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ESC 115 Lab 11,  Large-Scale Structure of the Universe
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The Large-Scale Structure of the Universe
ESC 115 Lab 11, Mercer University

Adapted from Project CLEA Student Manual and written for use in ESC 115, by R. S. Armour, Jr., Physics Dept., Mercer University, Fall 2001
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Software Developed by

The CLEA Project

Department of Physics

Gettysburg College

Gettysburg, PA 17325

Telephone: (717) 337-6028

email: clea@gettysburg.edu

Introduction:

Drawing a map of the universe is not an easy task. Understanding why it is difficult, however, is rather simple. Consider how hard it is to determine the shape and size of a forest when standing inside it. Trees are visible in all directions, but how far do they extend? Where are the boundaries of the forest, if any? Are there clearings or dense groves, or are the trees just scattered around at random? A terrestrial surveyor might answer these questions by walking around the forest with a compass and transit (or, more recently, a Global Positioning System or GPS receiver), mapping carefully where everything was located. But consider how much more difficult it would be if the surveyor were tied to a tree, unable to budge from a single spot. That’s the problem we earthbound observers face when surveying the universe. We have to do all our mapping (of galaxies, of course, not trees), from a single spot — our solar system — located about 2/3 of the way between the center of the Milky Way galaxy and its edge.

Two of the three dimensions required to make a 3-dimensional map of the positions of galaxies in the universe are actually fairly easy to determine. Those two dimensions are the two celestial coordinates, Right Ascension and Declination, telling us the location of a galaxy on the celestial sphere. Over the years, by examining photographs of the heavens, astronomers have compiled extensive catalogs containing the coordinates of hundreds of thousands of galaxies. They estimate that there are hundreds of billions of galaxies lying within view of our best telescopes. More is needed, however. The two celestial coordinates just tell us in what direction to look to see a galaxy. A third measurement — the distance to the galaxy — is necessary in order to produce a reliable map. Unfortunately the distance of galaxies is not immediately obvious. A small faint galaxy nearby can appear much the same as a large luminous galaxy much further away. Except in the very nearest galaxies, we can’t see individual stars whose luminosity we can use to estimate distance. How then can we determine galaxy distances reliably?

One solution is to make use of the expansion of the universe to give us a measure of distance. By the expansion of the universe we mean the fact that the overall distance between the galaxies is getting larger all the time, like the distance between raisins in a rising loaf of bread. An observer on any galaxy notes that all the galaxies are traveling away, with the most distant galaxies traveling the fastest.

The increase of galaxy speed with distance was first noted by astronomer Edwin Hubble in the 1920 who measured the distances of nearby galaxies from the brightness of the Cepheid variable stars he could seen within them. He measured the speeds of the galaxies moving away from Earth (technically their radial velocities) by measuring the wavelengths of absorption lines in their spectra. Due to the Doppler effect, the wavelengths of absorption lines are longer (shifted toward the red end of the spectrum) the faster the galaxy is moving away from the observer. The principle is the same as that of a train whistle, or car horn, becoming lower in pitch, thus longer in wavelength, as the horn moves away from the listener. One of Hubble’s first graphs, showing the increase of radial velocity with distance, is shown below.
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Hubble’s redshift-distance relation gives us the key to the third dimension. Since the distance to a galaxy is proportional to its (radial) velocity, we can simply observe the galaxy’s spectrum, measure the amount of red shift in its spectral lines, and use the red shift to determine the distance to the galaxy. We plot the position of galaxies in three dimensions, two being its Right Ascension and Declination, and the third being its distance from Earth, or equivalently the velocity of the galaxy moving away from us (or the redshift of its spectral lines). This gives us a three-dimensional map of the universe which, hopefully, will reveal the size and scope of its major structures.

