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/GUC�ÿþ¤§Lj
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2 Úåßº�{¤uÐ!Ä�nØ9�'CqÚnØ#À�

2.1 Úåßº�{¤!uÐ{�£�

�Ä�4�k©z�ÑÚåßº�uÐ{¤£cÙ´CÏ�¤§�!{�éÙ?1£�"

�u�Ì§ØU�ÑÚåßº�z��?Ð[!§�Ì�0�*ÿ�¡�?Ð"k¿g�´§

@32Â�éØ�cÒ®²k1�²L��NC ò=Úåßº�g��Þ"�
@Ï�²
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©z"Ñ/Jå§·�Ø���Ñë�
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[11, 14]
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1704c§Úî(Newton) Äg3¦�ãÍ51Æ6¥?ØUNÚå¬��1���¯

K"

1784c§k©&N(Cavendish¤}Áæ^ÚîåÆO�Úå���1��"Ì�g�

´Äu1��â`§r1��¤k�þ�âf|¤§¿�ù
âf±1�$1"

1804c§¢4�(Soldner¤1�gJÑ1�²L��¬u)���{"¦ÄuÚîåÆ

O�Ñ1�²L��L¡���Ý´0.84′′"

1911c§32Â�éØ¯�c§OÏd"(Einstein)E,ÄuÚîåÆO�Ñ0.83′′�

 ò�"¦Oy31914c�F� �ÿþù� ò�§��1�g.�Ô�ä"

1919c§O¶î£Eddington¤Ú�Ü£Dyson¤ÄgÏLF� �yù� ò�§2Â�

éØýó ò�´ÚînØýó�2�"¯¢þdgÿþ�Ø�'(J���§¤±´Äy

¢
2Â�éØ�´��k�Æ�¯�"ÓcâÛ£Lodge¤�Ñ2Â�éØýó�1� ò
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¬�)Úåßºy�"

1922c§uÊ��£Gampbell¤3F� Ïmé ò��
�°(�ÿþ§��� ò

�´ÚîåÆýó�2�§ù�2Â�éØ� ò�ýóâ���ª(@"

1924c§ûZâ�Û£Khvolson¤5¿�Úåßº�U�)V�"¦Äg?Ø
��

µ!cµßºÚ/¥°(3Ó�^��þ§¿�ålÜ·�¬�)���7�µ��/

ã�"

1936c§OÏd"äNïÄ
Úåßº�±��/OÏd"�0��¹"�,ûZâ�

Û1�g?Ø
ù«�U5§�duOÏd"�ã�%"ÚK�§�<�´rù�(J��

w¤´OÏd"�ýóÚ¤J"

1937c§]�Ä(Zwicky¤�Ñ(X�N´�)Úåßºy�§Ï¤��»¥�/U,

"�º0"dcOÏd"�<�	�Ñ´ð(?�Úåßº"

1964c§g�Û£Shapiro¤ÄgJÑ�mò´�A§¦�ÑùÚ1� ò���±3�

�XSé2Â�éØ?1u�"Ócad�£Refsdal¤1�gJÑ�mò´�A�±^5�

�MÇ~ê"

1979c§»��£Walsh¤�<uy��a(N��{º�§ù´<a1�g*ÿ�rÚ

åßº"

1985c§/¡"�ºuyÄ~/OÏd"�i0£rÚåßºõ�§ëå5���i¤§

��MÇ"�º2g*ÿ�§l�(@"

1986c§ø�dÄ£Paczynski¤1�g?Ø
ÕàX'¥Øu1�VUN£fVÔ�¤

���Úåßº£cµßº¤��U5§@�§�kép�VÇ�*ÿ�"

1988c§>�A£Hewitt¤uyÄ�F*��>�£C����OÏd"�¤"

1993c§1���Úåßº¯~3�ðóÔ�£�µ3Ù¥¤¥�uy"

1998c§Ä����OÏd"�£1ÆÅã¤�MÇ"�ºuy"

2000c§fÚåßºy��Ì6�{£�»}�¤Äg�¤õ�y§ù¿�XfÚåß

º�»ÆdXnØïÄ�ã?\�*ÿA^�ã"

2005c§fÚåßº�#�{£�»��§cosmic magnification¤=é�µ(Xê�Ý

�UC�Ägÿþ"d�=î£Scranton¤�<|^SDSS�3 800�²�Ý�*ÿ§écµ

�130��$ù£(XÚ�µ20��a(N�ê�ÝÞáp�'§�Ñp�&Ýÿþ£8σ¤"

2006c§OGLE£Optical Gravitational Lensing Experiment¤�ìèÏL�ßº�AÄ

guy���5.5�/¥�þÚ;��»2.6 AU�X	a/1("

2008c§MÇ"�ºuy
/VOÏd"�0§V��¤Ï´��cµUN�¡kü�å

lØÓ�pù£(X§T|ü3Ó�À���þ§��G0�¨"

2009c§�»���A1�g^ÊÏpù£(X£dc´a(N¤���µ�ÿþ

�"F��Ù=A(Hildebrandt¤Ú�a��(Waerbeke¤�<|^CARS£CFHTLS-Archive-

Research Survey¤ÑUêâ§̂ cµ(XÚ�µpù£LBG£Lyman-break galaxies¤�ê�

Ýp�'"�Ùÿþ°Ý��2005cd�=îéSDSS��»��ÿþ(J��"
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2011c§MOA£Microlensing Observations in Astrophysics¤ÚOGLEìèÜ�|^�ß

ºÄgy¢ÕàX¥%�3ê�g¤1(§¿íÿÕàXS7(���g¤1(�'ÌS

(��õ��"3"y¥%ð(UþË��§g£1(½�dß���í���1(SÜ9

þ£��5/9Ú/�¹Ä¤"Ïg£1(k�UØ¬�È(§ù�/	)·$��¦)Ô

�uyJø
�õ��U"

2.2 Úåßº�Ä�nØ

�uÚåßº��Ä�nØÚúªÑ®��?��Ö§·�Ø2Kãù
SN�[!Ú

í�§=�Ñ�Ä��úªÚ`²
[12, 13]

"

ã 1 Úåßº�AÛ1Æ«¿ã

α´1� ò�(Image1)§Dd, Dds, Ds©O´ßº�*ÿö!ßº�!*ÿö��m�ål"1�l1¶éC���/¤

rßº£Image0§XJßºN�þ�K¬/¤�ßº)§1���¥%UN��/¤fßº£Image1¤"dã=�«¿ã§ý¢�

ÚåßºÚ�¿�7L3��²¡þ§�kÄ���²¡®"�ÄÚåßº�-EålÚ =�'X��þØÓu1Æß

º£�2.3¤§Ïvkî�/�0�Vg"d	Ø
rßº§fßºØ¬/¤õ�§�¬��(X�/GÚê�ÝUC"�ßº

�¬UC�µ�1Ý
[2]
"

2.2.1  =�

éu�{ü��/§=ßºN�:�þM�Ú-Eålξ ≫ Rs =
2GM

c2
�1� ò

�£Xã 1¤§-Eålξ�1�l¥%UN�R�ål"1��C¤�F�»=34rÚå|

e�/Úåßº0Øáu��Úåßº��Æ§ùpØ�?Ø"2Â�éØýó� ò��µ

α =
4GM

c2ξ
. (1)

3f|Cqeξ ≫ Rs§ =�Ñé�=α ≪ 1§¿�2Â�éØ|�§�±��5z"ù�

éu�þ©Ù�ρ(ξ1, ξ2, ξ3)òÐßºN§o =�Ò�u��� =�£¥þ¤�Úµ

α(ξ) =
4G

c2

∫

d2
ξ
′

∫

dr
′

3ρ(ξ′1, ξ
′

2, r
′

3)
ξ − ξ′

|ξ − ξ′|2
=

4G

c2

∫

d2
ξ
′

∑

(ξ′)
ξ − ξ′

|ξ − ξ′|2
, (2)

