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�/jlonrWt]Y 8@³ L�rWX(�n� tvY�f]jl�W� d]Y*YC�
f]T�tvknr�o@T �x�(kn��T9f��xmlXhk9d]�*kn�?Y�
 �®tvknX
� �n����

SUTWY��cjld]rW�nm�d]bedyfvY*X �x�W{¦f]T�Y(�ndvd]kc�*jl�xf]Y5{±Y*bnY*¢¬�*kn�9f]tvknm�Xhknf]k@t
d]bedyfvY*X f��x«@Yh�±d]j�o@��j¥¨?�*�x�9f���YCtv�*Y*�9fv�nonY�
Ï���®Y*¤ f]YC�Wd�kx����YCtg¢
�*Y*�9fvd���kn�¯fvT�Y�¤�T�k@m�Y��*knt]f]Y*¸ºjl�"f]T�Y�Tcr�X �n�¡i�tv�nj����[Þ�"fvT�jld
dv��k@��Y@ª©f]TWY�j��W��ref$f]k¦�nm�m3fvT�YCd]Y�d]bcdgf]YCX d*ª/j7 Yn(fvT�Y t]Y*f]jl�W��ª/jld
mljl«nY*mlb�fvk��*�nt]tvb�knr�fµ�(m�knfzkx�Kjl�e�®kntvX �#fvj�k@�´¯· Tcr�X �n��tvY�fvj����

7��j�o@r�t]Y 8��¯��k@�W��YC�@fvtv�xf]Y5d �xi?knr�f

108 �WT�kxfvkntvYC��YC�ef]k@tvd ¤�j¥fvT�jl���{ejq�xX(Y�fvY*t�kx���xi?knref$�@�*X � !@��u�x�W{Ef]TWY�fvtv�n�WdgX(jqd]d]jlkn�Et��#fvY
kn� fvT�Y(t]Y*f]jl�W��jld�Y5dyfvj�X �#fvYC{ºi�Y*fy¤¯YCY*�

105 �n�W{ 106 i�j�fvd$�?Y*td]YC�*kn�W{´
SUT�Y tvY�fvj�����jqd$dgf]tvkn��o@m�b¦dgf]tvrW�°fvr�tvYC{©�!zkxf	kn�Wm�b¦jqd�j�f	knt]¢

o9�x��j:9*Y5{;jl� mq�²bnY*t�dCª�¤�j¥fvT ¨W�@YEonYC��Y*tvjq�§fybc��Y5d�kx����YCm�mqdCªzi�ref
�nmld]kµ{�j¥¶�Y*tvY*�9f���� � ������� ����kn¢PY*¸ejldgf�jl�Wd]jl{�Y¯fvT�YCd]Y�ml�²b@Y*t�d*�SUTWYCd]Y
���#f]Tc¤U�²bed©��kntvtvYCd]��k@�W{µf]k�jl�e�®kntvX �#fvj�k@�	dyfvt]Y5�xX d�{eY5�xmlj��Wo�¤�j¥fvT
{�j¥¶�Y*tvY*�9f dg�W�xf]jq�xmU�x�W{ f]YCXh�?knt��xmUdv�*�xmlYCd£kx�zf]T�Y��cjld]rW�xm��Wr�¸�
�Wr�t]f]T�YCt]X(kntvYnª5jl�$f]T�Y��*�@dgYukn����tvj�X �#fvYCd�knt�X �nXhX �nm�jq�x�Wd´¤�j¥fvT
�®tvkn�9f��xm©�cjld]jlkn�´ªcfvT�Y$t]Y*f]jl�W�h��k9d]d]YCdvd]YCdU�(tv�@{ejq�xm�kntvo@�n��j�95�#fvj�k@�´³
j�fvd(�*Y*�9f]YCtCªK«c��k#¤�� �@d	fvT�Y���� �.��¡j�� ��t]jlX �#fvYCdCªKjld(d]r�iewyYC��f�fvkº�@Y*tvb"{�Y�fv�nj�mlYC{ 
Ï�x��{¡f]TcrWdCªuYC��Y*tvonb
{�Y*X �x�W{�j���o!�¯��t]ke�*YCdvdgjl��oWªed]rW��T§�nd�tvYC�n{�j���o�
SUT�Y��*Y*mlmld	j���f]TWY t]Y*f]jl�W�±�*�x�"i?Y���k@�Wdgjq{eYCt]Y5{º�@d���Y*r�tvkn��d*ª�{�r�Y(f]k±fvT�Y*jlt	Y*mlYC��f]tvjl�C�xmK��tvkn�?Y*t]f]jlYCd

�n�W{§fvT�Y*jlt	��k@����Y5�°f]jl�cj¥fyb@�L�k#¤�Y*�@Y*t5ª©�nd|kn���?k@d]YC{§f]k§��k@tgfvjl�C�xm���Y*r�tvkn��d*ª©X(k@dgf�t]Y*f]jl�W�xmK��YCm�mqd${ek���kxf
¨�t]Y$�x�cb"�$#����*�.���G� � ��2���%�.� ��ª�knt �������
���U\µ��m�b�f]T�Y��*Y*mlmldUjl��f]T�Y$mq�ndgf�ml�²b@Y*t�
Ï�C�xmlm�Y5{�o@�x�Wonmlj�k@�W�xtU��YCm�mqd��
¨�t]Y$�x��{�d]Y*�W{�fvT�Y$Y*�W�*ke{eYC{��cjld]rW�xm©jl�e�®k@t]X �#fvj�k@��fvkhf]T�Y$i�t��xjl���9jq�£f]T�Y$k@�ef]jq�*�nm©��Y*tv�nY@
SUT�Y j��W�*t]Y5{ejli�m�Yu�*knX(��mlY�¸ej�fybzkx�cknrWt©Y*�c�cj�tvkn��X(YC�@f�
®f]t��n{ej�f]jlkn���xmlm�b�tvY��®YCt]tvYC{zf]kµ�nd�&g�W�#fvr�tv�nmxd]�*Y*��Y5d(')�

tvYCp9r�jltvYCdµ�W�xt]f]jq��r�mq�xtµ��YCtg�®k@t]X �n�W��Y5d��®tvknX fvT�Y(t]Y*f]jl�W��	SUT�Yhr��ci?knr��W{�YC{�p@r��x�9f]j�fyb§kx� jl�e�®k@t]X �#fvj�k@�
T��nd|f]kEi�Y��*knX(��tvYCdvdgY5{¦fvT�t]k@r�onT"k@r�t$�cjld]rW�xm¯dgbedgf]Y*X±ª/¤�T�jl��T"TW�@d	��¨W��j�f]Y�j��e�®k@t]X �xf]jlkn�"�*�x���n��j�fybn
·z�W{©ª�{eYCd]��j�f]Y(f]TWjld�jqd$X �xjl��mlb¦��tvk#�9jq{eY5{¦icb§f]TWY��5N ! �x��{º�*knt]f]jq�*�xmudgf]tvrW��f]r�tvYCdCª´dgr���T��Wt]ke��Y5d]d]jl��o
�*knX(YCdµknr�fµfvT�knr�o@T¦fvT�Y(i�j�o@onY5dyf�dyfvY*��j��ºj��e�®k@t]X �xf]jlkn�º�*knX(��tvYCdvdgjlkn��³Uf]T�Y(tvY�f]jl�W�W	·zd���¨���j¥fvY �*�#¢
���n��j�fybº��T��x����YCmK�®tvknX fvT�Y�YC�9�cjlt]k@��X(Y*�9f�
 fvT�Y��W�xf]r�t��xm¯d]�*Y*��Y5d���ª�fvT�Y�tvY�f]jl�W�§d]Y�f�d$f]TWY�p9rW�x�9f]j�fybEkn�
jl�e�®k@t]X �#fvj�k@��fvk(i�Y$��tvke��Y5d]d]YC{�i9b�f]T�Y$¤�TWknmlY|�cjqdgr��xm´d]bcdgf]YCX±
�Wt]k@X f]TWY	��k@j��9fzkn�K�9jlY*¤ kx�Kjl�e�®kntvX �#fvj�k@��fvT�Y*k@t]b@ªef]TWY	t]Y*f]jl�W� d]Y�fvd�f]T�Y	�Wt]ke��Y5d]d]jl��o��*�n�W�n�*j¥fyb�kn�

fvT�Y�¤�T�knmlY��cjqdgrW�nm�d]bedyfvY*X±"·zdh�§¨W��j�f]Y±�*�n�W�n�*j¥fyb¡��TW�n����YCm �®tvknX �x� Y*�c�cj�tvkn��X(YC�@f£¤�j¥fvT jl�e¨W��j�f]Y
jl�e�®k@t]X �#fvj�k@�*
 fvT�Y£���#f]rWtv�nm/dv��Y*�WYCd��°ª�f]T�Yht]Y*f]jl�W� ��Y5��Y5d]dv�xtvj�mlb���YCtg�®k@t]X dz�*knX(��tvYCdvdgjlkn�±kn�Kf]T�Yh�cjld]rW�xm
jl�e�®k@t]X �#fvj�k@���n�W{©ªe�®k@tUf]T�Y��9jqd]rW�xm´d]bedyfvY*X fvk i�Y$Y,+���jlY*�9fCªefvT�jqdz��k@X(��t]Y5d]d]jlkn��X£rWdgf�i�Y	�@{��x�efvYC{�f]k
fvT�Y�Y*¸cf]Y*tv�W�nm�Y*�c�cjlt]k@��X(Y*�9fC�SUT�Y£t]Y*f]jl�W���*knX(��tvYCdvdgY5d�j����®kntvX(�xf]jlkn�¦�xf�f]T�tvY*Y£m�YC�nYCmldC���j�t�dyf5ª©� m�k#¤U¢
���ndvdu¨Wm�f]YCt]jl��ohkx�´fvT�Y|�9jqd]rW�xm�jl����ref�jqd¯�Wt]k#�cjq{eYC{ icb(fvT�YµtvYC�*Y*�efvknt�d*ªcd]j��W�*YzfvT�Y*b�j��9f]YCont��#fvY-
Ïd]�W�#fvjl�nm�mlb
�n�W{¡fvY*X(�?knt��xmlm�b��£�x�W{ �.� � � ��*
7dg���#f]jq�xmlmlbnª¯�@d£�"{ejlonj�fv�nm��*�xX(YCtv�/��f]TWY�mljlonT9fh�Wt]knwyYC�°fvYC{ kn�9f]kºf]T�Y
i��n��«�kx��f]TWY�Y*b@Yn�SUT�Y*� �*knX(YCdh�x�Wkxf]TWY*t£��T��xmlm�YC��onY fvT�Y�tvY�fvj����¦TW�@d$f]k�{eYC�nm¯¤�j�f]T�³(f]T�Y±�²�nYCtv�nonY
mlr�X(jl�W�x�W�*Y$kx�u�(�W�xf]r�t��xm�dv��YC��Y$�#�xtvj�Y5d�{et��ndgf]jq�*�nm�mlb��n�C��k@tv{ejl��ohf]k�m�ke�*�xf]jlkn�´ª�{��²b9f]jlXhY@ªWY*fv�x�[Þ�±�Ï�n��fCª
� d]jl��onmlY	tvYC��YC�ef]k@tz�*�n�±t]Y5��Y*jl�nY	�@d��®YC¤ �@d�kn�WY	��T�knf]kn�§YC�nYCt]b�f]Y*�§X(jl�cref]Y5d*ª?r��W{eYCtµdgfv�nt�m�jlonT9f5ª��x��{
�@d�X�rW��T±�nd

105 ��T�kxfvkn�WdU�?Y*t�d]YC�*kn�W{�r��W{eYCt�i�tvj�o@T@f�d]r���mlj�o@T@f5uSUT�Y�m�rWXhjl�W�n�W��Y�t��x��o@YzfvT9r�dU�²�nt]jlYCdjl� �¦�Ï�n�°fvknt£kx�
108 �xf£mlYC�ndgf10"2ºY��x��jlX �xmqd£{�k¦��kxfh��Y*Y5{ X£rW��T jl�e�®kntvX �#f]jlkn� �ni�k@ref£mlr�X(jl�W�x�W�*Ynª
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iWref$tv�xf]T�YCt��ni�k@ref�f]T�Y k@iewyYC��fvd�tvY.�WY5�°fvj���o�f]TWYhmljlonT9fC ·zd$�±�*kn�Wd]YCp9r�YC�W��Y@ª©knr�t�tvY�f]jl�W����tvk#�cjl{eY5dµ�
mq�xtvonY$jl�c�#�xtvjl�n�W��Y$¤�j�f]T¦tvYCd]�?YC�°fzf]k�mlr�X(jl�W�x�W�*Yn³�t]Y*f]jl�W�xm/knrefv��ref|TW�ndµdgjlX(j�mq�xtµknt�{eY*t�d�kx�KX �xo@��j�f]rW{eY
jl���nm�m?mlr�X(j��W�n�W��Y���k@�W{ej�f]jlkn�WdC3SUT�jld�jl�c�²�nt]jq�x����Y�jqd�Xhk9dyfvm�b(��tvk#�cjl{�YC{ icbhf]T�Y|mlj�o@T@fUtvYC��YC�ef]k@tvd j���f]T�Y
tvY�fvj�����ª©�xm�f]T�k@r�onTº�n{�{ej�f]jlkn���xm3�n{��n�efv�xf]jlkn�§fvk�mlr�X(j���k9dgj�fyb§jqdµ�nmld]k���tvk#�cjl{�YC{§icb�f]T�Yh��Y*¸9f�mq�²bnY*t�d�kn�
fvT�Yht]Y*f]jl�W��	��jl�W�xmlm�b@ª´�#f$� fvT�j�t�{¦mlY*�@Y*mPª©j����®kntvX(�xf]jlkn�¦jl�ºf]T�Yht]Y*f]jl�W��jqd���k@Xh�Wt]Y5d]d]YC{§jl�º��¤U�²b�fvTW�#f
dgf]tvYCdvd]YCd�f]TWY	r��W{eYCt]mlbcj��Wo #�� � �� �$kx�3knrWt��cjld]rW�xm/dyfvj�X£r�ml�xf]jlkn�´³ ¤�TW�#fz¤�Y	�*�nm�m�kniewyY5�°fvdC�`cfv�#fvjldgf]jq�*�nm�mlb
�n�W{ o@Y*knX(Y*f]tvjl�C�xmlm�b@ªnX(k@dgf¯k@iewyYC��fvd���tvYC�#fvY <���O �|kn� fvT�YztvY�fvj�����ª@f]TW�xf�jqd mq�xtvonYµ�x�W{ mlke�*�nmW�#�xtvjl�xf]jlkn�Wd
kn�ef]T�Y¯m�jlonT9f�j��9f]YC�Wd]j¥fyb@/SUTW�n��«ed´fvk�f]TWY¯d]��Y5��j�¨�� �*kn����Y5�°fvj��cj�fyb|kn��t]Y*f]jl�W�xm@ml�²b@Y*t�d*ªCf]TWY i�jlono@YCdgf/�xX(knrW�@f
kn�/jl�e�®kntvX �#fvj�k@����tvke��Y5d]d]YC{�i9b�f]T�Y$tvY�fvj����£jqdUmlkc�C�#fvYC{�kn�±kniewyY5�°f�YC{�onYCdC
`cY5�°fvj�k@�(�µ��tvYCd]Y*�9fvd/fvT�Y��x�W�xf]k@Xhjq�*�nmc��t]k@��YCtgfvj�Y5d�kx�WfvT�Y�tvY�f]jl�W�W�`cY5�°f]jlkn��!�{eY�f��xjlmld3k@r�t3X(kc{�Y*mlj���o

�®t��xX(YC¤¯k@t]«��®kntztvY�fvj����xm���Y*r�tvkn��dz�x��{±f]T�YCj�t|jl�@fvY*t��n��f]jlkn�WdCµ`cY5�°f]jlkn�º����tvYCd]Y*�9fvdzknr�t|X(ke{eY*m/�®kntµf]T�Y
k@ref]�Wref�kn��o@�n��onmlj�k@�W�xt/��Y*mlmqd´�®tvknX f]TWY�	 � � � ��#<���� � � �.�����#f]Tc¤U�²bnª#�x��{�f]T�Y�¤U�²bµ¤�Y TW�²�@YujlXh�Wm�YCXhYC�9f]YC{
j�fC;SUT�Y±mlr�X(j����x�W�*Y�jl�c�#�xtvjl�n�W��Y@ª YC{�onY±{eY�fvYC�°fvj�k@�´ªU�x�W{ ��k@Xh�Wt]Y5d]d]j�k@� X(YC��T��x��jqdgX dCª ¤�jlm�m��n���?YC�xt
���#f]rWtv�nm�mlbºjl� fvT�jqd£X(ke{eYCm7¡��rWtgfvT�Y*tvX(kntvYnª3f]TWY��®k#�@YC�#fvYC{¡dgf]tvrW�°fvr�tvY�¤�jlm�m�i?Y�f��x«nYC� jl�@fvk��@�*�*knr��9fC
`eYC�°fvj�k@�±�£��tvYCd]Y*�9f�d]j�X£r�ml�xf]jlkn�Wd��n�W{��²�nm�jq{��xf]jlkn�WdUkn��f]TWjld�X(ke{eYCm7ªe�®k@t�dgjl��o@m�Y$��YCm�mqd��x��{��(d]j�X£r�ml�xf]Y5{
tvY�fvj�����ª5¤�j¥fvT£d]Y*�nYCtv�nm#�cjld]rW�xm9dyfvj�X£r�mlj73· {ejqdv��rWdvdgjlkn�$k@��f]T�Y¯��tvYCd]Y*�9f�X(ke{eY*m9jld���tvk#�9jq{eY5{�j��£`eYC�°fvj�k@�	��ª
�n�W{	�?k@dvd]j�i�mlY�{eY*�@Y*mlkn��X(YC�@f�d/�nt]Y�Y�¸e�?k@d]YC{�j�� `cYC��f]jlkn���9ªxjl�W��mlrW{ejl��o�X(ke{eY*mlj��Woµkn�Wf]TWY�� ��� � �1#<���� � � �.�
���#f]Tc¤U�²b kx�/f]T�Y$tvY�fvj��W�W
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SUTWY|o@k@�nm?kn��fvT�jldzdgY5�°f]jlkn��jld�fvk {eYCdv��tvj�i?Y|f]T�Y$tvY�fvj����xm©X(YC��TW�n��jqdgX �@d���¨�m¥fvY*tvj���o(dgf]tvrW�°fvr�t]Y@ª��x�W{�f]k
�Wt]k#�cjq{eY	�x�±k#�nYCt]�cjlY*¤_kx�3f]T�Y£m�jl��«ed�i?Y�fy¤�Y*YC�¦�x�W�xf]k@X�b��n�W{�f]T�Y£t]YCml�xf]Y5{��®rW�W�°fvj�k@�W�xm/i�YCTW�²�cj�k@tCU·zd
��tvYCd]r�m¥f5ª©¤¯Y(��tvkn�?k@d]Y�jl�"�/jlonrWt]Y ����dv��T�Y*X �#fvjl�£�cj�YC¤�kn�uf]T�Y(tvY�fvj��W�Wª´¤�T�jq��TE¤�jlm�mKi?Y(rWd]YC{ºj��ºf]T�Y
tvYCdgf�kx�/f]T�Y$�W�n��YCtCuSUTWjld�d]YC��f]jlkn�±dgT�k#¤�dUTWk#¤ j�f�jldUtvY*mq�#fvYC{�f]k �x�W�xf]k@Xhjq�*�nm��Ï�n��fvdC

��jlonr�tvY �e³%`e��TWY*X �#fvjl�h�cj�YC¤�kx��f]TWY£¨�m¥fvY*tvj���o±ke�*�*r�tvt]jl��o�jl��f]T�Y(tvY�fvj��W�W �/�²bnYCtvdµkx�U��Y*mlmqd$�xtvY£tvY*�e¢
tvYCd]Y*�9fvYC{ºi9bEi�k²¸eYCd��*kn����Y5�°fvYC{ºf]T�tvknrWonT"dgbc�W�n�ef]jq�hj��9f]YCtv�@�°fvj�k@�Wd*

VR(x, y, t)
ª/Y�fv�n t]YC��tvYCd]Y*�9f�f]T�Y

�?kxfvY*�9f]jq�xmqd$kn��fvT�Y��*Y*mlmld$jl�¡YC�@��T"ml�²b@Y*t	�#f$fvj�X(Y
t
ª3¤�j�f]T

(x, y)
i?Y*jl��o§fvT�Y�d]�W�#fvjl�nm ��kcknt�{ejl�W�#fvYCd�kn�

fvT�Y��*kn�Wd]jl{�Y*tvYC{§��YCm�mP�S/¤¯k�{ejqdgf]jl�W�°f�dgbc�W�n�ef]jq�$mq�²bnY*t�dCªef]T�Y(\µs � �x��{±f]T�Y�[Þs �uª�{eY�¨���Y$fy¤�k�dgr��*��Y5dy¢
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tvY*o@j�k@�WdC	SUT�Y(ontvYC�#f|�cr�X�i?Y*t�kx��t]ke{�d|�xmlmlk#¤�dzfvT�Yht]Y*f]jl�W��fvk§{eY�fvYC�°f	d]r�iefvm�Y(jlm�mlr�X(j����#f]jlkn����TW�x�WonYCd
fvT�tvknr�o@T �G�<� � � � �6�*� � #<��� ��� �nª©Y*�nYC�¦jl�§f]T�Y({��²b9f]jlX(Y�¤�T�YC�§f]TWY*b¦�xtvY	X(k@dgf]mlb§d]�xf]r�t��#fvYC{©µ[¬f|X �n«nYCd
tvke{ dgjlon���xmW�$o@kckc{(i��nd]jldu�®knt X(k#�@Y*X(Y*�9f {eY*f]YC��f]jlkn�´KSUT�Yµ��knrW�@fvY*tv�W�xt]fukx�©fvT�Y*jlt �?kn�Wr�ml�xf]jlkn���*kc{�j���o

� ÆÏÍCÅ5Ñ3Å²Í�Ê²Í�Ù�ÒnÍ°Ñ7ÑPÈyÑPÑ/ÑPÒxÈ<�yÇ 2 ����Ó�Ê��°ßÉÇÉÍ°Ê �gÈyßÉßÉÑ3 xØ��5Ù3Æ7ÓvÙ7Î²ÈyÆ�ÙPÆ7Ó�Ê²Ñ���Ç Ù/Ù7Î²ÈyÇÉÆ�Ñ7Ç1�°Ê#Ó�ßcÙPÍ�Ù7Î²È&�gÍ°Ê5È¯Ò#ÓvÙ7Î:�´ÓgÛ	ÓvÙ/ÙPÎ5È
ßÉÈyÝ�Èyß@Í�Õ�Ä 1�1 Ó"��Ó"�gÆÏÇÉÊ²È,�yÈyßÉßÉÑ,% ' R�) Ë
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jqd�fvT�Y	mlk@dvd�kx� d]�W�xf]jq�xm��@��r�j�fybn���k@t�f]TWjldµt]Y5�nd]kn�´ª�f]T�Y$�®k#�@YC� {ekcY5dg��� fµ�*kn�9fv�nj��±tvkc{Wd*³¯j¥f|jldµ{eYC{ejq�*�xf]Y5{
fvk(��t]Y5��jqdgY@ª�{��²b9f]jlX(Ynª�d]TW�x�?Y	�x�W�nm�bed]jld�iW�@dgY5{�k@���*kn��Y$d]j�o@�W�xmqdC
SUT�Y|{eY*��dgj�fybh{�YC��tvYC�@dgYUjqdu��knf kn�Wm�bhkniWd]Y*tv�nY5{£�®kntutvYC�*Y*�efvknt�d*ª@i�ref��nmld]k��®knt¯�xmlmWtvY�f]jl�W�nm���YCm�mWfybc��Y5d*ª

jl�W�*m�rW{�j���o�o@�x�Wonmlj�k@�W�xtu�*Y*mlmldCª9�nm¥fvT�knrWonT(f]TWYz�?k#¤¯YCtuml�²¤N¤�j�f]T
r
X(jlonT9f ��knf¯i?YzY*¸e�@�°fvm�b£f]T�Y|d]�nX(Yn�[Þ�

fvT�Y$d]�nX(Yµfvj�X(Y@ªef]T�Y	d]j:9*Y�kx�/f]T�YCj�t�{eYC�W{etvj¥fvjl�|fvt]YCY�j��W�*t]Y5�nd]YCdCª@X(Y5�x��jl��o ��� #����� � ��� �E���#< � �6� �. � ���� �°
SUTWjld$d]YC�*kn�W{E�Ï�n��f$�n���?YC�xt�d|�nYCt]b§�W�xf]r�t��xm3�®tvknX f]T�Y �?knjl�9f�kn�¯�cjlY*¤�kn�Udv�xX(��mljl��oWh[¬��Y5�n��Tºt]Y*f]jl�W�xm
�*Y*mlmKjld�dgYCY*�"�nd$dv�xX(��mlj���o§�±��k@�9f]jl�9rWknrWd$d]j�o@�W�xmK�xf�dgk@XhY(�?knjl�9f	kx� fvT�Y tvY�f]jl�W�Wª��§{eYC�*t]Y5�nd]Y£jl��f]T�Y
{�Y*�Wd]j¥fyb kn�/k@��Yzfybc�?Y�kx�/�*Y*mlm©XhY5�x�WdU�({eY5��tvYC�nd]Yzkn�´f]TWY�dv�xX(��mljl��o��®tvYCp9r�YC�W��b kn��fvT�Y$��kntvtvYCd]��k@�W{ejl��o
�*kn�9f]jl�cr�knr�dudgjlon���xmP�S/k	�²�nk@jl{(�xmljq�nd]j���o�ª#f]TWYµd]j�o@�W�xm�X£rWdgf i�YµX(kntvY�m�k#¤U¢¬�W�ndvd]YC{£¤�T�Y*�(fvT�Yµdv�xX(��mlj��Wo
�®tvYCp9r�YC�W��b o@Y�f�d�d]X �xmlm�YCtCªc¤�T�jq��T�f]T�Y$��YCm�mqdUjl�WdgrWt]Y|icb�j�����tvYC�nd]jl��o	fvT�Y$dgj:9*Y|kx�/f]T�YCj�t�tvYC�*Y*�efvj��@Yz¨WYCml{Wd*
SUTWY|�?Y*t���YC�ef]r��xm��*kn�Wd]YCp9r�YC�W��Y|jld�f]TW�xf�f]T�Y�jlX(�nonY�i?YC��k@X(YCdU¤U�²b�m�Y5d]dU�Wt]Y5��jqdgY|�Ï�xtU�®tvknX f]T�Y��®k#�@YC��
��jlonr�tvYº��jqd��"t]Y5��k@tv{ejl��o"kx��fvT�YEd]j�9CYCd kn��o9�x��o@m�jlkn���xt ��YCm�mz{�Y*�W{etvj�f]jq�±f]tvY*Y5d*ª�f]T��#f���tvk#�cjl{�Y±�

o@kckc{�Y5dyfvj�X �#fvY kx�Uf]TWY*jlt�tvYC��YC�ef]jl�nYh¨WYCml{¡d]j:9*YCdC�[¬f�j�mlmlrWdyfvtv�xf]Y5d�f]T�Y�onY*�WY*t��xmKjl�W��tvYC�@dgY(kx��tvYC�*Y*�efvj��@Y
¨�Y*mq{�dh¤�j¥fvT Y5�*��YC�9f]tvjl�*j¥fyb

r
 SUT�Y§�nref]T�k@tvd � F��YCdgf]jlX �#f]Y�f]TWY±�²�@Y*t��xo@Y�¹§jl{�onY�f�{eYC�W{etvj¥fvjl��f]tvY*Y�f]k

�n����tvk²¸ej�X �#fvY*mlb d]�C�xmlY|¤�j�f]T
r
ªW¤�TWj�mlY�s3�ntv�@dgk@m©��Y*mlmqdUtv�xf]T�YCt�d]�C�xmlY|¤�j�f]T

r0.65 SUT�Y5dgY���k#¤�Y*t	mq�²¤�d	�nt]Y jl�9f]Y*tvYCdgf]jl��o±fvkE��k@Xh���xtvY ¤�j¥fvT"f]T�Y�tvYC�*Y*�efvknt�{�Y*�Wd]j¥fvj�Y5d	jlm�mlrWdgf]t��#fvYC{"jl�
��jlonr�tvYu�eª#�x��{µjl�$�W�ntgfvjl�*r�ml�nt©¤�j¥fvT���k@��Yu{eYC�Wdgj�fyb�fvTW�#f/ontvk@dvdgmlbzdv�*�xmlYCd�¤�j�f]T

r−1 �¹§jl{�onY�f���Y*mlmqd©t]Y5��YCj��@YfvT�Y*jltUj��W��refvdUX(k9dyfvm�b(�®tvknX ��k@��YCdCªe�x�W{�f]T�YCj�t�{eYC�W{etvj¥fvjl�µfvt]YCYCd �®knmlm�k#¤ �£mq�²¤;j��c�nYCtvd]Y*mlb(��tvkn�?knt]f]jlkn�W�nm
fvk ��kn�WY�{�Y*�Wd]j¥fyb�³3fvT�jldzdgr�o@onY5dyf�d fvTW�#fUfvT�Y$¤�T�knmlY$��k@��Y��W�#fvT9¤U�²b X(j�o@T9fzd]�C�xmlYµ¤�j�f]T

r
�Ã¯kn�c�@Y*t�dgYCm�b@ª

sK�ntv�@dgk@mµ��YCm�mqd�t]Y5��Y*jl�nYº� X(j�¸cY5{;jl����ref§kx�	tvke{�d��x�W{_��kn�WYCdCªz�x�W{ t]ke{ {�Y*�Wd]j¥fyb;{eY5��tvYC�@dgY5d�X�r���T
d]mlk#¤¯YCtUf]TW�n�¦��kn�WY	{eY*�Wd]j�fybn�·zd���t]Y5dgr�m�fCªWf]T�Y�s3�ntv�@dgk@m©t]Y5��YC�ef]jl�nY�¨WYCml{§d]j:9*Y$jl�W��tvYC�@dgY5d � ����� ��£¤�j�f]T
Y5�*�*Y*�9f]tvjl�*j¥fyb@ªe¤�j¥fvT§�£�?k#¤�Y*tUml�²¤ �x���Wt]k²¸ejlX(�xf]Y5{�icb

r0.65 ��jlonr�tvY��h�xmqdgk d]T�k#¤�d¯f]T�Y�{�jldv��tvY*�W�n�W��b jl�±t]Y5��YC�ef]jl�nY|¨WYCml{±d]j�9CYCd�i?Y�fy¤�Y*YC��¹§jq{eo@Y�fz�x��{�sK�ntv�@dgk@m
�*Y*mlmldCªe¤�T�k9dgY|t]Y5��YC�ef]jl�nYµ¨WY*mq{�d��xfUf]T�Y$dv�xX(Y�YC�*�*Y*�9f]tvjq��j�fyb��xtvYz¨W�@Y|f]khf]YC��fvj�X(YCd�¤�jl{eYCtCK��jl�W�xmlm�b@ªe¤¯Y
d]Y*Yµ�$onkcke{(YCdgf]jlX �#f]jlkn�(�®k@tufvT�Yzjl�9f]Y*tv�W�nmW�#�xtvjl�xf]jlkn� kn�©dv�*�nm�Yzj��Wd]jq{eY�f]TWYµdv�xX(Y��W�xf]Tc¤��²b@�·�fU�$onjl�nYC�
Y5�*�*Y*�9f]tvjl�*j¥fyb@ªet]Y5��YC�ef]jl�nYµ¨WY*mq{�d�d]j:9*YCdU�#�nt]b ¤�j�f]T�jl�§kn�WY|k@tUfy¤¯khke�°f��²�nYCd�k@��m�b@

·�� f]Y*t/f]TWjld/��Tcbedgjlknmlkno@jl�C�xm#��tvYCd]Y*�9fv�xf]jlkn��kx�cfvT�Y tvY�fvj��W�WªCiWref/i?Y��®k@t]Yuo@knjl��o�{eYCY*�?Y*t�jl�9f]k�k@r�t�X(ke{eYCm7ª
¤�Yh��t]Y5dgYC�9fzf]TWYhX �xf]T�YCX(�xf]jq�*�nm/�®t��xX(YC¤¯k@t]«�¤¯YhTW�²�@Y£rWd]YC{¦f]k�r��W{eYCtvdgfv�n�W{¦jl�9f]YCtv�@�°f]jlkn��dzi?Y�fy¤�Y*YC�
�*Y*mlmldC
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��jlonr�tvY��c³±¹§YC�@dgr�tvY*X(YC�@f�d�kx��o9�x��o@m�jlkn���xt/{�Y*�W{etvj�f]jq� fvt]YCY�dgj:9*Y5d/¤�j�f]ThtvYCd]��Y5�°f3f]k|YC�C��Y*�9fvt]jq��j�fybn���tvknX
� F�¬
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[Þ�hfvT�jld¯dgY5�°fvj�k@�h¤�Y���tvYCd]Y*�9fKknr�t Xhke{eYCme�®knt t]Y*f]jl�W�xm��WY*r�tvkn�WdK�n�W{£f]T�YCj�t�dgbc�W�n�ef]jq�Ujl�@fvY*t��n��f]jlkn�WdC3\µr�t
i��nd]jl�(�ndvd]r�X(�ef]jlkn�ºjld�fvTW�#f	tvY�fvj����xmK��YCm�mqd	�*�n�ºi?Y X(ke{eY*mlYC{��nd �2�.���M� �� � ��� �G�°ª´¤�T�jq��T"XhY5�x�Wd|fvTW�#f
¤�Y��WY*onmlYC��fzfvT�Yhd]�W�xf]jq�xm3dyfvt]rW��f]r�tvY	kn�uf]T�Yh��YCr�t]k@�Wd��#$SUT�Y�X(Y*X£i�t��x��Y£��knf]Y*�9fvjl�nmldµkx�KfvT�Y£�WY*r�tvkn�Wd
�nt]Y�{eYC��kxfvYC{�icb

V (t)


����� � �  � ����� ��� � ��� ��� � � �
	 � ��� � �
2�Y(��tvYCd]Y*�9f$T�Y*tvY£k@r�t$X(ke{eY*m3�®k@t�f]T�Y(jl�@fvY*tv�W�xmKY5p9rW�#fvj�k@�¦f]T��#f�{etvj��@YCd�����Y*rWt]k@��� d|�?kxfvY*�9f]jq�xmu�@d|�
�®rW�W�°fvj�k@��kn�/j�fvdUjl����ref�d*�2ºY$��T�k9dgY|f]TWYµ�®t��xX(YC¤¯k@t]« kn����k@�W{erW��fv�n�W��Y*¢¬{etvjl�nY*����Y*rWt]k@�Wd*KSUT�jqd���T�k@jl�*Y
�nm�mlk#¤�d£f]k dgf]jq��« ��mlk@d]Y*thfvk"f]T�Y§i�jlknmlkno@jl�C�xmU�W�xf]r�tvY±kx��j�k@��jl�±�*r�t]tvY*�9f�d(j��N��YCr�t]k@�WdCª¯�x��{ j�f�jqd knr�t
�*kn�c�cjl��f]jlkn�"fvTW�#f dg�?YC�*j¥¨?����k@�e¢¬m�jl��YC�nt£Y*¶?Y5�°f�dh�C�x� i?Y�Y�¸e��mq�xjl��YC{¡icb¡rWd]jl��oºd]rW��T �º��k@�W{erW��fv�x����Y�¢
i��nd]YC{��®tv�nXhYC¤¯k@t]«(t��#fvT�Y*tUfvTW�x�±dgjlX(��mlY	��r�tvt]YC�9fg¢Þ{et]jl�nYC����YCr�tvkn�WdC

@ �*#��*# $�& ¼�� )�� ¼ C��²����' À ) (���/����' À )
% & �G)�) ¼ ) � À Á ¼ ) � ·"��YCr�tvkn��TW�nd´j�k@��jl�K��T��x����YCmld´j���j�fvd´X(YCX�i�t��x��Y@ª�fvTW�#f/�nt]YKX(k@m�Y5��r�mlYCd©�nm�mlk#¤�j��Wo
jlkn��d/jl�hknt�knrefKkx��f]T�YU��YCr�tvkn�´�SUT�YCd]Y���T��x����YCmld3�nt]Y�t]Y5dg�?kn��dgjli�mlYu�®kntK�nm�mcfvT�YUY*mlYC�°fvt]jq�*�nm@�Wt]k@��YCtgfvj�Y5d/kn�
�WY*r�tvkn�WdCª��x��{�jl�±�W�xt]f]jq��r�mq�xtU�®k@tUf]T�Y	d]��jl«nY$o@Y*��YCtv�xf]jlkn�´KSUT�YCt]Y$�xtvY�X �x�cb fybc��Y5d�kx�3dgr���T±��T��x����YCmld
k@�±f]T�Y£X(Y*X�iWtv�n��Y$kx�u� ��YCr�tvkn�´µÃ¯k@�Wdgjq{eYCt]jl��o��xmlm/��T��x����YCmld�kx�Kf]TWY�d]�nX(Y$fybc��Y

i
jl�±f]T�Y£��Y*rWt]k@��� d

X(YCX�i�t��x��Y@ª�fvT�Yh�*r�tvt]YC�@f	�Wk#¤�j��Wo f]T�tvknrWonT±f]TWjldz�Ï�xX(jlm�b±kx� ��T��x����YCmldzjld�f]t��n{ej�f]jlkn���xmlm�b�X(kc{�Y*mlYC{§icb
� 8C��P³

I i = gi(t, V )(Ei − V ),
¤�TWY*tvY

V
jld f]T�Y���YCr�tvkn��� duX(Y*X£i�t��x��Yµ��knf]Y*�9fvjl�nm��n�W{

Ei jqd¯f]T�Y����� �G� ���2�.� ��M�6�%� ���ndvdgke�*jl�xf]YC{(¤�j�f]T
fvT�jqd fybc�?Yµkn�/��TW�n����Y*mP

Ei jld�mlj���«@YC{(fvk�fvT�Y|j��Wd]jq{eY|�n�W{�k@refvd]jq{eYµ�*kn�W�*Y*�9f]t��#fvj�k@�Wdukn�´f]T�Yµfybc��Y|kx�/j�k@�
��k#¤�j���o�f]TWt]k@r�onTEf]T�Y ��TW�n����Y*mPª�f]T��#f$t]YCX �xjl�º��k@�Wdgfv�x�9f5ª´�x�W{Ef]TcrWd

Ei jqd��xmqdgk±����kn��dyf��x�9fµ�®k@t�f]T�Y��T��x����YCm��*kn�Wd]jq{eY*tvYC{©�[¬�
Ei jqdµ�nY*tvb±T�jlonT´ª?f]TWY*�ºf]T�Y5dgY(��TW�x�W��Y*mqd�fvY*�W{¦f]k �H �G� � �.� ���( 
®Y�¸��*j¥fvY��zf]T�Y

�WY*r�tvkn�´ª/dgjl�W��Y
I i jld��xml¤��²bedµ��k9dgj�f]jl�nY(jl�ºfvT�jqd$�*�nd]Yn�Ã¯k@�9�@Y*t�dgYCm�b@ª©j¥� Ei jqd���Y*o9�#fvj��@Yh�@d$��knX(�W�nt]Y5{fvk�fvT�Y���YCr�tvkn��� d�tvYCdgf]jl��o��?kxfvY*�9f]jq�xmPªWfvT�jqd�fybc�?Y�kx� ��T��x����YCmld�f]YC�W{�dzf]k ��� �G����2�.� � � ���� 
®jl��T�jli�j�f��zf]T�Y

�WY*r�tvkn�´K·µd��®knt
gi(t, V )

j¥f�jqdU��#<� ��� � #��(�.� #<|fvTW�#f�X(YC�@dgrWt]Y5d fvT�Y�onmlkniW�nm7ªcjl�Wdgfv�x�9f��x��YCknrWd¯kn�?Y*��jl��o
kn��fvT�Y��Ï�xX(jlm�b�kx����T��x����YCmld

i
uSUT�Y�i�jlono@Y*t�j�f�jldCªcf]TWY$Xhk@t]Y$�*r�t]tvY*�9f��Wk#¤�d�f]TWt]k@r�onT�f]T�Y	��T��x����YCmldC

SUT�Y ��TW�x�W��Y*mqd±f]T��#fºo@Y*��YCtv�xf]Y d]��jl«nYCd¦TW�²�nY �;�@Y*tvb d]�?YC��j�¨��¡�Wt]k@��YCtgfyb�³ fvT�Y*b �nt]Y �.�.� �(���O �
�
 �2����H��2� � 8C�� 
®TWY*�W�*Y¦f]TWYE{eY*�?Y*��{eY*�W�*Y¦kx�

gi ¤�j�f]T V
jl�Nf]TWY¦��tvYC��Y5{ejl��o¡YCp9rW�xf]jlkn� �� 2�YE{ek

�Wkxf£{ejltvYC�°fvm�bºX(kc{�Y*m¯d]��jl«nY o@Y*��YCtv�xf]jlkn�´�SUT9r�d*ª�j��¡k@r�t$�®t��xX(Y*¤�kntv«�ª
gi(t)

jld�kn��mlbEX(ke{er�mq�#fvYC{"icb
��
� �� � � � #�� � ����n³zd]bc�W�x��f]jq�	jl����ref�dµkn�uf]TWY£��YCr�tvkn�´ª©�x��{¦{ejlt]Y5�°f$dyfvj�X£r�ml�xf]jlkn�¦icb±mlj�o@T@f�jl�¦f]TWYh�C�nd]Y
kn�/��TWkxf]k@t]Y5��YC�ef]k@tvdC
� 1 Ê�ÕqÓ"�ÞÙ3 eÆ7ÈgÓ�ß©Ê²È<�²ÆÏÍ°Ê²Ñ Î#ÓgÝ�ÈzÓ|Ñ7Ò#ÓvÙ7ÇÔÓ�ß?È��CÙ7ÈyÊ*ÙgË 1 Ê�Ò#Ó�Æ®ÙPÇ1�<�²ßÔÓ�Æ< WÙPÎ²È7��È<�¯Ø²ÆPÓ�Ê5ÈUÒxÍ�ÙPÈyÊ�ÙPÇÔÓ�ß�Í�Õ�Í°Ê²È�Ê5È3�5Æ7Í°Ê(ÇÉÑ Ó

