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A B S T R A C T 

We present the science case for surv e ys with the Tianlai dish array interferometer tuned to the [1300, 1400] MHz frequency 

range. Starting from a realistic generation of mock visibility data according to the surv e y strate gy, we reconstruct maps of the sky 

and perform foreground subtraction. We estimate the level of residuals from imperfect subtraction, mostly due to mode mixing, 
i.e. distortions in the reconstructed 3D maps due to frequency-dependent instrument response. We show that a surv e y of the 
North Celestial Polar cap during a year of observations, co v ering an area of 150 deg 

2 , would reach a sensitivity of 1 . 5 − 2 mK 

per 1 MHz × 0 . 25 

2 deg 

2 voxel and be marginally impacted by mode mixing. Tianlai would be able to detect ∼10 nearby massive 
H I clumps as well as a very strong cross-correlation signal of 21 cm intensity maps with the North Celestial Cap Surv e y optical 
galaxies. We also studied the performance of a mid-latitude surv e y, co v ering ∼ 1500 de g 

2 o v erlapping the SDSS footprint. 
Despite a higher noise level for the mid-latitude surv e y, as well as significant distortions due to mode mixing, Tianlai would 

be able to detect a highly significant cross-correlation between the 21 cm signal and the Sloan spectroscopic galaxy sample. 
Using the extragalactic signals measured from either or both of these surv e ys, and comparing them with simulations such as 
those presented here will make it possible to assess the impact of various instrumental imperfections on the Tianlai dish array 

performance. This would pave the way for future intensity mapping surv e ys with higher sensitivity. 

Key words: instrumentation: interferometers – large-scale structure of Universe – radio lines: galaxies. 
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 I N T RO D U C T I O N  

1 cm Intensity Mapping (IM) is a promising technique to map 
he cosmological large scale distribution of matter through the 
bservation of 21 cm radio emission/absorption of neutral hydrogen 
as (H I ), while not requiring the detection of individual sources
Bharadwaj, Nath & Sethi 2001 ; Battye, Davies & Weller 2004 ) and
as been largely explored in the context of the search for the EoR
Epoch of Reionization) signal (Pritchard & Loeb 2008 ; Morales & 
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yithe 2010 ). Subsequently, it was suggested that post-EoR 21 cm
ntensity Mapping surv e ys could be used to constrain dark energy
hrough the measurement of the Baryon Acoustic Oscillations (BAO) 
cale (Chang et al. 2008 ; Seo et al. 2010 ; Ansari et al. 2012 ) in the
arge scale structure (LSS) distribution, o v er a broad redshift range
 z � 6). Such surv e ys require instruments with large instantaneous
andwidth and field of view and several groups ha ve b uilt dense
nterferometric arrays to explore IM, such as CHIME (Bandura et al.
014 ) or Tianlai (Chen 2012 ) in the last decade. Smaller instruments
uch as PAON4 (Ansari et al. 2020 ) and BMX (O’Connor et al.
021 ) have also been built to explore specific technical aspects of
hese arrays, as well as transit mode operation and calibration. 
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Table 1. Measured cross-correlations of redshifted H I emission with optical galaxy redshift surv e ys are listed in the first set of entries. 
The last two entries describes the proposed surv e ys analysed in this paper. GBT is the Green Bank Telescope. NCCSz is an ongoing 
redshift surv e y described in the text. The significance of the detection could not easily be determined from Pen et al. ( 2009 ). Wolz et al. 
( 2022 ) uses an extended version of the GBT observations of Masui et al. ( 2013 ). Both Wolz et al. ( 2022 ) and Amiri et al. ( 2022 ) correlate 
separately the same radio data with three different redshift samples. The two Tianlai dish surv e ys require separate radio observations. 

Redshift range Significance Radio telescope Optical redshift surv e y Reference 

0–0.042 – Parkes 6dF Pen et al. ( 2009 ) 
0.53–1.12 4 σ GBT DEEP2 Chang et al. ( 2010 ) 
0.58–1 6 σ GBT WiggleZ Masui et al. ( 2013 ) 
0.057–0.098 5.7 σ Parkes 2df Anderson et al. ( 2018 ) 
0.6–1 4.8 σ GBT WiggleZ Wolz et al. ( 2022 ) 
0.6–1 5 σ GBT eBOSS-ELG Wolz et al. ( 2022 ) 
0.6–1 4.4 σ GBT eBOSS-LRG Wolz et al. ( 2022 ) 
0.78–1.00 7.1 σ CHIME eBOSS-LRG Amiri et al. ( 2022 ) 
0.78–1.10 5.7 σ CHIME eBOSS-ELG Amiri et al. ( 2022 ) 
0.80–1.43 11.1 σ CHIME eBOSS-QSO Amiri et al. ( 2022 ) 
0.400–0.459 7.7 σ MeerKAT WiggleZ Cunnington et al. ( 2022 ) 

0–0.068 ∼40 σ Tianlai dish SDSS main sample this paper (forecasts) 
0–0.068 ∼15 σ Tianlai dish NCCSz this paper (forecasts) 
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HIME has pro v ed to be a powerful fast radio burst and pulsar
bservation machine (The CHIME/FRB Collaboration 2021 ) and
as moti v ated the design and construction of larger, dish-based,
ense interferometric arrays such as HIRAX (Newburgh et al. 2016 )
nd CHORD (Vanderlinde et al. 2019 ). Non-interferometric surv e ys
ave also been considered, such as BINGO (Battye et al. 2016 ;
uensche et al. 2022 ), FAST (Hu et al. 2020 ) or using the SKA

recursor MeerKAT (Wang et al. 2021 ). Intensity Mapping is also
eing used to search for signals from the EoR and the cosmic dawn,
t redshifts abo v e z � 10, by several large radio-interferometers, such
s LOFAR (van Haarlem et al. 2013 ), MWA (Tingay et al. 2013 ),
ERA (DeBoer et al. 2017 ), and LWA (Eastwood et al. 2018 ). It is

lso planned to be used with SKA-low (Mondal et al. 2020 ). 
Tianlai is an international collaboration, led by NAOC, which

uilt and operated two radio-interferometers dedicated to 21 cm
ntensity Mapping since 2016 (Das et al. 2018 ). The first instrument
s composed of three cylindrical reflectors, equipped with a total of 96
ual-polarization feeds (Li et al. 2020 ) while the second instrument,
he Tianlai Dish Pathfinder Array (hereafter T16DPA) features 16 on-
xis dishes, 6 m in diameter, equipped with dual-polarization feeds,
nd arranged in a near-hexagonal configuration. The two instruments
re located in a radio quiet site in Hongliuxia, Balikun county,
n the Xinjiang autonomous region, in north-west China. The two
rrays have been observing in the frequency band [700, 800] MHz,
orresponding to the redshift range z ∼ [0.775, 1.029]. We recently
eported on the various aspects of the operation and performance of
he Tianlai Dish Pathfinder Array (Wu et al. 2021 ). 

Detection of the cosmological H I signal and the ability of large
nstruments to constrain the � CDM model, specifically the dark
nergy equation of state, through IM surv e ys co v ering the redshift
ange z � 3–6 has been e xtensiv ely e xplored for large dedicated
nstruments (Bull et al. 2015 ; Cosmic Visions 21 cm Collaboration
018 ), or with existing or planned general purpose instruments such
s SKA (Villaescusa-Navarro, Alonso & Viel 2017 ; Bacon et al.
020 ) and FAST (Smoot & Debono 2017 ). 
Given the challenge of direct observation of the cosmological
 I signal, several attempts have been made to detect 21 cm cross-

orrelations, i.e. 21 cm-induced correlations of low angular resolu-
ion radio maps with optical galaxy redshift surv e ys. Table 1 gives pa-
ameters of measurements of these 21 cm cross-correlations, as well
s the corresponding references. Until recently cross-correlations
NRAS 517, 4637–4655 (2022) 
ave only been detected with large single dish radio telescopes. The
rst detection of cross-correlations with an interferometric array, an
rray specifically designed for hydrogen intensity mapping, has been
ade by CHIME (Amiri et al. 2022 ). 
The two Tianlai pathfinder instruments are also interferometric

rrays designed for hydrogen intensity mapping, but are smaller than
HIME. Both, especially the dish array, are too small to be sensitive

o the cosmological 21 cm signal around z ∼ 1. In this paper, we
tudy the extragalactic H I signals that could be detected by the
16DPA by tuning its frequency band to very low redshifts ( z � 0.1),

hrough a detailed simulation of the reconstructed signal, taking into
ccount the instrument response and surv e y strate gy. Observation
f these extragalactic H I signals can be used to precisely assess
he instrument, surv e y, and data analysis performance, especially the
oreground subtraction and mode mixing, as discussed below. 

We present an o v erview of the science targets of the Tianlai Dish
rray low-redshift surv e ys in Section 2 , while the simulation and

nalysis methods common to the different science cases are discussed
n Section 3 , as well the expected survey sensitivities. Possible
irect detection of nearby large H I o v erdensities, corresponding
o galaxies or group of galaxies, referred to as H I clumps in this
aper, is presented in Section 4 . The prospects for detecting large
cale structures at low redshifts ( z � 0.1) in cross-correlation with
he SDSS and NCCS optical galaxy surv e ys is discussed in Section 5 .
ur findings are summarized and further discussed in the last section

section 6 ). 

 LOW  REDSHIFT  SURV EYS  WI TH  T I A N L A I  

he Tianlai dish array reflectors are equipped with feeds having a
requency bandwidth much larger than the instantaneous 100 MHz
andwidth of the digitization and correlator system. The instrument
bservation band is defined by the analogue RF filters and the local
scillator frequency, which can be easily modified. It is planned to
une the Tianlai Dish Pathfinder Array (T16DPA) frequency band to
bserve in the [1330, 1430] MHz band, corresponding to the redshift
ange 0 � z � 0.068. 

In addition, the T16DPA dishes are fully steerable, which allows
argeted observations, although in drift-scan mode. 

The North Celestial Polar cap (NCP), accessible to the Tianlai
ish Array, presents se veral adv antages and is an optimal target to
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Figure 1. Projected noise power spectrum P noise ( k ) and the accessible trans- 
verse k ⊥ range for a survey of the NCP region by T16DPA. The grey line show 

the expected linear 21 cm power spectrum at redshift z = 1, while the red line 
shows the non-linear power spectrum from simulations (Villaescusa-Navarro 
et al. 2018 ) assuming a mean 21 cm brightness temperature T̄ 21 = 0 . 136 mK . 
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arry out deep, high sensitivity observations, as suggested in Zhang 
t al. ( 2016 ). A preliminary analysis of long duration observations of
he NCP at z ∼ 1 with T16DPA has also been presented in Wu et al.
 2021 ). 

Detection of the cosmological H I signal in the presence of
oregrounds, dominated by Galactic synchrotron radiation and radio 
ources which are several thousand times brighter than the signal, 
s one of the major challenges of Intensity Mapping surv e ys.
he smooth frequency dependence of the foreground emissions, 
ompared to the cosmological H I signal, is the key feature used to
xtract the 21 cm signal. Ho we ver, radio instruments are diffraction-
imited, resulting in frequency-dependent beams. In addition, for an 
nterferometer, the set of transverse wave modes sampled by a given 
aseline varies with frequency. Mode mixing refers broadly to the 
mpact of this frequency-dependent instrument angular response on 
oreground subtraction. 