Ù¥
∑

(ξ′) =
∫

dr3ρ(ξ1, ξ2, r3)½Â�N�þ�Ý÷»�£1���=r3¤È©��¡�þ�

Ý§(ξ1, ξ2)�ßº²¡þ�-E¥þ"Ø
À�Cq£1�3ßºN±�Cq��DÂ¤	§

ùp�Û¹
4�Cq^�£��2.3!¤"
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2.2.2 ßº�§

�Äã 1¥�Image1§3α,β, θ ≪ 1�/e£ù�´ý�õêUNÔnÆ[�Ä��Æ

S¤§�â{ü�AÛ'X�±�Ñßº�§£½¡1�´»§Ray-Trace�§¤µ

β = θ −
Dds

Ds
α = θ − α̂, (3)

þª¥α̂½Â�½' =�£Scaled Deflection Angle) §½' =��d¡�þ�ÝL�µ

α̂ =
1

π

∫

R2

d2θ′κ(θ′)
θ − θ′

|θ − θ′|2
, (4)

ùpκ�¡�¬à£convergence¤§§´Ãþjz��þ¡�Ý§=µ

κ(θ) =
∑

(ξ′)

/

∑

critical

with
∑

critical

=
c2

4πG

Ds

DdDds

, (5)

�.�þ¡�Ý
∑

critical�ûußºÚ�ål§¬à���£κ¤Ny
Úåßº�/r0

Ú/f0"��ó§κ > 1�rßº§κ < 1�fßº£Xü�(Xì�fßº§�»ÆÚO

þ�fßº��kκ≪ 1¤"κ = 1T¬�)�«Û©�Úåßºy�=OÏd"�§éA

�OÏd"���»�µ

θE =

√

4GM

c2
Dds

DdDs

. (6)

3�»Æ¥��Dds +Dd 6= Ds§ddª���µßºN�ð(�OÏd"��»�0.001′′þ

?§ùéu8c�1Æ"�º´Ø�©E�"¤±éuð(?�ßºUN§��U/¤�Ú

åßº§=cµUNÏL/¥Ú�µ�ë��ò¬á6UC�µ�1Ý"éuOÏd"

�ÚÚå1l§�U3���ºÝ=(XÚ(Xì�ºÝþuy";.��(XéA�OÏ

d"���»�1′§���/e�>"�º�©EÇpu1Æ"�º§ÏdOÏd"�¬

�k3�>Åã�*ÿ�§�5�*ÿ�y²
ù�:£�2.1!¤"

2.2.3 ��£magnification¤ÚÛ£distortion¤

ÚåßºØUC1f�ªÇ§ ò��é?¿ªÇ1fÑ�Ó§=ÃÚÑ"31fvk

�u�!áÂÚØ�ÄßººÝ�Úå³²��müz^�e§4��½n=1fê3��

m¥Åð�y
1r(I)��ØCþµ

I(θ) = I(s)[β(θ)]. (7)

=*ÿ��1r©ÙI(θ)Ú²¡�1r©ÙI(s)��"3�5Cq^�e§·��±^ä�

'Ý
£ãÚåßºéã��Û§=²¡��²¡�N��µ

A(θ) =
∂β

∂θ
=

(

δi,j −
∂2ψ(θ)

∂θi∂θj

)

=

(

1 − κ− γ1 −γ2

−γ2 1 − κ+ γ1

)

, (8)

ùpψ�ÝKÚå³§δi,j�Delta¼ê§γ = γ1 + iγ2�}�(���ü���þÛã�/

G)"¬àκÚ}�γ�±dÝKÚå³�Ñt�§Ú�� �ê(½µ

∇2ψ = 2κ; γ1 =
1

2
(ψ,11 − ψ,22), γ2 = ψ,12. (9)
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��Ïf£Magnification Factor¤é6þ£½¡È§Ï�1rØC¤�UCÇ½Â�ä�

'Ý
1�ª��êµ

µ =
1

|A|
=

1

(1 − κ)2 − ⌊γ|2
. (10)

��Ïf£µ¤��Ny
Úåßº���Uå£��U´ �¤§Úåßºé(X/G�Û

Kd}�(γ)5Ny"ý¢��»}�ÑU¥§<�ÊH¦^�z}�£reduced shear¤½

Âµ

g =
γ

1 − κ
. (11)

�»}�Ú}��«O3ucö´���ÚO5�§�ö���ü�(Xã��Û"Ï�

fÚåßº&Òéf£|γ| ≪ 1¤¿�<�Ø�U��ÃÚåßº���µ(XS�ã�/

G§¤±ü�(X�}��AA�ØU�ÿþ"

2.3 ÚåßºnØ�IOCq

2.3.1 f|Cq

Ø
1��C¤�F�»	£ùØ´�©?Ø�Úåßº¤§��ÚåßºéA�Úå

|Ñéf§Ï�±^ÚînØ5Cq£ã"I�5¿�´§f|CqØ¿�XfÚåßº"

Ï�1�E�l¤�F�»§=¦´rÚåßº¿���Ïfé��Úå|�f|Cq��

Î¤á"2Â�éØÚÚînØ���«O3u ò��\�§ù�±{ü/n)�µ2Â

�éØe�Úåò¦�mÚ�m�)����ÎÒ����§¤±¦1� ò��Ý´Ú

îåÆýó�2�"æ�
\�� ò��Ò�±æ^ÚîCq5?n§'XéA�Úå³

FÝ�\��"

l ò�úªØJuy§/Úåßº0ù�¶iÙ¢Ø´�~T�"�ÄÔn1Æ¥�ß

º§1�lßºN¥%�ål�� ò��Ò��"XJ´n�ßºN§¤k²1\��1

�²ßº ò�Ñ¬à��:£½��ò��¤§ù�´1ÆßºU°(¤���Ï"�´3

Úåßº¥§1�� ò��-Eål£ξ¤¤�'"¤±ÃØÚåßº�¤�^�õoÐ§

ÑØ�U°(¤�§�U¤�
�
��½OÏd"��"�±`Úåßº���½�Ñ

�~/�0§½��`Úåßºvk�:§��±^���O"Úåßº�¶i�@dOÏd

"JÑ§Ù¢¦�å
,	���k¿g�¶iµÚå�K(gravitational mirage)"��UÚ

åßºfå5�Ôn§¤±�2�æ^"

éu2Â�éØýó�Úåßºó§3f|CqeØ
 ò��k,�«�A=�m

ò´�A£Úå�mò´§eÓ¤"�mò´�A´�1�²LÚå|�s¤�m¬'vkÚ

å|�3��"ù�±Ï�/n)��éu²���1�²LÚå|��DÂ�ÝCú
[14]

"

�Úåù£�«O3u§´Úå|E¤�X{�mò´�A§¿ØUC1�ªÇ"2Â�é

Øýó��mò´�∆t = −
4GM

c3
lnθ§Ù¥θ´-EåléA�ÝKÜ�"���¹eθ�~

�§¤±ù�ªfc¡\
��KÒ"ù«�mò´�AéN´^¤ê�n)ºµ¤ê�n

�¦1f÷Xo�m�4��´»DÂ"3²���e§1fr���m�á"duÚå|

E¤���§1frØÓ�´»§�E,�¦1fý¢r�´»¦1§�4�£�7´4
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�¤"�éu²���§1fDÂ
���´§£ÚÃÚå|��/ek�¤ê³���¤½

��`1f3Úå|¥�ÝCú=�mò´"�mò´Ú ò���þ´���£ã§�´

3ÚåßºO�¥�
�B�õæ^ ò�£ã"

