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Radio Surveys
- HI galaxy (like spectroscopic surveys) [e.g., HIPASS, 

ALFALFA] 
- Measures RA, Dec and redshift - Functions like an optical galaxy redshift 

survey 

- Can also measured peculiar velocities through Tully-Fisher relation (e.g. 
WALLABY & TAIPAN) 

- Continuum galaxy (like photometric surveys) [e.g., EMU] 
- Measures RA, Dec, but not redshifts - Projected tomographic bins 

- Cross-correlate with CMB and low-z sample for ISW and lensing magnification 

- HI intensity mapping (like 3D CMB) [e.g., MeerKLASS, CHIME, 
Tianlai] 
- Measures RA, Dec, z, but no galaxies - low resolution in angular space 

- Can still use it like a spectroscopic survey (BAO & RSD)



HI intensity mapping 

- Neutral hydrogen also 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.


- In the near future, DESI will have 
overlap with surveys such as CHIME 
and Tianlai and in the future some 
with SKA.
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Figure 1.2: This figure is to demonstrate how you can represent photometric data in more than

2 dimensions. If you imagine that you compress all of these redshift slices down into one image you

will end up with the complete density map of the survey region.

Figure 1.3: Following from the previous image 1.2, it can be seen if these redshift slices are

compressed into one image, a density map like this will be recovered.

Xu, Wang & Chen, 2015

SKA Red Book 2018

Credit: C. Johnson
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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.



Tianlai

- Pathfinder:

- 3 (15x40m) cylinders

- 16 (6m) dishes

- 700-800MHz

- 0.775 < z < 1.03


Credit: X. Chen, L. Zhang
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•  A small pathfinder experiment to
 check the basic principles and
 designs, find out potential
 problems  

•  3x15x40m cylinders, 96 dual
 polarization receiver units 

•  16 x 6m dishes 

•  observe 700-800MHz, can be
 tuned in 600-1420MHz 
 
•  If successful: expand to full scale 
 120mx120m,  2500 units 
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Dark Energy Spectroscopic Instrument

Dey et al, 2018

- 5000 fibre multi-object spectrograph at 4m Mayall 
telescope.


- 35 million galaxies in 14000 sq. degs.

- 35 million ELGs

- 4 million LRGs

- 2.4 million QSOs


- Main goals are BAO and RSD but also great 
opportunities for cross-correlations.


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



Plan

N-body sim 
(e.g. Horizon Run 4)

Tianlai-like T21 mapDESI-like catalogue

Cross-correlation



N-body simulation: Horizon Run 4

- LCDM N-body simulation

- Box size: 3150 h-1Mpc

- Nparticles: 63003

- Lightcone to z=1.5

- Mp = 9x109 M☉h-1

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

HR4 Halo mass function
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A halo model for neutral hydrogen 4013

the quoted best-fitting values and errors, we use the mean and 1σ

uncertainties of the values from the MCMC analysis.
A comparison of the best-fitting model to the data is provided

in the panels of Figs 1–3, for the redshifts 0, 1 and 2.3, respec-
tively. The bands and error bars show the observables predicted by
the best-fitting model with the mean values for the six parameters.
The uncertainties are determined by propagating the errors in the
parameters in quadrature. Most of the observables are fairly well fit
by the model predictions, apart from an under prediction of bDLA at
z ∼ 2.3 (also seen in the previous study, Paper II). There are also
indications of a possible tension between the mass function of H I-
selected galaxies and the column density distribution at z ∼ 0.
Note that, at low redshifts, the systematic uncertainties in the
reported measurements of the column density distribution and
the mass function may be significant compared to the statistical

uncertainties. To provide an indicative measure of the systematic
effects, we have plotted multiple measurements where available,
for example, the Braun (2012) and the Zwaan et al. (2005b) mea-
surements of the column density distribution, and the Zwaan et al.
(2005a) and Martin et al. (2010) measurements of the mass func-
tion at z ∼ 0. To explore the possibility of the observed tension
being alleviated by the systematics in the measurements at z ∼ 0,
especially in the case of fH I, we repeat the analysis with the Braun
(2012) data (in place of the WHISP data) in the appendix. We find,
as a result of this analysis, that the systematics in the data may not
fully alleviate the observed tension.

