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Replica symmetry breaking in random lasers: A Monte Carlo study
with mean-field interacting photonic random walkers
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We investigate the replica symmetry breaking (RSB) phenomenon in random lasers (RLs) through Monte
Carlo simulations employing photonic random walkers that diffuse and get randomly scattered in the active
medium. The walkers interact not only with the population of excited atoms, but also among themselves, in a
mean-field-type approach based on the Langevin equation for the stochastic dynamics of RL modes. We obtain
the proper profile of the distribution P(q) of the Parisi overlap parameter in the RSB glassy phase, with two
pronounced side maxima at ¢ = £1 above the RL threshold, in contrast with some recent numerical studies.
Remarkably, when the interactions among photonic walkers are not included, a replica-symmetric profile with a
single maximum of P(q) at ¢ = 0 is found for any excitation energy. We further study the Gaussian and Lévy
emission regimes and statistical correlations of intensity fluctuations in distinct modes of the same spectrum,

using a Pearson correlation coefficient recently applied to RLs. Our findings are consistent with experimental
results for the intensity statistics and P(q) distributions in RL materials.

DOI: 10.1103/PhysRevA.107.063510

I. INTRODUCTION

Random lasers (RLs) [1-11] are nonlinear multimode pho-
tonic systems with low-coherence light emission and spectral
properties characterized by the presence of fluctuating spikes
at the lasing frequencies. The optical feedback responsible for
the RL action typically arises from randomly distributed scat-
tering particles or random variations of the refractive index of
the active medium with some sort of spatial inhomogeneity.
In this sense, the mechanisms underlying the RL behavior
notably contrast with those related to the role of the mirrors
and gain medium in a usual Fabry-Pérot cavity in conventional
lasers.

Since the first unambiguous demonstration of effective RL
emission using a colloidal dye plus TiO, nanoscatterers [12],
a wide diversity of materials have been reported to display RL
features, including dyes dissolved in transparent liquids, gels,
or liquid crystals with suspended micro- or nanoparticles as
light scatterers [ 13—18], random fiber lasers with rutile [19] or
rare-earth [20] particles, powders of semiconductor quantum
dots [21,22], and even atomic vapors that present interest-
ing analogies with astrophysical lasers [23]. The increasing
interest in RLs comes from both the ongoing perspective
of practical applications and the significant theoretical chal-
lenges to explain their unique properties. Indeed, on the one
hand, applications of RLs are already a reality in diverse areas,
e.g., sensing [24], optofluidics [25,26], and imaging [27], and
they continue as well to inspire new exciting ideas [28-33].
On the other hand, RLs have been employed as photonic
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platforms to advance the understanding of a number of com-
plex systems behaviors, including Lévy statistics and extreme
value events [34-52], turbulence [53—55], and the replica sym-
metry breaking (RSB) phenomenon [56—73]. In particular, the
use of RLs as actual systems to probe theoretical predictions
from Parisi’s RSB analysis [74—77] of disordered complex
systems (such as magnetic spin glasses) can be regarded as
an outstanding scientific achievement [78,79].

The concept of RSB was introduced in Parisi’s approach to
spin-glass systems in the late 1970s [74-77]. Spin glasses are
magnetic systems with some type of intrinsic disorder, e.g.,
random distribution of spin interactions. Below some critical
temperature, spin-glass systems undergo a phase transition
to states in which spins “freeze” along random directions,
with nontrivial correlations and rather slow dynamics. The
system’s free-energy landscape breaks into a large number of
local minima that can trap a spin configuration for sufficiently
long times to hamper ergodicity and yield metastability and
irreversibility effects. Thus, identical systems, with the same
distribution of spin interactions and initially prepared under
the same conditions (so-called replicas of the spin system),
can eventually reach quite distinct states after some thermody-
namic evolution, leading to different measures of observables
and spin correlation patterns very distinct from those associ-
ated with magnetic phases exhibiting conventional long-range
orderings [74—77]. In this regime, the system replicas can no
longer be considered as physically equivalent (or symmetric)
and an RSB scenario emerges in the spin-glass phase.

In the past two decades, the photonics research group
of Universita di Roma “Sapienza” has remarkably extended
[56-65] the concept of RSB to nonlinear multimode optical
systems with some sort of inherent disorder. A rich phase
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diagram has been theoretically proposed [56—63] as a function
of the input excitation energy and disorder strength, with
the photonic counterpart of the magnetic spin-glass phase
corresponding to the RSB glassy behavior in RL systems.
On the experimental side, the RSB phenomenon had its
first demonstration in the glassy phase of a two-dimensional
amorphous solid-state RL material [64]. Subsequently, the
RSB behavior was reported as well in diverse photonic
systems [65-73].

