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Time�evolutionGeneration�of�(initial)�fluctuationduring�inflation
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Primordial Non-Gaussianity (PNG)
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Primoradial perturbation characterizes physics during inflation

<latexit sha1_base64="yFk8dujkx54GeUISuEfZKB8R5fg="></latexit>

h�(k)�(k0)i = (2⇡)3�D(k + k0)P�(k)

If�non-Gaussian,�the�bispectrum characterizes�the�leading�effect�of�the�deviation�from�Gaussian
<latexit sha1_base64="ILvURTyeymPbLB5sKi0hVF/bbT4="></latexit>

h�(k1)�(k2)�(k3)i = (2⇡)3�D(k1 + k2 + k3)B�(k1, k2, k3)

If�Primordial�perturbation�is�Gaussian,�the�statistic�is�only�the�power�spectrum.

The�bispectrum is�a�good�indicator�of�the�features�of�physics�during�inflation.



Local�type�PNGs
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<latexit sha1_base64="yn7x3p298tSWjb51ZF+HNkbuT6c="></latexit>

�(x) = �G(x) + f loc
NL(�G(x)

2 � h�2
Gi)

Single-field�inflation� <latexit sha1_base64="JZAKqxjk/MF5rkaq97BBDjLyUtY="></latexit>

f loc
NL ⇡ 0 Maldacena(03), …

Multi-field�inflation� <latexit sha1_base64="g3Rx8Jh9Wfv+dSuvJdafpTDHOS0="></latexit>

|f loc
NL| > 0 Lyth+(03), …

<latexit sha1_base64="WUWbnx4+w+iq8hK80kibgAZlllA="></latexit>

B�(k1, k2, k3) = 2f loc
NL[P (k1)P (k2) + perms.]Bispectrum

Simple�case

The�local�type�bispectrum has�the�peak�in�squeezed�limit

Indicator�to�distinguish�the�inflation�models
<latexit sha1_base64="qoie5jeANhmvV+HsmACdvh5wFfk="></latexit>

B�(k1, k2, k3) ' 4f loc
NLP (kL)P (kS)

<latexit sha1_base64="kQZHUHigoq08A1C7hhnT3MUfvOY="></latexit>

k1 = kL

<latexit sha1_base64="g0EKWTkA8sPrXQkvuc9xXcdv6qU="></latexit>

k2

<latexit sha1_base64="cij2TNVV0yB7/IWpztKUrFScsUY="></latexit>

k3

<latexit sha1_base64="X6/Knko0384BiHTreXtCWqKhEMI="></latexit>

kL = k1
<latexit sha1_base64="32xt2NaYLYbhX60z8S8j4dd6GGs="></latexit>

kS = k2 � kL/2
<latexit sha1_base64="jkEVUJ9sDPCkrA7+4+0KikfYyxI="></latexit>

kL ⌧ k2 ⇠ k3

<latexit sha1_base64="yYAwJD2FpM/3QG9MWYbfb5Kozh0="></latexit>

f loc
NL = �0.9± 5.1Planck�result



Property�of�Local�type�PNGs
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We�can�understand�by�splitting�the�perturbation�into�short�and�long�wavelength�modes.
Gaussian�case <latexit sha1_base64="FZYCs6BYYiSy+YFAxFcgDvCWQbE="></latexit>

� = �G,S + �G,L

Local�type�non-Gaussian <latexit sha1_base64="2dvetNGNOXvEVxqAzZD4aI798mI="></latexit>

�S = �G,S + f loc
NL(�

2
G,S � h�2

G,Si) + 2f loc
NL�G,L�G,S

The�short-mode�power�spectrum�depends�on�the�position <latexit sha1_base64="pO3wTgtm0Xb8/4xVaImfCI0Ht2Q="></latexit>

P�(kS;x) = [1 + 4f loc
NL�G,L(x)]P�(ks)

<latexit sha1_base64="JdnlotVVuinijG3/6G4JXAgC9tk="></latexit>

�G,S

<latexit sha1_base64="JdnlotVVuinijG3/6G4JXAgC9tk="></latexit>

�G,S
<latexit sha1_base64="meZfPcXzf/jZbmOsgBEugMBLvWE="></latexit>

�G,L

<latexit sha1_base64="JdnlotVVuinijG3/6G4JXAgC9tk="></latexit>

�G,S

<latexit sha1_base64="JdnlotVVuinijG3/6G4JXAgC9tk="></latexit>

�G,S
<latexit sha1_base64="meZfPcXzf/jZbmOsgBEugMBLvWE="></latexit>

�G,L



Galaxy�(halo)�Bias
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!

