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Session 2:  Special Relativity Simulation
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Modern Physics

 (Spring 2010)

Laboratory session #2
Special Relativity Simulation:  Pre-Lab

Answer the following questions PRIOR to coming to your lab section.  You will not be allowed to participate in any data-collection until you have shown me your pre-lab and I have graded it.  Please tape or staple the pre-lab on the page opposite to the first page of your write-up; failure to do so will result in losing two points (out of a possible 20).  Show all your work.
1. In Parts 5 & 6, you will examine space-like and time-like separated events.  To do so, 
you will need to use the Lorentz transform from one frame (at rest with a conveniently located station as usual) and another on a train moving with respect to the station.  Suppose, as measured from Train A at rest with the station, that three lightning strikes hit the tracks at x = +2, +4, and +6 light-seconds at time t = 0 (that is, they are simultaneous in A’s frame).  If Train B has a speed such that  = +0.5 with respect to the platform, what are the space-time coordinates for the lightning strikes as measured by Train B?  Are the events simultaneous as measured by B?  Draw the resulting space-time diagrams for the events as measured on A and B.
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INTRODUCTION

While the mathematics of special relativity consist of relatively simple algebraic manipulations, identifying which relativistic effects need to be taken into account takes practice.  And knowing the relevant effect is insufficient if you are not certain which reference frame is considered “proper”.  For example, the formula for length contraction has two different distances and you need to know which one is the proper distance.  Today's exercises will give you an opportunity to visualize relativistic effects as well as practice calculating, graphing and explaining them.

This experiment uses a simulation program called Spacetime, which graphically illustrates the results of Lorentz transformations.  Open it by going to the Start menu ( Programs ( Physics 160 ( Spacetime Simulator.  Press [Enter] twice (and click “ignore” if an error message comes up regarding the COM2 port).  Press any key to dismiss the banner announcing the program and its authors.  The program will open to its highway mode.  This mode provides snapshots along a "cosmic superhighway" consisting of various horizontal lanes in which objects travel at different speeds.  Objects in the middle of the screen lie at rest in the median strip of the highway.  Objects lying above the median strip move to the right; the farther above the median strip, the faster they move.  Objects in the topmost lane move at the speed of light; only light pulses can occupy this lane.  Objects below the median strip move to the left; the farther below the strip the faster they move.  The vertical axis scale is in terms of ß = 

 and the corresponding

, but these scales are non-linear so they accentuate effects at higher .  One way to view the screen is as a stop-action movie of objects moving along the highway shown from the perspective of an observer standing on the median.  At any instant you view only one frame of the movie.  Initially, the only object on the highway is a digital clock at x=0.  Time can be advanced forward or backward in increments of 0.01, 0.10, or 1.00 time units, using the keypad as shown in the diagram below.  Try advancing the time and seeing that the clock reading changes accordingly.  Return to t=0.  Note that the num-lock mode must be turned off in order to use the keypad to advance the time.

EXERCISE 1: LENGTH CONTRACTION

“Moving rods shrink” is the abbreviated statement of length contraction.  To see how this works, place a rod on the highway by pressing the [R]-key.  A white cross will appear at the center of the median.  You can move the rod to a different lane (i.e. different velocity as seen by the observer in the median) using the up and down arrow keys.  You can also place it at different spatial locations using the right and left arrow keys.  The values for ß and x are shown at the bottom of the screen.  Once you have decided where you want to locate the rod, press [Enter].  The rod appears as a box on the screen.  The width of the box indicates the length of the rod as measured by our observer on the median.  Place several rods (all identical) at different velocities (i.e. in different lanes) and note the qualitative differences in their lengths as seen by the observer in the median.  Why does the length of each rod depend on which lane it occupies on the cosmic superhighway?  Place two rods in the same lane, but at different spatial positions.  Do they and should they have the same length?  Advance the time and notice that the rods in non-zero velocity lanes move.  
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Keypad (shown in gray) is used to advance time forward or backward

Another feature of this program allows you to shift (or “transform”) your reference frame to that of an observer in one of the other lanes of the highway.  To do so, you need to select an object (press [F6], then the letter that identifies the object) and then “Jump” to a reference frame moving with that object (press [J]).  Jump to the reference frame in which one of your rods is stationary and note what happens to the appearance of the other rods.  

