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rA��I9ta^0�y�B�}3v�*�VOf<$�_RT�t&��$

py�fr~KZ~�`=y�G�'C�B,P�

W
pDy3u~KZ~�`=y�G�';h��*Bn Cloud-in-cell(CIC)

�?

[11], Triangular shaped clouds(TSC)�?�Qp�hF ��T1~KZ~�9

� Gaussian s;7O [12,13]; Smoothed Particle Hydrodynamics(SPH) s;7O [14,15]. p

~KZ~;hF)pDr~KJr�9� CIC, TSC X� Gaussian s;7O�ws

�*s;7O��_D�Z�j!r;7xe^y�~f�I�~KZKfr (�_

lE{
~K) <!ZK!
orA�I�IQ�sy�fH$℄�xea^f

r (�_lE!
~K) a^{0CTM�_Rws)pJr~KZ~��_ ?

:h{
~KZKfr��M�!eZ!
orAeZXrP(ay�QpT1Z

~;h~KJr3C)p�zC9F�9� SPH s;7O���r�;7�

5^�:hwu~KJr��ir�Æ:hwD~KJr�!
~K'�{


~KT2R(S$X�MT1xe
0�32eZB�PVay�

0#,."R (DWT) T(�Ah 90 yY�!!>h�w.EweG��'F
[16−19]. ,."R1Pkn�sd$Xu7a^�"&i<.O&iwe<$��_

r���lKT*3Ys DWT �~~KZ~�-r�hseZ`=y�f

r�

��{$� �l{8�r�,~KZ~<�_a;h�
0HA��I�l

!8��_rh`i�UO�lvM�-jJZ~�?I�lU8��K{R�

2 mM

�_ÆZ~����8�-gR�K!lNw!
M��;~K,.Z~��I

�,�M
0Z~�

2.1 vDdTkJ

�FlZ�n��_gRT
�)��pFT�rA ρ(x) (0 < x < L), �_$

Xw��}

[20]
�

ρ(x) =

2J
−1

∑

l=0

ǫJ,lφJ,l(x) +

∞
∑

j=J

2j
−1

∑

l=0

ǫ̃j,lψj,l(x) , (1)

�' ǫJ,l �Jr7O�O (lE SFCs), φJ,l(x) �Jr7O� ǫ̃j,l �,.7O�O (lE

WFCs), ψj,l(x) �,.7O� J < j CY(Jr��O�wJr� L/2J
< L/2j. l

CY(�"�O�w&i��C lL/2j < x < (l + 1)L/2j. Jr7O$XnJr7

On7O φ(x) �K�

φJ,l(x) = (
2J

L
)1/2φ(2Jx/L− l) , (2)

ǫJ,l $n f#?ZK�

ǫJ,l =

∫ L

0

ρ(x)φJ,l(x)dx , (3)
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�pF;7�5I��_$Xr�2F f:?�

ρ(x) =

Ng
∑

i=1

wiδ
D(x− xi) , (4)

�' Ng C;7;�O� {xi} Cl i �;7�"� 0 < xi < L, wi Cl i �;7�

,� δD
C Dirac-δ 7O�;7$XC9g+=^7��Q$XCO�lvM�';

7�r? 4 Y�^? 1 <? 3 I�_$Xa^�

ρ(x) = ρJx+

∞
∑

j=J

2j
−1

∑

l=0

ǫ̃gj,lψj,l(x) , (5)

�' ρJ
��

ρJ(x) =

2J
−1

∑

l=0

ǫJ,lφJ,l(x) , (6)

SFC �O ǫJ,l �

ǫJ,l =

Ng
∑

i=1

wiφJ,l(xi) , (7)

ρJ
C ρ(x) �Jr J ~K�℄ J�wV7H�ρJ (x) �F�F ρ(x) D8�V�

�_Q$Xa^

2j
−1

∑

l=0

L

2j
ǫgj,l =

Ng
∑

i=1

wi . (8)

$X"K�l i �;7�|^l l ��n$B� (L/2j)wiφJ,l(xi). Jr7O�O SFCs

9g(CrA ρ(x) T*$B�|�

hRZ~-eZ`=y�fr77/� ��_!ry�ap;7Q�x

e^�py�~fa^T�{
n�5��I�_t2f? 7 -eZJr7O�O

SFCs. a^F SFCs I��_�$Xhf? 5 -ZKy�~f(�[TnfrF�

2.2 f�gkJ

�_�`� 2 
~K< 3 
~K'�PX-T1yvxe
0��_$X7h,

.�~-�M�1
0�,.�~C�Bp/�
0"��W
�-�hsO:

6:<|*N2fLx��N2y�~ffr7��_:hF Romeo f [21,22]
�|

�Th,.�~-�Myv
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h,.�~�
N22H� ��0?PN2O��62W
0 (9�O�

lvO�), pZK!PAyN2��62W
0O� YP $X� Anscombe[23]
"R 

3R� �6�T�
0O� YG, �&4�> σG = 1:

