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1. Spectre électromagnétique et l’émission à 21 cm 

2. L’évolution cosmique de l’hydrogène  

a. la raie à 21 cm comme sonde cosmologique  

3. Observations en radio :
a. Principes 

b. HI extragalactique

c. l’interférométrie , synthèse de lobe 

d. LOFAR, MWA, SKA …

4.  Cartographie 3D à 21 cm (Intensity Mapping) et les 
BAO’s

a. Tianlai et BAORadio 
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Spectre EM et le 
rayonnement 21 cm

3Friday, September 12, 14



Température, longueur d’onde
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Le spectre électromagnétique
 http://en.wikipedia.org/wiki/File:EM_Spectrum_Properties_edit.svgv/R. Ansari, E2φ 2012

Obs optiques/IR/UV
(galaxies)CMB/FIR

Radio : 
21 cm, synchrotron…
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Rayonnement du corps noir 
• loi de Planck (rayonnement du corps noir) - Unité SI 

(W/m^2/Hz/srad)

• Pour h ν << k T (domaine de Rayleigh-Jeans) 

• La puissance totale émise ∝ T^4 (Loi de Stéphan)

• Le pic de l’émission 

B(ν) = L(f) !
2kTf2

c2
=

2kT

λ2
λ "

hc

kT

Itot = σT
4

σ = 5.67 × 10
−8

W m
−2

K
−4

�max =
c
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avec A = 2.898� 10�3K.m
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Rayonnement à 21 cm 

• Niveaux atomiques: >100 THz (visible, UV), vibrations moléculaires 
(0.1…100 THz), rotation moléculaires (10…1000 GHz)

• Effets électroniques collectifs : kHz … 10 GHz 

• Niveau hyperfine de l’hydrogène atomique : transition de spin (spin-
flip) de l’électron dans le champ magnétique du moment dipolaire du 
noyau  

Ly α
21cm

Fréquence d’émission : ⌫21 = 1.4204 109 Hz

Coe�cient émission spontanée : A21 = 2.87 10�15 s�1

�T21 = h⌫21/k ' 0.0682K ⌧ TCMB = 2.725K

(+) triplet, (-) singulier et le niveau inférieur un singulet.
équirépartition des atomes sur (+)/(-) si Ts � �T21

! N+ = 3/4 NHI .
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HI à travers les 
âges

La raie à 21 cm 
comme sonde 
cosmologique
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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 
(CMB) Tγ

Température cinétique du gaz 
(Hydrogène neutre) TK

Température de spin TS

T� / (1 + z)

TK / (1 + z)2

n+

n�
=

g+
g�

exp

✓
�E21

kTS

◆

= 3 exp

✓
� T⇤
TS

◆

T⇤ ' 0.068K

Pas de signal à 21 cm si TS = Tγ
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• Collisions entre atomes d’hydrogène - diminue lorsque la densité baisse 

• Effet Wouthuysen-Field : population deux deux états de spin à travers des 
transitions Lyman, dans un bain de photons UV 

• Le gaz (hydrogène atomique) est plus froid que le gaz de photons (CMB), sauf 
lorsqu’il est réchauffé par le rayonnement X émis des étoils très massives/quasars 
…

Mécanisme de couplage TK TS
(température cinétique, température de spin)

Fig. 3. Level diagram illustrating the Wouthuysen-Field effect. We show the hy-
perfine splittings of the 1S and 2P levels. The solid lines label transitions that
mix the ground state hyperfine levels, while the dashed lines label complementary
transitions that do not participate in mixing. From [130].

2.3 The Wouthuysen-Field Effect

A less obvious coupling process has become known as the Wouthuysen-Field
mechanism 10 [66, 67]. It is illustrated in Figure 3, where we have drawn the
hyperfine sublevels of the 1S and 2P states of HI. Suppose a hydrogen atom in
the hyperfine singlet state absorbs a Lyα photon. The electric dipole selection
rules allow ∆F = 0, 1 except that F = 0 → 0 is prohibited (here F is the
total angular momentum of the atom). Thus the atom will jump to either
of the central 2P states. However, these rules allow this state to decay to
the 1S1/2 triplet level. 11 Thus atoms can change hyperfine states through
the absorption and spontaneous re-emission of a Lyα photon (or indeed any
Lyman-series photon; see §2.4 below). This is analogous to the well-known
“Raman scattering” process, which often determines the level populations of
metastable atomic states, except that in this case the atom undergoes a real
(rather than virtual) transition to the 2P state.

10 As a guide to the English-speaking reader, “Wouthuysen” is pronounced as
roughly “Vowt-how-sen,” although in reality the “uy” construction is a diphthong
with no precise counterpart in English.
11 Here we use the notation F LJ , where L and J are the orbital and total angular
momentum of the electron.

32

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

J. Pritchard, S. Furlanetto, MNRAS (2006) 
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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)

A. Liu, J.R. Pritchard, M. tegmark, A. Loeb. (2012) , arXiv:1211.3743

Couplage TS ⇿ TK à 
travers les collisions

Baisse de densité: TS  
s’équilibre avec Tγ

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
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TMT8 may provide a glimpse of the Universe at z ! 12
they peer through a narrow field of view and are unlikely
to touch upon redshifts z ! 20. As we will show, 21
cm global experiments could potentially provide crude
constraints on even higher redshifts at a much lower cost.
The structure of this paper is as follows. In §II, we

begin by describing the basic physics that drives the evo-
lution of the 21 cm global signature and drawing atten-
tion to the key observable features. We follow this in §III
with a discussion of the foregrounds, which leads into our
presenting a Fisher matrix formalism for predicting ob-
servational constraints in §IV. In §V and §VI we apply
this formalism to the signal from reionization and the
first stars, respectively. After a brief discussion in §VII
of the prospects for detecting the signal from the dark
ages before star formation, we conclude in §VIII.
Throughout this paper where cosmological parameters

are required we use the standard set of values Ωm = 0.3,
ΩΛ = 0.7, Ωb = 0.046, H = 100h km s−1Mpc−1 (with
h = 0.7), nS = 0.95, and σ8 = 0.8, consistent with the
latest measurements [14].

