
More about Free Fall and 
Introduction to Vectors

Chapter 2 and 3



A multiple choice

A projectile is shot vertically upward with a given initial velocity. It 
reaches a maximum height of 100 m. If on a second shot the initial 
velocity is doubled, then the projectile will reach a maximum height of:
A) 70.7 m; B) 141.4 m; C) 200 m; D) 241 m; E) 400 m



A multiple choice: the Solution

A projectile is shot vertically upward with a given initial velocity. It reaches a 
maximum height of 100 m. If on a second shot the initial velocity is doubled, 
then the projectile will reach a maximum height of:
A) 70.7 m; B) 141.4 m; C) 200 m; D) 241 m; E) 400 mQUIZ 2, P1211 F2019 September 13, 2019 
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Problem 1 (10 points) show all works 
A ball is thrown up with a speed of 3.0 m/s. A) Draw the path of the ball B) 
Calculate the height above the initial position when the speed of the ball is 1.0 m/s. 
C) Calculate the time when the speed of the ball is 1.0 m/s. 
 
 
 
 
Problem 2 was not included in QUIZ 2, due to technical 
difficulties. 
Students should still study it for the midterm! 
 
Problem 2 (4 points) In plots below take +x and +v as right. 
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10.  (10 points) A physics professor leaves her house and walks along the sidewalk toward 
campus. After 5 minutes it starts to rain and she returns home. Her distance from her 
house as a function of time is shown in the figure below. Assume that she take a one-
dimensional path. 

(a) At which of the labeled points (could be more than one) is her velocity zero? 
(b) At which of the labeled points is her velocity constant and positive? 
(c) At which of the labeled points is her velocity constant and negative? 
(d) At which of the labeled points is her velocity increasing in magnitude? 
(e) At which of the labeled points is her velocity decreasing in magnitude? 
(f) What is the average velocity for the whole 8 minutes trip? 

NOTE: for part a-e there may be more than one correct point for each question. 
 
 

 
In x vs. t plot above, for which 
point (I, II, III, IV or V) is the 
object moving left (i.e. v < 0 ). 
At which point is the object 
moving right, and slowing 
down? 
Explain your answers, briefly!  

In v vs. t plot above, for which 
point (1, 2, 3, 4, 5 or 6) is the 
object moving right and 
slowing down. At which point 
is it moving left at constant 
speed. At which points is it 
stationary? Explain your 
answer, briefly! 
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Solution
Use 2.43, !" = !$%" − 2( ) − )$ , on first shot, with ) − )$ = ℎ% = 100-
!$% is unknown! And final velocity at maximum height is ) = 0

0 = !$%" − 2(ℎ% → ℎ% =
!$%"
2(

For second shot, !$" = 2!$%, so the second height, ℎ" = /011
"2 =

"/03 1

"2 = 4 /03
1

"2
Height, ℎ" = /011

"2 =
"/03 1

"2 = 4 /03
1

"2 = 400-



Another Free-Fall Problem

• A rock is thrown directly downward from the edge of the roof of a building that is 
34.6 meters tall. The rock misses the building on its way down, and is observed to 
strike the ground 1.50 seconds after being thrown. Take the acceleration due to 
gravity to have magnitude 9.80 m/s2 and neglect any effect due to air resistance. 
Find the initial velocity of the rock. 
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Solution
Use 2.42, y = #$% − '

()%
(, where we used *$ = 0

Use y = −34.60 an % = 1.503
−34.60 = #$ 1.53 − 12 9.8

0
3( 1.53 (

#$ =
−34.60 + 129.8

0
3( 1.53 (

1.53 = −15.703



Vector Component in 2D
0° < $ < 90°

&' = &)*+$ > 0, &. = &+/0$ > 0
Pythagorean theorem

Magnitude of &⃗, & = &'2 + &.2

Example: &⃗ = & 45 $ → & = 2.0, 45 30°,
&⃗ = &', &. = 1.73,1

x

y

$
&⃗

&'
&.

