
 Madrid                                                                                                                                                   13-17 June 2016

21 cm Intensity Mapping
BAORadio & Tianlai

Réza Ansari  
(Université Paris Sud & LAL (Orsay)

1Wednesday 15 June 16



Large Scale Structure (LSS) &  BAO’s at 21 cm 
✤ BAO’s as a cosmological proble
✤ 3D Intensity Mapping

Some of the Intensity Mapping challenges

✤ Map making  
✤ Foregrounds, instrumental effects 

21 cm Dark Energy surveys 
✤ CHIME, HIRAX
✤ BINGO, GBT-HIM
✤ BAORadio 
✤ Tianlai 

R. Ansari - June 2016
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LSS & BAO at 21 cm
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3D Intensity mapping
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✤ Baryon Acoustic Oscillations (BAO) : Measurement of characteristic 
scales  → dA(z), H(z)

✤ Large Scale Structure & RSD : (LSS, BAO/RSD) 
✤ Supernovae (SN) : Measure of apparent SNIa luminosity as a function 

of → dL(z)
✤ Weak lensing (WL) : Measure of preferred orientation of galaxies → 

dA(z), growth of inhomogeneities (structures / LSS)
✤ Galaxy Clusters (CL) : number count and distribution of clusters → 

dA(z), H(z), Structure formation (LSS)
✤ Integrated Sachs Wolf (ISW) effect : effect of evolving gravitational 

potential in large scale structures (with redshift)

5

Cosmological probes and Dark Energy

21cm IM

?
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✤ Statistical properties of matter distribution in the universe and its 
evolution with time (redshift) is one of the major tools/probes to test 
the cosmological model, determine its parameters: Dark matter and 
dark energy properties, neutrinos masses … 

✤ The analysis is usually done through the correlation function or the 
power spectrum P(k)

✤ BAO: Imprints left by the baryon-photon plasma oscillations prior to 
decoupling, on dark matter and visible matter (galaxies …) during 
structure formation after decoupling

✤ Wiggles in the distribution of matter, dominated by dark matter ( and 
also visible matter / galaxies) : A preferential length scale (~ 150 Mpc) 
in the matter clustering

✤ Standard ruler type cosmological probe with a measurement @ z ~ 
1100 (CMB anisotropies)

6
R. Ansari - June 2016

LSS & BAO’s as a cosmological probe
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Acoustic Oscillations seen in CMB

Characteristic scale ~ 150 Mpc

Galaxy distribution 
(z, angle (α,δ)) plane

z

BAO: Imprints of  photon-baryon plasma 
oscillationsin galaxy distribution7 R. Ansari - Feb 2014
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✤ LSS usually mapped in the optical window, through the 
observation of galaxies, considered as tracer of the 
underlying matter (DM+baryons) distribution   

✤ 3D maps are obtained through imaging + spectroscopy : 
slices of the universe at different times (ages) or redshifts 

✤ Its is mostly light from stars in the galaxies which are 
seen in the optical 

✤ A fraction of the baryonic matter in the universe is in the 
form of neutral atomic hydrogen (HI), both in galaxies or 
distributed in the intergalactic medium (although most 
IGM gas is ionised)

✤ Can be used to map matter distribution through the spin-
flip transition at 21 cm (1420.4 MHz) in radio. The 
redshifted 21cm line gives directly access to the redshifts

8
R. Ansari - June 2016

Mapping LSS @ 21 cm (I)
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? Optical

• 109 � 1010L� !⇠ 1035 W (emitted power)

• . 10�16 � 10�17 W/m2 in a typical photometric band
(⇠ 10 photons/m2/s)

? 21 cm emission (radio)

• ⇠ 109 M� of HI ! 3. 1027 W (emitted power)

• . 10�30 W/m2/Hz or few photons/m2/s
assuming ⇠ 200km/s velocity dispersion

• . 100µJy in a ⇠ 1MHz band

A typical galaxy at z ~ 0.3 DL ~ 1500 Mpc

All in a very narrow 
frequency band 
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z S21 ( !Jy)
0,25 175
0,50 40
1,0 9,6
1,5 3,5
2,0 2,5

S21 en µJy pour MHI = 1010M�

A (m^2) Tsys (K) Slim 
(!Jy)5000 50 66

5000 25 33
100000 50 3,5
100000 25 1,7

Slim en µJy pour
tinteg = 86400 s , �⇥ = 1 MHz

> 100 000 m^2 →  SKA !
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2 k Tsys

A
⇤
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R. Ansari - Sep 2011

Detecting galaxies at 21 cm at cosmological distances 

10
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✤ Analogous to the optical surveys
✤ Observe the sky in radio, identify compact sources (galaxies), 

determine their positions (α,δ) through imaging and the redshift. 
Compute the correlation function of the power spectrum P(k) 
from the catalog of objects. 

✤ Very large collecting area 10^5 m^2 to km^2  needed to observe 
galaxies in 21 cm at cosmological distances ➠ SKA / FAST …

✤ 3D Intensity mapping, similar to CMB
✤ Measure integrated emission (brightness temperature) of HI  - 

from IGM and gas in galaxies, in cells (few Mpc)^3
✤ Subtract foregrounds, and compute P(k,z) on 3D maps T21(α,δ,ν) 

11
R. Ansari - March 2016

Mapping LSS @ 21 cm (II)
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20

Fig. 22.— The decorrelated real-space galaxy-galaxy power spectrum using the modeling method is shown (bottom panel) for the baseline
galaxy sample assuming β = 0.5 and r = 1. As discussed in the text, uncertainty in β and r contribute to an overall calibration uncertainty of
order 4% which is not included in these error bars. To remove scale-dependent bias caused by luminosity-dependent clustering, the measurements
have been divided by the square of the curve in the top panel, which shows the bias relative to L∗ galaxies. This means that the points in the
lower panel can be interpreted as the power spectrum of L∗ galaxies. The solid curve (bottom) is the best fit linear ΛCDM model of Section 5.
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R. Ansari - 2008

BAO-wiggles

BAO scales ≳ 0.2 degree 
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✤ 21 cm line is the only spectral feature in L band (~GHz) ➡ 
Spectro-photometric observations 

✤ Band: ~ 100 MHz … 1500 MHz  - ν = f(z) , z: 0 … 10
1420 MHz @ z=0 , 946 MHz @ z=0.5 , 720 @ z=1 , 284 @ z=5, 129 @ z=10

