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Abstract. Circumstellar planets in binary star systems provide unique constraints on the for-
mation and dynamical evolution of planets. We present an empirical formula for the stability
boundary of coplanar retrograde orbits, similar to the classic one for coplanar prograde orbits.
We discuss two of the tightest binaries with circumstellar planets: HD 59686 and ν Octantis.
For HD 59686, dynamical fitting of the radial velocity data and stability analysis show that
the planet must be either on a nearly coplanar retrograde orbit or in one of the narrow regions
of prograde orbits stabilized by secular apsidal alignment. For ν Octantis, a nearly coplanar
retrograde planetary orbit is the only option for dynamical stability. We also discuss the myste-
rious case of ε Cygni. It shows short-period radial velocity variations that closely resemble the
signal of a Jupiter-mass planet, but the period and amplitude change over time and dynamical
stability analysis rules out a planet.
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1. Planets in Binary Star Systems

Planets in binary star systems provide unique constraints on the formation and dynam-
ical evolution of planets. They can be orbiting around one of the stars in a circumstellar
(S-type) orbit or around the binary in a circumbinary (P-type) orbit (Dvorak 1986). To
date, the number of detected planets in binary star systems is only about 440, even though
nearly 1/3 of nearby solar-type stars are in binary systems (Duquennoy and Mayor 1991;
Raghavan et al. 2010) and the number of confirmed exoplanets is over 5500 (see https://
exoplanetarchive.ipac.caltech.edu/). The small detection number of these planets
is in part due to observational bias. But observations have also shown that the planet
occurrence rate in binary systems with orbital semimajor axis aB <∼ 47 AU is only ∼ 34%
of that for wider binaries or single stars (Wang et al. 2014a,b; Kraus et al. 2016).
Figure 1 shows the orbital semimajor axis of the outermost planet versus the projected

separation or semimajor axis (if orbit is known) of the binary for all binaries of separation
< 500 AU with circumstellar planets. The filled square and triangle are the ν Octantis
and HD 59686 systems, respectively, with the horizontal bars indicating the periastron
and apastron binary separations. They are two of the tightest binaries (aB <∼ 20 AU) with
circumstellar planets on relatively wide orbits (ap >∼ 1 AU), and in both cases, the planet
is likely on retrograde orbit relative to the binary’s. We examine these systems in this
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Figure 1. Orbital semimajor axis of the outermost planet versus the projected separation or
semimajor axis (if the orbit is known) of the binary for all binaries of separation < 500 AU with
circumstellar planets. Data obtained from http://exoplanet.eu/planets_binary/.

paper, after we discuss the stability boundary of circumstellar orbits in binary systems
and the mysterious case of ε Cygni.

2. Stability of Circumstellar Orbits in Binary Systems

In the classic work by Holman and Wiegert (1999), the stability of both circumstellar
and circumbinary planetary orbits was studied by performing numerical simulations for
a wide range of binary mass ratio μB =MB/(MA +MB) and eccentricity eB (see also
Rabl and Dvorak 1988; Quarles and Lissauer 2016; Quarles et al. 2020). The system
consists of a primary star of mass MA and a secondary star of mass MB in an orbit of
semimajor axis aB and a test particle in a coplanar, prograde, and initially circular orbit
(i.e., orbital angular momentum of the test particle is parallel to that of the binary) at
semimajor axis ap. For each combination of μB and eB , the stability boundary for circum-
stellar planets is defined as ap where all orbits with ap <ac,pro are stable for 104 binary
periods. By fitting an empirical formula to the numerical results, Holman and Wiegert
(1999) obtained the following formula for the stability boundary of coplanar prograde
orbits:

ac,pro/aB = 0.464− 0.380μB − 0.631eB + 0.586μBeB + 0.150e2B − 0.198μBe
2
B . (1)

