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Kepler discovered three laws of planetary motion.

His laws described how planets move in relation to the sun
and each other.

His Third Law states
“The square of the orbital period of a planet is proportional
to the cube of the semi-major axis of their orbit”

Although this sounds confusing, we can write it as

T2 «rd
where T the time it takes for the planet to orbit the sun, and
ris the distance from the planet to the sun.
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3 Measuring Space
We have always had many questions about
Space:
* What'sin it?
+ How big is it?
« How far away are things?
* How old are things?
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4 Measuring Space
We have always had many questions about
Space:
+ What'sin it? esH°'” can
+ How big is it? gsp“laths
- How far away are things? i
* How old are things?
Slide Qamsp i Discussion points for students — many students are aware that
alileo Galilei Hi: f Modern A: .
> I people used to think that the Sun revolved around the Earth. You
During the Science Revolution, .
: peopieproved et ve Sunvestne | | can ask why people might have thought that — what would the
Nicolaus Copericus These tree Scensts descrbe danger be if we suggested that the Earth wasn’t the centre of the
many rul es that describe the .
"-‘ movements of our planets. U n IVG rse?
Johannes Kepler heir observations and laws earned . . o o .
ggetmhmecme‘cjvewetasme ” Copernicus’ model is based on heliotropism, where the Sun is the
\ athers of lodern Astronomy.
centre of the Universe. We now know this not to be true either,
indeed the Universe doesn’t have a centre.
The notion that the Sun was the centre of the Universe was first
suggested in 3BC
How would you model the motion? These astronomers took
thousands and thousands of observations from telescopes, and
then had to carry out huge calculations by hand.
Slide Qamsp HiE Kepler's 1st Law states that planets move in ellipses, and his
6 Kepler's Third Law

2nd Law is about the speed that the planets move at different parts
of the ellipse.
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Planet Distance to the sun | Period (days)
(AU) - this is r -thisis T
Mercury 0.39 87.8
Venus 0.72 225
Earth 1 365.25
Mars 152 687
Jupiter 5.2 4332
Saturn 95 10759

AU = Astronomical Uni

Using Kepler’s data
2
a) For each planet, calculate :7
b) Whatdo you notice?
c) How far away is Jupiter from The Sun?
d) Whatis the unknown in these units of measurements?

All the planets are as a fraction of 1AU, which is the distance from
the Earth to the Sun.

Without knowing what 1AU is, we have no value for any other
distance either.
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How far away is the sun??

This was something that baffled astronomers for
centuries, until they realised they could use
something called parallax.

1. Close one eye, stretch your arm in front
of you and line it up against Nelson’s
Column.

2. Open your eye and close the other one,
keeping your finger where it is.

3. Whatdo you notice?

Slide

How far away is the sun??

You should notice that when you switch
from one eye to the other, Nelson’s
Column appears to move.

This is called Parallax.
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Parallax
Astronomers used their knowledge of Mars in ‘opposition’.

By measuring the angle to Mars from two known places on
Earth, they were able to estimate the distance.

This is a very simplified diagram of parallax, most likely the object
we are looking at will not be equidistant between the two
observation points on the Earth which makes the trigonometry
more tricky.
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Cassini and Richer
+ Cassini and Richer used this to calculate the distance to Mars.

+ Richer went to Cayenne, in French Guiana, Cassini stayed in Paris
+ Onthe same day, they measured the angle to Mars

+ They waited until Mars was really close to the Earth, so the angle was as
large as possible.

+_They could then calculate the distance.

—Cayenne
(e )

Cassini set Richer out a year in advance so he could accurately
measure his position as calculating position on Earth was
challenging! He measured position by taking measurements of the
stars.

They waited for Mars to be ‘in opposition’. More information is
available

here https://archive.briankoberlein.com/2015/01/08/martian-
chronicles/index.html
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Calculating distances

9.5 arc seconds = 9.5 + 60=0.1583 arc minutes
0.1583 arc minutes = 0.1583 + 60 = 0.00264°
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Calculating distances

00km [ - -

9.5 arc seconds = 9.5 + 60=0.1583 arc minutes
0.1583 arc minutes = 0.1583 -+ 60 = 0.00264°
6700 =+ 2 = 3350km

3350km % a = 0.00264°

3350 3350
tan(a) = —— =

_ _ ;
L L= Gn0.00264) = L =727 %10
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Calculating distances

We can combine our distance with Kepler’s third law to
calculate 1AU (the distance from the Sun to the Earth).

Slide
19

L)umsp

Calculating distances

We can combine our distance with Kepler’s third law to
calculate 1AU (the distance from the Sun to the Earth).

2
As T? « 13, then for all planets, % must be the same value

2 s
1) Can you show that % = ;L:?

2) Using the data Ty, = 687 days, T = 365 days can you
find the ratio %‘;7
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Calculating distances

T

2
As T? « 13, then 1= must be the same value for all planets

2 s
1) Can you show that TTLZ =Dy
=

g
Ty®  Tg?
73 =73
Ty’1e® =T’
Ty e’
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Calculating distances

2) Using the data Ty, = 687 days, T = 365 days can you
find the ratio %’7

6872 1y’
3652 153
W gss
rgd
;
M =354
TE
r
M _ 152 (3sf)
T
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Calculating distances

We have calculated the distance between Earth and Mars
We know that ;—Z =152

Can you calculate the estimate for the distance between
Earth and the Sun?

