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“Space is big. You just won't believe how 
vastly, hugely, mind-bogglingly big it is.”

- The Hitchhiker's Guide to the Galaxy
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We need a map…
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(Truth in adverPsing) This is a photo of Andromeda, not the Milky Way…

(not) 



It's	not	obvious,	because	we	are	inside	one	of	the	
spiral	arms	

5	Astro 
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100,000 light years 

Our farthest space probe (Voyager 1) is only 19 light hours from the Sun.*  

*Less than the size of the pointy part of the ‘you are here’ arrow. 

Voyager Mission Status: https://voyager.jpl.nasa.gov/mission/status/ 
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So why are astronomers confident they know the shape of our 
galaxy, and the distances to all those stars and planets? 

100,000 light years 



•  These distances are too vast to be measured directly. 
•  Nevertheless, astronomers have several ways of measuring them indirectly. 
•  These methods are clever, and combine careful observation with 

(sometimes) high school mathematics. 
•  The farther out we go, we need to use different overlapping methods. This 

is called the cosmic distance ladder. 



Question: How do we perceive distances 
in everyday life? 

 
List the ways… 

 
For example: binocular vision 
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•  Parallax (two eyes) 
•  Motion parallax 
•  Depth from motion 

(change in apparent 
size) 

•  Perspective (using 
knowledge of shapes) 

•  Relative size (compared 
to known object) 

•  Luminance contrast 
(distant things appear 
hazy) 

•  Occulomotor cues (you 
perceive how hard your 
eye needs to distort in 
order to focus) 

•  Occlusion (near things 
occlude far things) 

•  Texture gradients 
(details are discerned if 
close) 

•  Apparent brightness 

Depth perception in everyday life: 
we perceive 3D using 
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Source: Wikipedia 



•  Parallax (two eyes) 
•  Motion parallax 
•  Depth from motion 

(change in apparent 
size) 

•  Perspective (using 
knowledge of shapes) 

•  Relative size (compared 
to known object) 

•  Luminance contrast 
(distant things appear 
hazy) 

•  Occulomotor cues (you 
perceive how hard your 
eye needs to distort in 
order to focus) 

•  Occlusion (near things 
occlude far things) 

•  Texture gradients 
(details are discerned if 
close) 

•  Apparent brightness. 

Depth perception in everyday life: 
we perceive 3D using 
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Source: Wikipedia 

Only TWO of these methods works for determining the distances 
to astronomical bodies: parallax and apparent brightness. 



Parallax! 
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Parallax! 
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But our eyes are too close for astronomical work… 



Apparent Brightness! 



Apparent Brightness! 

But astronomical work requires dealing with unfamiliar 
and strange objects we can’t hold up-close so we can 
‘calibrate’… 



•  Parallax (two eyes) 
•  Motion parallax 
•  Depth from motion 

(change in apparent 
size) 

•  Perspective (using 
knowledge of shapes) 

•  Relative size (compared 
to known object) 

•  Luminance contrast 
(distant things appear 
hazy) 

•  Occulomotor cues (you 
perceive how hard your 
eye needs to distort in 
order to focus) 

•  Occlusion (near things 
occlude far things) 

•  Texture gradients 
(details are discerned if 
close) 

•  Apparent brightness 

Depth perception in everyday life: 
we perceive 3D using 
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Source: Wikipedia 

Only ONE of these methods works for determining 
the distances to astronomical bodies: parallax. 

But your eyes are nowhere near far apart to be of 
use for astronomical work. 

This means we have no ability to judge the distance to 
celestial bodies without the aid of technology.  

But how does the technology work? 

The basic principles are fairly simple. 



•  Ancient Greeks knew the Earth was round 
•  Pythagoras (~500 BCE) 
•  Aristotle (4th Cent. BCE) 
•  Aristarchus (3rd Cent. BCE) 
•  Ptolemy (2nd Cent. CE) 

Shape of Earth 
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Shape of earth’s shadow 
in a lunar eclipse 

Shape of Earth: Evidence 
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Distant ships disappear 
bottom first  

Shape of Earth 

19	

http://www.astronomygcse.co.uk/ 



New Stars become 
visible as you travel 
north or south 

Shape of Earth: Evidence 
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Horizon of  A 
H

orizon at B
 



•  Once you know the earth is a sphere, 
the next logical question is how big is it? 

•  Eratosthenes (approx 200 BCE) 
devised a clever way of measuring it 
using shadows and a bit of geometry. 

