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For a review, Hamilton, astro-ph/9708102

Refs. AT, Nishimichi & Saito, PRD 82, 063522 (’10)
Nishimichi & AT, PRD 84, 043526 (1)



Redshift-space distortions

* Clustering anisotropies induced by line-of-sight velocity fields

* Unavoidable systematics in 3D galaxy clustering
via spectroscopic measurement

observer’s line-of-sight
real space

redshift —F flu (77) 3 /

space

Large-scales %

7 growth-rate parameter
: : hE - pecaliar-
B N R el e . velocity &

dln D_|_
RIS S ~ {Qmn(z)}?
' g% A8 55 o TR e v~ 0.55 (GR), 0.68 (DGP)
Linder ('05)

ISP T st AN ¥ 0 @ Measurement of f(z) offers a test
magnitlide ofidistortion. OC, fz) % of gravity on cosmological scales



Effects on clustering amplitude

Large scales: — probe of gravity

mild enhancement of clustering amplitude

Small scales:

clustering pattern is blurred, and amplitude is suppressed

These two effects eXthItS nonllnear correctlons and cannot be
separately treated

simulation: T. Nishimichi




Redshift-space power spectrum
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Redshift-space power spectrum

Quadrupole-to-monopole ratio

AR A In linear theory,
LBk _1+@2B)f+ 25
oM k) @)+ /1))
PP independent of scale
u Dpoc: Gaussian ;
0.6 NOT R o
i Improved PT Xxx ]
- __ Standard PT XXXE
05 - Improved PT E
u (w/o corrections) , E
F b b b SRR
0 0.05 0.1 0.15 0.2 0.25 0.3

k [h Mpe~!] AT, Nishimichi & Saito (’10)



Redshift-space power spectrum

Exact formula
PB) (k) = /dSX eik'x<6_ik“ Auz L85(r) + Vu. ()} {6(r) +szuz(r’)}>

J1 = —ikpf,
Ay = u(r) = u(r)
Ay = 6(r) + fV, u(r),

PO (k, ) = / dPxe™* (el M1 A,Az) Ay = 8(r) + FV.u.(r).

J A\ — j-A
In terms of cumulants, (/) = expi(e/ ).}

POk, u) = / dPxe™* exp{(e/t) (e Ay Az), + (e1M14,) (e/11A5),].



Factorized model

e.g., Scoccimarro ('04)

PO ) = [ dxet Jexpllen ) JIRRE A, + B AN As) ]

J1 = —ikpf,

Ay = u(r) — u(r')

Ay = 6(r) + fV,u,r),
Az = 6(r') + fV, u (r).

et PO (k) = [Dlt 7o [Pas(k) + 282 Pao(k) + " Pao(b)]

Ov - |D velocity dispersion (fitting parameter)

ignoring
spatial correlation

Similar forms have been frequently used in the last two decades
(Fisher et al.’93, Peacock & Dodds '94, Cole et al.’95, ...



Comparison with simulations

Pg)S)(k)/Pgs,glo—wiggle(k)
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Fitted results of sigma_v
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An improved modeling

AT, Nishimichi & Saito (’10)
POk p) = | dxe™*exp{(e/ ) J[(eH1A,A5), + (e/141A,y) (/1 A5), ],

Slight mismatch with simulation may be
low-k expansion caused by a naive treatment in the bracket

(e/"M1A2A3), + (/1M1Ay)(e/M1A3). = (ArA;3) + ji{A1A2A3),
regarding ‘j1” as expansion parameter T J%M +(A142) (A 1Az)c} + O().

v

PO (k, ) = Droclkufo.[Pss(k) — 2fu® Psg(k) + 21" Pog (k) FA(K, ) 4 B(k, 1)

d’p p:
A(k,/l) — _Qkﬂ / (27_‘_)3 p2 Ba(pak — P, _k)

<9(k1) {0(ka) — p3 0(ka) } {0(ks) — pi3 9(k3)}> = (2m)°p (ki23) Bo(k1, k2, ks)

