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Abstract

:

Featured Application


The article is presenting simulations for tidal accelerations in multi-body planetary systems under the precondition of having only few physical and orbital parameters experimentally available. Tidal acceleration vectors were calculated under missing most orbital parameters for the solar system as calibration standard and the TRAPPIST-1 system as an extrasolar example.




Abstract


Volcanism powered by tidal forces inside celestial bodies can provide enough energy to keep important solvents for living systems in the liquid phase. A prerequisite to calculate such tidal interactions and consequences is depending on simulations for tidal accelerations in a multi-body system. Unfortunately, from measurements in many extrasolar planetary systems, only few physical and orbital parameters are well-known enough for investigated celestial bodies. For calculating tidal acceleration vectors under missing most orbital parameter exactly, a simulation method is developed that is only based on a few basic parameters, easily measurable even in extrasolar planetary systems. Such a method as the one presented here allows finding a relation between the tidal acceleration vectors and potential heating inside celestial objects. Using the values and results of our model approach to our solar system as a “gold standard” for feasibility allowed us to classify this heating in relation to different forms of volcanism. This “gold standard” approach gave us a classification measure for the relevance of tidal heating in other extrasolar systems with a reduced availability of exact physical parameters. We help to estimate conditions for the identification of potential candidates for further sophisticated investigations by more complex established methods such as viscoelastic multi-body theories. As a first example, we applied the procedures developed here to the extrasolar planetary system TRAPPIST-1 as an example to check our working hypothesis.
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1. Introduction


Over the last decades, many objects in the solar system have been identified with liquid oceans powered by tidal heating. Well-known examples are (J1) Io (designation (J1) given in this paper for distinction from asteroid (85) Io), Europa, Enceladus, and Ganymede, among many more. Numerous models have been evolved for description and further analysis, containing various predictions for the interior structure of the examined celestial objects. Most of these models are based on vast and extensive theories of viscoelasticity considering different analytical and numerical models for different oscillation modes and layers forming the inner structure of the celestial body, see, e.g., [1,2]. For more complex models distinguishing oscillation modes and causes for the tidal heat dissipation such as eccentricity, obliquity, and asynchronous spin to orbit rates, see, e.g., [3]. These studies, among many others, provide a very precise determination of custom-fit models for each celestial object, achieving a detailed and deep understanding of the tidal heating processes involved.



In principle, tidal heating or, in more general considerations, tidal interactions happen in all planetary systems known in the universe. An additional specialty in many extrasolar planetary systems, especially in those of the numerous M and K stars, is the very great proximity of planetary objects to each other [4,5,6]. This might already result in an influence the planetary objects have on each other. These additional effects based on multi-body contributions to tidal interactions were so far only rarely considered, especially since all relevant physical parameters required for complex modeling were not available for many extrasolar systems.



Without denying the need for deep and detailed analyses based on complex theoretical approaches as, for instance, the successful viscoelastic multi-body theories mentioned above, it may be of advantage to have a rough calculation procedure whenever the measured data availability does not sufficiently satisfy the theories’ requirements. This may offer a glimpse of potential systems of interest in advance by using a model in which mainly distances between the objects, their radii R, the eccentricities of their orbits e, masses, and other orbital elements are used.



Here, we present a newly developed approach for the simulation of tidal accelerations in systems of celestial objects under multi body conditions, requiring a minimalistic set of experimental physical parameters. The model was first applied to our solar system as a “gold standard” to determine whether this is sufficient to identify candidates for tidal interactions. Our solar system is the best test candidate, because a comparison to precise measurements and models developed for the many objects in the solar system can be made. Often space probes have visited these objects, and accurate investigations have been performed so that the results can be used in some way as a standard to classify other systems so far not investigated in such great details. This may even allow an assessment of whether a certain value found in the model may favor liquid solvents or cryo- or even siliceous volcanism inside the object.



In addition, some aspects of the evolution of the eccentricity e over time have been investigated in this approach. In a final step, this approach has been applied to an extrasolar planetary system, namely TRAPPIST-1 [5,6]. All planets known for this system are included. We further present our results for a simplified version of our simulation, using a smaller set of orbital elements. We compare this simplified version to the original one and outline how this simplified version could be applicable to other extrasolar planetary systems for which usually only a smaller set of orbital elements is known with acceptable accuracy. This could give a first estimate of the potential significance of tidal influences in other less well-known extrasolar systems.



Finally, we discuss this new developed pre-screening method for extrasolar systems, as well as further findings and implications for objects in our solar system.




2. Materials and Methods


To include the possible mutual multi-planetary influences, the forces of all objects on each other have to explicitly be considered. Since tidal interactions from gravity forces up to complex tidal heating models require in a first step an approach to estimate accelerations and the mutual interaction of multi-bodies, we develop a procedure considering both requirements, i.e., a simulation of a time course of variations of the resulting tidal accelerations under multi-body conditions and with a minimalistic set of experimental physical parameters. This is achieved by computing all acceleration vectors affecting every object in order to identify planetary systems that are potentially tidal-driven.



2.1. Tidal Accelerations


Tracking the orbital motion of celestial bodies based on their orbital elements allows the calculation of the positions of the object for discrete time steps and the determination of the three-dimensional distance vectors between the objects. Using a minimalistic set of physical and geometrical parameters of the objects, we calculate the tidal acceleration vectors acting on the surface of one object. After this step, for easier evaluation, the distance vectors were normalized and multiplied by the absolute value of the tidal acceleration A acting on the surface of the influenced object facing the influencing objects following Equation (1).


