
LABORATORY 7:  ANALYZING BINARY STARS
Weighing Stars
REQUIRED MATERIALS:  You will need to bring THIS HANDOUT, THE STELLAR DATA TABLE FROM LAB 2, STANDARD GRAPH PAPER, CALCULATOR, AND AT LEAST 2 COLORS OF PENCILS OR PENS.

ANSWER ALL PRE-LAB WARMUP QUESTIONS BEFORE COMING TO LAB.  You will begin lab with a short quiz on these questions.

So far we have been able to determine the distance to a star, the total light output (luminosity) of a star, and the temperature of a star.  One crucial piece of information that we lack if we are to understand the goings-on inside stars is the MASS of a star.  In fact, this piece is so crucial that the entire fate of the star depends on this quantity.  Fortunately, as in the cases of distance, luminosity, and temperature, the Universe has given us some indirect ways of figuring out stellar masses.  

STEP ONE:  Understanding orbital properties.

In the early 1600’s Johannes Kepler found that planets orbit the sun in very well-behaved ways.  In fact, the orbits are so well behaved that if you know the orbital distance between a planet and the sun, you automatically know its orbital period (that planet’s ‘year’).  For planets orbiting the Sun, he found that 

P (yrs) x P = a (AU) x a x a

where ‘P’ is the orbital period measured in years and ‘a’ is the orbital semi-major axis measured in AU (or orbital radius for a circular orbit. We will concern ourselves only with circular orbits for this exercise).  This is Kepler’s Third Law.  The earth, for example, has an orbital period of 1 year and an orbital semi-major axis of 1 AU (by definition).  This leads to the rather uninformative identity of 

P(earth) x P(earth) 
= a (earth) x a (earth) x a (earth)


1 x 1 


=  1 x 1 x 1


1


= 1

PRE-LAB WARM UP QUESTION:  According to Kepler’s Third Law, what would the orbital period of Jupiter be if its orbital radius is 5.2 AU?


When Newton discovered the driving force behind orbits – namely, gravity – he was able to demonstrate that the orbit is dependent upon another factor:  MASS.  Kepler’s Third Law was modified to read:


P x P x M = a x a x a

Here M refers to THE TOTAL MASS OF THE ORBITING SYSTEM, and it is expressed in units of SOLAR MASSES.  The Sun by definition has a mass of 1 solar mass.

For a planet in the solar system orbiting the Sun, M = Mass of Sun + Mass of planet.    But since the most massive planet in the solar system (Jupiter) has less than 1/1000th the mass of the Sun, solving for M gives you the mass of the Sun.  To determine that mass in kilograms, you would have to multiply by a number of constants that we have dropped from our equations for simplicity’s sake.  If you include them, you find that the Sun’s mass is 
2,000,000,000,000,000,000,000,000,000,000 kg (2 x 1030 kg)

PRE-LAB WARM UP QUESTION:  Use Newton’s version of Kepler’s Third Law to find the mass of a star (in solar masses) that has a planet orbiting every 5 years at a distance of 2 AU.
FACE-ON VISUAL BINARIES WITH CIRCULAR ORBITS

Occasionally two stars are orbiting each other in such a way that we can actually SEE both stars trek around their common center of mass.  As in the case of the solar system, the more massive object does not move much in response to the less massive objects.  After all, planets orbit the Sun, not the other way around.  The Sun is affected by the gravitational tugs of the planets, but since it is so massive, its response to those tugs is virtually immeasurable.

But with binary stars, the masses are far more similar, so both stars will often have easily measurable motions.  In an ideal case, the stars will be in circular orbits.  This is not often the case.  In a truly ideal case, the stars will be in an orbit that is ‘face-on’, or tilted in such a way that earthlings get a full view of the orbit.  This is the case we’ll explore now, even though it is not very realistic.
PRE-LAB WARM UP QUESTION:  Look at the following diagrams of binary orbits.  Determine which star (if either) is the more massive in the pair.

[image: image1]
Notice that there is a Star A in each pair.  Assume that this star represents a 1 solar-mass object (1 Mo) in each diagram.   

PRE-LAB WARMUP QUESTION:  NOW RANK THE STARS (A – E) FROM LEAST MASSIVE TO MOST MASSIVE:

ORBITAL PERIODS AND ORBITAL SPEEDS:

In a binary system, both stars complete a single orbit in the same amount of time.  Thus they have the same orbital period (P).  This can be easily measured if you are a patient enough astronomer.    However, this piece of information does not tell you anything about their relative masses.  In the previous section, you ranked stars from least massive to most massive.  Now you will rank them according to orbital speeds.  This quantity DOES reveal something about relative masses.

PRE-LAB WARMUP QUESTION:  RANK THE STARS (A – E) FROM SMALLEST TO GREATEST ORBITAL SPEED (i.e. slowest to fastest).  Assume that Star A has the same speed in ALL plots.  

PRE-LAB WARMUP QUESTION: What relationship is there between a star’s orbital speed and its mass?

