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	��7� ���K�?=t{dxL|(x`ao[
� ���/�K���?	_=Aao��x`N1hLkRaFxL{oc.{dv	[R_b�X_�[pWF£�Px)[RILN1_bk$M]aZ|ZN/c �X[mI`N��`kmad�CaFYRN/|�M(N8v�IL{ox`_gYRM ��adk$��,GU�_bY${]xL{o[Rh`k�{oc
v1adxLYRN/fih`N/xLv	Nzao��[RILN��`kRaF�:N/k\[m_wN8Y�ao��[RI`N�v1N1cbcbYJ_bxX�dadcb�dN8|.£

� ����� #	�¢#$�l����
�#$�)#$,�, "�#J�¯#$��")#$����# ��� ,¾���1�0�� 	�����1���������<���#�
��#J�<,

T¢N��CN1kR��adkmM(N/|ªYR_wM´h`cg{�[R_badx:Y$[Ra)N	¥`{oM(_bx`N�[mI`N�N1 CN8v¡[Aad�§��,GUªad�§UZH$s���aFkz|Z_w �N1kmN1xi[AcbN1�FN1cgYrao�l�),<U
{dM(�`cw_w[Rh:|ZNd�:��kRN8fih`N1xLv1W�{dxL|��`h`cgYRN�¦$_g|X[RILY/£ � aFkRN��LkRN8v	_gY\N/cwWF�:¦�N�xXh`M(N1km_bv/{ocbcwW�Yp[mhL|Z_bN/|�[mI`N´|`N1�CN1x��
|`N1xLv1Nrao�.[p¦�a��:N/k\��aFkRM�{dxLv	NtYRaZv	kmN/Y<[mIL{�[JfihL{oxi[R_w��W´[RI`Nzv1{o�:{o^`_bcw_w[pW�ad�.[RIL{dcb{dM�hLYl[Ra�kmN1cg{¤W´{��:N/kR_baZ|Z_bv
|`N1�Cadcg{okm_ '/_wx`e]_bx`�`hZ[8�`¦$_�[mI�kRN8Y\�CN/v	[$[Ra][RI`N�[mI`kmN1N�{d|�nphLYp[�{o^`cbN���,GU)�L{ok�{oM(N1[RN1k�Y/£
,Ladk�[mI`N®Yp[mhL|ZW ao�z[RI`N®|ZN/�:N/xL|ZN/xLv	N®ad�z�),<U N1 CN8v¡[m_w�FN1x`N8YRY(aFxÀY\[R_bM�hLcb{o[R_badxÀ�L{ok�{oM(N1[RN1k�Y/�l¦+N

YR_bM�h`cg{�[mN/|)[RI`N´��,GU�Y\_bedx:{oc�{FYr{�|ZN1�Cadcg{okm_('1_bx`e(�:N/kR_baZ|Z_bv�Y\M(aXao[mI`N/|�YmfFh:{okmNz¦J{¤�dN�v1h`kRkmN1xi[t{d�`�`cb_wN8|
[ma´N8{dv�I�UZH$sTv1N1cbc.M(aX|`N1c�$¨YRN1N�{o�L�:N/xL|Z_w¥���adk$|ZN	[�{o_bcbY<%¡£ T¢N�Y\_bM�h`cg{�[mN/|�[RI`Nz��h`cbc.M(aX|`N1c���{okmWi_bx`e´[RI`N
��aFcwcba�¦$_bx`e]Y\[R_bM�hLcb{o[R_badx��L{ok�{oM(N	[mN1k�Y $¨Ym{oM(N��¤{dcwhLN/Yr{FYJkRN/�:aFk\[mN/|�^XW��$h`^`_bxª{oxL|�H�N/kRM�{dx¯±b²	³0%¡}

� �`h`cgY\N�{dM(�`cw_w[Rh:|ZNd} ISTN
HFS ∈ {0, 21.43, 42.86, 64.29, 85.71, 107.1, 128.6, 150.0,

171.4, 192.9, 214.3, 235.7, 257.1, 278.6, 300.0} pA
(µm)2

@

� �:N/kR_baZ|.} T STN
HFS ∈ {3.00, 6.00, 20.0, 40.0}ms

Y\a][RI:{�[tY\[R_bM�h`cg{�[m_waFx
��kRN8fih`N1xLv1W

fSTN
HFS ∈ {25.0, 50.0, 167, 333}Hz

@o{ox:|

� �`h`cgY\N�|`h`km{o[R_badx¾} wSTN
HFS ∈ {0.150, 0.300, 0.600, 0.900}ms

£
QA�`[R_bM({dclv	cb_wxL_bv/{oc<kRN8Y\hLc�[�Y�{okmN´aF^Z[m{d_wx`N8|.�.adx�{ox¢N1M(�`_bkm_bv/{oc<^L{dYR_gY1�¾YRN	[R[R_bx`e�[RI`N��L{dkm{dM(N	[RN/kmYAao�+[RI`N
_bM(�`cg{oxi[RN8|¯Y\[R_bM�h`cg{�[madk�[ma $/C�{ok�v	_g{�N	[�{oc5£��o�F�F��± �¤³0%¡}

1 − 5 V
$ {oM(�`cb_�[mhL|ZNS%	�

120 − 180 Hz
$Ä��kmN#�

fih`N/xLv	W %�{oxL|
0.060 − 0.200 ms

$��`h`cgYRN)|Zh`k�{�[m_waFx&%¡£¢UXN1cbN/v	[RN/|!Yp[m_wM´h`cb{o[R_badx ��kmN/fih`N/xLv	_bN/Y���adk]Y\_bM��
hLcb{o[R_badxLYzk�{ox`eFN/|ªa��FN1kr[mI`N1k�{o�CN1h`[R_gvQ$(6pI`_bedIE8���kRN8fih`N1xLv1W %t{dxL|®x`aFx��5[RI`N/km{d�:N/hZ[R_gvQ$(6pcba�¦���kmN/fih`N/xLv	W�8 %
k�{oxLedN/Y/£¾jlhLcbYRN$|Zh`k�{�[R_badx:Y�¦�N1kmN�cb{dkReFN1k�[RIL{dx�[mI`NJadx`N8Y<hLY\N8|���aFkGad�Z[m_wM�{oc`v1cw_bx`_gv1{dcikmN/YRh`cw[mY/�oN	¥`v1N1�Z[���adk
[mI`N�v1{dYRN

wSTN
HFS = 0.150 ms

£�HJI`_bY�I`a�¦�N1�FN1k8�F{dcwcba�¦+N8|�hLY+[Ra]hLYRNA{´M�{�¥Z_wM´h`M _bxF[mN1eFkm{o[R_badx�Y\[RN1��{�[
cbN/{FYp[$[mN1x�[m_wM(N/YAY\M�{dcwcbN1k$[mIL{ox�[mI`N�M(_bx`_wM´h`M �`h`cgY\N�|`h`km{o[R_badx¾�L¦$I`_wcbN�Y\[R_bcwc�^:N/_wxLe�{o^`cbN�[Ra��:N/k\��aFkRM
YR_bM�h`cg{�[m_waFxLY�adx){dx�aFkm|Z_bxL{dkRW(�CN1k�Y\aFxL{oc.v	aFM(�`hZ[RN/k/£ .+h`kmkmN1xi[J|`N1xLYR_�[pW�{o[r{´|Z_gY\[m{ox:v	N�ao�

1 mm
��kmadM

{ � N/|X[mkRaFx`_bv$�F�d�+*rM�{Fv	kmaiN/cwN8v¡[mkRaZ|ZNJhLYRN/|´��adk§IihLM({dx���,GU]¦$_w[RI�{�YRh`kR�¨{dv	N${dkRN8{Aad�
6 mm2 �L{FYRYR_wxLe

{]v	hLkRkmN1xi[Jao�
3 mA

�X_bYJN8Yp[m_wM�{o[RN/|�[Ra(^CN
250 pA

µm2

$���aI'8{ox`a��o�F�F�(±b²/�¤³0%¡£lHJILNzk�{oxLedNtad��Y\[R_bM�h`cg{�[m_waFx
{dM(�`cw_w[Rh:|ZN�hLYRN/|���adkrYR_wM´h`cb{o[R_badxLYJ¦J{dYJ_bx)[RI`_gY$adk�|ZN/k�ad��M�{dedx`_w[RhL|`Nd£
1§{Fv�I!ad�t[RILN¢²¤�o�¯Yp[�{�[RN��5��{dkR_g{o^`cbN/Y�ao�r[mI`N�M(aX|`N1c$¦�N1kmN�_bx`_�[m_b{dcw_('1N8|@[maO'/N1kma¯{o[

t = 0
£!q$�Ä[mN1k

y:�dN´YRN/v1adxL|LYrao�§YR_bM�h`cg{�[mN/|�[m_wM(N]_wxª[mI`NB6px`aFkRM�{dcH8�Y\[m{�[mNd�C_wxi[mkm{ �KCzj<N�_bx`I`_b^`_w[RaFkRWªv	aFx`x`N8v¡[R_badx:Yt{ox:|
Y\[Rkm_g{�[m{dcG_wxLI`_w^L_�[m_waFx ¦+N/kRN�_bxLY\[m{oxi[�{ox`N/adhLYRcwW¯Y\¦$_w[mv�I`N8|¯[Ra�[RILN26p�:{okm«i_bxLYRadx`_g{oxE8]Yp[�{�[mNd£)HJIL_bY�M(N8{oxLY
[mIL{�[�{�[

t = 5000 ms
[RI`N�v1adxLY\[m{dxi[)Yp[mkR_g{�[�{oczv	h`kmkRN/xi[

IGPe
app

{o�L�`cw_bN/|½_wxi[Ra!N/{dv�I Czj<N¢v	N1cbct¦J{dY
YR¦$_w[mv�I`N8|(��kRaFM

−0.5 pA
(µm)2

$ 6\x`aFkRM�{oc 8 %�[Ra
−2.3 pA

(µm)2
$(6p�L{dkR«X_bxLYRadx`_g{ox+8 %<{ox:|�_wxi[mkm{ �KCzj<NtYRWXxL{o�Z[m_bv

v1adxL|`hLv¡[�{oxLv1N
gGPe→GPe

¦�{FY�Y\¦$_w[mv�ILN/|���kRaFM
1 nS

(µm)2
$(6pxLadkmM({dcH8 %r[Ra

0 nS
(µm)2

$(6p�:{okm«i_bxLYRadx`_g{oxE8 %	£
qr�Ä[RN/ktao[mI`N1ktyL�dN�YRN/v1adxL|LYrao�lYR_wM´h`cg{�[R_badx�_bx�[RI`N 6p�:{okm«i_bxLYRadx`_g{oxE8zYp[�{�[mNd����,GU�ao�§UZH$s ¦�{FYJ[Rh`kmx`N8|

�	� [
���
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aFx�{�[
t = 10000 ms

£\T¿_�[mI�[RILNt�`h`km�CaFYRNtao�¾eFN	[R[R_bx`e�km_b|(ad�¾[Rk�{ox:Y\_bN1xi[§�`ILN1x`aFM]N/xL{`�i_bx�fihL{oxi[R_w��WX_wxLe
[mI`NrN1 CN8v¡[R_b�dN/x`N/YmYGad�.�),GU(_wx�kmN/Y\[RaFkR_bx`ez[RI:{ocg{oM(_bvrkRN8Y\�CadxLYR_b�dN1xLN/YmY�[Ra�YRN1xLYRadkm_wM(ad[RadkG_bx`�`h`[/�i¦+Nrh:Y\N8|
aFx`cbW�[RI`NrYR_wM´h`cg{�[R_badx´kRN8Y\hLc�[�Y<ao�L[mI`NJcb{FYp[<yL�FN�YRN/v1adxL|LY�ad�C{A[Rad[m{dcZao�L[mN1x(Y\N8v	aFxL|`Y�ao����,GU]Y\_bM�h`cg{�[m_waFx
$���kRaFM

t = 15000 ms
[Ra

t = 20000 ms
%	£

T¢NthLYRN/|�{ox`ad[RI`N/k§�CN1km_waZ|Z_gvrYRM]aXad[RI`N8|�YRfihL{dkRNr¦J{¤�dNrv1h`kmkRN/xF[G[ma�M(aZ|ZN1cCY\N/xLYRadkm_wM(ao[madkl_bx`�`h`[§[Ra
N8{dv�I�[RIL{dcb{dM]_gv]v	N1cbc5£]qtM]�Lcw_w[RhL|`Nd���CN1km_baX|¾��{oxL|¯�`h`cgYRN(|`h`km{o[R_badx¯ao�§[mI`_gY�Y\_bedxL{dc<¦+N/kRN]kRN8Y\�CN/v	[R_b�dN/cwW
$ YR{dM(N���{ocbh`N/YA{dY$kmN1�CadkR[RN8|�^iW��$h`^L_wx®{dxL|®H�N1kmM({dx�±w²1³
%	}

IThl
SM = 8 pA

(µm)2
�
T Thl

SM = 50 ms
$¨¦$I`_gv�I

v1adkmkRN8Y\�Cadx:|`Yl[ma
20 Hz

��kRN8fFhLN1xLv1WE%J{dxL|
wThl

SM = 5 ms
£

H�¦+a��CN1kR��adkmM�{oxLv1N]Ymv	aFkRN8Yt¦�N1kmN´h:Y\N8|®[ma�N/��{ocbhL{�[mN(�),GU�N1 CN8v¡[m_w�FN1x`N8YRY/}z{dxL�;�?�����7�
	 �I� �4$
EI
%

{dxL|�{ :<��� � :;� ��	&� � � � ���?� ��� � ��	 $ CV
%¡£JHJI`N

EI
_gYr|ZN1yLx`N8|.�:{FY$_wxª�$hL^`_wx®{dxL|ªH�N1kmM({dx $5�o�F�o°�%A±b²	³ �

{FYz[RI`N([mao[�{ocGxXh`M�^CN1k�ad��N/kRkmadk�Yz|Z_w�X_g|ZN/|¢^XWª[mI`N([Rad[m{ocGxXh`M´^:N/k�ao��_wxL�`hZ[´Y\[R_bM�h`cb_5£�H�¦�a�[pWX�CN/Y�ad�
N/kRkmadk�YG{okmNrv	aFh`xi[RN8|.}��¨{dcbYRNr�CaFYR_�[m_w�FN/Y+{oxL|(M(_gYRYRN/Y/£ ,:{ocgY\Nt�:aiY\_w[R_b�dN8Y§v	aFxLYR_bY\[§ao�.M´h`c�[m_w�LcwNzY\�`_b«dN8Yl{��Ä[mN1k
[mI`N�M(aFY\[�kRN8v	N1xi[�Y\[R_bM�h`cbhLY��`hLcbYRNd£ � _gYRYRN/Y�{dkRN]�¨{d_wcbh`kmN/Yz[Ra�kmN/YR�:aFxL|¯¦$_�[mI`_wx

10 ms
ad�§[RILN(�¨{ocbcw_bx`e

N8|ZedN�ao�<[RI`N´M(aFY\[tkRN8v	N/xF[zYp[m_wM´h`cwh:Yr�`h`cgYRNd£tq ^L{oxL|�ad�
± 1mV

{okmkRaFh`xL|�{([RILkRN8Y\I`aFcb|�ad�
−35 mV¦J{dY�hLY\N8|¢[Ra�|`N	yLx`N�{�[RI:{ocg{oM(_bv�v1N1cbc�YR�`_b«dN�kmN/YR�:aFxLYRNd£�P �$[RI`N�[RIL{dcb{dM]_gv�v1N1cbc§M(N1M´^`km{dx`N��Fadcw[m{oeFN

v1kRaiYRYRN/|�yLk�Yp[Ah`��{ox:|�[RI`N/x®|Za�¦$x�[RI`_gYr^:{oxL|.�:¦+N´{dYmY\h`M(N8|�[RIL{o[A{�YR�`_w«FN�kRN8Y\�Cadx:Y\N�IL{F|�aZv1v	hLkRkmN/|.£
HJILN

CV
_gYt|ZN1yLx`N/|¾�C{FYr_bx�CzkR_bcwc�N	[�{oc5£ $5�o�F�o°�%z± ��³ ��{dY$[mI`N�Y\[m{dxL|`{ok�|�|ZN1�X_g{�[m_waFxªao�<[RI`N´_wxi[mN1k�Y\�`_b«dN

[m_wM(N(_bxF[mN1km��{ocgYA|Z_b�X_b|`N/|®^XW�[mI`N1_bk�M(N/{ox�£�HJI`_bY�v1aiN���v	_bN1xi[z_gY��`kmad�CaFYRN/|.��^XW�Czkm_wcbc<N	[�{oc5£�± ��³5��{FYA{
M(N8{dYRh`kRN�ad�G�¤{dkR_g{o^L_wcb_�[pW){oxL|�_bxZ��adkmM�{�[m_waFx®v	adxi[mN1xi[rao�<[RILN�adhZ[m�`hZ[zao�l{][RIL{dcb{dM(aXv1adkR[R_gv1{dc�v	N/cwc5£F,`adk
[mI`N+v/{ocgv	h`cg{�[m_waFx�ao�Z[mI`N