✤ Radio instruments are diffraction limited: 
700 MHz:  D=100 m → ~20’ ,  D=1km → ~2’ ,  D=100 km → ~1” ,  2’ → 1 Mpc @ z = 1

✤ Intensity measurement in radio, amplitude & phase in radio;      
➡ Interferometry and spectroscopy in radio

✤ Instrumental/electronic noise (ROnoise <5 e) usually negligible 
in optical, dominant in radio (Tsys~20-100 K) 

✤ Light pollution, atmosphere in optical / EM pollution (RFI) and 
ionosphere (lower frequencies) in radio

21 cm observations compared to optical

R. Ansari - March 2016
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3D mapping of neutral hydrogen distribution through total 21 cm 
radio emission (no source detection)
Needs only a modest angular resolution  10-15 arcmin 
Needs a large instantaneous field of view (FOV) and bandwidth (BW)
Use of dense interferometric arrays (small size reflectors) to insure 
high sensitivity to low k and large instantaneous FOV   
Or a single dish with multi-beam focal plane receivers   
 Instrument noise ( Tsys ) 

 Foregrounds / radio sources and component separation 

 Calibration, instrument stability, RFI …

• Peterson, Bandura & Pen  (2006)
• Chang et al. (2008)  arXiv:0709.3672
• Ansari et al (2008) arXiv:0807.3614
• Wyithe, Loeb & Geil (2008) arXiv:0709.2955

R. Ansari - 2014
14

LSS/BAO/RSD at 21 cm: 3D  T21(α,δ,z) maps

• Peterson et al (2009) arXiv:0902.3091
• Ansari et al (2012)
• Shaw et al (2014, 2015) 
• de Santos et al-  Bull et al (2015)
• …
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Intensity Mapping Challenges

15

• Map making
• Foregrounds
• Noise
• Mode mixing

15Wednesday 15 June 16



10-4 0.001 0.010 0.100 1

100

1000

104

105

k [Mpc-1]

P(
k)

Projection on spherical shells 

Cl  in z shells 

Distorted P(k) 

Input P(k) 
P(k) 

Jérémy Neveu – LAL                                                                                               Grenoble 09/06/2016 

• redshift ↔︎  Frequency
• angular direction mapping 
through imaging

 21 cm 3D Intensity Mapping 

Single Dish
• Map the sky through drift-scan or by 
active scanning 
• Compute power spectrum P(k) or C(l, 
z1,z2) from sky maps
• project into appropriate basis (modes) to 
subtract foregrounds and extract 
cosmological signal  

Transit Interferometers
• Map the sky through drift-scan 
• Reconstruct sky map from visibilities 
• m-mode decomposition in case of full EW scan
• visibilities correspond to transverse Fourier modes k⊥

R. Shaw et al. (2014, 2015) - ApJ  
J. Zhang, R.A et al MNRAS (2016)

16Wednesday 15 June 16



H21 radio survey - (2)
Interferometric instrument - Aperture synthesis

Different distances (or redshift 
z) ➙ different reception 
frequencies (f0=1420 / (z+1) 
MHz) 

Different directions for a given 
z ➙ phase difference between 
receptors - along cylinder axis 
and between cylinders

R. Ansari - 2007
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L=100 m array → ang. resolution δθ ~ λ/L , 
deteriorating with redshift z  

spectral resolution 100 kHz → excellent  
redshift precision δz/z ~ 10^-4

z=0.5

z=1 z=2

8.5 Mpc

20 Mpc

45 Mpc

0.3 Mpc

0.3 Mpc

0.3 Mpc

z δθ dLOS (Mpc) H δd⊥ (Mpc) δd∥ (Mpc)

0,5 15’ 1945 90 8,5 ~0.3

1 20’ 3400 120 20 ~0.3

2 30’ 5320 200 45 ~0.3

3 40’ 6320 300 75 ~0.3
R. Ansari - Octobre 2015
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http://lambda.gsfc.nasa.gov/

Haslam 408 MHz map (Galactic 
synchrotron emission) 

10 K 250 K 
Temp. T (Ech. Log)

Signal HI : T21 < mK !
Foregrounds 

R. Ansari - 2012
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Radio foreground (GSM) @ 720 MHz (z=1.) - Kelvin K
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How do we suppress foregrounds ? 

✤ Exploit foregrounds known 
frequency dependence 
(power law ∝ ν^β) for 
Galactic synchrotron and 
radio sources  

✤ Instrumental effects (mode 
mixing), Polarisation 
leakage /Farady rotation  …

21 cm LSS + 
foregrounds

power law 
subtracted 

21 cm LSS signal
R. Ansari - 2013

Ansari et al. (2012) - A&A
Shaw et al. (2014) ApJ
Shaw et al (2015) ApJ
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21 cm Dark Energy surveys 

23
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• LOFAR
• GMRT
• MWA
• PAPER

• SKA
• HERA

• CHIME
• HIRAX
• BINGO 
• GBT-HIM 
• BAORadio
• Tianlai
• …

/012$"!34($,$5."j"ao"E=-5"

?"o"=FF"4$"EF"
=H"4$"PF"I;?"

?"o"EF"4$"H"
PF"4$"ESF"I;?"

?"o"H"4$"F"
ESF"4$"=SFF"I;?"z520

21 cm 
experiments 

R. Ansari - June 2016

• Parkes 
• SKA
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✤ Traditional single dish with tracking, equipped with multi-feed 
receiver array in the focal plane → GBT-HIM

✤ Transit type single dish with multi-feed receiver array and a 
correlation receiver  → BINGO

✤ Dense transit type interferometers using cylinders as primary 
reflectors  → CHIME , Tianlai 

✤ Transit interferometers using a dense array of small dishes → HIRAX, 
TDA (Tianlai Dish Array), PAON-4 test interferometer 
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J.E Campagne - LAL - 16/9/15 

7 Comparison of some 21 cm BAO projects

16

Fig. 12.— E↵ect of various priors on w0 � wa constraints, for
Facility + Planck. ⌦K is already well-constrained by the combi-
nation of CMB and HI data, so the flatness prior has only a small
e↵ect. Additional H0 information has a larger e↵ect in breaking
the degeneracy.

