
Arvind Borde / AST9.002, Week 1: The Solar System & Scale

(1) What’s the solar system?

The sun and the system of bodies going around it

(“revolving”).

(2) What are the names of some types of solar

system bodies?

Planets, asteroids, meteorites, comets; and the

sun.

1

Questions about the solar system

• What are the solar system bodies (including

the sun) made of?

• What holds the system together?

• Planets revolve around the sun, moons revolve

around planets: is revolution necessary?

2

Sunset from Mars

A Pictorial Survey

3 The Sun4

The Sun in ultraviolet5 Mercury6
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Week 1, Slides 7–12 Arvind Borde

Messenger mission to Mercury7
Venus from above cloud cover

8

Venus from under cloud cover
9

Magellan mission to Venus
10

Earth (Is there intelligent life there?)11 Mars12
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AST9.002 Week 1, Slides 13–18

Rover mission to Mars

13

Asteroids: Neowise mission

14

Jupiter
15

Europa mission to Jupiter and its moons

16

Saturn

17
Cassini mission to Saturn and its moons

18
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Week 1, Slides 19–24 Arvind Borde

Uranus19 Neptune20

Voyager mission to Uranus, Neptune and beyond
21

Pluto (planet?)
22

23 24
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AST9.002 Week 1, Slides 25–30

Size and Scale

Astronomy is an area of science where we have to

deal with big numbers: large sizes. distances, etc.

To comprehend them, we often have to scale down

to a comprehensible level.

Here are the rough comparative sizes of the major

objects in the solar system:

25

Comparative Sizes in the Solar System

Sun: bowling ball, diameter 8.00 in.

Mercury: pinhead, diameter 0.03 in.

Venus: peppercorn, diameter 0.08 in.

Earth: peppercorn, diameter 0.08 in.

Mars: pinhead, diameter 0.03 in.

Jupiter: chestnut/pecan, diameter 0.90 in.

Saturn: hazelnut/acorn, diameter 0.70 in.

Uranus: peanut/coffeebean, diameter 0.30 in.

Neptune: peanut/coffeebean, diameter 0.30 in.

(Pluto: less than a pinhead).

https://www.noao.edu/education/work/Peppercorn/Peppercorn Main.html26

How far are the planets from the sun?

Put the “Sun” down, and walk away.

After 10 steps: Mercury.

Another 9 steps: Venus.

Another 7 steps: Earth.

Another 14 steps: Mars.

Another 95 steps: Jupiter.

Another 112 steps: Saturn.

Another 249 steps: Uranus.

Another 281 steps: Neptune.

(Another 242 steps: Pluto and co.)

27

(3) How many steps have you walked in all to get

to Pluto and co.?

1019 steps .

(4) Assuming a “step” is about three feet, what

is that, roughly, in feet? (And in miles?)

3057 ft. (More than half a mile.)

28

Some actual distances

Earth–Moon: 400,000 km.

Earth–Sun: 144,000,000 km.

Neptune–Sun: 4,500,000,000 km.

29

Light Times

Light-time : distance light travels in

that time .

Speed of light∗: c =∼ 300, 000 km/sec .

∗“Light” includes visible rays, radio waves, x-rays. . .

To get distance in light-seconds divide the distance

in km, by c.
30
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Week 1, Slides 31–36 Arvind Borde

(5) Convert the previous distances to light times:

Earth–Moon: 1.3 light-sec.

Earth–Sun: 480 light-sec

or 8 light-min.

Neptune–Sun: 15,000 light-sec or 4.2

light-hr.

31

How do we know these distances?

For the nearby, rocky planets we simply bounce

radio waves off them.

(6) If the distance to such a planet is d, the speed

of radio waves is c, and the time taken for a signal

to go there (or return) is t, how are these three

related? c = d/t or d = ct.

In practice, we measure round trip time, 2t, then halve it.
32

What about other objects? How do we know how

far the sun is, or the stars?

(7) Bouncing signals won’t work. Why?

Gas composition; signals weaken.33

(8) What are these men up to?

