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Merry-go-round rotates clockwis Celestial sphere rotates to the west
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(a) A rotating merry-go-round (b) The Greek geocentric model
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Epicycle moves
slowly eastward
along deferent

Planet moves
) Epicyle \ rapidly eastward
long epicyde
o along epicy
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As seen from Earth,
planet moves
eastward

{direct motion)

a) Planetary motion modeled as a combination of circular motions (b) Modeling direct motion

" HOGQE
W LT &
Y 34T 3 By

Epicyde moves
slowly eastward
along deferent

Planet moves
rapidly westward
along epicycle

Earth
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c) Modeling retrograde motion
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Johannes Kepler
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If a particle moves in a central force field, 1ts path must
be a plane curve.

Let F' = f(r)r; be the central force field. Then because

r1 1s 1n the direction of the position vector r,

Py F =

Since F' = m dd/dt, this becomes

d _
X dv/dt =0 — z—(-7>< v) =10
dt

Integrating, we get




For a particle moving in a central force field, the angular
momentum must be conserved.

Multiplaying by mass m,

m(r x v) =mh

The left side 1s the angular momentum, and the right
side 1s a constant vector. Hence the proof.
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The velocity in polar coordinates is

dr . -
r=rrg—uv=— =11 +1r06

dt

The acceleration in polar coordinates is

i = % = (i — r0%)r + (10 + 270)0)

So the equation of motion for a particle in a central force
field is [mass| [acceleration| = |net force]

m(i — r6°)ry, + (6 + 270)0, = f(r)r




Thus, separating the r; and the 01 parts
m(i — ré?) = f(r)
m(rt 4+ 2r6) =0

For the él part,

m d

m(:rﬁ + )rﬁ) m —(r 20 + 2??9) 7 (r“é’) =0
r rodt

Thus "’—5( _H) 0, and so

) *
7“6 = h = constant
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Galileo Galilei
(4 FIaz), 1564~1642
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Galileo’s note describing
the moons of Jupiter
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Issac Newton 5
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For two bodies my and ms, we have

ap:ag :a=ms:mq: (mg+ ms)

(AARIED)
miay = Mol = —a = ua
my -+ mao

where = myms/(mq 4+ ms) is the reduced mass, and
1/p=1/my+ 1/my




=& g = & fh o i)

P2/a3

(AU) (#)

K& 0.3871  0.2408 0.9996
£ % 0.7233  0.6152 1.0002
b 3 1.0000  1.0000 1.0000
] 1.5237  1.8809 1.0001

(%A &) 2.7656 4.603 1.0016
~ % 5.2034 11.862 0.9987
4k 0.5371  29.458 1.0004
SUERD | 19.1913 84.01 0.9985
a3k 30.0690  164.79 0.9989

CER S 39.4817 247.9 0.9985




Consider the motion of m,

[centrifugal force] ={mutual gravitation force]

a1 Gmo

P? a2

Then, 47 M1Mo o Gmes

P my ( mi1 + IN_)) a?

(

s + mo) = constant




The generalized Kepler’'s law

P? B A2
a®  G(M, + M)

For the Earth

IAU  GMgy,

So the generalized Kepler’s law becomes,

1

This applies to any orbiting bodies, e.g., a binary system.




The general Newton’s form of Kepler’s third law

9

_F}J — [;] {13
G(my + mg)

P: sidereal period of orbit, in seconds

a: semimajor axis of orbit, in meters

my,/m,: masses of objects, in‘kilograms

G: universal constant of gravitation=6.67 x 10t (MKYS)

Note: use consistent units.

This can be used to estimate the mass of stars, black
holes and entire galaxies of stars.




Ex 1: lo Is one of the four large moons
of Jupiter discovered by-Galileo. It
orbits a a distanceof 421,600 km. from
the center-of Jupiter and has an orbital
period of 1.77 days. Determine the
combined mass of Jupiter and lo:

Sol: This is not an orbit around the Sun,
S0 we must use the general form.
a=4.21x10%m;

P=1.77 x 86400 = 1.529 x 10°s

So, m; + m, =41m?a3/G P? = ...
= 1.90 x 10?7 kg

Since Jupiter Is much more massive,

this1s mostly Jupiter’s mass.
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Ellipse From a
Conical Section

ELLIPSE

CIHLAULAR BASE OF CONE Semi-major and Semi-minor Axes

http:/fwww.jpl.nasa.gov/basics/bsf3-1.html