Energy Task Force as (Albrecht et al. 2009)

FOM = 1
�

q

det(F�1|w
0

,wa), (23)

which is proportional to the reciprocal of the area en-
closed by the 68% contour of the (w0, wa) error ellipse
for Fisher matrix F .
The foremost task in understanding the nature of dark

energy is to determine whether the equation of state dif-
fers from that of a cosmological constant, w = �1. Cur-
rent constraints on w0 and wa are relatively weak; the
combination of Planck with SNLS supernova data does
give values that are slightly in tension with a pure cos-
mological constant (Planck Collaboration 2013b), but
the significance fades when other datasets are used in-
stead. Fig. 13 shows the improved constraints that can
be expected on w0, wa, and ⌦DE for the combination
of our reference experiments with Planck, assuming flat-
ness. Despite the addition of IM data, the parameters re-
main strongly correlated, so even substantial deviations
from w = �1 will not necessarily be picked up. Never-
theless, a substantial fraction of the w0 � wa plane can
be excluded by IM + Planck, so a successful detection is
still possible if the real values lie orthogonal to the de-
generacy direction. 1D marginal constraints for the full
set of extensions to ⇤CDM that we are considering here
(including w0 and wa) are given in Table 4 for all of the
experiments from Sect. 2.5.
If one takes the possibility of a varying equation of

state seriously, w0 and wa should be left free when deriv-
ing constraints on other cosmological parameters. Table
4 shows the e↵ect of marginalising over the equation of
state on the vanilla ⇤CDM model parameters. The pa-
rameters derived from the various distance measures are
strongly a↵ected – their 1D marginal uncertainty is typ-
ically increased by around an order of magnitude com-
pared to the unmarginalised case shown in Table 3. This
can be understood in terms of the degeneracies shown
in Fig. 13; adding new parameters always increases the
overall uncertainty, but because ⌦DE (and h) are highly
correlated with w0 and wa, they are particularly strongly
a↵ected. Parameters that do not depend on distance

Fig. 13.— Top Panel: Forecast constraints on w0 and wa, in-
cluding the Planck prior. We have assumed flatness (⌦K = 0),
and fixed � to its fiducial value. The DETF figures of merit for the
Stage II, Facility, and DETF Stage IV surveys are 95, 358 and 712
respectively. Bottom Panel: Forecast constraints on w0 and ⌦DE
for the same setup.

measures, i.e. ns and �8, are less a↵ected by the equation
of state parameters, and so their marginal uncertainties
increase by only a modest amount.
As we have seen, even the addition of intensity map-

ping or other intermediate-redshift LSS data to the CMB
constraints is insu�cient to break all of the parameter
degeneracies once w0 and wa are allowed to vary. In or-
der to precisely determine these parameters, it is there-
fore necessary to add more data. Distance measurements
from Type Ia supernovae are the obvious candidate, since
they o↵er orthogonal constraints on ⌦DE � ⌦M (Efs-
tathiou & Bond 1999). A local measurement of H0 is
also useful; as shown in Fig. 11, h is strongly correlated
with the dark energy density, so additional information
about either parameter can substantially improve the
constraints on both. Fig. 12 shows the e↵ect of adding
H0 data to Planck + Facility. We also consider the e↵ect
of allowing departures from spatial flatness; as we will
see in the next section, the combination of CMB and
intensity mapping data measure ⌦K well, mostly inde-
pendent of dark energy, so marginalising over curvature
has a relatively minor e↵ect on the w0 � wa ellipse.
Fig. 14 shows the contribution to the dark energy fig-

ure of merit from each redshift bin. For our reference IM
experiments, it is clear that the redshift range z . 1.2 is
most critical; little improvement in FOM is seen above
this redshift. The same cannot be said for the galaxy
survey, however, which sees a roughly equal increase in
FOM with each additional redshift bin across its whole
z range. One way of understanding this behaviour is to
compare Fig. 14 with the plots for DA(z), H(z), and
f�8(z) in Fig. 6. Above z ⇠ 1.2, the angular diameter

Constraints on Dark Energy  from a 
survey like CHIME ou Tianlai-full 

Bull et al. (2015) - ApJ  803
arXiv:1405.1452

R. Ansari - March 2016
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CHIME (Nov 2015)
Photos © Steve Torchinsky

See Richard Shaw’s presentation
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HIRAX
(a southern hemisphere 21 cm BAO survey)

Project lead by South Africa (PI: J. Sievers) with contributions from 
Canada, US, France
Funding  (NRF / AFS) for a first phase obtained in 2015 
Will be located on the SKA site in the Karoo desert, one of the best sites in 
the world for radio-astronomy (protected by south-african legislation)
Complementary with similar survey in the northern hemisphere (CHIME, 
Tianlai) - redshift coverage  z ~ 0.8 … 2

Artist view

See Jon Sievers presentation
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GBT-HIM program

Tzu-Ching Chang 	

!

Academia Sinica Institute for Astronomy and Astrophysics	

!
on behalf of 	

!
GBT-HIM collaboration:	

Victor Liao, Chun-Hao To (ASIAA), Chen-Yu Kuo (Chung-Shan U.),	
Kiyo Masui (UBC), Eric Switzer (Goddard), Tabitha Voytek (UKZN),	

Niels Oppermann, Ue-Li Pen, Richard Shaw (CITA),	
        Hsiu-Hisan Lin, Jeff Peterson (CMU), Yi-Chao Li (NAOC),	

Chris Anderson, Peter Timbie (U. Wisc)	
Yuh-Jing Hwang, Ching-Ting Ho, Chi-Chang Lin(ASIAA)	

Rich Bradley, John Ford, Sri Srikanth, Steve White (NRAO)	
!

HI Intensity Mapping at the GBT
✤ Pilot HI Intensity Mapping program at GBT (Green Bank Telescope - 

100 m fully steerable dish). 
✤ 700-900 MHz, 0.6 < z < 1.0 ,  15’ ang. resolution , cryogenic receiver
✤ 800 hours observations - first HI detection in cross-correlation with 

DEEP2 fields (Chang, Pen, Bandura, Peterson, Nature 2010)
✤ Fast Radio Burst (FRB) detection, Masui et al., 2015 
✤ Commissioning of a 7 beam cryogenic receiver under way 
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• Frequency: 700-900 MHz 	
• 0.6 < z < 1	

      	
• Spatial beam ~ 15” 	

• 9 h-1 Mpc at z~0.8	
 	

• Spectral channel ~ 24 kHz	
• binned to 0.5 MHz	
• ~2 h-1 Mpc	

!
• 100-m diameter.  Large collecting 

areas	

• First detection in cross-correlation 
with DEEP2 galaxies at z=0.8 
(Chang, Pen, Bandura, Peterson, 
2010, Nature)    	

!
!
!

