
� � 28 _�� 3 E D�m�8�D� Vol.28, � No.3 ��� 2010 ; 9 � PROGRESS IN ASTRONOMY Sep., 2010 ��u~U^�1000-8349(2010)03-279-11

℄��m|frYq�hj��� 1,2

(1. 2ef9}�qmFn4Æ%zs996��D�Æqm 200030 � 2. 2ef9}�>U�}Æ"H 100039)}{�OYFI�r87 N ��#(7�f
#xZV�#xZ X u�a�u-�
KC[x�
L−M [4] ��RX) (0.14, 0.3) 3W/�MJ X u��"��e 3× 10−19J · s−1

· cm−2(g
Local Cluster Substructure Survey +�e LoCuSS [1]) 
x-�#xZF*�ufF55�

Ray-tracing �#(7%�o��℄P!v (��R�x�u(A) 
 COSMOS $M#xxC*~JSP
[�(7>O"#xZEMQd0�
\� (� L/W > 10) U~���PY�#(7y0�
`�/y℄PaC�OYaC3EM�RX).�y0�
��.wf%b����R
SP%aCC*)�HbKiAb1!
SP��Q3"'��aC3
AbL^|SP��e 3.22+2.73

−1.47 × 10−2 �\ a X�r87�#xZ�^|SP�sZe^�P159 ��� uwVog�A
1 �_��?NX�ZYr��q76N��f Ωm,0, σ8 �$q7w_�;V	'Z℄j5wÆ�Xt�\O5
	"wYhl,�p�	E,� �$q76N�	Op+P%&��DL	q76N�
��~w^�pÆ"wY	L4;+�fw,�"wY	�$��2J	p,W�^� [5−8] ��4Æk1!78��K℄{RO	�a��p [9,10] ���w,�"wY/*�wXi- (f L/W > 10) 	[��"wV�	A��)k��te"wY	K℄{RO��tq76N�	$OZw��V1�"'6/T}	w,�"wY	K℄{RO��t�#\O/	*}�B)-5�o8,�+q76N�	/-�d�Pr�n\O-5��~JGg5F^�'6.7\O (f Subaru `zO	 LoCuSS !�� p[nl�2009-12-04 � z_nl�2010-01-18`bxi� e$K`f9��H=�/ (10533030, 10821302, 10878001); 973 �/ (2007CB815402)



� 280 �������C�l�7�C��������� 28 _��) 	L45
�a�-f\O`B� X t����	"wYE)�U�Le��#Lw"w	+, (w��'�t�Q)[11] �)k	5��/��"'6/%�;J9�fxteq76�"'6�e	"wYoV. X t����	E)t\O`B�U�fxLe COSMOS "wV��Xt-5	"wYE)B) Ray-tracing ℄{RO'6���`B2"wY	�aRO���
2 COSMOS <E%N$y� Ray-tracing Z�'6/�#LwLe	� COSMOS ;B/jA5h`zO (Hubble

Space Telescope) E���� (Advanced Camera Survey) \O��	"w�o ew[i-
SExtractor [12] �$~ 2�/�BW	V��XB)ir���>t�Eu 0.05

′′ 	"wV��0 2WÆyael℄{RO	=T [11] �d�P���'6K℄{RO\O�DA-JF^	"wV� u (fw��'�) �(P
-J5���#L"wV����/�	4FSk��V-J��"w	 (O`) �Q�"w	�Q u�10	BUh*t COSMOS O`�Q8/	h*�><��	 [3] �?8'TF� I ?!�l 25 mag (AB ") 	"w	O`�Q��$1'ael℄{RO'6	#L"w	�$�B)��+��ael Ray-tracing '6 I�o 
01$�8V�R
A/� (Masking) �\g0�D�l"w	V� (f�") U�0�"w\hl&�('Z	
"���l��o 
-J$-j"w'�B)4t�BLI=gXi-wl 10(L/W > 10) 	"wV� (T'K℄{ROSe�nyZ[��	"w�)�\d��V��'o rd��K℄{RO\O'6/T}	�q(�)DF^	℄{RO���P��o ��DLBW	�1yjJ45�	~ 600 8V��

W 1 COSMOS 0kBa{P0F���� (HST/ACS) M9�V3
#xW�X2�K}�{9b|R CCD �NK�%Æ2�66�Gv 0.05
′′ 	



� 3 E FD:�aC0L^|SP
�#(7 281��8V�$a	BW_�d 4
′

.7 × 4
′

.7 ��a�n~ 500 IT��Qt�$h*	"w�� t�X	h^/��8V�1y�jL�	h��=jL�	Q3�o Jh4?�V�1y	h�Gg5�\g����L8fV 1 0E	V��=1�8V�	"w�$�quo	 500/22 �/34�>E� 500/15�/34��~ 34/ �/34 ("w	�Q�'��w�	℄?4F uTN�k� [11]) ��~ 600 V�/�(�I5e 100 8Sdo R Ray-tracing℄{RO'6	#Lw (,� 5 �) �hl℄{RO���#Lw�Q	Æ5w [13] �o 1�I�QW( (zl, 3] 4dw~ 50 I�W(���Q (1.5, 3) .��� ∆z/z = 0.1 o�4W(���Q (zl, 1.5] .�� ∆z/z = 0.05 �4W(�F/ zl dRO"wY-�	�Q�OX"w	O`�Q�1���I�Q�W(2	"wPdLIw�%�� Ray-tracing	'6/�o 1$�LIw�%�B) Ray-tracingZ�'6��EgU��P%{)F^	;f�V 2 �LIw,�"wY$L8 COSMOS "wV�/	+I(�WtB)K℄{ROSe�-Z	��nuo	"wV�y=(Z	-5V�qV 2 /�gURh�d�"wYP��=E	L"wa'DL^��1wtny�(P
gU*�j�V�TJ'nyZ�5wXi-	[��

W 2 W 1 0K5#x (|n) oG(JM(7#xZ^|4(.[� (n) z>
<gW}oZ
wÆoZ
6<{9UR%z[� caustics w critical <�Z
	
3 N A�$)8q76	 N ?�"'6�h��	=)	 P3M ^3T}	 [14,15] ��"'6/Le	� ΛCDM(F/� Ωm,0 = 0.268, ΩΛ,0 = 0.732�uda�D&� n = 1) q76'&��+R�D8 σ8 = 0.85�0�q CMBFAST [16] !7!&����"'6��1Xd 600 h−1· Mpc 	x/?2^Z�F/�n� 1 0243 I,�d 1.5 × 1010 h−1 · M⊙ 	�p,zI�zInzI



� 282 �������C�l�7�C��������� 28 _�(℄{Se	i	\Id 30 h−1·kpc �jAW� h d 0.71 �o Le FOF (friends-of-fiends) :�Y	/-1
E	�p,zIW�ZY��"wY� FOF /-/zInzI(	�7X� b LeJB" 0.2 ��#,
EzI	Pw.dzI�a(^	 0.2 &�"wY	/�hY	�5P��`��"wY	fs�SJhU7*'& [14,18,19] !&���fs�S2zI	L,��Xd"wY	fs,��te?,�V. X t����	K℄{RO"wYE)�
4 X v	Æ��G+

Stanek b [4] � Reiprich t Böhringer [17]  ��;y"wYJ�!'&>e�P*}	 L − M JBT	�
L = L15,0ρc

s(z)Mp . (1)F/�L15,0 ���Q z = 0 i,�d 1015h−1 ·M⊙ 	"wY	`�� ρc(z) ��Qd z �	q7
?$��q"wY	J�!'&e*�gU�� X t�`�(Gq7
?$�3		Zw��� L ∝ ρ
7/6
c (z) [20,21] � Stanek b [4] tew& X t�;B REFLEX(BW.

