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From ancient cosmography
to modern Physical Cosmology 

 Gravure sur bois Flammarion 
 https://fr.wikipedia.org/wiki/Gravure_sur_bois_de_Flammarion

Ed. Gabel , the birth of the universe (1998) 
https://physicsdetective.com/the-edge-of-the-universe/
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Le modèle standard cosmologique 
(Big Bang)  
Les grandes questions en physique 

Les piliers observationnels du modèle de big bang 

• Expansion de l’univers (Hubble)  
• La nucléosynthèse primordial - l’abondance de H,He,Li  
• Le fond diffus cosmologique (CMB)  
• La formation des structures 



Galaxies eBOSS  et mesures BAO 
© Anand Raichoor (EPFL), Ashley Ross (Ohio State Univ) / SDSS    
https://www.sdss.org/science/final-bao-and-rsd-measurements/

z=0.5

z=1.75

z=3.5

z=15



Structure du champ magnétique (dominée par celui de la voie lactée) , 
tracée par l’émission de poussière à 353 GHz
Observations de la mission Planck  (ESA) 
https://www.cosmos.esa.int/web/planck/picture-gallery
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Observations de la mission Planck  (ESA) - Carte à 100 GHz , dominée par 
le fond diffus micro-ondes 
https://www.cosmos.esa.int/web/planck/picture-gallery
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CMB , z ~ 1100 
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Today’s composition 

And H0=67km/s/Mpc 
within < 1km/s/Mpc 
 
And tau… 

? 
3 parameters to set (though General Relativity) the dynamics of the Universe,  

1 parameter to capture the effect of reionisation (end of the dark ages),  
2 parameters to describe the characteristics of primordial fluctuations.  

Flat spatial geometry assumed. 
  

Ø  Ωbh2
   Baryon density today - The amount of ordinary matter  

Ø  Ωch2   Cold dark matter density today – only weakly interacting 
Ø  Θ     Sound horizon size when optical depth τ reaches unity 

  (Distance traveled by a sound wave since inflation, when universe   
  became  transparent at recombination at t ~380 000 years) 
 

Ø  τ      Optical depth at reionisation (due to Thomson scattering of photons on e-), i.e.        
            fraction of the CMB photons re-scattered during that process 

Ø  As       Amplitude of the curvature power spectrum                                              
 (Overall contrast of primordial fluctuations)  

Ø   ns       Scalar power spectrum power law index                
 (ns-1 measures departure from scale invariance) 

Ø  Others are derived parameters within the model, in particular  
–  Ω “Dark Energy’’ fraction of the critical density (derived only if assumed flat) 
–  H0  the expansion rate today (in km/s per Mpc of separation) 
–  t0  the age of the universe (in Gy)	

Base	ΛCDM	model	with	6	parameters	

François	R.	Bouchet		"The	future	of	CMB	experiments"	 SFP	@	APC,	ONov	25th	2015	 9	

ΛCDM model with 6 parameters   

Dark Matter (25%)

Dark Energy / Λ (70%)

Today (z=0)

z=1100
Decoupling

Time 
Future (z<0)

Planck 2018, arXiv:1807.06209
Planck 2015 , arXiv:
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Matière noire: matière invisible  
révélée par ses effets gravitationnels
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Urbain Le Verrier (1811-1877)

http://solarsystem.nasa.gov/

Le Verrier avait prédit 
l’existence de Neptune à 
partir des anomalies de 

l’orbite d’Uranus
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Life 

We have only the most rudimentary ideas for what conditions are necessary and conducive to the 

formation of life. Even here modern astronomy has a key role to play, by finding and characterizing 

planets with the features that allow for life around stars other than the Sun. It will require study of 

individual planets by directly sensing their light to find the molecular signposts of habitability in the 

atmospheres and surfaces of these distant bodies.  

This last task, possible now for nearby giant planets, is exceedingly difficult for Earth-sized 

bodies, with disks 100 times smaller in area than Jupiter’s. The signature of water, together with a suitable 

orbit around a parent star, would tell us that the medium for life as we know it is likely present as a 

surface liquid; methane indicates that organic molecules (the structural building block of life) are present; 

oxygen with methane would indicate a state of extreme chemical “disequilibrium” that could likely not be 

maintained in the absence of life.  

The most promising signatures of life on planets around other stars are features in the 

atmospheric spectra of planets around other stars, such as the “red edge” arising from photosynthesis. 

Less definitive is molecular oxygen, which is locked up in oxidized surface minerals unless continually 

replenished either by life (as on Earth) or catastrophic loss of surface water followed by photolysis of 

H2O in the atmosphere (as on early Venus). The presence of both water and methane in a planetary 

atmosphere is a more reliable biosignature of water-based organic life than that of one or the other alone. 

A different approach is to look for signals produced by technologically advanced entities elsewhere in our 

galaxy. 

 

FRONTIERS OF KNOWLEDGE 

New!fundamental!physics,!chemistry,!and!biology!can!be!revealed!by!astronomical!

measurements,!experiments,!or!theory!and!hence!push!the!frontiers!of!human!

knowledge.!

!

Science!frontier!questions!in!this!category!are:!

" Why!is!the!universe!accelerating?!

" What!is!dark!matter?!!

" What!are!the!properties!of!the!neutrinos?!

" What!controls!the!masses,!spins!and!radii!of!compact!stellar!remnants?!

 

One of the key insights of the past few centuries was the recognition that the same scientific laws 

that govern the behavior of matter and energy on Earth also govern the behavior of the cosmos: planets, 

stars, galaxies, and the entire universe. Newton inferred that the same physical forces causing apples to 

fall to Earth also govern the motions of the Moon around Earth and the planets around the Sun.  One 

hundred and fifty years later it was discovered that chemical elements introduced into laboratory flames 

produced a unique set of spectral lines, and since many of these lines also appeared in the solar spectrum, 

it was concluded that the Sun was made of the same chemical elements as found on Earth, or as in the 

case of helium, a new one waiting to be discovered. Astronomers feel confident in using the universe as a 

laboratory to explore natural phenomena that are inaccessible to Earth-based labs.  The study of how the 

universe and its constituent objects and phenomena work continues to yield unique insight into 

fundamental science. 

 

New Worlds, New Horizons 
 Astro 2010 decadal survey

https://nap.nationalacademies.org/catalog/12951/new-worlds-new-horizons-in-astronomy-and-
astrophysics

La nature de la matière noire, et la cause de 
l’expansion accélérée (l’énergie noire) sont les 

grandes questions au coeur de la physique et de 
la cosmologie



La cosmologie à 21cm 

Image : © Dark Ages Polarimeter Pathfinder - Univ. of Colorado 
https://www.colorado.edu/project/dark-ages-polarimeter-pathfinder/science
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A. Liu, J.R. Pritchard, M. tegmark, 
B. A. Loeb. (2012) , arXiv:1211.3743

TS ⇿ TK coupling à 
through collisions

Density decreases: TS  in 
equilibrium with Tγ-cmb TS ⇿ TK Coupling through 

Wouthuysen-Field effect, in the UV 
photon bath from first stars

Gas heating (X-rays) - Increase 
of TK  hence increase of TS

Ly α (121 nm)

21cm

Histoire cosmique de la température de brillance à 21cm 

J. Pritchard, A. Loeb. (2012) 
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Rep. Prog. Phys. 75 (2012) 086901 J R Pritchard and A Loeb

Figure 1. The 21 cm cosmic hydrogen signal. (a) Time evolution of fluctuations in the 21 cm brightness from just before the first stars
formed through to the end of the reionization epoch. This evolution is pieced together from redshift slices through a simulated cosmic
volume [1]. Coloration indicates the strength of the 21 cm brightness as it evolves through two absorption phases (purple and blue),
separated by a period (black) where the excitation temperature of the 21 cm hydrogen transition decouples from the temperature of the
hydrogen gas, before it transitions to emission (red) and finally disappears (black) owing to the ionization of the hydrogen gas. (b) Expected
evolution of the sky-averaged 21 cm brightness from the ‘Dark Ages’ at redshift 200 to the end of reionization, sometime before redshift 6
(solid curve indicates the signal; dashed curve indicates Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating and ionization of the hydrogen gas. There is considerable
uncertainty in the exact form of this signal, arising from the unknown properties of the first galaxies. Reproduced with permission from [2].
Copyright 2010 Nature Publishing Group.

the Hubble parameter H0 = 100h km s−1 Mpc−1 with h =
0.74. Finally, the spectrum of fluctuations is described by
a logarithmic slope or ‘tilt’ nS = 0.95, and the variance of
matter fluctuations today smoothed on a scale of 8h−1 Mpc is
σ8 = 0.8. The values quoted are indicative of those found by
the latest measurements [3].