3 2
Bh) = (? [ SEF@FPU=p) 5 Fo) =5 { Pul) - Z P |




Fitted results of sigma_v
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Performance of TNS model

TNS Power spectrum
computed with RegPT 2 Ioop PO (k,p) = Y P (k) Pe(n)

P(g) (k ) /P ((S)?no—wiggle ( k)
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AT, Bernardeau & Nishimichi (’13)
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s? [£,(s)

correlation function

2000

Performance of TNS model

computed with RegPT
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Validity of PT modeling

PNB(k,H) / Ppert(ksu)

1.2

0.4
0.0

PN-body (K, )

Pxaiser (ks ) + Ak, p) + B(k, p) + D(k, p)

"W/o A, B&D
—fGV =24 h_1MpC -

w/ A &B,woD
foy = 3.6 h—1l\/lpc

"W/ A, B&D
 foy = 3.5 h-"Mpc -
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Halo power spectrum in 2D

Nishimichi & AT ('l 1)

Phato(kj[, kL)
(192 + f M2)2P11n,no-wiggle(k)

N-body result ‘shot-noise’ corrected
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ki [h Mpc~T]
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ki [h Mpc=T]
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Halo mass dependence

Choice of . .
damping func. L: Lorentzian, G: Gaussian
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f/f1+d

Recovery of {(z)

fitting parameters: sigma_v, f(z)
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Impact of satellites

fitting parameters: b,A-O-alnha _ciama . £(=)
Nishimichi & Oka (’|3)

FLT Tttt ettty rreryrrr
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Impact of |-halo contributions

Prediction of higher-multipoles is still challenging . — RegPT 2-loop

in the presence of one-halo contributions |-halo (N-body)

—— |-halo (analytic)
10!
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Summary

* RSD measurement is renewed with great interest in
test of gravity on cosmological scales

* Growth rate parameter f(z)’ can be measured
through linear Kaiser effect in both spec/photo-z obs.

* Complication: non-linearity of RSD/gravity

improved RSD model based on perturbation theory (PT)

Still, PT-based model has limitation:;

- galaxy bias (impact of satellites)

Hybrid modeling

: : : Ol tal.(CI5
- impact of |-halo contributions ;;2:\:%86 35§;|4)
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For a concise review, Koyama, arXiv:1504.04623

Refs.  Koyama, AT,& Hiramatsu, PRD 79, 123512 (’09)
AT, Koyama, Hiramatsu & Oka, PRD 89, 043509 (' 14)
AT et al. PRD 90, 123515 ('14)



Motivation

Origin of late-time cosmic acceleration

If GR correctly describes cosmic expansion,

—

3

Rﬂv—%gﬂvR®=8ﬂGTm = -5

Dark energy (or cosmological constant)

If this is not the case,

1 o Science
87
RMV — §g“VR DNV — g T,u,l/—l_ B}%;I ¥y
VAL
N\ o G

Modified gravity / Deviation from GR



Gravity test

. 3
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Figure 1. Summary of different tests of General Relativity (GR) as a function of distance scale (bottom axis) and densities (top axis).
The standard model of cosmology seems to run into problems (dark matter, dark energy) at large scales. Because these problems could
indicate a breakdown of GR we need to test GR on large scales. Two probes which can do this are redshift space distortions (RSD)
and lensing. While RSD measures the Newtonian potential ¥, lensing measures the sum of the metric potentials ® + W. However, any
modification of gravity needs to pass the very precise tests on smaller scales (Pound & Rebka experiment Pound & Rebka 1960, Gravity
Probe A, Vessot et al. 1980, Hulse-Taylor binary pulsar Hulse & Taylor 1975, see Will 2006 for a complete list). Note that the error bars
for Gravity Probe A and the Hulse-Taylor binary pulsar are smaller than the data points in this plot. In this analysis we perform a

. . . . o )
ACDM consistency test (blue data point), where we use the CMASS-DR11 power spectrum multipoles together with Planck (Ade et al. B I S I ( I 4)
2013a) to tests GR on scales of ~ 30 Mpc (see section 9.1). eUt er’ alto et al.



