
Sound Waves 
Sound waves are longitudinal and they can travel through most any 

medium, so molecules of air (or water, etc.) move back & forth in the 

direction of the wave creating high pressure zones (compressions) and 

low pressure zones (rarefactions).  The molecules act just like the 

individual coils in the spring.  The faster the molecules move back & 

forth, the greater the frequency of the wave, and the greater distance 

they move, the greater the wave’s amplitude. In a longitudinal wave 

the particles in a medium travel back & forth parallel to the wave 

itself.  

rarefaction compression 

   molecules 



Molecular View 

When sound travels through a medium, there are alternating regions of 

high and low pressure.  Compressions are high pressure regions where 

the molecules are crowded together.  Rarefactions are low pressure 

regions where the molecules are more spread out.  An individual 

molecule moves side to side with each compression.  The speed at 

which a compression propagates through the medium is the wave 

speed, but this is different than the speed of the molecules themselves. 



Pressure  vs.  Position 
The pressure at a given point in a medium fluctuates slightly as sound 

waves pass by.  The wavelength is determined by the distance between 

consecutive compressions or consecutive rarefactions.  At each com-

pression the pressure is a tad bit higher than its normal pressure.  At 

each rarefaction the pressure is a tad bit lower than normal.  Let’s call 

the equilibrium (normal) pressure P0 and the difference in pressure from 

equilibrium   P.   P varies and is at a max at a compression or 

rarefaction.  In a fluid like air or water,  Pmax is typically very small 

compared to P0  but our ears are very sensitive to slight deviations in 

pressure.  The bigger   P  is, the greater the amplitude of the sound 

wave, and the louder the sound.     wavelength,  
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Pressure  vs.   

Position Graph 
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A:   P = 0;  P = P0  

B:   P > 0;  P = Pmax  

C:   P < 0;  P = Pmin 

 



Pressure  vs.  Time 

The pressure at a given point does not stay constant.  If we only 

observed one position we would find the pressure there varies 

sinusoidally with time, ranging from:  

P0   to   P0 +  Pmax  back to   P0    then to  P0 -  Pmax and back to  P0 

The time it takes to go through this cycle is the period of the wave.  

The number of times this cycle happens per second is the frequency 

of the wave in Hertz. 

Therefore, the pressure in the medium is a function of both position 

and time! 

The cycle can also be described as: 

equilibrium  compression  equilibrium  rarefaction  equilibrium 



Pressure  vs.  Time Graph 
 P T 
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Rather than looking at a region of space at an instant in time, here we’re 

looking at just one point in space over an interval of time.  At time zero, 

when the pressure readings began, the molecules were at their normal 

pressure.  The pressure at this point in space fluctuates sinusoidally as 

the waves pass by: normal  high  normal  low  normal.  The 

time needed for one cycle is the period.  The higher the frequency, the 

shorter the period.  The amplitude of the graph represents the maximum 

deviation from normal pressure (as it did on the pressure vs. position 

graph), and this corresponds to loudness. 



Speed of Sound 
As with all waves, the speed of sound depends on the medium 

through which it is traveling.  In the wave unit we learned that the 

speed of a wave traveling on a rope is given by: 

 F 

 µ  
v  = 

F =  tension in rope 

µ = mass per unit length of rope 

In a rope, waves travel faster when the rope is under more tension and 

slower if the rope is denser.  The speed of a sound wave is given by: 

Rope: 

 B 

   
v  = Sound: 

B =  bulk modulus of medium 

 = mass per unit volume (density) 

The bulk modulus, B, of a medium basically tells you how hard it is 

to compress it, just as the tension in a rope tells you how hard it is 

stretch it or displace a piece of it.                    (continued) 



Speed of Sound  (cont.) 

 F 

 µ  
v  = 

 B 

   
v  = 

Rope: 

Sound: 

Notice that each equation is in the form 

The bulk modulus for air is tiny compared to that of water, since air 

is easily compressed and water nearly incompressible.  So, even 

though water is much denser than air, water is so much harder to 

compress that sound travels over 4 times faster in water. 

