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SANTANA, T. Mean motion resonances among the small satellites of Saturn
and Pluto. 2019. 103 p. Thesis (PhD in Physics) - Sao Paulo State University (UNESP),
School of Engineering, Guaratinguetá, 2019.

Abstract

This work is organized into three parts. In Part I, we present a quick review of Saturn’s

satellites Prometheus and Pandora lags problem. We analyzed the lags ratio
(
Q =

∣∣∣∆λpro
∆λpan

∣∣∣)
through the conservation of the angular momentum, that implies the ratio of the lags due to
this mutual interaction must be almost constant. However, we found that the values obtained
using observational data fit Qobs does not agree with the assumed masses mpan/mpro = 0.56

and is not even nearly constant. It presents a robust linear increasing rate given by Qobs(t) =

0.667 + 0.013t, with t given in years. In this way, we show that only the gravitational
interaction between the satellites does not fully explain the lags values. This indicates that a
non-mutual mechanism should provoke at least a mean motion changing of 0.45◦/year, also
affecting Prometheus or Pandora, contributes to the lag values.

In Part II, we performed the astrometry of the satellite Daphnis using the Caviar soft-
ware in a selected set of images from the ISS-NAC camera of Cassini spacecraft. Daphnis’
astrometry of all Cassini mission period showed that Daphnis had changed its orbit twice. So,
we have investigated the stability of Daphnis’ orbit by implemented numerical simulations
considering Saturn plus five satellites: Daphnis, Atlas, Prometheus, Pandora, and Mimas
and computing the evolution of the Fast Lyapunov Indicator FLI. We showed that Daphnis
is on a chaotic orbit with a Lyapunov time of ∼13 years. By investigating possible resonances
between Daphnis and other satellites, we found that Prometheus and Atlas with 129:125 and
157:155 mean motion resonant angles, respectively, present some features that could indi-
cate chaos. Additionally, we found that when Prometheus and Atlas are not included in the
numerical simulation, Daphnis’ orbit became regular, reinforcing the suggestion that both
satellites are playing a role in Daphnis’ chaotic behavior.

In Part III, we presented a study of the origin of resonance between the satellites of
Pluto. We performed N-body numerical simulations considering the small satellites and
Charon evolving under the influence of the tidal force due of Pluto on Charon. Using the
J2 effective approach, we showed that the small satellites could be captured into the 3:1, 4:1,
5:1, 6:1 mean motion resonances with Charon. Even for the case of the 5:1 and 6:1 mean



motion resonances, it was possible to achieve a capture only when some non-zero eccentricity
was added to Charon. Moreover, the 3:1 mean motion resonance between Charon and Styx,
in inclination, was the easiest to happen. To find the three body resonance 3:5:2 among Styx,
Nix, and Hydra, we looked for two particular resonances among them: 2:1 between Styx and
Hydra and 5:4 between Nix and Styx. We have found parameters that allow the capture of
the small bodies into the exact two 2-body resonant arguments we need, but not at the same
time. In this way, we perceive that we are close to finding the right parameters to represent
all the paths of the Pluto’s moons from their past to the current intriguing configuration.
Some different ideas may be tested to bring us to the present scenario.

Keywords: Resonances, satellites, Saturn, Pluto.
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SANTANA, T. Ressonâncias de movimento médio entre pequenos satélites de
Saturno e Plutão.. 2019. 103 p. Tese (Doutorado em Física) - Faculdade de Engenharia
do Campus de Guaratinguetá, Universidade Estadual Paulista, Guaratinguetá, 2019.

Resumo

Este trabalho está dividido em três partes.
Na Parte I é apresentada uma breve revisão sobre o problema da defasagem dos satélites

Prometeu e Pandora de Saturno. Analisamos a razão entre as defasagens
(
Q =

∣∣∣∆λpro
∆λpan

∣∣∣)
através da conservação do momento angular, o que implica que o fatorQ devido à perturbação
deve ser praticamente constante. Contudo, verificou-se que os valores ajustados a partir de
dados observacionais Qobs não está de acordo com a razão de massas assumidas mpan/mpro =
0.56 e também não tem um comportamento constante. Verificou-se que há um aumento
linear dado por Qobs(t) = 0.667 + 0.013t, com t dado em anos. Desta forma mostrou-se que
somente a interação gravitacional entre os satélites não explica completamente os valores
das defasagens. Isso indica que algum mecanismo não-mútuo deve causar pelo menos uma
alteração no movimento médio de 0.45◦/ano de Prometeu ou Pandora e contribui para os
valores das defasagens.

