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Í6àSß7×�Ôu×�à�Ó�É�Ø�Ë�áÜØ�×�Ê�Ó�â
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Ë|Ý�É�ñ�Ý�É�Ý�Ì|ñ�Ó�Ý)×�Ê�í�Ë�Ð�ÔxÍ|ó�×7Î�Ï�Ë^Ï�Ð�Ë�ÔuÓ�ôfñ�Ý�Ë�à�Ê�ÞXÔõÌ�Ó�Ú©Ó�É�Ý�Ì(Í|Ôöæ 51èëê�÷ Í|Ø�×�ÔøË�Ñ�Ð!Í1Ö�Ë�ÔXÕ
Ï�Ë�Ì�Þùå¼Í|Ó�Ý�É/Î
É�Ý�Ó�Ï�Ó�Ê�äSÊ�Ó�Ë�Ï�Ð�Ó�Û�Ó�Ò0Ó�Ê�Ê�Ë�É�Ý�×^Ï�Ð�×fË�ó�Ó�Ê�×�Ì(Í|Ê�×�×fÏ!Í|Ð!Í|ÔuÓ�Ý�Ð�Ë�ÌIÔxÍ1Ý�Ó�ÔxÍ1Ý�×�à�Ó�É�Ø�×�ß�ÔuË�Û�Ó�Ò0Ó�á�Ø�×�Ê�Ó�Ý�×�Ø�×
É�Ò0Ë6ô�Ê�Þ"ßKÐ�Ó�Í|Ø�ó�×�áçæ ú è Õ$æ û èëê

ÈPÉ�Ê�Ë�Ì�Ê�ÞXÔüÍ|Ï�Ï!Í|Ð!Í1Ý�Ë�Ôý×�É�É�Ò0Ó�Û�Ë�Ì(Í|Ê�×7ÎþÉ�Ý1Í*Ò�Í'Ý�Ó�Ë�Ð�×7Îþí�ñ�Ê�Ø�ó�×�á¡Õ-ÔxÍ1Ý�Ð�×�ó�Þ�ÿ�Ø�Ë�Ñ�×ðà!Í|É�Ý�Ê�Þ"ß
Ï�Ð�Ë�×7Ö�Ì�Ë�Û�Ê�Þ"ßEË|Ýf×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞ"ßKß�Í|Ð!Í|Ø7Ý�Ó�Ð�×�É�Ý�×�Ø)Ï�Ëf×�É�Ø�Ë�ÔuÞXÔ Ø�Ë�Ê�É�Ý1Í|Ê7Ý1Í|Ô ê

� Ó�Ò0ä¼Ê!Í|É�Ý�Ë6Î7Ú©Ó�áKÐ!Í|Ñ�Ë|Ý�Þøâu×�É�É�Ò0Ó�Û�Ë�Ì(Í|Ê�×�Ó�Ë�Û�Ê�Ë|Ö�Ê!Í6à�Ê�Ë�É�Ý�×KÐ�Ó�å©Ó�Ê�×7ÎEË�Ñ�Ð!Í1Ý�Ê�Þ"ß�Ö6Í6Û
Í6à�ß7×�Ôu×�â
à�Ó�É�Ø�Ë�á'Ø�×�Ê�Ó�Ý�×�Ø�×�Ì¼ñ�É�Ò0Ë�Ì�×7Î�ß
Õ0Ë�Ï�Ð�Ó�Û�Ó�Ò!Î�Ó�ÔuÞ"ßEÊ!Í*Ò0×�à�×�Ó�Ô Ï�Ë � Ð�Ó�å©Ê�Ë�É�Ý�×�ï�Ø�Ï�Ó�Ð�×�ÔuÓ�Ê7Ý1Í ê
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% ×�Ê�Ó�Ý�×�à�Ó�É�É�Ø�Í1Î)ÔuË�Û�Ó�Ò0äfÔuË6ô¼Ó�ÝfÑ�ÞùÝ�äfÏ�Ð�Ó�Û�É�Ý1Í|Ì1Ò0Ó�Ê!Í�ÌÜÌ�×�Û�Ó

da

dt
= f(a, k),

� Û�Ó
a = (a1, . . . , an)

