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ABSTRACT

The internal properties of cometary nuclei are the best clues to the size distribution and prop-
erties of the early planetesimals that formed the planets during the early Solar system nebula
processes. The CONSERT radar was designed to probe the interior of comet 67P/Churyumov—
Gerasimenko with a wavelength of about 3 m. It was successfully operated during the First
Science Sequence of the Rosetta mission when the CONSERT’s wave propagated through part
of the nucleus’ small lobe. The shape of the received signals provides some hints about the
internal structure of the comet’s small lobe. The limited broadening observed on the received
pulses is compared to simulations performed on a series of non-homogeneous nucleus models
to put constrains on the potential structures at the wavelength’s scale. The study allows to
exclude structures showing a permittivity contrast larger than 0.25 inside the sounded part of
the nucleus at a few metres size scale.

Key words: scattering — methods: numerical — techniques: radar astronomy — comets: general.

To this aim, the shape on the received pulses is compared to
numerical simulations performed on a series of non-homogeneous
nucleus models.

1 INTRODUCTION

The internal properties of cometary nuclei are the best clues to
the size distribution and properties of the early planetesimals
that formed the planets during the early Solar system nebula

processes.

The CONSERT instrument was designed and developed to probe
the interior of comet 67P/Churyumov—Gerasimenko (thereafter
67P/C-G) with a wavelength of about 3 m and to provide in-
formation about the internal structure of the nucleus. During the
First Science Sequence (FSS) part of the small lobe of the nu-
cleus was successfully sounded. The purpose of the work presented
in this paper is to find constrains on the internal structures in
terms of size and composition at a scale commensurate with the
wavelength.

* E-mail: valerie.ciarletti @latmos.ipsl.fr

© 2017 The Author(s)

2 COMET 67P/C-G CONTEXT

2.1 Low density of cometary nuclei

Before Rosetta’s rendezvous with comet 67P/C-G, the bulk den-
sity of its nucleus, as for other comets, had been estimated from
its mass, derived from non-gravitational forces and from its size,
tentatively estimated from remote observations in the visible and
the infrared. It was found to be very low with an upper limit around
500 kg m~* (Davidsson & Gutiérrez 2005), quite typical of most
cometary nuclei densities (Weissman & Lowry 2008). Such a re-
sult indicates a nucleus structure dominated by voids, suggesting
the presence of fractures and possible sub-nuclei structures, to-
gether with an intrinsic micro-porosity of the nucleus’ ices and
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refractories, in agreement with clues from the structure of dust par-
ticles in the coma (Levasseur-Regourd et al. 2009). Early after the
Rosetta rendezvous, the bulk density of 67P/C-G was estimated to
be about (470 % 45) kg m~3, through RSI and OSIRIS determina-
tions of, respectively, the mass and the shape (Sierks et al. 2015).
Once the Southern hemisphere was illuminated and the global shape
determined, results would converge towards a more precise value
of (533 + 6) kg m—3 (Pitzold et al. 2016) or of (532 £ 7) kg m 3
(Jorda et al. 2016). These final results strongly confirm the large
porosity (70-80 per cent) estimated for the nucleus, which needs to
be explained by either micro or macro porosity structures.

2.2 Cometary nuclei interior structure

Because of their high volatile content and short lifetime in the inner
Solar system, cometary nuclei have long been argued to be the most
pristine remnants of early Solar system accretion processes beyond
its inner water condensation limit. Rosetta’s recent measurements
at comet 67P/C-G during more than 2 yr along its trajectory, before
and after perihelion, correspond to major improvements of our un-
derstanding of cometary evolution. On the one hand, they clearly
indicate the pristine state of the comet from the detection of very
volatile species (N, and O,; Bieler et al. 2015; Rubin et al. 2015)
indicating an internal temperature between 30 and 40 K. They also
provide evidence for (as already mentioned) a very low density
of the nucleus of about 530 kg m~3, for a limited aqueous alter-
ation (Davidsson et al. 2016), and for pristine fluffy dust particles
with very low densities, typical of hierarchical structures, at least
from tens of nanometres to tens of millimetres, and fractal dimen-
sions close to 2, probably remnants of the initial accretion of this
small body. Such conclusions were provided by GIADA, MIDAS,
and COSIMA dust measurements (Fulle et al. 2015; Bentley et al.
2016; Langevin et al. 2016; Mannel et al. 2016). On the other hand,
they highlight the vigorous resurfacing processes at work during the
activity phases of the comet near the Sun, as expected from thermo-
physical properties of cometary nuclei materials (De Sanctis et al.
2010). This is illustrated by the occurrence of multiple sporadic
outbursts and jets (Sierks et al. 2015; Vincent et al. 2015; 2016;
Griin et al. 2016), the loss of material equivalent to a global 1 m
depth erosion mostly located in the Southern hemisphere where icy
patches are subsequently observed (Bertaux 2015; Groussin et al.
2015; Pommerol et al. 2015; Filacchione et al. 2016) and finally the
associated dust transport and deposition from the Southern to the
Northern hemisphere (Thomas et al. 2015a,b). Because its activity
systematically resurfaces the comet, the clues linked to the forma-
tion processes of the body have to be probed through the physical
properties of the material at depth.