GBT-HIM	
Pilot program at the Green Bank Telescope (GBT)  

Slide courtesy of  Tzu-Ching Chang
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• Building a 7-beam receiver at 700-900 MHz for 
redshifted HI survey at 0.6< z < 1 for BAO  
and RSD measurements.	

!
• Use Short-backfire Antenna (SBA) with a edge-

tapered reflector; with a cryogenic HDPE cover 
to reduce Tsys. 	
!

• Prototype tested on GBT in December 2014. 
CDR expected in summer 2016.	
!

• Science results highlights:	
!

• First detection of 21cm IM signal in cross-
correlation with DEEP2 galaxies at z=0.8 
(Chang++10, Nature). Cross-power spectra 
(with WiggleZ) and auto-power spectrum 
limits (Masui++13, Switzer++ 2013).	
!

• First detection of Fast Radio Burst (FRB) 
with GBT with RM (Masui++15, Nature)	
!

• Detection of Redshift Space Distortions 
(RSD) with cross-power spectra (Chang+
+16, in preparation)

GBT-HIM 	
21cm Intensity Mapping for BAO & RSD studies

PI: T.-C. Chang.  Co-I: Y.-J. Hwang, P. Timbie
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New Design

Slide courtesy of  Tzu-Ching Chang
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BINGO players
• U. Sao Paolo, Brazil

• Elcio Abdalla (P.I.), Raul Abramo, Andreia Pereira de Souza (engineer), Benjamim Galvão (engineer, 
industry liaison), Marcos Lima 

• INPE, Brazil
• Alex Wuensche, Thryso Villela, Renato Branco (engineer) 

• U. Montevideo, Ministry of Communications, Uruguay
• Gonzalo Tancredi, Manuel Calas, Emilio Falco, Ana Mosquera 

• JBCA, Manchester, UK
• Richard Battye, Ian Browne, Tianyue Chen, Peter Dewdney (SKAO), Richard Davis, Clive Dickinson, Keith 

Grainge, Stuart Harper, Lucas Olivari, Mike Peel (-> FAPESP fellow), Mathieu Remazeilles, Sambit 
Roychowdhury, Peter Wilkinson 

• ETH, Zurich, Switzerland
• Alex Refregier, Adam Amara, Christian Monstein 

• UCL, London, UK
• Filipe Abdalla 

• IAS, Paris, France
• Bruno Maffei (ex-Manchester) 

• U. Cardiff, UK
• Giampaolo Pisano 

• UKZN, South Africa 
• Yin-Zhe Ma (ex-Manchester) 

•  U. Portsmouth, UK
• Alkistis Portsidou (ex-Manchester)

Conclusions and project status

• BINGO is a novel experiment to make an ultra-deep redshifted HI survey at z-0.1-0.5
• Much cheaper than large optical surveys (hardware ~$3M)  
• Complementary to optical galaxies/surveys 
• Test of HI intensity mapping technique 
• Pathfinder for SKA and future intensity mapping experiments 
• More data points on the BAO Hubble diagram -> constrain cosmology 
• Deep large-area spectral radio survey will have many other benefits! 

• We are basically ready to go!
• Good collaboration with wide range of expertise 
• Basic design ready 
• Foam horn fabrication seems to be feasible 
• Good site identified with local support 

• Awaiting final approval from FAPESP (Brazil) for ~$3M
• Other contributions from the collaboration

BINGO project
✤ BINGO : BAO’s In Neutral Gas Observations  
✤ 40 m diameter fixed single dish (2 reflector design, primary+secondary 

mirrors) - observing in transit mode  
✤ 960-1260 MHz, 0.12 < z < 0.48 ,  40 ang. resolution 
✤ 50 dual polarisation feeds - room temperature Tsys ~ 50 K
✤ Located in Uruguay - UK, Brazil, Uruguay 
✤ Digital correlator (X  reference beam oriented toward the celestial pole)
✤ Science: HI power spectrum, FRB, Galactic science (radio recombination 

linesand continuum)

BINGO players
• U. Sao Paolo, Brazil

• Elcio Abdalla (P.I.), Raul Abramo, Andreia Pereira de Souza (engineer), Benjamim Galvão (engineer, 
industry liaison), Marcos Lima 

• INPE, Brazil
• Alex Wuensche, Thryso Villela, Renato Branco (engineer) 

• U. Montevideo, Ministry of Communications, Uruguay
• Gonzalo Tancredi, Manuel Calas, Emilio Falco, Ana Mosquera 

• JBCA, Manchester, UK
• Richard Battye, Ian Browne, Tianyue Chen, Peter Dewdney (SKAO), Richard Davis, Clive Dickinson, Keith 

Grainge, Stuart Harper, Lucas Olivari, Mike Peel (-> FAPESP fellow), Mathieu Remazeilles, Sambit 
Roychowdhury, Peter Wilkinson 

• ETH, Zurich, Switzerland
• Alex Refregier, Adam Amara, Christian Monstein 

• UCL, London, UK
• Filipe Abdalla 

• IAS, Paris, France
• Bruno Maffei (ex-Manchester) 

• U. Cardiff, UK
• Giampaolo Pisano 

• UKZN, South Africa 
• Yin-Zhe Ma (ex-Manchester) 

•  U. Portsmouth, UK
• Alkistis Portsidou (ex-Manchester) 32Wednesday 15 June 16



BINGO concept

• Key specifications:
• Dish diameter : 40 m 
• Resolution: ~2/3 deg 
• Frequency range : 960 - 1260 MHz 

(z=0.12-0.48)
• Number of feeds: 50 (dual pol) 
• Field-of-view: ~15 deg 
• No cryogenic cooling : Tsys ~ 50K 
• Digital correlation receiver 
• Channel width << 50 MHz (Δz<0.05) 
• Majority of receiver components 

“off-the-shelf”
• Transit telescope (no moving parts): 

observe declination strip with drift 
scans

• 2 years observing (~1 year on source)

Battye, Browne, Dickinson, Heron, Maffei, Pourtsidou, 2013, MNRAS, 434, 1239 [arXiv:1209.0343]

BAOs In Neutral Gas Observations

Guiding principle : simplicity!

90m

40m dish

Horn detector array

Sky

Slide courtesy of  Clive Dickinson
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Site selection

After a long process we have found a suitable suite 
Quary Castrillon in Northern Uruguay 

2-dish design easier to deal with and has better performance

~40m Focal plane array

Primary mirror Secondary mirror

Slide courtesy of  Clive Dickinson
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• BINGO horns are BIG! 
• 1.7 m diameter 
• 4.7 m in length 
• 50-60 of them! 

