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. VECTORS

VECTORS AND SCALARS

1. Scalar: A quantity that has a magnitude but
no direction. Examples: mass, length, time,
density, energy, and temperature.

2. Vector: A quantity that has both magnitude
and direction. Examples: displacement,
velocity, force, acceleration, momentum,
electric and magnetic field strength.

COMPONENTS OF A VECTOR,

2-DIMENSIONS

Avector in a 2-dimensional Cartesian plane is rep-

resented by an x-component and a y-component.
1. Vector components are specified by a
scalar, which determines the magnitude of
the component, and a unit vector, which
determines the direction of the component.
The unit vectors I and j have a magnitude
of 1 and point along the x-axis and y-axis
respectively. R

. Avector, A, canberepresented by: A=A 1 +
AV}, where A_and A are scalars.

e

3. The magnitude of a vector is a scalar quan-
tity (length) given by:
A=1Al= A+ A7

4. The direction of the vector (6) is given by:
A
—pe = =l
tanf = A or # = tan i
Example: A = 31 + 4

x:

Magnitude: -
Al= 3"+ 4 =25 =5
Direction:

=&
tané = 3

9 = tan-! (%j =53°

C. DOT PRODUCT

The dot product of two vectors, a and b, is de-
fined as:

a-b = abcost

The angle 8is the angle between the vectors.
The dot product between any two vectors is
a scalar quantity. It is sometimes called the
scalar product.

If two vectors are perpendicular to each
other, their dot product is zero.

D. CROSS PRODUCT

T

he magnitude of the cross product of two vec-

tors, a and b, is defined as:
la x bl = absiné

The cross product between vectors a and b
yiclds a third vector that points perpendicular
to the plane in which a and b are oriented.

To determine the direction of the cross prod-
uct, use the right-hand rule. Point the fingers
of your right hand along vector a, and then
curl them toward vector b. Your thumb now
peints in the direction of the cross product.

if two vectors are parallel to each other, their
cross product is zero.

axb=-bxa

: : : a
¢ KINEMATICS it Average angular acceleration: o = %—“}—’ =
A. ONE-DIMENSIONAL MOTION Instantaneouzs angular acceleration:
. Sexre __éx__xz—xl amz_‘i&i:ﬂ
Average velocity: v = At "L =F (m/s) dt = dr )2
Instantaneous velocity: v(f) = dx/dt Centripetal acceleration: a_ = —I’,— (directed
A ’ lerationz g = &2 - 27V e toward the axis of rotation)
verage acceleration: a = AL 1,=1 (m/s?) Petiod: 7= z_u%_r - %ﬂ’l
Ins_t anianeots acceleratlon’: alt) = dv/dt Rotational motion with constant acceleration:
Uniformly accelerated motion: W=w +at
velocity: v = v, + at; v*? 1: v+ 2a(x - x) w?= Lgoz +2a(0—6)
SHiane p — 4 42
position: x = x, + vt + 5 at 9=0°+w0t+%at2
x=x°+%(v0+u)t 9=90+%(w0+w)t

B NOCELERATION T VTR CONSTANT o T T D
ACCELERATION
a, = constant, = constant A. NEWTON'S LAWS
v=v +a Ly = v, + at Second law: F = ma
vi=vl+2a(x-x)

a v
2. y2 _ a o
b= v+ 200y =) . m @ ®F
r=xi+yj=r,+vt+gar F
Pm
sees a :..
-.,.. ::. F
., r
y “-_ The acceleration is in the direction of the
max, i applied force.
< Newton’s second law also holds for several
& applied forces.
X
I
> X
[-1 \ YF ma
mQ 7 = mQ = O
C. PROJECTILE MOTION 2 SF=F. +F
Here,a =0,a,=—g [
U"“_: it ios B f’“r: ZDS_inve‘;-n o gt Third law: To every action, there is always an
Y, =i, F=eonsiant; b, - ! " 8 equal and opposite reaction: If bedy A exeits
X = (y,c08 88y = (v,8in 0t~ 5 gr* = a force F, on body B, then body B exerts an
_ g - equal and opposite force -F, on body A.
(an b, 2(v, cos B, £ Hence, F, = —F, or F, = —F_.

v 2
Therange: R = —‘—g"— sin2f,

. } vlsin? @,
Maximum height: y__ = —2g

D. UNIFORM CIRCULAR MOTION
Angular displacement: The angle through
which a body rotates is given by 6 = %

A

Awall pushes you with the same force with
which you push it, but in the opposite direction.

Average angular velocity: A body rotates a
distance r from the axis of rotation with a
tangential velocity v, During uniform circular
motion, the magnitude of the tangential veloc-
ity is constant. The body rotates through an

angle 6 and the average angular velocity is given The gravitational force that the l?arth exerts
by w=20 5% on the moon is equal and opposite to the
YW=RATET a6 force that the moon exerts on the Earth.

Instantaneous angular velocity: w(f) = dr
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The electrostatic force that the +q charge
exerts on the —Q charge is equal and opposite
to the force that the —Q charge exerts on the
+q charge.

SYSTEMS OF PARTICLES
Center of mass in vector notation:

"

r, o= ‘IVZImIri =1, where M = ¥m, is the

total mass.

Newton's second law for a system of (n)

particles: ¥ = Ma

WEIGHT, NORMAL FORCE, AND

FRICTION

L. Weight: The gravitational force exerted on a
body of mass m by the Farth. W = mg.

< Nuormal Forcer A foree, N, exerted ona body
by unother surface. This force acts perpen-
dicular o the body, When abody is at rest on
alevel surface, N = myg.

G Friction: A force between two surfaces that
opposes the motion of a body.

