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Abstract

In November 2005, we observed the moons of Mars using the Arecibo 2380-MHz (13-cm) radar, obtaining a result for the OC radar albedo of Phobos (0.056 ±
0.014) consistent with its previously reported radar albedo and implying an upper bound on its near-surface bulk density of 1.6 ± 0.3 g cm−3. We detected Deimos
by radar for the first time, finding its OC radar albedo to be 0.021 ± 0.006, implying an upper bound on its near-surface density of 1.1 ± 0.3 g cm−3, consistent with
a high-porosity regolith. We briefly discuss reasons for these low radar albedos, Deimos’ being possibly the lowest of any Solar System body yet observed by radar.
© 2006 Elsevier Inc. All rights reserved.
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1. Observations

The martian satellites were first observed by radar in 1988, when Ostro
et al. (1989) detected Phobos using the Goldstone 8510-MHz (3.5-cm) sys-
tem. They estimated the radar albedo (defined as the radar cross-section in
a specified polarization divided by the target’s projected area) using an ellip-
soidal model for Phobos’ shape. However, that crude model’s projected areas
are ∼15% smaller than those of the very detailed shape model subsequently
derived from Mariner 9 and Viking stereo images (Thomas, 1993) and later
re-calibration of the Goldstone antenna indicated that the gain was a factor of
1.62±0.02 higher than estimated in 1988, so the cross-section estimate must be
adjusted accordingly. Applying these corrections, Ostro et al.’s value for Pho-
bos’ mean OC (opposite-sense circular polarization to that transmitted) radar
albedo is 0.049 ± 0.012.

We attempted to observe Phobos and Deimos during the 1988 and 1990
Mars oppositions with the Arecibo 2380-MHz (12.6-cm) radar, before its mid-
1990s upgrade, obtaining weak Phobos echoes and an OC albedo consistent
with the Goldstone result (Fig. 1a, Table 1). Deimos, which is much smaller
than Phobos (effective radius ∼6 km versus ∼11 km), eluded detection, but our
observations set a three-sigma upper bound of 0.04 on the OC albedo.
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On November 2, 2005, we observed both objects with the upgraded Arecibo
telescope, which is much more sensitive than Goldstone’s 70-m DSS-14 an-
tenna. This advantage was partially offset by scheduling pressure from Mars
radar observations, which left only a single track available for observing the
satellites. We devoted the first transmit-receive cycle (“run”) to Phobos, saw an
echo immediately in the real-time display, and allocated the rest of the track
(8 runs) to Deimos.

In a radar experiment, to avoid smearing of accumulated echoes in fre-
quency, one tunes the receiver or the transmitter according to a Doppler-predic-
tion ephemeris. Our 2005 observations used Phobos and Deimos ephemerides
based on the MAR033 solution of Jacobson (1996). However, upon reducing
the data, we noted that our Deimos power spectrum was ∼16 Hz wider than
the echo bandwidth of 13.6 Hz predicted from Deimos’ known spin period,
dimensions, and orientation during the observations. That is, our ephemeris’
inaccuracy had allowed Doppler drift in the echo over the course of our integra-
tion. Therefore, we re-reduced the data using a much more accurate ephemeris
(MAR063; Jacobson and Rush, 2006), which became available in April 2006.
The result was a summed-spectrum bandwidth of 14 ± 2 Hz. For Phobos, the
frequency drift due to use of MAR033 was about 2 Hz, smaller than our 5-Hz
spectral resolution and very small compared to Phobos’ ∼100 Hz bandwidth.
Since the drift can have no effect on the results reported here and would be
imperceptible in Fig. 1, we did not re-reduce the Phobos data.

Our Phobos run yielded an OC radar albedo of 0.056 ± 0.014 (Fig. 1b, Ta-
ble 1), in agreement with the 1988 and 1990 results. Summing the eight Deimos
runs (Fig. 1c), we find an OC radar cross-section of 2.9 ± 0.8 km2, correspond-
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Fig. 1. Echo power spectra. (a) Phobos from 1990, (b) Phobos from 2005, and (c) Deimos from 2005. The 1990 spectrum is the best single-day detection in that year
(Table 1). The frequency resolution has been smoothed from a raw value of 3.9 to 7.8 Hz in (a), from 5.0 to 10 Hz in (b), and from 0.2 to 2.0 Hz in (c). Echo strength
is plotted in standard deviations. The Phobos Doppler prediction ephemerides used an approximate analytical theory for the motion of this moon; the observed
offsets are not dynamically significant and have no bearing on the results in this paper.