II. PHYSICS OF THE 21 CM GLOBAL SIGNAL

The physics of the cosmological 21 cm signal has been
described in detail by a number of authors [15, 16] and
we focus here on those features relevant for the global
signal. It is important before we start to emphasise our
uncertainty in the sources of radiation in the early Uni-
verse, so that we must of necessity extrapolate far beyond
what we know to make predictions for what we may find.
Nonetheless the basic atomic physics is well understood
and a plausible understanding of the likely history is pos-
sible.
The 21 cm line frequency ν21 cm = 1420MHz redshifts

for z = 6 − 27 into the range 200-50 MHz. The signal
strength may be expressed as a differential brightness
temperature relative to the CMB

Tb = 27xHI

(

TS − Tγ

TS

)(

1 + z

10

)1/2

× (1 + δb)

[

∂rvr
(1 + z)H(z)

]

−1

mK, (1)

where xHI is the hydrogen neutral fraction, δb is the over-
density in baryons, TS is the 21 cm spin temperature, Tγ

is the CMB temperature, H(z) is the Hubble parameter,
and the last term describes the effect of peculiar velocities
with ∂rvr the derivative of the velocities along the line
of sight. Throughout this paper, we will neglect fluctua-
tions in the signal so that neither of the terms δb nor the
peculiar velocities will be relevant. Fluctuations in xH

8 http://www.tmt.org/

and δb will be relevant for the details of the signal, but
are not required to get the broad features of the signal,
on which we focus here.

FIG. 1: Evolution of the 21 cm global signal for different
scenarios. Solid blue curve: no stars; solid red curve: TS !
Tγ ; black dotted curve: no heating; black dashed curve: no
ionization; black solid curve: full calculation.

The evolution of Tb is thus driven by the evolution of
xH and TS and is illustrated for redshifts z < 100 in
Figure 1. Early on, collisions drive TS to the gas temper-
ature TK , which after thermal decoupling (at z ≈ 1000)
has been cooling faster than the CMB leading to a 21 cm
absorption feature ([TS − Tγ ] < 0). Collisions start to
become ineffective at redshifts z ∼ 80 and scattering of
CMB photons begins to drive TS → Tγ causing the sig-
nal to disappear. In the absence of star formation, this
would be the whole story [17].
Star formation leads to the production of Lyα photons,

which resonantly scatter off hydrogen coupling TS to TK

via the Wouthysen-Field effect [18, 19]. This produces
a sharp absorption feature beginning at z ∼ 30. If star
formation also generates X-rays they will heat the gas,
first causing a decrease in Tb as the gas temperature is
heated towards Tγ and then leading to an emission sig-
nal, as the gas is heated to temperatures TK > Tγ . For
TS & Tγ all dependence on the spin temperature drops
out of equation (1) and the signal becomes saturated.
This represents a hard upper limit on the signal. Finally
reionization will occur as UV photons produce bubbles
of ionized hydrogen that percolate, removing the 21 cm
signal.
We may thus identify five main events in the history

of the 21 cm signal: (i) collisional coupling becoming in-
effective (ii) Lyα coupling becoming effective (iii) heat-
ing occurring (iv) reionization beginning (v) reionization

3

ending. In the scenario described above the first four of
these events generates a turning point (dTb/dz = 0) and
the final event marks the end of the signal. We reiterate
that the astrophysics of the sources driving these events
is very uncertain, so that when or even if these events
occur as described is currently unknown. Figure 2 shows
a set of histories for different values of the X-ray and Lyα
emissivity, parametrized about our fiducial model by fX
and fα representing the product of the emissivity and the
star formation efficiency following Ref. [16]. Clearly the
positions of these features may move around both in the
amplitude of Tb and the frequency at which they occur.

FIG. 2: Dependence of 21 cm signal on the X-ray (top panel)
and Lyα (bottom panel) emissivity. In each case, we consider
examples with the emissivity reduced or increased by a factor
of up to 100. Note that in our model fX and fα are really the
product of the emissivity and the star formation efficiency.

We view this to be the most likely sequence of events
for plausible astrophysical models. We are reassured in
this sequencing since, in the absence of Lyα photons es-
caping from galaxies [20], X-rays will also produce Lyα
photons [21, 22] and so couple TS to TK and, in the ab-
sence of X-rays, scattering of Lyα photons heats the gas
[23]. In each case the relative sequence of events is likely
to be maintained. We will return to how different models
may be distinguished later and now turn to the presence
of foregrounds between us and the signal.

III. FOREGROUNDS

At the frequencies of interest (10-250 MHz), the sky
is dominated by synchrotron emission from the galaxy.
A useful model of the sky has been put together by Ref.
[24] using all existing observations. The sky at 100 MHz

is shown in Figure 3, where the form of the galaxy is
clearly visible. In this paper, we will be focusing upon
observations by single dipole experiments. These have
beam shapes with a typical field-of-view of tens of de-
grees. The lower panel of Figure 3 shows the beam of
dipole (approximated here as a single cos2 θ lobe) sit-
ting at the MWA site in Australia (approximate latitude
26◦59’S), observing at zenith, and integrated over a full
day. Although the dipole does not see the whole sky at
once it does average over large patches. We will therefore
neglect spatial variations (although we will return to this
point in our conclusions).

FIG. 3: Top panel: Radio map of the sky at 100 MHz gen-
erated from Ref. [24]. Bottom panel: Ideal dipole response
averaged over 24 hours.

Averaging the foregrounds over the dipole’s angular re-
sponse gives the spectrum shown in the top panel of Fig-
ure 4. First note that the amplitude of the foregrounds is
large ∼ 100K compared to the 10 mK signal. Nonethe-
less, given the smooth frequency dependence of the fore-
grounds we are motivated to try fitting the foreground
out using a low order polynomial in the hope that this
leaves the signal behind. This has been shown by many
authors [e.g. 25, 26] to be a reasonable procedure in the
case of 21 cm tomography. There the inhomogeneities
fluctuate rapidly with frequency, so that only the largest
Fourier modes of the signal are removed. In the case of
the global 21 cm signal our signal is relatively smooth in
frequency, especially if the bandwidth of the instrument
is small. Throwing the signal out with the foregrounds
is therefore a definite concern.

Throughout this paper, we will fit the foregrounds us-

J.R. Pritchard, A. Loeb. (2010) , arXiv:1005.4057

Évolution de la température de brillance du 
gaz HI avec le redshift

6

FIG. 6: Evolution of the neutral fraction xH and brightness
temperature Tb for a tanh model of reionization (see Eq.8).

the parameter uncertainty that can be expected from ob-
servations and can be used to test our Fisher matrix cal-
culation. The resulting parameter contours are shown in
Figure 7 along with the Fisher matrix constraints. That
they are in good agreement validates our underlying for-
malism.

FIG. 7: Comparison of 68 and 95% confidence regions between
our MC likelihood (green and red coloured regions) and Fisher
matrix (solid ellipses) calculations for a tanh model of reion-
ization with zr = 8 and ∆z = 1 and fitting four foreground
parameters.

The error ellipses show that there is a strong degen-
eracy between T21 and ∆z. This is a consequence of

the way in which foreground fitting removes power from
more extended histories making it difficult to distinguish
a larger amplitude extended scenario from a lower am-
plitude sharper scenario.
Despite the good agreement, this formalism breaks

down when the Fisher matrix errors become large enough
that reionization parameters are not well constrained.
Although this is not a major hurdle here, caution should
be used when errors are much larger than the parameters
being constrained.