Trails of debris have been detected along cometary orbits for
many Jupiter Family comets, including 67P/C-G), mostly from
infrared remote imaging (Kelley, Reach & Lien 2008; Agarwal
etal. 2010). Catastrophic disruptions or partial fragmentation events
serendipitously offer the possibility to detect some cometary nuclei
internal properties. Indeed, such events can lead to the release of
evaporating icy fragments from the nucleus with sizes up to a few
tens to hundreds of metres (e.g. Asphaug & Benz 1996; Desvoivres
et al. 2000; Levasseur-Regourd et al. 2009). The fragments released
in such events might correspond to the internal building blocks of the
nucleus, and to some extent to parts of a surficial crust. As comets
are varied objects with few hints to potential chemical composition
taxonomies (see e.g. Mumma & Charnley 2011), it is most likely that
the interior of nuclei cover a range of physical and chemical prop-
erties depending on their region of formation and their subsequent
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evolution. Many fragmentation events have been observed but there
are no particular patterns to predict comet splitting (for a review,
see Boehnhardt 2004; Fernandez 2009). In general, the secondary
nuclei are observed to present tails, comae, and activity similar to
single nuclei. The spectacular observations of the breakup of comet
73P/Schwassmann—Wachmann 3 in 2006 demonstrated that the size
distribution of the ejected fragments could be fitted with a differ-
ential power law of coefficient —3.34 (Ishiguro et al. 2009; Reach
et al. 2009), a coefficient similar to populations of planetesimals in
collisional equilibrium (e.g. Hellyer 1970). Spectroscopic observa-
tions of the above-mentioned comet indicate no strong differences
in composition between the fragments (Dello Russo et al. 2007;
Schleicher & Bair 2011), though clues to possible differences in the
dust properties, which might give an insight on different properties
of inner sub-nuclei, were noticed (Hadamcik Levasseur-Regourd
2016). These observations could be consistent with the hypothesis
that cometary nuclei fragments represent primordial blocks of the
accretion of comets.

2.3 Variety of structures detected on the surface of 67P/C-G

The OSIRIS experiment on-board Rosetta has revealed the surface
of the nucleus to be more complex than could be assumed from pre-
vious missions, from larger distances and through fast flybys (Sierks
et al. 2015; Thomas et al. 2015a). A wide variety of structures
has been discovered, with pits and depressions (both quasi-circular
structures ranging from about 50 to 200 m in diameter), as well
as boulders, terraces, cracks, and fractures, possible impact craters
and dune morphologies. The distribution of various features within
different regions of the nucleus is detailed in table 2 of El-Maarry
et al. (2015).

Pits, with a depth/diameter ratio near 1, happen to be in some
cases the sources of nucleus activity and reveal on their walls repeat-
ing structures with a typical scale of 3 m (Sierks et al. 2015). These
pits may be clues to large (several tens of metres) heterogeneities
in the structural properties of the nucleus below the surface. They
could either have formed from sinkhole collapse, meaning that voids
might have existed in the nucleus since its formation or result of in-
ternal heat changes, then only existing close to the surface (Vincent
et al. 2015). Depressions present flat floors and walls indicating a
consolidated structure, and might result from endogenic processes
or impacts (Auger et al. 2015).

At the surface of 67P/C-G, boulders are present with sizes in
the 1-100-m range. They are mainly found on gravitational slopes
lower than 35° and could be erosion products (Auger et al. 2015).
Their size—frequency distributions were noticed to be similar in
alike geomorphological regions and are thus estimated to be due
to similar processes (Pajola et al. 2015). While the inner structure
of these boulders is unknown, it may be of interest to notice that a
few large solid chunks have been observed by OSIRIS in the inner
coma (e.g. Rotundi et al. 2015). Ejection of these decimetre-sized
objects (before perihelion) could be a clue to a density substantially
below the nucleus bulk value, and thus of an extremely high poros-
ity (Davidsson et al. 2015). The global distribution of boulders on
the surface of comet 67P/C-G is certainly shaped by sublimation
and erosion processes (Pajola et al. 2015). However, observations
of lumpy features on dust-free 67P/C-G surfaces, such as rounded
nodules, so-called goose bumps, located on the walls of large and
deep pits in the Seth region discussed in Sierks et al. (2015); their
size distribution is centred around 2-3 m, and they have been ar-
gued to represent a signature of the primordial building blocks of
67P/C-G (Davidsson et al. 2016). If this is the case, then the
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cometesimals would have presented a population of bodies with
a monodisperse size distribution of about 3 m.

In situ observations of 9P/Tempel 1 during Deep Impact mission
and of 67P/C-G during the Rosetta mission have shown the presence
of geological ‘layers’ or terraces on their surfaces (Thomas, Alexan-
der & Keller 2008; Ciarletti et al. 2015; Massironi et al. 2015). They
indicate an inner stratification, which could result from sublimation
or be primordial. Some authors have suggested that cometary layer-
ing may reflect a primordial accretion processes. Layering processes
at the formation of comets could originate from the deformation of
large accreting cometesimals during collisions (Belton et al. 2007;
Jutzi & Asphaug 2015), from collision induced sintering on come-
tesimals aggregates (Lasue et al. 2009, 2011), or from pebble ac-
cretion that coalesced in streaming instabilities within the turbulent
protosolar nebula (Johanssen et al. 2007; Wahlberg Jansson & Jo-
hansen 2015). In this context, cometesimals are understood as the
smallest sized bodies that formed in the early Solar system and co-
alesced to form the cometary nuclei. Their typical sizes range from
pebbles of a few millimetres to centimetres, to cometesimals of 10—
100 m (e.g. Weidenschilling 2004; Johansen et al. 2015). Whether
67P/C-G has retained its main characteristics of a bilobate shape,
with the presence of layers and cracks, volatiles in the interior, and
limited aqueous alteration since the beginning of the Solar system as
aprimordial body (e.g. Davidsson et al. 2016) or if it is a later rubble-
pile object formed by reaccretion of cometary fragments (e.g. Mor-
bidelli & Rickman 2015; Rickman et al. 2015) remains a matter of
debate.

2.4 Nucleus composition and realistic range of permittivity
values

To shed light on the particular processes at work during 67P/C-G’s
accretion, it is necessary to assess the internal structure of the comet
nucleus at depth and the size distribution of inhomogeneities that
could represent cometary building blocks, should they be present.
This was the goal of the CONSERT radar, which probed the small
lobe of 67P/C-G to depths of a couple of 100 m during the FSS.
The initial analysis of the CONSERT signal indicates that the bulk
cometary material has a very low relative dielectric permittivity
of 1.27 £ 0.05 through the parts of the small lobe that have been
sounded by the experiment in the vicinity of Philae’s landing site
(Kofman et al. 2015).