Of course one needs to observe the spectra of a lot of galaxies in order to trace out the contours of the universe. This was a time-consuming process in the beginning, Hubble sometimes had to expose his photographic plates for several hours in order to get data on just one galaxy. But by the 1980’s techniques of spectroscopy made it possible to obtain galaxy spectra in a matter of minutes, not hours, and several teams of astronomers began undertaking large map-making surveys of the galaxies. One of the most important of these pioneering surveys was undertaken by John Huchra and Margaret Geller at the Harvard-Smithsonian Center for Astrophysics in Cambridge, MA. The CfA Redshift Survey, which provides much of the data for this exercise, surveyed all the brighter galaxies in a limited region of space, in the direction of the constellation Coma. The maps produced by the CfA Redshift Survey and other groups revealed that the galaxies were not distributed at random, but rather were concentrated in large sheets and clumps, separated by vast expanses, or voids, in which few, if any, galaxies were found. One large sheet of galaxies, called the “Great Wall”, seemed to span the entire survey volume.

Even with modern techniques, surveying thousands of galaxies takes a great deal of time, and the task is far from complete. Only a tiny fraction, about 1/100 of 1%, of the visible universe has been mapped so far. Describing the large scale structure of the universe on the basis of what we currently know may be a bit like describing our planet on the basis of a map of the state of Rhode Island. But some of the major conclusions are probably quite sound.

In this exercise, you will conduct a survey of all the bright galaxies in a catalog covering the same region of the sky as the original CfA redshift survey. We have reduced the number of galaxies in our catalog, and made the operation of the instrument a bit simpler, but the fundamental process is the same as that used today to gauge the overall structure of the universe.

Introduction to the Technique:
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Overall Strategy

The software for the Large Scale Structure of the Universe puts you in simulated control of any one of three optical telescopes, each equipped with a TV camera (displaying the tele-scope’s field of view) and an elec-tronic spectrometer that can obtain the spectra of light collected by the telescope. Using this equipment, you can conduct a survey of a sample of galaxies in a restricted portion of the sky (see Fig. 2). You will obtain spectra for a portion of the galaxies in that region, measure the wavelengths of prominent absorption lines, and use the data to determine the redshift and radial velocities of each galaxy. From this, you will construct a map of the distribution of galaxies in the region. The map will show some of the known large-scale features of the universe.
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The slice of sky we are observing stretches 60° in the east-west direction, from Right Ascension 12h to 16h, and 5° in the north-south direction, from Declination +27° to Declination +32° (Figure 2). This region of the sky was chosen primarily for convenience: it is high in the sky in the northern hemisphere, and not obscured by gas and dust in our own galaxy. Moreover, some of the richest nearby groupings of galaxies, in the direction of the constellation Coma, lie in this region. 

There are over 200 galaxies in our sample. For the purposes of this exercise, you can assume that these are all the galaxies that we can see through the telescope. In fact there are many more than this in the real sky, but we have omitted many to make the measurement task less tedious. This omission is somewhat realistic since even under the best conditions astronomers’ catalogs of galaxies never include all the galaxies in a given volume of space. Faint galaxies, or ones which are loosely spread out in space may be hard to see and may not be counted. Still, our sample contains enough galaxies to show the large-scale features of the visible universe in this direction. 

The region we are going to examine is shaped like a thick piece of pie, where the thickness of the pie slice is the Declination, and the length of the arc of crust represents the Right Ascension. The radius of the pie, the length of the slice, is the farthest distance included in the survey.
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Technical Details

How does the equipment work? The telescope can be pointed to the desired direction either by pushing buttons (labeled N,S,E,W) or by typing in coordinates and telling the telescope to move to them. You have a list of all the target galaxies in the direction of Coma with their coordinates given, and you can point the telescope to a given galaxy by typing in its coordinates. The TV camera attached to the telescope lets you see the galaxy you are pointed at, and, using the buttons for fine control, you can steer the telescope so that the light from a galaxy is focused into the slit of the spectrometer. You can then turn on the spectrometer, which will begin to collect photons from the galaxy, and the screen will show the spectrum — a plot of the intensity of light collected versus wavelength. As more and more photons are collected, you should be able to see distinct spectral lines from the galaxy (the H and K lines of calcium), and you will measure their wavelength using the computer cursor. The wavelengths will be longer than the wavelengths of the H and K lines measured from a non-moving object (3970 and 3933 Angstroms), because the galaxy is moving away. The spectrometer also measures the Apparent Magnitude (V) of the galaxy from the rate at which it receives photons from the galaxy. This will allow us to determine the distance to each galaxy using the method of spectroscopic parallax. Knowing the galaxy’s distance and velocity will then allow us to estimate the Hubble constant H, and knowing the Hubble constant we can estimate the age of the universe.

