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HI intensity mapping 

- Neutral hydrogen is another tracer 
of matter.


- Intensity mapping produces 3D maps 
of Large Scale Structure with lower 
angular resolution.


- Multi-tracer cross-correlation with 
optical surveys alleviate systematics. 
Main systematic: Radio foregrounds 

- In the near future, DESI will overlap 
with surveys such as CHIME and 
Tianlai and in the future partially with 
SKA.

Xu, Wang & Chen, 2015
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Figure 20. HI intensity mapping with SKA1 Wide Band 1 Survey in cross-
correlation with optical surveys, showing the expected signal power spec-
trum (black solid) and measurement errors (cyan). Top: Cross-correlation
with a Euclid-like spectroscopic optical galaxy survey with 10,000 deg2

overlapBottom: Cross-correlation with a DES-like photometric optical
galaxy survey with 5,000 deg2 overlap. The assumed k binning is¢k = 0.01.

Table 13 Forecast fractional uncertainties on HI and cosmological
parameters assuming HI intensity mapping with the SKA1 Wide
Band 1 Survey and Euclid-like cross-correlation described in the
main text, following the methodology in Pourtsidou et al. (2017).
Note that the assumed redshift bin width is ¢z = 0.1, but we show
the results for half of the bins for brevity.

z æ(≠HIbHIr )
(≠HIbHIr )

æ( f æ8)
( f æ8)

æ(D A )
D A

æ(H)
H

1.0 0.014 0.04 0.02 0.02
1.2 0.018 0.06 0.03 0.02
1.4 0.024 0.08 0.05 0.02
1.6 0.030 0.10 0.06 0.02
1.8 0.038 0.12 0.08 0.03
2.0 0.047 0.15 0.09 0.03

Figure 21. This figure shows 1æ and 2æ constraints on the M∫°æ8 plane
from Planck CMB 2015 alone (grey), SKA1-LOW (green), SKA1-LOW plus
Planck CMB 2015 (blue) and SKA1-LOW plus SKA1-MID plus Planck CMB
2015 plus a spectroscopic galaxy survey (magenta). The lower limit from
neutrino oscillations, together with recent cosmological upper bounds
are shown with dashed vertical lines.

5.2.4 Neutrino masses

The impact of massive neutrinos on the abundance and
clustering of cosmic neutral hydrogen has been studied
in Villaescusa-Navarro et al. (2015) through hydrodynamic
simulations. It was found that neutrino masses do not affect
much the halo HI mass function13, MHI(M , z). Therefore,
neutrino effects on HI properties can easily be explained
through simple HI halo models. Villaescusa-Navarro et al.
(2015) used those ingredients to forecast the sensitivity of
the phase 1 of SKA to neutrino masses, finding that ob-
servations by SKA1-MID plus SKA1-LOW alone can place
a constrain of æ(M∫) = 0.18eV (2æ), where M∫ = P

i m∫i .
By adding information from Planck CMB 2015 data alone
that limit can shrink to æ(M∫) = 0.067eV (2æ), while a com-
bination of data from SKA1-MID, SKA1-LOW, Planck and
a spectroscopic galaxy survey like Euclid can yield a very
competitive constraint of æ(M∫) = 0.057eV (2æ). Those con-
straints have been derived with the Wide Band 1 Survey as-
suming observations in Band 1 and 2, and 10,000 hours
of interferometry observations by SKA1-LOW over 20 deg2

at frequencies ∫ 2 [200,355] MHz. Fig. 21 show those con-
straints projected in the M∫°æ8 plane.

5.2.5 Probing inflationary features

Possible anomalies observed in the CMB by WMAP (Peiris
et al., 2003) and Planck (Ade et al., 2014, 2016b; Akrami et al.,
2018) may be connected to features on ultra-large scales
(10°3 < k Mpc/h < 10°2) in the primordial power spectrum,
that are generated by a violation of slow-roll. Constraints
on such primordial features from inflation are shown in
Xu et al. (2016); Ballardini et al. (2018) to be significantly

13This function represents the average HI mass inside a dark matter halo
of mass M at redshift z.

