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jĤĪlacǣȉȘșǇDtu�

1. OzbudakȐǸȖǛ:ƪƳǀȂ
ǮǷȕǬǮǛûņƵǘ

– jĤĪǈċǇÜ�Ǜŀ�Ƶ
ǘ

2. ȂǮǷȕǬǮǅǈÈǇ2ƿǇĶ
ďƫ�ĶǄƱǂǛûņ

– ȋǭǷǟȆȚȅǟțǺȀǵǨ
– =Ō�ë

3. ȝȂǮǷȕǬǮƫŕƬǘéíǛ8
sČǇľīǁŉ°Ȟ

Ozbudak et al. (2004) Nature



dx

dt
= �x+ ↵X

out

+ �y

dy

dt
=

x

2

⇢+ x

2
� y

Ozbudakǖǈ2g«Ǉ�ǁ
ȋǭǷǟȆȚȅǟțǺȀǵǨǛȐǸȖ;Ƴƻ

TMGout (Xout)

TMGin (x)

LacI

LacY-GFP (y)

+

Ozbudak et al. (2004) Nature Ǉ
ȐǸȖǛĊî;ƳƻǓǇ

TMG (methyl-β-D-thiogalactopyranoside)
LacYǅǕƾǀFǗşǐǙƠLacIǛŸxƵǘ



OzbudakȐǸȖǇg«ǂu«Ǉ�S

x: TMGin
y: LacY-GFP

α, β: Rate constants,     
! :Tightness of LacI repression

Variables Constants

dx

dt
= �x+ ↵X

out

+ �y

dy

dt
=

x

2

⇢+ x

2
� y
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= �x+ ↵X
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+ �y
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⇢+ x

2
� y

�.®Ā�ǂê;sE�ČǇ|�

x, yǇ.ļ
TMGout (Xout)

TMGin (x)

LacI

LacY-GFP (y)

+
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= �x+ ↵X
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x, yǇ.ļ
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TMGout (Xout)

TMGin (x)

LacI

LacY-GFP (y)

+
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TMGout (Xout)

TMGin (x)

LacI

LacY-GFP (y)

+dx
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= �x+ ↵X
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+ �y
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=

x
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⇢+ x

2
� y

x, yǇ.ļ

ȂȖ�
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Kn + xn
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ȂȖ�«ƫjƬƮǄǘ→ ǮǠǵǴóǅǄǘ = =Ōó
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TMGout (Xout)
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xǇÈ«ƫƌƦ
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ÚĞ1ȣǐƶǈOzbudak model
Ǜ:ƪƹƧ



ÚĞ1(MATLAB): Ozbudak modelǛ:ƪƵ

1¶$ȝg«Ȟ : x(t=0) = 0,   y(t=0) = 0
ȁȔȏțǲȝu«Ȟ: α = 0.1, β = 10, ρ = 25, Xout = 5

dx

dt
= �x+ ↵X

out

+ �y

dy

dt
=

x

2

⇢+ x

2
� y



ȅǝǠȖǛDLƳǀăÇǛ`ǒǄƲƦ

function*ozbudak(*)
time*=*0:0.1:30:

x_init*=*0:*y_init*=*0:*
alpha*=*0.1:**beta*=*10:**rho*=*25:*x_out*=*5:*

s0*=*[*x_init*,*y_init*]:****%*Initial*values
param*=*[*alpha*,*beta*,*rho*,*x_out*]:*%*Constants

[t,time_course]*=*ode15s(@(t,s)*ODE(t,s,param),time,s0):*
plot(t,time_course)

end

function*dsdt*=*ODE(t,s,param)
x*=*s(1):**y*=*s(2):*
alpha*=*param(1):**beta*=*param(2):*rho*=*param(3):*x_out*=*param(4):

dsdt(1,:)*=
dsdt(2,:)*=

end
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Ȓ
ȗ
ț
Ǭ
ȓ
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ƧǐƮƦƮǂƱƧǄǘǈƶ
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ÚĞ2ȣOzbudak modelƫȂǮǷȕ
ǬǮȝ�Ê�r�ȞǛ
ýƵƱǂǛûņƵǘ
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t = 60 ±ßǁƠTMGout (Xout) Ǜ
0 ǅƵǘ

