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Plan of this talk

® basic of weak lensing
e measurement of shear and its error
® power spectrum analysis

® mass map analysis



Why gravitational lensing?

393[0.d UonEINWIS WNIUU||I|A

e density fluctuations contain rich information

~ dark matter density <m directly probed by
gravitational lensing!



Lens equation

e mapping from image position @ to source position 8

B =0 — a(H) — 6 — VGIE lens potential

vO)|= - /O dZH(z)(l + 2)DorDos

source

Dol Dls

Dos (Dxx=angular diameter distances)




Lens equation

e mapping from image position @ to source position 8

B =0 — a(@) — 6 — VGIE lens potential

2 = D
0)= — / dz & d(z,0
¥ (9) c /o H(2)(1 4 2)Do1Dos (2,0)
6 - X (line of sight)
024 “image”
(observed)
2D coord.
"o 6/ \a
] flat) “source”
‘3 (not observed)
> 0,

observer



VWVeak gravitational lensing

® |ens equation

024 00 “image”
13 — 6 — V 9¢ (observed)

‘ W “source”

(not observed)
® image deformation °F > 0,
03 = A(0))0

1 — B
A() = g—gz ( V6161 V.66, )

_¢79192 1 — ¢79292

measure lensing sighals from image deformations
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Weak lensing distortions

Kk>0| 021

y1>0

convergence K
not easy to measure

(trace part of A)

02

y2>0

shear y

02

>

measured from galaxy shapes

(traceless part of A)



Convergence and shear

lens potential (Born approximation)
2 s Dls

2nd
derivative

olDos

2nd
derivative

wll 2U2
¢9191+¢9292 H 6,6, — V.0,05)

related ¢,9192
convergence K shear y




Connection w/ density fluctuation

e from lens potential + Poisson equation

K(0) = /O N dx W(x)om(x, )

_ 3QmoH{ fr(xs — x)fr(X)

W) 2c? a fr(xs)

_apm(x)
Yer (X, Xs)

weight along line-of-sight

convergence

= projected surface density




Measuring shear

® assuming orientations of galaxies are

random

average of
shapes of galaxies
In some region

—

'\‘ o—}

“N ey

average
shapes

average shear y

in the region

" measured
shear y
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Short summary of weak lensing

lens potential (Born approximation)
2 s Dls

01 Dos
2nd 2nd
derivative derivative

wll ¢22
¢9191+¢9292 H " )

lb,el 0
related
convergence K shear Y

= projected mass = measured from
distribution infer galaxy shapes ¥




Error of measurement (1)

o it is useful to define complex shear/ellipticity

Y =1 2
Q11— Q22 + 21Q12 [ dOBI1(6)0.,064
€ o= Qab —
Q11 + Q22 [deI1(e)

2nd moment of
surface brightness of
galaxy
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Error of measurement (2)

e relation btw source and image ellipticities

0® — 1 9BLB)5apy
v JdBIB)

A4

B E(S) + 29 4+ 926(5)*
1+ [g|* + 2Re(ge®)*)

=~ AacAbdch

»

€

(€) > 2(g) ~ 2(7)

o average average
g = - shapes shear in
R of galaxies the region

reduced shear
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Error of measurement (3)

® order of magnitude

average average
shapes | (e€) ~ <€(s) + 2g9) ~ 2(g) ~ 2(~y) | shearin
of galaxies the region

() =0 7] ~ 0.03 = 0.003
o, =~ 0.3

}/obs — L Z € » i ~ ‘7‘

2N N 06/2/\/N
use N galaxies need N~103-5 galaxies

for detection! g



Shape measurement

Galaxies: Intrinsic galaxy shapes to measured image:

Intrinsic galaxy Gravitational lensing  Atmosphere and telescope  Detectors measure Image also
(shape unknown) causes a shear (g) cause a convolution a pixelated image contains noise
A

Stars: Point sources to star images:

Intrinsic star
(point source)

Atmosphere and telescope  Detectors measure
cause a convolution a pixelated image

Image also
contains noise

Bridle+2008 SESTERPRPEEE RETERTEPEPR e observe
infer this these
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Calibration by image simulations

mock images of | [
galaxies and stars

T Ry T
!\.0 s

apply your shape|
measurements
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compare input y
and inferred y

calibrate residuals




Power spectrum analysis

 how to quantify density fluctuations!?

