Computer Lab Activity

The Age of the Pleiades Star Cluster
1. Introduction

For this lab activity, you will use a computer simulation of a telescope to take spectra of stars in the Pleiades cluster, then you will use a second computer tool to classify the spectra according to the star’s surface temperature, and finally you will plot a Hertzprung-Russell diagram of your results and use it to estimate the age of the star cluster. The Pleiades cluster is an easily-seen clump of stars that rides around on the back of Taurus the Bull, to the upper right of the constellation Orion in the sky. The stars are physically close together in space, because they are young stars that have all formed together at the same time from the same interstellar gas cloud. How young? You’ll measure that in this lab session.

There are many such clusters in our Milky Way Galaxy, because star-formation goes on all the time, particularly in the Galaxy’s spiral arms where the interstellar gas is densest. The Pleiades just happen to be a nearby example.
The following sections describe each part of the exercise. [image: image1.emf]We first review some of the astronomical motivation for the lab exercise. Then we will give you a bit of background about using real telescopes. After that comes the blow-by-blow description of what to do in the lab; first telling how to take spectra with the telescope simulator, then how to classify them, then how to find the age of the Pleiades. Finally, the homework questions are at the end.

2. Classifying Stars

One measurable characteristic of stars is their surface temperature. Although this is a pretty incidental parameter in terms of the overall nature of the star, it turns out to have a close relationship with the internal structure of the star, so it is well worth measuring. A spectrum of a star shows a continuum source of thermal radiation with various absorption lines cutting into it. The absorption lines show which chemical elements are in the correct ionization and excitation states to absorb light at visible wavelengths. Both the ionization state (i.e. how many electrons have been knocked off the atom) and the excitation state (the average orbit in which the electrons are found) of the chemical elements increase as the temperature is raised, so we have a handy thermometer. For example, cool stars have lots of molecules and neutral elements, while hot stars have all of their elements existing as single atoms with many electrons knocked off due to the rapid motions of the gas particles.  

By early in the 20th century, it was recognized that the spectra of different stars show very different sets of absorption lines. Stars were initially classified into quite arbitrary bins (A, B, C, D…etc) depending on which absorption lines are present. Later it was realized that the differences could be understood as a sequence in surface temperature, so the bins were reordered from hottest to coolest. This gave the present-day sequence of spectral types: OBAFGKM. Each type is subdivided into ten bins numbered from 0 to 9, so the actual temperature sequence runs from about O3 (the very hottest stars) through O9, B0, B1..B9,A0,A1..A9,F0…etc.

You will classify stars in this exercise by comparing their spectra to the spectra of standard stars of known spectral types. Spectra were originally viewed by eye or recorded on photographic plates, so the intensity scale was very poorly calibrated. You will use modern spectra in which the intensity is well measured, so in addition to the absorption lines you can use the shape of the underlying continuous radiation to gauge the star’s surface temperature. Figure 1 shows a set of comparison spectra that span the range of the classification system. 
3. The H-R Diagram and the Nature of Stars

[image: image2.jpg]


H and R are Enjar Hertzprung and Henry Norris Russell, who independently realized that a great wealth of information is contained in a plot of stars’ luminosities vs. their surface temperatures. On this “H-R Diagram”, most stars fall along a locus curving from hot and luminous down to cool and faint, which is called the “main sequence” After the fact, using computer models of stars, it was realized that stars stay on the main sequence for most of their lives while they are in a relatively stable stage of burning hydrogen into helium in their cores. It was also found that the position of a star on the main sequence depends on its mass, with the more massive stars having the higher surface temperature. After stars have burnt up all of the hydrogen in their cores, they evolve rather quickly, becoming cooler and larger. This causes them to move to the upper right part of the H-R diagram (becoming Giants or Supergiants).

