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préliminaire! d’un! travail! en! cours! visant! à! rassembler!
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pour! le! domaine! de! la! radioastronomie.! Il! vise! aussi! à!
présenter! les! contributions! éventuelles! de! ces!
chercheurs! pour! le! projet! futur! SKA! en! cours! de!
discussion.!!!
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partager! rapidement! ce! document! pour! la! prospective!
actuelle.!!
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The Epoch of reionization
B. Semelin, D. Aubert, A. Fialkov, Y. Mao, I. F. Mirabel, P. Ocvirk, B. Wandelt.
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The SKA science case in brief

Directly observing the Cosmic Dawn (CD) and the Epoch of Reionization (EoR)
is one the of main science drivers of the SKA. The Cosmic Dawn occurs when the
first stars are formed at z > 20 in primordial galaxies. These stars, called Pop III
because they are made of primordial gas with null metallicity, are massive and emit
a large fraction of their energy above the ionization threshold of hydrogen, 13.6 eV.
These energetic radiations then start to ionizes the surrounding intergalactic medium
(IGM): the Epoch of Reionization begins. Subsequent generation of stars (Pop II
stars formed from enriched gas) soon replace them in larger and larger numbers.
The ioinized bubbles grow along with the emisivity of the ionizing sources until they
overlap and, at z = 6, the IGM is completely reionized.
The sources of reonization, primordial galaxies and QSOs, are observed in the
near infrared with such instruments as HST, Subaru, Muse on the VLT and JWST.
However, a completely di↵erent and extraordinary view of the process of reionization
is available through the direct observation of the redshifted 21 cm signal emitted by
the hydrogen in still-neutral regions of the IGM. Indeed, the universe is later on
mostly transparent to such radiation. Photons emitted at = 21cm at di↵erent
stages in the history of reionization being redshifted to di↵erent wavelengths, the
21 cm signal o↵ers a full, continuous tomography of the IGM along the light cone
during the process of reionization. The intensity of the signal depends on a number
of local quantities. For the standard ⇤CDM cosmology, it can be written (Madau
et al. 1999)
Tb ⇠ 27 (1 + ) xHI

✓

1+z
10

◆ 12 ✓

TS

TCM B
TS

◆✓
1+

1 dv
H(z) dr

◆

mK

(1)

where is the local overdensity of baryons, xHI is the local neutral fraction of hydrogen, TS the spin temperature, TCM B the CMB temperature, H(z) the Hubble
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Figure 1: Evolution of the angle-average 21 di↵erential brightness temperature during
the EoR as computed from a simple theoretical model. Adapted from Pritchard &
Loeb (2012).
parameter and dv
the velocity gradient along the line of sight. Initially, during the
dr
CD, fluctuation in time and space of Tb are sourced by fluctuations of TS due to
fluctuations in the unsaturated Wouthuysen-Field (Wouthuysen 1952; Field 1958)
coupling and fluctuations in the heating of the IGM by X-rays (Santos et al. 2008;
Baek et al. 2010). Later on, during the bulk of the EoR, fluctuations of xHI are
dominant in the signal. Once angle-averaged the resulting signal is plotted in 1. The
absorption phase around z ⇠ 20 occurs when the Wouthuysen-Field coupling of TS
to the kinetic temperature of the gas is already efficient, but heating through X-ray
has not yet brought TK above the CMB temperature. Later on, the signal is observed
in emission.
The SKA being an interferometer, observing the evolution of the angle-averaged
signal is not in the baseline design at this time. The goal of SKA1-Low, is the
quantification of the power spectrum of the signal between z ⇠ 26 and z = 6 (when
pathfinders such as LOFAR, GMRT, MWA or PAPER are limited to z < 12, and
imaging in a somewhat narrower redshift interval. As can be seen in Fig. 2, according
to the current baseline design, SKA should be able to image the signa on 50 scale
with 1 mK sensitivity up to z ⇠ 13 and with 10 mK sensitivity (sufficient to identify
ionized bubbles) up to z ⇠ 19. Imaging will be very difficult for pathfinders (see
Zaroubi et al. 2012, , however). Compared to the pathfinders, the critical aspects of
the SKA baseline design are a large collecting area and a wide frequency range.
What can we learn from SKA observations about the EoR? The variety and complexity of the processes that determine the amplitude of the 21 cm makes it so that a
lot of information is encoded in the signal, but that it is difficult to disentangle. Ex2

Figure 2: Shown are the A/T requirements for SKA to reach 1 mK (left) or 10 mK
(right), respectively, in 1000 hrs of integration and using a bandwidth of 1 MHz /
matched-to-angular-resolution (solid/dashed declining lines) and a 5 km core. The
rising-flat dashed region indicates the A/T for a SKA with a 1 km2 (center), 0.25
km2 (lower), 2.5 km2 (upper) physical collecting area, respectively, and an optimal
frequency of 100 MHz. From (Mellema et al. 2013).
tensive numerical modeling will be necessary to interpret the data. From the current
state of the art we can mention a number of critical aspects already. The intensity,
timing and duration of the absorption phase will constrain the nature and relative
contribution of the first sources (massive stars, X-ray binaries, AGN and more). Indeed an early and strong heating of the neutral IGM by X-ray sources would induce a
weaker and shorter absorption phase (Santos et al. 2008; Baek et al. 2010; Pritchard
& Loeb 2012). Large scale fluctuations in the signal at high-z would confirm the
influence of the velocity drift between baryons of dark matter on primordial star
formation (McQuinn & O’Leary 2012; Fialkov et al. 2012). Detailed analysis of the
anisotropies in the 3D powerspectrum makes it possible to separate the contribution
of the velocities field and derive constraints for cosmology (Barkana, Mao). Finally
the analysis of the tomographic data themselves open almost limitless possibilities
such as studying the proximity e↵ect for QSOs, quantifying the ionized bubble sizes
distribution as a function of redshift (Aubert) and from there inferring the luminosity function and clustering properties of the sources, or looking of elusive features
3

such as rings around sources due to Wouthuysen-Field copling by upper Lyman lines
(Vonlanthen et al. 2011, requires SKA2 at least) and use them as standard rulers.
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Simulating the 21 cm signal: power spectrum
and beyond

Author: B. Semelin. LERMA, observatoire de Paris, UPMC.
Modeling the 21 cm emission from the IGM during the EoR is crucial for the
SKA in two respects. First it has been instrumental in defining the baseline design.
For example a recent modification of the design was to extend the frequency range
down to 50 MHz, allowing the SKA to probe the Cosmic Dawn at z > 20, where
models have shown that an absorption regime with a high intensity signal could exist.
Then, an even more detailed modeling will be necessary to interpret the observed
signal. While both theoretical and semi-analytical modeling have a role to play, full
numerical simulations allow to reach an unequaled level of realism in the simulated
data cubes, making them a cornerstone for the exploitation of the SKA.
In LERMA, Paris Observatory, we have been developing an EoR simulation code:
LICORICE. It includes the dynamics of structure of formation (gravitation and hydrodynamics), coupled to the radiative transfer of ionizing UV and X-rays. The
formation and feedback of the sources are also included, along with the radiative
transfer in the Lyman band, necessary to model self-consistently the WouthuysenField e↵ect and thus compute the local spin temperature of hydrogen. Indeed, we
were among the first to recognize and model the impact of the non-homogenous coupling of TS to the kinetic temperature of the gas and its impact on 21 cm signal
fluctuations (Semelin et al. 2007; Baek et al. 2009; Baek et al. 2010). The early
absorption regime cannot be correctly described without this type of modeling. In
this, we contributed to the science case for extending the SKA capabilities to explore
de Cosmic Dawn.
Then we have been focusing on specific signatures in the 21 cm signal that cannot
be studied with the power spectrum alone. In Vonlanthen et al. (2011) we evaluate
the detectability by the SKA of faint rings around sources associated with the contribution of upper Lyman lines to the Wouthuysen-Field coupling. In Zawada et al.
(2014), we estimated whether LOFAR and the SKA would be able the detect the
anisotropy in the statistical properties of the signal on large scales associated with
the evolution of the history of reionization along the line of sight, while directions
perpendicular to the line of sight probe a fixed instant in this history. Lessons from
those works are that a large survey size will be useful. Indeed, power is present in
the 21 cm on scales larger than initially estimated (⇠ 200 Mpc), and those must be
sufficiently sampled. Furthermore, large statistics will be extremely useful in char5

Figure 3: Cross sections of the 21 cm light cones: simulated Tb without instrumental
e↵ects (left), Tb with SKA-like noise and resolution (middle) and Tb with LOFARlike noise and resolution (right). From Zawada et al. (2014).
acterizing the source population (especially at the high mass end) and faint features
in the signal.
Propects:
The first avenue in improving the quality of the simulated data cube is to work the
the subgrid recipes. Indeed, simulations need to cover volumes several hundred 100
Mpc on a side an thus cannot reach below 108 M in mass resolution. Consequently,
such processes as the escape fraction of ionizing radiation from primordial galaxies
or the photons consumption in small dense and star-less structure in the IGM need
to be modeled using sub-grid recipes. The recipes currently implemented are crude
6

(e.g constant escape fraction, irrespective of the mass of the host halo of the redshift)
and small scale simulations with coupled dynamics and radiative transfer and needed
to produce realistic sub-grid recipes. Such recipes will have an impact on the pace
and topology of the simulated reionization hisotry and thus on the simulation 21 cm
signal light cones. We have an on-going project on this topic with J. Blaizot (CRAL)
and P. Ocvirk (Observatoire de Strasbourg).
The other avenue is to explore systematically the parameter space of the models. Such ingredients as the relative contribution of di↵erent kind of sources as a
function of z, formation efficiency and more can be encapsulated in a few numerical
parameters. Predictions spanning as much of this parameter space as possible will
be most useful to extract astrophysical information about the early universe from
the observed signal. Doing this using numerical simulation however is expensive in
terms of CPU time and will require an international e↵ort in which we intend to
participate. In preparation of the observations, a repository for the simulated 21
cm light cone will have to be created and maintained, an methods to compare the
observed signal to this huge amount of data will have to be studied.
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21-cm signal from cosmic dawn and dark ages

Author: A. Fialkov, LERMA, ENS.
Detection of the cosmological 21-cm signal will open a new window on the early
Universe. At present many experiments, which include Low-Frequency Array (LOFAR), the Murchison Widefield Array (WMA), the Precision Array for Probing the
Epoch of Reionization (PAPER) and other instruments, are on the way to set limits
on the cosmological 21-cm signal. The French community shares in this international
e↵ort by hosting a now active LOFAR station, which at present grows to become the
LOFAR Super Station (or NenuFAR). NenuFAR, being in the final stage of design
will be capable of working together with LOFAR or in a stand-alone mode. When
in the stand-alone mode, the instrument is designed to measure the redshifted skyaveraged 21-cm signal and its power spectrum from Cosmic Dawn (the epoch when
the first luminous sources were created) and Dark Ages (the era between cosmic
recombination and the beginning of star formation). NenuFAR has the potential to
be the first instrument detecting this unique signal. Measuring the redshifted 21-cm
signal and mitigating various kinds of errors which strongly contaminate the cosmological information will be extremely challenging. However, detecting this faint
signal will be particularly rewarding since it strongly depends on the cosmology and
astrophysics at high redshifts. This signal of the early Universe will provide unique
information about the intergalactic medium and the sources of radiation at early
times in cosmic history.
For instance, probing fluctuations of the 21-cm signal can constrain nature of
the first heating sources. The characteristic mean free path of X-ray photons, which
heat the gas, is imprinted in temperature fluctuations of neutral hydrogen and thus
can probably be decrypted from the 21-cm signal. Hard X-rays, such as emitted
by high-mass X-ray binaries (Mirabel et al. 2011; Fragos et al. 2013), would create
mild fluctuations on very large scales due to the characteristic large mean free path
of several hundreds comoving mega parsecs (Mpc). In addition, a large fraction of
the energy emitted by the sources of hard X-rays gets lost (is redshifted) due to
expansion of the Universe (Fialkov et al. 2014b; Pacucci et al. 2014). On the other
hand, in the case of softer spectral distribution of X-rays (e.g. heating by hot gas
in galaxies) the heating would be more efficient and stronger fluctuations on smaller
scales of tens of Mpc would be created.
Measuring the redshifted neutral hydrogen signal from Dark Ages would constrain
cosmology at redshifts inaccessible otherwise. The signal from the epoch preceding
8

Figure 4: Prospects for detection of fluctuations in the 21-cm signal from z = 20
with NenuFAR. Left: We show an example of a typical spherically averaged 21-cm
power spectrum (k3P(k)/22) at z = 20 (black line) together with sample variance
(cyan), total error (red) and thermal noise (blue), which are shown for 1000 hours
(thick lines), 2500 and 5000 hours of integration time, a 10 MHz bandwidth, 96
mini-arrays and the projected uv-density of NenuFAR. Right: The signal to noise
at each wavenumber is demonstrated based on the data shown on the right panel
of this figure. The predictions for the power spectrum are based on simulations of
the 21-cm power spectrum from Visbal et al. (2012); Fialkov & Loeb (2013); Fialkov
et al. (2014a,b).The noise model is provided by L. Koopmans.
star formation (within the standard framework of ⇤CDM cosmology) is expected to
be well-understood depending only on the atomic physics. However, if any exotic
phenomenon is present at high redshifts (e.g., heating by dark matter annihilation,
primordial magnetic fields, etc.) it will create unexpected features in the redshifted
21-cm signal at corresponding wavelengths. These features may be detected by
NenuFAR for the first time.
In additions, NenuFAR will explore many aspects of instrumentation and noise
mitigation which have to be understood prior the ambitious Square Kilometer Array
(SKA) will start taking data. SKA is currently being planned, and will also explore
(among other radio signals) the redshifted 21-cm from Cosmic Dawn with unprecedented sensitivity. It will definitely benefit from prior knowledge and experience
9

acquired with Nenufar.
Finally, the 21-cm signal from recombination (redshift ⇠ 1000) may be observed
in the (far) future using next generation radio arrays on the moon or or in space (e.g.
Zarka et al. 2012). This extremely weak (within the standard ⇤CDM cosmology)
signal is expected to be dependent only on atomic physics and cosmology and any
deviation from the predicted shape (Fialkov & Loeb 2013) would be a smoking gun
of exotic processes.

10
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Simulations of reionization

Authors: D. Aubert, P. Ocvirk. Observatoire de Strasbourg
The cosmic Dawn and the Epoch of Reionization are the main drivers of the
science and associated developments made in Strasbourg. As such the SKA, in
conjunction with other instruments, is an essential perspective by promising an unprecedented set of information on these eras. First we describe past investigations
and how they relate to the SKA. Second we present a selection of future studies we
are interested in, where the SKA could play a key role.

Past & Present
Simulation Codes for the EoR Our investigations rely heavily on cosmological simulations with the inclusion of radiative transfer e↵ects. We developed 2
codes to study the EoR:
• ATON: a post-processing radiative transfer code for cosmological simulations
(Aubert & Teyssier 2008, 2010). Using a moment-based description of the
radiative transfer equations on a static grid, it tracks the thermal and ionization evolution of hydrogen under the influence of sources spawned by simulations. Massively parallel and accelerated by Graphics Processing Units (GPUs),
ATON is able to process very large sets of data. ATON is fast and very efficient
and particularly suited for models exploration and large scale studies.
• EMMA: a generic cosmological simulation code that handles the co-evolution
of Dark Matter, Gas and radiation in a coupled fashion. Thanks to adaptive
mesh refinement (AMR), it can for instance probe dense star forming regions
at high resolution. Massively parallel, it is also partially accelerated by GPUs.
EMMA has high resolution and coupled radiative hydrodynamics and is aimed
at studying galaxy formation during the EoR .
These two codes were both developed having specifically the study of reionization
in mind. They involved significant developments within two funded projects (ANR
LIDAU (PI Semelin) and ANR EMMA (PI Aubert)) : such resources would have
surely not been dedicated without the perspective of having the SKA to constrain
and challenge our models within the next decade.

11

HII regions during the EoR I developed with J. Chardin (IoA Cambridge)
and P. Ocvirk (Strasbourg) a new methodology to extract the history of the merging
process of HII regions during the EoR Chardin et al. (2012). Among our conclusions,
we found that it can efficiently discriminate between di↵erent type of sources: in
particular the size of the HII regions but also the intensity and the spatial distribution
of the local overlaps of ionized bubbles are linked to the clustering or the stochasticity
of the underlying sources. With 21 cm tomography, SKA will provide the actual
history of this merging process during the overlap and we argue that it can be used
to provide information on the primeval history of source formation.
Also, we demonstrated that local reionization histories can leave an imprint in
the current, z=0 state of galaxies. For instance the population of satellite galaxies
of the Local Group (Milky Way & M31) indicates that the reionization proceeded
in an inside out manner Ocvirk & Aubert (2011); Ocvirk et al. (2013) and we claim
that a memory of this process still exists today, in their spatial and luminosity
distribution. At the same time, it is apparent from simulations that a large variety
of local reionizations exists in the Universe and that galaxies of the same current
mass could have experienced very di↵erent reionizations Chardin et al. (2014). SKA
will provide constrains on this variety and return the statistics of duration, extent,
growth rate of the population of HII regions: local reionizations seem to be a key
ingredient of galaxy formation and it is clear that the SKA is the only instrument
that could probe their statistics and their diversity.

Present & Future
A few tracks we want to investigate in the near future.
• BAOs during the EoR With B. Semelin, we started to investigate (using
simulations) the possible detection of BAOs in the 21 cm signal during the
EoR with SKA (Aubert 2013). The preliminary results indicate the extreme
importance of a proper inclusion of X-ray heating: if large enough, it could
prevent a direct detection of BAOs at large z, thus putting constraints on the
sources. Conversely, if detected at this redshift with the SKA, the BAOs would
further tighten the constraints we have on the cosmological parameters during
an epoch essentially devoid of cosmological probes.
• High-Order Statistics Reionization is a highly non-gaussian process, therefore statistical estimators beyond the power spectrum must be developed to
12

relate e.g. the reionization as seen by SKA and the underlying physics of the
sources. Examples are the skeleton, the bispectrum or wavelet decomposition.
Simulation are ideal tools to tests such estimators (e.g. our merger tree of
HII regions can be seen as such an estimator) and we are therefore in a good
position to perform such tests.
• Source suppression by supersonic motion of baryons Recently it has
been suggested that the sound speed drop at recombination induces a coherent
supersonic relative velocity of baryons to DM Tseliakhovich & Hirata (2010),
leading to e.g. a delay of source formation at high z in light haloes Greif et al.
(2011). Given the importance of such sources for the reionization, the SKA is
likely to be sensitive to this e↵ect. The impact of this early suppression could
be investigated via our simulations to forecast its impact on SKA data.
• SKA & Other probes of the reionization SKA will be contemporary
of several other missions: JWST (Near, Mid IR), ATHENA+ (X), SVOM
(GRBs). Furthermore, it is likely that a CMB mission dedicated to polarization
will also be present in the next decade. Reionization is central to the science
case of all these missions : JWST will investigate primitive galaxies, ATHENA
will provide a census of early black hole physics and X-ray sources in general,
SVOM could constrain the physics of the earliest stellar populations and CMB
polarization is sensitive to reionization history and patchiness (see e.g. Zahn
et al. (2012)). Simulations could be crucial to understand how SKA results
and other probes could be correlated to deepen our understanding of the EoR
and we would like also to participate in this e↵ort.
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Simulating the cosmic 21 cm signal from the
epoch of reionization

Author: Y. Mao, IAP.
The study of the epoch of reionization (EOR) is a key frontier in modern astrophysics and cosmology, since the EOR marks the formation of the first luminous
objects. The EOR is also one of the last main phases of cosmological structure formation that has, nevertheless, yet to be directly observed. The SKA will observe the
young Universe at the age of up to ⇠ 100 million years (redshifts up to z ⇠ 27), using
the three-dimensional neutral hydrogen mapping with the redshifted 21 cm line. My
research in the EOR has focused on three directions as follows.
1. Numerical simulation of cosmic reionization.
I am developing a new radiative transfer code, Fast Fourier Ray-tracing method
(F2 Ray). This code is based on a completely new perspective of performing the
transport of ionizing photons in Fourier space. I formulate, in Fourier space, an exact
formal solution to the radiative transfer equation in an Eulerian unigrid (Mao et al.
in prep.). In contrast to the standard ray-tracing method in the configuration space,
this new Fourier-space-based method can be an order-of-magnitude computationally
more efficient. The code is designed to be able to compute the transport of ionizing
radiations of multiple frequencies from the ultraviolet to X-rays, include the nonequilibrium chemistry solver of both hydrogen and helium reionization, and take
into account the photoheating of the intergalactic gas due to fast free electrons.
The target of this code is to compute the 21 cm signal accurately during the
entire EOR with the input of any category of ionizing sources. For this purpose,
I will further incorporate the radiative transfer of the Ly↵ photons, so that the
inhomonegeous spin temperature distribution of neutral hydrogen can be simulated
by its coupling with the local gas temperature via the Ly↵-pumping (a.k.a. the
Wouthysen-Field e↵ect). As such, I will be in a good position to perform ultra-large
scale high-resolution simulations of cosmic reionization and the 21 cm maps from
the EOR, which promises to provide an indirect yet robust observation of the first
luminous sources.
The development of the F2 Ray algorithm and code has involved Benjamin Wandelt (IAP), Paul Shapiro (Austin, US), Jun Zhang (Shanghai, China), and Ilian Iliev
(Sussex, UK), and will lead to collaborations with more colleagues in the French
community including Benoit Semelin (Obs. Paris), Joe Silk (IAP), etc. There are a
number of ideas that can be explored using this new state-of-the-art machinery, to
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name a few, as follows.
• The inhomogeneous 21 cm fluctuations on the largest scales.
I will perform ultra-large scale radiative transfer simulations of cosmic reionization, large
enough to predict features and statistical properties that are unique due to the
large-scale fluctuations of the gas temperature and spin temperature, but with
enough dynamic range to resolve all the source halos down to the dwarf galaxy
mass-scale.
• The signatures of exotic sources of reionization.
The question, what objects
are the sources for reionization?, still remains a mystery. Possible candidates
include both astrophysical sources (e.g., Pop III stars, dwarf galaxies, and
quasars) and particle-physics motivated sources (e.g., dark matter decay or
annihilation). The F2 Ray code is independent of the type or number of ionizing
sources, so it is the perfect tool to investigate how to distinguish these ionization
sources through their di↵erent signatures in the 21 cm statistics and other
observables.
2. Redshift space distortion of the cosmic 21 cm background
I have worked on improving the accuracy of the method used to extract the 21cm
signal from simulation data with regard to the detailed treatment of the e↵ects of
peculiar velocity in a fully nonlinear way. The peculiar velocity of the intergalactic gas introduces an anisotropy in the three-dimensional power spectrum of 21cm
brightness temperature fluctuations. This anisotropy is a promising tool for separating cosmological matter density fluctuations from ionization fluctuations. However,
the assumption of this separation is based on linear perturbation theory and the
anisotropy introduced by peculiar velocity. We improve upon past treatment which
often approximated the e↵ect of peculiar velocity crudely, and further propose two
robust yet accurate computational schemes Mao et al. (2012). Nonlinear fluctuations
in density, velocity and reionization patchiness can leave its imprint on the signal,
which might then spoil the linear separation scheme. The validity and accuracy of
the separation scheme are tested in Shapiro et al. (2013) for the first time, by detailed reionization simulations. We find that the scheme works reasonably well early
in reionization (. 40% ionized), but not late (& 80% ionized).
3. Forecast of 21 cm cosmology during the EOR
I have worked on the forecast of the accuracy with which 21cm tomography can
constrain cosmological parameters Mao et al. (2008), and inflationary parameters
15

Barger et al. (2009), with the SKA and a futuristic telescope, Omniscope. In principle, 21cm tomography has arguably greater long-term potential than the CMB,
because the information garnered about cosmological parameters grows with the
volume mapped. In the same spirit, we demonstrate that the 21 cm power spectrum
from the EOR can constrain the primordial non-Gaussianity Mao et al. (2013), and
the abundance of the super light axion-like-particles Kadota et al. (2014), with high
precision, e.g., fN L = 4.7 (SKA-Low Phase 2) and fN L = 0.2 (Omniscope).
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Map-based EoR science, simulations, and data
analysis

Author: B. Wandelt, IAP.
In addition to statistical characterizations such as the mean 21cm brightness, or
the power spectrum that are targeted by the current generation of instruments the
ability to reconstruct maps of the EoR signal with SKA promises a vast amount of
additional physical information. Given the inhomogeneous, non-Gaussian nature of
the reionization signal, estimators will need to be developed that detect reionization
bubbles in reconstructed maps. Examples include estimators of HI density analogous
to how estimators of galaxy density are currently used to detect voids in surveys of
the large scale structure of the Universe.
Data analysis challenges The rejection of the foreground emission from galactic synchrotron and point sources is a crucial issue for the extraction of EoR maps
from radiointerferometric data. These foregrounds are expected to dominate the
cosmological signal by several orders of magnitude. Several mitigation strategies
have been proposed that generally take advantage from the very di↵erent expected
frequency spectrum of the foregrounds compared to the cosmological signal. It has
been demonstrated that sufficient foreground rejection can be achieved in simulations when assuming physical foreground models. When moving to the analysis of
realistic data sets, it will be important to demonstrate robust approaches that make
minimal assumptions about the foregrounds to be removed and can adapt to various
levels of foreground complexity as necessary to reject this important systematic while
correctly propagating through the resulting uncertainties on the measurements and
characterizing the e↵ect of these cleaning strategies on the subdominant signal.
Given the extremely large data sets expected to be generated by SKA, it is
important to build analysis approaches that allow finding the right balance between
extracting most of the information limiting computational cost. In recent work we
explored the performance of O(N log N ) Bayesian approaches to (polarized) map
making from radio interferometric data in 2D slices (ie at fixed redshift), which we
are currently extending to the fully self-consistent treatment of three-dimensional
data cubes (Sutter et al. 2014; Karakci et al. 2013; Sutter et al. 2012).
Theoretical modeling Modeling the expected EoR signal requires detailed radiative transfer simulations, described elsewhere in this document, e.g. the novel
F2Ray approach described by Y. Mao. In addition to these highly accurate simulations it will be useful to have fast, approximate approaches for simulating 3D data
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cubes, that can be used as an efficient way to map out the way the 21cm signal responds to changes in cosmological or fundamental physics parameters. Recent ideas
for extremely fast N-body simulations such as the COLA approach (Tassev et al.
2013) can be coupled with approximate modeling of the atomic physics to build fast
simulators, calibrated against detailed full-physics simulators.
Tests of fundamental physics using the EoR signal. The detailed properties of the 21cm brightness signal from the EoR are a result of complex atomic
and radiation physics that is ultimately sourced by the primordial density perturbations. Small-scale features in the primordial perturbations, or the admixture of
non-Gaussian initial perturbations, either generated during inflation or the reheating
epoch at the end of inflation have the potential to change the statistics of the 21cm
signal. Detailed simulations such as the ones mentioned above and elsewhere in this
white paper are necessary to characterize the size of these e↵ects and the degree to
which these signals from the very early universe can be probed by the SKA. Even the
mean brightness signal is potentially sensitive to fundamental physics: the extreme
sensitivity of the Einstein coefficients on the fine structure constant ↵ means that
the probing the EoR and beyond with the SKA will constraints on the variation of
fundamental constants in a redshift regime that is currently unexplored (Khatri &
Wandelt 2007).
Near the high-redshift range, EoR measurements would also limit the constribution from any heating sources, leading to a probe of dark matter annihilations, and
constraints on non-standard sources, such as topological defects (Khatri & Wandelt
2008).
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Astrophysics for the simulation of the 21 cm
signal

Author: I.F. Mirabel, CEA.
In the detailed modeling necessary to interpret the observed 21 cm signal it is
of crucial importance to assume realistic astrophysical parameters. The nature of
the sources and the specific feedback and fiducial values for the heating and reionization of the IGM are of outmost importance (e.g. massive stars-UVs; SNe-soft
X-rays; black holes-soft & hard X-rays; GRBs-gamma-rays; microquasars-relativistic
jets; etc.). An example: although the importance of X-ray feedback from stellar black
holes in High Mass X-Ray Binaries (BH-HMXBs) first proposed from astrophysical
grounds by Mirabel et al. (2011) has now been recognized by the cosmology community, the tomography of HI strongly depends on the assumed X-ray spectra of
BH-HMXBs, which is still controversial (Fialkov et al. 2014b; Pacucci et al. 2014,
e.g.).
Therefore, besides the numerical simulations of the tomography of the redshifted
21cm line we will include astrophysical studies of the possible sources of heating
and re-ionization. In fact, presently we are working on the observations of the best
templates in the local universe for the first galaxies at the cosmic dawn, and on the
role that may have had the high energy feedback from the fossils of massive stars,
such as LGRBs and HMXBs.
The ARCADE 2 balloon experiment could provide clues to estimate the contribution of BH-HMXBs to the heating and reionization of the IGM. It has reported
a 3 GHz sky brightness that is 65 +/- 8 mK in excess of the CMB which is much
greater than the 13 mK that can be explained by the known population of radio
sources. Any excess background must be very smooth, so any hypothetical population of discrete sources that can account for the ARCADE result must be very
numerous and weaker than 30 nanoJy. If the ARCADE results are correct, the
number of weak radio sources would be several orders of magnitude greater than the
faintest galaxies in the Hubble Ultra Deep Field (Kellermann, AAS 2013). Could
this cosmic excess at radio waves be coming from a large population of BH-HMXBs
at the cosmic dawn?
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The SKA Precursor instruments (ASKAP and MeerKAT) and APERTIF

On the SKA roadmap the period till 2017 is that of the construction of the two SKA Precursor
instruments, ASKAP and MeerKAT, both in the southern hemisphere, complemented by the
APERTIF project in the northern hemisphere. Although not larger than already existing
instruments, two will have a much larger field of view of 8-30 square degrees at λ 21 cm (i.e.,
30-120 times that of the actual JVLA or WSRT interferometers).
instrument

country

ASKAP
MeerKAT
APERTIF

AUS
RSA
NL

collecting
area
4000 m2
9000 m2
6000 m2

field of view
30 deg2
1 deg2
8 deg2

Beam size
(nominal)
30 arcsec
5 arcsec
12 arcsec

Frequency
coverage
0.7-1.8 GHz
0.6-14.5 GHz
1.1-1.7 GHz

Early science has started with as the yet incomplete test versions of the instruments. The
scientific Key Projects for the first five years of operation of the full instruments, requiring
(well) over 1000 hours observing time each, were selected independently for each telescope –
it is expected they will use ~70% of the total observing time, with the remaining 30%
available for smaller, so-called PI-lead projects.
ASKAP: the Australian SKA Precursor is being constructed on the selected local SKA core
site, the Murchison Radio Observatory. It will consist of 36 12 meter diameter parabolic
antennas, equipped with Phased Array Feeds. Its field of view is 30 square degrees at 1.4 GHz
(λ 21 cm), its nominal beam size 30 arcsec and it will cover the 0.7-1.8 GHz frequency range.
The selected Key Projects include surveys of: all-sky extragalactic HI and radio continuum
(prio. 1), and HI absorption lines, tiered deeper HI survey and continuum, Galactic spectral
lines, cosmic polarization and magnetism, pulsars, and variables and slow transients.
MeerKAT: the South African SKA Precursor is being constructed on the local SKA core site,
in the northern Karoo. It will consist of 64 13.5 meter diameter parabolic antennas with an
off-axis feed, equipped with a broadband horn feed. Its field of view is 1 square degree at 1.4
GHz (λ 21 cm), its nominal beam size 5 arcsec and it will cover the 0.6-14.5 GHz frequency
range.
The selected Key Projects include surveys of: a deep HI field and pulsars (prio. 1), and high
redshift CO, HI absorption lines, Fornax cluster HI, HI in and around local galaxies, highfrequency Galactic plane, pulsars and fast transients, and slow transients.
APERTIF: the Westerbork Synthesis Radio Telescope (WSRT) in the Netherlands consists of
14 25 meter diameter parabolic antennas. It will be equipped with Phased Array Feeds. Its
field of view will thus be enlarged to 8 square degrees at 1.4 GHz (λ 21 cm), its beam size is
12×12/sin(δ) arcsec (Δα×Δδ) and it will cover the 1.1-1.7 GHz frequency range.

The envisaged Key Projects include surveys of: all-sky extragalactic HI in emission and
absorption, OH megamasers, radio continuum, cosmic polarization and magnetism, fast radio
transients and pulsars.

The funding for ASKAP and MeerKAT has been acquired in full and a decision on the
funding of the full APERTIF project is foreseen for September 2014. All funding is on a
national basis, independently from that of the SKA Project.

