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〈A(~r)〉 =

∫
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∫
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〈A(~r)〉 =

∫

A(~r′)

ρ(~r′)
W (~r − ~r′, h)ρ(~r′)d3~r′ ≈

∑

i

mi
Ai

ρ(~ri)
W (~r − ~ri, h)
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〈ρ(~rj)〉 =
∑

i

miW (~rj − ~ri, h)
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∇〈A(~r)〉 =
∑

b

mb
Ab

ρ(~rb)
∇W (~r − ~rb, h).
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W (~r, h) =
1

h3



















8

π
(1 − 6u2 + 6u3) 0 ≤ r

h
≤ 1

2

8

π
2(1 − u)3 1

2
≤ r

h
≤ 1
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d~vi

dt
= −

N
∑

j=1

mj

[

fi
Pi

ρ2
i

∇iW (~ri − ~rj, hi) + fk
Pk

ρ2
k

∇iW (~ri − ~rj, hj)

]

,
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fi
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fi =

(

1 +
hi

3ρi

∂ρi
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)−1

.
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∣
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=
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[
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+

(M
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j
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∑

i

mi
Ai

ρ(~ri)
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∫ ∞

−∞
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��e)z��

� N�T�qQ=h_gP'NwRM=h]�NQRn=?B	��P'Z�]A_gP'R�I$BtP'NwRM]AK�8

Mij(~d) = Bi(−~x) ◦ Bj(~x) =
1

V

∫ ∞

−∞
Bi(~x)Bj(~x − ~d)d~x

��eA� �

� N~Bt@QP�=hRM]rBtKM]�sQ=hZ�Z0I�R`PJBt@w=hR­BMP'NQR`]AKnZ'I�N~��PJKMP�qQpQZ�P'q�Bt].BM@QPJ_aI�>ANwP�Bt=?ZJIrpwBt]YZ']AK`KMP�[�I��
Bt=h]�NCx3pwNQZ�BM=h]AN�8

w(~r) = Mii(~r) = Mii(r)
��e)���

� N BM@Q=hRgs&I�s�P'Kgk^P�qQP��&NwP�Bt@QP
n

� qw=h_gP'NQR`=h]AN&Ir[ � ]�pQKM=?P'K
BtKMI�NQR`x3]�KM_aIrBt=?]AN ]rxEI
x3pQNQZ�BM=h]AN

F (~x)
�)X

F̃ (~k) =
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F (~x)e−i~k~x dnx
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F̃ (~k)eikx dnk.
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w(~r)e−i~k~rd~r.
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w(k) =

∫ ∞
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w(~r)e−i~k~rd~r =

=

∫ ∞

0

∫ π

0

∫ 2π
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w(r)e−ikrcos(θ)r2sin(θ) drdθdφ =

= 2π

∫ ∞

0

w(r)r2

∫ π
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e−ikrcos(θ)sin(θ) dθ dr =

z=cos(θ)
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∫ ∞

0

w(r)r2

∫ −1

1

e−ikrz(−1) dz dr =

= 2π

∫ ∞
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w(r)r2 1
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(
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= 4π

∫ ∞
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~vCube =

∑

Cells

mCell · ~vCell

∑

Cells

mCell
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EKin =
∑

Cells

1

2
mCell(~vCell − ~vCube)
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~BCube =

∑

Cells

~BCell

# Cells
.

�(Sw: �

��@Q=hR^I�l�P'KMI�>APJ_aI�>ANwP�Bt=?Z��&P'[?q �WRMpw�wBtKMI�Z�BMP'q¡x3K`]A_�Bt@QP�_¡Ir>ANQP�BM=hZ��&P�[hq¡]rx�P0I�Zo@¡Z'P'[?[ 8

~BCell,local = ~BCell − ~BCube
�(S)7��

��@QP'N$��RMpw_a_gP'qDpQsEBt@QP�_aI�>ANQP�Bt=hZWP�NQP'K`>A=hP�R�]�xQIr[h[AZ�P'[h[?R�pQRM=?NQ>	Bt@QP�=hK�[h]YZ0Ir[A_¡Ir>ANQP�BM=hZ
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EB,small =
∑
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EB,small =
M3

∑

j=1

1

8π
VCell · ( ~BCell,j − ~BCube)

2 =

=
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∑
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1

8π
VCell ·

(
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∑
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1

8π
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(
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∑
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∑
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(
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∑
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=
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


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∑

j=1

(
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∑
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M3

)2
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(
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)2
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∑
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

 =

=
1

8π
VCell

[

M3

∑

j=1

~B2
Cell,j − 2M3

M3

∑

j=1

~BCell,j
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+
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∑

i=1

~BCell,i

M3

)2

+ M3

(

M3

∑

i=1

~BCell,i

M3

)2


 =

=
1

8π
VCell

M3

∑

j=1

~B2
Cell,j =

= EB,total

��@QP�KMP�x3]AKMPnBM@Q=hR R`sQ[h=;BMBM=hNQ>�]�x+Bt@QPn_aI�>ANwP�Bt=?Z^P�NQP'K`>�X
=hN)BM]�P'NQP�KM>A=?P'RW]AN
[hI�KM>�P'K IrNQq
RM_aI�[h[?P'K�RMZ0Ir[hP'RnBM@&I�NCI$>A=;lAP�N�RMZ0Ir[hP'R^=hRnK`P0I�R`]AN&I��Q[?P�8 � R`=h_g=h[hI�KWZ0I�[?Z'pQ[hIrBt=?]AN¡Z'I�N���P
qQ]ANQPCx3]AK
Bt@QPCLO=hNwP�Bt=?ZCP'NQP�KM>�X �^�QpwBa=?B�=?R�_a]AK`P�Z']A_gsQ[?P�|¥I�R
BM@QP x3]�K$Bt@QP LO=hNQP�Bt=hZ
P'NQP�KM>�X NQ]rB�]ANQ[?X Bt@wPCl�P'[?]9Z�=?B Xy�wpwBgI�[hR`]�Bt@QPC_aI�RMR
]rx�BM@QP�>AKM=?quZ'P�[h[hR
@QI�R$Bt]���P
BoI�LrP'N�=?N)Bt]gI�Z'Z�]ApQN)B08

��@QP._¡I�>�NQP�BM=hZEP'NQP�KM>�XjKM=?RMP�RJ�)X�Ir_asQ[?=?�&Z'IrBt=?]ANC]�x BM@QP$_aI�>ANQP�Bt=hZ-�&P�[hq�8���@QP'K`P
I�KMPD�&I�R`=hZ0Ir[h[?XaB k^]aqQ=?��P'K`P'N)B�knI0XYRJ@Q]�k BM@QP._aI�>ANwP�Bt=?Z��&P'[?qj=?R�I�_asw[h=?�QP'q�8 ��NjBt@wP
]ANQPJ@QI�NQq��wI�_aI�>ANQP�Bt=hZ��&P�[hqgBt@&IrB^=hR�x3KM]�&�P'N~=?N)Bt]�I�sQ[hI�RM_aI�=?R^I�_gsQ[?=?�&P�q�k	@wP'N~Bt@wP
sQ[�I�R`_¡I�=hR�Z']�_asQK`P'R`RMP'q�RMsQ@QP�KM=?Z0I�[�I�NQq�I�qQ=�Ir�&IrBt=?Z0I�[?[?X�8 � N Bt@Q=?R�Z'I�RMPDBt@QP�_¡Ir>ANQP�BM=hZ
�&P'[?q�R`BMKMP'Nw>�Bt@�R`Z0I�[?P'R�k	=?Bt@jBt@QP�qQP'NQR`=?B X ]�xWBM@QP.sQ[hI�RM_aI

B ∝ ρ2/3 8 ��N�BM@QP.]rBt@QP�K
@&I�NQqyBM@QP~_aI�>ANQP�Bt=hZ��&P�[hquZ0IrNu��P¡I�_asw[h=?�QP'q©��P~R`@QP0I�K`=hNQ> � ]�k	R
=hN©BM@QP~sQ[hI�RM_aIw8
��]�k^P�lAP�K­Bt@w=hR k^I�X�]rx�I�_gsQ[?=?�&Z'IrBt=?]AN.=?RW]ANQ[?X.P �gZ'=?P'N)B�x3]AKW[h]�k _¡Ir>ANQP�BM=hZ^�QP'[hqwR­IrNQq
Bt@QP�KMP�x3]�KMPC[h]Y]ARMP�R$=?BMR$=hN � pQP'NwZ'PC]ANyBt@wP�_¡I�>�NQP�BM=hZ¡�&P�[hqyk	=;Bt@yBt@wP >�KM]�k�Bt@ ]�x	Bt@wP
_¡I�>�NQP�BM=hZ��&P�[hq�8

Fr�



� =h>ApwKMP�7��w� >5)����M6I��=4��+�6I��+9� ������+;����)  T��+���&*��8���+ 6I)�����&���+�� $� �������$C)�+ ��P ��=� T��� �D "��+9�*��&*��6
��+?���;� � ��P5 "��#�$F�*��& 	T)2�*���T&*��$�����#I��)���+?��


256
3
��&�) 6?=���)�+��.$�BV>5�;� �D����+;�"�*)� ��+;��&���8 	5��$@$����1��������6

#4$%)�+;�EPM$%����=�$@)�+ ���;� 
S#I��#�&��5��+�6W���?$F�*��=�$V)�+W�*�;�5=���$%��B � ������&*��6E��),+���$ $%����	-���;� �D����+��"��)  ��+;��&���8
��+ $� �������$C���"� 	 ����+����;��),& $� ���������+�6 �*�;��+;� �1� $%�D���,����& $* ����,��BV>5���M$� �������$ ��&��T��),/���+��18 �0/���&.����)�+;�
�3/���&�� +1#;� �4��&���
M��&�) 6  �������$ �C���4�3�D)�$ 	T&*)2������+ )�+ �*�;�	�,��	 ��& �,��
 �D ���&*+;��&AB <1� ���;�	��&�����+ ��),+��
$��;��	�$M���;���D����+;�"�*)� ���+;��&���8	��+��*�;��$%�D��������$%�?$* ����,�A$ � 	T�;)��,� ����� �;� �� ��	��),+�� $��;��	�$M���;��� ��&*����$%�
$* ����,�A$�B � ���,��&��A6'��)�+;��$M),+	�*�;������	 ��&T=;����� � ���; "��=I���*�;�W�;��#;����)�+;��$��T$��;��	 ���;��6;)�$%�*��+� "�E�*���3�&	 ��$
�0/���&.������6?�3/���&V
S��&V���;�5�D����+;�"�*)� ��+���&*��8E��),+;�5��
������5$*�����T "���,��&�B >5�;�5�;�,#�� ��)�+;�T$%�;��	�$ �*�;�5/9)�&*)����
&.��6;),#�$ ��
 ���;�? "��#�$%����&�B �
��$��;��6G�;�,#��H��),+���$ � 
S&*��� �*�;�?�;),���;��$%� ��� ���;�
�,��	 ��$%� ��)�+;��� $F�.��+�6 
S��& �����
�D���1)���#�� �1�0/���&*�����T��+46�� )�+;)���#;� $����9�����;)�+;�E����+;����� ��
 ���;��=4��&���)  "����$)	T),����),+D�*�;�M��),/���+���� � B

Fr�



��@QP _aI�>ANQP�Bt=hZ¡P'NQP�KM>�Xux3]AK�qQ=;��P�KMP�NOBg[?P'NQ>�BM@ R`Z0I�[?P'R�=hR�sQ[?]�BMBMP'q =hNu�&>�pQKMP�7��w8
��@QP¡�&K`R`B$qw=?��P'KMP�NQZ'PgBt] Bt@QPaLY=?NQP�BM=hZgP'NQP�KM>�X1]ANQPaRMP�P'R$=?RDBM@&IrBDBt@QPa_¡I�=?N1sQI�K`B.]�x
Bt@QPg_¡Ir>ANQP�BM=hZ
P�NQP'K`>�X�=hRENQ]�BD]AN�Bt@wPg[hI�KM>�P'R`BDR`Z0I�[?P'R����QpwBD]AN RM_aI�[?[ RMZ'I�[hP�R'8¡��[hR`]
Bt@QP�]AKMqQP�K^]�x�Bt@QP�qQ=?��P'K`P'N)BnR`Z0I�[?P'R�RM]AK¬BtP�q~�)XaBM@QP'=?K�P�NQP'K`>�XaZo@&I�NQ>AP�R'8�v9]�k	=?Bt@gBt=?_aP
RM_aI�[h[?P'K�RMZ'I�[hP�Rn>AKM]�k _g]AKMP	Bt@wP'N~[hI�KM>AP�K­R`Z0I�[?P'R ��= 8fP�8 sQ=hNQLgI�Nwq~KMP�q�[h=hNwP�IrKMP�I}B^Bt@wP
RtI�_gP�[hP�lAP�[�Bt@&IrN~Bt@QP-sQpwKMsQ[?PJ[h=?NQP�I}BnBt@QPJ��P�>A=hNQNw=hNQ> �Y�QpwB�I}B�I$@Q=?>A@QP'K^[hP�l�P'[�=hN~Bt@wP
P'NQq)��8

��@QP��&K`R`Bg_¡I� `]AK$_gP'KM>�P'K
]�x�Bt@QPCZ�[hpQR¬BtP'K�@&IrRaIb_$pwZo@ [hI�KM>AP�K$P���P'Z�Bg]AN R`_¡Ir[h[
Bt@&I�N�]AN�[hI�KM>APDRMZ'I�[hP�R���@Q]�k^P�lAP�K-=?B�=hNQZ�KMP0IrRMP'R�Bt@QP�_¡Ir>ANQP�BM=hZEP'NwP'KM>rX�]AN�I�[h[�R`Z0I�[?P'R'8
��@QPERMP'Z�]ANQqC_aI� `]AKn_gP'K`>AP'Kn]rx�BM@QP->OzA7DZ'[hpwR`BtP�K�=hRnNw]�BnlY=hR`=h�Q[?P�=hN¡BM@QP-P�l�]A[hp9Bt=h]�N�]�x
]�xnIrNOX�RMZ0Ir[hP'R-]rx�BM@QP�_¡Ir>ANQP�BM=hZ$P�NQP'K`>�XA8.��x BtP�KEI���]ApwB�:�7�{�XAP'I�KMR���BM@QP�_¡Ir>ANQP�BM=hZ
P'NQP�KM>�XC]ANC[hI�KM>AP-R`Z0I�[?P'R	RMP�P'_�BM]g��PERtIrBMpQKtI}BtP'qjI�NQqCqQ]YP'R	NQ]rB�Z�]AN)Bt=?NYpwPEBM]�>AKM]�kE8

��@QP�RMP'Z�]ANQq~sw[h]�B�]�x��Q>ApQKMPJ7��D=hR�=hN�x�I�Z�B�Bt@wPJRtIr_aP�I�R�Bt@QP�RMP�Z']ANQq¡sQ[h]�B�]�x��&>ApQK`P
7��w8 � B~R`@Q]�k	R~Bt@QP�RMZ0Ir[hP'R*�
@QI�q I©[h]Y]AL¥IrB¡=hN§Z�]A_asQI�KM=?RM]AN¥Bt]©BM@QPb_¡I�|w=?_$pQ_��
I�l�P'KMI�>AP�I�NQq _a=?NQ=h_$pw_ RM_g]9]rBt@Q=?NQ>©[?P'NQ>�BM@§]�x-BM@QP�s&I�K¬Bt=?Z'[hP�Rak	=;Bt@Q=?N _.X¥Z'pw��Pr8
�J>)I�=?N���BM@QP$K`P'RMpw[?BtRJ]AN�I¡RMZ'I�[hP$I�KMP$]�NQ[?X pQR`P�x3pQ[ ��=?x BM@QP�X�I�KMP$IrB�[?P0I�R¬B-qQ]A_g=hN&I}BtP'q
�OXgK`P'>A=?]ANQR Bt@QIrB^@QI�l�PJIERM_aI�[?[hP'KWR`_a]Y]�BM@Q=hNQ>-[?P'NQ>rBt@�Bt@&I�N�Bt@w=hR�RMZ'I�[hP��Y=(8UPr8 Bt@wP�XgI�K`P
k^P�[h[�KMP�RM]A[;lAP�q�8

\^]A_gs&I�K`=hNQ>$BM@QPEqQ=hR¬BtKM=?�QpwBM=h]AN~]rx LO=hNwP�Bt=?ZEI�NQq _¡Ir>ANQP�BM=hZ�P�NQP'K`>�X�=?NCBM@QPEZ'[?pQR`BMP'K��
Bt@QP�l�P'[h]YZ'=;B XgRMP'P�_aRnBM]$��P-qQKM=;lAP'N��)X¡[�I�K`>AP�R`Z0I�[?P'R��wk	@QP'K`P0I�RnBM@QP-_aI�>ANQP�Bt=hZ	�&P�[hq�=hR
qQKM=;lAP'N �)XbRM_aI�[?[�l�P'[h]YZ'=;B X�>AKMI�qQ=?P'N)BtR�8.��@Q=?R-=hR-Z']�NQRM=?R`BtP�N)BDk	=;Bt@�BM@QP�sQ=hZ�BtpQK`P.Bt@&I}B
RM@QP'I�K � ]�k	R�qQKM=;lAPEBt@QP�[h]YZ0I�[�Ir_asQ[?=?�&Z'IrBt=?]AN�]�x�Bt@QP�_¡I�>�NQP�BM=hZ��&P�[hq�8 � BJI�[hR`]aR`@Q]�k	R
Bt@&IrBgBt@wP�I�qQI�swBt=;lAP N&IrBMpQKMP ]�xJBM@QP�vwV�� x3]AK`_¡I�[?=hR`_ R`P'P'_gR¡Nw]�B�Bt]©��P RM]©_.pQZo@
KMP'R¬BtK`=hZ�BM=?l�PEx3]�KnBt@QPE_aI�>ANQP�Bt=hZ��&P'[?q�8

�JNw]�Bt@QP�K�knI0X�BM]�Zo@&I�KMI�Z�BMP'KM=?RMP$BM@QP
_¡Ir>ANQP�BM=hZ$P�NQP'K`>�X�=?RJBt]C@&I0l�PaI~[?]9]�LjI}BE=?BtR
[h]YZ0I�[�qQ=hR¬BtK`=h�QpwBM=h]AN�8Wij]AR¬B�sQK`]As�P�K`BM=hP'R­]�x�Bt@QPJZ'[hpwR`BtP�Kn[h=?L�P�_¡I�R`R^qQP�NQRM=;B X��wBMP'_gs�P�KtI��
BtpQK`P �QP�BtZ�8�IrKMP-I�R`RMpQ_gP'q~BM]$qQP�s�P�NQqC]ANQ[?Xg]AN~BM@QP'=?K^qQ=?R`BtI�NQZ'P�Bt].BM@QP�Z'[?pQR`BMP'KnZ�P'N)BtP�K
=hN�I~�&KMR¬BE]AKMqwP'KEI�sQswKM]0|9=h_aIrBt=?]AN�8Dv9]C=?BJ=hR-=?NOBMP'K`P'R`BM=hNQ>~BM]�@&I0lAP�[h]Y]AL I�[?RM]�]ANbBt@wP
KtI�qQ=hI�[�qQ=hR¬BtKM=?�QpwBM=h]ANj]�x�Bt@QP
_aI�>ANQP�Bt=?Z.P'NwP'KM>rXA8D��@QP'K`P�x3]AK`P
��Z'I�[hZ�pQ[�I}BtP'qjBt@QP
_aI�>��
NQP�BM=hZ
P'NwP'KM>rXb=hNbR`sQ@QP'K`=hZ'I�[WRM@QP�[h[?R-I�KM]�pQNQqbBt@QP
Z�[hpQR¬BtP�K-Z'P'N)BMP'KD@&I0l9=?NQ>CI~k	=hqwBM@�]�x
��LOs�Zr8���@w=hR	=hR�>A=;lAP�Nj�)X

EB,r =

∫ r+∆r

r

∫ π

0

∫ 2π

0

1

8π
~B2(r, θ, φ)r2sin(θ) dr dθ dφ.

��S)F��

S�d



� =h>ApwKMP�TAd9� ����6I) ��� �D����+;����)  ��+���&*��8!��
M "��#�$%����&�� ��PU
S��& ��/���&*8!$��� ���+�6 $�+���=4$%�;���W
S��& �����
 �#;&*&���+��M$�+���=�$%�����'�S������ ��
���;�*�;��� ��$%�M$%+4��=�$��;���'� �;��#;���M��+�6U�*�;�W+;� �9�
$%+���=�$��;���'� ��&*����+ �(BT<1�D�����
���,#;�W �#;&*/��?)�$T��� 	5�08I$ � �9#���� �*� ���;�E��&�����+	 "#;&*/��
��
V���;�E� ��$%�T=;������B

�JRWBt@QP	_aI�>ANQP�Bt=?ZnP'NQP�KM>�X$=hRW>A=;lAP'N��)X$BM@QP	sQKM]YqQpQZ�B�]�x�BM@QP	R !Op&I�K`P	]�x�BM@QP	_¡Ir>ANQP�BM=hZ
�&P'[?qaIrNQq$Bt@QPnl�]A[hpw_aP��A=?BW=?R Z']�NQR`BtI�N)BWx3]AK Bt@wP�RM@QP�[h[hRW=;x&Bt@QP�R !Op&I�KMP	]�x+BM@QP�_¡Ir>ANQP�BM=hZ
�&P'[?q qwP'Z'K`P0I�R`P'REk	=?BM@

r−3 ��IrR�Bt@QP$l�]A[hpQ_gP$]�x�BM@QP
RMsQ@wP'KM=?Z0I�[ RM@QP�[h[hRJ=hNQZ�KMP0IrRMP
k	=?BM@
r3 8a��@QPaBM]�BoIr[W_¡I�>�NQP�BM=hZ
P'NwP'KM>rX�=hNQR`=hqQPgICRMsQ@QP�KMPa=hR-Bt@QP�N©>A=;lAP�N1�)X�Bt@QP�R`pQ_ ]�x
Bt@QPEP'NwP'KM>�=hP'R	]�x I�[?[�RM@QP�[h[?Rnk	=?Bt@w=hN~Bt@w=hR	RMsQ@wP'KMPr8

EB,total(R) =
∑

r<R

EB,r
�(SAS �

��@QP-KMI�qQ=hI�[�_aI�>ANwP�Bt=?Z�P'NwP'KM>rX¡x3]AKnP�lAP�K`X�R`P'Z']�NQqjR`N&I�sQR`@Q]�B�x3K`]A_�Tw8UT){�XAP'I�KMRnBM]
:�Tw8UT){-X�P0I�K`R$=hRDsQ[?]�BMBMP'qy=?N1�&>ApwKMP~T�dw8�� N©BM@QP~P'I�KM[?=hP'R¬B.R`N&I�sQR`@Q]�BMR�� Bt@wP~_¡Ir>ANQP�BM=hZ
P'NQP�KM>�XbK`=hR`P'R�k	=?BM@�Bt@QP
KMI�qQ=?pQRJx3]AK�KMI�qQ=?= RM_aI�[?[hP'K	Bt@QI�N1F�dAd�LOs�Z ��@&IrREIC_aI}|9=h_.pQ_
��P�B k^P�P'N F�dAdrLYs�Z�I�NQq���dAd�LOs�Z�I�NQqjqQP'Z�KMP'I�RMP�RJx3]AK	[�I�K`>AP'K	KMI�qQ=h=(8 ��NQP.{-X�P0I�K�[�I}BtP'K
Bt@QP
_aI�>ANQP�Bt=?Z�P�NQP'K`>�X�=?R�NQP0IrKM[?X � I}B�x3]AK�KMI�qQ=h=�[�IrKM>AP�K�BM@&I�N 7AF�drLYs�Z�8E��@Q=?R�qQ=?R`BtK`= �
�QpwBt=?]ANys�P'K`RM=hR¬BtR$x3]AK.I�[h]�NQ>�Bt=?_aP��(Ir��]Ap9B�FA{�XAP'I�KMR ��pQN)Bt=?[­Bt@wP~_¡Ir>ANQP�BM=hZgP'NQP�KM>�X

S9:



IrB�[�I�K`>AP�qQ=?R`BoIrNQZ'P�R�x3K`]A_°BM@QP�Z�[hpQR¬BtP�K�Z�P'N)BtP�K�R¬BoI�K¬BtR�Bt]�qQP�Z'K`P0I�R`P.KMP�[�IrBM=?l�P'[?XgBt]�Bt@wP
P'NQP�KM>�X¡IrBnR`_¡Ir[h[&KtIrqQ=h=(8 � ]AK­I�RM@w]AK`B­Bt=h_gP�I�KM]ApwNQq�:�7�{-X�P0I�K`Rn=hNgBt@QP�[�IrBMP�BM=h_gP'R�]�x
Bt@QP�RMP�Z']ANQqa_aP�KM>AP�KW=?B�=?RWNQP0I�K`[?X � IrB�I�>)I�=?N��)�QpwB�BM@QP	qQP'Z�KMP0IrRMP�]�x�_aI�>ANQP�Bt=?ZnP'NQP�KM>�X
]ANj[hI�KM>�P�KtI�qw=h=�R¬BoI�K¬BtR�I�NQP�k RM]Y]AN�8

m^]�BM@�_aI� `]AK	_aP�KM>AP�KMR�P���P'Z�BJBt@QP�KtI�qQ=hI�[�qQ=?R`BtK`=h�Qp9Bt=h]�Nj]�xWBM@QP._aI�>ANwP�Bt=?ZEP'NQP�KM>�X�8
��]�k^P�lAP�K�Bt@w=hR�@&I�sws�P�NQR�Nw]�B	P�|wI�Z�Bt[?X~qQpQKM=?NQ>
Bt@QPE_gP'K`>AP'K��Q�QpwB�k	@QP�NjBM@QP-BtP'_gs�P'K �
IrBtpQK`P-]�x�Bt@wP-Z'[hpwR`BtP�KnKMP'I�Zo@QP�R�=;BtRn_aI}|9=h_.pQ_ =hN~Z�]ANQRMP�!OpQP'NQZ�P�]rx�BM@QP-_gP'KM>�P'K'8 ��@QP
�&KMR¬B�_gP'K`>AP'KJ_¡I�=?NQ[?XjIr��P'Z�BtR-Bt@wP
_¡I�>�NQP�BM=hZ$P�NQP'K`>�X�IrB�BM@QP�Z'P�NOBMP'KE]�x�Bt@QP
Z�[hpQR¬BtP�K
Irx BtP�K	z98GFA{-X�P0I�K`R ��sw[h]�B^RMN&I�swRM@Q]�B	FA7���8 � B^�&KMR¬B�KM=?RMP'R­Bt@QP�P�NQP'K`>�X¡x3]�K^KtIrqQ=h=���P�B k^P�P'N
:�dAdgI�NQq�S�dAdgLOs�Z ��IrB�[h]�k^P�K�KMI�qQ=?=��)XjpwsjBt]a]ANQPD_¡Ir>ANQ=?BMpQqQPr8 ��NQ[?X�IaRM@w]AK`B�Bt=?_aP
[�IrBMP'K.BM@QP�P'NQP�KM>�XyI�[hR`]�IrB
[hI�KM>AP¡KtI�qQ=?=­K`=hR`P'R�I�NQquBM@QP�qQ=hR¬BtK`=h�QpwBM=h]AN1=hR � IrBgI�>)I�=?N�8
��@QPJR`P'Z']�NQq¡_gP'K`>AP'K�I�[?RM]DP���P'Z�BMR­BM@QP�KMI�qQ=hI�[QqQ=?R`BtK`=h�Qp9Bt=h]�N
]�x�BM@QP�_aI�>ANwP�Bt=?Z�P'NQP�KM>�X
IrB�Bt@QP-_aI}|9=h_.pQ_ ]�x�Bt@QP�BMP'_gs�P�KtIrBMpQKMPEI�K`]ApQNQqb:�:A8GT�{�XAP'I�KMR$�3sQ[h]�B^RMN&IrsQRM@Q]rB�zr� ��8
� Bg�QKMR`BaKMP�qQ=hR¬BtK`=h�QpwBMP'R�_aI�>ANQP�Bt=hZ¡P'NQP�KM>�Xux3K`]A_ RM_aI�[?[hP'K.KtI�qQ=?= ��_aI}|9=h_.pQ_ ]rxJBt@wP
P'NQP�KM>�X =?R�IrBgTAdAd�LOs�Z�x3]AK
RMN&Irs§zAz ���w[hpQPCZ'pwK`lAP �.Bt] [�I�K`>AP'K$KMI�qQ=?= ��_aI}|9=h_$pw_ IrB
FAF�d�LOs�Z�x3]AK�RMN&Irs�z�� ���Q[�IrZoL Z�pQK`l�P � 8J��@QP�N�Bt]¡BM@QP.NwP�|YB�R`N&I�sQR`@Q]�B�BM@QP.P�NQP'K`>�X ]AN
KtI�qQ=?=&RM_aI�[h[?P'K BM@&I�N¡I���]�pwB^z�dAd�LOs�Z�qwP'Z'K`P0I�R`P'R��Q[hP'I�lY=?NQ>DI�N~I�>AI�=hN � IrB�qQ=?R`BMKM=h�wpwBt=?]AN�8

��@&I}B ��]�Bt@�_aP�KM>AP�KMR�Zo@&I�NQ>AP�Bt@QP­_¡Ir>ANQP�BM=hZ�P'NwP'KM>rX�=?N�BM@QP^Z�P'N)BtP�K ]�xQBM@QP^Z�[hpQR¬BtP�K
�&KMR¬B k	=;Bt@§BM@QP�s�P'I�L =?N§Bt@QP�Z'[?pQR`BMP'K~BMP'_gs�P�KtIrBMpQKMPb=?R~P0I�R`=h[;X P |wsw[�I�=?NQP'q��JI�R~Bt@wP
BtP'_gs�P'KtI}BtpQK`PDs�P0IrL~Z']AK`KMP�RMs�]ANQqQR	Bt]
Bt@wPEBM=h_gP�k	@QP'NCBt@wP�_gP'K`>A=hNQ>
@QI�[h]�I�K`KM=;lAP'R	=?N
Bt@QPEZ'P�N)BtP'K�]�x�Bt@QPEZ�[hpQR¬BtP'K�8

� =?>ApQK`P
Tw:�RM@Q]�k	R-Bt@wPg[?=hNQP.]�x^R`=h>A@)BE=?NOBMP'>AKMIrBtP�q�| � KtI0X�[?pQ_g=hNQ]AR`=?B X ]�x�Bt@QP�>Oz�7
Z'[hpwR`BtP�K'8 ��NQP^Z0I�N$R`P'P�@Q]�k¥@Q]�B @&I�[h]�R�x�I�[?[Y=?N)Bt]JBM@QPnZ'[?pQR`BMP'K�Z'P'N)BMP'KWqQpQK`=hNQ>J_aP�KM>AP�KMR'8
� @QP'N�Bt@QP	@&Ir[h]�]�x�Bt@wPn�&KMR¬B­_gP'K`>AP'K @&I�R�KMP'I�Zo@QP'q�Bt@wP�Z�P'N)BtP�K�]�x�BM@QP�Z'[?pQR`BMP'K.�3RMN&I�s �
RM@Q]�B	FA7Ex3]AK�Bt@wPJ�&KMR¬B�I�Nwq~RMN&IrsQRM@Q]rB�z��Dx3]�K�BM@QP�RMP�Z']ANwq�_aP�KM>AP�K � Bt@QP�BtP'_gs�P'KtI}BtpQK`P
KMP0IrZo@QP'R�=?BtR�_aI}|9=h_.pQ_j8

����
��?6 � #Q4����)�����C#&���0���A�+�}���Y23#w���3���¥* ���������3���
��@QP	_¡I�>�NQP�BM=hZ�I�p9Bt]YZ']AK`KMP'[hIrBt=?]AN.x3pQNwZ�Bt=?]AN
Z']�NOBtI�=hNwRW=hNwx3]AK`_¡I}Bt=h]�N$I���]ApwB BM@QP	R`BMKMpQZ��
BtpQK`P ]rxJBt@wP _aI�>ANwP�Bt=?Z¡�&P�[hq¥=?BtR`P'[;x 8u� _a=?NQ=h_$pw_ =?N BM@QP I�pwBM]9Z�]AKMK`P'[�I}Bt=h]�N©x3pQNQZ��
Bt=h]�NbIrB-I~Z�P'K¬BoI�=?N�qQ=hR¬BoI�NwZ'P$_gP0I�NwRJBt@&I}BJx3]AK�Bt@Q=?R�qQ=hR¬BoI�NwZ'P.BM@QP$_aI�>ANQP�Bt=hZE�&P�[hqb=hR
sQKMP�x3P'KtIr�Q[?X ]AK`=hP'N)BMP'q�=?Nj]Asws�]AR`=?BMP�qQ=?KMP�Z�Bt=?]ANQR�8���@wP'KMP�x3]AKMP.=?B�Zo@&I�KtIrZ�BtP�KM=?RMP'RJIaB XYsQ= �
Z0I�[�[hP�NQ>�BM@QRMZ'I�[hPE]ANCk	@Q=hZo@ Bt@QPE_aI�>ANQP�Bt=?Z��&P'[?qj=?R��QI�RM=?Z0I�[?[?X~]�KMqQP�KMP'q�8^��@QPDqQP'P�s�P�K
Bt@QP-_g=hNQ=?_$pQ_�=?R��wBM@QP-_a]�KMP�=?_as�]AK`BtI�N)B^=?R^Bt@w=hRnqQ=?R`BtI�NQZ'P�x3]�K^Bt@QP-R¬BtK`pQZ�BMpQKMPE]�x�Bt@wP
_¡I�>�NQP�BM=hZ��&P�[hq�8

� =?>ApQK`PbT)7yRM@Q]�k	Rj=hN§Bt@wP1pQsws�P�K sw[h]�B~BM@QP�_a=?NQ=h_aI©]�xDBt@wP1IrpwBt]YZ']AK`KMP�[�IrBM=h]AN
x3pQNQZ�BM=h]AN´x3]AK�qw=?��P'KMP�N)B BM=h_gP'R�8��nBjI qw=hR`BtI�NQZ�P ]rx$I���]ApwB�:'e)dAdyLOs�ZbBM@QP'K`P =?RCI
s�P�KMRM=?R`BMP'N)BD_a=?NQ=h_$pw_£Bt@&I}BEP�|9=hR¬BtR-NQP'I�KM[;X�I�[?[�BM@QP$Bt=?_aPr8 � BE=hR�_a]AR¬B-[h=?L�P�[?XjI~s&I�K¬B
]�x�Bt@QPJ=hNQ=;Bt=�Ir[Q_¡Ir>ANQP�BM=hZ	�&P'[?q¡]�x�BM@QP�R`=h_$pQ[hIrBt=?]AN���BM@&IrB^@&I�Rn��P'P�N�qQP'R¬BtKM]�X�P'qC=hNQR`=hqQP

SA7



� =h>ApwKMP
Tw:�� K � &*�08U��#;��),+;�9$%),�F8 �D��= ��
 ��/���&*8	$%�A "��+46 $�+���=�$��;���H���"� 	 ����+ %�PG��+�6 ��N ��
 �����
����PU "��#�$%����&�BG>5���D�,#;��)�+;��$�),�F8�),+4 "&*����$���$

S&*��� �;�,#��D/9) �	��&*����+!��+�6!&��A6��*� 8����,����	 	T�;��&���),�W)�$
�D���1)��D��� B

Bt@QP$Z�[hpQR¬BtP�KJ�QpwBJ=hR�R`BM=h[h[�swKMP'R`P'N)BE=hNj]ApwBMP'KJK`P'>A=?]ANQR�8���]¡BMK`X =?xW=;B�=hR�IgKMP�RM=hqwpQpQ_ ]�x
Bt@QP���]0|�RM= &'P � ��Z'I�[hZ�pQ[�IrBMP'q$BM@QP	I�pwBM]9Z�]AKMK`P'[�I}Bt=h]�N�x3pQNQZ�Bt=?]ANQR�I�NQq
BM@QP'=?K _a=?NQ=h_aI�I�[hR`]
x3]AK	Ig[hI�KM>�P'K��Ad�dAd�LOs�Z-��]0| I�NQqCx3]ApQNwqCBM@QPERtI�_gPE_a=?NQ=h_.pQ_ I���]�pwBE:0e)dAd
LOs�Z�8

��qQqw=?Bt=?]AN&I�[?[?X�BM@QP'K`P	I�KMPnI�[�I�K`>AP^NOpQ_$��P'KW]rx�_g=hNw=h_aI�BM@&IrBW]YZ'Z�pQK x3]AK R`]A_gP^Bt=?_aP
I�NQqjlrI�Nw=hRM@ Irx BMP'K¬knI�K`qQR'8­��@Q=hR�_aI�X~��PDI�N)X�B XYs�P�R�]rx P���P'Z�BtR�]�x R¬BtK`pQZ�BMpQKMPEx3]AKM_aI��
Bt=h]�ND[?=hLrPWRM_aI�[h[?P'K�_gP'K`>AP'K`R�]�K�R`_¡Ir[h[hP�K�Z�[hpQ_gsQR�_a]�lY=hNw>nk	=?Bt@�I�[�I�K`>APWRMs�P'P�q�BM@QKM]Apw>A@
Bt@QPDZ'[?pQR`BMP'K��&P�BtZr8���@wP�XCZ0IrpQRMPEx3P0IrBMpQKMP�R�]�N R`s�P�Z'=;�&Z�R`Z0I�[?P'R	=hN�BM@QPE_¡I�>�NQP�BM=hZJ�&P�[hq��

S�T



� =h>ApwKMPET)79� � ����+��"��)  ?��#I�*�I "��&*&*��� �3��)���+G�,��+;���*�U��
 �*�;�E� ��P  "��#�$F�*��&5
S��&M�DP�N�N�N'�1=  ?�4� � 	T)2�*�
� &*��$�����#I��)���+D��


256
3
��&�) 6  "���,� $�B >5���H&*��6 $%�*��&*$ ),+G���;�&��&.$F�5=;�����5$F�.��+�6 
S��&5�W���1 �������),+;)���#�� ��


�*�;����#I�*�1 ���&*&���������)���+U
S#;+� "��)���+!�3�M�*���3�
��)�����BE>5�;� ��&*����+ �,)�+;��$%�;��	�$����;� �������4���@��)�+;)���#;� 
S��&
r > 1000

�1=� �B � 
R���;�H�����������;��),+;)���#�� ��
 ���;�
��#I�*�1 ���&*&���������)���+ 
S#;+� "��)���+ ) $ ���I ��3�*��6D��� �E&.��6I)�#�$
����+����3�*�-��N�N�N'�1=  

S��&����5������$F�MP $�#� � ���$*$%)�/��?$%+4��=�$��;���.$ �1�*�;�E�;��#;�E��),+;�?) $�6I&.� 	T+ B �H��$%����6'�;�,#��
��)�+;��$T�D��& �D�*�;�?=4��),+9�.$ 	T�;��&*�E��$%���1���*�;),+�� ��
 �*�;�E�D����+;�"�*)� &������6'����=�=4��+;��6RB
>5���!$��� ���+�6 =��,���	$��;��	�$D�*�;�!/9)�&*)����H�D��$*$ �S�;��#;�������*�;� �*����=���&.�3��#�&�� �S�;� �� �� �'��+�6 �*�;�!/9)�&*)����
�*����=���&.�3��#�&����S��&�����+ � ��
@�*�;�W "��#�$%����&AB
>5��� ������ ��U��)�+;� )�+��*�;� ���;)�&.6�=;�����E$%����	�$��*�;� 
S&*�� (��)���+ ��
 =���&%�*)� ��,�A$ 	T),����),+ ���;����� �	�������?�4�0/��
� ���� .��+1#;������&
����&�����&M������+ ��B $IB?>5�;� ��&*����+ �,)�+;��$%�;��	�$����;���9#;����)���+9�H���"� 	 ����+������ +1#;� �4��&
��
 =���&���)  "����$ 	T)2�*� � � �� .� +1#;������&H����&�����&T�*����+ % ��+�6 ���;� +9#�������&
��
C=���&���)  "����$ 	T)2�*� � � �� .�
+1#;� �4��&�� ��&*����& ���4��+-��B $IB

Bt@&IrB^qQ=hRMI�sQs�P0I�K­Irx BMP'K^R`]A_gP�Bt=?_aPr8 ( RMp&I�[?[?X
BM@QPJ>A[?]A�&I�[&_g=hNw=h_$pQ_¢]�x�Bt@wP�I�pwBM]9Z�]AK �
KMP'[hIrBt=?]AN1x3pwNQZ�BM=h]AN1=hR$I}B.Bt@wP�:0e)d�d�LOs�Z~_g=hNw=h_$pQ_����QpwB.Bt@QP�KMP�I�K`P¡R`]A_aPas�P�KM=?]9qQR
k	@QP'K`PJBt@QP�>A[h]��&I�[+_a=?NQ=h_.pQ_¢=?R^IrB^_$pQZo@~R`_¡Ir[h[hP�KWqQ=hR¬BoI�NwZ'P'R^��P�B k^P�P'N�e)dAdrLYs�Z�IrNQq
�AdAd�LOs�Z	���Q[?pQPD[h=hNwP'RJ=?NjBM@QP$pQsQs�P'KJsQ[h]�B ��8���@QP
I�_g]ApQN)B�I�NQq�R¬BtKMP�NQ>�BM@b]�x�_a=?NQ=h_aI
]AN�RM_aI�[h[?P'K�qQ=hR¬BoI�NwZ'P'R�R`P'P�_°Bt]
��P�Z�]ANQNQP�Z�BtP�q k	=;Bt@¡BM@QP�BtP�_as�P'KMIrBtpwKMP�]�x�BM@QP-Z'[?pQR �
BtP'K��9Z'I�pQR`P'q��)X�Bt@QP�_aP�KM>AP�K�P�lAP�NOBMR'8���@QP�X¡I�K`P�Z�KMP0I}BtP'q¡�OXgZ�]A_aswKMP'R`RM=?]ANQR�Bt@&IrB^I�K`P
Z0I�pQR`P'qu�)X Bt@QPg=hN)BtP�KtI�Z�Bt=?]ANyI�Nwq1x3]AK`Z'P'R���P�B k^P�P'NuBt@wP¡Z']�KMP¡]rxnBt@QPa_aP�KM>A=?NQ>C@&I�[?]
I�NQq¡BM@QP�Z']�KMPJ]rx�Bt@QP�Z'[hpwR`BtP�K'8 � x�BM@QPJZ�]AKMP�]�x�Bt@QP�@&I�[?].=hR­NQ]�B­qQP'R¬BtK`]�X�P'qCqQpQK`=hNQ>.=?BtR
�&KMR¬B.s&IrRMRtIr>APgBM@QKM]�pQ>A@�Bt@QPgZ']AK`P�]�x^BM@QPaZ�[hpQR¬BtP�K���=?B-k	=h[?[ ��PgsQI�RMR�I R`P'Z�]ANQq1BM=h_gP �
I�Raqw=hRMZ�pQRMR`P'q´��P�x3]AK`P�8 � =;Bt@ Bt@Q=?RaR`P'Z�]ANQq§s&IrRMR~Ir��]Ap9Bj:�8µF {-X�P0I�K`R¡[hIrBtP�K��nIr>)I�=hN
Bt@QP
>A[?]A�&I�[�_g=hNQ=?_$pQ_ ]�x�BM@QP
I�pwBM]9Z�]AKMK`P'[hIrBt=?]AN x3pwNQZ�BM=h]ANb_g]�lAP'R-qw]�k	NbBM]~RM_aI�[h[?P'K
RMZ0Ir[hP'R�8

Sre



��@QP�KMP�x3]�KMP-Bt@QP-R`P'Z�]ANQq sQ[h]�Bn]�x��&>ApQK`PET)7$RM@Q]�k	R	_¡IrRMR��9BtP'_gs�P'KtI}BtpQK`PEI�NQq�lY=hKM=hI�[
BtP'_gs�P'KtI}BtpQK`P ]rx�BM@QPC>OzA7�Z'[?pQR`BMP'K�8 ��P'K`PCBM@QP�lY=hKM=hI�[­BMP'_gs�P�KtIrBMpQKMP�=?R
qQP��QNQP'q �OX
I�RMR`pQ_a=?NQ>gI
s�]�k­P'K�[�I0k x3]�KnBt@QPEKMP�[�IrBM=h]AN¡��P�B k^P�P'N�_aI�RMR	IrNQq BMP'_gs�P�KtIrBMpQKMPEIrR

TV ir = C · (m · h)α �(S)z��

k	@QP'K`P
h
=hR�Bt@wP�BM=h_gP qQP�s�P�NQqQP'N)B ��pQ�w�Q[hPWx3pQNQZ�Bt=?]ANEI�NQq

C
I�NQq

α
I�K`P B k^]�Z']�NQR`BtI�N)BtR

Bt@&IrBJI�K`P.pQR`P'q�BM]a�QB�Bt@QPDBtP�_as�P'KMIrBtpQK`PDBM]aBM@QP�_aI�R`R'8	��@QP'R`P.s&IrKtI�_gP�BMP'KMRJI�KMPEBt@wP
KMP'R`pQ[?BJ]�xWBt@wP��QB`Bt=hNw>¡]�xW_aI�N)X _a]�KMPDRM=h_.pQ[�IrBMP'qjZ'[hpwR`BtP�KMR�8���P�KMP�=?B�=hRJpwRMP'q�IrR�Bt@wP
KMP�x3P�KMP�NQZ'P BtP'_gs�P'KtI}BtpQK`Pj]�x�I Z�[hpQR¬BtP�K�k	=;Bt@ Bt@QP sQK`P'RMP�N)B~_aI�RMR�Bt] RMP�P k	@QP�N Bt@wP
Z'[hpwR`BtP�K�=?R�NQ]�B�=hNCP�!Ypw=h[h=?�QKM=?pQ_ 8 � @Q=h[?P�Bt@QPEBtP�_as�P'KMIrBtpwKMPE=hR�[hI�KM>AP�KnBt@&IrN BM@QP-x3KM]A_
Bt@QP~s�]�k^P�K.[hI�k�P�|9s�P�Z�BMP'qulY=hKM=hI�[ BtP�_as�P'KMIrBtpwKMP ��Bt@QP¡NYpw_$��P�K*�3_a]AK`PaR¬BoI�K`R.=?N1Bt@wP
�&KMR¬BnsQ[?]�B���I�NQqaR`BtK`P'NQ>rBt@�]�x�BM@QPJ_g=hNw=h_aI�]AN¡R`_¡I�[?[hP�K�qw=hR`BtI�NQZ�P'R^=?R­=?NQZ'K`P0I�R`P'q �3�Q[hpwP
Z'pQK¬lAP =hNyBt@wP pwsQs�P�K
sQ[h]rB�I�sQs�P0I�K`R � 8y��@Q=hR
R`pQ>A>AP�R`BMR��­BM@&IrB
k	@QP�N¥BM@QP�Z'[?pQR`BMP'K�=hR
NQ]�B	=hN�P�!OpQ=h[?=h�QK`=hpQ_��)Bt@QPEKMP�RM=?qQp&I�[�R`_¡Ir[h[�R`Z0I�[?P-_a]rBt=h]�NQR^R`=h>ANQ=;�&Z0IrNOBM[?XaR`BMKMP�BMZo@�IrNQq
��P�NQq~Bt@QPJ_¡I�>�NQP�BM=hZ��&P'[?q�8���P�NQZ'P�Bt@QP�=?NaBM@Q=hR­Z0I�R`PJlAP�K`Xa=hNQ@Q]�_a]A>�P'NQP�]ApQR�lAP'[?]9Z�=?B X
�&P'[?qj[?P0I�qQRnBM]gIg_aI�>ANQP�Bt=?ZJ�&P'[?q�BoI�NQ>�[hP'qC]AN�lrI�K`=h]ApQR�qw=?��P'KMP�N)B�R`Z0I�[?P'R�8

��@QP�@QP0I}Bt=hNw>-]�x�BM@QP	=hN)BtP�KMZ'[?pQR`BMP'KW>)IrR�=?NavwV�� R`=h_$pw[�IrBM=h]ANQR =hRW_aI�=hNQ[;XDZ0I�pQR`P'qa�OX
RM@Q]YZoLORnBt@&IrB^@&I0lAPJBM@QP'=?K^]AK`=h>A=?N�=hN~_g=hNQ]�K­IrNQq~_aI� `]AK�_aP�KM>AP�KMR'8 ��@QP�R`BMKMP�NQ>�Bt@�]rx�I
RM@Q]YZoL¡Bt@QIrB�KMpwNQR^Bt@wKM]ApQ>�@~Bt@QP->)IrRnZ0I�N���P-P'R¬Bt=?_¡IrBMP'q~�)X¡=?BtR�i�I�Zo@CNOpQ_$��P'K��YBt@&I}B
Z0I�Ng��P	qQP�KM=;lAP'q�x3]AK�I-NQ]AN � KtIrqQ=�IrBM=?l�Pns�]�[?XOBtK`]AsQ=hZ^>)I�RWx3KM]A_ Bt@QPGX�I�NQLO=hNwP�� ��pQ>A]ANw=h]�B
Z']ANQqw=?Bt=?]ANQR�8

ρ2

ρ1

=
(γ + 1)M2

1

(γ − 1)M2
1 + 2

�(SA� �

� @QP'K`P
ρ1

I�NQq
ρ2

I�KMP Bt@QPjqQP'NQR`=?BM=hP'Ra��P�x3]AKMP�I�NQq§��P'@w=hNQq¥Bt@QP�R`@Q]YZoL �
γ
=?RaBM@QP

I�qQ=�Ir�&IrBt=?Z~=hNwqQP�| ]rx�BM@QPC>)I�R�I�NQq M1
=hR$BM@QPji�I�Zo@ NOpQ_.��P�K�� x3]AK
_g]AKMP~qwP�BoIr=h[hR

RMP'P �UV�vw±��AdAS ��� 8 ��@Q=?Rgk^I0X I©i�IrZo@ NOpQ_$��P'K�x3]AK�P0I�Zo@´vwV�� s&IrK`Bt=?Z'[?P'R
Z0IrN ��P
Z0I�[?Z'pQ[hIrBtP�q�8

