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Abstract: Let G = (V, E) be a local finite connected weighted graph, Ω be a finite subset of V
satisfying Ω◦ , ∅. In this paper, we study the nonexistence of the nonlinear wave equation

∂2
t u = ∆u + f (u)

on G. Under the appropriate conditions of initial values and nonlinear term, we prove that the solution
for nonlinear wave equation blows up in a finite time. Furthermore, a numerical simulation is given to
verify our results.
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1. Introduction

As is known to us, differential equations have been extensively studied and achieved rich results,
including ordinary differential equation, partial differential equation, stochastic differential equation,
etc. Among them, wave equations and their related applications have attracted many scholars because
of its unique properties and wide applications [1–7]. For a Euclidean space, the nonlinear wave
equation reads

∂2
t u(t, x) = ∆u(t, x) + f (u(t, x)), (t, x) ∈ (0,+∞) ×Ω

where Ω is bounded domain with smooth boundary ∂Ω in Rn and f is a nonlinear function.
Kawarada [8] gave the sufficient conditions of nonexistence global solutions with the homogenous
Dirichlet boundary and the initial value

u(0, x) = a(x), ∂tu(0, x) = b(x), x ∈ Ω,

where a(x) and b(x) are sufficiently smooth in Ω with a(x)|∂Ω = b(x)|∂Ω = 0. Matsuya [9] studied
a discretization of a nonlinear wave equation with f (u) = |u|p with p > 1 and obtained a blow-up
theorem.
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Many structures in our real life can be represented by a connected graph whose vertices represent
nodes, and whose edges represent their links, such as the brain, organizations, internet, and so on.
In recent years, many authors paid attention to study the behavior of solutions of various nonlinear
equations on graphs, see for example [10–13] and references therein. In particular, Grigor’yan et
al. [14–16] investigated the discrete version of nonlinear elliptic equations, such as Yamabe equation
and Kazdan–Warner equation, and obtained the sufficient conditions for the existence of solutions. Lin
and Wu [17, 18] studied nonlinear parabolic equations including semilinear heat equation on graphs,
and explored the existence and nonexistence results of global solution. However, hyperbolic equations,
especially wave equations, have not attracted extensive attention on graphs. Friedman and Tillich [19]
studied the linear damped wave equation whose Laplacian is based on the edge. On finite graphs,
Ma [20] gave explicit expressions for solutions to the linear wave equation, and Lin and Xie [21, 22]
proved the existence and uniqueness of the solution to nonlinear wave equations with and without a
damping term. On infinite graphs, Han and Hua [23] obtain a sharp uniqueness class for the solutions
of wave equations.

In this paper, we investigate the blow-up phenomenon of nonlinear wave equations on graphs, which
is to extend the result of Kawarada [8] to graph.

The rest of the paper is organized as follows. We recall notations from graph theory and state our
main results in Section 2. In Section 3, we prove the blow-up theorem. In Section 4, we give an
example to explain our results. Meanwhile, we provide a numerical experiment to demonstrate the
example.

2. Notations and main results

Let G = (V, E) be a connected graph without loops and multiply edges, where V denotes the set of
vertex and E ⊂ V × V the set of edge. We write x ∼ y if xy ∈ E. In this paper, we allow measures and
weights on G. Let µ : V → R+ be a positive measure on V and ω : V × V → [0,∞) a non-negative
weight, which satisfies ωxy = ωyx and ωxy > 0 if and only if x ∼ y. Throughout this paper, we deal with
locally finite graph, that is, the number of neighbour of each vertex is finite. Let Ω ⊆ V , the boundary
and the interior of Ω are defined by

∂Ω = {x ∈ Ω : ∃y ∈ V \Ω, y ∼ x} and Ω◦ = Ω \ ∂Ω

respectively.
We denote C(V) by the set of real functions on V . For any function f ∈ C(V), the graph Laplace

operator ∆ of f is defined by

∆ f (x) =
1
µ(x)

∑
y∼x

ωxy( f (y) − f (x)).

Given a finite subset Ω ⊆ V , denote by C(Ω) the set of functions Ω → R. The Dirichlet Laplacian
∆Ω is defined as follows: First extend f to the whole V by setting f = 0 outside Ω and then set

∆Ω f = (∆ f )Ω.

We recall the smallest non-zero eigenvalue λ0 of −∆Ω and the corresponding eigenfunction φ0 in Ω,−∆Ωφ0 = λ0φ0 in Ω◦,

φ0|∂Ω = 0.
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We assume φ0 is normalized as
∑
x∈Ω

φ0(x)µ(x) = 1. In particular, 0 < λ0 ≤ 1, see Theorem 4.3 in [24].

