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Approaching both infinities
THROUGH ELECTROMAGNETIC WAVES

Efficient Full Wave Simulation of SKA-low Stations
Simulation ondes pleines efficace pour les stations SKA basses
fréquences
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Abstract:

Fast. and accurate metliods to compute tlie mutilai coupling between éléments and witli a finite ground plane are
presented in tliis paper. Tlie initial formulation is based on tlie Metliod of Moments (MoM). Tlie HAR.P software
presented liere accelerat.es tlie MoM solution by using a combination of t.lie Macro Basis Function (MBF) approacli wit.li
an interpolatory technique. Aft.er t.hat., t.liose MBFs, wliicli correspond t.o an infinité ground plane solution, are used to
describe t.lie interactions of t.lie array wit.li a finite ground plane lying on a semi-infinite soil. The metliods are validated
liere for t.lie SKA Log Periodic ant.enna (SKALA), under st.udy for tlie Square Kilomet.er Array (SKA). The patterns are
compared liere witli result.s obtained wit.li tlie commercial software FEKO.

Résumé:

Cet. article présente deux méthodes permettant, de tenir compte du couplage mutuel int.er-élément.s ainsi qu’avec le plan
de masse fini dans les réseaux d’antennes. La formulation initiale est. basée sur la Méthode des Moments. Celle-ci est.
accélérée grace a une combinaison de la méthode des Macro fonctions de base (MBF) avec une technique int.erpolat.oire
dans le software baptisé HAR.P. Ces MBFs, calculées sous la condition d’un plan de masse infini, sont, utilisées pour
caractériser les interactions avec un plan de masse fini lui-méme posé sur un sol infini. Les méthodes sont, ensuite
appliquées a I'antenne SKALA (SKA Log Periodic ant.enna) du radiotélescope Square Kilomet.er Array (SKA). Les
diagrammes de rayonnement, sont, ensuite validés a l’aide des résultats obtenus avec le software commercial FEKO.

1 Introduction

The SKA (Square Kilomotor Array) fl] roprosonts the ncxt génération of radio télescopes. It airns to survey
the sky nincli faster and in a more accurate way than any other previous System. Therefore, the SKA will
collect. information over more than a square kilometer area. This project, in wliich more than 100 companies
and research institutions frorn different countries cooperate, roprosonts a truc challenge for cnginccrs in rnariy
areas such as digital hardware, signal proccssing, antenna design and array simulation. This radio télescope
airns to achicvc an unprcccdentcd sensitivity by using thousands of dishes and up to a million of low-frcqucncy
antennas. The latter will form rnariy base stations appearing as a collection of radio télescopés. The main tar-
geted cosmology experiments are the Epoch of Reionization (EoR) and the Cosrnic Dawn (CD) [2]. The SKA
low-frcquency array is composed of base stations containing each 256 SKA Log-pcriodic Antennas (SKALA [3]).
The frcquency band of this array lies between 50 MHz and 350MHz. A base station using the fourt.li version of
the SKALA antenna lias alrcady been deployed in Australia and is currcntly under test. The déserts of South
Africa and Australia hdve been designated for the SKA location in order to benefit frorn a minimum radio
interférence.

In order to perforai the best. calibration, radio-astronomors need accurate Embedded Elément Patterns (EEP),
i.e. the radiation pattern of each individual clément assuming the other antennas are passively terminated.
Indeed, since SKA-low is a phased array and given that the embedded clément patterns are not the sanie, the
shape of the bearn changes rapidly as the array is scarmed. Srnall changes in the shape of the bearn are not nec-
essarily an issue, since sonie imaging algorithms cari catcr for different patterns at. the level of different stations.
Though, since high dynamic range is targeted, those srnall différences in array patterns need to be known very
accuratcly. Regarding the sidelobes, things are even more crucial because non-regular arrays produce relatively
high sidelobes and the impact of mutilai coupling (i.e. of varying embedded clément patterns) is actually rmich
higher in the sidelobes. Hence, if one wants to perforai nulling of far-out interferrers [4], the accurate knowledge
of embedded clément patterns is even more crucial.
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The mutilai coupling and the gronnd plane finiteness strongly impact the EEPs. In order to accurately predict
these patterns, full wave simulations sucli as those obtained with the Method of Moments [5] need to be carried
ont. When considering large irregular arrays, full wave simulations using commercial software is tinie consuming
and requires a lot of memory. This issue lias been tackled for décades and two categories of methods appear.
The first category represents the itérative methods based on Multipoles [6]. In those methods. a new simulation
is needed every time the excitation port changes and for every change of the antennas positions. Moreover. con-
dition nuniber issues can appear due to fine-mesh details. The other category contains the non-iterative solvers.
These methods are based on the assumption that the current distribution on the antennas can be decomposed
into a limited nuniber of current distributions. In this category. the Macro Basis Fonction [7] technique allows
to solve smaller Systems of équations. Besides. fast methods have been developed to compote the interactions
between MBFs [8]. [9]. [10]. However. when considering a finite gronnd plane, the interaction of the MBFs with
the latter becorne prohibitive. The inhomogeneous plane wave algorithm can be used to efficiently perform the
interactions between scatterers [12]. In this spectral approach. the nuniber of plane waves required to compote
the interactions grcatly decreases with increasing distance between the scatterers.

In this paper. a software riarned HARP [13] which efficiently handles the niutual coupling is presented. It
is based on a combination of the MBF rnethod with an interpolatory technique [10]. The set of MBFs is built
assuming an infinité gronnd plane. The finite gronnd plane is then taken into account by computing the inter-
action with the MBFs using the inhomogeneous plane waves algorithm.

The remainder of the paper is organized as follows: Section 2 briefly describes the main design parameters
of the SKALA antenna. Section 3 describes the HARP software and compares it in ternis of performance to
the commercial software CST [11]. Section 4 describes how the finite gronnd plane is taken into account using
inhomogeneous plane waves and Section 5 concludes the paper.

2 SKALA

The SKALA [3] shown in Figure 1 lias been designed according to the observation of those predetermined
cosmology experiments: the Epoch of Reionization (EoR) and the Cosrnic Dawn (CD). Based on these oxpor-
irnents. the SKALA should présent a srnooth frequency response in order to detect faint signais. The antenna
lias been designed to maximize the sensitivity of the SKA-low array on a 7:1 frequency band by optimizing
the effective area, minimizing the footprint and the receiver noise. In order to measure the foregrounds of the
EoR. the antenna also requires a low relative cross-polarization. An évaluation of the SKALA performance with
respect to the EoR and CD experiments is presented in [14]. According to the planned nuniber of deployed
antennas (more than 3 million), the cost per element and the durability are also important parameters. Indeed.
the antenna should be able to last more then 30 years in the désert.

Figure 1  Verison 2 of SKALA

3 HARP

The traditional Method of Moments (MoM) gives the current distribution on the antennas as the solution of
the following System of équations:

Zi3=v (1)



where 7 is the MoM impedance matrix, v is a vector of excitation and i is the current distribution. Considering
N, antennas meshed with N, basis functions, the solution has a complexity O((NqN.)?).
In the MBF formulation, one considers a @) matrix where each column corresponds to a MBF. Thanks to that
consideration, the solution, approximated as " ~ @ i, can be obtained by solving a reduced system of equations
[15]:

7T =" (2)

where Z" = QP Z(Q and v" = QHv. Thanks to that formulation, the solution complexity is reduced to
O((N,N,,)*) where N,,, is the number of MBFs which is considerably smaller than the number of basis functions
Ne. As an example, the SKA-low stations can be simulated with V,, = 20 MBFs whereas every antenna needs
to be meshed with N. = 1218 basis functions.

The blocks of the matrix Z” contain the interactions between MBFs. The far-field interaction between a MBF
S placed at the origin and a MBF T positionned at (7., &) can be approximated as:

eI kT

(3)

Z%s (Tmn, &) = —jwp ?Tm ) ?gnv
mn

where ? s and ? », are the radiation patterns of the testing and source MBFs respectively, * stands for the
complex conjugate, J 1s the wavenumber, w is the angular frequency and g is the free-space permeability.

The interpolatory method used in HARP was proposed in {10}. In this method, the blocks of the matrix
Z" are obtained as a combination of the far-field interaction in (3) and a matrix B represented by a harmonic-
polynomial model.

This matrix B can be obtained in three steps:

e Subtraction of the far-field expression for the interactions.
e Phase extraction
e Harmonic polynomial representation

Applying the two first steps gives:

~ ZT rmru& _Zapp Tmn, &
Brs(rmn, &) = TS( 6zjkrmfs ( ) (4)

The subtraction in the numerator represents the far-field subtraction and the division indicates the phase
correction step. Note that the method requires to compute the exact interactions on a limited number of points
positioned on a pre-defined polar-radial grid.

After applying the change of variable d = T%, (5) can be fitted with the following harmonic polynomial model:

Brs(rmn, & Z ejpo‘Zc pg A7 (5)

p=—FP

where, c¢pq are the coeflicients calculated in the least-squares sense, P is the Fourier Series order and ¢ is the
polynomial order.

Thanks to this interpolatory method, the interaction between MBFs can be fast computed as:

Zhs (P &) = Z32 (o, &) + Brs(rmn, &) e I5mn (©)

Let us consider an array of 16 SKALA antennas on an infinite ground plane. The radiation patterns obtained
with FEKO [20] and HARP are compared in Figure 3 considering a frequency of 145 MHz.

Some differences may appear in the sidelobes due to the different modelling of the antenna in HARP and FEKO.
Moreover, the simulations are done using the fourth version of the SKALA antenna which is more complicated
than the previous versions. Considering now a SKA station composed of 256 version 2 SKALAs, the commercial
software needs more than 90 hours to simulate the station [13]. Moreover, a new simulation is required every
time the excitation port changes. The software HARP, however needs 3 hours of pre-processing per frequency.
Once the pre-processing is done, HARP only needs 0.5 min to simulate the station. If the antennas positions
are modified, the simulation only takes another 0.5 min.



Figure 2 E-plane nornwMzed radiation patterns of HARP vs FEKO

4 Finite ground plane

As statcd boforo, not only tho rnutual coupling impacts tho cmbcddcd clément patterns but also the finite
ground plane as shown in [16]. In this section, the inliomogonoous plane waves algoritlim is usod to dcscribc the
interactions botwoon the MBFs calcnlated thanks to the HARP software and the finite ground plane. Using a
MoM formulation, the finite ground plane is mosliod with RWG basis functions [19]. It should bc pointed ont
that the MBFs arc calcnlated assuming an infinité ground plane. Howovor, as will bc shown in the rcsults, this
assumption is consistent.

Lot us considor a SKALA above a finite ground lying itsclf upon a semi-infinite soil. Using the matliematical
définitions and dérivations in [17]. The fiold radiated by the antenna and tostod by the finite ground plane can
bc writton as:

'jkn e'j(kx X+kyy'kz Z)
Fp(keky) "ép (1+ T :

e PPOS) AT

where p n is the free space impédance, k is the wavenumber which is also the

norm of the wavevector k = (kx,ky,kz), rp is the reflection coefficient due to the presence of the soil [18], Q

is a term allowing the intégration only on real parts of kx and ky and Fp(kx,ky) is the radiation pattern of the

MBF oxprossod as:

~E(x,y,2) Q dkxR dkyR ©

M
Fp(kcky) — km  -mC™) «&p ej(k*x +kyy-kzz) dV 8
m=0
em is the weight of the mth basis functions
and Jm(A>) is the mth basis fonction of the MBF situated in r' = (x',y', 2'). Once the tested field in (7) has
been computod, the currcnt distribution on the ground plane is obtainod by solving the following System of
équations:

Zgg*s =V @)
where Zgg ”s the MoM impédance matrix of the ground, ig represents the équivalent currents of the ground
plane and v is the excitation vector resulting from the projection of (7) on the finite ground basis functions.
Let us consider p the radial distance from the antenna. It should be pointed that computing the interactions
with the finite ground plane is very efficient when p is lower than the wavelength. However, the required number
of inhomogeneous plane waves becomes too high when p is increasing above a few wavelengths and the methods
looscs its cfficicncy. In a nutshcll, it appoars that the inhomogeneous plane wave algoritlim is efficient only when
considering a relatively low field of view defined as p/z' where z' is the distance between the antenna MBF and
the ground plane [21].

As a validation, let us consider a SKALA-2 antenna lying above a 8 m diameter finite ground plane. The
froquoncy considérai is 80 MHz. The rcsults arc consistent with thosc of FEKO and confirm the antenna
infinité ground plane currents assumption.



Figure 3 Radiation patterns of HARP vs FEKO eonsidering one SKALA on a 8 ni, diameter ground plane

5 Conclusion

In this paper, wc have dcscribed efficient niethods to compute the coupling between éléments as well as with the
finite ground plane. The results hdve been then validated thanks to the commercial software FEKO. However,
the inhomogeneous plane waves niethods do not perform efficiently when the finite ground plane becomes
electrically large. Thus, the door is open to new niethods handling large ground planes.
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Gravitational wave searches using radio pulsar timing
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Abstract:

Pulsars are rapidly-rotating, highly-magnetized neutron stars both in supernova explosions of massive stars. They
produce beams of radio emission that are swept across the sky as they rotate, so that pulsars appear to us as “cosmic
lighthouses”. The fastest-spinning pulsars, the so-called “millisecond pulsars” (MSPs), have spin periods as short as a few
milliseconds and are extremely stable rotators so that the weak radio pulses of an MSP are analogous to the ticks of an
ultra-stable clock located at a very large distance. By combining such ticks from an ensemble of MSPs distributed across
the sky, it is possible to search for very low-frequency (nHz) gravitational waves (GWs), e.g. emitted by supermassive
black hole binaries at cosmological distances. I will present a review of pulsars observations in radio, in the context of
GW searches with pulsar timing.

Résumé:

Les pulsars sont des étoiles a neutrons fortement magnétisées et en rotation rapide, nés lors de l'explosion d’étoiles
massives en supernovae. [ls produisent des faisceaux d’émission qui balaient le ciel au fil de la rotation de I’étoile, si bien
qu’ils nous apparaissent comme des “phares cosmiques”. Ceux dont la rotation est la plus rapide, les pulsars milliseconde
(MSPs), ont des périodes de rotation de quelques millisecondes seulement. Leur rotation est si stable que les faibles
impulsions radio émises par un MSP sont analogues aux battements d’une horloge ultra-stable située & une trés grande
distance. En combinant les battements d’un ensemble de MSPs bien répartis sur le ciel, il est possible de chercher des
ondes gravitationnelles (OGs) de trés basses fréquences (nHz), émises par exemple par des systémes binaires de trous
noirs supermassifs, & des distances cosmologiques. Je vais présenter une revue des observations de pulsars en radio, dans
le contexte des recherches d’OGs par la chronométrie des pulsars.

1 Introduction: Pulsar Timing

A few years ago, the first detection of gravitational waves (GWs) emitted by coalescing binary black holes by
the LIGO-VIRGO interferometers opened the era of GW astrophysics [1]. These ground based detectors are
sensitive to GWs with frequencies ranging from a few Hz to several kHz or more. LISA, the GW space observa-
tory, will be launched around 2034 and will be sensitive to GWs in the 1076 — 10! Hz range [2|. At even lower
frequencies (10~ — 1075 Hz), Pulsar Timing Arrays (PTAs) use sets of ultra-stable pulsars distributed across
the sky to search for GWs emitted, for instance, by supermassive black hole binaries at cosmological distances.
In this review we first present the principles of the “pulsar timing” technique, and then give an overview of
low-frequency GW searches using PTAs. We finally discuss the current limitations of PTAs and avenues for
overcoming these limitations.

Pulsars are rapidly rotating, highly magnetized neutron stars born in supernova explosions of massive stars at
the end of their lives. They emit beams of electromagnetic radiation which are swept across the sky as they
rotate, in the same way lighthouse beams sweep across an observer, so that they appear to pulse to a distant
observer. Since the first discovery of a pulsar in 1967 [3], over 2600 pulsars have now been detected, mainly
from radio observations'. Most known pulsars are in the Galactic disk, and a fraction reside in globular clusters
or in the Magellanic clouds. The majority of known pulsars are split into two categories: “Normal pulsars”,
which have rotational periods P ranging from 0.1 s to ~10 s, and the so-called “millisecond pulsars” (MSPs)
which have periods between 1.4 ms to a few tens of ms and are thought to have been spun-up by the accretion
of matter and angular momentum from a companion in a binary system [4]. In practice, most known MSPs
are indeed observed to be in binary systems. Radio observations of MSPs have demonstrated that they are
extremely stable rotators, that can be used for a large variety of astrophysical applications. Timing observa-
tions of the binary pulsar PSR B1913+16 provided the first observational evidence for GWs [5]. Observations
of the millisecond pulsar B1257+412 enabled the very first discovery of exoplanets [6]. The long-term timing of
the pulsars in the double pulsar system PSR J0737—3039A /B provides stringent tests of theories of gravity in

1See ATNF Pulsar Catalogue, http://www.atnf .csiro.au/research/pulsar/psrcat/expert.html
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Figure 1 — Nancay Radio Telescope timing residuals for the millisecond pulsar J1909— 3744, between 2005 and
early 2018. The bulk of the observations were conducted at a frequency of 1.4 GHz, with a bandwidth of 128
MHz for observations made before mid-2011, and a bandwidth of 512 MHz for those made after that date. The
RMS of the timing residuals is ~ 95 ns, i.e., our timing model for PSR J1909—37/4 enables us to predict TOAs
with a typical accuracy below 100 ns.

the strong-field regime [7], and the recently-discovery MSP in a triple system, PSR J0337+1715, is a unique
laboratory for testing the strong equivalence principle of General Relativity [8].

Pulsar Timing consists in measuring the times of arrival (TOAs) of the pulses of a pulsar at a telescope, and
comparing these TOAs with those predicted by a “timing model”. Since individual pulses are generally too weak
to be detected, pulse profiles are typically formed by averaging up minutes to hours of observation, and the
profiles are then compared to a “standard profile” for the pulsar to extract the TOAs. These topocentric TOAs
are then transferred to an inertial reference frame, the solar system barycenter, to eliminate effects caused by the
motion of the Earth with respect to the pulsar. The timing data are also “dedispersed”, i.e., they are corrected
for the frequency-dependent dispersion delays caused by the presence of ionized gas between the pulsar and
the telescope. For pulsars residing in binary systems, the barycentric TOAs are then corrected for the orbital
motion. Finally, the TOAs transferred to the pulsar frame and the pulsar’s rotational parameters (rotational
period P and subsequent time derivatives, P, P, etc.) are used to calculate rotational phases ®(¢) as a function
of time, which are compared with the predictions of the timing model to form “timing residuals”, R(¢), calculated
as:

R(ti) = P(t:) x [2(t;) — N(t:)], (1)

where #; denotes the i-th TOA, P(¢;) is the rotational period at ¢;, ®(¢;) the rotational phase at t;, and N(¢;)
is the nearest integer to ®(¢;). Figure 1 shows Nancay Radio Telescope timing residuals over several years
for the MSP J1909—3744 (rotational period P ~ 2.947 ms, orbital period P,,;, ~ 1.533 d), the latter MSP
being the most stable pulsar visible from Nangay. As can be seen from the above expression, what makes
pulsar timing powerful is that it makes it possible to unambiguously account for every single rotation of a given
pulsar over long periods of time. Timing models include the pulsar’s rotational parameters mentioned above,
its astrometric parameters (sky coordinates, proper motion parameters, etc.), dispersion parameters (dispersion
measure DM and time derivatives), and the orbital parameters for pulsars in binary systems. The timing
residuals are minimized in a least-square fitting procedure to estimate the parameters of the timing model
and their uncertainties, using dedicated pulsar timing software such as TEMPO2? [9]. Unmodelled, systematic
variations in the timing residuals can indicate the existence of errors in the model, or the presence of effects
affecting the timing, that need to be accounted for. The latter effects can for instance include unmodelled
noise in the pulsar timing, post-Newtonian perturbations to the pulsar’s orbital motion, or the signature of
gravitational waves.

2https://sourceforge.net/projects/tempo2/
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2 Gravitational wave searches with PTAs

As mentioned above, MSPs are extremely stable rotators, and they are thus similar to clocks located at large
(typically, galactic) distances that can be used for a number of astrophysical applications. Nevertheless, since
the timing of a given MSP can still be affected by unmodelled intrinsic effects, timing noise due to changes of
the interstellar medium or other sources of noise (discussed later in this article), increased sensitivity to timing
perturbations caused by the passage of GWs can be achieved by observing an array of stable MSPs, widely
distributed across the sky and over as long a time period as possible, and by searching for correlations in the
timing residuals of these pulsars. In these PTA experiments, the pulsars are test masses, and each pulsar-Earth
baseline acts as the arm of giant, Galactic-scale interferometer. In practice, the passage of a GW signal will
cause the observed pulse frequency v of a given pulsar to fluctuate, by:

v ij i i
— = —HY [Pij(te, zt) = hig(te — D/e,a)] (2)

where D is the distance to the pulsar, c is the speed of light, h;; denotes the GW strain evaluated at the Earth
at time t. and position z., and at the pulsar, and H¥ is a geometrical term that depends on the positions of
the GW source, of the Earth and of the pulsar. This rotational frequency will in turn induce fluctuations in the
timing, i.e., timing residuals. For example, the amplitude of the timing residuals caused by a distant binary
system can be estimated to be [10]:

B 1Gpe M 53 11077 Hz\ V/?
) - 10 (1509 (Y (0 o

In the above expression, d is the distance to the system, f is the GW frequency and M /(1 + z) (where z is the
redshift) is the total mass of the system.

PTA observations are typically conducted with a sampling interval of days or weeks over T' = 10 yrs or more,
implying that they are sensitive to GWs with frequencies in the order of 1/7 ~ 1 — 100 nHz. In this GW
frequency range, potentially detectable sources could be: individual supermassive black hole binary systems,
a stochastic background emitted by a population of supermassive black hole binaries distributed throughout
the Universe, GW signals from cosmic strings [11] and inflation [12], bursts with memory caused by black hole
mergers [13], or other sources of GW bursts. In the case of an isotropic, stochastic background of GWs from
a population of supermassive black hole binaries, the timing residuals for pairs of pulsars will be correlated as
[14]:

X(¢) = 3 e — T4 1+4(=)

2 4 2 )

1 —cos(¢)

This correlation function, which is displayed in Figure 2, is known as the Hellings-and-Downs curve.

with z = . Here, ( is the sky separation between the two pulsars and ¢ is the Dirac delta function.

Three major PTAs are currently actively searching for low-frequency gravitational waves. The Parkes PTA
(PPTA, [16]) uses pulsar timing data from the Parkes radio telescope in Australia. The North American
Nanohertz Observatory for Gravitational Waves (NANOGrav, [17]) uses pulsar observations made with the
Green Bank telescope in the US and with Arecibo telescope in Puerto Rico. Finally, the European PTA
(EPTA, [18]) uses pulsar timing data recorded with the Jodrell Bank (UK), Westerbork (Netherlands), Effels-
berg (Germany), Sardinia (Italy) and Nangay (France) radio telescopes. Each PTA typically has timing data
on a few tens of MSPs over time periods of a few years to several decades. The three PTAs have recently
joined forces and combined data to form an International PTA (IPTA, [19]), whose sensitivity is higher than
those of individual PTAs. Data from the five European telescopes are also combined coherently, to simulate
pulsar observations with a much higher effective aperture, equivalent to a 195-m diameter telescope (the Large
European Array for Pulsars, LEAP, see [18]). In the future, it is expected that radio telescopes located in other
countries or regions will join the IPTA and contribute to GW searches. Examples include the Chinese Five
Hundred Metre Aperture Spherical Telescope (FAST) that recently started operating, the future 110-m diam-
eter fully-steerable single-dish radio telescope QTT, also in China, MeerKAT in South Africa and the planned
Square Kilometre Array (SKA). Telescopes that are currently in the IPTA and those that are expected to join
in the future are shown in Figure 3.
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Figure 2 - The Hellings-and-Downs curve, which corresponds to the expected corrélation between the timing
residuals of pairs of pulsars due to an isotropic stochastic background of GWs, as a function of the angular
separation between the pulsars in the pairs. Figure taken from [15].

Figure 3 - Map showing the locations of the radio telescopes that are currently part of the International Pulsar
Timing Array (IPTA), and those that are expected to join in the future. Telescopes that are already in the IPTA
are labelled in blue. Figure adapted from [20].
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Figure 4 - Characteristic strain hc of gravitational waves as a function of frequency. The expected sensitivities
of the IPTA and ofthe SKA are plotted, along with realizations ofthe expected GW signal from the cosmological
population of supermassive black hole binaries. The brown, red and orange lines correspond to expected cosmo-
logical backgrounds from standard inflation and selected string models, with the parameters displayed at the top
right. Also shown are the eLISA sensitivity curve and the expected sensitivity curve of Advanced LIGO. See [26]
for full details.

The continental and international PTAs have, until now, not been able to detect any low-frequency GW signal
in the pulsar timing data. A number of upper limits on the amplitude of a gravitational wave background have
been published (see e.g. [21, 22, 23]). One of the most stringent upper limits placed to date is that published
by the IPTA, of 1.7 x 10-15 [24]. IPTA limits on a stochastic background of gravitational waves are plotted in
Figure 4, along with the expected sensitivity curves for the SKA, eLISA and Advanced LIGO. Numerous other
upper limits have been placed on GW emission from individual supermassive black hole binary systems, or GW
bursts with memory. As can be seen from Figure 4, it is expected that future radio telescopes, such as the
SKA, will increase our sensitivity of low-frequency GWs significantly. New generation instruments will indeed
enable us to monitor known stable MSPs with much increased sensitivity and thus extract more precise and
more numerous TOAs. Additionally, they will allow us to probe the Galactic population of MSPs much more
deeply, thereby increasing the number of ultra-stable MSPs that PTAs could monitor. It is expected [25] that
5to 10 years of timing of at least 20 MSPs with an accuracy better than 100 ns would be needed to make a
first detection of the GW background. At present, this level of accuracy is achieved on a handful of MSPs only;
hence the need to discover many new stable MSPs. However, current PTA experiments also need to address
a number of limitations to increase their sensitivity to gravitational waves. In the following section we discuss
some of the main known limitations of GW searches with PTAs.

3 Current limitations

As mentioned in the previous section, currently-existing PTAs have not yet been able to detect significant GW
emission in the ~ 1-100 nHz frequency range. One obvious limitation in current searches for GWs by PTAs is
that the number of MSPs that can be timed with very high accuracy (typically, with an RMS timing residual
< 100 ns over a decade or more) is limited to a handful of objects at present. Future pulsar searches with

new generation radio telescopes such as FAST, MeerKAT or SKA will likely expand the known population of
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ultra-stable MSPs. With their increased collective area and frequency bandwidths, future instruments will also
measure pulsar TOAs much more accurately. Denoting o the uncertainty on a given TOA, we have:

Tiys 1
w Ty

N —
Spsr A VB X tops

In the above expression, w is the pulse width of the considered pulsar, Spsr is its flux density, T4y is the tele-
scope’s system temperature, A its collecting area, B is the frequency bandwidth and 7,5 denotes the duration
of the observation.

g X

(5)

Interestingly, for some bright MSPs the sensitivity of current telescopes is not a limiting factor for timing pre-
cision. One key assumption of current pulsar timing techniques is that pulsar pulse profiles are stable when
averaged over a large enough number of rotations. Under this assumption, pulsar profiles are averaged and
compared to a standard profile for extracting TOAs, which then refer to a common phase in the pulse profile.
For a small number of MSPs such as PSR J17134-0747, intrinsic fluctuations in the phase and amplitude of the
pulse components are observed, a phenomenon known as “pulse jitter” (see e.g. [27]). Pulse jitter is a source
of white noise that limits timing accuracy for the brightest MSPs only. However, with their much increased
sensitivity compared to current instruments, future telescopes are expected to be very affected by jitter noise.
A way to limit the effect of jitter is to increase the duration of observations, so that phase and amplitude
fluctuations get averaged.

In addition to this source of noise acting on short timescales, MSPs are also affected by long-term timing per-
turbations referred to as “timing noise”. These perturbations are currently not well understood and are most
prominent in pulsars with long data spans and high-enough instantaneous timing accuracy. Various methods
exist for whitening the white noise and the red noise introduced by those long-term intrinsic instabilities.

Other sources of noise affecting pulsar timing on both short and long timescales are those caused by changes in
the interstellar plasma, between pulsars and the Earth. Radio waves are dispersed by the free electrons along
the line-of-sight between the observed pulsar and the telescope. This dispersion effect induces a time delay
given by:

AtDM =D x ]3(—1;/[7 (6)
where f is the observing frequency, D = 4.148808 x 10> MHz? pc~! c¢m? s is the dispersion constant and
DM, the “dispersion measure”, is the integrated column density of free electrons: DM = fod ne dl. The latter
quantity is observed to vary as the Earth and the pulsars move with respect to the interstellar medium. As a
consequence of this DM variation, the timing residuals of MSPs are affected by frequency-dependent delays that
can be mitigated by observing pulsars at different radio frequencies, or by using wide-band frequency receivers.
Pulsar observations at low radio frequencies (i.e., 100 — 400 MHz or below) by instruments such as LOFAR, or
NenuFAR are particularly useful in this regard, since they are strongly affected by dispersive effects and can thus
be used to monitor and study turbulences in the interstellar medium. Additionally, multi-path propagation in
the inhomogeneous interstellar plasma can cause radio pulses from pulsars to get broadened. The time-varying
delays introduced by this pulse broadening are another source of noise that need to be mitigated when analyzing
PTA data.

Unlike the above sources of noise, which are generally uncorrelated between pulsars, some other processes
can introduce correlated noise in the timing data. Understanding and mitigating correlated noise is of prime
importance, since, as mentioned above, PTAs search for low-frequency gravitational wave signals by analyzing
correlations in the timing residuals of arrays of pulsars. Sources of correlated noise are, for example:

e Errors in terrestrial clocks, which are expected to affect TOA measurements of all pulsars identically.

¢ Inaccuracies in solar system ephemerides, which are used to convert topocentric TOAs to the solar system
barycenter.

e Variations in the solar wind, which induce frequency-dependent timing residuals.

The Nangay Radio Telescope plays a key role in the search for GWs with PTAs, by recording large volumes of
high-quality pulsar timing data which are shared and analyzed in the context of the EPTA and of the IPTA.
13
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The current pulsar instrumentation in place at the Nangay Radio Telescope is the “NUPPI” backend, which
has been used as the main pulsar instrument since mid-2011. Nangay observations of pulsars are mainly done
at 1.4 GHz, with observations also done at higher frequencies of 2.1 or 2.5 GHgz, to be sensitive to the short
and long-term DM variations mentioned above. The NUPPI backend coherently dedisperses the radio signal
over a total instantaneous frequency bandwidth of 512 MHz. The pulsar team in Orléans is currently involved
in the construction of a new backend, that will enable pulsar observations over a total frequency bandwidth of
~ 2 GHz. Such large instantaneous frequency coverage will be particularly useful for mitigating several of the
above-listed sources of noise.

The list of noise processes given above is non exhaustive. Current PTAs are actively working on understanding
these sources of noise and defining analysis or observation strategies for mitigating them as much as possible.
Despite these limitations, PTAs have already obtained stringent limits on GW emission from the population
of supermassive black hole binaries, and have started to put some strong constraints on the properties of this
population. With their much increased sensitivity compared to current telescopes, future large radio telescopes
such as the SKA will make it possible to monitor pulsars with very high timing accuracy and will also discover
many new stable MSPs. Although challenging, PTA-type GW searches with future instruments will undoubt-
edly open a new window on the study of GWs at low frequencies.
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Résumé/Abstract

Aux grandes longueurs d'onde, le signal radio venant du fond du ciel est la résultante des émissions et absorptions des rayonnements
thermiques et non thermiques du gaz ionisé interstellaire et des radiosources discrétes galactiques et extra galactiques. Au-dessus de la
fréquence de coupure ionosphérique (10-15 MHz), la distribution de brillance, maintenant bien cartographiée, est essentiellement celle d'une
émission concentrée le long de I'équateur galactique, avec un maximum en direction du Centre Galactique, et d'un halo plus diffus qui décroit
en intensité vers les poles. Au-dessous de 10 MHz, faute de résolution spatiale de la part des radiométres embarqués sur satellite, la
distribution de brillance du ciel en radio reste trés mal connue. Quelques rares observations depuis le sol, dans des conditions extrémes, et les
prédictions théoriques, suggérent une situation inverse: I'équateur galactique en absorption et I'émission plutdt concentrée vers les hautes
latitudes. En utilisant les données d'expériences de radioastronomie spatiale récentes (Cassini/RPWS par exemple), équipées de corrélateurs
analysant plusieurs antennes filaires en rotation avec le satellite, nous montrons en effet qu'entre 10 et 1 MHz la distribution de brillance
évolue graduellement d'une situation a l'autre. Nous décrivons la méthode, ses limitations, et les implications astrophysiques du résultat.