!!
Split

<latexit sha1_base64="RbKuTEDHM+6znHTdzSd5avZp2Hc="></latexit>

b(0)� =
d�n
d�L

Halo forms when ! is larger than the collapse threshold !"

Halo�is�easy�to�forms�on�the�top�of�the�long-wavelength�density�perturbation

<latexit sha1_base64="E0CBhWBrcyt2xCxy5hxP817VEoI="></latexit>

�L<latexit sha1_base64="ZlJ08Iykwt23V7LVj6OlSQByIq4="></latexit>

�S
<latexit sha1_base64="ZlJ08Iykwt23V7LVj6OlSQByIq4="></latexit>

�S

<latexit sha1_base64="WpUjRlzOawJl1EtmmxImlHFUyZE="></latexit>

�n(x) = b��L(x) +O(�2)



Scale-dependent�bias
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Dalal+(07)

<latexit sha1_base64="8gAq6KneDaF77A8AwkHvUVdLdx4="></latexit>

M�1 / k�2(k ! 0)

!
<latexit sha1_base64="E0CBhWBrcyt2xCxy5hxP817VEoI="></latexit>

�L

<latexit sha1_base64="s0BqMV2dmw79ykhJmcT/YFH+hfc="></latexit>

�L

<latexit sha1_base64="JRk4yw71sl0yUMl8yxh7WgLbe8A="></latexit>

P�(kS;x) = [1 + 4f loc
NL�G,L(x)]P�(ks)

The�short-wavelength�mode�power�spectrum�also�depends�on�the�long-wavelength�mode�Φ"

<latexit sha1_base64="/Bnn/8hx4LgOFIBQHQct7zvO/I0="></latexit>

�n(k) = b��L(k) + 4b�f
loc
NL�L(k) +O(�2)

= [b� + 4b�f
loc
NLM

�1(k)]�L(k) +O(�2)

<latexit sha1_base64="CsZGe4xLLgqhtDRp6maimfA1Ny4="></latexit>

�m(k) = M(k)�(k)

Poisson�Eq.
<latexit sha1_base64="LUv02Ff9w/wP9aUFADC8KielJV8="></latexit>

M(k) / k2 (k ! 0)

Number�density�contrast



Angular�dependent�PNGs
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<latexit sha1_base64="X6/Knko0384BiHTreXtCWqKhEMI="></latexit>

kL = k1
<latexit sha1_base64="32xt2NaYLYbhX60z8S8j4dd6GGs="></latexit>

kS = k2 � kL/2
<latexit sha1_base64="jkEVUJ9sDPCkrA7+4+0KikfYyxI="></latexit>

kL ⌧ k2 ⇠ k3

<latexit sha1_base64="H/hg3Nus7wKR3Ys3njXmINTvp3Y="></latexit>

B�(k1,k2,k3) '
X

`=0,2,···
A`P`(k̂S · k̂L)

✓
kL
kS

◆�`

P�(ks)P�(kL)

Arkani-Hamed&Maldacena(15)Template�of�primordial�bispectrum in�the�squeezed�limit�(soft�limit)

If�spin-ℓ particles�exists�during�inflation,
<latexit sha1_base64="hXis1yC8h18p2e86oA+uk974J7Q="></latexit>

P`(k̂S · k̂L)the�ℓ-th�Legendre�polynomial�appears�
If�massive�particles,��the�scale�dependence�and�oscillation�appears

<latexit sha1_base64="JvnBbQp/XAXqOUsmiJVmnD2ekes="></latexit>✓
kL
kS

◆3/2±i⌫`

!ℓ :�parameter�depending�on�the�mass�and�spin

<latexit sha1_base64="KIksVkMFwYav5RO+oz34Fry1uEo="></latexit>

cos (⌫` ln(kL/kS) +  `)

