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Week 1, Slides 7–12 Arvind Borde

7

We believe the Milky Way has between 200 and

400 billion stars.

But stars are not the only things we see in the

night sky. We also see hazy patches called

nebulae .

Seven of these were recorded by Ptolemy, a Greco-

Eygptian astronomer and mathematician, in his

book the Almagest around 130A.D.
8

9

(1) Does this distance allow the Orion nebula to

be in the Milky Way, or force it to be outside it?

Allows it to be in the Milky Way.

We are now sure that it is inside.

10

11

Till the 1920s,it was not known if all nebulae were

within, or close to, the Milky Way.

The debate on this question was called The

Great Debate.

Here’s another nebula, first recorded as “a little

cloud” by an Arab astronomer, Al Sufi, in his Book

of Fixed Stars around 964 A.D.

12
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AST10 Week 1, Slides 13–18

The Andromeda nebula

13

The American astronomer

Edwin Hubble systemati-

cally studied nebulae in the

1920s.

14

15

By studying stars of vari-

able brightness, cepheid

variables , in Andromeda,

Hubble found evidence

that it was about 9 mil-

lion million million miles

away.
16

(2) Why is this significant? It puts Andromeda

well outside the Milky Way.

Later studies of Andromeda showed that it

was a galaxy in its own right, and its distance from

us is, in fact, about 15 million million

million miles.

17 18
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Week 1, Slides 19–24 Arvind Borde

In the decades

following, it was

found that there

are lots of galaxies. . .

19

Lots and lots of galaxies. . .

20

Lots and lots of types of galaxies. . .

21

Lots and lots and lots and lots and lots and lots

and . . . lots of galaxies.

According to present estimates, there are at least

two hundred billion , possibly up to a trillion

galaxies.

22

Where we stand.

23

Scale

24
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AST10 Week 1, Slides 25–30

How do we know distances in astronomy?

For the nearby, rocky planets we simply bounce

radio waves o↵ them.

(3) 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.
25

What about other objects? How do we know how

far the sun is, or the stars?

(4) Bouncing signals won’t work. Why?

Gas composition; signals weaken.26

(5) What are these men up to?

Surveying. The methods they use, are the

first rung in what we need.
27

This is what you’d do:

tan ✓1 = d/b1 or d = b1 tan ✓1, (1)

tan ✓2 = d/b2 or d = b2 tan ✓2, (2)
and

b1 + b2 = b or b2 = b� b1. (3)
28

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

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

b1 =
d

tan ✓1
,

and so
d = (b� b1) tan ✓2

=

✓
b� d

tan ✓1

◆
tan ✓2.

29

Then solve for d:

d = b tan ✓2 �
d

tan ✓1
tan ✓2.

d =
b tan ✓2

1 + (tan ✓2/ tan ✓1)
.

(That’s how you perceive depth: “parallax.”)

This formula works on earth and o↵ it.

30
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Week 1, Slides 31–36 Arvind Borde

(6) If there were no apparent shift in the position

of the object, how would ✓1 and ✓2 be related?

✓2 = ⇡ � ✓1.

It follows that tan ✓2 = � tan ✓1.

(7) If there were no apparent shift, what would

you get for d? The denominator would be

You cannot get d.31

For objecs that are far away, if the baseline is

too short, you cannot measure the apparent shift

(“parallax”).

If you want to use this method to get distances to

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

give parallax.

(8) So, what do we use?

The orbit of the earth.
32

d =
b tan ✓2

1 + (tan ✓2/ tan ✓1)

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?33

Trigonometry rides to the rescue (again):

cos ✓ = x/a, or

a = cos ✓/x.

Get x by bouncing

radio waves o↵ the

planet; measure ✓.

That gives a, the

earth-sun distance.

34

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.”

Other rungs use “standard candles” – comparing

the known (or absolute) brightness of an object to

its apparent brightness.

35

1ly ⇡ 6⇥ 1012miles

(6 trillion miles)
36
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AST10 Week 1, Slides 37–42

We use the metric system and decimals over frac-

tions, for the most part, and powers of ten to

express quantity. Occasionally we will introduce

a new word, such as “light-year.” That’s the

distance light travels in a year.

Another common distance measure, more useful

within the solar system, is the “AU” short for

astronomical unit, the earth-sun distance.
37

Express as decimals

(9) 3/10 0.3

(10) 4/5 0.8

(11) 1/3 0.3̄

(12) 3/100 0.03

38

Powers of ten: the basics

(13) What do we choose 105 to represent?
5 factors of 10z }| {

10⇥ 10⇥ 10⇥ 10⇥ 10 =

5 zeroesz }| {
100,000

(14) What do we choose 107 to represent?
7 factors of 10z }| {

10⇥ 10⇥ 10⇥ 10⇥ 10⇥ 10⇥ 10 =

7 zeroesz }| {
10,000,000

39

In that spirit

(15) What do we choose 10�5 to represent?

We choose this, because it’s convenient, to define

a negative power as a reciprocal.

(16) What is 10�2?

40

Multiplying powers of ten

(17) If you multiply powers of ten, e.g., 107⇥105,
what answer do you get?

You ADD powers: 107+5 = 1012.

What are

(18) 1013 ⇥ 1015? 1013+15 = 1028.

(19) 10�3 ⇥ 105? 10�3+5 = 102.

41

Dividing powers of ten

(20) If you divide powers of 10, e.g., 107 ÷ 105,

what answer do you get?

You SUBTRACT powers: 107�5 = 102.

What are

(21) 1013 ÷ 1015? 1013�15 = 10�2.

(22) 103/10�5? 103�(�5) = 103+5 = 108.

42
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Week 1, Slides 43–48 Arvind Borde

One final definition: 100 = 1 .

These definitions & rules are chosen to give con-

sistent answers: all roads lead to the same power-

of-ten-heaven. For example, what is 102 ⇥ 10�2?

1) Add powers: 102+(�2) = 20 = 1 .

2) View negative power as a reciprocal:

43

Distances and masses are the key to understanding

the Universe, versus, say, shapes, colors, etc.?

Why?

To answer this we need . . .

44

. . .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.
45

These four are the only known interactions, also

called forces.

Unlike the fundamental forces, it may appear that

matter is more complicated. Take our bodies.

(23) What are we mainly made of?

Water (>50%) .

But there’s other stu↵: bones, flesh, hair, etc.
46

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

many di↵erent 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 di↵erent ways. These

“basic things” are called elements .

47

(24) Name some elements.

Hydrogen, Helium, Oxygen, Carbon, etc.

(25) Roughly how many elements are there?

A little over a hundred, although in principle

there could be more (as we’ll see).

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

they called? Atoms. (Around 400 BC, Democritus.)

48
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AST10 Week 1, Slides 49–54

But that is not the end of the story. Each atom

has structure and is itself made up of three more

basic things.

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

Protons, neutrons and electrons.

49

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.

50

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.

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

10�8/10�13 = 10�8�(�13) = 105.

51

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 called

quarks .

52

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 . (Like a top.)

Fermions are quanta of matter (fractional spin).

Bosons are quanta of interactions (whole number

spin).
53

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

54

ADDITIONAL NOTES

9

9



Week 1, Slides 55–60 Arvind Borde

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.
55

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.

56

That leaves gravity. It and it alone determines the

large scale structure of the Universe. It explains

why the moon goes around the earth, why planets

move around the sun. Understanding gravity is

intertwined with understanding the Universe.

Gravity depends on mass and distance . They’re

the two fundamental things we need to understand

in order to understand the Universe.
57

Gravity is the force we’ve known the longest ,

yet in some ways understand the least.

It’s a magical force that doesn’t, unlike electro-

magnetism or the nuclear forces, exist in the fab-

ric of the Universe – it is the fabric of the

Universe .

58

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. (⇠300BC).

59

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.

60
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AST10 Week 1, Slides 61–66

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.

61

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�11N ·m2

kg2

62

In English:

Every object (massm1) 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  ��| {z } m2

distance = d

63

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?

64

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 ”).

65

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).66
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Week 1, Slides 67–72 Arvind Borde

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.

67

Assume k > 0. If

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

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

(31) y =
k

x
, as x goes up, y goes down.

(32) y =
k

x
, as x goes down, y goes up.

68

Using Newton’s law

Fgrav = G
m1m2

d2

(33) Does the gravitational force go up as the

masses go up? Yes.

(34) Does the gravitational force go up as the

distance increases? No, it goes down.

69

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.
70

In each case below, does the gravitational force on

m go up or down, and by how much?

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

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

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

halves).

71

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 .

72
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AST10 Week 1, Slides 73–74

In each case below, does the gravitational force on

m go up or down, and by how much?

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

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

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

73

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. . .

74
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Arvind Borde / AST10, Week 2: Our Home: The Milky Way

The Milky Way is our home galaxy. It’s a collec-

tion of stars, gas and dust. About it, as for other

astronomical systems, we ask: is it a system that

“coheres” in some way, or is it a random collection

of objects that happen to look close by.

1

Star System Example: The Constellations

A constellation is a collection of stars that sug-

gested a pattern to ancient observers of the skies.

Early recordings of such patterns go back to pos-

sible astronomical markings painted on the walls

in the cave system at Lascaux in southern France

(17,300 years ago).

2

3

Example: Orion

4

What di↵erent people saw (in the West):

5

In Chinese astronomy, Orion lies across two of

the Chinese constellations: the White Tiger of the

West, and the Vermilion Bird of the South.

Native American tribes have variously seen a bi-

son’s spine, or two canoes, in the same stars.

In one Hindu myth, the stars of the “belt of Orion”

are an arrow in a creation story.

6
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Week 2, Slides 7–12 Arvind Borde

Di↵erent cultures have seen di↵erent patterns in

the stars.

(1) Do these star patterns have astronomical sig-

nificance today? No: They may look close, but

may be far apart.

(2) How come? Depth.

In Orion, Bellatrix is 250ly away, and Alnilam is

2 000ly from us.
7

The one remaining serious astronomical signifi-

cance is that the International Astronomical Union

(IAU) has divided the sky into 88 regions, each la-

belled by a classical Greek constellation, as an aid

to locating things.

They can say an object is in the “Orion region”

and people will know where to look.

8

So, the constellations consist of stars that may

look close, but do not “cohere” (stick) to each

other because they may actually be far apart.

What about the Milky Way – that milky band of

stars across the sky?

(3) Does anything hold the MW together?

Yes: Gravity.

More precisely: self-gravity.
9

(4) What said we about gravity and the Universe?

(5) But gravity can lead to instability. Why?

It’s always attractive.⇤ It tends to pull everything

toward everything else. This is called gravitational

collapse.⇤

10

(6) What counteracts gravitational collapse on the

scale of day-to-day life? Electromagnetism.

It’s the force that keeps your nose on your face,

and stops it from mashing into it.

11

But, electromagnetism cannot counteract gravity

on an astronomical scale.

(7) Why not?

Objects on this scale are electrically & magnetically

neutral, or have only a very small net charge or net

magnetism. But they have large masses. Gravity

wins over electromagnetism.

12
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AST10 Week 2, Slides 13–18

(8) So, what counteracts gravitational collapse on

the astronomical scale?

Maybe a repulsive force balancing gravity?

But, more commonly, it’s motion – in some cases

it’s expansion, but most commonly rotation.

13

Expansion as an antidote to gravitational collapse

A ball thrown up falls back to earth, but a rocket

doesn’t because it has su�cient velocity (escape

velocity): the earth-rocket system is expanding

fast enough for gravitational collapse to be defeated,

but the earth-ball system isn’t.

Expansion will emerge as an important issue later.

14

Rotation as an antidote to gravitational collapse

The Universe is filled with things going around

other things: The moon goes around the earth, the

earth goes around the sun. The rotation rates are

exactly enough to prevent each pair from falling

into each other (or from escaping).

In the same way, the Milky Way does not undergo

gravitational collapse because it rotates.
15

A mass m rotating around a central mass Mc with

rotational speed v will be in stable circular orbit

at a radius r (neither spiral in nor out) if

Follows from equating the force needed for circular

orbit (left) with the force of gravitation (right).

16

The mass m is irrelevant, because it cancels.

(9) Cancel like crazy in the previous equation.

(10) Solve for v.

v =

17

Since the mass of the rotating object is irrelevant,

there’s a “rotationally correct” speed at any ra-

dius, no matter what the mass.

We all know what that means.

(11) What? The time for a full stable orbit (“the

period”, P ) is fixed for any orbital radius r.

18
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Week 2, Slides 19–24 Arvind Borde

The sun takes ⇠230Myr to complete one

orbit around the center of the MW. Each of

the up to 400G stars of the MW has its own “cor-

rect” period.
19

The Milky Way in detail

We’ll look at the

. shape,

. structure,

. size,

. composition, and

. formation

of the Milky Way.
20

Shape

We believe that the Milky Way is a spiral

galaxy.

There are di↵erent types of spiral galaxies, and we

are not completely sure exactly what type the MW

is, although since 2005 we are nearing consensus.

But, how do we know the MW is spiral?
21

This is an example of what we see of the MW:

22

How do we go from what we see to this?

23

In his study of galaxies, starting in the 1920s, Hub-

ble had classified their shapes in what is called the

Hubble tuning fork scheme .

Hubble incorrectly thought that galaxies evolve

along the tuning fork. We believe that not to

be the case, but still use his classification, with

further refinements.

24
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AST10 Week 2, Slides 25–30

25

The “E” stands for elliptical , the “S” for spiral

, and the “SB” stands for barred spiral .

The numbers or letters right after tell you the na-

ture of the ellipse, spiral, etc.

Galaxies between two clearcut types, are given com-

posite names. For example, a galaxy of type Sab

would lie in-between an Sa type and an Sb.

26

(12) In the diagram, as you go from elliptical to

spiral, do the galaxies get flatter or “rounder”?

Flatter.

Also, the centers of these spiral galaxies show

a bulge, which elliptical galaxies don’t.

27

The Milky Way appears to the eyes as a narrow

band across the sky:

(13) Does that suggest a flattened shape for the

galaxy or a “rounder” one? Flattened.

(14) If so, what overall shape does that suggest

for the MW? Spiral.

28

The dark band seen in optical (visible to the human

eye) pictures across the middle of the Milky Way

obscures a good understanding of its structure.

We get around that by examining the Milky Way

at other wavelengths.

This is a common procedure in astronomy.

29

Radio

Infrared

X-ray

Gamma ray

(15) Do these pictures suggest a central bulge to

the Milky Way? Yes.30
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Week 2, Slides 31–36 Arvind Borde

Evidence that the Milky Way is a spiral galaxy:

� Flattened shape with central bulge.

� Star motions suggest rotation around galactic

center consistent with other spirals.

� Proportions of dust and gas (and the color of

the gases) are similar to other spirals.

If it bulges like a spiral, it moves like a spiral,

has gas like a spiral, it must be a damn spiral.
31

We now believe that the MW is either an Sbc

or an SBbc type of galaxy.

This means that it lies between an Sb and an Sc

type, and it may or may not have a central

bar.

Evidence has been mounting since 2005 that it . . .

is barred.

32

Structure

The Milky Way has three main parts:

� The bulge at the center.

� The disk (containing the spiral arms).

� The halo.

33

The Bulge
The bulge is the spher-

ical (slightly flattened)

center of the galaxy.

On the right is a photo

of the bulge taken from

earth.

34

(16) Does the bulge seem brighter or fainter than

the rest of the galaxy? What might you infer from

this about the star count there, compared to else-

where in the galaxy?

Brighter. Suggests a higher star density.

35

Detailed studies support the idea that the stars in

the bulge are closely packed.

The very center of the bulge is called the galactic

nucleus or galactic core.

The typical distance between stars here is about

5.5 light days. By contrast, the star nearest to

the sun is about 4 ly away. (And the solar system

extends about 1.5 ly from the sun.)
36
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AST10 Week 2, Slides 37–42

In the region of the core of the Milky Way, there’s

a constellation called Sagittarius.

37

In 1951, at the edge of the constellation Sagittar-

ius, there was discovered a powerful source of

radio waves called Sagittarius A.

Shortly after, it was noted that this radio source

lay very close to the precise center of the MW.

Careful study showed that there are three compo-

nents to “Sgr A:” A East, A West, and A⇤, each

emitting radio waves for di↵erent reasons.
38

Sgr A⇤ was discovered in 1974 (and named as such

in 1982).

The location of Sgr A⇤ appears to be the

precise center of the Milky Way. Stars seem to

rotate around Sgr A⇤ at very rapid speeds, in the

hundreds even thousands of km/sec.

39

OK, let’s tackle our inner freak:

From 1995 onward the Galactic Center Group at

UCLA, led by Andrea Ghez, has tracked star mo-

tions around the center of the MW:

http://www.galacticcenter.astro.ucla.edu/about.html

It appears that Sgr A⇤ is the location of a super-

massive black hole whose mass might be around

three million solar masses.
40

The Disk

The disk of the MW includes its spiral arms.

It was first thought the arms were material.

This would mean that the same material is in each

arm throughout. Material arms can be rigid (such

as the rotor on a helicopter), or flexible (such as

ribbons tied to a rotating central pole).
41

(17) Would the inner part of a rigid arm rotate at

the same rate as the outer? Yes.

We observe that the inner part of the arms rotate

faster (they complete one revolution around the

center of the galaxy more quickly) than the outer.

So the arms are not rigid. We might expect this in

any case, since the rigidity of day-to-day objects

arises from electromagnetic intermolecular forces.
42
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(18) If the arms are flexible and the inner parts

rotate faster, what is the eventual outcome?

The arms would wrap tightly around the center

(like winding up a spring).

43

The di↵erential rotation rate (di↵erent rates nearer

center than in the outer regions) along with the

long term existence of the arms suggests that the

spiral arms of the Milky Way are not material.

We believe they are regions of high density through

which the stars pass as they rotate around the cen-

ter of the Milky Way.

The arms persist much as tra�c jams do.44

The Halo

The disk of the Milky Way is surrounded by a

roughly spherical region called the halo that con-

tains old stars clustered together in enormous spher-

ical arrangements.

These are called globular clusters.

45 46

Size

· Bulge: radius ⇠ 7,500 ly.

· Disk: radius ⇠ 49,000 ly.

thickness 2,000–7,500 ly (cold/hot).

· Halo: radius can reach out to 120,000 ly.

47

(19) Why are the hot constituents of the MW disk

distributed more thickly than the cold? They have

more energy to get further away.

48
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Composition

(20) What do you think the Milky Way is mostly

made of? Stars.

We believe there are between 200 and 400

billion stars in the MW.

49

There are two types of stars, Population I and

Population II.

Population I stars are

� younger, formed under ⇠ 6Gyr ago;

� metal rich, ⇠ 2–3% metals.

Population II stars are

� older, formed as far as ⇠ 14Gyr ago;

� metal poor, ⇠ 0.1% metals.
50

Older, Pop. II stars are formed mainly from hy-

drogen and helium in the early Universe; nuclear

reactions have created their metallic elements.

