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• In addition to large Chinese / French participation 
• Timbie / Das  + students  - University of Wisconsin 
• Stebbins / Marriner           - Fermilab 
• Tucker  + student              - Brown 
• Peterson                            - Carnegie Mellon  
• open to new participants 

• NSF grant: reduce/analyze 1st 3 years of data 
• Timbie (PI) / AS received NSF-AAG Grant (2016 - 2019 ) 
• Tianlai Analysis Center

• computing/storage  @ FNAL & Open Science Grid 

• Manpower limited

U.S. Participation in Tianlai



Tianlai Configuration(s)

•	Band		700-800MHz	(0.77<z<1.3)	
1024	frequency	channels	
	 (δν=100kHz	δz=0.0002)	
tunable	in	600-1420MHz	

• Cylinder	Array		3	x	15m	x	40m	cylinders	
96	dual	polarization	feeds	
4	sec	sampling	

•	Dish	Array		16	x	6m	dishes	
16	dual	polarization	feeds	
1	sec	sampling	

•	Pathfinder+	Cylinder	Array	
216	dual	polarization	feeds	
4	sec	sampling	

•	Full	Cylinder	Array		8	x	15m	x	120m	
2048	dual	polarization	feeds	
400-1420MHz

Pathfinders to demonstrate basic principle 
and encounter all issues rapidly 



• Tuneable: 
• 600 < ν < 1420Mhz (0<z<1.36) [fixed 100 Mhz bandwidth] 

• Cylinders: 
• equal/unequal spacing of feeds on cylinder 
• feed placement on cylinders may be same or different 

• redundancy vs broader u-v coverage (less mode mixing) 

•  Dishes: 
• pointable / tracking 
• arrangeable in any ground configuration 

R&D: plan to play with all the knobs 

Pathfinder Highly Configurable Transit Telescope
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with lessons learned from current pathfinder array fill out and expand (cylinder) array  

• expand (cylinder) array to do lower noise / higher resolution imaging of Northern sky.   

• make HI maps, PHI[k] for cosmological parameters e.g. BAO/DE. 

arrays with a large number of receivers or surveys on
forthcoming “SKA-precursor” arrays such as MeerKAT
and ASKAP.

3. Facility—Survey on a future large array, covering a wide
redshift range over most of the sky. Facility-type surveys
will compete with other large (DETF Stage IV)
experiments to produce the most precise cosmological
parameter estimates and will be able to probe novel H I-
only effects for the first time. The only planned
experiments of this type so far are the Phase I SKA
arrays, although the full CHIME and Tianlai configura-
tions could also fall into this class.

We have chosen representative configurations for each of
these classes (see Table 2) that will be used to illustrate the
expected progress of H I IM experiments over the next decade.

We have also forecasted for the following real (existing,
proposed, or plausible) experiments:

ASKAP: An SKA pathfinder consisting of thirty-six 12 m
dishes, each with 36-element PAFs, located at the
eventual site of SKA1-SUR in Australia (Johnston
et al. 2008).

BAOBAB: Proposed compact array of 128 1.6 m tiles with
four dipoles per tile, co-located with GBT or
SKA1-MID (Pober et al. 2013).

BINGO: A proposed 40 m (25 m illuminated) multi-recei-
ver single-dish telescope in South America (Battye
et al. 2013).

CHIME: A proposed array made up of 20 × 100 m cylinders
(20 × 80 m illuminated), based in British Colum-
bia, Canada. There is a pathfinder with two half-

Table 2
Telescope Configurations Used in This Paper

Experiments Tinst Nd × Nb Ddish Dmin Dmax ncrit nmax
IM nmin

IM nD IM zmin zmax Sarea
[K] [m] [m] [m] [MHz] [MHz] [MHz] [MHz] [deg2]

Ref. Stage I 50 1 × 50 30.0 L L L 1100 800 300 0.29 0.77 5,000
• Stage II 35 160 × 1 4.0 4.0 53.0 1000 1000 600 400 0.42 1.37 2,000