Cosmological probe of gravity

Suppose metric theory of gravity is still valid:

PSS )2 (1 4 W)t + @2(t) (1 + 2B)d7

metric
a(t) : cosmic expansion «—» geometric distances
H(z), Da(z), Dr(z)
®(7), ¥(7): potentials « » large-scale structure
In particular, RSD U

Weak lensing o — W

Also, structure and abundance of halos are powerful probe
(Schmidt et al/09; Terukina et al.’ 14)



Modified gravity effect on LSS

Linear theory (on sub-horizin scales)

s 1 s - k
i};;fg Eqs. O Om - P 0 \ Conservation law of
= | k ' energy-momentum tensor
Eqs. EG) ’U+HU+E\IJ=0 J
2
Eq.@ %@:477Gpm5m )
> Einstein equations
Eq. ¢+ U = J

Modification of Eqs.(A)&B) generally implies

Geff(k, t)

time- & scale-(in)dependence of growth will be changed



Nonlinearity in modified gravity

Beyond linear theory, Geg should has non-trivial dependence on
k and t (should be non-linear func. of 0y,) /

‘Fifth force’ mediated by new degree of freedom (scalar field)

Indeed,

For consistent modified gravity models that can pass solar-
system tests, nonlinearity plays a crucial role to recover GR on
small scales

llllllllllll Screening eﬁ

fect  (e.g.,Vainshtein/Chameleon mechanism)

Taking account of nonlinearity is essential for cosmological test
of gravity beyond linear scales



f(R) gravity

= [t v=g | o R+ F(R} + L

(Modified) Einstein equation

1
G,uv fRR,uv_ <§f_|:’fR> g,uv_v,uvva ZST[GT;L,

- Pressure
— trace part: — + — = — 871G m
P S = R+ JrR—2f Pm ignored

This can be viewed as scalar field coupled with matter density field:

_ df(R)
dR

OVes

agb:() ¢ <—>f

Lo —

OVes
0

— %(R — frR+2f + 87Gp,)
fifth force



f(R) gravity

Perturbation fr — fr+3fr ds® = —(1 + 20)dt? + a®(¢) (1 + 28)dz?

Assuming |fr| < 1& |f/R| < 1 (cosmic expansion close to ACDM)

3

Scalar-field eq. — — V2 fr = —8m G'Omém_I_ 6R ; 6R = R(fz) — R(fr)
(quasi-static limit) ‘! -
Further, [ %vij _ 167 G o B — 15}2
Einstein eq. modified Poisson eq.
VAU +®) = -V ifr

* Standard Poisson eq. is recovered if 0 R = 87 Gpy, dn, (screening effect)

1 :
o ?W(\Ij — @) =87 G pmdm — weak-lensing effect unchanged



Viable models

~

Starobinsky ('07)  f(R)

\_

Hu & Sawicki (07) f(R) = —A Ry

(R/Ro)™"
(R/Ro)*" + 1

R2
—ARpg<1— |1+
T

~

)

Both models realize cosmic acceleration at late time,
and recover GR at small scales

In particular,at R > Ry

f(R) ~ =167 G pa — fro

R(()Qn—l—l)
R2n

; fro <O



Formulation

: Koyama, AT & Hiramatsu ('09)
Assumptions

(

N
* (Standard) fluid treatment of matter fluctuations (CDM+Baryon)

- Modification of gravity sector only appears in Poisson eq.

* Theory effectively looks like Brans-Dicke gravity
on sub-horizon scales

.