In this paper, we deal with the following initial-boundary value problem of nonlinear wave equations
on G. Given a non-empty subset Ω ⊆ V ,

∂2
t u(t, x) = ∆Ωu(t, x) + f (u(t, x)), (t, x) ∈ (0,+∞) ×Ω◦,

u(0, x) = a(x), x ∈ Ω,

∂tu(0, x) = b(x), x ∈ Ω,

u(t, x) = 0, (t, x) ∈ [0,+∞) × ∂Ω,

(2.1)

where f is a nonlinear function, and a(x) and b(x) are sufficiently smooth in Ω with a(x)|∂Ω = b(x)|∂Ω =

0.

Definition 1. A function u = u(t, x) satisfying (2.1) in [0,+∞) × Ω is called a global solution of (2.1)
if u is bounded and twice continuously differentiable with respect to t in [0,+∞) × Ω. Moreover, we
say that the solution of (2.1) blows up in a finite time T , if there exists x ∈ Ω such that

|u(t, x)| → +∞ as t → T−.

In this paper, we establish the blow-up conditions for solutions of (2.1) on locally finite graphs. For
convenience, we use the following notations:

α =
∑
x∈Ω

a(x)φ0(x)µ(x),

and
β =

∑
x∈Ω

b(x)φ0(x)µ(x).

Our main results are stated as follows.

Theorem 1. Let G = (V, E) be a locally finite graph. Suppose that the nonlinear perturbation f and
the initial data a, b in (2.1) satisfy (C.1)–(C.5). Then the solution of (2.1) blows up in a finite time.
Specifically,

(i) when β > 0, the nonlinear function f and the initial data a, b are required to satisfy (C.1)
and (C.2).

(ii) when β = 0, in addition to (C.1) and (C.2), the nonlinear function f and the initial data a, b
need to satisfy (C.3).

(iii) when β < 0, the nonlinear function f and the initial data a, b are supposed to
satisfy (C.1), (C.2)′, (C.4) and (C.5).

Condition (C.1). The non-negative function f is sufficiently smooth and convex in R.
Let

F(σ) = β2 + 2
∫ σ

α

{−λ0s + f (s)}ds,

and
F0(σ) = 2

∫ σ

α

{−λ0s + f (s)}ds.
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Condition (C.2). The following inequalities hold:

F(σ) > 0 for σ > α, (2.2)

and ∫ ∞

α

F(σ)−
1
2 dσ = T < +∞. (2.3)

Condition (C.2)′. The inequalities (2.2) and (2.3) hold for F0 in the place of F.
Condition (C.3). The following inequality holds:

− λ0α + f (α) > 0. (2.4)

Condition (C.4). The equation
F(σ) = 0, (2.5)

has at least one root with respect to σ < α.
Condition (C.5). The following inequality

−λ0s + f (s) > 0

holds for s ∈ [σm, α], where σm is the largest root (< α) of the Eq (2.5).

Remark 1. Smoothness of f ensures the existence and uniqueness of solution to the nonlinear wave
equation, see [21] in details. If f is non-positive and concave in R, we shall get the same conclusion
under the same conditions as above with f , a and b.

3. Proof of Theorem 1

The following lemma is one of the main tools when proving Theorem 1.

Lemma 1. For any f , g ∈ C(Ω) and f = g = 0 on ∂Ω, we have∑
x∈Ω

∆Ω f (x)g(x)µ(x) =
∑
x∈Ω

f (x)∆Ωg(x)µ(x). (3.1)

Proof. For any function h : V × V → R,∑
x,y∈Ω

ωxyh(x, y) =
∑
x,y∈Ω

ωxyh(y, x),

which follows from the symmetric weight ωxy. Then we have∑
x∈Ω

∆Ω f (x)g(x)µ(x) =
∑
x∈Ω

∑
y∼x

ωxy( f (y) − f (x))g(x)

=
∑
x∈Ω

∑
y∈Ω

ωxy( f (y) − f (x))g(x) +
∑
x∈Ω

∑
y∈∂Ω

ωxy( f (y) − f (x))g(x)

=
∑
x,y∈Ω

ωxy f (x)g(y) −
∑
x,y∈Ω

ωxy f (x)g(x) +
∑
x∈Ω

∑
y∈∂Ω

ωxy( f (y) − f (x))g(x)

=
∑
x,y∈Ω

ωxy(g(y) − g(x)) f (x) +
∑
x∈Ω

∑
y∈∂Ω

ωxy(g(y) − g(x)) f (x)

=
∑
x∈Ω

f (x)∆Ωg(x)µ(x).

