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nceptions in Special Relativity and some strategies to address them

Al

Time Dilation

Real versus illusion: Students often think time dilation is just a trick of how light travels to
our eyes, rather than a real change in how fast time passes for a moving clock.

Symmetry confusion: Students struggle with the idea that both observers see the other
person's clock running slow, thinking one person must be "truly" wrong.

Aging reversal: They sometimes think turning around to return home causes a sudden,
magic jump in age, instead of understanding that changing reference frames shifts the
definition of "now" across space.

Some Strategies

1.

Separate ""Seeing" from "Measuring"

e Define the grid: Teach students that an observer in relativity is not a single person
looking through a telescope.

o Use local clocks: Define an observer as an infinite grid of synchronized clocks and
rulers filling all space.

e Record local data: Explain that an event is recorded only by the clock positioned
exactly where the event happens.

o Ignore travel delay: Point out that because the data is recorded locally, light travel time
to a distant observer's eye is completely subtracted out.

2. Use the Light Clock Thought Experiment

Build the clock: Imagine a clock made of two parallel mirrors with a photon bouncing
vertically between them.

Measure at rest: For an observer at rest with the clock, the photon travels straight up and
down.

Measure in motion: For a moving observer, the photon must travel along a longer,
diagonal path to hit the moving mirrors.

Apply constant speed: Because the speed of light (\(c\)) is identical for both observers,
the photon taking a longer path must take more time to complete one tick.

Prove reality: This proves time dilation is a direct consequence of the geometry of
spacetime, not an optical illusion.

Provide Concrete Evidence (The Muon Example)

Introduce muons: Show students the real-world example of atmospheric muons, which
are unstable subatomic particles created in the upper atmosphere.

Highlight the paradox: At rest, muons decay so fast they should only travel about 600
metres before disappearing, meaning they should never reach the ground.

Show the result: Detectors on Earth measure massive quantities of these muons reaching
sea level.

Explain the cause: From Earth's frame, the muons' internal clocks run slow, giving them
enough time to reach the ground. This proves time dilation has physical, measurable
consequences on particle lifespans.
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Length Contraction

Physical crushing: Students fear that an object physically shrinks or gets crushed when it
moves fast, rather than seeing length contraction as a geometry feature of space and time
measurements.

Visual appearance: They confuse length contraction with how an object looks in a
photograph, forgetting that light travel delay changes the actual image we see.

Material stress: They mistakenly think moving objects feel internal forces or stress just
because their measured length is shorter in another frame.

Some Strategies

Fixing Length Contraction: "Physical Crushing"

To correct the idea that moving objects are physically compressed or stressed, shift the focus to
how simultaneous measurements work across reference frames.

1. Define Length as a Simultaneous Measurement

The running stopwatches: Explain that measuring the length of a moving car requires
recording the positions of the front and back bumpers at the exact same instant.

The relativity of simultaneity: Remind students that clocks synchronised in the car’s
frame are not synchronised in the road’s frame.

The geometric result: Because the road observer records the front and back positions at
times the car observer considers different, they are measuring across a different slice of
spacetime.

2. Use the "Ladder in the Barn'" Paradox

Set up the clash: Present a 10-metre ladder moving so fast it fits entirely inside a 5-metre
barn with both doors shut at the same time.

Resolve via perspective: Show that in the ladder's frame, the front door shuts and opens
before the back door even closes. The ladder never compresses; the doors just do not close
at the same time.

Compare to rotation: Use a regular broomstick. If you rotate it away from someone, its
horizontal silhouette gets shorter, but the broomstick did not structurally shrink. Length
contraction is a rotation in four-dimensional spacetime.
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Michelson-Morley Experiment

Disproving all aether: Students think the test proved light does not need a medium at all,
while it only showed the Earth is not moving through a stationary aether wind.

Zero result means zero speed: They assume the null result means the Earth is completely
at rest, ignoring that speeds might cancel out or that dragging theories existed.

Relativity proof: They think this single experiment directly ‘proved’ Einstein's theory, even
though Einstein was mostly driven by the symmetry of Maxwell's equations and the
principle of relativity.

Fixing Michelson-Morley: "It Directly Proved Relativity"

To correct the idea that this single experiment birthed or directly proved Einstein's relativity, re-
establish the actual historical timeline and scientific debate.

1. Frame it as a Failure of Classical Physics, Not a Proof of Einstein

The search for wind: Teach that Michelson and Morley were trying to measure the
Earth's speed through the aether, just like measuring a car's speed by the wind outside the
window.

