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Abstract

In this paper, we consider a noisy network of nonlinear systems in the sense that each system
is driven by two sources of state-dependent noise: (1) an intrinsic noise that can be generated
by the environment or any internal fluctuations, and (2) a noisy coupling which is generated by
interactions with other systems. Our goal is to understand the effect of noise and coupling on
synchronization behaviors of such networks. First, we assume that all the systems are driven
by a common noise and show how a common noise can be detrimental or beneficial for network
synchronization behavior. Then, we assume that the systems are driven by independent noise
and study network approxrimate synchronization behavior. We numerically illustrate our results
using the example of coupled Van der Pol oscillators.

Keywords. Noisy networks, stochastic synchronization, approximate synchronization, homoge-
neous networks, heterogeneous networks.

1 Introduction

Coupled nonlinear oscillator models are fundamental in modeling and analyzing the synchroniza-
tion behavior of systems with rhythmic behavior, including systems in ecology, neuroscience, and
engineering [1H7]. Example phenomena that are modeled well by coupled nonlinear oscillators in-
clude biological rhythms [8] [9], neural synchrony [2], locomotion gaits |10l [11], collective motion
in animal groups [12], fish schools [13], cooperative robotic networks [14], power networks [15],
coupled Josephson arrays [16], and sinoatrial pacemakers [17]. These simple models often miss
environmental fluctuations as well as internal and external disturbances. In contrast, a stochastic
dynamics approach provides a significant compromise in terms of keeping modeling complexity
tractable while still capturing important phenomena.

The problem of understanding the influence of stochastic perturbations on the synchronization
behavior in networks of nonlinear systems has received some attention in the literature. The
influence of noise on the synchronization behavior in a large-scale model of the human brain network
is studied in [18] and the authors report that the addition of noise increases the synchronization
of global and local dynamics. Noise-induced synchronization in networks of excitable systems
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is studied in [19], and authors report that for low noise, the solutions remain in the vicinity
of the resting state; for large noise, the solutions are asynchronous; and the medium noise, the
synchronized periodic responses are obtained. Jafarian et al [20] study stochastic stability of
discrete-time phase coupled oscillators and derive sufficient conditions for achieving the phase-
cohesiveness. Meng and Riecke [21] study synchronization in networks of multiple coupled oscillator
networks and show that for strong inhibitory coupling between networks, the rhythms of each
coupled oscillator network synchronize even if the noisy inputs to different oscillator networks are
completely uncorrelated.

In addition to the intrinsic noise present at each system in the network, the interconnection noise
also plays an important role in synchronization. Experimental studies of cortical areas show
that heterogeneity in the connections plays a critical role in their synchronization behaviors [22].
Synchronization behavior has been studied theoretically in large-scale networks of firing-rate and
Fitzhugh-Nagumo neurons interconnected with stochastic synapses (see [23] and [24]).

In this paper, we consider a broad network of nonlinear systems (e.g., oscillators) that are coupled
through either linear coupling (e.g., gap junction in neuronal populations) or nonlinear coupling
(e.g., sinusoidal coupling in coupled Kuramoto oscillators). In addition, we consider two sources of
nonlinear stochasticity in the network: one affects the systems, which we will refer to as a common
noise (e.g., a common stimulus that drives a population of neurons), and the other perturbs the
connection between the systems (e.g., noisy synaptic coupling). The objective is to explore the
influence of each network element on the synchronization behavior of the network. In particular, we
introduce a synchronization measure that reflects all the network parameters (such as noise intensity
and network connectivity) and show how tuning these parameters would alter the synchronization
status of the network.

There have been some efforts to find conditions for synchronization in stochastic networks, see for
example [25H27], where both the coupling and the common noise intensity are linear functions of the
state. There are also some interesting results which guarantee synchronization onset in networks
with no coupling but common noise, [28]. In [25], the authors study noise-induced synchronization
in a network of nonlinear systems which are coupled through deterministic diffusive coupling. They
assume that each system is driven by a common state-dependent noise, where the intensity of the
noise is a linear function of the state. In [26], the authors consider a network of nonlinear systems
which are coupled through both deterministic and stochastic coupling and characterize the influence
of stochastic coupling on the synchronization behavior. However, this work does not consider any
common or intrinsic noise.

Motivated by coupled Kuramoto oscillators which are connected through nonlinear coupling and
phase equations of coupled noisy oscillators in which the common noise is nonlinear (see e.g.,
129, 130]), we first extend the results given in |25l 26] to a network of nonlinear systems which
are driven by common noise whose intensity is a nonlinear function of state and are coupled
through nonlinear stochastic and deterministic coupling functions. In this scenario, we rigorously
characterize the conditions of the nonlinear noise intensity and coupling functions such that they
aid synchronization.

We then generalize the results to approximate synchronization for heterogeneous noisy networks,
i.e., networks of nonlinear systems in which the local noise is not the same for each system. The
approximate synchronization behavior is similar to the practical synchronization [31] and quasi-
synchronization [32] behavior studied in the context of heterogeneous deterministic perturbation



to network of nonlinear systems. Similar to the practical synchronization behavior, we show that
by making the coupling strength strong enough, the steady state behavior of the system can be
driven arbitrarily close to synchronization.

Our main goal is to find conditions that foster synchronization in networks of coupled stochastically
perturbed systems, in which the systems are subject to a common perturbation or perturbations
through their interactions with other systems in the network. Here, we model both stochastic per-
turbations by nonlinear multiplicative (state-dependent) Ité terms. We introduce a synchronization
metric that depends on the intrinsic dynamics of each system, the coupling function and the un-
derlying network topology, the common noise which drives the systems, and the noise which affects
the connections. We will analyze each factor’s conductive or destructive effects on the network’s
synchronization. First, we show that, in general, adding multiplicative state-dependent noise to a
synchronized deterministic network is detrimental to synchronization. The network may synchro-
nize with small common noise but desynchronize with large common multiplicative noise. We then
show that adding multiplicative noise can aid synchronization if a linear function of the state lower
bounds the common multiplicative noise.

Our main contributions are twofold: (1) to generalize the (complete) synchronization conditions in
[25] and [26] to networks with common nonlinear state-dependent noise and skew-symmetric non-
linear coupling functions, which are a generalization of diffusive coupling functions; and (2) to allow
heterogeneous intrinsic noise and provide conditions that guarantee approximate synchronization.

