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Accelerating universe and large scale structure
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The origin of the accelerating expansion

• Dark energy 

• Modified gravity
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the probe is the large-scale structure of the universe 

such as P(k), BAO, RSD

• Expansion history 

• Growth of the density fluctuation
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21-cm line

Explore the large scale structure 

with 21-cm line intensity 

mapping

HI power spectrum reconstruction Introduction 3

PoS(AASKA14)019

Cosmology with SKA HI IM surveys Mario G. Santos

Figure 4: Survey volumes and redshift range for various current and future surveys (volume calculated at
the central redshift).
Bull et al. (2015) show that a 10,000 hour and 25,000 deg2 autocorrelation survey on either SKA1-
MID or SUR will be capable of producing high-precision constraints on w, bettering all existing
surveys due to its large survey area (see Fig. 6). While the resulting dark energy ‘figure of merit’ is
a factor of ⇠ 3 worse than forecasts for a future Euclid galaxy redshift survey when combined with
Planck CMB data and BOSS low-redshift BAO measurements (since Euclid cannot probe redshifts
below 0.7), a phase 1 IM survey will nevertheless be of great utility in superseding other low-z
measurements in the joint analyses that will produce the best constraints on w.

Another important quantity that can be derived from BAO measurements is the spatial curva-
ture, WK , which describes the global geometry of the observable Universe. A key prediction of the
prevailing inflationary theory of the early Universe is that the spatial curvature should be extremely
small. Current constraints (e.g. Planck Collaboration 2014) find |WK |. 10�2, but a precision mea-
surement at the ⇠ few ⇥ 10�4 level is needed to really put pressure on inflationary models (e.g.
Kleban & Schillo 2012). In combination with Planck CMB data, an SKA IM survey would be able
to approach this value, measuring

|WK |< 10�3 (7.1)

with 68% confidence (Bull et al. 2014a).

7.2 Growth of structure

Viewed in redshift space, the matter distribution is anisotropic due to the distorting effect of
peculiar velocities in the line of sight direction. Coherent peculiar velocities on large scales encode
information about the history of the growth of structure in the Universe through their dependence
on the linear growth rate, f (z), which can be measured from the degree of anisotropy of the redshift-
space correlation function. The growth rate is directly related to the strength of gravity, and so is an
extremely useful tool for probing possible deviations from general relativity that have been invoked
as an alternative to dark energy to explain cosmic acceleration.

Intensity mapping and galaxy surveys do not measure the linear growth rate directly, but are
instead sensitive to simple combinations of f (z), the bias b(z), and the overall normalisation of
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Evolution of 21-cm signal

Focus on the spatial fluctuations at the epoch of post-reionization
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TCMB/TS " 1 @ post-reionization
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Figure 1. The 21 cm cosmic hydrogen signal. (a) Time evolution of fluctuations in the 21 cm brightness from just before the first stars
formed through to the end of the reionization epoch. This evolution is pieced together from redshift slices through a simulated cosmic
volume [1]. Coloration indicates the strength of the 21 cm brightness as it evolves through two absorption phases (purple and blue),
separated by a period (black) where the excitation temperature of the 21 cm hydrogen transition decouples from the temperature of the
hydrogen gas, before it transitions to emission (red) and finally disappears (black) owing to the ionization of the hydrogen gas. (b) Expected
evolution of the sky-averaged 21 cm brightness from the ‘Dark Ages’ at redshift 200 to the end of reionization, sometime before redshift 6
(solid curve indicates the signal; dashed curve indicates Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating and ionization of the hydrogen gas. There is considerable
uncertainty in the exact form of this signal, arising from the unknown properties of the first galaxies. Reproduced with permission from [2].
Copyright 2010 Nature Publishing Group.

the Hubble parameter H0 = 100h km s!1 Mpc!1 with h =
0.74. Finally, the spectrum of fluctuations is described by
a logarithmic slope or ‘tilt’ nS = 0.95, and the variance of
matter fluctuations today smoothed on a scale of 8h!1 Mpc is
!8 = 0.8. The values quoted are indicative of those found by
the latest measurements [3].

The layout of this review is as follows. We first discuss
the basic atomic physics of the 21 cm line in section 2. In
section 3, we turn to the evolution of the sky-averaged 21 cm
signal and the feasibility of observing it. In section 4 we
describe 3D 21 cm fluctuations, including predictions from
analytical and numerical calculations. After reionization, most
of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation).
In section 5 we describe the prospects for intensity mapping
(IM) of this signal as well as using the same technique to map
the cumulative emission of other atomic and molecular lines
from galaxies without resolving the galaxies individually. The
21 cm forest that is expected against radio-bright sources is
described in section 6. Finally, we conclude with an outlook
for the future in section 7.

We direct interested readers to a number of other
worthy reviews on the subject. Reference [4] provides a
comprehensive overview of the entire field, and [5] takes a
more observationally orientated approach focusing on the near
term observations of reionization.