Random laser systems have been investigated also through
numerical methods [35-40,43-46,80-91], some of them
generically termed Monte Carlo (MC) simulations, albeit
with different implementations of stochastic processes. For
instance, in a pioneering MC study of the emission properties
of RLs [80], performed about one decade before the theoreti-
cal proposal [58] of the photonic RSB phase, photons in an ac-
tive random medium are treated as diffusing random walkers,
with probabilities of stimulating emission or being absorbed
set from the rate equations for the levels occupation. Rate
equations have been approached also using finite-difference
time-domain and transfer-matrix techniques in numerical
studies of the interplay of localization and amplification in
RLs [81,82]. Transfer-matrix [40,83] and MC [84] methods
have been applied as well in the weakly scattering regime of
RLs, addressing the effect of local pumping and statistics of
RL modes and amplified spontaneous-emission spikes.

In [85-87] MC simulations were performed with the
photon paths as random walks in a disordered amplifying
medium including stimulated-emission and -absorption pro-
cesses, with cross-section dependence on the wavelength
based on Mie theory. By continuously updating the local oc-
cupancy of the ground and excited states of the active atoms,
investigations were carried out [85—-87] on the chaotic behav-
ior, amplified extended modes, and further spectral features
of RLs, such as intensity enhancement and bichromaticity. As
the excitation energy increases, the Gaussian-to-Lévy statisti-
cal crossovers of the probability distribution of emitted inten-
sities also have been studied [43—46] in this approach, as well
as the first-passage length of photons as a function of the dis-
order strength and extreme value events in the RL spectrum.
A variant of this method, but with photons of fixed wave-
length, considered specific distributions of turning angles and
traversed distances between consecutive random scatterings
[35]. A similar statistical analysis of emitted intensities, along
with the study of correlations of intensity fluctuations, has
been performed in a numerical mean-field approach [88].

The different statistical emission regimes of RL systems
have been investigated [36-39] also through MC simulations
of multiply scattered random walkers displaying a distribution
of wavelengths centered at the transition resonance (see also
[89]). In this case, each random walker is assigned a given
wavelength and carries a certain amount of energy (photons),
which can vary due to spontaneous- and stimulated-emission
events along the random scattering path. It is assumed that
the walkers interact only with the excited atoms of the gain
medium. Thus, the effects of gain saturation and spatiotempo-
ral couplings among different random walkers are included in
a self-consistent way, since all walkers are driven by the same
population distribution of atoms in the excited state [36-39].
We note in passing that the study of the RSB phenomenon in

RLs could not be performed in this approach since, in addition
to the coupling with the gain medium, the presence of nonlin-
ear random interactions between modes is actually essential
to yield the RSB glassy phase in RL systems [56—65].

On the other hand, the RSB glassy behavior of RLs has
been numerically addressed through a parallel tempering
(exchange) MC algorithm [90,91]. The approach is based
on the photonic Hamiltonian formulation of RL systems,
with randomness and nonlinearity ingredients in the mode
interactions [56-65]. A finite-size scaling theory has been
developed as well to characterize the behavior of the RL close
to the glassy phase transition. The order parameter of this
transition is Parisi’s replica overlap parameter g (discussed
below) [56-65,74—77]. In the prelasing regime, with excita-
tion energy below the RL threshold value, P(g) has a single
maximum at g = 0, indicating that replicas are essentially
uncorrelated in a replica-symmetric scenario. In contrast, in
the photonic glassy phase above threshold, P(q) displays two
side maxima around the correlated and anticorrelated values
g = +1 and —1, respectively. In this case, replicas are no
longer symmetric and the RSB regime sets in.

The exchange MC study confirms [90,91] the predictions
of the finite-size scaling theory and identifies the universality
class of the RL glassy phase transition as being of mean-field
type. Interestingly, however, although the side maxima at g ~
+1 in fact have the onset at the RL threshold, the numerical
results for P(g) show that they are not fully developed in the
RSB glassy phase above threshold. Instead, the maximum at
q = 0 still prevails even in the RSB regime, where in principle
it should be lower than the side maxima.

In this work we investigate numerically properties of mul-
timode RL systems, such as the RSB regime, statistics of
emitted intensities, and correlation degree between pairs of
modes, through a MC approach based on [36—39]. We find that
the proper profile of P(g) in the RSB glassy phase, with two
pronounced side maxima at ¢ = %1, can actually be obtained
by introducing mean-field-type interactions between diffusing
random walkers, based on the Langevin equation that drives
the stochastic dynamics of the optical modes. We also study
the Gaussian and Lévy emission regimes as a function of the
excitation energy and the statistical correlations of intensity
fluctuations in distinct modes of the same spectrum, through
the measure of a proper Pearson correlation coefficient applied
to RLs [92-98]. Our findings are consistent with experimental
results for the intensity statistics and P(g) distributions in RL
materials.

The article is organized as follows. In Sec. II we review the
theoretical background for the Hamiltonian formulation and
Langevin dynamics of RL systems and describe the details
of the MC simulation. Results are presented and discussed in
Sec. III. A summary is given in Sec. IV.