CV
¦�N§h:Y\N8|�[RI`N�YR{dM(Nl^L{ox:|�ao�

± 1mV
{dkRkmadhLxL|A[RI`N§[RI`kmN/YRI`adcg|�ad�

−35 mV[ma�|ZN	yLxLN�{�[RI:{ocg{oM(_bv�v1N1cbc¾Y\�`_b«dNzkmN/YR�:aFxLY\NF£ 1§{dv�I)�:N/k\��aFkRM�{ox:v	N�YRv1adkmNA¦J{dYJv1{dcbv1h`cg{�[RN8|���aFk+[mI`N�[p¦�a
[mIL{ocg{oM(_gv´v1N1cbcbY�ad�§[mI`N�M(aX|`N1cl{ox:|®[mI`N�{¤�dN1k�{oeFN�a��dN/k�^:ad[RI�v	N1cbcgY�¦�{FYt[�{o«FN1x¯{FYz[RI`N(�CN1kR��adkmM�{oxLv1N
Ymv	aFkRN´{dYmY\aZv	_g{�[mN/|�[ma�[mI`N]v1adkmkRN8Y\�Cadx:|Z_wxLe�Yp[m_wM´h`cb{o[R_badx®�:{ok�{oM(N	[mN1k�Y1£�qrcw[RI`aFh`edI

EI
{dxL|

CV
IL{¤�dN

^CN1N/xÀ�`kRaF�:aiY\N8| {FY��CN1kR��adkmM({dxLv	NªYmv	aFkRN8Y�[ma M(N/{dYRh`kmN�[RIL{dcb{dM]aZv1adkR[R_gv1{oc$v1N1cbctkmN/YR�:aFxLY\_b�dN/x`N/YmY/�l¦+N
M´hLY\[l^:Nt{¤¦J{okmN+[RIL{o[§^XW´|ZN1yLx`_w[R_badx([RILN1W´v/{ox�YR_weFx`_wy:v1{dxF[mcwW´|Z_� �N1k§adx([RILN$�:N/k\��aFkRM�{ox:v	N$N1��{dcwhL{o[R_badx¾£
T¿I`N/x��CN1kR��adkmM(_wx`et[RI`N8Y\NJYR_wM´h`cb{o[R_badxLY�¦+N+��adhLxL|�[mIL{�[���adkGY\N/�dN/km{dcdv	aFM�^`_bxL{�[m_waFxLY�ao�LY\[R_bM�h`cg{�[m_waFx

�:{ok�{oM(N	[mN1k�Y1�.UZH$s yLkR_bx`e)¦�{FYtx`ad[�Y\[RkmadxLe�N1x`aFh`edI�[Ra�|ZkR_b�dN�Czjl_lv	N/cwcgY�{oxL|OCzjl_GkRN/M�{o_bx`N/|®YR_bcwN/xF[
¦$_w[RI�[RI`NJv	aFxLY\N8fih`N1xLv1NG[RI:{�[�[RIL{dcb{dM�hLY�¦�{FY¾x`ad[�_bx`I`_b^`_�[mN/|´{�[�{dcwc5£<Qt�Cv	adhLkmYRNG[RIL_bY�cb{FYp[��`_gv¡[RhLkRN+_bY�x`ao[
v1adI`N/kRN/xi[�¦$_w[RI��$h`^L_wx�{ox:|]H�N1kmM�{ox¾¬ Y��`kmad�CaFYRN/|´M]N8v�IL{oxL_bYRM ��adkl�),<U({Fv¡[m_waFx¾�o¦$I`_gv�I´_bM(�`cb_wN8YF�N��	_� :
y:kR_bx`e(ao� Czjl_5£�UXh:Y\�CN/v	[R_bx`e([RIL{o[r[RIL_bY$¦J{dYrkRN/cb{o[RN/|�[Ra([mI`N�¦J{¤W�_bx�¦$IL_bv�I®UZH$s [ma�Czjl_�YRWXxL{o�`[R_gv1{oc
v1adx`xLN/v¡[m_waFxLY�¦+N/kRN+�`kmadedk�{oM(N8|.�¤¦+N�M(aX|`_�yLN8|�[mI`NJ�`kma��i_g|ZN8|�yLcbN�_bx]adk�|ZN1k�[Ra�M(aZ|ZN1ci[RILN/YRNJYRWXxL{o�CN/YRN/Y
_bx¢[RI`N)YR{dM]N�¦J{¤W�{FY�kRN/�:aFk\[mN/|¢^XW¯�$hL^`_wx@{dxL|�H�N/kRM�{dx¢_bx¿±b²¡³ $¨_ £ Nd£�¦$_�[mI�[RI`N/_wk�a�¦$x�YRWXxL{o�`[R_gv1{oc
|`Wix:{oM(_bv/Y %	£ T¿_w[RI´[RI`_gY�M(aX|`_�y:v/{�[m_waFx¾�ICzjl_XyLkmN/|���adk<{ocbcXv1adM´^`_wx:{�[R_badx:Y�ad�:Yp[m_wM´h`cg{�[R_badx´�L{ok�{oM(N1[RN1k�Y�@
YRa�¦�N�y:xL{ocbcwWª{F|Zad�Z[mN/|�[mI`N]M]aZ|Z_wyLN8|ªyLcbN���aFkAaFh`kzYR_bM�h`cg{�[m_waFxLY1£�QAkm_weF_wxL{dc�{dxL|ªM(aZ|Z_�y:N/|®�FN1k�Y\_badx:Y
ad��[mI`N/YRN�Y\WXxL{d�Z[R_gv1{dc¾v	aFx`x`N/v	[R_badxLYJ{dkRN�|ZN1[m{o_bcbN/|)_wx�[RILN�{o�`�CN1xL|`_�¥.£

�$N8Y\hLc�[�Yr{okmN��`cwad[\[mN/|�_wx�yLeFh`kmN��`£
EI = 0

v1adkmkRN8Y\�CadxL|LY§[ma�adx`N�YR_wxLedcbN�YR�`_b«dN�kmN/YR�:aFxLYRNt[ma�N/{dv�I
Y\[R_bM�hLcwhLYr�`h`cgY\N�¦$_w[RI`_bx`e

10 ms
ad��[RILN��¨{ocbcw_bx`e(N/|`edN�ao��[RILN�Yp[m_wM´h`cwh:Y$�`h`cgY\N�@

CV = 0
v1adkmkRN8Y\�Cadx:|`Y

[ma�v	aFxLY\[m{oxi[t_bxi[RN/kmYR�`_b«dN�[R_bM(N�_bxi[RN1km��{ocgY1£rO�ad[RI
EI = 0

{dxL|
CV = 0

{okmN�N	¥Z�CN/v¡[mN/|���aFkA{��CN1kR��N/v	[
kmN1cg{¤Wzao�C{t�:N/kR_baZ|Z_gv§_bx`�`hZ[8�d^`h`[�ad�Cv	aFh`k�Y\N

EI = 0
_bY�x`ad[�_bxLv	aFM(�L{�[m_w^`cbN�¦$_�[mI

CV 6= 0
$���adk�N	¥`{oM(�`cbN

_w�+�Lh`cbYRN/Y�{dkRN]kmN1cg{¤WdN/|®^`hZ[�[R_bM(_wxLe�_gY�YRcw_bedIi[RcbW®{� �N/v	[RN8|_%z{oxL|
CV = 0

_bY�x`ad[�_wxLv1adM(�L{o[R_b^`cwN]¦$_w[RI
EI 6= 0

$Ä��aFk�N	¥`{oM(�`cbN´_w�+aFx`N(Yp[m_wM´h`cwh:Y��`h`cgY\N]_bYzkmN1cg{¤WdN8|ª�:N/kR_baZ|Z_gv1{ocbcbW�N/�dN/kRW�[p¦�a�aFkzM(aFkRN´_wx`�LhZ[
�Lh`cbYRN/Y<%¡£ ,`aFk<[RI`N$�:{okm«i_bxLYRadx`_g{ox´h`xLY\[R_bM�h`cg{�[mN/|(v1{FY\NB$¨_ £ Nd£

ISTN
HFS = 0

%¡�
EI = 0.54

{dxL|
CV = 0.93
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Period = 40 ms

Ampl.

Error index
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Period = 20 ms

Ampl.
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Period = 6 ms
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Period = 3 ms
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,�_bedh`kmN��Z}B1lkmkmadk�_wx:|ZN	¥L$
EI
%�$�cbN	�Ä[´v1adcbh`M(x&%�{ox:|¢v1aXN	y:v1_wN/xF[�ad����{okm_g{�[R_badxL$

CV
%�$�km_weFIF[�v1adcbh`M(x&%

|`N1�CN1xL|ZN/xLv	Nzadx���,GU��L{ok�{oM(N	[mN1k�Y1£ 1§{Fv�I�kma�¦½v	adkmkmN/YR�:aFxL|`YG[ma]{]|Z_w CN/kRN/xi[J�),<U��CN1km_waZ|.}G{�%
40 ms$

25 Hz
%?@d^5%

20 ms
$
50Hz

%?@Xv�%
6 ms

$
167 Hz

%?@i|_%
3 ms

$
333 Hz

%¡£\1§{dv�I��`cwad[�v1adxi[m{d_wxLY+|Z_w CN/kRN/xF[
[mkm{Fv	N8Y1�XadxLNt��aFk$N/{dv�I���,GU)�`h`cgY\N�|ZhLkm{o[R_badx¾}

∗) 0.15 ms
@
×) 0.3 ms

@
◦) 0.6 ms

@
�) 0.9 ms

£�H�km{Fv	N8Y
v1adxLYR_gYp[$ao��_wxi[mN1km�:aFcb{o[RN/|)�CN1kR��adkmM({dxLv	N�YRaZv	kmN/YJ{oei{o_bxLYp[$Y\[R_bM�h`cg{�[m_waFx�{dM]�Lcw_w[RhL|`N�_wx pA

(µm)2
£ �	� [
���
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�$N/eF{dkm|Z_bx`eGnph:Yp[<[RILN
EI

|ZN/�:N/xL|ZN1x:v	N�adx�Y\[R_bM�h`cg{�[m_waFx��L{dkm{dM(N	[RN/kmY/�8¦+N+ad^LYRN1km�dNG[mIL{�[���adkG{AYp[m_wM��
hLcb{o[R_badx��:N/kR_baZ|¢ao�

20 ms
$
fSTN

HFS = 50 Hz
%¡���),<U�{Fv¡[mhL{ocbcwW�¦+aFkmYRN1xLYz[mIL{ocg{oM(_gv(kRN/cb{¤W¯v1{o�:{o^`_bcw_w[pW

¦$_w[RI)kRN8Y\�CN/v	[§[ma�[mI`Nth`x:Yp[m_wM´h`cb{o[RN8|�v1{FY\Nt��adkJ{ocbM(aFY\[�{ocbc�Yp[m_wM´h`cb{o[R_badx�{dM(�`cw_w[Rh:|ZN/YJ{ox:|��`h`cgY\N�|Zh`k�{ �
[m_waFxLY/£<HJIL_bYJ_gYJ_wxªfihL{dcw_w[m{o[R_b�dN�{dv1v1adk�|`{ox:v	Nt¦$_w[RIª�$hL^`_wx�{ox:|)H�N1kmM�{ox¾¬ Y�ad^LYRN1km��{�[R_badx�[RIL{o[r{�[ 6pcba�¦ 8
Y\[R_bM�hLcb{o[R_badx���kmN/fih`N/xLv	_bN/YJ�:{okm«i_bxLYRadx`_g{ox��5cb_w«FNAUZH$s {ox:| Czj<N�^`h`k�Yp[�Y$Yp[m_wcbc.aZv1v1h`k/�X^`h`[$[RI`N/W�^:N8v	aFM]N
cbadxLedN1k8�CcwN8{d|Z_bx`e�[ma)�`kmadcbadxLedN/|��LIL{dYRN/Ytao�+Y\[Rkmadx`e�_wx`IL_w^`_w[R_badx���kRaFM Czjl_�[Ra)[RIL{dcb{dM]aZv1adkR[R_gv1{oc�kRN/cb{¤W
v1N1cbcbY/£GqtY+[RILN�Y\[R_bM�hLcb{o[R_badx��CN1km_baX|�|ZN8v	kmN/{dYRN/Y)$�_5£ NF£<��kRN8fih`N1xLv1W�_wx:v	kmN/{dYRN/Y<%¡�Xv	N/k\[�{o_bx�_bM(�`kRa��FN1M(N1xi[�_bY
{o[\[�{o_bx`N/|®��adk�{�km{dx`edN´ao��Y\[R_bM�hLcb{o[R_badx¯{dM(�`cw_w[Rh:|ZN/Y�{dxL|®�`hLcbYRN�|Zh`k�{�[R_badx:Y1�.^`h`[z[mI`_gY�_wM(�`kma��dN/M]N/xi[
_gY´x`ao[�{dY´_wM(�`kmN/YmYR_w�FN){dY´_gY�[mkRN/M(adk�kmN/|`hLv¡[m_waFx!_bx v	cb_bx`_bv/{oc�N	¥Z�CN1km_wM(N1xi[�{�[R_badx:Y1£ HJI`_gY�_gY({ocgY\a�[RI`N
v/{dYRN���aFk��$h`^`_bx¿{oxL| H�N1kmM({dx¾¬ Y´kmN1�CadkR[RN8|!kmN/YRh`cw[mY/£ ,�_bxL{ocbcbWd�+��adk�{¢Yp[m_wM´h`cb{o[R_badx �:N/kR_baZ|!ad�

3 ms$
fSTN

HFS = 333 Hz
%¡�i¦+N�aF^LY\N/kR�FNr[mIL{�[$_bM]�LkRa��FN1M(N1xi[J¦$_�[mI)kmN/YR�:N8v¡[J[Ra][mI`N��L{okm«X_wxLYRadxL_b{dx�h`xLY\[R_bM�h��

cg{�[mN/|®v/{dYRN�_gYA{Fv�I`_wN/�dN8|ª{�[Acba�¦�N1ktY\[R_bM�h`cg{�[m_waFx�{oM(�`cb_w[RhL|ZN8YA{FYr�`hLcbYRN]|`h`km{o[R_badxª_gYt_bxLv1kRN8{dYRN/|.£tHJIL_bY
_gY${ocgYRa]_bxªfihL{ocb_�[�{�[m_w�FNz{dedkmN1N1M(N/xF[J¦$_w[RIª�$h`^`_bx®{ox:|)H�N1kmM�{ox¾¬ YJkRN8Y\hLc�[�Y1£

HJI`N
CV

|ZN/�:N/xL|ZN/xLv	N�aFx�Y\[R_bM�hLcb{o[R_badx¢�L{ok�{oM(N	[mN1k�YA��adcbcwa�¦rY�{�YR_wM(_bcb{dk�[RN1x:|ZN1xLv1W®[ma�|`N/v	kmN/{FY\N
¦$_w[RI¢Yp[m_wM´h`cg{�[R_badx®��kRN8fFhLN1xLv1W)��aFkz{�km{dx`edN´ao�§Y\[R_bM�h`cg{�[m_waFx�{oM(�`cb_w[RhL|ZN8Y�{oxL|ª�Lh`cbYRN(|Zh`k�{�[R_badx:Y1�C^`hZ[
YR_bM]_bcg{okm_�[m_wN8YJ¦$_�[mI)[mI`N

EI
|ZN/�:N/xL|ZN1x:v	N�v1{dx)xLao[r^CN�[m{o«FN1x)[RaXa]��h`kR[RI`N/k/£

T¢N¯v1adh`cg|ÀkRN/�`kmaX|`hLv	N��rh`^`_bx¼{oxL|¿H�N1kmM�{ox¾¬ Y�kmN/YRh`cw[mY����_��� �
�N��� � � ��� 	 ^LhZ[)x`ad[����_��	_�/�
�K���/� � �;� 	�£
UZN1�dN/km{dcF|Z_w �N1kmN1xLv1N/Y¾M�{¤W�v	aFxi[Rkm_w^`h`[RNl[mar[mI`_bY�_bM(�:aiYRYR_w^L_wcb_�[pWF£�Px�{F|`|Z_w[R_badx�[mat[mI`N+{dcwkmN/{F|ZWzM]N/xi[R_badx`N8|
|`_� �N1kmN1xLv1N/Y�_bx¢[RI`N�xihLM�^CN1k�ao�rv1N1cbcbY�_bxLv	cbhL|ZN8|�_wx N8{dv�I�Yp[mkRh:v¡[RhLkRN�{ox:|�[mI`N�M(_gYRYR_wxLe�Czj�N([ma�Czjl_
v1adx`xLN/v¡[m_waFxLY/�§¦�N®v1{ox M(N1xi[R_badx [mI`N���adcbcwa�¦$_bx`e:}¢²>%�[Ra@v	aFM(�`hZ[RN�[mI`N

