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Introduction to galaxy redshift surveys and cosmic acceleration
Galaxy bias

Dynamical probe: Redshift space distortions (RSD)

Geometric probe: Baryon acoustic oscillations (BAO)

Galaxy correlation functions in redshift space

Observational constraints

Summary




Cosmological parameters

* Density parameters * Friedmann equations
0.(6) = pi(t)  8mGp;(t)
l - Pcrit - 3H2(t)

« Observational constraints
» Matter: Q,, ~ 0.32
« Baryon: QQ,, ~0.05
» Dark matter: Q,,, ~ 0.27
 Radiation: Q,, ~ 103
» Curvature: Q,, ~0
» Dark energy: Q,, ~ 0.68
* Hubble constant: H,~ 68 Bark Energy
— Q0+ Qro=1+Quy~1

Dark Matter




Expansion history of our Universe

Cosmic First Stars, Expansion
Background Stars Galaxies Accelerates
Afterglow Develop

Inflation

113.3

Billions of Years Before Today

Credit:NASA
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Cosmic acceleration in the Einstein equations

1
R,y — ngR + g\ = 8rG Ty,

Geometry of space time = Matter distribution

» Matter contents of the universe determine its gravitational field.

4 1 A
R, - EguvR =87nG|T,, "o 8] Add new matter
“Dark energy”
< or or
1 .
R, --g.RIAg,|=81GT, «— Modify geometry
_ 2 “Modified gravity”




Dark energy candidates

1
R,y — ngR + g\ = 8rGTy,
« Cosmological constant A Equation of state w
* ma) = -1 w=p/p
« Constant but not A » radiation: w=1/3

« Dynamical dark energy
e w(a) =wy +w(1—a) =wy+wgr

(@) = wy = -1

* matter: w=0
* cosmological constant: w=-1

Cosmological constant problem

o : ey - 123
 Modification of gravitational law Theory: {lvaco~3X10

« We are allowed to keep the term in the LHS.

Observation: ,, ~ 0.68




Structure grows through gravity in the
expanding universe

WOENIEIVEC))

CMB -> initial conditions

p(x, t) = ﬁ(t)(l + 5(x, t))




N-body simulation of matter distribution
under general relativity

= 1 fd4x(—2A) Sm

Figures taken
from G.B. Zhao
etal




N-body simulation of matter distribution
under one modified gravity model

e Same initial condition, butf(R) gravity model assumed

G [ d*x=gf(R) + S

One can distinguish different gravity models
by probing the speed of the structure growth
in galaxy redshift surveys.

Figures taken
from G.B. Zhao
etal
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Bias:
From dark matter to dark matter halos and galaxies:

» Mass density # galaxy

; * ‘ ‘ ‘ $ number density
Pm (X, t)
_ 5, (X t) = — -1
= Im Pm (t)

o /T /DM hald _pgxt)
Dark matter density field , \ 09 (X, ) = pg(t) 1
., = \

\.

; ' p, « Galaxy distribution is a
satellite gal \ :
s X biased tracer of
central gal .
underlying matter

distribution (Kaiser
1984, Bardeen+1986)

6y(x,t) = F[6, (X, t)]




Bias:
From dark matter to dark matter halos and galaxies:

; ‘ ‘ ¢ ¢ ¢ 6y(x,t) = F[6, (X, t)]

* The relation between
8=voc  galaxy and dark matter
distribution is extremely
complicated.

2 ¥ * The simplest bias
Dark matter density field , \ model: “linear bias”
. , - \,
\Q

satellite gal ' 4 59 (X) = b (X)
central gal - X

 One can consider
higher-order bias

- Effective field theory

/ \
\
/DM halo.

/ \




Redshift space distortions (RSD)

» Radial coordinates of galaxies are measured through redshift z
(Doppler shift) »

Redshift cz = radial peculiar velocity + aH(a.)r :f > \ 4‘ L_, \96 X 10°
expansion L po & g X

R B BR8] % 108
- wel.,

Velocity 7. M. .~ #

-
-
TN -~ -
.
4 -
~

’
-

Galaxy

: _§" 3

Distance
(light year)

* Only radial positions are affected by RSD, not angular positions.




Redshlft space dlstrlbutlon
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Observer

We cannot measure
true distances to
galaxies. Will it be a
serious problem?