727 x 107km
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Calculating distances
Ty = 1.52r%
Ty —71g = 0.521%
0.52rg = 7.27 X 107km
rg = 139 million km = 1AU

TE

™ 7.27 % 107km

« Leavitt’s observation involved Cepheid Variable stars.

« The luminosity of the stars pulse with a regular period (gap
between peak luminosity).

« Leavitt discovered that the more luminous the star, the
slower it pulsed.

Brighiness variation of & Cephei
36 - 4.3 Magnitude

=

Here the star pulses with
a period of 5.4 days

Slide Oamsp You may wish to discuss whether you want to put in a more
29 g Caiculating distances 1| accurate number for Cassini and Richer, or a less accurate
measurement of 139 million km. '
The distance s row known 0 b 14597571k measurement for the Sun, as these measurements are not to the
Is this more or less accurate than you expected? same number Of Signlflca nt flgureS.
y:/_(g:' et -
Sl |d e (Jamsp: M
30 Calculating distances
MXlOO")ZQ‘V
149597871 SO
Cassini and Richer had to take accurate measurements of
« Time
+ Location
« Distance
« Angle
« And perform complex calculations without a calculator
« | think they did pretty well!!
Slide Qamsp w= || GAIA is an ESA satellite that maps the stars. More information
31 Parallax was theonlywzitnaeils?n):g distances in the here httpS://SCi'esa'Int/web/gala
I a Boste: et scsocaatily measured the distance 1o You might want to see if students think that 1 billion stars is all the
a star using parallax. . . .
Mo il use paralax o measure distances, GAIAIs 2 stars in the Milky Way? Or the Universe? It’s around 1% of the stars
" in our ‘galactic group’ (Milky Way plus a few extras).
Slide Qamsp wisz= | | Henrietta Leavitt was one of the ‘Harvard Calculators’. She
32 Cepheid Variables originally took up an unpaid role at Harvard University as she was a
.+ Henrietta Swan Leavitt was an Astronomer in . .
], e cary 200 Conuy. ot College woman, but ended up leading a team of astronomers. She died
bservaton .
. Eerdiscéveyrymclrsasedme,?ossiTgo‘_ ) when she was very young, otherwise Hubble was sure she was
istances we COU _measure rom [[¢] t .
yearsto 10 milfon ight years. worthy of a Nobel prize, but they’re not awarded posthumously.
T} exampe ofa She became deaf after graduating. More information can be found
| oreeh fromherwork here https://www.khanacademy.org/partner-content/big-history-
project/big-bang/other-materials2/a/henrietta-Leavitt .
Slide Qamsp HiE Our sun’s luminosity varies by 0.1%. This is what makes Cepheid
33 Cepheid Variables Variables so useful.
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Cepheid Variables

Leavitt’s observation involved Cepheid Variable stars.

Normal stars have constant luminosity

Cepheid variables pulse.

Leavitt discovered that the more luminous the star, the

slower it pulsed.

How do we measure luminosity?

« If you shine a torch near to you, it looks bright, but if you
shine it far away it is much less bright.

« Luminosity is an inverse square law

1
. LO(x_l

Slide
35

Jamsp Cepheid Variables #i

Example:
A star has luminosity 400 Watts when it is 5 light years away, what
luminosity would we see if the same star was 100 light years
away?

STEP 1:

Find k
L=2
k

400=¢;

k =400 x 52
k = 10,000
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Example:
A star has luminosity 400 Watts when it is 5 light years away, what

luminosity would we see if the same star was 100 light years
away?

STEP 1: STEP 2:
Find k Find L
Lok x =100
- xzk k = 10,000
400=g5 10,000
~ 1007
k = 400 x 52
k = 10,000 L=1

So the same star 20 times further away is 400 times less bright
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Your turn:

+ The sun gives 1368 Watts/m? to the Earth

« The sun is approximately 150 million km from the Earth

« If the sun was at Alpha Centauri, which is 41 trillion km
away, how luminous would it be to Earth?

STEP 1: STEP 2:
Find k
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Your turn:

+ The sun gives 1368 Watts/m? to the Earth

« The sun is approximately 150 million km from the Earth

« If the sun was at Alpha Centauri, which is 41 trillion km
away, how luminous would it be to Earth?

STEP 1: STEP 2:
Find k Find L
k =
L=
k -
1368 = fe=

150,000,000%

k = 1368 x 150,000,000
k =3.08x10"

Alpha Centauri is the nearest star system to our Solar System)
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Your turn:

« The sun gives 1368 Watts/m? to the Earth

« The sun is approximately 150 million km from the Earth
« If the sun was at Alpha Centauri, which is 41 trillion km
away, how luminous would it be to Earth?