These metals are dispersed by them through steller

winds, flares, and through supernova explosions at

the end of some of their lives.

Pop. I stars (and the planets around them) are

made from this material, therefore contain metals.
51

(21) Is our sun likely to be Pop. I or Pop. II?

Pop. I because the earth has heavy elements.

52

Which stars are where?

.Bulge: Pop. II.

.Disk: Pop. I.

.Halo: Extreme Pop. II – the oldest stars in the

galaxy.

53

The spiral arms contain, in addition to stars,

clouds of gas and dust where new stars are being

formed.

Stars in the MW are often clustered into groups

of stars. There are three kinds

� Associations

� Open clusters

� Globular clusters
54
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Associations

Associations are groups of stars that have

formed together, but interact only weakly through

gravitation; they will eventually go their own ways.

They contain the youngest stars.

55 Orion nebula: Star Nursery56

Open Clusters

Clusters are groups of stars held together by their

own gravity .

Open clusters, mostly in the galactic disk, are

irregularly shaped . They contain between 100

and 1,000 stars in a region that’s about 10 to

100 ly in diameter.

57

Pleaides open cluster
58

Globular Clusters

Globular clusters are dense collections of stars which

are gravitationally bound together . They

contain roughly 100,000–1,000,000 stars in a re-

gion about 80 ly in diameter. Globular Clusters are

generally spherical or elliptical in shape.

The clusters are stable and have survived for bil-

lions of years.
59

Group of globular clusters

60
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(22) Are the stars in a globular cluster closely

packed or far apart? Close. In the center

they are a few light days away from each other.

61

Formation

There are two competing theories:

. Outside-In

. Inside-Out

62

Outside-In: The halo formed first, so stars in it

are the oldest.

The inner material flattened into a disk. As it did

the older stars in the halo spewed out metals and

therefore the stars in the disk are metal-rich.

Inside-Out: The disk formed first, then attracted

stars from nearby regions to form a halo.
63

Missions to Explore the Structure of the MW

First, disappointing news: These missions consist

of space craft that are within the solar system, and

take pictures of the MW.

They don’t roam through the MW. We don’t yet

have the technology:

� Launch

� Communication
64

Only two missions were aimed at leaving the solar

system: Voyagers 1 and 2, and they are only just

slightly outside it :

https://voyager.jpl.nasa.gov/mission/status/

Still we have interesting results from two impor-

tant missions whose goal was to map the locations

of individual stars in the MW.

65

Hipparcos
� Launched in 1989 by the European Space Agency (ESA).

� Name meant to suggest ancient Greek astronomer, Hip-
parchus, and is also an acronym for HIgh Precision
PARallax COllecting Satellite.

� Produced a primary catalogue of about 118,000 stars,
and a secondary catalogue, called Tycho, of over 2M
stars (positions determined to less precision).

66
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Gaia
� Launched 19 December, 2013, by ESA on the Soyuz-

Fregat launch vehicle.

� Goal: make a precise 3d map of MW by surveying one
per cent of the galaxy’s population of stars: i.e., survey
over a billion stars .

� Also measure radial velocities of the brightest 150M
objects.

� In this process get information about the composition,
formation and evolution of the MW.

67

68

Gaia: Data Release 1 (14 September, 2016)

� 14 months of observations

� Positions and brightness for 1.1G stars.

� Parallaxes (distance indicators) and motions for more
than 2M stars.

� Light curves, characteristics for about 3K variable stars.

� Positions, brightness for more than 2K quasars (extra-
galactic).

69

Gaia: Data Release 2 (25 April, 2018)
� 22 months of observations.

� Positions and brightness for 1.7G stars.

� Parallaxes, motions and colors for 1.3G stars.

� Radial velocities for 7M stars.

� Surface temp. (161M stars), extinction and reddening
(measure of amount of dust along the line of sight;
87M stars), radius and luminosity (76M stars).

� Light curves, characteristics for 0.5M variable stars.

� Positions, etc., of 14K SS objects – esp. asteroids.

� Positions, brightness for more than 0.5M quasars.70
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(1) The Milky Way is a collection of stars.

(2) What’s an example of a star? The sun.

1

Whether the sun is a star has been the subject of

speculation for hundreds of years.

Suggested as far back as 450BCE (Anaxagoras),

but it was Giordano Bruno in 1584 who was taken

seriously. He said

“There are countless suns and countless earths all rotating
round their suns in exactly the same way as the seven planets
of our system.”

De L’Infinito Universo E Mondi, 1584

2

(3) What’s the first thing you notice about stars?

They shine.

Stars shine because they give o↵ energy. We mea-

sure energy in a unit called a Joule .

The luminosity of a star is the energy it gives o↵

every second; unit is J/s, called a Watt .

The luminosity of a star is its “actual brightness.”
3

If measured in Watts, the luminosity of the sun is

The earth’s entire energy consumption in 2012

was 5.6 ⇥ 1020J. That means that the sun’s en-

ergy could supply, every second, the annual energy

needs of a million earths.

4

(4) From what did I concoct a “million”?

5

What Makes a Star Shine?

6
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(5) What does make a star shine? [What’s the

fuel for the energy (light, heat, etc.) it produces?]

Nuclear reactions that convert mass to energy.

(6) What equation governs the conversion of mass

to energy? E = mc2. Because of

the c2 there’s a lot of energy in small amounts of

mass. One gm of matter has the energy to power

a 100W lightbulb for 30,000 years.
7

How it happens: Hydrogen fuses to form Helium.

8

(7) The masses of a proton and a neutron are

roughly the same. An electron is roughly 10,000

times less massive. (So the mass of an atom is es-

sentially the mass of its nucleus.) Based on masses

alone, roughly how many Hydrogen atoms would

you need to make one Helium? 4.

9

(8) Atomic masses are measured in atomic mass

units (amu). The mass of Hydrogen is 1.00794 amu

and the mass of Helium is 4.00260 amu. How

much bigger or smaller are the masses of 4 Hy-

drogen atoms than one Helium?

10

(9) One amu is 1.66054⇥ 10�27 kg. Convert the

previous answer to kg.

(10) What’s 0.048 as a percentage? 4.8%

(11) What’s 10�9 in words? A billionth.

(12) What’s 10�27 in terms of 10�9, and in words?

11

That’s a tiny amount of missing mass: < 5% of a

billionth of a billionth of a billionth of a kg.

(13) c ⇡ 300,000,000m/s. What’s c2 in 10n?

9⇥ 1016 m2/s2 or ⇠ 1017 m2/s2

(14) How many atoms are there, very roughly, un-

der “normal” conditions in one cubic centimeter?

⇠ 1023 per cm3 .

12
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Given the largeness of those numbers, missing mass

of ⇡ 0.05 ⇥ 10�27 kg can lead to a lot of energy

(E = mc2 ).

(15) How much energy per reaction?
�
0.05⇥ 10�27

�
⇥ 1017 = 5⇥ 10�12 J.

(16) How much energy “per cubic cm”?

⇠
�
5⇥ 10�12

�
⇥ 1023 = 5⇥ 1011 J.

= 5⇥ 100⇥ 109 J.
13

Summary: The basic nuclear reaction that powers

stars is called fusion .

Four nuclei of H fuse to form one He:

4H �! He

The reaction releases energy because the mass of

the Helium is slightly less than the mass of the four

Hydrogen nuclei. The energy ultimately leaves the

surface as visible light.
14

Fusion is di�cult to achieve because it needs a

high temperature and density.

(17) Why, do you think?

Hydrogen nuclei must collide with enough energy

to overcome the repulsive electromagnetic force

between the two positively charged protons.

15

Fusion requires a temperature of ⇠ 13,000,000� C.

The temperature at the center of stars like the sun

is about 15,000,000� C and the density is about

150 g/cm3 (10 times the density of lead).

That’s enough for fusion.

16

The temperature and density decrease as you move

outward from the center of the star.

The nuclear “burning” is almost completely shut

o↵ beyond the outer edge of the core of stars like

the sun at about 25% of the distance to the surface

(or 175,000 km from the center).

The temperature here is half its central value and

the density drops to about 20 g/cm3.
17

Fusion in stars is a three step process:

1) Two protons�! deuterium (a hydrogen variant),

a positron (an anti-electron), and a neutrino.

2) A proton collides with the deuterium to produce

a another helium variant (helium-3) and a gamma

ray (high-frequency electromagnetic wave).

3) Two helium-3s collide to produce a normal helium

nucleus, releasing two protons.
18
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19

The electromagnetic energy meanders to the surface,

bouncing o↵ atoms in the star as it does. It takes

around 170,000 years on average for a photon to

get from the core to the outer layers.

The neutrinos whiz straight out, and can be detected

on earth, just as starlight can be seen.

20

Solar neutrinos were detected in 1964. The detec-

tor was placed 5,000 feet deep in a mine.

(18) Why? To filter out more interactive particles.

The detector was simply a 100,000 gallon tank filled

with dry-cleaning fluid: the chlorine in the fluid in-

teracts with neutrinos!

Initially, it seemed there were not enough neutri-

nos. This was solved by assigning them mass.
21

History of the idea that fusion makes stars shine:

· 1920: Eddington suggests that H fusing to form He
might be the source of energy in stars.

· 1928: Gamow calculates conditions for the electric re-
pulsion between protons in H to be overcome.

· 1929: Houtermans & Atkinson make first calculations
of H! He reactions in stars like the sun.

· 1938: Bethe constructs a full theory of this process.

· 1940s onward: Hoyle and others extended these ideas
to show stellar nucleosynthesis of heavier el-
ements.

22

23

To summarize:

What makes the Stars Shine?
Jason Socrates Bardi. January 23, 2008

Phys. Rev. Focus 21, 3
https://physics.aps.org/story/v21/st3

“Physicists at the turn of the 20th century realized that the
existing paradigm for stellar energy production was wrong.
The old theory, that the sun’s energy was produced by grav-
itational contraction, could supply only 30 million years of
stellar energy, but biologists and geologists were estimating
the earth was much older. . . .

24
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“A long series of discoveries beginning with Einstein’s relativ-
ity in 1905 led up to Bethe’s discovery of the correct nuclear
reactions. Hydrogen fusion seemed like a good candidate
because according to E=mc2, the small mass di↵erence be-
tween the fusing hydrogen and the resulting helium would
liberate an enormous amount of energy. Also, spectral anal-
ysis in the 1920s revealed that most stars, including the sun,
are mostly hydrogen. . . .

25

“Following Bethe’s work, astrophysicists were able to work
out many details of stellar physics, which led to a view of
stars almost as living beings. As Bethe concluded his Nobel
lecture, ‘Stars have a life cycle much like animals. They get
born, they grow, they go through a definite internal devel-
opment, and finally they die, to give back the material of
which they are made, so that new stars may live.’ ”

We’ll study this cycle: birth, life, and death of the

sun and other stars.

26

The Birth of Stars

� A large cloud of gas and dust is disturbed by

something (such as a shock wave), and starts

gravitational collapse.

� Core forms protostar; outer disk flattens (why?),

and clumps into “planetismals.”

� Collapse heats the core. If it gets hot enough,

nuclear fusion begins and a star is born.
27

The mass of the core determines its destiny.

The possibilities for stellar formation are:

� M < 0.08M�: No fusion; no star.

� 0.08M� < M < 0.5M�: Small stars; fuse H

to He; don’t form heavier elements.

� 0.5M� < M < 5M�: Stars that make Carbon,

Oxygen, etc., not heavier elements.
28

� 5M� < M < 7M�:

Stars that make heavier stu↵: e.g., magnesium

(24.3 amu).

� M > 7M�:

Stars that make even heavier elements: silicon

(28.1 amu), iron (55.8 amu), etc.

29

The Life of Stars (like the sun)

� 50Myr: Protostar.

� 10Gyr: Fusion of H to He.

� 1 Gyr: Swells to red giant.

� 170 Myr: Forms some heavier elements. Leaves

a nebulous shell of gas (planetary nebula). Core

settles as a cooling white dwarf.
30
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Luminosity

Not only is your mass your destiny when you’re a

star, mass is also luminosity (how bright you are):

The apparent brightness is / L/d2 , where

d is the distance between the star and the observer.

(From area of a sphere of radius d: 4⇡d2.)31

We said life of stars “like the sun.”

(19) Are there others? Yes:

Di↵erent types, based on temperature (which de-

termines overall color).

32

Williamina Fleming worked with a group of women

at Harvard in the late 1800s to develop a way to

classify stars using the dark lines visible in each

spectrum .

At the time we didn’t understand what caused

these dark lines, but Fleming and her colleagues

still created a complete classification system, with

22 di↵erent classes labeled A through P.
33

Around 1900, Annie Jump Cannon continued this

work by combining this classification with new un-

derstanding of what caused these dark lines, and

their relationship to temperature.

She reordered Fleming’s original spectral classes

and combined several similar groups to form the

Harvard Spectral Classifications – the classification

system we use today.
34

The Hertzsprung-Russell Diagram

35

Another view

36
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Life path

37

Cepheid Variables

These are stars of variable brightness. Their peri-

ods (the time it takes for them to go from maxi-

mum brightness to minimum brightness and back

again) are directly correlated luminosities .

If you measure their periods by observing them

over the course of a few nights, you can determine

their luminosity.
38

Relationship between period and luminosity

The work to arrive at this relationship was done by Henri-
etta Leavitt at the Harvard College Observatory.

39

Arthur Eddington proposed (around 1917 onward)

that Cepheids are single stars that undergo radial

pulsations.

Their radius gets smaller and larger over a regular

time interval.

40

We believe that energy is stored in the form of

ionized (charged) helium during the compression

stage of the cycle and then released as the helium

recombines during the expansion stage, tying

the variable brightness to the regular pulsation.

41
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Background

Or, were you sleeping?

(1) What are the ingredients of the world?

Matter and interactions.

1

(2) What are their basic “quanta” called?

Fermions (matter), bosons (interactions).

(3) How many interactions, and what are they?

Four.

1) gravitation (“classical”, not quantum),

2) weak nuclear (quantum),

3) strong nuclear (quantum),

4) electromagnetism (classical & quantum).
2

We believe we have a solid understanding of

� Gravitation (classical – Einstein’s Theory)

� Both nuclear forces, and

� Electromagnetism, classical & quantum.

In fact, electromagnetism has been unified with

the nuclear forces through the quantum “GUT.”

Astronomical formulas and understanding come

from this fundamental understanding.

3

(4) Your life is determined primarily by

(a) your shape.

(b) your chemical composition.

(c) your mass.

(d) complex circumstances.

Complex circumstances.

4

(5) A star’s life is determined primarily by

(a) its shape.

(b) its chemical composition.

(c) its mass.

(d) complex circumstances.

Its mass.

5

(6) Your life’s end is determined primarily by

(a) your shape.

(b) your chemical composition.

(c) your mass.

(d) complex circumstances.

Complex circumstances.

6
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(7) A star’s end is determined primarily by

(a) its shape.

(b) its chemical composition.

(c) its mass.

(d) complex circumstances.

Its mass.

7

The length of the main-sequence lifetime of a star

of mass M is given by the formula

NOTE: As said, formulas such as this one follow

from our basic understanding of gravitation (clas-

sical), nuclear physics (quantum) and electromag-

netism (classical and quantum).
8

(8) What is the lifetime of the sun?

(9) Does a star that’s more massive than the sun

live longer or less long than the sun, according to

the formula? Less long.

9

(10) Why, according to your innate intelligence?

More mass, so more self-gravity.

More self-gravity, so more dense, hotter core.

More extreme core, faster nuclear “burning.”

Faster nuclear burning, quicker use of “fuel.”

10

(11) You end your life in one of three ways:

(a) dead.

(b) dead.

(c) dead.

(12) A star ends its life in one of three ways:

(a) as a white dwarf.

(b) as a neutron star.

(c) as a black hole.
11

We’ll discuss each end-state in turn, using four

main questions to guide us:

A] Which living stars end up as which dead ones?

B] How do they get there?

C] How do they stay there (against gravity)?

D] What do they do after?

12
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White Dwarfs

A] Which living stars end up as White Dwarfs?

Stars whose initial masses are less than ⇠ 7–8M�

end up as white dwarfs.

B] How do they get there? This way:

13

Details, details. . .
� Heat generated by fusion of H to He creates

an outward pressure.

� Gravity pulls star in, pressure pushes out.

� The balance between pressure and gravity keeps

the star stable for billions of years.

� When the star runs out of hydrogen, gravity

starts to win. The star starts to collapse.
14

� Compression causes the star to heat up again.

It starts fusing the H in the shell around its core,

expanding the outer layers of the star. The star

swells to a red giant.

� Inside the giant the core temperature increases

until it’s hot enough to fuse the helium into

carbon and other heavier elements.

15

When the core has finished its helium, it isn’t hot

enough to be able to “burn” its carbon.

(13) Why “burn,” baby, “burn,” in quotes? ’Cause

we talkin’ nuclear “burning” not chemical.

(14) What now? What force wins in a star when

nuclear reactions end? Our good friend.

16

� The core succumbs to gravity and contracts.

This releases energy that makes the envelope

of the star expand even more.

� The core becomes a white dwarf, surrounded

by an expanding shell of gas – a planetary

nebula.

� The cores have mass less than 1.4M�.

Is this all fiction?
17 18
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19 20

21

⇠
22

(15) What nebulae do these seem? Planetary.

Planetary nebulae are temporary (by astro stan-

dards). A typical one will be visible for about

25,000 years.

The nebulae expand outward at ⇠100,000 km/hr

and become too thinly spread out and too far from

the light of the parent white dwarf (whose energy

it is that illuminates them) to be seen.23

Lists of Planetary Nebulae

� Abell catalogue, 1966: 86

� Strasbourg-ESO Catalog, 1992: 1,143

� Current count: ⇠ 3,000.

24
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White Dwarf Catalogs

25

If you don’t believe the pictures of white dwarfs,

how about these words:

April 16, 2015
White Dwarf May Have Shredded Passing Planet

The destruction of a planet may sound like the stu↵ of sci-
ence fiction, but a team of astronomers has found evidence
that this may have happened in an ancient cluster of stars
at the edge of the Milky Way galaxy.

. . . researchers have found evidence that a white dwarf star

. . .may have ripped apart a planet as it came too close.

26

How could a white dwarf star, which is only about the size
of the Earth, be responsible for such an extreme act? The
answer is gravity. When a star reaches its white dwarf
stage, nearly all of the material from the star is packed
inside a radius one hundredth that of the original star. This
means that, for close encounters, the gravitational pull of
the star and the associated tides, caused by the di↵erence
in gravity’s pull on the near and far side of the planet, are
greatly enhanced.

27

Densities

A typical white dwarf is half as massive as the Sun,

yet only slightly bigger than Earth.

An Earth-sized w.d. has a density of 109 kg/m3.

(Earth’s average density is 5,400 kg/m3.)

28

How can a white dwarf be this dense?

Normal matter is made of atoms, and there’s a

limit to how closely they can be packed. The size

of electron orbitals give a minimum size to atoms.