Calculating the correlation function using the wedge approach 3

Figure 1. The galaxy distributions with varying uncertainties of z measurement are presented along the transverse and radial directions.
The maps with di↵erent z dispersion of �0 = (0, 0.01, 0.02, 0.03) are shown from the top to the bottom panels. Here Y and Z denote the
transverse and radial coordinates respectively.

length scale is much bigger than the physical length di↵er-
ence caused by photo-z uncertainty. Thus the given redshifts
of the CMASS simulations are assumed to be determined
by spectroscopy. Then the generic photometric redshifts are
assigned to each galaxy by random extraction from a Gaus-
sian distribution with mean equal to the galaxy spectro-
scopic redshift and standard deviation equal to the assumed
photometric redshift error of the sample. Certainly, a photo-
metric survey will provide us with more galaxies observed,
which reduces the shot noise to improve the accessibility to-
wards smaller scale clustering. But in this verification work,
note that the total number of targeted galaxies are the same
for both the photometric and spectroscopic samples. We fo-
cus on the cosmological information loss caused by photo-z
uncertainty, without considering the benefit of more galaxy
samples in a photometric survey.

The photometric z determination error for ongoing or
planned surveys is estimated to be around 0.01 < �0 < 0.03
(The Dark Energy Survey Collaboration 2005; Laureijs et al.
2011; Ascaso et al. 2015). The error on the photometric red-
shift obtained from a Luminous Red Galaxy (LRG) sam-
ple from the recent DECaLS DR7 (Dey et al. 2018) data
(covering part of the DESI footprint) by Zhou. et al (2019,
in preparation) is 0.02 < �0 < 0.03. Thus it is reason-
able to test the error propagation with the selected �0 as
�0 = (0.01, 0.02, 0.03) which ranges from the optimistic to
the conservative estimations from the surveys. We present
the galaxy distribution showing the LOS positional disloca-
tion in Fig.1, in which Y and Z denote the tangential and
radial directions. The simulated galaxy distribution is shown
at the top panel, and the dislocated galaxy distributions

with �0 = 0.01, 0.02 and 0.03 are presented from the sec-
ond to the bottom panels respectively. The change of galaxy
distribution is visible in those panels.

2.2 The BAO peaks imprinted on diverse
correlation functions

The BAO feature is imprinted on the correlation function
through the integrated e↵ect of BAO signatures that remain
in the power spectrum. We introduce all di↵erent configura-
tions to describe the correlation function in redshift space,
and discuss the optimised correlation function configuration
to probe the BAO peaks from the photometric map. The cor-
relation function ⇠ is estimated using the Landy & Szalay
estimator (hereafter LS) which is known to be less sensitive
to the size of the random catalogue and also handles edge
corrections better (Kerscher et al. 2000). The LS estimator
in (s, µ) coordinates is given by,

⇠(s, µ) =
DD(s, µ) � 2DR(s, µ) + RR(s, µ)

RR(s, µ)
, (3)

where DD, DR and RR refer respectively to the number of
data-data pairs, data-random pairs and the random-random
pairs within a spherical shell of radius s and s + ds and
the angle to the LOS µ and µ + dµ. The radius to shell s

and the observed cosine of the angle the pair makes with
respect to the LOS µ are given by s

2 = �
2 +⇡

2 and µ = ⇡/s

respectively, where � and ⇡ denote the transverse and radial
directions.

It is common practice to separate the random sample
distributions into the angular and redshift components sep-
arately. For the angular components, we create random ob-

MNRAS 000, 1–11 (2018)
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H1R4: Tianlai x DESI opportunity window

DESI
• Dark Energy Spectroscopic Instrument 

• Participants: Yong-Seon Song, Arman Shafieloo, David Parkinson 

• 5000 fibre multi-object spectrograph attached to 4m 
Mayall telescope at Kitt Peak observatory (Ariz., USA) 

• Science objective: spectra of 35 million galaxies and 
quasars over 14000 sq degs 
• 4 million Luminous Red Galaxies (LRGs), z<1  
• 18 million Emission Line Galaxies (ELGs) , 0.5 < z 

< 1.5 
• 2.4 million quasars (QSO), including 0.7 million 

quasars at z>2.2 for Lyman-alpha-forest 
• Science projects: 

• Measuring distances using Baryon Acoustic 
Oscillations 

• Testing gravity using Redshift-space distortions
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- TIANLAI Pathfinder:

- 3 (15x40m) cylinders

- 16 (6m) dishes

- 700-800MHz

- 0.775 < z < 1.03


- DESI survey:

- 5000 fibre multi-object @ 4m Mayall

- Footprint of 14000 sq. degs:


- 35 million ELGs

- 4 million LRGs

- 2.4 million QSOs

Great overlap for cross-correlation!

