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Teacher Theme Notes

General Notes:

Distance is one of the most elusive parameters for astronomers since, in general, it cannot be measured directly.  A common method for inferring distance is through the use of standard candles, objects whose brightness is known on an absolute scale.  When the apparent brightness of these objects are measured, this can be compared to their known absolute quantity of brightness and the distance calculated.  Standard candles such as Cepheid Variable stars and certain types of supernovae are the basis for most distance calculations performed to determine the size, and in turn, the age of the universe.
The light emanating from a star follows a distribution that is inversely proportional to the square of the distance from the source, more commonly referred to as the 1/r2 rule.  This distribution is fundamental in physics and astronomy because it applies to any quantity emanating from a spherically symmetric source.  Examples of a 1/r2 distribution in physics include: the strength of the gravitational field surrounding the Earth, the strength of the electric field surrounding a point charge such as a proton or electron, and, as in this module the intensity of light from a spherical light bulb or a star.

The Measuring Distance Theme is intended to develop an intuitive understanding of the 1/r2 rule and about the structure and development of a cosmological distance ladder.  The HOU activities involved assume a general understanding of the photometry techniques contained in the Measuring Brightness Theme.

Student Outcomes:

Upon completion of this Theme student should exhibit competence in the following skills and concepts taken from the national goals and standards for Math and Science education:

1.  Derivation and applications of functions and ratios within the context of a scientific technique.

2.  Interdependence of multiple variables in defining and solving a problem.

3.  Use of ratios to convert from one type of measurement to another.

4.  Use of geometry to derive, validate and apply a Small Angle Approximation.

5.  Use of spherical geometry within the context of a scientific investigation.

6.  Analysis involving an inverse square distribution.

7.  Interpretation of periodic functions.

8.  Application of the ideal gas law.

9.  Application of energy conservation and energy transformation.

10. Contributions to science as an ever changing, ever growing thought process.

11. Questioning our place in the universe.

Suggested Checklist for Assessment:

While a student is measuring the size of an object on a CCD image, the following concepts and skills should be evaluated:

1.  Was the choice of standard candles such as Cepheid Variable stars made correctly?

2.  Was the luminosity or absolute magnitude inferred correctly from the given data?

3.  Was the inverse square law used to determine distance from luminosity and apparent brightness

4.  Was a reasonableness test used for evaluating distance calculations; e.g., was the distance found for a star greater than the distance to Pluto and less than the distance to another galaxy?

Follow-Up and Assessment Activities:

1.  Construct your own distance ladder to measure distances within your town, on the Earth, within our solar system, and within the universe.

2.  Choose an image of an object with known luminosity (a Cepheid, the brightest galaxy in a cluster, a type I supernova at maximum brightness) and determine its distance.

3.  Use the data from the Supernova Light Curves Unit in the Measuring Brightness module to determine the distance to the supernova in M51.  To do this a new image of M51 with a standard star image will be needed to calibrate the old images.

Image List:

Determining Distance or Luminosity 
ABLstar
Using Apparent Brightness Unit 

Cepheid Variable Stars Unit 
may06cep

may08cep

may10cep

may11cep


may14cep

may15cep

may18cep

may21cep
Materials List:

Supplementary Activity 18:  Techniques on Measuring Distance

Several flashlights

A dark hallway

A small object (book)

A large object (table)

Supplementary Activity 19:  Using a Light Bulb to See How Brightness Varies with Distance

Light source

Meter sticks or tape measures

Large dark room or hallway

Cadmium-Sulfide photocell - such as Radio Shack #276-1657 @ $1.98 for a package of 5.

Ohm meter

Supplementary Activity 20:  Measuring Spherical Distributions

(for each group of students)
3 different sized spheres; e.g., ping-pong ball, tennis ball, and soccer ball.

Cloth Tape measure

Scissors

Aluminum foil or plastic wrap

Spherical-shaped Balloon

Cloth Tape measure

Small sheet of clear plastic 

Supplementary Activity 22:  Examining Periodicity

A basketball
Supplementary Activity 23:  Demonstrating Gas Laws

A balloon

An empty, dry glass bottle (about 10-12 oz.)

A pan of boiling water

A pan of very cold water

An empty, dry  plastic two-liter soda bottle

A plastic temperature strip (such as for an aquarium)
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Constant Sheet

Planetary Data:

Planet
Mass (kg) 
Ave Radius (m) 
Ave Orbital Radius(m)

Mercury
3.32 x 1023
2.44 x 106
5.79  x 1010
Venus
4.87 x 1024
6.08 x 106
1.08  x 1011
Earth
5.97 x 1024
6.36 x 106
1.49  x 1011
(Moon)
7.35 x 1022
1.74 x 106


Mars
6.42 x 1023
3.40 x 106
2.28  x 1011

Jupiter
1.90 x 1027
6.80 x 107
7.78  x 1011

Saturn
5.69 x 1026
5.70 x 107
1.43  x 1012
Uranus
8.69 x 1025
2.51 x 107
2.87  x 1012
Neptune
1.03 x 1026
2.44 x 106
4.50  x 1012
Pluto
1.30 x 1022
1.50 x 106
5.90  x 1012

Physical and Astronomical Constants:

Gravitational Constant = G = 6.673 x 10-11 N-m2/kg2
Speed of Light in a vacuum = c = 2.9979 x 108 m/s

Earth-Sun Distance = Astronomical Unit  = AU = 1.496 x 1011 m

Earth-Moon Distance = 3.844x 108 m
Parsec = pc = 206265 AU = 3.26 ly = 3.09 x 1016 m

Light year = ly = 9.5 x 1015 m

Mass of the Sun = 1.989 x 1030 kg

Luminosity of the Sun = 3.83 x 1026 W

Radius of the Sun = 6.96 x 108 m

Brightness Conversion Table
Magnitudes to Brightness (W/m2)
[image: image2.wmf]
Brightness Conversion Table 

Magnitudes to Brightness (W/m2)
[image: image3.wmf]
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DISCUSSION SHEET

THE COSMOLOGICAL DISTANCE LADDER
There are various distance measurement techniques used in astronomy.  They each lend themselves to observations for a particular range of distances using particular kinds of equipment.  Astronomers use these techniques to build a distance ladder for the scale of the universe.  Within the HOU curriculum you can learn how to determine the distance to Cepheid Variable stars which are used as the primary indicators in estimating the size and age of our universe.