Na Parte II é realizada a astrometria do satélite Daphnis utilizando o software Caviar
para um conjunto selecionado de imagens da câmera ISS-NAC da sonda Cassini. A astrome-
tria do satélite para todo o período da missão Cassini mostrou que Daphnis mudou sua órbita
duas vezes. Assim, foi investigada a estabilidade orbital de Daphnis através de simulações
numéricas considerando Saturno e cinco satélites ( Daphnis, Atlas, Prometeu, Pandora e
Mimas) e calculando a evolução do Indicador Rápido de Lyapunov. É mostrado que Daphnis
está em uma órbita caótica com um tempo de Lyapunov de ∼22 anos. Investigando pos-
síveis ressonâncias entre Daphnis e outros satélites, verificou-se que as ressonâncias 129:125
e 157:155 com Prometeu e Atlas, respectivamente, apresentam algumas características que
podem indicar caos. Adicionalmente, em simulações numéricas sem os satélites Prometeu e
Atlas a órbita de Daphnis permaneceu regular, reforçando a idéia que são estes dois satélites
que tem um papel relevante no comportamento caótico de Daphnis.

Na Parte III é apresentado um estudo da origem das ressonâncias entre os satélites de
Plutão. Foram realizadas simulações numéricas do problema de N-corpos considerando os
pequenos satélites e Caronte, incluindo a migração de Caronte devido à força de maré. Uti-
lizando a abordagem do J2 efetivo mostrou-se que os pequenos satélites podem ser captura-
dos nas ressonâncias de movimento médio 3:1, 4:1, 5:1, 6:1 com Caronte. Para os casos das
ressonâncias 5:1 e 6:1 foi possível obter uma captura somente quando uma excentricidade
não nula foi considerada para Caronte. Além disso, a ressonância de movimento médio 3:1
em inclinação entre Caronte e Estige é a mais fácil de ocorrer. Para encontrar a ressonância
de três corpos 3:5:2 entre Estige, Nix e Hidra procurou-se por duas ressonâncias específicas



entre os satélites: 2:1 entre Estige e Hidra, e 5:4 entre Nix e Estige. Foram encontrados
parâmetros que permitem a captura dos pequenos satélites exatamente com os argumen-
tos das ressonâncias de dois corpos necessárias, porém não simultaneamente. Desta forma,
sabe-se que é um caminho promissor para determinação dos parâmetros para representar a
evolução dos satélites de Plutão até suas posições atuais.

Palavras-chave: Ressonâncias, satélites, Saturno, Plutão.
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Chapter 1

Introduction

In this work, we present three different dynamic systems of small bodies under the influ-
ence of mean motion resonances.

The text is divided into three independent parts. In Part I, we present a quick review
of Saturn’s satellites Prometheus and Pandora lags problem, defined by the difference in
their angular positions found fifteen years after their discovery. In Chapter 2, we present a
bibliographical review of the works on this topic. In Chapter 3, we show the implications of
the conservation of angular momentum on this system, and we show the ratio between the lags
will be nearly constant and inversely proportional to the ratio of their masses. Chapter 4
is devoted to the discussion of the evolution of the ratio between the lags, and later it is
presented a brief discussion on the satellites mass ratio related to those values. We highlight
some known interaction with Prometheus or with Pandora that could be causing the anomaly
found, and the final comments on this part are presented.

In Part II, we show a study regarding the Daphnis satellite, starting from the analysis
of its images taken by Cassini to its orbit. In Chapter 5, we introduce the satellite and its
discovery by Cassini. Chapter 6 presents the process to make the astrometry of Daphnis
using Caviar. By using images from 2004 to 2014, it is shown that Daphnis has changed its
orbit. So, in Chapter 7 Fast Lyapunov Indicator (FLI) is presented, by performing numerical
simulations we investigate the stability of Daphnis orbit, and we show its chaotic movement.
Moreover, we investigate if there are any moons related to Daphnis chaotic behavior and
analyzing mean motion resonances. It also contains the final comments on this part.

Finally, in Part III, we present a study of the origin of the resonance between the satellites
of Pluto. In Chapter 8, we describe the system and its particular configuration. Chapter 9
presents our methodology and how we proceed to take Charon’s presence into account to
analyze the small satellites orbits. In Chapter 10, we show the numerical simulations, analyze
the results and it contains the final comments on this part.

Chapter 11 summarizes all the three parts of the work, highlighting the main results.
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Chapter 11

Final Remarks

In this work, we have passed through different studies involving the mean motion reso-
nances of small satellites.