FIG. 8: 95% detection region for global experiments assuming
Npoly = 3 (solid curve), 6 (dashed curve), 9 (dotted curve),
and 12 (dot-dashed curve). Also plotted are the 68 and 95%
contours for WMAP5 with a prior that xi(z = 6.5) > 0.95
(green and red coloured regions).

The resulting potential detection region for the above
experiment is shown in Figure 8, where we consider sev-
eral different orders of polynomial fit. The detection re-
gion shows a number of wiggles associated with points in
the frequency range where the shape of the 21 cm signal
becomes more or less degenerate with the polynomial fit-
ting. We also show the 1- and 2 − σ constraint regions
from WMAP’s optical depth measurement. These con-
strain the redshift of reionization, but say little about
how long it takes. Adding in a prior based upon Lyα
forest observations that the Universe is fully ionized by
z = 6.5 (specified here as xi(z = 6.5) > 0.95) removes
the region of parameter space with large ∆z and low zr.
Global experiments can take a good sized bite out of

the remaining parameter space. They are sensitive to
the full range of redshifts, but primarily to the sharpest
reionization histories. Only if Npoly ≤ 6 can histories
with ∆z > 1 be constrained and histories with ∆z ! 2.5
appear too extended for high significance detections.
This is unfortunate, since Pritchard et al. [29] found

that most reionization histories compatible with the ex-
isting data have ∆z ! 2, suggesting it will be difficult for
global experiments to probe the most likely models. An
important caveat to these conclusions is that the tanh
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• L’étude de l’évolution des grandes structures dans l’univers  est un 
outil fondamental en Cosmologie

• Utilisation de différents traceurs (galaxies, amas, quasars …) pour 
cartographier ces structures 

• L’utilisation de l’imagerie (cartes (α,δ)) et de la spectroscopie (z-
redshift) en optique 

• La raie à 21 cm en radio permet des observations / une cartographie 
en 3D (α,δ,ν↦z) 

• Sondage directe de l’époque de réionisation et la formation des 
premières étoiles / galaxies 

• Cartographie (3D) des grandes structures “avant la formation de 
galaxies” 10 ≲ z ≲ 30

• Étude des grandes structures / de l’Énergie Noire (BAO’s) avec 21cm-
Intensity-mapping pour z ≲ 3 ( HI dans les galaxies)

•  Etudes des grandes structures à 21cm, par une méthode analogue 
aux forêts Ly-α

15Friday, September 12, 14



Ill
us

tr
at

io
n 

: S
ci

en
tifi

c 
A

m
er

ic
an

, A
pr

il 
20

14

Forêt Ly-!

16Friday, September 12, 14



Observations en 
radio
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• En optique / IR / UV : Un système optique constitué de miroirs et lentille - 
un détecteur multi-pixels (CCD, …)  - interaction photon-électron 

• On mesure une charge (/courant) proportionnelle au nombre de photons 
(/flux) de photons incidents - La phase/fréquence de l’onde n’est pas 
mesurée  

• La limite de diffraction (λ/D) est en général bien inférieur à la résolution 
des détecteurs - sauf dans l’infra-rouge lointain  

• Grâce à l’intégration en temps, le bruit du détecteur, de l’électronique est 
négligeable devant les fluctuations de Poisson du nombre de photons 

• La lumière parasite provenant de l’environnement est souvenant 
négligeable dans les bons observatoires - le fond de ciel (atmosphère 
terrestre) peut néanmoins constituer une limite pour la détection des objets 
faibles / lointains 

• Les mesures spectrales (fréquence) s’effectuent en utilisant des prismes et 
des réseaux 

18Friday, September 12, 14



Spectroscopie / réseaux
Sys. optique 

(miroirs/lentilles)
(longueur focale f) 

Détecteur multi-pixels
(CCD …) - (taille des pixels a)

Direction incidente 
→ pos. plan focal

Mesure de I ∝ E^2

Limite de diffraction λ/D
taille angulaire de pixel  a/f

λ/D ≪ a/f

D S λ/D
1 m 0.78 m^2 0.2”

8 m 50 m^2 0.025”

λ = 1 μm
a=20 μm, f= 5 m ➝ a/f = 0.8”
Champ de vue ~ 10’ … deg

Télescope / instrument optique

19Friday, September 12, 14



• En radio : réflecteur (surface métallique / grillagé) - récepteur (feed) 
constitué d’un guide d’onde (cornet) , d’une antenne (élément 
conducteur) 

• Courant induit proportionnel au champ électrique - mesure de la 
forme d’onde après amplification  

• le niveau de bruit instrumental (électronique) peut être limité par 
l’utilisation de récepteur (ampli) cryogénique

• Le signal mesuré étant proportionnel au champ électrique, on a accès 
directement au spectre du signal (fréquence) 

• On peut également combiner les signaux provenant de plusieurs 
antennes : interférométrie, synthèse de lobe

• Le bruit est dominé par les signaux électromagnétiques d’origine 
terrestre (humaine)  : les bons sites se trouvent dans les coins reculés 
du globe  
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Télescope / instrument radio

D S λ/D
10 m 78.5 m^2 1.2 deg

50 m 2000 m^2 15’

300 m 70 000 m^2 2.5’

λ = 21 cm ; ν = 1420 MHz

• Un réflecteur - un seul récepteur au foyer 
• Un réflecteur - plusieurs récepteurs au foyer 
(max qque dizaines) 
• Un réflecteur et un réseau phasé au foyer
• Plusieurs antennes réparties - interférométrie 
• Réseau dense d’antennes : synthèse de lobes

récepteur

LNA

Ampli/filtre/
mixer…

LO

Numérisation
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• Température de brillance 

• Température système Tsys 

• Tsys dominé en général par les 
émissions parasite - Tsys ~ 30-100 K 
@ 1 GHz 

B(T, ⌫) =
2kT ⌫2

c2
W/srad/m2/Hz

T 2
sys = T 2

elec + T 2
env

�T =

⇣
1,
p
2

⌘ Tsysp
tint

p
�⌫

(1� pol, 2� pol)
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Radio télescope de Nançay
http://www.obs-nancay.fr/

• Miroir plan (200mx40m) + miroir sphérique (300mx35m) (~ 7000 
m^2 de surface effective) + Chariot mobile au niveau du plan 
focal  - Situé à Nançay , France

• Trois bandes :   1400 MHz, 1660 MHz et 3330 MHz
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GBT: Green Bank Telescope

http:///www.gb.nrao.edu/GBT/GBT.shtml

• 1 réflecteur orientable de 
100x110 m 

• De 290 MHz à 49 GHz (en 
bande L : 1.15-1.73 GHz

Effelsberg

• Un réflecteur orientable de 100 de 
diamètre en Allemagne

• De 400 MHz à 96 GHz (1.3-1.7 GHz 
en bande L) 

http:///www.mpifr-bonn.mpg.de/div/
effelsberg/index_e.html
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Les galaxies à 21 cm