The visualization made by T. Nishimich




No, RSD tells velocity field
(= speed of growth)

redshift cz = aH(a)r + v,

v ~dog/dIna = fog
|sotropic Squashed along LoS

f=dInd/dIna=Q,r

y=0.556 (GR)
y=0.683(DGP gravity)




RSD = coordinate transformation

« Number conservation n (¥;)d>x; = n(¥)d3x
Redshift-space Real-space
* Coordinate transformation
v(x) - X
X +

Xy = p(X) = p[1+8(%)], 8 <<1
Hy
 Jacobian
d3x o lv-% line-of-sight
R
d>xg dx | H k
 Density field 0
5.0 = 5(8) — [ Hy=coso
S 0x HO
* Fourier-space density
d3k’'

5s(k) = 6(k) + f (Zn)g(s(;?)[f(;?. £)?] f 135 oK —K)-Z

— [1 + f,u,%]5(k) i is defined to be Z - k




Redshift-space power spectrum
p(X) =p[1+8(X)], <<l

— ’ Ty R
[sotropic in 5y (k) = b (k) A%~

real space

Anisotropy in

S — 2
redshift space Og (K, ) = (b + i) Om (k)

f(a)=dInD/dIna = Q"

Linear power spectrum (Kaiser 1987)
Py (ki) = (b + fui)?Bn (k) xexp(=k?pioy)

g line-'f)f-sight

linear  nonlinear (Finger-of-god) k

0 U,=cos6




Redshift-space power spectrum
p(X) =p[1+8(X)], <<l

RN o

[sotropicin 5 (1Y = bS... (k o e
real space g() m(K) A W

’ ), YA . N

+ fui)Sm (k)

- lIng = Q"
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Infilation

Big

Relativistic fluid Photon decoupled

3 . electron lLesshdetnse, electron
ompton ess ho _
b . Coulomb neutralized
scattering _
scattering
photon proton proton

Oscillate as longitudinal sound wave




Power spectrum of cosmic microwave background

Multipole moment, /
2 10 50 500 1000 1500 2000 2500
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90" 18 I 02° 0.1" 007 and first observed in 2000

Angular scale
Planck collaboration+




Acoustic oscillation features are also imprinted to
large-scale structure

R g =
Inflation =7 mma_é’k
p . = ‘2 B o e

<
i"‘ ) e
- S = ," E - - _-
Ly . - e
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Measuring galaxy distribution and acoustic features

* Measure galaxy clustering
strengths: two-point
correlation function

dP =7, 1+E,(r)]dV?

* Find a tiny excess in the
galaxy pairs at BAO scale (a
priori known from CMB to be

~150Mpc)
rBAO = DA (Z)Hobs
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galaxy distribution and acoustic features

* Measure galaxy clustering
strengths: two-point
correlation function

dP =7, 1+E,(r)]dV?

* Find a tiny excess in the
galaxy pairs at BAO scale (a
priori known from CMB to be
~150Mpc)

rBAO = DA (Z)Hobs




Temperature fluctuations [ u K? ]
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 Acoustic features imprinted
at z ~ 1100 remain in the
later universe, z < 1.

: * The feature provides the

1° 2° 0.1° 0.07°
Ak larlscale

0.03 [

size of the universe (sound
horizon) when its age was
380,000 years after the

bigbang.

* This feature in galaxy
distribution enables us to
constrain the geometry of
the universe, hence H,, dark
energy, spatial curvature etc.
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BAO - a powerful tool for precision cosmology

Planck TT-+lowP B Planck TT,TE,EE+lowP B Planck TT,TE,EE+lowP+BAO
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BAO - a powerful tool for precision cosmology

2

With BAO,
SN,
T\

R\

Wo

Planck+BSH
Planck+WL

Planck+WL+BAO/RSD

See Francisco Prada’s
lecture for the latest DESI
constraint on dynamical
dark energy.




BAO is more than just a Standard ruler

* Assume there is an object whose intrinsic shape is a sphere.

AI’// r Ar// = %

Az| redshift difference

observables

visual angle
\ AD 5

4 " {\ - Ar, =(1+2)D,(2)A6

H(z)=H \/(1+z)3s2 +(1+2)MQ
D, (z2)=(1+z) j

H(Z

* One can determine the geometry so that the object looks like a
sphere Ar, = Ar, (Alcock & Paczynski 1979).




