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The Doppler Effect

The Doppler Effect

When a source of sound, such as the whistle of a train or the siren of an ambulance, moves away from
anobserver:

= |tappearstodecreaseinfrequency,i.e.it soundslowerin pitch

= The source of the sound however, remains at a constant frequency
This frequency change due to the relative motion between a source of sound orlight and an observeris
known as the Doppler effect (or Doppler shift)
When the observer and the source of sound (e.g. ambulance siren) are both stationary:

= The waves appeartoremain at the same frequency for both the observerand the source
When the observer and the source of sound (e.g. ambulance siren) are moving relative to each other

= The waves appearto have a different frequency for both the observerand the source

When the source starts to move towards the observer, the wavelength of the waves is shortened
= The sound, therefore, appears at a higher frequency to the observer
Notice how the waves are closer together between the source and the observer compared to point P
and the source
This also works if the source is moving away from the observer
= |fthe observerwas at point Pinstead, they would hear the sound at a lower frequency due to the
wavelength of the waves broadening

The frequency is increased when the source is moving towards the observer
The frequency is decreased when the source is moving away from the observer

The same phenomena occurs for electromagnetic waves, such as light
Waves moving away from the observer are red-shifted

= Theirwavelengths shift to the red end of the electromagnetic spectrum

= Thisis equivalent to sound waves appearing at alower frequency to the observer
Waves moving towards the observer are blue-shifted

= Theirwavelengths shift to the blue end of the electromagnetic spectrum

= Thisis equivalent to sound waves appearing at a higher frequency to the observer
Thisis because red light has alonger wavelength than blue light
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Representing The Doppler Effect

= Wavefront diagrams help visualise the Doppler effect formoving wave sources and stationary
observers

= AMisthe changeinwavelength
= The biggerthe change, the biggerthe doppler shift

= Amoving object will cause the wavelength, A, (and frequency) of the waves to change:
= The wavelength of the waves in front of the source decreases (A - A1) and the frequency increases
= The wavelength behind the source increases (A + A1) and the frequency decreases

= The Dopplershiftis observed by all wavesincluding sound and light
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The Doppler Effect of Light

The Doppler Effect of Light

= The Doppler shift foralight-emitting non-relativistic source can be described using the equation:
Af AL Av
f A c

= Where:
= Af=changeinfrequency (Hz)
= f=reference (original) frequency (Hz)
= M =changeinwavelength (m)
= A =reference (original) wavelength (m)
= Av=relative velocity of the source and observer (ms™)
= c=thespeedoflight(ms)
= Thesign=means 'approximately equals to'
= Thisequationonlyworksifv<<c
= The changeinwavelength AMisequalto:

Al =2,-4

= Where:
= Ao =observed wavelength of the source (m)
= Since the fractions have the same units on the numerator (top number) and denominator (bottom
number), the Doppler shift has no units
= Therelative speed between the source and observeralong the line joining themis given by:

Av=v —v
S o

= Where:
» v, =velocity of the source of the light (ms~!)
» v, =Velocity of the observer (ms~')

= Usually, we calculate the speed of the source of electromagnetic waves relative to an observer which
we assume to be stationary
= Thereforev,=0,hencelAv=v,=v
= Where vis the velocity at which the source of the electromagnetic waves is moving from the
observer
= Hence, the Doppler shift equation can be writtenin terms of wavelength:

AL Ao_ﬂ’ 1%

= ~ —

A A ¢

= |tcanalsobewritteninterms of frequency:
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Spectral Lines

Doppler shift can easily be seenin atomic spectrallines from planets and stars

Eachlinerepresents an element making up the composition of the galaxy

The lines are identical to those measured in the lab and the light measured from the distant galaxy
Since thelines allmove to the left (the red end of the spectrum) this means the galaxy is travelling away
from Earth
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@ Worked example

A stationary source of light is found to have a spectral line of wavelength 438 nm. The same line froma
distant star thatis moving away from us has a wavelength of 608 nm.

Calculate the speed at which the staris travelling away from Earth.
Answer:
Step 1: List the known quantities

= Unshifted wavelength,A =438 nm
= Shifted wavelength,Ao =608 nm
= Changeinwavelength, Al = (608 - 438)nm =170 nm
= Speedoflight,c=3.0x108ms""
Step 2: Write down the Doppler equation and rearrange for velocity v

AL

v
A c

cAA

Step 3: Substitute values to calculate v

_ (3.0 x 10%)x 170
B 438

Vv =116 x108ms-!
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@ Worked example

The starsin a distant galaxy can be seen to orbit about a galactic centre. The galaxy can be
observed 'edge-on' from the Earth.

Light emitted from a star on the left-hand side of the galaxy is measured to have a wavelength of
656.44 nm. The same spectral line from a star on the right-hand side is measured to have a wavelength
of 656.12 nm.

The wavelength of the same spectral line measured on Earthis 656.28 nm.

