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Optical Peregrine rogue waves of self-induced
transparency in a resonant erbium-doped fiber
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Abstract: The resonant interaction of an optical field with two-level doping ions in a cryogenic
optical fiber is investigated within the framework of nonlinear Schrédinger and Maxwell-Bloch
equations. We present explicit fundamental rational rogue wave solutions in the context of
self-induced transparency for the coupled optical and matter waves. It is exhibited that the
optical wave component always features a typical Peregrine-like structure, while the matter waves
involve more complicated yet spatiotemporally balanced amplitude distribution. The existence
and stability of these rogue waves is then confirmed by numerical simulations, and they are shown
to be excited amid the onset of modulation instability. These solutions can also be extended,
using the same analytical framework, to include higher-order dispersive and nonlinear effects,
highlighting their universality.
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1. Introduction

Since its coming forth in oceanography [1], the concept of rogue waves has rapidly and profoundly
penetrated into most branches of physics as diverse as hydrodynamics [2, 3], plasma physics [4],
nonlinear optics [5—-8], and Bose-Einstein condensation [9]. This great success is the result of the
fundamental interest on one side, and the multidisciplinary diffusion of soliton concept a few
decades ago on the other side, as both solitons and rogue waves are associated to the integrability
of a class of nonlinear wave equations and generally share the same Darboux transformation [10].
Compared to the stationary solitons, rogue waves are modeled as transient wave-packets localized
in both space and time, to mimic the episodic giants that seemingly appear from nowhere and
disappear without a trace [11]. In a broad sense, rogue waves are frequently termed as rational
solitons on a finite background [12], for instance, the so-called “Peregrine soliton" represents
actually the archetypal rogue wave waveform [13].

Rogue wave research flourishes now in both theoretical and experimental aspects [10, 12, 14],
providing novel perspectives for the manifestation of extreme waves in a variety of nonlinear
media. To reflect the diversity and complexity of media, it requires the study of the propagation
models that go beyond the scalar nonlinear Schrodinger (NLS) equation, such as the extended
scalar models [15—18] and the coupled multicomponent models [19-25].

The interaction of optical pulses with nonlinear resonant media is a long-standing topic of
research in optics. As a central figure, the resonant interaction of pulses with two-level atoms
or ions yields the thoroughly studied Maxwell-Bloch (MB) system of light-matter coupled
equations [26—29]. Within such light-matter interaction, an otherwise absorbing material becomes
completely transparent for optical pulses of duration shorter than all the relevant relaxation
times of the medium. This phenomenon is known as self-induced transparency (SIT) [30], and
can yield a fundamental sech-shaped soliton of area 2z [31,32]. It has recently been shown
theoretically to admit rogue wave solutions [20]. An interesting comparison may be drawn
between this MB coupling and the parametric three-wave resonant interaction (TWRI) occurring
in weakly dispersive non-resonant media [33,34]. For the latter case, three field components are
involved, which respect momentum and energy conservation during interaction. They admit as
well coherent localized structures such as solitons [35,36] and rogue waves [37-39].

In this paper, we revisit the rogue wave formation in the quasi-resonant optical-driven two-level
system, within the NLS-MB framework [40,41], which generalizes the above MB case by
including the group-velocity dispersion (GVD) and the Kerr nonlinearity. By providing for
the first time a universal explicit analytical expression of the coupled multicomponent rogue
wave solutions, we unveil further the relationship between matter and optical rogue waves, and
numerically confirm their stability in spite of the onset of modulation instability (MI). Considering
the future possibility of observation of these rogue waves in a laboratorial environment, we also
provide a clearer access to the parameters needed for experimental design.