The remainder of the paper is organized as follows. In Section [2| we study the “complete” synchro-
nization behavior of homogeneous noisy networks where the individuals are driven by a common
noise. We provide conditions that guarantee stochastic synchronization in such networks and intro-
duce a class of homogeneous noisy networks that take advantage of noise to foster synchronization.
In contrast, in Section 3, we study the “approximate” synchronization behavior of heterogeneous
noisy networks where the individuals are driven by independent noises and show how coupling fos-
ters synchronization in these heterogeneous networks. In Section 4| we numerically illustrate the
theoretical results using the example of coupled Van der Pol oscillators. We conclude in Section
All the proofs are given in Section [6]

2 Stochastic synchronization in homogeneous noisy networks

In this section, we consider a network of N coupled identical systems with two sources of state-
dependent noise: (1) an intrinsic noise which is common among all systems and can be generated
by the environment, and (2) a coupling noise which is generated by interactions with other systems.
For i =1,..., N, let the stochastic differential equation (SDE)

N
dp; = F(s, t)dt + oK (G, )AW + Y cij (€H(dy, di)dt + 5C(¢5, di)dWis (1)) (1)

j=1

homogeneous intrinsic dynamics

coupling dynamics

describe the dynamics of system i with state ¢; € R™. The intrinsic and coupling dynamics of
system ¢ are described as below.

Intrinsic dynamics. The systems are identical and governed by an n—dimensional vector of
nonlinear functions, F. There is a source of noise in which is common among all the systems



in the network and described by oK (¢;,t)dW. The constant o > 0 is the common noise intensity,
K : R" xRsg — R™", and W is an n—dimensional vector of independent standard Wiener
processes. Since the intrinsic dynamics are common among all the systems, we refer to this network
as a homogeneous noisy network.

Coupling dynamics. Denote the underlying network graph by G and assume that it is an
undirected and weighted graph with weight ¢;;, i.e., ¢;; = ¢;; > 0, with ¢;; > 0 if ¢ and j are
connected; and ¢;; = 0 if 4 and j are not connected. The interaction between system 7 and another
system, say j, influences the dynamics of i through a deterministic term c;;eH(¢;, ¢;)dt and a
stochastic term ¢;;0C(¢;, ¢;)dWi;, where H,C : R" x R* — R™ " and W; = (Wy,...,W;y)" isa
vector of independent standard Wiener processes. The processes W and W;’s are assumed to be
mutually independent. The constants € > 0 and § > 0 respectively describe the coupling strength
and interaction noise intensity of the overall network while ec;; and dc;; respectively specify the
coupling strength and noise intensity of each connection.

For now, we only assume that F, H, IC, and C are nonlinear functions and they are nice enough so
that has a unique solution, for example, they are Lipschitz and satisfy a linear growth condition.
See [33] Section 2.3] for more details. Later in Theorems |1|and [2| below, we will discuss appropriate
conditions of these functions.

In what follows we review definitions of stochastic stability and stochastic synchronization. Sub-
sequently, in Theorem we will provide a sufficient condition that guarantees stochastic syn-
chronization in . In the following section, Theorem |2| will discuss more conditions that foster
synchronization in such networks.

Definition 1 (Stochastic stability). Let x(t) be a solution of an SDE. Then,

Moment exponential stability. x(t) is p—th (p > 0) moment exponentially stable if there are a
pair of positive constants C and ¢ and a neighborhood Qy of (0) such that for any solution y with
y(0) € Qo

Elly(t) — ()P < C Elly(0) — z(0)[[Fe™, vt >0,

where E denotes the expected value and || - || denotes the Euclidean norm. When p = 2, it is said
to be exponentially stable in mean square.

Almost sure exponential stability. x(t) is almost sure exponentially stable if there is a neigh-

borhood Qg of z(0) such that for any solution y with y(0) € Qo

1
limsup — log |ly(t) — z(t)|]| <0, almost surely (a.s.),

t—o00 t

which means P {limsup,_,, + log ||y(t) — z(t)|| <0} = 1.

Clearly, the p—th moment exponentially stability means that the solution ¢ tends to x exponentially
fast, and the so called p—th moment Lyapunov exponent of y is negative:

1
limsup — log |ly(t) — z(t)||P < 0.
t—o0 t
Also, the left hand side of is called sample Lyapunov exponent of y. In general p—th moment

stability and almost sure exponential stability are not equivalent and additional conditions are
required to deduce one from the other [33] Section 4.4].



Definition 2 (Stochastic invariance). A set S is called an invariant set for an SDE, if for any
x0 €S, P{x(t) € S, Vt > 0} =1, where x(t) is a solution of the SDE starting from zo at t = 0.

Definition 3 (Stochastic synchronization). Let S be the set of states defined by S := {x =
(z1,...,zN)" |21 = =xN}. We say that a network stochastically synchronizes if S is stochas-
tically invariant and for any solution x(t) there exists s(t) € S such that x(t) converges to s(t)
exponentially fast, that is

E|lz(t) — s(t)||P < C E||z(0) — 5(0)||Pe™, V¥t >0, and some c,C >0, (2)

or )
limsup — log ||z(t) — s(t)|| <0, a.s. (3)

t—oo T

Although the systems in can be of any arbitrary dimension, in the following theorems, for the
ease of notation, we assume that the state variables are 1-dimensional, n = 1.

We denote the Laplacian matrix of the underlying network graph G by Ly (where the subscript
[c] represents the weights c;;) and its eigenvalues by 0 = Ay < Ay <+ < Ay g

Theorem 1 (Stochastic synchronization: exponential stability in mean square). Fiz
Q) CRandlet Qo :={z—y|z,y € N}. Consider and assume that:

i. there exists a constant c¢xr such that for all xz,y € Q1 andt > 0,
(x = y)(F(z,t) = Fly, ) < erla —y)*; (4)
ii. H: Q x Qp — R satisfies H(z,y) = —H(y,z) and there ezists a constant ¢y such that for all
2,y € U, oyle —y)* < (z —y)H(2,y);
iii. there exists a non-negative constant ¢c such that for all x,y € Q1, |C(x,y)| < éc|lx — y|; and

iv. there exists a non-negative constant ¢x such that for all x,y € 1 and t > 0,

[K(z,t) = Ky, t)| < el —yl-

Then for any solution (¢1,...,6N)", there exists a solution on S := {x = (x1,...,xn5)" | 1 =
- =xn}, namely (P(t),..., (1) ", where Y(t) = + SN 6i(t), such that

N N
EY (i) — (0 <E> [¢:(0) = (0)Pe™, vt >0,
=1 =1

and ) 1

= —2CF + 2ecy\ — 26°Ch (1 — N))\M[Cz] - (1 - N)O'QEQK. (5)
In , if ¢ >0, then A = Ay g, otherwise, X\ = )\N,[c%. AN 2] denotes the largest eigenvalue of
the Laplacian matriz of network graph G with weights c;;.