In Part I we presented a quick review on Saturn’s satellites Prometheus and Pandora lags
problem and analyzed the ratio between them (Q =

∣∣∆λpro/∆λpan

∣∣). The 121:118 mean
motion resonance between Prometheus and Pandora is the explanation proposed by Goldreich
& Rappaport (2003b) for the lags. Through the conservation of the angular momentum, we
expect that the ratio of the lags due to this mutual interaction must be almost constant.
However, the values obtained using observational data fit French et al. (2003), Qobs does not
agree with the assumed masses mpan/mpro = 0.56 and is not even nearly constant. It presents
a robust linear increasing rate given by Qobs(t) = 0.667 + 0.013t, with t given in years. In
this way, we show that only the gravitational interaction between the satellites does not fully
explain the lags values, indicating that a non-mutual mechanism should provoke at least a
mean motion changing of 0.45◦/year, also affecting Prometheus or Pandora, contributes to
the lag values. We have listed a set of known gravitational interactions involving Prometheus
or Pandora.

In Part II, we performed the astrometry of the satellite Daphnis using the Caviar software
in a selected set of images from the ISS-NAC camera of Cassini spacecraft. The results
indicated that only one orbit does not describe Daphnis positions during the years of the
Cassini mission. Instead, it changed through three different orbits, implying Daphnis has
been unpredictably changing orbit. So, we have investigated if Daphnis is orbiting in a
stable region, and for this, we implemented numerical simulations considering Saturn plus five
satellites: Daphnis, Atlas, Prometheus, Pandora, and Mimas. By computing the evolution of
the Fast Lyapunov Indicator FLI over time for Daphnis orbit, we showed that the moon is on
a chaotic orbit with a Lyapunov time of ∼22 years. It is a short Lyapunov time, implying that
Daphnis is within a highly chaotic region. Thereafter, we investigated the existence of some
possible resonances between Daphnis and other moons that could be relevant for Daphnis’
orbital motion. It was found that Prometheus and Atlas and 129:125 and 157:155 mean
motion resonant angles present some features that could indicate chaos. Later, we found
that when Prometheus and Atlas are not included in the numerical simulation, Daphnis’
orbit became regular, reinforcing the suggestion that both satellites are playing a role in
Daphnis’ chaotic behavior.

In Part III, we presented a study of the origin of resonance between the satellites of Pluto.
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We performed N-body numerical simulations considering the small satellites and Charon at
initial semimajor axes closer to Pluto than their current positions and evolved the system in
time under the influence of the tidal force due to Pluto-Charon. Using the J2 effective, we
were able to calculate a set of orbital elements instantly on time from the output state vector
from the simulation by considering a central object as a single oblate body with a radius of
1187 km and a mass equivalent to the sum of the masses of Pluto and Charon. We showed
that the small satellites can be captured into the 3:1, 4:1, 5:1, 6:1 mean motion resonances
with Charon. For the case of the 5:1 and 6:1 mean motion resonances, it was possible to
achieve a capture only when some artificial eccentricity was added to Charon. Moreover,
the 3:1 mean motion resonance between Charon and Styx, in inclination, was the easiest to
happen. To find the three body resonance 3:5:2 among Styx, Nix, and Hydra, we looked for
two particular resonances among them: 2:1 between Styx and Hydra and 5:4 between Nix
and Styx. For several simulations, it was found only one resonance between Styx and Hydra,
and not those we need to form the three bodies one.

Then, to find other constraints on the captures into resonances among the small satellites,
besides, the use of the J2 effective simulations’ output, we also adopted the J2 effective
approximation idea through all the evolution. In other words, instead of having Charon
present during the simulation, we suppressed it and replaced Pluto for a body with Pluto and
Charon masses and a J2 coefficient, as we have said earlier. Also, we used an artificial force to
damp the orbital’s eccentricity of the moons captured and have changed the initial semimajor
axes of them in order to allow the 5:4 and 2:1 mean motion to happen simultaneously.
Unfortunately, it turned out to be harder than we expected.

Summarizing, we have parameters that allow the capture of the small bodies into the
exact two 2-body resonant arguments we need, but not at the same time. On the other
hand, we have other parameters that allow the capture at the same time as the resonances
we want, but not for the arguments we need.

The magnitude of the tidal force, the magnitude of the drag force, and the initial position
of all moons are the variables of this problem, making it hard to suit all those simultaneously.
That is why we had passed through each mechanism individually, trying to identify in what
conditions such things can happen.

In this way, we perceive that we are close to find the right parameters to represent all the
paths of the Pluto’s moons from their past to the current intriguing configuration.

Some different ideas may be tested to bring us to the present scenario. Some of these
ideas are applying a damping eccentricity force on Nix and allowing the captures to happen
a little bit earlier or later, provoking a bigger or smaller eccentricity on the small satellites
that will allow the capture to happen when the body passes through the resonance location.