• Corrugated horns essential for good 
beam / low sidelobe response 

• Standard techniques are expensive and 
heavy 
• New alternatives being investigated 

• Foam metalised (copper tape!) sheets, 
sandwiched together 
• Cheap 
• Light 
• Easy to make 
• and they seem to work!

BINGO horns fabrication

 

 

Measured and predicted polar diagrams of the 78 element foam horn. The measurements are in 
black and the predictions in blue.  

 

 
Courtesy: Adam Colclough & Ian Browne
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• Foam metalised (copper tape!) sheets, 
sandwiched together 
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• Light 
• Easy to make 
• and they seem to work!

BINGO horns fabrication

 

 

Measured and predicted polar diagrams of the 78 element foam horn. The measurements are in 
black and the predictions in blue.  

 

 
Courtesy: Adam Colclough & Ian Browne

BINGO Optical design (B. Maffei et al.)

Illustrations: courtesy of  Clive Dickinson

BINGO horns
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Phase 
switch

Phase 
switch

A/D

A/D

Computer

Hybrid Hybrid Mixer

Reference
beam

Science
beam

L/O

Correlation receiver

• 1/f knee frequency of typical receivers ~1 Hz 
• Produces long time-scale fluctuations of total-power (1/f noise) 
• -> larger noise level, stripes in the map… 

• Perfect pseudo-correlation (e.g. WMAP/Planck) can remove 1/f noise 
• Use (South) Celestial Pole as reference

(Celestial pole)

Battye et al. (2013)

Bigot-Sazy et al. (2015)

No 1/f

With 1/f

Slide courtesy of  Clive Dickinson
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• 2007: BAORadio project initiated in France

• LAL (IN2P3/CNRS), Irfu (CEA), Observatoire de Paris 

• 2007-2009: development of the BAORadio  (electronic/
acquisition) system     - Tests at Nançay (NRT)                       

• 2009-2010: Tests on theCRT prototype at Pittsburgh 

• 2011-2012: FAN, HI-Cluster, contacts with NAOC

• 2012-2014: PAON, Tianlai

• 2015-2016: NEBuLA, PAON4, Tianlai

• Financial support: IRFU, CNRS/P&U, IN2P3, P2I, Obs. 
de Paris, LAL, PNCG 
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Optical digital outputs (2) Input analog channels (4)

USB port

Control FPGA (Cyclone)

ADC + Stratix bloc ADC + Stratix bloc

39

BAORadio ADC board- 2008
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40

CRT  (CMU, Pittsburgh)

BAORadio @ CRT-Pittsburgh - 
Nov 2009
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A&A proofs: manuscript no. HICluster-A&A

Table 3. Calibration coe�cients used to normalize the power spectra registered for both analysis pipelines and the three Abell clusters and the
3C161 calibrator source.

Source ⌫obs (MHz) ACRT Coe↵. [Jy/r.a.u] BAOelec Coe↵. [Jy/r.a.u]
Abell 85 1346.3 27.3 ± 0.8 11.6 ± 0.3

Abell 1205 1320.8 27.6 ± 0.8 11.8 ± 0.3
Abell 2440 1302.4 27.9 ± 0.8 11.9 ± 0.3

3C161 1408.0 26.4 ± 0.8 11.3 ± 0.3

Fig. 14. Radiometer curve obtained with ACRT and BAOelec data for
the three clusters. For BAOelec we have processed part of the data down
to integration times of 16.7 ms, and the whole dataset at 8.4 s. We
can distinguish the results for Abell 1205 (blue), Abell 85 (green) and
Abell 2440 (purple). The blue solid line represents the expected curve
for a system a↵ected only by white noise. For ACRT data analyzed with
our own pipeline the integration time is fixed to 1 s (one ACRT integra-
tion). The ACRT results are presented for Abell 1205 (red), Abell 85
(brown) and Abell 2440 (orange). The red line represents the curve ob-
tained for all clusters with ACRT data analyzed with standard NAPS
pipeline (ie. Figure 1-top), where the integration time is 40 s (one ACRT
acquisition cycle).

ACRT curve for greater integration time. One possible origin of
the "‘1 sec"’ trend change is the noise generated by the 1 sec
duty cycle of the cryogenic cooling system for the low noise am-
plifier in the chariot. A sigma of 2 mJy has been reached after
1,000 sec. Notice that in case one could remove this spurious
noise, this sigma level would be reached after 150 sec.

The results obtained with BAOelec system for the three clus-
ters so in three di↵erent frequency band suggest that BAOelec
system and analysis pipeline is robust over a large frequency do-
main.

It is worth pointing out that the standard procedure to process
ACRT data, in case of known line search, is to make a polyno-
mial baseline fit on (ON-OFF)/OFF spectra, which allows sup-
pressing the global o↵set due to gain variations and the oscilla-
tion residuals in the spectrum before calculating the sigma. Of
course, the line which is searched for in the spectrum is masked
to protect it from suppression, hence it is necessary to know pre-
cisely both its frequency and width.

In the analysis presented here we do not have precise infor-
mation about the HI signals we are searching for in the clusters.
In the HI intensity mapping this would be even more true as in-

dividual galaxy emission does not hold. Thus we cannot apply
the baseline fit procedure.

5.2. HI signal search

6. Conclusions

We have investigated the capabilities of the BAOelec system
nearly fully digital, based around on a FPGA based ADC board
with optical link to a PC housed inside the NRT chariot (BAO-
elec). During 1 year, we have surveyed the [1250, 1500]MHz
frequency band both by the standard correlator pipeline although
operated for blind line search, and the new pipeline. The RFI
problem has been detailed and the fine time sampling o↵ered by
the full digitization at 500 MHz with repetition rate of 8 kHz
allows for application of median filtering turns out to be very
e�cient even in the non protect band. The stability of the new
system is also very good and far better than the standard correla-
tor which su↵er from the analog signal transportation over 150 m
cables from the chariot to the correlator building. The radiometer
curves for both systems and the three frequency bands centered
on the HI clusters have been presented. After 1000 sec of inte-
gration the BAOelec system has reached a sensitivity of 2 mJy
while the standard correlator saturate around 20 mJy. With BAO-
elec we have investigated integration times below 1 sec which is
the minimal duration of an integration with the standard corre-
lator. It turns out that below this threshold a pure white noise
behavior is recovered which tends to prove that there is an addi-
tional noise with a 1 sec time scale. Possibly the source can be
the cryogenic cooling system of the low noise amplifier.

