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Préambule
Ce document décrit les études et réalisations accomplies dans le cadre du projet BAORadio
depuis 2007 par le LAL, en collaboration avec l’Irfu-SPP (CEA) et l’Observatoire de Paris. La
première section décrit l’objectif scientifique du projet, ainsi que le contexte international. La
seconde section donne un aperçu chronologique des activités BAORadio et la troisième sec-
tion présente de manière plus détaillée les projets en cours : Exploitation de l’interféromètre
PAON-4, le développement de la carte NEBuLA et la participation au projet Tianlai. Ce do-
cument reprend en grande partie des éléments présentés dans le rapport présenté au Conseil
Scientifique du LAL (16 septembre 2015) et la proposition soumise au PNCG (Programme
National Cosmologie et Galaxies) en septembre 2015.
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PAON-4: LAL(CNRS/IN2P3), Irfu(CEA), Obs. Paris Meudon (DIL, GEPI, 
LESIA, UFE, USN-Nancay)
NEBuLA: LAL(CNRS/IN2P3), Irfu(CEA), USN (Obs.Paris-CNRS/INSU)
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Brève histoire de l’hydrogène dans l’univers  

Les grandes structures et les BAO’s à 21 cm 
✤ La cartographie 3D (Intensity Mapping)
✤ les avant-plans, effets instrumentaux

Le projet BAORadio France
✤ Les grandes étapes de 2007 à 2015
✤ Projet en cours : PAON-4, NEBuLA

HIRAX et Tianlai (et CHIME)

SKA  ( / LOFAR, EMBRACE )

R. Ansari - Octobre 2015
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Fig. 6. (a): IGM temperature evolution if only adiabatic cooling and Compton
heating are involved. The spin temperature TS includes only collisional coupling.
(b): Differential brightness temperature against the CMB for TS shown in panel a.

computed exactly for any given temperature history from the rate coefficients
presented in §2.2. A convenient estimate of their importance is the critical
overdensity, δcoll, at which xc = 1:

1 + δcoll = 1.06

[

κ10(88 K)

κ10(TK)

]

(

0.023

Ωbh2

) (

70

1 + z

)2

, (67)

where we have inserted the expected temperature at 1 + z = 70. Thus for
redshifts z ! 70, TS → Tγ; by z ∼ 30 the IGM essentially becomes invisible.
It is worth emphasizing that κ10 is extremely sensitive to TK in this regime
(see Fig. 2). If the universe is somehow heated above the fiducial value, the
threshold density can remain modest: δcoll ≈ 1 at z = 40 if TK = 300 K. The
solid line in Figure 6a shows the spin temperature TS during the dark ages,
and Figure 6b shows the corresponding brightness temperature. The signal
peaks (in absorption) at z ∼ 80, where TK is small but collisional coupling
still efficient. Because of the simple physics involved in Figure 6, the 21 cm
line offers a sensitive probe of the dark ages [2], at least in principle.

47

S. Furlanetto, S. Peng Ho, F. Briggs, Phys.Rept. 433 (2006) , 
arXiv:0608032

température du rayonnement 
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A. Liu, J.R. Pritchard, M. tegmark, A. Loeb. (2012) , arXiv:1211.3743
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FIG. 1. Target 21 cm global signal as predicted by the model of [21]. The exact details of this signal are uncertain and depend
upon the nature of the first galaxies.

comprised of three contaminants:

n

↵i

⌘ n

fg

↵i

+ n

inst

↵i

+ n

s

↵i

, (2)

where n

fg, ninst, and n

s signify the foregrounds, instru-
mental noise, and anisotropic cosmological signal, respec-
tively. Throughout this paper, we use Greek indices to
signify the radial/frequency direction, and Latin indices
to signify the spatial directions. Note that n is formally
a vector even though we assign separate spatial and spec-
tral indices to it for clarity. In the following subsections
we discuss each of these three contributions to the noise,
with an eye towards how each can be mitigated or re-
moved in a real measurement. We will construct de-
tailed models containing parameters that are mostly con-
strained empirically. However, since these constraints are
often somewhat uncertain, we will vary many of them
as we explore parameter space in Sections IV and V.
Our conclusions should therefore be robust to reasonable
changes in our assumptions.