The spectrum and Apparent Magnitude of each galaxy is all the data we will need to map their positions, find their velocities, and estimate the age of the universe. We will display our map as a two dimensional “wedge diagram” showing an overhead view of the slice of the universe we have surveyed. With the complete map, we should be able to see the general shape of galactic clusters and voids in the small region of space we are observing.

Procedure and Exercises:

Open the CLEA program Large-Scale Structure of the Universe and click on File and log in appropriately. After logging in, click on File > Run. Once you have control of the Kitt Peak 4 meter telescope, click Dome to open the telescope doors and Tracking to turn on the telescope’s automatic drive to compensate for the earth’s rotation. Your field of view should contain an image of one or more galaxies. These galactic images are similar to those you would see when looking through a large professional telescope. Changing the telescope’s direction can be done manually (slewing) by pressing N, S, E, W to the left of the field of view. Its manual rate of motion can be increased or decreased by pressing Slew Rate. Here, we will primarily input the coordinates of an object by pressing Set Coordinates, after which the telescope will automatically slew to a new position.

Turn to the data sheet on p. 11, Table 1. This list comprises all galaxies in the CLEA survey within a small wedge of the sky, the red segment in Fig. 2 above, from RA 15.7h to 16.0h and Dec 27° to 32°. The complete CLEA survey covers the same Declination, but RA 12h to 16h (the red and black segments in Fig. 2). We will find the 3-dimensional positions of the galaxies on p.11 and look for hints of large-scale structure that their positions imply. 

Click on the Set Coordinates bar and change Right Ascension and Declination to that of the first galaxy in Table 1. Click OK and the galaxy should appear in the red box in the center of your field of view. (Make sure Tracking is ON.) Now click Change View and center the galaxy on the slit of the spectrometer window. You should see an image similar to Figure 4 below.
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Figure 4: CLEA Large-Scale Structure of the Universe. This view shows galaxy 1555+3011 centered on the spectrometer slit.
With your galaxy centered on the spectrometer slit, you are now ready to record its spectrum and its Apparent Magnitude V. We will use these measurements to determine the galaxy’s velocity and distance from Earth. 

1) Click Take Reading to open the Reticon Spectrometer Reading window, then click Start/Resume Count on the menu bar to begin recording the galaxy’s spectrum. (See Figure 5 below.) When the Signal/Noise ratio becomes higher than 50, you may stop the reading by clicking Stop Count on the menu bar. 

2) Galactic Velocity: You should see three large absorption lines (dips) in the spectrometer line graph (Figure 5). From left to right, these are the K, H, and G absorption lines of doubly ionized calcium (Ca II). When measured here on Earth from a non-moving source, these lines appear at wavelengths 3933.7, 3968.5, 4305.0 Angstroms, shown in Figure 5 as a red dip, green dip, and yellow dip respectively. But in the galactic spectrum these lines have shifted to the right, towards red, and thus have longer wavelengths. This redshift is the Doppler effect acting on light from the galaxy and indicates that the galaxy is moving away from Earth. In principle, this is the same effect that causes the sound of a car horn, or train whistle, to become lower in pitch, and thus longer in wavelength, as the horn moves away from the listener. Measuring how much longer these wavelengths have become will allow us to find the galaxy’s velocity. The computer will use the following equations to estimate the velocity of the galaxy after we measure the wavelength of its spectral lines:
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Here, (K , (H , and (G are the measured wavelengths of the K, H, and G spectral lines in Angstroms, c is the speed of light 2.99x105 km/sec, and vK , vH , and vG are the estimated velocity of the galaxy. The computer will take the average of these estimates to produce a final value of the galaxy’s velocity.

