The Crawl of the Crab                                                           
Introduction

Two images of the Crab Nebula supernova remnant, taken 46 years apart, clearly show the expansion of the explosion. In this exercise, you will determine the age of the Crab by measuring how much it has expanded over that period of time. You will convert the amount of expansion to a rate of expansion, and from there work backwards to determine the date the star exploded, the birthday of the Crab Nebula.

Procedure:
First, examine both images. They are presented in grey scale (what most people erroneously call “black and white”), and are reversed such that bright objects like stars are black, and dark objects like the background sky appears white. This is an old astronomer’s trick to make faint detail easier to see. You can see that the gas is not smooth; there are filaments and knots of gas strewn throughout the nebula.

One image was taken in February 1956, and the other in November 1999. Both images look similar at first glance, but if you look carefully you’ll see some differences. The images are not at the same scale; one is slightly magnified compared to the other (can you tell which is which?). The area of sky covered is slightly different as well. More subtly, the nebula itself has changed during the time interval between the two images. It is this change that you will measure, and from that determine when the Crab was born.

Some tips before you begin:

a) Getting a useful cursor shape: In most image display packages, the shape of the cursor depends on what tool you are using (cropping, pen, shapes, etc.). Some of these make it easier to see your cursor position than others. It may be easier to read the cursor position by clicking on different tools, such as the crop or pen tool. There is no “correct” tool, so just try different tools to see which one works best for you.

b) How to read the cursor pixel position:

PhotoShop: the position of your cursor in pixels is displayed on the bottom left-hand part of the screen. If you do not see it (wiggle the mouse to make it easier to spot), then look in the “Info” window (if the “Info” window is not already displayed, under  “Window”, click “Show Info”).

GIMP: the position of your cursor in pixels is displayed in the lower left corner of the screen.

c) The Excel spreadsheet with this lab will be used to calculate distances between objects in the images for you. All the other calculations will be done by you. Make sure you record all calculations you do on the student worksheet.

1) To measure the expansion of the gas, you first need to establish the scale of the images. This is similar to the scale of a road map, which for example might be given in kilometers/centimeter. In astronomical images this is measured in arcseconds/pixel. The separation of the stars in arcseconds is supplied below, and you will measure the separation in pixels.

On each image, there are three pairs of labeled stars (A1 and A2, B1 and B2, C1 and C2). Using your image display software, find the X and Y coordinates of each star and record them in the spreadsheet. The spreadsheet will automatically calculate the distances between each pair of stars. 

Transcribe these distances to your student worksheet.

2) The angular separations on the sky between the stars in each pair have been determined using star charts, and are listed below. Use these separations together with the distances you recorded in Step 1 to determine the plate scale of the images in arcseconds/pixel, and then calculate the average of your three numbers. 

Angular separation of Stars A1 and A2:
283 arcseconds

Angular separation of Stars B1 and B2:
362 arcseconds


Angular separation of Stars C1 and C2:
278 arcseconds
3) Near the center of the nebula is a star marked “pulsar”. That is the collapsed core of the star that originally exploded. We can assume for this exercise that all the gas started at that star, so you will measure the expansion relative to the pulsar.
First, measure the coordinates of the pulsar and record them on the spreadsheet.

On both images, there are 11 knots of gas marked. Starting with the image from 1956, carefully measure the X and Y coordinates of each knot. Repeat these measurements for the 1999 image. Some of the knots are extended, or spread out a bit. For knots like that, pick an obvious feature to measure, like the center of the knot, or the edge on one side. Make sure you pick the same feature in both images! Otherwise your measurements will not be accurate. On the spreadsheet there is room for you to make short comments on what part of the knot you measured, which may help you if you need to go back and re-measure.

Tip: measure each knot in both images before going on to the next knot, rather than measuring all the knots in one image and then in the other. That way, you can be more consistent in the way you measure each knot. Another tip: it might help to measure the knots on the 1999 image first, since it has better resolution, and shows the structure of the knots more clearly. A third tip: sometimes measuring to the edge of a knot is easier than measuring to the center.

The distances of the knots from the pulsar will be calculated by the spreadsheet automatically. 

Transcribe these distances to your student worksheet.

4) Using the average plate scale you derived in Question 2, convert the distance you measured in pixels to angular separation in arcseconds.

Do you see any obvious trends in these numbers from one date to the other?

From here on out, you will no longer need the Excel spreadsheet. All the calculations will be done by hand.

5) Now it’s time to measure how much the nebula expanded: subtract the angular separation between each knot and the pulsar in 1999 from the angular separation in 1956. 

a) Examine the numbers you just calculated. Are the expansion amounts all roughly the same (within, say, 10% of each other), or is there a large variation? Do you expect all the numbers to be about the same? 

b) Now look at the amount of expansion for each knot compared to the distance of the knot from the pulsar. Do you see any trends?

c) To see if any trends exist, plot on your graph paper the expansion amount for each knot versus its distance from the pulsar in the 1999 image. Using your ruler, draw in a best-fit line to the points. Can you make any general statements about a relationship between the distance from the pulsar for a given knot and its speed of expansion? Try to think of a physical reason for this. 

6) To determine the age of the nebula, you need to find the expansion rate, the amount it has expanded versus time (this is, in a sense, the speed of expansion on the sky). Given the dates of the two images (February 11, 1956 and November 10, 1999) calculate the time elapsed between them to the nearest 0.1 years. Now divide the expansion amounts you calculated in Question 5 to get an expansion rate in arcseconds/year.

Are the amounts all roughly the same (within, say, 10% of each other), or is there a large variation? Why would this be?

7) Now that you have the rate of expansion, you can calculate the age of the nebula. Starting with  

rate = distance / time

which can be rearranged to 


time = distance / rate
use the expansion rate (in arcseconds/year) you calculated in Question 6, and the angular separation of the knots from the pulsar (in arcseconds) you found in Question 4, to calculate the age of the nebula. Use the angular separations for the 1999 image.

Are the ages all roughly the same (within, say, 10% of each other), or is there a large variation? Why would this be?

Calculate the median and average age of the nebula. 

8) Given the date of the image you used to find the age, in what year did the star explode to form the Crab Nebula? Calculate this number for each knot, and find the median and average year.

Scientists think the star that formed the Crab nebula blew up in 1054. How close was your answer?







