Cepheid Variables and Extra-Galactic Distance

Before This Lab

- Read the NASA article concerning Apparent, Visual, Apparent Visual, Absolute Magnitudes and

  Luminosity

- Read notes on the Julian Date.

- Refresh your memory on Base 10 Logarithms

Introduction

Cepheid (se-fee-id) Variables are often referred to as “yard-sticks” to the universe. Because of the nature of these interesting variable stars, we can use them to estimate distances to objects outside of our own galaxy. Have you ever wondered how far it is to another galaxy? In this lab, you’re going to find the distance to the second closest galaxy to the Milky Way. That galaxy is known as the Small Magellanic Cloud. Unfortunately for those of us in the Northern Hemisphere, we cannot see the Large or Small Magellanic Clouds. Only those living in the Southern Hemisphere have a view to these exciting and nearby galaxies.

So, what is a Cepheid you ask?  Similar to other variable stars, the brightness of Cepheids change with time. What separates Cepheids from other variables is that the time (called a period) it takes a Cepheid variable to complete one cycle (known as a pulsation) is directly related to its average brightness. The longer the period, the brighter the star. Cepheids pulsate due to an imbalance between their inward gravitational pull and outward pressure. Thus, expanding and contracting in very short periods that range from 1 to 70 days depending on the Cepheid.

Information and Procedures
Henrietta Leavitt discovered the relationship between the period and Apparent Visual Magnitude (mv) while studying Cepheids in the Large and Small Magellanic Clouds at the Harvard College Observatory. To better understand her discovery, use the data from the table below and plot a graph where “P” is the period and “mv” is the Apparent Visual Magnitude. Use the graph paper supplied by your instructor. Hint…The period should lie along the X-Axis.
Table 1: Cepheids in the Small Magellanic Cloud (SMC)


Cepheid
P (days)
mv


HV1871
1.2413
17.21


HV1907
1.6433
16.96


HV11114
2.7120
16.54


HV2015
2.8742
16.47


HV1906
3.0655
16.31


HV11216
3.1148
16.31


HV11113
3.2139
16.56


HV212
3.9014
15.89


HV11112
6.6931
15.69

Apparent Visual Magnitude (mv) is an excellent reference aid for finding objects in the night sky; however, to find the distance to an object, one must also know the object’s Absolute Magnitude (Mv). That is, the object’s intrinsic brightness as if it were 10 Parsecs ( 32.6 Light Years) from Earth. By comparing stars from this distance, we can fully appreciate how bright one star is to that of another. The formula for calculating Absolute Magnitude is:

Formula 1:   Mv = ( mv + 5 ) – ( 5 x Log( d ) )            Where “d” is the distance.

Consider this…Imagine entering a hallway after the bell rings at a school. As you look down the length of the hall, it would be difficult to determine who the tallest person is simply because the people closest to you appear to be taller than the people at the other end of the hall. To solve the question of who’s tallest, you might line everyone up shoulder-to-shoulder on the 10 yard line of the football field while you stand on the opposite 10 yard line. By doing this, comparing the height of one person to another becomes relatively easy because your perspective at a distance allows you to compare the height of any one individual to that of any other individual.

Henrietta Leavitt could not determine the Absolute Magnitude of the Cepheid Variables in the Magellanic Clouds because she did not know their distances. It was later determined that the Absolute Magnitude could be derived by the base 10 logarithm of the period of the Cepheid in place of the distance given by the following formula:

Formula 2:   Mv = - ( 2.76 ( Log( P ) - 1.0 ) ) - 4.16           Where “P” is the period.

By determining a method to establish the Absolute Magnitude of the Cepheids, it becomes possible to show the relationship of their Intrinsic Brightness with that of their periods as well as determine their luminosity. Consider the following graphic:

Graph 1:
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Are you ready to put this into practice? First, let’s take a look at what a Cepheid actually looks like to the Hubble Space Telescope (HST). The images below were taken by the HST’s Wide Field Planetary Camera 2 (WFPC2). The arrows point to Cepheid C63 in spiral galaxy M100 in the constellation Coma Berenices. Note that the period and Apparent Visual Magnitude are given. The combination of the six frames taken by the WFPC2 is the changes in magnitude of C63 over the course of one period.

C63 in M100:  P=17.6  mv=26.2 *
[image: image2.png]



Since we do not know the distance to C63, we must establish its Absolute Magnitude (Mv) based on Formula 2.


Mv = - ( 2.76 ( Log( 17.6 ) - 1.0 ) ) - 4.16 


Mv = - ( 2.76 ( 0.2455 ) ) - 4.16 


Mv = - ( 0.6776 ) - 4.16 

Mv = - 4.84
*** Answer Worksheet Questions 1-3 Before Continuing ***

Establishing the Distance of the SMC
You may have noticed as you read through the lab that calculating the distance to a Cepheid Variable was a rather circular problem…In order to know the distance to an object, one must know the Absolute Magnitude and in order to know the Absolute Magnitude of an object, one must know the distance. This is why finding a method (Formula 2) of establishing the Absolute Magnitude of Cepheids was so important and perplexing.