¢ Static friction: Frictional force (F) ex-
erted when a body s at rest relative to
another surface. The maximum force of
static friction is: F, = u N, where u is the
coefficient of static friction between the
two surfaces.

* Kinetic friction: Friction force (F)
exerted when a body slides across an-
other surface. F, = uN, where u, is the
coefficient of kinetic friction between
the two surfaces.

* Between any two surfaces, u, < u

WORK AND ENERGY
Work done by a force:

V\’:f:F-dr:f;Fcosedr

{Joules), where 8 = angle that force makes with
direction of ‘notion.

m F(cos )  «__ .

A_ECTX] -

Work done on a bloek, mass m.
Instantaneous power: P = dW/dr = F . y(Watts)

Kinetic energy: K= é—muz (Joules)

WORK-ENERGY THEOREM

he work done by the resultant external force

ona particle (or a system) is equal to the change

in kinetic energy of the particle (or system).

W=K,-K = %muz2 - »zl—mul2

CONSERVATION OF ENERGY

1. Conservative force: A force such that the
work it does on a particle is independent of
the path over which the force is exerted.

[-' Path 1

TN

.
.
»
»
»
"
.

Beginning

»
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The gravitational force that the Earth
exerts on a satellite is an example of a
conservative force.

F=-kx

B

The elustic foree F that an Ideal spring exerty
on an attached mass Is an example of a
conservative force.

d. P

o A
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The elastic force that is exerted on the —g -
charge by the +Q charge is an example of a
conservative force.

2. Potential energy:

AU=-W,
where W is work done by a conservative
force.

3. Conservation of mechanical energy: The
total mechanical energy of a particle subject
to a conservative force is constant.

E=K+ U=%mv2+U=constant.

4. Non-conservative forces: The work done by a
non-conservative force (e.g., friction) is equal
to the change in internal energy: W, =AE=
—~AU, , and the sum of the system’s mechani-
cal and internal energy remains constant:
AE+ AU, =AK+ AU+ AU, =0.

it

G. LINEAR MOMENTUM AND COLLISIONS

1. Linear momentum of a particle: p = mnv;
Newton’s Second Law can be rewritten
F =dp/dt

2. Total linear momentum of a system:
p=2P=3 my,

3. Conservation of momentum: Ifthe net ex-
ternal force on asystem is zero, momentum
is conserved in the system. If F_ = 0, then
p = constant.

4. Impulse: The force applied to a body over
an interval of time. When the force is con-
stant, ] = FAt= Ap

5. Collisions: Mass m_ traveling at v, collides
with mass m, traveling at v,. After the colli-
sion, m, travels at v, and m, travels at v, If

- F,, =0, linear momentum is conserved.

My, + My, =my, +myu,

* During an elastic collision, both mo-
mentum and kinetic energy are con-
served. This generally occurs when
bodies collide and bounce away in
different directions. Conservation of
kinetic energy states
%mlvlf + :,12- my,? = % myuf+ % myu,}

* During an inelastic collision, kinetic
energy is not conserved. This generally
occurs when bodies collide and stick
together.

H. ROTATIONAL DYNAMICS

Torque causes a body to rotate. It is de.
by T = r x F (vector form) with magnit.
T = rfsin®.

T= torque
r = radius vector
F = applied force
0= the angle formed by r and I!

Angular momentuny: L == r x p {vector fonmn)
and magnitude L = rpsing,

L. = angular momentum

r = radius vector

p = linear momentum

6 = angle formed by rand p

zZ

Relation between torque and angular
momentum:

daL
T=2=

de ;
Kinetic energy of rotation: 5 (X mri)w?
Moment of inertia: The rotational analog of
mass.
I= ; mr?
Angular momentum and torque can also be
written L = Jwand 7 = Io
Common moment of inertia quantities:
Solid sphere

Axis

ZmR®
Thin rod of length £ rotating about its center.
Axis
ﬂ/\
-
| Me2

12 (@
BV
12 M¢e
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Electric Potential of a point charge: V = Tq

Electric Potential of a continuous charge dis-
tribution: V= kfﬁ
CURRENT AND CIRCUITS
1. Curreni: The rate at which charge, Q, flows

past an area in a circuit.

/= v

Tdr

Resistance: Resistors decrease the rate at
which charge flows through a circuit. The
resistivity, p, of a conductor is a property
ot the material. For a cylindrical conductor
with length L, cross-sectional area A, and

resistivity p, R = p%

o

3. Ohm's Law: When a resistor in a circuit is
constant over a range of voltage inputs, the
resistor is Ohmic. For a circuit with resis-
tance R, current [, and potential difference
AV, Ohm's Law states AV =[R

4. Circuit: A closed path around which charge
flows. Circuit elements are

.—"— Capacitor
e~ Switch

————— Connecting wire
——-@—— Voltmeter
i
—@-— Ammeter

An ammeter measures current, and a
voltmeter measures voltage drop.
Resistorsinseries: R, = R, + R, + R,

R1

VWA

-—i }-—— Battery

AN Resistor

+

R2 i
Ra

esistors i aflet: L= L L1

Resistors in parailek: R, =R + R + R
- |+

Rz

YW

R3

Power: ' JAV ~ 'R = ‘/x'

5. Kirchhoff’s rules:
Loop Theorem: For a camplete circuit foop,
AV E AV, AV, b0
Junction Rule: The sum of the current
entering a junction equals the sum of the
current exiting the junction.

©

6. Capacitor: A capacitor is a set of two oppo-
sitely charged conductors (each with charge
Q), separated by an insulating material. If
the potential difference between the two
plates is AV, then
C=av

Parallel Plate Capacitor: Two charged

plates with surface area A, separated by a

distar:/ie d.

C= d

. MAGNETISM AND INDUCTION

A. MAGNETIC FIELDS

1. Bar magnets: The magnetic field lines of a
bar magnet exit the north pole and enter the
south pole. Like poles repel each other, and
unlike poles attract each other.