‣ Transition hyperfine de l’hydrogène atomique :            
ν ≈ 1,420405  GHz  →λ ≈ 21 cm

‣ Gaz: ~ 0.1 … 0.5 × masse dynamique,  
• Masse HI ∼ 0.3 … 0.7 × ( masse du gaz )

‣ Puissance émise à 21 cm ≈ 3  10^18  W ×  M-HI/Msol  
(pour ∆ν ∼ 10^6 Hz)  

• luminosité solaire Lsol  ≈ 3.8 10^26 W

‣ Densité de galaxies ≈ 0.05 Gal / Mpc^3  avec  MHI  > 
10^9 Msol ≈ 0.01 Gal / Mpc^3  avec  MHI  > 10^10 Msol
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‣ Radio, 21 cm emission 
• 10^9 Msol de HI  →  3 10^27 watts (puissance émise) 
• < 10^-24 W/m^2  /  ∆ν ∼ 1 MHz  (qque photons / 

m^2 /s)
• → < 10^-30 W/m^2/Hz  , < 10^-4  Jy  (100 μ Jy)

‣ Optique 
• 10^9 - 10^10 Lsol  → ~ 10^35  watts (puiss. émise)
• < 10^-16 W/m^2 , ~ 10^-17 W/m^2 dans une bande 

photométrique  (~ 10 photons / m^2 /s)

Une galaxie à z~0.3 , dL~1500 Mpc
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z S21 ( "Jy)
0.25 175
0.50 40
1.0 9.6
1.5 3.5
2.0 2.5

S21 en µJy pour MHI = 1010M�

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

5000 25 33
100000 50 3.5
100000 25 1.7

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

> 100 000 m^2 → SKA !

SJy
21 ⇥ 0.021 10�6 Jy

MHI

M⇥
�

�
1Mpc
DL

⇥2

� 200 km/s
⇥v

Slim =
2 k Tsys

A
⇤

2tinteg ��

(1+z)

HI extragalactique 
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Comparison of few 21 cm surveys 

Sensibilité ~ mJyRésolution 3-20 arcmin

z_max ~ 0.03 … 0.15 δz ~ 0.0001 

Vo
ir 
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Arecibo

• Réflecteur parabolique (sphérique) fixe de 
⊘=305 m. S ~ 73000 m^2

• Couverture spectrale : 50 MHz … 10 GHz
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Interférométrie
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http://www.mrao.cam.ac.uk/
telescopes/ryle/

The Ryle Telescope

• Interféromètre radio avec 8 
éléments (réflecteurs)
• fonctionnant à 15 GHz 
• Grand Bretagne (UK)
• Utilisé principalement pour 
le CMB 

R. Ansari - Jan 2008
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S0 (ν,t) S1 (ν,t) S2 (ν,t)

�' =
�`

�
Vij(⌫) =< si(⌫)s

⇤
j (⌫) >

L’information sur la direction de propagation 
est encodée dans les déphasage des signaux 
entre les antennes. 

x0 x1 x2

(�`)i,j = (xj � xi) cos ✓

θ
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10

Aperture Arrays versus Reflectors

Receiving array

Physical

delay

Artificial delayCombiner

Output

Receiver array

Parabolic reflector with array feed

(hybrid: mechanical & electronic)

Receiver

Parabolic reflector

(mechanical)

Aperture Array

(electronic)

Slide borrowed from Ger de Bruyn (Astron/NL)
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Angular 
directions plane

α

β

Fourier plane (u,v)
(angular wave modes)

u

v

(u,v) plane response

u

v

Small circular antenna

Large circular antenna

2π D/λ

u

v Pair of receivers 
spatial separation (2π ∆x/λ, 2π ∆y/

λ)
(2π ∆x/λ, 2π ∆y/

λ)

(2π ∆x/λ, 0)
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38

uv-coverage for LOFAR LBA  (core only)

25 stations

4h synthesis

+45o

Slide borrowed from Ger de Bruyn (Astron/NL)
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VLA: Very Large Array

http://www.vla.nrao.edu/

• 27 réflecteurs paraboliques de 25 mètres de diamètres 
(~ 13000 m^2) 

• Interférométrie haute résolution ( ~ 0.05 “)

• de 70 MHz à 50 GHz, y compris en bande L (1.34-1.72 
GHz)

• Relevé NVSS :  @ 1.4 GHz du ciel complet pour δ > -40 

http://www.vla.nrao.edu/nvss

R. Ansari - Jan 2008
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GMRT : Giant Metrewave Radio Telescope

http://www.gmrt.ncra.tifr.res.in/

• 30 réflecteurs paraboliques de 45 mètres de diamètres, près 
de Pune, en Inde ( ~ 47000 m^2)

• Interférométrie haute résolution avec distance max ~25 km   

• Six bandes de fréquences:  50, 153, 233, 325, 610, 1420 MHz

R. Ansari - Jan 2008
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The$LOFAR*EoR$project:$Analysis$of$the$NCP$data$

•  $LBA$$$$(10)$30$*$90$$MHz$$$$$$$$$$$$$$$$$$$$$$$$$$HBA$$$$$$115$*$240$MHz$
•  $$$$$$$$isolated$dipoles$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$Fles$(4x4$dipoles)$

The   LOFAR   observatory     

Core               2 km         23+ stations 
 NL                80 km        18+ stations 
 Europe       >1000 km         8+ stations 
 
Total # of HBA dipoles: ~ 50000. 

Timeline: 
1. Official opening: June 2010 
2. Data for our project starts: Dec. 2012 
3. First results (hopefully) 2014  

Slide borrowed from S. Zaroubi
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The$LOFAR*EoR$project:$Analysis$of$the$NCP$data$ 10$LOFAR 

The$LOFAR*EoR$project:$Analysis$of$the$NCP$data$

Main Science targets 

1.  ‘Global’$evoluFon$of$the$$EoR:$Variance$as$a$funcFon$of$
redshic.$

2.  Power$spectrum$at$various$redshics$
3.  High$order$staFsFcs$
4.  Imaging!!$

5.  Cross*correlaFon$with$other$probes$
6.  The$21$cm$forest$

$$

11$
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Five Key Science projects 

✤ 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 
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Great Observatories for the coming 
decades  

Square Kilometre Array: radio 
Construction start 2017/18 

Slide by R. Braun 
SKA Science director
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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 :

 2
02

0 
Ph

as
e 

II 
: 2

02
4 

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
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How does SKA1 baseline redefine 
state-of-art? 