• wƋóǅǈƠb^ƪǖžĪƳǀwash
• Xout Ǉ1¶$ǅǕƾǀƠȂǮǷȕǬǮƫêƴǄƦdNǂêƴǘdNƫƥǘ

time time

y
(L
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G
FP

)

X
ou

t

ȂǮǷȕǬǮƥǗ
Xout�8  

ȂǮǷȕǬǮǄƳ
Xout�7



ÚĞ2: ăÇǛ`ǒǄƲƦ
function ozbudak_hysteresis_timeseries( )

(î)
[t,time_course] = ode15s(@(t,s) ODE(t,s,param),time,s0); 
plot(t,time_course(:,2)) % yǇǑȇȘǵǹƵǘ
hold on  % űǆ¨ƬǛŁIƵǘU�

x_init = % time_course ǇĒą$Ǜ x_init, y_init ǅǰǵǹ
y_init =                              
s0 = [ x_init , y_init ];      

x_out =                  % TMGout Ǉ$Ǜ 0 ǅƵǘ
param = [ alpha , beta , rho , x_out ];

time = 60:0.1:120;
[t,time_course] = ode15s(@(t,s) ODE(t,s,param),time,s0); 

plot(t,time_course(:,2))
end

function dsdt = ODE(t,s,param) (î)



-8�

• Xout Ǉ1¶$ǛȡţǗńƳǀǑǘ
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Xout (t=0) = 5 Xout (t=0) = 10

ȂǮǷȕǬǮƥǗȂǮǷȕǬǮǄƳ



ÚĞ3ȣȂǮǷȕǬǮƫŕƬǘ
TMGǇÜ�Ǜ\ýƵǘ



±Č0Ǜ dose response curve ǅ¨ƬöƵ

Ozbudak et al. (2004) Nature
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• XŜ: TMGoutǂ
YŜ: LacY-GFPǇ´Ē$ǛȇȘǵǹ



ÚĞ3(MATLAB): 
ȂǮǷȕǬǮǇǬȍȒȗțǬȓș

• K\ǇwƋǅ÷�ƵǘǬ
ȍȒȗțǬȓșǛįƦǄƲƦ

• K\�ËǈÈǇǕƧǄw
Ƌ

1. TMG = X µM ǁbƉ

2. žĪ

3. TMG = (X + ΔX) µM ǁ
bƉ

4. ��ƱǇěǗŠƳ

• žĪǇżƠxǈȕǰǵǹƲǙ
ǘƫƠyǈ!rƲǙǘ

Ozbudak et al. (2004) Nature
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ăÇǛ`ǒǄƲƦ
function*ozbudak_fig2b(*)
time*=*0:0.1:30:
x_init*=*0:***y_init*=*0:*
alpha*=*0.1:**beta*=*10:**rho*=*25:*x_out*=*0:*
param*=*[*alpha*,*beta*,*rho*,*x_out*]:*%*Constants
figure(1)
hold*on
while*x_out*<=*20:*%*ƱǇwhile¬ǈ Fig.2b*�Ëǅ÷�
s0*=*[*x_init*,*y_init*]:*%*Initial*values
[t,time_course]*=*ode15s(@(t,s)*ODE(t,s,param),time,s0):*
y_end*=*******************%*yǇ±Č0Ǉ´Ē$(žĪ±Ǉ$)Ǜy_end*ǅ�'
plot(*x_out*,*y_end*,*'ko'):********
x_out*=*x_out*+*1:
param*=*[*alpha*,*beta*,*rho*,*x_out*]:*%*Constants