YG = 2
√

YP + 3
8 , (9)
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6�Æ��6^�yD,,.�O�'��0�_t&.pT�?F}���I

rap,sR}�,.�O��K��I�B,."R�"R��_�$Xa^3

T=O���=O�Y��MFz-
0�

_R�����
02H'D,PT7�CC�T�?F}�-N2,.�O�

�_$X��*3u�)-N2�

}� T ��s
0&4�> σ, �9�O K ��sO�V, Nd:

T = K(Nd)σ , (10)

�0O�[p
2yN2�3�`&4�> (
0X�T�
0�1), pZ$t2�8�

,.�O Di(Nd/2) '�O�w}>-(eK σ:

σ ≃
1

0.6745
MAD [Di(Nd/2 )] , (11)

�0
0X2W
0�1�pZ
2FyN2�I�&4�>$(e��

σ ≃ 1 . (12)

ws K(Nd), T�p�*3u(e�?�lT*C�

K(Nd) =
√

2 lnNd , (13)

�*(e�?�
0/Ow��[C$tV_4O�zp6��_R36����M

T*(e�?��

K(Nd) ≃

{

0  Nd ≤ 32

0.3936 + 0.1829 log2Nd  Nd > 32
, (14)

�N2O�lvO�7H��_tBChIT*(e�?�a^F}��I��$X

w,.�O�;N2F��_$Xp�*3uN2�~�T*CafN2�

W i =

{

0  |Wi| ≤ T

Wi  |Wi| > T
, (15)

�' Wi C,.�O�W i CN2I,.�O�fN2r,s}�,.�O��K�

�v�O�I3"�'w�N2Æ��

W i =

{

0  |Wi| ≤ T

sign(Wi)(|Wi| − T)  |Wi| > T
. (16)

�N2wsVs}� T ,.�OQm�FT� T . wsO�lvO���N2V��


IO�X-Tp}>�aXtBChfN2�

N2�,.�OI��_w�Bx(X,."R!a^F�M
0IO��℄�

�0O�z!
2FyN2�pZR7Q�'B Anscombe �"R-U��?P

�KC Anscombe "RV�O�X-T�}>�32��}>$X}�(e��

bias ≃ −
1

4

(

1 −
1

Nd

)

σ2 . (17)
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aX�_ ?w�M
0IO��om���}>a$�

℄wy�lvM�;7A� DWT �}I��_!a^FT� SFCs ����

_h�z',.�
Z~�wR SFCs ���M
0�_� SFCs ���6FrA

6��aX�MF SFCs 
0!'℄sw��rA�
0��Ih�M
0I

SFCs ��!$X,$rA�

3 j�Wy

Kormann[24]
< Keeton f [25]

�lKfÆ�	l8C?Bn`=y�l8�d

p}�:?H�$ (critical curves) <s#$ (caustics). �_rhd-jJ~KZ

~�

fÆ�	r�5� �

ρ =
vc

2

4πGq3

e

sin−1 e

1

s2 + x2 + y2 + z2/q23
, (18)

�' vc C�B3Xr� G �`=BO� s C�	'4;���!
�	 X,

Y -CfD� q3 Cu- Z <fD-���xe�O� e =
√

1 − q23 . �_� vc �

1500 km s−1, s = 20kpc, and q3 = 0.5.

�_h`i�U�~2Fr�5X<f? 18lvM���y�a�:�oB

7 D� 4 Mpc. y�<~FV�*�� 0.3 < 1.0, xe�+ID- Y -��_2

FF�=3u$B}�rlvM���$B}�rM��6 Np = 2 × 106
�;7�

℄�;7$B�Mp = 4.375× 108h−1M⊙, i$B}�rM��6 Np = 2× 105
�;

7�℄�;7$B� Mp = 4.375 × 109h−1M⊙. 41BOZ��� 100 km s−1 Mpc−1.

�_h(za�,Z~-eZlvM�fr κ, fr��� 1024 × 1024.

w℄=M���_�*;hF!=3u,.Y-eZ��* Daub4, Daub6 < B-spline

3th. �I�_ha^frA-ZKy�H�$<s#$�

eZH�$<s#$7/� �K!�_7h(X�6S"RZKrA(

���n}3B��IZK���n�VO-a^T*~f^~~fg-�?I

7h�VO�:V�H�$� |2"O�T{p4Æ-�KH�$_s#$

[26].

| 1 CTi$B}�rM�ZKy�fr�5�|(��n(��3u�|

��i�sfr~���9$C��f? 18 ZK-a2R��'w�>N�F|

 ��$X"K!=3u,.Yqt�w8v?2R$��z��0'4�w

��x� Daub4 ,.Y3tD8,$fr�'w�>wV�'� B-spline 3th <

Daub6 �t'ww8,$�8��xfr�[CT�o"� B-spline 3th ,.Y

3� Daub4 < Daub6 {0pZ~K�_R;o-S Daub6 ,.YC?kC��?P

�KC�1{0qC
2,.�~�MF
0��_eZFT=[p
2,.�~

�
fr�T'$X"K
0e)�

| 2<| 1lTÆ'u�qC;h Daub4,.YeZfr�[[p
2,.
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} 1 j&D��tO�ehet κ `�(x�?^�}