Poisson eq.:  Newton potential

new d.o.f for gravity
Brans-Dicke scalar

perturbative expansion (see next slide)



Formulation

Expansion of Z(y)

: N\
1 PBk,d3k
Z(p) = Ma(k)e + / (2} . 25p(k — ko) Ma(ky, k) (k1 )o(ks)
1 [ dBk,d3kod3k
1 / L 22 23 5p(k — kios) M (K, ka, ks)o(K1 )p(k2)p(ks) + ...
N 6 (2) ’

- d Blfr)
M2 2 df%{ 9

M- =
3 df}%

2
r
My — O, Mo = ZQ_Z{(kle)Q e (kl - k2)2}, M3 —.()

Most of Horndeski theory is also described by this formalism

Solving the scalar-field equation perturbatively,
new scalar field is expressed in terms of density fluctuation
Total

. . : Euler eq.
@ Non-linear Poisson eq. + Fluid egs. Contingit)' eq.




Standard PT |-loop

Standard perturbation theory (PT) Koyama, AT & Hiramatsu ('09)

-} (SR)S(R)) = (27)2 0p (K + K') P(k)

4 | 4

jg _ ‘fR0’ =10 4 - | fro| = 10

O 02? AT : R )
ay P No Chameleon I f(R)gravity (f(R) x AR+1) ﬂ
—~ [ (Linear Poisson) | Z
g r | Lines: Perturbation theory |

e - Symbols: N-body -
D? ur T

]
= 0'05:_ Chameleon 1 N-bodv dat
Q. : (non-linear Poisson) Ody data.
" of | | + 1 WHu & F Schmldt

- s s 01
k [h Mpc']

Impact of screening effect is small (~1%), but is not entirely negligible



Effective Newton constant

Linearized equation:

Continuity eq. . . k2
Euler eq. > Om + 2H 0y 3 V=20
Poisson eq. k?
Scalar-field eq. ' g2 U =41 Geg (F, 1) Om
G.a=G {1 | (k/a)Z }
e " (3+ 2wsp) (k/a)® + M (k)

- . (k/a)? koo 4
ror fR) Geﬁ_G{l ' 3<k/a>2+dR/de} — 3¢

Linear growth factor becomes scale-dependent in f(R) gravity

— Scale- & time-dependence is no longer separable in PT calculation



A novel PT scheme

Standard PT kernels —  V.wv
(n) d’ky - d°ky, | o
50 (s ) = / iy 00k = ki) Fakie s )30 (ky) - do k)

(n) Bk -k,
9 (k, t) = (271_)3(”_1) 5D(k — klg...n)Gn(kl, R ,kn; t) (50(k1) s 50(kn),

In GR, kernels (Fn, Gn) are analytically constructed from
recursion relation (e.g., Goroff et al.’86)

But this is not possible in non-separable case like f(R) gravity

— Numerical reconstruction of standard PT kernels



A novel PT scheme
Solving evolution egs. for PT kernels numerically:

AN

L(k1..n) source term

Linear operator ( Fo(ky,- - kn:a) ) (Sn(k1,~- k,.:a) ) nonlinear

Gn(k17”' 7kn;a) Tn(kla 7kn;a)

e —a(ky.j,kjr1.m) Gilky, - ki) Fnj(kjt1, -, kn) |
+

— 1
~ |~ 581 k1) iRy, ky) Gk, oo k) -

\ 5 (H(a)) CLS’ + a% + (2 + I‘I2> + ) scale faCtOr as
time variable




A novel PT scheme

|. Solve these equations with initial conditions at ai <<I:
Fy =a;, G1= —a;, otherwise zero

2. Symmetrized : E™(ky,--- k)

3. Store the output in multi-dim arrays

rd

For power spectrum at |-loop order,

what we need is just the 3D arrays of kernels up to 3rd order
(typical size ~100x100x10)

application to
PP_, resmmed PT and/or RSD calculations




Application: f(R) gravity

All predictions are made from
kernels up to 3rd order (i.e., F2, F3)

N-body data: Baojiu Li
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Consistent modified gravity analysis

Y-S.Song, AT, Linder, Koyama et al.
Combining TNS model of RSD, arXiv:1507.01592

anisotropic correlation function is consistently computed
in f(R) gravity = BOSS DRI CMASS