ãçÌ�Ó�Ø7Ý�Ë�Ð Ø�Ë�Ê�ó�Ó�Ê7Ý�Ð!Í|ó�×�á Ì�Ó�Ú©Ó�É�Ý�Ì�Õ
k = (k1, . . . , ks)

ãçÌ�Ó�Ø7Ý�Ë�Ð Ø�×�Ê�Ó�Ý�×�â
à�Ó�É�Ø�×�ßøØ�Ë�Ê�É�Ý1Í|Ê7Ý*Õ

f = (f1, f2)
ãþÌ�ÞXÏ�×�É�ÞXÌ(Í|Ù¢Ý�É/ÎõÌ É�Ë�Ë|Ý�Ì�Ó�Ý�É�Ý�Ì�×�×õÉEÖ6Í|Ø�Ë�Ê�Ë�ÔüÛ�Ó�á�É�Ý�Ì|ñ�Ù¢Ú©×�ß

ÔxÍ|É�É ê
& É�Ò0×©×7Ö�ÔuÓ�Ð(Î�Ù¢Ý�É/ÎÜØ�Ë�Ê�ó�Ó�Ê7Ý�Ð!Í|ó�×�×¼à!Í|É�Ý�×¼Ì�Ó�Ú©Ó�É�Ý�Ì�Õ1Ý�Ë�Ì�Ó�Ø7Ý�Ë�Ð©Ø�Ë�Ê�ó�Ó�Ê7Ý�Ð!Í|ó�×�×ÜÔuË6ô�Ê�Ë¢Ð!Í1Ö�Ñ�×7Ý�ä

Ê!ÍIÛ�Ì(ÍÜÏ�Ë�Û�Ì�Ó�Ø7Ý�Ë�Ð!Í7î
a = (x′, y),
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� Û�Ó
x′ = (x′

1
, . . . , x′

n1
)
×

y = (y1, . . . , yn2
)
É�Ë�Ë|Ý�Ì�Ó�Ý�É�Ý�Ì|ñ�Ù¢Ý ×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞXÔ × Ê�Ó�×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞXÔ

Ì�Ó�Ú©Ó�É�Ý�Ì(Í|ÔXÕ
n1 + n2 = n

ê
% Ë�Ê�ó�Ó�Ê7Ý�Ð!Í|ó�×7Î^Ê�Ó�×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞ"ßKÌ�Ó�Ú©Ó�É�Ý�ÌÜË�Ï�Ð�Ó�Û�Ó�Ò!Î�Ó�Ý�É/ÎE×7ÖPÊ�Ó�Ø�Ë|Ý�Ë�Ð�Þ"ßfÛ�Ë�Ï�Ë1Ò0Ê�×7Ý�Ó�Ò0ä�Ê�Þ"ßKÉ�Ë1â

Ë|Ý�Ê�Ë|å©Ó�Ê�×�á ê _ ×�É�Ý�Ó�ÔxÍ�Ø�×�Ê�Ó�Ý�×�à�Ó�É�Ø�×�ß'ñ�Ð!Í|Ì�Ê�Ó�Ê�×�áEÏ�Ð�×�Ë�Ñ�Ð�Ó�Ý1Í|Ó�Ý[Ì�×�Û










dx
dt

= f1(x
′, y, k);

f2(x
′, y, k) = 0;

x′(0) = x′

0
.

