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Abstract: We investigated a modified two-elephant random walk in which one walker follows the
classical dynamics, while the other recalls past steps of its partner and multiplies them by independent
random amplitudes, introducing heterogeneous reinforcement effects. Using martingale techniques,
we established a law of large numbers (LLN), a central limit theorem (CLT), and a law of the iterated
logarithm (LIL) for the position of the first elephant. A phase transition driven by an effective memory
parameter was identified. In both the diffusive and critical regimes, Gaussian fluctuations arise, with a
change of scaling at criticality due to logarithmic corrections. In the super-diffusive regime, the walk
converges to a non-Gaussian limit at a polynomial rate. Numerical simulations support the theoretical
results. Unlike previous interacting elephant walks, we uncovered a non-Gaussian limit in the super-
diffusive regime and explicit logarithmic corrections at criticality, highlighting the profound impact of
random amplitudes on memory-driven systems.
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1. Introduction

Non-Markovian stochastic processes—where the future evolution depends on the entire past of the
system—play a central role in probability theory and in modeling complex phenomena. Among them,
the elephant random walk (ERW), introduced by Schiitz and Trimper [1], has become a paradigmatic
model for processes with complete memory. In its simplest form, at each step, the walker randomly
recalls one of its own past steps and then, with a fixed probability, either repeats or inverts that step; the
increments are traditionally restricted to +1. Despite its simplicity, this memory mechanism generates
rich asymptotic behavior, including a phase transition between diffusive and super-diffusive regimes.
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The ERW has also inspired numerous generalizations. Memory-based random walks arise naturally

in statistical mechanics to describe anomalous transport, reinforced diffusion, and systems with

long-range temporal correlations (see, e.g., [2]). The two-elephant framework can be seen as a minimal
interacting system where agents exchange memories, mimicking coupled particles or information flow
in complex systems. The elephant random walk has been extended in several directions. In particular,

Dedecker et al. [3] investigated an elephant random walk with random step sizes and established rates

of convergence in the central limit theorem.

A significant extension of the classical ERW is the elephant random walk with random amplitudes,
where increments are no longer restricted to +1 but are drawn from a more general distribution. This
variant allows the step sizes to be random, introducing an additional source of variability and capturing
situations where the impact or weight of past actions fluctuates. Such models have been studied,
for example, by Dedecker, Fan, Hu, and Merlevede [3], who investigated rates of convergence in
the central limit theorem for ERWs with random amplitudes. Their work shows how the moment
properties of the step distribution influence scaling limits and fluctuation behavior, thereby enriching
the universality classes observed in memory-based random processes.

Recently, Aguech and Shuo [4] extended this framework by introducing a model of two interacting
elephants. In their system, two walkers SV and S @ evolve by recalling not their own past steps but
rather the past steps of the other agent. The dynamics are governed by memory parameters p; and p,:
At each step, elephant i chooses uniformly at random a past step of the other elephant and then, with
probability p;, repeats it, or with probability 1 — p;, inverts it. This interaction captures scenarios of
mutual learning or reciprocal influence, where the history of one agent directly shapes the behavior of
the other. A key contribution of [4] is a detailed asymptotic analysis of this coupled system. The authors
proved that, under mild conditions, the two-elephant walk is recurrent, satisfies a law of large numbers
with zero speed, and obeys a central limit theorem with an explicit covariance structure. Moreover,
they established a law of the iterated logarithm that precisely characterize the almost-sure fluctuations.
Their results highlight how the interaction parameters p; and p, modulate the long-term correlation
structure and scaling limits, providing a rigorous probabilistic foundation for modeling bidirectional
memory-based interaction.

Building on this interactive framework, the present work introduces a novel extension: the
two-elephant model with random step amplitudes. We modify the dynamics of the first elephant
so that, whenever it recalls a past step of the second elephant, it multiplies that step by a random
amplitude L,.; (with mean m;, and variance o7) before applying the sign rule determined by p;. This
mechanism reflects realistic situations where the intensity of influence, the learning rate, or the impact
of copied information varies stochastically over time. For instance, it can model the spread of rumors
in social networks where certain relays amplify messages with variable strength, or reinforcement
learning contexts where rewards are associated with random weights.

The random-amplitude interaction captures several realistic phenomena:

e Social networks: When a user retweets a message, the visibility (e.g., number of likes or shares)
varies randomly; our amplitude L, models this variable amplification.

e Collective animal behavior: In bird flocks or fish schools, an individual following a
neighbor’s move may be influenced by random factors like distance or visibility—captured by
random amplitudes.

e Multi-agent reinforcement learning: An agent copying another’s action may receive a
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stochastically scaled reward, which fits our amplitude mechanism.

These examples illustrate that the model is not purely abstract but has clear potential applications.

Unlike previous interacting elephant walks [4], where the influence of one agent on the other
is purely deterministic in magnitude (only the sign is random), our random-amplitude mechanism
introduces heterogeneous reinforcement—a feature known to qualitatively change the long-time
behavior in memory-driven systems [5]. Indeed, as we show below, the random amplitudes do not
merely renormalize constants; they give rise to a new effective parameter y = a3(1 — ) that controls a
phase transition, and in the super-diffusive regime, the limiting distribution becomes non-Gaussian—a
phenomenon absent in the standard two-elephant model [4]. Thus, our extension is not a parametric
exercise but a minimal model that uncovers richer scaling universality classes.