White dwarf material is not made of atoms, but

is a plasma of nuclei and electrons. There’s no

obstacle to placing nuclei closer than normally al-

lowed by electron orbitals.
29

C] How does a white dwarf stay “there”?

A white dwarf has the density to put out strong

enough gravity to shred a planet.

Yet its self-gravity does not crush itself.

Why does gravitation not win?

30
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This was resolved by R.H.Fowler in 1926 using the

new quantum mechanics.

Electrons obey the “Pauli exclusion principle”: no

two electrons can occupy the same state. It follows

that they must obey “Fermi-Dirac statistics”, also

introduced in 1926, giving an outward pressure,

called “electron degeneracy pressure.”

This pressure allows white dwarfs to survive.
31

Remember the Hertzsprung-Russell dia-

gram:

32

(16) Are the temperatures of white dwarfs high

or low? High.

(17) Are the luminosities of white dwarfs high or

low? Low.

(18) How come? No nuclear burning, therefore

no energy generated to put out.

33

D] What do they do after?

White dwarfs, having no energy source, shine only

with residual heat. As they do, calculations sug-

gest that in 10 (or more) Gyr they’ll darken into

“black dwarf” stars. We’ll know they’re there from

their gravitational pull, but we will not see them.

(19) We’ve no direct evidence for black dwarfs.

Why not? The Universe isn’t old enough.
34

Neutron Stars

A] Which living stars end up as Neutron Stars?

Pre-question: Why do we expect that any do?

Why don’t all stars end up as White Dwarfs?

35

� The Milky Way has up to 4⇥ 1011 stars.

� The total mass of the MW is estimated at

about 8⇥ 1011 M�, about 10% visible.

� So, the average mass in visible objects is

⇠ 8⇥ 1010 M�
4⇥ 1011

(20) What does this work out to? 0.2M�

36
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This average mass is skewed in the MW: there

are about 1011 brown dwarfs, with masses about

0.05M�.

That suggests there will be stars that are more

massive than the sun.

Most of these will, of course, be only a little more

massive and will end up as the sun will.

37

In fact 94–98% of stars in the MW will end up as

white dwarfs (or are already there).

In the 1930s it was believed that all stars, not just

98% of them, would end up as white dwarfs.

Work that suggested otherwise by Chandrasekhar

and others was fought by the most famous as-

tronomer at the time, Arthur Stanley Eddington.

38

From the AIP Oral history archive
(http://www.aip.org/history/ohilist/4551 1.html):

Chandrasekhar: “at the end of the meeting, everybody
came and said to me, ‘Too bad. Too bad.’ The other
astronomers were certain that my work was wrong because
Eddington had said so.”

Interviewer: ‘Too bad’ meaning, ‘Too bad that you had got
it wrong’?

Chandrasekhar: “Yes.”

39

“In many ways, thinking back over those times, I am sort
of astonished that I was never completely crushed by these
Stalwarts. You know, none of these people would accept my
work, astronomers wouldn’t accept it and finally in 1938, I
decided that there was no good my fighting all the time,
that I am right and that the others were all wrong. I would
write a book. I would state my views. And I would leave
the subject. That’s exactly what I did.”

40

Chandrasekhar continued
“It is hard for people to realize what an incredibly domi-
nating position Eddington had during his life. For example,
Shapley told me this: in 1936, they had a tricentennial at
Harvard, and, Shapley said, they sent a circular around to
American astronomers, to rank astronomers so they could
give honorary degrees. And he said that Eddington was the
first in every single list he received! ... the fact is that
there was not a single astronomer in the thirties who would
not with unanimity have said that Eddington is the great-
est living astronomer. He had an absolutely dominating
position.”

41

In 1983, Chandrasekhar got the Nobel prize for his

work from the 1930s.

In 1999, an x-ray telescope was launched into space,

as the x-ray counterpart of the Hubble.

It is called the “Chandra.”

42
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We now accept that roughly 2% of stars in the

MW cannot end as white dwarfs. That actually

gives a high number.

(21) What is 2% of 400 billion? 8 billion.

43

Which stars are these?

They’re stars with masses greater than 7M�. They

are mostly on the neutron star track.

About 2,000 neutron stars have so far been de-

tected (mostly as “pulsars”). Here are some:

44

45 46

47 48
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So neutron stars do exist. They are pretty extreme.

Their density is roughly 5 ⇥ 1014 g/cm3. That’s

the whole human race inside a sugar-cube.

Water has a density of 1 g/cm3; lead ⇠ 11 g/cm3.

The high density leads to a high escape velocity:

the velocity needed to escape the gravitational pull

of an object.
49

Escape Velocity

50

(22) What exactly do we mean by “neutron star”?

Stars with initial mass > 7M� end with cores

that are between 1.4M� and 3M�.

They are “neutron stars.”

51

Background

. 1920: Neutron predicted by Ernest Rutherford.

. 1932: Neutron discovered by James Chadwick

(Nobel Prize ).

52

. 1934: Fritz Zwicky and Walter Baade publish

“Supernovae and Cosmic Rays.”

They predict, “With all reserve we advance the

view that supernovae represent the transitions from

ordinary stars into neutron stars, which in their fi-

nal stages consist of extremely closely packed neu-

trons.” They believed that these neutron stars

were rapidly spinning, dense remnants of dead stars.
53

Neutron stars were detected

as pulsars in 1967 by Jocelyn

Bell.

Her supervisor, Anthony

Hewish, received the Nobel

prize in 1974 for her work.

54
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The escape velocity from earth is about 11 km/sec.

The escape velocity from a 2M� neutron star is

about 200,000 km/sec. That’s about 2/3 the speed

of light, c.

Can you achieve an escape velocity equal to c?

If you were able to compress a neutron star to

about half its radius, you would.
55

B] How do they get there?

For stars with this much mass, the outer layers are

blown away in a supernova explosion.

Why the explosion? When the star finishes

burning, the inward collapse due to gravity is very

fast, because of the large mass:⇠ 15s! This creates

shockwaves that blow the outer part of the star

into space at 20,000 km/s (50 million m.p.h.)
56

Massive stars that become supernovas are facto-

ries for producing and distributing all the elements

needed to make almost everything else.

Inside their cores, nuclear fusion creates nearly

all the atoms that make up planets, moons, and

us. The carbon in our proteins, the calcium in

our bones, the iron in our blood, the oxygen we

breathe, etc., were manufactured inside these stars.
57

But stars typically don’t get hot enough to make

any atoms heavier than iron.

To make heavier elements like gold, lead, mercury,

it was hypothesized that it requires the extreme

pressures and heat inside a supernova during those

few seconds of the collapse. Then the rebound

explosion as the star blows itself apart flings all

those elements into space.
58

But there were concerns that even supernova con-

ditions might not be extreme enough to produce

elements such as gold. It was suggested that we’d

need neutron stars to collide in order for the nec-

essary extreme conditions to arise.

We waited for such an event to have happened.

(23) Why “have happened” not “happen”?

We see things as they were, not as they are.
59

Finally, it happened – ⇠ 130 million years ago.

Two neutron stars collided.

On August 17, 2017, we got signals: gravitational

waves (first), and various electromagnetic ones.

The event is called GW170817. (Why?)

Analysis suggests that about 10,000 earth masses

of precious elements were produced in this single

collision.
60
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In galaxies like the Milky Way, about 2 or 3 super-

novas occur per century. Interstellar dust blocks

our view of many.

Because the universe contains so many galaxies,

we observe a few 100 SNs/year outside our galaxy.

They can be seen even at the edge of the uni-

verse, because they’re bright enough to outshine

the entire galaxy for a few days (even months).
61

C] How do they stay there (against gravity)?

They are supported by “neutron pressure” just as

white dwarfs are supported by electron pressure.

D] What do they do after?

As far as we know they stay as neutron stars.

62

Black Holes

63
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Arvind Borde / AST10, Week 5: Black Holes

Which live stars end up as which dead ones?

Bounds on masses:

� White dwarfs:

Initial: < 7–8M� | Remnant: < 1.4M�

� Neutron stars:

Initial: > 7M� | Remnant: < 3M�

Do all stars with initial mass > 7M� have rem-

nants with masses below the neutron star limit?
1

Studies suggest stars that start o↵ about 18M�,

or above, are left with remnants > 3M�.

They’ll undergo the unstoppable gravitational col-

lapse Chandrasekhar et al had predicted (1930s).

They will get so compressed that nothing, not even

light, can escape. These remnants are called

2

We can understand black holes, for now, in terms

of escape velocity .

Later, we’ll see, we’ll need a more sophisticated

understanding.

3

The escape velocity

a distance r

outside an object

is

(from Newton’s Law).

4

Example: Earth

Mass of earth: ⇠ 6.7⇥ 1024 kg

Radius of earth: 6.4⇥ 106 m.

G (Newton’s grav. constant): ⇠ 6.7⇥ 10�11.

Then the escape velocity from the surface of Earth

can be obtained from

v2esc =
2GM

r
5

G M

=
2(6.7⇥ 10�11)(6.7⇥ 1024)

6.4⇥ 106
r

=
2(6.7)(6.7)

6.4

10�11+24

106

=
2(6.7)(6.7)

6.4

1013

106

= 14.03⇥ 107(m/s)2

6
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Taking the square root gives you

vesc = 11,844m/s.

This means that a rocket has to be given a speed

of nearly 12 km/s in order to escape from Earth.

(In practice, it achieves escape in stages.)

7

(1) From the formula, for fixed M ,

v2esc =
2GM

r

does the escape velocity go up or down as r de-

creases?

The smaller r is, the greater the escape velocity

8

If the radius of Earth were somehow compressed

to one-tenth, vesc = 37,454m/s.

to one-hundredth, vesc = 118,440m/s.

to one-thousandth, vesc = 374,541m/s.

(2) How compressed would Earth have to be in

order for its escape speed to equal the speed of

light, c?
9

We can answer this question by “inverting” the

equation of the escape velocity to get

r =
2GM

v2esc

and using vesc = c = 3⇥ 108 m/s:

r =
2(6.7⇥ 10�11)(6.7⇥ 1024)

(3⇥ 108)2

=
2(6.7)(6.7)

32
1013

1016
⇡ 10�2m = 1cm.

10

The quantity

is called the Schwarzschild radius , rs, of

an object of mass M . It represents the radius that

the object would have to be compressed to in order

for light not to escape from it.

For Earth rs = 1 cm, which is absurdly small.

What about for other objects?11

Some Schwarzschild Radii

Object M (kg) Real r (m) rs (m)

Sun 2 · 1030 7⇥ 108 3⇥ 103

W.dwarf 3 · 1030 1⇥ 107 4.5⇥ 103

N. star 4 · 1030 12⇥ 103 6⇥ 103

You 5 · 101 5⇥ 10�1 7⇥ 10�26

(Your rs is 7 trillionth of a trillionth of
a cm, or about 7 hundred-billionth the
radius of a proton.)

12
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Till the late 1960s the compression needed for

most objects to get squeezed under rs seemed ab-

surd, even for white dwarfs.

It was only when neutron stars were discovered

and studied in 1967 that people realized that very

highly compressed objects could exist: a neutron

star would need to be compressed to “just” half its

radius for it to be under its Schwarzschild radius.
13

Stars that start at 18M�, or above, are left with

remnants > 3M�. These undergo unstoppable

gravitational collapse, and get compressed under

their Schwarzschild radii – become black holes.

How many stars do we know that are as massive?

The count in early 2018 is this:

⇠ 60 with M > 80M�,

100s with 20M� 6 M < 80M�.14

More importantly we have strong and growing as-

trophysical evidence that not only do stars exist

that could end up as black holes, stars that have

ended up as black holes exist. The evidence is

necessarily indirect.

(3) Why necessarily indirect? We usually detect

objects via signals from them – visible light, x-rays,

etc. – but black holes cannot emit signals.
15

(4) Is gravitational collapse the only way that black

holes can form?

No, as it turns out, there are other varieties

of black holes.

Black holes from gravitational collapse require a

high density; but that is not necessary for a black

hole to form.

16

Varieties of Black Holes

� Small: 3M� < M < 20M�. X
Formed from collapsed cores of massive stars.

� Supermassive: > 105M�. X
Formed at centers of galaxies, with them?

� Intermediate: 20M� < M < 105M�. X?

Formed from mergers?? In dwarf galaxies??

� Micro: 10�16M� < M < 10�7M�. ?????

Formed primordially (at beginning)?????17

The Densities of Black Holes

The radius of a black hole is

The volume of a sphere is

For a black hole the volume is

The density is

18
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(5) If the mass doubles how does density change?

Goes down by a factor of 4.

If the sun were to shrink to black hole size, its

density would be

.

That’s 20 million billion times the density of water.
19

An object that’s two hundred million times as mas-

sive as the sun will have a density that’s smaller

by a factor of 1

4⇥ 1016

(6) Why? Two hundred million is 2⇥ 108,

and the density is proportional to 1/m2.

(7) What does the density work out to?

20

Therefore, you can make a black hole out of water,

provided the available amount is about 100–200

million times the mass of the sun.

You do not need extreme concentrations of matter

to form a black hole, as long as you have enough

of it (“supermassive amounts”).

21

(8) Where do we find such supermassive objects?

In black holes at the centers of galaxies.

Here are some (in solar masses, M�):

Milky Way: ⇠ four million M�

Andromeda: ⇠ one hundred million M�

M87: ⇠ six billion M�

How do we know they are there? From the dance

of nearby objects with an invisible partner.22

Detection of Black Holes

� As the invisible partner in a gravitational dance

(such as in a binary or in the motion of stars

at the center of galaxies).

� Accretion disks – disks of matter that collect

around a black hole.

� Radiation from infalling matter.

� Jets along axis of rotation.
23

GRS 1915+105

� 14M�BH-visible binary.

� D=20,00ly, d=58ly.

� X-ray pulses, 50s.

� Infalling matter.

� Observed: 2001.

� Pic released: 2011.

24
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Centaurus A Center

� Jet from central BH.

� Top left jet: 13,000ly.

� Observed 2007.

� Announced 2009.

25

SDSS J1126+2944

� Galaxy/BH merger.

� D=1 billion ly.

� Smaller is intermediate?

� Still being studied.

� Announced 2016.

26

Hunt for BH in Andromeda

27

26 candidates identified (12 “strong”)

28

Unusually large stellar BH

29 30
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31

February 11, 2016

“LIGO Opens New Window on the Universe

with Observation of Gravitational Waves

from Colliding Black Holes”

“. . . the detected gravitational waves were produced during
the final fraction of a second of the merger of two black
holes to produce a single, more massive spinning black hole.

“. . .The gravitational waves were detected on September
14, 2015 at 5:51 a.m. Eastern Daylight Time.”

32

“. . . scientists estimate that the black holes for this event
were about 29 and 36 times the mass of the sun, and the
event took place 1.3 billion years ago. About 3 times the
mass of the sun was converted into gravitational waves in a
fraction of a second – with a peak power output about 50
times that of the whole visible universe. By looking at the
time of arrival of the signals – the detector in Livingston
recorded the event 7 milliseconds before the detector in
Hanford – scientists can say that the source was located in
the Southern Hemisphere.”

33

Defects in this whole narrative

The story so far is defective in several ways:

� Does gravity a↵ect light?

� Even if light can’t escape, why can nothing

else?

� An object that does not achieve escape velocity,

can still move outward in Newton’s gravity.

34

.Does gravity a↵ect light?

Newton’s Law of Universal Gravitation

Fgrav = G
m1m2

d2
,

G
Gravitational constant

= 6.67⇥ 10�11N ·m2

kg2

Every object (m1) attracts every other object (m2) by
a force proportional to the product of the masses and in-
versely so to the square of the distance between them.

35

The formula for escape velocity is a consequence

of Newton’s Law.

Newton’s law applies to objects with mass.

Does light have mass? If not, the escape velocity

calculation cannot be used for it.

But still we expect a black hole not to allow light

to escape.
36
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.Even if light can’t escape, why can nothing else?

In our understanding of physics till 1905, there was

no reason that objects could not travel faster than

light. This would allow objects to escape a “black

hole” even if light could not.

But we expect a black hole to allow nothing to

escape.
37

.An object that does not achieve escape velocity,

can still move outward in Newton’s gravity.

Does light, as it tries to escape a black hole, first

go up, then “fall down”?

This is not what we expect from a black hole.

38

Black holes are weird,

because they’re not “phys-

ical objects” at all. The

object that “created” the

black hole continues to

collapse inward, leaving

behind a pocket in space and time (more properly

“spacetime”) from which nothing can escape.

39

A black hole can only be understood properly using

the theory of relativity, which also provides the

solutions to three problems we’ve just discussed.

40
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The story starts with him . . .

1

(1) Who’s he?

Albert Einstein.

(2) What’s he most known for?

The Theory of Relativity (inluding E = mc2).

2

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:
3

1. A limiting speed, c.

2. Time + space: “spacetime.”

3. Spacetime has curved geometry. Geometry

related to matter through Einstein’s equation:

Replaces “the force of gravity.”

4. Objects move on “straight lines” on this

curved geometry.
4

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 =

8⇡G

c4
Tab

#
Spacetime Geometry

Ricci Curvature, Rab

Curvature Scalar, R

Metric, gab

#
Matter

Energy-Momentum

5

Einstein’s interest in the nature of the Universe

went back, at least, to 1896 (he was 16). At the

time people had hypothesized that the Universe

was permeated by a substance called the “ether.”

A document he wrote then was titled “On the In-

vestigation of the State of the Ether in a Magnetic

Field.” (Document 5, Collected Papers of Albert

Einstein, Vol. 1.)
6
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At about this time, these were his grades:

7

Einstein’s first paper on relativity in 1905 led that

year itself to . . .

8

9

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

the end of which Einstein concluded

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.
10

It was a bold leap, but Einstein was on a roll that

year, 1905.

(He would also definitively establish that molecules

exist, and produce his work on the photoelectric

e↵ect that won him his Nobel prize – and opens

doors for you everywhere).

The possibility of releasing large amounts of energy

led to. . .
11 12
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13

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. . .

14

Introduction to Curved Geometry

A key feature of flat geometry is that the angles

of a triangle always add to 180�:

15

Now look at a triangle drawn on the surface of a

sphere:

(3) What does 6 A seem to be? 90�

(4) What does 6 C seem to be? 90�
16

Therefore, on a sphere

This is true of any triangle that you draw on a

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

tance).

17

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 .

18
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A saddle is an example of a space with

negative curvature:

19

Another approach to curved geometry is through

the distance formula. From Pythagoras’ Theorem

we know that the squared distance between two

points (x1, y1) and (x2, y2) is

s2 = (x2 � x1)
2 + (y2 � y1)

2

This is the 2-d flat space distance formula. When

you use this formula it means that you are working

with flat space.20

21

We’ll need the notation that “dx” means a (very

small) di↵erence in the variable x. The squared

distance formula for flat space is then just the sum

of squares of coordinate di↵erences:

22

Every geometry, curved or flat, has a characteris-

tic distance formula expressible via squares of the

appropriate coordinate di↵erences.

