Lab 11: Parallax
This lab has you take a closer look at the concept of parallax, in which Earth’s orbit allows us to look at stars from slightly different angles, allowing us to figure out the distances to those stars.
This lab has a total of 59 points, and is due by the end of Friday November 12.


Part 1: Introduction to Parallax (8 points)   
The phenomenon of parallax is related to how we can see in 3-D.  Your two eyes are a few inches apart, so they end up seeing slightly different images – similar to how the positions of objects in the room would appear to change if you moved a few inches to the left or right.  The slightly-different views from your eyes are sent to your brain, which does a bit of processing.  If an object’s position changes a lot between one eye and the other, then it must be closer.  If both of your eyes see something in the same place, it must be farther away.
Any “3-D” effects, be they in movies or artwork or video games, are related to getting your eyes to see slightly different scenes.  For example, with old-timey red/blue 3-D glasses, red ink on a white background would be invisible to the red side, but it would show up to the blue side.  Blue ink would only show up for the red side.  Combine the effects, and you can make an object appear closer by having its red and blue positions “disagree” more.

Parallax is of great use in astronomy.  We can use it to figure out how far away certain things are – after all, we can’t stretch out measuring tape all the way to a nearby star, or watch the odometer on a rocketship.
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This diagram illustrates what’s going on.  An observer (on the left) is looking at an object (the blue spot on the right) from two different places, separated by a sideways distance a.  The top position sees the spot “straight ahead,” while the second position sees the spot a small angle away from “straight ahead.”  This is the parallax angle.
If your sideways distance is a, and the distance to the object (using the same units!) is d, then they are related to the parallax angle θ (symbolized by the Greek letter “theta”) by
tan θ = a / d
…in which we use the “tangent” function from trigonometry.  But don’t fret!  There’s a convenient work-around where we won’t need trig.  When θ is small enough, then the tangent of θ is roughly equal to θ itself, in radians.  If θ is in degrees (and small enough), then tan θ is equal to θ × (π/180).  (Remember, π – the Greek letter “pi” – is about 3.14.)
In astronomy, θ will always be small enough for this trick to work.  
So if we know a and d and want to find the parallax angle θ (in degrees), we can rearrange things to get
θ = (a / d) × 180 / π

In astronomy, we’re doing this whole parallax thing to figure out how far away things are.  We know our sideways distance a, and make careful observations to find the parallax angle θ, then do the math to get d:
d = (a / θ) × 180 / π

So to clarify: There are two bold formulas above.  The first one (θ =) is useful if you wish to know what a distant object’s parallax angle would be, in degrees.  You’ll need to know how far away the object is (d), and how far you’re moving sideways (a).  Both d and a need to be in the same units of distance – for example, both in AU, both in feet, both in kilometers, etc.
The second formula (d =) is useful if you’ve measured an object’s parallax angle, and want to figure out how far away it is.  For this you’ll need to know the parallax angle (θ, in degrees) and how far you moved sideways (a).  Your answer will be in the same units as a.  (So if a is in centimeters, your answer d will be in centimeters.)

Let’s try a few exercises.
Right now, Pluto is about 34.4 AU away from Earth.  Using the conversion 1 AU = 150,000,000 km, convert this distance into kilometers. (1 point)

Two astronomers on opposite sides of the Earth each record the location of Pluto.  If they do this, the maximum sideways distance they can be apart is Earth’s diameter: 12,742 km.  Using this value (a), and Pluto’s distance in kilometers (d), calculate the parallax angle for Pluto in degrees.  (2 points)

If you did your math right, you should get a small angle.  It’s possible to go smaller than degrees.  One degree can be divided into 60 arcminutes, and one arcminute can be divided into 60 arcseconds.  In other words, one degree is 3600 arcseconds.  Convert your previous answer from degrees into arcseconds.  (1 point)


Take a closer look at the first formula above.  If you’re studying an object that is at a particular distance d, would using a larger separation a give you a larger or smaller parallax angle?  (1 point)


Let’s try a larger value for a.  If you’re willing to wait a while, you can take observations six months apart, when the Earth is on opposite sides of its orbit.  This will make your sideways distance 2 AU.  
Let’s assume that Pluto (still at 34.4 AU) doesn’t move very far in its orbit during this time.  What would Pluto’s parallax angle be with this method?  Give your answer in degrees or arcseconds, whichever works better – but be sure to say which you’re using!  (Also, don’t forget that a and d need to have the same units.)  (2 points)

