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The Doppler Effect

The Doppler Effect

= Whena 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 or light and an observeris
known as the Doppler effect (or Doppler shift)
= Whenthe observerand the source of sound (e.g. ambulance siren) are both stationary:
= The waves appeartoremain at the same frequency for both the observerand the source
= Whenthe observerand the source of sound (e.g. ambulance siren) are moving relative to each other
= The waves appear to have a different frequency for both the observerand the source

ATIONARY ) 5 L STATIONARY
O/

URC OBSERVER

Stationary source and observer. The wavelength of the waves are the same for both observers

= Whenthe source starts to move towards the observer, the wavelength of the waves is shortened
= Thesound, therefore, appears at a higher frequency to the observer
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Moving source at speed vs and stationary observer. The waves are closer together closer near the
stationary 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 P instead, they would hear the sound at alower 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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OBJECT NOT MOVING RELATIVE TO OBSERVER

LOWER FREQUENCY

HIGHER FREQUENCY

RED SHIFT BLUE SHIFT

— DIRECTION OF MOTION —=>

Red shift and blue shift for electromagnetic waves
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@ Worked example

Acyclistrides a bike ringing their bell past a stationary observer.

Which row correctly describes the Doppler shift caused by the sound of the bell?

Wavelength Frequency Sound pitch

A Shorter Higher Lower
B Longer Lower Higher
6 Shorter Lower Higher
D Longer Lower Lower

Answer: D

= |fthe cyclistisriding past the observer, the wavelength of sound waves are going to become
longer
= Thisrules out optionsAandC
= Alongerwavelength means alower frequency (fromV = fA)

= | owerfrequency creates alower sound pitch
= Therefore, the answerisrow D

O Examiner Tip

The relationship between frequency and wavelength is determined by the wave equation, whichis
giveninyourdatabooklet. The speed v of the wave does not change.
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Representing The Doppler Effect

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

STATIONARY MOVING

o~
(o=

#save myexams

Wavefronts are evenin a stationary object but are squashed in the direction of the moving wave source

= Misthe changeinwavelength
= The biggerthe change, the bigger the 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_AA Av
£ A ¢

= 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 AMis equalto:

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 spectral lines from planets and stars

(LIGHT FROM A SOURCE IN THE LABORATORY

LIGHT FROM A DISTANT GALAXY

Spectral lines showing red shift

= Eachlinerepresents an element making up the composition of the galaxy
= Thelines areidentical to those measuredin 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

Page 8 of 22

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers



https://www.savemyexams.com/dp/physics/hl/25/revision-notes/nuclear-and-quantum-physics/structure-of-the-atom/emission-and-absorption-spectrum/
https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

@ Worked example ,

Your notes
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, lLHS =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

Page 10 of 22

©2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers

s

Your notes


https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

1, SaveMyExams

Head to www.savemyexams.com for more awesome resources

_ (3x108)x0.32 P4

v 656.28

Your notes

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

Q Examiner Tip

You need to know that in the visible light spectrum red light has the longest wavelength and
the smallest frequency compared to blue light which has a shorter wavelength and higher
frequency.

The second worked example didn't change the wavelengths from nminto m, since it doesn't matterin
the equation as the units will cancel out.
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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

p5o200)

BLUESHIFT

W

*,/7

REDSHIFT

(# save myexams

Stars and galaxies can be red or blueshifted to an observer on Earth

= Redshiftis defined as:

The fractional increase in wavelength (or decrease in frequency) due to the source and

observerreceding from each other

= Redshift canbe observed by comparing the light spectrum produced from a close object, such as our

Sun, with that of a distant galaxy

= Thelight fromthe 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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LIGHT SPECTRUM FROM
A CLOSE OBJECT SUCH
AS THE SUN

LIGHT SPECTRUM FROM
A DISTANT GALAXY

Comparing the light spectrum produced by the Sun with light from a distant galaxy

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

= |f the speed of the galaxy relative to Earth is negative then the galaxy is moving away from the Earth
= Thisisthe case when the observed frequency fpis less 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

= Thisexpansion stretches out the light waves as they travel through space, shifting them towards the
red end of the spectrum
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= The expansion of the universe can be compared to dots on aninflating balloon ,
= Astheballoonisinflated, the dots allmove away from each other
= |nthe same way, as the rubber stretches when the balloonisinflated, space itself is stretching out Your notes