The shock of zero: Emphasise that the "null result" was a crisis. It showed the expected
aether wind did not exist, but it did not provide a replacement theory.

Alternative explanations: Show that scientists like Lorentz initially tried to save the
acther theory by inventing formulas to explain why the apparatus shrank physically to hide
the wind.

2. Highlight Einstein's Actual Motivation

Symmetry in electromagnetism: Explain that Einstein was mostly bothered by a puzzle
in Maxwell’s equations. Moving a magnet near a wire creates a current, but the maths
looked completely different depending on whether the magnet or the wire was moving.
The core postulate: Einstein simply elevated the Principle of Relativity (the laws of
physics are the same for everyone) to a fundamental law. The Michelson-Morley result
was a natural consequence of his theory, not its starting foundation.
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For senior secondary students (including VCE Physics), misconceptions about special relativity are
remarkably persistent because the theory conflicts with deeply held Newtonian intuitions about
absolute time, absolute space, and additive velocities. Research in physics education consistently
shows that students often memorise formulas for time dilation and length contraction while
retaining incorrect underlying mental models. The most effective teaching strategy is not simply to
provide correct explanations, but to explicitly confront students’ intuitive models through thought
experiments, multiple reference frames, and reasoning about measurements made by different
observers.

Why these misconceptions occur
Students typically enter relativity with assumptions such as:

o time is universal and flows identically for everyone;

o lengths are intrinsic properties of objects;

e motion is measured relative to an absolute space;

e observers can determine “who is really moving.”
Einstein’s theory challenges all four assumptions simultaneously. As a result, students often create
hybrid Newtonian—Einsteinian models, applying relativistic equations while interpreting them with
Newtonian reasoning.

Major misconceptions and strategies
Time dilation

Common misconception Instructional strategy

Moving clocks actually malfunction = Emphasise that all physical processes slow equally in the
or run incorrectly. Students think time moving frame (heartbeats, radioactive decay, biological
dilation is a physical defect in the ageing, atomic clocks). Use the phrase “less time elapses
clock. between two events in that frame.”

Only the moving observer experiences Use two inertial observers and insist on identifying the

slower time. Students assume there is frame before every statement. Have students complete

one correct observer. sentences such as: “According to the track observer...” and
“According to the train observer...”.

Time dilation is caused by Separate special relativity (constant relative velocity) from
acceleration. the twin paradox discussion. Begin with inertial frames
only.

The observer on the train notices their Stress that each observer sees their own clock running

own clock slowing. normally. Time dilation is always about comparing
measurements between different inertial frames.

Time dilation is an optical illusion due Distinguish between what is seen and what is measured

to signal travel time. after correcting for light travel time. Introduce Einstein’s
clock synchronisation idea.
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High-impact teaching strategy: the photon clock
The photon clock thought experiment is particularly effective because students can derive the need
for time dilation from geometry and the invariance of the speed of light.
Sequence:
1. Light travels vertically in the train frame.
2. The track observer sees a diagonal path.
3. The speed of light is the same for both observers.
4. Therefore the diagonal path requires a longer elapsed time.
This allows students to discover time dilation rather than receive it as a formula.

Length contraction

Common misconception Instructional strategy

Objects are physically squashed by a Emphasise that length contraction is a measurement made in

force. a frame where the object is moving, not mechanical
compression.

The object feels shorter to itself. Stress that the object’s proper length is measured in its own

rest frame and remains unchanged.

All dimensions contract. Use diagrams showing that only the dimension parallel to the
motion contracts.

Length contraction is caused by Connect length contraction to simultaneous measurement of
atoms being compressed together.  the object’s endpoints in the observer’s frame.

Time dilation and length contraction Show that both arise from the same postulates of special
are independent phenomena. relativity and preserve the invariant speed of light.

Effective activity

Ask students to measure the length of a moving train.

Guide them to realise that they must record the positions of the front and back at the same time in
their frame.

This naturally introduces the need for simultaneity, which is often the missing conceptual link.

Relativity of simultaneity
Although not always assessed explicitly, misunderstanding simultaneity causes many errors in time
dilation and length contraction problems.
Common misconceptions
e Two events that are simultaneous for one observer are simultaneous for all observers.
e Observers disagree only because of signal travel time.
e There is a universal “now.”
Strategy
Use Einstein’s train-and-lightning thought experiment.
Have students compare:
e events occurring,
e light arriving,
o conclusions after correcting for light travel time.
This distinction is crucial.
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Michelson—Morley experiment

Students often know the historical story but misunderstand the physics.