Such interacting memory-driven walkers may represent coupled active particles [6], agents
with adaptive learning rates [7], or information propagation where influence strength fluctuates
randomly [8]. From a statistical physics perspective, this framework can model systems with
heterogeneous reinforcement [5], where past interactions are not only remembered but also amplified
with stochastic intensity. This framework naturally arises in anomalous transport phenomena [1, 2],
collective learning dynamics, and socio-physical systems where agents exchange information with
variable reliability or impact. Introducing random amplitudes therefore provides a minimal yet
flexible mechanism to capture fluctuating memory effects and non-uniform influence in interacting
non-Markovian systems.

We provide a comprehensive asymptotic analysis of this new model. By decomposing the process
into martingale components and exploiting recursive tree representations, we derive a law of large
numbers, a central limit theorem, and a law of the iterated logarithm for the position S\ of the first
elephant. Our results reveal that, while the qualitative asymptotic behaviors (recurrence, Gaussian
fluctuations in the diffusive regime) are preserved, the scaling constants and limiting variances
explicitly depend on the moments of the amplitude L;. Furthermore, we identify a phase transition
governed by an effective parameter y = a3(1 — ), where a3 = 2p3 — 1 and S is the probability of
cross-recall. In the critical case y = 1/2, logarithmic corrections appear in the scaling, whereas for
v > 1/2, the process converges in distribution to a non-Gaussian random variable at a super-diffusive
rate n”.

Why random amplitudes? In many real-world systems, the strength of a remembered event is not
constant. For example, when information spreads in a social network, a user may retweet a message
with or without amplification (likes, shares). In collective animal behavior, the influence of a neighbor’s
move may depend on distance or on random environmental factors. Our model captures this variability
by multiplying each recalled step by an (i.i.d.) amplitude L,. As we demonstrate, this variability
fundamentally alters the scaling limits compared to the constant-amplitude case studied in [4]. In
particular, the second moment of L; (not just its mean) appears explicitly in the asymptotic variance
and in the critical threshold, highlighting that the distribution of amplitudes matters beyond first-order
moments.

In summary, our main contributions are:

e A complete asymptotic analysis (law of large numbers, central limit theorem, and law of the iterated
logarithm) for an interacting two-elephant random walk with random step amplitudes.

e The identification of a phase transition governed by the effective parameter y = a3(1 —f), separating
diffusive, critical, and super-diffusive regimes.
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e For y > 1/2, the first demonstration of a non-Gaussian limit in an interacting elephant random walk
(Theorem 2 (3-ii1)).
e Explicit logarithmic scaling laws in the critical regime y = 1/2 : 4/nlogn for the CLT and

V2nlogn loglog(log n)

for the LIL.

The paper is organized as follows. Section 2 gives a precise definition of the model and the
underlying assumptions. Section 3 presents the main asymptotic results (Theorems 3.1, 3.3 and 3.5),
covering the law of large numbers, the law of the iterated logarithm, and the central limit theorem
for both diffusive and critical/super-diffusive regimes. Section 4 illustrates these theoretical findings
with numerical simulations, highlighting the influence of parameters and the convergence to limiting
distributions. Section 5 contains the detailed proofs, based on martingale decompositions, stochastic
approximation techniques, and careful control of interaction terms. A brief conclusion and perspectives
for future work are provided in Section 6.

2. Definition of the model

At each integer time n > 0, with probability S, the first elephant (position § ) copies a randomly
chosen past step of the second elephant (position Sf,z)), multiplies it by a random amplitude L., and
then either repeats it (with probability p;) or inverts it (with probability 1 — p;). With probability 1 -,
it copies a randomly chosen past step of its own, and then either repeats it (with probability p;) or
inverts it (with probability 1 — p3). The second elephant evolves independently: With probability r, it
takes a step +1 or —1; otherwise, it copies its own past step with sign determined by p,. The following
formal definition uses the same notation as in [4] for consistency, but we have added a summary in
Table 1 for quick reference.

Table 1. Summary of main notations.

Symbol Meaning

D1 Probability that the first elephant repeats a copied step.

)22 Probability that the second elephant repeats its own past step.
D3 Probability that the first elephant repeats its own past step.

a; =2p;—1  Memory parameter for elephants (fori = 1,2, 3).

B Probability that the first elephant copies the second elephant.
L, Random amplitude (i.i.d., with mean m; and variance 0'2).

v =a3(1 —B) Effective memory parameter controlling the phase transition.
x? Asymptotic variance (given in Theorem 3.5).

T Filtration o{X\", X” : 1 < k < n}.

Let (p1, pa2, p3» B) € [0, 1]* and define @; := 2p; — 1 for i = 1, 3. Consider independent sequences:
o (€9),5 11.d., Bernoulli with P = 1) = p;;
® (1,)n>2 1.1.d., Bernoulli with P(, = 1) = 5
° (u,(f)),,Z 1 and (v,),>1 are uniformly distributed on {1, ..., n}, independent of all else;
e (L,);s1 1.1.d., random amplitudes with mean m; and variance O'i.
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Assume that all the processes are independent. Define the step processes and positions:
n
@0 _ 0 — (@) -
sY=0, sP=Xx{ i=12
k=1

The update rules are:

o _ [T with probability 1/2
' " ]-1 with probability 1/2

¥ _ L,  with probability 1/2
' " |-L, with probability 1/2°
(2) _ (2) (2)
Xn+1 - (2§n+1 - 1)Xu(nl)’
X = Q6 = DL X3 + (1= 1,287, = DXL,

Let
1 2
Fo=o (X", x0 X, xP)

denote the natural filtration (the history of both walkers up to time n).