Distance measurements for objects within our solar system and even to nearby stars are considered to be very accurate.  As one proceeds up to higher rungs of the ladder, meaning to farther distances, the methods used to measure distance become less reliable.  Less is known about objects farther away so it becomes harder to be certain which are usable as standard candles.  Also, the distances measured on each rung of the ladder are confirmed by measurement techniques using the lower rung.  If a mistake is made on any rung, that error is propagated all the way up the ladder.  

For the Distance Ladder figure shown on the next page, the first two rungs are the only ones that are independent measurements that do not rely on the accuracy of other measurements or estimates.  The rest of the rungs use assumptions about various objects as standard candles.  Notice that Type Ia supernovae are not found on this distance ladder.  That is because they may be standard candles that do not depend on measurement of closer objects.  Astronomers, including the developers of HOU, are trying to understand these special supernovae well enough to be able to use Type Ia supernova as standard candles.  When this goal is achieved, we will be able to observe supernovae and infer their distance as independent measurements based on their apparent brightness.

 [image: image4.wmf]
The Distance Ladder
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SUPPLEMENTARY ACTIVITY 18
TECHNIQUES FOR MEASURING DISTANCE

Distance is one of the most elusive parameters for astronomers because, in general, it can not be measured directly.  The apparent brightness of a star can be measured using photometry tools and in some cases the luminosity can be inferred by other techniques.  When these two parameters are both known, the following equation can be used to calculate the distance.

Apparent Brightness =  EQ \F(Luminosity,4πd2)    
where d = the distance to the object.

When a class of objects is known to have a certain luminosity, they can be used as standard candles.  Examples include Cepheid Variable stars and certain types of supernovae.

An Activity to Demonstrate Standard Candles:
One group of students is going to challenge the rest of the class to determine the brightness of several flashlights relative to each other.  Three or four students stand at one end of a long, dark hallway with lights of various brightness.  The rest of the class is the audience at the other end of the hall.  The students with the lights stand at varying distances from the audience (but not so close that they can be clearly seen) and switch their lights on.  Try different combinations (dimmer lights close, brighter ones farther away) to trick the audience into misjudging which lights are brightest.  Lights may be held higher or lower off the ground to create the illusion of being closer or farther away.  Repeat the activity with lights having the same brightness.

1.  How can you make the dimmer light appear brightest to the audience?

2.  Can the audience be sure which light is closest when observing lights of various 
brightness?

3.  Can the audience be sure which light is closest when observing lights of the same


brightness?

Standard candles can be used to infer the distance to some objects and those are used to help in finding distances to further objects.  When a standard candle, such as a Cepheid Variable star, is in a nearby galaxy the distance to that galaxy can be determined.  If it can then be assumed that all galaxies of the same type all have the same brightness, the ratio of apparent brightness of a distant galaxy to the closer galaxy can be used to find the distance to the further one.  The technique of using distances of closer objects as a tool for deter-mining the distance to farther objects is called using a distance ladder.  Astronomers use the cosmological distance ladder to estimate the size of the universe.

Creating A Distance Ladder for Your School:
The goal of this activity is to measure the approximate length of your school without the aid of any conventional measuring tools.  Start by choosing a small object in your classroom, such as a book, and a larger object, such as a table.  Now build a distance ladder with at least the following four rungs:


I.  How many of the small objects equal the length of the larger object. 


II.  How many of the large objects equal the length of the classroom. 


III.  How many classrooms equal the length of the corridor.



IV.  How many corridors equal the length the school.

4.  Find the length of the school in units of the small object.

5.  Do you think this is a close approximation?

6.  Where did possible errors come from?  

7.  For each rung, estimate the percent error in your distance calculation in terms of the previous rung as your measuring stick.  (0% error at any step is not believable, however.)

8.  Using an estimated error at each step of 10%, what is the uncertainty in your answer to question 4 for the length of the school?  Answer as a range; e.g., anywhere from 6900 to 7800 books long.

9.  How would the accuracy of your estimation change depending on how many steps, or rungs of the ladder, you used to get your final measurement?

HANDS-ON UNIVERSE™

SUPPLEMENTARY ACTIVITY 19

USING A LIGHT BULB TO SEE HOW BRIGHTNESS VARIES WITH DISTANCE
• Hook the photocell to the ohm meter and check that the reading on the ohm meter changes as light to the cell changes (you can do this by turning off the lights or by shielding the cell with your hand).

• Place a lit light bulb in an otherwise darkened room.  It is important not to have any background light behind the light bulb or objects obstructing light from the light bulb.

• Hold the photocell one meter away from the light bulb and take a reading from the ohm meter.  The reading from the ohm meter is a measure of the light detected by the photocell.

1. Record your data.  

2. Before taking additional readings make predictions for what you would expect at two and three meters.

3. Take readings at two and three meters, record your data, and compare these with your predictions.  

4. Gather and record data for five additional distances.

5. Plot your data (there should be at least eight points) on a graph with distance on the horizontal axis and light reading on the vertical axis.  Draw a smooth curve that approximately connects the points.