[image: image21.png]ticon Spectiometer Reading

Intensity;0.270

3000 000 o 200 a0 a0 500
Angstroms
1555 3011 Integration (Second:
‘Apparent Magaitude [ 14.90 Photon Count: 5308934
Right Ascension: 15h 55m 27.135 v, per Channel:
Declination: 304 11 51.3"

SignaliNoise: 97.1




To measure the galaxy’s velocity (redshift), move the cursor over the very bottom of the first absorption line (K) and click the mouse. A red line will appear marking the position of the cursor at the clicked point (Figure 5). Move the red line until it appears exactly in the center of the bottom of the absorption line. With the red line centered, read the wavelength from the top of the spectrometer window and record this wavelength as (K on your data sheet (p. 11). Repeat this procedure to measure and record the wavelength of the H and G absorption lines in your spectrum.
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Next, click Record Meas. on the menu bar and type in your values for (K , (H , and (G under Meas. @. Now click Verify/Average to obtain the average measurement of the galaxy’s velocity (in km/sec). Record this average velocity on your data sheet as vavg, the velocity of the galaxy. 

3) Distance by Spectroscopic Parallax: Using the method of spectroscopic parallax, we will now estimate the distance to the galaxy under observation. Recall that spectroscopic parallax compares the Absolute Magnitude M of an object (its intrinsic brightness) to its Apparent Magnitude V (its apparent brightness) to estimate the object’s distance ( the dimmer the object appears the farther away it is. (We used this same method to find the distance to the Pleiades in Lab 7.) Recall that bright objects have low magnitudes and dim objects have high magnitudes, e.g., an object with V = 10 appears brighter than one with V= 15. To employ this technique, we will assume that the absolute magnitude of the average galaxy is –20. The Apparent Magnitude (V) of the observed galaxy has been measured and listed on both the Record Measurement and Reticon Spectrometer Reading windows. Record the galaxy’s Apparent Magnitude V on your data sheet. (Do not confuse Ap. Mag. V with velocity vavg on the data sheet!) 

Using the spectroscopic parallax equation below, find the distance to the galaxy under observation and record this distance on your data sheet. The distance here is calculated in megaparsecs (1 megaparsec = 1 Mpsc = 106 parsecs = 3.09 ( 1019 km = 3.26 ( 106 Lightyears).
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      (1)

Close the Record Measurement and Reticon Spectrometer Reading windows to return to the telescope field of view. Click Set Coordinates to input the coordinates of your next galaxy and center the galaxy on the spectrometer slit. Now repeat steps 1-3 above. Continue this process until you have recorded readings for each galaxy on your list. 

Data Analysis:

Before continuing, click File > Data > Print on the menu bar in the main window to print a copy of your data. Attach this printout to your lab report.

Question 1: Which galaxy of those you measured is the brightest when viewed from Earth?

Question 2: Which galaxy of those you measured is moving away from Earth the slowest?

Hubble’s Law and the Hubble Constant

The discovery that virtually all other galaxies appear to be moving away from us, and away from each other, is experimental proof of the expansion of the universe. (Actually, a few galaxies in our “Local Group” are moving towards us, but the vast majority of galaxies in the universe are moving away from us, and away from each other.) This fact was first noted by Vesto Slipher in the early 1900s who recognized that the spectra of galaxies were redshifted and that this implied they were receding from Earth. 

Question 3: Suppose we observed the spectra of a nearby galaxy and found that its K, H, and G lines had wavelengths less than 3933, 3968, and 4305Å respectively (shifted towards blue, not red). What would this tell us about the motion of that galaxy?

