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� ��ç#å��#ì½ê�í�áðêeí«â ä(âKî#å>ïí«ç#å �Aî&áðê�í½ì½á$�#ó&í«åaî !Õå>ïãå>æÿí«ì½â.ä�åaæ¡çlè.é#áãæQè.ï �)å>ç#è�	Káãâ<ìzâ��Êí½ç#å ç#åQè�ì�í�è.é#î�í«âPò)å>ìG�Lâ<ì½äéKó&ä�åaì½áðæ>è.ï ê�áðäNó&ïdè�í½áðâ<é#ê$â��]í«ç&åyä�âKî#åaï+�Kç#å>é#æaå�í«âGâ �&í«è.áðé èNò#ç #�ê�áðæ>è.ïðï #_ô �lè.ê�å>î! 
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�yê�å>å �Lâ<ì~å � è.ä(ò#ïðå/.1020 � M43 �%0 3�5 è.é#î�í«ç#å ì½å0�Lå>ì�å>é#æaå>êí«ç#åaì½å>áãé � �+éPí«ç#åØè.ò#ò&ì½â�è.æ¡çÐò#ì½â.ò'â<ê�å>îÐáðéPí«ç#áãê(ò#è.ò'åaì �Âå � â���æ>â<ó&ì½ê½å � î&â é#â�íáðé�í«åaé#îÐí½âqä(å>åÿí�è.ïðïpí½ç#åzæ¡çlè.ïãïðå>é&ñ<å>ê(è.é#îRå>é&æ>â<ä(òlè.ê�ê(í½ç#åzäÕè.é #Pè�ê½ò)å>æaí½ê�â���í«ç&å
�lå>ïãî �76�å0	<åaì�í«ç&å>ïðåaê½ê
�4í½ç#å��Lâ�æaó#ê¹è.é#î â<ì�áðñ<áãélè.ïðáÃí #zâ��$â<ó#ì �Ââ<ì>�ÒäÕè.áãé#ï$#�ïãáðå>ê�áðé í«ç&å
�Lâ<ïðïãâ6�eáãé#ñ�í �Ââ�áãî#åQè�ê	8

• 9 å~ò#ì½â<ò)â<ê�åzè.éPè.æaí½á$	.å���å>ïãå>æaí½ì½áãæQè.ïãï$#�ô
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��ç#åÊâ.ó&í«ïãáðé#åyâ��1í½ç#å¹òlè.ò)å>ìeáðêeè.êA�Lâ.ïðïðâ��eê
� ��ç#å �Lâ<ì�í½ç#æ>â<ä(áðé&ñGê½å>æÿí«áãâ<ézò#ì½åaê½å>é�í½ê�í«ç&å
�Lâ<ì½äNó&ïdè�í½áðâ<éoâ���í«ç#å�æ>â.ä�ò#ïãåaí½å ����� !Nå � æaáãí¡è�í«áðâ.é�ô+æaâ<é�í«ì«è�æaí«áãâ<éPä�âKî#åaï+� ��ç#åØé&å � íê½å>æÿí«áãâ<é�áðêÊî#å
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	�ôáðâ<ì�ê�� �+é���åaæaí«áãâ<é�
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�Háðé#è.ïðï # �ÂåNñ<á$	.å�ê�â<ä�å�æ>â.é#æ>ïãó#î#áðé&ñì½å>ä�è.ì-�Kêeáãé��Kå>æaí½áðâ<é�� �

� ��������� ������ù4ø�� ú(û�� �
�+é�â<ì�î#å>ìGí«âqæ>â.é#ê�í½ì½ó#æÿí è ä�âKî#åaïgî#å>ê�æ>ì�á��#áãé#ñqí½ç#åzí«ç#ì�å>åÿô,î#áðä(å>é&ê½áðâ.élè.ï ����� !Gå>ïãå>æÿôí«ì½â.ä�åaæ¡çlè.é#áãæQè.ï �)å>çlè
	Káðâ<ì�â��1í«ç#åÊç#åQè.ì�í
�lí«ç&å �Lâ<ïãïðâ��eáðé#ñGä�è���â<ìeáãé#ñ<ì½åaî#áðåaé�í«ê�è.ì½å�ì½åZô
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•
èzæ>â<é#ê�í«áÃí«ó&í½á$	<å(ïdè
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ξ ∈ [0, 1]
�Lâ<ì�ê½â.ä�å(ä�áãæ>ì�â<ê½æaâ<ò#áðæ(ê�í½ì«è.áãé !0� �)å>æ>â.ä�å�ïðá���å>ï #Ìí«â

