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 Science from night sky!

@ summit of Mt. Mauna Kea (4200m), Big Island, Hawaii
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Fundamental physics with cosmology

e Dark energy or The origin of cosmic acceleration
(modified gravity)

e Dark matter (e.qg., discovery of primordial black hole)

e Lightrelics/particles (e.g., axison)

e Non-trivial properties of primordial scalar perturbations:
e.g. primordial non-Gaussianity, running spectral index,
features in the primordial power spectrum

* Primordial gravitational wave
e Curvature (Q)

e Detection of neutrino mass
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Linear Theory: Transfer function

e (Consider scalar perturbations alone
e Different Fourier modes evolve independently

e [ inearized perturbation theory: Differential equation of each
fluctuation field has a form like

Ok,n) + F(k,a,a,---)0(k,n) + G(k,a,a,--)O(k,n)
= S(k,a,a, - )O(¥(k,n))

The coefficients depend only on k and/or background quantities

e The solution is expressed in terms of “transfer function” as

@(ka 77) — T(ka )5 Qm07 QbO) e )@(k, nini) _Hriso(k; ---)@iso(ka 77i]f1i)

l/Traz’sgr function:the same for
k= |K]

the initial condition
all the Fourier mode withk = |k|  (dependson |, )

Public codes, CMBFast, CAMB, Class, to compute the transfer functions



CMB (~2D) vs. Galaxy Surveys (3D)

CMB (width ~ 5Mpc)

B
S

47 faey (14 Gpe)? x (0.005 Gpe’
7 (Gpc/h)?

+ time evolution btw
z~1000 and z~0

VSubaru ~ 9 (Gpc/h)3(fsky/004

A huge 3D volume is still
available for cosmology

Tegmark & Zaldarriaga 09



Formation of cosmological
hierarchical structures

z=11.9 expansion vs. gravity
800 x 600 physical kpc

note: N-body sim. In physical coordinates

Diemand, Kuhlen, Madau 2006




Background and Perturbations

Decomposition of physical quantities into background (isotropy &
homogeneous) and perturbations (inhomogeneities)

r = a(t)x
p(x,1) = p(t) [1 4 o(x,1)]
Juv (X, 1) = a(t)z Mo + hop(x, 1))

“Comoving” coordinates: cosmic expansionis extracted and matter
stay at the same coordinates (if the universe is isotropic and
homogeneous)

Cosmological perturbation theory (Kodama & Sasaki 84)




Large-scale structure formation

Structure formation = Time evolution of matter
inhomogeneities of each scale (wavelength)

Om + 2H 81, — A7 G DO

$~“

.:gl‘avrty-,{dark mattelc

‘\

osmic expanswn (dark energy)




Structure formation:
Expansion vs. Dark matter

Similar CMB spectra in these two models




From Benedikt Diemer
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Ps(k)

Constraining the scalar primordial perturbations
over many orders of magnitude scales

Bringmann+ 13 Subaru M31 microlensing (Niikura, MT+17)
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SuMIRe = Subaru Measurement of
Images and Redshifts

yama (Kavli IPMU Director)

® |PMU director Hitoshi Murayama funded

(~$32M) by the Cabinet in Mar 2009, as one
of the stimulus package programs

® Build wide-field camera (Hyper Suprime-Cam;
~$55M) and wide-field multi-object
spectrograph (Prime Focus Spectrograph;
~$80M) for the Subaru Telescope (8.2m)

® Explore the fate of our Universe: dark matter,

dark energy

® Keep the Subaru Telescope a world-leading

telescope in the TMT era

® Precise images of |B galaxies

® Measure distances of ~4M galaxies

® Do SDSS-like survey at z>1




BAO

e Measure galaxy
clustering strengths: 2pt
correlations (or P(k))

dP = j[1+ E,(r)]dV?

e Find atiny excessinthe
galaxy pairs at BAO
scale (a priori known
from CMB to be
~150Mpc)

Tsao = D, (2)0,,

Eisenstein et al 05




BAO=Cosmological geometrical test

* Suppose that you have an object whose size or length
scale you a priori know — standard ruler

00} — Ts
QAH

v

Redshift of center:z

* The standard ruler allows us to infer the radial and
angular diameter distances, from the redshift and angular
extents

Az com
TSIAX:H(Z), TS:CZA (Z)AH




SDSS Baryon OSCIIIatlon Spectroscoplc Survey (BOSS)
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“Super” survey mode (soft mode)

Inflation predicts all-scale
perturbations

Any cosmological survey probes a
finite volume in the universe

PAac/ne o F

Nonlinear mode coupling (coupling
btw different Fourier modes)

N-body simulation is done with a
finite volume (with periodic
boundary conditions)

In the late-time universe, three
might be additional perturbations
(e.g. dark energy) that can'’t be
seen in CMB



