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Fig. 1. The potential function. The curves correspond
to b = 0 (solid line), b = 0.5V (dotted line), and b=V
(dashed line), respectively, when V' = 1.5 and L = 2m.
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Fig. 2. The long time ensemble averages calculated from stochastic simulation (circle) and the method of
moments (solid line). The parameter b corresponds to (a) 0.95V, (b) V, (c) 1.05V, and (d) 1.1V, respectively,
when D = 0.2, 2 =0.4n, V = 1.5, L = 27, and ¢ = 0.05.
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Fig. 3. The long time ensemble averages calculated from stochastic simulation (circle) and the method of
moments (solid line). The parameter ¢ corresponds to (a) 0.1, (b) 0.15, (c) 0.2, and (d) 0.25, respectively,
when D =0.6, 2 =041, V=15 L=2n,and b=V.

4 ERHFRTHHAL LR

XOH ok BCHT = B W b M s oKk BT
XM 20 = 1,2,31E AME R 5 (2) KBEAHL L IR
PRI EATEE, B AR 5 25 TS A G S
PRRT, T PUah AR T v SRS ORI
T BERE S o L AL 2. sl 4 R 5 LR sl
LR AR AR T R ST RENUIRIL R, HAE—
SE )i LY B, i i L O ST o, IR it
LR RV IZ BTG N, i AR UG X I 14 Mk 7 5 i 8 T
PN, T IE o KRR JE, FRATTAT LA RS A5 LR
FEBRA MR, AR AT IRATIZ S, A3 M A I i
A IS BH JE PR 2 48 P A 2 K T 5 B A [
WRE, A2 AR I 204« 7 B, 175 HAR
MEEARIIFPHIZzh. BEHULIRE IG5 Y, A7
ARG R AERHIIRE, BRIy

AHMESRE. RENHBLE KRG 55 M
=HRAEMFRNRIFAA R, HmEHs T R/%
RS 5 IR 2277 AR R S E BBV L IRIR S
I A5 5 MRS BT O RE . B 2 BRI, W
ARG NFENUIRIRES I Frf pe i, ez, B
- PN N NN Ry S A
BV i s £ 1] SE AR ) S5 BIFAZ Bl I BT 7 0 RE B REAIR, M
7 FH R 5 5 1 S T R S 2 A

T M BE AL &R S I T AR WO BT T RE AL
AR R, 3 bsina KT o 09 AWM, XA
{sinz(¢)} FIThARBEHIR KGR, Fow ik Bl

T .
S(w) = lim / e'“'sin z(t)dt, (25)
HrpTh ik S (w) 7ETHE R U 1000 2k S5 173
{H. BENUILIR AT O A 30145 5 MR 75 22 T8 F) — Fifr

VERURE, R GE(2) B A AERENLILIRBL R, 0 H: i o
M L HAT AN A S5 S AR R, RER ST Zh

120501-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % R  Acta Phys. Sin. Vol. 66, No. 12 (2017) 120501

LA KA RE %A WA, F HAE BN IR K16 (b) M5 (a) BEAT ELECAT A H, DD 1
B LI P O R AL WA oK. BT 6 (a) MTEL 6 (b) 7371l RPAG—BriR  R L E 75 K P D = 0.1, il
G T RGN SR f = 0.2/ f = 044 B B AR S K D = 0.2 FIE 7 vETHE AT AR 1
F Th 2 1 i e 75 058 P O AL. R 6 () AT 4 (b)) —HL.

0.25 - - - - 0.4
(a)

0.20

Ix (]2

0.5 - - - - 0.7
()

0.4

0.3

[x(V]2
Ix®)?

0.2

0.1

0
0

Bla B i T 2R 1 O IR 7 I T 75 S B2 R AL (RE DTk (SRR ELERASAE (IR R)), Hordr, Z4e = 0.05,
2=04mn,V =15, L =2m; b A (a) 0.95V, (b) V, (c) 1.05V, (d) 1.1V

Fig. 4. The dependence of the spectral amplification factor on the noise intensity at the first harmonic:
stochastic simulation (circle) and the method of moments (solid line). The parameter b corresponds to

(a) 0.95V, (b) V, (c) 1.05V, and (d) 1.1V, respectively, when 2 = 0.4n, V = 1.5, L = 27, and & = 0.05.

5 (a) BB (b) =B i D 20 O DH - e e 7R R B AL, e, 2800 = 040, V = 1.5, L = 2w
b4 0.95V (M£R), V(5E£k), 1.05V (FIKIZ), 1.1V (4)

Fig. 5. The dependence of the spectral amplification factor on the noise intensity at (a) the second harmonic
and (b) the third harmonic. The parameter b corresponds to 0.95V (dotted line), V' (solid line), 1.05V
(dashed line), and 1.1V (4), respectively, when 2 = 0.4nt, V = 1.5, and L = 2m.

120501-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No.

