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CosKASI

Members at CosKASI

Faculty

Initlated In 2014

Group is selected as BIG
ISSUE GROUP in 2016

Participate in DESI and LSST
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Physical Cosmology

Arman Shafieloo

-Reconstructing dark energy/
Falsifying Lambda

-Reconstructing primordial spectrum/
Falsifying power-law

-Testing isotropy/homogeneity/metric/
curvature

-Playing with toys (inflation model
building, dark energy model building,
surviving some non-local gravity
models, finding systematics, criticizing
others, etc) .

Dr. Amir Aghamousa
Start Date: 01/05/2016

-Strong lens systems time delay
estimation

-Supernova light curve analysis
-Non-parametric estimation of the
CMB angular power spectrum/testing

standard model (REACT, GP)

-Advance statistics

Dr. Benjamin L'Huillier
Start Date: 01/03/2016

-Model independent test of metric/
curvature/isotropy

-Distinguishing early universe
scenarios using large scale
structure data/N-body simulations

-Supernovae light curve analysis

-N-body simulations to test gravity.



® Large area cosmological redshift
surveys

® Cross correlations between
massive (galaxies) and massless
particles (photons)

Magnification
~changes intensity

relativistic effects, extra-species,
non-Gaussianity
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® Machine learning in cosmology
® Object classification (SN spectra,

radio galaxy cross-ID)

® Unsupervised learning - ‘unknown
unknowns'’




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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Risk free option to determine cosmic distance

(Da, H)
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s
_ History and plan for spectroscopy surveys

DESI ahead of‘!he purve if completed by 2024
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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

e 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

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

Inhomogeneous models: LTB, back reaction
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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
r efforis PN the c IC leration tu U | in;
DYhENTICEr DE ENEYGY (OUIRIRG Matter
Alternative mechanism to generate fi ed vacuum e

gy

g ATEN Ty + AT py

Unificatiorpér coupling between dark sectors

e Breaking down our knowledge of gravitational physics: gravitational
physics has been tested in solar system scales, and it is yet

Gedmetrical Bark Energy: modifying gravity
Non—Caaun‘t,eraflti_ontAEgi&e‘?u%n 4]_[G N Tuv

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

Inhomogeneous models: LTB, back reaction



I
B [wo windows on acceleration and gravitation

Their simultaneous determination allows for a consistency test and
provides sensitivity to physics beyond the standard dark energy paradigm
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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
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Ill Cosmological probe of coherent motion
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B Cosmological probe of coherent motion

f(z)o3(2)
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"
= Power spectrum in redshift space

Squeezing effect at
large scales

(Kaiser 1987)

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



Ill Anisotropy correlation without corrections
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|
= Power spectrum in redshift space

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)?]
§(o,m) = Jd°k P(k,p)e™* = Z§i(s) Pi(v)
E(s) = ilfkedk Pi(k) ji(ks)
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I|I Anisotropy correlation without corrections
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Anisotropy correlation with corrections

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
o



B Mapping of clustering from real to redshift spaces

Ps(k,p) =/d3x ekx<88)
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)) ]

* Higher order polynomials: there is an infinite tower of cross
correlation between velocity and density fields. We have to decide

the order limit.

* The FoG effect: the exact functional form is unknown. Only thing
that we know is that it is a function of velocity dispersion Op.



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(kvu) — [ + A(k,ll) + B(k,l.l) + T(k,l.l.) + F(k,l.l)]
expl-(kuoe)”l  gee Yi’s Talk on Thu

 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



Precision & Accuracy

The conservative measurement of growth function with kmax<0.1h/Mpc
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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



|
- Precision & Accuracy

The measurement of growth function is improved up to the limit of shot
noise about kmax<0.15h/Mpc
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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 Precise determination on Qa

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

Cold dark matter

Massless neutrino




.
B The measured spectra with different Qa

We vary Qa coherently with BAO statistics, i.e. the observed sound
horizon is fixed

10°

Pss(k) (Mpc)?
10¢

1000

100

0.01 0.1
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.
B Mapping of clustering from real to redshift spaces

Ps(k,p) =fd3x ekx(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)) ]



|
B [he nonlinear physics contamination

The discrepancy between linear prediction and measurement
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.
B [he nonlinear physics contamination

Theoretical prediction is improved by perturbation theory by two loop
corrections
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.
B The estimated density-density spectrum

We estimate the power spectrum with the fixed fiducial template

Py (k, >—r< 'k, )T (k, 2) Py ()