The brightness distribution of the radio sky is nowadays well documented in the part of the radio spectrum above Earth’s ionosphere cut-off.
As the result of emissions and absorptions of thermal and non-thermal radiations from interstellar ionized gas and discrete radio sources, the
brightness is concentrated along the Galactic Equator, mainly towards the Galactic Centre. In the frequency range not available from the
ground and lacking of instrumentation with spatial resolution capability (typically below 10 MHz), theoretical predictions and a few
observations indicated that the maximum sky brightness would be rather located at much higher galactic latitudes. By analysing data from a
radio spectrometer using a spinning, tri-axial antenna system (e.g. Cassini/RPWS), we confirm that the overall galactic brightness
distribution gradually evolves from equatorial to polar, when frequency is decreasing. We describe our method of analysis, its limitations and
discuss astrophysical implications of the result.

1 Introduction

Among the wealth of contributions to the knowledge of the Universe brought to us by the Radio Astronomy, a
basic one is the appearance of the whole (radio) sky as a function of the frequency. Its description has well
progressed in the two last decades thanks to the development of powerful radio imaging techniques and also
because of the necessity to clean the newly obtained Cosmic Microwave Background maps from all foreground
contaminations.

In the frequency range available from the ground (say from about 30 MHz to 100 GHz and above), the overall
picture is now well described and understood [1]: it is dominated by an anisotropic diffuse component,
concentrated along the Galactic Equator (the plane of our Galaxy), mainly in direction of the Galactic Centre
(Sgr A), The observed brightness is a combination of thermal emission and absorption by the galactic warm
ionized gas (mainly HII) and of non-thermal emission by the galactic relativistic electrons. A second weaker
component, likely to be isotropic, is due to the large (infinite ?) amount of emitting extragalactic radio sources
lying in every direction. Since the free-free optical depth of such a medium varies with the frequency (as v~2i),
the relative contrast of the various visible structures is changing with the frequency, but the large scale features
remain similar over the whole spectrum [1]. An example of such a sky radio map, which was recently obtained at
the frequency of 45 MHz [2], is shown in Fig. 2a.

In the frequency range blocked by Earth’s ionosphere (from about 30 MHz or below), the appearance of the
radio sky is much less documented. In space, techniques are not yet available to directly make maps with angular
resolution comparable to what can be done from the ground. However, a few observations from the ground,
made in special conditions, indicate that the sky appearance, regarding its brightness distribution, might be very
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different in the lowest frequency range. For instance, taking good advantage of an ionospheric hole over
Tasmania, Reber [3], then Ellis [4] were able to observe sky at frequencies as low as 2 MHz, measuring a much
higher brightness at the South Galactic Pole than at the Equator.

Even more convincing, - and this time by using a space borne experiment -, Manning and Dulk [5] were using
radio data from the WIND spinning spacecraft and suggested that the sky brightness maximum location moves
from the Galactic Centre to the Poles when the observing frequency varies from 10 down to 1 MHz. They were
using the modulated antenna response due to the spacecraft spin, but in a somewhat qualitative way. As stated in
their paper: “as the antenna rotates, the received intensity varies from a maximum approximately when the
antenna is broadside to the regions of lowest brightness”. The aim of the present paper is to investigate what can
be ultimately done with such a space experiment, - say, a wideband spectrometer fed to a system of wire
antennas aboard a spinning spacecraft -. In section 2, we present a quantitative formulation of the problem. In
section 3 we show an example of application obtained by using the Cassini/RPWS instrument en route to Saturn.
The results are briefly discussed in section 4.

2 What can be actually obtained by using a radiometer on a single spacecraft ?

In the fields of solar and planctary space radio astronomy, there is an abundant literature on spinning radio
antennas (for instance [6], [7], [8]). The method was mostly used for studying small size radio sources, so that
only the simplest point source case was deeply analysed. Applying those simple analyses to the extended case of
the galactic radiation is clearly not satisfying. However, it is known for a long time ( [3], [4]) that the galactic
background can modulate the antenna output at a significant level, only depending on the sensitivity of the
receiving system.

Our method of analysis starts with the basic relationship between the incident electric field and the antenna
output voltage, here written in the (frequency) Fourier domain as a scalar product of complex quantities:

V(w) = H'E(0) (D

The factor H is the impulse response of the antenna, considered as a linear (filtering) device. It is otherwise
known as the antenna effective length vector. The latter can also be modelled as the Fourier transform of the
(steady) current established on the antenna body. In the case of a system of several antennas, the equation (1)
still hold: H becomes a matrix and V is the vector of the corresponding antenna output voltages. Effective
lengths are most often considered in projection onto the plane perpendicular to the wave vector (which contains
the incident electric field for a source at infinite distance). Here we will rather characterize the antenna(s) by
their effective lengths expressed in some working reference frame (for instance the spacecraft XYZ reference
frame) and consider the matrix R of the transformation from this frame to the wave reference frame. The basic
equation read now as:

V=RHE

The covariance matrix of the measured voltages, - the final output of the system -, follows as:
I, = (vvty=H' (RTTR) H (2)

where I' = (EET) is the coherence matrix of the incident electric field. Brackets mean integration over time. In
the following, since observing frequencies are lower than 10 MHz and antenna lengths shorter than a few meters,
the antennas can be considered as short with respect to the wavelength: H does not depend on the wave direction
(but can depend on the frequency) and is a real vector, at least within a reasonable approximation. The matrix
Co, = RTT'R contains most of the information available from the observed electromagnetic wave (namely its
direction, intensity and polarisation).

Let consider the brightness B, (6, ¢) of the whole radio sky as made of individual, uncorrelated, unpolarised
point sources located in each direction (8, ¢). The overall radiation from the whole sky is then characterized by:

Copg = ff Co(0,9)sin8dodp = fva(0,<p)M(0,<p)sin6 do de

in which M (8, @) is some matrix (not shown here for saving space) containing sine and cosine combinations up
to the power of 2.

Now the B, (8, ¢) function, defined on the 2-sphere S,, can be developed in a series of orthogonal spherical
harmonics Y™, as:
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B0.@) =) D hnk"(60.0) 3)

L |Im|=<l

together with the reciprocal formula: b, ,, = [[ B,(8,¢) Y/"(6,¢)sin6 d6 dg. The b, ,, are complex numbers,
often described as the Fourier coefficients of the expansion (3) on the sphere S,. Substituting in the above
integral, one obtains:

Cp = Z Z Bim ff Y/™(8,9) M(8, ¢) sin 6 d dg

L |m|=l

One can easily check that all the integrals in previous formula vanish, except those for I = 0 and [ = 2, so that
one get:

[24/5 by + b
% “Re(bs) im(b,) Re(by1)
27 25 by + b
Com = 15 Im(b,2) % +Re(b2,) ~Im(b,,1) 4)
Re(,.) SOOI

Given a particular antenna system described by the H matrix, the output of the correlator (formmula (2)),
corresponding to the “all sky” emission, finally read as:

L=H C,H (5)

While the actual sky map would in principle be defined by a large number of b, ,, coefficients, the observed
radio map appears to be strongly filtered into only six independent measurable quantities, namely: the real parts
of by and b, 4, and the real and imaginary parts of b, and b,, (taking into account that b, _, = —52,1 and
b, _, = b, since B, is a real function).

A consistency check can be done by substituting in (4) the coefficients for the point source in direction (90, (po)

b = ff5(9 — 80,9 — o) ¥/"(6,9) sin6 db do

and verifying that (4) reduces to C,(8,, ¢,).

When the spacecraft spins and the antenna boom rotates, the signal (formula 5) is modulated at both the
fundamental and first harmonics of the spin frequency [6]. The resulting Fourier series is made of three complex
components, corresponding to five independent real quantities, which can be easily fitted to the data. One can
show that there is a one-to-one correspondence between those spin modulation Fourier components and the
{bo,0, bo,m} components described above.

A single antenna on a spinning spacecraft is not enough for retrieving all the six quantities (b, o and b, , cannot
be resolved). At least two antennas are needed, with different tilt angles with respect to the spin axis. The “ideal”
configuration [11] would involve three no coplanar antennas in full correlation: all the six involved quantities
can then be determined with some redundancy, what can be useful for a maximum accuracy.

Changing the working reference frame, i.¢. the orientation of the spacecraft spin axis, if any, does not bring any
new information. Indeed, it is well known [12] that, under a rotation, each spherical harmonic ¥;™ of degree [ is
transformed into a linear combination of the ¥;” with same ! degree, namely:

ROT)O0.9) = D @0 DY (R

|m|<l

leading to the component transformation:
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whose calculation involves the so-called Wigner-D matrices, well studied and used in quantum mechanics and
particle physics [10]. From the latter result, a powerful method for precise, in flight calibration of any space
borne low frequency radio astronomy instrument could be derived, based on the determination of the amplitudes
and phases of the b2m coefficients at each frequency.

3 An application by using data from the Cassini/RPWS instrument :

The Radio and Plasma Wave Science investigation on board of the Cassini Satum’s orbiter is fully described in
[11]. The HFR part of the instrument mainly dedicated to radio astronomy, was designed and developed in the
Space Department of the Paris Observatory in the 1990s. It is based on digital, real time, spectral correlation of
several pass band filters, analyzing a set of three 10 meter long, wire antennas. The analyzed frequency range
extends from about 1 kHz to 16 MHz.

While Cassini orbiter was originally designed as a 3-D stabilized spacecraft, rolling the whole spacecraft about
various axes was a thoroughly used method to move on board scientific instruments on their target, as well as for
calibrating and doing general housekeeping. Many thousands of such roll manoeuvres are available throughout
the life of Cassini.

Cassini/RPWS/HFR 2014/03/18 15:14:58 - 2014/03/19 03:22:26 1.5 MHz

Figure 1: Example ofa Cassini roll maneuver, lasting about 12 hours on 2014, March 18. The leftpanel shows
full time waveforms ofthe available output at 1.6 MHzfrom one pair of RPWS monopole antennas (X and 2).
The horizontal axis is graduated in number of rotations at the rate of 2 milliRad/sec. The vertical axis is
expressed in V2Hz~ 1 at the receiver input. In the rightpanel, the same data are displayed, but afterfolding the
rotation phase. The modulation amplitude, ofthe order 0f20% ofthe DC level, is well measurable in spite ofthe
instrumental noise due to the spectral analysis.

Fig. 1 shows an example of a long lasting roll manoeuvre, dedicated to in flight calibration of another on board
scientific instrument. The right panel displays the waveforms, at the frequency of 15 MHz, of the

correlator output, computed by the digital receiver in real-time. Another pair of antennas
(YZ) was analyzed in the same time, allowing for an accurate measurement of the coefficients of the Gin matrix
given by formula (4)).

Fig.2 summarizes our final result. All six displayed maps are radio maps of the whole sky (shown in Mollweide
projection, as described in the legend of the figure). The four first maps ((a) to (d)) are drawn from a reference
map taken at the 45 MHz radio frequency and extracted from the low frequency sky survey by the LWAI radio
telescope [2]:the map is drawn in galactic coordinates, with an angular resolution of 3.6°. Map (b) is drawn from
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the same data as map (a), but in coordinates of the spacecraft reference frame corresponding to the orientation of
Cassini at the starting time of the manoeuvre displayed in Fig.1 and computed from the archived Cassini
spacecraft attitude data. Map (c), still in this reference frame, was built by using formula (3) and spherical
harmonics components obtained from map (b). Then, formula (6) was used to back transform map (c) into
galactic reference frame, as in map (a).

Comparison of map (c) with map (b), or map (d) with map (a), illustrates the huge angular resolution loss of the
method, as discussed in previous section. The comparison of map (d) with map (a) shows also that the large scale
brightness distribution is not too much distorted: the maximum brightness is well found at the centre of the map,
the poles have much lower intensities, as expected. Replication at 180° of the bright central patch is an artefact
due to the absence of blm harmonics (or, equivalently, due to the dipolar antenna beam symmetry between any
direction and its anti-direction).

Figure 2 : six radio maps of the whole sky, drawn in Mollweide projection (North pole at the top; increasing
longitudesfrom left (-180°) to right(+180°)). (a) reference map (45 MHz) in galactic coordinates; (b) same map
but; (c) same as (b), but after antenna “flitering”; (d) back to galactic reference frame, to be compared to (a);
(e) real measurement in the S/C reference frame, done at 1.5 MHz, by using Cassini/RPWS/HFR data; (f) back
to galactic referenceframe, to be compared to (a). See textfor details.

The two last maps ((e) and (f)) are built by using the data (Fig. 1) actually measured at much lower radio
frequency, namely 1.5 MHz. Map (e) results from applying formula (3) as in case of map (c). Map (f) is the
transformation into galactic coordinates by applying formula (6).

Clearly, passing from map (a) (or (d)) to map (f), that is from frequency range lying above to below 10 MHz,
exchanges bright and dark regions. At 1.5 MHz, the galactic poles unambiguously appear to be much more
brighter than the equator with, maybe, an excess of brightness at the South pole over the North one.

20



4  Discussion

Our result is not completely surprising: it is the confirmation of previous observations, as stated in the
introduction. But for the first time, at our knowledge, one can get a clear evidence that the radio sky appearance
is drastically changing when the observing frequency is decreasing from above to below 10 MHz.

The main reason is the presence within the galactic interstellar medium of a large amount of warm ionized gas
(the so called Warm Ionized Medium), which has been inferred from other observations also. It is now believed
that the WIM is responsible for producing, for instance, the diffuse optical H, emission, the dispersion of pulsar
radio signals, and the Faraday rotation observed in every direction in our Galaxy [15]. From all these
observations, a general, quantitative picture of the WIM was deduced: with an average electron density of 0.025
cm” and an average temperature of 10" K, this is a quite irregular medium made of blobs (filling factor of ~0.1)
of density 0.1-0.5 cm™ and scale height of 1 kpc. Taking into account those physical properties, one can expect
that the WIM optical depth is close to zero in all directions at 100 MHz and above, progressively increases with
decreasing frequency in dense regions, then that the medium becomes optically thick to any radio emissions at
some very low frequency (estimated to be around 4 MHz by using above numbers). For a far observer located in
the periphery of the Galaxy (the case of the Solar System), the consequence is a strong extinction, from this
frequency downward, of the synchrotron emission produced by the far galactic relativistic electrons, leaving only
place to the emission from the local ones, within a radius of a few kpc. This absorption being likely more
pronounced towards the equator than towards the poles.

If this scenario is correct, an increase of the angular resolution would show the irregularities that exist in the
interstellar medium, e.g. the distribution of HII regions and dense clouds. A little bit more remains to be
extracted from the existing single spacecraft radio observations. This is under study, now.

In the future, hopefully not too far, the final answer will become available when antenna arrays will be deployed
on spacecraft clusters and will provide, by using interferometric technique, true detailed images of the sky
background.

5 References

[1] A. de Oliveira-Costa, M. Tegmark, B. Gaensler, J. Jonas, T. Landecker et P. Reich, MNRAS, vol. 388, pp.
247-260, 2008.

[2] J. Dowell, G. Taylor, F. Schinzel, N. Kassim et K. Stovall, MNRAS, vol. 469, n° %14, pp. 4537-4550, 2017.

[3]1 G. Reber, J. Franklin.Inst., vol. 285, pp. 1-12, 1968.

[4] G. Ellis, Aust. J. Phys., vol. 35, p. 91ff, 1982.

[5] R.Manning et G. Dulk, Astron.Astrophys., vol. 372, pp. 663-666, 2001.

[6] R.Manning et J. Fainberg, Sp. Sci. Instr., vol. 5, p. 1611f, 1980.

[7]1 A. Lecacheux, Astron. Astroph., vol. 70, pp. 701-706, 1978.

[8] B. Cecconi et P. Zarka, Radio Science, vol. 40, p. 3ff, 2005.

[9] L.Brown, 4p.J., vol. 180, p. 359, 1973.

[10] J. Alexander, L. Brown, T. Clark, R. Stone et R. Weber, 4Ap.J., vol. 157, n° %I1L163, 1975.

[11] A. Lecacheux, C. Harvey et A. Boischot, Ann. Telecomm., vol. 34, pp. 253-265, 1979.

[12] J. Driscoll et D. Healy, Adv. Applied Math., vol. 15, pp. 202-250, 1994.

[13] M. Blanco, M. Florrez et M. Bermejo, J. Molecular Structure, vol. 419, pp. 19-27, 1997.

[14] D. Gurnett et ¢. al., «The Cassini Radio and Plasma Wave,» Sp. Sci. rev., vol. 114, pp. 395-463, 2004.

[15] K. Dwarakanath, AGU Geophysical Monograph 119, R.G. Stone, K.W. Weiler, M.L. Goldstein and J.L
Bougeret , 2000.

21



Approcher les deux infinis par

LES ONDES ELECTROMAGNETIQUES

Les grandes structures et les grands radiotélescopes
Large Structures and large radio télescopes

Wim van Driel

IGEPI, Observatoire de Paris, wim.vandriel@obspm.fr
large structures ; dark matter ; SKA

Résumé/Abstract

De par des relevés faites en raie Hl a4 21 cm la radioastronomie joue un r6le important dans la mise en
relation de nos connaissances de I'Univers a ses plus grandes et plus petites échelles. Ces relevés
montrent la présence de matieére noire, dont la nature précise reste inconnue. Des nouveaux grands
relevés vont étre mise en route avec une nouvelle génération de radiotélescopes, les ""Pathfinders' vers
le Square Kilométré Array. L'un des objectifs de ces relevés est la détection d'hydrogene neutre dans
es structures de la ""toile cosmique™.

Through surveys made in the 21cm HI line, radio astronomy plays an important réle in connecting our
knowledge of the Universe on its largest and smallest scales. These surveys have shown the presence
of Dark Matter, whose précisé nature remains unknown. New large surveys are about to start with a
new génération of radio télescopes, the so-called Pathfinders towards the Square Kilométré Array. One
ofthe goals is the détection of neutral hydrogen inside *"cosmic web" structures.

1 Proposition de communications

La radioastronomie joue un r6le important dans la mise en relation des études de I'Univers a ses plus
grandes et plus petites échelles - des nombreuses études faites en raie HI a 21cm de galaxies et d'amas
de galaxies ont montré la présence a toutes échelles de matiere noire, dont la nature précise reste
inconnue, et qui domine la masse dans I'Univers.

La communauté mondiale en radioastronomie s’emploie a construire un instrument géant: le Square
Kilométré Array, SKA. Sur le chemin menant au SKA, des instruments appelés "Pathfinders' sont en
train d’étre mis en service, tels que ASKAP en Australie et MeerKAT en Afrique du Sud. Bien qu'ils
aient la méme sensibilité que les instruments existants, ils ont un champ de vue (beaucoup) plus large,
et la décision stratégique a été prise de réaliser principalement un nombre limité de relevés de tres
grande taille avec ces instruments.

Certaines de ces grands relevés visent a cartographier des structures en HI a des tres basses densités de
colonne dans des amas de galaxies et autour des galaxies proches. L'un des objectifs est la détection de
I'nydrogene neutre dans les structures de la toile cosmique, qui, selon les modéles, devrait étre
omniprésentes dans l'univers.

Un revu sera présenté des études antérieures des grandes structures dans I'Univers en raie HI a 21cm

ainsi que des nouveaux relevés avec les instruments Pathfinder de SKA, en préparation de SKA Phase
1
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The bigpicture: from Big Bang to big bucks

Précision cosmology: lots of basic parameters known
K CD/Y] model with coid dark matter - need observations to improve it

Large Scale Structures - in the optical

galaxy. cluster supercluster Laniakea

oo Ti-

Lol . - e ’
*.T..*| * / * oy e* 0 s

/ . %
Largest identified local supercluster. Laniakea (immense horizon)

700 000 galaxies out to z~0-04 - gravitationally bound?

Sloane Digital Sky Survey
2-5m optical télescopes

Structures at z=7-2-7-5
(8 billion years ago)

Linking rrigyoe and small structures

The theme of this meeting - in which astronomy plays a key role

I will focus on the réle of radio astronomy, in particular the impact
of the Square Kilométré Pirray (SKfl) and its Precursor instruments

Galaxies and clusters - stars, gas and Dark Matter

optical radio (Ht ling)

\Y Galaxies:
dark matter
dominates
their mass

M -1

radius (kpc)

X-rays radio (Ht Une)

Clusters:
dark matter
dominates
even more

radial velocity (km/s)

Ubiquitous and still mysterious
» Dark /flatter: relatively more at
5 larger scales - new elementary particle?

Large Scale Structures at radio wavelengths

Hydrogen is a ubiquitous element, has been around -T*-
since the beginning, fuel source for star formation, \
component of Large Scale Structures

Spectral line of cold neutral hydrogen gas at 21 cm
"blind" surveys of space volumes - full sampling

Limited by sensitivity:
7000 hour intégration
with Ulesterbork
74x25m interferometer
at z~0*2

SDSS optical
Ht firecibo 305m
H! DSRT 74x25m

tedsA qio



I/Jhat n&xt? - on thebacks of Square Kilométré flrraybasic pare

For a paradigm shifb: measure FU in galaxies when the Universe

was really different - at z~7 (~8 billion years ago) Huge collecting area (= sensitivity) +

very large field(s)-of-view

7 billion galaxies in Ht line, out to z~2
70 billion radio continuum sources

« collecting area: one square kilométré (equiv- 5500 75m dishes)

¢ radio line observations: 700 * more sensitive
 frequency range: 0-7 - 70 6Hz. (X 7cm - 7m)
o field of view: 50 (degrees)2 @ X 27 cm

* multiple fields of view

e angular resolution: 0-07 arcsec @ X 27 cm

interferometer, baselines up to ~3000 km

Versatile instrument - for discovering unknown unknowns

[7990] [2005]
Towardsthe SKfl SKfl Precursors.” HI survey- comg
Pathfinders - operational; e y: Large Programmes, for first 5 years of operations
LOFAR: international telescope,
station at Nangay Radio Facility fISK fIP
NenuFAR: at Nangay Radio Facility
Pbased arrays, at 70-240 UlHz 36 X 72 m parabolas, 0-6-74 6Hz, FoV 30 deap, resolution 30"
Precursors - completed DALLABY 27cm HI line survey of 75% of entire sky
Size of existing radio télescopes, large field-of-view, 7-70 6Hz mjy rms, 500 000 galaxies, mean z~0-05

Australia, South Africa (+ Netherlands)

SK ffl - construction will start in a few years /YleerM T
70% of SKA2 ; budget-limited (650 /WFUR construction costs)

64 x 73 m parabolas, 0-6-74 6Hz, FoV 7 deg2 resolution 8"
SKO2 - full monty square kilométré size radio telescope

science-limited ; >2030? MHONG00OSB deep HI, selected nearby galaxies
Fornax cluster deeper Hl in nearby cluster - cosmic web
LAD UMA uftra-deep HI Field
SKfl Precursors: HI SKTfll

ASKAP + APFRTIF. alhsky, shallowish

détection of a million galaxies
imaging of thousands of galaxies:

HI distributions and velocity Felds
mean redshift ~0-05

/yieerKAT: targeted, deeper

LADU/YIA: 7 degp fteld, ultra-deep
détection of 20,000 galaxies

mean redshift ~0-3 SKA?—mld SKfll-fow
200 75 m dishes 730 000 phased array antennas
s . . (0-03 km2 (0-4 km2)
Fornax cluster: détection of cosmic web frecp 0-35-74 6Hz frecj- 0-05-0-35 6Hz
7 deg2 FoV 30 deg2 FoV
baselines 750 km baselines 65 km
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Da capo: the radio astronome Ht révolution

The SKfl is designed for gigantic surveys

Txample: extragahctic HI surveys

2019: 40,000 détections, out to z~0-05
2028: 1,000,000 détections, out to z™0-5
2038: 1,000,000,000 détections, out to z~2

Télescopé time to be shared u/ith other key projects

quietly, or uwe wiil ali be sent to our rooms...
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Low frequency pulsar observations with NenuFAR
Observation de pulsars a basse fréquence avec NenuFAR
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Abstract:

NenuFAR (New Extension in Nangay Upgrading IoFAR) is the new radiotélescope developed and built in Nancay.
Designed to observe the largely unexplored frequency window from 10 to 85 MHz, it has a high sensitivity across the
bandpass. Still in the construction phase today, it already has more than 1000 antennas and is better suitable for large
band observation than the European low frequency network LOFAR. The scientific exploitation is about to start.
Pulsar observations require a real-time pipeline able to cope with a high data rate in order to significantly reduce the
required dedicated storage. The data are reduced by taking care of the interstellar medium through coherent dedispersion
and by folding the data to the apparent rotation period of the neutron star. We will end by presenting the first results
obtained using the pulsar instrumentation of NenuFAR.

Résumeé:

NenuFAR (New Extension in Nancay Upgrading IoFAR) est le nouveau radiotélescope développé et en cours de con-
struction sur le site de Nangay. Concgu pour observer dans une fenétre radio encore trés peu étudiée de 10 & 85 MHz il est
trés sensible sur toute sa bande passante. Encore en phase de construction aujourd’hui il dépasse déja les 1000 antennes
et est plus adapté pour les observations large bande que le réseau basse fréquence européen de LOFAR. L’exploitation
scientifique est sur le point de commencer.

L observation des pulsars demande un traitement des données trés haut débit en temps réel afin de considérablement
diminuer le stockage nécessaire aux observations. Les données sont réduites en prenant soin de corriger de facon cohérente
la dispersion du milieu interstellaire et par le repliement des données a la période de rotation apparente de Iétoile a
neutron. Nous présenterons les premiers résultats de I'instrumentation pulsar de NenuFAR.

Figure 1 - Left picture: Satellite picture of NenuFAR. Green points are mini-arrays of 19 antennas. White
points are future mini-arrays. Right picture: Picture of NenuFAR antennas (see [1]).

1 NenuFAR

NenuFAR is officially labelled as SKA pathfinder. In its present state NenuFAR-1, it is composed of 56 mini-
arrays of 19 antennas (see left picture in Figure 1). The final NenuFAR will be composed of 96 such mini-arrays.



Because NenuFAR has a high gain across the full band, the sensitivity relative to the LOFAR core is especially
high at low frequencies. For example, at 20 MHz, NenuFAR-1 is 5 times as sensitive as the LOFAR core.
This is mainly due to the new design of NenuFAR antennas, optimized preamplifiers and the antenna spacing.
Observations shown in this paper were made in commissioning mode, without proper coherent summation
between mini-arrays. When the calibration phase will be completed with a proper coherent summation and
pointing correction table the sensitivity of NenuFAR-1 will reach that of the LOFAR core. The final version
will exceed the sensitivity of the LOFAR core by a factor 1.7.

2 Pulsar Backend

A pulsar backend is fed by the beamformer with waveform data through a User Datagram Protocol (UDP)
connection corresponding to 300 MB/s. To be able to process this data stream in real time on a single machine
all calculations have to be performed on Graphical Processing Units (GPUs) to optimise the parallelization. The
backend has two main objectives: correct for the dispersion of the interstellar medium in the Fourier domain
(coherent dedispersion [2]) and fold the observation at the period of the neutron star. Finally the output of the
backend is saved as a Flexible Image Transport System (FITS) file a thousand time smaller than the original
waveform data.

2.1 Low frequency Pulsar Backend

Low frequency coherent dedispersion in real time is a challenge due to the long time delay within the lowest
frequency channel. For example, with a single channel of 195 kHz and for an observation at 20 MHz, B0329+54
(at a dispersion measure of 26.7 pc.cm-3) has a intrachannel dispersive delay of 5 seconds, which corresponds to
several times the pulse period. In the pulsar pipeline we need to double this dispersive delay to get an overlap.
In consequence, for each channel and complex polarization we need an FFT (Fast Fourier Transform) on 221
complex values of 5.12 microseconds, corresponding to more than 10.7 seconds of waveform data in a single
FFT. For the total bandwidth (384 channels) we need 8 GB of memory in a single GPU.

If we look at the frequency resolved pulse profile of Figure 2 the difference is clearly visible between a dispersed
profile (left plot) and a coherently dedispersed profile of B0950+08 (right plot). Note that the dispersion of this
pulsar is low only 2.97 pc.cm-3, which is the firth lowest DM value of 2659 known pulsars.

B0950 +U8 test.cir B0950 +08 test.cir
Freq: 46.118 MHz BW: 75 Length: 15885964 S/N: 1467.875 Freq: 49.518 MHz BW: 75 Length: 15885.964 S/N: 1467.876

698 0.4 0.6 0.8 1 0 0.8 0.4 0.6
Puise Phase Puise Phase

Figure 2 - Frequency resolved pulse profile for an observation of B0950+08 with 56 mini-arrays of NenuFAR.
Left plot: The dispersed pulsar as observed by the radiotelescope. Right plot: The same observation coherently
dedispersed.

UnDySPuTeD is the beamformed high rate backend of Nenufar on which the software LUPPI (Low frequency
Ultimate Pulsar Processing Instrument) is installed. LUPPI is installed on two machines with in total 4 GPUs
(GTX 1080 8 GB). It has been designed coherently dedisperse and fold up to 4 numerical beams of 37.5 MHz
of bandwidth simultaneously (192 channels per beam).
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LaNewBa (Beamformer)
4 x 37.5 MHz of bandwidth

I UDP connexion: 1.2 GB/s spread over 4 processes

r  AJPPI (Pulsar Backend)
< net thead.c

e data transfer: UDP connexion to the first ring buffer

 dedisp_thread.c
« data transfer: first ring buffer to GPUs

e dedi spers_GPU .eu (inside GPUs)
1. overlap management
Fast Fourier Transform (FFT)
chirp multiplication with pulsar dispersion
inverse FFT

o r WD

overlap extraction
6. folding to pulsar period

e data transfer: GPUs to second ring buffer .
Total:

1.2 GB/s spread on 4 processes
256 GB of shared memory in 8 ring buffers
32 GB of memory used in 4 GPUs

J 150 MHz of bandwidth processed

e psrfits_thread.c
« data transfer: second ring buffer to a RAID 1

Figure 3 - Sketch of the Low frequency Pulsar Processing Instrument (LUPPI) describing how the data are
processed from the beamformer to the final Flexible Image Transport System (FITS) file through the three main
threads: net_thread, dedisp_thread and psrfits_thread.

2.2 LUPPI

This section will detail the data processing applied by the Low frequency Ultimate Pulsar Processing Instrument
(LUPPI) (see Figure 3). LUPPI is a dedispersing and folding algorithm working with GPU parallelization. This
software is a low frequency adaptation of NUPPI1 (Nancay Ultimate Pulsar Proccesing Instrument) which is
the software used on the decimeter Radio Telescope of Nancay (NRT). NUPPI is directly inspired by GUPPI
(Green Bank Ultimate Pulsar Processing Instrument, [3]).

The NenuFAR beamformer LaNewBa, uses Field-Programmable Gate Array (FPGA) boards and is able to
broadcast 4x37.5 MHz of bandwidth in 768 channels of 195 kHz to Undysputed and LUPPI via four UDP
links. LUPPI works with three main threads: The net_thread is bound to the UDP port and writes waveform
packets for all channels to a first ring buffer. Secondly, dedisp_thread is the heart of the program, in which
the waveform data is transmitted to the GPUs where most of calculations are done (FFT, management of the
overlap, coherent dedispersion by multiplication of the waveform with the chirp function in the Fourier domain,
inverse FFT, overlap extraction and folding of the subintegration by the pulsar period). Finally, the folded data
stream is send in a second ring-buffer to be written to a RAID (Redundant Array of Independent Disks) in
FITS format by psrfits_thread.

3 Observations

In this section we present the folding mode where the pulsar signal is integrated in time to increase the signal to
noise ratio and show the frequency variations of the profiles. The total bandwidth is 75 MHz for all observations.
The observation length is variable: from 32 minutes for B0809+74 to 5 hours for B1133+16.*

XG. Desvignes, https://github.com/gdesvignes/NUPPI
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The aim of this section is to illustrate the low frequency pulsar population by showing iconic low frequency
pulsars (see on Figure 4 and 5).

These observations show high variations of pulsars profiles due to the interstellar medium and intrinsic magne-
tospheric properties of the pulsar.

3.1 BO0809474

This pulsar was already observed and studied with LOFAR [4], [5], [6] and with UTR-2 [7]. Two pulsations are
apparent in Figure 4. It is particularly interesting for two reason: it exhibits impressive drifting subpulses (see
[4]) and the ratio between the amplitudes of both pulsations reverses at 50 MHz as can be seen in Figure 4.

3.2 BO08344-06

Observed by LOFAR [6] and UTR-2 [7]. This pulsar shows an exponential tail in the lowest part of the band
below 29 MHz, which is the signature of the multi-path propagation in the interstellar medium [2].

3.3 B09504-08

This pulsar was observed with LOFAR [5] and with the MWA [8]. Defined as one of the least scattered pulsar
in [9] there is no scattering tail visible in Figure 4.