� é ê 4 �

ì Ë � Ð�Ó�å©Ê�Ë�É�Ý�ä
ε
Ð!Í|É�É�ÔxÍ1Ý�Ð�×�Ì(Í|Ó�Ý�É/Î)Ø�Í|Ø[Û�Ë�Ï�Ë1Ò0Ê�×7Ý�Ó�Ò0ä�Ê�ÞXá�Ï!Í|Ð!Í|ÔuÓ�Ý�Ð¡Õ0Ø�Ë|Ý�Ë�Ð�ÞXá'Ê�Ó�Ì1ß(Ë�Û�×7Ý[Ì

É�×�É�Ý�Ó�ÔlñKñ�Ð!Í|Ì�Ê�Ó�Ê�×�á¡Õ�Í¼Ì1ß(Ë�Û�×7Ý�Ì
x
ê

a Ë6ô�Ê�ËÜÐ!Í|É�É�ÔxÍ1Ý�Ð�×�Ì(Í1Ý�ä�É�×7Ý|ñ(Í|ó�×�×¡Õ�Ø�Ë � Û
Í

x′ = x + xε, x′ = x + ε, x′ = xε,

� Û�Ó
0 6 ε| 6 ε1

Õ
ε1

ã[Ï�Ð�Ó�Û�Ó�Ò0ä�Ê!Í1Î^Û�Ë�Ï7ñ�É�Ý�×�ÔxÍ1Î'Ï�Ë � Ð�Ó�å©Ê�Ë�É�Ý�ä[×7Ö�ÔuÓ�Ð�Ó�Ê�×7Î ê
� Û�Ó�ÎEÉ�Ë�É�Ý�Ë�×7Ý[ÌÜÝ�Ë�ÔXÕ0à7Ý�Ë

ε
Ì1ß(Ë�Û�×7Ý[ÌfÌ�Ó�Ø7Ý�Ë�Ð'Ë�Ï�Ð�Ó�Û�Ó�Ò!Î�Ó�ÔuÞ"ß'Ï!Í|Ð!Í|ÔuÓ�Ý�Ð�Ë�Ì�Õ0Ø�Ë|Ý�Ë�Ð�ÞXá'Ñ|ñ�Û�Ó�Ý

×�ÔuÓ�Ý�äfÌ�×�Ûpî
k′ = k′(k, ε) = (k1, . . . , ks; ε1, . . . , εn)

a Ë�Û�Ó�Ò0×¡Õ�Û!Ò!Î Ø�Ë|Ý�Ë�Ð�Þ"ßmà�×�É�Ò0Ë[Ò0×�Ê�Ó�á�Ê�ËEÊ�Ó�Ö6Í|Ì�×�É�×�ÔuÞ"ß É�Ý�Ë1Ò0Ñ�ó�Ë�ÌKÔxÍ1Ý�Ð�×�ó�Þ ÿ�Ø�Ë�Ñ�×)à!Í|É�Ý�Ê�Þ"ß
Ï�Ð�Ë�×7Ö�Ì�Ë�Û�Ê�Þ"ß Ë|Ý ×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞ"ßõØ�Ë�ÔuÏ�Ë�Ê�Ó�Ê7Ý Ï�Ëþ×�É�Ø�Ë�ÔuÞXÔ Ø�Ë�Ê�É�Ý1Í|Ê7Ý1Í|Ô ÔuÓ�Ê�ä|å©Ó Ë�Ñ|Ú©Ó � Ë à�×�É�Ò�Í
×�É�Ø�Ë�ÔuÞ"ßEØ�Ë�Ê�É�Ý1Í|Ê7Ý*Õ�Ê!Í1Ö�ÞXÌ(Í|Ù¢Ý�É/Î'Ê�Ó�Ò0×�Ê�Ó�á�Ê�ÞXÔu×�ÔuË�Û�Ó�Ò!Î�Ôu×EÊ�Ó�Ï�Ë1Ò0Ê�Ë � Ë�Ð!Í|Ê � Í �	� a ��
 � ê

