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The Cosmos is all that is or ever was or ever will be. 

In the last few millennia we have made the most astonishing 
and unexpected discoveries about the Cosmos and our place 
within it, explorations that are exhilarating to consider. They 
remind us that humans have evolved to wonder, that 
understanding is a joy, that knowledge is prerequisite to 
survival.  
 
I believe our future depends on how well we know this Cosmos 
in which we float like a mote of dust in the morning sky. 

Carl Sagan (1934-1996) 
Cosmos pp20 



How big is the Universe? 
How far away are the stars? 
How can we measure these 
things? 



Physical stats of the Universe 

Diameter:  93 billion light years 
Volume:  4 x 1083 litres 
Mass:  1053 kg* 
Density:   9.9 x 10-30 gcm-3 ** 

Age:   13.8 billion years*** 

Temperature: 2.73K 
 
*Ordinary matter:  4.9% 
Dark matter:   26.8% 
Dark energy:   68.3% 

http://en.wikipedia.org/wiki/Observable_universe *6 protons per cubic metre 
*** The Earth is                    billion years old  4.54 0.05

http://en.wikipedia.org/wiki/Observable_universe


Predicted distances of 
the nearest stars 



Observational tools for viewing the Cosmos 

Telescopes: reflecting and refracting 

Galileo  
1564-1642 

Isaac Newton 
(1642-1727) 



The Gran Telescopio Canarias (meaning "Canaries 
Great Telescope"), also known as GranTeCan or GTC, 
is a 10.4 m (410 in) reflecting telescope undertaking 
commissioning observations at the Roque de los 
Muchachos Observatory on the island of La Palma, in 
the Canary Islands in Spain, as of July 2009. 

Angular resolution of a telescope 
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visible light 







c f Convert wavelength into frequency using 
8 12.998 10 msc  



Hubble 

Spitzer 

Compton 

NASA space telescopes 



The Hubble space telescope 



Radio astronomy 



Observations from beyond the Earth .... Voyager 1 & 2 (1977 -) 



Greetings from Earth! 





Astronomical length scales 

Astronomical Unit (approximately 
the Earth-Sun distance) 

1AU = 1.496 x 1011 m 

Light-year  
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Parsec 

p 

60 arc minutes = 1 degree 
60 arc seconds = 1 arc minute 

calculated from more 
precise light speeds and year 
durations 



Measuring distance x of stars via Parallax 

x

a
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Record the angular 
change   in the 
position of a star over 
the course of a year,  
i.e. as the Earth orbits 
the Sun 
 
This assumes the stars 
are fixed relative 
to the Earth over this 
timescale! 
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a = 1AU =  1.496 x 1011 m 

The parallax of our nearest star outside of the solar system (Proxima 
Centauri) is   1.53626 arc-seconds  
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Caution! Parallax is often stated as /2  



Summary of astronomical distances 

1 AU = 1.496 x 1011 m 
1 light year = 9.461 x 1015 m 
1 parsec = 3.086 x 1016 m 
1Mpc = 106 parsecs = 3.086 x 1022 m 
 



Doppler shift method for measuring radial velocity 

If an object emitting radiation at frequency 
f moves radially towards an observer at 
velocity v, the observer will measure a  
slightly higher frequency of radiation as the  
emitted waves ‘bunch up’. 

Christian Doppler 
1803-1953 
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v

frequency  
change 

Speed of 
radiation 

Frequency 
of emitted 
radiation 

Velocity of 
emitter towards 
observer 

Note this formula is ‘Classical’. It is valid when  
v << c, otherwise a relativistic version must be used 



Redshift  z is the fractional 
change in wavelength of 
light due to the doppler 
effect 
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Using radial velocity calculation (via Doppler shift) 
to calculate distances of stars 

Radially expanding gas 
cloud at time t + t 

Radially expanding gas 
cloud at time t 

Observer 

v t
x








*Measure v from Doppler shift of spectrum 
*Measure angular change   between observations 
*Hence obtain distance of star at centre of expanding gas cloud 



*Measure v from Doppler shift of spectrum 
*Measure angular change   between observations 
*Hence obtain distance of star at centre of expanding gas cloud 

v t
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The key challenge here is to work out what 
the emission frequency f should be, in order to work 
out the doppler shift 



Luminosity method for measuring distances, and detecting planets! 
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Luminosity L is the light 
power generated by a star 

If the star is a distance x 
away then the ‘brightness’ 
B (defined as the power 
per unit area) is L divided 
by the area of a sphere of 
radius x 

If we know the luminosity of a certain type of star (indicated by its spectrum) 
then we can use the measured brightness to work out how far away it is. 