EI
�+¦�N�hLY\N8| [RI`Nªcg{dY\[

5 sad�JYR_bM�h`cg{�[mN/|¢[R_bM(N�$�_bxLY\[RN8{d|�ao�${
1 s

_bxF[mN1km��{oc§{FY�_wx¿±b²¡³0%���%z¦+N�|Z_gYmv1{ok�|ZN8|�[mI`N�yLk�Y\[
5 s

ao�$��,GU
YR_bM�h`cg{�[mN/| {o�L�`cw_gv1{o[R_badx�¦$_w[RI�[RILN�_bxF[mN1xi[R_badx ad�r{¤�dad_g|Z_bx`e�[RI`N)N	 �N/v	[�ao�J[Rk�{ox:Y\_bN1xi[��`ILN1x`aFM]N/xL{ $¨{
YR_bM]_bcg{ok��`kmaZv	N/|`h`kRN(¦J{dY�x`ad[�kRN/�:aFk\[mN/|¢^XW¯�$hL^`_wx {dxL|�H�N/kRM�{oxÀ±b²¡³0%���%A[mI`N�v	km_w[RN1km_g{)¦�N(hLYRN/|¯��adk
|`N	yLx`_bx`e�{$[mIL{ocg{oM(_gv+v1N1cbcXYR�`_b«dN+kRN8Y\�CadxLYRN§M�{¤W�^CN�|Z_w �N1kmN1xi[���kmadM [mIL{�[<hLYRN/|�^iW��$hL^`_wx({ox:|�H�N1kmM({dx
$¨x`ao[rkmN1�CadkR[RN8|_%¡£
.+N/k\[�{o_bx`cwW@[RI`N®cg{okmedN�{oM(aFh`xi[(ad��|`N	[m{d_wcgY�x`N8v	N8YRYm{okmW�[Ra@v1adM(�`cbN	[RN/cwW Y\�CN/v1_���W![RI`N®M(aZ|ZN/cr_bY�{

YRadhLkmv1N´ad�+kmN1�`kmaZ|ZhLv	_b^`_bcw_w[pW®|Z_ ��v	h`cw[R_bN/Y�{dxL|¯_bY�aFx`N]ao��[RI`N�v	aiYp[�Y�{dYmY\aZv1_b{o[RN/|�¦$_�[mI {�yLxLN�|ZN	[�{o_bcwN8|
^L_waFcwaFed_gv1{ocbcbW�kRN8{ocb_bY\[R_gvtM(aZ|ZN/c £

� W � ����,.����#$,�,

�rh`^`_bx@{oxL| H�N1kmM�{ox@Y\[RhL|Z_bN/|¢[mI`N�kmad^LhLYp[mx`N/YmY�$¨YRN/v	[R_badx@�L£ °®_bx¿±b²¡³
%�ao�J[RILN�|Z_w CN/kRN/xF[m_b{dcl[mIL{ocg{oM(a �
v1adkR[R_gv1{dcLv	N/cwcgYlkmN/YR�:aFxLYR_w�FN1x`N8YRY�[ma´YRN1xLYRadkm_wM(ad[RadklY\[R_bM�hLcb{o[R_badx�h`xL|`N1k 6\x`aFkRM�{oc 8¡��6p�:{okm«i_bxLYRadx`_g{oxE8J{ox:|
6\�L{dkR«X_bxLY\aFx`_g{ox]¦$_�[mI���,GU]ao��U`H$s 8tv	aFxL|Z_w[R_badxLY/�d¦$_w[RI�kmN/YR�CN/v¡[§[Ra�x`aF_bYRN$_bx�[RI`NAY\N/xLY\aFkR_bM(ao[madkG_bx`�`hZ[
[m_wM(N�v1adh`k�Y\NF£GHJI`N1W���adh`xL|)[mIL{�[$��aFkJ[RI`N�[mI`kRN/N�v	adx:|Z_�[m_waFxLY/�Z[RI`N�M(aZ|ZN/c._bY$kmad^LhLYp[J[ma�km{dxL|ZadM [m_wM(N
_bxi[RN/kR��{ocgYJY\N/cwN8v¡[mN/|)��kRaFM�^Cao[RIª{]h`x`_w��adkmM&|`_bY\[Rkm_w^LhZ[R_badx�{oxL|�{]j<ad_gYRYRadx�|Z_gYp[mkR_b^`hZ[m_waFx¾£
T¢N´xLN	¥X[zv1adxLYR_b|`N1k�{�Y\_bM(�`cbN´�L{dkm{dM(N	[RN/kr�CN1kR[Rh`km^L{�[m_waFx®N	¥`{dM]�LcwN�[Ra�_bcbcwhLY\[Rk�{�[mN�[mI`N´YRN1xLYR_w[R_b�i_w[pW

ad�§[mIL{ocg{oM(_gv´v/{o�L{d^`_wcb_w[pW�[Ra�kRN/cb{¤W®{)�CN1km_waZ|Z_gv(|ZN1�Cadcg{okm_ '/_wxLe)_bx`�`hZ[�$ fihL{oxi[R_wyLN8|�^XW®{ox¢N1kmkmadkz_wxL|`N	¥
$
EI
%J|`N	yLx`N8|�{dYJ_bx�YRN/v	[R_badx���%	�Z¦$_�[mI�kmN/YR�CN/v¡[$[ma�{´�:{o_bk$ao��[RIL{dcb{dM]_gv�v	N/cwc.M(aZ|ZN1c��L{ok�{oM(N	[mN1k�Y1£
,�_bkmY\[/�:¦+Nz[RaXaF«){�YRN	[rao�G��,GU��L{dkm{dM(N	[RN/kmY $

ISTN
HFS = 150 pA

(µm)2
�
T STN

HFS = 6 ms
{oxL|

wSTN
HFS =

0.3 ms
%�[RIL{o[�{Fv�I`_bN1�dN8Yt{dx�N1kmkmadkr_bxL|ZN1¥®ao�

EI = 0.16
$¨{¤�FN1k�{oeFN�a��dN1kt[RI`N´[p¦�a�[RI:{ocg{oM(_bv´v	N/cwcgY %t_bx

[mI`N�[mIL{ocg{oM(_gv�v/{o�L{d^`_wcb_w[pW)[ma�kmN1cg{¤W�{��:N/kR_baZ|Z_gv�YRM]aXad[RI`N8|®YRfihL{dkRN�¦�{¤�FN�N	¥`v	_w[m{o[RaFkRW�_wxL�`hZ[�v	h`kmkRN/xi[

[\[ Ñ�]_^?`?a?b
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$
IThl
SM = 8 pA

(µm)2
�
T Thl

SM = 50 ms
{oxL|

wThl
SM = 5 ms

%$_bx®[mI`N 6\�L{dkR«X_bxLY\aFx`_g{oxª¦$_w[RI���,GUªad��UZH$s 8
v1adxL|`_�[m_waFx¾£¯HJI`N/x¾�l¦�N�YR_wM´h`cb{o[RN8|�[RI`N)��h`cbcJM]aZ|ZN/c§��aFk´N1¥`{dv¡[mcwW¯[RILN�Ym{oM(N)v1adxL|`_�[m_waFxLY�N1¥Zv1N1�Z[´��adk
[mI`Nª�¨{Fv¡[�[mIL{�[�[p¦�a@�L{dkm{dM(N	[RN/kmY(ad��[RI`N®M(aZ|ZN/ct¦�N1kmNªM]aZ|Z_wyLN8|À^iW

5%
£ ,`adk�[RI`N¯�:N/k\[mh`kR^:{�[R_badx

N1¥`{oM(�`cbNr¦+Nt�:N/k\[mh`kR^CN/|(�:{ok�{oM(N	[mN1k�Y
θThl

r

{dxL|
σThl

rτ

$¨{dY+|ZN	y:x`N/|(_bx�[RILNA{o�L�:N/xL|Z_w¥ %G^iW�{
5%

N/{Fv�I¾£
UZ_wM´h`cb{o[R_badx�M(N	[RILaX|`adcbadedW�¦J{dY�[mI`N�Ym{oM(N�{dY$|ZN8YRv1kR_b^:N8|�_bxªY\N8v¡[m_waFx��L£

Px([�{o^`cbN�²$¦+NrYRI`a�¦ [RI`NAv	adM(�`h`[RN/|
EI

��adklN8{dv�I(ao�C[RI`Nr[p¦+a�[mIL{ocg{oM(_gv$v	N1cbcgYGao�C[RI`NtM]aZ|ZN/c\$
EI1{dxL|

EI2
%´{oxL| [RI`N�{¤�dN/km{dedN][RIL{dcb{dM(_bv)N1kmkRaFk�_bxL|ZN	¥ $

EI
%���adk´[RILN)h`xL�:N/k\[mh`kR^CN/|!{oxL|!�:N/k\[mh`kR^CN/|

v/{dYRNd£lstao[RN�[mIL{�[Aadx`N�ad��[mI`N�[RIL{dcb{dM(_bv�v1N1cbcbYrYR¦$_w[mv�I`N8Y���kRaFM �CN1kR��N/v¡[rkmN1cg{¤W���h`x:v¡[R_badx $¨_ £ Nd£
EI = 0

%
[ma�v	adM(�`cbN	[mN1cbW�h`x`�¨{o_w[RIZ��h`c�kRN8Y\�CadxLYR_b�dN1xLN/YmY $¨_ £ Nd£

EI = 1
%	£

utx`�:N/k\[mh`km^:N8| j<N1kR[Rh`km^:N8|
θThl

r = −84 θThl
r = −79.8

σThl
rτ = 10.5 σThl

rτ = 11.025

EI1 0.34 0.74
EI2 0 1

EI = EI1+EI2

2 0.17 0.87
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M(aZ|ZN/c £

EI1
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EI
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Ca
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�rh`^`_bx({dxL|(H�N/kRM�{dx�±b²¡³L�LkRa��X_g|ZN/|´_wx:Y\_bedIi[l_bxF[ma�[RI`Nr�),GU]M]N8v�IL{oxL_bYRM h`xL|`N1kmcwWX_bx`e�[RI`N/_wk+Y\_bM�h`cg{�[m_waFx
kmN/YRh`cw[mY/£�qtxL{ocbW+'1_bx`e�[RILN1_bkl[RI:{ocg{oM(_bv$v1N1cbcLM(aZ|ZN1c $�^Cao[mI�_wx�_w[mYl��h`cbcC{dxL|]kRN8|ZhLv	N8|]��adkmM�Y %	�d¦$_w[RI��`I:{dYRN
�Lcb{dx`N$[RN8v�I`x`_gfih`N/Y/�o[m_wM(NAYmv1{dcwN8YlYRN1�L{dkm{o[R_badx�{oxL|(^L_���h`k�v1{o[R_badx�|Z_g{oeFkm{dM�Y;@�[mI`N1W�YRI`a�¦ [RI`Nr�LkRaFM]_bx`N/xF[
kmadcbN§ad�L[mI`N+cba�¦	�5[RI`kmN/YRI`adcg|�H��5[pWX�:N

Ca2+ v	h`kmkRN/xi[�_bx´{o CN8v¡[R_bx`eA[RI`N�[mIL{ocg{oM(_gv+v1N1cbcZkRN8Y\�CadxLYR_b�dN1xLN/YmY.[Ra
|`N1�Cadcg{okm_ '/_wx`eJ_bx`�`hZ[��`h`cgY\N8Y1�¤h`x:|ZN1k�|`_� �N1kmN1xi[��L{o[\[mN1kmxLY¾ad�i[mIL{ocg{oM(_gv<_wxLI`_w^L_�[m_waFx���kRaFM3Czjl_5}56\x`aFkRM�{oc 8¡�
6\�L{dkR«X_bxLY\aFx`_g{ox+8�aFk56\�L{okm«X_wx:Y\aFx`_b{dxt¦$_w[RI��),GU�ao�LUZH$sF8�£S,`kmadMT[RI`_gY�{dxL{ocbWZY\_gY1�1��adk�[RI`N\6\�L{dkR«X_bxLY\aFx`_g{ox+8
v/{dYRNA_w[$[RhLkRxLYradhZ[J[RI:{�[/}

� qtY)Y\aXadxÀ{dY�{dxÀ_wx`IL_w^`_w[R_badx¿�LIL{dYRN®Yp[�{okR[mY/�§[mI`N�[RI:{ocg{oM(_bvªv1N1cbctv1{dx`x`ad[�yLkRNª_bxÀkRN8Y\�Cadx:Y\N�[Ra
|ZN1�Cadcg{okm_('1_bx`e¯_bx`�`h`[(�Lh`cbYRN/Y(hLxF[m_wc$_w[mY�H��v	hLkRkmN1xi[´_gY�YRh ��v	_bN1xi[RcbW!|ZN/_wxL{Fv¡[m_w��{�[mN/|.£ HJI`NªY\cba�¦
^`h`_bcb|`_wx`e´h`��ao��[mI`Nt{¤��{o_bcb{d^`cbNrH�� v1h`kRkmN1xi[G_gY§{�v/{ohLYRN$ao��[RILNrx`N1¦½YRhLY\[m{d_wx`N8|]I`_weFI`N1k§_wx`IL_w^`_w[R_badx
cwN/�dN/c £

� qtY�YRaiaFx�{dYA_w[z_gYtkmN1cbN/{FY\N8|���kmadM {ox®_bx`I`_b^`_w[R_badx¯�`IL{dYRNd�C[mI`N�[mIL{ocg{oM(_gv�v1N1cbc�I:{dYz{ox®N1¥Zv1N/YmYtad�
H�� v1h`kmkRN/xF[�[RIL{o[Q$¨v1adh`�`cbN/|@¦$_�[mI!Y\aZ|Z_bh`M |ZN1_bxL{Fv¡[R_b��{�[m_waFx&%�cbN/{F|`Y�[ma�{ª^`h`k�Y\[�kRN8Y\�Cadx:Y\N�[mIL{�[
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φT hl
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vThl
M
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�CN1km_baX|`_bv/{ocbcwW3$�¦$_w[RI½{ �CN1km_waZ|ÀYR_wM(_bcb{dk�[Ra [mI`Nª[m_wM(N®_w[�[m{d«dN8Y(��adk�[mI`N�v1adM(�:N/xLYm{�[RaFkRW Y\WZY\[RN/M [Ra
{Fv1v1adM(M(aX|L{�[RN�[ma�[RILN�x`N/¦ YR_w[RhL{o[R_badx&%	£tHJI`_gYtv1{dhLYRN/Y$cg{dv�«�ao�GkmN/YR�:aFxLY\_b�dN/x`N/YmY${�[A[RI`N�adxLYRN	[tad�G[RI`N
_bx`I`_b^`_w[R_badxÀ�`IL{FY\Nª{dxL| ^`h`k�Yp[m_wx`e {o�Ä[RN1k�[RI`NªN/xL| ao�t[mI`Nª_bx`I`_b^`_�[m_waFx¿�`IL{FY\NF£½HJI`_bY(_gY�¦$IXW!�$hL^`_wx
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,Ladkr[mI`N)6\adk�|Z_bxL{okmW�8�H��v	h`kmkRN/xi[r¦+N�[maXad«�{ocbc��L{dkm{dM]N1[RN/k$�¤{dcwhLN/Yt{FYtYR�:N8v	_wyLN/|�_bx®H�N1kmM({dx¾¬ Y$yLcbNd£
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τThl
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σThl

rτ
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v1adxLY\[m{dxi[�� τThl

r (vT hl
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φThl
r

$¨¦$I`N1kmN
φr = 2.5
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,�_bedh`kmNr°:}<{�%lH�ao[�{ocL_bx`I`_b^`_w[RaFkRW�YRWix:{o�Z[m_bvt_wx`�LhZ[+��kmadM Czjl_C[ma�N/{Fv�I�[RI:{ocg{oM(_bvAv	N/cwcC_wx�[RI`Nz�L{okm«X_wx:Y\a"�
xL_b{dx®v1{dYRNd£$HJI`N]{ocbM(aFY\[r�:N/kR_baZ|Z_bv��`IL{dYRN/Ytao�G_bx`I`_b^`_�[m_waFx®aZv1v1h`kA{o[ 6[mkRN/M(adk 8A��kmN/fih`N1x:v	W $

