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Introduction:  Thanks to its highly elliptical orbit around Mars, the Mars Express (MEX) spacecraft can fly by Phobos at close distance. The new acquired data have allowed for a more precise determination of the mass and shape of Phobos. 

In the near future further MEX flybys at very close distance (less than 100 km) as well as the Fobos-Grunt spacecraft, will allow for the determination of the first harmonics of Phobos’ gravity field.
These harmonics are directly related to the moments of inertia of the body, and can provide new constraints on the mass distribution inside Phobos. Here, we discuss the implications of the current MEX data on the internal structure of Phobos. In the aim to prepare the interpretation of the future Phobos’ gravity harmonics solutions, we show preliminary results of modeling the internal mass distribution from the measurements of the mass, the volume and the moments of inertia of the body.

The mass, the shape and the composition of Phobos:  The radio-tracking  data of the MEX spacecraft have been used recently to obtain a new estimate of the mass of Phobos. From a close encounter with Phobos (at the closest approach of 273 km), the mass has been re-estimated  as 1.067 1016 kg with an unprecented precision of 0.1 percent [1]. This precision has been obtained thanks to both the X-band Doppler tracking data of MEX and by using the new improved Mars’ gravity field and Phobos’ ephemeris [1]. Independently from the close flyby, a very similar mass value has also been determined from the reconstruction of the fine secular orbital perturbations of the MEX orbit induced by the mass of Phobos, when MEX orbits Mars at large distance from the moon [2]. Very recently, using the up-to-date Mars’ gravitational field and Phobos’ ephemeris, and the previous flyby Viking-1 and Phobos-2 tracking data, the mass has been re-estimated [3]. This new estimate is very close to the MEX value. 
The Super-Resolution-Camera (SRC) and the High-Resolution-Stereoscopic-Camera (HRSC) onboard MEX have been used to improve the determination of the shape of Phobos, improving the volume estimate by a factor of 3 with respect to previous  Viking-1 values [4]. In addition, the SRC images have allowed the monitoring of a control point network at the surface of Phobos, from which a new value of the forced libration amplitude has been determined as -1.24 +/- 0.15 degrees [4]. Although, the error bar of this new value encompasses the expected value (-1.1 degrees) for a homogeneous internal mass distribution, it may indicate a slightly heterogeneous mass distribution inside Phobos. 
The reflectance spectra of the surface of Phobos, in the visible/near infra-red wavelength band, have revealed a low-albedo surface. These spectra have a featureless and reddened shape, which best match the shape of the spectra of several low-albedo D-type asteroids [5,6], suggesting that Phobos’ surface could be composed of carbonaceous chondrite material. Nevertheless, no good matching between Phobos’ spectra and those of low-albedo chondrite material was found [5,9]. Moreover, the featureless and reddened shape of Phobos’ spectra also suggest a highly mature soil due to the space weathering effect, so that a highly weathered silicate material for Phobos’ surface could not be excluded [5]. As the space weathering effect depends on the time of exposure and on the composition itself [7], its impact on Phobos’ spectra could not be precisely quantified, and the true composition of the surface could not be unambiguously identified.  
The bulk density and interior of Phobos:  In order to constrain the interior structure of Phobos, we have calculated its bulk density from the MEX solution for the mass and the volume. We have found a value of 1870 +/- 20 kg/m3, which is compatible with the previous estimate of 1900 +/- 100 kg/m3 obtained from the Phobos-2 data [8]. The estimateed density is lower than the density of chondrite material, suggesting that the interior of Phobos could contain substantial porosity (or space of voids) and/or water ice in addition to rock material [9]. From the surface reflectance spectra, it has been proposed that Phobos could originate from the D-type asteroid population. The Tagish Lake meteorite has been identified as an analog material to these asteroids [10], and its density is 1640 +/- 20 kg/m3 [11], which is significantly lower than Phobos’ density. As the mass of Phobos is not large enough to compress the material in its interior, Phobos cannot be composed only of ‘Tagish Lake’ material. However, it does not exclude that Phobos could be a D-type asteroid, since the single Tagish Lake meteorite may not be representative of all the D-type asteroid population. 
Recently, it has been proposed that several asteroids could contain a large amount of porosity to account for their density lower than their material analog [12]. We have computed such amount of porosity into Phobos by taking into account a large range of material analogs (Fig. 1). We have found two cases either with a low porosity content of about 10 percent, for material with low density like hydrated carbonaceous chondrite, or with a high porosity content of 25-45 percent, for anhydrous carbonaceous or silicate material. According to the definition given by [12], the former case is consistent with a highly fracturated Phobos’ interior while the latter case suggests a loosely consolidated or ‘rubble pile’ structure for the interior. Obviously, the porosity cannot constrain the true material density but the high porosity case is supported by the large impact crater Stickney. Indeed, large craters on small bodies would require a large porosity in their interior in order to absorb the energy of a large impact without destroying the body [13]. The reflectance spectra of Phobos’ surface did not show the 3 microns complex band expected for hydrated minerals [5]. However, this does not necessarily indicate that Phobos is entirely anhydrous, and some amount of water ice could be contained into it. If it is the case, the porosity estimate could be lowered depending on the true water content into the interior of Phobos.
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Figure 1: Porosity estimate into Phobos (black solid line) based on an simple interior model with a rock material and space of voids. The cases considered in the text correspond to material density of hydrated carbonaceous chondrite (blue dashed line), of anhydrous carbonaceous chondrite (green dashed lines) and of silicate material (with a range of density shown by the two red dot-dashed lines). The density of the D-type asteroid material (‘Tagish Lake’) is indicated by the horizontal black dashed line.

Perspectives: Model of the mass distribution into Phobos.  The second-order harmonics of the gravity field of Phobos are directly related to its moments of inertia. The radio-tracking data of the future MEX very close flybys of Phobos and those of the Fobos-Grunt spacecraft orbiting Mars at close distance to Phobos will allow to measure these gravity harmonics, and therefore allow for an estimate of the moments of inertia. In order to assess the information about the interior of Phobos that could be inferred from these future geodetic measurements, we have developed a model of Phobos’ interior. As a preliminary approach, we have discretized the volume of Phobos into 8072 cubes of equal volume (893x893x893 m3). The density of each cube is either 3360 for rock material, 970 for water ice, or 0 for voids. We then have sought all those configurations that have Phobos’ mass and moment inertia (those deduced by assuming homogeneous mass distribution into Phobos) within error-bars. Among all the possible distributions that arose, the most frequent ones correspond to the model displayed in fig. 2. All three components (rock, ice and voids) are almost equally distributed into the volume, which is consistent with the assumed values of the moments of inertia for a homogeneous mass distribution. However, this preliminary result offers the opportunity to analyze the possible mass distribution for moments of inertia slightly departing from the homogenous value and to take into account a priori constraints on mass distribution like lower concentration of voids below the Stickney crater related to the internal compression that may have been imparted by the impact [13]. These analyzes are still under investigation. 
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Figure 2: Model of mass distribution in the interior of Phobos. The volume of the body has been discretized as cubes with assumed density of either a rock sample (red color), or water ice (blue color) or void (gray color). See text for details.