The layout of this review is as follows. We first discuss
the basic atomic physics of the 21 cm line in section 2. In
section 3, we turn to the evolution of the sky-averaged 21 cm
signal and the feasibility of observing it. In section 4 we
describe 3D 21 cm fluctuations, including predictions from
analytical and numerical calculations. After reionization, most
of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation).
In section 5 we describe the prospects for intensity mapping
(IM) of this signal as well as using the same technique to map
the cumulative emission of other atomic and molecular lines
from galaxies without resolving the galaxies individually. The
21 cm forest that is expected against radio-bright sources is
described in section 6. Finally, we conclude with an outlook
for the future in section 7.

We direct interested readers to a number of other
worthy reviews on the subject. Reference [4] provides a
comprehensive overview of the entire field, and [5] takes a
more observationally orientated approach focusing on the near
term observations of reionization.

2. Physics of the 21 cm line of atomic hydrogen

2.1. Basic 21 cm physics

As the most common atomic species present in the Universe,
hydrogen is a useful tracer of local properties of the gas.

The simplicity of its structure—a proton and electron—belies
the richness of the associated physics. In this review, we will be
focusing on the 21 cm line of hydrogen, which arises from the
hyperfine splitting of the 1S ground state due to the interaction
of the magnetic moments of the proton and the electron. This
splitting leads to two distinct energy levels separated by "E =
5.9×10−6 eV, corresponding to a wavelength of 21.1 cm and a
frequency of 1420 MHz. This frequency is one of the most pre-
cisely known quantities in astrophysics having been measured
to great accuracy from studies of hydrogen masers [6].

The 21 cm line was theoretically predicted by van de Hulst
in 1942 [7] and has been used as a probe of astrophysics
since it was first detected by Ewen and Purcell in 1951 [8].
Radio telescopes look for emission by warm hydrogen gas
within galaxies. Since the line is narrow with a well measured
rest frame frequency it can be used in the local Universe as
a probe of the velocity distribution of gas within our galaxy
and other nearby galaxies. The 21 cm rotation curves are
often used to trace galactic dynamics. Traditional techniques
for observing 21 cm emission have only detected the line in
relatively local galaxies, although the 21 cm line has been
seen in absorption against radio-loud background sources from
individual systems at redshifts z ! 3 [9, 10]. A new generation
of radio telescopes offers the exciting prospect of using the
21 cm line as a probe of cosmology.

In passing, we note that other atomic species show
hyperfine transitions that may be useful in probing cosmology.
Of particular interest are the 8.7 GHz hyperfine transition
of 3He+ [11, 12], which could provide a probe of helium
reionization, and the 92 cm deuterium analogue of the 21 cm
line [13]. The much lower abundance of deuterium and 3He
compared with neutral hydrogen makes it more difficult to take
advantage of these transitions.

3
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fluctuations with unprecedented precision and reach. Prior to the onset of nonlinear collapse and galaxy 
formation, the primordial density fluctuations can be measured to much smaller scales than possible at 
later times. Further, one can measure far more modes with hydrogen intensity mapping than in the CMB 
primary anisotropies, as one is no longer limited by the Silk damping of the CMB and one is using a 
three-dimensional map rather than an angular map. A window for this direct mapping of precollapse 
structure is predicted to exist at redshift 50. Here, increases by factors of over 100 in scale and a billion in 
number of modes might be available, giving intensity mapping the potential to provide the next major 
leap in the understanding of the initial conditions imprinted on the primordial density fluctuations by 
inflation. 

But intensity mapping measurements are in their infancy, and the most ambitious program at 
redshift 50 requires space-based measurements. While significant technical progress has been made 
toward the first line measurements of the power spectrum at high redshift, the state of the art is still 
decades away from superseding the CMB in scientific reach. As in the cases of the CMB, gravitational 
waves, and weak lensing, the development of intensity mapping from concept to a robust cosmological 
tool will take several decades of steady support.  

In the coming decade, the panel anticipates that neutral hydrogen intensity mapping will mature 
to the point that it can make the first anisotropy measurements of reionization. This is a crucial milestone, 
and measuring the process of reionization and the CMB optical depth will improve the current 
understanding of cosmology. The panel also hopes to see the first measurements of the BAO scale using 
either the 21 cm or other atomic or molecular emission lines. As these techniques mature, the panel 
expects the precision, angular scale, and redshift of the measurements to steadily improve. A 30- to 40-
year goal would be to map the density fluctuations in the pre-reionization universe with an unprecedented 
number of modes traceable to the primordial density fluctuations, using the power spectrum and non-
Gaussianity to measure the statistical initial conditions of the universe. 

Summary of Capabilities Needed for the Discovery Area  

Needed capabilities include next-generation 21 cm interferometers targeting both the reionization 
epoch and lower redshifts, along with planning toward very high redshift mapping. Progress will require 
both higher sensitivity and a better understanding of instrumental systematics and astrophysical 
couplings. 

CROSS-CUTTING CAPABILITIES 

This appendix identifies new observational capabilities needed to address the science questions 
and discovery area. In addition, the panel identified the following cross-cutting capabilities needed to 
support the overall cosmological research enterprise. 

Tremendous opportunities will be offered by the facilities currently nearing completion. These 
facilities will produce vast data sets that will be useful across a wide range of efforts, especially when 
these data sets are combined. Fully leveraging the cosmological utility of these observations will require 
elaborate analyses and extensive collaboration beyond the scope of an individual investigator grant. The 
panel is concerned that potential scientific output could be unrealized owing to a lack of available human 
resources to fully and, where appropriate, collaboratively analyze and exploit data sets. The panel urges 
that attention be given to the support of these larger analysis efforts. 

Computational and theoretical studies of cosmology are critical to support the field. The impact 
of modern computing on cosmology is ubiquitous—ranging from ambitious data reduction methods, to 
detailed statistical analyses, to high-performance simulations—while theoretical research continues to 
contribute important new physical hypotheses to be tested as well as calculational and statistical 
opportunities to extend methods for interpreting the complex data sets derived from both observations and 

Pathways to Discovery in AA 2020



Observations en radio 

ELECTROMAGNETIC
SPECTRUM

2 Tour of the Electromagnetic Spectrum

INTRODUCTION TO THE

When you tune your radio, watch TV, send a text message, or pop popcorn 
in a microwave oven, you are using electromagnetic energy. You depend 
on this energy every hour of every day. Without it, the world you know 
could not exist. 

Electromagnetic energy travels in waves and spans a broad spectrum 
from very long radio waves to very short gamma rays. The human eye 
can only detect only a small portion of this spectrum called visible light. 
A radio detects a different portion of the spectrum, and an x-ray machine 
uses yet another portion. NASA’s scientific instruments use the full range 
of the electromagnetic spectrum to study the Earth, the solar system, 
and the universe beyond.

OUR PROTECTIVE ATMOSPHERE

Our Sun is a source of energy across the full spectrum, and its elec-
tromagnetic radiation bombards our atmosphere constantly. However, 
the Earth’s atmosphere protects us from exposure to a range of higher 
energy waves that can be harmful to life. Gamma rays, x-rays, and some 
ultraviolet waves are “ionizing,” meaning these waves have such a high 
energy that they can knock electrons out of atoms. Exposure to these 
high-energy waves can alter atoms and molecules and cause damage to 
cells in organic matter. These changes to cells can sometimes be help-
ful, as when radiation is used to kill cancer cells, and other times not, as 
when we get sunburned.

Réionisation 
cartographie d’intensité 

Spectre électromagnétique - domaine radio 
https://science.nasa.gov/ems/ 



Radio-telescopes 

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

• Single reflector - single receiver (feed)
• Single reflector - multiple receivers (feeds) in the focal 
plane (10 - 100) 
• Single reflector and phased array in the focal plane
• Several antenna : interferometry 
• Dense array of antenna (no reflector) : aperture synthesis

receiver/feed

LNA

Amplifier/
filter/mixer

LO

digitisation



Une galaxie à z=0.3 , DL =1500 Mpc

Emission Radio à  21 cm 
‣ 109 M⊙ de  HI  →  3 1027 watts (puissance émise) 
‣ Puissance reçue: < 10-24 W/m2 répartie sur  ∼ 1 MHz  (qques photons / m^2 /s)

‣ ce qui correspond à moins de  10-30 W/m2/Hz  , < 10-4  Jy  (100 μ Jy)
En optique 
‣ 109 - 1010 L⊙  → ≳ 1035  watts (puissance émise)
‣ Puissance reçue:  < 10-16 W/m2 , ~ 10-17 W/m2 dans une bande photométrique (~ 10 

photons / m2/s)

Densité des galaxies:
‣ ≈ 0.05 Gal / Mpc3  avec  MHI  > 109 M⊙

‣ ≈ 0.01 Gal / Mpc3  avec  MHI  > 1010 M⊙

R. Ansari - Juin 2022



❖ Possibilité d’observations spectro-photométrique à 21 cm - seule 
signature spectrale en bande L (~GHz) 