≈ 6.Hz
%	£

^5%t{dxL|¯vS%$[mIL{ocg{oM(_gv´v1N1cbcbY/¬�kRN8Y\�Cadx:Y\_b�dN/x`N/YmY$[ma�{dx�N	¥`v1_�[�{�[RaFkRW��CN1km_waZ|Z_gv]Y\_bedxL{dc���aFkz[RI`N 6\adk�|Z_wx:{okmWI8
{dxL|)6p�¨{dY\[ 8+H��v	hLkRkmN1xi[�v/{dYRN/Y�kmN/YR�:N8v¡[R_b�dN/cwWF�¤h`xL|ZN/k�[mI`N$YR{dM(N 6\�L{okm«X_wx:Y\aFx`_b{dx+8G_wx`IL_w^`_w[R_badx]kmN1�`kmN/YRN1xi[RN8|
_bx�{�%¡£2,`adk�N8{dv�I®ad�§[RILN´[p¦�a)v1adxL|`_�[m_waFxLYzkRN/�`kRN8Y\N/xi[RN/|�_wx¯kRa�¦rYA^&%z{ox:|¯vS%$[p¦�a�YRh`^Zy:edh`kmN/Yz{okmN´kmN#�
�LkRaZ|ZhLv1N/|®��adk�N/{Fv�I¯v	N/cwc5}�adx`N]¦$_w[RI¯[RI`N][RI:{ocg{oM(_bv(v1N1cbc�M(N/M�^`k�{ox`N]�daFc�[�{oeFN�_bx

mV
$�cba�¦�N1kz[Rk�{dv1NS%

_bxªkmN/YR�:aFxLY\N�[ma([RI`N�N	¥`v	_w[m{o[RadkmW��CN1km_baX|`_bv�v1h`kmkRN/xF[$_bx pA
(µm)2
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t = 0

_bx([RI`NtyLedhLkRNtv1adkmkRN8Y\�Cadx:|`Y�[Ra
t = 19000 ms
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aFx][RI`N$[mIL{ocg{oM(_gv$v	N/cwc5¬ YlkRN8Y\�CadxLYR_b�dN1xLN/YmY1��ad��v�IL{dx`ed_bx`ez[RILN 6paFkm|`_wxL{dkRW�8�H��v	hLkRkmN1xi[G^XW�[RILN 6�¨{FYp[ 8�aFx`Nd�
{FYJ�`kmN1�X_waFhLYRcwW�|ZN1yLx`N8|.£

Px(yLeFh`kmN$°�¦+N$kmN1�`kmaZ|ZhLv1N
1 s
ad��YR_bM�h`cg{�[mN/|][RI:{ocg{oM(_bv$v1N1cbcbY/¬ YGkRN8Y\�Cadx:Y\N8Y�[Ra�N1¥Zv1_�[�{�[madkmW��:N/kR_baZ|Z_gv
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r
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v�ILN1M(_bv/{ocbcwWª_bxL|Zh:v	N/|¢YR�:N/N/|Z_bx`e�h`�¯ad��H��v	h`kmkmN1xi[�|`Wix:{oM(_bv/Yz_wx¯[RIL{dcb{dM(aXv1adkR[R_gv1{dc�kmN1cg{¤Wªv	N1cbcgY1�¾M�{¤W
�LkRa��X_g|ZN�{ox {ocw[RN/kRxL{o[R_b�dN�[mkRN8{�[mM]N/xi[]ad�t�L{okm«X_wx:Y\aFx`_b{dx M(ao[RaFk´|Z_gYRadk�|ZN1k�Y�_w�A�$hL^`_wx {oxL| H�N/kRM�{dx¾¬ Y
M(aZ|ZN/c�_gYtN8YRYRN1xi[m_b{dcwcbW��¤{dcw_g|.£ T¯N(|Za)x`ao[z«ixLa�¦ _w�l[mI`_bY�YRN1cbN/v	[R_b�dN´YR�CN1N/|`_wx`e)h`�®ad�+{�_badx�v1h`kmkRN/xF[A_bY
�CaFYmYR_w^`cbNr_bx��`k�{dv	[R_gv	Nd£�P ��_w[+_gY§�CaFYmYR_w^`cbNd�F��h`kR[RI`N/k§N1¥X�CN1km_bM]N/xi[m{�[m_waFx�_bx�[RI`_gY�|Z_wkmN/v	[R_badx�v1adh`cg|�YRN1km�dNJ[Ra
|`N1�dN/cwaF�){´x`N1¦ |Zkmh`e � ^L{dYRN/|�[RI`N/km{d�:N/hZ[R_gv�Yp[mkm{o[RN1eFWd£�Px�{dxXW�v1{dYRNd�Z_w[rv	aFh`cb|�^:N�{´¦J{¤W�ao����{ocb_g|`{�[m_wx`e
[mI`N��`kmad�CaFYRN/|�M]N8v�IL{oxL_bYRM ��adkr�),GU){Fv¡[m_waFx¾£

6�QAk�|Z_wx:{okmWI8AH��v	hLkRkmN1xi[ 6�,L{FYp[ 8zH�� v1h`kmkRN/xF[
τThl
r0 = 28 ms τThl

r0 = 5 ms

σThl
rτ = 10.5 mV σThl

rτ = 15 mV

EI1 0.36 0.030
EI2 0.39 0.080

EI = EI1+EI2

2 0.37 0.055

H�{o^LcwN��Z}GHJIL{dcb{dM(_bv�v1{d�L{o^L_wcb_�[pW�[Ra(kRN/cb{¤W�{(�CN1km_baX|`_bv�|ZN/�:aFcb{dkR_('1_bx`e]_wx`�LhZ[r¦$_�[mIª{ox96paFkm|`_wxL{dkRW�8taFkJ{
6p�¨{dY\[ 8§H��v	h`kmkmN1xi[/£

EI1
{oxL|

EI2
{okmNG[RI`N�N1kmkmadk�_bxL|ZN1¥ZN/Y�ao�Z[RILN§[p¦�ar[mIL{ocg{oM(_gv§v	N/cwcgY�ao�`[mI`N§��hLcwcXM(aZ|ZN1c

{dxL|
EI

_gY�[RI`N�{¤�FN1k�{oeFN]^CN	[p¦�N1N/x�[RI`N���adkmM(N1k�[p¦�a�{ox:|¢[RI`N�{FYRYRaZv	_g{�[mN/|¢_wx:|ZN	¥�[Ra®[RI`N�[RIL{dcb{dM�hLY
kmN1cg{¤W�v1{d�L{o^`_bcb_�[pWF£lQAxLcwW

1s
ad��YR_wM´h`cb{o[R_badx)_bYJkmN1�`kmaZ|ZhLv1N/|�_bx�yLedhLkRNz°L�Z^`h`[$[RI`N�N1kmkmadk�_wxL|`N	¥ZN/YJ¦�N1kmN

v/{ocgv	h`cg{�[mN/|)¦$_�[mI
5 s

ad��YR_wM´h`cb{o[RN8|�[m_wM(N9$���kRaFM
t = 15000 ms

[ma
t = 20000 ms

%

� X���# ���)�� 1����	� �+#$ 	 ���")#$ 

,Ladcbcwa�¦$_bx`e®�$hL^`_wx@{dxL| H�N1kmM({dx¾¬ Y�{oxL{dcwWZYR_bY�_�[�[mh`kmxLY�aFhZ[�[RI:{�[/��[p¦�a®«dN/W��Cad_bxi[mY�{Fv1v1adh`xi[���adk�[RI`N
N1¥Z�`cb{dxL{�[m_waFx�ad�l[RI`N��LkRaF�:aiY\N8|®��,GU¯M(N/v�IL{dx`_bYRM�}´²>%tHJILN � ���/�K���?	 ad��{dv	[R_b�X_�[pW $¨N1_w[RI`N/k � � ��=?� :�adk
�K��	&� :�%<[RIL{o[+Y\hLM(Ylh`��a��dN/kl{ocbc`_wxLI`_w^L_�[madkmW´{� �N1kmN1xi[�YGao�.{z[RIL{dcb{dM(aXv1adkR[R_gv1{dc`v	N1cbc:{dxL|��I%�[mI`Nr_bxF[mkR_bxLYR_bv
�LkRaF�:N/k\[m_wN8Y(ao�t[mI`Nªcba�¦	� [mI`kRN8Y\ILadcg|!H��5[pWi�CN

Ca2+ v	hLkRkmN1xi[�ao�z[RI`N®Ym{oM(Nªv	N/cwc5£¿P �z[RI`Nª�L{o[\[mN1kmx ad�
_bx`I`_b^`_w[R_badx _bY � �_�>=?� :	�§[RI`N/x@[mI`N)v1N1cbc�_gY]Y\N/kR_badhLYRcbW¯|Z_gY\kmh`�Z[mN/|@[Ra�kmN1cg{¤W¯[RI`N)�`h`cgY\N8Y�[mIL{�[(kRN8{dv�I _w[mY
N1¥`v	_w[m{�[madkmW�_bx`�`hZ[8£tO�hZ[A_w�G[RILN��L{o[\[RN/kRxªad�l_wxLI`_w^L_�[m_waFx®_bY �N��	_� :1�L[mI`N1x®[RI`N]v	N1cbc�_bYA{o^`cbN�[Ra)kRN/cb{¤W�[RI`N
N1¥`v	_w[m{�[madkmW��`h`cgY\N8Y1£

Px�aFkm|`N1kl[ma�N	¥Z�`cbadkmN$[mI`_bY/�i¦+NA�:N/k\��aFkRM(N/|�YR_bM�h`cg{�[m_waFxLYl¦$_w[RI�[mI`Nt_gYRadcg{�[RN8|][RIL{dcb{dM(_bvrv1N1cbc:M(aZ|ZN/c £
q �LkRN8YRv1kR_b^:N8|®[m_wM(N�� |ZN/�:N/xL|ZN/xF[�[Rao[�{ocl_bx`I`_b^`_w[RaFkRW¢Y\WXxL{d�Z[R_gv]_wx`�LhZ[

s(t)
[Ra�[RILN([RIL{dcb{dM]_gv�v	N/cwc§¦�{FY

[\[ Ñ�]_^?`?a?b
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Thalamic cell responsiveness
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,�_bedh`kmN��Z} 1lkmkRaFk�_bxL|ZN1¥O$
EI
% $�cbN	�Ä[?%J{oxL|�v	aXN���v1_wN/xi[Jad����{okm_g{�[R_badxO$

CV
% $¨kR_bedIi[<%�{FYRYRaZv	_g{�[RN8|�[ma´[mI`N

[mIL{ocg{oM(_gv�v	N/cwc¾M(aZ|ZN/c¾kRN8Y\�Cadx:Y\_b�dN/x`N/YmYJv1{o�:{o^`_bcw_w[pWd�`��adkr|Z_w CN/kRN/xi[r��kRN8fih`N1xLv1_wN8YJao��[RI`N�[RI`N�_bx`I`_b^`_w[RadkmW
YR_bedxL{dc £ jlhLcbYRN |Zh`k�{�[R_badx¼ao��[mI`N¢_wx`IL_w^`_w[RaFkRW½YR_bedxL{dcz¦J{dY�{ocb¦J{¤WXY)N/fihL{dct[maÀIL{ocw��ao��[RI`N��CN1km_waZ|.£
j<N/k\��aFkRM�{ox:v	N�YRv1adkmN/Y�¦+N/kRN�v	aFM(�`hZ[RN8|�hLY\_bx`e][RILN�cb{FYp[

5 s
ao�<{]YR_bM�h`cg{�[m_waFx�[m_wM(N�_bxF[mN1km��{oc.ao�

10 s
£

h:Y\N8|][Ra�M(aZ|ZN/c5Czjl_C_wxL�`hZ[mY/£�T¢NAY\[RhL|Z_bN/|�|`NA|ZN/�:N/xL|ZN1x:v	Ntad��[RI`Nt[RIL{dcb{dM]_gvrv1N1cbc:kmN/YR�:aFxLYR_w�FN1x`N8YRY<aFx
[mI`N���h`xL|L{oM(N1xi[m{dc���kRN8fih`N1xLv1W�ao�

s(t)
£

T¢N��`kmN/Ymv	km_w^CN/|
s(t)

[ma�IL{¤�dN�{]�:N/kR_baZ|Z_bv�YRM(aXao[RILN/|�YRfihL{dkRNz¦�{¤�FNt��aFkRM�}

s(t) = S Y (sin (2πfinh(t − dinh))) (1 − Y (sin (2πfinh (t − dinh + winh))))

¦$ILN1kmN�[RI`N�YR_weFM]aF_b|L{ocl��hLxLv¡[m_waFx
Y (·)

IL{FY�[mI`N���aFkRM
Y (·) =

(

1 + exp
(

− ·

σY

))

−1 ¦$_w[RI
σY =

0.001
£(HJI`N�{oM(�`cb_�[mhL|ZN

S = 2.5
¦�{FY�Y\N/cwN8v¡[RN8|¯{Fv1v1adk�|Z_wxLe�[ma)[mI`N�hLYRhL{ocG��{dcwh`N8Y�ad^LYRN1km�dN8|®_bx¢[RI`N

YR_bM�h`cg{�[m_waFxLY�v1{dkRkm_bN/|¯adhZ[�¦$_w[RI@[RI`N�v1adM(�`cbN	[mN�M(aX|`N1c)$ Y\N/N�yLeFh`kRN�°i{�[Ra�v1adM(�L{dkRN�{dM]�Lcw_w[RhL|`N/Y�ad�
s(t)

%	£<HJ_bM(NrY\IL_��Ä[
dinh = −90 ms

¦�{FYGY\N/cwN8v¡[mN/|]{okm^`_�[mkm{dkR_bcbWd£�HJILN+��hLxL|`{oM(N/xF[�{ocZ��kmN/fih`N/xLv	W
finh

ad�
s(t)

¦J{dY$��{okm_bN/|ªYRN1cbN/v¡[m_wxLe��¤{dcwhLN/Y$��kmadM {�cb_wx`N8{okmcwW�Y\�:{dv	N8|�Y\N1[tao�<��kmN/fih`N1x:v	_bN/Yr^CN	[p¦�N1N/x
1 Hz

{dxL|
200 Hz

_bx adk�|ZN1k�[RaªN1M´h`cg{�[RN Czjl_lyLkm_bx`e®_bx�[RI`N26\�L{dkR«X_bxLY\aFx`_g{ox+8 $(6pcba�¦ 8(��kRN8fFhLN1xLv1WE%�{dxL| 6R��,GU �
|`kR_b�dN/x+8�$ 6\I`_weFI+8���kmN/fih`N1x:v	W %rY\[m{o[RN/Y/£zjlh`cgY\N(|Zh`k�{�[m_waFxLYr¦$I`N/kRN]Y\N/cwN8v¡[mN/|ªN8fFh:{oc�[Ra�IL{ocw�G[RI`N]�CN1km_waZ|.}
winh = 1

2finh

£
HJI`N��CN1km_baX|`_bvzN	¥`v1_�[�{�[RaFkRW�_wx`�LhZ[tv	h`kmkmN1xi[$¦�{FY+«FN1�Z[rhLxLv�IL{oxLedN/|�¦$_�[mI�[RI`N���aFkRM�}

iexc(t) = Iexc Y (sin (2πfexc(t − dexc))) (1 − Y (sin (2πfexc (t − dexc + wexc))))

¦$ILN1kmN
Iexc = 8 pA

(µm)2
�
Texc = 25 ms

$�¦$I`_gv�I�v1adkmkRN8Y\�CadxL|LYJ[Ra
40 Hz

��kRN8fih`N1xLv1W %¡�
wexc = 5 ms

�
dexc = 80 ms

{ox:|
Y (·)

_gYJ[RI`N�Ym{oM(N�YR_weFM]aF_b|L{ocC��h`xLv	[R_badxª{ocbkRN8{d|ZW�h:Y\N8|.£
HJI`N)N1kmkRaFk�_wx:|ZN	¥ $

EI
%�{dxL| v	aXN1y:v	_bN1xi[´ad�$�¤{dkR_g{�[m_waFx4$

CV
%�{dYmY\aZv1_b{o[RN/|¯[maª[RI`N�[RIL{dcb{dM(_bv�v1N1cbc

kmN/YR�CadxLYR_w�FN1x`N8YRY�[ma�_w[mY§N	¥`v	_w[m{o[RadkmW]�:N/kR_baZ|Z_bvr_wx`�LhZ[+¦J{dY+v1{ocgv	hLcb{o[RN/|�{FYlN1¥X�Lcb{d_wx`N8|(_wx)Y\N8v¡[R_badx��L£ ,�_be �

�	� [
���
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6pjG{okm«X_wx:Y\aFx`_b{dx+8t_bx`I`_b^`_�[m_waFx 6\�),<U � |Zkm_b�dN1xE8A_wxLI`_w^L_�[m_waFx
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,�_bedh`kmN��`}\6 �¾a�¦ 8�$�cbN	�Ä[<%r{oxL|�6\I`_weFI+8�$¨kR_bedIi[?%+��kRN8fFhLN1xLv1W��`kmN/Ymv	km_w^CN/|)_bx`I`_b^`_�[m_waFxªY\_bedxL{dc
s(t)