` ï�Ý�Ë�ÔçÉ�Ò!ñ�à!Í|Ó3Ö6Í6Û
Í6à!ÍI×�ÔuÓ�Ó�ÝSÑ�Ó�É�Ø�Ë�Ê�Ó�à�Ê�Ë�Ó�ÔuÊ�Ë6ô¼Ó�É�Ý�Ì�ËSÐ�Ó�å©Ó�Ê�×�á¡Õ�Ë�Ï�Ð�Ó�Û�Ó�Ò0Ó�Ê�×7Î�Ø�Ë�Ê�É�Ý1Í|Ê7Ý¼Ê�Ó
×�ÔuÓ�Ó�ÝmÉ�ÔuÞXÉ�Ò�Í êx÷ Ë � Û
Í)Ð�Ó�å¼Í|Ó�Ý�É/Î Ö6Í6Û
Í6à!Í)Ë�Ï�Ð�Ó�Û�Ó�Ò0Ó�Ê�×7Î Ì�×�Û
Í)Ê�Ó�Ö6Í|Ì�×�É�×�ÔuÞ"ß Ï!Í|Ð!Í|ÔuÓ�Ý�Ð�×�à�Ó�É�Ø�×�ß
í�ñ�Ê�Ø�ó�×�á �	� ì �
� Õ�Û!Ò!ÎEØ�Ë|Ý�Ë�Ð�Þ"ß^Ò0Ë�Ø�Í*Ò0ä�Ê!Í1ÎKÊ�Ó�×�Û�Ó�Ê7Ý�×�í�×�ó�×�Ð7ñ�Ó�ÔuË�É�Ý�äEÑ|ñ�Û�Ó�ÝÜñ�É�Ý�Ð!Í|Ê�Ó�Ê!Í ê
÷ Ë � Û
ÍIÛ�Ë�É�Ý1Í1Ý�Ë�à�Ê�Ë�×�É�É�Ò0Ó�Û�Ë�Ì(Í1Ý�ä�ÔxÍ1Ý�Ð�×�ó7ñ

U =

(

∂f1

∂k′

)

−

(

∂f1

∂y

) (

∂f2

∂y

)

−1 (

∂f2

∂k′

) � é ê é �

Î�Ì�Ê�ÞXáEÌ�×�Û�Ø�Ë|Ý�Ë�Ð�Ë�á'Ë�Ï�Ð�Ó�Û�Ó�Ò!Î�Ó�Ý�É/Î�Ï�Ð!Í|Ì�ÞXÔu×Eà!Í|É�Ý6Î�Ôu×'É�×�É�Ý�Ó�ÔuÞ � é ê 4 � ê
� ÖÜï�Ý�Ë � ËKÉ�Ò0Ó�Û0ñ�Ó�Ý�É�ñ�Ú©Ó�É�Ý�Ì�Ë�Ì(Í|Ê�×�ÓfÊ�Ó�Ê7ñ6Ò0Ó�Ì�Ë�ámÔxÍ1Ý�Ð�×�ó�Þ

A
Õ
Ö6Í|Ì�×�É/Î7Ú©Ó�á Ý�Ë1Ò0ä�Ø�ËEË|Ý

k
×

ε
Õ

Ý1Í|Ø�Ë�áEà7Ý�Ë
U · A ≡ 0.

& É�Ò0×Eï�Ý1ÍfÔxÍ1Ý�Ð�×�ó!ÍÜÊ!Í|á�Û�Ó�Ê!Í7Õ!Ý�ËfÑ(Í1Ö�×�É�Ê�Ó�Ö6Í|Ì�×�É�×�ÔuÞ"ß'à!Í|É�Ý�Ê�Þ"ß'Ð�Ó�å©Ó�Ê�×�á'É�×�É�Ý�Ó�ÔuÞ
∂ρ

∂k′
· A = 0,

� Û�Ó
ρ1(k, ε), . . . , ρm(k, ε)

ã^É�×�É�Ý�Ó�ÔxÍ � ì � Õ
m
ãKà�×�É�Ò0ËÜÒ0×�Ê�Ó�á�Ê�Ë[Ê�Ó�Ö6Í|Ì�×�É�×�ÔuÞ"ß�É�Ý�Ë1Ò0Ñ�ó�Ë�Ì�ÔxÍ1Ý1â