2. Physics of the 21 cm line of atomic hydrogen

2.1. Basic 21 cm physics

As the most common atomic species present in the Universe,
hydrogen is a useful tracer of local properties of the gas.

The simplicity of its structure—a proton and electron—belies
the richness of the associated physics. In this review, we will be
focusing on the 21 cm line of hydrogen, which arises from the
hyperfine splitting of the 1S ground state due to the interaction
of the magnetic moments of the proton and the electron. This
splitting leads to two distinct energy levels separated by "E =
5.9"10!6 eV, corresponding to a wavelength of 21.1 cm and a
frequency of 1420 MHz. This frequency is one of the most pre-
cisely known quantities in astrophysics having been measured
to great accuracy from studies of hydrogen masers [6].

The 21 cm line was theoretically predicted by van de Hulst
in 1942 [7] and has been used as a probe of astrophysics
since it was first detected by Ewen and Purcell in 1951 [8].
Radio telescopes look for emission by warm hydrogen gas
within galaxies. Since the line is narrow with a well measured
rest frame frequency it can be used in the local Universe as
a probe of the velocity distribution of gas within our galaxy
and other nearby galaxies. The 21 cm rotation curves are
often used to trace galactic dynamics. Traditional techniques
for observing 21 cm emission have only detected the line in
relatively local galaxies, although the 21 cm line has been
seen in absorption against radio-loud background sources from
individual systems at redshifts z ! 3 [9, 10]. A new generation
of radio telescopes offers the exciting prospect of using the
21 cm line as a probe of cosmology.

In passing, we note that other atomic species show
hyperfine transitions that may be useful in probing cosmology.
Of particular interest are the 8.7 GHz hyperfine transition
of 3He+ [11, 12], which could provide a probe of helium
reionization, and the 92 cm deuterium analogue of the 21 cm
line [13]. The much lower abundance of deuterium and 3He
compared with neutral hydrogen makes it more difficult to take
advantage of these transitions.
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Theoretical framework for cosmological analysis

BAO peak scales in PHI(k) deviate from theoretical prediction 

• Non-linear evolution of the structure 

• Scale-dependent HI bias 
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How to obtain HI distribution

• Hydrodynamic simulation 

- depends on resolutions 

- high computational costs 

• Assign HI on the DM 

- Pasting HI on the DM halos 

• Deep learning 

- Generative Adversarial Nets (GAN)) 
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Zamudio-Fernandez et al. 2019

Sarkar et al. 2016, Modi et al. 2019, Wang et al. 2019

Villaescusa-Navarro et al. 2018 

Ando et al. 2019

High-res

Low-res

Aoyama et al. 2017  

Shimizu et al. 2019 

PHI(k) from Gadget3-Osaka
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Previous work: Mhalo-MHI relation
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pasting HI on the center of DM halo assuming Mhalo-MHI relation

redshiW

The ratio of the HI mass inside the halos

Halo

Villaescusa-Navarro et al. 2018

Previous work



HI around the halo and PHI(k)

PHI(k) is mainly composed of HI that exists  

within 3R200c of the halo center.
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Aim: propose new method and test it
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PHI,true 

PHI,halo 

halo
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IllustrisTNG simulation (TNG100-1) 

- Lbox=75Mpc/h, Np=2*18203 

- Mhalo > 107 Msun/h
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This work: Spherical Overdensity

To create a HI map that reproduces the slope of PHI(k)
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R200c: Radius of a sphere whose mean density is 200 times the critical density

halo

DM

Rup = ? R200c

Generate density fields  

with DM particles only 

inside R<?R200c from halo center

#DM,so( !x ) = #DM( !x ) $ ["
i

WRup
( !xi )]

Method

halo

DM

Rup = ? R200c



Result: PDM,so(k) with various SO radius
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R=5R200c

R=2R200c

R=0.6R200c

Precon
Ptrue

Compare the slope with PHI,true(k) to find the optimal R

Reproduce the slope well 

when R=2R200c



Result: comparison of the reconstructed PHI(k)
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pasting (MHI-Mhalo relation)

This work  (SO halo)

Reconstructed HI power spectrum

Good point 

- Use only single parameter Rup 

Bad point 

- there are cases in which it cannot 

reproduce PHI(k) depending on 

the treatment of HI 

Result

MHI(M, z) = M0 ( M
Mmin )

&

exp (!(Mmin/M)0.35)



We fit the ratio　　　　　 with

How well is it reproduced? Fitting with linear function

HI power spectrum reconstruction 13

PHI(k)
PDM,so(k) Res(k) = b0 + b1k

Our method 

(SO halo)

Fit

Mhalo-MHI relation 

(Pasting)

Fit

Result



How well is it reproduced? Scale dependence
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Splash w/o corr

Res(k) = b0 + b1k

In SO method, R=2R200c best reproduces the slope

Result



Summary

We proposed a new method to reproduce the PHI(k)  

By using the dark matter distribution truncated  

at specific scales (~2R200c) from the halo centre 

This method  

• uses only single parameter 

• reproduces the scale dependence 

• some limitation on the slope
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