Surveying. The methods they use, are the

first rung in what we need.34

This is what you’d do:

tan θ1 = d/b1 or d = b1 tan θ1, (1)

tan θ2 = d/b2 or d = b2 tan θ2, (2)

and b1 + b2 = b or b2 = b− b1. (3)35

We then solve equation (1) for b1 and work it into

equation (2), using equation (3) to assist

b1 =
d

tan θ1
,

and so
d = (b− b1) tan θ2

=

(
b− d

tan θ1

)
tan θ2.

36
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AST9.002 Week 1, Slides 37–42

Then solve for d:

d = b tan θ2 −
d

tan θ1
tan θ2.

d =
b tan θ2

1 + (tan θ2/ tan θ1)
.

This formula works on earth and off it.

That’s how you perceive depth: by an apparent

shift in angular position. parallax.37

If there were no apparent shift in the position of

the object, we would have θ2 = π − θ1. It follows

that tan θ2 = − tan θ1.

In that case, the denominator in the formula for d

would be

1 + (tan θ2/ tan θ1) = 1 + (− tan θ1/ tan θ1) = 0.

You cannot get d.
38

For objects that are far away you cannot measure

the angular shift on a short baseline.

If you want to use this method to get distances to

the stars, you need a long enough baseline, b, to

give parallax. Nothing on earth is big enough.

(9) What do we use? The earth’s orbit.

39

d =
b tan θ2

1 + (tan θ2/ tan θ1)

This gives the distance from the earth’s orbital

plane to nearby stars. But, how do we know b, the

diameter of the earth’s orbit?40

Trigonometry rides to the rescue (again):

cos θ = x/a, or

a = cos θ/x.
41

We get x by bouncing radio waves off the planet,

and can measure θ. That gives us a, the earth-sun

distance.

Once we know that, we can get distances to the

most distant planets, and to nearby stars.

Trigonometry gives us the first rungs in what we

call the “Cosmic Distance Ladder.”

42
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Week 1, Slides 43–48 Arvind Borde

1ly ≈ 6× 1012miles

(6 trillion miles)43

The last slide expressed distances in “scientific no-

tation:” basically in powers of ten.

Knowing how to manipulates these quantities is an

essential skill in astronomy.

If you multiply two powers of 10,

you ADD powers.

If you divide two powers of 10,

you SUBTRACT powers.44

What are

(10) 1013 × 1015? 1013+15 = 1028.

(11) 10−3 × 105? 10−3+5 = 102.

(12) 105/107? 105−7 = 10−2.

Note:

a) 10−n =
1

10n
.

b) 100 = 1.
45

We’ll mostly use the metric system and decimals

and powers of 10 to express quantity.

Sometimes, we’ll use light-times: e.g., a light year,

the distance light travels in a year .

Another common solar system distance measure

is the “AU” short for astronomical unit

, the average earth-sun distance.

46

Express as decimals

(13) 3/10 0.3

(14) 4/5 0.8

(15) 1/3 0.3̄

(16) 3/100 0.03

47

Distances are important in understanding the solar

system (and the Universe).

Masses are important as well.

(17) What is the most massive object in the solar

system? The sun.

The next slide shows some of the most important

solar system masses.

48
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Sun: ∼ 2× 1030kg.

Moon ∼ 7.35× 1022kg.

Mercury ∼ 3.30×1023kg.

Venus ∼ 4.87× 1024kg.

Earth ∼ 5.97× 1024kg.

Mars ∼ 6.42× 1023kg.

Jupiter ∼ 1.90× 1027kg.

Saturn ∼ 5.68× 1026kg.

Uranus ∼ 8.68× 1025kg.

Neptune∼ 1.02×1026kg.

(Pluto ∼ 1.27× 1022kg.)

49

Why are distances and masses so important in un-

derstanding the solar system, versus, say, shapes,

colors, etc.? The latter are important, but dis-

tances and masses much more so.

Why?

To answer this we need . . .

50

. . .A crash course in the world

The whole world consists of two entities: matter

and interactions .

Examples of matter are your chairs, your bodies,

and the stars.

Examples of interactions are the electromagnetic,

weak nuclear, strong nuclear, and gravitation .
51

These four are the only known interactions, also

called forces.

Unlike the four fundamental forces, it may seem

that matter is more complicated. Take our bodies:

(18) What are we mainly made of? Water

(>50%) .