3.4 B1133416

Observed with UTR-2 [7], LOFAR [5], [6] and the MWA [8]. This pulsar is well know in low frequency for the
increasing of the separation between both pulsations, which is the signature of the emission height in a bipolar
model see [10] and [11], [2].

3.5 B12374-25

Observed with UTR-2 [7], the LWA [12] and LOFAR [5], [6]. B1237+425 is the first pulsar for which mode-
changing behaviour was detected [13].

3.6 B15084-55

Studied with LOFAR [10] it is well know to have a low rotation measure (see [2]). Ostowski et al. (in prep.) as
in [14] observed a profile variation in time interpreted as an echo of the main pulsation on a plasma bubble in
the interstellar medium. This echo can be seen in Figure 5 just after the main pulse.

3.7 B1919+21

B1919+21 is the first pulsar discovered by Jocelyn Bell in 1967 [15]. Below 100 MHz it is the strongest pulsar
in the north sky. In Figure 5 we can observe its three main components easily distinguishable at 40 MHz. It is
interesting to observe that only the central component is visible below 30 MHz see in Figure 5. This could be
a signature of a modification in the emission mechanism.

3.8 B22174+47

This pulsar is observed by LOFAR and discussed in [14], it is the best example of scattering tail for the low
band (see Figure 5).

4 Conclusion

In this paper we go through the first real-time low-frequency pulsar backend working on Graphical Processing
Units (LUPPI). We described the challenge of low frequency coherent dedispersion due the high dispersive delay.
Finally we presented the first observations of iconic pulsars with NenuFAR.

Today with NenuFAR and Undysputed with LUPPI we have started to observe, coherently dedisperse and
fold pulsars of the north sky (with limits of -10 degrees in declination and a maximum DM of 100 pec.cm™2)
to characterized the low frequency pulsar population. This will also be used to provide targets for future
observations.

This new instrumentation allows us to deeply study the low-frequency variabilities of the flux density, the
polarizations, the evolution of the profile in time and frequency which allows to constrain models of the emission
mechanism and probing the interstellar medium via mzegsurements of the DM and scattering.
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Figure 4 - Frequency stacked profiles for four pulsars: B0809+74, B0834 +06, B0950+08 and B1133+16.
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Figure 5 - Frequency stacked profiles for four pulsars: B1237+25, B1508+55, B1919+21 and B2217+47.
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QUBIC is a millimetre wave telescope to measure the polarization B-modes in the Cosmic Microwave Background (CMB).
Primordial B-modes polarization has yet to be detected, but it is are expected to be visible in the CMB as a result of
Inflation in the fraction of a second after the Big Bang during which primordial gravitational waves are produced. The
detection of B-modes in the CMB is fundamental to our understanding of the Universe and will help confirm the Standard
Model of Cosmology, including Inflation. QUBIC uses a novel technique of bolometric interferometry, merging together
the techniques of optical interferometry, in which the interference pattern is imaged on a detector array, and the radio
interferometry technique of aperture synthesis, making a powerful wide band instrument capable of the radio technique
of self calibration. This technique also permits QUBIC to use the frequency dependence of the synthesized beam to do
spectral imaging of the CMB. As a result, QUBIC has a unique capability to reduce systematic and foreground effects
from the measurement. QUBIC is currently integrated, and undergoing test at the facility at APC. A description of the
instrument and characterization results will be presented.

Résumeé:

QUBIC est un télescope d’ondes millimétriques pour mesurer le mode B de la polarisation du Fond Diffus Cosmologique
(CMB). Jusqu’a présent, ce signal n’a pas été détecté, mais il est attendu d’aprés la théorie standard de la cosmologie
qui prévoit une période d'inflation de 'Univers pendant la premiére fraction de seconde de son histoire. Clest a cette
époque que des ondes gravitationnelles primordiales sont générées et qui doivent légérement polariser le Fond Diffus en
mode tensoriel. QUBIC est donc une expérience fondamentale pour notre connaissance de 'Univers et de la physique.
QUBIC exploite une toute nouvelle technique d’observation, U'interférométrie bolométrique. On mélange la technique
d’interférométrie optique qui crée une image d’interférogramme sur la matrice de détecteurs, et la technique radio de
synthése d’ouverture. La combinaison produit un instrument trés puissant pour le filtrage des signaux non désirables
venant de 'instrument et de avant plan en utilisant les techniques de 'imagerie spectrale et d’auto-étalonnage. QUBIC
est actuellement en cours d’intégration dans le laboratoire APC et les tests de caractérisation sont en cours. Une
description de Uinstrument et de ses performances sera présentée.

1 Introduction

QUBIC is an experiment based on an idea proposed by Ali et al. [1, 2] for a millimetre wave bolometric interfer-
ometer. It is designed to measure the B-mode polarization anisotropies of the Cosmic Microwave Background
(CMB). The QUBIC design combines the sensitivity of Transition Edge Sensors (TES), bolometric detectors
with the systematic effects and foreground control provided by its interferometric design.

The control of astrophysical foregrounds, in particular, is a factor of increasing importance in CMB polarization
experiments, and QUBIC allows us to disentangle sub-bands in each main frequency band thanks to its spectral
imaging capability, which is deeply rooted in the interferometric nature of the instrument.

QUBIC will operate from the ground observing the sky in two main spectral bands centered at 150 and 220 GHz
[3] and will be deployed in Argentina, at the Alto Chorrillos site. The team is currently finalizing the laboratory
tests of the technical demonstrator, a simplified version of the instrument that will be installed at the site during
2019 and will demonstrate the technical and scientific potential of our approach. The final instrument will be
deployed during 2020.

2 The Instrument

Figure 1 shows a schematic of QUBIC. The signal from the sky enters the cryostat through a High-Density
Polyethylene (HDPE) window. Then, a rotating half-wave plate modulates the polarization, and a polarizing
grid selects one of the two linear polarization components. An array of 400 back-to-back corrugated horns
collects the radiation and re-images it onto a dual-mirror optical combiner that focuses the signal onto two
orthogonal TES detector arrays. A dichroic filter placed between the optical combiner and the focal planes
selects the two frequency bands, centred at 150 GHz and 220 GHz. The right panel of Figure 1 shows a 3D
rendering of the inner part of the cryostat. A key part of the instrument is an array of movable shutters
placed between the primary and secondary feed-horn arrays. Each shutter acts as an RF switch (a blade that
can slide into a smooth circular waveguide), which is used to exclude particular baselines when the instrument
operates in calibrating mode. This permits the exploitation of the calibration strategy called “self-calibration”,
which is a key feature of the QUBIC systematic effects control. A detailed description of the instrument is
found in [4] and the theory of self-calibration for QUBIC is described in [5].

3 Measurement, Self-Calibration, and Spectral Imaging
3.1 Signal Model and Synthetic Beam

In QUBIC, the optical combiner focuses the radiation emitted by the secondary horns onto the two focal planes
so that the image that forms on the detector arrays is the result of the interference arising from the sum of the
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Sky

~ 40 cm

SQUID boxes

Figure 1  (Left) Schéma,tic of the QUBIC instrument. The window aperture is about 40 cm; the cryostat is
about 1.41m in diameter and 1.51m in height; (right) 3D rendering of the inner part of the cryostat. TES,
Transition Edge Sensor.

ficlds radiated frorn each of the 400 apcrturcs.
Therefore, the signal measured at time t % a detector p on the focal plane is:

R(p,v,t) = K [S/(p, v) + cos(4 “nwp(t)) Sqp,V) + sin(4 finwp (t)) Su(p, V)], @)

where v is the frequency, fiHWP is the angle of the half-wave plate at time t, and K is an overall calibration
constant that takes into account the efficiency of the optical chain. The three terms S/q,u in Equation (1)
represent the sky signal in intensity and polarization convolved with the so-called synthetic beam.

Figure 2 shows the simulation of QUBIC observing a point source in the far field with ail 400 antennas open
to the sky. The image forrned on each of the focal planes (right panel of Figure 2) is an interférence pattern
forrned by peaks and lobes. This équivalent to the “dirty-image” produced in radio aperture synthesis (see for
example [s]).

Therefore, if X is the signal from the sky (either in intensity, J, or polarization, Q, U), then the measured signal
on the pixel p is Sx (p) = J X(n)BPynth(n)dn. This means that QUBIC data can be analyzed similarly to the
data obtained from a normal irnager, provided that we build a window fonction of the synthetic pattern for
each pixel.
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Figure 2 (Left) QUBIC aperture plane showing ail 400 antennas open to the sky; (right) the interférence
pattern forrned on each of the focal planes when the instrument is observing a point source loeated in the far
field vertically along the instrument line-of-sight. The u and v coordinates are defined as: u = sin6cosfi and
v = sine sin fi, where 6 and fi are the angles on the celestial sphere defining the synthetic beam.

3.2 Self-Calibration

QUBIC self-calibration is a technique derived from the technique in radio-interferometry. This technique evolved
from the original idea in the 1970’ of “phase-closure” Ug’, éa , 9] to becorne in the early 1980’ “self-calibration” [10,
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11]. In QUBIC, self-calibration exploits the redundant interferometric patterns obtained when we select.ively
close varions combinations of the 400 apertures.

To understand the basic concept, see the four panels of Figure 3. The top-right plot shows the interférence
pattern arising from a horn configuration in which only two horns are open and ail the others are closed (top-
left). The panels in the bottom row show that if we open any other horn pair with the saine baseline, we
should ideally obtain exact.ly the saine interférence pattern. Furthermore, Bigot-Sazy et al. [5] showed that the
configuration in which only two horns are open is équivalent to the complementary arrangement in which only
two horns are closed.

We can now use the fact that, for an idéal instrument, the interferometric pattern dépends only on the baseline.
This allows us to characterize the instrumental parameters and non-idealities using an observation mode called
self-calibration. In the self-calibration mode, pairs of horns are successively shut while QUBIC observes an
artificial partially-polarized source (a microwave synthesizer or a Gunn oscillator) in the far field. Then, we
reconstruct the signal measured by each individual pair of horns in the array and compare them.

The point now is that if the source is stable and carefully monitored, then redundant baselines correspond to
the saine mode of the observer! field, so that a different signal between them can only be due to photon noise
or instrumental systematic effects. Using a detailed parametric model of the instrument, we can fully recover
the instrument parameters through a non-linear inversion process. The updater! model of the instrument can
then be used to reconstruct the synthetic beam and improve the map-making, reducing the leakage from E- to
B-modes.

In Figure 4 (adapter! from ]5j), we show the improvement in the power spectrum estimation with self-calibration
according to three schemes. Even with 1 s per baseline (corresponding to a full day dedicated to self-calibration),
we can reduce significantly the E ~ B leakage. This leakage can be further reduced by spending more time
in self-calibration. The three B-morle power spectra in black solirl lines are the theoretically-expected spectra
for three values of the parameter r, i.e., the ratio between the amplitudes of the tensor and scalar fluctuations
during inflation.
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Figure 3 - Schematic of QUBIC self-calibration. The pietures in the two rows show that if we open any pair of
horns with a given baseline, then in absence of systematic effects, we should measure exaetly the same interférence
pattern.

3.3 Spectral Imaging

The interferometric nature of QUBIC provirles us with another unique feature: the possibilité to split the
data of each main frequency band into sub-bands, thus consirlerably increasing the leverage in the control of
astrophysical foregrounds.
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Figure 4 - Improvement in the recovery of the B-mode power spectrum as a function of the time spent in the
self-calibration mode. The three elmes drawn with Mark solid Unes represent theoretical B-mode power speetra
calculated for three different values of the tensor-to-scalar ratio, r. (adapted from [5])

This foaturo is callod “spectral iniaging”, and its concept is explained schernatically in Figure 5. The loft panel of
Figure 5 shows the synthetic bearns (solid lines) and main feedhorn bearns (dashed lines) at two monochromatic
frequencies. The figure clearly shows that the sidelobe peaks are well separated. and this sensitivity of the
synthetic boarii to the fregnency can be exploited to separate the varions sub-bands in the input data.
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Figure 5 (Left) Cut ofthe synthesized beamfor two monochromatic signais. The main central peaks superimpose
each other, but the first lobes are séparated so that they can be resolved. The dashed Unes represent the horn
bearns. (Right) Schéma,tics representing the ability to résolve spectral sub-bands in each of the main QUBIC
bands. The instrument first séparates the wide-band sky signal into two main bands (150 and 220 GHz), then
we further séparate each band into sub-bands thanks to the spectral sensitivity of the synthesized bearns. The

Planek maps shown on the left have the only purpose of expiaining the concept.

The right panel of Figure 5 shows schernatically the process of sub-band séparation in the data analysis. The
instrument measures the wide-band sky signal and splits the two main fregnency bands of 150 GHz and 220 GHz.
Then. the main bands are further separated in the data analysis pipeline by exploiting the fregnency sensitivity
of the synthetic boarii.

As spectral iniaging opons now possibilities of foroground control. it also roquiros componont séparation codes
that have been not been developed yet. We are currently working on a first detailed assessment of its potential
and will soon subrnit a spécifie papor on spectral iniaging.

4 The QUBIC Site

° ' "S; 66° '40.8"
altitude of 4869 ni a.s.l.) near San Antonio de los Cobres. in the Salta province [12] (see the left panel of



Figure 6). The zénith optical depth measured at 210 GHz, tz10, is <0.1 for 50% of the year and <0.2 for 85%
of the year. Winds are usually rnild (<s ni/s for 50% of the year). which suggests lirnited turbulence.
While the statistics for w10 in Alto Chorrillos is worse than that of an Antarctic site (either South Pdle or
Dome C), the site access and logistics are easier. Our trade off is also justified by the following two facts: (i)
the atmospheric émission is not polarized to first order, and (ii) a bolonietric interferonieter intrinsically rejects
large-scale atmospheric gradients, which produce rnost of the atmospheric noise.
The right panel in Figure ¢ (adapted frorn [4]) shows the overall site quality. In the plot, we see the uncertainty
in the tensor-to-scalar ratio, r, as a fonction of the fraction of usable time for two years of operations. The
circled point shows the estimate for the case in which zéro or 12 h a day are spent in calibration mode. The
r of
10-2 With two years of operations.

Figure 6 (Left) Location of the QJIDIC site eornpared to the Ataeama plateau; (right) uncertainty in the
tensor-to-scalar ratio, r, as afunction of the fraction of usable time for two years of operations. The parameter
r was computed considering noise-only simulations.

5 Current Status

QUBIC is currently in the phase of laboratory calibration of the so-called “Technological Denionstrator” (TD).
The TD lias a reduced focal plane and horn array with respect to the full instrument. In particular, the TD lias
only one-quarter of the 150-GHz TES focal plane, an array of s x s horns and switches, and a smaller optical
combiner. The TD will demonstrate the feasibility of the bolonietric intcrfcrometry both in the laboratory and
in the field.

Figure 7 shows varions QUBIC components. Panel (a) shows one of the two cryogénie détection chains. On top
of the chain, one can see the TES focal plane. Panel (b) shows the array of the s x s back-to-back dual-band
corrugated horns interfaced with the switch array. Panels (c) and (d) show the 1 K box before and during the
intégration into the QUBIC cryostat.

Figure s shows the setup in the laboratory at Astroparticle Physics and Cosmology (APC) in Paris. The
calibration source reflects into the QUBIC cryostat window frorn a Hat rnirror. At a distance of over 11 ni,
the calibration source is well within t lie far-field of QUBIC. The calibration source is a strong source easily
detected by the detector array as seen in Figure 9. QUBIC was scanned in azimuth, and the bearn rnapped by
one of the pixels is shown in Figure 10.

QUBIC TD is currently being calibrated at the Astroparticle Physics and Cosmology laboratory in Paris (APC).
The testing phase will continue through Spring/Summer 2019 after which QUBIC will be shipped to Argentina
and installed at the site for a first-light test foreseen within 2019. Components for the final instrument are being
manufactured and tested in Europe, including the 20 x 20 horn array and switches, upgraded mirrors, and the
two full TES detector arrays of 1024 detectors for each of the frequency bands (150 GHz and 220 GHz). The
dual band QUBIC with complété detector arrays is expected to be operational on the Alto Chorrillos site in
2020.

6 Conclusions

QUBIC is a new way to measure the polarization of the CMB. It combines the sensitivity of TES bolonietric
arrays with the control of systeniatic effects that are/ty-pical of interferometers. This is a key asset in CMB



(c)

Figure 7 - Status of the current QUBIC development, (a) The cryogénie section of the QUBIC détection chain;
(b) the 8 x
integrated 1K box; (d) intégration of the 1K box in the cryostat shell.

Figure 8 - (left) Photo of QUBIC in the foreground and the calibration source mounted on the wall at the far
end of the room during the laser alignment procedure, (right) Photo of QUBIC looking along the line-of-sight
from the calibration source. The reflection of the window is clearly visible in the fiat mirror.

polarization experiments where high sensitivity must be combined with similarly low levels together with a high
level of control of systematic and foreground effects. QUBIC responds to this challenge with the key features of
self-calibration and spectral imaging, which are possible thanks to the interferometric nature of the instrument.
A technological demonstrator is currently being tested in the laboratory and will soon be deployed in Argentina
for a first-light test. We forecast the installation of the final instrument and the start of scientific operations
during 2020, opening the way for a new génération of instruments in the field of Cosmic Microwave Background
polarimetry.

QuUBIC is funded by the following agencies. France: ANR (Agence Nationale de la Recherche) 2012 and 2014,
DIM-ACAV (Domaine d’interet Majeur— Astronomie et Conditions d’Apparition de la Vie), CNRS/IN2P3,
CNRS/INSU. Italy: CNR-Programma Nazionale Ricerche in Antartide until 2016, Istituto Nazionale di Fisica
Nucleare since 2017. Argentina: Secretaria de Gobierno de Ciencia, Tecnologla e Innovacion Productiva,
Comision National de Energla Atémica, Consejo National de Investigaciones Cientificas y Técnicas. U.K.:
the University of Manchester team acknowledges the support of STFCgrant ST/L000768/1. Ireland: James
Murphy and David Burke acknowledge postgraduate scholarships from the Irish Research Council. Duc Hoang
Thuong acknowledges the Vietnamese government for funding his scholarship at APC. Andrew May acknowl-
edges the support of an STFCPhD Studentship.
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Figure 9 - Left: Détection of the modulated calibration source by the QUBIC detector array. The array
shown here is for the Technological Demonstrator instrument and it covers one quarter of the full focal plane.
Right: Comparison of the source modulation (red) with the detected signal (blue) for one of the TES detectors

Figure 10 - An azimuth scan of the calibration source is shown here for one pixel. On the left, in linear intensity,
and on the right on a dB scale.
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Résumé/Abstract

SPICA est le projet d’observatoire infrarouge spatial de nouvelle génération
porté par I’Europe et le Japon, et qui pourrait voir sa premiére lumiére au
début de la décennie 2030. Il s’inscrit dans la lignée des observatoires
spatiaux infrarouge de l’agence spatiale européenne: 1SO et HERSCHEL.
Equipé d’un miroir primaire de 2,5 métre de diametre, il sera le premier
observatoire infrarouge disposant de systemes de refroidissement 100%
électriques, et sa durée de vie ne sera donc pas limitée comme pour ses
prédécesseurs par la disponibilité de fluides cryogéniques embarqués. SPICA
sera par ailleurs équipé d’une panoplie de détecteurs refroidis en dessous du
degrés Kelvin, offrant des possibilités de mesures en spectroscopie, imagerie
et polarisation, et qui offriront aux astronomes du monde entier des
performances 100 a 1000 fois supérieures a ce qui aura été possible dans ce
domaine de longueur d'onde (12 - 300 pm) aussi bien avec HERSCHEL,
SOFIA que JWST. De cette fagon, SPICA ouvrira une fenétre d’étude
totalement nouvelle sur la physico-chimie des régions obscurcies: systémes
planétaires en formation dans notre Galaxie et galaxies lointaines en
formation.

SPICA is the future space infrared observatory discussed between the
European (ESA) and Japanese (JAXA) space agencies to be in service in the
beginning of the 2030s. On the European side, this will be the successor of
ISO and HERSCHEL. With a primary mirror of 2,5 meter diameter, this will
be the first infrared observatory equipped with fully electric cryogenic
systems so that its lifetime will not be limited by cryogenic fluids reserves.
The SPICA focal plane will be instrumented with sub-kelvin detectors, in
spectroscopy, imagery and polarimetry, which will offer to the worldwide
astronomy community performances 100 to 1000 times higher than what
would have ever been achieved in this wavelength domain (12 - 300 pm) with
HERSCHEL, SOFIA or JWST. SPICA will thus open a fully unexplored
observing window on the physics of obscured regions in the Universe:
planetary systems in formation within our Galaxy, and distant galaxies in the
forming.

Figure 1 : I’observatoire spatial SPICA.
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1 La mission SPICA

SPICA (the SPace Infrared telescope for Cosmology and Astrophysics) [1] sera un observatoire spatial
infrarouge doté d’un télescope de 2,5 metres de diameétre refroidi a 8 Kelvin par un systeme de refroidissement
passif et des machines cryogéniques. Actuellement étudié par 1’Agence Spatiale Européenne (ESA) pour un
financement dans le cadre de la mission M5 du programme scientifique Cosmic Vision, SPICA sera réalisé en
partenariat avec |’agence spatiale Japonaise (JAXA) en vue d’un lancement en 2032 par une fusée Japonaise
pour une mise en service quelques mois plus tard au point de Lagrange L2 du systeme Soleil-Terre & environ 1
500 000 kilomeétres de la Terre. SPICA sera équipé de trois instruments focaux (cf Tableau 1 ci dessous) lui
permettant d’analyser les rayonnements infrarouge en spectroscopie, photométrie et polarimétrie de 12 a 300
pm : SMI sous responsabilité Japonaise, SAFARI sous responsabilité Hollandaise, et B-BOP sous responsabilité
Frangaise. Ces trois instruments utilisent des détecteurs inédits qui ont été spécifiquement développés au cours
des dix dernieres années au Japon [2], en Hollande [3] et en France [4].

Tableau 1 : Capacités instrumentales de SPICA

Spectroscopie
SAFARI 34 - 230 pm Résolution spectrale = 300 a 11000
SMI/MR 18 - 36 pm Résolution spectrale ~ 1000 a 2000
SMI/HR 12 - 18 pm Résolution spectrale = 28000
SMI/LR 17 - 36 pm Résolution spectrale ~ 100
Imagerie
SMI/CAM 30 - 37 pm Champ de vue : 10°'x12’
Polarimétrie
B-BOP 110/220/350 pm Champ de vue :2,6°x2,6’

L’unicité de SPICA réside dans la combinaison d’un télescope refroidi a 8 Kelvin et d’instruments équipés de
détecteurs refroidis en dessous de 0,1 Kelvin, de sorte que la sensibilité de cet observatoire spatial sera limitée
uniquement par le bruit statistique du rayonnement de fond de ciel qui a ces longueurs d’onde provient de
I’émission thermique des poussiéres diffuses dans le systeme solaire (lumiére zodiacale) et dans la VVoie Lactée
(cirrus galactiques). De cette facon, SPICA ouvrira la fenétre astronomique située entre celles des observatoires
JWST (dans I’espace) et ALMA (au sol), avec une sensibilité 100 a 1000 fois supérieure a ce qu’a offert par le
passé |’observatoire spatial HERSCHEL [5], ou ce qui est disponible actuellement a bord de I’observatoire

stratosphérique SOFIA [6] (cfFigure 2).

Figure 2 - gauche : niveaux comparés des fonds d’émission instrumentaux (HERSCHEL 80K, JWST 45K, SPICA
<8K) et du ciel astronomique (émission zodiacale, émission galactique, rayonnement fossile). - droite : sensibilités
spectroscopiques comparées de SPICA, JIWST, HERSCHEL et ALMA.



Le refroidissement du télescope et de ses instruments est possible grace a une combinaison de machines
cryogéniques : réfrigérateurs Steerling coolers a 25K, 20K, et 15K, réfrigérateurs Joule-Thompson a 4K et 1K,
réfrigérateur hybrides a sorption d’Hélium 3 (300 mK) et démagnétisation adiabatique (50mK).

Le développement de I’ensemble de la mission SPICA (ESA, JAXA) et de ses instruments (consortiums
internationaux) est de I’ordre d’un milliard d’euros et atteint de fait I’ampleur d’une mission ESA de type L.

2 Objectifs scientifiques de SPICA.

L’unicité de SPICA sera dans sa capacité a caractériser physiquement, par la spectroscopie, I’imagerie et la
polarimétrie, les régions obscurcies de notre Univers, celles qui renferment les clefs de la formation des étoiles,
des éléments lourds et des planétes a partir du gaz primordial.

Figure 3 : spectre obtenu avec le satellite ISO sur la galaxie
voisine Circinus, prototype d’une galaxie a flambée de
formation d’étoiles [14]. SPICA pourra caractériser ainsi des
milliers de galaxies dans I’univers lointain.

En ce qui concerne la formation des étoiles, B-BOP,
I’imageur polarimétrique de SPICA, pourra mesurer les
champs magnétiques au sein des nuages moléculaires

proches, pouponniéres d’étoiles nouvelles, aux échelles
spatiales critiques pour comprendre les processus qui
permettent au gaz moléculaire magnétisé de se condenser
en étoiles et systemes planétaires (cf la Figure 4 qui
illustre le potentiel de B-BOP dans ce domaine par la
superposition d’une image d’intensité réalisée avec
HERSCHEL avec des lignes indigquant la direction du
champ  magnétique  mesurée  avec  I’instrument
polarimétrique PLANCK-HFI).

Dans le domaine de la formation des systémes planétaires,
c’est a nouveau la puissance spectrale de SAFARI et SMI
qui permettra de caractériser 1’état physique des disques
de gaz et de poussiéres autour d’étoiles proches dans
lesquels des planétes sont en train de se former. Grace aux
transitions de I’hydrogene moléculaire deutéré situées a
56 et 112 pm, SPICA sera le seul observatoire
astronomique au monde capable d’évaluer directement la
masse de ces disques gazeux, sans passer par des traceurs
minoritaires comme le monoxyde de carbone utilisé
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Dans le domaine de la formation des galaxies (cf
Figure 3) et des trous noirs massifs qui leurs sont
associés, ont sait qu’ils sont nés lors d’une flambée
spectaculaire il y a 10 a 6 milliard d’années. SPICA
sera le premier observatoire capable de construire
avec ses instruments SAFARI et SMI wune
bibliotheque de spectres pour plus d’un millier de
ces objets répartis sur toute la durée de cette
flambée afin d’en élucider les mécanismes qui ont
mené a I’Univers qui nous environne (cf [7], [8],
[9], [10], [11], [12] et [13]). La spectroscopie des
raies des ions, des atomes, de certaines molécules et
des bandes des grains de poussiere sont une
observable absolument unique qui permettra de
quantifier les processus physique a I’ceuvre lors de
cette période clef.

Figure 4 : couleurs : intensité de I’émission des
poussiéres dans des filaments des nuages moléculaires
proches cartographiée avec HERSCHEL, -lignes
continues : direction du champ magnétique mesurée
avec le satellite PLANCK.

Figure 5 : séparation spectrale et caractérisation
physique des gaz et poussiéres qui composent un disque
de formation planétaire autour d’une trés jeune étoile.



communément par les grands observatoires sol comme ALMA.

Le gain en sensibilit¢ de SPICA sera tel (un facteur 100 a 1000), que cette mission ouvrira a coup sur des
chapitres complétement nouveaux de 1’astrophysique. Par exemple, dans le domaine des champs magnétiques,
de leur croissance a partir de mécanismes primordiaux et de leur rdle dans la formation des galaxies, B-BOP
ouvrira trés probablement des perspectives inconnues a ce jour.
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Abstract:

The Square Kilometre Array is an international collaboration whose goal is the construction of the world’s largest
low-frequency (0.50 to 25 GHz) radio telescope. SKA will conduct groundbreaking research that will transform our
understanding of the Universe and fundamental physics. It also represents a huge technological challenge, being in
particular one of the main world-wide future Big Data projects.

In this talk I will be giving an overview of the scientific objectives and technological challenges of the SKA and the
rapidly increasing progress towards the beginning of construction. I will present some first results from the precursor
telescopes designed to paved the way to the full SKA. Finally I will describe how the SKA project has brought the
french community to innovate and create a new structure, the « Maison SKA-France », to coordinate the activities of
the scientific, technological and industrial partners involved in SKA.

Résumé:

Le Square Kilometre Array est une collaboration internationale dont I'objectif est la construction du plus grand radio-
télescope basses fréquences (0.5 & 25 GHz) au monde. SKA permettra des explorations scientifiques inédites qui devraient
transformer notre compréhension de I’Univers et de la physique fondamentale. Ce projet représente un défis technologique
de taille, tout particuliérement en étant le plus grand projet Big Data des années & venir.

Dans cette présentation je présenterai sommairement les objectifs scientifiques de SKA, les défis technologiques spécifiques
a ce projet et je ferai un point sur ’état d’avancement de la construction. Je présenterai les premiers résultats scientifiques
des télescopes précurseurs de SKA. Finalement je décrirai comment la France a innové en créant une structure, la maison
SKA-France, qui permet de coordonner les activités scientifiques, technologiques et industriels des partenaires impliqués
dans SKA.
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Accidentai détection of radio-waves coming from space by Reber & Jansky in 1932

CEA-Saclay

stronger in the direction of the Galaptic plane

Détection of the hydrogen 21cm line of the Milky Way

Ewen & Purcell (1951)

Muller &Oort (1951)

Détection of the hydrogen 21cm line of the Milky Way

Détection of the Cosmic Microwave Bac

THINGS

The HI Nearby
Galaxy Survey

0 kpc



ifll+1l

| Members
" Host Countries: Australia. South Africa, United Kingdom

Potential futur members
Germany, Japan, Portugal, Switzerland, South Corea

Then there was a slower period....

Radio Interferometer Sensitivity Comparison

10000

1000
ot_

300 foot - Green Bank November 15,1988
SKA Phase 1 - 2027 Data flow : a great challenge and
a new way of working with the private sector
SKA1-MID
Yo V1 e —— -350 MHz- - 15(24) GHz-*
Low radio contamination sites
V U SKA1-LQW (AUS) B skai-mip (sa) 2 Pb/s
3 130,000 antennas 200 dishes (15m)
65 km baseline v, 120 km baseline
[[r SKA2-VD SKAL-LOW
Major expansion 2000 dishes
across western-Aust. 3500 km baseline

SKA Organisation headquarter in Manchester (UK)

'48



SKA- Key Science Drivers:
The history of the Universe

° Cosmic Dawn

Testing General Relativity (First Stars and Galaxies)

(Strong Régime, Gravitational Waves)
Galaxy Evolution

. (NormalTSalaxies zTt2-3)
Cradle of Life

(Planets, Molécules, SETI) #

Y

Cosmology* *
Cosmic Magnetism (Dark Matter, Large Scale Structure)

(Origin, Evolution)

Exploration of the Unknown

Broadest range of science of any facility, worldwide

Grain Growth in Protoplanetary Disks
Study the formation of planets

When/where do grains grow beyond pebbles to rocks?

Resolved disk observations allow for séparation of free-free and thermal dust émission
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Approcher les deux infinis par

LES ONDES ELECTROMAGNETIQUES

Tests de physique fondamentale avec un ensemble
d’horloges a atomes froids a I’Observatoire de Paris /
Fundamentalphysics tests with a cold-atom
clock ensemble at Observatoire de Paris

Guéna Jocelyne

Observatoire de Paris, PSL Université Paris, CNRS, Sorbonne Université, jocelyne.guena@ obspm.fr

Mots clés : Fontaine atomique, horloges optiques, stabilité des constantesfondamentales, matiére noire.
Key words: Atomicfountain, optical clocks, stability offundamental constants, dark matter.

Résumé/Abstract

Une application scientifique stimulante des horloges atomiques aux incertitudes extrémes est de contribuer aux tests de physique
fondamentale et a la recherche de physique au-dela du modéle standard de la physique des particules. La fréquence d’une transition atomique
dépend des paramétres des interactions fondamentales (électrofaible et forte), tels que la constante de structure fine a, et des propriétés
fondamentales des particules comme par exemple la masse de I’électron. Des comparaisons répétées d’horloges atomiques de haute précision
peuvent étre exploitées pour rechercher une variation temporelle, ou encore une variation avec le potentiel de gravité, des rapports de
fréquences atomiques, et, via des calculs de structure atomique et nucléaoire, variations des constantes fondamentales. Les horloges
atomiques fournissent des tests de laboratoire indépendants de modele cosmologique qui mettent des limites aux théories alternatives de
gravitation et de mécanique quantique, contribuant ainsi a la recherche d’une théorie unifiée des interactions fondamentales. Nous présentons
notre contribution a cette recherche en exploitant des comparaisons de haute précision de différents types d’horloges et oscillateurs menées a
I’Observatoire de Paris sur les deux dernieres décennies.