2.1. Physical and socio-physical interpretations

To make the model less abstract, we provide explicit interpretations for the parameters and random
variables:

e 1, € {0, 1} indicates whether at step n the first elephant copies the second elephant (17, = 1) or itself
(1, = 0). In social network terms, this is the probability S that an agent adopts information from an
external source rather than from its own memory.

° f,l) (resp., fff)) determines whether the copied step is repeated (¢ = 1) or inverted (¢ = 0). In opinion
dynamics, this corresponds to agreeing or disagreeing with the recalled opinion.

e [, is arandom amplitude scaling the copied step. In animal behavior, this could represent the varying
intensity of a movement (e.g., jump length, vocal volume). In finance, it could model the size of a
trade influenced by a peer.

e p; and p; control the propensity to repeat vs. invert. For p; > 1/2, the walker tends to confirm the
recalled step; for p; < 1/2, it tends to oppose it.

e The second elephant’s parameter p,: When p, = 1/2, the second elephant performs a simple
symmetric random walk, representing an unbiased environmental signal.

Thus, despite its mathematical appearance, the model captures essential features of interacting
memory-driven systems with heterogeneous influence strengths.

3. Main results
We now state the asymptotic behavior of SV, Precisely, we study some statistical properties of the
random walk S such as the law of large numbers, the law of the iterated logarithm, and the central

limit theorem.
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Theorem 3.1. Let (S, 8,50 be the random walk with dimension 2, we assume that B = 1 and
p2 = 1/2. Then we have:

(1) The law of large numbers is

1
S
—>
n n—+oo

(2) The law of the iterated logarithm is expressed as follows

50
|1 = lenlmy V2 < Tim sup —"— < 1+ oy, V2.

n—e /2n loglogn

(3) The central limit theorem is

(1)
Z, = S L, N, 1.

\/n (0‘% + (204% + l)mi) e

Comment 3.2. Theorem 3.1 describes the asymptotic behavior of the first coordinate S o of a two-
dimensional random walk in the critical regime 8 = 1 and p, = 1/2, highlighting a combination of
classical and non-standard features. The law of large numbers shows that the process is centered, as
SP/n converges in probability to zero, indicating the absence of drift. The central limit theorem
confirms Gaussian fluctuations, but with an adjusted variance O'i, which reflects the influence of
the underlying dependence structure or interaction encoded by a; and the moments of L. More
interestingly, the law of the iterated logarithm is not expressed as an exact limit but rather as bounds,
suggesting that the fluctuations of S D deviate from the classical i.i.d. setting and are affected by
additional structural constraints.

Theorem 3.3. Consider the two-dimensional random walk (S 511),5 ,(12)),120 defined in Section 2, and
assume 3 € (0, 1). Then the following law of large numbers holds:

SV OSP\ as
( L 2 )n:;(o,m.

Recall, in the case where @, > 1/2, it is known, from [9], that the almost sure limit of n=%2§ 512) is a
non-degenerate random variable called L.

Remark 3.4. The case where § = 1 was previously studied in [4]. In the present paper, we
restrict our attention to the non-resonant regime: y # a,. The resonant case, vy = a, 18
particularly delicate because the two characteristic memory parameters of the system coincide. This
parameter configuration is expected to generate critical phenomena, including modified scaling laws
and logarithmic corrections that do not arise away from resonance. As a consequence, the techniques
developed for the non-resonant regime cannot be applied directly and must be supplemented by a
refined analysis. Since this regime represents a key component of the phase diagram of the model, a
comprehensive investigation will be carried out in a separate paper.

The asymptotic behavior of § ‘" in the non-resonant regime y # a; 1s given by the following theorem.
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Theorem 3.5. Consider the two-dimensional random walk (S ,(11),5 flz))nzo defined in Section 2, and

assume 3 € (0,1) and a3(1 — B) # a,. Define

y=as(-p),  a=E0m
Y-
and let X? be given by
2 ify<1/2, a, =1/2,
o2 +m?+ A2 2 22
22: L L s l‘f’y<1/2, a’2<1/2, (31)

+ —_
1-2y l1-2a, 1-ay—-vy
U%+mi+/12, ifa, <1/2, y=1/2.
Then the following asymptotic results hold.

(1) Case where a, > 1/2.
(1-1) If y < @y, then

(1-i1) If y > a, then

(1)
Sn_ a8
n’ n—o+oo
(2) Case where a, = 1/2.
(2-1) If y < 1/2, then
S(l)
— 5 N(0,3?
/n lOgI’l n—+oo
and 0
S
lim sup S, ] <|A4.

now 42nlognlogloglogn
Q-ii) Ify > 1/2, then
SY as

N W(X)
n’ n—o+oo )
(3) Case where a, < 1/2.
(3-1) If y < 1/2 and y # a», then
s b
T N(0,%%)
and "
. 1S, ] |
lim sup ———= < JC(y) + ——.
n—eo  +[2nloglogn V1 -2a,
(3-i1) Ify = 1/2, then
s D
—— — N(0,2%
Jnlogn =+
and
155
lim sup < VCW).

noeo 42nlognlogloglogn
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(3-iil) Ify > 1/2, then
Vo

nY n—o+oo

W,

In the statements above, L is the almost-sure limit of n=**S ,(12) (see [9]) and W™ is a non-degenerate
finite random variable defined in Eq (5.14).