Finally, verify that the program functions properly: select one of your rods ([F6], then the identifying letter) and then press [I] (for object Information).  Note its length and calculate its length by hand using the length contraction formula.  Note that the proper length of the rod is one unit.  Does the calculated length agree with the length given by the simulator? Check the length of at least one more rod. In what reference frame is the length of an object observed to be a maximum? In what frame is it minimized?

EXERCISE 2: TIME DILATION

"Moving clocks run slower" is the abbreviated statement of time dilation.  To see how this works, you are going to look at the behavior of clocks in various reference frames.  Start a new screen by pressing [N] twice (once for New screen, and once to decline to save the previous screen).  Create a string of clocks on the median strip by pressing [K] and then [Enter].  Note that all the clocks read the same time; they are synchronized in the reference frame of our observer on the median.  Place two or three additional individual clocks in different lanes on the highway (by pressing [C] and then use the up and down arrow keys).  Now advance the time and observe the readings on all the clocks. Which moving clocks change time faster? slower? For one of the moving clocks, check that the amount of time that has passed is consistent with the formula for time dilation. To get more than two digits, select the clock of interest (press [F6], then the identifying letter) and then get the object information (press [I]).  Now change the reference frame so that one of moving clocks is no longer moving.  What happens to the string of clocks?  Why?
EXERCISE 3: VELOCITY ADDITION

Start with a new screen (press [N] twice).  Consider the median to be the platform of a train station.  Create a clock (press [C]) and use the up arrow key to move it to =0.5.  Consider this clock to be a train passing the station at half the speed of light.  Now transform (or jump) to the train by selecting the clock and jumping to it.  Now create another clock, and move it to a lane such that =0.5.  Consider this third clock to be a car driving on the flat bed of the train car at half the speed of light relative to the train.  The question is… what speed does the car have with respect to an observer on the station platform?  So, jump back to the original frame.  Then select the clock corresponding to the car riding upon the train and obtain the object information to find out its speed in this frame.  Why isn't  = 1.0 as you might naively guess since the car moves at half the speed of light with respect to the train and the train moves at half the speed of light with respect to the platform?  Show how you could find this  from the velocity addition formula. Repeat this exercise with a different velocity for the car with respect to the train (say 0.8c) and check the velocity addition formula.
EXERCISE 4: BREAKDOWN OF ABSOLUTE SIMULTANEITY I: 

CLOCK SYNCHRONIZATION

If two clocks are started at the same time, they are said to be synchronized.  One procedure for synchronizing two clocks is to stand half way between the two and simultaneously send out a light pulse to each of them.  Then each clock could be automated so that it starts the moment it receives the pulse.  This procedure can be analyzed within the framework of relativity for two different observers and the results may surprise you.  

In this section we will model the clock synchronization scenario using Spacetime Simulator.   Start with a new screen (press [N] twice).  Then set the master clock to -4.0 time units (seconds).  Place two additional clocks on the median strip, one at x = +4.0 spatial units (light seconds) and one at x = -4.0 spatial units.  The simulator automatically synchronizes them with the clock at the origin, but let us imagine that these two additional clocks are set to t = 0 and will begin ticking when they receive a light pulse from the master clock at the origin.    Press [F] to place a light “flash” on the highway.  Hit [Enter] to place the light flash at the origin at t = -4.0 time units and in the top most lane ( = 1.0 moving to the right).  Place another light flash in the bottommost lane ( = -1.0 moving to the left).  Use the down arrow key to put the flash in the leftward moving lane at the bottom of the highway.  If you now advance the time to t = 0, the light flashes reach the two additional clocks “simultaneously.”  The clocks start ticking and are therefore synchronized.  

Return to t = -4.0 seconds.  Now we will observe this procedure using spacetime diagrams.  Press [D] to go to spacetime diagram mode.  The vertical axis is time. The horizontal axis is position.  There are a number of yellow lines on this diagram.  The three vertical lines are the “worldlines” for the three clocks.  In the reference frame of the observer on the median, all three clocks maintain a fixed position as time advances.  The diagonal lines are the worldlines for the light flashes.  Unfortunately, the program extrapolates the position and time for light flashes backward in time.  For this exercise ignore the portion of the diagram below the horizontal, dashed yellow line… i.e. times before t = -4.0 seconds.  We will now mark three special locations on this diagram… three “events.”  Move the white cross (using either the arrow keys or the keypad) to the location marked “E” (x = 0, t = -4.0).  Press [E] to define an event at this location in spacetime.  A red number “1” will identify this event.  Next mark the location in spacetime where the leftward moving flash is received by the clock at x = -4.0 lightseconds.  This will be event “2”.  Finally, mark the location where/when the rightward moving flash is received by the clock at x = +4.0 lightseconds.  Return to the highway mode (press [H]) and note that these events are now indicated by vertical red lines.  Advance the time to t = 0 seconds observe events 2 and 3.  The program automatically places an event “0” at x = 0, t = 0.  Ignore this event.