��@Q=?R
NYpw_$��P�K
k^PCpQR`P�I�R�IrNQ]�Bt@wP'K
=hNwqQ=hZ'IrBt]AK�x3]AK$Bt@QP�P���P�Z�BMRa]�x�_gP'KM>�P'KMR�IrNQq
Bt@QP�P�!Ypw=h[h=?�QKM=?pQ_ RM=;Btp&I}Bt=h]�N©]�x	Bt@wP~Z'[?pQR`BMP'K'8���@QP�KMP�x3]AKMP�Bt@wP¡Bt@Q=?KMqysw[h]�B.]�x	�&>ApQK`P
T)7$sQKM]�lY=hqQP�R�=hNwx3]�KM_aIrBt=?]AN~I���]ApwB^Bt@QP�i�I�Zo@CNOpQ_$��P'K`R	]�x�BM@QP-=hNwqQ=?lY=hqwp&I�[�s&I�K`BM=hZ�[hP'R
=hNQR`=hqQP�Bt@QP�Z�[hpQR¬BtP�K'8 � B�R`@Q]�k	RnBt@QPJx3KMI�Z�BM=h]AN¡]�x�s&I�K¬Bt=hZ�[hP�R­Bt@QIrBn@&I0l�PEI.@Q=h>�@QP'Kni�I�Zo@
NYpw_$��P�K­BM@&I�N�:�8µF98 ��l�P'K�Bt@QP�@Q]A[?P	BM=h_gP�Bt@Q=?R�x3KMI�Z�BM=h]ANgqQP�Z'KMP'I�RMP�R��&IrR�BM@QP�Z�[hpQR¬BtP�K^=hR
NQ]�B�=hN-P�!Ypw=h[h=?�QKM=?pQ_ =hN-Bt@QPW��P'>�=hNQNQ=?NQ>��QpwB�K`P'[�I�|wP�R�k	=?Bt@-BM=h_gP�8���@QP�]�lAP'KMI�[h[)NOpQ_.��P�K
]�xnR`@Q]9ZoLrP'qysQI�K`BM=hZ'[?P'R-=?R-NQ]�BDRM=?>ANQ=?�QZ0I�N)Bt[;X�I}��P�Z�BtP�q©�)X�_gP'KM>�P'KMR���@Q]�k^P�lAP'K�=?BE@&IrR
Ig[hI�KM>APEP���P�Z�B�]AN BM@QPEx3KtI�Z�Bt=h]�N ]rxW���¬{E� i�I�Zo@jRM@Q]YZoLOR
�(Ir[hRM]gRM@w]�k	Nj=hNC�&>ApQK`P.TA7
I�RnKtI}Bt=h].��P�B k^P�P'N�Bt@QP�x3KMI�Z�BM=h]ANa]�x�RM@w]9ZoLOR�k	=?BM@Ci�I�Zo@CNOpQ_$��P'Kn[hI�KM>�P'K­BM@&I�NCT$IrNQq
Bt@QPDx3KtI�Z�Bt=h]�Nj]�x RM@Q]YZoLORJk	=?BM@bi�I�Zo@bNOpQ_.��P�K�[hI�KM>AP�K�BM@&I�N1:A8µF ���&Bt@&I}B�=hR�=hNwZ'KMP'I�RMP�q
�OX¥Bt@wP�_gP'KM>�P'K'8 ��@Q=?Ra@w=h>A@§i�I�Zo@´RM@w]9ZoLOR~K`P � P�Z�B¡l�P'K¬X k­P'[?[�BM@QP�[hIrBtP R`BtIrBtPj]�x

SAF



Bt@QPg_aP�KM>AP�K���k	@QP'K`PaBM@QPgk­P'[?[�LYNw]�k	N1R`BMKM]ANQ>j]ApwBM>A]A=hNw> R`@Q]YZoL =?R-x3]AKM_gP'q�8g��@QP�RMP
P���P'Z�BMR�BoI�LrP$sQ[hI�Z'P.Irx BtP�K�Bt@wP$_aP�P�BM=hNQ>a]�xWBt@QP�B k^]�Z�]AKMP�R���k	@QP�NbBt@QPDBtP'_gs�P'KtI}BtpQK`P
=hR	I�[?KMP0IrqwX~qQP�Z'K`P0I�R`=hNQ>aI�>)I�=?N�8

� BE=?R�Ir[hRM]�=?N)BtP'K`P'R¬Bt=hNw>CBM]j_gP'N)BM=h]AN���BM@&IrB-BM@QP�@Q=h>A@1i�IrZo@1R`@Q]9ZoLOR�P�|9=hR¬B�_.pQZo@
[h]ANQ>�P'K^BM@&I�N�Bt@QP-BMP'_gs�P�KtIrBMpQKMP�s�P0IrL�8���@Q=?R�RM@Q]�k	R	Bt@&I}BnBt@QP�KMPDI�K`P�Bt@QP�KM_aI�[�I�Z�Bt=;l �
=?Bt=?P'R�k	=;Bt@Q=?N�BM@QPgZ'[hpwR`BtP�KDI�[hR`]jIC[h]�NQ>�Bt=h_gP
Irx BMP'K-Bt@wPa_gP'K`>AP'KEI�Nwq1P |wsw[�I�=?NQR-k	@OX
Bt@QPjZ'[hpwR`BtP�K¡qQ]YP'RaNQ]�BaKMP�[�I}| ��P�B k­P'P'N§BM@QPjB k­]y_gP'K`>AP'KgP�l�P'N)BtR�8 ��@QP'K`P�x3]AK`P�Bt@wP
R`BtK`pQZ�BMpQKMPC]�x	BM@QP�_¡Ir>ANQP�BM=hZg�&P'[?quR`BoI0XYR�Z']A_gsQ[?P�|yI�[h[�Bt@QP~BM=h_gP¡R`=hNQZ�P�=?B$��P'Z'I�_gP
Z']A_gsQ[hP |�=?NCBM@QP-�&KMR¬B�_¡I� `]�K�_aP�KM>AP�K'8

�JNb]�l�P'K`lY=?P�k�]AN�Bt@wP$P�l�]A[hpwBM=h]AN�]�xWBt@QP._¡I�>�NQP�BM=hZ�I�pwBt]YZ']�KMKMP�[�IrBM=h]ANCx3pQNQZ�Bt=?]AN�=hR
>A=?l�P'N¥=hNy�&>ApwKMP TATw8 � B�R`@Q]�k	RgBM@QP I�pwBM]9Z�]AKMK`P'[�I}Bt=h]�N1x3pQNQZ�Bt=?]ANux3]AK
P�l�P'K`X R`P'Z�]ANQq
RMN&I�swRM@Q]�B
x3K`]A_ T)7 BM]b�Adw8j��@QP¡�&K`R`B$BM@Q=hNQ>j]ANQP~Z'I�NuRMP�P~=hRDBt@&I}B.Bt@wP~Z'pQK¬lAP�R
qQ]
NQ]�B$[?]9]�L�lAP�K`X1RM=h_g=h[hI�K'8¡v9]�BM@QP�X _aI0X�@&I0lAP~]ANw[?X�]ANQPgqQ]A_g=hNQI�N)B�]�K�_g]AKMPg_g=hN+�
=h_aI�I�NQqbBt@QP�_g=hNQ=?_¡IaI�[hR`]�Zo@&I�NQ>�P�BM@QP'=?K-RM@&Irs�PgI�NQq�s�]ARM=;Bt=?]AN�8.��@wP�x3pwNQZ�BM=h]AN�=hR
KtIrBM@QP'K	RM_g]Y]�Bt@�=?NCBM@QPE��P�>A=hNwNQ=hNQ> �QIrx BMP'KnBt@wPE�QKMR`B	_gP'K`>AP'K�R¬BoI�K¬Bt=?NQ>gI�KM]ApwNQqCRMN&I�s �
RM@Q]�B-F9:�BM@QP'K`P.=?R�_$pwZo@�_a]�KMPER`BMKMpQZ�BtpQK`P.lY=hRM=?�Q[hPr8 ��NQP.Z'I�NbI�[?RM]gRMP�P$@Q]�k _a=?NQ=h_aI
P�lA]�[?lAPr8´��@QP�X �&K`R`B¡]9Z�Z'pQKaI�R�[h]YZ0I�[�_g=hNw=h_$pQ_ RM]�_aP�k	@QP'K`P�=hN Bt@wPjZ�pQK`l�P �nBt@QI�N
>AKM]�k qQP�P's�P'K$IrNQq©qQP�P's�P'K$pwNOBM=h[WBt@wP�X1I�KMP�Bt@wP¡>A[?]A�&I�[W_g=hNQ=?_$pQ_ x3]AKD]ANQP¡]�KDB k­]
RMN&I�swRM@Q]�BMR'8���x BtP�K`k^I�KMqQR�Bt@QP�X©��P'Z�]A_aPgk^P'I�L�P�K
I�>)Ir=hNyIrNQq©lrI�NQ=?RM@1�QN&I�[h[;XA8C��@Q=?R
KMP'swKMP'R`P'N)BtR�=hNQqw=?lY=hqQpQI�[�R¬BtK`pQZ�BMpQKMP�R�=?N~Bt@QPE_aI�>ANQP�Bt=?Z��&P�[hq�Bt@&I}B	I�KMP-Z'I�pQR`P'q �OX~qwX �
N&I�_g=hZ-sQK`]9Z�P'RMR`P'R	k	=?BM@Q=hN~BM@QPEZ'[hpwR`BtP�K��QBM@&IrB�I�KMP-_g]AR¬Bt[?XaBtK`=h>A>AP�KMP�q��OXC_gP'K`>AP'K`R'8

����
��?� � #Q4����)�����C¦W�9¨$�O�¡%'¦W�Y�����}��/
��@QP­_aI�>ANwP�Bt=?Z s�]�k­P'K�RMs�P'Z�BtK`pQ_ >A=?l�P'R�qQ=?KMP'Z�B�=hNwx3]AK`_¡I}Bt=h]�NJ@Q]�ku_$pwZo@�s�]�k^P�K�BM@QP'K`P
=hR =?N$Bt@QPn_aI�>ANwP�Bt=?Z­�&P�[hq
]AN�qQ=;��P�KMP�NOB RMZ0Ir[hP'R�8 � =?>ApQKMP^T�e-RM@w]�k	RWBM@QPns�]�k­P'K�R`s�P�Z�BtKMI
]�x.BM@QP1>)zA7 Z�[hpQR¬BtP�KCx3]�K P�lAP�K`X RMP�Z']ANQq²RMN&I�swRM@Q]�B x3KM]�_ T)7yBt] �Adw8 ��@QP1s�]�k^P�K
RMs�P'Z�BMKMpQ_ Z�]ANQRM=?R`BMR�]�x�B k­]�s&I�K¬BtR�8 � ]AK-RM_aI�[?[ lrI�[hpQP�RE]�x^L�BM@QP�=hNQZ�KMP'I�RMP�R�pQN)BM=h[W=?B
KMP0IrZo@QP'R�I
_¡I}|9=?_$pQ_ 8 ��@QP-s�]ARM=;Bt=?]AN�]�x�Bt@Q=?R�_¡I�|w=?_$pQ_ =hR	IrKM]ApQNwq :0d 1

Mpc

IrB�Bt@wP
��P�>A=hNQNw=hNQ>�I�Nwq _g]�lAP�R	BM]
@Q=h>�@QP'K�Lgk	=?Bt@~BM=h_gP�8 ��x BtP�K�=?BtR�_aI}|9=h_.pQ_ =?B�qQP�Z'K`P0I�R`P'R
KtI�sQ=?qQ[?X�8W��@QPD=hNQZ�KMP0IrRMP-x3KM]A_°lAP'K¬XC[�I�K`>AP-RMZ'I�[hP�R�Bt]gRM_aI�[h[?P'KnR`Z0I�[?P'R	=hR�P |ws�P'Z�BtP�q���IrR
Bt@QPg_¡Ir>ANQP�BM=hZ$�&P�[hq�RM@w]ApQ[hq NQ]�BD��P�qQ]A_g=hN&IrBMP'q��)XblAP�K`X�[�IrKM>AP
R`Z0I�[?P'R'8a��@Q=hREZ'I�N
I�[hR`]D��P�RMP�P'NgKtI�qw=�I�[9qQ=hR¬BtKM=?�QpwBM=h]AN
]�x+BM@QP	_¡I�>�NQP�BM=hZnP�NQP'K`>�X��3�Q>ApQKMP	T�d ��8 ��@wP�>�KMP'P�N
[h=hNwPEIrBE:�d�� ]�x�BM@QP-lY=hKM=hI�[�KMI�qQ=?pQR�]�x�Bt@QPEZ'[?pQR`BMP'K	Z']�KMKMP�RMs�]ANQqQR	Bt]�=;BtR�Z']�KMPEKtI�qw=hpQR�8

��@QP�=?NQZ'K`P0I�R`=hNQ>us&IrK`BC]�xDBt@QP�s�]�k^P�K R`s�P�Z�BMKMpQ_ Z'I�N �&I�RM=?Z0I�[?[?X¥��P��wBMBtP�q �OX
I¡s�]�k­P'K�[hI0kE8J��@QP$qwP'Z'K`P0I�R`=hNQ>�sQI�K`BJ]�x Bt@wP$RMs�P'Z�BtKMpw_cqQ]YP'RJNQ]�B�R`@Q]�k�I¡qQP��QNQ=?BMP
s�]�k­P'K [hI�ky��P�@&I0l9=?]AK'8 � BtR�Z'pQK¬lrIrBtpQK`P^qQP�s�P�NQqQR R¬BtK`]ANQ>A[;XE]AN.Bt@wP^[hP�NQ>�BM@QRMZ'I�[hP�Zo@Q]AR`P'N
x3]AK~Bt@QPb�QB'8 ��@QP1�w[hpQPb[?=hNQP�R�=hN´�&>ApQK`P T�e RM@Q]�k�BM@QP�_a=?NQ=h_.pQ_ ��I0lAP�KtI�>�P1IrNQq

S�S



� =h>ApwKMP�TAT9� �M#I���I "��&�&*��� �3�*),��+!
S#;+� (�*),��+ 
S��&���/���&*8!$��� ���+�6 $�+���=�$%�����*$��4��� 	 ����+ %9P ��+46 ��N�B
K � ���I)�$
) $?),+ �9=  ��@8 �����I) $
),+

G2
B �����C=;�,���*$ �S� �; "��=;�
�*�;� ��&.$F�W��+46 ����� � ��$%�?��+;� �M�4�0/���%'��),+;�A$ �

�*�;� ��#I���I ���&*&���������)���+'
S#;+� (�*),��+ ��
V�*�;) $H$�+���=4$%�;�����S������ ��
������
C���;� ����$F�H$�+���=�$%������� �;�,#���� 6;��$��;��6 �
��+�6U�����W+;���1�H$�+���=�$%�����'�S��&�����+ �46;��$��;��6 �(B �T��6U/���&%�*)� ���� ��)�+;��$����������W�4���%�*��� $%�;��	 ���4�3���*�;��&*�
) $T� �,�I ���� � )�+;)���#;� ��
 �*�;�E��#I�*�I "��&*&*��� �3��)���+ 
S#;+� (�*),��+U���5���;) $5&*��6I)�#�$ �1��/���+G���;��#;���')2�T�D�08D+;���
���E/1)�$�)��;�,�W��$5)2��) $5��+��,8G� ���I ����R��)�+;)���#;� �������T)�$5�*�1� ��),��� B

_¡I}|9=?_$pQ_ R`_a]Y]�Bt@w=hNQ>C[hP�NQ>�BM@1]�x�I�[h[Ws&IrK`Bt=?Z'[?P'R-k	@Q]AR`P¡Z'P�N)BtP'K�=hRD=hNQR`=hqQP
BM@QP¡��]0|�8
��@QP�X1RM@Q]�k ��Bt@&IrBDx3]AK-Bt@wPa��P'R¬B$KMP�RM]A[?pwBt=?]ANbk^PaLONQ]�k�Bt@QPgs�]�k­P'K�RMs�P'Z�BMKMpQ_ ]�lAP�K
B k^]E]AK`qQP'K`RW]�x�_¡I�>�NQ=?BMpQqQP�8�m^pwBWI�R Bt@Q=?R KMP�RM]A[?pwBt=?]AN$=?R ]ANQ[;X.K`P0I�Zo@wP'qg=hN$R`_¡I�[?[wIrKMP0IrR
]�x�@Q=?>A@�qQP'NQR`=?B X �9Bt@wP�s�]�k^P�K­R`s�P�Z�BtK`pQ_ =hR�=hN � pQP'NQZ�P'qa�OXgK`P'RM]�[hpwBM=h]AN�P���P'Z�BtR­]AN¡]ANwP
]�x�BM@QP'R`PDB k­]g]AKMqQP�KMR�]�x�_¡I�>�NQ=?BMpQqQP�8

��NQP.BM@Q=hNw>¡Bt]~Nw]�BtP$=?RJBt@QIrB-��]�Bt@��wKM])I�qbs�P0IrLj=?N�Bt@QP�BtP'_gs�P'KtI}BtpQK`P
IrBEI���]ApwB
z98µF�{-X�P0I�K`R$I�NQq :A:A8GFA{�XAP0IrKMRDZ']AK`KMP'R`s�]�NQq©Bt] [�IrKM>AP�KDZo@QI�NQ>AP�R.=hN�Bt@wP¡s�]�k­P'K�RMs�P'Z��
BtKMpw_¢=hN�R`N&I�sQR`@Q]�BtR­FA7�IrNQqaz��w8 ��R Bt@QP	s�]�k^P�KWRMs�P'Z�BMKMpQ_�=?R qQ=?KMP'Z�Bt[;X.Z�]ANQNQP�Z�BtP�qaBM]
Bt@QP�_aI�>ANwP�Bt=?Z	P'NQP�KM>�X �9Bt@w=hR^K`P'sQK`P'R`P'N)BtR	I�N¡=hNQZ�KMP0IrRMPJ]rx�_¡Ir>ANQP�BM=hZ�P'NQP�KM>�Xa]AN~R`_¡Ir[h[
RMZ0Ir[hP'R$�3[�I�K`>AP-L+��8

��] BMKtI�ZoL�BM@QPgP�lA]�[hpwBM=h]AN�]�x­Bt@QPgs�]�k­P'KDRMs�P'Z�BtKMpw_ ���QBMBMP'q©I s�]�k^P�K.[�I0k Bt]jT

SAz



� =h>ApwKMPDT�eQ� � ����+��"��)  ?=���	 ��&�$%=��� "��&*#;� 
S��&H$�+���=4$%�;���*$ %�� � ��N�B �M�,�V=;�����*$'�S���; ���=I���*�;� �4&*$%�
��+�6!�����D����$F�W��+;���?�4�0/���%	�,)�+;�A$ � ���;�G=4��	 ��&W$�=4�A (�*&�#;� ��
5����)�$W$�+���=�$%�����
�S������ ��
��� ��
 �*�;� � ��$%�
$�+���=�$%�����&� �;�,#����16;��$��;��6 �C��+�6 �*�;��+;� �1� $�+���=�$��;��� �S��&*����+ ��6���$��;��6 �"B �C��&���)  ������;�,#��H6;��$%�;�A6 �,)�+;��$
$��;��	 � 
S&���� ���"
 � ����&*)����9� � ���;�'�D���I),� #;���C�0/���&.����� ��+�6-��),+�),� #;� $%���1���*�;),+����,��+;���*� ��
5�����
=4��&���)  "����$ 	T)2�*�;)�+��*�;�5��&*)�6�#�$%�A6E
S��& �*�;�T ����� �#;������)���+ ��
;�*�;�5=4��	 ��&C$�=4�A (��&*#;�	B >5��� /���&���)  �������&�����+
6���$��;��6U��),+;�?&*��=;&*��$���+9�.$H�AN � ��
 �*�;�E/1),&*) ��� &*��6I)�#�$5��
V���;�E ��,#�$%����&�B

qQ=?��P'K`P'N)B�L�I�KM]�pQNQqj7�d 1
Mpc

��:0dAd 1
Mpc

I�NQq�7�dAd 1
Mpc

8W��@QPD�QKMR`B�]ANwPD=?R��QP |9Z'P's9B�x3]AK
Bt@QP�l�P'K`X��QKMR`B	R`N&I�sQR`@Q]�BMR��&=hN~BM@QP-=hNwZ'KMP'I�RM=?NQ>
s&I�K¬B�]�x�Bt@wP-s�]�k­P'K	RMs�P'Z�BtKMpw_ I�NQqC=hR
NQP0I�K�:�d��¢]rx�Bt@wP�lY=hK`=�I�[wKtI�qQ=?pQR�]�x�BM@QP�[�IrBMP'R`B­RMNQI�sQRM@w]�B08W��@QP�]�BM@QP'K�B k^].I�KMP�=hN�Bt@wP
qQP'Z�KMP0IrRM=hNw>¡s&I�K¬B�]�x�BM@QPDs�]�k­P'K�RMs�P'Z�BMKMpQ_ 8nm­]�Bt@jI�KMPER`Z0I�[?P'R�Bt@&I}B�Nw]�B�Z']A_gsQ[hP�BtP�[?X
KMP'R`]A[?l�P'qjI�N)X~_g]AKMP��wR`]�BM@QP'=?K^lrI�[hpwP'Rn@&I0l�PEBM]
��P-Z�]ANQR`=hqQP�KMP'q Z0IrKMP�x3pw[h[?X �9P�RMs�P'Z�=�I�[?[?X
Bt@QPn[hI�R`B ]ANQP�Bt@&IrB =hR�I�[hK`P0I�qwXD[?]�k­P'K�Bt@&I�N�Bt@QP�I0l�P'KtIr>APnRM_g]Y]�Bt@Q=?NQ>J[?P'NQ>rBt@�8���@QPn�QBMR
]ANaBM@QP'R`P�TERMZ0Ir[hP'R�=hR�P�|9P�_asQ[hI�KM=?[?X�RM@Q]�k	N¡x3]�K�BM@QP�[�I�R¬B­R`N&I�sQR`@Q]�B^]�x�BM@QP�R`=h_$pw[�IrBM=h]AN
=hN��&>ApQK`PDT)F98

� =?>ApQK`P.TAS~R`@Q]�k�BM@QP$P�lA]A[?pwBt=?]AN�]�xWBM@QP$RMs�P'Z�BtKMI�[ =?NQqQP�|9P�R-]A�wBoIr=hNQP�q��)X��QB`Bt=hNw>
Bt@QP�RMP	s�]�k­P'KW[hI�k	R�8 �JR BM@QPnR`s�P�Z�BtKMI�[&=hNwqQP�|.=hR BM@QP�P�|9s�]ANQP�NOB�=?N.Bt@QP�s�]�k^P�K�[�I0k ��Bt@wP
[h]�k^P�K�=?BtR�lrI�[?pQPW=hR�BM@QP�R`BtP�P's�P'K�qQP'Z�KMP'I�RMP�R�Bt@wP�s�]�k^P�K�RMs�P'Z�BMKMpQ_ k	@wP'KMP�=?B�k^I�R��QBMBMP'q�8
��@QPJR`s�P�Z�BtKMI�[�=hNQqQP |gx3]AK­7�d 1

Mpc

KMP'I�Zo@QP�R�I�Z�]ANQR`BtI�N)B^lrI�[?pQPJI}B^Ir��]Ap9Bndw8GF�I}x BtP'K�Bt@wP
�&KMR¬B-_aP�KM>AP�K'8���@QP$RMs�P'Z�BtKMI�[ =?NQqQP�| x3]AK�:�dAd 1

Mpc

>AK`]�k	RJk	=?BM@�Bt=?_aP���K`P0I�Zo@w=hNQ>,� 798GF

S��



� =h>ApwKMP	T)F9��������+;����)  =4��	 ��& $�=��� (�*&�#�� ��
 $�+���=4$%�;��� ��P
��
 �*�;�T� ��P? "��#�$F�*��&AB � ��#;������&*����+���+�6
 �8���+G��),+;�A$T$%����	 ���;�E=���	 ��& ��� 	 �;�*$ �*� �*�;�E$%=��� "��&*#;�	B �M���%�*��6'/���&���)  ���� �,)�+;��$5�D��& ���*�;�?=4��),+9�*$
�*�;�T=���	 ��&V� � 	�$ 	 ��&*� �;�����A6 ��&���#;+�6RBV>5�;�5&��A6���)�+;��$%����	�$@�*�;�#� $ ��%M=4��	 ��& � � 	 ��
�� 	 ���,��������&*�3/
$�=��� (�*&�#��UB �C��&���)  ����R�;�,#���6;��$��;�A6G��),+���$�$��;��	 �1
S&*��� ���"
 �M���D&*),�������1���;�E�D���1)���#�� �4�0/���&.�����
��+�6
��)�+;)���#;� $����1������),+;� �,��+;���*�G��
 ���;�?=���&%�*)� ��,�A$ 	T),����),+'���;�
��&*) 6D#�$���6D
S��& ���;�? ����� �#;������)���+ ��
 �����
=���	 ��&T$%=��� "��&*#;�	B >5�;�E/���&%�*)� ���� ��&*����+'6;��$%����6'�,)�+;�?&���=;&*��$���+9�*$
��N�� ��
 ���;�E/1)�&�) ��� &.��6I)�#�$5��
@�����
 ��,#4$F�*��&AB

=hN~Bt@wP-P'NQq��&�wpwB�RM@w]�k	R	[hI�KM>APJqQP�lY=�I}Bt=h]�NQR'8 ��@wPEBM@Q=hK`q~RMs�P'Z�BtKMI�[�=hNQqwP�|ax3]AK	7�dAd 1
MpcR`BoIrK`BtR�k	=?BM@gID_$pwZo@a@Q=?>A@QP�K l�Ir[hpQPnBM@&I�N�Bt@QP	RMP�Z']ANwq¡�QpwB�qQP�Z'K`P0I�R`P'R­k	=;Bt@�Bt=?_aP�IrNQq