&7 - e
+2f( )g )& Qk )r‘;’)(q?k_q-"z)PXY(‘I)PXy(lk—(ﬂ)

d3pd3q
f 3y T P& =T = @ 2TY 0.8 F 5~ 0,2) Py (0) Py (0) Py (F — 71— 7)

f'_\

) =1

ﬁél)(’ﬂ - +r£¥11 loop(k)

Cs () = 72+ 0% ioop®) + T s 1000 (k) + OFs
cHF) = 0%,



The estimated density-density spectrum

We estimate the power spectrum with the fixed fiducial template

Py (k, >—r< 'k, )T (k, 2) Py ()

&7 - e
+2f( )g )& Qk )r‘;’)(q?k_q-"z)PXY(‘I)PXy(lk—(ﬂ)

d*pd>q
+6 [ e TP K — 7~ LN 0K — 5 7.2 Phey (1) Py (0) Py (F = 7= )




I
B The estimated density-density spectrum

We estimate the power spectrum with the fixed fiducial template

Pxy (k,2) =T (k, 2)TV (k, 2) Py (k)

BT o
+ (27'()7311%)((1’]“_{1 2)TPNG k — 3, 2) Py (@) Py (1% — 1)

P53, . o
+6f (22:)6(71“5?)(1’: @k —p—4q, Z)F( )(P q.k — 97— T, 2) Py (p) Pyy () Py (| — 7 — 7))
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The estimated density-density spectrum

We estimate the power spectrum with the fixed fiducial template

Py (k,2) = T (k, )TV (k, 2) Py (k)
d’q - 3 7= Dl Sy 7
+2 (27‘_‘;_41";)(@ F— @ 2028 F — 4 2) Py () Piey (| — 1)
d3pd3d -
+6/ (21;)6(71“[3)(1, 4q, ki — — Z)F( )(I’ 7 k— —P—q, )P‘t\{Y(P)P\'Y ‘I)Pg(yw‘ —p—q)

Pxy(k,z) = PXy (k, z) + P& (k, 2)
Py = Gx |G Oy + higher| Phy + Gy |GXOL) + higher| Pyy
+G% f [G*@i?i#"’uhigher] PiyPiy +GY f GLODFP + higher| Pyy Ply
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|
B The estimated density-density spectrum

Power spectrum in different cosmology is precisely reproduced
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"
® [he fractional errors of estimation

Power spectrum in different cosmology is precisely reproduced
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B Mapping of clustering from real to redshift spaces

Ps(k,p) =Jd3x e (88)
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)) ]

* Higher order polynomials: there is an infinite tower of cross
correlation between velocity and density fields. We have to decide
the order limit.



The estimated A

Ak, j1) = J1 / Bz KT (41 4543), A; = 2j / e RT (@, (r)5(r)3(r")).
iA A = jy / &z T (u,(r)5(r) Vo (r))e
n=1 Az = ji /dsw Cik.w (uz(r) vz'uz("')d("',))c

Ar = 271 [ds:c cikx (s (1) Voo (1) Vaous (7))
As = 4y / B e FT (5 )uy () Vo (')

As — iy / Bz RT (F u (P)u () 5(r)).
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The estimated A
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Higher order polynomial A is precisely reproduced
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The estimated B

B(k, ) = 72 f Bz T (A, Ag). (A1 Ag).

4
= ZB_n
n=1

B = j2 j Bz R T (uy(') Vs (1)) (s (1)5(r))e

- (G5/65)2 (Ge/ée)281 + (Ga/é&) (09/69)382

+ (Gs/Gs) (Go/Ge)’ Bs + (Go/Ge)" By



The estimated B
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The estimated T
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.
B The accurate measurement of growth functions

We achieve the 1% accuracy measurement after a long journey
throughgperturbation theory and simulation template

oL | | | |
Qv
© |- _
o
-
O ©
= - ]
0@
0 - _
o
| | | | |
| | | | |
O _
-
@ L) e
GIEE  - _|
-
<+ [ _
-
| | | | |