6. On the basis of your graph, which of the following relationships between brightness, B, and distance, D, can you rule out?

 
a)  B D    
    b) B D2           c) B 1/D
    d) B 1/D2
7. What function most matches this curve ?  

8. Square each of your distance measurements.  Plot light reading vs. distance squared.  Draw a straight line through the points on the graph.


A.  What is the slope of this line? 


B.  What is the math function for the light reading in terms of the distance?
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SUPPLEMENTARY ACTIVITY 20

MEASURING SPHERICAL DISTRIBUTIONS 

Activity I
Use a balloon that becomes spherical when inflated.  While the balloon is deflated, lay it flat and draw at least 200 dots evenly spaced over one half of the balloon.  On the other side of the balloon, draw a small square.  Also cut a 1 cm by 1 cm square window out of a piece of paper.  Blow up the balloon just enough so that it becomes round.  Determine the radius of the balloon at this point and call this radius1. 

1. Use the clear square as a window, place it on the balloon, and count the number of dots you can see on the balloon through the window.  For the most accurate reading, take an average of several places on the balloon.

2. Measure the area of the box you drew on the balloon.

3. Blow up the balloon so the new radius, radius2, is two times radius1 and then three times radius1 (radius3).  For each new radius repeat steps 1 and 2.

4. By what factor does the number of dots within the window decrease when the radius

is doubled?
5. By what factor does the number of dots within the window decrease when the radius is tripled?

6. By what factor does the area of the square increase when the radius is doubled?

7. By what factor does the area of the square increase when the radius is tripled?

8. Explain your findings.

Activity II

Light coming from a point spreads out in all directions.  At any distance away it can be thought of as spread out on an imaginary sphere surrounding the light.  To understand this better, you will measure the surface area of spheres of various radii.


USEFUL FORMULAE

area of a rectangle = length x width

area of a circle = π r2
area of a triangle = 1/2 x base x height

circumference of a circle = 2π r

9. Develop a method to measure the radius of each sphere provided by your teacher.  Record your measurements.

10. Calculate the ratio of the radius of each sphere to the radius of the smallest sphere.

11. Develop a method for measuring the surface area of each sphere.  There are many possible ways to do this.  They just require some creativity and a lot of care to get accurate measurements.

12  Calculate the ratio of surface area of each sphere to the surface area of the smallest sphere.  

13.  What do you think is the function for the surface area of a sphere in terms of its radius?  

14.  Plot your function and compare the graph to a plot of the surface area vs. radii for the spheres.  If they do not correspond, look again at your guess of the function.
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SUPPLEMENTARY ACTIVITY 21

A THOUGHT EXPERIMENT FOR BRIGHTNESS AND DISTANCE

Imagine you are out in space where gravity is negligible, and you have a small ball that is being pumped full of paint (pretend there is an endless amount of paint so you never run out).  Suppose the paint ball has a large number of tiny holes punched uniformly over its surface so that the paint sprays out evenly in all directions.  Since you are in outer space, gravity does not pull the paint down in any given direction, so imagine that it continues to spray evenly in all directions.  Suppose the paint is constantly pumped out of the paint ball at a rate of 1000 grams per second.  

You also have large spherical shells you can put around the paint ball to collect the sprayed paint.  The radius of SHELL1 is 10 cm, the radius of SHELL2 is 20 cm, the radius of SHELL3 is 30 cm etc., and the radius of the paint ball itself is so small it is negligible relative to the radii of the shells.   

If you place the paint ball in the center of SHELL1 for one second, 1000 grams of paint will coat the inside of the shell since 1000 grams of paint are pumped each second.

1. Consider the following situations where the paint ball is placed in the center of different shells for various amounts of time.  How much paint will be collected in each case:

A.  SHELL1 for 1 sec?

B.  SHELL1 for 2 sec?

C.  SHELL1 for 10 sec?

D.  SHELL2 for 1 sec?

E.  SHELL3 for 1 sec?

F.  SHELL3 for 10 sec?

You can now determine the amount of paint collected per square centimeter.  The paint is spread out evenly over the entire surface area of the inside of a shell.  The surface area of a sphere is proportional to r2.  The full equation for the surface area of a sphere is 

SA = 4 π r2.    In each second, 1000 grams of paint are spread out over an area of 4 π r2 square centimeters.  

2. Calculate the surface area of the inside of each shell. 

A.  SHELL1:

B.  SHELL2:

C.  SHELL3:

D.  SHELL4:

3. Suppose you place a patch on the inside of SHELL1 that covers one half of the surface area of the shell.

A.  How much paint would land on the patch each second?

B. What if the patch was one quarter of the surface area of the shell? 

4. Suppose the area of the patch is 1 cm2.

A.  What is the ratio of the area of the patch to the total surface area of SHELL1? 

B.  How much paint would land on the 1 cm2  patch each second?  

5. Using the 1 cm2  patch, how much paint will it collect on:.

A.  SHELL1 for 2 sec?

B.  SHELL1 for 10 sec?

C.  SHELL2 for 1 sec?

D.  SHELL3 for 1 sec?

E.  SHELL3 for 10 sec?

F.  SHELL5 for 1 sec?

6. Using the analogy between a light source and a paint ball, what is the "luminosity" of the paint ball ?  

7.  Using the analogy between a light source and a paint ball, what is the "apparent brightness" of the paint ball as observed from:

A.  SHELL1 ?   

B.  SHELL2 ?   
C.  SHELL3 ?  

D.  SHELL4 ?  

Date: ______________
Name: ____________________

Answer Sheet

Supplementary Activity 21

A Thought Experiment for Brightness and Distance

1. Paint on:

A.  SHELL1 for 1 sec:

B.  SHELL1 for 2 sec:

C.  SHELL1 for 10 sec:

D.  SHELL2 for 1 sec:

E.  SHELL3 for 1 sec:

F.  SHELL3 for 10 sec:

2. Each shell’s inside surface area:
A.  SHELL1:

B.  SHELL2:   
C.  SHELL3:  

D.  SHELL4: 

3. A. On Shell 1 the paint that would land on half the surface area each second:

B. Paint that would land on one quarter the surface area of the shell: 

4. For a 1 cm2 patch:

A.  The ratio of the area of the patch to the total surface area of SHELL1:

B.  The  amount of paint that would land on the 1 cm2  patch each second:  

5. How much paint a 1 cm2 patch will collect on:

A.  SHELL1 for 2 sec:

B.  SHELL1 for 10 sec:

C.  SHELL2 for 1 sec:

D.  SHELL3 for 1 sec:

E.  SHELL3 for 10 sec:

F.  SHELL5 for 1 sec:

6. The "luminosity" of the paint ball:  

7. The "apparent brightness" of the paint ball from:

A.  SHELL1:   

B.  SHELL2:   
C.  SHELL3:  

D.  SHELL4:  
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DETERMINING DISTANCE OR LUMINOSITY USING APPARENT BRIGHTNESS UNIT
In this activity you will determine the apparent brightness of stars and use this to determine their distance and luminosity. Light spreads out spherically in all directions, so the star appears dimmer and dimmer the further away it is.  Dimming follows the inverse square rule, the same rule that applies to the strength of the gravitational field of a planet.  Apparent brightness varies directly with the luminosity and inversely with the square of the distance as described in the following equation:

Apparent Brightness =  EQ \F(Luminosity,4πd2) 
where d = the distance to the star

For definitions and further explanations of apparent brightness and luminosity, please refer to the Photometry Techniques Discussion Sheet in the Measuring Brightness module.  For details on using Auto Aperture and calibrating an image to get the apparent brightness of a star, please refer to the Photometry Techniques Unit in the Measuring Brightness module.  

Screen Setup:  ABLstar
1. Use Auto Aperture to measure the Counts for the three brightest stars on the image as identified in the Finder chart below.  

[image: image5.wmf]
Finder chart for ABLstar
2. Assume the distance to the dimmest and brightest stars (A and C) is the same.  Since the stars are on the same image, thus were taken using the same CCD and under the same observing conditions, the ratio of Counts is equivalent to the ratio of apparent brightness for the stars.  Use the ratio of the Counts of the two stars to calculate the ratio of their luminosities.

3. Assume the two brighter stars measured have the same luminosity, but not necessarily the same distance.  Use the ratio of their Counts to calculate the ratio of their distances.

4. The image used in this activity was taken through a V filter that lets through predominantly yellow light.  Given that the magnitude of star C through the V filter is 6.4, use the Brightness Conversion Table in the front of this module to convert this to apparent brightness in V and then calculate the apparent brightness of the other stars in the image in V.

5. Use the distance values for each star given below to calculate their luminosity in V.  This is the amount of yellow light emitted by the star per second.  Find the luminosity of each star in units of solar luminosity (how many times the luminosity of the sun).  The luminosity of the Sun through a V filter = 5.7 x 1025 Watts.

Star A
d = 3.4 x 1018 m

Star B
d = 1.0 x 1019 m

Star C
d = 2.8 x 1018 m

Date: ______________
Name: ____________________

Answer Sheet

Determining Distance and Luminosity 
Using Apparent Brightness

1.
Counts for Star A:


Counts for Star B:


Counts for Star C:

2.  Star C is _____________ more luminous than Star A.

3.  Star A is _____________ times farther away than Star C.

4.  
Apparent brightness of Star C:


Apparent brightness of Star A:


Apparent brightness of Star B:

5.  
Luminosity of Star A in Watts:


Luminosity of Star B in Watts:


Luminosity of Star C in Watts:
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DISCUSSION SHEET

CEPHEID VARIABLE STARS AS DISTANCE INDICATORS
In 1784 a star in the constellation Cepheus was observed night after night by John Goodricke, and he noted that the star became brighter and then dimmer.  The fluctuation in brightness repeated over and over again approximately every five days.  This was the discovery of the first Cepheid Variable star. 

In 1908 at Harvard College Observatory, Henrietta Leavitt was examining many photographic images of two small galaxies orbiting the Milky Way, called the Magellanic Clouds.  She was studying the Cepheids in the Magellanic Clouds and noticed a pattern in their brightness fluctuations: the brightest Cepheids had the longest fluctuation cycles and the dimmest stars the shortest.  Since Leavitt was only studying Cepheids in the Magellanic clouds, the distance to all her Cepheids was the same which meant comparing their apparent brightness was equivalent to comparing their luminosity.  This enabled her to state a general correspondence between luminosity and period which she published in 1917 as what is now called the period-luminosity diagram.  (See Cepheid Variable Stars Unit, p.28.)

The period-luminosity diagram allows an astronomer to infer the luminosity of a Cepheid simply by measuring the period of its brightness fluctuation.  Luminosity generally cannot be measured directly, but knowing it from the period of a Cepheid Variable allows one to determine much more valuable information such as distance.  Leavitt’s discovery of the period-luminosity relationship is a milestone in astronomy.  Before her research, no one had a reliable tool for measuring the distance to objects farther away than the closest stars.  The technique for determining the distance of a Cepheid requires three basic steps:

1)  Measure the period of fluctuation and infer the luminosity of the Cepheid.

2)  Use a standard star to calibrate the image and determine the Cepheid’s apparent brightness.