KMP0IrZo@QP'R � SD=?NgBM@QP�P'NQq�8 � B­=hR�=?_as�]AK`BtI�N)BWBt]D_aP�N)Bt=h]�NgBM@&IrB�Bt@Q=?R�[hI�R`B�=?NQqQP�|g=?R��wBMBtP�q
]AN�I
R`Z0I�[?PEk	@wP'KMP-BM@QPEs�]�k­P'K�RMs�P'Z�BMKMpQ_ @QI�R�Bt]���PEqQ]�pQ�wBtP�q�8

� ]AK�_aI�>ANQP�Bt=hZ�BtpQK`�QpQ[hP�NQZ'PWBM@QP�s�]�k­P'K�RMs�P'Z�BMKMpQ_ k^]Apw[hqEx3]A[h[?]�k1I�s�]�k­P'K�[hI�k1k	=?BM@
I�RMs�P'Z�BtKtIr[^=hNwqQP�|1]�x � F ��Tw8C��@Q=?R.=?R�� =?N©Z']�NOBMKtI�qw=hZ�BM=h]AN�Bt]�]A�QRMP�K`lrIrBM=h]ANQR�� NQ]rB.XAP�B
l9=?RM=?�Q[hP	=hNgRM=?_$pQ[hIrBt=?]ANQR'8 � B�=hR�P�l�P'N~NQ]rB^Z�[hP0IrK��)Bt@&I}B�BM@QP�s�]�k­P'K^R`s�P�Z�BMKMpQ_�x3]A[?[h]�k	R�I
s�]�k­P'K [hI�ky]�l�P'K I�N
I�sQswKMP'Z�=�I��w[hP�KtI�NQ>�P�x3]AK�_g]AKMP�Bt@&IrN.RM=?NQ>A[?P­R`N&I�sQR`@Q]�BtR�8W��]�k­P�l�P'K
IrB�BM@Q=hR�s�]A=hN)B�]ANQP�@&I�R�Bt]�Z']�NQRM=?qQP'K�Bt@&I}B�BM@QP�]A�QRMP�K`l�P'q
s�]�k­P'K�RMs�P'Z�BtKMI�Z0IrswBtpQK`P^]ANw[?X
_$pQZo@uRM_aI�[?[hP'K-R`Z0I�[?P'R	��L � 1000

Mpc

�-Bt@&IrNysQKMP�RMP�NOB$RM=h_.pQ[�IrBM=h]ANwR'8���@QP~_aI}|9=h_.pQ_
KMP'R`]A[hp9Bt=h]�Ny]�x�Bt@wP�RM=h_.pQ[�IrBM=h]AN =hR�qQpQP~BM]b=?BtR.I�q&I�s9Bt=?l�P~N&IrBMpQKMP¡�&I�RM=?Z0I�[?[?X I��w[hP¡BM]
KMP0IrZo@ BM@QP'R`PgR`Z0I�[?P'R�8$��]�k­P�l�P'K���BM@QP
P���P'Z�Bt=?l�P�KMP'R`]A[hp9Bt=h]�N�]�x�Bt@QP
s�]�k^P�KERMs�P'Z�BMKMpQ_
]�x�Bt@QPJ_¡I�>�NQP�BM=hZ��&P'[?q~=hR­]ANQP�]AKMqQP�K^]�x�_aI�>ANw=?BtpwqQP�k­]AK`RMP �QI�R^=?NaBt@wP�KMP�>A=h]ANgk	@QP'K`P

S��



� =h>ApwKMP~T�Sw� <1=4�A (�*&*��� )�+�6I� �!��
T���;�'=4��	 ��&W� � 	 �;�*$ ��+-�*�;�G�D����+;����)  D=4��	 ��& $%=��� "��&*#;� ��

�*�;� � ��P� ��,#4$F�*��&H
S��& ���%��)�+;�'=4��),+9�*$
�3�EP�N

1
Mpc

�S���,#;� ��� ��N�N
1

Mpc

� ��&*����+ ����+�6�P�N�N
1

Mpc

�  "89��+ �"B
�
��$��;�A6'��)�+;��$T$��;��	O�*�;�E���;�� (��$%=��� "��&.���R)�+�6I� �1�A$ �1�*�;�W$%��&.��)����9� ��)�+;�E)�$T$����1��������6U�3/���&#$ =���)�+��.$�B
(���&� �����=���&*) $%��+'��� $�� �*�;�?�D��$*$5��
V���;�W ��,#�$%����&T)�$T$��;��	T+ B

� =h>ApwKMP�T)z9� ������+;�"�*)� M=4��	 ��& $%=��� "��&.�E��
R�*�;�
� ��P? ��,#4$F�*��& 
S&���� %�B P?���G�0PIB P �
8��A��&.$C��+ ����=G��

�A�� .�'��������&AB >5���H=���	 ��& $�=��� (�*&*� ��&*�H+���&*�����,) $���6D�18D��#��2�*),=;��81),+���	T),���	�� ���+�$%�*��+�� ��� ���0/��������
$*�����
/3����#;�M
S��&#� " P�N

1
Mpc

BC>5�;�?�;� �� ��D6;��$%����6 ��)�+;��$5$��;��	 �����?�0/���&.������$%���1���*�;),+�� ����+;�����'��

���,�V=���&%�*)� ��,�A$T),+4$%) 6I�W�*�;�W��� �'
S��&��*�;���A��&*�,)���$%���S���"
 ������+�6 � �3���A$F� �S&*),�������T$�+���=�$��;��� 	T�;��$��W=���	 ��&
$�=��� (�*&�#�� ) $ =;�,���%�*��6RB <I �������$ ��������	 ����)�$ �0/���&.����� $%���1���*�;)�+;�?�,��+;���*����&��5+;���C&����,) ���;��8W&*��$�����/��A6RB

zrd



Bt@QPDs�]�k­P'K�RMs�P'Z�BtKMpw_ =?R�Z0I�[?Z'pQ[hIrBtP�q�Bt@QPD_¡I�|w=?_$pQ_°]�x BM@QPERM=h_.pQ[�IrBM=h]AN¡KMP'R`]A[hp9Bt=h]�N
=hRENQ]�BEK`P0I�Zo@QP�q©P�lAP'K¬XOk	@QP'K`P�8Cv9]Cx3]AKEI�qQ=?KMP'Z�BDZ']A_gs&I�K`=hRM]�Nb]�x­BM@QP�]A�QR`P'K`l�P'quIrNQq
RM=h_.pQ[�IrBMP'q�_¡I�>�NQP�BM=hZ�s�]�k­P'K R`s�P�Z�BMKtI �OIrB�[hP'I�R`B ]ANQP^I�qQqQ=;Bt=h]�N&I�[)]AK`qQP'K�]�x+_¡Ir>ANQ=?BMpQqQP
]�x�Bt@wPJRMsQIrBt=hI�[+KMP'R`]A[hp9Bt=h]�Na=?R­NQP�P'qQP�q�8 ��P�lAP�K`Bt@wP'[hP�RMR�=;B­=?R­s�]AR`RM=h�w[hP	Bt].Z�]A_gs&I�KMP	Bt@wP
KMP'[hIrBt=;lAP�P�lA]A[?pwBt=?]AN
]�x�Bt@QP	s�]�k­P'K�R`s�P�Z�BtKMIEk	=;Bt@�]�BM@QP'KWsQK`]As�P'K`BM=hP�RW]�x�BM@QP	RM=?_$pQ[�I}BtP'q
Z'[hpwR`BtP�KMR�8

��@QP�KMP�[�IrBM=?lAP�P�lA]A[?pwBt=?]ANE]�xwBM@QP�_¡I�>�NQP�BM=hZWs�]�k­P'K�RMs�P'Z�BtK`pQ_ Z0I�ND��P�RMP�P'N�=hNE�&>ApQK`P
T)z98 � B�R`@Q]�k	R�Bt@wP�NQ]�KM_aI�[h=?RMP'qCs�]�k^P�K�R`s�P�Z�BtKMIa]ANCBt]�s�]�x�P0I�Zo@�]�Bt@QP�K'8­��@QP�s�]�k^P�K
RMs�P'Z�BMKtI�R`P'P�_ qw]�qQ]jRM]A_gPaLO=?NQq1]rxnBtpQK`NQ=hNw>�I�K`]ApQNQq Bt@QPgs�]A=hN)BEk	@QP'K`PaBM@QP�X1I�K`P
�w|9P'q�8�v9]�Bt@QPn=?NQZ'K`P0I�R`=hNQ>Js&I�K`B ]�x+Bt@QP^s�]�k­P'K R`s�P�Z�BtK`pQ_¢��P'Z�]A_gP'R [hI�KM>AP�K��}k	@Q=h[?P­Bt@wP
qQP'Z�KMP0IrRM=hNw>js&IrK`BER`BtI�K`BMRE[�IrBMP'KEI�NQq�qQP�Z'K`P0I�R`P'R.R¬BtP�P's�P'K'8���[hRM]�BM@QP�s�]AR`=?BM=h]ANb]�x�Bt@wP
_¡I}|9=?_$pQ_ ]�x�Bt@QP-s�]�k^P�K�RMs�P'Z�BMKMpQ_°Bt@&IrBn=hRnR`=h_g=h[�IrK�BM]
Bt@QP-R`Z0I�[?PJBt@&I}B�Z0I�K`KM=?P'RnBt@wP
@Q=h>A@wP'R`B�s&I�K¬BD]�x^BM@QPa_aI�>ANwP�Bt=?Z
P'NQP�KM>�X _g]�lAP'REx3KM]�_ RM]A_gP :�dAd�LOs�ZgBt] :�dAd�LOs�Zr8
��@Q=hRaI�>AK`P'P'R�k	=?BM@¥BM@QPC_¡Ir>ANQP�BM=hZ�P�NQP'K`>�X qQ=hR¬BtK`=h�QpwBM=h]ANuk­Pj>�]�B�x3KM]A_ BM@QPCqQ=hK`P'Z�B
Z0I�[?Z'pQ[hIrBt=?]AN´]�x.BM@QP _¡I�>�NQP�BM=hZbP'NwP'KM>rX ]AN qw=?��P'KMP�N)B�R`Z0I�[?P'RC��P�x3]AKMPr8 � N >AP'NQP�KtI�[
Bt@QP
P�lA]A[?pwBt=?]AN�]�xWBM@QP$_aI�>ANQP�Bt=hZ�s�]�k­P'K�R`s�P�Z�BMKtI�RMP�P'_gR-NQ]�BJBM]���P.qQ]A_g=hN&IrBMP'qj�OX
Bt@QP$_gP'K`>AP'K`RJBt@wP'_gRMP'[;lAP�R����Qp9B-�)XjBM@QP$NQ]ANbP�!OpQ=h[?=h�QK`=hpQ_�R`=?BMp&IrBt=?]AN�]rxWBt@QP$Z�[hpQR¬BtP�K
Irx BtP�K`k^I�KMqQR�8

zY:



� =h>ApwKMPjTA�w� >5)���� ��/�����#I��)���+ ��

������=4��&*����#;&*��� ��� &.�08 �,#�� )�+;�9$%),�F8 ��+467&.��6;),#�$���
H�*�;����$I�
 ��,#4$F�*��&AB

� � 
 � � 
 � � � � � 
�� � 
 �
��@QPaP�lA]A[?pwBt=?]ANb]�x�Bt@QP�>OFY:gZ�[hpQR¬BtP�KD=?R-_a]�KMP
!OpQ=hP�B-Bt@&IrN BM@QP�>OzA7~Z'[?pQR`BMP'K'8
� BD@&IrR
]ANQP$P'I�KM[;Xj_aI� `]AK�_gP'KM>�P'K�I}B-F98GFA{�XAP'I�KMR-IrNQq�Bt@wP'NbR`BtI0X9R !OpQ=?P�B�x3]AKJeO{�XAP'I�KMR�8���x �
BtP'K¬knIrKMqQRa=?B�@&I�R
B k­]©R`_¡I�[?[hP�K$_aP�KM>AP�KMR��^]ANQP _gP'KM>�P'K
k	=?BM@ I�_aI�RMR�KtI}Bt=h]�]�x��w�;:
IrB��w8µzC{�XAP'I�KMR�I�NQq I�NQ]rBt@QP�KD_gP'K`>AP'K-k	=;Bt@ I�_¡I�R`REKtIrBM=h]�]�x�F9�?:gIrB�:�:A8µFC{�XAP'I�KMR�8
� ]�KnBt@QPDP0I�K`[?X¡_¡I� `]�K�_aP�KM>AP�K�=?R�=hR�NQ]rB�s�]AR`RM=h�w[hP�Bt]g>AP�BJIrNjpQRMI��Q[?PD_aI�R`R�KtIrBM=h] �&IrR
Bt@QPa]�Bt@QP�K�@QI�[h]AR-BM@&IrB�_aP�KM>AP�k	=?BM@ BM@QP¡Z�[hpQR¬BtP'K�I�K`PaNQ]rB�X�P�B$Z�]A_gsQ[hP�BtP'[;Xb��]ApQNQq�8
��@QPJ�&IrRM=hZ	sQK`]As�P'sQK`]As�P�K`BM=hP'R`@QP�>OF9:�Z'[hpwR`BtP�K^IrKMP	RM@Q]�k	N~=?Ng�Q>ApQKMP�TA�w8 ��NQP�Z'I�N¡R`P'P��
Bt@&IrB�BM@QP�_gP'K`>AP'K`R�I�KMP�I�>)Ir=hN
x3]A[h[?]�k^P�qaIrNa=?NQZ'K`P0I�R`P�]�x�Bt@QP�BMP'_gs�P�KtIrBMpQKMP�I�NQq�| � KtI0X
[hpQ_g=hNQ]�RM=?B X Ir��]Ap9B
]ANQP {�XAP'I�K$[�I}BtP'K���I�R$x3]AKDBt@QP�>Oz�7�Z'[hpwR`BtP�K'8 ��@Q=hR�Bt=h_gP¡qwP'[�I0X
��P�B k^P�P'NCBt@QP���P'>�=hNQNQ=?NQ>.]rx�Bt@QP�_gP'K`>AP'K^I�NQq~BM@QP�KM=?RM=?NQ>.]�x�BM@QP'R`P !Op&I�N)Bt=;Bt=?P'Rn=?R­Bt@wP
RtI�_gPax3]AKE��]�Bt@©Z'[hpwR`BtP�KMR�� I�[;Bt@Q]Apw>A@1BM@QP¡_gP'K`>AP'KE=?BMRMP�[?x�=?RD_.pQZo@yRM@w]AK`BMP'K$IrNQq©Bt@wP
=hNQZ�KMP0IrRMP�]�x�Bt@QP
_aI�R`R�]�x�Bt@QP
Z�[hpQR¬BtP'KEIr[hKMP'I�qwX �&NQ=?RM@QP�q _g]AK`P.Bt@&IrN @QI�[?x�I {�XAP0IrK
P0I�K`[h=hP�K'8$� NQR`BMP0I�q =?B-Z'I�N���P
P |9sQ[�I�=?NQP'q I�R�BM@QP
Bt=?_aPDBt@&IrBE=?R-NQP'P�qQP'q�x3]AK�BM@QP
@&I�[?]
Bt]�BtKtI0l�P'[�Bt@wKM]ApQ>�@ BM@QPEZ'[hpwR`BtP�K�=hN)Bt]�=;BtR�Z'P�N)BtP'K�8

z�7



� =h>ApwKMPDTA�w� � ��&*����&5��&*���?��
 �*�;�E� $;�? ��,#4$F�*��&AB >5�;�W6;��& ����&���+�6U�;),������&5���;�W��)�+;�E)�$ �I�*�;�W����&*�
�D��$�$�),/��?)�$ �*�;�W "��#�$%����&AB

���?! ��
 � �O�}4+�O�~����%����+��5
� =h>ApwKMP-TA�$qw=hRMsw[�I0XYRnBt@QP-_gP'K`>AP'K^BMKMP�PD]rx�BM@QP->OF9:-Z�[hpQR¬BtP�K'8 � B	@&I�R�]�NQP-P0I�K`[?Xa�QKM]AI�q
_aP�KM>AP�KaIrNQq =?R$Bt@QP�N !OpQ=hP�B08 �nB~�){�XAP'I�KMR�=;Ba@QI�R
B k^]1_aP�KM>AP�KMR'8 m^]�BM@ _gP'K`>AP'K`R
[�I�R¬B�]�NQ[?X~I���]�pwB	@&I�[;x I�N�{�XAP0IrK'8���@Q=hR	_aI�X~��PEqQpQPEBt]
BM@QPDx�IrZ�B�Bt@QIrB���]�BM@jP'IrBtP�N
Z'[hpwR`BtP�KMRDI�K`PgKMIrBt@wP'K-RM_aI�[?[ I�NQq�[?=h>A@)B08���@QP'K`P�x3]AK`P
Bt@QP�XbNQP'P�q1[?P'R`REBM=h_gP.x3KM]�_cBt@wP
��P�>A=hNQNw=hNQ>
]�x�Bt@wPD_gP'K`>AP'Knk	@wP'NjBM@QP-B k^]gZ'[?pQR`BMP'K`R	BM]ApQZo@CBt]�Bt@QP-s�]A=?NOB�k	@wP'KMPEBt@wP
RM_aI�[h[?P'KnZ�[hpQR¬BtP'K	=?R�Z']A_gsQ[hP�BtP�[?Xas&I�K`B	]rx�BM@QPE[�I�K`>AP'K�Z�[hpQR¬BtP'K�8

���?! �?! � ���O�}4��3�Y%
� =h>ApwKMP
e)d�RM@w]�k	REBt@wPgP�lA]A[?pwBt=?]ANb]�x­=hNQNwP'K���LO=hNwP�Bt=?Z�I�NQq�_aI�>ANQP�Bt=hZ.P'NQP�KM>�X�]�x�Bt@wP
>OF9:�Z�[hpQR¬BtP'K�8W��@QPJ=?NQNQP�K^P'NwP'KM>rX¡=?NQZ'K`P0I�R`P'RnR`[h]�k	[?X�k	=?BM@aBM=h_gP ��I���]�pwB^]�NQP�]AK`qQP'K­]�x
_¡I�>�NQ=?BMpQqQP�]�lAP'KEBt@wPgk	@Q]�[hP
Bt=?_aP �EIrNQq1=?RDI�[hR`]j]ANw[?XbR`[h=h>�@OBM[?X�=hN � pwP'NQZ�P'q©�)X�Bt@wP
_aP�KM>AP�KMR'8W��@wP-LY=?NQP�BM=hZ�P�NQP'K`>�X~]rx�BM@QP�Z�[hpQR¬BtP'K�=?RnNQP'I�KM[;XaZ�]ANQR¬BoI�N)B�I�NQqCs�P0I�LOR�]ANw[?X
BtP'_gs�]AKtI�K`=h[;X$=hN�Bt@wP�T�_gP'K`>AP'K`R'8 ��@wPJ_aI�>ANQP�Bt=hZ	P�NQP'K`>�Xg>AKM]�k	R^pws¡NQP'I�KM[;XgT�]AK`qQP'K`R

zrT



� =h>ApwKMP�e)dw� >5)�� �U��/�����#I��)���+7��
H�����.���#�1),+��"��)  U��+;��&���8 �S��&*����+ ��� ),+;+���&D��+���&*��8 �  �8���+ � ��+�6
�D����+;����)  D��+;��&���8 � �;�,#����E)�+ � P � =  D�4� �  "��+9����&*��6 ���W�����' "��+9����&���
5���;�'� $;�  "��#�$F�*��&�	T)2�*� �
&*��$�����#I�*),��+ ��


256
3
��&�) 6 =���)�+9�*$�B >5�;�D�D����+;�"�*)� ��+���&*��8 	5��$E$����9�����;�A6 #4$%)�+;� PU$F�*��=�$W),+!�����


S#;��#;&*�'��+�6!���!$F�*��=�$�),+ �*�;�G=4��$%��B (;��&  �����=���&*) $%��+!����$�� ����� �D��$*$
�S������ ��
�E��
T�����G "��#�$%����& )�$
=��,���%���A6RB

]�xn_aI�>ANQ=;BtpQqwP
=hNbBt@QPgP0IrKM[?X�_¡I� `]AK-_aP�KM>AP�KEpQN)Bt=h[W=;BE=hRERtI}BtpQKMIrBtP�q�8a��x BtP�KEBM@&IrBD=?B
R`BoI0XYR�Z']ANQR¬BoI�N)BJI�NQqC=hR�P�lAP�N�NQ]�B�Zo@&IrNQ>AP'q �)X�Bt@QPE[hIrBtP�_gP'K`>AP'K`R'8

���?! �? �������O���(��� /1#Q4����)�������9���O��4+5
��@QP
qQ=hR¬BtK`=h�QpwBM=h]ANj]�xWBt@wP$LO=hNQP�Bt=hZ.P'NQP�KM>�Xj]�x�Bt@QP.>OF9:$Z�[hpQR¬BtP'KJ]ANbqQ=?��P'K`P'N)B-R`Z0I�[?P'R��
Bt@&IrB^=hR�RM@Q]�k	N�=?Na�&>ApwKMPJew:��9=?R­R`=h_g=h[hI�K Bt]�Bt@QP�>OzA7DZ�[hpQR¬BtP�K'8 ��@QPJLY=?NQP�BM=hZ�P'NQP�KM>�Xa=hR
_¡I�=?NQ[?X ]ANb[hI�KM>�P.RMZ'I�[hP�R���BM@QP'K`P�x3]AK`P$[h=?P'R�=?N�[�I�K`>AP.R`Z0I�[?P
_a]rBt=h]�NQR�]rx�BM@QP
s&I�K¬Bt=?Z'[hP�R'8
��@QP�_aP�KM>AP�KMR Ir��P'Z�B Ir[h[JR`Z0I�[?P'RCRM=?_a=?[�I�K`[?X�8 v9Z0I�[?P'R�R`_¡I�[?[hP�K¡P�!Op&Ir[�Bt]¥I�NQq´Bt@QI�N
:�7AFrLOs�Z�Zo@&I�NQ>�P-I�[h_g]AR¬B^s&IrKtI�[?[hP'[ �)RM]$BM@QP�X¡RMP'P�_£NQ]rB^Bt].��P�K`P'R`]A[?l�P'q�>A]Y]9q¡P'NQ]Apw>A@
I�N)XC_a]AK`P�8

z}e



� =h>ApwKMP.ew:A� >5),��� 6;��=���+�6I��+9���1)�+;�"�*)� ���+;��&���8'��+ 6I)�����&���+��?$� �������$M),+ �'P � =  W��� �� "��+9�*��&*��6
��+��*�;� ��$I�  "��#�$F�*��& 	T),��� �'&*��$�����#I��)���+���


256
3
��&*)�6 =���)�+9�*$�B�� ������&*��6	��),+���$
),+ ����� #;=�=4��&
=��,���

� ���; "��=I� �*�;���;��#;�T��),+;� �C$��;��	 �*�;���D����+;�"�*)� 5��+;��&*��8W��+D$� �������$ ���"� 	 ����+��*�;��)�& $* ����,�T��+46��*�;��+;� �1�
$��D�����,��& $� �������B >5�;��$* �������$C��&��5��),/���+ �98 �0/���&*����)�+;�M�3/���&C�?+1#;������& ��
���&�) 6  "����� $ ��������� )�$ 	T&*),�%����+
)�+U���;�?����	 ��&5�,��
 �T ���&*+;��&AB <1� ���;�E��&�����+G��)�+;�E$%�;��	�$ �*�;� �9)�+;����)  ?��+;��&���8D��+ �*�;�W$������,����$%�T$� �������$ �
	T��),���W�*�;� ������ ��'��),+�� $��;��	�$T),�
��+	���;� ����&�����$%�H$� �������$�B�� ������&*��6U��),+���$H),+ �*�;������	 ��&�=;����� � ������)�+
� �; "��=;� �*�;�U�;�,#��U��)�+;��$���$��;��	 �*�;� 6I) $F�.��+� ��G�*���3� 	 ��$ �0/���&.������6-�3/���&�
S��&��*�;���1),+;����)  U��+;��&���8
��)�+;� ��
 ����� $*�����  �������&AB
>5��� �;��#;� �,)�+;��$%����	�$T����� /1)�&�) ���V&*��6I)�#�$M��
 �����  ��,#�$%����&�B �
��$��;��6 �;�,#��
��)�+;��$ �S
S&���� �����E�;),���;��$%�5��� �����E�,��	 ��$%�T�,)�+;���5$%�*��+�6G
S��&5�����E�����I),� #;���;�0/���&.�����M��+46'��)�+;)���#;�
$����1������),+;������+;�����	��
 ���;�E=4��&���)  "����$#	T),���;)�+U���;�E��),/���+U�4� �RB

z�F



� =h>ApwKMP	eO79� >5)����M6I��=4��+�6I��+9� ������+;����)  T��+���&*��8���+ 6I)�����&���+�� $� �������$C)�+ ��P ��=� T��� �D "��+9�*��&*��6
��+?���;� � $;�  "��#�$F�*��& 	T)2�*���T&*��$�����#I��)���+?��


256
3
��&�) 6?=���)�+��.$�BV>5�;� �D����+;�"�*)� ��+;��&���8 	5��$@$����1��������6

#4$%)�+;� P $%����=4$M)�+��*�;��
S#;��#;&*� ��+�6	�*�U$%����=�$M)�+��*�;� =���$%��B'� ������&*��6	��)�+;��$ �S� �I ���=I�
����� �;��#;� �,)�+;� �
$��;��	 �*�;��������+;����)  W��+;��&*��8	��+ $� �������$H�4��� 	 ����+��*�;��)�&E$� ������ ��+�6	����� +;� �1�E$��D�����,��&H$* ����,��B?>5���
$* ����,�A$���&*�E��)�/���+'�18	�0/���&*����)�+;���3/���&���+1#;������&M��
C��&*)�6	 �������$ �;�*���3��) $ 	T&*)2������+ ),+	�*�;�W����	 ��&T�,��
 �
 ���&*+;��&ABV<I�?���;�T��&�����+ �,)�+;��$��;��	�$ ���;�T�D����+;�"�*)� 5��+;��&*��8E��+ ���;��$��D�����,�A$F� $* �������$ ��	T�;)����5���;�T�;� �� ��
��)�+;�
$��;��	�$ �*�;�
����&�����$%� $� �������$�B � ���,��&��A6��,)�+;��$�� ������),+D� �I ���=I� ���;�
�;��#;�M��)�+;��$�� $��;��	 ���;�?6I) $F�.��+� ��
�*���3� 	 ��$C�0/���&.������6E�3/���&V
S��& ���;�T�D����+;�"�*)� 5��+;��&*��8��,)�+;�T��
�������$���� �� �������&AB >5�;�T���,#;�T��)�+;��$%����	�$
�*�;�G/1)�&�) ��� &*��6I)�#�$E��
5�*�;�' ��,#�$%����&�B �
��$��;�A6-�;�,#��G��),+;�A$
�S
S&���� �*�;� �;)�������$%���������;�'�,��	 ��$%�W�,)�+;� �
$%�*��+�6 
S��&
���;� �D���I),� #;��� �0/���&*�����W��+46���),+�),� #;� $�� �1�����;)�+;�G����+������ ��
 �*�;� =���&���)  "����$�	T),���;)�+
�*�;�E��)�/���+'��� �RB

zrS



��@QP	_aI�>ANQP�Bt=hZ^P'NQP�KM>�X�=?RWqQ]A_g=hN&IrBMP'q
�)X
P�NQP'K`>A=hP�R�]�NgR`_¡Ir[h[QR`Z0I�[?P'R��YI�RWR`@Q]�k	N¡=?N
�&>ApQK`PJeO798 � =?Bt@�Bt=?_aP��)Bt@QP�x3KtI�Z�Bt=h]�Na]�x�P'NQP�KM>�XgBt@QIrB^R`=?BMR­]ANa[�I�K`>AP	RMZ'I�[hP�R^��P'Z']�_aP�R
P�lAP�N¡R`_¡I�[?[hP�K'8���@QP	_¡I�>�NQP�BM=hZnP�NQP'K`>�X�=hRWNQ]rB�Ir��P�Z�BMP'qg�OX.Bt@QP	[�I}BtP�_gP'KM>�P'KMRW]�N¡I�N)X
RMZ0Ir[hP'R��&�QpwB�I�_gsQ[h=;�&P'q�=?N�Bt@QPEP0IrKM[?X¡_aP�KM>AP�K�]AN I�[h[�RMZ0Ir[hP'R�8

� =?>ApQKMPae)T�RM@w]�k	R
BM@QP~P�l�]A[hp9Bt=h]�Nu]�x�Bt@QP¡| � KtI0XyP�_a=?RMRM=?]ANQR�]�x	Bt@QP~>)F9:�Z'[?pQR`BMP'K'8
±Wl�P'Ny_g]AK`P
Z'[hP'I�KM[;X�IrREx3]�KEBM@QP�>Oz9:�Z'[?pQR`BMP'KE]ANQP�Z'I�N1R`P'Pg@QP'K`P�@Q]�k�@&I�[?]AR-_aP�KM>AP
k	=?Bt@CBt@wP-Z'[hpwR`BtP�K'8

���?! � � � #Q4����)�����C#&���0���A�+�}���Y23#w���3���¥* ���������3���
��@QP
_¡Ir>ANQP�BM=hZ.I�pwBt]YZ']�KMKMP�[�IrBM=h]AN x3pQNQZ�Bt=h]�N�]�x�Bt@QP
>)F9:$Z'[?pQR`BMP'K�=?R�RM@w]�k	N�=?N��&>ApQK`P
eAeQ8 � B	RM@w]�k	R�BM@QP-RtI�_gP->A[?]A�&I�[�_a=?NQ=h_.pQ_ I�RnBt@wP->OzA7.Z'[?pQR`BMP'K�8���[hR`] �w[?=hL�P�Bt@QP->Oz�7
Z'[hpwR`BtP�K��&Bt@wP�_aI�>ANQP�Bt=?ZE�QP'[hq =hR	R¬k	=hKM[?P'q =hNCBt@QPE�&K`R`B�_¡I� `]�K�_aP�KM>AP�K�IrNQqjBM@QP'K`P�x3]AK`P
_¡I�N)XEIrqQqQ=?BM=h]ANQI�[r_g=hNw=h_aI­=hN�BM@QP�I�pwBM]9Z�]AKMK`P'[�I}Bt=h]�N�x3pQNQZ�Bt=?]ANDI�KMPWZ�KMP0I}BtP'q�8 ��]�k­P�l�P'K
e~{�XAP'I�KMR�Irx BMP'KnBt@wPD_gP'K`>AP'K��wBt@wPD_aI�>ANwP�Bt=?ZJ�&P�[hqC=hR�K`P'[�I�|wP�q�Ir>)I�=hNCIrNQqCNQP0I�K`[?X~I�[h[
I�qQqQ=;Bt=h]�N&I�[Q_g=hNQ=?_¡I-I}B­R`_¡Ir[h[hP�KWRMZ'I�[hP�R�lrI�NQ=?RM@QP�q�8W��@Q=?R­P���P�Z�Bnqw]9P�R­NQ]rB^@&IrsQs�P�N¡=?N
Bt@QP	>OzA7�Z�[hpQR¬BtP'K��OI�RWBt@QPn�QKMR`B�_aI� `]AK _gP'K`>AP'K BM@QP'K`P	=hR x3]A[?[h]�k^P�q
�)X$Bt@QP	R`P'Z']�NQq¡]ANw[?X
[hP'R`R.Bt@QI�N Tb{�XAP0IrKMR$[hIrBtP�K'8���[hRM]jBt@QP~R¬BtK`]ANQ>�R`@Q]9ZoLOR
=?N©Bt@QP¡>OF9:~Z�[hpQR¬BtP'KDlrI�NQ=hR`@
_a]AK`P�BM@&I�Nb:E{�XAP'I�Kn��P�x3]AK`PJBt@QPJRMP'Z�]ANQqC_gP'KM>�P'K^R¬BoI�K¬BtR�8���x BtP�K­Bt@wP�X¡lrI�Nw=hRM@wP'q~Bt@wP
_¡I�>�NQP�BM=hZ��QP'[hq�=?R^NQ]rB�=hN � pQP'NQZ�P'qC�)X~qwXYN&Ir_a=?Z'R^P���P�Z�BMR�pQN)Bt=h[�Bt@QPJRMP'Z�]ANQq _aP�KM>AP�K��
RM]¡=;B�=hR�I��Q[?PEBM]¡K`P'[�I�|�8�� =?BM@ BM@QP�R`P'Z�]ANQqbI�NwqjBt@w=hKMq _gP'KM>�P'KMR�]�x�Bt@QPD>OF9:DZ'[?pQR`BMP'K��
Bt@QP�KMP�I�KMP�I�>)I�=?N�NQP�k _g=hNw=h_aI�]�x�Bt@QP�I�pwBM]9Z�]AKMK`P'[�I}Bt=h]�N~x3pQNQZ�BM=h]ANCZ�KMP0I}BtP'q�8 � NQqQP�P'q
Bt@Q=?R�Bt=?_aPWBM@QP'K`PnI�K`P^]ANQ[;XDI�x3P�k _a=?NQ=h_aI ��I�R�Bt@QP�B k^]�@QI�[h]AR�_gP'KM>�P�k	=;Bt@�BM@QP^Z�[hpQR¬BtP�K
I�KMP
R`=h>ANQ=;�&Z0IrNOBM[?X [hP�RMR�_aI�R`RM=?l�P$Bt@&IrN�Bt@QP$Z�[hpQR¬BtP�K'8D��@Q=hR-Z'I�N�I�[hR`]~��P
RMP'P�N�=hN�Bt@wP
Bt@Q=?KMq�sQ[?]�B�]�xW�&>ApQK`P$eAeQ8���@QP'K`P$Bt@QP��&KMR¬B�_aI� `]AKJ_gP'K`>AP'K�Z0I�pwRMP'REIa[�I�K`>AP�NOpQ_.��P�K
]�x @w=h>A@CP'NwP'KM>�P�Bt=?ZERM@Q]YZoLOR��&k	@Q=h[?P�Bt@QPE[hIrBtP-_gP'K`>AP'K`R�]ANQ[?X¡Z'K`P0IrBMPEl�P'K¬X�x3P�kE8

���?! �?6 � #Q4����)�����C¦W�9¨$�O�¡%'¦W�Y�����}��/
� =?BMR-]�x­ICs�]�k^P�KE[�I0k�BM]~Bt@QP�_aI�>ANQP�Bt=?Z$s�]�k­P'KERMs�P'Z�BtKMIC]rx­BM@QP
>OF9:�Z'[?pQR`BMP'KEIrB�7rd

1
Mpc

��:�dAd 1
Mpc

I�NQq 7�dAd 1
Mpc

I�K`P�RM@Q]�k	N =hNu�&>ApQK`PCeOF98u�J[?[�T�RMs�P'Z�BMKtI�[�=?NQqQP |wP�R
]A�wBoIr=hNQP�q©Bt@Q=?R�k^I0X©qQ]�NQ]�B$Zo@QI�NQ>AP¡l�P'K¬X©_$pwZo@yk	=?Bt@ Bt=?_aPr8j��@QP�X©R¬BoI0X©I�KM]ApwNQq
d � ��P�B k­P'P�N � TjI�NQq � e�IrNQqyI�K`]ApQNQq � S98~��@Q=hRDP�l�]A[hp9Bt=h]�N1=?RDqw=?��P'KMP�N)B�BM]jBt@wPa>Oz�7
Z'[hpwR`BtP�K���k	@QP'K`P~Bt@QP�R`s�P�Z�BMKtI�[n=?NQqQP |wP�R�]�x	Bt@QP�s�]�k^P�KgR`s�P�Z�BMKtIbP�l�]A[?l�P~k	=?Bt@yBM=h_gP�8
��@Q=hR�_¡I0X���P�qwpQP�BM]DBM@QP�x�IrZ�B�Bt@&I}B­BM@QP�>)F9:�Z�[hpQR¬BtP�K­=?R !OpQ=?P�B^Irx BtP�KWBt@QP	�&KMR¬B^_aI� `]AK
_aP�KM>AP�K��wk	@Q=?[hPJBM@QP->OzA7.Z�[hpQR¬BtP�K�=hR	Ir��P'Z�BtP'qC�)X�=;BtR	7$_aI� `]AKn_gP'K`>AP'K`R	I�[h[+Bt@QP�BM=h_gP�8

z�z



� =h>ApwKMP$e)T9� K � &*�08U��#;��),+;�9$%),�F8 �D��= ��
 ��/���&*8	$%�A "��+46 $�+���=�$��;���H���"� 	 ����+ %�%'��+�6 �;����
 �����
��$I�D "��#�$%����&�BG>5���D�,#;��)�+;��$�),�F8�),+4 "&*����$���$

S&*��� �;�,#��D/9) �	��&*����+!��+�6!&��A6��*� 8����,����	 	T�;��&���),�W)�$
�D���1)��D��� B

��R`=h_g=h[�IrK�KMP'R`pQ[?BJZ0I�Nb��P$]A�9BoI�=?NQP'q�x3K`]A_ Bt@QP.Z']A_gs&I�K`=hRM]�N�]�xWBt@wP$P�l�]A[hpwBM=h]AN�]�x
Bt@QPEs�]�k­P'K	R`s�P�Z�BtK`pQ_ I�R	I$k	@Q]�[hP�]�x���]�Bt@�Z�[hpQR¬BtP'K`R'8���@QPEs�]�k­P'K	R`s�P�Z�BtK`pQ_�]�x�Bt@wP
>OF9:¡Z�[hpQR¬BtP�K.=hR�R`BMKM]ANQ>�[?X Ir��P'Z�BtP'q©]ANQ[?X��)X Bt@QPaP0I�K`[?Xb�&K`R`B
_aI� `]AKE_gP'K`>AP'K�]�xnBt@wP
Z'[hpwR`BtP�K'8u��@Q=?R�_aP�KM>AP�K
=hNQZ�KMP0IrRMP'R
BM@QPCKMP'[hIrBt=;lAP�Ir_a]ApwNOB�]rxJ_aI�>ANQP�Bt=?Z~P'NQP�KM>�Xy]AN
RM_aI�[h[�RMZ0Ir[hP'R$�3[�I�K`>AP�L+�nI�NQqC_g]�l�P'R�Bt@wPD_aI}|9=h_.pQ_°]rx�BM@QPEs�]�k­P'K	RMs�P'Z�BtK`pQ_�qQ]�k	N
Bt]¡R`Z0I�[?P'RJI�KM]ApwNQq©:�d�d�LOs�Zr8���x BtP�K�BM@QPD_aP�KM>AP�K�BM@QP.Z�[hpQR¬BtP'K�KMP�[�I}|9P�RJI�Nwq�_¡Ir>ANQP�BM=hZ
P'NQP�KM>�Xb]�N R`_¡Ir[h[ R`Z0I�[?P'R-qQP�Z'K`P0I�R`P'R�I�>)I�=?N�k	@Q=h[?P.Bt@QP
_aI}|9=h_.pQ_c_g]�lAP�REBM]�[�I�K`>AP'K

zr�



� =h>ApwKMP-eAeQ� � ����+��"��)  ?��#I�*�I "��&*&*��� �3��)���+G�,��+;���*�U��
 �*�;�E� $;�E "��#�$F�*��&5
S��&M�DP�N�N�N'�1=  ?�4� � 	T)2�*�
� &*��$�����#I��)���+D��


256
3
��&�) 6  "���,� $�B >5���H&*��6 $%�*��&*$ ),+G���;�&��&.$F�5=;�����5$F�.��+�6 
S��&5�W���1 �������),+;)���#�� ��


�*�;����#I�*�1 ���&*&���������)���+U
S#;+� "��)���+!�3�M�*���3�
��)�����BE>5�;� ��&*����+ �,)�+;��$%�;��	�$����;� �������4���@��)�+;)���#;� 
S��&
r > 1000

�1=� �B � 
R���;�H�����������;��),+;)���#�� ��
 ���;�
��#I�*�1 ���&*&���������)���+ 
S#;+� "��)���+ ) $ ���I ��3�*��6D��� �E&.��6I)�#�$
����+����3�*�-��N�N�N'�1=  

S��&����5������$F�MP $�#� � ���$*$%)�/��?$%+4��=�$��;���.$ �1�*�;�E�;��#;�E��),+;�?) $�6I&.� 	T+ B �H��$%����6'�;�,#��
��)�+;��$T�D��& �D�*�;�?=4��),+9�.$ 	T�;��&*�E��$%���1���*�;),+�� ��
 �*�;�E�D����+;�"�*)� &������6'����=�=4��+;��6RB
>5���!$��� ���+�6 =��,���	$��;��	�$D�*�;�!/9)�&*)����H�D��$*$ �S�;��#;�������*�;� �*����=���&.�3��#�&�� �S�;� �� �� �'��+�6 �*�;�!/9)�&*)����
�*����=���&.�3��#�&����S��&�����+ � ��
@�*�;�W "��#�$%����&AB
>5��� ������ ��U��)�+;� )�+��*�;� ���;)�&.6�=;�����E$%����	�$��*�;� 
S&*�� (��)���+ ��
 =���&%�*)� ��,�A$ 	T),����),+ ���;����� �	�������?�4�0/��
� ���� .��+1#;������&
����&�����&M������+ ��B $IB?>5�;� ��&*����+ �,)�+;��$%�;��	�$����;���9#;����)���+9�H���"� 	 ����+������ +1#;� �4��&
��
 =���&���)  "����$ 	T)2�*� � � �� .� +1#;������&H����&�����&T�*����+ % ��+�6 ���;� +9#�������&
��
C=���&���)  "����$ 	T)2�*� � � �� .�
+1#;� �4��&�� ��&*����& ���4��+-��B $IB

RMZ0Ir[hP'R�8j��x BtP�KDBM@QP¡Z�[hpQR¬BtP'KD@&I�R�KMP�[�I}|9P'q���Bt@wP¡s�]�k­P'K�RMs�P'Z�BtKMpw_ qQ]YP'RDNQ]�B�Zo@&I�Nw>AP
RM=h>�NQ=?�&Z'I�N)Bt[;X�IrNOXj_g]AKMPr8J��@QP$qw=?��P'KMP�N)B�P�l�]A[hp9Bt=h]�NQRJ]�xWBM@QP$>Oz�7aI�NQqb>)F9:.Z�[hpQR¬BtP'K`R
=hR­I�[hR`]DlY=hR`=h�Q[?P�=hN�Bt@QP�RMsQK`P0I�qgBt@&I}B^=?R­Z�]�l�P'K`P'q~�)X�Bt@QP�s�]�k­P'K�RMs�P'Z�BtKtI�=hN��&>ApQK`P'RnTAz
I�NQq�e)Sw8���@QP�x�I�Z�BWBM@&IrBWBt@wP�RMsQK`P0I�qg=hRWIr��]Ap9BWB k	=hZ'P	IrRW[�I�K`>AP^x3]AK BM@QP	>OzA7JZ�[hpQR¬BtP'K�IrR
x3]AK�BM@QPn>OF9:^Z'[hpwR`BtP�KWI�>)Ir=hN.R`@Q]�k	RWBt@&IrB�Bt@QP^>OzA7�Z�[hpQR¬BtP'K =hR _g]AK`P^]ApwB ]�x+P�!OpQ=?[h=?�QKM=?pQ_
I�R�I�K`P'R`pQ[?B�]�x�=?BMR�_aP�KM>A=?NQ>
@Q=hR¬Bt]AK¬XA8

��@QP
P�lA]A[?pwBt=?]AN�]�x�_aI�>ANQP�Bt=?Z.s�]�k­P'K-R`s�P�Z�BMKMpQ_ ]rx�BM@QP
>OzA7gZ'[hpwR`BtP�K-RM@Q]�k	R-Bt@wP
RtI�_gP	P�lA]�[hpwBM=h]AN$x3]AK BM@QP��&KMR¬B�_¡I� `]�KW_aP�KM>AP�K'8 m­pwB���P�x3]AKMPnBM@QP	Z'[hpwR`BtP�K�@&I�qgP'NQ]Apw>A@
Bt=h_gP�Bt]�K`P'[�I�|��}Bt@QP­RMP�Z']ANQq
_aI� `]AK�_gP'KM>�P'K swpQRM@QP�R Bt@Q=?R�P�lA]A[?pwBt=?]AN�x3]�K`k^I�KMq���[hP0IrqQ=hNQ>
Bt]DI�Z']AN)BM=hNOpQ]ApQRW>�KM]�k�Bt@�]�x+Bt@wP�_¡I�>�NQP�BM=hZ^P�NQP'K`>�X
]AN
R`_¡Ir[h[YRMZ0Ir[hP'R�IrNQq�_a]�lAP�_aP�N)B
]�x�BM@QPE_¡I�|w=?_$pQ_°]�x�BM@QPEs�]�k­P'K	RMs�P'Z�BtK`pQ_�Bt]�RM_aI�[?[hP'K^RMZ0Ir[hP'R�8

zr�



� =h>ApwKMP¡e)F9� <1=4�A (�*&*��� )�+�6I� �!��
T���;�'=4��	 ��&W� � 	 �;�*$ ��+-�*�;�G�D����+;����)  D=4��	 ��& $%=��� "��&*#;� ��

�*�;� � $I�W ��,#4$F�*��&H
S��& ���%��)�+;�'=4��),+9�*$
�3�EP�N

1
Mpc

�S���,#;� ��� ��N�N
1

Mpc

� ��&*����+ ����+�6�P�N�N
1

Mpc

�  "89��+ �"B
�
��$��;�A6'��)�+;��$T$��;��	O�*�;�E���;�� (��$%=��� "��&.���R)�+�6I� �1�A$ �1�*�;�W$%��&.��)����9� ��)�+;�E)�$T$����1��������6U�3/���&#$ =���)�+��.$�B
(���&� �����=���&*) $%��+'��� $�� �*�;�?�D��$*$5��
V���;�W ��,#�$%����&T)�$T$��;��	T+ B

� =h>ApwKMP�e)Sw� ������+;�"�*)� M=4��	 ��& $%=��� "��&.�E��
R�*�;�
� $I�� ��,#4$F�*��& 
S&���� %�B P?���G�0PIB P �
8��A��&.$C��+ ����=G��

�A�� .�'��������&AB >5���H=���	 ��& $�=��� (�*&*� ��&*�H+���&*�����,) $���6D�18D��#��2�*),=;��81),+���	T),���	�� ���+�$%�*��+�� ��� ���0/��������
$*�����
/3����#;�M
S��&#� " P�N

1
Mpc

BC>5�;�?�;� �� ��D6;��$%����6 ��)�+;��$5$��;��	 �����?�0/���&.������$%���1���*�;),+�� ����+;�����'��

���,�V=���&%�*)� ��,�A$T),+4$%) 6I�W�*�;�W��� �'
S��&��*�;���A��&*�,)���$%���S���"
 ������+�6 � �3���A$F� �S&*),�������T$�+���=�$��;��� 	T�;��$��W=���	 ��&
$�=��� (�*&�#�� ) $ =;�,���%�*��6RB <I �������$ ��������	 ����)�$ �0/���&.����� $%���1���*�;)�+;�?�,��+;���*����&��5+;���C&����,) ���;��8W&*��$�����/��A6RB

��d



� =h>ApwKMP~eOzY� >5),���G��/����,#I�*),��+ ��
T�*����=���&.�3��#�&�� � � � &.�08 ��#;��),+;�9$%),�F8 ��+�6 &*��6I)�#�$W��
T���;�U��� �3�
 ��,#4$F�*��&AB

� ��� � � 
 � � � � � � 
�� � 
 �
��@QP$>)S)zrSaZ'[?pQR`BMP'K�=hR�]ANQP$]AK`qQP'K�]�x�_aI�>ANQ=;BtpQqwPD[?P'R`RJ_aI�RMR`=?lAPDBt@&IrN�Bt@QP.]�Bt@QP�K�B k­]
Z'[hpwR`BtP�KMR�8
� BE@&I�R-]ANQ[;X�]�NQP
_¡I� `]AK�_gP'KM>�P'K�k	=?BM@�I�_¡I�R`R-KtIrBM=h]~]rxJ:A�;:$Bt@QIrBER`BtI�K`BMR
IrB�Sw8µFC{�XAP'I�KMR�8 � =h>ApQK`P
eOz~RM@Q]�k	REBt@QP�P�lA]A[?pwBt=?]AN�]�x^_aI�R`R���KtI�qw=hpQR���BtP'_gs�P'KtI}BtpQK`P
I�NQqg| � KtI0Xg[hpQ_g=hNQ]�RM=?B X�]�x�BM@QP�Z'[hpwR`BtP�K'8W��@QP�BtP�_as�P'KMIrBtpQK`P	]�x�Bt@wP�Z�[hpQR¬BtP'K�=hNwZ'KMP'I�RMP�R
��P�x3]AKMP
Bt@wP
_aP�KM>AP�KEI�NQq s�P'I�LOR�Ir��]Ap9BDdw8µz�{�XAP'I�KMR�Irx BMP'K�Bt@wP
_aP�KM>AP�K'8
��@QP�s�P0I�L
x3]A[h[?]�k	R�Bt@QP	_gP'KM>�P'K x�I�R¬BtP�K�BM@&I�N
x3]AK BM@QP	>OzA7�I�Nwqg>)F9:	Z'[hpwR`BtP�K��OI�R BM@QP	>)S)z�S�Z�[hpQR¬BtP�K
=hR-_$pQZo@�R`_¡I�[?[hP�K�I�NQq�@&Ir[h]�NQP�P'qQRE[hP�RMR�BM=h_gP.Bt]�K`P0I�Zo@�Bt@QP
Z�[hpQR¬BtP�K-Z'P'N)BMP'K'8
��x BtP�K
Bt@QP�_gP'KM>�P'K�s�P0I�LjBt@QP$BMP'_gs�P�KtIrBMpQKMP
R¬BoI0XYRDZ�]ANQR¬BoI�N)B08
��@wPgKMI�qQ=?pQR�]�x�Bt@QP
Z�[hpQR¬BtP�K
I�[hR`]j>AK`]�k	R�pQN)BM=h[ Bt@wP��QKMR`B�_gP'KM>�P'KE@&I�sQs�P'NwR'8~��x BtP'K¬knIrKMqQREBt@QPgZ'[?pQR`BMP'KDZ']A[?[�I�swRMP'R
RM[h]�k	[;XA8	��@QPD| � KtI0X [hpQ_g=hNQ]�RM=?B X~@&I�R�I¡RM_aI�[h[�s�P0IrLCk	@wP'N�BM@QP�BMP'_gs�P�KtIrBMpQKMPDs�P'I�LOR
Irx BtP�K Bt@QP	_gP'KM>�P'K'8 <�IrBtP�KW=?BW=?NQZ'K`P0I�R`P'RWk	=?BM@�BM=h_gP �AR`=hNQZ�PnBt@QP	Z�[hpQR¬BtP'KWZ�]AN)BtKMI�Z�BMR­IrNQq
=?BtR�P�[hP�Z�BtK`]AN qQP'NQR`=?B X�=?NQZ'K`P0I�R`P'R�8