0.58 0.64 0.69 0.73 0.76
YSS, Yi, Oh and Taruya prepared in 2017 QA



.
B The accurate measurement of growth functions

We achieve the 1% accuracy measurement after a long journey
throughgperturbation theory and simulation template

o[ | | |
Qv
© —
O

“

U O [T
g —
00
0 —
-

| | | | |

| | | | |
0 [ —
-

@ L) i

OIS : -
-
<[ —
-

|

YSS, Yi, Oh and Taruya prepared in 2017 QA



'
B The accurate measurement of growth functions

We achieve the 1% accuracy measurement after a long journey
throughgperturbation theory and simulation template

o[ | | |
Qv
© —
O

“

U O [T
O e i
w ............................................................................................................
0 —
-

| | | | |

| | | | |
0 [ —
-

@ L) i

OIS : -
O T
DN D L L RCIIEPEIEETIERS ]
-

|

YSS, Yi, Oh and Taruya prepared in 2017 QA



'
B The accurate measurement of growth functions

We achieve the 1% accuracy measurement after a long journey
throughgperturbation theory and simulation template

o L | | | |
Qv

© |- _
o

«“

@) QO [
O o B
o0 T AR R T P PR E R R PR EPEPEPEPEPE" “PEPERS
0 |- _
o

| | | | |

| | | | |
0 _
-

@ L) i

(G - . —]
S I B
D D R R L L R R T L LT EEE T LLTR ERRRRTPLLRRER &
-

| | |

0.69 0.73 0.76
YSS, Yi, Oh and Taruya prepared in 2017 QA



g
B The accurate measurement of growth functions

We achieve the 1% accuracy measurement after a long journey
throughgperturbation theory and simulation template

o L | | | |

g
© |- _
O ...............................................................................................................

«“

@) QO [
O o B
o0 T AR R T P PR E R R PR EPEPEPEPEPE" “PEPERS
0 |- _
o

| | | | |

| | | | |
0 _
G S

@ L) i

(G - . —]
S I B
D D R R L L R R T L LT EEE T LLTR ERRRRTPLLRRER &
-

| | |

0.69 0.73 0.76
YSS, Yi, Oh and Taruya prepared in 2017 QA



'
B The accurate measurement of growth functions

We achieve the 1% accuracy measurement after a long journey
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B Precise determination on Qa

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

Cold dark matter

Massless neutrino
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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 physics

Chameleon type gravity




- Probing modified gravity

10°

dén/dt + On/a =0
d0m/dt + HOm = k2Y/a
K2 = 3/2 Ho2Qm Sm/a F(€)

k2 = -3/2 Hi?Qm 8m/a G(e) £
Eﬁ' frol=3.0x1074, 0,=0.68
dr - Pr =@ : f5l=3.0x1074, 0,=0.

_____ f0]=3.2x107%, Q,=0.68

k2 Y= -3/2 Ho?Qm 8mla - 12 k2 |
(1 +WBD) k2/92 QP = 3H02Qm 8m/a - |((P) .

LCDM (|fo,|<10-8), Q,=0.68
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YSS et.al. 2015




.|. 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

See Minji’s Talk on Fri



)
m: Constraints on initial conditions

With the given horizon scale survey, we are accessible to initial
condition FoM

S 0.000 STow-roll inflation |
>
Q . :
O - Single field slow-roll
= "0-005881 inflation Multi-fieldMflation
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S ©
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O -0.010f Q \
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Primordial non-Gaussianity, fy Dore et .al. 2015



Full covariance approach

Fisher matrix is given by
Fap = ZkZkikeka (0S/0p«) C1 (0S/dpg)

where the vector field S is given by

S = ( P(k,n) )
B(k1,kz,Ks, 11, p2)

The full covariance matrix is given by,

C1= M -MCpgCps1
( -Cee1Cee''M Cpg1+Cge1CeMCpsCagB™ )

This full covariance calculation is performed for DESI forecast.
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S = ( P(k,u) ) -
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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



Full covariance approach

Fisher matrix is given by
Fap = ZkZkikeka (0S/0p«) C1 (0S/dpg)

where the vector field S is given by

S = ( P(k,n) )
B(k1,kz,Ks, 11, p2)

The full covariance matrix is given by,

C-1 = M IOTDOBD
( -GerGerit Css'+Css'CpMCpsCprB )

This full covariance calculation is performed for DESI forecast.
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B The ultimate cosmological test on GR

Future wide deep field survey

‘ :urbations] [

WL measures ¢ - ¢ Galaxy-Galaxy correlation
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Conclusion

We are confident of precise and accurate measurements of growth
functions within 1% fractional error, for the cosmological model in
which growth function evolves coherently.

The same method can be applicable for modified gravity and
massive neutrino constraints, but we need to produce those
simulation.

Spectroscopy survey provides us with a way to test initial
conditions using inflationary parameter FoOM. It makes sense that
we cover as much as sky we can, to access to horizontal scale.

The southern sky coverage is attractive to the community who is
looking for test of GR cosmologically.

We are nearly ready to maximally exploit the informations provided
to us in next decade.