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

VERY DISTANT GALAXY<-— [ | | | |
DISTANT GALAXY<— NI | | N
NEARBY GALAXY o—= [ NENID | |
nearsY sTARS— [N -

LABORATORY REFERENCEa}ﬁ_ |
400 500

600 700
WAVELENGTH/nm

The further a galaxy is from Earth, the greater its redshift tends to be
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REDSHIFT

\%

DISTANCE
#savemyexams

The furthest galaxies appear to be redshifted the most and are receding the fastest
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@ Worked example /

S . . . Your notes
The spectra below show dark absorption lines against a continuous visible spectrum.

rLIGHT FROM A SOURCE IN THE LABORATORY

LIGHT FROM A DISTANT GALAXY

Aparticle line in the spectrum of light from a source in the laboratory has a frequency of 4.570 x 10"
Hz. The same line in the spectrum of light from a distant galaxy has a frequency of 4.547 x 10" Hz.

Calculate the speed of the distant galaxy inrelation to the Earth. State whetheritis moving towards or
away from the Earth.

Answer:
Step 1: Write down the known quantities

= Observed frequency, fo=4.547 x 10" Hz
» Reference (source)frequency, f = 4.570 x 10" Hz
= Shiftinfrequency, Af = observed - source = (4.547 - 4.570) x 10'* = -2.3 x 1012 Hz
= Speedoflight,c=3.0x108ms™
Step 2: Write down the Doppler redshift equation

Af £, = f
f f

&

o=

Step 3: Rearrange for speed v, and calculate

cAf (3.0 X 108)x (=2.3x10'2)
f 4.570 x 1014

V= =-1.5x10ms™!

Step 4: Write a concluding sentence
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= Thevelocity is negative, so the source is moving away from the Earth ,
OR
= The observed frequency isless than the source frequency, therefore, thereis a decreasein Your notes

frequency, so the source is receding, or moving away, fromthe Earthat 1.5 x 10é ms-!

O Examiner Tip

Keep travel of the minus signsinyour calculation, as this gives you information about whether the
objectis moving away or towards the observer.

The speed of lightis given in your data booklet, you will not need to memorise this value.
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Equations for the Doppler Effect of Sound (HL) /

Your notes

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:

WAVE VELOCITY (ms™)
SOURCE FREQUENCY (HZ)%N
£ f| o
V £y

S

LOBSERVED FREQUENCY (Hz)aj\

/kESOURCE VELOCITY (ms™)

Doppler shift equation for a moving source

= The wave velocity for sound waves is 340 ms™’

= The +depends onwhetherthe source is 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

= Whena source of sound waves remains stationary, but the observeris moving relative to the source,
the observed frequency can be calculated using the equation below:

OBSERVER VELOCITY (ms™)

SOURCE FREQUENCY (Hz)

f = f

V £ Ug

\'

OBSERVED FREQUENCY (Hz)aj\

Nf’ WAVE VELOCITY (ms™)

Doppler shift equation for a moving observer

= 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,
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= These equations can also be writtenin terms of wavelength ,

= Forexample, the equation fora moving source is shown below:
Your notes

OBSERVED WAVELENGTH (mp SOURCE VELOCITY (ms™)

1+

Us
\V
SOURCE WAVELENGTH (m}%—j\
WAVE VELOCITY (ms™")

Doppler shift equation for a moving source in terms of wavelength

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

u
S
= |fthe sourceis moving towards, the termin the bracketsis 1—-—
\%4

US

= [fthe sourceis moving away, the termin the bracketsis] + —

\%4
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@ Worked example /

Your notes
A police carsiren emits a sound wave with a frequency of 450 Hz. The car s travelling away from an

observerataspeedof45ms-.
The speed of soundis 340 ms'.
What frequency of sound does the observer hear?

A.519Hz B.483Hz C.397Hz D.358 Hz

ANSWER: C

STEP 1 DOPPLER SHIFT EQUATION

%
£
=l

STEP 2 SUBSTITUTE VALUES INTO THE EQUATION

f,= 450 Hz
V = SPEED OF SOUND = 340 ms™
\, = VELOCITY OF THE POLICE CAR (SOURCE) = 45 ms™

THE SOURCE IS MOVING AWAY FROM THE OBSERVER,
SO WE USE V +V,

340

©o= 450(34o+45

) =397 Hz (3s.f.)
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@ Worked example

Abankrobbery has occurred and the alarmis sounding at a frequency of 3 kHz. The robberjumpsintoa
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 s 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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O Examiner Tip /

Your notes
Pay careful attention as to whetheryou need to + or - signin the relevant equation! If it helps, label the

‘observer'and 'source’ oninyour question on the exam paper.
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