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    Spring 2016

Astronomy 50 Lab:  Measuring the Distance of Mars and Saturn Using Parallax
     The primary method of measuring distances of the nearer astronomical objects is by use of the phenomenon of parallax.   As the Earth moves around the Sun in its orbit, the relative positions of the nearer objects appear to change relative to those of the more distant objects.  To see this effect firsthand, hold your thumb up in front of your eyes, close your right eye and take note of the apparent position of your thumb in projection against the distant objects in the room, as seen by your left eye.  Then close your left eye and open your right eye while holding your thumb still and note that the thumb appears to have moved relative to the background objects.  This phenomenon--the apparent movement of nearer objects due to the motion of the observer--is known as parallax.  Through simple geometry one can determine the distance of an object from a measurement of the angle that an object appears to move, as shown in Figure 1.  (In fact, this is what your brain does with your two eyes to give you depth perception and why you have no depth perception with just one eye.)



Figure 1:  The observer moves a distance r from A to B and sees that the nearby object, at C, appears to move relative to the background objects by an angle .  Since the background objects are essentially infinitely far away, in comparison to the distance of the nearby object at C, the angle between the positions of the object at C relative to the background objects, as seen by the observer at A and B, is the same as the angle between these two positions at C.  

     By the rule of opposite angles in two intersecting lines, the angle at C between the lines coming from A and B is equal to .  And, if  is in radians, then, (radians) = r/d.  Rearranging, then, to get an equation for distance, we have
 

d = r/(radians).




(1)

     The planets are certainly much closer than the stars and so we can use this to infer the dsitance of a planet, using the stars as background objects, as the Earth moves a known distance in its orbit around the Sun.  This is the goal of this lab.  You will take photographs of the sky centered on two outer planets, Mars and Saturn, on different days and measure the angle that each outer planet appears to move in the photos, relative to the background stars.  We will discuss below how to actually measure this angle.  This will be the angle  in Equation 1 above.  And, since we know the size and period of Earth's orbit (the radius of the orbit is equal to the distance to the Sun, which was reported in the Ast50 lab journal, Vol III), we can calculate the distance that it moves in any given number of days.  This is the distance r.  
    Note that the motion of the Earth in Figure 1 is perpendicular to the direction of the object at C.  If the observer moves in some random direction then the configuration looks more like the triangle below, and then the distance from A to B is different and Equation 1 is wrong.  So, we 
                         


need to be sure that the Earth is moving in a direction perpendicular to the direction of the outer planet. This occurs when the outer planet is in the opposite direction from the Sun, a configuration known as opposition.  Both Mars and Saturn are at oppostion this month.



Measuring the Angle of Parallax

     Following the attached camera instructions, take a picture of the region of the sky centered on Mars and Saturn.  Do this on two different nights separated by about at least a week.

     When we return to campus, download your photos to your laptop or a flashdrive.
     After two observations nights (separated by about a week), select the best image from each night.  Open both images, flash back and forth between them, and set the scales and align the image frames on your screen so that all the stars in the two images are perfectly aligned.

1.  Measure the distance, in cm, on the screen that the images of Mars and Saturn appear to move.

Movement of Mars’ image: _________________ cm

Movement of Saturn’s image:  _________________ cm

2.  Following your instructor’s directions, measure the distance, in cm, on the screen between the two calibrator stars.  Your instructor knows the angular distance between the calibrator stars and this determines the scale of your image.

Distance between calibrator stars: _________________ cm

Angle between calibrator stars  : __________________ degrees

3.  Calculate the scale of your image by dividing the angle between the stars by the distance between the stars:
Image scale : ___________________________ degree/cm
4.  Calculate the parallax angles of Mars and Saturn by multiplying their apparent movement, in cm, by the scale of the image.



Mars (Parallax of Mars):  ____________________________ degrees


Saturn (Parallax of Saturn):  ____________________________ degrees.
5.  Convert these parallax angles to radians (by multiplying by /180).



Mars (Parallax of Mars):  ____________________________ radians



Saturn (Parallax of Saturn):  ____________________________ radians.

Calculating Distances

6.  We now need to calculate how far the Earth moved between the photos.  This will give us the length r to be used in Equation 1.  First calculate how far the Earth travels in one complete circular orbit.  Recall that the circumference of a circle is 2R.  Here the radius of the circle is the distance from the Sun to the Earth.