BAO is more than a Standard ruler

Infilation

Big
Bang




Anisotropic power spectrum and correlation function

* Linear RSD formula (Kaiser 1987) line-of-sight

P (ki 2) = (b + f(D)u) P (K: 2)

* Including AP effect

H pfid 2
Hﬁgz) 51 ((ZZ))] (b+f (Z)Mi)zpm(k;Z)

with k¢ =k H"(z)/H(z) and K=k Dx(z)/D}(z)

Pobs (kfld kfld’ )

line-of-sight
» Correlation function

obs d°k obs ik-7
fg (TJ.'T”;Z) — (Zn)gpg (kJ_J k||;Z)e




Radial separation [Mpc/h]

First measurement of anisotropy of BAO

Theory [T "1 5] Observation

100 |
H'(z) |
[ A /

100 50 0 50 100 p +Z)_1 f
Angular separation [Mpc/h] H(Z
Okumura, Matsubara, Eisenstein et al (2008)




Radial separation [Mpc/h]

First measurement of amsotropy of BAO
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Radial separation [Mpc/h]

First measurement of anisotropy of BAO
Dark energy constraints
= T 7T

Cosmological constant

[~ ———

o

DE Equation-of-

0.5 0.7 0.9
QDE — 1 — QM

Wpe = — 0.93=04
—>consistent with Einstein’s
cosmological constant wpg = —1

-100 -50 0 50 100
Angular separation [Mpc/h]

Okumura, Matsubara, Eisenstein et al (2008)




Radial separation [Mpc/h]

First measurement of anisotropy of BAO

Hubble constant constraints
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Okumura, Matsubara, Eisenstein et al (2008)




Anisotropic correlation function of BOSS galaxies

150 .\
1 Solid lines: Theory

100 Color contours: Obs

! « Correlation function of ~600,000

galaxies in BOSS DR12 sample
* Much clearer anisotropic BAO and

50|
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s2&(s1, s)) [h"2Mpc?] SDSS-III BOSS Collaboration (2017)




FastSound: first 3d galaxy map at the distant universe
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Anisotropic correlation function measured at z~1.4
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First RSD measurement at the distant universe
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Testing gravity from RSD measurements
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Cosmological constant? Dark energy?
Or modified gravity?

Speed of cosmic Expansion

0.80

0.75f
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Weak gravity || GR || Strong gravity
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Speed of cosmic structure growth

Cosmological
constant (w=-1)

Samushia+ (2013)




To extract more cosmological information...

LRG

105 =

Power spectrum P(k) [(h-!Mpc)3]
J
J

104

0.01

Tegmark et al (2006)

* Cosmological information
o« (# of modes) « k.3

 \We need to take into account
“nonlinearities” in theoretical models

* Nonlinear RSD
* Nonlinear matter evolution
* Nonlinear bias

* Perturbative approaches
* Simulation-based (emulators)
* Full-shape analysis

Pobs (kfld ﬁld,
Hz) [pid)]’ N2
~ () DAA(Z)] (b + f @) Bk 2)




Full-shape cosmological constraints using
the SDSS-III BOSS data

B Krax = 0.25 h Mpc~? * They built an emulator from N-
W Planck 2018 ACDM TT T/ EE+owE body simulations to compute the
Kobayashietal (2022)  redshift-space power spectrum of
. Ho=682=x1.5 haIOS

* A halo model is adopted to model
the galaxy-halo connection.

* Very strong constraints are
obtained by fully utilizing the full
shape information of the matter
power spectrum.

0g=0.786 = 0.037

027 0.30 0.33
Qm

See Takahiro Nishimichi’s
lecture for more details.




Summary

* Galaxy redshift surveys provide one of the best tools to probe the
cosmic acceleration.

e Statistical properties of galaxy distributions carry ample cosmological
information

* Redshift-space distortions (RSD): f(z)
* Baryon acoustic oscillations (BAO): D,(z) and H(z)

e More information is available from broadband features of the matter
power spectrum.

* A proper cosmological interpretation requires a detailed theoretical
modeling of nonlinear structure formation.

* N-body simulations, perturbation theory, etc...

For further questions and information: tokumurG@GSiaa.SiniCG. Edu.tW

http://www.asiaa.sinica.edu.tw/~tokumura/
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Some recommended textbooks for structure
formation and galaxy surveys

* B. Ryden, “Introduction to Cosmology” 2nd Ed. (2016)
e Undergraduate level.
* No knowledge of general relativity is required.

 S. Dodelson & F. Schmidt, “Modern Cosmology” 3rd Ed. (2025)

e Standard graduate level.
* A self-consistent textbook that you can derive all the equations by yourself.

* H. Mo, F. van den Bosch, & S. White, “Galaxy Formation and Evolution” (2009)

* Comprehensive description of galaxy formation/evolution and the large-scale structure
of the universe. Advanced

* P. J. E. Peebles, “The Large-Scale Structure of the Universe”(1980)

* Very advanced. Some parts are outdated.
» Describes all the essential statistical tools for galaxy survey analysis.