{d�`�`cb_wN8|
[ma�[RILN�[RI:{ocg{oM(_bv´v	N/cwc�M]aZ|ZN/c�{dxL|�[mI`N´v1adkmkRN8Y\�CadxL|`_wx`e][mIL{ocg{oM(_gv�v	N/cwc�kRN8Y\�Cadx:Y\_b�dN/x`N/YmYJ[Ra�[RI`N]YR{dM(N
N1¥`v	_w[m{�[madkmW�_wx`�LhZ[�v	h`kmkRN/xi[7$��Lcwad[\[RN8|�_bx pA

(µm)2
_bx¯[RI`N�Ym{oM(N´YRh`^ZyLeFh`kmN]{FYt[mI`N]M]N/M�^`k�{oxLN´�Fadcw[m{oeFN

v
��aFkzv1adM(�L{dkR_gY\aFxª�:aFkR�Cad_gYRN/Y<%¡£ ,`h`xL|L{oM(N1xi[m{dc���kmN/fih`N/xLv	_bN/YAao�

s(t)
��adkA[RI`NB6\cwa�¦ 8�{ox:|Q6\I`_weFI+8���kRN��

fih`N/xLv	W¯v1{dYRN/Y�{dkRN
11.5 Hz

{dxL|
116 Hz

kmN/YR�:N8v¡[R_b�dN/cwWF£�HJ_wM(N�{�¥Z_gY�IL{dY�^CN1N/x�YRI`_w�Ä[RN8|���aFk�v	cg{okm_�[pWF�
t = 0

_bx�[mI`N�yLeFh`kRN�v1adkmkRN8Y\�CadxL|LY§[ma
t = 8000 ms

£

[\[ Ñ�]_^?`?a?b
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hLkRN��ªYRI`a�¦rY�[mI`N
EI

{oxL|¢[mI`N
CV

{deF{o_bxLY\[�[RI`N���h`xL|`{dM]N/xi[m{oc§��kRN8fih`N1xLv1W�ad�
s(t)

$
finh

%	£-,`kmadM
[mI`N/YRN�yLeFh`kRN8Y�_�[r_gYrv	cbN/{dkJ[RIL{o[ 6pIL_weFI+8tyLkm_wxLe�km{o[RN/Y�_bxi[Ra([RILN�_wx`IL_w^`_w[RaFkRW�_wx`�LhZ[tao��[RI`N�[RIL{dcb{dM]_gv�v	N/cwc
M(aZ|ZN/c¾{okmNAx`ad[Jv1adxi[Rk�{d|`_bv	[RadkmW(¦$_�[mI)aF�Z[R_bM�{oc.kmN1cg{¤W(ao��N1¥`v	_w[m{�[madkmW(_wxLv1adM(_bx`e(�`h`cgY\N8Y1£<PxL|ZN/N/|�[RI`N8Y\N
6\I`_bedI+8�yLkm_bx`e�k�{�[mN/Y´N	¥`v	_w[RN�[RI`N)[RIL{dcb{dM(_bv)v	N1cbc�M]aZ|ZN/c$|ZWXxL{oM(_gv1Y´_wx Y\hLv�I {Q6p�¨{dY\[ 8�¦J{¤W�[mIL{�[][RI`N
H��v	hLkRkmN1xi[$|ZN1_bxL{dv	[R_b��{�[R_badx�kmN1M�{o_bxLYJ{ocbM(aFY\[$v1adxLY\[m{dxi[/£§QAx�[mI`N�v	aFxi[Rk�{okmWd�X¦$I`N1x)[RILN�[RIL{dcb{dM]_gv�v	N/cwc
M(aZ|ZN/c:_gY§_bx`I`_b^`_w[RN8|�^XW�{�6\cwa�¦ 8$��kmN/fih`N1x:v	W 6p�:{okm«i_bxLYRadx`_g{ox��5cb_w«FN?8$Y\_bedxL{dc �F[RILNzH��v	h`kmkmN1xi[+|ZN/_wxL{Fv¡[m_w��{ �
[m_waFx �LhLv	[RhL{o[RN8Y$[RkmWX_wxLe�[Ra)v1{�[�v�Iªh`��¦$_w[RI®[RI`_gY 6RYRcwa�¦ 8�_wxLI`_w^L_�[madkmW�YR_weFxL{oc�{oxL|ª[RI`N´kRN8Y\�CadxLYR_b�dN1xLN/YmY
[ma�N	¥`v1_�[�{�[RaFkRW��`h`cgYRN/Yr_gYzv	adM(�`kmadM(_gY\N8|.£rH�¦+a�kmN1�`kmN/YRN1xi[�{�[R_b�dN�YR_bM�h`cg{�[m_waFxªkRN8Y\h`cw[mYA{okmN�kmN1�`kmaZ|ZhLv	N8|
_bx�yLedhLkRN��`£

HJI`N8Y\N¯kRN8Y\hLc�[�Y)v1adxZyLkmM �$h`^`_bxT{dxL|½H�N1kmM�{ox¾¬ Y�M�{o_bx½kmN/YRh`cw[/}4�K��	_� :�yLkm_bx`e!ad�2Czjl_�{�[)IL_weFI
��kmN/fih`N/xLv	W)v1{ox�kmN/Y\[RadkmNA[RI`N�{d^`_wcb_w[pW�ao��[RI`N�[mIL{ocg{oM´hLY+[Ra�kmN1cg{¤W�_�[�YrYRN1xLYRadkm_wM(ad[Radk�_bx`�`hZ[$�¨{d_�[mIZ��h`cbcwWF£

� aFkRN/a��dN/kA�$h`^L_wx�{oxL|¯H�N/kRM�{dx¾¬ YzN1¥X�Lcb{dxL{�[m_waFxª��adk���,GU¯{dv	[R_badx¾�.�CaFYRN/Y�{ox¯_wxi[mN1kmN/Y\[R_bx`e)M�{o[RI��
N/M�{�[R_gv1{dc+�LkRaF^`cwN/M [RIL{o[(v1adh`cg|!|ZN8Y\N/kR�FN�|ZN/N1�CN1k�{oxL{dcwWZYR_bY�_��t[RI`N/_wk(N	¥Z�`cg{ox:{�[R_badx@[Rh`kmxLY´adhZ[][Ra¢^:N
�LIiWZYR_waFcwaFed_gv1{dcwcbW¯��{dcw_g|.}ªYp[mhL|ZW@ad�t[mI`N®Y\WXxLv�ILkRaFx`_ '8{�[m_waFx@ao��{ox!N1¥`v	_w[m{o^LcwNªYRWXY\[RN/M $Ä[mI`N®�raZ|ZeF«X_wx��
�thZ¥ZcwN/W �5cb_w«FN�[mIL{ocg{oM(_gv(v	N1cbclM(aZ|ZN1c
%A[Raª{dx¯N1¥Zv1_�[�{�[madkmW®Y\_bedxL{dc ��h`xL|ZN/k�[RI`N�_bx`I`_b^`_w[RadkmW®_bx��Lh`N/xLv	N�ad�
�:{�[\[mN1kmx`N/| $�_5£ Nd£ 6\�L{okm«X_wxLYRadxL_b{dx+8tadk 6R��,GU �|Zkm_w�FN1x+8 %+_wxi[RN/k\��N/kRN/xLv	NF£

� � �����+ 	��,��1���

T¢N(N	¥`{oM(_bx`N/|¢YRadM(N]��N1¦©{FY\�CN/v	[mY�ad�§[RILN�M]aZ|ZN/cG^XW��$h`^`_bx�{oxL|¢H�N/kRM�{dx¾£]HJILN�M]aZ|ZN/cGkRN/cw_bN/YzaFx
[mI`N��`IXWZY\_badcbadeF_bv/{oc§IXWX�Cao[RILN/YR_bY´[RI:{�[([RI`N�M�{o_bx@��hLxLv¡[m_waFx ad�t[RI:{ocg{oM�h:Y�_gY][Ra¢kRN/cb{¤W YRN1xLYRadkm_bM]ad[RaFk
N1¥`v	_w[m{�[madkmW�Y\_bedx:{ocgY§�¨{d_�[mIZ��h`cbcwWF�LN/�dN1x�h`xL|`N1kJ[RILN�_wx`IL_w^`_w[RaFkRW)_wx �Lh`N1x:v	N�ao� Czjl_�{Fv¡[R_b�X_�[pWF£

j<N1kR��adkmM(_wxLe�xXh`M(N/kR_gv1{dc§Y\_bM�hLcb{o[R_badxLY�ad�+[mI`N�M(aZ|ZN1c§|`Wix:{oM(_bv/Y�¦�N�v	adx`yLkRM(N8|®[mI`N�v	cg{o_bM [mIL{�[
IL_weFI�yLkm_bx`e(km{o[RN/Y�_bx�[RI`N�adh`[R�`hZ[rxXhLv1cwN/hLYJao��[RILN�OFC©v1{dhLY\N8|�^XW��),<U.� �Z= 	5���Jv	aFxi[Rk�{d|Z_gv¡[madkmW]¦$_w[RI
kmN/Y\[RaFkR_bx`e�[RIL{dcb{dM]_gv´kRN/cb{¤W���h`xLv	[R_badx¾£(srN/�dN/k\[mI`N1cbN/YmY1�C[mI`N(^:N/x`N	y:v1_b{dcGN	 �N/v	[mY�ao����,GU¯M]N8{dYRh`kmN/|ª^XW
[p¦�a��CN1kR��adkmM({dxLv	N�Ymv	aFkRN8YB$

EI
{dxL|

CV
%¡�:[RhLkRx`N8|�adhZ[r[ma�^:N�M�hLv�IªM(adkmN�v	cbN/{dkr_wx�[mI`N�YR_wM´h`cg{�[R_badx

v/{dYRNtad��{]{ox�_gYRadcg{�[RN8|([RI:{ocg{oM(_bvzv	N/cwc�¦$_w[RI�{��LkRN8YRv1kR_b^:N8|�_bx`I`_b^`_w[RadkmW�_bx`�`hZ[rYR_weFxL{oc $¨YRN/v	[R_badx���%l[RIL{dx
_bx�[mI`Nt��hLcwc�M(aZ|ZN1c�Y\_bM�hLcb{o[R_badx�v/{dYRN2$¨YRN/v	[R_badx���%¡£ .+cb_wx`_gv1{dcwcbWd�i_w[�_gY§¦�N1cbcC«ixLa�¦$x�[RIL{o[��),<U�N ��v	_bN1x:v	W
_bx�{ocbcwN/�X_b{o[R_bx`e��L{okm«X_wxLYRadxL_b{dx�[mkRN/M]aFk/�d_bYlY\[RkmadxLedcbW�|ZN1�CN1x:|ZN1xi[§aFx´[mI`NrY\[R_bM�h`cg{�[m_waFx´��kmN/fih`N/xLv	WF£�HJIL_bY
v1cwN8{ok�|ZN1�CN1xL|`N1xLv1Nt¦J{dYlaFx`cbW´aF^LY\N/kR��{d^`cwNt_wx�[mI`Nt_gYRadcg{�[RN8|][RIL{dcb{dM(_bvAv	N1cbc�Y\_bM�h`cg{�[m_waFx�kRN8Y\hLc�[�Y1£ � adkmN#�
a��FN1k�¦�N(��adh`xL|¯[mIL{�[�M(_bx`adk��:{ok�{oM(N	[mN1k��:N/k\[mh`km^L{�[m_waFxLY�v1{dx�|`km{dM({o[R_gv1{dcwcbW®{� �N/v	[´��,GU¯N ��v	_bN1x:v	W
_bx�kmN/Y\[RaFkR_bx`e�[mIL{ocg{oM(_gvtkmN1cg{¤W]��h`xLv	[R_badxO$ Y\N8v¡[m_waFx�°�%	£GHJI`_bY/�`YRh`edeFN/Y\[mYG[mIL{�[${ocw[RILadh`eFI�[RILNt��h`cbc.M(aZ|ZN1c
�LkRa��X_g|ZN/Y�{���{dcwhL{d^`cbN�fihL{ocb_�[�{�[m_w�FN®N	¥Z�`cg{oxL{o[R_badx ��adk���,GUÀ{dv	[R_badx¾�$_w[�Y\[R_bcbctx`N/N/|`Y��¤{dcw_g|`{o[R_badx½{ox:|
{F|¤nphLY\[RM(N1xi[t{deF{o_bxLY\[�N1¥Z�:N/kR_bM(N1xi[m{dc¾|`{�[�{´_w�<_�[r_gYrYRh`�`�CaFYRN/|�[Ra(^:N�h:Y\N8|�{FY${]�`kRN8|Z_gv¡[R_b�dNz[maiaFc £
,LaXv1hLYR_wx`ezadx�[RI`NJN8YRYRN1xi[R_g{ociM(N/v�IL{dx`_gY\M�Y�[RIL{o[<hLxL|ZN1kmcb_wNJ��,GU�{Fv¡[m_waFx�_bx�[RILN��LkRaF�:aiY\N8|�M(aX|`N1cX¦+N

��aFh`xL|.��{FY¾�Cad_bxF[mN/|�aFhZ[�^XWz�rh`^`_bx�{oxL|�H�N1kmM�{ox¾�/[RI:{�[�[mI`N§H��v	h`kmkmN1xi[�|ZWXxL{oM(_gv1{dcd�`kmad�CN1kR[R_bN/Y.N1¥Z�`kRN8YRY
_bx N/{dv�I@[RIL{dcb{dM]_gv�v	N/cwcJ_bx YRhLv�I {¯¦J{¤W�[RIL{o[]cba�¦ ��kmN/fih`N1x:v	W $ 6\�L{dkR«X_bxLY\aFx`_g{ox+8 %�_bx`I`_b^`_w[RadkmW _bx`�`hZ[
YR_bedxL{dcbY${dkRN�{ocbcba�¦+N8|�[ma�_wxi[mN1kR��N1kmNz¦$_w[RI�[mI`N�x`aFkRM�{dc.kRN/cb{¤W���hLxLv¡[m_waFx¾�:¦$IL_wcbN�I`_bedI���kRN8fih`N1xLv1WO$(6\�),<U
|`kR_b�dN/x+8 %�_bx`I`_b^`_�[madkmW@_bx`�`hZ[�YR_weFxL{ocgY]{okmN)�`kmN1�FN1xi[RN8| ��kmadM _bxi[RN/k\��N/kR_bx`e¢adx x`adkmM�{ocJkRN/cb{¤W¢��h`x:v¡[R_badx
$ Y\N/N�y:edh`kmN���%¡£@�rN/xLv	NF�§_bx@[mI`N)M(aZ|ZN/crv	adxi[mN	¥X[/�<[mI`N�^L{dYR_bv){dv	[R_badx!ad�A��,GU!_bY�[Ra�YRN	[�{®�L{o[\[mN1kmx
ad�J{Fv¡[m_w�X_w[pW®_wx Czjl_§[RIL{o[�_bY�{o^Ca��dN´[RI`N(��kmN/fih`N/xLv	W¢|ZadM�{o_bx¢ao�JkRN8Y\�CadxLYRN(ao��[RI`N([mIL{ocg{oM(_gv(v	N1cbc§H��
v1h`kmkRN/xF[G|ZWXxL{dM]_gv1Y/£�HJIL_bY<x`aFx�� cw_bx`N/{dk�yLc�[mN1km_wxLezN1 CN8v¡[G�CaFYRN/YG{ox]_bxF[mN1kmN/Y\[R_bx`ezM({o[RI`N/M�{�[R_gv1{dcZ�`kmad^`cbN1M
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[mIL{�[$|ZN8Y\N/kR�FN/Yl|ZN/N1�CN1kJ_bxi�FN/Y\[R_beF{o[R_badx¾}�Yp[mhL|ZW�ao�.[mI`N�Y\WXxLv�I`kmadxL_ '8{�[R_badx(ad��{ox�N1¥`v	_w[m{o^LcwNzY\WZY\[RN1M $�[RI`N
�thZ¥ZcwN/W �5cb_w«FN�[mIL{ocg{oM(_gv(v	N1cbclM(aZ|ZN1c
%A[Raª{dx¯N1¥Zv1_�[�{�[madkmW®Y\_bedxL{dc ��h`xL|ZN/k�[RI`N�_bx`I`_b^`_w[RadkmW®_bx��Lh`N/xLv	N�ad�
�:{�[\[mN1kmx`N/| $�_5£ Nd£ 6\�L{okm«X_wxLYRadxL_b{dx+8tadk 6R��,GU�|Zkm_w�FN1x+8 %+_wxi[RN/k\��N/kRN/xLv	NF£