%*y_endǛƠÈǇǬȍȒȗțǬȓșǇ1¶$ǅƵǘ
end

while*x_out*>=*0******%*ƱǇwhileȖțȇǅǈ Fig.2b*�Ëǅ÷�Ƶǘ+yǛ³Ʈ
%*ƱƱǅǈ�Ǉwhile*Ȗțȇǂ�ƻ+yǛ³ƮơƻƼƳ
%*ȇȘǵǹƵǘżƠßǈŔǇ<q(‘r+’)ǂƵǘơ

end****
end

function*dsdt*=*ODE(t,s,param)*(��î)
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ÚĞ4ȣȋǭǷǟȆȚȅǟțǺȀǵǨ
Ǜ/ǘǂ
ȂǮǷȕǬǮǈŕƬǄƮǄǘ
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ȋǭǷǟȆȚȅǟțǺȀǵǨǛŭ­Ƶǘȝ�ǒǘȞ

x,#yǇ.ļ
TMGout (Xout)

TMGin (x)

LacI

LacY-GFP (y)

+



ȋǭǷǟȆȚȅǟțǺȀǵǨǛŭ­Ƶǘȝ�ǒǘȞ

TMGout (Xout)

TMGin (x)

LacI

GFP (y)
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� y

x,#yǇ.ļ

� = 10 ! 5
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ȋǭǷǟȆȚȅǟțǺȀǵǨǛŭ­Ƶǘǂ
ȂǮǷȕǬǮǛýƲǄƮǄǘ

• Xoutf9ȝ0→30ȞƠÔ~ȝ30→0ȞǇǃƽǖǇdNǓOƴSq
ǤțȆǛ¨Ʈ



ÚĞ5ȣ=Ō�ëƫǄƮǄǘǂ
ȂǮǷȕǬǮǈŕƬǄƮǄǘ



=Ō�ëƫǄƦ� Hill�«ƫ1

TMGout (Xout)

TMGin (x)
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Hill�«ǂȂǮǷȕǬǮǇŷ�ǛŌǍǀǑǕƧ

• Hill �« = 1
• ȋǭǷǟȆȚȅǟțǺȀǵǨƥǗ

• �ŀǇĕ½ƫ-ƻǖƠHill�«Ǜ¤ƾǀǑǘ



ÚĞ5ȣHill�«Ǜ1ǅƳǀǑǘǂ

• ȋǭǷǟȆȚȅǟțǺȀǵǨƥǗƠHill�«=1
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Ɵ Xout 0→130
ȟ Xout 130→0



ĕōȣȂǮǷȕǬǮǅǈÈǇ2[pƫ�Ķǁƥǘ

• ȋǭǷǟȆȚȅǟțǺȀǵǨ

• =Ō�ë
– ƌƦHill�«



ǄƸȂǮǷȕǬǮƫŕƬǘǇƪȤ

• ȋǭǷǟȆȚȅǟțǺȀǵǨƠ=Ō�ëƫ�ĶǄéíǛù
ǗƻƦ

• 8sČǇũ)Ǜ�ƾǀŉ°ǁƬǘ
1. ÷�ƃ
2. ǽȖǨȔǠș
3. ]uß ȝò�Ȟ

4. ȈǨǹȖd ȝò�Ȟ

5. ȑǪȃį0ǂ]µ$Ț]µȈǨǹȖ ȝò�Ȟ



ũ)ƹǇȠȣ÷�ƃ

• ±Ŷg;Ƶǘ2g«ǛĚ
ŜȚÆŜǅǂƾƻ�ƃ

• ƱƱǁǈ x(TMG)-
y(LacY-GFP) �ƃǇƱǂ

x(TMG)
y(
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cY

-G
FP

) 



ũ)ƹǇȡȣǽȖǨȔǠș

• ẋ = 0, ẏ = 0 ǂǄǘßǇž
ǐǗƪǖǄǘ²Ę

x(TMG)
y(

La
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-G
FP

) 
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dx
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ũ)ƹǇȡȣǽȖǨȔǠș