Ê ���¯ØxÈgÆ V (x, y, t) Å²È 2#Ê5ÈgÅ(ÓvÙ�ÈÞÝ�ÈyÆÏÛhÒxÍ°ÇÉÊ*Ù (x, y) Í�Õ/Ç Ù7Ñ ��È<��Ø²Æ7Ó�Ê²È�Ó�Ê²ÅhÕ�Í°ÆuÈÞÝ�ÈgÆ®ÛhÙ7Ç1��È t Ë Ú Î5ÇÉÑ ÑÏÙPÆ?���ÞÙ��²Æ7È �gÓ�ÊÇÉÊ²Å����yÈzÅ²Ç �nÈgÆÏÈyÊ*Ù�È��nÈ<�ÞÙPÑgË 1 Ê²Î²Í���Í��°ÈyÊ²ÈyÍ��²Ñ�ÑÏÛ5Ê²Ó�Ò²ÑPÈµÆ7ÈyÒ#Ó�Æ®ÙPÇ Ù7ÇÉÍ°Ê�Í°Ê(ÙPÎ²È ��È<��Ø²Æ7Ó�Ê²ÈzÍ�Õ/Ù7Î²ÈzÊ²È<�²ÆÏÍ°Ê �gÓ�Ê ßÉÈgÓ�Å(ÙPÍ
ÑPÒ#ÓvÙ7ÇÔÓ�ßÉß Û�Ý°Ó�Æ®Û5ÇÉÊ���Ñ7Í°ß1�5Ù7ÇÉÍ°Ê²Ñ�Õ�Í°Æ V (x, y, t) Ë�Ä/Ê|ÈyßÉÍ°Ê���ÓvÙ7ÈgÅ|Ñ7Ù7Æ����ÞÙ��²ÆÏÈ�Ñ ���¬Î$Ó�Ñ�Ó/�yÍ°ÆÏÙ7Ç1�gÓ�ß�Ó��5Í°Ê#�gÓ�ÊµÇÉÊ²Å����yÈuÑPÒxÈ<�yÇ 2 �Ò²Æ7Í°Ò²Ó"��ÓvÙPÇÉÍ°Ê�Ù7Ç1��ÈyÑ©Í°ÊµÙ7Î²ÈuÊ²È<�²Æ7Í°Ê2. Ñ/Ñ��²ÆÏÕlÓ"�yÈ°Ë�Ì�È,��ÇÉßÉß@Ê²Í�Ù�ÙPÓ��°ÈuÓ�ßÉß@Ù7Î²ÈyÑPÈuÈ��@È<�ÞÙ7Ñ�ÇÉÊ�ÙPÍ�Ó"�<�yÍ��²Ê�Ù]Ë
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85� ����� ��� ������
	����� � �.��� �����<��������� �*���(������

� ¼ �.'! J'*)�C � � À )/Á����x�C�2)/� ¼n¾ ���W� ¼ Á � À Á ¼ ) � SUTWY���YCr�t]k@�¦X(ke{eY*m3��tvYCd]Y*�9f]Y5{§T�YCt]Y£jldµ¤�TW�#f|¤¯Y
tvY��®YCt	fvkE�nd£� ����� 
PÃ¯k@�W{erW��fv�n�W��Y�[Þ�9fvY*ont��#fvY��x�W{ �/jltvY�����YCr�tvkn�´ 2�Y�X(ke{eY*mU�§X(jl��j�X �nm¯d]Y�f£kn�
fvT�tvY*Y¯fyb9�?YCd�kn����k@�W{erW��fv�x����YnK\µ��YU��TW�x���WY*m9fybc��Y�t]YC��tvYCd]Y*�9fvd�f]T�YUY*¸e�*j¥f��#fvkntvbµjl����ref�d3kn��f]T�YU��YCr�t]k@�

7��k@t]tvYCd]��k@�W{ejl��ohf]k�� !�Y*tv�Wdgfz�?kxf]YC�9f]jq�xm3�xi?k#�nY�f]TWY	��Y*rWt]k@��� d�f]T�tvYCd]T�k@ml{ ��³¯j�fzjqd���knf]Y5{

Gexc(t)
z·

d]YC�*kn�W{E��TW�x���WY*m�t]YC��t]Y5dgYC�9fvd�fvT�Yhj���TWj�i�j�f]k@t]b§jl����r�fvdµf]k�f]T�Yh��Y*rWt]k@� 
®��YCo@�xf]jl�nY !zY*tv�Wdgf|�?kxfvY*�9f]jq�xm��°³
j�fµjqdµ��kxfvYC{

Ginh(t)
|��j��W�nm�mlbnª�d]knX(Y£��TW�n����YCmldµ�xtvY���k@�Wdyf��x�9fzjl�§f]jlX(Ynª©��k@t]tvYCd]�?kn�W{ejl��o(fvk��xmlm/jl��YCtgf

mlYC�n«ed�j���f]TWY�X(Y*X�iWtv�n��Yn�SUT�YCbºd]r�X rW�¡j��¡�§��k@�Wdgfv�x�9f	��k@�W{erW��fv�n�W��Y
gL ª/�ndvd]kc�*jl�xf]Y5{¦fvk¦�±�9rWm�m

!zY*tv�Wdgf ��knf]YC�@fvjl�nm7KSUT�jqdu�WY*r�tvkn�(X(ke{eY*m?TW�nd � � �$j��W{�Y*�?Y*�W{eYC�9f¯jl����ref�d*ª
Gexc(t)

�n�W{
Ginh(t)

3[¬f¯jqd
�£dyf��x�W{W�xt�{ ��Y*rWt]k@��X(kc{�Y*m�rWd]YC{�icb � �@����®knt�Y�¸��nXh�Wm�Y@K`ej��W�*YzfvT�Y|XhYCX�i�t��x�WYzkx���	��YCr�t]k@���n��fvdU�nd
�n��YCm�Y5�°fvt]jq�*�nm´�*�x���n��j�f]k@tCª9fvT�Y$X(Y*X�iWtv�n��Yµ�?kxfvY*�9f]jq�xm�jld�fvT�Y*�§{etvj��@Y*��icb f]T�Y��®k@m�mlk#¤�jl��o(YCp9rW�#fvj�k@�´³

c
dV (t)

dt
= Gexc(t)(Eexc − V (t)) + Ginh(t)(Einh − V (t)) − gL V (t) + I(t),


 8��

¤�TWY*tvY
c
jqd|f]T�Y��C�x�W�@��j�fyb¦kx��f]TWY XhYCX�i�t��x�WYnª��n�W{

I(t)
{�Y*��knf]YCd�Y*¸cf]Y*tv�W�nmu��r�tvt]YC�9f�jl����r�fvd�fvk±f]T�Y

�WY*r�tvkn�´ª�d]rW��T;�nd(fvTW�#f���t]k#�cjq{eYC{ icb �WY*jlonTci�k@t]jl��o¡��YCm�mqd fvT�tvknr�o@T o9�x��wyr��W��f]jlkn�Wd"
7`cY5�°fvj�k@� !W !/�°
D¯p@r��#f]jlkn� 
 8��zjqdzX(kntvY	jl�9f]r�j�f]jl�nYh¤�T�Y*�E��kntvX �xmlj�9CYC{©��´Y�f

Vspike
i?Y£f]T�Y£fybc��jl�C�xm��#�xmlr�Y�kn�

V (t)
�#f

¤�TWjl��T�f]TWY���Y*rWt]k@��d]��jl«nYCdC 2�Y���TW�n��onY(knrWt$��kxf��#f]jlkn��d	dgk§�@d�f]k§TW�²�@Y �xmlmu��knf]YC�@fvjl�nmld�

V (t)

�x�W{
!zY*tv�Wdgf|�?kxfvY*�9f]jq�xmqd��|{ejl�cjl{�YC{ºi9b

Vspike
£�Wr�t]f]T�YCt]X(kntvYnª´�nm�mu�*kn�W{�rW�°f��x�W�*YCd��xtvYh{�j��cjq{eYC{ºicb

c
ª��x��{

I(t)
jqd�{ejl�9jq{eY5{�icb

cVspike
u�WkntUf]TWYCd]Y$��Y*¤ �#�xtvjl�ni�m�Y5d*ª 
 8���¤�tvj¥fvYCd

dV (t)

dt
= Gexc(t)(Eexc − V (t)) + Ginh(t)(Einh − V (t)) − gL V (t) + I(t),


P� �
¤�TWY*tvY|�?kxfvY*�9f]jq�xmqd��nt]Y${ejlX(Y*�Wd]j�k@��mlYCdvd*ªe¤�T�jlmlY	��kn��{erW�°f��x�W�*YCd��n�W{±��r�tvt]YC�9fvd�TW�²�nY|fvT�Y	{ejlXhYC�Wd]j�k@��kn�
�®tvYCp9r�YC�W��jlYCdC

c
TW�@d¯{ejqdv�x���?YC�nt]Y5{(f]TW�n��«edufvk�fvT�Y|t]YC��kntvX �xmlj�95�#f]jlkn��/��rWtgfvT�Y*tvX(kntvYnª9j¥�´fvT�Y|��Y*r�tvkn��jld

�(d]��jl«9jl��o(��YCr�t]k@�´ªcf]TWY*�§�(dg��jl«nY�ke�*�*r�t�dUY*�nYCt]b(fvj�X(Y
V (t)

t]Y5�n��T�Y5d��²�nm�rWY|k@��Yn
\µ��mlb	o9�x��o@m�jlkn�W�nt/�*Y*mlmld 
7�x�W{hdgk@X(Y��nX(�@��tvj��WY¯��YCm�mqd��´¨�t]Y�d]��j�«@YCdC/�Wknt�f]T�Y5dgYU��YCr�tvkn�WdCª#Y*�@Y*tvbµfvj�X(Y

�hd]��j�«@Y�kc�C��r�t�dCª@fvT�Y$�?kxf]YC�9f]jq�xm
V (t)

jqdUtvYCd]Y�fUf]k(�#�xmlr�Y 9*YCt]k(�#� fvY*tUf]TWY�d]��jl«nY 
®�?kxfvY*�9f]jq�xm 9CY*tvk£i?Y*jl��o
fvT�Y�tvYCdgf]jl��o¦�?knjl�9f�jl� knr�t£��kntvX �xmlj�9CYC{"Y5p@r��#f]jlkn� �°ESUT�YC�´ªK�#� fvY*t(�§��k9d]d]jli�m�Y��xiWd]knmlref]Y�t]Y*�®tv�@�°f]k@t]b
�?Y*tvjlkc{´ª 
7� �Udgfv�ntgf�d�{etvj��cjl��o

V (t)
�no@�xjl�´

(�À Á ¼ )z� ¼ Á��/�n��' À ) � S�k±i?Y�fgfvY*t$r���{eY*t�dyf��x�W{¦f]T�Yh¨Wm�f]YCt]jl��o±��tvkn�?Y*t]f]jlYCdµkx� 
7� ��ª´¤�YhtvY*¤�tvj�f]Y�j�f	jl�
fvT�Y��®knmlmlk#¤�j���oh¤U�²b?³

dV (t)

dt
= g∞(t)(E∞(t) − V (t)),


6!$�

¤�j�f]T�³




g∞(t) = Gexc(t) + Ginh(t) + gL,

E∞(t) =
Gexc(t)Eexc + Ginh(t)Einh + I(t)

g∞(t)
.

1!2�P31 Ä
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\µ����Y�j��Wj¥fvjl�nm���k@�W{ej�f]jlkn�Wd��nt]Yµ�®kntvonknfgf]YC�´ª 
*!/��TW�nd�fvT�Y	d]knmlref]jlkn�

V (t) =

∫ +∞

ξ=0

g∞(t − ξ)E∞(t − ξ) exp

(
−
∫ t

t−ξ

g∞(u)du

)
dξ.


Ï�/�

D¯p@r��#f]jlkn� 
Ï�/�K�C�x�(i�YµdgYCY*�´ª9�#fuYC�@��T�fvj�X(Y
t
ªc�ndKf]T�Y�mlj��WYC�xt¯��kn�c�@knmlref]jlkn�hkx�

E∞(t)
¤�j¥fvT��|f]Y*X(�?knt��xm

«@Y*tv��Y*m
ξ → Kt(ξ)

ªef]TW�xf�j¥f�dgYCm¥�K{eYC��YC�W{�dUkn��f]TWY$��t]Y5dgYC�9f¯fvj�X(Y
t
K[Þ�W{eYCYC{©ªWkn��Y$�*�n��tvY*¤�tvj¥fvY 
®�!�¯�@d

V (t) = E∞ ∗ Kt (t),
¤�j�f]T





g∞(t) = Gexc(t) + Ginh(t) + gL,

E∞(t) =
Gexc(t)Eexc + Ginh(t)Einh + I(t)

g∞(t)
,

Kt(ξ) = g∞(t − ξ) exp
(
−
∫ ξ

0

g∞(t − u)du
) ªe�®k@t

ξ > 0.

7� �

SUTWjld�mq�ndgf��®kntvX�rWml�xf]jlkn� d]T�k#¤�d�f]TW�xf
V (t)

jld±�xml¤U�²bcd�m�jl��Y5�xtvm�b;{etvj��@Y*�_i9b
E∞(t)

ª|¤�T�YCt]Y5�nd�f]T�Y
{�Y*�?Y*�W{eYC�W��YE¤�j¥fvT;t]Y5dg�?YC��f�f]k"fvT�Yº�*kn�W{er��°fv�n�W��Y

g∞(t)
jqd��Wkn�e¢¬m�jl��Y5�xt5 
Ï·z�W{ �@d��"t]Y5dgrWm¥f5ªUf]T�Y

o@m�k@iW�xmu{�Y*�?Y*�W{eYC�W��Y(fvk±f]T�Y jl����r�fvd
Gexc(t)

ª
Ginh(t)

�n�W{
I(t)

jld	�nmld]k±��kn��¢Pmlj��WYC�xt �°��Wknt	Y5�n��T
t
ª

ξ → Kt(ξ)
jqd��hmlk#¤U¢P�W�@d]d ¨Wm�f]YCt-
Ïd]j�����Y$j�f�jld��nm�¤U�²bed¯�?k@d]j�f]jl�nY���ªcf]TW�xf��nYCt]j�¨WYCd

∫ ∞

ξ=0

Kt(ξ)dξ = 1,

�@d�k@��Y±��T�YC��«ed£YC�nd]jlm�b��®tvknX j¥f�d {eY�¨���j¥fvj�k@� jl� 
P� �° ·zd(�E�*kn�Wd]YCp9r�YC�W��Y@ª
V (t)

�*�n� i?Y�d]Y*YC� �@d£�
fvY*X(�?knt��xm��²�nY*t��xo@j��Wo|kn��jl����ref

E∞(t)
ªe¤�j¥fvT��²�nYCtv�nonjl��o���tvkn�?Y*t]f]jlYCd�{eY*�?Y*�W{�j���o£kn��mlb kn��f]T�Y|t]Y5��YC�@f

�#�nm�r�Y5dUkx�
g∞(t)



@ �*#�� 0 , '*) ¼ �e��� � ��� À )J' � ����' À ) ¿ 'Ï� & � ¼ ��� ¼ �n�£� À � & ¼ � ) ���/�
D¯p@r��#f]jlkn� 
7�$��X(Y*m�fvd�{ek#¤��Ef]k���fvtv�@{ej¥fvj�k@�W�xm�mlj���Y5�xt|j��9fvY*ont��#fvj�k@�¦X(ke{eY*mKd]rW��Tº�@d�fvT�Y ��[y�;��YCr�t]k@�

 �´Y5�x«cb¦[Þ�9f]YCont��#f]Y �n�W{¡��j�tvY X(kc{�Y*mPª/d]Y*Y Yn oW � 85�� �®k@t	�±t]YC�cj�YC¤	�|¤�T�Y*��f]TWY�m�Y5�x«#�xo@Yhf]Y*tvX

gL jldX£rW��T�T�jlonTWY*t¯f]TW�n� f]T�Y|�#�xtvbcj���o£��kn��{erW�°f��x�W�*YCd
Gexc(t)

�n�W{
Ginh(t)

K[Þ��f]TW�xf��C�nd]Ynª@f]T�Y|��Y*rWt]k@�W�xm
jl�9f]YCont��#f]jlkn� {�Y�¨W��Y5{ icb 
7�$�	jqdhj�� j�fvd )*'6) ¼ �e�¡�#�G)�C ¼?¡[Þ� j¥f�d£mljl��YC�ntht��x�WonY fvT�YEÃ¯[y� Xhke{eYCm�
7� �
�n����tvk@�@��T�YCd��hm�jl��YC�nt��´[y� Xhke{eYCm©¤�j¥fvT±m�Y5�x«#�xo@Y��*kn�W{�rW�°f��x�W�*Y

gL �n�W{�j����Wrefz��r�tvtvY*�9f

Itot(t) = Gexc(t) Eexc + Ginh(t) Einh + I(t).

7�$�

[Þ�W{�Y*YC{´ª 
7�$����k#¤ ¤�tvj¥fvYCd

dV (t)

dt
= Itot(t) − g∞(t) V (t) ' Itot(t) − gL V (t),


¬� �

�n�W{�f]T�Y	d]knmlref]jlkn���®tvknX 
P� ��¤�tvj¥fvYCd

V (t) =
Itot

gL
∗ T1/gL (t),


7�$�
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¤�TWY*tvY
Tτ
jld�f]T�Y	{eY5��tvYC�@dgjl��ohY�¸e��k@��Y*�9fvjl�nm©«nY*tv��YCm?¤�j�f]T�fvj�X(Y	��k@�Wdgfv�x�9f

τ
�x�W{�jl�@fvY*o@tv�nm?k@��Yn³

Tτ (t) =






1

τ
exp

(
− t

τ

)
if t > 0

0 otherwise.


*F$�

SUTWY(dgfv�xf]jq�£¨Wm¥fvY*t
ξ → T1/gL(ξ)

jld|fvT�Y�dgjlX(��mlj¥¨��C�#fvj�k@�Ekx�¯f]T�Yhfvj�X(Y�¢¬�#�xtvbcj���o�¨Wm�f]YCt
ξ → Kt(ξ)

j��

P� ��ª�¤�T�Y*�

g∞(t) ' gL SUT�jqd�mlj��WYC�xt�d]j�X(��mlj�¨��*�xf]jlkn��kx� 
7� ��jqd���k@�c�nY*�Wj�YC�@f�f]k(o@Y�fUf]T�YCkntvY�fvjl�C�xm©tvYCd]r�m¥f�dU�xi?knref�¨Wm�f]YCt]jl��o(jl�
fvT�Y�tvY�fvj�����ª�dgjl�W��Y	f]T�Yhm�jl��Y5�xtvj¥fyb��xmlm�k#¤�dziW�nd]jl����knrWt]jlY*t|�x�W�nm�bed]jldC L�k#¤�Y*�@Y*t5ª�j¥f|jldµr��W�*m�Y5�xtµ¤�T�Y�fvT�Y*t
d]rW��T¦�n�E�x���Wt]k²¸ejlX(�xf]jlkn��jldzf]knfv�nm�mlb�wyr�dyfvj¥¨WY5{©z[Þ�9fvY*tvYCdgf]jl��o�Y�¶�YC��fvdµke�*��rWt]tvj��Wo j��§fvT�Y�tvY�fvj���� X(j�o@T@f
YC�nYC��i?Y$m�k9dyf�¤�j�f]T�f]TWjld�d]jlXh�Wm�j�¨��*�xf]jlkn���n

@ �*#��:@ A À ) ¾ )6'*) ¼ ��� 'Ï� ½ '*)N� & ¼ % � 3 (�À Á ¼ )
SUTWY|�Wkn�e¢¬m�jl��Y5�xtvj¥fyb kn�KÃ¯[y� 
P� ��ªW�ndU��k@X(�W�xtvYC{�f]k 
Ï�/�°ªeke�*�*r�t�d��#fUfy¤¯k(mlY*�@Y*mqd*ªc¤�j�f]T§{ej�¶?YCt]YC�@f�jlX(��mlj¥¢
�C�#fvj�k@�Wd*

� �e� ½ '6)5C���' � ¼ � À )/�C�C�2)��C� � SUT�Y|¨WtvdgfU��kn�e¢¬mlj���Y5�xtvj¥fyb jqdUtvY*mq�#f]Y5{ fvk£fvT�Y|f]YCXh�?knt��xm�¨�m¥fvY*tvj���oh«nYCtg¢
�WY*mPª

ξ → Kt(ξ)
ª3¤�T�jq��T¡jqd$��kxf$fvY*X(�?knt��xmlm�b�dyf��#f]jq�(jl�"f]T�Y�Ã¯[y� X(kc{�Y*mP 2;T�Y*f]T�YCt�tvYC�*Y*�9f$�²�nm�rWYCd

kn�
g∞(t)

�nt]Y iWj�o§k@t	dgX �xmlmPª�fvT�Y��?kxf]YC�9f]jq�xm
V (t)

¤�jlm�mu�®knmlm�k#¤ f]T�Y�{et]jl�cj��Wo��?kxfvY*�9f]jq�xm
E∞(t)

�nY*tvb
d]TW�nt]��mlb(j���f]TWYz¨Wt�dgfU�C�nd]Ynªe�x�W{�X�rW��T�X(kntvYµmlkck@d]Y*mlbhjl��f]T�Y�dgY5��k@�W{��C�nd]Yn3��knt�fvT�Y�Xhk@X(Y*�9fCªc¤�Y|{ek
�Wkxf f��x«@Y�f]T�jqd���kn��¢Pmlj��WYC�xtvj�fyb£jl�9f]k£�@�*�*knr��9fCK`crW�C��Y5d]d]j��@Y�mq�²bnY*t�dKjl��fvT�YztvY�fvj��W�Wª9�n�W{ knf]T�YCt fvtv�n�WdgX(jqdy¢
d]jlkn�§dyf��xo@YCd�f]T��#fz�xmqd]khjlX(��mlb�fvY*X(��k@tv�nm�{eYCml�²bed�
Ïd]bc�W�x��f]jq�|f]t��x�Wd]X(jldvdgjlkn��ª��nd���tvYCd]Y*�9fvYC{�j��E`cY5�°fvj�k@�
!W � �°ªc¤�j�mlm?m�Y5�n{ rWd f]k£tv�xf]T�YCt¯�*kn�Wd]jl{�Y*tuo@m�k@iW�xmPª9�*kn�Wdgfv�n�9fCª@¨Wm¥fvY*tvj��Wo�{eY*mq�²bedujl��k@r�t X(ke{eY*mP L�k#¤�Y*�@Y*t5ª
�#�nt]bcjl��ohf]Y*X(�?knt��xm´dv�*�nm�Y5d��®kntU¨Wm�f]YCt]jl��o TW�²�@Y|i?Y*YC�±kniWd]Y*tv�nY5{�Y*¸c�?Y*tvjlXhYC�9fv�xmlmlbnª��x��{�� �*kn�W{�rW�°f��x�W�*Y
�®k@t]X �nm�jqdgX d]rW��TE�nd�f]TW�xfµkn�	
7� �µ��k@r�mq{±Y�¸e��mq�xjl�E�#f|m�Y5�ndgfµ�W�ntgfzkn�Kf]T�Y5dgY£kniWd]Y*tv�#�#fvj�k@�Wd*ª?dgYCYh`cY5�°fvj�k@�
�c

� '! J'7��'  ¼ ) À � � � )6' 0n����' À ) � SUT�YºdgY5��kn��{ �Wkn�e¢¬m�jl��Y5�xtvj¥fyb jld�j��NfvT�YEY*¸c�Wt]Y5d]d]j�k@� kn��f]T�Y�{et]jl�cj��Wo
�?kxfvY*�9f]jq�xm©j�fvd]Y*m��yª

E∞(t) =
Gexc(t) Eexc + Ginh(t) Einh + I(t)

Gexc(t) + Ginh(t) + gL
.


 8C�$�

`ej��W�*Y
V (t)

�®knmlm�k#¤�d
E∞(t)

ª 
 8C� �3jlX(��mlj�Y5d3f]TW�xf
V (t)

��k@t]tvYCd]��k@�W{�d/f]k	�${�j��cjqdgjl�nY�dv�*�nm�jl��o�icb	f]TWY�fy¤¯k
jl����r�fvd

Gexc(t)
�x�W{

Ginh(t)
³/¤�T�Y*�hfvT�YCd]Y�fy¤¯k|j��W��refvdK�nt]Y�mq�xtvonY�Y*��k@r�onTh�nd3��k@Xh���xtvYC{$fvk

gL ª V (t)i?YC�*knX(YCdKd]Y*��dgj�f]jl�nYUfvkµfvT�Y�iW�nml�n�W��YUkn��fvT�YUfy¤¯k�jl����ref�d*ª9t��#f]TWY*t3f]T��x�hf]k|f]TWY*jlt dgrWX�K¹§k@t]YU��tvYC�*jld]Y*mlbnª
� �x���YCdgf]jlX(�xf]Y���kntvX �xmlj�9CYC{��²�nm�rWYCd/�®knt

Eexc �n�W{ Einh �#f3t]Y5dg�?YC��f]jl�nY*mlb 4.6
�n�W{ −0.6

j��h��k@t]X �xmlj:9*YC{
rW��j¥f�d*USUT�Y5dgY$Y5dyfvj�X �#fvj�k@�Wd�TW�²�@Y�i�YCY*�§X �n{eY$jl�±f]TWY���k@tgfvY�¸©ªei�refµ�nt]Y$mljl«nY*mlb�fvk i�Y��nY*tvb�d]j�X(jlml�nt�jl�

� 1 ÙWÎ#Ó�ÑWØxÈgÈyÊ¯Æ7È<�yÈyÊ*Ù7ß ÛUÑ7Î²Í!�©ÈyÅ ÙPÎ#ÓvÙ�Ê²È<�²ÆÏÍ°Ê²Ñ�Ó�ÆÏÈ´ÇÉÊ²Å²ÈyÈyÅ�ÇÉÊ�Ó/Î²Ç1�°Î�89�gÍ°Ê5Å����ÞÙ¬Ó�Ê��gÈ/Ñ7ÙPÓvÙPÈ5/ #36���7 (0%�� 687	� % �3'�)� "��Î²Ç1�¬Î
ÙPÆ7Ó�Ê²ÑPßÔÓvÙ7ÈyÑ¯ÇÉÊ	Í��²Æ,��Í*Å²Èyß�Ø*Û	ÑPÓgÛCÇÉÊ��µÙ7Î#ÓvÙ gL ÇÉÑ3Ê5Í�ÙKÙPÎ²È7��Ó�ÇÉÊ �yÍ°Ê�ÙPÆÏÇÉØ��5Ù7ÇÉÍ°Ê£Ù7Í g∞(t) Ó�Ê*Û ��Í°ÆÏÈ�Ë�
�Í°Ê²ÑPÇÉÅ5ÈgÆÏÇÉÊ��$Ó
�°ÈgÊ5ÈgÆ7Ó�ß�
 1� ��ÍCÅ5ÈgßnÇÉÊ²ÑÏÙPÈgÓ�Å�Í�Õ�Ç Ù7Ñ�� 1� ÑPÇ1��Ò²ßÉÇ 2 �gÓvÙ7ÇÉÍ°Ê ��Ç1�°Î*Ù´ØxÈ,��Ó�Ê²Å#ÓvÙ7Í°Æ®Û|ÇÉÊ�ÙPÎ5ÇÉÑ �gÓ�Ñ7È�Ë
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fvT�Y�tvY�fvj��W�W�`cr���T¡�²�nm�rWYCd$tvYCp9r�jlt]Y@ª´�®k@t$f]T�Y�f]kxf��xmujl����r�f£��r�tvtvY*�9f
Gexc(t)Eexc + Ginh(t)Einh f]ki?Y	iW�nml�n�W��Y5{±i�Y*fy¤¯YCY*�§Y*¸e�*j¥f��#fvj�k@�¦�x�W{�jl��T�jli�j¥fvj�k@�´ª?f]TW�xf

Ginh(t)
i?Y	i?Y�fy¤�Y*Y*�±¨��nY��n�W{�f]YC�§f]jlX(YCd

mq�xtvonYCt�fvTW�x�
Gexc(t)

�SUTcrWdCª
Ginh(t)

¤�jlmlmKi�Y£f]T�Y(X �xjl�ºdv�*�nm�jl��o��Ï�n�°fvknt|kx�
E∞(t)

f]TWt]k@r�onT 
 8C�/�°
SUTWY|Y*¶?Y5�°f�d�kx�Kdgr���T��?k@dvdgjli�mlY���kntvX �xmlj�95�#f]jlkn��j���fvT�Y$t]Y*f]jl�W�(�xtvYµX(YC�@fvj�k@��YC{�jl�¦`cYC��f]jlkn�¦�c

@ �*#���I � À ) �/��' À ) ¿ '®� & �3� '!� ¼ �
��Y�f r�dK��k#¤N��kn��dgjq{eY*t¯dg��jl«nY�o@Y*��YCtv�xf]jlkn��
®ke�*�*r�tvt]jl��o�j�� o9�x��o@m�jlkn���xtu��YCm�mqdu�n�W{(dgk@XhYµ�xX �n�*t]jl��Y���YCm�mqd��
¤�j�f]T£f]TWYU�*ml�@d]d]jq�*�xm9jl�@fvY*o@tv�xf]YU�x�W{	¨Wt]YUmq�²¤$³©f]TWY��WY*r�tvkn�£��knf]Y*�9fvjl�nm

V (t)
�®knmlmlk#¤�d�
P� �/r��9f]jlmej�fut]Y5�n��T�Y5d

fvT�Y fvT�t]Y5dgTWknmq{º�#�nm�r�Y�kn��Y@�·�f	fvT�jqd$f]jlX(YnªK�¦d]��jl«nY jqd	Y*X(j�fgfvYC{©ª
V (t)

jld�t]Y5dgY*f$f]k¦�#�nm�r�Y�9CY*tvk¦�x�W{
dgfv�²bed¯f]TWY*tvY	{er�tvj���o �n���niWdgk@m�r�f]Y�t]Y*�®tv�@�°fvkntvbh�?Y*tvjlkc{

τR
ª�i?Y��®k@t]Y|�®k@m�mlk#¤�j��Wo�
P� �U�no@�xjl�´

`cr���Tº��i�YCTW�²�cj�k@tµjqd|TW�xt�{±f]k±dgf]rW{eb§jl�ºf]T�YhonYC��Y*t��xm3�*�@dgY@ Lzk#¤¯YC�nYCtCª�dgk@X(Yh�n����tvk²¸cjlX �#fvj�k@�§jld
�?k@dvd]j�i�mlY�¤�T�Y*��fvT�Y$j��W��refvd

Gexc(t)
�n�W{

Ginh(t)
�#�xtvb X�rW��T§d]m�k#¤�Y*t¯f]TW�n�

V (t)
ª�jP Y

1

Gexc

d

dt
Gexc � g∞,


 8H8��

�n�W{�d]j�X(jlml�nt �®k@t
Ginh  
 8
81� jldU{eYCt]jl�nY5{(�®t]k@X=f]T�Yµ�Ï�n��f¯fvTW�#f g∞(t)

o@j��@YCduf]T�Y|knt�{eY*t�dukn��X �xo@��j¥fvrW{eY
�®k@t�fvT�Y¯f]Y*X(�?knt��xmc{eY*tvjl�²�xf]jl�nYukn�

V (t)
3��tvknX f]T�Y�tvY�f]jl�W�nm9�n�W�#fvknX�b�
Ïd]Y*Y�`cY5�°f]jlkn���/��ªx�x����tvk²¸ej�X �xf]jlkn�


 8H81� �x���?YC�ntvdut]Y5�nd]kn�W�ni�m�YU�®k@t o9�x��o@m�jlkn�W�ntu��YCm�mqd*K`crW�C��Y5d]d]j��@Y�mlk#¤U¢P�W�@d]dK¨Wm¥fvY*tvj��Wo	kx��f]TWYz�cjld]rW�nmWjl����ref
jl�¦fvT�Y£¨Wtvdgfµmq�²bnYCtvdzkx�ufvT�Yht]Y*f]jl�W��jl�Wd]r�t]Y£f]T��#f|f]T�Yhm�Y*� fg¢¬TW�x��{Ed]jl{eY£f]YCt]X TW�@dz�@Y*tvb±m�j�fgfvm�Y(�?k#¤¯YCtµ�#f
�®tvYCp9r�YC�W��jlYCd�T�jlonTWY*t�f]TW�n�±�n� L 9nªe¤�T�jlmlYµfvT�Y$tvj�o@T@f]¢PT��x�W{�d]jq{eY|f]Y*tvX jqd�{ejlt]Y5�°f]mlb X(YC�@dgr�tvYC{�icb�dg�Wj�«@Y
fvtv�nj���Y*X(jqd]d]jlkn�WdUjl��o9�x��o@m�jlkn���xtU��Y*mlmqd*ªefvTW�#f�tvYC�@��T

100Hz
�x�W{�Y*�@Y*�±X(kntvY � 8²��¬

[¬�µf]T�Y§�x�W��t]k²¸ejlX �#f]jlkn�¡jqdh�#�xmljl{©ª f]T�YC� fvT�Y±j��Wdgfv�n�9fv�x�WY*knr�d	¨Wtvjl��oºt��#fvY�kn�zo@�n��onmlj�k@�W�xth��YCm�mqdhjld
¤�Y*mlm��x����tvk@�@��T�YC{hicb j�fvd¯Y�¸e��tvYCdvdgjlkn�(�®k@t��*kn�Wdgfv�n�@f¯j����Wrefvd

Gexc ª Ginh �n�W{ I
ª@fvTW�#f��*�n��i?Y|{eYCt]jl�nY5{

Y*¸��n�°fvm�b��®t]k@X 
*!/�°ª�mlYC�@{ej��Wo£fvkhf]T�Y$Y*¸c�Wt]Y5d]d]j�k@�

ν '



−Log

(
1 − Gexc + Ginh + gL

Itot

)

Gexc + Ginh + gL
+ τR




−1

,

 85� �

¤�TWY*tvY
Itot = GexcEexc + GinhEinh + I

jqd�fvT�Y 
7��kn��dyf��x�9f���f]kxf��xm/j����Wref��*r�tvt]YC�@f�fvk�fvT�Y£�*Y*mlm7�[Þ�
k@r�tKtvY�f]jl�W�nmWdgjlX�rWml�xf]jlkn�WdCªnYC�nY*�(¤�T�YC�

Gexc(t)
ª
Ginh(t)

�x�W{
I(t)

�#�xtvb$fvY*X(��k@tv�nm�mlbnªnf]T�YCb��#�xtvb£d]mlk#¤
YC��knrWonT��®knt 
 8²� �¯f]k(��tvk#�cjl{�Y|o@kckc{�knt�{eYCtvd�kx��X �xon�Wj¥fvrW{eY|�®knt�fvT�Y�t]Y5�xm�¨Wtvjl��o(tv�xf]Yn

3 'Ï�.'*)�C¡�#�e� ¼ - À �±� '*C '6) � ����� ���²� ¼ )�� � 2;TWY*�§fvT�Y�jl����ref���r�tvtvY*�9f
Itot

jqd�i�jloWª�f]T�Y�¨Wtvj���o�tv�xf]Ynª
�C�xmq��r�mq�#fvYC{�f]T�tvknrWonT 
 85� �°ª�i?YC�*knX(YCd��@dgbcX(�ef]knf]jq�*�nm�mlb YCp9rW�nm�f]kW³

ν '
(
τR + I−1

tot

)−1
,


 8�!$�

�£�®r����°f]jlkn�±mlj��WYC�xt�¤�j�f]T±tvYCd]��Y5�°fUf]k
Itot

�ndUmlkn�Wo(�@d
Itot < 1/τR
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jl����r�f�j��§���´[y� Xhke{eYCm7ª��*�xmq��rWml�xf]YC{�f]TWt]k@r�onT 
P� ��ª�jqd

ν '



−Log

(
1 − gL

Itot

)

gL
+ τR




−1

.

 8*�/�

SUTWY�{ej¥¶�Y*tvY*����Y(¤�j¥fvT Ã¯[y� ��YCr�tvkn�Wd 
 85� �|jqd	d]r�ief]mlYn�[Þ�����xt]f]jq��r�mq�xt5ª´i?kxf]T 
 85� ���n�W{ 
 8C�$��mlYC�n{Ef]k
fvT�Y�d]�nXhY|�nd]bcXh��f]kxfvjl�C�xm?Y�¸e��tvYCdvdgjlkn� 
 8�! � ¤�T�YC��f]TWYµjl����ref��*r�t]tvY*�9f�jld¯i�jloW L�YCr�t]jqdgf]jq�*�xmlmlbnª9f]T�Y	Ã¯[y�
�Wkn�e¢¬m�jl��Y5�xtvj¥fyb�jqdµXhk@t]Y	d]r�iefvm�Y£j��¦d]��jl«cj���o���Y*r�tvkn��dUf]TW�n�¦jl�§��kn�e¢Þd]��j�«cjl��o ��YCr�t]k@�Wd 
P`cYC��f]jlkn� !W�8@ ! �
i?YC�C�xrWd]Y i?kxf]T¡�Wkn�e¢¬m�jl��Y5�xt	Y*¶?Y5�°fvd	f]YC�W{�f]k¦jl��T�jli�j�f£k@��Y��x��knf]T�YCt	¤�T�YC� dg��jl«nY5d	�xtvY��n{W{eYC{�fvk§f]T�Y
�Wt]ke��Y5d]dC³¯��i�j�o�f]kxf��xm���kn��{erW�°f��x�W�*Y

g∞(t)
X(YC�n�Wd��Ï�@dyfµt]Y5dg�?kn�Wd]Y$kx�KfvT�Y	�?kxfvY*�9f]jq�xm

V (t)

 fvT�t]k@r�onT

«@Y*tv��Y*m
ξ → Kt(ξ)

�Ui�refzd]X �xmlm�YCt�m�Y5�n{ejl��o(��knf]YC�@fvjl�nm
E∞(t)

ªWd]j�����Y�j¥f�jqd�{ejl�cjl{�YC{�icb
g∞(t)

ªW�n�W{±�nd
�htvYCd]r�m�fCªcf]TWY$�²�nm�rWY$kx�

g∞(t)
TW�@dUm�j�fgfvm�Y�j�����r�Y*�W�*Y�kn��f]T�Y�¨�t]jl��o(tv�xf]Y|kx��f]T�Y	�*Y*mlm7

Lzk#¤¯YC�nY*t5ªxfvT�Y*tvY|jld¯j���{eY*Y5{���{�j¥¶�Y*tvY*�W�*Yzi?Y�fy¤�Y*YC��f]TWY$Ã¯[y��¨Wtvjl��o�t��#fvY-
 8²� �¯�x�W{(fvT�Y �´[y��¨Wtvj��Wo
t��#fvY 
 8*�$��K[Þ��fvT�Y$�*�@dgY|kx�/f]T�Y �´[y� ��Y*r�tvkn��ª@fvT�Y|¨Wtvj���oht��#f]Y|jqdUkn��mlb��£�®r��W�°fvj�k@��kn��fvT�Y|f]kxf��xm�jl����ref
�*r�tvt]YC�@f

Itot
¤�T�YCt]Y5�ndCª@jl��fvT�Y$Ã¯[y�"�WY*r�tvkn�´ª9j�f�jqdU�xmqdgk����®r��W��f]jlkn��kx�©f]TWYzfvkxfv�nm©��kn��{erW�°f��x�W�*Yzkn�´f]T�Y

�WY*r�tvkn�
Gexc + Ginh + gL µ·zd|� t]Y5dgrWm¥f5ª�{ej�¶?YCt]YC�9f|��k@r���mlYCd 
 Gexc ªGinh �UfvTW�#f|m�Y5�n{�f]k�f]T�Yhd]�nX(Ymljl��YC�ntzjl����ref

Itot
ª©�x�W{±TWY*�W�*Y�fvk�f]TWY£dv�xX(Y	¨Wtvjl��o�t��#f]Y�j��Ef]T�Y �´[y�NX(ke{eY*mPª?�C�x�¦mlYC�@{±f]k�{ej�¶?YCt]YC�@f

¨�t]jl��o§�®tvYCp9r�YC�W��jlYCd�j��¡fvT�Y±Ã¯[y� X(ke{eY*mPªu�n�C��k@tv{ejl��o±fvk¦f]TWY��#�xmlr�Y�kn�
Gexc + Ginh + gL  2�Y�{ek�Wkxfµ«c��k#¤ b@Y�fµj��ufvT�jld|Y*¶?Y5�°fµjqdµkniWd]Y*tv�nY5{±kntz�Wkxf�j��¦tvYC�nm���Tcbed]j�k@m�k@onjq�*�xm�t]Y5��knt�{ejl��o@dCz·z�9bc¤U�²bnª�f]T�Y

Ã¯[y� X(ke{eY*m���tvYC{ejq�°f�d�fvTW�#f|f]TWjldµY�¶�YC��f�
7��knrW��m�Y5d 

Gexc, Ginh �z��k@t]tvYCd]��k@�W{ejl��o fvk�f]TWY£dv�xX(Y�mlj��WYC�xt�Wt]Y5{ejl��f]jlkn�

Itot
i�r�f�f]k {�j¥¶�Y*tvY*�9f�¨�t]jl��o¡t��#f]Y5d����*�x�;k@��mlb i?YEkni�dgYCt]�@YC{ �®knt�jl����r�fvd�Xhke{eYCtv�xf]YCm�b

dgf]tvkn�WoWªedgjl�W�*Y��xfzdyfvt]k@��ohj����WrefvdUfvT�Y�¨Wtvj��Woht��#fvY�i�Y5��knX(Y5dUkn��mlb��h�®r��W��f]jlkn�±kx�
Itot
ªefvT�t]k@r�onT 
 8(!$�°

@ �*#�� / % À )��*) ���(' À ) - À ��� & ¼ +�� ¼ � ¼ )�� ��¼ �('*)�� (�À Á ¼ ) �
[Þ�;j�fvd���tvYCd]Y*�9f�dyf��#fvYnª�knrWt�t]Y*f]jl�W�"X(ke{eY*m 
7`cY5�°f]jlkn�;�!�(rWd]YCd k@��mlb fvT�Y¦mlj���Y5�xt��n����tvk²¸ej�X �#fvj�k@� kn�
fvT�Y¦Ã¯[y� X(kc{�Y*mU��tvYCd]Y*�9f]Y5{¡T�Y*tvYnªuf]TW�xf(jqdCªurWd]YCdhkn��mlb¡�º�*ml�@d]d]jq�*�xm �´[y� �®k@t]X �nm�jqdgX± \µ� f]T�Y�kn��Y
T��x�W{©ªc��YCr�tvkn�Wd¯f]T��#f�{ekh��kxf�¨WtvY|d]��jl«nYCd 
Ïj���f]T�Yµ¨Wt�dyfUmq�²bnY*t�d¯kx�´fvT�Y�t]Y*f]jl�W�$�¯�xtvYzX(ke{eY*mlYC{��nd�mlj��WYC�xt
jl�9f]YCont��#f]k@tvdCª?YCp9rW�#fvj�k@� 
¬���°hSUT�jld��nm�mlk#¤�dzr�dzfvk±Xhke{eYCm�f]T�Y d]�W�#fvj�kn¢7fvY*X(��k@tv�nm�¨�m¥fvY*tvj���o��?Y*t]�®kntvXhY5{
icb"fvT�Y�¨�tvdgfhmq�²bnYCtvd�kx��fvT�Y�t]Y*f]jl�W�¦fvT�tvknr�o@T m�jl��Y5�xt(��knrWt]jlY*t(�x�W�nm�bed]jldC \µ� fvT�Y�knf]T�YCt£T��x�W{©ª f]T�Y
k@��mlb�d]��jl«9jl��o��WY*r�tvkn�Wdzj��Eknr�tµ��t]Y5dgYC�9fµX(ke{eY*m3�xtvY$o@�n��onmlj�k@�W�xtµ��Y*mlmqdz�x��{©ª?d]jl�W��Y£¤¯Y�{�k���knfµX(ke{eY*m
�nX �n��tvjl��Y���YCm�mqdµbnY�f5ª�f]T�YCb§{ek��WkxfµtvYC�*Y*jl�nYh�x�cb�jl��T�jli�j�f]jlkn�´	·µd���tvYCd]r�m¥f5ª�knr�t|o@�n��onmlj�k@�W�xtµ��Y*mlmqdµ{ek
�Wkxf	tvYC��YCj��@Yh�n�"j����Wref���k@r���mlY