It should be noted that the boundary between stable and unstable regions is not sharp and
that there is a transition region between ac,pro and a second boundary at ac,2,pro >ac,pro
where some orbits are stable.
It is well known since the work by Harrington (1977) that retrograde orbits are more

stable than prograde ones (see also Morais and Giuppone 2012; Quarles and Lissauer
2016), but as far as we know, an empirical formula similar to Equation (1) had
not been constructed. We have performed numerical simulations using the Wisdom-
Holman symplectic integrator in the SWIFT package with setup similar to those of
Holman and Wiegert (1999), but for coplanar, retrograde, and initially circular test par-
ticle orbits (see Wong & Lee, in preparation, for details). The results are shown in the
left panel of Figure 2. As expected, systems with a more massive perturber (i.e., larger
μB) and/or larger eB have smaller ac,retro. We apply a least-squares fit to the results and
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Figure 2. Stability boundary ac,retro/aB (left panel) and the ratio ac,retro/ac,pro (right panel)
in the parameter space of the binary mass ratio μB and eccentricity eB .

obtain the following formula for the stability boundary of coplanar retrograde orbits:

ac,retro/aB = 0.654− 0.456μB − 0.684eB + 0.418μBeB − 0.0182e2B + 0.0855μBe
2
B . (2)

The ratio ac,retro/ac,pro, using Equations (1) and (2), is shown in the right panel of
Figure 2. The ratio ac,retro/ac,pro is larger than one over the whole region, which
means that retrograde orbits are more stable than prograde orbits for general binary
systems. The ratio ac,retro/ac,pro is conveniently nearly constant (≈ 1.5–1.7) over a
wide range of μB and eB relevant for circumstellar planets in binary star systems.
In the Hill’s regime where μ= 1− μB =MA/(MA +MB)� 1 and eB = 0, we find that
ac,retro/ac,pro ≈ 2. Further analysis shows that both ac,pro and ac,retro scale with the
Hill radius rH = (μ/3)1/3aB , with ac,pro ≈ 0.45rH and ac,retro ≈ 0.92rH (see also Innanen
1980; Hamilton and Burns 1991, 1992).

3. A Cautionary Tale: ε Cygni

Heeren et al. (2021) have analyzed in detail the radial velocity (RV) observations of
ε Cygni, which is a K0 III giant star ofMA = 1.10M�. ε Cygni was observed by the Lick G
and K giants RV survey (Frink et al. 2001; Reffert et al. 2015). The Lick RV measurements
and earlier RV measurements by McMillan et al. (1992) show a long term trend due to
a distant binary companion and short-period (∼ 290 d) variations that could be due
to a circumstellar planet orbiting the primary star. A large set of RVs was subsequently
obtained with the SONG telescope from 2015 to 2018. The stellar companion happened to
go through periastron passage during this time, which allows the properties of the highly
eccentric binary to be accurately determined: aB = 15.8 AU, eB = 0.93, and the minimum
mass of the secondary MB sin i= 0.265M�. If the short-period RV variations were due
to a planet, the best double-Keplerian fit indicates that the planet would have an orbital
period of about 291 d, ap = 0.89 AU, and a minimum mass of 1.0MJ , whereMJ is Jupiter
mass. However, a more careful analysis shows that both the period and amplitude of the
short-period variations change over time. In addition, a planet at ap ∼ 0.89 AU should be
unstable according to Equations (1) and (2), and it would come within the Hill radius
of the stellar companion at periastron distance qB ∼ 1.1 AU. A more detailed stability
analysis of this system confirms that no stable orbits could be found in a large region
of parameter space around the best fit. So it is highly unlikely that the short-period RV
variations are due to a planet. The most likely explanation for the short-period variations
of ε Cygni is the heartbeat phenomenon, which are stellar oscillations excited by a stellar
companion passing close to the primary. But it would be a rather extreme example of a
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heartbeat system, because of its large periastron separation (> 20 stellar radii) and large
stellar radius (≈ 11R�).