Steel is almost 8 times denser than water, but it’s over 70 times 

harder to compress.  Consequently, sound waves propagate through 

steel about 3 times faster than in water, since (70 / 8) 
0.5  3. 

v  = 
 elastic property 

 inertial property  



Temperature & the Speed of Sound 

The speed of sound in dry air is given by: 

v  331.4 + 0.60 T,  where T is air temp in°C. 

Because the speed of sound is inversely proportional 

to the medium’s density, the less dense the medium, 

the faster sound travels.  The hotter a substance is,  

 B 

   
v  = 

the faster its molecules/atoms vibrate and the more room they take up.  

This lowers the substance’s density, which is significant in a gas.  So, 

in the summer, sound travels slightly faster outside than it does in the 

winter.  To visualize this keep in mind that molecules must bump into 

each other in order to transmit a longitudinal wave.  When molecules 

move quickly, they need less time to bump into their neighbors. 

Here are speeds for sound:   

Air, 0 °: 331 m/s    Air, 20 °: 343 m/s      Water, 25 °: 1493 m/s 

Iron: 5130 m/s       Glass (Pyrex): 5640 m/s     Diamond:  12 000 m/s

  



Wavefronts 

Some waves are one dimensional, like vibrations in a guitar string or 

sound waves traveling along a metal rod.  Some waves are two 

dimensional, such as surface water waves or seismic waves traveling 

along the surface of the Earth.  Some waves are 3-D, such as sound 

traveling in all directions from a bell, or light doing the same from a 

flashlight.   To visualize 2-D and 3-D waves, we often draw 

wavefronts.  The red wavefronts  below could represent the crest of 

water waves on a pond moving outward after a rock was dropped in 

the middle.  They could also be used to represent high pressure zone 

sin sound waves.  The wavefronts for 3-D sound waves would be 

spherical, but concentric circles are often used to simplify the picture. 

If the wavefronts are evenly spaced, then  is a constant.  

     crest 

    trough 



Frequency  &  Pitch 
Just as the amplitude of a sound wave relates to its loudness, the 

frequency of the wave relates to its pitch.  The higher the pitch, the 

higher the frequency.  The frequency you hear is just the number of 

wavefronts that hit your eardrums in a unit of time.  Wavelength 

doesn’t necessarily correspond to pitch because, even if wavefronts 

are very close together, if the wave is slow moving, not many 

wavefronts will hit you each second.  Even in a fast moving wave 

with a small wavelength, the receiver or source could be moving, 

which would change the frequency, hence the pitch. 

   Frequency       Pitch 

   Amplitude       Loudness 



Range of Human Hearing 
The maximum range of frequencies for most people is from about 

20 to 20 thousand hertz.  This means if the number of high pressure 

fronts (wavefronts) hitting our eardrums each second is from 20 to  

20 000, then the sound may be detectable.  If you listen to loud 

music often, you’ll probably find that your range (bandwidth) will 

be diminished.   

Some animals, like dogs and some fish, can hear frequencies that are 

higher than what humans can hear (ultrasound). Bats and dolphins 

use ultrasound to locate prey (echolocation).  Doctors make use of 

ultrasound for imaging fetuses and breaking up kidney stones. 

Elephants and some whales can communicate over vast distances 

with sound waves too low in pitch for us to hear (infrasound). 



Echoes  &  Reverberation 

An echo is simply a reflected sound wave.  Echoes are more 

noticeable if you are out in the open except for a distant, large 

object.  If went out to the dessert and yelled, you might hear a distant 

canyon yell back at you.  The time between your yell and hearing 

your echo depends on the speed of sound and on the distance to the 

to the canyon.  In fact, if you know the speed of sound, you can 

easily calculate the distance just by timing the delay of your echo. 

Reverberation is the repeated reflection of sound at close quarters.  If 

you were to yell while inside a narrow tunnel, your reflected sound 

waves would bounce back to your ears so quickly that your brain 

wouldn’t be able to distinguish between the original yell and its 

reflection.  It would sound like a single yell of slightly longer 

duration. 



