
Lab #12 The Crab Nebula

0.1 In tro duction

One of the most fascinating objects of the winter night sky is the famous Crab nebula,
located near the tip of one of Taurus the Bull's horns. The nebula was discovered by well
known French astronomerCharles Messierin 1758. It is the �rst object in his catalog of
nebulousobject of the night sky that he begancompiling in 1764. The Crab nebula is in
fact the remnants of the bright supernova of 1054. This supernova was recordedby Chinese
astronomersto have beenvisible during the day for 23 days and in the nighttime sky for two
years.

In 1968,radio astronomersStaelin and Reifensteinfound the stellar remnant at the coreof
the nebula- a neutron star! This neutron star spinson its axis 30 times a second.The star's
magnetic �eld causesit to emit beamsof light from its magneticpolls. Thesetwin spotlight
beamssweepby the Earth, causingthe neutron star to appear to blink on and o�. Because
of this 
ic kering, the neutron star is alsocalled a \pulsar."

The purposeof this lab is to learn about a number of fascinating properties of the Crab
Nebula, including its appearance,radiation mechanisms,expansionrate, age,distance,and
someof its spectral properties.

0.2 Part I: Finding the Crab's Age

For this part of the lab, you will needthe photographstaken of the Crab nebula in 1973and
2000so that you can �nd the rate of expansion(both of thesephotographsare negatives
so the brightest spots appear dark). The location of the pulsar is indicated in the following
image:
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1. To estimate how long the Crab Nebula hasbeenexpanding,you must �rst obtain the
scalefor each photograph (at the end of the lab). In both cases,measurethe distance
betweenthe centers of the two marked stars in millimeters, estimating to the nearest
0.1mm. Knowing that the angular distancebetweenthe stars is 385 arcseconds,�nd
the scaleof each photo in units of [arcseconds/mm].

Date DistanceBetweenMarked Stars Photographic Scale
(mm) (arcseconds/mm)

1973
2000

2. a) Carefully locate the pulsar on the 1973and 2000photosasindicated in the diagram
above.

b) Identify 5 to 10 relatively well-de�ned knots in the �laments around the periphery
of the Crab on both photos. Be sure to distribute your selectionsaround the nebula
asmuch aspossible.Clearly number the knots you selecton both photossoyou don't
confusethem.

c) Now usea millimeter ruler to measurethe distance of the center of each knot, to
the nearest0.1 mm or so (in other words try to judge the distance in between each
millimeter tick mark), from the center of the pulsar in the 1973 and 2000 photos.
Note: knots are fainter and fuzzier than stars which are darker and circular. Write
your results in Table 2 under the columns labeled r 1973 and r 2000 (r stands for
radius).

d) Usethe correct scalefrom step(1) to obtain the angular distancesof the knots from
the pulsar, q, by converting r into q and �ll in the corresponding spacesin Table 2.

3. We will now calculate the averagespeedof the ejectedmaterial in the knots relative
to the central pulsar. The angular velocity of any knot, w, is given by the expression

w = dq=dt (1)

where dq is the angular changein position of a knot in arcseconds(00), and dt is the
interval in time betweenthe two photos (i.e. 27 years). Using this formula, calculate
w for each knot in units of [00/yr] and enter the reults in Table 2.

4. Knowing the angular speed,w, and the angular position, q, of each knot in 1973,we
can solve for the total time since the explosionusing the simple relation T = q=w.
Find the estimatedexpansiontime for each knot and placethe results in Table 2.
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Knot # r 1973 q 1973 r 2000 q 2000 dq w T
(mm) (00) (mm) (00) (00) (00/yr) (yr)

1
2
3
4
5
6
7
8
9
10

5. Calculate the mean of the 5-10 T valuesyou obtained, then use this to calculate the
date of the supernova occured

(a) The meanT is years.

(b) Thus, the date of the explosion,accordingto your results, was .