Finally, we stress that in what follows, our models
are comprised of two conceptually separate—but closely
related—pieces. To understand this, note that Equation
(2) is a random vector, both because the instrumental
noise is sourced by random thermal fluctuations and be-
cause the foregrounds and the cosmological signal have
modeling uncertainties associated with them. Thus, to
fully describe the behavior of n, we need to specify two
pieces of information: a mean (our “best guess” of what
the foregrounds and other noise sources look like as a
function of frequency and angle) and a covariance (which
quantifies the uncertainty and correlations in our best
guess). We will return to this point in Section II B 4 when
we summarize the essential features of our model. Read-
ers may wish to skip directly to that section if they are
more interested in the “designer’s guide” portion of the
paper than the mathematical details of our generalized
noise model.

1. Foreground Model

Given that foregrounds are likely to be the largest con-
taminant in a measurement of the global signal, it is im-
portant to have a foreground model that is an accurate
reflection of the actual contamination faced by an exper-
iment, as a function of both angle and frequency. Having
such a model that describes the particular realization of
foregrounds contaminating a certain measurement is cru-
cial for optimizing the foreground removal process, as
we shall see in Section III. However, constructing such a
model is di�cult to do from first principles, and is much
more di�cult than what is typically done, which is to
capture only the statistical behavior of the foregrounds
(e.g. by measuring quantities such as the spatial average
of a spectral index). It is thus likely that a full fore-
ground model will have to be based at least partially on
empirical data.
Unfortunately, the community currently lacks full-sky,

low noise, high angular resolution survey data in the low
frequency regime relevant to global signal experiments.
Foreground models must therefore be constructed via in-
terpolations and extrapolations from measurements that
are incomplete both spatially and spectrally. One such
e↵ort is the Global Sky Model (GSM) of [19]. In that
study, the authors obtained foreground survey data at 11
di↵erent frequencies, and formed a series of foreground
maps, stored in the vector g. The maps were then used
to define a spectral covariance matrix G:

G

GSM

↵�

⌘ 1

N

NX

i=1

g

↵i

g

�i

, (3)

where N is the number of pixels in a spectrally well-
sampled region of the sky, and in accordance with our
previous notation, g

↵i

denotes the measured foregrounds
in the i

th pixel at the ↵

th frequency channel. From this
covariance, a dimensionless frequency correlation matrix
was formed:

e
G

↵�

⌘
G

GSM

↵�q
G

GSM

↵↵

G

GSM

��

. (4)

Couplage TS ⇿ TK à 
travers les collisions

Baisse de densité: TS  
s’équilibre avec T"-cmb

Couplage TS ⇿ TK à 
travers l’effet 

Wouthuysen-Field, dans 
le bain des photons UV 

des premières étoiles

Chauffage du gaz (photons X) - 
augmentation de TK  donc de TS

HI et Température de brillance à 21 cm

Ly ! (121 nm)

21cm
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LSS & BAO à 21 cm

8

3D Intensity mapping
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De manière analogue aux relevés optiques : 

 Identification des sources HI (21 cm), determination de la 
position angulaire position et le redshift (raie à 21 cm) - 
Calcul de la fonction de corrélation à 2 points ou le spectre 
de puissance P(k) à partir du catalogue d’objets. 

Ou similaire aux observations du fond diffus (CMB) :

 Cartographie de l’intensité d’émission (température de 
brillance) HI (21 cm) - T21(#,$,z) - Soustraction des avant-
plans (synchrotron…), determination du spectre P(k,z) sur 
les cubes de données 21 cm.

9
R. Ansari - Octobre 2015

LSS & BAO à 21 cm 
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R. Ansari - Sep 2011

LSS  en radio avec des  galaxies
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20

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

BAO scales ≳ 0.2 degree 
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✤ La raie à 21 cm: unique motif spectral en bande L (autour ~GHz) 
➡ observations spectro-photometrique

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

✤ Les instruments limités par la limite de diffraction: 
700 MHz:  D=100 m → ~20’ ,  D=1km → ~2’ ,  D=100 km → ~1” ,  2’ → 1 Mpc @ z = 1

✤ Mesure d’intensité en optique, amplitude & phase in radio;  
Imagerie/CCD en optique, interférométrie et spectroscopie en 
radio

✤ Bruit instrumental (ro-noise <5 e) souvent négligeable en optique, 
dominant en radio (Tsys~20-50 K) 

✤ Pollution lumineuse (humaine) / émissions atmosphériques en 
optique / pollution électromagnétique (RFI)  d’origine terrestre 
(/humaine) en radio

Observations à 21 cm
Comparaison avec les techniques optiques

12
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Cartographie 3D de la distribution de l’hydrogène neutre par la 
mesure du spectre d’émission totale radio en bande L sans 
identification des sources 
Une résolution angulaire modeste  (10-15 arcmin) est suffisant 