�#áðé#î �eáãí½ç~í«ç#å �#áãé#î#áðé&ñGì«è�í½å
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ε̇c

�]â<ì�í«âzí«ç#å�è.æÿí«áðâ.éqâ��pí«ç&åæQè.ïãæ>áðó&ä ò#ó#ä(ò#ê"ó#é&î#å>ì"í«ç&ågí«ç#ì�å>ê½ç&â<ïðî
C̄

�Kâ.ìHí«â¹ïdè�ì½ñ<å8	�è.ïãó#å>ê"â��
ξ

� ��ç#åeó#é �#áãé#î#áãé#ñì«è�í½å�áðê
g

� ��ç#å¹ò#ì�å
	Káðâ<ó&ê�æaâ<é#î#áÃí«áãâ<é#ê�è.ì�å�í«ì½è.é#ê�ïdè�í½å>îzáðé�í«âNí½ç#å �Lâ<ïãïðâ��eáðé#ñ �Lâ<ì½ä�ó#ïdè.å
� �eç#åaì½å
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f(ξ, t) = kATP .ICaTnC≥C̄ .Iξ∈[0,1],

g(ξ, t) = α|ε̇c| + kSR.ICaTnC<C̄ + kATP .ICaTnC≥C̄ .Iξ /∈[0,1].

��ç#å±òlè.ì«è�ä�åÿí«å>ì
kATP

ì�å>ò#ì�å>ê�å>é�í«ê�í«ç#å±ì«è�í«åGâ���í«ç&å(æ¡ç&å>ä(áðæQè�ï�ì½å>è.æaí½áðâ<éÌò#ì�â�	�áãî#áðé&ñå>é#åaì½ñ�# �Lì�â<ä�í½ç#å±ç #�î&ì½â<ï #�ê�áðê�â���$ ���?í½â~í«ç#å±ä(â<ïðåaæ>ó#ïðè.ì�ä(â.í½â<ì½êyáãéÌí«ç#åGê½è.ì½æaâ<ä±ôå>ì½å�� �eç&å>ì½å>è.ê
kSR

î&å>é#â.í½å>ê�í«ç#å�ì«è�í½åÊâ�� �#ì½áãî#ñ<å¹î#åaê�í«ì�ó#æaí½áðâ<éØî#ó#å�í«âÕê½è.ì½æaâ<ò#ïðè.ê½ä(áðæì½åaí½áðæaó#ïðó#ä ò#ó&ä�ò#ê�ì½å>ä(â�	Káðé#ñ æ>è.ïðæaáðó#ä áãâ<é#ê��Lì�â<ä í«ç#åNí½ì½â<ò)â<é#áãé ����ç&åGòlè.ì«è�ä�åÿí«å>ì
α
áãê�î#áðä(å>é&ê½áðâ.é#ïðåaê½ê�è.é&îØò)â<ê½áÃí«á 	<å��

�,í �eáãïðï'�'å¹æ>â.é 	.å>é#áãå>é�í�í«â±î#å��#é#å�èGé#å0�Tæ>â.é_í½ì½â<ï 	�è.ì�ádè��&ïðå
u(t) = kATP .ICaTnC (t)≥C̄ − kSR.ICaTnC (t)<C̄ê½â í«çlè�í

f(ξ, t) = |u(t)|+.Iξ∈[0,1]