Sonar 

SOund  NAvigation  and  Ranging 

In addition to locating prey, bats and dolphins use sound waves 

for navigational purposes.  Submarines do this too.  The 

principle is to send out sound waves and listen for echoes.  The 

longer it takes an echo to return, the farther away the object that 

reflected those waves.  Sonar is used in commercial fishing 

boats to find schools of fish.  Scientists use it to map the ocean 

floor.  Special glasses that make use of sonar can help blind 

people by producing sounds of different pitches depending on 

how close an obstacle is. 

If radio (low frequency light)  

waves are used instead of sound  

in an instrument, we call it radar 

(radio detection and ranging). 



Wave Motion 

A wave travels 

along its medium, 

but the individual 

particles just move 

up and down. 



All types of traveling waves transport energy.  

 Study of a single wave 

  pulse shows that it is began 

 with a vibration and 

 transmitted through internal 

 forces in the medium. 

 Continuous waves start 

 with vibrations too. If the 

 vibration is SHM, then the 

 wave will be sinusoidal. 

Wave Motion 



Wave Motion 

Wave characteristics: 

•  Amplitude, A 

•  Wavelength, λ 

•  Frequency f and period T 

•  Wave velocity 



Types of Waves and Their Speeds:  

Transverse and Longitudinal 

The motion of particles in a wave can either be 

perpendicular to the wave direction (transverse) or 

parallel to it (longitudinal). 



Types of Waves and Their Speeds: Transverse 

and Longitudinal 

Sound waves are longitudinal waves: 



Types of Waves and Their Speeds :  

Transverse and Longitudinal 

Earthquakes produce both longitudinal and transverse waves. 

Both types can travel through solid material, but only 

longitudinal waves can propagate through a fluid—in the 

transverse direction, a fluid has no restoring force. 

Surface waves are waves that travel along the boundary 
between two media. 



Energy Transported by Waves 

Just as with the oscillation that starts it, the energy 

transported by a wave is proportional to the square of the 

amplitude. 

Definition of intensity: 

 

 

The intensity is also proportional to the square of the 

amplitude: 



If a wave is able to spread out three-dimensionally from 

its source, and the medium is uniform, the wave is 

spherical. 

 Just from geometrical 

 considerations, as long as 

the  power output is constant, 

 we see: 

Energy Transported by Waves 



 By looking at the energy 

 of a particle of matter in 

 the medium of the wave, 

 we find: 

 

Then, assuming the entire medium has the same density, we 

find: 

 

Therefore, the intensity is proportional to the square of the 

frequency and to the square of the amplitude. 

 

Energy Transported by Waves 

(11-17a) 

(11-18) 



Reflection and Transmission of Waves 

 A wave reaching the 

 end of its medium, but 

 where the medium is 

 still free to move, will 

 be reflected (b), and its 

 reflection will be 

 upright. 

 

A wave hitting an obstacle will be reflected (a), and its 

reflection will be inverted. 



Reflection and Transmission of Waves 

A wave encountering 

a denser medium will 

be partly reflected and 

partly transmitted; if 

the wave speed is less 

in the denser medium, 

the wavelength will 

be shorter. 



Interference; Principle of Superposition 

The superposition principle says that when two waves pass 
through the same point, the displacement is the arithmetic sum 
of the individual displacements. 

In the figure below, (a) exhibits destructive interference and (b) 
exhibits constructive interference. 



Interference; Principle of Superposition 

These figures show the sum of two waves. In (a) they 

add constructively; in (b) they add destructively; and in 

(c) they add partially destructively. 



11-15 Mathematical Representation of a 

Traveling Wave 

To the left, we have a 

snapshot of a traveling 

wave at a single point 

in time. Below left, the 

same wave is shown 

traveling. 



Mathematical Representation of a Traveling 

Wave 

A full mathematical description of the wave describes 

the displacement of any point as a function of both 

distance and time: 



Damped  Harmonic Oscillations 

In this section, we examine some examples of 

damped harmonic motion and see how to modify the 
equations of motion to describe this more general 
case. 
 