II. THEORETICAL BACKGROUND
AND NUMERICAL SIMULATION

A. Photonic Hamiltonian formulation and Langevin dynamics

The Hamiltonian formulation of nonlinear multimode
photonic systems with a random amplifying medium
(including RLs) was developed in a series of seminal works
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[56—-65], which took as the starting point the system-and-bath
Hamiltonian model of quantum nonlinear photonic systems
with overlapping modes [99,100]. In the semiclassical con-
text, the creation and annihilation quantum operators of the
electromagnetic field are replaced by their complex expected
values to yield the effective Hamiltonian function

§ (2) E
H= et ki, H a/tz +
{ }

ki koY {k1,k2 k3, kel

4) * *
8k, ko ks kg Ay Ay Ay A 5
(L

where gf]?kz and g(,:?kz’k% x, denote complex quadratic and
quartic couplings, respectively, among overlapping slow-
amplitude modes {a;}, with the latter related to the nonlinear
optical x® susceptibility (see, e.g., [56,91]). The semiclas-
sical approximation is related to the regime with a high
density of photons, which represents the case of interest in
the present work and also corresponds to the experimental
situation considered, e.g., in [64—73]. We also comment that
the interactions between modes in a nonlinear optical sys-
tem can generally give rise to phenomena such as energy
transfer between modes and excitation of new modes due to
nonlinear interactions. These interactions can be subtle and
possibly lead to complex behaviors in radiation dynamics. The
information about how modes are nonlinearly coupled in a
material is contained in the high-order susceptibilities (third
order in our case). In the strong-cavity limit with small losses
[61,101], the diagonal elements of gf]?kz dominate over the

off-diagonal ones. Moreover, gf)k .k, carries the signature
1.K2, k3, kg R .
of the structural randomness of the active medium in RL
systems.
In a nonlinear medium, the electric field can be expanded
in leading-order perturbation theory [102] on the basis of
complex slow-amplitude modes as

E(r,7) = Re (Z Ex(r)a (t)e""”) : )
k

in which wy is the frequency of mode k, with an analogous
expression for the magnetic field. The slow-amplitude modes
ai(t) = Ag(t)e’®" present the dynamics of the real ampli-
tudes Ay evolving much slower than that of the phases ¢.
Thus, in the so-called slow-amplitude approximation [56,91]
the phases can be averaged out, with a;(w) & §(w — wy) upon
Fourier transformation and § as the Dirac delta function. This
implies that only mode combinations with |wy, — wy,| S ¥
and |wy, — oy, + Wi, — wy,| S y are accounted for in the first
and second terms of Eq. (1), respectively, where y is the
typical linewidth of modes. These constraints correspond to
the frequency matching conditions [56,91] indicated by the
terms {k1, k»}’ and {k, k2, k3, k4} in the sums of Hamiltonian
(1). The slow-amplitude modes thus form a suitable basis
to describe lasing modes with narrow linewidth around the
lasing frequencies. We also comment that the slow-amplitude
approximation results from the temporal dynamics of the
emitted signal in a random laser, in which the mode ampli-
tudes vary on a much longer timescale when compared to
the phases, a circumstance that favors the consideration of
the mode amplitudes as quenched (i.e., random but slowly
varying) variables.

The explicit calculation from first principles of the second
and quartic couplings in Eq. (1) is virtually unfeasible. Thus,
for practical purposes one possibility is to assume that their
values are taken from some probability density function. For
instance, in the statistical physics analysis of multimode pho-
tonic systems with a random amplifying medium (e.g., RLs)
[56-65], a mean-field-type approach considered the couplings
in Eq. (1) as being statistically independent and quenched
(i.e., static), with all g’s of a given (second or fourth) order
drawn from the same Gaussian distribution, along with the
relaxation of the frequency matching constraints, so that any
given combination of modes is allowed. In the slow-amplitude
approximation, the energy associated with mode k in the RL
is By = |a|*> = A,% (apart from an unimportant proportional-
ity constant). In this sense, the mean-field statistical physics
approach to the Hamiltonian (1) also assumed the system in
equilibrium with the energy pumping source, leading to the
spherical constraint of constant total energy E = ), Ej in the
RL medium.

