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Objects 1n 3:2 Resonance with Jupiter

Objects in this group complete 3 orbits in
the time that Jupiter takes to complete 2.

Scott Manley
https://www.youtube.com/watch?v=yt1qPCiOq-8




SeCUIar One planet precessing
Resonance

Machinefiend
https://www.youtube.com/watch?v=L3h_OIHU5pc

Secular refers to the long-term motion of a system
Resonance 1s when two periods or frequencies are a simple numerical ratio of

small integers.
A secular resonance occurs when the apses or nodes of two orbits precess at

the same rate.




Chaotic Motion (C.2.4)

* The evolution of a chaotic system
depends sensitively on the
system’s precise initial state

e The behavior is in effect
unpredictable

Orbit of Uranus

/" Orbit of
2060 Chiron _~

Orbit of Saturn

Orbit of Jupiter

Reyk
https://en.wikipedia.org/wiki/2060 Chiron




time teration hours: 18785

lotal time vears: 8006

Chaotic, unstable motion of Chiron with Saturn (stationary, white dot at 10 o'clock) and Jupiter (blue)




Gravity (C.2.5)

 Moment of Inertia (C.2.5.1) & /f/,o(r)rfdr,

* Gravitational potential (C.2.5.2) [N f Fo(r)

o0

dr’.

(the integral is path-independent; conservative force)

@, satisfies the Poisson equation
: 1 V20, = 47pG.

* @, outside a spherically symmetric body is identical to that of a
point particle of the same mass.

* O, = -Gm/r for spherically symmetric objects. What about non-
spherically symmetric objects, such as a real planet?
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Tide (C.2.7)

Additional reading: https://en.wikipedia.org/wiki/Tide
https://en.wikipedia.org/wiki/Centrifugal force

* There are two possible ways to hold a secondary object m together
— For a small object, it could be hold together by internal strength.
— For a large objects, it may be hold together by self-gravity

* But if neither works, the object can be pulled apart.

* This is what happened to Shoemaker—Levy 9



https://en.wikipedia.org/wiki/Tide
https://en.wikipedia.org/wiki/Centrifugal_force
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Note that the effect is proportional to ry, and inversely proportional
to 73. So the closer m is to M, the stronger the effect.




Shoemaker—Levy 9

NASA
https://www.youtube.com/watch?v=gbsqWozEBBw&feature=emb_logo




Three Tidal Effects in the Earth-Moon System

Date: 2005 Sep 1 02:23:28 UT

Tomruen

° A mOdem-di https://en.wikipedia.org/wiki/Orbit_of_the_Moon#/ ) Century ago
* The same effects happens on the moon: tidal locking of the moon — why we
can only see one side of the moon.




A modern-day i1s longer by about
1.7 milliseconds than a century ago

The dotted lines are the extrapolated straight lines
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Fig. 1: The variation of length of day versus geological time.

Arbab et al. 2009




The Earth-Moon System

e A modern-day is longer by about 1.7 milliseconds than a century ago
 Tidal locking of the moon — why we can only see one side of the moon.
e Moon is moving away by 38 mm per year.




Moon is moving away by 38 mm per year.

It turns out that this increase in the moon’s orbital energy moves it away from Earth at a rate of
about 3.8 cm per year. We know this because we can fire a pulse of laser light at the corner cubic
laser reflectors left on the moon by the Apollo missions and time its return. 3.8cm per year is not
very much perhaps, but over millions of years, it certainly adds up. This means there will come a
point in time where the moon is too far away from Earth to fully cover the sun from any point in its
orbit. The best estimates we have suggest that in about 650 million years, there will be no point in
the moon’s orbit around the Earth where it will be able to cover the entire sun, so, no more total
solar eclipses.

https://web.archive.org/web/20170822023627/https://eclipse2017.nasa.gov/what’s-very-last-solar-eclipse




Pluto and Charon Tidal Lock

Stephanie Hoover
https://en.wikipedia.org/wiki/Tidal locking




Mercury’s 3:2 Spin-Orbit Resonance

Midnight

Mecury’s day lasts twice
as long as its solar year.

One full spin




Tidal Effects in the Mars-Phobos System

a: 2.76 Mars radii
Phobos P: ~7.5 hours
Mars spin P: 24.6 hours

By JiFish https://commons.wikimedia.org/w/index.php?curid=515828

Tidal Effects in the Earth-Moon System

a: 60 Earth radii
Moon P: 29.5 days
Earth spin P: 1 day




Tidal Effects in the Mars-Phobos System

Spin (viewed in
Mars-Phobos frame)

* Phobos orbit is decaying




Tidal Effects in the Mars-Phobos System

e q:2.76 Mars radii
 Phobos P: ~7.5 hours
* Mars spin P: 24.6 hours

; i Inward evolution of
Inward evolution until tidal

il f kest regi large intact remnants
reakup of weakest regions ;
Phobos and ring decay

|

7~107 years 7~107"years 7~108-108 years

Present } » Future

Black & Mittal 2015




In ~10 million years, Mars will Have a Ring!

Black & Mittal 2015




Tidal Heating

Lsuanli
https://en.wikipedia.org/wiki/Tidal_heating of Io




Tidal Heating

https://www.nasa.gov/press-release/nasa-missions-provide-new-insights-into-ocean-worlds-in-our-solar-system/




Questions?




Dissipative Forces and the Orbits of Small Bodies (C.2.8)

» Radiation pressure
* Poynting-Robertson drag
* Yarkovsky effect

Orbits about a Mass-Losing Star (C.2.9)
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Questions?




Physics and Astrophysics (C3)

* Thermodynamics (C.3.1)
— Ideal gas law: p=nkT
— 15t law of thermaldynamics (energy conservation): dQ = dU + PdV

* Hydrostatics Equilibrium (C.3.2)

— Additional reading: https://en.wikipedia.org/wiki/Hydrostatic equilibrium
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