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An accurate gravity field model of Deimos can provide constraints for its internal structure modeling, and offer evidence for explaining scientific issues such as the origin of Mars and its moons, and the evolution of the Solar System. The Japanese Martian Moon Exploration (MMX) mission will be launched in the coming years, with a plan to reach Martian orbit after 1 year. However, there is a lack of executed missions targeting Deimos and research on high-precision gravity field of Deimos at this stage. In this study, a 20th-degree gravity field model of Deimos was constructed by scaling the gravity field coefficients of Phobos and combining them with an existing low-degree gravity field model of Deimos. Using simulated ground tracking data generated by three stations of the Chinese Deep Space Network, we simulate precise tracking of a spacecraft in both flyby and orbiting scenarios around Deimos, and the gravity field coefficients of Deimos have been concurrently computed. Comparative experiments have been conducted to explore factors affecting the solution, indicating that the spacecraft’s orbital altitude, the noise level of observation data, and the ephemeris error of Deimos have a significant impact on the solution results. The results of this study can provide references for planning and implementation of missions targeting Martian moons.
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1 INTRODUCTION
Among the two natural satellites of Mars, Deimos is the smaller one and is further from Mars than Phobos. Traces of the formation and evolution processes on the surface of Mars are not obvious, while the surfaces of the Martian satellites are relatively primitive. Studying the mass, shape, gravity field model, rotation parameters, and internal structure of Deimos can provide a foundation for deducing the formation and evolution of both Deimos and Mars. Furthermore, this may serve as an effective approach to addressing scientific questions such as the formation and evolution of the Earth and the Solar System (Gao et al., 2021b). Additionally, Deimos, with its favorable position and weak gravitational field, allows spacecraft to orbit at relatively low altitudes (Sagdeev and Zakharov, 1989). In the future, it could serve as a bridge and supply station for human exploration into deep space (Guo et al., 2020).
Since Asaph Hall’s discovery of Deimos in 1877, humanity has engaged in exploration activities using various methods such as ground observations, the Hubble Telescope, and deep space spacecrafts (Tieying et al., 2021). Especially after the 1970s, various Mars and deep space spacecrafts have been launched, conducting more in-depth investigations of Deimos (Yang et al., 2019). However, there are currently no confirmed exploration missions solely focused on Deimos. Most studies and observations of Deimos have relied on data obtained by spacecrafts during Mars missions. NASA’s Mariner nine spacecraft captured images of Deimos, with the closest distance being 1,200 km and achieving a resolution of 30 m (Cutts, 1974). The Viking 2 orbiter conducted five flyby observations of Deimos, with the closest observation distance being 33 km (Williams and Friedlander, 2015). The European Space Agency’s Mars Express mission (MEX) utilized a high-resolution stereo camera and an imaging spectrometer to reevaluate the volume and density of Deimos and study its surface composition based on observation data (Witasse et al., 2014). NASA’s Mars Reconnaissance Orbiter (MRO) captured the first color high-resolution images of Deimos using the High-Resolution Imaging Science Experiment (HiRISE) camera (Dunbar, 2009). Table 1 summarizes the current knowledge of the orbital parameters and physical properties of Deimos (Tieying et al., 2021) used for our simulation.
TABLE 1 | The orbital and physical parameters of Deimos.
[image: Table 1]As one of the two natural satellites of the Earth-like planets in the Solar System, Deimos is attracting more and more attention in the field of deep space exploration. NASA has organized three international conferences on the exploration of Phobos and Deimos (Lee, 2016). Chinese Tianwen-1 spacecraft will conduct further exploration, with potential targets being Phobos and Deimos (Liu et al., 2023). The MMX mission by the Japan Aerospace Exploration Agency (JAXA) was originally scheduled to launch in 2024 and arrive in Martian orbit in 2025 (Kuramoto et al., 2018). It is expected to conduct close-range exploration to the Martian moons, with one of the mission objectives being to calculate the high-degree gravity field of Deimos (Nakamura et al., 2021).