(Gexc, Ginh)
ª�¤�T�jl��T�jqd�f]T�Y k@��mlbE¤U�²b±f]k§kni�dgYCt]�@Y£Y*¶?Y5�°fvd�dg�?YC�*j¥¨��

fvk�Ã¯[y� �®kntvX(�nm�jqd]X�ª?�ndzY�¸e��mq�xjl��YC{±jl��!�:8n �� L�YC�W��Y@ª?����[y� X(ke{eYCm�jl��o�jqdµd]r�+���jlY*�9f��®k@tzo9�x��o@m�jlkn�W�nt
�*Y*mlmldUjl��f]T�Y$�Wt]Y5dgYC�@f�dgfv�xf]Y�kx��f]T�Y$X(ke{eYCm7

Lzk#¤¯YC�nY*t5ªc¤¯Y��®k@r��W{���Y5��YCdvdv�xtvb(f]k jl�@fvt]ke{er���Y�f]TWY$Xhk@t]Y�o@Y*��YCtv�nm/Ã¯[y� X(ke{eY*m©�®k@t�fy¤�khtvYC�@dgk@�WdC
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VA(t)

f]k����*kn�W{er��°fv�n�W��Y
d]jlon�W�nm

gA→B(t)
j��±fvT�Y$��k9dyf]¢¬d]bc�W�x��f]jq��XhYCX�i�t��x�WYnªcf]T��#fµ�C�x�±i�Y�Y*j�f]T�YCt�Y�¸���j�fv�xf]k@t]b�k@t�j��WT�j�iWj¥fvkntvbn
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∑

�
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A→B(t)
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B (t) =
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$!� %
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A→B(t)
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VB(t)

�nd �º�®r��W��f]jlkn�Nkx�
Gexc

B (t)
�x�W{

Ginh
B (t)
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VA(t)
jld�mlj��W«nYC{

fvk(��Y*r�tvkxfvtv�n�Wd]Xhj�fgfvY*t�tvY*mlYC�@dgY
NA→B(t)

jl��fvT�Y	d]b9���x�efvjl����mlY�� f5¯`cY5��kn��{©ªef]k(mlj��W«�f]TWjld��WY*r�tvkxfvtv�n�Wdy¢
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gA→B(t)
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��T��x����YCm d]rW��T �nd
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knt

GABAA
ªK�xm�f]T�k@r�onT"X �x�cbEknf]T�YCt�tvYC�*Y*�efvknt�d$�*�x�¡i?Y �®k@r��W{"jl�¡f]T�Y
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fvT�jqd�«cj��W{�kx�K��TW�n����Y*mqd��x�W��t]k²¸ejlX �#f]YCm�b(¤�tvj¥fvYCdC³

gA→B(t) = GmaxP (t),
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P (t)
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P (t)
jqdUjl��fvr�tv�±{�t]jl�nYC��icb�³

dP (t)

dt
= α(t)(1 − P (t)) − β P (t).
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α(t)
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α(t)
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AMPAk@t
GABAA

ª
β−1 jqd��nt]k@r��W{	�UX dC��Wknt�dgmlk#¤¡��TW�x���WY*mqd´mlj�«@Y NMDA

ª²j�f/jqd�iWj�o@onY*t�f]TW�n��8C�@��X d � 8C��P

[Þ�9f]YCt]Y5dyfvj��Wonmlbnª
P (t)

jqd/mljl��«nY5{$f]k
α(t)

icb	�x��Y5p9rW�#fvj�k@�£d]j�X(jlml�nt�fvk 
P� ���·µdK��tvYCd]r�m�fCª#fvT�Y�dgk@m�refvj�k@�
fvk 
 8²� ��jldU�®k@t]X �nm�mlb�jq{eY*�9f]jq�*�nm�f]k 
7�$�°ªW�n�W{�¤�t]j�f]Y5d*³

P (t) = P∞(t) ∗ Kt(t),
¤�j¥fvT





γ(t) = α(t) + β

P∞(t) =
α(t)
γ(t)

Kt(ξ) = γ(t − ξ) exp
(
−
∫ ξ

0
γ(t − u)du

) ªe�®k@t
ξ > 0
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P∞(t) =
α(t)

α(t) + β
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α(t)

i?YC��k@X(YCd¯i�j�o@onYCt kntU��k@X(�W�xt��xi�mlY�fvk
β
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P∞(t)
onY�f�d¯�*m�k9dgYzf]k

1
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P (t)
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v0
ª

jqd|�x�§r���«c��k#¤��E�W�xt��xX(Y�fvY*t5 
ÏZ ��·=dv�#f]rWtv�xf]jlkn�±m�jl��«edµ��Y*r�tvkxfvtv�n�Wd]Xhj�fgfvY*t�tvY*mlYC�@dgY	f]k��*kn�W{�rW�°f��x�W�*Y
k@��YC��jl��oWªefvT�tvknr�o@T 
 8�F$��¯SUT�jqdU¨Wo@r�tvY|tvY*�Wt]Y5dgYC�@f�d

P∞(t)
�@d��x�±jl�Wdyf��x�9fv�n��Y*k@rWd�f]t��x��dy�®k@t]X �#fvj�k@��kn�

NA→B(t) = α(t)/κ
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2�Y$�xtvYµ�Wk#¤ mlY�� f�¤�j�f]T�knr�t�d]YC�*kn�W{�jldvdgrWY�
®f]T�Y�¨�tvdgfCª���T�tvkn�Wknmlknonjq�*�nm�mlbhj���f]T�Y	d]bc�W�x��dgY��°³3m�jl��«

VA(t)¤�j�f]T ��Y*rWt]knf]t��x�Wd]X(j¥f]f]Y*thtvY*mlYC�nd]Ynª
NA→B(t)

ª¯�n�W{¡fvT9r�d�fvk
α(t)

jl� fvT�Y��Wt]YC�9jlknr�d�Y5p@r��#f]jlkn�� 2ºY
X �n«nY£f]T�Y iW�@dgjq�(�ndvdgrWXh��f]jlkn�ºf]TW�xf

NA→B(t)
jld	��t]k@��k@tgfvj�k@�W�xm/f]k

VB(t)
jl��d]knX(Y$� mljl��YC�nt��©t��x��o@Ynª

�n�W{�d]X(k9knf]T�mlb(t]Y5�°fvj¥¨WY5{ jl����� dgX �nm�m�dgjlon���xm��@t��x��o@Ynª9�	i?Y*TW�²�cjlkntufvTW�#fUp9rW�xmlj¥f��#fvj��@Y*mlbhmlkckn«edumljl«nY�fvTW�#f
kn����jlonr�tvY$� 
7· ��
`cr���T¦�(T9bc�?kxfvT�YCd]jld�jldz�W�#fvr�tv�nm7ª��x�W{�Y*X(��jltvjl�C�xmlm�b�wyrWdyfvj¥¨�YC{§icb�fvT�Y$�Ï�@�°f�fvTW�#fzd]knX(Y	o9�x��o@m�jlkn�W�nt

�*Y*mlmld�j�� f]T�Y�t]Y*f]jl�W� �H�E�?Y*t]�®kntvX p9rW�@dgj�¢Pmljl��YC�nt$¨Wm�f]Y*tvjl��o � �#��¬ªK¤�T�jq��T¡t]Y5p@rWj�tvYCd�fvT�Y��?k@dvd]j�i�jlmlj¥fybº�®knt
d]bc�W�x��f]jq�zfvtv�n�Wd]Xhjqdvdgjlkn��f]k ¤�kntv«��#f��hm�jl��YC�nt�t]YConjlX(Yn
2;TW�xf	�xtvY�fybc��jq�*�nm��#�nm�r�Y5d|kx�

NA→B(t)
;_[Þ�ºknf]T�YCt�¤¯k@tv{�dCª�¤�TW�#f$jqd|f]T�Y �nXh�Wm�j�¨��*�xf]jlkn�E�Ï�n�°fvknt

�®k@tzk@tv{ejl�W�xf]YCd�j��E��jlonr�tvY�� 
7· ��;£SUTWjldµ«c��k#¤�m�Y5{eonY�fvY*mlmldµrWdz¤�T�Y�fvT�Y*tzf]T�Yhdgbc�W�n�WdgY�jldµd]�xf]r�t��#fvYC{±knt
�WkxfCªnf]T�tvknrWonT 
 8(F �°ª9¤�T�Y*���*knX(�W�nt]jl��o

α(t) = κNA→B(t)
¤�j¥fvT

β
KS�k	�n����tvk²¸cjlX �#fvY

α(t)
ª@¤�Y�fv�n«nY

�@d	�§tvY��®YCt]YC�W��Y(fvT�Y��*�@dgY�kx��dg�Wj�«cjl��o§��Y*rWt]k@�Wd*ª3�nd�{eYCdv��tvj�i?YC{"jl� � 8C��¬³£¤�TWY*� �§d]��jl«nY�ke�*�*r�t�d*ª/f]T�Y
fybc��jq�*�nm´knt�{eYCt�kx�

α(t)

 �®k@t�onmlref��xX �#fvY	t]YCm�Y5�nd]Y��¯jqdz�xtvknrW�W{

2000Hz
{er�tvj���o��x����tvk²¸ej�X �xf]Y*mlb

1
X d*ª

fvT�Y£{�r�tv�xf]jlkn�§kn�Kf]T�Yhdg��jl«nY@�[¬�
α(t) = κNA→B(t)

jqdz�*kn�Wd]jq{eY*tvYC{±��tvkn�?knt]f]jlkn���xm©fvk
VA(t)


7�/jlonrWt]Y
� 
Ï· �)�°ª��n�W{�o@t]k9d]d]mlbhd]r����?k@d]j��Wo	f]T��#f��£d]��jl«nYzjlX(��mlj�Y5d¯�#�nt]jq�#fvj�k@�Wd kn�

VA(t)
�ni�k@ref 85�$fvj�X(YCd�i�jlono@Y*t

fvTW�x�±fvT�k@d]Y	i?Y*mlk#¤ fvT�tvYCd]T�knmq{©ª�fvT�Y*�¦fyb9�Wjl�C�xm´k@tv{eYCtvd��®knt
α(t)

jl�¦��k@�e¢Þdg��jl«cj��Woh�WY�fy¤�kntv«cdzdgT�k@r�mq{±i�Y
�nt]k@r��W{

200Hz
ª9f]T��#f�jld���t]Y5��jqdgYCm�b(fvT�Y�fybc��jq�*�xm©�#�nm�r�Y$kn�

β
jl�

AMPA
t]Y5��Y*��f]knt�dC

�Wt]k@X%fvT�YCd]Yht]k@r�onT¦�n����tvk²¸cjlX �#fvj�k@�Wd*ª�¤¯Yh��k@�W��mlrW{eY�f]TW�xf�d]bc�W�x�efvjl�£d]�xf]r�t��#fvj�k@�§X(j�o@T@f|i�Y5��k@XhY
d]Y*��dgjli�mlY j��¡tvY�fvj��W�nm d]b9���x�Wd]YCdCª�¤�T�jq��T¡mlYC�n{Wd$rWd$fvk§��tvkn�?k@d]Y��±onY*�WY*tvjl� d]bc�W�x�efvjl�(X(ke{eYCmuf]T��#f #��.�
jl�W�*m�rW{�Y	dgrW��T±dv�#f]rWtv�xf]jlkn�´
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�Wt]k@X f]TWY�fy¤¯k���tvYC�*YC{ejl��o$d]YC�°fvj�k@�WdCªn�|i�j�k@m�k@onjq�*�nmc�®tv�nXhYC¤¯k@t]«�fvk${eYCdv��tvj�i?YUf]TWYUfy¤¯k$dgfv�xo@YCd3kn��d]bc�W�x�e¢
fvjl� f]t��x��dgX(jqd]d]j�k@�	jl�£��k@�e¢Þdg��jl«cj��Woz��Y*fy¤¯k@t]«ed/jld�kni�fv�xjl��Y5{© ��Y�fKrWd���k#¤ i�rWj�mq{��µonmlkniW�nmcXhke{eYCm9�®knt3knr�t
d]bc�W�x��dgY5d*ª5f]T��#fKp@r��xmlj¥f��#f]jl�nYCm�b�YC�W��k@Xh���ndvdgY5d©f]TWY¯��tvY*�cjlknrWd]mlb�{�YCdv��tvj�i?YC{$Y*¶?Y5�°f�d/kn�WtvYC�°fvj¥¨?�*�#fvj�k@�´ªxdv�#fg¢
rWtv�xf]jlkn�´ªc�x�W{�f]YCXh�?knt��xm©{eYCml�²b@ �´kno@jl�C�xmlm�b@ªxfvT�Y|f]kxf��xm©d]b9���x�efvjl�µi�YCTW�²�cj�k@t¯d]T�knrWml{�i�Y$��# � � �2� � �����*�.�
kn�©f]T�Y|tvYC�°fvj¥¨?�*�#fvj�k@� �#�nX(��m�j�¨��C�#f]jlkn�h�®r����°f]jlkn��j�����j�o@r�t]Yµ��
Ï· �uicbhf]TWY|dv�#fvr�tv�xf]jlkn�(�®r����°f]jlkn��kx��
 8�F$�

7��j�o@r�t]Y£� 
ÏZ �)��?·�� f]Y*t|¤�TW�xfµ�(f]YCX(��k@tv�nm´j��9fvY*ont��#fvj�k@�±X�rWdgfzi?Y£�n{W{eYC{©ª?{eYCdv��tvjli�Y5{±i9b

ξ → Kt(ξ)jl� 
 85� �°
Ã¯k@�Wdgjq{eYCt]jl��o¡fvT�YEtvYC��f]j�¨��*�xf]jlkn�e¢Þ�xX(��mlj¥¨?�*�#fvj�k@�e¢Þd]�xf]r�t��#fvj�k@� ��tvke��YCdvdCª�T�k#¤-f]T�YEfy¤¯k d]rW�C��YCdvd]j��@Y

�®rW�W�°fvj�k@�Wd��,#��.�:hkn��Y��x� f]YCtzfvT�Y�knf]T�YCtzjqdz��knfµtvYC�nm�mlb�¨W¸cY5{©z·µdµ��t]Y5dgr�m�fCª�f]TWY*tvY	jldµ��k���t]Y5dgrW����k9dgY5{
«c��k#¤�mlYC{�onY��ni�k@ref(f]T�Y§tvY*mq�#fvj��@Y�dgf]tvY*�Woxf]T�d£kn�zfvT�Y�fy¤¯k"��k@�e¢Pmljl��YC�nt]j�f]jlYCd 
®tvYC��f]j�¨��*�xf]jlkn�N�x�W{ d]�xf]re¢
t��#fvj�k@� �° 2�Y±f]TcrWd(�W�ntv�nXhY*f]tvj�9CY�fvT�Y§tvY*mq�#f]jl�nY�¤�Y*jlonT9fhkn�µfvT�Y�fy¤¯k"��k@�e¢¬m�jl��YC�nt]j�f]jlYCdhicb ��tvY*mq�#f]Y5{
���xt��xX(Y�fvY*t

η ∈ [0, 1]


·z��kxfvT�Y*t�r���«c��k#¤��Ej��Ef]T�jqd|t]Y5�°f]j�¨��C�#f]jlkn�E��t]ke�*YCdvdzjqdµf]T�Y � �.��� ��� ���G� ���2�zkn�u��Y*rWt]knf]t��x�Wd]X(j¥f]f]Y*t
tvY*mlYC�@dgY@�2;T�YC�"f]T�Y�t]Y*f]jl�W��¨�¸eYCd£�±r���j��®kntvX {��nt]«E¨WY*mq{©ª3�xmlm¯�*Y*mlmld$kn���±ml�²b@Y*t$TW�²�@Y iW�nd]jl�C�xmlm�bEf]T�Y
dv�xX(Y�X(Y*X�iWtv�n��Y¯�?kxfvY*�9f]jq�xm

VA(x, y, t) = V Dark
A

KÃ¯k@�Wd]jl{eYCt]jl��o��zmq�²bnYCt/�?k@dgfg¢Þd]b9���x�efvjl� f]k|f]TWjld3k@��Ynª
¤�T��#f¯jqd f]T�Y���k@�WdgY5p9r�Y*�9f fvtv�n�Wd]Xhj�fgfvY*t�t]YCm�Y5�nd]Y(; 2�Yz��YCYC{ fvk��?k@d]j¥fvj�k@���#�xmlr�Y

V Dark
A

dgk@XhYC¤�T�Y*tvY�k@�
fvT�Y$�xiWdv��jqdvd]��kx����jlonr�tvY�� 
7· �°�SUT�jld�jl�9f]tvkc{�rW��Y5d��(d]YC�*kn�W{��W�xt��xX(Y�fvY*t�j���f]TWY|X(ke{eYCm7u��jl�W�xmlm�b@ªcf]T�Y
�nX(��m�j�¨��C�#f]jlkn�¦�Ï�n�°fvkntµ�®t]k@X

VA(t)
f]k

α(t)
bcj�YCml{�d|��f]T�jltv{¦�W�xt��xX(Y�fvY*t5ª©�x�W{±fvT�Y£f]kxf��xmKdgf]tvY*��onf]T¦kn�

fvT�Y	d]b9���x�Wd]Ynª
Gmax

ª����®k@r�t]f]T±kn��Y@

@ � 0���I � � ½ )�� �/�('Ï� (�À Á ¼ )
\µrWt(¨W�W�xm�X(ke{eYCmU�®knt��¡��k@�9f]jl�9rWknrWd(d]b9���x�Wd]Y�fvTcrWd���k@�Wd]jldgfvd(kn�|�"dyf��#fvjl��f]t��x��dgX(jqd]d]j�k@� �®r����°f]jlkn�
�®tvknX

VA(t)
f]k(��� {et]jl�cj��Wo£��k@�W{erW��fv�n�W��Y �

g1(t)
ªcf]T��#fUjld�jl��f]rWt]��f]Y*X(�?knt��xmlm�b(mlk#¤U¢P���ndvdgY5{hf]k�k@iefv�nj��

gA→B(t)


�´�C����'Ï���C�²�2)/� � 'Ï�5�(' À ) - �5)��x�(' À )
2�Y|j��9f]tvke{erW�*Yµ�	�WkntvX(�nm�j:9*Y5{(f]t��x��dgX(jqd]d]j�k@�(�®r��W��f]jlkn�

Tη
fvTW�#f�{eY*¨W��YCd f]TWY|d]TW�x�?Y|kx�©f]TWYzfvtv�n�WdgX(jqdy¢

d]jlkn���®t]k@X
VA(t)

fvk
g1(t)

USUT�YC�±f]T�Y$fvkxf��xm©fvtv�n�Wdy�®k@t]X �xf]jlkn��jldzonjl�nY*��f]TWt]k@r�onT§dv�*�xmljl��o��x�W{�kn¶�d]Y�f
���xt��xX(Y�fvY*t�d*³

g1(t) = GmaxTη

(
λ

Gmax
(VA(t) − v0)

)
,


P�x�$�

¤�TWY*tvY
η ∈ [0, 1]

�x�W{
Tη
jqd�f]T�Y$�WkntvX(�nm�j:9*Y5{�fvtv�n�Wd]Xhjqdvdgjlkn���®r��W�°fvj�k@�§{eY�¨W�WYC{�icb¦³

Tη(x) =





η +

ηx
η − x if x < 0,

η +
(1 − η)x

(1 − η) + x
if x > 0.
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� Gmax
jld�fvT�Y�f]knfv�nm´¤¯YCj�o@T9f�kn�/fvT�Y	dgbc�W�n�Wd]Yn

� λ
jqd f]T�Y|�xX(��mlj¥¨��C�#fvj�k@�(�Ï�n�°fvknt¯kx��f]T�Y|dgbc�W�n�Wd]Yn³�j¥f�onjl�nYCdKf]T�Y|dgmlkn�?Yzkn�?fvT�Y�fvtv�n�Wd]Xhjqdvdgjlkn�h�®tvknX

VA(t)
f]k

g1(t)
jl��j¥f�d�m�jl��Y5�xt�t��x��o@Yn

� v0
jqd��x� kn¶�d]Y�f�kn�Nf]TWY��niWd]�*jldvdv�¡�#¸ejldCªUf]T��#f§�*�x�;i?Y�rWdgY5{Nf]k {eY�¨���Y¦fvT�Y � � ���.��� �,�G� ���2�

kx�|f]t��x�Wd]X(jldvd]j�k@�´ª �#�xmlr�Y§¤�T�YC� f]T�Y¦tvY�fvj�����{�k9Y5d(��kxf�tvYC�*Y*jl�nY§�x�cb �cjqdgr��xm�jl�e�®kntvX �#f]jlkn�� [¬�
VA(t) = V Dark

A

¤�j�f]T�k@ref��cjld]rW�nmµdgf]jlX�r�mq�#fvj�k@� 
Ï��kxf���YC�*YCdvd]�nt]jlmlb ¤�j¥fvT
V Dark

A = 0
�°ª�fvT�Y*�

(V Dark
A −v0)λ/Gmax

��k@t]tvYCd]��k@�W{�d�fvk�f]T�Y�¤�kntv«cj��Wo|�?knjl�9f kx�?f]TWYzdgbc�W�n�Wd]Y�k@����r�tv�nY
Tη

Ïd]Y*Y
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�
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η
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SUT�YU�®rW�W�°fvj�k@�
Tη(x)

{eY�¨W��Y5d3f]TWY�onY*�WY*t��xmedgT��x�?Y�kx�WfvT�Yzdgfv�xf]jq� fvtv�n�Wd]Xhjqdvdgjlkn�´/[¬fujldu��kntvX �xmlj�9CYC{©ª
t��x�Wonjl��o$i�Y*fy¤¯YCY*�

0
�n�W{

1
ª@¤�j¥fvT��	{eYCt]jl�#�#fvj��@Y�YCp9rW�nm�f]k

1
jl�

x = 0
�SUT�Yµ�W�xt��xX(Y*f]Y*t

η
jqd¯�$¤U�²b	fvk

X(Y5�nd]r�t]Y|fvT�Y�{ej�¶?YCt]YC�9fµdyfvt]YC��oxfvTWd�kn��i?kxfvT§��kn�e¢¬mlj���Y5�xtvj¥fyb"
 f]TWY	t]Y5�°fvj¥¨��C�#fvj�k@��jl�
x → −∞ �x��{�f]T�Y

dv�#fvr�t��#f]jlkn��j��
x → +∞ ��¤�T�Y*�§�*knX(��k9dgjl��o£f]T�Y��®rW�W�°fvj�k@�Wd�jl�±��jlonr�tvY$��
Ï· �U�x�W{±��j�o@r�tvY���
7Z ����jlonr�tvY Fµ{ejld]��mq�²bed���rWt]�@YCd©kn�

Tη(x)
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η
�SUT�Y¯�Wj�Y5��Y*¤�jqd]YK�®r��W��f]jlkn�Wd3{eY*¨W��YC{

jl� 
P� 8��z�nt]Y(¹§jq��TW�xYCm�jqdy¢Þ¹§YC�@fvY*�§�®rW�W�°fvj�k@�Wd|f]TW�xf�dv�#fvr�t��#f]Y£¤�j¥fvT
x−1 ³zjl�W{eYCYC{©ª©fvT�jqd�jldµf]TWY�fybc�?Yhkn�dv�#fvr�t��#f]jlkn� {eY�¨W�WYC{ icb 
 8�F$�(�x�W{ �xmlt]Y5�n{eb¡��jq�°fvr�tvYC{ j��N��j�o@r�t]Y±�e%!�knf]Y�f]TW�xf(�®knt

η = 0.5
fvT�Y

�®rW�W�°fvj�k@��jqd��x�9fvj¥¢ÞdgbcX(X(Y�fvt]jq�*�nm7ªe�x��{�fvTW�#f��®k@t
η = 0

j�f��?Y*t]�®kntvX(dUiWt]ref��xm©tvYC��f]j�¨��*�xf]jlkn�´
[¬�©fvT�Yz�#�xtvjq�#f]jlkn��dKkx�

V
�xtvY�dgX �xmlm��*knX(�W�nt]Y5{hf]k

Gmax/λ
ª9fvT�Y*� 
P�x�$�u�*�n� i�Y|��k@�Wdgjq{eYCt]Y5{(m�jl��YC�ntC

2�Y�X �n«nY$fvT�jld|�ndvd]r�X(�ef]jlkn�±�®k@t|d]bc�W�x�Wd]YCd�j��§fvT�Y(\µs'� 
Ïd]Y*Yh��j�o@r�t]Yh� �°ª�i�ref���knf��®kntµf]T�Yhdgbc�W�n�Wd]Y
mljl��«cj���o�i�j��?knmq�xt|��YCm�mqd�fvk�o9�x��o@m�jlkn�W�nt���YCm�mqd�jl�§f]TWY�[Þs � ª�fvTW�#f|jldzY�¸e��mljl�*j¥fvm�b±X(ke{eY*mlYC{¦¤�j¥fvTEj�fvd��Wkn�e¢
mljl��YC�nt]j�fybn

��jlonr�tvY F�³ N|t��x��TWd¯�®k@tUf]T�tvY*Y��nYCtvd]jlkn�Wd¯kx�/�®r��W�°fvj�k@�
Tη
ª�t]Y5dg�?YC��f]jl�nYCm�b

η = 0

®tvYC{���r�tv�nY��°ª

η = 0.25
Ïi�mlr�Y���rWt]�@Y��|�x�W{
η = 0.5


®o@t]YCY*�¡��r�tv�nY��°
Tη
��r�tv�nY5d$�xtvY ��kntvX �xmlj�9CYC{©�SUTWY*bº�C�x�"i?Y�t]k@r�onTWm�b

�*kn�Wd]jq{eY*tvYC{ºm�jl��Y5�xt	i?Y�fy¤�Y*YC�
x = −η

�x�W{
x = 1 − η

ª�X(Y5�x��jl��o±f]T��#f	fvT�Y�mlY*��onf]T¡kx�UfvT�Y � m�jl��YC�nt
{�knX �xjl���ejqdUj��W{�Y*�?Y*�W{eYC�9fzkx���W�xt��xX(Y�fvY*t

η
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�n� ����� ��� ������
	����� � �.��� �����<��������� �*���(������

��� À ���h� ¼ � � À �#� ) Á ¼ )Ï� ½ �
�Wt]k@X 
 8C�/�°ªK¤�Y�d]Y*Y�fvTW�#f(dgk@X(Y�{eY*mq�²b¡�x���?YC�ntvd£{er�tvj��WoEdgbc�W�n�ef]jq� fvtv�n�Wd]Xhjqdvdgjlkn�´ª�fvT�t]k@r�onT¡«@Y*tv��Y*m
ξ → Kt(ξ)

ª�¤�j�f]T�f]jlXhY	�*kn�Wdgfv�n�9f�o@t]k9d]d]m�b(Y5p@r��xm?f]k
1/(α(t) + β)

 `crW��T±�(��kn��dyf��x�9f�jqdU��Y5��YCdvdv�xtvj�mlb
d]X �xmlm�YCt�f]TW�n�

β−1 
Du�@Y*�(�®k@t3�Ï�ndgfut]Y5��Y*��f]knt�dKd]rW��T �nd

AMPA
ª
β−1 t��x��o@YCd3�xtvknr���{h�|X d � 8C��¬ªcdgk|f]TWYz��k@�@fvt]jli�refvj�k@�kn� dgr��*��Y5d]d]jl�nY	d]b9���x�Wd]YCd�f]k�fvtv�n�Wd]Xhjqdvdgjlkn�§{eYCml�²b�jldµ��knfµ��YConmlj�o@j�i�mlY�jl�¦��tvjlX(�xf]Y	tvY�fvj����ndCª�¤�T�YCt]Y�f]T�Y

fvkxf��xm�fvtv�n�Wd]Xhjqdvdgjlkn��{eYCml�²bedu�nt]Yzkx�����®YC¤Nf]Y*��d kn��dgY5��kn��{�d 
Ïd]Y*Yz�®knt¯j��Wdgfv�n�W��Y � �OF�¬ª@k@t � �#���j���f]T�Y|�*�#f
tvY�fvj����$�°
�Wr�tgfvT�Y*tvX(kntvYnªcjl� 
 8C� ��ªcf]T�Y|f]YCX(��k@tv�nm?jl�9f]YCont��#f]jlkn��«nY*tv��YCm

ξ → Kt(ξ)
jqd���kxf�dgfv�xf]jq�xK·�m�f]T�k@r�onT

¤�Y£{�k���knfµf��x«@Y	f]TWjld|�#�xtvjl�xf]jlkn�¦jl�9f]k±�n�C��knrW�@f5ª�j¥f$��k@r�ml{Ei�YhjlXh�?knt]fv�n�9fµ�®k@tµtvYC�*Y*�efvknt�dzTW�²�cjl��o�mlk#¤
�#�nm�r�Y5d	kn�

β

 �®k@t£Y*¸��xX(��mlYnª

NMDA
tvYC�*Y*�efvknt�d$¤�T�k9dgY fvj�X(Y±��k@�Wdyf��x�9f

β−1 jld£kx��X �x�cbºf]YC�Wd�kn�d]YC�*kn�W{Wd � 8C�����ªWdgjl�W�*Y|jl��f]T�jqd��*�@dgY
α(t)

¤�knr�mq{��Wt]k#�cjq{eYzfvT�Y�X �xjl�´ª��#�xtvjl�ni�mlYnªe��k@�@fvt]jli�refvj�k@��fvk
γ(t)


\µr�tKdgf]t��#fvY*onb�jqd/f]k|j��W�*kntv��k@tv�xf]Yuo@m�k@iW�xmlmlb��nm�med]rW�*�*YCdvdgjl�nY f]YCXh�?knt��xm9jl�@fvY*o@tv�xf]jlkn��{eYCml�²bedCª#�#fudgk@X(Y

�?knjl�9f�j��±knrWt�t]Y*f]jl�W�hXhke{eYCm7 LzY*�W�*Ynª�¤�Y�X �x«nY|fvT�Y	�x���Wt]k²¸ejlX(�xf]jlkn�

gA→B(t) = g1(t),

iWref£tvY*X(Y*X£i�YCt	fvTW�#f£�nm�mUd]b9���x�Wd]YCd	�*kn�9f]tvjli�ref]Y�f]k§fvT�Y�fvkxfv�nm fvY*X(�?knt��xmu¨�m¥fvY*tvj���o¦fv�x«cjl��o¦��mq�n�*Y�jl�
fvT�Y�tvY�fvj�����ª�¤�j¥fvT knt�{eY*t�d$kn�UX �non��j�f]rW{�YCd�{�Y*�?Y*�W{ejl��oºXhk9dyfvm�b�kn�"fvT�Y fybc�?Y�kx��d]bc�W�x�efvjl��t]Y5��Y*��f]knt
�*kn�Wd]jq{eY*tvYC{©

����� � ��� �����	�� � � � � � � ��	������ �  	 ��� � � � �����
��Y�f�rWd�jl�9f]tvke{erW��Y$�£¨W�W�nm���k@X(��k@��Y*�9f�j���fvT�Y$X(kc{�Y*mlj���o�
·zm�m3tvY�f]jl�W�nm/��YCm�mqd|�xtvY$m�jl��«nY5{±f]k�f]T�YCj�t|��YCj�o@T9i?knt�d�kn�Kf]T�Yhd]�nXhY�fybc��Y£i9b�o@�n�(wyr��W��f]jlkn�WdCµSUT�Y5dgY

wyrW�W�°fvj�k@�Wd�tvYCd]r�m¥f�jl�§�E� � �.� ��� ��kn��fvT�Y	��YCm�m´jl�e�®k@t]X �#fvj�k@���*kn�c�nYCbnY5{�icb f]TWY*jlt�X(Y*X�iWtv�n��Y���knf]Y*�9fvjl�nm7³
�®k@tuY�¸��nXh�Wm�Y@ª@��YCj�o@Tci�k@t]jl��o�t]Y5��YC�ef]k@tvd3fvY*�W{ f]k	TW�²�@Y�dgjlX(j�mq�xt XhYCX�i�t��x�WY���knf]Y*�9fvjl�nmldCª9d]jl�W��Y�jlkn��du�*�n�
�*j�t���rWml�xf]Y��®tvknX=kn��Yzt]Y5��Y*��f]kntuf]k��n��kxfvT�Y*t f]T�tvknr�o@Thf]T�Y wyr��W�°fvj�k@�WdC3��jlonr�tvY�85����t]Y5dgYC�9fvd ��8�¢ > �cj�YC¤
kn�´�$dgjlX(��m�YzXhke{eYCmW�®k@t ��YCm�m?��k@r���mlj���o�ª@�@dKf]T��#fu¨Wt�dgf j��9fvt]ke{erW�*YC{hicb � !H!�W�®knt¯T�kntvj:9*kn�9f��xm���YCm�mqdCª@iW�@dgY5{
k@� d]r�t]�Ï�n��Y�tvYCd]jldgfv�n�W��Y5d 
7dgYCY��nmld]k � �x�����ª¯�x��{ fvTW�#f(¤��@dhml�xf]Y*thfvT�Y±iW�nd]jld£�®k@t£fvT�Y�¨Wt�dyf(TW�xt�{e¤U�xtvY
tvY�fvj����xm©X(ke{eY*mqd � �HF�¬

� 'Ï�5�x� ¼ � ¼ � À � ��)6'*)�C ¼ ����e��' À ) � 2ºY(dgrW����k9dgY�f]TW�xf|Y5�n��T¦�*Y*mlm�jqd|{et]jl�nYC�¦icb§��mlj���Y5�xtµm�Y5�x«cb§�*�#¢
���n��j�fyb�Y5p9rW�#fvj�k@�§¤�j¥fvT§m�Y5�x«#�xo@Y$�W�xt��xX(Y�fvY*t

gL ª��@d�YCp9rW�xf]jlkn�*
P� �°ª?�x�W{�fvTW�#f|��Y*jlonTci?kntvj���o �*Y*mlmldµ�xtvYmljl��«nY5{�icb �£�*kn�Wdgfv�n�@fU��k@�W{erW��fv�x����Y
G
ªeX(ke{eYCm�jl��o(��d]j�X(��mlY�o@�x�	wyr��W�°fvj�k@�´¯Ã¯Y*mlmld��xtvYµd]r����?k@d]YC{�f]k

T��²�nY	T�k@X(knonYC��Y*k@rWd��Wt]k@��YCtgfvj�Y5d*ª�X(YC�n��j��Wo�f]T��#f
gL �n�W{ G

�nt]Yh��kn��dyf��x�9fz�®k@tzfvT�Y£¤�TWknmlY���Y*fy¤¯k@t]«

7��j�o@r�t]Y�85� �°uSUT�YC�´ªW�*Y*mlm´�cr�X�i?Y*t

i
kn�/fvT�Y$��Y*fy¤¯k@t]« jqd�{etvj��@Y*��i9b�f]T�Y��®k@m�mlk#¤�j��WohY5p9rW�#fvj�k@�º³

c
dVi

dt
(t) = G(Vi+1(t) + Vi−1(t) − 2Vi(t)) − gL Vi(T ) + Ii(t)


7�@� �
2;T�YC� ��Y*rWt]k@�Wdu�xtvY���k@�Wdgjq{eYCt]Y5{�jl�(f]T�Y�Ã¯[y�¦�®t��xX(Y*¤�kntv«�ªxdgrW����k9dgjl��o	��mlj��WYC�xtKtvY*o@j�X(Y��@dKj�� 
P�n� �

X(Y5�x�Wd�fvTW�#fh¤¯Y��nt]Y jl�¡fvT�Y�mlj���Y5�xt��*kn�W{�j¥fvj�k@�Wd�{eY5d]�*t]jli?YC{"jl� `cYC��f]jlkn� !�:8nÉ�c§·zd£�¦��k@�Wd]YCp9r�Y*����Ynª
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��jlonr�tvY�8C�W³ ·��EY*mlYC�°fvt]jq�*�nm´X(ke{eY*m��®knt�mq�#fvY*t��xm��*knr���mljl��o�jl�¦� ��k@��r�mq�#fvj�k@�§kx�u��YCm�mqd���tvYC�*Y*jl�9jl��o��n�
jl����r�fz��r�tvt]YC�9f ��


P�n� ��jldzm�jl��YC�nt�¤�j�f]T§tvYCd]��Y5�°f�f]k�f]T�Y	jl����r�fµ��r�tvtvY*�9f
I(x, y, t)

U[¬fµ�*�n�±i�Y�{�j�tvYC��f]mlb�d]knml�nY5{�jl�±f]YCt]X d
kn�/j�fvd��Wknr�tvjlY*tUf]t��x��dy�®k@t]X 
7�ndUjl� � �x�����

% À )���'6)�� À �/�§� À � � )*'*)�C ¼ ��/����' À )��G)�Á 'Ï�C�§� À ) ���(' À ) � 2�Y ��t]Y*�®Y*t�fvk¦�ndvdgr�X(Yhf]T��#f	fvT�Y���YCm�m
dv�xX(��mljl��o�jqdµ{�Y*�Wd]Y�YC��knr�o@T§f]k±��k@�Wd]jl{eYCt�fvT�Yh�*kn�9f]jl�cr�knr�d��nYCtvd]jlkn�§kx� f]T�Yh��tvYC��Y5{ejl��o�YCp9rW�xf]jlkn� 
7�nd
jl� � !H!� �°±·zd£��Y*mlmqd��xtvY dgYC�W�xt��#fvYC{�icbº�§d]�W�#fvjl�nm dgf]Y*�

s
ª�f]TWY 
Ïd]Y*tvjl�nm ���*kn�W{�rW�°f��x�W�*Y

G
i?Y*TW�²�@Y��nd

G = G/s
ª�¤�T�jlm�Y$fvT�Y�
Ï�W�xt��xmlm�YCm ���*kn�W{er��°fv�n�W��Y

gL ª?�*�x���n��j�f]jlYCd c
�n�W{�j����Wref|�*r�t]tvY*�9f�d�d]�C�xmlY|¤�j�f]T

s
³

gL = s/τ
ª
Ii(t) = sI(x, y, t)

ª´�x�W{
c = s

�>µt]jl�cj��Wo
s
fvk19CY*tvk � !
!�Kf]TWY*�Eo@j��@YCdµrWdµf]T�Yh�®k@m�mlk#¤�j��Wo

�*kn�9f]jl�cr�knr�d¯Y5p9rW�#fvj�k@�º³

dV

dt
(x, y, t) = G ∆V (x, y, t) − 1

τ
V (x, y, t) + I(x, y, t).


7� !/�
!zkxf]Y�f]TW�xf£dgr���T �*�xmq��rWml�xf]jlkn�Wd	�nt]Y(�#�xmljq{��®knt	fy¤�kx¢Þ{ejlX(Y*�Wd]j�k@�W�xmK�WY�fy¤�kntv«cdC³�f]TWjld£jld$f]T�Y�t]Y5�nd]kn�

¤�Tcb�¤¯Y�TW�²�nY�¤�t]j�fgfvY*�¡fvT�Y�d]�W�#fvjl�nm�d]YC�*kn�W{¡{�Y*tvj��#�#fvj��@Y�kx�
V
�nd£� ���n��mq�n��jq�x�"�®rW�W�°fvj�k@�´ºSUT�jqd£jld

��T�Y5�#f	Y5p@r��#f]jlkn�"¤�j�f]T ��mlYC�x«#�nonYhf]YCt]X±�[¬f�jqd$mlj��WYC�xt$¤�j�f]T¡tvYCd]�?YC�°f$fvk
I
�x��{

V
ª/�n�W{�i�Y5�xt�d�f]T�Y

d]knmlrefvj�k@�´³
V (x, y, t) = H

x,y,t∗ I (x, y, t),

7�x�/�

¤�TWY*tvY
H
ªej�X(��r�mqd]Y$t]Y5dg�?kn�Wd]Y�kx�/f]T�Y�¨Wm�f]YCtCªWjldUo@j��@Y*��i9b�³

H(x, y, t) = G√
2Gt

(x, y) exp(−t/τ)

P�n�$�

¤�j�f]T
Gσ
{eY�¨W�WYC{±�nd�fvT�Y	�²�nYCtv�nonjl��o N��nrWd]d]jq�x��«@Y*tv��Y*m©kn��dgfv�n�W{��xt�{�{eY*�cjq�#f]jlkn�

σ
³

Gσ(x, y) =
1

2πσ2
exp

(
−x2 + y2

2σ2

)
.