This quite long campaign of observations has shown that the
BAOelec system is quite e↵ective. This complete measurements
done on electronic test bench and also observation of bright
sources with a prototype of cylinder array at Pittsburgh Univ.
were 2 x 32 dipoles were connected in correlations and with the
FAN antenna array at the NRT (Deschamps et al. 2012). The
concept of "digitization as close as possible to the LNA" is be-
ing discussed for the TianLai undergoing project (?).
Acknowledgements. The observations at Nançay would not have been possible
with-out the help and support of the operators and of the technical sta↵ of the ra-
dio telescope. The Nançay Radio Observatory is the Unité scientifique de Nançay
of the Observatoire de Paris, associated as Unité de service et de recherche (USR)
No. B704 to the French Centre national de la recherche scientifique (CNRS). The
Nançay Observatory also grate- fully acknowledges the financial support of the
Conseil régional of the Région Centre in France.
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✤ PAON : PAraboles à l’Observatoire de Nançay 
✤ PAON-4 : 4 D=5m reflectors, dense array configuration, transit 

observation mode
✤ Total surface ~ 75 m^2, 8 = 4 x 2 (pol) récepteurs , 36 visibilities ~ 2 

GBytes/s  maximum data flow
✤ 38 S < Elevation < 15 N → 10 < δ < 60 at Nançay
✤ 250 MHz band , 1250-1450 MHz 
✤ Reconstructed map resolution ~ 1 deg @ 1400 MHz 
✤ Aims: RFI cleaning , Tsys and antennae correlation, test of calibration 

and 3D transit mode map making
✤ Sensitivity level ~50 mK (/ 1deg^2 x 1 MHz pixels) over ~ 5000 deg^2
✤ NEBuLA : Numériseur à Bande Large pour l’Astronomie - New 

generation digitiser board that could be deployed close to the 
antennae, over ~ km sized area …

PAON-4 / NEBuLA 

R. Ansari - March 2016
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PAON-2  ➞
September  2012

PAON-4 (PI: J.E. Campagne, J.M. Martin) -  Technical projet leaders: 
F. Rigaud (Mechanics) - D. Charlet (Electronic, Computing, Commissioning)
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Evolution vers NEBuLA 

J.E Campagne - LAL - 16/9/15 

46 

Filtre Δf=500MHz 

10Gb Ethernet 
PCIExpress Ext. 

!  Projet Nançay-LAL-Irfu accepté par le CS Obs. de Paris (CSAA) Décembre 
2013, 17k€ (proto) Porteurs: Cédric Viou (Nançay) & Daniel Charlet (LAL) 

!  Par rapport à l’électronique actuelle dont le design date de 2006-7: 
!  On s’affranchit de la partie Mélangeur 
!  On réduit la longueur du câble coax.  
!  On passe de 250 MHz à 500 MHz de bande 
!  Transmission passe à 100% de temps Ciel   
!  Ethernet & PCI Express Externe (accès direct mémoire des PCs) 
!  à usage PAON et NRT/RadioHéliostat, voire TIANLAI 

10G

LMK0482

µC

Power 
CTRL
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PCIEpres
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SP
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SP

FPGA ctrl/
cde

JTAG_co
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ADC08I102
0

2x 1GSPS
Input bandwidth : 
  2Ghz

PCIEx 4x
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PCIE x4

1G

Eth-1

10G

EPL
D

NEBuLA (D. Charlet - LAL , C. Viou - Nançay)

• Direct sampling 
after the LNA + filters 
(no mixer)
• Up to 500 MHz 
bandwidth 
• designed to be put 
near the antennae
• optical data output 
& control / 
synchronisation 
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NEBuLA board design (D. Charlet) 

Carte prototype en cours de fabrication (Juin 2016)
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R. Ansari - Dec 2015

Map from visibilities (single scan) I
Slide by  Qizhi Huang (LAL/NAOC PhD)
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Final&maps�

Cygnus&A�

@1420.4MHz�

@1450MHz�

21mc&emission&from&the&Galacgc&plane�

CygA24h11mai15&is&one&day&24&hours&observaIon,&we&just&&
have&one&transiIon.&Hower,&we&can&add&and&special&phase&&
to&the&visibiliIes&to&simulate&the&case&that&turnning&the&&
antennas&to&other&declinaIons&and&observate.�

Map from visibilities (single scan) II
Slide by  Qizhi Huang (LAL/NAOC PhD)
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R. Ansari - Dec 2015
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Map&making&using&Jiao’s&program&(2)�

lmax=500�
Cygnus&A�

0�90�180� 270�

+30�

230�

+60�

260�
Equatorial&coordinate&system�

PAON-4 reconstructed maps

Calibration: Q. Huang, m-mode map making : J. Zhang   (April 2016)
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TIANLAI
Dark Energy: The Cylinder Survey Study Group

• Jeff Peterson (CMU)

• Kevin Bandura,

• Bruce Taylor,

• Ben Maruca,

• Caitlin Lanni,

• Amy Stetten

• Jim McGee

• Uros Seljak (Trieste)

• Chris Blake

• Ue-LI Pen (CITA)

• Christope Yeche (CEA)

• Christohpe Magneville

• Jim Rich

• Reza Ansari (LAL)

• Bruce Bassett (SAAO)

• Jon Bunton (CSIRO)

I
R
F
U 49
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Tianlai project led by NAOC (PI: Prof. Xuelei Chen) 
International partners: Canada, États-Unis, Corée du Sud, France
Collaboration started in 2011-2012 - Chinese financial grant from MOST 
granted in 2012 (?) for the pathfinder phase
In china: Institute of Automation (digital electronic) and Institute 54 (Antenna, 
analog electronic) + …  
Site search / site testing - Site selected in 2013 
Start site preparation work in summer 2014: construction of road (dirt 
road) et 10 kV electric power line, optical fiber cable (7 km) from closest 
village - Construction of the living quarters and acquisition/control rooms  
3 cylinders (15m x 40m) and 16 dishes (D=6 m) arrays constructed/
deployed in summer 2015
Tianlai pathfinder phase: 96 (dual-pol) receivers on the 3 cylinders - 192 
channels correlator (FPGA+DSP Inst.ofAut) + corrélateur 32 channel 
correlator for the16 dish array (100 MHz bandwidth)

Tianlai

R. Ansari - March 2016
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\

Tianlai site : 44.15 N , 91.8 E  
Hongliuxia Xinjiang, western China)

J.E Campagne - LAL - 16/9/15 

9 

Beijing 

5000km 

Sep. 2015
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Tianlai 
Visit to the site during the Balikun (Sep. 2016) workshop

R. Ansari - March 2016

16 x D=6m dish array 3 Cylinders , 15mx40m

52Wednesday 15 June 16



– 4 –

local, equilateral, and orthogonal bispectrum amplitudes respectively (Planck Collaboration et al.

