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We are told ...

I Universe has trillions of galaxies with trillions of stars;

I There are white dwarfs, neutron stars, black holes ...;

I Also Dark Matter, Dark Energy, ...;

I Universe is about 13.7 billion years old;

I Etc, Etc, ...
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How Do Know this, given that we did not know...

I The existence of galaxies, 100 years ago;

I That Jupiter has moons, 400 years ago;

I That Earth is round about, 2500 years ago;

I We can’t even leave our solar system.

I But, We of course, can watch and think!
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Notion and Estimation of Distances

Laying down measuring rods – most direct but obviously too

limited.

One needs to make abstractions, generalizations and

assumptions.

Here are two historical examples:
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Height of the Great Pyramid?

(Thales ∼ 600 BC : ∼ 150 m ) uses of shadows and similar

triangles –

h



Height of the Great Pyramid?

(Thales ∼ 600 BC : ∼ 150 m ) uses of shadows and similar

triangles –

h



Radius of Earth

(Eratosthenes ∼ 240 BC: ∼ 4000 miles).

Alexandria

Syene

7.2 degrees

Sun’s Rays

Accepted value (Poseidonius-Ptolemy: 2800 miles) was wrong

but encouraged explorers!
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Nearby Stars – Parallax Method

A star should appear to perform an annual elliptical motion on

the celestial sphere: parallax := π∗ := RE/D.
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Time line of determination of parallax

I Galileo found no parallax. Robert Hooke (1669)

observations were unreliable;

I Flamsteed (1712) made precise catalogue for differential

parallax but had errors;

I Huygens got Sirius to be 27,664 AU away; Newton

compared Saturn and Sirius and got 800,000 AU.
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Discovering something else...

I Halley discovers Proper motion of Sirius, Arcturus,

Betelgeuse and Aldebaran =⇒ no celestial sphere with

stars attached. (∼ 1720);

I Bradley discovers instead Aberration of Light =⇒ speed

of light is finite, earth indeed moves around the Sun and

position of stars must be fixed accounting for the

aberration. (∼ 1730);

I Herschel discovers binary systems (∼ 1800);

These enabled Struve to set criteria for selection of

candidates for parallax determination – should be bright

with large proper motion or wider binaries.



Discovering something else...

I Halley discovers Proper motion of Sirius, Arcturus,

Betelgeuse and Aldebaran =⇒ no celestial sphere with

stars attached. (∼ 1720);

I Bradley discovers instead Aberration of Light =⇒ speed

of light is finite, earth indeed moves around the Sun and

position of stars must be fixed accounting for the

aberration. (∼ 1730);

I Herschel discovers binary systems (∼ 1800);

These enabled Struve to set criteria for selection of

candidates for parallax determination – should be bright

with large proper motion or wider binaries.



Discovering something else...

I Halley discovers Proper motion of Sirius, Arcturus,

Betelgeuse and Aldebaran =⇒ no celestial sphere with

stars attached. (∼ 1720);

I Bradley discovers instead Aberration of Light =⇒ speed

of light is finite, earth indeed moves around the Sun and

position of stars must be fixed accounting for the

aberration. (∼ 1730);

I Herschel discovers binary systems (∼ 1800);

These enabled Struve to set criteria for selection of

candidates for parallax determination – should be bright

with large proper motion or wider binaries.



Discovering something else...

I Halley discovers Proper motion of Sirius, Arcturus,

Betelgeuse and Aldebaran =⇒ no celestial sphere with

stars attached. (∼ 1720);

I Bradley discovers instead Aberration of Light =⇒ speed

of light is finite, earth indeed moves around the Sun and

position of stars must be fixed accounting for the

aberration. (∼ 1730);

I Herschel discovers binary systems (∼ 1800);

These enabled Struve to set criteria for selection of

candidates for parallax determination – should be bright

with large proper motion or wider binaries.



Parallax at last!

I Bessel finally detected the annual parallax for 61 Cygni in

1838. Within weeks, Struve reported for Vega and

Henderson for α Centauri.

The distances are: α Centauri 278,000 AU, 61 Cygni

719,000 AU and Vega 1,650,000 AU.

I A new unit of distance is called for: The ParSec which is

a distance at which a star would have a parallax of 1 arc

second (∼ 3.26 light years). Then the three nearest stars

are at 1.35, 3.48 and 8 pc.

I Method is reliable up to about 90 pc. One has exhausted

the relatively direct method based on geometry to

estimate distances and many more objects are still left!



Parallax at last!

I Bessel finally detected the annual parallax for 61 Cygni in

1838. Within weeks, Struve reported for Vega and

Henderson for α Centauri.

The distances are: α Centauri 278,000 AU, 61 Cygni

719,000 AU and Vega 1,650,000 AU.