One exciting scientific application of atomic clocks with extreme uncertainties is to contribute to testing fundamental physical laws and
searching for physics beyond the Standard Model of particle physics. The frequency of an atomic transition relates to parameters of
fundamental interactions (strong interaction, electro-weak interaction), such as the fine-structure constant a, and to fundamental properties of
particles like for instance the electron mass, me. Repeated highly accurate atomic clock comparisons can be used to look for a putative
variation with time or with gravitational potential of atomic frequency ratios, and, via suitable atomic structure calculations, of natural
constants. Clocks provide laboratory tests, independent of any cosmological model, that constrain alternative theories of gravity and quantum
mechanics, thereby contributing to the quest for a unified theory of the three fundamental interactions. We present our contribution to this
quest by exploiting repeated accurate comparisons of different types of atomic clocks and oscillators performed over the last two decades at
Observatoire de Paris.

1 Introduction

Einstein equivalence principle (EEP) is one of the founding principle of General Relativity. Many experiments
have been dedicated to test the validity of this principle [1]. Several of them search for variations of fundamental
constants, either on cosmological timescales using astronomical and geochemical data, or in our present epoch
by exploiting highly stable and accurate atomic clocks. Such variations would violate Local Position Invariance
(LPI), one of the three components of EEP. The possibility that dimensionless fundamental constants might
change in time or space is allowed or predicted by alternative theories aimed at unifying gravitation with the
other fundamental interactions; hence the strong interest in this search which could reveal physics beyond
general relativity and the standard model of particle physics. Besides, some of these alternative theories predict
the existence of new scalar fields that would lead to a space-time dependence of fundamental constants via their
coupling to standard matter. Such scalar fields, with non-zero mass, could be a candidate for dark matter or dark
energy needed to explain some galactic and cosmological observations. Atomic clocks are best suited devices to
search for variation of constants at the present epoch in laboratory-based experiments whose interpretation is
fully independent of any cosmological model.

In this paper we present an overview of our contribution to these tests by exploiting the cold atom clock
ensemble and high performance oscillators developed at Observatoire de Paris during the last decades. We will
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report more specifically on highly accurate Rb/Cs frequency comparisons performed with atomic fountains over
more than 15 yr. We will also present repeated accurate measurements of the frequency ratios Sr/Cs which
complement similar measurements performed in other laboratories.

2 The cold atom clock ensemble at Observatoire de Paris

Since the early nineties, SYRTE (Systéemes de Référence Temps Espace) at Observatoire de Paris is developing
an ensemble of high performance atomic clocks comprising three laser-cooled atomic fountain clocks [2], three
optical lattice clocks and ultra-stable microwave and optical oscillators including optical frequency combs.
Figure 1 gives a schematic overview of this ensemble. Our last report on the developments of this clock
ensemble is given in Ref. [3]. The main application of this ensemble is time and frequency metrology. Besides,
such an ensemble provides many possibilities for testing fundamental physical laws, relying on the high
accuracy and stability of these devices.

GNSS & TWSTFT

Satellite links ) )
H-maser Optical lattice clocks

Opticalfrequency
measurement System
Combs

ultra-stable
‘lasers

FO02 dual fountain
Cs §Rb

Cohérent optical fiber links

Atomic fountains

Cs, Rb hyperfine transitions

Figure 1: OverView ofthe LNE-SYRTE atomic clock ensemble at the Observatoire de Paris.

Atomic fountains are the first generation of the laser-cooled atomic frequency standards. They use the fountain
geometry where spectroscopy of the clock transition is performed onto a free-falling sample of laser-cooled
atoms which is beforehand launched upwards vertically (see, for instance, [2] and references therein). One of our
three fountains called FO2 is a dual fountain operating simultaneously with rubidium and cesium atoms. The
clock transitions are the 8/Rb and 13Cs ground state hyperfine frequencies in the microwave domain. All three
Cs fountains are primary frequency standards, the Rb part of FO2 is a secondary frequency standard and all four
provide among the most accurate realizations of the Sl second thus participating to the accuracy of the
international atomic time, with uncertainties at the level of a few 10-16.

To surpass atomic fountain performances, three optical lattice clocks (OLC), two using strontium atoms and one
using mercury atoms, are currently under development at SYRTE (right side of fig. 1). The neutral atoms are
dipole-trapped in an optical lattice and are interrogated by an ultra-stable “clock” laser in the optical part of the
spectrum (1S0 - 3P0 in 87Sr and 19Hg). The uncertainties reached by the SYRTE strontium OLCs is a few 10-17.

The link between the fountains and the optical clocks is performed via optical frequency combs spanning across
the optical and microwave domains.

3  Tests of space-time variation of fundamental constants

The frequency of an atomic transition is a fonction of three constants, parameters of fundamental interactions
(electro-weak and strong interactions): the fine-structure constant a, the ratio p of the electron-to-proton mass
me/mp and the quark mass scaled properly. The ratio of two atomic transition frequencies is by definition
independent on the unit of frequency and therefore its value depends only on these constants. We use repeated
highly accurate atomic clock comparisons to look for a putative variation with time or with gravitational
potential of atomic frequency ratios, and, via suitable atomic structure calculations, of natural constants [4]. Our
comparisons between 8Rb and 133Cs hyperfine frequencies since the very first in 1998 are shown in Fig. 2. Since



2009, these comparisons are almost continuous using the dual Rb/Cs fountain FO2 alone. The measurements set
a stringent limit to a putative variation with time of the Rb/Cs fractional frequency ratio at a level of a few 10-17
yr-l (Fig.2, left). They also set the first limit to a fractional variation of the frequency ratio with gravitational
potential (Fig. 2 right), providing a new stringent differential redshift test: difference in gravity redshift between
Cs and Rb less than 4*10-7. This test relies on exploiting the yearly modulation of the gravitational potential of
the Sun due the eccentricity of the Earth orbit.

Figure 2: Temporal record offractional variations ofthe Rb/Cs hyperfinefrequency ratio. The error bars are
the total 1cuncertainties, dominated by the systematic uncertainties. Left: The solid red line is the weightedfit
to a line. Right: Same datafitted by a modulation synchronized with the Earth's orbit around the Sun.

Frequency ratios between optical and microwave clocks offer a different sensitivity to natural constants than
hyperfine frequency ratios. Repeated measurements of the frequency ratio between the strontium clock transition
and the microwave Cs primary and Rb secondary frequency standards have been performed at SYRTE [5].
They are shown in Fig.3, together with other absolute frequency measurements of strontium optical lattice clocks
against Cs fountain primary frequency standards over a decade. They give the linear drift with time of the Sr/Cs
clock frequency ratio and a fit of its possible variation with the gravitational potential.

Absolute frequency of the Sr clock transition

SYRTE
PTB
Tokyo
NICT
NMI
JILA

SYRTE,
PTB NPI

54000 54500 55000 55500 56000 I\D 56500 57000 57500 58000 58500

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 3: International comparisons ofthe Sr/Cs clockfrequency ratio. A fit shows an upper bound on a driftof
this ratio, and on a variation synchronized with the Earth’ orbit around the Sun. Courtesy ofJ. Lodewyck.

Combining with other available highly accurate clock comparisons, we can extract independent constraints on
the putative temporal variations of the three constants a, p= m,/mpand scaled quark mass, at the present epoch,
and on their putative couplings to gravity.

4  Search for scalar dark matter

We use 6 years of the hyperfine frequency comparison data of the dual rubidium and caesium fountain FO2 (data
spanning November 2009 to February 2016) to search for a massive scalar dark matter candidate [6]. Such a
scalar field can induce harmonic variations of the fine structure constant, of the mass of fermions, and of the
guantum chromodynamic mass scale, which will directly impact the rubidium/caesium hyperfine transition
frequency ratio. We find no signal consistent with a scalar dark matter candidate but provide improved
constraints on the coupling of the putative scalar field to standard matter (Figure 4). Our limits are
complementary to previous results that were sensitive to the fine structure constant only [7] and improve them by
more than an order of magnitude when only a coupling to electromagnetism is assumed. They still provide the
best present day constraints in a specific model of ultra-light (< 10-10eV) dark matter.
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Figure 4: Upper limit on the linear combination ofcoupling constants dibetween a light scalarfield and
standard matterfields as afunction ofscalarfield mass. Green dashed line: upper boundfrom Dy atoms [7].

5  Test of Lorentz Invariance in the matter sector

The SYRTE FO2 fountain has been used to perform a test of the Lorentz invariance postulate of general
relativity entering the category of Hughes-Drever experiments [1]. In this experiment [8], the fountain sequence
in tailored to probe opposing Zeeman transitions in 133Cs in order to test for a putative variation of their
frequencies when the orientation of the quantization axis changes (here, due the Earth rotation) with respect to a
supposedly preferred frame, such as the frame of the Cosmic Microwave Background. The experiment was
interpreted within the framework of the Lorentz violating Standard Model Extension (SME), where it is sensitive
to proton parameters corresponding to a largely unexplored region of the SME parameter space. Several orders
of magnitude were gained in constraining 4 parameters which were already constrained by other experiments and
new parameters were constrained for the first time. A recent reinterpretation of the data is given in [9]. We
recently repeated the measurements on opposing Zeeman transitions with FO2 fountain in the dual Rb/Cs
configuration to improve and complement the early experiment.

6 Conclusion

We have presented valuable contributions of the atomic clock ensemble at Observatoire de Paris to various tests
of fondamental physics, searches for variations of the fondamental constants at the present epoch and variations
with respect to gravity, and search for dark matter fields. Clock tests in laboratories complement tests performed
at higher redshift using astrophysical and geological data, providing inputs for developing unified theories.
Future improved tests are foreseen by exploiting advanced remote comparison methods: coherent optical fiber
links for long distance clock comparison [10] and ground-to-ground comparisons via the ACES/PHARAO space
mission [11].
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Approaching both infinities
THROUGH ELECTROMAGNETIC WAVES

Radio détection of atmospheric air showers of particles
La radio-détection des gerbes de particules atmosphériques
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Abstract:

Since 2002, the CODALEMA experiment located within the Nangay Radio Observatory studies the ultra-high energy
cosmic rays (above 1017 eV) arriving in the Earth atmosphere. These cosmic rays interact with the component of the
atmosphere, inducing an extensive air shower (EAS) composed mainly of charged particles (electrons and positrons).
During the development of the shower in the atmosphere, these charged particles in movement generate a fast electric
field transient (a few nanoseconds to a few tens of ns), detected at ground by CODALEMA with dedicated radio antennas
over a wide frequency band (between 20 MHz and 200 MHz). The study of this electric field emitted during the shower
development aims to determine the characteristics of the primary cosmic ray which has induced the particle shower: its
nature, its arrival direction and its energy. After some theoretical considerations and a short description of the SELFAS
simulation code, we will present the CODALEMA experiment, its performances and main results. At last, we will
show how the EAS radio-detection technique could be used to observe very high energy gamma rays sources, with the
NenuFAR radio telescope.

Résumé:

Depuis 2002, I'expérience CODALEMA, basée sur le site de I’'Observatoire de radio-astronomie de Nancay, étudie les
rayons cosmiques d’ultra haute énergie (RCUHE, au dela de 1017 eV) qui arrivent dans I’'atmosphére terrestre. Ces
rayons cosmiques interagissent avec les atomes de I’atmosphere, engendrant une cascade de particules secondaires chargées
(électrons et positrons), communément appelée gerbe de particules. Lors du développement de la gerbe dans I’atmosphére,
ces particules chargées en mouvement engendrent notamment I’émission d’une impulsion de champ électrique tres breve
(de quelques nanosecondes a quelques dizaines de ns), que CODALEMA détecte au sol avec des antennes radio dédiées,
sur une large bande de fréquences (entre 20 MHz et 200 MHz). L’étude de ce champ électrique émis lors du développement
de la gerbe a pour but de déterminer les caractéristiques du rayon cosmique primaire ayant engendré la gerbe de particules
: sa nature, sa direction d’arrivée et son énergie. Apres quelques considérations théoriques et une courte description du
code de simulation SELFAS, nous présenterons I’expérience CODALEMA, ses performances et ses principaux résultats.
Enfin, nous montrerons comment la technique de radio-détection des gerbes atmosphériques pourrait étre utilisée pour
I’'observation de sources de rayons gamma d’ultra-haute énergie.

1 Introduction

Cosmic rays are commonly defined as relativistic atomic nuclei travelling through the Universe, and possibly
arriving on Earth. The distribution of their flux according to their energy is one of the most remarkable and
questioning in the modern physics, spreading over 32 orders of magnitude in flux and more than 13 orders of
magnitude in energy (from a few hundred MeV up to more than 1020 eV for the most energetic ones observed so
far, and that are not explained by any identified physical process). According to their energy, they constitute,
just like electromagnetic radiation, a single source of information on phenomena of galactic (up to ~ 1015 eV)
and extragalactic origin (above 1015 eV). However, the important interactions with the galactic and extragalactic
magnetic fields complicate the interpretation of the collected data in order to determine their source and their
nature.

Ultra-high energy cosmic ray (UHECR) physics refers to the experimental study of cosmic rays above 1014 eV.
Above this limit, direct measurements of cosmic rays with balloons or satellites are limited by their small
collecting area regarding the extremely low flux of particles (down to 1 per kmz per century above 1020 eV).
Instead, one has to detect the cascade of secondary particles, called extensive air shower (EAS), which follows
the interaction of the cosmic rays with the Earth’s atmogsphere and spread at ground over very large areas. The
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interaction of a cosmic ray with a nucleus of the atmosphere can occur at energies much higher than that which
one can reach in the laboratory (up to 800 times higher than the 14 TeV in the center of mass in proton-proton
collisions in the LHC at CERN), making them also specially interesting to refine our view on the standard model
of particle physics. The primary particle characteristics (energy, arrival direction, nature) are then indirectly
inferred from the EAS measurements: detected ground particles, shower front arrival time at the detector
locations and the longitudinal profile of the shower which is the distribution of the number of particle in the
shower over time along the shower axis. The experimental challenge stands in the ability to determine these 3
quantities with a sufficient level of accuracy [1]. EAS are commonly observed by ground-based particle detectors
and by telescopes that observe the fluorescent light emitted by the atmospheric di-nitrogen molecules excited by
the passage of the cascade. The Pierre Auger observatory in Argentina [2], the largest cosmic ray observatory
in the world today, combines these two detection techniques. However, a third detection method exists: the
radio detection of EAS. First developed during the 1960’s, then abandoned due to technological limitations
but fully revisited at the digital era since 2002, this technique is based on the fact that, during the shower
development in the atmosphere, the charged particles in movement generate a coherent, transient electric field.
The latter has two main origins: transverse current variation induced by the geomagnetic field, and the charge
excess mechanism [3, 4, 5, 6, 7]. Since 2002, the CODALEMA experiment located within the Nangay Radio
Observatory is one of the pioneering and promotor experiment of this revival of the radio detection of EAS,
which is today adopted by a flurry of experiments in the world. Coupled with an increasingly sophisticated
understanding of the processes involved allowing the use of high-performance simulation codes, EAS radio-
detection now reaches a level of maturity sufficient to match the more traditional methods for fundamental
properties of UHECR.

In the most common way, the observations are carried out in the restricted range [20 — 80] MHz (noted MF
in the following, for Medium Frequencies) by experiments such as AERA [8], Tunka-Rex [9], TREND [10],
Yakutsk experiment [11] or LOFAR [12]. The use of this band is mainly due to man-made broadcasting at low
and medium frequencies (AM, FM bands) leading to the choice of relative low sampling rates (~ 200 MS -s~!)
of the digitizers used by experiments such as AERA and LOFAR. However, CODALEMA [13, 14] works with
a sampling rate of 1 GS-s~!, making it possible to extend observations up to the band [110 — 200] MHz. The
main limitation of the frequency band is then due to the bandwidth of the antenna used, which is [20 — 200] MHz
for CODALEMA, referred to as Extended Medium Frequencies (EMF) in the following.

CODALEMA is today the supporting experiment of the EXTASIS experiment [15], an array of 7 low-frequency
antennas, which takes advantage of its existing infrastructure. EXTASIS aims to reinvestigate the [1-10] MHz
band, and especially to study the so-called "Sudden Death" contribution, the expected electric field emitted by
shower front when hitting the ground level. Currently, EXTASIS has confirmed some results obtained by the
pioneering experiments, and tends to bring explanations to the other ones, for instance the role of the underlying
atmospheric electric field [15].

In this paper, we will first briefly describe the processes involved in the generation of the EAS. Then, we will
highlight the mechanisms at the origin of the transient electric field, and describe its complete expression as
it is implemented in the SELFAS simulation code that we developed. In a third section, we will present the
CODALEMA experiment and its principle of functioning, whose main results and performances will be exposed
in the next section. At last, we will show how the EAS radio-detection technique could be used to observe very
high energy gamma rays sources, with the NenuFAR radio telescope located nearby CODALEMA.

2 Extensive Air Showers

Extensive air showers are initiated by a series of interactions of high energetic primary cosmic ray hadron with
the atmosphere constituent (Na, Oy and Ar). The secondary charged particles propagate in the atmosphere,
forming a hadron cascade longitudinally along the primary cosmic ray trajectory, with a lateral dispersion
due to their transverse momentum. During the interactions of the primary particle with the nuclei of the
atmosphere, some pions 7° and 7* are created. The particles 7° decay in two v which produce e~ and ' by
pair production. The e are rapidly absorbed in the medium while the e~ could create v by Bremsstrahlung.
These v decay in a et—e™ pair. This is the electromagnetic component of the shower, containing 90 % of the
primary particle energy [16], that can reach very large dimensions depending on the primary cosmic ray energy.
A simple illustration of extensive air shower is shown in figure 1.(a), with the point of first interaction Xy, the
point of inflection X;,,; where the production of secondary particles in the shower is maximum and the depth
of maximum development X,,,, until which the number of particle increases. From this point, the available
energy in the shower front is insufficient and the number of particles absorbed in the atmosphere is larger than
the number of particles produced: the number of particles in the shower decreases till the shower extinction.
The value X is calculated by integrating the density of air (taking its changes into account) along the trajectory
of the shower, from the point of entry of the air shower at the top of the atmosphere to the point in question
(units in g - cm~2, increasing up to ~ 1000 g - cm ™2 at sea level ). The longitudinal profile refers to the number
of particles along the development of the shower.
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(b)

Figure 1 - (a): Sketch of the geometry of an extensive air shower, with the parameters X 1, X inf and X max.
The approximate number of electrons and positrons is indicated for a primary proton with an energy of 1017 eV.
(b): Extensive shower development for different primary cosmic ray. The three primaries are simulated with an
energy of 105 GeV. Red component is for electromagnetic, green component for muons and black for hadrons.
Adapted from [17].

The shower development dépends on the primary cosmic ray characteristics: its energy, its arrivai direction
and its nature. For very energetic primary, the shower front could reach the ground, and the maximum shower
development occurs near the sea level. Inversely, a low energetic primary induces a small shower with a maximum
of development reached at higher altitude in the atmosphere and only muons and neutrinos can reach the ground.
Depending on the nature of the primary, the point of first interaction X 1 is different, because the cross-section
depends on the mass number A and on the energy E (see Fig. 1). The lateral dispersion is also very different for
the three primaries shown here (gamma photon, proton or iron nucleus), though they have the same energy of
105 GeV. On Fig. 1, only the secondary particles with an energy above 10 GeV are presented. If we considerer
all the secondary particles, the y-induced air shower has a dispersion radius - defined as the lateral dispersion
measured from the shower axis at sea level - of ~ 100 m, the proton-induced air shower has a dispersion radius
of ~ 500 m and the iron-induced air shower of ~ 1000 m. The shower maximum X max is also different for
the three primaries, being sensitive to both the primary mass and the primary energy. Knowing the latter,
moreover rather easily measurable, measuring the X max gives hints on the primary cosmic ray nature. X max is
directly observed in fluorescence telescopes (though with a quite low duty cycle of about 14 % [18]), while for
particle detectors and radio it is most of the time reconstructed thanks to shower simulations by Monte-Carlo
associated to particle interaction codes.

3 Radio émission from EAS

3.1 Physics of radio transient émission mechanisms

During the shower development in the atmosphere, the shower composed of charged particles in movement gen-
erates a coherent radio emission which has two origins: the charge excess mechanism, and the transverse current
variation induced by the geomagnetic field [3, 4, 5, 6, 7]. The latter is the main mechanism of radio emission.
Secondary electrons and positrons in the air shower are accelerated and multi-scattered by the geomagnetic
field, and separated thanks to the Lorentz force 1 = qli x 1 (with qthe particle charge, Al its velocity and
A the geomagnetic field vector). The resulting currents will be, on average, perpendicular to the shower axis
and are called "transverse currents". They vary with the air shower development and the number of secondary
particles which first grows, reaches a maximum, and then decreases as the shower dies out. This time variation
will lead to electromagnetic radiation [16]. The resulting electric field is linearly polarized and aligned along A
61
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(thus along X ?), where the direction of propagation of the secondary particles can be assimilated with the
shower axis 77. The intensity of the electric field depends on the arrival direction of the primary cosmic ray, in
particular on the angle o between the arrival direction of the shower and the geomagnetic field.

At the second order, the charge excess mechanism comes in addition to the geomagnetic contribution. Actually,
at high energy, the processes of pair production and bremsstrahlung dominate. As the shower develops, the
average energy decreases and other processes appear, as Compton scattering, delta-ray production, knock-on
electrons, and positron annihilation with pre-existing free atmospheric electrons, resulting in a net negative
charge excess of ~ 10 - 20 %. The ionization electrons are contained in the curved shower front, while the
heavier positive ions stay behind. The same scheme as for the geomagnetic mechanism occurs: during the
shower development, the net negative charge grows, reaches a maximum and finally decreases when the shower
dies out. The time variation of the evolution of the charge excess also leads to radio transient emission [16].
Contrarily to the geomagnetic one, here the electric field vector is radially polarized with respect to the shower
axis, and its orientation depends on the location of an observer. The overall resulting emission is a superposition
of these two mechanisms, and appears as a fast electric field transient lasting few tens of nanoseconds, which
can be detected by large bandwidth antennas and fast acquisition systems.

3.2 Formalism and prediction of the radio emission from EAS — The SELFAS simulation code

In addition to the shower development simulations codes like CORSIKA [19], CONEX [20] or AIRES [21],
based on particle physics hadronic interaction models such as or Sybill [22] or EPOS [23] or QGSJET [24],
several authors have implemented the calculation of the electric field emitted by the charged particles of the
shower. Most of them have chosen a microscopic approach, using the simulated particle tracks as elementary
sources of electric field (|25, 26]), and adding all the contributions at the observation point. Developed within
the frame of CODALEMA, SELFAS (Simulation of Electric Field of Air Showers) uses the same approach,
based on a complete and detailed formalism. But, instead of simulating each interaction in the shower along
its development, SELFAS uses pre-defined particle distributions obtained from a large set of previous shower
simulations ([27]), thus considerably reducing the computing time. The complete formalism used in SELFAS is
obtained by rewriting Maxwell’s equations in the form of two coupled equations by using the scalar and vector
potentials and by using the Lorentz gauge which can be expressed as V - A + ue%—f =0

V- D=V . (E)=¢V-E=p
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where ¢, is the speed of light in the dielectric medium. The same calculation can be made for the vector
potential giving:
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To solve equations 1 and 2, we use retarded solutions known as Green functions, giving:

B, 0) = - [ a1l ) 3)
A(x,1) = Z—i / d%%[;l(xgt/)]ret (4)

where I? = |x — x'| and ¢’ is the retarded time defined as t' = ¢ — - |x — x'(¢')|. Using equations 3 and 4, we
can derive the electric field and obtain:

o1 3 R ;g R Ip(x',t') 1 aI(x',t')
Bit) = 7 [ [t o [P - [P ?)

where R = ‘::j‘. The calculation of the electric field having been derived from the Maxwell equations, we

need to define the source whose the electric field is to be calculated. Let us define the instant ¢; before which
the charge density in all space is zero. Let us consider % éleutral atom. At ¢, and position x4, a point-like source



separates from the atom with the charge —g and travels in a straight line at a constant speed until its sudden
stop at instant 9 and position x5. The associated charge density, which certifies that the charge is conserved,
can be written as:

p(x' 1) = —g&(x' —x)0 —ty)
g8 (x' = x1) = v(t' = 01))[O(t" = t1) = Ot —12)] (6)
+q(53(X/ — Xg)@(t/ — tg)
where § is the Dirac delta function and © the Heaviside step function. The associated current density can be

written as:
J(x 1) = qvdd(x' —x1) = v({t' = t1))[O —t1) — O — t5)] (7)

Finally, the electric field can be expressed as:
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in which we have used ¢/ = ¢ — R;/c,, for t/ < ¢y and ¢’ > {9. First (creation of the particle) and third (stop of
the particle) lines of equation 8 contain a static Coulomb field which contributes at ¢; and ¢y respectively and
an impulse radiation field with the form c,l?lf%i (t —t; — R;/cy,) which is due to the charge conservation and the
use of a realistic charge density. The impulse radiation field is due to the changes in the charge density, which
thus can be paired with the second line. The second line is equivalent to the Heaviside-Feynman expression
used in [28] to calculate the electric field of a particle track, and is inseparable from the impulse radiation field.
The equation 8 is able to describe the electric field created by a particle track [29], and has been implemented
in the third version, SELFAS3, of the SELFAS Monte Carlo code.

4 Instrumental setup

CODALEMA [13, 14] is hosted since 2002 by the Nangay Radioastronomy Observatory. It is one of the pio-
neering experiments that have participated in the rebirth of radio detection of cosmic rays. Over the years, the
experiment has seen the development of a large collection of detectors, intended to study the properties of the
radio emission associated with cosmic ray induced air showers in the energy range from 106 to 10'® eV. In its
current version, CODALEMA consists essentially of:

e asquare array (0.4 x 0.4 km?) of 13 particle scintillator counters (surface detector),

e a set of 57 so-called “autonomous” crossed dipoles and synchronized by GPS dating, operating in the EMF
band, distributed over 1 km?,

e a so-called “Compact Array” of 10 cross-polarized antennas, arranged in a star shape of 150 m extension
and whose signal acquisition (in the MF band) is triggered by the particle detector.

The autonomous station array is purely self-triggered, meaning that each station is independent. Transients
coming from cosmic ray air showers or any other source (noise, planes...) are either stored on a distant disk
for off-line analysis or directly sent to a central DAQ able to build on-line the event based on several station
signals, respecting several selection criteria, which offers a large noise rejection factor (more than 99 %) and a
very good efficiency on cosmic ray air shower transient detection. A crosscheck can be made off-line with the
events detected by the particle detector or any of the triggered instruments (Compact Array or Low-Frequency
stations). CODALEMA is installed in a very rich instrumental environment (Fig. 2), since the Nancay radio
astronomy station houses a set of radio telescopes covering wavelengths from decametre to decimetre (frequency
range [10 - 3500] MHz) [30]. As many international developments aim to finalise the SKA project, a special
effort is being made at the moment on the decametric domain, with the installation of the FR606 station of the
international radio telescope LOFAR, [12] and the construction, already well advanced, of the NenuFAR array
(“New Extension in Nangay Upgrading LOFAR”) [31], which is described in section 6.

63



Figure 2 - Map of the Nancay observatory (North on top), featuring some of the setups currently involved in
the radio detection of EAS. Red crosses feature the 57 CODALEMA autonomous radio detection stations, black
squares the 13 scintillators, blue triangles the 10 antennas of the compact array. The location of the LOFAR
FR606 LBA station is figured by the orange circle, while the NenuFAR radiotelescope mini-arrays are the green
hexagons which fit into the black circle. The scale is indicated on the axis. The area covered by CODALEMA
is ~ 1.1 km2.

5 Event reconstruction, results and performances

For the 57 standalone antennas, no particle trigger is sent as mentioned in section 4. Transients detected in
coincidence on several of these standalone antennas build a ‘radio coincidence”, characterized by an average
radio event time that will be compared to the particle detector event. The criterion is that at least three
standalone antennas are triggered within a time interval compatible with the propagation of a plane wave at
the speed of light. The radio event is promoted as an actual shower if its timing is compatible with the timing
of the scintillators and if the reconstructed arrival directions (the direction of arrival (DoA) is reconstructed
using a plane fit) agree within 20° [13, 14]. Then, for each actual shower, a set of simulations is produced using
SELFAS3: 40 protons showers and 10 iron showers at an arbitrary energy (1017 eV) with the corresponding
DoA, on a virtual array. For different shower core positions, we compare the measured values of the electric
field in the MF band to the simulated electric field times a scaling factor to correct from the arbitrary energy.
The best agreement is obtained by minimising the chi-squared (see [32] for more details). A method of error
propagation is used to calculate the errors on the estimation of the shower parameters. At each step of the
comparison, an error on the measured values of the electric field is randomly calculated within the gaussian
distribution of the electric field values. This error is added to the electric field values, and the comparison
procedure is repeated. After the propagation of the errors, the estimated parameter distributions of the shower
is obtained, see figure 3. To fully exploit the capabilities of the CODALEMA instruments, the reconstruction
takes into account the high frequency data leading to a reconstruction in the EMF band (very useful for inclined
showers), as well as the information from the Compact Array leading to an hybrid reconstruction. After these
improvements, at the end of the analysis chain, the obtained accuracy is 15 m on the core position, 20 % on the
primary energy and 20 g ecm-2 on the atmospheric depth of the maximum of the shower development noted
Xmax. Figure 3 shows the reconstruction performances on an event detected by CODALEMA.

CODALEMA is a multi-wavelength experiment observing cosmic-ray induced air-showers in [20 —200] MHz.
Its unique capabilities permit to better constrain the reconstruction of the cosmic ray properties, and to propose
soon a composition of the cosmic rays with a sufficient level of accuracy. Contrarily to most of the worldwide
radio experiments, the reconstruction of all of the cosmic ray parameters by CODALEMA is made only with the
radio signal, which demonstrates the self-consistency and the maturity of the radio-detection method for EAS
observations. However, even though the noise rejection rate reaches almost 100 % and even though we have a
very good efficiency on cosmic ray air shower transient detection, there is still a lot of parasitic transients. As
an example, for two weeks of data taking, 52.5 millions of events are built by the central DAQ and only 1 % are

64
6



Prob. OFF
X By
0 Accepted
-800 -600 -400 -200 O 200 400 600 800 1000
Easting (m)

(a)

Energy [le |7 eV]

(© (d)

Xmex
(®)

Figure 3 - Illustration of the reconstruction of one event. (a): map of the event. The grey dots represent the
radio antennas of the experiment, the colored circles represent the triggered antennas. The size of the circles
is proportional to the signal strength received by the antennas, the color gradient represent the timing order in
which the signal is seen by each antenna (from blue to red). (b), left canvas: transient detected by one antenna
(green) in the EW (above) and NS (below) polarization, associated to the transient simulated with SELFAS3
(red). (b), right canvas: power spectral density received by an antenna (green) in the EW (above) and NS (below)
polarization, associated to the power spectrum density simulated with SELFAS3. The good agreement between
data and the simulation shows that the radio detection technique and the response of our radio antennas are well
mastered. The other plots (c), (d) and (e) indicate the accuracy on the shower parameters. The red curve is a
Gaussian fit of the distributions, the black vertical lines represent the 1a confidence level. The distributions are
obtained by propagating the uncertainties on the measurd values of the electric field. See text for more details.
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selected after the different stages of rejection, corresponding roughly to 550,000 events. In these set of events,
only 34 are tagged as cosmic ray events (0.006 % of the ~550,000 recorded events). Different methods are being
studied to increase the rejection rate and to improve the efficiency of detection of cosmic rays.

6 Potential of the radio-detection technique for the detection of very high energy gamma
rays

With the instrumental development of the H.E.S.S., MAGIC and VERITAS ground telescopes, the Fermi satel-
lite and the flurry of results accompanying them, gamma astronomy is now reaching a mature stage, and this
field routinely offers astronomers and physicists images and spectra from sources that are more and more nu-
merous and distant. The big project for the future, CTA, will allow for the first time a deep study of the gamma
sky observed at energies from a few tens of GeV to more than 100 TeV. However, one of the drawbacks of the
technique is that the current telescopes observing the Cerenkov radiation of the showers created by the photons
in the atmosphere have a rather low operating cycle, due to severe constraints on the necessary nighttime obser-
vation conditions (no Moon, no clouds ...). Moreover, if CTA should be able to reach or even exceed the energy
limit currently held by HAWC (=~ 100 TeV), the standard average sensitivity of other telescopes is restricted to
a few tens of TeV for the most energetic photons.