[\J

Magnetic force on amoving charge: A parti-
cle with charge g moving at speed v through
a magnetic field B will experience a force
F = gv x B with magnitude F = qvBsin 6. To
determine the direction of the force on the
particle, use the right-hand rule. The fingers
point in the direction of v and curl toward
the direction of B. The thumb will point in
the direction of F.
3. Magnetic force on a current-carrying wire:
A wire of length and direction £ and current
I traveling through a magnetic field will ex-
perience a force F = If x B with magnitude
F=1[(Bsin 6.
4. Magnetic field due to a current-carrying
wire: The strength of the magnetic field a
distance d from a long wire with current [ is
frod
b= 2nd’
magnetic field, use the right-hand rule. The
thumb points in the direction of the current,
and the fingers will curl around the wire in
the direction of magnetic field.
Magnetic field due to a solenoid: The mag-
netic field due to a solenoid is concentrated
almost entirely along a straight line at the
center of the loops. The strength of the mag-
netic field 8 due to a solenoid with n loops
and current [is B = p nl.

To determine the direction of the

%2}

6. Biot-Savart faw: The magnetic field B a
distance rt from a piece of wire d¢ carry-

il (dE x )

7. Ampere’s Law: The magnetic field B
produced by a current-carrying wire of
length df is related to the te - s

fl! cdt !

MAGNETIC INDUCTION

1. Magnetic flux: The amount
field that travels perpendic
an area A.

& :J'B cdA

ing current [ is given by dB =

2. Faraday's Law: A varying magnetic i,
through a coil of wire will induce an ele
tromotive force (&) in the wire.

de
g=-N—1
- dt

C. MAXWELL'S EQUATIONS

1. Gauss’s Law for electricity:

2. Guauss's Law for magnetism:

B-dA=0
3. Faraday’s Law of induction:
fE - ds = —-{—[1%

4. Ampere-Maxwell Law:

fB-ds:uOIJruOEO%fE-dA

HEAT

1. Specific heat: The amount of heat, Q,
required to change the temperature of a
substance of mass m by an amount A7 s
given by Q = mcAT (cis the specific heat of
the substance).

2. Latent heat: The heat that does work to
cause a phase change is latent heat (L}, and
it is related to the heat added or removed in
the system (Q) by Q = mL.

3. Thermal conduction: The rate atwhich heat
flows (AQ/A) through an area A over

AQ | KAAT 1 ere

At da T
AT is the temperature difference over the
distance d).

4. Thermal radiation: The rate at w
body with emissivity ¢ and surface @
radiates energy (P) is P = gdel*

LAWS OF THERMODYNAMICS

First Law of Thermodynamics: The net neat

added to a system (Q) equals the change in in-

ternal energy of the system (AU) plus the work

done on the system (W). Q = AU+ W

Second Law of Thermodynamics:

1. Heat does not flow spontaneously from a
colder body to a warmer body.

2. Heat energy is never comple:ely trans-
formed into mechanical work.

3. The total entropy in the universe increases
during all natural processes.

Entropy: The change in entropy {AS) is refated

to the amount of heat added or removed froma

systen; () at constant temperature {{).

a distance d is given by

AS=%
7 workin _ "

Thermal efficiency: ¢ = s =

0 ; heatout  Q
1 = cold

Qe
Carnot efficiency: ¢ = 1 —
GASES

Gases are described by their pressure p.volume

V, and temperature 7.

1. Boyle’s Law: PV =PV,

: v._ Y

2. Charles’s Law: T =T

3. ldealgaslaw: Foragas containing anuwnber
of moles, PV = nRT (where R is the universal
gas constant).

4. Kinetic energy per molecule of an ideal gas:

1,23
K‘fmf‘iRT

5. Total internal energy of a gas: [/ = 3 Rl



Thin rod of length € rotating about one end.
Axis

"1
T
2
3 (b)
Lagpe
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Solid disk rotating about an axis perpendicular
to its surface.
axis

C

1 asp2
EWR

Rotational kinetic energy: % Iw?
Conservation of angular momentum: When no
external torque is acting on a system, angular mo-
mentum is conserved. If 7, = 0, Lis constant.
Work: W =16
Power: P = Tw

I.  GRAVITATION
Newton'slaw: F=
of A’\/f)
Potential energy: U =

G—‘g'ﬁ (r from center-of-mass

_GMm
T

Kepler’s laws:
1. All planets move in elliptical orbits with the
sun as one focus.

Semimajor axis !

/

7
-

Semiininor axis
|
\

2. Alinejoiningany planet to the sun sweeps out
equal areas in equal times: dA/dr = 5 rw =
[/2m = constant (L = angular momentum).

B CLT TR T T E R, m
-~ 0~
g k..~ =
( 8\] AA \
f 9 1
\ M 7
~ -
=~ ~ - s = =
3. Taw of periods: (1‘;‘] allr penod;

o semibmajoraxisi for A - <o

' SIMPLE HARMONIC MOTION

A. SPRING WITH A MASS
Theforce ona mass in simple harmonic motion
is always directed opposite to the direction in
which the mass is moving,
Force: I' - kx (k- spring constant; x - dis
tance from equilibrivm position)
I'requency: Fhe number of oscillations the
spring completes in a period of time.

o

[
Daim

©

Angular frequency: The number of radians the
spring oscillates through in a period of time.
w=2nf= \}7]%
Period: The time it takes for the spring to com-
plete one oscillation.

27
T=5= zrr\‘:—kf
Equation of motion: If the mass is initially
compressed a distance A and released from rest,
the subsequent equation of motion is given by:
x(1) = Acos(wi) . In this case, x, = A, where A
is the amplitude of oscillation.

