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"
B |mplication of cosmic acceleration

» Breaking down our knowledge of particle physics: we have limited
knowledge of particle physics bounded by testable high energy, and
our efforts to explain the cosmic acceleration turn out in vain:

Alternative mechanism to generate fine tuned vacuum energy
New unknown energy component

Unification or coupling between dark sectors

« Breaking down our knowledge of gravitational physics: gravitational
physics has been tested in solar system scales, and it is yet
confirmed at horizon size:

Presence of extra dimension

Non-linear interaction to Einstein equation

o Failure of standard cosmology model: our understanding of the
universe is still standing on assumption:

Inhomogeneous models: LTB, back reaction
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o Failure of standard cosmology model: our understanding of the
universe is still standing on assumption:

Inhomogeneous models: LTB, back reaction



Galaxy clustering seen in redshift space

Spectroscopy wide surveys
have provided the key
observables of distance
measures and growth
functions, such as 2dF, SDSS,
WiggleZ, BOSS

Most unknowns Iin the universe
will be revealed through LSS

Future wide deep field survey
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B (Galaxy clustering seen in redshift space

‘ :urbations] [

WL measures ¢ - ¢ Galaxy-Galaxy correlation
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B Cosmological probe of coherent motion

The first measured fos
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Ill Cosmological probe of coherent motion
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Planned surveys in the future

Dark Energy Experiments: 2013 - 2031

2013 2015 2017 2015 2021 2023 2025 2027 2029

BOSS >
2031

Dark Energy Survey (DES)>

HETDEX >

HSC imaging >{ PFS spectroscopy >

Extended BOSS (eBOSS) > Stage lll ? /

sl EF T ETETETE R CE CE E EFE FEFEF " ' FrhE B OECCE R OCECCREE RN CONE R CCNE BRI B B R B R B R B B B B B

Dark Energy Spec.
Instrument (DESI)

Large Synoptic Survey Telescope (LSST) >

Blue = imaging
Red = spectroscopy M
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_ History and plan for spectroscopy surveys

DESI ahead ofjhe curve if completed by 2024
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Galaxy clustering seen in redshift space

Four target classes spanning redshifts z=0 - 3.5
Includes all the massive black holes in the Universe (LRGs + QSOs)

4 million LRGs



B Cosmological probe of coherent motion
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"
B Key cosmological observables of the universe

 Angular diameter distance Da: Exploiting BAO as
standard rulers which measure the angular diameter
distance and expansion rate as a function of redshift.

» Radial distance H': Exploiting redshift distortions as
Intrinsic anisotropy to decompose the radial distance
represented by the inverse of Hubble rate as a
function of redshift.

e Coherent motion Ge: The coherent motion, or flow, of
galaxies can be statistically estimated from their effect
on the clustering measurements of large redshift
surveys, or through the measurement of redshift
space distortions.
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-I Anisotropy galaxy clustering
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BAO signature E_appear as 2D ring
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Ill Measured anisotropy galaxy clustering
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Perpendicular and radial distance measures
(Da, H', Gs, Ge, FOQ)
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B Perpendicular and radial distance measures
(Da, HT, Gs, Ge, FOQ)
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GGrowth function measurements

140 ¢

120 ¢

Variation of D,

MR A VIR SR SR

(Da, H1, Gs, Ge, FOQ)

20 40 60 &C

Variation of G,

BIll

S l.l -

y 20 40 60 80

Variation of Gg

Coherent motion




I |
= Growth function measurements

(Da, H1 Ga, Ge, FOG)
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Ill Cosmological probe of coherent motion
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Ill Anisotropy correlation without corrections
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_ Improved RSD model
Squeezing effect at Higher order
large scales oolynomials
(Kaiser 1987) Finger of God
effect

Ps(k,p) = Pgg(K) + 21°Pge(K) + u*Pee(k)

|

Ps(k, 1) = [Pgg(k) + + 2p2Pge(k) + + P*Peo(K) +
+ w2A(K) + pB(k) + p8C(k) + ... ] exp[-(kpop)?]

Taruya, Nishimichi, Saito 2010; Taruya, Hiramatsu 2008; Taruya, Bernardeau, Nishimichi 2012



Improved RSD model

Ps(k,p) = [Qo(k) + p2Qz(k) + p*Qa(k) + uéQs(k)] exp[-(kpop)?]
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I|l Cosmological probe of coherent motion
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Cosmological probe of coherent motion

OT Py(k,p) = [Pag(K) + 2u2Pga(K) + p4Pos(k)|
+ u2A(K) + p4B(K)] exp[-(kuop)?]

