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Dark energy study prospects

@ Precision measurements of distance, growth, and curvature:
it is desirable for future surveys to provide results of the
distance and growth of structure, so that different theoretical
models can be discernible.

@ Is dark energy a cosmological constant? : w=-1 even with
generalized parameterization of all possibilities, e.g. variation of
w, screening effect, induced anisotropy etc.

@ Is dark energy isofropic and homogeneous? : we need
examine the distribution, mean, and rms value of w over all the
pixels to see.

@ Is acceleration caused by modified gravity instead? : we need
at least two different probes, WL and coherent motions.



Wide-deep surveys

Photometric wide-deep survey  Spectroscopic wide-deep survey
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Beyond Standard Models

@ With the level of precision available in these surveys, what
they tfell us about fundamental physics? : whether we can fest
GR cosmologically, whether we can constrain beyond Standard

Model of particle physics.

@ What can a wide deep survey ftfell us about the basic
assumptions behind the standard cosmology? : test cosmological
principle (isotropy and homogeneity), and Gaussianity.

@ What are the technical challenges to making these future
surveys productive ?
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Observational service for theoretical models

We need at least two probes targeting

Jain, Zhang 2008;YSS, Koyama 2009



Next generation of LSS test

WL measures ®-Y Galaxy-Galaxy correlation

Continuity eq.
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Next generation of LSS test

Poisson equation
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Developed techniques

Velocity measurements of nearby supernovae

Gordon, Land, Slosar (2008)

Velocity measurements of nearby galaxies

Feldman, Watkins, Hudson (2009)
Watkins, Feldman, Hudson (2009)
Lavaux, Tully, Mohayaee, Colombi (2010)

Analyzed CMB fluctuations on directions of X-ray clusteres

Kashlinsky, Atrio-Barandela, Kocevski, Ebeling (2008)
Kashlinsky, Atrio-Barandela, Kocevski, Ebeling (2009)

Measuring coherent motions from redshift distortions

YSS, Pervical (2008) White, YSS, Pervical (2009)
YSS, Sabiu, Nichol, Miller (2010)
YSS, Sabiu, Kayo, Nichol (2010)
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Correlation in redshift space

Galaxies (or Clusters) measure correlations amongst large scale local
Inhomogeneities, while the observed distortions in these correlations

in redshift space can be used to extract information about peculiar
velocities.

Ps(K, M) = Pgg(K) + 2U2Pg0(K) + H*Poo(K)

Finger of God
effect at small
sclaes

Squeezing effect
at large scales

(Kaiser 1987) S v (Jackson 1972)



Fisher analysis to decompose real spectira

We find that we can decompose peculiar velocity from the observed
spectra in redshift space without using B. Errors can be estimated

using Fisher matrix analysis, Ps(k,1) = Pgq(k) + 2M2Pga(K) + M*Poa(k)

Fop = ASk2dk Sdu dPs(k,1)/dqu (Vers/Ps)? dPs(k,1)/dqp

where qu = (Pqq, Pgo, Poo).

But we are not able to know all spectra, as we observe only monopole
and quadrupole precisely,
Ps(K,M) = Pgqg(K) + 2U2Pg0(K) + H*Poo(k)
= (pgg + 2/3pg@ + I/SPGG) PO(IJ) V
+ (4/3 Pgo + 4/7Poo) P2(p) v

+ 8/35p@@ P4(|J)
White, YSS, Percival 2009



Fisher analysis to decompose real spectira

We find that we can decompose peculiar velocity from the observed
spectra in redshift space without using B. Errors can be estimated
using Fisher matrix analysis,

Fop = ASk2dk Sdu dPs(k,1)/dqu (Vers/Ps)? dPs(k,1)/dqp
where qu = (Pqq, Pgo, Poo).

But we are not able to know all spectra, as we observe only monopole
and quadrupole precisely,

Ps(K,M) = Pgqg(K) + 2U2Pg0(K) + H*Poo(k)

The assumed perfect cross-correlation between Py, and Peoo, so we
convert measured Pgo into Peo using Pga/~/Pgq Poo =1.

White, YSS, Percival 2009



Validation of perfect cross-correlation
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Fisher analysis to decompose real spectira

We find that we can decompose peculiar velocity from the observed
spectra in redshift space without using B. Errors can be estimated
using Fisher matrix analysis,

Fop = ASk2dk Sdu dPs(k,1)/dqu (Vers/Ps)? dPs(k,1)/dqp

where qq = (Pgq, Poo).