2013b). Using the large scale clustering of tracers of dark matter in the later Universe, two most

commonly used probes for the primordial non-Gaussianity are the scale-dependent bias in the

observed power spectrum, and the bispectrum.

In this paper we make simple forecasts on the constraining power of the Tianlai experiment,

under the assumption of perfect foreground removal and no systematics. We shall make our forecasts

primarily for the full-scale experiment, which is designed to measure the large scale structure and

cosmological parameters. We will also make some forecasts on the pathfinder and pathfinder+

experiments, which are only used for testing the key technology for the full-scale experiment and

are not expected to achieve any good precision.

The paper is organized as follows: in Sec.2, we present the signal power spectrum, as well as

the detailed formalism for estimating the noise power spectrum for an interferometer array, and

forecast the measurement error of the power spectrum by the Tianlai arrays. Based on the power

spectrum measurement, we forecast the constraints on dark energy parameters obtainable from

Tianlai BAO and RSD observations in Sec.3. In Sec.4, we briefly review the imprint of primordial

non-Gaussianity on the large scale structures, in Sec.4.1 we study the constraint obtainable by

considering the scale-dependent bias in the power spectrum, and in Sec.4.2 we apply the bispectrum

method. We conclude in Sec.5.

Table 1: The experiment parameters for Tianlai.
cylinders width length dual pol. units/cylinder Frequency

Pathfinder 3 15 m 40 m 32 700 – 800 MHz

Pathfinder+ 3 15 m 40 m 72 700 – 800 MHz

Full scale 8 15 m 120 m 256 400 – 1420 MHz

2. The Power Spectrum Measurement with Tianlai Intensity Mapping

2.1. The Signal Power Spectrum

In an HI intensity mapping observation, the distances along and perpendicular to the line of

sight are measured from redshift and angular separation respectively, and the HI power spectrum is

observed in redshift space. Therefore, the observed HI power spectrum is given by (Seo & Eisenstein

2003)

Pobs(kref⊥, kref∥) =
DA(z)2refH(z)

DA(z)2Href(z)

(

bHI
1 (z) + f(z)

k2∥
k2⊥ + k2∥

)2

×G(z)2Pm0(k) + Pshot, (2)

– 10 –

Fig. 1.— (Left): one-dimensional baseline distribution n(r) of various Tianlai configurations,

calculated from Eq. (28). Here x-axis r is the physical distance in the interferometer frame, we

also display the corresponding cosmological scale it probes at frequency ν = 750MHz on the

upper abscissa. (Right): The measurement error contributed from thermal noise, ∆PN (k) =

PN (k)/
√

Nc(k) (solid lines), and that from sample variance, ∆PSV (k) = PSV (k)/
√

Nc(k) (dashed

lines). The case for Tianlai pathfinder+ is shown as the magenta lines, while the cases for full-

scale Tianlai at various frequencies are shown as other colors. The 21 cm signal power spectra,

P∆T (k), at corresponding redshifts are shown by dotted lines with corresponding colors, assuming

a constant HI fraction xHI = 0.008 at all redshifts. Here we adopt a wavenumber bin width of

∆k = 0.005Mpc/h, and ∆z = 0.2.

In the right panel of Fig. 1, we plot the measurement error on the power spectrum due to ther-

mal noise∆PN (k) = PN (k)/
√

Nc(k) (solid lines) and sample variance∆PSV (k) = PSV (k)/
√

Nc(k)

(dashed lines). While only the errors at the medium frequency f = 750MHz are shown (the magenta

set of lines) for the pathfinder+, we display four different frequencies from 500MHz to 1100MHz

(from top to bottom for the thermal noise, and from bottom to top for the sample variance) for the

full-scale survey. For the sample variance power spectra, we adopt a conservative assumption that

xHI = 0.008 at all redshifts. For comparison, we also plot the 21 cm signal power spectra, P∆T (k),

at the corresponding redshifts with the dotted lines.

From the figure, we can see that for Tianlai pathfinder+, the thermal noise will dominate over

the sample variance at all scales. This is also true for the high-redshift observation of the full-scale

Tianlai, but the thermal noise gradually decreases towards lower redshift. At z ∼ 1 (Full 700MHz),

– 11 –

the two contributions are comparable at the BAO scale.

2.4. The Power Spectrum with Expected Tianlai Errors

As discussed in Sec.2.2, the measurement error of the power spectrum is a sum of the sampling

error and thermal noise. Since the measured 21 cm power spectrum is proportional to the HI power

spectrum by a factor of T̄ 2
sig, we use the measurement error on the HI power spectrum for the Fisher

forecasts in the following sections, and it is

∆Pobs(k⃗) =
1√
Nc

[

Pobs(k⃗) +N(k)
]

, (29)

where N(k) is related to the thermal noise power by PN = T̄ 2
sig N(k), and Nc is the number of

independent modes in that pixel in Fourier space as discussed in section 2.2.

Fig. 2.— Left panel: the measurement errors on the power spectrum at z = 1 for the Tianlai

pathfinder (shaded area) and the pathfinder+ (error bars). Right panel: the relative one with

respect to the smooth power spectrum with errors expected from the Tianlai pathfinder+ (shaded

area) and the full-scale Tianlai (error bars). The assumed survey area is 10000 deg2, and the

integration time is 1 year. The wavenumber bin width for this plot is ∆k = 0.005Mpc/h.