Size of the Earth 

21	



Alexandria/Syene (modern Aswan) 
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Almost	1000	km*,	
nearly	at	same	
longitude	

*1000	km	is	about	the	distance	from	Tidewater,	VA	to	Jacksonville,	FL	



Alexandria/Syene (modern Aswan) 
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Because	Alexandria	and	
Syene	lie	on	nearly	same	
longitude,	local	noon	occurs	
at	nearly	the	same	.me.	
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1.	Ray	of	Sun	shines	straight	down	a	well	
in	Syene,	Egypt	at	noon	on	one	day	in	
summer		(i.e.	the	Sun	is	directly	overhead	
at	noon)	 26	



θ 

θ 

θ 

2.	On	same	day,	at	
local	noon	in	
Alexandria,	the	
Sun	is	not	directly	
over	head	

D	=	5000	stadia	
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1.	Ray	of	Sun	shines	straight	down	a	well	
in	Syene,	Egypt	at	noon	on	one	day	in	
summer		(i.e.	the	Sun	is	directly	over	head	
at	noon)	

D	=	distance	from	Alexandria	to	Syene	

Alexandria 

Syene 



θ	

θ	

θ	
From	the		
Geometry		
of	a	Circle		

(C	=	circumference	
of	the	Earth):		
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D	=	5000	stadia	
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•  Estimated the relative size of the  
Earth and the moon  
> Used Earth’s shadow on the moon in  

a lunar eclipse (Earth is about 3 times larger) 
•  Estimated distance to moon 

> Time of a lunar eclipse (3 hours) 
 i.e. the time it takes the Moon to move an Earth’s diameter 

> Time of a lunar orbit (660 hours) 
> Therefore circumference of the orbit is 660/3 times  

bigger than Earth’s diameter 
> Then found the radius in terms of Earth’s 

diameters 
(divide by 2π) 

•  Both are close (0.27 and 35 Earth diameters) 

Aristarchus (250 BC) and the Moon 
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•  He also estimated distance to the Moon 
>  Time of a lunar eclipse (3 hours) 

 i.e. the time it takes the Moon to move about an Earth’s diameter 
>  Time of a lunar orbit (1 month = 660 hours) 
>  Therefore the fraction of the time in shadow (3/660) is 

also the fraction of the shadowed part of the orbit to the 
full circumference (2πR). 

>  Use this to find radius of the Moon’s orbit in terms of the 
Earth’s diameters 

•  Get about 35 Earth diameters (true value ~ 32) 

Aristarchus (250 BC) on the Earth and 
Moon 
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•  At half moon the Earth-Moon-Sun make a right triangle 
> We see them almost halfway across the sky 

•  We can use some trig 
>  The angle between the Sun and the Moon (A) 
>  The Earth-Moon distance (adjacent)  
>  The Earth-Sun distance (hypotenuse) 

   cosA = adjacent / hypotenuse << 1  
•  Therefore Sun is much further away than the Moon 

Aristarchus also estimated the distance to the Sun 
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Now we can bounce radar or laser beams off 
nearby objects to get the distances 
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We can use this method to measure the distance 
to the Moon to within a few millimeters. 

It is moving away from us at 3.8 cm/year! 



The radar/laser bounce method works within the 
solar system 
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Light takes about a day to cross the solar system, 
so the ‘echos’ can be heard 



The radar/laser bounce method works within the 
solar system 
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How do we measure distances outside the solar system? 



Remember parallax! 
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The geometry of parallax 
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First measurement of stellar parallax: 
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http://nautil.us/issue/1/what-makes-you-so-special/the-shrinking-earth 

67 Cygni 



How’s our map coming along?
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How’s our map coming along?
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On this scale, until the late 1990’s 
the distances we could measure 
using parallax were still less than 
the pointy end of the arrow! 

Then….Hipparchos came along! 



How’s our map coming along?
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Hipparcos: the most important space probe you’ve 
probably never heard of… 

Improved our parallax measurements significantly… 



How’s our map coming along?
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This ‘Hipparcos parallax limit’ sphere contains 1,000,000 stars. 



How’s our map coming along?
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The big news in parallax: GAIA (launched December 2013) 

http://sci.esa.int/gaia/ 
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The big news in parallax: GAIA (launched December 2013) 

GAIA is a big leap 
forward…but it’s 
precision sPll only 
gets us to the edge 
of the Milky Way.

http://sci.esa.int/gaia/ 



Page	45	

Astronomers have known the rough size of the 
Milky Way since the 1920s. How did they do it?
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How can we measure distances beyond the parallax limit? 
How can we measure the distances to objects outside the Milky Way? 

A new method for measuring distance has to be introduced.  



Remember Apparent Brightness! 

But astronomical work requires dealing with unfamiliar 
and strange objects we can’t hold up-close so we can 
‘calibrate’… 
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How can we measure distances beyond the parallax limit? 
How can we measure the distances to objects outside the Milky Way? 

Use the fact that the apparent brightness of a star or 
galaxy depends upon how many photons fall on our 
eyeballs (or electronic detectors). 



The apparent brightness  
falls like 1 over the 
distance squared. 

 

This means that if we 
know the true brightness, 
and we measure the 
apparent brightness, we 
can infer the distance! 

Apparent brightness vs distance 



•  If the true brightness is known in 
advance, an object’s distance can be 
determined 
> This is the method of standard candles 
> It is the method used to measure 

astronomical distances beyond the parallax 
limit. 

> The trick is finding objects with known 
brightness (the standard candles). 