Terminological note. Following the established convention in the elephant random walk literature
(see, e.g., [1,4]), we use the term “phase transition” to describe a sharp change in the asymptotic
behavior (scaling exponents and/or the nature of the limiting distribution) as the parameter vy crosses
the critical value 1/2. This does not refer to a thermodynamic phase transition but to a qualitative
change in the stochastic dynamics.

Comment 3.6. Theorem 3.5 provides a detailed description of the asymptotic behavior of the first
coordinate S\ in the regime B € (0,1). The dynamics are governed by the effective parameter y =
a3(1 — B) and the memory parameter a;, of the second elephant.
The finer asymptotic behavior splits into three main regimes based on vy relative to 1/2, but with

additional nuances depending on a,:
e Diffusive-like regime (y < 1/2):

(D) Ifay < 1/2and y # a3, then S ,(1])/ \n converges to a Gaussian distribution with variance X* and

a classical law of the iterated logarithm (LIL) holds with

v2nloglogn.

(2) If ap = 1/2, the normalization becomes +/nlogn for the CLT, and the LIL involves

V2nlog nlogloglogn.

e Critical regime (y = 1/2): For ay < 1/2, the CLT uses /nlogn and the LIL is the same iterated
logarithmic factor as above.

e Super-diffusive regime (y > 1/2): The process exhibits almost-sure convergence (and L*
convergence) to a non-degenerate, non-Gaussian random variable after scaling by n™>-®_ This
marks a sharp departure from Gaussian fluctuations.

In all regimes, the random amplitudes L, influence the scale of fluctuations (e.g., £* in the diffusive
case) and the nature of the limit in the super-diffusive regime (non-Gaussian). However, the phase
transition boundary is determined solely by the memory and cross-interaction parameters (y and a;),
while the amplitudes modify the quantitative and distributional properties within each regime.

4. Simulations

For the numerical illustration, we consider the two-dimensional random walk defined in Section 2
with parameters p; = 0.7, p, = 0.5, and p; = 0.6. The random amplitudes (L,),>; are assumed to
be independent and identically distributed according to an exponential distribution with rate 1, that
is, L, ~ Exp(1), and the sample size is fixed at n = 10*. To illustrate Theorem 3.1, we simulate the
first component SV under the assumptions 8 = 1 and p, = 1/2, and plot the normalized trajectory
S /n. To illustrate Theorem 3.3, we simulate the second component S with 8 = 0.75 and plot the
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normalized trajectory S'*/n. Figure 1 shows that both normalized trajectories are displayed on the
same graph, where the horizontal dashed line corresponds to the limiting value O predicted by the law
of large numbers.

— s{"/n — s@n

0.5

0.0
t
H
1
%
{
1
1
1
H
1
1
1
1
H
H
|
!

-0.5

-1.0

0 2000 4000 6000 8000 10000
n

Figure 1. Law of large numbers (LLN) of % and #

Figure 2 illustrates the three fluctuation regimes described in Theorem 3.5.
(i) The first two panels illustrate the case @, > 1/2. For (az,y) = (0.7,0.3), where y < a,, the
trajectory of S D /n® stabilizes, in agreement with the convergence

Sy
5L AL

ne2

For (a,,7y) = (0.6,0.855), where y > a5, the normalized process S 511) /n” approaches a non-degenerate
random limit, as predicted by Case (1-ii).

(i) The top-right panel corresponds to @, = 1/2 with y = 0.3. The empirical density of the normalized
process agrees closely with the theoretical Gaussian density N(0,X?), confirming the central limit
theorem stated in Case (2-1). The bottom-left panel illustrates the supercritical case y = 0.72 > 1/2,
where the normalized process S 5,1) /n? is shown for a, = 0.5 (red). The trajectory stabilizes to a finite
random limit, consistently with the convergence in probability predicted by Case (2-i1).

(iii)) The bottom-middle and bottom-right panels correspond to @, < 1/2. For (a,,y) = (0.3,0.375)
and (0.4,0.5), respectively, the empirical densities are in good agreement with the limiting Gaussian
distributions predicted by Cases (3-1) and (3-ii). The bottom-left panel illustrates the supercritical
case y = 0.72 > 1/2, where the normalized process S ,Sl)/ny is shown for a, = 0.3 (blue). The
trajectory stabilizes to a finite random limit, consistent with the convergence in probability predicted
by Case (3-iii).
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Figure 2. Numerical illustration of the asymptotic regimes in Theorem 3.5.

In all numerical experiments, we considered M = 1, 000 independent Monte Carlo replications,
each consisting of a trajectory of length N = 10, 000. The amplitude sequence (L,),>; was generated
10,000 times according to L, following an exponential distribution with parameter 1, independently
for each n. Table 2 shows that the remaining parameters were selected to produce the three fluctuation
regimes described in Theorem 3.5.

Table 2. Parameter values used in the simulations of Figure 2.