In addition, imperfect knowledge of key instrument parameters, 
uch as the bandpass response, gain and phase calibration, instrument 
oise, and array configuration and pointing significantly degrades the 
 v erall surv e y performance. Low redshift surv e ys can be considered
s a pathfinder to pro v e the ef fecti veness of a dense interferometric
ish array using transit mode observations. As we shall discuss in 
etail below, there are low-z extragalactic H I signals, with structur-
ng in redshift similar to the cosmological LSS signals expected to be
een at higher redshifts, that will be within the T16DPA sensitivity
each. The observation of these low-z extragalactic signals, and 
he comparison of their observed strength and spatial and spectral 
ehaviour, with the predictions from simulations such as the ones 
iscussed here, would be a reliable method to assess quantitatively the 
mpact of the abo v e-mentioned instrumental effects on the reco v ered
ignal, and the level of the residuals from foreground subtraction. 
ross-correlations of 21 cm observations with optical surv e ys should 
e less sensitive to foregrounds than direct reconstruction of the 
xtragalactic H I signal. Ho we ver, as sho wn in Section 5 , robust
ore ground remo val techniques are still necessary to extract this
ross-correlation signal. 

Possible detection of individual extrag alactic sources, g alaxies or 
roups of galaxies is one advantage of low redshift observations 
ith T16DPA, as the signal strength increases for nearby sources 

s d −2 
L ( z), where d L ( z) is the luminosity distance to redshift z for

 giv en source. Be yond a redshift of z � 0.2, the impact of the
ncreased volume on the aggregate emission of sources within a 
iven reconstructed voxel is far from compensating for the decrease 
n signal strength. Indeed, the T16DPA angular resolution of 0.25 ◦

0.5 ◦, translates into a voxel transverse size ranging from ∼ 2 Mpc
t z ∼ 0.1 to ∼ 10 Mpc at z ∼ 0.5. The voxel size thus exceeds even
he cluster size at redshift 0.5, making direct detection of individual 
tructures (galaxies, clusters) by T16PDA, quite unlikely beyond z 
 0.1 − 0.2, as will be shown in Section 4 . 
What about statistical detection of LSS through the 3D map 

utocorrelation power spectrum? The LSS power spectrum changes 
lowly with redshift, contrary to distances. One might then expect that 
n IM instrument’s ability to measure the LSS power spectrum would 
ot change significantly with redshift. Unfortunately, the sensitivity 
o observe the cosmological LSS power spectrum decreases sharply 
s redshift increases, due to the way the radio interferometer’s noise 
rojects on sky. Indeed, the noise power spectrum recorded by a 
adio instrument (either a single dish or an interferometer) projected 
n the sky, noted P noise ( k ), scales as (1 + z ) 2 d 2 M 

( z ), where d M 

( z )
tands for the transv erse como ving distance at redshift z, as shown
y Ansari et al. ( 2012 ), Bull et al. ( 2015 ), and others. This trend
s due to the mapping from instrument coordinates, the two angles 
efining a direction on sky and the frequency to a 3D position in a
osmological v olume, b ut does not include an y intrinsic noise lev el
ariation with frequency. Another derivation of the projected noise 
edshift dependence is presented in appendix A , and we obtain: 

 noise ( z) � (1 + z ) 2 d 2 M 

( z ) 
c 

H ( z ) 

δν

ν21 
( δθ0 ) 

2 × (
σT 

0 

)2 
, (1) 

here σT 
0 denotes the per pixel noise level and δθ0 the pixel angular

esolution for reconstructed maps at z = 0. 
Despite this steep increase of the noise level with redshift, an

ntensity mapping surv e y at z � 1 would be feasible using an array
ith several hundred dishes, thanks to the decrease of σ 2 

T or the noise
ower as the inverse of the number of antenna in the array. A surv e y
f the NCP by T16DPA would be sensitive to spherical harmonics
 � , m of the order of � in the range 75 � � � 850 at ν ∼ 1400 MHz
see Section 3 ), corresponding to angular scales 2 π / � . 

Taking into account evolution of the instrument angular scale 
ange with redshift ( � ∝ 1/(1 + z)), we obtain the surv e y transv erse
avenumber sensitivity range: 

 ⊥ 

( z) = 

� ( z) 

d M 

( z) 
(2) 

 

min ( z = 0) � 75 � max ( z = 0) � 850 (3) 

 

min , max 
⊥ 

= 

1 

(1 + z ) d M 

( z ) 
× � min , max ( z = 0) (4) 

We have gathered in Table 2 the voxel dimensions, and the
ccessible transverse k ⊥ 

range for a survey with angular scale 
ensitivities similar to T16DPA, map pixels with angular size 0.2 ◦

t ν ∼ 1400 MHz and frequency resolution 1 MHz . The projected 
oise level as a function of redshift is shown in Fig. 1 as well as the
ccessible transverse k ⊥ 

range for a T16DPA surv e y. The maximum
alue of the radial wavenumber k max 

‖ is also listed assuming vox-
ls with δν = 1 MHz resolution. Ho we ver, the T16DPA correlator
omputes visibilities with � 244 kHz frequency resolution, so the 
urv e y could reach a maximum k � four times higher than the values
isted in the table. Many foreground subtraction methods rely on the
moothness of synchrotron emission with frequency and thus remo v e
he signal modes with low k � . This is also true for e.g. PCA (Liu &
haw 2020 ), where the original smoothness in synchrotron radiation 

s broken in the data by the non-smooth instrument response, but
 correlation o v er different frequencies is retained. The simulations
MNRAS 517, 4637–4655 (2022) 

art/stac2832_f1.eps


4640 O. Per der eau et al. 

M

Table 2. Listed as a function of redshift are the comoving distance d M 

, voxel 
size (radial ( a � ), and transverse ( a ⊥ ) sizes, range of wavenumbers sampled 
and per voxel noise assuming 1 MHz pixels and per pixel noise of σ 2 

T = 

1 mK 

2 . Comoving lengths are in units of Mpc/h 70 , como ving wav enumbers in 
units of h 70 Mpc −1 and white noise power P noise in units of mK 

2 /(Mpc/h 70 ) 3 . 
See the text for lower cut-off on k � induced by foreground subtraction. 

z d M 

a ⊥ a � k min 
⊥ k max 

⊥ k max 
‖ P noise 

0.1 451 1.7 3.7 0.16 1.9 0.85 10 
0.2 880 3.7 4.2 0.08 0.96 0.75 40 
0.5 2028 10.6 5.5 0.037 0.42 0.57 280 
1.0 3536 24.7 7.3 0.021 0.24 0.43 1100 
2.0 5521 57.8 9.7 0.013 0.15 0.32 3600 

w
(

 

(  

m  

s  

G  

t  

t  

a  

T  

a  

e
 

d  

m  

i  

a  

a  

d  

(  

d  

a  

a  

m  

s  

s  

w

3
A

I  

i  

a  

a  

a  

S  

r  

n

1

2

3

3

T  

f  

p  

m  

v  

s  

a  

s  

p  

f  

p  

c
 

p  

a  

r  

a  

1  

s  

t  

s  

i  

r  

β  

w  

s  

u  

(  

b
 

a  

d  

a  

5

B

w  

w
 

i  

a  

a  

f  

a  

h

 

s
a  

f  

∼
 

p  

5

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/3/4637/6754328 by Ferm
ilab user on 25 January 2023
e have carried out here suggest a low cut-off value k min 
‖ ∼ 0 . 15 k max 

‖ 
see Section 3.4 ). 

The left-hand panel of Fig. 2 shows the radio sky near the NCP
North Celestial Pole) at 1350 MHz, as synthesized by our foreground
odel, described in Section 3.1 , which includes diffuse Galactic

ynchrotron and radio sources. The map has been smoothed by a
aussian filter to enhance rendering and ease the comparison with

he reconstructed map. We highlighted the brightest radio sources in
his field. Their characteristics, retrieved from on-line archives such
s NED 

1 or with Simbad 2 and VizieR 

3 are summarized in Table 3 .
his field has also been observed by large scale radio interferometric
rrays such as 21CMA (Zheng et al. 2016 ) and LOFAR (Yatawatta
t al. 2013 ). 

The visibility simulation and 3D map reconstruction is briefly
escribed in Section 3 , as well as the foreground subtraction
ethods we have used. Two surveys are studied here as described

n Section 3.1 : a deep surv e y co v ering ∼ 150 de g 2 around the NCP,
nd a mid latitude surv e y co v ering a ∼ 12 de g band in declination
round δ = 50 ◦. We will show in Section 4 that it is possible to
etect individual galaxies or groups of galaxies at very low redshifts
 z � 0.05) in the NCP region. We have also studied the statistical
etection of the LSS through cross-correlation with optical surv e ys,
s discussed in Section 5 . A mid latitude surv e y, co v ering a larger
rea, would be less sensitive due to higher noise level, but even
ore so due to much larger residuals from imperfect foreground

ubtraction, as discussed in Section 3 . Ho we ver, thanks to the larger
ky area, it would be possible to detect the cross-correlation signal
ith high statistical significance in both surv e ys. 

 PLANNED  SURV EYS,  SIMULATION,  A N D  

NALY SIS  

n this section, we first give an o v erview of the simulations performed
n this work, and e v aluate the performance of the critical steps of the
nalysis. First, in Section 3.1 , we describe the simulation parameters
nd tools that have been used. Then, the map reconstruction method
nd its response in the spherical harmonic domain is presented in the
ection 3.2 . In subsequent analyses we have used two foreground
emoval techniques, which are compared in Section 3.3 . Finally, the
oise levels of the simulated maps are analysed in Section 3.4 . 
NRAS 517, 4637–4655 (2022) 
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.1 Ov er view of the simulations 

he JSKYMAP 4 package has been used for computing visibilities
or the Tianlai dish array and the surv e y strate gies studied in this
aper. The package also pro vides sev eral tools for reconstructing
aps from transit visibilities. Here, we have used the m-mode

isibility computation and map making tools, which operate in the
pherical harmonics space Y � , m as described in Zhang et al. ( 2016 )
nd Shaw et al. ( 2015 ). The simulation and analysis pipeline includes
everal other C + + or python software modules, which handle the
reparation of the input data, such as the generation of H I sources
rom optical catalogues, foreground subtraction, source detection,
ower spectrum computation, and optical radio cross-correlation
omputation. 

The study presented here uses only intensity maps, ignoring
olarization. F ore grounds hav e been modelled through the co-
ddition of the diffuse synchrotron emission, represented by the
eprocessed Haslam map at 408 MHz (Remazeilles et al. 2015 )
nd the radio sources from the NVSS catalogue (Condon et al.
998 ). In practice, for each simulated observ ation frequency, dif fuse
ynchrotron emission and radio-sources have been extrapolated from
heir reference frequencies, (408 and 1400 MHz) using a constant
pectral index β for the diffuse component. Changing the spectral
ndex in the range β ∼ −2. . . − 2.5 has negligible impact on the the
esults discussed in this paper. We have used the rather pessimistic
= −2 value which maximizes the fore ground lev el. All sources

ith flux larger than 0 . 05 Jy and δ > 15 ◦ have been included in the
imulation. Other more complete foreground simulation approaches,
sing models as the GSM (Shaw et al. 2015 ) or the Planck Sky Model
Delabrouille et al. 2013 ) as in Alonso, Ferreira & Santos ( 2014 ) are
eyond the scope of this work. 
The array configuration used in the simulations corresponds to the

ctual positions of the Tianlai antennas. We have used a frequency
ependent single dish beam pattern B ( θ ), with azimuthal symmetry
nd modelled as an Airy disc with an ef fecti ve dish diameter D eff =
 . 6 m. 

