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Ð�Þ9Ð9ÈißiÊ<Ù>ÏýÒ<È)® Ì>ÎxËBµ¿Ó@ÐxÊ@Ð9È�Ü�Ó<Í0µ
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ρ0(x,v)
Î_Û�Î_Ù>ËxÔ�Ð#á<Õ<ÛEµSÏxÒ�Û<Ù ÚÇÎ_Ù\Ð�Ù�ÛEA
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ρt
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á<Õ�ËWÒ@ËWÈ�Í á<Õ<Û
t → +∞ Û
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wA�dzªy,}��[x�y�v=|�v��Pv=wAqA«
w0(x,v)

x,�A{?�~wA{?�[�~©
wt(x,v)

�	�A}�¬?{f��z0{?|?qA�~�F�$��St
wA�
®AqAq

w̄(v) = 1/2[ŵ(v) + ŵ(−v)],
¬'i
� ��

�F|�v
ŵ(v) = 1/l

∫ l
0 w0(x,v)dx

�
l ¯ |[�AqAwA}f{?��y�vFr?�
}�°
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w0(x,v) = ŵ0(x)ŵ0(v).
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wt(x, v)
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µ\{��_xA©
�8�!vQyXwA�S«�¶��
�[xPvQyXq,�\v=wA��xA{?�
}�r?}���·AwPvFr?}��?qA�[q,�_{�{?�TqA��z0{?|?wA�dz~wA}�u,}��A©
wA�dzky,}��[x�y�v=|�v��Pv= 
wAqA«0�£qA�~{��F{��?{�v9y,}��[x�y�v=|�v��Pv=wAqPv\xA{!�
{?{�yX|?qAwA}��~}��¸q]�[�
{�yX{?�[�\�,�¸x�yXq

t→∞ �[�~}�wA{��?qA�~�F�]wPv=x�y�v= yX�£�?wA���Í¬ á�Ï¯Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\ÔÈÂ Õ@Ð�Ì�Ó�Ï�ÔFË_Õ<Ó<Í¯Ôpß�Ù��qË��
∂w̄/∂x = 0

ß�Ðpá�Ï�Î_Ú�Ï\Õ�Ï�Î_Ù�®<ÔÅÂ Î_Û�ÔFÔFË_Ù�Õ<Û<Ê<Ó<Í¯Ôpß
Ù��qË��

w̄(v) = 1/2[w0(v) + w0(−v)])
¬ Õ<Û�Î��Â	�ß)i�W�
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ý
��ù�õ�÷�ý
���PN¼»�ø=�#ø/ñ���ý
��õ�÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õ

w0(x)
÷#ø�ó�ý
��ù�õ�÷�ý
��õ ý#ø���ú�÷�õF4F�<õ

[0, 0.5]
� R

¹ û#ô��0;��s^�ú�÷#ø�ú�û�J0û
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��DF�0ý#ø=�#ø/ñ���ý
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w̄(v) =

= 1/2[w0(v) + w0(−v)]
�PN¼»�ø=�#ø/ñ���ý
��õ ÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õ

w0(v)
3�÷�ò#ù���ÿ�DF��ñ���ý
��õ�: ½
� g�<>� R
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f(t) = t−α
ß
α ≈ 1
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f(t) = e−λt
2 ß
λ ≈ 2π2
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g∗ = 10

Î0Õ@Ð�Þ_È�Û<Ê<Ó�Ï\Ö#Î_Ú�Ï\Õ�Ï�Î_Ù�Ü�ÉÄ¬ ÝxÕ@Ð��0Û<Ú
g(t)

á<Õ<Û<Ì>ËWÒ@Ë_Ó*Ó@Ð�Õ<Û�Î7¯�Ó<Ú�Ë�

¨ ©xÚ�Î_á�Ë_Õ<Û�ÔFË_Ó<Ù\Ð�µ#á�Ï�È@Ï�¸%Û�Ô
dt = 1

Ûýá1®
Ù�Ü�Õ@Ð�Þ_È�Û<Ê<Ó<Í0µ*Î_Ú�Ï\Õ�Ï�Î_Ù>Ë_Ö#Ì�Ú
È�É�Ê�Ë_Ó<Û1®ýá�Ï�È)®KÑ
	��
dg = g∗

ÂõÔ�ÝxÓ�Ï\Ì>Ë_Ó<Ó�Ï�Ë�Ì�Ú
È�É�Ê�Ë_Ó<Û�Ë\¬ Õ<Û�Î��@��Wß�¬ Õ<Û�Î��Ke�W�

jXk�lHmXjXk nXjXoqpsrtmXjXo�uvmXwXoHx�y#z9z9{)x�| }/~1xK�v�)x���}��9�E~��)�EzEy



�9{Ey �2���2�����#���E�E�������t���t�������<�#�E���#�9�!�t�)�����������#���

i
�
dg/dt = 1

Âõ×\Í¯Î_Ù�Õ�Ï�Ë0Ì�Ú
È�É�Ê�Ë_Ó<Û�Ët¬ Õ<Û�Î���cgW�
�
�
dg/dt = 0.1

ÂõÔFËWÒ<È@Ë_Ó<Ó�Ï�Ë�Ì�Ú
È�É�Ê�Ë_Ó<Û�Ë\¬ Õ<Û�Î��Kf�W�
���
dg/dt = 0.01

Âõ×�Ï�È@ËxË�ÔFËWÒ<È@Ë_Ó<Ó�Ï�Ë�Ì�Ú
È�É�Ê�Ë_Ó<Û�Ët¬ Õ<Û�Î��@�W�
�
�
dg/dt = 0.001

Â ÎxÏ\Ì>ÎxËxÔìÔFËWÒ<È@Ë_Ó<Ó�Ï�Ë�Ì�Ú
È�É�Ê�Ë_Ó<Û�Ë\¬ Õ<Û�Î��Â	���W�
Ìi{?|�v��Aq�yX{��?}�wAqPv_�\�FwA{���v=wAwA{��F{��?�?�A�8usv=wAq,� �Yy,}��?qA�~}�®AqA{?wAwA{��F{�xA{��,�G|?{!�_}��
�[q,�_}��A©
wA{��F{�r?wA}� 

usv=wAq,�
(g = 10)

wPv�x�yXqP��v��A{i�Gt
�[�~}�wA{��[�Pv=wAqA�K�]�F}�r�v��!vQy,�_{?|?qAwA}��_qAusv=�[�
qsz�y,}��[x�y�v=|�v��Pv=wAqA«Çá�Ï
Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\Ô÷ÛÁÎ_Ú�Ï\Õ�Ï�Î_Ù�®<Ô ¬ Õ<Û�Î��@�
ßKe�W�

¨÷Ê@Ð\Î_Ù�Ó�Ï�Î_Ù�ÛÂß�Õ@Ð\ÎxÎxÔ�Ð�Ù�Õ<Û<ÌSÐ9È@Ï�Î_Ü8Ó@ÐxÊ@Ð9È�Ü�Ó�Ï�Ë�Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û�Ë�ß@Õ@Ð�Ì�Ó�Ï�ÔFË_Õ<Ó�Ï�Ë�á�Ï�Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\Ô
Û*Ó�Ï\Õ�Ô�Ð9È�Ü�Ó�Ï�Ë�á�Ï%Î_Ú�Ï\Õ�Ï�Î_Ù�®<ÔpÑ

ρ(x, v) = 1√
2πσ

e
− v

2

2σ .

²�ÐÁÕ<Û�Î7¯�Ó<Ú
Ð�µ.Þ9Ð\ÔFË_Ù�Ó�ÏÈ®
Ì�Ó�Ï�Ë½Ï\Ù�È�Û<Ê<Û�Ë½Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û<ÖìÏ\Ù]�,¯�Ó<Ú1¶<Û<Ö�ÇºÏ�È�Üg¶�Ô�Ð�Ó@Ð#Û�º4Ð�Ú�Î_Ì>ËWÈ<ÈàÐ
á<Õ<ÛÁÎxÏ�Ï\Ù�Ì>Ë_Ù>Î_Ù�Ìg¯�É�«�ÛEµýá@Ð�Õ@Ð\ÔFË_Ù�Õ@Ð�µÁÎ_Û�Î_Ù>ËxÔ�Í��

¹ û#ô���m�� ¹ ø�ô�3�÷�õ	�9õ�ñ#õ�ý�ûgò�3
��������÷��9û�ý#ø�ú/ø�ù
w(x)

û§ô�����÷
��ô�úBò#ù
w(v)

3�÷�ûqù�D�ý
��ó�õ�ý�ý
��ùËó��gñ��E��õ�ý�û�û�D�÷#ø�ó�û�ú/ø[�
M�û
��ý�ý
��DF��3
��ñ�ò

g = 10
óqù���ù�õ�ý�úqó�÷�õBù�õ�ý�û

t = 333
û�J0ÿ<ý
�
M�û�û�Íd��ñ���M#ù�ø�ý#ø,û�ÎHø��gô�ó�õ�ñ�ñ9ø_3�÷�ûtô�����ú�ó�õ�ú[�

ô�ú�ó�ÿ��E�¼ûgö�4�ý#ø=��õ�ý�ûgògö�3
��ñ�ò
g
N
g = 10

R�û�ú�õBù�3�õ�÷#ø�ú�ÿ<÷�ü
T
N
T = 〈v2〉 = 1.779

R	�[»�ø=�#ø/ñ���ý
��õ$÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õ
3
��ô�����÷
��ô�úBò#ù

w0(v) Â 3�÷�ò#ù���ÿ�DF��ñ���ý
��õ$ý�õBô�û#ù�ù�õ�ú�÷�û
��ý
��õ�: ½
� g�<>��3
�8������÷��9û�ý#ø�ú/ø�ù w0(x) Â 3�÷�ò#ù���ÿ�DF��ñ���ý
��õ: ½
� ½
� m=<

Ìi{?|�v��Aq�yX{��?}�wAqPvixA{?�[�!v=xPv=wAwA{��F{G�?�?�A�8usv=wAq,��xA{��,�V��y,}�r[�AqAu,wA���_q��[�
{�yX{?�[�\�,�_qZ�~}�� È v]wPvx�yXqP��v��A{\�!t
�[�~}�wA{��[�Pv=wAqA�Z�!vQy,�_{?|?qAwA}��_qAusv=�[�
qsz_y,}��[x�y�v=|�v��Pv=wAqA«8á<Õ<Û»Ì>ÎxËBµ%Õ@Ð\ÎxÎxÔFÏ\Ù�Õ�Ë_Ó<Ó<Í0µ8Ó@Ð\Ô�Û
Ó@ÐxÊ@Ð9È�Ü�Ó<Í0µ�¯>ÎWÈ@Ï\Ì�Û1®9µýÛÁÎ_Ú�Ï\Õ�Ï�Î_Ù�®9µ?¬ Õ<Û�Î���c[%à	���W�

ÉhÞ�Î_Õ@Ð�Ì�Ó�Ë_Ó<Û1®*Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û<ÖÁÓ@Ð�¬ Õ<Û�Î��)f�%à	���^á�Ï\Ó1®
Ù�Ó�Ï<ß<Ê<Ù>Ï�ÒàÐ9È�Ü�Ó�Ë_Ö1°�ËxË,¯
ÔFË_Ó<Üg°�Ë_Ó<Û�Ë0ÞxÓ@Ð�A
Ê�Ë_Ó<Û1®ýá<Õ<Û<Õ@Ð�«�Ë_Ó<Û1®ýá�Ï�È)®

dg
Þ9Ð�Ì�Õ�ËxÔ�®

dt
Ó�Ëhá<Õ<Û<Ì>ËWÒ@Ë_Ù»Ú*Î7¯9«�ËxÎ_Ù�Ì>Ë_Ó<Ó�Ï�Ô�¯½Û<Þ�ÔFË_Ó�Ë_Ó<Û<ÉØÌ�Û
ÒàÐ�Õ@Ð\ÎBA

á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û<ÖÂ�
ÏPqAxA{?�!vFr?}�{��~{��k�Ou,�~{�}�|?qA}�¬�}��~qAusv=�[�
{�vZ�?�?�A�8usv=wAqPvZ�Yy,}��?qA�~}�®AqA{?wAwA{��F{�xA{��,�ªx�yXqP��v=|�v=�

�\t
�[�~}�wA{��[�Pv=wAqA�¿¬?{��A©
®,�_}�wA{��?�[�
{��F{Sy,}��[x�y�v=|�v��Pv=wAq,�!xA{��
{?{�yX|?qAwA}��~}��Z�~}�� È v9wPv6xA{?|?�!��vQyX|?q,�A}��[©S�

jXk�lHmXjXk nXjXoqpsrtmXjXo�uvmXwXoHx�y#z9z9{)x�| }/~1xK�v�)x���}¼�9�E~��)�EzEy



��Ît�#Ît����Ît��ÏK�����E��Ð?����Ñ��#�����E�Å���7Ò�������Ó���Ô0ÑÕ�<����������ÏK�����E��Ñ�������Ît�7� �9{9�

¹ û#ô��
Ð
� ¹ ø�ô�3�÷�õ	�9õ�ñ#õ�ý�ûgò�3
��������÷��9û�ý#ø�ú/ø�ù
w(x)

û§ô�����÷
��ô�úBò#ù
w(v)

3�÷�ûqù�D�ý
��ó�õ�ý�ý
��ùËó��gñ��E��õ�ý�û�û�D�÷#ø�ó�û�ú/ø[�
M�û
��ý�ý
��DF�_3
��ñ�ò

g = 10
ó2ù���ù�õ�ý�ú,ó�÷�õBù�õ�ý�û

t = 2471
ûfJ0ÿ<ý
�
M�û�û!Íd��ñ���M#ù�ø�ý#ø�ûfÎHø��gô�ó�õ�ñ�ñ9ø�3�÷�ûHô�����ú�ó�õ�ú[�

ô�ú�ó�ÿ��E�¼ûgö�4�ý#ø=��õ�ý�ûgògö�3
��ñ�ò
g
N
g = 10

R�û�ú�õBù�3�õ�÷#ø�ú�ÿ<÷�ü
T
N
T = 〈v2〉 = 3.776

R	�[»�ø=�#ø/ñ���ý
��õ$÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õ
3
�_������÷��9û�ý#ø�ú/ø�ù

w0(x)
÷#ø�ó�ý
��ù�õ�÷�ý
��õ ý#øk��ú�÷�õF4F�<õ���3
�,ô�����÷
��ô�úBò#ù

w0(v) Â ý
��÷#ù�ø/ñ���ý
��õkN σ = 1
R

¹ û#ô��AÑ�� ¹ ø�ô�3�÷�õ	�9õ�ñ#õ�ý�ûgò!3
�_������÷��9û�ý#ø�ú/ø�ù
w(x)

ûHô�����÷
��ô�úBò#ù
w(v)

3�÷�û!�ü!ô�ú�÷
��ùÈó��gñ��E��õ�ý�û�û!D�÷#ø�ó�û�ú/ø�M�û��
��ý�ý
��DF��3
��ñ�òf��ú&½k�,��g�½�ô

dg/dt = 1
ó§ù���ù�õ�ý�ú�ó�÷�õBù�õ�ý�û

t = 156
û�J0ÿ<ý
�
M�û�û�Íd��ñ���M#ù�ø�ý#ø,û�ÎHø��gô�ó�õ�ñ�ñ9ø

3�÷�û�ô�����ú�ó�õ�ú�ô�ú�ó�ÿ��E�¼ûgöf4�ý#ø=��õ�ý�ûgògöf3
��ñ�ò
g
N
g = 10

R!ûtú�õBù�3�õ�÷#ø�ú�ÿ<÷�ü
T
N
T = 〈v2〉 = 2.741

R	�s»�ø=�#ø/ñ���ý
��õ
÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õ�3
��������÷��9û�ý#ø�ú/ø�ù

w0(x)
÷#ø�ó�ý
��ù�õ�÷�ý
��õ2ý#øf��ú�÷�õF4F�<õ��P3
�tô�����÷
��ô�úBò#ù

w0(v) Â ý
��÷#ù�ø/ñ���ý
��õ
N
σ = 1

R
Ò ��� ¤\£S�9�!��¥~�Z����£S�d���6�9�~�q¥~��¡�¦&� £d�!��¥~�Z���X�8�»¡��8�E�§£C�d�,£
� ¤\¡�¦�ÓËÔ_ÕÄ¦~Æ �PÖ×��ÖkÓ £d�!�VÆ Ç �8�~ØÄ¥§£SÆ
·hÕ�Ï\Ì>Ë_Õ<Û�ÔPË7«�Ë�ÏxÒ�Ó�Ï*Û�ÔFË_É�«�ËxË»ÔFËxÎ_Ù>ÏÁÔ�Ó�Ë_Ó<Û�Ë�ßÂÊ<Ù>ÏÁÎ_Û�Î_Ù>ËxÔ�ÐýÝ_Ð�Þ9ÐýÌÁÏ\Ù�Õ�Ë_ÞxÚ�Ë�ßÂÈ@Ë_Ì�ÍpÖ�Ú�Ï\Ó�Ë7¶

Ú�Ï\Ù>Ï\Õ�Ï\Ý�Ï«Ú�Ï�È@Ëx×�È@Ë_Ù>Î�®8ÎpÔ�Ð9È@Ï\Ö½Ð\Ô�á
È�Û<Ùg¯9Ò@Ï\Ö»á�ÏhÞ9Ð9ÒàÐ�Ó<Ó�Ï�Ô�¯%Þ9Ð�Ú�Ï\Ó1¯
xL = f(t)

ß
f(t) = f(t+T )

ß�ÝrÒ@Ë
T
ÂPá�Ë_Õ<Û�ÏxÒ»Ú�Ï�È@Ëx×>Ð�Ó<Û<ÖÂß,�_{ È v=�U�	�At È qA�~©_�_{?|�v��A©
�Z�F}�r?}?�d��r?}�q,�_{?|�v=«A�[�!�?t
�8Ù!v[�F{\���!vQy,�_{?�[�~}� �~{����
·hÕ<Û*Ì�Þ9Ð�Û�ÔFÏxÒ@Ë_Ö�Î_Ù�Ì�Û<Û#Ý_Ð�Þ9Ð%ÎhÚ�Ï�È@Ëx×�È�É�«�Ë_Ö�Î�®#Î_Ù>Ë_Ó<Ú�Ï\Ö*á<Õ�Ï\Û�Î+µSÏxÒ�Û<Ù8á�Ë_Õ�Ë_Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û�Ë�Î_Ú�Ï�A

Õ�Ï�Î_Ù>Ë_Ö#ÔFË7¸�Ò)¯8Ê@Ð\Î_Ù�Û1¶@Ð\Ô�ÛÂ��¹ºÐ\Ô�Ð%Î_Ù>Ë_Ó<Ú
Ð%Ì>ËWÒ@Ë_Ù»ÎxËx×�®ýÚ
Ð�Ú*Ù>ËWÈ@Ï�Î�×�ËxÎ_Ú�Ï\Ó�Ë_Ê<Ó�Ï\Ö#Ô�Ð\ÎxÎxÏ\ÖÂß@Î_Ú�Ï\Õ�Ï�Î_Ù�ÜÏ\Ù»Î_Ù>Ï�È�Ú<Ó�Ï\Ì>Ë_Ó<Û1®*Ó�Ë�ÔFË_Ó1®<Ë_Ù��

jXk�lHmXjXk nXjXoqpsrtmXjXo�uvmXwXoHx�y#z9z9{)x�| }/~1xK�v�)x���}��9�E~��)�EzEy
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¹ û#ô��sÚ
� ¹ ø�ô�3�÷�õ	�9õ�ñ#õ�ý�ûgò!3
�\������÷��9û�ý#ø�ú/ø�ù
w(x)

ûHô�����÷
��ô�úBò#ù
w(v)

3�÷�û\ù�õ	�#ñ#õ�ý�ý
��ù[ó��gñ��E��õ�ý�û�û!D�÷#ø�ó�û�ú/ø[�
M�û
��ý�ý
��DF�63
��ñ�ò���ú9½£�,��g�½ ô

dg/dt = 0.1
ó0ù���ù�õ�ý�ú0ó�÷�õBù�õ�ý�û

t = 279
û_J0ÿ<ý
�
M�û�ûkÍd��ñ���M#ù�ø�ý#ø!ûkÎHø��gô�ó�õ�ñ�ñ9ø

3�÷�û�ô�����ú�ó�õ�ú�ô�ú�ó�ÿ��E�¼ûgöf4�ý#ø=��õ�ý�ûgògöf3
��ñ�ò
g
N
g = 10

R!ûtú�õBù�3�õ�÷#ø�ú�ÿ<÷�ü
T
N
T = 〈v2〉 = 2.605

R	�s»�ø=�#ø/ñ���ý
��õ
÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õ�3
��������÷��9û�ý#ø�ú/ø�ù

w0(x)
÷#ø�ó�ý
��ù�õ�÷�ý
��õ2ý#øf��ú�÷�õF4F�<õ��P3
�tô�����÷
��ô�úBò#ù

w0(v) Â ý
��÷#ù�ø/ñ���ý
��õ
N
σ = 1

R

¹ û#ô��sÛ
� ¹ ø�ô�3�÷�õ	�9õ�ñ#õ�ý�ûgò!3
�\������÷��9û�ý#ø�ú/ø�ù
w(x)

ûHô�����÷
��ô�úBò#ù
w(v)

3�÷�û\ù�õ	�#ñ#õ�ý�ý
��ù[ó��gñ��E��õ�ý�û�û!D�÷#ø�ó�û�ú/ø[�
M�û
��ý�ý
��DF��3
��ñ�òf��ú�½k�,��g�½2ô

dg/dt = 0.01
ó§ù���ù�õ�ý�ú�ó�÷�õBù�õ�ý�û

t = 1494
�0^�õ�÷�ü!ù³û
4F���÷#ø/þ�õ�ý�ü¿J0ÿ<ý
�
M�û�û

Íd��ñ���M#ù�ø�ý#ø�û&ÎHø��gô�ó�õ�ñ�ñ9ø83�÷�û&4�ý#ø=��õ�ý�û�û\3
��ñ�ò
g
N
g = 10

R�û�ú�õBù�3�õ�÷#ø�ú�ÿ<÷�õ
T
N
T = 〈v2〉 = 2.592

R	�?»�ø=�#ø/ñ����
ý
��õ�÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õd3
�9������÷��9û�ý#ø�ú/ø�ù

w0(x)
÷#ø�ó�ý
��ù�õ�÷�ý
��õ$ý#øE��ú�÷�õF4F�<õ��[3
�0ô�����÷
��ô�úBò#ù

w0(v) Â ý
��÷#ù�ø/ñ���ý
��õN
σ = 1

R
·0Ï�ÎWÈ@Ë^Õ#®�ÒàÐ�Ú�Ï�Ô�á<Ü�É�Ù>Ë_Õ<Ó<Í0µ§©xÚ�Î_á�Ë_Õ<Û�ÔFË_Ó<Ù>Ï\Ì�Ò<È)®�©xÙ>Ï\Ý�ÏhÎWÈ)¯�Ê@Ð�®Kß\ÔFÏ�¸%Ó�Ï0ÎqÒ@ËWÈàÐ�Ù�Ü�ÎWÈ@ËWÒ)¯�É�«�Û<Ö