• ẋ = 0, ẏ = 0 ǂǄǘßǇž
ǐǗƪǖǄǘ²Ę
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ũ)ƹǇȡȣǽȖǨȔǠș

• ẋ = 0, ẏ = 0 ǂǄǘßǇž
ǐǗƪǖǄǘ²Ę

• ǽȖǨȔǠșǇ	ßǈ
ƣ]ußƤǂTǉǙǘ

x(TMG)
y(
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FP

) 

ẋ = 0

ẏ = 0

dx
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= �x+ ↵X
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]ußǈu�å�ǇƱǂǁƥǘ

• ǽȖǨȔǠșǇ	ß
3ƿ
– ƵǄǚƽƣ]ußƤ
– TMG, LacY-GFPǂ
Ǔǅg;ƳǄƦǇǁ
u�å�

• ļŚŘȝK\ǁǈ
ƎĘȞƫ]ußǅ
4ŪƳǀƹƱǅǂǃ
ǐǘ
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]ußǈu�å�ǇƱǂǁƥǘ

• ±Č0ƫu�å�ǅŪƳƻǖƠƹǙǈ÷�ƃ�ǁǈļ
ŚŘƫ]ußǅ4ŪƳƻƱǂǅ|�Ƶǘ

±Č0 ÷�ƃ



ÚĞ6: ÷�ƃǂǽȖǨȔǠș

1. OzbudakȐǸȖǇļŚŘǛ÷�ƃǅ¨ƬǄƲƦ
(MATLAB)
– ļŚŘ = ±ŶƫĔƿǅƿǙǀß( x , y )ƫ2È&�ƃ�ǁǃ
ǇǕƧǅ:Ʈƪ

2. ǽȖǨȔǠșǇ�ǛĎǂųĆǁÎǒƠMATLABǁǩȔ
ȅ;ƳǄƲƦ



ăÇǛ`ǒǄƲƦ

function*ozbudak_phaseplane(*)****
(îơ1¶$ƠȁȔȏțǲǈx_out�hƠÚĞȠǂOƴǓǇǂƵǘơ)
x_out*=*************%*ȂǮǷȕǬǮǛŕƱƵ$ǂŕƱƲǄƦ$ǛńƵƱǂ

function*dsdt*=*ODE(t,s,param)*(î)

function*plot_phase_plane(*time_course*,*alpha*,*beta*,*rho*)
x_time_course*=*time_course(:,1):***
y_time_course*=*time_course(:,2):
figure(1):*************
hold*on:
plot(****************,*****************,*'k'):*****%*ļǇŚŘǛ¨Ʈ
xlabel('TMG')*******ylabel('LacY_GFP')
y*=*0:0.01:0.8:

:*********%*dx/dt*=*0**
plot(*x*,*y*,*'r'*):******%*‘r’ǈredǇr
x*=*0:0.1:10:
y*=*x.^2*./*********************:***%*dy/dt*=*0
plot(****************,*****************,*‘b’*):*****
hold*off:

end



ȂǮǷȕǬǮǄƳ

ļĈ-8� (ƎĘƫļŚŘ)
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ȂǮǷȕǬǮƥǗ



ȂǮǷȕǬǮǄƳ

ļĈ-8� (ƎĘƫļŚŘ)
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ȂǮǷȕǬǮƥǗ
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ȋǭǷǟȆȚȅǟțǺȀǵǨǄƳ
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=Ō�ëǄƳ

x0 x(TMG)

y(
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-G

FP
) 

� �� �� �� 	� ��� ��� ���
�

����

���

����

���

����

���

����

���



Dtuǐǂǒ

1. OzbudakȐǸȖǈȂǮǷȕǬǮǛ,èƵǘ
– jĤĪǈċǇÜ�Ǜŀ�Ƶǘ

2. ȂǮǷȕǬǮǅǈÈǇ2ƿǇĶďƫ�Ķǁƥǘ
– ȋǭǷǟȆȚȅǟțǺȀǵǨ
– =Ō�ë

3. ȂǮǷȕǬǮƫŕƬǘéíǈ8sČǇľīǁŉ°ǁƬǘ
– ÷�ƃƠǽȖǨȔǠșƠ]uß
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ê�+ǁǇ¤:èŐ