In the real world, oscillations seldom follow true 
SHM. Friction of some sort usually acts to dampen 
the motion so it dies away, or needs more force to 
continue.  



Figure (1) shows a mass m attached to a spring with 

a force constant k The mass is raised to a position 

𝑨𝟎 , the initial amplitude, and then released. The 

mass oscillates around the equilibrium position in 

fluid with viscosity but the amplitude decreases for 

each oscillation.  

 

For a system that has a small amount of damping, the 
period and frequency are constant and are nearly the 
same as for SHM, but the amplitude gradually 
decreases as shown. This occurs because the non-
conservative damping force removes energy from the 
system, usually in the form of thermal energy. 



Figure1. For a mass on a spring oscillating in a viscous 

fluid, the period remains constant, but the amplitudes of 

the oscillations decrease due to the 
damping caused by the fluid. 



Consider the forces acting on the mass. Note that 

the only contribution of the weight is to change the 

equilibrium position, as discussed earlier in the 

chapter. Therefore, the net force is equal to the force 

of the spring and the damping force 𝐹𝐷. If the 

magnitude of the velocity is small, meaning the mass 

oscillates slowly, the damping force is proportional to 

the velocity and acts against the direction of motion 

𝐹𝐷 = −𝑏𝑣. The net force on the mass is therefore 

 
𝐹 = 𝑚𝑎 = −𝑏𝑣 − 𝑘𝑥 

Writing this as a differential equation in x, we obtain 

 

𝑚
𝑑2𝑥

𝑑𝑡2
+ 𝑏

𝑑𝑥

𝑑𝑡
+ 𝑘𝑥 = 0 



To determine the solution to this equation, consider the 

plot of position versus time shown in Figure1. The curve 

resembles a cosine curve oscillating in the envelope of 

an exponential function  𝐴0𝑒−𝛼𝑡  where  𝛼 =
𝑏

2𝑚
 . The 

solution is 

Where  





Figure 2. Position versus time for the mass oscillating 

on a spring in a viscous fluid. Notice that the curve 

appears to be a cosine function inside an 
exponential envelope. 







Figure 3. The position versus time for three systems consisting of a 

mass and a spring in a viscous fluid. (a) If the damping is small 𝑏 < 𝑎𝑚𝑘  

, the mass oscillates, slowly losing amplitude as the energy is 

dissipated by the non-conservative force(s). The limiting case is (b) where 
the damping is 𝑏 = 𝑎𝑚𝑘  . (c) If the damping is very large 𝑏 > 𝑎𝑚𝑘  

, the mass does not oscillate when displaced, but attempts to return to the 
equilibrium position. 





Simple Harmonic Motion 

Spring Oscillations 

If an object vibrates or 

oscillates back and forth 

over the same path, each 

cycle taking the same 

amount of time, the motion 

is called periodic. The mass 

and spring system is a 

useful model for a periodic 

system. 



We assume that the surface is frictionless. There 

is a point where the spring is neither stretched nor 

compressed; this is the equilibrium position. We 

measure displacement from that point (x = 0 on the 

previous figure). 

The force exerted by the spring depends on the 

displacement: 



• The minus sign on the force indicates that it is a 

restoring force—it is directed to restore the mass to 

its equilibrium position. 

• k is the spring constant 

• The force is not constant, so the acceleration is not 

constant either 

 



• Displacement is measured from the 

equilibrium point 

• Amplitude is the maximum 

displacement 

• A cycle is a full to-and-fro motion; 

this figure shows half a cycle 

• Period is the time required to 

complete one cycle 

• Frequency is the number of cycles 

completed per second 



If the spring is hung 

vertically, the only 

change is in the 

equilibrium position, 

which is at the point 

where the spring force 

 equals the 

 gravitational 

 force. 



Any vibrating system where the restoring force is 

proportional to the negative of the displacement is in 

simple harmonic motion (SHM), and is often called a 

simple harmonic oscillator. 