�9:



� =h>ApwKMPJeA�w� � ��&�����& ��&*���
��
 �*�;�H�9� ���W "��#�$%����&ABC>5�;�?6;��&�����& ��+46 �;)�������& �*�;�?�,)�+;�
)�$ �9���;�
����&*�
�D��$�$�),/��?)�$ �*�;�W "��#�$%����&AB

���? ��
 � �O�}4+�O�~����%����+��5
��@QP�_gP'KM>�P'K�@Q=hR¬Bt]AK¬X�]�x�Bt@wPJ>)S)zrS�Z'[?pQR`BMP'K��9R`@Q]�k	N�=hNa�Q>ApQKMP�e)��=?R­KMIrBt@wP'K !Ypw=hP�B'8 � N
Bt@Q=?RD�&>�pQKMP��WI�[h[W@QI�[h]ARD_g]AKMP�Bt@&IrNuF�dAd s&I�K¬Bt=hZ�[hP�R�IrKMP¡R`@Q]�k	N�� =?N©Z']�NOBMKtI�R¬B.BM]jBt@wP
F�dAdAd�s&IrK`Bt=?Z'[?Pa[?=h_g=?BD]�x	Bt@QP¡_aP�KM>AP�K.BtK`P'P'R
]rx�BM@QP~]�BM@QP'K
7�Z'[hpwR`BtP�KMR�81��@QP�_aI� `]AK
_aP�KM>AP�Kn[�I�R¬BtR^x3]�Kn@&I�[;x�I�{-X�P0I�K�8W��x BtP�K`k^I�KMqwR	BM@QP-Z'[?pQR`BMP'Kn@QI�RnB k^]�_g=hNQ]�K­_gP'K`>AP'K`R
sQKMP�lAP'N)BM=hNQ>a=?Bnx3K`]A_�KMP�[�I}|9=?NQ>Q8

� =?>ApQKMP�eATDR`@Q]�k	R­Bt@wP�P�lA]A[?pwBt=?]ANg]�x�BM@QP -�� KMI0X
[hpQ_g=hNw]ARM=;B X�x3]AKWBM@QP�>AS)z�S-Z'[?pQR`BMP'K'8
��@QP.�&K`R`B-_aI� `]AK�_aP�KM>AP�K�=?R�lY=hR`=h�Q[?P�Z�[hP'I�KM[;X I�KM]ApwNQqbS~{�XAP'I�KMR�8��J[?RM]a]ANQP$Z'I�N�RMP�P
_¡I�N)X�R`_¡Ir[h[�@QI�[h]ARnx�Ir[h[h=?NQ>.=?N)Bt]
Bt@QPEZ�[hpQR¬BtP'K	=?N�=?BtR�[hIrBtP�K�P�l�]A[hpwBM=h]AN�8

���? �?! � ���O�}4��3�Y%
� =h>ApwKMP
e)��RM@w]�k	REBt@wPgP�lA]A[?pwBt=?]ANb]�x­LO=hNQP�Bt=hZ���=hNQNwP'KDI�NQq�_aI�>ANQP�Bt=hZ.P'NQP�KM>�X�]�x�Bt@wP
>)S)z�S�Z'[?pQR`BMP'K'8n³E=?NQP�BM=hZEI�Nwq�=hNwNQP'K	P'NwP'KM>rX�IrKMPDI�sQsQK`]0|w=?_¡I}BtP'[;X~Z�]ANQR`BtI�N)BJx3]AK	_g]AR`B

�A7



� =h>ApwKMP�e)�w� >5)�� �U��/�����#I��)���+7��
H�����.���#�1),+��"��)  U��+;��&���8 �S��&*����+ ��� ),+;+���&D��+���&*��8 �  �8���+ � ��+�6
�D����+;����)  ��+;��&*��8 � �;�,#����
)�+!�	P � =  �4� �  ���+9����&��A6 ���
�*�;�D "��+��*��&?��
 ���;����� �3�' "��#�$F�*��& 	T),���-�
&*��$�����#I�*),��+ ��


256
3
��&�) 6 =���)�+9�*$�B >5�;�D�D����+;�"�*)� ��+���&*��8 	5��$E$����9�����;�A6 #4$%)�+;� PU$F�*��=�$W),+!�����


S#;��#;&*�'��+�6!���!$F�*��=�$�),+ �*�;�G=4��$%��B (;��&  �����=���&*) $%��+!����$�� ����� �D��$*$
�S������ ��
�E��
T�����G "��#�$%����& )�$
=��,���%���A6RB

]�x�BM@QP-Bt=?_aP��Yk	=;Bt@ I
RM@Q]AK¬B	s�P'I�L�IrB�BM@QP-_aI� `]AKn_gP'K`>AP'K�8���P'K`P-Bt@QPELO=hNQP�Bt=?Z�P'NQP�KM>�X
=hNQZ�KMP0IrRMP'R�NQP'I�KM[;X�k	=;Bt@$BM@QPn_aI�RMR ]rx�BM@QP�Z'[?pQR`BMP'K��Ak	@Q=h[?P­Bt@wP�=hNQNQP�K P'NwP'KM>rX$=hNwZ'KMP'I�RMP�R
I���]�pwB�@&I�[?x�I�{-X�P0I�K�[�I}BtP'K�8 m^]rBt@gqQP'Z�KMP0IrRMP�BM].IERM[?=h>A@)BM[?X�[�I�K`>AP'K lrI�[?pQP�Bt@&I�Ng��P�x3]AK`P
Bt@QP�_gP'KM>�P'KCIrx BMP'K¡BM@QP'=?K�_¡I}|9=?_$pQ_ 8���@QP�_aI�>ANQP�Bt=?Z�P'NwP'KM>rX´RMP�P'_gRCBM] ��PbNQ]rB
Ir��P�Z�BMP'q��)X~BM@QPE_aP�KM>AP�K	IrB�I�[?[ 8 � B	>AK`]�k	R�Z�]AN)Bt=?NYpw]ApQR�pQN)Bt=h[ :�dg{-X�P0I�K`R�IrNQqjR¬BoI0XYR
Z']ANQR¬BoI�N)B�Bt@QP�KMP'Irx BtP�K'8

���? �? �������O���(��� /1#Q4����)�������9���O��4+5
� =h>ApwKMP�F�d�IrNQq1F9:�RM@Q]�k¢BM@QP
P�l�]A[hp9Bt=h]�Nb]�x�LY=?NQP�BM=hZ
IrNQq�_¡I�>�NQP�BM=hZ$P�NQP'K`>�X�]�x�Bt@wP
>)S)z�S Z'[?pQR`BMP'KC]AN qQ=?��P'K`P'N)B RMZ0Ir[hP'R�8 ��NQP Z0I�N RMP�P ��BM@&IrBCBt@QP LO=hNQP�Bt=?ZbP'NQP�KM>�X =hR
I�>)I�=?N�qQ]A_g=hN&IrBMP'q��)X�[hI�KM>APJRMZ0Ir[hP-_g]�Bt=?]ANQR'8���@QPE_¡I� `]AKn_gP'KM>�P'K	Ir��P'Z�BtR�I�[h[�RMZ'I�[hP�R
RM=h_g=h[hI�KM[;XA8-��@QP�R`_¡I�[?[hP�K�_gP'K`>AP'KEI�K`]ApQNQq :�dC{�XAP'I�KMRDIr��P'Z�BtR-]ANw[?X�[hI�KM>�P.RMZ'I�[hP�RE]�x

��T



� =h>ApwKMP
Frdw� >5),��� 6;��=���+�6I��+9���1)�+;�"�*)� ���+;��&���8'��+ 6I)�����&���+��?$� �������$M),+ �'P � =  W��� �� "��+9�*��&*��6
��+	���;����� ���� "��#�$F�*��& 	T),������&*��$�����#I�*),��+U��


256
3
��&*)�6U=���)�+��.$�B � ������&*��6U��),+���$T)�+	���;��#;=;=���&M=��,���

� ���; "��=I� �*�;���;��#;�T��),+;� �C$��;��	 �*�;���D����+;�"�*)� 5��+;��&*��8W��+D$� �������$ ���"� 	 ����+��*�;��)�& $* ����,�T��+46��*�;��+;� �1�
$��D�����,��& $� �������B >5�;��$* �������$C��&��5��),/���+ �98 �0/���&*����)�+;�M�3/���&C�?+1#;������& ��
���&�) 6  "����� $ ��������� )�$ 	T&*),�%����+
)�+U���;�?����	 ��&5�,��
 �T ���&*+;��&AB <1� ���;�E��&�����+G��)�+;�E$%�;��	�$ �*�;� �9)�+;����)  ?��+;��&���8D��+ �*�;�W$������,����$%�T$� �������$ �
	T��),���W�*�;� ������ ��'��),+�� $��;��	�$T),�
��+	���;� ����&�����$%�H$� �������$�B�� ������&*��6U��),+���$H),+ �*�;������	 ��&�=;����� � ������)�+
� �; "��=;� �*�;�U�;�,#��U��)�+;��$���$��;��	 �*�;� 6I) $F�.��+� ��G�*���3� 	 ��$ �0/���&.������6-�3/���&�
S��&��*�;���1),+;����)  U��+;��&���8
��)�+;� ��
 ����� $*�����  �������&AB
>5��� �;��#;� �,)�+;��$%����	�$T����� /1)�&�) ���V&*��6I)�#�$M��
 �����  ��,#�$%����&�B �
��$��;��6 �;�,#��
��)�+;��$ �S
S&���� �����E�;),���;��$%�5��� �����E�,��	 ��$%�T�,)�+;���5$%�*��+�6G
S��&5�����E�����I),� #;���;�0/���&.�����M��+46'��)�+;)���#;�
$����1������),+;������+;�����	��
 ���;�E=4��&���)  "����$#	T),���;)�+U���;�E��),/���+U�4� �RB

�re



� =h>ApwKMP�F9:A� >5)����M6I��=4��+�6I��+9� ������+;����)  T��+���&*��8���+ 6I)�����&���+�� $� �������$C)�+ ��P ��=� T��� �D "��+9�*��&*��6
��+O�*�;�-��� ���  "��#�$%����& 	T),��� � &*��$�����#I�*),��+O��


256
3
��&*) 6 =4��),+9�.$�B >5��� �D����+;�"�*)� ��+;��&���8 	 ��$

$����1��������6 #�$�)�+;�UPG$F�*��=�$H),+ ���;� 
S#I�*#;&�� ��+�6����U$F�*��=�$H),+ ���;� =���$%��B � ������&*��6	��)�+;��$ �S� �I ���=I�
�����
���,#;�G�,)�+;���W$%�;��	 ����� �D����+��"��)  ���+���&*��8 ��+ $� �������$E���"� 	 ����+ �*�;��)�& $* ����,� ��+�6 ���;�G+;���1� $��D�����,��&
$* ����,��B >5�;�'$* ����,�A$W��&*�D��)�/���+!�18-�0/���&*����)�+;�'�3/���&���+9#�������&���
T��&*)�6- "���,� $ � �*���3� )�$'	T&�),�%�*��+ )�+
�*�;�W����	 ��&5�,��
 �M "��&*+;��&�B <1���*�;�E��&*����+'��),+��W$%�;��	�$ �*�;�E�D����+��"��)  ?��+���&*��8D��+U�*�;�W$%�D���,����$%��$� �������$ �
	T��),��� ���;���;� �� ��	��),+;�D$��;��	�$M���;��� ��&*����$%�
$* ����,�A$�B�� ���,��&��A6 ��),+;�A$�� ������)�+�� �I ���=I�?�*�;� ���,#;����),+���$��
$��;��	 ���;� 6I)�$%�*��+� "�?�*���3�&	 ��$T�0/���&.������6G�3/���&5
S��&T�����E������+;����)  ?��+;��&���8G��),+��E��
 ���;� $���� �W �������&AB
>5���M�;��#;�M��)�+;�M$��;��	�$ �����M/1),&*) ����&.��6;),#�$ ��
R�����M "��#�$%����&AB �H��$%����6��;��#;�M��)�+;��$&� 
S&*��� ���;�H�;),���;��$%� �*�
�*�;���,��	 ��$%�?�,)�+;���
$%�*��+�6 
S��&H�*�;���D���I),� #;��� �0/���&*��������+�6���)�+;),� #;� $����9�����;)�+;�U�,��+;���*� ��
 �����
=4��&���)  "����$#	T),���;)�+U���;�E��),/���+U�4� �RB

�AF



� =h>ApwKMP�FA7Y� K � &*�08U��#;��),+;�9$%),�F8 �D��= ��
 ��/���&*8	$%�A "��+46 $�+���=�$��;���H���"� 	 ����+ %�%'��+�6 �;����
 �����
�9� ���  "��#�$%����&AB?>5�;� ��#;��)�+;��$�)2�F8	)�+� "&*����$%�A$T
S&*��� �;��#;� /9) � ��&�����+���+�6�&*��6	�*�G8������,��	 	T�;��&���)2�?)�$
�D���1)��D��� B

Bt@QPDLO=hNQP�Bt=hZEP�NQP'K`>�XA8n��@wP�_aI�>ANQP�Bt=?Z-P'NQP�KM>�XC=?R�qw]A_a=?N&IrBMP'qC�)XCRM_aI�[h[�R`Z0I�[?P'R���IrR�=?N
Bt@QPD]�Bt@wP'K�B k^]gZ'[?pQR`BMP'K`R'8��J[hR`]
Bt@QPDP'NQP�KM>�X~>AKM]�k	R	x�I�R`BMP'K	]AN RM_aI�[h[�RMZ0Ir[hP'R�BM@&I�N ]AN
[�I�K`>AP�R`Z0I�[?P'R�8­m­pwB^BM@&IrB^BM@QP�P�NQP'K`>�X¡]�N~RMZ'I�[hP�R^x3KM]A_ :�d�d�LOs�ZJqQ]�k	NOk^I�K`qQR	Zo@&I�NQ>AP�R
s&I�KtIr[h[hP�[�]ANjI�[?[�Bt@wP'RMPDRMZ'I�[hP�R�I�>)I�=?N��w=?R	I�@w=hN)B�Bt@&I}B�BM@QP�X�I�KMPENQ]�B�k­P'[?[�KMP�RM]A[;lAP'q�8

��S



� =h>ApwKMPJF�Tw� ������+;�"�*)� H��#I�*�I "��&*&*��� �3��)���+ ����+;����� ��
R���;�
��� �3�E "��#�$%����& 
S��& � P�N�N�N �9=  ���� ��	T)2�*�
� &*��$�����#I��)���+D��


256
3
��&�) 6  "���,� $�B >5���H&*��6 $%�*��&*$ ),+G���;�&��&.$F�5=;�����5$F�.��+�6 
S��&5�W���1 �������),+;)���#�� ��


�*�;�D��#I�*�I "��&*&*��� �3��)���+�
S#;+� (�*),��+!���H�*���3�?�*),����B � 
 �*�;������������� � )�+;)���#;� ��
 �*�;�D��#I�*�I "��&*&*��� �3��)���+

S#�+� (�*),��+ ) $?�,�I ��3���A6 ���?�U&.��6I)�#�$H�4��+;������� ��N�N�N �1=  �
S��&E�3�?�,�A��$%�EP'$%#4 � "�A$�$�)�/�� $�+���=�$%�����*$ � �����
���,#;�?��),+��
) $56I&.� 	T+ B �H��$%�;�A6 �;��#;�?��),+;�A$ ����& ���*�;�?=4��),+9�.$ 	T����&*�
��$�� �1�����;)�+;����
@�*�;�?������+;����)  
�4��� 6'�4��=;=���+;�A6RB
>5���!$��� ���+�6 =��,���	$��;��	�$D�*�;�!/9)�&*)����H�D��$*$ �S�;��#;�������*�;� �*����=���&.�3��#�&�� �S�;� �� �� �'��+�6 �*�;�!/9)�&*)����
�*����=���&.�3��#�&����S��&�����+ � ��
@�*�;�W "��#�$%����&AB
>5��� ������ ��U��)�+;� )�+��*�;� ���;)�&.6�=;�����E$%����	�$��*�;� 
S&*�� (��)���+ ��
 =���&%�*)� ��,�A$ 	T),����),+ ���;����� �	�������?�4�0/��
� ���� .��+1#;������&
����&�����&M������+ ��B $IB?>5�;� ��&*����+ �,)�+;��$%�;��	�$����;���9#;����)���+9�H���"� 	 ����+������ +1#;� �4��&
��
 =���&���)  "����$ 	T)2�*� � � �� .� +1#;������&H����&�����&T�*����+ % ��+�6 ���;� +9#�������&
��
C=���&���)  "����$ 	T)2�*� � � �� .�
+1#;� �4��&�� ��&*����& ���4��+-��B $IB

���? � � � #Q4����)�����C#&���0���A�+�}���Y23#w���3���¥* ���������3���
��@QPJ_g=hNQ=?_¡I�]rx�Bt@wP�_aI�>ANQP�Bt=?Z�IrpwBt]YZ']AK`KMP�[�IrBM=h]AN$x3pQNwZ�Bt=?]ANaI�KMP�RM@Q]�k	N~=?Ng�Q>ApQKMP�F�Tw8
��@QP�_a=?NQ=h_aI	IrB�I�K`]ApQNQq�:'e)dAd�LOs�Z�=hR�l9=?RM=?�Q[hP­I�>)I�=?N��AIrNQq$Bt@QP�KMP�x3]AKMPnqw]9P�R ]A�)lY=h]ApQR`[?X
NQ]�B�qQP's�P'Nwqj]ANCBt@wP�l9=?KM=hI�[�KMI�qQ=hpwR�]�x�BM@QPEZ'[?pQR`BMP'K��QBM@&IrB	=?R�]ANQ[?X¡@&I�[;x�]rx�BM@QPERM='&�PE]�x
Bt@QP
>Oz�7a]AK�>OFY:$Z'[?pQR`BMP'K'8#��NQP$Z'I�NbRMP�PgZ�[hP'I�KM[;X���BM@&IrB�Bt@QP�IrBJBt@QP$_gP'K`>AP'K�Bt@QP$K`=hR`P
]�x�Bt@QP�BMP'_gs�P�KtIrBMpQKMP�Z�]A_gP'R	I�[?]ANQ>�k	=;Bt@CI$NQP�k _g=hNQ=?_$pQ_�=?N~Bt@QPEIrpwBt]YZ']AK`KMP�[�IrBM=h]AN
x3pQNQZ�BM=h]AN Bt@&I}B�=hR�Z'K`P0IrBMP'qbI}B-�AdAdgLOs�Zr8�� BJ>A]9P�R�qw]�k	N�BM]¡eOFrdaLOs�Z.IrB�Bt@QPDBt=h_gPD]�x
Bt@QPE_aI}|9=h_$pQ_ BtP�_as�P'KMIrBtpwKMP �&=?NQZ'K`P0I�R`P'R	�&I�ZoL~BM]g�AdAd
LOs�ZDI�NQq qQ=?RtI�sQs�P0IrKMR'8

��@QP.BM@Q=hK`q�sQ[?]�B�]�x �&>ApwKMP�F�TgRM@Q]�k	R�BM@&IrB�Bt@QP$_gP'K`>AP'K�Z'K`P0IrBMP'R-Ia[�I�K`>AP�NOpQ_.��P�K
]�x^R`@Q]YZoLYREBt@QIrBEP'NQqwpQKMPg=hN�BM@QP�Z'[hpwR`BtP�K-x3]AK-I�[h]ANw>~Bt=h_gP	�3e�{�XAP'I�KMR ��8���@QP�Xb_¡I0X

�Az



� =h>ApwKMP�F}eQ� <1=4�A (�*&*��� )�+�6I� �!��
T���;�'=4��	 ��&W� � 	 �;�*$ ��+-�*�;�G�D����+;����)  D=4��	 ��& $%=��� "��&*#;� ��

�*�;�E��� �3�  "��#�$%����& 
S��&#�;�%�*),+;�D=���)�+9�*$T���HP�N

1
Mpc

�S�;��#;����� ��N�N
1

Mpc

� ��&*����+ � ��+�6 P�N�N
1

Mpc

�  "89��+ �"B
�
��$��;�A6'��)�+;��$T$��;��	O�*�;�E���;�� (��$%=��� "��&.���R)�+�6I� �1�A$ �1�*�;�W$%��&.��)����9� ��)�+;�E)�$T$����1��������6U�3/���& ��=���)�+��.$�B
(���&� �����=���&*) $%��+'��� $�� �*�;�?�D��$*$5��
V���;�W ��,#�$%����&T)�$T$��;��	T+ B

� =h>ApwKMP	FAFY� ������+;�"�*)� =���	 ��& $%=��� "��&.�H��
��*�;�T��� �3�
 "��#�$F�*��& 
S&*��� %�B PM�*� �0PIB P �
8�����&*$V��+��*��= ��

�A�� .�'��������&AB >5���H=���	 ��& $�=��� (�*&*� ��&*�H+���&*�����,) $���6D�18D��#��2�*),=;��81),+���	T),���	�� ���+�$%�*��+�� ��� ���0/��������
$*�����
/3����#;�M
S��&#� " � $ 1

Mpc

BC>5�;�?�;� �� ��D6;��$%����6 ��)�+;��$5$��;��	 �����?�0/���&.������$%���1���*�;),+�� ����+;�����'��

���,�V=���&%�*)� ��,�A$T),+4$%) 6I�W�*�;�W��� �'
S��&��*�;���A��&*�,)���$%���S���"
 ������+�6 � �3���A$F� �S&*),�������T$�+���=�$��;��� 	T�;��$��W=���	 ��&
$�=��� (�*&�#�� ) $ =;�,���%�*��6RB <I �������$ ��������	 ����)�$ �0/���&.����� $%���1���*�;)�+;�?�,��+;���*����&��5+;���C&����,) ���;��8W&*��$�����/��A6RB

���



��P	Bt@QP	K`P0I�R`]ANgx3]�K�BM@QP	[�IrBMP'KW=?NQZ'K`P0I�R`P�]�x�_g=hNQ=?_¡IJ=?N
Bt@QP�I�pwBM]9Z�]AKMK`P'[hIrBt=?]AN$x3pQNQZ�Bt=h]�N
Bt@&IrB�=hNQqQ=?Z0IrBMP'RJBM@&IrB�Bt@QP
_aI�>ANQP�Bt=?ZD�&P�[hqb=?R��QKM]�L�P'N�qQ]�k	NbBt]¡RM_aI�[h[?P'K	�&P'[?qQR-]ANQZ�P
_a]AK`P�8

���? �?6 � #Q4����)�����C¦W�9¨$�O�¡%'¦W�Y�����}��/
� =h>ApwKMP�FreERM@w]�k	R�Bt@wP�R`s�P�Z�BMKtI�[+=hNwqQP�|9P'RWx3]AK�I-s�]�k­P'K�[hI�k �QB�]AN�Bt@QP	s�]�k^P�K­R`s�P�Z�BtKMI
]�x�BM@QP�_aI�>ANQP�Bt=hZ��&P'[?q
]�x+Bt@QP	>)SAz�SJZ'[?pQR`BMP'K�IrB�7�d 1

Mpc

�Q:0dAd 1
Mpc

I�NQqa7�d�d 1
Mpc

8���@QP
�&KMR¬B�=?NQqQP | IrB�7�d 1

Mpc

qw]9P�R�Nw]�B	Zo@&I�NQ>�PD_.pQZo@�8���@QPE=hNQqwP�| IrBE:0dAd 1
Mpc

=hNwZ'KMP'I�RMP�R
k	=?Bt@aBt=h_gP �O=(8UPr8 Bt@QP�RMs�P'Z�BtKMpw_£��P'Z']�_aP�R^[hP�RMR­R`BtP�P'sCIrB­Bt@Q=?R­s�]A=?NOB'8 ��@QP�[hI�R`B­=hNwqQP�|
qQP'Z�KMP0IrRMP'R�pQsCBt]
Bt@QPE_gP'K`>AP'K	I�NwqjR¬BoI0XYRJIrB�BM@QPERtI�_gP�lrI�[hpwPEIrx BtP�K`k^I�KMqQR�8

��@QPCs�]�k­P'K�R`s�P�Z�BtKMI�BM@QP'_gRMP�[?l�P'RaI�KMP�R`@Q]�k	N =hNu�&>�pQKMP FAFY8u��@QPCP�lA]�[hpwBM=h]AN =hR
�&I�RM=?Z0I�[?[?X1Bt@QPjRtI�_gP I�Rgx3]�KgBM@QPj]rBt@QP�KaZ�[hpQR¬BtP'K`R'8´��@QP _aI}|9=h_$pQ_ ]�xJBM@QPjs�]�k^P�K
RMs�P'Z�BMKMpQ_c_a]�l�P'RJBM]~@Q=h>�@QP'K�L �3RM_aI�[h[?P'K	RMZ'I�[hP�R ����KMP0IrZo@Q=hNQ>¡=?BtR�@Q=h>�@QP'R¬BJlrI�[hpwP.]�x�L
≈ 70 1

