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Outline

» [ntroduction
= Needs for an accurate theoretical template for the galaxy clustering
» Geometrical & dynamical test using anisotropy:in the clustering

x Modeling the growth of cosmic & velocity fields
= Nonlinear gravitational evolution
» Redshift-space distortions

x Connecting galaxies to the cosmic web

» Modeling SDSS LRGs

» Scale-dependent bias and primordial non-Gaussianities



Introduction
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Observational cosmology: the current situation

x Crisis of ACDM cosmology?

x ?

» Or just a systematic errorin-one (three?)
experiment(s)?

= Next generation

= Pinning down parameters

s Extreme-careisheeded:for

systematicsl 60 65 70 75 80 85

Ho [ kms™ ' Mpc™ ]




Baryon Acoustic Oscillations: a geometrical test

x Sound wave in photon=-baryon fluid
x stoled at recombination

= mprinted-in-nearby:largesscale:structure

x BAOSs are standard:ruler . P b;ﬂhﬂ{iu‘uﬁfﬁm‘\|}m‘|l‘lt

= probe of

x powerful test for dark energy

1aKI, A. Taruya



BAOs: how does it work?

distance measurements in z-space x mark a physical scale
Ary =ecAz/H(z) &.g., Pesbles & Yu ‘70
(A8, Az) x constraints on Dy = (DaA2/H)

Best—fitting model
— — - Reference

Blake+‘11a

NAri = Da(z)A0

%

observer

© A. Taruya

» Alcock=-Paczynskiitest
Alcock & Paczinski ‘79, Matsubara & Suto ‘96, Ballinger+ ‘96

» “cosmological distortion” because of a

wrong cosmological assumption WiggleZ Dark Energy Survey
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= constraints on (DaH) wavenumber k [h/Mpc]
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Accelerated cosmic expansion

x Geometrical tests-arenot-enough

» DE/MG can mimic any expansion:history G i1 87TG T
: O P 4 JVA %
» Dynamical test? C
x growth rate of structure? dark energy?
» density field? Galaxy bias is a problem: f(R) DGP

= velocity field?-Redshifi=Space - distortions:!

x Geometrical (background) + Dynamical (perturbation) tests are essential !!
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" " " Linder 05
Redshift-space distortions
Kaiser 87 S dinD(2) ~4~0.55 (ACDM),
B = e = 0] 65 (DaP)
Large-scales .
peculiar
velocity
observer ‘e
A A4 O
ol Fang ' :
X Tarur;/waagnitude of distortion X f(z) S

line-of-sight displacement
?JLoS("') R . dueto peculiar velocity
S,\_ T< GHIE) » Both AP & RSD test the anisotropic signal

position-in real space

= Accurate modeling in 2D is the key !!

8



Theoretical challenge

» How well do we understand ?

= gravitational growth
= redshift-space distortions
= galaxy bias
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ower spectrum (normalized)

Qlwavenumber k [h/Mpc]
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Modeling the growth
of cosmic density & velocity tields
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The strategy

‘simulations

calibration, check accuracy

>

(fixed cosmology)

ensemble average

~

\_ IH J

tests using mocks

parameter search in >6D space

( &

(perturbation\

g

theories

J

)




based on Crocce&Scoccimarro06

Renormalized Pl

Crocce & Scoccimarr ‘06, Taruya & Hiramatsu ‘07, ...

1 2 3 4
x “Renormalize” higher-order terms 0= 00 £ 81 8% 4 ) 4
back to lower-order g =9 L9 g@® 4 g™

oower spectrum P — Pl o p22) 4 p(3h) o p(i3) ex. Gamma expansion
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Convergence property

= Better convergence

x All the terms are
positive In

& Alternating series in
Standard PT

= Especially suitable for
BAO modeling

Taruya, Nishimichi et al. ‘12

negative, ..

10-?

10-1
k [h Mpc]




Why Renormalized P1s WOrk't\'/\I/eth?

F(P)

» (multi-point) propagators —
aby...bp \Sly === 3 Kp3T)

= /0SS Of initial- memory.

Crocce & Scoccimarro 06

= separate dynamics from initial condition

asymptotes are known
RERATARARARRERAT BRIALARSA RARIUVULE A AR R AR REE MULUR AR
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o
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1-loop 2-loop

() / D«

GRPT *
Bernardeau, Taruya
& Nishimichi ‘12 G with 0y, oS,
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Mapping to z-space

= \\Videly used model:
De(kp fo,)  Streaming model

x [Pss(k) + 2 fu?Psg(k) + f2u* Pag (k)]
Scoccimarro’04

= 2 ingredients
= (nonlinear)
x |arge scale coherent motion
= Fingers-of-Gods effect

= small scale virial motion
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Mapping to z-space

