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accelerating expansion and LSS

!3

origin of accelerating expansion 

(dark energy or modified gravity)

• expansion history 

• growth rate

Intro

Publications of the Astronomical Society of Japan (2016), Vol. 68, No. 3 38-17

Fig. 17. Constraints on the growth rate f (z)σ 8(z) as a function of redshift at 0 < z < 1.55. The constraint obtained from our FastSound sample at
1.19 < z < 1.55 is plotted as the big red point. The previous results include the 6dFGS, 2dFGRS, SDSS main galaxies, SDSS LRG, BOSS LOWZ,
WiggleZ, BOSS CMASS, VVDS, and VIPERS surveys at z < 1. A theoretical prediction for fσ 8 from "CDM and general relativity with the amplitude
determined by minimizing χ2 is shown as the red solid line. The data points used for the χ2 minimization are denoted as filled-symbol points while
those which are not used are denoted as open-symbol points. The predictions for fσ 8 from modified gravity theories with the amplitude determined
in the same way are shown as the thin lines with different line types: f (R) gravity model (dot-short-dashed), the covariant Galileon model (dashed),
the extended Galileon model (dotted), DGP model (dot-dashed), and the early, time-varying gravitational constant model (black solid). (Color online)

Fig. 18. Constraints on the growth rate fσ 8 as a function of redshift compared to the "CDM model with the best-fit models from the CMB exper-
iments. The data points are the same as those in figure 17. Theoretical predictions with 68% confidence intervals based on WMAP9 and Planck
CMB measurements are shown as the green and red shaded regions, respectively. The early, time-varying gravitational constant models with
Ġ/G = 3.5 × 10−11 [yr−1] and 7.0 × 10−11 [yr−1] are respectively shown as the blue and magenta lines. (Color online)

and VIPERS with zeff = 0.8. With this choice, all the
data points are uncorrelated except for the 2.1% corre-
lation between the CMASS and the higher-redshift bin of
the LRG (see Alam et al. 2016). Using the seven data
points of fσ 8, we compute the χ2 for theoretical predic-
tions of gravity theories including GR with the amplitude
of fσ 8 being a free parameter. The "CDM model plus
GR with the best-fit amplitude is shown as the solid line
in figure 17.

6.2 Modified gravity models

On the scales probed by large-scale structure surveys, the
growth rate f generally obeys a simple evolution equation
(Baker et al. 2014; Leonard et al. 2015):

f ′ + q(x) f + f 2 = 3
2

$mξ, (22)

where q(x) = 1
2

{1 − 3 w(x)[1 − $m(x)]} ; (23)

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article-abstract/68/3/38/2223167 by N

agoya U
niversity user on 20 January 2019

z

f(z
)σ

8(
z)

Okumura et al. 2016

0.0 0.1 0.2 0.3 0.4 0.5

-1.5

-1.0

-0.5

0.0

m

w

SNe

BAO

CMB

0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

F
latBAO

CMB

SNe

No Big Bang

FIGURE 6. Left panel (a): recent constraints from SNe, CMB anisotropy (WMAP5), and large-scale
galaxy correlations (SDSS BAO) upon the cosmological parameters w,Ωm (for a flat Universe with
constant w); Right panel (b): constraints uponΩm andΩΛ for the cosmological constant model (w=−1).
Statistical errors only are shown. From Kowalski et al. [40].

CONTINUING EVIDENCE FOR COSMIC ACCELERATION

While CMB and LSS measurements independently strengthened the evidence for an
accelerating Universe, subsequent supernova observations have reinforced the original
results, and new evidence has accrued from other observational probes. Here we briefly
review these recent developments and discuss the current status of our knowledge of
dark energy.

Recent Supernova Observations

A number of concerns were raised about the robustness of the first SN evidence for
acceleration, e.g., it was suggested that distant SNe could appear fainter due to extinction
by hypothetical grey dust rather than acceleration [41, 42]. Over the intervening decade,
the supernova evidence for acceleration has been strengthened by results from a series
of SN surveys. Observations with the Hubble Space Telescope (HST) have provided
high-quality light curves [43] and have extended SN measurements to redshift z ≃ 1.8,
providing evidence for the expected earlier epoch of deceleration and disfavoring dust
extinction as an alternative explanation to acceleration [44, 45, 46].
Two large ground-based surveys, the Supernova Legacy Survey (SNLS) [47] and the

w

Kowalski et al. 2008

Ω

probe of large-scale structure 

  →  power spectrum, correlation function, BAO, RSD …  
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21cm line intensity mapping 
• wide area 
• wide range of redshift

Neutral hydrogen as a new tracer of dark matter
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Measuring BAO with future SKA surveys Philip Bull

Figure 4: Forecast constraints on (w0,wa) for several SKA configurations and Euclid, in combination with
Planck and BOSS. All other parameters have been marginalised, including WK , and the bias is free per z bin.