Velocity: x(1) = ‘}% = —wAsin(wi)

ax

where v = wA

ma

Acceleration: a(t) = 7# = —~w' Acos{wt) =
—wix = —,-%xw wherea, = w'A
Potential energy: U = % kex?

kx? +,lmlﬂ

S SR |
Total energy: E = -Z—I\A' =5

Fe—oam

[— no friction

Oscillation of a spring with mass m
B. PENDULUMS
1. Simple pendulum: F = —mgsin 6;
forsmall 9, sin0 = 6. Thus, F = -mgb = mL
8, w* = g/Land T = 2w\L/g is the period.
* pointmass (;m)
* inextensible, weightless string

Fixed
Support

Simple pendulum in a plane

3 . SOUND WAVES

Speed of sound waves (in an ideal gas):
P c, .
U= p—“ ¥ = —Ci: ratio of specific heats,

’ 0 "
P, = pressure, p, = density.

Relation to frequency and wavelength:
V=fA

Pressure wave: p = psinfhx — wt - 90°),
k=2m/\ w=2nf=2x7/7

Standing waves: Examples are an organ pipe
openat both ends or astring fixed at both ends.

oM

Wyt length of pipe ot string)

debes .
Doppler eflect: - L and fare the
" v

observed and actnal frequencies, v the speed of
sound, v thespeed of the observer, and ¢ the
speed of source,

A. ELECTRIC CHARGE
Flectrie charge is a fundamental property of
nature. The charge on a particle can be positive
or nepative,

B.

o 1.

Two particles with like charges repel cach other.

other.

Coulomb’s Law: Two particles of charge ¢ anc
q,adistance raway from each other will exert 2
force on each other.

. 4,4
F= ki
The force that g, exerts on ¢, is equal and op-
posite to the force that g, exerts on ,.
ELECTRIC FIELD

All electrically charged particles create an
electric field. This is defined as the force a tes:
charge g, would experience if it were placed ina
particular location near the charged particle.

F
L=+
s o '
Electric field due to apoint charge: The strength
of the electric field produced by a point char
q, ata distance r from the charge is given by
q
E:k%

GAUSS’S LAW

Electric Flux: The amount of the electric feld
that passes perpendicularly through an area .
b= fE -dA

Gauss’s Law: The total electric {lux through a
closed surface equals the amount of charue
enclosed in that surface divided by the nermi:-
tivity constant, €.

-
E()

ELECTRIC POTENTIAL

The electric potential, also known as voltage, is
defined as the electric potential energy per uni
charge. The potential difference Looween nve
points, Aand B, inan electric field is defined as
the work done by an external force to move o

test charpe, o, from point A to point i3 divided
by the test charpe

4 i v “.V\Il
AV \

i i ”
Whenwork is done by the electne el ny ooy
g g, rom point A to point B, the potentnd
W

difference is given by AV - i
!’n((‘n(iulxlil'f(-r(,'m‘vin:xunii'un;: electrie field:
AV VOV Ed (where dis the distnee be
tween points A and B)

Eleetric Potential Encrygy of @ point charpe:
Fhe potential encegy of o test change
an eteetrice field produced by the charge o o
Kegey,

¥

{7



Accererion due g
to gravity

PHYSICS EQUATIONS & ANSWERS

3 SICAL CONSTA

9.81 m/s

Gravitational G 6.67 x 10-1 N-m’
constant kg*
Coulomb’s k g x 100 Nom?
constant (83

Speed of light c 3.0 x 10*m/s

Charge of electron | e

—-1.60x 10-"C

Planck’s constant h

6.63 x 1073 J.s

Permittivity of free | g, 8.85 x 10~ C
space V.m
Permeability of 1, 1.6 x 10- ,Mm-kg
free space - Al
. Mass of Earth m, 5.97 x 10 kg
I Radius of Earth r 6.37 x 10°m

Mass of sun m

1.99 x 10% kg

A. VECTORS AND SCALARS

1. Scalar: A quantity that has a magnitude but
no direction. Examples: mass, length, time,
density, energy, and temperature.

Vector: A quantity that has both magnitude
and direction. Examples: displacement,
velocity, force, acceleration, momentum,
electric and magnetic field strength.
COMPONENTS OF A VECTOR,
2-DIMENSIONS - Avectorina
2-dimensional Cartesian plane is represented
by an x-component and a y-component.
Vector components are specified by a
scalar, which determines the magnitude of
the component, and a unit vector, which
determines the direction of the component.
The unit vectors { and j have a magnitude
of 1 and point along the x-axis and y-axis,
respectively.

Avector, A, can be represented by: A = Axf +
A, where A_and A are scalars.

‘FJ

~

3. The magnitude of a vector is a scalar quan-
tity (length) given by:
A=IAl= A

4. The direction of the vector (#) is given by:
A, /

tan = -2 orf = tan-! -2

i L

t N

Example: A = 31 + 4]

y
A
§ ol A =31+4
N !
JA i
- + s » X
| g
A\
\[agmtude
Al =
Dlrectlon
tanf =2
3

¥ = tan-! ;% = 53°

C.

DOT PRODUCT - The dot product of two

vectors, a and b, is defined as:

a-b=abcos?

¢ Theangle #is the angle between the vectors.

* The dot product between any two vectors is
a scalar quantity. It is sometimes called the
scalar product.

» If two vectors are perpendicular to each
other, their dot product is zero.

CROSS PRODUCT ~ The magnitude of

the cross product of two vectors, a and b, is

defined as:

lax bl=absin g

» The cross product between vectors a and
b vields a third vector that points perpen-
dicular to the plane in which a and b are
oriented.