All that Gas: the role of the SKA in studying galaxy evolution through HI
Wim van Driel et al.
Our present state of knowledge of both the standard model of particle physics and cosmology,
combined with the successes of cold dark matter with a cosmological constant, ΛCDM,
means that we now have a scientifically robust model of galaxy formation and evolution that
can be tested with observations. Astrophysics is still largely an empirical science. ΛCDM is
not uniquely successful however and moreover, because of the complex non-linear physics
necessary to interpret observations of galaxies in their dark matter halos, it often lacks
predictive power. Its deficiencies are largely driven by our lack of understanding of the
physics of baryons in the Universe. That is one of the main raisons d’être for the SKA, to
increase substantially our knowledge of one of the main constituents of gas in galaxies, now
and in the early universe, neutral hydrogen (HI). !
!
Observations of the 21cm line of HI, either in absorption against background radio sources or
in emission, probe gas with moderate temperatures (T~ few 1000 K) and densities (n~0.1 to
10 cm-3) and trace the gravitationally dominated galaxy dynamics rather well. Gas in this
phase typically constitutes half (or more) of the total interstellar gas mass in galaxies - in the
most extreme dwarf galaxies, HI may constitute up to 95% of the total stellar and gas mass!
Star-forming galaxies frequently have large disks of HI and thus HI provides the reservoir out
of which future star formation may be fueled. Since the characteristics of galaxies are
determined by the relation between their dark matter and gas accretion histories and total
masses, tracing the HI gas reservoir that fuels galaxy growth and galaxy dynamics allows us
to indeed directly follow this growth. Ultimately, HI observations of galaxies at cosmological
redshifts allow us to test ΛCDM by relating the growth of galaxies in gas and stars to the
growth of their dark matter halos. This is why we should build the SKA.!
The flow of gas into galaxies drives their evolution, gas transforms into stars and sometimes
gets expelled due to feedback processes. The SKA is an indispensible instrument to trace the
gradual transformation over cosmic time of HI into galaxies.
Star formation is one of the processes that cause this transformation, of which many
fundamental aspects are as yet unknown. The SKA will be able to map the HI distribution and
kinematics at ISM cloud-size resolution in many galaxies. The complementarity with ALMA
and the E-ELT will greatly improve our understanding of star formation.
Another unsolved question is why (most) galaxies keep on forming stars. Given their
current star formation rate, the gas reservoir of local galaxies should run dry after a few Gyr –
unless it gets replenished somehow. Numerical simulations suggest accretion from the cosmic
web keeps galaxies going strong, but there is scant direct observational evidence for that. The
SKA will have the sensitivity to map very low-density HI gas around galaxies and in the web.
HI gas can also be expelled from galaxies by AGNs, supernovae and stellar winds. Once
out in the galactic halo, it will cool down again and may eventually be accreted back onto the
disc. Few such HI clouds have been detected so far, some of which are counter-rotating.
The roadmap towards achieving the observation of HI at cosmological redshifts and the
imaging of more nearby objects at increasing spatial resolution and sensitivity involves the
SKA Precursor instruments, ASKAP and MeerKAT, plus APERTIF in the northern
hemisphere (all fully operational in 2017), SKA1 (2024) and ultimately SKA2.
At present, the largest all-visible-sky HI line survey is single-dish: ALFALFA at the
Arecibo 305m telescope will detect 30,000 galaxies with an average redshift of z~0.03, with a

3.5 arcmin beam size – excellent for global HI property statistics, but not for detailed studies
of individual objects.
The current benchmark for HI imaging surveys is THINGS et al., of about fifty nearby
galaxies of various morphologies and global properties observed with a 6 arcsec resolution at
the VLA. Part of a multi-wavelength study, it gives us detailed insight in the astrophysical
processes involved in star formation etc., but in a limited number of objects.
During the SKA Precursor phase, ASKAP and APERTIF will perform two concerted allsky HI surveys (WALLABY and WNSHS), enabled by their large FoV (8-30 deg2), with a
resolution of 8-30 arcsec and a velocity resolution of a few km/s. It is expected that a million
galaxies will be detected, with an average z~0.1, and 3D HI maps produced of thousands of
objects.
At the same time, MeerKAT, which has a smaller FoV than ASKAP (1 deg2) but higher
sensitivity, will perform a high-sensitivity survey (MHONGOOSE) of 60 selected nearby
galaxies, aimed at probing low-density halo gas and a very high-sensitivity survey of part of
the Fornax cluster, aimed at detection of cosmic web filaments. It will also perform an ultradeep HI survey (LADUMA) aimed at detecting ~6000 galaxies at the highest achievable
redshifts, on average z~0.4 (but going out to z~1 for the most massive objects).
For the SKA1 phase, observations will include the imaging of several millions of galaxies at
a few arcsec resolution, at an average redshift of 0.4. SKA1-mid is aimed at large-scale
surveys, whereas SKA1-survey is aimed at detailed observations of fewer objects.
The ultimate goal of SKA2 is the observation of a billion galaxies with an average redshift
of ~ 1 at a resolution of 0.1 arcsec or (much) less.
French researchers are participating in all major HI surveys currently planned for the SKA
Precursor era, as well as in preparatory surveys, including the NIBLES survey at Nançay of
3000 total stellar-mass selected galaxies.

Probing spatially resolved star-formation in
colliding galaxies with H i SKA surveys
Pierre-Alain Duc
Abstract. Merging systems at low redshift provide the unique opportunity to study the processes related to star formation (SF) in environments that presumably resemble those seen at
higher redshifts, characterized in particular by a high turbulence. Simulations give predictions
on the mode of SF that can be efficiently checked with SKA combining high spatial resolution
H i maps and SF tracers such as the radio continuum emission.

HI is traditionally used to probe the structural properties of isolated spirals, including
their dark matter content. For the more complex interacting galaxies, H i provides the
kinematical information at large radial distances required to carry out realistic numerical
models of collisions. The shape and structure of long H i tidal tails probe the cosmological
dark matter halos surrounding interacting galaxies, but also trace the presence of dark gas
in their disks or even test modified gravity (see review by Duc & Renaud 2013). Finally
the H i line width provides a measure of the level of turbulence in the gas, a key ingredient for understanding the star-formation process. We devote the rest of this science case
to the role of H i in star formation studies, which has so far been largely under-estimated.
The role of starbursting mergers versus quiescent evolution in the star formation (SF)
budget of galaxies is one of the most debated questions in galaxy evolution, both theoretically and observationally. In fact, the interstellar medium (ISM) of mergers is characterized by a high level of turbulence – their gas velocity dispersion can be several tens
of km s−1 – which is also typical of the ISM of isolated high–redshift galaxies. ISM turbulence plays a fundamental role in driving and regulating star formation in any galaxy,
from disks to mergers. On the one hand, turbulent flows can locally compress the gas,
and form over–densities that subsequently cool and collapse into star–forming clouds.
On the other hand, turbulence can support clouds against rapid collapse, or even disrupt
local over–densities in the ISM before they have time to form stars, hence regulating star
formation (Elmegreen et al., 2002). Extreme turbulence in high–velocity shocks may even

Figure 1. H i contours superimposed on the UV/SFR maps of three nearby mergers from the
VLA ChaoticTHINGs project.
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Figure 2. ΣSF R − ΣHI density relation for selected star forming regions in the mergers. For
comparison, the data obtained by the study of the outer discs of spiral galaxies by Bigiel et al.
(2010) are plotted. Adapted from Belles et al (2014, in prep.)

suppress star–formation (Appleton et al. 2006). Differences in the turbulent nature of the
ISM in galaxies could thus lead to significantly different SF regimes. Star formation on
galactic scales can in general be seen as a two–step process: (1) formation of dense molecular gas clouds in the large scale ISM driven by gravitation and cooling processes and (2)
star formation in the dense cores of these molecular clouds. Whereas the conversion of
dense molecular gas into stars may follow a universal efficiency, the first phase, namely
the formation of molecular complexes from large-scale atomic reservoirs, is a
less studied process. ALMA maps the densest phases of the (molecular) gas in galaxies
and probe the final steps of star formation in dense clouds, but not the formation of these
dense clouds from lower–density, atomic gas.
Increased ISM turbulence in interacting galaxies is modeled in detail in simulations
with grid–based hydro–codes with spatial resolutions up to one parsec (Renaud et al.
2014). These simulations that directly resolve star–forming clouds show that the compressive mode of turbulence following the compressive tides can trigger starbursts, changing
the distribution of the gas between low–density phases and dense star–forming phases.
The change of the Probability Distribution Function of the ISM density due
to the increased turbulence in mergers translates observationally to a local
increase of the Star Formation Rate to HI mass ratio during the merger.
So far the predictions of the simulations and models about the spatially resolved SFR–
H i relation could only be checked in a small sample of nearby interacting systems, with
limited spatial resolution (5 kpc, see examples in Fig. 1). In the environment of mergers
(except in the inner regions), the H i column density is correlated with the SFR, contrary
to what is observed in regular galaxies, where CO is considered a much better tracer of
the star-forming activity (see Fig. 2).
Such results need to be checked with a larger sample of nearby systems and on
smaller spatial scales of a few arcsec corresponding to 1 kpc. SKA will be perfect for
that and allow us to investigate the spatially resolved mode of star formation (the low–
density gas content is obtained from the integrated H i line, and the SFR/high density
gas from the radio continuum) in turbulent conditions (probed by the H i kinematics).
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Continuum surveys with the Square Kilometre Array
Radio emission from the largest scale structures
From the oral contributions of A. Bonafede, C. Ferrari, M. Pandey-Pommier and F. Vazza

Abstract. Radio astronomical surveys characterised by unprecedented sensitivity and resolution will be available
in the next decades thanks to new radio facilities (such as LOFAR, JVLA, ASKAP, MeerKAT, MWA, APERTIF).
These instruments are among the most important pathfinders of the SKA, which will be the largest radio telescope
ever built.
In this chapter we give a short overview of on-going and future radio survey projects related to SKA and its
pathfinders. We then focus on the possibility offered by SKA surveys on the study of cosmic rays and magnetic
fields in the largest scale structures of the Universe (galaxy clusters) and in the less dense environments surrounding
them (cosmic web and super-clusters).

1. General introduction
The radio sky has been surveyed in the last years at different frequencies (1.4 and 4.8 GHz; 74, 326 and 843 MHz;
...) with typical resolutions of several tens of arc-seconds. Radio surveys characterised by higher sensitivity and better angular resolution will be available in the next decades thanks to incoming and future radio facilities, such as
the Low Frequency Array (LOFAR) and the APERTIF (the new receiver at the WSRT) in Europe, the Murchison
Widefield Array (MWA) and the Australian Square Kilometre Array Pathfinder (ASKAP) in Australia, the Karoo
Array Telescope (MeerKAT) in South Africa, the Jansky Very Large Array (VLA) in the U.S. These new revolutionary radio-telescopes, operating in a wide region of the electromagnetic spectrum (from 10 MHz to 15 GHz), are the
technical and scientific pathfinders/precursors of the Square Kilometre Array (SKA), that, with its total collecting
area of one square kilometre, will be the largest radio telescope ever built.
Thanks to their huge fields of view and sensitivities, these telescopes will drive major breakthrough in the area
of observational cosmology and astrophysics. Different radio surveys – including both total intensity and polarised
signal – are planned or are being developed with SKA and its pathfinders instruments, with the primary science
objective of understanding the formation and evolution of galaxies over cosmic time, and the cosmological parameters
and large-scale structures which drive it (see Norris et al. 2013, for a very complete overview). In the framework of
the on-going re-baselining work for the definition of the SKA Phase-1 design, a “Continuum Surveys” science working
group (including French researchers) has been created by the SKA Office, with the main aim of optimising future SKA
Surveys.
The main ongoing or planned survey projects at ∼1.4 GHz are shown in Fig. 1, that compares the sky coverage vs.
point-source sensitivity of currently available radio surveys (occupying the region on the right of the dashed line) and of
future radio surveys (occupying the left part of the plot. Note that a similar figure is also available for the low frequency
case in Tingay et al. 2013). The possibility to get all-sky surveys at sub-mJy level indicated that extra-galactic radio
astronomy will extend beyond its traditional research domains, related to radio-loud galaxies and quasars. As a result,
the role of radio astronomy is changing. While previous radio-astronomical surveys had their greatest impact in the
niche area of radio-loud AGNs, the new generation of radio surveys will provide radio source counts dominated by
star-forming galaxies, i.e. the same population studies by optical and infrared surveys (Norris et al. 2013).
The importance of both continuum and HI surveys for the study of galaxy evolution is developed in several other
parts of the French SKA White Book (e.g. “HI and galaxy evolution” and “Synergies”). In this chapter, we will focus
on the possibility offered by SKA surveys on the study of cosmic rays and magnetic fields in the largest scale structures
of the Universe (galaxy clusters) and in the less dense environments surrounding them (cosmic web and super-clusters).
The following contribution are heavily based on different chapters of the new book ”Advancing Astrophysics with the
Square Kilometre Array” (2014), in particular:
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Fig. 1. Comparison of existing and planned deep 1.4 GHz radio surveys. The horizontal axis shows the 5σ sensitivity and the
vertical axis shows the sky coverage. The diagonal dashed line shows the approximate limit of existing surveys (largely determined
by the availability of telescope time). The image also shows limits for: i) potential JVLA surveys, ii) SKA–pathfinders’ surveys
(EMU with ASKAP, MIGHTEE with MeerKAT and WODAN with APERTIF at Westerbork), and iii) SKA-surveys. Image
courtesy: Isabella Prandoni

– Chapter “Unravelling the origin of large-scale magnetic fields in galaxy clusters and beyond” (by Bonafede A.,
Vazza F., Brüggen M., Akahori T., Carretti E., Colafrancesco S., Feretti L., Ferrari C., Giovannini G., Govoni F.,
Johnston-Hollitt M., Murgia M., Rudnick L., Scaife A. and Vacca V.)
– Chapter “Non-thermal emission from galaxy clusters: feasibility study with SKA1” (by Ferrari C., Dabbech A.,
Smirnov O., Makhathini S., Kenyon J. S., Murgia M., Govoni F., Mary D., Slezak E., Vazza F., Bonafede A.,
Brüggen M., Johnston-Hollitt M., Dehghan S., Feretti L., Giovannini G., Vacca V., Wise M., Gitti M., Arnaud M.,
Pratt G., Zarb Adami K. and Colafrancesco S.)
– Chapter “Cluster Radio Halos at the crossroads between astrophysics and cosmology in the SKA era” (by Cassano
R., Bernardi G., Brunetti G., Bruggen M., Clarke T., Dallacasa D., Dolag K., Ettori S., Giacintucci S., Giocoli C.,
Gitti M., Johnston-Hollitt M., Kale R., Markevitch M., Norris R., Pandey- Pommier M., Pratt G., Rttgering H.,
Venturi T.)
– Chapter “Filaments of the radio cosmic web: opportunities and challenges for SKA” (by Vazza F., Ferrari C.,
Bonafede A., Brüggen M., Gheller C., Wang P. and Brown S.)
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Galaxy clusters host the largest-scale magnetic fields known so far. However, the origin and the evolution of the
magnetic field properties are not understood yet. The Square Kilometer Array, thanks to its sensitivity, polarisation
purity and resolution, will permit a high step forward in this field. We investigate here the possibility for the SKA to
detect and study the magnetic fields in galaxy clusters and in the less dense environments surrounding them using
Faraday Rotation Measures. SKA observations of polarised sources will answer several questions about the magnetic
field strength and structure in galaxy clusters, and its evolution with cosmic time.

2.1. Introduction
Magnetic fields are ubiquitous in the Universe but their origin is unknown. On large scales, magnetic fields are the
hardest to explain because the usually invoked dynamo mechanism does not have the time to amplify the field starting
from a weak initial seed. In addition, the magnetic fields in galaxy clusters are poorly constrained from an observational
point of view, and it is unclear whether they are formed from primordial seeds - amplified during the process of structure
formation - or are formed from magnetic fields injected by AGN or galactic outflows. The presence of magnetic field
in galaxy clusters can be probed by diffuse radio sources associated with clusters, and by Faraday rotation measures
(RM) of embedded and background polarised sources (see e.g. Govoni & Feretti (2004) for a review). In the last
decade, there have been revolutionary improvements in modelling the magnetic field in galaxy clusters, based partly
on observations and partly on numerical simulations (e.g. Bonafede et al. (2011), Brüggen (2013), Dolag et al. (2008),
Govoni et al. (2006a), Vacca et al. (2012)). Much of what is known about the magnetic field in galaxy clusters comes
from sensitive polarised observations. The observed polarisation angle φobs of a synchrotron-emitting source observed
in the background of a galaxy cluster is rotated with respect to the intrinsic polarisation angle by a quantity called
Faraday Rotation Measure, defined as:
!
RM =

ne (l)B// (l)dl,

(1)

cluster

where ne is the thermal gas density in the intra-cluster medium (ICM), and B// is the magnetic field component
along the line-of-sight. Recent studies have given us important clues to elucidate the evolution of the magnetic fields in
galaxy clusters. However, because of the limits of current instruments, further improvements will be hard to achieve. A
primary limiting factor is the sensitivity of present facilities, that limits the feasibility of such studies to a few nearby
clusters where a sufficient number of background and embedded polarised sources can be detected. A secondary limiting
factor is the small field-of-view of the instruments, which require multiple pointings and, hence, an enormous observing
time to survey the entire cluster. In this work, we analyse the capabilities of the SKA in studying the properties of
magnetic fields in the ICM through a dense RM sampling of sources detected in the background of these objects. Using
different approaches, we have produced mock RM observations of galaxy clusters and of the regions around them.

2.2. Mock RM observations
In order to predict the capabilities of the SKA in studying the magnetic fields on the large scales, we have produced
mock RM observations of single radiogalaxies detected through the ICM. We have used an approach similar to the one
described in Murgia et al. (2004) and Bonafede et al. (2010a), that consists of modelling the gas distribution inside
the galaxy cluster and the magnetic field in a separate 3-dimensional box.
The magnetic field is then normalised within the core radius to a given value B0 , and is scaled according to:
η

B ∝ B0 (ne /n0 ) ,

(2)

n0 being the cluster central gas density as defined in the β-model. For further details we refer the reader to Bonafede
et al. (2014)1 . The SKA is expected to detect 315 polarised sources per square degree at at 1.4 GHz, with 1 µJy
detection threshold and 1.6 arcsec resolution Rudnick & Owen (2014). Assuming this number, we have computed the
expected RM for every polarised background source, whose position is randomly extracted within the cluster field of
1

This contribution will appear in the SKA white book 2014, and it has been presented at the SKA meeting in June 2014.
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Fig. 2. SKA1 predictions for the RM for Coma-like clusters. Left panel: Average profile of the RM (continuous line) and 5σ
dispersion (dotted lines) obtained for a Coma-like custer. Diamonds represent the sources that the SKA1 will detect in the
background of the cluster. Red asterisks mark the sources whose RM is in the range to be detected by the SKA1. Blue points
refer to the observations presented in Bonafede et al. (2010a). Right Panel: lines and symbols are like in the left panel, shown
in different colours for three different models as indicated in the inset.

view. This approach has the great advantage of using background objects only, and hence it minimises the possible
local ICM contribution due to the interaction of cluster radio-galaxies with their environment. The magnetic field
simulations are performed with the MiRo’ code (see Bonafede et al. (2013) for further details).
To model the gas distribution, we assume in the following: (i) a β-model profile Cavaliere & Fusco-Femiano (1976)
and (ii) the gas distribution obtained by a set of cosmological simulations by Vazza et al. Vazza et al. (2010).

2.3. β-model profiles
Our β-model clusters are meant to illustrate the big step forward allowed by the SKA in studying the magnetic field
properties of galaxy clusters, compared to what has been achieved today with pointed observations of individual
radiogalaxies.
The magnetic field in the Coma cluster is among the best constrained, and as such, it is a good starting point to
investigate the capabilities of the SKA compared to the present facilities.
We have considered a cluster gas density profile that follows the β-model Cavaliere & Fusco-Femiano (1976) derived
for the Coma cluster by Briel et al. (2001). For the magnetic field simulation, we have adopted the parameters that
give the best fit to the Coma cluster magnetic field profile. We have simulated the different values of B0 and η that
give the best agreement with the observations at 68% confidence level Bonafede et al. (2010a). The different values
of B0 and η leave an imprint on the RM profile, as shown in Figure 2. In Fig. 2 the RM profile obtained with SKA1
observations is shown for a “Coma-like” cluster. The results by Bonafede et al. (2010a), obtained with VLA pointed
observations, are overplotted. The surveys planned with the SKA1 will allow one to detect the RM from ∼ 50 sources
in the background of the “Coma-like” clusters. Thanks to the SKA1 field-of-view and sensitivity, similar results for a
single cluster will be achieved with a single pointing. In Fig. 2, we also show the RMs obtained by the SKA1 for the
different values of B0 and η that fit the VLA observations within the 68% confidence level. The resolution in RM of
the SKA1 will enable us, in principle, to distinguish among these models, although a more accurate evaluation of the
errors needs to be done to definitively assess this point.

2.3.1. Cosmological simulations
Although the β-model is often a good representation of the gas density profile in the ICM, high-resolution X-ray
observations have shown that the ICM is much more complex and difficult to characterise analytically (see e.g. Borgani
& Kravtsov (2011), Ebeling et al. (2007), Ettori et al. (2013)). Indeed, cosmological simulations of galaxy clusters show
that the matter is continuously accreting onto the cluster, generating turbulence, shock waves, and bulk motions in the
ICM, which leave a clear imprint in the gas density distribution. In order to investigate the capabilities of the SKA in
more complex and realistic environments, we have repeated the procedure outlined above (Sec. 2.2) starting from the
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Fig. 3. Top panel: RM profiles for the simulated clusters E1 (left), E2 (centre), and E14 (left). The y-axis goes up to 200
rad/m2 in order to highlight the differences among the different clusters. The blue continuous line represents the radial average
of the RM profile, the dotted lines refer to the 3σ dispersion. Red asterisks mark the sources detected by the SKA1. Bottom
panel: X-ray projected luminosity for the clusters E1 (left), E2 (centre), and E14 (left). The white dashed-circle is centred on
the cluster X-ray peak and has a radius of ∼ 1 virial radius.

gas density distribution obtained by cosmological simulations. The sample of clusters by Vazza et al. (2010) consist
of 20 clusters, re-simulated with an Adaptive Mesh refinement method. The authors have classified the clusters as
relaxed (RE), merging (ME), and post major-merger (MM). Hence, we can investigate the SKA capabilities to recover
the magnetic field properties in clusters that are in different phases of their evolution. In this work, we focus on three
different clusters, namely E1, E2 and E14, classified as MM, ME, and RE, respectively. We have to note that the main
limitation of our approach is the use of a magnetic field model, which does not evolve with the cluster. Hence, one can
expect to detect only the main differences in the RM behaviour among the clusters. In Fig. 3, the X-ray luminosity
of the clusters (from Vazza et al. (2010)) together with the RM profiles are shown. In all profiles, a decrease of the
RM signal occurs at ∼ 1 Mpc (approximatively r500 ) from the cluster centre. This decrease is more gradual for the
clusters E1 and E2 with respect to the E14, which is relaxed. The main differences among E1, E2, and E14 arise at a
distance of 500-3000 kpc, and are due to the presence of other clusters or sub-groups in the cases of E1 and E2, and
to the almost empty environment which surrounds the relaxed cluster E14.

2.4. Conclusions
We have explored the capabilities of the SKA1 in studying the properties of magnetic fields inside and around galaxy
clusters. Our predictions indicate that the SKA1 will be able to recover tiny differences in the magnetic field properties
of the ICM, which are far beyond the capabilities of the present instruments. Thanks to the SKA sensitivity and
resolution, we expect to detect hundreds of sources in the background of massive galaxy clusters, hence entering a
new era for the study of the magnetic field in galaxy clusters.
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Galaxy clusters, the largest gravitationally bound structures in the Universe, form and evolve in a hierarchical way
through merging and accretion of less massive systems. They are extremely complex astrophysical objects, made up by
different components, whose evolution is driven by mutual interactions and by the gravitational and non-gravitational
physics of the large-scale structure formation process. A hot thermal intra-cluster medium (ICM), observable in X-rays
due to thermal bremsstrahlung and detectable at sub-mm wavelengths through the SZ effect, makes up the majority
of the cluster baryonic mass and permeates the volume in between thousands of gravitationally bound galaxies. The
elusive dark matter dominates the total cluster mass (more than 80% vs. about 15% in the ICM and less than 3% in
galaxies). Galaxy clusters are also known to host a variety of diffuse and extended radio sources: tailed radio galaxies
whose shape is modelled by the interaction with the intra-cluster medium (ICM); radio bubbles filling holes in the ICM
distribution and rising buoyantly through the thermal gas; diffuse giant radio sources (so called “halos” and “relics”)
revealing the presence of relativistic electrons and magnetic fields in the intra-cluster volume. It is currently matter
of debate how the non-thermal components that we observe at radio wavelengths affect the evolutionary physics of
galaxy clusters.
In this work we start our SKA1 feasibility study of the “radio cluster zoo” through simulations of a typical radio-loud
cluster, hosting several bright tailed radio galaxies and a diffuse radio halo. Realistic simulations of SKA1 observations
are obtained through the MeqTrees software. New deconvolution algorithms, based on sparse representations and
optimised for the detection of faint diffuse astronomical sources, are tested and compared to classical CLEAN method.

3.1. Scientific context
The discovery of Mpc-scale radio sources (called “halos” or “relics”, depending on their position in the cluster, morphology, polarisation properties) in a few tens of merging galaxy clusters has pointed out the existence of a non-thermal
(NT) component (relativistic electrons with Lorentz factor >>1000 and magnetic fields of the order of µG) in the
intracluster volume Ferrari et al. (2008). Through NT studies of galaxy clusters we can estimate the cosmic-ray and
magnetic field energy budget and pressure contribution to the intracluster medium (ICM), as well as get clues about
energy redistribution during cluster mergers. NT analyses can elucidate non-equilibrium physical processes whose deep
understanding is essential to do high-precision cosmology using galaxy clusters Vazza et al. (2012).
A detailed understanding of the origin of the intracluster NT component is still missing. As discussed by Pommier
et al. in Sect. 4 of this chapter, while magnetic fields have been proven to be ubiquitous in the intracluster volume
Bonafede et al. (2011), it is still debated how the thermal electrons of the ICM can be accelerated to relativistic energies
(Ferrari et al. 2008, e.g.). Theoretical models of electron acceleration need to be compared to statistical samples of
clusters emitting at radio wavelengths, while only a few tens of radio relics and halos are known up to now (Feretti
et al. 2012). Detected radio halos have a 1.4 GHz total radio power ! 1024 W/Hz and are hosted by low-z clusters
(< z >= 0.2).
Apart from radio halos and relics, galaxy clusters contains a wider variety of extended radio sources, such as tailed
radio galaxies whose shape is modelled by the interaction with the ICM (e.g. Feretti & Venturi (2002)) and radio
bubbles filling holes in the ICM distribution and rising buoyantly through the thermal gas (e.g. de Gasperin et al.
(2012)). Joint studies of all types of extended radio sources in clusters allow to address the complex physical processes
regulating the interaction between the different components of galaxy clusters (e.g. Bonafede et al. (2014)). For this,
it is of course crucial to be able to identify separately the different kinds of radio sources in galaxy clusters (i.e. to
discriminate between the radio emission related to active galaxies or to the NT ICM). In this paper we summarise our
SKA1 feasibility study of the “radio cluster zoo” through simulated SKA1 observations of a model radio-loud cluster.
We aim in particular to investigate the possibility to detect low-luminosity radio halos in high-z clusters with SKA
Phase 1.
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Fig. 4. Simulated radio emission from a galaxy cluster (FARADAY tool, Murgia et al. 2004) at z=0.5 (left) and z=1.0 (right).

Fig. 5. Dirty maps resulting from simulated observations of the model cluster at z=0.5. Top: SKA1-MID observations. Bottom:
SKA1-SUR case. In this image, the adopted visibility weighting scheme provides maps at ∼ 1 arcsec resolution.

3.2. Simulated SKA1 observations of a model galaxy cluster
We have performed simulations of a galaxy cluster hosting a diffuse radio halo, several tailed radio galaxies and point
sources using the FARADAY tool Murgia et al. (2004). The total power of the resulting radio halo is 1.2 × 1024 at 1.4
Ghz. The radio galaxy population inserted in the model has been extracted from the galaxy cluster A 2255 Govoni
et al. (2006b). In Fig. 4 we show the simulated 1.4 GHz cluster map at z=0.5.
Observations of this model sky at z ≥ 0.5 performed with the SKA1-MID and SKA1-SUR arrays (i.e., the highestfrequency parts of Phase 1 SKA instrument that will be built in South Africa and Australia, respectively) have been
simulated using the MeqTrees software (Noordam & Smirnov 2010), as described in another the Chapter of this book
(“Algorithmic challenges for the Square Kilometer Array”). An eight hours observation has been adopted in both
simulations. This corresponds to the amount of time that will be spent per field to complete in 2 years a 3π sr survey
with the SKA1-SUR array. This instrument, due to its big field-of-view (FoV ∼ 18deg2 at 1.4 GHz), is perfectly suited
for efficiently completing an all sky-survey within a few-years timescale. On the other side, with its higher number
of antennas, SKA1-MID will be a higher sensitivity instrument, even if characterised by a smaller FoV (∼ 0.4deg2 at
1.4 GHz). In this case, 8 hours would correspond to a typical observation time of deep dedicated observations with
SKA1-MID.
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Fig. 5 shows the dirty images obtained from the simulated observations of the z=0.5 cluster, with both SKA1-MID
and SKA1-SUR. Only the brightest sources of the model sky are clearly visible in the dirty map, on which we have
applied two different deconvolution approaches: the multi-scale version of the classical CLEAN method (MS-CLEAN
hereafter, Cornwell 2008) and a new deconvolution algorithm – named “MORESANE” (Dabbech et al. 2012; Dabbech
et al. in prep.) – developed in the framework of Arwa Dabbech’s PhD thesis in the Lagrange Laboratory of Nice
Observatory (again, see the “Algorithmic challenges for the Square Kilometer Array” chapter for more details).

Fig. 6. Results of the deconvolution for the model cluster at z=0.5 (top) and z=1.0 (bottom) observed with SKA1-MID. The
adopted uv-data weighting scheme (robust) is the same as in Fig. 5 and provides an angular resolution of 1 arcsec. From left to
right: model cluster map convolved at the same resolution of simulated observations; source model resulting from MORESANE
deconvolution algorithm convolved at the same resolution of simulated observations; MORESANE maps of residuals; MS-CLEAN
components convolved at the same resolution of simulated observations; MS-CLEAN maps of residuals.

The results of the image reconstruction both for the SKA1-MID and SKA1-SUR images are shown in Figs. 6 and
7. They lead us to the following conclusions:
– the new deconvolution algorithm – MORESANE – gives substantially better results than the widely adopted
CLEAN method: the morphologies of the different objects are being estimated in a more accurate way, it is
significantly more robust to false detections in its reconstructed model and, at the same time more, accurate and
powerful in detecting the low-surface brightness extended radio halo;
– due to its lower sensitivity, we can barely detect diffuse cluster emission with SKA1-SUR in 8 hours observations
“only” up to z ∼ 0.7 and adopting an uv-data natural weighting scheme, which gives a high-sensitivity at the
expenses of a worst angular resolution;
– with 8 hours of observations, SKA1-MID will give access to diffuse, low total power radio emission from clusters
up to z ≥ 1, and at an exquisite angular resolution (∼ 1 arcsec) that can allow to clearly disentangle bright radio
galaxies from low-surface brightness diffuse radio sources.
We conclude by proposing a possible observation strategy for optimising the radio analysis of galaxy clusters. A
reasonable amount of observing time (<10 hours) with SKA1-MID will allow us to detect both bright radio galaxies
and low-surface brightness radio halos in clusters up to z ≥ 1, i.e. the epoch of the formation of the first massive
clusters that we observe nowadays. In order to select the targets of these SKA1-MID pointed observations, we can
of course start from multi-wavelength cluster catalogs, obtained from X-ray, optical or sub-mm observations. On the
other side, an SKA1-SUR all-sky radio survey, with natural weighting and with new deconvolution algorithms applied,
can provide us with a list of new candidates of “radio-loud” clusters (i.e., hosting diffuse Mpc-scale radio emission) up
to z ∼ 0.7.
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Fig. 7. As in Fig. 6, but for SKA1-SUR observations of the model cluster at z=0.5 (top) and z=0.7 (bottom). In this the adopted
uv-data weighting scheme is the natural one, resulting in a worst angular resolution (∼ 10 arcsec), but higher sensitivity to
diffuse emission.
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Clusters of galaxies are the largest gravitationally bound systems in our Universe. They emit non-thermal emission
during merger events that takes the form of cluster- wide (Mpc-size) radio halos, mini-halos and relics, further implying the presence of relativistic particles and magnetic fields within the Intra-Cluster Medium (ICM). These sources
reveal a population of ultra-relativistic electrons coexisting with the intra-cluster thermal gas. The origin of these
relativistic electrons is one of the most intriguing problems of cluster astrophysics. Further they are known to host
radio galaxies (core-lobe) within their vicinity (field sources), that show variety of patterns in their jet structure due
to their interaction with the ICM. Low-frequency radio observations play a crucial role in the study of these diffuse
sources and the interaction of ICM with the field sources. In this chapter, we discuss about the recent statistical results
at low frequencies with the GMRT on clusters of galaxies and SKA1 feasibility study on the occurrence of radio halos
in clusters of galaxies at different cosmic epochs. Comparison with current generation low frequency observations and
predictions via simulations for surveys with SKA1 low (100-300 MHz) and mid (1-2 GHz) at the expected sensitivities
and spatial resolutions are presented. SKA1 will be remarkably sensitive to faint radio halos that are not yet discovered thus allowing us to study the formation and evolution of radio halos in a totally new range of cluster masses
(1014 MSun ) and redshift (up to z = 0.6). Further, SKA1 surveys will be highly competitive with present and future
SZ-surveys in the detection of high-redshift galaxy clusters.
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Fig. 8. Most powerful and distant radio halo detected with the GMRT at 250 MHz (SKA1-low) and 610 MHz- (orange white)
in MACS J0717.5+3745 galaxy cluster with X-ray emission from Chandra (blue) overlaid on HST (black white) image (PandeyPommier et al. 2013).