Case p1 P2 P3 B ay ) a3 4 g
(1-1) 0.70 0.85 0.70 0.25 0.40 0.70 0.40 0.30

(1-i1) 0.70 0.80 0.95 0.05 0.40 0.60 0.90 0.855

(2-1) 0.70 0.75 0.70 0.25 0.40 0.50 0.40 0.30 0.25
(2-iii) 0.70 0.75 0.95 0.20 0.40 0.50 0.90 0.72

(3-1) 0.70 0.65 0.75 0.25 0.40 0.30 0.50 0.375 8.62
(3-ii) 0.70 0.70 0.90 0.375 0.40 0.40 0.80 0.50 4.25
(3-ii1) 0.70 0.65 0.95 0.20 0.40 0.30 0.90 0.72

5. Proofs

5.1. Proof of Theorem 3.1
1)

Conditionally on ¥, uilz) is uniform on {1,...,n} and independent of (L,,, fr(; .

define the following conditional moments:

). Therefore, we

E[X,g%gl |Tn]:a1mL - (5.1)
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while
E[(X())? | Fa| = BILY] = m] + o7, (5.2)
Thus,
Var [X(l)l | T] or +mp - (almL Sy )2 .
n

Define the martingale M,, of the walk by:

n-1 n-1 S(Z)
My =SV = B[X( | Fi| =8 —avm ) = (5.3)

k=1 k=1

The increment of the martingale (M,,, F,) is

AM,. = X'V —

n+1

=[x 7]

By (5.2), the conditional variance satisfies

Summing, the predictable quadratic variation is
n =l (g2 2
— 2 (2 2y, 2 Dk
(M), = kZ] E|(AM)? | Ficr| = (0] + mpn — (@1my) ;[ p ) :
By [9], Sﬁf) /n — 0, almost surely, and then
(M), = > E[(AM)? | Fica| = (@ + mP)n + o(n).
k=1

Using [9] applied to the walk S 5,2) and [10, Theorem 1.3.15] applied to the martingale (M,),
and Eq (5.3), we conclude assertion (1) of Theorem 3.1:

1)
SEMENYY

n n—o+oo

In order to prove assertion (2) of Theorem 3.1, we use Stout’s martingale (LIL) to prove the results
concerning the LIL. Since (M),/((c2 + m})n) — 1 and the Lindeberg condition holds, we obtain,
by [11, Theorem 4.8],

M,

lim sup =1,
noe J2(0% + mPnloglogn
5.4
M,
lim inf =-1, as.

2(07 + m?)nloglogn
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To transfer this result to S 5,1), observe by [4, Eq (9)] that, almost surely,

. 1 n-1 g )
lim inf L=,

=00 \/4n10glogn — i

(5.5)

hm sup

S(Z)
Van log logn Z

Combining with (5.4), we obtain almost surely
S(l)
'1 — | |my \/_‘ <limsup ——2——— < 1+ |a;|my V2.
n—o  +/2n loglogn
Finally, to prove assertion (3) of Theorem 3.1, define, for each n > k > 1, that

di(n) = #{j € (k,n] : uf = k|

with the convention that d,(n) = 0. For n > 1, by a slight abuse of notation, in distribution, we have

n_ (dg(n)
sP=x"+ ) [Z (2¢) - 1) Lj,k)x,(f), (5.6)
k=1 \ j=1

where, by convention, Zd"(l" Va; i = 01if di(n) = 0 and for all fixed j, (f;},())k and (L), are two i.i.d.

sequences having, respectively, the same distribution as fgl) and L;. Using the following notation:

n

§H = Z( f(l) )

J=1

Equation (5.6) can be expressed as

(1> (1) ® 5@
+ Z Sdk(n) .

Since, for all £, §® and X,(f) are independent, we have

di(n)
ES(k) =namg,
E (S;")) = n(o: +m:) +n(n—1)aim?,
Var§® = no? + nmi(1 -a?).
We recall the following central limit theorem for martingale triangular arrays, see, e.g., [11].

Proposition 5.1. Suppose that for each n > 1, we have random variables X,, 1, . . . , X, , on a probability
space (Q, F, Pr), with sub o-fields ¥, o C Fp1 C -+ C Fun of F such that X, is F,-measurable and
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E Xk | Fuk-1) = 0a.s. fork =1,2,...,n. Such an array is called a martingale triangular array. For
alln > 1 and forall 0 < k < n, deﬁneSnk— Xog+ -+ Xox If

N

> E[X2 | Fas1| — 1 inprobability as n — oo, (5.7)

k=1
and for any € > 0,

Z E [Xik ]l{lxn,k|28}

k=1

ﬂ,k_l] — 0 in probability as n — oo, (5.8)

then S, converges in law as n — oo to N(0, 1).
We use the following result, where the proof is similar to [4, Proposition 2.2],
Proposition 5.2. Asn — oo,

k 2

1m— =1 i bability.
n—won(1+2a/1m%) in probability

Assertion (3) of Theorem 3.1 follows by applying the same arguments as in the proof of [4].
5.2. Proof of Theorem 3.3
Recall that the first elephant evolves according to
X =1 = DLt X5 + (=0, - DX, n20,

and
1 1 2 2
Fo=o (X", x0 X2, xP)

denotes the natural filtration.
Conditionally on ¥, all random variables at time n + 1 are independent. Hence,

B[X0), | 72] = Bl 1BRED - NEIL 1B [XE)
1 Iy
(15051

2) S(l)
=Baym— + (1 =B as .
n n

9’] + B[l - 1 B2EY, - NE X | 7]

n+1

Similarly, we have
1 _ n
E|X\))? | Fa| = Blo +m}) + 4-pn . 2 D
k=1

The martingale component is defined by

) (x - B [x | 7).

k=1

M, :
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The process (M,,, F,).>1 1S a square-integrable martingale with increments
1 1
AM,. = X£1+)1 —-E [X,(w)l | 77'1] .

This decomposition separates the purely stochastic fluctuations encoded in the martingale M,, from the
cumulative memory effects contained in the compensator C,, and constitutes the starting point for the

proofs of the law of large numbers, the central limit theorem, and the law of the iterated logarithm for
Sy,

Proof of Theorem 3.3. We first establish a strong law of large numbers for the martingale part M,,.