2. Theoretical framework

We suppose that a linearly-polarized optical field propagates in a single-mode ion-doped glass
fiber. These ions are considered as independent two-level doping centers interacting with the
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electric field component, expressed as E(x, y,z,1) = %ﬁB(x, y)u(z, t)exp(iBoz — iwpt) + c.c.,
whose carrier frequency wy is close to the resonance frequency w,; of the transition between
the two levels. Here £ is the polarization unit vector along the x-axis, B(x, y) is the fiber-mode
profile, u(z, t) is the complex envelope in the physical unit VW, By = k(wy) is the wave number
at the carrier frequency, and c.c. means the complex conjugate. In general, the propagation of the
electric field in such a medium will be ruled by a non-integrable MB or NLS-MB equation set [28],
due to the presence of damping terms accounting for the spontaneous emission and matter-wave
dipole decays. However, it is conceivable to study propagation phenomena characterized by time
scales shorter than the dipole and population decay times, providing a solvable model for the
investigation of SIT. The latter represents our theoretical framework.

Therefore, using the slowly-varying envelope and rotating-wave approximations, the propaga-
tion of the electric field in an ion-doped optical fiber can be governed by the following coupled
NLS-MB equations [26,40,41]:

hRQ?
i, — &un + ylulu + n(vwé) =0,
2 2¢pai
i 2ipry
Vi = 5(5\/1 + hlj? uvs, @)
Vo = —%6\)2 + h[;zl uvy,

where v|(z, 1) and v,(z, t) are the matter wave functions for the lower (1) and upper (2) levels,
respectively, depending on the propagation distance z and retarded time ¢. Here by matter waves
we mean the state functions of the matter considered static, in contrast to traveling de Broglie
waves. As the total probability of finding a dopant atom in either the upper or lower levels is
equal to unity, the matter wave functions must satisfy |v{|> + [v2|?> = 1. The subscripts stand for
partial derivatives, and the asterisks and brackets denote complex conjugation and a local average
over two-level systems, respectively. 6 = wg — wp is the laser detuning to resonance, 7 is the
Planck constant divided by 2, ¢ is the speed of light in vacuum, # is the linear refractive index
of medium, and py; = pj, is the corr;plex dipole matrix element of transition between upper and
d“k(w)

lower states. The coefficients 8, = —~3 lw=cw, and y = ’;ZA—“'I‘; > () account for the GVD and Kerr
nonlinearity of the host fiber, respectively, with n, the nonlinear refractive index, and A.g the

cross section of the spatial guided mode. Besides, we have defined the characteristic frequency
2
Q = [@olNlpu and the scaling factor R = +/egcnAeg/2, where € is the permittivity of free

2heyn?
space, and N is the concentration of two-level doping centers.

We need to point out that Eqs. (1) are also termed the SIT-NLS equations [40]. They constitute
a peculiar vector system, since only the electric field truly propagates along the z direction,
whereas the matter-wave evolutions are each expressed by a first-order derivative with respect to
t. This is a fundamental difference between this vector system and those composed of coupled
optical waves, such as the TWRI system mentioned earlier [35,36].

As in most NLS frameworks, considering that the normal dispersion case (8, > 0) precludes
any valid rogue wave solutions, we confine our discussion to the anomalous dispersion 8, < O.
By virtue of the following transformations of variables

u 2ilpn| 2 2 z !
= > M = ViVy, F = |V2| - |V]| s g = and 7 = ) (2)
VPsit paNo s Ts

the coupled Egs. (1) can be normalized to the dimensionless form

P 2
Ag = i(%A,, + %IAIZA) +(M), Mc=i¢M~~AF, F.=M'A+MA" ()
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where 7 is a typical pulse duration, which defines the unit time scale, ¢ = d7 is the scaled laser

detuning, PnLs = $ is the peak power of the usual NLS soliton, and Pgsir = 40321‘;221 B denotes
the peak power of the SIT soliton when the NLS component is absent, with
2¢ 72 q s 1 | 2¢ @
s = ——=, id=—, an g=—= — .
*T ot YT Byl Za  Q\ntsza

being the SIT length, the dispersion length, and the scaled dispersion, respectively. We note that,
while M is related to the off-diagonal element p12, F = p2> — p11 signifies the local population
difference between the upper and lower levels, where p;; = v;v* denotes the element of the density
matrix describing the resonant atom-like systems [26]. Therefore, the condition of probability
conservation mentioned above can be rewritten as

