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Velocit Displacement
eloct =
Y Time
= Instantaneous Velocity — The
exact velocity at a certain point in

time
Velocity = 2
elocity = ar
o Speed — The rate of change of
distance. Measures how fast

something is going, and the direction
of movement doesn’t matter.

e Acceleration (a) — The rate of change of

an object’s velocity
o Average Acceleration — Total change
in velocity over a period of time
V=V,
t—t,
o Instantaneous Acceleration —
Acceleration at a certain point
4 ) dv  d?x
cceleration = It - de
o If something is moving in a circle at
a constant speed, it’s still has
acceleration because while the
magnitude of velocity stays the same,
the direction is changing

Acceleration =

e Kinematics Equations (Assuming

constant acceleration)
o x=2xy+vt
o v=vy+at
1
0 x=2xq +v0t+5at2
o v?=v,%+2a(x —x,)

e Freefall — Motion when the only

acceleration is from gravity
o Objects in freefall will undergo a
constant acceleration of 9.8 m/s"2

down
o This acceleration is represented by a
[IPRL N j— m
letter “g”: g = 9.85—2

o *In most cases, +y is moving
upwards and +x is moving to the

right. If this is the case, g = —9.85
S
because gravity accelerates down

e 2D Kinematics — Motion in two

directions. Solve by splitting it up and
determining what happens in the x and y
directions independently.

o In most cases the motion of an
object in two different directions
are independent (horizontal mation
doesn’t affect vertical motion)

o ltusually helps to break a 2D
problem into two 1D problems.
= There may be some common

features (ex. The time it takes or
the starting position)

o Equations — You can break the
motion into two pieces, each of
which follows normal kinematics
equations

" Uy = Vg + Ayt

X =Xy + Vg, + 0.5a,t2

" Vox’ = o® + 2a,(x — xo)

= temp °

" v, =V, ta,t

"y =Y+ vpyt +0.5a,t?

" 170312 =v,° + Zay(y =)

General Steps to Solving

= Read the problem

= Draw a picture of what’s
happening

= Write down known values

= Determine what you’re looking
for

= Check the Kinematics equations
and see if one turns what you
know into what you want.

e Projectile Motion — A special case of 2D
Kinematics where a, = 0 and a,, = —g

O
O

Horizontal speed is constant

Vertical acceleration is constant
(usually its gravity)

A projectile motion usually involves
something being thrown into the air
Treat like a normal 2D kinematics
question

Note: At the peak of the object’s
trajectory, v, = 0

Note: If an object is thrown from one
eight, and then falls back to that
height, it takes the same amount of
time to rise to the peak as it takes to
fall back down

Note: The speed of the object at a
certain height while rising is the
same as the speed of the object at
that height while falling. °

Auc=ucose

uy = ulsin 8 4 Ux = U cos |

Maximum Height (H)
(:]

ux=u cos @ Uy = - u sin

[:] B

J
Remember Vector Components!
" Vo, =Vcos 0
* Vo, =Vsinb

Dynamics (Forces)

e Forces — Things that causes acceleration
or change in shape to an object
® Newton’s Second Law: F = ma

O
O
O

Force = Mass * Acceleration

Units of kg*m/s”2 (Newton)
When there is no net force, there is
no acceleration

* F=ma
* 0=ma
= a=0

= No acceleration = constant
velocity
= (See First Law)
Mass vs. Weight

o Mass is how much stuff something
has, while weight measures how
much gravity pulls on an object.
That’s why your weight would be
greater on Jupiter because Jupiter
pulls down on your harder, but your
mass wouldn’t change.

Newton’s First Law: Objects at rest will
stay at rest, objects in motion will stay in
motion (w/ constant velocity) UNLESS
there’s external force applied to it
Solving Dynamics Problems

o If you know the mass and all the
forces acting on an object, you can
now describe it’s motion.

o If there are multiple forces acting on
a body, be sure to add them properly
as vectors. (See FBDs)

List of Common Forces

o Gravity (mg or Fg) — Pulls objects
down towards a center of mass

o Normal (Fn) — Pushes surfaces away
from each other

o Tension (Ft) — Force applied by
stretched ropes (or similar objects)

o Friction (Ff or just f) — Opposes
motion along 2 surfaces in contact

o Electric Force (Fe) — Force between
charged objects

o Spring Force (Fs) — Force applied
by a spring

o Applied Force (Fa) — Generic name
for force applied by something

Free Body Diagrams — A picture
showing all forces acting on an object.
This helps add all the forces up properly.
Ex.