Facility 20 250 × 1 15.0 L L L 1100 400 700 0.29 2.55 25,000

Existing
Facility

GBT 29 1 × 1 100.0 L L L 920 680 240 0.54 1.09 100

GBT-HIM 33 1 × 7 100.0 L L L 900 700 200 0.58 1.03 1,000
GMRT 70 30 × 1 45.0 L L L 1420 1000 420 0.00 0.42 1,000
JVLA 70 27 × 1 25.0 L L L 1420 1000 420 0.00 0.42 1,000
Parkes 23 1 × 13 64.0 L L L 1420 1155 265 0.00 0.23 5,000
VLBA 27 10 × 1 25.0 L L L 1420 1200 220 0.00 0.18 5,000

▴ WSRT + APERTIF 52 14 × 37 25.0 L L L 1300 1000 300 0.09 0.42 25,000

Targeted IM • BAOBAB-128 40 128 × 1 1.6 1.6 26.0 L 900 600 300 0.58 1.37 1,000
BINGO 50 1 × 50 25.0 L L L 1260 960 300 0.13 0.48 5,000

à CHIME 50 1280 × 1 20.0 L L L 800 400 400 0.77 2.55 25,000
FAST 20 1 × 20 500.0 L L L 1000 400 600 0.42 2.55 2,000

• MFAA 50 3100 × 1 2.4 0.1 250.0 950 950 450 500 0.49 2.16 5,000
à Tianlai 50 2048 × 1 15.0 L L L 950 550 400 0.49 1.58 25,000

Pre-SKA ▴ ASKAP 50 36 × 36 12.0 L L L 1000 700 300 0.42 1.03 25,000
KAT7 30 7 × 1 13.5 L L L 1420 1200 220 0.00 0.18 2,000
MeerKAT (B1) 29 64 × 1 13.5 L L L 1015 580 435 0.40 1.45 25,000
MeerKAT (B2) 20 64 × 1 13.5 L L L 1420 900 520 0.00 0.58 25,000

SKA Phase I SKA1-MID (B1)
Autocorr.

28 190 × 1 15.0 L L L 1050 350 700 0.35 3.06 25,000

◦ SKA1-MID (B1)
Interferom.

28 190 × 1 15.0 L L L 1050 350 700 0.35 3.06 100

SKA1-MID (B2)
Autocorr.

20 190 × 1 15.0 L L L 1420 900 520 0.00 0.58 25,000

◦ SKA1-MID (B2)
Interferom.

20 190 × 1 15.0 L L L 1420 900 520 0.00 0.58 50

▴ SKA1-SUR (B1) 50 60 × 36 15.0 L L 710 900 400 500 0.58 2.55 25,000
▴ SKA1-SUR (B2) 30 96 × 36 15.0 L L 1300 1150 650 500 0.23 1.18 25,000

SKA1-MID + Meer-
KAT(B1)a

L L L L L L 1050 350 700 0.35 3.06 25,000

SKA1-MID + Meer-
KAT (B2)a

L L L L L L 1420 900 520 0.00 0.58 25,000

Notes. The assumed observing mode of each telescope is denoted by: ( ) Single-dish; (▴) Single-dish with Phased Array Feed; (◦) Dish Interferometer; (•) Dense
Aperture Array; (à) Cylinder Interferometer. Some Instruments can operate over a wider frequency range than shown here; where this is the case, our values
correspond to the most appropriate nmax for IM, or we include multiple bands.
a For Combined Arrays, in redshift bins where the bands overlap, we find T ,inst Ddish by averaging the values for each sub-array, weighted by the number of dishes.
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prevent any strong degeneracies from completely killing the
-w wa0 constraints. In fact, Figure 12 shows that they are

more sensitive to assumptions about H0 than to curvature.

It is improved knowledge of the late-time expansion that
most helps separate the effects of curvature and dark energy.
We see this clearly in Figure 15, where s -[ (Ω )]K

1 is plotted as

Table 4
1D Marginal Constraints (68% CL) on the Extended ΛCDM Model, Including the Planck Prior

Experiments A h ΩK ΩDE ns σ8 γ w0 wa FOM
/ 10−2 / 10−3 / 10−4 / 10−3 / 10−4 / 10−3 / 10−2 / 10−2 / 10−2

Stage I 18.9 32.3 47.9 22.3 38.5 8.1 3.6 31.3 85.2 13.8
Stage II 13.2 23.7 33.1 17.2 38.0 7.8 4.4 15.2 33.1 39.9
Facility 5.2 8.7 13.6 6.9 35.0 6.0 1.8 5.4 14.9 265.4