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

❖ La résolution des instruments radio limitée par la 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 en radio
❖       ➡ Interférométrie et spectroscopie en radio 
❖ Bruit instrumental (détecteur/électronique) souvent négligeable en 

optique (ROnoise <5 e), mais dominant en  radio (Tsys~20-100 K) 
❖ Pollution lumineuse, et diffusion atmosphérique en optique 

Interférence électromagnétique (RFI),  ionosphere (à basse fréquences) 
en radio

Observations à 21 cm comparées à l’optiqueGrand radio-télescope 
(single dish)

Résolution angulaire 
déterminée par la taille 
du réflecteur (~300 m 
pour Arecibo, Puerto-

Rico, USA)

Interférométrie :
mesure de la phase et de 

l’amplitude des ondes 
radio incidentes. 
Combinaison des 

signaux électriques 
provenant des 

différentes antennes 
(VLA aux Etats-Unis sur 

l’image) 

← En cours de démantèlement, suite à 
des ruptures de câbles…



Photo : © Jeff Dai -   https://apod.nasa.gov/apod/ap160929.html

FAST (Chine)

FAST (Five hundred meter Spherical Radio Telescope)  https://fast.bao.ac.cn



Grand radio télescope de 100m 
d’Effelsberg , Allemagne

https://www.mpifr-bonn.mpg.de/en/effelsberg

Grand radio télescope de 
Nançay (France)

https://www.obs-nancay.fr



❖ Possibilité d’observations spectro-photométrique à 21 cm - seule 
signature spectrale en bande L (~GHz) 

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

❖ La résolution des instruments radio limitée par la 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 en radio
❖       ➡ Interférométrie et spectroscopie en radio 
❖ Bruit instrumental (détecteur/électronique) souvent négligeable en 

optique (ROnoise <5 e), mais dominant en  radio (Tsys~20-100 K) 
❖ Pollution lumineuse, et diffusion atmosphérique en optique 

Interférence électromagnétique (RFI),  ionosphere (à basse fréquences) 
en radio

Observations à 21 cm comparées à l’optique
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• redshift ↔  fréquence
• Position angulaire obtenue par imagerie

 Observations à 21 cm 

Single Dish
• Cartographie du ciel en mode drift-scan or ou en 
balayant le ciel : on obtient des cartes du ciel 

Interféromètres
• On obtient des visibilités (signaux de corrélations) 
à partir desquels il faut reconstruire les cartes du ciel 
• La décomposition en modes m dans le cas 
d’observation en drift-scan Est-Ouest complète
• Les visibilités correspondent aux modes de Fourier 
transverse k⊥



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

Prix Nobel 1974
https://www.nobelprize.org/prizes/physics/1974/summary/



❖ Les signaux RF issus des antennes sont numérisés, éventuellement après déclage 
en fréquence (forme d’onde)

❖ Pour le 21cm, signaux entre ~10 MHz et 1500 MHz 
❖ l’interférométrie se fait sur des signaux “quasi” monochromatique 
❖ Décomposition numérique en composantes de fréquences (FFT / filtres 

polyphases) 
❖ Les visibilités, correspondent alors aux coefficients de corrélation entre les 

composantes en fréquence des différentes antennes, moyennés sur de courts 
intervalles de temps, calculés sur du matériel dédié ou des CPU/GPU 

❖ Interféromètres avec des centaines ou des milliers d’antennes (N), de large 
bandes en fréquence (100 MHz … 1 GHz) - calcul de N2 corrélations.

❖ Très grand flux de données (~ Tera Octets/s) à traiter au vol, implique une 
énorme puissance, puis des algorithmes complexes pour l’analyse des visibilités 

❖ L’interférométrie permet d’atteindre de très hautes résolutions angulaires (VLBI)  

L’interférométrie numérique



La cartographie d’intensité à 21cm 

Cartographie de la distribution cosmique de matière à l’aide de raie 
à 21cm, en utilisant l’hydrogène atomique comme traceur

Zehavi et al. ApJ 2011, arXiv:1005.2413

Relevé SDSS, cartes des galaxies: 

L’univers est (quasi) homogène et isotrope à 
grand échelle (>Gpc), mais structuré à plus 

petites échelles, des quelques centaines de Mpc 
(BAO ~100 Mpc), puis les amas de galaxies 

(1-10 Mpc), jusqu’aux galaxies (10-100 kpc) et 
puis les étoiles.

Les structures se forment essentiellement sous 
l’effet de la gravitation 

effondrement gravitationnel
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SDSS-DR9 , Anderson et al  et al. 2012, arXiv:1203.6594

LSS: spectre de puissance et échelles pertinentes

14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33
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✤Cartographie 3D mapping de la distribution de l’hydrogène atomique et son 
évolution avec le redshift: mesure de la carte d’émission à 21 cm, sans détection des 
sources ponctuelles

✤Instrument avec un grand champ de vue instantané et une grande largeur de bande, 
pour observer de grands volumes d’univers 

✤Interférométrie numérique 
Implique de traiter au vol un très grand flot de données, plusieurs TeraOctets/seconde

✤Ou Grand réflecteurs équipés de récepteurs multi-lobes   
- Bruit instrumental (électronique) ( Tsys ) 
- Avant-plans: Emissions diffuses (Galactique) et sources radio  → séparation des 

composantes  

- Calibration, stabilité de l’instrument, RFI …

Cartographie 3D  à 21 cm : T21(α,δ,z)

Furlanetto et al. Phys.Rep 2006, arXiv:0608032

Wyithe et al. MNRAS 2008, arXiv:0709.2955

Chang et al. PRL 2008, arXiv:0709.3672

Ansari et al. A&A 2012, arXiv:0709.3672



Carte Haslam à 408 MHz (synchrotron Galactic)
La température de brillance, en loi de puissance: ν^(-β) (β∼2.5)

400 MHz (z~2.5) → 710 MHz (z~1) → 950 MHz (z~0.5)
Tsync:  10 K → ~4 K → ~1.5 K

 

Signal HI : T21 < mK !

10 K 80 K Temp. T (Ech. Log)

http://lambda.gsfc.nasa.gov/

Les avant-plans



Les avant-plans 
Extraction du signal cosmologique 

❖ Les avant-plans, dominés par le rayonnement synchrotron de la Voie Lactée et des 
sources radio  est 1000-10000  plus intense que le signal cosmologique (1-10 K  
dans les zones les plus froides du ciel, comparés à <0.1 mK pour le signal 
cosmologique à 21cm)Galactic foregrounds are ~ 104 X brighter 

than HI at z ~ 1!

Hydrogen signal
~ 0.1 mK

Jelic et al. 2008~ 700 MHz

Radio Galaxies
& Clusters

18

Illustration copied from P. Timbie slides 
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Synchrotron et signal 21cm, évolution 
en fréquence …

✤ Exploiter la dépendance 
spectrale des avants-plans 
(spectre en loi de 
puissance ∝ ν^β) du rayt. 
synchrotron et des radio 
sources  

✤ Effets instrumentaux 
(mode mixing)  
propagation des erreurs 
de soustraction …

21 cm LSS + 
foregrounds

power law 
subtracted 

21 cm LSS signal
R. Ansari 



Mode%Mixing%Frequency dependent beams

Low frequency

High frequency

intensity

frequency

Mode%Mixing%Frequency dependent beams

Low frequency

High frequency

intensity

frequency

Illustration  par 
Kris Sigurdson

UBC  

En radio, la forme de la 
réponse (lobe) d’antenne 

est dominée par le 
phénomène de diffraction 

( δθ ∼ λ/D = c/(ν D) ) 
La réponse instrumentale a 
donc une forte dépendance 

avec la longueur d’onde 
(ou la fréquence) L(ν)

Cette réponse L(ν) est donc à 
l’origine d’un 

Couplage des modes de variation 
transverse k⊥ et longitudinal k∥



Mode mixing - A realistic illustration 
Top: reconstructed 3D maps - bottom After simple 2nd order polynomial subtraction

Perfect instrument - frequency 
independent gaussian beam
Imperfect foreground model

Tianlai T16D - NCP survey
Residual mode mixing
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GBT CHIME Tianlai PathFinder OWFA

SKA-MIDBINGOHIRAX

La cartographie d’intensité à 21cm 
Expériences en cours (et futures)
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z520

• CHIME
• HIRAX
• CHORD
• BINGO
• Tianlai / PAON4

• LOFAR
• GMRT
• MWA
• HERA 
• PAPER

SKA



16 x D=6m dish array

3 Cylinders , 15mx40mTianlai 



4 x 5m dishes, réseau interférométrique dense en mode transit  
bande (~ 1250-1500 MHz)