If you’re discussing the geometry of a sphere you

use a distance formula that defines that geome-

try. The standard coordinates here are basically

latitude (✓) and longitude (�).

23 24
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The squared distance formula on a sphere is

ds2 = r2d✓2 + r2 sin2 ✓d�2

25

Einstein made three predictions in his 1916 paper:

We’ll discuss them in reverse order.
26

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.”
27 28

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.
29

How do we describe the warped geometry of space-

time caused by a (roughly) spherical object such

as the sun with mass m?

Through a spacetime distance formula:

ds2 = f(r)dt2 � 1

f(r)
dr2 � r2(d✓2 + sin2 ✓ d�2)

where

f(r) = 1� 2Gm/c2

r
= 1� rs

r
.

30
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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.
31

(5) Does
2Gm

c2
appear elsewhere?

Yes, it’s the radius an object needs to have in

order for the escape velocity from it to equal the

speed of light.

A simple calculation based on Newtonian gravity

gives the same expression as the more sophisti-

cated analysis based on curved spacetime.
32

There are two problems with the distance formula

that Schwarzschild found.

To see what they are, first answer this:

(6) What number can you not divide by? 0

33

In Schwarzschild’s formula,

ds2 = f(r)dt2 � 1

f(r)
dr2 � r2(d✓2 + sin2 ✓ d�2)

there’s the term with 1/f(r) in it.

This would be a problem if there’s a value of r

that makes f(r) = 0.

34

(7) Remembering that f(r) = 1 � rs
r
, is there a

value of r that makes f(r) = 0?

Yes.

If r = rs = 2Gm/c2, then

f(r) = 1� rs/rs = 1� 1 = 0.

Therefore, it appears that r = rs ought to be

disallowed.
35

(8) There’s a second problem, this time with f(r)

itself. What value is r not allowed to have in the

formula for f(r) = 1� rs
r
?

r cannot be zero.

36
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Places where formulas involve division by zero are

examples of “singularities.”

For decades people dismissed these problems.

Schwarzschild’s formula was meant to describe the

geometry outside a spherical object, and for these

problems to become real, the object would have

to have a radius r < 2Gm/c2 in the first case and

r = 0 in the second.
37

The mass of the earth is about 6.7⇥ 1024 kg, c ⇡
3⇥ 108 m/sec, and G ⇡ 6.7⇥ 10�11 m3/kg·sec2.
In these units, what is rs for the earth?

rs =
2Gm

c2

=
2(6.7⇥ 10�11)(6.7⇥ 1024)

(3⇥ 108)2

=
2(6.7)(6.7)

32
1013

1016
⇡ 10�2m = 1cm.

That’s absurdly small.38

Some Other Schwarzschild Radii

Object M (kg) Real r (m) rs (m)

Sun 2 · 1030 7⇥ 108 3⇥ 103

W.dwarf 3 · 1030 1⇥ 107 4.5⇥ 103

N. star 4 · 1030 12⇥ 103 6⇥ 103

You 5 · 101 5⇥ 10�1 7⇥ 10�26

(Your rs is 7 trillionth of a trillionth of
a cm, or about 7 hundred-billionth the
radius of a proton.)

39

The unrealistically small size of the Schwarzschild

radius, coupled with the apparent singularity at

r = rs led people to believe that all physical ob-

jects must have a radius greater than their Schwarzschild

radii.

Einstein came to believe this himself in a study he

made of the Schwarzschild solution, and that was

the dominant view till the 1960s.
40

41

Of course, we now know that such concentrated

forms of matter can exist.

We call the resulting spacetime geometry a

black hole.

42
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Black Holes gained acceptance in the

1960s through the work of Roger Pen-

rose on the theoretical side, and the dis-

covery of pulsars on the observational.

(Penrose’s work attracted the attention

of a young scientist, looking for a reason

to live.)

That scientist was Stephen Hawking.
43 44

45

“One reason the apparent singularity at r = 2M was not in-
vestigated more throughly was that it was generally thought
to be unphysical: no ‘real’ body would ever become so com-
pressed that it would be inside its Schwarzschild radius. . . ”

– Stephen Hawking in 1979 in “Some Strangeness in the
Proportion,” An Einstein Centennial Symposium.

Note: We use M as shorthand for Gm/c2.

46

The calculations of Chandrasekhar (and others)

had shown that white dwarf stars that are more

massive than about 1.4 solar masses will undergo

an unstoppable gravitational collapse. They’ll pre-

sumably contract within their Schwarzschild radii.

It’s not completely surprising that that seemed far-

fetched. The normal radius of a white dwarf is

about 20 thousand times its Schwarzschild radius.
47

It was only with the discovery of neutron stars

(“pulsars”) in the 1960s that we had clear confir-

mation that objects existed with sizes comparable

to their Schwarzschild radii.

How are you to visualize all this? We use “ingoing”

and “outgoing” light.

48
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49

This picture illustrates several important features

of the Schwarzschild solution.

1) The blue arrows represent in-going out-going

light. 2) The green arrows “inside” represent the

potential directions for material particles.

3) “External time” agrees with the green arrows

for r � 2M but not for r 6 2M .

4) The surface at r = 2M is a “one way mem-

brane”, built out of pure geometry.50

It’s the surface of a black hole. You can go in but

you can’t come out.

51

Viewed this way, a black hole is a real object with

an imaginary surface. That surface is called the

event horizon.

The event horizon at r = 2M = 2Gm/c2 is imag-

inary in the sense that there is no physical object

stationary there, no physical gates, no guards. It’s

a twist of geometry that allows you to go in, but

not to come out.
52

Blackholes: Friends or Frenemies?

A black hole at the center of our galaxy sounds

bad news. Should we run?

Well outside a black hole you have none of the

getting-sucked-in-and-never-being-seen-again-by-

your-friends black hole headaches. If the sun should

suddenly decide to go blackhole, we’d experience

no gravitational setbacks.
53

(9) I said “getting-sucked-in-and-never-being-seen-

again-by-your-friends,” not “getting-sucked-in-and-

never-seeing-your-friends-again.” Why?

Because you can check IN (and friends can send

you chocolate), not check OUT.

(10) What was I getting at in the previous slide

when I underlined gravitational?

Loss of light and warmth.
54
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What can you do near and far from a B.H.?
� r > 6M :

You can safely orbit a black hole without any

rocket propulsion (“free fall,” rather as a planet

orbits the sun). You can also use propulsion to

zoom around, as long as you stay in this zone.

� 3M < r 6 6M :

You can orbit in circular “free-fall” but the

orbit is unstable. A slight push sends you in.
55

� 2M < r 6 3M :

You can accelerate in and out, but there are no

circular free-fall orbits. There are closed orbits

of light at r = 3M .

� r 6 2M :

You are inexorably sucked toward r = 0, where

you’re likely dead – Penrose’s Singularity Theorem.

Before you get close to r = 0, the tidal forces

on you will stretch you out (“spaghettification”)56

But there may be topological escapes:

57

Detection of Black Holes

� As the invisible partner in a gravitational dance

(such as a binary).

� Accretion disks.

� Radiation from infalling matter.

� Jets.

58

Einstein Test 2

The bending of light

Light bends around objects like the sun.

Really? Does Gravity a↵ect light?

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

mass that’s involved).

59

Light travels in straight lines, except when it bends:

60
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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.

61

(11) Why solar eclipse? To block the sun

from obscuring stars.

62

An expedition was organized:

63

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.

(12) 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.
64

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.

65

The prediction from Einstein’s theory was that the

angular positions of stars near the sun would shift

by 1.7500. The Eddington expedition results were

Telescope 1: (1.98± 0.12)00

Telescope 2: (1.61± 0.30)00

Given the small number of stars looked at, these

are not completely convincing results.
66
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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.”

67

Einstein had been kept informed as the data was

analyzed. He had always been confident.

On September 27, nearly 6 weeks before the o�-

cial announcement, he wrote to his mom:

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

have actually measured the deflection of starlight

from the Sun.”

68

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. . .69 70

The news spread all over the world, even Vermont:

71

In 1921 Einstein visited New York:

72
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The bending of light has since been confirmed by

many precise experiments to agree exactly with the

theory of relativity.

Now, the bending of light can cause lensing.

What’s lensing? This. . .

73

Anything that bends light can cause lensing: “nor-

mal” lenses, mirrors, or . . . gravitation.

74

Einstein realized this. He presented the results in

1936, but said he thought it impractical to observe:

75 76

In a letter to the editors of the journal Science,

Einstein added “Let me also thank for you for your

cooperation with the little publication which Mis-

ter Mandle squeezed out of me. It is of little value,

but it makes the poor guy happy.”

Einstein was wrong on the unobservability of grav-

itational lensing.

77

He based his skepticism on the resolving power of

telescopes and the improbability of the alignment

needed for lensing to occur:

The lensed star, A, the lensing star, B, and the

observe must line up in almost a straight line.

78
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(13) What did he not foresee?

� Better telescopes.

� Lensing of galaxies by other galaxies or by

black holes.

� Digital methods to take large numbers of

images, and analyze them quickly, allowing us

to find even improbable events.
79

Gravitational lensing:

80

Gravitational lensing causes distortions, magnifi-

cations, and multiple images (can be formed at

di↵erent times because of the long travel paths).

81

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 a↵ects the “flow” of time.
82

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.

83

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.

84
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c) paper in Science, 2010:
Optical Clocks and Relativity
C.W.Chou, D.B.Hume, T.Rosenband, D.J.Wineland

“Observers in relative motion or at di↵erent 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.”

85

d) GPS

86

From:

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 o↵set to compensate for relativistic ef-
fects. The clock rates are o↵set by �f/f = �4.4647⇥
10�10, equivalent to a change in the I5 and Q5-code chip-
ping rate of 10.23 MHz o↵set by a f = 4.5674⇥10�3Hz.

87

3.3.4 GPS Time and SV Z-Count. GPS time is established
by the Operational Control System (OCS) and is referenced
to Coordinated Universal Time (UTC) as maintained by the
U.S. Naval Observatory (UTC(USNO)) zero time-point de-
fined as midnight on the night of January 5, 1980/morning
of January 6, 1980. GPS time is the ensemble of corrected
composite L1/L2 P(Y) SV times, corrected via the clock
corrections in the L1 and L2 NAV data and the relativity
correction.

88

So time can

be twisted in

relativity.

How kinky

can time get?

89

Pretty kinky. . .

And if this ain’t exulting, you don’t know how to exult. . .
90
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Gravitational Radiation

Einstein continued to work on relativity after his

paper on the foundations of the theory.

Later that same year he discovered that his theory

permitted gravitation to travel as “waves:” ripples

in the fabric of spacetime.

He’d have a rocky relationship with grav. radia-

tion.
91 92

He followed in 1918 with a full paper on the sub-

ject:

93

Nearly twenty years later he began to have doubts.

He wrote to his friend Max Born in 1936:

“Together with a young collaborator, I arrived at the inter-
esting result that gravitational waves do not exist”

and sent a paper, “Do Gravitational Waves Ex-

ist?,” to a newish physics journal The Physical

Review.

94

The paper had mistakes. They were caught by the

referee. Einstein was not pleased at being refereed

at all:

“Dear Sir,
We (Mr. Rosen and I) had sent you our manuscript for
publication and had not authorized you to show it to spe-
cialists before it is printed. I see no reason to address the –
in any case erroneous – comments of your anonymous ex-
pert. On the basis of this incident I prefer to publish the
paper elsewhere.”

95

Although Einstein rejected the referee’s criticism,

it seemed to sow doubt.

Rosen and he sent a new paper to the Journal of

the Franklin Institute with the opposite conclu-

sion: gravitational waves do exist.

96
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We’ve been hunting for gravity waves for over 80

years.

They were discovered for the first time in Septem-

ber 2015.

97

Why are gravity waves hard to find?

The strengths are expected to be weak. There’s a

parameter that’s used

h =
4G(KE-ns)

rc4

where r is the distance, and KE-ns is the non-

spherical kinetic energy of the source. Given that

G is small and c is large, we need huge energies in

the source to provide a measurable signal.98

Why are gravity waves important to find?

They provide a new window into the Universe.

So far, everything we know is through electromag-

netic radiation.

If we can reliably detect gravitational radiation

from astronomical events, it will allow us to un-

derstand what’s going on in a new way.

99

How were gravity waves found?

100

101 102
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103 104

105
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Arvind Borde / AST10, Week 7: Light and Telescopy

Light

(1) How do we know the rest of the astronomical

Universe exists? (We cannot feel it, smell it, hear

it or taste it.) We can see it.

(2) What do we need in order to see (besides our

eyes)? Light.

1

What is Light?

When people say “light” they usually mean visible

light.

But it’s one form of a larger phenomenon called

electromagnetic radiation . We’ll use “light”

to cover the whole spectrum.

Light has a dual nature: particle and

wave.
2

Light as a Particle

The individual particles (“packets of energy”) are

called . . . Photons. (The “quanta”

of light.)

3

The person who owned this nice pair of legs is

responsible for the photon:

(3) Who is it?

4

Einstein used the “particle nature of light” to ex-

plain the photoelectric e↵ect .

This is the e↵ect where light, shining on certain

materials, sets up electric currents.

For most astronomical uses, however, it’s the “wave

nature of light” that’s more important.

5

Light as a Wave

(4) What’s a wave? Transmission of energy.

The two key attributes of waves are:

� wavelength (how long they are): �.

� frequency (how often they pass): ⌫/f .

The speed of a wave, c, is related to these two by

6
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(5) If two waves (A, B) have the same speed, but

A has twice the wavelength of B, how are their

frequencies related? A has half the frequency

of B.

(6) If two waves (C, D) have the same speed, but

C has three times the frequency of D, how are

their wavelengths related? C has one-third

the wavelength of D.
7

Visualizing wavelength

The wavelength is the distance needed for one

full wave cycle to complete.

8

Di↵erent forms of e.m. radiation have di↵erent �s:

9

Spectral Lines

Elements emit radiation at characteristic wave-

lengths – a sort of signature of the element. These

are called its spectral lines .

The radiation from an astronomical object can be

decomposed, via an instrument called a spectrom-

eter, into its spectral lines. From those we can

precisely identify the elements in the object.
10

11

How spectral lines arise.
12
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Wave Amplitude

Amplitude, A, is how high (or low) the wave

gets.

13

Superposing Waves

+ =

When two waves meet their amplitudes add, as

shown.
14

Constructive Interference

+ =

These two waves meet and reinforce each other.

15

Destructive Interference

+ =

These two waves meet and cancel each other.

16

These e↵ects, where waves can reinforce each other

or cancel each other, lead to patterns of dark and

light lines called an interference pattern.

17

A (Michaelson) interferometer detects changes in

the arm lengths by looking for interference.

18
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Reminder: How were gravity waves found?

19

The Doppler E↵ect

As objects move away from us, the wavelength

of signals they emit gets stretched (gets longer)

compared to normal. The faster an object moves

from us, the longer the wavelength of the radiation

from it and the “redder” it looks. This is called

redshift .

20

Similarly, as objects move toward us, the wave-

length of signals they emit gets compressed (gets

shorter) compared to normal.

The faster an object moves toward us, the shorter

the wavelength of the radiation from it and the

“bluer” it looks. This is called blueshift .

(7) Can you explain this with frequencies? Yes.

21

We can calculate the speed from the wavelength

shift.

22

Energy

The energy in an EM wave is proportional to the

frequency:

E = h⌫

As the frequency goes up, the energy goes up.

23

It’s the energy in electromagnetic radiation that

can be harmful.

(8) Is uv radiation likely to be more or less harmful

than infrared? uv.

(9) Why?

Lower wavelength, so higher frequency, so more

energy.

24
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Telescopy

(10) How does light travel?

In straight lines . . . . . . except

when it bends.

25

The bending of light causes lensing.

Lensing is what our eyes rely on to see.
26

On the previous diagram, di↵erent rays of light

travel along di↵erent paths and reunite (“focus”)

at the image.

There’s an interesting consequence:

(11) What would happen if part of the lens were

taped o↵? Would part of the image disappear?

The image would dim – less light gets through –

but no part would disappear.
27

Refracting Telescopes

Lensing is the basis of class of cameras, telescopes,

etc., called refracting devices.

These are devices that work like the eye does.

A key attribute of a lens is its focal length.

This is the distance at which parallel rays are

focused by the lens.

28

Focal length

29

Image Size

If an object “occupies” an angle ✓ (in degrees) in

the field of view, then the image size, s, it makes

on a seeing device with focal length f is

s =
✓

180�
⇡f.

s has the same units as f .
30
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(12) If feye ⇡ 17mm, what is s?

31

That’s the diameter of the image the moon makes

on your retina.

(13) A telescope with a focal length that’s a thou-

sand times as long (17m), will make an image

that’s how large?

A thousand times as large, or 0.15m.

(That’s 15 cm, or about 6 inches.)

32

Image Resolution

Simply increasing the size of an image does not

mean you’ll see more detail.

You also need to increase the resolution.

33

The angular resolution of a device is the

smallest angle between two things that a device

sees as two .

The formula (for resolution in degrees) is

where D is the diameter and � the wavelength.

A smaller ✓res means better/sharper resolution.
34

(14) Do you get better resolution with red light

or blue?

Blue (shorter wavelength).

(15) Looking at the formula for resolution, what

might you change in a device to get better resolu-

tion across wavelengths?

Increase the diameter.

35

(16) Visible light has an average wavelength of

� = 5 ⇥ 10�7 m. What is the resolution of a

telescope with a 1m lens (diameter)?

36
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The angles in angular resolutions are usually very

small.

We use fractions of a degree when representing

small angles:
✓

1

60

◆�
= 10 (one minute ).

✓
1

60

◆0
=

✓
1

3600

◆�
= 100 (one second ).

37

How to make better refracting telescopes

� Longer telescopes – bigger images.

� Larger lens diameter – better resolution.

Also, collect more light, so see fainter objects.

And avoid “di↵raction” (light/dark bands).

38

Problems with refracting telescopes

� Long tubes tend to flex.

� Larger lenses are hard to build and support;

they sag in the middle.

� Blurring due to atmosphere for telescopes

on earth; the maximum useful lens diameter

for sharpness is 0.5m.

� Chromatic aberration: di↵erent wavelengths

focus at slightly di↵erent spots.39

Reflecting Telescopes

These devices use a mirror to focus rays.
40

Advantages of Reflecting Telescopes

� Can support mirror at back: can be as big

as needed.

� No chromatic aberration.

� Can use truss tubes, instead of closed.

41

The mirror backing is often glass, because it can

be shaped with high precision.

42
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How much precision do you need?

It depends on the wavelength. For observations at

wavelength �, bumps and other imperfections

need to be smaller than �/4.

(17) Do you need a smoother surface for a radio

telescope or an optical one?