The ephemeris and gravity field of planetary satellites serve as crucial references for the orbit design and planning of planetary satellite exploration missions. The high-precision ephemeris and gravity field of Deimos can ensure the precise entry of the spacecraft into the gravitational influence area of Deimos, thus enabling the implementation of challenging maneuvers such as flyby and orbit insertion (Guo et al., 2020). Currently, there are mainly two methods for calculating the gravity field models of celestial bodies in deep space exploration. The first method is to forward generate the gravity field model of the celestial body based on its precise shape model and a certain density assumption. The second method utilizes close-range orbit tracking data from the spacecraft to extract perturbation information and inversely derive the gravity field model of the celestial body. Method one was employed in Yamamoto et al. (2023) and Guo et al. (2020) for modeling the gravity field of Phobos, while method two was used in Yang et al. (2019) for modeling the gravity field of Phobos. Rubincam et al. (1995) used method one to compute the 4th-degree gravity field of Deimos. However, due to the lack of completed exploration missions specifically targeting Deimos, existing studies and literature on Martian moons predominantly focus on Phobos. Deimos is only briefly mentioned in most Mars satellite research and literature, as seen in the papers of Yamamoto et al. (2023), Witasse et al. (2014), and Nakamura et al. (2021). Moreover, there is scarce research employing method two for modeling the gravity field of Deimos.
In response to the needs of future exploration missions and the shortcomings in current research, this study primarily conducted the following research tasks using ground station simulated radio tracking data. By scaling the gravity field coefficients of Phobos and combining them with existing low-degree gravity field model of Deimos, we constructed a 20th-degree gravity field model of Deimos, which was then tested and corrected based on Kaula criterion (Kaula and Street, 1967). We simulated precise orbit determination for the spacecraft in the flyby and orbiting scenarios. The gravity field coefficients of Deimos were inferred and evaluated for accuracy using simulated orbital data of the spacecraft. Furthermore, comparative experiments were conducted to investigate and analyze the factors affecting the gravity field determination.
2 MODEL AND METHOD
This paper presents our simulation based on scenarios involving the spacecraft’s flyby and orbiting around Deimos, aiming to better adapt to potential changes in the subsequent exploration plan. Based on Wuhan University’s SPOT software system (Gao et al., 2023), we developed precision orbit determination and gravity field parameter estimation software for Deimos.
Since the gravity field of Deimos is weak, the other force models acting on the spacecraft need to be accurately modeled. The inertial motion equation for the spacecraft is shown in Eq. 1:
[image: image]
The model parameters for the simulation calculations are shown in Table 2.
TABLE 2 | Simulation configuration.
[image: Table 2]As shown in Table 2, in the flyby and orbiting scenarios, the forces acting on the spacecraft mainly come from Mars and Deimos. For the calculations, the recent 120th degree and order Gravity Model of Mars (GMM-3) (Genova et al., 2016) was chosen as the model for the gravitational field of Mars. In the experimental scenarios, the GM values and positions of major celestial bodies in the Solar System were obtained from the planetary ephemeris DE440 provided by the Jet Propulsion Laboratory (JPL). The state of Mars’ satellites relative to Mars and the GM value for Deimos were obtained from the JPL’s MAR097 ephemeris, with an initial GM value for Deimos set at 9.61556965e-5 km3·s-2. The positions and GM values for large mass asteroids were provided by the sb441-n16 ephemeris from JPL’s Small-Body Database. The Chinese Deep Space Network consists of the Kashgar, Jiamusi and China-Argentina Deep Space Station, with station coordinates provided by design documents. Additionally, the average radius of Mars is considered to be 3,396 km (Genova et al., 2016). The 4th-degree gravity field of Deimos, calculated by Rubincam et al. (1995), serves as starting point for the simulation, and detailed numerical values are presented in Table A1.
This paper primarily evaluates the effectiveness and precision of gravity field recovery through spectral analysis of the gravity field. The expression for the gravitational potential function based on the spherical harmonic expansion is provided (Heiskanen and Moritz, 1976) in Eq. 2:
[image: image]
where [image: image] is the gravitational constant, [image: image] is the mass of the central body, [image: image] is the reference radius of the central body, [image: image] are the spherical coordinates representing the radial distance, longitude, and latitude. [image: image] and [image: image] are the normalized spherical harmonic coefficients, where [image: image] and [image: image] represent the degree and order. [image: image] is the normalized associated Legendre function.