If we were to observe the dwarf planet Eris in the same way using a 2-AU baseline, we’d get a parallax angle of 1.195°.  How far away is Eris?  (1 point)  



Part 2: Parsecs (11 points)
Objects beyond the Solar System are much farther away, so arcseconds will be easier to work with than degrees.  If we want our parallax angle θ to be in arcseconds rather than degrees, we can place a factor of 3600 into the formulas:
θ = (a / d) × 3600 × 180 / π
d = (a / θ) × 3600 × 180 / π

If you had a baseline of 1 AU, and measured a parallax angle of exactly 1 arcsecond, what distance would that indicate?  Show your work.  (2 points)   

That distance you just calculated is called a parsec, short for “parallax arcsecond.”  
A light year is equal to 63,240 AU.  One parsec is equal to how many light years?  Show your work.  (2 points)   

1 AU is equal to how many parsecs?  (This will become useful in a little bit.)  Show your work.  (1 point)   
HINT: If 1 parsec is a lot of AU, then a single AU should be a tiny number of parsecs.

You know, 1 AU is a rather standard distance, and parsecs are a common unit of distance when using this method.  If we keep those settings the same, then we can pre-calculate most of the formula:
d = (a / θ) × 3600 × 180 / π
…which becomes…
d = (a × 3600 × 180 / π) / θ
…where a is 1 AU converted into parsecs (which you just calculated).  
Go to our newest formula here, and calculate just the green part in the parentheses.  When we’re using a 1-AU baseline, a parallax angle in arcseconds, and calculating a distance in parsecs, the formula becomes “distance in parsecs  =  (some number) divided by the parallax angle”.  What is that number?  (1 point)  
HINT: It should be a number that will let you see why anyone would use parsecs for this sort of thing.  It might even look so simple, you’ll wonder whether you made a mistake somewhere.  Make sure you’ve got this part down, because this number will make the rest of this lab a lot easier.

Great!  We’ve drastically simplified that ugly-looking equation: now it’s d = (that number) / θ.  Let’s test it out.  Still keeping the 1-AU baseline, let’s consider an object with a parallax angle of 0.25 arcseconds.  How far away is this object, in parsecs?  (1 point)

What about an object with a parallax angle of 0.1 arcseconds?  (1 point)


For the rest of this lab, we’ll assume a baseline of 1 AU for parallax measurements, so we can stick with the simpler formula.  In practice, a 2-AU baseline can be difficult to achieve, since you’ll end up fighting against sunset and sunrise when trying to observe most objects 6 months apart.  In astronomy, when you see a parallax angle mentioned without a baseline specified, you can assume that it has been converted into what you’d get with a 1-AU baseline.
The brightest star in the night sky is Sirius.  Sirius has a parallax angle of 0.379 arcseconds.  How far away is Sirius, in parsecs?  Show your work.  (2 points)

Convert your answer into light years.  (This’ll tell us how many years it takes light from Sirius to reach us.)  (1 point)




Part 3: How far away is Polaris? (10 points)   
In understanding how parallax measurements can be important, let’s consider how well we know the distance to the star Polaris, better known as the North Star.
In 1995, the Yale University Observatory gathered parallax information based on a wide variety of published measurements and produced their own guide.  For Polaris, their best estimate was a parallax angle of 0.0033 arcseconds.  How far away would that put the North Star, in parsecs?  Show your work.  (1 point)

The tinier a parallax angle is, the harder it is to measure – things aren’t perfectly exact.  The publication also reported that their estimate of Polaris’s parallax angle could be off by as much as 0.004 arcseconds.
Let’s imagine what it would be like if the real parallax angle was near the large end of that range.  If Polaris’s parallax angle were 0.007 arcseconds, how far away would it be?  (1 point)   
As for the small end, we can’t have a negative parallax angle, so instead we’ll consider an angle that’s just very close to zero.  How far away would Polaris be if tis parallax angle were 0.0001 arcseconds?  (1 point)   