OJ{dYRN/|®adx®[mI`N(_wx:Y\_bedIi[A�LkRa��X_g|ZN/|ª^XW®�$hL^`_wx�{ox:|�H�N1kmM({dx¾¬ YtN1¥X�Lcb{dxL{�[m_waFxª��adk���,GU¯{dv¡[m_waFx¾��¦+N
N1¥Z�:N/kR_bM(N1xi[RN8|�xihLM]N/kR_gv1{dcwcbW�¦$_w[RI@{dx@{�[R[Rk�{dv¡[m_w�FN��:aiYRYR_b^`_wcb_w[pW�[mIL{�[´v1adh`cg|�^CN/v	aFM(N�{ox@{dc�[mN1kmxL{�[m_w�FN
[mkRN8{�[mM]N/xi[�[Ra@�),<U¿_����`k�{dv	[R_gv1{d^`cwNF£ HJI:{�[�_gY�[ma!Y\�CN1N8|Àh`�À[RILN¯H��v	h`kmkRN/xi[�|`Wix:{oM(_bv/Y�_bx¿adk�|ZN1k
[ma M�{d«dN¢hLY\N¢ao�´_�[�Yªv	adM(�CN1xLYm{�[madkmW N1 CN8v¡[®{oei{o_bxLY\[��`I:{dYRN/Y)ao��_bx`I`_b^`_w[R_badx $¨YRN/v¡[m_waFx ��%¡£�P �´[RI`N
H��v	hLkRkmN1xi[�|ZN1_bxL{Fv¡[R_b��{�[m_waFx�v/{ox¢��adcbcba�¦ [mI`N��`IL{FY\N8Y�ao�$_bx`I`_b^`_w[R_badx@YRh ��v	_bN1xi[RcbW®�¨{FYp[8��[mI`N�[RI:{ocg{oM(_bv
v1N1cbctIXWX�:N/kR�Cadcg{okm_('1N/Y(¦$_w[RI¿N8{dv�IÀ_bx`I`_b^`_�[m_waFx¿�`IL{FY\NF�$^`hZ[�_gY�Y\[R_bcwcz{o^`cbNª[ma kRN8Y\�CadxL| [ma N	¥`v	_w[m{o[RaFkRW
Y\[R_bM�hLcw_�N1�dN/xªh`xL|ZN/kr[mI`_bYt_wxLI`_w^L_�[madkmW)�`I:{dYRN/Y$^CN/v/{ohLYRN�_w[mYtH��v	hLkRkmN1xi[r_gYtYRh ��v	_bN1xi[RcbW�|`N1_bxL{dv	[R_b�¤{o[RN8|
$ Y\N/N�yLeFh`kmN�°�%	£�Px [RI`_gY({ocw[RN/kRxL{o[R_b�dNF��[mI`N)��kRN8fFhLN1xLv1W�|`adM�{o_bx@ao�AkRN8Y\�CadxLYRN�ad�r[RI`N)[RI:{ocg{oM(_bv)v	N/cwc
H��v	hLkRkmN1xi[$|ZWXxL{oM(_gv1YJ_gY$¦$_b|`N1x`N8|�_bx�adk�|ZN1k�[Ra(��aFcwcba�¦½[mI`N�6\�L{okm«X_wxLYRadxL_b{dx+8t�`IL{FY\N8Y+ad��_bx`I`_b^`_w[R_badx¾£

HJIXhLY/�:_bxª[mI`N´v1adxi[RN1¥i[zao�<[RILN´�`kmad�CaFYRN/|�M(aZ|ZN1c5�C[RI`N´�L{okm«X_wx:Y\aFx`_b{dx�M]ad[RaFkA|ZWZY\��h`xLv¡[m_waFx®{okm_bYRN/Y
¦$ILN1x®[mI`N][RI`N(M�{o_bx®��kmN/fih`N/xLv	Wªad�§_bx`I`_b^`_�[m_waFx�[maª{�[mIL{ocg{oM(_gv´v1N1cbc�_gY�v	aFM]�:{ok�{o^`cbN�[ma�[mI`N�v�IL{ok�{dv#�
[mN1km_bY\[R_gv)6Rv	h`[�� ao  8���kRN8fih`N1xLv1W�ao�§_w[mY�H��v	h`kmkRN/xi[A|ZWXxL{oM(_gv1Y/£�UZN1�L{dkm{o[R_badx®ad�G[RI`N8Y\N´��kRN8fih`N1xLv1_wN8YtM�{¤W
^CN�{dv�I`_bN1�FN/| ^XW�[p¦�a¢{dc�[mN1kmxL{�[m_w�FN�¦�{¤WZY/}�_bxLv	kmN/{FY\_bx`e®[mI`N)��kRN8fFhLN1xLv1W ao�t_bx`I`_b^`_w[R_badx M�hLv�I I`_weFI`N1k
{d^:a��FNr[mI`N�v	hZ[��5ad ���kmN/fih`N/xLv	W�ad��[mI`N�H�� v1h`kRkmN1xi[J|ZWXxL{oM(_gv1Y $Ä[mI`_bYJ_gYJ��,GU %	�`adk�_wx:v	kmN/{dYR_bx`e�[mI`NP6\v1hZ[��
ad  8+��kmN/fih`N1x:v	W�ad�:[mI`NrH�� v1h`kmkRN/xF[G|ZWXxL{dM]_gv1Y<_bx(adk�|ZN1k�[ma�{dcwcba�¦ H��v	hLkRkmN1xi[G|ZN1_bxL{dv	[R_b��{�[R_badx´[Ra���aFcwcba�¦
fih`_gv�«XcwW�[mI`N 6\�L{okm«X_wxLYRadxL_b{dx+8§�`IL{FY\N8Y�ad�C_bx`I`_b^`_w[R_badx-$Ä[mI`_gY<_bYlYR�CN1N/|`_wx`e�h`�´[RILNrH�� v1h`kRkmN1xi[G|ZWXxL{oM(_gv1Y<%¡£

� V #������	 1,�� % W ����1� ����" X�#J�G������p,����"�#$ 

Px)[RIL_bY${d�`�:N/xL|Z_w¥�¦�Nz|ZN8YRv1kR_b^CNt[mI`N�M�{�[RILN1M�{�[m_bv/{oc�M(aX|`N1c.N	¥X[mkm{Fv¡[RN8|���kmadM�{dxQDAjlj.q$utH¼yLcwN��`kma �
�X_g|ZN/|(^XW � {¤�X_g|�H�N/kRM�{ox�£\1§{Fv�I�v	N1cbc`[pWX�CNr_gYlM(aZ|ZN1cbN/|(¦$_w[RI�{�YR_bx`edcbN#�v	aFM]�:{okR[RM(N1xi[lv	aFxL|ZhLv	[m{ox:v	N#�
^:{dYRN/|�^`_bad�`IXWZYR_bv/{oc��taX|`ed«X_wx�� �thZ¥ZcwN/W � cb_w«FN�M]aZ|ZN/c £F1§�dN1kmW�M(aZ|Z_wy:v1{o[R_badx®¦�N�M�{d|ZN�[Ra�[mI`N�aFkR_bed_bxL{dc
y:cwN�_bx�aFkm|`N1kJ[Ra(�CN1kR��adkmM�adhLk$a�¦$x�YR_wM´h`cg{�[R_badx:Y+_gY$_bxL|Z_gv1{o[RN/|�N1¥X�Lcw_gv	_w[RN/cwWF£
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,Ladk§v1cb{dkR_w[pWd�i|ZN1�CN1x:|ZN1xLv1N/Y§ao�._waFx�v	h`kmkmN1xi[mYGaFx�M(N1M�^Lkm{dx`N$�daFc�[�{oedN${dxL|(eF{o[R_bx`e���{okm_b{d^`cwN8Yl{okmN$adM(_w[��
[mN/|.£§UZN1N�YRh`^LYRN/v¡[m_waFx�q�£ �´ad��[mI`_bYt{o�`�CN1xL|`_�¥���aFkJ[RI`N�|`N	[m{d_wcgYJao��[RILN/YRN�|ZN1�CN1xL|`N1xLv1N/Y/£
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∀j ∈ {1, . . . , 8} :
d
dt

v
STN,j
M =

−i
ST N,j

L −i
ST N,j

Na −i
ST N,j

K −i
STN,j

AHP −i
ST N,j

Ca −i
ST N,j

T −i
ST N,j

GP e→STN +jIST N
0

+i
ST N,j

HF S

CSTN
M

d
dt

hSTN,j = φSTN
h

hST N
∞

(v
ST N,j

M )−hSTN,j

τSTN
h (v

STN,j

M )

d
dt

nSTN,j = φSTN
n

nST N
∞

(v
ST N,j

M )−nSTN,j

τSTN
n (v

ST N,j

M )

d
dt

rSTN,j = φSTN
r

rSTN
∞

(v
ST N,j

M )−rSTN,j

τSTN
r (v

ST N,j
M )

[\[ Ñ�]_^?`?a?b
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d
dt

x
STN,j
Ca = φSTN

xCa
εSTN
xCa

(

−i
STN,j
Ca − i

STN,j
T − kSTN

Ca x
STN,j
Ca

)

d
dt

sSTN,j = αSTN
(

1 − sSTN,j
)

HSTN
∞

(

v
STN,j
M − θSTN

g

)

− βSTNsSTN,j

�0/213/�� 46527 ¶ � ¶98 �:5¨��! ¶9; ���Z�:5 º38 �=< º ����� ¶ � ¶ ! !¨�

∀j ∈ {1, . . . , 8} :
d
dt

v
GPe,j
M =

−i
GP e,j
L −i

GP e,j
Na −i

GP e,j
K −i

GP e,j
AHP −i

GP e,j
Ca −i

GP e,j
T −i

GP e,j
GP e→GP e−i

GP e,j
ST N→GP e+jIGP e

0
+IGP e

app

CGP
M

d
dt

hGPe,j = φGP
h

hGP
∞

(v
GP e,j

M )−hGP e,j

τGP
h (v

GP e,j

M )

d
dt

nGPe,j = φGP
n

nGP
∞

(v
GP e,j

M )−nGP e,j

τGP
n (v

GP e,j
M )

d
dt

rGPe,j = φGP
r

rGP
∞

(v
GP e,j

M )−rGP e,j

τGP
r

d
dt

x
GPe,j
Ca = εGP

xCa

(

−i
GPe,j
Ca − i

GPe,j
T − kGP

Ca x
GPe,j
Ca

)

d
dt

sGPe,j = αGP
(

1 − sGPe,j
)

HGP
∞

(

v
GPe,j
M − θGP

g

)

− βGPesGPe,j
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∀j ∈ {1, . . . , 8} :
d
dt

v
GPi,j
M =

−i
GP i,j

L −i
GP i,j

Na −i
GP i,j

K −i
GP i,j

AHP −i
GP i,j

Ca −i
GP i,j

T −i
GP i,j

ST N→GPi+IGP i
app

CGP
M

d
dt

hGPi,j = φGP
h

hGP
∞

(v
GP i,j

M )−hGP i,j

τGP
h (v

GP i,j

M )

d
dt

nGPi,j = φGP
n

nGP
∞

(v
GP i,j

M )−nGP i,j

τGP
n (v

GP i,j

M )

d
dt

rGPi,j = φGP
r

rGP
∞

(v
GP i,j

M )−rGP i,j

τGP
r

d
dt

x
GPi,j
Ca = εGP

xCa

(

−i
GPi,j
Ca − i

GPi,j
T − kGP

Ca x
GPi,j
Ca

)

d
dt

sGPi,j = αGP
(

1 − sGPi,j
)

HGP
∞

(

v
GPi,j
M − θGP

g

)

− βGPisGPi,j

�0/213/�� 46527 ¶ � ¶98 �:5¨��! ¶9; ���Z�:5 º38 �=< º ���
	���!¨� � 5¨��� ¶ ! ! �

∀j ∈ {1, 2} :
d
dt

v
Thl,j
M =

−i
T hl,j
L −i

T hl,j
Na −i

T hl,j
K −i

T hl,j
T −i

T hl,j

GP i→T hl
+i

T hl,j
SM

CThl
M

d
dt

hThl,j = φThl
h

hThl
∞

(v
T hl,j
M )−hThl,j

τThl
h (v

T hl,j

M )

d
dt

rThl,j = φThl
r

rThl
∞

(v
T hl,j
M )−rThl,j

τThl
r (v

T hl,j

M )
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∀j ∈ {1, . . . , 8} :

i
STN,j
L = gSTN

L

(

v
STN,j
M − V STN

L

)

i
STN,j
Na = gSTN

Na

(

mSTN
∞

(

v
STN,j
M

))3

hSTN,j
(

v
STN,j
M − V STN

Na

)

i
STN,j
K = gSTN

K

(

nSTN,j
)4

(

v
STN,j
M − V STN

K

)

i
STN,j
AHP = gSTN

AHP

(

v
STN,j
M − V STN

K

)

x
ST N,j

Ca

x
STN,j

Ca
+kST N

1

i
STN,j
Ca = gSTN

Ca

(

sSTN
∞

(

v
STN,j
M

))2 (

v
STN,j
M − V STN

Ca

)

i
STN,j
T = gSTN

T

(

aSTN
∞

(

v
STN,j
M

))3
(

bSTN
∞

(

rSTN,j
))2

(

v
STN,j
M − V STN

Ca

)

i
STN,j
GPe→STN = gGPe→STN

(

v
STN,j
M − VGPe→STN

)

s
STN,j
GPe→STN

i
STN,j
HFS =







ISTN
HFS Y

(

sin
(

ωSTN
HFSt

)

− aSTN
HFS

) $ H�N/kRM�{dx¾¬ Y+yLcbNS%

ISTN
HFS Y

(

sin
(

2πt
T STN

HF S

))

(

1 − Y

(

sin

(

2π(t+wSTN
HF S)

T ST N
HF S

)))

$ QAh`krYR_wM´h`cb{o[R_badxLY<%
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∀j ∈ {1, . . . , 8} :

i
GPe,j
L = gGP

L

(

v
GPe,j
M − V GP

L

)

i
GPe,j
Na = gGP

Na

(

mGP
∞

(

v
GPe,j
M

))3

hGPe,j
(

v
GPe,j
M − V GP

Na

)

i
GPe,j
K = gGP

K

(

nGPe,j
)4

(

v
GPe,j
M − V GP

K

)

i
GPe,j
AHP = gGP

AHP

(

v
GPe,j
M − V GP

K

)

x
GP e,j

Ca

x
GP e,j

Ca
+kGP

1

i
GPe,j
Ca = gGP

Ca

(

sGP
∞

(

v
GPe,j
M

))2 (

v
GPe,j
M − V GP

Ca

)

i
GPe,j
T = gGP

T

(

aGP
∞

(

v
GPe,j
M

))3

rGPe,j
(

v
GPe,j
M − V GP

Ca

)

i
GPe,j
GPe→GPe = gGPe→GPe

(

v
GPe,j
M − VGPe→GPe

)

s
GPe,j
GPe→GPe

i
GPe,j
STN→GPe = gSTN→GPe

(

v
GPe,j
M − VSTN→GPe

)

s
GPe,j
STN→GPe

�0/���/�� ��� 5+� ¶ ! !¨����� ���¤� ¶98 �/�

∀j ∈ {1, . . . , 8} :

i
GPi,j
L = gGP

L

(

v
GPi,j
M − V GP

L

)
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i
GPi,j
Na = gGP

Na

(

mGP
∞

(

v
GPi,j
M

))3

hGPi,j
(

v
GPi,j
M − V GP

Na

)

i
GPi,j
K = gGP

K

(

nGPi,j
)4

(

v
GPi,j
M − V GP

K

)

i
GPi,j
AHP = gGP

AHP

(

v
GPi,j
M − V GP

K

)

x
GP i,j

Ca

x
GP i,j

Ca
+kGP

1

i
GPi,j
Ca = gGP

Ca

(

sGP
∞

(

v
GPi,j
M

))2 (

v
GPi,j
M − V GP

Ca

)

i
GPi,j
T = gGP

T

(

aGP
∞

(

v
GPi,j
M

))3

rGPi,j
(

v
GPi,j
M − V GP

Ca

)

i
GPi,j
STN→GPi =







gSTN→GPi

(

v
GPi,j
M − VSTN→GPi

)

Y
(

v
GPi,j
STN→GPi − θSTN→GPi

) $¨H�N1kmM�{ox¾¬ Y�yLcbNS%

gSTN→GPi

(

v
GPi,j
M − VSTN→GPi

)

s
GPi,j
STN→GPi

$5QAh`krYR_bM�h`cg{�[m_waFxLY %
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∀j ∈ {1, 2} :

i
Thl,j
L = gThl

L

(

v
Thl,j
M − V Thl

L

)

i
Thl,j
Na = gThl

Na

(

mThl
∞

(

v
Thl,j
M

))3

hThl,j
(

v
Thl,j
M − V Thl

Na

)

i
Thl,j
K = gThl

K

(

0.75
(

1 − hThl,j
))4

(

v
Thl,j
M − V Thl

K

)

i
Thl,j
T = gThl

T

(

pThl
∞

(

v
Thl,j
M

))2

rThl,j
(

v
Thl,j
M − V Thl

T

)

i
Thl,j
GPi→Thl = gGPi→Thl

(

v
Thl,j
M − VGPi→Thl

)

s
Thl,j
GPi→Thl

i
Thl,j
SM = IThl

SM Y

(

sin

(

2π(t−dT hl
SM)