GBT 73.9 131.9 178.4 93.4 38.6 8.2 20.1 95.0 221.8 1.1
GBT-HIM 31.2 64.3 78.9 45.4 38.6 8.2 9.8 50.7 126.9 4.2
GMRT 54.3 37.1 153.0 19.3 38.5 8.2 4.1 35.8 184.2 7.0
JVLA 57.7 43.0 175.3 22.6 38.6 8.2 4.5 40.1 209.2 5.5
Parkes 51.2 28.4 322.6 32.6 38.4 8.2 2.7 44.7 335.5 3.6
VLBA 74.8 47.8 826.9 86.2 38.6 8.2 3.8 91.7 799.8 0.8
WSRT + APERTIF 11.2 11.1 41.2 6.5 37.7 8.0 1.5 15.1 66.4 57.6

BAOBAB-128 24.3 50.2 71.3 36.6 38.5 8.1 9.0 33.3 71.4 8.0
BINGO 25.8 30.8 90.0 16.1 38.5 8.2 2.8 44.1 172.5 7.8
CHIME 3.0 8.7 9.7 7.1 30.2 5.2 3.4 5.0 15.1 288.1
FAST 7.5 13.5 16.0 10.1 33.5 6.4 3.2 7.1 18.5 144.7
MFAA 5.7 11.9 14.1 9.1 32.2 6.0 3.1 6.3 17.2 165.7
Tianlai 3.6 8.0 11.9 6.3 28.7 4.9 2.4 4.0 12.0 383.3

ASKAP 7.7 16.2 21.1 11.9 37.8 7.7 2.9 11.8 26.8 80.3
KAT7 114.0 76.4 1182.5 124.1 38.6 8.2 5.8 130.1 1138.6 0.4
MeerKAT (B1) 12.2 24.4 29.4 17.9 38.1 7.9 3.6 17.4 38.4 35.9
MeerKAT (B2) 10.2 9.4 26.8 6.1 37.5 7.7 1.5 6.4 29.5 171.4

SKA1-MID (B1) Autocorr. 6.2 11.2 16.1 8.7 35.9 6.6 2.3 7.1 17.6 162.5
SKA1-MID (B1) Interferom. 22.3 29.1 34.3 19.9 37.2 7.8 8.7 13.6 33.8 45.1
SKA1-MID (B2) Autocorr. 7.6 7.1 18.6 5.1 35.9 7.2 1.3 3.6 16.4 410.9
SKA1-MID (B2) Interferom. 368.2 37.3 94.3 19.0 38.0 8.2 10.6 22.8 86.5 18.5
SKA1-SUR (B1) 5.3 11.9 15.2 9.3 35.4 6.7 3.3 6.5 16.0 159.5
SKA1-SUR (B2) 4.5 6.5 12.2 5.3 35.3 5.7 1.4 3.8 12.2 444.2
SKA1-MID + MeerKAT (B1) 6.4 11.6 16.7 9.0 36.1 6.8 2.4 7.5 18.2 148.9
SKA1-MID + MeerKAT (B2) 7.7 7.1 18.6 5.1 35.9 7.2 1.3 3.5 16.3 414.7

DETF Stage IV (gal. survey) 2.4 7.5 8.6 6.2 27.1 5.3 3.2 4.1 12.8 405.5

Fiducial values 1.0 0.67 0.0 0.684 0.962 0.834 0.55 −1.0 0.0 L

Note. The constraint on A (which has been summed over all redshift bins) gives a measure of the detectability of the BAO.

Figure 14. Improvement in dark energy FOM as a function of the maximum
redshift of the survey (ΩK and γ marginalized).

Figure 15. Improvement in ΩK constraints as a function of maximum redshift
of the survey. We have marginalized over w0, wa and γ here.
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Bull et al. 2014
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Tianlai Pathfinder Goals
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• Implement large interferometric arrays in a quiet site in western China to obtain a 
high fidelity 3D image of Northern Sky w/ 100MHz bandwidth. Accurate beam 
calibration is essential. 

• Compare cylinder arrays with dish arrays  (also cross correlate dish/cylinder) 

• Experiment with cylinder feed arrangements / dish placements. 

• Experiment with different calibration schemes: artificial calibration sources on 
ground and in air; natural calibrations sources:  Sun and other bright sources, 
pulsars, holography; numerical modeling of beam. 