But there’s other stuff: bones, flesh, hair, etc.
52

Similarly, if you look around the room, you’ll see

many different substances.

It’s been known since the 1800s that the complex-

ity of the material world is based on just a few

basic things combining in different ways. These

“basic things” are called elements .

53

(19) Name some elements.

Hydrogen, Helium, Oxygen, Carbon, etc.

(20) How many natural elements are there?

A little over a hundred.

(21) Elements come in basic “pieces.” What are

they called?

Atoms. (Proposed around 400 BC by Democritus.)

54
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Week 1, Slides 55–60 Arvind Borde

But that’s not the end of the story. Each atom

has structure and is itself made up of three more

basic things.

(22) What are the constituents of an atom called?

Protons, neutrons and electrons.

55

Protons and neutrons form the “nucleus” of the

atom, and electrons swirl in a cloud around it.

Protons have positive electric charge, electrons an

equal negative charge and neutrons are neutral.

The electron cloud is “held in place” by the electric

forces between them and the protons.

56

The simplest atom is that of hydrogen. It consists

of a single proton and a single electron.

The nucleus is roughly 10−13cm in radius and the

electron cloud about 10−8cm.

(23) That’s factor of about 100,000. Why?

10−8/10−13 = 10−8−(−13) = 105.

57

Can you subdivide further?

Not for electrons: they appear to have no internal

structure.

But there’s one step further for protons and neu-

trons: they have internal constituents which we

call quarks .

58

At the micro level both matter and interactions are

represented by particles, called quanta .

(That’s the plural. The singular is quantum.)

There are fermions and bosons ,

distinguished by their spin . (Think of

each as spinning like a top.)

59

Fermions are quanta of matter and have fractional

spin.

Bosons are quanta of interactions and have whole

number spin.

(Both are expressed as multiples of a basic spin

unit.)

60
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AST9.002 Week 1, Slides 61–64

All the known quanta

Fermions (matter)

6 “quarks”:

up, down, charm, strange, top, bottom

(combinations give the proton, neutron, etc.)

6 “leptons”:

electron, muon, tau and their neutrinos

61

Bosons (interactions)

Electromagnetism: Photon

Strong: 8 Gluons (hold the nucleus together)

Weak: W+, W−, Z0 (radioactive decay)

Gravitation: Graviton??????

These 24-odd particles make up the world and all

its interactions, along with a final particle called

the Higgs boson.62

The weak and strong forces are short range. They

drop to zero outside the nucleus. They play no

direct role in the structure of the solar system or

the Universe.

Electromagnetism is long range, but most large

objects are electrically and magnetically neutral.

So this force, too, is irrelevant over large distances.

63

That leaves gravity. It and it alone determines the

large scale structure of the Universe. It explains

why the moon goes around the earth as it does,

why planets move around the, why the sun rotates

around the center of the Milky Way.

As we’ll see next week, the strength of gravity

depends on mass and distance .

That’s why they’re important.
64
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Arvind Borde / AST9.002, Week 2: Gravity

Reminder: The Importance of Gravity

The weak and strong nuclear forces are short range.

They drop to zero outside the nucleus. They play

no direct role in the structure of the solar system

or the Universe.

Electromagnetism is long range, but large objects

are electrically and magnetically neutral. Electro-

magnetism, too, is irrelevant over large distances.
1

That leaves gravity.

Understanding it is intertwined with understanding

the Universe on a large scale. Our understand-

ing of one is closely tied to our understanding the

other.

2

Gravity is the force we’ve known for the longest

time , yet in some ways understand the least.

At a deep level, it’s a magical force that doesn’t,

unlike electromagnetism or the nuclear forces, exist

in the fabric of the Universe – it is the fabric

of the Universe .

But a simpler understanding works on the scale of

the solar system and below.3

The most immediate experience we have of gravity

is that things fall.

If the earth were at the center of the Universe, as

was thought, one could attribute the tendency of

things to fall as their natural tendency to go to

the center of the Universe because of their weight.

That was the view of Aristotle, and co. (∼300 BC).

4

According to this view, the “heavens” were fixed

(apart from the wandering planets) and objects fell

because they were trying to get to the center of

the Universe.

In the Aristotelian view heavier objects would fall

more quickly.