You saw how to measure the surface temperature in Section 2. The other axis of the H-R diagram is the luminosity, which is the absolute energy output of the star per unit time. Watts are one unit of luminosity. Luminosity should be contrasted to apparent brightness (called the “flux” by most astronomers). The apparent brightness of a light source depends on both its luminosity and its distance. A 100 watt light bulb produces 100 watts of luminosity whether you look at it from close up or from far away. But it appears fainter when you move it far away. However, in the case of the Pleiades star cluster, all of the stars are at essentially the same distance from us, so their apparent brightness depends only on their luminosity (and is directly proportional to it). In this lab session, you will be told the apparent brightness of each star you measure, but because all of the stars are at the same distance you can plot the apparent brightness on an H-R diagram as if it were the luminosity. In fact, the apparent brightness will be given on a funny logarithmic scale called apparent magnitudes. You will have the “opportunity” to learn all about the magnitude scale in next week’s homework assignment. For now just use it on the H-R diagram and think of it as a measure of luminosity, and count yourself lucky.
4. Using the H-R Diagram to Find the Ages of Star Clusters

As noted above, individual stars spend most of their lives on the main sequence, but then just before dying, quickly move off towards lower temperatures. Another key result from computer models of stellar interiors is that the more massive a star is, the faster it evolves. The O stars are the most massive, and they survive on the main sequence for only several million years. A G star like the Sun has intermediate mass, and will sit on the main sequence for 10 billion years. The lowest mass main sequence stars, of class M, have a main sequence “lifetime” of over 100 billion years. 
In a star cluster like the Pleiades, all of the stars were formed at pretty much the same time. Take that as the zero point on our age scale. After a few million years the O stars will no longer exist on the main sequence because they will have used up all the hydrogen in their cores and evolved off to the right on the H-R diagram (to become supergiants). But all of the stars of lower mass will still be on the main sequence. If we wait until the cluster is 10 billion years old, stars of 1 solar mass will just be exhausting their supply of hydrogen fuel and will be on the verge of evolving off the main sequence. All of the stars of higher mass will have already left the main sequence, but all of the stars of lower mass will still be on the main sequence with billions of years left to go. Hence, if we see a star cluster with the main sequence intact up to stars of one solar mass, but missing for higher masses, we would know that the cluster is about 10 billion years old. The most massive star still on the main sequence is said to be at the “main sequence turnoff point”, and this turnoff point steadily moves to lower masses as the cluster ages. Thus, measuring the mass of the stars at the turnoff point measures the age of the cluster. Since there is a one-to-one correspondence between a star’s mass and its surface temperature on the main sequence, the temperature of the hottest star on the main sequence immediately tells us the mass of the most massive star still on the main sequence, and hence the age of the star cluster.
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Figure 3 sketches a set of “snapshots” of the H-R diagram as the cluster ages, showing the changes described in the previous paragraph. Figure 4 then superimposes the observed locus of points for a large number of different clusters of different ages. The lines are meant to indicate the locus of points for each cluster, and peel off the main sequence at the point correspond to the surface temperature and mass of the hottest main sequence star. The ages of stars just reaching these turnoff points are indicated on the diagram. During the lab exercise, you will need to plot the stars you observe onto an H-R Diagram, and then compare that diagram to Figure 4 to determine the age of the Pleiades Cluster. 
5. Real Telescopes and Spectrographs
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The computer program simulates observing on a real instrument like Michigan State University’s 4m-diameter SOAR Telescope. Most such telescopes are enclosed in domes that protect the telescope from bad weather and shield it from wind gusts when it is in use. The telescope looks out through a slit, and the dome rotates to keep the slit so that the telescope can see the sky. Our simulated telescope has bi-parting shutters which part in the middle and slide to either side. 