The stochastic dynamics of the modes is described by the
Langevin equation [56,57]

day oH
_— = — y 3
7 2a: + &) 3)

where &.(¢) is an uncorrelated complex white noise in a
suitable choice of basis of slow-amplitude modes, which
is remnant of the correlated complex quantum noise
in [99,100]. The Langevin dynamics of the energies Ej
can be determined also in the strong-cavity limit with
frequency matching conditions comprising the modes com-
binations [59,103] wy, = w, and wi, = wy,, W, = wi, and
W, = Wi, and oy, — wk, = wy, — w,. By usually disregard-
ing the latter and considering Re(ggjc) ) = o — Yk, with y; and
oy as the amplification (gain) and radiation loss coefficient
rates [47,59,101,103], respectively, we find

2y, — ) — 4uE — 40 Y G B, | 4)
k3

Above, the quartic couplings are assumed to be Gaussian
distributed with mean p and variance o2, so they can be gen-
erally expressed in the form Re(gﬁ?kl L, k}) = Re(ggj? ks ke )=
w + oGy, i,, with the values of the quenched random vari-
ables Gy, x, taken from a Gaussian with null mean and unit
variance. The G terms with k; = k3 and k; # k3 account for
the random self- and cross-saturation effects, respectively. We
also consider, as in [56-65], that the mean value of the mode
couplings is proportional to the square of the excitation energy
E, e, u= MOE?, while the degree of disorder of the RL
medium increases with . We further notice in the case of
additive noise that the noise term is averaged out to zero in
the slow-amplitude approximation. The mean-field-type ap-
proximation of the coupling between modes in Eq. (4) can be
justified from the fact that, differently from spin Hamiltonian
models in magnetic systems, each mode in a random laser
system is essentially coupled with every other mode due to
the spatial overlap.
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B. Monte Carlo simulation

The theoretical formulation above helps shed light on MC
algorithms aiming to describe the photonic processes un-
derlying the multiply scattered diffusion of photons in the
random amplifying medium of multimode RLs. Concisely
(see below for details), we take as the starting point the MC
study [36-39] in which photons of a given wavelength are
carried by a random walker propagating in a two-dimensional
lattice. As many walkers diffuse and eventually get randomly
scattered, their number of photons can increase or decrease
at each discrete time step, due to either spontaneous emission
or stimulated emission (through the interaction with the local
population of excited atoms) or upon leaving the lattice. Here,
in order to investigate the RSB glassy phase above the RL
threshold, we further introduce interactions among the pho-
tonic random walkers in a way similar to Eq. (4), discussed
below.

The MC simulation was implemented on a square lattice
of L x L sites at positions (x, y), where x = 1,2,...,L and
y=1,2,...,L (in lattice spacing units). Initially, the popula-
tion distribution of excited atoms at time r = 0 is assumed to
have a Gaussian spatial shape

_ 2 _ 2
N(x,y,t=0>=Noexp(—(x L2y + o =L/2) ) )

232

Without loss of generality, N can be considered a continu-
ous variable, with N, a constant. Indeed, since random laser
systems generally present a large number of elements (e.g.,
rare-earth ions) responsible for the electronic transitions giv-
ing rise to stimulated emissions, a Gaussian distribution of
discrete N values with AN/N « 1 approaches a Gaussian
distribution of continuous N values in Eq. (5). As active atoms
are excited by an external pumping source, the initial sum
of N over the whole lattice (i.e., the total number of excited
atoms at ¢ = 0) is proportional to the excitation energy E,. In
fact, in the numerical procedure we actually set E; (in energy
units) so that No = E,/ Zx’yN(x, y,t = 0). From Eq. (5) we
also note that the input energy is concentrated around the
center of the lattice, with dispersion X (here we use X = 40
and L = 150, yielding ¥ /L =~ 1/4). As described below, the
number N(x,y, t) of excited atoms at position (x, y) at time
t is a dynamical quantity, which is progressively updated at
each time step.

No photonic random walkers exist at t = 0. In fact, as the
time progresses in discrete At = 1 steps (i.e.,t = 1,2,...1in
time units), walkers are continuously created, initially with
a single photon due to spontaneous emission taking place at
an excited atom. In addition, the random walkers eventually
increase their number of carried photons by stimulated
emission.

The processes associated with spontaneous and stimulated
emissions of photons and random scattering and diffusion
of photonic random walkers are considered in our MC sim-
ulation in a dynamical recursive way as described in the
following.

First, regarding the spontaneous emission, at each time
step ¢ we consider that excited atoms at sites (x,y) have a
probability (per unit time) of emitting a photon due to sponta-
neous emission given by the product of their local population

N(x,y,t) at the current time and the spontaneous-emission
rate yp (we set yp = 10~* in inverse time units). If a photon is
spontaneously emitted from an excited atom at position (x, y)
at time ¢, then we update N(x,y,t + At) = N(x,y,t) — 1,
with At = 1. Moreover, the frequency of this photon is drawn
from a Cauchy-Lorentz probability density P(w) with average
absolute deviation (width) @ and centered at the transition
resonance frequency wg [104],

@

P(w) = = L

(6)

In fact, here we consider N, = 1001 discrete frequencies wy
(channels of frequency) around wy, i.e., Wy = wy + kAw (in
frequency units), with k = —(N, — 1)/2,...,0,..., (N, —
1)/2, Aw = 1, and wy = 0, without loss of generality, whose
relative probabilities are given by Eq. (6) with @ = 50. The
denotation n; . (¢) indicates that the walker i at position (x;, y;)
in time ¢ carries n;, photons of frequency wy,. So the corre-
sponding update of the walker i that gets one more photon due
to spontaneous emission reads n; ¢, (f + At) = n;, (t) + 1.

