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COMETARY SCIENCE

Properties of the

67P/Churyumov-Gerasimenko interior
revealed by CONSERT radar

Wilodek Kofman,' Alain Herique,' Yves Barbin,” Jean-Pierre Barriot,® Valérie Ciarletti,*
Stephen Clifford,® Peter Edenhofer,® Charles Elachi,” Christelle Eyraud,'”

Jean-Pierre Goutail,* Essam Heggy,”'” Laurent Jorda,'? Jérémie Lasue,'*

Anny-Chantal Levasseur-Regourd,'® Erling Nielsen,® Pierre Pasquero,’

Frank Preusker,'® Pascal Puget,! Dirk Plettemeier,® Yves Rogez,! Holger Sierks,®
Christoph Statz,® Hakan Svedhem,'® Iwan Williams," Sonia Zine," Jakob Van Zyl’

The Philae lander provides a unique opportunity to investigate the internal structure of a
comet nucleus, providing information about its formation and evolution in the early solar
system. We present Comet Nucleus Sounding Experiment by Radiowave Transmission
(CONSERT) measurements of the interior of Comet 67P/Churyumov-Gerasimenko. From
the propagation time and form of the signals, the upper part of the “head” of 67P is fairly
homogeneous on a spatial scale of tens of meters. CONSERT also reduced the size of the
uncertainty of Philae’s final landing site down to approximately 21 by 34 square meters.
The average permittivity is about 1.27, suggesting that this region has a volumetric
dust/ice ratio of 0.4 to 2.6 and a porosity of 75 to 85%. The dust component may be
comparable to that of carbonaceous chondrites.

ong-wavelength radars are currently ex-

tensively used to study the subsurface of

planetary bodies down to a few kilometers

in depth, examples being the Mars Ad-

vanced Radar for Subsurface and Ionospher-
ic Sounding on the Mars Express European
Space Agency (ESA) mission (7, 2), Shallow Radar
on the Mars Reconnaissance Orbiter NASA mis-
sion (3), and Lunar Radar Sounder on the Kaguya
Japan Aerospace Exploration Agency mission
(4). Because comet nuclei are on the order of a
few kilometers in size and made of highly po-
rous material, we modified the above technique
to study the nucleus of a comet. The Comet Nu-
cleus Sounding Experiment by Radiowave Trans-
mission (CONSERT) was first proposed in 1994
and selected by ESA in 1996 as one of the exper-
iments on the Rosetta mission. It was initially in-
tended to explore comet 46P/Wirtanen, but, due
to delay in the launch date, the target had to be
changed to comet 67P/Churyumov-Gerasimenko
(67P), which has a larger nucleus.

CONSERT (5), a bistatic radar instrument,
propagates long-wavelength electromagnetic
signals between the orbiting Rosetta spacecraft
and the lander, Philae. In general, part of the
signal path travels through the nucleus [see the
supplementary materials (SM)]. The measured
quantities are the signal travel time and the am-
plitude of the received signals. The travel time
depends on the real part of the permittivity (di-
electric constant), whereas the imaginary part of
the permittivity (linked to the electrical con-
ductivity) has an effect on the signal’s ampli-
tude. Thus, the CONSERT measurements give
direct information about the permittivity of the
comet nucleus and its spatial structure. The
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permittivity is a function of several properties
of the nucleus: porosity, composition of the ma-
terial, temperature, internal structure, and/or
scale of potential heterogeneities. Theoretical
models of the internal structure of the comet
have been produced encompassing a range of
values for the above parameters to obtain a
match to the observed time delay and ampli-
tude of the signals, thus allowing conclusions
to be drawn regarding the interior of the comet
nucleus.

Measurements during the First
Science Sequence

Philae separated from the Rosetta orbiter at
08:35 UTC on 12 November 2014. CONSERT op-
erated throughout the descent of Philae until
14:51 UTC, 40 min before the scheduled touch-
down on the surface of comet 67P. Unfortunately,
Philae bounced a couple of times before finally
coming to rest in an unknown location and an
unknown orientation at 17:31 UTC. CONSERT
restarted operating at 18:56 UTC and continued
until 04:06 UTC on 13 November 2014. The whole
series of observations carried out by Philae af-
ter landing is named the First Science Se-
quence (FSS).