  A =   G M    r 2     (   1     (  1 −  R r   )   2    − 1  )   



(1)







M is the mass of an influencing object; r is the distance between the objects, and R is the radius of the influenced object. Considering also the influences of a changing orbit, we use e (eccentricity), as well as parameters for the orientation of the objects in space and amongst each other, e.g., i (inclination) and Ω (longitude of the ascending node). This allows a computation of acceleration vectors in 3D caused by every object in the system on the investigated one. Adding up these acceleration vectors takes into account that the tidal effects caused by several objects can intensify or partially cancel each other out, due to the different orientations of the tidal acceleration vectors acting on the objects. Determining the vector difference between these “total”, the summed up tidal accelerations for the different time steps also gives a rough estimate of the deformation of the objects and may serve therefore as an indicator for the possible tidal heating on their inside.




2.2. Data


To simulate the motion of the planets, moons, asteroids, and comets in the solar system, one needs the orbital elements of these objects. The data for the planets and their moons are obtained from the Solar System Bodies Archive [7], and the data for the asteroids and comets are gathered from the JPL Small-Body Database Search Engine [8]. Although, being of general importance, masses are only listed for a small fraction of asteroids and comets. To give a rough estimate for the missing masses, we calculate the mean density of the known objects, supplying masses using their radius under the assumption of a spherical shape. Based on this mean density and its standard deviation, an estimate for the masses of the other objects is obtained using their radii. The mean density gives a mean mass estimate, and the mean density plus/minus the standard deviation gives a maximal/minimal mass estimate. With these values, the tidal accelerations for each of the three masses (maximum, mean, and minimum) are computed.



We also include trans-Neptunian objects (TNOs) in our simulation. The data for their physical and orbital properties are taken from various publications listed in the Appendix A in Table A1. For some cases, the given values diverge. We only include TNOs for which the accuracy of the given data seems reasonable: errors of values within a publication <30% or deviations between values of publications <30%. If several value sources for one object were available, we used the mean value of these data. In the column ‘moons’, an asterisk (*) denotes that a moon is known for this TNO but not included in the simulation because of missing or inaccurate data. There are even more multi-body systems, e.g., (42355) Typhon-(42355) Typhon I Echidna. Due to a lack of (unambiguous) data (79360), Sila-Nunam (1997 CS29), (38083) Rhadamanthus (1999 HX11), (15810) Arawn (1994 JR1), (28978) Ixion (2001 KX76), (420356) Praamzius (2012 BX85), (53311) Deucalion (1999 HU11), and many more are not included either. If a value is not given in the publications, the data from the JPL database are used or the mass is derived as mentioned above. The mass and radius of the Sun are taken from [9].



Tidal accelerations are only computed if the radius of the influenced object is larger than 75 km. Since the radius is also part of Equation (1), one also expects low tidal accelerations for these objects. Objects with a radius smaller than 75 km, however, are included in the influencing objects. For comets, we include only the biggest known objects with a radius of around 30 km to test if there could be some tidal potential.



Data used in the simulation of the extrasolar planetary system TRAPPIST-1 are taken for the central star from [10] for mass and radius and for the planets; from [11] for masses, semi-major axes, and eccentricities; from [12] for mean angular motions and radii; and from [6,12] for inclinations.




2.3. Simulation of Orbital Motion


The orbital elements are the semi-major axis a, the eccentricity e, the longitude of the ascending node Ω, the inclination i, the argument of periapsis ω, the mean anomaly at a given epoch M0, and the mean orbital motion n. For the calculation of the three-dimensional distance vectors, the coordinates of all objects have to be transformed into a single Cartesian coordinate system. As the uniform system, the Cartesian heliocentric ecliptic system is chosen with the Sun at the origin and the orbital plane of the Earth as the x-y-plane with the x-axis pointing to the vernal equinox. Kepler’s equation is solved to obtain the polar coordinates of the elliptic orbit; we convert them to Cartesian coordinates and then rotate the orbital plane using the other orbital elements with respect to the ecliptic.



Since the orbital elements of the moons are in reference to their central planet/object, one has to shift their coordinates by those of the central object. The mutual influence of the moons on their orbital motion in the solar system, especially for moons around gas giants, leads to a precession of the orbits and makes it necessary to introduce a new reference plane for some moons, called the Laplace plane. This plane has two additional orbital elements, two angles changing in time, to emulate this precession in a linear approximation. For the outer moons of the gas giants in the solar system, this precession is partly caused by the mutual influence of the outer moons of different planets. Some of the inner moons orbit close to the equatorial plane of their gas giant and therefore use this plane as reference, which also gives two angles as additional orbital elements. Sometimes, these additional angles are in reference to the equatorial plane of the Earth, and one must include an additional rotation about the angle of the obliquity of the Earth.



The code for the simulation written in C++ can be found under the following link: https://www.kip.uni-heidelberg.de/biophysik/software/tidal_accelerations (accessed on 1 July 2021). The need C++11 standard and the library “Eigen” are necessary [13] for compiling.



