Measuring Stellar Distances 

To gain a real physical understanding of stars we must determine their intrinsic energy outputs (also known as Luminosity).   Think about it for a moment – suppose you had no prior knowledge of what stars actually were – that you lived in a time where they could be anything.  If you simply look up into the night sky you have no idea how far away these objects are or whether or not they are part of our atmosphere, in our solar system, or located at vast distances.   Therefore we must devise an experiment that can determine the distances to stars.   Fortunately there is a natural experiment one can do that simply requires the Earth to be in orbital motion about the Sun.  This method is known as stellar parallax and is illustrated, described, and simulated below.
This method makes use of the natural geometric condition that if the Earth is in orbit about the sun then the positions of nearby stars will appear to shift, with respect to more distant stars that serve as the background reference point.   The method can be best described by referring to the figure and its caption below:
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	Figure 1.3 Schematic Representation of stellar Parallax. Distant stars act as a fixed reference coordinate system. Nearby stars, when observed 6 months apart, will show a small movement with respect to the background of fixed stars. At position 1, the nearby star would be viewed against a background that contained star B while 6 months later, at position 2, the nearby star would be viewed against a background that contained star A. The nearer the star the larger the angle (shift) is. The angle which we measure with respect to the baseline of the earth's orbit about the sun is called the parallactic or parallax angle. 


Measuring the parallactic ellipse (or parallactic angle) is difficult and the first credible measurement was not made until 1839. In general, atmospheric motions limit the angular resolution of a single ground-based image (photographic or digital) to an accuracy of 0.5 - 1.0 arc seconds which is not sufficient to measure good parallaxes to many nearby stars. Even the closest star to the Earth (Proxima Centauri) has a parallax less than 1 arc-second. A star at a distance of 20 parsecs from the sun would exhibit a parallactic angle of only 0.05 seconds or arc, approximately a factor of 10 below the best angular resolution that can be achieved in a single image. This means that parallaxes can only be determined after several years’ worth of observations so that repeated positional measurements of individual stars are made.  In general, random measuring errors as low as +/- 0.01 arc seconds have been obtained from ground based measurements but still, at a distance of 20 parsecs, this represents a 20% error in distance and, worse still, a 45% error in intrinsic stellar luminosity since stellar luminosity depends upon the square of the distance.  To date, ground based observations have made parallax measurements of approximately 8000 stars out to distances of 20 parsecs, but many of these are of relatively low quality. 

Furthermore, the volume defined by r = 20 parsecs is only one ten-millionth of the total volume of the disk of our Galaxy. How can we be sure that this tiny volume contains a representative sample of stars? Fortunately, a theoretical argument involving stellar lifetimes serves as a consistency check. In general, star formation events in our galaxy make many more low mass stars than high mass ones. Since high mass stars have very short lifetimes, we would not expect to find many in a volume limited sample. Therefore any representative sample of stars should be mostly made of low mass main sequence stars. The vast majority of the 8000 stars with parallax measurements are, in fact, low mass main sequence stars. Therefore, it’s likely that we do have a good sample for calibrating the luminosities of low mass main sequence stars. 

An improvement on the stellar parallax sample has recently been made available. Many years ago the European Space Agency launched a satellite known as HIPPARCOS (named after the first astronomer to record the positions of stars). It was an optical space telescope that was dedicated to only measuring stellar parallaxes. As it was launched above the atmosphere of the Earth, its images were not subject to atmospheric aberration. Correspondingly, HIPPARCOS could obtain parallax measurements out to much farther distances. During the course of its mission, HIPPARCOS obtained measurements for about 100,000 stars, significantly enlarging the available sample 

Some notes about historical use of stellar parallax that illustrates an important principle of science: 

Tycho Brahe (1546-1601) realized that it was possible to actually prove that the Earth revolved around the Sun if the stars are a distant fixed background. He built a very elaborate observatory at Ven that made elaborate use of siting tubes but no telescopes since they hadn't been invented yet!   He essentially used a series of long "sextans" that could measure fairly accurately the angle of a star above the horizon. The azimuth was measured in degrees from some starting point in this circular observatory out portals that were equally spaced around the floor.   His observatory is rendered below in this drawing from 1595 (so – copyright police, the copyright has expired!)
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With this set up Tycho could measure the positions of the stars with respect to one another with a relative accuracy of about one arc minute.  Thus if the stars were sufficiently close and had a parallactic shift of an arc minute then Tycho would have been able to directly prove that the Earth is in orbit about the sun,  However, in practice, the stars are actually 60 times farther away than this one arc minute limit so Tycho never had a chance of detecting any movement.

This dilemma can be appreciated by accessing the Tycho simulator: http://homework.uoregon.edu/pub/tycho.html  - When you first open the simulator you can see a very small movement of the star but the movement of that star is still confined to one detector element.  Actual movement can not be detected until the star moves from one detector element (e.g. a pixel) to the next one.  In this simulation there are two parameters to adjust:
· Separation:  This essentially moves the star closer which increases the parallax angle.  A setting of 1 is most distant (smallest angle) and a setting of 16 is least distant (largest angle).  

· Coarse/Fine Grid:   This basically determines the resolution of your detector.  Coarse simulates detector resolution that is limited by observations through the Earth’s atmosphere.  Fine represents the increase resolution obtained by observing above the Earth’s atmosphere (e.g. Hipparcos).

Simulator settings:

· Keeping the grid on coarse, change the separation – at what distance (separation value) would the Earth based detector finally detect a change in position?

· Now keeping the star at this distance, change the grid to Fine – approximately how many grid elements does the star move?  Could you still detect stellar movement even at the largest distance (separation = 1).
Based on his failure to detect stellar parallax, Tycho concluded that the Earth could not be in movement about the Sun.  He then constructed his own (fortunately short lived) strange hybrid model of the solar system, with the Earth in the Center and various groups of planets (and the Sun) in various orbital configurations about that center.   He apparently did briefly consider the hypothesis that the stars were simply too far away for a parallactic shift, of amplitude one arc minute, to be detected but the inferred required distances were so absurdly large that this hypothesis was quickly dismissed.

Natural Distance Units:
We arbitrarily define a distance (called a parsec) in which, at that distance, a star would have a parallax angle of 1 arc second (1/3600 of a degree).  1 parsec is equal to 3.26 light years. This gives a natural system of units (parsecs) and stellar distances are usually expressed in units of parsecs.  The nearest star to us has a distance of 4.1 light years so that all parallactic angles are less than 1 arc second for all stars. 

The observational problem in measuring accurate stellar distances is then that atmospheric motions/smearing make positional measurements of stars, at levels of accuracy less than 1 arc second difficult.  Therefore, many measurements of the star are needed to record an accurate parallax and smooth out the random positional errors associated with each measurement (remember the concept or random errors back in Module 1). In practice, one usually requires 20 years of measurements of a single star. 

If we measure the parallactic angle, then we can directly know the distance to the star. The distance in parsecs is simply 

1/p 

Where p is the angle measured in arc seconds. Thus a star that has p = 0.1 would have distance of 1/p = 10 parsecs = 32.6 light years. 