One of the specificities of UHECR detection is that it is impossible to know a priori in which direction to “look",
and therefore the detection systems, whatever they are, must have maximum angular acceptance and availability
in order to cover all possible directions of arrival. The UHECR, radio detection arrays are no exception to this
rule. Given the energy threshold of detection found for the UHECR on observations with individual antennas
(of the order of few 106 eV), this method is not suitable to detect air showers generated by hundreds of TeV
gamma rays, though they are similar, in terms of charge contents, to that of UHECR. However, the signals of
several antennas may be combined a priori or a posteriori in a given direction, in order to gain in sensitivity
of detection, which also reduces the angular field of view: it is the principle of interferometers, widely used
on past and current generations of so-called “digital" radio telescopes. Our idea is therefore to combine the
principle of detection of atmospheric shower electric field transients, used in CODALEMA, with the ability of
antennas to be phased towards a known source direction. Unlike the case of UHECR, we then know where the
signal should come from. The immediate advantage is the gain in detection sensitivity, which varies in direct
proportion to the square root of the number of antennas involved. Furthermore, combining several antenna
beams into one single, directive beam makes the detector much less sensitive to noises sources generally located
close to or at the horizon, and which generate the high noise transient rate observed at a single antenna level.
Another advantage is the possibility of reaching a useful observation cycle close to 100 %, since the day/night
alternation and the weather have no influence on the detection itself (except in case of large local atmospheric
electric fields during thunderstorms). Based on our experience of ultrafast radio transient detection and on
the context of the Nancay radio astronomy station which hosts the NenuFAR radio telescope, we propose to
explore the possibilities offered by this idea and to try for the first time to detect the radio signal produced
by ultra-high energy gamma of a few hundred TeV to a few tens PeV from an identified astrophysical source -
provided they can produce gammas at such energies.

Also known as the LOFAR Super Station (I.SS) in Nancay, NenuFAR [31] is a digital radio telescope consisting -
in the long term - of 1824 crossed-dipoles antennas arranged in 96 mini-arrays (hereafter MA1g) of 19 antennas!
(see Fig. 2). It has recently been recognized as a "pathfinder" of SKA. The NenuFAR antennas use the active
amplifier developed for CODALEMA and are identical to the ones of its Compact Array (see section 4 and
[13, 14]). The 96 MA g are distributed over an approximate circle of 500 m radius (0.2 km?), see Fig. 2. In
classical operation, each of the MA g is analogically phased in any direction of the sky and in the whole or any
sub-band of the [10-85] MHz frequency window, leading to an instantaneous sensitivity v/19 times higher than
that of a single antenna. The whole NenuFAR thus has an instantaneous sensitivity much higher than that
reached by a single LOFAR station of 96 single antennas [12], like the FR606 unit present at Nancay.

As already mentioned, the specificity of the gamma-ray sources is that we know their position in the sky, thus
the arrival direction of the high-energy photon, contrarily to the UHECR case. It is therefore possible to use
one or several mini-arrays phased together in the direction of the source and use them as a trigger on transient
events. We can take benefit of the large memory depth of the remaining M A9, which would be triggered by
the trigger arrays, to roll-back in time and find the transient in their memories. Each MA ¢ would then be a
sampling point of the shower footprint at ground, exactly as it is done in UHECR, radio detection arrays with
single antennas. This would allow knowing the electric field distribution and use it to recover the properties of
the primary photon, notably its energy thanks to simulations.

As an illustration, Fig. 4 shows a simulation of the electric field that would be produced by a PeV and a 10 PeV
gamma ray. Though sources able to produce such high energy photons (so-called “PeVatrons”) are not yet known,

1In 2018, 54 MA1o of those 96 are installed and operational
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but expected around the Galactic Center (unfortunately not visible from Nangay), it is rather encouraging: the
electric field at 10 PeV is already almost the energy detection threshold for one single antenna, and the signal
strength scales linearly with the energy. With a subsequent gain in sensitivity thanks to the phasing of several
mini-arrays, we should be able to detect hundreds of TeV photons showers and maybe open the door to a new
detection technique of very high energy gamma rays.

Figure 4 - Top figures: simulations of a 1 PeV photon shower coming from East at a zenith angle of 0, 20 and
40, in NE-SW polarization, observed in the [24-82] MHz band. The footprint area fits well with the area of
NenuFAR. The colour scale gives the electric field value in pV.m-1. The Cerenkov ring is clearly visible with
increasing zenith angle. Bottom figures: same, for 10 PeV photon showers. The colour scale is the same for all
the plots.

7 Conclusion

Since 2002, the CODALEMA experiment located within the Nancay radio-astronomy observatory has been
studying ultra-high energy cosmic rays arriving in the Earth’s atmosphere through the study of the electric field
emitted during the development of the shower of secondary charged particles. Among the precursors of this
method, nowadays commonly used worldwide, CODALEMA is a laboratory of major technological innovations
(autonomous triggering, hybrid reconstruction, very wide frequency band) and its high-performance anten-
nas are exported to other sites or instruments (AERA on Auger, NenuFAR, prototypes in China, Greece...).
CODALEMA has largely contributed to demonstrate that this detection method is able to determine the char-
acteristics of the primary cosmic ray with the only radio signal, thanks to comparisons with shower’s electric
field simulations performed with the SELFAS code which has been specially developed. Today, SELFAS allows
a faithful and realistic reconstruction of all the characteristics of the electric field at all frequencies. Its use is
essential for the identification of the primary particle that initiated the shower.

Besides the long-standing study of charged UHECR, we also propose today to exploit the unique environment
of CODALEMA to explore with NenuFAR the possibilities of radio-detection of atmospheric showers initiated
this time by very high energy gammas. The central idea here is to combine a large set of NenuFAR anten-
nas (several tens) in the direction of known sources emitting gammas (catalogs HESS, MAGIC, VERITAS ..)
to significantly increase the sensitivity of detection and use the capabilities triggering on ultra fast transients
controlled within the framework of CODALEMA. This would make it possible to observe the sources with a
useful cycle close to 100 %, which is not possible with the current techniques of the aforementioned Cerenkov
telescopes or their successors (i.e. CTA). Coming from the infinitely big, all these infinitely small, elementary
particles inform us about the great structures of the Universe that emitted them.
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Abstract:

Sprites are complex discharges that consist of many plasma filaments named streamers. They are produced high above
thunderstorms (40km to 90km altitude), usually in association with positive cloud-to-ground lightning. It is known that
sprites produce electromagnetic radiation observed typically in the extremely low (ELF) to ultra low (ULF) frequency
bands [e.g., Cummer et al., GRL, 25, 1281, 1998]. More recently, sprites have been found to be associated with LF
emissions in the range 50 to 350 kHz [Fullekrug et al., JGR, 115, AOOE09, 2010], which emissions have later been
proposed to be related to streamer expansion processes [Qin, et al., GRL, 39, 1.22803, 2012]. In a different context,
Thaddadene and Celestin [JGR, 122, 1000, 2017] have shown that collisions between streamers with opposite polarities
would lead to strong electric field variation on the order of a few picoseconds in air at ground-level. The future space
mission TARANIS funded by CNES will measure electromagnetic emissions associated with sprites. In this work, we
present an effort on modeling relevant sprite streamer processes generating characteristic electromagnetic radiation with
a focus on the possibility for streamer collisions to generate HF-VHF emissions (3MHz to 300 MHz).

Résumé:

Les sprites sont des décharges complexes composées de filaments de plasma appelés streamers. [ls sont produits au
dessus de cellules orageuses et s’étendent entre 40km et 90km d’altitude, et généralement associés & un éclair positif
nuage-sol. Les sprites sont connus pour produire des émissions électromagnétiques habituellement observées dans la
bande ELF-ULF [e.g., Cummer et al., GRL, 25, 1281, 1998]. Plus récemment, il a été découvert que les sprites ont
également une émission dans la bande LF (50Hz-350kHz) [Fullekrug et al., JGR, 115, AOOE09, 2010], laquelle a été
proposée comme étant en lien avec le processus d’expansion des streamers [Qin, et al., GRL, 39, L.22803, 2012]. Dans
un contexte différent, Thaddadene et Celestin [JGR, 122, 1000, 2017] ont montré que les collisions de streamers avec des
polarités opposées devraient conduire & une forte variation du champ électrique de ’ordre de quelques picosecondes dans
Pair & pression atmosphérique. La prochaine mission spatiale TARANIS financée par le CNES mesurera les émissions
électromagnétiques associées aux sprites. Dans cette étude, nous présentons nos efforts sur la modélisation des processus
producteurs de rayonnements électromagnétiques caractéristiques des streamers de sprites. Nous nous concentrons plus
spécifiquement sur la possibilité que les collisions de streamers produisent un rayonnement dans la bande HF-VHF
(3MHz-300 MHz).

1 Introduction

Sprites are complex discharges that consist of many filaments named streamers. They are produced high
above thunderstorms, typically between 40 km to 90 km and, usually associated with a positive cloud-to-ground
lightning. Streamers are ionization waves that turn the medium in which there are propagating into filamentary
plasma. They are known to have a strong electric field near their heads, which is able to ionize the air
locally. This ionization process allows streamers to propagate step by step. We know that sprites produce
electromagnetic radiation observed typically from the Extreme Low Frequency (ELF) to Ultra Low Frequency
(ULF) [1]. More recently, sprites have been found to be associated with LF emissions in the range 50 to 350
kHz [2], which emissions have later been proposed to be related to streamer expansion processes [3]. Thaddadene
and Celestin [4] showed that collisions between streamers with opposite polarities would lead to strong electric
field variation on the order of a few picoseconds in air at ground-level. In addition, these collisions between
streamers are very common within sprites. The future space mission TARANIS [5] funded by CNES will
measure electromagnetic emissions associated with sprite events in a band spreading from DC to 30 MHz.
The quantification of this possible electromagnetic emission as well as related spectral signatures is therefore
of prime importance for the preparation of TARANIS. In this work, we present an effort on sprite streamer
electromagnetic radiation produced by a collision between two streamers at an altitude of 60 km and a spacecraft
observing the event at ~ 600 km of altitude.
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2 Method

2.1 Model for streamers

The dynamics of a streamer can be described using drift diffusion équations for électrons, positive and négative
ions, coupled with Poisson’s equation in a cylindrical coordinate system [s]. In our model, the fluid equation is
solved using an upwind scheme while Poisson’s equation is iteratively solved via the Successive Over Relation
(SOR) approach [7] ] The photoionization process is reduced to an uniform free electron background of
10s m-3 and we neglect the production of negative ions. The electric field is produced by two remote electrodes
put at the opposite ends of the domain such that a uniform Laplacian field of Eo = 1130V m-1 is established.
The characteristic of the simulation domain is essentially based on [9] except that the size of the domain along
the radial direction is twice larger to avoid streamer interaction with boundaries, and the system is set at 60 km
altitude rather than at ground level. The initiation of streamers is done by placing two neutral Gaussian plasma
clouds with a peak density of 5.5 x 1012 m-s and a characteristic spatial decay scale of 0.8 m in the simulation
domain at 6.s m from the left and the right with respect to the center of the domain.

2.2 Model for electromagnetic émission

The analytical time domain solution for the azimuthal magnetic component of the electromagnetic field from a
finite antenna of length H = H2—H 1is given by [1]] :

N stin(o

My H2 sin(o) di(z,t - R)
4 g R oz ()

n H: cR dt

where i(z,t) is the current flowing through the antenna, O is the polar angle of the receiver with respect to the
source location, R is the distance between the antenna and the receiver, c is the speed of light in vacuum and
Mthe permeability in vacuum. Figure 1 shows the situation studied. We consider a collision of two streamers
occurring at 60 km of altitude, and a spacecraft flying at a distance R = 600 km. We also set the polar angle 0 =
90°. The first term of equation (1) is the induction part, second term is the radiative part. The length of the
antenna is assimilated to the length of the streamer, so that H = 50 m. Since H is several order of magnitude
lower than R, we neglect the induction part in (1) [3].

B (t) )i(z,t ?) dz +

Figure 1 - Geometry of the electromagnetic radiation from a sprite at 60km altitude observed by spacecraft
flying at 600 km.

The current used in the simulation is the vertical current 1z(z,t) flowing in the streamer body. It is calculated
by integrating the current density along the radial direction.

3 Result

Figure 2 shows a cross-sectional view of the electric field at the time of the collision between two streamers.
We observe in the bottom part of Figure 2, a peak in the electric field reaching about 7kV m-1 in the colliding
region. At the next moment, the electric field will suddenly collapse due to the large increase of the conductivity
in this area [11]. After the propagation of an electrostatic wave, the streamer will have the same behavior as a
double-headed streamer [12].

Figure 3 shows the azimuthal component of the magnetic field radiated by the streamer system. We notice
that before the collision of streamers (before t = 4.5 ps), there is the lack of significant electromagnetic emission
due to a weak variation of the current in time. On the other hand, around 4.5 ps we notice a strong peak of
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Figure 2 - Collision between two streamers of different polarity at an altitude of 60 km. Top: Electric field in
the simulation domain at the moment of the collision. The collision is occurring in the reddest region. We also
observe that the highest electric field area is located in the vicinity of streamer heads. Bottom : Electric field
along the height.

the azimuthal magnetic component reaching almost 0.4 pT. This peak is the result of the collision of streamers
which has led to a significant variation of the current in time.

4 Conclusion

The strong and rapid variation of the electric field in few nanoseconds is associated with a strong variation of the
current. According to equation (1), this variation of the current in time will result in an electromagnetic radiation
during the collision at streamers. On the other hand, during the propagation of streamers, no significant
electromagnetic emission is observed, especially in the HF-VHF range. From these results, we will calculate
specific signatures associated with streamer collisions taking place in sprites.

72



Figure 3 - Azimutal magnetic field component computed by using équation (1) observed horizontally. We note
the strong variation of the current around 4.5 ps as related to the collision of streamers.

73



5
[

2]

3]

[4]

[5]

[6]

7]
3]

19]

[10]

[11]

[12]

References

S. A. Cummer, U. S. Inan, T. F. Bell, and C. P. Barrington-Leigh, “ELF radiation produced by electrical
currents in sprites,” Geophysical Research Letters, vol. 25, pp. 1281-1284, 4 1998.

M. Fiillekrug, R. Roussel-Dupré, E. M. D. Symbalisty, O. Chanrion, A. Odzimek, O. van der Velde, and
T. Neubert, “Relativistic runaway breakdown in low-frequency radio,” Journal of Geophysical Research,
vol. 115, Jan. 2010.

J. Qin, S. Celestin, and V. P. Pasko, “Low frequency electromagnetic radiation from sprite streamers,”
Geophysical Research Letters, vol. 39, Nov. 2012.

M. A. Thaddadene and S. Celestin, “Determination of sprite streamers altitude based on No spectroscopic
analysis,” Journal of Geophysical Research, vol. 122, pp. 1000-1014, Jan. 2017.

F. Lefeuvre, E. Blanc, J.-L. Pingon, R. Roussel-Dupré, D. Lawrence, J.-A. Sauvaud, J.-L.. Rauch, H. de Fer-
audy, and D. Lagoutte, TARANIS—A Satellite Project Dedicated to the Physics of TLEs and TGFs,
pp. 301-315. Springer New York, 2008.

N. Liu and V. P. Pasko, “Effects of photoionization on propagation and branching of positive and negative
streamers in sprites,” Journal of Geophysical Research, vol. 109, Apr. 2004.

G. H. Golub and C. F. Van Loan, Matriz Computations (4rd Ed.). Johns Hopkins University Press, 1996.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical Recipes 3rd Edition: The
Art of Scientific Computing. New York, NY, USA: Cambridge University Press, 3 ed., 2007.

A. Bourdon, V. P. Pasko, N. Y. Liu, S. Celestin, P. Ségur, and E. Marode, “Efficient models for pho-
toionization produced by non-thermal gas discharges in air based on radiative transfer and the Helmholtz
equations,” Plasma Sources Science and Technology, vol. 16, 2007.

M. A. Uman, K. Mclain, and E. Krider, “The electromagnetic radiation from a finite antenna,” American
Journal of Physics, vol. 43, pp. 3338, 01 1975.

M. A. Thaddadene and S. Celestin, “Increase of the electric field in head-on collisions between negative and
positive streamers,” Geophysical Research Letters, vol. 42, pp. 5644-5651, July 2015.

F. Shi, N. Liu, J. R. Dwyer, and K. M. A. Thaddadene, “VHF and UHF electromagnetic radiation produced
by streamers in lightning,” Geophysical Research Letters, vol. 46, no. 1, pp. 443-451, 2019.

74



Electromagnetism and interaction
with the cell;

75



Approcher les deux infinis par

LES ONDES ELECTROMAGNETIQUES

Dosimeétrie a I’échelle de la cellule de systéeme
d’exposition aux ondes électromagnétiques
Dosimetry at the microscopie levelfor EMF delivery system

Nefzi Al Carr L2 Arnaud-Cormos D3 Leveque P

1Univ. Limoges, CNRS, XLIM, UMR 7252, F-87000 Limoges, nefzi.amani@unilim.fr

2Univ. Limoges, CNRS, XLIM, UMR 7252, F-87000 Limoges, lynn.carr@unilim.fr

3Univ. Limoges, CNRS, XLIM, UMR 7252, F-87000 Limoges, delia.arnaud-cormos@unilim.fr
4Univ. Limoges, CNRS, XLIM, UMR 7252, F-87000 Limoges, philippe.leveque@unilim.fr

Mots clés (enfrancais et en anglais) : Dosimétrie, fluorescence, RF. Dosimetry, fluorescence, RF

Résumé/Abstract

Les interactions des ondes électromagnétiques avec le vivant ont fait I’objet de trés nombreuses études au cours des derniéres décennies..
Pour émettre des conclusions rigoureuses, ces études demandent une estimation précise des parametres des champs électromagnétiques, des
températures et des distributions du débit d’absorption spécifique (DAS) entre autres. On propose d’explorer une méthode de dosimétrie a
I’échelle, basée sur I’intensité de fluorescence d’un marqueur, la Rhodamine B, dont la fluorescence est dépendante de la tem pérature. La
taille des cibles, de I’ordre de la dizaine de pm, est extrémement petite vis-a-vis des longueurs d’onde mise en jeu aux hyperfréquences. De
plus, certaines expositions reposent sur I’utilisation de microdispositif. La détermination des possibilités et limites d’une méthode reposant
sur la variation de la fluorescence d’un marqueur de type Rhodamine B est explorée.

The interaction of electromagnetic fields (EMF) with living entities has been the subject of a considerable amount of research in the past
three decades. To reach rigorous conclusions, these studies require the accurate assessment of EMF parameters such as electric field,
temperature and specific absorption rate (SAR). This paper aims to investigate dosimetry at a microscopic level, with a method based on the
fluorescence intensity of the dye, Rhodamine B, which is temperature dependent. The size of the targets, of the order of ten microns, is
extremely small compared to the wavelengths of the microwave. In addition, some exposures are based on microdevices. Determination of
the potentiel and limitation of the fluorescence method with the Rhodamine B is explored.

1 Introduction/Introduction

Les interactions des ondes électromagnétiques (EM) avec le vivant ont fait I’objet de trés nombreuses études au
cours des derniéres décennies. Ces études ont concerné un large panel de sujet, comme les effets sanitaires
potentiels des signaux de télécommunications, les applications biomédicales telles que I’hyperthermie,
I’électrochimiothérapie ou bien plus récemment I’utilisation des champs électriques pulsés de trés forte
amplitude et tres courte durée. Pour émettre des conclusions rigoureuses, ces études demandent une estimation
précise des parametres des champs électromagnétiques, des températures et des distributions du débit
d’absorption spécifique (DAS) entre autres. Cependant, de par les limites de I’instrumentation actuelle,
I’estimation des parameétres d’exposition peut s’avérer délicate, en particulier a I’échelle microscopique.

On propose d’explorer une méthode de dosimétrie a I’échelle microscopique permettant de contribuer a la
caractérisation de différents systémes d’exposition. Cette microdosimétrie est basée sur I’intensité de
fluorescence d’un marqueur, la Rhodamine B, dont la fluorescence est dépendante de la température. Cette
approche a fait 1’objet de premiers travaux dans un contexte d’exposition a 900 MHz [1]. Sur la base de premiers
travaux réalisés [2], on cherchera dans ce travail a caractériser les limites de cette méthode et de 1’appliquer sur
un micro-dispositif. On s’appuiera sur une cellule TEM (transverse électromagnétique) pour quantifier et valider
le potentiel et les limites de la méthode proposée.

2 Systeme d’exposition aux ondes EM et dosimétrie / EMF exposure system and dosimetry.

Un systeme d’exposition est proposé pour quantifier la dépendance en température du marqueur fluorescent lors
d’une exposition microonde (voir Figure 1). Il est composé essentiellement d’une cellule TEM adaptée a des
observations sous microscope. Une ouverture de 20 mm est effectuée dans la plaque inférieure de la cellule TEM
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permettant |’observation a partir de I’objectif de microscope. Cette ouverture et la positon de I’objectif joue un
role important dans la distribution de champ électromagnétique dans I’échantillon exposé. Ce dernier est basé sur
une boite de Petri spécifique dont le fond a une épaisseur de 170 pm parfaitement adapté a une observation sous
microscope.

Luxtron

« USB
Optical probe ¢

Signal

TEM Cell with
generator F uoroDish
input
Power
amp“ﬂer Bidirectionne
coupler
Circulator
Powermeter inverted
microscope

Figure 1 : Dispositifde mesure par microscopie de lafluorescence de la Rhodamine B.

L’influence de I’ouverture et de la position précise de I’objectif du microscope est analysée par simulation
électromagnétique et par la mesure de la grandeur classiquement utilisée pour caractériser les niveaux
d’exposition, a savoir le DAS qui s’exprime en W/kg. Dans ce cas, le DAS est estimé a partir de la mesure de
I’élévation de la température obtenue a partir de la sonde fluorooptic.

La caractérisation de la fluorescence de la Rhodamine B fait I’objet d’une étude en fonction de plusieurs
parametres, a savoir : la concentration, la puissance de la source microonde, le volume de solution exposé, la
technique d’acquisition de la fluorescence, en particulier en utilisant une mesure confocale.

Dans un premier temps, les mesures sont effectuées dans le volume en I’absence de cellules biologiques. Ces
mesures servent a étalonner les variations de fluorescence en fonction de la température. Dans un second temps,
le marqueur est inséré dans des cellules biologiques qui sont ensuite placées dans un milieu de culture. Ce
dernier est traité pour éliminer au maximum la présence de la Rhodamine hors des cellules. 1l est alors possible
de suivre la variation de la fluorescence présente des cellules et de la relier a 1’élévation de température. Une
mise en évidence de I’influence de la concentration de le Rhodamine présente dans le cytoplasme de la cellule
est effectuée. Il s’agit ici d’un élément clé pour faire le lien entre variation de fluorescence et de température.
L "apport de I’utilisation d’'une mesure en confocal est exploré.

3 Conclusion/Conclusion

La maitrise des expositions aux ondes électromagnétiques de milieux biologiques est un point essentiel dans le
domaine du bioélectromagnétisme. La taille des cibles, de I’ordre de la dizaine de pm, est extrémement petite
vis-a-vis des longueurs d’onde mise en jeu aux hyperfréquences. De plus, certaines expositions reposent sur
I’utilisation de microdispositif. La détermination des possibilités et limites d’une méthode reposant sur la
variation de la fluorescence d’un marqueur de type Rhodamine B est explorée. Une premiere phase de
calibration est effectuée en comparant les variations avec une mesure de température a |’échelle macroscopique.
Elle montre que dans certaines conditions, il est possible de suivre la variation de température a partir de la
mesure de fluorescence. Des travaux sont en cours pour définir les limites de la méthode sur les mesures au sein
méme de la cellule.
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Résumé/Abstract

L ®lectroporation de la membrane cellulaire causée par des ondes sinusoidales a été étudiée.
Des rafales uniques de différentes durées et intensités ont été appliquées aux cellules. Des
impulsions a onde carrée présentant des caractéristiques équivalentes ont également été
appliquées a des fins de comparaison. L'ejficacité de I'électropermeéabilisation de la
membrane cellulaire a été étudiee a lafois in vitro et in vivo. En accord avec la théorie, les
resultats montrent une nette dépendance du degré de perméabilisation de la membrane
cellulaire enfonction de lafréquence des ondes. Les résultats obtenus montrent la capacité
des signaux sinusoidaux a provoquer | €lectroporation des cellules et comment, en modifiant
lafréguence du champ électrique oscillant appliqué, il estpossible de moduler avec précision
I'ampleur de laperméabilisation causee a la membrane cellulaire.

In this study cell electroporation using AC sine waves was studied. Single bursts of different
durations and intensities were used. Also square wave electric pulses with the same
characteristics were applied for the comparison. The efficacy of the electropermeabilization of
the cell membrane was studied both IN Vitro and IN VIVO. In agreement with theory, results
show a clear frequency dependence in the extent of the permeabilization of cell membrane.
The results obtained show the ability of sine signals to perform electroporation and how by
modifying the frequency of the oscillating electric field applied it is possible to accurately

modulate the extent of permeabilization performed to the cell membrane.

1 Introduction

The interaction of the cell membrane with high intensity pulsed electric fields is routinely
used to provoke the transient permeabilization of the cell membrane in a phenomenon termed
electroporation. This technique has traditionally used short square direct current (DC) pulses.
On the contrary, although theoretically described, few experimental reports have deeply
studied the ability of alternating current (AC) signals to cause cell permeabilization [1].

According to Schwann equation, the induced transmembrane potential (ITP) by an oscillating
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electric field varies with frequency and it is negligible for frequencies above 1 MHz [2]. If the
ITP reaches a given threshold, the cell membrane is electropermeabilized.

Nowadays, one of the main applications of electroporation is Electrochemotherapy (ECT)[3] .
In this technique, reversible electroporation is applied to tumour tissue in order to facilitate
the penetration of chemotherapeutic agents into cancerous cells. ECT represents a clinical
option for the treatment of patients with superficial tumours with very successful results [4].

2  Methods

In order to correctly assess the frequency dependence of membrane permeabilization, it is
necessary to concentrate the energy delivered to cells in a narrow spectral band. For that
purpose, in the present study we used single sinusoidal bursts of different frequencies to study
the frequency-dependent response of the cells in vitro. Afterwards, we applied the same
concept to study the efficiency of ECT treatment in a model of subcutaneous tumour in mice.

3 Results

Results show how sinusoidal waves are suitable for performing electroporation of both cells
and living tissues. The results demonstrate the expected frequency dependence and how by
only modifying the frequency of the applied signal it is possible to control the extent of
permeabilization. The electroporation efficiency shows a low pass filter frequency dependence
with a loss of efficacy for increasing frequencies.

Additionally, the comparison with square waves allowed us to assess the equivalence between
both types of wave forms. These results show that there exists a relation in terms of Root
Mean Square (RMS) values.

4 Conclusion

Sine waves exposure represents an interesting and effective alternative for the
electropermeabilization of biological tissues. The application of the energy to cell membrane
in a narrow spectral band can help to better understand the still poorly known mechanism of
membrane electroporation. Further research is necessary to explore the possible limitations or
improvements of this type of electric field exposure

Our data suggests that depending on the electric field AC frequency it is possible to modulate
the amount of permeabilization performed to cells. By only varying the frequency of the
signal applied, instead of amplitude, duration or number of pulses we could control the extent
of permeabilization performed in the biological sample exposed.
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L'imagerie cérébrale, cruciale dans de nombreux domaines allant du diagnostic pré-chirurgical pour I'épilepsie
aux interfaces cerveau-machine, est trés sensible a la précision des modeles électromagnétiques du cerveau et de
leurs parametres physiques. La résolution du processus de reconstruction de I'activité cérébrale peut donc étre
drastiquement améliorée par une augmentation de la fidélité de ces modéles. Nous proposons une approche
basée sur I'agrégation des solutions de plusieurs solveurs innovants a haute-fidélité pour capturer les différents
aspects de la réaction des tissus cérébraux aux champs électromagnétiques. Cette approche pennet de compenser
la variabilité des multiples parametres des modéles et permet ainsi une reconstruction plus fiable. Les modéles
incluent des fonnulations aux éléments de frontiére volumique, surfacique et filaire qui permettent de modéliser,
entre autres, I'anisotropie du milieu cérébral. Ces fonnulations font I'objet d'une étude spectrale en vue de leur
préconditionnement avec pour objectif la réduction de la complexité et du colt de leurs processus de résolution
lorsqu'elles sont combinées avec des solveurs rapides. Les différents solveurs haute résolution ont été intégrés
dans un systeme de navigation intracranienne en réalité virtuelle pour pennettre d'exploiter, en temps réel, les
données obtenues par les différents solveurs avec une lisibilité accrue.

Tliis work was supported by the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement No 724846, project 321).
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Something about us

Brain imaging

Functional imaging: provides imaging of brain actlvity,
either electric/magnetic (direct measures, like in EEG or in
MEG) or indirect (like in functional MRI, NIRS, or PET)

* Something about us

« Brain and brain imaging

» Computational challenges in brain imaging

* On some recent contributions and applications

» Perspectives for future investigations

Brain imaging

Structural imaging: provides imaging of brain régions,
boundary and material properties (as the electric
conductivityl

segmented dati

MRI images

Electroencephalography (EEG)

In non-invasive EEG, électrodes are placed on the scalp
which measure scalp electric potential generated by
neuronal activity
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The EEG output

Graphoelements
The voltage in every EEG channel.
Still widely used in the medical practice

High resolution EEG surface mapping

(Spatial postprocessing, interpolation
and filtering of high-density électrodes
array EEGs)

High resolution source reconstructing EEGs

(Spatial postprocessing, volume inverse
source from surface high-density EEG data

erc Computational Electromagnetics
# for Brain Research and Applications

Main Challenges from a Computational Prospective
Sources of complexity

Very low powers involved in
the presence of severe
bioshielding effects

Large number of physical degrees
of freedom in modeling the
microscopie level

Extremely complex and
anisotropic bioelectric physics
at the macroscopie level

Scarce reproducibility of
human related parameters
and factors

Skull shielding problems

Simplified scheme of a single electrode EEG reading

Vout

The comparatively lower conductivity of the skull results in a shielding
effect for the voltage reading (see invasive EEGs in the following).

In reality the brain présents a highly inhomogeneous volumétrie
conductivity which is even anisotropic in certain régions

Moreover, in normal conditions the brain activity (sources) are not
localized (although a localization may occur in certain cases, e.g. during a
focal epileptic crisis)
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Summarizing: from scalp potentials
~$4

to brain currents

Inverse source
Problem
Source

Segmentation Mesh génération

characterization

Digitization / signal
Processing

MRI (Realistic head model) Electroencephalography

Computational Electromagnetics
for Brain Research and Applications

Main Challenges from a Computational Prospective

Sources of complexity

Very low powers involved in
the presence of severe
bioshielding effects

Large number of physical degrees
of freedom in modeling the
microscopie level

Extremely complex and
anisotropic bioelectric physics
at the macroscopie level

Scarce reproducibility of
human related parameters
and factors

We define the conductivity ratio J3= — <, «<js3

Optimal performance

Dégradation of performance



jftf erc

Mixed discretizations in EEG BEMs Skull shielding problem

A mixed discretization lives on
the dual mesh Two source of errors

- Scaling différence in the potential

Brain-Skull-Scalp  Brain onlyi

D y Numerical cancellation N
<) - VdipO) + 0hO) Oh =~ sjicm for/=1,...,N.
lini Iscalp *  I'diplscalpa Catastrophic cancellation
erc Indirect Adjoint Double Layer Indirect Adjoint Double Layer
formulation formulation
IADL: New Intégral high accuracy independently 0 The operator @} is continuous across and interface
i of P
formulation bJ=o v

. - - - The operator 1)" it\r is discontinuous across and
- The electric potential is harmonie in the outermost layer

interface
Ao =0 n VY = n soyHVA A
- Write the potential as a contribution of monopole
sources J |gand j \ry This leads to the following
(1) = SIrZr) + SIVrHr neVols =4 \r3=o
* Applying the gradient operator in the normal direction Yhe wv 40 ! N dn<r2=--</i
i
MtEr, = +“7" + ©%r2 + 0%Jra
erc Indirect Adjoint Double Layer erc

. Target Applications (I
formulation 9 PP M

Finally, we get the following équation
—Y +D2JI2 + DRI =

Epileptogenic Area Localization in Focal Epilepsy

Task: localizing
IT +DRIr2+Dh Jr3 =o characterizing the brain

. . electric sources durin
The discretized System N 9
an epileptic crisis

Sociétal impact: it’'s a
key pre-surgical step
and could minimize the
use of invasive EEG
techniques requiring
skull’s trépanation

No additional computation cost in building the équation.