Therefore, the network stochastically synchronizes (in the sense of with p = 2) when ¢ > 0.



On the synchronization manifold S := {z = (z1,...,2n)" | #; = 1}, the dynamics of the network
becomes dy = F (¢, t)dt+ oK (¢, t)dW, in which, a unique solution exists if F and K satisfy the
Lipschitz and growth conditions: 3K7, Ko > 0 such that Vz,y: || F(x) — F(y)|| + |K(z) — K(y)|| <
Killz — yl|, and || F(z)|]? + [|K(2)]|? < Kao(1 + ||z||?), where || - || denotes the Euclidean norm.

Condition (i) is a one-sided Lipschitz condition for F (bounded above). Unlike a Lipschitz constant
which must be positive, ¢ could take any values. Although the Lipschitz condition implies one-
sided Lipschitz condition for F with a non-negative ¢z, we assume Condition (i) to allow one-sided
Lipschitz condition with any ¢z. This condition is also called QUAD condition since the left-
hand side of is bounded by a quadratic term. For ¢x < 0, the condition is equivalent to the
vector field F being contractive in L? norm. This means that the distance between any two flows
decreases and the flows converge to each other exponentially. For more details see [34]. This is
an easy condition to check. The best one-sided Lipschitz constant for a differential F is sup, A
where ), is the largest eigenvalue of (DF(z) + DF(z)"). Here, DF is the Jacobian of F, or
simply, the derivative of F when F is scalar. For example, for a Kuramoto oscillator ¢z = 0 and
for a FitzHugh-Nagumo model it is equal to 1.

In Condition (ii), the skew-symmetric condition is a generalization of diffusive coupling to nonlinear
coupling. This condition guarantees the existence of an invariant synchronization manifold, i.e., the
coupling dynamics vanish on the synchronization manifold, since H(z,z) = 0. Also, for technical
proofs, we assume that H is bounded below by a linear function. Here are three examples of
these types of coupling: 1) A gap junction H(z,y) = x —y with ¢y = 1; 2) A sinusoidal function
H(x,y) = sin(z —y) defined on Q = [-7/2 7/2)? with ¢y, = 0 as in coupled Kuramoto oscillators;
and 3) A nonlinear coupling described by H(z,y) = H(x) — H(y), where H is a one-sided Lipschitz
function (bounded below) and ¢4, is the Lipschitz constant of H.

In Condition (iii), we assume a linear upper bound for the stochastic coupling C which ensures that
the coupling vanishes on the synchronization manifold, C(z,x) = 0. Later in Theorem [2| we will
consider a class of coupling functions C which are lower bounded by linear functions and will show
how it helps synchronization.

The Lipschitz condition given in (iv) is necessary for the existence and uniqueness of the solutions
on the synchronization manifold. Note that when ¢x = 0, I becomes constant, i.e., K becomes an
additive noise. So the last term in ¢ becomes zero and therefore it suggests that the additive noise
has no detrimental or beneficial effects on a network synchronization. In Theorem [2| below, we will
consider a class of multiplicative noise which are lower bounded by linear functions and show how
these bounds aid synchronization.

The constant ¢ consists of four terms related to deterministic and stochastic intrinsic and coupling
dynamics, respectively, and the topology of the network graph. The first term in ¢ depends on the
intrinsic dynamics of isolated systems. The second term in ¢ depends on the coupling term, coupling
intensity, and the algebraic connectivity of the underlying graph, A = Ay (in the case of positive
¢y)- The algebraic connectivity of a graph, which determines how well-connected the graph is, may
increase or decrease when the size of the graph changes. For example, in a line graph, the algebraic
connectivity decreases as IV increases while in an all to all graph it increases. In an almost surely
connected Erdos-Réyni graph, the algebraic connectivity increases as N increases [35]. Therefore,
our condition guarantees that large random networks of systems which are connected through e.g.,
diffusive or sinusoidal coupling have a better chance to synchronize.

The third term in ¢ reflects the stochastic coupling. So similar to the second term, it depends on



the coupling intensity (d), coupling dynamics (¢¢) and the topology of the underlying graph (the
largest eigenvalue and the number of the nodes). The fourth term in ¢ reflects the intrinsic noise.
Note that both the third and fourth terms are always negative and show that the noise could be
detrimental for synchronization, as this might be intuitively correct. However, this is not always
true. Indeed, noise can be beneficial for network synchronization. For example, if all the individuals
in a network are driven by a common noise, this common noise can act as a driving force to all the
systems and foster synchronization. In Theorem [2] we analytically state this intuitive idea.

In Theorem |1} we showed that if a network synchronizes in the absence of any noise (common noise
or noise induced by the interactions among the nodes in the network), it could also synchronize
in the presence of sufficiently small noise and we found an upper bound for the noise intensities
which guarantee such behavior, i.e., we proved that if the noise intensities are such that ¢ > 0, then
the network preserves its synchronization behavior. However, ¢ > 0 is a sufficient condition for
synchronization, and so, a network may synchronize with a negative c. In the following theorem, we
consider networks with negative ¢ and find a new sufficient condition for synchronization. Indeed,
the next result shows that multiplicative noise terms can be beneficial for networks synchronization,
if they are lower bounded by some linear functions.

Theorem 2 (Noise-induced synchronization). Consider conditions (i-iv) of Theorem |1| and
furthermore assume that

i. C: Q1 x Q1 — R satisfies C2(x,y) = C2(y,x) and there exists a non-negative constant cp such
that for all z,y € Q1, colx —y| < |C(z,y)|; and

. there exists a non-negative constant cx such that for all x,y € Q1 and t > 0,

ez —y)* < (2 —y)(K(z,t) = Ky, 1)).

Let
c ~ 1 1 1 _ 52&2:)\%’
a=T5 T erT ecy\ + %2 (1 - N)/\N,[cz} + 5(1 B N)U%’QC’ oy = (o0c)* + T[C]’
and assume that 0 < a1 < a§. Then for 0 < p < 2(1 — %) < 2 and a = —p[(g - 1)a% +ai]
2

(which is positive), stochastically synchronizes, that is, for any solution (¢1,...,¢n)", there
exists a solution on S = {x = (x1,...,xN) | 21 = --- = xx}, namely ((t),..., ()T, where
Y(t) = % Zf\il ¢i(t), such that

Ele®)|P < E|le(0)||P e, p—th moment exponential stability

1
lim sup n log |le(t)|| < a1 — a3, almost sure exponential stability
t—r00

where e = (¢1 — 1, ..., oNn — )" is the corresponding error.