263.846 10 WL   Current luminosity of our Sun 

Dips in measured 
luminosity can 
reveal 
the presence of 
planets 



c f Convert wavelength into frequency using 
8 12.998 10 msc  







Measure surface 
temperature of a star 
from the spectral shape 
 
(i.e. brightness at different 
wavelengths) 

Note solar energy is 
absorbed in atmosphere 
by oxygen, water vapour, 
carbon dioxide etc. Hence dips 
in the solar spectra at sea level. 

This theoretical curve is 
called the Black-Body 
spectrum 

c f 
Convert wavelength into frequency using 



Hertzsprung-
Russell diagram 
 
1910 by Ejnar 
Hertzsprung and 
Henry Norris 
Russell  



Hertzsprung–Russell diagram with 
22,000 stars plotted from the 
Hipparcos Catalogue and 1,000 
from the Gliese Catalogue of nearby 
stars.  
 
Stars tend to fall only into certain 
regions of the diagram. The most 
prominent is the diagonal, going 
from the upper-left (hot and bright) 
to the lower-right (cooler and less 
bright), called the main sequence.  
 
In the lower-left is where white 
dwarfs are found, and above the 
main sequence are the subgiants, 
giants and supergiants.  
 
The Sun is found on the main 
sequence at luminosity 1 (absolute 
magnitude 4.8) and B−V colour 
index 0.66 (temperature 5780 K, 
spectral type G2V). 





The Hubble eXtreme Deep Field (XDF) was completed in September 2012 and shows the 
farthest galaxies ever photographed. Except for the few stars in the foreground (which 
are bright and easily recognizable because only they have diffraction spikes), every speck 
of light in the photo is an individual galaxy, some of them as old as 13.2 billion years; the 
observable universe is estimated to contain more than 200 billion galaxies. 

NASA; ESA; G. Illingworth, D. Magee, 
and P. Oesch, University of California, 
Santa Cruz; R. Bouwens, Leiden 
University; and the HUDF09 Team 





Panoramic view of the entire near-infrared sky reveals the distribution of galaxies beyond the Milky Way. 
The image is derived from the 2MASS Extended Source Catalogue (XSC)—more than 1.5 million 
galaxies, and the Point Source Catalogue (PSC)--nearly 0.5 billion Milky Way stars. The galaxies are colour 
coded by redshift (numbers in parentheses). Blue/purple are the nearest sources (z < 0.01); green are at 
moderate distances (0.01 < z < 0.04) and red are the most distant sources that 2MASS resolves (0.04 < z 
< 0.1). The map is projected with an equal area Aitoff in the Galactic system (Milky Way at centre). 

IPAC/Caltech, by Thomas Jarrett - "Large Scale Structure in the Local Universe: The 2MASS Galaxy Catalog", Jarrett, T.H. 2004, PASA, 21, 396 



How old is the Universe? 
Does it have a beginning, 
and an end? 





How old is the Universe? 

George Lemaitre 
(1894-1966) 
proposed what is 
now termed  the 
Big Bang theory of 
the Universe i.e. an 
expansion from a 
singularity 

13.8 billion years 



Edwin Hubble  
(1889-1953) 

Hubble found that the majority of galaxies were moving away from 
each other. The resulting doppler shift would be towards the red end 
of the spectrum. The line of best fit to the speed vs distance graph 
gives an idea of the age of the universe 
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If one accounts for relativistic 
effects, inflation etc 

t = 13.8 billion years 



Does the universe expand forever? Or does it 
gradually slow down, or does it contract? 