P�x�$�
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!@� ����� ��� ������
	����� � �.��� �����<��������� �*���(������

2;T�YC�
τ → +∞ ªefvT�Y�d]YC�*kn�W{�f]YCt]X%kx��f]T�Y$��tvke{erW��f�f]Y*��{�d�fvk#¤��ntv{�d¯fvT�Y	��k@�Wdyf��x�9fU�®r��W��f]jlkn�§kx��#�nm�r�Y�8@ª��x�W{

H
i�Y5��knX(Y5d�f]T�Y	�*ml�@d]d]jl�C�xm�T�Y5�#f�YCp9rW�xf]jlkn��«nYCt]��YCm7

H
jqd��(��k@�e¢¬d]Y*���xt��xi�mlYz¨�m¥fvY*t5ª�d]j��W�*Y�f]jlX(Y

t
T��nd�� {ejltvYC�°f�jl���WrWY*�W�*Y	kn��f]TWY�dg���#f]jq�xm©���xt]f�kx�3f]T�Y

¨�m¥fvY*tvj���o�ª��nd�{eY*¨W��Y5{�icb
G√

2Gt


SUT�Y$�Wt]k@��YCtgfvj�Y5d¯kn�/¨�m¥fvY*t

H
�xtvY$��kn��dgjq{eY*tvYC{�YC�@dgjlm�b�j���f]TWY	��knrWt]jlY*t�{ek@X(�nj���³

H̃(ξx, ξy, ξt) =
τ

1 +
σ2

2
(ξ2

x + ξ2
y) − jτξt

,

P�@� �

¤�TWY*tvY
σ =

√
2τG 
7�n�$�

jqd3�|XhY5�nd]r�tvYu�®knt�fvT�Y�dg�W�xf]jq�xmcY�¸cfvY*�9fKkx�WfvT�Y���k@r���mlj���o|jl�W{erW�*YC{£i9b G  D p9rW�xf]jlkn� 
P�@� �/d]T�k#¤�d�f]TW�xf HjqdK��mlk#¤U¢P�W�@d]d�¨Wm�f]YCtCª9dg�W�xf]jq�xmlm�b£�nd3¤�Y*mlmW�nd�fvY*X(��k@tv�nm�mlbn5D p9rW�#fvj�k@� 
7�@� �3�*�x�(�xmqd]k|i?Y�kni�fv�xjl��Y5{h�@d�f]T�Y
�@dgbcX(�efvkxf]jq�|m�jlX(j¥fµkx�u�({ej�tvYC��fµ��k@r�tvj�YCt��*�xmq��rWml�xf]jlkn�±dyf��xt]f]jl��oh�®t]k@X YCp9rW�xf]jlkn� 
7�@� �°ªW�®knt��®tvYCp9r�YC�W��jlYCd
X£rW��T±dgX �xmlmlY*tUf]T��x��f]T�Y	dv�xX(��mlj��Wo£�®tvYCp9r�YC�W��b"
Ï�ndUjl� � �n�� �°

� � ¼ �3�e�#�e� ) ¼ � ���/� À )J' � �e� ¼�� )Ï� ¼ � ��� Y*tv��Y*m
H
i?Y*jl��o��Wkn�e¢ÞdgYC�W�xt��xiWm�Y$jqdµ��TW�x��{ejl�C�x�§�®k@tz�Ï�@dyf

�cr�X(YCt]jq�*�nmKj�X(��mlY*X(Y*�9f��#f]jlkn��kx��f]TWY���knrW��m�jl��o�¨Wm�f]YCtC��Wknt�fvT�jld	t]Y5�nd]kn�´ª©¤�Y �x����tvk²¸ej�X �xf]Y
H
icbE�

d]Y*���xt��xi�mlY|¨Wm¥fvY*t
HSep

ªW¤�TWk@d]Y�dg���#f]jq�xm/��knX(�?kn��YC�9fzjldz��kxf|{eY*�?Y*�W{�Y*�9fµk@�
t
�n�cb9X(k@t]Y@ 2�Y£d]j�X(��mlb

tvY*�Wml�@��Y�¨�m¥fvY*t
G√

2Gt

jl� 
P�n� �£icb ��k@�Wdgfv�x�9fh¨Wm�f]Y*t
G√

2Gτ

ª d]j��W�*Y
τ
{eY*¨W��YCdhk@tv{eYCtvd��®knthfvT�Y�fvj�X(Y

Y*¸cf]Y*�9fhkx�
H
f]TWt]k@r�onT¡fvT�Y�fvY*tvX

exp(−t/τ)
j�� 
P�@� �° 2;j�f]T fvT�Y�{�Y�¨W��j�f]jlkn� �®knt

σ
j�� 
P�x� ��ªKf]TWjld

¤�tvj�f]YCdC³
HSep(x, y, t) = Gσ(x, y) exp(−t/τ).


P� F/�
\µ�WY	�*�x�¦��TWYC��«�fvTW�#fzf]T�Y��Wknr�tvjlY*t�fvtv�n�Wdy�®k@t]X

H̃Sep(ξx, ξy, ξt)
T��ndUfvT�Y�dv�xX(Y�¨Wt�dyf]¢Pk@tv{eYCt�{eY*�@Y*mlkn�e¢

X(YC�@f�¤�j�f]T±tvYCd]��Y5�°fUf]k
(ξ2

x, ξ2
y , ξt)

�nd
H̃(ξx, ξy, ξt)


ÏYCp9rW�xf]jlkn� 
7�@� �)��
HSep

jld�f]TWY�«@Y*tv��Y*m|¤�YE¤�jlm�m$i?Yºr�dgjl��o f]k X(ke{eYCm�f]T�Y"dgr��*��Y5d]d]jl�nY¦jl�9f]t��#¢¬ml�²b@Y*t��*knr��Wm�jl��o@d�jl�
fvT�Y�\µs �u©[Þ�W{�Y*YC{´ª©j¥f�d$dgYC�W�xt��xi�mlY�Y*¸e��k@��Y*�9f]jq�xm�«nYCt]�WY*mqd|�nm�mlk#¤ X�r���T¦�Ï�ndgf]YCt$�*�xmq��rWml�xf]jlkn�Wdzf]TW�n�º�n�
jl�W�*t]YCXhYC�9fv�xm�jlXh�Wm�YCXhYC�9fv�#fvj�k@� kn�zYCp9rW�xf]jlkn� 
P�n� ��knthkx�|��kn�c�@knmlref]jlkn�¡«@Y*tv��Y*m

H

ÏYCp9rW�#fvj�k@� 
P�n� � �°ª

¤�TWj�mlY|f]T�Y$tvYCd]r�m�f]jl��o(XhYCX�i�t��x�WY|�?kxfvY*�9f]jq�xm��²�nm�rWYCd��xtvY|�nY*tvb�d]j�X(jlml�ntC
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2;j�f]T�fvT�Y|f]T�YCkntvY�f]jq�*�nm?�®tv�nXhYC¤¯k@t]«(��tvYCd]Y*�9fvYC{�j���f]T�Y���tvYC�*YC{ejl��o d]YC�°fvj�k@�´ªc¤¯Y$�C�x����k#¤ ��tvYCd]Y*�9fUf]T�Y
tvY�fvj�����X(ke{eY*m3j�fvd]Y*m��y£SUT�jqd$d]YC�°fvj�k@�¦�®k@m�mlk#¤�d�fvT�Y(knt�{eY*t|kx� f]T�Yh¨W�@Y£mq�²bnYCtvdµkx�¯�*Y*mlmldC��Wknt�YC�@��T´ª©knr�t
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d]Y*��dgj�f]jl�nY$��k@�W{erW��fv�n�W��Y5d¯jl��f]T�Y$k@ref]YCt�dgYConX(Y*�9f�kx�K�(��k@��Y�t]Y5��Y*jl�cj��Woh�hmlj�o@T@f�jl�9f]YC�Wdgj�fyb

I
icb�³

Gexc
R (t) = Gmax − GmaxSat

(
1

Gmax
I ? fĪ (t)

)
.
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SUTWjld	p9rW�nm�j�fv�xf]jl�nY(YCp9rW�xf]jlkn��jld��±��YCtvd]kn�W�nmKj��9fvY*tv��t]Y*fv�xf]jlkn��kx��f]T�Y tvYCd]r�m�fvd$kn� � �9�cª��c�1¬�[¬f�YC�W��k@X£¢
���ndvdgY5dKf]TWYµ��tvkn�?Y*t]f]jlYCd¯kx���*kn��Yµ��T�knf]kxfvtv�n�Wdv{erW�°fvj�k@���nd�{eY5d]�*t]jli�Y5{ jl��f]TWYCd]Y�fy¤�k£�xt]f]jq��mlYCdCª9i�refUml�@��«cd
�#�nm�jq{��#fvj�k@�¡�®knt(�n{W�x�ef��#f]jlkn� m�YC�nY*mqd	kn�zmlj�o@T@f({ej�¶?YCt]YC�@fhf]T��x� {W�xtv«9�WYCdvd*º[¬fhX£rWdyf(kn�Wm�b"i?Y�d]Y*YC� �nd
k@r�t(�#fgfvY*X(�efhf]k���ref �x� YCp9rW�#fvj�k@� kn� ¤¯YCm�m�¢¬«9�Wk#¤��"�Ï�n�°f�d(��kn����Y*tv��jl��o¦��TWkxf]knf]t��x�Wdv{erW��f]jlkn�´¡SUT�Y
{�j¥¶�Y*tvY*�9fUf]YCt]X d�jl��fvT�jqd�YCp9rW�xf]jlkn�±�xtvYµfvT�Y��®knmlmlk#¤�j���o�³

� I(t)
jld|fvT�Y(m�jlonT9f$j��9fvY*�Wd]j¥fyb±�®Y5{ºf]k�f]T�Y��*kn��Y@ª©XhY5�nd]r�tvYC{§�®k@t�Y�¸��xX(��mlY(j�����T�knf]kn��dµtvYC�*Y*jl�nY5{

��YCtzd]YC��k@�W{©
� Ī

jld´f]T�YU�xX£i�j�YC�9f/mlj�o@T@f/j��9f]YC�Wd]j¥fyb@ª²f]kz¤�TWjl��T$fvT�Y tvYC�*Y*�efvknt/TW�nd/i�YCY*� �
� �<���  �x3[¬f�jqd/�C�xmq��r�mq�#fvYC{©ª
ontvk@dvdgmlbnª?�®tvknX fvT�Y(m�jlonT9f$jl�@fvY*�Wd]j�f]jlYCd���tvYCd]Y*�9f]Y5{§fvk�fvT�Y(t]Y5��YC�ef]k@t�{�r�t]jl��o�j¥f�d�t]Y5��YC�@f$T�jqdgf]kntvbnª
¤�j¥fvT¡f]jlX(Y��*kn�Wdgfv�n�@f�d	kn��fvT�Y�k@tv{�Y*t	kn�Uk@��Y�d]YC�*kn�W{ 
®�®knt	fvT�Y�Y*¶?Y5�°fhkx�-#<���� � � �.� �
� �<���(�.���*�.�
� �e�1 �°ª�k@t�kx�3kn��Y�X(j��crefvY 
 �®k@tUf]T�Y$Y*¶?Y5�°f�kx�5��� �H����M� ������ #�� ��� � � �c�����

� fĪ(t)
jqdUf]T�Y	f]T�YCkntvY�f]jq�*�nm���k@�W{erW��fv�n�W��Y$k@��YC��j��Wo��*�xr�dgY5{�icb�f]T�Y��niWd]kntv�ef]jlkn��kx�

one
��T�knf]k@�´ª

�#� fvY*t(�n{��n�efv�xf]jlkn� kn��f]T�Y±��YCm�m¯f]kºm�jlonT9fh�*kn�W{�j¥fvj�k@�Wd
Ī
 2ºY�rWd]Y�f]TWY�¤�knt�{ &ÞfvT�Y*k@t]Y*f]jq�*�nm ' f]k

dyfvt]Y5d]d f]T��#f��£d]j��WonmlYz��T�knf]k@���*�n����YC�nY*t�i?Y|{eY*f]Y5�°f]Y5{�icb����*kn��Y@ªcY*�nYC���n{W�x�efvYC{ fvk£{��nt]«c��Y5d]d
� �c��¬�SUTcrWd*ª

fĪ(t)
X�rWdgf	kn��mlb¦i?Y�dgYCY*�"�nd|fvT�Y���k@��Y*� d�j�X(��rWmld]Y t]Y5dg�?kn��dgY �#� fvY*t	�@{��x�ef��#fvj�k@�

�#f	jlm�mlr�X(jl�W�#fvj�k@�
Ī
E>µY�¨W�Wj���o¦�n�ºjlX(��r�mqdgY tvYCd]�?kn�Wd]Yh�®knt�f]TWY���kn�WY X(�n«nY5d|d]Y*��dgY@ª/d]j��W�*Y(f]T�Y

m�jl��Y5�xtvj¥fyb�¤�j�f]T±tvYCd]��Y5�°fUf]k
I(t)

TW�@dUi�YCY*�±��tvk#�nY5{��#f�mlk#¤ jl�9f]YC�Wdgj�f]jlYCd � �e�1 
®¤�TWY*�
I(t)

�x�W{
Ī�xtvY$dgX �xmlm��°ª��ndUjl�§��j�o@r�t]Y�8²�c

suT�knf]kxfvtv�n�Wdv{erW�°fvj�k@�;X(kc{�Y*mlj���o i9b � �9��|��tvkn�?k@d]YCd(fvTW�#f
fĪ(t)

TW�²�@Y¦� ��� � ���.� �%#ºd]TW�n��Y@ªz�nd
j�mlmlrWdyfvtv�xf]Y5{Ejl����jlonr�tvY 85�cª©�®k@t	��k@��YCd|jl�EfvT�Y {��xtv«*


Ī = 0
�°�L�k#¤�Y*�@Y*t5ª�k@r�t$�?Y*t�dgk@�W�xm�i�YCm�jlY��

jld�fvTW�#f�f]TWYµfvtv�n�Wd]j�YC�@fUtvYCd]��k@�WdgYµkniWd]Y*tv�nY5{(�®kntU��k@��YCd�r���{eY*t�{ejlX mlj�o@T@f�
Ï��jlonr�tvY 85� �¯jqd¯t��#fvT�Y*t
{er�Y|f]k(���®Y*YC{e¢PiW�@��«h�®t]k@X T�kntvj�9Ckn�9fv�nm?�*Y*mlmld 
7dgYCY|·z����Y�¸�Z���K[¬��f]TWjldUd]T�knr�mq{�i?Y|f]T�Y$�C�nd]Ynª9f]T�Y
f]t��x�Wd]jlY*�W�*b�kn�K�*kn��Y�t]Y5dg�?kn�Wd]YCd�¤¯k@r�ml{±�Wkxfzb@Y�fµ�n����Y5�xtz�xf�f]TWY�mlY*�nYCm�kn�3mljlonT9fg¢ÞdgYC�Wd]j¥fvj��@Y$j�k@��jl�
��TW�x�W��Y*mqd*ªWf]TW�xfz¤�Y$Xhke{eYCm�Y5{±T�Y*tvY 


Gexc
R (t)

jl�*
6!n� � �°�·zdµ�(t]Y5dgr�m�fCª
fĪ(t)

X(j�o@T9fzkn��mlb�i?Y��
��k9dgj�f]jl�nY�� i�mlkni��lª��?Y*t]�®kntvXhjl��o �(dgjlX(��mlY�f]Y*X(�?knt��xm©mlk#¤U¢P���ndvdgjl��o�k@��fvT�Y$mlj�o@T@f�jl����ref

I(t)


�
dgjlon�

?
tvY*��tvYCd]Y*�9f�d©f]TWY¯mlj��WYC�xt3�x��dg¤�Y*t�kx�efvT�Y¯tvYC�*Y*�efvknt/f]k|j�����knX(jl��ozmljlonT9fC/[¬f�X(YC�n�Wd/f]YCXh�?knt��xm

��k@�9�@knmlref]jlkn� kx�
I(t)

¤�j¥fvT �®r��W�°fvj�k@�
fĪ(t)

 2;T�Y*�
I(t)

��k@�Wd]jldgfvd(kn�|�?knmlbe��T�t]k@X �#f]jq��m�jlonT9f
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®o@Y*��YCtv�nmu�*�nd]Y���ª©f]TWY(d]jlon�
?
�nmld]k±j�����mlrW{eYCd$�±{eknf	��tvkc{�rW�°f$i?Y�fy¤�Y*Y*�ºf]TWY m�jlonT9f	dg�?YC��f]tvr�X kn�

I(t)
�x�W{�f]TWY$kn�Wd]j��&� d��niWdgk@t]��f]jlkn��d]�?YC�°fvt]rWX�

� Gmax
jld|fvT�Y(X(�x¸ej�X£r�X ��k@�W{erW��fv�x����Yh¤�T�Y*�"�xmlm3m�jlonT9fg¢Þd]Y*�Wd]j¥fvj��@Yh��T��x����YCmld|�xtvYhkn�?Y*��j��ºf]T�Y

t]Y5��YC�ef]k@t�� d�XhYCX�i�t��x�WY�
7�ndUjl��f]T�Y	d]bc�W�x�efvjl�µfvtv�n�WdgX(jqd]d]jlkn��X(ke{eYCm7ª�`eYC�°fvj�k@� !�É� �°
�
�®r��W��f]jlkn�

x → Sat(x)
jld	��dv�#f]rWtv�xf]jlkn�¦�®rW�W�°fvj�k@�´ª�¤�T�k9dgY d]TW�x�?Y(jld��Wkxf$X(kc{�Y*mlYC{ºT�Y*tvYnª´iWref

f]TW�xf£¤�Y�d]r����?k@d]Y�f]kEi�Y�&y��k@t]X �nm�j:9*Y5{/'�³£j¥fhtv�n��onY5d$i?Y�fy¤�Y*Y*�¡�#�nm�r�Y5d�9CY*tvk¦�x�W{"k@��Ynª3¤�j�f]T �
{eY*tvjl�²�xf]jl�nY±kx��kn�WY§j��

x = 0
 ¹§ke{eYCm�jl��o ��TW�n����Y*m�dv�#fvr�t��#f]jlkn� icb �"dgfv�#fvjl���®rW�W�°fvj�k@� jqd��

��mq�ndvdgjq�*�nm/�Wt]ke��Y5{er�tvY�fvTW�#f$i?YC�ntvd|onkcke{§Y*¸c�?Y*tvjlXhYC�9fv�xm?wyrWdgf]j�¨��C�#f]jlkn� � �c�9ª©�c��PhSUT�Y(dyfvt]YC��oxfvT
kx�KfvT�jld|dv�#f]rWtv�xf]jlkn�±jldµY�¸e�?Y*tvj�X(YC�@f��xmlm�b�kni�dgYCt]�@YC{±�nd��n�¦jl�@fvY*tvX(YC{ejq�#fvY	i�Y*fy¤¯YCY*�¦Y*¸e��k@��Y*�9f]jq�xm
d]�xf]r�t��#fvj�k@� 


x → 1 − exp(−x)
� �n�W{;¹§jq��TW�xYCm�jqdy¢Þ¹§YC�@fvY*�Nd]�xf]r�t��#fvj�k@� 


x → x/(1 + x)
��

!�knf]Y�fvTW�#f�i�knf]T fvT�YCd]Y��®r����°f]jlkn��d o@j��@Y*� �nd Y�¸��xX(��mlYCd Y*�9f]YCtuf]TWYµ�*�xf]YConkntvb	kn�´¤�TW�#f ¤�Yz�C�xmlm�Y5{
&y�WkntvX(�nm�j:9*Y5{/'z�®r����°f]jlkn��d*

SUT�Y£onYC��Y*t��xm�d]TW�n��Y	kn�Kf]T�jqd�Y5p9rW�#fvj�k@�´ª
Gexc

R (t) = Gmax−
��� ����!� ��� �nª�jldµ{er�Y�f]k fvT�Y	�Ï�@�°fzfvTW�#f

tvYC�*Y*�efvknt�d��xtvY &ytvY*�@Y*t�dgY5{/'�³3jl�W��k@X(j���o(mlj�o@T9fµ�*�nrWdgY5dUj�k@��jq�$��TW�x���WY*mqd�f]k"#���� ��*�~�YC��YC�ef]k@t�d]�xf]r�t��#fvj�k@�
jqd�jlmlm�rWdgf]t��#fvYC{±jl�¦��j�o@r�t]YE8�!eª?¤�T�Y*tvY$¤�Y	TW�²�nY	��TWk@d]Y*�´ªW�®knt��®r����°f]jlkn�

Sat
ª?kn�WY	kx�3f]TWY$f]t��x�Wd]X(jldvd]j�k@�

�*r�tv�nYCd
Tη
��t]Y5dgYC�9f]YC{�jl�±`cY5�°fvj�k@� !W �e

2�Y	{eY�¨���Y�f]T�Y � � ���.��� ���G� ���2�Ukx�/f]T�Y$tvYC�*Y*�efvknt��nd�fvT�Y�f]YCt]X%j��Wd]jq{eY�kx���®r��W�°fvj�k@�
Sat
³

x(t) =
1

Gmax
I ? fĪ (t).


*!28��

!zkxfvY(f]TW�xf	j���f]TWY�Y�¸��xX(��mlY(kx����j�o@r�t]Y 8(!eª´fvT�Y�¤�kntv«cj���o��?knjl�@f��C�x�"i?Y ��Y*o9�#f]jl�nY@�[Þ�W{eYCYC{©ª�f]T�YCt]Y
�*knr�mq{±i?Yh� �cr�X£i�YCtzkn� ��TW�x���WY*mqd�f]T��#f|�nt]Y£�xmlt]Y5�n{eb���mlk@d]YC{±jl�§f]T�Y({��nt]« 
®¤�T�YC�

I = 0
��ª?�n�W{±fvTW�#f

�*kn�9f]tvjli�ref]Yhfvk±��o@t]k@r��W{E�*kn�W{�rW�°f��x�W�*Y(�*m�k9dgjl��o�kx�
Gmax − G0

j��ºf]T�Y�{W�xtv«?(��tvknX f]T�Y �?knjl�9f�kn�
�cjlY*¤ kn� � �c��¬ª�f]T�Y5dgY(��TW�x�W��Y*mqdµ�*knr�mq{E�nmld]k�k@��YC�´ª©X(YC�n��j��Wo�f]T��#f|f]T�Y(��YCm�m3¤�knr�mq{Ed]Y*Y &g{��nt]«@Y*tzf]TW�n�
{W�xtv« '°ª�t]Y5dgr�m�f]jl��o¦jl�¡fvT�Y�r���{eY*t�dgTWk9knf�kx��fvT�Y�jlX(��r�mqdgY�t]Y5dg�?kn��dgY�{eYC��jq�°f]Y5{¡jl� ��j�o@r�t]Y,85�cE[Þ� knr�t
�?knjl�9fzkx�K�cjlY*¤$ª�f]T�jqd � ��Y*o9�#fvj��@Y*���W�ntgfµkx�3f]T�Yhd]�xf]r�t��#fvj�k@���®r��W�°fvj�k@�

Sat
jqdµ��kxfz�WYC��Y5d]dv�xtvbnª�dgjl�W��Y	f]T�Y

rW�W{eY*t�d]T�kckxf$j��¡��jlonr�tvY 85��jld�¤�Y*mlmuY*¸c�Wml�nj���Y5{EicbE�®Y*YC{�iW�n��«§�®tvknX T�kntvj�9Ckn�9fv�nmK��Y*mlmqd*ª��n�°fvj��Wo±�xf$f]T�Y
mlY*�@Y*m´kn�Kkxf]TWY*tz�*kn�W{er��°fv�n�W��Y5d�jl�±f]T�Y£t]Y5��Y*��f]knt � dUXhYCX�i�t��x�WYnUSUT�jldzX(YC�x��dUf]TW�xfzjl�§knr�t�k@�ef]jq�xª�kn��Y
�*knr�mq{�TW�²�nY�{ejlt]Y5�°f]mlb

G0 = Gmax


, '*) ¼ �e� �#�G)5C ¼  ¼ �#� �/� �5�e���/�#�e��' À ) � [¬�/fvT�Y�¤¯k@t]«cjl��o��?knjl�9f
x(t)

jl� 
6!G8���jldU��mlk@d]Y|Y*��k@r�onT�f]k
0
ª

�@d �*knX(�W�xtvYC{£fvk	f]TWYz��k@t]X �xmlj:9*YC{ dv�#fvr�t��#f]jlkn�(�#�xmlr�Yµkx�
1
ª@f]TWY*� fvT�YztvYC�*Y*�efvknt jqdujl��j�fvd¯m�jl��Y5�xt t��x�WonYnª

X(Y5�x��jl��ohf]TW�xf�j¥f�dUt]Y5dg�?kn��dgY$�*�n��i?Y	�x�W��t]k²¸ejlX �#f]Y5{�icb�³

Gexc
R (t) ' G0 − I ? fĪ (t),


*!9� �
¤�TWY*tvY

G0
jqd�fvT�Y��#�nm�r�Y£kx�

Gexc
R

¤�T�Y*�
I = 0


Ïd]Y*Yh�/jlonrWt]YE8�! ��z[¬�umlj���Y5�xtvj¥fyb�jqdz�@Y*tvj¥¨WY5{©ª�fvT�Y*�Ef]T�Y
tvYC�*Y*�efvknt/��YCtg�®k@t]X d/m�jl��YC�nt/d]�W�#fvj�kn¢7fvY*X(�?knt��xm@d]TW�n��j��Wozkx�efvT�Y�j�mlm�rWXhjl�W�xf]jlkn�£d]jlon�W�nm7ª5f]TWt]k@r�onT��®r����°f]jlkn�
fĪ(t)

hSUTWjld�jqd���kxf	�nm�¤U�²bed�fvT�Y �*�nd]Yhj���t]Y5�xm3tvYC��YC�ef]k@tvdCh`eknX(Y1�  ���2�.�G�� # � � � ���� � �*� � jqd�j��W{�Y*YC{
k@iWd]Y*tv�nYC{�j��±mlj�o@T9fg¢¬j��W{�rW��Y5{��*r�tvt]YC�@f�d��#f�T�jlonT�jlm�mlr�X(j����#f]jlkn��ª�{er�Y�fvk(f]T�Y��Ï�@�°f�fvTW�#f�fvT�Y$t]Y5��YC�ef]k@t�jld
�Wkxf�j���fvT�Y$m�jl��Y5�xt�t��x��o@Yµkn��j�fvd�dv�#fvr�tv�xf]jlkn�±��r�tv�nY��x�cbcX(kntvY � �c��P
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��jlonr�tvY 85��³ Ã¯r�tvtvY*�9f �Wk#¤�j��Wo�fvT�t]k@r�onT¡��tvYC{c¢ÞdgYC�Wd]j¥fvj��@Yh�*kn��Y@ª´f]T��#f	TW�@d$i�YCY*�¡{��nt]«E�@{��x��f]YC{´ª�jl�
tvYCd]�?kn�Wd]Y fvk	�?�nd]T�YCd�kx�?m�jlonT9f5�
7· �3~�Y5dg�?kn�Wd]Y�kx�WfvT�Y���k@��Y fvk�i�t]jlY�� ���nd]T�Y5d/kn��jl�W��tvYC�@dgjl��oµj��9f]YC�Wd]j¥fvj�Y5d*
`eT�knt]f�{er�t��#f]jlkn� kx�µf]T�Y����@dgT jl�WdgrWt]Y5d�fvTW�#f fvT�Y¦d]r�iWd]YCp9r�Y*�9f��x��dg¤�Y*thTW�nd �"d]TW�x�?Y§��mlk@d]Y�fvk"f]T�Y
fvT�Y*k@t]Y*f]jq�*�nm�j�X(��rWmld]YEtvYCd]��k@�Wd]Y§kx��f]T�Y�dgbedgf]YCX

f(t)
�SUT�Y¦tvYCd]��k@�Wd]Y§jld�m�jl��YC�ntC 
7Z ��¹§YC�@dgrWt]Y5{

�n�Wd]¤¯YCt¯fvk�� dyfvY*�±kx�3mlj�o@T@f5ªW�x��{��Wt]Y5{ejl��f]Y5{�mljl��YC�nt��x�Wd]¤¯YCtUrWdgjl��o jlX(��r�mqdgY$tvYCd]��k@�Wd]Y
f(t)


Ï��jlt���mlYCd��°
S/Y*X(�?knt��xm�mljl��YC�nt¯d]r�X(X(�xf]jlkn�(jqd k@iWdgYCt]�@YC{©�!�knf]Y�fvTW�#f YC�nYC���#� f]YCt jl��j�f]jq�xmWk@�Wd]Y�fCª@f]TWYz��k@��Yzdgf]jlm�m?TW�nd
����k9dgj�f]jl�nY£�x�Wd]¤¯YCtC³

f(t)
jqdz��knfzfvkxfv�nm�mlb�f]t��x�Wd]jlY*�9fCª?j¥f�TW�@dµ��dyfvt]jq�°fvm�b±�?k@d]j¥fvj��@Y	f]YCX(��k@tv�nm�jl�@fvY*o@tv�nm7

[Þ� f]T�Y�kn��f]jq�*d£kx� � �9��¬ª
f(t)

jqd£�Wt]k@��k@tgfvj�k@�W�xm f]k¦fvT�Y�m�jlonT9fg¢¬jl�W{erW�*YC{ �*kn�W{�rW�°f��x�W�*Y�kn�?Y*�Wj���o
fĪ(t)
7dgYCYhf]Y�¸cf �°ª�¤�T�Y*tvYC�@dµjl�"knr�t$k@�ef]jq�*d|fvT�Y i�jl��TW�@dgjq�(dgTW�n��Y(kn�

f(t)
jqd$��tvYC�xf]Y5{EicbE���®Y*Y5{eiW�@��«§�®t]k@X
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x(t)

jqdUf]T�Y � � ���.��� ���G� ���2��kx��f]T�Y$tvYC�*Y*�efvknt5ªc�@d�{eY�¨���YC{��®tvknX 
6!G8�� icb
x(t) = 1

Gmax
I ? fĪ (t)
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Ī
j��±fvT�jqdzd]YC�°fvj�k@�´USUT�jldzjldz¤�TW�#fz�nm�mlk#¤�d�k@r�t�tvY�f]jl�W�hfvk�dgYCY	�#fz�@Y*tvb�{ej�¶�Y*tvY*�9fzjlm�mlr�X(j����#f]jlkn�§mlY*�@Y*mqd*ª

�nm¥fvT�knrWonT��²�nm�rWYCd��®knt
I(t)

�C�x���²�nt]b�¤�j¥fvT�j��§�£�Ï�n��f]k@t
109 �@�*�*knt�{ej��Wo�fvk£fvT�Y�f]jlX(Y$kx�K{��²bnSUT�YµX(k@dgf¯dgjlX(��mlYµ�x�W��t]k²¸ejlX �#f]jlkn��ªx«c��k#¤�� �ndKfvT�Y	2�Y*i?Y*t]¢Þ��YC��TW��Y*t¯t]YCml�xf]jlkn�´ª@jlduf]TW�xf f]TWYµd]Y*�Wd]j¥¢

fvj��cj�fyb�kx�/f]T�Y	�*Y*mlm´d]�C�xmlYCd�¤�j�f]T
Ī−1 3[¬f�X(YC�n�Wd�f]TW�xfUf]T�Y$k@tv{eYCt¯kn�/X �xo@��j�f]rW{eY�kn�/fvT�Y$��kn�WY|jlX(��r�mqdgYtvYCd]�?kn�Wd]Y

fĪ(t)
�#�nt]jlYCdz¤�j¥fvT

Ī−1  L�k#¤�Y*�@Y*t5ªW{ejqdyfvj��W��f�d]knrWtv�*YCd�kn�um�jlonT9fµ�@{��x�ef��#fvj�k@�¦��kcY�¸ejqdyf|j��¦tvY�¢
�*Y*�efvknt�d*ª©¤�j�f]T"{ej�¶?YCt]YC�9fµfvj�X(Y�dv�*�xmlYCdCh\µ��Yhjqd�#<���� � � � ���H� �<���(�.���*�.� iW�nd]YC{Ekn�Ejlkn� Ca2+

� !c�9ª©�9��Pª
¤�j�f]Tºf]jlX(Y ��kn��dyf��x�9f|�nt]k@r��W{¦k@��Y(dgY5��kn��{©�SUT�YhkxfvT�Y*t�jqd ��� �H����2� ������ #�� ��� �xª3�x�ºj����n�°fvj��#�xf]jlkn�Ekn�
fvT�Y�tvYC�*Y*�efvknt�d ��kn��dgjl�Wd$r���{eY*t	iWt]jlonT9f	jlm�mlr�X(j����#f]jlkn��ª/¤�j�f]T"fvj�X(Y��*kn�Wdgfv�n�@f	kn�U�nt]k@r��W{�kn�WY Xhjl�cref]Y
� �9��P
[Þ� knr�t£�®kntvX �xmljld]X kx� 
6!n� ��ªuf]TWYCd]Y�fy¤�kº�n{W�x�ef��#f]jlkn� ��T�Y*�WknX(Y*�W�º��tvk#�cjl{eY�f]T�Y�onmlkniW�nm �,#��.� ��� �

kn�z�®r����°f]jlkn�
fĪ(t)

�nd(�º�®r��W��f]jlkn�Nkx�
Ī
 Z�ref(f]TWY � � � �2§kn�z�®r��W��f]jlkn�

fĪ(t)
X(j�o@T@f��nmld]k�{�Y*�?Y*�W{

k@�EiW�@��«contvknr��W{±jlmlm�r�X(jl�W�#fvj�k@�
Ī
ª´��«c��k#¤�mlYC{�onY	fvTW�#f�¤�Y£mq�n��«§�#f|f]TWjld��?knjl�9f|kn� knr�t�i�jli�mlj�k@ont��x��Tcb@ª

�nm¥fvT�knrWonT � �c��´��tvk#�9jq{eY$d]knX(Y�t]Y5dgr�m�fvdC

�Wknt��nm�m�fvT�YCd]Y¦tvYC�@dgk@�Wd*ª¯knr�t �Wt]Y5dgYC�@f�tvY�fvj����xm�X(ke{eY*mµ{ekcYCd ��knf���k@�Wd]jl{eYCt ��T�knf]kxfvtv�n�Wdv{erW�°fvj�k@�
Y*¸e��m�jq��j�f]mlbn�2�Y��ndvdgrWXhYhfvTW�#f$jl����ref	jlX �xonY5d|f]k±knrWt|X(ke{eYCm {ejlt]Y5�°f]mlb¦tvY*��tvYCd]Y*�9f

Gexc(x, y, t)
ª/f]T�Y

�*kn�W{�rW�°f��x�W�*Y|k@��YC��jl��o(j��±��T�knf]k@t]Y5��Y*��f]knt�d��nd��*�nrWd]YC{�i9b���T�kxfvkxfvtv�n�Wd]{�rW�°fvj�k@�´
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jl� Y5p@r��#f]jlkn� 
6!n� ��¤�T�jlm�Yº��t]Y5dgYC�9f]jl��o¡f]TWYEonYC��Y*t��xmz��Tcbcd]jlknmlknonb kx�	tvke{;�x�Wd]¤¯YCtvdC�2�YEX �x«@Y§f]T�Y
Tcbc�?kxf]TWYCd]jld�fvTW�#f	
6!n� �3jqdK�xmqd]k��n� �n�*�*Y*�ef��xi�mlYUX(kc{�Y*mlj���o|�®k@tum�jlonT9f]¢Pjl�W{erW�*YC{h��r�tvtvY*�9fvd3jl�(t]ke{�dC�SUTWY*�´ª
d]knX(Y¦p9rW�n�@fvj¥f��#fvj��@Y¦{ej¥¶�Y*tvY*����YCd�¤¯k@r�mq{ Y*¸ejldgf�jl�Nf]T�Y¦�#�nm�r�Y5d kx��fvT�Y¦�W�ntv�nXhY*f]YCtvdCª¯tvY.��YC�°fvj��Wo¡f]T�Y
�WT9bed]j�k@m�k@onjq�*�nm?{ej�¶�Y*tvY*�W�*YCdUi?Y�fy¤�Y*Y*�±tvke{�d��x�W{���k@��YCdC
��jltvdgfCª�tvkc{Wdµ�nt]Y	o@m�k@iW�xmlmlb,� � # �,���.�  ����G� ����� � £fvk�mljlonT9fzfvTW�x�E�*kn��Y5d*ª©�n�W{¦dv�#f]rWtv�xf]Y��xfµX�r���T

mlk#¤�Y*t�jlmlm�r�X(jl�W�#fvj�k@�Wd(�nd£¤¯YCm�m � �@�9ª !�¬ SUTW�n��«ed	fvk��EXhk@t]Y�YC�@dgjlm�b"Y*¸e�*j¥f��xi�mlY�kn�Wd]j�� 
®tvT�ke{ekn�Wd]jl� �°ª
�n�W{Ef]k§{ej�¶?YCt]YC�@f$X �xo@��j�f]rW{eY5d�kx�U�*�#f��xmlb 9*Y*t$�*kn�W�*Y*�9f]t��#fvj�k@�Wdzjl��f]T�Y(��TWkxf]knf]t��x�Wdv{erW��f]jlkn���*�ndv�*�@{eYnª
tvke{�dU�*�n��i?Y	dgYC�Wdgj�f]jl�nYµf]k �@d¯mlj�fgf]mlY	�nd � ���tvYC�*Y*jl�nYC{���T�knf]kn� � !n��¬K·��W{±d]rW��T�d]Y*�Wd]j�f]jl�9j�fyb�jqdUj���{eY*Y5{
�WYC��Y5d]dv�xtvbº�xf£��jlonT9f5º[Þ� Y5p9rW�#fvj�k@� 
*!@� �°ª3fvT�jldh¤�knr�mq{¡tvYCd]r�m�f�j�� �E{et��ndgf]jq�*�nm�mlb�i�j�o@onYCt�d]�C�xmlj��Wo§�®knt
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fĪ

ª��@dUXhY5�nd]r�tvYC{�j��§��k@�W{erW��fv�n�W��Y�kn�?Y*�Wj���o(�?Y*t�tvYC�*Y*jl�nYC{���T�knf]k@�´
`cY5��k@�W{©ªUf]TWYºd]TW�x�?Y¦kx��fvT�Y*jlt�tvYCd]��k@�Wd]Y±f]k ���@dgTWYCd�kn�$m�jlonT9f�jqd��nmld]k {ej�¶?YCt]YC�@f5 [¬f�jqd��nm�¤U�²bed

�±X(k@��kn��T��nd]jl�$� i�mlkni���
®X(YC�n��j��WoWª3j��¡k@r�t�k@�ef]jq�xª/f]T��#f�fvT�Y*tvY�jqd��±mlYCdvd	jlX(��k@tgf��x�9f	�®Y*Y5{eiW�@��«¦�®tvknX
TWkntvj�9Ckn�9fv�nm��*Y*mlmld�fvTW�x��jl�±�*kn��Y5d���ª��x�W{�j�fvd�fvj�X(Y	{eY5�*�²b�jqdUX�rW��T�mlkn��o@Y*t�f]TW�n�±j��§��k@��YCdCKZ�kxf]T��Ï�n��fvd
�*knX£i�j��WY�f]k£X(�n«nY��Ï�@dyf�j��9fvY*�Wd]j¥fyb ��TW�n��onY5duTW�ntv{hfvk��?Y*t���YCj��@Y�icbhtvke{�d	
Ï��k£dgf]tvkn�Wo���r�tvtvY*�9f¯�#f�kn�Wd]Y�f
kn�Kj��9f]YC�Wd]j¥fyb���TW�x��o@Y	�nd�jl�¦��k@��YCd-
Ï��j�o@r�tvY�85� ��ª?�n�W{�f]YCXh�?knt��xm � i�mlr�tvt]jl��o �W{er�Y$fvk f]TWY	m�k@��ox¢¬mq�ndgf]jl��o
jlX(��r�mqdgY$tvYCd]�?kn�Wd]Y����<�#
��jl�W�xmlm�b@ª��xm�f]TWknr�o@Tºmlj�o@T9f��@{��x�ef��#fvj�k@�Ejl��tvke{�d��xmqdgk�Y�¸ejqdyf�d*ª©j�f�{ekcYCd|��knf$kc�C��r�t�jl�¡dgrW��T���¤�jl{eY

t��x�WonY¯�@d��®kntK��k@��YCdCªx�x��{£�C�x����knfK��t]YC�nYC�@fKdv�#f]rWtv�xf]jlkn�	�W�@dyfud]knX(Y�j�mlm�rWXhjl�W�xf]jlkn�hm�YC�nY*mPªxo@t]k9d]d]m�b$�*kntvt]Y*¢
d]�?kn�W{ejl��o|f]k	{W�²b9mljlonT9fC�SUT�jldu¤¯k@r�ml{htvYCp9r�jlt]YU{ej�¶?YCt]YC�9fu�W�xt��xX(Y�fvY*t�d��®knt3fvT�Y�d]�C�xmlj��Wo|kn�

fĪ(t)
¤�j�f]T

Ī


[Þ��f]TWYCd]Y�f]T�tvY*Y|¨Wt�dyf�d]YC��f]jlkn�WdU¤�Y�TW�²�nY���tvYCd]Y*�9f]Y5{�fvT�Y$onYC��Y*t��xm©��TW�ntv�@�°fvY*tvjldgf]jq�*d¯kx�3��T�knf]kxfvtv�n�Wdg¢
{�rW�°fvj�k@�§j��±fvT�Y	knr�f]Y*tµdgYConX(Y*�9fvd�kx�3t]Y5��Y*��f]knt�dC¯S/k���knX(��mlY�fvY	knrWt�k#�nYCt]�cjlY*¤ kn�/fvT�Y	tvYC�*Y*�efvknt�mq�²bnYCt
jl�§fvT�Y£tvY�fvj�����ª?¤¯Y£Xhke{eYCm�fvT�Y�YCm�Y5�°fvt]jq�*�nm/��k@r���mlj��Wo�ke�*�*r�t]tvjl��o i�Y*fy¤¯YCY*�E{�j¥¶�Y*tvY*�9f�t]Y5��Y*��f]knt�d���j��W��Y*t
d]Y*o@X(Y*�9fvdC

I �*#���I ��¼ � ¼ ��� À � % À � ��)6'*)�C

~�YC��YC�ef]k@t�j��W��Y*tzd]Y*o@X(Y*�9fvd��nt]Y�mlj��W«nYC{�k@��Y�f]k��n��kxfvT�Y*tUfvT�t]k@r�onT±o9�x�£wyr��W�°fvj�k@�WdC¯SUT�jqd���k@r���mlj��Wo jld
�xf$f]T�Y tvkckxf$kx��f]TWY�dg���#f]jq�xmKY*¸cf]Y*�9f	kn��i�jl�?knmq�xt	��YCm�mqd���� #<��M� ����Ut]Y5��Y*��f]jl�nYh¨WY*mq{ 
Ïd]Y*Y�`eYC�°fvj�k@�º�� !/�°
2�Y��*�n���n����mlb¦fvT�Y m�jl��Y5�xt�X(kc{�Y*mukn��`cY5�°fvj�k@� !W !�f]k§tvYC�*Y*�efvknt$��k@r���mlj��WoWª�¤�j�f]T¡�n�ºjl����refh��r�tvt]YC�9f
{�Y�¨W��Y5{±�nd�f]TWY$m�jlonT9fg¢¬jl�W{erW�*YC{���r�tvt]YC�9f��C�xrWd]YC{�icb���T�knf]knf]t��x�Wdv{erW��f]jlkn�´³

I(x, y, t) = Gexc
R (x, y, t)Eexc,

¤�TWY*tvY
Gexc

R (x, y, t)
jld¯f]TWY|mljlonT9fg¢¬j���{erW��Y5{��*kn�W{er��°fv�n�W��Yµkn�?Y*��jl��o({eYCdv��tvjli�Y5{�jl��f]TWYµ��tvYC�*YC{ejl��o(dgY5�°¢

fvj�k@�´ª²�®knt/f]TWY¯tvYC�*Y*�efvknt�jl�
(x, y)

�!zkxf]Y¯f]T��#fCª#jl��k@r�t3Ã¯[y���®k@t]X �nm�jqdgX kn��`cYC��f]jlkn� !�:8xª²f]T�jqd�jldWwyrWdgf]j�¨WYC{
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 ¸©ª b��°ª9f]T�Y|mlj���Y5�xtU�x���Wt]k²¸ejlX(�xf]jlkn�(¤�jlm�m�i?Y wyrWdgf]j�¨WY5{�j��´f]T�Y|mlYC�x«#�nonYµ�*kn�W{�rW�°f��x�W�*Y
kn��kn��Y�tvYC�*Y*�efvknt � d	XhYCX�i�t��x�WY

gL jqd	i�jlono@Y*t$fvTW�x�"fvT�Y�mlj�o@T9fg¢Þ{eY*�?Y*�W{�Y*�9f	f]YCt]X Gexc
R (x, y, t)

 2ºY
T��²�nYU��k���tvk9kn��fvTW�#fKfvT�jqdKjldKf]T�Y��C�nd]Y�jl���|t]Y5�xmetvY�fvj��W�Wªni�r�fuj¥f¯�nm�mlk#¤�d�rWd3fvk	�x����mlb�tvYCd]r�m�fvd3kn�©`cY5�°fvj�k@�
!W !��®kntzm�jl��YC�nt���knrW��m�jl��o�
2�Y {eYC�*knX(��k9dgY

Gexc
R (x, y, t)

�nd|j�fvd$��k@�Wdgfv�x�9f��#�xmlr�Y£jl�ºf]T�Y�{��nt]«
G0

7�nd�{eY*¨W��YC{ºjl�"`cY5�°fvj�k@�

���8@ �����Wm�rWd�j¥f�d �WrW��f]rW�xf]jlkn�
∆G(x, y, t)

��t]k#�@kn«@YC{ icb��cjqdgrW�nm´dyfvj�X£r�mlj7³

Gexc
R (x, y, t) = G0 + ∆G(x, y, t).

