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Abstract: It is a prime interest to understand gravitational physics and to develop cosmological applications exploiting the next generat
surveys, scheduled to be launched in the near future, such as SDSS3, DES, XCS, JDEM or EUCLID. The future precision surveys are prorn
resolve outstanding problems in modern physics. With the level of precision available in future surveys, we can use the high resolutior
expected to be gained from next-generation surveys to test the foundations of gravity and particle physics. The gravity known to us at solar
scales (GR: general relativity) is possibly challenged at cosmological scales. The measured cosmic acceleration that we have ascribe
presence of dark energy (DE) could be a signal that GR is broken in some way.
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Motivation

D 1t is interesting to understand gravitational physics and to develop cosmological

applications exploiting the next generation of surveys, scheduled to be launched in
the near future, such as SDSS3, DES, XCS, JDEM or EUCLID. The future precision
surveys are promising fo resolve oufstanding problems in modern physics.

D@ With the level of precision available in future surveys, the high resolution maps

enable us to test the foundations of gravity and particle physics. The gravity known
to us at solar system scales (GR: general relativity) is possibly challenged at
cosmological scales. The measured cosmic acceleration that we have ascribed fo the
presence of dark energy (DE) could be a signal that GR is broken in some way.

@ A stronger grasp on the basic cosmological model provided by the structure

formation surveys leads us to answer questions about fundamental assumptions in
cosmology: the cosmological principles of isotropy and homogeneity, the Gaussianity
of the seeds of structure formation, and knowledge of the infergalactic medium fo
trust measurements of background seen through foreground sfructure.

@ with prolific auxiliary science available, these fufure surveys should be

productive for the broader astrophysical community.



Epoch of Unknowns

The cosmic acceleration discovered from expansion
history experiments establishes epoch of unknowns.
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Constraint on energy component

Those LSS observation is expected fo improve
constraints on expansion history. Buf ..
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Constraint on energy component

Those LSS observation is expected to improve
constraints on expansion history. But ..

the measured structure formation has better
information about underlying fundamental physics of
our universe.

It unveils the local dynamics of inhomogeneity
which will reveal the qualified nature of reasoning
of cosmic acceleration.



Cosmological web

[Metric Perturbatinns] { Energy-Momentum J

Fluctuations

:] Poisson equation

Anisotropy I I Continuity eq.

Euler equation




Case of DGP

On brane equation: the projected Einstein eq. + 4D confinuity eq.

On brane equation is not in closed form due tfo
anisotropy stress of Weyl fluid on the brane,
which is given by solving off brane equation
simultaneously.

Off brane equation:
the master eq. - propagation eq. of gravity
along the bulk direction.

Dvali, Gabadage, Porrati(2000)
Deffavet (2002)



Case of DGP

@ Mass screening effect

k?d = 4ma®Gn q(a) (Pmlm + pele)
= 41ma®Gn Q(a) PmAm

@ Anisofropy stress

®/Y = f{me) = -n(a)

Lue, Starkman (2004)

Koyama, Maartens (2006)
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Case of DGP

@ Mass screening effect

ked = 4mmaGn g(a) (PmAm + pele)
= 41ma’Gn Q(a) pmAm

@ Anisotropy sfress

O/Y = f(me) = -n(a)

Lue, Starkman (2004)
Koyama, Maartens (2006)
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Case of DGP

@ Mass screening effect

ked = 4ma’Gn q(a) (PmAm + pelle)
= 41ma®Gn Q(a) pmAm

@ Anisofropy stress

®/Y = f(me) = -n(a)

Lue, Starkman (2004)

Koyama, Maartens (2006)
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Cosmological web

Fluctuations

[Metric Perturbations} { Energy-Momentum ]

1 Continuity eq.
Euler equation

> [0,
LSS will measure new degrees of
freedom beyond GR




Induced Q and n: IDE

Dark energy can couple to dark matter via

dpc/d'l' + 3Hp: = -C

dpDE/df - 3(1+W95)HPDE =C

Amendola (2004)