NASA/WMAP Science Team - Original version: NASA; modified by Ryan Kaldari 



Nine Year Microwave Sky .The detailed, all-sky picture of the infant universe created from 
nine years of WMAP data. The image reveals 13.77 billion year old temperature 
fluctuations (shown as colour differences) that correspond to the seeds that grew to 
become the galaxies. The signal from our galaxy was subtracted using the multi-frequency 
data. This image shows a temperature range of ± 200 mK.  

NASA / WMAP Science Team WMAP # 121238 Image Caption 9 year WMAP image of background cosmic radiation (2012) 







Gravity  
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Isaac Newton 
(1642-1727) developed 
a mathematical model of 
Gravity which predicted the 
elliptical orbits proposed by 
Kepler 
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Force of 
gravity 

Planet and Solar 
masses 

Eccentricity of 
ellipse 

Orbital 
period P 

Polar 
equation 
of ellipse 
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Eccentricity of 
ellipse 

Orbital 
period P 

Polar 
equation 
of ellipse 

Equal areas swept out in 
equal times 
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This is a constant 
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Radii of planets not to scale! 

Mercury, 
Venus, 
Earth, 
Mars 

Jupiter 

Saturn 

Uranus 

Neptune 

Johannes Kepler 
1571-1630 

 

Kepler’s 
Third Law 



Albert Einstein (1879-1955) proposed a radical new theory of gravity, 
General Relativity, in which both space & time (‘spacetime’) are curved 
by the presence of mass. This helped to explain anomalies in the 
Newtonian model such as the precession of the orbit Mercury and the 
amount that light is bent by massive objects (Gravitational lensing). 
Note General Relativity predicts the same planetary dynamics as 
Newton’s model when gravity is fairly weak. i.e. Newton’s model can be 
thought of as an approximation. 



Escape velocity 
To escape the gravity of a spherical  astronomical body of mass M and radius R the total energy of the 
system must be positive at an infinite distance from the body.  
In other words, it will have some kinetic energy and will never be gravitationally attracted back towards 
the body. 
 
For a mass m blasting off with velocity v,  it will escape the gravitational influence of M if: 

21
2

0

2

GMm
mv

R

GM
v

R

 

 

For Earth, the escape velocity is: 
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It is interesting to work out the radius of a star of mass M such that the escape velocity exceeds that of the speed of 
light. Since this is not possible, the star becomes a Black Hole. 
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This inequality defines the maximum radius of a Black Hole, 
which  is called the Schwarzschild radius. This is the event 
horizon, or ‘point of no return’ from  the centre of a Black 
Hole. 
 
For the Sun to become a Black Hole ( M = 2 x 1030 kg, R = 
6.96 x 108 m ) its radius would have to shrink to less than 
2.97 km. 
 
This is a mindblowing density of  1.8 x 1019 kgm-3 !  
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Stars & Galaxies 
A star is a luminous 
sphere of plasma held 
together by its own 
gravity.  
 
The nearest star to 
Earth is the Sun. 

For at least a portion 
of its life, a star shines 
due to thermonuclear 
fusion of hydrogen 
into helium in its core, 
releasing energy that 
traverses the star's 
interior and then 
radiates into outer 
space. 





Stars vary in radius, mass and 
surface temperature (which 
is related to their luminosity) 

Stefan-Boltzmann law: 

4L T
Total power 
radiated (all 
frequencies) 

Surface temperature 
/Kelvin 



The lifecycle of a star – much of what happens depends upon its mass 



The Crab Nebula, 
remnants of a 
supernova that was 
first observed 
around 1050 AD 



Earth mass 

Earth radius 

Solar radius 
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Jupiter 

Earth 

Sun 



For main sequence stars: 
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Hertzsprung-
Russell diagram 
 
1910 by Ejnar 
Hertzsprung and 
Henry Norris 
Russell  



Colliding spiral galaxies 

Galaxies are gravitationally bound systems of stars, gas, dust, planets and dark matter 
 
Galaxies range from a few thousand stars to over 1014 stars 

 
There are approximately 170 billion galaxies in the observable universe! 

NGC 4414, a typical spiral galaxy in the 
constellation Coma Berenices, is about 55,000 
light-years in diameter and approximately 60 
million light-years away from Earth. 



