particular it would be rewarding to compare the
modulational instability regions obtained with the lattice equation found for large-S with the findings presented here,
since in general the lattice model is expected to have a larger region of instabilities. To what extent some unstable phases



are missed by the study of the continuum fractional equation is a subject deserving future analytical and numerical studies.
Finally, we observe that the approach presented here does not apply to « = 2 and it would be useful to study in detail
the o — 2 limit.

Generalizing this one-dimensional study to 2D and 3D lattices would be very interesting and important. However,
increasing the dimension of the lattice very seriously complicates the derivation of effective equations in the continuum
and the search of the solutions. Problems solved in 1D have waited many years, if not decades, to be treated successfully
in higher dimensions. However, this would be very helpful and important to check using numerical simulations whether
modulational instability thresholds qualitatively depends on the dimension of the lattice.
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Appendix A. Properties of the function J

One thus has to compute the function

+00 ikm’ —1 ikm' 1+ 1 ikm’
5 Je Je Je
(k) = = + Al
Jelld m,:§m,#o wF = 2wt 2 (D
+oo o —ikm' +00 ik’
_y e iy (A2)
o iml = 'l
Introducing the poly-logarithm function defined as
+oo ikm’
S = Lile ™+ L, (%) (A3)
L= m]
m'=—o0,m’#0
(@ —n)
Lig () = T(1—a)X-2)"+ ) Tz"; z| < 27 (A4)
n=0
in which ¢ stands for the zeta function defined as ¢ (@) = ,LOC]’ 1/n“ and z = ik Ax, it turns out that we get
. | (@)
Jo(k) =J | F(1 = a) ((—ik)* " + (@)*7") + Z — (k)" + (—ik)”):| (A.5)
L n=0
I ¢ (e —n)
a—1 Sa—1 So—1 2\
=J| F(1—a) kl“™ (=) + (@)1 + 2; o (—K%) } (A6)
i (=)
a—1 ¢ i%(a—1 —iZ(a—1 — 2\
= ]| r(1 =) ke (€7@ D 4 g3 >)+2§(2n)!(—k)} (A7)
) ™ ~— ¢ (@—n)
_ _ a—1 " 2\
=2 {m @) [k sin(Z ) + ¢ (@) + ; o (—K?) } . (A8)
Denoting J,(0) = 2J¢ () and a, = 2JI"(1 — a)sin (wa/2), we thus get
(e —m)
7 _ I - 2\
Julk) = [aa K|~ +Ju(0) + 2 ; o (1) } (A9)
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¢ (@—n)
AaO_AotI = - aka_l 2 — _,zn .
Ja(0) = Julh) [a Jkl*~ + Jn§:1 a K
In the framework of the continuum approximation [40], we get the expression

Jo(0) = Ju(k) = —aq k|7

For non-integer o > 3 [19], we have
Jak) == = k> ¢ (@ = 2) + ] (0)
Appendix B. Discussion of the different terms of the discrete nonlinear equation

We use the notation

+o00
fx, t) = 1 / f(k, O)e™dk = F'{f(k, )}
2 J_ o

+o0
flk,t)y = / f(x, t)e ™ dk = F{f(x, t)},

o0
where F{f(x, t)} is the Fourier transform of f(x, t) with respect to x.
In that case, the term A; defined in Eq. (18) reads

1 +o00

A — ﬂ Z Im. nf 1kn _ 1I<m)

~°  m=—oc0,m#n

1 +o0 +oo _] B " "
= — ——f (k, t) (e"" — e"™)dk.
2r J_o Z lm — nl"‘f (k, ) ( )

m=—00,m#n

Setting then m’ = m — n, we get the following expression
1 +00 +00 J 5 ) .
Al = —— > fk,t) (e’k” — elkm +"))dk
e

2 )
oo,m’#0

(o)

+00 + ] ; +oo +© ]eikm’ B .
= k, t)e""dk — k, t)e™"dk
— / ek oenac— [ Y 4 ek

o

/#0
+00
=L [ / Ju (0) F(k, ) dk — Jo () f(k, t)e”‘“dk:|
27 | ) o oo
1 400 . . )
=] Ua( ) — Ju (k) (k, t)e™"dk,
T

where we set x = kAx and J,(x) = S s, wole™ */|m’|*. 1t turns out that we get

Uy +o00

A= ——2 K 1f (k, t)e*  dk.
2 J_o

(A.10)

(A.11)

(A.12)

(B.1)

(B.2)

(B.3)

(B.4)

(B.7)

(B.8)

(B.9)

Since the Fourier transform involving the absolute value of momentum |k|* is expressed by Riesz derivative in the real

space as
% /_ :O [k|* f(k, t)e*mdk ~ — aaaf |(><)<|;t)
with x = nAx, the term A; finally reads
3 1f(x, 1)
3 1x|%

The term C can be split as

A1=aa

n—1 +o00

J
C= Z [m— n|a Ifm| fm Z Im — n|a [fm| fm

m=—00,m#n m=n+1,m#n

Cq G

10

(B.10)

