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What is "Large Scale Structure formation” ?
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Cosmological observable of primordial universe

Few ideas have had greater impact in cosmology than that of
inflation. Inflation makes four predictions, three of which provide
very good descriptions of data: the mean curvature of space is
vanishingly close to zero, the power spectrum of initial density
perturbations is nearly scale-invariant, and the perturbations
follow a Gaussian distribution. As the data have improved
substantially they have agreed well with inflation, whereas all
competing models for explaining the large scale structure in the
Universe have been ruled out.

We must note though that these three predictions are all fairly
generic. Further, although existing models for the formation of
structure have been ruled out, there is no proof of inflations
unique ability fo lead to our Universe. Indeed, alfernatives are
being invented.



Cosmological observable of primordial universe

The fourth (and yet untested) prediction may therefore play a
crucial role in distinguishing inflation from other possible early
Universe scenarios. Inflation inevitably leads to a nearly scale-
invariant spectrum of gravitational waves, which are tensor
SerTurbations To The spafial mefric. Defection of this gravitational
wave background might allow discrimination between competing
scenarios.



Parameterization of gravitational wave

There are four key observables of primordial spectra; scalar
amplitudes, scalar filt, tensor amplitfude, fensor filt. In single
scalar field slow roll inflationary model,

Qs (scalar amplitude): energy scale of inflation / slow roll speed
ns (scalar tilt): slow roll speed

Q7 (tensor amplitude): energy scale of inflation

We parameterize the amplitude of tensor as r which is ratio
between scalar and tensor amplitudes,

r= Qr/Qs



Current constraint on r

§m— Fiducial analysis

% —— Y1xY2

no 217GHz
Only BKxBK&BKxP353

i3 9 bandpowers

§— — - Inc. EE (EE/BB=2)

3 relax Bu prior
Gauss det
alt. HL fid. model




Constraint on r by TT mode
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Constraint on r by BB before cleaning WL
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Constraint on r BB mode after cleaning WL
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Reconstructed CMB lensing field

Weak lensing by the large scale structure of the Universe remaps
the primary temperature field @(n) = AT(n)/T and dimensionless
Stokes parameters Q(n) and U(n),

In this case, the temperature, polarization, and potential fields
may be decomposed as
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Reconstructed CMB lensing field
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Reconstructed CMB lensing field

The reconstructed lensing field can be expressed by,

Ao(L) [ 2l

do(L) = z(1y)z'(12) F (11, 12)

Hu, Okamoto

where d represents the gradient lensing potential ¢ . Then CMB

lensing kernel is expressed by two point correlation function of
reconstructed lensing potential which can be given by,

ldl

> —12CP (1 - Jo(16))

Knox, YSS



Reconstructed CMB lensing field
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Observational lower bound of GW by CMB
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Observational lower bound of GW by CMB

Translation into inflationary limit

Vit fmpr = 1.2(Q%)Y/* = 3.0 x 10~ 3r1/4

We can probe the inflationary energy scale by 3.2x10" GeV



Large Synoptic Survey Telescope '., 5
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We are a member from 2015




Probing the effective non-Gaussianity
Definition of scale dependence bias
b(k) = by + Abnc(k)
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The separate universe
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The observable signature of the initial condition

The separate universe argument

V2N = —ga2H26. V3¢ — 24V + % (V) = —gasz(S.
In the leading order of expansion
VZCL — —50,2H2(5L/2 VZCS = QCvacg = —gaszés.

Under the same coordinate transformation
ds:(z3) = XL e 6, datda’ = e%$56;,;dT d7’ .

e 5 .
V(s(Z) = —§a2H2(55(m).

= 0%, where R=(1+(.)R,



However ...
But new coordinate are also Gaussian fields in x, and therefore

non-linear functions of new coordinate are non-Gaussian
intrinsically.

dsfy) = €*°Le*%5 §;;datdr? = %S [5¢jdé’:id§:j + O(|5§|2V2(L)] .

It Is similar to the production of non-Gaussianity terms in redshift
space distortions.