In the forth equality, we utilize f (y) = g(y) = 0 for any y ∈ ∂Ω. �
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Proof of Theorem 1. Suppose u is a global solution of (2.1). Let

J = J(t) =
∑
x∈Ω

u(t, x)φ0(x)µ(x).

It is easy to see that
J(0) =

∑
x∈Ω

u(0, x)φ0(x)µ(x) =
∑
x∈Ω

a(x)φ0(x)µ(x) = α.

dJ
dt

(0) =
∑
x∈Ω

∂tu(t, x)
dt

∣∣∣∣
t=0
φ0(x)µ(x) =

∑
x∈Ω

b(x)φ0(x)µ(x) = β.

We claim that for all t > 0,
d2J
dt2 (t) + λ0J(t) ≥ f (J(t)). (3.2)

Indeed, by Lemma 1 and Jensen’s inequality, we have for any t > 0,

d2J
dt2 (t) =

∑
x∈Ω

d2u(t, x)
dt2 φ0(x)µ(x)

=
∑
x∈Ω

(∆Ωu(t, x) + f (u(t, x)))φ0(x)µ(x)

=
∑
x∈Ω

∆Ωφ0(x)u(t, x)µ(x) +
∑
x∈Ω

f (u(t, x))φ0(x)µ(x)

≥ −λ0J(t) + f (J(t)),

which ends the proof of the claim.
Case (i): β > 0. We first show that

dJ
dt

(t) > 0, t ∈ [0,∞). (3.3)

Suppose not, the equation
dJ
dt

(t) = 0 (3.4)

has at least one root for t > 0. Let t1 be the smallest positive root of (3.4). Due to dJ
dt (0) = β > 0, it

follows that dJ
dt (t) > 0 in [0, t1) by the continuity of dJ

dt (t) in [0,+∞). For any t ∈ [0, t1), multiplying
with dJ

ds in the both sides of (3.2) and integrating from 0 to t with respect to s, we obtain∫ t

0

d2J
ds2 ·

dJ
ds

ds ≥ −
∫ t

0
λ0J ·

dJ
ds

ds +

∫ t

0
f (J) ·

dJ
ds

ds.

Rewrite the above inequality to get∫ t

0

dJ
ds

d
(
dJ
ds

)
≥ −

∫ J(t)

α

λ0JdJ +

∫ J(t)

α

f (J)dJ,

which implies
dJ
dt

(t) ≥
√

F(J(t)), t ∈ [0, t1).
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By the continuity of dJ
dt (t) and

√
F(J(t)) in [0,+∞), we thus get

dJ
dt

(t1) ≥
√

F(J(t1)).

And, it is easy to see that J(t1) > J(0) = α by dJ
dt (t) > 0 in [0, t1), which implies that F(J(t1)) > 0

from (2.2) in Condition (C.2). Combining with the above inequality, we get

dJ
dt

(t1) > 0,

which contradicts that t1 is a root of the Eq (3.4). Then (3.3) is proved, which also implies that for all
t ∈ [0,+∞)

dJ
dt

(t) ≥
√

F(J(t)) > 0,

by following the above computations. It can be rewritten to

dt
dJ
≤ F(J(t))−

1
2 .

Integrating the above inequality from α to J(t), we conclude that for all t ≥ 0,∫ J(t)

α

F(σ)−
1
2 dσ ≥ t. (3.5)

However, (2.3) in Condition (C.2) implies the integral in (3.5) converges to a finite value T as J → +∞.
Then J = J(t) goes to infinite in some t ≤ T . This contracts that u is a global solution of (2.1).

Case (ii): β = 0. The inequality (2.4) in Condition (C.3) implies dJ
dt (t) > 0 for t ∈ (0, δ) with

sufficiently small δ. Indeed, according to (3.2) and (2.4), we have d2 J
dt2 (0) > 0. It follows that dJ

dt (t) >
0, t ∈ (0, δ) due to dJ

dt (0) = β = 0. Thus, it is similar to the above arguments, we conclude that J = J(t)
becomes infinite in a finite time. Then u blows up in a finite time.