Optical – smaller wavelength so we need a

smoother surface.
43

The reflective surface depends on use: aluminum

for visible wavelength, gold for infra-red, etc.

(18) Looking at gold, what says it’s a better re-

flector at the red(ish) end of the spectrum than

the blue? Its color.

(19) There seems a flaw in reflecting telescopes.

What? How to capture an image inside device?

44

45

The blocking of light in the middle does not ob-

scure part of the image, for the same reason as it

does not for lenses.

It just lowers the amount of light collected.

The next few slides show you some telescopes used

by astronomers.

46

.BICEP and Keck Arrays

We travel first to the South Pole:

47

•What does this telescope do?

Collecting for several years, starting in 2006, low-

temperature microwave radiation from the very

early Universe (around the “big bang”).

The project is in its third phase, BICEP3.

(An early announcement from BICEP2 in 2014 on

the nature of “big bang radiation” was premature.)
48
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49 50

. Subaru optical/infrared

51

Located on the summit of Mauna Kea, 4,205m

high (dry, stable air).

(At least 13 telescopes from 11 countries there.)

52

•What has Subaru done?

� August 2013: Direct sighting of a Jupiter-like

planet around another star.

� January 2016: Start of hunt for “Planet X,” a

possible Neptune sized planet beyond Pluto.

� January 2017: Star forming galaxies in the dis-

tant (therefore, early) Universe.

http://subarutelescope.org/Pressrelease/list.html

53

.Keck

54
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55

•What has Keck done?

� March 5, 2015: 4-image cosmic lens.

� March 5, 2015: Evidence for a past ocean on

Mars from analysis of the atmosphere.

� February 10, 2017: Dwarf star system with car-

bon, nitrogen, oxygen, and hydrogen.

� Ongoing: Galactic center, UCLA group.

http://www.keckobservatory.org/recent/type/news

56

.Arecibo

57

A telescope in the ground? Look at rooftops:

58

These are all satellite dishes:

Wavelengths: � ⇠ 1.5–3cm

59

•What has Arecibo done?

� 2017: Limits on g. waves.

� Multi-year: Asteroid hunter.

� 2011: Cold brown dwarfs.

� 1974: Attempted CETI. �!

� 1974: T&H, binary pulsar.

� 1964: Mercury rot. 59 days.
60
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.ALMA array

61 62

•What has ALMA done?

� February 2015: Star form., Sculptor Galaxy

� December 2014: Black hole jets blowing away

the Hydrogen from entire galaxies.

� November 2014: Formation of stars > M�.

63

These were telescopes based on earth. They have

limitations:

� Atmospheric blurring.

� Rotation of the earth – except for one.

Which? BICEP

� Some radiation simply does not reach the earth’s

surface.
64

At certain wavelengths, we need telescopes based

in space:

65

.Hubble, 1990 (optical)

66
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67 68

•What has Hubble done?

� 2001: Planet forming disks common around

stars; found planets.

� 1999–2002: Age of Univ.: ⇠ 13 giga-yrs.

� 1998–2001: Accelerated expansion of Universe.

� 1997: Black holes at centers of galaxies.

� 1996: 1,000s of pictures of galaxy evolution.

69

.Chandra, 1999 (x-ray)

70

71

•What has Chandra done?

� January 2015: Bright X-ray flare from MW

black hole.

� 2012: Halo of hot gas around MW.

� 2006: Strong evidence for dark matter.

� 2002: Possible evidence for quark stars.

� 2000: Possible mid-sized black holes.

72
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It’s been known by us, from the dawn of us, that

there are stars in the sky.

There are also hazy patches called nebulae: ob-

jects outside the solar system that had a di↵use

appearance rather than a pointlike image, as in

the case of a star.

1 2

3

In the late 1700s, the French astronomer Charles

Messier catalogued 110 nebulous objects in the sky

and carefully noted their positions.

He did so, because comet-hunting was considered

important back then, and he wanted astronomers

to know which fuzzy objects were not comets.

4

5 6
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Here is #31 in his catalog:

31. 0h 29m 46s (7d 26’ 32”) +39d 09’ 32”
(August 3, 1764) ‘The beautiful nebula of the belt of An-
dromeda, shaped like a spindle; M. Messier has investigated
it with di↵erent instruments, & he didn’t recognise a star:
it resembles two cones or pyramides of light, opposed at
their bases, the axes of which are in direction NW-SE; the
two points of light or the apices are about 40 arc minutes
apart; the common base of the pyramids is about 15’. This
nebula was discovered by Simon Marius, & consequently
observed by di↵erent astronomers.

M31 is the Andromeda galaxy.
7

Here is the full chart:

8

Messier objects through the telescopes of today:

9

But we’re getting ahead of the story.

Nebulae were studied in the late 1700s and through

the 1800s, notably by the siblings, Caroline

and William Herschel . Like other astronomers,

they were initially interested in stars and comets.

On February 26, 1783, Caroline discovered a new

nebula; she also independently found M110 (now

known to be a dwarf galaxy satellite of Andromeda.)
10

The Herschels eventually catalogued over 5,000

nebulae.

The catalogues were originally published just under

William’s name, but the observations were made

and recorded jointly.

They also resolved some of these nebulae into in-

dividual stars. (And, along the way, William dis-

covered Uranus.)
11 12
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The nature of these nebulae (especially spiral) was

debated.

Some astronomers said they were in the Milky

Way, others argued that they were outside it.

One argument that they were within the MW was

the observations of novae in some of them.

13

If a single star outside the MW could be observed

brightening, the event would have to be “on a scale

of magnitude such as the imagination recoils from

contemplating.”

“A Popular History of Astronomy during the Nineteenth
Century,” Agnes M. Clerke, page 438.

14

The question relates to the size of the Universe:

Is the MW the entire Universe, or does the

Universe extend outside the MW?

The Milky Was was already known to be vast. Her-

schel had attempted to map it.

15

Herschel’s size was a huge underestimate, but it

still meant that if there was more to the Universe

than the MW, it would have to be on a scale “such

as the imagination recoils from contemplating.”
16

The question was debated

on 26 April 1920 by two

leading astronomers.

The event became known

as the Shapley-Curtis “Great

Debate.”

17 18
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Here’s the debate in your language:

19

Who claimed what in da Great Debate?

Shapley: Spiral nebulae in MW.

Curtis: Spiral nebulae outside MW.

20

The two astronomers debated the question focus-

ing on 14 specific points (scoring by Virginia Trim-

ble):

� 1, 2: Stars in globular clusters (S).

� 3: Cepheid variables as distance indicators (S).

� 4: Spectroscopic parallax as distance indica-

tor (S).

� 5: Star counts and MW size (C).
21

� 6: Stellar evolution (C).

� 7: Distribution of spiral nebulae (C).

� 8, 9: Novae brightness and frequency (C).

� 10: Spiral nebulae seemed to recede (C).

� 11–12: Properties of galaxies (C/S).

22

� 13: Location of sun – Curtis thought it was at

the center of the MW, Shapley not (S).

� 14: Rotational motion of spiral arms (S at the

time, C now).

The Great Debate was a draw.

It took later work to settle the question.

23

The American astronomer

Edwin Hubble systemati-

cally studied nebulae in the

1920s.

24
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By studying a class

of stars of variable

brightness, Cepheid

variables, in Andromeda,

Hubble found evi-

dence that it was

outside the MW.
25 26

We now know that many of the Messier nebulae

are other galaxies.

Our galaxy, the Milky way has over 200 billion stars

in it.

We believe there to be at least 200 billion

other galaxies, mainly through Hubble telescope

pictures.

27

We classify galaxies by their shapes:

� Elliptical

� Spiral

� Irregular

28

29 30
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31 32

33 34

35 36
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37

Distances to Galaxies

� Radar bouncing: distances to ⇠ 10AU. Radar

distances depend on knowing the speed of light.

� Stellar parallax: distances to ⇠ 650 ly.

� Spectroscopic parallax: distances to ⇠ 33 kly.

� Standard candles determine farther distances.

38

Standard candle method is based on the formula

A =
L

4⇡d2

where L is the intrinsic luminosity, d is the dis-

tance, and A is the apparent luminosity (called

“flux” by astronomers).

39

(1) As you increase your distance from a source of

light, does its apparent luminosity go up or down?

Down.

(2) If you move away three times as far from a

source as you originally were, how much does the

apparent luminosity change by? Goes down

by a factor of 9.

40

Standard Candles to Get Distances

Using an object whose intrinsic luminosity, L, you

know, you can calculate its distance by measuring

the apparent luminosity, A.

Common standard candles are

� Cepheid variables

� Type 1a Supernovae
41

Cepheid Variables as Standard Candles

42
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Method to get distances using Cepheid Variables:

� Measure the period (time between successive

peak brightnesses).

� Read o↵ the absolute brightness from the graph.

� Use A = L/4⇡d2 to get d.

43

Type 1a Supernovae as Standard Candles

Supernovae are stellar explosions. They appear

suddenly as a very bright star (can outshine an

entire galaxy) then fade quickly. There are several

types of supernovae. One of these can be used as

a standard candle: Type Ia (SN1a) – White dwarf

accretes matter from a companion, till it blows up.

It has no hydrogen lines and a strong silicon line.
44

45

Luminosities of Type 1A Supernovae

46

What the previous graph shows is that (after some

corrections are made), all Type 1a supernovae reach

roughly the same peak luminosity.

(3) Why?

White dwarfs explode if they accumulate enough

extra mass to hit 1.4M�. Since mass determines

luminosity, these supernovae all reach the same

luminosity.
47

To get distances using Type 1a supernovae:

1. Wait for a star to start brightening. Track its

luminosity day by day till it peaks then declines.

The shape of the “light curve”, plus the spectrum,

tells you if it’s Type 1a.

2. Use the known absolute luminosity of Type 1a

as L, and the apparent luminosity at the observed

peak as A. Plug into A = L/4⇡d2 to get d.
48
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Structure in the Universe

The Universe organizes itself so as to produce new

structures by combining previous ones.

The new structures are bound, or held together,

by fundamental forces.

(1) How many fundamental forces are there, and

what are they? Four: Weak nuclear, strong

nuclear, electromagnetism and gravitation.
1

. Subatomic scale:

Elementary particles called quarks combine to

form protons and neutrons.

Protons and neutrons combine to form nuclei.

Nuclei combine with other elementary particles –

such as electrons – to form atoms.
2

(2) What fundamental forces bind protons and

neutrons? The nucleus? Nuclear.

(3) What fundamental force binds an atom?

Electromagnetism.

3

Scale:

Electrons, protons: ⇠ 10�15m.

(Electron really has no “actual” size.)

Atoms: ⇠ 10�8m

(4) How much bigger is an atom than the elec-

trons and protons that compose it?

4

.Atomic/molecular scale:

Atoms combine into molecules.

Scale:

Range: ⇠ 10�9m to visible sizes.

(5) What force binds molecules? Electromagnetic.

5

.Day-to-day scale:

Molecules combine into larger forms of matter.

Scale:

Wide range: up to many thousands of meters.

(6) What force binds these objects?

Electromagnetic.

6
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.Astrophysical object scale:

Large collections of matter form astrophysical objects

– stars, the planets around them, etc.

Scale: Wide range: up to 1012m. (d� ⇡ 109m.)

(7) What forces binds astrophysical objects?

It’s a combination of electromagnetic, nuclear and

gravitational.
7

.Galactic scale

. Stellar systems combine to form galaxies.

Scale:

Range: 1018 – 6⇥ 1022m.

(dMW ⇡ 1021m ⇡ 100,000 ly.)

(8) What “force” binds galaxies? Gravitation.

8

In each case, the larger structure has properties

and behavior di↵erent from its constituents.

The natural question is: Do galaxies combine

to form even larger structure?

9

The CfA Redshift Survey was started in 1977 at

the Harvard-Smithsonian Center for Astrophysics

to map the Universe in 3D, in order to get a feeling

for what its overall structure is.

A second CfA survey (CfA2) was started by Valerie

de Lapparent, John Huchra and Margaret Geller

in the winter of 1984/5. Between 1985 and 1995

about 18,000 bright galaxies were studied.
10

The first maps were released in 1986. They show

flat wedges of the night sky, where looking further

along the wedge from the vertex means you are

looking further from earth.

11 12
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13

The map showed that galaxies are not part of

larger structures. The organization of the Universe

into larger structures stops here.

What was unexpected was that galaxies are strung

along filaments around huge, largely empty voids.

This overall organization has been confirmed by

further work from the CfA team, and by other sur-

veys such as the Sloan Digital Sky Survey (2000–).
14

SDSS Map of the Universe

15

We have a “foamy” picture of the Universe on the

largest scales (⇠ 10 billion light years).
16

17

These are 3D maps of the Universe. But there’s a

4th dimension.

(9) What is it? Time.

18
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If we look at the ages of galaxies what do we find?

� Elliptical galaxies: contain older (and dimmer)

stars. Not much new star formation.

Aside: There is wide ranges of sizes, from

smallest known (Segue 2, 1018m) to largest

(IC 1101, 6⇥ 1022m).

� Spiral galaxies: contain younger (and brighter)

stars, and regions of new star formation.
19

Internal Motions of Galaxies

(10) What force did we say binds a galaxy to-

gether? Gravitation

(11) Why does gravitation not make a galaxy col-

lapse on itself? Because it rotates.

The individual stars are in orbit.

This is also what the solar system does to

survive.
20

(12) If the sun were to get more massive would

the planets rotation speeds have to change for the

solar system to survive? They would need to

go up.

More binding mass, higher orbital speed.

21

The Masses of Galaxies

We get the masses of galaxies from the orbits

of their stars.

(13) Would you expect stars to orbit faster or

slower in a more massive galaxy compared to a

less massive one? Faster in the more massive

one (greater gravity).

22

� Measuring the orbital speeds of the stars

in a galaxy allows us to figure out how strong

the gravitational forces are in the galaxy.

� The strength of gravity depends on mass

and distance. From the size of the star orbits

we can calculate the mass of the galaxy.

23

(14) Returning to the solar system, must the outer

planets travel at slower or faster speeds than the

inner? Slower, because there’s a weaker force

of gravity to contend with the farther you get.

For a galaxy, though, there’s no one object that

provides the binding force for the whole system.

It’s the collective gravity of all of its constituents.

24
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How does gravity work
inside matter?

Only the matter “inside”
your location (the inner
sphere in the diagram)
exerts a force on you.

The outer layer doesn’t.

(Forces cancel.)

25

Study how matter is distributed in M33:

26

� As you go away from the dense center,

more matter is “inside” your location, so you

might expect greater gravity, so greater orbital

speeds.

� As you continue outward the matter seems

to get less dense, so you might expect the

gravitational force to start lessening and the

orbital speeds to correspondingly go down.
27

What we expect:

28

What we observe:

29

These “rotation curves” are an indication that there’s

invisible matter in galaxies. We call it Dark Matter.

We’ll return to it later.

For now, let’s look at special galaxies, called active

galaxies. These

30
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� produce large amounts of nonstellar emission,

that arises from energetic and violent processes.

� produce more radio and X-ray emission than

you’d expect if all their light came from their

stars.

� have much of their light concentrated in a small,

central region known as an active galactic nucleus,

or AGN.31

Evidence indicates that the activity in galactic nu-

clei results from the accretion of matter onto su-

permassive black holes.

An important types of AGN is a quasar (“quasi-stellar

radio source”). Quasars were discovered in the

1960s.

They are much more luminous than the sum of all

the stars in the galaxies that contain them
32

Quasars

� Discovered as strong radio sources, with no

visible counterpart, in the 1950s and, mainly,

1960s.

� Eventually visible counterparts were detected.

� We now know not all quasars are radio-emitters;

we call them QSOs: “Quasi-Stellar Objects.”

� The spectra are highly red-shifted.

33 34

35 36
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37 38

39 40
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Arvind Borde / AST10, Week 10: The Expanding Universe

Two strands feed into the narrative that the Uni-

verse is expanding:

. Theoretical Expansion

and

. Observed Expansion

1

Theoretical Expansion

Gravity is a destabilizing phenomenon, even in New-

ton’s theory, because it is (apparently) always at-

tractive.

Newton was aware that his law of gravitation threat-

ened the Universe.

2

He discussed this in letters he wrote in 1692-93.

“Four Letters from Sir Isaac Newton to Doctor Bentley,”
– Google Books
edition published by R and J. Dodsley, 1756.

Bentley was not only a “Doctor,” he was a Bishop.

3 4

5 6
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Newton goes on to say how this might explain why

the Universe contains what it does, as known at

the time (stars and planets) . . .

7 8

Bentley raised objections and Newton replied:

9 10

Newton realized that the attractive nature of grav-

ity made systems controlled by gravity alone inher-

ently prone to collapsing on themselves .

You need a counterbalancing influence.

11

Against gravitational collapse, what supports

(1) the atomic nucleus?

Electromagnetic forces (and nuclear).

(2) molecules?

Electromagnetic forces.

(3) your nose?

Electromagnetic forces.

12
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But, what supports and gives stability to

(4) the solar system?

Rotational motion.

(5) galaxies?

Rotational motion.

(No electromagnetic forces at work here.)

13

The same issue arises in General Relativity.

A year after his fundamental paper laying out that

theory, Einstein wrote a paper on cosmology:

14

He saw that the di�culties with the Newtonian

theory were serious

and that General Relativity would have the same

problem: A static Universe is unstable.

What is the obvious resolution? Motion!!!!!!!!!!
15

That’s not what Einstein did. He altered his theory:

16

admitting that

17

Einstein’s change was to introduce the cosmological

constant, ⇤.

It gave a small e↵ective large scale repulsion to

balance the instability caused by the inherently at-

tractive nature of normal gravity.

18
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Einstein’s proposal was criticized right away on

many grounds.

He came around and dropped the cosmological

constant.

But he had missed noticing that his theory in not

allowing a static Universe was really predicting

an expanding Universe .

19

That was discovered by Alexander Friedmann in

the Soviet Union (1922), and independently by

others in France and the U.S.

Assuming the universe is homogeneous (all parts

the same) and isotropic (all directions the same),

you get three possibilities for the spatial shape of

the Universe.

20

The three possibilities, labeled by a variable k,

arise from the curvature of space being
Negative Zero Positive

k = �1 k = 0 k = +1

(2d representations of 3d space)

| {z }
“open” universes (spatially infinite)

| {z }
“closed” (finite)

0 6 r <1 0 6 r < 2⇡
21

In each case, there’s a further function, a(t), called

the scale factor of the Universe.

It is positive and its behavior follows from Ein-

stein’s theory.

For example, it follows that ȧ(t), the rate of change

of a(t), is positive: The Universe is expanding!

How may we visualize this?
22

23

How does this connect to what we see?

Consider observers separated by fixed distances r.

The physical distance between them is R(t) =

a(t)r. Even if they stay at fixed coordinates, the

distance between them will change because a(t)

does.

24
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It follows that

VR(t) = HR(t).

The last equation is called Hubble’s law.