Ț�¡ƠĮċ$ƠđĢ.ĲƠÃ¯R¶Ơetc…
ŕ×:đĢ+Ǉê;sE�ȚŮ�pòèǇ¤:

Jolley et al., Cell Report (2012)

Ĺ	B�¿ǇCa2+

�ćđĢ ȕșŰ;E�Ǉ¤:Ǉ«éȐǸȖ

• ļċČƪǖ: Sel'kovȐǸȖ
• þĔòÝƪǖ: FitzHugh-NagumoȐǸȖ
• N�êäsƪǖ: RepressilatorȐǸȖ

YouTubeǕǗ

YouTubeǕǗ



ê�+ǁǇ¤:èŐ1

�1.ļċČǇ¤:ȐǸȖȝSel'kov modelȞ
Strogatz (1994) pp.205

ŋƅ1-1:ǬȍȒȗțǬȓșǁ¤:ǛûņƳǕƧ
ȁȔȏțǲ:
1¶$:

ÆŜ:±Ŷ
ĚŜ:Ü�

F6P(y) ADP(x)

PFK(a)
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÷�ƃ�ǁǇļŚũ
ȝx-y�ƃ�ǁplotȞ
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Sel'kovȐǸȖǇ¤:ļǅ�ĶǄȁȔȏțǲǂǈȤ

F6P(y) ADP(x)

PFK(a)

ADPǅǕǘF6PǇê�ǅƩƦǀ
F6PǇÈ«ȝ=Ō�Ȟƫgǚǘ

or/and
PFKǅǕǘcüê�ƫgǚǘ
ȝaǇ$ǛgƨǘȞ

ǃƧǄǘƪûņƷǕ
ȝŋƅ1-4Ȟ
'8(b)�r�ǓŌǍǕ
ȝŋƅ1-5Ȟ
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�¯Ǉǐǂǒ

• MATLABǛëƦǀƠ
– OzbudakȐǸȖǇǬȍȒȗțǬȓșǛįƦƠȋǭǷǟȆȅǟțǺȀǵǨǂ=Ō
�ǅǕƾǀDtuƫèǙǘƱǂǛûņ

– Sel‘kovȐǸȖȚȝFitzhugh-NagumoȐǸȖ�ȚRepressilotorȐǸȖ�ȞǇǬ
ȍȒȗțǬȓșǛįƦƠȋǭǷǟȆ/ǾǥǷǟȆȅǟțǺȀǵǨǅǕƾǀ¤:ƫ
èǙǘƱǂǛûņ

�ò�ŋƅ

Q.ȅǟțǺȀǵǨƫƥǙǉ�ƶDtuǔ¤:ǈèǙǘȤ
A.QơȅǟțǺȀǵǨǇ�ƲǄǃǂz§ǅŷ�





ƱǇ�Ǉò�XƅǈƠ
�¯ƱǙǐǁǔƾǀƬƻȐǸȖǇ
Ę�tu�ļ¼ǅŷƵǘXƅǁƵơ

ƱǙǐǁƠ]µ$ǔ]µȈǨǹȖǛÎǒƻƱǂǈƥƾǀǓƠ
]µ$ǔ]µȈǨǹȖǇ�SȚ�ĝƫǕƮ.ƪǖǄƦ…
ǂƦƧ�ǈƠ
http://kurodalab.bi.s.u-tokyo.ac.jp/class/Summer/2015/Day6/linear_stability_analysis.pdf