The posterior probabilities from the MCMC analysis, and the
parameter space are shown in Fig. 4. The resultant form of MH I(M)
at z = 0 is shown in the left-hand panel of Fig. 5, along with
the results of other studies in the literature (Marı́n et al. 2010;

Figure 4. The likelihood space of the six parameters, cH I,α, vc0, vc1, β, and γ , as sampled using the Monte Carlo analysis, using the CORNERPLOT routine
(Foreman-Mackey 2016). The posterior distributions of the parameters are indicated in the diagonal panels. Contours show the 68 and 95 per cent confidence
levels.

MNRAS 464, 4008–4017 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/464/4/4008/2417430
by KASI user
on 09 May 2018

Halo model for neutral hydrogen

- Halo model with best 
fit parameters from 
low, intermediate and 
high redshift neutral 
hydrogen probes.



4014 H. Padmanabhan and A. Refregier

Figure 5. Left-hand panel: the best-fitting MH I−M relation at z ∼ 0, along with the results of simulations in the literature (Marı́n et al. 2010; Davé et al.
2013). Right-hand panel: the evolution of the best-fitting MH I−M relation across redshifts (plots of the relation at five redshifts are shown). A plot of the
relation with logarithmic slope unity, i.e. MH I ∝ M , is also shown for comparison (dashed line).

Davé et al. 2013). The evolution of the MH I(M) relation for redshifts
0–4 is shown in the right-hand panel of Fig. 5, along with the
relation for MH I ∝ M (shown by the dashed line). It can be seen
that the MH I−−M relation derived from the best-fitting model has a
shallower slope in all cases, illustrating the effect of negative values
for β.

There is no redshift evolution in the present MH I(M), apart from
that coming from the evolution of the virial velocity to halo mass
relation. A possible evolution in the parameter β may be needed
to match the observed clustering bias of DLAs at z ∼ 2.3, which
we explore in greater detail in future work. The evolution of the
MH I−M relation can be constrained by current and future intensity
mapping experiments which measure the large-scale power spec-
trum PH I(k). There are also studies that infer the mean host halo
mass of DLA systems at high redshift through clustering and cross-
correlation studies (Bouché et al. 2005; Font-Ribera et al. 2012).
Cross-correlations of the 21-cm intensity maps with a large sam-
ple of optical galaxies (e.g. Chang et al. 2010; Masui et al. 2013;
Switzer et al. 2013) can potentially provide powerful constraints on
the H I–halo mass relation.

Finally, we plot the model predictions for the evolution of the
bias, both for H I and DLAs, and the incidence dN/dX as a function
of redshift. The errors on these are again determined by propagat-
ing in quadrature the uncertainties in the free parameters. These
predictions are shown along with the data points in Figs 6 and 7,
respectively. The predictions for bH I at intermediate and high red-
shifts are important in the context of current and upcoming intensity
mapping experiments.

We thus find that the additional input of the H I mass function at
low z constrains the value of β to less than zero, thereby making

Figure 6. The evolution of the bias, both for H I as well as for DLAs, as a
function of redshift in the best-fitting model. The error band indicates the
range allowed by the uncertainties in the model parameters. The data include
the bias of H I-selected galaxies at z ∼ 0 (Martin et al. 2012) and the bias
parameter of the DLAs at z ∼ 2.3 (Font-Ribera et al. 2012).

the logarithmic slope of the H I–halo mass relation lower than unity.
This slope is directly related also to the high-mass cutoff in the
H I–halo mass relation (the value of vc1). A smaller slope allows a
higher value of vc1 to be consistent with the measurements, since

MNRAS 464, 4008–4017 (2017)Downloaded from https://academic.oup.com/mnras/article-abstract/464/4/4008/2417430
by KASI user
on 09 May 2018

Neutral hydrogen mass function

Padmanabhan H., Refregier A., 2017



Current targets:

    I. Construct the LRG & ELG catalog and 21cm intensity mapping (Jacobo). 

    II. Measure the 2D auto-correlation of LRG & ELG and intensity mapping 

    III. Measure their 2D cross-correlation


Summary for the work done:

1) Constructed the halo sample in the DESI-like survey 

                 LRG: 13 < M_h < 13.5


4) Measure the angular correlation function of LRG halos 


    Two methods to calculate the correlation:

                                                                       object :  e.g. Landy&Szalay                                                        

               