è�é#î
f(ξ, t) + g(ξ, t) = α|ε̇c| + |u(t)|

�eç#åaì½å
|u|+ = max(0, u) = kATP .ICaTnC (t)≥C̄

è.é#î
|u|− = max(0,−u) = kSR.ICaTnC (t)<C̄è.ì½å $ ���Pæ>â.é#ê½ó#ä(ò&í½áðâ<é ì½è�í«åaêgî#ó#ì�áðé#ñÊæ>â<é�í½ì«è.æÿí«áðâ.é~è.é#îzè.æÿí«á 	<åyì�å>ïdè � è�í«áðâ.é�ì�å>ê½ò)å>æZôí«á$	.å>ï # �
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�

�]åÿí
n(ξ, t)

�'åzí«ç#å�î#åaé#ê½áÃí #Ðâ���æ>ì�â<ê½ê
ô �#ì�áðî#ñ<åaê �eáÃí«çRê�í½ì«è.áãé
ξ
è�í(í«áãä�å

t
� ��ç#åaé �

1�ó � ïðå0# � ê�ä�âKî#åaïWáðê�8
∂n

∂t
+ ε̇c

∂n

∂ξ
= (1 − n)f − ng, σc(t) = −d(εc)

∫ +∞

−∞

∂W am

∂ξ
ndξ + µcε̇c.

$ òlè.ì«è��'â<ïãáðæ
W am áãêNæ¡ç#â<ê�å>éRáðé .5
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−∂W am

∂ξ
= k0ξ0 + σ0ξ

� ��ç#å~ò#è.ì«è.ä(åaí½å>ì�ê
k0

è.é#î
σ0

è.ì½å±ì½åaïdè�í½å>îÌí«â~í½ç#å±éKó&ä��'åaì�è.é#î ê�í½á � é#å>ê�êÊâ��pè
	�è.áðïðè��#ïðå�è.æaí½áðé�ô,ä #<â.ê½áðéæ>ì½â.ê½ê�ô �#ì½áãî#ñ<åaê�áãézí½ç#å¹ê«è.ì�æ>â<ä(å>ì�å��
µc

áðê�è�	Káðê�æ>â<ê�áãí #zòlè.ì½è.ä(åaí«åaìeè.é#î
ξ0

áðêeè±ê�í½ì«è.áãéæ>â<é#ê�í¡è.é�í�� ��ç#å±ê½æ>è.ïðáãé#ñÕí½å>æ¡ç#é#á$�_ó#åGí«â~æ>â.ä�ò#ó�í«å
σc

ïðå>è.î#ê�í½â~áðé�í«ì�â�î#ó&æ>áðé&ñ
kc

è�é#î
τc

�lì�å>ê½ò)å>æÿí«á 	<å>ï #zò#ì½â.ò'â<ì�í«áãâ<élè.ï%í«â±í«ç#å �aå>ì½â(è.é&î&�lì�ê�í�ô+â<ì�î#å>ìeä(â<ä�åaé�í«ê�â��
n
8

kc(t) = k0

∫ +∞

−∞

n(ξ, t)dξ
è.é#î

τc(t) = σ0

∫ +∞

−∞

ξn(ξ, t)dξ.
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



τ̇c = kcε̇c − (α|ε̇c| + |u|)τc + σ0|u|+, τc(0) = τc0 ,

k̇c = −(α|ε̇c| + |u|)kc + k0|u|+, kc(0) = kc0,
σc = d(εc)(τc + kcξ0) + µcε̇c,
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u > 0
î&ó#ì½áãé#ñNæ>â.é_í½ì«è.æÿí«áãâ<éè.é#î

u < 0
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àpå>æ>è.ó#ê½å�â���ïdè.ì�ñ<å�î#å
�Lâ<ì�äÕè�í«áðâ.é#ê���í«ç&å�áðé&î#á$	Káðî&ólè.ïlî#å0�Lâ<ì½ä�è�í«áãâ<é#ê �eáãí½ç#áðé(í«ç#å�è.æaí½á$	.å
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1 + 2ε1D = (1 + 2εc)(1 + 2εs),
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.
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Σ
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= ρ0
∂W e