The sufficient condition for stochastic synchronization suggested by Theorem [2[is 0 < a1 < 3.
Since ¢ = —2a; < 0, the result of Theoremis a completion to the result of Theorem (wherec >0
implies Stochastic synchronization). Consider a deterministic network which does not synchronize,
ie., cr —ecyA > 0. Theorem |2 guarantees that adding a common noise with E,QC < ]3—]_\71@,26 and

sufficiently large intensity, aims the network to synchronize (no noisy coupling is considered here).



Under the conditions of Theorems [1|and [2| p-th moment exponential stability implies almost sure
exponential stability. See [33 Section 4.4, Theorem 4.2].

In summary, Theorems [1] and [2| provide sufficient conditions for stochastic synchronization. Both
theorems are stated for homogeneous noise and guarantee complete synchronization. Strong mul-
tiplicative noise can destroy synchronization in the first theorem, while in the second theorem,
multiplicative noise with a linear lower bound can foster synchronization.

In the following section, we state two theorems similar to Theorems [1] and [2] in the sense of how
noise can be detrimental or beneficial for network synchronization. We relax the homogeneity
condition of intrinsic noise and allow an independent noise to drive the systems. This leads to
approrimate synchronization instead of complete synchronization.

3 Approximate synchronization in heterogeneous noisy networks

In this section, we consider , where we assume that each system is driven by an independent
noise instead of a common noise, i.e., we consider a network of heterogeneous noisy systems:

N
dp; = F(¢i, t)dt + oik (i, )AW; + > cij (eH(¢y, ¢i)dt + 6C(5, i) dWi5 (2)) - (6)

Jj=1

heterogeneous intrinsic dynamics

coupling dynamics

All the terms in @ are as defined in , except that dW,;’s are independent standard Wiener
processes. The goal is to study the synchronization behavior of @ However, the conditions of the
previous section do not guarantee stochastic synchronization in such heterogeneous networks (see
Example |3|in Section . Therefore, in what follows, we provide conditions that the heterogeneous
noisy network given in @ approximately synchronizes in the sense of the following definition:

Definition 4 (Approximate synchronization). Let S be the set of states defined by S :=
{z = (z1,...,2n5)" | 21 = --- = xN}. A stochastic network approzimately synchronizes if S is
stochastically invariant and for any solution xz(t) there exist s(t) € S and n > 0 such that

Ellz(t) —s@)[” <n, ast— oo, (7)
that is, the p—th moment of the error is upper bounded by a constant 7).

Theorem 3 (Approrimate synchronization in mean square). Assume that the conditions
(i-iv) of Theorem |1 hold. Furthermore, assume that there exists v > 0 such that for any solution

(61, 0n) T, () = & SN, ¢ilt) satisfies
E[lp(t)]* < ~2

Also, assume that K(0,t) is bounded, sup, ||K(0,t)|| = Ko. Then for any solution (¢1,...,én)",

N N
EY " [ei(t) — ¢(1)* < (EZ |6i(0) — ¢(0)[* — 77) et 4, V>0, (8)
=1 i=1



where . )
co = —2CF + 2ecy ) — 20°E5 <1 - N) AN,[e2] — 2(1 - N)E,QC mzaxaiz,

(the subscript “a” in ¢, stands for approzimate synchronization) and

Ca

1 1N,
n= —(1 - N)(c;c’y—i—lCo)QZa?.
i
Therefore, when cq > 0, the network approrimately synchronizes (in the sense of with p = 2).

Note that can be written as

N N
ES [6:(t) — 6(0)F < EY [6i(0) —w(0) et 4 Ly (9)
=1 =1

1—e~¢at
Caq

Theorem [3]is a generalization of Theorem [1] when either odW is replaced by o;dW or o;dW;. In
this case, roughly speaking, the solutions exponentially fast converge to a tube that surrounds the
synchronization solution instead of converging to the synchronization solution. In Theorem
for equal o;s, ¢, = ¢, so the rate of convergence to the tube that surrounds the synchronization
solution remains constant.

where 7] = ¢, is a positive constant and hence for any values of ¢, 7 is always non-negative.

Next, we generalize Theorem [2|to heterogeneous noisy networks. The goal is to classify the networks
which do not synchronize in the absence of noise, while they approximately synchronize in the
presence of independent noise.

Theorem 4 (Noise-induced expedited approrimate synchronization). Consider the condi-
tions of Theorems|[1} [2, and |5 where 6 = 0. Let

_ 1 1 9 G
Bl:_CF+6QH)\_§<1—N)C2]Cm?XU?, Bgzmilnafﬁ.

and assume that 0 < By < 5. Then for 0 < p < 2(1 — %), any solution (¢1,...,¢N)" satisfies,
2

V4
2

N
< E(Zy@(o)—w(o)P) —ClePt4+¢, ve>o, (10)
=1

D
2

E (Z 64(6) - wmr?)

where 8 = —p (B + (5=1)83) > 0, ¢ = SME(T)E! + bE(Te)'T + LE(eTe)2), iy >
0,l3 > 0 and I3 < 0 are constants.

Consider a deterministic network such that ¢z — ecyy A < 0. Theorem |4 shows that the desynchro-
nizing effect of adding independent intrinsic noise is mitigated to some extent under appropriate
conditions.

The results in Theorems |3| and 4| carry the flavor of practical synchronization studied in networks
of deterministic nonlinear oscillators [31]. Specifically, from the expression of 7 in Theorem |3} one



can obtain the set of parameters (coupling strength, noise intensity, etc.) that can drive the system
arbitrarily close to synchronization.

In summary, Theorems |3| and [4] provide sufficient condition for stochastic synchronization. Both
theorems are stated for heterogeneous noise and guarantee approximate synchronization. Strong
multiplicative noise can destroy synchronization in the first theorem, while in the second theorem,
multiplicative noise with a linear lower bound can mitigate desynchronization to some extent.

