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DISCRETE PERTURBED GRADIENT FLOW AND ITS APPLICATION*

LINGZHI HAOT AND XIONGTAO ZHANGH

Abstract. We study discrete dynamical system with perturbed gradient flow structure and its
related applications. We prove that states with uniform bound will eventually converge to an equilib-
rium state, where Lojasiewicz inequality plays an important role. Moreover, the convergence rate is
uniform with respect to the mesh size, which implies uniform transition from discrete time model to
continuous time model. As direct applications, we use this theory to prove the emergent dynamics in
discrete thermodynamic Kuramoto model and swarmalator model.
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1. Introduction

Collective behaviors are common in our world and daily life. For instance, the
aggregation of bacteria, swarming of fish, flocking of birds, and synchronous flash of
fireflies, etc. It is very interesting and important to study the emergence of these
collective behaviors, since then people can apply this natural mechanism into various
areas in industry and academic research [3,16,34-36,38,44]. To this end, different kinds
of dynamic models have been proposed, to name a few, Winfree model [43], Kuramoto
model [8,28], Vicsek model [42], Cucker-Smale model [10], Motsch-Tadmor model [32,33]
etc. These models have been extensively studied in recent decades, including particle
model at the microscopic level [2,6,15,40,41], mean field limit equation at the kinetic
level [4,5], hydrodynamic limit equation at the macroscopic level [11,12,24], models with
general digraph [9, 13,29, 30,37,39], random environment and stochastic perturbations
[1,26], discrete time models [18,25].

In this fruitful research, one of the most important issue is to interpret the dissipa-
tion in these models, since it is the dissipation mechanism that drives the agents to a
particular formation. Then, it is found in many models that, the dissipation structure
can be captured from the view of gradient flow [17,45]. More precisely, the system with
gradient flow structure reads

d
Za(t) ==V, P(a(t).

Then, one considers the dynamics of potential P(z), and immediately obtains the de-
creasing of the potential along the flow x(¢), i.e.,

d 2

P @) ==(VaP(z(1)))". (1.1)
The decreasing of potential only shows the convergence of z(t) to an equilibrium in a
weak sense. Then, according to [17], one only needs to prove the uniform boundedness
of z(t) to yield the strong convergence, due to the gradient flow structure. On the other
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hand, in more general and complex models, one can only obtain a perturbed gradient
flow as below,

%xu) — -V, P(x(t) + f(t). (1.2)

Note the decreasing of P(z) in (1.1) is not true due to the inhomogeneous term. Instead,
a hypo-coercive type estimate has been obtained in [17] for dissipative f(t), which shows
P(z) is bounded by a decreasing quantity. Then, uniform boundedness of z(t) still
implies the strong convergence of x(t) to an equilibrium state. Please refer to Section 2
for more details about previous results.

In the present paper, we mainly focus on the discrete version of gradient type flow
and its applications to collective dynamical models. Since the data collections in real
world and simulations in computer are all discrete, the continuous model can be viewed
as an approximation of the real in some sense. Thus, it makes sense to study the discrete
model directly, and verify the consistency between the discrete and continuous models.
This is the natural motivation of our work. Now, the discrete perturbed gradient (DPG
for short) flow reads

z(n+1)—xz(n)=—hV,P(z(n))+hf(n). (1.3)

In [45], the authors studied the discrete gradient flow without perturbation, and success-
fully proved the emergence of synchronization of discrete Kuramoto model. However,
the DPG flow has not been studied before. Different from the continuous model, the
discrete model has no derivative, and thus we have to do careful estimates on the higher
order error to yield the dissipation, which draws many complicated calculations. More-
over, to apply the theory to particular models is also nontrivial, because it is usually
difficult to obtain the uniform bound of the agents.

Based on above discussions and observations, our main results in this paper are
two-fold. First, we assume the uniform boundedness of the agents in DPG flow (1.3),
and show the convergence of the agents to an equilibrium asymptotically. This extends
the results of continuous model to discrete case. More precisely, we have the following
theorem.

THEOREM 1.1. Let z:(n) be a solution to discrete perturbed gradient (DPG) flow (1.3),
and suppose the following three assertions hold:

(1) P(z) is analytic in an open domain U CR™.

(2) For any n, x(n) is uniformly bounded in a convexr compact domain D CU.

(3) The perturbation f(n) decays to zero exponentially fast, i.e.,
|f(n)| < CemMrtDR)

where C, h and \ are positive constants, and h < 1.
Then for sufficiently small h, there exists a state x>° € D such that

ngrfoo:r(n):x , VzP(x*)=0.

Next, we apply the result to two collective dynamic models, i.e., discrete thermo-
dynamic Kuramoto (DTK for short) model (see (2.4)) and discrete swarmalator (DS
for short) model (see (1.4)), and show the emergence of synchronization and swarming.
As the DTK model has been studied in [23] with other methods, we will only briefly
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explain how to recover the results by using DPG flow in Section 2. Then, we will mainly

focus on DS model, which is written as below,
h z(n) —zh(n)
h h h h J i
ol (n+1) =} (n)+hwi+— > Ta(0] (n) -0} ()
Nz |2} (n) =} (n)]*

i

h @l (n) —a} (n)
_ = E L, (0" (n)—0" e

JEN

i (1.4)

h
A RS DT T

JEN
JFi

n=0,1,.., 1<i<N, N={1,2,.,N},
LL’h(O) :xio,eih(()) = eio.

K2

We will provide more introduction of the DS model (1.4) in Section 2, in which we will
also show the connection between the DS model (1.4) and the DPG flow (1.3). Then
we apply Theorem 1.1 to obtain the our second main theorem.

THEOREM 1.2 (Swarming in DS model).  For initial data without collisions, we have
the following two conclusions,

(1) there will be no collisions between particles for any step, and thus the iteration
scheme is well defined for any n. Moreover, the minimal inter-particle distance has
a uniformly lower bound for any n.

(2) For identical case v; =0, let (z!(n),07(n))X, be the solution to (1.4). Suppose the
following two assertions hold,

(i) |=h —m?| has positive upper bound uniformly with respect to n, i.e.,

sup suplz?(n)— m?(n)\ <Oy <400,
0<n<+4o0 i.j

where Cy is a positive constant.

