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Scale of interest and growth of structure
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Entering into -nonlinear stage from
small-scales

Glgaiparsec-class big observations
are-ongoing/upcoming

Accurate measurement of Baryon
Acoustic Oscillations is a key goal

The relevant scale is in the transition
regime from linear to nonlinear

Redshift-space distortions are
cosmologically important/tractable up
to these scales



Nonlinear growth: mode coupling btwn different scales

Valageas, TN, Taruya ‘13

modes at different k are no longer
iIndependent

fluctuations on small scales are
subject to non gravitational physics
(ex. cooling, feedback,...)

Q: Is observation of large scale modes
a faithful tracer of the cosmological
model (Initial condition+Energy budget
+gravitational law)?



Mode coupling: perturbative approach

Continuity+Euler+Poisson equations

ARSI  (vclocity divergence)

(for Einstein-de Sitter universe; Qm=1,2x=0)
|
(2 )3/2 .
alky. ke )0(Ky,a)d(Ko, a)
1
(2m)3/2 .

7’(]\'1 ] kg)ﬁ(k] . )H(k) a ,

0(k.a) 1

| 3. |
a +3/1<k.u) +3mk.u)

Jda

/(1:{]\’1(1:{]\’-_) Ip(k — Kio)

/ A3k, d%ks 67 (K — Kyo)

SR VAIBeISE sl O (X) = p(x)/p — 1

v(X) BEilglel=Riley)

peculiar velocity

Perturbative solution is known

(§(:k. T) = Z a™ (7)o, (k). (}{k. 7) = —H(T) Z a(7)0,,(k)

n=1 n=1

(sn(k) — /(]:;(ll .o '/(l:;QIl (SI)(k —1..n l)Flz(ql ----- dn )()l(ql ) <. (51 (Qn }

Un )'51 ((11 ). .. (sl ( dn )

n—1

(_"m ( qQi1.---.Ym )

! '5]('11 I]I:(_)” ! 1)“”(1‘k'.’]Fn—m((lm+].....(l“:l

‘+‘.2 {(,kl- k‘.-!.]("n m (:(lrrt 1y o q" ]]

n—1

Gmlqi.....4m) 1. .
A - A g Ky ko) P (Gt 1 - - -+ G

i 2"')’(k1~ k'.) )(77"71—712{(17114”] veee 2 {n ):| ’

Goroff+’86 -



Approximate symmetry of the gravitational dynamics

Continuity+Euler+Poisson equations
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- 55
Explicit cosmology dependence EdS solutions for Fn, Gn are good approximations

ost when  [OMYNESESIBl Existing PT calculations are all within this approximation
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based on Crocce&Scoccimarro06

New development in P Is

Crocce,Scoccimarro’06, Taruya,Hiramatsu’07, Matsubara’08,..

» “renormalization” techniques: group 0 = 5(1) 3 5(2) i 5(3) T 5(4) T
infinite diagrams and sum them up 0= 192 4 gB) 4 p4) L
power spectrum P = pUl) o p(22) 4 pBl) 4 p3) o . ex. Gamma expansion

-181: x -IS.t znd 2nd one-loop Srd X *IS-t Bel’ﬂal’deau + ’09

Blky ko kg) =2, ¢

bispectrum Tk . initial P(k)



» cxtension to redshift space

Accuracy/reliability

0.9 §
¢ Monopole

= Comparison with N-body simulations
= for a given cosmological model
= as a function of wavenumber k and redshift z
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Mode coupling structure from Pl

» cffective 2-scale kernel function at
the level of 2-point propagator

®x How sensitive IS a wave mode « In the
final state to a wave mode
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x higher loops dominant @ high g

x 3-loop > 2-loop over all scales!?

x P expansion converges?