STEP 1: STEP 2:
Find k Find L
Lok X =41x10"?
- xzk k=2.05x10"
1368 = 156,000,002 _ 3.08x10"
T (41x1012)2
k = 1368 x 150,000,000
k =3.08 x 10%° L=183x10-®

Alpha Centauri is the nearest star system to our Solar System)

Y10SE NC/CM May 2020




Slide
40

Jamsp:

Cepheid Variables
+ How does luminosity help?
+ We can use graphs like the one below that measure the light
from a Cepheid Variable.
+ We need to measure the period (the time it takes for the cycle
to repeat)

b cEmELLGHT CUBYE

Period=84-3=5.4
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Once we know the period, we can use this to find the
luminosity using this graph.

1) Whatis different about the y axis?

We can read off the
___ graphtofind the
- luminosity of the star
from the previous page
with a period of 5.4 days.

1

1

1

1 The luminosity is 1100

1 (units are L_Sun, which

! . compares the luminosity
to that of the sun).

Graph from s

Students might want to see other examples of logarithmic graphs,
and even compare what they would look like on a linear scale. The
most recent example is the graph of Covid-19 cases comparing
countries https://ourworldindata.org/coronavirus#coronavirus-
country-profiles
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The y axis has a logarithmic scale, where the scale uses a
multiply by 10 rule rather than add 10. We can compare values
with a huge range, Log scales are used in exponential models.

2) Can you use these graphs to estimate the luminosity of the
star?

apparent brighmess

time (days)

Graph o
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2) Can you use these graphs to estimate the luminosity of the
star?

The period is approximately 3.9 — 1 = 2.9 days

2.9 days = 900 Luminosity

apparent brighmess

Gragh from s
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What'’s in the Universe?

= As well as measuring distances in the Universe,
we also want to know how what is in it.

= To do this, we use telescopes to look at the
Universe, such as the famous Hubble Space
telescope.

Slide
45

L)umsp-

What's in the Universe?

These are some of
the images taken by
the Hubble telescope
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What's in the Universe?

The most significant Hubble Image?

Draw a 1mm by 1mm square on your thumbnail
and hold your arm at full stretch. Look at the size
of the square......

Slide
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What'’s in the
Universe?

Imagine squashing this picture
into a Imm? square on your
thumb.

Itis the Hubble Ultra Deep
Field, taken by the Hubble
telescope focussed on the
same section of sky for 5
months.

Each dot is a galaxy.

Slide
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What'’s in the
Universe?

Rotate your arm around
your body. What shape
do you trace out?

We can model the
Universe using this
shape.

Slide
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What’s in the Universe?

Building our model
» Yourarmis approximately 1m long.

« The Universe is the size of the sphere you trace out.

How many 1mm squares would fit on the surface area of
the sphere?

(The formula for the surface area of a sphere is 4nr?
To simplify our model we can use 7 = 3)

Slide
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What'’s in the Universe?

. =tmm?

Each square has 10,000 galaxies

Surface area of sphere = m2
Surface area of sphere = mm?

Number of galaxies =

Slide
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What'’s in the Universe?

Surface area of sphere = 4 x 3 x 12 = 12 m?

Surface area of sphere = 12 x 1000 x 1000
=12,000,000mm?

Number of galaxies =
12,000,000 x 10,000 = 120,000,000,000
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What's in the Universe?

Surface area of sphere = 4 x 3 x 12 = 12 m?

Surface area of sphere = 12 x 1000 x 1000
=12,000,000mm?

Number of galaxies =
12,000,000 x 10,000 = 120,000,000,000

On average, a galaxy contains 100,000,000,000 stars

Can you estimate how many stars are in the Universe?

Slide
53

(Jamsp How big? MELE

+ From the first exoplanet discovery in 1995, we have definitely found

+ Using our model, we can estimate that there are 1.2 x 1022 stars in the
Universe

+ How many of those stars have planets? How many of those planets
have life? How many aliens are there?

+ These questions are much harder to answer, but the better Astronomers
are getting at looking for planets, the more we are finding!

more than 4,000 more. We have thousands more "candidates’, which

need confirming by looking at the data., .
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+ The Fermi paradox explores our question of ‘where are the aliens’, as
+ The Drake Equation explores how many planets with aliens might be in

+ o explore why it might be so difficult, we can think of a few things:

« To find more, there is some good reading here and here

we have found many exoplanets yet found no life.

our galaxy.

« An Earth-like planet is Proxima Centauri b. This is 1.2 x 10**km
away. It takes 4.2 years for light to reach us.

+ The most Earth like planet found so far is Trappist-1b which is
39.5 light years away.

and an interesting video here.

More information on the drake equation can be found

here https://exoplanets.nasa.gov/news/1350/are-we-alone-in-the-
universe-revisiting-the-drake-equation/ and on SETI, which was the
institute founded by the work of Drake, can be

found here https://www.seti.org/
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Contact the AMSP
J 01225 716 492
@ admin@amsp.org.uk
[N amsp.org.uk
W Advanced_Maths

Stay informed about the AMSP and receive updates:
https://amsp.org.uk/subscribe
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