4 Examples

In this section, we illustrate the results of Theorems[1{4]by a network of noisy Van der Pol oscillators
described by

(i) () 10,0033 .0 | (i
d:”%i) =™ 3(:”(11.)) T2) dt 4+ k(X D) dWl(Z.) cie{l,...,N}, (1)
dz, T AWy
‘]-f aw (@)

that are coupled through a coupling function H(-) with coupling strength e:
dXD = F(XO)dt + ok (XD)yaw @ n 0 _ 0y o] 12
= ( ) +o ( ) +e Ejzlcin(lj _$1) 0 ) ( )
where the state of oscillator ¢ is denoted by X (@) = (xgi), ZCg)), the intrinsic dynamics is given by F,
the state-dependent noise is given by K with constant noise intensity o. c¢;;’s are the edge weights
in the interaction graph underlying the network. c;; is set to 1 if an edge exists between nodes i and
j; and is set to zero, otherwise. In Examples we consider a common noise, i.e., dW® = dW,
for each i, as in Theorems In contrast, in Examples we consider independent noise as in
Theorems In the following examples, the noise terms o/C are chosen such that they satisfy the

conditions of Theorems respectively, and illustrate the corresponding results. We will illustrate
synchronization among Van der Pol oscillators using the synchronization error defined by

1 Y ‘ 1N
e(t) = + S IXD@ - ~ > xU(e)
i=1 Jj=1 1

In the following, we consider the synchronization error e(t) at ¢ = 200 sec as the steady-state
synchronization error. For the numerical simulations, we compute the steady-state synchronization
error by averaging the steady-state synchronization error for 20 realizations of noise sequence.

Example 1. In this example, we assume a common noise in — and let ¢ = 2. We set
H(xz) = x, i.e., the coupling is diffusive. We select the interaction network as a (fixed) realization
of Erdos-Réyni graph with 10 nodes in which an edge exists between any two distinct pair of nodes
with probability 0.5.

In Figure|1(a), we consider a multiplicative noise K(X®) = diag(sin(legi)), sin(lO:zcgi))) and show
the steady-state synchronization error as a function of noise intensity o. Observe that the network
synchronizes in the absence of noise, o = 0; it preserves its synchronization as mnoise increases
slightly and it loses its synchronization as noise becomes large. In this example, cr =1, ¢y = 1,

10



A~ 1, and ¢x = 10. Thus, Theorem |1| guarantees synchronization for o < 0.14. However, as
seen in Figure , the synchronization is preserved until o =~ 1.25, which suggests that while
the sufficient conditions in Theorem |1| capture the qualitative behavior of the system, they are
conservative.

In Figure we consider an additive noise IK(X®) = 1. Observe that the network preserves
its synchronization for all values of o. Here, ¢x = 0 and ¢ > 0 for all values of . Thus, these
numerical simulations are consistent with Theorem 1.
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(a) Multiplicative noise. (b) Additive noise.

Figure 1: Steady-state synchronization error for 10 Van der Pol oscillators coupled through a random graph with
coupling strength ¢ = 2 as described in Equation with H(xz) = z. (a) Synchronization error for multiplicative
noise. The system retains synchronization for small noise, while it loses synchronization when the noise intensity
increases (as expected by Theorem . (b) The network preserves its synchronization behavior even in the presence
of large additive noise (as expected by Theorem [1} since ¢x = 0). See Example

Example 2. In this example, we select the interaction graph as a line graph with 3 nodes. We
assume a common noise in - and let e =0 (no edge coupling) and

K(X®) = Ltaysin(a;” /10) ) P @ } . It can be verified that each entry of K(X ™) satisfies

0 14+x5” +sin(zy ' /10)

the assumptions of Theorem |2, Figure[2 shows the steady-state synchronization error as a function
of the noise intensity o. The system does not synchronize in the absence of edge coupling and small
common noise, and synchronization is achieved for large common noise even in the absence of edge
coupling. For this example ¢ ~ 0.9 and ¢ ~ 1.1. It can be verified that Theorem |3 requires o
to be at least \/2 to guarantee synchronization; however, synchronization is achieved at o ~ 0.3
suggesting that the conditions on Theorem[Z are conservative.

w

1
n

Figure 2: Noise induced synchronization of three Van
der Pol oscillators as described in Equation (12) with no
edge-coupling (¢ = 0) and common mnoise K(X¥) =
1+42$9 +sin(z{? /10) 0

0 1428 +sin(z) /10) |
achieved when ¢ is small, while synchronization is achieved when
o is large enough. See Example
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Example 3. In this example, we assume heterogeneous noise (independent intrinsic noise) in
—. We select the same network and parameters as in Erample . Figure @ shows that
the steady-state synchronization error increases with noise intensity o, which is consistent with
Theorem [3.

o
%

Figure 3: Synchronization error of van der Pol oscillators de-
scribed in Equation with H(z) = x and heterogeneous noise
of intensity o. The steady-state synchronization error increases
with the noise intensity o. See Example
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Example 4. In this example, we assume heterogeneous noise (independent intrinsic noise) in
— and select the same network and parameters as in Example @ Differently from Example
2, we let € = 0.2 and take H(z) = sin(z). Figurel{| shows asynchrony for small o values. However,
it should be noted that the evolution of the system for longer time (= 300 sec) does lead to synchro-
nization. Approximate synchronization is achieved for moderate values of noise intensity o =~ 0.05
and the steady-state synchronization error is reduced. Thus, adding moderate heterogeneous noise
expedites convergence to achieve (approximate) synchronization. Further increase in o results in a
higher value of n and leads to a larger steady-state synchronization error.

2.5

Figure 4: Noise induced expedited approximate synchro-
nization of Van der Pol oscillators with small edge-coupling
(¢ = 0.2) and heterogeneous noise with (X))
1+42$9 +sin(2{? /10) 0

0 1+25) 4sin(@$) /10)
tion . No synchronization at o = 0 improves for approximate
synchronization for moderate values of o. For large o, while ap-
proximate synchronization is achieved, the associated value of n
05 may be quite large. See Example

as described in Equa-

Synchronization Error

5 Discussion

Typically it is assumed that noise plays a destructive role and desynchronizes a network of synchro-
nized oscillators (e.g. [36]). However, it has been observed both experimentally and theoretically
that adding noise not only does not destroy the already synchronized networks but also can aid
synchronization in non-synchronized networks; see [37] and [38] for a review.