�mò´�@3��XS��y§=/X�£Å0¢�"ù´2Â�éØ3��XS�

q��²;�y"äN´X�u���>^ÅóÀ�/S1(£Y(Ú7(¤½�1ì��

£/¥"�5£�´»l��é��§��Úå|�K���ÑØO"�5£´»²d��

NC§��Úå|Ò¬\�>^óÀ�DÂ�m"*ÿ�(JÚ2Â�éØ�O�3ép�

°ÝSÎÜ"�5�»Æ[ÏLrÚåßº��mò´�A�±(½ßº�ål§2Úù

££éAò1�Ý¤'�=�ÿþMÇ~ê"

2.3.2 �ºCq

aq1Æßº��ßºCq§�éußº��µÚ�*ÿö�åló§rßº�þ

Ý�ÑØO"ù��ur÷À���þ©ÙØ ��À�R��²¡þ"éuð(?!(X

Ú(XìE¤�Úåßºy�§�ßºCq²w¤á"éu�ºÝ(�E¤�Úåßº§ù

«Cq�Ó�¤á"�ºÝ(�����)fÚåßº§Ï�féu$ù£UN£XC�(

X¤́ NyØÑ5�"éupù£UN§Ï�=¦´V'�ºÝ�*ÿö��µ�ål�

'��±�ÑØO§�ßºCqÒÓ�Ün"

Ôn1Æ�±?nþßºÚõßºy�§Ä��{Ò´õg¤�"3Úåßº¥§c

ÙfÚåßº¥§�Ä��ºÝ(��òÐ5§<��uÐ
õßºEâ
[12]

(multiple plane

lensing¤Ú1�Jlâ
[15]

£ray tracing¤"ùü«Eâ�þA^3Úåßºê��[¥§õß

º´rëY�VÔ�©Ù�lÑz©¤õ�ßº¡£Ãþ=�ßºz¤§,�õg¤�l

²¡����²¡¶1�JlâÌ�´3õßº¤��Ä:þ?1ê��[§Ó�rVÔ�

©¤õ�ßºN²¡",�©OO�z�ßº¡�ä�'Ý
§��ÏLù
ä�'Ý
é

á)Ñ1��DÂ´»"3�»Æ¥§Ô��Ý½(X�ù£©ÙÚüzé�§<�Åì

uÐå�@U��ù£&E�fßº�{§=fßº�Û£weak lensing tomography¤
[16]

"

ù«�{�g�´r(X©¤õ��ù£«m§©O�p�'§±d5(½éù£��6'

X"

2.3.3 ��Cq

Úåßº¥§1��/¥Úßº9/¥Ú�µ�m�Y�Ñ�~�"ù�3O���

ÿ§�±rßºNÚ�µ�m�Y�Cq� sinθ ≃ θ"ßºNÚ�µÑ�~��§��

CqÒ�~Ün"

2.3.4 AÛCq

�âÅâ��5§1fÓ�äkÅÄ5§Ïd1f¿���÷��DÂ=u)û�"�

û��^�´æNÔºÝÚ1ÅÅ��'[§UN�ºÝ����u1ÅÅ�§=¦´

�>Å�Ó�¤á"¤±éuÚåßº§AÛ1Æ�~�{§?Ûû�Ñ��ÑØO",�

�¡§2.4!ò0�,�«nØÀ�µlÅÄ1Æ5wÚåßºy�"3�8Úåßº�ï

Ä¥§duïÄ�5�°[§¤±�éØÓ�/qkØÓ��?Cq"XO�ü�õÇÌ
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�LimberCqÚO��»}��KSBCq�§�u�ÌØ��0�"

2.4 ÚåßºnØ#À�µÅ
¡©�

3Úåßº¥§'uÚåé1��^Lãkõ«ØÓ�ª"���ÚåßºnØÑ

´l1� ò�m©�§¯¢þlXnØ½55?Ø§·���±k,�«�ºµÅ


¡£wavefront, ½¡Åc¤©�)º"ù�N´�äk��ÔnÉ	å�)º
[17]

"lã 2�±

wÑ§evkÚåßº�3=��´²��§K�µuÑ�Ë�Å
¡��{�¥¡"�

cµßºÑy�Ò¬UCÅ
¡�/G§1�ÚÅ
¡´���§Ï¬UC1��DÂ�

�(1� ò)§�)Úåßºy�"

ã 2 Å
¡©�)º
[17]

�l/J���µu�Ñ1(Ë�)�Å
¡£Åc¤§²Lßº±�� ò�J��L1�´»"�>�ØÓ«��*ÿö§l

e þ©O¬/¤fßº£�»Æ�Úü�(Xì�¤ÚrÚåßº§XßºN�þ£ºÝ¤é�K¬/¤�ßº"

3ã 2¥§�lßºN�Å
¡A�ØÉ?ÛK�§lßºN�C§Å
¡�í?Ò¬

ò���r�"éã¥�>�þ��*ÿö§dußºéÅ
¡�ò�´Xdr�§��þ

eü>�fÅ
¡¬U\å5§Ï�)õ�½Úå1l£� �rßº¤"XJßºN�

þé�§=éA�OÏd"�ØU�©E£Xð(?¤§3ù« �Ò¬/¤�ßº"éu�

e¡�ü�*ÿö§Ï�Å
¡Ã{U¤±�Uw�ü��"�duÅ
¡/G�´UC


§Ïd����£6þ¤Ú/G´¬UC�£fßº¤"

éuÚåßº�Å
¡©�)º§·��±�XeÏ��n)"Å
¡´1�lÑu

�DÂ��:8Ü§Úå|¬ò�Ü©Å
¡�í?§Å
¡�/G�UC=1��´»u

)UC"·��±���{ü��¢�µ���/G�?¿UC�ß²���§����¡

Ú�����"4��¡���µ�É��ì���g?Å§�����ÚåßºN"

ÏL·�UC����/G§�±w��¡��/GÚ��u)UC$�õ��UÚ©

l§=ß²���UC
1Å
¡�/G¦��¡��u)Cz"
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�,Å
¡©��ºéuÚåßº��*�Ôn§��±^5éüßºXÚ��
{ü

�O�±���»Æëê
[18]

§¿�érÚåßº��Ñ��¯K)º
[18]

�´�~�B�§

�´3¢SA^¥·��õ�´l1� ò�Ñu?1ïÄÚO�"�Ï3ulã 2�±w

Ñ§Úåßº�Å
¡©�)ºéA�ØÓßºa.´�Ä���µÚØÓ«��*ÿö

�/¶3UNÔn¥§·�7Ll/¥þ*ÿ§Ïd´��*ÿöõ��µ��/¶¤

±3Úåßº�A^ÚO�¥§�õ�A^�´± ò�½�mò´£ã�Ä:"

3 �»Æ¥�fÚåßº9Ù#�{

2Â�éØäóÔ�û½��§�»¥�Ô�©Ùû½
�»���AÛ§ÏdÔ�©

Ù�Øþ!5£6Ä¤¬���µ���6Ä"du�»���Ý5�36Ä§1�Uì¢

S�ÿ/�DÂ§Ø´þ!�»¥�ÿ/�£��¤DÂ"(JÒ´ÚåUC1�DÂ�

´»§Ïd1��ßºUN���6Ä ò§ù´�1Æßºaq�Ø���Ó�y�"Ø


�ºÝ��ßº!¥ºÝ�rßº	§�ºÝþ�fßº¬E¤�µ/G�UC£�»

}�)Úê�Ý�UC£�»��)!�»�Å�µË����É5Ú�pd5��*ÿ�A"

3�»Æ¥fÚåßºÚÙ¦&��'ké��`:µ�ºÝþÚåÓÌ��^§=Úåé

fÚåßº�õÇÌ£'é¼ê�Fp�C�¤åXû½5��^"�«E,�f£íN¤

ÔnL§éfÚåßºõÇÌ�K�Ø�u1 %
[19, 20]

