Kepler, Newton, and laws of motion
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The only history in this course:

! !Geocentric vs.

"

heliocentric model (sec. 2.2-2.4)
The important historical progression is the following: !
! Ptolemy (~140 AD) … Copernicus (~1500 AD), Galileo (~1600), !
Tycho Brahe, Kepler (sec. 2.5), Newton (sec. 2.6).!
It is important to recognize the change in world view brought about by this transition:!
Geocentric model (Ptolemy, epicycles, planets and Sun orbit the Earth) !
! Heliocentric model (Copernicus, planets orbit the Sun)
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Empirical, based on observations; NOT a theory (in the sense of Newton’s laws). So they are “laws”
in the sense of formulas that express some regularity or correlation, but they don’t explain the observed
phenomena in terms of something more basic (e.g. laws of motion, gravity--that waited for Newton)!
Kepler’s 1st law:!
! 1. Orbits of planets are ellipses (not circles), with Sun at one focus.!
Must get used to terms period (time for one orbit), semimajor axis (“size” of orbit), eccentricity
(how “elongated” the orbit is), perihelion (position of smallest distance to Sun), aphelion
(position of greatest distance to Sun)!
Examples: comets, planets: !
Why do you think these have such different eccentricities ?!
(Don’t expect to be able to answer this, just find whether you understand the question.)!
! Escaping from the assumption of perfect circles for orbits was a major leap, that even
Copernicus was unwilling to take.

Kepler’s 2nd law:
! 2. Equal areas swept out in equal times
more simple: planet moves faster when closer to the sun.
Good example: comets (very eccentric orbits, explained in class).
Once you know the slightest thing about the force of gravity, this law is obvious.

Kepler’s 3rd law
! Square of the period “P” is proportional to the cube of the semimajor axis “a”

! P 2 = a3
IF P is expressed in Earth years and “a” is in units of A.U. (astronomical unit; average distance from
Earth to Sun). A graph of the periods vs. the distances from the sun (a) is shown below.
(Absolute size of A.U. unit determined from radar observations of Venus and Mercury, and other
methods--see textbook.)

!! Kepler’s 3rd law, as modified by Newton (coming up), will be a
cornerstone of much of this course, because it allows us to estimate
masses of astronomical objects (e.g. masses of stars, galaxies, the
existence of black holes and the mysterious “dark matter”). !
Example of use of Kepler’s 3rd law:
The planet Saturn has a period of about 30 years; how far is it from the Sun?
Answer: Using P2 = a3, with P = 30 yr, a = (30)2/3 = ((30)2)1/3= (900)1/3 ~ 10AU.
Another example: An object is observed orbiting the Sun in an orbit of
semimajor axis = 4 AU. How long is its year (period)?
[Note: This is as tough as the math will get in this class.]

Newton was able to propose more general laws that describe
the motion of an object under the influence of any force,
but in particular the force of gravity. Read about them by
next class, but it may help if you keep in mind why you are
reading about this:
Newton’s laws will give us a way, basically our only way,
to get the masses of objects, first stars that orbit each other
(binary stars), then a technique to detect black holes,
since 1995 the masses of extrasolar planets, and the
evidence that there is some invisible mass called “dark matter.”
Then try to answer this apparently boring question:
Gravity is what makes objects orbit around other objects, and gravity is
a reflection of an object’s mass.
So why doesn’t the mass of the objects appear in Kepler’s 3rd law?

Newton’s laws of motion and gravity

Newton’s laws of motion
1. Every body continues in a state of rest or uniform motion (constant
velocity) in a straight line unless acted on by a force.
(A deeper statement of this law is that momentum (mass x velocity) is a
conserved quantity in our world, for unknown reasons.)
This tendency to keep moving or keep still is called “inertia.”
2. Acceleration (change in speed or direction) of object is proportional to:
applied force F divided by the mass of the object m
i.e.
! a = F/m or (more usual) F = ma
This law allows you to calculate the motion of an object, if you know the
force acting on it. This is how we calculate the motions of objects in physics
and astronomy.
! You can see that if you know the mass of something, and the force that is
acting on it, you can calculate its rate of change of velocity, so you can find its
velocity, and hence position, as a function of time.
3. To every action, there is an equal and opposite reaction, i.e. forces are
mutual. A more useful equivalent statement is that interacting objects
exchange momentum through equal and opposite forces.

