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Abstract

In this paper we study large time behaviors toward shock waves and rarefaction waves

under periodic perturbations for inhomogeneous Burgers equation. We show that for

shock waves, after a finite time, the perturbed shock actually consists of two periodic

functions contacting each other at a shock, and this shock curve oscillates on both

sides of the background shock curve. Both of perturbed shock waves and perturbed

rarefaction waves tend to zero in the L∞ norm.
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1. Úó

�©ïÄXeÐ�¯K���m1�

ut + (
u2

2
)x = −u, x ∈ (−∞,+∞), t > 0, (1.1)

u(x, 0) =

 ūl + ω0(x), x < 0,

ūr + ω0(x), x > 0,
(1.2)

Ù¥ ūl, ūr �~ê, ω0(x)´±Ï� p(> 0) �¼ê.�
�BO�,·�-

1

p

∫ p

0

ω0(x)dx ≡ 0.
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Üî�§o�

�§ (1.1)´Xe�àgÅðÆ�§�AÏ�¹

ut + f(u)x = g(u), x ∈ (−∞,+∞), t > 0, (1.3)

Ù¥ f(u) ∈ C2(R)� f ′′(u) > 0, g : R→ R�1w¼ê.

éu���Ð�

u(x, 0) = u0(x), (1.4)

·���¯K (1.3)(1.4)=BÐ�1w,Ù)��UduA�3k��mS���».Ïd3Ï

~�¹e (1.3)(1.4)�1w)´Ø�3�.�·��Ä (1.3)(1.4)�f).XJ¼ê u(x, t)´¯K

(1.3)(1.4)�f),¿�éA�¤k� t > 0, u(x, t)÷ve¡��^�

u(x−, t) ≥ u(x+, t), (1.5)

@o·�¡ u(x, t)´¯K (1.3)(1.4)��).

,	éu¯K (1.3)(1.4), Kruzkov3 [1]¥|^Ê5��{y²
éu?¿ÛÜk.C��Ð

�,¯K (1.3)(1.4)�3����NN�N).AO/,��Ø�L�5O��,é?¿�ÛÜk.

C�Ð� u0,¯K (1.3)(1.4)3BV�m¥k����NN�N).

� g(u) = 0�,¯K (1.3)(1.4))�ìC/�®²�2�/ïÄ.~X,� u0(x) ∈ L∞ ∩ L1 �,

�)3 L∞ �ê�¿Âe± t−1 ��ÇP~�0.� u0(x) k.¿äk;|8�,�)3 L1 �ê�

¿Âe± t−1/2 ��Çªu N− Å,� [2] [3].�Ð�äk±Ï5�, GlimmÚ Lax [4]y²
�)

± t−1 ��ÇP~�Ð�3��±Ïþ�²þ.éuiù¯K,"� [5]y²
�iùÐ�±Ï6Ä,

-Å)6Ä�± t−1 �Çªu�-Å),DÕÅ)6Ä�3 L∞ �ê�¿Âe± t−1/2 �Çªu�

DÕÅ).3"�Ä:þ,�� [6] �iùÐ�ØÓ�±Ï6Ä,¿y²
-Å6Ä��éu�-Å

�) £.DÕÅ)6Ä�3 L∞�ê�¿Âe± t−1/2 ��Çªu�DÕÅ).

� g(u) 6= 0�,�àg¯K (1.3)(1.4)�kX�þ�ïÄ. Lyberopoulos [7]y²
3 g(u) = u�

�¹e,eÐ�´ëY�±Ï¼ê,3��±Ïþþ��",¿� f(0) = f ′(0) = 0, uf ′(u) > 0, u 6=
0,@o¯K (1.3)(1.4)�)ªu1Å)�Å��". Fan [8]ïÄ
�\����,3 g(u)äkk

��":��3~êM0 > 0,¦�é?¿� |u| > M0 Ñk ug(u) < 0 �b�^�e,eÐ�´Û

Ü�C�k.�±Ï¼ê,@o¯K (1.3)(1.4)�)�oÂñu g(u) �,�":,�oÂñuÅ�

� f ′(a2n+1)�1Å),Ù¥ a2n+1 L« g(u)�1 2n+ 1�":.² [9]3dÄ:þé���¦?

1~f,�Ä
 g(u) ∈ C(R)äkk��":¿�3 a2n+1NCØ�L�5O�,y²
eÐ�´Û

Ü�C�k.�±Ï¼ê¿�þ��u a2n+1,@o¯K (1.3)(1.4)�)ªuÅ�� f ′(a2n+1)�1

Å).