( θ ) ∝ 

(
2 J 1 ( x) 

x 

)2 

x = 2 π
D eff 

2 λ
sin θ, (5) 

here J 1 is the order one Bessel function of the first kind, λ is the
avelength, and θ is the angle with respect to the dish axis. 
There are 120 different baselines, excluding autocorrelations and

gnoring polarization. Visibilities have been computed with a right
scension or time sampling of δα = 30 s, well below the array
ngular resolution 0.25 ◦ − 0.5 ◦, and we have used a δν = 1 MHz
requency resolution. Two surveys have been studied here, spanning
 total duration of several months, up to a year. Their footprints are
ighlighted in Fig. 3 . 

(i) A surv e y of the NCP region with four constant declination
cans δ = 90 ◦, 88 ◦, 86 ◦, 84 ◦, and co v ering an area of about 100 de g 2 

round the north pole. We have used a fiducial area within 7 degree
rom the north pole, δ > 83 ◦, which would yield a surv e yed area

150 deg 2 . 
(ii) A surv e y in a mid-latitude area, co v ering a much larger

ortion of sky, using six constant declination scans at δ = 49 ◦,
1 ◦, 53 ◦, 55 ◦, 57 ◦, 59 ◦, co v ering a 12 ◦ band in declination 48 ◦ ≤ δ

60 ◦, representing about ∼ 12 per cent of the sky or ∼ 2500 deg 2 .
o we v er, we hav e e xcluded a re gion in right ascension contaminated
y the galactic plane and bright sources such as Cas A and Cyg A
 https:// gitlab.in2p3.fr/ SCosmoTools/ JSkyMap (also check the wiki pages) 

https://ned.ipac.caltech.edu/
http://simbad.u-strasbg.fr/simbad/
https://vizier.u-strasbg.fr/
https://gitlab.in2p3.fr/SCosmoTools/JSkyMap
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Table 3. Main characteristics of the brightest radio sources in the NCP field from Fig. 2 . ( † : at 15 arcsec distance). 

NVSS id Other id RA (hms) Dec (dms) 21cm flux (Jy) Object type Redshift 

J011732 + 892848 6C 004713 + 891245 † 1h17m32.82s 89d28’48.7” 2.1 – –
J022248 + 861851 3C 61.1 2h22m35.046s 86d19’6.17” 6 Seyfert 2 gal. 0.18781 
J093923 + 831526 3C 220.3 9h39m23.40s 83d15’26.2” 2.95 AGN 0.685 
J213008 + 835730 3C 345.1 21h30m8.60s 83d57’30.5” 1.8 radio gal. 0.865 

Figure 2. Left-hand panel: foreground map of a circular region of 7 degree radius around the NCP at 1350 MHz, smoothed with a 15 arcmin resolution Gaussian 
beam. The Haslam map of diffuse emission at 408 MHz as well as NVSS radio sources, extrapolated to 1350 MHz with a spectral index β = −2, have been 
co-added. The four brightest of these sources sources, reported in Table 3 , have been identified. Right-hand panel: reconstructed map of the NCP region, as 
observed by T16DPA at f = 1350 MHz . This is the 7 ◦ radius area around δ = 90 ◦, extracted from the reconstructed spherical map using m-mode map making 
and after ( � , m ) space filtering. The colour scale corresponds to temperature in Kelvin. 

Figure 3. Footprints of the two surv e ys e xamined in this work, one around 
the NCP and the other in a mid-latitude band, are highlighted o v er the Haslam 

408 MHz unfiltered map from Remazeilles et al. ( 2015 ), plotted in galactic 
coordinates with equatorial coordinate lines. 
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hen computing noise power spectrum and mode mixing residuals. 
he fiducial area used, 40 ◦ < α < 260 ◦, represents about 1500 deg 2 .
The T16DPA system noise temperature has been determined to be 
 sys ∼ 80 K (Wu et al. 2021 ). The simulations performed in this study
ave been carried out with a fiducial noise level of 5 mK per δt = 30 s
isibility sample, and for a δν = 1 MHz frequency band. Such a noise
evel should indeed be reached for a single linear polarization after
.5 d spent on each constant declination scan, corresponding to a total
ntegration time t int = 8 . 5 × 30 = 255 s, per δα = 30 s RA sampled
isibilities, leading to a per polarization noise level : 

V ij = 

T sys √ 

t int δν
= 

80 K √ 

255 × 10 3 
� 5 mK . 

s shown in Wu et al. ( 2021 ), the Tianlai dish array daytime data
re contaminated by the Sun signal leaking into the far side lobes. It
s therefore planned to use only nighttime data. Taking into account
he 

√ 

2 gain expected in the noise level when combining the two
rthogonal linear polarization components, T16DPA should be able 
o reach a noise level of 5 mK per RA visibility sample by surv e ying
he NCP region during two periods of one month each, separated by 6

onths, to get nighttime co v erage of the full right ascension range. A
oise level of 2 . 5 mK would also be reachable by observing the NCP
rea o v er a year, spending a month on each declination. A similar
oise level reduction could be achieved for the mid-latitude survey. 
MNRAS 517, 4637–4655 (2022) 
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Figure 4. Reconstructed map of the mid-latitude region, after ( � , m ) filtering, 
as observed by T16DPA at f = 1350 MHz . The patch of sky shown co v ers 
the declination range 43 ◦ < δ < 57 ◦ and the right ascension range 90 ◦ < α

< 130 ◦ (6 to 8.66 h), with 5 arcmin pixel size. 

Figure 5. Average angular power spectrum C ( � ) from a data cube of 100 
reconstructed maps co v ering an area with 7 ◦ radius around the NCP and 
frequency range 1300–1400 MHz. The reconstructed sky power spectrum, 
as well as the noise power spectrum, are shown before (lighter colours) and 
after ( � , m ) domain filtering (darker colours). The grey and black curves 
represent the reconstructed sky power spectrum, before and after filtering, 
respectively, while the orange and red curves show the power spectrum of 
maps reconstructed from noise only visibilities. 
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o we ver, as will be shown in Section 3.4 , the surv e y sensitivity is
imited by larger mode mixing residuals in this case. 

.2 Map reconstruction 

 or each frequenc y, a spherical map is reconstructed through m-
ode map making. In this method, the linear system of equations

elating observed visibilities to the unknown sky is solved in spherical
armonics a � , m space (Shaw et al. 2015 ; Zhang et al. 2016 ). Writing
he map making equations in spherical geometry handles naturally
any complications which arise in the flat space approximation used

sually in radio interferometry and is suited for instruments with
arge field of view. One would have to deal with very large systems,
ith more than 10 6 unknowns and 10 6 − 10 8 equations for typical

M instruments. Ho we ver, for instruments observing in transit mode
nd co v ering the full 24 h in RA, it can be shown that by projecting
he equations o v er the Fourier modes corresponding to the right
scension direction, called m-modes, this large linear system can be
ecomposed into m max � 1000 smaller independent systems, making
he numerical solution tractable. 

The resulting system is most often underdetermined and a reg-
larization scheme has to be used to solve for the unknown sky. A
seudo-inverse method is used in the JSKYMAP package, for which the
umerical stability as well as the noise level are controlled through
wo parameters: r PSI , which determines the ratio of the smallest to
argest eigenvalue retained for each inversion, and λPSI , the absolute
hreshold on the minimal eigenvalue. The values of these parameters
ave been set to the medium level of r PSI = 0.02 and λPSI = 0.001
or the analysis presented here. 

We have used spherical maps with a resolution of 5 arcmin ,
lthough the array angular resolution is closer to 10 − 15 arcmin ,
s stated in Section 2 . The reconstructed maps’ pixels thus have
 certain degree of redundancy, with pixel-to-pixel noise values
eing correlated with each other for neighbouring pixels. Ho we ver
hese higher resolution maps presented a slight advantage for source
etection and foreground removal. We have used the Sphere-
hetaPhi pixelization scheme, which features almost square and
qual area pixels along θ , φ directions, implemented in the SOPHYA 

5 

ibrary, instead of the more frequently used HEALPIX scheme. 6 This
phereThetaPhi scheme, belonging to the IGLOO pixelizations

Crittenden 2000 ), preserves to some extent the symmetry around a
ixel located exactly at the pole θ = 0 and has also the advantage of
eing fully flexible in terms of angular resolution or pixel size. We
lso apply a filter in the spherical harmonics space a � , m , before map
econstruction and foreground subtraction. 

The quality of the reconstruction degrades at the two ends of
he T16DPA � sensitivity range. At low � , this is explained by the
bsence of the autocorrelation signal, which is not used in map
econstruction, and the minimal baseline length, about 8 . 8 m, which
imits the sensiti vity belo w � � 75 for the NCP surv e y. At the other
nd, the noise level increases for � � 850, which corresponds to the
ngular resolution of the array size for the NCP surv e y. We hav e
herefore smoothly damped a � m coefficients for � � 75 and � � 875.
 Gaussian filter with σ � = 750 has also been applied. Moreo v er,

ll m = 0 modes have been set to zero; this is intended to remo v e
iggles with near perfect azimuthal symmetry which appears due to

he partial sky coverage combined with limited sensitivity range in
 . Fig. 2 , right-hand panel shows an example of a reconstructed map,
NRAS 517, 4637–4655 (2022) 

 SOPHYA C + + class library http://www.sophya.org 
 https:// healpix.sourceforge.io/ 

a  

f  

R  

e  
fter ( � , m ) space filtering at a frequency of f = 1350 MHz . Sources
resent in the true sky map (Fig. 2 ), as well as larger structures,
re clearly visible, while the noise level (2 − 4 mK ) is too low to
e noticeable. Some artefacts, such as rings around bright sources,
an easily be seen and are due to incomplete ( � , m ) plane co v erage
nd filtering. Similarly, a patch of reconstructed sky from a T16DPA
urv e y of the mid-latitude area is shown in Fig. 4 . This surv e y has
 significantly higher noise level, compared to the NCP case, which
s ho we ver not noticeable on this reconstructed map, as the brightest
ources reach a few K. 

The angular power spectra and noise of the reconstructed sky
f the NCP region are shown in Fig. 5 . The sky power spectrum
s higher at larger angular scales, with an o v erall lev el of about

1 K. The effects of the instrument and map-making response in
he � space are visible at the two ends, � � 50 and � � 1150, of
he unfiltered spectrum (grey curve). The additional effect of the
 � , m ) domain filtering can clearly be seen by comparing the sky
ower spectrum before (grey curve) and after (black curve) this
ltering. The projected noise angular power spectrum C noise ( � ) is
lso shown in this figure. These C noise ( � ) curves have been computed
rom maps reconstructed from white noise-only visibilities, with an
MS fluctuation level of 5 mK per δα = 30 s visibility sample. As
xpected, the noise spectrum increases significantly towards the high-

http://www.sophya.org
https://healpix.sourceforge.io/
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Figure 6. Average power spectrum along the frequency axis P ( τ ) from the a 
data cube of 100 reconstructed maps, with ( � , m ) filtering of the NCP region. 
The horizontal axis correspond to the delay parameter τ , ranging from 0 to 
500 ns . The reconstructed sky power spectrum is shown in black, while the 
purple (solid) and magenta (dotted) curves show the residuals after foreground 
subtraction, for the polynomial fit (P) and difference along the frequency (DF) 
methods, respectiv ely. The red curv e correspond to the fore ground subtracted 
map residuals, including noise and using polynomial fit (P). 
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Figure 7. Spectra similar as those shown in Fig. 5 , but now with foreground 
cleaning. The reconstructed sky power spectrum is shown in black, the 
residual after foreground subtraction (polynomial fit-P) in purple without 
noise, and in red, with noise. 
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 end of the spectral sensitivity range, abo v e � � 800. This is due
rst to the decrease of the baselines’ redundancy with � , and second,

o the incomplete co v erage of wav e modes in the ( � , m ) domain at the
igh- � end. The effect of ( � , m ) filtering on the noise power spectrum
 noise ( � ) can be seen by comparing the orange curve, obtained before
ltering, with the red curve, after filtering. 