95



Bibliography

Amarante, A. Origem e Estabilidade de Satélites Planetários: alguns casos peculiares.
Ph.D. thesis, UNESP - Faculdade de Engenharia de Guaratinguetá, 2017.

Barbara, J. M. & Esposito, L. W. Moonlet collisions and the effects of tidally modified
accretion in saturn’s f ring. Icarus, 160:161–171, 2002.

Borderies-Rappaport, N. & Longaretti, P. Y. Test particle motion around an oblate
planet. Icarus, 107:129, 1994.

Bosh, A. S. & Rivkin, A. S. Observations of saturn’s inner satellites during the may 1995
ring-plane crossing. Science, 272:518–521, 1996.

Brown, M. E., Trujillo, C. A., & Rabinowitz, D. 2003 EL_61, 2003 UB_313, and
2005 FY_9. IAU Circ., 8577:1, 2005.

Brozović, M., Showalter, M. R., Jacobson, R. A., & Buie, M. W. The orbits and
masses of satellites of pluto. Icarus, 246:317–329, 2015.

Buie, M. W., Grundy, W. M., & Tholen, D. J. ASTROMETRY AND ORBITS OF
NIX, KERBEROS, AND HYDRA. The Astronomical Journal, 146(6):152, 2013.

Buie, M. W., Grundy, W. M., Young, E. F., Young, L. A., & Stern, S. A. Orbits
and photometry of pluto’s satellites: Charon, s/2005 p1, and s/2005 p2. The Astronomical
Journal, 132(1):290–298, 2006.

Bulirsch, R. & Stoer, J. Introdution to Numerical Analysis. Springer Verlag, New York,
1980.

Canup, R. M. A giant impact origin of pluto-charon. Science, 307:546–550, 2005.

Chambers, J. E. A hybrid symplectic integrator that permits close encounters between
massive bodies. MNRAS, 304:793–799, 1999.

Cheng, W. H., Peale, S. J., & Lee, M. H. On the origin of pluto’s small satellites by
resonant transport. Icarus, 241:180–189, 2014.

Christy, J. W. & Harrington, R. S. The satellite of pluto. AJ, 83:1005, 1978.

96



Cooper, N. J., Lainey, V., Meunier, L.-E., Murray, C. D., Zhang, Q.-F., Baillie,
K., Evans, M. W., Thuillot, W., & Vienne, A. The caviar software package for
the astrometric reduction of cassini ISS images: description and examples. Astronomy &
Astrophysics, 610:A2, 2018.

Cooper, N. J. & Murray, C. D. Dynamical influences on the orbits of prometheus and
pandora. AJ, 127:1204–1217, 2004.

Cooper, N. J., Renner, S., Murray, C. D., & Evans, M. W. Saturn#700s inner
satellites: Orbits, masses, and the chaotic motion of atlas from new cassini imaging obser-
vations. AJ, 149:27, 2015.

Cruz, C. Estudo da Dinâmica do Sistema Prometeu – Pandora – Anel F de Saturno.
Master’s thesis, Faculdade de Engenharia do Campus de Guaratinguetá, Universidade
Estadual Paulista, 2004.

Cuzzi, J. N. & Burns, J. A. Charged particle depletion surrounding saturn’s f ring -
evidence for a moonlet belt? Icarus, 74:284–324, 1988.

dos Santos, P. M. P., Morbidelli, A., & Nesvorný, D. Dynamical capture in the
pluto–charon system. Celestial Mechanics and Dynamical Astronomy, 114(4):341–352,
2012.

Esposito, L. Drunken shepherds: Random walk models for pandora and prometheus. In
A. Tzanis, editor, EGS General Assembly Conference Abstracts, volume 27 of EGS General
Assembly Conference Abstracts, page 5215. 2002.

Evans, M. W. The Determination of Orbits From Spacecraft Imaging. Ph.D. thesis, Queen
Mary College, University of London, 2001.

Everhart, E. An efficient integrator that uses gauss-radau spacings. In A. Carusi & G. B.
Valsecchi, editors, Dynamics of Comets: Their Origin and Evolution, Proceedings of IAU
Colloq. 83, held in Rome, Italy, June 11-15, 1984. Edited by Andrea Carusi and Giovanni
B. Valsecchi. Dordrecht: Reidel, Astrophysics and Space Science Library. Volume 115,
1985, p.185, page 185. 1985.

French, R. G., McGhee, C. A., Dones, L., & Lissauer, J. J. Saturn’s wayward
shepherds: the peregrinations of prometheus and pandora. Icarus, 162:143–170, 2003.