  !"#$ %&&'($) *($+,
-./ $*($0 *($+,

12'3&4 
#56$7,
8# 

*($+,
9:; 

$&<<=)141 !"#$ "%& '"( (%') %& '*( %( ())) 

*2'3&4>6:" +,-" ).(/ )./0 ).'* ') (0 % % 

*2'3&4>*?&&/>
6:% 

+,-"1!/1

$2" 
).*03()/ &.)3()/ (.)3()% (.'3()& ".03()% "."3()/ %.)3()% 

7&1:92@.:A 4567,6 (./ (( )."" 8 ).* & (( 

 Aeff/Tsys:            6xJVLA        6xASKAP  16xLOFAR 
Survey Speed:        100x         22xASKAP   270x 

              280xJVLA 
Slide by R. Braun 

SKA Science director
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How did we choose the site? 

Slide by R. Braun 
SKA Science director
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The Science Working Groups 

•  Astrobiology (“The Cradle of Life”) 
–  Project Scientist: Tyler Bourke  
–  Working Group Chair: Melvin Hoare 

•  Galaxy Evolution – Continuum  
–  Project Scientist: Jeff Wagg  
–  Working Group Chairs: Nick Seymour & Isabella 

Prandoni 
•  Cosmic Magnetism 

–  Project Scientist: Jimi Green  
–  Working Group Chairs: Melanie Johnston-Hollitt & 

Federica Govoni 
•  Cosmology 

–  Project Scientist: Jeff Wagg  
–  Working Group Chair: Roy Maartens 

•  Epoch of Reionisation & the Cosmic Dawn 
–  Project Scientist: Jeff Wagg  
–  Working Group Chair: Leon Koopmans 

•  Galaxy Evolution – HI  
–  Project Scientist: Jimi Green  
–  Working Group Chairs: Lister Staveley-Smith & Tom 

Osterloo 
•  Pulsars (“Strong field tests of gravity”) 

–  Project Scientist: Jimi Green  
–  Working Group Chairs: Ben Stappers & Michael Kramer 

•  Transients 
–  Project Scientist: Tyler Bourke  
–  Working Group Chair: Rob Fender 

Slide by R. Braun 
SKA Science director
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Énergie Noire, BAO’s et 
cartographie 3D à 21 cm 
(Intensity mapping)

46
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Acoustic Oscillations seen in CMB

Characteristic scale ~ 150 Mpc

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

z

BAO: Imprints of  photon-baryon plasma 
oscillationsin galaxy distribution47 R. Ansari - Feb 2014
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Baryon Acoustic 

Oscillations

Sweet spot

Wednesday, June 2, 2010 Slide borrowed from A. Stebbins48
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As in optical surveys : 
 Identification of HI (21 cm) emission sources, determination 
of the angular position and redshift - Computation of the 
two point correlation function or the P(k) spectrum, using 
the catalogue of identified objets. 

Or similar to CMB observations :
 3D mapping of the HI (21 cm) emission - T21(!,#,z) - Radio 
foreground subtraction, determination of the power 
spectrum P(k,z) on the 21 cm sky temperature data cubes.

BAO in radio

R. Ansari - June 2012
49
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20

Fig. 22.— The decorrelated real-space galaxy-galaxy power spectrum using the modeling method is shown (bottom panel) for the baseline
galaxy sample assuming β = 0.5 and r = 1. As discussed in the text, uncertainty in β and r contribute to an overall calibration uncertainty of
order 4% which is not included in these error bars. To remove scale-dependent bias caused by luminosity-dependent clustering, the measurements
have been divided by the square of the curve in the top panel, which shows the bias relative to L∗ galaxies. This means that the points in the
lower panel can be interpreted as the power spectrum of L∗ galaxies. The solid curve (bottom) is the best fit linear ΛCDM model of Section 5.
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R. Ansari - June 2012
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3D mapping of neutral hydrogen distribution through total 21 cm 
radio emission (no source detection)

Needs only a modest angular resolution  10-15 arcmin 

Needs a large instantaneous field of view (FOV) and bandwidth (BW)   

 Instrument noise ( Tsys ) 
 Foregrounds / radio sources and component separation 

BAO with 21 cm intensity mapping  
T21(α,δ,z)

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

R. Ansari - June 2012
51
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As in optical surveys : 
 Identification of HI (21 cm) emission sources, determination 
of the angular position and redshift - Computation of the 
two point correlation function or the P(k) spectrum, using 
the catalogue of identified objets. 

Or similar to CMB observations :
 3D mapping of the HI (21 cm) emission - T21(!,#,z) - Radio 
foreground subtraction, determination of the power 
spectrum P(k,z) on the 21 cm sky temperature data cubes.

BAO in radio

R. Ansari - June 2012
52
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✤ 21 cm line is ± is the only spectral feature around 1 GHz ➡ 
spectro-photometric observations

✤ 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

✤ Diffraction limited, source confusion: 
700 MHz:  D=100 m → ~20’ ,  D=1km → ~2’ ,  D=100 km → ~1” ,  2’ → 1 Mpc @ z = 1

✤ Intensity measurement in optical, amplitude & phase in radio; 
CCD in optics, but interferometry and spectroscopy in radio

✤ instrumental noise (read-out noise <5 e) often négligeable in 
optical, dominant in radio (Tsys~20-50 K) 

✤ low ambient/parasitic light level in optical in good observatories; 
radio band polluted (RFI) by terrestrial emissions  

21 cm cosmological observations
A comparison with optical observations

53
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R. Ansari et al.: 21 cm observation of LSS at z ⇠ 1

Table 1. 21 cm source brightness and detection limits.

A(m2) Tsys(K) S lim µJy
5000 50 66
5000 25 33

100 000 50 3.3
100 000 25 1.66
500 000 50 0.66
500 000 25 0.33

z dL(Mpc) S 21(µJy)
0.25 1235 175
0.50 2800 40
1.0 6600 9.6
1.5 10980 3.5
2.0 15710 2.5
2.5 20690 1.7

Notes. Left panel: sensitivity or source detection limit for 1-day inte-
gration time (86400 s) and 1-MHz frequency band. Right panel: 21 cm
brightness for sources containing 1010 M� of HI at di↵erent redshifts.

through the relation (Field 1959; Zaldarriaga et al. 2004):

T21(⇥, �(z)) =
3

32⇡
h
kB

A21 �
2
21 ⇥

c
H(z)

(1 + z)2 ⇥ nHI(⇥, z) (5)

where A21 = 2.85 10�15s�1 (Lang 1999) is the spontaneous 21
cm emission coe�cient, h the Planck constant, c the speed of
light, kB the Boltzmann constant, and H(z) the Hubble parameter
at the emission redshift. For a ⇤CDM universe and neglecting
radiation energy density, the Hubble parameter can be expressed
as

H(z) ' h100
h
⌦m(1 + z)3 +⌦⇤

i 1
2 ⇥ 100 km/s/Mpc. (6)

After introducing the HI mass fraction relative to the total baryon
mass fHI , the neutral hydrogen number density and the corre-
sponding 21 cm emission temperature can be written as a func-
tion of HI relative density fluctuations:

nHI(⇥, z(�)) = fHI (z) ⇥⌦B
⇢crit

mH
⇥

 
�⇢HI

⇢̄HI

(⇥, z) + 1
!