Effective non-Gaussianity due to GR effect

Here is summary of producing effective non-Gaussianity due to
GR effect.
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SPHEREX
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SPHEREX

NCP Full FOV 7°
Every day, SPHEREx completes a swath of sky * ) L
extending in declination between the poles, | ,
and covering 1° of RA. Each 3.5° -
6 months, the entire sky is '
covered once. After
25.months, every Direction of Small Step;
point of the sky
s covered

The detectors image the sky through
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satisfy the solar and terrestrial avoid-
ance angles. In the ~12 minute period
between large slews, the spacecraft exe-
cutes 4-8 ~100 s integrations separated by
small 8.8' slews. This way, targets are observed
orbit precession. The in all spectral channels across the detector arrays.
sky is observed with uniform ol = Each day, the instrument completes the spectral samp-
coverage, plus two fields at the } Iing of a 1° wide band in RA that was partlally Sampled during
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SPHEREX has
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observing cadence
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with the 1° per day



SPHEREX

lo errors PS Bispec PS + Bispec EUCLID Current
T 0.87 0.23 0.20 5.59 5.8
Tilt ns (x1073) 2.7 2.3 2.2 2.6 5.4
Running o, (x1073) 1.3 1.2 0.65 1.1 17
Curvature Qx (x107%) 9.8 NC 6.6 7.0 66

Dark Energy FoM = 1/v/DetCov|202 NC NC 309 25




First phase of cosmic acceleration physics

Confirmation of the existence of cosmic acceleration

Amanullah et.al. 2010, 557 SN P = wWp

Cosmic acceleration
at w<-1/3




Developed techniques

@ Geometrical constraints on cosmic acceleration

Standard candles by SN
Standard ruler by BAO

Standard siren by gravitational wave

@ Constraints from large scale structure formation

Weak lensing : measuring metric perturbations influencing photon trajectory
Distribution of diverse tracers: measuring density fluctuations
Coherent motions: measuring peculiar velocity

ISW effect: measuring integrate effect of varying potential well

All cross correlation statistics

@ Direct measurement of dark energy in laboratory



Implication 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 fo generate fine funed vacuum energy
New unknown energy component
Unification or coupling between dark sectors
@ Breaking down our Kknowledge 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 fo Einstein equation

@ Failure of standard cosmology model: our understanding of
the universe is still standing on assumptions:

Inhomogeneous models: LTB, back reaction



Theoretical models to explain acceleration
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A ladder of vacuum energy from QFT

For each mode of quantum field, there is
zero point energy hw/2, so that the
energy density of the quantum vacuum is
given by,

pvac = Li gi K*max /16m?

if Kmax iS given by the limit of quantum
field theory defined on classical
spacetime, then it can be Planck scale.
We are not able] to explain A from known QFT

We can take an energy scale of QCD for
Kmax, Then we can reduce the gap.

Pauli carried out this calculation in 1930%
with electrons, and found that we are
Observed pp = 104" GeV* not able to reach even to the moon.

Weinberg (1989); Straumann (2002); Carroll (2000)
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Scalar field models of dark energy

The cosmological constant corresponds fo a fluid with a constant
equation of state w=-1. Scalar fields naturally arises in particle physics
acting as candidates for dark energy.

Sloaps 8] = [ diov=g(5 - 56.:6" + V(&)

the equation of state w is given by w=p/p, Ratra, Peebles (1998)

There are two different classification of models, “thawing” and
"freezing”, depending on w and w, (dw/dlna) representing position and
velocity of fields. If wqis roughly wq > O, then “thawing”, and if wq is
roughly wa < O, then “freezing”.

Linder, Caldwell (2005)



Phantom dark energy

The observed equation of state is not entirely at w>-1. Parameter
space below w=-1 is as equally favored as w>-1, so we need fo find a
way to cross the boundary of w=-1. One can infroduce ghost fields

which has the opposite sign of the kinetic term to the ordinary scalar
feld.

Normal fields Phantom fields

In phantom dark energy models, Hubble rate diverges in the future,
and curvature hits the singularity, which is called as “Big Rip”.

Big Rip can be avoided using some special types of potentials (top hat
or exponential), but unfortunately phantom fields are generally
plagued by severe UV quantum instabilities.

Carroll, Hoffman, Trodden (2002)



Phantom dark energy

Fields are
stabilized on the
top of the hill.