Nécessite un grand champ de vue (FOV) et une large bande (BW) 
instantanés 

 Réseau interféromètrique dense à base de petits réflecteurs (haute 
sensibilité à bas k) (→ grand FOV)

 Bruit instrumental / environnemental ( Tsys ) 

 Avant-plans : synchrotron et sources radio 
• Peterson, Bandura & Pen  (2006)
• Chang et al. (2008)  arXiv:0709.3672
• Ansari et al (2008) arXiv:0807.3614
• Wyithe, Loeb & Geil (2008) arXiv:0709.2955

R. Ansari - June 2012

• Peterson et al (2009) arXiv:0902.3091
• Ansari et al (2012) A&A arXiv:1108.1474

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

13Thursday, October 22, 15



Réseau de L=100 m → resol. angulaire 
~ #/L , se détériore avec le redshift z  

résolution spectrale 100 kHz → 
excellente résolution en redshift ~ 10^-4

z=0.5

z=1 z=2

8.5 Mpc

20 Mpc

45 Mpc

0.3 Mpc

0.3 Mpc

0.3 Mpc

z $' dLOS H $d∥ $d⊥
0.5 15’ 1945 90 8.5 0.3

1 20’ 3400 120 20 0.3

2 30’ 5320 200 45 0.3

3 40’ 6320 300 75 0.3
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http://lambda.gsfc.nasa.gov/

Haslam 408 MHz map (Galactic 
synchrotron emission) 

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

Signal HI : T21 < mK !

R. Ansari 

Avant-plans 
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Radio foreground (GSM) @ 720 MHz (z=1.) - Kelvin K
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BAORadio de 2007 à 2015

18
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• 2007: début du projet BAORadio 

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

• 2007-2009: Développememt de la chaîne BAORadio  
(électronique/informatique)     - Tests à nançay                        

• 2009-2010: Tests sur le prototype du CRT à Pittsburgh 

• 2011-2012: FAN, Observations HICluster,contacts avec le 
NAOC

• 2012-2014: PAON, Tianlai

• 2015-2016: NEBuLA, PAON4, Tianlai

• Soutien financier: IRFU, CNRS/P&U, P2I, Obs. de Paris, 
LAL, PNCG 

20
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Optical digital outputs (2) Input analog channels (4)

USB port

Control FPGA (Cyclone)

ADC + Stratix bloc ADC + Stratix bloc

21

BAORadio ADC board
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22

CRT  (CMU, Pittsburgh)

BAORadio @ CRT-Pittsburgh - 
Nov 2009
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✤ Observation de quelques amas proches (A85, A1205, A2440, z ≲ 0.1) 
✤ Observation au RT en parallèle avec le système BAORadio et l’auto-

correlator standard ACRT 
✤ Total ~ 10-20 heures/cible - observations réparties sur ~ une année
✤ Calibration, nettoyage RFI cleaning, analyse des spectres 
✤ ~ 150 TO de données traitées au CC-IN2P3 (transfert par iRods) 
✤ Niveau de sensibilité de ~mK sur une large bande 
✤ Détection/mesure du signal HI sur A85 et A1205

Programme HICluster à Nançay

23Thursday, October 22, 15



A&A proofs: manuscript no. HICluster-A&A

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

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

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

3C161 1408.0 26.4 ± 0.8 11.3 ± 0.3

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

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

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

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

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

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

5.2. HI signal search

6. Conclusions

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

This quite long campaign of observations has shown that the
BAOelec system is quite e↵ective. This complete measurements
done on electronic test bench and also observation of bright
sources with a prototype of cylinder array at Pittsburgh Univ.
were 2 x 32 dipoles were connected in correlations and with the
FAN antenna array at the NRT (Deschamps et al. 2012). The
concept of "digitization as close as possible to the LNA" is be-
ing discussed for the TianLai undergoing project (?).
Acknowledgements. The observations at Nançay would not have been possible
with-out the help and support of the operators and of the technical sta↵ of the ra-
dio telescope. The Nançay Radio Observatory is the Unité scientifique de Nançay
of the Observatoire de Paris, associated as Unité de service et de recherche (USR)
No. B704 to the French Centre national de la recherche scientifique (CNRS). The
Nançay Observatory also grate- fully acknowledges the financial support of the
Conseil régional of the Région Centre in France.
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✤ PAON : PAraboles à l’Observatoire de Nançay 
✤ PAON-4 : 4 réflecteurs D=5m, réseau dense, observation mode transit 
✤ Surface totale ~ 75 m^2, 8 = 4 x 2 (pol) récepteurs , 36 visibilities        