"ù¿�XfÚåßºÔn�~ZÀ§

�±l1�5�n£2Â�éØ¤?1O�§Ø�9E,�íNÔn�L§§ØI�²�ú

ªÚ�õ�b�"

fßºïÄéuVÔ�!VUþÚ�»ÆºÝþ�Úå5�ÑkX4Ù��¿Â"f

ßº&Ò�ßº�äNÔ�|©Ã'§��o��þ£fÔ�\VÔ�¤©Ùk'"V

Ô�q´Ô��Ì�¤©§Ó�éuVÔ��Ôn��î8EØ�Ù§¤±fßº´&ÿV

Ô�ü�£÷À�ÝK¤©Ù��óä"ÏLßº�ÛEâU?�Ú�ÑVÔ��n�

©Ùã�£�¹ù£&E¤"Ï�fßº�&Ò�ûu�»�ºÝ(��üz§(��ü

zqÉ�VUþ�ã�K�§¤±fßº�¤
&ÿVUþ�'�å»��
[7]

"Ø
VÔ�

ÚVUþ§fßº��2Â�éØ3�ºÝþ�ýó§Ïd�´�»ÆºÝþu�2Â�

éØ���Ãã��
[8]

"32Â�éØ�fßºuÿþ§Ü+#�
[23]

JÑ
�«Ï#��

{µ̂ Úåßº�AÚ(X�Ä�Ý�ù£ÆC�A�'�£EG¤5&ÿÚå5�§=�º

Ýþ£ãÚåA´2Â�éØ�´?�ÚåØ"ù«�{;�
(X $ÏfÚÔ�6Ä

�Ï��K�§���&ÿÚå�5�l3�»ÆºÝþu�2Â�éØ"2010cX�

d
[24]

�<¦^Ü+#��{��éÐ�ÿþ(J: ¦�|^SDSS�7��LBG£�ù(X¤

31081cºÝþ�y
2Â�éØ§3ép�°ÝeüØ
õ«?�ÚåØ��U"�3?

1�£LAMOSTÚBOSS�¤ÚOy¥�£BigBOSS�¤�8ò¬wÍJpÜ+#�{�ÿþ

°Ý§l�±31%�°Ý!ù£z = 0 ∼ 2!AZ��A·1c�ºÝþu�2Â�éØ"

fÚåßº!(Xù£ÆC!�»�Å�µË� �Úf(Å����»ÆÌ�&��T
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|Ñ3�VÐ�¤õ&ÿ§ù
&�|Üå5ÒrUNÔnÆ[�\
°(�»Æ��"

3.1 fÚåßºÿþ�Ì6�{µ�»}�

fßº�Ì6ÿþ�{´�»}�§=ÏLÚOþ�µ(X�/GUC5ÿþ"3vk

cµßº�§(X�/G©Ù£ýÇ¤́ �Å�£nØb�¤§ùÚ²dßº��(X/G©

Ù'�=��Ñfßº�5�"äN/`§}�´÷XÀ���þ�Ô�©Ùépù£(X

¤�)�fßºy�§=Úåßºé�µ(X�/G?1
ÛlUCÙýÇ
[1, 11, 12]

"Ú

O¿Âþ��µ(X/G�Û=��»}�§Ù���N
�»¥Ô��©Ù"Äg&ÿ

��»}�´32000cS§4�Õá�ó�|
[25–28]

©O&ÿ��»}�&Ò¶C10c5§�»

}�Åì¤�ïÄ�ºÝ(�Ú�»Æëê�²;Ãã��
[21, 22, 30]

"

î8�°��»}�*ÿ´dFw±�<
[29]

^CFHTLSÑU(Canada-France-Hawaii

telescope legacy survey) �Ñ�"¨�¦^
CFHTLS3cêâ§��U«¡È�57�²�

Ý§�¹C200��(X"3?1
PSF£:*Ð¼ê¤�?��§|^ü:�'¼ê

ÚO�Ñ
l1′ ∼ 4◦��»}�ÿþ"�2000c�Ägÿþ�'§Fw±�<�ÿþ3

°ÝÚÑUºÝþÑk
wÍ�Jp§(ÜWMAP��Ñ
éuÔ��Ý9σ8�î��

�
[29]

"2007cMassey�<
[21, 22]

|^ßº�ÛEâéCOSMOS (MÇ�|ÑU)?1©Û§�

ÑÄ�VÔ�n�©Ùã"Massey�<Ó��y
VÔ��ù£Cz�(�O�{¤§Ùó

�´ßº�Û�{�Äg¤õA^"2010cSchrabback
[30]

�<|^COSMOS�
�°[Ú

`z��»}�ÿþ§±���»Æëê"¦�`z
PSF�.§�k�/�Ø
}��Ú

OØ�"Schrabback�<�ÿþ�´î8����»}�*ÿ£�VÀ(�26.7 mag§�U

«�k1.64²�Ý¤"

�X�þÿ1ÑU�?1§k
(X�ã�Ò�±��»}�ÿþ§�»}�Eâ®²

é¤Ù
[31]

"�,�»}�uÐ×�§Ùÿþ�{Ú°ÝJp�é¯
[29]

§��»}�ÏI�é

(X/G�°(ÿþ§¤±3A^þ�´ké��Ø�§cÙ´�3�
éJ�.�Ø�X

ÚØ�§Ì��)(X�S���¯K(intrinsic alignment¤
[34–41]

Ú/GÿþØ�
[32, 33]

"(

X�S���¯K´��µ(X�/G¿Ø´kcnØb���Å©Ù"b¦vkÚåßº

��^§�µ(X�/G£ýÇ¤�¿��Å©Ù§´3ØÓ��þ�3�½�S��'

5"ducµ�ºÝ(���ßº©ª�3§·�Ø�U��&ÿ�vkÚåßºe��µ

(X/G©Ù´Ä�Å¶¤±§�,k<JÑ
�
�U�)û�Y
[42, 43]

§�´S���¯

K��þéî¿�éJ�{ü�./�Ñ"

�»}�I�é�µ(X�/G�°(ÿþ"(XØÓu��§¿vk²w�>."

¤±éu(X�ýÇ½ÂÒkéõ«ØÓ�Cq�{§DÚ�´Xý�nëê�."Ü

�
[44]

C5�Ñ§DÚ��»}�µ�f£cosmic shear estimators¤=¦3Ø�ÄPSF��/

e§�¬ÑypÝ���5§ÏØU°(¦Ñ"3ýkPSFë���ÿ§ù�n���»}

�µ�f´Ø�3�"ù�²
�»}�ïÄ¥�,��XÚØ�§¿�´l�nþÑÃ{

�Ø�"ùÒ���
�»}�ÿþ°Ý�2Jp§ÏdI�Ï¦#�fÚåßº�{§�

ÐØ�6u(X/G�ÿþ"
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3.2 fÚåßº�#�{µ�»��9Ù'�ëêα

�»���A��fÚåßº�#�{§Ú�»}����«O3uØI�ÿþ(X�

/G§Ï�±;��9(X/Gÿþ��ÜØ�"�»���A�©¤ü�f�AµÄk

Úåßº¬��éA��µU«§ù��µ(Xê�Ý¬eü¶ÙgÚåßº¬¦�µ(X

C�£6þC�¤§ù��5éV$uÑU4�(��(XÒ�U¬Ñy3��¥§ÏdO\

(Xê�Ý"nÜå5�À�A´UC(Xê�Ý=�»���A§äN´O\�´ü$(

Xê�Ý�ûu(XOêé(�£6þ¤�éê�Çα"

éõó�
[45–47]