4.1. Introduction
Non-thermal diffuse emission in galaxy clusters are faint, Mpc-sized with steep spectra that are classified as centrally
spaced, non polarised radio halos (refer Fig. 8) and strongly polarised relics that are placed at the peripheral region
of the cluster. The non-thermal emission is synchrotron in origin and probes the energy content and magnetic fields
in galaxy clusters thereby providing insights on large-scale structure formation and evolution within the Universe.
High sensitivity deep observations are needed to discover these diffuse structures with very low surface brightness.
Further, simulations propose that the hierarchical sequence of mergers that leads to the formation of clusters also
gives rise to radio halos within the ICM. Moreover, the origin of radio halos is thought to be the result of either
“hadronic models”– where relativistic electrons that are produced as secondary products of hadronic collisions within
the ICM, in the presence of magnetic fields give rise to radio emissions(Keshet & Loeb 2010) – or the “turbulent reacceleration models” – where the turbulence generated during cluster mergers re-accelerates pre-existing fossil and/or
secondary electrons in the ICM to the energies necessary to produce the observed radio emission (Brunetti et al. 2001;
Petrosian & East 2008). Further simulations suggest that, a different class of fainter radio halos known as “off-state”
halos are produced by secondary particles due to inelastic collisions between relativistic protons and thermal protons
within the ICM. These “off-state” halos being very faint in nature are yet to be discovered (Brown et al. 2011). Thus,
the formation history of radio halos requires massive clusters with ongoing merger events throughout cosmic epochs.
The massive clusters being luminous and dynamically active, ultimately set the energy budget that is available for
the acceleration of relativistic particles that results in the formation of radio halos, whereas less massive (energetic)
merging-systems rarely host radio halos due to their relaxed nature. Further, the radio halos in less energetic merging
systems have increasingly steep spectra that become significantly luminous at lower frequencies (e.g. Giacintucci et al.
2014; Pandey-Pommier et al. in prep.; Venturi et al. 2013). These results have been confirmed in 98 galaxy clusters as
of now (with 52 radio halos, 24 relics without radio halos and 22 mini-halos) along with the observed radio bimodality
in galaxy clusters (via GMRT Radio Halo Survey – GRHS, refer Table 1 for system parameters) and its connection
to cluster dynamics (Feretti et al. 2012; Giacintucci et al. 2014; Kale et al. 2013; Pandey-Pommier et al. in prep.).
Furthermore, the discovery of Ultra Steep Spectrum Radio Halos (USSRHs) supports the above theoretical hypothesis
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Fig. 9. Expected number count of radio halos as a function of redshift at 120 MHz (left panel) and 1400 MHz (right panel) adapted from Cassano et al. (in prep.). The red and black boxes are number of halos and mini-halos detected as of now with
the GMRT and VLA at SKA1-low and SKA1-mid frequencies respectively, while the black crosses show the integral number of
radio halos observed so far at 1.4 GHz.

of non-thermal emission in galaxy clusters based up on their mass and dynamical state (e.g., Brunetti et al. 2008;
Dallacasa et al. 2009; Pandey-Pommier et al. in prep.).
Configuration
SKA1-LOW
GMRT (150, 235 MHz)
LOFAR (120 MHz)
SKA1-LOW (120 MHz)
SKA1-MID
GMRT (1.4 GHz)
EMU (1.4 GHz)
SKA1-MID (1.4 GHz)

Rms (µJy/beam)

θb (arcsec)

700, 250
400
20

20, 13
25
10

30
13
5

2
15
15

Table 1. Numerical comparison between the different deconvolution results

In spite of theoretical efforts, our understanding of the origin and physical properties of radio halos and relics
and their relation to the cluster dynamics is still limited beyond z > 0.3, contrary to the number of observable relics
and halos as a function of redshift predicted by hydro dynamical simulations, due to detection limitation of current
generation instruments (Feretti et al. 2012; Kale et al. 2013). Thanks to the superb sensitivity and spatial resolution,
SKA1 will allow firm tests of the current theoretical hypothesis. Recent Monte Carlo simulations developed by Cassano
et al. (in prep.), that combine turbulent-acceleration physics and the generation of secondary particles in the ICM, to
calculate the occurrence of radio halos in the Universe, based up on their spectral properties and connection with the
mass (down to 1014 MSun ) and redshift (up to z = 0.6)) of the hosting clusters at different cosmic epochs, for SKA1
surveys is presented in Fig. 9, at low (100-300 MHz) and mid (1-2 GHz) frequencies assuming the expected sensitivities
and spatial resolutions from SKA1 Performance Memo by R. Braun (refer Table 1).

4.2. Contribution of SKA1 low and medium frequency radio survey on galaxy clusters
The all-sky number count of radio halos expected in the LOFAR (black) and SKA1-low (blue) surveys (left panels)
and in the EMU (black) and SKA-mid (blue) surveys (right panel) is shown in Fig. 9. The number of known radio halo
is represented as red and black boxes in the figure. The comparison of theoretical predictions with the low frequency
observations (GMRT and VLA) clearly shows that while there has been almost 100s of detection of rare and transient
radio halos at low frequencies supporting the theoretical hypothesis, there is yet a large population of radio halos in
galaxy clusters that still remains to be discovered. Further, simulation suggests that, the “off-state” radio halos and
USSRHs are expected to dominate this undiscovered population. Towards this approach our team is already carrying
out low frequency survey on galaxy clusters with the GMRT, where we have detected most distant mini-halo and an
“off-sate” mini-halo in relaxed clusters up to z = 0.45 and an USSRH in a minor merging clusters up to z = 0.54
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(Pandey-Pommier et al. in prep.). These detections of USSRHs and “off-state” radio halos provide a powerful test for
theoretical models, however their number counts are still scarce.
Thanks to its better sensitivity, both SKA1-low and SKA1-mid frequency surveys will be able to discover roughly
2600 and 750 dominating new population of radio halos, respectively, out to z = 0.6 as compared to LOFAR (400 radio
halos) and EMU (260 radio halos). Apparently, the SKA1-low frequency design will be more efficient in the detection
of radio halos than the SKA1-mid design as well as current generation observatories. SKA1 promise a significant gain
in the radio halo detection at both low and mid frequency, with respect to precursors and pathfinders. Thus, SKA1
will step into an unexplored territory allowing us to study the formation and evolution of radio halos in a totally
new range of cluster masses and redshift. Additionally the large number of detections with the SKA1-low offers a
competitive survey with present and future SZ-surveys in the detection of high-redshift galaxy clusters.

5. Filaments of the radio cosmic web: opportunities and challenges for SKA
Franco Vazza1 , Chiara Ferrari2 and Annalisa Bonafede1
1
2

Hamburger Sternwarte, Universität Hamburg Gojenbergsweg 112, 21029, Hamburg, Germany
Laboratoire Lagrange, UMR 7293, OCA, UNS, Boulevard de l’Observatoire, 06300 Nice, France

5.1. Introduction
The large-scale structure in the Universe comprises a complex network of filaments connecting virialized structures and
separated by voids. While the galaxy skeleton of the cosmic web has been clearly detected in optical and IR surveys,
the detection of the most diffuse gas component of the cosmic web associated with filaments remains a formidable
challenge at all wavelengths. The theory of structure formation predicts that the formation of self-gravitating
large-scale structures is accompanied by the release of shock waves through the accreted intergalactic medium (IGM)
and the intracluster medium (ICM). Galaxy clusters, group of galaxies and cosmic filaments should be surrounded
by nearly stationary accretion shocks (M ≥ 10), where the baryonic gas is shock-heated for the first time (Ryu et al.
2003; Vazza et al. 2011). The detection of these shocks would confirm a critical piece of the warm-hot intergalactic
medium (WHIM) paradigm (e.g. Davé et al. 2001). The innermost hot regions of large-scale structures should instead
be characterised by weaker but more powerful shock waves, which are transient features associated with mergers
between objects and should lead to the acceleration of radio-emitting electrons, as in “radio relics” (Hoeft & Brüggen
2007; Ferrari et al. 2008, see also Sects. 3 and 4).

5.2. Possible detection of cosmic filaments with SKA
Using cosmological numerical simulations we produced model-dependent expectations of the synchrotron radio emission
from the cosmic web, specifically for the case of future SKA arrays. In detail, we simulated with ENZO (The Enzo
Collaboration et al. 2013) a large volume of the universe with a uniform grid approach, that enabled us to study shock
waves and particle acceleration at high resolution(Vazza et al. 2014). This simulated model represents our starting point
to produce mock radio observations of large-scale structures with SKA-LOW, SKA-MID and SKA-SUR, as function
of redshift and physical models of emission. We monitored two radiation mechanisms: a) primary electron emission
from relativistic electrons accelerated at shocks, assuming efficient diffusive shock acceleration (Hoeft & Brüggen 2007)
with an electron acceleration efficiency in the range ∼ 10−4 − 10−5 of the shock kinetic energy flux (depending on
the Mach number) ; b) secondary electron emission from the relativistic electrons continuously injected by hadronic
collisions in the filament volume (Dolag & Enßlin 2000), even if this signal is everywhere just a few percent of the
primary emission.
To have an estimate of the large-scale magnetic fields, we used the MHD module of ENZO, starting from a uniform
“cosmological seed” of B0 = 10−10 G at z = 30, which is later compressed and amplified during structure formation.
However, the resolution of our simulation is not enough to feature high Reynolds number flow within most of cosmic
objects, given to the limitation in grid resolution (which is a fairly common problem for grid simulations). The magnetic
field at the scale of clusters is constrained by observations at the ∼ µG level (e.g. Bonafede et al. 2010b), corresponding
to a magnetic energy of ∼ few percent of the thermal energy of the ICM. However, very little is known about the
plasma conditions where the small-scale dynamo should become efficient in the rarefied gas of filaments and cluster
outskirts. For this reason, we resort to a post-processing approach to renormalise the magnetic field upwards (in order
to get field strengths of 1 percent of the gas thermal energy in each simulated cell) , assuming two threshold values of
gas density: ρ ≥ 1ρmean (“high B”) and ρ ≥ 50ρmean (“low B”), where ρmean is the mean gas density). These extreme
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Fig. 10. Top panels: projected mean magnetic field strength along the line of sight, for a 1003 Mpc3 simulated volume with
ENZO, in our “low B” and “high B” extreme scenarios (the colours give log10 [µG]. Lower panels: for the same volume of the
above panels, radio emission in the two models observed with SKA-LOW (110MHz) with a 1000 long exposure, and locating
the volume at z = 0.02. The colours give log10 [J/arcsec2 ]

scenarios investigate a situation in which the small-scale dynamo is efficiently developed only within the virial volume
of halos (“low B”), or instead everywhere in the cosmic web (“high B”).
Figure 10 gives an example of our study, showing a volume of ∼ (100Mpc)3 at z = 0.02. While in the high
magnetisation case (right panels) accretion shocks around filaments (additional to merger shocks inside clusters, which
give origin to “radio relics”) appear to be within the range of detection of the SKA-LOW, emitting above ∼ µJ/arcsec2,
in the low magnetisation case (left panels) essentially only the emission from small groups contained by filaments should
be detectable, while the WHIM of the cosmic web should remain invisible. Therefore our results suggest that a detection
of large cosmic filaments in radio at low redshift seems to be within reach by the SKA-LOW, and will inform us about
the magnetisation efficiency in such tenuous environment. In general, we find that the SKA-LOW is always favoured
because of its better sensitivity and sampling of short baselines compared to SKA-MID and SKA-SUR. In particular,
the SKA-LOW should be able to detect a significant portion of emission from the cosmic web at low redshifts (z ≤ 0.1)
already during Phase 1, while for a better imaging of their full extent or for their detection up to z = 0.5 (or for
lower magnetic fields) its sensitivity should be improved by a factor ∼ 3 − 5. This can be achieved during the Phase
2, thanks to the planned increased in the maximum angular resolution, which will enable to beat the confusion noise.
On the other hand, our tests show that for most of cosmic filaments in the nearby (z ≤ 0.1) Universe a detection

14

A. Bonafede, C. Ferrari, M. Pandey-Pommier, and F. Vazza: Continuum surveys with the SKA

with SKA-MID or SKA-SUR is made impossible by the lack of short baselines, for which even Phase 2 will not be
beneficial.
Deep exposures in polarisation should maximise the chance of detecting these rare structures, since they are
expected to be highly polarised owing to their strong Mach numbers. Polarised observations are not dynamical-range
limited, and warrant that the thermal noise will be reached independently of the presence of strong source within the
field of view, thereby increasing the chances of imaging such low-surface brightness structures in the cosmic web.
As our test show, the systematic detection of synchrotron from filaments at high redshift will give us important
clues on the efficiency of turbulent amplification of magnetic fields over cosmological epochs. Remarkably enough, even
the non detection of radio emission from filaments will offer a way of limit the magnetisation properties of the cosmic
web at the largest scales, thereby providing important clues on the efficiency of the turbulent amplification of early
weak cosmological fields during structure formation, which is still an open issue of theory (e.g. Brüggen et al. 2005;
Ryu et al. 2008; Donnert et al. 2009).
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COSMOLOGY WITH SKA
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1. Overview
The field of cosmology is on an astounding path of discovery. Since Penzias and Wilson
pointed a radio antenna towards the sky in an unexplored wavelength regime and serendipitously discovered the cosmic microwave background (CMB) 50 years ago, we have pieced
together an astoundingly detailed picture of the growth of large scale structure of the Universe from its primordial origins deep in the epoch of quantum gravity. A standard model
of cosmology has emerged that links the extreme physics of the earliest instants with a
wide array of observations from across the spectrum from microwaves to gamma rays.
This picture contains some major surprises. Over 80% of all clustering matter is dark;
and instead of slowing, the expansion of the universe is speeding up. To explain the
observed acceleration of the expansion of the Universe together with the high-precision
measurements of the global geometry of the Universe seen in the CMB anisotropies either
requires invoking dark energy—a new, smooth form of energy-momentum that provides
nearly 70% of the entire energy density of the Universe—or a revision in our understanding
of gravity in the regime relevant for acceleration - large scales or low densities.
When the Square Kilometer Array (SKA) will again turn antennas towards the sky with
orders of magnitude higher sensitivity then ever before, the discovery potential is just as
high as it was 50 years ago. The SKA will
• produce a high-precision redshift survey of more than 109 galaxies out to redshifts
of more than 2 and across 50% of the sky using the 21cm line emission of neutral
hydrogen,
• map the large scale distribution of an even larger number of galaxies through the
21cm brightness mapping technique,
• provide an unprecedented probe of the magnetic field distribution in the Universe,
• give an unprecedented census of atomic hydrogen from the Galaxy out to the epoch
of re-ionization and the end of the dark ages at redshift ⇠30 (cf section ??).
Instead of starlight, SKA will use the 21cm line emission of neutral hydrogen to trace the
clumping of matter. Since the first astronomical observation of 21cm emission by Jansky,
galaxies are known to harbor neutral hydrogen (HI) that is destined eventually to form
stars. This line emission pinpoints the galaxy positions at specific redshifts. The expected
number of redshifts in the SKA suryey exceeds that from planned optical and infrared
surveys by at least an order of magnitude. Yet these approaches are complementary;
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having both will allow studying the relationship between the luminous stellar populations
and the gas from which they form.
A galaxy survey of this magnitude will provide precision measurement of the angular
diameter subtended by the 110 Mpc/h baryon acoustic oscillation (BAO) feature as a
function of redshift. This feature is remnant of the tight coupling between photons and
baryons in the early universe and imprints upon the galaxy distribution during the epoch
of decoupling of photons and baryons at z⇠1100. On intermediate scales the survey will
resolve the cosmic web (filaments, walls, and the voids they enclose) which is emerging as
a rich target for defining cosmological observables.
Using the BAO signature alone to map the expansion history of the Universe during the
acceleration epoch, tracing the onset of dark energy domination, physical parameters of
dark energy such as its equation of state and time-variation can be measured to a precision
of w = 0.05 and wa = 0.15. This is a conservative estimate since it uses only the
information from this one scale. Analysing the entire correlation function and modeling
the way galaxies trace the underlying matter distribution would improve these forecasts to
w = 0.005 and wa = 0.15.
A technique to further enhance the cosmological signal is directly to image the 3D structure of the cosmic HI distribution by mapping the integrated 21cm brightness rather than
rejecting photons that do not originate in objects that were detected with high significance.
By eliminating the necessity to reach detection thresholds for individual galaxies this approach will allow using early stages of SKA to measure cosmological parameters before
completion of full construction.
By modeling and constraining the e↵ects of velocities on any of the 21cm line measurements SKA can measure the growth rate of structure formation through redshift space
distortions.
At very high redshift—before the first sources of UV radiation ionize the universe—
primordial hydrogen is ubiquitous, and leaves an imprint in the long wavelength tail of the
cosmic microwave background photons that traces the primordial density fluctuations with
unprecedented resolution. This backlit hydrogen above redshift 15 imprints more modes of
information about the primordial state of the Universe than any other probe including the
CMB and galaxy surveys and, can be a treasure trove of information about the statistics
of cosmic seed fluctuations. These science goals are further described in section ??.
The complementary features of the SKA probe of large scale structure (high precision
redshifts over a large survey volume across a broad redshift range) set it apart from the
massive photometric and pseudo-spectroscopic surveys planned on the same time scale such
as LSST and Euclid. Within the framework of LCDM cosmology, the success of the Planck
mission has anchored cosmology at the highest redshifts. Together, these data sets will be
extremely, rich, making a large fraction of the observable universe accessible for the next
level of precision tests of cosmology and gravity.
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2. HI line surveys with SKA
In addition to provide detailed mass distribution maps out to high redshifts (z ⇠ 1
with SKA phase 2), SKA HI line surveys will also provide a wealth of information to
study galaxy evolution and growth of structures over cosmic time. Observations of the
21cm line of HI, either in absorption against background radio sources or in emission,
probe gas with moderate temperatures (T ⇠ few1000K) and densities (n ⇠ 0.1to10cm 3 )
and trace the gravitationally dominated galaxy dynamics rather well. Gas in this phase
typically constitutes half (or more) of the total interstellar gas mass in galaxies - in the
most extreme dwarf galaxies, HI may constitute up to 95% of the total stellar and gas mass!
Star-forming galaxies frequently have large disks of HI and thus HI provides the reservoir
out of which future star formation may be fueled. Since the characteristics of galaxies
are determined by the relation between their dark matter and gas accretion histories and
total masses, tracing the HI gas reservoir that fuels galaxy growth and galaxy dynamics
allows us to indeed directly follow this growth. Ultimately, HI observations of galaxies at
cosmological redshifts allow us to test ⇤CDM by relating the growth of galaxies in gas and
stars to the growth of their dark matter halos.
The SKA will be able to map the HI distribution and kinematics at ISM cloud-size
resolution in many galaxies, and will be be complementarity with ALMA and the E-ELT
to improve our understanding of star formation, gas flows into and out of galaxies.
The roadmap towards achieving the observation of HI at cosmological redshifts and the
imaging of more nearby objects at increasing spatial resolution and sensitivity involves
the SKA Precursor instruments, ASKAP and MeerKAT, plus APERTIF in the northern
hemisphere (all fully operational in 2017), SKA1 (2024) and ultimately SKA2. At present,
the largest all-visible-sky HI line survey is the single-dish ALFALFA program at the Arecibo
305m telescope. ALFALFA will detect 30,000 galaxies with an average redshift of z ⇠ 0.03,
with a 3.5 arcmin beam size - suitable for global HI property statistics, but not for detailed
studies of individual objects. The THINGS HI imaging surveys will observe about fifty
nearby galaxies of various morphologies and global properties using the VLA with a 6
arcsec resolution. Part of a multi-wavelength study, it is complementary to ALFALFA
giving detailed insight on the astrophysical processes involved in star formation in a limited
number of objects.
During the SKA Precursor phase, ASKAP and APERTIF will perform two concerted
all-sky HI surveys (WALLABY and WNSHS), thanks to their large FoV (8-30 deg2), with
a resolution of 8-30 arcsec and a velocity resolution of a few km/s. It is expected that
a million galaxies will be detected, with an average redshift z ⇠ 0.1, and 3D HI maps
produced for thousands of objects. At the same time, MeerKAT, which has a smaller
FoV than ASKAP (1 deg2 ) but higher sensitivity, will perform a high-sensitivity survey
(MHONGOOSE) of 60 selected nearby galaxies, aimed at probing low-density halo gas and
a very high-sensitivity survey of part of the Fornax cluster, aimed at detection of cosmic
web filaments. It will also perform an ultra-deep HI survey (LADUMA) aimed at detecting
⇠ 6000 galaxies at the highest achievable redshifts, on average z ⇠ 0.4 (but going out to
z ⇠ 1 for the most massive objects). For the SKA1 phase, observations will include the
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imaging of several millions of galaxies at a few arcsec resolution, at an average redshift of
0.4. SKA1-mid is aimed at large-scale surveys, whereas SKA1-survey is aimed at detailed
observations of fewer objects. The ultimate goal of SKA2 is the observation of a billion
galaxies with an average redshift of z ⇠ 1 at a resolution of 0.1 arcsec or (much) less.
3. 21cm Intensity mapping
Information about the cosmological parameters, such as the cosmic matter and energy
densities, the physics behind standard cosmological model, specially the general relativity,
is encoded in the statistical properties of the matter distribution in the universe or the
Large Scale Structures (LSS). Most of this information can be extracted from the large
scale properties, at comoving length scales of & 10 Mpc, corresponding to apparent angular
scales larger than few arc-minutes.
Cosmological matter distribution, dominated by dark matter, can be observed through
tracers like galaxies, which are often detected and observed through their optical emissions,
the position being determined by imaging and the redshift by spectroscopy. The SKA HI
line surveys discussed above provides a similar, yet complementary method to map matter
distribution through compact HI cloud detection in radio, through the 21 cm hyperfine
transition of neutral atomic hydrogen. This method has the advantage of determining the
source redshift z by a direct comparison of the observed radio frequency with the intrinsic
emission frequency (⇠ 1420 MHz).
However, the relatively low radio brightness of these objects has limited their detection
to the cosmological neighborhood of our galaxy with the current instrument. (see above).
SKA will significantly extend the detection redshift range thanks to its enormous collecting
area, combined with the large FOV. Despite the huge increase in sensitivity brought by
SKA, the detection of HI galaxies at higher redshifts, z ⇠ 1 and beyond would remain a
challenge, and be only for the brightest HI galaxies would be detected by SKA at z ⇠ 1.
Intensity mapping provides a way to economically map huge cosmic volumes in three
dimensions. Indeed, the total HI emission from 3D cosmic volume cells of ⇠ 5 10Mpc3 ,
from the combined emission of hundreds of galaxies and HI clouds would be large enough
to be detected by an instrument with a collecting area of few 10 000 m2 , and with few
hours integration time. Intensity mapping up to redshifts z ⇠ 2 3 will thus require an
instrument with a wide field of view & 10 deg2 , large collecting area ⇠ 10000 m2 and high
sensitivity, but with a modest angular resolution (⇠ 5 10arc.min).
SKA aperture arrays will be well suited to carry intensity mapping surveys, covering a
wide redshift range, up to z ⇠ 3. The SKA intensity mapping surveys could be used to perform competitive cosmological studies, including, but not limited to, precise determination
of the BAO scale.
4. Cosmic magnetic fields
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The capability to study transient phenomena on time scales from milliseconds to years has recently
increased and shown large discovery potential. Yet, the time domain of the sky has been sparsely explored. With the construction and exploitation of wide field imagers dedicated to sky surveys on a
daily timescale in the radio, optical, infrared , and X-ray, and with the on-going surveillance in gamma
rays from Fermi, there are new motivations to explore the transient sky. Over the next decade, the
combination of increased sensitivity, larger field of view, broader frequency range, and algorithmic
developments will open up the time domain to a wide range of astronomical fields, including deeper
studies of accreting stellar mass compact objects.
Transients can be divided in two groups based on their variability timescales. The incoherent
synchrotron transients are usually varying slowly on timescale greater than few hours/days. They are
typically associated with explosive events (compact objects, gamma-ray burst, supernova explosion)
with important energy injection in the environment resulting in bright synchrotron flares. They have
a brightness temperature limitation of 1012 K and are detected from direct imaging analysis. The
other category is associated with very fast timescale variability (down to milliseconds) and those have
no limit in term of brightness temperature. These coherent synchrotron events (e.g. pulsars) are detected from time series analysis. As an example, see the recent discovery of Fast Radio Burst (FRB)
discussed elsewhere in this book.
The universal link between the processes of accretion and ejection leads to the formation of jets
and outflows around accreting compact objects. Incoherent synchrotron emission from these outflows
can be observed from a wide range of accreting binaries, including black holes, neutron stars and
white dwarfs. Monitoring the evolution of the radio emission during their sporadic outbursts provides
important insights into the launching of jets, and, when coupled with the behaviour of the source at
shorter wavelengths, probes the underlying connection with the accretion process. Radio observations
can also probe the impact of jets and outflows on the ambient medium, allowing us to quantify their
kinetic feedback.
The high sensitivity of the SKA will open up new parameter space for the study of these extreme astrophysical processes, enabling the monitoring of accreting stellar-mass compact objects from
their bright, Eddington-limited outburst states down to the lowest-luminosity quiescent levels, whose
intrinsic faintness has to date precluded detailed studies. By enabling us to extend our existing investigations of black hole jets to the fainter jets from neutron star and white dwarf systems, the SKA will
permit comparative studies to determine the role of the compact object in jet formation. Together
with the high sensitivity, the wide field of view and multi-beaming capability of the SKA will enable
the detection and monitoring of all bright flaring transients in the local Universe, including the radio
counterparts of ultraluminous X-ray sources (ULXs; the bright, off-nuclear X-ray sources seen in external galaxies), improving our understanding of accretion and jet ejection at the highest rates, with
important implications for the growth of the first quasars.
This text aims to illustrate with few example the potential of the SKA (even in phase 1) for the
field of accreting stellar mass compact objects.
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Introduction and context
Stellar-mass compact objects provide important laboratories for studying the fundamental coupling
between the accretion process and the launching of energetic outflows, which often take the form of
highly-collimated jets. A theoretical picture has been developed where the jets are composed of an
electron/positron or electron/proton plasma, which is magnetically collimated as it flows away from
the compact object. These jets may be powered either by tapping the energy of a rotating black
hole, or by extracting the energy from the accretion flow. However, many basic aspects of jet physics
are uncertain, including their composition and structure, as well as the mechanism that powers and
collimates them. Relativistic jets are relevant in almost all fields of astrophysics, and in some cases
may be the dominant output channel for the accretion power from black holes. They provide an
important source of feedback to the surrounding environment, being able to either trigger or suppress
star formation, accelerate cosmic rays, and seed the surrounding medium with magnetic fields, and
have even been suggested to play a role in the reionisation of the Universe.
Despite their relative proximity, the lower masses of stellar-mass compact objects imply that they
are observed at lower angular resolution (in terms of gravitational radii) than nearby AGN, yet they
evolve through their duty cycles on human timescales, undergoing entire outbursts over periods of
days to months. Thus, they provide unique insights into the coupling between accretion and outflow.
Furthermore, comparative studies of the different classes of compact object can provide important
insights into the necessary and sufficient ingredients for the jet launching process. The radio emission
from stellar-mass compact objects typically arises from synchrotron emission from relativistic particles
spiralling around the magnetic field lines of the jets. While significant progress has been made over
the past few decades in understanding the nature of the jets and their coupling to the accretion flow,
investigations have been hampered by the limited sensitivity of past and current facilities.

Galactic black holes
From an observational standpoint, black hole transients spend most of their time in a quiescent state,
at very low mass accretion rates. They occasionally undergo outbursts that last from a few months to
∼ a year, during which the flux rises by several orders of magnitude across the whole electromagnetic
spectrum. These outbursts are associated with global changes in three main components: the jets,
the accretion disk and the corona. The luminous outburst phase, with a luminosity > 10-30% of the
Eddington luminosity (the “soft state”), is dominated by thermal emission from the accretion disk.
During the rise and decay phases of the outburst (the “hard” state), the bolometric luminosity of the
source is dominated by non-thermal emission (synchrotron or inverse Compton emission from either
the jets or the corona) extending up to the hard X-ray band.
The jets exist in two forms, associated with these two primary accretion states; the slowly-varying,
partially self-absorbed compact jets (with radio emission < 10 mJy and a flat or slightly inverted radio
spectrum) observed in the hard state, and the bright (0.1–10 Jy, with an optically thin radio spectrum), strongly variable transient jets (occasionally showing apparent superluminal motion) detected
during the transition from the hard to the soft state. The radio emission is then strongly quenched
during the soft state. Relic radio emission can also be detected in some cases when the jets interact
with the ambient medium, either as large-scale lobes, or as faint, transient hot spots, depending on
the duty cycle of the central black hole.
There is a strikingly tight correlation between the radio and X-ray emission in the hard and quiescent states, illustrating the strong coupling between the jets and the inner accretion flow in black
hole transients (Fig. 1). It can be used to determine the expected source behaviour at the lowest
radio luminosities, which remain relatively poorly explored owing to the limited sensitivity of current
instruments. It is for example not clear if quiescent black holes do host jets as in the brighter state.
Current observations seems to indicate weak jet activity even in quiescence, but it is not known what
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fraction of the liberated accretion power is carried away or is being advected across the black hole
event horizon. Furthermore, understanding the recently-discovered dichotomy in the radio/X-ray correlation could provide a new way to explore the possibility of different couplings between accretion and
ejection in black hole transients. With a sensitivity as good as 30 µJy s−1/2 in band 4/5, SKA1-mid
is the ideal instrument to probe the emission of black holes all the way down to quiescence. With
SKA1-mid, a long observation (10 hrs) could detect all transient black holes up to a distance of 5 kpc.
At least a few tens of outbursts are expected to be monitored every year by SKA1, including very
faint, sub-Eddington outbursts.

Figure 1: Radio and X-ray (1-10 keV) luminosities for Galactic accreting binary black holes in the hard
and quiescence states. It illustrates the standard correlation (defined by sources such as GX 339−4
or V404 Cyg with index ∼ 0.6) and the new correlation for the outliers (defined by e.g. H 1743−322
or Swift J1753.5−0127 with index ∼ 1.4 ). The solid line illustrates the fit to the whole 1997-2012
sample of GX 339−4 (as discussed in Corbel et al. 2013) with an extrapolation to the quiescence state.
The dashed line corresponds to the fit to the data for H 1743−322, one of the representatives for the
outliers (Coriat et al. 2011). Upper limits are plotted at the 3σ confidence level. The horizontal
dashed lines represent some sensitivity levels for SKA1-mid.
Furthermore, black hole outbursts (hard to soft state transition) can be easily studied via snapshot observations, even for the most distant systems in our Galaxy, meaning that SKA (even in phase
1) will probe a significant fraction of the outburst activity for almost all black holes in our Galaxy,
including the very faint, sub-Eddington transients, which have rarely been observed at radio frequencies. With a resolution on the order of few tenths of an arcsecond –but only if SKA1-mid is equipped
with band 4 or 5 receivers– the bright radio emission associated with the transient jets could also be
resolved from a week after the onset of the radio flare, as typical proper motions are on the order of
15–20 mas day−1 . Good polarization measurements (linear and circular) from SKA1-mid, associated
with good signal purity, will provide key probes of the composition and geometry of the jets, and the
structure of their magnetic fields.
An X-ray binary by nature includes several emission components (star, compact object, accretion
disk, corona, jets, nearby environment), all emitting over a large energy range (the jets themselves can
be observed to emit up to the gamma-ray band), meaning that SKA observations would greatly benefit
from joint observations with multi-wavelength facilities. Some obvious new facilities for transient black
holes in the next decade include (but are not limited to) X-ray observatories (e.g. SVOM, with large
3

involvement from France), ground-based all-sky optical telescopes such as LSST, or a sensitive new
high-energy gamma-ray observatory (CTA). Furthermore, all SKA1 components have the potential to
act as radio “all-sky monitors”, using its commensal transient search capability.