The observations to be made by CONSERT
were predetermined long before the landing. It
was intended that Philae and Rosetta be initially
visible to each other so that, for calibration pur-
poses, the signal would travel only through vac-
uum. As Rosetta moved about its orbit and the
comet nucleus rotated, the geometry would evolve
so that an occultation would occur (that is, the
nucleus would be between Philae and Rosetta),
so that the radio waves would travel through the

nucleus. Because Philae was not at the intended
landing point, normal communication between
Philae and Rosetta was impossible at that time,
implying that there was no direct visibility be-
tween the communication antennas. Then, Phi-
lae and Rosetta were already in occultation when
the measurements started. Hence, there was no
direct visibility for CONSERT either, making cal-
ibration difficult.

Because Rosetta moves along its orbit, while at
the same time the nucleus rotates, the relative
positions of Rosetta and Philae were continually
changing during the FSS (Fig. 1). Both the path
length and its trajectory were changing. A strong
signal was detected for about 30 min (18:56 to
19:22 UTC) at the beginning of the FSS and for
about 80 min at the end of the FSS (02:47 to
04:06 UTC) (Fig. 2). During these two periods,
the signals at both Philae and Rosetta were
strong and CONSERT worked as intended (SM).
The results presented in the paper are mainly
based on the data acquired during these two
periods.

Outside these two periods, the observed signal-
to-noise ratio (SNR) was much lower. This
can be explained by some of following factors:
(i) the FSS orbit was not well adapted to the
CONSERT bistatic measurements; (ii) the lander
antennas were not well positioned with respect
to the local environment at the surface (resulting
in a gain loss and a polarization mismatch be-
tween the lander and orbiter); (iii) the noise level
at the receiver on Philae during the FSS mea-
surements was much larger (about 12 dB) than
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the one measured during the cruise phase; and
(iv) the absorption inside the comet, linked to
the length of propagation path and electrical

12 Nov. 2014

Rosetta Evening

trajectory—__

Philae

w

Fig. 1. Propagation of signals from Philae on the nucleus to Rosetta on
its orbit. The orbit of Rosetta and the location of Philae inside the strip
determined by CONSERT are shown. The rotation of the nucleus dominates
the relative motion of Rosetta versus Philae. Different colors for the prop-
agation lines correspond to different qualities of CONSERT data. The class of
the signal is color-coded in (1) green for strong SNR and good synchroniza-
tion, (2) yellow for acceptable SNR without synchronization, (3) orange for
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properties of the nucleus, could also contribute to
decrease the signal power. Fortunately enough,
since the noise level at the receiver on Rosetta

was much lower than the one experienced at the
receiver on Philae, signals could still be clearly
measured on Rosetta during some additional

7
13 Nov. 2014
Morning

CONSERT signal class

—— _—
1 2 3 4

low SNR, and (4) red for absence of signal. In the figure, we indicated on the
comet nucleus model the lines (ground track) where the signals from Philae
that go to Rosetta cross the surface of the comet. The width of the antenna
beam is about 78° and its footprint covers the whole comet. Figures S1 and
S2 show closer views of the ground tracks. The green lines show the locations
of Rosetta during the period when the measurements we discuss in this
paper were obtained.
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Fig. 2. The signal power in dB or in logarithmic scale on 12 to 13 November 2014. Times on (A) 12 November (evening) and (B) 13 November (morning)
are in universal time coordinated (UTC); for the same diagram expressed in a linear power scale, see the SM. The figure shows the signal received as a function
of propagation time between Philae and Rosetta in us (vertical axis) and time of measurements UTC (every 2.5 s) (horizontal axis). The color code indicates the

power of the signal (red being the strongest).
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periods despite a partial loss of synchronization,
so that useful results could be obtained. Anoth-
er measurement period corresponds to a situation
in which the statistics of the signal at Rosetta
show the presence of a signal that propagated
through the comet but where a clear detection is
not possible because the signal is less powerful
than the noise.