Ì�ÍpÌ>ÏxÒi�SÜ0}��
}����[qA�[�!v��_}��F}�r?}!��{?��y�vFr?��v�wPv�{?xAqA�[�£�?}�v=�Vy�v�}��A©
wA�S«�Sqsr?qAusv=�[�
qA«��!vQy,�_{?�[�~}��%ß\Ù\Ð�Ú
Ú
Ð�Ú*Ì%á<Õ�Ï<¶�ËxÎxÎxË,©xÌ>Ï�È�É�¶<Û<Û*Ý_Ð�Þ�á<Õ<ÛEµSÏxÒ�Û<Ù»Ù>Ï�È�Ü�Ú�Ï%Ì�Î_Ù\Ð�Ù�Û�Î_Ù�Û<Ê�ËxÎ_Ú�Ï�Ë�Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û�Ë�ß�Ù>Ë_á
È@Ï\Ì>Ï\Ý�Ï%Õ@Ð�Ì<A
Ó�Ï\Ì>ËxÎ_Û1®�Î�Ù>Ë_Õ�ÔFÏ�Î_Ù\Ð�Ù>Ï�Ôv¬ Ï\Ù�Õ�Ë_ÞxÚ�Ï�Ô¿Î�Ú�Ï�È@Ëx×�È�É�«�Ë_Ö�Î�®�Î_Ù>Ë_Ó<Ú�Ï\ÖÂß\Ì�Ó@Ð�°�ËxÔ#ÎWÈ)¯�Ê@Ð\Ë�KÓ�Ë�Ó@Ð\×�È�ÉºÒàÐ\Ë_Ù>Î�®K�
·0Ï�È)¯�Ê�Ë_Ó<Ó<Í¯Ë�Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1®Áá�Ï�Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\Ô÷Û*Î_Ú�Ï\Õ�Ï�Î_Ù�®<ÔìÓ�Ï�Î�®
Ù»Ú<Û<Ó�ËxÔ�Ð�Ù�Û<Ê�ËxÎ_Ú<Û<ÖÅµ�Ð�Õ@Ð�Ú<Ù>Ë_ÕÂ�

��Ð�ÚÁÛ#ÎWÈ@ËWÒ@Ï\ÌSÐ9È@Ï½Ï�¸%Û
ÒàÐ�Ù�Ü8Ì»á�ÏxÒ@Ï�×\Ó�Ï\Ö4Ó�Ë_Û<Ó<Ù>Ë_ÝxÕ<Û<Õ1¯>ËxÔFÏ\Ö Î_Û�Î_Ù>ËxÔFË�ß@á�Ï�®
Ì\È)®
É�Ù>Î�®ÁÌ�ÍºÒ@ËWÈ@Ë_ÓEA
Ó<Í¯ËhÞ�Ï\Ó<ÍP¬ Ï\Ú<Õ�ËxÎ_Ù�Ó�Ï�Î_Ù�ÛÅ¯>Î_Ù>Ï\Ö<Ê<Û<Ì�Í0µ½á�Ë_Õ<Û�ÏxÒ�Û<Ê�ËxÎ_Ú<ÛEµ*Õ�Ë7°�Ë_Ó<Û<Ö�,¬ Õ<Û�Î��K	�	�Wß
Ú�Ï\Ù>Ï\Õ<Í¯Ë0Ê@Ð\Î_Ù�Û1¶@Ð�Ó�Ë
á�Ï\Ú<Û
ÒàÐ\Ë_Ù4ÌÁá<Õ�Ï<¶�ËxÎxÎxËt©xÌ>Ï�È�É�¶<Û<ÛÇÎ_Û�Î_Ù>ËxÔ�Í�����Ð�Ú.Ì�Ó1¯�Ù�Õ<Û?©xÙ�ÛEµ�Ï�×�ÈàÐ\Î_Ù>Ë_ÖÂßBÙ\Ð�Ú.Û.Þ9ÐýÛEµ á<Õ�ËWÒ@ËWÈàÐ�A
Ô�ÛÕ¬ Ù��qË��àÌ�Ó1¯�Ù�Õ<Û4Î_Ù>Ï/µ�Ð\Î_Ù�Û<Ê�ËxÎ_Ú�Ï\Ý�ÏÁÎWÈ@Ï�®K¯Ó@Ð\×�È�ÉºÒàÐ\Ë_Ù>Î�®4Õ@Ð\ÎxÎWÈ@Ï�Ë_Ó<Û�ËË¬ Î_Ù�Õ@Ð�Ù�ÛA�0Û<Ú
Ð�¶<Û1®K��«Ð�Þ�Ï\Ì>Ï\Ý�ÏÏ�×�³ÂËxÔ�ÐÅ¬ Õ<Û�Î��Â	�i�W�

jXk�lHmXjXk nXjXoqpsrtmXjXo�uvmXwXoHx�y#z9z9{)x�| }/~1xK�v�)x���}¼�9�E~��)�EzEy



��Ît�#Ît����Ît��ÏK�����E��Ð?����Ñ��#�����E�Å���7Ò�������Ó���Ô0ÑÕ�<����������ÏK�����E��Ñ�������Ît�7� �9{E~

¹ û#ô��0g�½
� ¹ ø�ô�3�÷�õ	�9õ�ñ#õ�ý�ûgò\3
��������÷��9û�ý#ø�ú/ø�ù
w(x)

û�ô�����÷
��ô�úBò#ù
w(v)

3�÷�ûqù�õ	�#ñ#õ�ý�ý
��ùËó��gñ��E��õ�ý�û�û�D�÷#ø�ó�û�ú/ø[�
M�û
��ý�ý
��DF��3
��ñ�ò���ú�½9�,�&g�½¼ô

dg/dt = 0.001
ó�ù���ù�õ�ý�ú�ó�÷�õBù�õ�ý�û

t = 11943
��^�õ�÷�ü!ùËû
4F���÷#ø/þ�õ�ý�üGJ0ÿ<ý
�
M�û�û

Íd��ñ���M#ù�ø�ý#ø�û&ÎHø��gô�ó�õ�ñ�ñ9ø83�÷�û&4�ý#ø=��õ�ý�û�û\3
��ñ�ò
g
N
g = 10

R�û�ú�õBù�3�õ�÷#ø�ú�ÿ<÷�õ
T
N
T = 〈v2〉 = 2.588

R	�?»�ø=�#ø/ñ����
ý
��õ�÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õd3
�9������÷��9û�ý#ø�ú/ø�ù

w0(x)
÷#ø�ó�ý
��ù�õ�÷�ý
��õ$ý#øE��ú�÷�õF4F�<õ��[3
�0ô�����÷
��ô�úBò#ù

w0(v) Â ý
��÷#ù�ø/ñ���ý
��õN
σ = 1

R

¹ û#ô��Xg�g��0Ý¼ø�4F��ó�üSH~3
��÷�ú�÷�õ�ú�ô�û#ô�ú�õBù�ü�NÞ��û#ô+ñ��\�#ø�ô�ú�û
M
N ∼ 105 R&ô�úBògþ�õ�ñ#ü!ù$3
��÷
@¼ý�õBùC�
�9ó�û
D�ø��E�¼û#ù�ô�ò~3
���ÿ�ô�����ý
���>3#ø�÷#ø����ñ#û
��õBô�����ù�ÿ�4Bø�����ý�ÿfN

A = 0.1, w = 10
R	�gó,ù���ù�õ�ý�ú,ó�÷�õBù�õ�ý�û

t = 157

��Ï�×>Ð�Ì\È@Ë_Ó<Û�Ë4Ú Ù\Ð�Ú�Ï\Ö Î_Û�Î_Ù>ËxÔFË¿ÏxÒ�Ó�Ï\Õ�ÏxÒ�Ó�Ï\Ý�ÏäÝxÕ@Ð�Ì�Û<Ù\Ð�¶<Û�Ï\Ó<Ó�Ï\Ý�Ïäá�Ï�È)®ìÙ\Ð�Ú1¸�Ë¿Ó�Ë#á<Õ<Û<Ì>ÏxÒ�Û<Ù
Ú§¯>Î_Ù\Ð�Ó�Ï\Ì\È@Ë_Ó<Û<É Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1®XÇºÏ�È�Üg¶�Ô�Ð�Ó@Ð�á�Ï�Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\Ôp�#·0Ï�È)¯�Ê@Ð\ËxÔ�Í¯Ë8�«Ð�Þ�Ï\Ì�Í¯Ë^á�Ï\Õ<Ù�Õ�Ë_Ù�Í
¬ Õ<Û�Î���	���½Ï\á<Õ�ËWÒ@ËWÈ)®
É�Ù>Î�® Ò�Û<Ó@Ð\Ô�Û<Ú�Ï\ÖPÎ_Û�Î_Ù>ËxÔ�Í�Ñ¯Ì\È�Û1®
Ó<Û�ËxÔõÚ�Ï�È@Ëx×>Ð�Ó<Û<Ö á�Ï\Õ1°�Ó1® Û ¯>Î_Ú�Ï\Õ�Ë_Ó<Û�ËxÔ
Î_Ì>Ï�×�ÏxÒ�Ó�Ï\Ý�Ï»á@Ð9Ò@Ë_Ó<Û1®ýÓ@Ð�Ù�Õ@Ð\Ë_Ú<Ù>Ï\Õ<Û<ÛÁÊ@Ð\Î_Ù�Û1¶Â�

�hÕ�Ï�ÔFË0Ù>Ï\Ý�Ï<ß�Ò<È)®t©xÙ>Ï\Ö*Î_Û�Î_Ù>ËxÔ�Í ×\ÍºÈ*á<Õ�Ï\Ì>ËWÒ@Ë_ÓÁË7«�Ë0ÏxÒ�Û<ÓýÛ<Ó<Ù>Ë_Õ�ËxÎ_Ó<ÍpÖÁÚ�Ï�Ô�á<Ü�É�Ù>Ë_Õ<Ó<ÍpÖÅ©xÚ�ÎBA
á�Ë_Õ<Û�ÔFË_Ó<Ù�ßÆÛ
È<È�ÉhÎ_Ù�Õ<Û<Õ1¯�É�«�Û<Ö4ÌSÐ�¸%Ó<ÍpÖ Ð\Î_á�Ë_Ú<Ù½á�Ï\Ì>ËWÒ@Ë_Ó<Û1®#Ó�ËWÈ�Û<Ó�Ë_Ö<Ó<Í0µÁÒ�Û<Ó@Ð\Ô�Û<Ê�ËxÎ_Ú<ÛEµ4Î_Û�Î_Ù>ËxÔpÑ
�?{?x�yX{?��{?¬!{?¬�y,}��~q,�_{?�[�~qiq$wPv={?¬�y,}��~q,�_{?�[�~q@�

·�¯>Î_Ù�Ü Ì¿Ó@ÐxÊ@Ð9È�Ü�Ó<ÍpÖ÷ÔFÏ�ÔFË_Ó<Ù Ì�Õ�ËxÔFË_Ó<ÛìÝ_Ð�Þ*Ó@Ð�µSÏxÒ�Û<Ù>Î�®äÌ4È@Ë_Ì>Ï\Öäá�Ï�È@Ï\Ì�Û<Ó�Ë*Ï\Ù�Õ�Ë_ÞxÚ
Ð
ß^Ð#Õ@Ð\ÎBA
á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û�Ë�á�Ï*Î_Ú�Ï\Õ�Ï�Î_Ù�®<Ô Õ@Ð�Ì�Ó�Ï�ÔFË_Õ<Ó�Ï?¬ Õ<Û�Î���	_�9W�*¡�Ð\ÎxÎxÔFÏ\Ù�Õ<Û�Ô ©xÌ>Ï�È�É�¶<Û<ÉõÎ_Û�Î_Ù>ËxÔ�Í�ÌýÙ>Ë_Ê�Ë_Ó<Û�Ë
Ó�Ë_Ú�Ï\Ù>Ï\Õ�Ï\Ý�Ï.Ì�Õ�ËxÔFË_Ó<Û

t
ß�Ð4Þ9Ð�Ù>ËxÔ(Ï�×\Õ@Ð�Ù�Û�Ô Ì�Õ�ËxÔ�® ¬ Û
È�Û÷Î_Ú�Ï\Õ�Ï�Î_Ù�Û Ê@Ð\Î_Ù�Û1¶Âß�Ê<Ù>ÏÁ©xÚ<Ì�Û<ÌSÐ9È@Ë_Ó<Ù�Ó�Ï#W�

¹^Ï�×�Ë_Õ�Ë_Ù>Î�®ýÈ�Û*Ý_Ð�Þ«Ï�×\Õ@Ð�Ù�Ó�Ï�Ì%Ó@ÐxÊ@Ð9È�Ü�Ó�Ï�Ë�ÎxÏ�Î_Ù>Ï�®
Ó<Û�Ë�ß
à �
�[xPvQyXq,�\v=wA�áxA{?�
}�r?}��0�_u,�~{$�OwPv=�
{?�~{�yX{��F{$��y�v��\v=wAq

t ∼ 25
�F}�r]xPvQy�v=�[�~}�v=�§�[{?¬?q�y,}��~©
�F�

�WwA}�u,}��A©
wA{�vfy,}��[x�y�v=|�v��Pv=wAqPvx�!·hÕ<Û¢©xÙ>Ï�Ô�Ê@Ð\Î_Ù�Û1¶<Í�ß^Ó@Ð�µSÏxÒ)®E«�Û�ËxÎ�®÷Ì�Ó@ÐxÊ@Ð9È�Ü�Ó<ÍpÖ ÔFÏ�ÔFË_Ó<Ù
t = 0Ì Ï\Ú<Õ�ËxÎ_Ù�Ó�Ï�Î_Ù�®9µÕ¯>Î_Ù>Ï\Ö<Ê<Û<Ì�Í0µ á�Ë_Õ<Û�ÏxÒ�Û<Ê�ËxÎ_Ú<ÛEµ Õ�Ë7°�Ë_Ó<Û<ÖÂßFÌ>Ï\ÞxÌ�Õ@Ð�«%Ð�É�Ù>Î�® Ì4Û�Î+µSÏxÒ�Ó�Ï�ËÁÎxÏ�Î_Ù>Ï�®
Ó<Û�Ë

jXk�lHmXjXk nXjXoqpsrtmXjXo�uvmXwXoHx�y#z9z9{)x�| }/~1xK�v�)x���}��9�E~��)�EzEy



�9{9� �2���2�����#���E�E�������t���t�������<�#�E���#�9�!�t�)�����������#���

¹ û#ô��6g=;��dB�ñ#õBù�õ�ý�úiJ�ø�4F��ó���DF��3
��÷�ú�÷�õ�ú/ø�ô�û#ô�ú�õBù�üKN
N ∼ 105 R,ôXúBògþ�õ�ñ#ü!ùj3
��÷
@¼ý�õBùC�º�9ó�û
D�ø��E�¼û#ù�ô�ò$3
���ÿ�ô�����ý
���>3#ø�÷#ø����ñ#û
��õBô�����ù�ÿ\4Bø�����ý�ÿ0N

A = 0.3, w = 10
R	�#óqù���ù�õ�ý�ú�ó�÷�õBù�õ�ý�û

t = 8250
��»�ø��ñ��d�Eø�õ�ú�ô�òXô�ú�÷#ø[�

ú�û�J0û
�gø�M�ûgò�J�ø�4F��ó���DF�9���e)õBù�ø�ó����ñ9ø�ô�ú�û,ÿ�ô�ú���H
��û�ó�ü�ö_����÷�õBô�ú�ý
��ô�ú�õFH\a�ñ�ñ#û
3�ú�û
��õBô���ûgö\3�õ�÷�û
���9û
��õBô���ûgö,÷�õ��
@¼õ�ý�û
H

¹ û#ô��
g�h
�?Ý¼ø�4F��ó�üSH�3
��÷�ú�÷�õ�ú�ô�û#ô�ú�õBù�ü$�#ø�ô�ú�û
M!N
N = 106 RX3�÷�û t = 250

�=3
��ù�õF�¼õ�ý�ý�ü�ö�ó9D�÷#ø�ó�û�ú/ø�M�û
��ý�ý
��õd3
���
ñ#õ_N

g = 20
R	�gô úBògþ�õ�ñ#ü!ù�3
��÷
@¼ý�õBùC�?�9ó�û
D�ø��E�¼û#ù�ô�ò�3
����ÿ�ô�����ý
���>3#ø�÷#ø����ñ#û
��õBô�����ù�ÿ�4Bø�����ý�ÿfN

A = 0.15, w =

= 10
R

Ó�Ë_Þ9Ð�Ì�Û�Î_Û�ÔFÏ.Ï\Ù Ì�Õ�ËxÔFË_Ó<Û
t
ß�Ê@Ð\Î_Ù�Û1¶<ÍÄ¸�Ë�ß�Ó@Ð�µSÏxÒ)®E«�Û�ËxÎ�®ìÌ Ó@ÐxÊ@Ð9È�Ü�Ó<ÍpÖ ÔFÏ�ÔFË_Ó<Ù

t = 0
Ì�Î_Ù>Ï/µ�Ð�A

Î_Ù�Û<Ê�ËxÎ_Ú�Ï�ÔäÎWÈ@Ï�Ë�ß<Î�Ó�Ë_Ú�Ï\Ù>Ï\Õ�Ï\Ý�Ï%Ì�Õ�ËxÔFË_Ó<Û
t
Ó�Ë�Ì>Ï\ÞxÌ�Õ@Ð�«%Ð�É�Ù>Î�®Á¬Ê©xÙ>Ï�Î_Ìg®
Þ9Ð�Ó�Ï%Î�©xÚ�Î_á�Ï\Ó�Ë_Ó1¶<Û@Ð9È�Ü�Ó<Í¯Ô

Õ@Ð�Þ�×�Ë_Ý_Ð�Ó<Û�ËxÔìÙ�Õ@Ð\Ë_Ú<Ù>Ï\Õ<Û<ÖÁÌ»Î_Ù>Ï/µ�Ð\Î_Ù�Û<Ê�ËxÎ_Ú�Ï�Ô ÎWÈ@Ï�Ë�W�

â,��ã¢£S�d���6�9�~�q¥~��¡�¦&� £d�!��¥~�Z�ä�X�8�»¡¦�8�E�§£C�d�,£ª� Ç �8�~ØÄ¥§£SÆå�_��¥§£Cæq¥~�8�
Æ �n�d�d�
¨(Þ9Ð�Ú
È�É�Ê�Ë_Ó<Û�ËýÕ@Ð\ÎxÎxÔFÏ\Ù�Õ<Û�Ô Ë7«�ËýÏxÒ�Ó1¯.Þ9Ð9ÒàÐxÊ1¯ Ï�×È©xÌ>Ï�È�É�¶<Û<ÛìÏxÒ�Ó�Ï�ÔFË_Õ<Ó�Ï\Ý�Ï�×�ËxÎxÎ_Ù>Ï�È�Ú<Ó�Ï\Ì�ÛEA

Ù>ËWÈ�Ü�Ó�Ï\Ý�Ï»Ý_Ð�Þ9Ð%Ì8Ï\Ù�Õ�Ë_ÞxÚ�Ë�ß@Õ@Ð�Þ_Ò@ËWÈ@Ë_Ó<Ó�Ï\Ý�Ï»á�ÏxÒ�Ì�Û1¸%Ó<Í¯Ô÷á�Ï\Õ1°�Ó�ËxÔìÔ�Ð\ÎxÎ_Í
M
ß�Î_Õ@Ð�Ì�Ó<Û�ÔFÏ\Ö#á�Ï�Ì>ËWÈ�ÛEA

Ê<Û<Ó�Ë�Î�Ô�Ð\ÎxÎxÏ\Ö�Ï\Ù�Ò@ËWÈ�Ü�Ó�Ï\Ö�Ê@Ð\Î_Ù�Û1¶<Í�ß,��r?}�q,�_{?|�v=«A�[�!�?t
�8Ù!v[�F{��9u,}��[�~qA®A}��_qf�F}�r?}_�[{����A}��[wA{8r?}��
{?wA}��
�[{�z?y,}�wPv=wAq,�i¶�wPvQy��FqAq�q$q,�_xAt?�A©
�	}��

·0ÏxÒ@Ï�×\Ó@Ð�®�Þ9Ð9ÒàÐxÊ@Ð Ò<È)® ÎWÈ)¯�Ê@Ð�® Ù�Õ�ËBµ<ÔFË_Õ<Ó�Ï\Ý�ÏP×�ËxÎxÎ_Ù>Ï�È�Ú<Ó�Ï\Ì�Û<Ù>ËWÈ�Ü�Ó�Ï\Ý�ÏPÝ_Ð�Þ9Ð ÎäÔ�Ð\ÎxÎ_Û<Ì�Ó<Í¯Ô
á�Ï\Õ1°�Ó�ËxÔPÛ<Þ/¯�Ê@Ð9ÈàÐ\Î_Ü#Ì#Õ@Ð\×�Ï\Ù>Ë[½ e�¿ZßÂÝrÒ@Ë8Ó@Ð�©xÌ�Õ<Û�Î_Ù�Û<Ê�ËxÎ_Ú�Ï�Ô ¯�Õ�Ï\Ì�Ó�Ë8Ï�×�Î7¯9¸�ÒàÐ\Ë_Ù>Î�®.Ò�Û<Ó@Ð\Ô�Û<Ú
Ð#Î_ÛEA
Î_Ù>ËxÔ�Í Ó@Ð ×�Ï�È�Üg°�ÛEµ Ì�Õ�ËxÔFË_Ó@Ð�µ Û á�Ï\Ú
Ð�ÞxÍpÌSÐ\Ë_Ù>Î�®Kß�Ê<Ù>Ï á<Õ<Û á�ÏxÒ1µSÏxÒ)®E«�ÛEµ Ó@ÐxÊ@Ð9È�Ü�Ó<Í0µN¯>ÎWÈ@Ï\Ì�Û1®9µÌ»á�Ë_Õ�ËWÒ@ËWÈ@Ë