Expected constraints on the dark energy equation of state parameters (Eq. 2.3) are shown in
Fig. 4 for a subset of these configurations, combined with forecast Planck CMB and BOSS low
redshift BAO constraints.2 Forecasts for a future Euclid galaxy survey are shown for comparison,
also with Planck+BOSS included. While unable to match Euclid on raw figure of merit3 (FOM =

69, versus 129 for Euclid), the Phase 1 IM survey has a highly complementary redshift range and
wide survey area (with potentially ⇠ 100% overlap), and should be completed in the early 2020’s,
making it the low redshift dataset of choice for joint analyses with Euclid and other high redshift
experiments like WFIRST and DESI. Combining surveys will be important for pinning-down the
nature of dark energy in the medium term, as “Stage IV” galaxy surveys may not offer sufficient
precision on their own to discriminate between most dark energy models (Marsh et al. 2014). In
the longer term, the galaxy survey with SKA2 will be able to achieve a substantially larger FOM
of around 310.

5. Conclusions

The Baryon Acoustic Oscillations imprint a distance scale into the distribution of matter on large
scales that can be used to constrain the expansion history and geometry of the Universe. In turn,
this can be used to constrain key cosmological parameters, potentially allowing us to answer fun-
damental questions about the nature of dark energy such as whether it evolves with time. The BAO

2We have assumed that the BOSS sample is statistically independent from the surveys that we combine it with.
3The dark energy figure of merit is defined as FOM = 1/

q
det(F�1|w0,wa) (Albrecht et al. 2006).
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forecast the constraint on the cosmological parameter by SKA
Bull et al. 2015

pde = w ρdeEoS of DE
w = w0 + (1 − a) wa

strong constraint on the dark energy is 
expected by 21cm line intensity mapping 

credit: SKA Organisation
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previous study and this work
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Figure 1. Shown in this figure are the matter (left panels), halo (central panels) and H I (right panels) density contrasts [δ(x, t) = δρ(x, t)/ρ̄(t)], respectively,
at three different redshifts 6, 3 and 1 (from top to bottom). First we calculate the over densities on the grid positions using cloud in cell (CIC) interpolation
scheme. We prepare the two-dimensional density plots by collapsing a layer of thickness 5.6 Mpc along one direction to calculate the average density contrast
on a plane. Different colours indicate the values of density contrast on each of the pixels as shown by the colour bar.

high-resolution simulation (referred to as HRS) with [2, 144]3 parti-
cles in a [4, 288]3 regular cubic grid of spacing 0.035 Mpc, the total
simulation volume remaining the same as earlier. The lower-mass
limit for the halo mass is 108.1 M⊙ in the HRS, well below Mmin

in the entire redshift range. The HRS requires considerably larger
computational resources compared to the other simulations, and we
have run only a single realization for which we have compared the
results with those from the earlier lower resolution simulations.

3 R ESULTS

Fig. 1 provides a visual impression of how the matter, the haloes
and the H I are distributed at different stages of the evolution. We
show this by plotting the density contrasts δ(x, t) = δρ(x, t)/ρ̄(t)

at three different redshifts, viz. 6, 3 and 1. It can be seen that the
cosmic web is clearly visible in all three components even at the
highest redshift z = 6, though it is somewhat diffused for the matter
at this redshift. Observe that the basic skeleton of the cosmic web is
nearly the same for all the three components, and the basic skeleton
does not change significantly with redshift. We see that for all the
three components the cosmic web becomes more prominent with
decreasing redshift. Considering the matter first, the density contrast
grows with decreasing redshifts due to gravitational clustering. The
haloes are preferentially located at the matter density peaks, and it
is evident that the haloes have a higher density contrast. We see that
the structures in the halo distribution are more prominent compared
to the matter, particularly at high redshifts. The H I closely follows
the halo distribution at z = 6. However, in contrast to the matter

MNRAS 460, 4310–4319 (2016)
Downloaded from https://academic.oup.com/mnras/article-abstract/460/4/4310/2609038
by Nagoya University user
on 20 March 2018
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semi-numerical simulation to model the HI distribution 
Sarkar et al. 2016, 2018