Lemma 5.3. For the martingale (M,,) defined in (5.3), we have

M, as
_—
n n—+o

Proof. From the dynamics, we have
E[(AM) | Fioa| < B[ | Fii |

k-1
%+ m)+ P >y
LY k- I=1 t

Since ]E[(Xl(l))z] < o2 + mj3, we obtain E[(AM})*] < o7 + m; for all k > 2. Consequently,

(o) 2 (o] (o]
AM, 1 1
E[Z p ") = Z EE[(AMk)Z] < (0?2 +m§); 5 <.

k=2 k=2
Hence
i AM,
=k
converges almost surely and, by Kronecker’s lemma, we deduce M, /n — 0 a.s. O

Now we prove that S’ /n — 0 a.s. From the martingale decomposition (5.3), we have

T,=4,+X5' T,
S
where
51
T, = , =1 -pas,
n
-1 «(2)
M, 1 S
An = +,8a1mL - —k

k=1

By Lemma 5.3, M,,/n — 0 a.s. For the second elephant, it is known (see [4] or [9]) that S,(f) /k— 0
a.s., and therefore its Cesaro mean also tends to 0 a.s. Thus A,, — 0 a.s.
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Leta = limsup,_, ., |T,|. Since A, — 0, for any € > 0, there exists N such that |A,| < eforalln > N.
Then forn > N,

we obtain a < |y|a. Because |y| = |(1 —B)as| < 1 (as 0 < S < 1 and |a3| < 1), we conclude that a = 0.
Hence T,, — 0 a.s., which completes the proof. O

5.3. Proof of Theorem 3.5
We need the following lemma:

Lemma 5.4 (Convergence of the empirical second moment). Under the assumptions of Theorem 3.5,
we have

1 < a.s.
(1)\2 2 2
;Z(Xk) —>0'L+mL.
k=1

Proof. From the dynamics,

1 &
E [(XJEL)I)Z | ﬁ] :ﬁ(ai + mi) +(1-p) p Z(Xi(l))z'
i=1

Set
1 S (D2
Yk = % ;(Xl ) .
Then 5
E[Yier | Fil = Vi + i1 1(O‘i+mi— Y).
Let Wy = Y; — (07 + m?). Then
_ B
E[Wii | Fil = |1 - —— | Wi
k+1
Since f € (0,1), a standard super-martingale argument (or the Robbins-Siegmund lemma) implies
W, — 0 almost surely. Hence Yy — o2 + m? a.s. o

Proof of Theorem 3.5. Recall the definitions

y=as(l—B), y#ap a=PML
Y — @
and set
Sy + A8y
X, = u,
n
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Define the martingale increments

Forn ¢ {-1,1}andn > 1, set

1

I+

I'n*n)
FrA+xpln+1)

n
+1°

n—1
Ya(£7) = Buxm = | |1 =yzm) =
k=1

S

with B(«n) := 1. Notice that

1
li + len _ -
lim g,(£m)n D
Consequently,
< iy
Xy = Bu(=y) [+ Y =& |,
Py [1 ]Z‘ﬂjﬂ(—?’) a
= fu(-a) 1+z riCe) o
! 4 Bjr1(—az) JH
Moreover,

S(l) = n(x, — Ay,) = nB,(=y)(x; + M(x)) /lS(z)

where we define two martingales

= YA
M» =% L gifr)l’
n—1
7j(_a2) o)

MY = o
" = ﬁj+l(_a'2) il

with M, o) = =M, O = 0. Their quadratic variations satisfy

n—1 n—1
(=) —
M®)y, = (7’1_) W lE]~c 2,
(M) Z*,Bjﬂ(—y) |00 | 7] (7);J

n-1 n—1
MO, = M) 0 ~C
M Z::‘ (,3,/+1(—02) ( 1) ' 77 (@) JZ::‘ !

where
C =T’ A+ (L +0cr+md),  Cla) =T +a).

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)
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Lemma 5.5. Fory # a,, the following convergences in probability hold:

(1= yPE[9,? | 7] > 2+ 07 +nt,
(1- @) B[, | ] &
5

(1-a)(1 -y E el | 7]

n+18n+1

1,
A

Proof of Lemma 5.5. Expanding
20 (%) \2
(1 - 7) (8n+1
gives
(1 =)W = X))+ 22X )7 + 922 + 2ax 0, X2, -

n+1 n+1“"n+l1

2)/X(1+)1x,1 ZAyX(i)lxn
From Lemma 5.4,

E[(x))? 7—'] —> o2 +m?,
and the remaining terms converge to 0 in probability. Hence the first claim follows. Next,

(1=l B[ | 7] = 1+ a3y - 20 X2 e = 1.

n—+co

Finally, expanding the product yields

(1 - a)(1 =s? er) = X\ X2, = a0y,X,)

@) (2)
n+1“"n+1 n+1 +A- /lalzynxrﬁl yann+1 T YQ2YnXn,
and taking the conditional expectation gives the convergence to A. O

Now we treat the different regimes.
(1-1) Case where o, > 1/2 and y < a,: From [9], we have

It immediately follows that

— —AL.

n® n—o+4oo

(1-ii) Case where a; > 1/2 and v > a,: This case can be proved using the same arguments as in
Case (1-1).
(2-1) Case where o, = 1/2 and y < 1/2. Define