<latexit sha1_base64="tBZ4AXvRqoxysn7ry6DqpjvlvB8="></latexit>✓
kL
kS

◆3/2

→

<latexit sha1_base64="kQZHUHigoq08A1C7hhnT3MUfvOY="></latexit>

k1 = kL

<latexit sha1_base64="g0EKWTkA8sPrXQkvuc9xXcdv6qU="></latexit>

k2

<latexit sha1_base64="cij2TNVV0yB7/IWpztKUrFScsUY="></latexit>

k3

<latexit sha1_base64="fvkuh8FfTPmds5FsUWB2XOQUMCc="></latexit>

✓

<latexit sha1_base64="eEEu7TbYYiTyGqr19Oasj1pRENY="></latexit>

cos ✓ ⌘ k̂S · k̂L



Shape�bias
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<latexit sha1_base64="uLdW51qSoOnF64G2IXkatUQmj6Y="></latexit>

gij(x) = bKKij(x)

In�a�scheme�similar�to�the�galaxy�number�density,Galaxy�shape�may�respond�to�the�tidal�field�of�large�scale�structure.� Catelan+(00)

The�galaxy�shape�is�a�bias�tracer�of�the�tidal�field.
<latexit sha1_base64="krCf2G6bG2O9K/PRw7BRDQacb/s="></latexit>

Kij(x) =

✓
@i@j
r2

� 1

3
�ij

◆
�(x)

!



Galaxy�shape�and�Angular�dependent�PNGs�
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<latexit sha1_base64="dXd9Bz42LbSsaEJUo7Jt+0ZvF6M="></latexit>

B�(k1,k2,k3) = A2P2(k̂S · k̂L)P�(ks)P�(kL)

<latexit sha1_base64="v9CQGoTQgpmsJOz2xAUmUOFGnIM="></latexit>

↵ij(x) =
3

2

Z
d3kL

(2⇡)3
[k̂L,ik̂L,j]

TL�L,G(kL)e
ikL·x

<latexit sha1_base64="7Yf+9JOlv2C7YIaRe5jbF0ykMHQ="></latexit>

gij(k) = bKKij(k) + b↵A2↵ij(k)

= [bK +
3

2
b↵A2M�1(k)]Kij(k)

Primordial�bispectrum in�the�squeezed�limit

The�short-mode�power�spectrum�has�the�dependency�on�position.�
<latexit sha1_base64="m4qU7FR5kvzQKdawUTcsamJYL+c="></latexit>

Pm(kS;x) = [1 +A2↵ij(x)k̂
i
Sk̂

j
S]Pm(ks)

<latexit sha1_base64="CsZGe4xLLgqhtDRp6maimfA1Ny4="></latexit>

�m(k) = M(k)�(k)

Galaxy�shape�function�also�depends�on�the�primordial�long-wavelength�perturbation.
Poisson�Eq.

Schmidt+(15)

<latexit sha1_base64="LUv02Ff9w/wP9aUFADC8KielJV8="></latexit>

M(k) / k2 (k ! 0)
<latexit sha1_base64="Lluk2m2jCZq1gL7DSxbHTYliIGc="></latexit>

/ k�2 on�large�scale



Angular�power�spectrum

2021/11/30 10

Schmidt+(15)KK+(18)

Assumptions

<latexit sha1_base64="ajF535OJKha+p8R4OCvYRpwH6r0="></latexit>

Cl =
1

2⇡

(l + 2)!

(l � 2)!

Z
dkk2Pm0(k)[F (k)]2

Angular�power�spectrum

Blue�(Gaussian)

Green�(spin-2�PNG)�

Including�weak�lensing

<latexit sha1_base64="P5Qo5jfgHFxmCwT5u6mMtNixbpA="></latexit>

bK = �0.1⌦m

✓
D(0)

D(z)

◆

<latexit sha1_base64="ZRypHdJT9gy8gvuKqk6FbHmNuQg="></latexit>

F (k) =

Z
dz

dN

dz
D(z)


jl(k�)

(k�)2

�
[bK ]