(7)

T21(⇥, �(z)) = T̄21(z) ⇥
 
�⇢HI

⇢̄HI

(⇥, z) + 1
!

(8)

where ⌦B and ⇢crit are the present-day mean baryon cosmolog-
ical and critical densities, respectively, mH the hydrogen atom
mass, and �⇢HI

⇢̄HI
the HI density fluctuations.

The present-day neutral hydrogen fraction fHI (0) present in
local galaxies has been measured to be ⇠ 1% of the baryon den-
sity (Zwaan et al. 2005)

⌦HI ' 3.5 10�4 ⇠ 0.008 ⇥⌦B.

The neutral hydrogen fraction is expected to increase with
redshift, as gas is used in star formation during galaxy for-
mation and evolution. Study of Lyman-↵ absorption indicates
a factor 3 increase in the neutral hydrogen fraction at z =
1.5 in the intergalactic medium (Wolf et al. 2005), compared
to its current value fHI (z = 1.5) ⇠ 0.025. The 21 cm
brightness temperature and the corresponding power spectrum
can be written as (Madau et al. 1997; Zaldarriaga et al. 2004;
Barkana & Loeb 2007)

PT21 (k) =
⇣
T̄21(z)

⌘2
P(k) (9)

T̄21(z) ' 0.084 mK
(1 + z)2 h100p
⌦m(1 + z)3 +⌦⇤

⌦B

0.044
fHI (z)
0.01

. (10)

Table 2 shows the mean 21 cm brightness temperature for the
standard ⇤CDM cosmology and either a constant HI mass frac-
tion fHI = 0.01, or linearly increasing fHI ' 0.008 ⇥ (1 + z).

Table 2. 21 cm brightness temperature (mK) at di↵erent redshifts.

z 0.25 0.5 1. 1.5 2. 2.5 3.
(a) T̄21 0.085 0.107 0.145 0.174 0.195 0.216 0.234
(b) T̄21 0.085 0.128 0.232 0.348 0.468 0.605 0.749

Notes. Mean 21 cm brightness temperature in mK for the stan-
dard ⇤CDM cosmology as a function of redshift: (a) Constant HI
mass fraction fHI (z) = 0.01 (b) Linearly increasing mass fraction
fHI (z) = 0.008(1 + z)
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Fig. 1. HI 21 cm emission power spectrum at redshifts z=1 (blue) and
z=2 (red), with neutral gas fraction fHI = 2%

Figure 1 shows the 21 cm emission power spectrum at sev-
eral redshifts, with a constant neutral fraction at 2% ( fHI =
0.02). The matter power spectrum has been computed using
the Eisenstein & Hu 1998 parametrization. The correspondence
with the angular scales is also shown for the standard WMAP
⇤CDM cosmology, according to the relation

✓k =
2⇡

k dA(z) (1 + z)
, k =

2⇡
✓k dA(z) (1 + z)

, (11)

where k is the comoving wave vector and dA(z) is the angular di-
ameter distance. The matter power spectrum P(k) has been mea-
sured using galaxy surveys, for example by SDSS and 2dF at low
redshift z . 0.3 (Cole et al. 2005; Tegmark et al. 2004). The 21
cm brightness power spectra PT21 (k) shown here are comparable
to the power spectrum measured from the galaxy surveys, once
the mean 21 cm temperature conversion factor

⇣
T̄21(z)

⌘2
, redshift

evolution, and di↵erent bias factors have been accounted for.

3. interferometric observations and P(k)

measurement sensitivity

3.1. Instrument response

We briefly introduce here the principles of interferomet-
ric observations and the definition of quantities useful
for our calculations. The interested reader may refer to
Thompson, Moran & Swenson (2001) for a detailed and com-
plete presentation of observation methods and signal processing
in radio astronomy. In astronomy we are usually interested in
measuring the sky emission intensity, I(⇥, �) in a given wave
band, as a function of the sky direction. In radio astronomy and
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Table 1. 21 cm source brightness and detection limits.

A(m2) Tsys(K) S lim µJy
5000 50 66
5000 25 33

100 000 50 3.3
100 000 25 1.66
500 000 50 0.66
500 000 25 0.33

z dL(Mpc) S 21(µJy)
0.25 1235 175
0.50 2800 40
1.0 6600 9.6
1.5 10980 3.5
2.0 15710 2.5
2.5 20690 1.7

Notes. Left panel: sensitivity or source detection limit for 1-day inte-
gration time (86400 s) and 1-MHz frequency band. Right panel: 21 cm
brightness for sources containing 1010 M� of HI at di↵erent redshifts.
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where A21 = 2.85 10�15s�1 (Lang 1999) is the spontaneous 21
cm emission coe�cient, h the Planck constant, c the speed of
light, kB the Boltzmann constant, and H(z) the Hubble parameter
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where ⌦B and ⇢crit are the present-day mean baryon cosmolog-
ical and critical densities, respectively, mH the hydrogen atom
mass, and �⇢HI

⇢̄HI
the HI density fluctuations.

The present-day neutral hydrogen fraction fHI (0) present in
local galaxies has been measured to be ⇠ 1% of the baryon den-
sity (Zwaan et al. 2005)

⌦HI ' 3.5 10�4 ⇠ 0.008 ⇥⌦B.

The neutral hydrogen fraction is expected to increase with
redshift, as gas is used in star formation during galaxy for-
mation and evolution. Study of Lyman-↵ absorption indicates
a factor 3 increase in the neutral hydrogen fraction at z =
1.5 in the intergalactic medium (Wolf et al. 2005), compared
to its current value fHI (z = 1.5) ⇠ 0.025. The 21 cm
brightness temperature and the corresponding power spectrum
can be written as (Madau et al. 1997; Zaldarriaga et al. 2004;
Barkana & Loeb 2007)
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Table 2 shows the mean 21 cm brightness temperature for the
standard ⇤CDM cosmology and either a constant HI mass frac-
tion fHI = 0.01, or linearly increasing fHI ' 0.008 ⇥ (1 + z).