4. HD 59686

HD 59686 is another star observed by the Lick G and K giants RV survey. It is a K2 III
giant star ofMA = 1.9M�. The 88 RV measurements over 12 years clearly show a circum-
stellar planet on a nearly circular orbit around the primary star of an eccentric binary,
with the double-Keplerian fit giving MB sin i= 0.530M�, PB = 11700 d, aB = 13.6 AU,
eB = 0.729,Mp sin i= 6.9MJ , Pp = 299 d, ap = 1.09 AU, and ep = 0.05 (Ortiz et al. 2016).
HD 59686 is the most eccentric close binary to harbor a circumstellar planet. The
high binary eccentricity means that the stars are only separated by ∼ 3.7 AU at peri-
astron, leading to strong gravitational perturbations of the planet at ap = 1.09 AU by
the secondary. Indeed, ap is just outside the stability boundary for coplanar prograde
orbits, which is ac,pro ≈ 0.97 AU according to Equation (1). On the other hand, ap is well
inside the stability boundary for coplanar retrograde orbits, which is ac,retro ≈ 1.67 AU
according to in Equation (2).
Trifonov et al. (2018) have performed a detailed orbital and stability analysis of this sys-

tem. The best coplanar prograde dynamical fit is unstable on timescales of about 42 kyr.
The best coplanar retrograde dynamical fit is slightly better than the prograde dynamical
fit in χ2 value, and it is stable for at least 10Myr. A bootstrap analysis finds that a few
% of the edge-on prograde dynamical fits are stable, while almost all of the edge-on retro-
grade dynamical fits are stable for at least 10Myr. The stable prograde fits fall in narrow
regions of the parameter space, and they are stabilized by secular apsidal alignment, with
the difference in the longitude of periapse Δ�=�p −�B librating about 0◦

4.1. Stability of Planetary Orbits in HD 59686

Chan & Lee (in preparation) have explored systematically the parameter space of
planetary orbits in the HD 59686 system to investigate its stability behaviors, particularly
those related to secular apsidal alignment and mean-motion resonances (MMR). The
planet is treated as a test particle in a circumstellar orbit around the primary star. We
use the Wisdom-Holman symplectic integrator in the SWIFT package for the numerical
simulations, and the maximum integration time is 105 binary periods.

Figure 3 shows the numerical results on the survival time of the particles in the (ap, ep)
parameter space for coplanar prograde orbits with initial Δ�= 0◦ and mean anomalies
Mp = 0◦ and MB = 180◦. There is a bulk stable region in the lower left corner that
shrinks toward smaller semimajor axis at higher eccentricity, which is expected because
more eccentric orbits are generally less stable. The stability boundary, which is the bound-
ary of the bulk stable region at ep = 0, is ac,pro = 0.975 AU, which is in good agreement
with 0.97 AU from Equation (1). Other than the bulk stable region, we see two new sta-
bility features. The first feature is the set of stable islands at ep ∼ 0.1 that extend from
ap ≈ 0.95 AU to ap ≈ 1.1 AU. They exist at distances beyond the circular stability bound-
ary ac,pro. They fall on a nearly horizontal line but break apart at the positions of MMR.
These stable islands are due to secular apsidal alignment. The second feature is the set
of stable islands at the odd-order MMR such as 1:40, 1:42, 1:44, and 1:46 at 1.072, 1.038,
1.006, and 0.977 AU, respectively. These stable islands also exist at distances beyond the
circular stability boundary ac,pro, and they are at higher eccentricities than the secular
apsidal alignment islands. Figure 4 is similar to Figure 3, but for simulations with the
planet initially at its apocenter (Mp = 180◦). The islands stabilized by secular apsidal
alignment are similar, but the MMR stable islands are at even orders (1:39, 1:41, etc.).
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Figure 3. Stability map of the HD 59686 system showing the time at which a test particle
becomes unstable as a function of initial ap and ep for coplanar prograde orbits with initial
Δ� = 0◦, Mp = 0◦, MB = 180◦. The best-fit (ap, ep) of the observed planet is indicated by the
star. Positions of MMR are indicated by the vertical lines, with the red one for 1:40.

Figure 4. Same as Figure 3, but with initial Δ� = 0◦, Mp = 180◦, MB = 180◦.