Concerning the diffusion of the photonic random walkers,
at each time step every walker moves one lattice spacing to
one of the four neighboring sites in the square lattice. Each
walker has probability p, of changing direction (i.e., getting
randomly scattered) to one of the three neighbors that are
not ahead (we choose below p; = 0.1). Otherwise, it moves
forward to the next site without changing direction, with
probability 1 — p;. We also note that p; is inversely related
to the mean free path of photons between consecutive random
scattering events in the RL medium.

As the random walkers diffuse, at each time step their
number of photons (or carried energy) can also vary due
to stimulated emission. The energy Ey(z) associated with
mode k in time ¢ is given by the sum of the num-
bers of photons of frequency w; carried by the walkers,
Ext)=)"; S, ik (1), up to a proportionality constant,
with 6 the Kronecker delta. Likewise, the total energy in the
RLiS E(t) =), Ex(t) = ) ; niy(t). So, by considering that
the walkers interact in a way similar to Eq. (4), we write in the
discrete time step procedure

1
E[ni,k[ (t + A1) — ny g (0]

= ni 1, ()| v (0 )N (i, yis 1) — 4uE — do Z G i, B,
kj

(7

As for N, above we treat n;;, as continuous variables. The
first term on the right-hand side of Eq. (7) accounts for
the contribution to n; ;, (t + At) from the stimulated-emission
process occurring when the walker i at position (x;,y;) at
time ¢ interacts with the population distribution N (x;, y;, t) of
excited atoms in the RL medium. The frequency-dependent
stimulated-emission rate is given by [104]

Yo
1+ (wx /@)

Further, the G terms in Eq. (7) represent mean-field-type
quenched random couplings between walkers, favoring either

y(wp) = ®)
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the increase or decrease of n; 4, (t + At), with the values of all
Gy, k;’s drawn from the same Gaussian distribution. We note
that when the walkers interact only with the excited atoms in
the RL medium, i.e., for x = 0 = 0 in Eq. (7), we recover
the results of [36—39] (discussed in the next section). Here we
focus on the investigation of the system of interacting random
walkers for values of Et2 = /1o below, near, and above the
RL threshold, with fixed o = 1.5 x 10~%. The stimulated-
emission process also affects the local population of atoms
in the excited state, which is accordingly updated by

1
E[N(Xi,y;', t+ At) = N(x;, yi, t)]

= —ni 1, ()Y ()N (i, yir ). )

Eventually, a diffusing walker reaches one of the system
boundaries (x =1, x =L, y=1, or y=L) and leaves the
lattice. In this case, the walker is removed from the simulation
and its energy is added to the spectrum of emitted intensities
at the corresponding frequency.

One typical simulation run starts at t = 0 and ends at the
final time ¢ =y, when the intensity spectrum is recorded.
Next we run all over again from ¢t =0 to ¢ =, with the
same parameters and initial conditions as before and indepen-
dently drawing the random numbers Gy, x; associated with the
nonlinear couplings between modes from the same Gaussian
distribution. This procedure defines a replica of the system,
with the intensity spectrum denoted by I,(wy), where y
(=1,2,...,N,) is the replica label and N, is the number of
replicas. Here we use t; = 3000 and N, = 4800.

In order to investigate the RSB regime in the photonic
glassy phase of a RL system, we calculate Parisi’s correlation
parameter of intensity fluctuation overlaps between distinct
replicas y and B [56,57],

_ Zk AI,,(a)k)AIﬁ(a)k)
VAL ()P ALy (o)

where Al (wy) = I, (wr) — (I, (wy)) represents the intensity
fluctuation of replica y at frequency w; with respect to the
replica average intensity ([, (wy)) = Zy L, (wr)/N,. By con-
sidering all pairs of distinct replicas y and B, we build the dis-
tribution P(q) of g, g values. As mentioned, a single maximum
of P(q) at ¢ = 0 or two side maxima near ¢ = +1 are indica-
tive of the replica-symmetric or RSB regimes, respectively.

We can also measure the correlation between intensity
fluctuations at distinct frequencies in the same spectrum, by
calculating the Pearson correlation coefficient

Zy AL (wki) Al (wkj)
ik = ’
\/ZV [Aly(wkf)]z\/Zy [Aly(wk/ )]2

We notice above that, differently from Parisi’s overlap param-
eter (10), in which the sums in k consider the same frequency
@y in different replica spectra y and 8, in the coefficient Cyy,
summations in y relate distinct frequencies wy, and wy; in
a given replica y. This Pearson coefficient has been applied
[92-98] to study modes correlations in a number of RL sys-
tems. A negligible value of Cy; implies that fluctuations at
distinct frequencies behave nearly uncorrelated, in an average
over spectra. On the other hand, a positive (negative) Cyy,

qyp (10)

C Y

indicates that fluctuations at a given frequency are related
to fluctuations with the same (different) sign at a distinct
frequency.