In this work, we look more closely at the CONSERT signal trav-
elling through different parts of the small lobe, and use numerical
simulations of the signal’s propagation to constrain the properties
of heterogeneities that may be present inside the nucleus. Since the
propagation of the electromagnetic waves is essentially driven by
the dielectric permittivity of the medium, CONSERT data provide
first-hand information about the permittivity value and its variability
inside the sounded volume of the nucleus.

At low temperatures, in the 90-150 K range at the landing site
of Philae (Spohn et al. 2015; Lethuillier et al. 2016), and cer-
tainly around 30-40 K inside the nucleus as argued in Section
2.1, the permittivity weakly depends on temperature (e.g. Heggy
et al. 2012). Therefore, the range of permittivity to be considered
for the cometary material mostly depends on the porosity and/or
composition of the material.

We know that comets’ nuclei are mixtures of materials with a
high porosity (more than 75 per cent in the case of 67P/C-G), ices
(mainly H,O, CO, and CO) and refractory dust particles (typically
minerals and organic compounds) as they are detected in the coma
of comets from ground-based observations and in situ measure-
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ments (e.g. Cochran et al. 2015; Wright et al. 2015; Altwegg et al.
2016; Fray et al. 2016). At CONSERT’s 90 MHz frequency and at
low temperature, the permittivity values for non-porous ices range
from 3.1 to 3.4 for H,O hexagonal and amorphous ices, around 2.1
for CO; ice and around 1.4 for CO ice (Hérique et al. 2016 and
references therein). The values for refractory materials are less easy
to determine because intrinsic micrometre-scale porosity is always
present. Nevertheless, some values can be found in the literature for
meteorites measured in the laboratory (Heggy et al. 2012; Hérique
et al. 2016) or for minerals and carbonaceous compounds relevant
to cometary materials, which may vary from a low 2 for pure refrac-
tory carbon up to around 7 for Mg-silicates minerals (for a review
see table 7 in Hérique et al. 2016, and Brouet et al. 2016).

For a given mixture of materials, mixing formulas provide an
estimated range for the resulting permittivity value. But retrieving
the composition of a mixture from its measured permittivity value
is challenging since a given permittivity value can be obtained
by a huge number of mixtures. However, it provides constraints
on the composition especially when combined with information
from other instruments. An efficient approach is to test possible
scenarios for the dust fraction composition. This approach has been
used to interpret the 1.27 &£ 0.05 permittivity value inside the small
lobe of 67P/C-G from CONSERT’s data (Kofman et al. 2015): in
combination with the density from RSI and the dust to ice ratio
from GIADA and ROSINA measurements, the bulk porosity value
as estimated by CONSERT is about 75 per cent in volume, a value
in agreement with previous in situ cometary dust studies at comet
1P/Halley (Jessberger, Christoforidis & Kissel 1988), with analyses
of micrometeorites possibly of cometary origin collected on the
ground (Engrand & Maurette 1998; Flynn et al. 2016) and with
more recent COSIMA dust mass spectrometer measurements at
67P/C-G (Fray et al. 2016). Then, Hérique et al. (2016) improved
this interpretation and showed that the permittivity value for the
refractory dust cannot be very large, which is only consistent with a
major contribution from carbonaceous material in the dust fraction
of 67P/C-G’s cometary material.

3 ANALYSIS OF THE SHAPE OF THE
CONSERT RADIO PULSES

CONSERT is a bistatic radar designed to characterize the nucleus
internal structure. To achieve this objective, transmitters and re-
ceivers operating at a central frequency of 90 MHz (equivalent to a
wavelength of 3.3 m in vacuum) are accommodated on board both
the Rosetta’s main spacecraft (hereafter the orbiter) and Philae. The
instrument, described in detail in Kofman et al. (1998, 2007), has
been successfully operated during the mission. CONSERT’s data
have been acquired in three different contexts and configurations
(Kofman et al. 2015): (1) when Philae was separated from the main
spacecraft but not yet in contact with the nucleus during the Sep-
aration Descent Landing (SDL) phase, (2) during the FSS after
Philae landing at Abydos (which is the name given to the location
of Philae’s landing site) and when the CONSERT waves propa-
gated through parts of the smaller lobe of the nucleus, and finally
(3) after the FSS, when Philae at Abydos was in line of sight with
Rosetta’s main spacecraft in order to constrain Philae’s location by
triangulation (Hérique et al. 2015).

The work presented in this paper relies on data acquired during
the FSS, which are the only ones corresponding to actual propaga-
tion through parts of the small lobe of the nucleus and sounding
the cometary material. The quantitative interpretation of these
FSS CONSERT’s data is complicated by the bistatic configuration
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around a surface with an intricate topography, and the fact that the
position and orientation of the CONSERT’s antenna on Philae are
far from being nominal, as finally confirmed in early September
2016 when Philae was eventually seen on 67P/C-G’s surface (http://
www.esa.int/Our_Activities/Space_Science/Rosetta/Philae_found).
Therefore, the interpretation of the CONSERT’s observations is
not straightforward but relies on the comparison of experimental
data with synthetic data, with a view to constraining the physical
parameters of the propagating material from the time delay,
intensity, and deformation of the transmitted signal (e.g. Richards
2005). The synthetic data are obtained from numerical simulations
relevant to the propagation of the CONSERT instrument’s signal
through a parametric model of the nucleus, chosen to explore
the physical parameters we want to constrain. These physical
parameters correspond to the dielectric permittivity range of the
cometary material as detailed in Section 2.4, the typical size of the
internal structures within the cometary material and the length of
propagation through this material.

This method has provided the first estimate of the mean per-
mittivity inside the volume of the small lobe of the nucleus ac-
tually sounded by CONSERT (Kofman et al. 2015). In that case,
ray-tracing simulations were performed assuming a homogeneous
nucleus and taking into account the refraction of the wave across
the nucleus’ surface. The simulated delays were compared to the
measured ones on both directions probed by the sounding (West and
East of Abydos), which behaved in opposite ways. The combination
of simulations on many possible positions of Philae on the surface
of 67P/C-G led to a relatively precise estimated value of the mean
dielectric permittivity of 1.27 £ 0.05 (Hérique et al. 2016) and, at
the same time, constrained the location of Philae inside an area of
22.6 x 41.5 m> (Hérique et al. 2015). It was further determined
from the shape of the radio wave peak signal that the cometary ma-
terial was very weakly dispersive, giving support to the hypothesis
of a homogeneous cometary material, at least down to the scale of
the wavelength, of about 3 m (Kofman et al. 2015).