~ Higher accuracy even for high conductivity ratio.
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Impact

Computational Electromagnetics
for Brain Research and Applications

Main Challenges from a Computational Prospective
Sources of complexity

Very low powers involved in
the presence of severe
bioshielding effects

Large number of physical degrees
of freedom in modeling the
microscopie level

Extremely complex and
anisotropic bioelectric physics
at the macroscopie level

Scarce reproducibility of
human related parameters
and factors

The Forward EEG problem

Neurons in the cortex Current dipole

J(r)=PO{r-r")

Frequency «100Hz
V.<7(n)o>(r) =W(r)
Quasi-static approximation of
Maxwell équations
Poisson s équation
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Higher accuracy than the State of the art

* 500 dipole sources for
each eccentricity.
Random position.
Radial orientation.

* Random tangential

orientation.
0.01 0.2 0.4 0.6 0.70.750.80.830.860.90.920.94
Relative position r in %

DL ISA IADLWTBSY |

erc Computational Electromagnetics

for Brain Research and Applications

Source of complexity Our strategy

Large number of physical degrees of

New computational paradigms that opérates
freedom in modeling the microscopie level

in linear-instead-of-cubic complexity
\wo approaches to linear
complexity operations

Fast Matrix
Inversions (fast
inverse solvers)

Fast matrix-vector
Products + analytical
regularizations

Computational Electromagnetics
for Brain Research and Applications

If you want to find neuronal
currents in the brain, you may
think to invert the matrix below.

‘éKTz)Nn -2D’

2 0 0

e 0
- 2Dj, (<A1 +<721)S|| D; =\ siz 0 0 0
-02N21 1 —2D#22 —€TNB D+23 0
D21 -Sj, -2D22 ) 2 D23 -03 's23 0
o o —O3N32 _eD;z (<3+ tJ|) N33 —D+33
u 0 D32 2 -2D33 ("3 1+ <4')S33
0 0 0 0

don’t! That’s cubic!



NJC Computational Electromagnetics erc Computational Electromagnetics

for Brain Research and Applications for Brain Research and Applications
o To get it done linearly, pre-multiply it instead with its dual
o A : o o magneto-to-electric and electro-to-magnetic counterpart
- 02N 2i 0721 @+ O)N2 —2D*22 -N3n23 0*23 n
i - < —a | *S3 0 . . . con ge .
% BN o WIS b In tact the following identifies can be proved SiNi = i7" P>
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To get it done linearly, pre-multiply it instead with its dual 21 (@l +AZT) IAUALL K22 K
magneto-to-electric and electro-to-magnetic counterpart U2 (02 +n3)a1n2n21  ICEE
ciisu cribu  cJjsi2 ci4D i3 8 y, v
C22N11 C23D T2 C24N12 O . . . . -
calsal  C32D21 Cassoe  C3AD2Z ~IAS23 3623 This basically gives you points 1) and 2) of the general recipe
C41R21 C42N21 Q3D22 C44N22 (C45D23 G4rN 23
g g Cc53s32 €54032  '55n*33  C560 33
ATaN3Z o650 33 Point 3) is obtained by discretizing things properly...
0 0 0 0
erc Computational Electromagnetics erc Computational Electromagnetics
for Brain Research and Applications for Brain Research and Applications
Point 3) is obtained by permeating the discretization choice lﬂg rreeiugrgfeﬁzeo?\r/ﬁ;alrlrg rggess
by the “electromagnetic duality”: electric unknowns on one ures gnitu
- : accélérations and a change from
graph, magnetic ones on a dual graph... a cubic to linear computational
complexity!
Computational Electromagnetics —
- o Target Applications (Il
for Brain Research and Applications 9 PP (n
The resuit of the overall process Brain Computer Interfaces

ensures orders of magnitude

accélérations and a change from

a cubic to linear computational Task: create an extra-

complexity! muscular channel to
connect the Brain with
the external world

Sociétal impact: BCls
are a key resource for
locked-in patients and
are also of increasing
interest for general
public applications
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Brain Computer Interfaces

Standard pipeline

classifi
cation

Réduction of the order of degrees of
freedom (to get a lower dimensional
feature vector): power spectrum,
autoregression, and independent
component analyses

Classifiers assign a class to
a given feature vector:
Linear discriminant analysis,
Support Vector Machine,
Neural networks, etc...

Brain Computer Interfaces

Our work: extended pipeline - generating output data

Surface Volumétrie
EEG voltage current
A
, 3 Y . volume
¥impedance” inversion gfiltering
Volume conduction propagators and (calderon technology)
inverse algorithms

Output
data

The head is not homogeneous

The City College of New York. CUNY
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Brain Computer Interfaces

Standard pipeline - generating output data

filtering
Surface Output
voltage data

We can extend
this chain...

Computational Electromagnetics
for Brain Research and Applications

Main Challenges from a Computational Prospective
Sources of complexity

Very low powers involved in
the presence of severe
bioshielding effects

Large number of physical degrees
of freedom in modeling the
microscopie level

Extremely complex and
anisotropic hioelectric physics
at the macroscopie level

Scarce reproducibility of
human related parameters
and factors

The head is not isotropie

axx G, <
The electric conductivity is, in
< ina-in-
a vx ny % general, a varying-in-space tensor
G, G, <.



lére Computational Electromagnetics
Head Models for Brain Research and Applications

We have obtained intégral équation 3D-2D-1D hybrid
that can naturally be adapted to MRI data

3D
extension
(standard
EM?
Spherical head models head models Volumétrie head models
Ana\yl\calsolu}\on «  Intégral gased m‘elhod (BEM) * leferentlél based method (FEM, FDM) 1D
*  Fast + Incorporating realisHc geometry ~ *  Incorporating detailed geometry ;
* limited to unrvjlistk geometries * Incorporating more compte* heterogeneity of the extension
different tissues and anisotropic conductivity
0 fe The brain conductivity is anisotropic
and inhomogeneous
> Anisotropies:
The white matter is made of fibers that carry
information between brain cells.
- t 5 ércMonclusions and Per tives for future ».1y.
Target Applications (lll) 0gga ercronclusions a d erspectives for tuture «.y.,
investigations
Neurofeedback This talk delineated some investigation axes in

computational science for brain research
Task: create real time j

displays of neuroactivity

to teach patients to self Computationally  intensive  paradigms  enables
regulate his/her own  / promising paths in brain imaging and applications
brain functions

Sociétal impact: it Our current and future investigations include the
enables neurotherapy translation of our strategies for MEG and to active
that is increasingly techniques.

considered as part of
therapeutic strategies

) P In these efforts we acknowledge our ERC project in
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Zttzgzﬁny dégsirtezséon computational electromagnetics (ERC CoG 321, Grant
. : N° 724846) which has been supporting us since

obsessive compulsive  gyr vR framework September 2017
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Microspectroscopie DRASC en temps réel pour suivre les changements de
I’eau associée aux membranes cellulaires induits par I’électropulsation de
liposomes
Real-time CARS microspectroscopy tofollow changes of membrane associated
water molecules induced by the electropulsation ofliposomes
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Abstract

To deep more insight into basic phenomena occurring during and after electropulsation of biological membranes, a new experimental
modality has been used. It combines a wide field Coherent Anti Stokes Raman Spectroscopy system with a coplanar wave guide able to
deliver nanosecond pulsed electric fields to different in vitro samples. The experiments have been conducted on liposome suspensions. These
systems well mimic phospholipid double layers. Spectra of liposome suspensions have been acquired immediately after electropulsation.
Liposome suspension evidenced an increase of the vibrational modes around 3345 cm-1 for pulsed samples with respect to the non-pulsed
ones. These vibrational signatures seem associated to the so called lipid associated water molecules. These molecules represent a water
structure in which the intermolecular OH bonds become weak leading to the possibility that single water molecules can interact with the
liposome lipidis making the pulsed membranes more permeable. Membranes assumed a less organized structure due to the persistence of
these water defects.

Résumé

Pour mieux comprendre les phénomenes basiques qui se produisent pendant et aprés I’électroperméabilisation des membranes biologiques,
une nouvelle configuration expérimentale a été mise en place. Le systéme combine un microscope DRASC (Diffraction Raman Anti Stokes
Cohérente) et un guide coplanaire pour I’application des impulsions électriques et électromagnétiques. Les expériences ont été conduites
avec des suspensions de liposomes qui sont des vésicules de phospholipides. Ces liposomes sont trés similaires aux parties lipidiques des
membranes des cellules biologiques. Des spectres DRASC des suspensions de liposomes ont été acquis immédiatement apreés |’application
d’impulsions électriques de 10 nanosecondes de durée. Ces spectres montrent une augmentation des modes vibrationnels de 1’eau associée
aux lipides a 3345 cm-len comparaison avec les suspensions liposomales non exposées aux impulsions électriques. Les signatures observées
peuvent étre associées a des molécules d’eau avec des liaison OH intermoléculaires trés faibles comme celles engagées dans I’interaction des
molécules d’eau isolées avec les lipides. Cette restructuration rend la membrane des vésicules plus perméable gréace a I’installation de cette
eau désorganisée qui permet hydratation des lipides.

1 Introduction

To deep more insight into basic phenomena occurring during and after electropulsation of biological membranes,
a new experimental modality has been used combining a wide field Coherent Anti Stokes Raman Spectroscopy
system [1] with a coplanar wave guide able to deliver nanosecond pulsed electric fields to different in vitro
samples [2]. This setup allows to acquire CARS hyper-spectra at specific Raman bands from 2900 to 3500 cm-1
(into the so called water vibration region) as well as to acquire in real time the CARS signature at specific

89



wavelengths with a spectral resolution of few ns. This time scale is comparable to the duration of the electrical
stimulation synchronised to the Ilaser emission. As the biophysical and chemical bases of cells
electropermeabilization are still debated, our setup will allow the experimental assessment of the role of water
molecules and phospholipid bilayers during the occurrence of this phenomenon which is used in various
biotechnological, biological and medical applications.

2  Experimental Setup

The experiments have been conducted on liposome suspensions placed between the central and lateral (ground)
electrodes a grounded closed coplanar waveguide (GCCPW) [2], assuring the transmission of short pulses (10
ns, and even shorter) to the biological samples without distortions. Liposomes, that is lipid spherical unilamelar
vesicles, where chosen as a suitable synthetic system to mimic phospholipid double layers as they are similar to
the structure of real cell membranes. The GCCPW inter electrodes gap was fixed to 0.5 pm in order to allow the
pump and Stokes laser beams (diameters of about 100 pm) alignment and focusing into the liposomes
suspension in a controlled way. The liposome suspension was contained in a PDMS holder with a total volume
of 30 pL. The illumination scheme of the CARS microscope followed a non-phase-matched geometry as
suggested in [1]. The pump/probe laser axis was kept parallel to the microscope objective one, while the Stokes
beam was tilted by 7° to efficiently attenuate the non-resonant signal. An inverted microscope (Zeiss Axiovert
200) was used and the sample was imaged by means of a 50*, NA=0.55 objective. Image of the observation
plane was formed on an intensified CCD camera (PIMAX 3 Camera, Roper Technologies, Sarasota, Florida).
The bandpass filters (F1=CVI-CP-AG-540 and Semrock, F2=FF01-534/42 respectively, Fig. 1) were placed in
order to reflect the pump/probe and Stokes beams right after interacting with the sample of interest. Additionally,
a further bandpass filter (Semrock, F3=FF01-534/42, Fig. 1) was placed at the exit of the objective in front of the
CCD camera to block residual light. The camera was triggered by the laser pulse using a delay generator (DG
545, Princeton instruments) with a temporal gate of 40 ns. A scheme of the experimental setup is reported in Fig.
1, together with the laser beams focusing into the GCCPW electrodes is also shown.

Laser focusing within the GCCPW

3ump Stokes

sibility window visibility window

> Our configuration setup

pump  stokes

PDVS holder g field CCPW gold electrodes

Anti-Stokes (CARS signal)

Fig. 1: Scheme ofthe experimental setup: combination ofaground closed coplanar waveguide (GCCPW) and a
coherent anti-Stokes Raman microscope. The laser beamsfocused into the GCCPW electrodes are also sketched.3

3 Results

Spectra of liposomes suspensions were acquired immediately after electropulsation evidencing an increase of the
vibrational modes around 3345 cm-1 in the pulsed samples with respect to the non-pulsed one as shown in Fig.
2. Pulsed samples received 2000 pulses consecutively at 1 Hz and at an amplitude of 9 MV/m. This vibrational
signature (3345 cm-1) seems to be related to the so called lipid associated water molecules, representing a water
structure in which the intermolecular OH bonds become weak (asymmetric OH stretch modes) leading to the
interaction of single water molecules with lipids. This association makes the pulsed membrane more permeable
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due to this less organized and persistent structure of the water molécules. The appearance of this vibrational
mode has been also verified during the exposure, in real-time specific experiments.

Fig. 2: Spectra ofthe liposomes suspension in exposed and unexposed conditions. Asymmetric vibrational bands
modification is highlighted.

Finally, the effective permeabilization of liposome suspensions after the electric pulses delivery was verified
looking at the release of a fluorescent dye (5-6-carboxfluorescein) included into the liposomes’ core as presented
in Fig. 3 (panel A). Dynamic light scattering measurements (performed before and after the exposure)
demonstrated the maintenance of the vesicles integrity (Fig. 3 panel B) supporting the permanent hydration of
the liposome membranes after electropulsation.

Fig. 3: 5-6CF release demonstrating the permeabilization o fthe liposomes under the action ofthe electric
pulses. Dynamic light scattering performed before and after the liposomes exposure does not shown modification
ofthe liposomal structure.

4  Conclusions

In summary, CARS, employing nanosecond lasers pulses and the properties of our wide field microscope and its
intrinsic ability to sense complex interferences, has provided us with an appropriate diagnostic tool. Thanks to
this setup, we were able to observe the spectra arising from interfacial and interstitial water molecules in
liposome suspensions. The liposomes permeabilization was also confirmed by 5-(6) CF release after the
exposure evidencing the interest of our results not only for the basic understanding of electropulsation
mechanisms but also for their possible exploitation to smart drug delivery applications mediated by electric
pulses. In a future, the underlined mechanism will be investigated on cells, hence taking into account recovery
processes as well as the different interactions elicited by the application of longer ps electric pulses.

Acknowledges: Funding from European Union’s Horizon 2020 Research and Innovation Program under Marie
Sklodowska-Curie IF grant agreement No. 661041 OPTIC BIOEM are greatly acknowledged. This work was
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Abstract

Body-centric wireless networks constitute an attractive next-generation wireless technology representing a cognitive interface to higher-level
networks. Recently, the 60 GHz band has been identified as highly promising for body-centric wireless communications including body-area
network technologies. A massive deployment of wireless devices equipped with 60 GHz Tx / Rx modules is foreseen in coming years. The
corresponding new usages and services will involve near-field interaction of radiating devices with the human body, both in terms of the body
impact on wireless device performances as well as in terms of user exposure. This presentation will provide an overview of main features and
recent advances in the field of antenna / human body interactions in the 60 GHz band.

Body-centric wireless networks constitute an extremely attractive next-generation wireless technology
representing a cognitive interface to higher-level networks (WPAN, WLAN, WMAN, etc.). These emerging
systems open new possibilities in the fields of wireless communications, remote monitoring and sensing of the
human body activity, detection and localization for a great number of applications (medical, entertainment,
defence, smart homes and cities, sport, etc.). They could also play a key role in wireless sensor networks (WSN)
and internet of things (IoT) whose economic impact is growing exponentially. Body-centric wireless networks
have emerged as an alternative or add-on to traditional wired network systems (e.g. in medical environments), and
new exciting applications are now under development (e.g. high-data-rate body-to-body streaming, remote
monitoring of patients at home).

The upper limit of the spectrum used for wireless networking has been recently progressively shifting towards
the millimeter-wave (MMW) band due to the increasing need in network capacity and high data rates [1]. Wireless
data traffic is rising exponentially (nearly a threefold increase in traffic is expected from 2018 to 2021 according
to the Cisco global mobile data traffic forecast [2]). Recently, the 60 GHz band has been identified as highly
promising for body-centric wireless communications including body-area network (BAN) technologies. One of
the main features differentiating the 60 GHz BAN from a lower frequency BAN is confidentiality and low
interference with neighboring networks, which has been demonstrated to be crucial for body-centric and inter-
BAN communications [3], for instance in military scenarios where communication security is vital [4]. Limited
operating range in this band (e.g. shifting the frequency from 70 / 80 GHz to 60 GHz decreases the operating range
from 3 km to 400 m [5]) is mainly related to the strong oxygen-induced atmospheric attenuation (typically 16
dB/km). Besides, high data rates can be achieved [beyond several Gb/s], which is extremely attractive to support
the increasing demand in data traffic and high data rate transmissions. In addition, the 60 GHz band provides other
advantages, such as miniature size of antennas and sensors compared to their counterparts in the lower part of the
microwave spectrum. Today, MMW circuits and antennas can be implemented with a high level integration and
reasonable cost. Finally, this band provides high accuracy that can be beneficially used for high-resolution
localization (this can be exploited for new applications, such as immersive video games).

The implementation of 60 GHz technologies, including body-centric applications, is an unavoidable evolution
of wireless networks, and first commercial solutions have already emerged for WPAN (e.g. Dell Latitude 6430u,
first ultrabook using Qualcomm / Wilocity 60 GHz chipset). The 60 GHz band is unlicensed. Different spectra are
allocated depending on countries (e.g. 57-66 GHz in Europe, 57-64 GHz in North America and South Korea,
59.4-62.9 GHz in Australia, 59-66 GHz in Japan [6]). Note that the available bandwidth is hundreds times higher
compared to existing wireless technologies at lower microwave frequencies.

A massive deployment of wireless devices equipped with 60 GHz Tx/ Rx modules is foreseen in coming years.
The corresponding new usages and services will unavoidably involve coupling of radiating devices with the human
body, both in terms of the body impact on wireless device performances as well as in terms of user exposure [7].
This includes the near-field interactions of wearable and mobile devices operating in the vicinity of the human
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body.

This presentation will provide an overview of main features and recent advances in the field of antenna / human

body interactions in the 60 GHz band.
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Microscope Holographigue Numérique : amélioration de I’imagerie par traitement
numérique permettant une analyse quantitative de cellules vivantes
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Abstract

Dans cet article, nous présentons une méthode d’amélioration de I’imagerie issue d’un microscope holographique
numérique DHM. L "objectif est d’aboutir a une visualisation et une analyse quantitative de cellules vivantes. Cette
méthode est basée sur : le développement algorithmique d’un polynéme de masque de phase directement de
I’image du microscope puis, le traitement numérisé et automatisé permettant une extraction de parameétres
quantitatifs. Des exemples sont présentés montrant la pertinence de la technique pour la biologie. Il est a noter
qu’il ne s’agit pas ici d’un modele de simulation mais d’une modélisation numérique permettant un suivie en temps
« réel » de cellules vivantes.

Le microscope holographique numérique en biologie

En imagerie biologique, la plupart des objets visualisés et en particulier les cellules vivantes sont transparentes et
ne difféeres que légérement par rapport a leurs environnements. Cette Iégere différence induit néanmoins un
modeste changement dans le parcours de I’onde lumineuse et aussi de sa phase [1]. De ce fait, le DHM est un
instrument puissant pour I'étude d'échantillons biologiques, et dans notre cas des cellules vivantes, en récupérant
I'amplitude et la phase de I'onde réfléchie ou transmise. La reconstruction de phase est particulierement intéressante
car elle permet de mesurer la topographie de surface avec une résolution verticale de I’ordre du nanometre. Le
DHM est utilisé avec deux configurations fonctionnelles : réflexion et transmission. La figure 1 présente
I’instrumentation utilisée pour les deux modes de fonctionnement [2].

a) b)
Figure 1 : microscope holographique en a) réflexion, b) transmission

Développement algorithmique
Le microscope étant un interférometre, I'interférence entre I'onde objet O et I'onde de référence R crée I'intensité
de sortie de I'hologramme. La transmission de la sortie a | ’ordinateur se fait aprés digitalisation de 1’image a travers
une caméra CDD noir et blanc. L’équation 1 de reconstruction décrit la propagation de Fresnel du front d'onde
reconstruit, sur une distance d, des plans Oxy et 0. Rd et le masque de phase [3] et définit comme 1’onde image
calculée de I'onde de référence expérimentale R.
2in

A™h) = &(1,h) x A Xex b x 1l RD(x,y)IH(x,y) xex - - dxd

' ) iaP p 51(f2+72) s Y Y p [(x-O2+(y-n)2] y

avec <PCP) =exp sk oa 2] )

Le paramétre 0 étant I’expression du masque numérique de phase. Une amélioration de cet algorithme a été
introduite par Colomb [2] pour palier, par exemple, aux erreurs d’ordre supérieur a 2 di aux déformations des
optiques. L’équation 1 se trouve ainsi formulée
) ) . E+il
m il) = -i exp(i2ToiX)rE, )& \h{L t) r(L t)=exp Y \Z3iE | 2Ayn—
avec J
Avec r le masque numérique de phase sous forme polynomiale.
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Traitement numeérise et résultats
A partir de I’équation 2, nous avons effectué, équation 3, la numérisation de I’image en discrétisant I ’équation de
Fresnel [2][4]. La DFT étant la Transformée de Fourrier Discréte.

Y'(m, n)=AY(m, n)exp (MAE + wAY)

©)
La modélisation sous Matlab a permis ainsi de transformer I’image issu du microscope en son équivalent
numeérique. Pour illustrer cette technique, nous avons choisi de I’appliquer aux cellules vivantes. 1l est a noter qu’il
ne s’agit pas ici d’un modéle de simulation mais d’une modélisation numérique permettant un suivie en temps
« pseudo réel » (décalage di au temps de traitement de |’image). En effet, la cadence de prise des images est de 1

seconde.

Figure 2 : a) image du DHM, b) image avec Matlab, c) modification de laforme de la cellule

La figure 2 montre I’image issue du DHM sans traitement puis son traitement avec Matlab ainsi que la modification
de la forme de la cellule. Dans cet exemple, nous pouvons voir I’évolution de la forme des cellules de maniéere
automatisée. Ceci permet en autre de détecter des cellules cancéreuses par exemple. La figure 3 présente, le suivie
d’un virus par un globule blanc jusqu’a son absorption ainsi que le suivie de trajectoire avec Matlab. A travers ces
deux exemples, nous pouvons voir que notre technique est aussi adaptée pour suivre le mouvement des globules
rouges, la détection d’agglomération de ces globules (embolie) ou bien la détection de modification de la forme
géométrique qui peut étre synonyme de pathologies diverses.

Figure 3 : a) le suivie d un virus par un globule blanc, b) | ‘absorption du virus, c) le suivie de trajectoire

Conclusion

Dans cet article, nous avons présenté une méthode de traitement d’images biologiques en temps réel issue du
microscope holographique numérique. Cette technique permet, a moindre codt de temps de calcul, d’obtenir une
image numérisée de cellules vivantes. L’objectif est d’aboutir a une visualisation et une analyse quantitative de
cellules vivantes. Les résultats montrent une adéquation de notre démarche pour le domaine biologique. Ainsi,
cette technique est un support d’aide automatisée dédiées aux biologistes permettant une détection rapide de
pathologies par le suivie quantitative de déformation structurelle, de taille, de trajectoire, d’agglomération etc. des
cellules.

Références

[1] P. Ferraro and all, « Compensation of the inherent front curvature in digital holographic coherent microscopy
for quantitative phase-contrast imaging », Appl. Opt. 42, 2003.

[2] T. Colomb and all, « Automatic procedure for aberration compensation in digital holographic microscopy and
applications to specimen shape compensation », Appl. Opt. 45, 2006.

[3] E. Cuche, P.Marquet, « Ssimultaneous amplitude and quantitative phase-contrast microscopy by numerical
reconstruction of Fresnel off-axis holograms », Appl. Opt, 38, 1999

[4] M. Liebling, « On Fresnel, interferance fringes, and digital holography », PhD thesis, EPFL, 2004.

97



Ultra hot plasmas
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Résumé

La maitrise des réactions de fusion nucléaire pour la génération d'électricité permettrait d'apporter une réponse supplémentaire aux besoins
énergétiques a venir. Toutefois, amorcer les réactions de fusion de noyaux atomiques nécessite d'obtenir et de maintenir des plasmas dont les
températures sont de I'ordre de la centaine de millions de degrés. Pour obtenir ces températures, des systémes radiofréquences sont utilisés
couramment sur différentes installations expérimentales dans le monde. Selon la fréquence utilisée, les ondes électromagnétiques vont, une
fois couplées au plasma, transférer leur énergie de préférence aux ions ou aux électrons. A quelques dizaines de mégahertz, des antennes
électriquement courtes sont utilisées pour chauffer préférentiellement les ions du plasma. A quelques gigahertz, des antennes constituées de
réseaux phasés de guides d'ondes rectangulaires permettent d'accélérer les électrons afin de maintenir la configuration magnétique sur des
durées plus longues. Au-dela d'une centaine de gigahertz, la puissance des ondes électromagnétiques permet d'accélérer et de chauffer les
électrons de maniére locale dans le plasma grace a des miroirs réglables. Cet article présente les principaux aspects technologiques de ces
antennes radiofréquences sur les expériences actuelles et futures.

Abstract

The goal of nuclear fusion research is to demonstrate the fusion power feasibility for electricity-generation. To achieve the necessary
conditions of température for fusion reactions to happen, hundreds of millions of degrees plasmas inust be generated and sustained, ideally
for long durations. For this purpose, antennas delivering few mégawatts of radio-frequency (RF) power are commonly used in experimental
fusion devices around the world. Depending of the frequency involved, the electromagnetic waves will resonate and transfer their energy
mainly with either the ion or électron population of the plasma. In the mégahertz range of frequencies, high power electrically short antennas
are used to preferentially heat an ion species ofthe plasma. In the gigahertz range of frequencies, high power rectangular waveguide phased
arrays are used to extend the plasma duration. At the hundreds of gigahertz, high power electromagnetic waves which behavior is quasi-
optical are launched into the plasma by steerable mirrors for local électron heating. This paper reviews some of the technological aspects of
these RF antennas for présent and experimental friture devices.
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Magnetic Confinement in a “Tokamak”

m  Plasma is confined by the superposition of:

_ Atoroidal field Bt, generated by external (toroidal) coils (~ Teslas)

—A poloidal field Bp generated by the plasma current Ip (~106A)
m  Since the plasma is a conductor, it has a resistivity Rp-> Ohmic (Joule) heating
m [nitial plasma heating cornes from the Ohmic heating

Inner poloidal field coils

Toroidal field coils (plasma current induction)

Outer poloidal field coils
(plasma control)

Vacuum vessel

= However, only few keV can be reached with Ohmic heating...

t Drive

ICRF, LH and ECRF antennas inside the Tore Supra tokamak (CEA/IRFM)

Controlled Nuclear Fusion Power

Deuterium (D)

#

Objective Tritium (T)

m  Nuclear fusion reactions -> beat -» electricity

Motivations

m  lLarge Resources (D, 6Li+n to produce T)

« |

Neutron (n) / \

Y

m  No C02émissions
Hélium (He)

%

m  Inherently safe (no Chain reaction, no meltdown)
m  No prolifération issues

m  Small radiation and waste dispasai problems

Challenges
Require huge energy to overcome répulsive force (15-20 keV: ~ 60 millions °C)

At such température, gas turns to plasma, which requires to be controlled

RF waves are a way to heat the plasma

Launching high power electromagnetic waves
| Absorbed at some plasma résonant frequency: lon/electron cyclotron and Landau damping
_ Energy is transferred to plasma particles
™To heat and/or to generate plasma current qB_
I Cyclotron frequencies in current Tokamak (B ~ 3-5 T): / = 27
_ lons -> 30-70 MHz: lon Cyclotron Résonance Heating (ICRH)
_ Electrons  120-170 GHz: Electron Cyclotron Résonance Heating (ECRH)

| Eventually can control the absorption location (ECRH)

m Typically few mégawatts of RF power generated and transmitted to antennas
KAut6
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023 Common RF Systems in fusion devices

Current Drive Electron Heating

« Lower Hybrid » waves (LH)

lon Heating
lon Cyclotron Res. Heating

ICRH LHCD
Frequency
25-75 MHz 115-170 GHz
Gyrotrons
0.2-1 MW CW
Tetrodes/Triodes
12 MW CW
Trans.
Lines

Coaxial Lines Circulat cor.rugated
waveguides
Oet¢- 300 mm, 1-2 MW,

3 bars N pressurized

Rectangular Waveguide
-72 x 34 mm, -700 kW CW,

1-2 barSF6/N pressurized Vacuum pumpegl.

Antenna Design

Cyclotron

For a given RF frequency Résonance

Polarization got from the selected plasma wave to excite:
_ Cyclotron damping - ER-, B
— Landau damping - ERFI B

But it's not so easy....
High RF Power (Electricfield up to MV/m, currents up to - kA)
Vacuum (metals only, ceramic eventually far from the plasma)
CW operation (RF losses -> water cooled)
Compatible with heat flux from the plasma (up to - MW/m2 locally)
Launched waves can be evanescent until they reach

a cut-off density in the plasma -> eventually large VSWR !

Cut-off density ~ Plasma radius
J

Picture of the front face of the WEST ICRH Antenna during RF tests in vacuum

Electron Cyclotron Res. Heating

0 B1-65 mm. 1-2 MW CW.

e

AGb H

PAGE 11

ARfm

Propagation medium: Magnetized Plasma

Radiating medium: Hot Magnetized plasma
Inhomogeneous (density and magnetic field vary)
Time and space dispersive B

Non-linear (high electric field) ©

Approx. in front of the antennas
- lossless, non-dispersive & anisotropic (“cold” plasma)

From Maxwell équations in Fourier space (B // 2):

k x k x 5(k<oj) ~ fc§8K(k. cj) B5(k.Ct) = 0 where ko =

7 “Cold” Plasma dielectrictensor
Eléments dépend on:
Magnetic field magnitude
lon(s) and électron densities
RF frequency

m  Solving for k2 -> 2 « modes » of propagations (also known asAppleton-Hartree équation)

-> gives indications on which waves can propagate (or not) and their polarizations

PAGE 8
RF Plasma Heating and Current Drive Antennas
25-75 MHz 1-10 GHz 115-170 GHz
A- few m A fewcm A-few mm I pageio

m Antennas are fed by coaxial lines: two conductors (central and external)
The power is coupled to the plasma through antenna front face
A - fiat plate (strap) is connected to the central conductor
And short-circuited (after some length) to the external conductor
RF current flows on the strap  couple to the (fast) plasma wave

Behind the straps: matching System (inside or outside the antenna)

ICRH antenna

with its Faraday screen
(polarization filterand protection)

And without

its Faraday screen Idealized Strap



Antenna Pasma
| RF Source | Transmission Line
Matching
System
25-75 MHz
Coaxial Lines * Résonance
5m 3 MW layer

Only a fraction of the RF power reaching the ICRH antenna is radiated into plasma
The rest is reflected back to the RF generator (due to load mismatch).
To prevent this:
» matching éléments introduced which make the returning power circulate in a
résonant circuit.

And/or add éléments to re-direct reflected power to dummy loads (dump).
| PAGE 13

Rectangular waveguides phased array
Rectangular waveguides
» E-field polarization -parallel to DC magnetic field
_ High power compatible
Phased array
_ Excite afield with a high parallel velocity (low k7with k*ko)
— The array is finite: excites a spectrum of k,,

— NB: ki>k0, so wave is evanescent in vacuum/air _ o
Modeling of the Electric field (norm)

Straps(x4)
(radiating éléments)

Inputs (x2)

Spécifications
3MW/30S or IMW/ 1000s
40-78 MHz, nominal @55.5 MHz

Matching
Capacitors (x4)

WEST ICRH Antenna during assembly Antenna view inside WEST
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Lower Hybrid Current Drive Principle

RF Plasma Current Drive
Landau collision-less damping on électrons vI0= v{L(= uj / k,)
_ Création of an asymmetric tail in électron distribution function
— Leads to a toroidal momentum asymmetry in the électron population
— Incrémental current carried by e- produces a net current (10W  ~1A)
_ This goal fixes the toroidal spectrum to launch (k, = kQc/v|0)

Electron velocity distribution

m Particles with < V\ are accelerated by the wave

H Particles with vy >v,, are decelerated by the wave

m But: more particles moving slower than faster
-> more particles accelerated than decelerated
-> net energy is transferred from waves to particles

and wave is damped.

| PAGL 18

ml Two LHCD antennas installée!
mi Increase the plasma discharge duration from ~10 s to -1000 s
ul Up to 6 MW launched to the plasma

ml Actively water cooled

LH1 - 1999 LH2 - 2009

Passive-Active Multijunction
96 “active” waveguides
102 “passive"waveguides

Fully Active Multijunction - 7 tons

288 waveguides
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Gd3 ECRH System is a flexible heating tool

Advantages of short wave length (~ mm, >100 GHz)

Waves guided in circular corrugated waveguides & mirrors

Quasi-optical propagation in vacuum and plasma

Main applications

Pravide électron heating
Provide localised plasma current

Assist plasma start-up, ramp-up/down

Electron Cyclotron Résonance Heating SppDW'b'k“ mstabilties
(ECRH)

Density limit (cut-off) in high density plasma

Expensive (sources, vacuum feedthroughs)
Electron Cyclotron launchers from DIII-D (USA), Tore Supra (France) and TEXTOR (Ger)

In order to achieve Fusion reactions, a reactor must sustain a 10-20 keV D-T plasma (>100 millions ° C)

In Tokamak magnetic confinement experiments
B Aplasma current is necessaryto confine the plasma and allows to get 3-4 keV plasma (Ohmic heating)
... But additional heating techniques are needed to reach higher températures

B Radio-Frequency Heating is one of way to heat the plasma (and to generate plasma current)

RF wave heating

Absorption by résonant damping (cyclotron or Landau)
High Power Systems of few mégawatts are routinely operated, from -MHz to hundred of GHz

Challenging RF Antennas requirements: vacuum, heat loads, CW operation, high voltages...

