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Describing observed large-scale structure
beyond standard cosmological model
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Plan of talk

Describing observed large-scale structure in
precision cosmology

Large-scale structure
Redshift-space distortions (RSD)

Modeling and analyzing RSD

Beyond RSD




Large-scale structure

Matter inhomogeneity over Giga parsec scales

A\
1000 Mpc =3*1019 light years

is dominated by hypothetical invisible objects (i.e., cold dark matter)

has evolved from tiny fluctuations (most likely seeded by inflation)
under influence of cosmic expansion and gravity

* Provide a wealth of cosmological information

* Is key observations in post-Planck precision cosmology

Origin of cosmic acceleration, nature of dark sectors, ...




Timeline of the Universe

Cosmic microwave
background

Planck 2015

Large-scale
structure
galaxies * clusters)

380,000 yrs




Observing large-scale structure

Intensive use of telescope is necessary

—
-
L]

Canada-France-Hawaii

Telescope (Hawaii)

4m

Blanco telescope

@ CTIO (Chile) . -

https://en.wikipedia.org/wiki/Very Large Telescope
Sloan Dlgltal Sk)l Sur’vey httE://www.sdEs.org/in%truments)/l_ 86~ P

http://subarutelescope.org/Information/Download/DImage/index.html
@ APO (New Mexico) httE://www.cfht.hawgii.edl%/en/news/CFHT30/#waIIpaperg
http://www.darkenergysurvey.org/DECam/index.shtml




H. Shapley & H. Curtis

Nature of spiral nebulae (i.e., galaxies), and size of the universe

Shapley Milkyway galaxy is entirety of the known universe
(e.g.,Andromeda is part of our galaxy)

CurtiS Andromeda and other such "nebulae” are separate
e galaxies, or "island universes"

Crucial to measure

M3 (Andromeda) (but non-trivial issue in cosmology)

wikipedia




Redshift

A key to probe 3D view of large-scale structure

Distant galaxies looks than nearby galaxies
due to cosmic expansion

SDSS SkyServer




Redshift

A key to probe 3D view of large-scale structure

Distant galaxies looks redder than nearby galaxies
due to cosmic expansion

Redshift
parameter

Hubble law £ Hum;’.'

|
- G. Lemaitre

SDSS SkyServer




Dawn of systematic surveys

CfA galaxy redshift survey

40

10000 km/s

5000 km/s

cz (1000 km/s)

South 20

12434 galaxies
30

40 /.

de Lapparant, Geller & Huchra (’86)

Las Campanas redshift survey

Shectmann et al. ('96)




g A slice of galaxy & quasar 3D map

i

http://www.mpa-garching.mpg.de/131601/hl201506

o

As of 201 |
(finished in 2014)

CRERYES

(look back time)

. SDSS-Il main
SDSS-II LRG
SDSS-lIl CMASS




A section of 3D map

redshift

120,000 galaxies

http://www.sdss.org/press-releases/astronomers-map-a-record-
breaking- | -2-million-galaxies-to-study-the-properties-of-dark-energy/




Baryon acoustic oscillations (BAO)

* Characteristic scale of primeval baryon-photon fluid (~150Mpc)

(& acoustic signal in CMB anisotropies)

* Can be used as standard ruler to measure distance at high-z

(theoretical prior) — probe of cosmic expansion

Standard
« CMASS DR9

——best—fit model

x*=81.5 / 59

P(k) [(h"'Mpc)*3]

o BOSS DR9

(SDSs-ly \;’5 '. '. Anderson et al. C13)3

_|‘ 0.1 I0.05 0.1 0.15 0.2 0.25 0.3
k [h Mpc] k (h Mpc-1)

0.01
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Geometric distortions

Unlocking potential power of BAO

Distortions of galaxy clustering caused by apparent mismatch
of underlying cosmological models

; B

Ary| =0 5 H(2)

VA

observer

o

—> can generate anisotropies in the galaxy clustering
(higher multipole moments)

A

Using BAO as standard ruler,
H(z) & DA(z) can be measured simultaneously




Redshift-space distortions (RSD)

(Two-point) correlation function = counting many galaxy pairs

— exhibit anisotropies of galaxy clustering

260,000gals @ 0.43<z<0.7 galaxy

observer’s line-of-

. . . separation _ %
sight direction P

15}
oF
=
5
&
line-of-sight ?
direction
Reid et al. ('12) -

<+ observer
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Redshift-space distortions (RSD

(Two-point) correlation function = counting many galaxy pairs

— exhibit anisotropies of galaxy clustering

700 OOOgals @ 0 43<Z<0 7 observer’s line-of- r

150 paprmmy : ] . .
' “ sight direction

Sk S s S e . line-of-sight ?