~ 2 GBytes/s de flot de données maximum  
✤ 38 S < Elevation < 15 N → 10 < & < 60 à Nançay
✤ 250 MHz band , 1250-1450 MHz 
✤ Résolution Interférometrique ~ 1 deg @ 1400 MHz 
✤ Objectifs: RFI cleaning , mesures Tsys et niveau de corrélation entre 

antennes, test des méthodes de calibration et de reconstruction de 
cartes 3D en mode transit

✤ Atteindre un niveau de bruit ~10 mK (/par 1deg x 1 MHz pixels) - 
Vérification de la stabilité instrumentale sur le long terme

Interféromètre PAON 
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PAON-2  ➞
installed September  2012

26

PAON Test Interferometer  
(J.M.Martin, J.E. Campagne)

PAON-4 
(F. Rigaud)
4 D=5m dishes 
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Inauguration PAON-4 à Nançay - 2 Avril 2015
en présence des directeurs de laboratoires (LAL,USN-Nançay) et du 

président de l’Observatoire
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PAON-4 : lobes, cartes reconstruites (simulations)
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PAON-4 reconstructed map (NAc)
without autocorrelations
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J. Zhang, reconstruction de cartes pour interféromètre en 
mode transit (thèse en cotutelle avec le NAOC)

Lobe 1 antenne
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Evolution vers NEBuLA 

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

46 

Filtre Δf=500MHz 

10Gb Ethernet 
PCIExpress Ext. 

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

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

NEBuLA
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Evolution vers NEBuLA 

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

45 

EMBRACE container 

Filtre Δf=500MHz 

10Gb Ethernet 
PCIExpress Ext. PAON4 avec NEBULA 

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

48 

Opt Fib 

Filtre 500MHz par l’Irfu 

NEBuLA / 
PAON-4 Phase 2
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(CHIME), HIRAX et Tianlai

31
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• LOFAR
• GMRT
• MWA

• SKA
• HERA

• CHIME
• Tianlai
• HIRAX
• GBT/Parkes
• BAOBab/BINGO

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

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

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

21 cm projects 
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J.E Campagne - LAL - 16/9/15 

5 

TINALAI Pathfinder 

TINALAI full 

Slide: P. Timbie (adaptation par J.E. Campagne)

Tianlai full

Tianlai pathfinder
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CHIME  
(Canadian Hydrogen Intensity Mapping Experiment) 

 
 
 

Prototype 
 2, 8m dishes  
 4 channels  

 
Pathfinder 

 2, 20mx40m cylinders  
      256 channels, 400 MHz 
  
Full CHIME - funded 

 4, 20mx100m cylinders 
 1280 channels, 400 MHz  
 operating in 2016  

UBC 
DRAO 
McGill 
NRC-CNRC 
Toronto 

Slide: P. Timbie
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HIRAX
(a southern hemisphere 21 cm BAO survey)

Projet mené par l’Afrique du Sud (PI: J. Sievers) en partenariat avec 
Canada, États-Unis, France
Financement (NRF / AFS) pour une première phase (réseau de 128 
réflecteurs?) obtenu été 2015 
Situé sur le site SKA dans le désert de Karoo, un des meilleurs sites 
mondiaux de radioastronomie (protégé par la législation sud-africaine)
Complémentaire avec des relevés similaire de l’hémisphère nord (CHIME, 
Tianlai) - couverture en z : 0.8 … 2
Objectifs scientifiques: P(k) à 21 cm et BAO’s - Corrélation croisée avec 
des relevés à d’autres fréquences + pulsars et transients 
Actuellement: implication scientifique de l’APC (M. Bucher, K. Ganga) - 
discussions en cours pour élargir éventuellement cette participation 

Vue d’artiste
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Tianlai
Projet mené par le NAOC (PI: X. Chen) en partenariat avec Canada, 
États-Unis, Corée du Sud, France
Collaboration constitué en 2011-2012 - Financement obtenu en 2012 (?) 
pour une première phase
En chine: participation de l’Institute of Automation (électronique numérique) 
et Institute 54 (Antennes, électronique Analogique) + …  
Recherche de sites à travers le territoire chinois - Choix du site en 2013 
Début d’aménagement du site à l’été 2014: construction d’une route (piste) 
et ligne électrique 10 kV, fibres optiques (7 km) depuis le village le plus 
proche - Construction du lieu de vie et salles électronique/informatique  
Réseau de 3 cylindres (15mx40) et un réseau de 16 réflecteurs (D=6 m) 
déployé à l’été 2015
Phase Tianlai pathfnder: 96 (dual-pol) récepteurs sur les 3 cylindres - 
Corrélateur 192 voies (FPGA+DSP) en cours d’installation + corrélateur 32 
voies pour le réseau des 16 antennes
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\

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

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

9 

Beijing 

5000km 
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– 4 –

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

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

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

observed power spectrum, and the bispectrum.