∂E
,

ρ0

�'åaáðé#ñ(í«ç#åÊî#å>é#ê�áãí #Øå � ò#ì�å>ê½ê�å>îqáðé�í«ç#åÊì½å
�Låaì½åaé#æ>åGê�í¡è�í½åNè.é#î
W e èÕç #Kò)å>ì½åaïdè.ê�í«áãæê�í«ì½è.áðé åaé#å>ì�ñ�# ò'â�í«å>é�í½ádè.ï)� 9 ç#å>é 	Káðê½æaâ<ê½áÃí #Ìáðê�æaâ<é#ê�áðî#åaì½å>î �4í½ç#å �pïdè.ó#ê�áðó#ê
ô ��ó&ç#å>äáðé#å
�Kó#è.ïðáÃí # �)å>æ>â.ä�åaê

(
Σ

p
− ρ0

∂W e

∂E

)
: Ė ≥ 0, ∀E, Ė,

è.é#îqè 	�áãê½æaâ<ó#ê�ò#ê�å>ó#î#â�ô+ò)â.í«åaé_í½ádè.ï
W v(E, Ė)

è.æaæ>â<ó#é�í½áðé#ñ �Lâ<ì�å>é#åaì½ñ�#Ìî&áðê½ê�áðòlè�í«áðâ.éâ<ó#ñ<ç�íeí«â±ê«è�í«áðêG� #
∂W v

∂Ė
: Ė ≥ 0, ∀Ė.
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��ç#áðê�ç#â.ïðî#ê � áãé�òlè.ì�í½áðæaó#ïdè.ì � �eç#å>é
W v áãê]ègæ>â<é 	.å � �Ló#é#æÿí«áãâ<é�â��

Ė
�eáãí½ç ∂W v

∂Ė
(0) = 0

�
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Σ

p
(E, Ė) = ρ0

∂W e

∂E
+

∂W v

∂Ė

= Σe

p
(E) + Σv

p
(E, Ė).

� �Ââ �Aè.ä(áðïãáðåaêÊâ���ä�è�í«åaì½ádè�ïpïdè
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W e
1 = κ1(Ĩ1 − 3) . . .

é&å>â�ô 1�âKâ �.å>è.é�í½å>ì�ä
W e

2 = κ2(Ĩ2 − 3) . . .
��â�â<é&å
#�ô �eá$	KïðáãéÕí«åaì½ä

W e
3 = κ3(e

η(Ĩ1−3) − 1) . . .
��åaì½â<é&îlè�ô 9 å>ê�í«ä�è.é#é~í«åaì½ä
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W e = κ1(Ĩ1 − 3) + κ2(Ĩ2 − 3).
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	�áãâ<ì�� �Âå¹ó#ê½åaî
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����� ��� � � �<Û �4Þ � � �	��� ��
)×z×
� � 
 � �AÛ �4Þ 
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Σ = −pJC−1 + Σe
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(E) + Σv
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�eç#å>ì�å í«ç#å~êG#�ä �'â<ï
⊗

î&å>é#â.í½å>êNí½å>é#ê�â<ì½áðè.ïpò#ì�â�î&ó#æaí��"ç#å>é#æaå í«ç#å í½å>ì�ä
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	Káðâ.ì�î#å>ê�æ>ì½á$�'åaî � #

W vol = K(J − 1) − K ln J,
∂W vol

∂E
= −pJC−1,

�eáãí«ç
p = K(1−J

J
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�
K
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(E, Ė)
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• σ1D

æQè.é �)åyå � ò&ì½å>ê�ê½åaîÒè.êpè �Ló#é#æÿí«áðâ.é â��
E

�Íí«ç#ì�â<ó#ñ<ç
ε1D

�&ê½åaå � M)3 !-!$è.é#î
εcó#ê½áãé#ñ � �Kê
�J� M M !:� � M 0 !0�lè�é#î�í½ç#å¹ê½åaì½áðåaêeå>ïðåaä�åaé�íeå>ïdè�ê�í«áãæ�ïdè
� �#élè�ä�åaï$# �

σ1D =
σs

1 + 2εc
=

Es[(ε1D − εc)/(1 + 2εc)]

1 + 2εc
,
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è.é#î
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	Ká����

σc
1 + 2εc

1 + 2ε1D
=

Es[(ε1D − εc)/(1 + 2εc)]

1 + 2εc
,
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�]åÿíyó#ê�æ>â.é#ê½áãî#å>ì�è�ò)â<áðé�í
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�'åaïðâ<é#ñ.áðé#ñGí«â(í«ç#å�æ>ó&ì-	<å

∆
�Aê�â<ïðáãî�ò#è.ì�í"!eâ��,�Háðñ � 
 �%á$�

A(t) î&å>é#â.í½å>ê�í«ç&å�ò)â<ê�áãí«áãâ<é~â��
A
è�í�í«áãä�å

t
í«ç&å>ézí«ç#å �Lâ<ì�æ>å¹è.æÿí«áðé&ñ(â.é

A
áãê

F A = k(A(0) − A(t)) − cȦ(t).

��ç#å 	.å>ïãâ�æaáãí #Õí½å>ì�ä
Ȧ(t) áðê�î#áãê½æaì½åaí½á��aå>îØè.ê Ȧ(t) ≈ 1

∆t
(A(t) − A(t−1))
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1�â��på0	<åaì��<áÃí�áðê�é#åaæ>åaê½ê«è�ì-#�í«â�è.ïãïðâ�� í«ç#å �#è.ê½å"í«âeó#é&î#å>ì�ñ<â�ê�áðñ<é&á+�læ>è.é�í�î#áðê�ò#ïdè�æ>å>ä(å>é�í½êáðéÔí½ç#å�í½ì«è.é#êG	<åaì½ê½å

(~x, ~y)
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1�å>é&æ>å�� �Lâ<ì�è�ò'â.áðé�í
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�)å>ïðâ.é#ñ<áðé&ñ�í«âyí½ç#ågîlè�ê½ç#åaî(ò#è.ì�í�â��
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�Âå�ò#ì½åaê½æaì½á��)ågí«ç&å8�Lâ<ì½æaå
F B = kΠz(B

(0) − B(t)) − cΠzḂ
(t)

,

Πz
�)å>áãé#ñGí«ç#å¹ò#ì�â:��å>æÿí«áãâ<ézâ<é~í«ç#å

~z
è � áðê
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$�î#å��_ólè�í½å�áãé#áãí½ádè.ï�æ>â<é#î&áãí«áãâ<é#ê"é#åaå>î �'å�ò#ì½åaê½æaì½á��)å>î �&è.ïÃí«ç#â.ó#ñ<ç±áðé(ò#ì«è�æaí«áãæ>å�í«ç&å
#(è.ì�å
	<å>ìG#�î#á � æ>ó&ïãíeí«â(å>ê�í«áðä�è�í½å�� 9 å�æ>â<é#ê�áðî#åaì½åaî è.éØáðé#áÃí«ádè�ï'í«áãä�å

t0
æ>â<ì�ì½åaê½ò)â<é#î#áãé#ñ�í½âí«ç#å�åaé#î±â��lí«ç#å �#ïðïðáãé#ñ�á+� å��

q = −V̇ = 0
è.é#î

u ≡ 0
��è.é#î��Âå�ò#ì½åaê½æaì½á��)å>î� +ì½åQè�ïðáðê�í«áãæ
"áðé#áÃí«ádè�ï 	�è.ïðó&å>ê �Lâ<ì"í«ç#åeî#áãê½ò#ïðè.æ>åaä�åaé�í«ê

y(M, t0) = y0(M)
��í«ç&å�æaâ<é�í«ì«è�æaí«áãïðå�ê�í«ì«è�áðé#ê
�ê�í«á � é&å>ê½ê�å>ê~è�é#î�ê�í«ì½åaê½ê�å>ê �Aé#è.ä�åaï$#��

εc(M, t0) = εc,0(M)
�

kc(M, t0) = kc,0(M)

M �
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