4.24 x?3) 	"wYE)�� ΛCDM q76 (Ωm,0 = 0.24, σ8 = 0.85) #L|��LN�	6y"�0 4:d� p=1.60±0.05, lnL15,0 = 1.92±0.08, σln M = 0.21±0.06�q	 (1) ��`�	7F?R� σln L = p× σln M = 0.34�_(�o Le	q76'& (Ωm,0 = 0.268) t/ Le	'& (Ωm,0 = 0.24) =2^℄�L�011LN����o 	q76'&|�;:�N� p � Stanek b
&e�N� p U p ∝ Ω
1/2
m,0 	'	Oplq76N��\(��Le	q76j'|�N� p 	"a?,�d p = 1.69 ���q"wY,�?�� X t�`�	T	d�

L = L15,0ρc
7/6(z)M1.69 . (2)�NX'6"wY,�?���	`�p�t REFLEX 	`�p� (k� [22] /V 1) S�-5����rR.2:y���r (,V 3) ��E`� �hl��"'6?�	�+�w,�	"wY�.-5s��)(���5w (frR�-
) �>W�d�2l-5�`�p��Le�n/ L)	jAN�"� H0 = 50 km · s−1 · Mpc−1 �hl"wYqo __2WIz��#\O�	"wY X t�`��Jhq76�Q	�q)� X t�`�?���O`�-JJh�Q���� K ���

Lobs = K(z, T )Lrest . (3)F/� Lobs t Lrest 4:�\O�	 X t�`�tF)�`�� K(z, T ) �d K ��\I�� REFLEX "wY;B/� K ��\I	6yT	gU8
d [23]

K(z, T ) = (1 + (1 + lg[kT/5keV]) · z)1/2 , (4)�s	 T �"wY	j��0gUq"wY	,� [24] teJBZw�
kT = 6.5(h(z) · M)2/3σ8

−5/3 keV (5)
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W 3 (7#xZ
 X u�a�q� (|n��) u REFLEX ℄P<g (n/�) 
.6WX2 REFLEX �^Q�Zrn� [22] �X 1 2���ÆsS�{9C"sS	���T�"wY	`� Lobs �Jh�5�a�4F�U`�^qd�S	U%p	/-�g*}V� X t��� f �
f =

Lobs

4πd2
L(z)

, (6)F/� dL ��&xq76'&|"wY�Q z i	`�^q�NX LoCuSS "wY5
	 X t����� 3 × 10−19J · s−1 · cm−2 �q�"'6	DL�Q�e/5e�?���Up	"wY�=h0 OZelGa`B	"wY,E)�℄?R-f|��;�	"wY,� M t�Q z |�&x X t�`�	4F p �N$��64F [4] �
p(L|M, z) =

1√
2πσlnL

exp
[

− (lnL − lnL)2

2σln2L

]

. (7)qp�2e/���`�J_$�	7F?R σln L = 0.34 � LoCuSS "wY	�Q4F.d [0.14, 0.3] �5
�!�Q.2	 3 I�"'6�e�0 	�Q4:� 0.168, 0.229t 0.293���I�e/���/^ (2) �!&�I'6"wY,�$a	�a X t�`���� lnL�NX`��N	$��64F�(�T}?"wY	 X t�`��NX/^ (3) t
(4) �$)�`�S�a	 K �����\O�T7w|	 X t�`��qT�"wY	�Q!&$aq76j'|	`�^q�P�te/^ (6) ��0 	 X t�\O���d�+s(�rRT}	Æ�B)� 1 000 n�E	(�h^�I5eYh 50% A��N��� (3× 10−17J · s−1 · cm−2) 	"wYOZelV.`B	,E)�0� 3 I�QW(� [0.14,

0.198 5), [0.198 5, 0.262) t [0.262, 0.3) 2	�.4:d 139, 10 t 1 �NX`B2LJ4	?�Æ�"'6x/??�	-v� 7.25%, 12.55% t 12.76% ���--Ga	"wY�.4