5

Galileo spoiled all that in the 1600s by dropping

things.

Around the same time it became clear that the

“heavens” were more complicated than had been

thought: planets had moons that went around

them, for example.

The earth was not the center of everything.

6
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Week 2, Slides 7–12 Arvind Borde

In the late 1600s, Isaac Newton fixed everything

– the shenanigans in the heavens and why things

fall to earth by

Newton’s Law of Universal Gravitation

Fgrav = G
m1m2

d2
,

G
Gravitational constant

= 6.67× 10−11
N ·m2

kg2

7

In English:

Every object (mass m1) attracts every other object

(mass m2) by a force proportional to the product

of their masses and inversely proportional to the

square of the distance between them.

m1•−→attractive gravitational force ←−◦︸ ︷︷ ︸ m2

distance = d

8

Why is this a universal law? Because it applies

to every pair of objects in the Universe.

It applies to you and the earth, to a piece of chalk

and the earth, to a piece of chalk and another

piece of chalk, to the earth and the moon, to the

sun and Jupiter, . . .

The law uses “proportionality.” What’s that?

9

If y = x then the quantity y equals x.

If y = 5x then y is proportional to x.

We write this as

y ∝ x

This is true whenever y = kx for any fixed k

(“ proportionality constant ”).

10

In Newton’s gravitational law

Fgrav = G
m1m2

d2

the quantity G is the proportionality constant.

G is universal – same value for any two

objects:

G = 6.67× 10−11N ·m2/kg2

(this is the value when you measure mass in kilo-

grams and distance in meters).11

We also need inverse proportion . If

y = k × 1

x
=
k

x

where k is fixed, then y is said to be inversely

proportional to x.

12
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AST9.002 Week 2, Slides 13–18

Assume k > 0. If

(1) y = kx, as x goes up, y goes up.

(2) y = kx, as x goes down, y goes down.

(3) y =
k

x
, as x goes up, y goes down.

(4) y =
k

x
, as x goes down, y goes up.

13

Using Newton’s law

Fgrav = G
m1m2

d2

(5) Does the gravitational force go up as the masses

go up? Yes.

(6) Does the gravitational force go up as the dis-

tance increases? No, it goes down.

14

We need to be more specific about how much the

gravitational force goes up and down by.

The gravitational force on an object of mass m

due to the earth (mass ME) is

F = G
mME

d2

where d is the distance to the center of the earth.
15

In each case below, does the gravitational force on

m go up or down, and by how much?

(7) m doubles: goes up by a factor of 2.

(8) m triples: goes up by a factor of 3.

(9) m halves: goes down by a factor of 2 (force

halves).

16

How the gravitational force depends on distance is

slightly trickier:

If the distance between the two objects goes up,

the force goes down by the square of the

distance .

17

In each case below, does the gravitational force on

m go up or down, and by how much?

(10) d doubles: goes down by a factor of 4.

(11) d triples: goes down by a factor of 9.

(12) d halves: goes up by a factor of 4.

18
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Week 2, Slides 19–24 Arvind Borde

This means that if the distance between two ob-

jects doubles, one of their masses would have to

go up by a factor of 4 in order to keep the force

the same.

This is Newtonian gravity. The theory works spec-

tacularly well, but not perfectly. . .(But that’s another story.)

19

(13) What is the shape of a planet’s orbit around

the sun? An ellipse.

Actually a precessing ellipse .

The point of closest approach (“perihelion”) of a

planet’s orbit swings around (“precesses”). This

could not fully be explained by Newton’s law.

The final explanation was startling.
20

The story starts with him . . .

http://www.npr.org/blogs/13.7/2011/09/28/140839445/is-einstein-wrong

21

(14) Who’s he?

Albert Einstein.

(15) What’s he most known for?

The Theory of Relativity (inluding E = mc2).

22

Summary of the Theory of Relativity

Theory developed between 1905 and 1916, primar-

ily by Albert Einstein.

First version (1905), called Special Relativity. Ein-

stein worked for a decade on extending it, till he

succeeded in 1915 (published in 1916) with the

General Theory. General Relativity has four main

ingredients:
23

1. A limiting speed, c.

2. Time + space: “spacetime.”

3. Spacetime has curved geometry. Geometry

related to matter through Einstein’s equation:

Spacetime Geometry ↔ Matter

Replaces “the force of gravity.”