White, YSS, Percival 2009



Estimated coherent motion spectra, Peo

White, YSS, Percival 2009
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Ps(k) from time streaming Halo map

The Horizon simulation by Teyssier et.al.

Time streaming halo caltalogue
http://www.project-horizon.fr

Medium redshift z=0.8

Total volume 1Gpc3/h®

YSS, Kayo 2010


http://project
http://project

Ps(k) from time streaming Halo map
Ps(K, M) = Pgg(K) + 2p2/Pgq(K)Poo(k) + H*Poo(k)

0.10 0.15 0.20 0.25  0.30
k, hMpc™"

YSS, Kayo 2010



Ps(k,M) in polar coordinate
Ps(k, M) = Pgg(K) + 2p2/Pgq(K)Poo(Kk) + p“Poe(k)

k=0.03 hMpc~!
k=0.05 hMpc~!
k=0.07 hMpc-!
k=0.09 hMpc~!
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Decomposition in Kaiser limit

As Ps(k,u) is given in polar coordinate, we can decompose Poe from
measured spectra in each given bin Y using fitting formulation,

Xi® = Zp Zq [Ps2(Kki,Mp) = Ps™(Ki,Hp)] Covpg(ki) [Ps®®(ki,Hg) - Ps™(ki,Hg)]

where Ps™M(Ki,Up) = Pgg(Ki) + 2pp2/Pgq(ki)Poo(ki) + Hp*Poa(ki).

YSS, Kayo 2010



Velocity dispersion effect

k=0.03 hMpc-!
k=0.05 hMpc™!
k=0.07 hMpc-!
k=0.09 hMpc-!

2.
e
N
O
0,
2
3
=
a.,

~ny

I
==

F’s(k IJ) = ng + ZUZJngPee + u‘*Pee

lgs(k |,l) OZ[ng + ?uzJp]ggP@@ + fJ‘*P@@]éxp[ (kpoy
YSS, Kayo 2010




Decomposition in Kaiser limit

As Ps(k,u) is given in polar coordinate, we can decompose Poe from
measured spectra in each given bin P using fitting formulation,

Xi® = Zp Zq [Ps?®(Ki,Mp) = Ps™(ki,Hp)] Covpg(ki) [Ps®®(ki,Hg) - Ps™M(ki,Hg)]

Where N thiLaai'Y 2 DSLLA 2914 2 1D (L XD ALY e 4D 20N

NESEIEPS T R R S PTEY T VN AC \REIRC A a SEN T B T 0 RN N

Psth(ki, i) = [Pgg(ki) + 2pp2Pga(ki) + Hp*Poe(ki)] expl-(kippov)?]

Scoccimarro 2004

Oy is estimated from Poo(ki) at all selected bins,
e.g. ki=0.03, 0.05, 0.07, 0.09 h/Mpc

X2 ™= Zi Zp Zq [psOb(ki,Up) i, psfh(kifup)] CO\/_lpq(ki) [psOb(ki,Uq) & psfh(kifuq)]

YSS, Kayo 2010



Decomposed Peculiar velocity

Fisher matrix (unfilled contours) Measurement (filled contours)
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YSS, Kayo 2010



Cut-off strategy

k=0.03 hMpc-!
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Threshold limit

Fitting fo
all 5 Y bins

o 1000

0

6000 8000 10000 8000 10000
— 3 3 _ 3 3
P4o(k=0.09) (Mpc®/n?) Pyo(k=0.09) (Mpc®/n?)

Detectability can be extended up to k ~ 0.1 h/Mpc
at the cost of weakened constraint.

YSS, Kayo 2010



Measurements

Measurements from Wiggle-z experiments

Four tomographic bins at z=0.2, 0.4, 0.6, 0.8

Blake, et.al. 2011



Measurements
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Model independent extraction

Tang, Kayo, Takada 2011
Snap shot at z=0
Total volume 1Gpc3/h?

Ps(k,1) = [Pgg(K) + 2p2/Pgg(K)Poa(K) + p*Poe(k)] expl-(Kpp0Ov)4]

Ps(k,1) = [Pgg(K) + 2p2Pgg(K)Poo(K) + p4Pea(K)] [1-(kpp0)2+(kppT)*/2]

Tang, Kayo, Takada 2011



Decomposed Pxy(k) of dark matter

Ps(k,1) = [Pgqg(K) + 2p2/Pgq(k)Pooa(k) + H*Poa(k)] expl-(kpp0)?]
Ps(k, 1) = [Pgg(k) + 2p2/Pgg(k)Poa(K) + p*Poa(k)] [1-(kpp0)2+(kppT)*/2]

Tang, Kayo, Takada 2011



Decomposed Pxv(k) of halo

Ps(k,1) = [Pgqg(K) + 2p2/Pgq(k)Pooa(k) + H*Poa(k)] expl-(kpp0)?]
Ps(k, 1) = [Pgg(k) + 2p2/Pgg(k)Poa(K) + p*Poa(k)] [1-(kpp0)2+(kppT)*/2]

Tang, Kayo, Takada 2011



Ps(k) from larger Halo map

The Horizon simulation at KIAS by Kim, Park, Gott
Snap shot at z=0
Total volume 6.53Gpc3/h?