(ii) 0; satisfy small initial condition
N 2
01 (0)2 < =

Then, the emergence of complete synchronization of 0% and swarming of 7 will

occur asymptotically for sufficiently small mesh size. In other words, there exist

constants C, \, ho and an equilibrium state > such that, the following asymptotical

behaviors occur for h<hy,

im0 (n) — 04 ()] < Ce VR T [ (n) 2] =0,

REMARK 1.1.  Theorem 1.2 requires a priori assumption that the diameter of /(n) is
uniformly bounded. Similar to the continuous time model studied in [17], the proof of
the uniform upper bound is nontrivial and requires well prepared initial configuration.
Since we focus on the application of the discrete perturbed gradient flow theory, we
will only show how to capture the gradient flow structure of the DS model (1.4) in this
paper, and the verification of the assumption will not be contained.
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The rest of the paper is organized as follows. In Section 2, we will review some well
known preliminary results and show the gradient flow structure in DTK model and DS
model. Next, in Section 3, we will show the detailed proof of Theorem 1.1. Moreover, we
will provide an immediate corollary which shows a uniform transition from DPG flow to
continuous perturbed gradient flow (1.2). In Section 4, we first show collision avoidance
in DS model (1.4), which guarantees the iteration scheme holds for all n. Then we
provide the uniform lower bound and upper bound of the agents, which together with
Theorem 1.1 imply the emergence of swarming, and thus finish the proof of Theorem
1.2. Finally, Section 5 is contributed as a summary.

2. Preliminaries

Previous results and preliminary lemmas will be provided in this part, and we will
mainly introduce related results in continuous time model. Then, we will discuss the
DTK model and DS model respectively, and show the DPG flow structure contained in
each model.

2.1. Previous results. Firstly, we introduce the Lojasiewicz inequality which
plays an important role in the study of gradient flow.

LEMMA 2.1 ([31] Lojasiewicz inequality). Suppose that P:D CR"™ =R is analytic in
the open set D. Let T be a critical point of P, i.e., VP(Z)=0. Then there exist r >0,
q>0, and n€[3,1) such that

|VP(x)| >q|P(x)—P(Z)|", VYxeB(z,r).

Then, applying Lojasiewicz inequality, one can obtain the following convergence result
in dynamic systems with gradient flow structure.

LEMMA 2.2 ([14]). Suppose P(x) is an analytic function. Let z(t) be uniformly
bounded and follow a gradient flow with P(z) to be the potential i.e. ©=—V,P(x).
Then x(t) converges to a limit z*°.

For more general and complicated coupled systems, usually there is no gradient
flow structure. Instead, these systems may contain a perturbation of gradient flow,
then similar results as in Lemma 2.2 can be obtained.

LEMMA 2.3 ([17]). Suppose P(x) is an analytic function. Let z(t) be uniformly bounded
and follow a gradient flow with P(x) to be the potential i.e. &=—V,P(x)+ f(t), where
f(t) is a continuous vector-valued function and |f(t)| < Cre=2t. Then z(t) converges
to a limit x°°.

REMARK 2.1. In [17], the authors added the requirement that |V, P(x(t))|? is uni-
formly continuous with respect to ¢, due to the application of Barbalat’s lemma in the
proof. But since P(z) is analytic and z(t) is in a compact domain, all the derivatives
of P are uniformly bounded along the flow z(¢). Moreover, as f(t) is continuous with
exponential decay, f(t) is also uniformly bounded with respect to t. Then, we obtain
the uniform boundedness of 4|V, P(xz(t))|?, which is sufficient to imply the uniform
continuity of |V, P(z(t))|?. Therefore, we get rid of the uniform continuity requirement
in Lemma 2.3.

Next, we introduce a lemma in [23], which shows a uniform convergence from the
discrete time model to the continuous time model.

LEMMA 2.4 ([23]).  Let {a"(n)}nso be a one-parameter family of sequences in RY,
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and let a(-) be a curve on RY. Suppose that

a"(o0) ::nli}n;oah(n), a(oo) ::tl_igloa(t)

exist and there are two continuous functions p1 and py satisfying
|a (n) —a"(00)| <pi(nh), |a(nh)—a(co)| <pa(nh),
Vn,h>0, Jim py () = Tim po(2) =0.
If we further assume

limsup sup (|a(nh)—ah(n)
h—0 0<n<I

)=0, V>0, (2.1)

then {a"(n)}nso converges to a(-) uniformly in time.

This result has been also applied implicitly in [25,45], etc., to show the uniform-in-
time transition from discrete model to continuous time model. Finally, we give a simple
lemma about the sub-additive property of concave function.

LEMMA 2.5 ([45]). Let g(z) be a concave function defined on [0,4+00) and g(0) >0,
then g is sub-additive on [0,400) i.e.

g(a)+g(b) >g(a+b), a,be [07+OO)'

This simple property has been also applied in [7,19,21,46], and plays an important role
to get the dissipation structure.

2.2. Discrete thermodynamic Kuramoto (DTK) model.  Our first appli-
cation of DPG flow is for DTK model. In [22], the authors derived the thermodynamic
Cucker-Smale model to describe the temperature effects on collective behavior. Later
on, this idea was extended to DTK model in [20], which reads

N
; K1 sz“ :
ei:Vi—f—Nj:l T: Sln(ej—ai), t>07

(2.2)

. /{'/2

Cij 1 1
Cri m 7 ) t>07
N&ZIHT T T,

where ; denotes the phase of the i-th oscillator and T; is the temperature. Then, in [23],
the discretization of above model has been addressed as below,

kb
oi(nﬂ):oi(n)wimm_ P sin(8;(n) —0;(n)),

hNJ:1 1 1 . (2.3)
FEn+ D) =10 + Y (7 ) f@) =+

This is an implicit scheme, which preserves the conservation of the total energy of T;.
Thus the limit 7*° can be determined by initial configuration. Then, one can show the
exponential decay of the temperature, i.e.,

|111(’I’L) _ Too| < Ce_M”'H)h.
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Then, substituting above estimate into (2.3),, we apply the uniform upper and lower

bounds of the sin function and T; to obtain the following perturbed gradient flow struc-
ture,

0;(n+1) —0;(n) = —hVaP(0(n)) + hf(n),

N X 1
— % Z%’j sin(6;(n) —6;(n)) (W _ TOO) < Cef)\(n+1)h7

Z i0i + ——— 2NT°° Zzww —cos(6;—6;)).

i=1j=1

According to Theorem 1.1, in order to prove the emergence of synchronization, we only
need to show the uniform bound of the phase diameter. As the sufficient condition
for boundedness has been provided in [23], we will not show the details in the present
paper.

On the other hand, one can also apply the Euler one-step scheme to discretize the
system (2.2) and obtain that

N
0;(n+1)=0;(n) +v;h+ z% D wijsin(6;(n) 03 (n).
=t (2.4)

Kah Gij 1 1
Ti(n+1)=T;(n H%gun(n) (Ti(n)_Tj(n))

We can also apply Theorem 1.1 to show the emergence of synchronization. In this
case, the total energy of T; is not conserved, but as the temperature will converge to
a common limit 7°° exponentially fast, one may prove that the error between T°° and
T is of order h. Therefore, when h tends to zero, both solutions to (2.3) and (2.4) will
converge to the solution of continuous model uniformly in time.