4. Objects move on “straight lines” on this curved

geometry.
24
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2Rab = ∂c
[
gcd (∂agbd + ∂bgad − ∂dgab)

]
− ∂a

[
gcd (∂bgcd + ∂cgbd − ∂dgbc)

]
−
[
gcd (∂aged + ∂egad − ∂dgae)

]
×
[
ged (∂cgbd + ∂bgcd − ∂dgcb)

]
+
[
ged (∂agbd + ∂bgad − ∂dgab)

]
×
[
gcd (∂egcd + ∂cged − ∂dgec)

]

It’s not all words:

Einstein’s theory, expressed via equations,

Gab ≡ Rab −
1

2
gabR =

8πG

c4
Tab

↓
Spacetime Geometry

Ricci Curvature, Rab

Curvature Scalar, R

Metric, gab

↓
Matter

Energy-Momentum

25

Einstein’s first paper on relativity in 1905 led that

year itself to . . . the most famous equation ever.

26

27

The mass-energy paper was short (three pages) at

the end of which Einstein concluded

Page 3

In other words, m = L/c2, or, as we know it,

E = mc2

To get to this Einstein had to make a leap on what

energy is.
28

Humans are not the only entities that have now

figured out that small amounts of mass can lead

to vast quantities of energy (c2).

The sun (and other stars) have, as well.

But, on to curved geometry. . .

29

Introduction to Curved Geometry

A key feature of flat geometry is that the angles

of a triangle always add to 180◦:

6 A+ 6 B + 6 C = 180◦

30
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Now look at a triangle drawn on the surface of a

sphere:

(16) What does 6 A seem to be? 90◦

(17) What does 6 C seem to be? 90◦31

Therefore, on a sphere

6 A+ 6 B + 6 C > 180◦

This is true of any triangle that you draw on a

sphere with “straight lines” (lines of shortest dis-

tance).

32

Surfaces where the angles of a triangle add to

◦ greater than 180◦ have positive curvature .

◦ exactly 180◦ have zero curvature , or are

called flat .

◦ less than 180◦ have negative curvature .

33

A saddle is an example of a space with

negative curvature:

34

Einstein made three predictions in his 1916 paper:

We’ll discuss them in reverse order.
35

Einstein Test 3

Motion of the perihelion of a planet

The perihelion of a planetary orbit is

the point at which it is closest to the sun.

A planet (Mercury, e.g.) goes around the sun on

an elliptical path. But, the path does not close:

the perihelion is not at the same point every year.

This is called “precession.”36
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A precessing ellipse

37

Till Einstein, we could explain most of the preces-

sion, except for a small amount:

0.012◦ – every hundred years!

Einstein’s proposal was that the matter of the sun

warps surrounding spacetime geometry. Mercury

moves on a straight line on this curved background.

Sounds weird, but you get exactly the extra 0.012◦

that you need.38

The quantity rs =
2Gm

c2

is called the Schwarzschild radius, in honor of Karl

Schwarzschild who arrived at this distance formula

almost simultaneously with the final presentation

of general relativity. The constant m has the units

of mass, and we interpret it as the mass of the cen-

tral object that’s “creating” this curved geometry.
39

Einstein Test 2

The bending of light

Light bends around objects like the sun.

Really? Does Gravity affect light?

Really (even though in Newtonian gravity, it’s just

mass that’s involved).

40

Light travels in straight lines, except when it bends:

41

The English
astronomer Arthur
Stanley Eddington,
and others, proposed
a test of Einstein’s
prediction of the
bending of light, to
be done during a solar
eclipse in Brazil on
May 29, 1919.

42
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(18) Why solar eclipse? To block the sun

from obscuring stars.

43

An expedition was organized:

44

They took photos with two telescopes in cloudy

conditions of about a dozen stars near the sun

during the eclipse, then of the same stars at night

two months later.

(19) Why did they return two months later?

To compare the positions of the stars during

the eclipse, to their positions once the sun was out

of the way.
45

The team returned to England to compare and

analyze the photographic plates.