�6Ä ω0(x) = 0�,¯K (1.1)(1.2)�iù¯K. Mascia [10] ��
:

� ūl > ūr�, (1.1)(1.2)�)�-Å){¡�µ-Å),LãXe.

uS(x, t) =

 ūle
−t, x < S(t),

ūre
−t, x > S(t),

(1.6)

Ù¥-Å� S(t) = (1− e−t)(ūl + ūr)/2.
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� ūl < ūr�, (1.1)(1.2)�)�DÕÅ){¡�µDÕÅ),LãXe,

uR(x, t) =


ūle
−t, x < (1− e−t)ūl,

ũ(x, t), (1− e−t)ūl < x < (1− e−t)ūr,

ūre
−t, x > (1− e−t)ūr,

(1.7)

Ù¥ ũ(x, t)d [10]¥�½Â 2.4�Ñ.

·�uy� t → ∞ �, �µ-Å)��müà± e−t �ÇP~�0, �µ-Å�ªu�

� x = (ūl + ūr)/2.�µDÕÅ)üà± e−t�ÇP~�0,�´¥mÜ© ũ(x, t)vkw«�L�ª,

�Ã{�ä)�ìC5.

®k�(JL², ü�ý���5ÅðÆ�§|±ÏÐ�¯K)¬ªu~�, iùÐ�±

Ï6Ä�)ªu�µ);éu²ïÆ�§,±ÏÐ�¯K�)ªu~�½ö1Å),ùL²�é

¯Kk��K�.�©�Ä²ïÆ�§iùÐ��±Ï6Ä¯K)���m5�,ïÄÙ)��µ

)�m�'X,&¢�é)�(��K�.éu Cauchy¯K (1.1)(1.2),��:

½n 1.1 éu ūl > ūr, XJ±Ï¼ê ω0(x) 3��±Ï (0, p] þ�C�k., ¿��3���

: a ∈ (0, p],¦� ω0(a−) ≤ 0 ≤ ω0(a+),@o�3k��m Ts Ú��� X(t) ∈ Lip(0,+∞),¦

�é?Û t > Ts, Cauchy¯K (1.1)(1.2)��)÷v

u(x, t) =

ul(x, t), x < X(t),

ur(x, t), x > X(t).
(1.8)

� t→ +∞�, sup
x<X(t)

|u(x, t)|+ sup
x>X(t)

|u(x, t)| → 0.

AO/,� (ūl − ūr)(1 − e−t)/p´��ê�,6Ä��-Å��µ-Å��,= X(t) = S(t).

�:��ê�Ð��',� (ūl − ūr) = Np, N ���ê�,6Ä��-Åªu�µ-Å.� Np <

(ūl − ūr) < (N + 1)p�,§��3 N ��:.� (ūl − ūr) < p�,§�Ø�3�:.

½n 1.2 éu ūl < ūr, XJ±Ï¼ê ω0(x) 3��±Ï (0, p] þ�C�k., ¿��3���

: a ∈ (0, p], ¦� ω0(a−) ≤ 0 ≤ ω0(a+). @o� t → +∞ �, Cauchy ¯K (1.1)(1.2) ��

) u(x, t)3 L∞ �ê�¿ÂeP~�0.

2. 2ÂA�nØ

Äk·�0��e2ÂA��nØ,ù
Ñ�±3 [8] [9] [11]¥é�.3«m [a, b] þ��^

Lipschitz�¡�'u (1.1)�) u(x, t)�A��,XJéA�¤k t ∈ [a, b],k

ξ̇(t) ∈ [f ′(u(ξ(t)+, t)), f ′(u(ξ(t)−, t))].

é?¿ (x̄, t̄) ∈ (R(0,+∞)), ���3��½Â3 0 ≤ s ≤ t̄ þ���2ÂA� ξ(t; x̄, t̄), ¦
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� ξ(t̄; x̄, t̄) = x̄.²¡þ¤k²L: (x̄, t̄)���A�Ñ��3��Ú����2ÂA�¤Ü¤�Ï

�¥.·�^ ξ−(t; x̄, t̄), ξ+(t; x̄, t̄)©OL«��Ú����2ÂA�.� t > t̄ ��3���c�

A�,Xã 1¤«.