.3 For egr ound subtraction 

wo simple foreground subtraction methods have been used here 
hich exploit the smooth frequency dependence of the synchrotron- 
ominated foreground. The first method ( P -Polynomial), similar to 
he one in Ansari et al. ( 2012 ), represents the synchrotron emission
requency dependence as a second degree polynomial in frequency. 
he coefficients are determined for each direction through a linear χ2 

t to the measured temperatures, and the resulting fitted foreground 
 

fgnd −P 
α,δ ( ν) is then subtracted from the 3D temperature map: 

 

fgnd −P 
α,δ ( ν) = A ( α,δ) ν

2 + B ( α,δ) ν + C ( α,δ) (6) 

 

P ( α, δ, ν) = T ( α, δ, ν) − T 
fgnd −P 
α,δ ( ν) (7) 

The second method ( DF ) is a D ifference filter along F requency.
 or each frequenc y ν, we subtract the average of two nearby
requencies ν−, ν+ 

, with a specified frequency gap �ν; ν− = ν

�ν and ν+ 

= ν + �ν : 

 

fgnd −DF 
α,δ ( ν) = 

1 

2 
( T ( α, δ, ν−) + T ( α, δ, ν+ 

) ) (8) 

 

DF ( α, δ, ν) = T ( α, δ, ν) − T 
fgnd −DF 
α,δ ( ν) (9) 

e have used �ν = 2 MHz throughout this paper. 
Fig. 6 shows the average delay power spectra (see e.g. Parsons &

acker 2009 ) for the sky and residual after foreground subtraction 
 ( τ ) for the NCP surv e y. The y correspond to the average of the
pectra along the frequency direction, obtained through a radial 
 ast F ourier Transform (FFT), for each direction of the sk y. The
ourier modes along the frequency are labelled as τ and correspond 
o a lag or delay time. Given the 100 MHz bandwidth, with 100
requency planes, the frequency modes or delay co v er the range
rom 10 ns ≤ τ ≤ 500 ns . The black curve represents the average 
econstructed sky P sky ( τ ), with the power highly concentrated at
ery low delay modes ( τ ≤ 20 − 30 ns ), but with still significant
ower up to τ � 100 ns . The effect of the two foreground subtraction
ethods and their τ -response can be understood by looking at the

hape of the average delay-spectrum of the residual maps without 
oise (purple and magenta curves). It should be noted that no H I

ignal is included in the simulations for figures discussed in this
ubsection, which illustrate the foreground subtraction performance 
nd the corresponding level of residuals. 

It can be seen that the polynomial foreground subtraction (P) 
uppresses delay-modes below τ � 50 − 60 ns , while the differential 
lter along frequency (DF) can be considered as a band pass filter,
emoving τ � 100 ns and τ � 400 ns . The (DF) method is more
f fecti ve at removing foreground modes at low delay, but leads
o noisier maps. In addition to removing low-delay modes, the 
olynomial subtraction method (P) damps the power P ( τ ) by a factor
bout 30 for all modes abo v e 100 ns . The red curve correspond to
he power spectrum P ( τ ) from maps after foreground subtraction (P

ethod) with noise included, and it is noise dominated. 
Fig. 7 presents the average angular power spectrum of the residual

ignal C res ( � ) of a set of 100 sky maps after foreground subtraction
y the polynomial fit (P) method for the NCP surv e y. The maps are
econstructed from mock visibilities, for four constant declination 
cans at or near the NCP, and the ( � , m ) plane filtering have been
pplied. Compared to the input sky angular power spectrum C sky ( � ),
hown as the black curve, one can see that the foreground angular
ower spectrum is suppressed by a factor � 20 000 for the polynomial
ubtracted foreground (P). This suppression factor reaches � 60 000 
or the DF method (not shown). These values correspond to a factor
150 (P) and ∼250 (DF) damping in the amplitude for temperature
uctuations due to foregrounds. While this might not be sufficient for

he direct detection of the cosmological 21 cm signal, the foreground
esiduals due to mode mixing and imperfect subtraction would be 
ell below the instrumental noise level for the NCP survey by Tianlai. 
Ho we ver, T16DPA becomes less ef ficient for mitigating mode
ixing for a mid-latitude surv e y. The angular power spectrum of the

esidual after foreground subtraction using the DF method, for a mid-
MNRAS 517, 4637–4655 (2022) 
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M

Figure 8. Angular power spectra C ( � ), for sky, noise, and residuals after 
foreground subtraction for the mid-latitude surv e y, computed from a set of 
three frequency maps at 1348, 1350, 1352 MHz. The differential filter along 
the frequenc y (DF) fore ground subtraction method has been used here on 
( � , m )-space filtered maps. The black curve correspond to the reconstructed 
sky power spectrum, while the purple and red curves show the power spectra 
after foreground subtraction, without and with noise, respectively. The orange 
curve corresponds to the power spectrum of the maps reconstructed from 

noise-only visibilities. 
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atitude surv e y, is shown in Fig. 8 . A set of three reconstructed maps at
 −2 = 1348 MHz , f 0 = 1350 MHz , and f + 2 = 1352 MHz have been
sed to compute these power spectra. A fiducial area, representing

1500 deg 2 , has also been used to exclude the right ascension ranges
ontaminated by the Galactic plane and Cas A and Cyg A. Comparing
he black curve, which represents the reconstructed C sky ( � ) of the
iffuse synchrotron and radio sources, and the purple curve C res ( � ),
orresponding to the residuals after foreground subtraction, we see
hat the C ( � ) power spectrum has been damped by a factor ∼1200,
r about ∼35 for the amplitude of the temperature fluctuations. The
esidual after foreground subtraction reaches a level of ∼ 15 mK ,
imilar to the noise contribution. 

The fact that this damping factor is seven times lower in amplitude
about 50 times in the power spectrum) for the mid-latitude case
ompared to the NCP case is explained by a higher level of mode
ixing for a mid-latitude surv e y by Tianlai, compared to the NCP

ase. Indeed, for observ ations to ward the NCP, the sky orientation of
he projected baselines changes with the sidereal rotation, improving
he map making performance in terms of individual mode reconstruc-
ion. The circular configuration of T16DPA was optimized for a good
o v erage of the angular sky modes or the ( u , v) plane, minimizing
he number of redundant baselines compared to a regular rectangular
rid configuration, for example. Although arrays with redundant
aselines of fer adv antages for the gain and phase calibration, they
ould exhibit higher levels of mode mixing. For very large arrays,
ith several hundred or several thousand elements, a combination of

edundant and non redundant baselines should be used to mitigate
oth mode mixing and calibration issues. 

.4 Noise level and survey sensitivity 

he left-hand panel of Fig. 9 shows an example of a noise map for
he Tianlai NCP surv e y, while the histogram of the corresponding
ixel value distribution is shown in the right-hand panel. The
(5 arcmin ) 2 × 1 MHz ) pix el-to-pix el temperature fluctuation is close
NRAS 517, 4637–4655 (2022) 
o 4 mK , and even 2 . 2 mK for the central 3 ◦ radius area, assuming
 5 mK noise level per δα = 30 s visibility sample. Fig. 10 shows
 similar noise map for the mid-latitude surv e y, with an RMS
ix el fluctuation lev el of ∼ 16 mK . The noise lev el scales slightly
aster than the square root of the ratio of the surv e yed sk y area,
2500 deg 2 / 150 deg 2 � 16), as the mid latitude surv e y discussed
ere requires six constant declination scans, hence 50 per cent more
bserving time. 
As mentioned already, the maps with 5 arcmin pixels used here

ave a higher resolution than the ef fecti ve instrument and reconstruc-
ion angular resolution, which is limited to � max ∼ 850 or 12 arcmin .
he noise correlation between neighbouring pixels is visible on the
oise maps. The RMS fluctuation level decreases by a factor 1.5 if
aps with 0.25 ◦ or 15 arcmin pixels are used. F or the NCP surv e y

he noise power spectrum C noise ( � ) is nearly flat for 200 < � < 800,
nd 15–40 times higher than the foreground subtraction residuals, as
hown in Fig. 7 . For the NCP region, Tianlai should be able to get
own to the regime where the foreground residue is suppressed to a
e vel belo w that of the noise e v en for a deep surv e y that would reach

2 mK per pixel noise level. 
We have assumed a perfect knowledge of the instrument response,

ndividual antenna beams pattern, and perfect gain and phase cal-
bration. Discussion of the impact of an imperfect knowledge of
he instrument response on the surv e y performance is beyond the
cope of this paper. Preliminary studies suggest ho we ver that a phase
alibration error between baselines, following a zero-mean normal
istribution with an RMS of 7 ◦, would result in a substantial increase
f the foreground residual power spectrum, reaching a level 10 times
igher than the one due to the instrument noise for the NCP case. 

 H  I C L U M P  DETECTI ON  

he aim of this analysis is to assess the number of direct detections of
 I clumps in a low- z surv e y of either a mid-latitude band or a circular

egion around the North Celestial Pole with T16DPA. We estimate
he H I clumps detection efficiency as a function of their flux for the
CP and mid-latitude surv e ys in 4.1 , simulating an artificial clump
opulation with a fix ed giv en flux and placed at random positions.
n 4.2 we combine these detection efficiencies with the 21 cm flux
istribution derived from the ALF ALF A 

7 H I clump mass function
Jones et al. 2018 ) to determine the expected number of detected
lumps, assuming a spatially uniform random distribution, for the
CP and mid-latitude cases. 

.1 H I clumps detection efficiencies 

o assess the detection efficiency for point-like H I sources we
ave used a pipeline sharing most of the components described in
ection 3.1 . We simulate observations of the NCP and mid-latitude
urv e ys as described there, for only three frequencies: 1348, 1350,
nd 1342 MHz. 

To the generic astrophysical components (diffuse synchrotron
alactic emission, and continuum NVSS sources) we add, for the

entral frequency only, a set of spatially uniformly distributed point-
ike sources of a giv en fix ed flux (in Jy). For each frequency we
ompute simulated visibilities, and then reconstruct sky maps and
pply an angular mode filter, as explained in 3.1 . The noise level
er visibility sample (30 s integration time) used in the following
s 5 mK . In order to account for the impact of foregrounds, we
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Figure 9. Left-hand panel: Noise map after reconstruction with ( � , m ) filtering of the NCP region covering an area with 7 degree radius at f = 1350MHz (map 
scale in mK). Right-hand panel: Noise map pixel value distribution, in black for the full 7 degree radius map around NCP, and blue, restricted to the central 3 
de gree radius, co v ering ∼30de g 2 . Note that restricted area corresponding to the blue histogram correspond to ∼ 18 per cent of the full area; The blue histogram 

has been rescaled to enhance the figure readability. 