Energy in Simple Harmonic Motion 

We already know that the potential energy of a spring is 

given by: 

PE = ½ kx2 

The total mechanical energy is then: 

 

The total mechanical energy will be conserved, as we are 

assuming the system is frictionless. 
 



If the mass is at the limits of its 

motion, the energy is all potential. 

If the mass is at the equilibrium 

point, the energy is all kinetic. 

We know what the potential energy 

is at the turning points: 



The total energy is, therefore ½ kA2 

And we can write: 

 

This can be solved for the velocity as a function of 

position: 

 

 

where 

 



The Period and Sinusoidal Nature of SHM 

If we look at the projection onto 

the x axis of an object moving in a 

circle of radius A at a constant 

speed vmax, we find that the x 

component of its velocity varies as: 

 

 

This is identical to SHM. 



Therefore, we can use the period and frequency of a 

particle moving in a circle to find the period and 

frequency:  



The Period and Sinusoidal Nature of SHM 

We can similarly find the position as a function of time: 



The top curve is a graph of 

the previous equation. 

The bottom curve is the 

same, but shifted ¼ period 

so that it is a sine function 

rather than a cosine. 



The velocity and acceleration can 

be calculated as functions of 

time; the results are below, and 

are plotted at left. 



The Simple Pendulum 

A simple pendulum consists of a mass at the end of a 

lightweight cord. We assume that the cord does not 

stretch, and that its mass is negligible. 

 



The Simple Pendulum 



The Simple Pendulum 

Therefore, for small angles, the force is approximately 

proportional to the angular displacement. 

The period and frequency are: 
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Scalars and Vectors

Scalars and Vectors

A scalar is a number which expresses quantity.  Scalars 
may or may not have units associated with them.

Examples:  mass, volume, energy, money

A vector is a quantity which has both magnitude and 
direction.  The magnitude of a vector is a scalar.

Examples:  Displacement, velocity, acceleration, electric 
field
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Vector Notation
• Vectors are denoted as a symbol with an arrow over the top:

• Vectors can be written as a magnitude and direction:

xr

deg30@CN7.15 o=E
r

Vector Representation
• Vectors are represented by an arrow pointing in the direction of 
the vector.

• The length of the vector represents the magnitude of the vector.

• WARNING!!! The length of the arrow does not necessarily 
represent a length.

sm3.2=A
r
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Vector Addition

A
r

B
r

Adding Vectors Graphically.

A
r

B
r

Arrange the 
vectors in a head 
to tail fashion.

A
r

B
r

The resultant is drawn 
from the tail of the first 
to the head of the last 
vector.

BAC
rrr

+=

Vector Addition
This works for any number of 
vectors.

A
r B

r

C
r

D
r

DCBAR
rrrrr

+++=
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Vector Addition

Vector Subtraction

A
r

B
r

Subtracting Vectors Graphically.

A
r

B
r

Flip one vector.

Then proceed to 
add the vectors

The resultant is drawn 
from the tail of the first 
to the head of the last 
vector.

( )BABAC
rrrrr

−+=−=

B
r

−
B
r
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Vector Components

Example: from the horizontal.  Find its 
components.

rr

irrx ˆcosθ=
r

jrry ˆsinθ=
r

o30@m0.5=rr

θ

( )
ir

ir

x

x

ˆm3.4

ˆ30cosm0.5 o

=

=
r

r

( )
jr

jr

y

y

ˆm5.2

ˆ30sinm0.5 o

=

=
r

r

Any vector can be broken down into components along 
the x and y axes.

yx rrr rrr
+=

Vector Addition by Components
You can add two vectors by adding the components of 
the vector along each direction.  Note that you can only 
add components which lie along the same direction.

jsmismBA

jsmismB

jsmismA

ˆ7.7ˆ7.4

ˆ2.5ˆ5.1

ˆ5.2ˆ2.3

+=+

+=+

+=

rr

r

r

sm4.12=+ BA
rr Never add the x-component 

and the y-component
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Unit Vectors

Unit vectors have a magnitude of 1.  