3)  Use the equation for apparent brightness to calculate the distance to the star, d:

apparent brightness = luminosity/4πd2 

To measure the period of fluctuation, the Cepheid must be observed at least every few nights for several weeks.  The number of Counts measured for a Cepheid will change from night to night for two reasons:  



1) the changing observing conditions and 



2)  the changing luminosity of the star.  

In order to get a plot of the Cepheid’s changing luminosity you must remove the effects of the atmosphere by including a reference star.  Since the Cepheid star and the reference star are on the same image, the observing conditions are the same for both stars.  If the observing conditions did not change from night to night, the reference star would appear just as bright each night.  In general, observing conditions do change, so the number of Counts measured for the reference star will increase or decrease depending on how much light the atmosphere lets through.   If the atmosphere blocks out a large amount of light on one night, both stars will appear dimmer; on a clear night, both stars will appear brighter.  

If the Cepheid had constant luminosity, the ratio of Counts between the Cepheid and the reference star would remain constant.  A Cepheid is not constant, however.  As the luminosity of the Cepheid increases, because of internal changes in the star, the ratio of Counts measured for the Cepheid to the Counts measured for the reference star will increase.  By measuring this ratio for each image, you can plot the true brightness fluctuation of the Cepheid.
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CEPHEID VARIABLE STARS UNIT

Activity I:  Plotting the Light Curve for a Cepheid

A Cepheid was monitored for a 15-day time span, but on only eight of those nights were the skies clear enough to get good images.  You are to measure the brightness of the star on each image and create a light curve for the star.  A light curve is a plot with brightness on the vertical axis and time (days) on the horizontal axis.   
Perform the following procedure on each of the images listed below.  The name of the file gives you the date of observation.


May06cep,
May08cep,
May10cep, 

May11cep,
May14cep,
May15cep, 

May18cep,
May21cep 

Each file contains an image of the Cepheid star and a reference star observed on a given night.  The Cepheid is the star on the left and the reference star is on the right.  

1. Use Auto Aperture to measure the brightness in Counts of each Cepheid and reference star.  Record the data.

2. Find the Count ratio, Cc / Cr,, where Cc = the Counts of the Cepheid and Cr = the Counts of the reference star.

3. Plot your series of Count ratios and corresponding dates on the graph axes provided.  Be careful to skip nights when dates are missing from the observations.

4. What is the period of this Cepheid? 
Activity II:  Find the Luminosity of a Cepheid

The observations of the Cepheid were made through a Visible(V) filter.  This filter blocks out almost all light except that in the yellow-green part of the color spectrum.  When you calculate the luminosity and apparent brightness of the Cepheid you must remember that these only refer to the amount of light coming through the V filter.  This is fine for your measurements because you can compare them to other measurements taken through the same kind of filter.  However, it is not valid to compare these values to the apparent brightness or luminosity of a star over all wavelengths.  In this unit, all measurements are through the V filter.    
5. Use the Period-Luminosity diagram to estimate Luminosity (V) of the Cepheid measured in Activity I.  Note: Both axes are logarithmic scales and luminosity is given in solar units; e.g., 1000 means 1000 times the luminosity of the Sun.  

6. Use the value for the luminosity of the sun through a V filter to calculate L(V) of your Cepheid in Watts.  L(V) of the Sun = 5.7 x 1025 Watts.

[image: image6.wmf]
Period-Luminosity Diagram for Classical Cepheid Variable Stars

Activity III:  Find the Distance to a Cepheid

The apparent magnitude in V of the reference star is 8.0.  From the Brightness Conversion Table, this is equivalent to an apparent brightness in V of 2.28 x 10-12 Watts/m2.  

7. Calculate the apparent brightness of the Cepheid.  

8. Use the luminosity in V for the Cepheid and the equation for apparent brightness to determine the distance, d, to the Cepheid in meters.  ( For the equation go to the Cepheid Variable Stars As Distance Indicators Discussion Sheet.)

9. Convert the distance to light years.  1 light year = 9.5 x 1015 m.

Date: ______________
Name: ___________________

Answer Sheet

Cepheid Variable Stars Unit

Activity 1:  Plotting the Light Curve for a Cepheid

1. and 2. 

[image: image7.wmf]
3.

[image: image1.png]



4.  Period of the Cepheid:

Activity II:  Finding the Luminosity of a Cepheid

5.  Luminosity of the Cepheid in solar units:

6.  Luminosity of the Cepheid in Watts:

Activity III:  Finding the Distance to a Cepheid

7.  Apparent Brightness of the Cepheid:

8.  Distance to the Cepheid in meters:

9.  Distance to the Cepheid in lightyears:

HANDS-ON UNIVERSE™

SUPPLEMENTARY ACTIVITY 22

EXAMINING PERIODICITY

Imagine a pendulum swinging back and forth.  It completes one cycle by swinging from the farthest point on one side, down through the middle and up to the other side, back through the middle and finally returning to the original side.   The time it takes to complete a cycle is called the period.  The pendulum’s motion is called periodic because it continues to swing with the same period over and over again.

There are many periodic motions in our daily lives.  The period of the moon’s orbit around the Earth is about 27.5 days.  The period of a guitar string vibrating when it is creating a middle C note is 1/262 of a second.  

1. Consider the following examples and try to estimate the period of the motion:

A.  The Earth’s orbit around the sun.

B.  A human heart beating.

C.  An adult’s lung motion when breathing normally.

Another example is bouncing a basketball.  In the following activity you will use a relationship you learn through observation, to infer data from a more limited observation.  

3 a). Bounce the ball repeatedly with your hand at waist level and then bounce the ball with your hand at knee level.   Try a couple of other heights above the ground.  Describe how the period of the motion changes as you change the height of the bounce.