ǁƠĊ>ǅĘ�tu�ļ¼ǅƿƦǀǐǂǒǀƥǘǇǁƠ
��ķǀƩƦǀƮƼƲƦơ



ò�ŋƅȝDtu�Ȟ



8sČǇũ)Ǜ�ƾǀǑǕƧ

1. ÷�ƃ
2. ǽȖǨȔǠș
3. ]uß
4. ȈǨǹȖd
5. ȑǪȃį0ǂ]µ$Ț]µȈǨǹȖ



]ußǂǈƠťĄ®Ā�

0C(0?2)
0a(0?2)

ǛÖƻƵßǁƥǘơ

ťĄ®Ā�ǛļƮǅǈƠ

[a8[ C a1
ǁg«ƙƒ ƚǛ¬qǂƳǀņŎƲƷƻ�

@�2�[:T^N�  �*  %   �+  %   C  %   a  �1
ǂƵǙǉƠƘǅļƫ�'ƲǙǘơ

�ǖǙƻļǈƠ

F@'C% @'a*
ǂƵǙǉûņǁƬǘơ

�Ɩ
[a8[ C a1
@�2�[:T^N�  C���a�2�*  %�  +�C�	 a�2�-‐‑‒  %�  C  %  a  �1

8sČǇũ) 3 -]uß-



ò�ŋƅȝDtu�Ȟ1: ]uß

• OzbudakȐǸȖǅ3ƿƥǘ]ußǇ�ÅǛÎǒǄƲƦ
– ]uß = ǽȖǨȔǠșǇ	ß

function S = ozbudak_fixed_point( )    
syms x y;    
S = solve('-x + 0.1 * 5 + 10 * y = 0', ...

‘                                     ', 'x', 'y');
% ]ußǇ�ÅǛİý

end



8sČǇũ)ƹǇȢȣȈǨǹȖd

• ß ( x , y ) ǅjƬƲ
( ẋ , ẏ ) ǇȈǨǹȖ
Ǜ¨ƦƻǓǇ

• ƣ( ẋ , ẏ ) ǇȈǨǹ
ȖƤǈƹǇ^ßǇ
ƇǇ�ƲǂPƬǅ
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ȈǨǹȖdǛ¨ƮǂƠČ+ǇƣƇƤǇPƬǂ�Ʋƫǚƪǘ

• 1¶$Ǜ÷�ƃ
ǇǃƱƪ�ßǅ
ĜƮ

• ļŚŘǈø?
Ǉ®PǛǄƺǘ

• ´�ǈ]uß
ǅ4Ū
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÷�ƃ�ǅȈǨǹȖdǛ¨Ʈ

• ¨Ƭ®Ǉc¸

• ǽȖǨȔǠșǇ�œǛ3ëƳƻ¨Ƭ®

– x ǇǽȖǨȔǠș�ǁǈ ẋ = 0

– ƵǄǚƽȈǨǹȖǈ_ö

• ȈǨǹȖǇPƬǈ?

– �ƨǉ ẋ > 0 ǂǄǘƄaǛÎǒǘdNƠ ẋ = f( x , y ) > 0 ǂƩƦ
ǀ�g�

– ǽȖǨȔǠșǛeǅǃƽǖ%ǇƄaƫ ẋ > 0 ǂǄǘƪƫǚƪǘ

ß ( x , y ) ǅjƬƲ ( ẋ , ẏ ) Ǉ
ȈǨǹȖǛ¨Ʈ



ǽȖǨȔǠșǂȈǨǹȖd

x(TMG)

y(
La

cY
-G

FP
) ẋ = 0

ẋ = 0 ǇǽȖǨȔǠșǇ�ǈ

ǐƶƠ ẋ > 0 ǂǄǘƄaǈ

ǁƥǘƪǖƠ ẋ = 0 Ǜ

eǂƳǀ�%ƫ ẋ > 0Ơ�%ƫ ẋ < 0
ǁƥǘơ

ǁƥǘơ

ẋ > 0ǈKPƬǇȈǨǹȖ

ẋ < 0ǈ�PƬǇȈǨǹȖ ẏǓOÄ

ẋ = �x+ ↵X

out

+ �y > 0

y >

1

�

(x� ↵X

out

)

y =
1

�

(x� ↵X

out

)