PAON4 @Nançay, (France)

Project approved in 2012 , first 
light : end of 2015

Banc de qualification pour la nouvelle chaîne électronique - 
IDROGEN (numérisation+ F-engine) - utilise la technologie 

WhiteRabbit pour la synchronisation des horloges
en cours de déploiement sur PAON4



❖ Canadian Hydrogen Intensity Mapping Experiment 
❖ 4 cylinders, 100m x 20 m , each equipped with 256 dual polarisation feeds 
❖ 400-800 MHz  - 1024 frequency channel  0.8 < z < 2.5
❖ N^2 correlations,  FPGA + GPU  FX correlator 
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CHIME OVERVIEW 11

 

 

  
ADC 1 Channelizer 1 Subset 1

16 inputs, 64 freqs

Subset 2
16 inputs, 64 freqs

Subset 16
16 inputs, 64 freqs

Subset 1
256 inputs, 32 freqs

Subset 2
256 inputs, 32 freqs

ADC 16 Channelizer 16

Subset 1
512 inputs, 4 freqs

Subset 2
512 inputs, 4 freqs

Subset 8
512 inputs, 4 freqs

GPU
Node

From motherboards
in other crate pairs

10 Gbit/s
Backplane
Network

Intercrate
communication

Stage 1
Motherboard Corner-Turn

Stage 2
Backplane Corner-Turn

Stage 3
Crate-pair Corner-Turn

Stage 4
GPU Corner-TurnICE

motherboard

Figure 12. Data flow through the F-engine. A total of 128 ICE motherboards are required to process 2048 sky signals. These motherboards are
installed in eight crates, with each crate handling the signals for one polarization from every antenna on one cylinder. Each motherboard digitizes
16 analog signals into 8 bits at 800 MSPS. The data stream from each digitized signal is fed to a FFT/PFB that splits the 400MHz bandwidth
into 1024 frequency channels. A four-stage corner-turn network re-arranges the data to allow spatial cross-multiplication and integration at
each frequency in the X-engine. In stage one, each motherboard creates 16 new data streams, each one having 64 frequency channels from each
of the 16 input signals. In stage two, motherboards within a crate exchange data through a high-speed backplane network such that each board
holds the data for 64 unique frequency channels from all of the 256 inputs processed by that crate. In stage three, each motherboard sends the
data from half of its frequency channels to a sister motherboard in an adjacent crate. With this inter-crate data exchange, each board within a
crate pair contains the data for a subset of 32 unique frequency channels and 512 inputs. Stage four is completed within the X-engine GPU
nodes. Each ICE motherboard re-orders the data into eight subsets, each containing 4 frequency channels for 512 inputs. Each subset is sent
to a different GPU node. Each of the 256 GPU nodes receives data from four different motherboards such that it ends up with the information
from all the 1024 polarized antennas for four unique frequency channels.

A GPS-disciplined, oven-controlled crystal oscillator pro-
vides the 10 MHz clock for the F-engine system. The GPS
receiver also generates the IRIG-B timecode signal used to
insert time-stamps in the data. A copy of the clock and abso-
lute time signals is sent to each of the F-engine crates. From
there, the signals are distributed to each ICE motherboard
and digitizer daughter board through a low-jitter distribution
network. A broadband noise source system, which will be
described in Section 2.7, is used to monitor and correct for
drift between copies of the clock provided to each digitizer
daughter board.

The F- and X-engines communicate over 256 optical
fibers. Each fiber cable contains four strands that connect
one ICE motherboard to four different GPU nodes. These
are carried within a waterproof cable tray that goes under-
neath the cylinders and above the huts. Also within the cable
tray are the coaxial cables that distribute a clock and absolute
time signals to the F-engine huts. The mapping of which RF
frequencies are sent to which nodes in the X-engine is ad-
justable. This allows, for example, sending the data from fre-
quency channels heavily corrupted by RFI to nodes which are
temporarily down for repair, preserving useful bandwidth.

2.4.2. X-engine

The CHIME X-Engine performs spatial correlations and
other real-time signal processing operations, using 256
nodes, each with 4 GPU chips. Details of the nodes and
support infrastructure can be found in Denman et al. (2020).
These nodes run a soft real-time pipeline built using the
KOTEKAN framework (Renard et al. 2021; Renard et al. In

Prep.), which handles the X-engine, RFI flagging, and mul-
tiple real-time beamforming operations. The processes per-
formed by each node are shown in Fig. 13.

Data arrive at each of the the nodes from the F-engine on
four 10 Gbit/s fibre SFP+ links. Each link conveys data from
512 feeds from four frequency bins from each of the four F-
engine crate pairs. Packet capture is handled in KOTEKAN
using the DPDK2 library to reduce UDP packet capture over-
head normally associated with using Linux sockets. Once in
the system, the packet data from each link is split into 4 dif-
ferent staging memory frames, one for each frequency, which
completes the final corner-turn. Following packet capture
there are 4 frames each with data from one frequency chan-
nel and from all 2048 feeds, for 49,152 time samples. These
frames are transferred to the GPU chips, resulting in each
GPU chip processing data for exactly one of the frequency
channels.

Once the data frames are on the GPU, a number of oper-
ations are applied to the data using OPENCL and hand op-
timized GPU kernels. The primary operation is the creation
of the visibility matrix by the correlation kernel, using about
75% of the processing time. For each frequency channel, the
complex data from each feed are multiplied by the complex
conjugate of the corresponding signal from each other feed to
create the visibility matrix. This is a Hermitian matrix, and
only the upper triangle is directly computed.

2 The Data Plane Development Kit. See https://dpdk.org

4 THE CHIME COLLABORATION

Figure 2. A photograph of CHIME looking North. The parabolic reflecting surface of each of the four cylinders is 20m aperture, 5m focal
length and 100m long. The two people standing at the southeast corner (right, foreground) help to show the physical size. 256 dual-polarization
antennas are placed along the central 78m of the focal line of each cylinder, beneath an 88m⇥0.65m groundplane. The focal lines are covered
by and suspended from the walkways visible along each cylinder axis. Signals are amplified at each feed and brought by low-loss coaxial cables
to receiver huts located in commercial RF shielded rooms within customized RF-protective shipping containers, one located between the first
and second cylinders, another between the third and fourth. After band-defining amplification, analog-to-digital conversion, a time-to-frequency
transform and half of a ‘corner-turn’, signals are brought from the two receiver huts to additional RF rooms within the white shipping containers
seen at the right, where the corner-turn is completed and a spatial transform and other processing are performed. The grey and black structure at
the far right is an ambient air heat exchanger associated with the water-cooling system for the X-engine in the adjacent RF rooms. Behind that,
also grey, is a 0.5MW power substation to power the instrument. CHIME is located at the Dominion Radio Astrophysical Observatory which
is protected by law and the adjacent hills from terrestrial radio interference. In the background one can see five dishes of the DRAO Synthesis
telescope and a solar radio monitor.

chronously and simultaneously, and the instrument scans the
full overhead sky every day with no moving parts, reducing
systematic errors.

2.1. Site
CHIME is built at the Dominion Radio Astrophysical Ob-

servatory (DRAO), near Penticton, B.C., Canada. DRAO is
operated as a national facility for radio astronomy by the Na-
tional Research Council Canada. Working at the DRAO has
provided the CHIME team with very welcome connections
to a community of experienced radio astronomers and engi-
neers.

The site is in the White Lake Basin, within the traditional
and unceded territory of the Syilx/Okanagan people. Prior
to construction we walked the land with elders, and during
initial excavation Okanagan Nation observers were present.
The site offers flat land protected from radio frequency in-

terference (RFI) by Federal, Provincial, and local regulation
and by surrounding mountains. The climate is semi-arid,
with low snowfall levels (relative to other places in Canada),
important for a stationary telescope. The DRAO’s John A.
Galt Telescope, a 26-m steerable single-dish telescope with
an equatorial mount, is located 230 m east of the centre of
CHIME, and 20 m North. We use the Galt Telescope for
holographic beam mapping. The DRAO supports CHIME
with roads, AC power, machine shop access, well-equipped
electronics laboratories, office space, and staff accommoda-
tion.

The mountains around the observatory shield the site from
RFI from nearby cities, but a significant portion of the
CHIME frequency band is still contaminated by satellites,
airplanes, wireless communication, and TV broadcasting
bands. This includes LTE bands in the 730 MHz to 755 MHz

range, TV station bands between 480 MHz to 580 MHz, and

R. Ansari -  Jan 2022  (31)



HERA : Hydrogen Epoch of Reionisation Array
28/06/18 00:56 Technical Design – reionization.org

Page 1 of 3http://reionization.org/science/technical-design/

Technical Design

Dishes
HERA’s elements are 14 meter diameter parabolic dishes. They are constructed
on-site with low-cost commonly available materials such as wood and polymer
pipes. The main limiting factor in the use of a dish to observe the HI spectral line
signal are internal reflections which show up as spectral ripples. Internal
reflections on larger dishes have a faster spectral ripple.  The 14 meter diameter
is chosen by increasing the dish size until the time scale of reflections across the
dish approaches the spectral scales of the HI signal. With a collecting area of
150 square meters this dish has 40x the collecting area of a PAPER element
and 7x more than an MWA element.