YSS, etf.al 2011 Prepared



Theoretical prior on FoG at linear regime

Two different approaches to formulate redshift distortion effect, 1)
streaming model, 2) Kaiser effect,

1) streaming model: formulating FoG effect at smaller scale
2) Kaiser effect: formulating redshift distortion at large scale

The limit of streaming model at linear regime was derived in Fisher
1995, and shows the agreement between both approaches.

It is interesting fo derive FoG effect on redshift distortion at linear
regime using streaming model. We make the following assumption,

coherent v, in Mpc/h unit << correlation length

Then,

Psth(ki,M) = [Pgg(ki) + 2Hp*Pga(ki) + Hp*Poe(ki)] exp[-(kikpov)?]
Desjacques, Sheth 2009; YSS, et.al. 2011 Prepared



Ps(k,M) in polar coordinate
Ps(k, M) = [Pgg(K) + 2p2/Pgg(K)Poa(k) + p*Pee(k)] exp[-(kppOv)?]
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Decomposed Poo(k)
Ps(k,p) = [Pgg(K) + 2p2/Pgg(K)Poo(k) + p*Poa(k)] exp[-(kpp0v)?]
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Estimated coherent motion spectra, Peo
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Cosmological constraint from decomposed Pee

Spectra Pop are given by,

CMB priors for cosmological test with Peo,

Primordial information - amplitude and spectral index

Shape of spectra - transfer function

We probe dark energy or modified GR using growth factor ge,

dOm/dt + On/a = O dOn/dt + HB, = k?¥/a
k2d = 3/2 Ho?Qm Om/a + k2 o=-¥Y +0

(1+3wBD) kZ(p — -3H02Qm 6m/a - MZCP
YSS 2011



int from Poe
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Cosmological constraint from Poee

Cosmological constraints from Pee are estimated using Fisher matrix
analysis,

YSS 2011



Dark energy constraint from Poo

Coherent motions

0.5

YSS 2011
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Correlations in configuration space

Guzzo et.al. VIPER collaboration



Decomposition in configuration space

In the linear regime of the standard gravitational instability theory,
the Kaiser effect (the observed squeezing due to coherent infall
around large-scale strutures) can be written in the configuration
space as,

&(o,m) = (gb>+gpge+ge®) &o(r) Monopole
- (gbge+ge®) &a(r) Quadrupole
+ go? &4(r) Hexadecapol

The inverse signature in quadrupole induces squeezing effect. The
leading order of monopole is galaxy-galaxy correlation, and the
leading order of quadrupole is galaxy-velocity cross-correlation. Here
we assume the perfect cross-correlation coefficient.

YSS, Sabiu, Nichol, Miller 2011



Variation of gp

&(o,m) = (gp°+gbge+go®) Eo(r)

- (gbge+ge®) &a(r)

2
+ go &u(r) YSS, Sabiu, Nichol, Miller 2011



Variation of go

varying ge'

&(o,m) = (gb°+gpge+ge®) Colr)
- (gbge+goe®) €a(r)

2
+ go &u(r) YSS, Sabiu, Nichol, Miller 2011



Parameterizing §(o,m)

E(om) = (g 2+gp go +go 2) Co (1) - (gp go +go 2) 2 (r) + go 2 &4 (r)

In Kaiser effect:
€7(r) = Sk2dk/2m2 D (K) ji(kr)

D (K) = 4/9 k*/H+*Wn? Do'(K) (H* = 1/2997 Mpc™)
Do (K) = 2m2/k® 9/25 Ag? To?(K)  (A'g? = 2.43X1079(k/k,)"s)

In Kaiser effect + velocity dispersion:

€' (r) = SJk2dkdp/(21m)2 Dy (K) e kuov2 cos(krp) Pi(p)

YSS, Sabiu, Kayo, Nichol 2011



&(o,m) diagram of SDSS DR7 LRG

Kaiser effect (unfilled contours) Modified Kaiser effect (filled contours)