... vacuum instability
Cline, Jeon, Moore (2004)

Lol a1 pnd o p ol
10-4 10-° 0.01 0.1 10 ; .

1
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Carroll, Hoffman, Trodden (2002)



K-essence

Scalar fields with non-canonical kinetic terms often appear in particle
physics. The action is written as,

S = Jd*x «/-g [R/2 + P(p,X)] + Sm X = (V)?

Low energy effective string theory: Gaspirini et.al (1993,2003)
S = Jd*x ~/-g [R/2 + aX + bX? + ..] + Sm

Ghost condensation: Arkani-Hammed et.al. (2004)

. Po= X+ XE/ME
UV stability for pﬁam‘om-llke models
DBI theory: Martin, Yamaguchi (2008); Guo, Ohta (2008)

P=-J1-2fX/ f+ 1/f +V

This class. oFCr]ngaﬂrﬁ étlﬁ%ﬁf_or\‘ifi\ﬂallagsﬁr’{iangch&raiccsgcfﬁlera’rion with
the equatiqn of stgte>”, , :
defermining sqrablll’ry of models depending on sign of cs°

w = (1-X/M*%) / (1-3X/M*)
Chiba, Okabe, Yamaguchi (2000)




GR consistency relation

éa )

[Metric Perturbations] Energy-Momentum
Fluctuations

[q)](M[gm]

Anisotropy i 1 Continuity eq.

Euler equation
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YSS 2006, YSS, Kazuya 2009
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Coupling between dark sectors

Dark matter is currently only detected via its gravitational effects,
and there is an unavoidable degeneracy between dark matter and
dark energy within General Relativity. There could be a hidden non-
gravitational coupling between dark matter and dark energy, and thus
it is interesting to develop ways of testing for such an interaction

— —3Hpc + an 9

= —3H(1+ wz)ps +aQz, Qz=—CQc,

there are three different types of interactions,

QL = —(Tepe + Tupe) ul, QL = —ap.VHyp,

Amendola (2004)
Koyama, Maartens, YSS (2009)




GR consistency relation

éa )

[Metric Perturbations] Energy-Momentum
Fluctuations
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YSS 2006, YSS, Kazuya 2009



Coupling between dark sectors

If the coupling term s
proportional fo scalar field,
then Euler equation is broken,
i.e. the universality of free
falling between baryon and
dark matter is violated.




GR consistency relation

éa )

[Metric Perturbations] Energy-Momentum
Fluctuations

[ ® ] Poisson equation [ 6m ]

-—
Anisotropy 1 XContinuity eq.
Eulewe ion
(v ) % (6nm )

YSS 2006, YSS, Kazuya 2009
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f(R) gravity

Corrections are introduced in the Einstein-Hilbert Lagrangian to
modify the general relativity, which gets influential only low curvature,
e.g. late time & not dense region. The corrections can be adjusted to

genera’re the cosmic acceleration, Carroll, Duvvuri, Trodden, Turner (2004:CDTT)

cosmic acceleration was discovered with f(R) = -a/R.

Two distinct branches of f(R) gravity was found depending on the sign
of second order derivative of f(R) in terms of R,

frr = d?f/dR? < 0 Unstable
frr = d?f/dR? > 0 Stable

The original proposal of CDTT is ruled out due to instability.

YSS, Hu, Sawicki (2007)



f(R) gravity

Corrections are introduced in the Einstein-Hilbert Lagrangian to
modify the general relativity, which gets influential only low curvature,
e.g. late time & not dense region. The corrections can be adjusted to

genera’re the cosmic acceleration, Carroll, Duvvuri, Trodden, Turner (2004:CDTT)

cosmic acceleration was discovered with f(R) = -a/R.

The f(R) gravity model in this talk is given by,
f(R) = -2 k?pp + |frol Ro?/R?



LSS of f(R) gravity

Dynamic equations of perturbations

dém/dt + On/a = 0

d6,/dt + HO, = k2P /a

k2 = 3/2 Ho%2Qnm 8m/a F(€)
ke = -3/2 Ho?Qm 8m/a G(€)

which are not closed without knowing € evolution

For the case of DGP, dynamics equations with extra variable
are closed with a constraint equation, but for the case of f(R)
gravity, it is closed with an extra dynamic equation of e.