The dishes are fixed to the ground observing the sky as it passes over and are
arranged in a densely packed hexaganal lattice with 32 outriggers which
increase the resolution by a factor of 4.  The dense packing provides an ultra-
complete sampling of incident flux, the repeating hexagonal pattern is optimized
for measuring spatial modes at very high signal to noise, while
also providing many redundant samples for calibrating at very high fidelity.
The hexagon pattern is split into three chunks offset by non-integer fractions of a
hex spacing. This smooths out the sampling function and improves the
calibratability of the outriggers.

The dishes are made of PVC pipe stays covered in wire mesh. The support pipes are fixed to the
center in a concrete cylinder and at the rim with wooden pillar supports. The feed is hung from three
equally spaced telephone poles which are arranged in an interstitial hexagonal lattice and are shared
by adjacent dishes.
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Dishes
HERA’s elements are 14 meter diameter parabolic dishes. They are constructed
on-site with low-cost commonly available materials such as wood and polymer
pipes. The main limiting factor in the use of a dish to observe the HI spectral line
signal are internal reflections which show up as spectral ripples. Internal
reflections on larger dishes have a faster spectral ripple.  The 14 meter diameter
is chosen by increasing the dish size until the time scale of reflections across the
dish approaches the spectral scales of the HI signal. With a collecting area of
150 square meters this dish has 40x the collecting area of a PAPER element
and 7x more than an MWA element.

The dishes are fixed to the ground observing the sky as it passes over and are
arranged in a densely packed hexaganal lattice with 32 outriggers which
increase the resolution by a factor of 4.  The dense packing provides an ultra-
complete sampling of incident flux, the repeating hexagonal pattern is optimized
for measuring spatial modes at very high signal to noise, while
also providing many redundant samples for calibrating at very high fidelity.
The hexagon pattern is split into three chunks offset by non-integer fractions of a
hex spacing. This smooths out the sampling function and improves the
calibratability of the outriggers.

The dishes are made of PVC pipe stays covered in wire mesh. The support pipes are fixed to the
center in a concrete cylinder and at the rim with wooden pillar supports. The feed is hung from three
equally spaced telephone poles which are arranged in an interstitial hexagonal lattice and are shared
by adjacent dishes.

Pober et al. ApJ 2014, arXiv:1310.7031





NenuFAR (/ LOFAR)  @Nançay, (France)

Image : © Radio France bleu, Berry  
https://www.francebleu.fr/infos/sante-sciences/un-nouveau-radiotelescope-operationnel-a-nancay-1571935931



•  Cosmology

•  Cradle of Life

•  Epoch of Reionization

•  Extragalactic Continuum 
(galaxies/AGN, galaxy clusters)

•  Extragalactic Spectral Line

•  HI galaxy science

•  High Energy Cosmic 
Particles (FG)

•  Magnetism

•  Our Galaxy

•  Pulsars

•  Solar, Heliospheric & 
Ionospheric Physics

•  Transients 

•  VLBI (FG)

The Science Working Groups (SWGs) and Focus Groups (FGs) are scientific advisory bodies that provide input to the 
SKA Organisation on issues related to the design, construction, and future operations of the SKA that are likely to affect the 
Observatory’s scientific capability, productivity and user relations. In addition, the FGs have a more specific, technical focus.

If you are interested in participating in any of the groups, please contact the current chairs or corresponding project 
scientists via the website link below.

SKA Science Working Groups & Focus groups

1.1 August 2018

astronomers.skatelescope.org/science-working-groups

For more, visit 

@SKA_telescope

Square Kilometre Array

The Square Kilometre Array

@ska_telescope

SKA-Observatory (Square Kilometer Array)  https://www.skatelescope.org/



THE TELESCOPES
TECHNICAL INFORMATION

Frequency range:  

350 MHz 
to 

15.3 GHz
Location:  
South Africa

197 dishes
(including 64 MeerKAT dishes)  

Maximum baseline:  

150km

SKA1-mid 
the SKA’s mid-frequency instrument

SKA1-low 
the SKA’s low-frequency instrument

Frequency range:  

50 MHz
to 

350 MHz

~131,000  
antennas spread between 

512 stations

Maximum baseline:  

~65km
Location: Australiawith a goal of 24 GHz

The Square Kilometre Array (SKA) is made up of arrays of antennas - SKA-mid observing mid to high frequencies and SKA-
low observing low frequencies - to be spread over long distances. The SKA is to be constructed in two phases: Phase 1 
(called SKA1) in South Africa and Australia; with Phase 2 (called SKA2) representing a significant increase in capabilities and 
expanding into other African countries, with the component in Australia also being expanded.

SKA1 Telescope Expected Performance – Imaging

Nominal Frequency 110 MHz 300 MHz 770 MHz 1.4 GHz 6.7 GHz 12.5 GHz

Range [GHz] 0.05-0.35 0.05-0.35 0.35-1.05 0.95-1.76 4.6-8.5 8.3-15.3

Telescope Low Low Mid Mid Mid Mid

FoV [arcmin] 327 120 109 60 12.5 6.7

Max. Resolution (arcsec) 11 4 0.7 0.4 0.08 0.04

Max. Bandwdith [GHz] 0.3 0.3 1 1 4 5

Cont. rms, 1 hr (μJy/beam)a 26 14 4.4 2 1.3 1.2

Line rms, 1 hr [μJy/beam]b 1850 800 300 140 90 85

Resolution Range for Cont. and Line rms [arcsec]c 12–600 6–300 1–145 0.6–78 0.13–17 0.07–9

Channel width (uniform resolution 
across max. bandwidth) [kHz] 5.4 5.4 15.2 15.2 61.0 79.3

Spectral zoom windows X  
narrowest bandwidth [MHz] 4 X 4.0 4 X 4.0 4 X 3.125 4 X 3.125 4 X 3.125 4 X 3.125

Finest zoom channel width [Hz] 244 244 190 190 190 190

a.  Continuum sensitivity at Nominal Frequency, assuming fractional 
bandwidth of Δν/ν = 0.3

b.  Line sensitivity at Nominal Frequency, assuming fractional 
bandwidth per channel of Δν/ν = 10-4 (>10-6 will be possible]

c.  The sensitivity numbers apply to the range of beam sizes listed 
For more details refer to the document “Anticipated SKA1 
Science Performance” (SKA-TEL-SKO-0000818 available on 
astronomers.skatelescope.org)
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The fading out of SKA1 and SKA2 over 15.3 GHz in the sensitivity and survey speed plots is meant to represent the fact that these are 
aspirational and not yet part of design work.
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The SKA telescope on its own improves considerably 
the angular resolution coverage compared with 
current radio interferometer arrays. The SKA will 
simultaneously provide multiple VLBI beams on the 
sky and interferometric imaging allowing different 
angular resolution views of the same field. When 
SKA VLBI beams are added to the Global VLBI 
network (SKA-VLBI) the resulting instrument achieves 
at least milli-arcsecond resolutions. The SKA will also 
provide an ultra-sensitive element (micro-Jy noise 
level) to the VLBI networks, allowing access to the 
Galactic Centre and the Southern Sky. SKA-VLBI will 
greatly broaden the science of SKA and many of its 
High Priority Science Objectives will benefit.

The Angular Resolution of SKA1 is unique at 
mid-radio frequencies, and complementary to 
that provided by other facilities at high-radio 
frequencies (e.g. JVLA), mm/submm (e.g. 
ALMA) and optical/infrared wavelengths 
(e.g. Keck, JWST, ELT).