. 50 100 15 . )
] } direction

Samushia et al.(13) s, [~ Mpc] \ <+ observer)




Redshift-space distortions (RSD)

(Two-point) correlation function = counting many galaxy pairs

— exhibit anisotropies of galaxy clustering

-, BOSSDRIZ-0.5 < > <0.75 100k, monopole | 52&,(s)
100 |- 1 0 thig
%5}/ S & quadrupole -
o 50} EQ -sof, (£ =2)
Q‘ I (@]
= i 1 | o R
TS 0 "é\,::/\c' ] - E: 30 50 70S (h%opc/ﬁio 130 150
% ol | He = Satpathy et al. (" 7)
/{g%ﬁ o ” 20+1 :
—100 I i §uls) = T dp (s, sy) Pelp)
- - - - -1
150 Io p=s|/s

—150 —100 —50 0 50 100 150
Alam etal. ’16) s, [h™' Mpc]

s=(s2 + Sﬁ)l/Z




Origin of anisotropies

Redshift of galaxy is not a perfect distance indicator

— distorted by peculiar motion of galaxies through Doppler effect
(along line-of-sight

On top of cosmological redshift,

if galaxy moves toward (or away from) us

Spectrum of galaxy Receding
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This is indeed manifest in the scatter of Hubble diagram, but it
appears as systematic effect in §(s) & power spectrum




Origin of anisotropies

Redshift of galaxy is not a perfect distance indicator

— distorted by peculiar motion of galaxies through Doppler effect
(along line-of-sight

On top of cosmological redshift,

if galaxy moves toward (or away from) us

Spectrum of galaxy Approaching
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This is indeed manifest in the scatter of Hubble diagram, but it
appears as systematic effect in §(s) & power spectrum




Redshift space

We may need to reconsider what is the observed space:

As a leading-order relativistic effect (i.e., v/c < 1)

L4+2z,., .
V-2)<
H(Z) ( ) observer’s line-of-sight

Real space

T

Redshift space
(comoving)

N-body simulation
(by T.Nishimichi)

This complicates the interpretation of galaxy clustering data...




Kaiser formula

Kaiser (‘87)
Linear approximation {1+ 6®)(s)}d®s = {1+ 6(r)}d>r

Redshift-space  ¢(S) N B (1+ 2)
density field 0 ( )_5(T) H(Z) 0,0,

: .1
Eq. of continuity: 04+ -V -v ~0
transform a

0O (k)= 1+ p?
)= (14 0 i

. Sl

‘I’ Lme os,,sughv:1 %,,__.-' Apparent enhancement
/ ’ g

along line-of-sight

[

OB%‘e’rv?;Tn i QuadruPole
K& ;
- ‘afusotﬁo py




RSD as a probe of gravity

Linear growth

5<S)(k) = (1+ fﬂ%) (k) . f= dln Dy  factor
’ dlna

Kaiser

formula
scale factor

This parameter tells us
how the nature of gravity affects the growth of structure

Importantly,
This Kaiser formula holds irrespective of gravity theory

probe of gravity (general relativity) on cosmological scales

* Untested hypothesis in ACDM model

* Hint for cosmic acceleration

e.g., Linder (’08); Guzzo et al. ('08);Yamamoto et al. ('08); Percival & White ('09)




Gravity on cosmological scales

galaxy cluster ga

] o o F
_ "*} g A\ "
. 3 of 1>

High c.Ien’si'ty

laxy clustering CMB
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Small scale , : Large scale
<— structure formation modified —

(~kpc) (~Gpc)

fifth force mediated
by new scalar d.o.f

recover GR

(by screening mechanism)
* cosmic acceleration

Framework to describe modified gravity is well (too) developed :
f(R) gravity, DGP, Horndeski, GLPV theory, EFT approach,...




Beyond Kaiser formula

Testing gravity with RSD needs a further investigation

e Limitation of linear Kaiser formula

Due to nonlinear nature of mapping from real to redshift spaces,

applicable range of linear theory is severely limited

Quadrupole-to-
monopole ratio

Kaiser formula predicts
constant value, but ...