What determines the strength of gravity?!
The Universal Law of Gravitation (Newton’s law of gravity):!
1.! Every mass attracts every other mass.!
2.! Attraction is directly proportional to the product of their masses.!
3.! Attraction is inversely proportional to the square of the distance between their
centers.!

Newton’s Law of Gravity (cont’d):!!!

Every object attracts every other object with a force
! F (gravity) = (mass 1) x (mass 2) / R2 (distance squared)
Notice this is an “inverse square law” (right illus.).
Orbits of planets (and everything else) are a balance between
the moving object’s tendency to move in a straight line at
constant speed (Newton’s 1st law) and the gravitational pull of
the other object (see below).
Now we’ll see how all this can be combined to calculate the
motion of any object moving under any force (gravity or
otherwise--like a magnetic force, or friction, or anything.
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Using Newton’s laws, continued…

Applying this procedure (Newton’s 2nd law with the law of gravity) you (or
at least someone) can derive Kepler’s laws, if you know the form of the
gravitational force. For gravity we have Newton’s formula
! Fgrav = G m1m2/d
where G is Newton’s gravitational constant (you don’t have to know it’s
value), m1 and m2 are the two masses, and d is their separation (distance
from each other).
From this “it can be shown” that all closed orbits are ellipses, that the
orbital motion is faster when the two objects are closer to each other
(Kepler’s 2nd law), and Kepler’s 3rd law, the most important result.
Kepler’s third law now contains a new term:
! P2 = a3/ (m1+ m2) ! Newton’s form of Kepler’s 3rd law.
(Masses expressed in units of solar masses; period in years, a in AU, as
before).
This is basically what is used (in various forms) to get masses of ALL cosmic objects!
Another way to word it: if you know how fast two objects are orbiting each other, and their
separation (notice you need the distance to get this), you can solve for the sum of their
masses. We will use this over and over--it is the only way we have to get masses directly.

The most important thing about Newton’s laws is that they are general: you can
calculate the motion of any object (or any number of objects) acting under any
force can be calculated, in principle, if the force can be specified (e.g.
gravitational force as a function of mass and distance; but it could be frictional
force, magnetic force, electrostatic repulsion, ….)
We calculate the evolution of clusters of stars, of millions of galaxies in an
expanding universe, of a hot gas in a magnetic field, and almost everything else,
although in general this is so difficult that you can only get computer solutions.
Example shown on next page.!
Examples:
" Earth’s orbital period (1 year) and average distance (1 AU) tell us the Sun’s
mass (think: why don’t you need to know the Earth’s mass for this purpose?
" Orbital period and distance of a satellite from Earth tell us Earth’s mass.
" Orbital period and distance of a moon of Jupiter tell us Jupiter’s mass.
" This is how “black holes” were discovered to actually exist (later in course),
and how the masses of planets orbiting other stars are determined.
" Motion of stars in galaxies reveals the existence of invisible mass, or “dark
matter,” whose nature remains unknown.
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Illustration below shows effect of
gravitational forces between two galaxies that are in the early stages of collisional merging. Solving
Newton’s laws for millions of stars and for the gas within these galaxies, we can actually make models for
such phenomena that show how tidal forces are distorting these galaxies. This example shows you that
some orbits can decay, leading to merging of objects. !
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We will see this again when we discuss the cannibalism of planets by their parent stars.

End of material on orbits under gravity, Kepler’s laws, Newton’s laws
and the way Newton’s form of Kepler’s third law can give us the
masses of astronomical objects. In fact it is just about the only way.
How else can you learn about astronomical objects?
All you get from them is their light, so there are two
chapters entirely concerned with how we can analyze light.!!
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