½Â3 [a, b]þ�A� ξ(·),eéA�¤k t ∈ [a, b]Ñ÷v u(ξ−(t), t) = u(ξ+(t), t),K¡�ý�

�A�.

'u�§ (1.3)�2ÂA�,·�k±en�5�,�õ[!�±ë� [11].

Figure 1. Forward/backward characteristic

ã 1. c�/��2ÂA�

Ún 2.1 XJ ξ : [a, b]→ R´�^A�,@oéuA�¤k t ∈ [a, b],Ñk

ξ̇(t) = f ′(u(ξ(t)±, t)), �u(ξ(t)+, t) = u(ξ(t)−, t)�,

ξ̇(t) =
f(u(ξ(t)+, t))− f(u(ξ(t)−, t))

u(ξ(t)+, t)− u(ξ(t)−, t)
, �u(ξ(t)+, t) < u(ξ(t)−, t)�.

(2.1)

Ún 2.2 e ξ : [a, b]→ R´�^ý��A�,@o�3��¼ê v : [a, b]→ R÷v ξ̇(t) = f ′(v(t)),

v̇(t) = g(v(t)),
(2.2)

¿�éuA�¤k� t ∈ (a, b),Ñk

v(t) = u(ξ(t)+, t) = u(ξ(t)−, t).

Ún 2.3 4�Ú4���A� ξ−(t)Ú ξ+(t)Ñ´´ý��A�.§�©OÏL¦) (2.2) 3 t =

t̄��± (x̄, u(x̄−, t̄))Ú (x̄, u(x̄+, t̄))�Ð����¯K��,� u3à:?÷v,

u(ξ−(0)−, 0) ≤ u(ξ−(0)+, 0), u(ξ−(t̄)−, t̄) ≥ u(ξ−(t̄)+, t̄),

u(ξ+(0)−, 0) ≤ u(ξ+(0)+, 0), u(ξ+(t̄)−, t̄) ≥ u(ξ+(t̄)+, t̄).

íØ 2.1 (1)eü^ØÓ�ý�A���,Kd��)-Å,@oT�:7´ùü^ý�A��ª

:.

(2)� t̄ > 0�,4���A� ξ−(t)Ú4���A� ξ+(t) Ü��=� u(x̄−, t̄) = u(x̄+, t̄).

(3)é?¿ü^l x¶Ñu�4�c�A� ξ−(t)Ú4�c�A� ξ+(t),XJ§�3,��

� t0 > 0 ��,@o§�3 t > t0 Ü.
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Üî�§o�

Ún 2.4 - ξ(t)Ú ξ̃(t)�©O� (1.1)�kÛÜ�C�k.Ð� u(x, 0) Ú ũ(x, 0) ��) u(x, t)

Ú ũ(x, t)�'�ü^4���A�,Xã 2¤«,§�l½: (x̄, t̄) ∈ R(0,+∞) Ñu.e ξ̃(0) < ξ(0),

@o¤áXe�ª

Figure 2. Minimal backward characteristic

ã 2. ����A�

∫ ξ(0)

ξ̃(0)

(u(x, 0)− ũ(x, 0))dx

=

∫ t̄

0

(−et[u(ξ(t), t)− ũ(ξ(t), t)]ξ̇(t) + et[f(u(ξ(t), t))− f(ũ(ξ(t), t)))])dt

+

∫ t̄

0

(et[u(ξ̃(t), t)− ũ(ξ̃(t), t)]
˙̃
ξ(t)− et[f(u(ξ̃(t), t))− f(ũ(ξ̃(t), t)))])dt.

(2.3)

y ½Â«� Ω := (x, t)|0 ≤ t ≤ t̄, ξ̃(t) ≤ x ≤ ξ(t).Äkò (1.1)=��

(etu)t + (etf(u))x = 0. (2.4)

- u = u(x, t)− ũ(x, t),¿òÙ3 ΩþÈ©,$^ Greenúª´� (2.3).

Ún 2.5 eÐ� u0 3 [0, p]þ�C�k.¿�± p�±Ï,- u´¯K (1.1)(1.4) ��).@o

(1)éu?¿ t > 0, u(·, t)´± p�±Ï�¼ê.