ÑÄu�«{z�α½Âµb�(X1Ý¼ê��Æ/ª"ù��»��

�A�'�ëêαÒ{ü/Ú1Ý¼ê��ê�Ó"éw,Xa(N�1Ý¼êÒØ´{

ü��Æ/ª§´V�Æ/ª"¯¢þù�b�Ø´7L�§·��±d(XOêé6

þ��VÐmO(½Âα"ù«½Â�1Ý¼ê�äN/ªÃ'§·�ò�Ñ��Ø�6

1Ý¼ê/ª�í�"ÄklÚåßº���Ïfm©§��Ïf´éAU«�¡È��

Ç£6þ���Ç¤"��Ïf���d©O�LÚåßº�¬àκÚ}�γû½£�2.2!¤§

=µ = 1/[(1 − κ)2 − γ2] ≈ 1 + 2κ "fßºCq(κ,γ ≪ 1)e��ÏfCq�u1 + 2κ"I�

5¿�´��Ïf�ûuκ���§��ÏfØ�½Ñ´�u1å����^"�1�ÏL

«�Ô��Ý$u±>�§=Ô��ÝÞá£δ¤�u0�§Ïκ´éÔ��ÝÞá÷À���

�È©§ù�κ´�U3Û��u0�§ù«�/e��ÏfÒå/ �0��^"

�Ä�(XOêkü«/ªµÈ©N(> f)Ú�©n(f)§Ù'X�N(> f) =
∫ f

n(f)df"

ù�éA�(XOêéê�Çα�°(½Â�kü«/ª"'uù:éõ©zQã�Ñ

Ø´é�Ù§¤±k7�3ùp�[í�Ú©��e"Äkí�È©(XOêéA�αN§

-N(> f)��u4�6þ�(Xê§éfÚåßº�K���VÐm§��3���µ

NL(> fL) =
1

µ
N
(

>
fL

µ

)

=
1

µ

[

N(> fL) +
dN

dfL
(
fL

µ
− fL)

]

, (12)

Ù¥þIL�L�ßº�^��Ônþ"ù�L�ªNyÑ
��ÏféuéAU«���

Ú6þ���nÜ�J"U�þª§Ó��\µ
.
= 1 + 2κ¿�3���§K�µ

NL = N

[(

1

µ
+
fL

N

dN

dfL

( 1

µ2
−

1

µ

)

)]

.
= N

[

1−2κ−2κ
fL

N

dN

dfL

]

= N [1+2(αN −1)κ], (13)

Ù¥(XOê�éê�ÇαN½Â�µ

αN = −
fL

N

dN

dfL
≡ −

d lnN(> fL)

d ln fL
≡ −

d lgN(> fL)

d lg fL
≡ 2.5

d lgN(< m)

dm
. (14)

±þ4«/ªÄ�K)
©z¥�ý�õê�{"���«½Â´éÀ(�£m¤��§ùé

N´�âÀ(�Ú6þ�'X=z5"Ùgí��©(XOêéA�αn§-n(f)�(X�

6þê�Ý§Óþ��VÐm�3���µ

nL(fL) =
1

µ2
n
(fL

µ

)

=
1

µ2

[

n(fL) +
dn

dfL
(
fL

µ
− fL)

]

, (15)
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�ª£12¤ØÓ3uc�Ïf�Cz"Ø
U«¡È��
µ�	§ü 6þ���
µ�§¤

±o��J´éê�ÝDº
1/µ2�"aqª£12¤Úª£13¤í�§�3��Cqµ

nL .
= n

[

1 − 4κ− 2κ
fL

n

dn

dfL

]

= n[1 + 2(αn − 1)κ], (16)

Ù¥(XOê�éê�Çαn½Â�µ

αn = −
fL

n

dn

dfL
− 1 ≡ −

d lnn(fL)

d ln fL
− 1 ≡ 2.5

d lg n(m)

dm
− 1. (17)

î�/ù§ù«½Â´Äuvk�Úåßº�^L�1Ý¼ê£S�1Ý¼ê¤ó"

�3¢�¥Ø�U��pù£(X�S�1Ý¼ê§¤±Ï~Ñ´^²dßº�A��1

Ý¼ê�O§ùéu�»���A5`�´��p�?�§�±�ÑØO"lü«Ñ�ØÓ

�½Â£ª£14¤§£17¤¤�±wÑ§XJb�1Ý¼ê�{ü��Æ/ª(n(f) ≈ f−α)§K

kαN ≡ αn"ùé�U´©z
[45–47]

ÊHU�b�1Ý¼ê��Æ/ª§¿õrü«½Â· 

��Ï��"3�»���¢SA^¥§Ï�&Ò��Ñé�f§·�I�éØÓ�6þ�

`z£\�²þ¤§¤±�õ�´¦^�©/ª�αn"e©XÃAÏ`²§(XOê�éê�

Çαþ�±þí�¥�αn§¿�αØ
´(�£6þ¤�¼ê	�´ù£�¼ê"

3.3 �»���A�@ÏuÐ

�»���¶¡´rB�£Menard¤32002cÄg²(JÑ
[48]

"��©��{='uc

µ(XÚ�µpù£a(N�U�3dfßºE¤�'é5£@�¡¤�¤§320V90c

�Ò�nA4ù£Bartelmann¤Ú�F�£Schneider¤
[49]

5¿�"�ù��A3é��mS

�<��¤�« $=�� $£Magnification Bias¤�fßº��«#�A§î8�k

éõ�»Æ[�,¡Ù��� $"ù��� $�A�nØïÄ�'��§*ÿþQÑy

�
p�gñ�y¢½y�
[47]

(J"ù¦�é��mS�� $�A´Äý��3��3�

Æ¥§¿�*ÿþ��?3'��
�G�"

2005c�*ÿÚnØ?Ð�.UC
ù«G�"Äk´*ÿþ�ã�â»§Scranton�

<
[45]

|^SDSS�cµ(XÚ�µa(N�p�'§1�g�Ñ
�»���A�p�&Ý

ÿþ"Ùg´nØþ��¦ïÄ§Ü+#ÚPen Ue-Li
[50, 51]

lnØþ�²
�»���A�

�nÚíØ9Ù3�»Æ¥d3�ã�%å£é�5ÑU�ýó¤"�»���A�±Ú�

»}���^5&ÿVÔ�ÚVUþ§��±���»�AÛÚÚå�5�"���»��

�cBÅì/��
�� $§=rÙ�¤�±Ú�»}��J¿Ø�,�«fßº�A"

�´Ú�»}��A�'§�»���A�é��ïÄ§Ì�´*ÿ°Ýþ�(JÚnØþ

�(J£XÛ?1�`&D'µ��¤"

�âÜ+#�<�ó�
[50, 51]

§Äk�Äª£16¤£κ≪ 1¤éA�(Xê8�ÝÞáUCµ

δL
g = δg + 2(α− 1)κ, (18)

ùp��ÝÞáδgq¡�Ý��£Contrast¤§Ù½Â�δ =
n− 〈n〉

〈n〉
"éucµ(XÚ�µ(

Xó§��ål©m�v
Ð£3*ÿ¥��.©�¿Ø´éN´¤§4ÙÓâØÓV'½
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ØÓÛ��Ý|§ÒØ¬kÔnþ�'é"XJùüÜ©�ê�Ý£Þá¤Ñy'é§���

�UÒ´5gu�µ(X�1�É�cµ(X9ÙÓâ�V'�)�ÚåßºK�"(X

�±`´VÔ�à8��©£tracer§üö���(XÚVÔ��m� $Ïf¤§u´3c

µÚ�µ(Xm�)p�'µ

〈δL
f δ

L
b 〉 = 2(αb − 1)〈κbδf〉 + 2(αf − 1)〈κfδb〉 + 4(αf − 1)(αb − 1)〈κfκb〉 , (19)