In the 1920s, Edwin Hubble discovered that not only were other galaxies moving away from us, but they were doing so with a velocity that increased in direct proportion to their distance from the Milky Way. Specifically, the Hubble law states that the ratio of velocity to distance of receding galaxies is always the same, a constant
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                        (2)

where v is the velocity of the receding galaxy (km/sec), D is its distance from Earth (usually in Mpsc), and H is the Hubble constant (usually in km/sec/Mpsc). As we will see in the next section, this law allows us to estimate the age of the universe. (It is an estimate because the value of H is not well known.) 

Using vavg for v in the Hubble equation above, find the value of H predicted by your observations of galactic spectra. Determine a value of H from each of your observations and record these values on your data table on p. 11, then average these values to obtain your estimated average value of the Hubble constant. 

Havg (km/sec/Mpsc) = 






km/sec/Mpsc
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Age of the Universe

The Hubble law is essentially the same as time = distance ÷ rate for an object moving at constant velocity, or in the Hubble case time = D/v = 1/H. Thus, knowing the Hubble constant allows us to estimate the time it has taken for the galaxies to reach their tremendous distances from each other (assuming their velocities are constant!). That is, moving at the velocity vavg, 1/Havg is the time it has taken for our observed galaxies on p. 11, to recede to their current distance from the Milky Way. Assuming that this comprises most of the time since the Big Bang, we can thus estimate the age of the universe by simply taking the inverse of the Hubble constant Havg. 

Question 4: From your value of Havg above, estimate the age of the universe. To do so, we must convert Mpsc into km (1 Mpsc = 3.09x 1019 km), then convert seconds into years. We first convert Mpsc into km within Havg
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and finally
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Current estimates place the age of the universe at about 13-15 billion years. Does your value fall within this range? 

Question 5: Assuming the “edge” of the observable universe is moving away from us at the speed of light, and has since the Big Bang, how far away is the “edge” of the universe in lightyears (LY) according to your measurements?

       Distance to edge of Universe (LY) = DUniverse (LY) = 
LY
  


Large-Scale Structure of the Universe: Plot of CLEA-Surveyed Galaxies 

We will now plot the positions of the galaxies in the CLEA survey to get an idea of the galactic structure in the universe. We will first plot those few galaxies observed in the procedure above, and then plot the entire survey for a more complete view.

If you have not already done so, close the Record Measurements and Reticon Spectrometer Reading windows. On the main menu bar, click on File > Data > Save Results for Plot. After clicking OK when prompted (twice), click File > Wedge Plot to open the Plot Module. 

In the Plot Module window, click File > Open File. “Plot.txt” should appear under File name:. Click OK. On the Plot Module menu bar, click Plot > Plot the current File. The galactic data from p. 11 should appear on the graph as Right Ascension vs. Velocity (vavg). 

Question 6: Do the galactic positions on your plot appear evenly distributed along a line from the origin? 

Click File > Open File. Under File name:, type Plotall.txt. Click OK. On the menu bar, click Plot > Plot the current File. The full graph of galaxies for the CLEA survey should appear.  

Click Plot > Print the Plot to obtain a printout of the full RA vs. Velocity graph for all galaxies in our survey. Attach the printed plot, with your earlier printed data, to your lab report.

Figure 6: Plot of 215 galaxies of the CLEA Large-Scale structure survey, showing the “Great Wall,” the Coma Cluster, and the subsection of galaxies on p.11. 

Question 7: Do the galaxies in the complete survey of Figure 6 (Plotall.txt, 215 galaxies) appear evenly distributed? Are there clumps and voids?
Question 8: The most densely populated region of the diagram, which appears like a human stick figure, contains the core of the Coma Cluster of galaxies (Figure 6). What are the approximate RA and Velocity coordinates of this feature?