The different patterns are due to the different initial Mp, which leads to different initial
MMR angles.
Figure 5 is similar to Figure 3 but for coplanar retrograde planetary orbits. The plan-

etary orbits are initially aligned with the binary orbit (Δ�= 0◦), with Mp = 0◦ and
MB = 180◦. The bulk stable region in the lower left corner is significantly larger than
that for prograde orbits in Figure 3, with the stability boundary ac,retro = 1.5 AU, which
is slightly smaller than 1.67 AU from Equation (2). Besides the bulk stable region, there
is a series of islands stabilized by secular apsidal alignment that extend from the bulk
region to the right along a nearly horizontal line at ep ∼ 0.25, and there are also stable
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Figure 5. Same as Figure 3, but for coplanar retrograde orbits with initial Δ� = 0◦,
Mp = 0◦, MB = 180◦. The red vertical lines indicate the 1:20 and 1:30 MMR.

islands at higher ep at the odd-order MMR such as 1:18, 1:20, 1:22, etc. As in the case of
prograde orbits, simulations with the same initial Δ�= 0◦ and MB = 180◦ as Figure 5
but Mp = 180◦ show similar stable islands due to secular apsidal alignment but MMR
stable islands at even orders. The range of ap simulated and shown in Figure 5 is cho-
sen such that it covers well the stability boundary (ac,retro) and one can see the details
of the transition from the stable region to the unstable region. The observed planet at
ap = 1.09 AU and ep = 0.05 sits well inside the bulk stable region to the left of the region
shown in Figure 5.

Based on these results, we can conclude that the real planet is more likely to be in a
retrograde configuration, because coplanar retrograde orbits have a much larger stable
region around the real planet’s position than coplanar prograde orbits. If the real planet
is in a prograde configuration, it must be in one of the narrow islands stabilized by secular
apsidal alignment (in particular, the ones just inside and outside the 1:39 MMR, which
are within the 1σ errors of the observed parameters), and it must not be in MMR with
the binary companion, because the stable islands due to MMR have much higher ep than
the observed value.

5. ν Octantis

The planet in the ν Octantis system is undoubtedly one of the most dynamically
challenging circumstellar planets in binary star systems. It was originally discovered by
Ramm et al. (2009) based on ∼ 220 cross-correlation (CCF) RV measurements taken
with the HERCULES spectrograph on the 1-m telescope at Mt John Observatory. The
data show evidence for a circumstellar planet and a binary companion around the
K1 III giant star of MA = 1.6M�, with MB sin i≈ 0.50M�, PB ≈ 1050 d, aB ≈ 2.5 AU,
eB ≈ 0.23, Mp sin i≈ 2.4MJ , Pp ≈ 417 d, ap ≈ 1.2 AU, and ep ≈ 0.12. The planetary orbit
is located at almost twice the distance of the prograde stability boundary of ac,pro ≈
0.65 AU from Equation (1). Thus, the planet could not possibly be in a nearly coplanar
and prograde orbit: it is in a highly unstable region of parameter space, which is unlikely
to have any orbits stabilized by secular apsidal alignment or MMR (as in the case of
HD 59686). On the other hand, ap is comparable to the retrograde stability boundary of
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ac,retro ≈ 1.0 AU from Equation (2), and Eberle and Cuntz (2010), Quarles et al. (2012),
and Goździewski et al. (2013) have shown that the planet could be in a nearly coplanar
and retrograde orbit.
Ramm et al. (2016) have subsequently obtained an additional ∼ 1200 RV measure-

ments with higher precision in 2009–2013 using an iodine cell with the HERCULES
spectrograph. The RV data continues to show the short-period signal. A careful analysis
of the photospheric and chromospheric activity indicators has also found no significant
RV-correlated variability (Ramm et al. 2021). We have recently obtained new HARPS
RV data, which together with the previous data, show that the short-period signal has
been coherent for over 16 periods, which strongly suggests that the planet is real.
Finally, the mass of the secondary star is MB = 0.57M� (with inclination iB = 71.8◦

from HIPPARCOS data), which means that it could be either a low-mass main-sequence
star or a white dwarf. We have obtained VLT/SPHERE adaptive optics image that could
help us answer this question. If the secondary star is a white dwarf, then it is initially the
more massive star and the evolution of the binary would have significant implications for
the origin and evolution of the planet. A detailed analysis of the RV and imaging data
will be reported in a forthcoming article (Cheng et al., in preparation).