For a further analysis of the gravity field determination, the accuracy of the calculated gravity field can be assessed through the power spectra, which include the rms coefficient sigma degree variances, [image: image] and the rms coefficient error degree variances, [image: image] and [image: image]. We choose the same criterion for our study. The equations for calculating these values are shown in Eqs 3–5:
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Where [image: image] and [image: image] are error variances of the gravity field coefficients [image: image] and [image: image], respectively. [image: image] reflect the magnitude of each degree’s coefficients, [image: image] and [image: image] serve as precision assessment indicators. Typically, the formal errors [image: image] are retrieved from the posterior covariance matrix of the model, and will stabilize with an increasing number of observations. The true errors [image: image], which reflects the deviation of the calculated results from the reference/true results, are more effective in evaluating the accuracy and reliability of the calculation results.
The Kaula criterion is a statistical model used to describe the expected behavior of the coefficients in a spherical harmonic expansion of the gravity field. In simple terms, the normalized spherical harmonic coefficients exhibit a zero mean property. It states that the degree variance of these coefficients decreases inversely with the α-th power of the degree [image: image]. This means that higher-degree coefficients, which correspond to smaller spatial scales, are generally smaller in magnitude. The equation representing this relationship is shown in Eq. 6:
[image: image]
where [image: image] is the constant coefficient of the Kaula criterion curve. The introduction of the Kaula criterion in the determination of the Deimos gravity field model serves as a regularization factor to overcome the instability of solving the gravity field while providing a smoothing effect on the calculation of high-order coefficients.
Constrained by the accumulation of historical data on Deimos, the progress of Martian moon exploration missions like MMX, and the depth of related research, there is currently lack of a priori information on the high-degree and high-precision gravity field of Deimos. Considering the small mass and volume of Deimos, we constructed a 20th-degree gravity field for Deimos as the initial model for the solution. Desprats et al. (2021) constructed the 100th-degree gravity field of Callisto, the fourth moon of Jupiter, whose 3rd to 100th degree coefficients were based on the scaled Moon’s gravity field. In this study, following his approach, we obtained Deimos’ gravity field coefficients from 5th to 20th degree by scaling the coefficients of Phobos provided in Guo et al. (2020). These scaled coefficients, combined with the 4th-degree coefficients provided by Rubincam et al. (1995), formed the 20th-degree gravity field of Deimos, which would be involved in the subsequent gravity field solution for Deimos. The scaling factors were calculated based on the GM values and average radii of Phobos and Deimos, and were validated and adjusted according to Kaula criterion. Figure 1 shows the power spectra of the Deimos 20th-degree gravity field generated by scaling.
[image: Figure 1]FIGURE 1 | Power spectra for the 20th-degree gravity field of Deimos.
As shown in Figure 1, [image: image] represents the degree variances of the 20th-degree the Deimos gravity field coefficients. “Kaula4” and “Kaula20” respectively represent the Kaula curves fitted with 4th and 20th degree Deimos gravity field coefficients. The closeness of the two curves in Figure 1 indicates that the scaled initial values of the Deimos 20th-degree gravity field coefficients are reliable and could serve as a reference for subsequent simulation experiments.
After establishing a comprehensive perturbation model for the spacecraft orbit, based on the observation plan set in this study, simulations were conducted to obtain Doppler data through radio tracking observations with an elevation angle of 10° or higher. Simulated observed data, including appropriate noise, were then generated and used to construct a simulated observational dataset. The fitting and iterative refinement process aimed to minimize the sum of squared residuals (Montenbruck and Gill, 2012). Weighted least squares estimation was employed during the solution process, and the calculation equation is shown in Eq. 7:
[image: image]
where [image: image] represents the estimated values of the corrections for the batch processing, [image: image] is the Jacobian matrix of the parameters to be estimated, [image: image] is the weight matrix of the observed values, [image: image] is the residual.