In order to find an appropriate time window for the simulation of the orbital motion and the resulting tidal accelerations, we choose conjunctions of the planets, since the mutual influence of the moons of different planets, as mentioned above, and therefore the tidal influence should then be maximal. In May 2000, the planets Mercury, Venus, Earth, Mars, Jupiter, and Saturn were located in a relatively small angular segment seen from the Sun. Therefore, it makes sense to simulate around this time point, because the planets are getting very close to each other and may have the highest accelerations on each other. To include the approaching of the planets to this situation, we start our simulation at 1.1.1950, 12 h UT. Around May 2492, almost the same conjunction will occur, so we choose a time period of 600 years for the simulation to include this conjunction as well.



Since one can only simulate for discrete time steps, a reasonable value for each time step has to be determined. For this, we consider the orbital periods of the objects in the solar system. The planets have orbital periods of barely over three months for Mercury to 165 years for Neptune or rather 248 years for the dwarf planet Pluto. In contrast to that, the periods of the moons of the gas giants range from a quarter of a day for the inner ones up to a few years for the outer ones. Among the asteroids, (101955) Bennu orbits in about 1.20 years, while (4) Vesta takes about 3.63 years. TNOs have orbital periods of up to 497.5 years for (90377) Sedna. Comets are strongly diverging, 5.37 years for the Jupiter-family comet 10P/Tempel and 2640 years for (C/1995 O1) Hale-Bopp.



As the asteroids in the main belt have at least a period of about one year, we choose a step size of 90 days in order to have at least four points on the orbit for these asteroids. Additionally, the four inner terrestrial planets, all asteroids, comets, and TNOs, are simulated using this step size, resulting in 600 years/0.25 years = 2400 iterations.



The first interesting moon according to its size is the Saturn moon Mimas with an orbital period of about one day. Again, we choose a quarter of this as our step size and iterate 2400 times, resulting in a total time period of 600 days. In this way, the simulations are carried out for the moons and the terrestrial central objects, Earth, Mars, Pluto, and the TNOs Eris and Haumea, to obtain a more detailed insight into the tidal influence of their moons. To include the conjunction around May 2000, we start the simulation on May 1999 for this smaller step size.



As the orbital periods of the planets in the TRAPPIST-1 system are relatively close to each other with 1.5 to 18.8 days, we chose a smaller step size of 0.1 days. By going for 1800 iterations, we obtain almost 10 orbits for the outermost planet.



Converting the distance vectors into tidal acceleration vectors using Equation (1), we obtain a vector set for every object pointing to the other influencing objects. Since for many celestial bodies, we have three values for the mass (mean, minimal, and maximal guessed mass), we obtain a triple of these tidal accelerations for every time step using these different mass values in calculation, respectively. If the mass is given for an object, we only use this single value so that we end up with identical tidal acceleration vectors instead of different vectors in the triple.



Adding up these vectors related to the influencing objects for a certain time step and taking the norm results in the tidal acceleration Atotal. Note that this takes the three-dimensional orientation of the vectors into account, as the tidal influences of the many objects may (partially) enhance or reduce each other. In addition, we calculate the vector difference of the total acceleration vectors Atotal by subtracting them from each other for two consecutive time steps. We call the norm of this vector difference ΔAtotal. This represents the change of the tidal acceleration vectors, including the change in the orientation. Our idea is that this could give a rough estimation of a deformation of the object caused by the change in the tidal forces.



Equation (1) can be approximated for R ≪ r by


  A ≈   2 G M R    r 3     



(2)







Using Δt for the step size in the simulation in days, mean angular motion n, and approximating (ΔA/Δt) by An, we obtain


  A   Δ A   Δ t     ≈    A 2  n ≈   4  G 2   M 2   R 2  n    r 6     



(3)







Since parts of the simulation use different step sizes Δt, this product also guarantees the comparability of the values with each other (e.g., moons often complete an orbit faster than a planet).



Please note that for the computation of A and ΔA for each time step in the simulation, as well as the added-up equivalents Atotal and ΔAtotal for each celestial object and their product Atotal·(ΔAtotal/Δt), the full accuracy of Equation (1) is still used. Equation (3) is given to show the variables on the right side (M, R, r, n) the product Atotal·(ΔAtotal/Δt) corresponds to. This might make it easier to compare our results to the viscoelastic models mentioned in the introduction section, e.g., [1,2,3], as one can comprehend how the variables (M, R, r, and n) make up the product Atotal·(ΔAtotal/Δt).



To reduce the amount of resulting data for each object, we apply a pre-screening to find 10 objects with the greatest influence. In addition, we search for 10 objects with the greatest fluctuations in their influence, since this is interesting in connection to the potential for deforming the interior of the celestial body.



To visualize the tidal accelerations, we generate for every object a series of bar charts, applying the values over the discrete time steps. The uppermost graph contains the individual contributions of the influencing objects stacked logarithmically, the second one the resulting Atotal, the third one ΔAtotal, and the last one at the bottom Atotal·(ΔAtotal/Δt). Every bar in these charts consists of three sub-bars, including the value of the tidal acceleration calculated using the minimal, mean, and maximal mass guess from left to right (Figures 1–4, 8–10).



You can find the Python3 script generating the plots using the data resulting from the C++ simulation also in the file package under the above-mentioned link.