Ð�×�ó�ÞMÿ�Ø�Ë�Ñ�× ê

� Á � � Ç � Ä �

 Í|É�É�ÔuË|Ý�Ð�×�Ô_Ê�Ó�Ò0×�Ê�Ó�á�Ê�ÞXá Ë|Ý�Ê�Ë�É�×7Ý�Ó�Ò0ä�Ê�ËEÊ�Ó�×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞ"ß Ì�Ó�Ú©Ó�É�Ý�ÌKÔuÓ�ß�Í|Ê�×7Ö�ÔõÐ�Ó�Í|Ø�ó�×�× Ï�×�â

Ð�Ë1Ò0×7Ö6ÍÜï�Ý1Í|Ê!Í ê
C2H6 → 2CH3

CH3 + C2H6 → CH4 + C2H5

C2H5 � C2H4 + H

H + C2H6 � H2 + C2H5

2C2H5 → C2H4 + C2H6

^ ñ�Ð�Ê!Í*Ò _�`$a È ê é bcbcd ê7÷"ê¡4�4 Õ e é



���������
	���
�����������
�����������
����������������! �	"�#�$������%'&(�
�)�*&(�$�,+-�/.
��������&0�����1	"��
��$�*�32�2�2 465�5

� Ö�ÔuÓ�Ð(Î�Ù¢Ý�É/Î^É3Ï�Ë � Ð�Ó�å©Ê�Ë�É�Ý�ä�ÙMØ�Ë�Ê�ó�Ó�Ê7Ý�Ð!Í|ó�×�×[à�Ó�Ý�ÞXÐ�Ó�ß[Ì�Ó�Ú©Ó�É�Ý�Ì�î
C2H6

Õ
CH4

Õ
C2H4

Õ
H2 �Ê�Ó�×7Ö�ÔuÓ�Ð(Î�Ù¢Ý�É/Î�Ø�Ë�Ê�ó�Ó�Ê7Ý�Ð!Í|ó�×�×�Ï�Ð�Ë�ÔuÓ�ôfñ�Ý�Ë�à�Ê�Þ"ß'Ì�Ó�Ú©Ó�É�Ý�Ì�î

CH3

Õ
C2H5

Õ
H
ê

ì Ð�Ó�Û�Ï�Ë1Ò0Ë6ô�×�ÔXÕ0à7Ý�Ë[Ï�Ð�Ë�ÔuÓ�ôfñ�Ý�Ë�à�Ê�ÞXÓ©Ì�Ó�Ú©Ó�É�Ý�Ì(Í�Ï�Ë�Û�à�×�Ê7Î�Ù¢Ý�É/Î�ñ�É�Ò0Ë�Ì�×7Î�ÔøØ�Ì(Í1Ö�×�É�Ý1Í|ó�×�Ë�Ê!Í|Ð�â
Ê�Ë�É�Ý�× ê _ ×�É�Ý�Ó�ÔxÍfË�Ñ�ÞXØ�Ê�Ë�Ì�Ó�Ê�Ê�Þ"ß[Û�×�í�í�Ó�Ð�Ó�Ê�ó�×!Í*Ò0ä�Ê�Þ"ßEñ�Ð!Í|Ì�Ê�Ó�Ê�×�á'×�ÔuÓ�Ó�Ý�Ì�×�Û

dx1

dt
= −k1x

′

1
− k2x

′

1
y1 − k4x

′

1
y3 + k40x

′

4
y2 + k5y

2

2
= f11,

dx2

dt
= k2x

′

1
y1 = f12,

dx3

dt
= k3y2 + k30x

′

3
y3 + k5y

2

2
= f13,

dx4

dt
= k4x

′

1
y3 − k40x

′

4
y2 = f14,

2k1x
′

1
− k2x

′

1
y1 = f21 = 0,

k2x
′

1
y1 − k3y2 + k30x

′

3
y3 + k4x

′

1
y3 − k40x

′

4
y2 − 2k5y

2

2
= f22 = 0,

k3y2 − k30x
′

3
y3 − k4x

′

1
y3 + k40x

′

4
y2 = f23 = 0.