The optimal estimate at the initial moment [image: image], which is also the corrected initial orbit state, can be calculated by the following equation in Eq. 8:
[image: image]
where [image: image] is the initial orbit state.
The simulated observations used in this study are two-way Doppler measurements with a sample rate of 60 s, and the default measurement noise for the observational data was set to Gaussian white noise with a standard deviation of 0.1 mm/s, which represents the precision level of current conventional X-band tracking (Sun et al., 2023). The transformation from the body-fixed coordinate system of Deimos to the inertial coordinate system followed the method recommended by IAU 2015 (Archinal et al., 2018), determined by the right ascension angle [image: image], declination angle [image: image], and initial prime meridian angle [image: image]. For simplicity, errors in angle [image: image], [image: image], and [image: image] were assumed to be ±0.01° based on testing (Yang, 2023). Additionally, this study assumed an error in the time of the periapsis passage of one of Deimos’ orbital elements, as it can only be determined imprecisely through astronomical observations. Assuming an error of 0.01 s in the periapsis time at the initial epoch, this error is equivalent to magnitudes of 10 m for the initial position and 0.001 m/s for the initial velocity in Cartesian coordinates. In our computations, we added the above-mentioned errors to the initial orbit state. Following the approach in Liu et al. (2023) and assuming uniform density for the Deimos, each coefficient of the Deimos gravity field was initially perturbed by adding 0.001 times its own value, serving as the initial model for iterative computation. The uncertainties of estimated parameters were set to three times the formal errors of the solved-for parameters, and the weight matrix was determined by the formal errors.
Table 3 lists different cases considered in the orbiting Scenario to explore the impact of various factors on the determination of the spacecraft’s orbit and the solution of Deimos’ gravity field. In the comparative experiments, only the parameters in Table 3 were changed, while the remaining parameters were kept constant. To simplify calculations, the orbital altitude of the spacecraft in this paper is directly obtained by subtracting the average radius of Deimos (6.24 km) from the distance between the spacecraft and the center of Deimos.
TABLE 3 | Study cases considered in the simulation.
[image: Table 3]3 RESULTS
3.1 Spacecraft orbit perturbation analysis
This section provides a rough estimate of the magnitudes of various perturbations, aiming to facilitate the planning of subsequent simulation exploration and observation scenarios. Figure 2 illustrates the magnitudes of accelerations provided by various perturbative forces on a spacecraft with orbital altitudes ranging from 4 to 100 km at the orbit insertion moment.
[image: Figure 2]FIGURE 2 | Acceleration magnitude with orbital altitudes ranging from 4 to 100 km.
As shown in Figure 2, during the close-range exploration of Deimos, the perturbation accelerations provided by Deimos and Mars are predominant. As the spacecraft’s orbital altitude increases from 4 to 100 km, the perturbation acceleration provided by Deimos decreases, while that provided by Mars gradually increases. Starting from an orbital altitude of about 24 km, the perturbation acceleration provided by Mars surpasses that of Deimos. Moreover, the perturbation accelerations provided by solar radiation pressure (“SRP”) and relativistic effects (“Rel”) remain almost unchanged, while those provided by natural celestial bodies (“NB”) slightly increase (mainly from Phobos).
Then, we explored the orbital characteristics of the spacecraft in such a perturbation environment. Figure 3 illustrates the magnitudes of accelerations experienced by the spacecraft in the initial orbits with altitudes of 4 km, 8 km, 12 km, and 30 km during a forward integration of 24 h in the orbiting scenario.
[image: Figure 3]FIGURE 3 | Acceleration magnitude of the spacecraft’s 24-h orbit in different initial orbital altitudes.
As shown in Figure 3, the accelerations caused by solar radiation pressure and general relativistic effects for orbits at different altitudes are relatively stable. However, the perturbation acceleration caused by natural celestial bodies undergoes some variations over time. When the initial orbit height is 4 km, the spacecraft can stably orbit Deimos during this period. As the orbit altitude increases, the spacecraft gradually fails to stably orbit Deimos, and it may escape from the orbit after some time of natural motion, transitioning to a state of accompanying or flyby around Deimos. Besides, orbits may also exhibit an accompanying state when the spacecraft makes a very close flyby.