In this work, we focus on assessing the potential presence
of heterogeneities at a scale of the order of a few metres. Fol-
lowing the above-mentioned method, experimental data are com-
pared to simulated ones in order to exhibit constraints on the spa-
tial scale and the permittivity contrast of heterogeneities inside
the sounded volume, which can be compatible with CONSERT’s
data.

3.1 The radio wave pulses shape parameters

It is possible to characterize the CONSERT’s signal by a few pa-
rameters chosen to efficiently analyse the effect of the propagation,
namely: the propagation delay, the width and amplitude of the re-
ceived pulse, and the number of received pulses. The propagation
delay was already used, as mentioned, to retrieve the real part of the
permittivity mean value (Kofman et al. 2015; Hérique et al. 2016)
and to provide an estimate of Philae’s location (Hérique et al. 2015).
Now that the precise position of Philae has been determined, work
is on-going to characterize potential differences in the time delay
between the Western and Eastern sounded regions, which would
indicate differences, if any, in dielectric properties for different re-
gions of the small lobe of 67P/C-G.

Further analysis of the received amplitude is on-going. It requires
a much more complex analysis that needs to take into account the
location of both the receiver and the transmitter, the nucleus shape,
the orientation of Philae’s antennas — impacting the polarization
of the transmitted waves — and an accurate description of Philae’s
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close environment — impacting Philae’s antennas radiation pattern
(Plettemeier et al. 2016).

For the purpose of our study, we chose to focus on the shape of
the received pulses since the width of these pulses is likely to be
linked to the level of heterogeneity inside the sounded volume of
the nucleus.

3.2 CONSERT radio pulse width estimation and calibration

When a radio wave propagates through a non-homogeneous
medium, volume scattering can be responsible for waveform spread-
ing, provided that the permittivity spatial variation is large enough
and that the scale of the heterogeneities is commensurate with
the wavelength. To study and quantify this potential spreading
on the data, we need a reliable baseline reference corresponding
to propagation through a homogeneous medium. Deviation from
this reference would be an indication of possible scattering and
can be compared to simulated data to characterize the propagation
medium.

3.2.1 Measuring the pulse width from CONSERT data

CONSERT is an instrument designed to characterize the prop-
agation’s conditions between Philae and the orbiter. An in-time
transponder structure has been developed to bypass the clock accu-
racy limitations and achieve an accurate time delay measurement as
described in several papers (e.g. Kofman et al. 1998, 2007; Hérique
etal. 2015). The actual signal used by CONSERT is a BPSK-coded
(Binary Phase Shift Keying) sequence at a rate of 10 symbols per
us (corresponding to a frequency bandwidth around 10 MHz). This
sequence is modulated at 90 MHz to be transmitted and received by
the antennas. The receiver’s frequency bandwidth is around 8 MHz,
thus slightly narrower than the signal frequency bandwidth leading
to an expected pulse width around 0.125 us. After demodulation in
phase and in quadrature, the received signal is sampled at 10 MHz.
This sampling frequency is close to the Nyquist frequency but still
lower than the theoretically needed value, the induced aliasing is
limited but specific caution must be taken to interpolate the sig-
nal on-ground and compensate the transponder effects, in order to
accurately retrieve the propagation delay and estimate the pulse
spreading.

A dedicated on-ground processing has thus been developed to
produce properly compressed by model and interpolated CON-
SERT’s pulses (Pasquero, Herique & Kofman 2017). It has been
tested and validated on a calibration data set obtained on the ground
with CONSERT’s electronics spare models, where the homoge-
neous propagation medium was simulated by coaxial cables and
attenuators. It is implemented in the CONSERT signal-processing
pipeline and applied to retrieve the propagation delay on the SDL
and FSS signals for both science and operational purposes (Hérique
et al. 2015; Kofman et al. 2015). To estimate the width of the re-
ceived pulses, we use the signal interpolated, as explained above
in order to avoid bias introduced by classical interpolation methods
like Fourier interpolation that are not adapted to partially aliased
signals. Two parameters have been used for the study (see Fig. 1):
the pulse width at 3 dB (AT3q4p) and at 6 dB (ATggp) for the max-
imum value. Despite the fact that the compressed-by-model data
processing was initially designed to obtain an improved estimate of
the propagation delay, we are confident that it also provides relevant
pulse width values.
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Figure 1. Typical shape of an experimental normalized CONSERT’s pulse
and definition of the pulse widths AT3qg and ATggg. In this case the pulse
widths are determined to be 0.13 and 0.18 us.

3.2.2 Baseline reference value for the pulse width

The precise shape and width of the pulse that would be received after
propagation through a perfectly homogeneous medium depends on
the transfer function of the transmitters, receivers and antennas in
the direction of the wave propagation.

It cannot be experimentally obtained using data collected when
Philae and Rosetta were in line-of-sight during the SDL or, even
better with Philae on 67P/C-G nucleus, when some additional direct
transmissions have been performed to get an estimate of Philae’s
location by triangulation during FSS. Indeed, for these two con-
figurations, the transmission between Philae and the Orbiter was
established in effective directions quite different from the one used
during FSS with respect to the antennas’ main lobe principal direc-
tion. Since the antennas’ radiation pattern is frequency dependent,
the distortion induced by the antennas in one direction can dif-
fer significantly from the one observed in another direction. As a
consequence, these two sets of data cannot be used as a reference
for the analysis of the FSS data.
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In 2002, before launch, CONSERT radar electronics had been
calibrated on the ground in relevant thermal conditions, with elec-
tronics connected with coaxial cables. A calibration data set pro-
vides reference pulse width in absence of scattering. These reference
measurements do not take into account potentially less important
instrumental effects such as electronic aging, temperature variabil-
ity, and the antenna distortion from pattern and matching network.
We are also aware that the potential impact of the nucleus on the
radiation pattern of the antennas is not accounted for in these mea-
surements. Nevertheless, they provide a reliable enough basis for
the experimental and simulated data interpretation.