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

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

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

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

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

are not expected to achieve any good precision.

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

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

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

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

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

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

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

method. We conclude in Sec.5.

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

Pathfinder 3 15 m 40 m 32 700 – 800 MHz

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

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

2. The Power Spectrum Measurement with Tianlai Intensity Mapping

2.1. The Signal Power Spectrum

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

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

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

2003)

Pobs(kref⊥, kref‖) =
DA(z)2refH(z)

DA(z)2Href(z)

(

bHI
1 (z) + f(z)

k2‖
k2⊥ + k2‖

)2

×G(z)2Pm0(k) + Pshot, (2)
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Fig. 1.— (Left): one-dimensional baseline distribution n(r) of various Tianlai configurations,

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

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

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

PN (k)/
√

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

Nc(k) (dashed

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

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

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

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

∆k = 0.005Mpc/h, and ∆z = 0.2.

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

mal noise∆PN (k) = PN (k)/
√

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

Nc(k)

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

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

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

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

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

at the corresponding redshifts with the dotted lines.

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

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

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

– 11 –

the two contributions are comparable at the BAO scale.

2.4. The Power Spectrum with Expected Tianlai Errors

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

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

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

forecasts in the following sections, and it is

∆Pobs(!k) =
1√
Nc

[

Pobs(!k) +N(k)
]

, (29)

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

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

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

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

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

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

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

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

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

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

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

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

Tianlai
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7 Comparaison des différents projets BAO à 21 cm

16

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

Energy Task Force as (Albrecht et al. 2009)

FOM = 1
�

q

det(F�1|w
0

,wa), (23)

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

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

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

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

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

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

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

Contraintes sur l’énergie noire par un 
relevé de type CHIME ou Tianlai-full

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

40
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✤ Galaxy evolution, Cosmology and Dark Energy 
✤ Strong-field tests of gravity using pulsars and black holes
✤ Origin and evolution of cosmic magnetism 
✤ Probing the dark ages
✤ Cradle of life 

✤ SKA-Low (50-350 MHz) - 250 000 antennes, coeur de 
D~1km et d_max ~ 45 km

✤ SKA-mid (350-3000 MHz) - une centaine de réflecteurs  
de D ~13-15 m

✤ début de construction: 2018

SKA Phase 1:
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250,000 element 
 Low Frequency  Aperture Array 

Exploring the Universe  
with the world’s largest radio telescope 

254 dishes Ph
as

e 
I :
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0 
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II 
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50 MHz             100 MHz                           1 GHz                     10 GHz 

>250,000 element 
Low Frequency  Aperture Array 

2500 dishes 

Mid Frequency Aperture 
Array 

Sc
ie

nc
e 

96 survey enabled dishes 

Cosmic Dawn & Reionization Pulsars Cosmic Magnetism Cradle of Life Cosmology & 
Galaxy Evolution 

Slide by R. Braun 
SKA Science director~100

?

?
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EMBRACE Pathfinder for SKA

EMBRACE
Steve Torchinsky

S. Torchinsky (Nançay)

Aperture Array
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✤ Perspectives scientifiques prometteuses  (DE, distribution de masses HI 
et son evolution à z ~ 1-2, caractérisation fine des avant-plans, pulsars 
…) pour les relevés 21 cm à z ~ 1-2

✤ Reionisation à plus haut redshift (LOFAR, SKA-Low, HERA) 
✤ PAON-4 & EMBRACE : banc test pour l’analyse des données et 

développements électronique (NEBuLA) …
✤ Tianlai, HIRAX (CHIME) permettront peut–être de développer la 

cartographie 3D 21 cm et ouvriront la voie à des instruments plus 
ambitieux: SKA-mid/AA (Aperture Arrays)

✤ Défis scientifiques et techniques : traitement numérique en ligne 
(corrélateur/beam-former) calibration, réduction des données, 
Reconstruction des cartes 3D map, soustraction des avant-plans …

✤ Demandes à l’IN2P3 : soutien aux projets - en particulier des missions 
(Chine, Afrique du Sud) -  Calcul/Stockage - Éventuellement (dans ±2 
ans) une contribution (future) à Tianlai / HIRAX (électronique) …

44
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The End
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