Neutron star binaries
Comparisons between accreting neutron stars and accreting black holes are ideal for determining which
effects seen from accreting black holes are related fundamentally to the presence of an event horizon,
instead of being generic to accretion onto objects with deep gravitational potential wells. Largely
speaking, the phenomenology of accretion onto neutron stars is similar to that onto black holes. Many
of the known differences can be explained in a straightforward manner by the presence of a solid
surface for neutron stars and the lack of one for black holes.
Studies of accreting neutron stars can be expected to be bolstered with the enhanced sensitivity of
the SKA. Systematic studies of the radio luminosities of accreting neutron stars as a function of their
X-ray luminosities are far sparser than those for black holes. This is, in part because the characteristic
timescales on which accretion disks change scales with the accretor mass, so that “typical” outbursts
of accreting neutron stars are shorter than those for accreting black holes; and partly because both
the peak X-ray luminosities of neutron star transients and the ratio of radio to X-ray flux for neutron
stars are both lower than for black holes. The consequence of these factors is that most of the neutron
star X-ray binaries that are soft X-ray transients peak at radio luminosities of < 1 mJy. Thus even
with the VLA, only a factor of 10 or so can be spanned in radio luminosity with short observations,
and only a factor of 100 can be spanned at all.
Despite these problems, some progress has still been made on understanding the radio emission
of neutron star X-ray binaries. A few things seem clear: the high magnetic field X-ray pulsars are
not strong radio emitters ; the radio and X-ray fluxes are correlated for neutron star X-ray binaries
that emit at less than about 10% of the Eddington luminosity; and the reduction of the radio power
of neutron stars in accretion states dominated by thermal emission is less extreme than the same
turn-down for black holes. The enhanced sensitivity of the Square Kilometer Array should allow more
quantitative statements on these topics. Developing a sample of sources which has both many objects,
and which spans a few orders of magnitude in radio luminosity would help bring the data quality into
line with that from the black hole transients at the present time. It also opens the door to making
robust determinations of whether the spin period of a neutron star affects the normalization of its
radio/X-ray relation.
Additional studies of the thermal X-ray states of neutron stars in the radio may also hold important clues to understanding how jets are launched. In these systems, by analogy with the black holes,
the accretion disks themselves are unlikely to supply much power to an accretion flow. On the other
hand, the boundary layers, where the neutron star’s accretion disk dissipates its excess rotational
energy, should have the large scale height thought to be needed to power jets, and may interact with
the magnetic field of the neutron star itself. Studies of a large sample of these soft states rather
than merely the two which have been detected already, may help us to understand jet production
in this environment. A second point, unrelated to the disk-jet connection, which can be addressed
with neutron star observations is whether particles can be launched in a jet at speeds significantly
greater than the escape speed of the accretor. To date, one example has been identified, Cir X-1 (with
apparent speed of 15c, way above the escape speed from a neutron star, which is typically ∼ 0.3c). As
distances and inclination angles for many neutron star X-ray binaries will be directly measurable with
the SKA, the combination of two sided proper motions and detections of the counterjets should allow
for a clean test of whether the pattern speeds and the bulk motions of jets are equal. If e.g. the jets
are dominated by Poynting flux close to the neutron star, then it would not be surprising for them
to appear to move very close to the speed of light, even if the particles energized by the jet move at
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much slower speeds. Such measurements represent a unique opportunity to test a major hypothesis
from theoretical work that cannot be tested with black holes, where the jet speeds are expected to be
close to the speed of light.

Cataclysmic variables and related objects
The occurrence of jets and fast collimated outflows is by no means restricted to accreting black holes
or neutron stars. Through sensitive and timely observations in the last decade, numerous accreting
white dwarfs (in cataclysmic variables, symbiotic stars and supersoft X-ray sources) have shown strong
evidence for jets and jet-like shocked, collimated outflows, observed at radio frequencies as synchrotron
emission. Perhaps the most striking (and encouraging) aspect is that these transient radio jets have
all occurred in the prototypes of subclasses of accreting white dwarfs – the symbiotic star Z And, the
recurrent nova RS Oph and the dwarf nova SS Cyg, suggesting they are more common in white dwarf
accretors than previously assumed. Persistent jets are also thought to occur in nova-like variables.
In close analogy to transient jets in X-ray binaries, the non-magnetic dwarf nova SS Cyg repeatedly
exhibits radio outbursts associated with its disc instability outburst cycle. The outbursts in dwarf
novae are described by a thermal-viscous instability in the accretion disc, leading to a brief period
(days to weeks) of enhanced mass transfer (∼ 10−8 M" yr−1 ) onto the white dwarf. Even though radio
luminosities are low compared to XRBs – peak flux densities of ∼ 1 mJy at 1–10 GHz for a system at
114 pc (SS Cyg) – these systems provide an important link in understanding how accretion is coupled
to the outflow of matter across a range of compact accretors. With the expected sensitivities achieved
by SKA1-mid we can extend the sample of dwarf novae observed at radio frequencies out to kiloparsec
distances, where optical transient surveys such as CRTS and iPTF (and LSST in the SKA era) are
finding thousands of new dwarf novae. The sheer numbers of systems, the accessible time scales of the
disc instability cycle in cataclysmic variables (weeks to months), and the reasonably well-understood
accretion discs around white dwarfs provide an excellent laboratory for the SKA to study accretion
physics with targeted (and target-of-opportunity) observations.
Whilst thermal emission is the dominant component of radio emission in novae, a significant number
of novae exhibit non-thermal (synchrotron) emission associated with collimated bipolar and jet-like
outflows (e.g., RS Oph; V445 Pup). As recurrent novae are prime candidates for the progenitors of type
Ia supernovae, questions surrounding the nature and energetics of the outflow of material during a nova
outburst are at the core of the debate as to whether a white dwarf grows in mass during successive
nova cycles. Regular, multi-frequency monitoring of Galactic novae with the VLA (an SKA1-mid
pathfinder in terms of sensitivity) and e-MERLIN (a pathfinder in terms of angular resolution) is
ongoing and will be complemented by deep observations with MeerKAT ahead of SKA1-mid. At the
moment we are likely only picking up the tip of the iceberg in terms of synchrotron-emitting novae i.e.
those with significant circumstellar medium (e.g. from red giant secondary winds) to provide strong
shock interactions, or those sufficiently nearby.

Extragalactic binaries and ultraluminous X-ray sources
As discussed above, studies of Galactic X-ray binaries have significantly improved our understanding of the coupling between the processes of accretion and ejection. However, as the accretion rate
approaches the Eddington limit, the increased radiation pressure changes both the structure of the
accretion flow and the nature of the associated outflows (both winds and jets). Owing to the relatively
small number of Galactic sources reaching such high luminosities, our understanding of this regime is
less well-advanced, despite important implications for the rapid growth of the most massive quasars
in the early Universe. It has even been demonstrated that Eddington-rate accretion onto low-mass
black holes could play a significant role in the reionisation of the Universe.
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The population of ultraluminous X-ray sources (ULXs) in external galaxies provide potential laboratories for studying accretion at the highest rates. With luminosities > 1 × 1039 erg s−1 , these sources
may be ordinary X-ray binaries accreting at or above the Eddington rate, massive stellar-mass black
holes (M < 100M" ), or, more exotically, intermediate-mass black holes (IMBHs; 102 < M/M" < 104 ).
Radio emission has been detected from several such sources, either as jet-blown bubbles around powerful, persistent sources, or (in rare cases) as compact, transient emission from powerful jets during
outbursts of flaring ULXs. Nebulae inflated by powerful jets can be used as calorimeters, providing
the only method of measuring the unseen mechanical power of the jets, averaged over the source lifetime. To date, such nebulae have been detected out to distances of ∼ 10 Mpc, but with typical radio
luminosities of 1035 erg s−1 , they could be detected out as far as 100 Mpc with SKA1-mid in just a few
hours of time. With typical sizes of 200 pc, sub-arcsecond resolution would be required to ascertain
whether the sources were extended, implying a need for observations in bands 4 or 5. With sufficient
resolution, individual jet ejecta can be resolved within the nebulae, placing constraints on the source
duty cycle.
The existence of a correlation among radio luminosity, X-ray luminosity and mass of accreting
black holes (the “Fundamental Plane of Black Hole Activity) implies that measurements of the X-ray
and radio luminosities of an accreting ULX can be used to infer its mass, assuming that it is in the
equivalent of the hard X-ray spectral state. Thus, should IMBHs exist, their masses can be measured
(to within a factor of a few) via deep radio and X-ray observations. Galactic studies of Eddingtonrate accretion are typically hindered by the uncertain source distances, large absorbing columns in the
Galactic plane, and the small number of sources reaching the Eddington luminosity. Since the lowmass X-ray binary population traces the total stellar mass, extending such studies to nearby massive
galaxies will provide new insights into the nature of jet-disc coupling at Eddington accretion rates. A
recent transient ULX in M31 showed luminous, compact radio emission, with evidence for multiple
discrete flaring events and variability on timescales as short as a few minutes, reminiscent of that seen
in the Eddington-rate Galactic source GRS 1915+105. The sensitivity of SKA1-mid will allow us to
detect such events out to the Virgo cluster.
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Gamma-ray bursts (S.D. Vergani)
Abstract: Gamma-ray

burst (GRB) afterglow studies in the radio domain provide complementary and
sometimes unique diagnostics on GRB explosions and their environments. They may also allow the
identification of very high redshift GRBs, associated with PopIII stars. The sensitivities of
MeerKAT and then SKA will hugely increase the number of radio afterglow detections. Thanks to
the wide field of view of the new and future radio arrays, it will be possible to identify GRB orphan
afterglows and establish the association between gravitational waves and short GRBs.
GRBs and their radio afterglows

GRBs are among the most energetic events in the universe. Thanks to their exceptional brightness
they can be used as a unique tools to retrieve information on the high redshift universe. Forty years
after their discovery, their origin and physics are still to be fully understood. There are two main
phases of the gamma-ray burst phenomenon: the prompt emission (occurring primarily at gammaray energies and lasting at most few minutes), and the afterglow (a long-lasting, multi-wavelength
emission which follows the main GRB event).
Studies of the afterglow in the radio domain provide complementary and sometimes unique
diagnostics on GRB explosions and their environments. Thanks to radio observations it is possible
to add information to assess which are the emission radiation processes at play, to determine the
total kinetic power of the jet, to test the jet expansion and to determine the interstellar medium
structure and density. The radio emission as the advantage (compared to optical) to peak on
timescales of few days and generally to keep bright up to several tens of days after the burst (Fig. 1;
the peak fluxes are weaker for larger wavelengths). Nonetheless only a few percent of radio GRB
afterglows are detected with present radio instrumentation (see Chandra & Frail 2012 for a review).
This is mainly due to the fact that radio GRB afterglows are usually weak (flux at peak less than
1mJy). With the new generation of radio arrays it will be possible to easily detect much weaker
fluxes. The SKA precursor MeerKAT will detect more than 80% of GRB radio afterglows and with
the SKA array it will be possible to routinely detect also the transition to the non-relativistic phase
of the afterglow.

Fig. 1: The radio afterglow
light-curve at 8.5GHz of very
bright GRB (red) and of a typical one (blue). The triangles represent the upper limit of the observations of undetected
radio GRB afterglows.
Very high-z GRBs

Since the peak time of radio afterglow light-curves is larger for very high-z GRBs, radio afterglow
detections can pinpoint to high redshift GRBs even without optical/near-infrared afterglow
observations. Moreover radio detections can also allow the identification of PopIII GRBs. This
should be possible also at LOFAR frequencies. In fact, a strong radio signature is expected for
GRBs originating from PopIII stars, with high peak fluxes and much larger peak times (e.g.: Toma
et al. 2011). Radio afterglows of PopIII stars (or of very bright GRBs) can also in principle be used

as background sources for 21 cm absorption line detections.
The improved sensitivity of the future radio arrays will also make possible the detection of the radio
emission of a much larger number of GRB host galaxies, allowing the direct determination of their
star formation rate.
Orphan afterglows

The GRB emission is beamed in the direction of the jet motion. To observe the prompt GRB
emission, our line-of-sight has to lie within the jet cone. However, as the jet is gradually decelerated
over time, the beaming angle of the emission becomes wider (see Fig. 2) allowing the afterglow
detection even for an observer not placed along the jet cone. Such an afterglow is called an “orphan
afterglow”. In fact, on-axis GRBs are only the tip of the iceberg of the GRB population. For each
GRB seen on axis, there should be hundreds of GRBs for which only the orphan afterglows can be
detected. The detection of an orphan afterglow will bring independent confirmation of the jetted
GRB outflow and the detailed analysis of their light curves will enable to differentiate between
different jet models. The peak of the orphan afterglow will happen some tens of days after the GRB
explosion. At these epochs, the afterglow spectra peak towards mm/radio frequencies. The future
radio wide field surveys, especially with the ASKAP and SKA arrays, will be therefore very
powerful ways to detect orphan afterglows (see Ghirlanda et al. 2014).

Fig. 1 : Schematical view of the
jet deceleration (Granot et al.
2005). Due to the deceleration of the jet, the beaming angle of the emission within the jet is becoming wider with time.
Even if the observer's line-of-sight is initially outside the jet cone - and therefore the prompt GRB emission cannot be
observed - the effect might allow the observer to detect the afterglow - orphan afterglow - at later times.
GWs and Short GRBs

The gravitational-wave detectors LIGO and Virgo will soon resume observations in an advanced
configuration leading to a ten-fold improvement of their sensitivity and hence increasing the
number of accessible sources by a factor of 1000. There are indications that short-hard GRBs are
associated with neutron star mergers. If this is true, a Gravitational Wave (GW) signal is expected.
Advanced LIGO/Virgo will provide detections with extremely large position errors (~100 square
degrees). Wide-field instruments are fundamental to follow-up the GW trigger so as to determine
the origin of the GW. SKA but also LOFAR will be suited for this purpose. These combined
observation will be fundamental to determine the nature of short GRB progenitors.
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Fast radio transients – sporadic events of short duration (typically, < 1 s) radio emission – have
diverse manifestations and result from very diverse phenomena. Examples include bursts of radio
emission from the Sun, radio bursts from planets in the Solar System or exoplanets, bursts of emission
produced by ultra-high-energy particles interacting in the atmosphere, pulsar giant pulses, transient
pulsars, -ray bursts, etc. Monitoring the dynamic radio sky with sensitive instruments gives access
to some of the most extreme phenomena occurring in the Universe, and is thus of capital interest for
many areas in physics and astrophysics.
A full review of known transient phenomena and of their origins is beyond the scope of the present
document. We instead quote a selection of recently discovered radio transient phenomena, to illustrate
the potential for discovery there is or will be, especially when instruments with increased sensitivities
and fields of view will become available. These examples are:

• Transient radio emission associated with pulsars: interestingly, the original discovery of pulsars
was made through the observation of their emission of single pulses (Hewish et al., Nature 1968).
Since then, the majority of known pulsars have been discovered by using standard, periodicitybased algorithms. However, a new class of transient phenomena associated with pulsars was
found when McLaughlin et al. (Nature, 2006) discovered single pulses from 11 pulsars in their
radio data, that standard periodicity searches had failed to uncover. The discovery of these
objects, named “Rotating Radio Transients” (RRATs), was followed by the discovery of about
a hundred1 of such sporadically pulsing neutron stars (e.g. Keane et al., MNRAS 2010). From
timing observations of these RRATs it appears that they are in fact pulsars with extreme nulling
activity (nulling fractions typically larger than 95%), joining pulsars showing “standard” nulling
(with nulling fractions from a few percent to 95%) and “intermittent pulsars” (e.g., Kramer et
al., Science 2006, with nulling and emission cycles of weeks to years), in a class of nulling pulsars
with a quasi-continuum of intermittency timescales. These phenomena point to variations of the
plasma currents in the pulsars’ magnetospheres, leading to pulse shapes changing with time and
even disappearing temporarily. The discovery of these sporadically emitting pulsars uncovered
a whole population of previously unknown neutron stars in our Galaxy.
• Fast Radio Bursts: the same algorithms that found RRATs in pulsar survey data by searching
for single pulse emission also discovered a new, fascinating class of transient phenomena, the
so-called “Fast Radio Bursts” (FRBs, see Lorimer et al., Science 2007; Keane et al., MNRAS
2012; Thornton et al., Science 2013; Spitler et al., ApJ 2014). The seven FRBs detected so far
have been observed at 1.4 GHz at the Parkes and Arecibo telescopes, and are relatively similar
in properties: bright (⇠ 1 Jy), millisecond-duration, highly dispersed bursts. The dispersion
measures derived for these objects, of several hundreds to more than 1000 cm 3 pc, are actually much larger than the Galactic contribution expected along their line-of-sights, suggesting
extragalactic origins. Follow-up observations in the same directions have so far failed to redetect
these bursts, indicating that they are non-repeating; and no convincing counterparts have thus
far been identified for these events. Thornton et al. (Science, 2013) estimated a rate for these
4
1 sky 1 . If indeed extragalactic, FRBs
events of unknown nature of RS>3 Jy = 1+0.6
0.5 ⇥ 10 day
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o↵er a unique possibility to probe the intergalactic medium and its magnetic field. Potential
applications of the study of FRBs also include the possibility to use them as “cosmic probes”,
to constrain the equation of state of dark energy (Zhou et al., PRD 2014).

The above list gives a very limited overview of the great diversity of known fast radio transient
phenomena and of domains of physics and astrophysics that are accessible through their study. Nevertheless, the examples quoted above illustrate the great discovery potential of transient searches.
The study of fast transients is among the key projects of several existing or future large scale radio
telescopes, such as LOFAR or the SKA, whose instantaneous sensitivities and wide fields of view make
prime instruments for detecting transients. Likewise, the NenuFAR facility developed currently at the
Nançay observatory will be an excellent instrument for searching and studying fast radio transients:
the large number of antennae distributed in a compact area makes it a sensitive telescope with a wide
field of view. Besides, NenuFAR will be able to search for radio transients up to 100% of the time, even
when completely di↵erent sources are observed; a feature that is key for efficiently monitoring the sky.
One final point to remark is that the Nançay observatory as a whole, with instruments covering several
decades of radio frequency from a few tens of MHz to several GHz2 , is a privileged environment for the
multi-frequency study and characterization of radio transients. In summary, systematic explorations
of the dynamic radio sky with future instruments may well change our understanding of the Universe
radically in the next decades.
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7. Radio follow-up of gravitational wave transient sources
Eric Chassande-Mottin and Michał Wąs et al.

The gravitational-wave detectors LIGO and Virgo will soon resume observations in an
advanced configuration leading to a ten-fold improvement of their sensitivity (i.e., an increase
of the observable volume and hence in the number of accessible sources by a factor of 1000).
The first science data are foreseen in 2015.
These detectors aim at observing the gravitational wave (GW) signature from cataclysmic
astrophysical events such as merging binaries of compact objects (neutron star and/or black
holes). The last minutes before the binary merges coincide ith the emission of an intense
burst of GW. At design sensitivity, coalescing binaries of neutron star will be detectable up to
200 Mpc with advanced LIGO/Virgo. With this distance reach, tenth of such binary mergers
can be expectedly detected per year. They are however large uncertainties on the rate of
those events spanning almost three orders of magnitude.
Electromagnetic counterparts in all bands including radio are expected from GW transient
sources. For instance, there are indications that short-hard gamma-ray bursts be associated
with neutron star mergers. If this is true, the GW signal from such merger event may be
followed by a radio afterglow as observed in the high frequency band (> 5 GHz) for
GRB050724, GRB 051221A and GRB 130603B [Chandra & Frail, 2012]. Although the radio
afterglow is expected to be dimmer at low frequency because of synchrotron self-absorption,
it may be observable as well in the low frequency band as detectable GW sources are
relatively nearby.
Various scenarios predict the emission of an intense radio pulse promptly after the merger.
Those include pulsar magnetosphere-like emission, as well as the excitation by GW of MHD
modes with predicted radio fluxes that could reach several mJy to Jy in the low or
intermediate frequency band [Moortgat & Kuijpers, 2004 ; Pshirkov & Postnov, 2010, Hansen
and Lyutikov, 2001].
Another source of potential interest is superconducting cosmic strings. Cosmic strings are
one-dimensional topological defects predicted in the grand unified theory and in the
superstring theory. Oscillating superconducting strings act like antennas of cosmic size that
emit electromagnetic radiation from radio to gamma-rays. This emission is enhanced at cups
and kinks discontinuities, leading to intense (> Jy) short bursts in the radio band [Cai et al,
2012]. Bursts of GW are expected as well from the decay of cosmic string cusp and kinks
[Aasi et al, 2014]. A joint GW radio coincident search may provide the tightest constraints on
those objects.
LIGO and Virgo have recently initiated a collaborative program with the astronomy community
for the follow-up of their candidate events. Alerts will be communicated to a network of
partners that have signed a partnership agreement. The minute latency currently planned for
the alert delivery is compatible with the delayed arrival of the radio transient due to dispersion
(dozen of minutes). This allows to re-point the phased array to the source sky position before
the arrival of the radio counterpart transient to Earth. GW alerts will include a position
estimate for the source with a typical uncertainty of 100 square degrees. The coverage of
such a large area is an issue for most wide-field optical telescopes. On the contrary, this is not
a problem for the large field-of-view of modern radiotelescopes.

The exact localization of the GW source in the large error box can be improved by the use of
catalog galaxies at low red-shift. All-sky surveys such as the Wallaby survey will be important
in that respect.
At the time of the first science observation of SKA, the GW detector network should consist of
five advanced instruments, with two new detectors in India and Japan joining the global
network. This will significantly enhance the overall sensitivity and reach, and lead to the
regime of routine GW detections. With the longer baseline obtained with detectors located in
Asia the localization accuracy will improve considerably to 10 square degrees. The wide field
of view of SKA (e.g. 30 square degrees for ASKAP survey dishes) will thus enable the search
for radio counterparts at up to several GHz, such as potentials orphan afterglows.
Besides follow-ups of GW alerts, several surveys of the radio transient sky will be of
tremendous value. Those surveys may provide triggers associated to potential GW sources.
Those triggers can then be followed up in the available GW data. They will also provide
information about background radio transients which will help to assess the significance of an
observed radio-GW coincidence.
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Radio Pulsars as Probes of Fundamental Physics and Astrophysics
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Since the first discovery of a pulsar in 1967 by Bell and Hewish, multi-wavelength pulsar surveys
have led to the discovery of about 2300 pulsars1 , mostly from radio observations. A lot of extremely
interesting and exotic systems have already been found: for example, a pulsar in a stellar triple system (Ransom et al., Nature 2014), a double pulsar system (Kramer et al., Science 2006), or pulsars
in highly-inclined binary systems such as PSR J1614 2230 allowing precise measurements of their
masses (Demorest et al., Nature 2010). Yet, we are still very far from having a full census of the pulsar population in the Milky Way, and future radio telescopes such as the SKA will revolutionize pulsar
astronomy by discovering several tens of thousands of pulsars (Smits et al., A&A 2009), including new
particularly interesting systems.
Pulsars are rapidly rotating neutron stars emitting beams of electromagnetic radiation that are
swept across the sky as the star rotates. Their central densities are extremely high, with measured
masses of up to two Solar masses and radii of 10 – 15 km. Known spin periods range from about
10 s to 1.4 ms (more than 700 rotations per second!) for PSR J1748 2446AD in the globular cluster
Terzan 5 (Hessels et al., Science 2006). They can be studied by performing coordinated observations
across the spectrum, or though pulsar timing, an experiment in which each individual rotation of a
pulsar over long periods of time is accounted for, to probe the neutron star interior, test theories of
gravity, or probe the electron content of the Milky Way. These studies find their applications in a
wide range of physics and astrophysics. The most precise pulsar timing measurements are made in the
radio domain, and a large majority of pulsars are observed in radio only. Radio telescopes therefore
give us a privileged access to the study of pulsars, and current or future instruments such as the
Nançay Radio Telescope, LOFAR or the SKA are or will be great assets for answering open questions
of pulsar astronomy.
In the present document we give a non-exhaustive overview of studies of relevance to the French
astronomical community that future radio observations of pulsars will allow. Some important topics
(namely, gravitational wave searches using pulsars and pulsar-planet interactions) are discussed in
other contributions, respectively by Antoine Petiteau and Fabrice Mottez, and will not be covered
here. Open questions that future radio observations of pulsars will help us answer include:

• Is Einstein’s General Relativity correct? By conducting radio timing observations of a pulsar in
a compact binary system, one can monitor the motion of the pulsar in the curved space-time
around its companion, and thereby test the validity of Einstein’s General Relativity (GR). These
tests are currently the best ones for constraining theories of gravity for strongly self-gravitating
bodies (Kramer et al., Science 2006). The precision of timing measurements will be vastly
improved with the SKA thanks to its enormous collecting area and large frequency coverage,
and we expect that the SKA will discover 20000 to 30000 pulsars (e.g., Smits et al., A&A 2009),
including hundreds of pulsars in highly relativistic binaries allowing even better tests of GR than
those done at present, e.g. with the double pulsar J0737 3039.
• What are the properties of the supermassive black hole at the center of our Galaxy? The recent
discovery of the magnetar PSR J1745 2900 only 3” away from the direction of Sgr A* from radio
observations (Eatough et al., Nature 2013) shows that the scattering of pulsar radio emission in
1
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this dense region is much lower than expected, opening great prospects for future pulsar discoveries around Sgr A* with the SKA. Magnetars are inaccurate clocks, and PSR J1745 2900 is
too distant from the central black hole to appropriately probe the space-time around it. But the
discovery of a radio pulsar in a compact orbit around Sgr A* would allow new tests of GR and
measurements of the properties of Sgr A* with unprecedented precision. We expect that weekly
observations of a 0.5 s period pulsar orbiting Sgr A* with the SKA for a few years would allow
the measurement of the black hole’s spin with 10 3 accuracy, and of its quadrupole moment with
10 2 precision (Liu et al., ApJ 2012). This will in turn allow us to test the cosmic censorship
conjecture and the no-hair theorem with great accuracy, providing novel tests of GR through its
description of black holes.
• What is the equation of state of the superdense matter in neutron stars? The density of matter
at the center of neutron stars is several times higher than that of atomic nuclei. Therefore, pulsar
observations allow us to study the properties of matter in a density regime that is inaccessible to
laboratory experiments. In addition, the determination of their equation of state (EoS) would
inform us on the properties of strong interaction between quarks. Constraints on the EoS can
come from precise pulsar mass measurements, such as those of PSR J1614 2230 of 1.97 ± 0.04
M (Demorest et al., Nature 2010) and of PSR J0348+0432 of 2.01 ± 0.04 M (Antoniadis et al.,
Science 2013), obtained by measuring the Shapiro delay caused by their binary companions. By
discovering thousands of pulsars in binary systems, the SKA will enable many new highly precise mass measurements, providing new constraints on the EoS of neutron stars. Complementing
these mass measurements, the long term timing of pulsars in highly relativistic binaries (such
as J0737 3039) with high precision will enable the very first direct determination of a pulsar’s
moment of inertia through the measurement of the spin-orbit coupling, that could be combined
with the simultaneous measurement of the pulsar mass to place very stringent constraints on
models of EoS. Pulsar searches and timing observations with the SKA will thus be of prime
importance for EoS studies.
• What is the distribution of electrons in the Milky Way? Radio observations of pulsars instantaneously provide precise measurements of the Dispersion Measure (DM), the column density
of free electrons on the line of sight. By increasing the number of known pulsars by an order
of magnitude, the SKA will map the distribution of free electrons in the Milky Way. Also,
by measuring the Faraday rotation of the polarized signal from pulsars it will also map the
magnetic field in our Galaxy. Altogether, pulsar observations with the SKA will lead to great
improvements in our understanding of the turbulent interstellar medium, and therefore in our
understanding of galaxy evolution. It should be noted also that low radio frequency instruments
such as LOFAR or NenuFAR will be very sensitive to dispersive e↵ects, and will therefore be
particularly useful for modeling the Milky Way’s electronic content.