� 284 �������C�l�7�C��������� 28 _�:d 10, 1, 0 �1OXq,E)/I5$a��	ROoV.'6\O`B�L�U���E)/"wY	P�,� (� 4.42 × 1014 h−1·M⊙) d|��V.�℄LI,��	,E)�eo'6�\OE)AU,�Sd5
7F�	Sk�0�jI�QW(2	"wY�.4:d 139, 82 t 43 �gU*��$l���	E)�?E)��QW( [0.198 5, 0.3) /�nP'	5�,�	"wY��)��	,�4Fp�R:5w (,V 4) �

W 4 X u���F* (|n��) u-��F* (n/�) 
-�5GWX2� 7.5 j�7�im X w
���H,&�S z = 0.229 j%z[�m7>F� 7.0 j�.�9#	\�	
5 Ray-tracing v)8bD1�M_}TQB,���K℄{RO	�"'6/�Le�We	 Ray-tracing /- [11,25] �0�=T#Lw"w�JhRO"wY	℄{��fxZ�	L4/-���"'6�e	"wYSdILRO� COSMOS "wSd#Lw�e Ray-tracing 	/-B)℄{ROZ�	'6�gUoN!�nZ�T}[� (giant arc) 	�a�.��?"wY	K℄{RO�a���"wY	p,4F_��$lROnw (	q76^q����gULer	 “�RO” &x��"wY	-jp,�4F�LL�%2�"wY	p,4F=D�℄a�	U'4F�(�Zjf\U�4F [14] �\(DL	P/�g5℄�2WDL	)f�%p,4FSk�q(!7ÆRO	K℄{ROZ�����JVo $DL��/�	"wYK℄{RO��4:B)e��d�*	�A$"wYjIP℄z8+	k!/� (x, y, z) Sp,4FP�V.DL	)f�%,�4F�=$jIP/�4:B)℄{RO�"'6�!&LI/�	Z�����jI/�	Z�;f��#N!ir/'�djI�x"wY	℄{RO\O�(�q COSMOS 	 575 8/5[ 1008Sdz8��F/	"wSd#Lw���IP/�



� 3 E FD:�aC0L^|SP
�#(7 285�)f,�4F�ZLIRO�$� 100 8"wV:LB)℄{ROZ��d�Pj��<B�8"wV��I�RO4:$�8"wVB) 10I(�Wt (~��/34) 	Z�'6�Ua4te�8Vp	"wV��X��I"wY\F,��p,4FtP/�	DL�℄{RO��R:~w���℄{RO��*}��	u\ L��℄�hl℄{RO��~w^�pOpl#L"w	;+�f�Q [11,13] �'� [11] t�$���K�T}��	5Ju\�d�j���+�"'6/	(��� (~ 10%) �o 01$�IP/�(sB) 1 000 n℄{ROZ�'6�� 1 000 n'6-Z	V�/��e-jXi-wl 10 	V�SdK℄{ROSe�-Z	[��N!0	�.=gULU	'6n����?P/�	�aRO�����p%	/-�$jI�QW(2	"wY,E):LB)℄{ROZ�'6����I"wYjIP/�LJ	℄{RO����Ih^-Js35'	!&�(�\d-JB)w�	℄{RO\O'6����	,E)/Uj 150 I"wY�L!	'6\On�~d 5× 105(150× 3× 10× 100 = 450 000) �NXLI�QW(2-J4F	"wY�.�qp%V.	,E)s(�5[$a��	"wYP/�oV.'6`B�>W�(�5["wY	h^/���I"wY	DLP/��d^℄�x	��LIP/�	℄{RO'6�d"wYLn�#\O�d�2�(�rR�B)� 1 000 n�E	(�5[h^�oV.'6\O`B�=!&�I`B/"wY	�aRO*}���`B2�I"wYgU\O�℄{RO�a	���;ffV 5 /	{mY��*�'6\O`B2	�a℄{RO�agUT}5w	�� (~ 20 &) �gUq~ 0.01 I[��"wY3	�~
0.18 I[��"wY�� 1 000 n	'6`BV./�B2"wY	�a℄{RO��/h"~d 0.032 2 �q/h"�p��|�m 68% �X�	RO��4:d 0.059 5 t 0.017 5 �

W 5 1 000 o℄PaC(7W/
^|SP+~ �5GW (|n��)}o�
{9^QE4%z[N`~UR���2i%Æ}o0
{9 68% #l�q}�	Æo0
Mg.��%z[-H,�Æ 1 000 p*9EX0��`~UR��6HX	



� 286 �������C�l�7�C��������� 28 _��℄�1,��E)Sd,E)�LEJh 1 000 n`B	'6������?4Sk|℄{RO��	4F�fV 5 /	�m.�����5E�Qi [0.198 5, 0.3) --Ga	"wY�.2Ws���	R:d_g,�� &NX X t���5	E)t"wY,�5	E)	�a℄{RO��t�5w	R[�-J��#\O/W:$|�
6 M=p:��&x	q76#Lj'|�)kte�"'6�e	"wY,�tJB	 LX − MZw���;�,�|	"wY� X t�?!	�a`��&x�Y�	,�t�Qi�"wY	�# X t�`�jL�	"k�P�N$��64F�Ol$"wY	`�%hL�	(�������I"wY$a	)�`��hl`I��u IJh�q76�Q�-JNX"wY	�Qt,�$`�B) K ����)�`�?��\O�T7w|	 X t�`��NXLI"wY	�Q!&0 	`�^q��\O�T7w|��`�a��4k�U?`�^qd�S	U%p���\O��� X t����d�U�Pr�n\OS-5�5
n REFLEX E)LE	 X t����� 3× 10−19 J · s−1 · cm−2 �Sd5
"wYE)	���+���I�"'6�e/�5[��I��� p	-j"wYSd,E)�1��"wY�jIk!/�4:Pd�RO�te Ray-tracing 	/-$ COSMOS /(�5[	 100 8"wV/	#LwB)℄{ROZ�'6��e-jT}	[� (giant arc) ��Xi- L/W > 10 	��N!�IP/�	ROZ��� (�n'6\O/T}	�a[��.) ��"'6x/?1X	U�_�d 600 h−1·Mpc �101��Q z = 0.3i	�3^��'6`Bw���3~d 41◦ �OX�"'6�e (	�a�Q�1�Q.d [0.14, 0.3]	\O`B4djIWt�� [0.14, 0.198 5), [0.198 5, 0.262)t [0.262, 0.3) �(l�IWt-JGa	�.��NX`B�J4Æ�"'6x/?	?�-vo4<�I�Q.2	"wY�.��e�jI�"'6�e/	"wYDLP/�Sd�x	RO"wY���$aWt2--5[	"wY�.o(�Ga0 ��LnGa�dLI'6\O`B	���N!`B2ROT}	[��.���'6`B2�I"wY	�aK℄{RO���Jh 1 000 n	'6V.���`B2�a	℄{RO��d 3.22+2.73

−1.47 × 10−2 �?/-gUel'6℄{RO\O��'6/��	℄{RO��n\OE) (f LoCuSS) /*�[�	��S-5�q(gU$q76N�SL�	�+��_�o 	QSd_j2'g�B i�� Ray-tracing��Ae��"wY2	,����/�p	P��j�m��/�p"wY℄	p,��IE!	ir/-)z1$℄{RO��yorR�NX Dalalb 2004:	=TQS [28] �P/�p	F/p,$w,�"wY	RO8%	Æ�l 5%�?J4	Æ�)gU���LoCuSS 	\OE)�h SUBARU`zOB)`6\O	�0	 I ?!��"gU� AB" 27 mag�hlO`�Q u	�+�k/Le	 COSMOS"w	��"'� I ?! 25 mag�Gaob [11] &e���"	DL$"w	w���Qt'�4FÆ5w�q(!7Æ℄{RO���vf�P{	��"��%E�Q"wt5\"w	-v (fV 6, 7) �
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W 6 COSMOS 0 I �"��#Æ5;e 25 mag [11](|n��) u
27 mag(n/�) ��F*0#x
�R5G.6���IL"wYp,4FD3	Sk|���	�%1sB[�	'Z�q(>E"wY	K℄{RO��������Æ	��;frD�~Rh��)n\O;f-5�yoD^�+�KMF^�+q76N�yol1�d���PF^	;f�-J~�#L"wE)	��"%{� 27 mag �gl ℄�`BV.	/-
gUSBLI	�B�)kLe	