X, - Vn+1 (ﬁm( 2N Yi(=Y) £ (—ay) 92D Yi(—a2) =) )
" log(n+ 1) Br+1(=y) Fer Bir1(—ay) *1
Then
[ nk | F k- 1] m [(o-i + m% + )Y+ 2k - 2/12717—1/21(—7—1/2]’
og(n
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so that

n

ZE[ nk|7"nk1] — 22> 0.

n—+oo
k=1

Applying [9, Theorem 3.5] and [12, Theorem 1.3], we obtain

M(X) M(X)
lim sup - = —liminf - =+1
V2n'=2 loglogn V2n'=2 loglogn
and 2) (2)
lim sup S = —liminf S = +1.
\2nlognlogloglogn y2nlognlogloglogn

The law of the iterated logarithm then follows.
(2-ii) Case where > = 1/2 and y > 1/2. Denote by M’ the almost-sure limit of M'”. Then, using
the same arguments as before, we have

Sﬁll) as X1+ M((,?
H —
nY n-+eo [(1 +7)

= WW, (5.14)
(3-1) Case where o, < 1/2, y < 1/2,and y # ;. Define

Xor = VAt T (Bns(en) LY o0 g () 02 <”)

Brs1(=y) Gl Brs1(—a2) Gl
Then v
nk yk( 7) (xX) \2
n+1 _ﬁn+l( ,Bk+1( ( k+l
2
BB (-
+ ﬁn+l( Z)ﬂk+1(_ ( k+1

YEn(=a2) o o
8k+18k+1 :
Brr1(=Y)Br+1(—a2)

- 2/1ﬁn+1(_7/)ﬁn+1 (_al)
Using (5.10), we have

k! keo! 1y

Brr1(=y) ~ m, Brri(—a2) ~ m, Yi(=y) = k+—1

Hence
E (X2, | Fuscr| = (0F +mi + 22 n® 7k 4 22 20— 202 e e
Therefore, by (5.11) and (5.12),

2 2 2 2 2
) a.s O-L + mL +4 A — 24
;E[Xn’k|7:n,k—l:| n:)m 1-2y + 1 -2 1—0/2—7>O’

so condition (5.7) holds. The law of the iterated logarithm then follows by the same argument.
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(3-ii) Case where a, < 1/2 and y = 1/2. Define

_ Vn+1 Ye(=Y) o Yi(—@2)
Xox = log(n—+1)(ﬁ"+1(_7/) m Erel ~ ABur1(—az) m 8k+1)-
Then
1

E (X2, | Fuict| (07 +m} + Ak + 22 k2 = 2 e 2 2

log(n + 1)

and consequently

D UE[XL | Fsa| = of +mi+ 2 >0,
’ n—+oo
k=1
so condition (5.7) is satisfied. The law of the iterated logarithm is proved similarly.
(3-iii) Case where a, < 1/2 and y > 1/2. Recall that

S = (6, = Ayn) = nBu=7) (61 + M) = ABo(~a) (i + MP)].

In this regime,

2
<M(X)>oo < 00, <M(y)>n ~ I (1 + QZ) nl—ZOzz'

1- 2&2
By [12],
MW ﬂ) MW
n n—+oo o0
(a finite random variable) and
M(Y) M(y)
lim sup - = —liminf - =1
n 2AMD), loglog(MW), T 2AMO), loglog(M®),
Setting
3 (1 + ay)
1 -2a
we obtain
. My . My V2T(1 + )
lim sup = —liminf = .

n  4/n'"22]oglogn n o y/n'"22]oglogn V1 -2,

After simplification, we deduce that

fim S M
e T T +y)

X)

Finally, for cases (2-i), (2-ii), (3-i), and (3-ii), since |X\’| = 1 for all n and E[(X\")*] < m3 + 02, we
have, for any € > 0,

n
2 a.s
D EIX Ly e | ] — 0,
k=1
so condition (5.8) is satisfied in each of these cases. O
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6. Conclusions and future outlook

In this work, we have studied an interacting two-elephant random walk with random step
amplitudes. This extension provides a minimal yet flexible mechanism for modeling heterogeneous
reinforcement in memory-driven systems, a feature that is natural in many physical and socio-physical
contexts where the intensity of retrieved information varies stochastically over time.

This extension enriches the classical two-elephant framework by allowing fluctuations in the
intensity of recalled steps. Crucially, we show that this seemingly minor modification leads to a
non-trivial phase transition with three distinct regimes (diffusive, critical, super-diffusive), and—unlike
the model in [4]—produces a non-Gaussian limit when y > 1/2. Such behavior cannot be captured by
simply adjusting parameters in existing models, confirming that random amplitudes are a physically
and mathematically essential ingredient.

We have established the law of large numbers, Gaussian and non-Gaussian scaling limits, and
the law of the iterated logarithm for the position of the first elephant. The analysis reveals a sharp
phase transition controlled by the effective memory parameter y = a3(1 — ). In the diffusive
regime (y < 1/2), the fluctuations are Gaussian with renormalised variances that explicitly depend
on the moments of the random amplitudes. At the critical threshold (y = 1/2), the scaling acquires
logarithmic corrections, while in the super-diffusive regime (y > 1/2), the process converges almost
surely to a non-Gaussian limit at a polynomial rate, reflecting strong memory persistence.

These results go beyond a mere extension of the model in [4] by revealing that random amplitudes
can fundamentally change the universality class of the interacting system, pushing it from Gaussian to
non-Gaussian fluctuations in the super-diffusive regime.