Prediction with b=1.82 Measurement from SDSS DR7 LRG

YSS, Sabiu, Kayo, Nichol 2011



Cut off for fitting

Cut off #1: perfect correlation is not available around k=0.1 h/Mpc

Cut off #2: non-linear line of smearing effect

YSS, Sabiu, Kayo, Nichol 2011



Measured bulk flow motions

Kaiser effect (unfilled contours) Modified Kaiser effect (filled contours)

YSS, Sabiu, Kayo, Nichol 2011



Measured quantities from redshift distortions

2 =:0:23 z = 0.38

go = fos™ 0.39 + 0.08 (0.41) 0.43 + 0.08 (0.42)
oy (in h/Mpc) 3.1+ 0.6 h/Mpc (3.2) 3.5+ 0.6 h/Mpc (3.4)
g™ (in km/s) 277 + 55 km/s (294) 300 + 57 km/s (293)

B (Kaiser + v.d.) 0.32 + 0.067 0.36 + 0.075
B (Kaiser only) 0.30 + 0.063 0.32 + 0.065
b (Kaiser + v.d.) 1.82 + 0.13 192 £+ 0.16
b (Kaiser only) 1.96 + 0.10 2.11 + 0.10

YSS, Sabiu, Kayo, Nichol 2011
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Measured coherent motions in discrepancy

Velocity measurements of nearby galaxies

Feldman, Watkins, Hudson (2009)

Large bUI k %@W Feldman, Hudson (2009)

Lavaux, Tully, Mohayaee, Colombi (2010)

Analyzed CMB fluctuations on directions of X-ray clusteres

chrg ﬁWKocevskl Ebeling (2008)
insky, r|o arandela, Kocevski, Ebeling (2009)

Measuring coherent motions from redshift distortions

YSS, Pervical K/\OS _White, YSS, Pervical (2009)

SUPPO]NI' LCD V@ S\&hol, Miller (2010)

YSS, Sabiu, Kayo, Nichol (2010)



Measured coherent motions in discrepancy

Bulk flow motions are averaged from directly measured peculiar
velocity at local universe, which disagree with concordance LCDM
model normalized with WMAP?7.

800km/s 1200km/s

ot Kashlinsky et.al.

Watson,|Feldman, Hudson YSS, Sabiu, Kayo, INichol
SDSS DRY

300km/s $
WMAPT7 normalized LCDM

0.1 0.3 y4




Measured coherent motions in discrepancy

Velocity measurements of nearby galaxies

Possible presence @fmaaRKubl W

La.vaux Tully, Mohayaee, Colombu (2010)
at near horizon scale

Analyzed CMB fluctuatiops on djrections of X-ray Pus’reres

oherent motions against
Kashlinsky, Atrio-Barandelw, Kocevski, Ebeling (2008)

CMBGw@WP?arFFGMQeVSKi, Ebeling (2009)

Measuring coherent motions From redshlf’r distortions

COYSSeE rvical (mg |OWhI1‘€ YSS, Pervical (2009)

|n rQS'l' Frarﬁié Sabiu, Nichol, Miller (2010)
YSS, Sabiu, Kayo, Nichol (2010)
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Constraint on departure of ®-Y using WL
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WL measures ®-Y¥Y

Poisson equation
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Constraint on departure of ®-Y¥Y using WL

CFHTLS

0 1 2
A(P-VY)
YSS, Zhao, Koyama, Nichol, Bacon, Pogosian 2010




Constraint on ®-Y and Y using WL and CM

éa )

[Metric Perturbationsj Energy-Momentum
Fluctuations

Poisson equation

() «— (&

Anisotropy i 1 Continuity eq.

PV measures 0 and estimates ¥




Measured coherent motions from DR7

0.4 0.6
Z YSS, Sabiu, Kayo, Nichol 2010




Constraint on departure of ¥ using CM

A(P-VY)
YSS, Zhao, Koyama, Nichol, Bacon, Pogosian 2010




Constraint on ®-Y and Y using WL and CM
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Poisson equation [ 6-|- ]
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Constraint on ®-Y and Y using WL and CM

Synergy effect between Coherent motions and WL
3

times smaller
straints in the fluture

YSS, Zhao, Koyama, Nichol, Bacon, Pogosian 2010;Daniel, Linder 201C




Discussion

@ How to coherently combine both different statistics, BAO and
coherent motions?

@ How to formulate theory of redshift distortion in model
independent way? (open comments)

@ How fto extend our study from dark matter limit to
observable galaxies?

@ Other systematic uncertainties ?