We know how bright Polaris looks as seen from Earth.  When we consider that along with the star’s distance, we can figure out how much total light it gives off, and from that we can figure out where it would go on the H-R diagram, as well as whether it’s (say) a main-sequence star or a supergiant.  Out of the three parallax angles we just tried out – 0.004 arcseconds, 0.007 arcseconds, and 0.0001 arcseconds – which one would mean Polaris is brightest?  Explain your answer.  (2 points)   

The Hipparcos satellite was launched in 1989, with the goal of carefully measuring the parallax angles of stars so we could get precise distances for them.  It operated until 1993, but it still took a while for all of the data to be processed.  A 2007 publication presenting the latest findings from Hipparcos reported the North Star’s parallax angle to be a bit larger: 0.00754 arcseconds.  How far away would that put the North Star?  Show your work.  (1 point)

The Hipparcos satellite was able to measure parallax angles as small as 1 milliarcsecond (0.001 arcsecond).  If this is the smallest possible parallax angle Hipparcos could detect, what is the farthest away a star could be and still have its distance “measured” by Hipparcos?  (1 point)

In December 2013, the European Space Agency launched the spacecraft Gaia, the successor to Hipparcos.  Gaia has been measuring star positions with greater precision, picking up parallax angles as small as 20 microarcseconds (0.00002 arcseconds).  How far away would be the most distant object measurable by Gaia?  (1 point)

The star Polaris is too bright (as seen from Earth) for Gaia to handle, but Gaia was able to measure the parallax angle of a dim companion star to Polaris, which would be at the same distance away from us as the “main” Polaris.  A 2018 study using Gaia data found this star to have a parallax angle of 0.00729 arcseconds.  Based on that value, how far away is Polaris?  Show your work.  (1 point)

Below is a table that’ll let you figure out what these distances mean for the North Star’s luminosity.  If you know the star’s apparent magnitude (in this case 1.98), and its distance from us (right column), it’s possible to calculate its absolute magnitude.  That can be converted into a luminosity (total energy output), and that plus the star’s color (the North Star is a tiny bit bluer/hotter than the Sun) can tell us whether it’s a giant, supergiant, or main-sequence star.
Stars are generally divided into different “luminosity classes” described with Roman numerals, where a I is a supergiant, a III is a giant (that well-populated area above the red end of the main sequence in the H-R diagram), and a V is a main-sequence star.  The supergiants are sometimes divided further into class Ia (biggest and brightest), class Ib (not as big and bright, but still a supergiant), and class Iab (in between).
	
	class
	luminosity
	absolute mag.
	distance (pc)

	Type Ia supergiant
	F7 Ia
	140,000 Suns
	-8.0
	990

	Type Ib supergiant
	F7 Ib
	7,000 Suns
	-4.8
	230

	large giant
	F7 II
	800 Suns
	-2.4
	75

	giant
	F7 III
	26 Suns
	1.3
	14

	subgiant
	F7 IV
	12.5 Suns
	2.1
	9.5

	main sequence
	F7 V
	2.6 Suns
	3.8
	4.3



(The values in this table only work for an F7 star whose apparent magnitude is 1.98.  If you’ve got an F7 star with apparent magnitude 3, the distance column would be different.  If it’s not an F7 star, all the numbers would be different.)
Based on the data from Gaia, what kind of star is the North Star?  (1 point)   


Part 4: Take It Outside! (17 points)   
Let’s try it out in real life.
Go outside, and find a place where you can identify three objects, all in about the same line of sight from you, at various distances:
A “nearby” object that is around 25 to 100 feet away from you.  We’ll call this A.
A medium-distance object that is more like 100-250 yards away from you – maybe the distance of one city block.  We’ll call this B.
A very distant object, like a mountain on the horizon.  You could use the moon or a star if it’s near the horizon and you feel you’re able to get this section done in just a few minutes.  Similarly, you could use a cloud near the horizon, if it doesn’t seem to be moving.  This will be C.
For example, A might be a mailbox, B might be a traffic light, and C might be a mountain peak.
Briefly describe the three objects you’re using, and where they are in relation to you.  (3 points)   

Turn so that you’re facing the objects, and then take two sideways steps to the right.  In which direction did objects A and B seem to move relative to C?  (1 point)   
Which object seemed to move more relative to C: A or B?  (1 point)   


Okay, for the most part we’re going to ignore B for the rest of this section, and just focus on nearby A and distant C.  Find a good starting position where you have room to walk to the right.  Ideally objects A and C are lined up perfectly along your line of sight, but if they aren’t that’s okay.
Using the hand gesture technique, figure out the horizontal angular separation between objects A and C from your current position.  If one is higher up than the other, only count the horizontal distance, as shown in the picture below.  (If you need a refresher on using hand gestures to estimate angular distances, see the section at the end of this document.)
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Figuring out the horizontal angular separation between a stop sign and a mountain peak.