Bernardeau, laruya, TN 14



Difficulties beyond 2-lo0ops?
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x renormalized Pls so far based on
1-or 2-loop calculations

P(k)/Pnowiggle(k)

= Standard P up to the 3-loop was
done recently, but...
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Direct measurement of the kernel function from N-body

x \Nant to see at the full order, not order
oy order

i _ PP PP
e Aln PinAln g

box particles start-z bins runs total
5123 31 15
256° 15 13

1024 512° 31 15



M

x  Converged result against simulation
volume and numlber of particles

w-proaderon:lower z

= contribution from larger scales (g<k)
dominant

: box particles start-z bins runs total
_ final wave number k : 512 512° 31 15 4 120
- 2=0,0351,2,3,7 ' : 512 256° 15 13 4 104
"~ (from top to bottom) ! 3

| T 1024 512 31 15 1 30

107

o
initial wavenumber q [h Mpc'] I'N, Bernardeau, laruya ‘14




Comparison with PT

/5 = @<k
......................................................... I 4 N xz-dependence hardly seen
' : == =p g x - T-loop:Pl works-excellently
Bl = @9~k
SPT l'i‘fnpdep. 1/ x:-[0op surely: improves the
-2x10°F SPT 1+2-loop :: agreement
P z=2 x @g>K
xig3l w ==z =1 7 x gpproaches to 0 as decreasing z
: ....... ; _ 8'35 x 1-loop not good. 2-loop worse!

—4x107
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initial wavenumber g [h"Mpc] TN, Bernardeau, Taruya ‘14




Damping of coupling to short modes BT

lq > 2k éré shownl—é

e k=0.081 hMpc'|
a k=0.161 hMpc'|
% k=0.323hMpc'| 4

0t '
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initial wavenumber q [h Mpc™]

OP (k; 2)
0P (g; 2)

T(k,q) = [K(k,q) — K" (k,q)]/[gP"™ (k)]

n - Simple Lorentzian function fits the data very well

1
1+ (q/q0)?

-

qo(2) = 0.3D*(2)h/ Mpc

Teff'(k‘7 q) — |:CZ'11—IOOP(]€7 q) + TQ—IOOp(k.’ q)}

x  K-independent damping (consistent with PT)

ill= Some mechanism suppresses the impact of

small-scale physics to large scale fluctuations?

= shell crossing? — Effective Field Theory approach?

® can be explained within the single stream dynamics”

I'N, Bernardeau, laruya ‘14



Symmetry of the dynamics and consistency. re

® (Gaussian initial condition is supported both theoretically anc
. Pini=P, Bin=0, Tin=0, ...

® Higher-order polyspectra are generated
as that causes nonlinear correction to the power spectrum

tioNs

oservationally

®x [here might exist some relations between different spectra at the full order

= [heir violation immediately means either
» non-Gaussian initial-.condition

= departure from GR

» Higher-order spectra can be analytically computed using low-order spectra

14



Angular-averaged equal-time consistency relations

2 views for the same system Valageas '14

add-a uniform density

Ok
compensate by a
MN)\(NW negative fluctuation
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lesting angular-averaged equal-time consistency relations
I'IN, Valageas '14
The lowest order version of the relation: IRty e

R 1
210In D, 30Ink
Confirmed the 127
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Cosmo Library (tentative title): mock simulation suits for SuMIRe

04 P5 pg = Fill up cosmological parameter
cosmological space with N-body simulations

parameter

= (O(1000) simulations for the base ACDM
parameters

= O(100) non-standard models (wWCDM,
non-Gaussianity, modified gravity, etc...)

w - Study data convergence and
cosmological dependencies

® Release basic data to the community

x| jght cone out put of halos/subhalos

P38 Their
P2

0 ® \Weak-lensing convergence maps



Application of the kernel : RegP | fast

Taruya, Bernardeau, TN, Codis‘12 Sl 0.120 < wy, < 0.155
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Reconstruction of the nonlinear power spectrum
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Use of the kernel calibrated by N-body simulations

WMAPS - PLANCK
@ Zwmap5 — 0.35

x - Calibration-of the kernel function with the
Cosmo-Library.data

= RegP [fast-like reconstruction of the

nonlinear power spectrum for other
cosmological models

= [Ne1dea tself can be used not only for
the power spectrum, but also for any

statistical guantities

1 k#q: SPT w/o damping, k=q: RegPT -, qlgher_order statistics
k#q: SPT w/ damping, k=q: RegPT

10
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k [h"'Mpc] » halo/subhalo bias

x halo mass function




Testing modified gravity: toward model independent analysis

Taken from Fastsound proposal

x “linear” growth parameter: f(z=dinD(z)/dIna @ FastSound Pred.