200 ACDM

......... |frol=32x107"
................. |frol = 3.0 x 107*

150

A T T T T T

—

_ Likelihood

[ Marginalising Gy

S0

£/
02 04 06 0.8

BOSS DRI'T CMASS

0

50 100 150 200
o (Mpc) £ ol
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For review & Lesgourgues & Pastor, Phys.Rep. 429, 307 ('06)
pedagogical paper, Shoji & Komatsu, PRD 81, 123516 ('10)

Refs. Saito, Takada & AT, PRL 100, 191301 (’08)
Saito, Takada & AT, PRD 80, 038528 (’09)



Linearized Boltzmann equation

For massive neutrinos,

£ 1 BOIRE

o kp p V' D? + m? -
Eq. N +i . (\/p2 — N ; \If) + 0

Legendre expansion: N (k. u,p) = Z(—i)e(% + 1)@\@(/@,@%(@)
14

L |
No-l—- b Ni+P=0

a \/p2 + m? gijpipj + goo(po)2 — m?
2 2
[ \ p F
- k 2 2
Ni+ =< ;)QQM—M%W@+mm>ﬂ)
a X \/p _I_ m P ) Note_cp’ iS Ph)’SicaI
: k
N> A z (BN3 —2N71) =0 momentum
5a/ \/p2 _|_ m2
- k
N 2 {0+ 1D)Ny1 —ONg_1} =05 (£ >2)

(20 +1)a \/p2 + m?



Relation to fluid quantities

9 (p) N (K

1 d? Oln
5l/(k) — ,0_1// (27Tp \/p _I_m2 [fl/(kmuapg// '

, 14, D)

1 d°p
k) = —— [ B 01, (ko)

To describe the perturbed distribution function for neutrinos, we
need 3 variables (i,e., k, p,and mu)

It is thus difficult to analytically treat Linearized Boltzmann eq.

(also bit difficult for numerical computation)



Characteristic scales

Masses of (each) neutrino are known to be very light, and their
distribution is close to thermal distribution (i.e., Fermi-Dirac)

» Neutrinos were relativistic until recently

» They have large velocity dispersion

[Two important characteristic scales: [k, , kgs ]

| . Non-relativistic scale Fermi-Dirac

_ fd?’qqf;@) _ T
- Jqfu(e)  180¢(3)

Transition redshift :

(E) T,~ 3.15T,(2)

1—|—zm:1890( m )

(relativistic = non-relativistic) 1 eV
E~m
.. 1/9 m \ 1/2 g
non-relativistic scale : knr >~ 0.018 Qm/ (1 V) h Mpc
€

knr — anrH(anr)



Characteristic scales

2. free-streaming scale

o2 (2) = | @°q(q/m)’ (Q) 15<( ) ( >2/3 T2 . (1+ 2)?
A fd3q f.(q ¢(3) \11 m?2

V N\

density perturbation §, does not grow (rather suppressed)

1/2 ks

a

0 H Jeans [ /3 H?
scale c2

S

. 3
Characteristic scale: kpg = \/j

2 0,

0.677 m _
= AT ey V() [hMpeT ]




Qualitative behaviors

1.0000F 5 77 7T S

RAN
LN\
0.10002\\\\\§§

0.0100 E

k [h Mpc™']

Super horizon

0.0010

I mu=O.1BeV
0.0001 i

1073 1072

o/oO

107° 107*

Shoji & Komatsu (’10)

107"

10°

Om

P(k) [h-3Mpc?]

1000 £

100

105: T T lllllll T T lllllll

104 |

. matter power \ )
= spectrum at z=0
()1.001I IIIII()Iil()l | IIIIII()I?l | IIIIIIIIl - IHiO
k[h Mpc~1]
suppressed
QC Qb QV
5(3 | 5b + 5V
Qm Qm 11

Below free-streaming scale (k > krs)



Free-streaming suppression

ratio of matter - Q, 0075 0.1426 m
power spectrum Jv = Qm Qb2 (1 eV)