Table 2. 21 cm brightness temperature (mK) at di↵erent redshifts.

z 0.25 0.5 1. 1.5 2. 2.5 3.
(a) T̄21 0.085 0.107 0.145 0.174 0.195 0.216 0.234
(b) T̄21 0.085 0.128 0.232 0.348 0.468 0.605 0.749

Notes. Mean 21 cm brightness temperature in mK for the stan-
dard ⇤CDM cosmology as a function of redshift: (a) Constant HI
mass fraction fHI (z) = 0.01 (b) Linearly increasing mass fraction
fHI (z) = 0.008(1 + z)
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Fig. 1. HI 21 cm emission power spectrum at redshifts z=1 (blue) and
z=2 (red), with neutral gas fraction fHI = 2%

Figure 1 shows the 21 cm emission power spectrum at sev-
eral redshifts, with a constant neutral fraction at 2% ( fHI =
0.02). The matter power spectrum has been computed using
the Eisenstein & Hu 1998 parametrization. The correspondence
with the angular scales is also shown for the standard WMAP
⇤CDM cosmology, according to the relation
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, k =
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✓k dA(z) (1 + z)

, (11)

where k is the comoving wave vector and dA(z) is the angular di-
ameter distance. The matter power spectrum P(k) has been mea-
sured using galaxy surveys, for example by SDSS and 2dF at low
redshift z . 0.3 (Cole et al. 2005; Tegmark et al. 2004). The 21
cm brightness power spectra PT21 (k) shown here are comparable
to the power spectrum measured from the galaxy surveys, once
the mean 21 cm temperature conversion factor

⇣
T̄21(z)

⌘2
, redshift

evolution, and di↵erent bias factors have been accounted for.

3. interferometric observations and P(k)

measurement sensitivity

3.1. Instrument response

We briefly introduce here the principles of interferomet-
ric observations and the definition of quantities useful
for our calculations. The interested reader may refer to
Thompson, Moran & Swenson (2001) for a detailed and com-
plete presentation of observation methods and signal processing
in radio astronomy. In astronomy we are usually interested in
measuring the sky emission intensity, I(⇥, �) in a given wave
band, as a function of the sky direction. In radio astronomy and

3

Ansari et al., A&A, arXiv:1108.1474

R. Ansari et al.: 21 cm observation of LSS at z ⇠ 1

Table 1. 21 cm source brightness and detection limits.

A(m2) Tsys(K) S lim µJy
5000 50 66
5000 25 33

100 000 50 3.3
100 000 25 1.66
500 000 50 0.66
500 000 25 0.33

z dL(Mpc) S 21(µJy)
0.25 1235 175
0.50 2800 40
1.0 6600 9.6
1.5 10980 3.5
2.0 15710 2.5
2.5 20690 1.7

Notes. Left panel: sensitivity or source detection limit for 1-day inte-
gration time (86400 s) and 1-MHz frequency band. Right panel: 21 cm
brightness for sources containing 1010 M� of HI at di↵erent redshifts.

through the relation (Field 1959; Zaldarriaga et al. 2004):

T21(⇥, �(z)) =
3

32⇡
h
kB

A21 �
2
21 ⇥

c
H(z)

(1 + z)2 ⇥ nHI(⇥, z) (5)

where A21 = 2.85 10�15s�1 (Lang 1999) is the spontaneous 21
cm emission coe�cient, h the Planck constant, c the speed of
light, kB the Boltzmann constant, and H(z) the Hubble parameter
at the emission redshift. For a ⇤CDM universe and neglecting
radiation energy density, the Hubble parameter can be expressed
as

H(z) ' h100
h
⌦m(1 + z)3 +⌦⇤

i 1
2 ⇥ 100 km/s/Mpc. (6)

After introducing the HI mass fraction relative to the total baryon
mass fHI , the neutral hydrogen number density and the corre-
sponding 21 cm emission temperature can be written as a func-
tion of HI relative density fluctuations:

nHI(⇥, z(�)) = fHI (z) ⇥⌦B
⇢crit
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where ⌦B and ⇢crit are the present-day mean baryon cosmolog-
ical and critical densities, respectively, mH the hydrogen atom
mass, and �⇢HI

⇢̄HI
the HI density fluctuations.

The present-day neutral hydrogen fraction fHI (0) present in
local galaxies has been measured to be ⇠ 1% of the baryon den-
sity (Zwaan et al. 2005)

⌦HI ' 3.5 10�4 ⇠ 0.008 ⇥⌦B.

The neutral hydrogen fraction is expected to increase with
redshift, as gas is used in star formation during galaxy for-
mation and evolution. Study of Lyman-↵ absorption indicates
a factor 3 increase in the neutral hydrogen fraction at z =
1.5 in the intergalactic medium (Wolf et al. 2005), compared
to its current value fHI (z = 1.5) ⇠ 0.025. The 21 cm
brightness temperature and the corresponding power spectrum
can be written as (Madau et al. 1997; Zaldarriaga et al. 2004;
Barkana & Loeb 2007)

PT21 (k) =
⇣
T̄21(z)

⌘2
P(k) (9)

T̄21(z) ' 0.084 mK
(1 + z)2 h100p
⌦m(1 + z)3 +⌦⇤

⌦B

0.044
fHI (z)
0.01

. (10)

Table 2 shows the mean 21 cm brightness temperature for the
standard ⇤CDM cosmology and either a constant HI mass frac-
tion fHI = 0.01, or linearly increasing fHI ' 0.008 ⇥ (1 + z).

Table 2. 21 cm brightness temperature (mK) at di↵erent redshifts.

z 0.25 0.5 1. 1.5 2. 2.5 3.
(a) T̄21 0.085 0.107 0.145 0.174 0.195 0.216 0.234
(b) T̄21 0.085 0.128 0.232 0.348 0.468 0.605 0.749

Notes. Mean 21 cm brightness temperature in mK for the stan-
dard ⇤CDM cosmology as a function of redshift: (a) Constant HI
mass fraction fHI (z) = 0.01 (b) Linearly increasing mass fraction
fHI (z) = 0.008(1 + z)
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Fig. 1. HI 21 cm emission power spectrum at redshifts z=1 (blue) and
z=2 (red), with neutral gas fraction fHI = 2%

Figure 1 shows the 21 cm emission power spectrum at sev-
eral redshifts, with a constant neutral fraction at 2% ( fHI =
0.02). The matter power spectrum has been computed using
the Eisenstein & Hu 1998 parametrization. The correspondence
with the angular scales is also shown for the standard WMAP
⇤CDM cosmology, according to the relation
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where k is the comoving wave vector and dA(z) is the angular di-
ameter distance. The matter power spectrum P(k) has been mea-
sured using galaxy surveys, for example by SDSS and 2dF at low
redshift z . 0.3 (Cole et al. 2005; Tegmark et al. 2004). The 21
cm brightness power spectra PT21 (k) shown here are comparable
to the power spectrum measured from the galaxy surveys, once
the mean 21 cm temperature conversion factor
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3.1. Instrument response