The Milky Way 
200-400 billion stars. Its mass is between 0.8 and 1.5 x 1012 solar masses. 
100,000-120,000 light years diameter 
Rotation period about 300 million light years 

Centre is a bright 
radio source 
(Sagittarius A*, 
which is likely to be 
a supermassive 
black hole) 















The Solar System 





Scale in astronomical units AU 
1AUa 

111AU 1.496 10 m 



Since the Earth is also orbiting the Sun 
the positions of the planets as observed 
from Earth appear to make complex 
motions across the sky as viewed 
over any nights. 
 
This is why a heliocentric model is much 
easier to understand than one based 
upon a fixed Earth (geocentric) 







Jupiter 
Saturn Uranus Neptune 

Venus, Uranus and Pluto rotate clockwise about their internal axis 
All other planets rotate anti-clockwise 

24

6

5.972 10 kg

6.371 10 m

M

R





 

 

Earth parameters 



Dwarf planet 
Ceres within the 
Asteroid belt 
 
Radius 
476 km 
 
Mass 
0.00015 Earths 
(9.43 x 1020 kg) 







Saturn – North polar hexagon and 
vortex as well as rings (2 April 2014 

South Pole 
Saturnian 
‘hurricane’ 



Formation of 
the solar 
system 





Moons 



1577 Hale Bop 1997 



Comet 67P/Churyumov–
Gerasimenko photographed 
from the Rosetta mission 2014 





Earth seasons & tides 











Change of position of the Moon 
against background constellations 
over the course of one day 







Spring Tide: Full Moon 

Spring Tide: New Moon 

Neap Tide 



Exotic objects: 
Strange planets, Neutron 
Stars, Quasars, Supernovae, 
Black Holes 



Io – a moon of Jupiter 

With over 400 active volcanoes, Io is 
the most geologically active object in 
the Solar System. This extreme 
geologic activity is the result of tidal 
heating from friction generated 
within Io's interior as it is pulled 
between Jupiter and the other 
Galilean satellites—Europa, 
Ganymede and Callisto.  
 
Several volcanoes produce plumes of 
sulfur and sulfur dioxide that climb 
as high as 500 km above the surface. 

















https://www.youtube.com/watch?v=vw2sLcyV7Vc 

https://www.youtube.com/watch?v=vw2sLcyV7Vc


https://www.youtube.com/watch?v=ow9JCXy1QdY


Black holes 

The effect of gravity if so strong 
that the light from the far side 
of the acceretion disc is bent 
towards the observer. 
 
Within the event horizon, not 
even light can escape the pull 
of gravity 

Gargantua, from the film Interstellar 
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A quasar ('quasi-stellar radio source')is a compact region in the centre of a massive galaxy surrounding a central 
supermassive black hole. Its size is 10–10,000 times the Schwarzschild radius of the black hole. The energy emitted by a 
quasar derives from mass falling onto the accretion disc around the black hole. 
 
Quasars are extremely luminous and were first identified as being high redshift sources of electromagnetic energy, including 
radio waves and visible light, that appeared to be similar to stars, rather than extended sources similar to galaxies. Their 
spectra contain very broad emission lines, unlike any known from stars, hence the name "quasi-stellar". Their luminosity can 
be 100 times greater than that of the Milky Way. 

The Chandra X-ray image is of the quasar PKS 1127-145, a 
highly luminous source of X-rays and visible light about 10 
billion light years from Earth. An enormous X-ray jet extends 
at least a million light years from the quasar. Image is 60 
arcsec on a side. 



Nebulae 

A nebula (Latin for 
"cloud") is an 
interstellar cloud of 
dust, hydrogen, 
helium and other 
ionized gases. 



Pillars of Creation 
Eagle Nebula 
(7000 light years 
away) 
 
 

Hubble space telescope, 2014 



Horsehead Nebula 





Various nebulae, photographed by the Hubble space telescope 



The future of cosmology 
astronomy & space exploration 





http://www.nasa.gov/externalflash/orionfirstflight/ 

Orion: Multi-Purpose Crew Vehicle 
The Moon, Asteroids, Mars .... 

http://www.nasa.gov/externalflash/orionfirstflight/
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