The prospects from radio pulsar observations with current and future facilities are excellent, and the
above list of open questions that could be addressed by searching and timing radio pulsars is far from
being exhaustive. The French radio community has been doing pulsar searches and high precision
timing measurements for decades now using the Nançay Radio Telescope. It also uses LOFAR to
conduct very low radio frequency observations of pulsars to e.g. monitor the interstellar weather,
and actively supports the development of the NenuFAR facility at the Nançay observatory. There is
therefore strong interest for pulsar observations with the SKA in France, and the French community
has the expertise to provide important contributions to these scientific studies.
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Gravitational Wave Astronomy with Pulsars Timing Array
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As presented in the pulsars section, a pulsar is a rapidly rotating neutron star emitting beams
of electromagnetic waves like a lighthouse. Millisecond pulsars are very stable and therefore the
ultra-precise timing of their radio emission makes it possible not only to understand the pulsar
system itself but also to detect gravitational waves (GWs) in the nanoHertz (nHz) regime.
The series of pulses emitted by pulsars are regularly observed by radio telescopes. Using complex dedicated instrumentation, one determines a Time Of Arrival (TOA) for each observation
of a pulsar. By fitting a model of the pulsar on the TOAs, one obtains astrophysical information
about the pulsar: in addition to the position, some complex e↵ects like orbital parameters if
the pulsar is in a binary system, general relativity e↵ects, etc become accessible, thus giving an
astrophysical understanding of the pulsar-system.
The TOAs also encode information about the propagation of the radio waves including
interstellar medium e↵ects and space-time deformations due to GWs. The e↵ect of GWs is very
weak but it is correlated between all pulsars. The standard procedure consists in forming, for
each pulsar, residuals corresponding to the resulting series of TOAs after subtraction of the best
pulsar model. Then we search simultaneously in the residuals of several pulsars the signature of
GWs. This concept consisting of timing an array of very stable millisecond pulsars for observing
GWs is called Pulsar Timing Array (Foster & Backer, Astrophys. J. 361, 300, 1990)(Jenet et
al., Astrophys. J. 653, 1571, 2006) .
With a sensitivity to GWs between nHz and few hundreds nHz, PTAs are complementary
to others facilities for detecting GWs and observing using them. Actually, the ground based
interferometers (Advanced Virgo, Advanced LIGO, etc) are sensitive to GWs at frequencies
higher than Hz (potential detection around 2016); eLISA, the space based interferometer with
a theme selected for the L3 mission at ESA (launch around 2030) will be sensitive between 0.01
mHz and 1 Hz; and at very low frequency GWs are indirectly detected through the B-mode
polarisation of the Cosmic Microwave Background using experiments like Planck, Polar Bear,
BICEP2, etc.
From the current knowledge, the main expected sources of GWs are cosmological sources
(inflation, transition phases, cosmic strings, etc) and binary systems, with solar mass systems
(White Dwarf, Neutron Stars, Black Hole) emitting at high frequencies and billion solar mass
systems (SuperMassive Black Holes - SMBH) at low frequencies. Therefore, the two main sources
of GWs that could be observed with PTAs are cosmological backgrounds and supermassive
black hole binaries, in the form of individually resolved sources and/or a background of sources
1

(Sesana, CQG 30, 244009, 2013). A large number of models for evolution of massive black holes
predict that a possible detection of GWs from this kind of source could happen in the next years
(Sesana, MNRAS 433, 2013).
One of the main radio telescope observing pulsars is the French decimetric radio telescope
located in Nançay (NRT), which is a 100-m class single dish Kraus design and has a dedicated
instrumentation for timing pulsars and searching for them. The French pulsars team is leading
large observational programs for a while and has developed one of the best pulsar instrumentation
in the world and a large expertise on pulsars. Within the PTAFrance collaboration (Nançay,
LPC2E-Orléans and APC-Paris), the activities of the French community are wide, going from
instrumentation and pulsars observations until the GW data analysis with PTA.
At the European level, the EPTA consortium gathers five radio telescopes (Nançay-France,
E↵elsberg-Germany, Jodrell Bank-UK, Westerbork-the Netherlands and SRT-Italy). The TOAs
are shared, then combined coherently and analyzed. The last release of EPTA contains 42
pulsars. Several synchronised observations are also performed by the European radio telescopes
to form a Large European Array of Pulsar (LEAP) which has a better sensitivity than individual
telescopes. NRT provides 48% of EPTA data, producing the best timing precision and the
densest set of data in Europe. The French PTA group is also participating in PTA data analysis
and the methods that have been developed are currently used to analyze the last release of
EPTA data for 42 pulsars. Recently, the IPTA has been formed by a collaboration between
EPTA, NANOGrav in US (Green Bank and Arecibo telescopes) and Parkes PTA (PPTA) in
Australia. The goal is to share expertise, to combine TOAs and to analyze the data in order
to obtain a PTA with optimal sensitivity. The current sensitivities of the various PTAs now
approach the domain where astrophysical models predict emission of GWs. So PTAs should be
able to directly observe gravitational wave sources in the nHz regime.
The study of pulsars and their application in fundamental physics are some of the major
science cases driving the construction of new generations of radio telescopes. They are one
of the LOFAR objectives, through the Transient Key Program, representing a large fraction
of telescope time for population studies, for characterising radio emission properties and for
probing the interstellar medium. They are also one out of the two cornerstones for SKA 1,
with the program “Strong Field Tests of Gravity, Using Pulsars and Black Holes”. The SKA
will find a large number of new milli-second pulsars and will monitor an array of pulsars with
excellent timing precision. The resulting PTA will not only be able to detect gravitational waves
but mainly to do observations through gravitational waves. In addition to the observation of a
number of individual supermassive black hole binaries and potential cosmological backgrounds
(first order phase transition in the early Universe, cosmic strings, ...) a large area of potential
new discoveries will be explored. Thus a PTA with SKA will really be able to do astronomy
with gravitational waves, opening a new window on the Universe.
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Direct radio detection of objects orbiting a pulsar
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Many objects orbit pulsars in our Galaxy. Most millisecond pulsars are in binary systems with a
white dwarf [17, 1] or a neutron star [3]. Five planets are known to orbit pulsars [23, 21, 1]. All of
them were detected by analysis of the shift of the pulsar period Pobs in terms of the position of the
barycentre of the neutron star. Asteroid belts have been invoked by several authors for explaining
timing irregularities [18], anti-glitches [6], and intermittent behaviour [2, 4, 15].
All these bodies are immersed in the wind of their pulsar. Theoretical works show that, provided
that the wind is highly magnetized, the interaction of the pulsar companion with the wind is the cause
of a long electromagnetic wake made of two structures called Alfvén wings. Alfvén wings support
strong electric currents [16, 5] and they could be the source of radio waves. Assuming a cyclotron
maser instability1 in the wind plasma during its crossing of the Afvén wings, predictions can be made
about the shape, frequencies and brightness of the resulting radio emissions. Because of the beaming
by relativistic aberration, the signal is seen only when the companion is perfectly aligned between
its parent pulsar and the observer, as for occultations. For pulsar winds with a high Lorentz factor
(≥ 104 ), the whole duration of the radio event does not exceed a few seconds, and it is composed of a
few peaks lasting a few milliseconds each, detectable up to distances of several Mpc. [14].
The found characteristic are compatible with the Fast Radio Bursts (FRB) recently discovered in
Parkes and Arecibo surveys [8, 20, 19]. FRB are short duration single pulses with large dispersion
measure (DM) attributed to radio sources at cosmological distances. No event such as a supernova or a
gamma ray burst was observed simultaneously with a FRB. Proposed explanations include catastrophic
events involving compact objects [9, 7, 22, 24]. All these explanations imply that FRB happen only
once from a given source. Other scenarios might lead to irregularly repeatable pulses, such as a giant
pulse from a young pulsar with a low burst rate [9], or rare eruptions of flaring main-sequence stars
[12].
The FRB and other transient signals such as the three isolated pulses of PSR J1928+15 (a galactic
signal) observed at Arecibo [4] are all compatible with radio emissions of companions orbiting a pulsar.
According to it, these transient signals should repeat periodically with the companion’s orbital period
Observational tests of transient signals A decisive test of the vaidity of this model would thus
consist of detecting again a signal with similar characteristics coming from the direction of the source
of the FRB, or from PSR J1928+15. We recommend to observe again the same regions of the sky.
The difficulty is to observe continuously in order not to “miss” a pulse with duration of a few msec
that may occur at any time within hours, days or more.
A second detection of a FRB at the same place in the sky would be strongly in favour of the pulsar
companion and flares models. In that case, the next step would consist, with further observations, of
testing the periodic or irregular character of these occurrences.
1

Cyclotron maser instability is a relativistic instability triggered in current carrying regions that cause
coherent radio emission close to the electron cyclotron frequency.
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Observation of nearly edge on binary systems Pulsar companions seen nearly edge-on should be
observed when the neutron star, the companion and the Earth are aligned. An interesting example
is the binary pulsar PSR J2222-0137, that contains a millisecond pulsar orbited by a companion of
unknown nature [3]. As the system is seen nearly edge-on (sin i = 0.9985 ± 0.0005) and its orbital
parameters are known, it is possible to observe it in search for the companion-induced signal around
the transit time of the companion between the pulsar and Earth, or even to search this signal in
existing data. The searched signal would be pulsed and transient, and possibly not in phase with the
pulsar pulses.
A better knowledge of pulsar winds Pulsar winds are highly relativistic. Near the pulsar, they
are also highly magnetized. The rate at which the magnetic energy is dissipated in pulsar winds is
controversial, and very model dependent [11].
Observations of pulsars set constraints on winds in the surrounding of the light cylinder. We know
that they are highly magnetized, but we have no direct measurement of their Lorentz factor, and we
don’t know the rate of dissipation of their magnetic energy at these distances. Other constraints on
pulsar winds are derived from observations of their terminal shocks, at distances typically of the order
of one parsec. It has been shown long ago that at these distances, most of their energy flux is kinetic,
and not electromagnetic [10]. In between, we don’t know.
The observation of direct radio emissions from pulsar companions would provide a strong clue
that at the companion’s distance, the wind is still Poynting flux dominated. Moreover, some possible
configuration of the signal would allow for a measurement of the wind Lorentz factor.

References
[1] M. Bailes, S. D. Bates, V. Bhalerao, N. D. R. Bhat, M. Burgay, S. Burke-Spolaor, N. D’Amico,
S. Johnston, M. J. Keith, M. Kramer, S. R. Kulkarni, L. Levin, A. G. Lyne, S. Milia, A. Possenti,
L. Spitler, B. Stappers, and W. van Straten. Transformation of a Star into a Planet in a Millisecond
Pulsar Binary. Science, 333:1717–, September 2011.
[2] J. M. Cordes and R. M. Shannon. Rocking the Lighthouse: Circumpulsar Asteroids and Radio
Intermittency. Astrophysical Journal, 682:1152–1165, August 2008.
[3] A. T. Deller, J. Boyles, D. R. Lorimer, V. M. Kaspi, M. A. McLaughlin, S. M. Ransom, I. H.
Stairs, and K. Stovall. VLBI astrometry of PSR J22220137: a pulsar distance meaured to 0.4%
accuracy. Astrophysical Journal, 770:145+, June 2013.
[4] J. S. Deneva, J. M. Cordes, M. A. McLaughlin, D. J. Nice, D. R. Lorimer, F. Crawford, N. D. R.
Bhat, F. Camilo, D. J. Champion, P. C. C. Freire, S. Edel, V. I. Kondratiev, J. W. T. Hessels,
F. A. Jenet, L. Kasian, V. M. Kaspi, M. Kramer, P. Lazarus, S. M. Ransom, I. H. Stairs, B. W.
Stappers, J. van Leeuwen, A. Brazier, A. Venkataraman, J. A. Zollweg, and S. Bogdanov. Arecibo
Pulsar Survey Using ALFA: Probing Radio Pulsar Intermittency and Transients. Astrophysical
Journal, 703:2259–2274, October 2009.
[5] J. Heyvaerts, T. Lehner, and F. Mottez. Non-linear simple relativistic Alfvén waves in astrophysical plasmas. Astronomy and Astrophysics, in press, 2012.
[6] Y. F. Huang and J. J. Geng. Anti-glitch Induced by Collision of a Solid Body with the Magnetar
1E 2259+586. The Astrophysical Journal Letters, 782:L20, February 2014.
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Chapter 1
Exoplanets and Star–Planets Radio
Emissions
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1.1

Exoplanets

Planets are the most favourable cradle of life. As of today, ⇠1800 exoplanets are known
(exoplanet.eu – mainly by radial velocity or transits measurements, from which masses,
orbital parameters, sizes, density, and atmospheric composition can be inferred). In our solar
system, magnetized planets are strong radio sources (Jupiter is as bright as the Sun at decameter
wavelengths). Radio detection of exoplanets aims at the physical characterization of exoplanets
and comparative studies with solar system planets.

1.2

Experience from solar system planets and theory

There are 6 magnetized planets in the solar system with planetary-scale magnetic field: Mercury, the Earth, Jupiter, Saturn, Uranus, and Neptune. In their magnetospheres, various processes accelerate electrons to keV-MeV energies, leading to high-latitude (auroral) radio emissions (Zarka 1998). The corresponding radio sources have been studied remotely and in situ (cf.
e.g. Hu↵ et al. (1988); Treumann & Pottelette (2002)). The emissions were found to be coherent cyclotron (Maser) radiation from keV electrons. Emission frequency depends on the local
cyclotron frequency, proportional to the magnetic field amplitude, and is thus generally below
a few 10’s MHz, reaching 40 MHz for Jupiter. It is very intense (brightness temperature up to
1

1015 20 K), sporadic (bursts lasting from msec to hours), anisotropic (beamed at large angle from
the magnetic field), and circularly polarized (Right-Handed in northern magnetic hemispheres
and Left-Handed in southern ones) (Zarka 1998; Wu 1985; Treumann 2006; Hess et al. 2008).
Weaker incoherent synchrotron emission is generated by MeV electrons in Jupiter’s radiation
belts (Girard et al. 2012).
The energy drivers for electron acceleration up to keV energies include (Zarka et al. 2001;
Zarka 2007; Nichols 2011):
– Stellar Wind-Magnetosphere interaction (super-Alfvénic, via compressions and reconnections),
– Magnetosphere-Ionosphere coupling,
– Magnetosphere-Satellite coupling (sub-Alfvénic, via reconnection or unipolar inductor interaction),
– Star-Planet Interaction (SPI – sub-Alfvénic, via reconnection or unipolar inductor interaction).

1.3

Predictions for exoplanets

Jupiter’s decametric emission is detectable at no more than 0.2 pc on the Galactic background.
Thus search for exoplanetary radio emissions had to rely on scaling laws and extrapolations, as
well as more direct theoretical predictions.
Study of solar wind-magnetosphere interactions led Zarka et al. (2001); Zarka (2007, 2010)
to propose that a planet’s low-frequency radio output is proportional to kinetic (including CME
= coronal mass ejections) and magnetic (Poynting flux) power inputs on the obstacle’s crosssection. Extrapolation to hot Jupiters led to predict radio fluxes up to 103 5 times that of Jupiter.
Io-Jupiter electrodynamic interaction transposed to plasma SPI led the same authors to predict
radio outputs proportional to the Poynting flux input, up to 106 times Jupiter’s.
Nichols (2011, 2012), based on the physics of magnetosphere-ionosphere interaction, predicted a large low-frequency radio output, up to 104 times Jupiter’s, for fast rotating planets
orbiting stars with a bright X-UV luminosity. Willes & Wu (2004) extended the theoretical
frame of Io-Jupiter unipolar interaction to terrestrial planets around White Dwarfs, predicting a
large radio output at frequencies 1 GHz.
In all cases, detection is the difficult step. Even if star-planet systems will be unresolved
in radio, subsequent discrimination between stellar and planetary emission will rely (easily) on
the polarization (circular for planets) and periodicities (rotation, orbital) of the detected radio
emission.

1.4

Motivations for studying exoplanet’s radio emissions

Magnetospheric radio emissions provide unique information on planetary magnetic field amplitude and tilt (Jupiter’s magnetic field was first measured that way (Burke & Franklin 1955)),
and thus on planetary dynamo, giving constraints on the planetary interior structure. It is also
a signature of planetary rotation, due to the emission anisotropy (the rotation periods of Jupiter
2

(Higgins et al. 1997), Saturn (Desch & Kaiser 1981), Uranus, and Neptune was measured via
their radio emission ), that will permit to test directly exoplanetary spin-orbit locking. It may
reveal the presence of satellites (e.g. Io (Bigg 1964)) interacting with the planetary magnetic
field. Recent work by Hess & Zarka (2011) showed that radio emissions also allow to probe
planetary orbit inclination, and SPI and magnetospheric dynamics at large.
A magnetosphere also shields a planet’s atmosphere and surface versus cosmic rays, stellar
wind and CME bombardment, preventing O3 destruction and atmospheric erosion or escape.
It is thus a favourable condition for life (Grießmeier et al. 2004; Lammer et al. 2006). Finally
radio emission detection may involve as an independent discovery tool for planets around active,
magnetic or variable stars.

1.5

Past and ongoing observations and results

Targeted searches have been guided by theory and scaling laws applied to the exoplanet census
(with e.g. ⌧ Boo, And, or 55 Cnc as good candidates (Lazio et al. 2004; Grießmeier et al.
2007)), to strongly magnetized stars (such as HD 189733 (Donati et al. 2006)), to planets with
very elliptical orbit and close-in periastron (such as HD 80606 (Lazio & Farrell 2007; Lazio
et al. 2010)), and to systems with possible optical SPI signatures (such as HD 179949 (Shkolnik et al. 2008) and references therein). Observations were conducted with the VLA at 74
MHz (Farrell et al. 2003, 2004; Lazio & Farrell 2007), UTR-2/Kharkov in the range 10-32
MHz (Ryabov et al. 2004), and the GMRT at 150 MHz (Hallinan et al. 2013; Lecavelier des
Etangs et al. 2013). No confirmed detection was reached. Hint of a radio occultation of Hat-P11 b by its star was found at GMRT by Lecavelier des Etangs et al. (2013), still to be confirmed.
Ongoing targeted observations include campaigns at UTR-2 (10-32 MHz, 100 hours), programs with LOFAR in cycles 0 to 2 (20-80 MHz, for a total of ⇠100 hours), and with the LWA
(Long Wavelength Array - HJUDE program of ⇠5000 hours).
In parallel correlations of the exoplanet catalog at exoplanet.eu with low-frequency surveys open new perspectives. Four candidates were found in the GMRT TGSS 150 MHz survey,
at 10-100 mJy level, out of 175 exoplanetary systems in the surveyed field (Sirothia et al. 2014),
whereas comparable 3 upperlimits were put on the remaining 171 systems. Analysis of LOFAR Multi-Snapshot Source Survey is ongoing (first in the 120-160 MHz band at a sensitivity
⇠5 mJy and later in the 30-75 MHz band at a sensitivity ⇠15 mJy). Permanent all-sky observations at ⇠1 sec resolution is expected to start soon at OLWA (Owens Valley LWA).
As a preliminary conclusion, radio emissions much stronger than Jupiter’s at frequencies
150 MHz appears to be rare, which could be due to a too low planetary magnetic field, emission beaming out of the observer’s line of sight at the time of the observations, or too weak flux
density
3

1.6

Science outcome enabled by LOFAR, NenuFAR and SKA

Following the previous conclusion, it is necessary to explore a large sample of targets with
highest possible continuum sensitivity, preferably at low frequencies, in circular polarization or
full Stokes observations, consisting of imaging down to the thermal (or confusion) noise and
beamformed observations (for monitoring time variations).
Survey and targeted LOFAR observations may lead to first confirmed detection, but will at
least set the stage for more extensive (possibly follow-on) programs with NenuFAR (the giant
10-85 MHz LOFAR extension in Nançay(Zarka et al. 2012)). The advent of SKA will bring
a sensitivity improvement of ⇠ 30⇥, down to 10 µJy level, at frequencies 50 MHz. Jupiter’s
bursts at 30-40 MHz, with flux densities of ⇠ 40 µJy at 10 pc range, will then become detectable
at a few parsecs, quasi-independent on high power / high magnetic field extrapolations of solar system scaling laws. It is thus highly likely that SKA-Low will detect exoplanetary radio
signals (Zarka et al. 2014). An exhaustive survey of all stars closer than 10 then 30 pc will be
conducted (up to 2500 stars, white or brown dwarfs, including ⇠200 known exoplanets), plus
multi-beam many-epochs targeted searches of all above favourable candidates, and more commensal and surveys analyses. Many detections are also detected at GHz frequencies (unpolar
inductor-driven) (Willes & Wu 2005) with high enough signal-to-noise permitting quantitative
interpretations.

1.7

Synergies

Advantage will be taken of synergies between radio observations of exoplanets and of stellar
solar-like bursts. Stellar flares could be planet induced, or intrinsc: GHz periodic bright pulses
a period ⇠2 hours, 100% circularly polarized have been found by Hallinan et al. (2007, 2008),
and attributed to cyclotron Maser in brown dwarf magnetic field ⇠2 kG. Further, there is a realm
to explore from brown dwarfs to exoplanets (faster rotation, cooler & more neutral atmosphere,
larger-scale stable magnetic field topologies, with weaker field amplitude). Tracing magnetic
fields and radio flux densities from brown dwarfs to planets will bring unique constraints for
dynamo theories and radio emission scaling laws. Lower mass planets seem to be more frequent
around M dwarfs, with close-in planets lying in the habitable zone (Dressing & Charbonneau
2013). Commensal SETI searches are allowed by adequate instrumentation (very high spectral
resolution of waveform measurements).
Synergies will also exist with observations at other wavelengths:
– with Zeeman Doppler Imaging (CFHT/Espadon, TBL/Narval, CFHT/Spirou) permitting stellar magnetic field measurements and planet searches around M dwarfs (Fares et al. 2010),
– with UV-X observations (HST, JWST, XMM, Chandra, Athena) of stellar flares and exoplanet’s atmospheres,
– with PLATO, TESS revealing more nearby exoplanets, ESO-VLT/NGTS, ESPRESSO, or
GAIA surveys that will provide tens of exoplanets per FoV or a few degrees.
4

1.8

Conclusions

More details and figures on radio emissions from exoplanets and star-planet connection are
given in Zarka et al. (2014). It is a broad new field to explore. Its theoretical frame is ready.
There are optimistic prospects with LOFAR, NenuFAR and SKA, to finally open the new field
of comparative exo-magnetospheric physics.
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Chapter 1
Molecular complexity in star
forming regions
C.Ceccarelli, B. Lefloch & L. Wiesenfeld

1.1

The molecular complexity in a Sun-like forming
system

Once upon a time, there was a small cold cloud of gas and dust in an interstellar medium
broken into several clumps and filaments of di↵erent masses and dimensions. Then, about
4.5 billions years ago, the small cloud became the Solar System and life appeared. How
when and why did it happened? In this contribution, we will specifically focus on how
atoms bound together through this process, namely how molecular complexity grows up
with time during the Sun-like star formation process. The tools are what are called in
the literature COMs,namely complex organic molecules, namely organic molecules with
more than 5 atoms. We will briefly review what we know already and what LOWFAR
and SKA can add to our knowledge.
In general, we think that the formation of Sun-like stars and the chemical complexity
evolved hand in hand in five steps, as sketched in Fig. 1 and here summarised (Caselli &
Ceccarelli 2012).
1. Matter slowly accumulates in a dense clump of molecular clouds. The central density
increases while the temperature decrease, forming the so-called prestellar cores.
Atoms and molecules in the gas phase freeze-out onto the cold surfaces of the dust
grains, forming the grain mantles. Hydrogenation of atoms and molecules takes
place, forming molecules such as water (H2 O), formaldehyde (H2 CO) and methanol
(CH3 OH). More complex molecules may also form on the icy mantles under the
e↵ects caused by the irradiation of UV photons and low-energy ( 1GeV) cosmic
rays. The recent detection of CH3 CHO, CH3 OCH3 , CH3 OHO, and CH2 CO in the
prestellar core L1689B (Bacmann et al. 2012) shows that, in a way or another, the
1

synthesis of COMs likely starts at the prestellar stage.
2. The collapse starts, the gravitational energy is converted into radiation and the
envelope around the central object warms up. It is possible that the molecules
frozen on the grain mantles during the previous phase acquire mobility and form
new, more complex species. When the temperature reaches about 100 K the grain
mantles sublimate, and the iced molecules are ejected in the gas phase, where they
can be observed by radio-submillimeter telescopes. This is the so-called “hot corino”
phase. The abundance of COMs (such as methyl formate, HCOOCH3 , or dymethyl
ether, CH3 OCH3 ) increases by several orders of magnitude (e.g. Cazaux et al. 2003;
Ceccarelli et al. 2007; Bottinelli et al. 2007, Jörgensen et al. 2012). Simultaneously
to the collapse, the newborn protostar generates a fast and well collimated jet,
which drives shocks at the interface with the envelope and placental molecular cloud.
Shocks heat the gas and sputter molecules from the grain mantles, so that they are
again in observable in the gas phase. The prototypical chemical rich shock is L1157B1, where COMs are found (Arce et al. 2008; Mendoza et al. 2014; Codella et al.
2014).
3. The envelope dissipates with time and eventually only a circumstellar disk remains,
also called protoplanetary disk. In the hot regions, close to the central forming star,
new complex molecules are synthesized by reactions between the species formed in
the protostellar phase. In the cold regions of the disk, where the vast majority of
matter resides, the molecules formed in the protostellar phase freeze-out onto the
grain mantles again. Dust grains then coagulate into larger planetesimals, the bricks
of future planets, comets, and asteroids.
4. In the next two phases, planetesimals grow up into planets and asteroides, conserving some of the molecules previously formed into the ices trapped inside. These
molecules then may rain on the formed planets, including the Earth, and seeds
them. Whether these seeds have anything to do with life is, evidently, an intriguing
and fundamental question.
In the following, we focus on the earliest stages, from the prestellar core to the hot
corino phase, and summarises what we know about COMs and what possiblu SKA can
add to the study of the molecular complexity of the interstellar medium.

1.2

The lessons provided by mm–FIR unbiased spectral surveys

In the last years, several large programs have carried out single-dish millimeter to Far
Infrared unbiased spectral surveys of targets representatives of the di↵erent stages of
the low-mass star forming process (e.g. Ceccarelli et al. 2010; Caux et al. 2011;
http://www.oan.es/asai). One of the main goals is understanding the evolution of the
molecular complexity through the various phases. The detection of COMs via their rotational lines is, therefore, a particularly important goal. Indeed the 70-300 GHz frequency
2
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Figure 1.1: Star formation and chemical complexity (from Caselli & Ceccarelli 2012). The
formation of a star and a planetary system, like the Solar System, passes through di↵erent
phases, marked in the sketch.

3

Figure 1.2: NH2 CHO lines detected at 2 mm in OMC-2 FIR4 with the IRAM 30-m
antenna in the ASAI framework (from López-Sepulcre et al. 2014). The magenta dashed
lines mark the systemic velocity of OMC-2 FIR4. The blue solid lines mark the position
of blended lines.
range is very rich of lines from COMs. Figure ?? shows the example of the formamide
(NH2 CHO), the simplest molecule with a peptide bond, namely the “glue” of the macro
molecules at the base of the terrestrial life and that may indeed be the starting point for
genetic and metabolic molecules (Saladino et al. 2010).
However, single-dish observations do not tell us all, as di↵erent molecules may arise
from di↵erent regions in the line of sight. Interferometry observations have been, therefore,
also carried out to identify the exact nature of the observed COM emission. Figure ??
shows an example that illustrates the important to localise where the emission comes
from.

1.3

What SKA can do

In general, the larger the molecule the lower the frequency of the transitions. The line intensity depends on the temperature and density of the emitting gas, so that the colder the
gas the lower the frequency of the brightest lines of a species. Therefore, the radio domain
is, by definition, suitable to detect large COMs and particularly so in cold environments.
Indeed, if we consider large dipole transitions (Sµ2 1 D2 ) at low excitation (Eu  20 K),
4

Figure 1.3: Emission of an acetaldehyde rotational line in the shock spot L1157-B1.
Acetaldehyde i snot emitted in the whole region but only in that where ice mantles are
sputtered (Codella et al. 2014).
the 1-15 GHz band contains a considerable number of COMs transitions. As an example,
the line density of methyl formate (HCOOCH3 ) and glycoaldehyde (HCOCH2OH) in the
1–15 GHz range is ⇠ 1 line/GHz, which is ten times larger than in the 80–300 GHz range.
So far the COMs observations have been mostly focused in the 70-300 GHz interval
and towards warm ( 50 K) regions because COM lines from colder objects are too weak
to be detected with the present instrumentation (with the obvious exception of the clouds
towards the galactic center: Loomis et al. 2013). The large beams of the present radio
telescope aggravate the situation, as the regions emitting COMs are generally small (
20”) so that the beam dilution is a severe problem.
With its extraordinary sensitivity and angular resolution SKA will revolutionise the
field: it will very likely open up a totally new window on the molecular complexity
in the interstellar medium. SKA will efficiently search for COMs even in the coldest
and most tenuous regions. It is difficult to say what discovers wait for us. At present,
theories predict COMs in warm and dense conditions only. However, we know that our
astrochemical models are likely missing very crucial information, as, for example, they are
unable to predict the abundance of the COMs already observed in a few cold (and dense)
regions (Oberg et al. 2010; Cernicharo et al. 2012; Bacmmann et al. 2012; Jaber et al.
2014). When exactly COMs start to appear in the history of the interstellar molecular
complexity will be a crucial information to understand how and where these molecules
are synthesised and, eventually, whether the bricks of life, for example the amino acids
that we see today in some meteorites, are common products of the interstellar chemistry
or an oddity.
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From solar to solar-type stellar activity: what the decameter range can teach us
Carine Briand, et al.
Introduction
The activity of the Sun is known since several centuries. The proximity of our star provides us a
wealth of details that serve to test numerous plasma fundamental processes, that lead to high
resolution models of the atmosphere of our star and that may guide studies on other stellar systems.
The solar activity is highly link to temporal evolution and spatial modification of the magnetic field
topology. The magnetic activity of our star is revealed at every layer, from the photosphere to the
high corona (see a review on Briand, 2003). Among the important issues raised by this activity we
can mention two in particular: (1) the transfer of energy from large to small scales and the final
dissipation into heat, process for which waves emissions take a central place, (2) the interaction of
the energetic particles generated during eruptive phases with the objects of the solar system.
But the Sun is not the only star displaying flaring and interplanetary activity. The occurrence of
flares in stars was revealed in the 50’s. Rapidly, the importance of the flare activity in the evolution
of dwarf stars was raised, which thus leads to the question of the place of the flare stars in the stellar
evolution (Mirzoyan, 1984). In their interaction with their proto-planetary disc, young stars also
generate flaring activity. A better understanding of the disc-star interactions requires the
determination of the magnetic field strength (and ideally its vector components). The other category
of flaring stars is the fully convective, low mass stars where dynamo process generates magnetic
field that leads to numerous magnetic reconnection sites. Finally, when considering solar-type
stellar activity, shock-producing system must be considered. Such system exist in high mass stars
systems where strong, supersonic winds have already been detected in X-rays.
If the Quiet Sun radio spectrum is mostly of thermal origin (thermal bremsstrahlung, gyroresonance), the strongest, sporadic emissions display brightness temperatures that highly exceed the
thermal values, suggesting a non-thermal origin. Gyro-synchrotron emissions dominate at
frequencies above 3GHz, while coherent plasma processes are mostly invoked to explain the
emissions at lower frequencies, in particular in the kilo-decameter range.
The coherent emissions are triggered by plasma instabilities involving electrons (and to some less
extend ion) dynamics. The source of free energy for the instabilities to develop comes from the
distortion of the electron distribution function, either through the presence of an electron beam
(“bump-on-tail”, two streams) or a non-thermal plasma in a very dilute plasma, ideally in presence
of a strong magnetic field (electron-cyclotron maser). The beam-plasma instability generates
electrostatic waves at a frequency close to the plasma frequency (fp~9√Ne kHz), waves that are then
converted to electromagnetic waves at fp or 2fp. The electron-cyclotron maser (ECM) generates
waves at the electron cyclotron frequency (fce(MHz)~2.8BG). If the ECM process is largely invoked
to explain the emission of the giant planets in the decameter range, beam-plasma instabilities are
dominant in the world of the solar and interplanetary emissions since then fp >> fce. Also, ECM
emissions are invoked to explain the GHz down to some 325MHz emissions of cool dwarf stars.
However, no detection of ECM emissions has never been attempted as it supposes very low
magnetic field strength (below 50Gauss).
To understand the potential of observation to study the stellar activity in flaring stars and massive
stars binary system, let’s first understand how the decameter range provide information from our
own star.

Solar activity
Radio emissions witness energy release in the high corona and interplanetary medium, sometimes
without any counterpart in other wavelengths. In the low part of the radio spectrum (from 10MHz
down to a 10kHz at Earth orbit), several characteristic features are observed (Fig 1): (1) slowly
drifting emissions, signatures of the propagation of interplanetary shocks (also called Type II
emissions), (2) intense, fast time-frequency drifting emissions, which trace the propagation of
energetic electrons, accelerated during flares, in the interplanetary medium (called Type III bursts),
(3) bursts of rapidly drifting emissions, lasting for days and related to the presence of opened
magnetic field loops from solar active region (Type III storms). This range of frequency being
below the ionospheric cut-off is accessible only from space instruments. Ulysses, WIND, STEREO
have been providing us a large amount of radio data to study plasma processes from both remote
instrument and in-situ measurement of electric (sometimes magnetic) waveforms, pushing the
frequency limits towards very low frequencies (100 Hz).
Figure 1: Solar time-frequency
spectrum. Several typical radio
emissions of the low frequency
range are underlined: (1) shock
propagating emission, (2) Flare
related emission, (3) burst of
short emissions. NenuFAR
covers a frequency range
complementary to the space
instruments and provide data
from regions closer to the Sun.

The higher part of the spectrum also provides a wealth of details that allows deducing numerous
characteristics of the medium. The frequency range 10 to 80 MHz corresponds roughly to distances
to the Sun between 1.2 to 2 solar radius. Being above the cut-off of the ionosphere, it is accessible
to ground-based instruments.
As in the lower part, continuum and broadband emissions are also present above 10MHz. The large
spectrum is difficult to interpret in term of beam plasma instability. Rather, electron maser
cyclotron could be at the origin of the emission. In such case, they could provide a tool to diagnose
the magnetic field direction.
Faint time-frequency drifting emissions are also characteristic of the high frequency range. They
appear isolated, in time vicinity of very intense flare-related emissions, or in chain (see Melnik et al.
2014b, and reference therein). Following the hypothesis of beam-plasma instability for the
mechanism at the origin of such emissions, the drift allows to deduce several characteristics of the
interplanetary medium.
The sign of the drift indicates the direction of the electron beams propagation (inwards/positive -- or
outwards/negative -- from the Sun). The velocity of the beams can be deduced from the drift value
and a density model (Briand et al. 2008a). Sometimes, the drift changes its sign: this could reveal a
local modification in the temperature of the corona (Melnik et al. 2014a). These faint emissions are
not always related to CME or flare activity. As can be seen from the right panel of the figure 2,
numerous faint emissions still occur at low frequencies (i.e. close to the cut-off frequency of the
ionosphere). Recently Briand et al. (2007, 2008b) proposed a model based on a local heating of the

plasma. The interpretations of all these emissions are still under debate and some even are not
supported by any explanation.