ȈǨǹȖdǈƠ
Y]R^NZ�Fh{dqx��C*%

Fh{dqx��a*%
Fh{dqxC¦y�xuq*%
Fh{dqxa¦y�xuq*�1

ǁ¨ưǘơ
�ƨǉƠ
ßȝ0,0Ȟǂȝ2,1ȞǛƹǙƺǙnßǂƳƻ
ȈǨǹȖȝ�Ȟȝ5,4Ȟǂȝ-2,-3ȞǛ¨ƬƻƦdNǈƠ

Y]R^NZ�F)%+*% F)%**% F.%	+*% F-‐‑‒%	,*�1
ǂƵǙǉǕƦơ

ƛ wżǅǈƠ�ïŴƦȈǨǹȖǇŴƲƫ ǅǄǘ
ǕƧǅĸÀ;ƲǙǀƳǐƧơ

8sČǇũ) 4 -ȈǨǹȖd-



ƐƓƒ ƓƑ ƐƗƙƒƏƓƑ

ƐƗƙƒ ƗƚƑƐƓƒƏƗƚƑ

ȈǨǹȖǇnßǇÏǒ®

F&%D*28N[4PZR0�)0�C%�)0�a�
8N[4PZR0�)0-‐‑‒%�)0.�

X, YǛ�ƾǀƠ
g;ȈǨǹȖǛÎǒǘ

Y#=
0#####0#####0#####0#####0
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2#####2#####2#####2#####2
3#####3#####3#####3#####3
4#####4#####4#####4#####4
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X#=
0#####1#####2#####3#####4
0#####1#####2#####3#####4
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0#####1#####2#####3#####4

5&2 h�1
5D2 h�1
Y]R^NZ�&%�D%�5&%�5D�1

8sČǇũ) 4 -ȈǨǹȖd-



ò�ŋƅȝDtu�Ȟ2: ȈǨǹȖdǛ¨Ʈ(MATLAB)

• MATLABǛ�ƾǀOzbudakȐǸȖǇȈǨǹȖdǛ¨ƬǄ
ƲƦơ

function ozbudak_vector_field()
ȝîȞ

function vector_field( alpha , beta , rho , x_out )    
[x,y] = meshgrid(                     );    
DX =
DY =
figure(1)    
quiver(                    );

end
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ȑǪȃį0ǂǈƠťĄ�.®Ā�

ǅƿƦǀ

ǂǄǘį0ǇƱǂ

8sČǇũ) 5 -ȑǪȃį0ǂ]µ$-



ȑǪȃį0ǛMATLABǛëƦǀÎǒǘǅǈƠ
ǬșȊȖ;ƲǙƻg«ȝC*% h CVȞǂ
ŷ« O 2 O�C*% h CV�

ǅ|ƳǀƠ�.ǛįƧŷ«0ROOǛëƦǘơ
�ƔƖ
[a8[ C a1 � }tiqC%az|�
O�2�CH+���aH,1�� ��Oz|�
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[].[�0O0C%�C%�+����C2+xvox¥w��

�ƕƖ
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:�2�F0ROO�O%�C�%�0ROO�O%�a�1�0ROO�P%�C�%�0ROO�P%�a�*1�� m_fv¢z��

[].[�:%�FC%�a*%�F*%�+*����C2*%�a2+xvoxm_fv¢

�ǰȍǪȘș
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1. INTRODUCTION

The Belousov!Zhabotinsky (BZ) reaction has been well
investigated as a typical example of chemical oscillators.1!9

The BZ reaction has been examined in both closed systems
(batch reactors) and open systems (continuous flow reactors). In
the open system, reactants are supplied at a constant rate, and
steady states such as a periodic oscillation, multistable states, or
chaotic behaviors have been observed. On the other hand,
reactants are consumed with the progress of the reaction in the
closed system, thus the system eventually approaches chemical
equilibrium as oscillatory states die out. It has been reported that
a rich and complicated behavior is shown in the closed system of
various reaction conditions.10!15 However, in their studies they
have mainly focused on the complex behavior of the oscillation
and not on the way the oscillation dies away. In this paper, we will
focus on this dying away process.