(c) When calculating the date of the supernova explosion, what have you assumed
about the velocity of the gaseousknots?

(d) Compareyour value for the date of the supernova event to the acceptedvalue of
1054. What doesthis suggestabout the expansionvelocity of the nebula? Explain.

0.3 Part I I: Finding the Distance to the Nebula

In terms of the velocity of expansion,v [km/sec], and the expansionrate, w [00/yr], measured
between 1973 and 2000, we can compute the distance to the Crab nebula, d, in units of
parsecs:

d = 0:211v=wparsecs: (2)

So far we have found the angular rate of expansion,w, of the Crab Nebula. To obtain
its distance, the equation above shows that we need to measurethe linear velocity, v, by
someother method. To accomplishthis, you will learn someof the spectral properties of a
supernova remnant, and usethe sametechnique that astronomersuseto measurevelocities
from spectral lines.

Look at the spectrum of the Crab Nebula. In this negative image,the bright emissionlines
of the nebula and laboratory comparisonspectra above and below show as dark lines. The
spectrum was taken by aligning the slit of the spectragraph along the major axis of the
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nebula. The brighter spots along each spectral line occur where a bright �lament crossed
the slit.

Notice that each of the �laments is either redshiftedor blueshifted,with nothing in between.
This occursbecausewe are seeingmaterial that is either at the very nearsideof the nebula,
rushing towards us, or material at the backside of the nebula, rushing away. The �laments
are on the outer edgesof the nebula.

Examine carefully the region around the [OII] 3727�A line1 on the Crab Nebula Spectra.

1. First calculate the spectral scalein this region as described below: The distancebe-
tweenthe 3690�A and the 3799�A palladium lines is �A and is measuredto
be mm.

The spectral scaleis thus �A/mm.

2. Now use a millimeter ruler and the scale you found in step (1) to �nd the maxi-
mum Doppler shift betweenthe blueshifted and redshifted branchesof the [OII] 3727
�A \necklace". maximum Doppler shift = mm. maximum Doppler shift =

�A.

1The unit \ �A" is a measurement of length called an \Angstrom" which is just 1/10 of a nanometer. So,
3727�A is 372.7nm which is in the ultra violet.
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3. Using the Doppler formula to calculate the relative velocity betweenthe approaching
and receding�laments. Show your calculation in the spaceprovided. For reference,
the Doppler formula is � �=� = v=c, where� � is the di�erence in wavelengthbetween
the red and blueshiftedsides(useyour answer from above) and � is the unshifted line
wavelength, i.e. 3727�A. The speedof light, c = 300; 000km/s.

4. We wish to measurethe true expansionof the nebula. Explain, using a drawing, what
velocity was found in question3. Determine what velocity we are really interested in
and calculate its value.

5. The spatial velocity of the �lament along the line of sight with repsectto the center of
the Crab Nebula is km/sec.

6. Finally, calculate the distanceto the Crab Nebula using the distanceformula given at
the beginning of this section (choosethe maximum value of w from Table 2). Show
your work.

7. Find the percent error in your result comparedto the acceptedvalue of about 1930
parsecs.

Relative error = jd � 1930pcj=1930pc� 100= %

8. When calculating the spatial velocity of expansionin km/s and the distance to the
Crab Nebula, what have you assumedabout the shape of the nebula?

9. List herewhat you considerto bethe primary sourcesof error in your distanceestimate.

10. With the high resolution of radio telescopes,namely the Very Long BaselineInterfer-
ometer,you canusethe method of expansionparallax for supernova remnants that are
much farther away from us than the Crab Nebula. Supernova 1987Aexploded in the
large Magellanic Cloud and was �rst observed on February 23, 1987. At that point,
the remnant had a radius of zero. 5.2 days later, the remnant had a radius of 0.0022
arcseconds.The radial velocity of the nebula was 36,000km/s. What distancedoes
this suggestto the Large Magellanic Cloud?
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