20 40 60 30 100 120 140 YSS et.al. 2015
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III Cosmological probe of coherent motion

YOT Py(k,u) = [Pag(K) + 2p2Pga(K) + p*Pes(K)
- (K) + p*B(K)] expl-(kuop)?]
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'
B Open new window to test cosmological models

(Da, H1, Gs, Ge, FOQ)
Standard model New physics

Cold dark matter Quintessence dark energy

Massless neutrino Phantom dark energy




B Open new window to test cosmological models
(Da, H1, Gs, Ge, FOG, New, New, ...)

Standard model New physics
Cold dark matter Quintessence dark energy
Massless neutrino Phantom dark energy

Hot or warm dark matter Decaying vacuum

Massive neutrino

Chameleon type gravity
Interacting dark matter Dilaton or Symmetron
Unified dark matter Vainstein type gravity
Inhomogeneity of universe

non-Friedman universe



B Open new window to test cosmological models
(Da, H1, Gs, Ge, FoG, , New, ...)
New physics

Chameleon type gravity




- Probing modified gravity
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.|. Probing modified gravity
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Probing modified gravity

(Da, H1, Gs, Ge, FoG, Ifrol)
We find new constraints on f(R) gravity models using BOSS DR11

Ifrol < 8x10-4 at 95% confidence limit
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B Open new window to test cosmological models
(Da, H1, Gs, Ge, FOG, New, )
Standard model

Massive neutrino
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= Probing neutrino mass

We build the neutrino RSD templates at small mass limit my<1eV
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Oh, YSS arXiv:1607.01074



Probing neutrino mass

(DA, H1 Gs, Ge, FOG, m,)
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B Excavating neutrino mass buried under LSS
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III Challenge to the future precision cosmology

Four target classes spanning redshifts z=0 - 3.5
Includes all the massive black holes in the Universe (LRGs + QSOs)
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B Mapping of clustering from real to redshift spaces

Ps(k,p) =fd3x el (88)

v

Ps(k,1) =fd3x ekx(elV (§+u20)(6+pn20))
=[d3x elkx exp{<elV)c} [(eV(8+u2O)(8+u20))c+(elV(8+u20))(elV(8+n20)) ]

Ps(k,l1) = [Pgg(k) + 2p2Pga(k) + p*Pee(k)+ A(K,p) + B(k,p) + T(k,p) + F(k,p)]
exp[-(kuop)?]

 Higher order polynomials are generated by density and velocity
cross-correlation which generate the infinite tower of correlation
pairs. We take the perturbative approach to cut off higher orders.

* The FoG effect consists of the one-point contribution and the
correlated velocity pair contribution. The latter is perturbatively
expanded as F term, and the former is parameterised using Op.

Yi, YSS 2016



Direct measurement of higher order polynomials

Y simulation
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The residual FoG

Yi, YSS 2016

We subtract out the perturbative higher order polynomials, and the
remaining’s can be considered to be FoG effect. If our formulation is
correct, those all residuals should be consistent in terms of scale,
and fitted to be Gaussian with constant oyp.
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B Challenge to the precision cosmology
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g
m Bispectrum in redshift space

B(k1 ,k2,k3, L1 ,I.12) — DBFOG BPT(k1 5k25k35 L1 !”2)

BFT(k1,ko,ks, 1, 12)
74 = 2[Z2(K1,k2)Z1(k1)Z2(k2)P(k1)P(k2) + cyclic]

1 Z1(k1) = b+fpe?
I Zo(k1,ko) = b2/2 + bF2 + fu12G2
+ fkiop12/2[p1/k1Z2(ko)+p1/k1Z2(k2)]

Sabiu, YSS 2016 prepared YSS, Taruya, Akira 2015



BAO cloud in bispectrum




I
B The full RSD theory for bispectrum

First order (equivalent to Kaiser term)

[(AA’A”)C
+51 ((VAA'A")e + (AA) (VA ) + (A"A) (VA )e + (A'A")e(VA)c)
+j2 ((VIAA'A") e + (AA") (V'A") e + (A"A) (V' Ao + (A'A") (V' A)e)

Second order

FoG term
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271 1

+i2(; 2
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YSS et.al. 2016 prepared



B Improved coherent motion in the future
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Conclusion

We measure coherent motion of the universe with BOSS catalogue
using RSD perturbative theory, which provides us with trustable
measurements.

The full perturbative approaches allow us to prove the exotic
cosmic acceleration model such as modified gravity of f(R) gravity.

We probe the non-trivial neutrino mass about 0.2eV, and the
measured Hubble constant gets to be even smaller about 65.

The future experiment opens new precision cosmology era, and
we are ready for the challenge. Our new RSD theoretical model is
promising to probe coherent motion Iin a percentage precision.

The combination of power and bi spectra is essential to probe the
coherent motion tightly. We make lots of efforts for it.