• modeling HI bias 
• measure RSD of HI

depend on model of Mhalo-MHI relation
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Figure 1. Shown in this figure are the matter (left panels), halo (central panels) and H I (right panels) density contrasts [δ(x, t) = δρ(x, t)/ρ̄(t)], respectively,
at three different redshifts 6, 3 and 1 (from top to bottom). First we calculate the over densities on the grid positions using cloud in cell (CIC) interpolation
scheme. We prepare the two-dimensional density plots by collapsing a layer of thickness 5.6 Mpc along one direction to calculate the average density contrast
on a plane. Different colours indicate the values of density contrast on each of the pixels as shown by the colour bar.

high-resolution simulation (referred to as HRS) with [2, 144]3 parti-
cles in a [4, 288]3 regular cubic grid of spacing 0.035 Mpc, the total
simulation volume remaining the same as earlier. The lower-mass
limit for the halo mass is 108.1 M⊙ in the HRS, well below Mmin

in the entire redshift range. The HRS requires considerably larger
computational resources compared to the other simulations, and we
have run only a single realization for which we have compared the
results with those from the earlier lower resolution simulations.

3 R ESULTS

Fig. 1 provides a visual impression of how the matter, the haloes
and the H I are distributed at different stages of the evolution. We
show this by plotting the density contrasts δ(x, t) = δρ(x, t)/ρ̄(t)

at three different redshifts, viz. 6, 3 and 1. It can be seen that the
cosmic web is clearly visible in all three components even at the
highest redshift z = 6, though it is somewhat diffused for the matter
at this redshift. Observe that the basic skeleton of the cosmic web is
nearly the same for all the three components, and the basic skeleton
does not change significantly with redshift. We see that for all the
three components the cosmic web becomes more prominent with
decreasing redshift. Considering the matter first, the density contrast
grows with decreasing redshifts due to gravitational clustering. The
haloes are preferentially located at the matter density peaks, and it
is evident that the haloes have a higher density contrast. We see that
the structures in the halo distribution are more prominent compared
to the matter, particularly at high redshifts. The H I closely follows
the halo distribution at z = 6. However, in contrast to the matter
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semi-numerical simulation to model the HI distribution 
Sarkar et al. 2016, 2018

• modeling HI bias 
• measure RSD of HI

depend on model of Mhalo-MHI relation

using cosmological hydrodynamic simulation
this work

construct theoretical model based more on reality
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two cosmological hydrodynamic simulations
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Vogelsberger et al.(2014), Nelson et al.(2015) Aoyama et al. 2017, Shimizu et al. 2019

including different small-scale astrophysics 
(e.g. Star formation, SNe and AGN feedback)

Illustris simulation
moving mesh code AREPO 

Box size : (75 cMpc/h)3 
Particle number : 2*4553 
Strong AGN feedback

Osaka simulation
N-body/SPH code Gadget-3 (Springel 2005) 

Box size : (85 cMpc/h)3 
Particle number : 2*5123 
No AGN feedback

particle mass [Msun/h]   DM : ~6*107 ,     baryon : ~3*108

investigate the impact of the uncertainties about  
small-scale astrophysics on the large-scale clustering of HI

Intro
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bias b(k) affect the BAO peak scale

measured BAO peak scale deviates from 

the BAO scale of dark matter predicted by linear theory 

• non-linear effect 

• scale dependent bias
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linear mater 
non-linear matter 
biased tracer

P/
P n

o-
w

ig
gl

e

k[h/cMpc]

shift peak scale

b(k)=1+0.5k
δHI = bHI(k) δm

calc using CAMB

HI bias
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scale & redshift dependence of HI bias

21cm line is a biased tracer of matter distribution
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dark matter HI1 + δ = ρX
ρ̄X

measure and model the HI bias in real space 

at 1<z<5 using the two simulations

b(k) = PHI−m
Pm

HI-matter cross-correlation

matter auto-correlationHI bias

HI bias
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result: HI bias
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result: HI bias

!10

H
I b

ia
s

Illustris (w/ AGN) Osaka (w/o AGN)
z=5 z=4

z=3

z=2

z=1

Large-scale Small-scaleLarge-scale Small-scale

wave lengthwave length

b(k) = b0 + b1k
scale dependence

kmax

b(k) = PHI−m
Pm

symbol: simulation data 
   curve: b0+b1k 

HI bias

k2
max

6⇡2

Z k
max

0

dk P lin(k, z) = C ⇠ 0.7



/17arXiv:1808.01116

scale dependence & astrophysical effect
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b(k) = b0 + b1k We find 