Froeschlé, C., Gonczi, R., & Lega, E. The fast lyapunov indicator: a simple tool to
detect weak chaos. application to the structure of the main asteroidal belt. Planetary and
Space Science, 45(7):881–886, 1997.

Froeschlé, C. & Lega, E. On the structure of symplectic mappings. the fast lyapunov
indicator: a very sensitive tool. Celestial Mechanics and Dynamical Astronomy, 78:167–
195, 2000.

Gallardo, T., Coito, L., & Badano, L. Planetary and satellite three body mean motion
resonances. Icarus, 274:83–98, 2016.

97



Giorgini, J. D., Yeomans, D. K., Chamberlin, A. B., Chodas, P. W., Jacobson,
R. A., Keesey, M. S., Lieske, J. H., Ostro, S. J., Standish, E. M., & Wimberly,
R. N. Bulletin of the american astronomical society. In Bulletin of the AAA, page 1158.
1996.

Goldreich, P. & Rappaport, N. Chaotic motions of prometheus and pandora. Icarus,
162:391–399, 2003a.

Goldreich, P. & Rappaport, N. Origin of chaos in the prometheus-pandora system.
Icarus, 166:320–327, 2003b.

Goldreich, P. & Tremaine, S. Towards a theory for the uranian rings. Nature, 277:97–99,
1979.

Hedman, M. M. & Carter, B. J. A curious ringlet that shares prometheus’ orbit but
precesses like the f ring. Icarus, 281:322–333, 2017.

Hedman, M. M. & Nicholson, P. D. Axisymmetric density waves in saturn’s rings.
Monthly Notices of the Royal Astronomical Society, 485(1):13–29, 2019.

Høg, E., Fabricius, C., Makarov, V. V., Urban, S., Corbin, T., Wycoff, G.,
Bastian, U., Schwekendiek, P., & Wicenec, A. The Tycho-2 catalogue of the 2.5
million brightest stars. A&A, 355:L27–L30, 2000.

Jacobson, R. A. The small saturnian satellites – chaos and conundrum. In AAS/Division of
Dynamical Astronomy Meeting #45, volume 45 of AAS/Division of Dynamical Astronomy
Meeting, page 304.05. 2014.

Jacobson, R. A., Antreasian, P. G., Bordi, J. J., Criddle, K. E., Ionasescu, R.,
Jones, J. B., Mackenzie, R. A., Meek, M. C., Parcher, D., Pelletier, F. J.,
Owen, J., W. M., Roth, D. C., Roundhill, I. M., & Stauch, J. R. The Gravity
Field of the Saturnian System from Satellite Observations and Spacecraft Tracking Data.
AJ, 132(6):2520–2526, 2006.

Jacobson, R. A. & French, R. G. Orbits and masses of Saturn’s coorbital and F-ring
shepherding satellites. Icarus, 172:382–387, 2004.

Jacobson, R. A., Spitale, J., Porco, C. C., Beurle, K., Cooper, N. J., Evans,
M. W., & Murray, C. D. Revised Orbits of Saturn’s Small Inner Satellites. AJ, 135:261–
263, 2008.

Kaasalainen, M. & Tanga, P. Photocentre offset in ultraprecise astrometry: Implications
for barycentre determination and asteroid modelling. A&A, 416:367–373, 2004.

Kenyon, S. J. & Bromley, B. C. The formation of pluto’s low-mass satellites. AJ, 147:8,
2014.

Lee, M. H. & Peale, S. J. On the orbits and masses of the satellites of the pluto charon
system. Icarus, 184:573–583, 2006.

98



Lissauer, J. J. & Peale, S. J. The production of ’braids’ in saturn’s f ring. Icarus,
67:358–374, 1986.

Lithwick, Y. & Wu, Y. On the origin of pluto’s minor moons, nix and hydra. arXiv
e-prints, 2008.

McGhee, C. A. Comet Shoemaker-Levy’s 1994 collision with Jupiter and Saturn’s 1995
ring plane crossings. Ph.D. thesis, CORNELL UNIVERSITY, 2000.

McGhee, C. A., Nicholson, P. D., French, R. G., & Hall, K. J. Hst observations
of saturnian satellites during the 1995 ring plane crossings. Icarus, 152:282–315, 2001.

Morgado, B. E. Estudo Astrométrico dos Satélites Galileanos de Júpiter. Ph.D. thesis,
Observatório Nacional, 2019.

Murray, C. D. & Dermott, S. F. Solar System Dynamics. Cambridge University Press,
Cambridge, 1999.