Quadrant 1 

x

y

$&.
&⃗

&'

Quadrant 2 90° < $ < 180°
&' = &)*+$ < 0, &. = &+/0$ > 0

Pythagorean theorem

Magnitude of &⃗, & = &'2 + &.2

Example: &⃗ = & 45 $ → & = 2.0, 45 120°,
&⃗ = &', &. = −1,1.73



Vector Component in 2D
180° < & < 270°

)* = ),-.& < 0, )0 = ).12& < 0
Pythagorean theorem

Magnitude of )⃗, ) = )*4 + )04

Example: )⃗ = ) 67 & → ) = 3.0, 67 225°,
)⃗ = )*, )0 = −2.12, −2.12

x

y

&

)⃗

)*
)0

Quadrant 3 

x

y

& )0
)⃗

)*

Quadrant 4

270° < & < 360°
)* = ),-.& > 0, )0 = ).12& < 0

Pythagorean theorem

Magnitude of )⃗, ) = )*4 + )04

Example: )⃗ = ) 67 & → ) = 3.3, 67 277°,
)⃗ = )*, )0 = 0.4, −3.27



Vector Addition: Traditional Notation

• "⃗ = "$, "& , ' = '$, '&
• Addition:( = "⃗ + ' → ($, (& = "$, "& + '$, '&

• X-component: ($ = "$ + '$; Y-component: (& = "& + '&
• Example to the right:

• "$ = 12 cos 20° = 11.3 , '$ = 25 cos 60° = 12.5
• ($ = "$ + '$ = 23.8
• "& = 12 sin 20° = 4.1 ; '& = 25 sin 60° = 21.7
• (& = "& + '& = 25.8

• ( = ($, (& →
• <=>?@ABCD ( = 23.8E + 25.8E = 35.1

• F = A=?GH
IJ
IK

= 47.3°

• ( = 35 =A 47°



Unit Vector Notation in two dimensions (2D)

• Unit vector: ̂" = 1,0
• Unit vector: ̂' = 0,1
• )⃗ = )*, )+ =
• , = ,-.̂ + ,01̂
• The vector )⃗ is the sum of the 

vectors )* ̂" and )+ ̂'
x

y

̂"
̂'

,-.̂

,01̂
,



Brain Teaser

• The Vector !"in the diagram 
below is equal to:

Midterm 1, Practice Problems: Chapter 3 on Vectors: 
 
Question 1: Consider 3 vectors:!⃗	(! = 2.0, * = 60°); ./⃗ 	(! = 4.0, * = 150°); 3⃗	(3 =
2.366, * = 90°) 

A) Express !⃗	, ./⃗ 	, and 3⃗	in 2D unit vector form. Plot them on an x-y graph. 
Partial Answer:!⃗ = 6̂ + 1.732:;̂ ./⃗ = −3.4646̂ + 2.0:̂; 3⃗ = 2.366:̂ 

B) Using the results of part A, calculate <//⃗ = !⃗ + ./⃗ − 23⃗	, in 2D unit vector   form. Find the 
magnitude, < = =<//⃗ = and angle *of <//⃗ . Plot <//⃗  on an x-y graph. 

Partial Answer: < = 2.7, * = 202° 
 

Question 2: Let be the position of a particle moving in the xy 

plane, where , , and . 
a) Find the position of the particle at and , and hence find the average velocity for 
the time interval and . Write your answers in unit vector notation. 
Answer:  >?@A////////⃗ = 2.0B

C
6̂ + 2.3B

C
:̂ 

b) At time t = 2s, find the magnitude and angle w.r.t. the positive x axis of the velocity >⃗. 
Answer: a	< = 2.3B

C
, * = 31°. 

c) At time t = 2.6s, find the acceleration D⃗ in unit vector notation. 
Answer: D(2.6E)///////////////⃗ = 11.6 B

CF
:̂. 

 
Question 3: For the vector  and , the magnitude of the vector 
difference  is closest to 

a) 16       b) 250         c) 11        d) 5.0        e) -5.0 
 
Question 4:   The vector  in the diagram is equal to: 

 
Question 5: Let G(H) = −!HI − 3H + < where, ! = 2.1 B

CJ
, 3 = 4.2B

C
 , and D = 5.0 m, describes 

an object’s position as a function of time: 
a) Find the positions at t = 1.0 s and t = 2.0 s.  
ANSWER: a x = -70.6m and x = -517.9m. Time t = 11s 

 
!r = −a + bt( ) î + ct2 + dt3( ) ĵ

a = 2m  b = 2mis−1  c = −3mis−2  d = 1.1mis−3
t = 1s t = 3s

t = 1s t = 3s

 A
!"
= 5.7

⌢
i − 3.6

⌢
j  B

!"
= −9.8

⌢
i − 6.5

⌢
j

 
!
B −
!
A

!! 
!
V3

a)   

b)   

c)   

d)   

e)   
ANSWER: C) 