(a) State and explain which side of the galaxy is moving towards the Earth.
(b) Calculate the rotational speed of the galaxy.

Answer:
(a)

= Thelight from the right-hand side (656.12 nm)is observed to be at a shorter wavelength than the
referenceline (656.28 nm)
= Therefore, the right-hand side has been blue-shifted and must be moving towards the Earth

(b)

Step 1: List the known quantities

= Observed wavelengthonLHS, ALHS =656.44nm

= Observedwavelength on RHS, ARHS =656.12nm

= Reference wavelength,A=656.28 nm
= Speedoflight,c=3.0x108ms"!
Step 2: Calculate the average change in wavelength

s ™ Prus  656.44 — 656.12
AL = : = >

AA =0.32nm
Step 3: Write down the Doppler equation and rearrange for velocity v
AX v
A c

cAA
A

V=

Step 4: Substitute values into the velocity equation
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(3x10%)x0.32
656.28

V=

Rotationalspeed: Vv = 1.46 X 10°ms™! = 146 kms~!
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Galactic Redshift

Galactic Redshift

Inspace, the Doppler effect of light can be observed when spectra of distant stars and galaxies are
observed, thisis known as:
= Redshiftif the objectis moving away from the Earth
= Thewavelengthisincreasing but the frequency is decreasing
= Blueshiftif the objectis moving towards the Earth
= The wavelengthis decreasing but the frequencyisincreasing

Redshiftis defined as:
The fractional increase in wavelength (or decrease in frequency) due to the source and
observerreceding from each other

Redshift can be observed by comparing the light spectrum produced from a close object, such as our
Sun, with that of a distant galaxy
= Thelight from the distant galaxy is shifted towards the red end of the spectrum (compared to the
Sun's spectra)
= This provides evidence that the universe is expanding
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Positive and Negative Velocities

= |fthe speed of the galaxy relative to Earthis positive then the galaxy is moving towards the Earth
= Thisisthe case when the observed frequency fpis greater than the reference frequency f

= |fthe speed of the galaxy relative to Earth is negative then the galaxy is moving away from the Earth
= Thisisthe case when the observed frequency fpisless than the reference frequency f

An Expanding Universe

= Afterthe discovery of Dopplerredshift, astronomers began torealize that almost all the galaxiesin the
universe are receding

= Thisledtotheideathat the space between the Earth and the galaxies must be expanding

= This expansion stretches out the light waves as they travel through space, shifting them towards the
red end of the spectrum

= The expansion of the universe can be compared to dots on aninflating balloon

= Astheballoonisinflated, the dots allmove away from each other

= Inthe same way, as the rubber stretches when the balloonisinflated, space itself is stretching out

between galaxies

= Justlike the dots, the galaxies move away from each other, however, they themselves do not move

= Anotherobservation from looking at the light spectra produced by distant galaxies is that the greater
the distance to the galaxy, the greater the redshift
= This means that the greater the degree of redshift, the faster the galaxy is moving away from Earth
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Equations for the Doppler Effect of Sound (HL)

The Doppler Effect of Sound

= Whenasource of sound waves moves relative to a stationary observer, the observed frequency can be
calculated using the equation below:

= The wave velocity for sound waves is 340 ms™

= The +depends onwhetherthe sourceis moving towards or away from the observer
= |fthe sourceis moving towards the observer, the denominatorisv - ug
= |fthe sourceis moving away from the observer, the denominatorisv + ug

= The +depends onwhetherthe observeris moving towards or away from the source
= |fthe observeris moving towards the source, the numeratorisv + uy
= |fthe observeris moving away from the source, the numeratorisv - u,

= The + depends onwhetherthe source is moving towards or away from the observer

Us

= |fthe source is moving towards, the termin the bracketsis 1 — —
1%

Ug

= Ifthe source is moving away, the terminthe bracketsis 1 + 7
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@ Worked example

Abankrobbery has occurred and the alarmis sounding at a frequency of 3 kHz. The robberjumpsinto a
carwhich accelerates and reaches a constant speed.

As he drives away at a constant speed, he hears the frequency of the alarm decrease to 2.85 kHz.
Determine the speed at which the robber must be driving away from the bank.

Speed of sound =340 ms™!

Answer:

Step 1: List the known quantities

= Source frequency, £ =3kHz

= Observed frequency, f =2.85kHz
= Speedofsound, V=340ms"!
Step 2: Write down the Doppler shift equation

= The observeris moving away from a stationary source of sound, so the equationto useis
V—u

0
f=fl——
\%
Step 3: Rearrange to find the desired quantity
f v—-u vl
— = | = —— =vVv—-u
f 14 r 0
vl vl
f llo \%4 UO 14 f

Step 4: Substitute the values into the equation

2.85
u =340x|[1 — —|=17ms7!
o 3

= Therobbermust be driving away at a constant speed of 17 ms-'based on the change in frequency
heard
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