6. Summary

Although it is important to keep in mind that nearly periodic RV variations of a star
may not be due to an orbiting planet, as in the case of ε Cygni, there is strong evidence
that the RV signals for the circumstellar planets in the HD 59686 and ν Octantis binary
systems are real. HD 59686 and ν Octantis are two of the tightest binaries with circum-
stellar planets, and the planets are most likely on retrograde orbits, which are stable out
to larger orbital semimajor axis than prograde orbits. For HD 59686, although we cannot
yet rule out that the planet is on a prograde orbit, one would have to explain how a planet
could be formed in a narrow region of the parameter space stabilized by secular apsidal
alignment. If the circumstellar planets in both of these systems are confirmed to be on
retrograde orbit, they pose serious challenging questions to the theory of planet forma-
tion: Did these planets form in retrograde circumstellar disk? Were they captured from
prograde circumbinary orbits into retrograde circumstellar orbits (Gong and Ji 2018)?
Are they the result of binary evolution?
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A&A, 647, A160.

Holman, M. J. & Wiegert, P. A. 1999, AJ, 117, 621–628.
Innanen, K. A. 1980, AJ, 85, 81–85.
Kraus, A. L., Ireland, M. J., Huber, D., Mann, A. W., & Dupuy, T. J. 2016, AJ, 152, 8.

https://doi.org/10.1017/S1743921323004787 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921323004787


Dynamics of Circumstellar Planets in Binary Star Systems 19

McMillan, R. S., Smith, P. H., Moore, T. L., & Perry, M. L. 1992, PASP, 104, 1173.
Morais, M. H. M. & Giuppone, C. A. 2012, MNRAS, 424, 52–64.
Ortiz, M., Reffert, S., Trifonov, T., Quirrenbach, A., Mitchell, D. S., Nowak, G., Buenzli, E.,

Zimmerman, N., Bonnefoy, M., Skemer, A., Defrère, D., Lee, M. H., Fischer, D. A., & Hinz,
P. M. 2016, A&A, 595, A55.

Quarles, B., Cuntz, M., & Musielak, Z. E. 2012, MNRAS, 421, 2930–2939.
Quarles, B., Li, G., Kostov, V., & Haghighipour, N. 2020, AJ, 159, 80.
Quarles, B. & Lissauer, J. J. 2016, AJ, 151, 111.
Rabl, G. & Dvorak, R. 1988, A&A, 191, 385–391.
Raghavan, D., McAlister, H. A., Henry, T. J., Latham, D. W., Marcy, G. W., Mason, B. D.,

Gies, D. R., White, R. J., & ten Brummelaar, T. A. 2010, ApJS, 190, 1–42.
Ramm, D. J., Nelson, B. E., Endl, M., Hearnshaw, J. B., Wittenmyer, R. A., Gunn, F.,

Bergmann, C., Kilmartin, P., & Brogt, E. 2016, MNRAS, 460, 3706–3719.
Ramm, D. J., Pourbaix, D., Hearnshaw, J. B., & Komonjinda, S. 2009, MNRAS, 394, 1695–1710.
Ramm, D. J., Robertson, P., Reffert, S., Gunn, F., Trifonov, T., Pollard, K., & Cantalloube, F.

2021, MNRAS, 502, 2793–2806.
Reffert, S., Bergmann, C., Quirrenbach, A., Trifonov, T., & Künstler, A. 2015, A&A, 574, A116.
Trifonov, T., Lee, M. H., Reffert, S., & Quirrenbach, A. 2018, AJ, 155, 174.
Wang, J., Fischer, D. A., Xie, J.-W., & Ciardi, D. R. 2014,a ApJ, 791a, 111.
Wang, J., Xie, J.-W., Barclay, T., & Fischer, D. A. 2014,b ApJ, 783b, 4.

https://doi.org/10.1017/S1743921323004787 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921323004787

	6pt-14.5pt
	The obliquity of Mercury: Models and interpretation
	Introduction
	An unusual rotation
	Cassini state

	Orientation measurements
	Published studies
	Obliquity/deviation representation

	Orientation modeling and interior interpretation
	Classical model
	Peale experiment
	Improving the experiment ?
	Cassini state: Effect of pericenter precession
	Cassini state: Effet of solid tides and associated dissipation
	Cassini state: Effect of the fluid outer core and the inner core 