2.3. Discrete swarmalator (DS) model.  Our second application is for the
DS model. This model is used to describe the emergence of collective behavior from the
competition between attraction and repulsion mechanics [27], which reads

dl‘i 1 XTi—T; Ti—x;
=wit z;/ {ra(ej—ei)]—rr(ej—ei)J , >0,

dt ‘Zj*l‘”a |.ijxl|ﬁ
JF#i
=ViT I 9'—9¢, ={1,2,...,N},
i +t5 2 o —al sin(6, —6;), N={ }

Here w; and v; are called as natural velocity and frequency of the i —th particle, repec-
tively, and o, and v are positive constants satisfying 1 <a < . The functions I'; and
I'; in (2.5); denote the attraction, repulsion strengths between particles, respectively.
Moreover, they are assumed to satisfy parity and boundedness conditions:

Fa(a)zra(_9)7 Fr(a)zrr(_e)v VER,

2.6
0<m, <Ta(0) <M, <00, 0<m,<T.(0)<M,<oc. (2:6)
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For example, in [27], the authors choose the attraction and repulsion forces as below,
I''=1, T,(@)=1+Jcosd, |J|<1.

Similar as before, with the Euler one-step scheme, the discretized version of the swar-
malator model can be written as (1.4). Then, we are going to write (1.4); as a perturbed
gradient flow. We first define the attraction potential, repulsion potential and the per-
turbation as below,

sz rit o S los(lri — 2, )Ta(0), =2,
Vo= ”&J
Zwl Tt — lez le a(O), a>1, a#2,
17’5J
*Nzlogﬂxrle)n(m, 5=2,
i#£j
Vo= I:v —a; \ (2.7)
*Z L ), ezl o,
i#£]
! 2 (n) —al(n)
f0027v2;(Rxﬁow—eﬁn»—ram)Hi@jjgﬁﬁﬁ
J#i

zj(n) — a7 (n)

—*2; )= 01 (0) ~T-(0) e o A> o2

Now, we substitute (2.7) into the equation (1.4),, and rewrite (1.4) as follows,

o} (n+1) = a (n) = —hVa [Va(2(n)) + Vs (x(n))] +hf (),

K 2.8
00 (n+1) = 0" (n) + hv; + N;Wsm(ﬂ (n) — 0% (n)), (2.8)

where we use x(n) to denote the vector (z;(n)). As f(n) depends on 6;, we need to first
prove exponential synchronization of ¢; and then we can apply Theorem 1.1 to (1.4);.
Therefore, we assumed v; =0 in Theorem 1.2 so that the exponential synchronization
of 0; can be easily proved. Then, according to Theorem 1.1, the Theorem 1.2 can be
verified once we prove the uniform boundedness of z(n).

3. Discrete perturbed gradient flow

In this section, we will rigorously prove Theorem 1.1, which is a discretized version
of Lemma 2.3. Then we will show the uniform transition from (1.3) to (1.2). For
convenience, we recall that Theorem 1.1 considers the following system:

z(n+1)—z(n)=—-hV,P(xz(n))+hf(n),

)] < G, .

where z(n) is supposed to be uniformly bounded for any n. Then, we have the following
proof of Theorem 1.1.
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Proof of Theorem 1.1.
Proof. Since z(n) is uniformly bounded in D, we immediately obtain that there
exists a subsequence x(ny) and corresponding limit £°° such that

li =z, 2
k;rfwx(nk) x (3.2)
In the following, we will prove that this subsequence limit actually is the limit of the
whole sequence.

e (Step 1.) Firstly, we show that x> is a critical point of P. As z(n) is uniformly
bounded and P(z) is analytic, the second order derivatives of P(x) can reach the max-
imum and minimum values. More precisely, there exists a positive constant C5 such
that

mecma{ |0, P(2)], [0s, 0z, P(2)]} < Co. (3.3)
2,] xE '

Then let H(z) be the Hessian matrix at x, we apply the Taylor expansion and remainder
formula to imply that there exists a value £(n) such that

P(z(n+1)) = P(z(n))
=V P(z(n))(z(n+1)—z(n))+ %(ﬂf(fw 1) —z(n))H(E(n))(x(n+1) —x(n))
=hVo P(x(n))(=VaP(x(n)) + f(n))
h2

+5 (=VaP(z(n) + £ (n)) H () (=VaP(z(n)) + f(n)). (34)

As D is convex, we know that £(n) also belongs to D and thus we can apply (3.3)
to conclude that [0,,0,, P(§(n))| < Ca. Therefore, we combine (3.1), (3.3) and (3.4) to
obtain

P(z(n+1)) = P(x(n)) < =|Va P(x(n)[*h+ CThQIVacP(ﬂc(n))\2 +Che MR (3.5)

where O is a constant depending on Cy and C defined in (3.1), and C is a constant
depending on Cs and dimension of the phase space. We now define the perturbed
potential P(z(n)) as

e—)\nh
P(a() = Pla(n) + 225 (3:0)

Recall that X is the exponential decay rate of the source term f(n). Then, we substitute
the estimate in (3.5) into the perturbed potential (3.6), and apply Taylor expansion to
yield following estimates,

P(z(n+1))—P(z(n))
2016—A(n+1)h QCle—Anh
A D)

=P(z(n+1))—P(z(n))+

2
2
S—leP({IJ(’rL))‘Qh-‘r OTh|va(l’(n))|2+Clh€_)\(n+1)h+%€_)\(n+1)h(1—6)\h)
S_|vxP(x(n))‘2h+%h2|vxp(x(n))|2_Clhef)\(nJrl)h_%67)\(71+1)h>\2€27 (37)



L. HAO AND X. ZHANG 1513

where £ is the positive constant between zero and h in the remainder of Taylor expansion.
Thus for sufficiently small h such that h < %, (3.7) implies that

P(z(n+1)) = P(x(n)) < IVZP(x(n))Izh(%h* 1) <0, (3.8)

which means P(z(n)) is monotonically decreasing, and thus P(z(n)) must approach to
a limit when n tends to infinity. On the other hand, as z(n) is uniformly bounded in D
and P is continuous, we have P(x(n)) is uniformly bounded on D. Therefore, the limit
of P(x(n)) must be finite as n tends to infinity. More precisely, we can find P> such
that

ngr}rloop(x(n)) =P>. (3.9)
Combining (3.9) and the fact that lim, o Cre 2 =0, we obtain
lim P(z(n))=P>. (3.10)

n—-+4oo

Especially, when considering the convergent subsequence x(ny) constructed in the be-
ginning, we apply (3.2), (3.10) and the continuity of P to have that

P*= lim P(z(n))= lim P(x(nk)):P< lim x(nk)):P(xoo). (3.11)

n—+00 k—4o00 k—+4o00

Now, we add up the inequality (3.7) and apply (3.11) to obtain that
_ Ch
P(z(0) ZP (n41)) >Z\v P(x(n))[? h(=-=1).  (3.12)

As P(x(0)), P> and h are all finite, the finiteness of sum of the sequence |V, P(z(n))|?
implies

lim |V,P(z(n))|=0.