SUTWY*�´ª9rWd]j���o	f]T�Y|�x����tvk²¸ej�X �xf]YU«nYCt]��YCmW{eY*¨W��YC{�j���Y5p9rW�#fvj�k@��
P� F/�°ª@f]T�Yz¨Wm¥fvY*tvj��Wo$�®t]k@X 
7��kn�9fvj��cr�k@rWd��
jl����r�fzdgjlon�W�nm

Gexc
R (x, y, t)

f]k �?kxf]YC�9f]jq�xm
VR(x, y, t)

kx��f]TWY$t]Y5��Y*��f]kntUmq�²bnYCt�jqdUonjl�nYC��icb�³

VR(x, y, t) = V 0
R + AR ∆G

x,y,t∗ HR (x, y, t).

*!
!$�

¤�TWY*tvY
HR

jqd�fvT�Yh�®knmlm�k#¤�jl��o§dgYC�W�xt��xiWm�Y@ª��²�@Y*t��xo@j���o�¨Wm�f]Y*t 
Ïj¥f�d	d]�W�#fvj�kn¢7fvY*X(��k@tv�nm/jl�9f]YCont��xm3jld�Y5p9rW�xm
fvk

1
�|³

HR(x, y, t) = GσR
(x, y)TτR

(t),
¤�TWY*tvY

Gσ
jqd´fvT�Y N��xrWdvdgjq�x��«nY*tv��YCmnkx�?dyf��x�W{��ntv{${�Y*�cjl�xf]jlkn�

σ
�x�W{	j��9f]YCont��xm@kn��YU{eY�¨���YC{�j���
P�x�/�°ªx�x��{

Tτ
jqd�fvT�Y£{�YC��tvYC�@dgjl��o(Y�¸e�?kn��YC�9f]jq�xm�«@Y*tv��Y*m/kx�3f]jlX(Y£�*kn�Wdgfv�n�@f

τ
�x�W{±jl�9f]Y*o@tv�nm�k@��Ynª?{eY�¨W�WYC{§jl� 
*F/�°

τR
jld�{eY*¨W��Y5{¦jl�"`cY5�°fvj�k@�,!� !��@dµf]T�YhX(Y*X�iWtv�n��Y�fvj�X(Y(��k@�Wdyf��x�9f�kx� tvYC�*Y*�efvknt�d*

V 0
R = G0τREexcjqdzf]T�Y£t]Y5��Y*��f]knt�d��W�?kxf]YC�9f]jq�xm�j��Ef]T�Yh{��xtv«�

AR
jqdzf]T�Yho@�nj��§kn�Kf]T�Y£¨Wm�f]Y*t��x��{§jldµYCp9rW�nm�fvk

τREexc SUTWYµY*¶?Y5�°f�kx��t]Y5��Y*��f]kntU��k@r���mlj��Wo£jqd¯f]TW�xf�fvT�Y��cjld]rW�xm�X(YCdvdv�xonYµknief��xjl��YC{�icb ��T�kxfvkxfvtv�n�Wd]{�rW�°fvj�k@��jl�
fvT�Y�k@ref]YCt|d]Y*o@X(Y*�9fvdzkx� tvYC�*Y*�efvknt�d�jldzf]YCX(��k@tv�nm�mlb§�x�W{¦d]�W�xf]jq�xmlm�b�m�k#¤U¢¬�W�@d]d]YC{©µSUT�Y���Y*¸cf|mq�²bnYCtvd�kn�
fvT�Y$�cjld]rW�nm´�W�#fvTc¤��²b@ªeT�kntvj�9Ckn�9fv�nm©��Y*mlmqd*ªW�@{�{��®r�t]f]T�YCt�m�k#¤U¢¬�W�@d]d]j��Wo�fvk(f]T�Y$�cjqdgrW�nm�d]j�o@�W�xmPu·�mqdgk �Wkxf]Y
fvTW�#f5ª�¤�TWY*�§¤�tvj¥fvj���o"
*!H!$�°ª?¤¯Y	jlX(��mljl�*j¥fvm�b§d]r����?k@d]YC{�f]TW�xfzfvT�Y	kn�Wm�b�j��W��ref|�*r�tvt]YC�@f�fvk�tvYC��YC�ef]k@tvd�jld
�C�xrWd]YC{�icb�m�jlonT9fg¢Þd]Y*�Wd]j¥fvj��@Y$��TW�x���WY*mqd*U[¬fzjqd�jl�±�Ï�n��fz¤¯YCm�m�¢¬«9�Wk#¤���fvTW�#f|�(�®Y*Y5{eiW�n��«��®t]k@X%TWkntvj�9Ckn�9fv�nm
�*Y*mlmldU�*t]Y5�#f]Y5d¯�hd]YC��k@�W{�d]knrWtv�*Yzkx�3��r�tvtvY*�9f¯k@��tvYC��YC�ef]k@tvd��9j����WY*t�dgYConX(Y*�9f�d* 2�Y��*kn�Wd]jq{eY*t�X(kc{�Y*mlj���o
fvT�jqdU�®Y*Y5{eiW�n��«�j��±·����WY�¸�Z|

��� � � � ��	 	 � �  � � � � ��� ����� ��� � � ��� � ��� � ��� �
[Þ�|fvr�t]��ª5tvYC�*Y*�efvknt�d�f]t��x�Wd]X(j¥f´fvT�Y*jlt´�?kxfvY*�9f]jq�xmx�#�nm�r�Y5d�f]k�TWkntvj�9Ckn�9fv�nmx��Y*mlmqd�f]T�tvknrWonT���T�Y*X(jq�*�xm@dgbc�W�n�WdgY5d*
�µdgjl��o±fvT�Y���k@�@fvj��cr�k@rWd$d]b9���x�Wd]Y(Xhke{eYCm�jl��o±fvTW�#f	¤�Y ��tvkn�?k@d]YC{ºj�� `cY5�°f]jlkn� !W �� �eª/f]T�Y��*kn�c�nYCtvd]jlkn�
�®tvknX tvYC�*Y*�efvkntz�?kxfvY*�9f]jq�xmqd

VR(x, y, t)
f]k�dgbc�W�n�ef]jq���*r�tvt]YC�@fµj��Ef]T�Y£T�kntvj�9Ckn�9fv�nm/�*Y*mlmldµjldµ��knf|��Y5��Y5dy¢

dv�xtvjlm�b±mlj���Y5�xt5ª�d]j��W�*Y£j�f	jlXh�Wm�jlYCd��?k@dvdgjli�mlY£tvYC��f]j�¨��*�xf]jlkn�ºkx� fvT�Y dgjlon���xmPª´d]�xf]r�t��#fvj�k@�Ekx�¯f]T�Y d]bc�W�x�Wd]Ynª
�Wm�rWd��hfvY*X(�?knt��xm©mlk#¤U¢P�W�@d]d��²�nYCtv�nonjl��o£{�r�Y|f]k ��YCr�t]knf]t��x�Wd]X(j¥f]f]YCt�tvY*mlYC�@dgYµf]jlX(Yn

Lzk#¤¯YC�nY*t5ªe¤�Y$¤�j�mlm/d]r����?k@d]Y	T�YCt]Y�fvTW�#fz¤�Y	�xtvY�j��±fvT�Y	mlj��WYC�xtztv�n��onY�kx�ud]bc�W�x�efvjl�|fvtv�n�Wd]Xhjqdvdgjlkn�´ª
fvk d]j�X(��mlj¥�®bN�*�nml�*r�mq�#f]jlkn��d��x�W{N«@Y*YC�;knr�t�mljl��YC�nt��®kntvX �xmljld]X± 2ºYE�nmld]k d]r����?k@d]Y§f]TW�xf�tvYC�*Y*�efvknt�d
fvtv�n�Wd]Xhj�f�fvT�Y*jlt§dgjlon���xmµf]k T�kntvj�9Ckn�9fv�nmµ�*Y*mlmld�jl� ��r�tvY*mlb �®Y*Y5{c¢7�®k@t]¤U�xt�{NX �x���WY*t5 SUTWY*tvY��@�°f]r��xmlm�b
Y*¸ejldgfvdU���®Y*YC{�iW�n��«(�®tvknX T�k@t]j:9*k@�9fv�xm���YCm�mqd¯f]k(tvYC��YC�ef]k@tvdC 2�Y$dgTWk#¤ j��±·��W��Y�¸�Z fvTW�#fUfvT�Y|�®Y*YC{�iW�n��«
�®tvknX-T�k@t]j:9*k@�@f��xm��*Y*mlmldµ{ekcYCdµ��kxf|dgjlon��j�¨��C�x�9f]mlb���T��x��o@Y�f]T�Y�¨Wm¥fvY*tvj��Wo��#fµf]T�Y£knrefv��refµkn�3f]T�Y£t]Y*f]jl�W��
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SUTWY*�´ªefvT�Y�¨Wm�f]YCt]jl��oh�®t]k@X
Gexc

R (x, y, t) = G0 + ∆G(x, y, t)
fvk

VH (x, y, t)
�*�x��i?Y$¤�t]j�fgfvY*�´³

VH(x, y, t) = V 0
H + AH ∆G

x,y,t∗ HR
t∗ TτSyn

x,y,t∗ HR→H (x, y, t),

*!n�/�

¤�TWY*tvY
Tτ
�x�W{

Gσ
dgf]jlm�mU{eY*�Wkxf]Y�t]Y5dg�?YC��f]jl�nY*mlb"�²�nY*t��xo@j��Wo�Y*¸c�?kn�WY*�9f]jq�xm��x�W{ N��nrWd]d]jq�x��¨Wm�f]Y*t�dC§[Þ�


6!x�$��ª9f]T�Yµ¨Wt�dyfU��kn�c�@knmlref]jlkn�(��tvke{erW�°fUonjl�nY5dKfvT�YztvYC�*Y*�efvknt mq�²bnYCt �?kxfvY*�9f]jq�xm
VR(x, y, t)

�@d {eY*¨W��YC{�j��

6!H! ���SUT�Y*��ª©f]YCXh�?knt��xmu�*kn�c�nk@m�r�f]jlkn�E¤�j�f]T

TτSyn

jld$��tvY*X(j���{eY*t|f]T��#f��n{W{ej¥fvj�k@�W�xmu{�Y*mq�²b
τSyn

�*�n�
ke�C��r�tzf]T�tvknr�o@T±f]T�Yhdgbc�W�n�Wd]Ynª��@dzY*¸e��ml�nj��WYC{±jl�º`cYC��f]jlkn� !W �� �e|��j��W�nm�mlbnª

HR→H
jld�f]T�Y(dv�xX(Y$fybc��Y

kn��d]Y*�W�ntv�ni�mlYz¨Wm�f]YCtz�ndUjl� 
7�HF �°³

HR→H(x, y, t) = Gσh
(x, y)Tτh

(t),
¤�TWY*tvY

τh
jqd�f]T�Y�fyb9�Wjl�C�xmKfvj�X(Y���k@�Wdgfv�x�9f	kn�¯fvT�Y�T�k@t]j:9*k@�@f��xmK��YCm�mqd��´X(Y*X�iWtv�n��Ynª��x�W{

σh
f]T�Y�d]�C�xmlY

�®k@t	dg���#f]jq�xmK�*knr���mljl��o±i�Y*fy¤¯YCY*��T�kntvj�9Ckn�9fv�nmK��Y*mlmqd$�nd�{eY�¨���YC{�jl�¡`eYC�°fvj�k@� !W !�
V 0

H

jqd|f]T�Y��*kn�Wdgfv�n�9f
�?kxfvY*�9f]jq�xm � j��£f]TWYU{W�xtv« �lª²t]Y5dgrWm¥fvj���oµ�®tvknX tvYC��YC�ef]k@tvd��5t]Y5dyfvj���o|�?kxf]YC�9f]jq�xm

V 0
R

f]T�tvknrWonT£d]bc�W�x��f]jq�ufvtv�n�Wdy¢
X(jqd]d]jlkn�´

AH
jlduf]T�Yzf]knfv�xm�o@�nj��(�®tvknX

∆G
fvk

VH
�[¬f�¤�t]j�f]Y5d

AH = ARλSynEexcτh
ª@¤�T�YCt]Y

λSyn
jld

fvT�Y(dgbc�W�n�ef]jq���nXh�Wm�j�¨��*�xf]jlkn�§�®tvknX ��tvY�¢Þd]b9���x�efvjl�$�?kxfvY*�9f]jq�xm/f]k��?k@dgfg¢Þdgbc�W�n�ef]jq�	��k@�W{erW��fv�n�W��Y£kn�?Y*�e¢
jl��o�

Lzk#¤ �C�x��f]TWY$¨Wm�f]Y*tµj��*
6!x�$��i�Y	Y5�nd]j�mlb�X(ke{eYCm�Y5{2;¡`cY*���xt��#f]jl��o d]�W�#fvjl�nm���k@�9�@knmlref]jlkn���®tvknX%f]Y*Xh¢
�?knt��xmu�*kn�c�nk@m�r�f]jlkn��j��"YCp9rW�xf]jlkn� 
*!n�$�°ª3¤�Yh¨W�W{�f]T��#f	fvT�Y(f]knfv�xm ¨Wm�f]Y*tvjl��o±��t]k#�cjq{eYC{�icbETWkntvj�9Ckn�9fv�nm
�*Y*mlmldUjqd��(d]Y*�W�ntv�ni�m�Yµ¨Wm�f]YCtCªekn�3d]�W�#fvjl�nm´��k@Xh�?kn�WY*�9fC³

GσR

x,y∗ Gσh
(x, y),

�n�W{�kx��f]Y*X(�?knt��xm´�*knX(��k@��Y*�9f5³
TτR

t∗ TτSyn

t∗ TτH
(t),

¤�TWY*tvY f]T�Y
Gσ

�x�W{
Tτ
�nt]Y tvYCd]��Y5�°fvj��@Y*mlb�d]�W�#fvjl�nm N��nrWd]d]jq�x�"«nYCt]��YCmld��x�W{"fvY*X(�?knt��xm Y*¸e��k@��Y*�9f]jq�xm

«@Y*tv��Y*mqdC
SUT�Y¯dg�W�xf]jq�xm9��knX(�?kn��YC�9f�jld/dyfvtv�nj�o@T9fg�®kntv¤U�xt�{©³�fvT�Y ��k@�c�nknmlrefvj�k@�|kn�cfy¤¯k N��nrWd]d]jq�x�Wd©o@j��@YCd´�n��kxfvT�Y*t

N��nrWdvdgjq�x�¡«@Y*tv��Y*mPªKkx�µdgfv�n�W{��ntv{ {�Y*�cjl�xf]jlkn�
σR + σh

 ·µd	�®k@t�fvT�Y�d]YC�*kn�W{ ��knX(�?kn��YC�9fCªuj�fhjqd£f]T�Y
X£r�m�f]jl��m�Y���k@�c�nknmlrefvj�k@� kx�´Y�¸e�?kn��YC�9f]jq�xm�{eYC�C�²bcdCK`crW��T��	¨Wm¥fvY*tUjqd¯{eY5d]�*t]jli?YC{ jl��·z����Y�¸�·�3[¬fU�nm�¤U�²bed
�*kntvt]Y5dg�?kn��{�d�f]k���m�k#¤U¢¬�W�ndvdU�?k@d]j¥fvj��@Y	«nYCt]��YCm7ª�¤�j¥fvTE� � i�mlkni�icb ��d]TW�x�?Y$fvTW�#fµ�C�x�§i?Y£�n����tvk²¸cjlX �#fvYC{
icb��®r��W�°fvj�k@�

Tα,τ (t)
{eYCdv��tvjli�Y5{�jl�¦·��W��Y�¸§·	�[¬fzjqd��h�®r��W��f]jlkn�±fvTW�#fztvYC�@��T�YCdUj�fvdzX �#¸ej�X£r�X �#�nm�r�Y

�xf fvj�X(Y
ατ
ªei�Y*�®kntvYz{eY5�*�²bcj��Wo	¤�j¥fvT f]jlX(Y|�*kn�Wdgfv�n�9f

τ
K[¬f¯jl�W{erW�*YCd���f]knfv�nm?{eYCml�²bhkx�´�#�nm�r�Y

(1+α)τ


��jl�W�xmlm�b@ª�¤�Y��n����tvk²¸ej�X �#fvYzfvT�Y$tvYCd]��k@�WdgY|kx��f]TWY$T�kntvj�9Ckn�9fv�nm�ml�²b@Y*t�kx� 
*!x�/��i9b�³

VH (x, y, t) = V 0
H + AH ∆G

x,y,t∗ HH (x, y, t).

*!9� �

¤�TWY*tvY
HH

jqdUf]TWY	�²�nY*t��xo@j��Wo$¨Wm�f]Y*t5³

HH(x, y, t) = GσH
(x, y)TαH ,τH

(t).

`e�W�#fvjl�nm�Y�¸cf]YC�@f��*kn�Wdgfv�n�9f
σH

jqd {eY�¨���YC{;�@d
σR + σh

 ·µd(�®knt �W�ntv�nX(Y�f]YCtvd
αH

�x��{
τH
ª�f]TWY*b

{�Y*�?Y*�W{§k@�±f]T�Yh{ej�¶?YCt]YC�@fµf]jlX(Y£{eYCml�²bed�jl�c�nknml�nY5{©�[¬� �xmlm/d]bc�W�x��f]jq��f]jlX(Y£��k@�Wdgfv�x�9f�dz�xtvY�d]X �xmlm 
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d]bc�W�x��f]jq��tvYC��YC�ef]k@tvd��°ª�fvT�Y*�
αH

d]T�knr�mq{¡i?Y��*m�k9dgY�f]k
1
�x��{

τH
��mlk@d]Y f]k

τR
ªuX(YC�n��jl��o¦fvTW�#fhf]T�Y

X �nj��N��k@�@fvt]jli�refvj�k@� fvk
TαH ,τH

�xtvY�fvT�Y±fy¤�k"�*Y*mlm�rWml�nthjl�9f]YCont��#f]jlkn� ¨Wm�f]Y*t�dCª¯¤�j�f]T f]jlX(Y¦��k@�Wdyf��x�9fvd
τR ' τh ' 1/gL \µ�£f]T�Y��*kn�9f]t��xtvbnª²j���d]bc�W�x��f]jq� fvtv�n�Wd]Xhjqdvdgjlkn�£i�Y*fy¤¯YCY*�(��kn�WYCd3�x�W{£T�k@t]j:9*k@�@f��xme��YCm�mqd3jqdKdgmlk#¤ 
®¤�j�f]T
��i�jlo	f]jlX(Y|�*kn�Wdgfv�n�9f

τSyn ' 100
X d��°ªcfvT�Y*��j¥fUX(j�o@T@f�i�Y5��k@XhYzf]T�Y|X �xjl���*kn�9f]tvj�iWref]jlkn� fvk

TαH ,τH

ª
mlYC�@{ejl��ohf]k

αH ' 0
�x�W{

τH ' τSyn
 `cYCY	·�����Y*¸�· �®knt�X(k@t]Y${eY*fv�xjlmqd*

����� � 	 � � � � � � � ��������� � � � � � � � � �
	������� �
SUTWY$ml�@dyfzdgf]YC��jl�±f]TWY£\µs �"jld�f]T�Y�d]jlX�r�m�fv�n��Y*k@rWdUj��9fvY*ont��#fvj�k@��kn��tvYC�*Y*�efvknt��n�W{�T�kntvj�9Ckn�9fv�nm©dgjlon�W�nmld
icb�i�jl��k@ml�nt|�*Y*mlmldCª�i?kxfvTEd]j�o@�W�xmqd�TW�²�cjl��o�k@����k9dgj�f]Y���k@ml�nt]j�f]jlYCdC�\|�3�/¢PiWj��?knmq�xtz�*Y*mlmld|�xtvY�{eYC��k@ml�nt]j:9*Y5{

ÏY�¸���j�f]Y5{ ��i9b�tvYC�*Y*�efvknt�d��x��{	Tcbc��YCt]�?knmq�xtvj�9CYC{�icb�T�kntvj:9*kn�9f��xm@�*Y*mlmldC/SUTWjld3d]Y�f]rW��X �x«@YCd�\|�3�/¢¬i�j��?knmq�xt
�*Y*mlmld�d]Y*�Wd]j�f]jl�nY	fvk�d]rW{�{�Y*�4�H�#�� ��.�� �hj���m�rWXhjl��k9dgj�fybnª´d]j�����Yht]Y5��Y*��f]knt�d�fvT�Y*X d]Y*ml�nY5d|�nt]Y£Y�¸���j�f]Y5{¦icb
mljlonT9fu{eYC�*t]Y5�nd]YCdC�\µ��fvT�Y���k@�@fvtv�nt]b@ª@\�!�¢¬i�jl��k@ml�nt��*Y*mlmldK�nt]Y�Tcb9�?Y*tv�?knmq�xtvj�9CYC{	icb	tvYC�*Y*�efvknt�d/�n�W{h{eY*�?kx¢
mq�xtvj:9*YC{�icb T�kntvj�9Ckn�9fv�nm?�*Y*mlmldCªc¤�T�jq��T�X �x«@YCd f]T�YCX%d]Y*�Wd]j�f]jl�nYµf]k(dgrW{W{eY*� ��� #����� ����|jl��mlr�X(jl��k@d]j¥fyb �9�x

I �:@ �*# + ' � À )7�e� , '6) ¼ �e� 3 ' )Ï� ¼ �
· �*kn�W{�rW�°f��x�W�*Y�¢¬iW�nd]YC{¦�®kntvX(�nm�jqd]X �®knt$i�jl��k@ml�nt	��YCm�mqd�m�Y5�n{�d�r�d${ej�tvYC��f]mlb¦fvk±d]YC��f]jlkn� !�:8n:8h�n�W{ºf]T�Y
Ã¯[y� X(kc{�Y*mPª�¤�j�f]T�fy¤¯k§�*kn�W{er��°fv�n�W��Y(jl����ref�d*ª/kn��Y Y*¸���j�fv�#fvkntvb¦�x�W{Ef]TWY kxf]TWY*t$jl��T�jli�j¥fvkntvbnª��x�W{�jl�
���xt]f]jq��r�mq�xtKfvk	YCp9rW�xf]jlkn� 
P� �3fvTW�#f�{eYCdv��tvj�i?YCduf]T�YµY*�@knmlref]jlkn� kn�?fvT�Yµ�*kntvt]Y5dg�?kn��{ej��Wo	��Y*mlmqd �@XhYCX�i�t��x�WY
�?kxfvY*�9f]jq�xmP³

V (t) = E∞ ∗ Kt (t),
¤�j�f]T





g∞(t) = Gexc(t) + Ginh(t) + gL,

E∞(t) =
Gexc(t)Eexc + Ginh(t)Einh

g∞(t)
,

Kt(ξ) = g∞(t − ξ) exp
(
−
∫ ξ

0

g∞(t − u)du
) ªe�®k@t

ξ > 0.

·µd/dgfv�xf]YC{	j��hdgY5�°f]jlkn��!W�8@ �eª²d]rW��T��n�	jl�@fvY*o@tv�xf]jlkn��X(kc{�Y*me�*�n�$i�YU��k@�Wdgjq{eYCt]Y5{�m�jl��YC�nt�¤�j�f]T	tvYCd]�?YC�°f
fvk�j�fvd|jl����ref�j¥� f]T�Yhm�Y5�x«#�xo@Y���k@�W{erW��fv�n�W��Y

gL jqdzX£rW��TEi�jlono@Y*tzf]TW�n�§f]T�Yh�#�xtvbcj���o�ª?d]jlon�W�nm¥¢¬j���{erW��Y5{�*kn�W{�rW�°f��x�W�*YCd
Gexc(t)

�x�W{
Ginh(t)

ªcj���¤�TWjl��T��C�nd]YUf]T�Y�{etvj��cjl��o	�?kxfvY*�9f]jq�xm
E∞(t)

�*�n��i�Y|��k@�Wdgjq{c¢
YCt]Y5{ �nd¯�$m�jl��Y5�xt ¤�Y*jlonT9fvj���o$kn�©f]T�Yzfy¤¯k�j����WrefvdC 2ºY|dgr��W��k9dgY�fvTW�#f¯f]T�jqd &yi�jlo

gL '��*kn�W{�j¥fvj�k@��j���{eY*Y5{�n����mlj�Y5d*�S/k�jl�WdgrWt]Y$mlj��WYC�xtzf]t��x�Wd]X(jldvd]j�k@�´ª�¤�Y	X�rWdgfµ�nmld]k�dgrW����k9dgY	f]TW�xf�f]T�Yh{ej�¶?YCt]YC�@f|dgbc�W�n�WdgY5dUf]k
iWj��?knmq�xt��*Y*mlmld��nt]Y|j���fvT�Y*jlt�mlj���Y5�xt�t��x��o@Yn
[Þ�$fvT�jqd/�C�nd]Yu¤¯Y��*�n�	�x����mlb|f]T�Y�d]�nX(Yu��tvj��W�*j��Wm�Y f]TW�xf/TW�@d´mlYC{$rWd��®tvknX t]Y5��Y*��f]knt�¨Wm�f]Y*t

HR

*!H!$��f]k

TWkntvj�9Ckn�9fv�nmW��YCm�mW¨Wm¥fvY*t
HH

*!9� �° 2�Yzjl�W��mlrW{eYzf]YCXh�?knt��xm?{eY*mq�²bedKjl�W{erW�*YC{ icb(dgbc�W�n�ef]jq�Uf]t��x��dgX(jqd]d]j�k@�

�n�W{"dgjlon���xm3j��9fvY*ont��#fvj�k@�ºjl�"i�jl��k@ml�nt	��Y*mlmqd 
®¤�T�k9dgYhfvj�X(Y��*kn�Wdgfv�n�@f5ª�{eY*¨W��YC{"icb¦«@Y*tv��Y*m
ξ → Kt(ξ)
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ÒnÍ°ßÔÓ�ÆÏÇÉÑ¬ÓvÙ7ÇÉÍ°Ê	Í�Õ$@ 2 8 Ø²ÇÉÒxÍ°ßÔÓ�Æ��yÈyßÉßÉÑ3Ø�Û �yÍ°Ê²ÈyÑKÆ7È�� �²ÇÉÆ7ÈyÑ Ó�ÑPÈ<�yÍ°Ê²Å�8 Í°ÆÏÅ²ÈyÆuÑ7ÛCÊ#Ó�Ò5Ù7Ç1��ÆÏÈ3�yÈyÒ5Ù7Í°Æ ��Í°ßÉÈ3�<�²ßÉÈ -�Ê²Í�Ù Ó�ÑPÇ1��Ò²ßÉÈ
Ê²È<�²Æ7Í�Ù7Æ7Ó�Ê²Ñ ��Ç ÙÏÙPÈyÆ 8 Ø²ÇÉÊ²Å5ÇÉÊ�� �PÎ#Ó�Ê²Ê²Èyß 1  �]Ó�ßÉßÉÈyÅ$Ó/��ÈÞÙPÓ�ØxÍ�ÙPÆÏÍ°Ò²Ç1� Æ7È<�yÈyÒ5ÙPÍ°ÆyË Ú Î²ÇÉÑ/Ò5Æ7Í°ÒxÈyÆÏÙ Û#�gÍ°ÊCÕlÈyÆÏÑ,@ 2 8�0�ÇÉÒnÍ°ßÔÓ�Æ$�yÈyßÉßÉÑ
�/Ç Ù7ÎµÓ�ÑPÍ���È���Î#ÓvÙ�ÑPßÉÍ3�©ÈyÆ�ÆÏÈyÑPÒxÍ°Ê²Ñ7ÈuÙ7ÍUßÉÇ1�°Î�Ù �¬Î#Ó�Ê��°ÈyÑ]Ë
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jl�¦fvT�Yh��t]Y5��Y5{ej��Wo�YCp9rW�xf]jlkn�´ª?jqd|�n����tvk²¸ej�X �#fvY*mlb��*kn�Wdgfv�n�9fµ�x�W{EYCp9rW�nm�fvk
(gL)−1 ��ª´{ej�tvYC��f]mlb§j��Ef]T�Y�Wt]YC�9jlknr�dgmlb§{eY�¨W�WYC{§¨�m¥fvY*t�d

HR
�n�W{

HH

Ï{eY*¨W��Y5{EtvYCd]��Y5�°fvj��@Y*mlb�jl� 
6!H!/�z�n�W{ 
6!@� � �°hÃ¯k@r���mlj���o�jl�

fvT�Yhi�j��?knmq�xt���YCm�m�mq�²bnY*t|�*�n�º�xmqd]k�i�Y(�n{W{eYC{º�ndµ¤¯Y£TW�²�nY	�?Y*t]�®kntvX(YC{±�®k@t|f]T�YhT�kntvj:9*kn�9f��xm�mq�²bnYCtC|·zd
�±tvYCd]r�m�fCª/¤¯Y ¤�tvj¥fvY f]TWY m�jl��YC�nt	tvY*mq�#f]jlkn��i?Y�fy¤�Y*Y*�¡mljlonT9f	j���{erW��Y5{¡��k@�W{erW��fv�x����YCd$�n�W{�i�jl��k@ml�nt���YCm�m
�?kxfvY*�9f]jq�xm´�@d*³

VBip(x, y, t) = V 0
Bip + AC ∆G

x,y,t∗ HBip (x, y, t),

with :






HBip = HC − wHS ,

HC(x, y, t) = GσC
(x, y)TαC ,τC

(t),

HS(x, y, t) = GσS
(x, y)TαS ,τS

(t).


6!n�$�

SUT�jqdµYCp9rW�#fvj�k@�§dgr�X dµr��¦k@r�t�tvY�f]jl�W�nm�X(ke{eY*m3�ndU�Ï�ntµ�@d�f]TWY(\µs � 
HC

�x��{
HS

�xtvY	�²�nYCtv�nonjl��o
d]�W�xf]jlkx¢Pf]Y*X(�?knt��xm©¨�m¥fvY*t�dz{eY*¨W��YC{¦Y�¸��n��f]mlb�fvT�Y£dv�xX(Y	¤U�²b��@d�¤�Y	TW�@{§{eY�¨W�WYC{

HH
ª�fvT�Y�TWkntvj�9Ckn�9fv�nm

�*Y*mlm�¨�m¥fvY*t5|SUT�YCb¦��k@t]tvYCd]��k@�W{�f]k�f]T�Y�#<��M� �� �x�W{ � � � � � � �������xt]fµkx�KfvT�Yhi�j��?knmq�xt���YCm�mqd���tvYC�*Y*�efvj��@Y
¨�Y*mq{�d*ª��n�W{±�xtvjld]Y|t]Y5dg�?YC��f]jl�nY*mlb �®tvknX fvT�Y$tvYC��YC�ef]k@t�dgjlon�W�nm´�x�W{��®tvknX fvT�Y$T�kntvj:9*kn�9f��xm©��YCm�mqd�d]j�o@�W�xmP

AC
jqdUfvT�Y�f]knfv�xm©o9�xjl���®k@t�f]TWY�# ��2� ��	�W�xt]f�kx��f]T�Y�¨�m¥fvY*t ��j¥fz�*knr�mq{�i�Y��C�xmq��r�mq�#fvYC{��nd��h��tvke{erW�°f

kn�µd]Y*�nYCtv�nm !zY*tv�Wdgf(�?kxfvY*�9f]jq�xmqdCª dgbc�W�n�ef]jq�±�xX(��mlj¥¨?�*�#fvj�k@� �Ï�@�°f]k@tvdh�x��{ fvj�X(Y§��k@�Wdyf��x�9fvdC [¬�
AC

jld
�?k@d]j�f]jl�nY$fvT�Y*�ºkn��Y	X(ke{eYCmld|�x�º\�!�i�j��?knmq�xt|��YCm�mPz[¬�uj�f|jqdµ��Y*o9�#f]jl�nY@ªWk@��Y	X(ke{eY*mqdµ�n��\|�3� i�j��?knmq�xt
�*Y*mlm7

V 0
Bip

jld�fvT�Y$ontvknrW�W{�iWj��?knmq�xt���YCm�mqd�{eYC��k@ml�nt]j:9C�xf]jlkn��j���f]TWY	{��xtv«�
¹§k@t]YUjlX(��k@tgf��x�9f]mlbnª

w
jqd�f]T�Y ���� � �6� �. � �� ��� �3kx� #<��M� ��z�x��{�� � � ��� � ���$jl����r�fvdC�[¬fKjqdu�*�nml�*r�mq�#f]Y5{

�@d3f]TWY�tv�xf]jlk$kx�?f]T�Y�fvkxf��xm�o9�xjl�£�®k@t � � � ��� � � ��d]jlon�W�nm7ª AS
ª@¤�j�f]Thf]TWY #<��M� ��zo9�xjl�

AC
³
w = AS/AC


w
tvr�mlYCd�f]TWY$iW�x�W{e¢P�W�@d]d���tvkn�?Y*t]f]jlYCdUkn��fvT�Y$i�jl��k@ml�nt���Y*mlmP 2ºY	d]r����?k@d]Y|f]TW�xf

0 < w < 1


I �:@ � 0 �©� �/Á ½ À -�� & ¼ 3 ' )®� ¼ �
$ À �C� ) ) ½ ���G)�Á ¾ �3���C� � )Ï� ¼ � � ��knt

w = 1
ªWf]T�Y	iWj��?knmq�xtz¨Wm¥fvY*t

HBip
jld � �.�(�.��� � ���.� � �:� � �<�°ª�jl�§f]TWjld

d]Y*��dgY�f]T��#f¯��d]�W�#fvjl�nm�mlb£�n�W{£f]Y*X(�?knt��xmlm�b£��kn��dyf��x�9f 9*kn�WY�kx�?f]T�Y�jlX �xo@Y�¤�jlmlm���kxfuYC�nk@«nY��x�cb	tvYCd]��k@�Wd]Y
kn�3f]T�Y£i�j��?knmq�xt|��YCm�m 
 fvTW�#f|jldCª

VBip = V 0
Bip

�°ª©�ndzkn��Y£�*�x�¦��TWYC��«�YC�nd]jlm�b±dgjl�W�*Y	i�knf]T§¨�m¥fvY*t�d
HC

�x��{
HS

�nt]Y|��k@t]X �xmlj:9*YC{´
[Þ�Ef]T�jqd$�*�@dgY@ªWfvT�Y dg�W�xf]jlkx¢Pf]YCXh�?knt��xm/��tvkn�?Y*t]f]jlYCdµkx�

HBip = HC − HS
�nt]Y£i�Y5dyf$dgYCY*�Ef]T�tvknr�o@T

fvT�Y��®knmlmlk#¤�j���o({eY5��knX(�?k@d]j¥fvj�k@�´ª�{ejlt]Y5�°fvm�b�k@iefv�nj��WYC{��®t]k@X 
*!@� �°³

HBip(x, y, t) = [GσC − GσS ] (x, y)TαC , τC (t) + GσS (x, y)
[
TαC , τC − TαS , τS

]
(t).


*!c� �
SUT�Y±¨�tvdgf(f]Y*tvX kn�zfvT�jld�dgr�X jld �"d]�W�#fvjl�nm�mlb iW�n�W{c¢¬�W�ndvd£¨Wm�f]Y*t5ª�¤�T�j�mlY±f]TWY¦dgY5��kn��{¡f]YCt]X jld �

fvY*X(�?knt��xmlm�b$fvtv�n�Wd]j�YC�@fK¨�m¥fvY*t5�SUT�YU¨�tvdgfKf]YCt]X j��Wd]r�tvYCd3fvTW�#f �|fvY*X(�?knt��xmlm�b�dgfv�xf]jq�Ui�ref¯d]�W�xf]jq�xmlm�b	�Wkn�e¢
rW��j¥�®k@t]X 9*k@��Y$kx�3fvT�Y	jlX(�nonY 
ÏYn oWU�x�§YC{�onY$jl�¦��dyf��#fvjl��jlX �xonY�� � �����KY*�@kn«@Y�d]knX(Y$tvYCd]��k@�Wd]Y$kx�3f]T�Y
iWj��?knmq�xt��*Y*mlm7ª�Y*�nYC�±m�k@��o��#� fvY*t�k@�WdgY*f�kx�3f]TWY$j�X �xo@Yn�Ã¯kn�c�nYCtvd]Y*mlbnªcfvT�Y�d]YC��k@�W{�f]Y*tvX-j��Wd]r�tvYCdUfvTW�#fz�
d]�W�xf]jq�xmlm�b(r���j��®kntvX±ªci�refUf]jlX(Y�¢¬�²�nt]bcjl��o�jl�9f]YC�Wdgj�fyb �W�xfgf]YCt]��ª9¤�jlmlm��nmld]k�YC�nk@«nY�tvYCd]��k@�Wd]Yzjl��o9�x��o@m�jlkn�W�nt
�*Y*mlmldCKSUT�YCd]Yµfy¤¯kh��tvkn�?Y*t]f]jlYCdU�xtvYzk@iefv�nj���Y5{�fvTW�x�W«cd¯fvk�fvT�Y���kn�e¢Þd]Y*�W�ntv�ni�j�mlj�fybhkn�´f]TWY|iWj��?knmq�xt�¨Wm�f]YCtCª
HC − wHS



P5P Ê.Q2R S<T�S



�c� ����� ��� ������
	����� � �.��� �����<��������� �*���(������

+µ�e�²��'7� ) ) ½ �3�G)�Á ¾ �����5� � )®� ¼ � � [¬�
w < 1

ª©fvT�Y i�jl��k@ml�nt��*Y*mlmu¤�jlm�mKtvYCd]��k@�W{Ef]k§��X(j�¸cf]r�tvY(kx��f]T�Y

7dg���#f]jlkx¢Pf]YCX(��k@tv�nm�mlb��Kfvtv�n�WdgjlY*�9f�¨Wm�f]Y*t

HC −HS
�n�W{�kx��fvT�Y 
Ïd]�W�#fvj�kn¢7fvY*X(�?knt��xmlm�b��¯dgrWdgfv�nj��WYC{�¨Wm¥fvY*t

HC
K[Þ��{eY*Y5{©ªej���fvT�jldz�*�nd]YnªcfvT�Y$i�jl��k@ml�ntU¨Wm�f]Y*t�¤�tvj�f]YCdC³

HBip = HC − wHS = (1 − w)HC + w
[
HC − HS

]
.