T T hl
SM

)) (

1− Y

(

sin

(

2π(t−dT hl
SM +wThl

SM )
T T hl

SM

)))
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mSTN

∞
(·) = 1

1+exp 	 − ·−θST N
m

σST N
m 


hSTN
∞

(·) = 1

1+exp 	 ·−θST N
h

σST N
h 


nSTN
∞

(·) = 1

1+exp 	 − ·−θST N
n

σST N
n 


sSTN
∞

(·) = 1

1+exp 	 − ·−θST N
s

σST N
s 


aSTN
∞

(·) = 1

1+exp 	 − ·−θST N
a

σST N
a 


bSTN
∞

(·) = 1

1+exp 	 − ·−θST N
b

σST N
b 
 − 1

1+exp 	 θST N
b

σST N
b 


�	� [
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�
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rSTN
∞

(·) = 1

1+exp 	 ·−θST N
r

σST N
r 


τSTN
h (·) = τSTN

h0 +
τSTN

h1

1+exp 	 ·−θST N
hτ

σST N
hτ 


τSTN
n (·) = τSTN

n0 +
τSTN

n1

1+exp 	 ·−θST N
nτ

σST N
nτ 


τSTN
r (·) = τSTN

r0 +
τSTN

r1

1+exp 	 ·−θST N
rτ

σST N
rτ 


HSTN
∞

(·) = 1

1+exp 	 − ·−θST N
gH

σST N
gH 
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mGP

∞
(·) = 1

1+exp 	 − ·−θGP
m

σGP
m 


hGP
∞

(·) = 1

1+exp 	 ·−θGP
h

σGP
h 


nGP
∞

(·) = 1

1+exp 	 − ·−θGP
n

σGP
n 


sGP
∞

(·) = 1

1+exp 	 − ·−θGP
s

σGP
s 


aGP
∞

(·) = 1

1+exp 	 − ·−θGP
a

σGP
a 


rGP
∞

(·) = 1

1+exp 	 ·−θGP
r

σGP
r 


τGP
h (·) = τGP

h0 +
τGP

h1

1+exp 	 ·−θGP
hτ

σGP
hτ 


τGP
n (·) = τGP

n0 +
τGP

n1

1+exp 	 ·−θGP
nτ

σGP
nτ 


HGP
∞

(·) = 1

1+exp 	 − ·−θGP
gH

σGP
gH 
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mThl

∞
(·) = 1

1+exp 	 − ·−θT hl
m

σT hl
m 


hThl
∞

(·) = 1

1+exp 	 ·−θT hl
h

σT hl
h 


pThl
∞

(·) = 1

1+exp 	 − ·−θT hl
p

σT hl
p 
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rThl
∞

(·) = 1

1+exp 	 ·−θT hl
r

σT hl
r 


aThl
h (·) = aThl

h0 exp
(

−
·−θThl

ah

σT hl
ah

)

bThl
h (·) =

bT hl
h0

1+exp 	 − ·−θT hl
bh

σT hl
bh 


τThl
h (·) = 1

aT hl
h

(·)+bT hl
h

(·)

τThl
r (·) = τThl

r0 + τThl
r1 exp

(

−
·−θThl

rτ

σT hl
rτ

)
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Y (·) = 1

1+exp
�
−

·

σY �
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s
STN,1
GPe→STN

s
STN,2
GPe→STN

s
STN,3
GPe→STN

s
STN,4
GPe→STN

s
STN,5
GPe→STN

s
STN,6
GPe→STN

s
STN,7
GPe→STN

s
STN,8
GPe→STN



























=

























0 1 0 0 1 0 0 0
1 0 0 0 0 1 0 0
0 0 0 1 0 0 0 1
0 0 1 0 0 0 1 0
0 1 0 0 0 1 0 0
1 0 0 0 1 0 0 0
0 0 1 0 0 0 0 1
0 0 0 1 0 0 1 0

















































sGPe,1

sGPe,2

sGPe,3

sGPe,4

sGPe,5

sGPe,6

sGPe,7

sGPe,8
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s
GPe,1
GPe→GPe

s
GPe,2
GPe→GPe

s
GPe,3
GPe→GPe

s
GPe,4
GPe→GPe

s
GPe,5
GPe→GPe

s
GPe,6
GPe→GPe

s
GPe,7
GPe→GPe

s
GPe,8
GPe→GPe



























=

























0 1 1 0 0 0 0 0
1 0 0 0 1 0 0 0
0 0 0 1 0 0 0 1
1 0 1 0 0 0 0 0
0 0 0 0 0 1 1 0
0 1 0 0 1 0 0 0
0 0 1 0 0 0 0 1
0 0 0 1 0 0 1 0

















































sGPe,1

sGPe,2

sGPe,3

sGPe,4

sGPe,5

sGPe,6

sGPe,7

sGPe,8
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s
GPe,1
STN→GPe

s
GPe,2
STN→GPe

s
GPe,3
STN→GPe

s
GPe,4
STN→GPe

s
GPe,5
STN→GPe

s
GPe,6
STN→GPe

s
GPe,7
STN→GPe

s
GPe,8
STN→GPe



























=

























0 0 0 1 0 0 0 1
0 0 1 0 0 0 1 0
1 0 0 0 1 0 0 0
0 1 0 0 0 1 0 0
0 0 0 1 0 0 0 1
0 0 1 0 0 0 1 0
0 1 0 0 1 0 0 0
1 0 0 0 0 1 0 0

















































sSTN,1

sSTN,2

sSTN,3

sSTN,4

sSTN,5

sSTN,6

sSTN,7

sSTN,8
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v
GPi,1
STN→GPi

v
GPi,2
STN→GPi

v
GPi,3
STN→GPi

v
GPi,4
STN→GPi

v
GPi,5
STN→GPi

v
GPi,6
STN→GPi

v
GPi,7
STN→GPi

v
GPi,8
STN→GPi



























=

























1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1



















































v
STN,1
M

v
STN,2
M

v
STN,3
M

v
STN,4
M

v
STN,5
M

v
STN,6
M

v
STN,7
M

v
STN,8
M



























$ H�N/kRM�{dx¾¬ Y�y:cwN>%



























s
GPi,1
STN→GPi

s
GPi,2
STN→GPi

s
GPi,3
STN→GPi

s
GPi,4
STN→GPi

s
GPi,5
STN→GPi

s
GPi,6
STN→GPi

s
GPi,7
STN→GPi

s
GPi,8
STN→GPi



























=

























1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

















































sSTN,1

sSTN,2

sSTN,3

sSTN,4

sSTN,5

sSTN,6

sSTN,7

sSTN,8
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(

s
Thl,1
GPi→Thl

s
Thl,2
GPi→Thl

)

=

(

1 1 0 0 1 1 0 0
0 0 1 1 0 0 1 1

)

























sGPi,1

sGPi,2

sGPi,3

sGPi,4

sGPi,5

sGPi,6

sGPi,7

sGPi,8
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� � N1M´^`k�{ox`N�v1{d�L{dv1_�[�{oxLv1Nd}
jG{ok�{oM(N	[mN1k �l{ocbh`N

CSTN
M 1 pF

(µm)2

� �¾N8{o«�v1h`kRkmN1xi[$kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwhLN

gSTN
L 2.25 nS

(µm)2

V STN
L −60 mV

� UXaZ|Z_bh`M&v1h`kRkmN1xi[$kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwhLN

gSTN
Na 37.5 nS

(µm)2

V STN
Na 55 mV

θSTN
m −30 mV

σSTN
m 15 mV

θSTN
h −39 mV

σSTN
h 3.1 mV

τSTN
h0 1 ms

τSTN
h1 500 ms

θSTN
hτ −57 mV

σSTN
hτ 3 mV

φSTN
h 0.75

� j<ao[m{FY\_bh`M v	h`kmkRN/xi[�kmN1cg{�[mN/|)�L{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

gSTN
K 45 nS

(µm)2

V STN
K −80 mV

θSTN
n −32 mV

σSTN
n 8 mV

τSTN
n0 1 ms

τSTN
n1 100 ms

θSTN
nτ −80 mV

σSTN
nτ 26 mV

φSTN
n 0.75

�	� [
���



���������
	�����
�
��������������������� ��! �F�

� �r_bedI��5[RILkRN8Y\I`aFcb|�v1{dcbv1_whLM v	h`kmkmN1xi[$kRN/cb{o[RN/|)�L{dkm{dM]N1[RN/kmY/}
jG{ok�{oM(N	[mN1k �l{dcwh`N

gSTN
Ca 0.5 nS

(µm)2

V STN
Ca 140 mV

θSTN
s −39 mV

σSTN
s 8 mV

� �¾a�¦	�5[RI`kmN/YRI`aFcb|)H�� [pWX�CN�v/{ocgv	_bh`M&v1h`kmkRN/xF[JkmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwh`N

gSTN
T 0.5 nS

(µm)2

θSTN
a −63 mV

σSTN
a 7.8 mV

θSTN
b 0.25 mV

σSTN
b 0.07 mV

θSTN
r −67 mV

σSTN
r 2 mV

τSTN
r0 7.1 ms

τSTN
r1 17.5 ms

θSTN
rτ 68 mV

σSTN
rτ 2.2 mV

φSTN
r 0.5

� .�{ocgv	_bh`M�� {Fv¡[m_w��{�[mN/|ª�Fadcw[m{dedN#� _bxL|ZN1�CN1x:|ZN1xi[ 6R{��Ä[mN1kmIiWX�CN1km�:aFcb{dkR_('/{o[R_badx+8��Cao[m{FY\_bh`M v	hLkRkmN1xi[AkmN#�
cb{o[RN8|)�:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

gSTN
AHP 9 nS

(µm)2

kSTN
1 15

kSTN
Ca 22.5 pA

(µm)2

φSTN
xCa

0.75

εSTN
xCa

5 × 10−5 (µm)2

pA
(ms)−1

� UXWXxL{o�`[R_gv�Yp[�{�[RN��5��{dkR_g{o^`cbN/Y+kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

αSTN 5
βSTN 1
θSTN

g 30 mV

θSTN
gH −39 mV

σSTN
gH 8 mV
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� q$ �N1kmN1xi[tYRWix:{o�Z[m_bv�v	hLkRkmN1xi[mYJkmN1cg{�[mN/|)�L{ok�{oM(N1[RN1k�Y/}
jG{dkm{dM]N1[RN/k �l{ocbh`N
gGPe→STN 0.9 nS

(µm)2

VGPe→STN −100 mV

� .+adxLY\[m{dxi[�v1h`kmkRN/xF[9$¨hLY\N8|¯[RaªM�hLc�[m_w�`cbW�^XW�[RI`N�v1N1cbcG_wxL|`N	¥¯xXh`M´^:N/k�[Raªv1kRN8{�[RN�YRcw_bedIi[�_bM�^L{dc �
{oxLv1NS%	}
jG{ok�{oM(N	[mN1k �l{ocbh`N

ISTN
0 2 pA

(µm)2

� ��,GU�kmN1cg{�[RN8|��L{dkm{dM(N	[RN/kmY $ H�N/kRM�{ox�¬ Y�yLcbNS%	}
jG{ok�{oM(N	[mN1k �l{dcwhLN

ISTN
HFS 0 pA

(µm)2
$�x`a���,GU %B@

400 pA
(µm)2

$¨��,GU %

ωSTN
HFS 0.5 rad

ms

aSTN
HFS 0.9

� ��,GU�kmN1cg{�[RN8|��L{dkm{dM(N	[RN/kmY $ QAh`krY\_bM�hLcb{o[R_badxLY<%¡}
jG{ok�{oM(N	[mN1k �l{dcwhLN

ISTN
HFS 0 pA

(µm)2
$�xLa���,GU % @

21.43, 42.86, 64.29, 85.71, 107.1, 128.6, 150.0, 171.4,

192.9, 214.3, 235.7, 257.1, 278.6, 300.0 pA
(µm)2

$ ��,GU %

T STN
HFS 3.00, 6.00, 20.0, 40.0ms

wSTN
HFS 0.150, 0.300, 0.600, 0.900ms

�0/���/�� ��� ¶ � 8 » ��� 5J� ¶ ! ! �����
	��Z� ¶ » ���`�¤� � ¶ � ¶ ���

� � N1M´^`k�{ox`N�v1{d�L{dv1_�[�{oxLv1Nd}
jG{ok�{oM(N	[mN1k �l{ocbh`N

CGP
M 1 pF

(µm)2

� �¾N8{o«�v1h`kRkmN1xi[$kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwh`N

gGP
L 0.1 nS

(µm)2

V GP
L −55 mV

�	� [
���
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� UXaZ|Z_bh`M&v1h`kRkmN1xi[$kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwh`N

gGP
Na 120 nS

(µm)2

V GP
Na 55 mV

θGP
m −37 mV

σGP
m 10 mV

θGP
h −58 mV

σGP
h 12 mV

τGP
h0 0.05 ms

τGP
h1 0.27 ms

θGP
hτ −40 mV

σGP
hτ 12 mV

φGP
h 0.05

� j<ao[m{FY\_bh`M v	h`kmkRN/xi[�kmN1cg{�[mN/|)�L{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

gGP
K 30 nS

(µm)2

V GP
K −80 mV

θGP
n −50 mV

σGP
n 14 mV

τGP
n0 0.05 ms

τGP
n1 0.27 ms

θGP
nτ −40 mV

σGP
nτ 12 mV

φGP
n 0.05

� �r_bedI��5[RILkRN8Y\I`aFcb|�v1{dcbv1_whLM v	h`kmkmN1xi[$kRN/cb{o[RN/|)�L{dkm{dM]N1[RN/kmY/}
jG{ok�{oM(N	[mN1k �l{dcwh`N

gGP
Ca 0.1 nS

(µm)2

V GP
Ca 120 mV

θGP
s −35 mV

σGP
s 2 mV

� �¾a�¦	�5[RI`kmN/YRI`aFcb|)H�� [pWX�CN�v/{ocgv	_bh`M&v1h`kmkRN/xF[JkmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwh`N

gGP
T 0.5 nS

(µm)2

θGP
a −57 mV

σGP
a 2 mV

θGP
r −70 mV

σGP
r 2 mV

τGP
r 30 ms

φGP
r 1

[\[ Ñ�]_^?`?a?b
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� .�{ocgv	_bh`M�� {Fv¡[m_w��{�[mN/|ª�Fadcw[m{dedN#� _bxL|ZN1�CN1x:|ZN1xi[ 6R{��Ä[mN1kmIiWX�CN1km�:aFcb{dkR_('/{o[R_badx+8��Cao[m{FY\_bh`M v	hLkRkmN1xi[AkmN#�
cb{o[RN8|)�:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

gGP
AHP 30 nS

(µm)2

kGP
1 30

kGP
Ca 20 pA

(µm)2

εGP
xCa

1 × 10−4 (µm)2

pA
(ms)−1

� UXWXxL{o�`[R_gv�Yp[�{�[RN��5��{dkR_g{o^`cbN/Y+kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

αGP 2
θGP

g 20 mV

θGP
gH −57 mV

σGP
gH 2 mV

�0/���/�� ��� ¶ � ¶ ! !¨��� 8�º 8�¸ � 	��Z� ¶ » �<�Z����� ¶ � ¶ ���

� UXWXxL{o�`[R_gv�Yp[�{�[RN��5��{dkR_g{o^`cbN/Y+kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k8}
jG{ok�{oM(N	[mN1k �l{dcwh`N

βGPe 0.04

� q$ �N1kmN1xi[tYRWix:{o�Z[m_bv�v	hLkRkmN1xi[mYJkmN1cg{�[mN/|)�L{ok�{oM(N1[RN1k�Y/}
jG{dkm{dM]N1[RN/k �l{ocbh`N
gGPe→GPe 1 nS

(µm)2
$�x`aFkRM�{dcZ%)@

0 nS
(µm)2

$�jG{okm«X_wxLYRadxL_b{dx&%

VGPe→GPe −80 mV

gSTN→GPe 0.3 nS
(µm)2

VSTN→GPe 0 mV

� .+adxLY\[m{dxi[�v1h`kmkRN/xF[9$¨hLY\N8|¯[RaªM�hLc�[m_w�`cbW�^XW�[RI`N�v1N1cbcG_wxL|`N	¥¯xXh`M´^:N/k�[Raªv1kRN8{�[RN�YRcw_bedIi[�_bM�^L{dc �
{oxLv1NS%	}
jG{ok�{oM(N	[mN1k �l{dcwh`N

IGPe
0 0.3 pA

(µm)2

� 1G¥X[RN/kRxL{dc�{o�L�`cw_bN/|�v	hLkRkmN1xi[/}
jG{ok�{oM(N	[mN1k �l{dcwhLN

IGPe
app −0.5 pA

(µm)2
$¨x`adkmM�{oc
%)@

−2.3 pA
(µm)2

$�jG{okm«X_wx:Y\aFx`_b{dx&%

�0/���/�� ��� 5+� ¶ ! !¨��� 8�º38¾¸ �
	��Z� ¶ » �<�Z����� ¶ � ¶ ���

� UXWXxL{o�`[R_gv�Yp[�{�[RN��5��{dkR_g{o^`cbN/Y+kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwh`N