n—-+oo
Then, the continuity of |V, P(-)| implies that

|[V:P(z>)|= lim |V,P(z(n))|=0,
k—+oo

which means z° is a critical point of P.

e (Step 2.) In the following two steps, we will show the convergence of the limit, and
we will provide some estimates on |V, P(x)| in this step. As we already proved that
£ is a critical point of P, we apply Lojasiewicz inequality in Lemma 2.1 to imply that
there exist ¢ >0, R>0 and n€ [%,1) such that

|V, P(x)|>q|P(z)— P(x™)|", VaxeB(z™,R). (3.13)

Moreover, without loss of generality, we may assume P(2>°)=0 since P(x°°) is finite.
Now we let

20 == Pl 1)) + (n+1)h—t

- P(x(n)), nh<t<(n+1)h.
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Due to (3.9) and (3.11), both P(x(n)) and P(z(n+1)) will tend to P(2>°) =0 asymptot-
ically. Therefore, as a convex combination of P(z(n)) and P(z(n+1)), g(t) is Lipschitz
continuous and will converge to P(z°°)=0 asymptotically. Moreover, we combine (3.7)
and (3.10) and sufficiently smallness of h to have

%g(t)zp(x(N"Fl)})L_P(af(n)) §—|VIP(CU(H))| (1_%)_016—)\(n,+1)h
Vo P(z(n))[? (1_%) (1—%)015*%—%
<=1 VPl + e
<0, (3.14)

which shows g(t) is non-increasing. Next we set w(t)=g(t)*~7 where 7 is from (3.13),
and we can obtain

Lonft)=(L=mg(t) 70 g(1) <~ (1= m)g(t) (1~ TV P@(m) P+ Te )
(3.15)

It is obvious that w(t) is also non-increasing. Then, the estimate of |V, P(z(n))|? can

be obtained in the following two cases respectively.

Case 1: If |V, P(z(n))|?>e~22"" for some n, we may relax the estimate in (3.15) for

t € [nh,(n+1)h] as below

Gw(t) < ~(1=n)g(t) (1~ TNV Pla(n) .

Then, we use the fact (|a|+[b|)" <|a|7+[b|? for 1 <n<1, the decreasing of P, the
assumption |V, P(z(n))|?> > e~2*m" and Lojasiewicz estimate (3.13) to obtain

d g(t)"
i) <<1_n><1—02h>|w<x<n>>|>

(i

<- (i‘”(’“‘)) ((1(—];()?(71—)%;30wzn»|>
(
(

|P(z(n))|" (21 2 )
() ((1—n>(1—?>|vmp<x<n>>| TN, P(m(n»)

gu} 1 (201)
0t “))<q<1—n><1 o) (- Ch))

Case 2: If |V, P(z(n))|? <e 2" for some i then for any t € [nh, (n+1)h], we apply
the fact 2 <n<1, (la|+|b])" <|a|7+[b|” for 2 <n<1, the decreasing of P, the assump-
tion |V9L,P(zzc(n))|2 <e~2Mmh and the LOJa51ew1cz estimate (3.13) to yield that

d g(t)"
|vacP($(n))|S<dtw(t)> <(1 M(1— )V, P(a(n)| + Se —A(l—n)nh))
_ iw |P(z(n))|”
= (dt (t)> ((1*77)(1*7)(\pr(95(71))|+Cl A(L=m)nh)

+
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(2016/\7»1;1 )77

TV o P ) T o)
d 1 (201)7767)\7771}1
< () <q<1n><1% * m—n)(l—%(%e—ﬂl—mnh))
d ; 1 2n+167)\(27771)nh
<dt“’( )> <q<1n><1% ) _%c;—n)
d 1 on+1
=- (dt““) <q<1—n><1—%h> W(l—n)(l—%c%—")'

Thus, we combine two estimates in Case 1 and Case 2 to conclude that

d
|VzP(x(n))|§—l£w(t), nh<t<(n+1)h, (3.16)
— 1 (2¢1)" 27t
where L= ootz +max{ o0 e e |

e (Step 4.) Now, we are ready to finish the proof of the theorem. We will prove that

liIJIrl z(n) =z by contradiction. Suppose not, then there exists a positive constant r
n—-+0oo

such that, for any M there exists an integer nys > M satisfying
|z(nar) — x| >r. (3.17)

Without loss of generality, we can assume r is sufficiently small such that r < R, where
R is in (3.13). Therefore, the Lojasiewicz inequality in (3.13) still holds in B(x*,r),
and we can apply (3.2), (3.10) and (3.15) to find a sufficiently large ng such that

|1:(n0)71:°°|<g, c l(w(noh)—w(mh))ggfor Vm>ng.  (3.18)

r
A 4’
Now, accroding to (3.17), we can find n* > ng such that
|z(n*) —z>| >r. (3.19)

On the other hand, we can estimate the difference between x(n*) and z(ng) via the
iteration scheme. In fact we have

2(n*) — (o) = 'Z_ (2(i+1) — (i) = .Z_ (—hV, P(a(i) +h (),

which together with (3.16) and (3.18) imply that

(") = (no)| < i [(z(@+1) —2(3)]

i:no

n" =1 L(i+1)h n"—1 a(i+1)h _
<M / | = Vo P(x(i)|dt+ > / Ce Nt gy

1=no ih 1=no ih

n*h d B n*h
g/ —l—w(t)dt+C e Mdt
noh dt noh
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e*/\’ﬂoh

<Il(w(noh) —w(n*h))+C 3

(3.20)
Finally, we combine (3.18) and (3.20) together to find that

fe(n") — 2| <[(n") ~2(no)] + £(no) 2| < -+

:7’7
- 2

which is a contradiction to (3.19). Therefore, we can conclude that lirf z(n)=x>. 0
n—-+0o0

Then, we apply Lemma 2.3, Lemma 2.4 and Theorem 1.1 to obtain that the dis-
crete perturbed gradient flow (3.1) converges to the following continuous gradient flow
uniformly in time,

dx
Y . P@)+10)

f(t)<Ce M.

(3.21)

COROLLARY 3.1.  Suppose z"(n) is the solution to (3.1), x(t) is the solution to (3.21),
and the two solutions have common initial data. Moreover, we assume P(x) is analytic
in an open domain U CR™, and f(t) is continuous with respect to t, where f(n) in (3.1)
now denotes the value of f(t) at t=nh. Then, if the diameter of x"(n) and z(t) are
uniformly bounded in a common convex compact domain D €U independent of h, we
have

lim sup |z (n)—xz(nh)|=0.
h—=00<n<+oo

Proof. We only need to verify the conditions in Lemma 2.4. Firstly, under
the assumptions in the corollary, we apply Lemma 2.3 and Theorem 1.1 to obtain the
existence of the limit of both discrete and continuous flows. Without loss of generality,
we denote them by " (4+00) and z(+oc0), respectively.