Table 1
Observations and disc-integrated results

Target Phobos Phobos Deimos

Observation epoch 1990 Nov 12 2005 Nov 2 2005 Nov 2
(UTC) 04:58:34–05:52:41 03:40:09–03:47:45 03:59:35–05:55:34
Runs 13 1 8
Rotation phase coverage (◦) 42 6 23
Tsys (K) 48 25 25
Gain (dB) 141 147 146
Transmitter power (kW) 415 434 434
Subradar latitude and longitude (◦) (−13, 345) (−28, 273) (−28, 91)
Projected area (km2) 362 ± 4 407 ± 5 137 ± 4
OC cross-section (km2) 22.9 ± 6.4 22.8 ± 6.6 2.9 ± 0.8
SC/OC cross-section ratio – 0.17 ± 0.04 0.12 ± 0.12
OC radar albedo 0.064 ± 0.014 0.056 ± 0.014 0.021 ± 0.006

Note. For each observation we give the number of transmit-receive cycles (“runs”), the rotation phase coverage, the system noise temperature, the two-way gain
of the Arecibo telescope, and the target’s average subradar latitude, subradar longitude, and projected area. The 1990 data are for the spectrum shown in Fig. 1.
Projected areas are from the models of Thomas (1993). We do not have SC data from the 1990 observations.
ing to an OC albedo of 0.021 ± 0.006, again based on a shape model derived
from stereo images (Thomas, 1993).

The Arecibo receivers detect both SC (same-sense circular polarization as
transmitted) and OC echoes simultaneously. We estimate circular polarization
echo power ratios, SC/OC, of 0.17 ± 0.04 for Phobos and 0.12 ± 0.12 for
Deimos.
The disc-integrated radar properties of Mars’ moons are unusual compared
to available values for other small bodies (Benner, 2006). Phobos has a radar
albedo near the low end of the distribution for radar-observed asteroids, while
Deimos seems to have the lowest radar albedo of any radar-detected Solar
System object. Both moons have lower polarization ratios than almost all radar-
observed comets. Since SC/OC measures near-surface structural complexity on
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cm-to-m scales while radar albedo is primarily sensitive to bulk density, we
conclude that the moons’ surfaces are relatively low-density and smooth.

2. Near-surface bulk densities

For a smooth sphere, the OC radar albedo would equal R, the Fresnel
normal-incidence reflectance coefficient, and SC/OC would be zero. For a tar-
get that has decimeter-scale ‘roughness’ within a meter or so of the surface,
some of the echo power is converted into SC via single scattering from rough
surfaces or via multiple scattering. Some fraction of the OC radar albedo then
corresponds to R for a hypothetical smooth component of the surface.

One can write R = OC albedo/g for non-spherical rough objects, where
the backscatter gain g is greater than 1. R for a homogenous dielectric half-
space with a perfectly smooth boundary is an increasing function of the bulk
density d . If we assume g = 1, we set an upper bound on R, and therefore an
upper bound on the bulk density of the smooth component of the near-surface.
The martian satellites’ low SC/OC ratios indicate that single back-reflections
dominate the echoes. Since a small fraction of the OC echoes is likely due to
scattering other than single back-reflections, our upper bounds on R are con-
servative.

Several approximate d(R) formulas for real materials have been derived
from empirical results, either by using the radar albedos of asteroids visited by
spacecraft or by measuring the radar reflectivity of laboratory powders. Magri
et al. (2001) used the surface density of 433 Eros as determined from the NEAR
spacecraft to calibrate their d(R) relationship. Ostro et al. (1985) and Garvin et
al. (1985) measured R for powders of various densities and compositions and
found a nearly linear or logarithmic dependence on density. Some of the dif-
ference between the Ostro et al. and Garvin et al. relationships (Fig. 2) may be
due to the density range covered by the measurements. Garvin et al. used pow-
ders with bulk densities between 1 and 2.3 g cm−3, while Ostro et al. sampled
densities between 1.5 and 3.5 g cm−3. These relationships are:

d = (R/REros)
1/2(3.75 ± 0.1) g/cm3 (Magri et al., 2001),

d = 8.33R + (1.08 ± 0.1) g/cm3 (Ostro et al., 1985),

d = ln
((

1 + R1/2)/(
1 − R1/2))

(3.2 ± 0.1) g/cm3 (Garvin et al., 1985).