They asked for a special joint meeting of the Royal

Astronomical Society and the Royal Society of Lon-

don for November 6, 1919, to make an announce-

ment.

46

The prediction from Einstein’s theory was that the

angular positions of stars near the sun would shift

by 1.75′′. The Eddington expedition results were

Telescope 1: (1.98± 0.12)′′

Telescope 2: (1.61± 0.30)′′

Given the small number of stars looked at, these

are not completely convincing results.
47

Reaction at the meeting was mixed.

One person present called it

“the most important result obtained in connection with the
theory of gravitation since Newton’s day.”

But another pointed to a portrait of Newton hang-

ing in the room and urged caution:

“We owe it to that great man to proceed very carefully in
modifying or retouching his Law of Gravitation.”

48
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Einstein had been kept informed as the data was

analyzed. He had always been confident.

On September 27, nearly 6 weeks before the offi-

cial announcement, he wrote to his mom:

“. . . joyous news today. . . . the English expeditions

have actually measured the deflection of starlight

from the Sun.”

49

The Press shared Einstein’s enthusiasm. The Lon-

don Times of November 7, 1919, one day later,

carried a long article about the Royal Society meet-

ing, headlined

REVOLUTION IN SCIENCE

NEW THEORY OF THE UNIVERSE

Three days later The New York Times got into

it. . .50

51

The news spread all over the world, even Vermont:

52

In 1921 Einstein visited New York:

53

Einstein Test 1

The behavior of rods and clocks

Space and time are warped.

The behavior of time is particularly interesting.

Clocks tick slightly slower on the surface of the

earth than on the top of tall buildings or in planes.

Motion also affects the “flow” of time.
54
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Tests of Time Alterations

a) In 1971 Keating and Hafele flew four caesium atomic
clocks around the world on commercial aircraft, first travel-
ing from east to west, then from west to east. The results of
the experiment confirmed the relativistic predictions within
10%. The experiment was repeated in 1996 on a trip from
London to Washington and back, a 14 hour journey. The
result was within 2 ns of the prediction.

55

b) Muon lifetime [Bailey,J. et al. Nature 268, 301 (1977)]:
Muons with “rest lifetime” of 2.198µs were sped to high
speed (.999c). The measured lifetimes at those speeds
were found to be 64.368µs, consistent with relativity.

56

c) paper in Science, 2010:
Optical Clocks and Relativity
C.W.Chou, D.B.Hume, T.Rosenband, D.J.Wineland
Science, 24 Sep 2010, Vol.329, Issue 5999, pp.1630-1633

“Observers in relative motion or at different gravitational
potentials measure disparate clock rates. . . . We observed
time dilation from relative speeds of less than 10 meters per
second by comparing two optical atomic clocks connected
by a 75-meter length of optical fiber. We can now also
detect time dilation due to a change in height near Earth’s
surface of less than 1 meter.”

57

d) GPS

58

From: www.losangeles.af.mil/shared/media/document/AFD-100302-043.doc

3.3.1.1 Frequency Plan. . . .The SV carrier frequency and
clock rates – as they would appear to an observer located
in the SV – are offset to compensate for relativistic ef-
fects. The clock rates are offset by ∆f/f = −4.4647×
10−10, equivalent to a change in the I5 and Q5-code chip-
ping rate of 10.23 MHz offset by a f = 4.5674×10−3Hz.

59

So time can

be twisted in

relativity.

How kinky

can time get?

60
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Pretty kinky. . .

And if this ain’t exulting, you don’t know how to exult. . .61
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Arvind Borde / AST9.002, Week 3: Planets and Their Moves

The story so far

(1) What is the most important force in under-

standing things on the solar system scale and be-

yond?

Gravity.

The other forces play roles, but less central

ones.

1

(2) What are the other forces?

Electromagnetism

Strong nuclear

Weak nuclear

2

(3) What astro-roles do the other forces play?

Electromagnetism: tells us about the radiation

emitted by objects and about the internal structure

of planets, etc.

Nuclear forces: govern how stars shine.

3

But gravity, and gravity alone determines

how astronomical objects move in the solar sys-

tem, and even how things are shaped.∗

∗ Shape comes from self-gravitation

(the gravitational action of an object on itself).

4

(4) What shape are most astronomical objects?