The pulse widths due to the limited frequency bandwidth of
the electronics units (including both the receivers and transmitters)
ATep3gp and A Trereqp have been computed on a data set of 7000 mea-
surements performed with a very good signal-to-noise ratio (SNR;
>40 dB). The histograms of the measured obtained values are show
in Fig. 2. The obtained mean values are ATer3q5 = 0.113 s with a
standard deviation of 0.007 us and A Tiegeqp = 0.152 s with a stan-
dard deviation of 0.024 us. The widths measured at 3 and 6 dB are
coherent (for a perfect compressed BPSK, ATieteap /A Tref3an ﬁ).
The dispersion increases significantly when we consider the pulse
width at 6 dB which corresponds to the oscillations from the imper-
fect compensation of the aliasing (see Pasquero, Herique & Kofman
2017, fig 10).

As previously mentioned, after Philae rebounds during the SDL,
CONSERT was operated with a lander in a far-from-nominal at-
titude. The antenna pattern which results in the coupling of the
CONSERT monopole antennas with the lander body and the nu-
cleus likely environment, has been significantly impacted by this
uncontrolled geometry. Initial electromagnetic simulations of this
complex configuration have been performed. They take into account
the Digital Terrain Model of the landing site determined from the
OSIRIS data (Capanna et al. 2016), the permittivity value estimated
by CONSERT and the recently confirmed attitude of Philae and
its antennas. As expected, preliminary results show that a limited
pulse broadening is indeed likely to take place (Plettemeier et al.
2017).

Only the analysis performed on the ATyqp values is presented in
this paper. The observed trends are confirmed by the analysis of the
AT3dB values.

rrT1rryrrrr [ rr 7] rr 1717 T1T

0.30

0.25

0.20

[I\!\[\f\\l\\\f{\

0.15

0.10

0.05

1!1\‘\1\!‘\\!

1 I O
0.15 0.20 0.25

ATre f 3dB

o

0.00

EklllllllllllJl\IJ\J‘J\JJ'J\J\\\

-
o~
o
w—
o~

Figure 2. Histograms of the pulse widths due to the electronics at 3 dB (left) and 6 dB (right) computed on 7000 measurements (number of occurrences

normalized by the total number of analysed sounding).
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Figure 3. FSS configuration, adapted from Kofman et al. (2015). The approximate dimension of the nucleus’ small lobe is indicated as well as the typical
distance between Philae and Rosetta during FSS. In this paper, only signals corresponding to a strong enough SNR (i.e. corresponding to the green and yellow
lines) have been used.
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Figure 4. Pulse widths at 6 dB ATggp measured during FSS as a function of the sounding number for FSS wes (left) and F'SS gaq (right).

3.3 Calculated width of CONSERT’s pulses obtained through part of the CONSERT measurement sequence and FSS g,y When
the comet during FSS Rosetta was East of Abydos during the final part of the CONSERT
measurement sequence.

A preliminary work made on the estimation of the distances actu-
ally travelled inside the nucleus during FSS show that the distances
are globally increasing during F S Swes and decreasing for FS S,y
but remaining between 900 and 200 m.

As previously explained, the pulse widths of the FSS measure-
ments are computed to be quantitatively analysed and compared to
the calibration values. For both F'SSwey and FSSg.y, the experi-
mental values of ATygp are displayed as a function of the sounding
number in Fig. 4, the corresponding histograms are shown in Fig. 5.

These AT values present quite obvious regular oscillations
with an amplitude around 0.05 us, which can simultaneously be

During FSS, soundings have been successfully performed through
parts of the small lobe between Philae and Rosetta. Fig. 3 shows the
location of Philae at Abydos and the trajectory of the main spacecraft
during FFS. For each sounding, the colour used for the straight line
that connects Philae and Rosetta is representative of the SNR value.
The green (SNR > 3 dB) and yellow (3 dB > SNR > 1 dB) colours
represent correct signal detections and provide the data set used for
the present study.

Therefore, two distinct sets of data with a sufficient SNR are con-
sidered in the following: F'SSwes corresponding to measurements
performed when Rosetta was located West of Abydos in the early
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(right) presented as a function of the sounding number in Fig. 4.

Table 1. Pulse width values at 6 dB.

ATean (1s)
Mean Std Mean + Std
Reference 0.152 0.024 0.176
FSSwest 0.194 0.032 0.226
FSSEast 0.174 0.048 0.222

observed on the amplitude of the received pulses too. This periodic
phenomenon, which is not visible on the calibration data or on the
cruise measurements, is still under study. But, given its persistence
and regularity throughout the whole FSS acquisition sequence, a
geophysical origin inside the nucleus can be straightaway excluded.
An instrumental origin is being considered for this oscillation es-
pecially the distortions from antenna patterns and some possible
multipath propagation at orbiter level.

The mean ATygp values computed on the FSSwes and F S Sgaq
with their standard deviation (Std) are given in Table 1. They show,
as expected, a slight broadening of the pulse widths during FSS with
respect to the ground calibration values, A T.;. The discrepancy with
the reference values is quite small and might not be significant if
we consider the effects of the sampling rate mentioned above.

The AT FSS data present some very limited areas with larger
values but the corresponding signals do not present any features
characteristic of volume scattering, i.e. increase of the effect with
the distance travelled inside the nucleus and asymmetric pulse shape
with a trail at the right of the maximum. The higher values at the
beginning of F'S Sk, (around position #150 Fig. 4 right) have been
collected with a degraded SNR (<15 dB) that explains the en-
largement of the pulse. The observed sporadic occurrences of peak
enlargement during F'SSg, are very limited in time and associ-
ated with fast phase rotation which is characteristic of interferences
likely due to surface topography.

In conclusion, the CONSERT’s signal does not present any ev-
idence of significant scattering through the cometary material, as
determined earlier. In the next section, we compare the peak widths
values measured on CONSERT’s signal to wave propagation nu-
merical simulations to constrain the level of inhomogeneity inside
the nucleus that would be compatible with the observations.