M → ∞ Ù�Õ@Ð\Ë_Ú<Ù>Ï\Õ<Û1®#ÔFËBµ�Ð�Ó<Û<Ê�ËxÎ_Ú�Ï\Ý�Ï8Ò�Ì�Û1¸�Ë_Ó<Û1®#á�Ï\Õ1°�Ó1®ÁÎ+µSÏxÒ�Û<Ù>Î�®#á�Ï�Ì>Ë_Õ�Ï�®
Ù�Ó�Ï�Î_Ù�Û

jXk�lHmXjXk nXjXoqpsrtmXjXo�uvmXwXoHx�y#z9z9{)x�| }/~1xK�v�)x���}¼�9�E~��)�EzEy



��Ît�#Ît����Ît��ÏK�����E��Ð?����Ñ��#�����E�Å���7Ò�������Ó���Ô0ÑÕ�<����������ÏK�����E��Ñ�������Ît�7� �9{EÖ

¹ û#ô��6gFÃ��CÝ¼ø�4F��ó�üSH$3
��÷�ú�÷�õ�ú�ô�û#ô�ú�õBù�üL�#ø�ô�ú�û
M³óO��ú�÷�õF4F�<õ\ô§úBògþ�õ�ñ#ü!ùj3
��÷
@¼ý�õBùC�º�9ó�û
D�ø��E�¼û#ù�ô�ò]3
�O��ÿ?�
ô�����ý
���>3#ø�÷#ø����ñ#û
��õBô�����ù�ÿ~4Bø�����ý�ÿiN

A = 0.1, w = 10
R	�)óXù���ù�õ�ý�úXó�÷�õBù�õ�ý�û

t = 0
NIý#ø=�#ø/ñ���ý
��õ�ô���ô�ú��7ò�ý�û�õ=R	�

t = 35
N`ù���ù�õ�ý�úk���÷#ø��¼õ�ý�ûgòqó�÷�õBù�õ�ý�û,R$û

t = 70
N`ù���ù�õ�ý�ú=�9ô�����ú�ó�õ�ú�ô�ú�ó�ÿ��E�¼û
H§ó���4�ó�÷#ø�ú�ÿ2ô�û#ô�ú�õBù�ü?ó,û#ô�ö?�����

ý
��õ�ô���ô�ú��7ò�ý�û�õ=R	�
»�ø=�#ø/ñ���ý
��õ�÷#ø�ô�3�÷�õ	�9õ�ñ#õ�ý�û�õ93
�_������÷��9û�ý#ø�ú/ø�ù
w0(x)

÷#ø�ó�ý
��ù�õ�÷�ý
��õ ý#ø���ú�÷�õF4F�<õ
[0, 0.5]

��3
�
ô�����÷
��ô�úBò#ù

w0(v)
÷#ø�ó�ý
��ù�õ�÷�ý
��õ0ý#ø���ú�÷�õF4F�<õ

[0, 7]

Ú*Õ�Ë7°�Ë_Ó<Û<ÉØÎ_Û�Î_Ù>ËxÔ�Í ÝxÛ
Ò�Õ�ÏxÒ�Û<Ó@Ð\Ô�Û<Ê�ËxÎ_Ú<ÛEµÅ¯�Õ@Ð�Ì�Ó�Ë_Ó<Û<ÖÂ�@�hÕ�Ï�ÔFË0Ù>Ï\Ý�Ï<ß<ÌX©xÙ>Ï\Ö*Õ@Ð\×�Ï\Ù>Ë�ÎxÏxÒ@Ë_Õ#¸%Û<Ù>Î�®
á�ÏxÒ�Õ�Ï�×\Ó@Ð�®#×\Û�×�È�Û�Ï\ÝxÕ@Ð��0Û1®Kß<á�Ï�Î_Ìg®E«�Ë_Ó<Ó@Ð�®*Û�Î_Ù>Ï\Õ<Û<Û*Ì>Ï\á<Õ�Ï�Î�Ð
�

� Ù�È�Û<Ê<Û�ËºÕ@Ð\ÎxÎxÔ�Ð�Ù�Õ<Û<ÌSÐ\ËxÔFÏ\Ö�Ó@Ð\Ô�Û�Þ9Ð9ÒàÐxÊ<Û�Ï\ÙhÎ_Û�Î_Ù>ËxÔ�ÍÇÌhÕ@Ð\×�Ï\Ù>Ë�½ e�¿<ÎxÏ�Î_Ù>Ï\Û<ÙhÌhÙ>Ï�Ôpß9Ê<Ù>ÏhÔ�Ð\ÎxÎ�Ð
á�Ï\Õ1°�Ó1®KßàÌ�Þ9Ð�Û�ÔFÏxÒ@Ë_Ö�Î_Ù�Ìg¯�É�«�Ë_Ý�ÏýÎ«Ý_Ð�Þ�Ï�ÔpßÆÌ8Ó@Ð�°�ËxÔ÷ÎWÈ)¯�Ê@Ð\Ë�ÎxÏ\Û<Þ�ÔFË_Õ<Û�Ô�Ð½Î�Ô�Ð\ÎxÎxÏ\Ö4Ê@Ð\Î_Ù�Û1¶<Í�ßàá<Õ<Û
ÎxÏ<¯9ÒàÐ�Õ�Ë_Ó<Û<ÛÁÊ@Ð\Î_Ù�Û1¶<Í Ûýá�Ï\Õ1°�Ó1®ýá<Õ�Ï\Û�Î+µSÏxÒ�Û<Ù½Ï�×�ÔFË_Ó�©xÓ�Ë_Õ<ÝxÛ�Ë_ÖÂß�Õ@Ð�Þ�ÔFË_ÕÁÏ\Ù�Õ�Ë_ÞxÚ
Ð%Ú�Ï\Ó�Ë_Ê�Ë_ÓÂ�

µ\{��_xA©
�8�!vQyXwA�S«�¶��
�[xPvQyXq,�\v=wA�ªxA{?�
}�r?}��0�£u,�~{!|?}�wAwA}��$�[qA�[�!v��_}f�F}�r?}��!{?��y�vFr?��v
(
x�yXqit
�	�A{? 

�?qAq
M 6= m)

x�yXqsz0{?|?qA�Ë�$�!vQy,�_{?|?qAwA}��_qAusv=�[�
{��_t~y,}��?wA{���v=�[qA�¯ßiÏýÊ�ËxÔ Ó@Ð\Ô Ý�Ï\Ì>Ï\Õ<Û<ÙÁÌ�Û
Ò.ÏxÒ�Ó�Ï�A
Ê@Ð\Î_Ù�Û<Ê<Ó�Ï\Ö��,¯�Ó<Ú1¶<Û<Û8Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1®½á�Ï�Î_Ú�Ï\Õ�Ï�Î_Ù�®<ÔN¬ Õ<Û�Î��Æ	���Wß�ÎxÏ\Ì�á@Ð9ÒàÐ�É�«�Û<ÖýÎ�Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û�ËxÔ
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ß�Ú�Ï\Ù>Ï\Õ�Ï�Ë#Ó�Ë#ÔFÏ�¸�Ë_ÙÇ×\ÍpÙ�Ü?¯>Î_Ù�Õ@Ð�Ó�Ë_Ó�Ï.Ó@Ð4Ò@Ï�Î_Ù\Ð�Ù>Ï\Ê<Ó�Ï ×�Ï�È�Üg°�ÛEµäá<Õ�Ï�ÔFË7¸X¯�Ù�Ú
Ð�µ
Ì�Õ�ËxÔFË_Ó<ÛÁ¬ Õ<Û�Î��K	_�9W�)À�Ù>Ï�ÔFÏ�¸%Ó�Ï�Û<Ó<Ù>Ë_Õ<á<Õ�Ë_Ù�Û<Õ�Ï\ÌSÐ�Ù�Ü»Ú
Ð�Ú]wPv={?¬�y,}��~q,�_{?�[�~©%Î_Û�Î_Ù>ËxÔ�Í Ì>Ï�Ì�Õ�ËBA
ÔFË_Ó<ÛÂß\Ê<Ù>Ï0Ï\á1®
Ù�Ü,¸�ËºÓ�Ëºá<Õ<Û<Ì>ÏxÒ�Û<Ù�Ú§¯>Î_Ù\Ð�Ó�Ï\Ì\È@Ë_Ó<Û<É ÌhÒàÐ�Ó<Ó�Ï�Ô¿ÎWÈ)¯�Ê@Ð\ËºÙ>Ë_Õ�ÔFÏxÒ�Û<Ó@Ð\Ô�Û<Ê�ËxÎ_Ú�Ï\Ý�Ï
Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û1®K�

3◦
��¨�Î_Û�Î_Ù>ËxÔFËpÓ�Ë_Ì�Þ9Ð�Û�ÔFÏxÒ@Ë_Ö�Î_Ù�Ìg¯�É�«�ÛEµ%Ê@Ð\Î_Ù�Û1¶%Ì�Ï\Ù�Õ�Ë_ÞxÚ�Ë�ß\Õ@Ð�Þ_Ò@ËWÈ@Ë_Ó<Ó<Í0µ%á�ÏxÒ�Ì�Û1¸%Ó<Í¯Ô á�Ï\Õ1°�Ó�ËxÔ
Ú�Ï\Ó�Ë_Ê<Ó�Ï\Ö�Ô�Ð\ÎxÎ_Íª¬ Î_Õ@Ð�Ì�Ó<Û�ÔFÏ\ÖÂßKÓ�Ï½Ó�Ë�Õ@Ð�Ì�Ó�Ï\Ö Ô�Ð\ÎxÎxË�Ê@Ð\Î_Ù�Û1¶<Í��ÎxÏ8Ì�Õ�ËxÔFË_Ó�ËxÔ ¯>Î_Ù\Ð�Ó@Ð�Ì\È�Û<ÌSÐ�A
Ë_Ù>Î�®$�!vQy,�_{?|?qAwA}��_qAusv=�[�
{�vSy,}��?wA{���v=�[qPvx�E·hÕ<Û�©xÙ>Ï�Ô.Ê@Ð\Î_Ù�Û1¶<Í Õ@Ð�Ì�Ó�Ï�ÔFË_Õ<Ó�Ï%Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Í á�Ï
Ï\Ù�Õ�Ë_ÞxÚ1¯>ß�Ð4ÏxÒ�Ó�Ï\Ê@Ð\Î_Ù�Û<Ê<Ó�Ï�ËÁÕ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û�Ëýá�Ï¿Î_Ú�Ï\Õ�Ï�Î_Ù�®<Ô�ÎxÏ\Ì�á@Ð9ÒàÐ\Ë_Ù�Î��_}��
����v��
�A{��?�[�
q,���
¹^Ï<¯9ÒàÐ�Õ�Ë_Ó<Û1®�Î�á�Ï\Õ1°�Ó�ËxÔ#Ì�©xÙ>Ï�Ô#ÎWÈ)¯�Ê@Ð\Ë^á<Õ�Ï\Û�Î+µSÏxÒ)®
Ù0á�Ï�Þ9Ð�Ú�Ï\Ó@Ð\Ô¿ÎxÏ/µ
Õ@Ð�Ó�Ë_Ó<Û1®q©xÓ�Ë_Õ<ÝxÛ<Û�Û�Û�Ô$A
á1¯9È�Ü>Î�Ð
ß<Ù>Ï%ËxÎ_Ù�Ü»Î_Û�Î_Ù>ËxÔ�Ð�Ú�Ï\Ó�ÎxË_Õ<ÌSÐ�Ù�Û<Ì�Ó@Ð
�
�hÕ�Ï�ÔFËhÙ>Ï\Ý�Ï<ß
Ù\Ð�Ú
Ð�®*Î_Û�Î_Ù>ËxÔ�Ð�{?¬�y,}��~q,�_}%Ì>Ï�Ì�Õ�ËxÔFË_Ó<ÛýÓ�ËhÙ>Ï�È�Ü�Ú�ÏÈ²9Ì�á<Õ<Û<Ó1¶<Û<á�Ë<´�ß�Ó�Ï�ÛýÌ�Ê<Û�ÎBA
È@Ë_Ó<Ó�Ï�ÔË©xÚ�Î_á�Ë_Õ<Û�ÔFË_Ó<Ù>Ë^Ó�Ë�Ó@Ð\×�È�ÉºÒàÐ\Ë_Ù>Î�®«Ó@Ð�Ú�Ï\á
È@Ë_Ó<Û1®�Ï<°�Û�×�Ï\Ú«Î_Ê�Ë_Ù\Ð
��¨ºÏ\ÞxÌ�Õ@Ð�Ù�Ú�Ó@ÐxÊ@Ð9È�Ü�Ó�Ï�Ô�¯
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ÎxÏ�Î_Ù>Ï�®
Ó<Û<É�Ì>Ï\Þ�ÔFÏ�¸�Ë_ÓäÌ#È�Éh×�Ï\Ö ÔFÏ�ÔFË_Ó<Ù4Ì�Õ�ËxÔFË_Ó<Û ¬ á<Õ<Û.Ò@Ï�Î_Ù\Ð�Ù>Ï\Ê<Ó�Ï\ÖäÙ>Ï\Ê<Ó�Ï�Î_Ù�Û Ì�ÍpÊ<Û�ÎWÈ@ËBA
Ó<Û<Ö�Wß<Ì%Ù>Ï�Ô Ê<Û�ÎWÈ@Ë�ß<Ûýá�Ï�ÎWÈ@Ë,¯>Î_Ù\Ð�Ó�Ï\Ì\È@Ë_Ó<Û1®ÁÕ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û1®K�
��Ï�×>Ð�Ì\È@Ë_Ó<Û�Ë«Ú*Ù\Ð�Ú�Ï\Ö¿Î_Û�Î_Ù>ËxÔFË�ÝxÕ@Ð�Ì�Û<Ù\Ð�¶<Û�Ï\Ó<Ó�Ï\Ý�Ï½á�Ï�È)®*á<Õ<Û<Ì>ÏxÒ�Û<Ù½Ú�¯>Î_Ù\Ð�Ó�Ï\Ì\È@Ë_Ó<Û<ÉLy,}��[x�y�v= 
|�v��Pv=wAq,�Oí8{��A©
®,�_}�wA}8á�Ï�Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\ÔÍ¬ Õ<Û�Î��Â	���W�
� ×�Î7¯9Ò�Û�Ô¿Î_Ìg®
ÞxÜ,©xÙ�ÛEµ�Õ�Ë_Þ/¯9È�Ü9Ù\Ð�Ù>Ï\Ì«Îºá�Ï�È)¯�Ê�Ë_Ó<Ó<Í¯Ô�Û�Õ@Ð�Ó�ËxËºÙ>ËxÏ\Õ�Ë_Ù�Û<Ê�ËxÎ_Ú<Û�Ô�Û»á<Õ�ËWÒ@Î_Ú
Ð�Þ9Ð�Ó<Û1®<Ô�Û

Û�¯>Î_Ù>Ï�®
Ìg°�Û�Ô�Û�Î�®*ÝxÛ<á�Ï\Ù>Ë_Þ9Ð\Ô�Û#Ï%á<Õ�Ï<¶�ËxÎxÎxË0Õ�ËWÈàÐ�Ú�Î�Ð�¶<Û<ÛÂ�
·hÕ�Ï\Ì>ËWÒ@Ë_Ó<Ó<Í¯Ëq©xÚ�Î_á�Ë_Õ<Û�ÔFË_Ó<Ù�Í á�ÏxÒ�Ù�Ì>Ë_Õ>Ò�Û
È�Û¿Õ@Ð�Ó�ËxË«Ì�ÍºÒ�Ì�Û<Ó1¯�Ù�Í¯Ë«á<Õ�ËWÒ�á�Ï�È@Ï�¸�Ë_Ó<Û1®v½�	B¿�Ï�á<Õ<ÛEA

µSÏxÒ@Ëh×�ËxÎxÎ_Ù>Ï�È�Ú<Ó�Ï\Ì�Û<Ù>ËWÈ�Ü�Ó�Ï\Ý�Ï%Ý_Ð�Þ9Ð�Ì�Ï\Ù�Õ�Ë_ÞxÚ�Ë�Ú8Î_Ù\Ð�Ù�Û�Î_Ù�Û<Ê�ËxÎ_Ú�Ï�Ô�¯½Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û<É Ì�ÎWÈàÐ\×�Ï�Ô�á<Õ�ËWÒ@ËWÈ@Ë�ß
á<Õ<ÛÁ©xÙ>Ï�Ô ÏxÒ�Ó�Ï\Ê@Ð\Î_Ù�Û<Ê<Ó�Ï�Ë»Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û�Ë�á�Ï½Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\ÔPÕ@Ð�Ì�Ó�Ï�ÔFË_Õ<Ó�Ï*Ó@Ð½Ï\Ù�Õ�Ë_ÞxÚ�Ë�ßBÐ»Õ@Ð\Î_á<Õ�ËBA
Ò@ËWÈ@Ë_Ó<Û�Ë�á�Ï%Î_Ú�Ï\Õ�Ï�Î_Ù�®<Ô÷Î_Û�ÔFÔFË_Ù�Õ<Û<Ê<Ó�Ï[¬

1◦
W�

²0Ë½á�ÏxÒ�Ù�Ì>Ë_Õ>Ò�Û
ÈàÐ\Î_Ü.ÝxÛ<á�Ï\Ù>Ë_Þ9Ð4Ï�×[¯>Î_Ù\Ð�Ó�Ï\Ì\È@Ë_Ó<Û<ÛìÕ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1®¢ÇºÏ�È�Üg¶�Ô�Ð�Ó@Ð#á�Ï4Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�A
Ù\Ð\Ô÷Ò<È)®4×�ËxÎxÎ_Ù>Ï�È�Ú<Ó�Ï\Ì�Û<Ù>ËWÈ�Ü�Ó�Ï\Ý�ÏÁÝ_Ð�Þ9Ð8ÌýÏ\Ù�Õ�Ë_ÞxÚ�Ë�á<Õ<Û ÔFËWÒ<È@Ë_Ó<Ó�Ï�Ô Ì�Ú
È�É�Ê�Ë_Ó<Û<Û¿ÝxÕ@Ð�Ì�Û<Ù\Ð�¶<Û�Ï\Ó<Ó�Ï\Ý�Ï
á�Ï�È)®Q¬

1◦
W�

²0Ë½Ó@Ð�°«È@Ï4á�ÏxÒ�Ù�Ì>Ë_Õ#¸�Ò@Ë_Ó<Û1®÷Î7¯9«�ËxÎ_Ù�Ìg¯�É�«�ËxËýÔ�Ó�Ë_Ó<Û�Ë�ßFÊ<Ù>Ï¿ÎxÏ�Î7¯9ÒìÎ½Ú�Ï�È@Ëx×�È�É�«�Ë_Ö�Î�®ìÎ_Ù>Ë_Ó<Ú�Ï\Ö
ÔFÏ�¸�Ë_Ù»ÎWÈ)¯9¸%Û<Ù�Ü%ÔFÏxÒ@ËWÈ�Ü�ÉPÙ>Ë_Õ�ÔFÏ�Î_Ù\Ð�Ù\Ð�¬

2◦
W�,±hÏ\Ù�®8Ì�Ù\Ð�Ú<ÛEµ½Î_Û�Î_Ù>ËxÔ�Ð�µ½Û8á<Õ�Ï\Û�Î+µSÏxÒ�Û<Ù»á�Ë_Õ�Ë_Õ@Ð\Î_á<Õ�ËBA

Ò@ËWÈ@Ë_Ó<Û�Ë2©xÓ�Ë_Õ<ÝxÛ<ÛÂß<Ó�Ï%Ó�Ë,¯>Î_Ù\Ð�Ó@Ð�Ì\È�Û<ÌSÐ\Ë_Ù>Î�®ÁÙ>Ë_á
È@Ï\Ì>Ï�Ë�Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û�Ë��
��Ð�ÚäÌ�Û
Ò�Ó�Ï¿Û<Þ*á<Õ<Û<Ì>ËWÒ@Ë_Ó<Ó<Í0µäÕ�Ë_Þ/¯9È�Ü9Ù\Ð�Ù>Ï\Ì�Ú�Ï�Ô�á<Ü�É�Ù>Ë_Õ<Ó<Í0µ¢©xÚ�Î_á�Ë_Õ<Û�ÔFË_Ó<Ù>Ï\Ì�ß�¯>Î_Ù\Ð�Ó�Ï\Ì\È@Ë_Ó<Û�Ë

Ì»Ò�Û<Ó@Ð\Ô�Û<Ê�ËxÎ_Ú�Ï\Ö�Î_Û�Î_Ù>ËxÔFË�Ô�Ó�Ï\ÝxÛEµÁÊ@Ð\Î_Ù�Û1¶4Ù>Ë_Õ�ÔFÏxÒ�Û<Ó@Ð\Ô�Û<Ê�ËxÎ_Ú�Ï\Ý�Ï*Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û1®#Ó�Ë«Þ9Ð�Ì�Û�Î_Û<ÙýÏ\Ù8Ó@Ð�A
È�Û<Ê<Û1®³µ�Ð\Ï�Î�Ð½Û Ó�ËxÏ�×\Õ@Ð�Ù�Û�ÔFÏ�Î_Ù�Û.ÌË©xÙ>Ï\Ö.Î_Û�Î_Ù>ËxÔFË�ßKÚ
Ð�Ú�Ù>Ï\Ý�ÏýÙ�Õ�Ëx×<¯>Ë_ÙÅ°�Û<Õ�Ï\Ú�Ï*Õ@Ð\Î_á<Õ�Ï�Î_Ù�Õ@Ð�Ó�Ë_Ó<Ó@Ð�®
ÝxÛ<á�Ï\Ù>Ë_Þ9Ð#ÔFÏ�È@Ë_Ú1¯9È)®
Õ<Ó�Ï\Ý�ÏÅµ�Ð\Ï�Î�ÐQ½ c�¿Z� � ×\Õ@Ð�Ù�Û�ÔFÏ�Î_Ù�Ü¿Ì#Î_Û�Î_Ù>ËxÔFË8Ê@Ð\Î_Ù�Û1¶ÇÎxÏ\Ì>ÔFË7«%Ð\Ë_Ù>Î�®ÇÎ\¯>Î_Ù\Ð�Ó�Ï\Ì<A
È@Ë_Ó<Û�ËxÔ Î_Ù\Ð�Ù�Û�Î_Ù�Û<Ê�ËxÎ_Ú�Ï\Ý�ÏÕ¬