RAComa (hours) = 
                                                vComa (km/sec) = 

Question 9: We can use the Hubble redshift-distance relation Havg = vavg/D to determine the distances to galaxies on our chart (D = vavg/Havg). Using your value of Havg, and your estimate of vComa from Question 8, calculate the distance to the center of the Coma Cluster. (If you gave a range for vComa above, choose the middle of your range.)

vComa (km/s) = 
       km/s


                                             Mpsc

Question 10: Using the Hubble equation, find the distance D to the farthest galaxy included in the complete survey. This is the galaxy moving with the greatest velocity, so first find the fastest moving galaxy on your printed complete plot and CIRCLE IT. Then use the Hubble law to find its distance from the Milky Way and convert this distance into lightyears (LY).

vfarthest galaxy (km/s) = 
                  km/s
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Question 11: Using your answer to Question 5, how much farther away from us is the edge of the observable universe than the farthest galaxy in our survey?

DUniverse (LY) – Dfarthest galaxy (LY) =                                               LY


Question 12: Suppose someone lived in the “farthest galaxy” in our survey. How far away would the edge of the observable universe be for them? (Be careful here! According to the Hubble Law, observers in every galaxy see all other galaxies moving away from them just like we do! So every observer sees their galaxy as the “center” of the expanding observable universe!)

Question 13: The picture on the front of the manual is a plot of over 2 million galaxies in a wedge of space similar to the wedge in our survey. This plot contains virtually all galaxies with known observable positions in a region of the Southern Celestial Hemisphere, near the South Celestial Pole, covering less than 0.001% of space in the universe. Assuming the rest of space is similar in galactic composition to the region on the front page, how many galaxies would the universe contain?
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How many billion is this?

Continue to Part 2 below, where you will observe (hear!) pulsars with a radio telescope.

Table 1: Redshift Data for Galactic Large-Scale Structure of the Universe

	Name
	RA
	D

e

c
	(K (Å)

>3933
	(H (Å)

>3968
	(G (Å)

>4305
	Ap.

Mag.
(V)
	vavg (km/s)
	D (Mpsc)
	H (km/s/

Mpsc) =

vavg/D

	1555+3011
	15h 55m 27.3s
	30° 

11’ 

57”
	
	
	
	
	
	95.50
	

	NGC 6016
	15h 53m 54s
	27° 

7’ 

0”
	
	
	
	
	
	104.71
	

	1552+3018
	15h 52m 

6s
	30° 

18’ 

0”
	
	
	
	
	
	
	

	1548+2847
	15h 48m 30s
	28° 

47’ 

0”
	
	
	
	
	
	
	

	1546+2746
	15h 46m 54s
	27° 

46’ 

0”
	
	
	
	
	
	
	

	NGC 6001
	15h 45m 42s
	28° 

48’ 

0”
	
	
	
	
	
	
	

	1544+3110
	15h 44m 44.6s
	31° 

9’ 

53”
	
	
	
	
	
	
	

	1544+3025
	15h 44m 18.33s
	30° 

25’ 

0”
	
	
	
	
	
	109.65
	

	IC 4582


	15h 43m 35.67s
	28° 

15’ 

0”
	
	
	
	
	
	95.50
	

	
	
	
	
	
	
	
	
	Havg

(km/s/

Mpsc) =
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	


Appendix: Pulsars
Open the CLEA program Radio Astronomy of Pulsars. After logging in, click the Tracking and View buttons on the main window. The view should now show a map of pulsars in RA and Dec. On the menu bar click “Hot List” > View/Select from List and choose pulsar 0628-28 to “view” with the radio telescope. After the telescope has moved to the coordinates of the pulsar, click Receiver > Mode to hear the pulsar’s radio emission. (Make sure your computer has speakers or headphones and that the volume is loud enough to hear.) 

A pulsar is a rotating neutron star emitting radio waves from its magnetic north and south poles. A neutron star is a collapsed star, near the end of its life, so compact that electrons and protons in its constituent atoms are squeezed together to form neutrons. These stars have collapsed to about 1/100,000th of their original size (like squeezing the sun into a 10 km ball), and consequently they spin 100,000 times faster than a normal star. (This is conservation of angular momentum – like an ice skater pulling in her arms during a spin.) Our sun completes a rotation once every 30 days, so we would expect a neutron star to rotate completely about once a second. Neutron stars also have very strong magnetic fields, tens of billions of times stronger than those of a normal star (its shrunken surface area con-centrates its magnetic field). A pulsar forms when the magnetic axis of the star is off-center, tilted at an angle to its axis of rotation (Figs. A1, A2). The rapidly spinning neutron star magnetically traps electrons and accelerates them to high speeds. These fast electrons emit radio waves which are beamed out from the star’s magnetic north and south poles. As the star rotates, the beam sweeps around the sky, and every time it crosses our line of sight (once per rotation of the star), we see a pulse of radio waves, like a pulse of light from the beacon of a lighthouse.