CONSERT is able to measure the distance
between Philae and Rosetta when they are visible
to each other simply by multiplying the signal
travel time by the speed of the radio wave in
vacuum. Because Philae’s location was unknown,
CONSERT carried out three additional measure-
ments while Rosetta and Philae were visible to
each other, in an attempt to locate the position of
Philae on the surface by triangulation. The trian-
gulation was made during three additional mea-
surements of about 15 min each, on 13 November
at 22:00 UTC and on 14 November at 10:30 and
23:45 UTC. The location of Philae was pinned
down to a strip measuring approximately 150
by 15 m?, with accuracies on the order of 10 to
20 m (6).

Signals that were received by CONSERT on
Rosetta during the two nominal periods of mea-
surements propagated through parts of the nuc-
leus and are as narrow as the calibration signal
(Fig. 3). Thus, we conclude that there is not, at
least down to the level of 20 dB below the max-
imum of the peak, any signature of volume or
surface scattering effects in the signal form. If
scattering were present, a long tail of decay in the
signal should be visible (7). The absence of this
scattering indicates that the medium explored by
the waves is rather homogeneous and/or that the
dielectric contrast (difference) between potential
inclusions inside the nucleus is low, at least at
the scale of a few wavelengths of CONSERT. This
conclusion is important for our approach to the
data interpretation.

This result does not, however, exclude a slow
variability in the dielectric properties or the exis-
tence of blocks much larger than the wavelength
inside the nucleus. Two or three well-defined
propagation paths could indeed be potentially
due to the presence of a large structure inside the
nucleus or to surface features on a large scale
(Fig. 3 and fig. S3).

‘We processed and analyzed the data to deter-
mine the propagation time between Philae and
Rosetta (Fig. 4). Had the operations been normal,
a propagation time in free space would have been
calculated, and the difference with the measured
time combined with the knowledge of the nucleus
shape model would have led to the determination
of average dielectric properties of the materials. In
reality, because the position of Philae was only
known to be within a strip measuring approx-
imately 150 by 15 m?, the exact propagation time
in free space cannot be calculated, and this
straightforward approach to data analysis could
not be used.

Instead, we had to assume a series of potential
lander locations within the strip (Fig. 5), larger
than mentioned above, in order to take into ac-
count the possible inaccuracies, and a range of

SCIENCE sciencemag.org

realistic permittivity values for the nucleus. For
every combination, we calculate the propagation
time and compare it with the values obtained
by CONSERT so that the best matches can be
identified.

To analyze the dielectric properties of 67P, a
considerable amount of data, both from ground-
based observations and other instruments on
Rosetta, is already available. This allows restric-
tions to be placed on the values of the parameters
that had to be considered. The measured low
average density of the nucleus indicates that the
porosity is very high (70 to 80%) (8). Nuclei are
composed of ices, mainly H,O, CO, and CO, (9),
and of refractory dust particles, mostly silicate
material and nonvolatile macromolecular material
(8, 10), already detected by Rosetta (11, 12). From
these facts and values for the real part of the
permittivity of ices and the expected dust-to-ices
ratio, using a mixing law (13), we deduce that the
permittivity of the cometary interior should be
low, much less than 2, with a low imaginary part.
The Wentzel, Kramers, and Brillouin (WKB) (14, 15)
approximation is valid for a wave propagation
model inside the nucleus when the spatial
variations of the permittivity are smooth. This
requires a scale length L, to be much larger than
the wavelength (16), and a relative variability
Ag/e less than 10% where ¢ is the permittivity.
The scale length is defined by L = € /|Ve |. Using
the Born (74) approximation to estimate the prop-
agation of waves, it is reasonable to assume that
the permittivity, with a potential addition of a
small perturbation, is constant inside the part of
the nucleus explored by CONSERT. This implies
that the deviation from a straight line of the
propagation path inside the comet is low (16).
For a zero-order data analysis, we assumed that
the path is a straight line. However, account has
to be taken of refraction at the surface due to the
difference between the dielectric properties of the
nucleus and free space. We ran simulations (SM) of
the signal propagation between Philae and Rosetta,
taking into account the three-dimensional (3D)
shape model provided by the Optical, Spectro-
scopic, and Infrared Remote Imaging System
(OSIRIS) team (shape 4S v0.2 model) (8).