= useful for constraining modified gravity scenarios

x  One of the most important goal together with
measurement of DE EOS

= variety of gravitational law:characterized-oy:1
parameter?

5] 0FGRS
» Do we really measure “linear’ thing? © wes
T 3332-‘%2??{7. :3.;;,"??1_;' "f“”r o
= Needs for new index o OGN
— — Standard, 2_-025, Q,-0 (open)

DGP braneworld
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Testing modified gravity: toward model independent analysis

® “linear” growth parameter: f(z=dinD(z)/dIna
f‘R,-f;u - 10-4

—

= useful for constraining modified gravity scenarios

—
-—

» One of the most important goal together with f(R) gravity

measurement of DE EOS

= variety of gravitational law:characterized-oy:1
parameter?

» Do we really measure “linear’ thing? General Relativity

x Needs for new Iindex
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Testing modified gravity: toward model independent analysis

Blake +'11, WiggleZ, ~15k galaxies
® “linear” growth parameter: f(z)=dinD(z)/dIna

RPT 2—locp Lin
None

L% >, { o 11 F J)

» useful for constraining modified gravity scenarios structure “linear” growth parameter
ko =0.2 f(0.1<z<0.3)  f(0.3<z<0.5) f(0.5<z<0.7)  (0.7<z<0.9)

= One of the most important goal together with o o

irical—NL Vary ._4‘ :|:

measurement of DE EOS ST 1oloop  hose Bt B

SPT 1-loop et i

: / : . SPT 1-loop Lin ,__4: |_:4

x variety of gravitational law:characterized:-oy: 1 T oo e a g

parameter? T 2 o0 o : 8

ﬂ

= Do we really measure “linear” thing?

1l
ITT

x Needs for new Iindex

LITTL
S e S e e STt g ) H ) o

Sl 5 s i A A

Trying various models for nonlinearity including ours, but... =



Testing modified gravity: toward model independent analysis

® “[inear” growth parameter: f(z=dinD(z)/dina

= useful for constraining modified gravity scenarios

x  One of the most important goal together with

measurement of DE EOS

= variety of gravitational law:characterized-by:1

parameter?

= Do we really measure “linear” thing?

x Needs for new Iindex

2-pt statistics

model fitting

\

Observation

R

multi-pt statistics

inear growth parameter

Construct model
independent
Indices from
observables

23



How to characterize galaxy bias’?

= peaks or (sub)halos in sims or analytical models

spherical
— — aspherical

= the most trivial parameter: peak height or halo mass

=  Halo Occupation Distribution

= Other parameters within the halo picture

= Nalo assembly bias (in a wider sense)

*® ~ “Faltenbacher, White ‘10:
s = ¢/a

»x nonlinear generalization?

= velocity structure inside a halo

» [Faithful cosmological test possible under such
complexities of galaxy bias?

Ab(v)/b(v)

» [est these issues with-Gosmo: Library
peak height

24



Toward more realistic mock catalogs

= N-pbody simulations Mock Local Universe Survey Constructor 2

x at most (sub)halos Extension of Sousbie+’08
» Galaxy formation

= semi analytic model
N-body simulations

= hydrodynamical simulations
over ~Gpc scale

® Construction of large-scale mock data by
combining different simulations

® EXxisting method: local mapping of density based
on a probabillistic approach

| | Calibration with a small
»  Nonlocal extension, environmental-dependence N-body simulation and

taken into account a hydrodynamical Generate mock

= Are statistical methods constructed based on SileRicr - gaIax)es Statistically

halos still useful for “galaxies™? |
+—>

25



Summary

x Direct measurement of the mode- x Numerical confirmation of the
coupling structure using O(100) N- consistency relation between the
body simulations power and bispectra with 60

simulations
x |s |arge-scale fluctuations around the T _ 32
BAO wiggles protected from small = relation is confirmed within %
scale uncertainties? accuracy at z=1
» generalize the discussion in 1D (k) to x-small-but statistically significant
2D (k, q) violation'is found at z=0.35
» g<k: PTis fine ®x Planing even bigger simulations

for SuMIRe HSC/PFS with ©O(1000)

x g>k: Simulation data decays rapidl . .
2 e N-body simulations
= Needs for an appropriate

regularization scheme!
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