<latexit sha1_base64="J0rtYR/t+hX/3JzCkpUBhQirhGA="></latexit>

F (k) =

Z
dz

dN

dz
D(z)


jl(k�)

(k�)2

�
[bK + 3bNGA2M�1(k)]

Red�(massive�spin-2�PNG)
<latexit sha1_base64="lJnyImUzMQ742d2PGF87ppQrBpo="></latexit>

F (k) =

Z
dz

dN

dz
D(z)


jl(k�)

(k�)2

�
[bK + 3bNGA2M�1(k)

✓
k

k⇤

◆ 3
2

cos(⌫2 ln(
k

k⇤
) +⇥2)]

<latexit sha1_base64="W+w4Nae64wKPGkZaxif3l8p5ShQ="></latexit>

bNGA2 = �10⌦m
<latexit sha1_base64="nE6nh6roKgnvCHk3MxHAz/as4wQ="></latexit>

bNGA2 = �800⌦m



Angular�power�spectrum
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Assumptions

<latexit sha1_base64="ajF535OJKha+p8R4OCvYRpwH6r0="></latexit>

Cl =
1

2⇡

(l + 2)!

(l � 2)!

Z
dkk2Pm0(k)[F (k)]2

Angular�power�spectrum

Blue�(Gaussian)

Green�(spin-2�PNG)�

Including�weak�lensing

<latexit sha1_base64="P5Qo5jfgHFxmCwT5u6mMtNixbpA="></latexit>

bK = �0.1⌦m

✓
D(0)

D(z)

◆

<latexit sha1_base64="ZRypHdJT9gy8gvuKqk6FbHmNuQg="></latexit>

F (k) =

Z
dz

dN

dz
D(z)


jl(k�)

(k�)2

�
[bK ]

<latexit sha1_base64="J0rtYR/t+hX/3JzCkpUBhQirhGA="></latexit>

F (k) =

Z
dz

dN

dz
D(z)


jl(k�)

(k�)2

�
[bK + 3bNGA2M�1(k)]

Red�(massive�spin-2�PNG)
<latexit sha1_base64="lJnyImUzMQ742d2PGF87ppQrBpo="></latexit>

F (k) =

Z
dz

dN

dz
D(z)


jl(k�)

(k�)2

�
[bK + 3bNGA2M�1(k)

✓
k

k⇤

◆ 3
2

cos(⌫2 ln(
k

k⇤
) +⇥2)]

<latexit sha1_base64="W+w4Nae64wKPGkZaxif3l8p5ShQ="></latexit>

bNGA2 = �10⌦m
<latexit sha1_base64="nE6nh6roKgnvCHk3MxHAz/as4wQ="></latexit>

bNGA2 = �800⌦m

<latexit sha1_base64="D3cQuJ7TlGOTzoE73m+aWKx3MNY="></latexit>

CNG
` / l2Re��3

Schmidt+(15)KK+(18)

<latexit sha1_base64="N0MIdpYASkPKSSFNJUlZh0EpuMc="></latexit>

PL(kNL)k
3
NL/(2⇡

2) ⌘ 1

<latexit sha1_base64="lzRcGhryewmRequqsKMylmbQB7M="></latexit>

`NL ⇠ kNL�(zpeak) ⇠ 470
Rough�estimation�on�nonlinear�scale
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Akitsu+(20)

Green�Inverse�trigonometric

Orange�triangle
<latexit sha1_base64="6n/bUjE/hOeQvNnVOFRS7Ff4FzE="></latexit>

B�(k1,k2,k3) ⇠ f loc
NLP�(ks)P�(kL)

<latexit sha1_base64="QGc7OFGjsK2DGLaUdNSxx1SsJ9E="></latexit>

B�(k1,k2,k3) ⇠ A2P2(k̂S · k̂L)P�(ks)P�(kL)

The�primordial�bispectrum in�squeezed�limit
Blue�circular�

<latexit sha1_base64="V43aX6CTG4jb0QSucoFLu5t95yg="></latexit>

B�(k1,k2,k3) = 0

Matter-halocorrelation

Matter-shapecorrelation

<latexit sha1_base64="bjCC8DRnF23d+PhHXiGDjeOsMYE="></latexit>

h��ni

<latexit sha1_base64="UYpI0Hi8Nnmen76hEqbjSiy0CXw="></latexit>

h�giji

Angular�independent�PNG�influences�on�only�
Angular�dependent�PNG�influences�on�only�

<latexit sha1_base64="wrbsX3EZ86GQuRyzkspgZAhUXLo="></latexit>

�n
<latexit sha1_base64="lHj+Yk6B/2qEbWZfesoypCvHwB4="></latexit>gij

Simulation�Result

<latexit sha1_base64="pjJNfghRGrkqOVPHQFRYdrQY4So="></latexit>

P2(k̂S · k̂L)

Can�we�detect�the�higher�multipoles�PNGs�by�using�galaxy?
<latexit sha1_base64="xJpjSujQMsfJGPadAE49pIseEn8="></latexit>

P`(k̂L · k̂S) (` = 4, 6, 8, · · · )



Shape�definition
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(Usual)�Shear�(2ndmoment�/�quadrupole)

4th�moment�/�hexadecapole

<latexit sha1_base64="fHh4dz+mBf7c5wLe5pwFl0MGEGU="></latexit>

I(✓) = I0(r) +
1X

n=2

[cn(r) cos(n�) + sn(r) sin(n�)]

The�surface�brightness�in�2D�polar�coordinate

<latexit sha1_base64="V12FvJ55HyAkwJRxFytn0ceNwa8="></latexit>

n = 2

<latexit sha1_base64="H2Es7A6U4K91B38gEWK0BwX6w/g="></latexit>

n = 4

General�definition�of�shape�moment�decomposition�

<latexit sha1_base64="voJc6oS6SvY3Zotd3zfLLb13edg="></latexit>

�(2)
ab /

Z
d2✓ [✓a✓b]

TLI(✓)

<latexit sha1_base64="YXL6nmKEWcoKq/hlRd5kljglb1M="></latexit>

�(4)
abcd /

Z
d2✓ [✓a✓b✓c✓d]

TLI(✓)

<latexit sha1_base64="74zCfjJV74v6+5wkvr8lAWqemy8="></latexit>

�(n)
a1a2···an /

Z
d2✓[✓a1 · · · ✓an ]

TLI(✓)



(Scale-dependent)�Bias�for�shapes
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Shape�bias
<latexit sha1_base64="B+vTBSTKCXWTyVyYciJV7OjS/hw="></latexit>

gi1···in(x) = Gi1···in [�L(x),KL ij(x);P�(ks;x)]

<latexit sha1_base64="Aq/6+rZ5R8YQ7kHRz4mLSSxYVFA="></latexit>

gijkm(x) = b(4)K [Kij(x)Kkm(x)]TL +O(�3)

<latexit sha1_base64="psWUjuDhZ8Hc+URz9zvIW9BSHI4="></latexit>

P�(ks;x) = [1 +A4k̂
i
Sk̂

j
Sk̂

k
S k̂

l
S↵Lijkl(x)]P�(ks)

PNG <latexit sha1_base64="D2JwDd+MQ6ZL+xiNGYrnqzayo+Y="></latexit>

B� ' A4P4(k̂S · k̂L)P�(ks)P�(kL)

Power�spectrum�in�local�region�is�modulated

KK+(21)

Applying�a�similar�scheme,�each�moment�of�galaxy�shape�may�respond�to�each�mode�of�angular�dependent�PNGs.

Leading�term�:�non-linear

<latexit sha1_base64="H2Es7A6U4K91B38gEWK0BwX6w/g="></latexit>

n = 4

<latexit sha1_base64="JsX8V8M9R0RuBiNnwxAInFgYIjw="></latexit>

�a1···an = [projection operator]gi1···in

<latexit sha1_base64="XcQOTt1OHFki/rL+C1gdvXIO9Kw="></latexit>

↵Lijkl(x) =
35

8

Z
d3kL
(2⇡3)

[k̂Lik̂Lj k̂Lkk̂Ll]
TL�G,L(kL)e

ikL·x

<latexit sha1_base64="u/8EAxcvl6i6v8ibWUEHWl+bXhs="></latexit>

gijkm(k) = b(4)NGA4↵ijkl(k)