�� R e$P�:&E4T��oEj�M\�\be�

b=je.0[>O�<8Q'2	^�}*�

Fig. 1 The surface density κ and relative standard

deviation of low mass resolution Monte Carlo simula-

tions as a function of the ellipsoidal radius R. The

solid curve shows the analytical surface density. The

number of sample particles and the wavelet base used

are labelled in each panel.
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H�$s$�>m�VT1 Daub6 < B-spline 3th ,.YÆtw8�?2R

$�m�CH�$s$��>� Daub4 P,ay�

w�$B}�r`i�UM���_QeZF�xefr<wH�$<

s#$�{0�| 4 <| 5 '�$X"K-�xefr'w�>P��,si$

B}�rM��!=,.YZafr'w�>��'#� 2%X �'H�$

<s#${0Q�B8�!=3u,.YZK{0qtD8<2R$�<�

Daub6 ,.Y{0��M��=,.YPP�~KT1�Y�(<2R$���?

F�

B�w���_��6`hT=5.Ef�h SPH3D ~KZ~Za`i�Uy

�M�{0

[15]. _a;hy�lv<O<�_CTM� 32;7OPp3

u�;7O� 1748982,<�_a:h�$B}�rM�;7Oy��aX�V$

XAT��w�| 6 C_Zay�fr�5�| 7 CawH�$�<�_

�$B}�rM�{0'��_fr�>PV3+�z�TfrZaH

�$Q3��_{0,K�$n� 106
Bb(�_Z~CpkB�
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} 2 j Daub4 .0[\bej&D��tO�ehet κ `�(x�?^�}�� R e$P�

\\r�3��1P4

Fig. 2 Same as the first figure of Fig. 1, but without de-noising

} 3 j&D��tbk WO�eJ��&>u%�&�

C&�&E4T�&�T&>G&�&+EO�eJ�

�&>u%�&�b=je.0[>O�<8Q'2	^

�}*�

Fig. 3 The caustics and critical curves of low mass

resolution Monte Carlo simulations. The black lines

are the analytic critical curves and caustics, the yel-

low and red lines are the critical curves and caustics

obtained from the Monte Carlo simulations. The num-

ber of sample particles and the wavelet base used to

smooth are indicated for each.
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} 4 �&D��tO�ehet κ `�(x�?^�}

�� R e$P�:&E4T��oEj�M\�\be�

b=je.0[>O�<8Q'2	^�}*�

Fig. 4 The surface density κ and relative standard

deviation of high mass resolution Monte Carlo simu-

lations as a function of the ellipsoidal radius R. The

solid curve shows the analytical surface density. The

number of sample particles and the wavelet base used

are labelled in each panel.

} 5 �&D��tbk WO�eJ��&>u%�&�

C&�&E4T�&�T&>G&�&+EO�eJ�

�&>u%�&�b=je.0[>O�<8Q'2	^

�}*�

Fig. 5 The caustics and critical curves of high mass

resolution Monte Carlo simulations. The black lines

are the analytic critical curves and caustics, the yel-

low and red lines are the critical curves and caustics

obtained from the Monte Carlo simulations. The num-

ber of sample particles and the wavelet base used to

smooth are indicated for each.
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} 6 j SPH3D ��\behet κ `�(x�?^�}�� R e$P [15]. :&E4T��o

Ej SPH �M\�\be�O�<8Q'2	}*�

Fig. 6 The surface density κ and relative standard deviation of Monte Carlo simulations as

a function of the ellipsoidal radius R. κ is computed by SPH3D method. The solid curve

shows the analytical surface density.

} 7 j SPH3D ��\beheteJ��&>u%�& [15]. /&>G&�&+E4TeJ

��&>u%�&�C&�&EO�eJ��&�

Fig. 7 The caustics and critical curves of κ computed by SPH3D method. The blue and

red lines are the analytic critical curves and caustics, the black lines are the critical curves

obtained from the Monte Carlo simulations.
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A New Smoothing Algorithm and its Application in
Gravitational Lensing
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ABSTRACT We develop a new smoothing algorithm for computing surface densities from

3D numerical simulation samples. This algorithm is based on DWT (discrete wavelet trans-

form) method. We test the algorithm by applying it to two gravitational lensing simulation

samples which are generated by monte-carlo method and have different mass resolution, the

results show our algorithm can successfully reconstruct the surface density of lens. We also

compute the critical curves and caustics of lens samples, the results show that they can fit

the theoretic curves very well. We test three different wavelet bases and compare them,

including Daub4, Daub6 and B-spline 3th. Our algorithm is very fast and is suitable for

high resolution N-body simulations.

Key words Physical Data and Processes: Gravitational Lensing, Methods: Numerical