Murray, C. D. & Giuliatti Winter, S. M. Periodic collisions between the moon
prometheus and saturn’s f ring. Nature, 380:139–141, 1996.

Nicholson, P. D., Showalter, M. R., Dones, L., French, R. G., Larson, S. M.,
Lissauer, J. J., McGhee, C. A., Seitzer, P., Sicardy, B., & Danielson, G. E. Ob-
servations of saturn’s ring-plane crossings in august and november 1995. Science, 272:509–
515, 1996.

Porco, C. C. S/2005 s 1. IAU Circ., 8524, 2005.

Porco, C. C., Baker, E., Barbara, J., Beurle, K., Brahic, A., Burns, J. A.,
Charnoz, S., Cooper, N., Dawson, D. D., Del Genio, A. D., Denk, T., Dones,
L., Dyudina, U., Evans, M. W., Giese, B., Grazier, K., Helfenstein, P., In-
gersoll, A. P., Jacobson, R. A., Johnson, T. V., McEwen, A., Murray, C. D.,
Neukum, G., Owen, W. M., Perry, J., Roatsch, T., Spitale, J., Squyres, S.,
Thomas, P., Tiscareno, M., Turtle, E., Vasavada, A. R., Veverka, J., Wag-
ner, R., & West, R. Cassini imaging science: Initial results on saturn’s rings and small
satellites. Science, 307:1226–1236, 2005.

Poulet, F. & Sicardy, B. Dynamical evolution of the prometheus-pandora system. MN-
RAS, 322:343–355, 2001.

Rauch, K. P. & Hamilton, D. P. The hnbody package for symplectic integration of nearly-
keplerian systems. In AAS/Division of Dynamical Astronomy Meeting #33, volume 34 of
Bulletin of the American Astronomical Society, page 938. 2002.

Renner, S., Cooper, N. J., El Moutamid, M., Sicardy, B., Vienne, A., Murray,
C. D., & Saillenfest, M. Origin of the chaotic motion of the saturnian satellite atlas.
AJ, 151:122, 2016.

99



Renner, S. & Sicardy, B. Consequences of the chaotic motions of prometheus and
pandora. In AAS/Division of Dynamical Astronomy Meeting 34, volume 35 of Bulletin of
the American Astronomical Society, page 1044. 2003.

Renner, S. & Sicardy, B. Use of the geometric elements in numerical simulations. Ce-
lestial Mechanics and Dynamical Astronomy, 94:237–248, 2006.

Renner, S., Sicardy, B., & French, R. G. Prometheus and pandora: masses and orbital
positions during the cassini tour. Icarus, 174:230–240, 2005.

Showalter, M., Weaver, H., Buie, M., Merline, D., Mutchler, M., Soummer,
R., Steffl, A., Stern, S. A., Throop, H., & Young, L. Update on pluto’s tiniest
moons. In EGU General Assembly Conference Abstracts, volume 15 of EGU General
Assembly Conference Abstracts, pages EGU2013–13786. 2013.

Showalter, M. R., Dones, L., & Lissauer, J. J. Interactions between prometheus and
the f ring. In AAS/Division of Dynamical Astronomy Meeting 31, volume 31 of Bulletin
of the American Astronomical Society, page 1228. 1999a.

Showalter, M. R., Dones, L., & Lissauer, J. J. Revenge of the sheep: effects of
saturn’s f ring on the orbit of prometheus. In Bulletin of the American Astronomical
Society, volume 31 of Bulletin of the American Astronomical Society, page 1141. 1999b.

Showalter, M. R. & Hamilton, D. P. Resonant interactions and chaotic rotation of
pluto’s small moons. Nature, 522:45–49, 2015.

Showalter, M. R., Hamilton, D. P., Stern, S. A., Weaver, H. A., Steffl, A. J.,
& Young, L. A. New satellite of (134340) pluto: S/2011 (134340) 1. Central Bureau
Electronic Telegrams, 2769, 2011.

Showalter, M. R., Weaver, H. A., Stern, S. A., Steffl, A. J., Buie, M. W.,
Merline, W. J., Mutchler, M. J., Soummer, R., & Throop, H. B. New satellite
of (134340) pluto: S/2012 (134340) 1. IAU Circ., 9253, 2012.

Spahn, F., Hoffmann, H., Rein, H., Seiss, M., Sremčević, M., & Tiscareno, M. S.
Moonlets in Dense Planetary Rings, pages 157–197. 2018.

Spitale, J. N., Jacobson, R. A., Porco, C. C., & Owen, W. M., Jr. The Orbits of
Saturn’s Small Satellites Derived from Combined Historic and Cassini Imaging Observa-
tions. AJ, 132:692–710, 2006.