=
35

8
b(4)NGA4[k̂ik̂j k̂kk̂m]TLM�1(k)�(k)

Shape�function�with�PNG



Angular�Power�spectrum
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Results

<latexit sha1_base64="VKK/uo8K4l3NnOwFqtI/g5d1y/o="></latexit>Z
d3pPm(|k � p|)Pm(p)

<latexit sha1_base64="Y1eVpsz5k/kD7bJn1aJ/o9LucxU="></latexit>

h(�(4))2i ⇠ b(4)NGA4h↵2
ijkli+ b(4)NLAhK

2K2i
<latexit sha1_base64="1dD/oNTjcG9qwU7cxfTYXU2ISnY="></latexit>

hK2K2i ⇠

Auto-correlation�of�4thmoment�shape�function

Note:�we�show�only�the�scale�dependencesince�some�parameters�are�unknown.

<latexit sha1_base64="D3cQuJ7TlGOTzoE73m+aWKx3MNY="></latexit>

CNG
` / l2Re��3



Summary
• Galaxy�shapes�may�become�promising�detectors�for�angular�dependent�PNGs�(e.g.,�from�higher�spin�particles).
• Each�moment�of�galaxy�shape�respond�to�each�mode�of�multipoles�in�PNGs.

• For�future�work,�we�need�to�investigate�shape�noise�for�each�moment�shape,�how�responsive�to�PNGs,�especially�for�scale-dependent�PNGs.�(e.g.,�by�using�simulation)
2021/11/30 16

Summary

<latexit sha1_base64="pje4zDeW6ZbwKb31Xuq4/iI27nM="></latexit>gi1i2···in
<latexit sha1_base64="J+a4S5nbBt4RfxYEWjWCDAM+I04="></latexit>

B� ⇠ Pn(kL · kS)P (ks)P (kL)



Forecast
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Results

<latexit sha1_base64="ywGQTD91rSOQlwqvPjuSDChJvPc="></latexit>

[S/N]2(z) ⇠ fsky

lmaxX

l=4

(2l + 1)


C(4,4)PNG(l, z)

C(4,4)PNG(l, z) + C(4,4)NLA(l, z)
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<latexit sha1_base64="fyY4W5ziVvoZ7F0SQjyE8VCTjco="></latexit> A
2

✓
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G
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◆
<latexit sha1_base64="PMr4vOtEi3VRKbrjoaNuDFFkLyM="></latexit>

`NL ⇠ kNL�(zpeak)
<latexit sha1_base64="TSOMbjpKOdLorzqyVXVWD3fPrLE="></latexit>

�(zpeak) ⇠ 2Gpc
<latexit sha1_base64="Wiwc+RTggA2QCwCZzjDoAGGTyKI="></latexit>

kNL ⇠ D(z =peak)kNL(z = 0)
<latexit sha1_base64="elHyYYKCTUbRBkF3qJvo3xs+S3k="></latexit>

`NL ⇠ 470
<latexit sha1_base64="N0MIdpYASkPKSSFNJUlZh0EpuMc="></latexit>

PL(kNL)k
3
NL/(2⇡

2) ⌘ 1



Weak�Lensing
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<latexit sha1_base64="L5eOUvRDMC14co4HIpxNj/fzJNg="></latexit>

h(�(4))2i ⇠ b(4)NGA4h↵2
ijkli

+ b(4)NLAhK
2K2i+ b(4)s h(@2K)2i

+ h(A2)(A2)i+ h(@2A)2i

<latexit sha1_base64="HFrRu4ENrGf75ixIho6aoHs+iys="></latexit>

Aij =

Z �

0
d�0�� �0

�
@i@j(�+ )

The�deformation�matrix�of�weak�lensing�
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Power�spectra
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<latexit sha1_base64="GWary8bIIMLVZ7hqrBgxSvw2EV4="></latexit>

B� ' A4P4(k̂S · k̂L)

✓
kL
kS

◆�4

P�(ks)P�(kL)

<latexit sha1_base64="jlNmV3WcN0wjzvdFXWOXzBegk88="></latexit>

PNLA(k) ⇠ bNLA

Z
d3pP (p)P (|k � p|)