(2)éuz��½� T > 0,

1

p

∫ p

0

u(x, T )dx =
e−T

p

∫ p

0

u0(x)dx. (2.5)

y (1)½Â v(x, t) = u(x+ p, t).éuz� φ ∈ C1
0 (R× (0,+∞)),XJ φ̃(x, t) = φ(x− p, t),@

o ∫∫
t>0

vφt + f(v)φx + vφdxdt+

∫
t=0

u0φdx

=

∫∫
t>0

u(x+ p, t)φt + f(u(x+ p, t))φx + u(x+ p, t)φdxdt

=

∫∫
t>0

u(x, t)φ̃t + f(u(x, t))φ̃x + u(x, t)φ̃dxdt

=0.
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Ïd, v�´T¯K�).u´d)��3��5� u(x, t) ≡ v(x, t).

(2)½ÂÝ/«� Ω = {(x, t)|0 ≤ x ≤ p, 0 ≤ t ≤ t̄}.ò (2.4)3 ΩþÈ©.$^ GreenúªÚ

(1)�

0 =

∫∫
Ω

(etu(x, t))t + (etf(u(x, t)))xdxdt

=

∮
−etu(x, t)dx+ etf(u(x, t))dt

=

∫ p

0

−u(x, 0)dx+

∫ T

0

etf(u(p, t))dt+

∫ p

0

eTu(x, T )dx−
∫ T

0

etf(u(0, t))dt

=

∫ p

0

−u(x, 0)dx+

∫ p

0

eTu(x, T )dx.

y..

-R(u(·, t)) = {u(x±, t) : x ∈ R, t > 0},Ù¥ u ÷vÚn 2.5�^�.'uR(u(·, t))·�kX
eü�5�,Ùy²�±3 [8]¥é�.

Ún 2.6 R(u(·, t))´��4«m.

Ún 2.7 e R(u(·, t)) = [α(t), β(t)], @oé?¿ γ ∈ (α(t), β(t)), �3��ëY: x0 ∈ R ¦
� u(x0, t) = γ.

·�P ul(x, t), ur(x, t), u(x, t)�(1.1)©O�kXeÐ���):

ul(x, 0) = ūl + ω0(x), x ∈ R,

ur(x, 0) = ūr + ω0(x), x ∈ R,

u(x, 0) =

 ūl + ω0(x), x < 0,

ūr + ω0(x), x > 0.

d Fan [8]¥�½n 1.1��,� t→ +∞�,

|ul(x, t)| → 0, |ur(x, t)| → 0. (2.6)

e ω0(x)÷v"þ�^�,@odÚn 2.5(2)�,3�½� T > 0 ��k

1

p

∫ p

0

ul(x, T )dx =
e−T

p

∫ p

0

ul(x, 0)dx = ūle
−T .

qdÚn 2.6�, R(u(·, T ))´��4«m.Ïd ūle
−T 3T«mS.|^ u(·, T )�±Ï5ÚÚn

2.7,·�íä�3ëY: x0 ∈ (0, p],¦� u(x0, T ) = ūle
−T .

Ún 2.8 b�: (x̄, t̄) ∈ R× (0,+∞)÷v ul(x̄, t̄) = ūle
−t̄,lT:Ñu�4���A� ξ(t).u´

� t > t̄ �, ξ(t)�´k½Â�,¿�÷v ul(ξ(t), t) = ūle
−t.
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Üî�§o�

y æ^�y{. �¿©�� ε > 0, b�3 t = t̄ + ε ��, u(ξ(t), t) 6= ūle
−t. �´�

3 x0 ∈ (ξ(t)− p/2, ξ(t) + p/2),¦� u(x0, t) = ūle
−t.lT:Ñu�4���A� η(t),Xã 3¤«.

du ξ(t), η(t) ´÷vÚn 2.2�,Ïd

ξ(t) = ξ(0) + ūl(1− e−t), t ∈ (0, t̄],

η(t) = η(0) + ūl(1− e−t), t ∈ (0, t̄+ ε],

�÷X ξ(t)k u(ξ(t), t) = ūle
−t,÷X η(t)k u(η(t), t) = ūle

−t.

Figure 3. Special characteristic

ã 3. AÏ�A�

y3·��I�y² ξ(0) = η(0)=�.du3 (0, p]S�k���: a ÷v

ω0(a−) ≤ 0 ≤ ω0(a+),

�dÚn 2.3�

ūl + ω0(ξ(0)−) = u(ξ(0)−, 0) ≤ ūl ≤ u(ξ(0)+, 0) = ūl + ω0(ξ(0)+),

ūl + ω0(η(0)−) = u(η(0)−, 0) ≤ ūl ≤ u(η(0)+, 0) = ūl + ω0(η(0)+),

� η(0) = ξ(0) + Np, Ù¥ N ��ê. w,� t ∈ (0, t̄) �, ξ(t) ²1u η(t), = η(t̄) = ξ(t̄) + Np.