» To determine the direction of the cross
product, use the right-hand rule. Point the
fingers of your right hand along vector a,
and then curl them toward vector b. Your
thumb now points in the direction of the
cross product.

* Iftwovectorsare parallel to each other, their
cross product is zero.

* axb=-bxa

A. ONE DIMENSIONAL MOTION

. Displacement: The distance between the
initial and final locations of a body in mo-
tion: Ax = x — x,

¢ Units: meter {m)

« Displacement is a vector quantity.

* Note:Thetotal distance an object travels
may not be the same as its displace-
ment. If an object travels one full cycle
around a 100-m circular track, the total
distance traveled is 100 meters, but the
displacement is zero.

2. Velocity: The rate at which an object changes
position.

Average velocity: v = %{;
Instantaneous velocity: v(1) = (Zg

*  Units:m/s
+ Velocity is a vector quantity. It is repre-
sented by a body’s speed in a particular
direction.
Note: If the velocity of a body is constant
over a period of time, the instantaneous
velocity of the body equals the average ve-
locity at every moment over the period.
3. Acceleration: The rate at which velocity
(\hdn'gu.’ A
Average acceleration: a = wF
Instantaneous acceleration: a(1) = Zl[’
*  Units:m/s*
4. Kinematic Equations: Relate displacement,
velocity, and acceleration.

Avprez i L 2
dx=ut+5a

e
AX = | —5—|t
sk at

s v 2adx
* Only applicable when acceleration is
constart.
Example: An object accelerates at a con-
stantrate fromrestto 12 m/s over a distance
of 36 m. What was its acceleration?

vi=ut+ 2alx —

o T (12mis) -0
T 2Ax T 2(36m)

a=2m/s

Yo =77

TWO-DIMENSIONAL PROJECTILE
MOTION - A projectileis a body whose motion

is affected only by the force of graviry.
A
v~ v
- 1
Eoo
Maximum |
height |
P Van |
J l \:9/ Downward
[ acceleration
i AV},U// =
— it
‘; o g range

* Ignoring air resistance, a projectile acceler-
ates toward Earth at a constant rate of g,
which is the acceleration due to gravity,

* The x- and y-components of motion are
independent of each other.

if a projectile is launched with u speed v, ut

an angle # above the horizontal, the motion is

described as follows:

Horizontal motion: Constant velocity

a =0
v, = U, cos 0= constant
Ax=wv t=utcosd
Vertical motion: Accclerates at arate of
a,=—-g
Uy = Upsiné
- in 0 Lo
Ay = (v sin §)t — i

Range: The total horizontal distance traveleds

el
R= —l[‘{i sin2 8
Maximum height: At this point, v, = 0
v?sin® 4

24
Example: An object is launched with an briday
speed of 20 m/s at a 25° angle above the
zontal. How far away is the object from its injt
position after 0.5 seconds?

1. Find the x- and y-positions of the object:
X-position:

=V f=v coshr
Ax={20m/s)(cos 253055
Ax=9m
y-position:
Ay ={v sinf)r— - gr’
Ay = (20m/s)sin 2571058 - )

(9.8 m/s71(0.5s)°

Ay =3m
The distance r of the object from the
origin is described by the vectorn:

1S

r=9i+3j
Find the IH.}”HltUdL‘ of this vector:
iTi = v9® =950

rr=95m

A. NEWTON'S LAWS

First Law: An object in motion will stay in mo-
tion with constant velocity unless acted on by
an external force. (Or, an object at rest will sray
atrest unless acted on by an external force.}
Second law: I = ma

Third law: To every action there is always
an equal and opposite reaction: ¥, = —F,
orF, = —F,.

FORCES AND FREE BODY DIAGRAMS ~
A force is a push or pull on an object. Newton's
2~ Law states that when an unbaMnced



sl

force, or net force, acts on a body, it causes an

acceleration.
¢ Units: Newton: N = kgg-zm
« Netforceis avector thatactsin the same

direction as the acceleration of a body.

1. Weight: The gravitational force exerted on a
body of mass m by Earth. W= mg.

2. Components of weight: The weight of a
body on an inclined plane that makes an
angle ¢ with the horizontal is resolved into
paraliel and perpendicular components
along the plane:

F =mgcosé

F, =mgsin§

3. Normal Force: A force, N, exerted on a body
by another surface. This force acts perpen-
dicular to the interface between the body
and the surface. When a body isatreston a
level surface, N = mg.

4. Friction: A force between two surfaces that
opposes the motion of a body.

a. Static friction: Frictional force (F) ex-

erted when a body is at rest relative to
another surface. The maximum force of
static friction is F, = u N, where u_is the
coefficient of static friction between the
two surfaces.
Example: A box with mass 15 kg is at rest
on a 35° incline. What is the coefficient
of static friction between the box and the
incline?

N

.

Y
mg cos 6

|

1. Write Newton's 2nd Law for the forces
thatact perpendicular and parallel to the
incline. Since the box is atrest,a = 0:
Perpendicular:
F  =ma=0=N-mgcosb
N=rmgcos

Parallel:
Fo=ma=0=F —-mgsinf
I = mgsint

2. Substitute the definition of static fric-
tion into the parallel equation. Then
substitute the expression for normal
force and solve:

N = mgsin @
mgsin &

Ho= =5
mgsin 6
Wy= e ey
s mgcosf
14, = tan & = tan(35°)
=070

b. Kineticfriction: Frictionforce (F-) exerted
when a body slides across another sur-
face. £, = N, where i is the coefficient of
kinetic friction between the two surfaces.

5. Tension: The force that a string or rope
exerts on an object.

Example: The Atwood Machine. Two mass-

es, m, = 10kgand m, = 20 kg, are suspended

froma pulley and released from rest. What is
the acceleration of the system?