ì ñ�É�Ý�ä�×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞXÓSÉ�Ï�Ë � Ð�Ó�å©Ê�Ë�É�Ý�ä�Ù Ø�Ë�Ê�ó�Ó�Ê7Ý�Ð!Í|ó�×�×�×�É�ß(Ë�Û�Ê�Þ"ß'Ì�Ó�Ú©Ó�É�Ý�Ì[×�ÔuÓ�Ù¢Ý�Ì�×�Ûpî

x′

i = xi + xiε, 1 6 i 6 4.

÷ Ë � Û
ÍÜÌ�Ó�Ø7Ý�Ë�ÐEË�Ï�Ð�Ó�Û�Ó�Ò!Î�Ó�ÔuÞ"ß'Ï!Í|Ð!Í|ÔuÓ�Ý�Ð�Ë�Ìf×�ÔuÓ�Ó�Ý�Ì�×�Ûpî

k′(k, ε) = (k1, k2, k3, k4, k5, k30, k40, ε1, ε2, ε3, ε4)

� Ò!Î Ì�ÞXà�×�É�Ò0Ó�Ê�×7Î ÔxÍ1Ý�Ð�×�ó�Þ
U
Ï�Ð�Ë�Û�×�í�í�Ó�Ð�Ó�Ê�ó�×�Ð7ñ�Ó�ÔýÌ�ÞXÐ!Í1ô¼Ó�Ê�×7Î

f11, f12, f13, f14, f21, f22, f23Ï�Ë
k′
×

y
Õ�Ï�Ë�Û�É�Ý1Í|Ì�×�Ô Ì � é ê é � ê

a Í1Ý�Ð�×�ó!Í
U
×�ÔuÓ�Ó�Ý[Ð!Í1Ö�ÔuÓ�Ð�Ê�Ë�É�Ý�ä

(4 × 11)
ê & Ó�ï�Ò0Ó�ÔuÓ�Ê7Ý�Þ Ì�Þ � Ò!Î�Û0Î7Ý�É�Ò0Ó�Û0ñ�Ù¢Ú©×�ÔøË�Ñ�Ð!Í1Ö�Ë�ÔXî

u11 = −2x′

1

(

1 +
k3k4x

′

1
− k30k40x

′

3
x′

4

4k5y2 (k30x
′

3
+ k4x

′

1
)

) Õ
u12 = 0

Õ

u13 = −y2

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ
u14 = −x′

1
y3

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ

u15 = 2y2

2

k3k4x
′

1
− k30k40x

′

3
x′

4

4k5y2(k30x
′

3
+ k4x

′

1
)

Õ
u16 = x′

3
y3

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ

u17 = x′

4
y2

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ
u19 = 0

Õ

u18 = −2k1x1

(

1 +
k3k4x

′

1
− k30k40x

′

3
x′

4

4k5y2 (k30x
′

3
+ k4x

′

1
)

)

− k4y3x1

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ

u1,10 = k30x3y3

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ
u1,11 = k40x4y2

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ
u21 = 2x′

1

Õ
u22 = u23 = u24 = u25 = u26 = u27 = 0

Õ
u28 = 2k1x1

Õ
u29 = u2,10 = u2,11 = 0

Õ
u31 = x′

1

(

1 +
k3k4x

′

1
− k30k40x

′

3
x′

4

4k5y2(k30x
′

3
+ k4x

′

1
)

) Õ
u32 = 0

Õ
u33 = y2

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ

u34 = x′

1
y3

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ
u35 = −2y2

2

k3k4x
′

1
− k30k40x

′

3
x′

4

4k5y2(k30x
′

3
+ k4x

′

1
)

Õ

u36 = −x′

3
y3

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ
u37 = −x′

4
y2

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ
u39 = 0

Õ

u38 = k1x1

(

1 + 2
k3k4x

′

1
− k30k40x

′

3
x′

4

4k5y2 (k30x
′

3
+ k4x

′

1
)

)

+ k4y3x1

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ

u3,10 = −k30x3y3

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ
u3,11 = −k40x4y2

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ

u41 = 2x′

1

k3k4x
′

1
− k30k40x

′

3
x′

4

4k5y2(k30x
′

3
+ k4x

′

1
)