Figure 2: Two examples of solar emissions in the frequency range 18 – 30 MHz. On the left
panel, the dark, rapidly drifting emission is the high frequency part of an intense flare-related
emission (see Fig. 1). Next to this emission, and also clearly visible on the right panel, fainter
drifting emission are present, either as isolated features or in chain (visible at about 09:46 on the
right panel). The observations presented here were obtained with the Nançay Decameter array
(left) and the UTR-2 Ukrainian radio-telescope (right)

How to be sure that the observed structures are of solar origin? Disturbances of the ionosphere can
indeed produce similar features. Simultaneously observations with two distant radio telescopes are
the most efficient way to disentangle ionospheric from solar emissions. With UTR-2 in Ukraine,
NenuFAR provides an efficient second station of observation. Moreover, it will allow polarimetric
measurements that UTR-2 cannot perform, succeeding to the decameter network, but with a larger
frequency range and a higher sensitivity.
It is known that flare related emissions are up
to 50% circularly polarized (when the
emission is at the fundamental) or less than
15% (when it is on the harmonic). For shocks
related emissions, the polarization is less than
5% polarized. The other narrow band, faint
structures polarization is highly variable
(from 0 to 100%!). Polarization is essential to
determine the physical processes at play. In
the beam plasma theory, the mode conversion
from electrostatic to electromagnetic can
produce polarization in presence of density
gradient and/or magnetic field fluctuations.
Figure 3: Polarimetric observations obtained
with the decameter network of Nançay. Left
circular polarization is on the top panel, right
polarization on the middle and the net
polarization on the bottom (the frequency axis is
horizontal, and expressed in MHz). Note the
inversion of polarization of the emission between
30 and 40 MHz

In summary, the 10 – 80 MHz range of frequency is rich of emissions that can reveal local
disturbances of the high solar corona. To understand such emissions, high spatial, spectral and time
resolution are still necessary, together with polarimetric measurements and high sensitivity.
Stellar activity
Flares and (collisionless) shocks are among the main sources of intense decameter emissions at the
Sun and in the interplanetary medium. Such activity also occurs at and close to other stars. Flares
occur in young stars like Herbig Ae and T-Tauri from the interaction with the proto-planetary disc.
Also fully convective red dwarfs present a strong activity. Magnetic field is generated by the
convection process and leads to magnetic reconnection and flares.
Red dwarfs are in the lower part of the main sequence. They are cool (Teff~3500K), small (R<R☉),
and faint (L~0.01L☉) stars. UV Ceti is the archetype of red dwarfs. In spite of these quite
complicated conditions of observations, the interest for these stars resides in that they represent
almost 75% of the stars of the Milky Way! However, less than 100 stars are indeed detected, and
most within 10pc from the Sun. The first detections of radio emission (above 200MHz)
simultaneously to optical flares were obtained in the 60’s (Slee et al. 1963; Lovel 1969). Later on, it
was also shown that radio activity could exist independently of optical counterpart.
Almost opposite to the dwarf stars, we find another kind of very interesting active system: the
Colliding-Wind Binaries (CWB – Stevens 1992). They consist in systems of massive stars (without
compact objects), like a Wolf-Rayet and an OB-type star, very luminous, with supersonic winds and
large mass-rate lost. 70% of the O-type stars would belong to binary systems. They provide suitable
environment for shocks to occur. The radiative cooling may be much longer than the flow time
scale, leading to high temperature and high X-rays emissions. A topical issue is to understand if
such shocks are also efficient particle accelerators to produce γ-rays. Colliding wind regions also
produce radio continuum emissions due to accelerated electrons through Fermi mechanism. Several
papers report non-thermal radio emissions from different sources (see for example Blomme &
Volpi, 2014 and reference therein). But interesting characteristics of the shocks can also be deduced
from the decameter observations. In particular, hydrodynamical simulations require details on the
density, velocity structure of the colliding winds, information that could be extracted from radio
observations.
However, very few observations have been reported in the decameter range. Leitzinger et al. (2010)
present observations obtained with the UTR-2 Ukrainian radio telescope where some very faint
time-frequency drifting emissions are noticeable. More recently, spectral profile of radio burst
emissions AD Leonis and EV Lacertae display similar characteristic from the solar emission (Boiko
et al., 2012). Also, frequency drifts seem to be present with both positive and negative slope.
However, complementary observations are necessary – in particular with a better spectral coverage
– to confirm the drift rates. The largest burst flux observed by the Boiko’s group was 307 Jy, while
a large number of bursts have flux of 10 to 50 Jy, which corresponds to brightness temperature of
1016K, largely exceeding the thermal values.
Gershberg & Shakhovskaya (2003) compiled several results of optical observations performed by
several groups between 1967 and 1973. In particular, they provide a time-energy distribution of
several stars in the Pleiades and Orion clusters showing that energetic (1029 -1031 ergs) flares can be
expected almost every day on several stars. Combined with higher frequency range observations, in
particular in X rays, such observations can provide complementary information on the dynamics of
the electrons.

Figure 4: Time-frequency observations of AD Leonis observed with UTR-2 radiotelescope in 2010-2011 (@Leitzinger et al. 2008)
Conclusions
During the last decade, the observations of the Sun with decameter radio telescopes equipped with
back-end facilities providing both high frequency and time resolution have revealed numerous faint,
narrow banded emissions, tracing the propagation of electrons outward or inward the Sun. Such
observations provide diagnostic tools of the density, the temperature and the magnetic structure of
the corona, which is on the site of launch of the most energetic phenomena.
Our experience on the solar observations has prepared us to the study of other environments like
flaring stars and binary stars. The decameter range of frequency provides a window to study the
dynamics of the plasma around the stars, covering regions where the electron density spans between
1 and 100cm-3. Surprisingly, this domain has almost not been considered up to now. Useful studies
require observations with high sensitivity, polarimetric capabilities and survey mode to catch the
shocks and flares from several stars. NenuFAR provides all these capabilities. It can thus play a
central role in the innovative discoveries on the flaring stars and high mass binary systems.
Finally, it must be noted that this review was restricted to solar-type activity. But other kind of
activity may also occur in stellar environments like in Algol or W Uma-type star, where strong
inflows on the stars can produce other strong emissions. Could these flow also produce noticeable
emission in the decameter domain must also be investigated.
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1. Solar!and!heliospheric!physics!;!Space!Weather!:!!scientific!objectives!and!contribution!of!
radio!astronomy!at!low!frequencies!!
Radio!astronomy!at!low!frequencies!(1000!MHz>!20!MHz)!contributes!to!most!of!the!key!questions!
which!are!still!unresolved!in!the!physics!of!the!sun!and!its!relations!with!the!heliosphere:!
!
What!are!the!physical!mechanisms!leading!to!coronal!heating!and!how!is!the!solar!wind!accelerated?!
What!are!the!physical!mechanisms!leading!to!particle!acceleration?!
What! are! the! physical! mechanisms! leading! to! instabilities! and! eruptive! activity! in! the! coronal!
plasma?!
What! are! the! impacts! of! the! solar! activity! on! the! heliosphere! and! on! the! ionized! and! magnetized!
terrestrial!environment!or,!more!generally:!How!does!the!Sun!control!the!heliosphere!?!
!
Solar! radio! emissions! associated! with! flares,! shocks! and! CMEs! are! produced! by! energetic! electrons!
either! through! various! plasma! mechanisms! (narrow! band! emissions! observed! in! particular! below!
1000! MHz)! or! by! gyrosynchrotron! ! emissions! (broadband! continuum).! ! In! addition,! the! hot! corona!
produces!thermal!free>free!emission!which!allows!one!to!derive!physical!parameters!such!as!electron!
temperature! and! density.! ! For! plasma! mechanisms,! which! are! the! primary! emission! processes! at!
frequencies! below! 1000! MHz,! the! emitting! frequency!is! the! plasma! frequency! or! its!harmonic,! and!
therefore! decreases! with! height! in! the! solar! corona.! Measuring! radio! emissions! at! different!
frequencies! (either! spectroscopy! or! imaging)! thus! allows! one! to! probe! phenomena! at! different!
heights!of!the!solar!atmosphere!and!therefore!to!analyse!the!propagation!of!disturbances!from!e.g.!
the!low!corona!to!the!interplanetary!medium.!
!
Radio!observations!at!low!frequencies!(1000>20!MHz)!specifically!address!the!following!topics:!!
(1)!Structure!and!physical!parameters!of!the!"quiet"!corona;!
(2)!triggering!and!evolution!of!coronal!mass!ejections!and!shocks;!
(3)!particle!acceleration!in!flares!and!CMEs!,!propagation!of!particles!from!the!acceleration!site!to!the!
interplanetary! medium,! but! also! particle! acceleration! in! non>flaring! active! regions! (as! revealed! by!
“noise!storm!emissions”).!!
Low>frequency! radio! astronomy! contributes! also! to! plasma! physics! when! e.g.! dealing! with! fine!
structures! of! burst! spectra.! For! these! reasons! dedicated! solar! radio! observations! below! 1000! MHz!
are! an! important! complement! to! the! flagship! missions! in! solar>heliospheric! physics! like! SoHO,!
STEREO,!Solar!Orbiter!and!Solar!Probe+.!
!
This!is!illustrated!by!some!recent!results!of!the!Nançay!instruments:!!
- Using! the! Earth>rotation! aperture! synthesis! technique! with! the! Nançay! Radioheliograph,!
more! than! one! hundred! (160)! images! of! the! radio! corona! at! ten! frequencies! have! been!
obtained!between!2004!and!2011.!From!these!observations!the!temperature!of!the!electrons!
has! been! deduced! (Mercier! and! Chambe,! 2012),! revealing! that! it! is! significantly! below! the!
proton!temperature!at!heights!of!a!fraction!of!a!solar!radius!above!the!photosphere.!
- The! combination! of! imaging! and! spectroscopy! at! radio! wavelengths! has! been! shown! to!
provide! a! unique! tool! to! understand! if! and! how! energetic! electrons! (and! then! charged!

-

particles!in!general)!have!access!to!magnetic!field!lines!connected!to!the!Earth!(see!Kerdraon!
et!al.,!2010!as!an!example,!using!combined!observations!with!the!STEREO!satellites).!!!
The!combination!of!EUV!observations!of!solar!eruptive!plasma!(SDO/AIA)!and!of!radio!images!
(NRH)!of!shock!waves!(type!II!burst)!has!allowed!us!to!address!the!highly!debated!question!!
on!the!origin!of!large!scale!shock!waves!in!the!corona!(blast!wave!or!piston!driven?).!For!one!
of! the! rare! type! II! bursts! starting! at! high! frequencies! (around! 500! MHz),! it! was! shown! that!
the!shock!wave!had!its!origin!in!the!super!sonic/super!Alfvenic!motion!of!the!eruptive!plasma!
detected!by!SDO/AIA!(Zimovets!et!al.,!2012).!!

These! results! were! obtained! by! solar>dedicated! instruments! through! joint! observations! with! space!
missions.!Non>dedicated!instruments!have!a!discovery!potential!because!of!their!high!sensitivity!or!
spatial! and! temporal! resolution,! but! are! only! rarely! available! for! multi>instrument! analyses.!
Spectrographic!imaging!with!LOFAR!at!frequencies!below!100!MHz!will!complement!the!information!
on! radio>emitting! electron! beams,! CMEs! and! shocks! at! higher! altitudes! than! accessible! to! the!
Radioheliograph.! The! first! solar! physics! results! of! LOFAR! have! been! recently! published,! on! type! III!
burst!imaging!(radio!emissions!produced!by!electron!beams;!50>55!MHz,!40>45!MHz!and!30>35!MHz;!
;Morosan! et! al.,! 2014)! and! on! the! first! tracking! of! a! slow! CME! by! LOFAR! using! Interplanetary!
scintillation!measurements!in!complement!with!STEREO!observations!(Fallows!et!al.,!2013;!Bisi!et!al.,!
2014).! These! results! are! published! by! a! consortium! of! authors! under! the! LOFAR! KSP! “Solar! Physics!
and!Space!Weather!with!LOFAR”,!which!includes!a!French!solar!physicist.!Imaging!observations!with!
LOFAR! below! 100! MHz! should! be! developed! in! the! future! in! coordination! with! space! missions! and!
dedicated!solar!radio!instruments.!!
The!seamless!connection!between!ground>based!and!space!borne!radio!observations!(<!20!MHz;!e.g.!
WIND/WAVES;!STEREO/SWAVES;!in!the!future!Solar!Orbiter/RPW)!represents!an!important!asset!for!
space! weather! and! solar/heliospheric! physics.! More! generally,! radio! observations! are! used! in!
combination! with! many! space! data,! such! as! X>ray! observations! (from! e.g.! RHESSI)! of! energetic!
electrons!accelerated!in!solar!flares,!EUV!and!UV!diagnostics!of!the!flaring!coronal!plasma!(STEREO,!
SDO),!CME!observations!(from!e.g.!SOHO;!STEREO)!and!direct!detection!of!energetic!particles!in!the!
interplanetary!space!(with!e.g.!SOHO,!ACE,!STEREO).!!
!
2. Solar>dedicated!radio!observations!in!Nançay!
!!The!Nançay!radio!observatory!hosts!a!unique!combination!of!instruments!dedicated!to!solar!physics!
in!the!frequency!range!between!1000!MHz!and!the!ionospheric!cutoff:!an!imager!of!the!corona!and!
its!activity!at!several!frequencies!in!the!150>450!MHz!range!(Nançay!Radioheliograph!or!NRH),!unique!
in!the!world;!two!spectrographs,!the!Nançay!Decameter!Array!(NDA;20>70!MHz)!and!ORFEES!(140>
1000! MHz).! The! combination! of! these! observations! allows! one! to! diagnose! the! corona! in! a! wide!
range!of!heights,!about!!0.1!to!1!solar!radii!above!the!photosphere!>!a!key!region!for!understanding!
the!origin!and!propagation!of!coronal!mass!ejections,!shock!waves!and!energetic!particles.!!!
!
3. Space!Weather!applications !
Solar!electromagnetic!radiation!and!energetic!particles!can!affect!the!terrestrial!environment!(radio!
black!outs,!radiation!damage)!on!short!timescales!(8!minutes!to!a!few!hours).!The!solar!wind!and!its!
perturbations!(shocks,!coronal!mass!ejections)!affect!the!Earth’s!environment!on!a!longer!time!scale!

(2!to!4!days).!The!continuous!survey!of!the!sun!in!view!of!space!weather!applications!is!nowadays!in!
a! phase! of! full! development! both! at! the! European! and! international! level! (Space! Situational!
Awareness!program!of!ESA,!WMO!activities,…).!Radio!emissions!below!1000!MHz!are!among!the!first!
signatures! of! space>weather! relevant! disturbances! and! show! them! on! the! solar! disk,! unlike!
coronagraphs.!In!the!case!of!a!large!flare,!the!lack!of!radio!emissions!at!metric!wavelengths!!can!be!
used! as! an! indication! that! there! is! no! escape! of! energetic! particles! from! the! flare! site.! This! space>
weather! relevance! is! the! reason! why! a! collaboration! has! been! established! between! Nançay! (USN),!
LESIA!and!the!French!air!force!to!build!the!ORFEES!spectrograph!in!the!framework!of!a!space!weather!
demonstrator!project!completed!in!2014!(FEDOME).!
!
!
!

!

Measurement*of*Cosmic*Ray*Extensive*Air*Showers*with*radio*antennas*
R.#Dallierab,#L.#Martinab,#B.#Revenua#
!

!
1.* High>energy*cosmic*ray*physics*challenges*
14

High&energy!cosmic!ray!physics!refers!to!the!experimental!study!of!cosmic!rays!above!10 !eV.!Above!this!limit,!di&
rect!measurements!of!cosmic!rays!with!balloons!or!satellites!are!limited!by!their!small!area!regarding!the!extremely!low!
2
18
2
20
flux!of!particles!(about!1!per!km !per!year!at!3.10 !eV,!down!to!1/km /century!above!10 !eV!).!Instead,!one!has!to!de&
tect! the! cascade! of! secondary! particles,! called! extensive! air! shower! (EAS),! which! follows! the! interaction! of! the! cosmic!
rays! with! the! Earth’s! atmosphere! and! spread! at! ground! over! very! large! areas.! The! primary! particle! characteristics! are!
then!inferred!from!the!EAS!measurements:!the!arrival!direction!of!the!primary!particle!coincides!with!the!axis!of!the!EAS,!
its!energy!is!deduced!from!the!total!number!of!charges!created!and!the!EAS!longitudinal!development!is!related!to!the!
mass!of!the!primary.!The!experimental!challenge!stands!in!the!ability!to!determine!these!3!quantities!with!a!sufficient!
level!of!accuracy.!

!

Figure#1:#The#all9particle#spectrum#from#air#shower#measurements#from#several#experiments#[1].#The#differential#energy#
2.6
spectrum#of#cosmic#rays#has#been#multiplied#by#E #to#make#features#easier#to#discern.#The#knee#and#ankle#are#indicated.#
Figure! 1! shows! the! cosmic! ray! flux! as! a! function! of! the! incident! particle! energy.! This! spectrum! can! be! described! by! a!
15
power!law!with!3!noticeable!changes!in!the!spectral!index:!the!steepening!of!the!spectrum!at!10 !eV!is!called!the!knee,!
18
19
the!second!change!in!slope!at!3!×!10 !eV!is!the!ankle!and!the!cut&off!above!3!×!10 !eV!marks!the!fall!off!of!the!spectrum.!
The!latter!feature!is!often!attributed!to!the!so&called!Greisen&Zatsepin&Kuzmin!(GZK)!effect!due!to!the!interaction!of!ul&
tra&high!energy!cosmic!rays!with!the!cosmic!microwave!background!(CMB)!radiation![2],!but!it!could!also!be!explained!as!
an! absolute! limit! of! cosmic! accelerators.! This! remaining! uncertainty! is! due! to! the! lack! of! statistics! and! the! poor!
knowledge!of!the!nature!of!the!primary!particles!in!this!energy!domain.!
The!interpretation!of!both!the!knee!and!the!ankle!is!still!also!subject!to!debate.!Particle!physics!explanations,!such!
as!the!appearance!of!a!new!kind!of!hadronic!interaction!at!high!energy,!are!conceivable!but!most!proposed!interpreta&
tions! call! for! astrophysical! reasons.! In! these! approaches,! the! knee! could! reflect! the! upper! limit! of! galactic! cosmic! ray!
accelerators!(supernova!remnants,!pulsars...)!and!then!another!but!less!pronounced!knee,!called!second!or!iron!knee,!is!
17
expected!around!5!×!10 !eV!for!heavier!components!of!the!primary!spectrum.!The!ankle!could!be!the!region!where!the!
transition!between!cosmic!rays!from!galactic!and!extra&galactic!origin!takes!place.!Another!scenario!interprets!the!ankle!
+ &
as!an!e /e !pair!production!dip!resulting!from!proton!propagation!over!large!distances!in!the!CMB![3].!Be!this!last!inter&
pretation! correct,! then! the! end! of! the! galactic! cosmic! ray! origin! would! rather! occur! between! the! ankle! and! the! knee.!
Changes!in!the!observed!composition!of!the!primary!spectrum!between!the!ankle!and!the!knee!are!then!expected!to!sign!
16
18
this!transition.!Up!to!now,!the!mass!composition!in!the!range!10 !to!10 !eV!has!barely!been!studied!and!only!few!data!
a Subatech, Ecole des mines de Nantes - CNRS/IN2P3 - Université de Nantes, Nantes, France
b Station de radioastronomie de Nançay, Observatoire de Paris, CNRS/INSU, Nançay, France
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above!10 !eV!is!available.!Instead,!most!of!the!experimental!efforts!over!the!last!decades!have!been!dedicated!to!the!
higher! energy! part! of! the! spectrum,! above! the! ankle,! where! cosmic! rays! are! expected! to! point! directly! toward! their!
sources.!The!need!for!high!quality!data!from!the!knee!to!the!ankle!is!nonetheless!patent!as!the!composition!in!this!part!
of!the!spectrum!holds!the!key!for!discriminating!between!several!theoretical!viewpoints.!

!
2.* The*radio*detection*of*cosmic*rays*
Two!detection!methods!are!commonly!used!in!high&energy!cosmic!ray!experiments,!coming!with!their!specific!as&
sets!and!drawbacks:!
•

•

First,!ground!arrays!of!particle!detectors!measure!particle!densities!on!the!ground!over!large!areas.!This!technique!is!
robust!and!benefits!from!a!high!effective!time!of!operation.!However,!it!can!only!detect!the!very!end!of!the!EAS!de&
velopment!and!misses!the!rich!information!contained!in!its!longitudinal!development.!As!a!consequence,!estimators!
of!the!energy!and!mass!are!largely!model!dependent.!
The!second!technique!uses!fluorescence!telescopes,!which!measure!nitrogen!fluorescence!occurring!in!the!atmos&
phere!due!to!the!interaction!of!charged!particles!in!the!shower!with!the!air!molecules.!As!emission!of!fluorescence!
light!is!isotropic,!the!shower!development!can!be!observed!from!the!side!and!the!fluorescence!telescopes!get!access!
to!the!longitudinal!development!of!the!shower.!Unfortunately,!this!detection!method!suffers!from!a!critical!duty!cy&
cle!of!the!order!of!14!%!due!to!the!clear!and!moonless!nights!needed!for!operating.!These!two!techniques!are!suc&
cessfully!employed!on!the!Pierre!Auger!Observatory![4],!which!is!currently!the!largest!instrument!dedicated!to!the!
observation!of!Ultra!High!Energy!Cosmic!Rays!(UHECR).!

The!last!decade!has!seen!the!rebirth!and!development!of!a!third!detection!method:!the!radio!detection.!It!is!based!
on! the! measurement! of! the! electric! field! emitted! by! the! air! shower! in! the! radio! frequency! domain.! This! electric! field,!
generated!at!high!altitude!by!the!charged!particles!in!the!EAS,!is!an!image!of!its!longitudinal!development.!Therefore!the!
shower! history,! corresponding! to! its! evolution! in! time,! is! contained! in! the! radio! signal! and! can! be! retrieved.! As! the!
ground!arrays,!the!radio!detection!does!not!suffer!from!limitation!in!its!time!of!operation.!Thus,!it!combines!a!high!effec&
tive!duty!cycle!with!the!sensitivity!to!the!longitudinal!development!of!the!shower.!This!makes!the!radio!technique!a!very!
promising! tool! for! high&energy! cosmic! ray! physics! as! both! the! mass! and! the! energy! of! the! primary! particle! should! be!
accessible!with!a!high!degree!of!accuracy!and!enhanced!statistics.!Therefore!the!involvement!of!the!cosmic!ray!commu&
nity! in! radio! detection! has! rapidly! grown! and! numerous! related! programs! have! been! created! over! the! last! few! years.!
Besides!pioneer!experiments!like!CODALEMA![5]!in!Nançay!and!LOPES![6]!in!Karlsruhe!(Germany),!the!radio!technique!is!
now! also! present! in! Argentina! at! the! Pierre! Auger! Observatory! with! AERA! [7]! and! earlier! with! its! prototypes! [8,! 9],! in!
Antarctica!with!RASTA!on!the!IceCube!neutrino!detector![10],!in!China!with!TREND!around!the!21CMA!radio!telescope!
[11]!and!at!last!on!LOFAR!in!the!Netherlands![12].!LOPES,!AERA,!TREND,!RASTA!measure!showers!at!frequencies!below!
80!MHz,!while!CODALEMA!bandwidth!extends!up!to!200!MHz.!LOFAR!has!both!a!low!frequency!(30–80!MHz)!and!high!
frequency!window!(110–250!MHz),!but!these!cannot!operate!simultaneously.!
France!is!involved!in!the!major!experiments!that!are!AERA,!CODALEMA!and!LOFAR.!AERA!is!focused!at!scaling!the!
2
detection!technique!up!to!much!larger!areas!and!thus!energies!and!has!by!now!instrumented!an!area!of!∼!6!km !with!a!
sparse!array!of!autonomous!antenna!stations,!like!CODALEMA!at!a!smaller!scale.!One!of!its!goals!is!to!cross&check!the!
mass!sensitivity!of!the!radio!measurements!directly!with!the!Auger!detectors.!In!contrast,!LOFAR!features!a!very!dense!
2
core!of!radio!antennas!over!an!area!of!∼!0.2!km !allowing!us!to!study!the!electric!field!profile!of!individual!air!showers!
2
with!very!high!precision.!With!1!km !equipped,!CODALEMA!lies!in!between!these!extremes.!
In!parallel!with!this!flurry!of!experimental!activities,!sophisticated!Monte!Carlo!simulation!codes![13,!14]!as!well!as!
macroscopic!models![15,!16]!have!been!developed!to!study!the!radio!emission!physics.!Two!mechanisms!occurring!in!the!
shower!have!been!identified!as!main!sources!of!the!radio!signal:!a!charge!asymmetry!building!up!in!the!shower!(electron!
excess!and!Askaryan!effect)![17]!and!the!systematic!separation!of!charges!due!the!Earth!magnetic!field![18].!Accordingly!
to!all!of!the!simulation!codes,!both!sources!should!contribute!to!the!creation!of!currents!inside!the!shower!but!the!emis&
sion! should! be! dominated! by! the! time! derivative! of! the! current! induced! by! the! geomagnetic! deflection.! Experimental!
observations!from!previous![19]!and!recent![20]!work!support!this!dominant!mechanism.!Today,!we!have!a! very!good!
understanding! of! these! emission! mechanisms,! down! to! the! secondary! contribution! of! the! time&varying! charge&excess!
radiation.!The!latter!has!been!experimentally!demonstrated!with!two!independent!types!of!observations![21,!22].!Build&
ing!on!this!understanding,!it!has!been!demonstrated!that!all!the!important!properties!of!extensive!air!showers!can!be!
deduced! from! radio! measurements,! in! particular! the! arrival! direction,! energy,! and! recently! mass&sensitive! observables!
for!individual!cosmic!rays.!

!
3.* Radio*detection*of*UHECR*in*France*with*radio>astronomy*facilities*
Since!2003,!the!Nançay!radio!observatory!is!hosting!the!CODALEMA!experiment,!which!was!promoted!by!2!groups!
from!the!CNRS&IN2P3!(SUBATECH!in!Nantes!and!LPSC!in!Grenoble),!and!people!from!the!LESIA!at!the!Paris!Observatory,!
with!the!strong!support!of!the!Nançay!radio!observatory.!Later!on,!the!2!groups!from!IN2P3!have!also!created!the!inter&
national!AERA!program!on!Auger!and!continue!to!be!involved!in!several!similar!programs!throughout!the!world,!among!
them!through!an!international!proposal!for!a!cosmic!ray!observation!mode!at!the!SKA!(so&called!"SKA&EAS").!However,!
the! Nançay! site! is! still! the! main! basis! of! development! of! the! technique! and! the! CODALEMA! experiment! still! produces!
very!high!quality!results!in!this!field!of!researches.!Either!at!Nançay,!Auger!or!SKA,!several!directions!will!be!followed!in!
the!coming!years.!They!concern!both!the!development!of!the!technique!(in!the!scope!of!a!further!giant!cosmic!ray!ob&
16
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servatory!involving!radio)!and!the!science!objectives!at!lower!energies!(10 !–!10 !eV),!due!to!the!relatively!low!extent!of!
the!intended!prototypes!and!to!the!interest!of!this!energy!range.!We!present!here!the!major!evolutions!that!will!be!led!
at!the!Nançay!observatory,!in!the!context!or!vicinity!of!the!radio&astronomy!instruments.!!

#
3.1.#EXTASIS#and#CODALEMA#
The!project!EXTASIS!(which!is!funded!since!2013!and!planned!for!4!years),!based!on!the!CODALEMA!experiment,!
aims!at!observing!and!using!the!radio!signal!of!the!so&called!"sudden!death"!of!the!air!showers!emitted!consecutively!to!
the!extinction!of!the!large!number!of!shower!particles!at!the!ground!level.!This!low!frequency!signal,!different!from!the!
one!already!used,!may!have!been!observed!in!the!past!but!without!any!formal!and!conclusive!interpretation!nor!use.!At!
present,!the!simulations!allow!us!to!refine!our!predictions!of!this!signal,!mainly!thanks!to!the!SELFAS!code!developed!at!
SUBATECH.!Meanwhile,!in!early!2015!the!CODALEMA!experiment!will!be!upgraded!by!the!addition!of!the!first!antennas!
dedicated!to!the!detection!of!the!sudden!death!signal.!This!signal!is!particularly!promising!for!estimating!the!nature!of!
the!primary!on!an!"individual"!basis,!a!major!objective!of!the!UHECR!community!since!5!years.!The!results!of!our!project,!
if!the!potential!of!discovery!is!confirmed,!could!lead!to!a!significant!change!in!current!cosmic!ray!detectors,!so!as!to!ena&
ble!them!to!detect!the!signal!of!sudden!death.!The!detection!range!of!this!signal!is!expected!to!be!much!larger!than!the!
one! of! the! geomagnetic! contribution,! thus! allowing! to! cover! very! large! areas! with! a! low! density! of! sensors.! The! main!
objectives!of!this!work!are:!
1.
2.
3.

Refine!the!computation!of!the!sudden!death!signal!by!taking!into!account!the!transition!radiation,!in!addition!to!the!
coherent!Bremsstrahlung!radiation!already!considered.!
Establishment!of!the!theoretical!and!analytical!correlation!and!of!the!sensitivity!of!the!sudden!death!signal! to!the!
shower!related!parameters!(in!particular,!the!nature!of!the!primary!cosmic!ray!and!its!initial!energy).!
Observation! and! operation! of! the! low! frequency! counterpart! (below! 20! MHz)! of! an! atmospheric! shower! also!
observed!and!confirmed!by!an!array!of!particle!detectors,!whether!in!Nançay,!France!(CODALEMA)!or!in!Malargüe,!
Argentina! (Auger).! At! first,! for! practical! reasons! of! proximity! and! quality! of! the! site! of! Nançay,! all! instrumental!
efforts!will!be!worn!on!CODALEMA,!thus!constituting!a!new!generation!hybrid!detector.!

In! that! respect,! CODALEMA! will! be! upgraded! by! the! addition! of! several! low! frequency,! vertical! polarisation! antennas!
aiming! at! detecting! the! sudden! death! signal.! Also,! 30! additional! particle! detectors! will! be! spread! out! over! the! current!
array,!in!order!to!sign!the!particle!contribution!and!enhance!the!global!understanding!of!the!shower.!

!

3.2.#NenuFAR9EAS#and#LOFAR#
The!project!"NenuFAR"!&!the!LOFAR!Super!Station!(LSS)!in!Nançay!&!is!a!major!extension!of!the!local!LOFAR!FR606!in&
ternational!station!that!will!dramatically!increase!its!total!sensitivity!and!resolution.!The!concept!of!this!super!station!is!
described!in![25].!It!will!benefit!from!the!proximity!of!the!new!setup!of!the!CODALEMA!experiment![23]!and,!further,!the!
EXTASIS! equipment.! CODALEMA! and! the! antennas! of! EXTASIS! will! surround! NenuFAR! and! FR606! with! 57! standalone!
2
antennas!and!43!particle!detectors!spread!over!an!area!of!1!km .!The!1824!crossed!dipoles!of!NenuFAR,!operating!in!the!
10!–!87!MHz!frequency!range!are!perfectly!adapted!for!cosmic!ray!radio!detection.!Both!instruments!will!operate!jointly!
and!will!benefit!from!their!complementary!designs:!triggered!by!CODALEMA,!NenuFAR!will!provide!a!high!density!anten&
na!array!and!CODALEMA!a!large!detection!surface.!Moreover,!FR606!can!also!be!used!in!a!cosmic!ray!mode,!as!it!is!al&
ready!done!by!the!Superterp!in!the!Netherlands.!Associating!the!high!antenna!density!of!FR606,!the!medium!antenna!
density!of!NenuFAR!and!the!rather!sparse!array!of!CODALEMA!will!provide!a!unique!opportunity!worldwide!to!detect!the!
same!air!shower!events!at!different!antenna!density!scales.!In!that!respect,!the!future!installation!will!combine!the!per&
16
18
formances!of!LOFAR!and!AERA!in!the!very!intermediate!energy!domain!of!10 !&!10 !eV:!currently,!LOFAR!reaches!these!

energies! with! a! high! density! of! antennas! but! few! information! on! large! distance! electric! field! profile,! while! AERA! does!
exactly!the!opposite.!Figure!2!shows!the!map!of!the!final!setup!that!will!be!used!in!Nançay.!This!environment!provides!an!
unique!opportunity!to!test!all!the!possibilities!of!cosmic!ray!radio!detection!offered!by!the!various!instruments,!among!
them!the!NenuFAR!radio&telescope!alone!as!a!"SKA&EAS!program"!pathfinder.!This!will!constitute!a!milestone!in!the!de&
velopment!of!radio!instruments!as!it!will!make!both!activities,!radio!telescope!and!cosmic!ray!detector,!fully!compatible!
for!the!very!first!time.!
!

!
Figure#2:#Aerial#view#of#the#Nançay#observatory.#White#squares#feature#the#57#CODALEMA#autonomous#radio#detection#
stations,#red#squares#the#current#13#scintillators#(soon#completed#with#30#more#associated#with#radio#stations),#and#yel9
low#hexagons#the#mini9arrays#of#NenuFAR.#The#LOFAR#station#is#also#mentioned.#The#location#of#the#future#low9frequency#
antennas#of#EXTASIS#is#not#known#yet.#

!