Ù¥§/f0�Lcµ(X§/b0�L�µ(X§〈· · · 〉�Lé�m¦²þ"�Òm>®²

r〈δfδb〉=S�'é5�Ñ§Ï�éuÔnþ©léÐ�cµÚ�µ(XØ¬kù��"Ä

uÔnþ��Ä§〈κfδb〉�AT�u"§�Ï3u��U�3cµÚåßºé�µ(X�

)�K�§Ø�UÑy�µÚåßºécµ(X�)�K�¶=��3�µ���AκbÚ

cµ(Xδf£ÙÚV'�å�¤ßº¤�p�'〈κbδf〉§Ø�3cµ���AκfÚ�µ(

Xδb�p�'〈κfδb〉"�ª�����´cµ��Ú�µ���p�'§�Ä�;.�/

e〈κ〉'〈δg〉�1�êþ?§=〈κfκb〉 �±�ÑØO§u´k

〈δL
f δ

L
b 〉 ≃ 2(αb − 1)〈κbδf〉, (20)

ùÒ´�»���A�p�'&Ò§·�r§P¤õÇÌ/ªCCM−g
l "þIL«���AÚ

(X�p�'§eIL«����Ý£Ü�Ú¥�¼êÐmõ4Ýl¤�'§e©õÇÌ¥Ø


CCM−g
l 	þ�Ñl¤�Cz"�
/ªþ��B§�©þæ^õÇÌ£ã�O�'¼ê£

ã£*ÿþõ^����'¼ê½¡'é¼ê¤"

3.4 �»��nØuÐµDÚ�p�'`z¼ê

éu�»��p�'&D'©Û§IO�ÚOØ�£D(¤�µ

∆CCM−g

l =

√

(CCM−g
l )2 + (Cg,b + Cs,b)(Cg,f + Cs,f)

(2l + 1)∆lfsky

, (21)

Ù¥fsky�ÑU¡ÈÚ�U�'�§Cs = 4πfsky/Nb(or f)´xD(£shot noise¤§Nb(or f)�

¤�Ä��µ½cµéAù£«mp�(Xê8§∆l�O�&D'¤��õ4Ý�

«m§���∆l = 0.2l"3ù«½ÂeÿþØ�Ì��)üÜ©µ(X�g�'õÇ

ÌCg,b(or f)£intrinsic clustering, S�¤ì5¤ÚxD(";.�/e(Xg�'õÇÌCg�

��u�»��p�'&ÒCCM−g

l "�ù:Ø´ýé�§Ï�ù£�p(XS�¤ì5�f§

�ÝÞáªuþ!§Cg�ù£O�ü$¶Ó�κduéÀ�����ÝÞáÈ©�ù£

OpC�§CCM−g
l ��µù£C�Or§¤±�ù£�~p�Cgk�U�uC

CM−g
l £X

ù£�u5�§�Xdpù£�(X®²4ÙD�§ØU^5�fßº�ÚOÿþ¤"

�Ä�D(Cg'&ÒC
CM−g
l �éõ§�
�±ÿþ�2(αb − 1)〈κbδf 〉§·�Ï¦��±

À(�Úù£�Cþ��`¼êWi"̂ Wié�µ(Xê�ÝÞá£ª£18¤¤���\�`

z?n§¦o�&D'���pµ

∑

i

Wiδ
L
gb =

∑

i

Wiδgb +
∑

i

2Wi(αb − 1)κb. (22)
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Ù¥§iL«ØÓ�À(��©�"�·��Ä(½��µù£«m�§WiÒ´�'uÀ(

�£6þ¤�¼ê"̀ z��o&D'�µ

(

S

N

)2

W

=
∑

l

[

〈CCM−g
l 〉W

〈∆CCM−g
l 〉W

]2

=
∑

l

(2l + 1)∆lfsky〈C
CM−g
l 〉2W

〈CCM−g
l 〉2W + (〈Cg,b〉W + 〈Cs,b〉W )(Cg,f + Cs,f)

=
∑

l

(2l + 1)∆lfsky

1 + (Cg,f + Cs,f)
〈bW 〉2Cm,b+〈W 2〉Cs,b

4〈W (α−1)〉2C2
κg

. (23)

ùpCκg = 〈κbδf〉§〈C
CM−g〉W = 〈2(αb − 1)W 〉Cκg, 〈Cg,b〉W = 〈bgW 〉2Cm,b"Cm,b�Ô��

ÝõÇÌ§ÙÚ(X�õÇÌ�m��� $Ïf"�Î〈〉��c�õÇÌ�m²þ〈· · · 〉Ñ

kØÓ§ùp�〈〉$�O(½Â�

〈uv〉 =

∫ mc

u(m)v(m)n(m)dm
∫ mc

n(m)dm
, (24)

Ù¥§u, v´'u(�£m¤�?¿¼ê§d	u,v��±´ù£�¼ê§n(m)´(Xê�(�

©Ù¼ê£6þê�Ý¤"�»��p�'ïÄö�ÊHæ^rB�ÚnA4ù32002c1

�gJÑ�
[52]

�`¼ê(Optimal Estimator)µ

Wi = αb − 1, (25)

=���&ÒC¤〈(αb − 1)2〉Cκg, éA��µ(Xg�'õÇÌÚxD(�¬��A�

"ù��`¼êα− 1C53*ÿÚnØ¥�2�¦^
[45–47, 53]

"

3.5 �»��nØ�#?Ðµp�'µ���`¼ê

�»����#?ÐÌ�´nØ�¡�§*ÿ�¡JpØõ£ld�=î±5¤"�C�

ÿþ
[46, 47]

�´Ú2005c�ÿþ°Ý�Øõ£&D'Ñv���Jp¤"

)ö
[54]

uy§rB�ÚnA4ùJÑ��»��p�'&D'�`¼ê�3�«

{z��/e¤áµ�µxD(��uS�¤ì5"ù�:�±lé&ÒÚD(��¡�

	£ª£23¤¤¥wÑ"5¿ª£23¤me��¹`z¼êW��§�Cm,b → 0=Cs,b ≫ Cm,b�§

�N&D'����'uW��¼�4�^��α− 1£�d�ÜÈ©Ø�ªy²¤"é�U

�c�nØÚ*ÿïÄÑvk@£�§�µ(XS�¤ì5�AT��Ø���3§lp

�'õÇÌ©Û�±�Ñù��(¢´�3�"<�ÊHæ^α− 1���`¼ê�,3n

Øþk"�§�´38c�ÑU£XSDSS¤¥Ï�Cs,b ≫ Cm,b§ù�Cq�`¼ê(¢´�

(�",(XS�¤ì5¬�ù£,pü$§Ó�xD(Cs,b�(Xê�Ý¤�'"é

uò5�r��ÑU§¬*ÿ��p�(Xê�Ý=�$�xD(§rB�ÚnA4ù�`

¼ê�cJCq^��UÒ���"XBigBOSS�Cm,b/Cs,bÒ�±��0.1�þ?§ù��

ÄBigBOSS9±þ�ÑU§α− 1ÒØU2¡��»��p�'��`�¼ê"

·��¡�	
&D''X£ª£23¤¤§ÏLî��C©{£�¼©Û¤��
°(�

�»��p�'�`¼ê
[54]

"·��Ä
ü«ØÓ��/µ�{ü�¼ê£ºÝÃ'¤Ú
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ºÝ�6��`¼ê"éuºÝÃ'��/§=�¼êWi´é¤kºÝ£l¤�k�§ù�

é�µ(Xê�ÝÞá���½Â�
∑

i
Wiδ

(i)
g,b"�����/�´ý��`��/´º

Ý�6�¼ê§=WiØ=´À(��¼ê�´ºÝ£l¤�¼ê§ù�½Â3Fp��m

���ª´
∑

i

∑

ℓ
Wi(ℓ)δ̃

(i)
g,b(ℓ)"�
{'§-η =

Cs,b(Cg,f+Cs,f)