Return to your starting point.  What is the horizontal angular separation between your two objects?  (1 point)   
Place a stone or other marker where you’re currently standing…
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…and then start moving sideways to the right, until nearby object A has moved by 10° relative to distant object C.  If they started lined up, then A should now be 10° away from C horizontally.  Or maybe A started out 5° away and is now 15° away.  Or perhaps A started 18° away and is now 8° away.  Or perhaps A started 9° away, and is now 1° away on the other side.
…or if you run into a wall or other obstacle preventing you from traveling further to the right, go ahead and stop.
How far apart (horizontally) are objects A and C now?  (1 point)   
Mark your new position, and then use a ruler or other measurement device to measure the distance between that location, and where you started from.
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How far did you move to the right?  (1 point)   

If you don’t have a convenient ruler or tape measure, you might be able to use something else.  For example, a standard sheet of paper is 11 inches tall, so you might try moving exactly 2 paper-lengths or exactly 3 paper-lengths – whatever gives you position change close enough to 10°.

Okay, now we can take your measurements and figure out the distance to the nearby object.  (If you want, you can head back inside now.)
Once again, our formula is
d = (a / θ) × 180 / π
…where a is the distance you moved sideways (your “baseline”), and θ is the angular distance (in degrees) the object moved due to your change in position (probably 10°, unless you were unable to move far enough).  Your calculated distance from this formula will have the same units as a.
How far away from you is object A?  If you end up with a large number of inches or centimeters, convert that into a more useful unit like feet or meters.  (2 points)   

Congratulations!  You’ve figured out the distance to that object without having to walk all the way over there.
Take two pictures: one showing objects A, B, and C from your starting position, and another showing A and C (and possibly B) from your new position.  Either paste them here, or email them to me.  (6 points)   

Identify the three objects in your pictures.  (1 point)   


Part 5: Thought Questions (13 points)   
Here are some review questions.
Imagine you are walking around on a day where there are some clouds next to the moon in the sky.  You know that the moon is much farther away from you than the clouds are, but as you walk around, the clouds don’t seem to move with respect to the moon.  Why is that?  (2 points)   
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November 2031					April 2032

Let’s imagine an astronomer takes two images of a tiny patch of the sky using a telescope, several months apart.  The positions of the stars in these images are shown above.  (Note that we are not looking at a star cluster – these are just random stars.)  Two of the stars seem to have moved due to parallax: they have been colored blue and yellow to make them easier to find.  (This does not necessarily mean the stars themselves are those colors.)  Which of these two stars is closer to us: the blue one or the yellow one?  How can we tell?  (2 points)   

What about all the other stars in the images – how do their distances from us compare to the distances of the blue and yellow stars?  Explain your answer.  (2 points)   

Are all of the white-colored stars in the images about the same distance away from us?  Explain your answer.  (2 points)   

If the astronomer were to take a third snapshot of that part of the sky in November 2032, where would the blue star and the yellow star be?  (1 point)   


Let’s say there’s an object out there that we can easily see with a telescope.  What might be a reason why we’d be unable to use parallax to figure out how far away it is?  (2 points)   


Let’s say an observatory is built on Mars.  How would parallax observations from this observatory be different from those obtained on Earth?  (We saw in the Scale Model lab that distances in space are huge, so “sometimes being half an AU closer to what you’re looking at” won’t affect things much.)  (2 points)   



Appendix: That Hand-Gesture Technique
There’s a convenient way to estimate angular distances easily.  If you hold your arm straight out, you can make various hand gestures to give you an angle.  For example, if you hold your fist out at arm’s length, to your eye your fist would be about 10° across.  (Some people may have larger hands, but their arms tend to be longer too, so it cancels out.)
If two objects are 35° apart, you’d need about three and a half fists-at-arm’s-length to travel from one to the other.
Some other useful measures are given below.  For example, your pinky at arm’s length is about 1° wide.
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