The instantaneous field of view of a cylindrical radio telescope is narrow in right ascension but

very broad in declination, limitted primarily by the illumination angle of the feeds. The rotation

of the Earth results in a broad coverage in right ascension. The illumination angle of the feeds of

Tianlai is about 120◦. Assuming a latitude of θlat = 44◦, the Tianlai array covers the declination

Y. Xu, X. Wang, X. Chen (2015) - ApJ 
arXiv:1410.7794

Tianlai
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Tianlai Dish Array Polar Cap survey
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Sky reconstruction from transit visibilities:
PAON-4 and Tianlai Dish Array
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ABSTRACT
The spherical harmonics m-mode decomposition is a powerful sky map reconstruction method
suitable for radio interferometers operating in transit mode. It can be applied to various
configurations, including dish arrays and cylinders. We describe the computation of the
instrument response function, the point spread function (PSF), transfer function, the noise
covariance matrix and noise power spectrum. The analysis in this paper is focused on dish
arrays operating in transit mode. We show that arrays with regular spacing have more
pronounced side lobes as well as structures in their noise power spectrum, compared to
arrays with irregular spacing, specially in the north-south direction. A good knowledge of the
noise power spectrum C

noise(`) is essential for intensity mapping experiments as non uniform
C

noise(`) is a potential problem for the measurement of the HI power spectrum. Di�erent
configurations have been studied to optimise the PAON-4 and Tianlai dish array layouts. We
present their expected performance and their sensitivities to the 21 cm emission of the Milky
Way and local extragalactic HI clumps.

Key words: techniques: interferometric – methods: data analysis – methods: numerical
– cosmology: observations – (cosmology:) large-scale structure of Universe – radio lines:
galaxies

1 INTRODUCTION

Measurement of the neutral hydrogen (HI ) distribution through its
21 cm line radiation is a powerful method for studying the statistical
properties of Large Scale Structure (LSS) in the Universe, comple-
mentary to optical surveys. However, given the very faint radio
brigthness of typical HI clumps, detection of individual galaxies in
21 cm at cosmological distances (z & 1) requires very large col-
lecting areas, around ⇠ km2. Moreover, extracting cosmological
information from LSS requires the observation of large volumes of
universe to probe long wavelength modes with su�cient precision
in order to be competitive with the optical galaxy surveys. In recent
years, the intensity mapping technique has been suggested as an
e�cient and economical way to map large volumes of the universe
using the HI 21 cm emission. Such cosmological surveys would
be especially suitable for late time cosmological studies (z . 3), in
particular for constraining dark energy through the Baryon Acoustic

? E-mail:ansari@lal.in2p3.fr

Oscillations (BAO) and Redshift Space Distortions (RSD) measure-
ments (Peterson et al. 2006; Chang et al. 2008; Ansari et al. 2009;
Ansari et al. 2012b; Seo et al. 2010). In this scheme, the inte-
grated radio emission of many HI clumps in cells of ⇠ 103 Mpc3

is measured without detection of individual galaxies. Large wide-
field radio telescopes, with an angular resolution of a fraction of
a degree and a frequency resolution of . 1MHz and sensitivities
of . 1 mK per resolution element would be needed to observe the
LSS, especially the BAO features.

Several groups throughout the world are aiming to carrying
such surveys. A number of projects with single dishes (possibly
equipped with multi-beam receivers) and interferometer arrays have
been proposed. Single dish intensity mapping surveys have been car-
ried out on existing telescopes such as the Green Bank Telescope
(GBT) (Chang et al. 2010; Switzer et al. 2013; Masui et al. 2013) and
construction of dedicated instruments are being planned such as the
BINGO (BAO from Integrated Neutral Gas Observations) project
which is a single dish radio telescope equipped with an array of
feeds in the focal plane (Battye et al. 2013; Dickinson 2014). The
interferometer arrays include CHIME (Canadian Hydrogen Map-
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Map Making Papers-I J. Zhang et al (2016), MNRAS 
(accepted)  arXiv:160603090   [ Dishes, PAON4, Tianlai]

Research in Astronomy and Astrophysics manuscript no.
(LATEX: jmapcylinder.tex; printed on May 31, 2016; 18:04)

Sky reconstruction for the Tianlai cylinder array
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2 Université Paris-Sud, LAL, UMR 8607, F-91898 Orsay Cedex, France & CNRS/IN2P3, F-91405 Orsay,

France
3 University of Chinese Academy of Sciences, Beijing 100049, China
4 Center for High Energy Physics, Peking University, Beijing 100871, China
5 CEA, DSM/IRFU, Centre d’Etudes de Saclay, F-91191 Gif-sur-Yvette, France

Abstract In this paper, we apply our sky map reconstruction method for transit type in-

terferometers to the Tianlai cylinder array. The method is based on the spherical harmonic

decomposition, and can be applied to cylindrical array as well as dish arrays and we can

compute the instrument response, synthesised beam, transfer function and the noise power

spectrum. We consider cylinder arrays with feed spacing larger than half wavelength, and as

expected, we find that the arrays with regular spacing have grating lobes which produce spu-

rious images in the reconstructed maps. We show that this problem can be overcome, using

arrays with different feed spacing on each cylinder. We present the reconstructed maps, and

study the performance in terms of noise power spectrum, transfer function and beams for

both regular and irregular feed spacing configurations.

Key words: Cosmology: observation, HI intensity mapping; Method: transit telescope; map

making

1 INTRODUCTION

The determination of the neutral hydrogen (HI ) distribution from 21cm line observation is an important

method to study the statistical properties of Large Scale Structures in the Universe. The intensity mapping

technic is an efficient and economical way to map the universe using the (HI ) 21cm emission, which

is suitable for late time cosmological studies ((z . 3)), specially for constraining dark energy models

through baryon acoustic oscillation (BAO) features (Peterson et al. 2006; Chang et al. 2008; Ansari et al.

2009; Ansari et al. 2012; Seo et al. 2010; Gong et al. 2011). So that large wide-field and wide band radio

telescopes would be needed to achieve rapidly the observation of large volumes of the universe. Several
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✤ Broad and interesting scientific outcomes from 21cm surveys at z ~ 1-2: 
(DE, HI mass distribution and its evolution around z ~ 1-2,  detailed 
study of foregrounds, pulsars …) 

✤ Reionisation at higher redshifts (LOFAR, SKA-Low, HERA) 
✤ Tianlai, CHIME, HIRAX, BINGO, GBT… will enable us to develop the 

3D intensity mapping method, opening the way to more ambitious 
instruments, as well as SKA-mid/AA (Aperture Arrays)

✤ PAON-4 & EMBRACE : test beds for developing the data analysis 
methods and for electronic developments (NEBuLA) …

✤ Scientific and technical challenges : high throughput on the fly digital 
processing (correlator/beam-former) calibration, 3D map making, 
component separation (foregrounds) …
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Conclusions / Outlook
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The End
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