4 J. Kim et al.

Figure 3. Simulation density slice map at z = 0. High-density regions are painted with bright color. The width of the slice is
7 h�1Mpc. The two subfigures are arranged for cascaded zoom-in views of a cluster at the center of the box in the bottom
part of the figure. We put a scaling bar on the bottom of each panel.
Kim J., Park C., L'Huillier B., Hong S. E. 2015

Start with simulations!!

Credit: R. Lafever
Credit: NAOC



‘Painting’ neutral hydrogen in the Halo canvas I

- We start with halo catalogue from HR4 simulation (Kim 
J et al.).

N-body simulation Halo catalogue

HI halos

ELG halos

HI brightness T

ELG density
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Figure 3. Simulation density slice map at z = 0. High-density regions are painted with bright color. The width of the slice is
7 h�1Mpc. The two subfigures are arranged for cascaded zoom-in views of a cluster at the center of the box in the bottom
part of the figure. We put a scaling bar on the bottom of each panel.
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types of measurements impossible in two-dimensions, for example
the radial components of the BAO giving a direct probe of the Hub-
ble rate H(z) (Blake & Glazebrook (2003); Hu & Haiman (2003);
Seo & Eisenstein (2003)).

These surveys of the matter distribution have so far been in
the optical, as the combination of technological lead and targets in
the this wavelength range has made the optical sources most ac-
cessible. However, these will soon reach a natural limit, as the ex-
pansion of the Universe will redshift the spectra of these objects
out of the observable range, leading to a ‘redshift desert’ above
z = 1.5. The next generation of radio observatories offers an al-
ternative, the 21cm emission of neutral atomic hydrogen (HI). This
line emission should be observable at a greater redshifts, as radio
telescopes span a much larger range of frequencies than the optical
wavelength band. However, since the spontaneous hydrogen spin-
flip is relatively infrequent, the 21cm signal is relatively weak, and
can be overwhelmed by foreground radio emission at the same ob-
served frequency.

As such separating the cosmological HI signal from the non-
HI foreground will be difficult. Wolz et al. (2014) proposed remov-
ing the foregrounds using independent component analysis in fre-
quency space (FastICA).

2 METHODOLOGY

2.1 Horizon Run 4 simulations

The approach that we use consists on using a halo catalogue from
an N-body simulation as the initial framework for the neutral hy-
drogen. We used the Horizon Run 4 (Kim et al. 2015) simulations
to create our DESI-like catalogues and the intensity mapping maps.
It is an N-body simulation run on a box of Lbox = 3150h�1 Mpc.
From the particle simulations a halo catalogue of masses more mas-
sive than 2 · 1011h�1

M�. It is based on a flat ⇤CDM cosmology
with a matter density of ⌦m = 0.26 and a Hubble parameter at
redshift zero of H0 = 72 kms�1Mpc�1.

2.2 Neutral Hydrogen mass modelling

We assign masses to dark matter halos by following the halo
model for neutral hydrogen developed in sucessive improvements
in Barnes & Haehnelt (2015); Padmanabhan et al. (2016); Pad-
manabhan & Refregier (2017) where the mass of neutral hydrogen
hosted in a dark matter halo of mass Mh is given by:

MHI = ↵fH,cM
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where ↵ is a multiplicative constant that corresponds to the amount
of neutral Hydrogen with respect to the fraction of cosmic Hydro-
gen, fH,c = (1�Yp)⇤⌦b0/⌦m0. The model includes a logarithmic
slope � and 2 velocity cut-offs vc0 and vc0. The reason for the ve-
locity cut-offs is that low-mass halos are not capable of keeping the
neutral hydrogen while massive halos heat the gas and it stops be-
ing neutral. We show in table 1 the values used for our simulation,
which are based on Padmanabhan & Refregier (2017) fit to data.