6!n�$�
SUTWYUd]YC�*kn�W{�f]YCt]X kx��f]T�Y�d]r�X�jqd�f]TWYUf]kxf��xmlm�b£iW�x��{c¢P���ndvd�¨�m¥fvY*tudgf]rW{ejlYC{hjl�hf]T�Y���tvY*�cjlknrWd��W�ntv�nont��x��T�ª
¤�TWj�mlY|f]T�Y�¨Wt�dgf�f]Y*tvX jqd�kn�Wm�b��Wt]k@��k@tgfvj�k@�W�xm?f]khfvT�Y�#<��M� ���d]j�o@�W�xmPªcf]TW�xf�jld��hmlk#¤U¢P���ndvd ¨�m¥fvY*t5
2;TW�xfu�xtvY ��mq�xrWd]jli�m�Y¯�#�xmlr�YCd/�®knt

w
�nd/j��Wd]��jlt]Y5{$�®tvknX Y�¸e�?Y*tvj�YC�W��Y ;�[¬��f]T�Y�i�jl��k@ml�nt�¨Wm¥fvY*t3jqd´fvkxfv�nm�mlb

fvtv�n�Wd]j�YC�@f�

w = 1

�°ª3�xmlmukniewyY5�°f�d$f]T��#f£�nt]Y d]�W�#fvjl�nm�mlbEr��Wj¥�®k@t]X �x�W{ºfvY*X(��k@tv�nm�mlbºdgfv�xf]jq� ¤�knr�mq{���kxf
i?Y(��ke{eYC{º�#f��xmlm7�[Þ�EYC�nYCt]be{��²b�m�j��®Ynª©k@r�t|Y*bnY5dµ�nt]Y£��Y*�@Y*tµt]Y5�xmlm�b§dgfv�#fvjl� ��� ª´dgk�f]knfv�xmlmlb±dgfv�xf]jq��jlX �xo@Y
�Wt]Y5dgYC�@f��#fvj�k@�Wd´i?Y��®k@t]Y¯knr�t�Y*b@YCd��nt]Y¯TW�xt�{�fvkµd]j�X£r�ml�xf]Y@5L�k#¤�Y*�@Y*t5ªC¤�Y¯{�kz��knf�o@k�i�mlj��W{£¤�T�YC��dyf��xtvj��Wo
�®k@t �$mlkn��o�fvj�X(Yz�xf¯�|f]knfv�nm�mlb£¤�TWj¥fvY�¤��nm�mP3SUT�jld j�X(��mljlYCdCªn¤�T�Y*f]T�YCtuf]T��#f¯d]knX(Y�mlk#¤U¢P�W�@d]dK�*knX(�?kn��YC�@f
jqdh�xmqdgk§��tvYCd]Y*�9fhj��¡fvT�Y��n�Wd]¤¯YCt�kx��o9�x��o@m�jlkn�W�nt���YCm�mqd�
ÏX(YC�x�Wj���o

w < 1
jl� k@r�t�X(ke{eY*m��°ªK¤�TWY�f]TWY*t

fvTW�#fKfvT�Y�i�t��xjl�(X �x�W�nonYCd�fvk$t]Y5��k@�Wdyfvt]r��°fu�$d]�*Y*��Y�k@��mlb	�®tvknX�j�fvduYC{eo@YCdC3`cr���T£fvkxf��xm�tvYC�*kn�Wdgf]tvrW�°fvj�k@�
�®tvknX f]T�Y�YC{eo@YCd�d]Y*YCX(dz�(�nY*tvb�rWd]Y*mlYCdvd��*knX(��mljl�C�#f]jlkn���®k@t�f]T�Y�i�tv�nj���³uj��9fvr�j¥fvj��@Y*mlbnª?�(¤¯Y5�x« � ontvknrW�W{
d]jlon�W�nm�jl��o �ckn�/fvT�Y	d]�*Y*��Y$d]T�knrWml{��xmqdgk(i?Y$T�Y*ml�e�®r�mPª�bcjlY*mq{eYC{�icb��h¤¯YCj�o@T9f

w < 1
jl�±knr�t�X(ke{eYCm7

·z�9bc¤U�²bnª�f]TWY � o@t]k@r��W{��¯��knX(�?kn��YC�9f�kx�$i�jl��k@ml�nt���YCm�mqd�jqd��*Y*t]fv�nj���mlb mlYCdvd�jlX(��k@tgf��x�9f�fvTW�x�;j�fvd
� iW�n�W{c¢¬�W�ndvd �U��k@X(��k@��Y*�9f��®knt±d]�*Y*��Y"�x�W�nm�bed]jldC ��r�t]f]TWY*tvXhk@t]Y@ª��®tvknX,� dyfvt]jq�°f�¨Wm�f]Y*tvjl��o �?knjl�9f�kn�
�cjlY*¤$ª©fvT�Y o@�nj���kx��¨Wm�f]YCt

HC
jqd�X�rW��T"i�jlono@Y*t|f]T��x��f]TW�xf	kx�¯f]T�Y � � � �� �� # �kx�¯¨Wm�f]Y*t�d

HC − HS


SUTWjldhX(YC�n�Wd	fvTW�#f5ªK�®knthfvT�Y�fvkxf��xm¯¨Wm¥fvY*thf]k"{ejqdg�Wml�²b¡�x� dgYC�Wd]j�i�mlY�X(j�¸cf]r�tvY�kn�zi?kxf]T � o@t]k@r��W{��3�x��{
� iW�n�W{c¢¬�W�ndvd �3��k@X(��k@��Y*�9fCª

w
X£rWdyf i?Y��@Y*tvb ��mlk@d]Y�fvk 8 
®T�jlonTWY*thf]TW�n� �W F/�° `cr���T �#�xmlr�YCd£�®k@t

w�nt]Y Y*¸e��YCt]jlX(Y*�9fv�nm�mlbE�@Y*tvj¥¨WY5{�j�� tvY�fvj����xmuX(YC�@dgrWt]YCXhYC�9fvd � 85��¬ªK�x�W{"mlYC�@{�f]kE�§�*kntvt]Y5�°f	iW�nml�n�W��Y kn�
� ontvknrW�W{��e�x�W{
� iW�x��{c¢P���ndvd �9¨Wm�f]YCtvdU¤�T�YC�§dgjlX�r�mq�#fvj��Wo(�n���nt]t��²b kx��o@�n��onmlj�k@�W�xtU��YCm�mqd�
7`eYC�°fvj�k@�¦� �°

w
i?Y*jl��o��@Y*tvb��*m�k9dgY�fvk�kn��Y@ª�fvT�Y�� iW�x�W{e¢P�W�@d]d��W�*knX(��k@��Y*�9f�kn��fvT�Y£�*Y*mlmld�TW�ndµ� dgYC�Wdgjli�mlY	jlXh���n�°f

k@�(f]T�Yzf]knfv�xmW¨Wm�f]Y*tvjl��oWª@f]YCXh�?knt��xmlmlbh�@du¤�Y*mlm7K·zd¯�	tvYCd]r�m�fCª � ¤�Y*jltv{��9Y�¶�YC��fvd¯{ek£�n����Y5�xtu¤�TWY*��mlkckn«cj��Wo
�xfUf]kxf��xmlm�b�dyf��#f]jq��jlX(�nonY5d*ª9f]T��#f�Y*mljq��j�f�¤��²b mlYCdvdUt]Y5dg�?kn��dgY|�®tvknX fvT�Y$t]Y*f]jl�W� � � 

I �:@ �:@ $ �#�G)���' ¼ )����G)/Á �&���*�5�G'*) ¼ Á + '!� À )7�e� % ¼ ) )Ï�
·z�W�xt]f �®tvknX=fvT�Y|�*ml�@d]d]jq�*�xm©\�!_�n�W{�\|�3�¡{ejqdyfvj����°f]jlkn��ªc�n��kxfvT�Y*tU{ejqdyfvj����°f]jlkn��Y�¸ejqdyf�d i?Y�fy¤�Y*YC��{ej�¶?YCtg¢
YC�9fµi�jl��k@ml�ntµ�*Y*mlm�fybc�?YCdC�[¬f��*kn�W�*Y*tv�WdUfvT�Y*jlt � �� �2�.� � ���.#�� ��£kx�K¨Wm�f]YCt]jl��oWª?¤�T�jq��T¦¤�Y�TW�²�@Y$t]Y5dgr�X(Y5{
jl�Ek@r�tzX(ke{eYCm�icb±�#�xtvjl�ni�mlYCd

(1 + αC)τC
�n�W{

(1 + αS)τS
�·µdzX(Y5�nd]r�t]Y5{§icb � 85��Pª´d]knX(Y£i�j��?knmq�xt

�*Y*mlmld�T��²�nY �6� � �G� �*��2��
®T�jlonTe¢¬�W�@d]d��|�x�Wd]¤¯YCtvdµfvk��cjqdgr��xmudgf]jlX�r�mq�#fvj�k@�´ª´¤�T�jlm�Y knf]T�YCtvd�T��²�nY1� � � �(�.���  �

Ïm�k#¤U¢¬�W�@d]d�� �n�Wd]¤¯YCtvdC
2�Y�TW�²�@Y$j�����mlrW{eYC{¦j��±fvT�Y	fvkxfv�nm´fvY*X(��k@tv�nm/{eYCml�²bcjl��o(f]TWY£{eYCml�²b��*�xr�dgY5{±i9b�f]YCX(��k@tv�nm�jl�@fvY*o@tv�x¢

fvj�k@�¦ke�*�*r�t]tvjl��o��#f|f]TWYhd]bc�W�x�Wd]YCd��®t]k@X ��kn�WYCd|�x�W{§TWkntvj�9Ckn�9fv�nm/��YCm�mqdzf]k�i�j��?knmq�xt���YCm�mqdC$\µr�t|X(ke{eY*m
�®k@t�i�j��?knmq�xt$�*Y*mlmld$�*knr�mq{¦Y*¸c�Wml�nj��ºf]t��x�Wd]jlY*�9f��n�W{�dgrWdgfv�nj��WYC{E�*Y*mlmld$�@�*�*knt�{ej��Wo�f]k�f]TWYh���#f]rWt]Y(kx�¯f]T�Y
Y*¸���j�fv�#fvkntvbhd]bc�W�x��dgY5dKf]k£f]TWYµi�jl�?knmq�xtU��Y*mlmP3S/t��x�Wd]j�YC�9f¯��YCm�mqd�¤¯k@r�ml{�i�Y�dyfvj�X£r�mq�#f]Y5{ icb(�Ï�ndgf�d]bc�W�x�efvjl�
tvYC�*Y*�efvknt�d 
7dgr���T �@d

AMPA
knt

GABAA
��ª¯¤�T�YCt]Y5�nd(d]rWdyf��xjl��YC{ ��YCm�mqd(¤¯k@r�mq{ i?Y§dyfvj�X£r�ml�xf]Y5{ icb

d]mlk#¤¯YCt¯tvYC�*Y*�efvknt�d*
� ��� �5Æ7ÇÉÊ��¯Ý5ÇÉÑ��#Ó�ß 2��5ÓvÙ7ÇÉÍ°Ê- #Ñ ��Ó�ßÉß@Ó�Ê²ÅµÒnÈyÆÏÇÉÍCÅ5Ç1�&��ÍgÝ�È<��ÈgÊ�Ù7Ñ�Í�ÕeÙ7Î²ÈuÈÞÛ�ÈyÑ/Í �<�3�5Æ3 �*Ê²Í!��Ê|Ó�Ñ�����Ç1�yÆÏÍ°Ñ¬Ó"�<�gÓ�Å²ÈyÑ��ÞË��� 1 ÙeÎ²Ó�ÑcØxÈgÈyÊ È��5ÒxÈyÆ7Ç1��ÈyÊ�Ù¬Ó�ßÉß Û3Í°Ø²ÑPÈyÆ®Ý�ÈgÅuÙ7Î#ÓvÙ! !��Î²ÈyÊuÙ7Î²È�ÈÞÛ�ÈyÑ!.3��Ç1�yÆÏÍ°Ñ¬Ó"�<�gÓ�Å²ÈyÑ�Ó�Æ7È�Ø5ßÉÍ � �°ÈyÅ- ]ÙPÎ5È�ÝCÇÉÑ �#Ó�ß�ÒxÈyÆ��yÈyÒ5Ù7ÇÉÍ°Ê
ÇÉÑ! 5ÓvÙ�ßÉÈgÓ�Ñ7Ù´ÕlÓ�Å²ÈyÅ- #Ó�Ê5Å>��ÓgÛCØxÈ3ÙPÍ�ÙPÓ�ßÉß ÛzÑ �²Ò5Ò²Æ7ÈyÑ7ÑPÈyÅ- #Ù7ÈgÊ5Å²ÇÉÊ��UÙ7Í!�´Ó�ÆÏÅ²Ñ3Ó&�°ÆPÓyÛ 2²ÈgßÉÅ@Ë
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[Þ��f]TWY�¨WtvdgfUfybc��Y$kn����YCm�mqd 
®f]t��x�Wd]j�YC�9f��°ª�d]bc�W�x��f]jq�µjl�9f]YCont��#f]jlkn��f]jlX(Y$¤¯k@r�ml{�i?Y�t]YCml�xf]jl�nY*mlb�d]T�knt]fCª
�n�W{ kn��mlb ��k@�9f]tvj�i�r�f]Y�kx�|�n� k@tv{�Y*t(kx�

10
X(dhfvk�f]T�Y§�#�xmlr�Y5d��®k@t

(1 + αC)τC
�x�W{

(1 + αS)τS


·µd	�±tvYCd]r�m¥f5ª
(1 + αC)τC

�n�W{
(1 + αS)τS

tvY*X �nj��"p9r�j¥fvY�{ej�¶?YCt]YC�9f�
Ï�x��{�d]T�k@tgf �°ª/�n�W{ºf]T�Y�¨Wm¥fvY*t
fvt]rWm�bº��YCtg�®k@t]X d	�±fvY*X(�?knt��xmlm�bºiW�x�W{e¢P�W�@d]d|¨�m¥fvY*tvj���o�±`erW��T ��YCm�mqd$¤�jlm�m¯i�Y�rWdgY*�®r�mu�®k@t��x�W��m�jq�*�xf]jlkn�Wd
�@d�X(k#�nYCX(Y*�9fµ{eY*f]YC��f]jlkn�´ª©d]j�����Y	fvT�Y*jlt�X �#¸ej�X£r�X �x�Wd]¤�Y*t�jqdz�Wt]k#�@kn«nY5{�i9b�fvY*X(��k@tv�nm�mlb�iW�x�W{e¢P�W�@d]d
dgf]jlX�rWm�jP
[Þ��f]T�Y�dgY5��k@�W{ fybc�?Yµkn����Y*mlmqd 
7dgr�dyf��xjl��YC{ ��ªedgmlk#¤;t]Y5��YC�ef]k@tvd 
®Yn oW

NMDA
knt

GABAB
�°ªe¤�TWk@d]Y

¨W¸e�xf]jlkn�(fvj�X(Y|jld¯X�rW��T�m�k@��onYCt 
Ï�nt]k@r��W{
100

X d���ªe¤¯k@r�mq{(t]Y5dgr�m�f¯jl��mlkn�Wo�{eY*mq�²bcj��Wo$f]jlX(YCd¯�®knt # ��2� ��
�n�W{ � � � ��� � � � 
Ït]Y5dg�?YC��f]jl�nYCm�b (1 + αC)τC

�x�W{
(1 + αS)τS

��U�Wr�t]f]T�YCt]X(kntvYnªWt]YCml�xf]jl�nY*mlb�d]�?YC�x«cjl��oWª
fvT�YCd]Y$fy¤�k�{eYCml�²bed�¤�knrWml{±��k#¤ i?Y£�*knX(�W�xt��xiWm�Y@US��x«cjl��o fvT�Y£�n����tvk²¸cjlX �#fvj�k@�

(1 + αC)τC ' (1 +
αS)τS ' τ

�®kntUf]TWYCd]Y��*Y*mlmldCª�k@��Y|¨W�W{�dUfvTW�#fUfvT�Y*jlt�¨Wm�f]YCt��*�x�±i?Y	�x���Wt]k²¸ejlX(�xf]Y5{�icb�³

HC − wHS(x, y, t) '
[
GσC

− wGσS

]
(x, y)Tτ (t),

fvTW�#fKjqd*ª9�µd]Y*���xt��xi�mlY ¨�m¥fvY*tvj���o|fvTW�#fu��k@t]tvYCd]�?kn�W{�d/fvk���d]�W�#fvjl�nme{ej¥¶�Y*tvY*����YUkx�JN��xrWdvd]jl�n�Wd*ª²fvY*X(�?knt��xmlm�b
�²�@Y*t��xo@YC{	¤�j�f]T(fvT�Y-
Ïm�k@��o/�/fvj�X(Yz�*kn�Wdgfv�n�@f

τ
K[Þ� k@r�tKX(ke{eY*mPªnfvT�YCd]Yz�*Y*mlmldu�C�x� dgf]jlm�m�TW�²�nY��n�9bhdg���#f]jq�xm

¨�m¥fvY*tvj���o$�Wt]k@��YCtgfyb@ªn{eY*�?Y*��{ej��Wo	kn�(¤�Y*jlonT9f
w
KZ�ref kn�hfvT�Y�f]YCX(��k@tv�nm�dgjq{eYnª@f]TWY*b£�nt]Y�mlk#¤U¢¬�W�ndvd3��Y*mlmqd*ª

d]Y*��dgjli�mlYµfvk dgmlk#¤ �®Y5�#f]rWt]Y5dUkn��mlbn

��� � � � 	�� ��� � ������� �	
� � 	�� ���� � � �
2�Y ��k#¤ Xhke{eYCmKf]TWY�dgY5��kn��{ºmq�²bnYCt�kx�U��t]ke�*YCdvdgjl��o�kx��f]T�Y tvY�fvj��W�Wª´fvT�Y [Þs �u�[¬fvd$tvknmlY(jld$X£rW��T�m�Y5d]d
rW�W{eY*t�dgf]kcke{© D �n��T �*Y*mlm�fybc��Yºkx��f]TWY¦[Þs � 
Ïi�jl��k@ml�ntCª��nX(�@��tvj��WY±�n�W{No@�n��onmljlkn�W�nt��£Y�¸ejqdyf�d�r���{eY*t
d]Y*�@Y*t��xm�d]r�iefybc�?YCdCª@X£rW��T X(kntvYUf]TW�n����k@��YCdKk@tuT�k@t]j:9*k@�@f��xmW�*Y*mlmldCuÃ¯Y*mlmld ¤�j¥fvT f]T�YzontvYC�#fvYCdgf {ejl�nY*t�d]j¥fyb
�nt]Y|�xX �n�*t]jl��Y|��Y*mlmqd* !zk£mlYCdvd¯f]TW�n�±�HF�{ej�¶?YCt]YC�9f�d]r�iefybc�?YCd�kx�3�xX �n�*t]jl��Y|��Y*mlmqd¯Y*¸ejldgf � !G8.Pªe¤�j�f]T±dgr���T
{�j¥¶�Y*tvY*�9f¯tvYC�*Y*�efvj��@Y�¨WYCml{�dgj:9*Y5d �n�W{���tvkn�?Y*t]f]jlYCduf]TW�xf��Wk£��k@X(Xhk@��X(ke{eY*mlj��Wo	�®kntU�xmlm��xX �n�*t]jl��Yz�*Y*mlmld
�C�x�(i?Y�Y*�c�cjldv�xo@YC{©�SUT�Y�kn�Wm�b£t]k@m�Y�kn��fvT�Y�[Þs �§jl�(f]TWY���tvYCd]Y*�9fuX(kc{�Y*m�jqdKfvk	��kn�c�@Y*t]f�fvT�Yz�*kn�9f]jl�cr�knrWd
iWj��?knmq�xt d]j�o@�W�xm�j��N��dgYCt]jlYCdhkx�µY*X(j¥f]f]Y5{ d]��jl«nYCdCªuicb ��{ejqd]�*t]Y*f]Y±�xtvtv�²b�kx�|o@�x�Wonmlj�k@�W�xt��*Y*mlmldC SUTWjld
d]��jl«cj���o£��tvkc�*YC{erWt]YµjldU{ejlt]Y5�°fvm�b jl��T�YCt]j�f]Y5{ �®tvknX ��YCr�t]k@��X(ke{eY*mlj��Wo£jl�±`eYC�°fvj�k@�1!eK·�� f]Y*t�¤�Y|��t]Y5dgYC�9f
fvT�Y dg�Wj�«cjl��o��Wt]ke��Y5{er�tvYnª©¤�Y£iWt]jlY.�WbEt]YC�9jlY*¤ fvT�Y �?k@dvdgjli�mlY£tvknmlYCdµkx�U�xX �n�*t]jl��Y(��Y*mlmqd|�n�W{ºT�k#¤ f]TWY*b
�*knr�mq{�i�Y	�@{�{eYC{�f]knf�f]T�Y$�Wt]Y5dgYC�@f�X(ke{eY*mP

I ��I �*# ���G)5C )*' À )��e� % ¼ ) )7�
N��n��onmljlkn�W�nt��*Y*mlmld��nt]Y�X(ke{eY*mlYC{��ndzÃ¯[y�¡jl�9f]YCont��#f]Y*¢¬�n�W{c¢P¨WtvYz��YCr�t]k@�Wd 
7`cY5�°fvj�k@� !W�8��°uSUT�jqdUt]Y5p9r�j�tvYCd
fvT�Y*b�tvYC�*Y*jl�nY3f]TWY*jlt/jl����ref/�®t]k@X_iWj��?knmq�xt���Y*mlmqd�jl�$f]TWYu�®kntvX kx�W�x�$Y*¸���j�fv�#fvkntvbµ�*kn�W{er��°fv�n�W��Y@3Ã¯k@�@fvtv�nt]b
fvk£d]bc�W�x�Wd]YCd¯jl��f]TWY$\µs � 
7`eYC�°fvj�k@�Wd��W:8x �WÉ�cª �� !$�°ªcf]TWYµY*¸e�*j¥f��#fvkntvb(d]bc�W�x��dgY��®tvknX iWj��?knmq�xtU��YCm�mqd¯f]k£�
o9�x��o@m�jlkn���xtU��Y*mlm©jqd�X(kc{�Y*mlYC{ � ��� � ���*� �2� �<� � ���� � �.�5� � ������.� �����*���
��Y�f�f]T�YCt]Yºi�Y"� o9�x��o@m�jlkn�W�nt���YCm�m

i
m�ke�C�#f]Y5{;jl�

(x0, y0)
kn� f]T�Yºt]Y*f]jl�W�� 2ºY"�*�nml�*r�mq�#f]YEf]T�Y

Y*¸���j�fv�#fvkntvb���k@�W{erW��fv�x����Y�kn��o@�n��onmlj�k@�W�xtU��YCm�m
i
f]T�tvknrWonT�f]T�Y	d]bc�W�x�efvjl�|X(ke{eY*mljl��o(kx� 
7�x�$�°³

Gexc
i (t) = GmaxTη

(
λ

Gmax
(VBip(x0, y0, t) − v0)

)
.
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D¯p@r��#f]jlkn�"
*!HF$�u�?Y*t]�®kntvX du�?k@dvdgjli�mlYztvYC�°fvj¥¨?�*�#fvj�k@���x�W{�d]�xf]r�t��#fvj�k@�hkn�´f]TWYµd]j�o@�W�xmW�®t]k@X=iWj��?knmq�xt���Y*mlmqd*ª
�@�*�*knt�{ej��Wo�fvk£fvT�Y$�#�xmlr�YCdUkn�/fvT�Y��®knrWt��W�xt��xX(Y�fvY*t�d

λ
ª
v0
ª
Gmax

�x�W{
η

Ïd]Y*Y	`cYC��f]jlkn� !�É�e � �°

SUT�YC�´ª�Y�¸���j�fv�xf]kntvb¡��k@�W{erW��fv�x����Y
Gexc

i (t)
jqdh�®YC{ f]k�f]TWY�o9�x��o@m�jlkn���xt£�*Y*mlm

i
�n�C��knt�{ejl��o¦fvk�f]T�Y

d]��jl«cj���o���tvke��Y5{er�tvYU{�Y�¨W��Y5{(j���`cY5�°fvj�k@��!W�8@ �W�!zkxf]YUfvTW�#f5ª@d]j�����Y�knrWtKXhke{eYCm�{ejqd]��ml�²bed3��k�jl��T�jli�j�f]kntvb
jl����r�fzkn�±o@�n��onmljlkn�W�ntU�*Y*mlmldCªefvT�jldz��tvkc�*YC{erWt]Y$d]T�k#¤�d�mlj¥f]f]mlY�p9rW�xmlj¥f��#fvj��@Y�{�j¥¶�Y*tvY*�W�*YCd�¤�j�f]T¦� �*ml�@d]d]jq�*�xm
��[y�¡dg�Wj�«cjl��o���tvke��Y5{er�tvY 
Ïd]Y*Y$`cY5�°f]jlkn�1!�:8nÉ� �° Lzk#¤¯YC�nY*t5ªxfvT�Y	Ã¯[y���®kntvX(�nm�jqd]X=X(jlonT9fUi�Y5��knX(Y|X(kntvY
jl�9f]YCt]Y5dyfvj���o¦�@d��*knX(�W�xtvYC{ºfvkE� �´[y�_�®k@t]X �xmljqdgX ¤�T�Y*� �nX �n��tvjl��Y���YCm�mqd*ª�fvTW�#f(�xtvY j���TWj�i�j�f]k@t]b@ªK�xtvY
X(ke{eYCm�Y5{©
S/¤¯k§d]knr�t���Y5d|kx�U��knjqdgY �C�x��i�Y��@{�{eYC{�jl��f]T�Y�d]��jl«9jl��o±��tvke��YCdvdC³µ¨�tvdgfCª�� N��nrWdvdgjq�x�"��k@t]tvY*mq�#fvYC{

�WknjqdgY�jqd(�n{�{�YC{"fvk¦f]TWY�o@�n��onmljlkn�W�nt���YCm�m�� d�f]TWY*kntvY�fvjl�C�xm¯��knf]Y*�9fvjl�nm��@d£{eYCt]jl�nY5{��®t]k@X YCp9rW�#fvj�k@� 
7�$�°
SUTWjld���knjqdgY�dgr�X d�r��"f]T�Y�Y�¶�YC��fvd	kn�zdgbc�W�n�ef]jq�(��k@jld]Y�jl�¡f]T�Y�¤�T�knmlY�tvY�f]jl�W�nm ��tvke��YCdvd]j���o�±`eYC��k@�W{©ª
� N��xrWdvd]jl�n�¡�²�nt]jq�#fvj�k@� jqd£{ejqd]��ml�²b@YC{"k@� f]TWY�{erWtv�xf]jlkn�¡kx�zf]T�Y�t]Y*�®tv�@�°fvkntvbE�?Y*tvj�ke{"�®k@m�mlk#¤�j��WoEYC�@��T
d]��jl«nY@�SUTWYCd]Y�fy¤�k�d]knr�t���Y5d�kn� ��knjqd]Y£�xmlmlk#¤ onY*�WY*t��#f]Y5{¦d]��j�«@Y£dgfv�xf]jqdyfvjl�Cdzfvk�TWj�o@T�m�b±tvYCd]Y*X£i�m�Y�f]T�k9dgY
kn�/tvYC�nm?tvYC�*knt�{eYC{���Y*mlmqd � �x��P 2�Y�rWd]YµfvT�YCd]Y|fy¤¯k(d]knr�t���Y5d ¤�T�YC��d]jlX�r�mq�#fvj���o(d]j���o@m�Y�o9�x��o@m�jlkn�W�nt¯�*Y*mlmld

P`cYC��f]jlkn�¦�eÉ� ��

I ��I � 0 � � ���n�.'*) ¼ % ¼ ) )Ï��� -��/�²� & ¼ ���(Á/� ���C����' À ) �G)�Á � '*C�)/� )3� & � � '*)�C

·zX �n��tvjl��Y$��Y*mlmqd��xtvY���kxf�X(ke{eY*mlYC{��®k@tUf]T�Y	X(k@XhYC�9fC Z�YC�C�xrWd]Y�kx��f]T�YCj�tµ{ej��@Y*t�dgj�fybnªeX(ke{eYCm�jl��ohf]T�YCX
�@d��(¤�T�k@m�Y	jqd�jlX(��k9d]d]j�iWm�Y@ D¯�n��T§dgrWiefybc��Y�d]T�k@r�ml{±i?Y	X(ke{eY*mlYC{±¤�j�f]T§j�fvdµdg�?YC�*j¥¨?�$Y�¶�YC��fzkn�¦d]j�o@�W�xm
�Wt]ke��Y5d]d]jl��oW�L�k#¤�Y*�nYCtCª9�xmlm?�nX �n��tvjl��Y���YCm�mqd¯d]TW�nt]Y�k@��Yz�Wt]k@��YCtgfyb�³´fvT�Y*b �nt]Y�jl��T�jli�j�f]k@t]b ��YCm�mqdCª@tvYC�*Y*jl�@¢
jl��o Y*¸e�*j¥f��#fvkntvb�jl����ref��®tvknX-i�jl��k@ml�ntz��YCm�mqd��n�W{ �²k@t�o@�n��onmlj�k@�W�xt��*Y*mlmld-
Ï{eYC��YC�W{ejl��o�k@��fvT�Y��nX(�@��tvj��WY
d]r�iefybc�?Y���k@�Wdgjq{eYCt]Y5{ �°�Z¯YCj��Wo$j���TWj�i�j�f]k@t]b£��Y*mlmqdKX �x«nY5d�f]T�YCX�tvY*o@r�ml�xf]k@tvd�kx�?f]TWYU¨Wt]jl��o$kn�?o9�x��o@m�jlkn�W�nt
�*Y*mlmldC3·�m�f]T�k@r�onT(X �x�cb£{�jldgf]jl�W�°fvj�k@�WduY*¸ejldgfui�Y*fy¤¯YCY*� �xX �@��tvj���Y�d]r�iefybc�?YCdCªxf]TWY*b(�xmlme¨�f jl�(fy¤¯k�i�tvk@�@{
�C�#fvY*onk@t]jlYCdC³ � �G�.� � � � � � �O��n�W{ ���.� � � ���.� �O��xX �n�*t]jl��Y ��YCm�mqd � !G8 ¬�SUTWY(¨Wtvdgf�TW�²�@Y dgX �xmlm {eYC�W{etvj¥fvjl�
fvt]YCYCd£�x�W{¡�*kn�Wd]YCp9r�YC�@f£t]Y5��Y*��f]jl�nY(¨WYCml{�dCªK�xi?knref£f]T�Y�dgj:9*Y�kx��i�jl��k@ml�nt£��YCm�m�tvYC��YC�ef]jl�nY(¨�Y*mq{�d*º·zd��
�*kn�Wd]YCp9r�YC�W��Y@ªef]TWY*b±�xtvY$j��c�nk@m��@YC{�j�� ���1#�� �3d]TW�n��j��Wo kx�3f]T�Y�o@�x�Wonmlj�k@�W�xt�k@ref]��r�fCª��n�W{±jl�§�W�xt]f]jq��r�mq�xt
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kn�µ��tvjlX(�xf]Y±tvY�f]jl�W�@d*NSUT�Y��®k#�nY5�º�*kn�9fv�nj��Wd(��T�jlonTN{eY*��dgj�fyb kx�|t]Y*f]jl�W�xm��*Y*mlmld �n�W{©ª�dgr�i�dgY5p@rWY*�9f]mlbnª
�*kntvt]Y5dg�?kn��{�dKfvk£d]X(�nm�m?¨Wm�f]YCt]jl��ohd]�C�xmlYCd

σC
�n�W{

σS
 \µr�tUtvY�fvj��W��jld���jlt���r�mq�xt5ª@¤�j�f]T�t��n{ejlrWd

RM
 2ºY

�@d]d]r�X(Y�fvTW�#f�f]T�Y|X(kn��kn¢¬{�j�X(Y*��dgjlkn�W�nmW{eYC�Wdgj�fybh�®knt�o@�n��onmlj�k@�W�xt¯��Y*mlmqd*ªe{eYC��kxfvYC{ icb
d(r)

ª�jqd¯�*kn�Wdgfv�n�@f
jl��f]T�Y��®k#�@YC� 
®t��n{ejlrWd

R0
�U�n�W{�fvT�Y*�§{eY5��tvYC�@dgY5d¯jl�

r−1 
Ïm�k@ox¢¬��k@ml�nt�{eYC�Wd]j¥fyb��°³

d(r) =

{
d0 if r < R0,

d0R0/r if r > R0.


Ï�@�$�

Ã¯k@�c�nY*t�d]Y*mlbnª�f]TWY�dgj:9*Y5d�kx��f]T�Y�dg�W�xf]jq�xmKtvYC�*Y*�efvj��@Y£¨�Y*mq{�d*ª
σC
�n�W{

σS
ª/�nt]Y ��k@�Wdgfv�x�9f	jl��f]T�Y(�®k#�@YC��ª

�n�W{�f]T�YC�±�nr�onX(YC�@f���tvkn�?knt]f]jlkn���xmlm�b(fvk
r
 �Wknt�Y*¸e�nX(��m�Y@³

σC(r) =

{
σ0

C if r < R0,

σ0
Cr/R0 if r > R0.


Ï�28��

SUT�jqd���T�knjq��Y�jqd¯iW�nd]YC{(k@� f]T�YµX(YC�nd]r�tvY*X(Y*�9f�dukx�´tvYC�*Y*�efvj��@Y�¨WYCml{�d �®knt¯sK�xtv�nke��YCm�mlr�mq�xtuo9�x��o@m�jlkn�W�nt
�*Y*mlmld¯jl����tvj�X �xf]Y|t]Y*f]jl�W�nd � F�PªcfvTW�#fU�#�xtvbh�Wt]k@��k@tgfvj�k@�W�xmlm�b�f]kht]Y*f]jl�W�xm?YC�C��YC�@fvt]jq��j�fyb 
Ïd]Y*Y$`cYC��f]jlkn���� !/�°
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SUTWjld�d]YC��f]jlkn�±��tvYCd]Y*�9fvd�p9rW�n�9f]j�fv�#fvj��@Y�t]Y5dgr�m�fvd�kn�±X(kc{�Y*mlYC{±dgjl��o@m�Y	�*Y*mlmld��n�W{±p@r��xmlj¥f��#f]jl�nY$tvYCd]r�m�fvdUk@�
��¤�T�k@m�Y �xtvt��²b�kn���*Y*mlmldCh��jltvdgfCª�¤¯Yh¨�f�f]TWY �W�xt��xX(Y�fvY*t�dzkn�¯k@��Y(Xhke{eYCmKo@�n��onmlj�k@�W�xt|��YCm�mK¤�j�f]T"tvYC�xm
tvYCd]�?kn�Wd]YCd�kx�

β
¢¬o@�x�Wonmlj�k@�W�xt���Y*mlmqd* `cY5��k@�W{©ªe¤�Yµi�rWj�mq{±�£¤�TWknmlY��nt]t��²bhkx�3o@�x�Wonmlj�k@�W�xt���Y*mlmqd�f]k(¤�T�jq��T

¤�Y���tvYCd]Y*�9f�j�X �xo@YCdU�x��{�X(k#�cjl��ohd]YCp9r�YC�W��Y5d*

����� ���.� ����	�� � �  � ��� � �  ��� � �
��j��WYC�xt�¨Wm�f]Y*tvjl��o 
®¨Wm�f]Y*t

HBip
jl� 
6!n� � �£�n�W{ d]��jl«nY�o@Y*��YCtv�xf]jlkn� 
P`cYC��f]jlkn� �� �/�	¤�Y*tvY���k@X�i�jl��Y5{ jl�

�ºd]�nX(Y�kniewyY5�°f5ªKt]YC��t]Y5dgYC�9f]jl��o¦kn�WY�o@�n��onmljlkn�W�nt	��Y*mlmP"2�Y�fvT�Y*� i�r�jlm¥f �x� �nt]t��²bEkn�µd]rW��T¡kniewyY5�°f�d*ª
{�jldgf]tvj�iWref]Y5{��xmlkn��o£��kn����Y*�9fvt]jq����jlt���mlYCd �n�W{�d]�W�n�*YC{(jl�c�nY*t�d]Y*mlb	f]k

d(r)
jl� 
Ï�@� �� N��xrWdvdgjq�x� �WknjqdgY�¤U�nd

�@{�{eY5{�jl��f]T�Y$�?k@d]j¥fvj�k@�Wd�f]k �²�@knjq{��xmljq�nd]j���o�
\µr�t�o9�x��o@m�jlkn�W�nt�r���j�fvd�r�dgY(�x� ��.��M��� � � � � �� dg�Wj�«cjl��o�d]kx� fy¤U�xtvYnª?�W�nXhYCm�b ����� �������
 � !HF Pª�fvTW�#f

tvYCp9r�jltvYCdKY5�n��T ��YCr�t]k@� f]k�i�Y��xi�mlY�fvk�Y�¸e��mljq��j�f]mlb(�C�xmq��r�mq�#fvY�f]TWYµY*¸e�@�°fufvj�X(Yµkx�´j�fvd¯��Y�¸cf�dg��jl«nY@�¹¦kntvY
�Wt]Y5��jqdgYCm�b@ªnjl���x� Y*�@Y*�9fg¢¬iW�@dgY5{£d]kx� fy¤U�xtvYnªxYC�nYCt]b£��Y*r�tvkn�(tvYC�C�xmq��r�mq�#fvYCd�f]TWY�f]jlX(Y�kx�©j�fvd ��Y�¸cf¯d]��jl«nY�Y*�9¢
YCt]b�fvj�X(YUfvTW�#fuj�fvd3jl�9f]Y*tv�W�nm�dyf��#f]YUjqd3X(kc{�j¥¨WY5{hi9b�Y�¸cf]YCt]�W�nme�*�xr�dgY5d 
Ïd]rW��Th�@d���t]Y*¢¬d]bc�W�x��f]jq�¯�WY*r�tvkn�Wd��°
SUTWY*�´ªc�xmlmef]TWY���Y*¤ fvj�X(YCd kx�´d]��j�«@YCdu�nt]Y�tvY�¢¬knt�{eYCt]Y5{©ªxdgk	�@dKfvk�¨W�W{(fvT�Y���Y*¸9f�dg��jl«nY�ke�C��r�tvt]jl��o�jl� f]T�Y
�WY�fy¤�kntv«?ª©Y*fv�n � ��� ��� ���H�¤U�nd�kntvjlonjl�W�xmlm�b¦�*t]Y5�#fvYC{E�®knt$tvYC��rWt]tvY*�9f���Y�fy¤�kntv«edµ¤�j�f]TWknref��n�ºY*¸9fvY*tv�W�xm
�*r�tvt]YC�@f � �@��¬ Z�ref ¤�T�YC� X(ke{eY*mljl��o��ºtvY�f]jl�W�Wª kn�WY�TW�@d£f]k"j��9fvY*ont��#fvY��n� � � �.� ��� �;dgYC�Wd]kntvb�jl�e¢
�WrefC³�f]TWYµ�cjqdgrW�nm?d]YCp9r�YC�W��Y@ªnfvtv�n�Wdg�®kntvXhY5{(j��9fvk	f]TWYµjl����ref���k@�W{erW��fv�n�W��Y

Gexc(t)
k@� f]T�Y|o@�n��onmljlkn�W�nt

�*Y*mlm7E`ekE�nd��®k@t	fvT�Y���YCr�tvkn�Wd�fvk¦i?Y��xiWm�Y fvkE�*�nml�*r�mq�#f]Y Y*¸��n�°fvm�bºf]TWY f]jlX(YCd£kx�Uf]T�YCj�t£��Y�¸cf(dg��jl«nY5d*ª
fvT�tvknr�o@T§YCp9rW�#fvj�k@�*
7�$�°ª�f]T�Y£j����Wref

Gexc(t)
f]k�k@r�tzo9�x��o@m�jlkn���xt���YCm�mqd�X£rWdgfµi?Y£��k@�Wdgfv�x�9fzicb±�W�ntgf�d*

`er�iWd]YCp9r�Y*�9fvm�b@ª@fvT�Y���knf]YC�@fvjl�nm�kx��fvT�Y|o@�x�Wonmlj�k@�W�xt���Y*mlmqd¯jqd�Y�¸��n��f]mlb��*�nml�*r�ml�ni�mlYn³�j¥f�jqd¯Y*¸e��k@��Y*�9f]jq�xm�icb
���xt]fvdC�·zm¥fvT�knr�o@T��$tvYCp9r�jlt]YCXhYC�9fukx��f]T�YµY*�@Y*�9fg¢¬iW�nd]YC{£�®k@t]X �xmljqdgX±ªxfvT�jqd X(Y�fvT�ke{(kx�´jl�9f]Y*o@tv�xf]jlkn�(�*�n�
�Wt]k#�cjq{eY�X(kntvYzY,+ �*j�YC�9fU�C�xmq��r�mq�#fvj�k@�WdKfvTW�#f���dgf]YC�e¢Picb9¢ÞdyfvY*��jl�9f]Y*o@tv�xf]jlkn� kn� 
7�$�°ªe�nd¯¤¯YµY�¸e��mq�xjl����k#¤$
[Þ��knr�t�X(ke{eY*mPª9f]T�Y�mlj���Y5�xt¯¨Wm�f]Y*tvjl��o£jl��fvT�Y	\µs �EjqdU�*�nml�*r�ml�xf]Y5{�dgf]Y*��¢Picb9¢¬dgf]YC�´ª9¤�j¥fvT��	f]jlXhY$dgf]YC�

τlin
�2�Y(f]TcrWd$�*�nml�*r�mq�#f]Y � �.� �,#����� �j����Wref$f]k±YC�@��Tºo9�x��o@m�jlkn���xtµ�*Y*mlm7ª��

Gexc
∆ (n) � ª n ∈ N

 SUT�YC�´ª
k@��Y�o@�n��onmlj�k@�W�xtU��YCm�m���YCtg�®k@t]X d !�!�$#�� #��.� # � � �.���*�.�ºkx�/f]T�Y$Y5p@r��#f]jlkn�





dV (t)
dt = Gexc

∆ (t)(Eexc − V ) − gLV,

dg��jl«nY�¤�T�YC�
V (t) = 1,

�n�W{��xiWd]knmlref]Y�tvY��®t��n��f]kntvb �?Y*tvj�ke{
τR,


Ï�9� �

¤�TWY*tvY
Gexc

∆ (t) = Gexc
∆ (n)

�®knt
t ∈ [nτlin, (n + 1)τlin]


2�Y¦jl�Wdgjqdgf f]TW�xf�j��NknrWt XhY*f]T�ke{©ª�fvT�Y¦�*�nml�*r�ml�xf]jlkn� �®t]k@X

Gexc
∆ (t)

fvk"f]T�Y¦d]��jl«nY�f]t��xjl�Nkx�|f]T�Y
o9�x��o@m�jlkn���xtu��YCm�m�jld¯Y�¸��@�°fCª9dgjl�W�*Y�f]TWYzjl�@fvY*o@tv�xf]jlkn�(YCp9rW�xf]jlkn� 
®�c� �Kjqd d]knml�#�xi�mlY�Y*¸e�@�°fvm�b@ª

Gexc
∆ (t)

i?Y*jl��o
�*kn�Wdgfv�n�9f�icb��W�ntgf�d*3[Þ�±kxfvT�Y*tU¤�knt�{�dCª@fvT�Y$jl����ref

Gexc(t)
f]khfvT�Y$o@�n��onmlj�k@�W�xt���YCm�m©jqd��x�W��t]k²¸ejlX �#f]Y5{

icb
Gexc

∆ (t)
ª9i�ref¯�Wkxf j�fvd¯dgr�i�dgY5p@rWY*�9f¯d]��j�«cjl��o$YCp9rW�xf]jlkn�´3SUT�jqd¯�n����tvk@�@��T£TW�@d3fy¤�k	�n{e�#�x�9f��xonY5d*ªnkn��Y

fvT�Y*k@t]Y*f]jq�*�nm��n�W{�f]T�Y$knf]T�YCt���t��n�°fvjl�C�xmP
SUT�Yºf]TWY*kntvY�fvjl�C�xm��n{e�#�n�@f��xo@Y¦jld±� t]YCml�xf]jl�nY*mlb;��mlYC�nt�r���{eY*t�dyf��x�W{�j���o kx�	fvT�Y�Y*tvt]k@tvd mljl��«nY5{;f]k

{�jldv��tvY�fvY|�C�xmq��r�mq�#fvj�k@�Wd* �´Y*f
δG(t)

i�Y|f]TWY�p9rW�n�9f]j�¨��*�xf]jlkn��YCt]tvknt¯m�jl��«@YC{�f]khknr�t�f]jlX(Y${ejldv��tvY�fvj�95�#fvj�k@�
�®k@t�mlj��WYC�xt±�*�nml�*r�mq�#f]jlkn��d�jl�;f]T�Y \µs � ª�{eY*¨W��Y5{ icb

δG(t) = Gexc
∆ (t) − Gexc(t)