F*+o|MP?*=1. &)

On the other hand, for a specific line-shape function g(¢), one can calculate the average (M)
in the first of Eqgs. (3) according to

(M) = / M. 7. 01561 ©)

For the sake of simplicity, we will assume below the line shape to be of Dirac delta type, i.e.,
g(¢") = 6(¢p — ¢’), which is true when the Lorentzian line profile (homogeneous broadening) or
Gaussian line profile (inhomogeneous broadening) has an infinitesimal scale parameter. Under
such circumstances, it follows then that (M) = M.

3. Integrable NLS-MB model and exact rogue wave solutions

It is now evident that as the condition

) 4|par |?
Pnis = Psit,  or equivalently, y = %, 7
is met [40,42], Egs. (3) can be reduced to the integrable form
.7 2 . 2 % %
Ag = lS(EAn + |A|FA) + M, M, =ipM — —AF, F.=M"A+ MA", ®)
- o

where for the sake of discussion, we have introduced the parameter s to separate the MB equations
(s = 0) from the NLS-MB equations (s = 1).

We follow the standard Darboux transformation procedure as in [20, 43], and obtain the
fundamental rational solutions of Egs. (8) as

16iné + 4

A& ) = 4o (1 T 1622 + 4a26% o + 1) ®)

B dix*(4né - i)
M(E.7) = Mo {1 T (2 +d0a?) (160282 + 4a26% o + 1)

_ 64i[4a%6% + o (4né — i)*]a’né + 32(4né - i)a2;<9} (10)
(K% +40a?)(1602€2% + 4a26% [0 + 1)? ’

_ kb 80 ab[(16n°&? — 4a26%/o + 1)k — 32a*né0)]

F&n= 20 (K +40a)(1652E2 + 42202 o + 12 (b

where
k=0(w-¢), 0=1-0Y¢, (12)
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oab sa> kb

- s 13
X a(k? + 40a?) S (13)

The initial plane-wave seeds Ao(&, 7), My(&, 7), and Fy(&, T) are defined by

T e . + _’
1 K2 +40a? 2

b b
Ao = aexpli (KE+wt)], Mo=i-Ay Fo= g— (14)
a a

with the dispersion relation
b 2
K=24+s5a-T2). (15)
a 2

It is easy to show that, for given solution forms (10) and (11), the spatiotemporal distributions
of F and M always satisfy

2
F(& 1)+ oM ) = (:? + )b, (16)

suggesting that the matter-wave components are endowed with a complementary rogue wave
property similar to that obtained for the degenerate TWRI system [39].

Let us pay more attention on these solutions, which basically hold true for arbitrary b values.
However, only two special values of b are physically relevant. To be specific, as b = 0, the optical
field A still takes the nontrivial Peregrine form (9), but the matter-wave functions M and F
become nil, as seen from Eqs. (10) and (11). In this case, the vector model (8) is decoupled to the
single scalar NLS equation, and correspondingly, its rational solution (9) can be identified as
an NLS-Peregrine soliton [13] because the matter-wave effects are absent now. Once the matter
waves are initiated, according to Egs. (5) and (16), the b value should be given by

b= 2—a 17)

V2 + 40a?

which is dependent on the parameters a, k, and o-. In such an SIT case, one can term the solution
(9) as the SIT-Peregrine soliton to make it different from that obtained with b = 0.

In addition, one may notice that the solutions (9)—(11) are applicable for either o > 0 or
o < 0. However, in the latter situation (i.e., in the normal dispersion regime), these solutions will
become singular and thus could not occur in practice. This is the reason why only the anomalous
dispersion was taken into account in the paper.