We can define the bias of neutral hydrogen, bHI(z) as

bHI(z) =

R
dMn(M, z)MHI(M, z)b(M, z)R

dMn(M, z)MHI(M, z)
(2)

↵ � vc0 (km/s) vc1 (km/s)

0.16 -0.63 30 200

Table 1. Hydrogen halo model parameters

Figure 1. Distribution of halo masses for halos selected in the expected
redshift range for Tianlai.

while the neutral hydrogen density parameter is:

⌦HI(z) =
1

⇢c,0

Z 1

0

dMn(M, z)MHI(M, z) (3)

In figure 3 we show the bias estimated using Eq. 2. The values
are consistent with previous studies in the literature (Marı́n et al.
2010)

2.3 Brightness temperature maps

Once we have assigned hydrogen masses to the halos we can con-
tinue to the next step, the creation of intensity maps. In order to
do so, we define a redshift bins configuration and a given pixeliza-
tion resolution. Then, we stack all the hydrogen masses for all the
haloes in each cube defined by an angular pixel and a redshift bin.

Figure 2. Distribution of hydrogen masses following Eq. 1 using the pa-
rameters shown in table ??.

c� 0000 RAS, MNRAS 000, 000–000
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where ↵ is a multiplicative constant that corresponds to the amount
of neutral Hydrogen with respect to the fraction of cosmic Hydro-
gen, fH,c = (1�Yp)⇤⌦b0/⌦m0. The model includes a logarithmic
slope � and 2 velocity cut-offs vc0 and vc0. The reason for the ve-
locity cut-offs is that low-mass halos are not capable of keeping the
neutral hydrogen while massive halos heat the gas and it stops be-
ing neutral. We show in table 1 the values used for our simulation,
which are based on Padmanabhan & Refregier (2017) fit to data.
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In figure 3 we show the bias estimated using Eq. 2. The values
are consistent with previous studies in the literature (Marı́n et al.
2010)

2.3 Brightness temperature maps

Once we have assigned hydrogen masses to the halos we can con-
tinue to the next step, the creation of intensity maps. In order to
do so, we define a redshift bins configuration and a given pixeliza-
tion resolution. Then, we stack all the hydrogen masses for all the
haloes in each cube defined by an angular pixel and a redshift bin.

Figure 2. Distribution of hydrogen masses following Eq. 1 using the pa-
rameters shown in table ??.
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2.3 Brightness temperature maps

Once we have assigned hydrogen masses to the halos we can con-
tinue to the next step, the creation of intensity maps. In order to
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tion resolution. Then, we stack all the hydrogen masses for all the
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H. Padmanabhan & A. Refregier (2017), MNRAS, 464, 4008



‘Painting’ neutral hydrogen in the Halo canvas II
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(1 + z)2

H(z)
⇢HI
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P. Bull & P. G. Ferreira, P. Patel, M. Santos (2015), ApJ, 803, 21

- Given a neutral hydrogen density in a frequency bin, we 
assign a brightness temperature to a given pixel in the sky.
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Adding the foregrounds: Global Sky Model

A. de Oliveira-Costa et al. (2008), MNRAS, 388, 247
H. Zheng et al. (2017), MNRAS, 464, 3486

- We add the foreground at a given frequency by using 
the PCA solution from GSM.



Hydrogen brightness maps
HR4 21cm f=795 MHz

Foreground f=795 MHz  
Synchrotron,  CMB, HI, Warm & Cold Dust, Free-free 

Global Sky model: 1605.04920

+

Healpix Nside=256 (0.23 deg)



Masking the MW and DESI 

Mock ‘ELG’ mask Foreground cut 8K

Legacy Surveys mask



Angular Power Spectra (APS)

Auto-correlations of 21cm Cross-correlations of 21cm x ELG

Credit: D. Parkinson

Measured using Namaster code (arXiv:1809.09603)



Theoretical comparison

- We recover the expected bias in the linear scales. 
Preliminary different foreground removal techniques 
(PCA, polynomial, FastICA) look promising.


Credit: D. Parkinson



Conclusions / Work in Progress

- We have created a full-sky mock 21cm intensity 
mapping maps using HR4 N-body simulation.


- Foreground removal and foreground understanding either 
for continuum surveys and for intensity mapping (107 
factor difference). Receiver noise impact on foreground 
removal.


- CosKASI participates of both TIANLAI and DESI, 
opening the opportunity to cross-correlate both surveys 
and implication for future surveys such as SKA. Potential 
case for TIANLAI x DECALS (photo-z) cross-correlations.


- Friday at 14:00: discussion session about 21cm Intensity 
mapping
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