Case (iii): β < 0. According to the continuity of dJ
dt (t), we can find some t0 > 0 such that dJ

dt (t) < 0
and α > J(t) > σm in [0, t0). By following the computations similar to the Case (i), we thus get

−
√

F(J(t)) ≤
dJ
dt

(t) < 0 in [0, t0). (3.6)

According to whether σm can be reached when J is decreasing, it can be separated into three cases:
(a) dJ

dt (t) < 0 in [0,+∞), J(t)→ σ2, t → +∞ with σm ≤ σ2 < α.
(b) There is some t1(t0 ≤ t1 < +∞) such that dJ

dt (t) < 0 in [0, t1), dJ
dt (t1) = 0 and J(t1) = σ1 with

σm < σ1 < α.
(c) dJ

dt (t) < 0 in [0, t1), J(t1) = σm.
It is easy to see that (a) does not occur. Indeed, since σ2 ≤ J(t) ≤ α and Condition (C.5), we get

d2J
dt2 (t) ≥ −λ0J(t) + f (J(t)) > c > 0,

which contradicts dJ
dt (t) < 0 in [0,+∞). In (c), by virtue of (3.6) and the definition of σm, we conclude

that
dJ
dt

(t1) = 0.

AIMS Mathematics Volume 8, Issue 8, 18163–18173.



18169

Thus for (b) and (c), we shall deal with the following initial-boundary value problem for J = J(t):
d2 J
dt2 (t) ≥ −λ0J(t) + f (J(t)), t > t1;
J(t1) = σ′;
dJ
dt (t1) = 0,

(3.7)

where σm ≤ σ
′ < α. Similar as the case β = 0, we can solve the Eq (3.7) by virtue of Condition (C.5).

Indeed, by following the computations of the cases β ≥ 0, the solution J = J(t)(t > t1) is given
implicitly by

t − t1 ≤

∫ J(t)

σ′

[
2
∫ σ

σ′
{−λ0s + f (s)}ds

]− 1
2 dσ (3.8)

for any t ≥ t1. Conditions (C.5) and (C.2)′ imply the integral in (3.8) converges to a finite value as
J(t)→ +∞. In fact,∫ +∞

σ′

[
2
∫ σ

σ′
{−λ0s + f (s)}ds

]− 1
2 dσ =

∫ α

σ′

[
2
∫ σ

σ′
{−λ0s + f (s)}ds

]− 1
2 dσ

+

∫ +∞

α

[
2
∫ σ

σ′
{−λ0s + f (s)}ds

]− 1
2 dσ.

(3.9)

By Conditions (C.5) and (C.2)′, we obtain∫ +∞

α

[
2
∫ σ

σ′
{−λ0s + f (s)}ds

]− 1
2 dσ =

∫ +∞

α

[
2
∫ α

σ′
{−λ0s + f (s)}ds + F0(σ)

]− 1
2 dσ

<

∫ +∞

α

F0(σ)−
1
2 dσ

< +∞,

(3.10)

and ∫ α

σ′

[
2
∫ σ

σ′
{−λ0s + f (s)}ds

]− 1
2 dσ < +∞. (3.11)

From (3.9)–(3.11), we thus get∫ +∞

σ′

[
2
∫ σ

σ′
{−λ0s + f (s)}ds

]− 1
2 dσ < +∞.

From (3.8), J = J(t) goes to infinity in a finite time. This contradicts that u is a global solution
of (2.1). �

4. A numerical simulation

In this section, we take the case of f (u) = eu in (2.1). By Theorem 1, we assert that the solution
of (2.1) blows up with the initial conditions

a(x) = 0, (4.1)

b(x) =

√
2φ0(x)
‖φ0‖

2
`2

. (4.2)
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Indeed, it is obvious that Condition (C.1) is satisfied. The initial conditions (4.1) and (4.2) imply
that α = 0 and β =

√
2. Since 0 < λ0 ≤ 1, we have −λ0s + es > 0 for σ ∈ [0,+∞). It follows that

F(σ) = 2 + 2
∫ σ

0
{−λ0s + es}ds > 0.

For all σ ∈ [L,+∞) with a sufficiently large constant L(> 0), we have

2eσ − λ0σ
2 > eσ,

which implies F(σ) > eσ. We thus get∫ +∞

L
F(σ)−

1
2 dσ <

∫ +∞

L
e−

σ
2 dσ = 2e−

L
2 < +∞.

Since
∫ L

0
F(σ)−

1
2 dσ < +∞, we conclude

∫ +∞

0
F(σ)−

1
2 dσ =

∫ L

0
F(σ)−

1
2 dσ +

∫ +∞

L
F(σ)−

1
2 dσ < +∞.