	Conclusion
	Acknowledgment

	6pt-14.5pt
	Dynamics of Circumstellar Planets in Binary Star Systems
	Planets in Binary Star Systems
	Stability of Circumstellar Orbits in Binary Systems
	A Cautionary Tale:  Cygni
	HD 59686
	Stability of Planetary Orbits in HD 59686

	 Octantis
	Summary

	6pt-14.5pt
	Long-term stability and dynamical spacing of compact planetary systems
	Introduction
	The path to instability in compact systems
	Instability mechanism
	Three-planet mean motion resonances overlap
	Diffusion model and instability timescale

	Discussion: key concepts and generalization
	Dynamical spacing: implication for observation and theoretical models
	Using the resonance optical depth
	More general systems: non-circular orbits, more than three planets

	Conclusion

	6pt-14.5pt
	Long-term evolution of exoplanet systems
	Introduction
	Hot jupiters from dynamical instabilities
	Numerical experiments
	Rate of hot Jupiter formation
	Coplanar High-eccentricity Migration (CHEM)
	The paths to high-eccentricity migration

	Ultra-short-period planets from secular chaos
	Ultra-short-period planets

	Polar Neptunes from sweeping secular resonances
	Polar Neptunes

	Future prospects

	6pt-14.5pt
	Derivation and Properties of the Angular Momentum Relative Amended Potential
	Introduction
	Model
	Jacobi Coordinates
	Angular Momentum, Energy and Moments of Inertia
	Lagrangian and Equations of Motion
	Routh Reduction of the Linear Momentum
	Routh Reduction of the Angular Momentum Magnitude

	Alternate Derivation 
	Comparisons with Other Amended Potentials
	Comparison with EP
	Smale Amended Potential
	Disaggregated AMR Amended Potential

	Conclusions

	6pt-14.5pt
	Progress report on the BEBOP search for circumbinary planets with radial velocities
	Introduction
	The BEBOP survey and published results
	Results and Occurrence rates
	Comparison to transiting population
	Tidal energy dissipation
	Conclusions

	6pt-14.5pt
	Transversal Yarkovsky acceleration for Apophis through jet transport
	Introduction
	Orbit determination
	Differential correction approach
	Jet transport

	Results for Apophis
	Summary and conclusions

	6pt-14.5pt
	Tidal effects in resonant chains of close-in planets: TTV analysis of Kepler-80
	Introduction
	Formation and tidal evolution of resonant chains
	Study of Kepler-80
	Offset analysis
	TTV analysis

	Conclusions

	6pt-14.5pt
	Revisiting the Cassini States of synchronous satellites with an angular momentum approach
	Cassini States - Definition
	Biaxial case
	Triaxial case

	Our dynamical model
	Cassini State I
	Cassini State III

	Influence of a subsurface ocean
	Equations
	Numerical results

	Conclusion

	6pt-14.5pt
	Lagrangian descriptors and their applications to deterministic chaos
	Introduction
	Lagrangian descriptors applied to the logistic model
	The new non-variational geometrical chaos indicators
	Diameters and Dvorak's amplitudes
	Conclusive remarks

	6pt-14.5pt
	Deconvolving the complex structure of the asteroid belt
	Introduction
	Orbital element and size correlations in the IMB
	The Mars-crossing zone
	Vesta and the origin of the HED meteorites
	Defects of the HCM and their consequences
	Conclusions

	6pt-14.5pt
	Towards a complete picture of the evolution of planetary systems around evolved stars
	Introduction
	3D radiation-hydro-chemical simulations of AGB stellar outflows
	Identifying tidal dissipation mechanisms around evolved stars
	The interplay between winds, pulsations, and tides

	6pt-14.5pt
	Multi-planet systems explored: the case of the HD34445 system revisited
	Introduction
	Method
	Preliminary Results
	Outlook

	6pt-14.5pt
	Stability maps for the 5/3 mean motion resonance between Ariel and Umbriel with inclination
	Introduction
	Model
	Stability maps
	Conclusion

	6pt-14.5pt
	Migration of giant planets in low viscosity discs and consequences on the Nice model
	Introduction
	Protoplanetary disc phase: hydrodynamical study
	Migration of Jupiter and Saturn
	Building resonance chains
	Migration rate of giant planets in resonance