 [¬���Wk d]��j�«@YCd

P5P Ê.Q2R S<T�S
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¤�Y*tvY��Wt]ke{erW�*YC{¡icb"fvT�Y�o9�x��o@m�jlkn���xt��*Y*mlm7ªKfvT�Y±Y*�@knmlref]jlkn� kn��f]T�Y§�*Y*mlm � d��?kxfvY*�9f]jq�xmUjl� tvYCd]��k@�Wd]Y�f]k
Gexc(t)

¤�knr�mq{£i�YUonjl�nYC�£icb	Y5p9rW�#fvj�k@� 
P� �°3SUT�YC�´ªnmlY�f
δV (t)

i�YUfvT�Y�{ej�¶?YCt]YC�W��YUi?Y�fy¤�Y*Y*�htvYCd]��Y5�°f]jl�nY
tvYCd]�?kn�Wd]YCd�f]k

Gexc
∆ (t)

�x��{
Gexc(t)

	Z�b±iW�@dgjq�	jl�9f]Y*o@tv�nm�jl��YCp9rW�nm�j�f]jlYCd�dgfv�ntgfvj���o��®t]k@X 
P� ��ª©kn��Yh�*�n�
mljl��«�fvT�Y$X �#¸ej�X£r�X �?k@dvdgjli�mlY	�xX(��mlj¥fvrW{eY$kn�

δV (t)
�nd��h�®r����°f]jlkn�±kn�/fvT�Y$X �#¸ej�X£r�X%�nX(��m�j�f]r�{eY$j��

δG(t)
 SUTW�xf�jldCª�j�� ∀t, δG(t) < ε

ªefvT�Y*�

∀t, δV (t) <

(
Eexc + |Einh|

gL

(
1 +

2G

gL

))
ε,

¤�TWY*tvY
G
jld|fvT�Y(X(�x¸ej�X£r�X �#�xmlr�Yh�®knt|f]knfv�xmK�*kn�W{er��°fv�n�W��Y

g∞(t)
j��ºf]T�Y �*Y*mlm7(SUT�jqd|�nm�mlk#¤�dµrWd|f]k

�*kn�9f]tvknm�f]T�Yµ��t]Y5��jqdgjlkn� tvYCp9r�jltvYC{(jl� f]T�Y|�*�nml�*r�ml�xf]jlkn� kn�
Gexc

∆ (t)
ªe�nd �$�®r��W�°fvj�k@��kx�©fvT�Yz�Wt]Y5��jqdgjlkn�

δV{�YCd]j�tvYC{��#f�f]T�Y�knr�f]��ref�kn�´f]T�Y$�*Y*mlm 
Ï¤�j¥fvT�knr�f�d]��jl«nY5d���3��jl�W�xmlmlbnªej���d]��j�«@YCd��xtvYµY*¸e��m�jq��j�f]mlb���k@�Wd]jl{eYCt]Y5{
jl��f]T�Y���t]ke�*YCdvd*ª©fvT�Y���tvYC�*YC{ejl��o§Y5p@r��#f]jlkn��i?YC��k@X(YCd��Ï�nmld]Ynª/i�ref	fvT�Y�p9rW�x�9fvj¥¨��C�#fvj�k@�ºYCt]tvknt

δG
�*�x�

dgf]jlmlmei�Y��*kn�Wd]jl{�Y*tvYC{h�nd3��dgr��W��m�YCX(Y*�9fv�nt]b	�WknjqdgYUjl��fvT�Y�j��W��ref ��k@�W{erW��fv�n�W��Y@ªn�x�W{h�|��knjqd]Y�¤�TWk@d]Y�mq�²¤
�C�x��i?Yz¤�Y*mlm��x����tvk²¸ej�X �xf]YC{´�SUT�YCkntvb£Y*¸ejldgfvduf]k�mljl��« ��knjqd]Y�j���f]T�Yµj��W��ref�f]kh��knjqdgYzj���f]T�YµonY*�WY*t��#f]Y5{
d]��jl«nY|f]t��xjl� � 8(FeªW��¬
·z�W�xt]fµ�®tvknX-fvT�jldzf]TWY*kntvY�fvjl�C�xm3�n{e�#�n�@f��xo@YnªWk@r�t|j��9f]YCont��#fvj�k@�§XhY*f]T�ke{ETW�nd|����t��n��f]jq�*�nm�jl�@fvY*tvYCdgfC

[Þ��{eY*Y5{©ª©f]TWY£fybc��jq�*�nm3�²�nt]jq�#fvj�k@�Wd|kx�ufvT�Y���k@�9f]jl�9rWknrWdµj��W��ref	�cjld]rW�nm3d]jlon�W�nm
Gexc(t)


Ïonjl�nY*�ºicb
(1 +

αC)τC
�x�W{

(1 + αS)τS
j��±knrWt�X(kc{�Y*mPªW�xtvknr���{±�n�hX(d��U�xtvY	d]m�k#¤�Y*t�f]T��x��f]T�Y�j��9f]YCt]���xm©�#�xtvjl�xf]jlkn�Wd

kn� fvT�Y o@�n��onmlj�k@�W�xt$�*Y*mlmld��©��knf]YC�@fvjl�nmKf]TWt]k@r�onT 
7� ��ª�fvTW�#f��nt]Y£fybc��jq�*�xmlmlbE�xtvknr���{���X d*�LzY*�W�*Ynª/f]T�Y
fvj�X(Y$dgf]Y*�

τlin
��YCYC{eY5{ f]k �C�xmq��r�mq�#fvY�f]TWY|YC�nk@m�refvj�k@��kx�

Gexc
∆ (t)

�C�x��i�Y��xi?knref��	f]jlXhY5dUi�jlononYCt fvTW�x�
fvT�Y(f]jlX(Y�dgf]Y*��fvTW�#f�¤�knrWml{�i?Y ��Y*Y5{eYC{�fvk§j�X(��mlY*X(Y*�9f$fvT�Y�d]��j�«cjl��o§YCp9rW�xf]jlkn� 
7�$��j�����tvY*X(Y*�9fv�nm�mlbnª
X(Y5�x��jl��o �(��knX(��r�fv�#fvj�k@�W�xm©o9�xjl�´

Lzk#¤¯YC�nY*t5ª#rWd]j��Wo��n�£YC�nYC�@f]¢Pi��nd]YC{��®kntvX(�nm�jqd]X jldKb@Y�fu�x�Wkxf]TWY*tKjqd]d]r�Y�f]TW�n�hf]T�Y�d]j�X(��mlYUj��9fvY*ont��#fvj�k@�
X(Y*f]T�ke{©�[Þ��k@r�t	��tvYCd]Y*�9f$X(ke{eY*mPª�d]rW��T��®kntvX �xmljld]X X(jlonT9f�dgYCY*X �±m�k9d]d$kn�¯fvj�X(Y@�2;TW�xf	j��9f]YCt]Y5dyf
jqdUfvT�Y*tvY	jl�±¨W�W{ejl��oWª?�#� fvY*t�Y5�n��T§dg�Wj�«@YnªefvT�Y	��Y*¸9f|dg��jl«nY�fvTW�#fµ¤�j�mlm´ke�*�*r�tz�#fzf]T�Y	mlY*�@Y*m´kn�3f]T�Y	tvY�fvj����
f��x«@Y*�¦�ndµ� ¤�T�k@m�Y@ª�j��Kf]T�Y£o@�n��onmlj�k@�W�xt��*Y*mlmldµTW�²�@Y$��k��*kn����Y5�°fvj�k@�Wd�k@��Y$f]k��x��knf]T�YCt<;*2ºk@tvd]Ynª?dgjl�W��Y
�nm�m���Y*rWt]k@�Wdujl�9f]Y*o@tv�xf]Y��	�*kn�9f]jl�cr�knr�dujl����ref5ªc�nm�m�j��9fvY*tv�W�xm?dyf��#f]Y5d �nt]Y��WYC��Y5d]dv�xtvjlm�b£Xhke{ej�¨WY5{��#f YC�nYCt]b
dgf]YC�

τlin
ª©�x�W{E�nd|��tvYCd]r�m¥f��xmlm/�WY*r�tvkn�Wdzt]Y5�*�nml�*r�ml�xf]Y$fvT�Y£f]jlXhYhkx�KfvT�Y*jlt���Y�¸cf�dg��jl«nY@ª©�x�W{¦�nm�m/f]jlX(YCd

�®k@t���Y�¸cfzd]��jl«nYCd�jl��f]T�Y$tvY�fvj��W�(�nt]Y�tvY*knt�{eYCt]Y5{ Y*�@Y*tvb
τlin
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1.1

�*be��mlYCd �#{eYContvY*Y 
®f]T�jltv{ m�jl��Y��/jlonrWt]Y 8*�$��ª�fvT�YºX(ke{er�mq�#fvj�k@� jl�W{erW�*YC{ icb f]TWYºo@tv�xf]jl��o kn� f]T�Y
d]�W�xf]jq�xm´�x��dg¤�Y*t�dUkx� #<��M� ��£�n�W{,� � � � � � ����jqd�X(kntvYµfvTW�x��fvY*�±f]jlX(YCd�d]X �xmlm�YCt�f]T��x���®knt��®tvYCp9r�YC�W��jlYCd
�W�8²�(knt��� !n�"
 ¨Wt�dgf��n�W{¦d]YC��k@�W{¦mljl��Yh��jlonr�tvYE8C�$�°$[¬��dgjlX(��m�Yhmlj���Y5�xtvj¥fyb±¤U�ndzf]k�i�YhtvYCd]��Y5�°f]Y5{©ª�f]TWjld
¤�knrWml{Ej�X(��mlb¦X(ke{er�mq�#f]jlkn��d�j��ºf]T�Yh¨Wtvjl��o±tv�xf]Yhkx� fvT�Y ��YCm�mu�ni�k@ref�f]Y*�ºf]jlX(YCd$d]X �xmlm�YCt|jl��f]T�Y �C�nd]Y
kn�µ�®tvYCp9r�YC�W��b

1.1
ª¯¤�TWjl��T;jqd knic�cjlknrWd]m�b¡�Wkxf f]TWYE�*�@dgY@ SUT�jld�jld��x� Y�¸e��YCt]jlX(Y*�9fv�nm���tvkckx�µkn��f]T�Y

�WY*YC{��®k@t£d]knX(Y���k@�e¢¬m�jl��YC�nt]j�fybEjl� tvY�fvj��W�nm X(ke{eY*mljl��oW¦[Þ� knr�t	X(ke{eYCm7ª3fvT�jld£tvknmlY jld£��mq�²bnYC{�icb�f]T�Y
d]bc�W�x��dgY|�®tvknX-i�j��?knmq�xtµ��Y*mlmqdUf]k(fvT�Y�d]��j�«cjl��o�o9�x��o@m�jlkn�W�nt���Y*mlmP���jlonr�tvY�85�£tvY*��tvYCd]Y*�9fvd�fvT�Y�d]bc�W�x�efvjl�
fvtv�n�Wd]Xhjqdvdgjlkn���®r��W��f]jlkn�¦r�dgY5{§j��±fvT�Y�Y*¸e��YCt]jlX(Y*�9fµkn�K��jlonr�tvY�8C��zSUT�Yh{��nd]T�YC{±mljl��YCdzt]YC��t]Y5dgYC�9f�f]T�Y
i?knrW�W{��xtvjlYCdK�®k@tufvT�Yzmlj��WYC�xt��x�Wd]¤�Y*tukn�©f]T�Y|��Y*mlm�f]k	fvT�Y

1.1
dgf]jlX�rWm�rWdCª9¤�T�j�mlY�fvT�Y|m�jl��YC�nt¯d]j�o@�W�xm�j���f]T�Y

0.36
Y*¸e��YCt]jlX(Y*�9f ��k#�@Y*t�d�fvT�Y�¤�T�k@m�Y��niWdv��jqd]dv���SUTW�x��«ed�fvk�dgbc�W�n�ef]jq�U��k@�e¢Pmljl��YC�nt]j�fybnª²fvT�Yzd]j�o@�W�xme¤�j�f]T

d]X �xmlm�Xhke{erWml�xf]jlkn��jldUX(kntvY$�xX(��mlj¥¨�YC{�f]TW�n��fvT�Y	dgjlon���xm�¤�j¥fvT�iWj�o(X(ke{er�mq�#f]jlkn�� !�kxfvY|f]TW�xf��®rWtgfvT�Y*t
�*knX(��tvYCdvdgjlkn� kn�´f]TWY|dgf]tvkn��ohdgjlon���xmqd 
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¤�Y§�#�xtvj�Y5{ fvT�YEd]j�9CY§kx�|f]T�Yºdg�?kxf��n�W{ j¥f�d j��9fvY*�Wd]j¥fyb j��c�@Y*t�dgYCm�b ¤�j�f]T �*Y*mlmz{eYC�Wdgj�fyb �xf f]T�YEYC�*�*Y*�e¢
fvt]jq��j�fyb�kx�Kf]TWY�¨Wtvjl��o���YCm�mPª©dgk�f]TW�xfzf]TWY£tvYCd]r�m�f]jl��o�jlX(�nonY	T��nd�fvT�Y({ej�X(YC�Wdgjlkn�Ekx� �x�§jl�Wdgfv�n�@f��x��YCknrWd
d]��jl«cj���oE�®t]Y5p9r�Y*�W�*bnª3jl�W{eY*�?Y*��{eY*�9f kx��mlke�*�xmU��YCm�mU{eYC�Wdgj�fybn"SUT�Y�j�X �xo@YCd£dgT�k#¤�� T�Y*tvY��nt]Y�{�jld]��mq�²bcd
�WkntvX(�nm�j:9*Y5{(�#f¯Y5�n��T(�®t��xX(Ynª@�®knt¯�cjld]j�iWj�mlj¥fyb@K·���jlX �#f]Y5{ �cjl{�Y*k@d kx�©fvT�Yµd]j�X£r�mq�#f]jlkn��d �*�n��i?Y��®knrW�W{��#f
� �6� ��� ��� � � �,� ��� �3�:���2� �%� � �<��� �(��� �<�� ��M� ��.��� � �.� �6�� � ����� �������
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jlX �xo@Yn§SUT�Y��*Y*mlmld�¤¯YCt]Y�{W�xtv«@¢Þ�n{W�x�efvYC{©ª�X(YC�x�Wj���oE�9rWm�m�dgjlon�W�nmu�®k@t��xmlm¯�*Y*mlmld£i�Y*�®kntvY�jlX(�nonY k@�WdgY*fCª
�n�W{Ef]T�Y d]��j�«cjl��o±��tvkc�*YCdvd|¤��@dµ¤�j�f]TWknref$��k@jld]Yn(SUT�Y(¨Wt�dyf$d]��j�«@YCd$�n����Y5�xt$�#� fvY*t�8²��X dCª��x�W{���ke{eY
fvT�Yzmlr�X(jl�W�x�W�*Y|d]jlon�W�nm 
®�Wkxf���kn�9fvtv�@dyf �°ªni?YC�C�xrWd]Yzk@��mlb£fvT�Y #<��2� ��$d]j�o@�W�xm?TW�@dubnY*f�{eYC�nYCm�k@��Y5{ j���f]T�Y
\µs'�u�SUTWY�i�tvj�o@T9f]Y*t�f]T�Y 9*kn�WYnª�fvT�Y	�Ï�@dyfvY*tzf]T�Yh�xtvt]jl�#�xm©kx�KfvT�Y	¨�tvdgfµd]��j�«@Yn�[Þ�±fvT�jldµY�¸e�?Y*tvj�YC�W��Y@ª��nm�m
�*Y*mlmld$¨Wt]Y(fvT�Y*jlt	¨�tvdgf�dg�Wj�«@Y i�Y*�®kntvY��x�cbº�*Y*mlmK¨WtvYCd$j�fvd£dgY5��kn��{©ª/tvYCd]r�m�f]jl��o±j��"fvT�Y�r��Wj¥�®k@t]X ¨WY*mq{º�®knt
d]��jl«nYhdgr�X(X �#fvj�k@�E�#f	�n��X d*$SUT�jqd�dgbc�W��T�tvkn�WknrWd�¨Wtvdgfµ¤U�²�nY�jld����*kn�Wd]YCp9r�YC�W��Y£kx� k@r�t�dgjlX(��m�j�¨WY5{
d]jlX�r�mq�#fvj�k@� 
®�Wk���k@jld]Yhj��"dg�Wj�«@Y£o@Y*��YCtv�xf]jlkn�´ª©�cr�mlm3j���j�f]jq�xmu�*kn�W{�j¥fvj�k@�E�®k@t��nm�mK�*Y*mlmld��°h¹§kntvY£tvYC�nm�jqdgf]jq�
jl��j�f]jq�xm��*kn�W{�j¥fvj�k@�WdUj���f]TWY$Y�¸e��YCt]jlX(Y*�9f�¤�knr�mq{�mlYC�@{�fvk��({eYCdgf]tvrW�°fvj�k@��kn��fvT�jldzdgbc�W��T�tvkn�cb@
Z�b ��k@�@fvtv�@dyf5ªnjl�(f]T�Y|dgY5��k@�W{(¤��²�@Y�kx��d]��jl«nYCd 
 fvj�X(Y !28�X d���ªnfvT�Yµ�*Y*mlmld�d]j¥fvrW�#fvYC{ k@� j�X �xo@Y�YC{�onYCd


Ï¤�T�Y*tvY�� � � ��� � ���¡d]jlon�W�nm¯jqdht]YCml�xf]jl�nY*mlb�¤¯Y5�x«��$¨�t]Y��¦mlj¥f]f]mlY�Y5�xtvm�jlY*t5ªud]T�k#¤�j��Wo§f]TW�xf£fvT�Y � � � ��� � � �
T��ndz�nm�tvYC�@{eb±dyf��xt]f]YC{�fvk�jl���Wr�YC�W��Y£f]TWY£��YCm�mqdµkn�¦r��Wj¥�®k@t]X 9*k@��YCdC Lzk#¤¯YC�nYCtCªWf]T�jqd�fvj�X(Y(�n{e�#�n�W��Y	kn�
Y5{eonY5d�j���f]T�Y$d]YC��k@�W{�¤U�²�nYµkx�3dg��jl«nY5d jqdU�nYCt]b d]m�jlonT9f��x�W{�{eYC��YC�W{�d��£m�knf�k@��fvT�Y�j���j�f]jq�xm©�*kn�W{ej�f]jlkn��d*
[¬fµfv�n«nYCdµX(kntvY�d]��j�«@YCdz�®kntzf]T�Y(dgjlon���xm´fvk��®rWm�mlb§{eY*�@Y*mlkn�´ª?j���{eY*�?Y*�W{�Y*�9f]mlb§kx� jl��j�f]jq�xm3��k@�W{ej�f]jlkn�WdC|·�f
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 �� �<� #<�.� � � ��ª´�®tvknX � 85������n�W{�kx���±X(ke{eYCm�Y5{

 � � ��� � #<� � � � � ��o@�n��onmljlkn�W�nt��*Y*mlm©f]k {etvj¥� fvj��Wo ont��#f]jl��o9d¯¤�j�f]T§{ej�¶�Y*tvY*�9fzdg���#f]jq�xm?�®tvYCp9r�YC�W��jlYCdC

��jlonr�tvY�8²�e³ `9f��#fvjl�|��k@Xh�Wt]Y5d]d]j�k@�(�®r��W��f]jlkn��m�jl��«cj��Wo£i�jl�?knmq�xt�m�jl��YC�nt��n�Wd]¤¯YCt fvk£Y*¸e�*j¥f��#fvkntvbhd]bc�W�x�efvjl�
�*r�tvt]YC�@fUjl��fvT�Y$o@�n��onmljlkn�W�nt��*Y*mlm7ªe�®k@tUf]T�Y	{�t]j�� f]jl��o(ont��#fvj���o(Y*¸c�?Y*tvjlY*�W�*Yn

��jlonr�tvY 8C�W³%S/t]jq�xm�¢¬�²�@Y*t��xo@YC{�¨Wtvj��Wo�t��#fvYCd�kn�U��tvYC�xm 
 �� �<� #<�.� � � ��ª´�®tvknX � 85������n�W{�kx���±X(ke{eYCm�Y5{

 � � ��� � #<� � � � � �¯o@�n��onmlj�k@�W�xt�\|�3� ��YCm�m�fvkhf]T�Y$tvY*�@Y*t�d]�nmWkx�3�(dyf��#f]jq�|ont��#fvj���o�ªc¤�j¥fvT�{ej�¶�Y*tvY*�9fzdg���#f]jq�xm
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\µt]jlonjl�W�xm�jlX �xonY 85��X d �x�hX d

85�£X d �@�	X d 8C�n�£X d

8C�hX d !28µX d �x�n�£X d
��jlonr�tvY�8#�c³ ~�YCd]�?kn�Wd]Y f]k��¦dgfv�#fvjl��j�X �nonYn������������ #�/ 6:,
	 RM = �� � 4&/ ��	�� +�� +�� 7�687 � , / # 6���7�� %�� 70+�
R0 = � � 4�/ ��� d2

0
=
� 	���� (079*"* ,��-4&/ ��� σC = 1.5 4&/ � +�# � σS = 4.5 4&/ ��	�� %�� +�* * (07�* * ,�� (αC + 1)τC = 30 � ,��

(αS + 1)τS = 60 � ,�� w = 0.9 	! #"�#&+ 4&6:/"( #&%�#�'8* / #&70+�� /"6�"%$ +�, 4 � � 7�� 70(�6:/ & (0+�6:/"%�##	
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fvj�X(Y 85�n�µX(dCª#fvT�Y-#<��M� ��z��k@X(��k@��Y*�9fKjldKdgf]jlmlm���tvYC{ek@Xhjl�W�xf]jl��oWª#tvYCd]r�m�f]jl��o�j�� �|t]Y5��k@�Wdyfvt]r��°f]Y5{�d]j�o@�W�xm
�*m�k9dgYhfvk§kntvj�o@j��W�nmKj�X �nonYn�\µ�WY TW�nd�fvk§¤��nj¥f	�nt]k@r��W{"�x�n��X d��®k@t$f]T�Y Y5p9r�j�mljli�t]jlr�X t]YConjlXhY(fvk§i�Y
tvYC�@��T�YC{´ªxj��(¤�T�jq��Thf]T�Y�� � � � � � ����TW�@d3f]knfv�xmlmlb£�*�nr�onT9fKr�� ¤�j�f]T #<��M� ��°3SUT�Y*�´ª@f]TWY�t]Y*f]jl�W��t]Y5�n��fvd�f]k
�£X(j¥¸cfvr�t]Y�kn��d]�W�#fvjl�nm©m�k#¤U¢¬�W�ndvd��x�W{�iW�x��{c¢P���ndvd ��tvkn�?Y*t]f]jlYCdCªe{er�Y�fvkhk@r�t���T�knjq��Y|kx��t]YCml�xf]jl�nY|¤¯YCj�o@T9f
w = 0.9

ESUT�jqd£��TWknjq��Y�tvYCd]r�m�fvd	jl� �E��t]Y5{eknX(jl�W�x����Y�kn�UY5{eonY5d*ª3i�r�fh¤�j�f]T mlk#¤ ¨Wtvj��Wo¦j�� r���j��®kntvX
9Ckn��Y5d��ndU¤�Y*mlm7KSUT�Y��®k#�@YC�xf]jlkn��kn�/fvT�Y$tvY�f]jl�W�hmlYC�n{Wd�f]k(m�Y5d]dU�Wt]Y5��jqdgY$��k@�9f]knrWtvd¯�Ï�xtU�®tvknX f]T�Y	�*Y*�9f]YCtCª
d]Y*YC���®k@t�Y�¸��xX(��mlY�j���fvT�Y$tv�n��jq{��Ï�@{ej��Wohkn�/fvT�Y$mlj���Y5dUkn��f]TWY|iWr�j�mq{ejl��oW

L�YCt]X �n����o@t]jq{ `e�*j��9fvj�mlml�xf]jl��o ontvjq{ Ã¯r�t]�@YC{ L�YCt]X �x�W��o@t]jq{
��jlonr�tvY 8C�W³±S/¤�kµo@t]jq{£dgf]jlX�rWm�j�jl�W{er���jl��o$����YCtv�*Y*�efvrW�xmejlm�mlrWd]j�k@�´ªn�n�W{(�|�*knr��9fvY*t]¢PY*¸e�nX(��m�Y L�YCt]X �x�W�
o@t]jq{ 
PÃ ��¤�T�YCt]Y|f]TWY$��YCtv�*Y*�efvrW�xm©jlm�mlrWd]j�k@��jqd��ni�k@m�jqdgTWYC{©

/ �:@ � 0 ��¼ ��� À )�� ¼ � À ��� '7Á/�
sK�ntgfvjl�*r�ml�nt¯�cjqdgr��xm�j�mlmlrWdgjlkn��d��x���?YC�nt�¤�TWY*��X(k#�cjl��o£YCbnY5d¯k@��tvY*o@r�mq�xt o@t]jq{�dC 2ºY|f]Y5dyfvYC{�f]T�Y$�n�Wdg¤�Y*t
kn���n�"�nt]t��²b±kx��t]Y*f]jl�W�xmu�*Y*mlmld�fvk�fy¤¯k±ontvjq{ºdgf]jlX�r�mljP�SUT�Yh¨Wtvdgf$jld$f]T�Y mlkn��on¢P«c��k#¤��,L�Y*tvX �x���"o@t]jq{

7��j�o@r�t]Y�85� 
7· �)��ª�jl��¤�TWjl��T�i�mq�n��«�d]��knfvd��x�W��Y5�xt��#f�jl�@fvY*t�dgY5�°fvj�k@�Wd�kx��fvT�Y$ontvjq{©KSUT�Y$dgY5��kn��{�jqd�f]T�Y
dv��jl�9f]jlm�mq�#fvj��Wo�ontvjq{ 
Ï��jlonr�tvY�85��
ÏZ �)� ¨Wt�dgf¯��tvkn�?k@d]YC{ icb � �
!�¬ªe¤�T�jq��T�jldU� L�Y*tvX �x����ontvjl{ ¤�j�f]T�i�tvj�o@T9f
�*j�t���mlYCd�mlke�*�#fvYC{±�#f�YC�nY*tvb jl�@fvY*t�dgY5�°fvj�k@��fvTW�#fz�n����Y5�xt�f]k���jl��«@Y*tU¤�T�Y*�±X(k#�cj��Wo£YCbnYCdUk@��fvT�Y$ontvjq{©
SUT�Y$k@t]jlonjl��kn��fvT�YCd]Y$Y�¶�YC��fvdUTW�@dUm�k@��o(i�YCY*��f]T�k@r�onT9fUf]k i?Y�t]Y*f]jl�W�xm©��tvke��Y5d]d]j��WoWªedgjl�W�*Yµ¨�m¥fvY*tvj���o

icb�>$\ N ¨Wm¥fvY*t�d3kx���x����tvkn�Wt]jq�#fvY�dv�*�nm�Y5dKp@r��xmlj¥f��#f]jl�nYCm�b$tvY*�Wt]ke{erW�*YCd/f]TWY�kniWd]Y*tv�nY5{	i�mq�n��«�d]�?kxfvdK�xfKf]T�Y
�*Y*�9f]YCtzkn��fvT�Y�jl�9f]YCtvd]YC��f]jlkn�WdC�SUT�jqdzd]j�X(��mlY��cjlY*¤ TW�ndzt]Y5��YC�@fvm�b�i?Y*Y*�º��TW�xmlm�YC��onY5{�i9b � 8C��¬ª�f]T�tvknr�o@T
�±�WY*¤ dyfvj�X£r�m�r�d���k@�Wd]jldgf]jl��o±kx��� L�YCt]X �n���"ontvjl{�¤�j�f]T ��rWt]�@YC{ºiW�xt�d 
Ï��jlonr�tvY 8C� 
¬Ã �)�°�[¬�Ut]Y*f]jl�W�xm
�Wt]ke��Y5d]d]jl��o(¤��@d�dgk@m�YCm�b�t]Y5dg�?kn�Wd]jli�m�Y��®k@tzd]Y*Y*jl��o(fvT�Y	i�mq�n��«�dg�?kxf�d*ª�iWml�@��«�d]��knfvd�¤�knrWml{±�xmqd]khi?Y�d]Y*YC�
�xf jl�@fvY*t�dgY5�°fvj�k@�hkn��f]T�jqd o@t]jq{©3SUT�Y*b(�xtvY���knf¯kni�dgYCt]�@YC{©ªxX(Y5�x��jl��o$fvTW�#fufvT�Yµdgf]t��xjlonT9fumlj��WYCd �nmld]k$TW�²�@Y
fvT�Y*jlt�jlXh�?knt]fv�n�W��Y�jl�±Y�¸e��mq�xjl��j��Wo�fvT�Y�L�YCt]X �x�W��o@t]jq{�Y*¶?Y5�°f5 L�k#¤�Y*�nYCtCªcj�f�jld��?k@dvd]j�i�mlY|f]TW�xf�t]Y*f]jl�W�xm
�Wt]ke��Y5d]d]jl��o���mq�²b��£t]k@m�Y|j���f]TWY|jlmlm�rWd]jlkn�´ª��nm¥fvT�knr�o@T�d]Y*YCj���o£f]TWY|jlmlm�rWd]jlkn��kntU��kxf�{eYC��YC�W{�d�k@��T�jlonT�YCtg¢
mlY*�@Y*m�j��9fvY*tv��t]Y*fv�xf]jlkn�§kx�KfvT�Yht]Y*f]jl�W�xm3dgjlon���xmP 2�Y£�@Y*tvj¥¨�YC{�f]T��#fCª��®k@t|�n����tvkn��tvjq�#f]Y$���xt��xX(Y�fvY*t�d*ª�f]T�Y
Y*¶?Y5�°fUp@r��xmlj¥f��#f]jl�nYCm�bhkni�dgYCt]�@YC{hj���f]T�Y L�YCt]X �x�W��ontvjl{ �n�W{ dv��jl�@fvj�mlmq�#f]jl��o£ontvjl{(jqd tvY*�Wt]ke{erW�*YC{(icbhf]T�Y
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LzY*tvX �x����ontvjl{´ª
w �

8 LzY*tvX �x����ontvjl{´ª
w �
�� F

`e�*j��9fvj�mlml�xf]jl��o(ontvjl{´ª
w �

8 `e�*j��9fvj�mlml�xf]jl��o(ontvjl{´ª
w �
�� F

��jlonr�tvY�8(F�³"~�YCd]��k@�Wd]Yzkx�©fvT�Yµ�nt]t��²b�kn����YCm�mqd*ª !n�@�$X d¯�x� f]YCt¯jlX �xonYzkn�Wd]Y�f5ª@fvk$f]TWYzfy¤�k	ontvjq{�dyfvj�X£r�mlj7
��Y�� f£�*knmlr�X(� dyfvj�X£r�mlj ¤�Y*tvY X(�@{eY �®k@t	f]knfv�nm�mlb¦fvtv�n�WdgjlY*�9f	¨�m¥fvY*t�d 


w = 1
��¤�TWY*tvYC�nd	t]jlonT9f���k@m�rWXh�

dgf]jlX�rWm�j´¤�Y*tvY|X(�@{eY��®knt����xt]f]jq�xmlm�b(fvtv�n�WdgjlY*�9fU¨Wm�f]YCtvd�

w = 0.9
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��jlonr�tvY�8�F�t]YC��t]Y5dgYC�9fvdUfvT�Y£�n�Wdg¤�Y*t�d�kn�K�n�¦�xtvtv�²b�kx�¯\�!�o9�x��o@m�jlkn���xt���YCm�mqd�fvk���LzY*tvX(�n���¦o@t]jq{
�n�W{��hdv��jl�@fvj�mlmq�#f]jl��ohontvjl{´ª9¤�j�f]T�f]TWY�d]jlXhjlmq�xt�t]Y5��kn��dyfvt]rW��f]jlkn���Wt]ke��Y5d]dU�@d jl���Wt]Y5��YC{�j���ohY�¸e�?Y*tvj�YC�W��Y5d*ª
!@�n�$X dU�#� fvY*t�j�X �nonYzk@�Wd]Y�fC3[¬f�p9rW�xmlj¥f��#fvj��@Y*mlbhtvY*�Wt]ke{erW�*YCduf]T�Y|��YCtv�*Y*jl�nY5{ j�mlmlrWdgjlkn��ª9¤�j�f]T�mlYCdvd¯d]��jl«nYCd
�xfµjl�9f]Y*t�d]YC�°fvj�k@�WdC�sK�xt��xX(Y�fvY*t�d�¤¯YCt]Y	¨�fgfvYC{Ed]k��@d��®k@tzfvT�Y£d]�W�#fvjl�nm�dv�*�nm�Y5d

σC
�x�W{

σS
f]k��xr�o@XhYC�9f

�(mlkxf��®tvknX-��YC�@fvY*t�fvk ��YCt]jl��T�YCt]b�kx��f]T�Y�j�X �xo@YnªWd]k �ndUfvk�{ejqdg��mq�²b�k@��f]T�Y5dgY	d]bc�@fvT�Y�fvjl�	Y�¸e��YCt]jlY*����YCd
�nm�m/��k9d]d]jli�m�Yh�x�Wd]¤�Y*t�d�kx�KfvT�Y�mlj��WYC�xtz¨Wm�f]Y*t5ª©�n�C��knt�{ejl��o(f]k�j¥f�dµdv�*�nm�Y@zSUT�Y£t]YCml�xf]jl�nY	¤�Y*jlonT9fzi?Y�fy¤�Y*YC�
#<��2� ��(�x��{ � � � ��� � � ��¤��@d�¨�¸eYC{´ª�¤�T�Y*f]T�YCt|�xf 8@ª�¤�T�Y*f]T�YCt|�xfµ�� F�µ��knt

w = 1
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¤�Y�TW�²�nY|mlj�X(j�f]YC{�knrWtvd]Y*ml�nY5d fvk(m�jl��YC�nt���kn�c�@knmlref]jlkn�Wd�dgfv�xt]f]jl��oh�®tvknX fvT�Y$dg��jl«nY|fvtv�nj��´ª��n�W{�f]k(�cjld]rW�xm
�n����tvYC�*jl�xf]jlkn��kn�/knrWt�tvYCd]r�m�fvdCªe¤�T�jq��T�TW�@d�rWdUm�k9dgYµf]TWY|jl�9f]YCt]Y5dyf�kx����tvYC��jqd]Y*mlb Xhke{eYCm�jl��o(dg�Wj�«@Yµfvj�X(Y5d*
~�YCd]YC�xt���T¡jqd£�*r�t]tvY*�9fvm�b¡{eYC�nY*mlkn�?YC{ j�� knr�t£ml�ni f]kºrWd]Y�fvT�Y��Wt]Y5��jqdgY�d]��jl«nY�f]jlXhY5dhY*X(j¥f]f]Y5{ icb¡knr�t
X(ke{eYCm¯tvY�fvj��W�§�®knt�X(knf]jlkn� d]Y*o@XhYC�9fv�#fvj�k@�´º\zf]TWY*th�²�nm�jq{��xf]jlkn�"f]kck@mld	�®knthml�nt]o@Y�¢Þd]�C�xmlY(d]jlX�r�mq�#fvj�k@�Wd*ª
i��nd]YC{�kn��f]T�Y$��tvYC�*jld]Y|f]jlX(YCd�kn��d]��j�«@YCdCª�dgTWknr�mq{�i?Y�f]TWknr�o@T@f�kn�y
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·µd¯��ml�@dyfUdgY5�°fvj�k@� f]k�f]T�jqd tvY*�?knt]fCª9¤�Yz��tvYCd]Y*�9f¯�?k@dvd]j�i�mlY��®r�f]r�tvYµ{eYC�nYCm�k@��X(Y*�9fvd¯�#f�f]T�jqd �?knjl�9f�kn�´knr�t
¤�kntv«�

� ��� ����� � � � � � ��� � � � � � � �  � � �  � � 	�� � � � �� � �
SUTWY�Ã¯[y��Xhke{eYCmn��tvYCd]Y*�9fvYC{$�nd´f]T�Y �®tv�nX(Y*¤�kntv«�f]k�k@r�t/�C�xmq��r�mq�#fvj�k@�Wd 
P`cYC��f]jlkn��!W�81�´jld��nYCt]b|�#fgfvtv�@�°fvj��@Y
jl�±f]T��#fµj�fvdµjl��T�Y*tvY*�9fz�Wkn�e¢¬m�jl��Y5�xtvj¥fvj�Y5d���k@r�ml{±Y*¸e��ml�nj��§�Wkn�e¢¬m�jl��Y5�xt�Y*¶?Y5�°fvdµY�¸e�?Y*tvj�X(YC�@f��xmlm�b�kni�dgYCt]�@YC{
jl�£f]T�Y�tvY�fvj��W�W�[Þ� `cYC��f]jlkn��!�:8n !z¤�Y�dgYC�W�xt��#fvYC{	fy¤¯k|��kn��¢Pmlj��WYC�xt3Y*¶?Y5�°fvd3jl��T�YCt]YC�9f�fvk|f]T�YzÃ¯[y�¦X(ke{eYCm7
Z�knf]T�¨W�W{�YC��T�kcY5dUj��±��r�iWm�jqdgTWYC{�t]Y5dgrWm¥f�d��xi?knref���k@�e¢Pmljl��YC�nt�Y*¶?Y5�°f�d�j���fvT�Y$t]Y*f]jl�W��

� �e� ½ '6)5C ��' � ¼ � À )��*�5�G)��C� � SUT�Y Ã¯[y� �®k@t]X �nm�jqdgX mlYC�@{�d�fvk��x�Ej��Wdgfv�n�9fv�x�WY*knr�d�¨Wm�f]YCt]jl��o�«@Y*tv��Y*m
�xf£fvj�X(Y

t
ª
ξ → Kt(ξ)

ª f]TW�xf�{eY*�?Y*�W{Wd£k@� fvT�Y±t]Y5��Y*�9fh�²�nm�rWYCdhkx��fvT�Y�f]knfv�xmUjl����ref��*kn�W{er��°fv�n�W��Y
fvk�f]T�Y ��YCm�m

g∞(t)
�·zd$��t]Y5dgrWm¥f5ª´¤�T�Y*�ºf]TWY j����Wrefvd|fvk�fvT�Y���YCm�mqd$�xtvYhi�j�o�ª��xmlm3f]YCX(��k@tv�nmud]�C�xmlYCd|j��

fvT�Y(t]Y*f]jl�W��dgT�k@r�mq{Ei?Y dgT�k@tgfvY*��Y5{©�s t]Y5��jqdgYCm�b@ª�{eY*mq�²bed��®k@t$t]Y*f]jl�W�xm3tvYCd]��k@�Wd]YCd|TW�²�nY£i�YCY*�"kni�dgYCt]�@YC{
Y*¸e��YCt]jlX(Y*�9fv�nm�mlb�f]k	{eYC��YC�W{hkx��f]T�Y��*kn�9f]t��ndgf�jl�hf]T�Y�tvYC�*Y*�efvj��@Y ¨�Y*mq{£kn��fvT�Y���YCm�mPªn¤�j�f]T d]T�knt]f]YCt3{�Y*mq�²bcd
�®k@t�j�����tvYC�nd]jl��oh�*kn�9f]t��ndgf � �9��ªe�n� ´f]TW�xf�jldCªe�®k@t�i�j�o��n�Wd]¤¯YCtvd�kx��i�jl��k@ml�nt���Y*mlmqd*uSUT�jqd�Y*¶?Y5�°f�jqd�«c��k#¤��
�@d�# � �2��� � � � �$� ��� #<�.�M�6� �.�Ô 2�Y$i�YCm�jlY*�@YµfvTW�#fz�n��Y*¸e��ml�n�W�#fvj�k@��fvkhf]T�jqdUY�¶�YC��f�XhjlonT9fz�*knX(Y|�®t]k@X f]T�Y
{�b9���xX(jl�C�xmlm�b"�#�xtvbcj��Wo§f]jlX(Y��*kn�Wdgfv�n�@f�d�kn��¨Wm�f]Y*tvjl��oEjl�W{erW�*YC{ i9b �*kn�W{�rW�°f��x�W�*YCd	jl� �WY*r�tvkn�WdCªu�x��{
X(ke{eYCm�Y5{�fvT�t]k@r�onT�knrWtµÃ¯[y�¡�®kntvX �xmljld]X±

� '! J'7��'  ¼ ) À � � � )*' 0@�e��' À ) � SUT�Y�d]YC�*kn�W{ ��kn��¢Pmlj��WYC�xtvj�fyb�kn�zknrWt Ã¯[y� �®k@t]X �nm�jqdgX jqd*ª¯j��N�¦�Wkn�e¢
d]��jl«cj���o(��YCr�tvkn�´ªcfvT�Y	d]�C�xmlj��Wo£kn�/fvT�Y$m�jl��Y5�xt��x��dg¤�Y*tUkx�/f]T�Y	�*Y*mlm´icb�j�fvdUfvkxfv�nm´��k@�W{erW��fv�x����Yn³

E∞(t) =
Gexc(t) Eexc + Ginh(t) Einh + I(t)

Gexc(t) + Ginh(t) + gL
.