Õ
u42 = 0

Õ
u43 = y2

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ
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u44 = x′

1
y3

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ
u45 = −2y2

2

k3k4x
′

1
− k30k40x

′

3
x′

4

4k5y2(k30x
′

3
+ k4x

′

1
)

Õ

u46 = −x′

3
y3

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ
u47 = −x′

4
y2

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ

u48 = 2k1x1

k3k4x
′

1
− k30k40x

′

3
x′

4

4k5y2(k30x
′

3
+ k4x

′

1
)

+ k4y3x1

k30x
′

3

k30x
′

3
+ k4x

′

1

Õ
u49 = 0

Õ

u4,10 = −k30x3y3

k4x
′

1

k30x
′

3
+ k4x

′

1

Õ
u4,11 = −k40x4y2

k30x
′

3

k30x
′

3
+ k4x

′

1

ê
a Í1Ý�Ð�×�ó!ÍfÉ�Ì|Î7Ö�Ó�áEÌ�Þ � Ò!Î�Û�×7Ý[É�Ò0Ó�Û0ñ�Ù¢Ú©×�Ô Ë�Ñ�Ð!Í1Ö�Ë�ÔXî

A =









































0 0 0 0 0 k1

1 1 1 1 1 1

0 0 k3

k5

0 0 0

0 k4 0 0 0 k4

0 0 2 0 0 0
0 k30 0 0 −k30 0

0 0 k40

k5

−k40 0 0

0 0 0 0 0 −(1 + ε1)
1 1 1 1 1 1
0 0 0 0 (1 + ε3) 0
0 0 0 (1 + ε4) 0 0









































� 57ê 4 �

� Í|ÔuÓ�Ý�×�ÔXÕlà7Ý�Ë Ì)ÔxÍ1Ý�Ð�×�ó�Ó
U
ÕlÌ�Ë�Ì|Ý�Ë�Ð�Ë�ÔüÉ�Ý�Ë1Ò0Ñ�ó�Ó|ÕuÉ�Ë�Ë|Ý�Ì�Ó�Ý�É�Ý�Ì|ñ�Ù¢Ú©Ó�Ô Ø�Ë�Ê�É�Ý1Í|Ê7Ý�Ó

k2

Õ-×þÌ
Û�Ó�Ì|Î7Ý�Ë�ÔýÉ�Ý�Ë1Ò0Ñ�ó�Ó|ÕlÉ�Ë�Ë|Ý�Ì�Ó�Ý�É�Ý�Ì|ñ�Ù¢Ú©Ó�ÔöÏ�Ë � Ð�Ó�å©Ê�Ë�É�Ý�×

ε2

ÕpÉ�Ý�Ë6Î7Ý b ê � Ý�Ë Ë|Ö�Ê!Í6à!Í|Ó�Ý*Õlà7Ý�Ë)Ø�Ë�Ê�ó�Ó�Ê�â
Ý�Ð!Í|ó�×�×E×7Ö�ÔuÓ�Ð(Î�Ó�ÔuÞ"ß'Ì�Ó�Ú©Ó�É�Ý�Ì[Ê�Ó�Ö6Í|Ì�×�É/Î7Ý�Ë|Ý

k2

×
ε2

ê
_ ×�É�Ý�Ó�ÔxÍfÉ�Ë�Ë|Ý�Ì�Ó�Ý�É�Ý�Ì|ñ�Ù¢Ú¼Í1Î � 57ê 4 � Ñ|ñ�Û�Ó�Ý�×�ÔuÓ�Ý�äfÌ�×�Ûpî