- ε → 0, dA�� Lipschitz ëY5� η(t̄ + ε) → η(t̄). du η(t̄) ∈ (ξ(t̄) − p/2, ξ(t̄) + p/2), Ï

d N = 0,= η(0) = ξ(0).y..

Ún 2.9 � ūl > ūr �,

u(x, t) =

ul(x, t), x < X+(t),

ur(x, t), x > X−(t),
(2.7)

Ù¥ X−(t)�l�:Ñu'u u�4�c�A�, X+(t)�l�:Ñu'u u�4�c�A�.

y Ø���5,·�y² x < X+(t)��¹.

éu?Û�½� (x̄, t̄)� x̄ < X+(t̄), t̄ > 0.·�Äky² u(x̄+, t̄) = ul(x̄+, t̄).L: (x̄+, t̄) ©

O�'u�) u, ul �4���A� ξ+(t)Ú η+(t),Xã 4¤«.Ï�4���A�´ý��A�,
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Figure 4. Perturbed shock wave

ã 4. 6Ä��-Å)

� ξ+(t)Ú η+(t)3 [0, t̄] þ÷vXe'Xª ξ̇+(t) = f ′(v(t)),

v̇(t) = −v(t),
Ú

 ˙η+(t) = f ′(ṽ(t)),

˙̃v(t) = −ṽ(t),

¿�éuA�¤k t ∈ (0, t̄),Ñk

v(t) = u(ξ+(t)+, t) = u(ξ+(t)−, t), ṽ(t) = ul(η+(t)+, t) = ul(η+(t)−, t).

du� t > 0�,l?¿:Ñu�c�A�´���,� ξ+(t)� X(t)Ø��,= ξ+(0) < 0.

e¡æ^�y{:e u(x̄+, t̄) > ul(x̄+, t̄),= v(t̄) > ṽ(t̄).du v(t) = v(t̄)e−(t̄−t),

ṽ(t) = ṽ(t̄)e−(t̄−t),

� v(t) > ṽ(t).d f �à5´�

ξ̇+(t) = f ′(v(t)) > f ′(ṽ(t)) = η̇+(t). (2.8)

�Ä�ùü^4���A�Ñ´l (x̄, t̄)Ñu�,Ïd ξ+(0) < η+(0).|^Ún 2.4´�∫ t̄

0

et[ul(ξ+(t), t)− u(ξ+(t), t)]ξ̇+(t)− et[f(ul(ξ+(t), t)))− f(u(ξ+(t), t))]dt

−
∫ t̄

0

et[ul(η+(t), t)− u(η+(t), t)]η̇+(t)− et[f(ul(η+(t), t)))− f(u(η+(t), t))]dt

=

∫ η+(0)

ξ+(0)

ul(x, 0)− u(x, 0)dx.

(2.9)

� η+(0) ≤ 0�, (2.9)�mý�u0;� η+(0) > 0�, (2.9)�mý�u
∫ η+(0)

0
(ūl − ūr)dx > 0.|

^ f �à5ØJuy, (2.8)��ý´���,Ïd η+(0) ≤ 0,�Ò´`éu?¿�t ∈ (0, t̄),Ñk

ul(ξ+(t), t) = u(ξ+(t), t) = v(t),

ul(η+(t), t) = u(η+(t), t) = ṽ(t).
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d� η+(t) �´� u k'���A�. �´ ξ+(t) ´l (x̄, t̄) Ñu�'u u �4���A�, ù

� ξ+(0) < η+(0) w,gñ.Ïd u(x̄+, t̄) ≤ ul(x̄+, t̄).

Ón,b� u(x̄+, t̄) < ul(x̄+, t̄)�´Ø¤á�.Ïd u(x̄+, t̄) = ul(x̄+, t̄).d (x̄, t̄)�?¿5,=

y�� x < X+(t)�, u(x̄+, t̄) = ul(x̄+, t̄).

aq�,l (x̄, t̄)Ñu©O�Ú�)u, ulk'4���A� ξ−(t)Ú η−(t),u´�y�u(x̄−, t̄) =

ul(x̄−, t̄).
(Üþã?Ø,·���
� x < X+(t)�,é?¿� t > 0,Ñk u(x, t) = ul(x, t).

y..