(B.11)
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that can be analytically computed separately. Then, we get

1 3 p+oo n—1 Jeikm » +oo | o Foo o
G = (7) / Y o fkndk | P e Mde [ Fk el k! (B.13)
7 % m=—o0,m#n |m - nl - -
and next setting m — n = m’, it turns out that
+00 ] lkm ~ I
G = <2 ) / Z af(k ve "‘”dk f (K, e [ f(k”, £)e’ IR (B.14)
T m’'=—o0,m’ 0
400 00 71(I< K +k"ym’' s i o
(2 ) /// im' | ———————f(k. )" (K, ) F(K”, t)e™ " dkdK'dk” (B.15)
b4 m
1\3 p+e +oo ]e—zkm AX ) +oo o, oo I
— <7> / Z ————f(k. t)e*"dk FHK, tye K EmFm gl K, ) —m+dk” (B.16)
TS m’#.olm | e -
1 +o00 Je—zkm .
o= (z) [ Z e O @.17)
—00

Before moving to the continuum limit, we should remind that there are terms with sums of type >, foim. In this
respect, we can proceed to the approximation based on the assumption that in these sums, the fields f,+,/'s are slowly
varying in space. Therefore, such terms as f,+, can be brought outside the sums over m’ [26]. In this case, we can now
write

1 +00 +00 ]efikm' 5 )
C=Ff hm | =— / Z —F(k, t)e*"dk. (B.18)
2% X mw=1,m'#£0 [

Following the same later steps, we get

1 3 ptoo +00 ]eikm B 0o y +o0 o
G=(— / Z —_f(k, t)dk FHK, e * Mgk f fK’, ) Mgk’ (B.19)
2T o Im — n|* oo —c0
m=n+1,mén
1 3 ptoo +0o Jeikm’ B ) 400 . +o0 o
=(— / > f(k, t)e*dk / FH(K, ek mHm gy / F, ey mamgg” (B.20)
2 o |m’|* —00 -0
m'=1,m'#0
that can be rewritten as
1 +00 +oo Je zkm N
G = (E) / . > e e DA (B.21)

m'=1,m'#0

Then, if we consider here also the same approximation used above to move from Eqs. (B.17) to (B.18), we get

1 400 +00 ]e—ikm' 5 )
G =fywhm | == / E ——f(k, t)e""dk. (B.22)
2 X mw=1,m'#0 |m l

It then follows that C is given by

1 +00 ]e—tkm . 1 +oo o Je ik’ N
* 1Kn 1Kn
C=fnwf-m <£> [m E e f(k t)e""dk + n+mfn+m/ <§> /;Oo E m /|af(k t)e""dk (B.23)
m'=1,m’'#£0 m'=1,m'#0
As n+m’ ~n, we get

400 +°° —ikm’ 5 ) +o00 +°° Je zkm )
C= fn*fn< ) / g fk, t)e*ndk + fn*fn< ) / g f(k, t)e*"dk (B.24)

’lm;éO

which leads us to

. 1 +oo o0 ]e—ikm/ +Jeikm’Ax B .
C =fnfn <§> /700 Z Tf(k, t)e“ndk (BZS)
m'=1,m’'#0
1 “+0oo R 5 )
= fn*fn (T) / ]Ol(k)f(ks t)elk"dk, (BZG)
T —00
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as
—ikm’ ikm’
Ju (k) = Z i L (B.27)
m'=1,m'#0 |m|

Here we consider the continuum approximation done in Eq. (24) to get

1 +o0o R R )
C~fifa (—) f (aa |k|*~! +]a(0))f(k,t)e"‘"“"dk (B.28)
27 ) J_
1 +00 B . 1 +oo 5 )
= f*f, <7> f aq [k f(k, t)e* dk + f*f, <7) f Jo(0)f (k, t)e*dk. (B.29)
27 ) J_ 2r ) J_w

Considering that f; = f(x = nAx, t), the continuum approximation using the Riesz derivative gives by Eq. (21) leads us
to
3 'f(x. 1) 5
C= —%W F(x, 01 +Ju(0) [f (x, ) f(x, £). (B.30)