= \\Videly used model:
P(k,p) = Dg(kp fo,)  Streaming model

x [Pss(k) + 2 fu®Psg(k) + f2u* Pog(k)]
Scoccimarro’04

= 2 ingredients
= (nonlinear)
x |arge scale coherent motion
= Fingers-of-Gods effect

= small scale virial motion



Mapping to z-space

= \\Videly used model:
P(k,p) = Dg(kp fo,)  Streaming model

x [Pss(k) + 2 fu®Psg(k) + f2u* Pog(k)]
Scoccimarro’04

= 2 ingredients
= (nonlinear)
x |arge scale coherent motion
= Fingers-of-Gods effect

= small scale virial motion



TNS model Taruya, Nishimichi, Saito 10
. | multipole moments
x Streaming model fails Pk 1) = Lol Po(h) + L) Palk) + La() Pa) + ..
x & FoG are not separable!

= o back to exact expression

= computed 2 correction terms

Pk, ) = Dk p fo,)
x [Pss(k) +2 1 Psg(k) + £t Pao ()

+A(k, u; ) + B(k, p; f)]

0.15
k [h Mpe1]

quadrupole monopole

A term « cross-bispectrum of © & 0
B term « convolutions of Pse & Pee




TNS model Taruya, Nishimichi, Saito 10
. | multipole moments
* Streaming model fails Pk, 1) = Lo () Po(k) + La(w)Pa(k) + La(1) Py(k) + ..

x & FoG are not separable!

= o back to exact expression

= computed 2 correction terms e

Pk, ) = Dk p fo,)
x [Pss(k) +2 1 Psg(k) + £t Pao ()

x

+A(k, u; ) + B(k, p; f)]

quadrupole monopole

k [h Mpc1]

A term « cross-bispectrum of © & 0
B term « convolutions of Pse & Pee




Limitation of PIs & non-pertubative corrections

Valageas & Nishimichi 2011a, b
x single-stream flow is assumed in PTs

= cannot follow the dynamics after

10*5
x Combine PTs with halo model
x nalos are the place where shell-cross takes place 0=

x g consistent formulation to -avoid-double counting 10+3

Prot (k) = BBR(LIR) Pore (k) £ [P (k) — P ()] o3

» A wide wavenumber range can be covered

= Useful for analyses 10+0
0.001 0.01
Valageas, Sato & Nishimichi 2012a, b



Combined theory in z-space

mbined

—— iPgud& Py O
—— Pq:8 Py €6

- V,=4 h=3Gpc?®
with corrections

mbined 5 -+

i— Hexadégcapole

1 I T | | 1 1 1 | 1 1 1 | I 1 1 | Il | 1 1 1 1
0.05

Taruya, Nishimichi-and Bernardeau 13

® Hexadecapole moment =

= does carry information:!!

®x more sensitive to 1H term
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Connecting galaxies to the cosmic web
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Tests with mocks (subhalos): a naive implementation
of parametric bias 5+ parameter fit

1 2 2
8 + Qk
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Modeling Luminous Red Galaxies

Oka, Nishimichi et al. (in prep.)

(Simu |ation3\ calibration, check accuracy (perturbation\
(fixed cosmology) > theOrieS

- J

ensemble average

parameter search
&
k )




Modeling Luminous Red Galaxies

Oka, Nishimichi et al. (in prep.)

‘simulations

(fixed cosmology)

ensemble average

parameter search
.@ B (
\_ J




Ha‘QS VS. SUbha‘OS Oka, Nishimichi et al. (in prep.)

0]
dashed: Mmin= 1.77 [10"2Msu/h], Fs = 0 = We need (20~30%) !
solid: Mmin = 28.3 [10"Msun/h], Fs = 0 « centrals cannot explain both Po & Ps simultaneously
: Mmin= 12.6 [10'2Msun/h], Fs = 0.25 Pk, i) = Lol)Polk) + Loli) Po(k) + Lalw)Pi(k) + . ..
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Multi p‘ IClty function Oka. Nishinmichi et al. {in prep.)

x pest-fit model reproduces the

LRGs multiplicity function pretty - well
M sinalet , see also Hikage + *12,
| 9 = - a-Single LRGdoesnotaiways who discuss the off-centering of LRGs
. mean:a-centratgalaxy:t using correlation + weak lensing signals
\ fraction of host halos that have N subhalos/galaxies

doublet + Reid & Spergel ‘09 group finder based

on count-in-cylinder 1

_|_

5

triplet 0.8 Mpc/h R — Nsuo / NLRG




Slas Is not always bad!

Dalal+08 x Scale-dependent bias has been a hot topic
Slosar+08

Matarrese,Verde08
Afshordi Tolley0s  |tNEONY
McDonald08

i matter power Spec. halo power spec.
Giannantonio,Porciani10
Desjacques,Jeong,Schmidtlta;b
and more ...

x g new-window:for-primordial-non-Gaussianities

Nishimichi, Taruya,
Koyama, Sabiu’10

~300 + ---

observation| o
-29 < 1< 69 (QSOs+tmore) 0.005 0.01 0.02

k [h Mpc™]




What we are looking at??

local-type non-G.