Super-survey modes
I

“ [;,AVA /\\/\ short-wavelength mode
VM/\ A

VWI g-wavelength mode

survey region or N-body simulation box

Long-wavelength modes can be expanded around the survey region
- 1

(I)L(X) ~ P + V@@L(X)LZ‘ + §V7;qu)LLZ’Lj + .-

_ 1 1 1

d; + §(A<I>L)§L2 + V@1 (x)L; + STisLily +

_ 21 1
= &+ 27er5b§L2 + Vi®r () Li + S7ig LiLy + - -

dient field
mean density modulation sracient i tidal field



Separate universe picture

The effect of large scale mode can be absorbed by a change
in the background expansion of local universe

., O QK 7é O(~

500 Mp clh
"‘, 0 5 /" “’\.A

; < 500 MpclRt R
S B R T

W BAO scale modified

Takada & Hu 13; Li+14... sy _ _
&Y anisotropic expansion



Alignment btw halo shapes and

Osalo +18 syrrounding t

TR0

NO—R—D D3

. ‘ . BAO sca

Align the
principal axis of
each cluster-
scale halo to the
z-axis direction,
and then stack
the surrounding
mass
distribution

FI9897

idal field

rB80m (N(RKD)
2.4
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Primordial GW affects galaxy shapes?




ds? = —d¢2 + a(t)Q [523 4 hij (X,t)] dridy’ Schmidt + 15

* halo/galaxies are from matter
« stretch of spacetime is by PGW hZ] (k)

early universe (e.g., z ~ 1000) 9

«

< >
Apaw ~ a few Gpc

a few Gyr later (e.qg., z~2)

intrinsic shapes can be induced by large-scale GW



Constraints on stochastic (primordial) GW background

Earth S Normal Modes, .

Slow RoII Inflation

10 |
107° 107 107"° 107" 107° 107° 107 10° Yj’ 10° 10°

Frequency (Hz)

Astoch. QW = a few x 103 km

Astoch. aw =~ cf 7t ~ 3 x 10" [em/s] x 107 [s] ~ 10 pc



Gravitational lensing
= GR prediction

G =87rGT

wv 4 Tuv
C

= light path: x = x[z; g, |

Light-ray path, emitted from a distant galaxy, is
bent by the foreground matter distribution

It causes a distortion in galaxy image

Cosmic acceleration (DE

Lensing strength = \/
(geometry of the universe)
X (total matter of lens(eS){— park matcer



* Weak gravitational le

-

nsing (shear)

“‘characterize” the shape
of every faint galaxy




Weak lensing

The signalis tiny: allows for a direct reconstruction of gravitational

potential due to nonlinear matter distribution in the universe

dz; Wi(zs,21)V 1iV 1 P[Xphoton path (t)]

Zs
shear 7ij N/
0

V2®(x,t) = 471G pma’ s, (

lensing mode
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Hyper Suprime-Cam

- weigh 3 ton
- 104 CCDs

P A4 NI\ 116 HPK FD CCDs
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Subaru HSC Survey
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Galactic Extinction E(B-V)

e Subaru 300 nights granted (2014 — 19)

e HSC Survey Fields selected based on

— Overlap with SDSS regions and other interesting, external datasets
(ACT CMB, NIR, spectroscopic surveys, ...); Low dust extinction;
Spread in RA

e The main scientific objectives are 13
— Wide: Cosmology, Deep: galaxy evolution, UD: cosmic reionization



Dec [deg]

Subaru HSC = superb image quality

6 fields (~140 sqg. deg. in total)

Neg =~ 22 arcmin
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Mandelbaum, Miyatake+, PASJ 2018

HSC galaxy shape catalog

e Developed the pipeline for galaxy
shape measurement

e Tested/validated the galaxy shape
catalog with sophisticated image
simulations

* ~10M galaxies (~20 gals/sq. arcmin.,
~140 sq. deg.)

e Ready to use for weak lensing science

Input galaxy in real HSC galaxy simulated galaxy
Image with noise

Image simulation

0.05

0.04

0.03 |

0.02

0.01

nnQ

R. Mandelbaum Hironao Miyatake
(CMU)

(Nagoya/IPMU)
res > 0.00

— data
- - sims

data mean: 33.76
sims mean: 34.60 |

solid: HSC data

dashed: image
sims.

20

40 60 80 100
S/N



Cosmic shear cosmology
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Cosmic shear
tomography

e Used photo-z's of each
galaxy to have 4
tomographic bins

e Usedthe HSC-Wide

depth data of COSMOS
field for galaxies after the

WL cut to calibrate the
photo-z errors

e Jestthe results against the
different photo-z catalogs

P(z) P(z) P(z) P(z) P(z) P(z)

P(z)
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Pseudo-power spectrum estimator
(Hikage, MT, Hamana, Spergel 11)
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HSC collaboration (HSC WLWG)

754 SRR

We (HSC WILWGQG) unblinded
the cosmological results

(catalog and analysis levels) at
the telecon of 26 June, 2018



Arbitrary scaled (Blinded)
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Challenges: Nonlinear, nonlinear, nonlinear...