W 7 COSMOS 0 I �"��#Æ5;e 25 mag (|n��) u
27 mag(n/�) ��F*#x(A
5G.6
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[23] Böhringer H, Schuecker P, Guzzo L, et al. A&A, 2004, 425: 367

[24] Evrard A E, MacFarland T J, Couchman H M P, et al. ApJ, 2002, 573: 7

[25] Li G L, Mao S, Jing Y P, Bartelmann M, Kang X, Meneghetti M. ApJ, 2005, 635: 795

[26] Fernández-Soto A, Lanzetta K M, Yahil A. ApJ, 1999, 513: 34

[27] Vincent R A, Ryden B S. AJ, 2005, 623: 137

[28] Dalal N, Holder G, Hennawi J F. ApJ, 2004, 609: 50



� 3 k FD:�aC0L^|SP
�#(7 289�
Strong Lensing Simulation in a Light Cone
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(1. Key Lab for Research in Galaxies and Cosmology, Shanghai Astronomical Observatory, Chinese Academy of

Sciences, Shanghai 200030, China; 2. Graduate School of Chinese Academy of Sciences, Beijing 100039, China)

Abstract: Mock clusters from a high-resolution N -body simulation have been used to investigate

the mean lensing efficiency in a light cone. The empirical relation between X-ray luminosity and

cluster mass, i.e., L − M , is converted to the adopted ΛCDM cosmology to obtain the mean

X-ray luminosity of the simulated clusters. Given a log-normal conditional probability distribu-

tion p(L|M, z), the observational X-ray luminosity of the massive cluster can be well mimicked.

According to the cluster redshift and the cosmology, the observed X-ray flux can be measured

after the so-called K-correction. Chosen a certain flux limit, e.g., 3 × 10−19J · s−1 · cm−2 as in

Local Cluster Substructure Survey(LoCuSS), a simulated flux-limited cluster sample which con-

tains 150 clusters in total can be constructed from the simulation outputs in the redshift range

of (0.14∼0.3).

Clusters in this flux-limited sample are taken as foreground lenses to look at 100 randomly

selected tiles of the background Cosmological Evolution Survey (COSMOS) galaxies, whose prop-

erties (i.e., redshift, size and ellipticity) have been well investigated in Gao et al. (2009). All these

real source properties are included in the lensing simulation to pin down the uncertainties. Three

representative lines of sight are explored for the strong lensing probability, which are aligned with

the directions of the simulation box sides. For each of the three orthogonal projections of the

clusters, 10 random regions among each source tile are lensed by foreground gravitational field.

Since there are 150 clusters in the parent sample, 4.5×105 mock observations in total are carried

out in the lensing simulation. The lensed images of L/W larger than 10 are considered as the

giant arcs, which are counted to get the mean lensing efficiency for each projection.

Based on the scale of our simulation box, one can construct a 41◦ light cone, which is divided

into regions in three redshift bins following the simulation output redshifts. The number of clus-

ters needed to fill the light cone at different redshifts is calculated according to the volume ratios

of the three regions to the simulation box. One thousand random selections of sample lenses

are implemented to realize different observational light cones and the mean lensing efficiency

averaged from all the simulated light cones is found to be e = 3.22+2.73
−1.47 × 10−2, which can be

compared with the result in a real lensing observation, such as LoCuSS, once the number density

of background galaxies is properly normalized. A mass-limited cluster sample is also generated

for comparison. The difference of mass function and light-cone lensing efficiency distribution from

these two samples has been clearly shown.
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