12 | | | | 1

I I I I I

Knr numerical Nj.=1 =
1 N fV = 0.01 i 08l . analytical N,=1 ———— _
) numerical N,=3 =
- 08r 1 <
L = 0.6 analytical N.=3 ——— |
~3 <
o 06 1= | T -8,
= Z 04t
O 04} 1 & RNRN
f]/ — O.]. 02_ \\\\\\ I
0.2 - —1
k. = 5hMpc
0 | | | | |
0 : : : 1' 0 0.02 0.04 0.06 0.08 0.1
10 1073 102 107 ¢
v
k (h/Mpc)

Empirical P, .o(kx)
formula Pf,,zo(k*)

Lesgourgues & Pastor ("06) (at z=0)




Impact on large-scale structure

massless limit
\ N AT

1e-29

»%  Mmassive neutrinos
S 1395\ - oy
.t' » g;?%*‘q ‘? }%‘%f ‘_ -... > : .__ : "_I'i. -
L A T it "'_*:I.Z y e, .

le-28

o

1le-30

le-31

S.Agarwal & H. Feldman (' I)

Density [g;’c.m3 )



Constraints on neutrino masses

Detection of free-streaming suppression is the key to
weigh the neutrino masses

Combining CMB with

* Galaxy surveys

* Weak lensing & CMB lensing

e Others: Cluster count

Lyman-& forest
2lcm (future)

Current bounds

- IT + lowP + lensing + BAQ

TT + lowP

N ;o'.

TT + lowP + lensing

| | | |
0.0 0.4 0.8 1.2 1.6
Y m, [eV]

0.84

0.80

0.76

0.72

0.68

0.64

0.60

Planck 2015

Q
[e0)



Modeling LSS including massive Vv

To detect small masses of v,
precision modeling of large-scale structure (LSS) is crucial

4

Nonlinear gravitational clustering of
CDM + baryon + VvV

Difficulties

» Co-existence of very hot & very cold components

* Tiny amount of neutrinos :  d ={f,6, + (1 — f,)dx

o 1 &M

fl/ < 002 for Zm,/,z- <0.3eV

T QR Q2% 1eV ~

------ » different dynamic range in phase-space



Simulations with massive V

In addition to CDM-+baryon treated as N-body particles,

- massive V : N-body particles
e.g., Brandbyge et al. ('08), Viel et al. ("'10), ...

- massive V : Linear Boltzmann on grids
e.g., Brandbyge & Hannestad ('09), Ali-Haimoud & Bird ('12), ...

- massive V : Linear Boltzmann on grids + N-body particles
Brandbyge & Hannestad (‘10)

-massive V : SPH particles (treated as fluid with pressure)
Hannestad, Haugbglle, Schultz (*12)

Alternative
method ignore neutrino’s self-gravity e.g., Ringwald & Wong ('04)



Perturbation theory with massive V

Strictly speaking,

single-stream approximation is invalid for massive neutrinos
(neutrinos are ‘hot’ dark matter)

—> Need a further approximate treatment

A simple recipe by Saito, Takada & AT (’08,°09)

Pu(k) = (1= f,)* Pay(k) +2f,(1 = £,) Pev (k) + f P, (k)

Standard (or resummed) PT Linear Boltzmann
with a slight modification :

replacing all D3.(z) Ps(k) in PT expressions with  FPen(k; 2)

linear matter linear power spectrum
power spectrum of CDM + baryon

For other approach, multi-component fluid system by Blas et al. (' 14)



Simulation vs P
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Simulation vs PT

DEMNUNni
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Application to observations

BOSS DR9 flat vVACDM

06 Bl Colectal. Ea(12) Standard PT |-loop + McDonald bias
k _max=0.1h/Mpc

. T ‘ | Zm,, < 0.340eV (95%CL)
0.0 ; ‘ “““ ] |

020 025 030 035 025 030  0.35 025 030 035 Zhao, Saito et al. (’ | 3)
Q Q Q

M M

BOSS DRIl e

lllllllllllllllllllll

0.85 [ Planck-A, +Beutler2013+CFHTLenS

RegPT 2-loop + TNS + non-local bias

0.8

k _max=0.2h/Mpc
Y m, =0.34+0.14eV (68%CL)

o F
0.75

0.7

Sign of massive neutrino ?
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S m, [eV] Beutler, Saito et al. ("1 4)