Figures A1 and A2: A pulsar is a neutron star with magnetic north and south poles off-center from its axis of rotation. Electrons, trapped by its magnetic field, emit radio waves that rotate with the star in a beam moving around its axis. When the beam hits Earth, it reaches us like a radio-wave lighthouse, shining on us once per rotation of the star. Figure A1: Pulsar ON as radio beam hits Earth. Figure A2: Pulsar OFF as beam rotates away from Earth.
The pulse graph on your computer screen is intensity vs. time for the radio waves received from the pulsar, with the time axis showing the last 4 seconds. See Figure A3 below. You may increase or decrease the time period shown by clicking the arrows beside Horz. Secs. on the right. By default, the radio telescope reads at a frequency of 600 Mhz, but you can change this frequency by clicking the arrows to the right of the Freq MHz listing. (In Stop mode, the receiver will accept frequency changes at will, but in Receive mode it will accept only one frequency change every few seconds.) By changing the frequency, you may find that the intensity (height) of the radio pulse is greater at a higher or lower frequency than the default 600Mhz. 

Find the frequency within 100 Mhz (e.g., 600Mhz) at which the pulse is the strongest (has the tallest peak) and record this frequency below. Next, find the pulsar’s period. The period is the time between pulses. To measure the period of Pulsar 0628-28, click on the first peak of the pulsar to find the time of the first pulse, then click on the second peak to find the time of the second pulse, and subtract the first time from the second time to get the period (for example, 2.30 sec – 1.60 sec = 0.70 sec.) This period is the time of rotation of the neutron star (its day). 

Repeat these observations for each of the three pulsars 0628-28, 0531+21 (in the Crab Nebula), and 0740-28 from the “Hot List.” Your observations may also require changing the Vert. Gain and Horz. Secs for better accuracy.

0628-28:

Radio Frequency of Maximum Intensity (MHz):
(MHz)


Period of Pulse (time between pulses):

 (secs)


0740-28: Set Horz. Secs to 1. The entire graph will now cover 1 second, each large division will be 0.1 secs and each small division 0.01 secs.
Radio Frequency of Maximum Intensity (MHz):
(MHz)

Period of Pulse (time between pulses):

 (secs)


0531+21 (The Crab Nebula Pulsar): Set Vert. Gain to 0.13 and Horz. Secs to 1.

Radio Frequency of Maximum Intensity (MHz):
(MHz)


Period of Pulse (time between pulses):

 (secs)
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Figure � SEQ Figure \* ARABIC �1�: Velocity versus Distance of Galaxies moving away from Earth as plotted by Edwin Hubble, 1920.





Figure � SEQ Figure \* ARABIC �2�: Portion of the sky covered by the CLEA survey. The red segment contains the galaxies in Table 1, p. 11, to be observed in the procedure below.
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Figure � SEQ Figure \* ARABIC �3�: Right Ascension and Declination of sky-slice under observation.
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Figure � SEQ Figure \* ARABIC �5�: Reticon Spectrometer Reading window showing measurement of the redshifted K line of Ca II in galaxy 1555+3011. The un-redshifted K, H, and G lines are shown here as a red dip, green dip, and yellow dip at wavelengths 3933, 3968, and 4305Å respectively. Each line is redhifted the same amount since each comes from the same moving source. The galaxy’s Apparent magnitude (V) is listed on the lower left-hand side above its coordinates.
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Figure A3: Pulsar0628-28. Pulses are approximately 12.5 tenths of a second, or 1.25 seconds apart.
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