íØ 2.2 e ūl < ūr,@o

u(x, t) =

ul(x, t), x < Xl+(t),

ur(x, t), x > Xr−(t),
(2.10)

Ù¥Xr−(t)�l�:Ñu�'u ur �4�c�A�, Xl+(t)�l�:Ñu�'u ul�4�c�A

�.

y -

ul(x, t = 0) =

u(x, t = 0), x < 0,

ūl − ūr + u(x, t = 0), x > 0,

ur(x, t = 0) =

 ūr − ūl + u(x, t = 0), x < 0,

u(x, t = 0), x > 0.

òÙ�\Ún 2.9=�y.

3. y²½n1.1

Äky²-Å����5:

eé?¿� t ∈ [0,+∞)Ñk X−(t) ≡ X+(t),dÚn 2.9,�á=¦� (1.8).

eé?¿� t ∈ [0,+∞) Ñk X−(t) < X+(t), @o3 X−(t) < x < X+(t) þðk ul(x, t) =

ur(x, t).ùp�¦ X+(t) −X−(t) < p,ÄKe�3 t0 > 0¦��ª¤á,u´dÚn 2.5(2)á��

Ñgñ.�½ t̄ > 0,?� x̄ ∈ (X−(t̄), X+(t̄)).l (x̄, t̄)Ñu�'u ul(x, t) �4���A� ξ(t).d

Ún 2.3�, ξ(t)3 t ∈ [0, t̄]þ´ý��A�,� ξ̇(t) = f ′(v(t)),

v̇(t) = g(v(t)),

�

v(t̄) = ul(x̄−, t̄).
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?�Ú,éuA�¤k� t ∈ (0, t̄),Ñk

v(t) = ul(ξ(t)+, t) = ul(ξ(t)−, t),

� ul(ξ(0)−, 0) ≤ ul(ξ(0)+, 0). b� ξ(t) � X−(t) �u: (X−(τ), τ), τ > 0 (� X+(t) ����

¹aq). u´ ξ(t) 3 (τ, t̄) þ�´'u ur �ý��A�. - t0 = (τ + t̄)/2, x0 = ξ(t0), ØJu

y, ul(x0−, t0) = ul(x0+, t0).u´l: (x0, t0) Ñu�'u ur �4���A� η(t).e¡ò©�¹

?Ø:

(1)e ξ(t)Ú η(t)3 [0, t0]þØÜ,@oùw,�íØ 2.1gñ.

(2)e ξ(t)Ú η(t)3 [0, τ)þØÜ,�3 [τ, t0] þÜ.du3 [0, t0]þ, ξ(t) �: (x0, t0)Ñu

'u ul�4���A�, η(t) ´l: (x0, t0)Ñu'u ur �4���A�. ul(x0, t0) = ur(x0, t0),

ù�Ún 2.2gñ.

(3)e ξ(t)Ú η(t)3 [0, t0]þÜ,ù`²3 [0, t0]þ ξ(t) Q´'u ul(x, t) �4���A�,

�´'u ur(x, t)�ý����A�.Ïd, ω0(ξ(0))7�mä:.ÄK,

ūl + ω0(ξ(0)) = ul(ξ(0), 0) = ur(ξ(0), 0) = ūr + ω0(ξ(0)),

w,gñ.q3 (X−(t), X+(t))þkØ���:,lù
:Ñu©O�4���A�,§�� x¶�

uØ���:�þ3��±ÏS.duù
:þ�mä:,w,� ω0(x)3 [0, p]þ�C�k.gñ.

nÜþã©Û,7½�3,�¿©�� Ts > 0,¦� t > Ts �ðk X−(t) = X+(t).u´·�y

²
 (1.8).