!! 
!
V1 +
!
V2

!! 
!
V1 /cosθ

!! 
!
V2 −
!
V1

!! 
!
V1 −
!
V2

!! 
!
V1 cosθ
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Answer C
Advice: Study this problem



Adding and subtracting using unit vector 
notation
• "⃗ = 0.5,1.0
• ) = −1.0,0.5
• +⃗ = −2"⃗ + ) = ) − 2"⃗
• +. = −2×0.5 − 1.0 = −2.0
• +0 = −2×1.0 + 0.5 = −1.5
Answer: +⃗ = −2.0, −1.5
Or in unit vector notation+⃗ = −2.0 ̂2 − 1.5 ̂3

x

y

"⃗)
−2"⃗

+⃗ = ) − 2"⃗



Homework for Friday, and reminder

• For the classes of Friday September 18, 2020
Read Chapter 3: section 3.1 (Vectors), 3.2 (Unit Vectors, and adding by 
components), 3.3 (Multiplying Vectors)
Focus on the Right-Hand Rule
Read Chapter 4: Kinematic in 3D

Lab: Tuesday September 22, 2020, Experiment 2, Graphical Analysis

• Section F1B: 8:30 AM to 11:30 AM, CB2010
• Section F2B: 2:30 PM to 5:30 PM, CB 2010
• Section F3B: 7:00 PM to 10:00 PM, CB2010
• Students in section F1A, F2A, F3A, FD4 must hand in their Experiment 2 lab 

reports on September 22, 2020



Study the Right-Hand Rule



Three-Dimension (3D) Cartesian Coordinate

Which coordinate is right handed?
• The right one



Some more right/left hand coordinate 
systems and Chirality

In physics Handedness is associated with Chirality

Magnetic Field
Parity of neutrino 
and anti-neutrino Biology and Chemistry



Unit Vector Representation in Three 
Dimensions (3D) 
• ̂" = 1,0,0 along x-axis
• ̂' = 0,1,0 along y-axis
• () = 0,0,1 along z-axis
• +⃗ = +,, +-, +.

• +⃗ = +, ̂" + +- ̂' ++. ()

x

y

z

̂"
̂'

()

+⃗
+, ̂"

+- ̂'
+. ()



Adding Vectors in Three Dimensions (3D) 

• ̂" = 1,0,0 along x-axis
• ̂' = 0,1,0 along y-axis
• () = 0,0,1 along z-axis
• +⃗ = +, ̂" + +. ̂' ++/ ()

• 0 = 0, ̂" + 0. ̂' + 0/ ()
• 1⃗ = +⃗ + 0
• 1⃗ = +, + 0, ̂" + +. + 0. ̂' + +/ + 0/ ()
• 2 = 23 4̂ + 256̂ + 2789

x

y

z

̂"
̂'

()

+⃗
+, ̂"

+. ̂'
+/ ̂'
0, ̂"

0. ̂'

0/ ()
:

2



Example on Unit Vector addition

• Let "⃗# + 2.0"⃗( = 5.0"⃗+ and "⃗# − "⃗( = "⃗+ and "⃗+ = 2.0 ̂. + 3.0 ̂0 − 512. Find "⃗#345 "⃗(
Method of Solution
1. Note "⃗# = "#6 ̂. + "#7 ̂0 + "#8 12 and "⃗( = "(6 ̂. + "(7 ̂0 + "(8 12
2. Label "⃗# + 2.0"⃗( = 5.0"⃗+ E1, "⃗# − "⃗( = "⃗+ E2
3. Use Algebra to eliminate one of the two unknown vectors, "⃗# or "⃗(
Execution: 
Abbreviation: LHS stands for Left hand side; RHS stands for Right hand side
• E1 + 2 x E2→ "⃗# + 2.0"⃗( + 2 "⃗# − "⃗( = 5.0"⃗+ + 2×"⃗+
• LHS of E1        2 X LHS of E2     RHS of E1     2 X LHS of E2