To obtain an experimental pulse width value for comparison with
the simulated data, we chose to use the mean AT value augmented
by its standard deviation (see Table 1). Even if some slight dif-
ferences can be noticed between FSSwey and F'SSg., We con-
sider, for the results presented here, a unique threshold experimental
ATgssvalue for the whole FSS measurements A Tgssgag = 0.226 us
for the pulse width at 6 dB (see Table 1). In the following discussion,
simulated pulse width values above these thresholds are considered
not to be in agreement with the FSS data.

4 SIMULATION OF ELECTROMAGNETIC
WAVE PROPAGATION THROUGH
INHOMOGENEOUS MATERIALS

4.1 Numerical method

We have selected the Finite Difference Time Domain (FDTD)
method ( Taflove & Hagness 2005) to model the wave propaga-
tion in the nucleus material. The FDTD method is a numerical
method widely used in electromagnetic simulations. Compared to
other methods operating in the frequency domain, which may run
faster, it offers definite advantages for our problem. First, it is based
on a rigorous formulation and solves directly the set of Maxwell
equations without any physical approximation. Secondly, it is a ver-
satile method quite easy to implement and the accuracy of the nu-
merical scheme can be controlled by the time-steps or grid spacing.
Working in the time domain is clearly an advantage since the exact
waveform transmitted by the antenna is used as the input signal and
subsequent propagation and scattering of the waves can be followed
in a straightforward manner. Finally, it is a three-dimensional ap-
proach which allows us to take into account heterogeneities of the
electromagnetic properties inside the nucleus down to the scale of
the spatial mesh. Besides, increasing the heterogeneity of the prop-
agation medium does not change the computational or memory
costs.

To obtain reliable simulated data, the size of the FDTD cells must
be small enough to correctly describe the way the wave propagates
through it. The required condition commonly used is for the mesh
grid spacing, A, to be smaller than one tenth of the wavelength in
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the medium. For our study, the mean permittivity value is set to 1.27
in agreement with CONSERT’s inferred average bulk permittivity
value and we consider local values ranging from 1 (vacuum) to 2
(determined for nearly pure dust organic compounds as specified in
Section 2.4). Therefore, A can be set to 0.2 m for each of the three
spatial dimensions. Tests have been performed to check that this
value is small enough to give accurate results on well-known cases.

A consequence of the small A value is that the volume of the
whole nucleus (about 21.4 km?>, Sierks et al. 2015) cannot be dis-
cretized with such a small spacing. In fact, it would lead to a num-
ber of FDTD cells around 10*°, which would require unrealistic
computational resources. Therefore, we need to reduce the volume
used for the simulations while keeping it relevant to the phenom-
ena we are interested in for the study, i.e. the potential effect that
heterogeneities of a few metres size would have on CONSERT’s
pulse width. We thus model the 3D propagation of CONSERT’s
pulse in limited but still significant computational volumes equal
to (100 x 100 x L) cubic metres, L being the distance propagated
through the nucleus in metres. We are aware that this precludes any
conclusion that would be linked to the nucleus shape and that we ex-
clusively focus on the effect of the small-scale heterogeneities. This
reduction can be justified if the limited volume is still statistically
representative of the parameters of the nucleus model, specifically
if the size of the heterogeneities is small compared to the volume’s
dimensions. The size chosen for the computational volume allows
us to simulate heterogeneities with characteristic dimensions in the
0.2-10-m range.

We use the FDTD solver TEMSI-FD (Guifaud and Reineix,
2016). It includes suitably absorbing boundary conditions with
Perfectly Matched Layers (Bérenger 1994), to eliminate the par-
asitic reflexions that occur at the limit of the finite computational
volume. It also provides adequate fractal models to simulate non-
homogeneous environments.

4.2 Cometary small-scale structure models

Our purpose is to investigate the effect of potential heterogeneities
of a few metres size inside the nucleus. In order to minimize
a model-dependent bias, we choose to consider two types of
structures generated by two random processes as different as pos-
sible: a band-limited fractal model suitable to simulate sponge-like
internal structures and related micro porosities, and a model based
on spheres of the same size embedded in a homogeneous host ma-
trix, which may be relevant in the case of aggregated cometesimals
as described in Section 2.2. Given the high porosity value and the
materials that are anticipated for the nucleus composition, the geo-
physical parameter that is considered in the study is the real part
of the relative permittivity value, simply noted, ¢, hereafter. Each
nucleus model considered for the study has a global permittivity
value of 1.27 £ 0.05 (computed on the velocity of the waves) to
be in agreement with the mean permittivity estimated from CON-
SERT’s propagation delay. The second physical parameter that im-
pacts the wave propagation through the material is the scale of the
heterogeneities inside the cometary material. How we vary these
two parameters in the simulations is explained in the following
sections.

4.2.1 Diamond-square fractal structure

For this first model, we chose to generate heterogeneities inside
the nucleus using a fractal model that can easily allow us to study
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the impact of the size of the heterogeneities and the permittivity
contrast on the way the CONSERT’s waves propagate through it.
Fractal models are commonly used to model non-deterministic nat-
ural patterns that show self-similarity over extended but still finite
scale ranges e.g. river network, coastlines, surfaces, clouds, etc.
(Mandelbrot 1977). It is also generally recognized that low velocity
accretion of solid matter in the gas environment of the protoso-
lar nebula leads to the formation of low density fractal aggregates
with irregular shapes that could be representative of cometary nu-
clei (Donn 1990). Internal variations of composition, density or
cohesive strength are expected to result from the accretion process
(Donn 1990; Lasue et al. 2009, 2011) and could translate into fractal
variations of the dielectric constant inside the nucleus. The idea of
a fractal structure inside the nucleus is supported by observations
made at the surface at Philae’s landing site and within the inner-
most coma. Comet Infrared and Visible Analyser (CIVA)’s images
revealed a very fractured surface with complex structure and a va-
riety of grain scales and albedos (Poulet et al. 2016) and Rosetta
Lander Imaging System images showed a surface with a bi-modal
brightness distribution which has been interpreted in terms of de-
gree of consolidation suggesting that the surface below the lander
could consist of smooth, cracked plates with unconsolidated edges,
similar to terrain seen in CIVA images (Schroder et al. 2017). Be-
sides, dust experiments on-board Rosetta strongly suggested that
the dust particles present a fractal hierarchical structure (Fulle et al.
2015; Bentley et al. 2016; Mannel et al. 2016).