LSS of f(R) gravity

Dynamic equations of perturbations

dém/dt + On/a = 0

d6,/dt + HO, = k2P /a

k2 = 3/2 Ho%2Qnm 8m/a F(€)
ke = -3/2 Ho?Qm 8m/a G(€)

which are not closed without knowing € evolution

Mass screening effect:
kepr = Per F(€)
Geometrical anisotropy:
ke + KePsr = -3Ho°Qm 8m/a [F(€) - G(e)]

Change on photon trajectory:

bR - PR = (Por - Por)



LSS of f(R) gravity

Dynamic equations of perturbations

dén/dt + On/a = O

d6,/dt + HO, = k2P /a
k?d = 3/2 Ho’Qn 8m/a F(€)
k2 g= -3/2 Ho’Qm 8m/a G(€)

Introducing the Brans-Dicke parameter ¢
bR - Prr = @
k2 P= -3/2 Ho*Qnm 8m/a - 1/2 K2
(1+wep) k2/a% @ = 3Ho°Qm 8m/a - I(e)

where I(¢) is given by
I() = Mi(K)@(K) + 1/2 feoof d3kieeed3kn Mi(K)sesMn(K) @(K1)e**@(kn)



LSS of f(R) gravity

Dynamic equations of perturbations

dén/dt + On/a = O

d6,/dt + HO, = k2P /a

k2 = 3/2 Ho*Qm 8m/a F(€)
k2 Y= -3/2 Ho2Qm Sm/a G(e)

Later time growth functions are given by,

Do(k,t) = Gs(t) Fs(k,T:My)
DO(k,t) = Go(t) Fe(k,t:My)

We are not able to constrain f(R) gravity models using
measured growth functions with the assumption of coherent
growing after last scattering surface.



Linear power spectra with running f(R)

The grpw’rh function becomes late time scale
dependent, and 'we' are not able 16 usg the
previous [constraints if true model is f(R) gravity
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Parameterisation of f(R) gravity model

f(R) = -2 k2pp + |frol Ro%/R?
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Parameterisation of f(R) gravity model

f(R) = -2 k?pp + |frol Ro?/R?
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Parameterisation of f(R) gravity model

f(R) = -2 k?pa + Ifrol Ro?/R?

We find that both coherent growth factors and
scale dependent growth factors are separable in
the following sense,

DO(k,t) = Gs(t) Fs(k,T:My)
DO(k,t) = Ge(t) Folk,t;Mi)
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Parameterisation of f(R) gravity model

f(R) = -2 k2pp + |frol Ro2/R?

Parameter space is (Da, H, G5, Gg, FoG, |frol)

DO(k,t) = Gs(t) Fs(k,T:My)
DO(k,t) = Ge(t) Folk,t;Mi)
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Structure formation of RSD

Finger of God
effect at small
scales

Squeezing effect
at large scales

(Kaiser 1987) (Jackson 1972)

Ps(k,p) = ng(k) + lenge(k) + W*Pgg(K)

|

Ps(k,# ) = [Pgg(K) + APgq + 2u%Pge(K) + APge + p“Pea(k) + APgg
+ peA(K) + p*B(k) + poC(k) + ... ] exp[-(kpop)?]



Structure formation of RSD

The non-linear solution is derived from
d&n/dt + V[(1+8m)vm]/a = O
dvm/dt + Hvm + (VmV)Vm/a = -V{/a
bR - Prr = @
ke Y= -3/2 Ho°Qm 8m/a - 1/2 k¢
(1+wep) k%/a? @ = 3Ho?Qm 8m/a - I(¢)

Ps(k, 1) = IDgg(k) + Zunge(k) + P*Poo(k)

|

Ps(k, & ) = [Pgg(K) + APgg + 2p*Pge(K) + APge + n*Pee(K) + APgg
+ peA(K) + p*B(k) + poC(k) + ... ] exp[-(kpop)?]