βGPi 0.08

�	� [
���
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�
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� q$ �N1kmN1xi[tYRWix:{o�Z[m_bv�v	hLkRkmN1xi[mYJkmN1cg{�[mN/|)�L{ok�{oM(N1[RN1k�Y/}
j<{dkm{dM(N	[RN/k �l{ocbh`N
gSTN→GPi 1 nS

(µm)2

VSTN→GPi 0 mV

θSTN→GPi 0 mV

� 1G¥X[RN/kRxL{dc�{o�L�`cw_bN/|�v	hLkRkmN1xi[/}
jG{ok�{oM(N	[mN1k �l{ocbh`N

IGPi
app −1.2 pA

(µm)2

�0/���/�� @ 	�� !¨��� 5 �)� ¶ ! !¨��� �<�Z����� ¶ � ¶ ���

� � N1M´^`k�{ox`N�v1{d�L{dv1_�[�{oxLv1Nd}
jG{ok�{oM(N	[mN1k �l{ocbh`N

CThl
M 1 pF

(µm)2

� �¾N8{o«�v1h`kRkmN1xi[$kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwhLN

gThl
L 0.05 nS

(µm)2

V Thl
L −70 mV

� UXaZ|Z_bh`M&v1h`kRkmN1xi[$kmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

gThl
Na 3 nS

(µm)2

V Thl
Na 50 mV

θThl
m −37 mV

σThl
m 7 mV

θThl
h −41 mV

σThl
h 4 mV

aThl
h0 0.128 (ms)−1

θThl
ah −46 mV

σThl
ah 18 mV

bThl
h0 4 (ms)−1

θThl
bh −23 mV

σThl
bh 5 mV

φThl
h 1

� j<ao[m{FY\_bh`M v	h`kmkRN/xi[�kmN1cg{�[mN/|)�L{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{ocbh`N

gThl
K 5 nS

(µm)2

V Thl
K −90 mV

[\[ Ñ�]_^?`?a?b



�F� �F��=�:��_���

� �¾a�¦	�5[RI`kmN/YRI`aFcb|)H�� [pWX�CN�v/{ocgv	_bh`M&v1h`kmkRN/xF[JkmN1cg{�[RN8|��:{ok�{oM(N	[mN1k�Y1}
jG{ok�{oM(N	[mN1k �l{dcwhLN

gThl
T 5 nS

(µm)2

V Thl
T 0 mV

θThl
p −60 mV

σThl
p 6.2 mV

θThl
r −84 mV

$�^LhZ[tY\N/N�x`ao[mN�²z^CN1cba�¦�%
σThl

r 4 mV

τThl
r0 28 ms

$�^`hZ[zY\N/NzxLao[RN��´^CN1cba�¦�%
τThl
r1 1 ms

θThl
rτ −25 mV

σThl
rτ 10.5 mV

$�^`hZ[zY\N/NzxLao[RN8Y�²�{oxL|��]^:N/cwa�¦�%
φThl

r 2.5srad[RNr²F}A,`adk�[mI`Nl�CN1kR[Rh`km^L{o[R_badx�N	¥`{oM(�`cbNG¦�N<[RaXad«
θThl

r = −79.8 mV
{oxL|

σThl
rτ = 11.025 mV

£
srad[RNª�Z}�,Ladk´[RI`N�Y\_bM�hLcb{o[R_badx ao�z{Q6p�¨{dY\[ 8)H��v	h`kmkRN/xi[�¦+N)[RaXaF«

τThl
r0 = 5 ms

{oxL|
σThl

rτ =
15 mV

£

� q$ �N1kmN1xi[tYRWix:{o�Z[m_bv�v	hLkRkmN1xi[mYJkmN1cg{�[mN/|)�L{ok�{oM(N1[RN1k�Y/}
jG{ok�{oM(N	[mN1k �l{dcwhLN
gGPi→Thl 0.15 nS

(µm)2

VGPi→Thl −85 mV

� UXN1x:Y\aFkR_bM(ao[RaFk$Y\_bedxL{dc.kRN/cb{o[RN8|��L{dkm{dM]N1[RN/kmY/}
jG{ok�{oM(N	[mN1k �l{ocbh`N

IThl
SM 8 pA

(µm)2

T Thl
SM 25 ms

$ H�N/kRM�{ox�¬ Y+yLcbNS% @
50 ms

$ QAh`krY\_bM�hLcb{o[R_badxLY<%
wThl

SM 5 ms

dThl
SM 80 ms

� qrhZ¥Z_bcw_g{okmW�YR_weFM(ad_g|`{oc���h`x:v¡[R_badx�kmN1cg{�[mN/|)�L{ok�{oM(N	[mN1k8}
jG{ok�{oM(N	[mN1k �l{dcwh`N

σY 0.001

�(��� 8�ºX¹ ! ¶ »���� ¶98 �/�F� UX�CN/v	_g{oc�[mIL{ox`«ZY�eFa�[Raªqtx`x`N�O�N1hZ[mN1kz��adk�I`N/kz��{dcwhL{d^`cbN]v1adxi[Rkm_w^LhZ[R_badxLY
[ma�[mI`_gY�kRN/�:aFk\[�{oxL|®��adk�I`N/kz�CN1k�YRadxL{dc�_bxX�dadcb�dN/M(N1xi[A_bx¢YRh`�`�CadkR[R_bx`e)[RI`_gYz¦+aFkR«�£�Pt¦+aFh`cb|¯{ocgY\a)cw_b«dN
[ma [RI:{ox`«À~F{Fv1fih`N8Y��rN/x`kRW {oxL|¿O�N8|Zk/¬ 1§|`|`_wx`N¢qr_bxLYRN1^L{���aFk�[RILN1_bk�edhL_b|`{dxLv	N¯{oxL| M�{�[mI`N1M�{�[m_bv/{oc
{F|Z�X_bv1Nt|Zh`km_bx`e�M�W(_bxi[RN1kmxLYRI`_b�¾£�H�a´{dcwc:ao�.[mI`N1M M´W´M(aFY\[�YR_bxLv	N/kRNreFkm{o[R_w[RhL|`N$��adk§[RI`N/_wk�cwaFx`e � cg{dY\[R_bx`e
��km_bN1xL|`YRI`_b�¾£�,�_wxL{dcwcbWd�ZP+¦+aFh`cg|�cb_w«FNA[ma�[mIL{oxL«�Ppst�$Ppq�¬ YJPxi[mN1kmxL{�[m_waFxL{ocCPxi[RN1kmxLYRI`_b��jlkmadeFkm{dM©��aFkJ[RI`N
y:xL{oxLv1_b{dc¾Y\hL�`�:aFk\[$ad��[mI`_bYr¦+aFkR«�£

�	� [
���
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W # % #J�<#$�)��#$,

±b²	³��$hL^`_wx)~L£�1r£F{dxL|�H�N/kRM�{dx � £i�r_bedI(��kmN/fih`N1x:v	W(Yp[m_wM´h`cb{o[R_badx�ad�C[mI`NtYRh`^Z[mIL{ocg{oM(_gv$xXhLv	cbN1hLY§N1cb_wM��
_bxL{�[mN/Y§�L{�[mI`adcbadeF_bv/{ocZ[mIL{ocg{oM(_gv$kRIXWi[RILM]_gv	_w[pW]_wx�{�v1adM(�`hZ[�{�[m_waFxL{oc:M]aZ|ZN/c £���� ��� � �E���2� �E����=;:��Ä�
�d�d�o°:��²/�`}l�`²d²
�`�o�i�Z£

±È�¤³�O�N1x:{o^`_g|�q�£ �l£b�Fj<aFcwcg{o«´j�£b� �¾aFh`�dN8{oh�q�£b�i�tN1x`kmW�U�£i{dxL| � NA�$aFh`edN/M]aFxi[§~L£E.+adM�^L_wx`N8|-$Ä[mIL{ocg{ �
M(ao[madM´W�{oxL|�Yp[m_wM´h`cg{�[R_badx5%+Y\[RN/kRN/ao[�{dv¡[m_bvAY\hLkReFN1kmW�ao��[mI`N �tP � [RIL{dcb{dM(_bvzxXhLv	cbN1h:Y§��aFk$^`_bcb{o[RN1k�{oc
jG{okm«X_wx:Y\aFx¾¬ YJ|Z_gYRN/{dYRNd£�� � � ��� ���E��� � � 	>=?� ������²/�F��*Z�Z�d�`}G�o°F°��Z�o°F�L£

± ��³�O�N1x:{o^`_g|�q�£ �§£w��j<aFcwcg{o«�j<£w�+CzN1km��{dYRadx2.A£b�d�rad CM�{oxLx � £w��C�{da � £ � £w�F�radM(M(N1c � £¤N1[G{dc £ �¾aFx`e �
[mN1kmM YRh`�`�`kmN/YmYR_waFx�ad�<[RkmN1M(adkr^XW�v�I`kRaFx`_gv�Yp[m_wM´h`cb{o[R_badxªad��[mI`N��FN1xi[Rk�{oc¾_bxi[RN/kRM(N/|`_b{o[RN�[RI:{ocg{oM(_bv
xXhLv1cwN/hLY1£��\��	 :<���5�¾²/�F�`²F�i�F��*X}<°i�d� �X°F�F�`£

± °o³2.+IL{dx`eL�F~L£ ���]£dO�km{d_wx�Ui[m_wM´h`cb{o[R_badx]��adk+srN1hLkRaFcwaFed_gv1{ocZ{dxL|(j§YRWXv�IL_b{o[Rkm_bv � _bYRadk�|ZN1k�Y/��.+h`kmkRN/xF[§Ui[�{ �
[mhLYr{ox:|Q,LhZ[Rh`kmN � _wkmN/v	[R_badx¾£	� � �_���?���I:<����
 � �� � �;�¡�C�d�d�o°:�Z�d�d�L}+² � *Z£

±È�¤³�HJ_w[mv1adM�^CN � £b� 1+|Z¦�{dkm|LY���£§{ox:| O�N/hZ[RN/k�q�£§q M�{�[mI`N1M�{o[R_gv1{ocr{d�`�`kmaF{Fv�I@[Ra jG{dkR«X_bxLY\aFx`_g{ox
[mkRN/M]aFk/£��2��	_� �
	5�<���B!5� �_��� �?=¡�L�d�d�o°:��²d²d}G�F�d� �Z�d�d°L£

± ��³�H�N1kmM�{ox � £b���$h`^`_bx�~L£ 1r£b� �lN/¦ q�£\.A£ T¿_bcbYRadx .A£¾~L£.q$v	[R_b�i_w[pW®�L{o[\[mN1kmxLYz_wx�{�M(aZ|ZN/c<��adkz[RI`N
YRh`^Z[mIL{ocg{oM(ad�:{ocbcw_g|`{oc�x`N1[p¦+aFkR«�ad��[mI`N�^L{FYR{dcCei{ox`eFcw_g{`£���� ���E���>=;:;�Ä�:�o�F�F�`�Z�F�Z}l�o�F�d���Z�o�+*��L£

±H*8³�jlcbN1x_' � £`{ox:|QJ�_w[m{d_.U.£`H�£`qT^:{dYm{ocCeF{oxLedcb_b{��L{dv1N1M�{o«FN1k+��adkmM]N8|�^XW([mI`N�Y\h`^`[RIL{dcb{dM]_gvAxih:v	cbN1hLY
{dxL|�N1¥X[RN1kmxL{dc.edcbad^`hLYJ�:{ocbcw_g|ZhLY/£�� ��� �E���1�.²/�F�d�L�i°i�d�L}��+*I*��Z�d�i�Z£

± ��³ C�{dkmv1_b{ �l£b� � ¬ qrcbcwN8YRYm{ox:|ZkRa-C]£b�¾O+_badhLcb{Fv´Oz£.{oxL|¯�t{dM]M(aFxL| .A£.�t_weFI®��kmN/fih`N1x:v	W®Y\[R_bM�h`cg{�[m_waFx
_bx�j<{dkR«X_bxLYRadx¾¬ YJ|Z_bYRN/{FY\NF}<M]aFkRNzadk$cbN/YmY�� � � ��	 �>=�� ���E���>=;:;�Ä�:�o�F�F�Z�`�d�_$�°+%¡}l�o�F� �`�Z²/�L£

± ��³ Czkm_wcbc_T�£ � £b�`UXxXWX|`N1k+q�£ s�£w� � _baZv	_bx`a��X_bvrU.£ � N1N/��^`k�{o_bx�Yp[m_wM´h`cb{o[R_badx�v1kRN8{�[RN8Yl{ox�_bxZ��aFkRM�{�[m_waFxL{oc
cbN/YR_waFx)ad��[mI`N�Yp[m_wM´h`cg{�[RN8|�xih:v	cbN1hLY/£�� ���E����� � � ���?�5�:�o�F�o°:�:²¤�Z}b²d²/�+* ��²d²/°F�`£

±b²/�o³�QAcg{oxLa�¦ T�£w��O+km_bx � £G{ox:| QA^CN/YRa¢~:£GHJI`N)kmadcbN�ad�A|ZN/N1� ^`km{d_wx Yp[m_wM´h`cb{o[R_badx {dY({�YRh`kmed_gv1{oc
[mkRN8{�[RM(N/xF[J��aFk$j<{dkR«X_bxLYRadx¾¬ YJ|Z_bYRN/{FY\NF£�� ���E�����(��� 	��:�o�F�d�L�Z�F� $ Y\h`�L�`c £`��%¡}ÈUZ�d���ZUZ�F�`£

±b²d²1³�UZadIL{dc��´£C{dxL|ª�rh`eFh`N1x:{ok�|ª~L£��$N/v1_w�LkRaZv1{dc¾_bx`I`_b^`_�[m_waFx¯v1adxi[RkmadcgYJ[RILN�aFYmv	_bcbcb{o[RadkmW)Y\[m{o[RN�_bxª[mIL{ �
cg{oM(_gvAxLN	[p¦�adkm«XY/£�� ���E���S: ��� �	� �:�o�F�F�`�i°F°L}G�F�d� �Z�F�o�L£

±b²8��³�O�N/�¤{dx � £ � £+{dxL|LT¿_bcbYRadx .A£+~:£ � N/v�IL{dx`_bYRM�Y�h`xL|`N1kmcwWX_bx`e@Y\�Cadxi[�{ox`N/adhLY(aiYRv1_wcbcb{o[R_badx¿{ox:|
kmWi[RI`M(_gvty:kR_bx`e(_wx�k�{�[rYRh`^Z[RI:{ocg{oM(_bvzx`N/h`kmadxLY/£	���2� �E� �>=;:��Ä��²/�d�F�`��²/�L} *o�`²�*�� *o�F�d�`£

±b²/�o³�O�N/�¤{dx � £ � £b� T¿_bcbYRadx .A£`~L£b�`O�adcg{oM�~:£Xj�£b� � {ded_bc�j�£:~L£E1§fih`_bcb_w^`km_bh`M��Cao[RN/xi[R_g{oc.ao��C�qtOJq q
v1h`kRkmN1xi[r{ox:|)_bM(�`cb_bv/{�[R_badx:Y���adk$kmN1^Cadh`xL|�^`hLkmY\[$yLkm_wx`e(_bx�km{o[$YRh`^Z[mIL{ocg{oM(_gv�x`N1hLkRaFxLYJ_wx��X_w[RkmaL£	�
�2� �E��� � ��	>=<� ��� �C�d�d�F�`�Z�d�L} �L²/�d���X�L²>*o�`£

±b²1°d³ J�_w[m{)��£.{ox:| J�_�[�{o_GU�£.H�£:Pxi[mkm{Fv	N1cbcbh`cb{dkAY\[RhL|`W�ad�§k�{�[AeFcwaF^`hLYt�L{ocbcw_g|ZhLYAx`N/h`kRaFxLY/}$M]N/M�^`k�{oxLN
�`kmad�CN1kR[R_bN/Yt{oxL|�kmN/YR�:aFxLYRN/YJ[ma�x`N1aiYp[mkR_g{�[�{oc5�LY\hL^Z[RIL{dcb{dM(_bv�{dxL|�x`_bedk�{oc�Y\[R_bM�hLcb{o[R_badx¾£��F�����
	��)�?=¡�
²8�d�`²F�`�o�o°:} �d�d���X�d�i�Z£

[\[ Ñ�]_^?`?a?b
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±b²8��³�sA{oM´^`h�q�£�{ox:| �¾_bx��dYA��£51lcwN8v¡[mkRaF�`IXWXYR_badcbadedW�ao�ledcbad^LhLYr�L{dcwcb_g|ZhLYAx`N1h`kmadx:Y$_wx��i_w[RkmaL£ � � �����
��� � ��	>=<� ��� ��²/�d�d°L�_*o�`}w²F²8��*��C²F²/�F�`£
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