• Deep imaging of North Celestial Cap (NCC) with dish array. 

• Optimize algorithms and telescope arrangement for best foreground removal. 

• Construct redshift space HI emission maps especially in NCC. 

• Vary frequency band up to 1.4GHz (lo-z 21cm) so as to make maps to compare with 
LSS with optical redshift surveys SDSS and NCCRS.



• 2014: 
• basic infrastructure: roads, buildings, power, optical fibers 
• electronics design 

• 2015: 
• scientific infrastructure: reflectors finished  
• much of electronics installed 
• first fringe 
• engineering / debugging 

• 2016: 
• engineering / debugging 
• astronomical imaging of bright sources 
• several runs with dish array : mostly NCC 
• 1 run with with cylinders 

• 2017: 
• fix hardware issues (some down time) 
• develop test calibration methods (mostly offline analysis development while taking data) 
• cylinder+dish runs 

• 2018: 
• production runs 
• transient backend / outriggers? 

• 2019: 
• production runs 
• tune dishes to lo-z 
• transient backend / outriggers?

Timeline



• software development 

• computer resources / data storage 

• data reduction 

•  data visualization tools/repository 

• feedback for instrumentation / observational strategy 

• EM simulations  and modeling of beams 

• beam calibration techniques 

• transient detections

Tianlai Analysis Center

http://cmb.physics.wisc.edu/tianlai/Quicklook/NPfrom20160513184533to20160516184532/html/
http://cosmology.bao.ac.cn/~lijixia/tmp/combined_0.3s.gif


EM Simulations



Dish Array as Polarscope
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• By pointing disk array toward pole will integrate 
down to low map noise temperature rapidly. 

•  WANTED: NCC optical spectroscopic survey of 
existing photometric survey to compare to



Transients



• Tianlai Analysis Center NSF Grant ends in 2019! 

• but Tianlai will continue and expand. 

• continued/expanded US participation after 2019?  

• most flexible developmental machine for HI intensity mapping 

• excellent site wrt RFI. 

• Tianlai buildout ≳ CHIME 

• low entry costs relative to a new scope 

• Chinese lead in funding

Tianlai Target Of Opportunity



Additional Slides
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Foreground removal efficacy remains a significant issue

17

Even for dark radio sky ~1K foreground is ~104 larger than ~100μK signal 
Foregrounds are expected to be smooth in frequency  
… but are they?

de Oliveira-Costa et al. 2008
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Purity and Telescope Design

18

• A high purity interferometer is an one which for a given 
bandwidth has close to nbeam very “pure” synthetic beams.

• Purity number: -ln[1-𝑝a] is large for very pure modes
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configuration space: split circle into n compact subarrays



Optimizing Dish Array Design

• By rearranging dish array elements (to within a fraction of λ) one can 
decrease the amount of mode mixing in synthetic beams by a large amount. 

• mode mixing - aliasing of angular modes into frequency modes - which 
effects degree one can remove foreground
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declination dependence of purity eigenbeams

brown curve gives the eigenbeam in the full (full bandwidth) space of beams. 

colored curves are projection of a single channel space of beams for 12 different frequency channels. 

different channels are colored differently 

however for this purest eigenbeam the patterns are largely identical so only see one channel (red)
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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 vari-
ous configurations, including dish arrays and cylinders. We describe the computation of the
instrument response function, the point spread function (PSF), transfer function, the noise co-
variance 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 ir-
regular spacing, specially in the north-south direction. A good knowledge of the noise power
spectrum Cnoise(`) is essential for intensity mapping experiments as non uniform Cnoise(`) is
a potential problem for the measurement of the HI power spectrum. Different 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 – cos-
mology: 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 statisti-
cal properties of Large Scale Structure (LSS) in the Universe, com-
plementary to optical surveys. However, given the very faint radio
brightness 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 sufficient precision
in order to be competitive with the optical galaxy surveys. In recent
years, the intensity mapping technique has been suggested as an ef-
ficient 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 to constrain dark energy through the Baryon Acous-
tic Oscillations (BAO) and Redshift Space Distortions (RSD) mea-
surements (Peterson et al. 2006; Chang et al. 2008; Ansari et al.