§
Be(ky, k2, k) = ¢ fail Po(k) Pe(ka) o (2 perms)
C: curvature perturbation

fa1 = 37 £ 20 (68%CL)  WMAPY (Hinshaw-+13)

initial final (matter)  final (galaxy)
PS PS PS
fnl Bs BS
primord.
non-Gs



What we are looking at??

local-type non-G.

Be(k1, ko, k3) = gfnl[Pc(kl)Pc(kz) + (2 perms. )]

C: curvature perturbation

fa1 = 37 £ 20 (68%CL)  WMAP (Hinshaw+13) » \What happens to the
initial final (matter)  final (galaxy)
?
PS PS
fnl BS BS BS
primord.
non-Gs



What we are looking at??

local-type non-G.

Tg(kl, ko, k3, k4) =3 Tnl[PC(kflg)Pg(k;g)Pc(l{q) -+ (11 perms.)]

§

Be(ky, ko, ks) = = fu[Pe(ky) Pelka) 412 :

¢k, ko, k3) = = far Pe(R) Pelka) (2 perims:)] +;_;Lgnl[PC(kl)Pg(b)Pc(kg)+(3perm&>]

C: curvature perturbation

fa1 = 37 £ 20 (68%CL)  WMAP (Hinshaw+13) » \What happens to the

initial final (matter)  final (galaxy)
?
PS PS PS

fu  BS BS / » Can we measure the

primO( > primordial trispectrum?
P

non-Gs Jul & Tal :
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SISpectrum
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General local-type non-G e

» IS expressed as
= g [aylor series of multiple Gaussian fields

x includes higher-order:coupling-atany:order.

x The resultant halo P(k) is very generc:!

P (k) = b5 Ps(k) + 2rumbsbe Psc (k) + b Pe (k)

."-_.Zbabz;rMFF’@z;

initial final (matter) final (galaxy)

;. Ips PS PS

10
2 Bs 0.001 0.002 0.005 0.01 0.02 0.05 0.1
prlmor k [h Mpc‘l]
non- Gs/
a1 & 7o [RRGH > -
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New tests 1n VS Thi

Nishimichi ’12
» Suyama-Yamaguchi inequality x (Generalized SY- Inequality can be
= tested using P(k) of biased tracers!
n S : - £
ol = 5e/nl s dingle source b Via e
= Robust. Just a Cauchy-Schwarz inequality. s HEoOUL Al

10+8
single field multi field left: far = 100, Tri = (36/25)f°

1047 1\ ‘ — vE = 1
10+6 ‘x\‘ ! - I’ight: ol = O, Tnl = (36/25)fn|2

SL T000, > 22 O
Vs TRy s g = I'MF =
‘IO+5 ,,/ \ \\ \‘\CY)\\ ,,’. \ o

P (k) = b3 Ps(k) + 2rmpbsbe Py (k) + bz P (k)

10+4

0.001 001 k [h Mpc1] oo
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New tests

= Approximate Consistency
relation btwn Gaussian-and
pias factors
in case of fy

= Multiple tracers

2 150

100

Nishimichi *12

P (k) =05 Ps(k) + 2ryinbsbe Psc (k) + b P (k)

T T

quadratic (fn = 100)

;

z=0.35

cubic (gn = 5x10°)

z=1

LLIL L N L]

PRI T T T T TITTTTT

Gaussian bias factor bs

(6]




Summary |-lam here |l

5z space 52 space . 5z space

C = 50 o 5nonlineara enonlinear 7 Ohonlinear (sub)halo galaxy

LuminousRedGalaxy : . . N LN RN RN LN RN L R A B

[ soss future current status
)

1

» emission galaxy z=1.0 SuMIRe 1-c error

(

? linear thh,_eor-y

N-body simulations " HSC SuMIRe project

! Imaging survey PES
> weak lensing spectroscopic survey
P 4
Theoretical challenges ” » BAO
= » RSD

» primordial NGs

.,,s-t'a"h'dard

/

» nonlinear growth of structure =— ——
» redshift-space distortions -— |

IIIIIIII]‘I‘I,I'I‘I1‘I-I'I‘|IIIIIIIIIIIIIIIIII

"“iiiEilf'f‘-"‘“h\i*“ - Parameter constraints . annamnannnEnnnannnnnnn

0.0 0.5
{F peturbation theory » Cosmological model AH(
2)/H(z)

,""|||||||||||||||||||..|'|'|~|.|‘l|'|'|||||||||

» Nature of galaxies

Can we distinguish between them? G When b | as |S Contro | | esgj