There are three different cases of coupling:

— C=lcpe: no modification on dynamics

— C=I'peppe: continuity equation is broken

— C=lof(®): equivalent principle is violated

Manrtene YS< (2000Q)



Induced Q and n: IDE case 1

For the case of [c¢pc, dynamic equation is identical,
but there is no way for us to measure the frue
matter component of pc which is effectively

estimated by pc2f, then

k2® = 4ma’Gn (pple + pAl)
= 411a’Gn (Po + Pc)Am
= 4ma®Gn [(ps + P/ om®™] pm®™ Am
= 41a’Gn Q(a) pm* An

But anisofropy siress is not induced, n=1.
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Induced Q and n: IDE case
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Induced Q and n: IDE case 11

For the case of lpeppe, the continuity equation is
broken, Ap # Ac, Q(a) is induced differently as,

k2 = 4ma®Gn (pls + PAL)
= 411a’Gy [(pbAb"‘pcAC)/DmEFFAb]PmEFF Ap
= 41ma’Gy Q(a) pmef A

But anisotropy stress is not induced either, n=lI.




Induced Q and n: IDE case 1

For the case of [¢pc, dynamic equation is identical,
but there is no way for us to measure the true
matter component of pc which is effectively

estimated by pc2™, then

k2D = 411a?Gy (PbAb - pcAc)
= 411a*Gn (pp + Pc)Am
= 4ma®Gn [(po + P/ pm®™] Pm®™ Am
= 411a’Gn Q(a) pmef An

But anisofropy siress Is not induced, n=1.
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Induced Q and n: IDE case
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Induced Q and n: IDE case I1

For the case of lpeppe, the continuity equation is
broken, Ap # Ac, Q(a) is induced differently as,

K2® = 4ma®Gn (ple + PAL)
= 4'ITGZGN [(pbAb‘l‘pcAc)/meFFAb]meFF JAYS
= 41ma’Gy Q(a) pmef™ A

But anisotropy stress is not induced either, n=l.




Induced Q and n: IDE case II




Induced Q and n: cDE

Dark energy can in principle support long-lived
fluctuations

dBDE/d'l' = -(1+W)9DE/O + 3WH6DE+ -3H6PDE/DDE

deDE/df = -H(1—3w)GDE - (dW/d'l')/(1+W) H BDE
+ k2/a[dPpe/(1+wW) poe - Ope + V]

— OPpe: OPpe/pPoe = Cp?Ope + t_:}ﬁ/k2

— Ope: Ope = folco®Ope/(1+wW)] + go/k?
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Induced Q and n: cDE

— OPpe: OPpe/ Poe = cp?Ope + gp/k®

— Ope: Ope = folcp®Ope/(1+wW)] + grr.lr/k2

@ Coherent growth: gp = go = 0, and

dGDE/df — -H(1-3W)9DE - (dedf)/(l+W) H BDE + kz/ﬂ{ap:—z/(l+w) Ppe -

OPpe/(1+w) ppe = Ope —> fo =1

@ Scale dependent growth:

ge# 0 go# O e £ 1

Ope + ¥]



Induced Q and n: cDE

Dark energy can in principle support long-lived
fluctuations

dOpe/dt = -(1+w)Bpe/a + 3wHOpe+ -3HOPo:/poc

deDE/df = —H(1—3W)905 o (dW/df)/(1+W) H GDE
+ k%/a[0Ppe/(1+w) poe - Ope + VY]

— OPpe: BPDE/pDE = Cp?Ope + gP/kZ

— Ope: Ope = folce®Ope/(1+wW)] + go/k?