Figure 10. Noise map of the mid-latitude region, corresponding to the reconstructed map shown in Fig. 4 . 
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ave used the difference filter ( DF ) along the frequency direction
escribed in Section 3.4 , which corresponds to subtracting from 

he central frequency map the average of the two outer frequency 
nes. The fore ground remo val residuals analysed in Section 3.3 
re therefore one of the limitations to the detection of additional 
 I sources. Finally, we reproject the resulting difference sky maps 

nto rectangular (mid-latitude case) or square (NCP case) maps. An 
dditional high-pass filter in the angular modes domain has been 
pplied in the mid-latitude case to reduce foreground subtraction 
esiduals. 

The final step of the pipeline is the source detection. We use a basic
cheme based on the DAOStarFinder class from the photutils 
ython package (Bradley et al. 2021 ). Loose sphericity criteria for

his source detector have been set, to compensate for remaining 
rtefacts due to map reconstruction and foreground subtraction. We 
et the detection threshold, expressed as multiples of the map pixel- 
o-pixel RMS fluctuation level, to 7 and 10 for the NCP and mid-
atitude cases, respectively, to a v oid spurious detections. For the 
ame reason, the detection efficiency is determined by the number 
f sources detected within 2 pixels of the corresponding simulated 
ositions. In the NCP case, we simulated for each flux value 5 sources
 v er the 7 degree diameter circular observed region, but repeated this
peration 20 times to reach a statistical accuracy of a few per cent. In
he mid-latitude case, the rectangular surv e yed area is much larger,
o that more sources are simulated in each run and this iteration is
eeded only 2 or 3 times. 
r  
The detection efficiencies we measure in the NCP and mid-latitude 
imulations are reported in Fig. 11 . Thanks to the higher integration
ime per map pixel in the NCP case, these results show that the
etection threshold S th ∗ , defined as the flux limit with a detection
fficiency ≥ 50 per cent , is much lower in the NCP case than the
id-latitude one: S th ∗ � 0 . 08 Jy for the NCP case, compared to
 

th 
∗ � 0 . 9 Jy for the mid-latitude case. With the detection algorithm’s
ettings and selection described abo v e, less than 5 per cent of the
etected sources are considered as accidentals, as shown by the 
reen dots in Fig. 11 . We have in each case fitted the source
etection efficiency as a function of the flux to an error function
rf ( z) = 

2 √ 

π

∫ z 
0 e 

−t 2 d t . These fitted functions have then been used
n the computation of the expected number of H I clump direct
etections in the low- z Tianlai surv e ys. We recall that the noise
er visibility sample level of 5 mK used throughout this paper is a
onserv ati ve estimate, as it could be achieved in only 3 months of
bservations, split into two halves separated by 6 month to a v oid
he sun-contaminated daytime, as explained in Section 3.1 . We also
ndicate in Fig. 11 an estimation of the efficienc y curv e in this lower
oise hypothesis in the NCP case, for which instrumental noise is
he main limitation. 

.2 Number of expected H I clumps obser v ations 

s shown in Villaescusa-Navarro et al. ( 2018 ) (their section 4), in the
edshift range considered in our analysis, most of the H I mass lies
MNRAS 517, 4637–4655 (2022) 
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Figure 11. H I clump detection efficiency as a function of flux, for the NCP (left-hand panel) and mid-latitude (right-hand side) measured by our simulations. 
On each part we represent as blue dots the efficiency measured at each simulated flux. The green dots correspond to the number of spurious detection (detections 
located farther than 2 pixels from the simulated clumps positions). The cyan curve is a fit of the ef ficiencies v alues with an error function. In the NCP case 
(left-hand panel) we also indicate, in orange, what the efficiency function would become if the noise per visibility sample was decreased by a factor ∼ 2 e.g. 
thanks to a longer integration time per declination. 

Table 4. H I mass function parameters determined using either the whole 
ALF ALF A data set and its near subset. 

Data set α m ∗ φ∗

Full -1.25 ± 0.02 9.94 ± 0.01 0.0045 ±0.0002 
Near -1.22 ± 0.02 9.76 ± 0.04 0.0062 ±0.0005 

Table 5. Number of e xpected H I clump disco v eries per square degree for 
the NCP and mid-latitude surv e ys, for the two parametrizations of the H I 

mass function given in Table 4 , estimated with the fitted efficiency curves 
shown in Fig. 11 . The sky area co v ered for each surv e y is giv en, as well as 
the total number of expected detections. In the NCP case, we also indicate 
our estimations in the hypothesis of a lower noise per visibility sample (or 
longer integration time), using the corresponding efficiency curve. 

Data set NCP NCP mid-lat. 
(low noise) 

Surface ( deg 2 ) 150 150 1500 
clumps deg −2 (full MF) 0.048 0.113 0.0012 
clumps deg −2 (near MF) 0.035 0.083 0.0009 
N -clumps (full MF) 7.2 16.95 1.8 
N -clumps (near MF) 5.25 12.45 1.35 

Table 6. Frequency bins used for the mid-latitude Tianlai-SDSS cross- 
correlation analyses. 

Bin νmin (GHz) νmax (GHz) z centre 

1 1260 1310 0.096 
2 1310 1360 0.061 
3 1360 1410 0.025 

Table 7. Number of standard deviations of the cross-correlation between the 
optical data cubes and the simulated observations towards NCP for various 
optical selections, in the two highest frequency intervals in our analysis. 

Frequency range All r ≤ 16 δ ≥ 86 deg r ≤ 16 and 
δ ≥ 86 deg 

1360–1410 MHz 23.7 19.3 17.5 14.7 
1310–1360 MHz 7.6 5.3 16.6 14.7 
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NRAS 517, 4637–4655 (2022) 
n galaxies. We assume the H I clumps population to have a random
patial distribution and to follow the characteristics measured using
LF ALF A surv e y data by Jones et al. ( 2018 ). As shown in that paper,

he H I galaxy mass function – the number density of H I galaxies in
 logarithmic mass bins – is well described by a Schechter function: 

 ( M ) = 

d N HI 

d V d log 10 ( M ) 
= log (10) � 

∗
(

M 

M 

∗

)α+ 1 

exp 

(
− M 

M ∗

)

, (10) 

here � 

∗ corresponds to the normalization, M 

∗ the knee mass and
, the low mass slope. Jones et al. ( 2018 ) fit these parameters using
everal subsets of the ALF ALF A H I source catalogue; these results
how some spatial dependence. We will retain here the parameters
tted with the whole data set (ALF ALF A 100 per cent) and its
near’ subset ( v CMB < 4000 km s −1 ), listed in Table 4 . The difference
etween the ‘full’ and ‘near’ parameter may give an indication of the
ystematics linked to the H I mass function. ALF ALF A also observed
ome variation of these parameters in different regions of the sky but
e do consider different areas in this study, therefore we stick to this
lobal variation with observed distance in the following. 
We use the following expression to relate the H I mass and the

otal 21 cm flux S 21 , also quoted in Jones et al. ( 2018 ) : 

M HI 

M �
= 2 . 356 × 10 5 

(
D 

1 Mpc 

)2 

S 21 , (11) 

here D is the source distance in Mpc and S 21 the integrated 21 cm
ux in Jy km s −1 . For each redshift value, we compute D using
ducial cosmological parameters from Planck Collaboration XIII
 2016 ). Using this distance and assuming a 210 km s −1 velocity
idth (corresponding to 1 MHz in the frequency domain) we can

ranslate the flux limits or detection efficiencies in Jy into H I mass
imits or detection efficiencies at each redshift. The integral of the
 I mass function convolved with the detection efficiency gives the

xpected number density of clumps detectable by Tianlai at any
iv en redshift. Inte grating o v er the redshifts and taking into account
 olume element ev olution with redshift, we obtain the expected total
umber of H I clump detections. 
Fig. 12 shows the expected number of H I clump detections per

quare degree and per redshift bin ( δz = 0.001) for the NCP and

art/stac2832_f11.eps
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Figure 12. Expected number of detectable H I clumps as a function redshit, per square degree and per redshift bin δz = 0.001, for the NCP (left-hand panel) 
and mid-latitude (right-hand panel) surv e ys. The total numbers of detections per square de gree, inte grated o v er redshift are reported in the caption of the figures. 
Detection counts are shown using either a sharp detection threshold on the flux, in Jy (blue curves), or using the full shape of the detection efficiency curve 
(orange). The green curve in the left-hand panel (NCP) shows the number of detectable clumps with a lower noise ( ∼ 2.5 mK) on visibilities. 
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id-latitude cases as a function of redshift, assuming the H I mass
unction parameters from ALF ALF A full sample. The total number 
f detections per square degree are shown in this figure and also
isted in Table 5 . As can be seen from Fig. 12 , Tianlai would only be
ble to detect very nearby H I galaxies, below z � .02 for the NCP
urv e y, and z � 0.005 for the mid-latitude surv e y. The numbers vary
lightly with the H I mass function parameters used; if we use the
ear H I mass function parameters from ALF ALF A at these very low
edshifts, as listed in Table 4 , the expected number of detection is
 ven lo wer as reported in Table 5 , due to the lo wer knee mass. 

In the mid-latitude case, the detection threshold is higher, hence a 
umber of detection per redshift interval lower than in the NCP case
s expected. This higher threshold is not totally compensated by the 
arger surface area co v ered by this surv e y, making the NCP surv e y
he most promising in terms of expected H I clump disco v ery rate.
s mentioned in Section 3 a lower noise per visibility sample may
e achieved by observing over longer period, less than a year for
he full surv e y. In addition, the DF fore ground subtraction method
sed for determining the source detection efficiency increases the 
oise level of the resulting difference map. The noise level which 
s the major limitation of the detection efficiency for the NCP case
an be reduced by a factor about 2–3, combining lower visibility
oise from the long surv e y duration and lower noise impact using
he ( P ) foreground subtraction. A detection threshold S th ∗ � 0 . 05 Jy
ould then be reached for the NCP surv e y, as indicated in Fig. 11 ,
eading to the expected number of detectable clumps indicated in 
able 5 (third columns), between 12 and 17 in total, depending on

he H I MF used. 

 CROSS-COR R ELATION  WITH  O P T I C A L  

A L A X Y  C ATA L O G U E S  

n this section, we assess the prospects of detecting the cross-
orrelation signal between the intensity maps from the Tianlai low 

edshift surv e ys with optical galaxy catalogues: SDSS (Ahumada 
t al. 2020 ) for the mid-latitude and NCCS (Gorbikov & Brosch
014 ) for the polar cap surv e y. The SDSS catalogue does not co v er
he NCP, but we are carrying out a spectroscopic surv e y using the

IYN telescope to obtain the spectroscopic redshifts for the brightest 
alaxies of the NCCS catalogue. To e v aluate the cross-correlation
ignal for the NCP case, we have used an artificial catalogue built
y rotating the coordinates of the objects in the SDSS catalogue
o o v erlap with our radio observations of the NCP. The respective
ootprints of the SDSS and NCCS are shown in Fig. 13 . 

The selection criteria used to retrieve data from the SDSS DR16
erver 8 are given in Appendix B1 . Starting from the optical galaxy
atalogue, we create a catalogue of H I sources using a two step
rocedure. We first derive a stellar mass from the optical galaxy
roperties, following Taylor et al. ( 2011 ). The stellar mass is then
onverted into an H I mass using the relations derived by Brown et al.
 2015 ), from the study of a combined ALF ALF A-SDSS catalogue.
 I emission parameters (flux and linewidth) are then derived from

he H I mass as explained in Section 4.2 . A more detailed description
f the procedure for converting the optical catalogue of galaxies into
 list of 21 cm source properties can be found in Appendix B2 . 