Spherical.

(5) Why?

Self-gravity pulls all the “parts” inward, and

a spherical shape is the most compact one that a

body can take.

5

(6) Are there non-spherical objects in the solar

system? Yes.

(7) Name some. You, me, asteroids. . .

(8) How can they be non-spherical?

Insufficient mass to pull themselves into shape.

Other forces, mostly electromag., counterbalance

gravity.

6
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Week 3, Slides 7–12 Arvind Borde

(9) If a massive body pulls itself into spherical

shape through self-gravity, what prevents that same

self-gravity from making it contract indefinitely?

Here, too, other forces balance gravity.

For planets, it’s electromagnetic forces.

For stars, it’s also nuclear forces.

7

Which Gravity do we use?

Newtonian force or Einsteinian curved spacetime?

8

We believe Einstein’s theory to be more “correct”

than Newton’s, but general relativity improves

on Newton’s law, does not replace it.

For most solar-system considerations, Newton’s

theory is more than adequate – and it’s easier.

Only for high-precision work, often involving very

precise time measurements, do we need general

relativity on the solar system scale.9

Brief History of Planetary Motion

. Geocentric view : Earth at center

of SS .

Till about the 1500s (Caludius Ptolemy, Greco-

Egyptian, roughly AD 90–168, and others).

Backward motion of planets called “retrograde.”

Retrograde simulation:

http://www.nakedeyeplanets.com/movements.htm10

Ptolemy

11 Ptolemy12
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Epicycles needed to explain retrograde motion

13

. Heliocentric view : Sun at center

of SS .

Early versions go back to the third century BC

(Aristarchus), but the modern theory dates from

around 1540 (Nicolaus Copernicus, Polish, 19 Feb.

1473 – 24 May 1543).

14

Copernicus

15 Copernican orbits16

Detailed study of the heliocentric theory and the

motions of the planets in it was made by Johannes

Kepler (German, December 27, 1571 – November

15, 1630).

He distilled what he noticed into three laws, called

Kepler’s Laws

17
Johannes Kepler, 1610, unknown artist (Wikipedia)

18
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Week 3, Slides 19–24 Arvind Borde

Law 1, The Law of Ellipses:

The planets move around the sun on an elliptical

path, with the center of the sun being located at

one focus.

19

What’s an ellipse? It’s a cousin of the circle.

(10) What’s a circle?

A set of points with fixed distances from a

given point called the center. The fixed distance

is the radius.

20

An ellipse is the set of points the sum of

whose distances from two points is fixed. The

points are called the foci (plural of focus).

Pt. 1: + =

Pt. 2: + =

Pt. 3: + =

21

Ellipses and their Axes

22

The Eccentricity of an Ellipse

The long line is the major axis; a is the length of

half of it (the semi-major axis ).

The short line is the minor axis; b is the length of

half of it (the semi-minor axis ).

The eccentricity of an ellipse is given by

e =

√
1−

(
b

a

)2

23

(11) When is the eccentricity, e, zero?

When 1− (b/a)2 = 0. This happens

when b/a = 1, i.e., a = b.

(12) What shape does e = 0 (i.e., a = b) corre-

spond to? Circle.

(13) Can the eccentricity be less than zero?

No. A square root is defined to be non-negative.

Zero is the smallest value of e.24
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Law 2, The Law of Equal Areas:

A line from the sun to the planet sweeps out equal

areas in equal times.

https://eloisechen.wordpress.com/

25

Law 3, The Law of Harmonies:

The square of the period a planet’s orbit

(its “year”) is proportional to the cube of its av-

erage distance from the sun (or the length of its

semi-major axis).

P 2 ∝ a3

26

Graphically:

27

(14) As an object gets further from the sun, does

its semi-major axis go up or down?

Up.

(15) Does its year get longer or shorter?

Longer.

28

(16) If the semi-major axis goes up by a certain

amount for a planet close to the sun, and by the

same amount for a planet far from the sun, do the

planetary years go up by the same amount?

No. The one that’s further goes up more.

29 30
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The Role of Gravity

Kepler’s laws were used by Newton in formulating

his law of gravitation.

He tailored his law so that Kepler’s three laws fol-

low from his formula (and so does much more).