C2
κg

§ν = Cm,b/Cs,b§F(W ) =

η ν〈bW 〉2+〈W 2〉
4〈W (αb−1)〉2

§·�í�Ñî��ºÝÃ'�¼ê�
[54]

µ

W = (αb − 1) + εbg,b, (26)

ùpε´ºÝÃ'�~ê§de¡�Û¼ê�§(½

ε = −
〈(αb − 1)b〉

∑1 /∑2
+〈b2g,b〉

, (27)

Ù¥§
∑1

=
∑

l

(2l+1)∆lη

(1+F )2
,
∑2

=
∑

l

(2l+1)∆lην

(1+F )2
"Ó�·��í�ÑºÝ�6�/e��`�

¼ê°()ÛL�ª
[54]

µ

W = (αb − 1) +

[

−
Cm,b

Cs,b

〈(αb − 1)bg,b〉

1 +
Cm,b

Cs,b
〈b2g,b〉

]

bg,b. (28)

ù�ªf�/ª�ºÝÃ')£ª£26¤¤/ª�Ó§ØÓ�?3uºÝÃ'~êεC¤
�

��6uºÝ�¼ê"

l·��°()£ª£26¤§£28¤¤éN´wÑ§�Cm,b/Cs,b ≈ Cg,b/Cs,b → 0�§·��

°()¬gÄòz�rB�ÚnA4ù�
[52]

`z¼êα− 1"éuSDSSÑU§ÏÙ(X�S

�¤ì5(¢��u�µxD(§¤±ÿþ�»���A�p�'^`z¼êα− 1v
Ð"

,éu�5�r��ÑU§XDES§BigBOSS§LSSTÚSKA9�k?�ÑU§Ï��µx

D(®²�~�§�±Ú(XS�¤ì5'[$��$§¤±I�^°(��`¼ê5é(

�£6þ¤�\�²þÿþ"nØO�L²§éuBigBOSSÑU§¦^�`¼ê¬'DÚ�`

z¼êé&D'Jp15%∼ 20%
[54]

"XJ�5ÑU�(XxD(�kBigBOSS�1/10§ù�

Jp�±��38 %∼51%
[54]

"�?�Ú§XJÑU�(Xê�Ý��BigBOSS�100�=xD

(ü$100�£y3�ÑUCFHTLSÚCOSMOS®²'ù��Ð¤§K·���`¼êò¬

Jp&D'C1�
[54]

"

Ï��»��Ú�»}��Ôn��Ñ´fÚåßº§ØÓ:3uÿþ�{þ£(X�

ÝÚ/G¤§¤±�»����fÚåßº�#�{3ØÈ�ò5�½¬Ú�»}���N

yÑÙ3�»ÆïÄ¥�ã�%å"�»���ÿþ°Ý�ÌJp��§Ò�±òÙ©¤é

õù£�«m=Ú�»}����ßº�Û§ù�±�����»�AÛ
[55]

"�´8c�þ

��»��ÿþÑ�ÊH�3����¯KµÀ��Ñ´ÿ1ù£��vk1Ìù£

��§=¦´�#�*ÿ
[47]

��´cµ(X�¹
Ø�Ê©���1Ìù£��"�*�

Ï´8c����ÑUÌ�Ñ´ì�ÑU§k1Ìù£�é�£ØLAMOST§BOSSÚ�5

�BigBOSS9SKA�¤§'XSDSS1Ì���Óo���1/10�m"ÿ1ù£ò��ü�¯

K:&D'�ü$Ú�»��p�'&Ò�À/"·��ÐÚnØO�L²éu��1ÌÑ
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U§1Ìù£ò¬'ÿ1ù££é1ÌÑUb��ÿ1ù£¤éo&D'k�½Jp¶ÿ1

ù£�U�5�î�¯K§=�»��&Ò¬�U�(Xg�'r�À/
[56]

"Ï�ÿ1

ù£Úý¢ù£�m�3XXÚØ��ÚOØ�§ù�ÒØUéN´òcµÚ�µ�(X©

m�éZÀ"(Xg�'q'�»��&Òréõ§ù�=¦é��ÿ1ù£Ø��¬é

�»��p�'ÿþE¤é��K�£ù�ó��3?1¥
[56]

¤"

4 ( �

Úåßº´UNÔnÆ¥���ïÄé���"3X	1(&ÿ¥§�Úåßºu�

XØ�½"��^§cÙ´éuX	a/1(Úg¤1(�&ÿ�´Þv�¶éu(Xì

9ÙV'��ÝÓ+!f(�Ú¥%�Ýk¸�ïÄ§rÚåßº��ÑåXé���^§

éupù£UN�*ÿ§rÚåßº��U,�"�º�´�±�Ï·�w���§uy�

pù£�UN¶fÚåßº3�»Æ¥��^�5��§cÙ´3ïÄVÔ�VUþÚ�º

Ý�Úå5�þNyÑrkå�&��^"�´8cÌ6�fÚåßº&ÿ�{�´�»}

�§�»}�I�é(X/G�°(ÿþ�9�
E,�ÚOÚXÚØ�"�©0��#

�{�»���A�±;�ÏI�ÿþ(X/G�5�Ø�§�´éù£ÿþ°Ý�¦�

p�
"éuÿ1ÑU§Q�±��»}�ÿþ��±?1�»��ÿþ¶éu1ÌÑU§

K�U^�»���A5�fÚåßºÿþ"ù��±4�»��Ú�»}�p�Ö¿p�

u�±Jp°Ý§Or·�éu°(�»Æ�&%"

dc�`z¼ê��2�¦^§�%´�«Cq§=3�µxD(�pu(XS�¤ì

5e��`¼ê"ù«Cq^�3�
8c�ÑU£XSDSS¤¥´¤á�§�´éuy3Ú

�5�r��ÑU£XBigBOSS¤òØ2¤á"Ïd§·�í�éu?1¥Ú�5��.Ñ

U§XBigBOSS, CFHTLS, COSMOS, DES, Euclid, LSST, SKAÚWFIRST�¦^·���

`¼ê5��»��ÿþ"�X�.ÑU�ØäuÐ§pù£(X��ò¬�5��§�»
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Æ�ëê°ÝJp!&¢VÔ�ÚVUþ���9�»Æ�ºÝþ�Úå5��Ñã���

z"

��

a�"v<JÑ�ï�5"�¿�Ú�~k¿Â�?UïÆ"

ë�©zµ

[1] Fs±, å¤g. U©Æ?Ð, 2005, 23: 56

[2] Lj, ¡¸, õ�. ¥I�Æ�þ°U©�cr, 2007, 28: 66

[3] Bozza V, Novati S C, Mancini L, et al. http://arxiv.org/abs/1102.0452, astro-ph/1102.0452, 2011



438 U © Æ ? Ð 29ò438 U © Æ ? Ð 29ò438 U © Æ ? Ð 29ò

[4] Sumi T, Kamiya K, Bennett D P, et al. Nature, 2011, 473: 349

[5] Li Nan, Chen D M. Res.Astron.Astrophys, 2009, 9: 1173

[6] Jullo E, Natarajan P, Kneib J P, et al. Science, 2010, 329: 924

[7] Albrecht A, Bernstein G, Cahn R, et al. http://arxiv.org/abs/astro-ph/0609591, astro-ph/0609591, 2006

[8] Jain B, Zhang P J. Phys. Rev. D, 2008, 78: 063503

[9] Dossett J, Moldenhauer J, Ishak M. Phys. Rev. D, 2011, 84: 023012

[10] Bartelmann M. http://arxiv.org/abs/1010.3829, astro-ph/1010.3829, 2010

[11] Schneider P, kochanek C, Wambsganss J. Gravitational Lensing: Strong, Weak and Micro. Netherlands:

Springer, 2006: 269

[12] Schneider P, Ehlers J, Falco E E. Gravitational Lensing. Berlin: Springer. 2002: 192