• the  scale dependence 
    of HI bias at z > 3

• weak effect of the 
    small-scale astrophysics 

on large-scale HI bias

(e.g. k<0.5 h/Mpc @ z=3)

● filled: Illustris (w/   AGN) 
○ open: Osaka  (w/o AGN)

(e.g.star formation, SNe, AGN)

HI bias
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Peculiar velocity affects only the distance  

along the line of sight 

We have no theoretical model for RSD of HI

construct the RSD model for HI

!13

position in 
redshift space

position in 
real space

effect of the 
peculiar velocity

(s1, s2, s3) = (x1, x2, x3 + v3
aH )

BUT

Exploring a RSD model applicable to HI

RSD of HI
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theoretical model of RSD
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anisotropic power spectrum in redshift space

Finger of God Kaiser
suppress enhance

matter in 
real space

HI in 
redshift space

PHi(k, µ) = e�(kµf�v)
2

b2Hi(1 + �µ2)2 Pm(k)

non-linear 
random motion

Jackson et al. 1972

Finger of God
small scales

coherent inflow 
towards overdense

Kaiser et al .1987

Kaiser
large scales

real space 
redshift space

µ = kk/k = cos ✓

� = f/bHi

: 線形成長率f

peculiar 
velocity

RSD of HI

LoS
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multiple power spectra 
simulation vs model
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PHi(k, µ) = W 2
beam(k, µ) e

�(kµf�v)
2

b2Hi(1 +
f

bHi
µ2)2 Pm(k)model:

free parameters

+ TNS correction term
Taruya et al. 2010kP (s)

l (k)

monopole

quadrupole

symbols: Osaka simulation 
curves   : TNS model　　　　　   　　
　　         with best-fitted parameters

Legendre expansion

RSD of HI
@ z=3 k2

max

6⇡2

Z k
max

0

dk P lin(k, z) = C ⇠ 0.7
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multiple power spectra 
simulation vs model

!15

PHi(k, µ) = W 2
beam(k, µ) e

�(kµf�v)
2

b2Hi(1 +
f

bHi
µ2)2 Pm(k)model:

free parameters

+ TNS correction term
Taruya et al. 2010kP (s)

l (k)

monopole

quadrupole

symbols: Osaka simulation 
curves   : TNS model　　　　　   　　
　　         with best-fitted parameters

model used for galaxy survey 

is also applicable to HI

Legendre expansion

RSD of HI
@ z=3 k2

max

6⇡2

Z k
max

0

dk P lin(k, z) = C ⇠ 0.7
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best-fitted value: HI bias
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PHi(k, µ) = W 2
beam(k, µ) e

�(kµf�v)
2

b2Hi(1 +
f

bHi
µ2)2 Pm(k)

+ TNS correction term
Taruya et al. 2010

PHI-dm/Pdm in real space (this work) 

estimate from RSD       (this work) 

PHI-dm/Pdm in real space(previous work)

Sarkar et al. 2018
using Mhalo-MHI model

RSD of HI

constant
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best-fitted value: HI bias
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PHi(k, µ) = W 2
beam(k, µ) e

�(kµf�v)
2

b2Hi(1 +
f

bHi
µ2)2 Pm(k)

+ TNS correction term
Taruya et al. 2010

PHI-dm/Pdm in real space (this work) 

estimate from RSD       (this work) 

PHI-dm/Pdm in real space(previous work)

Sarkar et al. 2018
using Mhalo-MHI model

RSD of HI

TNS model can estimate 
 HI bias accurately

constant
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best-fitted value: HI bias
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PHi(k, µ) = W 2
beam(k, µ) e

�(kµf�v)
2

b2Hi(1 +
f

bHi
µ2)2 Pm(k)

+ TNS correction term
Taruya et al. 2010

PHI-dm/Pdm in real space (this work) 

estimate from RSD       (this work) 

PHI-dm/Pdm in real space(previous work)

Sarkar et al. 2018
using Mhalo-MHI model

It is  necessary to correctly 
associate halo and HI mass

RSD of HI

TNS model can estimate 
 HI bias accurately

constant
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summary
aim: construct theoretical model for HI clustering 

method: measure HI bias & RSD of HI 
　　　　  using two cosmological hydrodynamic simulations 

result: direct measurement of HI bias in real space 

• scale dependence (at z>3) 

• weak effect of uncertainty about small-scale astrophysics 

result: redshift space distortion of HI 

• theoretical model (TNS) for galaxy survey could be applied to HI 

• investigation of relationship between halo and HI mass is necessary

!17

e.g. star formation, SNe, AGN feedback

summary