We’ll study how the law of gravitation is used in

astronomy by studying how two objects behave

under their mutual gravitational attraction.31

The Gravitational 2-Body Problem

m1•−→ attractive gravitational force ←−◦︸ ︷︷ ︸ m2

distance = d

Fgrav = G
m1m2

d2
(17) Given this force between m1 and m2 how

will they behave?

The answer depends on the “initial conditions”

(how they start off).
32

Situation 1: The two objects start at rest.

(18) What will their mutual gravitational attrac-

tion make them do? They will collide:

33

(19) Will they meet at the center (d1 = d2)? If

so, why? If not, which object will the collision be

closest to?

They’ll meet closer to the more massive body.

The relationship is

34

(20) If m2 > m1, then d2 < d1. Why?

For the two products to be equal.

To find out how much the more massive body

moves, assume that m2 > m1. We can re-express

m1d1 = m2d2

as
d2 =

m1d1
m2

.

35

(21) The mass of the earth is roughly 6×1027 gm.

If you drop a 6 gm piece of chalk and it travels 1 m

before it hits the earth, how much does the earth

move?

d2 =
m1d1
m2

=

36
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10−27 m is a millionth of a millionth of a millionth

of a billionth of a meter.

The radius of a proton is a little under 10−15 m

(called a femtometer).

(22) How many powers of ten is this bigger than

the earth’s movement in our situation?

12 powers of ten: 1012 (a million-million times

bigger).37

It would take a mass 6 million million grams (or 6

billion kg) to make the earth move by the size of

a proton.

That’s why for all realistic calculations involving

motion to (and from) the earth, we can take the

earth as essentially fixed.

38

Situation 2: The objects start with initial veloci-

ties directly away from each other.

v1 ←−•→ gravitational force←︸ ︷︷ ︸ ◦→ v2
m1

d
m2

39

(23) What will happen?

If the objects have sufficient velocities (equivalently,

kinetic energies) they will keep moving away forever.

Otherwise they will reach some maximum distance,

then fall back to each other.

An energy balancing allows us to calculate what

will happen.

40

Which energies do you balance?

1) Kinetic energy , energy due to motion:

2) Gravitational (potential) energy be-

tween two objects of masses m and M :

Total Energy =
1

2
mv2 − GmM

r41

To “balance energy” you equate the total energy

before to the energy after .

For example, If the objects reach a momentary

state when they are both at rest at their maximum

distance from each other, the energy balance is

1

2
m1v

2
1 +

1

2
m2v

2
2 −G

m1m2

d
= 0−Gm1m2

dmax

This allows us to find dmax.42
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If dmax → ∞, we get a measure of how big the

initial velocities must be for the two objects to

separate infinitely far:

1

2
m1v

2
1 +

1

2
m2v

2
2 −G

m1m2

d
= 0.

Or
1

2
m1v

2
1 +

1

2
m2v

2
2 > G

m1m2

d

for “separation.”43

This is used, for example, to calculate the escape

velocity of a rocket ship from earth.

If m2 = mearth and v2 = vearth = 0, and the

subscripts 1 refer to the rocket, we have

1

2
mrocketv

2
rocket + 0 > G

mrocketmearth

d

Canceling mrocket from both sides, we get

44

1

2
v2rocket > G

mearth

d

or

v2rocket > 2G
mearth

d

or

vrocket >

√
2G

mearth

d
.

This is the “escape velocity” formula for rockets

leaving earth.45

Situation 3: The objects start with random initial

velocities.

v1 ↖•→ gravitational force←︸ ︷︷ ︸ ◦↗ v2
m1

d
m2

(24) What will happen? Based on the exact

initial velocities, the objects could spiral into each

other, spiral away, or enter a mutual orbit.
46

If one object is much more massive than the other,

all the motion will come from the less massive one.

That’s the situation in many solar system appli-

cations (as opposed to stellar dynamics where you

can have equally massive stars orbiting each other

in binary pairs).

47

Possible orbits when an object interacts gravita-

tionally with a much more massive one:

.Ellipse (special case, circle)

.Hyperbola (border case, parabola)

Orbits in the 2-body problem are stable.

If there are three bodies, there’s chaos. . .

http://tinyurl.com/dd67fu48
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