[image: image6.emf]The telescope has to track the stars as they move across the sky. The direction in which the telescope is pointed is measured in terms of Right Ascension and Declination. In order to be able to look at any direction in the sky, the telescope needs to be able to rotate around two orthogonal axes. Older and/or smaller telescopes usually employ an equatorial mount, in which one axis is aligned exactly parallel to the Earth’s axis of rotation. Rotating the telescope around this axis once per 24 hours exactly compensates for the Earth’s rotation, without changing the right ascension or declination, so tracking a star is simple. New, large telescopes like SOAR use an altitude-azimuth mount, in which one axis of rotation is vertical and the other is horizontal. Tracking a star is more complicated, but computers take care of that problem.
Most telescopes have a wide variety of instruments that can be mounted on them to analyze the incoming light in different ways. Spectrographs use either a prism or a diffraction grating to break the light up into its different wavelengths. To record how bright the light is at each wavelength, they use a digital detector. Nowadays an extremely sensitive Charge Coupled Device (CCD) is the usual detector. However, the simulation software uses an older type of detector called a Reticon, which has the feature that you can watch the intensity vs. wavelength plot build up in real time, and (at least at the start) see the effect of each individual photon arriving. When you are at a real telescope and see the photons trickle in one by one from some very faint star or galaxy, it provides a very clear sense that light really does behave like a stream of discrete particles (the photons).
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One feature of a typical spectrograph is that it has a narrow slit at the entrance to the instrument. Light from a star or whatever is being observed can pass through the narrow slit and be analyzed, but light from the surrounding area is reflected back off the “jaws” on either side of the slit. This both defines the wavelength scale, and keeps excess light from the surrounding sky from swamping the signal from a faint star. The astronomer has a choice of two views of the sky. One is a wide-field view looking directly at the sky, so that the correct star can be identified and approximately centered. Then we switch to a narrower-field view looking down at the light that is reflected off the shiny jaws of the spectrograph slit. The telescope is guided until the star disappears into the slit (meaning that its light is now going into the spectrograph). We tell you all of this because it is included in the simulation.
6. Using the Simulated Telescope. 

For this and the following two lab sessions you will use a telescope simulator program called CLEA (Contemporary Laboratory Experiences in Astronomy). You will team up with a partner for this lab. Here are the steps for operating the telescope:

(a) Log into your computer.

(b) Start the CLEA Stellar Spectroscopy program.
(c) After the CLEA window appears, click File | Run | Take Spectra. The window will change to show the telescope controls, and a box will pop up saying you have control of the SOAR telescope.  
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You are seeing the inside of the dome, so you have to click the “Dome” button to open it.
(e) Now you can see stars, but they are drifting past the telescope as the Earth turns. Click “Tracking” to turn on the drive motors.

(f) Now we are tracking stars, but we are looking in the wrong part of the sky. Click on Field | Pleiades. If this doesn’t work, it probably means that you didn’t do all of the previous steps.

(g) You should see the Pleiades star cluster through the wide-field viewer. You can see way more stars than just the “Seven Sisters” because you are looking through a good-sized telescope. 

(h) Refer to the answer sheet which your teacher will have passed out at the start of the lab session. It includes a list of Right Ascension (RA) and Declination (Dec) coordinates for the 10 stars that you need to observe. To slew to the first star, you have two choices. 

a. You can click on the N, S, E or W buttons and the telescope will move in that direction. The “Slew Rate” button adjusts how fast it moves. This is convenient if you know which star is which on the view of the sky.
b. But you probably don’t know which star is which, so click on the “Set Coordinates” button and type in the RA and Dec that you wish to move to. This is how it is done on modern research telescopes. Enter 0 for the seconds in both RA and Dec. Coordinates to the nearest minute are good enough. 
c. When the telescope arrives at its target, you will again see the wide-field view of the sky. You may want to center the star up using the N,S,E,W buttons as in (a), but it probably is not necessary.

(i) Now click on “Change View”. You will see the magnified view looking down at the slit jaws, which are represented by two parallel red lines. Use the N,S,E,W buttons to center the star in the slit (you may have to decrease the Slew Rate). Unlike the real thing, in this simulation you can still see the star when it is in the slit. If you don’t get it in the slit, you will not get any light from the star when you try to measure its spectrum.