4. Intriguing rogue wave dynamics

We find from solutions (9)—(11) that, while the optical field A always takes the form of
typical Peregrine soliton [13], M and F involve polynomials of fourth order, hence exhibiting
more complex structures that are spatiotemporally balanced in amplitude distributions, namely,
F(¢,7)* + o|M(&,7)|* = 1. A closer inspection of Eq. (10) reveals that |M| usually possesses
four holes that fall to zero in the dip center. These four hole positions, at which the amplitude is
vanishing, i.e., |M (&, 10)| = 0, are found to be

12
V2 [40d? - k2 K2 4oné&|k|/«
S +4/ , = " 18
0 8n \4oa? + k2 4od? + k2 0 = T Vdoa? + k> — |«| 1o

and

4onéol|/x
Vdoa? + k2 + ||

_ 19
8 4oa? + k? 4oa? + k (19

1/2
\/_ 40a? — K2 K?
é‘:o . 5 5 T = O-Xé:o -
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It is worth noting that while the former two holes defined by Eq. (18) always exist, the latter two

given by Eq. (19) would vanish as || > 2‘/3_% It is easy to show that at these extremal positions,
the population difference F must satisfy F (&, 19) = +1.

Take the simplest MB case (s = 0) as an example. Figure 1 shows the 3D surface and contour
plots of the optical field A, the off-diagonal element M, and the population difference F for the
same set of initial parameters and different w values, which are specified in the caption. Here
and in what follows, we set the scaled dispersion o to be 1, without loss of generality. It is clear
that as w increases, the optical field |A| manifests itself as a bright Peregrine soliton, whereas
M| and F exhibit complex dark and bright rogue wave structures that fulfil the spatiotemporally
balanced condition (5). Particularly, as |«| = @ [see Figs. 1(a) and 1(d)], while |M| has a
three-hole structure, the distribution F will take a quite different structure, featuring a single

hump as « = —2‘/3_% but a single hole as « = 2‘/3_%

(a)

4]

3
2
1
0

7

M

I
'

=

IS
~

Fig. 1. 3D surface and contour plots of the spatiotemporal evolutions for optical field |A|,
off-diagonal element |M|, population difference F in the MB case (s = 0). Column (a):
w = % - #; Column (b): w = 0; Column (¢): w = %; Column (d): w = % + % The other
parameters are givenbya =1,0=1,¢ = %, and b = 2a/Vdoa? + k2.

Despite the complexity, these solutions are universal in form, being able to hold for either
the MB (s = 0) or the NLS-MB (s = 1) situation. This is self-evident as the free parameter s
only enters into K, n, and y, see Egs. (13) and (15). Once the GVD and Kerr effects come into
play, the rogue wave structures shown in Fig. 1 still stay, except for a different orientation of the
pattern, as shown in the surface and contour plots in Fig. 2, where we used s = 1 (NLS-MB
case), under otherwise identical parameter condition as in Fig. 1(b).

In fact, the universality of our solutions (9)—(11) can be further confirmed with the higher-order
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Amplitude

Amplitude

Amplitude

-7
4 0
T

Fig. 2. Spatiotemporal distribution of the rogue wave components |A|, |M|, and F in the
NLS-MB case (s = 1 ) under otherwise identical condition as in Fig. 1(b). (a)—(c): Surface
plots; (d)—(f): Contour plots; (g)—(i): Temporal profiles for the amplitudes |A|, |M| and the
real quantity F at given distances as indicated in the panels.

NLS-MB equations. As an example, for the following Hirota—-MB equations [44]:
A = is(%A,, +]A[2A) + h(%Am +|APAL) + M,
2
M, = i¢M — = AF, (20)
o
F, = M*A + MA*,

where o, s and h are arbitrary real constants, Eqs. (9)—(11) still serve as their fundamental rogue
wave solutions, only with the parameters K, n, and y updated as below

b 2 h
K=2+s5- 22+ 206a® - cu?), 1)

a 2 6

oab s, h
_ LI SRS 2
7 K2+40'a2+2a Tawa (22)
kb h(ocw? - 2a?)