Next, according to (3.20), we have

—Anh B e—)\nh
3 =lw(nh)+C T

=€

2" (n) —a" (+00)| < U(w(nh) —w(+00)) +C

where we use w(400) = P(x*°)=0. Therefore, we may choose p; () to be

ef)\t

A )

p1(t) =lw(t)+C

where [ is defined in (3.16) and C is defined in (3.1). Then p;(t) obviously tends to
zero due to the decreasing of w(t) to zero. Then, for continuous time model, we can
follow [17] to construct po(t) as below,

o e

po(t)=1(P)*""4-C

o +max (2¢,)" 2
A q(1-n) (AN)1(1=n)" M(1—m)Ci" [

According to the proof in [17], |z(nh) — z(400)| < p2(nh), and pa(t) is decreasing to zero
asymptotically.
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Finally, the consistency of one-step Euler scheme guarantees the convergence from
z" to z in any finite time period, since the two solutions are assigned same initial data.
Therefore, all the requirements in Lemma 2.4 are fulfilled, and thus we conclude the
uniform-in-time convergence

lim sup |z"(n)—z(nh)|=0.
hﬁ00§n<+oo

4. Discrete swarmalator model

In this section, we will show details of proof of Theorem 1.2. According to (2.8) and
the discussions in Section 2, in order to show the convergence, we actually only need to
verify that all the conditions in Theorem 1.1 are fulfilled. We will split the proof into
three steps in the following.

4.1. Minimal inter-particle distance. In this part, we show that the distances
between particles are uniformly bounded from below. We will first treat the diameter
D"(n), and then we finish the proof by induction. In the following, we assume

min|z} (0) 2 (0)| >0, D"(n):=max|z}(n)—z}(n), D(w):=max|w;—wj|-

1,3 Y v

s

Then even if there exists a first collision step n., we must have n.>1. Therefore, the
iteration scheme is well defined before n., and we can do estimates before n.. Actually,
we have the following lemma for diameter D" (n) before n..

LEMMA 4.1.  Suppose Iy and T, are smooth functions with property (2.6), and all the
agents are collisionless initially, i.e.,

min e (0) — 2 (0)] > 0.
2,7

Then, for sufficiently small h, the diameter D"(n) has the following lower bound before
the first collision step n.,

where

sommn{o0). (55 ()}

Proof. Without loss of generality, we let (i,j) be a pair of indices such that
D"(n) = |zl (n) fx? (n)| at the step n, where 0 <n <n.. Then, the next iteration is well
defined since n+1<n.. Thus we have

D"(n+1)°>-D"(n)?

> (2} (n+1) =2 (n+1))* = (a7 (n) — 2 (n))?
= (@ (n+1)? =2 (n)*) + (2] (n+1)* =2} (n)*) + 2(=a¥ (n+1)zj (n+ 1)+ ()2} (n)). (4.1)
Substituting (1.4) into the above formula (4.1), then only first-order and second-order

terms remain. More precisely, directly calculation simplifies the second-order terms as
follows,

Wit 3 Bk (n) — ()0} () — 61 ()2
=
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+h2 (w4 = Z d(x
ki,:/

Z(I)

ke/\/'
i#k

— 2h2 (w;i +

(wj+— Zq)xk
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(n) =} (n),0} (n) — 0} (n)))*
(n),0}(n) — 07 (n)))

(n),0}(n) =07 (n)))

ki./;/’

2

=h? [(wfwj)Jr%Zﬁig ®(x} (n) —af(n),07(n) — 0} (n ))**Zﬁg ®(z}(n) —}(n),07(n) =0} (n))|
where we make use of the following notations for simplicity,
®(af (n) =i (n), 0} (n) -6} (n))
2" (n) -l (n) xl(n) —xh(n)
=L (6] (n) =07 (n)) ; =L (07 (n) =0} (n) g (42)
! |2 (n) =} (n)|* ’ |2} (n) =} (n)|?

Similarly, the first-order term in (4.1) can be rewritten as follows,

2hal(
+2hx
—2hah(
—th

=2h(zl(n) -z

+2h(zh

—2h(zl

wl—‘,- Zq) xk

(n),0}(n) =0} (n)))

n)(w;+— k;qu " (n),00 (n) — 0" (n)))
n)(w;+ = ;;Mk (n),67:(n) =6} (n)))
)(wit :;iwk (n),65(n) =6} (n)))
?(n))(w-i»
k;@ (n), 605 (n) =67 (n))
ke;@xk (n), 6} (n) =6} ().

Combining (4.1) and the above calculations of first-order and second-order terms, we
have the following estimate of the diameter,

D"(n+1)2—D"(n)?
>h [Q(xf(n)—x?
+%Z:§2§fj [(CU?(”)

AT (@t

k#1,7

(n))(wi—

=} (n))(z}(n) -2} (n)

AL O3 () —02(n)  ATa(6}(n) —6}(n)
Nlm (n) — a7 (n)|?—2 N\xj( n) =y (n)|*?
) ok —ato0) (R ~ TG )]

La (05 ()07 (n))
|z (n) =} (n)]~

 T(8) ()00 (n)
[l ()2 (n)]?

(
{ )
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02 [ (1 —0) + e X e B(a ) — () 0 () 01 () — & Sney k)~ (), B () 4 )]

=L+ 1+ I3 +1y.

e (Step 1.) In this step, we will estimate Zy, Zo, Z3 and Z, respectively, and then
construct the iteration error of the diameter.

o (Estimate of Z7): We split the last term in 77 into two equal parts and use the
boundedness of I'y, and I',. to get

(8} (n) ~ 0} (n)
ne <N|x?<n> e ) _wj)>

%

_|_

2h Lo(O3(0)=01(0) 0 oo gner
N'W”)‘x?(”)'"‘”(x?(m—x?(n)ﬂ—a 20, (8] () — 0! >>)

>9h M

- <N|x?<n>—w?<n>

g et 0l —wj|)

2h . )
Nl ()=l ()] (a:g(n)—my(n)a—a 2Ma> : (4.3)

o (Estimate of Z3): Since the pair (4,j) is the maximal indices, then we have

|2 (n) =z (n)| < Jaf (n) =2 (n)| and |a} (n) -} (n)] < |z} (n) — 2 (n)],

which immediately implies

(7 (n) =2 (n)) (@} (n) —x}(n))
(af (n) =3 (h)) (2} (n) — 2 (n) +af (n) — 2} (n))
=z} (n) =2} (n)|* = (2 (n) — 2} (n)) (&} (n) — 2} (n)) > 0. (4.4)