Building a fractal model requires an elementary pattern and a
rule to split the pattern or to transform it usually by self-similarity
in an iterative process. The algorithm proposed by TEMSI-FD is
based on the diamond-square splitting technique (Miller 1986) that
is described in the on-line supplementary material. We choose
to describe the 3D fractal structures obtained (see illustration in
Fig. 6a) by the two most relevant parameters: the spatial scale
diryc (corresponding to the typical size of the larger structures gener-
ated by the method) and the permittivity contrast A¢ = &pnax — Emin»
whose values can be linked to physical models of the nucleus. The
statistical variability of the models characterized by the same dj,c
and Ae is integrated in the results shown in the following through
the standard deviation of the computed pulse width.

4.2.2 Spheres-based structure

This second model is constituted by a number of spheres of the
same diameter value (dypn) randomly distributed inside the compu-
tational volume. The choice has been made to allow overlapping
spheres, which results in possibly larger structures consistent with
low collision and accretion processes of the spheres (see Fig. 6b).
The spheres and the matrix host are characterized by two different
permittivity values. The size of the spheres is taken as the hetero-
geneity size relevant for CONSERT measurements comparison.

4.3 Simulated CONSERT data

A number of simulations have been performed for the fractal and the
spheres models that represent two as different as possible spatial
structures for the nucleus. For each structure, we focus on two
integrated parameters a spatial scale (dfr, or dpp,) ranging from 0.6
to 8 m and a permittivity contrast Ae ranging from 0 (homogeneous
material) to 0.8.

For each considered internal structure scale and permittivity con-
trast Ag, we simulate the propagation of the pulse through 60 dif-
ferent realizations of the same random process to obtain statistically
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Figure 6. 2D slices of the two different 3D structures considered for the study. (a) Illustration of a structure generated by the diamond-square fractal process
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purposes.

representative characteristics. The results presented in the following
sections are the ATgqp averaged over those 60 simulations.

As an illustration of the effect of volume scattering on the
pulse width, Fig. 7 shows the pulse shape obtained by simulation
for two different nucleus structures generated with the diamond-
square method. The model with the smallest structures (df,c =
0.8 m) produces almost no scattering hence no pulse broadening
while the model corresponding to a larger characteristic size (df,c
=3 m) gives a broader pulse and, concurrently, a weaker amplitude
due to volume scattering. The spheres model would give the very
same behaviour.

4.3.1 Effect of variable dielectric permittivity contrast
Ae simulated over a distance of 200 m

Due to Philae’s bouncing at the surface after its touch-down, the final
position of Philae was not the one expected. As a consequence,
no measurement have been performed at grazing angles and the
smallest travelled distance inside the nucleus L is around 200 m
for both FSS wese and F'SS gag. If any volume scattering is to be
expected, the impact on the pulse width should be increasing with
L. The results obtained for L =200 m provide a first cut that allows
to restrict the heterogeneities size and permittivity contrast values
compatible with the CONSERT data.
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Fig. 8 shows the pulse width values as a function of the per-
mittivity contrast for three different sizes of heterogeneities with
the corresponding error bars. The variability of the computed pulse
width increases with the heterogeneities scale because for larger
scale the behaviour becomes less representative of the statistical
parameters chosen for the nucleus model. The same behaviour can
be observed for the two nucleus models considered: For dy,p < 1 m
or di, < 1, whatever the permittivity contrast is, the pulse width
remains equal to the one that would correspond to a perfectly ho-
mogeneous nucleus. The broadening of the pulse due to volume
scattering is noticeable for the larger spatial scale and increasing
with the permittivity contrast for both models, even if the effect is
more noticeable for the spheres model. For the two nucleus struc-
tures we consider, the measurements corresponding to a travelled
length of 200 m are not compatible with a permittivity contrast Ae
larger than 0.25 unless the heterogeneities size is around 1 m.

4.3.2 Effect of the distance travelled inside the material at a given
dielectric permittivity contrast A¢ simulated

We now focus on the effect of the distance travelled inside the
nucleus for a permittivity contrast of 0.25, which is the highest
value that might be compatible with CONSERT’s observation for
structures that have a few metres spatial scale. The results are shown
on Fig. 9 for the spheres model and for the diamond-square model.
As expected the volume scattering effect becomes more visible
when the distance travelled inside the material increases. Once again
the effect would be more noticeable for the spheres model. But
for both models, we can conclude that the CONSERT’s wave did
not propagate for more than 200 m inside a nucleus presenting
heterogeneities of a few metres size with a permittivity contrast
higher than 0.25.
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4.4 Discussion and interpretation

Based on the comparison between experimental data collected by
CONSERT during the FSS and simulation results, we obtain the
following constraints on the physical properties of the cometary
material inside the sounded part of the small lobe:

(1) For both structural models we considered, if the size of the
heterogeneities is smaller than 1 m, then any contrast of permittivity
at least up to 1 and whatever the distance of propagation through
the nucleus, the model would be consistent with the measured data.
Such a permittivity contrast would be observed for example between
vacuum (permittivity equal to 1) and pure CO, ice (permittivity
around 2.1), pure refractory carbon (permittivity around 2) or any
mixture of material with higher intrinsic permittivity values (i.e.
water ice and dust) with the right amount of porosity.