Stern, S. A., Bagenal, F., Ennico, K., Gladstone, G. R., Grundy, W. M., McK-
innon, W. B., Moore, J. M., Olkin, C. B., Spencer, J. R., Weaver, H. A.,
Young, L. A., Andert, T., Andrews, J., Banks, M., Bauer, B., Bauman, J.,
Barnouin, O. S., Bedini, P., Beisser, K., Beyer, R. A., Bhaskaran, S., Binzel,
R. P., Birath, E., Bird, M., Bogan, D. J., Bowman, A., Bray, V. J., Bro-
zovic, M., Bryan, C., Buckley, M. R., Buie, M. W., Buratti, B. J., Bushman,
S. S., Calloway, A., Carcich, B., Cheng, A. F., Conard, S., Conrad, C. A.,

100



Cook, J. C., Cruikshank, D. P., Custodio, O. S., Dalle Ore, C. M., Deboy,
C., Dischner, Z. J. B., Dumont, P., Earle, A. M., Elliott, H. A., Ercol,
J., Ernst, C. M., Finley, T., Flanigan, S. H., Fountain, G., Freeze, M. J.,
Greathouse, T., Green, J. L., Guo, Y., Hahn, M., Hamilton, D. P., Hamil-
ton, S. A., Hanley, J., Harch, A., Hart, H. M., Hersman, C. B., Hill, A.,
Hill, M. E., Hinson, D. P., Holdridge, M. E., Horanyi, M., Howard, A. D.,
Howett, C. J. A., Jackman, C., Jacobson, R. A., Jennings, D. E., Kammer,
J. A., Kang, H. K., Kaufmann, D. E., Kollmann, P., Krimigis, S. M., Kus-
nierkiewicz, D., Lauer, T. R., Lee, J. E., Lindstrom, K. L., Linscott, I. R.,
Lisse, C. M., Lunsford, A. W., Mallder, V. A., Martin, N., McComas, D. J.,
McNutt, R. L., Mehoke, D., Mehoke, T., Melin, E. D., Mutchler, M., Nel-
son, D., Nimmo, F., Nunez, J. I., Ocampo, A., Owen, W. M., Paetzold, M.,
Page, B., Parker, A. H., Parker, J. W., Pelletier, F., Peterson, J., Pink-
ine, N., Piquette, M., Porter, S. B., Protopapa, S., Redfern, J., Reitsema,
H. J., Reuter, D. C., Roberts, J. H., Robbins, S. J., Rogers, G., Rose, D., Run-
yon, K., Retherford, K. D., Ryschkewitsch, M. G., Schenk, P., Schindhelm,
E., Sepan, B., Showalter, M. R., Singer, K. N., Soluri, M., Stanbridge, D.,
Steffl, A. J., Strobel, D. F., Stryk, T., Summers, M. E., Szalay, J. R., Tap-
ley, M., Taylor, A., Taylor, H., Throop, H. B., Tsang, C. C. C., Tyler, G. L.,
Umurhan, O. M., Verbiscer, A. J., Versteeg, M. H., Vincent, M., Webbert,
R., Weidner, S., Weigle, G. E., White, O. L., Whittenburg, K., Williams,
B. G., Williams, K., Williams, S., Woods, W. W., Zangari, A. M., & Zirn-
stein, E. The pluto system: Initial results from its exploration by new horizons. Science,
350:aad1815, 2015.

Stern, S. A., Grundy, W. M., McKinnon, W. B., Weaver, H. A., & Young, L. A.
The pluto system after new horizons. Annual Review of Astronomy and Astrophysics,
56(1):357–392, 2018.

Synnott, S. P., Peters, C. F., Smith, B. A., & Morabito, L. A. Orbits of the small
satellites of saturn. Science, 212:191, 1981.

Synnott, S. P., Terrile, R. J., Jacobson, R. A., & Smith, B. A. Orbits of saturn’s
f ring and its shepherding satellites. Icarus, 53:156–158, 1983.

Tajeddine, R., Nicholson, P. D., Tiscareno, M. S., Hedman, M. M., Burns, J. A.,
& El Moutamid, M. Dynamical phenomena at the inner edge of the keeler gap. Icarus,
289:80–93, 2017.

Thomas, P. Sizes, shapes, and derived properties of the saturnian satellites after the cassini
nominal mission. Icarus, 208(1):395–401, 2010.