3. Results


3.1. The Solar System


A typical example is shown in Figure 1, in which all the strongest of the tidal influences acting on the Jovian moon Ganymede can be seen. As expected, Jupiter has the biggest contribution to the tidal acceleration since it is the largest mass around. Second by contribution are the other Galilean moons, but they are already in the range of at least four orders of magnitude smaller. Their periodicities reflect very well the orbital resonances of these moons. Moreover, other Jovian moons appear in the objects causing larger fluctuations than expected. Figure 2 shows as another example the tidal influence acting on (4) Vesta being dominated by the Sun, and its influence is also in the range of three to four orders of magnitude higher than those by planets nearby the main belt and other asteroids within this belt. The results presented in these two figures indicate some general characteristics of our computed tidal accelerations and the expected tidal influences for celestial bodies in our solar system.



Not only the Sun and planets influence (4) Vesta; the Moon and other asteroids such as (1) Ceres, (9) Metis, or (85) Io also generate tidal accelerations that change dramatically over time. Since all these objects including (4) Vesta itself are relatively small, light, and/or too far apart, the absolute values of Atotal·(ΔAtotal/Δt) are too small to be interesting enough in the context of tidal heating. Nevertheless, this shows the potential of asteroids for tidal heating besides moons around large gas giants. One can see in Figure 2 that the course of ΔAtotal follows the course of Atotal in general. This can be explained by the fact that the Sun dominates and ΔAtotal mostly just corresponds to the change of the orientation of Atotal caused by the orbital motion of (4) Vesta around the Sun.



Results for the three-body system Haumea in the Kuiper belt as given in Figure 3 are very interesting in this context, because the orbital planes of the two moons around Haumea are tilted towards each other due to very different inclinations. In this graph (Figure 3), the effect of non-coplanar orbital planes can be nicely seen: The charts showing Atotal and ΔAtotal differ clearly, because the orientations of the tidal acceleration vectors become important in such a tilted system. This contrasts with (4) Vesta as the effects of the moons in the Haumean system are strong enough to dominate ΔAtotal. For objects orbiting close to their central object, it is interesting to check if Atotal and ΔAtotal differ significantly. Objects orbiting close to their central object are often tidally locked, i.e., they are always showing the same side to the central object. In tidal lock, the change in the orientation of the tidal acceleration vector caused by the orbital motion contributes to ΔAtotal, but this alone would not contribute to a deformation of the influenced and tidally locked object over time. If Atotal and ΔAtotal differ, other influences caused by objects other than the central one are contributing, resulting in an actual deformation of the influenced and tidally locked object.



In general, it can be said that among those celestial bodies investigated, TNOs in possession of moons exhibit exceptionally strong tidal influence. In, e.g., [3] a large potential for tidal heating within these TNOs is also described. Multi-body TNO systems often consist of relatively large objects orbiting each other in short distance and have, in comparison with solar system planets and moons, quite uncommon values for their orbital elements. Nevertheless, as the accuracy or availability of orbital and physical data for TNOs are in general not very satisfying, especially for TNOs with moons, a (more precise) determination of these parameters could be very interesting for a more detailed evaluation of tidal heating.



As the model gives a complete three-dimensional simulation evolving over time, rare and only occasionally occurring encounters of generally not-associated objects are more easily revealed. This is especially interesting for comets and some asteroids that travel across the inner and outer regions of the solar system due to their high eccentricities. In Figure 4, the flyby of the comet C/1995 O1 (Hale-Bopp) past Jupiter is shown. The tidal influence increases significantly as Hale-Bopp approaches Jupiter. The tidal accelerations are nevertheless small, and the considered parameters are many orders of magnitude below those of objects shown above. This may be mainly due to the small size of Hale-Bopp but could become interesting for bigger asteroids or comets.



Figure 5 gives an overview of the celestial bodies showing the largest tidal accelerations in the solar system. {Atotal·(ΔAtotal/Δt)}max is the maximal value found for the celestial object over all time steps.



In Figure 6 and Figure 7, the volcanism of differently sized objects is discussed in relation to the maximal value {Atotal·(ΔAtotal/Δt)}max. Celestial bodies marked by orange triangles show signs of at least former volcanism, meaning that these objects certainly had volcanism in the past and might even be faintly igneous today. Data of the space probe MESSENGER shows signs of siliceous flood volcanism and other volcanic features on Mercury [14,15]. Venus shows multiple signs for former and maybe still present volcanism. The Monitoring Camera of the space probe Venus Express [16], numerical simulations [17], and other investigations [18,19,20] find hints/evidence for volcanism. It is reasonably certain that Mars used to be volcanic in the past (e.g., Olympus Mons) and maybe still is today. Additionally, our Moon shows signs of former volcanism [21], and seismic measurements during the Apollo missions indicate present volcanism [22]. This subgroup is presented just for orientation, as one must consider for these huge objects that radioactive heating and stored accretion energy strongly contribute along with tidal interactions to volcanism.



As may be already seen from Figure 6, if {Atotal·(ΔAtotal/Δt)}max is larger than 10−15 (m2/s4d) and R larger than 200 km, volcanism is known for all objects in the solar system. This general observation makes no assumptions on the power sources of this volcanism. For larger R, this may be more based on radioactive decay or stored accretion energy; for smaller R, this points more toward the direction of tidal heating. This is indicated approximately by the dashed line in Figure 6 and Figure 7 and was determined empirically by considering the volcanic activities of the objects in the solar system. Nevertheless, this boundary remains blurred and should not be considered too certain. Most planets with at least former volcanism known are below 10−10 (m2/s4d) and above 10−15 (m2/s4d) but have higher R values. The probably most interesting new objects exposed to higher gravitational forces found by this simulation can be seen in the upper left corner of the diagram with {Atotal·(ΔAtotal/Δt)}max larger than 10−6 (m2/s4d) but R smaller than 200 km. New considerations may also be taken for all other objects shown, even if they are not inside of the boundaries as the objects already described.