(2) Should there be heterogeneities of the order of 3 m, like
the potential cometesimals detected on the surface of 67P/C-G de-
scribed in Section 2.2, then the permittivity contrast should neces-
sarily be below 0.25 otherwise the width of the CONSERT signal
would have been affected to a measurable extent. This maximum
permittivity contrast value of 0.25, compatible with CONSERT’s
observations, is rather low which is consistent with a high porosity
inside the nucleus. It could be explained by a difference in poros-
ity or/and in composition. Based on the model of permittivity and
composition developed in Hérique et al. (2016), such a difference
would most likely be explained by local changes in porosity rather
than by local changes in the composition. This permittivity contrast
could correspond to a nucleus with highly porous areas (>95 per
cent, i.e. voids) and with areas having a porosity around 60 per cent.
On the other hand, if we consider a uniform porosity of 75 per cent
inside the sounded part of the nucleus, a local variation of the dust
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Figure 9. Pulse width at 6 dB versus distance travelled inside a non-homogeneous nucleus for the sphere model (left) and for the fractal model (right) a
permittivity contrast of 0.25. The experimental threshold values ATrgs gp is represented by the solid horizontal line.

to ice ratio would correspond to contrast lower than 0.25 and would
thus be compatible with CONSERT’s data.

In other words, these combinations of values (i.e. a typical size
around 1 m with a permittivity contrast up to 1 and a typical size
around 3 m with a permittivity contrast lower than 0.25) consti-
tute the limit of sensitivity of our analysis of the CONSERT data.
The absence of any pulse spreading due to scattering allows us to
exclude heterogeneity with higher contrast and larger size (but re-
maining on the few wavelengths scale, since larger scales can be
responsible for multipath propagation). It is important to note that
simulations with two very different models lead to the same inter-
pretation for the measurements, illustrating the robustness of the
conclusions derived by the method.

5 CONCLUSION

Because its activity periodically resurfaces its nucleus, any clue
about the formation processes of 67P/C-G have to be inferred from
physical properties of the material at depth. CONSERT’s instrument
has been specifically designed to sound the internal structure of the
nucleus. Since CONSERT is a radar, the information it can provide
is linked to the dielectric properties of the sounded materials, which
needs then to be interpreted in terms of composition and porosity.
During FSS, CONSERT’s electromagnetic waves successfully
travelled through parts of the small lobe of comet 67P/C-G over
distances ranging from 200 to at least 900 m. The measured propa-
gation delays allowed to retrieve an averaged value of the dielectric
permittivity 1.27 &+ 0.05 (Kofman et al. 2015), which corresponds
to a wavelength of 3 m in the nucleus. In this paper, we focus on
the waveform of the received signal, which provides information
about a potential heterogeneity inside the nucleus at a spatial scale

commensurate with the wavelength. Studying the nucleus structure
at 3-m spatial scale is important because it is the typical size of
boulders seen at the surface and, above all, of the structures that are
seen on the walls of the pits and have been argued to represent a
signature of the primordial building blocks of 67P/C-G.

The parameter used to characterize the received pulses’ shape is
the pulse width computed at 3 and 6 dB below the maximum ampli-
tude of the pulse. This parameter values have been computed for the
FSS sequence (whenever the quality of the CONSERT’s signal was
good enough) and compared to a reference value experimentally
obtained with the spare model of the instrument’s electronics on
Earth. The experimental values obtained during FSS show a slight
but not significant increase with respect to the reference values.
Moreover, there is no sizeable effect of the distance travelled inside
the nucleus. These observations are consistent with the fact that
no significant volume scattering is taking place during the wave
propagation, which means that, from a dielectric point of view, the
nucleus is fairly homogeneous at the wavelength scale.

3D electromagnetic simulations have been run on a series of non-
homogeneous nucleus models. Two different models have been used
to generate these nuclei. The first structure is based on spherical in-
clusions and accretion in a homogeneous matrix whose electrical
properties are very close to the vacuum ones. The second structure
is generated by the so-called diamond-square band-limited fractal
process, in line with models of nuclei formation from low density
fractal aggregates with irregular shapes and consistent with observa-
tions at 67P/C-G’s surface. Simulated pulses have been obtained for
typical spatial scales of the order of the wavelength in the medium
ranging from 0.8 to 8 m.

Comparison with the experimental pulse width values has been
used to find constraints of the structures inside the nucleus that
would be compatible with CONSERT’s data.
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(1) We show that structures with a typical size smaller than 1 m
even with a significant permittivity contrast would not have any
effect on the CONSERT’s wave form; CONSERT’s observations
cannot exclude or give constraints on any 1-m scale potential struc-
tures.

(2) 3-m size scale structures are compatible with CONSERT’s
measurements provided that the permittivity contrast of the structure
is less than 0.25. Given the high bulk porosity of 75 per cent inside
the sounded part of the nucleus’ small lobe, a likely model would
be obtained by a mixture, at this 3-m size scale, of voids (vacuum)
and blobs with material made of ices and dust with a porosity larger
than 60 per cent.

In this paper, we exclusively focused on 3D isotropic structures
therefore the effect of potential layers has not been considered. A
previous study (Ciarletti et al. 2015) has shown that layers pre-
senting a permittivity gradient over a thickness of tens/hundreds of
metres would have a significant effect on the path followed by the
waves inside the nucleus. But simulations show that they would not
have any effect on the pulse shape. Thinner layers could potentially
be responsible for internal multiple reflections with propagation de-
lays small enough that they would be responsible for a noticeable
pulse broadening. But given the high porosity of the nucleus, we do
not expect that the permittivity contrast between these layers would
be high enough to allow significant reflections at their interfaces.
Therefore, we do not believe that the experimental pulse width val-
ues can be used to rule out or confirm the existence of a potential
layering inside the nucleus.

On-going studies are dedicated to the accurate modelling of the
antenna radiation pattern (taking into account the lander structure
and its close environment, as well as the orbiter structure) which is
essential to understand the amplitude of the received signals. Simu-
lations focused on the effect of the nucleus shape at grazing angles
will be performed too. They will allow us to carefully disentangle
the effect of the surface from any effect due to the internal structure
of the nucleus and to understand the multiple echoes detected par
CONSERT.
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SUPPORTING INFORMATION
Supplementary data are available at MNRAS online.

Figure S1. One iteration of the diamond-square process on a cubic
pattern. For each iterations, eight cubes are generated per pattern.
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