Tiscareno, M. S., Nicholson, P. D., Cuzzi, J. N., Spilker, L. J., Murray, C. D.,
Hedman, M. M., Colwell, J. E., Burns, J. A., Brooks, S. M., Clark, R. N.,
Cooper, N. J., Deau, E., Ferrari, C., Filacchione, G., Jerousek, R. G.,
Le Mouélic, S., Morishima, R., Pilorz, S., Rodriguez, S., Showalter, M. R.,

101



Badman, S. V., Baker, E. J., Buratti, B. J., Baines, K. H., & Sotin, C. Close-
range remote sensing of saturn’s rings during cassini’s ring-grazing orbits and grand finale.
Science, 364(6445), 2019.

Vieira Martins, R. The perturbation of triton on nereid’s motion. In R. Vieira Martins,
D. Lazzaro, & W. Sessin, editors, Orbital Dynamics of Natural and Artificial Objects. 1989.

Walsh, K. J. & Levison, H. F. Formation and evolution of pluto’s small satellites. AJ,
150:11, 2015.

Ward, W. R. & Canup, R. M. Forced resonant migration of pluto’s outer satellites by
charon. Science, 313:1107–1109, 2006.

Weaver, H. A., Buie, M. W., Buratti, B. J., Grundy, W. M., Lauer, T. R.,
Olkin, C. B., Parker, A. H., Porter, S. B., Showalter, M. R., Spencer, J. R.,
Stern, S. A., Verbiscer, A. J., McKinnon, W. B., Moore, J. M., Robbins,
S. J., Schenk, P., Singer, K. N., Barnouin, O. S., Cheng, A. F., Ernst, C. M.,
Lisse, C. M., Jennings, D. E., Lunsford, A. W., Reuter, D. C., Hamilton,
D. P., Kaufmann, D. E., Ennico, K., Young, L. A., Beyer, R. A., Binzel, R. P.,
Bray, V. J., Chaikin, A. L., Cook, J. C., Cruikshank, D. P., Dalle Ore, C. M.,
Earle, A. M., Gladstone, G. R., Howett, C. J. A., Linscott, I. R., Nimmo,
F., Parker, J. W., Philippe, S., Protopapa, S., Reitsema, H. J., Schmitt, B.,
Stryk, T., Summers, M. E., Tsang, C. C. C., Throop, H. H. B., White, O. L.,
& Zangari, A. M. The small satellites of pluto as observed by new horizons. Science,
351:aae0030, 2016.

Weaver, H. A., Stern, S. A., Mutchler, M. J., Steffl, A. J., Buie, M. W.,
Merline, W. J., Spencer, J. R., Young, E. F., & Young, L. A. Discovery of two
new satellites of pluto. Nature, 439:943–945, 2006.

Winter, S. M. G., Sfair, R., Mourão, D. C., & Bastos, T. A. Analysing the new
saturnian rings, r/2004 s1 and r/2004 s2. Earth, Moon, and Planets, 97(3-4):189–201,
2006.

Woo, J. M. Y. & Lee, M. H. On the early in situ formation of pluto’s small satellites.
AJ, 155:175, 2018.

Zacharias, N., Finch, C., & Frouard, J. UCAC5: New Proper Motions Using Gaia
DR1. AJ, 153:166, 2017.

Zhang, K. & Hamilton, D. P. Orbital resonances in the inner neptunian system. Icarus,
188(2):386–399, 2007.

Zhang, K. & Hamilton, D. P. Orbital resonances in the inner neptunian system. Icarus,
193(1):267–282, 2008.

102


	List of Figures
	List de Tables
	Introduction
	I Prometheus and Pandora
	Introduction 
	Two small satellites graze a ring
	Chaotic motion of Prometheus and Pandora 

	A mutual mechanism 
	Angular momentum conservation 

	Discussion 
	Observed lags ratios
	Mass ratio values 
	Non-mutual effects on the satellites
	Final Comments on Part I 


	II Daphnis
	Introduction 
	Discovery
	Daphnis' orbit

	Astrometry of Daphnis 
	The images
	Imaging Science Subsystem
	Using OPUS
	Using SPICE
	Centroid position

	Astrometry with Caviar
	Results

	Numerical Simulations 
	Study of Stability 
	Resonances 
	Final Comments on Part II 


	III Charon, Styx, Nix, Kerberos and Hydra
	Introduction 
	The Binary System 
	New Horizons 
	Resonances among the moons 

	Capture into multiple resonances 
	Using forced resonance migration
	Looking for special resonances
	The Charon's problem 

	Numerical simulations 
	Hnbody, a n-body integrator
	Setting up input and output parameters
	Results
	3:1 Resonance
	4:1 Resonance
	5:1 Resonance
	6:1 Resonance
	Most likely Charon resonance
	Simulation 1
	Simulation 2
	Simulation 3
	Simulation 4


	Final Comments on Part III 

	Final Remarks 


