
Physics 310/610 – Cosmology 
Solution Set F 

 
1. [15] The cluster of stars illustrated at the right has the 

proper motions of a number of stars measured.  The 
sketch at right shows the positions of the stars (with 1 
cm representing 1 degree) and the proper motions are 
represented as arrows (with 1 cm representing 10 mas 
per year). 
(a) [4] Where is the convergent point for this cluster of 

stars?  How did you figure it out?  Is there good 
reason to believe these stars are all moving at the same velocity?  You may mark the 
position directly on this answer sheet, if that helps. 

 
 The convergent point, or vanishing point as I called it in lecture, is the period at the end 
of this sentence to which all the stars are going.  It is found by extending lines in the direction of 
motion.  The fact that all the stars seem to be going roughly towards the same point indicates that 
the stars actually are heading in the same direction, and probably the same velocity. 
 

(b) [4] Spectra of several of the stars is measured, and a spectral feature normally at a 
wavelength of l = 437.21 nm is instead found to have a wavelength of l = 437.38 
nm.  This velocity is found to be consistent throughout the cluster; all the stars have 
about the same Doppler shift.  What is the velocity of the cluster?  Is it towards us 
or away from us? 

 
 You can tell that it is moving away from us already because there is a convergent point, 
rather than a divergent point.  The velocity away from us can be found using the Doppler shift, 
which gives 
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We used the formula rv zc= , which is valid for small z, and .000389z =  is small.  This is an 
unusually high velocity, but I didn’t really try that hard to make the problem realistic. 
 

(c) [7] For at least two different stars in the cluster, estimate the distance in parsecs by 
the moving cluster method.  This should give you some idea of how accurate your 
results are as well. 

 We need to pick some stars.  I will pick the three for which the lines have been drawn.  
The distances to the convergent point in centimeters, which is the same thing as the angle in 
degrees, is 8.9°, 10.9°, and 10.7° from top to bottom.  We also find that they have angular 
velocities of 0.0281"/yr, 0.0350"/yr, and 0.0341"/yr.  We now simply need to use the formula for 
each of the distances: 
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Realistically, you cannot determine the proper motion, or in particular the direction of the proper 
motion, with anything like this precision, nor would a cluster be as spread out as illustrated for 
this one, so one percent accuracy is really not practical at this distance. 
 
2. [15] A supernova in the galaxy M33 produces a point of 

bright light.  Over time, a ring of light forms around 
the star, as illustrated at right.  This is presumably a 
circular ring, but because the ring is tilted, it looks like 
an ellipse, with 1 cm representing 10 mas.  The top edge 
of the ellipse begins to glow 50 days after the supernova 
appears.  The bottom edge of the ellipse begins to glow 
199 days after the supernova. 
(a) [4] In class we found a formula for the time delay 

for the leading edge (top) as a function of the angle β compared to the vertical the 
ring is tilted at (so β = 0 would mean we see a circle) and the actual radius R of the 
ring.  Derive a similar formula for the trailing edge (bottom) of the ring. 

 
 If you look at the ellipse from the side, it is clear that the leading edge of the ellipse is at a 
distance sinR β  closer than the star itself, so that if the star is at a distance of d, then the leading 
edge is at a distance sind R β− .  The total distance an echo from the leading edge must travel is 
then sind R Rβ− + , or an extra distance of ( )1 sinR β− .  This causes a time delay of 

( )1 sint R cβ∆ = − .  In a similar manner, the trailing edge is farther than the star by an amount 
sinR β , and hence the trailing edge is at a distance sind R β+ .  Hence the light from the trailing 

edge travels a total distance of sind R Rβ+ + , resulting in a time delay 

( )1 sint R cβ∆ = + . 

 
(b) [3] Based on the shape of the ellipse, estimate β. 

 
 The long axis of the ellipse has an actual size of 2R, and the short axis of 2 cosR β .  
Measuring with a ruler, I found the ellipse to have a major axis of 5.0 cm and minor axis of 4.0 
cm, so we have 
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(c) [4] Using the time until illumination of the top edge, estimate the true radius of the 
ring (in AU, or any convenient unit).  Repeat for the bottom edge.  Your numbers 
should be fairly close. 

 
 We solve each of the equations for the radius R, and find 
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Since the numbers came out so close, it is clear we are doing something right. 
 
 

(d) [4] Based on the angular size of the ellipse and its actual radius, what is the distance 
to the supernova, and hence to M33? 

 
 The angular radius of the ellipse is half of the semi-major axis, which I measured as 2.5 
cm, or 25 mas.  Using the formula s dθ= , where we must work in radians as usual, we have 
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Wikipedia gives the distance as 840 kpc, so I think we did pretty well. 
 

There are no graduate problems for this homework 
 
 