To see this process, we performed experiments of the BZ
reaction in a closed reactor for a very long time. For example, if
we leave the ferroin catalyzed and stirred a BZ solution in a
beaker for a very long time, the oscillation of its color between red
and blue ceases and turns into a monotonic light yellow. This can
be explained as follows: In general the reaction in a closed system
should reach a thermodynamic equilibrium state.16 In our case,
the ferroin/ferrin, which is an iron catalyst in the BZ solution of
an acidic condition, slowly dissociates in Fe2+/Fe3+ and the 1,10-
phenanthroline ligand.14 At the same time, other reagents are
also gradually consumed as time goes by. Hence, the chemical
oscillation cannot last forever, and the oscillating state is dragged
into one of some steady states depending on the initial concentra-
tion of the ingredients. Then the system reaches amonotonous state
of thermodynamic equilibrium.3,5,10 We found that it is indeed the
case for almost all concentrations of the ingredient of the solution.

However, we also found that, for a certain value of the
concentrations, the dead BZ oscillator suddenly resumes its
oscillation after about 5!20 h, with nearly the same amplitude
as it did before the oscillation stopped. An example of these
phenomena is shown in Figure 1, where the intermediate quiet

steady period is about 5.5 h. After this rebirth, we found that the
system gradually reaches a monotonous thermodynamic equi-
librium. Such dynamical behavior with a much shorter dead time
of about 1!2 min has been previously provided as a result of
model calculation.15 However, to our knowledge, the phenom-
enon with such a long dead time reaching several to 20 hours,
which is 3 orders of magnitude longer than the time scale
observed in ref 15, has not yet been reported. Furthermore, it
was clarified experimentally that the phase diagram of the initial
concentration of [MA]0 and [BrO3

!]0 of BZ oscillator with the
long dead interval had a well-defined domain. Hence, it seems to
us that this long time behavior may be categorized as a new
dynamical phenomenon. The main purpose of this paper is to
report this interesting new observation.

2. EXPERIMENT

Our experiment has been performed as follows: A beaker of
20 mL was placed in a thermostatted water bath to keep the
reaction temperature constant at 25 !C. In all experiments, the
initial concentrations of sulfuric acid and ferroin were fixed as
0.80 M and 2.0 " 10!3 M, respectively, while the initial
concentrations of sodium bromate and MA were changed in
the values shown in Table 1. The free surface of the BZ solution
contacted with the atmosphere. To perform all experiments, we
first prepared a solution without ferroin just before the experi-
ment, then the oscillation began when ferroin was added next.
Therefore, the total volume of the reaction mixture was kept
constant at 20 mL, and the stirring rate was 190 rpm through this
study. We measured the profiles of the redox potential EORP by
using a combination electrode (HORIBA, 6861-10C), which is
composed of a Pt wire and Ag/AgCl electrode utilizing a
saturated K2SO4 aqueous solution as an internal solution, and
the data were recorded by a personal computer through an AD
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ABSTRACT: Long time behaviors of the Belousov!Zhabo-
tinsky (BZ) reaction are experimentally analyzed in a closed
reactor. The amplitude of the oscillation is suddenly damped
after about 10 h. After about 5!20 h, the dead oscillator is
suddenly restored with nearly the same amplitude as before it
stopped its oscillation for certain values of the concentrations of
sodium bromate and malonic acid (MA). With the other
domains of the concentrations, the oscillator simply damps
and never restores its oscillation. The phase diagram of the
different types of damping behaviors as a function of the concentrations is obtained.
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