.1 Cr oss-corr elation extraction pipeline 

he procedure used to determine the cross-correlation of Tianlai low- 
 observations with the SDSS or NCCS optical catalogues uses the
ipeline described in Section 3.1 , with a few additional components:

(i) A 21 cm source catalogue is created from the SDSS galaxies
ith their redshifts or from the rotated SDSS catalogue for the NCP

ase. 
(ii) Simulated visibilities that would be observed with the T16DPA 

etup are computed, combining signals from the different sky 
omponents: diffuse synchrotron emission, radio sources, noise, and 
edshifted 21 cm sources. Instrument noise is added to visibility 
amples as white noise. 

(iii) Sky maps are reconstructed, independently for each fre- 
uency, using the m-mode decomposition method described in 
ection 3.1 . A linear filter in spherical harmonic ( � , m ) space is
pplied to compute spherical sky maps used in the next pipeline
tages. 

(iv) The contribution of foreground emissions due to the Milky 
ay and radio sources is estimated and subtracted using either of the

wo approaches presented in Section 3.3 . 
MNRAS 517, 4637–4655 (2022) 
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Figure 13. Footprints of the SDSS (left-hand panel) and NCCS (right-hand panel) catalogues used in this paper. We selected galaxies abo v e δ = 30 de g in the 
SDSS catalogues. The rectangular area outlined on the SDSS footprint is the area where cross-correlation with Tianlai low- z simulated observations have been 
computed. We only plotted the positions of the NCCS sources with V ≤ 17. 
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(v) For the mid-latitude case, we project the filtered maps in
n equatorial band around the central latitude of the simulated
bservations, and select the relevant portion of this band for cross-
orrelation studies, as indicated in the left-hand panel of Fig. 13 . For
he NCP case, the spherical maps are projected into square maps,
sing a Gnomonic or tangent plane projection centred on the North
elestial Pole. These re-projected maps are denoted RecSky( ν) for
ach frequency ν in the following. 

(vi) An optical source sky cube is also constructed from the optical
atalogue, using only the angular positions and the redshifts of the
alaxies, ignoring the photometric information. All galaxies at the
roper position and redshift interval are included, with their 21 cm
rightness set to one in an arbitrary unit. This strategy was adopted in
rder to minimize the impact of the model relating H I properties to
he optical magnitudes on the estimated cross-correlation signal. The
ource cube is then projected into frequency planes Src( ν), sharing
he corresponding RecSky( ν) geometry. 

(vii) F or each frequenc y, we quantify the cross-correlation be-
ween the reconstructed radio sky maps after reprojection and the
orresponding plane from the optical source cube RecSky( ν) ×
rc( ν). A correlation coefficient is computed at each frequency, as
ell as cross-correlation power spectra, in the spherical harmonics
omain, C 

×
ν ( � ), for the mid-latitude case, and in the Fourier domain

 

×
ν ( k ⊥ 

)for the NCP analysis. 

It would of course be possible to characterize the cross-correlation
hrough 3D power spectra P 

×( k ⊥ 

, k � ). Howev er, giv en that the signal
 ades aw ay quickly with decreasing frequenc y at the v ery low redshift
ange considered here, and the different systematic ef fects af fecting
he radial k � and transverse k ⊥ 

directions, we do not expect any
dvantage in using P 

×( k ⊥ 

, k � ) instead of the set of P 

×
ν ( k ⊥ 

). 
The optical sources cube to be correlated with the reconstructed

ky cube has the same angular (5 arcmin pixels) and radial resolutions
corresponding to 1 MHz frequency in the H I cube) as the sky cube.
ach galaxy in the optical catalogue is assigned to a pixel in the
ube. The frequency is determined from the source redshift, and the
osition in the plane from the angular coordinates of the galaxy.
ll galaxies have the same weight, equal to one, regardless of their
hotometric magnitudes. A Gaussian smearing using the expected
elocity width that we estimated as explained in Appendix B2 as
WHM along the frequency direction is then applied, as well as a
D Gaussian filter to each plane, with a fixed angular width σ⊥ 

=
0 arcmin . 
We also build a series of randomized optical sources cubes, called

huffles to determine the level of residual cross-correlation signal,
ue to imperfect foreground subtraction and instrumental noise. The
NRAS 517, 4637–4655 (2022) 
ource angular positions and redshifts are shuffled independently
rom each other to generate these. We expect a null correlation of
he reconstructed sky maps with these shuffled cubes. A hundred
uch cubes have been built and correlated with the reconstructed sky
ube to estimate the cross-correlation signal dispersion. The model
escribed in Appendix B1 , used to derive H I emission parameters
or the SDSS galaxies, captures only the average trend of broad
istributions. Using the derived 21 cm brightness to build the optical
ource cube would have yielded an artificially enhanced cross-
orrelation signal, or costly simulations would be required to take
nto account the large dispersion in the M H I = f (mag- u , g , r , i , z)
elation. 

We have thus chosen to ignore the photometric information when
uilding the optical source cubes. The amplitude of the optical source
ube data is thus arbitrary – hence the normalization of correlation
oefficients and spectra. However, their comparison with each other,
hen including or not different sky components, remains relevant. 
We ran the pipeline and analysed the results for two noise config-

rations, with or without 5 mK noise added to visibility samples, and
ifferent combinations of sky components: 

(i) continuum sources only (Haslam-based synchrotron map and
VSS sources) 
(ii) H I simulated sources only 
(iii) all components, i.e. combining diffuse synchrotron, contin-

um radio sources, H I sources and noise 

.2 Mid-latitude sur v ey cr oss-corr elation with the SDSS 

atalogue 

e ran the pipeline described in Section 5.1 for all 1 MHz frequency
hells between 1260 and 1410 MHz. We computed auto- and cross-
orrelation C � between the reconstructed sky cube and the sources
ube, built from the optical catalogue for each frequency plane. The
ross-correlation is also computed with each of the shuffled sources
ubes. One expects the cross power spectra between the randomized
ources cube and the simulated maps to be null in average, and
hat the dispersion around their average will give an estimate of the
ncertainty in the computed cross-correlation coefficient or power
pectrum. The significance of the correlation in a single frequency
in is low, so we combine the results into three arbitrary frequency
or redshift) intervals as described in Table 6 . The resulting more
ignificant combined results will also give an indication of the
ariation of correlation amplitude with redshift. 

We present in Fig. 14 the angular autocorrelation power spectra,
 � , of the maps we reconstruct without noise, av eraged o v er frequen-
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Figure 14. The averages of the autocorrelation spectra ( C � ) for frequencies 
between 1350 and 1375 MHz. The blue and green curves correspond to the 
sky cubes with all components, with no noise added to the visibilities, before 
(blue) and after (green) foreground subtraction using polynomial fit. The 
orange curve is the autocorrelation spectrum from the corresponding source 
cube. Note that its normalization is arbitrary, so its absolute level cannot be 
directly compared to the blue and green curves. 
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Figure 15. Smoothed cross-power spectra C 

×
� (computed in each case 

between simulated maps and the source cube) averaged over the highest 
frequency bin (lowest redshift, bin 3), for different simulation cases, after 
foreground subtraction. The cyan band outlines the dispersion around central 
values of the average of the cross power spectra between maps from the 
simulation combining all components and noise and the 100 shuffled data 
cubes. 

Figure 16. Effect of the foreground removal on the cross-correlation spectra 
C 

×
� averaged for frequencies between 1350 and 1375 MHz. We present the 

cross-spectra obtained between the sources cube and data simulated with 
all astrophysical components but no noise, respectively before (black) and 
after (blue) foreground subtraction (polynomial fit). The green curve shows 
the result obtained with 5 mK noise added, after foreground subtraction. All 
spectra from this figure have been smoothed with a width of 15, to damp 
� -to- � correlations in the raw cross-spectra. 
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ies between 1350 and 1375 MHz. The spectrum prior to foreground 
ubtraction is truncated below � ∼ 100 and abo v e � � 750, mainly
s a result of the map-making and filtering procedure described 
n Section 3.1 . In between these two � v alues, the ef fect of the
oreground subtraction (polynomial fit) decreases the autocorrelation 
pectrum by 3 to 4 orders of magnitude. For comparison we also show
he autocorrelation power spectrum computed from the sources cube. 
ue to the incomplete sky coverage of the surv e y, the different � -
odes are correlated with each other. We smoothed the power spectra 
ith a �� = 15 Gaussian to mitigate this effect. 
We present in Fig. 15 a set of cross-correlation power spectra C 

×
� ,

etween simulated maps and the source cube, starting with the ideal 
ituation of a simulation including only H I sources and without noise
in orange), then adding noise (in magenta), then other components 
in green), and finally the complete simulation of all components 
ith noise (in blue). 
We can observe the impact of adding noise or including more 

omponents which leaves systematic residuals in the maps after 
oreground subtraction, due e.g. to mode mixing. We observe that 
hese two effects have roughly similar impacts in terms of the cross-
ower spectra between simulated planes and the data cube, as could 
e expected from the analysis reported in Section 3.4 . We also note
hat in a broad � range, the averaged cross-power spectrum for the
omplete simulation (in blue) stays positive, and well outside the 
ispersion from the 100 shuffled cubes. This reinforces the indication 
hat Tianlai could observe a significant cross-correlation with the 
DDSS catalogue, when performing a mid-latitude, low- z surv e y. 
One might wonder if the foreground subtraction is a necessary 

tep for cross-correlation detection. We present in Fig. 16 the 
veraged cross-power spectra between the ’reference planes’ or 
ources planes and sky cube reconstructed from visibilities, for the 
requency interval 1350 − 1375 MHz for three cases. The green and 
lack curves show the cross-correlation from visibilities including all 
strophysical components but no noise, with and without foreground 
ubtraction. The blue curve corresponds to the foreground subtracted 
aps, computed from visibilities with noise. The impro v ement 

rought by the foreground subtraction for extracting a significant 
ross-correlation signal is clearly visible. The cross-power spectrum 

mplitudes of the blue and green curves, after foreground subtraction, 
tay positive for a broad range multipoles, unlike the black curve.
his � -range (250 � � � 500) is indeed less affected by map-making,
ltering, and foreground subtraction imperfections. 
To summarize the cross-correlation detection perspective, we 

ompute the average of the cross-spectra amplitudes C 

×
� for � ∈

250, 500], well outside the � range affected by map-making and
ltering artefacts, after foreground subtraction. We present results 
f this averaging procedure for the three redshift bins in Fig. 17 .
MNRAS 517, 4637–4655 (2022) 
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Figure 17. Average of the cross-correlation ( C 

×
� ) in the interval � ∈ [250, 

500] for each of the redshift bins defined in Table 6 . We compare these for 
different components and noise combinations. All cross-correlation spectra 
are in arbitrary units. 
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Figure 18. Raw correlation coefficients 〈 RecSky( ν) × Src( ν) 〉 , computed 
for each frequency plane. The blue curve (and crosses) correspond to the case 
where only H I sources were contributing to the simulated visibilities, while 
orange circles correspond to the case where visibilities were computed from 

all sky components (foregrounds and H I sources) and include 5 mK noise. 
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e observe that in the two lowest redshift bins the averaged cross-
pectra of the simulation case including foregrounds, noise and H I

ources is positive, significantly different from zero, when compared
o the dispersion computed from the shuffled source cubes. These
ifferences amount to 43 and 18 standard deviations, respectively. 
Although this statistical significance estimate is very crude, it

till shows that a low-redshift mid-latitude surv e y operated in the
onditions described here with the Tianlai dish array would show a
ery significant correlation when matched with SDSS low redshift
alaxies. For the highest redshift bin (the first one from Table 6 ), the
ifferences in the average C 

×
� computed for the different simulation

onfigurations are not statistically significant when compared to the
tatistical uncertainty derived from shuffled cubes. 