Now, we would like to observe the same events from a different reference frame.  Return to the spacetime diagram (press [D]).  In this mode, we can transform (or jump) to different frames using the (+) and (-) keys on the keypad.  Before doing so, however we need to set the magnitude of the velocity boost using the “Transform” menu.  Press [F4] and move the highlighted line (using the down arrow key) to dBeta = 0.1.  Press [Enter].  Now when you press the (+) key on the keypad, the spacetime diagram is redrawn for an observer moving to the right at  = 0.1.   Examine this diagram and comment on what it indicates.  In particular, what happens to the locations (in spacetime) for events 2 and 3? What implications does this have for the synchronization of clocks in one frame as observed from another frame?  
EXERCISE 5: BREAKDOWN OF ABSOLUTE SIMULTANEITY II:  SPACE-LIKE SEPARATED EVENTS  

As you hopefully observed in Exercise 4, two events that are simultaneous in one reference frame are not simultaneous in another reference frame.  We are going to explore this further by analyzing the situation where lightning simultaneously strikes several equally spaced positions along a moving train as observed from the platform.

Begin by starting a new simulation (press [N] twice) in the spacetime diagram mode.  Place events at t = 0 seconds and x = 2.0, 4.0, and 6.0 lightseconds (i.e. 3 events that are simultaneous but occur at different spatial locations).  These events represent the simultaneous lightning strikes as observed from the reference frame of the train.  To see what happens to the spacetime location of these events when observed from the train station platform, make two dBeta = -0.1 velocity boosts (use the (-) key on the keypad).  This will make the train move to the right relative to the observer on the platform, although note that  is not quite 0.2 because of the effects of velocity addition that you investigated in exercise 3.  Are the events simultaneous in the new frame?  Which events occur earlier, and which occur later?  If you had made a transformation to a frame moving in the opposite direction, what would the diagram look like? To obtain the numerical values for the spacetime locations of the four events, go to the “Windows” menu (press [F2]) and move the highlighted line to “Event Table.”  Press [Enter].  Write down the space and time values for each event in your notebook.  Use the Lorentz transformation equations to verify the new spacetime location for event #3.   Press [Esc] to return to the spacetime diagram and make two more dBeta = -0.1 velocity boosts to observe the same events for a faster train.  Go to the event table and write down the values for x and t.  Repeat this procedure three more times (five total).

You now have a data set for three events that are simultaneous in one frame, as observed from five other inertial reference frames.  Following the last exercise below, you will plot this data in Kaleidagraph.

EXERCISE 6: TIME-LIKE SEPARATED EVENTS

Begin a new simulation (press [N] twice) in the spacetime diagram mode.  Place events at x = 0 and at t = 2.0, 4.0, and 6.0 seconds.  These three events all occur at the same location in space, but at different times.  Now make two dBeta = -0.1 velocity boosts to see how these events are transformed when observed from another reference frame.  Do the events occur at the same location in space?  Explain. Does their order of occurrence change?  Open the event table and write down the spacetime coordinates for the three events.  Use the Lorentz transformation equations to verify the new spacetime location for event #3.  Return to the spacetime diagram and make two more dBeta = -0.1 transformations. Go to the event table and write down the values for x and t.  Repeat this procedure three more times (five total).  Is there a reference frame in which some of these events are simultaneous?  What does this result have to do with causality?
Close the spacetime simulator (press [Q] for quit) and open Kaleidagraph.  For each of the six events in exercises 5 and 6, create a pair of data columns, labeled for example, x1, t1, x2, t2, etc.  On a single graph, plot the spacetime locations for all six events.  Why are the events created in exercise 5 called “spacelike-separated events and the events created in exercise 6 called “time-like separated events?”  Can two events that are spacelike separated in one reference frame by time-like separated in another reference frame?  Explain.  For which kinds of events is the order of occurrence dependent on the reference frame?
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