Distance from Earth to Sun = _____________________________ m

7.  Now, knowing that the Earth completes this circle in 365 days, calculate the speed of the Earth in m/day


Speed of Earth = ____________________ m/day.

8.  Use the number of days between photos to calculate the distance Earth moved between photos.

Distance Earth moved (r) = Speed of Earth x number of days = ____________________ m.

9.  Refer to your measured parallax angles and apply Equation 1 to get the distances of Saturn and Mars.
Distance of Saturn = r/(parallax of Saturn in radians) = ________________________ m.

Distance of Mars = r/(parallax of Mars in radians) = ________________________ m.

Orbital Movement of Mars and Saturns

     There is one other complication that one should account for.  Since correcting for this complication properly involves a lot of gory geometry and trigonometry you will not be required to do it  You should, though, understand the nature of the complication, explain why your result gives the wrong answer, and estimate the magnitude and direction of this error.  For those students who either are comfortable with upper level High School math or who want to try to follow through with the project all the way to the correct answer, instruction on how to make this correction is explained in an appendix.  This second complication is that the outer planet is not absolutely fixed at point C.  In the time between observations, the planet has moved a bit also.  Fortunately, outer planets moves through space much more slowly than Earth, so your results will only be a bit off.  Consider the figure below, which demonstrates the correct geometry for an observation of Saturn and including the motion of Saturn.  It is your task, if you choose to accept it, to figure out the direction of the error and estimate the magnitude of the error in your final answer due to the motion of the outer planet.




Figure 2
Appendix:  Correcting for the outer planet’s Motion (for those with a strong stomach for math)

     For those that are willing to deal with the math, let's discuss how to correct for the motion of the outer planet.  We need just one other piece of information--Kepler's harmonic law for the orbits of the planets.  This law states that the period of a planet’s orbit is related to the average distance of that planet from the Sun by:

P2 = a3, 

where P is the period of the planet’s orbit in Earth years and a is the distance from the Sun in Astronomical Units (which is the distance of the Earth from the Sun).  It is very important that you use the proper units.  This equation is not true if you used miles and hours, for example.

     Let's first discuss how to figure how far the moved moved.  In general, you can determine the distance the planet travelled in a given period of time if you know the velocity of the planet.  As you did with the Earth, above, then you can calculate that if you know the planet’s orbital radius and period.  You can get the period from the radius using Kepler's 3rd law.  So, then, what you need is the planet’s orbital radius, or its distance from the Sun.  Well that is very closely related to what you are trying to find.  If d is the distance of the planet from the Earth when it is at opposition, then its distance from the Sun is just d+1A.U. (where 1 A. U. is the distance of the Earth from the Sun).  Therefore, you can set up an equation for the planet’s velocity that involves known quantities and one unknown--d.  And, hence, you can set up an equation that involves the variable d for the distance traveled by planet for any given period of time.  

     Now consider Figure 2.  Note, first, that the inferred parallax angle, , yields the distance d', not d.  That is, =r/d'.  Secondly, consider the direction that the planet moves.  Because the planet orbits the Sun in approximately a circle and the Earth is very close to the Sun, compared to the distance of Jupiter or Saturn, the planet's motion is approximately perpendicular to the direction of the Earth.  Therefore, the line representing the distance that the outer planet travels produces another isosceles triangle--C1-C2-C3, and since this triangle also has the angle  at the apex,  it is identical in shape to A-B-C3, only smaller.  So, if s is the distance that the outer planet travels and d” is the distance from the planet to point C3, then ~s/d”, or d”~s/.  And, since d+d”=d’, then d=d’-d”.  Therefore, to get d, you need to first calculate d’ (=r/), then d” (=s/), and subtract.  is the parallax angle, which you measure, r is the distance that Earth moves between the two observation dates, and s is the distance that the planet moves between the two observation dates.  However, you cannot solve for s by itself because you can only figure it out in terms of d, which is what you don't know and are trying to figure out.  So, you'll need to put all these equations together (using algebraic substitutions—ask for help if you need it) to set up an equation that involves only d and known or measurable parameters.  You should be able to get an equation that involves only d, t, the time between exposures, and , the parallax angle.  You can then manipulate this equation to solve for d in terms of t and .  Try figuring this all out on your own, but feel free to ask for help and to check your answer.  Write your final equation for d in the space below.  This is your equation (2).