12 (2017) 120501

[xM]2

Ix (]2

0.06

(a)

K6

0.2

F G080 A N AR AR (a) f
N=04m, V=15 L=2m, b=V

0.4

0.6
D

0.8

1.0

3.0

S(w)/10-3

(b)

0.5

0.4 0.6 0.8 1.0

D

= 0.2, (b) f = 0.4 &b {320 B e 75 55 B 4k, Hb, 248e = 0.05,

Fig. 6. The dependence of the power spectrum of the system output response on the noise intensity at the
frequency (a) f = 0.2, (b) f = 0.4. The parameters € = 0.05, 2 =041, V=15, L =2n,and b=V.

0.35
0.30
0.25
0.20
0.15
0.10

0.05

0.35
0.30

0.25

K7

0.35

0.30

0.25

0.20

[xM]2

0.35

0.30

0.25

Ix(M]2

— oAV U T U O TR T o e R R E VB AL TV (SRR EIEERLE (RE)), K, 80 = 04n,
V=15 L=2nb=V;eH(a)0.1, (b) 0.15, (c) 0.2, (d) 0.25

Fig. 7. The dependence of the spectral amplification factor on the noise intensity at the first harmonic:

stochastic simulation (circle) and the method of moments (solid line). The parameter £ corresponds to
(a) 0.1, (b) 0.15, (c) 0.2, and (d) 0.25, respectively, when 2 =0.471, V =1.5, L=2n,and b=V.

120501-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 12 (2017) 120501

N T BRI E 5 AR A X BE AL LR
RUNERIFER, A2 7 AT 8 o 1 AN R SRS e e T
H12E T AR AR T AT S R 48 (2) i =
9T 4 O 0 TSR R B R A R R R AL I A R
ZITVE AR — B i B T S A R S B AR UL
S5 RMEAT HRL, RIAEe < 0.25 B HL I /A 7
A A B, IXIE 7 AETE A R, T A
B8 R, Bl S5 5 MR AR B 19 K, BE AL IR 2K
72 3 5. A IS 5 i R 2R SRl LIS IR S
FALESEITN- S VW NE PRl AW i B i
HmE, e RGNS T s E
PEAR, {52 i T2 8 AR (E T /N T, X35 22
JEE B B2 I AN BT, B BT G A A AN
It CAKE KRB, FEALA IR 280 B AR AT g o, {HL
XL i 10 MR S o 2 ORI IR B N T AR B

0.12

0.10

Ix@)]2

0.08
0.06

0.04 /)

0.025
0.020

0.015 | I

[x @2

0.010

0.005

0 OI.2 OI.4 OI.G OI.8 1.0
D

B8 (a) BB ¥AN (b) =B il i Th 2 1 K ] 1 il
R EL, i, B8N =04n, V = 1.5, L = 2x,
b=V;e N0.1(H%k), 0.15(5L2k), 0.2(%KIZk), 0.25(+)
Fig. 8. The dependence of the spectral amplification
factor on the noise intensity at (a) the second har-
monic and (b) the third harmonic. The parameter
e corresponds to 0.1 (dotted line), 0.15 (solid line),
0.2 (dashed line), and 0.25(+4), respectively, when
2=04n,V =15, L=2n,and b=V.
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Abstract

Brownian motion in a washboard potential has practical significance in investigating a lot of physical problems such
as the electrical conductivity of super-ionic conductor, the fluctuation of super-current in Josephson junction, and the
ad-atom motion on crystal surface. In this paper, we study the overdamped motion of a Brownian particle in a washboard
potential driven jointly by a periodic signal and an additive Gaussian white noise. Since the direct simulation about
stochastic system is always time-consuming, the purpose of this paper is to introduce a simple and useful technique to
study the linear and nonlinear responses of overdamped washboard potential systems. In the limit of a weak periodic
signal, combining the linear response theory and the perturbation expansion method, we propose the method of moments
to calculate the linear response of the system. On this basis, by the Floquet theory and the non-perturbation expansion
method, the method of moments is extended to calculating the nonlinear response of the system. The long time ensemble
average and the spectral amplification factor of the first harmonic calculated from direct numerical simulation and from
the method of moments demonstrate that they are in good agreement, which shows the validity of the method we
proposed. Furthermore, the dependence of the spectral amplification factor at the first three harmonics on the noise
intensity is investigated. It is observed that for appropriate parameters, the curve of the spectral amplification factor
versus the noise intensity exhibits a peaking behavior which is a signature of stochastic resonance. Then we discuss the
influences of the bias parameter and the amplitude of the periodic signal on the stochastic resonance. The results show
that with the increase of the bias parameter in a certain range, the peak value of the resonance curve increases and the
noise intensity corresponding to the resonance peak decreases. With the increase of the driven amplitude, comparing
the changes of the resonance curves, we can conclude that the effect of stochastic resonance becomes more prominent.
At the same time, by using the mean square error as the quantitative indicator to compare the difference between the
results obtained from the method of moments and from the stochastic simulation under different signal amplitudes, we

find that the method of moments is applicable when the amplitude of the periodic signal is lesser than 0.25.
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