Then splitting E as follows,

+o00 n—1 +o00
E= Z ]mn Ifm|2fn = Z Jmn Lfm|2fn + Z ]mn [fm|2fn7 (B-31)
m=—00,m#n m=—00,m#n m=n+1,m#n
Eq Ep
one has to calculate each term.
n—1
Ei = Z ]mn [fm|2fn (B-32)
m=—00,m#n
1 3 o0 n—1 ] . ) +o0o . +oo .
— <7> / Z Wf(kv t)elkmdk f*(k/, t)e—lk mdk/f f(k”, t)e”‘ naK’. (B.33)
T % m=—o0,m#n - >
now, setting m —n = m’, we get
1 3 o0 —1 Je ik’ +oo .
E] — <£> [ Z | /|af(k t lkndk/ f(k t) —lk(m +n)dk / f(k//7 t)elk ndk// (B34)
- m’f—oo.m’;éo -
1 Jei(k—k’)m’ 5 ) +00 .
(7) ————f (k. t)e""dk f k', t)e=*m4xak f f, 0y ndk” (B.35)
T Wy [m’| —o0
1 Je—l(k—k’)m’ B ) +o0 +oo p
(E) Ik t)e " dk / Flk, t)e=*n2xgk / FK', e " dk” (B.36)
m'= 1 #0 o
1 ]efikm’ B ) +oo ./ , oo -
<£> T f(k, t)e*"dk f f(K, t)e K=—mgy’ f f&’, tye* "dk” (B.37)
m'= 1 m'#0 - -
+oo je—ikm .
= (271)/ > — F(k, t)e*mdkf*  f. (B.38)
T m/=1,m'#0
Then, proceeding to the same approximation used to move from Egs. (B.17) to (B.18), we get
+00 +°° —tkm
E; = (—) ,fn/ g ——f(k, t)e*"dk. (B.39)
m'= 1 m' #0
Through the same approximation and very similar steps, one derives
+oo +°° J tkm
E, = ( ) . / f(k t)endk (B.40)
m'= 1 ,m 7&0
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that leads to

“+o00 +OO Je—ikm’ - .
E = - / f(k, t)e* X dk
27 |m/|*

1 m'#£0
+00 ‘H’C ] ik’ )
( ) S / —f(k, t)e""dk (B.41)
m'= 1 m #0 |
+00 +oo —ikm’ ikm’ Ax
< > A / S T ik etar (B.42)
© m=1,m'#£0 |
1 +o00 R 5 )
= ()fn*fn Ju(K)f (k, t)e*m**dk (B.43)
2 oo
1 +00 ~ . 1 “+o00 R " )
= *f; () / aq (k) 'f(k, t)e* dk + £ f; () / Jo(0)F (k, t)e*"dk. (B.44)
2n ) J_ o 2 ) J_
When we replace all these terms in the equation of motion (12), we get
o = p, ST
ihf = Fa, —Tf + 20 [f*f
a|x|*~
Llf* aa_lf 7 2 7 2 7 2
+G _a“a|x|“‘1 +aOV 12 — g If YT +Ju(O)IfI°f + 4o (0) IfI7f — 4O IF IS |- (B.45)

Appendix C. The fractional integro-differential nonlinear equation

One has
+00 +°° —ikm’ 5 ) 1 +o0o ] ik’
C= (27_[) / m e f(k, t)elkndkfn*fm/fn—m’ + (27_[) / Z /|a k t)elkndk n+mfn+m’
1 m'#0 % m=1m ;eo
1 i +00 Jgik(n— m') 1 +oo +00 ]eik(m’+n)~
= (E) Z £ m,/ — Fk, t)dk + o DD ) /_OO Wf(k, t)dk. (C.1)
m'=1,m’'#0 m'=1,m’#0

In the continuum limit Ax — 0, by replacing n and m respectively by x/ Ax and y/Ax, we get

1 +0oo 400 ei%(x—y) 5 1 +o00 Yoo ei%(x+y) i
€= (*)/ dny(x—y,t)lzf : i f(k, t)dk + (—)/ dy If (x +y,t)|z/ J 2k ik
2/ s o0 |E| 2 ) Jp o |E|

1 400 400 ]eip(x—y)~ 1 400 400 Jeip(x+y)~
_ (L / dy [F(x — 3, )12 b* / Fk, Ok + (= / dy [F(x + 3, )12 b* / ™ Fik, i
27) ), D 27 ) ), e P

oo oo

— e /+°° dy Fx—y. P fx—y. )+ fx +y. O fx +y. 1)
b lyl*
where b = Ax and p = k/b. In the same spirit of analytical computations, the term E will be given by

1 +oo +00 Jgik(n— m) 1 +00 ]eik(m’+n)~
E=[— - k, t)dk — k, t)dk
(55) X s [ o (5 ) >t [

m'=1,m'#£0 m'=1,m'#£0 oo
i f+°° =y OP fx O+ F(x+y, OFf(x. 6)
b Iyl
We get the following fractional integro-differential cubic nonlinear equation given by

3a_1f(X, t) aa—lf* ) 8a_1f(X, f)

o _ 2 _ 7 2 _ 2
inf = Faaia T Ga.f PN Gag If(x, t)| YT + 5/ (0)f If I = Tf + 21 |f|°f

e *""d Fx—y, OPfx—y, )+ [fx +y, 2 f(x +y, t)
y e
+o0 _ 2 2
+G[4ba/ gy E =y OF flx, t)l;Tatf(ery, 0 fx, t)].
b

(C.2)

(C4)
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Next, while introducing the following Ansatz:
Fx, ) = W(x, r) e 2 A/ (C5)

We get the integro-fractional differential nonlinear Schrédinger equation given by Eq. (36).
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