« . The Illustris Simulation -
M. Vogelsberger? S. Genel V. Spr'ingél I': Torrey D. Sijacki D.Xu® G.Snyder- S. Bird D.ll‘\Ie'lson L. Hernquist
e ; ‘ ' d=vo
Optical X =7
e
X

L i B ° Cosmology with galaxy surveysiis
o i D A e A more complicated than CMB (LHC

Gas Densityg

& electron/positron colliders)

e Complications: Galaxy bias,
nonlinear clustering, baryon ...

e However, we should keep in mind
which observables are clean or
dirty; we have conservations (mass
and momentum)

@ ° E.g. halo bias is little affected by
g baryonic physics




Towards precision cosmology:
Modeling LSS observables
e Hydrodynamical simulations

— unique way to model galaxy formation

— still too expensive

R e
* Perturbation 1:heOryMaklno Sasaki& Suto 92; Matsubara+; Taruya+
— very accurate. The effective field theory approach for

galaxy bias (rigorous due to symmetry). The theory
errors are under control

— however, breaks down at k>k_NL

e Halo-based approach
— easy to model (at least in N-body sims.)
— use halos and their statistics for cosmology

— need parameters or ways to connect halos in simulations
and galaxies (observables) in a survey

e Reconstruction of initial conditions (fields) *



Perturbation theory
or Effective field theory of LSS

* Effective field of theory 5= 801 + 802 + 6(3) + 64y + 6y + -+
8’7'/U7/ _|_ H,UZ + 6’1,¢ _|_ Ujajvz = —al—p@j’]'z']
3 2
Ap= -H Qo .
2
* Goal

5h(k) — F(ka Qman& °°°°7pastrophy87M7 ees 6L(q) + E(Q)

Sn(X) = by <5(1)(x) + 6@ (x) + 5(3)(x)) + %(52(@ = 02>

68 2
(1) s(2) . 2 ) 2 =2
+ b ((5 5 (x) 577 6(x)> + bg (s (x) 30 >

. %5@)02) + bss (53(x) - 36(x)02)

+ bg,Ga(X) + bg,s (gga(x) + 45(x)02> + br, (F3(x) + %5()()02)

+ 2bg (s(s)(x)



PT looks appealing... though

P(k) [Mpc®/h’]

10°

103 |

Desjacques, Jeong & Schmidt PRR

1.5
PIO(k) [ Py(k)
— — PO(R) /(b PL(R))
1.0F bo2

bs
b
bra

AP(k)/P(k)

Pon(k) \
th(k) \\
Pun(k)

10 10! 0
wavenumber k [h/Mpc] wavenumber k [h/Mpc]
Well defined and rigorous. The theory error well controlled

Need to introduce many nuisance parameters (>7 parameters)
(nonlinearities, primordial peak shapes, halo exclusion effect, etc.)

PT for "matter” clustering anyway breaks down at k20.15 h/Mpc (also
see Nishizawa, Nishimichi & MT 15)



Any useful information in nonlinear regime?
Zhao, Saito, Percival+ 12: The work with BOSS data

(k) /Py (k)

S
0

AP/P [%)]

0,nw

1.8

1.7F
1.6}
1.5
1.4F
1.3}
1.2

| - - L-Kaiser (SPT, b,=-0.2)
[ L-Kaiser (SPT, ¥m,=0.1eV)

NL-Kaiser + AB + FoG (CLA)
L-Kaiser (SPT)

NL-Kaiser (SPT)
NL-Kaiser (CLA)
NL-Kaiser + FoG (CLA)

Yenne®

0.10
k Th/Mncl

0.20

.10 0.15

Various model predictions
for nonlinear galaxy
redshift-space power
spectrum

Nonlinear effects become
significant at k>0.1 h/Mpc

Some models introduce
nuisance parameters to
model unknown effects
such as galaxy bias



Any useful information in nonlinear regime?
Zhao, Saito, Percival+12: The work with BOSS data

No improvement in cosmo paras by adding the information of k=[0.1,0.2],
regardless of a factor 8 more information contentin P(k)
08 ' ' ' ' [ ' ' ' ' [ ' ' ' ' ' ' ' ' [ ' ' ' ' [ ' ' ' '
P(k), k =0.1h/Mpc |P(k), k =0.2 h/Mpc
0.6 | CMASS BAO | CMASS BAO
>
O
— 0.4 +
>
s
N
0.2 - —+
0.0 L b
0.20 0.25 0.30 0.35 0.25 0.30 0.35
QM QM




Halo model: DM halos & Galaxies

R -

W SN
Dark r

atter

C

™

v 4 central & sat gals

N '-.‘-;;;.’h_: 3, AW e

e (Galaxies (central and satellite gals) reside in dark matter halos

e (lustering of dark matter halos are relatively easy to model
based on simulations and/or analytical models



Cosmology with HSC and BOSS

Nishimichi, MT in prep.

Pyin (k) = Py (k) +Pyp, (k)

[ ’ .
from Halo Emulator (Takahiro’s talk) many nuisance parameters
(~10) to connect galaxies
and halos
10°F — Qy=02 ] — Qn=02 |
' —— 0p=0.25 ] 0l — 0p=025 |
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W o100k T S ARLERE 1-halo cen-sat \ s
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