.3 Cr oss-corr elation for ecast fr om the NCP sur v ey 

o comprehensive redshift galaxy survey covering the NCP area is
vailable. We thus first forecast in Section 5.3.1 the sensitivity of a
ianlai surv e y toward the NCP for 21 cm-optical cross-correlation
etection using a rotated SDSS catalogue, providing an artificial
pectroscopic co v erage of the north celestial pole. In a second
tep, in Section 5.3.2 , we use the foreseen characteristics of the
ngoing spectroscopic NCP surv e y to assess the level of its relative
ncompleteness with respect to the SDSS, and obtain a forecast of its
evel of cross-correlation with Tianlai data we will obtain. 

.3.1 With a rotated SDSS catalogue 

e start with the catalogue described in Appendix B2 and we rotate
he sky coordinates in order to align ( α, δ) = (180 , 45) deg with the
CP, thus getting an artificial co v erage of the NCP area. We use
 pipeline similar to that used in the mid-latitude cross-correlation
tudy presented in Section 5.2 with some changes in the last stages.
iven the range of declinations (83 deg ≤ δ ≤ 90 deg ) studied here,
e restrict the projection to a circular area around the NCP, within
 radius of 7 degrees. The spherical maps are projected into small
quare flat maps (169 × 169 maps with 5 arcmin pixels) through
 gnomonic projection. A source cube with identical resolution is
onstructed from the rotated catalogue, with the same prescription
s for the mid-latitude case, with smearing in angular direction, and
NRAS 517, 4637–4655 (2022) 
n frequency, according to velocity dispersion. We also create 100
huffled source cubes to assess statistical and systematic effects. For
he NCP analysis we have use the same frequency intervals as those
isted in Table 6 . Given the small angular extent of the maps, the cross-
orrelation power spectra are computed using a standard Fast Fourier
ransform (FFT), rather than a spherical harmonics transform. 
As a first test of the presence of a correlation between the simulated

ky and the source cube, we computed the correlation coefficient for
he two maps for each frequency plane 〈 RecSky( ν) × Src( ν) 〉 . Fig. 18
epresents the evolution of these raw correlation coefficients, as a
unction of frequency. Large values of the correlation coefficients
omputed for the ideal case (no foreground, no noise, in blue),
ppearing as peaks in the distribution, near 1387 or 1370 MHz
or example, might be interpreted as the sign of presence of non-
inear clustering, maybe sheets or filaments appearing in the galaxy
istribution. Most features seen abo v e 1370 MHz in the ideal case
tay visible in the realistic case where all sky components and noise
re included (orange circles), for example the peaks around 1375 and
386 MHz. 
To e v aluate more thoroughly the cross-correlation between the

imulated radio maps and the maps derived from the optical cat-
logue, and its angular scale dependence, we compute 2D FFTs
or each pair of maps of a given frequency plane. We average
he amplitudes of the FFT modes in bins of angular wave modes
azimuthal average), which results in 1D amplitude vectors (one per
requency plane). We present in Fig. 19 averages of such spectra, in
he second and third frequency intervals, 1310–1360 MHz, in the left-
and panel and 1360–1410 MHz, in the right-hand panel. We restrict
he range of angular frequencies in these plots to 0 . 5 − 2 deg −1 since,
n the one hand, at low angular frequencies, i.e. large angular scales,
aps are dominated by reconstruction and foreground subtraction

rtefacts, and by noise at high angular frequencies. 
Fig. 19 presents a comparison of the power spectra reconstructed

or different simulation cases with the ideal case including only H I

ources and no noise, shown as orange stars. In that case, we get
 smooth and positive spectrum which exhibits a very significant
ositive cross-correlation, as judged from the dispersion obtained in
he 100 shuffled realizations, shown in cyan. 

We can observe that adding noise (magenta circles) significantly
egrades this at large angular scales ( � 2 ◦). Nevertheless, these
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Figure 19. Reconstructed cross-power spectra P 

×
ν ( k ⊥ ) averaged in the two frequency intervals corresponding to bins 2 (left-hand panel) and 3 (right-hand 

panel) from Table 6 . We compare results obtained from various simulation parameters, from the ideal (only H I sources, no noise) to the complete case. On both 
sides, the cyan results represent the averages and dispersions from the power spectra from the cross-correlations with a set of 100 shuffled catalogues. As we 
use only the sources’ positions to build their cube, units are arbitrary. 
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pectra amplitudes stay positive, with higher statistical significance 
n the highest frequency interval (1360–1410 MHz). The foreground 
esiduals, observed when including all astrophysical components, but 
ithout adding noise to visibilities, also affect the cross-correlation 

pectra, shown as the green squares in Fig. 19 . The impact of the
oreground subtraction residuals appears subdominant, compared 
o that of the noise, in agreement with surv e y sensitivity analysis
resented in 3.4 . Finally, with noise added, the cross-spectra (shown 
s blue triangles) in both frequency intervals stay significantly 
ositive. 
Using the dispersions extracted from the shuffled simulations we 

an compute the statistical significance of the distance from a null 
alue of obtained cross-power spectra. Doing this in each of the three
requency intervals of Table 6 , and averaging over the 0.6 −1.3 deg −1 

ngular frequencies, we find a significance of 23.8, 7.5, and 5.8 
tandard deviations for the cross-correlations at 1385, 1335, and 
285 MHz, respectively. This angular frequency interval is somewhat 
rbitrary but was chosen because belo w 0.6 deg −1 the cross-po wer
pectra P 

×
ν ( k ⊥ 

) become distorted by large angular scale foreground
emoval residuals and large statistical fluctuations (due to incomplete 
k y co v erage), and the small scales are diluted by the instrumental
eam at the other end. 

We can therefore conclude that we would detect with a high 
ignificance a cross-correlation between an optical galaxy catalogue 
ith similar characteristics, completeness, and sensitivity, as the 
DSS co v ering the region surrounding the NCP, at least for the

owest redshift interval. The NCP cross-correlation is significant, 
ut lower than in our forecast for a mid-latitude surv e y shown
n Section 5.2 , which amount to 43 and 18 standard deviations
n the two highest frequency bins, respecti vely. Ho we ver, we note
hat, as shown in Section 3.4 , instrument noise is the main lim-
tation for the NCP surv e y and the noise per visibility sample
e have used here is conserv ati ve, hence so is our forecast. On

he other hand, the sky area covered by the NCP survey is much
maller than the mid-latitude case, which does explain part, if not 
ll, of the difference between the mid-latitude and NCP cross- 
orrelation significance. We also note that this e v aluation is done
nder simple assumptions for instrumental performance, and should 
herefore be considered as an upper limit of what the real data will
how. 
.3.2 What can we expect with the future Tianlai NCCS-based 
pectroscopic catalogue? 

he Tianlai collaboration is currently carrying out a spectroscopic 
urv e y based on the NCCS photometric catalogue, performed with
he WIYN telescope 9 and its HYDRA spectrograph. 10 A 4 degree 
adius disc around the NCP has been targeted by the WIYN
bservations up to now. The cleaned version of the NCCS catalogue
rovides, in addition to purely photometric information, an indication 
f the point-like or extended nature of each object, called the PESS
core. The y adv ertise that a score greater than 2 indicates an extended
ource used to select objects for spectroscopy. 

In order to get a realistic e v aluation of the cross-correlation signal
trength which can be achieved with our NCCS-based spectroscopic 
atalogue, we need to determine the completeness level of this sample 
.r.t. that of the SDSS sample used in the previous section. The
hotometry in NCCS is provided in the Johnson–Cousins system 

hereas in SDSS the ugriz system is used. According to http
:// www.sdss.org/dr12/ algorithms/sdssubvritr ansfor m/, specifically 
heir Lupton (2005) relations, we find an approximate magnitude 
onversion equation R = r − 0.25 using the average colour r − i �
.35 of our SDSS galaxies for z < 0.1. We compared the number
f objects in our SDSS rotated catalogues, with z < 0.1 and r <
7.5, within 7 degrees of the NCP with the number of extended
bjects ( PESS ≥2) in the same area in the NCCS, with R < 17.75.
e find 1131 and 1027 objects in those samples, respectively. We

onclude that the object density in the NCP area (7 degree radius)
f the two catalogues agree within 10 per cent. Note that we assume
hat galaxies further than z = 0.1 will most probably be flagged as
oint-like sources in the NCCS. Spectroscopic data reduction from 

his WIYN surv e y has only obtained reliable redshifts for 40 per cent
f extended objects. Although this efficiency might be increased in 
he future, we will use this incompleteness factor, translated into a r

agnitude cut in the SDSS catalogue. 
Looking at the SDSS r -magnitude distribution, we find that 

equiring r ≤ 16 will result in a similar galaxy count o v er the NCP
rea as the one in the NCCS spectroscopic catalogue. We therefore
MNRAS 517, 4637–4655 (2022) 
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M

Figure 20. Effect of excluding a fraction of optical galaxies when computing 
the cross-correlation for the NCP case for bin 3 from Table 6 , i.e. the lowest 
redshift bin. The 1D cross-power spectra P 

×
ν ( k ⊥ ) as a function of the angular 

frequency are shown, as blue dots, when all sources are included, as red 
squares when only sources with r < 16 are included, as purple triangles for 
sources with δ ≥ 86 deg , and as brown stars, when requiring both r < 16 and 
δ ≥ 86 deg . The spectra obtained from the shuffled source cubes, are also 
shown, in cyan (larger ticks) for the larger area, in grey (smaller ticks)for the 
smaller area. The vertical axis is in arbitrary units as the source cube is built 
from optical object positions only. 
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stimated the cross-correlation signal level between our simulated
aps and the corresponding optical data cubes built while imposing

 ≤ 16, and compared these with the estimation obtained with the full
ptical catalogue. We also performed this analysis using the central
 degree radius disc only, which is the area currently co v ered by the
n-going WIYN observations. We show the cross-correlation power
pectra we reconstruct in these four cases, for the highest frequency
nterv al (lo wer redshift) in Fig. 20 . 

Following the same method outlined in Section 5.3.1 we compute
he statistical significance of the cross-correlation spectra using the
ispersion of the null spectra obtained from the shuffled cubes. We
eport these results in Table 7 for the two highest frequency intervals.
ny selection w.r.t. the full sample changes the signification of the

ross-correlation signal, to various extents. From the values reported
n Table 7 we observe that the brightness cut has a larger effect
or the highest redshift bin: as the sources’ brightness decrease
ith redshift, the fraction of those rejected by the cut gets larger
ith redshift. We also note that selecting a narrower region around

he NCP has a larger effect for the lowest redshift bin. We may
enefit of the lower noise per map pixel in this central area.
lso, as the solid angle included in the analysis increases with

edshift, more sources are included in the optical catalogue at higher
edshift. 