Structure formation of RSD

The higher order polynomials are given by,

Ak, t) = b3 Zn Zap n2"(Ge/b)?e+o-! fd3k Sdr fdx
X [Andb(rlx)BZGb(Plk-Pl—k) + Andb(rIX)BZGb(k-P/P/-k)

B(sz) = b* 2n Zc1,b uzn(‘Ge/b)ZMb—IJd3kjdrjdx
X Bab(r,X)Paz(ka/1+12-2r%x)Ppa(kr)/(1+r2-2rx)e

Ps(k, 1) = IDgg(k) + Zunge(k) + P*Poo(k)

|

Ps(k, & ) = [Pgg(K) + APgg + 2p*Pge(K) + APge + n*Pee(k) + APgg
+ peA(K) + p*B(k) + peC(k) + ... ] exp[-(kpop)?]



Correlation function of f(R) gravity model

Ifoo|=3.0x107%, 0,=0.68
Ifoo|=3.2x1075, 0,=0.68

LCDM (|f,,|<10-¢), 0,=0.68
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The measurement and best it models

Ifoo|=3.0x1074, 0,=0.68

Ifoo|=3.2x10-5, Q,=0.68

LCDM (|f,,|<10-¢), 0,=0.68




Constraints on f(R) gravity model

We find new constraints on f(R) gravity models using BOSS DRI
[frol < 8x10-4 at 95% confidence limit
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Constraints on f(R) gravity model

We find new constraints on f(R) gravity models using BOSS DRI
[frol < 8x10-4 at 95% confidence limit
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Constraints on distance measures

easured distances are consistent with LCDM model
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Constraints on growth functions

DO(k,t) = Ge(t) Folk,t;Mi)




Constraints on f(R) now and future

Invisible difference from LCDM model using BOSS

Need a factor of 10 improvement




Key observables in cosmological science

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
anisofropy to decompose the radial distance represented by the
inverse of Hubble rate as a function of redshift.

Coherent motion Gg: 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.



Where we are, and where wnll we go?

DESI ahead of the curve if completed by 2024
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Second generation by CfAl
1830 galaxies in 1983

First CIA Strip
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Where we are, and where wnll we go?

DESI ahead of the curve if completed by 2024
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First generation by 2dF
221,414 galaxies in 2003

r'<17.55, d>2", 6°slice

2dF scanned the first evidence of cosmic web of
the universe. New spectroscopy technology allows
us to locate the radial distance.




Where we are, and where wnll we go?

DESI ahead of the curve if completed by 2024
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Spectroscopy wide deep field survey
BOSS DRI cafalogue with 2.8 M galaxies
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YSS, Sabiu, Okumura, Oh, Linder2014

Measured coherent motion

Results from BOSS maps




Degeneracy for coherent motions

Approach I: extending into
non-linear scal

Approach 1I: staying at linear scale
but go to hlgher order points
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Degeneracy for coherent motions

Approach I: extending into
non-linear scal

Approach II: staying at linear scale
but go to hlgher ordejr points
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Bispectrum Alcock-Paczynski effect

Configuration in redshift space

B(kl,k21k3lulll‘12) k3

YSS, Taruya, Oka 2015



Error forecast using power and bi combination

FaB = LiXlkik2k3 (aS/aPa) o (aS/aPB)

S = ( P(k,p) )
B(ki,kz2,Ks3, 1, 12)

Ci =( M ~-MCpsCss! )
-Cgg'Css'M  Cgp'+Cgs'Cs,MCpsCps™*

M = (Cpp-CpeCs8™'Csp)™

YSS, Taruya, Oka 2015



Degeneracy in coherent and random motions

- =esmmnnanns Power Spectrum

======  Bispectrum....




Measured coherent motion
Results from BOSS maps




Future constraints
Expectation from DESI

Einsteins gravity will be tested at -

 leosmological scale in near future -
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Future work

Invisible difference from LCDM model using BOSS

then can we tell the difference in future?
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Conclusion

@ We succeed in measuring both distances and growth function
simultaneously using RSD, and ready to test Einsteins gravity at
cosmological scales through duality between distances and
growth functions.

@ We understand all systematics due to non-linear physics, and
the perturbative description works fine the resolution of
current experiment, at least two point correlation level.

@ Now we face new challenge to meet the precision level of
the high resolution experiment like DESI.

@ We work out the Alcock-Paczynski effect on bispectra, and
find that the combined constraint of power spectrum and
bispectrum improves the detectability of growth function.

@ We initiate new roadmap to accomplish this combination for
the future experiment.