(j) To switch to the spectrograph control mode, click on “Take Reading”. You will see a blank graph of Intensity vs. Angstroms. The Intensity is always auto-scaled to the highest point in the spectrum. The Angstrom is the unit of wavelength most often used by US astronomers. One Angstrom is 10-10 meters.
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Click on “Start/Resume Count” and the Reticon detector will start to build up the signal. For the faintest objects you will at first see values at just a few different, regularly spaced intensities. These discrete intensity levels correspond to having received exactly one, two, three etc. photons.  Hence the detector is measuring the photons one-by-one as they trickle in… a testament to the particle-like behavior of light! After a while (or right away for bright objects) there will be so many photons that you will no longer see the discrete levels as the display continuously autoscales to the maximum intensity value. 
(l) Beneath the plot, the window shows a lot of additional information. Record on your answer sheet the “Object” (which is its name), and its Apparent Magnitude. 
(m) The computer program is very accurately simulating the way in which the real spectrum would build up. It uses a random-number generator to calculate the scatter in the observations due to the fact that only a finite number of photons have been detected and counted. The ratio of the average intensity at any wavelength to the scatter about that average is called the “signal-to-noise ratio”, or S/N. Low S/N means you have a noisy spectrum in which it is hard to see the absorption lines that you will use to classify the stars.  Keep exposing until you have S/N close to 50. But a hard fact of life is that S/N increases only as the square root of time, so for the fainter stars it will increase quickly at the start, and then slower and slower as you try to reach 50. In the real observing situation, this is when your professor usually starts eating his night lunch.
(n) When you have high enough S/N, click on “Stop Count”, then on “Save”. In the Spectrum ID box that pops up, give the first star you measure the number “1”, the next star the number “2” etc. You will then be able to recall these spectra later on when you want to classify them.
(o) Loop back to step (h) and do this for all of the stars that you need to observe. Trade off with your partner half-way through. When you are done, go on to the “Classify Stars” step, below.

7. Classifying the Spectra 
You will use a computer tool to compare the Pleiades spectra that you just took to a series of standard spectra. This is just a slightly more sophisticated version of what you did for question 2 in the homework at the end of this document. You must classify the unknown spectra to an accuracy of (0.2 spectral types to receive full credit, or (0.5 spectral types for half credit.
(p) To start the Classification tool, get into the telescope control window, then click File | Run | Classify Spectra. You will see a plot with wavelengths along the x-axis, and three empty panels.
(q) Now click File | Atlas of Standard Spectra, and then select “Main Sequence”. A new window will open up with plots like those in Figure 1, except more closely spaced in spectral type.

(r) Note that the top two spectra from the “Main Sequence” window have been filled into the top and bottom panels in the Classification window. These are your standard spectra for comparison to the unknown spectra. If you click the “Down” button in the classification window, you will move down through the standard spectra in the Main Sequence window, or click the Up button to move up.

(s) Now you need to compare these to a spectrum of unknown spectral type. We’ll start with a test case. Click File | Unknown Spectrum | Program List. Select the first star, HD 124320, from the box that pops up. Click OK in that box. The spectrum of HD 124320 will appear in the middle panel of the classification window.
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Now use the Down and Up keys to find a pair of standard spectra that either bracket the unknown spectrum in spectral type, or for which one or the other standard spectra is a perfect match. You should be able to interpolate between the spectral types of the standard spectra.

(u) When you are close to a match, click on the Difference button. This subtracts the unknown spectrum from the upper standard spectrum, and shows the difference in the bottom panel. A positive difference means that the standard spectrum is brighter than the unknown spectrum at that particular wavelength. A negative difference means the opposite. Clicking the Difference button again toggles you back to the mode in step (t). By toggling back and forth between the two modes, you should be able to very quickly classify the unknown spectrum to the required  (0.2 spectral type accuracy. You should conclude that HD 124320 is about a type A3 V star. The “V” indicates that it is a main sequence star. 

(v) Now you are ready for the real thing. Click File | Unknown Spectrum | Saved Spectra (*.CSP). You will see a list of the spectra that you saved during Part 6. Their names probably will be of the form “DEMO” followed by the 3 digit number that you entered when you saved the spectra. Select the first one and click OK. Classify it in the same way that you classified HD 124320. Write the result on your answer sheet.
(w) Repeat step (v) for the rest of the stars you observed. Your partner can be the scribe, and this should go quite quickly. Trade off with your partner half way through. If you have insufficient S/N in an unknown spectrum, you will need to observe that object again… the Telescope Control window is still open, hiding beneath the Classification window. Just drag the Classification window to one side.
(x) Before exiting CLEA, make double sure that you have recorded on your answer sheet the name, apparent magnitude, and spectral type for each of the 10 stars you observed. All of the information about this will be lost by CLEA when you exit. Then as you exit, ignore any warnings about losing data, illegal actions, etc.
8. Measuring the Cluster’s Age (you and your partner should both do this separately, on your individual Report Write-Up forms)
Your answer sheet should now contain an apparent magnitude (from step “l” above) and a spectral type, for each of the 10 stars you observed. Use these data to plot the stars onto the H-R diagram provided on the Report Write-Up sheet. Again, each person in your group must turn in a separate Report Write-Up.