(6) What does it say in English?

Velocity of galaxies is proportional to distance.

The further away an object is from us, the faster

it seems to move.
25

Why “Hubble’s Law”?

That brings us to the observed expansion of the

Universe.

26

Observed Expansion

By 1920, the year of the Great Debate, it was

already known that the nebulae, with some excep-

tions, showed positive wavelength shifts or “red

shifts”.

(One exception was Andromeda.)

27

Such wavelength shifts are interpreted as “Doppler

shifts,” shifts due to motion:

��

�
=

v

c

where �� is the change in wavelength,

� the original (or expected) wavelength,

v the speed (away > 0; toward < 0), and

c the speed of light.
28

Over the next decade, Edwin Hubble carefully mea-

sured the redshifts of a number of galaxies.

He also noted their distances from us:

(7) What method (radar bouncing? parallax? stan-

dard candles?) was he using to get distances?

Cepheid variables as standard candles.
29

He announced that he’d found . . .

What was that relation?

30
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31

The conclusion was questionable:

32

But . . .

33

And . . .

34

We have so much faith in Hubble’s Law that if all

other methods fail, we us it as a distance indicator:

measure the redshift, calculate the velocity, then

infer the distance from Hubble’s law,

V = HR.

For that we need to know the present value of

Hubble’s constant H0.35

Hubble’s constant can be viewed as V/R. It’s

measured as the speed of recession of distant galax-

ies (in km/sec) per astronomical distance unit (such

as a ly).

The units of H are 1
sec .

Therefore, the units of 1/H are seconds.

Hold this thought.
36
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Let ä(t) be the rate of change of the rate of change

of a(t) (acceleration/decceleration).

Einstein’s theory also leads to this equation:

ä(t) = �4⇡G

3c4
(⇢+ 3P )a(t) ~

where ⇢ is the energy density of matter, and P the

pressure (think gas).
37

Now, ⇢ and P are usually positive.

That means ä(t) < 0:

The expansion of the Universe is decelerating!

38

So the graph of a(t) is increasing today and con-

cave down everywhere:

39

The graph of a(t) cannot wriggle out from under

the blue line – the past-projection of ȧ(t) – without

going concave up.40

This has an enormous implication:

a(t) must be zero at a finite time in the past.

The Universe had a beginning.

That time is precisely within 1/H0 from today.

Hubble’s constant gives us an upper bound on the

age of the Universe.

This beginning is popularly called the big bang.
41 42
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H0 and T (billion years)

Year Person H0 T

1929 Hubble 500 2.0
1951 Behr 260 3.8
1968 Sandage 75 13.3
2010 Courbin 62 16.1

43
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Arvind Borde / AST10, Week 11: The Big Bang Theory

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)

⇤

The story:

Einstein’s theory, expressed via equations,

Gab =
8⇡G

c4
Tab

relates the geometry of spacetime (left side) to

matter (right side).

1

Assuming homogeneity and isotropy for the entire

Universe, we get:

1) Three possible geometries for space

k = �1 k = 0 k > 0

2) Each is multiplied by the scale factor, a(t).2

The scale factor obeys two equations:

~

}

(k = �1, 0, or 1)

ȧ(t) = rate of change of a(t) (velocity)

ä(t) = rate of change of ȧ(t) (acceleration)3

The left hand side of the two equations describes

the geometry.

On the right hand side we have matter:

⇢ is its energy density and P is its pressure.

As long as ⇢ > 0 and P > 0 (true of all

known matter), we know that gravity is always

attractive, and we have ä(t) < 0.

4

ȧ > 0: The Universe is expanding .

ä < 0: The expansion is decelerating (the

graph is concave down) .5

Projecting into the future:

6
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Projecting into the past:

a(t) zero in past. The Universe had a beginning.

7

This conckusion is based an important assump-

tion:

⇢ > 0 and P > 0:

makes graph of a(t) concave down.

8

Now, ponder the (}) equation

3ȧ2(t)

a2(t)
+

3k

a2(t)
=

8⇡G

c4
⇢.

(1) If a(t) ! 0 what can you say about the

left-hand side, and therefore ⇢ on the right?

⇢!1. If the scale factor vanishes, the density

of the Universe “blows up.”
9 10

At the instant of time at which a(t) = 0, the Uni-

verse was infinitely dense (“the initial or cosmolog-

ical singularity”). As things compress (get more

dense), they heat up. If the density is infinite, so

is the temperature. Infinities are problematic.

Still, the Universe was at some point in the past in

a very hot, very dense state from which it exploded

and expanded: the hot big bang.
11

The idea that the Universe might have had a(t) =

0 at some point in the past – and therefore a be-

ginning – was di�cult for people to accept, and

they looked for a way around this conclusion.

a) The behavior of ȧ(t):

The Universe is expanding (so ȧ(t) > 0)

– we know that from observations of red-shifts.

12
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b) The behavior of ä(t):

The graph could be concave up (ä(t) > 0).

One way: there’s a cosmological constant. Its

presence would modify the ~ equation:

3ä(t)

a(t)
= �4⇡G

c4
(⇢+ 3P ) + ⇤ ~̂

A large enough ⇤ would allow ä(t) to be positive.
13

A theory along these lines, called the steady

state theory , was proposed and was popular

through the 1940s–1960s.

In it, matter is continuously created (⇠ two hy-

drogen atoms per cubic m every billion yrs) and

the Universe does not thin out as it expands. It

stays steadily in the same state eternally into the

future and, as well, to the past.
14

15 16

17 18
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19

On the observational side, the discovery of quasars

was the game-changer.

The steady state theory requires the Universe to

be unchanging and always in the same state.

But quasars have very high red-shift and are, there-

fore, only at great distances from us, and therefore

are observed only in the early Universe. Something

had to have changed from those early years.
20

On the theoretical side, the apparently reasonable

objection was raised that it is the assumptions

of exact homogeneity and istropy that lead to the

singularity (a(t) = 0). Realistic situations

with irregularities, it was argued would “bounce.”

An influential Russian team, led by E.M. Lifshitz

claimed that they had found cosmological models

without singularities.
21

The game-changer here was a theorem proved by

Roger Penrose on black hole behavior.

It attracted the attention of Stephen Hawking,

then a Ph.D. student studying the necessity of a

cosmological singularity.

22

Within a few months, Hawking had seen that Pen-

rose’s methods could be adapted to the problem

he was studying:

23

He began by posing the question:

then said what calculations indicated:

24
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25

But,

26

Hawking concludes that

We must take seriously the prediction of a singu-

larity at the start of the Universe. It is called the

initial singularity .

(“BIG BANG”?)
27

Hawking, Penrose and others worked for several

years after the papers of 1965 to understand the

nature of causality and of time , the

structure of horizons , the topology of the

Universe .

Their work was very deep, broad and general, but

it made one important assumption: gravity is al-

ways attractive (⇢ > 0, P > 0).
28

Summary of what we knew by 1980

� The universe is expanding. How do we know

this? From redshifts. Therefore, it was in a

hot dense state at some point in the past.

(Although alternatives have been suggested –

such as the “tired light” theory.)

� The expansion is decelerating. How do we

know this? Not well observationally, but it

seems plausible if gravity is always attractive.
29

The statements are based partly on observation,

and are consistent with Einstein’s theory of rela-

tivity with ⇢ > 0 and P > 0.

The earliest calculations assumed homogeneity and

isotropy, but later work by Penrose, Hawking, and

others showed that the conclusions remained true

even without symmetries.

30
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We don’t know exactly when the “beginning” was,

but it was somewhere between 13 and 15 billion

years ago.

We take that (whenever it was) as the time when

time began and measure events from there.

31

Highlights from History

Time (s) What happened? Temp (�K)
? Matter forms ?

2.0 · 10�12 Electromagnetism 1.2 · 1018
2.0 · 10�6 quarks combine 1.7 · 1012
1.0 neutrinos released 1.2 · 1010
1.8 · 102 Hydrogen forms 1.2 · 109
1.2 · 1013 photons released 2.9 · 103

...
...

...

4.4 · 1017 Today 2.8

32

Are we making all this up? Maybe. But,. . .

We can estimate the temperature and density as

we plot back in time.
#

We have theories of particle physics that tell us

how particles behave at high energies.
#

We can test this in particle accelerators on earth,

where we have achieved e↵ective temperatures of

(1.4 · 1016)� K.33

Is there anything more definite?

Well, there are the photons released about 370,000

years after the big bang, if it occurred. They would

still be in the Universe.

It can be calculated that they would be at a little

under 3�K now, and the expansion of the Universe

will have stretched their wavelengths to around

1 cm, the microwave region. Can we find them?
34

Two Princeton cosmologists, Robert Dicke and

Jim Peebles, set out in the early to mid 1960s

to find this Cosmic Microwave Background

Radiation (CMBR).

They started building a detector.

Being scientists, they also gave lectures on what

they were doing.

35

Meanwhile in nearby AT&T Bell Labs. . .

In 1960, a 20-foot horn-shaped antenna was built

there to be used in communication.

Arno Penzias and Robert Wilson, scientists there,

began doing research with it.

They encountered a persistent microwave noise

that came from every direction.
36
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They tested everything they could think of to rule

out the source of the radiation racket: the Milky

Way, extraterrestrial radio sources, New York City,

military testing.

37

Then they found droppings of pigeons nesting in

the antenna. They cleaned the mess but the birds

came back.

“To get rid of them, we finally found the most hu-

mane thing was to get a shot gun. . . and at very

close range [we] just killed them instantly.” (Pen-

zias, interview)

But the noise remained, from every direction.
38

Penzias mentioned their problem in a chance con-

versation with Bernie Burke, a radio astronomer.

He knew of the e↵orts that Dicke and Peebles were

making, and told Penzias.

Penzias called Dicke.

After the call, Dicke turned to his laboratory col-

leagues and said simply “we’ve been scooped.”
39

Dicke, Peebles and their collaborators, on the one

hand, and Penzias and Wilson, on the other, agreed

to publish back-to-back papers.

40

The Dicke-Peebles paper appeared as the first of

the two:

41

After some background, they pose the question:

Then go on to say:

42
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The Penzias-Wison paper sticks to the bare facts

of how they did their measurements and what they

observed:

43

A few years later a Nobel prize was awarded for

the discovery.

(2) Who got it? Penzias and Wilson got it.

Dicke and Peebles did not.

44

45 46

47

Apart from who should get credit, the discovery of

the CMBR is, in fact, one of the greatest human

discoveries ever made.

We are seeing light, once it’s free to move around,

from creation itself (in some sense).

Over the years it has been studied extensively. It

is almost completely isotropic, confirming our as-

sumption about the uniformity of the Universe.
48
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Observational work is now focused on measuring

tiny irregularities in it that may explain structure

formation.

We need to know in the uniform early Universe,

what it was that sowed the seeds of galaxy forma-

tion; i.e., why did galaxies form at the particular

places that they did, and not elsewhere?

49 50

If the Universe did come into existence, as opposed

to having always been there, how did it do so?

People have speculated . . .

51 52

53
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Arvind Borde / AST10, Week 12: Cosmic Inflation

Summary of Hot Big Bang Cosmology

(“FLRW”⇤ model)
The Universe explodes from a hot, dense state

and expands and cools to its present state.

Often called the Big Bang Theory, but it’s not

really a new theory. It’s a mixture of the theory of

relativity and theories of particle physics.

⇤Friedmann-Lemâıtre-Robertson-Walker
1

People often use “big bang” to refer to the “mo-

ment of creation:” the initial singularity

from which the Universe began.

I’ll use it to mean instead the hot dense state from

which the explosion occurred. We have strong

observational evidence for this hot dense state in

the past.

2

We’ve theoretical evidence for an initial singularity

(through the Hawking-Penrose theorems), but they

depend on the assumption that gravity is always

attractive, enforced through the energy-momentum

of matter obeying certain positivity conditions

(“ energy conditions ”).

(Rather like the positivity of mass enforces attrac-

tive Newtonian gravitation.)
3

Observational Successes of the

Hot Big Bang Theory

The “theory” is consistent with the observed

� expansion of the Universe.

� CMBR.

� quantities of elements such as hydrogen and

helium formed in the early Universe.

4

By ’70s, the big bang theory seemed solid.

The origin of the uniformity of the Universe was

unknown, but it was indisputable. The uniformity

of the CMBR was proof of that.

The density of the Universe was also unknown, but

it appeared to be close to the critical density of

⇢c =
c4

8⇡G
(3H2

0 ).

5

Then, at a conference in 1979 to celebrate the

100th anniversary of the birth of Albert Einstein,

Dicke and Peebles (Drs. Microwave Background),

discussed puzzling aspects of the big bang theory:

6
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They said

7

then went on with a quick account of what was

understood about the Universe in 1917:

8

Although Einstein had been trying to build a larger

cosmology, the indications were that the Milky

Way was the entire Universe. But:

9

The observations that the Universe was much big-

ger than we’d originally thought had also provided

evidence of large scale homogeneity and isotropy.

This is remarkable:

10

It’s not only remarkable, large scale homogeneity

is a problem:

11

Really?

Yes, really.

This problem, the problem of inexplicable unifor-

mity, is known as the

horizon problem.
12
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Horizons in cosmology arise because of the finite

age of the Universe.

If the Universe is 14 billion years old, objects that

are 15 billion light years away cannot yet have com-

municated with us.

13

Further, a patch of the Universe 12 billion light

years from us in one direction cannot have com-

municated with another patch 12 billion light years

from us in the opposite direction.

Yet they look virtually identical. What made

them that way, if there was no communication

between them?

This is the horizon problem.
14

Qualitatively, a horizon is an imaginary surface

that divides spacetime into two regions: One region

can send signals to the other, but not the reverse.

(1) Do you know of an example? Yes. The

event horizon of a black hole: the outside

region can send signals (and chocolates) in, but

the inside cannot reciprocate.
15

(2) What about the FLRW model might possibly

cause a horizon problem? The initial singularity.

(3) What about the FLRW model might possi-

bly prevent the initial singularity from causing a

horizon problem? The initial singularity.

16

OK, to stop messing with your minds, why is the

initial singularity both a curse and a curse?

1) It’s a curse because it cuts o↵ the Universe in

the prime of its reverse-youth (and, as collateral

damage, causes a potential horizon problem).

2) It’s a curse because everything is squeezed so

tightly at the initial singularity, it’s hard to know

what’s going on.
17 18

ADDITIONAL NOTES

127

127



Week 12, Slides 19–24 Arvind Borde

This possibility was what Dicke and Peebles were

alluding to when they said “in the past these parts

were much closer together”:

But, as they go on to say, “close proximity in earlier

times does not eliminate the problem.”

19

To recap: The horizon problem of standard FLRW

is that there’s no causal explanation possible for

the apparent uniformity of the Universe. Di↵erent

parts of the Universe in di↵erent directions look

the same (most strikingly the microwave back-

ground radiation) even though they can’t have

communicated. (Whether you think it a problem

depends on how content you are with coincidence.)
20

21

OK, we may have one problem. Actually, we have

two.

Dicke and Peebles, go right on to say:

22

23

Equation (9.1) in the Dicke-Peebles paper should

remind you of something.

(4) What is it?

24
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Remember, k = 0 gives the critical density, the

dividing density between

a closed Universe (k = 1, ⇢ > ⇢c) and

an open Universe (k = �1, ⇢ < ⇢c).

25

Solving the (}) equation for ⇢, we’d obtained

⇢ =
c4

8⇡G

✓
3H2

0 +
3k

a2(t)

◆
.

(5) Write the right-hand side in terms of ⇢c.

26

(6) Solve for ⇢c.

(7) What is ⇢c/⇢� 1?

27

The quantity ⇢/⇢c is called the density parameter

and denoted by ⌦ . So we have

(⌦�1 � 1)⇢a2(t) = �3kc4

8⇡G
= constant.

(8) Writing ⇢a2(t) as ⇢a3(t)/a(t), how does it be-

have as as the Universe expands? Down (rapidly).

(9) What does that say about (⌦�1 � 1)?

It must go up rapidly.
28

Why is that a problem?

The observed density of the Universe is estimated

to be between a tenth and twice the critical density

of about 10�30 g/cc: i.e., 0.1 < ⌦ < 2.

(10) What are the bounds on (⌦�1 � 1)?

29

For a rapidly growing quantity to be this small to-

day (after 13 billion years of growth), the density

parameter ⌦ = ⇢/⇢c would have had to have been

between 0.99999999999999 and 1.00000000000001

1 sec after the big bang.

30
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Even small deviations from this would cause the

Universe to behave very di↵erently from observed.

A slightly greater value for ⇢ would make the Uni-

verse to be closed, and recollapse rapidly. A slightly

smaller value would give too rapid an expansion.

Why the Universe should be so precisely tuned to

the critical (i.e, flat) value of the density is the

flatness problem.
31

Dicke and Peebles presented the horizon and flat-

ness problems at the Einstein centenary conference

in 1979, but had already been giving lectures about

them at other venues.

One lecture was by Dicke at Cornell University on

November 13, 1978, on the flatness problem.

It was attended by a young particle physicist, Alan

Guth.
32

Guth got his Ph.D. from MIT in 1972 and had

hopped around in temporary positions since:
� Princeton, 1971–74

� Columbia, 1974–76

� Cornell, 1976–79

� SLAC, 1979–1980

In 1978 Guth felt cosmology wasn’t interesting.

He went to Dicke’s lecture because Penzias & Wil-

son had just received a Nobel Prize.
33

Guth was working on “Grand Unified Theory” at

the time – the theory that unifies the strong nu-

clear, weak nuclear and electromagnetic forces at

high energies (temperatures).

In 1970, we’d had a good understanding of just

electromagnetism (and gravity).

By 1976, we had a unified theory of three of the

four fundamental forces.
34

Guth was investigating the existence of magnetic

monopoles in GUT: Could they have existed in the

early Universe and, if they did, why might we not

see them today?

On the night of December 6, 1979, Guth felt he

had found the reason why we see no monopoles

today, through a mechanism called supercooling.

Then he remembered Dicke’s talk (a year ago). . .
35 36
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Later that same month, Guth was told over lunch

about the horizon problem of cosmology (he didn’t

know of it at the time). He went home and figured

out, that afternoon itself, that his “supercooling”

mechanism would solve this problem too.

It was, as he said later, as if he’d found the master

key to the Universe: door after door opened with

that single key.
37

Guth’s career after December 1979:

� January 23, 1980: Announces his ideas in a seminar at
SLAC

� January 24, 1980, before lunch: gets invitations to
present his ideas from three di↵erent universities.

� January 24, 1980, after lunch: Is invited to spend
three further years at SLAC; hears that U. Penn, and
UC Davis are considering o↵ering permanent professor-
ships.

� January 28, 1980: U. Penn o↵ers the job.

� February-March, 1980: Lectures at ten universities, in-
cluding Harvard, Princeton, Columbia and Cornell.

38

� On his return has o↵ers of professorships from Min-
nesota, Rutgers, Harvard, Princeton, Maryland, UC
Davis and UC Santa Barbara.