AT, Nishimichi & Saito (’10)




Beyond Kaiser formula

Testing gravity with RSD needs a further improvement & renovation

e Limitation of linear Kaiser formula

Due to nonlinear nature of mapping from real to redshift spaces,

applicable range of linear theory is severely limited

* Difficulty in model-independent test of gravity

Beyond linear regime, nonlinear fifth force comes to play

in 2 wide class of modified models

1 Fifth force mediated
Poisson eq. —2V2¢ — A Gﬁm 5 - by new scalar d.o.f
a

Newton Density — coupled to model-dependent
potential field nonlinear field equation




Perturbation theory: reloaded

On-going (upcoming) galaxy surveys (will) uncover gigantic volume

Regime of our weakly nonlinear
interest regime

10% B p >

— Simulation /
. =0 :
—— Linear z 52098 Fully Nonlinear

7=3.05 -

z=7.02
=148 Weakly nonlinear
A

K Li
Springel et al. ('05)

0.10 1.00 10.00
k [hMpc™ ]




Perturbation theory: reloaded

On-going (upcoming) galaxy surveys (will) uncover gigantic volume

Regime of our weakly nonlinear
interest regime

z=0.98

102§'|II| T T IIIII| T T IIIII| T III| ? - ; I I I C ] . . I. .E
—— Simulation //A/ T by T. Nishimichi f
—Linear %0 - *'*""‘****z:o 30 runs]

Linear theory

|Springe/l'/llet al. (’05|) _ | |

0.10 1.00 10.00 0.05 0.1
k [hMpc™] k [Mpc-!]

23~2



Perturbation theory: reloaded

On-going (upcoming) galaxy surveys (will) uncover gigantic volume

Regime of our weakly nonlinear
interest regime

z=0.98

102§'|II| T T IIIII| T T IIIII| T III| ? - ; I I I C ] . . I. .E
—— Simulation //A/ T by T. Nishimichi f
—Linear %0 - *'*""‘****z:o 30 runs]

Linear theory

|Springe/l'/llet al. (’05|) _ | |

0.10 1.00 10.00 0.05 0.1
k [hMpc™] k [Mpc-!]

Perturbative approach (§ = 6, + 6, + §3 +---) is supposed to work well

23~3




New formula for RSD

: AT, Nishimichi & Saito (’10)
Exact expression

PO = [ e (M8t (5(x) 1 Vo (1)} {0(07) 4 V.. (1)} )

/

r=7r—rT

Rewriting it in terms of cumulants, and applying low- A,
k expansion, while keeping non-perturbative factor

= u,(r) —u,(r')

Perturbation theory formula 6 :velocity-divergence field (~ 9)

P(S)(k,u) — 6—(k,uf0v)2 [P(%(k) + 2fM2P60(k) + f2,u4P99(k)

+A(k, u) +B(k, )]

Next-to-leading order corrections
(bispectrum & power spec. squared)

(c.f) Linear Kaiser formula: P®)(k, ) = (1 + f p?)? Pss(k)




Performance of new formula

. . Phalo (K, k1)
Simulation (82 + J 12) Pimmo-wiggle (K)
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Performance of new formula

PT-based formula

0.20

Dark matter

0.15
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Performance of new formula

PT-based formula
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Consistency test of GR

Assuming underlying theory of gravity is GR, PT-based template
is compared with observations

In Planck 2015 XiIl New formula for
i RSD used
VIPERS

- Oka, Saito, Nishimichi,
WiggleZ

d
A

Planck ACDM
coce Lowy 073 CMASS (General relativity)

O
o

0.5
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o
w

Y
9_
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=
=
O
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g
—

| | | | | | |
0.3 04 05 06 07 08 0.9

4

o
N

Formula has been also used for latest BOSS data (DR 12), and no strong
evidence for deviation from GR has been found (Beutler, Seo, Saito et al.’ 1 6)




PT in modified grawty models

ama, AT & Hiramatsu (’09)
e Matter sector : (Standard) fluid system
e Gravity sector: Theory looks like Brans-Dicke (BD) gravity
on sub-horizon scales

Continuity eq. % — 2V ((1+6)v] = In f(R) gravity,
WRBD — 0

ov 1 1
culer eq. E—FH’U_F&(U.V)U:_EVQp ¢=5fR;fREd£§%R)

: 1 _ 1
Poisson eq. ?V%# =4dr G P, 0 — QT‘JQV?SO Model-dependent

E.OM f nonlinear potential
U. or 1
BD scalar (3—|—QWBD)?V2¢:87TGﬁm5— Mio+ Myp -4 -
>
-/




Performance of PT template

OBy e X "~ f(R) gravit R2
GR : ( rlidel 4 f(R) ~ —167 G pp + ~|,4fR,7.0,|, fo

Matter power
spectrum

f(R) gravity B i OO

_~

Resummed PT (this work)
Linear

| | | | | |
0.2

. > A.
fR0
://icosmology.info/Nbody Simulation.html AT, Nishimichi, Bernardeau et al. (’ | 5);AT (’ | 6)