I A new unit of distance is called for: The ParSec which is

a distance at which a star would have a parallax of 1 arc

second (∼ 3.26 light years). Then the three nearest stars

are at 1.35, 3.48 and 8 pc.

I Method is reliable up to about 90 pc. One has exhausted

the relatively direct method based on geometry to

estimate distances and many more objects are still left!



Parallax at last!

I Bessel finally detected the annual parallax for 61 Cygni in

1838. Within weeks, Struve reported for Vega and

Henderson for α Centauri.

The distances are: α Centauri 278,000 AU, 61 Cygni

719,000 AU and Vega 1,650,000 AU.

I A new unit of distance is called for: The ParSec which is

a distance at which a star would have a parallax of 1 arc

second (∼ 3.26 light years). Then the three nearest stars

are at 1.35, 3.48 and 8 pc.

I Method is reliable up to about 90 pc. One has exhausted

the relatively direct method based on geometry to

estimate distances and many more objects are still left!



Parallax at last!

I Bessel finally detected the annual parallax for 61 Cygni in

1838. Within weeks, Struve reported for Vega and

Henderson for α Centauri.

The distances are: α Centauri 278,000 AU, 61 Cygni

719,000 AU and Vega 1,650,000 AU.

I A new unit of distance is called for: The ParSec which is

a distance at which a star would have a parallax of 1 arc

second (∼ 3.26 light years). Then the three nearest stars

are at 1.35, 3.48 and 8 pc.

I Method is reliable up to about 90 pc. One has exhausted

the relatively direct method based on geometry to

estimate distances and many more objects are still left!



What next?

Not only can we spot the stars but we can measure the flux of

light energy received (apparent luminosity). Knowing the

distance, the inverse square law gives their absolute luminosity.

The nearby stars reveal diverse absolute luminosities!

Fortunately, we can also analyse the stellar spectra and these

reveal the surface temperatures of the stars. This yields a

spectral classification : O B A F G K M (R N S) in

decreasing order of temperatures from 30,000 to 3,000 0 K.

With the known atomic spectra from labs, we can also

determine the Doppler Shift to infer the Radial Velocity of

stars and we measure their proper motion.
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(Open) Clusters of Stars

Moving Cluster Method: If we can determine the transverse

velocity, we can obtain the distance from the proper motion.

Identify an open cluster whose stars move together and appear

to converge to a common point (direction). This gives the

transverse velocity. The cluster identification and common

direction is inferred by statistical analysis.

This is applied to the Hyades open cluster (1908) and gives

the distance to be ∼ 46 pc.

This cluster has many different spectral types and is useful for

next method.
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Hertzsprung-Russell Diagram: Plot absolute luminosity versus

spectral type. ob-

serve.arc.nasa.gov/nasa/space/stellardeath/stellardeath 1ai.html



Main Sequence Fitting Method: Pick a cluster, identify its

main sequence band in terms of apparent luminosity, match

with a known cluster’s main sequence in terms of absolute

luminosity and infer the distance to the cluster.

This gives distance up to about 100,000 pc.



Variable Stars

Certain stars are known to vary periodically, in their

brightness: Mira Variables with periods of months, Cephids

with days and RR-Lyrae with hours.

In 1907, Henrietta Leavitt discovered a a brightness-period

power law relation for Cephids in the Small Magellanic Cloud.

In 1913, Hertzsprung calibrated it. Now, period determination

immediately gives the distance to other cephid variables.

In 1923 Hubble observed Cephids in the Andromeda ‘nebula’

and estimated the distance to be about 275,000 pc:

Andromeda ‘nebula’ is extra-galactic!
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Standard Candles

In effect, one looks for some regular feature of groups of stars

or special types of stars to ascertain an absolute luminosity.

Such features are called Standard Candles. The main sequence

stars in an open cluster and the cephid variables are examples

of a standard candle. These candles give distances up to 106

pc. For distances beyond, one needs brighter candles!

Novae and brightest stars of a galaxy −→ 107pc.

Brightest galaxies of a galactic cluster and Super-novae

−→ 1010pc.
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Summary of the Distance Ladder

Rung Distances up to Method

I < 30 parsecs Kinematic (Parallax) Methods

II < 105 parsecs Main Sequence Photometry

III < 106 parsecs Variable Stars

IV < 107 parsecs Novae, Brightest Stars etc

V ∼ 1010 parsecs Brightest Galaxies, Super-Novae etc



‘Moral’ of the Story

I Most of the crucial early discoveries were made with small

telescopes.

I Objects accessible by small telescopes are still useful since

they contribute to the statistical methods and form the

lowest rung of the distance ladder.

I Universality of laws of physics and technological advances

(radio, infra-red, X-ray telescopes etc) are central to

building up to the cosmological scales.

Further Reading:

Measuring the Universe - Stephen Webb, 1999.
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