In the albedo regime of Phobos and Deimos, these density–reflectivity re-
lationships are nearly linear. The Garvin et al. formula gives a near-surface
density of 0.9 ± 0.2 g cm−3 for Deimos, the Ostro et al. formula gives
1.2±0.2 g cm−3, and the Magri et al. formula gives 1.1±0.2 g cm−3. There are
similar differences for Phobos. In light of all the available information, we esti-
mate an upper bound on Deimos’ near-surface bulk density of 1.1±0.3 g cm−3

and an upper bound on Phobos’ near-surface bulk density of 1.6 ± 0.3 g cm−3,
where the indicated uncertainties are estimates of standard errors.

3. Implications

Phobos and Deimos have very similar optical and infrared spectra and
inferred surface compositions, although Phobos has greater structural diver-
sity (Thomas et al., 1999). Laboratory spectral analogs include lunar soils
and heated, dehydrated, carbonaceous chondrites (Rivkin et al., 2002), both of
which have grain densities about 2.7 g cm−3 (Britt and Consolmagno, 2003).

For an assumed grain density of 2.7 g cm−3, our surface bulk density con-
straints imply mean near-surface porosities of at least (40 ± 10)% on Phobos
and (60 ± 10)% on Deimos (porosity = 1 − bulk density/grain density). Nei-
ther porosity is implausible: for grains tens of microns in size, porosities near
70% are possible, either from electrostatic repulsion (e.g., Gold, 1962), or be-
cause of grain shape effects (e.g., very angular particles; Latham et al., 2002).

Why does Deimos have a higher surface porosity than Phobos, and why
are the surface densities of Phobos and Deimos so low when compared to most
other radar targets? Phobos and Deimos are in a unique dynamical environment:
impact ejecta reaching escape velocity go into Mars orbit rather than escaping
completely, as would be true for many small asteroids (Thomas et al., 1986;
Veverka et al., 1986). This impact debris can then form very diffuse (100’s of
particles km−3) dust bands around Mars (Soter, 1971; Krivov and Hamilton,
1997).

Particles smaller than about 30 µm are not stable on timescales of 100 yr
in Phobos-like orbits: solar radiation pressure increases orbital eccentricities
until the particles encounter Mars’ atmosphere (Hamilton and Krivov, 1996).
Similarly, particles smaller than ∼15 µm cannot remain in Deimos-like or-
bits around Mars. However, larger particles remain in well-defined bands for
longer durations and can be re-accreted (Krivov and Hamilton, 1997). The ve-
locity of dust-band particles during accretion is very low, comparable to the
escape velocity, which is less than 20 m s−1 for Phobos (Davis et al., 1981;
Veverka et al., 1986). Such low accretion velocities may lead to formation of
high-porosity regolith, because particles settling relatively gently may be less
likely to compress the material they land on.

Differences in regolith particle size can also contribute to the satellites’
different near-surface densities. Phobos may have few particles smaller than
Fig. 2. Relationships between bulk density d and Fresnel reflection coefficient R, from Garvin et al. (1985), Ostro et al. (1985), and Magri et al. (2001). Upper
bounds on R for Phobos and Deimos, with their 2-σ uncertainties, are denoted by gray shading.
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30 µm, while Deimos can have particles down to ∼15 µm. 20 µm grains are
small enough for electrostatic repulsion to possibly become significant enough
to increase regolith porosity. Also, Deimos re-accretes any dust grains more
efficiently than Phobos. Phobos’ Hill radius (the approximate distance where
tidal forces from Mars prevent any re-accretion) is 17 km, while Deimos’ is
26 km. Deimos’ lower mass is more than compensated by its greater distance
from Mars. Deimos’ 50% lower surface gravity may also contribute to higher
regolith porosity.

In summary, Phobos and Deimos are both incredibly radar-dark. Deimos
seems to have the lowest radar albedo ever observed for a Solar System object
and probably is almost entirely covered by a very smooth, highly porous, dusty
regolith likely composed largely of re-accreted ejecta. Phobos’ regolith is low-
density by asteroid standards, but is not as loosely packed as that of Deimos,
perhaps due to Phobos having a combination of less efficient re-accretion, larger
regolith particles, and/or higher surface gravity.
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