[13] Bartelmann M, Schneider P. Physics Reports, 2001, 340: 291

[14] �Å², ¾ZZÈ. Úå���. �®: �ÆÑ��, 2006: 150

[15] Jain B, Seljak U, White S. ApJ, 2000, 530: 547

[16] Hu W. Astrophys J. 1999, 522: L21

[17] Saha P. Gravitational Lensing, http://www.astro.caltech.edu/ george/ay21/eaa/eaa-gravlensing.pdf, 2006

[18] Wucknitz O. Golden Lenses. Jodrell Bank: Springer, 1997: 28

[19] Jing Y P, Zhang P J, Lin W P. ApJ, 2006, 640: L119

[20] Rudd D H, Zentner A R, Kravtsov A V. ApJ, 2008, 672: 19

[21] Massey R, Rhodes J, Leauthaud A, et al. ApJS, 2007, 172: 239

[22] Massey R, Rhodes J, Ellis R, et al. Nature, 2007, 445: 286

[23] Zhang P J, Michele L, Rachel B, et al. Phys. Rev. Lett., 2007, 99: 141302

[24] Reyes R, Mandelbaum R, Seljak U, et al. Nature, 2010, 464: 256

[25] Bacon D, Refregier A, Ellis R. MNRAS, 2000, 318: 625

[26] Kaiser N, Wilson G, Luppino G. http://arxiv.org/abs/astro-ph/0003338, astro-ph/0003338, 2010

[27] Waerbeke V, Mellier L Y, Erben T, et al. A&A, 2000, 358: 30

[28] Wittman D M, Tyson J A, Kirkman D, et al. Nature, 2000, 405: 143

[29] Fu L P, Semboloni E, Hoekstraet H, et al. A&A, 2008, 479: 9

[30] Schrabback T, Hartlap J, Joachimi B, et al. A&A, 516: 63

[31] Hoekstra H, Jain B. Ann.Rev.Nucl.Part.Sci, 2008, 58: 99

[32] Heymans C, Waerbeke V, Bacon D, et al. MNRAS, 2006, 368: 1323

[33] Massey R, Heymans C, Berge J, et al. MNRAS, 2007, 376: 13

[34] Heavens A, Refregier A, Heymans C. MNRAS, 2000, 319: 649

[35] Croft R A, Metzler C A. ApJ, 2000, 545: 561

[36] Jing Y P. MNRAS, 2002,335: L89

[37] Hirata C M, Seljak U. Phys. Rev. D, 2004, 70: 063526

[38] Mandelbaum R, Hirata C M, Ishak M, et al. MNRAS, 2006, 367: 611

[39] Hirata C M. MNRAS, 2007, 381: 1197

[40] Okumura T, Jing Y P. ApJ, 2009, 694: L83

[41] Okumura T, Jing Y P, Li C. ApJ, 2009, 694: 214

[42] Zhang P J. ApJ, 2009, 720: 1090

[43] Zhang P J. MNRAS, 2009, 406: L95

[44] Zhang J, Komatsu E. http://arxiv.org/abs/1002.3615, astro-ph/1002.3615, 2010

[45] Scranton R, Menard B, Richards G T, et al. ApJ, 2005, 633: 589

[46] Hildebrandt H, Waerbeke V, Erben T. http://arxiv.org/abs/0906.1580, astro-ph/0906.1580, 2009

[47] Wang L, Cooray A, Farrah D, et al. http://arxiv.org/abs/1101.4796, astro-ph/1101.4796, 2011

[48] Menard B. Proceedings SF2A-2002, Combes F, Barret D, eds. Paris: EDP-Sciences, 2002: 128

[49] Bartelmann M, Schneider P. http://arxiv.org/abs/astro-ph/9311008, astro-ph/9311008, 1993

[50] Zhang P J, Pen U L. MNRAS, 2006, 367: 169

[51] Zhang P J, Pen U L. Phys. Rev. Lett., 2005, 95: 241302



4Ï ¡¸µÚåßºÚfÚåßº�#�{ 4394Ï ¡¸µÚåßºÚfÚåßº�#�{ 4394Ï ¡¸µÚåßºÚfÚåßº�#�{ 439

[52] Menard B, Bartelmann M. A&A, 2002, 386: 784

[53] Waerbeke V. http://arxiv.org/abs/0906.1583, astro-ph/0906.1583, 2009

[54] Yang X F, Zhang P J. MNRAS Letters, 2011, 415: L45

[55] Jain B, Taylor A. Phys. Rev. Lett., 2003, 91: 141302

[56] Yang X F, Zhang P J. in preparing, 2011

Gravitational Lensing and the New Method in Weak

Gravitational Lensing

YANG Xiao-feng1,2

(1. Key Laboratory for Research in Galaxies and Cosmology, Shanghai Astronomical Observatory, Chi-

nese Academy of Sciences, Shanghai 200030, China; 2. Graduate University of Chinese Academy of

Sciences, Beijing 100049, China )

Abstract: Gravitational lensing is one of the most powerful tools in astrophysics. In par-

ticular it is significant in the explorations of extra-solar planets, in the investigations of the

dark universe (dark matter and dark energy), and in testing gravity at cosmological scales.

The great advantage of gravitational lensing is that it is directly dependent on gravity only,

and does not depend on the nature of dark matter or complicated baryonic physics.

First, we review the fundamental theory and approximations of gravitational lensing

in which matter distribution (such as a stars, galaxies, galaxy clusters or large scale struc-

ture(LSS)) bends light propagating between a distant source and the observer. We discuss

three types of gravitational lensing based on the scale of the lensing system: micro, weak,

and strong lensing and their applications in extra-solar planet searches (micro lensing) and

constraining density profile of dark matter halos (strong lensing). Then we report and review

new progresses in gravitational lensing and introduce a new interpretation of gravitational

lensing by employing the split of wavefront.

Second, we discuss the use of weak lensing in cosmology. Gravitational lensing can be

split into convergence and shear terms. The convergence magnifies the fluxes of background

galaxies by increasing their sizes, while the shear stretches them tangentially around the

foreground mass. Since the distortion of the shape and size of the galaxies is weak and tiny,

significant shear effects can only be detected statistically using large number of background

galaxies. This effect is known as cosmic shear. In the past decade, there are a number of

works focusing on using cosmic shear effect to study the LSS and to constrain cosmological

parameters. However, weak lensing measurements through cosmic shear still suffers from

observational uncertainties and systematics such as the intrinsic alignment and the shape



440 U © Æ ? Ð 29ò440 U © Æ ? Ð 29ò440 U © Æ ? Ð 29ò

error of galaxies.

Finally, we introduce a new method to reconstruct weak lensing through cosmic mag-

nification. The cosmic magnification changes the galaxy number density with respect to the

distortion of images by cosmic shear. The magnification effect of increasing flux and solid

angle either enhances or suppresses galaxy number density, depending on the logarithmic

slope (α) of the galaxy luminosity function at the observational flux limit. Cosmic magni-

fication effect introduces extra correlations in galaxy clustering and correlates galaxies at

widely separated redshifts. It has been shown that weighting each background object by its

α−1 can significantly improve the cosmic magnification measurement. However, we find that

this weighting function is optimal only for sparse background populations in which intrinsic

clustering is negligible with respect to shot noise. We derive the optimal weighting function

for the general case including scale dependent and scale independent weights. Our weight-

ing function outperforms the commonly used weighting function α − 1 by larger factors for

surveys with denser background populations. We believe our optimal weighting function for

cosmic magnification measurement will be useful in BigBOSS, CFHTLS, COSMOS, DES,

Euclid, LSST, SKA, WFIRST, etc.

Key words: Gravitational lensing; wave front; cosmic magnification; cosmology; dark

matter; dark energy