As mentioned above, for objects in extrasolar planetary systems, very often only a small fraction of their properties and parameters is available. Even orbital elements may be missing or vague. Thus, the application of our simulations is running into uncertainties. To investigate the effect of neglecting some orbital elements on the results of our model, we repeated our whole full simulation by setting e, Ω, i, ω, and M0 to zero so that only a, n, M, and R were remaining, which often may be the only well-known parameters for objects in an extrasolar planetary system. The new results based on this simplified simulation are given in Figure 7. Only small deviations were found between the two versions (Figure 7 vs. Figure 6) of the simulation. This may be mostly caused by neglecting the eccentricity e (as been seen in pre-simulations when testing the algorithm, data not shown). The similarity of Figure 6 and Figure 7 shows that the simplified version of the simulation with a smaller set of orbital elements does not change the resulting tidal accelerations significantly. Thus, the simplified version could be very applicable to estimate the potential significance of tidal influences in extrasolar planetary systems, especially the ones with poorly known or many unknown orbital elements. In general, the deviations are reasonably small, and therefore our approach may be considered stable enough to provide an estimate for the tidal interaction and the heating potential in extrasolar planetary systems, even if not all parameters are known. An example is given in Figure 8 for Haumea, where even with strong influences from its orbital planes, the course of the values changes, thereby remaining in the same order of magnitude (in comparison to Figure 3).



In the case of special objects where uncertainties are present, the bar histograms of tidal accelerations may give new insights for future improved modeling. As an example of the solar system, the two Uranian moons Ariel and Umbriel are shown. Little energy transfer from their central planet is assumed, but periodic mutual tidal influences of the moons seem to peak over 10−7 m/s2 for Atotal nearly all three days (Figure 9). This shows that also other objects orbiting the central object can provide the leading important tidal influence. This is a key new feature of the model presented here. We can see (e.g., bottom panel of Figure 9) that referring all calculations to the central object only might underestimate the potential of tidal influences by other objects present in the system. This example may justify our complex multi-body approach in the case of special planetary systems.




3.2. Extrasolar Planetary System TRAPPIST-1


A well-investigated extrasolar planetary system is TRAPPIST-1, an M-dwarf with seven exoplanets [5,6], the largest extrasolar planetary system of terrestrial Earth-sized planets found so far. Since all planets are orbiting very close to each other and their host star, this system is of great interest and a challenging example for our approach concerning tidal interactions and consequences, especially for tidal heating.



What distinguishes this system from all others is that the masses, semi-major axes, eccentricities, mean angular motions, radii, and inclinations are known with high accuracy, and this, quite remarkably, for all the seven terrestrial Earth-sized planets [6,11,12]. The central star is an ultra-cold red dwarf star [6,10] of spectral type M8V, with a size slightly larger than Jupiter, but 94 times Jupiter’s mass, which is located 12 pc (about 41 light-years) away from the Sun [35].



There are extensive studies elaborating on the possible habitability of this system. Considerations about the equilibrium temperatures based on the irradiation by the host star [12] could allow for liquid water on the surfaces of up to six planets (TRAPPIST-1c, -d, -e, -f, -g, and -h) when assuming a very optimistic circumstellar habitable zone around the host star, or up to three planets (TRAPPIST-1e, -f, and -g), when assuming a conservative circumstellar habitable zone, depending on definition, see, e.g., [36,37,38,39], among many others. The models in [40,41], considering the potential water loss from terrestrial planets around ultra-cold red dwarf stars during their pre-main sequence phase, conclude for the TRAPPIST-1 planets -b and -c that they may have lost as much as 15 Earth oceans of water; -g may have lost more than 20 Earth oceans and -e less than 3 Earth oceans of water. For TRAPPIST-1d, they predict a water loss of possibly less than one Earth ocean. Depending on the initial water content of these planets, they could have enough water to remain habitable when they enter the habitable zone in the main sequence phase of their host star TRAPPIST-1. The elaborate climate model in [42] predicts that TRAPPIST-1e has the highest probability for being an Earth-like ocean world.



Figure 10 shows tidal accelerations for the innermost planet TRAPPIST-1b, which even exceed the values found for the Jovian moon (J1) Io, the most strongly tidally influenced object in the solar system. Equally, the planets on outer orbits show values in the same range (not shown). We may therefore assume strong to very strong tidal heating, and consequently siliceous volcanism may be present if we refer to the relations of Figure 6. This is in good agreement with results in other publications, e.g., [43], confirming an applicability of our model to extrasolar planetary systems. Additionally, the individual tidal influences of all other planets are also visible. The influence of TRAPPIST-1c alone would be enough to periodically exert tidal forces on TRAPPIST-1b up to a lower limit from which on tidal heating of low-melting liquids might already be considered. As M-dwarfs often possess extremely strong magnetic fields, another source for heat induction has to be considered [44]. Adding up stored accretion energy, radioactive, tidal, and induction heating, this gives an impression of the planets of TRAPPIST-1 as volcanic worlds. An overview and classification in relation to objects in the solar system is given in Figure 6.