Ry

‘ 1
i
v 1 ™y | acealaration

aceeleration

1. Note that m, will accelerate downward, and
m, willaccelerate upward. Assuming the rope
does not stretch, the acceleration of each
mass and the tension on each mass are the
sarne. Write Newton's 2 Law for each mass:
miF =ma=T-mg
m,F =ma=mg-T

2. Solve each equation for T and set them
equal to each other:

'=ma+mg
T=mg-mua
ma+mg=mg-—na

3. Solve fora:
ma-+ma=mg-—mg
aim, +m,) =glm,—m)

_ glm, —m}

B (m, +m,)

_ (98 m/s?(20 kg — 10 kg)

- (20kg + 10kg)
a=33m/s’

=

Centripetal Force: The force that causes a
body to move in a circle. For a body of mass
m traveling with linear speed v a distance r
from the axis of rotation:

>
= v
E =m -

+ Centripetal force is directed inward,
toward the axis of rotation.

» Centripetal force is an example of
F = ma, where a equals UT This acceler-
ation is called centripetal acceleration,
and it is also directed toward the axis of
rotation.

Example: A person swings a 2-m rope with

a 0.25-kg ball attached to the end. The per-

son exerts a force of 5 N on the rope as she

swings the ball in a circle. What is the speed
of the ball?

@ Axis of rotation

1. Write Newton's 2 Law for the ball:

5 52
F =ma=m LT

net

I~

Solve for v:
F. =m % —

ner

JEST_ (ENRm
TmT (025 kg)

C. WORK AND ENERGY

1.

Work done by a force: When a force moves
an object over some distance, d, the force
does work on the object:
W=FV.d=Fdcos 9
kg - m*
S_‘
Example: A 10-N force is exerted on a box
at a 60° angle above the horizontal. The box
slides a horizontal distance of 5 m. Calculate
the work done by the force.

F. 10N

«  Units: Joules (J): =N-m

60~

o

Idcos

Weob.d
W= (10 N5 m)cos(60°)

W= 25N-m

]

D.

2. Conservative force: A force suchy

work it does on a particle is indepena

the path over which the force is exertec

Examples: gravity, springs, electric force

Work-Energy Theorem:

a. The work done by the resultant externa
force on a particle (or a system) is equal
to the change in kinetic energy of the
particle {system):

W=AK= g_— mit -4 mu,’

),

b. The work done by a conservative force
on an object is equal and opposite to the
change in potential energy of the obj
W= —-AU
Ulx) = —[ F.dx
» Gravitational potential energy:

U, = mgh

Conservation of mechanical energy:’
total mechanical energy of a particle subject
to a conservative force is constant:
K+U=K+U=E,, =constant

mal

Example: A box slides from r2st down a
ramp 9 m long with a 45° angle. Assuming
there is no friction between the box and
ramp, how fast is the box traveling at the
bottom of the ramp?

1. Calculate the height of the ramp:

sin§= % —
= €sin 8 = (9 m) sin(45°)
h=64m

no

Initially, the mass has only gravitational
potential energy. At the bottom of the
ramp, it has only kinetic energy. Apply
conservation of energy:

E=E,

mgh = %nwf —

= 2gh = 2008 m/s (54 m]
ro=1lm/s

Non-conservative forces: When non-

conservative forces (such as friction or ap-

plied forces) do work on an object (W,

AE=W

other
K+U+W, =K-~+U,
Power: The rate of change of energy over time:
1. Average power:
AE _ AW

ther

2. Instantaneous power:
Py =W pr. o
dt

o Units: Watts (W) J/s

LINEAR MOMENTUM AND COLLISIONS

1.

Linear momentum of a particle:

p=mv
* Newton's Second Law can be rewritten:
, dp
= ma= i
ot

Units: kg - m/s

2

L

3.

N

Total linear momentum of a systen:
p=2P =Y muv
. i

: :
Conservation of momentum: If the net ex-
ternal force on asystem is zero, momentum
is conserved in the systene 108 00 then
p - constant,

Collisions:

Mass o traveling at o collides with s
", travehing at 12 Alter the collivion, i,
travels at v and o travels ace (108 20,
linear momentum is conserved:

mye b e, b,



a. Duringan elastic collision, both momen-
tum and kinetic energy are conserved.
This generally occurs when bodies collide
and hounce away in different directions.

b. Duringaninelastic collision, kinetic ener-
gy is not conserved. This generally occurs
when bodies collide and stick together.

5. Impulse: The force applied to a body over
an interval of time. When the force is con-
stant: J = FAr= Ap

GRAVITATION

Universal Law of Gravitation: Two massive

bodies, m, and m,, exert attractive gravita-

tional forces on one another. This attraction
is inversely proportional to the square of the
distance r between them.
Gm m,
b=
% re
¢ G is called the gravitational constant
and is equal to
6.67 x 10 -0 Nom (or*rnl J
kg? kg-s*
* The distance r is measured from the
center of mass of each body.
Acceleration due to gravity (also called “gravi-
tational field”): The acceleration that any body
experiences due to the gravitational pull of
another body, M, is given by:
GM
§=5r

. G, m,
Potential energy: U = - T

Escape velocity: The minimum speed at which
abody, m , canescape from Earth's (m,) gravita-
tional pull without falling back toward the Farth
occurs when its kinetic energy K = Uy

K= I/S

Kepler’s laws:

L. All planets move in elliptical orbits with the
sun as one focus.

2. Aline joining any planet to the sun sweeps
out equal areas in equal times:

Planet
/.

center

The time it takes a planet to travel from
{,to t,is the same as the time it takes to
travel from ¢, to «,.