• 3"⃗# = 7.0"⃗+
• But we know "⃗+ = 2.0 ̂. + 3.0 ̂0 − 512



Example on Unit Vector addition, Continued

• Let "⃗# + 2.0"⃗( = 5.0"⃗+ and "⃗# − "⃗( = "⃗+ and "⃗+ = 2.0 ̂. + 3.0 ̂0 − 512. Find "⃗#345 "⃗(
1. Note "⃗# = "#6 ̂. + "#7 ̂0 + "#8 12 and "⃗( = "(6 ̂. + "(7 ̂0 + "(8 12
2. Label "⃗# + 2.0"⃗( = 5.0"⃗+ E1, "⃗# − "⃗( = "⃗+ E2
Execution of Solution: Continued
• 3"⃗# = 7.0"⃗+
• But we know "⃗+ = 2.0 ̂. + 3.0 ̂0 − 512
• 3"⃗# = 7.0"⃗+ → 3 "#6 ̂. + "#7 ̂0 + "#8 12 = 7 2.0 ̂. + 3.0 ̂0 − 512
• 3"#6 ̂. + 3"#7 ̂0 + 3"#8 12 = 14.0 ̂. + 21.0 ̂0 − 3512
• 3"#6 = 14 → "#6 = #=

+ ; "#7 = 7.0 ̂0; "#8 = −+>
+ → "⃗# = #=

+ ̂. + 7 ̂0 − +>
+
12

Exercise Use one of E1 or E2 to find "⃗(



Example on Unit Vector addition, Verified

• Let "⃗# + 2.0"⃗( = 5.0"⃗+ and "⃗# − "⃗( = "⃗+ and "⃗+ = 2.0 ̂. + 3.0 ̂0 − 512. Find "⃗#345 "⃗(
1. Note "⃗# = "#6 ̂. + "#7 ̂0 + "#8 12 and "⃗( = "(6 ̂. + "(7 ̂0 + "(8 12
2. Label "⃗# + 2.0"⃗( = 5.0"⃗+ E1, "⃗# − "⃗( = "⃗+ E2
Execution of Solution: Continued
• "⃗# = #9

+ ̂. + 7 ̂0 − +;
+
12 and "⃗+ = 2.0 ̂. + 3.0 ̂0 − 512

• Use E2, "⃗( = "⃗# − "⃗+ →
• "(6 ̂. + "(7 ̂0 + "(8 = #9

+ ̂. + 7 ̂0 − +;
+
12 − 2.0 ̂. + 3.0 ̂0 − 512

• "⃗( = =
+ ̂. + 4.0 ̂0 −

(?
+
12

• Verify E1, 

• "⃗# + 2.0"⃗( = #9
+ ̂. + 7 ̂0 − +;

+
12 + 2× =

+ ̂. + 4.0 ̂0 −
(?
+
12 = 10.0 ̂. + 15.0 ̂0 − 2512 = 5.0"⃗+



Scalar (dot) Product

• Geometrical Definition: "⃗ # $ = "$ cos ) , 0° < ) < 180°
• " = "⃗ ; B= $ are the magnitude of the Vectors "⃗ and $, respectively

• " cos ) is the scalar projection of the vector "⃗ in the direction of  the 
vector $, "0 = " cos )

)

"⃗

$
" cos )

Here 0° < ) < 90°, " cos ) > 0
$

"⃗

)

Here 90° < ) < 180°, " cos ) < 0
" cos )



Scalar Product: Algebraic Definition

• Consider two vectors:
• "⃗ = "$ ̂& + "( ̂) + "* +,
• - = -$ ̂& + -( ̂) + -* +,

• "⃗ . - = "$ -$ + "( -( + "* -*
More Formally: 
• "⃗ . - = "$ ̂& + "( ̂) + "* +, . -$ ̂& + -( ̂) + -* +,
• "⃗ . - = "$ -$ ̂& . ̂& + "( -( ̂) . ̂) + "* -* +, . +, + ̂& . ̂) "$ -( + ̂) . ̂& "( -$ + ̂& .
+, "$ -* + +, . ̂& "* -$ + ̂) . +, "( -* + +, . ̂) "* -(

• ̂& . ̂& = ̂) . ̂) = +, . +, = 1;  ̂& . ̂) = ̂) . ̂& = ̂& . +, = +, . ̂& = ̂) . +, = +, . ̂) = 0
• Connclusion → "⃗ . - = "$ -$ + "( -( + "* -*



Scalar Product Example