Ï�
!$�

·�f|f]TWYhmlY*�@Y*m3kx�¯i�j��?knmq�xt$�*Y*mlmldCª�f]T�jqd�¤�knr�mq{§fvtv�n�Wdgmq�#fvY�jl�9f]k±��{ejl�cjld]jl�nYhY�¶�YC�°f$i?Y�fy¤�Y*YC� #<��M� ����x��{
� � � ��� � ���(d]j�o@�W�xmqdC�·z�W{ jl�W{eY*Y5{©ªe{ejl�9jqd]j��@YzY�¶�YC��fvd¯i�Y*fy¤¯YCY*��{�j¥¶�Y*tvY*�9f¯mljl��YC�nt ¨Wm�f]YCtvd¯TW�²�@Y�i�YCY*��r�dgY5{
jl�EtvYC�*Y*�9f�t]Y*f]jl�W�xm�X(kc{�Y*mqd � � ¬ª�f]k�Y�¸e��mq�xjl�¦��k@�e¢¬m�jl��YC�nt]j�f]jlYCdµkni�dgYCt]�@YC{§jl�EtvY�fvj��W�nm3��t]ke�*YCdvdgjl��oW L�YCt]Y
�nmld]kWª9¤�Yzi?Y*mlj�YC�nY�fvTW�#f��hÃ¯[y���®k@t]X �nm�jqdgX ��k@r�mq{���tvk#�cjl{eYµdgrW��T�Y*X(��jlt]jq�*�nm�X(ke{eY*mqd¯¤�j¥fvT���i�j�k@m�k@onjq�*�nm
i��nd]jldC

� ) ¿ & '7� & )Ï� ½�¼ �#��Á À´¼ �$� À )/Á��/�n�C�G)�� ¼@¾ ����� ¼ Á % À )��*�#���C� ���G'*) % À )��*� À )K� ��� ¼ �e��� 2�Yzi?Y�¢
mljlY*�nY�f]TW�xfU�*kn�W{er��°fv�n�W��Y*¢Pi��nd]YC{hY�¶�YC��fvd��*�x���n�*�*knr��9fu�®k@t�d]knX(Y�k@iWd]Y*tv�nYC{h��k@�e¢¬m�jl��YC�nt]j�f]jlYCd j���t]Y*f]jl�W�xm
�Wt]ke��Y5d]d]jl��oW L�k#¤�Y*�@Y*t5ª�j�f£jqd	��knf�bnY*f£��mlYC�nt$f]kºrWd	¤�T�jq��T¡mq�²bnY*t�d�kx��tvY�fvj��W�nm ��tvke��Y5d]d]j��Wo¦�xtvY Xhk9dyf
�*kn�W�*Y*tv��YC{�¤�j¥fvT�f]T�jqd�Y�¶�YC��fC
· �W�xf]r�t��xm´�C�x�W{�jl{��xf]Y$jl��f]T�Y$��tvYCd]Y*�9f�dgfv�#fvY�kx��f]T�Y$X(ke{eY*m�¤¯k@r�ml{�i?Y	i�jl��k@ml�nt���Y*mlmqd*ª�d]j�����Y�f]TWY*b

�nt]Y�f]T�Y±��YCm�mqd�f]TW�xfh¨�tvdgf£X �x«@Y��ºiW�xmq�x����Y�i?Y�fy¤�Y*YC� #<��M� ��¦�x��{4� � � ��� � � �"dgjlon���xmqd*ªu�@d�k@����k9dgj�f]Y
�*kn�W{�rW�°f��x�W�*Y�k@��YC��jl��o@d

Gexc(t)
�x��{

Ginh(t)

Ïknt(j��c�@Y*t�dgYCm�b"�®k@t��x� \|����i�jl��k@ml�nt(�*Y*mlm �� L�k#¤U¢

YC�nYCtCªe�x�W��m�bcjl��o£f]T�Y${ejl�cjld]j��@Yµ�WkntvX(�nm�j:9C�xf]jlkn��jl�W{er���YC{�icb 
®�O! �U�#f�f]TWY|mlY*�@Y*m©kn��i�jl��k@ml�nt���Y*mlmqd¯t��#fvT�Y*t
d]r�o@onYCdgfvdz�x�¦Y*¶?Y5�°fµkn�uj��c�#�xtvjq�x�W�*Y�f]k�mlr�X(jl��k@d]j¥fyb@ª��Wkxfzfvk���k@�9f]t��ndgfC�[Þ�W{�Y*YC{´ª�j��um�rWXhjl�W�n�W��YhdgT�k@r�mq{
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i?YhX�r�m�f]jl��mlj�Y5{¦icb�fy¤¯k�ª�j�f|¤�knrWml{¦�C�xrWd]Y
Gexc(t)


Ïdv�²bnª�f]T�Y #<��M� �� dgjlon���xm����x��{
Ginh(t)


7d]�²b@ª?f]T�Y
� � � ��� � ���"d]j�o@�W�xm���fvkEi?kxfvT i?Y�X�rWm¥fvj���mljlYC{ icb�fy¤�kº�nd£¤�Y*mlm7�Z¯r�fhj�fh¤�knrWml{ �nmld]k¦X �x«@Y��¦iWj�o@onY*t
{�j��cjqdgjl�nY|f]YCt]X

Gexc(t) + Ginh(t) + gL ª�mlYC�@{ej��Wo(f]k��x�±r���{eY*t]¢Pmljl��YC�nt�{eY*�?Y*�W{�Y*�W�*Y$kx� E∞(t)
¤�j�f]T

fvT�Y d]�*Y*��Y(mlr�X(j����x�W�*Yn SUT�jqd�j��W�*t]Y5�nd]YC{Ej��c�#�xtvjl�n�W��Y£f]k§mlr�X(jl�W�x�W�*Ynª��@�°fvj���o��®k@t � d]X(�nm�m��©�#�xtvjl�xf]jlkn�Wd
kn�´m�rWXhjl�W�n�W��Y�
Ïdv�²bnª9j���m�Y5d]d f]T��x���	�Ï�n�°fvknt¯f]YC� �u¤�knrWml{ i?Y���knX(��mlY*X(YC�@f��xtvb�fvk	fvT�Y � i�jlo �9j��c�#�xtvjq�x�W�*Y
fvk(m�r�X(jl�W�x����Y���tvk#�9jq{eY5{�icb��n{W�x�ef��#f]jlkn��j��±��TWkxf]k@t]Y5��YC�ef]k@tvd 
®t��#fvT�Y*t�d]Y*�Wd]j�iWm�Y|f]khfvT�Y$m�k@o@�nt]j�f]T�X kn�
fvT�Y$mlr�X(j��W�n�W��Y@ª��ndUY*¸c�Wml�nj���Y5{�jl�¦`cYC��f]jlkn�±�W:8n:8,�°
~��xf]T�YCtCª@¨Wm�f]YCt]jl��o�jl� fvT�Y�\µs �Et]Y5dgrWm¥f�dujl���	tvY*��tvYCd]Y*�9f��#f]jlkn�(kn�©�*kn�9f]t��ndgf¯�xfuf]T�Y|mlY*�nYCmWkn�´i�j��?knmq�xt

�*Y*mlmld|d]kWª�m�k@onjq�*�nm�mlbnª ��� ���.� �%� � #<hfvk��*kn�9f]t��ndgfµd]T�knr�mq{¦t��#fvT�Y*tµi�Y(mlke�*�#fvYC{§jl�¦fvT�Yh[Þs �u´SUT�jqdµ�9jlY*¤�jld
�*kn�Wd]jqdyfvY*�9fK¤�j¥fvT(f]T�Y�¨��W{ejl��o@dKkn� � !n��Wf]T��#f mlr�X(j����x�W�*Y�o@�xjl�(��kn�9fvt]k@m��x�W{ �*kn�9f]t��ndgf�o9�xjl� ��kn�9fvt]k@m��xtvY
�*knX(��ref��#fvj�k@�W�xm�Y�¶�YC�°f�d¯dgfv�xf]jqdyfvjl�C�xmlm�b(jl�W{eYC��YC�W{eY*�9f�j����9jqd]rW�xm���t]ke�*YCdvdgjl��oW�L�k#¤�Y*�@Y*t5ªnYCp9rW�xf]jlkn� 
Ï�
!$�
Y*¸e��ml�nj���d�{ejl�cjld]j��@Y¯dv�*�nm�jl��o�jl�E� �.� � ��� ���.��� �-#<���� � kn��mlb 
Ïd]Y*YU`cYC��f]jlkn� !W�8@ � �/d]kWª²j���f]T�Y¯��tvYCd]Y*�9f�dgfv�xf]Y kn�
k@r�tUX(kc{�Y*mPª���kn�9fvtv�@dyf�o@�xjl���*kn�9f]tvknm©�C�x����knf�i?Y�Y�¸e��mq�xjl��YC{�f]TWt]k@r�onT�f]T�Y$dv�xX(Y|{�j��cjqdgjl�nY�X(YC��TW�n��jqdgX
�@d$fvTW�#fh��t]k@��k9dgY5{º�®knt�iWj��?knmq�xth��Y*mlmqd*ª�f]T��#f£¤�knrWml{"i?Y��n����mlj�Y5{"f]kºo@�x�Wonmlj�k@�W�xt	�*Y*mlmldC¦~��#fvT�Y*t5ª3¤¯Y
i?Y*mljlY*�nY�fvTW�#f|��kn��{erW�°f��x�W�*Y�¢¬j���{erW��Y5{���kntvX �xmlj�95�#f]jlkn��dUj��±fvT�Y�[Þs � ��knrWml{�i?Y�dyfvt]k@��o��#fzf]T�Y	mlY*�@Y*m´kn�

Ï��kn��¢¬d]��jl«9jl��o!�U�xX �n�*t]jl��Y$��YCm�mqd*ªW�W�xt]f]jq��r�mq�xtvmlb f]T�tvknrWonT�f]T�YCj�tzt]Y5��jl��t]ke�C�xm©jl��T�jli�j¥fvkntvb��*kn�W{er��°fv�n�W��Y5d*
·zX �n��tvjl��Yµ�*Y*mlmld¯TW�²�nYzm�k@��o	i?Y*Y*��f]T�k@r�onT9f¯f]k�i?Y|kn��Yµkx�©f]TWYµX �xjl��d]knr�t���Y5dukn����kn�9fvtv�@dyf¯�@{��x��fv�#fvj�k@�
jl��f]T�Y$tvY�fvj�����

� � � � � ��� � ��	���� � � �	���� � � � � ��� ���	 ��	  �
\µrWt�i?Y*mlj�Y*�ef]TW�xf�d]knX(Y �xX �@��tvj���Y¯��Y*mlmqd´X(j�o@T9f/i?Y jl�9�@knml�nY5{µjl�hÃ¯k@�@fvtv�@dyf N��xjl�£Ã¯kn�9f]tvknmnf]TW�n��«ed©f]kzf]T�Y
�*kn�W{�rW�°f��x�W�*Y�¢¬iW�nd]YC{h�W�xf]r�tvYzkn�©f]T�YCj�tUdgbc�W�n�Wd]YCdCªnjqd¯�	¨Wtvdgf¯�WYC��Y5d]d]j�fyb��®k@t¯k@r�tu�®refvr�tvYz¤�kntv«�fvk�X(ke{eY*m
d]knX(Y��*ml�@d]d]YCd	kx�z�xX �@��tvj���Y��*Y*mlmldCESUT�jqd�fyb9�?Y�kn��j�X(��tvk#�nYCXhYC�9f£��k@�Wdgjqdgfvd$jl� �¦tvY�¨���Y*X(Y*�9f�kn��f]T�Y
�Wt]Y5dgYC�@f���kn�W��YC��f]jl�9j�fyb�j��£knr�t/X(kc{�Y*mP3`cjlX(j�mq�xt�tvY�¨W��YCX(Y*�9fvd/��knrWml{�m�Y5�n{|f]kµfy¤�k�kxfvT�Y*t3{eY*�@Y*mlkn��X(YC�@f�d*

(�À Á ¼ )6'*)�C
α
¾ � ½ � ¼ C?�G)5C )*' À )��e�h� ¼ ) )7� � SUT�YµXhke{eYCmWo9�x��o@m�jlkn�W�nt ��YCm�mqdu�Wt]Y5dgYC�@fvYC{ jl� fvT�jld¯tvY*�?knt]f

�?k@dvd]YCdvd3f]T�Yµr��W{eYCt]mlbcj��Wo�dg���#f]jq�xm�m�jl��Y5�xtvj¥fybh��TW�xt��n��f]Y*tvjqdyfvjl��kx�´X �nXhX �nm�jq�x�
β
�*Y*mlmldCK`cknX(Yz�@{�{ej�f]jlkn�Wd

d]T�k@r�ml{¦i�Y(X �n{eY�f]k�X(kc{�Y*m
α
¢Pfybc��Yho@�n��onmljlkn�W�ntz��YCm�mqd*ª©Y@ o�$�*�#f � �*Y*mlmld|k@tµ��tvjlX(�xf]Y£s3�ntv�@dgk@m/�*Y*mlmld


P`cYC��f]jlkn�º�� � �°µ`cYC�nYCtv�nm´Y*X(��jlt]jq�*�nm�X(ke{eY*mqdµTW�²�nY$i?Y*YC�¦��tvkn�?k@d]YC{�f]k�Y�¸e��mq�xjl�±f]T�YCj�tµ¨Wm�f]Y*tvjl��o���tvkn�e¢
YCtgfvj�Y5d � �G8xª 8*��¬ª´iW�@dgY5{¦k@�¦f]TWY£¨��W{ejl��o@d|fvTW�#f�f]TWY*jlt|tvYC�*Y*�efvj��@Y�¨�Y*mq{º�nt]jqdgY5d��®tvknX ���?kcknmlj���o�kx�¯f]T�Y
tvYC��f]j�¨WYC{ºmlj���Y5�xt$�x��dg¤�Y*t�d|kx��d]r�i�rW��j¥f�d$jl�EfvT�Y*jlt$t]Y5��YC�ef]jl�nYh¨WYCml{�dC�L�k#¤�Y*�@Y*t5ª?rW�W��YCtgf��xjl�@fyb§�?Y*t�d]jldgfvd
�®k@t�f]TWY$i�j�k@m�k@onjq�*�nm©iW�nd]jld�kx��f]T�Y5dgY�d]r�i�rW��j¥f�d*�SUT�Y	X(k@dgf�jl�@fvr�j�f]jl�nY$�cj�YC¤$ªW�W�ntgfvm�b���k@�e¨WtvXhY5{�icb�f]T�Y
Y*¸e��YCt]jlX(Y*�9fv�nm´¨W�W{�j���o9d�kn� � 8H8,Pª?jqd�f]T��#fzfvT�YCd]Y	mlj��WYC�xt|dgrWi�r���j�fvd|�xtvY	i�jl��k@ml�ntz��YCm�mqdCµ`crW��T¦�n�¦�xt���T�j¥¢
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τdec


[Þ��f]TWjld��n����Y*¸�ªe¤�Y${eYC�nm©¤�j¥fvT§��kntvX �xmlj�9CYC{�{eYC�C�²b9jl��ohY�¸e�?kn��YC�@fvjl�nm�¨Wm�f]Y*t�dC³

Tτ (t) =
1

τ
exp

(
− t

τ

)
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Fτ1,τ2,...,τN
(t) = Tτ1

∗ Tτ2
∗ · · · ∗ TτN

(t),

®�c� �

¤�j�f]T§d]knX(Y�kx�/f]T�Y {τn}
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Fτ, τ, . . . , τ︸ ︷︷ ︸
k + 1

(t) = Tk,τ (t) =
tk

τk+1k!
exp

(
− t

τ

)
.
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kτ
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Y*¸e��k@��Y*�9f]jq�xmlmlb¦¤�j¥fvT ��f]jlXhY���kn��dyf��x�9f
τ

7��j�o@r�t]Y��G8 
ÏZ �)�� !�knf]Y(fvTW�#f 
Ï�@� �µ�®k@t

k = 0
onjl�nY5d|f]T�Y

¨�m¥fvY*t�jl� 
Ï�n�$��ª�X(YC�n��j��Wo
T0,τ = Tτ .
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Fτ1,τ2,...,τN
(t) =
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γn Tτn
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γn =
∏

p6=n

τn

τn − τp
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Tα,τ (t) =
tα

τα+1Γ(α + 1)
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− t

τ

)
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tα−1e−t k#�nY*t
R

+ ªU¤�T�Y*� α > 0
 LzY*tvY§�xo@�nj���ª ��knfv�#fvj�k@�Wd �xtvY±��knTWY*tvY*�9fC

[Þ��{eY*Y5{©ª©�®r��W��f]jlkn�
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τmax = ατ,
τdec = τ.
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α
jqdUdgX �nm�mlY*t
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.


P�#�/�

SUT�YC�´ª�{eYC�nY*mlkn�W��j��Wo	f]TWY��@�°fvrW�xm?f]t��x��dy�®YCt �®r����°f]jlkn�
F̃τ1,τ2,...,τN

(ξ)
kn� 
®�9� ���x�W{�j¥f�dU�x����tvk²¸ej�X �x¢

fvj�k@�
T̃α,τ (ξ)

ªWi?kxf]T§�xf�fvT�Y	d]YC��k@�W{�knt�{eY*tUjl�
ξ
ªW��t]k#�cjq{eYCdC³






F̃τ1,τ2,...,τN
(ξ) = 1 + j
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τn)2 +
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n

)
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(
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)
ξ2 + o(ξ2).


P�n� �

·µd��ht]Y5dgr�m�fCªejlX(��k9dgjl��ohf]T��#f
T̃α,τ (ξ)

i�Y�Y5p@r��xm�f]k
F̃τ1,τ2,...,τN

(ξ)
�nd��Ï�nt��#fUf]T�Y	d]YC�*kn�W{�knt�{eY*tUjl�

ξbcjlY*mq{�d�f]TWY	�x����tvk²¸ej�X �xf]jlkn���®k@t
α
�x��{

τ
f]TW�xf�¤��@dUY*X(��jlt]jq�*�nm�mlb���tvkn�?k@d]YC{�j�� 
P�n�cªÉ� ! ��

+h¼ �*��� � ��� À )J' � �e�(' À ) ¿ '®� & �G) '6)�� ¼ C ¼ �
α
��� YCt]��YCmld

Tα,τ
�®kntµ¤�T�jq��T

α ∈ N
TW�²�@Y�f]T�Yh��knXh¢

�Wrefv�xf]jlkn�W�nm��@{e�#�x�9fv�nonYzf]khi�Y�jlXh�Wm�YCXhYC�9fv�xiWm�Y|f]TWt]k@r�onT�t]Y5��r�t�dgjl�nY�¨Wm¥fvY*tvj��WoW L�YC�W��Y�¤�Y|�nmld]k�fvYCdgf]Y5{
�cjqdgr��xm�{ej¥¶�Y*tvY*����YCd¯i?Y�fy¤�Y*Y*��f]T�Y|i?YCdgfg¢P¨�fgfvj���o

Tα,τ
�nd�{eYCdv��tvjli�Y5{(f]T�tvknrWonT 
P�n�eªÉ� !$� �n�W{ j�fvd &yjl�9f]YConY*t

�nm��WTW��'|�n����tvk²¸ej�X �#fvj�k@���@d�{eY�¨W�WYC{�icb?³




αN = round(α)

τN = τ
1 + α

1 + αN

.


P�x�$�
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 � �
F

�Wr��W��f]jlkn�
round

tvY�fvr�tv�Wd�fvT�Y"��mlk@d]YCdgf�jl�@fvY*o@Y*t�f]k
α


τN

jld±dgf]jlm�m��x�cbNtvYC�xm|�cr�X�i?Y*t5ªziWref�j�f±jld
�C�xmq��r�mq�#fvYC{±d]k(�@dU�®knt

(αN, τN)
f]k��@Y*tvj¥�®b�kniWd]Y*tv�#�#f]jlkn� 
7�G81�°ª�knt�Y5p9r�j��#�nm�YC�@fvm�b@ªef]k(¨Wf�f]T�Y	¨Wtvdgfg¢¬knt�{eYCt

{�Y*�nYCm�k@��X(Y*�9fvdµkx����knrWt]jlY*tµf]t��x�Wdg�®kntvX d�jl� 
P�n� �£	SUT�jqd|��t]ke�*YC{er�tvY£dgf]jlmlm�bcjlY*mq{�d|�cjld]rW�xmlmlb±dv�#fvjldg�®bcj��Wo
«@Y*tv��Y*mqdCªc�@dUj�mlmlrWdyfvtv�xf]Y5{�jl�§�/jlonrWt]Y	�#�W

P5P Ê.Q2R S<T�S



�x� ����� ��� ������
	����� � �.��� �����<��������� �*���(������


Ï· �
(8, 102, 15) → (2.8, 11.5)


7Z �
(27, 35) → (0.9, 25.5)


PÃ �
(52, 42) → (0.49, 34.84)


*> �
(52, 41) → (0.50, 33.90)

��jlonr�tvY¡�#�W³��Wknr�t§�x�W��t]k²¸ejlX �#f]jlkn��d�kx�hY�¸e�?kn��YC�@fvjl�nm$�*�ndv�*�@{eYCd�icb
Tα,τ

«nYCt]��YCmldC !zkxfv�xf]jlkn�_jld
(τ1, τ2, . . . , τN ) → (α, τ)

rWdgjl��o(�®k@t]X£r�ml�@d�
P�n�eªÉ� !$�° � ��<�� � � � �.@³ kntvjlonjl�W�xm´�C�ndv�*�n{�Y|«@Y*tv��Y*mP��  �
� � � �.@³ i?YCdgfz�x����tvk²¸ej�X �xf]jlkn�±�nd�{eY5d]�*t]jli�Y5{�f]T�tvknr�o@T 
7�n�eª �H! �°�� � �  � � � �.n³�Z�YCdgfz�x����tvk²¸ej�X �xf]jlkn�
¤�j�f]T�jl�@fvY*o@Y*t

α
ª��@dzjl� 
7�x�$�°£��jlonr�tvYCd|��k@X(XhYC�9fC³ 
7· �µ�nYCt]b±o@k9ke{¦¨�fgfvj���o§�C�nd]Yn 
ÏZ �µ��tvkni�mlY*X �xf]jq�

¨Wfgf]jl��o��C�nd]Yn�SUT�Y£�5¢P�®knmq{�t]YC��Y*f]j�f]jlkn�§kx�3Y�¸e�?kn��YC�9f]jq�xm´«@Y*tv��Y*m
τ = 2

��tvk#�cjl{eY5d�f]T�Y�t]Y5�xm´«@Y*tv��Y*m©¤�j�f]T
�cr�mlmU{eY*tvj��#�xf]jl�nYCd£jl�

t = 0
�xf�fvT�Y

5
¨Wtvdgf£k@tv{�Y*t�d*ª3¤�T�YCt]Y5�nd$fvT�Y±{eY*tvj��#�xf]jl�nY�kn��f]T�Y±�x�W��t]k²¸ejlX �#f]Y

«@Y*tv��Y*m3jqd|j��e¨���j¥fvYnª�dgjl�W��Y
α < 1

 
¬Ã ���x�W{ 
*> �|¤¯k@tvdgfg¢Þ�*�@dgY£d]�*Y*�W�nt]jlk��®k@t|f]T�Yh¨�f]f]jl��o±kx�¯i?YCdgf$«nYCtg¢
�WY*m

Tα,τ
¤�j�f]T¡�n� &gjl�@fvY*o@Y*t

α
' «nYCt]�WY*mPª´f]TWt]k@r�onT�YCp9rW�xf]jlkn� 
7�x�/�°�· d]mlj�o@T@f���T��x��o@Y£kn��k@��Y kx��f]T�Y

k@t]jlonjl�W�nm Y�¸e�?kn��YC�9f]jq�xmufvj�X(Y5d£X �n«nYCd�f]TWY�i?YCdgfg¢P¨�fgfvj���o
α
��tvk@dvd	�#�xmlr�Y

0.5
ªKbcj�YCml{ejl��oEfy¤¯k�{ej¥¶�Y*tvY*�9f

�n����tvk²¸ej�X �#fvj�k@�Wd �®kntUf]TWY	Z¯mlr�Y	�*r�t]�@Yn
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 � � 8

� �"�������$� ��� �������*��� �	!h. � � ���������±�	
�)-!²�3�"� � �$�����¯�	�£./��� " �������

[Þ��f]T�jqdU�x����Y*¸©ª@¤�YzX(Y*�9fvj�k@� f]T�Y|�?k@dvdgjli�mlYzY�¶�YC��fvd¯kx�©fvT�Yz�®YCYC{ei��n��«£�®t]k@X=TWkntvj�9Ckn�9fv�nm���YCm�mqd f]k�tvYC�*Y*�e¢
fvknt�d*ªejl�±�(m�jl��YC�nt��®tv�nXhYC¤¯k@t]«�

. À �.' 0 À )��5� ) 3 ' )®� ¼ �
��Y�f

VR(x, y, t)
�n�W{

VH(x, y, t)
i?Y�f]T�Y��?kxf]YC�9f]jq�xmqd�kn�Wt]Y5dg�?YC��f]jl�nYCm�b�tvYC��YC�ef]k@t/�n�W{	T�k@t]j:9*k@�9fv�xm@ml�²b@Y*t�d*

S/k��nm�mlk#¤ Y�¸��n��f��C�xmq��r�mq�#fvj�k@�WdCª�¤�Y���mq�n�*Y�k@r�tvd]Y*ml�nY5d�jl�¦fvT�Y£mljl��YC�nt��®t��xX(Y*¤�kntv«�ª�jl�E¤�T�jq��TEd]bc�W�x�Wd]YCd
�nt]Y¯��kn��dgjq{eY*tvYC{	m�jl��YC�nt/�n�W{$jl�Wdyf��x�9fv�n��Y*k@rWd/kniewyY5�°fvdCª#�x�W{	j��£¤�T�jl��T���Y*r�tvkn��d/�nt]Y {�t]jl�nYC�	icb��*r�tvt]YC�@f�d*ª
�Wkxf���k@�W{erW��fv�x����YCd�
ÏX(YC�x�Wj���ohfvTW�#f�¤�Y	�xtvYµjl��f]T�Y$mljl��YC�nt�dgjlX(��m�j�¨��C�#f]jlkn��kx��f]TWY£Ã¯[y� X(ke{eY*m��°uSUT�Y
Y*¸���j�fv�#fvkntvb���r�tvtvY*�9f�kn�±t]Y5��YC�ef]k@tvd���tvk#�nk@«nYC{�i9b���T�knf]kxfvtv�n�Wdv{erW�°fvj�k@��jqd���knf]YC{

Iexc(x, y, t)
 SUT�YC�´ª

fvT�Y �®YCYC{eiW�@��«��*knr��Wm�Y5d	mlj���Y5�xtvm�b
VR(x, y, t)

�x��{
VH(x, y, t)

ª/fvT�tvknr�o@T"fy¤¯k§Y5p@r��#f]jlkn��d�d]j�X(jlml�nt$f]k

P� ! ��³





dVR
dt

(x, y, t) = GR ∆VR(x, y, t) − τ−1
R VR(x, y, t) + Iexc(x, y, t) − (aVH(x, y, t) + b)

dVH
dt

(x, y, t) = GH ∆VH (x, y, t) − τ−1
H VH (x, y, t) + (cVR(x, y, t) + d), 
P�@� �

¤�TWY*tvY
cVR(x, y, t) + d

tvY*��tvYCd]Y*�9f�dUf]T�Y 
®mlj���Y5�xtvj�9CYC{ ��Y�¸���j�fv�xf]kntvb��*r�tvt]YC�@f��®tvknX-tvYC��YC�ef]k@tvd�f]k�T�k@t]j�¢
9Ckn�9fv�nm@�*Y*mlmldCª#¤�T�jlm�Y

aVH(x, y, t)+b
tvY*��tvYCd]Y*�9f�d©f]TWY 
Ïm�jl��YC�nt]j:9*Y5{ ���®YCYC{ei��n��«$��r�tvtvY*�9f��®tvknX T�k@t]j:9*k@�@f��xm

�*Y*mlmld�fvk t]Y5��YC�ef]k@tvdCªc¤�T�jl��T�jqd��xml¤��²bed�j��WT�j�iWj¥fvkntvbn
SUT�tvknrWonT¦d]r�ief]t��n��f]jlkn�±kx�3fvT�Y£dgfv�xf]jq�	dgk@m�r�f]jlkn�§kx�KfvT�jqdzd]bcdgf]YCX±ª�¤�Y��*�n�¦�xml¤��²bed�d]r����?k@d]Y

b = 0�n�W{
d = 0

�SUT�Y*�´ª
VH(x, y, t)

�x��{
VR(x, y, t)

i�Y5�xtz�Wknr�tvjlY*t�fvtv�n�Wdy�®k@t]X dC¯[Þ�±fvT�Y£�Wknr�tvjlY*tzd]�W�n�*Ynª

P�@����i?YC�*knX(YCd





−jξtṼR(ξx, ξy, ξt) =
(
− GR(ξ2

x + ξ2
y) − τ−1

R

)
ṼR(ξx, ξy, ξt) + Ĩexc(ξx, ξy, ξt) − aṼH(ξx, ξy, ξt)

−jξtṼH (ξx, ξy, ξt) =
(
− GH (ξ2

x + ξ2
y) − τ−1

H

)
ṼH(ξx, ξy, ξt) + cṼR(ξx, ξy, ξt),

� d]bedyfvY*X f]TW�xfµ�*�n�§i�Y	Y*¸e��m�jq��j�f]mlb±dgk@m��@YC{©ªemlYC�@{ej��Wo(f]k fvT�Y���k@t]tvYCd]�?kn�W{ejl��o(Y�¸e��tvYCdvd]j�k@���®k@t�f]t��x�Wdg�®Y*t
�®rW�W�°fvj�k@���®k@t�T�kntvj:9*kn�9f��xm©��YCm�mqd*³

ṼH (ξx, ξy, ξt) = H̃H(ξx, ξy, ξt)Ĩ
exc(ξx, ξy, ξt),

¤�j�f]T

H̃H(ξx, ξyξt) =
c

ac +
(
τ−1
R + GR(ξ2

x + ξ2
y) − jξt

)(
τ−1
H + GH(ξ2

x + ξ2
y) − jξt

) . 
P�x�$�

SUTWjld�jqdz�nmld]khf]T�Y£�nd]b9X(�efvkxfvjl�C�xm´Y*¸c�Wt]Y5d]d]j�k@���®k@r��W{�icb���2LzY*t��xr�m�f�j��±fvT�Y��C�nd]Y$kx�K� {ejldv��tvY�fvY	�xtvtv�²b
kn���*Y*mlmldCª�jl��T�jqd 
ÏbnY�f�rW����r�i�mljqdgT�Y5{ ��i?k9k@«��xi?knr�f�f]T�Y$tvY�fvj��W�W
SUT�Y£j����Wr�Y*����Yhkx�Kf]TWY	�®Y*Y5{eiW�@��«±�C�x�¦i?Y£{�j�tvYC��f]mlb�X(Y5�nd]r�t]Y5{�f]T�tvknrWonT*
7�n�$��ª�fvTW�#f|j��c�@knml�nYCd�f]T�Y

fvkxf��xmco@�nj��£kx�WfvT�Y��®Y*Y5{eiW�n��«$mlkckn�´ª
ac
3Z�b	dyfvrW{ebcjl��o|f]T�Y�{eYCt]jl�#�#f]jl�nY5d�kn�

H̃H(ξx, ξy, ξt)
¤�j¥fvT£tvYCd]�?YC�°f

P5P Ê.Q2R S<T�S



�n� ����� ��� ������
	����� � �.��� �����<��������� �*���(������

fvk
ξx
ª
ξy
�x�W{

ξt
ª©kn�WYh�C�x�¦fvY*mlmK¤�T�Y�fvT�Y*t�fvT�YhT�kntvj�9Ckn�9fv�nm�¨�m¥fvY*t$jqdµmlk#¤U¢¬�W�ndvdzk@tµi��x�W{c¢¬�W�@d]dC�·�� fvY*t

�C�xmq��r�mq�#fvj�k@�WdCªnj�f��x�W��Y5�xt�dKf]T��#f fvT�Y|T�kntvj�9Ckn�9fv�nme¨Wm�f]YCt�{eY*¨W��Y5{ icb
H̃H

jld��xml¤U�²bcdum�k#¤U¢¬�W�ndvdud]�W�#fvjl�nm�mlbnª
jl��f]T�Y	d]Y*��dgY|f]T��#f

∀(ξx, ξy, ξt),
∂‖H̃H‖
∂|ξi|

(ξx, ξy , ξt) < 0,

�®k@t
i = x, y


\µ�(fvT�Yz��k@�9f]t��xtvbnª#fvT�Y�T�k@t]j:9*k@�@f��xmc¨Wm�f]YCt¯�C�x� i?YC��k@X(Y�iW�x�W{e¢P�W�@d]d � �� �2�.���.��� �#ªcj��?fvT�Yzo9�xjl�(kx��f]T�Y

�®YCYC{ei��n��«(m�kck@��i�Y5��k@XhY5d iWj�o£Y*��k@r�onT´K¹§k@t]Yz��t]Y5��jqdgYCm�b@ª9�xfU��onjl�nYC��dg���#f]jq�xm��®tvYCp9r�Y*����b
(ξx, ξy)

ªcf]T�Y
�®rW�W�°fvj�k@�

ξt → ‖H̃H‖(ξx, ξy , ξt)tvYC�@��T�YCd�j�fvdUX �#¸ejlX�r�X-�#fUf]YCX(��k@tv�nm��®t]Y5p@rWY*�W�*b

|ξt| =

√

ac −
(
τ−1
R + GR(ξ2

x + ξ2
y)
)2

+
(
τ−1
H + GH(ξ2

x + ξ2
y)
)2

2
,


P� F$�

�Wt]k#�cjq{eYC{µf]TWYu�®Y*Y5{eiW�@��«
ac
jld�i�jlo�Y*��k@r�onT��®k@t´fvT�YufvY*tvX_jl�Wd]jl{eY f]T�Y�d]p9rW�nt]YKtvkckxf©fvkzi?Yu��k9dgj�f]jl�nY@/SUT�jqd

X(Y5�x�Wd�f]TW�xfCª²fvT�Y*k@t]Y*f]jq�*�xmlmlbnª5f]YCXh�?knt��xmctvYCd]kn�W�n�W��Y5d´�*�n�£�n����Y5�xt/j���f]T�Y�t]Y5dg�?kn��dgY5d�kn��T�kntvj�9Ckn�9fv�nm@�*Y*mlmld
fvk£��f]jlX(Y�¢¬�²�nt]bcjl��o�dgf]jlX�r�mq�#fvj�k@�´ªc¤�j¥fvT��?YC�n«hkn��tvYCd]kn�W�n�W��Yz{�Y*�?Y*�W{eYC�9f�k@� f]T�Y�d]�W�#fvjl�nm?d]��Y5�°fvt]r�X kn�
fvT�Y	dgf]jlX�r�mlrWdC

��¼ � ¼ �/� À ��3 ' )®� ¼ �
[Þ�(fvr�tv�´ªxfvT�Yz�?kxfvY*�9f]jq�xm�kn�©T�kntvj�9Ckn�9fv�nm���YCm�mqd

VH(x, y, t)
jldu�®YC{(iW�@��«	fvk	t]Y5��YC�ef]k@tvdCª#f]TWt]k@r�onThf]TWY�¨Wt�dyf

Y5p9rW�#fvj�k@� kx� 
7�9���°u·µd �$tvYCd]r�m�fCª@f]Y*X(�?knt��xm�t]Y5dgk@�W�x�W�*YCdCªxj��©f]T�YCbhY*¸ejldgfCª9¤�j�mlm��xmqdgk$i?Yzk@iWdgYCt]�@YC{(�#f¯f]T�Y
mlY*�@Y*m�kx��f]T�Y$tvYC�*Y*�efvknt � d¯��knf]YC�@fvjl�nm

VR(x, y, t)
 `cX �xmlm©k@dv��jlm�mq�#fvj�k@�Wd��xtvYµjl�W{eYCYC{�kniWd]Y*tv�nY5{ icb � �c��´jl�

fvT�Yhj�X(��r�mqd]Y£tvYCd]��k@�Wd]Y	kx�¯d]knX(Yh��kn�WYCd�fvk�iWt]jlY�� �?�nd]T�YCdzkx� mlj�o@T9fCª©�nd|{eY*�Wjl��f]YC{Ej�����j�o@r�t]Y(�n�c$SUT�Y
�nref]TWknt�d��xfgfvt]jli�refvYUf]T�Y5dgY�k9d]�*j�mlml�xf]jlkn�Wd/fvkµfvT�Y��W�xf]r�tvYUkx�?f]T�Y���TWkxf]knf]t��x�Wdv{erW��f]jlkn�£��t]ke�*YCdvd 
 f]T��#f �xmqd]k
jl�c�nk@m��@YCd3�®YCYC{eiW�@��«(m�kckn��d���ªnfvTW�#fU¤¯k@r�mq{(��t]k#�cjq{eY�icb(j¥f�dgYCm¥��f]T�Y|i�jl��TW�nd]jq��dgT��x�?Yzkx��f]T�Y|��kn�WYCd��@mlj��WYC�xt
�n�Wd]¤¯YCt�
7dgYCY�`cYC��f]jlkn���W:8nÉ� �°�N|jl�nY*�ºf]TWY*jlt$Y�¸e��YCt]jlX(Y*�9fv�nmK��tvkxf]ke�*knmPª©¤¯Y ��mq�xjlX fvTW�#f$fvT�Y(i�j��WTW�nd]jl�
d]TW�n��Y��x�W{�f]TWY|k9d]�*j�mlmq�#f]jlkn��d X(kntvY|m�jl«nYCm�b��*kntvt]Y5dg�?kn�W{ f]k£f]T�Y|�®Y*Y5{eiW�@��«(�®t]k@X T�kntvj:9*kn�9f��xm���Y*mlmqd*ªe�x��{
jl�c�nk@m��@Yµknf]T�YCt���kn��{erW�°f��x�W�*YCd¯f]T��x�±��T�knf]kxfvtv�n�Wdv{erW�°fvj�k@��j�fvd]Y*m��y

+ '!� À )7�e��3 ' )Ï� ¼ �
[Þ�(��tvjlX(�xf]Y�tvY�fvj��W�@d*ªnT�kntvj�9Ckn�9fv�nm���YCm�mqdu{ejqdg�Wml�²b	i?kxfvT(�®Y*Y5{eiW�n��«£��kn�W��YC��f]jlkn�Wd�fvk$t]Y5��Y*��f]knt�dCªn�x�W{£�®YCYC{c¢
�®k@t]¤U�xt�{���kn�W��YC��f]jlkn�Wd�fvk�i�jl��k@ml�ntz��YCm�mqd � �x��¬�·µd�� tvYCd]r�m�fCªefvT�Y	i�jl��k@ml�nt�¨Wm�f]YCt�jldµdyfvj�mlm/�C�xmq��r�mq�#fvYC{±�nd
���?kn�W{�Y*tvYC{�dgr�X kx��f]T�Y�d]jlon�W�nmld|�®tvknX tvYC�*Y*�efvknt�d��x�W{�T�k@t]j:9*k@�@f��xmK��YCm�mqdCª/�nd�jl� `cYC��f]jlkn���W !e�SUT�Y
iWj��?knmq�xtU¨Wm�f]YCt��*�n��dgf]jlm�m�i�Y$¤�tvj¥f]f]YC�

HBip = HC − wHS ,

7�n�$�

¤�TWY*tvY
HC

�*kntvt]Y5dg�?kn�W{Wd�fvk�f]T�Yµ{ej�tvYC��fKf]t��x�Wd]X(jldvd]j�k@�	�®tvknX�tvYC�*Y*�efvknt�d*ª@�x�W{
HS

��k@t]tvYCd]�?kn�W{�d/fvk$f]T�Y
���xt]fukx�?f]T�Yzd]jlon�W�nmef]TW�xfuTW�ndKf]t��x�Wd]j¥fvYC{hfvT�t]k@r�onThT�k@t]j:9*k@�@f��xm��*Y*mlmldC�Lzk#¤¯YC�nYCtCª

HS
jqdu�Wk#¤ �*knX(��k9dgY5{
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kn��fy¤�khf]Y*tvX d*³
HS = HFF

S + HFB
S .

HFF
S

�*kntvt]Y5dg�?kn�W{Wdufvk�fvT�Y��W�xt]f�kx��fvT�Y�i�jl��k@ml�ntUd]jlon�W�nm?tvYCd]r�m�f]jl��o£�®t]k@X �®Y*YC{e¢7�®k@t]¤U�xt�{(f]t��x��dgX(jqd]d]j�k@�
�®tvknX T�k@t]j:9*k@�9fv�xmnf]k|i�jl��k@ml�nt��*Y*mlmldCª²¤�T�j�mlY

HFB
S

��kntvtvYCd]��k@�W{�d©fvk�fvT�Y¯���xt]f/kx�Wf]T�YUdgjlon���xm@f]TW�xf/fvtv�n�Wdgj�fvd
�no@�nj��¦icb§tvYC�*Y*�efvknt�d*ª?f]TWt]k@r�onTEf]T�Y£�®Y*Y5{eiW�n��«±�®tvknX TWkntvj�9Ckn�9fv�nm��*Y*mlmldC�>µr�Yhf]k�f]T�Y(�?k@dvdgjli�mlY£iW�n�W{c¢
���ndvdK��tvkn�?Y*t]f]jlYCd3kx�©T�k@t]j:9*k@�9fv�xmc¨�m¥fvY*t

HH

ÏYCp9rW�xf]jlkn� 
7�n�$�)��ª

HC
ª
HFF

S

�x��{
HFB

S

�*�n� �xmlm�{ejqdg�Wml�²b��
d]mlj�o@T@f3k@dv��jlmlml�xf]kntvb�t]Y5dg�?kn��dgY@ª#i�refKf]TWY�tvYC�*knt�{ejl��o@d/kx����jlonr�tvY��n�µ�nd�¤�Y*mlm��nd�Y�¸e�?Y*tvj�X(Y*�9f��xmct]Y5��k@tv{ejl��o9d
k@�¦i�jl��k@ml�ntµ�*Y*mlmldµj���dgr�tvY	fvTW�#f|f]TWjld|Y�¶�YC��fCª�j�� ��tvYCd]Y*�9fCª?jld|¤�YC�n«?|��r�t]f]TWY*tvXhk@t]Y@ª

HFB
S

�*kntvt]Y5dg�?kn�W{Wd
fvk§��d]jlon�W�nm/fvTW�#f�fvtv�n�Wdgj�fvd|fvT�tvknr�o@TEkn�WYhX(k@t]Yhml�²b@Y*t�kx�U��YCm�mqd 
®tvYC�*Y*�efvknt�d*ª´�x� f]Y*t�T�k@t]j:9*k@�9fv�xmK�*Y*mlmld��°ª
�n�W{Ef]TcrWd�jqd$��iWj¥f	X(kntvYhm�k#¤U¢¬�W�ndvd]j���o�f]TW�n�

HFF
S

fvT�Y {ejlt]Y5�°f	dgjlon���xm3�®tvknX T�k@t]j:9*k@�9fv�xm3��YCm�mqdC(Z�ref
�*knr��Wm�jl��ohkx��T�k@t]j:9*k@�9fv�xm���YCm�mqd�jldUdgf]jlm�m?fvT�Y�X(�nj��±��k@�9f]tvj�i�r�f]jlkn� fvk�fvT�Y$dg�W�xf]jq�xm�Y�¸cfvY*�9f�kn�/i?kxfvT�¨Wm�f]YCtvd
HFF

S

�n�W{
HFB

S

u�WkntUfvT�jld�t]Y5�nd]kn�´ª@f]T�Y$Y*¸e��t]Y5d]d]jlkn���Wt]k@��k9dgY5{�jl�¦`cYC��f]jlkn� 
®�W !$�




HC(x, y, t) = GσC
(x, y)TαC ,τC

(t),

HS(x, y, t) = GσS
(x, y)TαS ,τS

(t).

dgf]jlmlm/�x�W��Y5�xt�d�� tvYC�nd]kn���xi�mlY$�x����tvk²¸ej�X �xf]jlkn���®knt�fvT�Y�iWj��?knmq�xt�¨�m¥fvY*t5ª�YC�nY*�§¤�TWY*�¦��k@�Wd]jl{eYCt]jl��o(�®YCYC{c¢
i��n��«(�®tvknX TWkntvj�9Ckn�9fv�nm��*Y*mlmld�fvk(t]Y5��Y*��f]knt�dC
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