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

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 . 1mK 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 (possi-
bly equipped with multi-beam receivers) and interferometer arrays
have been proposed. Single dish intensity mapping surveys have
been carried 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 Ob-
servations) project which is a single dish radio telescope equipped
with an array of feeds in the focal plane (Battye et al. 2013; Dick-
inson 2014). The interferometer arrays include CHIME (Canadian
Hydrogen Mapping Experiment) in Canada which is currently in
the final stages of the construction of 5 large cylindrical reflec-
tors (Bandura et al. 2014) and the Tianlai (Chinese for "heavenly

© 2016 The Authors
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ABSTRACT

The Tianlai experiment is dedicated to the observation of large-scale structures (LSS) by the 21 cm intensity
mapping technique. In this paper, we make forecasts concerning its ability to observe or constrain the dark energy
parameters and the primordial non-Gaussianity. From the LSS data, one can use the baryon acoustic oscillation
(BAO) and growth rate derived from the redshift space distortion (RSD) to measure the dark energy density and
equation of state. The primordial non-Gaussianity can be constrained either by looking for scale-dependent bias in
the power spectrum, or by using the bispectrum. Here, we consider three cases: the Tianlai cylinder array pathfinder
that is currently being built, an upgrade of the Pathfinder Array with more receiver units, and the full-scale Tianlai
cylinder array. Using the full-scale Tianlai experiment, we expect σw0 ∼ 0.082 and σwa

∼ 0.21 from the BAO and
RSD measurements, σ local

fNL
∼ 14 from the power spectrum measurements with scale-dependent bias, and σ local

fNL
∼ 22

and σ
equil
fNL

∼ 157 from the bispectrum measurements.

Key words: cosmological parameters – large-scale structure of universe

1. INTRODUCTION

Baryon acoustic oscillations (BAO) are the frozen sound
waves that were present in the photon-baryon plasma prior to the
recombination epoch, and they imprint features on the cosmic
microwave background (CMB) as well as large-scale structures
(LSS) in the later universe. The (comoving) characteristic scale
of the BAO is determined by the sound horizon at the last
scattering surface:

s =
∫ trec

0
cs (1 + z)dt =

∫ ∞

zrec

cs dz

H (z)
, (1)

where cs is the sound speed, H (z) is the Hubble expansion
rate, and trec and zrec are the recombination time and redshift,
respectively. The BAO scale provides a standard ruler to
measure the angular diameter distance DA(z) and the Hubble
parameter H (z) (Seo & Eisenstein 2003; Blake & Glazebrook
2003), and hence serves as a promising tool to constrain the
properties of dark energy, which determines the expansion rate
of the universe. This technique has successfully been used to
place cosmological constraints on dark energy parameters from
optical surveys (e.g., Anderson et al. 2014).

In addition to observing the cosmic expansion history through
the BAO features in the matter power spectrum, a LSS measure-
ment can also provide the structure growth rate f (z) from red-
shift space distortions (RSDs). The RSD features in the galaxy
distribution have also been used to constrain the cosmological
parameters and to distinguish dark energy and various modified
gravity models (e.g., Guzzo et al. 2008; Wang 2008; Linder
2008; Beutler et al. 2014; Samushia et al. 2014). The BAO and
RSD features complement each other, and may also help break
the degeneracy in dark energy and modified gravity models.

The LSS in the universe could also be measured through the
21 cm emission from neutral hydrogen (H i) in galaxies, though
current radio observations of H i in galaxies, e.g., the ALFALFA

survey (Giovanelli et al. 2005), are limited to redshift z ! 0.2 at
the present time. While some telescopes that are currently being
constructed, e.g., FAST (Nan et al. 2000), ASKAP (Johnston
et al. 2008; Booth et al. 2009), and MeerKAT (Nan et al. 2000),
will have much greater sensitivities, an H i survey of galaxies
at high redshift would still be a challenging task. Even for the
Square Kilometer Array, with its wide area H i galaxy survey, the
power to constrain cosmological parameters is only comparable
to the existing optical galaxy surveys (Rawlings et al. 2004;
Abdalla et al. 2010).