Induced Q and n: cDE

— OPpe: OPpe/ Poe = cp®Ope + gp/k®

— Upes OB = Fg[szat)E/(1+W)] + gcr/k2

@ Coherent growth: gp = go = O, and

dBpe/dt = -H(1-3w)Bpe - (dw/dt)/(1+w) H Boc + k?/a[dPoc/(1+w) pos -

OPpe/(1+w) ppe = Ope —> fo =1

@ Scale dependent growth:
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Induced Q and n: cDE




Measurement

Fluctuations

[Metric Perturhations] ( Energy-Momentum J

Poisson equation
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Measurement

[MEtric Perturhations] Energy-Momentum
Fluctuations

e measure combination of ® and ¥
sing WL or ISW, i.e. Z = Q/2 (1+1/n)

Poisson equation
«—> (3

1 Continuity eq.

Euler equation
-—r




Measurement

[Metric Perturbations] Energy-Momentum
Fluctuations

e measure combination of ® and ¥
sing WL or ISW, i.e. Z = Q/2 (1+1/n)

Poisson equation
—> (&)

Continuity eq.

Euler equation
e

We reconstruct ¥ using peculiar
velocity experiment, i.e. U = Q/




Unique trajectory on 2 & U plane

U




Unique trajectory on 2 & [ plane

BD type modified gravity model
U

Q(a) = (2+2wsp)/(3+2wep)
N(a) = (1+wap)/(2+wsgp)

1 |

2(a) =1
U(d) — (4+2WBD)/(3+2WBD)
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BD type modified gravity model
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Unique trajectory on 2 & [ plane

BD type modified gravity model
U

Q(a) = (2+2wsp)/(3+2wsp)
N(a) = (1+wap)/(2+wsp)

1 |

2(a) =1
LI(G.) — (4+2WBD)/(3+2WBD)




Unique trajectory on 2 & [ plane

BD type modified gravity model

U
MG




Unique trajectory on 2 & U plane

IDE
U




Unique trajectory on 2 & [ plane

IDE

U
MG

IDE




Unique trajectory on 2 & [ plane

cDE
Wi

OPoe/(1+wW) Poe = Toe




Unique trajectory on 2 & [ plane

YSS, Holenstein, Caleracabral, Koyama (2009)
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. Constraint on 2 & U

R. Bean
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. Constraint on 2 & U

WMAP+CFHTLS
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. Constraint on 2 & U

Large
bulk flow
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. Constraint on 2 & U

Large
bulk flow

LCDM

Small
bulk flow




Determination of bulk flow

Direct measurement of bulk flow v at local
universe
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Determination of bulk flow

Direct measurement of bulk flow v at local
universe

Watkin, Feldman, Hudson (2008)
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Determination of bulk flow

Direct measurement of bulk flow v at local

universe
Watkin, Feldman, Hudson (2008)
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Determination of bulk flow

Direct measurement of bulk flow v at local

universe
Watkin, Feldman, Hudson (2008)
\'}
300
Kashlinsky et.al (2009)
WMAP 5yr normalized LCDM
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Statistical determination

&s diagram

YSS, Sabiu, Nichol and Miller (2009)



Correlation function in red-space

&s: streaming model - using probabilistic
distribution (for smaller scales)

&s: Kaiser model - conversion from the known
power spectra in Fourier space (for larger
scales)

&s = (gv°+gugv/3+9v°/5) €o Po
-(4/3guqv+4/7q.%) &2 P2
+8/3 59\;2 E,z, pz,

vt = L. kKlal o0 2wd BAZIN v I'mnmsEmy



Correlation function in red-space

Monopole: (gv?+gbgv/3+gv%/5) €o Po

Scale dependent &g is determined by WMAP prior,
and monopole moment is effectively determined by
coherent growth coefficient ge.

Quadrupole: -(4/3gugu+4/7g.%) T2 P2

Scale dependent &;is determined by WMAP prior,
and quadrupole moment is effectively determined
by coherent growth coefficient gugy.

vt = Lhi.. kltael. ol wwd RBAZLN v Ty



Correlation function in red-space

*(4/39bgv+4/79y2) "C_',z P,
+8/359v2 E,4 Ps

v = _ L. kKiltal .1 2wd BAZIl uw F'esEy



Statistical determination of b & v

YSS, Sabiu, Nichol and Miller (2009
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bulk flow
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Large
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Unbiased history of LSS
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Unbiased history of LSS
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