� But he wants MIT – and shortly after, he gets it. He’s
been there ever since.

39

What was this big idea of Alan Guth’s?

40

Highlights from History

Time (s) What happened? Temp (�K)

? Matter forms ?

2.0·10�12 Electromagnetism 1.2·1018

2.0·10�6 quarks combine 1.7·1012

1.0 neutrinos released 1.2·1010

1.8·102 Hydrogen forms 1.2·109

1.2·1013 photons released 2.9·103

· · ·

4.4·1017 Today 2.8

41 42
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Note:

An “eV” is an electron volt, a unit of energy. An

eV equals 1.6⇥ 10�19 J.

A GeV is a billion electron volts.

These units are used by quantum mechanics.

43

Over the 1970s a working model, the standard

model, was created that unified the EM and both

nuclear forces at an energy scale of about 1016 GeV.

The theory provides a symmetric, unified descrip-

tion at that scale and explains how the symmetry

is broken at lower scales.

Called The Grand Unified Theory, or GUT.

44

Guth goes on to say:

45

Note that Guth goes freely between temperature,

energy and mass. The energy scale that he picks

as the starting point is significant: It’s the GUT

scale.

He goes on to describe the contents of the Uni-

verse as a particle physicist would.

46

Guth then sets up the FLRW equations:

47

The key phrase in Guth’s paper is

48
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Exponential Expansion: Handpulled Noodles

length=`, radius=r

one pull

#

length=2`, radius= 1p
2
r

49

(11) Why 1/
p
2 in the radius, not 1/2?

Because the volume of dough is constant and is

`⇥A, and A / r2.

(12) If the original dough is a cylinder of length `

and radius r, after n pulls what are the new length

and radius?

50

For example, after 10 pulls a cylinder of length 30

cm and radius 3 cm will have over 1,000 strands⇤

of radius < 1mm.
⇤ Actually, one strand 300m long (⇠ 1,000 ft.).

(13) Can you figure out the radius in your head?

Yes.

(14) Ditto for the length (using 210 ⇡ 10
3
)?

Yeah, man!
51

“Biang” Menu

If Biang had a chef who could stretch the dough

100 times, its hypothetical noodle would be 30

trillion light years long, about 2,000 times the size

of the known universe.

That’s the power of exponentials.
52

Guth was able to show that the problems of big

bang cosmology could be solved if you had an

exponential scale factor that doubled a(t) every

10�37 seconds.

A hundred doublings would stretch the Universe a

million trillion trillion times in ten trillionth-trillionth-

trillionth of a second and, Guth showed, would

solve our cosmic problems.
53

(15) How does it solve the Horizon Problem?

Everything was close enough in the past in

order to have communicated.

(16) How does it solve the Flatness Problem?

The Universe gets blown up so much, it looks

flat.54
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But, but, but . . . exponentials never hit zero

(17) What’s that to us? We’ll see.
55 56

Inflation Spreads

Cosmic inflation was quickly embraced.

In 1982, Stephen Hawking organized a conference

around the very early Universe.

Major advances occurred here in figuring how in-

flation predicts structure formation: quantum fluc-

tuations give rise to tiny irregularities that act as

seeds for larger structures (stars, galaxies, etc.).
57 58

59 60
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Where they’re looking. . .

BICEP project, South Pole

61

Revisiting the Initial Singularity

The conclusion that there’s an initial singularity is

an important one, because it says there’s a birth

to the Universe itself. That’s one of the most

important results of standard modern cosmology.

Many people have resisted this: Einstein with his

static Universe, the steady state theorists, people

who have proposed cyclic/phoenix models, etc.
62

How does Standard Cosmology Imply a Beginning?

Observations support the fact that the Universe is

expanding. Therefore, the graph of the scale fac-

tor, a(t), is increasing at t = today and, if gravity

is always attractive, is concave down everywhere.

We can show based only on these two conditions

that a(t) = 0 at a finite time in the past.

63

The graph of a(t) is increasing today and concave

down everywhere:

64

Projecting into the past, we get:

The graph of a(t) can’t wriggle out from under the

straight line that’s the past-projection of ȧ(today)

without going concave up.
65

So, a(t) must be zero a finite time in the past in an

expanding Universe in which gravity is attractive.

As you approach that time, the matter density,

⇢!1. That’s how calculations indicate that the

Universe had a beginning.

But calculations assume a high degree of symmetry.

What happens in more realistic situations?

66
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Even without symmetry assumptions, the theo-

rems of Hawking and Penrose show that there is

an initial singularity (in the form of incomplete

geodesics) as long as some energy condition holds:

weak or strong. (Energy conditions enforce the

attractive nature of gravity.) That was a very im-

portant conclusion. But, it needs to be revisited in

inflation for technical and philosophical reasons.
67

1. Technical reasons:

In inflation, the

1a: strong energy condition is always violated.

1b: weak energy condition is sometimes violated.

Theorems that say there was an initial singularity

that depend on these conditions no longer apply.

2. Philosophical reason: Inflation is forever.

68

2. Philsophical Reason: Inflation is Forever

Because the mechanism of inflation involves quan-

tum processes, it cannot end everywhere in

the Universe at the same instant . (That would

lead to another version of the horizon problem.)

Inflation will end at di↵erent times at di↵erent

places.

69

Each post-inflationary region will expand at the

“normal” cosmological rate, but these regions will

be separated by a background that is expanding

so fast, they will not, in general, merge.

A “bubble” (“pocket Universe”) such as ours comes

from a tiny post-inflationary patch of spacetime

in a hot, dense, explosive state. The explosion

(“bang”?) would lead to our observed Universe.
70

But, we’d be part of a multiverse:

71

When inflation ends at a particular place cannot

be predicted with certainty. The quantum nature

of inflation means we can only assign probabilities.

There’s a nonzero probability, at any time, that

inflation still continues some place in the Universe.

Inflation is, in general, future-eternal: it continues

somewhere forever into the future

72
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It’s natural to ask if inflation is also past-eternal:

does it continue forever into the past?

The explosion from which a post-inflation bubble

such as ours evolves would not itself be a singu-

larity, and there would not automatically be a sin-

gularity prior to it, just a state of eternal inflation.

In this scenario, the Universe/Multiverse wouldn’t

come into being. It would just be.
73

Non-singular Inflationary Cosmology

A short history

In the early 1980s attempts were made to con-

struct inflationary, non-singular cosmologies. They

were not successful.

Occasional attempts were made to study if this

lack of success was necessary.

74

1987: “Geodesic focusing, energy conditions and singular-
ities,” A. Borde, Class. Quant. Grav., 4, 343-356 (1987).

“situations where there are repeated violations of the en-
ergy conditions are shown to still lead to the focusing of
geodesics, . . .The existence of singularities in situations
where the energy conditions are violated, as in inflationary
cosmological models, is also discussed.”

75

1992: “Did the Universe have a beginning?”’ A. Vilenkin,
Phys. Rev. D 46, 2355 (1992).

“It is argued that ‘eternal inflation’ must have a beginning
in time. Conditions are formulated for a spacetime to de-
scribe an eternally inflating universe without a beginning,
and it is shown that these conditions cannot be satisfied.
A rigorous proof is given for a two-dimensional spacetime,
and a plausibility argument for four dimensions.”

76

A Tale of Two Afternoons

Afternoon 1: September 1993

77

1993–1997

· “Eternal inflation and the initial singularity,” AB & AV,
Phys. Rev. Lett., 72, 3305 (1994).

· “The impossibility of steady-state inflation,” AB & AV,
Eighth Yukawa Symposium, Japan (1994).

· “Open and closed universes, initial singularities and in-
flation,” AB, Phys. Rev., D50, 3692 (1994).

· “Inflation and initial singularities,” AB, Seventh M. Gross-
mann Meeting, Stanford (1996).

· “Singularities in inflationary cosmology,” AB & AV,
Sixth Quant. Grav. Seminar, Moscow (1996).

· “Violations of the weak energy condition in inflating
spacetimes,” AB & AV, Phys. Rev., D56, 717 (1997).

78
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A Tale of Two Afternoons

Afternoon 2: August 2001

79

The BGV Theorem

80

81

After reviewing the background

We state our main claim.
82

The theorem requires one condition, the averaged

expansion condition:

83

Extending the definition of the Hubble parameter

was a key step.

84
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85 86

87

Spreading the Message

Alan Guth spoke at Hawking’s 60th birthday in

2002, partly on the fluctuations that led to struc-

ture formation, partly on the BGV theorem.

In the historical part of his talk, Guth mentioned

how in the early days of inflation, he was excited

that Stephen Hawking had organized a conference

on the early Universe and invited him.
88

On the BGV theorem, Guth asked

“. . . can inflation by itself be the complete theory of cosmic
origins? Can inflation be eternal into the past as well as
the future, allowing a model which on very large scales is
steady state, eliminating the need for a beginning? The an-
swer I believe is no . . .Borde, Vilenkin, and I have proven
a rigorous theorem, . . . [that] shows that the simplest type
of inflationary models still require a beginning, even though
they are eternal into the future. The di�culty is that we
have no way of discussing the class of all possible inflation-
ary models, so we cannot say that our theorem applies to
all cases.”

89

And so word got out, but it sometimes got to un-

expected places . . .

90
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Arvind Borde / AST10, Week 13: The Darkness of the Universe

Review Symbols

� a(t): Scale factor

� P : Pressure

� ⇢: Energy density

� G: Gravitational constant

� c: Speed of light

� ⇤: Cosmological constant

� ⌦: Density parameter, ⇢/⇢c
1

Early Indications of Missing Matter

� 1844: Motion of the star Sirius suggested mutual or-
bital motion with an invisible companion of comparable
mass (Bessel). In 1862, companion identified as a faint
white dwarf (Clark).

� 1930s: Velocities of stars near the sun (Oort), and
velocities of stars in other galaxies (Zwicky) greater
than explainable by the total visible mass. Zwicky was
ignored.

2

� 1940s, 50s and 60s: Other evidence accumulated that
the behavior of astronomical systems (motions, etc.)
was not consistent with the amount of matter that
was visible.

� 1970s: The scope of the problem was finally established
by the careful observations of Rubin and Ford (under-
recognized at the time) , and the theoretical work of
Ostriker, Peebles, and others.

3

Dark Matter

Modern evidence suggests that about 27% of

the Universe is made of dark matter: we can infer

it’s there, but cannot see it.

What is the evidence? Among others,

� Galactic rotation

� Gravitational lensing

4

Galactic Rotation and Dark Matter

All the stars of a galaxy rotate around the galactic

center.

But there’s a puzzle in how they rotate. This was

known since the 1930s, but was firmly established

by the work of Rubin and Ford from the late 1960s

to the late 1970s.

5

They first studied Andromeda . . .

. . . and found curves such as these:

6
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7

(1) What does the graph on the previous page

show about rotational velocities as you go out from

the center of Andromeda?

Rotational velocities go up.

8

Over the next decade they carefully studied an-

other 21 galaxies . . .

. . . and found similar behavior:

9 10

Galactic rotation, what we expect:

11

Galactic rotation, what we observe:

12
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The rotations of stars around the centers of galax-

ies are more rapid than we expect from the visible

matter in them.

These “rotation curves” indicate there’s invisible

matter in galaxies. That’s one example of “dark

matter.”We believe it is distributed throughout the

halo of the galaxy, and is not just the invisible mass

of the central black hole.
13 14

(2) Why, based on the rotation curve, do we ex-

pect the dark matter to be scattered throughout

the halo, not just concentrated in the black hole

at the center of a galaxy?

Because rotation rates do not go down as you get

further from the center.

15

From the New York Times, December 27, 2016:

Vera Rubin, 88, Dies; Opened Doors

in Astronomy, and for Women

Vera Rubin, who transformed modern physics and astron-
omy with her observations showing that galaxies and stars
are immersed in the gravitational grip of vast clouds of dark
matter, died on Sunday in Princeton, N.J. She was 88.

Her work helped usher in . . . the realization that what
astronomers always saw and thought was the universe is
just the visible tip of a lumbering iceberg of mystery.

16

Other Evidence of Dark Matter

Gravitational Lensing

17

The problem is that the amount of light bending

that occurs in these situations is far more than

you’d expect the visible matter to cause.

There appears to be invisible – or “dark” – matter

causing the extra bending.

18
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What is dark matter not?

We’re more certain of this than what it is. . .

� Not thin, invisible clouds of normal matter:

no absorption of radiation passing through.

� Not antimatter:

we don’t see matter annihilating it.

� Not large galaxy-sized black holes:

not the right kind of gravitational lensing.
19

What might dark matter be?

Various proposals:

� MACHOs: MAssive Compact Halo Objects,

such as brown dwarfs or bits of heavy elements

scattered through space.

� WIMPS:Weakly InteractingMassive Particles,

such as neutrinos. (Considered likeliest.)

� Small black holes.
20

The Search for Dark Matter

� The Alpha Magnetic Spectrometer (AMS-02)

on the International Space Station is analyzing

cosmic rays for evidence of unusual particles.

� The China Dark Matter Experiment (CDEX),

a search for dark matter WIMP particles, at the

China Jinping Underground Laboratory, 7,900 ft

deep.
. . . plus IceCube at the S.P. and others.21

Dark Energy

Evidence suggests that about 68% of the Universe

is made of dark energy: we can infer it’s there, but

cannot directly measure it.

(3) So, you HICOPS⇤, how much of the Universe

is visible? 5%.

⇤

22

What is the evidence for dark energy?

We need to review the expansion of the Universe:

� Measure redshifts using spectra: very accurate.

Infer velocity (v).

� Measure distance (d) using standard candles:

less accurate.

� Get expansion rate (H) from v = Hd.

23

� The Universe is expanding today.

� The Universe is spatially nearly flat.

� There likely was an inflationary phase in the

past (made the big bang bang).

24
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AST10 Week 13, Slides 25–30

. If the expansion is decelerating, this is the future

of the Universe:

Measuring the deceleration rate is important.
25

The Supernova Cosmology Project (SCP), started

in 1988 by Saul Perlmutter, had the aim of mea-

suring the deceleration of the Universe - using

Type 1a supernovae (SNe Ia) as standard can-

dles.

SNe Ia: Supernova from the explosion of an ac-

creting white dwarf or white dwarf merger.

26

SNe Ia are rare – only a couple of times per

millennium in a galaxy . To get statistically

significant results a large sample is needed.

Perlmutter’s group observed thousands of galaxies

over two to three nights then imaged the same

patches of the sky about three weeks later.

They found batches of about a dozen or so new

SNe at a time.
27

From the success of this strategy Brian Schmidt in

Australia and others founded in 1994 a competing

collaboration – the High-z Supernova Search Team

(HZT).

Over the next few years, the HZT led by Schmidt

and the SCP led by Perlmutter searched for super-

novae independently, often but not always at the

same telescopes.
28

The two teams published breakthrough papers in

1998 announcing that they had found that the ex-

pansion of the Universe does not decelerate,

but actually accelerates .

29 30
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We do not see the energy that drives this acceler-

ation. To what do we attribute this dark energy?

31 32

33 34

(4) How might the cosmological constant acceler-

ate expansion?

35

The observational work led to Nobel prizes for

some team members in 2011.

Over the last seventeen years other observations of

the CMBR, large scale structure of galaxies, etc.,

have confirmed that around 68% of the content

of the Universe is in the form of dark energy. We

don’t have a good understanding of what the en-

ergy is underlying a possible ⇤.
36
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Your name:

Arvind Borde

AST 10: Homework 1
1 ] Assuming that light travels at about 300000 km/sec, how long in km would a light-second be? A light-minute?

2 ] If your friend says “You look light-years younger” what, if anything, does that mean?

3 ] Looking at far-away objects gives us a good picture of what the Univerese is like at this instant of time. True

or false? Give reasons either way.

4 ] Are all galaxies spiral in shape?

5 ] If you bounce a radiowave o↵ the head of your friend and it takes 5-millionth of a second to return to you,

how far is your friend from you? (Use the information given in one of the problems above.)

6 ] What do your eyes have in common with methods used by astronomers to figure the distance to nearby stars.

7 ] Does the parallax method work better for relatively nearby objects or for very distant ones?

8 ] What is one specific place in this cosmic distance ladder diagram that standard candles are used? What does

“standard candles” mean?



Your name:

Arvind Borde

AST 10: Homework 1b
1. Matter is one of two basic entities that make up the world. What is the other?

2. What are the four basic forces? Which of these is most important in determining the large-scale structure of

the Universe? Why?

3. Calculate (a) 103 ⇥ 10�3
, and (b) 103 ÷ 10�3

.

4. If y / x and x triples, what will happen to y?

5. If y / 1/x and x triples, what will happen to y?

6. If y / 1/x2
and x triples, what will happen to y?

7. If you unexpectedly gain mass overnight to double what you were, would the gravitational force between you

and the earth change, and by how much?



Your name:

Arvind Borde

AST 10: Homework 2
1. What is one system that’s stable against gravitational collapse because of rotation and one system that’s

stable because of expansion?

2. What is “gravitational collapse” anyway?

3. Does an Sc galaxy have more or fewer spiral arms than an Sa?

4. As you go from E to S galaxies to do they get flatter or “rounder”?

5. Why do we think the MW has a flattened shape?

6. Why do we think the MW is spiral?



Your name:

Arvind Borde

AST 10: Homework 2b
1. What are the three parts of the Milky Way?

2. What are two parts of the Milky Way where stars might only be light days away from each other?

3. What is Sagittarius A* and why should we care?

4. What do we think is the mass of the black hole at the center of the Milky Way?

5. How do we figure out this mass?

6. Are the arms of the Milky Way “material”? Give reasons.

7. How far out does the halo of the Milky Way seem to extend?

8. Is the sun a Population I star or Population II. Why?

9. How many stars does the Milky Way contain?

10. What are globular clusters? Where are they?



Your name:

Arvind Borde

AST 10: Homework 3
1. Let’s check how much energy there is in 1 gm of matter. The unit of energy below will be an “erg.” A

100Watt bulb uses 109 ergs/second. A gallon of gas yields 12⇥ 1014 ergs of energy.

a) The speed of light is c = 3⇥ 1010 cm/sec. Calculate E = mc2 for m = 1 gm.

b) How many seconds would that power a 100W bulb?

c) How many seconds are there in a year? Convert the answer in (b) to years.

d) How many gallons of gas is the answer in (a) equivalent to?

2. We said in class that the sun emits 3.9 ⇥ 1026 Joules of energy every second. In these units, the speed of

light is 3⇥ 108 meters/sec.

a) Using this value of c, and rearranging E = mc2, calculate how much mass the sun most lose every second

to account for this energy output. (The unit will automatically be kg.)

b) Rounding o↵ the value we found in class, each 4H ! He process loses 5 ⇥ 10�29 kg. How many such

processes do you need to power the sun?