Mpc

I�K`]ApQNQq´:0d1{�XAP'I�KMR�8 � KM]�_ BM@QP'K`P�=?B
_g]�lAP'R$BM]bRM[?=h>A@)Bt[;X [�I�K`>AP'KDl�Ir[hpQP�R
I�>)I�=?N�8

���



� � �.�	� ���C��
���� �

��@QPn��P'R`B _aP�Bt@Q]Yq�BM]JZ0Ir[hZ'pw[�IrBMP^I�>AKM=?q�x3KM]�_�IJvwV�� RM=?_$pQ[hIrBt=?]AN-=hR�qQ=hK`P'Z�B�RtIr_asQ[?=hNQ>
IrB$Bt@wP�Z'P'N)BMP'K
]�x	Bt@wP�>AKM=?qyZ'P�[h[hR.pQRM=?NQ>�Bt@wP~l�Ir[hpQP�R.Bt@&I}B�I�KMP¡>A=?l�P'N �)X©Bt@wP vwV��
x3]AKM_aI�[h=?RM_ 8 ��NQ[;X x3]�K¡s�]9]AK`[?X¥KMP�RM]A[;lAP�q >�KM=hqwR¡]�BM@QP'K~_gP�BM@Q]YqQR~_aI�X ��P���P�BMBMP'K'8
�J[?BM@Q]ApQ>�@�=?B�=hR�]�x BtP�N�pQR`P'q���BM@QP.��vw\ _gP�BM@Q]Yq�=hR�NQ]�B�I¡>A]Y]9qjZo@Q]A=hZ�P ��I�RJ[?]ANQ>~IrR
Bt@QP�>AKM=?q�Z'P'[?[hR�I�K`P	RM_aI�[h[?P'K BM@&I�N�Bt@QP	s&I�K¬Bt=?Z'[hP­Bt@&IrB�@&IrR�BM@QP�[h]�k^P�R`B�KMP�RM]A[?pwBt=?]AN��)Pr8U>Q8
Bt@QP	[�IrKM>AP�R`BWR`_a]Y]�Bt@w=hNQ>�[?P'NQ>rBt@�8���@QP�_a]YqQ=;�&P'q
��vQ\ _aP�Bt@Q]Yq
=hR _$pQZo@g��P�BMBtP�K��)�Qp9B
@&I�R-I¡K`P'_aI�=hNw=hNQ>gP'K`KM]AK�Bt@&IrBJ=hR�I���]ApwB�]�NQP$]AK`qQP'K�]�x�_¡Ir>ANQ=?BMpQqQPD[�I�K`>AP'K	Bt@QI�N�Bt@wP
P'KMK`]AK	]�x�qQ=hK`P'Z�B�v9V�� RMI�_asw[h=hNw>Q8

�JR I�[hK`P0I�q9X�LONQ]�k	N��rBt@QPnR`=h_$pw[�IrBM=h]ANQR�R`@Q]�k �ABt@&I}B _aI�RMR`=?l�P^_gP'KM>�P'KMR I�KMP�x3]A[h[?]�k^P�q
I���]�pwB$:${-X�P0I�K�[�IrBMP'K��OXjI�N�=hNQZ�KMP0IrRMP.]rx Bt@QPDBtP�_as�P'KMIrBtpQK`P.IrNQqj| � KMI�X P�_a=?RMRM=;lY=?B X
]�x�Bt@QP�Z�[hpQR¬BtP�K'8W��@QP�BM=h_gP�qQ=;��P�KMP�NQZ'P�Z�]AKMK`P'R`s�]ANwqQRnBt]$BM@QPJBt=?_aP	Bt@QIrBnBt@wP�=hNwx�Ir[h[h=?NQ>
@&I�[h]�NQP'P�qQRnBt].KMP0IrZo@~Bt@QP�Z'[hpwR`BtP�KnZ'P�N)BtP'K�8 � x�Bt@QP�@&I�[h]�=hR­NQ]�Bnqw=hRMR`]A[?l�P'q~qwpQKM=?NQ>.Bt@wP
�&KMR¬B­sQI�RMRMI�>APnBt@wKM]ApQ>�@�BM@QP�Z'[?pQR`BMP'KWZ�P'N)BtP�K��)Bt@QP�KMP	_aI�X���P	IER`P'Z�]ANQqgs&I�RMRMI�>AP�]�x�Bt@wP
KMP'_aI�=?NQ=hNQ>�RMpQ�wR`BtK`pQZ�BMpQKMP�R�]rx�BM@QP-@&I�[?] �OBt@&IrBnZ0I�N I�[?RM]$[?P0I�q~BM]�I�qQqQ=;Bt=h]�N&I�[+RM_aI�[h[?P'K
s�P'I�LOR�=?NCBM@QP-BtP�_as�P'KMIrBtpQK`PEI�NQq�| � KtI0X�P�_a=?RMR`=?lY=?B X�8W��@QPE=hNQZ�KMP0IrRMPE]�x�BtP'_gs�P'KtI}BtpQK`P
I�NQq
| � KtI0X
P�_a=?RMRM=;lY=?B X�=hRWqQpQP�BM]DZ�]A_gsQKMP�RMRM=?]ANgI�NQqgRM@Q]YZoL
@QP'IrBt=?NQ>-]�x�Bt@QP	>)I�R��ABt@&I}B
sQpQRM@wP'R-Bt@QP.Z'[hpwR`BtP�K�=hN)BM]�I¡NQ]ANbP�!OpQ=h[?=h�QK`=hpQ_�R¬BoIrBMP�8E��@Q=?RJNQ]ANbP�!OpQ=h[?=h�QK`=hpQ_ R¬BoIrBMP
=hRnIr[hRM]�l9=?RM=?�Q[hP�=hNgBt@QP�P |9Z'P'R`R	]�x�@Q=h>�@�i�I�Zo@CNOpQ_$��P'K­RM@Q]YZoLORnBt@&I}B	I�KMP�qQP�BMP'Z�BtP'qC=?N
Bt@QPE=hN)BMKtI
Z'[?pQR`BMP'K�_gP'qQ=?pQ_j8 ��@Q=hR	P���P'Z�B�Z0I�N I�[?RM]���P-R`P'P�N�=?x�BM@QPE=hNwx�I�[?[h=?NQ>.@&Ir[h]
=hR
qQ=hR`KMpQswBMP'q lAP'K¬X�x�I�R`B��+I�R	=?B�k	=?[h[�[?P0I�q�Bt]g=hNwZ'KMP'I�RM=?NQ>�>)I�R	_g]�Bt=?]ANQRn=?NCBM@QPEZ'P�NOBMP'K�]�x
Bt@QP�Z'[?pQR`BMP'K�k	@QP�KMP�qQP'NwRMP'K�=hN9x�I�[h[?=hNQ>�>)I�R�=?R�qQKtI0k	ND=hN�8�� NEBt@Q=?R�knI0X���Bt@wP�=?N)BtP'K`N&I�[ANw]AN
P�!OpQ=h[?=h�QK`=hpQ_ R¬BoIrBMP
]�x�Bt@QP
Z�[hpQR¬BtP'KJZ0I�N���P
_¡I�=?N)BoI�=?NQP'qjRM=h>�NQ=?�&Z'I�N)Bt[;X�[?]ANQ>AP�K�Bt@QI�N
=?BtR�lY=hRM=?�Q[hP�sQK`]As�P�K`BM=hP'R���[?=hL�P�BtP�_as�P'KMIrBtpwKMPnIrNQq#-�� KtI0XD[hpQ_g=hNw]ARM=;B X-RM@Q]�k �)qQP�s�P�NQqQ=?NQ>
]�x­BM@QP
qQP�BoI�=?[hR�]�x�BM@QP�_aP�KM>AP�K�P�l�P'N)B08���@QP
K`P'RM=?qQp&I�[ _a]�BM=h]ANwRJBt@&I}B-_¡Ir=hN)BoI�=?N�Bt@wP
NQ]AN�P�!Ypw=h[h=?�QKM=?pQ_�R¬BoIrBMP.]�xWBM@QP.Z�[hpQR¬BtP'K�Z0I�NbR¬BtK`]ANQ>A[;X I�_asw[h=?x X¡Bt@QP�_¡I�>�NQP�BM=hZ-�&P'[?q
I�NQq©Zo@QI�NQ>APa=?BtRER¬BtKMpwZ�BtpwKMP�8���@wP'KMP�x3]AKMPaI�[?RM]CBt@QPgqQ=hR`]AKMqwP'KD]�x^BM@QPa_aI�>ANwP�Bt=?Z$�&P'[?q
]AN�RM_aI�[?[�RMZ0Ir[hP'R�Z0I�N���P�_¡I�=?N)BoI�=?NQP'qjIa[?]ANQ>aBM=h_gPE��P�XA]ANQq�BM@QP�B XYsQ=?Z0I�[�Bt=?_aP�RMZ'I�[hP
]�x�BM@QPE_aP�KM>AP�K�P�l�P'N)B�=;BtRMP�[?x 8

³-=hNwP�Bt=?Z
I�NQq1=hNQNwP'K-P'NwP'KM>�=hP'RDKM=?RMPgIrB-BM@QPaRMI�_gP�BM=h_gP�8
��@QPgLO=hNQP�Bt=?ZgP�NQP'K`>�X�=hR
qQ]A_g=hN&IrBMP'q �)X1[hI�KM>�PaR`Z0I�[?P'R���Bt@QP�KMP�x3]AKMPa=?BDKMP�sQKMP�RMP'N)BMR
[�I�K`>AP�RMZ0Ir[hPg_a]�BM=h]ANwR���Bt@&I}B
k^P�KMP P'NQ@&IrNQZ'P�q§�)XyBt@QP _gP'KM>�P'K'8u��@wP'KMP =hR
Nw] lY=hR`=h�Q[?P�P�lY=hqwP'NQZ�Pj=?N BM@QPCLO=hNQP�Bt=hZ
P'NQP�KM>�XjBt@&IrB�I¡BtpQK`�QpQ[?P'N)B-Z0IrRMZ0IrqQP
�QpQ=?[hq�pwsb=hN�BM@QP'R`P
RM=h_.pQ[�IrBM=h]ANwR'8���@Q=hR�Z'I�Nb��P
=hN)BtP�KMsQK`P�BtP�qb=hNjIak^I�XCBM@&IrBJBM@QP.LO=?NQP�BM=hZDP'NQP�KM>�X =hN Bt@QP�>)I�R�=hR�I�[?k^I0XYR�qQ]A_g=hN&I}BtP'q
�OX BM@QPjl�P'[h]YZ'=;B Xu�&P'[?q ]AN Z']AR`_a]�[h]A>A=?Z0I�[^RMZ0Ir[hP'R���I�NQq¥Bt@QPjRM_aI�[h[�R`Z0I�[?PjZ�]AN)BtK`=h�Qp+�
Bt=h]�NQR­x3K`]A_ [h]YZ0I�[ � pQ=?q�=hNQR¬BoI��w=h[h=;Bt=?P'R Bt@QIrBn_aI0XaZ'I�pQR`PJBtpQK`�QpQ[?P'NQZ�PEI�KMP�]ANQ[?Xg_g=hNQ]�K'8
�JNQ]�BM@QP'K�P�|9sQ[hI�N&IrBM=h]ANj=hR	Bt@&IrB�Bt@QP�=hNQR¬BoI��w=h[h=;Bt=?P'R�I�K`P.R`pQsQsQK`P'RMR`P'q��)XjBM@QP$IrK`Bt=;�&Z'=hI�[
NYpw_aP�KM=hZ'I�[�lY=hR`Z']AR`=?B X�]rx�BM@QPEpQNQqQP�KM[?XY=?NQ>�@OXYqQK`]¡R`Zo@QP'_gP�8

��@QP­P�l�]A[hpwBM=h]AND]�xQBM@QP�_¡I�>�NQP�BM=hZW�&P'[?q.=?R�qQ]�_a=?N&IrBtP�qE�OXEBM@QP­�&K`R`B _¡I� `]�K�_gP'K`>AP'K

��d



]�x�Bt@QP�Z'[?pQR`BMP'K'8 � B^]AN¡BM@QPJ]ANwPJ@&I�Nwq~@QP0I0lY=h[;XaI�_asw[h=?�QP'RWBt@QP�_¡Ir>ANQP�BM=hZ	�&P'[?q¡�)XaqwX �
N&I�_g=hZ0Ir[YP���P�Z�BMRW[h=hLrP^R`@QP0I�K � ]�k	R'8 ��N.BM@QPn]�BM@QP'K @QI�NQq$=;B Z']�_asQ[?P�BMP'[?XEK`P'R`@&I�s�P'R Bt@wP
_¡I�>�NQP�BM=hZ��&P�[hq��+qQP�R`BtK`]�X9=?NQ>aI�N)XC_aP�_a]AK¬X�]AK�qQP�s�P�NQqQP�NQZ'P$]�N BM@QP�R`P'P�q�_¡Ir>ANQP�BM=hZ
�&P'[?q�8^��x BtP'K�BM@QPD�QKMR`B�_aI� `]AK�_gP'K`>AP'K��QBt@QPDP�l�]A[hpwBM=h]ANC]�x�Bt@QPD_aI�>ANQP�Bt=hZ��QP'[hq RM[?]�k	R
qQ]�k	N�8���P�l�P'K¬Bt@QP�[hP'R`R�BM@QP-_¡Ir>ANQP�BM=hZJ�QP'[hq�=?R�R`BM=h[h[�I�_gsQ[h=;�&P'q¡�OX~Z']A_gsQKMP�RMR`=h]ANQR	IrNQq
RM@QP'I�K � ]�k	R	]�x�Bt@wPDsw[�I�R`_¡I.BM@&IrB�Z0I�K`KM=?P'RnBt@wPE�QP'[hq�8

��@QP�_aI�>ANwP�Bt=?Z~P'NwP'KM>rXy=hR.qQ]A_g=hN&IrBMP'qu�)XyR`_¡Ir[h[^R`Z0I�[?P'R�I�Nwq BM@QP�Z']�KMP�]�x	Bt@wP
Z'[hpwR`BtP�K'8�� B�pQNQqwP'KM>�]9P�R-I�N�P�lA]A[?pwBt=?]AN k	@wP'KMP
P�NQP'K`>�X =hR�_a]�lAP�q�x3KM]�_ [hI�KM>�P�R`Z0I�[?P'R��
k	@QP'K`P�Bt@wP�P�NQP'K`>�Xg=hR�P0I�K`[?X
qwP's�]ARM=;BtP'qa=hN�Bt@QP���P'>A=?NQNQ=hNw>Ek	@wP'N¡BM@QP�_aI�>ANwP�Bt=?Zn�&P'[?q
=hR�@Q]�_a]A>�P'NQP�]ApQR���Bt]�RM_aI�[?[�R`Z0I�[?P'R'8E��@Q=?R�P�l�]A[hp9Bt=h]�Nb=hRJ_g]AR¬Bt[?XC�&Nw=hRM@wP'q Irx BtP�KJBt@wP
�&KMR¬B�_aI� `]AK�_gP'K`>AP'K�8

��@QPn_aI�>ANwP�Bt=?Z�I�pwBt]YZ']�KMKMP�[�IrBM=h]AN-BMpQKMNQR ]ApwB BM]J��PnIJ>�]9]Yq�=?NQqQ=?Z0IrBM]AK�]�x&Bt@QP­R`BMKMpQZ��
BtpQK`PJ]�x�Bt@QP�_¡Ir>ANQP�BM=hZ��&P�[hq�8 ��@w=hR�R`BMKMpQZ�BtpQK`PJ=hR�Bt@wP�K`P'RMpw[?B­]�x�BM@QP�q9X9NQI�_a=?Z'R�=hNQR`=hqQP
Bt@QPgZ'[?pQR`BMP'K'8�ijP'K`>AP'K`R.I�Nwq1Bt@wP'=hK-K`P'R`=hqQp&Ir[�_g]�BM=h]ANQR-@QI�l�P¡I R`BMKM]ANQ> =hN � pQP'NwZ'Pg]AN
Bt@QP~q9X9NQI�_a=?Z'RD]�xnBM@QP¡Z�[hpQR¬BtP'K�8���@QP�KMP�x3]AKMP¡BM@QP�X sQK`]9qwpQZ'P~_aI�N)Xbx3P0I}BtpQK`P'R$=?N1Bt@wP
_¡I�>�NQP�BM=hZa�QP'[hq©R`BtK`pQZ�BMpQKMP��Wk	@Q=hZo@ I�K`P¡lY=hR`=h�Q[?Pa=?N©Bt@QP¡_¡I�>�NQP�BM=hZ~IrpwBt]YZ']AK`KMP�[�IrBM=h]AN
x3pQNQZ�BM=h]AN�8²��@QP�_aI� `]AKa_aP�KM>AP�KaP�lAP�NOBMR I�NQq BM@QP'=?K¡RMP�Z']ANwq&I�K`X s&I�R`RtI�>AP�R~[hP'I�q BM]
sQKM]ANw]ApQNQZ�P'q�_g=hNQ=?_¡I�I}B^R`_¡I�[?[&RMZ'I�[hP�RnIrB�Bt@QP�RtIr_aP	Bt=?_aP�I�R�Bt@QP�BtP�_as�P'KMIrBtpQK`PJIrNQq
-�� KMI0Xb[hpQ_g=hNw]ARM=;B XjK`P0I�Zo@�Bt@wP'=hK-_aI}|9=h_aIw8	� @QP'N Bt@QP
s�P0I�LORD=hN�BM@QP
BtP'_gs�P'KtI}BtpQK`P
I�NQq -�� KMI0X-[hpQ_g=hNw]ARM=;B X�qw=hRtIrsQs�P'I�K���Bt@wP�_g=hNw=h_aI^I�[?RM]	>AP�B�_$pwZo@�[?P'RMR�sQK`]A_g=hNQP�NOB'8�v9]
Bt@QP�=hK�[h=?x3P�Bt=?_aP�IrR­qQ]�_a=?N&IrBt=?NQ>-R`BMKMpQZ�BtpQK`P'Rn]rx�Bt@wPJ_aI�>ANQP�Bt=hZn�QP'[hqa[�I�R¬BtR�x3]AK�I���]ApwB�:
{-X�P0I�K��OBM@QP'K`P�x3]AK`P�=?BW=?R RM=?_a=?[�I�K�]AKWR`[h=h>�@OBM[?XD[h]�NQ>AP'K�Bt@&I�N
BM@QPnBtP�_as�P'KMIrBtpQK`P�]AK"-.� KtI0X
[hpQ_g=hNQ]�RM=?B XaP�|9Z�P'RMR�8

��@QP._¡I� `]�K�_gP'K`>AP'K�P�l�P'N)BtR�BMKM=h>�>AP'K�I¡[�IrKM>APDNOpQ_$��P'KJ]rx�_a=?NQ=h_aI$=hN�BM@QP$IrpwBt]��
Z']AK`KMP'[hIrBt=?]AN�x3pQNQZ�BM=h]AN©I�Z'K`]ARMR.IjKMI�NQ>APg]�x�R`_¡I�[?[hP�K-RMZ0Ir[hP'R�8C��@QP'R`P~_a=?NQ=h_aI~KMP � P'Z�B
Bt@QP���P'NQqQ=?NQ>C]�x�Bt@QP
_aI�>ANQP�Bt=?Z.�&P'[?q��OXbBM@QP$lAP�[h]YZ'=;B X��&P�[hq�8
��@QP�XbZ0IrN1��P
_¡Ir=hN+�
BoI�=?NQP'qDx3]AK�I�RM=?>ANQ=;�&Z0I�N)B�[h]�NQ>�BM=h_gP'R`Z0I�[?P��)XDP�l�P'N$R`_¡Ir[h[)KMP�RM=?qQp&I�[O_g]�Bt=?]ANQR�]AK�_a=?NQ]AK
_aP�KM>AP�K^P�l�P'N)BtR��&Bt@&IrB^RMpQsws�]AK¬BnBt@wPJZ']�_asQ[?P�|9=?B Xg]�x�BM@QP�_aI�>ANQP�Bt=?Z��&P�[hq�Ir>)I�=hNwR`B­��P��
=hNQ>uq&Ir_as�P'q ]AN RM_aI�[?[JRMZ'I�[hP�R'8���@w=hR�q&I�_gsQ=?NQ>u=hR~]�NQ[?X ]A�QRMP�K`l�P'q x3]�K¡Bt@QP�>OFY:
Z'[hpwR`BtP�K'8-��@QP
>)zA7¡I�NQq�>)S)z�S¡qw]�NQ]�B�@QI�l�P�I¡[h]�NQ>~P'Nw]ApQ>A@ !OpQ=?P�B�s�P'K`=h]Yq�k	=?BM@Q]ApwB
qQ=hR¬Bt]AK¬Bt=h]�NQR'8���P'KMP~BM@QP�>OzA7 Z'[hpwR`BtP�K
@&I�R
I�R`P'Z�]ANQq _¡I� `]AK._gP'K`>AP'K�� k	@QP'K`P0I�R
Bt@wP
>)S)z�S Z'[hpwR`BtP�K$_aI�=hN)BoIr=hNQRERM]�_aPgKMP�RM=hqwp&I�[�_a]�BM=h]ANwR���k	@w=hZo@uI�K`PalY=hR`=h�Q[?Pa=?NyI�R`_¡Ir[h[
P�|9Z'P�RMRC]�xDR`BMKM]ANQ>©RM@Q]YZoLOR'8�<�I}BtP'Ka=?B¡pQNQqQP�KM>A]YP'R~R`P�l�P'KtIr[-_a=?NQ]AKg_aP�KM>AP�K¡P�l�P'N)BtR�8
��@Q=hR�=hNQqw=hZ0I}BtP'R�BM@&IrB�IgBM=h_gP-RMs&I�Nj]�xWI}B�NwP0I�K`[?XCe¡{-X�P0I�K`R�]�x"!OpQ=hP�RMZ'P�N)BEI�Z'Z�KMP�Bt=h]�N
=hR	NQP'P�qQP'qjx3]AKnBt@QPD_aI�>ANQP�Bt=hZ��QP'[hqC]�x�Bt@QPDZ'[?pQR`BMP'K�Bt]gKMP�[�I}|~=hNCBt@QPER`=h_$pQ[hIrBt=?]ANQR�8W�
s�P�KM=h]Yqb]�x�]ANQ[;X�798µFaBM]CT {-X�P0I�K`REI�R�=hN�BM@QP$B k­] ]rBt@QP�K�Z'[?pQR`BMP'KMR-R`P'P�_aR-Bt]���P$NQ]rB
RMp��gZ'=?P'N)B08

�9:



��@QPg_¡Ir>ANQP�BM=hZ$s�]�k^P�K�R`s�P�Z�BMKMpQ_ qQ]YP'RENQ]rB�R`@Q]�k I�s�]�k­P'KD[�I0k�]�l�P'KDI R`=h>ANw=?� �
Z0I�N)B�KtI�Nw>APJx3]AKnBM@QP-KMP�RM]A[?pwBt=?]ANQR�I�Zo@w=hP�l�P'q =hN�Z�pQKMK`P'N)B�RM=h_.pQ[�IrBM=h]ANwR'8���@QPDI�q&I�swBM=?l�P
N&IrBtpwKMPg]�x­BM@QPgRM=h_.pQ[�IrBM=h]AN�=hR-=hN�sQK`=hNQZ�=hsQ[?P�I��Q[?P$Bt] KMP0IrZo@1Bt@wPg=?N)BtP'K`P'R¬Bt=hNw>jR`Z0I�[?P'R'8
��]�k^P�lAP�K��J[?P'R`R~KMP�RM]A[;lAP'q s&IrK`BtRak	=?Bt@w=hN BM@QP�l�]A[hpQ_gP�]rxE=hN)BtP�KMP'R¬B ��Bt@QIrB�=hNwqQpQZ'P�I
RM_g]9]�BM@Q=hNw>�]AN1K`P'[hIrBt=;lAP'[;X�[hI�KM>AP
R`Z0I�[?P'R���R`P'P�_ BM]C=hN � pwP'NQZ�PgBM@QP�s�]�k­P'KDRMs�P'Z�BMKMpQ_
RM=h>�NQ=?�&Z'I�N)Bt[;XA8�v9]�Bt@QP
s�]�k^P�K-RMs�P'Z�BtKMpw_ ]ANbRM_aI�[?[�R`Z0I�[?P'R-=hRJR`BtK`]ANQ>A[;X�I}��P�Z�BtP�q��OX
NYpw_aP�KM=hZ'I�[�NQ]A=?RMP�=hNQqwpQZ'P�q1x3KM]�_ [hP'R`R�K`P'R`]A[?l�P'quI�K`P0I�R�8~��@QPa[h=h_g=?BM=hNQ>aRMZ'I�[hP�=hREBt@wP
_¡I}|9=?_$pQ_ RM_g]9]�BM@Q=hNw>�[hP�NQ>�Bt@
]�KWI-�Q=?B _a]AK`P�]AswBM=h_g=hR`BM=hZ'I�[h[;XJBt@wP	I�l�P'KMI�>AP	RM_g]9]rBt@+�
=hNQ> [hP�NQ>�Bt@1]�x�Ir[h[Ws&I�K¬Bt=?Z'[hP�R-k	=?Bt@w=hN�Bt@QPa��]0|�Bt@wPas�]�k^P�K.RMs�P'Z�BtK`pQ_ =?REZ0I�[?Z'pQ[hIrBtP�q
]AN�8���@Q=hREK`P'RM]�[hpwBM=h]ANb[?=h_g=?B�=hRDIrBE[hP'I�R`BE]�NQP�]AKMqQP�KE]�x^_aI�>ANw=?BtpwqQP
I0knI0Xbx3K`]A_�Bt@wP
LYNw]�k	N�KMI�NQ>AP�R^]�x�]A�QRMP�K`l�P'q�s�]�k­P'K^RMs�P'Z�BMKtIw8W��@w=hR�=hR�P�!OpQ=?lrI�[?P'N)B�Bt]$IrN~=hNQZ�KMP'I�RMP�]�x
Bt@QPENOpQ_$��P'K	]�x�s&I�K¬Bt=hZ�[hP�R�]�x�BM@QPERM=?_$pQ[�I}Bt=h]�NQR^�)X I$x�I�Z�BM]AK�]�x­:�dAdAd98