Test against mock simulations

Combining PT template with new formula of RSD,
how well one can constrain the parameter, |fr,0/,in N-body data ?

k _max=0.15h/Mpc

ﬂl
% GR-based template through
) ! scale-dept. linear growth rate

‘Template based on f(R) gravity in f(R) gravity

| -O error: cosmic variance
Iimite‘d survey of |0(Gpc/h)"3

8 10 GR
P (k; 9)

* fiducial 2 ¢ A °
value 10% | fr,0|

Consistently incorporating the modified gravity effects into
theoretical template greatly improves the parameter constraints

29




Consistent modified gravity analysis

Y-S.Song, AT, Linder, Koyama et al. (’15)

Application of PT template to observations:

Baryon Oscillation Spectroscopic Survey (BOSS), DRI |

correlation function !

ACDM

best-fit -------- |frol =3.2x107°
................. IfR,O' = 3.0 x 10—4

x/'xmax
02 04 06 0.8

1

0

f(R) ~ =167 G px + | fr.o

Geometric distortions marginalized

(690,000 galaxies @ z=0.57)
Rj

mE

- Likelihood

Marginalising G

|frol <8 x 107 (20)

10-¢ 10-% 0.0001

| fro0l
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Comparison with other obs.

R2
log1g | fR.0] f(R) ~ =167 G pp + |fR,0 9

Upper bound (20)

Cluster

stack
Coma

cluster

\ A 4 v
Dwarf ¥

l galaxy Cluster Clustering base on

Solar
system

v v 2bundance ratio Wilcox et al. ('15)

GR  Small scale < » Large scale

A broad parameter range is still allowed at large scales (>50Mpc)




Short summary

RSD effect of large-scale structure can be used to probe gravity on
cosmological scales, and test has been made with development of
analytical tools

So far, consistent with

General relativity
(Lambda CDM model)

But,

* constraint on gravity is still weak at large scales

* measured ‘f” is systematically smaller than ACDM predictions

hint of modified gravity ?  — future obs.




Upcoming/on-going projects

Multi-purpose ground- & space-based experiments

 DES (2013~) HETDEX (2016+)

"D.ﬁ-‘ d

WFIRST ‘SP?\\,FT\" ./
(2024++) \\L“ A

Euclid (2

Su IRef -
(2014~) [

~ subaru




Narrowing constrain
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Beyond redshift-space distortions

An improved statistical precision of gigantic galaxy survey,

will open up a new window to detect
On top of redshift-space distortions,

Gravitational redshift

Shapiro time-delay
(Integrated) Sachs-Wolfe effect g : YW\N

—— Weak gravitational lensing effect i

http://physicswaiid.co

/

—

Light-cone effect

Yoo, Fitzpatrick & Zaldarriaga ('09)
Yoo ('10), Bonvin & Durrer (' 1)

http://www.roe.ac.uk/~heymans/website_images/Gravitational-lensing-galaxyApril 12_2010-1024x768.jpg




density_full_realspace
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density_full_redshiftspacealleffects

Including all
GR effects

t
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density_zoom?2_realspace

I‘t
\




density RSDonly

Wide angle RSD &
light-cone effects

500 520
x (Mpe/h)




density_allrelativisticeffects

‘Observed’

redshift space

All relativistic
effects included -

500 520
x (Mpe/h)




density_zoom2_integrated_contrib

Lensing &
ISWV effects




density_zoom2_potential_contrib

Gravitational -
redshift

520
x (Mpe/h)




density_zoom2_transversedoppler_contrib

Transverse
Doppler effect.

520
x (Mpe/h)

540 580




Signature of new relativistic effect

Gravitational redshift induces dipole anisotropies in
cluster-mass cross-correlation function

Gravitational redshift RSD Total

'°9[€cc(0: ")+ 1 ]
2.2 3.2 -0.1 0.8 1.8 2,7

30

20

10

0

-10

-20

-30
-30 -20 -10 O 10 20 30 -20 -10 O 10 20 -20 -10 O 10 20 30
o [Mpc/h] o [Mpc/h] o [Mpc/h]

Cai, Kaiser, Cole & Frenk (’17)




Summary

Describing observed large-scale structure in precision cosmology
redshift-space distortions and beyond

Redshift-space distortions as a probe of gravity

Modeling RSD from perturbation theory

— Testing and constraining gravity from SDSS data
General relativistic effects on large-scale structure

Future observations will be able to not only demonstrate a
precision test of gravity, but also open a new window

More fun for precision cosmology !