3 b) Now have one person go around a corner or outside in the hall where s/he can be heard but is out of sight.  Have her bounce the ball at various heights.  You estimate the height of the bounce by listening to the frequency of the bounce.  Have the person bouncing the ball record the actual heights (in terms of ankle high, knee high, waist high, etc.) and the observers record their predictions 

3 c) Suppose one pair of people took the time to bounce the ball at several different heights while still in the room together, while another pair just bounced it at waist high and then went right to the second part of the activity (where one person is out of the room).  Would this make a difference in the ability to predict the height of a bounce?  Why? 

4. Some motions have periods that are dependent on another characteristic of the motion.  For example, consider the orbits of all the planets in the solar system as they travel around the sun.

A.  Which planet has the shortest period?

B.  Which planet has the longest period?

C.  How does the period of a planet’s orbit depend on its distance from the sun?

HANDS-ON UNIVERSE™

SUPPLEMENTARY ACTIVITY 23

DEMONSTRATING GAS LAWS
Wrap the opening of a deflated balloon tightly around the mouth of an empty bottle.  Using tongs, place the bottle in very hot or boiling water so that most of the bottle is submerged.  Let it sit for a few minutes and observe the balloon.  Remove the bottle from the hot water and place it in very cold water so that most of the bottle is submerged.  Observe the balloon. 

1. What causes the balloon to expand?

2. Why does it contract? 

3. What do you think would happen to the temperature of the air in the bottle if we pushed

 the air out of the balloon back into the bottle?

Test your hypothesis with the following activity.  Using a plastic 2-liter soda bottle with a temperature strip inside and keeping the soda bottle in the same location, have one partner squeeze it to compress the air inside.  Have the other partner read the temperature strip for the next few minutes while the first continues to squeeze on the bottle.  Stop squeezing the bottle and let it return to its original shape.  Check the temperature for a couple of minutes.

4. What happens to the temperature of the air inside the bottle when it is compressed?

5. What happens to the temperature when the compressing force is removed?

6. Make a general statement about your findings on the relationship between temperature and the compression and expansion of a gas.

HANDS-ON UNIVERSE™

DISCUSSION SHEET

THE SCIENCE OF A CEPHEID VARIABLE STAR

The gas that makes up a star reacts to forces pushing inward and forces pushing outward. (See Figure 1).  The force pushing inward is gravity.  All of the particles in the star are attracted to all of the other particles, and this in effect holds the star together.  During most of a star’s lifetime, the primary force pushing outward is created by heat.  As gravity causes a star to collapse inward the gas heats up.  The heat causes the particles making up the star to move around faster and they need more room so the star expands.  This in turn cools the star.  Most stars find a balance between the force inward and the force outward and remain a stable size for almost their entire lifetimes.

[image: image8.wmf]
Figure 1: 

The Balance of Forces in an Ordinary Star 

Some stars never reach this balance.  (See Figure 2)  In this case, the star shrinks in size because the gravity is too strong, then it heats up and expands outward because it is too hot, then shrinks again because it got too cool, and then expands again, and on and on.  These are called pulsating or variable stars.  In some cases the variation of brightness is periodic.  One type of periodic variable stars is Cepheids.

The reason some stars become Cepheids while others do not depend upon the star’s mass and the original composition.  The conditions have to be exactly right during the final stages of a star's life for it to become a Cepheid.  Though Cepheids are relatively rare, they are valuable as distance indicators. 

[image: image9.wmf]
i.
Gravity causes star to collapse inward and heat up

[image: image10.wmf]
iii.
A Cepheid variable star overshoots its balance point. It expands too far and gets too cool so gravity causes it to collapse again.


[image: image11.wmf]
ii.
Heat causes star to expand outward and cools down.

[image: image12.wmf]
iv.
The Cepheid collapses past the balance point and gets too hot so it must expand again. The star continues to pulsate in and out at a constant frequency.

Figure 2: 

Pulsation of a Cepheid Variable Star

As a Cepheid contracts and expands, the luminosity fluctuates according to the change in the radius and change in temperature.  Plotting Luminosity vs. time is a light curve.  Astronomers have grouped different types of Cepheids into different categories depending on the shape of their light curve.  Brighter Cepheids generally have larger radii and take longer to complete one cycle of expansion and contraction than their dimmer counterparts.  This fits with Leavitt's period-luminosity relationship.  (See the Cepheid Variable Stars as Distance Indicators Discussion Sheet).  Understanding the theory behind Leavitt's findings gives astronomers reason to assume that the period-luminosity relation should hold for all Cepheids and thus can be used to find the distance to Cepheids throughout our galaxy and beyond.

HANDS-ON UNIVERSE™

Teacher Notes

Supplementary Activity 19:  
Using a Light Bulb to See How Brightness Varies with Distance

The materials listed for this activity include one suggestion for getting light readings from a light bulb.  If you have a light meter from a camera in your lab, you may want to use it.  However, you will have to create a scale to convert f-stops to intensities.  This may add confusion since f-stops are on a logarithmic scale and you want linear readings for this activity to be effective.

Students should get readings which show that the light decreases according to the 1/r2 rule with distance.  When plotting light reading vs. distance, the curve should be a parabola.   The relationships, B  D and  B  D2, can be ruled out immediately because they are direct proportions, rather than inverse.  Students may be able to see a parabolic shape to their graph and rule out B  1/D as well, which would be a straight line with negative slope.  The point of squaring the distance and plotting light reading vs. distance squared is to get a straight line and then use the formula for a line to get an equation for light reading in terms of distance.  Straight line equation: y = mx + b, where x refers to the scale on the x-axis, in this case x2.
Supplementary Activity 20:  Measuring Spherical Distributions
Activity I:    The key to the success of this activity is to have the dots on the balloon evenly and densely spaced.  The more dots there are, the less significant errors in spacing become.  Using a grid to draw the dots may make it simpler to space them evenly.  If their patch contains many dots at the first radius they should see the number roughly decrease by a factor of 4 when they double the radius and by a factor of 9 when they triple the radius.  Similarly, the area of the square on the other side of the balloon will increase by the same factor.