= s+ — 23
a(k? + 40a?) S 20 (23)

In an analogous manner, our solutions can even be generalized to the infinite NLS hierarchy [17]
coupled to the MB equations. This is not surprising because the whole NLS hierarchy share the
same linear spectral problem constructed from a loop algebra of s/(2) [10].
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In addition, there would occur a strong population inversion as the optical Peregrine rogue

wave interacts with the two-level ions. Specially, an entire inversion could occur as |k| < 2\/3_%
We note that for complete population inversion, the two-level system needs to be initially prepared
slightly beyond the ground state, i.e., =1 < Fp < 0, which requires k < 0. Figures 2(g)-2(i)
show that for k = o(w — ¢) = —1/2, it is possible to realize F = 1 transiently, namely, an entire
population inversion. However, the population inversion usually does not go synchronously with
the optical Peregrine pulse, e.g., at & = +0.52, the value of F reaches unity in the trailing/leading
edge, not at the climax, of the optical pulse [see Figs. 2(g) and 2(i)].

5. MI and numerical simulations
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Fig. 3. MI gain map versus A and w: (a) s = 0 (MB case); (b) s = 1 (NLS-MB case). The
other parameters are specified by a = 1,0 = 1, ¢ = 1, and b = 2a/Vdoa? + «2.

Among mechanisms for rogue wave excitation [2], the MI analysis, which uncovers the growth
of periodic perturbations on an unstable continuous-wave background, opens a convenient way
for understanding and predicting the rogue waves [10,23,45]. For our coupled NLS-MB system
(8), the plane-wave solutions (14) are perturbed according to A = Ao{l + p; exp[—iA(ué —
)] + g} expliA'é = DI}, M = Mo{l + pyexp[~iA(ué — 7)) + g expliA(u*é — 7]}, and
F = Fo{l + psexp[—iA(ué — 1)] + pjexpliA(u*é — 7)]}, where pio3 and g are small
amplitudes of the Fourier modes, A accounts for the modulation frequency (A > 0), and y is the
complex propagation parameter. Substituting these perturbed solutions into Egs. (8) followed by
linearization yields a system of five coupled linear equations for ps and gs. This system has a
nontrivial solution only when p and A satisfy the dispersion relation
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which is a quadratic equation of u. It follows that in the baseband limit A = 0, such quadratic
equation could always admit complex roots as long as o= > 0, suggesting that only the anomalous
dispersion, if available, permits the formation of rogue waves. This result is identical to that
predicted from the analytical solutions (9)—(11).

Figure 3 displays the MI gain maps (in logarithmic scales) associated to Eq. (24), defined
by In(y;) = In(A|lm(u)|), versus A and w. It is suggested that the rogue wave solutions would
exist in the whole domain of w, no matter whether s = 0 [see Fig. 3(a)] or s = 1 [see Fig. 3(b)],
as expected above. Nevertheless, a comparison between two maps shows that in general, the
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instability is favored in the NLS-MB case, which means that the rogue wave solution and MI
develop effectively over shorter length scales than in the MB case.

Fig. 4. Evolution of the rogue waves in the NLS-MB case, with s = 1,a = 1.5, 0 = 1,
¢ = %, and w = 0. Column (a): Analytical solutions, given by 3D surface and contour plots;
Column (b): Contour plots of numerical results, using the analytical solutions (9)-(11) at
¢ = —1 as initial conditions; Column (c): The numerical results obtained with the solution
(9) and the plane waves M and Fj at £ = —1 as the corresponding initial conditions.