After comprehensive analysis, we adopted a simulation approach based on multi-arc joint adjustment. Different arc lengths were used in the flyby and orbital scenarios to simulate and predict spacecraft’s close-distance exploration of Deimos with maximum fidelity and anticipate data quality. Additionally, in the simulation experiments, prior constraints need to be imposed on several parameters. Table 4 provides the prior constraint configurations for the estimated parameters used in this study.
TABLE 4 | Priori constraint settings for parameters.
[image: Table 4]As shown in Table 4, we assume that these prior constraints can be achieved before the exploration mission phase. After experimental validation, it was found that the numerical values of these prior constraints were relatively loose, with minimal impact on the theoretically calculable results and experimental conclusions. The purpose of setting prior constraints is to ensure the success rate of experimental calculations, improve computational efficiency, especially in comparative experiments.
3.2 Results in the flyby scenario
In the flyby scenario, considering Deimos’ average radius of 6.24 km and the minimum flyby distance of 33 km achieved in historical exploration missions like Viking 2, many simulations were conducted to select instances where the distance from the spacecraft to the center of Deimos falls between 32 km and 48 km. These selected moments served as the initial times for each flyby segment, with the orbital state of Deimos at these initial times being used as the initial orbit state for each segment, resulting in six simulated flyby segments.
The subsatellite point refers to the projection of a spacecraft on the surface of Deimos at a given moment. These points are directly situated along the line connecting the spacecraft and the center of Deimos. The location of the subsatellite points to some extent reflects the coverage of the spacecraft’s orbit over Deimos, which affects the precision of the solution results and the order of the gravitational field that can be solved. In Figure 4, we have depicted the distribution of the subsatellite points of the spacecraft’s orbit in the flyby scenario. We set the longitude range of the Deimos-fixed frame to be from −180° to 180°, and the latitude range to be from −90° to 90°.
[image: Figure 4]FIGURE 4 | Distribution of spacecraft’ subsatellite points in the flyby scenario.
As shown in Figure 4, subsatellite points with an orbit altitude less than 100 km are plotted in the flyby scenario, and only their corresponding orbital data are involved in subsequent calculations. It is observed that in the flyby scenario, the subsatellite points cover a longitude range of approximately ±180°, while ±45° in latitude.
Parameters such as the initial orbit state of each segment, solar radiation pressure coefficient (Cr), etc., were considered as local parameters, while Deimos’ GM and gravity field coefficients were treated as global parameters for computation. A combined approach similar to the method described in Liu. (2022) was used for solving the normal equations, leading to the determination of Deimos gravity field through a joint adjustment. Table 5 presents partial results in the flyby scenario.
TABLE 5 | Partial results in the flyby scenario.
[image: Table 5]As shown in Table 5, the precision of the orbit determination results, denoted by “Formal error”, and their deviation “True error” from reference values demonstrate that the calculation outcomes are favorable. This underpins the premise of the reliability in the gravitational field coefficient computation by this method. The calculation results of Deimos’ GM value and some gravitational field coefficients in this paper are consistent with those in the paper of Rubincam et al. (1995), and there was an improvement in the calculation precision. Figure 5 illustrates the power spectra of the gravity field solution for Deimos in the flyby scenario.
[image: Figure 5]FIGURE 5 | Power spectra of the gravity field solution in the flyby scenario.
The “Ref coefficients” in Figure 5 is equivalent to “ [image: image]” in Figure 1, which represents the variance of the gravity field coefficients of Deimos. The trend of the power spectrum lines and their intersections indicate that only up to the 3rd-degree coefficients of the gravitational field of Deimos can be solvable and reliably estimated in the flyby scenario. In this paper, we set the maximum degree on the x-axis of the power spectra figure to the solvable degree plus 1 or 2 to highlight the solution results.
The results in Figure 5 show that, even under relatively ideal experimental conditions and with efforts to maximize the span of closer flyby data, the two-way Doppler data between ground stations and the spacecraft provided constraints only on the lower-degree coefficients of Deimos’ gravity field. The higher-degree coefficients are largely unconstrained. We speculate that this is primarily related to both spacecraft altitude and to a very sparse spatial coverage of the surface, which does not allow for highly-resolved probing of the gravity field in the flyby scenario.