For better comparison, we calculate the values of {Atotal·(ΔAtotal/Δt)}max found in our model using full parameters for (J1) Io, Ganymede, and all planets in the TRAPPIST-1 system (Table 1). We choose (J1) Io and Ganymede because their semi-major axes a are similar to the ones of the planets in the TRAPPIST-1 system and Jupiter as the object being orbited by (J1) Io and Ganymede is with its huge mass most comparable to the M-dwarf.





4. Discussion


As a “gold standard” system, the simulation approach for tidal accelerations presented here using a minimalistic set of parameters was applied to all objects in our solar system known and correlated to cryo- or even siliceous volcanism. For celestial bodies known to show signs of strong tidal influence, the resulting values for {Atotal·(ΔAtotal/Δt)}max are among the largest occurring in this simulation. Furthermore, additional objects were suggested, which have not been subjects of research for tidal heating up to now.



The identification of new candidates can also reveal conclusions about the composition and evolution of other properties not related to tidal heating, e.g., the inner Neptunian moon Despina shows the highest tidal acceleration value of all objects included in the simulation of the solar system (see Figure 5 and Figure 6). According to [45], the composition of Despina and the other inner Neptunian moons should be structured like a rubble pile, i.e., a loose aggregation of small rocky pieces. Considering the strong tidal forces presumably associated with the relatively high tidal accelerations acting on Despina, it may be interesting to investigate whether or even how rubble piles exposed to such relative strong tidal forces are stable over the long history of the solar system. Therefore, this could lead to new insights into the stability of rubble piles or motivate new ideas about the inner composition of these objects.



As may have been noticed in Figure 5, the Earth shows siliceous volcanism, although the tidal accelerations are quite low compared to (J1) Io, the only other object in the solar system for which this persistent characteristic is confirmed. This can be explained by the fact that due to the large radius of Earth, accretion heat from the period of formation and radioactive heating contribute more to the occurrence of volcanism on Earth than tidal heating. This also illustrates the need for awareness and consideration of other influences not covered just by tidal acceleration or tidal heating. Nevertheless, this is not a contradiction to our approach. In Figure 6 and Figure 7, one can easily distinguish two main domains (indicated approximately by the dashed line): big objects like our Earth appear at the far-right margin of the plots at large radii R, implying large contributions from radioactive decay and stored accretion energy. The other domain is tidally interesting objects, appearing at the top in the center and the left margin of the plots with small to intermediate radii R but large tidal accelerations. Therefore, this domain is the interesting one for tidal heating as the main contribution. Accretion heat and radioactive heating should be minor. All the objects considered as interesting ones in our study for the solar system can be found in this domain. It can be divided into two sub-domains: The top center contains the already well-known objects in the context of (cryo-)volcanism and tidal heating. The top left corner contains the additional objects suggested in this study, which have not been subjects of research for tidal heating until now.



When looking at Figure 6 and Figure 7, generalized boundaries for where cryo- and siliceous volcanism might be expected for a celestial object based on our solar system may not easily be transferred to extrasolar planetary systems. The smaller the extrasolar objects are (small radii R below the size of Earth), the easier this is to perform, as then mainly tidal forces should dominate the potential volcanic activity on these worlds.



Approximate boundaries based on our solar system might be given to estimate the tidal-dominated volcanic activity on small extrasolar objects in future studies: The before mentioned minimal values of 10−15 (m2/s4d) for {Atotal·(ΔAtotal/Δt)}max and 200 km for R should hint at possible cryovolcanic activity when found in an extrasolar planetary system. The lower bound for potential siliceous volcanism powered by tidal influences might be deduced by the order of magnitude of the value of {Atotal·(ΔAtotal/Δt)}max for (J1) Io, roughly about 10−4 (m2/s4d) (compare to Table 1). These boundaries may be transferable to sub-Earth-sized extrasolar objects, as potential volcanic processes in these small worlds might clearly be tidal-dominated.



For larger extrasolar objects, the two other influences on the volcanic activity mentioned, radioactive decay and stored accretion energy, have to be considered. Both may not be easily modeled when transferring to extrasolar systems of Earth’s size and larger. A main reason for that may be the decline of these influences over time. This can already be seen in our solar system, as, e.g., Mars shows signs of mostly extinct volcanism that may mainly be dominated by radioactive decay and stored accretion energy.



The larger R, the better internal models considering the remaining accretion energy stored from the object’s formation have to be. Additionally, for radioactive heating, other parameters and events have to be considered. These are mainly the metallicity of the host star, uneven distributions of these (radioactive) metals during planetary formation, possible special external metal enrichment events, or other special events shortly after the planet’s formation. Examples in the solar system are the potential enrichment of the radioactive aluminum isotope 26Al in the solar nebula by external sources [46,47] and the potential giant collision between the proto-Earth and a planetary embryo named Theia forming the Moon and having consequences for the composition of both the Earth and the Moon, see, e.g., [48].



Detailed and thorough analyses have to be performed for large R when trying to transfer the boundaries for expected volcanism given above from the solar to extrasolar systems. The older and the less enriched in radioactive metals the extrasolar system is, and the smaller the exoplanets(/-moons) are, the more reliable this transfer via our approach may be.



The dashed line in Figure 6 and Figure 7 shows via empirical findings in our solar system the division line for tidal-dominated and radioactive decay/stored accretion-energy-dominated objects. Again, the transfer of this division to extrasolar systems has to be performed cautiously due to the issues outlined above. This division line remains blurred and should not be considered too certain.