Substituting (4.4) into Zs, we have the following estimate,

zh(n)—z"(n xhn—xZn r}?nfhn h h
-2y {( L) =} () () —ah( ))(r (04 )h(%)?ﬁgl,wk(n),@ (n)))]

kEN |z (n) —al(n)|> |z} (n) — 2!
k#i,j
2h (7} (n) =} (n)) (@} (n) -z} (n)) my -
N 2 { B T (e i Mﬂ (9
k#i,j

o (Estimate of Z3): For Zs, there is a negative sign in front. Therefore, we may rewrite
it as follows,

hn)—64(n (0% (n)—6"(n
T=-2 3" {(x?(n)—m?(n))(wg(n)—x?(n))(PQELOk( ) ek =B ”)]

N = zk(n)—z3(n)* Jag(n) =i (n)]®
ki,
_2h 2 n) — 2 () (2" (n) — 2" (n L(65 (n) — 65 (n)) _ La(65(n) =67 (n))
= N ];[ |:( ’L( ) ]( ))( k( ) ]( ))( xﬁ(n)fx?(nﬂﬁ \xg(n)fx?(n)rl >:| .
k#i,j

Similar to the estimate of Zy, we use the relation

(a7 (n) =27 (n)) (. (n) — 2 (n)) >0,
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and the same argument as before to find

2h (2} (n) =z (n))(z} (n) -z} (n)) m, )
ISZN’;“, |2 (n) =z} (n)]* <|xh(n)xg(n)|ﬁa Ma)]- (4.6)

o (Estimate of Zy): It’s easy to see Zy >0.

Combining (4.3), (4.5), (4.6) and the fact Z, >0, we obtain that the following in-
equality holds for all n <n:

Dh(n+1)% —D"(n)?

My

>2h <N|x§l(n) TR |2 (n) — 2 (n)|w; wj|>

o -
" N|I?(n) 71’?(””0‘72 <|$?(n) 71'?(n)|ﬁfa _2Ma>

2~ [ Cln) — () () () m_____
: Z[ [ () =l ()l (zLL(n)—xf(n)ﬁ-a Mﬂ o

e (Step 2.) In this step, we will apply (4.7) to find the lower bound of the diameter.

According to (4.7), as 8>a, we know D"(n) is increasing if |z (n) —z%(n)| is small.

Now we set
s =
. I m, \ m -
Slen{D (0), <2Ma) , <ND(OJ)) }

Then, we claim that

kEN
k#i,j

Dh(n)>5—9 0<n<n,. (4.8)

We will apply inductive criteria to verify the claim. Firstly, it is obvious that the claim
holds for initial step. Then we assume D"(n) > % at step n where n <n., and check
the claim for step n+1. In the following, we will consider two different cases.

A (Case 1.) We first consider the case when the following estimates hold,

%<Dh(n):\xf(n)—x?(n)\ <dg, n<ne.

Then, according to the definition of 6o and the fact D"(n)=|z"(n) —x?(n)| <dg, we
have

By D(w) > |w; —w,|, we have

my
Nz} (n) —af(n)|?~2

— |2} (n) =2} (n)|w; —w;| > 0.

On the other hand, we apply similar arguments to have

my 1

D" (m) =z ()~ (n) | < 6 < (577) 7=,
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which implies
My

|z (n) =} (n) |~

—2M, >0.

Substituting the above estimates into (4.7), we get
Dh(n+1)2-D"(n)?>0,

which verify the claim (4.8) for step n+1 whenever n <n..

A (Case 2.) We next consider the case when D" (n) =z (n) — m?(n)| >do. In this case,
the right-hand side of (4.7) may not be positive. But fortunately, if there is any negative
term on the right-hand side of (4.7), we must have

afn) ol 0)| 2 min { )75, (e =R,

Then, combining together (4.7) and the fact that D"(n)>dg, we have the following
estimates of the negative terms,

= |z} (n) = 2 (n)|lw; — wj| > =D"(n) D(w),

2M, 2M,

> - ’

TN ) @t S Nag 2
@)k )@ —ahm) DM, DM,
PO A B i T

Now, substituting above estimates into (4.7), we finally obtain that

D"(n+1)2>D"(n)*—2h (Dh(n)D(w)+ 2Mq Dh(ﬂ)%)

Noy? Rt
4M, 4M? >§ 6%
N6g™? TR

>D"(n)?2—hD"(n)?—h <4D2(w) +

where we set h to be sufficiently small so that

2
e IS (e
2 a w
4 <4D2(w)+ o e 1))

Therefore, we conclude D"(n+1) > %, which means claim (4.8) holds for n+1 where
n<nNe.
Now we combine all above estimates in Case 1 and Case 2, and apply the inductive
criteria to finish the verification of claim (4.8). Thus we finish the proof of the lemma.
a0
Next, for any fixed n <n., we naturally have an order of the quantities
Djy =z} (n) —z} (n)].

Since there are w pairs (i,7), without loss of generality, we may assume the fol-

lowing order at a fixed step n

N(N-1)

Di(n) <D3(n) <. <DG(n)=D"(n), Q=——
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Note D} (n)=D;; for some i,j, but this correspondence may change when n grows. In
next lemma, we assume DZ (n) are uniformly bounded from below for all ¢ > p, and then
prove the uniform lower bound for D} (n).

LEMMA 4.2.  Given p€[1,Q) and p<q<Q. Suppose all the conditions in Lemma 4.1
are fulfilled, and there exists a sequence of positive constants such that

) 1)
JJnf D(’;(n)zg", Sp+1<0pr2<...<6g, 0<n<n,.

Then, we claim that there exists a positive constant 0, such that, the following assertions
hold for sufficiently small h,

)
0<i7?<fn D;;(n) > Ep’ 0p <dp+1, 0<n<n.

Proof. As the proof is rather long and similar to that of Lemma 4.1, we put it in
the Appendix. ]

Finally, combining Lemma 4.1 and Lemma 4.2 together, we apply the inductive
argument again to obtain the following lemma.

LeEmMA 4.3 (Collision avoidance). Suppose all the conditions in Lemma 4.1 and
Lemma 4.2 are fulfilled. Then, for sufficiently small h, the inter-particle distance has
a uniform lower bound, which means the system (1.4) is collisionless. More precisely,
there exists a positive constant 01 such that
inf  min|z?(n) -z (n)| > 6—1
0<n<+oo 4,j @ ° J 2
Proof.  According to Lemma 4.1 and Lemma 4.2, we apply inductive criteria to
obtain that, there exists a positive constant ¢; such that,

1)
. h 71
ogly?gfncpl (n)> 5

(4.10)

Now, if the first collision step n. is finite, we have

sinof (ne) ~ ) ()| =0.
But this is an obvious contradiction to (4.10). Thus we know n.. is infinity, which means
the system is collisionless. Moreover, from the proof of Lemma 4.1 and Lemma 4.2, the
constant 07 is independent of n. Thus the estimate (4.10) is uniform with respect to n,
and we finish the proof. O