However, power spectrum constraints on cosmological
paramters can be efficiently obtained using dedicated telescopes
with lower resolution than galaxy surveys. Instead, one could
observe in the intensity mapping mode, in which each pixel
or voxel contains many galaxies. Many epoch of reionization
experiments are in fact intensity mapping experiments, and the
same method can also be used to observe LSS in the redshift
range 0 < z < 3, which is predicted to be more sensitive to
cosmological parameters than current galaxy surveys (Chang
et al. 2008; Peterson et al. 2009). This method has been tested
with existing telescopes such as the Green Bank Telescope and
the Parkes telescope, and has detected positive cross-correlation
between 21 cm and optical galaxies (Chang et al. 2010; Masui
et al. 2013; Switzer et al. 2013). However, the time available on
these general purpose telescopes is limited. It has been argued
that large cylindrical reflectors can be cheaply made and used
in hydrogen survey experiments (Peterson et al. 2006).

In a cylinder array designed for this purpose, a number of
cylinder reflectors are fixed on the ground, pointing to the zenith
along the north–south direction and in parallel with each other.
Receiver feeds are placed along the focus line of each of the
cylinders, forming an interferometer array. As the Earth rotates,
the array will drift scan the visible sky. For observation of the
BAO features in the LSS, which can be used to probe dark
energy properties, a cylinder array size of 100–150 m would be
optimal (Ansari et al. 2008, 2012; Seo et al. 2010).
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Figure 15. Comparison of the reconstructed and the input map for the circular configuration and mid-latitude survey; top: LAB map, after application of the
high pass W3 filter, in the declination range 20� < � < 70� (1); middle: the reconstructed map in the range 30� < � < 60� with both W1 and W2 filters
(2); bottom: the difference map (1)-(2) between (1) and (2) in the range 30� < � < 60�.
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Figure 16. Comparison of the reconstructed and the input map for the circular configuration-polar cap survey; left: input LAB map with W3 high pass filter,
in the polar cap area, within 20� radius (1); centre: the reconstructed map with Tianlai 16-dish circular array polar cap survey within a radius of 16� (2); right:
the difference map (1)-(2)

reconstructed map with both W1 and W2 filters applied, and re-
stricted to the observed area, while the difference map is shown in
the bottom panel.

In Fig. 16 we compare the reconstructed map to the high-pass
filtered input map for the polar cap survey. Again the reconstructed
map resembles the high-pass filtered map except at the borders,
beyond the surveyed region at � . 75�. We see that the map re-
construction, transfer function and noise power spectrum computa-
tion is correctly handled in the polar region, as well as in the mid-
latitude, while higher sensitivities could be obtained in the polar
cap area thanks to longer per pixel integration time.

5.2 Tianlai 16-dish array sensitivity

Figure 17 shows the comparison of the Milky May 21–cm power
spectrum with the Tianlai 16-dish and PAON-4 noise power spec-
tra. The 21–cm power spectrum is derived from the LAB (for
` < 750) survey and GALFA survey data (Peek et al. 2011) survey
(for ` > 750). We have rescaled the angular power spectra with sky
coverage fraction, i.e. what is plotted is Cmap(`)⇤ (1/fsky), where
Cmap(`) is the map raw, uncorrected angular power spectrum. The
blue curve in Fig. 17 is the noise power spectrum for PAON-4, and

the magenta curve is the noise power spectrum of the Tianlai 16-
dish circular array. We see that the noise power spectrum for both
PAON-4 and Tianlai 16-dish array are well below the Galactic HI
power, so both should be able to measure the Galactic HI without
difficulty.

Both the PAON-4 and Tianlai-16 dish array are small proto-
type arrays, their sensitivities are not sufficient to detect the neu-
tral hydrogen in the large scale structure within reasonable time. In
order to detect the latter, arrays with many more elements are re-
quired. To see this, we compare the noise angular power spectrum
with the expected signal from the large scale structure C

sig(`) =
C

21(`) ⇥ T (`) at 1050 MHz (z = 0.35), taking into account the
transfer function T (`). We have assumed a global neutral hydro-
gen relative density of ⌦HIb = 0.62 ⇥ 10�3 (Switzer et al. 2013)
with bias factor b = 1 to compute the expected cosmological 21–
cm signal C21(`). To simplify the computation and also make the
comparison easier, we consider several regular square arrays, with
16, 64, 144 and 256 dishes. In Fig.18 we plot the forecast noise an-
gular power spectra for these four configurations, respectively 4⇥4,
8⇥8, 12⇥12, and 16⇥16 D=6 m dish arrays. We have considered a
survey covering a 20� band in declination (35�100 < � < 53�100),
composed of 13 constant declination scans, each shifted by 1.5 de-
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