Besides, we study numerically the dynamics and stability of these rogue waves, using the
exponential time differencing Crank—Nicolson (ETDCN) scheme with Padé approximation [46],
which is proved to be stable and second-order convergent for such kind of stiff problems. To
evaluate the dynamics and stability, three numerical games are played, for given system parameters
s=1la=150c=1,¢= %, and w = 0. First, we integrated numerically Egs. (8) with the
analytical solutions (9)—(11) at £ = —1 as initial conditions, and presented the results in the
column (b) in Fig. 4. For comparison, the corresponding analytical solutions are provided in Fig.
4(a). It is clear that our numerical code gave precisely the solution profiles predicted analytically
until £ = 1. Second, we solved such an underlying model by perturbing significantly the above
initial conditions. Specifically, we used the solution (9) at ¢ = —1 as the initial condition for the
optical field component A, while let the matter-wave components M and F take the plane-wave
solutions (14), i.e., My and Fy, at £ = —1 as initial values, respectively. These initial conditions
correspond to a strong perturbation to analytical solutions. Our simulation results are illustrated
in Fig. 4(c). It is shown that the rogue wave structures, particularly for the optical field component,
can unfold without significant distortion over a rather long distance, despite the onset of the
spontaneous MI which grows exponentially and tends to interfere with the tail of localized
solutions. Lastly, in order to see whether these rogue wave solutions would be triggered in
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realistic conditions, we intended to excite them numerically by using the plane-wave solutions
(14) at £ = 0, perturbed by small amount of initial white noise, as initial conditions for all three
wave components. The results are given in Fig. 5, where the first five distance units have been
removed, as hardly any visible changes appear on the chosen scale. It is clearly seen that, after a
propagation of 10 distance units or so, the above rogue wave profiles could still be generated
from a random wave field; see the wave patterns encircled by a black line.

|M]|

Fig. 5. Numerical excitation of the rogue wave profiles, indicated by the black circles, from a
white-noise perturbation to the initial plane-wave solutions (14), under otherwise identical
parameter condition as in Fig. 4.

Finally, let us discuss about the possibility of testing experimentally these rogue wave structures.
As pointed out in the theoretical investigation from Park and Boyd [29], where the authors
considered controlling the signal SIT pulse dynamics by a control field, the neglect of damping
processes could be justified by taking the control field to be a continuous wave with a sufficiently
large detuning from the resonance or be itself a long SIT soliton pulse, whose duration would
be designed to be much larger than the signal SIT pulse but still much shorter than the matter
dipole and population relaxation times. The signal SIT pulse would correspond to the Peregrine
transient pulse in our case, and the control field to the background wave. An important tradeoff
optimization has to be found in that respect, considering that Peregrine solitons develop from
an extended background condition— this is the essence of the baseband MI condition for the
existence of Peregrine-type rogue waves [45].

Then, considering the erbium-doped fiber as a suitable propagation medium candidate, we
know from the seminal experiments performed by Nakazawa et al. [41] that the cooling of the
gain fiber to the cryogenic temperature of 4.2 K is a prerequisite to increase the dipole decay
time to nanoseconds. Using modern optical pulse waveform generators, it should be possible
to prepare an effective though truncated background condition, leading to a reasonably good
approximation of the vector rogue wave dynamics described in the present paper. Although the
parameter condition (7) seems to be stringent, it is indeed able to be achieved via the dispersion
engineering and management [47] as well as the modification of the transition electric dipole
moment of doping ions [31]. Whereas the recording of the optical component features down to a
few tens of picosecond could be performed with ultrafast optical measurement techniques [48],
the observation of its matter-wave counterpart would remain particularly challenging.
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6. Conclusion

In conclusion, we studied the resonant interaction of an optical field with two-level doping ions in
a cryogenic optical fiber within the framework of NLS-MB equations. We presented exact explicit
fundamental rational rogue wave solutions for the coupled optical and matter waves. It was
exhibited that the optical wave component always features a typical Peregrine-like structure, while
the matter waves involve more complicated yet spatiotemporally balanced amplitude distribution.
The existence and stability of these rogue waves was then confirmed by numerical simulations.
Moreover, the rogue waves were shown to be excited from a noisy initial condition, amid the
onset of MI. These solutions can also be extended, using the same analytical framework, to
include higher-order dispersive and nonlinear effects, highlighting their universality. Finally, in
the light of the recurrence stability of these rogue waves from chaotic wave fields, we discuss the
possibility of their experimental observation, by providing a clearer access to the parameters
needed for experimental design.
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