We conclude that given the efficiency and sky coverage of our
ngoing NCCS spectroscopic surv e y, a significant cross-correlation
etween the Tianlai radio observations and the enriched NCCS
atalogue should be observed, with more than 14 standard deviations
tatistical significance, in the two highest frequency interv als. Ho w-
ver, this signal will reach a higher statistical signification if the area
o v ered by our spectroscopic observations can be extended beyond
≥ 86 deg . This would also be true if we succeed in increasing
ur efficiency at getting redshifts for fainter sources. Finally, the
ross-correlation signal will be stronger if we achieve a noise per
isibility sample lower than the conservative value of 5 mK used in
ur simulation, which is feasible by increasing the observation time.
NRAS 517, 4637–4655 (2022) 
 CONCLUSI ONS,  PERSPECTIVES  

e have shown that low-z surv e ys carried out by the Tianlai dish
rray, by tuning the analogue electronic to the 1300–1400 MHz band
ould be sensitive enough to see extragalactic 21 cm signal, either

hrough direct detection of a few nearby massive H I galaxies or in
ross-correlation with optical surv e ys. 

The Tianlai instrument is designed to observe in transit mode,
ith sk y co v erage obtained through constant declination scans. By
ointing the antennae toward the North Celestial Pole (NCP), a small
ky area is covered, leading to increased sensitivity thanks to long
nte gration time. We hav e thus studied two complementary surv e y
trategies in this paper, a deep survey covering ∼150 deg 2 around the
CP, and a shallower surv e y, corresponding to a ∼10 de g declination
and at mid-latitudes, co v ering ∼1500 de g 2 useful area around δ =
5 ◦ declination and o v erlapping the SDSS footprint. 
A noise level of � 2–4mK per 1MHz × 0.25 2 de g 2 pix els, should

e reached for a 3 months surv e y of the NCP area, leading to a
oint source detection threshold of ∼0.08Jy. Our study shows that
he residuals from the mode mixing for the NCP surv e y should be
egligible compared to the noise fluctuations. Extending the survey
uration to a year would thus decrease the noise to ∼1 − 2 mK pixel −1 

nd reach a source detection threshold of ∼0.05Jy. Tianlai should
hen be able to detect � 10 nearby H I clumps or galaxies through
heir 21 cm emission, up to redshifts z � 0.02. We have also studied
he possibility to detect statistically the extragalactic 21 cm emission,
ominated by the one from galaxies at these low redshifts, in cross-
orrelation with optical surv e ys. We show that the cross-correlation
ignal between Tianlai NCP intensity maps and the NCCS optical
alaxy surv e y could be detected with very high significance, ∼15
tandard deviations, provided we get redshifts for most of the NCCS
alaxies with magnitude R < 16.25. A spectroscopic surv e y of NCCS
alaxies is indeed being carried out with the WIYN telescope, and it
ould be helpful to pursue this effort to extend the surveyed area to

he full 7 degree radius disc foreseen for the planned Tianlai low-z
CP surv e y. 
We have adopted a conserv ati ve approach throughout this paper,

sing the 5 mK noise level for visibilities, corresponding to a 3
onths surv e y and not the 2.5 mK value corresponding to the nominal

-yr NCP surv e y. This leav es some room to mitigate a fraction of
ncreased fluctuations associated with calibration errors, partial beam
nowledge and possibly correlated noise. Further studies are needed
o assess the impact of these instrument imperfections on the surv e y
erformance. As an example, our preliminary investigation shows
hat a 7 deg RMS phase calibration errors between baselines would
ead to a 3-fold increase of the residual fluctuations at the map level
or the NCP surv e y. 

The mid-latitude surv e y suffers larger residuals from mode mixing,
s well as higher noise level due to the larger sky area, but has the
dvantage of having a large o v erlap with the SDSS spectroscopic
urv e y at low redshifts. The lower residuals due to mode mixing
frequency dependent synthesized beam) for the NCP case can be
xplained by the larger number of ef fecti ve baselines created by
he rotated array, projected on the same sky area due to the earth
otation, while this rotation makes different parts of the sky to drift
n front of the instrument at mid-latitudes. The fluctuations due to the
oise reaches about ∼15mK pixel −1 for the mid-latitude survey, with
esiduals from foreground subtraction at a similar level, leading to a
irect source detection threshold about 0.9 Jy, about ten times higher
han that of the NCP case. Despite this significantly higher level of
esiduals and noise in the foreground subtracted maps, our study
hows that the cross-correlation of the Tianlai foreground subtracted
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aps with the SDSS optical galaxies could be detected with high 
ignificance ( � 40 standard deviations ). 

The results presented in this paper can be consolidated in the future
y studying the impact of instrumental effects not yet taken into 
ccount, phase and amplitude calibration errors and drifts, correlated 
oise, as well as the impact of poorly kno wn indi vidual antenna
eams, specially far side lobes. There is also room for optimizing 
urther the observation strategy, for example, the question of the 
ptimal area to be co v ered in the NCP region for a given survey
uration. Another important parameter would be the exact frequency 
o v erage. Ho we ver, Tianlai already has three sets of filters, co v ering
170–1270, 1250–1350, and 1330–1430 MHz, respectively, in addi- 
ion to the currently used 700–800 MHz filters. The contribution of
ifferent frequency slices vary due to the decrease of the sensitivity
ith the redshift, partially compensated by the volume increasing 
ith the redshift. One has also to take into account the frequency

ntervals which would be impacted by RFI to determine the optimal 
requency band. 
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PPENDIX  A :  NOISE  POWER  E VO L U T I O N  

ITH  REDSHIFT  

e derive here the redshift dependence of the noise power P noise ( k ,
) projected on sky for a radio surv e y, using a simple and hopefully
edagogical approach. We follow notation in Hogg ( 1999 ) for
osmological distances; d M 

stands for the transverse comoving
istance, while d L = (1 + z) d M 

is the luminosity distance and d A =
 M 

/(1 + z) the angular diameter distance. 
Let’s consider brightness temperature sky maps T b ( α, δ) with

ngular resolution δθ and frequency resolution δν. Instrument
ngular resolution δθ varies with wavelength as δθ ∝ λ/ D array ,
here D array is the array spatial extent and λ = c / ν the ob-

ervation wavelength. Projecting such a map on a cosmolog-
cal volume at redshift z, determined by the observation fre-
uency ν, we obtain voxels with transverse ( a ⊥ 

) and radial
 a � ) comoving dimensions, corresponding to a comoving volume
V = a 2 ⊥ 

× a ‖ : 

ν = 

ν21 

1 + z 
ν21 = 1420 . 4 MHz 

δθ = (1 + z) δθ0 δθ0 = δθ ( ν21 ) 

a ‖ = (1 + z ) 
c 

H ( z ) 

δν

ν
= (1 + z ) 2 

c 

H ( z ) 

δν

ν21 

 ⊥ 

= (1 + z ) d A ( z ) δθ = d M 

( z ) δθ

The fluctuations of the map pixel’s value due to instrumental noise,
enoted σ T and characterized by the system temperature T sys , can
e easily related to the noise power P noise . The voxel dimensions
 a ⊥ 

, a � ) determine the maximum accessible wave numbers ( k ⊥ 

, k � ).
ssuming white noise and ignoring damping due to averaging over

he voxel, we can write the Plancherel-Parse v al identity, relating the
ariance of the map pixels’ values to the map Fourier coefficients
 ( k x , k y , k z ): (

σT 
)2 = 

∑ 

k x ,k y ,k z 

| F ( k x , k y , k z ) | 2 

(
σT 

)2 = P noise 

•k max 

−k max 

(
1 

2 π

)3 

d k x d k y d k z 

 

max 
⊥ , ‖ = 

π

a ⊥ , ‖ 
→ P noise = 

(
σT 

)2 (
a 2 ⊥ 

a ‖ 
)

We would find a pessimistic P noise redshift dependence if we
pplied the abo v e formulae directly. Indeed, the array instantaneous
eld of view (FOV) increases with redshift like ( δθ ) 2 as (1 +
) 2 , increasing the mapping speed. The per pixel noise would
hen decrease with redshift as (1 + z) −1 . Taking this effect into
ccount, we find a redshift dependence for the noise power spec-
rum identical to the one derived in section 3.2 of Ansari et al.
 2012 ). 

 noise ( z) � (1 + z ) 2 d 2 M 

( z ) 
c 

H ( z ) 

δν

ν21 
( δθ0 ) 

2 
(
σT 

0 

)2 
, (A1) 

here σT 
0 denotes the per pixel noise level at z = 0. 
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PPENDI X  B:  SI MULATI ON  O F  

X T R A  G A L A  CTI C  H  I 2 1 C M  S I G NA L  

1 Preparation of the input catalogue from SDSS 

e extract SDSS data through their SQL server with a geometric
election of the intersection of the PhotoObj , SpecObj , and
hotoz catalogues (the latter providing absolute magnitudes).
rom this initial catalogue we select objects satisfying the empirical
ducial criteria: 

(i) sources belonging to the category GALAXY 
(ii) a spectroscopic redshift in the interval [0.005,1.0] 
(iii) selection of objects with ordinary colours: −0.5 < r − i < 2.5

nd −0.2 < g − i < 1.65 to a v oid a few rare outliers 

2 From optical photometry to radio parameters 

n order to be able to simulate observations of a sky composed
f diffuse and point-like continuum radio sources as well as 21cm
mission from galaxies, we need to determine the 21 cm emission
roperties of the latter starting from an optical galaxy catalogue. We
ollow a two-step procedure to achie ve this. First, follo wing Taylor
t al. ( 2011 ) we estimate the stellar mass of each galaxy from their
hotometric properties using their equation (8) 11 : 

log ( M � /M �) = 1 . 15 + 0 . 70( M g − M i ) − 0 . 4 M i (B1) 

his equation can easily be applied for SDSS objects, using their
hotoz table that includes absolute magnitudes. From a cross-match
etween the ALF ALF A and SDSS, Brown et al. ( 2015 ) investigated
he relation between the H I and stellar masses of galaxies. From their
ig. 3 , where results of stacking ALF ALF A observations for the full
DSS sample are reported, we extract a simple relation between the
 I and stellar masses : 

log ( M HI /M � ) = 0 . 179 − 0 . 66( log M � − 9 . 21) (B2) 

ombining equations ( B1 ) and ( B2 ) we can now estimate the H I 

ass for each galaxy. Moorman et al. ( 2014 ) (their Fig. 7 ) show the
elation between the H I mass and W 50 , the gas velocity dispersion
idth at half-maximum flux, from which we infer a simple linear

elation between log W 50 and log M HI . 
Using this equation and ( 11 ) we can finally estimate the 21 cm peak

ux and frequency width for each galaxy, after accounting for their
istance as determined by their redshift within a fiducial cosmology
Planck � CDM). 

We prepared a input catalogue for our simulations from the
DSS photo- and spectroscopic catalogue, choosing galaxies with
eclination abo v e δ = 30 de g . The redshift and the derived stellar
nd H I mass distributions for these sources are shown in Fig. B1 .
he computed H I flux and frequency dispersion width as a function
f redshift are shown in Fig. B2 . 

1 We use this equation as found in the MNRAS published version of Taylor
t al. ( 2011 ), where it seems to have been corrected w.r.t. the corresponding
rXiv preprint (arXiv:1108.0635). 
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Figure B1. Left-hand panel: Redshift distribution of the SDSS sources after additional selection criteria described in paragraph B1 . Right-hand panel: Derived 
stellar mass distribution in blue, and corresponding H I mass distribution in orange. 

Figure B2. 21 cm peak flux (in mJy) and frequency dispersion width (in MHz) computed from W 50 as a function of redshift for our simulated H I source 
catalogue, derived from the SDSS catalogues. 
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