                                                                       pixel   :  
< δiδj >

Credit: F. Shi  

- ‘LRG sample’: 13<log Mh<13.5 

- ‘ELG sample’: 12<log Mh<13

Healpix

Mock halo ‘galaxy’ catalogues
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Example: 
f1 = 700 MHz  
f2 = 800 MHz 

Nz = 50, dz = 0.005 

Nside = 512

Total redshift range: 
0.775 < z < 1.03

Intensity mapping maps

• Ongoing verification and creation of maps for:  
• different angular resolutions (e.g. Tianlai) 
• different redshift resolution (e.g. DECaLS x Tianlai pathfinder)



Foregrounds

- Intensity mapping extremely 
sensitive to foregrounds 
(especially in auto-correlations.


- Plan: simulate foregrounds from 
noise power spectra (e.g. 
CORA, ForGet)


- Foreground removal (Wolz et al. 
2013

Fast simulations for intensity mapping experiments 9

Figure 3. Full-sky maps of the di↵erent foregrounds and the cosmological signal for a frequency slice ⌫ ⇠ 565MHz. Temperatures are
given in mK (with the top left plot showing log

10
(Tsynch)), except in the case of the polarized fraction (upper right panel), which is

dimensionless.

To summarize, the method we have used to simulate
the polarized synchrotron foreground is:

(i) Generate a Gaussian random realization of the µ(x, n̂)

with power spectrum Cl / l
��

e
�x

2
⇠
2
 
/2 (arbitrary normal-

ization). The range and resolution in x for these realizations
will be governed by the convergence of the integral in Eq.
(43) for all values of �(n̂).

(ii) For each line of sight n̂ and frequency ⌫, we calcu-
late the integral in Eq. (43) by summing over the realiza-
tions of µ. Note that each line of sight has its own “Faraday
width” �(n̂), which will determine the relative depolariza-
tion of that LOS.

(iii) Fix the proportionality constant in Eq. (43) by re-
quiring the average polarized fraction at large (microwave)
frequencies and high galactic latitudes to be ⇠ 0.2� 0.3, as
measured by CMB experiments (Kogut et al. 2007).

We are mainly interested in the amount of polarized in-
tensity that is leaked into the unpolarized part due to instru-
mental issues. The default version of our code implements
this simply as a constant fraction of the Stokes parameter
Q:

Tleak(⌫, n̂) = ✏p T
Q

syn(⌫, n̂). (44)

We would like to emphasize that this model is overly simple
and not at allrealistic, since the leakage is defined with re-
spect to telescope coordinates, and thus will correspond to
di↵erent combinations of Q and U depending on the time
of observation. Our aim here is to provide only an order-of-
magnitude comparison between the polarization leakage and
the cosmological signal (e.g. Figure 8), but for any practical
application a more precise parametrization would be neces-
sary, using the full Q and U maps provided by the code.

c� 2014 RAS, MNRAS 000, 1–15
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nation of independent components s. The basic equation of
the independent component analysis (ICA) is

x = As =
NICX

i=1

aisi (20)

where A is the mixing matrix which contains the weights
of the single ICs of which the measured signal is expressed.
The columns of the mixing matrix are referred to as ai. The
dimensions of A are (Number of independent components)
⇥ (Number of measurements). The inverse of Eq. 20, which
is required to determine the unknown ICs of the measure-
ments, is

s = Wx (21)

where W is the weighting matrix which is defined as the
inverse of A. A fundamental assumption of this technique
is that the ICs have to be statistically independent, which
implies that their joint probability density functions (pdf) is
the product of the single pdfs of the variables: p(y1, .., yn) =Qn

i=0 pi(yi). This also implies that the expectation value
of the joint functions fi(yi) is: E{f1(y1), ..., fn(yn)} =Qn

i=0 E{fi(yi)}. The method cannot determine ICs that are
Gaussian distributed since their pdfs are symmetrically dis-
tributed and therefore cannot be distinguished.

The approach to identify the unknown ICs si and the
mixing matrix A is based on the Central Limit Theorem.
This says that the pdf of a sum of independent variables
tends towards a Gaussian distribution. Hence, the pdf of
several independent variables is always more Gaussian than
that of a single variable. Therefore, the search for one IC
is performed by maximising the non-Gaussianity of an esti-
mated component.

