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Seeing the Light

Richard Kaufman, Office Expander, Andover, MA
André Heck, University of Amsterdam, Amsterdam, the Netherlands

ne-liners like “moving clocks run slow” and “moving

objects appear shorter” are often used in the teach-

ing of special relativity. However, they may lead to
alternative conceptions by blurring the distinction between
visual observation and coordinate measurement of events. In
this paper, we introduce a graphical reasoning tool to show
how a clock can be seen to run slower or faster depending on
whether the observer is approaching or receding at relativis-
tic speeds. The example is meant to encourage and support
teachers to discuss with their students the distinction between
seeing and measuring.

Seeing vs. measuring

Explaining relativistic effects such as time dilation, length
contraction, and relativity of simultaneity can be difficult for
students and teachers in upper secondary and undergraduate
physics education to understand.! Recently, Hughes and Ker-
sting? pointed out how the language of special relativity can
mislead and confuse students, or, even worse, be a likely source
of alternative conceptions. The words “observer” and “obser-
vation,” and one-liners such as “moving clocks run slow” or
“moving objects appear shorter,” which are often used in the
teaching of special relativity, do not help students better un-
derstand special relativity.

For example, the formula for length contraction does not
describe what one sees, but what one measures. What is mea-
sured corresponds to a specific measuring procedure in which
separate coordinates on a moving object are located simulta-
neously. In contrast, what is seen depends on the time light
takes to reach the eyes of the observer for different parts of a
moving object.

At this point, it is important to note that a 1924 paper by
Lampa?® about the invisibility of the Lorentz contraction re-
mained largely unnoticed until 1959. In 1959, it was rediscov-
ered by Terrell* and Penrose,” who showed that rotation and
distortion come into play in the visual appearance of fast-mov-
ing objects, but that, interestingly, spheres always appear to
have a circular outline. In addition, the color and brightness of
a fast-moving object change because of the relativistic Doppler
effect and the searchlight effect, respectively.® Several tools
for visualization of relativity have been developed for use in
education.”® Websites make computer-generated pictures and
movies available to both teachers and students.’

Confusion between seeing and measuring also happens
with time dilation. This was shown by Hughes and Kersting,?
who used a thought experiment of a train moving at relativistic
speeds with a clock on the front. The train moved toward you
as you sit on the platform of a station. They showed why it is
incorrect that time dilation will cause you to see the clock on
the front of the train running slowly and incorrect that things
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happen in slow motion on the train. On the contrary, you
would see the clock moving faster and things happening fast-
er on the relativistic train, such as, for example, a passenger
drinking coffee more rapidly.

In a conceptual approach to the teaching of special relativ-
ity, reasoning tools like world maps, world pictures, and event
diagrams have been introduced to help students perform
relativistic thought experiments.!® Hughes and Kersting?
proposed to use world pictures (“what you see”) and world
maps (“what you measure”) in special relativity teaching as
tools to distinguish between seeing and measuring. A world
picture at any one instant of time is a diagram of what you see
from your position in space at that instant. A world picture
shows the effect of light taking time to reach you from other
locations. Every part of the picture is from a different time in
your reference frame.

On the other hand, a world map illustrates the situation at
one time from a particular inertial frame of reference (rather
than a point in space). It shows the coordinates for objects
and events in the frame of reference for one value of time. A
Minkowski diagram is actually a generalization of a world
map showing multiple time values. In a world map, the usual
length contraction and time dilation apply. Here, measure-
ments are based on the speed of light being the same for all
inertial observers.

The distinction between a world picture and a world map
can be stated as the difference between what you see and what
you measure. Both Scherr!! and Hughes and Kersting? point-
ed out how important this distinction is and how alternative
conceptions of students can be related to their seeming lack
of understanding of this distinction. Heck et al.!? expressed
their opinion that better understanding of the Lorentz trans-
formation, i.e., better understanding of the world map, would
help avoid students thinking that the transformation of time
constitutes a correction for signal travel time, a misconcep-
tion reported by Scherr et al.'* Considerations of such a sig-
nal travel time would be used in a world picture.

In this paper, we revisit a thought experiment for viewing
Bern’s clock tower in which the clock can be seen to run slow-
er or faster depending on whether the observer is approach-
ing or receding at relativistic speeds. We introduce a graphical
reasoning tool to help understand the imagined situation. We
will also call it a world picture, but this time the object we are
viewing is fixed and we depict how you see the object while
being at different locations in space. So, instead of seeing or
photographing the world around you at one instant of time,
we are visualizing how you would see a fixed object from dif-
ferent locations at any instant. We hope that our exposition
helps teachers discuss with their students the distinction be-
tween seeing and measuring.
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Fig. 1. A photo, taken from the window of Einstein’s former
residence at Kramgasse No. 49, looking up the street toward
the clock tower. Photo courtesy of Gerd Kortemeyer.

Revisiting seeing the light of Bern’s clock
tower

We revisit a thought experiment for viewing Bern’s clock
tower, a photo of which is shown in Fig. 1. Legend has it that
Einstein imagined observing the clock tower while on a city
tram car that was moving away from the clock at the speed
of light. He concluded that he would not see the hands of
the clock tower move, although the watch he took with him
would still continue ticking as usual. As the story goes, this
inspired Einstein’s work on special relativity, where he used
an assumed constant speed of light, ¢, to show that time di-
lation and length contraction must occur for observers in
different inertial frames.