For each of the Rosetta positions on its orbit
and for each set of hypothetical Philae position
and range of parameters, these 3D simulations
produced a set of predicted signals that would be
observed, together with their propagation time
and propagation paths both inside and outside
the comet. These simulations were carried out
for 243 hypothetical landing sites along the strip
defined for Philae potential position, assuming a
constant average permittivity inside the comet.
Values of the permittivity ranging from 1.025 to
145 have been considered for the simulations
due to the low 67P density (8) (SM).

For each simulation, we compare the pre-
dicted fastest ray-propagation times with the
measured one. The accuracy in time in any one
measurement is better than 0.1 us, so any hypo-
thetical configuration for which the difference
between measured and calculated time is larger
than +0.2 us is rejected. This corresponds to a 60-m

difference in the optical propagation path be-
tween Rosetta and Philae. Comparisons between
the simulated and measured data have been made
separately for each of the two nominal periods of
the FSS corresponding to the evening and the
morning (figs. S1 and S2). This was done so that
any difference in the results could be investigated.

For each Rosetta position on the orbit and for
each potential Philae location, the permittivity
value that leads to the best match with the
experimental data [i.e., minimizes the root mean
square (RMS) difference between experimental
and simulated delays] can be determined (SM)
(figs. S4 and S5). The data taken in the evening
show a higher sensitivity to the permittivity,
which is consistent with a larger length of the
propagation path inside the comet. Eventually,
to constrain as much as possible both the lo-
cation of Philae and the mean permittivity value,
we assumed that the mean permittivity value
should be the same inside the volume inves-
tigated during the morning and evening period.
In the evening sector, the length of the propaga-
tion path inside the comet is between 560 and
760 m for all measurements, and in the morning,
the variability of length is bigger, 190 to 710 m,
most measurements being for smaller lengths.
The inferred permittivity range is 1.27 + 0.05 for
the evening measurements and 1.27 + 0.1 for the
morning ones. The permittivy is normalized with
respect to the value for free space. The error was
determined assuming that the root mean square
deviation on the delays, varies around the mini-
mum by two times the average accuracy of time
measurements (20 ns). The results also lead to the
area of the possible locations for the lander of
~21 by 34 m? (Fig. 5).

Interpretation of the
permittivity measurements

To deduce the bulk nucleus permittivity from the
CONSERT results, the effective permittivity of
various ices and dust mixtures with different po-
rosities were calculated using mixing formulas
and making assumptions regarding the dust
and ice ratio (tables S3 to S5). This gives a range
of ice/dust volume fraction compatible with
the CONSERT values deduced for the mean
permittivity.

The permittivity of hexagonal water ice at low
temperature is 3.1 at 90 MHz (17, 18). The per-
mittivity of amorphous ice, the presence of which
in the comets was postulated (9, 19), is 3.1 to 3.4
for frequencies of 100 kHz (20). As water ice,
whether in its crystalline or amorphous phases, it
is nondispersive for frequencies from kHz to
GHz; similar values can be expected at 90 MHz.
In this analysis, we use a value of 3.1 to estimate
the effect of the lower limit of amorphous ice. In
the literature, the permittivity of CO, is given as
2.1 at 200 K in the 1-MHz frequency range (2I).
‘We are unaware of any published measurements
for CO. In this analysis, we considered two bound-
ary conditions on the permittivity for the ice frac-
tion component. The first is a permittivity of 3.1
corresponding to the case of pure water ice [up-
per limit (SM)], and the second is a permittivity of
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2.83 corresponding to a mixture of 75% H,O
amorphous ice (or crystalline ice) and 25% CO,
ice volume ratio corresponding to ~80%/20%
molecular abundances in comets and interstellar
material (22). These limits are estimated using
the Hashin-Shtrikman bounds (73).

Fig. 3. CONSERT signals as a function of time

The non-icy fraction of the material plays an
important role in modifying the dielectric prop-
erties. Ground-based observations suggest that
most cometary dust is an unequilibrated, heter-
ogeneous mixture of crystalline and glassy sili-
cate minerals, organic refractory material, and

other constituents such as iron sulfides and FeNi
metal (23).