Two possible measures of Gaussianity are the Kurtosis
and the Negentropy. The Kurtosis is defined as the nor-
malised fourth moment of a variable: kurt(y) = E{y4} �
3E{y2}2,which is zero for a Gaussian distributed variable.
The Negentropy is a slight modification of the Entropy:
H(y) = �

R
f(y) log(f(y))dy. H(y) reaches its maximum

for a Gaussian variable since it is the most random and ’dis-
ordered’ distribution. The Negentropy is defined as J(y) =
H(ygauss)�H(y) to set the quantity to zero for a Gaussian
variable and make it non-negative. However, the Negentropy
is computationally hard to determine therefore an approxi-
mation of the Non-Gaussianity, which uses the Kurtosis, is
applied.

5.2 Application

In our application of the fastica method, one measurement
xi is a Healpix map at a given frequency slice with Npix en-
tries of the HI intensity map. Therefore the whole input
vector is a matrix of dimension (Number of frequencies) ⇥
(Number of pixels per map). In our analysis, we binned the
simulation in Nmaps = 160 frequency shells and used the
Healpix resolution Npix = 12 · 5122 such that we can mea-
sure the angular power spectum to lmax ' 500. The ICs are
hence Healpix maps of the same resolution. As explained in
Section 3.4 the receiver noise is a realisation of a Gaussian
probability density function, therefore the fastica does not
consider it to be part of the ICs. The Galactic foregrounds
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Figure 5. Power spectra of the original cosmological signal
(black), the receiver noise (brown), the recovered cosmological
signal after the foreground removal (coloured) for number of in-
dependent components (IC) 1 (red), 2 (yellow), 3 (green), 4 (light
blue), 5 (dark blue) and 6 (pink).

can be up to five magnitudes higher than the original cosmo-
logical signal. Hence, the method only identifies the Galactic
foregrounds as the ICs and the di↵erence between recon-
struction and input map is the recovered signal plus the
receiver noise. However, the mean temperature Tmean of the
cosmological signal simulations is a smooth function of red-
shift and is therefore incorporated into the ICs of the anal-
ysis. The residual maps require to be renormalised to the
Tmean of the input maps to ensure consistency.

We performed the foreground removal with NIC 2
{1, 2, 3, 4, 5, 6} as can be seen in Fig. 5. It is evident that
an analysis with less than 4 independent components does
not remove the foregrounds su�ciently, such that they leak
into the reconstructed cosmological signal. For the case of 4
IC or more, we see that the cosmological data is well recov-
ered for multipoles larger than 50. The Galactic foreground
is particularly high in the Galactic plane and therefore con-
taminates the large-scale structure reconstruction. We chose
4 independent components to be optimal in our analysis. In
the following, we test the e↵ect of di↵erent masking in order
to reduce the large-scale contamination.

5.3 Masking

The radio emission from the Milky Way is particular high in
the Galactic plane in comparison to the emission at higher
latitudes. This causes the power spectrum reconstruction
to be poorer on large-scales. It is convenient to mask the
input data to decrease the contamination. The aim is to
strike a balance between including the largest possible sur-
vey area and removing the areas of the most dominating
foreground emission. We examined the output of fastica

c� RAS, MNRAS 000, 1–16
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Alonso et al. 2014

Wolz et al, 2013l
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Cross-correlation with photo-z catalogues

• Tianlai and DECaLS overlap so possibility of cross-correlation between 
them. 

• Caveats: radio foregrounds at large scales and photo-z at small scales



Summary

• Intensity mapping is a promising probe for the future 
years. 

• Cross-correlations between optical surveys and 
intensity mapping surveys can help us deal with the 
foregrounds and also understand galaxy evolution. 

• Tianlai and DESI will overlap opening a great 
opportunity for this cross-correlations. 

• Ongoing creation of mock intensity maps to study the 
DESI x Tianlai case (and also DECaLS x Tianlai). 
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Ongoing & Future

• Halo catalogue with hydrogen masses done 

• LRG and ELG subsamples done 

• Check of angular correlations codes done 

• First intensity mapping maps done 

• Measuring auto and cross-correlations for LRG 
and ELG mocks ongoing

• Creation of foreground maps ongoing

• Cross-correlations between DECaLS and TIANLAI 
pathfinder data ongoing

• Develop simulations and test 3D case (including 
3D foregrounds