	Giant planets instability: N-body study
	Conclusion and perspectives

	6pt-14.5pt
	Secular Resonances and Terrestrial Planet Formation in Planetary Systems with Multiple Stars
	Introduction
	The Model and Initial Set up
	Numerical Simulations and Results

	Summary and Concluding Remarks
	Acknowledgment

	6pt-14.5pt
	Positive Weathering Feedback Compensates Carbonates at Shallow Ocean Depths
	Introduction
	Positive weathering feedback
	Shallow Carbonate Compensation Depths

	6pt-14.5pt
	Hazardous Asteroids and Space Situational Awareness – Do Look UP !
	Some examples of asteroid impacts
	Is there a risk? 
	Know your enemy, near Earth Asteroids surveys
	Mitigation of a threatening NEA
	The DART mission
	Rendez-vous with Apophis 2029
	A final note
	Bibliography

	6pt-14.5pt
	Secular Resonance Maps
	Introduction
	Secular resonance census
	Identification of secular resonances of degree 6

	Mapping of resonances
	Conclusions

	6pt-14.5pt
	On the retrograde planar co-orbital asteroid motion with Jupiter
	Model and results
	Conclusions

	6pt-14.5pt
	Sun-planets tidal interactions: an extended catalog
	Introduction
	Outlines of method
	Results
	Conclusion

	6pt-14.5pt
	New semi-analytical calculation of lunar, solar and planetary perturbations in motion of Earth satellites
	Introduction
	The perturbation function caused by the ``3rd-bodies'' 
	Development of lm, lm to approximating series
	Semi-analytical calculation of the ``3rd-bodies'' effect on satellite motion
	Conclusions

	6pt-14.5pt
	Can the stellar dynamical tide destabilize the resonant chains of planets formed in the disk?
	Introduction
	Results

	6pt-14.5pt
	Medium Earth Orbit Secular Resonances and Navigation Satellites
	Introduction
	Analytic Theory for Secular Lunisolar Resonances
	Diffusion along lunisolar resonances
	Conclusions

	6pt-14.5pt
	Investigation of the dynamical evolution of planetary systems with isotropically varying masses
	Introduction
	Problem statement
	Secular perturbations
	Dynamical evolution of the system K2-3
	Conclusion
	Acknowledgements

	6pt-14.5pt
	On the long-term orbital evolution of a satellite revolving around an oblate body
	Introduction
	Models and methods
	Results
	Implications

	6pt-14.5pt
	Food for thought
	6pt-14.5pt
	On the computation of resonant tidal dissipation in the liquid layers of planets and stars
	Introduction
	Mathematical formalism
	Momentum equation and hydrostatic equilibrium
	First order perturbations
	Anelastic approximation
	Incompressible fluid limit
	Viscous dissipation
	Boundary conditions
	Tidal perturbations 
	Simplification: Spherical symmetry

	Free solutions
	Outlook

	6pt-14.5pt
	Secular dynamics of a coplanar, non-resonant planetary system, consisting of a star and two planets
	Introduction
	Double Averaged Equations of Motion
	Results of Investigation

	6pt-14.5pt
	Chaotic diffusion in the GJ 876 exoplanetary system
	Chaotic diffusion and instability times
	Discussion
	Acknowledgements

	6pt-14.5pt
	Jovian encounter manifolds
	Introduction
	Methodology
	Results and discussion
	Conclusion
	Acknowledgments

	6pt-14.5pt
	On the predictability horizon in Impact Monitoring of Near Earth Objects
	Introduction
	NEO dynamics
	The scattering encounter
	Conclusions and future work

	6pt-14.5pt
	Excitation of the obliquity of Earth-like planets via tidal forcing using the Andrade rheology
	Introduction
	Model
	Spin dynamics
	Equilibrium rotation
	Equilibrium obliquity

	Aplication to Proxima b
	Conclusion

	6pt-14.5pt
	Comparison of Mars rotation angle models
	Introduction
	Quadratic polynomial versus long period term
	Mean and true epoch rotation angles
	Comparison of published prime meridian positions
	Summary and discussion

	6pt-14.5pt
	Collision outcomes due to planetesimal and planetary embryo interactions in inclined binary star systems
	Numerical methods and setup
	Results
	Conclusion
	Acknowledgements