Pulsar capabilities

Comparison of SKA resolution with other facilities
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angular resolution views of the same field. When 
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provide an ultra-sensitive element (micro-Jy noise 
level) to the VLBI networks, allowing access to the 
Galactic Centre and the Southern Sky. SKA-VLBI will 
greatly broaden the science of SKA and many of its 
High Priority Science Objectives will benefit.
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24-hour operation to maximise scientific 
impact and provide access to as much of the 
southern sky as possible 

Service Observing (no visiting observers at 
the telescope) to ensure efficient operations 
and minimise radio frequency interference

Flexible scheduling to ensure dynamic 
response to observing conditions and to 
provide for Targets of Opportunity and 
triggered events

3-pronged Commensal observing to 
enhance scientific productivity via sub-arrays, 
commensal data and processing

Ability to form sub-arrays configured and 
operated independently of each other

Operational availability of at least 95%

Observatory interface to users, including 
data access and user support, to be provided 
through a network of SKA Regional Centres

Common time allocation process based on 
scientific merit and technical feasibility

Access proportional to national share in  
the project

 Up to 5% Open Time available

 Key Science Projects to take up 50-75% 
of observing time, with conventional PI-led 
projects taking up the remainder

All data to be made openly available following 
a proprietary period

1.2 August 2018

Access Principles

TECHNICAL INFORMATION  
THE OPERATIONAL 
MODEL

Major 
dates

SKA1 OPERATIONAL 
CONCEPT DOCUMENT

late 2027 
Commencement 

of KSPs

Operational Principles

late 2026
Commencement 

of PI-led 
programmes

2024– 
2027

Key Science 
Project (KSP) 

planning & 
proposals

2022
Start of 

Observatory 
& Science 

commissioning

2020
Start of 

construction 
activities

2017–
2018

Prototypes 
deployed at the 
telescope sitesP

The SKA will have a uniquely distributed setup, with 
one observatory operating two telescopes on three 
continents for a global scientific community. The 
observatory’s operations will be guided by principles 
to maximise impact and availability while minimising 
radio frequency inteference and ensure the data is 
accessible to the largest number.  

SKA-Observatory (Square Kilometer Array)  https://www.skatelescope.org/
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Abstract

When surrounded by a transparent emission region, black holes are expected to reveal a dark shadow caused by
gravitational light bending and photon capture at the event horizon. To image and study this phenomenon, we have
assembled the Event Horizon Telescope, a global very long baseline interferometry array observing at a wavelength of
1.3 mm. This allows us to reconstruct event-horizon-scale images of the supermassive black hole candidate in the center
of the giant elliptical galaxy M87. We have resolved the central compact radio source as an asymmetric bright emission
ring with a diameter of 42±3 μas, which is circular and encompasses a central depression in brightness with a flux
ratio 10:1. The emission ring is recovered using different calibration and imaging schemes, with its diameter and
width remaining stable over four different observations carried out in different days. Overall, the observed image is
consistent with expectations for the shadow of a Kerr black hole as predicted by general relativity. The asymmetry in
brightness in the ring can be explained in terms of relativistic beaming of the emission from a plasma rotating close to
the speed of light around a black hole. We compare our images to an extensive library of ray-traced general-relativistic
magnetohydrodynamic simulations of black holes and derive a central mass of M=(6.5±0.7)×109Me. Our radio-
wave observations thus provide powerful evidence for the presence of supermassive black holes in centers of galaxies
and as the central engines of active galactic nuclei. They also present a new tool to explore gravity in its most extreme
limit and on a mass scale that was so far not accessible.

Key words: accretion, accretion disks – black hole physics – galaxies: active – galaxies: individual (M87) –
galaxies: jets – gravitation

1. Introduction

Black holes are a fundamental prediction of the theory of
general relativity (GR; Einstein 1915). A defining feature of
black holes is their event horizon, a one-way causal boundary in
spacetime from which not even light can escape (Schwarzschild
1916). The production of black holes is generic in GR (Penrose
1965), and more than a century after Schwarzschild, they remain
at the heart of fundamental questions in unifying GR with
quantum physics (Hawking 1976; Giddings 2017).

Black holes are common in astrophysics and are found over
a wide range of masses. Evidence for stellar-mass black holes
comes from X-ray (Webster & Murdin 1972; Remillard &
McClintock 2006) and gravitational-wave measurements
(Abbott et al. 2016). Supermassive black holes, with masses
from millions to tens of billions of solar masses, are thought to
exist in the centers of nearly all galaxies(Lynden-Bell 1969;
Kormendy & Richstone 1995; Miyoshi et al. 1995), including
in the Galactic center (Eckart & Genzel 1997; Ghez et al. 1998;
Gravity Collaboration et al. 2018a) and in the nucleus of the
nearby elliptical galaxy M87 (Gebhardt et al. 2011; Walsh et al.
2013).

Active galactic nuclei (AGNs) are central bright regions that
can outshine the entire stellar population of their host galaxy.
Some of these objects, quasars, are the most luminous steady
sources in the universe (Schmidt 1963; Sanders et al. 1989) and
are thought to be powered by supermassive black holes
accreting matter at very high rates through a geometrically thin,

optically thick accretion disk (Shakura & Sunyaev 1973; Sun &
Malkan 1989). In contrast, most AGNs in the local universe,
including the Galactic center and M87, are associated with
supermassive black holes fed by hot, tenuous accretion flows
with much lower accretion rates (Ichimaru 1977; Narayan & Yi
1995; Blandford & Begelman 1999; Yuan & Narayan 2014).
In many AGNs, collimated relativistic plasma jets (Bridle &

Perley 1984; Zensus 1997) launched by the central black hole
contribute to the observed emission. These jets may be
powered either by magnetic fields threading the event horizon,
extracting the rotational energy from the black hole (Blandford
& Znajek 1977), or from the accretion flow (Blandford &
Payne 1982). The near-horizon emission from low-luminosity
active galactic nuclei (LLAGNs; Ho 1999) is produced by
synchrotron radiation that peaks from the radio through the far-
infrared. This emission may be produced either in the accretion
flow (Narayan et al. 1995), the jet (Falcke et al. 1993), or both
(Yuan et al. 2002).
When viewed from infinity, a nonrotating Schwarzschild

(1916) black hole has a photon capture radius R r27c g= ,
where r GM cg

2º is the characteristic lengthscale of a black
hole. The photon capture radius is larger than the Schwarzschild
radius RS that marks the event horizon of a nonrotating black
hole, RS ≡ 2 rg. Photons approaching the black hole with an
impact parameter b<Rc are captured and plunge into the black
hole (Hilbert 1917); photons with b>Rc escape to infinity;
photons with b=Rc are captured on an unstable circular orbit
and produce what is commonly referred to as the lensed “photon
ring.” In the Kerr (1963) metric, which describes black holes
with spin angular momentum, Rc changes with the ray’s
orientation relative to the angular-momentum vector, and
the black hole’s cross section is not necessarily circular
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The array has a nominal angular resolution of λ/L, where λ is the
observing wavelength and L is the maximum projected baseline
length between telescopes in the array (Thompson et al. 2017). In
this way, VLBI creates a virtual telescope that spans nearly the
full diameter of the Earth.

To measure interferometric visibilities, the widely separated
telescopes simultaneously sample and coherently record the
radiation field from the source. Synchronization using the
Global Positioning System typically achieves temporal align-
ment of these recordings within tens of nanoseconds. Each
station is equipped with a hydrogen maser frequency standard.
With the atmospheric conditions during our observations the
coherent integration time was typically 10 s (see Figure 2 in
Paper II). Use of hydrogen maser frequency standards at all
EHT sites ensures coherence across the array over this
timescale. After observations, recordings are staged at a central
location, aligned in time, and signals from each telescope-pair
are cross-correlated.

While VLBI is well established at centimeter and millimeter
wavelengths (Boccardi et al. 2017; Thompson et al. 2017) and
can be used to study the immediate environments of black holes
(Krichbaum et al. 1993; Doeleman et al. 2001), the extension of
VLBI to a wavelength of 1.3 mm has required long-term
technical developments. Challenges at shorter wavelengths
include increased noise in radio receiver electronics, higher
atmospheric opacity, increased phase fluctuations caused by
atmospheric turbulence, and decreased efficiency and size of
radio telescopes in the millimeter and submillimeter observing
bands. Started in 2009 (Doeleman et al. 2009a), the EHT began
a program to address these challenges by increasing array
sensitivity. Development and deployment of broadband VLBI
systems (Whitney et al. 2013; Vertatschitsch et al. 2015) led to
data recording rates that now exceed those of typical cm-VLBI
arrays by more than an order of magnitude. Parallel efforts to
support infrastructure upgrades at additional VLBI sites,
including the Atacama Large Millimeter/submillimeter Array
(ALMA; Matthews et al. 2018; Goddi et al. 2019) and the
Atacama Pathfinder Experiment telescope (APEX) in Chile
(Wagner et al. 2015), the Large Millimeter Telescope Alfonso
Serrano (LMT) in Mexico (Ortiz-León et al. 2016), the IRAM
30m telescope on Pico Veleta (PV) in Spain (Greve et al. 1995),
the Submillimeter Telescope Observatory in Arizona (SMT;
Baars et al. 1999), the James Clerk Maxwell Telescope (JCMT)
and the Submillimeter Array (SMA) in Hawai’i (Doeleman et al.
2008; Primiani et al. 2016; Young et al. 2016), and the South
Pole Telescope (SPT) in Antarctica (Kim et al. 2018a), extended
the range of EHT baselines and coverage, and the overall
collecting area of the array. These developments increased the
sensitivity of the EHT by a factor of ∼30 over early experiments
that confirmed horizon-scale structures in M87* and Sgr A*

(Doeleman et al. 2008, 2012; Akiyama et al. 2015; Johnson et al.
2015; Fish et al. 2016; Lu et al. 2018).