Thus, we see that Condition (C.2) is satisfied.
A numerical simulation is given to illustrate the effectiveness of Theorem 1. We consider the lattice

graph Z2. Let Ω be the subset of Z2 such that Ω◦ = {x1, x2} with x1 ∼ x2. Take the weights ωxy ≡ 1 for
any x, y ∈ V with x ∼ y and the measure µ(x) = deg(x) = 1

4 for all x ∈ Z2. It is easy to compute that
φ0(x1) = φ0(x2) = 2. It follows that

b(xi) =

√
2φ0(xi)
‖φ0‖

2
`2

=
√

2,

for i = 1, 2. Moreover, we take a(x) = 0 for all x ∈ Ω, which implies α = 0 and β =
√

2. Let f (u) = eu,
the Eq (2.1) can be rewritten as

∂2
t u(t, x1) = 1

4u(t, x2) − u(t, x1) + eu(t,x1), t ∈ (0,+∞),
∂2

t u(t, x2) = 1
4u(t, x1) − u(t, x2) + eu(t,x2), t ∈ (0,+∞),

u(0, x1) = u(0, x2) = 0,
∂tu(0, x1) = ∂tu(0, x2) =

√
2,

u(t, x) = 0, (t, x) ∈ [0,∞) × ∂Ω.

(4.3)

There is no global solution to the Eq (4.3) from the previous discussion. By using the finite
difference method, we give the numerical simulation of the solution to the Eq (4.3). The numerical
simulation result is shown in Figure 1.
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Figure 1. Blow-up phenomenon of the Eq (4.3)
.

Figure 1 shows that there exists x ∈ V , a function u(t, x) satisfying (4.3) and becoming infinite in a
finite time t, which means the solution of (4.3) blows up by Definition 1.

5. Conclusions

In this paper, we have investigated nonexistence of global solutions for nonlinear wave equations
on locally finite graphs. We extended the results of Kawarada onto the graph and enriched the results
of Kawarada. In addition, we have given a numerical simulation to verify our results.
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http://dx.doi.org/10.1016/j.anihpc.2005.02.007

7. H. Feng, S. Li, Global nonexistence for a semilinear wave equation with
nonlinear boundary dissipation, J. Math. Anal. Appl., 391 (2012), 255–264.
http://dx.doi.org/10.1016/j.jmaa.2012.02.013

8. H. Kawarada, On solutions of nonlinear wave equations, J. Phys. Soc. Jpn., 31 (1971), 280–282.
http://dx.doi.org/10.1143/JPSJ.31.280

9. K. Matsuya, A blow-up theorem for a discrete semilinear wave equation, J. Diff. Equa. Appl., 19
(2013), 457–465. http://dx.doi.org/10.1080/10236198.2011.651134

10. A. Huang, Y. Lin, S. T. Yau, Existence of solutions to mean field equations on graphs, Commun.
Math. Phys., 377 (2020), 613–621. https://doi.org/10.1007/s00220-020-03708-1

11. X. Han, M. Shao, L. Zhao, Existence and convergence of solutions for nonlinear
biharmonic equations on graphs, J. Differ. Equ., 268 (2020), 3936–3961.
https://doi.org/10.1016/j.jde.2019.10.007

12. Y. Lin, Y. Y. Yang, A heat flow for the mean field equation on a finite graph, Calc. Var. Part. Differ.
Equ., 60 (2021). https://doi.org/10.1007/s00526-021-02086-3

13. S. Liu, Y. Y. Yang, Multiple solutions of Kazdan-Warner equation on graphs in the negative case,
Calc. Var. Part. Differ. Equ., 59 (2020), 1–15. http://dx.doi.org/10.1007/s00526-020-01840-3

14. A. Grigor’yan, Y. Lin, Y. Y. Yang, Yamabe type equations on graphs, J. Differ. Equ., 261 (2016),
4924–4943. http://dx.doi.org/10.1016/j.jde.2016.07.011

AIMS Mathematics Volume 8, Issue 8, 18163–18173.