» angular power spectrum

() = Jda k(@) =0

(5)8(2)) = 2n)s° @+ ¢)C, ]

(flat sky approximation)
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Convergence power spectrum

larger power

C on smaller scale]

10_5:‘

1074

(0 + 1)C</2m

100 102 102 10

large-scale « [ » small-scale
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From shear to convergence

1
1 1= 3 (¢,9191 — ¢,9292)
K .= 5 (wﬁl@l + w,9292) H 2
Y2 = w,eleg

related

Fourier transform
Vo — —-il

2 2 :
(R= 032060 g2y

Al
1
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E/B decomposition

y1>0

02

y2>0

ys(0) >0

OZA

YE + 1B =€

Yis 72

[ 01 local
| coordinate-dependent

—2’i¢e§

y=(6",0)

O - YEs VB
B0 O QA EQ non-local
Z = 5 0

coordinate-independent
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E/B decomposition

y1>0

02

y2>0

OZA

Yis 72

01 local

coordinate-dependent

B =€ "ty L
(Born approximation)
Je01>0 YE=K y8=0
Y+(9 9) )’x(e 9)
O YEs VB
0'-0
O NN non-local
coordinate-independent

0 . O
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Basic procedure of analysis

(over-simplified...)

® measure galaxy shapes

construct shear field

E/B decomposition — convergence filed
measure power spectrum

compare it with theoretical model to extract
e.g., amplitude of density fluctuations
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Estimating power spectrum (1)

e divide the sky into small cells
with each area AQ

e shear filed from discrete
galaxy sample (N=0 or I)

v°P%(0) = % Z N~9P%6" (0 — 6,)
Pl

galaxy number density \run over all cells

~OPs( ZAQW 0;)6° (6 — 6;)

el
I

B

\ /

A
\/

(Ni=0 for empty cell)
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Estimating power spectrum (2)

e Fourier transform of the shear field

~obs 2 :Nz obs —7,29

e compute E-mode power spectrum

~obs ~obs 1 obs obs\ —i(£-0,+£-0
G ORR(E) = 2 D NeNyEagp)e €Ot o)
,n2
o

_ _ZAQ 62/2 e i€

+ 37 (AQ)? (y(0:)1r(0;))e " E0H"0)

2

yJ
O
= (2m)%6° (L + £) ( /2 4 O}E7E>

2N

shot noise

24



Shot noise

® power spectrum estimation from discrete galaxy

sample is always affected by shot noise

2
CWEVanbS — OYEVE | Te/2
E T E | 2771/

shot noise

® higher galaxy number density leads to smaller
shot noise
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Covariance

® measurement error under Gaussian approx.

2 2
C (CAWEVE) _ 25@’]’ CVETE Te/2
tJ mode,? 2N
cosmic variance shot noise
2 2
n (gi,max o gi,min) 9 9
Nmode,i = — fsky (éi,max _ gi,min)

AL?