We briefly introduce here the principles of interferomet-
ric observations and the definition of quantities useful
for our calculations. The interested reader may refer to
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21 cm signal strength and foregrounds
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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 

Foregrounds 
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R. Ansari - Jan 2008
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Radio foreground (GSM) @ 720 MHz (z=1.) - Kelvin K
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mK sensitivity with Tsys ~ 50-75 K

✤ Large integration time (10^4-10^5 s) → ∝ 1/ √ ( t_int ∆ ν )

✤ Instrument (Tsys, beam …) stability 

✤ multi beam - large FOV radio telescope 

✤ interferometer or FPA/multi feed receivers with single dish 

R. Ansari - June 2012
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BAO wiggles

P(k)@21cm - PNoise(k)

• z = 1  (ν ≈ 710 MHz)
•10 000 sq.deg (π srad) 

• 1 year observation
• Tsys = 50 K

Ansari et al., A&A 2012, arXiv:1108.1474 R. Ansari - Sep 201159
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Foreground removal

✤ Exploit frequency smoothness 
and power law (∝ ν^β) 
behavior of  foregrounds 
(synchrotron/radio sources)  

✤ power law / polynomial / 
foreground model fit & 
subtraction 

✤ Mode mixing, bias, error 
propagation …

21 cm LSS + 
foregrounds

power law 
subtracted 

21 cm LSS signal 60
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Mode%Mixing%Frequency dependent beams

Low frequency

High frequency

intensity

frequency

Mode%Mixing%Frequency dependent beams

Low frequency

High frequency

intensity
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Slide by 
Kris Sigurdson

UBC  
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Slide by 
Kris Sigurdson

UBC  

Richard Shaw, Ue-Li Pen Kris Sigurdson et al.
ApJ 2014, arXiv 1302.0327
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Original 
simulated 
21cm signal 

Recovered 
21cm signal, 
in presence of 
continuum 
radio signals, 
and 
instrument 
response 

Ansari et al. 2012, A&A  Dec 2011 , arXiv:1108.1474 63
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✤ Mapping cosmic matter distribution 
using neutral hydrogen as tracer 

✤ Measure the HI density fluctuations 
and its power spectrum P21(k) 

✤ Determine BAO scale kBAO pour 0.5 
< z < 2-3

✤ Measure the HI  gas fraction as a 
function of redshift, scale and 
environment 

✤ Mapping of the radio foregrounds in 
the 500-1000 MHz band 

21 cm Cosmology / DE

R. Ansari - June 2012
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SDSS-III (LRG)  

21 cm BAO vs optical redshift survey
10 000 sq.deg, 3 years survey, 5 redshift bands 

(0.5 1.0 1.5 2.0 2.5) 
10 000 m^2 collecting area, 400 beams 

Ansari et al., A&A 2012, arXiv:
1108.1474
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Other 21 cm BAO projects 

• LOFAR
• GMRT
• MWA

• SKA-LOW
• HERA

• CHIME
• Tianlai
• GBT
• BAOBab
• BINGO

/012$"!34($,$5."j"ao"E=-5"
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Slide by  K. Bandura

title!

Canadian Hydrogen Intensity 
Mapping Experiment (CHIME)!

Kevin&Bandura&
CHIME&Collaboration&
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The$CHIME$Pathfinder&

Slide by  K. Bandura
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CHIME&Fact&Sheet&
Full$CHIME$Layout$

Structure& 5&cylinders,&100m&x&20m&each&

Bandwidth& 4006800&MHz& Digitize'8bits'at'800'MSPS'

Number&Feeds/cylinder& 256&dual&pol&feeds&per&cylinder&
(2560&digitizers&total)&

~31cm&spacing'

Frequency&Channels& 512&frequency&channels,&&781&kHz&wide&(1.28&μs)& (for&cosmology,&you&can&channelize&
further!)'

Data&Rate& 2NFEEDS&x&3.2&Gbit/s&=&8&TeraBit/s& (assumes&4bit&truncation)'

Observing$Frequency$ 400$MHz$$$$$$$$to$ 800$MHz$

Wavelength& 75&cm& 37&cm&

21cm&Redshift& z=2.5&&&(11'Gyr'ago)' z=0.8&&(7'Gyr'ago)&

Beam&Size& 0.52o& 0.26o&

E6W&FoV& 2.5o& 1.3o&

N6S&FoV& 645o&to&+135o&(max&possible)&
0o&to&+90o&&&(more&likely)&

Time/pixel/day& 10min,&14min,&24hrs&
equator,&45deg,&ncp&

5min,&7min,&24hrs&
equator,&45deg,&ncp&

Receiver&Noise&Temperature&
Flux&Conversion&
Daily&Sensitivity&
Final&Survey&

50k&
~2K&/&Jy&

~50&μJy&/&pixel&
~1.5&μJy/pixel&

(Approximate'–'for'planning'purposes'only)'

16 channel correlator now, 256 channel 
correlator by spring 2014

Slide by  
K. Bandura

fu
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 (1
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$) 
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TIANLAIDark Energy: The Cylinder Survey Study Group

• Jeff Peterson (CMU)

• Kevin Bandura,

• Bruce Taylor,

• Ben Maruca,

• Caitlin Lanni,

• Amy Stetten

• Jim McGee

• Uros Seljak (Trieste)

• Chris Blake

• Ue-LI Pen (CITA)

• Christope Yeche (CEA)

• Christohpe Magneville

• Jim Rich

• Reza Ansari (LAL)

• Bruce Bassett (SAAO)

• Jon Bunton (CSIRO)

I
R
F
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From CRT / BAORadio to… 
         Tianlai
Toward a large instrument for 21 cm DE survey 

✤ Tianlai project led by NAOC (China) - 
Prof. Xuelei Chen

✤ TDA (Tianlai Dish Array) and PC-GPU correlator (US, P. 
Timbie, J. Peterson)

✤ PAON demonstrator

70
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Tianlai site (Xinjiang, western China)
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Antenna Site �

total station instrument�

Tianlai site / construction

Power Line & Foundation of Antenna 
September 2014
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R. Ansari
J.E. Campagne
M. Moniez
A.S. Torrento
D. Breton
C. Beigbeder

T. Caceres
D. Charlet
B. Mansoux
C. Pailler
M. Taurigna

C. Magneville
C. Yèche
J. Rich
J.M. Legoff

P. Abbon
E. Delagnes
H. Deschamps
C. Flouzat
P. Kestener

P. Colom
J.M. Martin
J. Borsenberger
J. Pezzani
F. Rigaud
S. Torchinsky
C. Viou

LAL - IN2P3/CNRS IRFU - CEA
Observatoire de Paris
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PAON-2  ➞
installed September  2012

74

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

PAON-4 
(F. Rigaud)

installation Nov 2013 - 
June 2014 

4 D=5m dishes 
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END
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