1◦
¯Û¿Ù>Ë_Õ�ÔFÏxÒ�Û<Ó@Ð\Ô�Û<Ê�ËxÎ_Ú�Ï\Ý�Ïv¬

3◦
¯Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û<ÖÂ��¨PÙ>Ï�¸�Ë�Ì�Õ�ËxÔ�®Kß�µ�Ð\Ï�Î�ßá<Õ<Û<Ì>ÏxÒ)®E«�Û<Ö�Ú�Ó�ËxÏ�×\Õ@Ð�Ù�Û�ÔFÏ�Î_Ù�ÛÂß>ÎxÏ\Ê�Ë_Ù\Ð\Ë_Ù>Î�®»Î�¯>Î_Ù\Ð�Ó�Ï\Ì\È@Ë_Ó<Û�ËxÔ Ì0Î_Û�Î_Ù>ËxÔFËºÓ�Ë ¯�Ó<Û<Ì>Ë_Õ�Î�Ð9È�Ü�Ó�Ï\Ý�Ï0Ù>Ë_áEA

È@Ï\Ì>Ï\Ý�Ï<ßàÐ«È�Û1°�Ü»Î_Ù\Ð�Ù�Û�Î_Ù�Û<Ê�ËxÎ_Ú�Ï\Ý�Ï8Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û1®?¬
2◦
W�

ò ��ó¸�q¦��!�SÓ £�¥q¦§£
ô ã × ã]õQà�ÜEÙ)Ú�â�à*)�ß�ÚI)*.�Ý�Û Ü,+ Û�Ù�Þ0+6ö�â�à�æ9àZ÷1ß&ÜEá�Þ)å�Û�äXÞ)â�Ù)Ú

� ×�³ÂË_Ú<Ù>Ï�Ô#ÔFÏxÒ@ËWÈ�Û<Õ�Ï\ÌSÐ�Ó<Û1®�®
Ì\È)®
É�Ù>Î�®«Î_Û�Î_Ù>ËxÔ�Í�ß�ÎxÏ�Î_Ù>Ï�®E«�Û�Ë�Û<Þ
N = 1−10·106 Ê<Û�ÎWÈàÐºÊ@Ð\Î_Ù�Û1¶ÂßÒ�Ì�Û1¸X¯9«�ÛEµSÎ�®½Ì�á<Õ�ËWÒ@ËWÈàÐ�µ½Ï\Ù�Õ�Ë_ÞxÚ
Ð

[0, 1]
È�Û�×�Ï�Î_Ì>Ï�×�ÏxÒ�Ó�Ï<ß�È�Û�×�Ï�á�ÏxÒ½Ò@Ë_Ö�Î_Ù�Ì�Û�ËxÔÇá�Ï�Î_Ù>Ï�®
Ó<Ó�Ï\Ö*Î_Û
È�Í��

�BÐ�Ú<Û�ÔìÏ�×\Õ@Ð�Þ�Ï�Ôpß)¯�Õ@Ð�Ì�Ó�Ë_Ó<Û1®½Ò�Ì�Û1¸�Ë_Ó<Û1®ÁÔFÏ�¸%Ó�Ï�á<Õ�Ï\Û<Ó<Ù>Ë_ÝxÕ<Û<Õ�Ï\ÌSÐ�Ù�ÜýÐ�Ó@Ð9È�Û<Ù�Û<Ê�ËxÎ_Ú<ÛÂ�
ø�ÎWÈ�Û�Ê@Ð\Î_Ù�Û1¶@ÐpÒ�Ì�Û<Ý_Ð\Ë_Ù>Î�®%Î_Ì>Ï�×�ÏxÒ�Ó�Ï�Ì�á<Õ�Ï�ÔFË7¸X¯�Ù�Ú�Ë^Ì�Õ�ËxÔFË_Ó<Û%ÔFË7¸�Ò)¯,¯9ÒàÐ�Õ@Ð\Ô�ÛÂß9Ù>Ï¯Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð

ÛÁÎ_Ú�Ï\Õ�Ï�Î_Ù�Ü
i
Ê@Ð\Î_Ù�Û1¶<Í Õ@Ð\ÎxÎ_Ê<Û<Ù�ÍpÌSÐ�É�Ù>Î�®Áá�Ï!��Ï\Õ�Ô�¯9ÈàÐ\Ô

xi(t) = xki + vki (t− tki ),

vi(t) = vki ,ËxÎWÈ�Û4Ê@Ð\Î_Ù�Û1¶<ÍPÒ�Ì�Û1¸X¯�Ù>Î�®4Î«á�Ï�Î_Ù>Ï�®
Ó<Ó<Í¯Ô ¯>Î_Ú�Ï\Õ�Ë_Ó<Û�ËxÔ
g
ß�¯�Õ@Ð�Ì�Ó�Ë_Ó<Û1®ÁÒ�Ì�Û1¸�Ë_Ó<Û1®#Ù\Ð�Ú1¸�Ë�Û<Ó<Ù>Ë_ÝxÕ<ÛEA

Õ1¯�É�Ù>Î�®ÁÐ�Ó@Ð9È�Û<Ù�Û<Ê�ËxÎ_Ú<Û
xi(t) = xki + vki (t− tki ) +

g

2
(t− tki )2,

vi(t) = vki + g(t− tki ),ÝrÒ@Ë
xki

Â Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð
i
AZÏ\Ö.Ê@Ð\Î_Ù�Û1¶<Í(Ì#ÔFÏ�ÔFË_Ó<Ù

k
A�Ý�ÏÅ¯9ÒàÐ�Õ@Ð*ÎxÏÁÎ_Ù>Ë_Ó<Ú�Ï\ÖÂß

tki
Â ÔFÏ�ÔFË_Ó<Ù#Ì�Õ�ËxÔFË_Ó<Û

k
A�Ý�Ï�Î_Ù>Ï�È�Ú<Ó�Ï\Ì>Ë_Ó<Û1®

i
AZÏ\Ö8Ê@Ð\Î_Ù�Û1¶<Í ÎxÏ�Î_Ù>Ë_Ó<Ú�Ï\ÖÂß

vki
Â�Î_Ú�Ï\Õ�Ï�Î_Ù�Ü

i
AZÏ\Ö8Ê@Ð\Î_Ù�Û1¶<Í á�Ï�ÎWÈ@Ë

k
A�Ý�Ï�¯9ÒàÐ�Õ@Ð«ÎxÏ

Î_Ù>Ë_Ó<Ú�Ï\ÖÂß
t
Â Ù>Ë_Ú1¯9«�ËxË0Ì�Õ�ËxÔ�®*Î_Ê�Ë_Ù\Ð
�

¹�È@ËWÒ)¯�É�«�Û<Ö%ÔFÏ�ÔFË_Ó<Ù�¯9ÒàÐ�Õ@Ð
i
AZÏ\Ö�Ê@Ð\Î_Ù�Û1¶<ÍäÏ�Î_Ù>Ë_Ó<Ú1¯�¬ á�Ï\Õ1°�Ë_Ó<Ü9

tk+1
i

Ï\á<Õ�ËWÒ@ËWÈ)®<Ë_Ù>Î�®�Ê<Û�ÎWÈ@Ë_Ó<Ó�Ïá<Õ<Û*Õ�Ë7°�Ë_Ó<Û<Û�¯�Õ@Ð�Ì�Ó�Ë_Ó<Û<Ö*Ò�Ì�Û1¸�Ë_Ó<Û1®*Ê@Ð\Î_Ù�Û1¶<Í ÛÁÎ_Ù>Ë_Ó<Ú<ÛÂÑ
xi(t

k+1
i ) = X(tk+1

i )
ß<ÝrÒ@Ë
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��Ît�#Ît����Ît��ÏK�����E��Ð?����Ñ��#�����E�Å���7Ò�������Ó���Ô0ÑÕ�<����������ÏK�����E��Ñ�������Ît�7� �EzAÀ

%
X(t) = 0

Â(È@Ë_ÌSÐ�®*Î_Ù>Ë_Ó<Ú
Ð%Ó�Ë_á�ÏxÒ�Ì�Û1¸%Ó@Ð
ß
%
X(t) = f(wt)

Â È@Ë_ÌSÐ�®¿Î_Ù>Ë_Ó<Ú
ÐÁ¬ á�Ï\Õ1°�Ë_Ó<Ü9¯Ò�Ì�Û1¸�Ë_Ù>Î�® á�Ï½Þ9Ð9ÒàÐ�Ó<Ó�Ï�Ô�¯4á�Ë_Õ<Û�ÏxÒ�Û<Ê�ËxÎ_Ú�Ï�Ô�¯¿Þ9Ð�A
Ú�Ï\Ó1¯ýÎhá�Ë_Õ<Û�ÏxÒ@Ï�Ô

T = 2π
w
ß

%
X(t) = 1

Â á<Õ@Ð�ÌSÐ�®*Î_Ù>Ë_Ó<Ú
Ð
�
¹�Ú�Ï\Õ�Ï�Î_Ù�Ü»Ê@Ð\Î_Ù�Û1¶<Í á�Ï�ÎWÈ@Ë,¯9ÒàÐ�Õ@Ð%Ï%Î_Ù>Ë_Ó<Ú1¯Á¬ á�Ï\Õ1°�Ë_Ó<Ü9ºÔFË_Ó1®<Ë_Ù>Î�®KÑ

vk+1
i = −vi(tk+1

i ) + Ẋ(tk+1
i ).

¡�Ð\Î_Ê�Ë_Ù¿á<Õ�Ï/µSÏxÒ�Û<Ù¿ÌÁÒ�ÌSÐ�©xÙ\Ð�á@Ð
�&·0Ë_Õ<Ì�ÍpÖ�©xÙ\Ð�á ÎxÏxÒ@Ë_Õ#¸%Û<Ù¿Õ@Ð\Î_Ê�Ë_Ù4Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù
x(t)

ÛÇÎ_Ú�Ï\Õ�Ï�A
Î_Ù>Ë_Ö

v(t)
Ì>ÎxËBµ�Ê@Ð\Î_Ù�Û1¶%Þ9Ð�¯�Ú
Ð�Þ9Ð�Ó<Ó<ÍpÖ�Ì�Õ�ËxÔFË_Ó<Ó�Ï\ÖX°%Ð�Ý

∆T
Ì�ÍpÌ>ÏxÒàÐhÏ\Ù>Ï�×\Õ@Ð�¸�Ë_Ó<Û<ÖÂß>Ì�Ù>Ë_Ê�Ë_Ó<Û�ËºÚ�Ï\Ù>Ï�A

Õ�Ï\Ý�Ï�ÔFÏ�¸�Ë_Ù�á<Õ�Ï\Û�Î+µSÏxÒ�Û<Ù�Ü�Ó�ËxÎ_Ú�Ï�È�Ü�Ú�Ï�ÎxÏ<¯9ÒàÐ�Õ�Ë_Ó<Û<Ö»Ú
Ð�¸�Ò@Ï\Ö»Ê@Ð\Î_Ù�Û1¶<Í÷ÎxÏ�Î_Ù>Ë_Ó<Ú�Ï\Ö[¬ á�Ï\Õ1°�Ó�ËxÔ�W�>Ì�Ù>Ï�A
Õ�Ï\Ö�Â Î_Ù\Ð�Ù�Û�Î_Ù�Û<Ê�ËxÎ_Ú1¯�É Ï�×\Õ@Ð\×�Ï\Ù�Ú1¯�á�Ï�È)¯�Ê�Ë_Ó<Ó<Í0µ«ÞxÓ@ÐxÊ�Ë_Ó<Û<Ö%Î�Õ@Ð\Î_Ê�Ë_Ù>Ï�Ô#ÏxÒ�Ó�Ï\Ê@Ð\Î_Ù�Û<Ê<Ó<Í0µ!�,¯�Ó<Ú1¶<Û<Ö
Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1® á�Ï8Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\Ô

w(x)
Û¿á�Ï½Î_Ú�Ï\Õ�Ï�Î_Ù�®<Ô

w(v)
ßÆá�Ë_Õ<Ì�Í0µ4Ê�Ë_Ù�ÍpÕ�ËBµ4Ó�Ë_á<Õ<Û<Ì>ÏxÒ�Û�Ô�Í0µÔFÏ�ÔFË_Ó<Ù>Ï\Ì��,¯�Ó<Ú1¶<Û<ÖýÕ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û<Ö¿Î_Û�Î_Ù>ËxÔ�Í�ß)©xÓ<Ù�Õ�Ï\á<Û<Ö