The mean elemental composition of comet
Wild 2 samples (collected by Stardust) suggests a
CI (i.e., similar to carbonaceous chondrite me-
teorites such as Ivuna meteorite)-like composition
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delay. Signals that have propagated through the 90 T T T T 20 T T T T
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filter, are presented for different measurement times
and compared to the calibration signal during the
cruise phase. o o
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Fig. 4. Measured propagation time between Philae and Rosetta as a function of observation time. Evening (A) and morning (B) measurements. Red
corresponds to the strongest signal, blue to the second strongest, and green to the third strongest. Second and third are in the interval of 6 dB below the red
one. The dispersed dots correspond to delays not correctly detected due to the noise.
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Fig. 5. Expected landing site(s) within the strip
defined by CONSERT. On the shape model of
the upper lobe region corresponding to the final
landing region, the hypothetical landing sites are
marked by dots. Possible landing sites (low RMS of
the arriving time difference between observations
and simulations) are marked in yellow, with the
best fit in red. Unlikely landing sites [RMS too
large and impossible location for two periods (SM)]
are marked in white.
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cated. The continuous lines delimit regions of (A) and (B) (yellow and red, respectively), where the calculated permittivity is equal to 1.27, as derived from the
CONSERT observations, using a dust permittivity of ordinary chondrites (yellow region) and carbonaceus chondrites (red region). The lines (delimitating
each region with darker color) correspond to limits obtained by Hashin-Shtrikman bounds. The region with lighter color indicates the influence of the error in
the measurement on the permittivity of £ 0.05. The green lines delimit regions for the possible density, and the blue lines delimit regions for the possible

dust/ice ratio (SM).

consistent with a bulk solar system composition
for primitive material (24-26). They appear to
be primarily composed of ferromagnesian sili-
cates, Fe-Ni sulfides, and Fe-Ni metal. Abundant
amorphous silicates were also detected in addi-
tion to the crystalline ones, consistent with mix-
ing between processed solar system matter and
interstellar matter. The accreted material could
include Al-rich and Si-rich chondrule fragments
together with some CAI (i.e., similar to calcium-
aluminium-rich-inclusions)-like fragments. These
materials, combined with fine-grained compo-
nents in the tracks, are analogous to compo-
nents in unequilibrated chondritic meteorites
and cluster interplanetary dust particles, as col-
lected in the stratosphere of the Earth (27). There-
fore, potential analog meteoritic materials for
comparison with cometary dust include the ordi-
nary and the carbonaceous chondrite groups.

SCIENCE sciencemag.org

To calculate the effective permittivity for the
nuclei, we consider the measured permittivity on
two types of chondritic meteorites. The first type
consists of two ordinary chondrites (OC), and the
second one consists of two carbonaceous chon-
drites (CC). The laboratory-measured permittiv-
ity of the samples is then used to calculate the
dust/ice volume ratio using the Hashin-Shtrikman
bounds for the maximum and minimum of the
effective permittivity (13). Hence, we assume
that in the head of comet 67P, the mixture con-
sists of the two most common materials in comets’
chondritic dust (with permittivity of 2.6 to 2.9 for
CC and of 4.7 to 5.6 for OC) and porous ice (with
permittivity of 2.8 to 3.1) [table S3 (SM)].

The permittivity derived from CONSERT data
provides additional constraints to those arising
from the density and ice/dust ratio, as derived
from other data. Altogether, they are used to

build ternary diagrams (Fig. 6 and figs. S7 to S9).
Our value of the permittivity (about 1.27) ex-
cludes, as expected for primitive small bodies,
the presence of ordinary chondrites in the refrac-
tory component. From laboratory measurements
on material with a porosity of 30%, the permit-
tivity has to be lower than 2.9. This corresponds,
using the Maxwell Garnett (73) formula for in-
version, to a typical permittivity lower than 4 for
a material without any porosity.

The range of dust/ice volume ratio is about 0.4
to 2.6, and the porosity range is 75 to 85%. These
values correspond to the head of the comet.
Deeper analysis of CONSERT based on more
precise location information may reveal some
variability of permittivity between different parts
of the cometary head. However, it is unlikely that
the values will change much from the low and
narrow range of permittivity deduced here.
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