T W W =

Evanescent waves in vacuum région & strong electric fields at antenna

What heating schemes to use in a reactor is still an open issue

Picture of the front face of the WEST ICRH Antenna during RF tests in vacuum | HAUfc.22

Thank you for your attention

Inside the WEST vacuum vessel (CEA/IRFM) >ACGE23
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Résumé/Abstract

Dans un proche avenir, de nouvelles mesures de signaux électromagnétiques impulsifs seront effectuées par le
satellite francais TARANIS, par la mission JUICE (Jupiter icy moons explorer) de I'Agence spatiale européenne
et par la plate-forme de surface ExoMars 2020.

In the nearfuture, new measurements ofimpulsive electromagnetic signals will be done by the French satellite
TARANIS, by the JUICE (Jupiter icy moons explorer) mission of the European Space Agency, and by the
ExoMars 2020 Surface Platform.

1 Low Earth orbit

The French satellite TARANIS (Tool for the analysis of radiation from lightning and sprites) will be launched in
2020 on a polar low Earth orbit with an altitude of 700 km. Department of Space Physics of the Institute of
Atmospheric Physics in Prague in cooperation with French colleagues developed a receiver for the IME-HF
instrument (Instrument de Mesure du champ Electrique Haute Fréquence), designed to study electromagnetic
radiation from lightning discharges and associated transient luminous events occurring above thunderstorms. The
analyzed frequency band is from 5 kHz to 35 MHz and interesting parts of the electric field waveform sampled
at 80 MHz will be selected by a flexible detection algorithm.

Observations of electromagnetic radiation from space will provide us with important information about lightning
properties, mainly in the case of intra-cloud discharges which are difficult to detect optically. We prepare a
ground-based observational campaign with an identical high frequency analyzer. After the launch of the
TARANIS satellite this campaign will complement the observations from space.
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Figure 1: The IME-HF analyzer during the vibration tests

2 Jovian icy moons

The JUICE (Jupiter icy moons explorer) mission of the European Space Agency is scheduled for launch in 2022
and in 2030 it will arrive to Jupiter and its icy moons. The Radio and Plasma Waves Investigation instrument is
being developed in a broad international cooperation of 25 institutions from 9 countries. Our receiver within this
instrument will provide multi-component measurements of electromagnetic fields at frequencies up to 20 kHz.

These measurements will concentrate on research of electromagnetic waves in the Jovian magnetosphere and in
the vicinity of Jovian moons, especially Ganymede where the Galileo probe discovered impulsive
electromagnetic signals similar to those which accelerate electrons in the Earth’s radiation belts.

Figure2: The second engineering model of the LF analyzer for the JUICE/RPW!I instrument
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3 Surface of Mars

The ExoMars 2020 Surface Platform (to be launched in 2020, and landed on Mars in 2021) will conduct
environmental and geophysical measurements with the aim to study the Martian surface and subsurface
environment at the landing site. As a part of the scientific goals of the project, we will investigate
electromagnetic waves in a broad range of frequencies up to 8 MHz by a wave analyzer module, consisting of an
assembly of magnetic and electric antennae and dedicated analyzer electronics. The scientific questions which
we plan to address have never been answered by direct measurements on the surface of the planet.

Figure 3: Model of the ExoMars 2020 surface platform and rover during tests in Toulouse

(Credits: ESA)

We plan to analyze emissions of atmospheric origin and possible wave activity originated in electrical discharges
in dust storms. The wave activity linked to the interactions of interplanetary plasma medium with Martian
ionosphere and Martian magnetic anomalies and interactions related to space weather effects will be also
investigated.

The immediate questions to be answered are:

i) Can we observe electromagnetic radiation propagating from the interplanetary space down to the
surface of the planet?

ii) Can we observe electromagnetic radiation from hypothetical electric discharges in the Martian dust
storms or dust devils?
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Fusion, turbulence, micro-ondes, réflectométrie
Fusion, turbulence, microwaves, reflectometry

Abstract

The description of the relationship between plasma turbulence, flows and confinement is one of the milestones in
the global understanding of fusion plasma physics. In order to study the turbulence dynamics with the best possible
spatial and temporal resolution, we developed a FMCW (frequency-modulated continuous-wave) microwave radar
diagnostic. The density fluctuation is recorded by the reflected signal. The time resolution of 1 ps and the spatial
resolution of a few millimetres allow to study the turbulence spectra and the fast density dynamics due to
confinement transitions. The ongoing work is dedicated to the development of a synthetic diagnostic which couples
the turbulence maps resulted from gyrokinetic simulations with the 2D wave propagation code to be compared
with the experimental reflectometry data.

Résumé

La description de la relation entre la turbulence, les écoulements et le confinement dans le plasma est I’'une des
étapes importantes de la compréhension globale de la physique des plasmas de fusion. Afin d’étudier la dynamique
de la turbulence avec la meilleure résolution spatiale et temporelle possible, nous avons développé un diagnostic
radar micro-ondes FMCW (a onde continue a modulation de fréquence). La fluctuation de densité est enregistrée
par le signal réfléchi. La résolution temporelle de 1 ps et la résolution spatiale de quelques millimétres permettent
d’étudier les spectres de turbulence et la dynamique rapide de densité due aux transitions de confinement. Les
travaux en cours sont consacrés a la mise au point d’un diagnostic synthétique couplant les cartes de turbulence
issues des simulations gyrocinétiques au code de propagation d’ondes 2D pour étre comparés aux données
expérimentales de réflectométrie.

1 Introduction

The new generation of fusion installations has been built to implement the industrial reactor project. The future
tokamak reactor will achieve the necessary parameters to allow the production of energy through the fusion of the
hydrogen nuclei present in the plasma. However, the confinement time of the tokamak plasma is currently limited
by the particles and energy transport. Turbulence plays the most important role in this transport, but the complete
understanding of its properties and mechanisms has not been reached. One of the major objectives is to explain
the rapid transition between a mode of operation with a short plasma confinement time (L-mode from "low
confinement™) and a plasma mode with fewer losses of energy (H-mode) where the turbulence is reduced. In order
to study the radial and temporal dynamics of this transition with the best possible resolution microwave radar
diagnostics are used on most tokamaks.

Plasma microwave reflectometry is based on the dependence of the plasma refractive index on the electron density.
Reflectometry was first used for the radiowaves reflected from the ionosphere [1] and now is widely applied for
laboratory plasmas as a non-perturbative density diagnostic [2]. A microwave propagates in an inhomogeneous
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plasma until it reaches the so-called cutoff layer where it gets reflected. As the position of the cutoff dépends on
the wave frequency, the plasma density can be measured at different magnetic surfaces. By using several
frequencies of the probing wave, the electron density profile can be reconstructed. The first frequency modulated
continuous-wave (FMCW) reflectometry measurements were performed at CEA on the tokamaks TFR [3] and
Petula-B [4]. This type of diagnostic was installed shortly after at many other fusion devices (ASDEX [5], TFTR
[6], JET [7], JT60 [8], URAGAN-3M [9]).

In this contribution we discuss a FMCW radar system used to measure density and its fluctuation with the
unprecedented time resolution of 1 ps. The capabilities of this ultra-fast reflectometer are presented through an
overview of the recent results on the turbulence dynamics. The ongoing work on a synthetic diagnostic which
couples the turbulence maps resulted from gyrokinetic simulations with the 2D wave propagation code is covered
to complete the paper.

2 Ultra-fast swept reflectometer

The technique of a swept reflectometer is based on the modulation of the probing wave frequency. The wave
propagation introduces a time dependent phase shift AO containing the beat frequency Fbeat:

AO = 2nFbeatt. (1)

The beat frequency is proportional to the time of flight rflight of the probing wave of frequency F:

Abeat = Rflight (2)

and therefore defines the position of the cutoff layer. The principle of the heterodyne detection compared to the
homodyne scheme is to mix the signal carrying the beat frequency with a low frequency modulation. The Fig. 1
depicts a typical design of a heterodyne reflectometer used for the swept reflectometers developed at CEA. The
probing wave with swept frequency (12-20 GHz) is generated by a voltage controlled oscillator (VCO). The signal
is separated in two parts: one launched into the plasma (RF) and the other serving as a reference signal (LO). The
single side band modulator adds a modulation frequency fm to the main frequency F. Before launching the probing
wave to the plasma through the emitting antenna at the midplane of the tokamak, its frequency is multiplied by n,
in the case of V- and W-band equal to 4 and 6 respectively. After the reflection from the cutoff layer, in the case
of bistatic system the wave is received by the second antenna. The reference signal (also multiplied by n)
compensates the propagation of the probing wave into the wave guides and mixes to the reflected probing signal.
At the mixer output the signal (IF) contains only Fbeat + nfm frequency.

Figure 1 : Ultra-fast swept reflectometer design

The shift of the signal by the carrying frequency ensures the good signal quality [10]. At the end the modulation
frequency is removed and an 1/Q detector is used to separate the two parts of the signal shifted by 2. This
separation allows to measure independently AcosO and ~sinO, where A is the signal amplitude. The turbulence
measurements extracted from the phase fluctuation became possible after improving the signal-to-noise ratio to
about 30 dB.

The V- (50-75 GHz) and W-band (75-110 GHz) ultra-fast swept reflectometers (UFSR) are a result of the upgrade
ofthe acquisition system and ofthe increased modulation frequency [11]. The sweep time decreased to 1 ps ensures
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to have a frozen density profile including the density fluctuations over the probing time. The X-mode polarisation
provides a large radial access from the very edge to the centre of plasma for central densities up to 5 1019 m-3 with
a spatial resolution of a few millimeters. As for the X-mode the position of the cutoff depend both on the magnetic
field and density, the Bottollier-Curtet algorithm [4] is used to determine the positions of cutoff layers step by step,
starting from the edge of the plasma.

The phase fluctuation, being induced by density fluctuations, give information about the turbulence level,
frequency and wavenumber turbulence spectra. The UFSR time resolution allows to reconstruct the frequency
spectra up to 400 kHz and to study fast plasma turbulent events of the order of few microseconds. In the case of
low-amplitude turbulence and O-mode polarization, the phase fluctuation wavenumber spectrum is directly
proportional to the density fluctuation spectrum [12]. We have extended the concept to the X-mode and introduced
a kr-dependent transfer function which links the phase fluctuation and the density fluctuation. The transfer
function needs to be found for each radial position and time using a 1D full-wave propagation simulation [13].
However, it was shown that 2D effects should be introduced [14]. The ongoing work aims to investigate these
findings and integrate turbulence maps provided by gyrokinetic calculations to be coupled to 2D full wave code
for the analysis of the reflectometer data. This coupling with simulations would provide a better interpretation of
the reflectometer data and a tool of validation of the gyrokinetic codes.

3 Turbulence study with reflectometry

Above a threshold of additional heating power, tokamak plasmas have been shown to spontaneously organise into
regimes of high confinement (H-mode), with respect to “usual” low confinement modes (L-mode). This transition
occurs when turbulence is suppressed due to sheared E x B flows as the radial electric field forms a deep well in
the plasma edge region. Dynamic interplay between local gradients, radial shear of the electric field, flow velocity
and turbulence has been evidenced during the intermediate phase between L and H-mode, called I-phase [15]. The
ultra-fast swept reflectometers have been installed on Tore Supra, ASDEX Upgrade and WEST tokamaks. On
ASDEX Upgrade the UFSR has provided the measurements of the fast density and density fluctuation evolution
across major parts of tokamak plasma radius. In addition, several channels of Doppler reflectometer have been
used for the measurements of the poloidal flow velocity and electric field. Thus, the L-H transitions in a series of
plasma discharges in ASDEX Upgrade have been studied with a high temporal resolution. In H-mode the
turbulence and the turbulent transport are reduced in the edge region due to the increased radial electric field shear.
A phase shift between the turbulence and the radial electric field has been observed in the beginning of the I-phase,
indicating that the turbulence grows first and the radial electric field increase follows. After a few limit-cycle
oscillations the electric field and the turbulence continue oscillating in phase, while an edge transport barrier
develops due to the turbulence reduction. The absence of the phase shift supports the description of the I-phase as
type 11l ELM-like phenomenon [16].

Time, s
Figure 2 : Electron density evolution during L-H transition

An example of electron density profiles reconstructed from the ultra-fast swept reflectometer data is shown in
Fig. 2. The profile builds up inside ppol = 0.99 of normalized plasma radius from shallow in the L-mode (2.9 s,
blue line in Fig. 2) to steep in the H-mode (after 3.1 s, black line in Fig. 2) due to the better confinement. The
precise density profile reconstruction, confirmed through the cross-comparison with other diagnostics, was used
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for the study of the density gradient during I-phase [16], of the boundary displacements due to ideal kink modes
[17] and of the density curvature effect on the plasma intrinsic rotation [18].

Figure 3 : Turbulence frequency spectra in L- and H-mode

Ifthe density profile is reconstructed, the probing frequency can be expressed as a monotonic fonction of the radial
position F (R). Hence the frequency spectra of turbulence can be interpolated to the radial points of the averaged
density profile. Figure 3 depicts the frequency power spectra of the density fluctuation. Two time windows of
12.5 ms each have been chosen to describe the spectra modification in L-mode (left) and H-mode (right). In the
pedestal region, 0.95 < ppol < 1, during the I-phase the fluctuation amplitude decreases and the spectrabecome
narrower compared to the L-mode broadband turbulence due to the radial electric field shear [16]. The frequency
spectra reconstruction for different radial positions equally allowed to investigate the LOC-SOC confinement
transition in Ohmic plasma [19] and turbulent trapped electron modes [20].

4 Synthetic diagnostic

The ongoing research with the ultra-fast swept reflectometer is focused on the experimental study of the flows and
their influence on the turbulent transport in L- and H-mode. The main objective is to interpret reflectometry data
using a synthetic diagnostic. The synthetic diagnostic couples the turbulence maps resulted from the gyrokinetic
simulations with the 2D full-wave code used for the simulation of the reflectometer signal. The wave propagation
2D code has been developed and commissioned. Optimisation of the numerical calculation led to a factor of
hundred improvement of the simulation speed.

The code exploits the Yee discrete scheme of the Finite Domain Time Difference method (FDTD) [21]. The
computational grid simulates the propagation of an electromagnetic wave in 2D in X-mode polarisation. Absorbing
boundaries were implemented to avoid parasitic reflections. The probing wave emission simulates the realistic
antenna radiation pattern of a Gaussian beam. At each time step, the source beam is added to the calculated field
forming a so-called soft source. The phase and the amplitude of the reflectometer signal are extracted from the
field value in the centre of the source. The comparison between a simulated Gaussian beam and an analytical
solution in the vacuum gives a precision of 1%. The code efficiency has therefore been proved in terms of
propagation, boundary absorption and cutoff reflection. Work has progressed on the coupling with gyrokinetic
simulations. The turbulence maps were constructed from the results of the GYSELA simulations [22]. The
interpolation of GYSELA data was implemented into the 2D full-wave code as an input through HDF5 files.

5 Conclusion

Plasma turbulence is one of the most important factors which limit the plasma confinement in a tokamak. In H-
mode the improved confinement is reached after an intermediate phase, when an edge transport barrier develops
due to the turbulence reduction. The temporal evolution of the density profile, its gradient and the density
fluctuation level were studied using the ultra-fast swept reflectometer. The potential of the UFSR as turbulence
diagnostic exceeds the results presented in this contribution. Its fast temporal resolution allows to measure density
dynamics and density fluctuation characteristics, such as frequency and wavenumber spectra, correlation lengths
and time during fast transitions in a plasma discharge.

Acknowledgments

This work has been carried out within the framework of the EUROfusion Consortium and has received funding
from the Euratom research and training programme 2014-2018 and 2019-2020 under grant agreement No 633053.
The views and opinions expressed herein do not necessarily reflect those of the European Commission. This work
also received some support from the French Embassy in London, who funded R. Marcille ’s 4-months internship
at the Culham Science Center in 2017.

111



Bibliography

[1] K. G. Budden. The propagation of radio waves: the theory of radio waves of low power in the ionosphere and
magnetosphere. Cambridge University Press (1988).

[2] E. Mazzucato. Microwave reflectometry for magnetically confined plasmas. Rev. Sci. Instrum. 69.6 (1998),
pp. 2201-2217.

[3] F. Simonet. Measurement of electron density profile by microwave reflectometry on tokamaks. Rev. Sci.
Instrum. 56.5 (1985), pp. 664—669.

[4] H. Bottollier-Curtet et al. Microwave reflectometry with the extraordinary mode on tokamaks: Determination
of the electron density profile of Petula-B. Rev. Sci. Instrum. 58.4 (1987), pp. 539-546.

[5] A. Silva et al. Ultrafast broadband frequency modulation of a continuous wave reflectometry system to measure
density profiles on ASDEX Upgrade. Rev. Sci. Instrum. 67.12 (1996), pp. 4138—4145.

[6] G. R. Hanson et al. A swept two-frequency microwave reflectometer for edge density profile measurements on
TFTR. Rev. Sci. Instrum. 63.10 (1992), pp. 4658—4660.

[7] A. E. Costley et al. Recent developments in microwave reflectometry at JET. Rev. Sci. Instrum. 61.10 (1990),
pp. 2823-2828.

[8] T. Fukuda et al. Broadband reflectometry for the density profile and fluctuation measurements in the JT-60
tokamak. Rev. Sci. Instrum. 61.11 (1990), pp. 3524-3527.

[9] A. Skibenko et al. Measurement of plasma density profile and fluctuations in the URAGAN-3M torsatron using
bipolarization reflectometry. Plasma Physics Reports 20.1 (1994).

[10] R. Sabot et al. Single sideband modulator, a key component of Tore-Supra heterodyne reflectometers. Rev.
Sci. Instrum. 75.8 (2004), pp. 2656-2659.

[11] F. Clairet et al. Fast sweeping reflectometry upgrade on Tore Supra. Rev. Sci. Instrum. 81.10 (2010), p.
10D903.

[12] C. Fanack et al. Ordinary-mode reflectometry: modification of the scattering and cut-off responses due to the
shape of localized density fluctuations. Plas. Phys. and Cont. Fusion 38.11 (1996), p. 1915.

[13] S Heuraux et al. Radial wave number spectrum of density fluctuations deduced from reflectometry phase
signals. Rev. Sci. Instrum. 74.3 (2003), pp. 1501-1505.

[14] E. Z. Gusakov et al. 2D modeling of turbulence wave number spectra reconstruction from radial correlation
reflectometry data. Plas. Phys. and Cont. Fusion 57.7 (2015), p. 075009.

[15] G. D. Conway et al. Mean and Oscillating Plasma Flows and Turbulence Interactions across the L-H
Confinement Transition. Phys. Rev. Lett. 106.6 (2011), p. 065001.

[16] A. Medvedeva et al. Density profile and turbulence evolution during L-H transition studied with the ultra-fast
swept reflectometer on ASDEX Upgrade, Plas. Phys. and Cont. Fusion, 59, 12 (2017).

[17] M. Willensdorfer et al. Three dimensional boundary displacement due to stable ideal kink modes excited by
external n =2 magnetic perturbations. Nuclear Fusion, 57, 11 (2017)

[18] W.A. Hornsby et al. Global gyrokinetic simulations of intrinsic rotation in ASDEX Upgrade Ohmic L-mode
plasmas, Nuclear Fusion, 58, 5 (2018)

[19] H. Arnichand et al. Identification of trapped electron modes in frequency fluctuation spectra. Plas. Phys. and
Cont. Fusion 58.1 (2015), p. 014037.

[20] A. Lebschy et al. Indirect measurement of the poloidal rotation velocity in the core of ASDEX Upgrade
plasmas with charge exchange recombination spectroscopy. 42nd EPS proceedings (2015)

[21] F. da Silva et al. Numerical advances in kernels for FDTD Maxwell codes using the Yee algorithm, 11th Int.
Reflectometry Workshop 2013, Palaiseau, France

[22] V. Grandgirard et al. A 5D gyrokinetic full-f global semi-Lagrangian code for flux-driven ion turbulence
simulations, Computer Physics Communications 207 (2016), p. 35-68.

112



Antennas, propagation and
information

113



Approcher les deux infinis par

LES ONDES ELECTROMAGNETIQUES

LES STRUCTURES GEOMETRIQUES ELEMENTAIRES DE
L’ INFORMATION DIGITALE ELECTROMAGNETIQUE
Caractérisation statistique de la mesure digitale desfluctuations spatio-
Doppler etpolarimétrique de ™ onde électromagnétique radar

Frédéric Barbarescol Yann Cabanes12
1'Thaies Land &Air Systems, Advanced Radar Concepts, frederic.barbaresco@thalessroup.com
Anstitut de Mathématiques de Bordeaux, yann.cabanes@smail.com

Mots clés : Onde électromagnétique, Radar, Fluctuation Statistique, Géométrie de | Information, classification
non-supervisée, fouillis radar, Electromagnetic wave, Statistical Fluctuations, Information Geometry,
unsupervised classification, radar clutter

Résumé/Abstract

Il s’agit de décrire de nouvelles approches géométriques pour définir les statistiques de mesures spatio-temporelles et polarimétrique des
états d’une onde électromagnétique, en utilisant les travaux de Maurice Fréchet, Jean-Louis Koszul et Jean-Marie Souriau, avec en particulier
la notion d’état « moyen » de cette mesure digitale comme barycentre de Fréchet dans un espace métrique et un modele issu de la mécanique
statistique pour définir et calculer une densité a maximum d’entropie (extension de la notion de gaussienne) pour décrire les fluctuations de
I’onde électromagnétique. L’article illustrera ces outils nouveaux avec des exemples d’application en radar pour la mesure Doppler, spatio-
temporelle et polarimétrique de 1’onde électromagnétique en introduisant une distance sur les matrices de covariance du signal digital
électromagnétique, basé sur la métrique de Fisher issue de la Géométrie de I’Information.

1 La mesure digitale de I’onde électromagnétique radar

Au XXieme siecle, I'Homme a domestiqué les ondes électromagnétiques qui ont profondément bouleversé ses
modes de vies pour communiquer, localiser et observer la Nature et I’Univers. Dans ce contexte, le RADAR a
une longue histoire plus que centenaire mais la digitalisation récente spatiale et temporelle compléte, de la
mesure des ondes électromagnétiques par des antennes tout numeériques ouvre la voie a la manipulation plus
efficace de I’Information inscrite dans ce signal aléatoire. Cette digitalisation spatio-temporelle de I’onde
électromagnétique a révélé les structures géométriques intimes qui décrivent cette Information. Ces structures
révelent des affinités naturelles avec les outils mathématiques les plus récents comme la géométrie des espaces
métriques et la géométrie Symplectique. Nous parcourrons ces avancées récentes du traitement du signal
électromagnétique RADAR. Nous soulignerons au fil de I’exposé comment interviennent les intuitions
lumineuses et le plus souvent oubliées présentes dans cette filiation des idées de Clairaut, Legendre, Massieu,
Poincaré, Cartan, Fréchet, Koszul, Balian et Souriau, pour décrire les outils géométriques développés pour
caractériser les fluctuations statistiques de |I’onde électromagnétique, et permettant de décrire des densités de
probabilités pour ces états aléatoires localement stationnaires de I’onde.

Figure | : illustration d ‘antenne tout numérique :
digitalisation spatiale, temporelle etpolarimétrique de la mesure de | ‘onde électromagnétique
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2  Caractérisation statistique de la mesure digitale des fluctuations de I’onde
électromagnétique radar

L’idée, qui sera exposé dans l’article, est de « coder » |’état stationnaire d’une mesure digitale de I’onde
électromagnétique (Direction, Doppler et Polarimétrie) par un point dans un espace métrique. Comme il s’agit
d’une mesure statistique, nous montrerons que la métrique la plus « naturelle » est donnée en Géométrie de
I’Information par la métrique de Fisher du processus stationnaire.

L ’extension des statistiques dans les espaces métriques a été introduite par Maurice Fréchet a travers la notion
« d’espace distancié ». L ’approche par les espaces métriques permet de définir la moyenne ou la médiane
d’éléments dans un espace distancié par le barycentre géodésique de Fréchet calculé par le flot de gradient
introduit dans les années 70 par Hermann Karcher. Pour définir ces espaces distanciés pour une onde
électromagnétique, il nous faut au préalable introduire une distance entre des mesures digitales des états de
I’onde. La métrique de Fisher de la « Géométrie de I’Information » fournit une distance naturelle, disposant des
qualités d’invariances souhaitées (invariance par reparamétrisation, invariance liée aux symétries du signal
électromagnétique). La métrique de Fisher peut étre généralisée dans les espaces décrivant les états de |’onde
électromagnétique a partir des structures géométriques introduites par Jean-Louis Koszul (fonction
caractéristique de Koszul-Vinberg, 2-forme de Koszul). L’étape suivante consiste a généraliser la notion de
densité gaussienne pour les états de I’onde électromagnétiques, en généralisant la notion de densités a maximum
d’entropie (densité de Gibbs), ce qui nous oblige a généraliser la définition de |’entropie. Partant des fonctions
caractéristiques de Frangois Massieu (introduite en thermodynamiques par Francois Massieu), cette
généralisation a été établie par Jean-Marie Souriau en Mécanique Statistique dans le cadre de la Mécanique
Géométrique, avec un modéle qui a été appelé « thermodynamique des groupes de Lie », dont on déduit une
densité (de Gibbs) de probabilités et une métrique de Fisher-Souriau pour décrire I’état moyen (barycentre de
Fréchet) des fluctuations spatio-Doppler et polarimétrique des mesures digitales de I’onde électromagnétique.

Dans le cas d’un signal stationnaire, en utilisant, les structures Toeplitz (respectivement Blocs-Toeplitz) des
matrices de covariance du signal temporel [Doppler] ou spatial [direction] (respectivement spatio-temporelle),
on démontre que la métrique naturelle est Kahlérienne dans I’espace produit du polydisque de Poincaré (codage
de information Doppler) et du polydisque de Siegel (codage de I’'information spatio-temporelle).

QRo.AA", :l)e TLIPD mX SD "~x Information Spatio-temporelle:

R x Polydisque Poincaré x Polydisque Siegel
SD ={z/z2z T</,,,}

RO -> (log (Pc),//,,..., Il,,_,)e Rx D
D= <}
codage spatio - Dopplere RxD"™1x SD"*

Figure 2 : Codage de la mesure spatio-Doppler etpolarimétrique dans | ‘espace métrique ~ x S2x Dmix SD"1

Dans le cas d’un signal localement stationnaire, on caractérise le signal spatio-temporel électromagnétique par
un modeéle autorégressif matriciel (extension matricielle du théoreme de Trench-Verblunsky), basé sur la théorie
MOPUC (Matrix Orthogonal Polynomial on the Unit Circle). A partir de la mesure digitale spatio-temporelle de
I’onde électromagnétique, on estime une série de N matrices de covariance THDP (Toeplitz Hermitienne Définie
Positive)R ,..R ,}. Cette série temporelle est ensuite paramétrée par un modéle autorégressif matriciel

R A ~11)e THPDxSDN1 avec R eTHPDn une matrice THDP, et AkeSD , k=1..,N -1 les

coefficients de réflexion/Verblunsky matriciels dans le disque de Siegel unité SD, tel que Ak (Al)+<1 (ou +

signifie trans-conjugué et | la matrice identité). La matrice R peut elle-méme étre décrite par un modele

autorégressif classique complexe, de paramétres (p ,{~~1 )e~+ *x Dm1 avec p le terme de puissance, dont

on prend classiquement le logarithme log(p )e”~ et jukeD,k=1,...m-1 les coefficients de
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réflexion/Verblunsky dans le disque unité de Poincaré D , tel que uuk =\u f <1- On a ainsi pour une onde
électromagnétique localement stationnaire, un codage de [I’information dans un espace métrique

(log(.PO) {u}r~it,{4t}" 1 DmlxSDn-1, a laquelle on peut rajouter S2 : la sphére de Poincaré pour

I'information polarimétrique. Le signal étant finalement codé sur I’espace produit 1 X S 2 X Dm~1X
SDn-1.

La théorie de la « Géométrie de I’Information » introduite par Rao et Fréchet permet de définir une métrique
naturelle entre densité de probabilité dans |’espace des parameétres et qui est invariante par a rapport a un
changement de paramétrisation. En particulier, on peut définir la métrique par le hessien de I’Entropie. En
considérant le processus stationnaire décrivant | ’état spatio-temporel de I’onde électromagnétique par la matrice
de covariance du vecteur spatio-temporel et sa matrice de covariance associée Toeplitz-Blocs-Toeplitz :

Ro R e Rn-1

RNp R Ro , I’entropie est donnée par @Rpn) =®{Rpn) =- 1°g (detR,v) +este - qui
‘ R
Ru » R Po

avec les parametres autorégressifs matriciels s’écrit: S(RpN) ~ Z (N - k).logdet[l - AkAK+] - N.log Pr.e.det RO]
ket

ou X représente I’estimation de X . En considérant, la paramétrisation QNN J = IR) 4 - 4T||_b

métrique est alors donnée par le hessien de |’Entropie ce qui donne :

N1
dx
ds2=dd(ND+ ddiND =NTr (Ro1dRo) +Z (N-K)Tr (In- A Akd)~1dAkk (1 n- AkktAkK) - 1dAkk+
dd(N-D)d e [N-1)
On peut intégrer cette métrique pour définir une distance en paramétrisation R ,A/,...,A" "1} permettant de

déterminer une distance entre 2 matrices de covariance spatio-temporelle de I’onde électromagnétique
1
N1 * ®ai, (AA )

d2(R1),RA) = Njllog (RGGRORES . +Z, (N - ) log2

R® et RQ: . 1-

®as, (H™*) 3

OzW)=(i-zz+)-2W-2Z)( - Z+W)-1(i - Z+z) 12

Dans I’article final, on décrira le modele de Souriau pour définir une densité a Maximum d’Entropie pour les
mesures d’états spatio-temporel de I’onde éléctromagnétique radar, qui est covariante sous |’action du groupe de
Lie qui agit de fagon homogene dans |’espace de représentation de I’onde électromagnétique.

Axe Doppler Spectre brut

Spectre Doppler Axe Distance Spectre Doppler
Moyen Médian

on préservation

des discontinuités

Perturbation par
desvaleurs
aberrantes

igure 3 : Exemple de calcul de spectre Doppler médian (défini comme barycentre géodésique de :réchetvia la
métrique de :isher) pour les matrices de covariance temporelle du signal Doppler de | 'onde électromagnétique
(on remarque lapropriété de robustesse du « médian » & des valeursparasites suivants | ‘axe distance)
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3  Application de I’analyse Doppler dans les espaces métriques a la classification non-
supervisée du fouillis radar

3.1 Des données radar aux matrices complexes

Pour simplifier notre étude, les données d’entrée seront prises sur une seule rafale pour le faisceau d’élévation
nulle. Le radar nous fournit donc une matrice complexe U de taille : (#impulsions) X (#cases distance).

Le nombre d’impulsion d’une rafale varie pour nos données entre 8 et 20 ; le nombre de cases distance varie
également, il est de I’ordre de 1000. Une case distance mesure environ 60 metres de longueur.

Le coefficient complexe U;; représente I'amplitude et la phase apres compression d’impulsion de 1’écho
revenant de la case distance i aprés I’impulsion j.

Les données que nous allons classifier sont les cases distance, chaque case distance étant représentée par une
colonne de la matrice U.

3.2 Hypoth¢ses de modélisation

Nous nous concentrons a présent sur une case distance, dont nous analysons le signal comme étant une série
temporelle indexée par le numéro de I’'impulsion.

Nous supposons que le signal est stationnaire dans la rafale et de moyenne nulle.
Nous supposons ¢galement que le signal peut étre modélisé par un processus autorégressif Gaussien.

3.3 Espace métrique de représentation des données

Nous cherchons a classifier les cases distance en associant a chacune d’entre elle 1la matrice d’autocorrélation de
la série temporelle associée, puis en classifiant les matrices d’autocorrélation.

Cela nous ameéne a construire un nouvel espace métrique dans lequel les matrices d’autocorrélation « proches »
seront regroupées dans un méme cluster.