http://dx.doi.org/https://doi.org/10.1016/j.aml.2019.106114
http://dx.doi.org/https://doi.org/10.1016/j.aml.2021.107755
http://dx.doi.org/https://doi.org/10.1016/j.cnsns.2021.106005
http://dx.doi.org/http://dx.doi.org/10.1186/s13662-015-0731-0
http://dx.doi.org/http://dx.doi.org/10.1142/S0129183123500675
http://dx.doi.org/http://dx.doi.org/10.1016/j.anihpc.2005.02.007
http://dx.doi.org/http://dx.doi.org/10.1016/j.jmaa.2012.02.013
http://dx.doi.org/http://dx.doi.org/10.1143/JPSJ.31.280
http://dx.doi.org/http://dx.doi.org/10.1080/10236198.2011.651134 
http://dx.doi.org/https://doi.org/10.1007/s00220-020-03708-1
http://dx.doi.org/https://doi.org/10.1016/j.jde.2019.10.007
http://dx.doi.org/https://doi.org/10.1007/s00526-021-02086-3
http://dx.doi.org/http://dx.doi.org/10.1007/s00526-020-01840-3
http://dx.doi.org/http://dx.doi.org/10.1016/j.jde.2016.07.011


18173

15. A. Grigor’yan, Y. Lin, Y. Y. Yang, Kazdan-Warner equation on graph, Calc. Var. Part. Differ. Equ.,
55 (2016), 92. http://dx.doi.org/10.1007/s00526-016-1042-3

16. A. Grigor’yan, Y. Lin, Y. Y. Yang, Existence of positive solutions to some nonlinear equations on
locally finite graphs, Sci. China Math., 60 (2017), 1311–1324. http://dx.doi.org/10.1007/s11425-
016-0422-y

17. Y. Lin, Y. Wu, The existence and nonexistence of global solutions for a semilinear heat equation on
graphs, Calc. Var. Part. Differ. Equ., 56 (2017), 102. http://dx.doi.org/10.1007/s00526-017-1204-y

18. Y. Lin, Y. Wu, Blow-up problems for nonlinear parabolic equations on locally finite graphs,
Acta Math. Sci. Ser. B (Engl. Ed.), 38 (2018), 843–856. http://dx.doi.org/10.3969/j.issn.0252-
9602.2018.03.009

19. J. Friedman, J. P. Tillich, Wave equations for graphs and the edge-based Laplacian, Pacific J. Math.,
216 (2004), 229–266. http://dx.doi.org/10.2140/pjm.2004.216.229

20. L. Ma, X. Wang, Schrödinger and wave equations on finite graphs, 2012.
https://doi.org/10.48550/arXiv.1207.5191

21. Y. Lin, Y. Y. Xie, The existence of the solution of the wave equation on graphs, 2021.
https://doi.org/10.48550/arXiv.1908.02137

22. Y. Lin, Y. Y. Xie, Application of Rothe’s method to a nonlinear wave equation on graphs, Bull.
Korean Math. Soc., 59 (2022), 745–756. https://doi.org/10.4134/BKMS.b210445

23. F. Han, B. Hua, Uniqueness class of the wave equation on graphs, 2020.
https://doi.org/10.48550/arXiv.2009.12793

24. A. Grigor’yan, Introduction to analysis on graphs, University Lecture Series, AMS, Providence,
RI, 2018. https://bookstore.ams.org/ulect-71/

© 2023 the Author(s), licensee AIMS Press. This
is an open access article distributed under the
terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0)

AIMS Mathematics Volume 8, Issue 8, 18163–18173.

http://dx.doi.org/http://dx.doi.org/10.1007/s00526-016-1042-3
http://dx.doi.org/http://dx.doi.org/10.1007/s11425-016-0422-y
http://dx.doi.org/http://dx.doi.org/10.1007/s11425-016-0422-y
http://dx.doi.org/http://dx.doi.org/10.1007/s00526-017-1204-y
http://dx.doi.org/http://dx.doi.org/10.3969/j.issn.0252-9602.2018.03.009
http://dx.doi.org/http://dx.doi.org/10.3969/j.issn.0252-9602.2018.03.009
http://dx.doi.org/http://dx.doi.org/10.2140/pjm.2004.216.229
http://dx.doi.org/https://doi.org/10.48550/arXiv.1207.5191
http://dx.doi.org/ https://doi.org/10.48550/arXiv.1908.02137 
http://dx.doi.org/ https://doi.org/10.48550/arXiv.1908.02137 
http://dx.doi.org/https://doi.org/10.4134/BKMS.b210445
http://dx.doi.org/https://doi.org/10.48550/arXiv.2009.12793
http://dx.doi.org/https://bookstore.ams.org/ulect-71/
http://creativecommons.org/licenses/by/4.0

	Introduction
	Notations and main results
	Proof of Theorem 1
	A numerical simulation
	Conclusions