3.3 Results in the orbiting scenario
If more accurate gravity field data of Deimos is required through spacecraft orbit inversion, it is necessary to consider scenarios where the spacecraft orbits around Deimos. When conducting simulation experiments in the orbiting scenario, it is considered that the spacecraft may not be able to orbit Deimos continuously and stably for a long time as the orbital altitude increases. Therefore, the adopted scheme for obtaining simulation segments was as follows. From the simulation period, 30 simulation moments spaced 12 h apart were selected. And at these moments, initial orbit state at specified orbital altitudes were generated by our design functions. We performed orbit integration separately for each set of initial orbit state for 12 h, resulting in 30 orbiting segments. Figure 6 depicts the distribution of subsatellite points in the orbiting scenario.
[image: Figure 6]FIGURE 6 | Distribution of spacecraft’ subsatellite points in the flyby scenario.
As shown in Figure 6, in the orbiting scenario, the subsatellite points cover a latitude range of approximately −80°–70°, while achieving full coverage in longitude. Compared to in the flyby scenario, the distribution of orbiting subsatellite points is more uniform. This indicates that the orbital data in the orbiting scenario is more effective and reliable.
Similar to in the flyby scenario, the parameters of each segment in the orbiting scenario were divided into local and global parameters for computation. The least squares method was employed to solve the gravity field of Deimos by combining the normal equations of multiple segments. Table 6 presents partial results of the gravity field of Deimos obtained in the orbiting scenario, with the spacecraft’s initial orbit altitude approximately 4 km.
TABLE 6 | Partial results in the orbiting scenario.
[image: Table 6]As shown in Table 6, Deimos’ calculated GM is 9.61541e-5 ± 5.94597e-9 km3·s-2, C20 is −0.107897 ± 3.97807e-6, C22 is 3.08143e-2 ± 4.60863e-6, et al. Using accuracy metrics as the evaluation criterion, the computational results in the orbiting scenario are superior to those in the flyby scenario. Figure 7 shows the corresponding results’ power spectra.
[image: Figure 7]FIGURE 7 | Power spectra of the gravity field solution in the orbiting scenario.
As shown in Figure 7, the orbit state with an initial orbit altitude of 4 km can calculate up to the 10th degree. Figures 5, 7 indicate that the accuracy of the Deimos gravity field coefficient calculation in the orbiting scenario is generally better and more stable compared to in the flyby scenario. The improvement in accuracy is particularly noticeable in the calculation of lower-degree coefficients, and can make it easier to confirm the effective degrees of the gravity model.
Additionally, Table 7 summarizes the Deimos GM calculation results from this study and selected literature. As shown in Table 7, the Deimos GM calculation results from this study are consistent with previously published findings, with significantly improved accuracy.
TABLE 7 | Solutions for the gravitational constants (GM) of Deimos.
[image: Table 7]3.4 Analysis of influential factors
We adjusted the parameters outlined in Table 3 for comparative experiments and the influence of various factors on the experimental outcomes was explored. Considering that in the orbiting scenario, the precision of the calculated results significantly surpassed which in the flyby scenario, and the former demonstrated greater sensitivity to changes in influencing factors than the latter, only comparative experimental outcomes in the orbiting scenario were presented. As the formal error [image: image] is simultaneously influenced by a substantial accumulation of observations, the coefficient error variance [image: image] was prioritized as the evaluation criterion.
Initially, the impact of the initial orbit altitude on the calculation outcomes was investigated. Typically, in the orbiting scenario, the spacecraft’s initial orbit altitude largely determined the range of integrated orbit altitudes. Meanwhile the integrated orbit altitudes may fall below the initial orbit altitude. Based on safety considerations and experimental validation, this study ultimately selected 4 km as the minimum simulated orbit altitude. Figure 6 illustrates the power spectra under different initial orbit altitudes.