Chaque matrice d’autocorrélation peut é&tre représentée fagcon équivalente par des coefficients dans
Pespace R% x D ™1 ou D est le disque unité complexe et n est le nombre d’impulsions.

Ces coefficients sont les coefficients d'un mod¢le autorégressif temporel ; ils sont calculés en utilisant
I’algorithme de Burg régularisé.

Nous munissons cet espace d une métrique naturelle issue de la géométrie de I'information.

3.4 Classification

3.4.1 Simulation de données

Pour pouvoir tester la performance des algorithmes de classification mis au point, il faut disposer de plusicurs
jeux de données, chaque jeu étant homogene (réalisation de variables aléatoires iid). L homogénéité est quelque
chose de difficilement contrdlable concernant les données de terrain. Pour pallier a cette difficulté, nous avons
mis au point un algorithme de simulation de données radar, en utilisant un modéle SIRV (Spherically Invariant

Random Vectors). Ce modele est paramétrique. Les parametres utilisés pour simuler des données dépendent du
type de fouillis que 1’on souhaite simuler.
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Pour tester les algorithmes de classification, nous simulons donc deux groupes de données, un premier groupe
avec un parameétre P1, puis un second avec un paramétre P2. Un bon algorithme de classification regroupera
dans un méme cluster les données issues de P1, et dans un autre cluster les données issues de P2.

3.4.2 Classification par | ‘agorithme des k-means

Classification with
. A médian averaging
FFT Classification cell bv cell on a sliding window

-04 -02 0.0 02 04

reduced frequency

Figure 4 : Résultats de classification par | ‘algorithme de k-moyenne (k-means)

Figure 5 : résultats de classification sur les 4 premiers coefficients de réflexion dans le disque unité complexe de
Poincaré (lespoints des 2 classes en bleau et en rouge)
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Nous fixons le nombre de clusters k souhaités au début de I’algorithme. Nous initialisons I’algorithme en
choisissant k points de fagon aléatoire parmi I’ensemble des points a classifié. lls représentent maintenant des
barycentres de classes.

A chaque itération de I’algorithme :

- Associer a chaque point au cluster dont le barycentre est le plus proche. Pour cette étape, il faut disposer d’une
distance explicite sur notre espace.

- Calculer le nouveau barycentre du cluster. Pour cette étape, il faut pouvoir approximer la position du barycentre
d’un nuage de points, celui-ci étant défini comme le point X qui minimise la somme des distances au carré entre

X et les points du nuage. Ce calcul n’est pas évident dans les espaces métriques non-euclidiens.

3.4.3 Meéthode de visualisation de laperformance des algorithmes de classification

Confusion matrix of the K-means algorithm usin? the regularised Burg algorithm ;
then the Kahler metric on the reflection coefficients

0-930 0.070 précision recall fl-score support
class 1 0.98 0.93 0.95 100
class 2 0.93 0.98 0.96 100
avg /total 0.96 0.95 0.95 200
0.020 0.980

Classification results

Pour visualiser et pouvoir comparer la performance des algorithmes de classification non-supervisée, nous avons
emprunté les méthodes usuelles de visualisation des algorithmes de classification supervisés : la matrice de
confusion pour la visualisation et le f1-score (calculé a partir de la précision et du recall) pour le score. Puisque
notre classification non supervisée ne donne pas de labels comme « paramétre de simulation P1 » ou « parametre
de simulation P2 » a nos clusters, nous testons toutes les permutions possibles pour trouver quel cluster
correspond a quel jeu de données simulées en utilisant le parameétre Pi. Le score de la classification correspond
au score de la meilleure permutation.
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Ondes Térahertz ; imagerie en champ proche ; spectroscopie ; radioastronomie
Terahertz waves ; near-field imagery ; spectroscopy ; radioastronomy

Abstract

The terahertz (THz) waves are electromagnetic waves whose frequency is located between the microwaves on the one hand and the infra-red
on the other hand. The wavelengths are of the order of a fraction of a millimeter. In this range the interactions between matter and
electromagnetic waves are very intense and we will see how they can be used to understand this matter at very small scales via near-field
optical microscopy (scanning near-field optical microscopy or SNOM) and to understand also the universe at the largest scales via the THz
(radio)astronomy.

Résumé

Les ondes térahertz (THz) sont des ondes électromagnétiques dont la fréquence est située entre les hyperfréquences d'une part et les infra-
rouges d'autre part. Les longueurs d'onde sont de I'ordre d'une fraction de millimétre. Dans cette gamme les interactions entre matiere et ondes
électromagnétiques sont trés intenses et nous verrons comment elles peuvent servir a comprendre cette matiére aux tres petites échelles via
I'imagerie en champ proche (scanning near-field optical microscopy ou SNOM) et a comprendre aussi I'univers aux échelles les plus grandes
via la (radio)astronomie THz.
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Mots-clefs: nanoantennes, absorption infrarouge, émission thermique, dispositifs nanophotoniques
Keywords: nanoantenna, infrared absorption, thermal émission, nanophotonics devices

Résumé:

La structuration de la matiere a une échelle sub-longueur d’onde permet la conception de nanoantennes qui vont étre
capables de modifier la réponse optique (réflectivité, absorption) d’une surface avec une texturation d’une épaisseur
inférieure au centieme de la longueur d’onde. Ces nano-antennes peuvent aussi exalter les interactions lumiére-matiére
dans leur voisinage champ proche. Une structure composée d’un empilement métal-isolant-métal va étre le siége de
résonances de type Fabry-Perot, de modes guidés ou de Helmholtz optique. Elles peuvent étre mises a profit pour
sculpter la réponse spectrale d’une surface en absorption et en émission infrarouge, avec une modulation spatiale de
I’'ordre de la longueur d’onde. Ces effets peuvent étre utilisés dans des dispositifs de sources infrarouges, de convertisseurs
thermiques ou non linéaires de longueurs d’onde ou bien pour exalter la signature infrarouge de molécules.

Abstract: The patterning of matter at a sub-wavelength scale allows the design of nanoantennas that will be able to
modify the optical response (reflectivity, absorption) of a surface with a texturing thickness of less than one hundredth
of the wavelength. These nano-antennas can also enhance light-matter interactions in their near-field neighbourhood. A
structure composed of a metal-insulator-métal stack will be the seat of Fabry-Perot, guided modes or optical Helmholtz
résonances. They can be used to shape the spectral response of a surface in absorption and infrared émission, with a
spatial modulation at the wavelength scale. These effects can be used in various devices such as infrared sources, thermal
or non-linear wavelength converters or to enhance the infrared signature of molécules.

1 Introduction

Les nanoantennes sont des structures sub-longueur d’onde capables de manipuler la lumiére, soit en modifiant la
réponse optique, soit en exaltant des interactions lumiére-matiére comme les effets non linéaires ou I’absorption
infrarouge de molécules. Aprés avoir dressé un panorama des résonances présentes dans les structures de type
métal-isolant-métal (M IM), et des couplages pouvant exister entre nanostructures voisines, je présenterai divers
dispositifs nanophotoniques utilisant ces nanoantennes.

Figure 1 - Images MEB des structures (a) biMIM, (c) 4~MIM non polarisée et (e) 4 MIM polarisée, (b)
Courbes de réflectivité expérimentale de la structure biMIM en polarisation TM avec un angle d’incidence de
13° mesurée (ligne pleine) et calculée (ligne pointilléc). (d) Courbes de réflectivité expérimentale de la structure
4 MIM plots avec un angle dincidence de 13° mesurée (ligne pleine) et calculée en polarisation TM et TE
(lignes pointillées). (f) Diagramme de réflectivité expérimental de la structure &4 MIM batonnets.
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2 Les nanoantennes

Les nanoantennes MIM sont composés d’une couche métallique continue, d’une couche diélectrique et d’une
nanostructure métallique, qui va permettre la création d’une cavité optique dans lequel un mode gap-plasmon
va résonner & une longueur d’onde déterminée par les dimensions latérales de la nanostructuration [1]. Cette
résonance, équivalente & celle d’un résonateur de Fabry-Perot, donne lieu & une absorption quasi-totale de la
lumiére qui est indépendante de angle d’incidence. La nanoantenne a une section efficace d’absorption beaucoup
plus grande que sa section géométrique.

Ces nanoantennes peuvent étre combinées dans une méme période sub-longueur d’onde, soit de maniére in-
dépendante, soit en étant couplées, créant un résonateur équivalent & une cavité Fabry-Perot & 3 miroirs {2].
Lorsqu’elles sont combinées de maniére indépendantes, il est possible d’élargir la bande spectrale d’absorption
comme montré sur la Figure 1 [3]. Paradoxalement, lorsqu’elles sont couplées, elles donnent naissance & une
résonance présentant un facteur de qualité jusqu’a dix fois plus élevé.

Par ailleurs, ces résonateurs peuvent aussi étre le siége de résonances de type Helmholtz optique, dont la
principale caractéristique est une exaltation du champ électrique dans le volume chaud contenu entre deux
nanostructurations {4]. Elles peuvent aussi étre le siége de résonances de type modes guidés [5]. Toutes ces
résonances peuvent étre mises a profit pour sculpter la réponse spectrale d’une surface en absorption et en
émission infrarouge, avec une possible modulation spatiale sur I'échelle d’une longueur d’onde.

3 Dispositifs nanophotoniques

Une application directe de ces résonateurs est leur utilisation comme sources infrarouge [6]. En effet, la loi de
Kirchhoff stipule qu’une surface absorbante sera également émettrice avec les mémes caractéristiques spectrales.
On peut ainsi juxtaposer des sources infrarouge de caractéristiques spectrales différentes, et possiblement po-
larisées. Par ailleurs, en placant des antennes absorbantes & une longueur d’onde sur une face d’un substrat,
et d’autres jouant le role d’émetteur thermique sur la face opposée, on concoit un convertisseur de longueurs
d’onde fonctionnant par transduction thermique. Ce composant peut étre utilisé avec une caméra infrarouge
pour réaliser un instrument d’imagerie capable de cibler les fréquences térahertz et millimétriques.

Enfin, ces nanoantennes concentrent le champ électrique dans leurs voisinages, menant & des exaltation de plu-
sieurs ordres de grandeurs de intensité du champ. Cette propriété peut étre utilisée pour exalter les signatures
infrarouge d’absorption de molécules placée & proximité des nanoantennes pour des applications de capteurs op-
tiques de molécules. Elle peut aussi étre utilisée dans des scenarii de conversion non linéaire de fréquences. Dans
ces applications, on tire également parti de la capacité de ces nanoantennes 3 présenter plusieurs résonances
dont les exaltations sont colocalisées.
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Résumé/Abstract

L’IRAM adapte, en collaboration avec le Smithsonian Astrophysical Observatory (SAO), un systéme de contrdle de la phase atmosphérique,
comme développé pour I’observatoire submillimétrique SMA, qui sera potentiellement utilisé a 1’observatoire NOEMA (NOrthern Extended
Millimeter Array).

IRAM is currently adapting, in collaboration with the Smithsonian Astrophysical Observatory (SAO), an atmospheric phase monitoring
system as was developed for the Submillimeter Array (SMA) to be possibly used for the NOEMA (NOrthern Extended Millimeter Array)
interferometer.

1 Introduction

In this paper, we present the proof-of-concept of an atmospheric phase monitoring system and show the first
results obtained so far.

Millimeter wave astronomical interferometers combine signals received from cosmic radio sources that reach
multiple antennas (soon twelve 15 meters antennas for the NOEMA case) to produce maps of the sky. Direction
of the source and geometry of the array of antennas allows the signals to be combined with a predictable phase.
Trouble is that signal propagation can be altered by atmospheric turbulences. Indeed, in the troposphere, water
vapor plays a particularly important role in radio signals propagation, its refractivity being about 20 times greater
in the radio range than in the near-infrared or optical regimes. The phase fluctuations in radio interferometers at
millimeter and centimeter wavelengths are predominantly caused by fluctuations in the distribution of water
vapor. Therefore, implementing such a phase monitor interferometer would provide us with a permanent
monitoring system of the observing conditions for the NOEMA interferometer, located on the plateau de Bure, at
2550m above sea level in the French Alps. This system would make observations more efficient, by being able
to choose the correct observing band right away and/or anticipate on whether to start or stop observing.

2 System description.

The atmospheric phase monitoring system demonstrator is based on a dual off- axis aluminium satellite dishes
(Fuba DDA 110: 1090 x 991 mm?2) interferometer, that receive a broadband white noise-like Ku Band signal

from a geostationary satellite and focus it to the center of the feed signal source. (see Figure 1)
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Figure 1: Phase Monitoring System Principle

The Low Noise Blocks (LNB) that down convert this signal to the Intermediate Frequency (IF) one (~1.2
GHz) are commercial satellite system receivers that have been modified to be fed with a common Local
Oscillator (LO) signal through a SMA connector that integrates a spring loaded contact, once the original

Dielectric Resonator Oscillator (DRO) is removed (see Figure 2).

Figure 2: Technomate Low Noise Block downconverter. Left: LO injection on the body, middle: LO circuit with
Dielectric Resonator Oscillator, Right: SMA connector that integrates a spring loaded contactfor LO signal
injection.

The IF signals are then amplified, filtered and transported through optical fibres down to the rack that is located
in the building where they are processed by a commercial analog correlator (1Q demodulation card) that
produces the phase delays between pairs (only one so far) of antennas from the | & Q signals.

The data are then sampled at 10Hz and further processed by a LINUX pc that runs software which tracks the
Walsh cycle and applies sign changes to remove offsets in Q and 1 signals. It determines the phase angle from
arctan Q/I and calculates a least squares sine fit to the unwrapped phase, subtracts that from the unwrapped phase
and then calculates the rms values from the residuals.

The Figure 3 below shows the schematic of the overall phase monitoring system, with two antennas.

This real-time statistical data measured in the direction of the satellite provides an estimate of the phase front
distortion experienced at the same time by the NOEMA interferometer.
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Figure 3: Dual Antennas Phase Monitoring System Schematic. Equipment highlighted in orange are located in

3
31

the laboratory racks, while blue ones are situated in the antenna racks.

Phase Monitoring System Implémentation

Improvements

During the development phase at the IRAM headquarters, located in St Martin d’Héres on the university
campus, some optimizations were implemented in order to achieve the best possible results. The list is detailed

below:

3.2

Addition of strengthening aluminium tubes between parabola and LNB to ensure good mechanical
stability

Meticulous analysis and suppression of EMC related noise by addition of dedicated filtering on the DC
lines, separation of 1Q demodulation board and IF switch boards, use of low noise power supplies
Use of a phase shifter to calibrate the 1Q gain and offset errors

Use of Mini-Circuits synthesizer for LO frequency generation

First use of Technomate LNB, detailed study of effect of LO power fluctuation

LO injection into LNB DRO amplifier input

Use of Marki Microwave x4 frequency multiplier in LO circuit to reduce LO part count

Use of Optical Zonu LNA transmitter to reduce IF and LO part count (fewer amps)

Detailed study of phase shifter balance

Implementation in the antenna racks of lightning protections

Rack Setup

Every box shown on Figure 3 materialises a mechanical enclosure that takes place either in a rack of electronic

that is located in the laboratory or in a rack that is attached to the antenna pole. The Figure 4 shows the
antennas on the roof of IRAM headquarters and laboratory rack of electronics.
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Figure 4: Top: Antennas on the IRAM headquarters roofin Grenoble. Bottom left) Indoor rack ofelectronics
and control pc, Bottom right) Outdoor rack o felectronics.

3.3 Data collection

After the initial tests carried out at the IRAM headquarters, where we were facing electromagnetic pollution
and environmental limitation, the system was moved to Plateau de Bure in mid-October to make onsite
observations before the coming of the winter: All-year operation of such a system requires a protective
infrastructure (radomes or similar shielding) due to electronics vulnerability to the meteorological
conditions of the site.

The goal of this experiment was to compare the measured satellite phase with the observed NOEMA
interferometer phases. The two-element satellite interferometer operating at 11.85 GHz was installed on the
Eastern NOEMA track, with the antennas pointing towards the south, with no NOEMA antennas in front
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(see Figure 5). The system spanned a baseline of 40 meters close to the E18 and E23 pads, and pointed to
the geostationary ASTRA 3B satellite under an azimuth of -24.3° (with 0°=South, and negative numbers
East) and an elevation of 35.7°.

Figure 5: One Atmospheric Phase Monitor Antenna on E18 pad, next to a 15 meters NOEMA Array antenna.

3.4  Data Analysis

The phase monitor system was installed and running on the plateau de Bure for a limited amount of time,
before harsh winter weather condition occur and between two NOEMA interferometer configuration
changes. During that period, two sets of data were collected, separated by a gap on the graph.

The measured fringes of the phase monitoring interferometer contain the traces of the satellite movement
around its equilibrium point. A succession of second-order polynomial was fitted over several intervals,
until the end of the recording where a final fit was made. The overlapping polynomials were then
combined with a Gaussian weighting that dropped to 5% at the edges of each interval.

The result of this operation can be seen in Figure 6 left. For further analysis and comparison with NOEMA
observations, the phase noise was converted from degrees phase tooptical path microns. Phase noise was then
studied over two timescales: 135 seconds corresponding to the duration of one NOEMA phase calibration,
and 1 second for a consistency check of the phase information. Tropospheric water vapour being distributed
in bubbles with a power-law size distribution; phase noise caused by turbulent water vapour is expected to
rise according to a power law and level off at the outer edge of the turbulence, or at the length of the
maximum baseline. From this behaviour one would expect a higher phase noise at 135 seconds than over a
timescale of one second. The plot in Figure 6 right shows that the expected behaviour for tropospheric
water vapour phase noise is fulfilled until about midnight UT on October 27 (passing from October 26thto
27t but that there is a significant short-term phase noise contribution later. This noise must have a different
reason than atmospheric water vapour, either instrumental (wind-induced vibrations) or due to external
reasons like ionospheric activity.
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Figure 6: Left) Measured Satellite Interferometer Phase, sampling 10 Hz, Right) Phase Noise over intervals of
135 seconds and 1 second, in microns.

For comparison with NOEM A observations, archivai interferometer data were retrieved and the calibrator
phase noise for each 135 second phase calibrator observation calculated. The degrees phase were then
converted to microns of optical path and sorted by baseline length. A linear fit in the log-log diagram of
baseline length vs. noise was used to derive the optical path variations at 40 meters, i.e. the baseline length
o f the site test interferometer. The resulting superposition of satellite phase and observed phases is shown
in Figure 7, together with the meteorological records of the NOEMA weather station. To confirm the
correct time alignment between the data sets, the weather records of the NOEMA archived files are
superimposed in green on the graphs.

Finally, observing conditions and antenna pointing information are compiled in Figure 8. It shows that the
site test interferometer gives a reasonable optical path noise estimate under a variety of observing
frequencies and observing directions, i.e. the fact that the satellite dishes always point to the same
direction was not a fundamental problem in the monitoring of the all-sky observing conditions, at least
not under the conditions during this test.
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Figure 8: Phase Noise and NOEMA Tuning Frequency, Pointing Information and Wind.

4  Conclusion

This paper has described the phase monitoring system work that has been ongoing for the past two years at
IRAM. It described in details the hardware that has been used, together with the first encouraging results that
were obtained on the plateau de Bure. A new campaign of data collection will occur in the coming months. In
order to make sure that the system is not affected by the environmental conditions, we plan, this time, to protect
the antennas in some kind of shelter like radome or else.
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Résumé:

Cette proposition vise a évaluer la distribution et les moments statistiques du courant induit au niveau de la terminaison
d’une ligne située au-dessus d’un plan de masse, et soumise a une perturbation radiofréquence extérieure. Le probléme
revét une importance majeure pour divers domaines d’applications en compatibilité électromagnétique (CEM). La vola-
tilité des paramétres d’entrée nécessite des méthodes efficaces : cette contribution mettra en avant plus particuliérement
une formulation analytique sur un probléme CEM en parallgle avec une méthode de réduction d’ordre (MOR) et une
technique de régression par apprentissage semi-supervisé (RAS), comparativement a la référence obtenue par la méthode
de Monte-Carlo (MMC).

Abstract: This contribution aims to estimate the statistics and probability distribution of the current induced at the
terminal of a cable above ground plane, illuminated by external radiofrequency stimulation. The problem is of paramount
importance for various applications in electromagnetic compatibility (EMC). The volatility of input parameters requires
efficient methods: a particular focus will be given in this proposal to analytical formulation, jointly with order reduction
method (MOR in French) and semi-supervised learning regressor (RAS in French), both in comparison to classical Monte
Carlo method (MMC in French).

1 Introduction

De nombreux systémes électrongiues sont soumis a des stimulations radiofréquences (RF) pouvant entrainer
le dysfonctionnement de ces derniers. C’est évidemment le cas pour des problématiques liées & la sensibilité
de mesure en radiocommunication et astronomie. Ces derniéres années, ce domaine s’est trouvé confronté a
Papparition de difficultées lies a la fois a la compatibilité électromagnétique (CEM) des systémes [1, 2] et aux
incertitudes entourant la mise en ceuvre de programmes scientifiques d’envergures; e.g., le “square kilometer
array (SKA)” [2]. Dans ce cadre, les études passées ont montré I'importance (devant la complexité des sys-
témes électroniques mis en jeu) de prendre en compte un nombre toujours croissant de paramétres entachés
d’incertitudes. Par exemple, le cas d’erreurs de montage sur des antennes est évoqué dans [3]. Ces problémes
entrainent la prise en compte d’un nombre conséquent de variables aléatoires (VAs) qui nécessite d’une part
Pemploi de modéles (analytiques, numériques, expérimentaux) adaptés, mais également la définition de tech-
niques stochastiques précises. La motivation de cette proposition concerne 1’utilisation de méthodes originales
permettant de réduire la complexité d’un probléme générique de couplage entre une onde plane stochastique
(incidence, polarisation, amplitude du champ électrique de perturbation aléatoires) et d’un systéme générique
(ligne de transmission) elle-méme soumise a des dérives (géométriques et électriques). En conséquence, la sec-
tion 2 propose une description synthétique du probléme posé. La section suivante donne des détails concernant
les deux méthodes stochastiques choisies (respectivement méthode de réduction d’ordre MOR et régression par
apprentissage semi-supervisé RAS). Une sélection de résultats numériques obtenus & partir des formalismes
précédents est proposée dans la section 4 avec une confrontation aux données MMC. Enfin, La section 5 offre
une synthese et des perspectives & ces travaux.

2 Couplage radiofréquence en environnement incertain

L’exemple illustratif considéré ici concerne une ligne de transmission (longueur L, diamétre d, coeflicient d’at-
ténuation «) située a une hauteur ~ d’un plan de masse parfait. Le cable est chargée a ses deux extrémités
par deux impédances Zy et Zr, et il est soumis & un champ électrique perturbateur d’amplitude a. issu d’une
onde plane perturbatrice d'incidence (6,, ¢,) et de polarisation f.. En dehors de la fréquence de stimulation f,
tous les parameétres précédents sont considérés comme des VAs, voir la Tab. 1. Un intérét particulier est porté a
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I’amplitude du courant | en terminaison de ligne (i.e. au niveau de I'impédance ZL). Il peut étre exprimé pour
une fréquence f (étude menée dans la suite entre 1 kHz et 20 MHz) en fonction des 10 VVAs précédentes selon :

I(x; f) = m(8p,$p,8e,ae,h,d,L,Zo,ZL,a; f), (1)

ot m(x; f) est une fonction analytique dont I’expression exacte est donnée dans [4], avec x = [x\,...,Xwo]T. On
notera que la fréquence f est déterministe.

Figure 1 - Position du probléme : ligne de transmission au-dessus d’un plan de masse illuminée par une onde
plane [4].

Table 1 - Statistiques (Moyenne Moy et coefficient de variation CV) et distributions (distrib., N =normale)
des VAs dans le cas test propose.

Var. Xi = X = x3= X = X% = X6 = X = xXg= Xo = X0 =
aléa. 8 (rad) <ip(rad) 8 (rad) E (V/m) h(m) d(m LM ZoH) Z1(H a()
Moy n/4 n/4 n/4 1 0.020  0.001 1 50 1000 0.001
cv 20% 20% 20% 5% 5% 5% 5% 5% 5% 5%
Distrib. N N N N N N N N N N

Si la prise en charge de la volatilité des parameétres exposés dans la Tab. 1 est directe avec la méthode de
Monte-Carlo (MMC), la motivation de ces travaux repose sur l’utilisation de deux approches alternatives :
méthode d’ordre réduit (MOR [5]) et régression par apprentissage semi-supervisé (RAS [6]). Les deux techniques
précédentes font I’objet d’une présentation synthétique dans la section suivante.

3 Principes théoriques

Cette section décrit brievement les fondements des deux grandes classes de méthodes proposées dans ces
travaux pour l’extraction de plans d’expériences optimaux dans un contexte électromagnétique entaché par
des incertitudes. Les codes sources développés sont librement accessibles depuis le dépét github suivant :
https://github.com/ukarroum/optimal-experimental-design.
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3.1 Méthode d’Ordre Réduit (MOR)

La stratégie adoptée pour implémenter la techniqgue MOR s’assimile a une approche de type “clustering” (plus
précisément, une émanation de I’algorithme dit de k-means). L’algorithme de k-means permet de représenter un
nombre important d’échantillons de départ (e.g. n = 104,105,...) a partir d’un nombre limité de points (e.g. ici
m =10, m = 25, ... ). Les coordonnées de ces derniers (dans I’espace des parametres d’entrée) déterminent les
positions des “clusters” représentatifs de I’ensemble de points initiaux. Il peut arriver (en fonction de I’algorithme
choisi) que les points sélectionnés de maniere optimale (voir [5] pour une explication détaillée) ne fassent
pas partie des points intialement définis (voir par exemple le traitement existant de la fontion sklearn sous
Python). Les développements proposés dans le cadre de ces travaux visent a implémenter une version ex nihilo
et modifiée de I’agorithme de k-mean sous Python permettant de choisir avec flexibilité : I’appartenance ou non
des coordonnées des clusters au plan d’exéperience original, la fonction objectif a optimiser, ...

La réalisation de I’algorithme (voir Fig. 2) pour un nombre de clusters m donné permet la génération des m

jeux de positions de points dans I’'espace des entrées x* = (x1,x2,..., Xxf)T pour i = 1,..., m et p la dimension
de I’'espace de départ. Chacun des clusters est également caractérisé par son poids p* dans |’ensemble des entrées
du plan initial. Ainsi, le cacul des moments statistiques est obtenu de maniére directe sur la base des grandeurs
x* et pi. Pour l'illustration, on notera que la moyenne d’une grandeur | (courant dans la suite de cet exemple,
pourra étre obtenue selon

m
(16, ) = "2Pi *I(Xi, d) @)

avec s et d respectivement les paramétres volatiles (stochastiques) et fixes (déterministes) du problemes, et
Yfim=1lp*= 1 Comme évoqué précédemment, le critere d’optimisation de I’algorithme pourra étre choisi en rap-
port avec les statistiques de I’ensemble des points de départ initiaux : moyenne, variance, densité de probabilité
(PDF) par exemple. Historiquement, la technique MOR est plus utilisée dans le domaine de la simulation que
pour les plans d’expérience optimaux (ce qui explique le nombre limité de ressources documentaires disponible
dans ce contexte). L’ algorithme développé est synthétisé dans la Fig. 2

Algorithme 1 : K-means
Procedure K-means(E : m, nbClusters, nblterations ; Sortie :
P1?M2i  PnbClustersi PliP2> em;PnbClusters)
2 Initialiser de fagon aléatoire nbClusters points pi représentant les centres
des centreids.
pour k de 0 a nblterations faire
pour i de 0 a nbClusters faire
tant que lafonction objective entre les nouvelles positions des
clusters et les anciennes est supérieur a un seuil prédéfini faire

o row

6 /* m représente le nombre de points dans le jeu de test */

r pour j de 0a m faire

S c indice du cluster le plus proche (distance considérée
dans notre cas : norme d’ordre 2 de la différence vectorielle)

9 fin pour

10 pour j de 0 a 25 faire

u | pi C- moyenne des points affectés au cluster i

12 fin pour

13 Comparer la valeur de la fonction objective pour les clusters

trouvés dans cet itération et celle des meilleurs clusters trouvé,
et ne garder que la meilleur

14 fin tq

15 fin pour

16 fin pour

17 Prendre les clusters ayant la meilleur valeur du colt

18 Fin

Figure 2 - Vue synthétique de I'algorithme MOR.

3.2 Régression par Apprentissage semi-Supervisé (RAS)

L apprentissage semi-supervisé permet d’aborder le probléme précédent sous un angle différent. Ainsi, au lieu
de chercher un nombre m réduit de points représentatifs du plan d’expérience initial, nous essayons a travers
cette méthode d’inférer la fonctionnelle F représentative du modéle stochastique (i.e. a partir des réalisations
aléatoires des parametres d’entrée du modele). Ceci peut étre réalisé a partir d’une régression basée sur un
nombre restreint (m également ici) de points. Une fois ce nouveau modele (simple) déterminé, il est possible de
pratiquer un nombre de réalisation substantiel pour extraire les moments statistiques nécessaires (moyenne par
exemple). Les données choisies par cette méthode RAS (active learning) donnent une vision optimale de I’erreur
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commise sur le modele, mais peuvent s’avérer moins représentatifs du plan d’expérience initial. Le processus
global d’extraction est synthétisé dans la Fig. 3.

Figure 3 - Diagramme de flux de l'algorithme RAS : illustration avec n = 10s points dans |’espace d’entrée,
m = 25 points optimaux, régression linéaire, et détermination de la moyenne de I’'observable choisi (dans la
suite, moyenne du courant).

Brievement, on notera que différents critéeres d’optimalité ont été définis. Dans I’exemple présenté, le critére
dit de “A-optimalité” est utilisé : cela consiste a choisir les points X' des points d’entrée qui minimiseront
trace([(XTX)- 1]). Pour le lecteur intéressé, les détails sont donnés dans le dépbt github : https://github.
com/ukarroum/optimal-experimental-design.

L algorithme décrit a travers les Figs 3 et 4 présente I'utilisation de techniques de régression “linéaires”. Naturel-
lement, les traitements proposés ont été généralisés pour des approches “non-linéaires” (a travers la génération
de combinaisons). Ainsi, pour deux entrées x et y, on peut considérer différentes configurations de monémes :

» d’ordre 2 au maximum :X, y, X2, Y2, Xy ;
» d’ordre 3 au maximum : Xs, y3, X2y, Xyz, et ceux d’ordre 2;

 d’ordres plus élevés ...

Le pré-traitement précédent est automatisable pour différents ordres de maniére automatique par la bibliothéque
a condition de fixer cette information en début d’analyse.

Algorithme 2 : Active Learning

1 Procedure get"optimalLdesign”expfE : X ; Sortie : X )
Initialiser X a un point tiré aléatoirement
a =(X ,ta'\')->g
pour i de 1a nombreExperiences faire
| Ajouter le point v qui maximise
fin pour
Fin

— by

a Réelement on n’utilise qu'un pseudo inverse
h une simple recherche linéaire est utilisé

Figure 4 - Algorithme RAS : illustration de lafonction get_optimal_design_exp.

4 Résultats numériques

L utilisation de la relation (1) en tenant compte des incertitudes de la Tab. 1 conduit aux résultats des figures 5
et 6. Ainsi, on constate le tres bon comportement du plan d’expérience MOR, permettant d’obtenir un trés bon
accord avec seulement 10 simulations, comparativement a 100000 réalisations MMC (Fig. 5). L’utilisation de la
technique RAS & l'ordre 2 permet également d’obtenir des valeurs de courant moyen en accord avec MOR (25


https://github

simulations) et la référence MMC (fig. s).

Courant moyen <Z > [A]

10° 101 102
Fréquence [MHZz]

Figure 5 - Résultats obtenus par MOR (10 réalisations) et MMC (10s simulations).

Courant moyen <Z > [A]

10 101 102

Fréquence [MHz]

Figure 6 - Comparaison des techniques MOR et RAS (25 réalisations) vis-a-vis de la référence MMC.
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5 Conclusion

Cette proposition a permis d’illustrer I'intérét de techniques originales d’apprentissage (respectivement MOR et
RAS) pour la réduction de la complexité d’un probléme de CEM soumis a des paramétres d’entrée incertains.
L’avantage majeur de ces deux méthodes repose sur leur flexibilité quant au choix du nombre de réalisations
nécessaires m pour la simulation, ceci en regard du nombre conséquent de simulations imposé la référence
Monte-Carlo (MMC avec n réalisations et n » m). Les méthodes se révélent prometeuses sur la base des
résultats fournis concernant la détermination du courant moyen couplé sur une ligne de transmission. Des travaux
complémentaires montrent actuellement le trés bon comportement des méthodes, méme pour 'extraction de
quantiles élevés (e.g. maxima de courants).
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