�e5´'u6Ä��-Å� X(t)Ú�µ-Å� S(t)�m�'X�(Ø:

5¿�Ð� ul(x, 0) = ūl + ω0(x)Ú ω̄ = 0,|^Ún 2.5��,é?¿� t > 0,

1

p

∫ p

0

ul(x, t)dx =
e−t

p

∫ p

0

ul(x, 0)dx = ūle
−t.

dÚn 2.6 ÚÚn 2.7 ´�, �3 x′ ∈ (−∞, X−(T )) Ú x′′ ∈ (X+(T ),+∞), ¦� u(x′, T ) =

ūle
−T , u(x′′, T ) = ūre

−T .l (x′, T )Ú (x′′, T ) Ñu©O�'u u �4���A� ξ(t) Ú η(t),Xã

5¤«,§�÷v

Figure 5. Perturbed shock curve

ã 5. 6Ä��-Å�
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ξ(t) < X−(t), η(t) > X+(t).

|^ (2.2)��  ξ(t) = ξ(0) + ūl(1− e−t), t ∈ [0, T ],

η(t) = η(0) + ūr(1− e−t), t ∈ [0, T ],
(3.1)

Ù¥ u(ξ(0)−, 0) ≤ ūl ≤ u(ξ(0)+, 0)Ú u(η(0)−, 0) ≤ ūr ≤ u(η(0)+, 0).d ω0(x) �b�^�,-

ξ(0) = a−N1p, N1���ê,

η(0) = a+N2p, N2��K�ê.
. (3.2)

½ÂF/«�:

Ω(T ) , {(x, t) : 0 ≤ t ≤ T, ξ(t) ≤ x ≤ η(t)}. (3.3)

3 Ω(T )¥,d��úª��

0 =

∫∫
Ω

(etu(x, t))t + (etf(u(x, t)))xdxdt

=

∫ η(0)

ξ(0)

−u(x, 0)dx+

∫ η(T )

ξ(T )

eTu(x, T )dx+

∫ T

0

−etu(η(t), t)η̇(t) + etf(u(η(t), t))dt

+

∫ T

0

etu(ξ(t), t)ξ̇(t)− etf(u(ξ(t), t))dt , I1 + I2 + I3 + I4.

|^ |η(0)− ξ(0)|�±Ï��ê,´�

I1 =

∫ 0

η(0)

(ūr + ω0(x))dx+

∫ ξ(0)

0

(ūl + ω0(x))dx = ξ(0)ūl − η(0)ūr. (3.4)

�³|ÑC�
t′ = t, x′ = x− ūl(1− e−t),

u′(x′, t′) = u(x− ūl(1− e−t), t)− ūle−t.

N´�y u′(x′, t′)E÷v�§ (1.1),�Ù�´T�§�),�éu?¿�½� t′ > 0

1

p

∫ p

0

u′(x′, t′)dx′ =
1

p

∫ p

0

u(x′, t′)− ūle−t
′
dx′ = 0.

Ón,- x′ = x− ūr(1− e−t)��kaq�(Ø.Ïd,1��U��

I2 =

∫ X(T )

ξ(T )

eTul(x, T )dx+

∫ η(T )

X(T )

eTur(x, T )dx

=

∫ X(T )

ξ(T )

eT [u′(x− ūl(1− e−T ), T ) + ūle
−T ]dx+

∫ η(T )

X(T )

eT [u′(x− ūr(1− e−T ), T ) + ūre
−T ]dx

= X(T )(ūl − ūr)− ūlξ(T ) + ūrη(T ) + eT
∫ X(T )−ūl(1−e−T )

X(T )−ūr(1−e−T )

u′(y, T )dy.

.

(3.5)
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�X

I3 + I4 =

∫ T

0

−etu(η(t), t)η̇(t) + etf(u(η(t), t))dt+

∫ T

0

etu(ξ(t), t)ξ̇(t)− etf(u(ξ(t), t))dt

=

∫ T

0

−etūre−tf ′(ūre−t)dt+

∫ T

0

etūle
−tf ′(ūle

−t)dt−
∫ T

0

et[f(ūle
−t)− f(ūre

−t)]dt

=

∫ T

0

ūrf
′(ūre

−t)dt+

∫ T

0

ūlf
′(ūle

−t)dt−
∫ T

0

et[f(ūle
−t)− f(ūre

−t)]dt.

.

(3.6)

5¿� ξ(t) = ξ(0) + ūl(1− e−t), η(t) = η(0) + ūr(1− e−t),(Ü (3.4)(3.5)(3.6)��

X(T )− S(T ) =
eT

ūl − ūr

∫ X(T )−ūr(1−e−T )

X(T )−ūl(1−e−T )

u′(y, T )dy.

éu?Û��ê N ,e (ūl − ūr)(1− e−T ) = Np,@o X(T ) = S(T ).��Xe(Ø

(1)� (ūl − ūr) = Np, N ���ê�,6Ä��-Åªu�µ-Å.

(2)� Np < (ūl − ūr) < (N + 1)p�,6Ä��-Å��µ-Å�3 N ��:.