Compare your H-R diagram to the one in Figure 3, and estimate the age of the Pleiades cluster.

Answer the remaining questions on the Report Write-Up sheet, then staple it together with your partner’s Report Write-Up and your answer sheet, and turn them in.  
The Age of the Pleiades Star Cluster
[image: image11.emf] 

_________________________________ ______ _________________ __ __  

Homework Questions

You must do this homework BEFORE the start of the lab. The main part of the homework assignment is to carefully read all of the preceding background information and instructions. The questions on this page are intended to help encourage you to do that. Answer the questions and turn this sheet in AT THE START OF THE LAB. Late submissions will not be accepted. 
Q1. Which spectral type corresponds to the hottest stars?   ______________
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Q2. Find the approximate types of the spectra in Figure 11 by comparing those spectra to the ones in Figure 1. The wavelength range is the same in both figures. Just compare the unknown spectra to the standard spectra in Fig. 1 and find the closest match. 

 Spectrum     Classification

         1          ___________

         2          ___________

         3          ___________

         4          ___________

         5          ___________

         6          ___________
Q3. Using the H-R diagram shown on Figure 4, what are the ages of the following star clusters? The age scale is not at all linear, but try to estimate the ages to within a factor of two by interpolating between the red tick marks on the figure.
M67       _________________
Hyades   _________________
M11       _________________
Q4. Arrange the following steps for taking the spectrum of a star into their correct time sequence, with the first step first. Give the answer by arranging the letters designating each step into the proper order (for example, if you think the steps are currently in reverse order, enter: “kjihgfedcba”): 

(a) Save the spectrum.

(b) Turn on the telescope tracking motors..

(c) Click on “Start/Resume Count”

(d) Go to the Classification Window.

(e) Guide the star into the slit.

(f) Move to the correct star in the field.

(g) Change View so that you can see the spectrograph slit. 

(h) Open the dome.

(i) Click on “Take Reading”

(j) Move to the Pleiades star field.

(k) Click on “Stop Count” when you reach S/N = 50.

Q5. Where should you be able to find the apparent magnitude of the star you are observing, so that you can write it down on your answer sheet?  
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Fig. 5. The SOAR Telescope dome, located at 9000’ altitude in the Andes Mountains of Chile.
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Fig. 6. The  SOAR Telescope, pointed straight up inside its dome.
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Figure 7. A Spectrograph Entrance Slit. Left panel: Spectrograph slit, in this case cutting across the edge of a sunspot as seen by a solar telescope. The slit is the dark vertical line; light passes through it, but everywhere else the light is reflected back off the shiny slit jaws to the camera which took this picture. Right panel: the resulting spectrum. Wavelength changes in the horizontal direction.
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Figure 1. Sequence of different spectral types, from hottest (top) to coolest (bottom). Each spectrum covers the same wavelength range (3900-4500 Angstroms). The letter “V” after each spectral type indicates it is for a main sequence star.
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Figure 4. H-R diagrams of star clusters of different ages. The lower limit of all the lines follows the main sequence. The tick marks show the ages at which stars just start to evolve off the main sequence. Note the shift in units from millions to billions of years.
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Figure 3.  Series of “snapshots” of the H-R diagram of an evolving star cluster. Each frame shows the age of the cluster in years.
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Figure 2. An H-R Diagram.
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Figure 9. The spectrograph control window.
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Figure 8. The Telescope Control window, showing the wide-field view of the Pleiades. 
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Figure 10. The Classification window and the Main Sequence window.
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Figure 11.





_____________________________________





Name ______________________________
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