MEASURING ORBITAL SPEED – A MORE REALISTIC SITUATION:


Typically what astronomers use to measure orbital speed is the cosmic equivalent of a radar gun.  Instead of bouncing light off the moving object, though, we simply measure the light that is emitted from the object and make use of the observed Doppler shift.


Doppler Shift:  The change in wavelength of a wave that results from the motion of the source and/or observer.


An everyday example of a Doppler shift is the apparent change in pitch of a siren as an ambulance passes, or the distinct change in the pitch of an Indy 500 car’s engine as it passes the microphone.  As the object moves toward you, the pitch sounds higher (a higher note; smaller sound wavelength; higher sound frequency).  As the object moves away from you, the pitch is lower.


The same sort of shift is observable in light wavelengths.  As you will recall, for visible light, the shortest wavelength is purple and the longest wavelength is red.


Note that this shift is useful only for measuring the “line of sight” velocity (a.k.a “radial velocity”).  For an object in the above examples, we would not measure any Doppler shift because the objects are merely circling in our field of view.  To measure a Doppler shift, we would have to be observing these systems “edge-on.”  Virtually all binary star systems are seen at some angle between “edge-on” and “face-on,” but we are using only these special cases and only for circular orbits.  For cases in between, the angle of inclination and orbital eccentricities must be taken into account, adding complications.

PRE-LAB WARMUP QUESTION:  An object moving away from you will have light that is shifted toward the ________, while an object moving toward you will have light that is shifted toward the _________.  An object that is moving across your field of view will show _______ shift.  

Measuring the Doppler shift for light waves requires very precise spectroscopy, as the shifts are generally subtle.  The shift can then be translated to an exact speed via the equation:


v/c = (m – rest)/ rest
where v is the line of sight component of the object’s motion, c is the speed of light, m is the measured wavelength of a spectral line, and rest is the rest (or actual) wavelength of the spectral line in question.  
PRE-LAB WARMUP QUESTION:  

If you get a negative velocity from the Doppler shift, what does this mean?

a. you messed up

b. the object is moving away from you

c. the object is moving toward you

d. the object is moving across your line of sight

Now look at the four pairs of stars again.  This time the direction to earth has been noted with a large arrow.  
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For each pair, indicate what type of shift each star is exhibiting:   redshift, blueshift, or no shift.  
PAIR 1:  Star A exhibits ________________; Star B exhibits _____________.
PAIR 2:  Star A exhibits ________________; Star C exhibits _____________.

PAIR 3:  Star A exhibits ________________; Star D exhibits _____________.

PAIR 4:  Star A exhibits ________________; Star E exhibits _____________.

Again, assuming that Star A has the same speed in each pair, which star(s) show the LARGEST shift?  Which star(s) show the SMALLEST shift?  Explain.

Now type in the following URL on your computer:  

http://instruct1.cit.cornell.edu/courses/astro101/java/binary/binary.htm
There you will be able to see the face-on and side views of a binary system, along with the “radial velocity.”  You have the power to change various parameters, including the masses of the two stars (M1 and M2), the orbital separation of the two stars (a), the eccentricity of the orbits (e), and two parameters called “inclination” and “node angle.”  

Set the eccentricity (e) to zero, the inclination (i) to 90 degrees and the node angle (w) to zero degrees.  Now vary the other parameters to get a face-on view and side view of the system’s orbit, along with the changes in the overall spectrum.   Set the simulation speed to 9, which will create a very slow orbit that allows you to better observe the changes.

The blue star is represented by M1; the red star is represented by M2.  Look again at the four pairs of stars in the pre-lab warmup question on page 3 of this handout.  Try to reproduce those orbits by varying M1 and M2.  Make M1 represent Star A in each pair (thus the path traced by Star A will be the blue path).  

Set the mass of Star A (M1) to 1 solar mass.  Set M2 to 0.3 solar masses.   Set ‘a’ to 2 AU (this makes the widest possible orbital separation, and thus the slowest orbit).

QUESTION:  Which pair of stars from page 3 is best represented by the orbital path for stars with these masses? 

QUESTION:  Describe the behavior of the system’s SPECTRUM, noting a) which star has the greatest variation in its redshift; b) how the spectral shift corresponds to the stars’ orbits; and c) where the spectral shift is zero.  Draw diagrams of both the orbit and spectrum.

Now set the mass of Star A (M1) to 1 solar mass.  Set M2 to 1.0 solar masses.   
QUESTION:  Which pair of stars from page 3 is best represented by the orbital path? 

Now the mass of Star A (M1) to 1 solar mass.  Set M2 to 3 solar masses.   
QUESTION:  Which pair of stars from page 3 is best represented by the orbital path? 

Estimate what M2 must be to produce the only remaining orbital path from the examples on page 3.  Enter that number in the simulator and verify your estimate.
QUESTION:  Was your original ranking of the masses for stars A, B, C, D and E correct?  If not, where did you need to modify your guesses?  Can you think of where you might have erred?
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