As a first interpretation, this may be performed for the extrasolar planetary system TRAPPIST-1. The host star TRAPPIST-1 has a metallicity close to our Sun [12]. The age of this system might be older than our solar system [49]. This might favor a dominant influence by tidal heating in the present phase of this system, as the other possible energy sources might have dwindled further. Planets in the TRAPPIST-1 system have been taken to test and verify but also to show the limits and borders of this model. The objects are already quite big in comparison with considered objects in the solar system, but they are until now the only set of exoplanets well-characterized enough by other models to serve as check-up for our model. Planets of TRAPPIST-1 should experience strong heating by remaining accretion heat, radioactive heating, and tidal heating all together, as they appear close to the dashed line in Figure 6. Hence, planets of TRAPPIST-1 appear to be very hot worlds. This is in concordance with the conclusions from other simulations [43,50,51].



Future investigations might try to apply this simulation approach to depict perturbations regarding ΔA. It may be an aim to make long-term predictions about the stability and resonances of multi-body systems, since the mutual perturbations of the objects in an energetically relaxed state are visible (energy included in eccentricities dissipated to zero).



Furthermore, simulations without the central object might be desirable to investigate only the mutual tidal influences of the orbiting objects. As already mentioned, this will show that also other objects orbiting the central object can provide the leading important tidal influence (see, e.g., the bottom panel of Figure 9 for Umbriel). This may justify our complex multi-body approach.



Some new objects of interest were found and may justify further investigations. The testing of how strong the values change when some parameters are missing yields stable/similar results in the solar system. This encourages the application in extrasolar planetary system to evaluate less well-known objects. The transfer to the extrasolar planetary system TRAPPIST-1 also results in assumptions of the planets being in concordance with known simulations [43,50,51]. This confirms our choice of TRAPPIST-1 for verification that our model is applicable to extrasolar planetary systems. It might be encouraging to use this approach on further extrasolar systems.



Only few sub-Earth-sized exoplanets with accurately measured physical and orbital parameters are known today. Among others, an outstanding example for such an extrasolar system of terrestrial and sub-Earth-sized planets is Kepler-444, an old triple-star system with five planets orbiting around the main star (K type) [52]. Nevertheless, not for all planets, and only few parameters are known in this system. We are eagerly waiting for the first observations by the upcoming James Webb Space Telescope, which should provide new and more accurate measurements of physical and orbital parameters of extrasolar planetary systems, in particular, as well for sub-Earth-sized exoplanets. Many “super-Earth” systems were found already, e.g., HD 10180 [53], LHS 1140 [54], and many others. As the TRAPPIST-1 system contains planets larger than Earth, we hope that it allows us to extend our parameter space and that it might serve as the link to these larger worlds. Nevertheless, the mentioned issues regarding the reliability of possible future finding with our model have to be carefully addressed to select appropriate tidal-dominated larger worlds applicable for our approach in future studies. So-called “mini-Neptunes”, e.g., Kepler-11f [55], Kepler-138d [56,57], and others, could be interesting as well. In a follow-up study, we plan to apply our model to these and other extrasolar systems.
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Table A1. Resources of data for TNOs. If several value sources for one object were available, we used the mean value of these data. In the column ‘moons’, an asterisk (*) denotes that a moon is known for this TNO but not included in the simulation because of missing or inaccurate data.
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	TNO
	Radius
	Mass
	Orbital Elements
	Moons





	(19521) Chaos (1998 WH24)
	[58]
	
	
	



	(38628) Huya (2000 EB173)
	[58]
	
	
	



	(47171) Lempo (1999 TC36)
	[58]
	[59]
	
	



	(50000) Quaoar (2002 LM60)
	[58,60]
	[60,61]
	
	*



	(58534) Logos (1997 CQ29)
	[62]
	[62]
	
	*



	(65489) Ceto (2003 FX128)
	[58]
	[63]
	
	*



	(66652) Borasisi (1999 RZ253)
	[58]
	[64]
	
	*



	(88611) Teharonhiawako (2001 QT297)
	[58]
	[64]
	
	*



	(90377) Sedna (2003 VB12)
	[58]
	
	
	



	(90482) Orcus (2004 DW)
	[58]
	[65]
	
	*



	(120347) Salacia (2004 SB60)
	[58]
	[58,66]
	
	*



	(136108) Haumea
	[58,67,68]
	
	
	Namaka, Hi’iaka



	(136199) Eris (2003 UB313)
	[69]
	[70]
	
	Dysnomia



	(136472) Makemake (2005 FY9)
	[68,71]
	
	
	*



	(148780) Altjira (2001 UQ18)
	[58]
	[58]
	
	



	(174567) Varda (2003 MW12)
	[58]
	[72]
	
	*



	(136108) Haumea II Namaka
	[3]
	[3]
	[67]
	



	(136108) Haumea I Hi’iaka
	[3]
	[3]
	[67]
	