For the observations at a wavelength of 1.3 mm presented
here, the EHT collaboration fielded a global VLBI array of
eight stations over six geographical locations. Baseline lengths
ranged from 160 m to 10,700 km toward M87*, resulting in an
array with a theoretical diffraction-limit resolution of ∼25 μas
(see Figures 1 and 2, and Paper II).

4. Observations, Correlation, and Calibration

We observed M87* on 2017 April 5, 6, 10, and 11 with the
EHT. Weather was uniformly good to excellent with nightly

median zenith atmospheric opacities at 230 GHz ranging from
0.03 to 0.28 over the different locations. The observations were
scheduled as a series of scans of three to seven minutes in
duration, with M87* scans interleaved with those on the quasar
3C 279. The number of scans obtained on M87* per night
ranged from 7 (April 10) to 25 (April 6) as a result of different
observing schedules. A description of the M87* observations,
their correlation, calibration, and validated final data products is
presented in Paper III and briefly summarized here.
At each station, the astronomical signal in both polarizations

and two adjacent 2 GHz wide frequency bands centered at
227.1 and 229.1 GHz were converted to baseband using
standard heterodyne techniques, then digitized and recorded
at atotal rate of 32 Gbps. Correlation of the data was carried
out using a software correlator (Deller et al. 2007) at the MIT
Haystack Observatory and at the Max-Planck-Institut für
Radioastronomie, each handling one of the two frequency
bands. Differences between the two independent correlators
were shown to be negligible through the exchange of a few
identical scans for cross comparison. At correlation, signals
were aligned to a common time reference using an apriori
Earth geometry and clock model.
A subsequent fringe-fitting step identified detections in

correlated signal power while phase calibrating the data for
residual delays and atmospheric effects. Using ALMA as a highly
sensitive reference station enabled critical corrections for iono-
spheric and tropospheric distortions at the other sites. Fringe
fitting was performed with three independent automated pipelines,
each tailored to the specific characteristics of the EHT
observations, such as the wide bandwidth, susceptibility to
atmospheric turbulence, and array heterogeneity (Blackburn et al.
2019; Janssen et al. 2019, Paper III). The pipelines made use of
standard software for the processing of radio-interferometric data

Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial plane. Solid baselines represent mutual
visibility on M87* (+ 12° declination). The dashed baselines were used for the
calibration source 3C279 (see Papers III and IV).
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maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where S is the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).
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cosmology |kɒzˈmɒlədʒi| 
noun ( pl. cosmologies ) [ mass noun ] 
the science of  the origin and development of  the universe. Modern 
cosmology is dominated by the Big Bang theory, which brings together 
observational astronomy and particle physics. 
• [ count noun ] an account or theory of  the origin of  the universe. 
DERIVATIVES 
cosmological |-məˈlɒdʒɪk(ə)l|adjective, 
cosmologist noun 
ORIGIN mid 17th cent.: from French cosmologie or modern Latin 
cosmologia, from Greek kosmos ‘order or world’ + -logia 
‘discourse’.
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Planck CMB map (2013)

Planck CMB map, and TT power spectrum, 
Planck collaboration arXiv 1303.5075
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CasA transits (top) , 3C196 (bottom) - PAON4 observations 
(different declinations) - compared with expected signals

PAON4 : some results from 2018-2019 observations/analysis

R. Ansari et al, MNRAS 2020 , arXiv:1910.07956

16 R. Ansari et al.

Figure 15. Comparisons of observed and expected (with a simplified model, see text) visibility variations with right ascension for
scans near Cas A (top) and 3C196 (bottom) declinations, from the Scan 2018 A and B data, for the 1H-2H (left) and 2H-3H (right)
cross-correlations. Each color corresponds to a di↵erent date, and the expected visibilities are shown in cyan.

the need for frequency shifting, and transmitting the digital
streams over optical fibres all the way to the computer clus-
ter a few hundred meters away. The deployment of IDRO-
GEN boards on PAON4 is foreseen in spring 2020, after more
in-depth characterisation of PAON4 in its present configura-
tion. A reduction of the amplitude of the temperature depen-
dent gain variations is also expected because the analogue
chain is simplified and does not have the downconversion
stage. It also has improved passive cooling.

Upgrades of the acquisition system hardware and soft-
ware are also planned with the deployment of IDROGEN
boards and should enable PAON4 to reach ⇠ 25% to 30%
on-sky time which is a significant improvement compared to
the current performance of . 10% (see Section 3). In par-
ticular, GPU support will be added to the TAcq package
for the correlation computing software processor and also to
the FFT processor to increase the system throughput. First
tests will be performed in the current operation mode of
PAON4. At a later stage, the new digitiser boards will be
operated and qualified in the FFT mode. After those tests,
we expect to release a stable version of the TAcq software,
with full support for IDROGEN boards.

8 CONCLUSIONS

A densely packed dish array interferometer is a cost e↵ec-
tive option to build radio instruments to survey large sky
areas in L-band. We have built and operated the PAON4
dish array transit interferometer under very tight budget
constraints. Preliminary results indicate that this type of
instrument together with its associated observing strategy
are e↵ective both in terms of scientific analysis and cost ef-
fectiveness. The study presented here will progress further
to longer integration times in order to demonstrate that the
expected sensitivities at the few mK level can be achieved.

In-depth studies with more data and PAON4 maps will be
published in the coming year. PAON4 does not have redun-
dant baselines, and the additional possibilities o↵ered by the
combination of nearly identical baselines will be explored
with larger instruments. Such studies are being pursued in
parallel with the Tianlai dish array. The next generation
IDROGEN digitizer/signal processor boards are in the final
stage of development and will be suited for a dish interferom-
eter consisting of a few hundred feeds and ⇠ km baselines.
IDROGEN will be deployed for qualification on PAON4 in
2020 and we plan to carry a higher sensitivity survey in
the declination range 30� . . . 60� in 2021. The resulting 3D
maps will be useful to characterize the spectral behaviour
of the galactic foregrounds, including a determination of its
smoothness on the few MHz scale.
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tified as being due to a bird. They were also used to study
the correlated noise, comparing visibilities involving the 4V
signal with other signal pairs.

Our conclusions, from a preliminary study of the corre-
lated noise, are summarized below.

We analyzed data from the January 2018 observations
and computed time frequency maps with �⌫ ' 500 kHz fre-
quency resolution and 12 minute time bins, corresponding
to an e↵ective per pixel integration time of �t ⇠ 50s. Dis-
persions on the visibility signals (real/imaginary parts) were
then computed over clean sections of the TFM maps, cov-
ering ⇠ 6 hours in time and ⇠ 35MHz, excluding bright re-
gions of the sky. A noise reduction factor

p
�t⇥ �⌫ ⇠ 5000

is expected. The r.m.s. (�) values quoted below assume that
the signals have been normalized to get auto-correlation lev-
els equal to unity (for fields without bright sources).

• The noise level observed for signal pairs involving the
terminated 4V signal (1V-4V , 1H-4V . . . ) are compatible
with the levels expected given the integration time and fre-
quency bandwidth, leading to �re,im ⇠ 2 ⇥ 10�4. The cor-
related noise contribution can be considered negligible, at
least for the integration times of the current analysis.

• For the same polarization signal pairs between two dif-
ferent dishes, such as (1H-3H) or (1V-3V), the observed noise
level is higher compared to the expected level, assuming
Gaussian uncorrelated noise. We measure dispersions up to
4-5 times higher, �re,im ⇠ 8⇥ 10�4.

• For two cross polarization probes located in the same
feed/dish such as (1H-1V) or (3H-3V), the dispersion level
increases to more than �re,im ⇠ 2⇥ 10�3.

The observed extra noise observed on the same polarization
probes in two di↵erent feeds, or two probes within the same
feed shows up as frequency dependent patterns, quite stable
in time over a few hours. In can be interpreted as noise gener-
ated in the analogue electronic chain, cross fed through elec-
tromagnetic couplings between feeds on two di↵erent dishes,
or between probes in the same feed, and then amplified in
a way analogous to the Larsen e↵ect. Fortunately, it can be
e�ciently subtracted due to its stability in time. Further
studies are needed to determine the noise floor due to this
correlated noise.