Finally, to characterize the statistical emission regimes of
the RL, we analyze the distribution P (/) of emitted intensities
for excitation energies E; below, near, and above the RL
threshold. First, we notice from the output spectra that the
largest emitted intensities usually correspond to frequencies
within a small interval of width dw around the transition reso-
nance wy, and so we choose dw/N,, = 20/1001 ~ 0.02 in our
analysis. For a given E;, we fix a frequency wy in this interval
and build the distribution P(/) from the series {/, (wy)} of
intensity values of the various (N, = 4800) replicas y at this
frequency. We then compare P(I) with the family of Lévy
a-stable distributions [105], characterized by a stability pa-
rameter « € (0, 2] (discussed below). A best-fitting procedure
yields the value of « for this frequency. Next the same is
performed for the other frequencies in the interval. At the
end, an average o over these frequencies is obtained for the
excitation energy E;.

III. RESULTS AND DISCUSSION

We now present the MC numerical results obtained by fol-
lowing the procedures detailed above. We start by considering
the system without interactions between the photonic random
walkers. In particular, no RSB glassy phase is found in this
case, with a replica-symmetric phase emerging for all exci-
tation energies. Noticeably, however, when the walkers are
allowed to interact in the mean-field-type approach described
in the preceding section, an RSB scenario clearly stands out
above the RL threshold.

A. Case without interactions between walkers

By making u = o =0 in Eq. (7), the photonic random
walkers interact only with the local population distribution
N(x,y,t) of excited atoms in the active medium. This cou-
pling leads to stimulated-emission events with probability
proportional to y (wy )N (x, y, t), which increase the number of
photons of frequency wy carried by the diffusing walkers.

Figures 1(a)-1(f) show profiles of the intensity spectra and
corresponding distribution P(q) of Parisi overlap parameter
(10) for three values of the excitation energy E;. The intensity
emitted at frequency wy, is proportional to the number of pho-
tons of this frequency that leave the lattice in a simulation run.
In Figs. 1(a), 1(c), and 1(e), typical spectra of three replicas
are shown in different colors (blue, red, and black).

A significant change of behavior can be noticed in these
spectra as the excitation energy increases. For the lowest value
E, = 10°, Fig. 1(a) presents weak intensity fluctuations for all
replicas. On the other hand, Fig. 1(c) displays for E; = 10°
strongly fluctuating spikes at frequencies around the transition
resonance w that vary from replica to replica. As the excita-
tion energy is enhanced further, the magnitude of fluctuations
decreases to an intermediate behavior between the previous
ones [see Fig. 1(e) for E, = 7.0x 10°].

The picture depicted in Figs. 1(a), 1(c), and 1(e) corre-
sponds to the Gaussian-to-Lévy crossovers found experimen-
tally and numerically in the statistical emission regimes of
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FIG. 1. Case without interactions between photonic random
walkers. The intensity spectra and corresponding distribution P(g)
of Parisi overlap parameter values [Eq. (10)] are shown for excitation
energies (a) and (b) E;, = 10, (c) and (d) E, = 10°, and (e) and (f)
E, =7.0x10°. The intensity at frequency wj around the transition
resonance set as wy = 0 is obtained from the number of photons of
frequency wy that leave the lattice in a simulation run. Three typical
replica spectra are shown in different colors (blue, red, and black)
for each E,. The maximum P(q) at ¢ = 0 signals a replica-symmetric
phase, with no RSB for all E,. (g) Lévy stability index « as a function
of E,. While weak fluctuations are typical of Gaussian behavior [see
(a) and (e) with o ~ 2], strongly fluctuating intensity spikes emerge
in the Lévy regime (0 < a < 2), as shown in (c). The solid line in
(g) depicts the mean « over frequencies in a small range of width
Sw = 20 centered at wy, while dash-dotted and dashed lines indicate
the minimum and maximum limits of « from the standard deviation
around the average, respectively.

RL systems [34-52]. From a statistical viewpoint, a random
variable u € (—o00, 00) is described by the family of Lévy
a-stable distributions if its probability density function is
given by [105]

1 o0 o N
p(u) — g\/\ dk e*|Ck\ llfﬁsgn(k)GD(k)]ftk(ufv). (12)

The Lévy stability index « € (0, 2] is the most important
parameter since it sets the main statistical properties of u.
Indeed, whereas the borderline value @ = 2 leads to the Gaus-
sian distribution, with weak fluctuations in u# governed by
the central-limit theorem (CLT), the generalized CLT drives
the strong-fluctuation regime for 0 < o < 2 [105]. In ad-
dition, B € [—1, 1] is the asymmetry (skewness) parameter,
¢ > 0 is a scale factor, v is a shift (location) parameter, sgn
is the sign function, ® = tan(wra/2) if o # 1, and P(k) =
(=2/m)log|k| if « = 1. Here, with positively defined inten-
sities I, in practice we consider Lévy distributions p(l) =
p(lul) + p(—|ul) = 2p(Jul) in the I > 0 domain.