In this paper, we studied the synchronization behavior of stochastic networks with nonlinear state-
dependent noise terms described in Equations and @ These equations represent a broad range
of network dynamics that can model many biological systems. For example, these frameworks cover
the interconnected Kuramoto phase oscillators that model the brain’s neural activity where the
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neural dynamics are subject to noise. The level of a functional connection between two regions
is proportional to synchronization between the oscillators’ phases associated with the two regions
[39]. These frameworks also cover neuronal models such as Hodgkin-Huxley, Morris-Lecar, and
FitzHugh-Nagumo which are connected through gap junctions. As another example, these frame-
works cover coupled bursting models [40} [41] that approximate the dynamics of coupled central
pattern generators (CPGs) [42, [43] which are complex networks of neurons that produce rhythmic
behaviors, such as walking. Synchronization properties and cluster formation of coupled CPGs
explain the generation of various gait patterns in animal locomotion [10} [11].

In Theorems [1| and [3| we studied destructive effects of noise on networks’ synchronization proper-
ties: we identified a class of synchronized networks in which adding any additive noise or weak
multiplicative noise does not ruin (approximate) synchronization while adding strong multiplicative
noise desynchronizes the network. In Theorems |2/and |4} in contrast, we studied constructive effects
of noise on networks’ synchronization properties. In Theorem |2, we identified a class of multiplica-
tive noise that can aid synchronization in desynchronized networks. Such behavior is reported for
example in [18] for a large-scale model of the human brain network. In Theorem {4}, we showed
that heterogeneous multiplicative noise with a linear lower bound can mitigate desynchronization
to some extent. The conditions of our theorems are easy to check. The only extra condition that
we imposed to a noise term to foster synchronization was a linear lower bound (compare Theorems

and [2| or Theorems [3| and .

The ideas discussed in this paper can be further explored in several possible directions. First, we
studied the cases of independent intrinsic noise. An interesting avenue is to explore the case with
partially correlated noise. This is specifically interesting when the network is spatially embedded
and the intrinsic noise is correlated due to the spatial proximity of systems. Another interesting
direction of investigation is to understand the trade-off between the robustness of noise-induced
synchronization and the precision of the oscillator. Specifically, adding common noise can make
synchronization behavior more robust at the cost of the precision in the oscillator timing. Un-
derstanding the class of cost functions that may underlie handling this tradeoff can provide rich
insights into biological systems.

6 Proofs of Theorems

Proof of Theorem [1. The proof has three main steps:

Step 1. Introducing a synchronization manifold. Let (¢1,...,¢x) be a solution of ,
Y(t) == % Zf\il ¢;i(t) be the average of ¢;’s, and e; := ¢; — 1 be the corresponding error. The
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dynamics of (eg,...,en,®) can be written as:

o\ (1-h k4 Fler + 1) Hi(e.)
: _ : Te : dt (13a)
den ¥ % =% Jaw Flen +1,t) Hy(e,9)
1—1 1 L oKC(er + 1, )W
+ : (13b)
—L—L oL )\ oKew + )W
1— % _% _% dW1
+ ( Cile,¥)| -~ | Cnle,d) ) : ; (13c)
T R AW y

N N N
dip = Z (ei + 1, t) + eH(e, 1)) dt + % 3 eiiCleg, e)dWi; + % 3" K(ei + . t)dW, (13d)

ij=1 i=1

where in (13a)), for i =1,..., N, N
V) =) cifHle; + ¥, e+ 1),
j=1

and in (13c), C;(e, ) is an N x N matrix with its i—th row 0(c;1C(e1 + ¢, e; + 1), ..., cinClen + 9, e + 1)
and its other rows are zero row vectors, and dW; = (dW;,... ,dWiN)T is an N —dimensional Wiener
increment. We denote the N x N matrix in (13al)-(13c) by A
Let e = (e1,...,en) and y = (e1,...,en,%) ", and define V(y,t) = %e—'—e. Note that the set of zeros of V'
is

S:= {(el, cen, )T € QY x Qp x[0,00) ‘ e; =---=eny =0, almost surely}.
This set is a candidate for the desired synchronization manifold. In the following two steps we show that if
¢ > 0, then S is an exponentially stable invariant set for (13a])-(13d)) and therefore it is the synchronization
manifold.

Step 2. Invariant property of the synchronization manifold. Note that the It6 derivative of V is
equal to
AV (y,t) = LV (y, t)dt + Vy(y. 1) "g(y, t)dW,

where d)V is a one dimensional Wiener increment and
1
LV (y,t) = Vi(y,)+Vy(y, 1) " f(y,t) + Str (97 (y, ) Vyy (. D)g(y, 1)) - (14)

The (N + 1)—dimensional vectors f(y,t) and g(y,t) are respectively the drift and diffusion terms of (13a])-
([Bd), Vi =57 =0, Vy = G = (¢7,0)T, and Vyy(y,t) is the (N 4 1) x (N + 1) Hessian matrix of V which
is a diagonal matrix with all entries equal to 1 except the last diagonal entry which is equal to 0. The
trace operator is denoted by tr[-]. We show that there exists ¢z > 0 such that £V < —c,V. Then by [44]
Theorem 1] we conclude that S is an invariant set for (13a)-(13d).
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F(¥,1)
e Because e; +---+ey=0,e'A=e',and e’ = 0. Therefore, the second term of the right
F(¥,1)
hand side of becomes:
Vo, )" f(y.t) = (e7,0) " f(e, 1)
Fler +1,1) Fi,t) Hi(e, )
= (e1,...,eN) - +e
Flen +1,t) F(,t) Hny(e, )

=D cilFlei+w,t) = F(b,1) + € 3 eiHile, )

The first sum satisfies S| e;(F(e; + 1, t) — F(ih,t)) < ex S, €2 = 2exV (y, 1), following condition (i)

i=1"1
and the definition of V. By condition (ii) and using ¢;; = ¢;;, the second sum satisfies

N N N
€ Z eilli(e, ) =€) e Z cjit(e; + v, e + 1))
i=1 i=1  j=1
c NN
=3 ; ; cii(eiH(e; + v, e, + ) +ejH(e; + 1, e + 1))
c NN
=3 ; ; cji(ei —e;)H(ei + 9, €5 + ) condition (ii)
c NN
<73 Z Z cicu(ei = €;)° condition (ii)
i=1 j=1
= —ecHeTL[c]e
Since e"v; = 0, where v; = (1,...,1)T is the eigenvector of Lyg corresponding to Ay ) = 0, by min-max

theorem, )\Qﬁ[c]e—re < eTL[C]e < )\Ny[c]e—re. Therefore, depending on the sign of c,,, we have:

N

€Z€iHi(€,¢) < —egHeTL[C]e < —egHAQ,[C]eTe = —2ecy AoV (y,1) for ¢y > 0, or
i=1
N

eZeiHi(e,w) < *EQHSTL[C]G < fegH)\M[c]eTe = —2ecy AN,V (Y, 1) for ¢4y < 0.
=1

Therefore, Vi, (y,t) " f(y,t) < (27 — 2ecyy\)V (y, t).

oK (4, 1AW
e Because A =0, (13b) can be replaced by AK (e, 1, t)dW where
oK (1, t)dW

K(ea wa t) = (U(K:(el + wat) - ’C(w7t))’ T 7U(K(€N + wat) - ’C(w7t>)>T

A straightforward matrix multiplication implies that the third term of LV satisfies:

1+ 52 I\ s 5 o 1 )
50 00 W (00w 0] = 5 (1= 57 ) L S0+ v +0) + AR ),

i=1j=1
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where by condition (iii)

52 1 N 2 52 1Y 5 oneh , )
2 (1 D) S et v =2 (10 2)aS T a0

i=1 j=1

Using ATA = A and simple multiplication, we can show that KTATAK = (1 — %)KTK. Then by

condition (iv)

SR e, v, HlP= (1 ) IK (e, 0)?

2

=T (1= %) Sl 1) — K1)

i=1

Therefore, LV (y,t) < —c.V (y,t) where ¢z = ¢ = =265 + 2ecy A — 20265 (1 — %) AN 2] — (1 — N)O’ cx. If
¢ >0 then LV < —cV < 0, and by [44] Theorem 1], S becomes an invariant set for (13af)-(13d). In Step 3
below, we use ELV (y,t) < —c.EV (y,1).

Step 3. Stability of the synchronization manifold. As we discussed in Step 2, the Ito derivative of V'
is dV (y,t) = L(V (y,t))dt + V,] g(y,t)dW. By Dynkin’s formula [45, Theorem 7.4.1]:

¢
EV(y(t),t) — EV(y(0),0) = ]E/ LV (y(r),7) dr Dynkin’s formula,
0
t
:/ ELV (y(7),T) dr Fubini’s Theorem,
0
¢
< —c / EV(y(r),7) dr Step 2.
0

The second equality holds because ELV (y(7), T) is a continuous function of 7 and hence its integral on [0, ¢]
is finite. Let h(t) = EV (y(t),t), then for §¢ > 0

h(t+6t) — h(t) < —c / o h(r) dr.

Dividing both sides by dt and letting 6t — 0, we obtain
DTh(t) < —ch(t), (15)
where D7 is the upper Dini derivative of h. Applying comparison lemma, |46, Lemma 3.4]:

h(t) < h(0)e .
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Hence,
EV (y(t),t) <EV(y(0),0)e" = Ele(®)]* <E[e(0)]* e,

or equivalently,
N N
EY [gi(t) — w(8)? <ED [¢i(0) — 1 (0)* e,
i=1 i=1

If ¢ > 0, then S becomes exponentially stable. Since e; = ¢; — ¥ = 0 almost surely, by the definition of
stochastic synchronization and Step 2, S becomes a synchronization manifold.

Note that Step 3 can also be followed from |33, Chapter 4, Theorem 4.4]. We provided Step 3, which contains
a different approach than [33 Chapter 4, Theorem 4.4], for a self-contained proof.

O]

Proof of Theorem [2. To prove Theorem 2| we use the following lemma which is a modified
version of [33, Chapter 4, Corollary 4.6].

Lemma 1. Consider dx = f(z,t)dt 4+ g(x,t)dW and assume that there exist constants oy and oo
such that for any t > 0,

:CTf(z,t)+%tr[gT(x,t)g(x,t)] < ayz'x, and (16)

gz’ w < ||z g(a.t)]. (17)

If0 < a1 < a2, then the trivial solution of dx = f(x,t)dt+g(x,t)dW is p—th moment exponentially
stable for 0 <p < 2(1 - %) <2 and a := —p[(§ - a3+ ai1] >0, d.e., Vt >0
2

Ellz(t)[[” < E[l2(0)][Pe™".

Under the conditions of Theorems || and [2| we apply Lemma (1| to (13a). The left hand side of
is equivalent to £(V (y,t)) which we showed L(V(y,t)) < —cV(y,t) = —Se'e. Therefore,
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a1 = —c¢/2. Straightforward matrix multiplications yield:

e g|?

= [eTAK (e, t)]> + [leTA( Ci(e,9) | -+ | Onle,d) ) |

= ‘eTK(ea¢7t)‘2 + HeT ( Cl(€7¢) ‘ e ‘ CN(€7¢) ) H2 eTA = eT
N 2

= g2 (Z ei(K(e;j +1,t) — KWJ)))
1=1

N N
+82) el EC e+ 0,6+ 1)
i=1  j=1

v 2
= o2 (Z(ei + 19— ) (K(e; +1,t) — K(%ﬂ))

i=1
3’ & 2 2 2\ 2 2 2
+ ) Z Cz‘j(ei +€j)c (€i+¢a€j + ) C*(x,y) = C(y,x)
ij=1
2
> (oc)? (Z e?) conditions (ii) & (i) of Theorem
i=1
Pk v 2 4 2, 2 (ei—¢)?
+22i;10ij(ei—ej) and e; +ej > 5
(52 C2 )\%, c
> <<ac,<>2 + G (e

The last inequality holds because of Holder inequality Zc?j(ei —e)t = S(cijles — e5)?)? >
622

+ (X eijles — ej)2)2. Therefore, a3 = (oci)? + 4N27[C]' By Lemma |1} for p < 2 — 204 /a3,
N p/2 N p/2
E <Z | (t) — wW) <E (Z |¢4(0) — ¢(o)|2> e o,
i=1 i=1

where a := —p[(§ — 1)a3 + 1] > 0.
The proof of almost sure exponential stability is straightforward by [33, Chapter 4, Theorem
3.3]. O

Proof of Theorem . The proof is very similar to the proof of Theorem (1], except that ([13b])

becomes

o1K(e1 + v, t)dWy
A .