(2)

Instruction for Using the Single-Lens Reflex CCD Camera to Take Photos of the Night Sky

A.  While in the lighted room get familiar with your camera.  Note the following items and possible adjustments.

1.  View finder.  Since this is a single-lens reflex camera, you can see exactly what the camera will see by looking through the view finder.  

2.  On/off switch and shutter button—obvious.

3.  You will want to make the camera take pictures in a way different from what the “auto” setting would do (photos of the sky are very different from those that the camera defaults are set for).  So, you do not want to the let the camera determine the important settings, and so first, you should be sure to set the dial on top of your camera to “M” (for “manual”).

4.  The zoom adjustment.  By turning the grip on the lens housing, you can set the field of view of the image.  

5.  The “info” button.  Whenever you want the display screen on the back to light up and show the current exposure settings (such as when you want to change a setting) press the “info” button (near the on/off button) which will turn on the display on the screen at the back.

6.  “ISO sensitivity”.  This is the digital equivalent of “film speed.”  A higher number means the camera will be more sensitive and so is useful for photographing dark images.  You, of course, will want a high ISO.  To adjust the ISO sensitivity, press the “MENU” button, click the left arrow (next to “OK”) to get to the left column options, scroll up and down to get to the camera icon (second from the top), click the right arrow, and then scroll down to “ISO sensitivity” and click “OK”.  Scroll down to “1600” and click “OK.”  Then select it and click “OK” again.  (It seems that two “OK’s” are needed to make the ISO sensitivity stay set.)

7.  “Shooting Mode.”  To avoid jostling the camera during the exposure by physically pressing the shutter button, you will take exposures using a remote.  To set the camera to respond to the remote, do the following.  Press the “MENU” button.  As in step 7 get to the left column and select the third icon down (which brings up a menu called “CUSTOM SETTING MENU.”  Then scroll right and then down to “Shooting mode” and click “OK.” Scroll down to “Quick-response remote” and click “OK.”  Then, when you aim the remote at the front the camera and press the remote button, the camera will take the exposure.

8.  There are, now, three more adjustments you need to know.  (“speed” and “aperture” can be seen in the view finder as well as on the display screen back.)


a.  The focus.  The focus adjustment is the dial at the very front of the lens.  For astronomy, you’ll always want to focus at infinity.  Before taking any sky shots, you can find the focus setting by aiming the camera at a bright and very distant object.  (When we get to the park, you’ll be able to take pictures of the G.E. R&D center).  Take an exposure of a bright star or planet and review the image to make sure it is in focus.  Then, for the rest of the lab, leave the focus setting alone. 


b.  “Shutter Speed” or “exposure time” (in seconds).  The current setting is displayed on the screen as the number just to the right of the large circle and as the first number in the view finder.  If this number is followed by a double quotation mark, then the number is the exposure time in seconds.  For example, if it says 5” then it is set to expose the CCD for 5 seconds.  If this number does not have a double quotation mark then the exposure time in seconds = 1/(the number), e.g. if it says 5 then the exposure time = 1/5 seconds.  To change this setting, rotate the “command dial” (the bumpy dial at the upper right of the back) until you get to the desired exposure time.  The longest setting is 30”.  To get exposures longer than 30 seconds, turn the dial past 30” until you see “_ _” (if you have not set the shooting mode to quick-response remote, it will say “bulb”).  This setting enables you to manually determine the exposure time; the shutter will open when you press the button on the remote once and stay open until you hit the button again.  For now set the exposure time for 1”.  


c.  Aperture or “f-number.”  The current setting is shown as the number just to the right of the shutter speed.  To change the setting, rotate the “command dial” while holding down the “+/-“ button near the “ON/OFF” button.   The number displayed is the “f-stop,” which is the ratio of the focal length of the lens to the diameter of the “aperture,” which is the opening through which light can pass and focus onto the CCD.  The f-stop adjustment actually changes only the size of the opening, or aperture.  For this lab you want to use as large an aperture as possible (since there will not be much light).  Set the f-number to smallest value possible.

For parallax photos of Mars and Saturn (Spring 2016), use the maximum zoom (55), then set the focus, and take photos at a range of exposure times, from ½ second to 15 seconds.
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