=()s/41 survey area

¢ non-Gaussian error also important
(e.g., Takada & Jain 2009; Takada & Hu 201 3)
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Effect of shot noise

large shape (shoiz noise

/ /
/ / /
power spectrum v / v
------- shot noise
1074¢ )
: / I,
, [
. / J¥'shot roise
& /dominant
< SN
/
= . ;S
— shot noise / /
/
+ 1075t subdomi ! /! /! 1
3 : Il ,I
~ N /’ ;\, /'
él, .\Q,
~\,I 08,1

Y/ &/

fl;/ QY

/ QII

'\/I
/e
'Q,’
L1 Y. u, a1l PR
10 102 103 104
/4

large-scale «

-)

small-scale
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Example of measurement

: | | r 1 1T 011 | | | :
—_ - No tomography -
< L |
é 1 E =
E : :
C\) - -
= [ -
i -
9\ 0.1 5 P 5
— C % §
;|_| L - ]

0.01 ol | =
| |
best-fit measured
model from HSC data

Hikage, MO+ PAS) 71(2019)43

HSC/Subaru telescope

NAO|, https://www.naoj.org/

measurement with shapes
of 9 million galaxies
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Mass map analysis

 how to quantify density fluctuations!?

» mass (convergence) map

£3— 02 =2t .
P 1 2 | 27:Re(e—21¢f)}7

72
inverse Fourier transform
(multiplication - convolution)
1 «
fmn:;/ﬁﬁwﬁﬂ)w—eq

02 — 0% — 20160
6|

D(0) =
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Effect of shot noise

® error of mass map due to shot noise

obs 2 act Oc/2
<{K (9)} >sh0t X J (271_)2 7

® need smoothing to suppress small-scale
shot noise contribution

v (0) = /dG/*y(O/)WS(H — 9/) smoothed shear filed

Ws(0) = 1 eXP( ‘6‘22)

TOg o

N

typically | (or several) arcmin
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Example of mass map

® cluster SDSS|I 138
at z=0.45

e analysis of Subaru
Suprime-cam
Image

Subaru/Suprime-am griband (MO+2012)

31
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Weak lensing (WL) selected clusters

-
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/
%
/

/
MO+2018

clusters from peaks in mass map
[purely gravitational selection!]
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number density of peaks (clusters)

104

103

N .ok Per 1000 deg®
=

101

Miyazaki, MO+ PAS] 70(2018)527 "¢

Depth is important

T T
@)
~
Z
V
o)

HSC

h|gh ngal

4

high resolution
of mass maps

n

gal

larcmin—23]

100
galaxy number density
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Challenge: deep and wide imaging
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MO, Miyazaki+ PAS| 73(2021)817

WL selected clusters from HSC

140.00'
RA (J2000)

~
o
IS

Dec (J2000)

RA (J2000)




MO, Miyazaki+ PAS| 73(2021)817

HSC WL selected cluster sample

1| || 418 clusters
} Lol with
1 0 | SIN>4.7

significantly large
sample for
statistical studies!

1013 ............ d 1o o
Zd redshift

4]



WVL selected clusters

Number (S/N>5)

104

103

10%

101

Area [deg?]
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- | / 5@% §
i N N
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Q
3 D =
N Q\,//' -
L Q. l
| M1yazak1+07 (SCam) |
= M Liu+15 (csaz) —
C Miyazaki+02’ (SCam) L =
L N L Shan+12 (CFHTLS) —
F ' Wlttman+06 (DLS) 7
— . ) —]
Lok nononanre o el L1l
1 101 10= 103 104
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Chiu, Chen, MO+, in prep. K&

Cosmological analysis

® injection sim. to
quantify selection
function

e blind analysis

e 4% constraint on Sg
from |30 clusters

stay tuned!
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Shimasue, Osato, MO+, MNRAS 527(2024)5974

Void search with mass map

¢ void = empty region in large-scale structure
o useful probe of modified gravity, neutrino, ...

® can search for voids with weak lensing!

T7 and T23 - Single voids(candidates) - 5.0
- .

Dec

negative peaks in HSC Y3 mass map — voids
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Summary

weak lensing measures mass distribution
from galaxy shapes

power spectrum measured from discrete
galaxy sample is affected by shot noise

massive clusters (and voids) can be selected
from peaks in mass maps

note: there are many details | didn’t explain
¢ masking, inhomogeneous galaxy sample,
residual shape error, intrinsic alignment, ...
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