4.2. Proof of Theorem 1.2.

Proof. Now, we provide a proof of Theorem 1.2. The first assertion directly follows
from Lemma 4.3, and thus we only need to prove the second assertion. As we assume
identical frequencies v; =0 in the second assertion, we can rewrite (1.4) as below:

a; (n+1) -2} (n)

o e A b))t (n)
=h Z+Nj;/ (1+J( 93( )—0;( )))\x?(n)—xf(nﬂa |x?(n)_x?(n)|,3 )

Jj#i
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e?(n+1)—9gl(n)=%ZLsm(ag(n)—egl(n)). (4.11)

lzj — x|

Next, we need to find a proper potential to rewrite (4.11) into a perturbed gradient
flow. For convenience, we will consider the case where a#2, 5#2, and the other cases
can be treated similarly. Then, we have the following constructions,

X(n+1)*X() —hVx P(X(n))+hf(n),
h

N zh(n)—z"(n)]>~ 2 N zh(n) —al(n)?~#
n)) :Zwim?(n)—F ZZ(1+J)| z( )2 ]( )l +%ZZ‘ z( ) _]( )| 7

1=1 i#£j « i=1 j#i 6 2
n) :lzN:ZJ(cos(e’?(n)—ah(n))—nM (4.12)
N & ! ' |2 (n) —af (n)|> '

Now, in order to show that (4.12) is a perturbed gradient flow as introduced in (1.3)
and apply Theorem 1.1, we need to show exponential decay of f(n), which relates to
the asymptotical behavior of 6 (n). Now, as v; =0, we have from (1.4) that

B 1) = b (4. g S0 (1) =61 ()
0 (n+1)=6]( >+N;1 |l (n) =2 ()]~

It is obviously the conservation of mean of ;. Without loss of generality, we may assume
> ,67(0)=0. Now the main difficulty is that the order of 6; is not preserved when
n grows, and it is not convenient to show the estimates of the diameter. Therefore, we
switch to do energy estimates as below,

N
> 0k (n+1)
=1

2

sin(6” (n) - 0% (n))
) _

zp(n)|

h wh N

h
|$j (n

N hk Sln 0h Qh n h2K2 N h Tsin(6"(n 79? n 2
:;eﬁ(n L2 ZZ (|3)9ih(n)+ a ZZ[ ig(j (n))]

1=1j5=1 J ’I’Z)

- N X sin( (07 Hh 0" (n) — 60 (n
SZQ?(H ZZ () (n)) (05 (n) =03 (n))

h ]_hl;:lN N
<> 0 (n)? =37 Tsin(00 (n) — 00 (n)) (0 (n)
i=1 NC; i=1j=1
—0h(n)) + Nth%ZZ[sin(ey(n)_ey(m)]Q
1 j=1i=1

=T +ZLia+1s3. (4.13)
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)<gz for initial step, we immediately have 6/(0)| <% and thus

Now, as ZZ L01(0)
,2). This implies that

0(0) 0 (D€ (-5

sin(0)/(0) — 07(0))(61:(0) - 61'(0)) > (sin(6(0) — 6/(0)))* > 0.

Therefore, we have Z15 <0 in (4.13). Moreover, as Z;o is first order term of h and Z;3
is second order term, we can choose sufficiently small h so that

2
s
4

Ti2+7:3<0.

Substituting above estimate into (4.13), we obtain the following decreasing property for
sufficiently small h,

Then, we may repeat this procedure and apply principle of induction to conclude that

Zeh 14 Wn > 0.

Therefore, we have |0](n)| <% and thus 6} (n)—6}(n) € (~F,%). Combining the fact

that % is even and monotonically decreasing in (0,%), we can obtain the following
inequality:

S1 j

9? n)—6%(n)

sin(6" (n) — 6% (n)) ‘

n
s
4

Now, we substitute above estimates into (4.13), and combine the assumption
Yo 19?( )=0 to obtain that

N
> 0k (n+1)?
i=1
N 4hrsinT XY
< R(\2 _ 4 hin)— 6" (n h 2
N N
8hksin T 2h K2
< hy \2 4 h h
— — 91 (n) '/TNO; 122197, N202’Y Ze
N

Where E = 8'{;1;74 and F =

mate for all n>0,

N2 027 Therefore, we can easily obtain the following esti-

N

N
> 0 n+1)> < (1-hE+h*F)" ) 6 (0)?

i=1 =1
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N
_ e(n+1)111(1—hE+h2F) 29?(0)2
i=1

N
<e MEDEN o1 (0)2, (4.14)

According to (4.14) and the zero mean assumption, we can find positive constants C
and A such that the following estimate holds for |9Jh(n) — 08 (n)|,

107 (n) =07 ()| < /(8] (n) — 0} (n))2

< \JO(m)2 60 (n)? <

This shows the emergence of complete synchronization for . Finally, recall the defi-
nition of f(n) in (4.12), we directly apply the uniform lower bound in Lemma 4.3, the
assumption of uniform upper bound, Taylor expansion and (4.15) to have

2" (n) —axh(n)

= etk ) el

n)? < Ce Atk (4.15)

i=1 j#i i
<O(1) |cos( Gh( ) =6 (n ))—1]
(1)[6](n) — 07 ()|

< 067)\(”+1)h,

where O(1) denotes some positive constants. This shows the hypotheses in Theorem
1.1 are fulfilled and hence there exists X°° such that X (n) converges asymptotically to
X which completes the proof of Theorem 1.2. 0

5. Summary

In this paper, we first provide a discrete version of the perturbed gradient flow the-
ory. And then we used discrete pseudo-gradient flow to prove the asymptotic behavior
of discrete DTK model and discrete DS model. Since there has been a detailed intro-
duction for DTK model in [23], in this paper, we just briefly explain the mainly results
by using discrete perturbed gradient flow. For discrete DS model, we first show that
there exists a lower bound between inter-particle for all steps n. And then we made
use of the lower bound between particles to show that there is no collision between
particles which guarantees the global existence of the solution. Next, we suppose the
inter-particle has positive upper bound and then we used the uniformly boundedness
of relative distence between particles to show the practical synchronization when the
phases of particles are initially confined in the quarter-circle. Finally, we used the re-
sult for phase synchronization with the discrete perturbed gradient flow structure of
DS model to show that the particle converges to the asymptotic position which implies
the flocking phenomena. However, there still remain some problems to be solved in the
discrete DS model. For example, the rigorous proof of the uniform upper bound is still
unknown, moreover the initial condition of 91'-’ is hopefully to be relaxed. These issues
will be pursued in the future.
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ural Science Foundation of China (Grant Nos. 11801194 and 11971188), Hubei Key
Laboratory of Engineering Modeling and Scientific Computing.
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Appendix. Proof of Lemma 4.2.

Proof. Similar as in Lemma 4.1, we will consider n<n. where n. denotes the
possible first collision step. Without loss of generality, we assume there exists a pair
(i,7) such that

Dy (n) =l (n) — ] (n)).