3. Law of periods: The square of the period of
a planet's orbit around the sun (1) is propor-
tional to the cube of its semi-major axis (a):

72 = Amia’
GM

v ROTATIONAL DYNAMICS

A. UNIFORM CIRCULAR MOTION

Angular displacement: The angle through
which a body rotates is given by § = f_

Average angular velocity: A body rotates a dis-
tance rfrom the axis of rotation with a tangential

velocity v If it rotates through an angle 4, its
angular velocity (w) is given by:
w =B
Ar T
* During uniform circular motion, the
magnitude of the tangential velocity is
constant. However, the direction of the
tangential velocity is constantly chang-
ing, due to the centripetal force.

Instantaneous angular velocity: w(s) = %?

Period: The period is the time it takes a body to
complete one revolution. [t is the reciprocal of
frequency.
T=Ll_27 _2nr
f

* Units: seconds (s)

, p . . Aw _ 4
Average angular acceleration: a = s
Instantaneous angular acceleration:

4 G

a(f) =52 = 7

rodr

Centripetal acceleration: a. = % (directed
toward the axis of rotation)
Rotational motion with constant acceleration:
w=w, +at
wi =W+ 2000 - 8)

1.
0 = b, + w,t + EO[

0=, + % (w, + wit

Torque causes a body to rotate.

*  Whenanexternal force, £ is appliedtoa
body a distance r from a pivot point (or
axis of rotation), the torque on the body
is defined as:

*  T=rx Fwithmagnitude T = rFsin 6.

¢+ Torque is the rotational analog to force,
andithas an analog to Newton's 2 Law:
T o = de¥

* Torque ahways points perpendicular to
the plane in which a body is rotating.

* Counter-clockwise rotation is usually
defined as "positive torque,” and clock-
wise rotation is usually defined as “nega-
tive torque.”

e UnitssN.m

Example: A 5-N force is applied at a 45°

angle to the edge of a 0.25-m disc. What is

the torque on the disc?

4
| < axis of

@ rotation

T=rxF
irl=rFsin 6 = (0.25 m)(5 N)(sin 45°)
IT'=09N.m

Using the right-hand rule, we can see that
the torque vector points upward along the
axis of rotation.
Angular momentum is analogous to linear
momentum. A particle rotating with linear mo-
mentum p a distance r from the axis of rotation
has angular momentum defined by:
* L=rxp(vector form) and magnitude
L =rmuysin 6.
* Forarigid rotating body, L = L, where [
is the moment of inertia of the body.
* Relation between torque and angular
dL

momentum: 7= £&
dr

Conservation of angular momentum: When no
externaltorque is acting on a system, angular mo-
mentum is conserved. If 7 = 0, Lis constant.

* Note: When the torque acting on a Sys-
tem is parallel to the vector, r, between
the body and the axis of rotation, the net
torque on the system is zero.

E- SIMPLE HARMONIC MOTION
A. SPRING WITH A MASS - The tore

Moment of inertia: The rotational anadog of
mass.

I=¥ mr?

;
Common moment of inertia quantities:
\Assume all bodies lie flat in the x-y plane and
rotate about the z-axis, unless otherwise speci-
fied; m is mass and R is radius)

i T

- : Moment
s », I
Iype of Body or Bodies of Inertia !
| Single particle, thin cylinder, i f
| thin hoop ; o
> ;
Solid cylinder, solid disc, thin hoop | | R :
rotating about the x- or y-axis &
Thin disc rotating about x or y axis J 1 e
i
] s |
Solid sphere f‘ S
‘ 4
5 o
Hollow sphere a mRy:
Thin rod of length ¢ rotating !

about its center

Thin rod of length ¢ rotating Ui
about one end R

Rotational kinetic energy:
K= 1;( zmrtlet = »l Jur
L N . 4
Work: W= 79
Power: P = o
Rotational and Translational Analogs

Quantity f'I‘rzmsl:ition;xl W\ Rotationa)
mass m 1 /
displacement x | &
velocity v i .
'?cccleration ;’ a | x
force ] £ ks
Newton's 2nd i F=1a ‘ T=1Il |
Law f ‘, |
o N B N
Kinetic energy B SR
= = !
Work W= Fd [ We=rg :
@wcr P=Fry | = ¥
Momentum p=rmy L=lo |

mass in simple harmonic motion i 3
directed opposite to the direction in which the
mass is moving.

Force: F= —kx (k= springconstant; x = distance
from equilibrium position)

Frequency: The number of oscillations the
spring completes in a period of time:

f= %: % Az

* Units: cycles/s, or s, or herty (Hz
Angular frequency: The number of radi1ns the
spring oscillates through in a period of rime:

Sy em Dpef
w=2nf=

Nt
*  Units:rad/s

Period: The time it takes for the Spring (o com-
27T 4 R
Ty
Equation of motion: If the spring is initially
compressed a distance A and released from
rest, the subsequent motion is given by
x(1) = A cos(wr). In this case, X, .. = A where
Alis the amplitude of oscillation.

Velocity: v(t) = %} = —wA sin(wr)

plete one oscillation. 7=

1

where v = wA
max
Acceleration:

dv ) \ g &
alt) = == = —w Acos{wt) = —wry= — Ny
( At L n

wherea =24
e 1
Potential energy: U = > ke

Total energy: E = -




Example: A 5-kg objectis attached to a verti-
cal spring and stretches the spring 0.20 m.
\What is the natural frequency of oscillation
of this system?