As shown in Figure 8, it is worth noting that with the increase in the initial orbit altitude within a certain range, the perturbation force provided by Deimos decreased, while the perturbation effect from Mars gradually became more significant, leading to a gradual reduction in the accuracy of gravity field and the solvable degree of calculation. In our experiments, as the spacecraft’s initial orbit increased from 4 km to 8 km, the maximum degree of Deimos’ gravity field that could be calculated decreased by approximately 2–3°. Furthermore, due to the extremely weak gravity field of Deimos, the spacecraft may gradually fail to sustain long-term orbiting in its natural state, and may even escape Deimos’ orbit, transitioning to a state of flyby or accompanying. In fact, it can also be roughly inferred that the enhancement in calculation accuracy from the flyby scenario to the orbiting scenario primarily stemmed from the reduction in orbit altitude. Taking these factors into consideration, attention should be paid to the orbital altitude threshold when designing orbiting trajectories, with altitudes of 4–8 km above Deimos’ surface being deemed more appropriate.
[image: Figure 8]FIGURE 8 | Power spectra in case 1 listed in Table 3 (Different initial orbital altitudes).
The observation noise determines the quality of the observation data, thereby affecting the precision of gravity field calculation results. Therefore, it was necessary to investigate the influence of observation data noise level on the calculation. In this comparative experiment, we set the observation noise level to three levels: 1e-6, 1e-7, and 1e-8 km/s Figure 7 depicted the power spectra of the calculation results obtained using observation data with different noise levels.
As shown in Figure 9, when the observation noise level decreased from 1e-6 km/s to 1e-8 km/s, the calculation precision improved by approximately five orders of magnitude. Gaussian white noise of 1e-7 km/s represented the current conventional X-band tracking precision level and was also the default level added in all other experiments. Filtering can reduce the noise level of observation data with large noise, but the ability to reduce noise level is limited by the current level of miniaturization and physical characteristics of onboard electronic devices. Therefore, the settings of 1e-6 and 1e-8 km/s noise levels were only indicative.
[image: Figure 9]FIGURE 9 | Power spectra in case 2 listed in Table 3 (Different noise levels).
In the simulations described above, the state of Deimos relative to Mars was directly obtained from JPL’s MAR097 ephemeris, assuming that there were no errors in the Deimos ephemeris. However, estimating the effect of ephemeris errors on parameter estimation is a crucial consideration. In the simulation experiments, following the approach of Gao et al. (2021a) and Sun et al. (2023), experiments were conducted by introducing different levels of errors along the trajectory direction of Deimos to investigate the impact of ephemeris errors. In this study, errors were introduced into the Deimos ephemerides at magnitudes of 0, 0.5, 1, and 2 km, respectively. Figure 8 illustrates the power spectra of the calculation results using Deimos ephemerides with different error magnitudes.
As shown in Figure 10, in cases where the ephemeris error is less than 0.5 km, the differences in the power spectra of gravity field coefficients are relatively small. However, in cases with ephemeris error of 1 km, deviations in the high-degree gravity field can be observed. While ephemeris error rises to 2 km, even the calculation of the low-degree coefficients shows obvious deviation. The results indicate that Deimos ephemeris errors of more than 0.5 km could affect the solution of higher degree coefficients, while ephemeris errors of more than 1 km will significantly deteriorate the precision of gravity field estimation. Therefore, it is important to ensure that the ephemeris error of Deimos is less than 0.5 km in practical measurements. We need to ensure that the ephemeris error is less than 1 km, which is realistic and feasible indicated in the work of Gao et al. (2021a).
[image: Figure 10]FIGURE 10 | Power spectra in Case 3 listed in Table 3 (Different Deimos ephemeris errors).
The sunlight radiation impinging on the surface of the spacecraft exerts pressure, thereby influencing its orbit. In this study, a simplified approach was employed, treating the spacecraft as spherical and assuming that the sunlight rays are always perpendicular to the spacecraft surface for modeling solar radiation pressure. The simplified equation for calculating solar radiation pressure is shown in Eq. 9:
[image: image]
where [image: image] is the SRP coefficient, primarily determined by the spacecraft’s surface material, typically treated as an estimated parameter in precise orbit determination, [image: image] represents the position vector of the Sun relative to the spacecraft, [image: image] denotes the solar radiation pressure per unit area at a distance [image: image], typically taken as 4.56 × 10−6 N m−2, [image: image] and [image: image] are the surface area and mass of the spacecraft.