We have also analyzed how the noise level decreases
with the integration time. Here, time frequency maps with
di↵erent e↵ective per pixel integration times are computed,
with a fixed frequency bin width �⌫ = 500 kHz, from April-
May 2019 data. Maps with di↵erent averaging time win-
dow sizes, equal to (1,2,4,8,16,32,64,128) in units of visibil-
ity sampling time are built and then used to compute signal
dispersions (in the absence of bright source transits or RFI).
Data from spring 2019 was taken with a visibility sampling
time of 6 s leading to a maximum visibility averaging time
of 768 s. PAON4 was operated with ⇠ 10% on sky e�ciency
so the maximum e↵ective integration time is slightly above
one minute.

Figure 13 shows the evolution of dispersion levels com-
puted as the r.m.s. of the di↵erent time-frequency maps,
excluding bright sources, satellites and RFI. The corre-
lated noise is subtracted from the cross-correlation time-
frequency maps, using the frequency template obtained by
the time averaged signal, computed separately for each
cross-correlation. The left panel shows the evolution of the

dispersion with the integration time, for the 8 PAON4 au-
tocorrelation signals. The r.m.s. decreases with the integra-
tion time, following a 1/

p
�t trend. A noise floor or satura-

tion starts to appear at long integration times, more or less
strongly dependent on the data set and the auto-correlation
signal. However, it should be kept in mind that the r.m.s
of the autocorrelations signals is sensitive to gain variations
with time, as well to the variation of the di↵use sky bright-
ness. The presence of this apparent noise floor for the auto-
correlation signals does not imply that the underlying noise
is not white. The right panel shows the evolution of the
r.m.s. values computed on the cross-correlation visibilities
(real part) for the 12 H-H and V-V correlations. Here, the
r.m.s. values are compatible with the expected levels, and
decrease with integration time following the expected white
noise law 1/

p
�t, without significant contribution from cor-

related noise, once the average level at each frequency has
been subtracted.

Figure 13. Evolution of noise level with integration time.
Top: Dispersion level for the 8 PAON4 autocorrelation signals
as a function of the integration time. Bottom: Dispersion level
for the real parts of the 6 H-H and 6 V-V cross correlation signals
as a function of integration time in seconds.

6.3 Phase calibration and array geometry

As mentioned in Section 5.3, Galileo satellites are used
to perform phase calibration and determine instrumental
phases for a large fraction of PAON4 observations carried
out in fall 2018, winter and spring 2019. Instrumental phase
values are determined for each constant declination scan.
Figure 14 shows the antenna-2 phase ��2 = �12 = �2 ��1

values, determined at 1278.5MHz for 17 scans and the H-
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Noise level evolution with integration time 
(cross-correlations)
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polarization feeds, as a function of the common, nominal
antenna direction in the meridian plane, referred to as the
zenith angle (Z = 90� � elevation). This angle corresponds
to the angle between the antenna axis and the local verti-
cal, or the di↵erence between the observed declination and
the instrument latitude. Negative zenith angles correspond
to the antenna tilted toward the south. One can see that
the phase �12 varies over more than 30�, with a smooth
variation as a function of the zenith angle. The variation
is well explained by a shift in theoretical antenna position,
along the north-south Oy and vertical Oz directions. The
fitted best model, taking into account the baseline shift, is
shown as the red curve. The fit result shows that the two feed
heights di↵er by about ⇠ 55mm for this (1H-2H) baseline,
while the north-south component of this baseline should be
corrected by ⇠ 14mm. Using the 6 baselines, we determined
the corrections to the array geometry, using the zenith de-
pendency of the instrumental phases. We obtain a precision
of ⇠ 2mm using these 17 scans. A shift in the east-west
baseline component would not show as a zenith angle phase
dependency, but rather as a change in the fringe rate. We
have not yet determined baseline corrections along the east-
west Ox direction using the fringe rates, but higher precision
is expected for the determination of the east-west baseline
corrections. The instrumental phases do not change by more
than ±2� despite the fact that the observations were done
over a period spanning more than 8 months. Similar phase
stability is observed for the other baselines.
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Figure 14. Phase calibration and array geometry corrections. In-
strumental phase values �12 determined for di↵erent scans, plot-
ted as a function of the zenith angle (black squares). The red line
represent a model fit, including corrections to the baseline and
the residuals are within ±2�.

6.4 Comparison of observed and expected signals

Figure 15 shows a comparison of observed and expected visi-
bilities for a few scans close to two bright sky sources, Cas A
(⇠1700 Jy) and 3C196 (⇠15 Jy) for the cross-correlation of
two pairs of feeds, 1H-2H and 2H-3H. We gathered data
from scans at several declinations around the source, repre-
sented in di↵erent colors. The visibility amplitude decreases
for scans at more distant declinations with respect to the
source declination. This e↵ect is clearly visible Cas A, but
also for 3C196. The expected signal was rescaled using a
single conversion coe�cient per feed, used for both sources,

computed by adjusting the amplitudes of the expected Cas A
on-source scan of July 17th, 2018. This simplified computa-
tion of expected signals does not take into account pointing
uncertainties, whereas a ⇠ 0.5 deg shift is suggested by our
satellite fits. Nor does it take into account the non-Gaussian
secondary lobes in the beam pattern. The full signal level for
Cas A is expected to be about ⇠ 6000 mK, and ⇠ 60 mK
for 3C196, while the noise level is about ⇠ 20 mK given the
time and frequency binning used here.

Figure 16 shows a region of the reconstructed map at
1400 MHz using PAON4 observations from November 16th
to December, 1st 2016. A map making applying the m-mode
decomposition in harmonic space from transit visibility code,
is used (Huang 2019). A sky map covering the full 24 hour
right ascension, and the declination range 35� . � . 46�

is computed from 11 24-hour constant declination scans
around the Cyg A declination. The extracted map covers
⇠ 18� in declination (32� < � < 50�) and ⇠ 35� in right as-
cension (290� < ↵ < 325�) around the nearby radio galaxy
Cyg A. The emission from Cyg A, the Milky Way syn-
chrotron emission, as well as from the Cygnus X star forming
region, is clearly visible.

148 Data analysis for transit interferometer of PAON-4

Fig. 6.33 PAON-4 reconstructed sky maps using the m-mode decomposition in spherical
harmonics algorithm [217, 257]. Top panel shows the reconstructed sky map from the
calibrated PAON-4 November 2016 data at 1.4 GHz, Cygnus A and the Galactic plane can
be seen clearly. For comparison, the middle panel shows the reconstructed sky map from
simulated visibility data in the same sky region and at the same frequency. Bottom panel:
the zoom-in around Cygnus A, RA from 290� to 325� and Dec from +32� to +50�, the
reconstructed map from PAON-4 observations is shown on the left, while the right hand side
shows the map reconstructed from simulated visibilities.
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Figure 16. Example of a reconstructed map in a ⇠ 35� ⇥ 18�

region around Cyg A, covering the area (32� < � < 50�) in decli-
nation and (290� < ↵ < 325�) in right ascension, from November
2016 data (left). Right panel shows the simulated map.(Huang
2019)

7 FUTURE PROSPECTS

Time-variable systematics in the frequency response led us
to develop a new generation of sampling and signal process-
ing board, IDROGEN/NEBuLA, to perform digitisation as
close to the feeds as possible (see Section 5.2). The IDRO-
GEN board is designed to equip interferometers with sev-
eral hundred feeds, scattered over a few hundred meters.
Clock synchronisation is managed by the implementation of
the White Rabbit8 technology. A first version of this new
board, called NEBuLA (NumEriseur a Bande Large pour
l’Astronomie) was designed and produced in 2016-2017. The
second version, called IDROGEN, is developed as part of
the CNRS/IN2P3 DAQGEN project. This project began in
2017 with the goal of developing generic modules for rapid
acquisition systems for particle and astro-particle projects.

IDROGEN boards will be located in the electronic
boxes on each antenna, sampling the RF signals, relieving

8
https://white-rabbit.web.cern.ch
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Reconstructed and simulated PAON4 maps

Observations Simulations

Geometry & Phase calibration using GPS, 
Galileo & Beidou satellite
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�50

Cylinder array 

- observed

- simulated

Tianlai cylinder array 

Jixia Li et al, 2020 , arXiv:2006.05605

J. Zhang et al, 2016 , arXiv:1606.03830Avoiding grating lobes / spurious images
using different feed spacing along different cylinders  :
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CHIME x eBOSS 

Cross-correlation detection through stacking using eBOSS ELG, LRG and QSO 
HI fraction measurement around z~1 , ΩHI ~ 1-2 x 10-3

Publication should be on arXiv end of January / early Feb 2022 …
R. Ansari -  Jan 2022  (34)

31k ELG , z=0.96 ; S/N = 5.7 21k ELG , z=0.84 ; S/N = 7.1 48k QSO , z=1.2 ; S/N = 11.1

Courtesy of Richard Shaw, with CHIME permission 