�nB`BtP'_gswBMRJBt]~�QB-I¡s�]�k­P'K-[hI�k ]AN�BM@QP$s�]�k^P�K-RMs�P'Z�BMKMpQ_c[hP'I�q�Bt]�K`P'R`pQ[?BMRJBt@&I}B
qQP's�P'NQq©R`BtK`]ANQ>A[;Xb]AN Bt@QPg[hP�NQ>�Bt@wRMZ0Ir[hP
k	@QP'K`PaBM@QPg�wB.=?RDqw]ANQP�8 ��P�l�P'K¬Bt@QP�[hP'R`R.Bt@wP
RM@&I�s�P�]�x�Bt@QP
s�]�k^P�K-RMs�P'Z�BtKMpw_ pQNQqQP�KM>A]YP'R-R`=h>ANw=?�&Z'I�N)B-Zo@&I�NQ>�P'R-k	=?BM@�Bt=h_gP�8Dm^p9B
=?B�=hR�NQ]�B�Z'[hP'I�K	x3KM]A_ ]ApQK�I�N&Ir[?XYRM=?R�k	@QP�Bt@QP�KJBt@wP'RMP�Zo@&I�NQ>�P'R�]AN�RM_aI�[h[�R`Z0I�[?P'RJ@QI�l�P
sQ@)X9R`=hZ'I�[�]AK�NOpQ_aP�KM=?Z0I�[�K`P0I�R`]ANQR�8

� �~���������

� =hN&Ir[h[?XE�&>�pQKMP�F�S�R`@Q]�k	R�BM@QP�Bt=h_gPnP�lA]A[?pwBt=?]AN
]�x�Bt@QP	RMs�P'Z�BtKMI�[&=hNQqwP�|9P'R�]�x�Bt@QP	_aI�>��
NQP�BM=hZ^s�]�k^P�K R`s�P�Z�BtKMIJ]�xQBM@QPnT�Z'[?pQR`BMP'KMR�Bt]A>�P�Bt@wP'K�k	=;Bt@�RM]A_gP­R`s�P�Z�BMKtI�[Y=hNQqwP�|9P'R�x3KM]A_
]A�QRMP�K`lrIrBM=h]ANQR�8C�J[?BM@Q]ApQ>�@ BM@Q=hRDsQ[h]rB.@&IrRDBM]���PaBoIrL�P'N1k	=?Bt@1[�I�K`>AP�Z0I�p9Bt=h]�N �3x3K`]A_
Bt@QP�]AKMP�Bt=hZ'I�[�I�Nwq�]A�QRMP�K`lrIrBM=h]AN&Ir[�RM=?qQP ���wBt@wP-P�lA]�[hpwBM=h]AN&IrK`X�BtKMI�ZoLOR�]rx�BM@QP-=hNwqQ=?lY=hqwp&I�[
Z'[hpwR`BtP�KMR�qQP'_g]ANQR¬BtKtI}BtPE@Q]�k Bt@wP�P�lA]A[?pwBt=?]ANj]rx Bt@wP�R`=h_$pQ[hIrBtP�qCZ'[hpwR`BtP�KMR�RM@&Irs�P�R�Bt@wP
_¡I�>�NQP�BM=hZa�QP'[hq�8 ��@wP'KMP�x3]AKMP�=;B$=?R.P'NwZ']ApQKMI�>A=?NQ>�Bt]�x3pwK`Bt@wP'K
sQpQR`@uBt@QP~R`=h_$pw[�IrBM=h]AN
P���]AK`B�Bt]�k^I�KMqQR­@Q=h>�@QP'K�KMP�RM]A[?pwBt=?]AN
Bt].��P�I��Q[hP	Bt]D��P�BMBMP'K­_aP'I�RMpQK`P�BM@QP�R`BtK`pQZ�BMpQKMPJ]�x
Bt@QP�_¡I�>�NQP�BM=hZ-�&P'[?qjk	=;Bt@Q=?N BM@QP�Z�[hpQR¬BtP�K'8�m^P�B`BtP�KJpQNQqwP'KMR¬BoI�NwqQ=hNQ>a]�x BM@QP.=?NOBMP'K`sQ[�I0X
��P�B k^P�P'N~Bt@wPJqwXYN&I�_g=hZ'I�[&R`BtIrBtP�]�x�BM@QPJZ�[hpQR¬BtP�K^I�NwqaBt@wPJ_aI�>ANQP�Bt=hZ��&P�[hqgk	=h[h[9�&N&I�[?[?X
I�[h[?]�k pQR�I���P�BMBMP'K	=hN)BtP�KMsQK`P�BtIrBt=?]AN�]�x�Bt@QPE]A�QR`P'K¬l�I}Bt=h]�NQR'8

�A7



� =h>ApwKMP	F�S9� � ����=���&*) $%��+���
�����$���&*/��A6�$�=4�A (�*&*���I),+�6;���I��$ ��
4�D����+;�"�*)� =���	 ��& $�=��� (�*&*��	T),��� �����
$�=��� (�*&*���R),+46I���I��$���
@�*�;�E=���	 ��&�$%=��� "��&.����
 �*�;� %�$%)���#;� �3�*��6	 "��#�$%����&*$ � ��P
�I��$I�?��+�6'��� �3�;B � �,#��
=���)�+9�*$W��&�� 
S&*��� J � � N %3Q B��H+;������$
�*� � ��+9��)���+ �������E���;��8 	 ��&���������$%#�&��A6���+!��#4 .�!$��D�����,��&
$* ����,�A$5���4��+ �*�;��$�),� #;�������A6 $%=��� "��&.��� )�+�6I� �1�A$�B �T�A6 =���)�+��.$M$��;��	 /���&*8
	 �����G����	 ��&T�,)���)2�.$�
S&*���
J ��� (

+
N � Q B �
&*����+ =���)�+��.$D��&*�G�.������+7
S&���� �
�3/���+;) ���G��� B � ),+ =;&*��=���&*����)���+ �"B7>5�;�	=;#�&�=;�����

��&*�08	��+46�6;��&��U�;�,#�� ��),+���$
$%�;��	 �*�;� ��/����,#;��)���+ ��
 ���;� $%=��� "��&.���V),+�6;������
C�*�;� ������+;����)  W=���	 ��&
$�=��� (�*&*�W��
 ���;�M� ��P ��� $;����+�6��9� ���
 ��,#4$F�*��&����;������6G��&*��#;+�6

100
1

Mpc

B �H$ ��+����;) $ $* ����,�5�*�;�M=���	 ��&
$�=��� (�*&�#�� 6I�1�A$?+;���W
S���,����	 �	=���	 ��&E� � 	 �3/���&E� $%)���+;) �4 ���+9�E&*��+;���D��+46 �*�;� &*����)����;)��,),�F8���
 �����
=���	 ��&�$�=4�A (�*&�#;� �3�E�*�;��$��G$* ����,�A$E ���+ ���
�9#;�A$F�*),��+;��6 � ������$��D),+�6;���I��$����0/�� ��� �4�D�.������+ 	T)2�*�
 ���#I�*),��+ B (���&M$������?=���)�+��.$���
 �*�;�E�,)�+;�A$M��� $�� �*�;��)�&M�����?)�$H6I) $%=;� �08��A6G)�+U����&��D$T��
 &*��6�$%�;),
 ��B � ��)�$
)���=4��&%�.��+9� �*�W+;�������9�*���3� ���;�H/0���,#���$ ��
R���;�A$%�
$%=��� "��&.���4),+�6;���I��$ 6I��=���+�6' "&*#� ") ������8���+ ���;�H=4��),+9� �
	T����&*�H�*�;�E=���	 ��&T��� 	 )�$��;�����A6RB >5�;�
��&.�� ��I$5$%�*��&����3
 �*��&5����� ��&*$%���D���F��& ����&�����&AB

��T



� ���r� ���	�	�^�	�

�Um ���	dw: � v�8�m��AK¬lAP �Di 8���_aI�NQ> �JI�NQq �w8	��K`pQ[hR`P'N�8 X�P�>ApQ[�IrKM='&�P'q v9_g]9]rBt@QP�q
V I�K¬Bt=?Z'[hPa��XYqQK`]9q9X9NQI�_a=?Z'R��.� ��P�k ��sQsQK`])I�Zo@1BM]bv9=?_$pQ[hIrBt=?NQ> i�I�>��
NQP�BM]A@)XYqQKM]YqwXYN&I�_g=hZ�v9@Q]YZoLOR'8������ ��F�S9:A�G�A7	�9�AT ����]�l�P'_$��P'KJ7�dAdw:�8

�UH�m^<���� � ³
8nHJ]A[hI�> �	i 8nmnI�K¬BtP�[h_aI�NQN���IrNQq´��8^<�P'RMZo@�8 vwV���RM=?_$pQ[�I}Bt=h]�NQR�]�x
_¡Ir>ANQP�BM=hZ��&P�[hqQRa=hN¥>)I�[�I�|9X Z�[hpQR¬BtP�KMR'8
���
� �­T�e)�9�GT)FY:��9TASAT+�­��pQ>ApQR¬B
:��A�A�98

�UH�m^<�dA7�� ³
8)HJ]A[hI�> �)i 8)mnI�K¬BtP'[?_¡IrNQN��)I�Nwq���8)<�P'R`Zo@�8�±Wl�]A[hp9Bt=h]�N
I�NQq�R`BMKMpQZ�BtpQK`P
]�x�_aI�>ANQP�Bt=?Z��QP'[hqwR.=hN RM=?_$pQ[hIrBtP�q1>)Ir[�I}|YX�Z'[?pQR`BMP'K`R'8����
� ��TA�)z9�UTA�AT��
TA�)F+�&i�I0Xj7�dAd)798

�UH-\nV��)z � �w8 � 8&HJK`P'@QP�K���\J8&<W8+\nIrKM=h[?[h= �OI�NQq XD89�.8&V�P'K`[hP�X�8W��@QP � I�KtIrq&I0X¡K`]�BoI��
Bt=?]ANj]rxW\­XY>ANOpQR�� �ni�Ir>ANQP�BM=hZ-�&P�[hqQR	=hN Z'[?pQR`BMP'K	>)I�R�8������ ��Tw:�Sw�USw:A:��
S)7AF+�&i�I0X�:��A�)z98

�UH-{Dv9�	d)F ��³
8�HJ]A[�Ir> ��H.8�{-KtI�R`RM] � �$8�v9sQKM=?NQ>AP�[ ��I�NQq �o8���L}I�Zo@QP�l�8¡\^]ANQR¬BtKMI�=hNQP�q
RM=?_$pQ[�I}Bt=h]�NQR.]�x	BM@QP�_¡Ir>ANQP�BM=hZ¡�QP'[hqu=?NyBt@QP�[?]9Z'I�[ ( NQ=?l�P'K`RMP I�NQquBt@wP
sQKM]�s&I�>)IrBM=h]ANa]�x�pQ[;BtKtIr@Q=h>A@gP'NwP'KM>rX¡Z�]ARM_g=hZ�KtI0XYR'8
��������������� ��!
�	"�#$���&%
�('�)*����+,�-"�./�0��%213����./425��7681:9�)�"�425;"���:A�U���=< � �AI�NOp&I�K`Xj7rdAd)F98

� � {Dz�� � v�8Wi 8 � I���P'K$IrNQq �w8 v�8W{EI�[h[hI�>A@QP�K'8ji�I�R`RMP�R�I�NQqu_aI�RMR � Bt]�� [h=?>A@)BEKtI��
Bt=?]AR�]rxW>)I�[hI}|9=hP'R�8>�?�����@���BAC6�D	426�EF� �-�-"�./�0���G��#�)H����+I�-"�./�0�;��9�)�"�425;"��
:�z9�;:�T)F	�+:��)z+��:��)z��w8

�G{Di�zAz�� XD8w�.8+{-=hNQ>�]A[hq�IrNQq��w8 �w8+ij]ANQI�>A@&I�N�8�v9_a]Y]�BM@QP'q�s&IrK`Bt=?Z'[?P�@)X9qwKM]YqwX �
N&I�_g=hZ�R"����@QP']�K`X�I�Nwq¡I�swsQ[h=?Z0IrBM=h]ANDBt]ENQ]AN+� RMsQ@wP'KM=?Z0I�[wR`BoIrKMR'8KJMLNA��-O �
:��w:A�UT)zAFP�9TA�A� ����]�lAP�_$��P'KE:��)zAzY8

�G{Di��AT � XD89�.8w{E=?NQ>A]A[?q¡IrNQq �w8 �w8Qij]AN&Ir>A@&I�N�8"��N¡Bt@wPJx3KtI�>�_aP�NOBtIrBt=?]AN¡]rx�qQ=?x �
x3P'K`P'N)Bt=hI�[h[;X¡K`]�BoIrBM=hNQ>
Z�[h]ApwqQR'8�JMLNA��-O ��7�d�eQ�Gz9:�F	�9z�TAT �Y�JpQ>�pQR`B�:��A�AT98

�G{Di � + d�S � � 8�{E]�lA]�NQ= ��i18�i pQKM>A=hI ��<�8 � P'K`P�BMBM= ��{�8�{-=h]�lrI�NQNQ=?NQ= �+³
8�HJ]A[�Ir> ��IrNQq
{�8+m�8Q� I0XY[h]�K'8���@QPE=hN)BtKMI�Z'[?pQR`BMP'K	_aI�>ANQP�Bt=hZ��&P'[?q s�]�k^P�K�R`s�P�Z�BMKMpQ_ =?N
�J��P'[?[�7A7AFAFY8Q�?�SRT4UDV�?"�.W�0�;��9�)	"�425;"�6�%7����4U��.X"��&��pQ>ApQR¬B�7rdAdASw8

�G{-]�lwd�T � � 8�{-]�lA]ANw= 8 i�I�>�NQP�BM=hZ � =?P'[?qQR¡=?N {DIr[�I}|YX \^[hpQR¬BtP�KMR'8ZYB9�6[!
�	"�#�425
!:���\�]+��0���=^`_�a�.X9*#$6;6�.W4U��'$� �?.U9�6>bS�*cK^d����4U��.deT47"	5��f";"�42����g�h	^:gjik���\�&)
_=hlhnmn^oO�)�+��G6�)�^d�?�l"�.W�S���&4/� ��:0d ��7�dAdAT98

�U��±���� � XD8 � 8Y��]YZoLONQP�XaI�Nwq �w8 � 8Y±�I�R`B k­]9]Yq�83!
��#?����.p6��C"�4U#����]��.W42���q�l"�4U��'
�=����.W425��76;"�8�m^K`=hR¬Bt]A[(�W��=?[h>AP�K���:0�A�A� ��:��A�A�w8

�re



�U<�pQZ0zAz�� <W8 mJ8�<�pQZ�X�8��°NYpw_aP�KM=hZ'I�[­I�sQsQK`])I�Zo@©BM]�Bt@QPaBtP'R¬Bt=?NQ>�]�xnBM@QP¡�&R`RM=?]AN
@)X9s�]�BM@QP'R`=hR'8��-�+�+�A79�?:0dw:�T���:0d)7re �9HJP'Z�P'_$��P'KD:��)z�z98

�Gi�{ � + dre ��i18 ijpQKM>�=�I � � 8�{-]�l�]ANQ= � <W8 � P'KMP�BMBM= ��{�8�{-=h]�lrI�NQNQ=?NQ= ��H.8 HJI�[h[hI�Z0I�RMI �
XD8 � I�N)BM= �}{
8�mJ8���I�XY[?]AK��}I�NQq�³
8�HJ]A[hI�>Q8)ijI�>ANQP�Bt=hZ �QP'[hqwR�IrNQq � I�KMI�q&I0X
KM]�BtIrBt=?]ANu=hNuZ�[hpQR¬BtP�KMR�]�x�>)I�[�I�|w=?P'R�8 ���
� �WeO7}eQ�Ue)7����YeAeAS ��v9P's9BtP'_.��P�K
7�dAd�ew8

�UV�vw±��AdAS � \J8�VWx3K`]A_g_aP�K�� �.8�v9sQKM=?NQ>AP�[ ���-8��.8�±WN � [?=hN���I�NQq©i18 ��pQ��P'[h>AI�R'8gHJP��
BtP�Z�Bt=?NQ>�RM@w]9ZoLCknI0l�P'RE=hN�Z�]ARM_g]A[?]A>A=hZ'I�[�RM_g]Y]�Bt@QP�q�s&I�K¬Bt=?Z'[hP�@)X9qwKM]YqwX �
N&I�_g=hZ�R�RM=h_.pQ[�IrBM=h]ANwR'8QJML>A3�-O ��TAS)z9�;:A:�T	��:�Tw:��wi�I�K`Zo@�7rdAdASw8

�Gvwm^H + dAS �¢H.8 ��8�v9s�P'KM>�P'[ �
XD8�m­P0I�N�� �
8�H�]AKMP � ��i 8HXE8 ��]A[;BoI � \J8�<W8�m­P'NQNQP�BMB��
{�8���=hNwRM@&I0k � �D8��AI�KM]�RM=hL �.±	8�³�]A_aIrBtR`p��
<W8�V�I�>AP�����8 �.8-V�P�=hKM=?R��
<W8 ��P'K`qQP �Y\J8)m^I�KMNQP�R��Yi18A�JI�[?s�P�KMN��RXE8)v�8A��=?[h[ �r��8)³�]A>�pwB �Oi 8)<�=h_g]AN��
v�8 v�8�ijP�X�P'K�� ��8 ��qQP'>)IrKMq�� {�8�v�8���pQZoL�P�K����w8�<W8��1P'=?[�I�Nwq���±	8��1]A[ �
[�I�ZoL ��I�NQq�±�8�<W8 �1KM=?>A@)B08�� =h[?LY=?NQRM]�N�ij=?Z'K`]�k^I0lAP$��NQ=hR`]�BtK`]As)XjV�K`]A��P
� � ij�JV ����@QK`P'P���P0I�KMX	P'R`pQ[?BMR'��� _asw[h=hZ'IrBt=?]ANQR�x3]AK�\^]ARM_g]A[h]�>�XA8j�?�SRT4UD
�-"�./�0�;��9�)�"�425;"�6�%7����4U��.U"��+i�I�K`Zo@b7�d�dASw8

�Gvw��d)7�� �$8EvYsQKM=?NQ>AP'[.I�NQq <W8���P'K`N !OpQ=hR¬B08 \^]ARM_g]A[?]A>A=hZ'I�[ERM_g]9]rBt@QP�q s&I�K`BM= �
Z'[?P$@)X9qwKM]YqwXYN&I�_g=hZ'RJRM=h_.pQ[�IrBM=h]ANwR'�nBt@wP$P'N)BtK`]As)X�P�!YpQIrBt=?]AN�8,JMLNA��-O �
TATATw�US�e)�	�9SAS�e � ��pQ[?X�7�dAd)7Y8

�GvQij�AT � v�8-vYZo@Q=hNQqw[hP'K�I�NQq ±�8JijpQP�[h[hP�K'8�v9=h_.pQ[�IrBM=h]ANwR�]�x
Bt@QP©P�lA]�[hpwBM=h]AN ]�x
>)I�[hI}|YX Z'[hpwR`BtP�KMR�8�:A:�8�H�X9NQI�_a=?Z'Rj]�x$Bt@wP©=hN)BMKtI�� Z'[hpwR`BtP�KC>)I�R'8 ���
� �
7AzA79�;:�T)zP�=< �&i�I0X�:��A��Tw8

�Gv9swKtd)F�� ��]A[hLrP'K v9sQKM=?NQ>AP�[ 8Y��@QP^Z�]ARM_g]A[h]�>A=hZ'I�[)RM=?_$pQ[�I}Bt=h]�NDZ�]9qwP^>)I�qw>AP�B �¬798�J�L?%
A��8O �+TASreQ�?:�:�d)F+�Q7�dAd)F98

� ��±�d�T � \J8 ��]A>rB-I�NQq��-8��.8�±WN � [?=hN�8JijP0IrRMpQK`=hNQ>¡BM@QP$Z�[hpQR¬BtP'KJ_¡I�>�NQP�BM=hZ-�&P'[?q
s�]�k­P'K�RMs�P'Z�BtKMI�x3K`]A_ � I�KMI�q&I0XyK`]�BoI}Bt=h]�Ny_¡IrsQR$]�x��J��P'[?[^e)dAd+������P�[h[
7�SAT�egI�Nwq��	X9qwKtI��.8Q���
� �&eQ:�79�GTAz�T��9TA�AF+�wH�P'Z'P�_$��P'KJ7�dAdATw8

� ��±�dAF�� \J8 ��]A>�B�I�Nwq �-8w�.8+±WN � [?=hN�8�� mnI0XAP'R`=�I�NClY=hP�k²]AN � I�KMI�q&I0X~K`]�BoIrBM=h]AN
_¡IrsQR vYP'P'=?NQ>JBM@QP­_aI�>ANwP�Bt=?Z�s�]�k­P'K R`s�P�Z�BtKMIJ=hND>)I�[hI}|YXEZ'[?pQR`BMP'KMR�8����
� �
e)T�eQ�US)z	�9z�S �w��sQKM=?[�7�dAdAF98

� - � d)7�� v�8 ���w8#-JpQP I�NQq -$8 � V�8 �1p�8 \^@&IrNQqQKtI -.�"X�I�X ���QRMP�K`lrIrBM]AK`X ���+�
RMP�K`lrIrBt=?]AN ]�x$�.:�SA���w� ��P�k HJP�BMP'KM_g=hNQIrBt=?]AN ]rxgi�I�R`RbHJ=hR¬BtK`=h�QpwBM=h]AN
I�NQq§\^]A_asQI�KM=?RM]ANuBt]1<�P'NQR`=hNQ>©ijP'I�RMpQK`P'_gP'N)BtR�8 �����+��F�z�Sw�;:�FA7	��:�F�� �
v9P's9BtP'_.��P�K�7�d�d)798

�AF



� � �a�C� � ��� � 
 � �	�
�

� =hK`R`B���k^I�N)BaBM]1BM@&I�NQLuH�K'8´³-[�IrpQR�HJ]A[hI�> x3]�K$Bt@QP =hqQP'I ]rxJBt@w=hR
k^]�KML I�NQq¥@Q=?R
>ApQ=hqQI�NQZ'P~BM@QKM]�pQ>A@u=?B'81��[hR`]b@QP�NQP�l�P'K�>A]�B.Bt=hK`P'q I�NwR`k­P'KM=?NQ>�_.X !OpQP�R`BM=h]ANQR�IrNQq
sQKM]�lY=hqQ=?NQ>�@QP'[?s�k	@QP'K`P$�­NQP'P�qQP'qj=?B08

�nIr[hRM]�k^I�N)B�BM]gBM@&I�NQLCVWKM]rx 8nHJK�8 �1]A[?x3>)IrNQ>���=?[hqQP��QKtI�NwqwB	x3]AK�RMpQs�P'K¬lY=hRM=?NQ>aBM@Q=hR
k^]AK`L+8

��I�_ >AKMIrBtP�x3pQ[�x3]AK	Bt@QP�s�]AR`RM=?�Q=h[?=?B X¡BM]ak	K`=?BtPEBt@w=hR	Bt@QP�RM=hRJIrB�Bt@QP$i�V���8�� B�knI�RJI
>AKMP'IrB�P'N)lY=hKM]�NQ_aP�N)B�x3]AK�RMZ�=hP'N)BM=?�&Z-k­]AKML+8

� pQK`BM@QP'K`_a]�KMP/��k^I�N)B.BM] BM@&I�NQL�HJK�8�\^@QK`=hR¬Bt]AsQ@©V x3KM]A_g_aP�K�x3]AKEsQKM]�lY=hqw=hNQ>C@Q=?R
ij��\n� � NYpw_$��P�K�qwP�BtP�Z�BM=h]AN RMZo@QP�_aPr8

��qQqQ=;Bt]ANQI�[h[;X-_.XDRMs�P'Z�=�I�[OBt@&IrNQLOR >A]JBM]-I�[h[Os�P']Asw[hP­IrB�i�V��§=Ok^]AK`L�P�qaIrNQq.BoIr[hL�P�q
k	=?Bt@��YP |9RMs�P'Z'=hI�[h[;X
�JNwqQKMP'I�R�i�IrKMP'L$x3]�K�_aI�N)X
=?NOBMP'K`P'R`BM=hNQ>�I�NQqgx3pQNQN)X�qQ=?RMZ'pwRMRM=?]ANQR�8

��S