They only give the direction.

îĵ

k̂
x

y

z

A displacement of 5 m in 
the x-direction is written as

id ˆm5=
r

The magnitude is 5m.

The direction is the î-direction.

Finding the Magnitude and Direction

rr

xr
r

yr
r

θ

22
yx rrr +=

x

y

r
r

=θtan









= −

x

y

r
r1tanθ

Pythagorean Theorem



7

Vector Multiplication I: The Dot Product

The result of a dot product of two vectors is a scalar!

θcosABBA =⋅
rr

A
r

B
r

θ

1ˆˆ
1ˆˆ
1ˆˆ

=⋅

=⋅

=⋅

kk

jj

ii

0ˆˆ
0ˆˆ
0ˆˆ

=⋅

=⋅

=⋅

ki

kj

ji

Vector Multiplication I: The Dot Product

( )Nˆ2ˆ3ˆ2 kjiF −+=
r ( )mˆ6ˆ4ˆ3 kjis −−=

r

=⋅ sF rr mN)3(2 ⋅ mN)4(3 ⋅−+ mN)6)(2( ⋅−−+

mN6 ⋅=⋅ sF rr
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Vector Multiplication II: The Cross Product

θsinABBA =×
rr

A
r

B
r

θ

0ˆˆ
0ˆˆ
0ˆˆ

=×

=×

=×

kk

jj

ii

jik

ikj

kji

ˆˆˆ

ˆˆˆ

ˆˆˆ

=×

=×

=×

The result of a cross product of two vectors is a new vector!

C
r

Vector Multiplication II: The Cross Product

( ) ( ) ( )BqvBvqBvq
rrrrrr

×=×=×

A
r

B
r

θ

C
r

( ) ( )BAABC
rrrrr

×−=×=

AC
rr

⊥ BC
rr

⊥
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Vector Multiplication II: The Cross  Product

( )Nˆ2ˆ3ˆ2 kjiF −+=
r ( )mˆ6ˆ4ˆ3 kjir −−=

r

( )Fr
rrv ×=τ

( )( )( ) ( )( )( ) ( )( )( )kijiii ˆˆm6N2ˆˆm4N2ˆˆm3N2 ×−+×−+×=τv

( )( )( ) ( )( )( ) ( )( )( )kjjjij ˆˆm6N3ˆˆm4N3ˆˆm3N3 ×−+×−+×+

( )( )( ) ( )( )( ) ( )( )( )kkjkik ˆˆm6N2ˆˆm4N2ˆˆm3N2 ×−−+×−−+×−+

( ) mNˆ17ˆ6ˆ26 ⋅+−= kjiτv

Vector Multiplication II: The Cross  Product

( )Nˆ2ˆ3ˆ2 kjiF −+=
r ( )mˆ6ˆ4ˆ3 kjir −−=

r

( )Fr
rrv ×=τ

( ) mNˆ17ˆ6ˆ26 ⋅+−= kjiτv

=τv ( ) ( )( )( )î6324 −−−−

( ) ( )( )( ) ĵ2326 −−−+








−
−−

23
64

ĵ k̂









−
−

22
36

k̂ î 






 −
32
43

î ĵ

( ) ( )( )( )k̂4233 −−+
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Vector Multiplication II: Right Hand Rule

Index finger in the direction of the 
first vector.

Middle finger in the direction of the 
second vector

Thumb points in the direction of the 
cross product.

WARNING:  Make sure you 
are using your right hand!!!



 بسم ميحرلا نمحرلا هللا



UNIT DIMENSIONS AND 
MEASUREMENTS 



PHYSICAL QUANTITIE 
 
All the quantities by means of which we describe the laws of 
nature and which can be measured are called physical 
quantities. Examples are Mass, length, time, force, velocity, 
Acceleration etc. 
 
‘Beauty and intelligence’ are not physical quantities, because 
they can’t be measured. 
 
All the physical quantities have been classified into two parts 



















Conversion of Length or a physical quantity 