9

onK(en + v, t)dWx
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dWy

or equivalently, AK (e,1,1) : , where
dWy
K(e,,t) := = diag (0K (e; + v, 1)).
Next, we compute %tr [ } Since AT A = A, elementary calculations show that

%tr [(AR)TAR] =

) 3 oF(Kler + 4,0

i

l\.'J\r—l
2|

N

(-
);O’z

=
(-5
< (1= L) (o0t 0.0) - K07 + 3 PKw07).

i=1 =1

,C(ei =+ ¢7t) - K(¢7t> + K(w7t))2

N
2|

(19¢) holds by elementary inequality (a + b)? < a® + b?. The first term of (I9¢) satisfies:

(1 - }V)Eiaf(/c(ei P, t) — K, 1))2 < (1 - 7)1@20262,662
i=1
< 2(1 - %>E,C mzauxai2 EV(y,t),

where we use the Lipschitz property of K. The second term of (19¢)) satisfies:

(1 - &)Eiaflqw,tf < ( )EZU K(0,1) + K(0,1))>
=1
(1 %) Za (|| + Ko)?
< (1- ) Dot ekl + I+ 2acKalv)
< (1ff)Zo (e + Ko)?,

where we use Jensen’s inequality (E|¢|)? < E|)|? < 42, Therefore,

%E tr [(AK)TAK] < 2(1 - %)5,% maxo? EV(y,1) + (1 - %) Zﬁ;o?(cm + Ko)2.

Following the proof of Theorem (I} ELV (y,t) < —c,EV (y,t) + 77 where
1
_ _og22(1_ L _ _ 1\ 2
= —2CF + 2ecy A — 26°¢, (1 ))\N (2] 2(1 N)C,C max o,
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and 77 = (1 — %) Zfil a?(é;cv + Ko)?.
In what follows, we prove that if ELCV (y,t) < —c,EV (y,t) + 7, for some constants ¢, and 7, then

N N _
EY gi(t) — (@) < <EZ |94(0) — 1b(0)[? — ”) et 4+ Ly,
i=1 =1

Ca Ca

which is a generalization of Step 3 in the proof of Theorem

Equation from Step 3 of Theorem [1| becomes DT h(t) < —cyh(t) + 7. Multiplying both sides
by e‘!, we obtain D (e“th(t)) < 7 e“!. Note that since DT is subadditive [47, Appendix 1], i.e.,
D*(f+g) <D*f+ D%y,

D* <eCath(t) - eCat”> < D¥(¢“'h(t)) + D* <—eCat”>

Cq Ca

< ﬁecat _ Caecatﬂ — 07
Ca
which implies that e“th(t) — eC“tg is non-increasing;:
e“ath(t) — et L < p(0) — L,
Ca Ca

O

and therefore holds, as desired.

p
2

Proof of Theorem . The proof follows from a generalization of Lemma Let W(e) = (eTe)2.
It is easy to verify that

oW =peT )t (¢ + gulg o) 4 (5 - 1) (Tt Tl (23)

In what follows, we show that ELW < —f8 EW + (. Then, similar to the argument that we made
at the end of the proof of Theorem [3| we conclude our desired result.

Step 1. In Theorem |1, we showed that e f < (267 — 2ecyA)ee. Therefore,
E {p(eTe)%_leTf} < p(er— egHA)E(eTe)g = p(cr — ecy\)EW. (24)
Step 2. In this step, we show that for some I and Is:
gE(eTe)g_ltr[gTQ] <P (1 - %)EQK max o?EW + [ E(ee)2 ™! + ZQE(eTe)%,
where g = AK and K is as defined in .

tr [(AK)TAK} - (

N
1) S0 K e 1) — K1) + K, 1)) (250)
=1

N

N
<(1-v) > o2l +.1) = K(w ) + (1-+) Dotk (25

=
N

+2(1—N)z(fja?m(eiw,t)—fcw,t))?) S, 0?) . (250)

_ i=1
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where we use (19a)), expand (a; + b;)?, and apply Holder inequality Y, a;b; < (3, a )%(Z b; )%
The first term of (25b]) satisfies:

N
-1 ZO’ZZ(K(Q + 1, t) — K, 1) <E(e'e)2 1 Z olcrel < & mava E(e'e)?,

=1

E(e'e)?
where we use the Lipschitz property of K. The second term of (25b)) satisfies:

N

E(e'e)s > o2k (w,t)* <E(e'e) 11@20 K0, ) + K(0,1))?

i=1

< E(eTeﬁ*lEZa%(auw + Ko)?

N
<E(e'e)s 'Y of(exy + Ko).
i=1

We use the fact that e and ¢ are independent and Jensen’s inequality (E|v])? < E|y|? < 42

Therefore,
p
I = 5(1——) Ela (excy + Ko)?2.

Finally, (25c) satisfies:

1

N 1 N 1
(BT o5 > (ke 0t) = K0 0)?)* (BT Y o?K(w,1)?)"
] =1

t\)\»—t
\
—

N
<ec K Max o; (exy + Ko) (ZO‘) 5
=1

Therefore,

N[ =

lgzp(l—%)%;cmaxal (cxy + Ko) (Za) .

=1
Step 3. In this step, we show that

p(5 1) ECTE gl <p (5 ~1) (minofb)EW +1: E(ee)F,
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for some constant Is.

le" AR (e, 9, 1)[1* = [le" K (e, 1, 1) (29a)
N
=Y oflei(K(ei+ 1, 1) = K(1, 1)) + ek (¥, 1) (29b)
i—1
ZZEZ‘@@(K(CZ—Fw,t)—IC(w,t)” — 0y ‘ez 1% )‘ (29C)
i=1
N N
>y Thckef = Y oR(exlvl + Ko)? (29d)
i—1 i=1
2 (N 2 N
> miin J?ﬁ (; e?) — ;o’?(@dw + ICO)Q, (29e)

where we use e' A = e in (29a) and the fact that (a + b)? > % —b% in (29¢). ([29d) follows from
Condition (ii) of Theorem [2/ and (21b)). (29¢) follows using Holder inequality. Multiplying above
inequality by p (’23 — 1) (eTe)gf2 and taking expectation

p(5-1) B )i 2T AR (e, v, 2 p (£ — 1) BE(Te)® + 1sE(e )52,

where 33 = min; 03% and I3 = —p (5 — 1) SN 02 (e + Ko)? follows from (21d).
Combining Stepl-Step3, we obtain:
ELW < —BEW + ¢,
where . . )
B=—p <c]: — eCy A + 5(1 - N)E%szaxaf + (g - 1)20len02> > 0,
and ¢ = L E(eTe)2 ' + LhE(eTe) T —|—Z3E(e )22,

Since ¢ comprises exponents of e'e that are smaller than p/2, for sufficiently large EW, the —SEW
term will dominate ¢, which makes ELW non-positive. Thus, EW and ¢ will remain bounded.

The remainder of the proof follows similar to Theorem [3| with h(t) = EW. O
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