In the following example, we discuss what times we would
read on the clock at some instant of time when we were at dif-
ferent distances from the clock. Here, we are considered ob-
servers in the clock tower’s reference frame. The moving ob-
server, Einstein, would see a different time according to when
the light that reaches him (after traveling through space) was
emitted from the clock. Specifically, Einstein would see the
time on the clock slow down when moving away from the
clock at a constant high speed, say 0.5¢, and he would see time
on the clock speed up when returning to the clock at the same
speed. Everything works out so that Einstein and a person
who remained at the starting location of Einstein’s journey
would see the same time on the clock at the start and the end
of this journey.
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Light travels to the right from a clock at the constant speed
of light, ¢, as shown in Fig. 2. Here the clock is marked with
an oval as shown on the left. Light travels from the clock
face to the right where the times shown at some instant are
equidistant locations 1 light-hour apart. When an observer
is at one of these locations, he would look back and receive
the light that was emitted from the Bern clock indicated by
the times shown. This is because it took time for the light
from the clock to reach that location. In Figs. 2 and 3, we will
assume that Einstein is #not moving while located 1 light-hour
from the clock. His position is indicated by a dot below the
time that he observes from that location. In Fig. 2, Einstein
receives the light that was emitted when the Bern clock face
indicated noon, although the clock would show 1 p.m. at its
location.

Figure 3 illustrates an hour later. Observers at each of the
same equidistant locations would see the times shown. Here,
Einstein has not moved, so he now receives the light that was
emitted when the Bern clock face indicated 1 p.m., although
the clock would show 2 p.m. at its location.

Now, suppose that Einstein travels at half the speed of light
(0.5¢) starting at location noon (in Fig. 2) as he moves to the
right. Then after 2 hours on the clock (in the clock tower’s ref-
erence frame), he would be at the location with the clock light
showing 1 p.m. in Fig. 4.

Although 2 hours would have passed on the clock, Ein-
stein would see that the clock went from showing noon to
showing 1 p.m. So, to Einstein, the clock would appear to be
running slowly (by 1 hour) according to what we notice that
Einstein would see on the clock.

Now, suppose that Einstein stops and takes a turn in no
time, and heads back to the clock at 0.5¢. This time, the clock
appears to move faster than it did before. After 2 hours on the
clock (in the clock tower’s reference frame), Einstein is back
at his starting location, which at this moment shows 4 p.m.
(see Fig. 5).

Although 2 hours would have passed on the clock during
Einstein’s journey back to his starting location in this thought
experiment, Einstein would see that the clock went from
showing 1 p.m. to 4 p.m. (from Fig. 4 to Fig. 5). Therefore,
the clock would appear for him to be running fast (by 1 hour)
during his journey back.

During Einstein’s travel away from and back to the loca-
tion that is 1 light-hour away from the clock tower, time ap-
peared to be running slowly by 1 hour and then fast by 1 hour.
Opverall, the time discrepancies cancel, and time appears to be
just as it should be at that location.

Note that seeing is understood in this paper as clock read-
ing, which is what the clock’s light shows at a location. When
Einstein watches the clock tower as he first moves away from
the clock and then toward the clock, he would see the clock
tower redshifted and blueshifted, respectively. Class dis-
cussion of this relativistic Doppler effect, where the source
frequency is proportional to the inverse of the hours passing
on the clock tower (in the clock tower’s reference frame), is
in our point of view an interesting addition to the thought
experiment. Also, the twin paradox, closely linked to the
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noon 11am 10am 9am 8am 7am 6am
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Fig. 2. Clock readings observed at equidistant locations 1 light-
hour apart. Here Einstein is at the location indicated by the dot, and
he receives the light that was emitted when the clock face indicat-
ed noon. The clock would show 1 p.m. at its location.

1pm noon 11am 10am 9am 8am 7am

| | | | | | | | |
| | | | | | | | |

Fig. 3. Clock readings observed at equidistant locations 1 light-
hour apart after 1 hour has elapsed on the clock since Fig. 2.
Here Einstein remains at the location indicated by the dot, and he
receives the light that was emitted when the clock face indicated 1
p-m. The clock would show 2 p.m. at its location.

2pm  1pm noon 11am 10am 9am 8am

| | | | | | | | |
| | | | | | | | |

Fig. 4. Clock readings observed at equidistant locations 1 light-
hour apart after 2 hours have elapsed on the clock since Fig. 2. The
location of Einstein, traveling to the right at half the speed of light,
is indicated by the dot below the track. The clock would appear
to be running slowly (by 1 hour) according to what we notice that
Einstein sees.

4pm  3pm 2pm 1pm noon 1lam 10am

| | | | | | |
| | | | | | 1

|
|
[ ]

Fig. 5. Clock readings observed at equidistant locations 1 light-
hour apart after 4 hours have elapsed on the clock since Fig. 2.
Einstein is located back where he started in Fig. 2, indicated by the
dot below the track. The clock would appear to be running fast (by
1 hour) according to what we notice that Einstein sees during his
journey back.

described thought experiment, is worth discussing with stu-
dents or putting in additional classwork. Students could also
do some calculations and verify that their calculations agree
with world-map deductions.'

Conclusion

We introduced a graphical reasoning tool to discuss a
thought experiment where Einstein had started 1 light-hour
away from the location of the clock. If Einstein had seen that
the clock face showed noon at departure, and had traveled
ata speed of 0.5¢ to the right, we would notice that Einstein
would see the clock appear to run slower. For his journey
back at the same speed in the direction of the clock’s tower
to his starting location, we would notice that Einstein would
see the clock appear to run faster. Everything would equal out
so that Einstein and a person who remained at the starting
location of Einstein’s journey see the same time on the clock at
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the beginning and end of the travel. In this example, we have
discussed a world picture (“what you see”) instead of a world
map (“what you measure”) for Einstein’s journey. Seeing dif-
fers from measuring!
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