Following the procedure described in the preceding sec-
tion, we obtain intensity distributions P(I) and fit to Lévy
distributions using the quantile-based McCulloch method
[106]. In Fig. 1(g) the solid line shows the best-fit value of
the Lévy parameter o averaged over the frequencies in the
range of width dw = 20 centered at the transition resonance
wp. In addition, the dash-dotted and dashed lines depict the
minimum and maximum limits of «, respectively, from the
standard deviation around the mean for each E,. Consistent
with Fig. 1(a), an essentially Gaussian statistical behavior
with o & 2 is observed in the low-E; regime. As E; is in-
creased, a crossover takes places to a Lévy behavior with 0 <
o < 2, which is followed by a trend to return to the Gaussian
regime for high E;, in agreement with Figs. 1(c) and 1(e).

Despite the presence of intensity spikes typical of the RL
regime, the Parisi overlap distribution P(g) displays a single
maximum at ¢ = 0 and the absence of side peaks at g = *+1
for all values of E,, signaling a replica-symmetric scenario
[see Figs. 1(b), 1(d), and 1(f)]. This finding indicates that
no RSB glassy regime emerges in the case of noninteracting
photonic random walkers, i.e., in the absence of nonlinear
random couplings between lasing modes, as expected.

oo

B. Case with interacting photonic walkers

We next consider photonic walkers with mean-field inter-
actions modulated by the Gaussian random couplings Gy,
and parameters u and o in Eq. (7).

Figures 2(a)-2(d) present the distribution P(g) for a num-
ber of excitation energies E, = 10°, 5.0x10°, 5.5x10°, and
8.0x 100, respectively. We notice that when the interactions
between walkers are turned on, an RSB scenario is clearly
evidenced in the RL regime above E; ~ 5.0x10°. In par-
ticular, in contrast to Fig. 1, P(q) displays pronounced side
maxima at ¢ = £1 for E, = 8.0x10°, as seen in Fig. 2(d).
These results are corroborated by Fig. 2(e), which shows
the absolute value |gmax| at which P(g) is maximum. A
transition from the replica symmetric to the RSB phase is
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FIG. 2. Case with interactions between photonic random walk-
ers. The distribution P(g) of Parisi overlap parameter val-
ues [Eq. (10)] is shown for excitation energies (a) E, = 10°,
(b) E, =5.0x10%, (c) E; = 5.5x10°, and (d) E, = 8.0x10°. (a) A
pronounced maximum in P(g) at ¢ = O signals a prelasing replica-
symmetric phase. (b) and (c) As E; increases, a slightly bimodal
P(q) with maxima at |¢| = O indicates the onset of an RSB glassy
phase at the RL threshold (compare with the replica-symmetric
phase for all E, in Fig. 1, in the absence of interactions between
walkers). (d) For higher E, above threshold, the RSB side max-
ima occur at ¢ = £1. (e) Absolute value |gm.| at which P(g)
is maximum as a function of E,, showing that the transition
from the replica symmetric to the RSB phase takes place around
E, ~5.0x10°.

observed around E; &~ 5.0x 10°. We mention that profiles of
the distribution P(g) similar to those shown in Fig. 2 have
been experimentally found in RL materials with a transition
from prelasing replica-symmetric to RSB glassy phases above
threshold [64-73,96,97] (see, for example, Fig. 2 in [66],
Figs. 2 and 3 in [96], and Fig. 2 in [97]).

Figure 3 depicts the Lévy parameter o for two repre-
sentative frequencies wy; in the small interval of width Sw
around wy, as a function of E;. Both curves display the same
qualitative evolution, starting from the Gaussian regime with
a ~ 2 for low E,, shifting to a Lévy statistical regime with
0 < @ < 2, and subsequently tending to return to Gaussian
statistics for high E;. The quantitative differences in the plots
arise from the distinct sets of nonlinear couplings {Gy ,}

2 o 3
1.8+
1.6+ 1
314+
1.2¢
——w, =5
Ly ——wy, = 11

0.8
10 x 10°

E;

FIG. 3. Lévy parameter « for two frequencies in the small inter-
val of width dw around the transition resonance wy, as a function of
the excitation energy E,. As E, increases, a regime with Gaussian
intensity fluctuations (« =~ 2) for low E, is followed by a Lévy
statistical behavior (0 < o < 2) and by a subsequent trend to return
to the Gaussian statistics for higher E,.

which are stochastically assigned in Eq. (7) to each random
walker of frequency wy, that interacts with all other walkers of
frequencies wy;.