Activity II:   The point of this activity is for students to gain a clear understanding of the concept of surface area and then see that the surface area of a sphere is proportional to r2.  A few suggested techniques for measuring the surface area of the spheres are:

1.  Wrap each sphere in foil, being careful not to fold or crinkle the foil that is in contact with the sphere.  Cut away excess foil that is overlapping or not in contact with the sphere.  Carefully unwrap the foil and lay it as flat as possible without tearing it.   Divide the foil into segments with shapes of regular geometric figures, such as circles, rectangles, and triangles, and use the given formulae to estimate the area of each segment.  Add them up to get the approximate surface area of the sphere.  Note:  the most accurate approximation I found was to approximate the area of the entire square originally used to cover the sphere and subtract the area of the approximate triangles I cut away.

2.  The surface area of a sphere is exactly equal to the surface area of an open cylinder (without the top and bottom circles) in which the sphere fits snugly.  Such a cylinder is of equal radius and has a height equal to the diameter of the sphere.  Therefore if you cut a strip of paper that has width equal to the diameter of the ball and just wraps around the circumference of the ball,  the area of the paper will be the surface area of the ball.

3.  One group at an HOU workshop was given this task and cut many thin strips of tin foil with known area.  They covered the ball with whole and partial strips and then simply counted the number of strips.  They multiplied the area of each strip by the total number of strips to get the surface area of the sphere.  Their answer was very accurate.

Supplementary Activity 21: 
A Thought Experiment for Brightness and Distance

This activity provides an alternative context for understanding the ideas of luminosity, apparent brightness and the relationship of apparent brightness to distance.  Though the idea of imaginary spheres collecting paint is whimsical, it is analogous to observing stars.  The paint is conserved; no matter how far out the sphere, it collects the same amount of paint in the same time period.  However, it gets spread more thinly the further out the sphere.  What is more, the relation between paint per unit of area and distance away is derived by computing the total surface area over which it is spread.  From this comes the 1/r2  law, theoretically derived rather than experimentally, as in SA19: Using a Light Bulb to See How Brightness Varies with Distance.

1.  Paint on:
A.  SHELL1 for 1 sec:     1000 g


B.  SHELL1 for 2 sec:     2000 g


C.  SHELL1 for 10 sec: 10,000 g


D.  SHELL2 for 1 sec:      1000 g


E.  SHELL3 for 1 sec:      1000 g


F.  SHELL3 for 10 sec: 10,000 g

2.  Surface area of each shell:


A.  SHELL 1:    1257 sq  cm


B.  SHELL 2:    5027 sq cm  (4 times Shell 1)


C.  SHELL 3:  11,313 sq cm  (9 times Shell 1)


D.  SHELL 4:  20,106 sq cm  (16 times Shell 1)

3.  
A.  The paint that would land on half of SHELL1 each second:  500 g


B.  The paint that would land on one quarter of SHELL1 each sec:  250 g

4.  For a 1 cm2 patch:


A.  The ratio of the patch to SHELL1:  1/1257 = 8 x 10-4


B.  The amount of paint on patch per second:  (8 x 10-4)(1000 g) = 0.8 g

5.  The amount of paint on a 1 cm2 patch:


A.  On SHELL1 for 2 sec:  0.8 g x 2 = 1.6 g

B.  On SHELL1 for 10 sec:  0.8 g x 10 = 8 g


C.  On SHELL2 for 1 sec:  2 g


D.  On SHELL3 for 1 sec:  0.09 g


E.  On SHELL3 for 10 sec:  0.9 g


F.  On SHELL5 for 1 sec:  0.03 g

6.  1000 grams per second, equivalent to the amount of light emitted per second by a star.  (see the Photometry Techniques Discussion Sheet in the Measuring Brightness module.)

7.  Apparent Brightness.  This is the amount of paint collected per second on a 1 sq cm patch.  For light Apparent Brightness is The amount of light reaching Earth per second from a star under ideal conditions.  The units for apparent brightness are Watts/meter2 .  (see the Photometry Techniques Discussion Sheet in the Measuring Brightness module.) 

SHELL 1:  1000/1257   = 0.8 g/sec/cm2
SHELL 2:  1000/5027   = 0.2 g/sec/cm2
SHELL 3:  1000/11310 = 0.09 g/sec/cm2
SHELL 4:  1000/20106 = 0.05 g/sec/cm2
Determining Distance and Luminosity 

Using Apparent Brightness Unit

1.

Counts for Star A:
      444
Counts for Star B:
    3180
Counts for Star C:
215177
2.  Use the equation:  Apparent Brightness =  EQ \F(Luminosity,4πd2) 
Since the stars are on the same image, observing conditions are identical so the ratio of the Counts is equivalent to the ratio of apparent brightness.  Remember, apparent brightness is the brightness reaching the Earth but before it enters our atmosphere whereas Counts is a measure of the brightness after passing through the atmosphere and reacting with the CCD camera.  When the observing conditions are the same, for instance when the stars are in the same image, then the same fraction of the light from each star is absorbed by the atmosphere and the CCD reacts to the light in the same proportions.  This is why the ratios are equal.