Finding the distance of one Cepheid in a galaxy is not enough to establish the distance to the galaxy. Rather, one must find the Periods, Apparent Visual Magnitudes and Absolute Magnitudes of several Cepheids within the same galaxy to establish the distance. The data in Table 2 are Cepheids in the SMC and was taken from the McMaster Cepheid Data Archive. You will use these Cepheids to calculate the distance to the SMC on your worksheet.

Table 2: Cepheid Variables in the SMC

	HV00857 P=11.9829
	
	
	HV01326  P= 13.7274
	
	
	HV01871  P= 1.2413
	

	Julian Datem
	mv
	
	Julian Datem
	mv
	
	Julian Datem
	mv

	43450.398
	14.82
	
	43450.284
	15.17
	
	40769.909
	18.05

	43453.362
	14.56
	
	43451.339
	15.48
	
	40771.871
	17.78

	43454.326
	14.37
	
	43452.272
	15.19
	
	40802.721
	16.75

	43456.268
	14.08
	
	43453.312
	14.96
	
	40802.794
	16.98

	43459.357
	14.41
	
	43454.272
	14.92
	
	40802.864
	17.26

	43460.345
	14.59
	
	43455.269
	14.79
	
	40803.709
	18.08

	43462.328
	14.81
	
	43456.386
	14.36
	
	40803.777
	    17.90

	  43463.3
	    14.90
	
	43459.307
	14.69
	
	40803.846
	17.36

	
	
	
	43460.277
	14.82
	
	40805.684
	17.76

	
	
	
	43462.275
	14.99
	
	40805.827
	18.06

	
	
	
	43463.333
	    15.20
	
	40805.903
	18.11

	
	
	
	  43465.35
	15.25
	
	40827.747
	17.72

	
	
	
	
	
	
	40828.638
	16.69

	
	
	
	
	
	
	40828.718
	16.69

	
	
	
	
	
	
	40828.797
	    17.00

	
	
	
	
	
	
	40829.649
	18.13


NOTE: (The Julian Datem is the Modified Julian Date, which is the actual Julian Date minus 2,400,000.5 days. This is simply a method of keeping the numbers short.)

For each Cepheid noted in Table 2, the period is given by “P”. One can determine the period by noting the distance in days between the crest (top) of each portion of the light curve as shown in the conceptual light curve in Graph 2. It is unlikely, however, that data taken from a database of any Cepheid will render such a smooth light curve. Data may have been taken at random points over the course of several weeks or months. In such cases, computers are used to determine the period. If you were to gather data on a Cepheid and could collect that data every night, multiple times per night, over several periods, you would have a smooth light curve that would easily establish the period much like the one in Graph 2. If you would like to try to do this, talk to your instructor about conducting research project.

Graph 2: Conceptual Light Curve
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The next step in the process of determining distance is to find the Average Apparent Visual Magnitude (mv) of each Cepheid listed in Table 2.

It may be beneficial sometimes to plot graphs to assist in determining the Average mv. To use a graph to find the Average mv, locate a value along the Y-Axis that has an equal number (or close) of data points above and below the value. This value will be the Average mv of the Cepheid.

In this lab, you only need to establish an average of the mv for each star in Table 2 using a calculator.

Name: ______________________



Date: ________________

Cepheid Variables Worksheet

C63 Questions

1. Does the Absolute Magnitude of C63 match the data supplied in Graph 1? Explain.

2. Considering your response in Question 1, what does this teach you about Cepheid Variables?

3. Why does C63 not fit in the graph you created from the data in Table 1? Explain.

4. Using the data from Table 2, complete the following. Do not round to fewer than six decimal places. Rounding will cause your answers to be incorrect by several thousand light years.


Cepheid ID
P (Days)
Average (mv)
Mv
(mv – Mv)


_______________
_________
_____________
_____________
_____________


_______________
_________
_____________
_____________
_____________


_______________
_________
_____________
_____________
_____________





Average (mv – Mv) = 
_____________

5. Now, you’re ready to find the distance to the Small Magellanic Cloud using Formula 3 below!

Formula 3:  d = 10 x 
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Where “d” is the distance in Parsecs. One Parsec (pc) is equal to 3.26 Light Years (ly). Your answer below should carry to at least six decimal places. NOTE: 
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 is an exponent of 10 and is the “Average (mv – Mv)” you obtained in Question 4.

What is the distance to the SMC?   ______________________ pc

6. What is the distance, to six decimal places, in Light Years?   ______________________ly
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