3. As said in the class, fusion in stars is a three-step process:

i) Two protons collide to produce deuterium (a variant of hydrogen), a positron

(an anti-electron), and a neutrino.

ii) A proton collides with the deuterium to produce a another helium variant

(helium-3) and a gamma ray (high-frequency electromagnetic wave).

iii) Two helium-3s collide to produce a normal helium nucleus, releasing two

protons.

a) At what stage(s) is energy released that can escape from the star?

b) At what stage is light released that can escape from the star?

c) Which form of energy gets out quicker?

4. In which part of a star do the nuclear reactions that “fuel” it occur? (Throughout the star? The outer layers?

The inner core?) Why just in that region?



Your name:

Arvind Borde

AST 10: Homework 3b
1. The Hertzsprung-Russell diagram uses the temperature in degrees Kelvin, related to degrees Celsius by

�K =�C + 273�

a) What is the freezing point of water in �K?

b) What temperature is it in �C when it’s 0�K?

2. Are stars likely to form from gas clouds that are 1% of M�? 50% of M�? 700% of M�? If not, why not?

If stars do form in these cases, which (if any) are likely to create heavy elements such as iron?

3. Would you say our sun is (a) in its youth? (b) in middle age? (c) in old age? Why?

4. We said that the apparent brightness of a star is / L/d2, where L is the absolute (or true) brightness. If a

star is a hundred times fainter than you’d expect, were it 10 ly from us, is it really nearer us than that or farther?

How far is it?



Your name:

Arvind Borde

AST 10: Homework 4
1. What are the three end states of stellar life and what are the initial masses and the masses of the remnants
that lead to these?

2. The lifetime, t, on the “main sequence” (see the Hertzsprung-Russell diagram from Week 3) of a very massive

star is

t ⇡ 30

✓
M

7M�

◆�3

Myr.

a) What is the lifetime of a star with M = 7M�?

b) How does that compare with the lifetime of the sun?

c) What is the lifetime of a star with M = 14M�?

d) How does that compare with the lifetime in part a?

e) Based on this as the mass increases, does the lifetime of a massive star go up or down?

f) Can you think of a reason why the answer in part e might be what it is?

3. Here’s what goes on in the core of a massive star toward the end of its life

As you go outward, are you fusing lighter or heavier elements? Why might that be the case?

4. Here’s a Hubble space telescope image of a globular cluster. The faint images in it are believed to be white

dwarfs. How many do you count?



Your name:

Arvind Borde

AST 10: Homework 4b
1. Look through your notes and fill in columns B and C in the table below with the densities and the units we

used (kg/m3, g/cm3, etc.) for each object. In each case, use powers of 10, not “billions,” etc.

Densities

Column A
Object

Column B
Density

Column C
Units

Column D
Densities in gm/cm3

Water

The Earth

Lead

A white dwarf

A neutron star

2. 1 kg/m3 converts to 10�3 gm/cm3. Why?

3. Whether or not you can explain the previous conversion, use it to fill in Column D in the table above. You’ll

now have all the densities in the same units, and you can see how they compare.

4. Remember that density =
M

V
where M is the mass and V the volume.

What is volume in terms of M and density?

5. Using M� ⇡ 2⇥ 1033 gm and the previous result, what are the volumes of a one solar-mass (a) white dwarf,

and (b) neutron star?

6. As you may remember, the formula for volume is V =
4

3
⇡r3. What is r in terms of V ?

7. Use the answers of the previous two questions to get the radii of a one solar mass (a) white dwarf, and

(b) neutron star. The answer will be in cm. Convert it to km (one km is 100,000 cm).

8. Here are the dimensions of some common things:

Diameter of Earth: 1.3⇥ 104 km. Length of Manhattan: 21.6 km.

Which of these is closest to the diameter of a white dwarf radius? Which to a neutron star?



Your name:

Arvind Borde

AST 10: Homework 5
1. Do you think black holes might be detectable by observations? What might be some di�culties? How are
they surmounted?

2. What are the di↵erent types of black holes we think there are?

3. By the “size” of a black hole astronomers usually mean its Schwarzschild radius. If the mass of a black hole
doubles, how does its size change? What if the mass halves?

4. Look at the “galactic center animation” on the course webpage. The animation is based on ongoing obser-
vations of the motion of stars at the center of our galaxy (represented by ). There is no visible physical object
at that precise location. What does the animation show?

5. One of the smallest known black holes was announced at (link also on course page)
http://www.nasa.gov/centers/goddard/news/topstory/2008/smallest blackhole.html.

What is the mass of the black hole? What is its Schwarzschild radius? How does that compare with the value
given in the linked article?

6. Here’s the Wikipedia list of the most massive black holes (link also on course page):
http://en.wikipedia.org/wiki/List of most massive black holes.

Roughly how many candidates are on the list? What is their range of masses (using M� as the unit and expressing
yourself in “millions,” “billions,” etc.)?

7. What are the di�culties with the Newtonian view of black holes?

8. In the 1960s a strong source of x-rays was discovered in a constel-
lation called Cygnus. The x-ray source was named Cygnus X-1. Closer
observations revealed a large blue star orbiting every 5 days around an
unseen companion. On the right is an artist’s rendering. What does
the picture show? What might be the source of the x-rays?



Your name:

Arvind Borde

AST 10: Homework 6
1. According to the theory of relativity, gravity is not a true force. What is it?

2. What attribute of an object is connected to the curvature of spacetime that it causes? (Color? Shape?

Charge? Mass?)

3. What are the three e↵ects explained (or predicted) by Einstein when he proposed the final version of the

theory of relativity?

4. You are an astronaut orbiting the earth, when catastrophe strikes and the earth goes black hole. How does

that a↵ect your orbit?

5. A white dwarf is a solid physical object. A neutron star is a solid physical object. What about a black hole?

6. The sun has an average density of 1.4 gm/cm3. That’s 1.4 times the density of water. As mentioned in class,

the sun would have to compress to a density of 2⇥1016 g/cm3 to “go black hole.” That’s 20 million billion times

the density of water. What would the density be for the formation of a black hole that’s (a) 10M�? (b) 1
10M�?

7. We said in class that
m

4⇡
3

�
2Gm
c2

�3 =
3c6

32⇡G3

1

m2
. Work out the algebra to go from left to right.

8. You’re at r = 3M from a black hole center, with a jet-propulsion

pack. Can you safely orbit the black hole? If you shine a flashlight

as shown, what might you see? What would happen if you were at

r = M?



Your name:

Arvind Borde

AST 10: Homework 6b
1. Einstein calculated a formula predicting the angle that light bends by (for small angles) when it passes a

spherical mass:

angle = (2.06⇥ 105)
4Gm

bc2

where m is the mass of the object that’s bending light, b (called the “impact parameter”) is the distance of closest

approach. G and c are, well, G and c. The values are below. The formula gives the angle in “seconds.” For a

light ray that grazes the sun, we use:

b = r� = 7⇥ 108 m,

m� = 2⇥ 1030 kg,

G = 6.7⇥ 10�11
m

3
/kg·sec2,

c = 3⇥ 108m/s.

What is the angle?

2. In the formula for the angle (above), as the the mass, m, goes up does the angle go up or down? Does this

make sense?

3. In the formula for the angle (above), as the the impact parameter, b, goes up does the angle go up or down?

Does this make sense?

4. I said that the term f(r)dt2 in the Schwarzschild “metric” (distance formula for spacetime surrounding a

spherically symmetric object) determines the “proper time” felt by an observer. Remember that f(r) = 1� rs
r
.

For r = 1000rs, what is f(r)?

For r = 1.001rs, what is f(r)?

5. From the previous, does time move more slowly or more quickly close to a back hole compared to far from

it?

6. Are gravitational waves hard to detect or easy? Why?

7. Why two detectors for gravitational waves?

8. As we said in class, a supernova that was seen in 2014 seemed

to have been seen before in 1995 and 1964, and we expect to see it

again by 2020. Why is this supernova flaring up again and again, and

how is that even possible, or is something else happening?



Your name:
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AST 10: Homework 7
1. If two waves (Wave A and Wave B) have the same speed, but Wave A has three times the wavelength of

Wave B, how are their frequencies related?

2. What is the Doppler e↵ect?

3. Is light a wave or a particle?

4. What is a photon?

5. The frequency of a light wave can be measured as the number of waves that go past in a time unit. The speed

of light is approximately 300 million meters/sec and the wavelength of orange light is roughly 6 ⇥ 10�7 meters.

How many waves of orange light will go past you in one second? (Use the relationship between speed of a wave,

wavelength and frequency.)

6. Is it possible to identify an element by the radiation it emits? How? What aspect of atomic structure is

related to this phenomenon?

7. If the frequency of an electromagnetic wave doubles, how does its energy change?



Your name:

Arvind Borde

AST 10: Homework 7b
1. Which of the ground-based telescopes that we discussed in class might not have its observations a↵ected by
the earth’s rotation?

2. How smooth does the surface of the Arecibo telescope seem com-
pared to the surface of the Subaru? (See class notes for pictures.) If
the smoothnesses seem di↵erent, why might it be OK to have di↵erent
degrees of smoothness in the two cases? For a radio telescope that’s
distinctly not smooth, see the picture on the right of a radio telescope
at Stanford University. Why might it work as a reflector?

3. If a telescope with focal length 30 cm “sees” an object taking up 2� of its view, how big is the image in the
telescope?

4. If an object makes an image that’s 0.5mm on your retina, how many degrees of your view does it occupy?

5. When you zoom into an object optically with your camera (not electronic zoom), does the lens extend or
contract? Why?

6. Why is a ground-based x-ray telescope not a great idea?

7. What is the resolution in seconds of telescope with a 0.5m diameter lens at visible light?

8. We’ve seen in class that some telescopes are dual-purpose: they detect visible light and infra-red. Were the
telescope in the question above capable of this, would it have higher resolution in infra-red or lower (compared
to visible light)?

9. What diameter lens do you need on a telescope that can resolve up to a thousandth of a second?



Your name:

Arvind Borde

AST 10: Homework 8
1. In this portion of the Hubble Ultra Deep Field photograph below, what di↵erent types of galaxies do you see?

2. Here are some of the main points made at the Great Debate, between Shapley (“the nebulae are part of the

Milky Way”) and Curtis (“the nebulae are separate galaxies”). Choose a winner for each point.

Shapley: The period of Cepheid variables is a good way to tell distance.

Curtis: Not so.

Shapley: Spectroscopic parallaxes can be trusted as a way of gauging a wide range of distances.

Curtis: They can only be trusted under 300 ly.

Shapley: The Milky Way is huge with well over a billion stars in it, many obscured by dust.

Curtis: It’s much smaller; a straightforward count of what you see gives a good estimate of under a billion.

Shapley: The solar system is on the edge of the Milky Way.

Curtis: It is near the center of the Milky Way.

Shapley: Some nebulae are seen to rotate over a few years. They cannot be too big

Curtis: More data are needed.

Shapley: Some novae seen in the nebulae are briefly brighter than the entire nebula. How can that be if

they are galaxies?

Curtis: Maybe there’s a special kind of nova.

3. Luminosity is measured in watts (W), as with light bulbs, and apparent brightness in watts/meter2 (W/m2).

If a 100W light bulb seems to only be 1W/m2, how far is it from you?

4. L� ⇡ 4⇥ 1026 W. The earth is 152 billion meters from the sun. What is the apparent brightness of the sun

on earth? Pluto is on an average 5.9⇥1012 m from the sun. What is the apparent brightness of the sun on Pluto?



Your name:

Arvind Borde

AST 10: Homework 9
1. How does the CfA redshift survey determine distances to the galaxies?

2. What have the CfA redshift and Sloan Digital Sky surveys found about the 3D structure of the Universe?

3. What are the di↵erences among the stellar populations of elliptical and spiral galaxies?

4. Do observations show that stars in galaxies have higher or lower orbital velocities than indicated by the visible
matter? What is the implication of this?

5. What’s a QSO?

6. Why was the discovery of quasars significant?

7. Can we watch galaxies evolve and interact in “real time”? If not, how do we know the di↵erent stages of
galactic behavior?

8. Suppose you have a spherical distribution of matter with a fixed density, as shown below:

The “safe” orbital velocity (so that you neither fall to the center nor spiral out) obeys

v /
⇢
r inside
1p
r

outside

a) When you are inside the sphere does the orbital velocity go up or down as r increases?
b) When you are outside the sphere does the orbital velocity go up or down as r increases?
c) Is this consistent with the expected rotation curve of galaxies?



Your name:
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AST 10: Homework 10
1. What prevents these from undergoing immediate gravitational collapse?

a) You.

b) Your astronomy professor.

c) The Milky Way.

d) The Universe.

2. Is a static Universe stable or unstable in

a) Newton’s theory?

b) Einstein’s theory?

3. What is the role of ⇤, the cosmological constant?

4. Hubble’s law says that V = HR. If V , the speed of recession of a distant galaxy, is expressed in km/sec, and

R, the distance to the galaxy, is expressed in km, what are the units of H (called the “Hubble constant”)?

5. If galaxy A is twice as far from us as galaxy B, how much faster or slower is it receding from us?



Your name:

Arvind Borde

AST 10: Homework 10b
1. I presented a table in class listing di↵erent values for the Hubble constant at present, H0, and the age of the
Universe in billions of years. But, I engaged in a little standard astronomical hanky-panky with the units. In the
numbers presented there, the age of the Universe, T , is not simply 1/H0. For example, the first line had Hubble’s
measured value H0 = 500 corresponding to an age of T = 2 billion years. But 2 6= 1/500. You need to divide H0

by something to get the units to match up so that T = 1/H0. What division factor do you need?

2. Using the “correct” (i.e., consistent) units, here’s a table of recent measurements of H0. What are the biggest
and smallest ages of the Universe that you get from these values?

H0 and T (billions of years)

Year Mission/Instrument H0 T = 1/H0

2013 ESA Planck satellite 0.0678
2012 NASA Explorer 80 0.0693
2008 Chandra 0.0776
2005 Hubble 0.0720

3. One of the lines in the Hydrogen spectrum has a wavelength of 4.861⇥ 10�7 m. The line is observed in the
spectrum of a distant galaxy at 4.923⇥ 10�7 m.

a) What is the change in wavelength, ��?
b) What is ��/�?
c) Using ��/� = v/c (and the value c = 3⇥ 105 km/sec) what is the velocity, v, of the galaxy?
d) Is the galaxy moving away from us or toward us?

4. Let’s use Hubble’s Law, V = H0R, as a distance-measuring tool to estimate how far away the galaxy in the
previous question is.

a) Using a value of H = .075 (in appropriate units – see below), and V from the answer to the previous
question, what is R?

b) The answer in (a) is in kpc (kilo parsecs), where the pc is a unit astronomers like to use. 1 pc=3.26 ly.
Convert your answer to ly and express it in millions of light years.

5. The left-hand side of the red-shift equation, ��/� = v/c, is often denoted by astronomers by the letter z.
a) Objects with z > 1 are known. What does that say about the velocity of their recession?
b) It is a basic pillar of the theory of relativity that no physical object can travel faster than c, the speed

of light. Is that consistent with part (a)? If not, how do you think this inconsistency might be resolved? (Hint:
remember the picture with people riding motorcycles through space as opposed to merely sitting in chairs.)

6. We’ve seen that if the “acceleration” of the scale factor, a(t), is negative everywhere, then the graph of a(t)
must be concave down and, therefore, a(t) = 0 at some point in the past. If you don’t require the acceleration
to be negative, sketch a possible graph for a(t) that does not have a(t) = 0 anywhere.
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AST 10: Homework 11
1. In class we pondered (slide/page 9 in printed notes) the } equation:

3ȧ2(t)

a2(t)
+

3k

a2(t)
=

8⇡G

c4
⇢. }

It turns out that the Hubble constant H0 = ȧ(t)/a(t).

a) Re-express the } equation using H0 in place of ȧ(t)/a(t).

b) Then rewrite the equation by solving for ⇢.

c) Finally, in the case when k = 0 (zero spatial curvature) what is ⇢? Call that value ⇢c.

d) When k = 1 do you think the energy density ⇢ needs to be greater or less than ⇢c?

e) When k = �1 do you think the energy density ⇢ needs to be greater or less than ⇢c?

2. In the ~ equation,
3ä(t)

a(t)
= �4⇡G

c4
(⇢+ 3P ) ~

we have seen that ä(t) < 0 when ⇢ > 0, P > 0. Suppose that we have ⇢ > 0, but P = �⇢. Would ä(t) still

be negative? What shape would that graph of a(t) have in this situation? Would there be implications for the

necessity of a birth for the Universe?

3. What is the di↵erence between a static Universe and a steady state Universe?

4. Why was the discovery of quasars a problem for steady state cosmology?
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AST 10: Homework 12
1. Is the “big bang theory” a genuinely new theory or is it derived from other, more fundamental theories? What

are those theories? What are the observational successes of the big bang theory?

2. Roughly how old is the Universe according to the big bang theory?

3. What is the horizon problem? Who pointed it out? If the Universe were infinitely old in its present form,

would there still be a horizon problem?

4. We have seen before that the } equation can be written in terms of the Hubble constant H0 as

3H2
0 +

3k

a2(t)
=

8⇡G

c4
⇢.

Solve this equation for H0.

5. What is the flatness problem? Who pointed it out?

6. What problem in particle physics was Alan Guth trying to solve when he discovered cosmic inflation?

7. What is the basic idea of cosmic inflation? Why is it called “inflation”?

8. We have seen that if P = �⇢, the ~ equation becomes

3ä(t)

a(t)
=

8⇡G⇢

c4

. Solve this for ä(t).

9. Using the formulas on the slides in class, if a cylinder of dough is originally 50 cm long and 1 cm in radius,

what would its length and radius be after 16 “pulls” (as described in class).

10. How does inflation solve the horizon and flatness problems?
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AST 10: Homework 12b
1. What is “structure formation” and how does cosmic inflation attempt to explain it?

2. When was the first progress made in understanding quantum fluctuations in inflation?

3. What scientific missions are looking for the ripples in the microwave background that inflation predicts? Have

we seen the ripples?

4. What are two reasons that inflation re-opens the question of the initial singularity (the beginning of the

Universe)?

5. What does it men to say that inflation is future-eternal?

6. What is a multiverse? Why do we think inflation might predict it?

7. Do we now think that we have proof that inflation, too, must have had a beginning? What expansion

condition is this based on?
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AST 10: Homework 13
1. What is dark matter? How much of the Univerzse is dark matter?

2. What is dark energy? How much of the Universe is dark energy?

3. What is the evidence for dark matter?

4. What is the evidence for dark energy?

5. Which of dark matter or energy can perhaps be explained by a cosmological constant? How?

6. Does dark matter change the shape of the graph of the scale factor from concave down to up?

7. Does dark energy change the shape of the graph of the scale factor from concave down to up?

8. What are some things that dark matter is not?

9. What are some things that dark matter might be?

10. What standard candles were used by the teams that found the accelerating expansion of the Universe?

11. What are Type 1a supernovae?