3.3.#Science#objectives#
The!primary!science!objective!of!the!future!cosmic!ray!programs!in!which!French!community!is!involved!is!to!search!
for!the!transition!region!between!galactic!and!extra&galactic!cosmic!rays!in!the!spectrum.!The!Nançay!setup!is!also!par&
ticularly!well!designed!to!explore!the!low!part!of!the!frequency!spectrum!of!the!EAS!radio!signals!thanks!to!its!high!fre&
quency! resolution! and! large! frequency! bandwidth.! The! frequency! spectrum! of! the! regular! EAS! radio! signals! is! indeed!
expected!to!be!maximum!around!15!MHz!or!at!even!lower!frequencies!([13]!to![16]).!Moreover,!the!low!frequency!com&
ponents!benefit!from!a!lower!attenuation!with!shower!axis!distance!compared!to!higher!frequencies,!hence,!the!use!of!
this!part!of!the!spectrum!should!enhance!the!detection!performances!of!the!radio!technique!at!large!distances.!
Among!the!last!steps!needed!to!validate!radio!detection!as!a!mature!probe!for!cosmic!ray!physics,!the!identification!
of!the!mass!of!the!primary!is!of!paramount!importance.!Several!paths!are!currently!followed!to!extract!the!primary!mass!

from! the! radio! signal:! the! measurement! of! the! radius! of! curvature! of! the! radio! wavefront,! the! measurement! of! the!
ground!profile!of!the!electric!field,!its!polarization!or!its!frequency!spectrum.!It!has!recently!been!demonstrated!that!with!
its!high&precision!measurements!of!the!profile,!LOFAR!is!able!to!gather!very!accurate!information!on!the!mass!of!individ&
ual!cosmic!rays!by!fitting!simulated!two&dimensional!radio!power!profiles!to!the!data![25].!More!advanced!techniques!
that! incorporate! the! polarization,! spectrum! and! arrival! time! of! the! radio! pulse! will! improve! the! reconstruction! quality!
further!and!will!be!tested!on!the!Nançay!instrumental!setup.!It!should!then!be!possible!to!identify!the!different!source!
components!(protons!and!other!nuclei)!between!the!second!knee!and!the!ankle.!A!change!observed!in!the!average!com&
position! in! this! energy! region! is! expected! to! sign! the! transition! region! between! cosmic! ray! from! galactic! and! extra&
galactic!origin.!
!
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Synergy with ALMA
Abstract : ALMA is becoming fully operational now in 2014, and will be extended in both
configurations and receivers in the following years. It is working in synergy with SKA on
several main cosmology drivers, such as the epoch of reionization (EoR), galaxy formation
across the Hubble time, star formation and the cosmic evolution of cold gas in galaxies, AGN
gas outflows, absorbers in front of remote quasars. It is also fundamental for the physics of
star formation, and the proto-planetary disks, the cradle of life.
1-Probing the dark ages
ALMA is able to detect and study in detail star forming objects at z>6, in the middle of the
dark ages. This is particularly useful, since the Lymanα emitters are more and more difficult
to detect in the dark ages, due to absorption along the neutral-HI patchy line of sight (e. g.
Taylor & Lidz 2014). With the present mm instruments, only a handful of objects, mainly
quasars and starbursts, have been detected at z>6 (e.g. Venemans et al 2012), but bigger
surveys will soon be done with ALMA, going down to lower luminosity objects, on the main
sequence of star formation.
2-Formation and evolution of galaxies
Surveys are now being carried out, to probe the molecular gas in the main sequence of star
forming galaxies, at various redshifts (e.g. Tacconi et al 2013). This allows the determination
of the cosmic evolution of cold gas content (cf Figure 1), a key factor to understand the
cosmic evolution of star formation rate density. Tackling the total gas reservoir (HI with SKA
and H2 with ALMA) is a paramount ingredient to determine galaxy evolution, through gas
accretion, star formation and feedback, quenching due to environment, or morphology
quenching, AGN outflows etc..
.

Figure 1 Evolution of the cosmic H2 mass density versus redshift, comparing observational
limits obtained from blind detections in the Hubble Deep Field North by Decarli et al. (2014)
shown in blue-shaded areas, to predictions from semi-analytical cosmological models
(Obreschkow et al. 2009; Lagos et al. 2011) and empirical predictions by Sargent et al. 2014
(grey-shaded areas). The evolution of the atomic gas mass density (ρHI) and of the stellar mass
density (ρ(M∗)) are also plotted (from Walter et al. 2014).
!
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3-AGN feedback, absorbers in front of quasars
It has been established through the CO lines of high-z quasars that the super-massive black
holes (SMBH) were more massive relative to their spheroidal hosts then expected from the
M-s relation locally (Wang et al 2013). The demography of SMBH, their growth and the
associated feedback will be addressed bith with ALMA and SKA in a complementary fashion.
Also millimeter absorptions in front of quasars will provide a wealth of data along the line of
sight at any z (cf Figure 2).

Figure 2 Millimeter spectrum in front of the PKS1830-211 quasar, at z=2.5. The quasar is
lensed by an intervening galaxy at z=0.89 providing a very rich absorption spectrum (Muller
et al. 2014)
4-The Cradle of life
ALMA will study in details protoplanetary disks, their chemistry, their dynamics, and ability
to form future planets (e.g. Dutrey et al 2014). This will bring an enormous synergy with the
centimeter studies of the same objects with SKA, which will detect the lines of heavy organic
molecules, radiating more in this domain, and of thermal emission from dust, with different
size spectrum and nature.
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Synergy with GAIA
Abstract : SKA will have powerful astrometry capacities, with the help of very long
baselines. The longest ones will be of the order of 3000km, so providing VLBI with only one
array, in contrast of previous VLBI measurements, using in general several instruments over
the world, with the corresponding difficulties. This is in synergy with GAIA which will soon
provide astrometry of billion of galactic and extra-galactic sources, at optical wavelengths.
1-Astrometry
Today, radio interferometry using intercontinental baselines (VLBI) is the way to reach the
highest precision in astrometry. Regularly, the sky is observed with remote radio-sources,
giving beacons with a precision higher than the milli-arcsecond (mas). This builds the ICRF
(International Celestial Reference Frame), recognized fundamental by IAU. Having absolute
positions with high astrometric accuracy allows a large number of applications, and in
particular astrophysical ones. Repeating these observations provides parallaxes and proper
motions, which will be used in particular in the Local Group to obtain distances and
kinematics. This will change completely our view on the nature, evolution and formation of
our Milky Way, and our neighboring galaxies.
At optical wavelengths, GAIA will surpass the present precision, and will achieve between 7
and 300 micro-arcsecond precision in positioning, depending on the magnitude of the object,
in the range 10 to 20 Vmag.
2-Masers
Let us note that GAIA will not sample the disk of the Milky Way, because of crowding and
dust extinctions, but only high latitudes. To have parallaxes of sources in the MW plane, the
masers associated to star forming regions, and observed in VLBI are complementary and
unique (e.g. Bessel, Reid et al 2014). The advent of SKA will generalize these precise
measurements of masers in the Milky Way, in discovering many more targets.
3. Exoplanets
GAIA will discover dozens of thousands of exoplanets by transit. These targets would be used
by SKA to try and detect extremely weak extraterrestrial radio signals greatly expanding on
the capabilities of projects like SETI. This synergy will overlap the key driver “Cradle of
life”, in which SKA will search for heavy organic molecules, radiating in the centimetric or
decametric domain, to develop astrobiology. For example, amino acids, the building blocks of
life, are still to be discovered in space and proto-planetary disks.
4. Fundamental physics
GAIA will measure the deflection of light coming from stars by the Sun and objects in the
solar system. The precision on the deflection will be of the order of 1-2 10-6, and be able to
test general relativity, and the constant γ of post-newtonian formalism. SKA will also probe
departures from general relativity in strong fields near black holes.! It will be possible to
search for gravitational waves through the detection and timing of dozens of thousands of
pulsars in the Milky Way.
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Synergies for SKA with E-ELT and JWST: Gas and Stars in Galaxies
Abstract : Although the future large optical instruments, JWST and E-ELT, will have
very small fields of view, negligible with respect to those of SKA, the synergies will be
numerous in the physics of galaxies, their formation and evolution at all redshifts: gas content
and reservoir to fuel the star formation, gas flows indicating AGN fueling or feedback,
metallicity, dynamics and rotation curves, stellar populations, and cosmic history of star
formation and quenching.
Europe is in the exciting phase of developing the next generation of truly
revolutionary new capabilities in not only the development of the SKA, but also in our
building of the European Extremely Large Telescope (E-ELT) by the European Southern
Observatory (ESO) and our participation with our international partners in building and
launching the James Webb Space Telescope (JWST). The SKA is a truly powerful survey
instrument of the radio continuum and HI emission from galaxies over cosmic time. The SKA
probes the evolution of HI - a substantial, perhaps the dominate, gas phase throughout the
evolution of the universe, and in the radio continuum - a sign post of charged particle
acceleration and magnetic fields which trace star formation and the fueling and energy release
of supermassive black holes. The E-ELT and JWST being optical and near- and thermalinfrared telescopes trace the warm neutral and interstellar and warm molecular media (Te ~
103.5-6.5 and ne ~0.01-1000 cm-3) in both the halos and galaxy proper and the evolving stellar
populations of galaxies.
The SKA measures its field size in degrees (field-of-view 10-40 deg2) and spatial
resolution in 100s of milli- to arc seconds, while the E-ELT and JWST have fields-of-view of
arcminutes (10-100 arc minutes2) and spatial resolutions of 10-100 milli-arcseconds. Where
do the synergies lie with such vastly different capabilities and probes of galaxy evolution?
Deep HI and continuum imaging with SKA will detect galaxies with moderate HI
masses out to z~1 plus high mass objects to redshifts ~3, and allow us to determine starformation rates and AGN power through radio continuum observations as well as separate the
emission due to AGN from that of star formation in the host galaxy. We can also look for relic
radio sources indicative of past AGN activity, enabling a robust understanding of the
frequency at which AGN are fueled. Thus it will provide a comprehensive picture of the gas
content of galaxies (in combination with ALMA) within a few Gyr of the Big Bang and trace
the history of star formation and AGN activity out to the highest redshifts.
Of course, since the fields of view of the JWST and E-ELT are much smaller,
combined observations will focus on particular areas of the sky and relatively smaller samples
of galaxies which are well-studied individually. JWST observes over the wavelength range
0.6-27 µm with deep imaging, long- and multi-slit and integral field spectroscopy of
individual sources at resolutions of a few 1000. JWST provides the deepest imaging at the
highest resolutions possible as well as providing the most sensitive spectroscopic detection
limits beyond about 2.5 µm. These capabilities imply its strengths lie in determining the
stellar masses, growth histories, and the metallicities of the gas and stars down to the faint low
mass galaxies out to the highest redshifts in selected fields or particular targets. The E-ELT on
the other hand, with its large light grasp is particularly adept at deep rest frame UV and
optical spectroscopy and in determining the spatially resolved properties of distant galaxies
and the nature of individual stars or stellar populations in nearby galaxies. At the highest
spectral resolutions (~100000), the E-ELT will provide crucial constraints on the metallicity
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and characteristics of gas in the halos of distant galaxies and in the inter-galactic medium
generally through observations of QSOs and gamma-ray bursts.
The synergies between these observatories will allow us to trace the gas flows
necessary to fuel the star formation and supermassive black hole growth from ``cradle to
grave'' (cosmological accretion to star formation) and its resurrection (outflows and feedback
from stars and AGN). Observations of absorption line gas in the halos of galaxies with the EELT for large samples of relatively faint QSO and GRBs will enable us to determine the gas
accretion rate with time. HI observations of distant galaxies with SKA and of the H2 rotation
lines with JWST will enable us to constrain the cooling of this halo gas down to galaxy scales
and its conversion to cold molecular gas (ALMA observations of the IR [CII] line are also
crucial). This can then be combined with the star formation history, dynamics of the galaxy
and the metallicity of the gas and stellar populations to understand the impact of accretion rate
of gas on the galaxies history. This cycle of accretion may be broken or limited by feedback
from stars and AGN. We can probe the outflow portion of the feedback cycle through the
observations of HI in absorption, in its overall kinematics with SKA as well as rest-frame UV
and optical absorption line gas to constrain the mass and energy outflow rates and where the
energy of stars and AGN is deposited. The overall dynamics of the gas, even probed through
the complexity of accretion and outflows, will eventually even allow us to attach individual
galaxies to their halos through mass estimates as a function of radius. Through such studies,
we can trace the relationship between galaxies and the growth and evolution of the cosmic
web both the dark matter and the baryons.
Of course, having the SKA, JWST, and E-ELT working together will provide an
abundance of research opportunities about which we can only touch upon here. But the
overall outcomes just from this brief synopsis is exciting: star-formation history, growth of
the stellar populations and metallicity, co-evolution of AGN and galaxies, probing the gas in a
species that literally trace gas from 3000-106 K is exciting in itself especially the currently
understudied warm atomic and molecular phases of distant galaxies will allow us to connect
populations as a function of epoch and gas content of the galaxies, and many other things. In
short, we will begin to connect galaxies to the cosmic web and thus to the growth of their dark
matter halos but only by exploiting the synergies between these 3 great observatories.
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Synergies with SVOM
S.D. Vergani
Abstract: SVOM is a Chinese-French mission dedicated to gamma-ray burst (GRB) detections and studies whose
launch is foreseen by the end of 2021. The SVOM satellite will be a source of triggers for GRB studies with the radio
facilities. The synergy between SVOM and radio arrays could also bring to the identification of GRBs coming from the
very high redshift Universe, associated with the first massive stars.
1-SVOM
The SVOM satellite (Godet et al. 2012) is a Chinese-French mission whose launch will take place by the end of 2021.
On board of SVOM there will be a combination of multi-wavelength space payloads (see Fig. 1). GRBs will be detected
and located by the ECLAIRs wide-field camera working from 4 to 150 keV, whereas the Gamma-Ray Monitor (GRM)
will enable to measure the spectral parameters of the prompt emission. The 0.3-10 keV Micro channel X-ray Telescope
(MXT) and the Visible Telescope (VT) covering simultaneously the 400-900nm range will detect the afterglow and
refine the position of the GRBs from a few dozens of arcsecs to sub-arsec accuracy, respectively. The GRB triggers
obtained by SVOM will be also followed-up by ground-based facilities. Space and ground-based data will be used to
study the GRB physics and to use GRBs as cosmological probes.

Fig. 1 : The SVOM
mission satellite and
instruments
2-GRBs
Radio observations of GRB afterglows are fundamental in providing insights into their physics and environment, and in
constraining the true energetics of these sources. Joint SVOM-radio and multi-wavelength data will be used to
determine the origin of the radiation emitted during the afterglow phase and to verify the existence of radio emission
during the prompt phase.
Radio GRB afterglows are usually weak (flux at peak less than 1mJy). Only a few percent of them are detected with
present radio instrumentation (see fig. 2). The SKA precursor MeerKAT will detect more than 80% of them and with
the SKA array it will be possible to routinely detect also the transition to the non-relativistic phase of the afterglows of
SVOM detected GRBs, providing an estimate of the total kinetic power of the jet. In fact, during the SKA era the
number of detected GRB radio afterglows will be limited only by the sensitivity of the flying satellites. SVOM will be
more sensitive than current satellites to the soft GRBs, therefore improving also the number of radio detection of these
sources, possibly related to high redshift events.

Fig. 2: Peak
flux versus
time of the
peak (observer
frame) of the radio afterglow light-curve of the population of GRBs at three frequencies (from Ghirlanda et al. 2013).
3-Very high z GRBs

The collection of SVOM instruments on board and on the ground are optimized for the detection of
high-z GRBs. Since the peak time of radio afterglow light-curves is larger for very high-z GRBs,
radio afterglow detections can pinpoint to high redshift GRBs even without optical/near-infrared
afterglow observations. Moreover radio detections can also allow the identification of PopIII GRBs.
This can be achieved also at LOFAR frequencies. In fact, a strong radio signature is expected for
GRBs originating from PopIII stars (see fig. 2), with high peak fluxes and much larger peak times
(e.g.: Toma et al. 2011). Radio afterglows of PopIII star GRBs can also in principle be used as
background sources for 21 cm absorption line detections.
4-GW from SGRBs

The gravitational-wave detectors LIGO and Virgo will soon resume observations in an advanced
configuration leading to a ten-fold improvement of their sensitivity and hence increasing the
number of accessible sources by a factor of 1000.
There are indications that short-hard GRBs are associated with neutron star mergers. If this is true, a
Gravitational Wave (GW) signal is expected. Advanced LIGO/Virgo will provide detections with
extremely large position errors (~100 square degrees). Wide-field instruments are fundamental to
follow-up the GW trigger so as to determine the origin of the GW. The detection of GRB (prompt
or afterglow) electromagnetic counterpart signal with the high energy instruments on board of
SVOM and with the wide-field radio arrays will allow the identification of the GW emitter and
constrain its nature.
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X-rays (G. Pratt)
Abstract : The combination of radio and X-ray observations gives insights into the interplay
of thermal and non-thermal emission across a wide variety of astrophysical sources. In this
context, the coupling of SKA observations with missions offering deep X-ray survey
capability, or new X-ray instruments with unprecedented angular resolution and sensitivity,
will lead to new insights. The present contribution discusses such possibilities in the context
of galaxy cluster observations for the next-generation X-ray survey, eROSITA (2016), and
ESA’s next-generation X-ray observatory, Athena (2028). Exploitation of existing missions
such as XMM-Newton, Chandra, and Suzaku, as well as the upcoming Japanese mission
Astro-H, will of course continue as SKA comes on-line.
1-eROSITA
The extended ROentgen Survey with an Imaging Telescope Array (eROSITA, Merloni et al.,
2012) is the primary instrument on the Russian Spektrum-Roentgen-Gamma (SRG) mission,
to be launched in 2016. eROSITA has been conceived to perform a deep survey of the entire
X-ray sky that will be about 20 times more sensitive than ROSAT in the soft (0.5-2 keV)
band; in addition, the satellite will undertake the first true imaging survey in the hard (2-10
keV) band. The 7 eROSITA telescopes combined will have an effective area of 0.14 m2 at 1
keV, a field of view of 1.03°, and an average survey-mode angular resolution of ~28” in the
soft band and ~40” in the hard band. Over the course of its 4-year survey, eROSITA is
expected to detect ~105 galaxy clusters up to z > 1, and 3 x 106 AGN across the extragalactic
sky, in addition to Galactic objects such as accreting binaries, active stars, supernova
remnants, and diffuse emission within and without the Galaxy.
A fraction of the X-ray sources discovered in the eROSITA survey will also emit in radio
wavelengths. Cross-comparison of X-ray and radio surveys will enable improved source
identification and source classification (e.g., of AGN into radio-loud and radio-quiet classes).
New discoveries of Galactic and extragalactic accreting black holes will enable the black hole
fundamental plane (e.g., Merloni et al. 2003) to be examined in greater detail and at greater
dynamic range, leading to new insights into the relationship between accretion and ejection
through the disc-jet connection.
SKA is also expected to detect thousands of extended radio sources associated to the nonthermal (synchrotron) emission from galaxy clusters (haloes, relics and individual radio
galaxies). Extended halo and relic emission in particular is seen to be associated to cluster
dynamical state; this information will be useful in combination with information on the X-ray
morphology and global parameters obtained from the eROSITA survey to provide insights
into the formation and astrophysics of haloes and relics, and the cluster cosmic ray population
in general. Furthermore, estimates of the magnetic field strengths in the intracluster medium
(ICM) can be obtained from measurements of Faraday rotation through the ICM, in
combination with an independent measurement of the ICM electron density (e.g., Clarke et al.
2001). The intrinsic polarisation of the source need not be known, as the effect can be
observed as a characteristic wavelength-dependent rotation measure (RM) signature. Thus the
combination of X-ray and radio observations gives unique insights into cluster-wide magnetic
fields. The All-Sky SKA Rotation Measure Survey aims to increase by five orders of
magnitude existing data sets by providing an all-sky grid of Faraday rotation measures at a
spacing of 20-30” between sources. Combined with measurements of the electron density
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from eROSITA measurements, this rotation measure grid will improve immeasurably our
knowledge of the spatial distribution, physical characteristics, and evolution of galaxy cluster
magnetic fields.
2-Athena
The Advanced Telescope for High ENergy Astropysics (Athena, Nandra et al., 2013) has
recently been selected as the ESA L2 mission, scheduled for launch in 2028. Athena has been
conceived to combine a large effective area X-ray telescope with state-of-the-art
instrumentation for spatially-resolved X-ray imaging spectroscopy. The telescope, based on
ESA’s Silicon Pore Optics technology, will have an effective area of 2 m2 at 1 keV, coupled
with an angular resolution of ~5” (Willingale et al. 2013). The Athena Focal Plane Assembly
will carry the X-ray Integral Field Unit (X-IFU) for high-resolution (ΔE ~ 2.5 eV) X-ray
spectroscopy (Barret et al. 2013), and the Wide Field Imager (WFI) for X-ray imaging across
a 40’ field of view (Rau et al. 2013).
Athena is an observatory-class mission that will make detailed observations of many
astrophysical objects, so the area of overlap with SKA is potentially vast. Areas in which
combined Athena X-ray and SKA radio observations are expected to provide particular
insight include:
1) Particle acceleration and the physics of supernova remnants (Decourchelle et al. 2013).
2) The relationship between turbulence and bulk motions in the ICM and the presence of
radio haloes (e.g., Cassano et al. 2013).
3) The detailed physics of shock acceleration in galaxy cluster radio relics (e.g., the
“Toothbrush” relic, Ogrean et al. 2013).
4) The balance between heating and cooling in the centre of galaxy clusters and its
relationship to the interaction between the central AGN and the ICM.
5) Detailed studies of cluster magnetic fields and the build up of cosmic magnetism from
z~2 to the present through rotation measure studies.
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Chapter 1
Instrumentation
Steve Torchinsky, Philippe Zarka, Baptiste Cecconi, Guy Kenfack, Stéphane Gau↵re,
Benjamin Censier, Cédric Viou, Laurent Denis, Benjamin Quertier, Michel Tagger,
Rodolphe Weber

1.1

Introduction

France has a long history of instrumentation development in support of radio astronomy
from frequencies as low as 10 MHz and up through the GHz range and beyond. This
chapter focuses on development primarily for the lower frequencies up through to ⇠20 GHz
which is the currently proposed maximum frequency for the Square Kilometre Array.
French laboratories are involved in all aspects of system development, including the design
and implementation of components as well as the system integration, control systems,
and test and characterization. Particular areas of expertise include system architecture
development, implementation, and operation such as for NenuFAR, and EMBRACE. The
radio astronomy laboratories in France are also world leaders in component and subsystem
development, such as for Radio Frequency Application Specific Circuits, Analog-to-Digital
conversion circuits, Digital Signal Processing, and Metrology.

1.2

Ground based Low Frequency: LOFAR/NenuFAR

Decades of dedicated observations of Jupiter and the Sun at low frequencies (LF) at
Nançay, with the decameter aray (10–100 MHz) and the radioheliograph (discrete frequencies between 150 and 450 MHz) gave LF expertise to the French community. Some
of its members participated to the definition and scientific case of the LOw Frequency
ARray (LOFAR) since the initial stage of the project. Following contacts between Nançay
and LOFAR, and discussions within the French scientific community, the INSU prospective of 2003 provided the initial momentum to LOFAR/SKA/FASR activities in France.
Year 2006 was a key date for the French participation in LOFAR: the FLOW consortium was created and held its first meeting in March of that year which resulted in
1

the LOFAR/FLOW science case (Tagger et al. , 2006) on the basis of which INSU and
Observatoire de Paris decided to fund the French LOFAR station in Nançay. At the
same time, formation and P.I.-ship of a planet-exoplanet working group was proposed to
P. Zarka by the “Transients” Key Science Projects (http://www.transientskp.org/).
First long baseline LF fringes were obtained on Jupiter between the Nançay decameter
array and LOFAR’s test Core Station 1 (Nigl et al. , 2014). LOFAR commissioning
observations extended over 2009-2011. The Nançay LOFAR station (FR606) was inaugurated in May 2011. LOFAR scientific operations started in December 2012, with the
complete instrument described in (vanHaarlem et al. , 2013), and proceeds now with
semester calls for observations. Several tens of scientific papers have already been published in refereed journals. The FR606 station is regularly used within the International
LOFAR Telescope (see e.g. (Moldon et al. , 2014)) as well as in “standalone mode”
(http://www.obs-nancay.fr/Observer-avec-LOFAR-FR606.html).
LOFAR is an interferometer of phased arrays centered in The Netherlands but extending across Europe, with maximum baselines of (presently) ⇠1300km. Gathering
thousands of antennas in the band 30-80 MHz (down to 10 MHz with reduced sensitivity)
and tens of thousands in the range 110-250 MHz, LOFAR brings an increase > 1 order
of magnitude in sensitivity and > 2 orders of magnitude in angular resolution over all
existing instruments, being the first real LF spectro-imager. It addresses many fields of
astrophysics. LOFAR’s design philosophy is based on the use of relatively simple but
numerous antennas, coupled via a powerful and complex software. It is the first truly
“digital radiotelescope”. As a consequence, its capabilities improve permanently with
new versions of the central correlator and of the real-time and analysis software. The
French community is significantly involved in LOFAR observation programs (5 to 10% of
P.I.’s and Co.I.’s in cycles 0-2), and its contribution is especially remarkable concerning
the LOFAR imaging tools (direction-dependent imager by Tasse et al. (2013), and advanced methods such as nonlinear Kalman filters (Tasse , 2014) and compressed sensing
Garsden et al. (2014)).
In parallel with the exploitation of LOFAR, an original concept of LOFAR superstation
was developed in Meudon & Nançay, named NenuFAR. It consists of a large array antennas
being both a major LOFAR extension and a large standalone instrument in the range 1085 MHz. The instrument and its foreseen science are described in (Zarka et al. , 2012) and
(NenuFAR , 2014). NenuFAR has a hierarchical structure composed of 96 mini-arrays of
19 dual polarization antennas. Each mini-array is analog-phased and the 96 units feed
the LOFAR backend (and telescope) or a dedicated receiver. It will permit observations
with high instantaneous sensitivity, coarse resolution imaging for transient searches in
Standalone, and ultra-sensitive long (and short) baselines within LOFAR (and possibly
a second LOFAR core). In addition to significantly improving LOFAR’s capabilities,
NenuFAR will be a large LF instrument with privileged access to the French community
(even if driven by a program commitee and open to international use). As such, we
expect it to play an important role in building a large, strong LF radio community (both
technical and scientific), ensuring an optimal exploitation of LOFAR and SKA. NenuFAR
is presently 1/3 funded, and 1/4 of the instrument (24 mini-arrays) will be built and
operational in 2015. Its construction permitted to re-build in Nançay a technical expertise
on all aspects of radiotelescope design, and it is in the process of being officially labelled
a SKA pathfinder (as LOFAR).
2

The renewal of a strong LF radio community in France is now strategic. Our community has a scientific expertise in many fields for which LF radio observations are relevant
(cf. (Goutelas , 2011) and the other chapters in this White Book). Today, LOFAR works
! and there is an immense field to explore with it. In doing so, expertise will be gathered
in advanced interferometric imaging, beamformed and waveform (time domain) observations. This interdisciplinary community will then have the possibility to fully exploit
NenuFAR, preparing a strong scientific involvement in SKA. The development of expertise
should go along with hiring young scientists.

1.3

Ground based Mid Frequency: SKA

The concept of digital aperture plane phased arrays is being pushed to higher frequencies
where it reaches the extreme configuration of densely packed arrays, separated by only half
a wavelength. The result is a fully sampled, unblocked, aperture, with all the advantages
of an interferometric array: aperture synthesis providing images with hundreds of square
degrees field of view, and with high angular resolution for each “pixel” in the image.
Observatoire de Paris has been a major partner in the development of dense phased
arrays for radio astronomy since 2005, working closely with The Netherlands Foundation for Radio Astronomy (ASTRON). The joint project is called EMBRACE (Electronic
MultiBeam Radio Astronomy Concept). With significant funding from European Commission FP6 project SKADS, an EMBRACE prototype was built and is operational at
Nançay since 2010(Torchinsky et al. , 2013). The Observatoire de Paris developed the
analog integrated circuit responsible for the first stage of beam forming (Bosse et al. ,
2010), and also provided the sophisticated Monitoring and Control software (Renaud et
al. , 2011). Observatoire de Paris continues to be responsible for the characterization and
operation of the EMBRACE prototype with an on-going observing programme.
In 2012 the Laboratoire d’Astrophysique de Bordeaux joined the partnership with
ASTRON and Observatoire de Paris, and together we are developing an improved version of the EMBRACE technology to improve performance, reduce power consumption,
and reduce construction and installation costs. In France, we are responsible for the
development of the Application Specific Integrated Circuits for beamforming, filtering,
amplification, and also for Analog-to-Digital conversion. This is in addition to our continuing role with the characterization and testing of prototypes. Other expertise in France
will also play a role in the MFAA development, including digital signal processing, and
algorithm development for radio interference mitigation. All this work is carried out in
the Aperture Array Mid Consortium which is responsible for the Mid Frequency Aperture
Array (MFAA) workpackage of the Square Kilometre Array.

1.4

Space Based Low Frequency

Radio emissions below ⇠10 MHz are usually not observable from the ground, because
of the ionospheric cuto↵ which reflects radio waves below that threshold. Furthermore,
3

even at higher frequencies, the Earth’s electromagnetic environment is not clean: the low
frequency radio “smog” is preventing the radio astronomer to operate instruments below
⇠15 MHz. In addition, the radio frequency sky is dominated by the galactic synchroton
emission, which is peaking at about 3 MHz and decreases steeply at lower frequencies
(Cane, 1979; Dulk et al., 2001).
The closest place around Earth to get a clean radio sky is the far side of the Moon,
which has been considered as such even before the Apollo missions. The Moon’s ionosphere has a low frequency cuto↵ at ⇠0.5 MHz on the day side, and no ionosphere was
detected on the night side(Vyshlov , 1976). The Solar Wind itself has a low frequency
cuto↵ at ⇠5 kHz.

1.4.1

Science Opportunities

A wide range of science opportunities has been identified for a low frequency radio instrument in space: (a) LF sky mapping and monitoring: radio galaxies, large scale structures
(clusters with radio halos, cosmological filaments...), including polarization, down to a few
MHz; (b) Cosmology: pathfinder measurements of the red-shifted HI line that originates
from before the formation of the first stars (dark ages, recombination); (c) Interaction of
ultra-high energy cosmic rays and neutrinos with the lunar surface; (d) Low-frequency
radio bursts from the Sun, from 1.5 Rs to ⇠1 AU: Type II & III, CME; (e) Space weather:
(i) Passive: through scintillation and Faraday rotation; and (ii) Active: through radar
scattering; (f) Auroral emissions from the giant planets’ magnetospheres in our solar system: rotation periods, modulations by satellites & SW, MS dynamics, seasonal e↵ects...
It would be the first opportunity in decades to study Uranus and Neptune; (g) Detection
of pulsars down to VLF, with implications for interstellar radio propagation: LF cuto↵ of
temporal broadening in 1/f 4.4 ; (h) The unknown... Furthermore, interferometric imaging
capabilities will be a tremendous step forward for the study solar system radio sources,
as the current instrumentation allows only very limited imaging with strong hypothesis
on the observed radio waves.

1.4.2

Current Radio Instrumentation in Space

The space based radio instrument sensors are simple dipole antennas. It is currently
impossible to deploy a large enough reflector that would provide angular resolution at
very long wavelengths (i.e., down to a few 100 km). However, the radiation pattern of
a dipole is well known in its so called “quasi-static” range (i.e., when the wavelength is
much larger than the sensor length). Using a set of 3 orthogonal dipoles, it is possible
to measure the orientation of the electric vector polarization plane of the radio wave.
Assuming we are observing a plane wave with transverse propagation, we can derive the
wave vector direction and the waves Stokes parameters (flux density and polarization).
This technique is called Goniopolarimetry (Cecconi , 2013). Figure 1.1 is showing the
location and polarization of Auroral Kilometric Radiation at Saturn, as derived from the
Cassini/RPWS data.
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Figure 1.1: Auroral Kilometric Radiation at Saturn, as derived from the Cassini/RPWS
data. Left hand panel shows radio wave direction of arrival as seen from the spacecraft.
Right hand panel shows the radio source locations magnetically projected on the outer
layer of the planet. Straight line and transverse propagation has been assumed here, as
well as a radio emission mechanism (namely the Cyclotron Maser Instability). Figure
taken from Cecconi et al. (2009)
Sensitive low frequency radio receivers in space connected to long and thin antennas are
also capable of passively sensing the local plasma properties, using the so-called “Quasithermal noise spectroscopy” which provides local plasma density and temperature (MeyerVernet and Perche, 1989).

1.4.3

Future Instrumentation

The future of space based radio instrumentation will have miniaturized fully digital radio
receivers as well as interferometric capabilities with a large number of antennas distributed
over distances up to 100 km. Nanosat platforms are providing a very concrete path for
such instruments and a lot of projects using multiple nanosats (with or without a mother
spacecraft) are now under study, e.g., the OLFAR project (Orbiting Low Frequency Antenna for Radioastronomy) led by ASTRON, in the Netherlands.