	(136199) Eris I Dysnomia
	[3]
	[3]
	[70]
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Figure 1. Tidal accelerations acting on Jovian moon Ganymede using the version of the simulation with full orbital elements; ∆t = 0.25 days (d). A denotes the individual tidal accelerations caused by other objects. The ordering of the legend is the same as in the uppermost plot with the strongest contribution at the top and the weakest at the bottom. Atotal denotes the norm of the vector addition of all individual contributions. ΔAtotal denotes the norm of the vector difference of Atotal for two consecutive time steps. 
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Figure 2. Tidal accelerations acting on main belt asteroid (4) Vesta using the version of the simulation with full orbital elements; ∆t = 90 days. A denotes the individual tidal accelerations caused by other objects. The ordering of the legend is the same as in the uppermost plot with the strongest contribution at the top and the weakest at the bottom. Atotal denotes the norm of the vector addition of all individual contributions. ΔAtotal denotes the norm of the vector difference of Atotal for two consecutive time steps. 
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Figure 3. Tidal accelerations acting on TNO (136108) Haumea using the version of the simulation with full orbital elements; ∆t = 0.25 days. A denotes the individual tidal accelerations caused by other objects. The ordering of the legend is the same as in the uppermost plot with the strongest contribution at the top and the weakest at the bottom. Atotal denotes the norm of the vector addition of all individual contributions. ΔAtotal denotes the norm of the vector difference of Atotal for two consecutive time steps. 
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Figure 4. Tidal accelerations acting on comet C/1995 O1 (Hale-Bopp) using the version of the simulation with full orbital elements; ∆t = 90 days. A denotes the individual tidal accelerations caused by other objects. The ordering of the legend is the same as in the uppermost plot with the strongest contribution at the top and the weakest at the bottom. Atotal denotes the norm of the vector addition of all individual contributions. ΔAtotal denotes the norm of the vector difference of Atotal for two consecutive time steps. 
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Figure 5. Overview over the celestial objects showing the largest tidal accelerations in the solar system. The version of the simulation with full orbital elements is used. Color-coded is what is known about volcanism on these objects [3,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34]. 
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Figure 6. Maximal tidal accelerations against the radius of celestial objects in the solar system and the TRAPPIST-1 planetary system. The version of the simulation with full orbital elements is used. Color-coded is what is known about volcanism on these objects [3,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34]. The dashed line indicates approximately the respective regions where internal heating is powered mainly by tides or radioactive decay/stored accretion energy. 
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Figure 7. Maximal tidal accelerations against radius of celestial objects in the solar system using the version of the simulation with simplified orbital elements. Color-coded is what is known about volcanism on these objects [3,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34]. The dashed line indicates approximately the respective regions where internal heating is powered mainly by tides or radioactive decay/stored accretion energy. 
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Figure 8. Tidal accelerations acting on TNO (136108) Haumea using the version of the simulation with simplified orbital elements; ∆t = 0.25 days. A denotes the individual tidal accelerations caused by other objects. The ordering of the legend is the same as in the uppermost plot with the strongest contribution at the top and the weakest at the bottom. Atotal denotes the norm of the vector addition of all individual contributions. ΔAtotal denotes the norm of the vector difference of Atotal for two consecutive time steps. 
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Figure 9. Tidal accelerations acting on Uranian moon Umbriel using the version of the simulation with full orbital elements; ∆t = 0.25 days. A denotes the individual tidal accelerations caused by other objects. The ordering of the legend is the same as in the uppermost plot with the strongest contribution at the top and the weakest at the bottom. Atotal denotes the norm of the vector addition of all individual contributions. ΔAtotal denotes the norm of the vector difference of Atotal for two consecutive time steps. 
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Figure 10. Tidal accelerations acting on exoplanet TRAPPIST-1b using the version of the simulation with full orbital elements (without the longitude of the ascending node Ω, the argument of periapsis ω, and the mean anomaly at a given epoch M0, since no data is available); ∆t = 0.05 days. A denotes the individual tidal accelerations caused by other objects. The ordering of the legend is the same as in the uppermost plot with the strongest contribution at the top and the weakest at the bottom. Atotal denotes the norm of the vector addition of all individual contributions. ΔAtotal denotes the norm of the vector difference of Atotal for two consecutive time steps. 
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Table 1. Comparison of values of {Atotal·(ΔAtotal/Δt)}max for all planets in the TRAPPIST-1 system and for (J1) Io and Ganymede.
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	Object
	a

[km]
	e
	n

[rad/day]
	R

[km]
	M

[kg]
	{Atotal·(ΔAtotal/Δt)}max

[m2/s4d]





	TRAPPIST-1b
	1.73 × 106
	0.0062
	4.1586
	7149.85
	6.08 × 1024
	9.36× 10−3



	TRAPPIST-1c
	2.37 × 106
	0.0065
	2.5944
	6984.02
	6.91 × 1024
	8.50 × 10−4



	(J1) Io
	4.22 × 105
	0.0041
	3.5516
	1821.60
	8.93 × 1022
	2.43 × 10−4



	TRAPPIST-1d
	3.33 × 106
	0.0084
	1.5514
	5000.43
	1.77 × 1024
	3.36 × 10−5



	TRAPPIST-1e
	4.38 × 106
	0.0051
	1.0302
	5804.07
	4.61 × 1024
	5.70 × 10−6



	TRAPPIST-1f
	5.76 × 106
	0.0101
	0.6825
	6671.49
	5.58 × 1024
	9.98 × 10−7



	Ganymede
	1.07 × 106
	0.0013
	0.8782
	2631.20
	1.48 × 1023
	5.24 × 10−7



	TRAPPIST-1g
	7.01 × 106
	0.0021
	0.5086
	7322.06
	6.86 × 1024
	2.62 × 10−7



	TRAPPIST-1h
	9.27 × 106
	0.0057
	0.3348
	4930.27
	1.98 × 1024
	1.50 × 10−8
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