Sx, Sv, Sxv
� � Ò�Ó�Ï\Ê@Ð\Î_Ù�Û<Ê<Ó@Ð�®$�,¯�Ó<Ú1¶<Û1®

Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1® á�Ï.Ú�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\Ô Û Î_Ú�Ï\Õ�Ï�Î_Ù�®<Ôõá�Ï�È)¯�Ê@Ð\Ë_Ù>Î�® á1¯�Ù>ËxÔ(Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1® Ê@Ð\Î_Ù�Û1¶ á�Ï
®
Ê�Ë_Ö<Ú
Ð\Ôv°�Û<Õ<Û<Ó�Ï\Ö

dx, dv
ß�Ê<Û�ÎWÈ@Ï%Ú�Ï\Ù>Ï\Õ<Í0µ*ÌX©xÚ�Î_á�Ë_Õ<Û�ÔFË_Ó<Ù>Ë

n ∼ 1000
�

�BÐ�Ú<Û�Ô�Ï�×\Õ@Ð�Þ�Ï�ÔpßpÌäÚ
Ð�¸�Ò�ÍpÖPÔFÏ�ÔFË_Ó<ÙäÌ�Õ�ËxÔFË_Ó<ÛÃ¬ Ê�Ë_Õ�Ë_Þ
∆T

8ÔFÏ�¸%Ó�Ï Ó@Ð\×�È�ÉºÒàÐ�Ù�Üj�«Ð�Þ�Ï\Ì�ÍpÖ
á�Ï\Õ<Ù�Õ�Ë_Ù«Î_Û�Î_Ù>ËxÔ�Í�ß
�,¯�Ó<Ú1¶<Û<Û�Õ@Ð\Î_á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1®%á�ÏhÚ�Ï�Ï\Õ>Ò�Û<Ó@Ð�Ù\Ð\Ô�Û%Î_Ú�Ï\Õ�Ï�Î_Ù�®<Ôpß�Ð�Ù\Ð�Ú1¸�ËpÌ�Õ�ËxÔFË_Ó<Ó1¯�É
Þ9Ð�Ì�Û�Î_Û�ÔFÏ�Î_Ù�Ü0Ó�Ë_á<Õ<Û<Ì>ÏxÒ�Û�Ô�Í0µ%ÔFÏ�ÔFË_Ó<Ù>Ï\Ì�ß�á�Ï�Ú�Ï\Ù>Ï\Õ�Ï\Ö%ÔFÏ�¸%Ó�ÏhÎ7¯9Ò�Û<Ù�ÜhÏ�Ì�Õ�ËxÔFË_Ó<Û�á<Õ<ÛEµSÏxÒàÐ�Î_Û�Î_Ù>ËxÔ�Í
Ú*Õ@Ð�Ì�Ó�Ï\Ì>ËxÎ_Û<Éª¬ Î_Ù\Ð�Ù�Û�Î_Ù�Û<Ê�ËxÎ_Ú�Ï�Ô�¯ÁÛ
È�Û*Ù>Ë_Õ�ÔFÏxÒ�Û<Ó@Ð\Ô�Û<Ê�ËxÎ_Ú�Ï�Ô�¯)W�

ù Ð�Ú�Ï\Ó<Í�Ò�Ì�Û1¸�Ë_Ó<Û1®ìá�Ï\Õ1°�Ó1®Kß�ÎýÚ�Ï\Ù>Ï\Õ<Í¯Ô�á<Õ�Ï\Û�Î+µSÏxÒ)®
ÙÇÎ_Ù>Ï�È�Ú<Ó�Ï\Ì>Ë_Ó<Û1®÷Ì�Í¯×\Û<Õ@Ð9È�Û�Î_Ü.Ì Ì�Û
Ò@Ë�ß
Ò@Ï\á1¯>Î_Ú
Ð�É�«�ËxÔ÷Ð�Ó@Ð9È�Û<Ù�Û<Ê�ËxÎ_Ú�Ï�Ë�Õ�Ë7°�Ë_Ó<Û�ËhÒ<È)®ýÏ\á<Õ�ËWÒ@ËWÈ@Ë_Ó<Û1®ÁÔFÏ�ÔFË_Ó<Ù\Ð�ÎxÏ<¯9ÒàÐ�Õ�Ë_Ó<Û1®

tki
Ñ

%÷Ú1¯>ÎxÏ\Ê<Ó�Ï�A�È�Û<Ó�Ë_Ö<Ó@Ð�®$�,¯�Ó<Ú1¶<Û1®
f(wt) =

{
A(1− 2wt), t ∈ [0, T/2]
A(−1 + 2wt), t ∈ [T/2, T ];

%÷Ú1¯>ÎxÏ\Ê<Ó�Ï�A�á@Ð�Õ@Ð\×�Ï�È�Û<Ê�ËxÎ_Ú
Ð�®]�,¯�Ó<Ú1¶<Û1®
f(wt) =





A(1− 8(wt)2), t ∈ [0, T/3]
8A(wt − 1)2, t ∈ [T/3, 2T/3]
A(1− 8(wt − 1)2),∈ [2T/3, T ],ÝrÒ@Ë

A
Â Ð\Ô�á
È�Û<Ùg¯9ÒàÐ�Ú�Ï�È@Ëx×>Ð�Ó<Û1®#á�Ï\Õ1°�Ó1®Kß

w
Â Ê@Ð\Î_Ù>Ï\Ù\Ð»Ú�Ï�È@Ëx×>Ð�Ó<Û1®#á�Ï\Õ1°�Ó1®Kß

T
Â á�Ë_Õ<Û�ÏxÒ4Ú�Ï�È@ËBA

×>Ð�Ó<Û1®ýá�Ï\Õ1°�Ó1®K�
É0Î_á�Ï�È�Ü�Þ�Ï\ÌSÐ�Ó<Û�Ë�Þ9Ð�Ú�Ï\Ó�Ï\Ì½Ò�Ì�Û1¸�Ë_Ó<Û1®#Ò<È)®ÁÊ@Ð\Î_Ù�Û1¶4Û4Î_Ù>Ë_Ó�Ï\Ú4á�Ï\ÞxÌ>Ï�È)®<Ë_Ù½á<Õ�Ï\Ì>ÏxÒ�Û<Ù�ÜýÌ�ÍpÊ<Û�ÎWÈ@ËBA

Ó<Û1®ýÙ�Õ@Ð\Ë_Ú<Ù>Ï\Õ<Û<Ö*Ò�Ì�Û1¸�Ë_Ó<Û1®*Ê@Ð\Î_Ù�Û1¶ÁÎ�Ô�Ð�°�Û<Ó<Ó�Ï\Ö*Ù>Ï\Ê<Ó�Ï�Î_Ù�Ü�É��
·hÕ<Û�ÔFÏxÒ@ËWÈ�Û<Õ�Ï\ÌSÐ�Ó<Û<Û8Î_Û�Î_Ù>ËxÔ�Í Ê@Ð\Î_Ù�Û1¶»Î^á�Ï\Õ1°�Ó�ËxÔ4Ú�Ï\Ó�Ë_Ê<Ó�Ï\Ö»Ô�Ð\ÎxÎ_Í Ì�Þ9Ð�Û�ÔFÏxÒ@Ë_Ö�Î_Ù�Ì�Û�Ë�ÔFË7¸�Ò)¯

Ê@Ð\Î_Ù�Û1¶@Ð\Ô�ÛäÛÇá�Ï\Õ1°�Ó�ËxÔØá<Õ�Ï\Û�Î+µSÏxÒ�Û
È@Ï á�Ï#Þ9Ð�Ú�Ï\Ó@Ð\Ô ¯�á<Õ1¯�Ý�Ï\Ý�Ï¿Î_Ù>Ï�È�Ú<Ó�Ï\Ì>Ë_Ó<Û1®K�!·0ÏxÒ�Ì�Û1¸%Ó<ÍpÖäá�Ï\ÕEA
°�Ë_Ó<Ü�Õ�Ë�Ð9È�Û<Þ�Ï\ÌSÐ�Ó»Ì�Ì�Û
Ò@ËpÓ�Ë_á<Õ�Ï\Ó<Û1¶@Ð\ËxÔFÏ\Ö8Ê@Ð\Î_Ù�Û1¶<ÍìÚ�Ï\Ó�Ë_Ê<Ó�Ï\Ö8Ô�Ð\ÎxÎ_Í�ß\Ò@ËWÈ)®E«�Ë_Ö8Ï\Ù�Õ�Ë_Þ�Ï\Ú»ÎpÊ@Ð\Î_Ù�ÛEA
¶@Ð\Ô�Û*Ó@Ð�Ò�ÌSÐ�Û<Ó<Ù>Ë_Õ<ÌSÐ9ÈàÐ
� ù Ð�Ú�Ï\Ó*Û<Þ�ÔFË_Ó�Ë_Ó<Û1®ÁÎ_Ú�Ï\Õ�Ï�Î_Ù>Ë_Ö#Ê@Ð\Î_Ù�Û1¶<Í Û*á�Ï\Õ1°�Ó1®½á<Õ<Û�¯9ÒàÐ�Õ�Ë�Ñ

v′2 =
2v1M + v2(M +m)

M +m
,

v′1 =
v1(M −m) + 2v2

M +m
,

ÝrÒ@Ë
v1
ß
M

ÂõÎ_Ú�Ï\Õ�Ï�Î_Ù�Ü8Û*Ô�Ð\ÎxÎ�Ð�á�Ï\Õ1°�Ó1®Kß
v2 ,m

ÂõÎ_Ú�Ï\Õ�Ï�Î_Ù�Ü»ÛÁÔ�Ð\ÎxÎ�Ð�Ê@Ð\Î_Ù�Û1¶<Í��
¨^ÍpÊ<Û�ÎWÈ@Ë_Ó<Û�ËºÙ�Õ@Ð\Ë_Ú<Ù>Ï\Õ<Û<Ö%Ò�Ì�Û1¸�Ë_Ó<Û1®�Ê@Ð\Î_Ù�Û1¶%Ì�©xÙ>Ï\Ö%ÔFÏxÒ@ËWÈ�Û%Ù\Ð�Ú1¸�Ëpá<Õ�Ï\Û�Î+µSÏxÒ�Û<Ù«ÎºÔ�Ð�°�Û<Ó<Ó�Ï\ÖÙ>Ï\Ê<Ó�Ï�Î_Ù�Ü�É��
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ú Ç ¦~�d�8�û�§¦&� £C�~�8�EÔk�~�
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