k4

∂ρ
∂k4

+ k30

∂ρ
∂k30

= 0

k3

k5

∂ρ
∂k3

+ 2
∂ρ
∂k5

+ k40

k5

∂ρ
∂k40

= 0

−k40

∂ρ
∂k40

+ (1 + ε4)
∂ρ
∂ε4

= 0

−k30

∂ρ
∂k30

+ (1 + ε3)
∂ρ
∂ε3

= 0

k1

∂ρ
∂k1

+ k4

∂ρ
∂k4

− (1 + ε1)
∂ρ
∂ε1

= 0

÷ Í|Ø�×�ÔçË�Ñ�Ð!Í1Ö�Ë�ÔXÕ�Ê�Ó�Ö6Í|Ì�×�É�×�ÔuÞXá^Ñ(Í1Ö�×�É�Ð�Ó�å©Ó�Ê�×�áKÔuË6ô¼Ó�Ý¼É�Ë�É�Ý�Ë6Î7Ý�ä¼×7ÖPÉ�Ò0Ó�Û0ñ�Ù¢Ú©×�ßKØ�Ë�ÔuÏ�Ë�Ê�Ó�Ê7Ý

ρ1 = k30

k4

,

ρ2 =
k2

3

k5

,

ρ3 = k1 + k4

k1k4(1 + ε1)
,

ρ4 = k30(1 + ε3),
ρ5 = k40(1 + ε4)

ê

� 57ê é �

÷ Í|Ø�×�ÔõË�Ñ�Ð!Í1Ö�Ë�ÔXÕ�Û�Ë�É�Ý|ñ�Ï�Ê!Í1Î ï�Ø�É�Ï�Ó�Ð�×�ÔuÓ�Ê7Ý1Í*Ò0ä�Ê!Í1Îð×�Ê�í�Ë�Ð�ÔxÍ|ó�×7ÎmÌEÔuÓ�ß�Í|Ê�×7Ö�ÔuÓ�Ð�Ó�Í|Ø�ó�×�× Ï�×�â
Ð�Ë1Ò0×7Ö6Í^ï�Ý1Í|Ê!Í^Ï�Ë|Ö�Ì�Ë1Ò!Î�Ó�ÝKË�Ï�Ð�Ó�Û�Ó�Ò0×7Ý�ä'Ê�Ó¼Ì�É�Ó©É�Ó�ÔuäK×�É�Ø�Ë�ÔuÞ"ß Ø�×�Ê�Ó�Ý�×�à�Ó�É�Ø�×�ß Ø�Ë�Ê�É�Ý1Í|Ê7Ý*ÕpÍ�Ý�Ë1Ò0ä1â
Ø�ËKÏ7Î7Ý�äE×�ß Ê�Ó�Ö6Í|Ì�×�É�×�ÔuÞ"ßmÏ!Í|Ð!Í|ÔuÓ�Ý�Ð�×�à�Ó�É�Ø�×�ßçí�ñ�Ê�Ø�ó�×�á¡Õ¡Ö6Í6Û
Í|Ì(Í|Ó�ÔuÞ"ß É�×�É�Ý�Ó�ÔuË�áçí�Ë�Ð�Ôlñ6Ò � 57ê é � ê
È�Ý�ÔuÓ�Ý�×�ÔXÕlà7Ý�Ë�Ø�Ë�ÔuÏ�Ò0Ó�Ø�É�Þ

ρ4

×
ρ5

Ó�É�Ý�ä)Ê�Ó�à7Ý�Ë)×�Ê�Ë�Ó|ÕpØ�Í|ØðØ�×�Ê�Ó�Ý�×�à�Ó�É�Ø�×�ÓKØ�Ë�Ê�É�Ý1Í|Ê7Ý�Þ
k30

×
k40

Õ0É�Ý�Ë�à�Ê�Ë�É�Ý�ä�Ù
ε3

×
ε4

É�Ë�Ë|Ý�Ì�Ó�Ý�É�Ý�Ì�Ó�Ê�Ê�Ë ê ` Ý�Ë�ô¼ÓIÌ�Ð�Ó�ÔlÎ'Ì�×�Û Ø�Ë�ÔuÏ�Ò0Ó�Ø�É�Í
ρ3

Ê�ÓSÏ�Ë|Ö�Ì�Ë1Ò!Î�Ó�Ý
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