It is necessary to note that the spacecraft is not always fully exposed to solar radiation, and shadowing due to celestial bodies needs to be considered. In such cases, Formula 7 should be multiplied by a shadowing coefficient [image: image].
In this study, the numerical value of Cr was set to 1.2. In comparative experiments, errors of 0%, 10%, 20%, and 30% were respectively added to the Cr values to investigate the impact of Cr errors on the calculation results. Figure 11 illustrates the power spectra of the calculation results with the aforementioned errors added to Cr.
[image: Figure 11]FIGURE 11 | Power spectra in Case 4 listed in Table 3 (Different Cr errors).
As shown in Figure 11, the addition of Cr errors has a relatively small impact on the variance of the true error of the gravitational field coefficients, and it hardly affects the formal error. In the orbiting scenario, the perturbation force provided by solar radiation pressure is much smaller and relatively stable compared to that provided by Mars and Deimos.
4 DISCUSSION AND CONCLUSION
This paper addresses gravity field recovery at Deimos under multiple exploration scenarios, with a focus on Martian moon exploration missions. Based on simulated ground tracking data, the paper conducts precise orbit determination of spacecraft with close orbit around Deimos and inversely estimates the gravity field model of Deimos. The main work and innovations of this paper are summarized as follows.
Based on the available low-order gravity field coefficients of Deimos and rescaled gravity field coefficients of Phobos, we constructed of a 20th-degree gravity field model of Deimos, and the Kaula criterion was applied for validation and adjustment. Simulated analyses were conducted separately in the flyby and orbiting scenarios around Deimos, establishing force models and observation models for spacecraft. Then we analyzed and evaluated the calculated results to determine the effective degrees for inversion of the Deimos gravity field. Factors affecting the accuracy of the calculation and their respective influences were studied and analyzed through comparative experiments. From the experiment results of this study, it is evident that, based on the current technological capabilities, the altitude of the spacecraft relative to Deimos has the greatest impact on the accuracy of the calculations. Under the influence of Martian perturbations, increasing the spacecraft’s altitude leads to a sharp decrease in the accuracy of the calculations and the feasible degree of gravity field coefficients. Then, the level of noise in the observation data and the errors in Deimos’ ephemeris play significant roles, but the former can be addressed through improvements in observation methods and equipment, while the latter can be constrained by precise orbit determination of Deimos. Conversely, errors in the solar radiation pressure coefficient have a relatively minor impact on the calculation results. Furthermore, this paper compared the calculated GM with existing findings, indicating that a targeted mission would significantly reduce error bars of GM. Additionally, various parameter evaluation criteria were employed to demonstrate the reliability of the results obtained in this study.
This study utilized simulated data, and the orbit state around Deimos were conducted at relatively close distances. Moreover, in the processing of actual radio tracking data, besides minor effects from modeling factors like solar radiation pressure, there are significant long-term impacts from errors in rotation models and celestial ephemerides (Liu et al., 2023). Due to the simplifications made during the simulation, the results of the study may be somewhat idealized. However, the experimental process and data processing methods still hold relevant reference value. In future real data processing endeavors, finer adjustments or modeling efforts will be planned to achieve high precision outcomes.
The gravity field of Deimos is of significant importance for scientific research and deep space exploration within the Martian system. The computational results presented in this paper can serve as a priori gravity field models for Martian moon exploration missions, providing theoretical foundations for spacecraft navigation and landing orbit determination. Additionally, they offer valuable insights for the planning and implementation of future exploration missions to Mars and its satellites by various countries.
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APPENDIX
As shown in Table A1, in the Appendix, we give the reference gravity field model of Deimos that is generated from the shape model. The gravity field model of Deimos is given up to degree and order of 4.
TABLE A1 | The reference gravity field model of Deimos.
[image: Table A1]Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
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