Let:   
CA = Counts of Star A


CC = Counts of Star C


LA = Luminosity of Star A


LC = Luminosity of Star C


dA = distance to Star A


dC = distance to Star C

then:
  EQ \F(CC,CA)  =  EQ \F( \F(LC,4π(dC)2), \F(LA,4π(dA)2)) 
since the distances are assumed to be equal the denominators cancel out and leave:


  EQ \F(CC,CA)  =  EQ \F(LC,LA) 
Star C is    EQ \F(215177,444)  = 485   times more luminous than Star A.

3. Again, use the equation:


  EQ \F(CC,CA)  =  EQ \F( \F(LC,4π(dC)2), \F(LA,4π(dA)2)) 
but this time you assume the luminosities are equal so the numerators cancel and leave:


  EQ \F(CC,CA)  =  EQ \F( \F(1,4π(dC)2), \F(1,4π(dA)2)) 
which can be rewritten (by inverting and multiplying) as:


  EQ \F(CC,CA)  =  EQ \F(4π(dA)2,4π(dC)2) 
the 4π's cancel and leave:


 EQ \F(CC,CA)  =  EQ \F(dA2,dC2) 
taking the square root of both sides gives:


sqrt( EQ \F(CC,CA) ) =  EQ \F(dA,dC) 
which can be inverted and written as:


dC = sqrt( EQ \F(CA,CC) ) dA 

Star A is sqrt( ( EQ \F(215177,444) ) = 22 times farther away than Star C.

4.  
Apparent brightness of Star C:
1.0 x 10-11 W/m2
    
Apparent brightness of Star A:
2.0 x 10-14 W/m2

Apparent brightness of Star B:
1.5 x 10-13 W/m2

5.  
Luminosity of the Star A in Watts 
 2.9 x 1024 W

Luminosity of the Star B in Watts 
 1.9 x 1026 W

Luminosity of the Star C in Watts 
 9.9 x 1026 W

Cepheid Variable Stars Unit
This unit uses the skills learned in the Photometry Techniques Unit  to begin a real astronomy project.  Classes can use this unit as preparation to doing their own Cepheid monitoring; e.g., requesting new images of other Cepheids and analyzing the results, or using the example set of images provided here to study concepts such as graphing, harmonic motion, and thermodynamics.  The pulsation of Cepheids is a fascinating astronomical phenomenon that is rich in Physics concepts and also plays a key role in measuring the size of the universe.  

Based on Leavitt’s Period-Luminosity relationship, we can use Cepheids to measure distances quite confidently within our own galaxy.  Unfortunately, there are many star clusters within our galaxy that do not contain Cepheids.  For nearby galaxies where individual stars cannot be resolved, Astronomers measure light variations they see from regions of the galaxy and infer that these are caused by Cepheids.  

When new techniques are developed to measure distances to star clusters or galaxies, they are generally compared to measurements to clusters and nearby galaxies based on Cepheids.  Once a new technique is confirmed, it can be used to measure objects further away.  In this way, Cepheids provide a solid lower rung to the distance ladder for measuring the size of the universe.

The thermodynamics that make Cepheids so interesting involve the pulsation of the star caused by heating and cooling of the gas.  Most stars experience pulsations at each new evolutionary stage, but the pulsations dampen and the star reaches thermal equilibrium.  In a Cepheid the pulsations remain periodic as the star overshoots the equilibrium position during each contraction and expansion.  Sophisticated models and simulations have shown that this will occur when the convection layer of the star is positioned at a certain distance under the surface, so the primary heat transfer mechanism continues to switch between convection and radiation.

Activity I:  The answers provided in the answer key are based on the images may06cep - may21cep.  These images are manufactured to simulate a Cepheid variable star with a reference star in the same image.  The original images were actually two sets of images: one set of a Cepheid with no other star in the field of view, and a corresponding set of a standard star observed at the same time.  If you choose to use these images for classroom purposes, please make it clear to students that they are using images that are the sum of two images.  This can be noted by some keen observers because the stars move around relative to each other in the images. 

1. and 2.
[image: image13.wmf]
3.
[image: image14.wmf]
4.  Period of the Cepheid: 8 days.

5.  Luminosity of Cepheid in solar units:  2000-3000

6.  Luminosity of Cepheid in Watts:  1.14 x 1029 W to 1.71 x 1029 W 

7.  
Apparent Brightness of the Cepheid:  


Avg. Count ratio of Cepheid to Reference = 0.3 


and Apparent Brightness of Reference = 2.28 x 10-12 W/m2   ===>  


Apparent brightness of Cepheid = (0.3)(2.28 x 10-12 W/m2) = 6.84 x 10-13 W/m2

The average Count ratio can be found either by estimating the middle of the cycle and finding the Count ratio there, or by finding the maximum and minimum Count ratio and averaging the two.

One form of the equation to get the apparent brightness of the Cepheid is:


b(v)C = ( CC /Cs ) x b(v)s  
where  b(v)C = the apparent brightness of the Cepheid star 







b(v)s = the apparent brightness of the standard star







CC/Cs = the average Count ratio of the Cepheid to 






standard star

There are other equivalent forms and it should be emphasized that form the student comes up with is fine as long as it gets the job done.

8..  Distance to the Cepheid in meters:

Apparent Brightness =  EQ \F(Luminosity, 4πd2) 
===> Distance = sqrt[ EQ \F(Luminosity, 4π(Apparent Brightness)) ]

===>Distance = sqrt[ EQ \F(1.14 x 1029 W,4π(6.84 x 10-13 W/m2)) ]to  sqrt[ EQ \F(1.71 x 1029 W,4π(6.84 x 10-13 W/m2)) ]

===>Distance is from 1.15 x 1020 m to 1.41 x 1020 m 
9.  Distance to the Cepheid in light years:

Distance =  12000-15000 ly
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