F
= =
o= C
i e ’ gg e
x
Spring at Y |
09; {
equilibrium -I—‘(\ }x =0.20m
m
mg

1. When the mass/spring system hangs at
rest, the forces acting on it are balanced:
F.,=ma=0=mg-kx

mg = kx
k_8
mox

o

Plug in the expression for &/m into the
equation for the frequency of oscilla-

tion:

1k

=55 i

f= 1.5 =L 9.8 m/s’
T2 X T 27 Y 02m

f=11Hz

B. PENDULUMS - The period of a simple

pendulum with length £is given by

R,
If_u\“g

A. ELECTRIC CHARGE - Electric charge is a

fundamental property of nature. The charge on
a particle can be positive or negative.
« Two particles with like charges repel
each other.
* Two particles with unlike charges at-
tract each other.
Units: Coulomb (C)
Coulomb’s Law: Two particles of charge g, and
¢, adistance raway from each other will exerta
force on each other:

Fo 9]
e

'he force that g, exerts on ¢, is equal and op-
posite to the force that g, exerts on q,.

Note: To determine the direction of the electric
force, decide whether the force is attractive or
repulsive, given the signs of the charges.
Example: A charge of 1 uCis placed 2 m to the
right of the origin. A charge of —2 pC is placed
1m to the left of the origin. What is the force on
a charge ol --1 uClocated at the origin?

Y
e
e , e
L3 g > x
x dm x - 2m
Y

1. Calculate the force that each charge ex-
erts on —-q. The positive charge (+q) will
exert an attractive force since opposites
attract, so it will be directed to the right.
‘The negative charge (-24q) will exert a re-
pulsive force because like charges repel,
so it will be directed to the right also.

by l@cal

. kg* . .
F,= S directed to the right
Fo= k{(—l({)"(‘(m

oy B

]‘- N
% directed to the right

B.

2. Add up the forces.
E =F +F,
et = g Ty
=5 kg _ Bk
net 4 8 8
Fo= 3(8.99 x 10° N - m?*/C)(1.0 x 10-°C)?
ner 8m?
F . =3.4 x 107* N directed to the right

net

ELECTRIC FIELD - Ali electrically charged
particles create an electric field. This is defined
as the force a test charge g, would experience
if it were placed in a particular location near
the charged particle.

S
E=g
GAUSS’S LAW

Electric Flux: The amount of the electric field
that passes perpendicularly through an area A.

¢ = f E-dA
Gauss’s Law: The total electric flux through a
closed surface equals the amount of charge

enclosed in that surface divided by the permit-
tivity constant, &,.

Common electric field configurations. In all
cases, ¢, 1s a test charge in the field.
Charge configuration: Point charge, g+

q
E-field: £ = k
a0 s
Charge configuration: [nfinite line charge with
uniform density, A

» £

E-field: F = gk/,\

Charge configuration: Ring with charge Q and
radius R.

E-field: F = kQ ——1——

'fR
J axis of loop " g

&

Charge configuration: [nfinite charged plane
with charge density o
E-field: E = »Z“
“%o
ELECTRIC POTENTIAL - The electric po-
tential, also known as voltage, is defined as the
electric potential energy per unit charge. The
potential difference between two points, A and B,
inan electric lield is defined as the work done by
an external foree to move atest charge, ¢, from
point A to point B divided by the test charge:
AV N, = W
" 1 i,
+  When work is done by the electric field
inmoving g, from point A to point B, the
potential difference is given by

Note: Electric E)otemial energy is analogous
to gravitational potential energy.
Note: Electric field lines point from high to
low potential. A positive charge placed in an
electric field will accelerate from high to low
potential, while a negative charge in an elec-
tric field will accelerate from low poten+i-t +~
high potential.
Potential difference in a uniformelectric
AV =V, -V, = Ed (where d s the distan:
tween points A and B)
Electric Potential of a point charge: V=
Electric Potential of a continuous charg

tribution: V=% f !17!7

MAGNETISM AND IND

A. MAGNETIC FIELDS

1.

[%1

Bar magnets: The magnetic field lines of a
bar magnet exit the north pole and enter the
south pole. Like poles repel each other, and
unlike poles attract each other.

Magnetic field units: Tesla (T)

T-_N _ N
C-m/s A.m

Magnetic force on a moving charge: A

particle with charge g moving at velocity

v through a magnetic field B will experi-

ence a force: F = gv x B with magnritude

F = quBsinb.

* To determine the direction of the ‘orce
on the particle, use the right hand rule:
The fingers point in the direction of v
and curl toward the direction of B. The
thumb will point in the direction of F.

Example: A magnetic field of strength 1.5

x 107 T points along the positive y-axis. A

proton travels through the field at a speed

3.0 x 10°m/s along the positive x-axis. What

is the force on the proton?

it
i
e —— B
‘—")>5
e
ST
"

1. Calculate the magnitude of the magnetic
force. The charge on a proton is 1.60 x
10-" C. The angle between the magnetic
field and the velocity vector is 99°.
F=1{1.60x107"C){3.0 x 10°m/s

(15 %102 5=t sing907)
F=72x10""N

2. Determine the direction of the frree us-
ing the right-hand rule. The fingers poin:
along the direction of the particle’s veloc-
ity (x-axis) and curl toward the magnetic
field (y-axis). The thumb points aiong the
positive z-axis. Thus, the magnetic field
points in the positive z-direction.

Magnetic force on a current-carrying wire:

A wire of length and direction ¢ and current
I traveling through a magnetic field will ex-
perience a force F = /£ x B with magnitude
F=]¢Bsin 6.

Magnetic field around a current-carrying
wire: The strength of the magnetic field a
distance d from a long wire with current / is

Magnetic field around a solenoid: The
magnetic Aield around asolenoid is concen
trated almost entirely adong astraight line ol
the center of the loops. The strength of the
magnetic field 78 around a solenoid with n
loops and current His B = je .

MAGNETIC INDUCTION
1.

Magnetic flux: The amount of the magnetic
field that travels perpendicularly throngh
an artea A:

b

:jB <A

Faraday’s Law: A varying magnetic field

through a coil

of wire will induce an eloc-

tromotive force (=} in the wire:

Lddy
NP

dt
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