1.5

Radio Frequency Application Specific Integrated
Circuits

The Application Specific Integrated Circuit (ASIC) is an efficient way to implement the
functionalities necessary for Radio Frequency (RF) receivers. The main characteristics of
an RF receiver which mus be optimized are: RF input bandwidth; instantaneous bandwidth; gain; the mismatch loss at the input; noise factor; phase and frequency stability;
5

Figure 1.2: Example of a basic RF receiver chain.

linearity; and RF-isolation between channels. If there is a digital output associated, other
factors must be considered such as: the number of bits for the digitization; and the
sampling frequency.
In a RF receiver chain, the most common elements used are: Low Noise Amplifier
(LNA), filter, analog mixer, and local oscillator.(Figure 1.2)
The LNA is one of the most important components within the RF receiver chain.
State of the art LNA’s for radio Astronomy are in general based on GaAs technology in
combination with cryogenic systems. Cost is an important consideration, especially for
the SKA for which millions of components will be necessary. Bipolar SiGe technology
operates at room temperature and is a good candidate for SKA.
Each element in the RF receiver chain has an intrinsic noise and the overall goal is
to design a receiver with the lowest system noise. The sensitivity for the SKA will be
approximately 1 µJy. This implies that we will have to design a receiver with a high
sensitivity, associated with a high stability. It is preferable to reduce the number of RF
components, such as filters, within the receiver chain which degrade the overall noise
factor.
Radio Frequency Interference (RFI) has an impact on the power consumption of the
receiver chain. The lower the RFI level, then the less dynamic range is necessary for the
RF components, and the corresponding ASIC will have lower power consumption.
Today it is possible to digitize directly a wide instantaneous RF band from a few
100 MHz to 2000 MHz. This then permits the elimination of the analog mixer within the
receiver chain.
Several receivers concepts are currently being studied for SKA1 and SKA. Experience
with the EMBRACE instrument gives necessary information on the performance required
of RF components for the dense aperture array. A new RF beamformer has been implemented on a single ASIC, allowing the beamforming of several RF signals coming from
antennas. A system in package (SiP) technology will allow the integration of several functions made by several ASICs into a single module (package). This new design approach
will help us to meets the SKA requirements of performance, power consumption, and cost.
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Figure 1.3: First digital processing stage in SKA MFAA or LFAA

1.6

Analog to Digital Conversion

Digitization of the analog signal is best done as close to the antenna as possible in order to
reduce the number of analog components such as mixers, RF amplifiers, and filters. The
objective is to sample the whole analog bandwidth in one go. Frequency downconversion
is done digitally. The use of a digital filter sets the processed bandwidth (see Figure 1.3).
This is done to make the instrument more flexible and more reliable.
The cell phone market is driving the development of new high resolution (> 12-bit),
fast (> 1 GSps) ADC’s (Analog Devices , 2014). These ADC’s will equip the future cell
phone base stations for covering all frequency bands (3G, 4G and soon 5G). Their power
consumption is low (around 1 W), and their cost is not high (around 200e) because of
the target market (cell phone base stations).
These components could be used to digitize the analog signal coming from the receiver
by using switched anti-aliasing filters and switched sampling clocks to avoid holes in the
analyzed frequency band (see Figure 1.4). This digitization concept can be only used, if
the instantaneous bandwidth processed by the digital platform is inferior to 500 MHz. It
is the case for both Aperture Arrays of SKA (250 MHz of processed bandwidth, see SKA
CSP Consortium (2013)).
For SKA MFAA, even if the processed bandwidth is 250MHz, we could envisage to
design a full custom ADC to sample directly the whole analogue bandwidth (Figure 1.5),
with the optimal resolution (8-bit) and optimal sampling frequency (3 GSps), by using
a low cost technology such as a 250nm BiCMOS technology (see Bosse et al. (2011)).
This ADC designed in flash folding and interpolating architecture could have a power
consumption similar to the new ADC generation with a lowest cost (< 100e).
Science driven by the SKA dish array (WBSPF) require a higher processed bandwidth,
7

Figure 1.4: SKA MFAA digitization concept with COTS

Figure 1.5: Wideband direct RF sampling concept (AAIR project for SKA MFAA)
around 2.5 GHz (SKA CSP Consortium , 2013). In this case, the commercially available
ultra-fast ADC’s (> 3 GSps) have a high cost (> 2000e). The design of full-custom
ASIC, for example in 130 BiCMOS technology, is necessary to meet the specifications:
low resolution (3 or 4 bit), low cost (< 1000 e) and high sampling frequency (> 5 GSps).

1.7

Time and Frequency Metrology

Very Long Baseline Interferometry (VLBI) puts some stringent constraints in terms of
frequency and time metrology (Thompson et al. , 2004). The several telescopes implied in
a VLBI network such as the European VLBI Network have to ensure they have compatible
frequency references (accuracy of the clocks), and these references must have a sufficient
stability over time. The constraints on stability (dF/F ) are set by the operating frequency
F and by the telescope integration time Tint. A typical frequency stability requirement
for low frequency radioastronomy is in the range 10 11 to 10 14 .
Most references are based on atomic clocks which use an atom’s electronic transition
frequency in the microwave region. Some well known clocks in the field are based on
Cesium, Rubidium and Hydrogen. They are able to reach dF/F as low as 10 16 , but
these specifications depend on the integration time on the clock signal itself. The stability
may be improved by using longer integration times, up to the limit set by low frequency
noise. The next generation atomic clocks are based on transitions in the optical range.
They are able to reach dF/F as low as 10 19 , basically due to the F denominator being
raised by several order of magnitudes, while the dF numerator stays relatively unchanged
due to the physics involved.
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As a practical example, on the Nançay Radio Telescope (NRT), a 99% fringe detection
efficieny at 1.4 GHz would require a stability of 1.6 ⇥ 10 11 , which may be achieved with
a commercial Rb clock. For a longer exposure though, the needed stability will scale
as 1/Tint . Down to about 10 13 , a rubidium clock may still be sufficient, but has to be
disciplined on a GPS Cs clock for improving long term stability. Hydrogen masers are
able to reach a stability of a few 10 14 with a 10 s clock integration. The H-maser solution
is nevertheless several times more expensive than a GPS-disciplined Rb clock (Thompson
et al. , 2004).
The problem of time and frequency reference transfer is more and more acute. For a
metrological comparison of two distant clocks separated by some 100’s or 1000’s of km,
the methods used today are either based on transportable clocks or GPS/telecom satellite
signals. The latter method is currently limited to a stability of the order of 10 14 , due
to the fluctuations induced by the atmosphere. A metrological comparison of state-of-the
art clocks is thus impossible using this technique.
Using a central reference clock distributing a reference signal to several places is nevertheless appealing for obvious practical reasons. Moreover, the development of laser
and fibre optics are reaching enough maturity to be used for frequency reference transfer
at optical frequencies. Within this framework, state of the art metrological comparison
of distant clocks becomes possible, as well as several applications with stringent constraints, like precision spectroscopy and tests of fundamental physics. VLBI networks
could obviously benefit from a lower overall cost, better performance, and the possibility
to implement a real-time VLBI network.
The French REFIMEVE project (REFIMEVE , 2014) is an EQUIPEX project with
20 scientific laboratories in several fields, and it will be extended to include future similar
networks in Europe. Nançay observatory is a node of this network for a first test of this
scheme applied to VLBI and high frequency electronic R&D. REFIMEVE will use the
existing RENATER optical fibre network, the reference optical signal being frequencymultiplexed within general internet traffic. A first test between Villetaneuse (LPL lab)
and Reims, showed a stability as low as 10 19 on a 540 km-long round trip (Lopez et al.
, 2012).
First tests in Nançay should take place in early 2015. Being one of the first operating
nodes of REFIMEVE, this will allow for some more link quality evaluation besides VLBI
applications for the NRT. The reference optical clock will be located in the SYRTE
laboratory. At Nançay, a so-called Optical Add-Drop Multiplexer allows separation of
the REFIMEVE signal from the internet traffic. This optical reference signal will then
be transported through a monomode fibre link between the northern part of the site
(RENATER node) and the southern part about 1.5 km away (NRT location). The optical
reference frequency has then to be transfered down to RF frequency (10 to 1000 MHz)
several decades below. Such a goal can be met thanks to a laser frequency comb. It
is based on a femtosecond laser producing an ultra fast and stable pulse train: some
10’s of femtoseconds pulses, which gives a comb frequency span at the petaHz scale,
and a repetition rate on the order of 100 MHz, which sets the frequency gap between 2
adjacent comb teeth. A full stabilization of this frequency comb, requires to discipline
two parameters, namely the frequency o↵set and the teeth spacing. The latter will be
9

stabilized thanks to a lock on the REFIMEVE signal, allowing the generation of an RF
reference signal from the low frequency end of the comb. A full stabilization would
need an additional module allowing for a so called self-stabilized comb. Since first VLBI
applications are expected to have far less stringent constraints than what is possible with
a fully stabilized, truly metrological comb, the initial tests will be done with this partly
stabilized setup and will be upgraded in the future if required.
Further prospects are expected for the distribution of the RF reference signal to several
locations on Nançay site. This will also be based on optical fibres, but here the optical
frequency will be a carrier for the RF signal (a method already used by the eMERLIN
network). Besides frequency transfer, time synchronization methods will also be investigated, one of them being the white-rabbit technology allowing for sub-ns synchronization
through an ethernet network. This technology has direct application for the SKA. Finally,
the application of metrology methods to VLBI may in return give some interesting inputs
to the metrology field itself (Koyama , 2012).

1.8
1.8.1

Digital Signal Processing
Real-time Processing

Fitting the needs of new radiotelescopes includes managing large radio bandwidths and
large numbers of antennae. Digitizing signals close to the antennas allows for cost efficient
implementation of such systems and calibration prone observations.
However, managing those data-fluxes requires a thoughtful digital signal processing
(DSP) and appropriate hardware implementation. For example, the data generated by
the ADCs included into the NenuFAR ((Zarka et al. , 2012, 2014) latest instrument
currently deployed @ Nançay) backend is 530 Tbps and the correlation of such data
requires 5.5 TFLOPS.
Right after digitization, the DSP blocks currently implemented are:
• Digital Base Band Converters (DBBC, or Digital Down Converters (DDC)) that
could be used on Wideband Single Pixel Feeds (WBSPF) operating at high-frequency.
• Polyphase Filter Bank (PFB) processing bandwidths as large as several GigaHertz.
• Digital beamforming and FX correlator that can be used for multiple antennae
telescopes –used as phased-arrays or interferometers– or for Phased Array at Focal
plane (PAF) telescopes.
Those blocks need to be implemented with FPGA hardware to cope with the large IO
bandwidth involved and with the low latency required at this stage of the processing.
We might consider that the RFI challenge in the SKA candidate sites in Australia and
South Africa will not be so great. Under this assumption, one basic or recurrent scenario
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could be to carefully design the analogue parts, taking RFI threats into consideration,
but to limit the digital measures to “flagging” (Boonstra and Weber , 2009a,b). In that
case, the digital signal processing resources could be fully dedicated to regular signal processing tasks most of the time and could be partially re-used (scheduled) for observations
facing specific RFI issues. However, it would be worthwhile to continuously monitor the
quality of the data. Given the extreme sensitivity of the SKA telescope, this task has
to be a by-product of the radio telescope it-self (i.e. an auxiliary antenna will not be
sensitive enough). So, it would be interesting to implement some detection methods as
regular signal processing tasks at station level and core level. The results could be linked
to a kind of RFI statistics database or could be attached to the data for flagging. RFI
excision can also be performed if appropriate. The French part of the current Radionet
Project, UniBoard2 , is to evaluate this concept. The EMBRACE radio telescope and the
UniBoard2 digital computing board will be used as an hardware framework for this evaluation (Dumez-Viou and Weber , 2014). For SKA developments, we are also involved in
the Signal Data Processing consortium (SDP) within the RFI mitigation group (PIP.INP
task).
Further processing (such as 106 -channel FFT, coherent dedispertion, ...) can be performed with GPU (Graphical Processor Unit) used as general-purpose but high performance calculators. They excel with algorithms that need large memory bandwidth and
floating point arithmetic (FPU), whereas FPGA are, today, quite limited on those aspects.
However, this might change in a near future if one considers that new FPGA platforms
such as Arria10 or Stratix10 o↵er FPUs as well as large bandwidth external memories
(Hybrid Memory Cube, up to 160 GB/s) connected to FPGA’s high speed serial links (up
to 28 Gbps) that will allow new implementation on such matrices.
A last, but not least, advantage is the low power consumption o↵ered by such FPGA
platforms considering the large amount of wide channels (several thousand of several
hundred of MHz) that will be processed on near-future instruments. The platform is
not the only key-point to green-computing: a clever implementation of DSP needs to be
performed to save electrical power, especially in location where it is difficult to access.

1.8.2

Antenna Processing

Standard antenna processing (calibration, RFI spatial filtering, ...) requires techniques
which are computationally expensive especially for large dimensional systems (i.e. large
antenna number). In such a case, the use of distributed algorithms or parallel computation schemes becomes of high interest and leads in general to large gains in terms of
computational cost and memory requirements.
We have recently proposed several approaches to enhance RFI spatial filtering performances (Hellbourg , 2014; Hellbourg et al. , 2014) and we have studied some options to
reduce the computational cost of such approaches (Nguyen et al. , 2014). This year, in
collaboration with Astron, we will start a PhD on array calibration with focus on:
• blind calibration on almost redundant array
11

• impact on calibration of irregular dense array
• calibration tracking
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Algorithmic challenges for the Square Kilometer Array
Deconvolution, calibration and the Radio Interferometery Measurement
Equation
From the contributions of Arwa Dabbech, Jean Luc Starck, and Cyril Tasse

Abstract. The large amount of data produced by the new generation of SKA precursors and pathfinders are
a↵ected by a wide variety of partially unknown complex e↵ects such as pointing errors, phased array beams,
ionosphere, troposphere, Faraday rotation, or clock drifts.
In this contribution we introduce the radio interferometry large inverse problem, together with a few of the
the calibration, imaging and deconvolution algorithms that aim at solving it.

1. Introduction: SKA and the large (non-linear) inverse problem of radio interferometry
The new generation of SKA precursors and pathfinders is characterized by very wide fields of view, large fractional
bandwidth, high sensitivity, and high resolution. At low frequency, such as with the Low-Frequency Array (LOFAR), or
the Murchison Widefield Array (MWA), the cross-correlation between voltages from pairs of antenna (the visibilities)
are a↵ected by severe complex baseline-time-frequency direction dependent e↵ects (DDE) such as the complex phased
array beams, the ionosphere and its associated Faraday rotation, the station’s clock drifts, and the sky structure. At
higher frequency, the interferometers using dishes (ASKAP, MeerKAT, etc) are less a↵ected by ionosphere, whereas
troposphere, pointing errors, and dish deformation play an important role.

1.1. Radio interferometry measurement equation
To model the complex direction-dependent e↵ects (DDE - station beams, ionosphere, Faraday rotation, etc), we
make extensive use of the radio interferometry measurement equation (RIME) formalism, which provides a model of
a generic interferometer (for extensive discussions on the validity and limitations of the measurement equation see
Hamaker et al. 1996; Smirnov 2011). Each of the physical phenomena that transforms or converts
the electric field
p
before the correlation is modeled by linear transformations (2⇥2 matrices). If s = [l, m, n = 1 l2 m2 ]T is a sky
direction, and MH stands for the Hermitian transpose operator of matrix M, then the 2 ⇥ 2 correlation matrix V(pq)t⌫
between antennas p and q at time t and frequency ⌫ can be written as

V(pq)t⌫ = h(x) =Gpt⌫ (x)

X

s
Vs(pq)t⌫ (x)k(pq)t⌫

s

Vs(pq)t⌫ (x) =Dpst⌫ (x)Xs DH
qst⌫ (x),

!

GH
qt⌫ (x)

(1)
(2)

where x is a vector containing the parameters of the given system (ionosphere state, electronics, clocks, etc), Dpst⌫ is
the product of direction-dependent Jones matrices corresponding to antenna p (e.g., beam, ionosphere phase screen, and
Faraday rotation), Gpt⌫ is the product of direction-independent Jones matrices for antenna p (like electronic gain and
clock errors), and Xs is referred as the sky term1 in the direction s, and is the true underlying source coherency matrix
s
[[Xp X⇤q ,Xp Y⇤q ], [Yp X⇤q , Yp Y⇤q ]]. The scalar term k(pq)t⌫
describes the e↵ect of the array geometry and correlator on the
s
observed phase shift of a coherent plane wave between antennas p and q. We have k(pq)t⌫
= exp ( 2i⇡ (u, v, w, s)) with
T
[u, v, w] as the baseline vector between antennas p and q in wavelength units and (u, v, w, s) = ul + vm + w (n 1).
p
For convenience, in this section and throughout the paper, we do not show the sky term 1 l2 m2 that usually divides
the sky to account for the projection of the celestial sphere onto the plane, as this has no influence on the results.
1
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1.2. Direction dependent e↵ects: calibration, imaging and deconvolution problems
The modern radio interferometry issue consists in finding (i) fast and (ii) robust methods to invert the ⇠ 106 to
& 1012 equations to find the unknown terms in the right hand terms of the non-linear equation 1. These unknown
terms correspond to the intrumental (electronics, clocks, dish deformation, etc), physical (ionosphere, Faraday rotation,
Earth deformation, etc) and sky terms (surface brightness, spectral energy distribution, etc). The later is di↵erent
from the others in that it has a linear property in the RIME.
A wide variety of solvers has been developed to tackle the direction-dependent calibration and imaging problems
of radio interferometry. In this work, for the clarity of our discourse, we classify them in two categories. The first and
most widely used family of algorithms (later referred as the Jones-based solvers) aim at estimating the apparent net
product of various e↵ects discussed above. The output solution is a Jones matrix per time-frequency bin per antenna
per direction (see Yatawatta et al. 2008; Noordam & Smirnov 2010a, and references therein). Sometimes the solutions
are used to derive physical parameters (e.g., Intema et al. 2009; Yatawatta 2013, in the cases of ionosphere and beam
shape respectively). The second family of solvers estimate directly from the data the physical terms mentioned above
that give rise to a set of visibility (later referred as the continuous or physics-based solvers). These solvers are used for
direction-independent calibration in the context of fringe-fitting for VLBI (Cotton 1995; Walker 1999, and references
therein) to constrain the clock states and drifts (also referred as delays and fringe rates). Bhatnagar et al. (2004) and
Smirnov (2011) have presented solutions to the direction-dependent calibration problem of pointing error.
Deconvolution algorithms are also physics-based solvers estimating the sky brightness, potentially taking the DDE
calibration solution into account (Bhatnagar et al. 2008, 2013; Tasse et al. 2013). The latest imaging solvers can also
estimate spectral energy distribution parameters (Rau & Cornwell 2011; Junklewitz et al. 2014). Most of these imaging
algorithms are now well understood in the framework of compressed sensing theory (see McEwen & Wiaux 2011a, for
a review).

2. New approaches to radio interferometry deconvolution problems
Hugh Garsden, Julien N. Girard, Jean-Luc Starck, Stéphane Corbel, Cyril Tasse, Arnaud Woiselle
Arwa Dabbech, Chiara Ferrari, David Mary, Oleg Smirnov, Eric Slezak

2.1. Compressed Sensing
Compressed Sensing (CS) (Candès et al. 2006; Donoho 2006) is a sampling/compression theory based on the sparsity
of the observed signal, which shows that, under certain conditions, one can exactly recover a k-sparse signal (a signal
for which only k pixels have values di↵erent from zero, out of n total pixels, where k < n) from m < n measurements.
CS requires the data to be acquired through a random acquisition system, which is not the case in general. However,
even if the CS theorem does not apply from a rigorous mathematical point of view, some links can be still be considered
between real life applications and CS. In astronomy, CS has already been studied in many applications such as data
transfer from satellites to earth (Bobin et al. 2008; Barbey et al. 2011), 3D weak lensing (Leonard et al. 2012), next
generation spectroscopic instrument design (Ramos et al. 2011) and especially aperture synthesis. Indeed, the close
relation between CS principle and the aperture synthesis image reconstruction problem was first addressed in Wiaux
et al. (2009); Wenger et al. (2010); Li et al. (2011), then the case of wide-field observations was studied in McEwen &
Wiaux (2011b), and di↵erent antennae configurations were analyzed in a compressed sensing framework (Fannjiang
2013). Aperture synthesis presents the three major ingredients that are fundamental in CS:
– Underdetermined problem: we have less measurements (i.e. visibilities) than unknowns (i.e. pixel values of the
reconstructed image).
– Sparsity of the signal: the signal to reconstruct can be represented with a small number of coefficients (that quickly
tend to zero with the degree of decomposition). For point sources observations, the solution is even strictly sparse
since it is composed only of a list of spikes. For extended objects, sparsity can be obtained in another representation
space such as wavelets.
– Incoherence between the acquisition domain (i.e. Fourier domain) and the domain of sparsity. Point sources for
instance are localized in the pixel domain, and spread on a large domain of the visibility plane. Conversely, each
visibility contains information about all sources in the FOV.
From the CS perspective, the best way to reconstruct an image X from its visibilities is to use sparse recovery, by
solving the following optimization problem:
min kXkp
X

subject to kV

AXk2l2 < ✏,

(3)
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where V is the measured visibilities vector, A the operator
P that embody the realistic acquisition of the sky brightness
components (instrumental e↵ects, DDE...), and kzkpp = i |zi |p . To reinforce the sparsity the solution, p must be less
or equal to 1. In particular, for p = 0, we get the `0 pseudo-norm which counts the number of non-zero entries in z.
The first term forces sparsity and the second term indicates that the reconstruction matches the visibilities within
some error ✏.
Most natural signals however are not exactly sparse but rather concentrated near a small set. Such signals are
termed compressible or weakly sparse in the sense that the sorted pixel values decay quickly according to a power law.
The faster the amplitudes of pixel values decay, and the more compressible the signal is. Furthermore, a signal is also
not generally not sparse in the direct space but in a given representation space such as wavelets or curvelets. Them the
X signal can represented as X = ↵, where is the matrix related to the representation space (i.e. wavelet, curvelet,
etc) amd ↵ are the coefficients in this representation. So the problem to solve becomes:
min k↵kp
↵

subject to kV

A ↵k2l2 < ✏,

(4)

Several minimization methods have been used up for aperture synthesis, the FISTA method (Fast Iterative
Shrinkage-Thresholding Algorithm) (Beck & Teboulle 2009)) in Li et al. (2011); Wenger et al. (2010); Hardy (2013);
Wenger et al. (2013); Garsden et al. (2014), OMP (Orthogonal Matching Pursuit) (G.Davis et al. 1997) in Fannjiang
(2013), or SDMM (Simultaneous-Direction Method of Multipliers, Combettes & Pesquet (2011) in Carrillo et al.
(2013). Full details can be found in Starck et al. (2010).

2.2. Impact of CS on LOFAR data
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Fig. 1. Colorscale: reconstructed 512⇥512 image of Cygnus A at 151 MHz (with resolution 2.8” and a pixel size of 1”). Contours
levels are [1,2,3,4,5,6,9,13,17,21,25,30,35,37,40] Jy/Beam from a 327.5 MHz Cyg A VLA image (Project AK570) at 2.5” angular
resolution and a pixel size of 0.5”. Most of the recovered features in the CS image correspond to real structures observed at
higher frequencies.

An extensive study of CS has been achieved using both simulated and real LOFAR data and it was shown that
(Garsden et al. 2014):
1. CS performs as well as CLEAN in recovering the flux of point sources.
2. CS performs much better on extended objects: the root mean square error is divided by a factor up to 10.
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3. CS provides a solution with an e↵ective angular resolution 2-3 times better that the CLEAN map.
Applied on a real LOFAR dataset, the CS recovery has been validated with the correct photometry and realistic
recovered structures of Cygnus A as compared to other methods. CS recovery has been implemented as an image
recovery method for the LOFAR Radio Telescope and it can now be used by the LOFAR scientists.
Fig. 1 shows an overlay of Cygnus A CS image reconstruction from the real LOFAR observation, with VLA
contours obtained at 327.5 MHz at a better resolution (2.5”). The location of hotspots and features inside each radio
lobe (filaments and holes) match that of the VLA map. This confirm the major improvement brought by CS in the
angular resolution. More details can be found in Garsden et al. (2014).

2.3. A new sparse image reconstruction method (“MORESANE”) applied to SKA simulations
Radiointerferometric image reconstruction is a research field where recent innovations (since 2007) have built extensively, and in fact almost exclusively, on sparse representations. Sparse image models are formulated in the literature
through redundant dictionaries (such as wavelets, curvelets, etc.), with respect to which sparsity can be promoted
either in analysis, or in synthesis.
In order to account for complex source morphologies during the deconvolution step and for high dynamic range
scenes, a new algorithm (“MORESANE”, Dabbech et al. 2012; Dabbech et al. in prep.) has been developed.
MORESANE uses sparsity promoting restoration models based on highly redundant, shift invariant dictionaries and
which is hybrid in its sparsity priors. On one hand, using sparse synthesis priors, the image to be reconstructed is
modeled as a sum of few elementary objects which, as opposed to classical sparsity-based priors, are unknown. On
the other hand, these objects are iteratively estimated and deconvolved through analysis-based priors using the the
Isotropic Undecimated Wavelet Transform (IUWT) dictionaries (see Dabbech et al. in prep., for a detailed description
of the algorithm).

Fig. 2. Results of deconvolution for the model cluster at z=0.5 (top) and z=1.0 (bottom). From left to right: model cluster map
convolved at the same resolution of simulated observations; source model resulting from MORESANE deconvolution algorithm
convolved at the same resolution of simulated observations; MORESANE maps of residuals; MS-CLEAN components convolved
at the same resolution of simulated observations; MS-CLEAN maps of residuals.

The MORESANE algorithm has been tested on realistic simulations of future SKA observations of a model galaxy
cluster. These systems are known to host bright (elongated or unresolved) radio galaxies and low-surface brightness
di↵use Mpc-scale radio sources (usually referred to as “radio halos” or “relics”, Ferrari et al. 2008). Both kinds of
radio sources have been included to model the astrophysical scene with the cluster and other sky objects. Observations
performed with the SKA1-MID array (i.e., the part of Phase 1 SKA instrument that will be built in South Africa,
covering the frequency range from 350 MHz to, possibly, 14 GHz) have been simulated using the MeqTrees software
(Noordam & Smirnov 2010b). A total observing time of 8h has been assumed, with an integration time of 60s and a

Arwa Dabbech, Jean Luc Starck, and Cyril Tasse: Algorithmic challenges for the Square Kilometer Array

5

50 MHz bandwidth starting at 1415 MHz. For the simulations shown here, a robust weighting scheme (Briggs robust
parameter set to -2) has been adopted, resulting in a angular resolution of about 1 arcsec. We have then applied the
MORESANE deconvolution algorithm and compared its results to those obtained with the multi-scale version of the
classical CLEAN method (MS-CLEAN hereafter, Cornwell 2008, see Ferrari et al. (in prep.) for a detailed description
of the adopted parameters in applying the di↵erent deconvolution algorithms). Fig.2 shows the deconvolution results
obtained on the simulated SKA observations of the model galaxy cluster, considered as located at two di↵erent
redshifts (z = 0.5 and z = 1.0). A visual inspection of Fig. 2, as well as a detailed quantitative analysis of the results
(see Ferrari et al. in prep.), clearly indicate that MORESANE provides a better approximation of the original scene
than MS-CLEAN, in particular:
– the morphologies of the di↵erent objects are being estimated in a more accurate way;
– MORESANE is more robust to false detections: while MS-CLEAN detects an important number of fake components, all objects in the MORESANE model correspond to genuine sources when checked against the true image;
– the total flux in the MORESANE model, as well as the photometry of all the reconstructed objects are conserved;
– MORESANE is able to clearly point out the presence of di↵use radio emission in the model cluster up to z &
1.0, a redshift range largely unexplored in nowadays radio studies of galaxy clusters and therefore of valuable
astrophysical interest.
These results are extremely encouraging for the application of MORESANE to future SKA data. Further developments are planned, including taking into account the variations of the PSF across the field-of-view of the instrument,
testing performances on poorly calibrated data, and automatically extracting an output catalog of sources with the
field from the MORESANE reconstructed model.

3. Non-linear Kalman filters for calibration in radio interferometry (see Tasse 2014, for detailed
presentation and discussion)
3.1. Tracking versus solving
Most algorithms addressing direction-dependent calibration solve for the e↵ective Jones matrices, and cannot constrain
the underlying physical quantities of the radio interferometry measurement equation (RIME). A related difficulty is
that they lack robustness in the presence of low signal-to-noise ratios, and when solving for moderate to large numbers
of parameters they can be subject to ill-conditioning. These e↵ects can have dramatic consequences in the image plane
such as source or even thermal noise suppression. The advantage of solvers directly estimating the physical terms
appearing in the RIME is that they can potentially reduce the number of free parameters by orders of magnitudes
while dramatically increasing the size of usable data, thereby improving conditioning.
Another important consideration is the statistical method used by the algorithm to estimate the calibration solutions (Eq. 1). Most existing Jones-based and physics-based solvers minimize a chi-square. This is done by using the
Gauss-Newton, gradient descent, or Levenberg-Marquardt algorithm. More recently, in order to solve for larger systems
in the context of calibration of direction dependent e↵ects, this has been extended using expectation maximization,
and SAGE algorithms (Yatawatta et al. 2008; Kazemi et al. 2011). One well-known problem is that conventional leastsquares minimization and maximum likelihood solvers lack robustness in the presence of low signal-to-noise ratios (the
estimated minimum chi-square jumps in between adjacent data chunks, while this behaviour is non-physical). In most
cases, a filtering of the estimated solutions (Box car, median, etc) or an interpolation might be necessary (see e.g.,
Cotton 1995). In practice, situations of low S/N combined with the need to perform DDE calibration are not rare (in
the case of LOFAR, the ionosphere varies on scale of 30 seconds while not much flux is available in the field).
In Tasse (2014) we present a new calibration algorithm whose structure is that of a Kalman filter. Our main aim is to
address the stability and ill-conditioning issues discussed above by using a physics-based approach, which (i) decreases
the number of free parameters in the model by orders of magnitude while (ii) dramatically increasing the amount
of usable data. In addition, the algorithm structure allows us to (iii) use additional physical priors (time/frequency
process smoothness for example), while (iv) keeping the algorithm computationally cheap. We note that we do not
do any quantitative comparison between least-squares solvers and our Xapproach. Instead, we focus on describing an
implementation of a non-linear Kalman filter for radio interferometry and we study its robustness.
While non-linear least-squares solvers are iterative, our algorithm uses a non-linear Kalman filter, which is a
recursive sequence. Kalman filters are referred in the literature as minimum mean square error estimators, and instead
of fitting the data at best (least-squares solver), they minimize the error on the estimate given information on previous
states. In other words, they can be viewed as tracking the process rather than solving for it. An estimated process
state vector built from previous recursions, together with a covariance matrix prior are specified. This way, the filter
allows us to constrain the expected location of the true process state along the recursion. Even when the location of
the minimum chi-square jumps between data chunks, the posterior estimate stays compatible with the prior estimate

6

Arwa Dabbech, Jean Luc Starck, and Cyril Tasse: Algorithmic challenges for the Square Kilometer Array

Fig. 3. This figure shows the snapshot residual image estimated at di↵erent recursion times (the color scale is identical in each
panel). As recursion time evolves, more data cross the Kalman filter, the ionospheric and clock parameters estimates become
more accurate, and the residual noise level decreases.

and with the data (under the measurement and evolutionary models). As more data goes though the filter, the process
state and its covariance are updated (and the trace of the covariance matrix decreases in general).
We enrich the filter’s structure with a tunable data representation model, together with an augmented measurement
model for regularization. Using simulations we show that it can properly estimate the physical e↵ects appearing in the
RIME. We found that this approach is particularly useful in the most extreme cases such as when ionospheric and clock
e↵ects are simultaneously present. Combined with the ability to provide prior knowledge on the expected structure
of the physical instrumental e↵ects (expected physical state and dynamics), we obtain a fairly computationally cheap
algorithm that we believe to be robust, especially in low signal-to-noise regimes. Potentially, the use of filters and other
similar methods can represent an improvement for calibration in radio interferometry, under the condition that the
e↵ects corrupting visibilities are understood and analytically stable. Recursive algorithms are particularly well adapted
for pre-calibration and sky model estimate in a streaming way. This may be useful for the SKA-type instruments that
produce huge amounts of data that have to be calibrated before being averaged.
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