Common misconception Instructional strategy

The experiment proved that Clarify that it provided strong evidence against the luminiferous
light has no medium. ether hypothesis, not a direct proof that no medium exists.

The experiment measured the  Use diagrams of the two perpendicular arms and explain the
speed of light in only one comparison of travel times.

direction.

A null result means the Discuss the extraordinary precision of the experiment and why a
apparatus was not sensitive measurable fringe shift was expected under the ether model.
enough.

The Earth is stationary because Emphasise that Earth’s orbital speed was already known; the null
no ether wind was detected. result challenged the ether theory, not Earth’s motion.

The experiment directly Present it as a historical motivation that exposed a contradiction
discovered special relativity. between Maxwell’s theory and Newtonian assumptions, helping

pave the way for Einstein’s postulates.

The misconception that deserves special attention
Many students believe:
“The Michelson—Morley experiment showed that light always travels at c.”

Historically, the experiment showed that the expected difference in travel times due to Earth’s
motion through the ether was not observed.

Einstein’s postulate that the speed of light is invariant in all inertial frames is a theoretical
explanation consistent with that result.

A useful classroom question is:
“What prediction did the ether theory make, and what was actually observed?”

A powerful conceptual sequence
For senior secondary students, the following progression is often more successful than introducing
formulas early.
1. Ether hypothesis
o Earth moves through ether.
o Light should travel at different speeds along different directions.
2. Michelson—Morley experiment
o Expected fringe shift.
e Observed null result.
3. Einstein’s postulates
e Laws of physics are the same in all inertial frames.
e Speed of light is the same in all inertial frames.
4. Consequences
e Time dilation.
o Relativity of simultaneity.
e Length contraction.
This sequence allows students to see relativity as a solution to a problem, not a collection of strange
formulas.
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Diagnostic questions

These quickly reveal misconceptions.

Time dilation
A spaceship passes Earth at high speed.
Who measures the longer time interval between two ticks of the spaceship clock?
Correct answer:
o Earth observer measures the longer interval.
e The astronaut measures normal ticking.

Length contraction
A 100 m train moves past a platform.
Who measures the proper length?
Correct answer:
e The observer moving with the train.

Michelson—Morley
What result was expected if Earth moved through a stationary ether?
Correct answer:
o Different light travel times in perpendicular directions, producing a fringe shift.

Classroom strategies that work particularly well
Explicit Newtonian vs Einsteinian comparison

Newtonian intuition Einsteinian view
Time is absolute Time depends on the observer’s frame
Lengths are intrinsic Length depends on the observer’s frame

Velocities add normally ~ The speed of light is invariant
Simultaneity is universal ~ Simultaneity is relative

Ether provides absolute rest No preferred inertial frame is required

Multiple-frame language
Require students always to state:
e which frame the observer is in,
e which clock is being measured,
e which object’s length is being measured.
Many examination errors arise simply from ambiguous language.

Representations
Use:
e spacetime diagrams,
e train diagrams,
e photon clocks,
o tables comparing observers,
o verbal reasoning before algebra.
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Predict—observe—explain
For the Michelson—Morley experiment:
1. Predict the fringe shift using ether reasoning.
2. Reveal the null result.
3. Ask students what assumption must be reconsidered.
This creates the cognitive conflict necessary for conceptual change.

A three-level progression for assessment
Level Student understanding

Developing Can state that moving clocks run slow and moving objects contract, but treats effects
as mechanical distortions.

Proficient Correctly identifies the observer and frame, explains time dilation and length
contraction qualitatively, and describes the Michelson—Morley null result.

Advanced Explains that time dilation, length contraction, and relativity of simultaneity are
interconnected consequences of Einstein’s postulates and uses the Michelson—-Morley
experiment as evidence against the ether model.

For VCE teaching, the single most effective strategy is to make students repeatedly reason from
Einstein’s two postulates rather than memorise isolated formulas. When students can explain why
the photon clock leads to time dilation, why simultaneous endpoint measurements lead to length
contraction, and why the Michelson—Morley null result challenged the ether hypothesis, they are far
less likely to retain Newtonian misconceptions and are much better prepared for both conceptual
and examination questions on special relativity.

Other resources
(PDF) Michelson-Morley Experiment---A Misconceived & Misinterpreted Experiment

Understanding the Michelson-Morley Experiment - Physics



https://www.researchgate.net/publication/215605432_Michelson-Morley_Experiment---A_Misconceived_Misinterpreted_Experiment
https://hscprep.com.au/hsc-physics/michelson-morley-experiment-light-speed/