By comparing Figs. 2(e) and 3, we notice that the tran-
sition to the RSB phase at E; ~ 5.0x10° does not coincide
with the onset of the Lévy statistical regime. In fact, though
some of the first reports [49,66] of the RSB phase and Lévy
intensity statistics in the same RL suggested a simultaneous
emergence of both phenomena, other accounts have noted
[65] that their onsets may not match, with the hint that the
RL threshold should concur with the transition to the RSB
regime.

Finally, we analyze the statistical correlations between in-
tensity fluctuations of pairs of frequencies wy, and @y, in
the same spectrum, through the Pearson coefficient Cj, g,
[Eqg. (11)]. It has been experimentally shown [88,95,107] that,
by tuning the excitation energy near the RL threshold, it
is possible to control the intensity correlations between RL
modes from the characterization of the Lévy-like power-law
statistics of the emission spectrum survival function. Never-
theless, it is also important to note that in many cases, due
to the low resolution of the spectral measurement, this kind
of analysis may be difficult and imprecise. In spite of this,
interesting applications can arise from the control of the cor-
relations between specific RL modes, such as in biomedical
settings and network communications [107].

In the present context, correlations Cy, x, in the intensity
fluctuations are shown in Fig. 4(a) for nine chosen pairs of
frequencies as a function of E,. We first observe, for low E,,
that all pairs in the same spectrum are essentially uncorrelated,
with Cy, x; ~ 0. As E, is increased, three distinct behaviors
arise: The pairs of modes remain nearly uncorrelated even
for high E, (black lines) or shift behavior to a correlated
(red, G, «;, > 0) or anticorrelated (blue, Cy, x; < 0) regime. A
further increase in E, tends to saturation of the correlated
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FIG. 4. Pearson correlation coefficient Cii; [Eq. (11)] for in-
tensity fluctuations of (a) nine chosen pairs of frequencies wy, and
wy; in the same spectrum, as a function of the excitation energy
E,, and (b) frequency separation Aw = |wy, — wy;|. (a) The uncor-
related behavior Cy, r; ~ 0 observed for all pairs and low E; shifts,
as E, increases, to either correlated (Ck/.,k/. > 0, red) or anticorrelated
(Ck,,k/. < 0, blue) regimes or, in a smaller number of cases, remains
with Cy, x; ~ 0 (black). (b) More separated frequencies in the same
spectrum generally give rise to weaker correlations.

and anticorrelated modes while still keeping unchanged the
uncorrelated modes behavior of some pairs.

The results of Fig. 4(a) are complemented by the analysis
shown in Fig. 4(b) of the behavior of Cj, s, as a function of
the frequency separation Aw = |k; — k;|. In the low-E; regime
frequencies are uncorrelated no matter how separated they
are in the intensity spectrum (black line, E, = 5.0x10%), as
expected. In contrast, we notice a nearly monotonic decrease
of Cy,«; with Aw for higher E;, indicating that modes that

are closer in the same spectrum generally display stronger
correlations (see the blue and red lines for E, = 6.5x10° and
8.5x 100, respectively).

IV. CONCLUSION

The importance of advancing the understanding of random
laser systems can hardly be overstated. Random lasers have
already provided various practical applications [1,2,24-27]
and continue as well to inspire new exciting ideas [28-33].
Moreover, in parallel to the theoretical challenges posed to
explain their features, RLs also have been employed [1,2] as
photonic platforms to study complex systems behaviors, such
as unconventional Lévy statistics, turbulence, and the replica
symmetry breaking phenomenon.

In this work we have investigated RL systems through
Monte Carlo simulations employing photonic random walkers
that diffuse and get randomly scattered in the active medium.
The walkers interact not only with the population of atoms in
the excited state, yielding spontaneous-emission events, but
also among themselves, in a mean-field-type approach based
on the Langevin equation that drives the stochastic dynamics
of RL modes.

In particular, we have obtained the proper profile of the
distribution P(q) of the Parisi overlap parameter in the RSB
glassy phase, with two pronounced side maxima at ¢ = +£1
above the RL threshold. Noticeably, when the interactions
between photonic walkers are not taken into account, a
replica-symmetric profile with a single maximum of P(g) at
g = 0 is found for any excitation energy.

We have also concomitantly studied the Gaussian and Lévy
statistical emission regimes of the RL system. Our findings
are consistent as well with the analysis of the statistical cor-
relations of intensity fluctuations in distinct modes of the
same spectrum, through the measure of a suitable Pearson
correlation coefficient.

We hope our work can stimulate further experimental,
theoretical, and numerical investigations of RLs and, more
generally, of photonic systems with some type of inherent
randomness.
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