From a statistical mechanics viewpoint, our model provides a minimal setting to study anomalous
transport induced by interacting memory effects. More generally, the results demonstrate that random
amplitudes qualitatively modify the long-term dynamics and generate new scaling behaviors beyond
those of standard elephant random walks.

Several extensions deserve further investigation. Natural directions include considering correlated
or heavy-tailed amplitudes, analyzing the joint scaling properties of the two interacting walkers, and
extending the framework to many-agent systems or network-based interactions. Such developments
may shed further light on collective memory effects and non-equilibrium transport phenomena in
complex systems.

Our analysis groups the memory parameters into an effective constant y, which is sufficient
because the conditional expectation is linear. However, more complex models—for instance, with
state-dependent or correlated random amplitudes, or with non-linear reinforcement rules—could
exhibit richer dynamics that our effective parameter cannot capture. Investigating such extensions
is a promising direction for future research.

As noted by one reviewer, the martingale decomposition § ;1) = M, + C, (see (5.9)) explicitly
reveals the role of the memory parameter y in the drift. Such representations are not only
mathematically convenient but also physically interpretable, as they separate predictable drift from
random fluctuations. We believe this approach may prove useful in other physical models of
non-Markovian dynamics.

AIMS Mathematics Volume 11, Issue 9, 31412-31433.



31432

Author contributions

Mohamed Abdelkader: Conceptualization, methodology, software, formal analysis, writing—
original draft; Rafik Aguech: Conceptualization, software, formal analysis, writing—original draft.
All authors have read and approved the final version of the manuscript for publication.

Use of Generative-Al tools declaration
The authors declare they have not used Artificial Intelligence (Al) tools in the creation of this article.
Acknowledgments

The authors extend their appreciation to the Ongoing Research Funding Program (ORF-2026-1068),
King Saud University, Riyadh, Saudi Arabia.

Contflict of interest

The authors declare no conflicts of interest.

References

1. G. M. Schiitz, S. Trimper, Elephants can always remember: exact long-range memory
effects in a non-Markovian random walk, Phys. Rev. E, 70 (2004), 045101(R).
https://doi.org/10.1103/PhysRevE.70.045101

2. R. Metzler, J. Jeon, A. G. Cherstvy, E. Barkai, Anomalous diffusion models and their properties:
non-stationarity, non-ergodicity, and ageing at the centenary of single particle tracking, Phys.
Chem. Chem. Phys., 16 (2014), 24128-24164. https://doi.org/10.1039/c4cp03465a

3. J. Dedecker, X. Fan, H. Hu, F. Merlevede, Rates of convergence in the central limit theorem
for the elephant random walk with random step sizes, J. Stat. Phys., 190 (2023), 154.
https://doi.org/10.1007/s10955-023-03168-6

4. R. Aguech, S. Quin, How two elephants can learn from each other, Stochastic Process. Appl., 201
(2026), 105040. https://doi.org/10.1016/j.spa.2026.105040

5. M. Benaim, Dynamics of stochastic approximation algorithms, In: Séminaire de Probabilités
XXXIII, Berlin: Springer, 1999. https://doi.org/10.1007/BFb0096509

6. T. Vicsek, A. Czirék, E. Ben-Jacob, I. Cohen, O. Shochet, Novel type of phase
transition in a system of self-driven particles, Phys. Rev. Lett.,, 75 (1995), 1226-1229.
https://doi.org/10.1103/PhysRevLett.75.1226

7. R.Pemantle, A survey of random processes with reinforcement, Probab. Surveys, 4 (2007), 1-79.
https://doi.org/10.1214/07-PS094

8. H. Kesten, V. Sidoravicius, The spread of a rumor or infection in a moving population, Ann.
Probab., 33 (2005), 2402-2462. https://doi.org/10.1214/009117905000000413

AIMS Mathematics Volume 11, Issue 9, 31412-31433.


https://dx.doi.org/https://doi.org/10.1103/PhysRevE.70.045101
https://dx.doi.org/https://doi.org/10.1039/c4cp03465a
https://dx.doi.org/https://doi.org/10.1007/s10955-023-03168-6
https://dx.doi.org/https://doi.org/10.1016/j.spa.2026.105040
https://dx.doi.org/https://doi.org/10.1007/BFb0096509
https://dx.doi.org/https://doi.org/10.1103/PhysRevLett.75.1226
https://dx.doi.org/https://doi.org/10.1214/07-PS094
https://dx.doi.org/https://doi.org/10.1214/009117905000000413

31433

9. B. Bercu, A martingale approach for the elephant random walk, J. Phys. A Math. Theor., 51 (2018),
015201. https://doi.org/10.1088/1751-8121/aa95a6

10. M. Duflo, Random iterative models, Berlin: Springer, 1997.

11. P. Hall, C. C. Heyde, Martingale limit theory and its application, New York: Academic Press,
1980. https://doi.org/10.1016/C2013-0-10818-5

12. W. E. Stout, Almost sure convergence, New York: Academic Press, 1974.

@ AIMS Press

AIMS Mathematics

©2026 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0)

Volume 11, Issue 9, 31412-31433.


https://dx.doi.org/https://doi.org/10.1088/1751-8121/aa95a6
https://dx.doi.org/https://doi.org/10.1016/C2013-0-10818-5
https://creativecommons.org/licenses/by/4.0

	Introduction
	Definition of the model
	Physical and socio-physical interpretations

	Main results
	Simulations
	Proofs
	Proof of Theorem ??
	Proof of Theorem ??
	Proof of Theorem ??

	Conclusions and future outlook