(3)� (ūl − ūr) < p�,6Ä��-Å��µ-ÅØ�3�:.

4. y²½n1.2

- Xr−(t)�l�:Ñu'u ur �4�c�A�,dÚn 2.8�,�3ü^� ur �'�A�,¦

�

a− p+ ūr(1− e−t) ≤ Xr−(t) ≤ a+ ūr(1− e−t), ∀t > 0.

Ón�3ü^� ul �'�A�,¦�

a− p+ ūl(1− e−t) ≤ Xl+(t) ≤ a+ ūl(1− e−t), ∀t > 0.

- ξ(t) = a−p+ūl(1−e−t), η(t) = a+ūr(1−e−t).díØ 2.2�,� x < ξ(t)�, u(x, t) = ul(x, t),

x > η(t) �, u(x, t) = ur(x, t).¤±é?¿� t > 0, x ∈ (ξ(t), η(t)),l (x, t) Ñu�4���A

�� ξ(t), η(t) Ã�:. ¯¢þ, u(ξ(t), t) = ul(ξ(t), t) ≡ ūle
−t. XJ�3 (ξ(t), η(t)) �m��

: (x̄, t̄),¦�lT:Ñu�'u u�4���A� γ−(t)� ξ(t) ��u: (ξ(τ), τ),Ù¥ τ > 0,

u´ f ′(u(ξ(τ)+, τ)) > f ′(ūle
−τ ),d f �à5�, u(ξ(τ)+, τ) > ūle

−t.w,gñ.Ón�y, é?

¿ t > 0,l (x, t)Ñu�4���A� γ+(t) � η(t)Ã�:.Xã 6¤«.

�Ä� γ±(t)´ý��A�,|^ (2.2)�� γ±(t) = γ±(0) + C(1 − e−t), t ∈ [0, t̄],Ù¥ C ´

� u(x̄±, t̄)k'�~ê.¿�3 t ∈ (0, t̄)þ,k u(γ±(t), t) = v(t) = Ce−t.

A^þã(Ø,é?¿�½� t > 0·�k
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Figure 6. Perturbed rarefaction wave

ã 6. 6Ä��DÕÅ)

(1)e x < ξ(t),@od (1.7)(2.6)��,� t¿©��

|u(x, t)− uR(x, t)| = |ul(x, t)− ūle−t| → 0.

(2)e ξ(t) < x < ūl(1− e−t),du γ±(t)� ξ(t) Ã�:,·���

a− p+ ūl(1− e−t) ≤ γ±(0) + C(1− e−t) ≤ ūl(1− e−t).

du γ±(0) ∈ (a− p, p),�þª�U�¤

−p+ ūl(1− e−t) ≤ C(1− e−t) ≤ p− a+ ūl(1− e−t).

Ø�ªüýÓØ± (1− e−t),2~� ūl,�

− p

1− e−t
≤ C − ūl ≤

p− a
1− e−t

.

Ø�ªüýÓ¦ e−t,du÷XA��ðk v(t) = Ce−t,��

− p

et − 1
≤ v(t)− ūle−t ≤

p− a
et − 1

.

d (x̄, t̄)�?¿5,·���

|u(x, t)− uR(x, t)| ≤ p

et − 1
.

(3)e ūl(1− e−t) < x < ūr(1− e−t),@o uR(x, t) = ũ(x, t).duéJ�Ñ ũ(x, t) �w«L�

ª,�·�d?�é u(x, t)?1�O

ūl(1− e−t) ≤ γ±(0) + C(1− e−t) ≤ ūr(1− e−t).

du γ±(0) ∈ (a− p, p),�þª�U�¤

−a+ ūl(1− e−t) ≤ C(1− e−t) ≤ p− a+ ūr(1− e−t).
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Ø�ªüýÓ¦ e−t/(1− e−t),�÷XA��ðk

− a

et − 1
+ ūle

−t ≤ v(t) ≤ p− a
et − 1

+ ūre
−t.

d (x̄, t̄)�?¿5,·���

|u(x, t)| ≤Me−t, M > 0�~ê.

(4)e ūr(1− e−t) < x < η(t),�1�«�¹aq,��

|u(x, t)− uR(x, t)| ≤ p

et − 1
.

(5)e x > η(t),�1�«�¹aq,��

|u(x, t)− uR(x, t)| = |ur(x, t)− ūre−t| → 0.

y..
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