Then we can collect all pairs of particles whose distance is larger than Dg(n) at step n.
More precisely, we define a set of indices as follows

Cij={s €N ||z (n) - (n)| =D} (n) > D} (n)=|z}(n) —al(n)| for some teN}.

Now, for any D!(n)>D}(n), D!(n) must correspond to |z%(n)—x{'(n)| for some s,t.
Then, we consider two cases below:

Case A: Either ¢ ¢C;; or j¢C;j,

Case B: 4,j €C;;.

In the following, we will study the lower bound of D} (n) for the above two cases re-
spectively.

e Case A: Without loss of generality, we may assume ¢ ¢ C;;. Then we pick out Dg (n)

for some g>p such that D} (n)= |z} (n)—x}'(n)|. Since i¢Ci;, we conclude that s#i

and t#4. Thus we have
|22 (n) — 2} (n)| <D (n), oy (n) —x}(n)| < Dj(n).
We use the triangle inequality to have
2D} (n) 2 |} (n) — a7 (n)| + |2} (n) — a7 (n)] > |2 (n) — 2} (n)|=Dg (n)

As above estimates hold for all 0 <n <n., we have

0g_ 6
h +1
Dp(n)>—q> P

e Case B: In this case, both ¢ and j belong to C;;. Then we consider the following two
subcases.

¢ (Case B-1): Suppose there exists some common index s satisfying the following
condition:

S S

or |zf(n) =i (n)| <Dy(n), |2%(n)—a](n)|>Dy(n).

h h h h h h
|zg(n) =2 ()| >Dy(n), |z (n) —zj(n)| <Dy(n). (A1)

Without loss of generality, we assume the first inequality holds. Then we again use the
triangle inequality to have

[} (1) —zt ()| + |25 () — 2} ()] |al(n) —2f(n)] | Gprr

2 - 2 -2

In the second inequality, we use the same argument to obtain the same conclusion.

Dy (n)>

o (Case B-2): Suppose there is no index s satisfying the condition (A.1). Then, we
only need to consider the cases such that,

S

or |xh(n)—w?(n)|§DZ(n), and |xh(n)—x;’(n)|§DZ(n)

Either |2 (n) — 2 (n)| >’DZ(7”L)7 and |z"(n) —x;’(n)| >’D1}f(n). (A2)

S S
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Therefore, we can split an index set into two subsets defined as
{fh = {k|[a}(n) =] (n)| > Dy (n), |z} (n) =} (n)| > Dy (n)},
Az = {k | |z} (n) — 2 (n)| <Dy (n), |z (n) =} (n)| < Dy (n)}.

According to (A.2), we have N'=A; UAs. Then, we follow similar analysis as in Lemma
4.1 to obtain for any n <n, that

h 2 h 2
D" (n+1)2=D"(n)

ey AL O () =08 (n)  ATa(6)(n) — 0} (n))
>h[2< R O e e P o w e
2h 2P (n) — 2P (W) (2 (n) — 2 (n Ta(%(” —9?(”)) _Fr(ﬁ,’;(n —Gf(”))_
& e D k) = ) [y e o) ol
20N bt iy a() — a y [E2GR ) 01 () T8 () — 07 ()|
N 2 et~ ) ek —ef ) | T e~ Tyt (P |
2h 2 ) — 2 () (2™ () — 2P (n [Ta(05(n —Gf(n)_FT(GZ(n — 07 (n))
N 2 O O )~ ) | T R Tebn) —H )]
2N )k oy e ) — oy | DGR 07 () D0 (n) — 0 (n)
N kEA2( z( ) j( ))( k( ) j( )) |x£(n —x?(n)|a |$Z(ﬂ)—$?(ﬂ)|6

6
=> In.
=1

In the sequel, we estimate the terms Zr; separately. Firstly, it is obvious that Z;¢ > 0.
Next, for Z71, we use the Cauchy-Schwarz inequality to obtain that

4hm 4hM,
Ty > —2h|zh(n) — 2" —Wj u - >
m1 2 =2hjzi (n) = aj(n)li ijNII?(n)*:r?(n)W’Q N|zh(n) -zl (n)|e—2
4hm, 4h M,

:—2h|x?(n)—x?(n)|D(w)+ (A.3)

Nz} (n) =2l (n)|?=2  Nlzl(n) -z} (n)*=2’
The estimates of Z7o and Z73 can be combined together. Actually, according to previous

analysis, we know that

|2k (n) =2 (n)] > |2} (n) =23 (n)],  |2k(n) —af (n)| > |af (n) =2 (n)], for keA,

which implies that

_2h [ Ml () =23 ()] | Melal () — 25 (n)]
Tro+TI73> ZI[WZ(")_@"?W)'&l |m2(n)—xf(n)|ﬁ1}

2h [Maw(n)—a:?(nn Mr|x¢<n>—x?<n>]

|z (n) =23 ()|t Jak(n) =2l (n)][P

z—4hx?<n>—w?<n><( Mo M ) (A.4)

5 5
P;’l)afl ( p2+1)571
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Similarly, the estimates of Zr4 and Z75 are also made together. Since k€ Ay in these
two terms, we apply previous analysis to have

(@} (n) =} () (i (n) =2} (n)) <0 and (2} (n) =2} (n)) (2} (n) =2’} (n)) > 0.
Then, we obtain that

Tra+Trs Z% k; (2} (n) — () (zi (n) — 27 (n)) sz(n)]fz?(n)‘a “ ) T;?(”)W}
ki,j
2h h h h h M, My
T & et = () [x’g(m —h )" J2h(n) —xy(n)ﬁ]
ki,j

(A.5)

Now, we combine above estimates (A.3), (A.4) and (A.5) to obtain the following esti-
mate of D,

D"(n+1)? —D"(n)?
2M, 2M,
- (mm;(n)—m?(n)ﬁ—? Sl (D(w” Gyt (g ))

N Nlzh(n) -z} (n)|«=2 <x§b(n) —al(n)f~e 2Ma>
2 [ (@) =2l () (@h(n) — l () m, _
N & [ <|x',:<n> (m)[p=e Mﬂ

N |z} (n) =z} (n)| —x}
ki, g

2h g~ [ () = () i) —a () e
+ Zl |z (n) =t (n)| <|xz(n)—x?(n)|,@—a Ma>

This is very similar to (4.7), therefore, we can follow the criteria in Lemma 4.1 to find
the following estimate,

(A.6)

kEAy
ki,

*

C
DZ(n)Z%, 0<n<ne,

1
B—1
1
my my

)
2Me N(D( )+ e )

( p+1 yo— 1 (517;1);3—1

C»=min< D,(0), (

p

Finally, we combine (Case A) and (Case B) to conclude that DJ(n) > min { 5’2%, %}
for n <n.. More precisely, we have

) 6 C*
’Dh( )> Ep dp =min pH??p , 0<n<n,,
1
B—1
* . my
C, =min Dp(()), "y "y
+(5p+1)au 1+(5p+1)75 1)
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