Resolution of simulations

Castorina et al. ('15)

: o | 1012—*””
1 % o) i
1014 7. DEMNUni ({;)b 6) Q . .
@ Villaescusa et al. (2013) / ; 7
'] Bird et al. (2012) 2] 10|
13| Qq’ | i

107" ¢ Wagner et al. (2012) N

'O Agarwal ef al. (2011) " ] :
f O 1010}
Brandbyge et al. (2010) %Qb‘ ;

%
O,
Qcif
my [h™'M_]

CDM | neutrinos

“10° 102 01 1 10 100 0 102 01 1 10 100
V [h3Gpc?] V [h3Gpc?]

Neutrinos are still described with large-size macro particles



N-one-body simulation

Full-Boltzmann simulation, but ignoring self-gravity of neutrinos
(e.g., Ringwald & Wong ’04)

For a spherical top-hat CDM halo,
5MV(< Fys tO)

m \26/ M \15
~> (34 x 10°M v
Z( x 10°Mo) (0.05 eV> (1014M@)

5M1/(< Fys t0)|b0und

~ 1.2 x 103M -
| Yoy (i) ()

-6 -4 -2 0 2 4 6

X (proper Mpc) LoVerde & Zaldarriaga ('14)

... comparable to the mass of neutrino’s macro particle

Current simulation with massive V does not have sufficient
resolution to properly describe the neutrino clustering
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Ref.
Bernardeau, Nishimichi & Taruya, MNRAS 445, 1526 ('14)
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Cosmic shear statistics : theory

E-mode cosmic shear

“Convergence field” Z5Z 5 :

—

($8
7 \ ==

)X R
“ cdz

3 H2 X oo X s
k(0) = §ﬂmc—2°/0 dxsn(xs)/o dx

0

X
Xs

WB AR S DEFSHUEU B (projection effect)



Cosmic shear power spectrum
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Impact of small-scale nonlinearity
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Motivation
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Nulling low-z contribution

EXRIRTATT

B TEAREES ZNT LY AN—XRILDEEZZEZ S
(BERTDAAREIETDOIN>TWVWBELT)

Cp™ = /OXOO d—>2< {g(x)}°|Pss (k _ bt 1/2;2(X)> ;

X X

g(X) — §QmH§ /OO dXs{(XS ; X)XUJ(XS) n(Xs)J

-2 a(y)




Simplified setup (1)

3 source-plane solution

HRIBADSBRHIC, s = xi (0 = 1.2,3) ORARBAIK V\2HA

3 QnH2 <~ (i —
g(x) — 5 > X ,X)sz-@(xz- — X)

a(x) = X
/ AT v TR
Z DI

w1 = (X3 — X2)X1
{ w2 = (X1 — X3)X2
— (X2 — X1)X3

\

EESRE

gix)=0 at 0<x<xi




Simplified setup (2)

Multiple source-plane solution

Bl ORARBEIBNUALD 5EZE  xs=xi(i=1---,n

L5 LB 73 nulling low-z signals DMENL 5

Ja(X) 4 g3(x)

SKDIZE




Simulations vs. Perturbation theory
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Realistic setup (1)
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Realistic setup (2)

B HEHOBITIRT
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Realistic setup (3)

7, 3B
Photo-z error D=2
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Impact on lensing tomography
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Impact of wrong cosmological prior

Nulling profile #8E(C (&, FHMTET /I ZERIICHDDESD D
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Applicable range of perturbation theory

3 5Linear' 1% 20% Linear 1% 20%

NullingT % = “/:7 5D

w 775U
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RegPT: EE&Fm/\7 ) w2 J— R (AT, Bernardeau, Nishimichi & Codis ’13)
http://www?2.yukawa.kyoto-u.ac.jp/~atsushi.taruya/regpt _code.html
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