> This is where the hard work comes in… 
 

Distance with the Inverse-Square Law  
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Hertzsprung-Russell Diagrams 

or 
Stellar Clusters as Standard Candles, the First 
Rung Up In the Cosmic Distance Ladder From 

Parallax 



http://csep10.phys.utk.edu/astr162/lect/light/absorption.html 

Light	spectra 	 		



William and Margaret 
Huggins’ observatory, 
1860’s 



A stellar spectrum… 



In the 1880s, astronomers embarked upon spectrographic studies of 
thousands of stars and nebulae. 

Each	of	these	stars	has	a	dis[nc[ve	spectrum,	
like	a	fingerprint	 		



Annie Jump Cannon and the Harvard ‘computers’, ca. 1890. (Images from wikipedia.) 



http://www.csupomona.edu/~pbsiegel/phy303/ch13.html 

Not all stars are alike… 
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By ca. 1910 Hertzsprung and Russell used these methods, combined with knowledge of the 
distance to the nearest stars, to show that a star’s brightness is a function of its ‘spectral 
class’.  

http://www.astro.cornell.edu/academics/courses/astro201/
hr_diagram.htm 



To understand the importance of this result, let’s simplify things and 
assume there are only three types of stars… 

Red Yellow Blue 

…and they are close enough that we can resolve their sizes.*  

 
*In reality, stars are too far away for us to resolve their discs. This is a thought experiment to illustrate 
the method.) 



The night sky… 



Suppose we didn’t know there were only three types to 
begin with. How would we discover it? 

Red Yellow Blue 



Only three colors, but varying 
brightness and apparent size. 
Suspect this is due to varying 
distances. How to prove it? 



Suppose we can measure the 
distance to these closest stars 
using parallax methods… 



For these nearby stars, we can 
correct for the effects of the known 
distance and find the true size and 
absolute brightness of these stars. 



Uncover the fact that there are only three types of star in the 
local neighborhood…(i.e. within the parallax limit!) 



And establish that color correlates 
with energy output… 

1026 Watts 5X1026 Watts 1027 Watts 



Now assume stars everywhere obey 
the same natural laws. Therefore, all 
red, yellow, and blue stars are 
similar. 

1026 Watts 5X1026 Watts 1027 Watts 



Now use the regularity of stellar 
behavior (i.e. only three types of 
known size and energy output) to 
measure distances to all other 
stars, even those we cannot 
measure using parallax methods. 



These three types of stars are now 
our ‘standard candles’. 



Reality check: 

1] Stars do not come in only three types. 

2] We cannot resolve their discs. Even the closest stars are too far away. 

3] Stars evolve in time, so their brightness and color change. 



http://www.csupomona.edu/~pbsiegel/phy303/ch13.html 

Roughly a dozen types of stars are the most common 
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http://www.astro.cornell.edu/academics/courses/astro201/
hr_diagram.htm 

A star spends most 
of its life on the 
‘main sequence’ 



Globular Clusters 

73	

Contain	from	10,000	to	a	million	stars,	bound	
together,	less	than	100	ly	across	



http://www.astro.cornell.edu/academics/courses/astro201/
hr_diagram.htm 

A star spends most 
of its life on the 
‘main sequence’ 



Actual HR diagrams for three stellar clusters… 



Actual HR diagrams for three stellar clusters… 

Main sequence (MS) 



Actual HR diagrams for three stellar clusters… 

The main sequences have 
very different luminosities. 
Assume this is due to their 
distance, and then use this 
result to estimate distance 
to the cluster. 

 

This takes us well beyond 
the parallax limit. 



Harlow Shapley plotted the 
distribution of stellar clusters, 
which allowed us to estimate the 
size of the Milky Way galaxy for the 
first time. 

http://www2.astro.psu.edu/users/cpalma/astro10/
class13.html 

NB 1 kpc is 1,000 parsecs. A parsec 
is the distance at which a star 
would have a parallax of 1 arc 
second. This is about 3.3 light 
years. 

~ 100,000 light-years 



The yellow dot marked ‘Sun’ is 
about 500 parsecs large in this 
plot. This is larger than the size of 
the ball containing stars which 
could be surveyed using parallax 
methods until the 1990s. 

http://www2.astro.psu.edu/users/cpalma/astro10/
class13.html 

This shows how important 
‘spectroscopic’ methods are for 
determining greater distances 
beyond the parallax limit. 

~ 100,000 light-years 



Distances to very distant stars 

Henrietta Swan Leavitt (1868-1921) observed that a 
certain class of stars (the Cepheids) oscillated in 
brightness periodically; plotting the absolute 
brightness against the periodicity she found 
something very interesting… 





Distances to very distant stars 

•  This gave a way to obtain the absolute 
brightness for these stars, and hence observed 
distances.  

•  Because Cepheids are so bright, this method 
works up to 13,000,000 light years, well beyond 
the Milky Way! Most galaxies have at least one 
Cepheid in them, so we know the distances to 
the galaxies out to the ‘Cepheid limit’. 

•  Beyond the ‘Cepheid limit’, other methods of 
measuring distances are used (e.g. relying on 
supernovae measurements, which are of the few 
isolated events that can still be detected at such 
distances). 



How’s our map coming along?
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85	Source: Cosmic Distance Ladder, Wikipedia 
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Questions? 
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Thank you! 