Frorm

Ffrict Fapp

il
-

Fgray

o XF,=Fy—Fg
o XE =Fyy—F
o Forces that are not explicitly in the x
or y direction should be broken up
into components.
= *|f a problem requires you do
draw a FBD, draw the



components in a SEPARATE
FBD

FBD 4,

FBD #2
‘-\F}‘ /7 £ Fe 1FN
2 3
& 2 ‘\Mgs.ne
w\ & \_Xl
v m3

(Sorry for shitty drawing)

e Newton’s Third Law: If a body exerts a
force on another body, then the second
body exerts an equal and opposite force
on the first

© Faonb = ~Fyona

o *Just because the forces are the
same, the result on each body may
not be the same.

o Ex. Bob (m=200kg) runs into Joe
(400kg). They both exert a 800N
force on each other

F obon joe
Gjoe = % =800/40 =
20m/s?
Abop = 7”";;’::"” = 800/200 =

4m/s?

e Atwood machine — A pair of masses
hung by a string going over a pulley.
Common physics problem

o Normal Atwood Machine

}T
mig

mi ¢

mzg

mn

YFpi=ma=mg-T
YFmy=mpa=T—myg
Usually this becomes a system of
equations problem, so just solve
for the missing value(s)

o Modified Atwood Machine
(m2 is falling)

Lm ] O

E

Z sz =myg — T

YFp,=T- Ff**
**Sometimes the table is
frictionless. There is no net force

in the y direction on m; because
Normal — Gravity = 0

e Friction: Force opposing motion of two
objects moving against each other.
o Static Friction — Friction between
two objects not moving. Opposes the
start of motion.

F,=Fy*fs
fs is the coefficient of static
friction, which depends on the
surface

o Kinetic Friction — Friction between
moving surfaces

Fy = Fy * fy
fic is the coefficient of kinetic
friction, which depends on the
surface
A rough surface (ex. sandpaper)
would have a high coefficient of
kinetic friction, while a smooth
surface (ex. ice) would have a low
one

o Friction acts opposite to motion. If
acceleration points to the left and the
object is moving right, the friction
will point left because it opposes the
direction of velocity.

o Air Resistance: Resistance against a
falling object by the air
*1 don’t think this will be on the AP,
but just in case

For=k*xAxv
k = constant (varies based on air)
A = Area perpendicular to motion

e Solving Differential Equations

o Also don’t think this is needed, but
just in case I’1l just give an example

o Person swimming, F(water) = -kv.
What’s dude’s velocity at some time
t after push off?

Fuwater = —kv

ma = —kv
k

a=——x*v
m

dv k

— = ——%7

dt mk

1

-dv=——dt

v m

1 k
f;dv—f—k;dt
In|v| = f—;dt

kt
Inlv| =—=+¢C
m
_bt

v=e mxe°
Att =0,v =efsov, =ef

-bt
vV =1vpem

e Uniform Circular Motion — When

something moves in a circle at a constant

speed

o *The velocity is constantly changing
because direction is always
changing. The object is also

accelerating because direction is
changing, and acceleration is a
vector.

o The magnitude of the acceleration is
the same, but the direction is
changing.

o Normal kinematic equations don’t
work

o An object in UCM will always be
accelerating towards the center of
the circle. This is centripetal
acceleration.

UZ
= Q= ?
= Ris the radius of the circle
= ais centripetal acceleration
Centripetal Force — In order to make
something move in a circle, a force must
be constantly applied to the object. This

force is centripetal force.

2
mv
o Fc=mac=7

o Centripetal force is caused by
something pulling towards the center
of the circle, or something pushing
from the exterior (or both).

o The sum of all forces pointing
towards the center of the circle
equals the centripetal force.

o Centripetal Force is not a force
itself, it must be caused by some
other force(s)

Free Body Diagrams

Fpav
Botwmorflmp Topoﬂmp
mv?
- ZFbottom =T=FN_mg
mv?
" ZFtopszFN+mg
Banked Curves — When a car moves on

a circular track and the track is angled
inwards

o



mg

*Note — Don’t do what they did here!
Draw one FBD with just F_N and a

separate FBD where you splitup F_N
into F(N) cos theta and F(N) sin theta.

o

mv? .
Here, F, = — = Fysin 6 because

Fysin® is the force pointing towards
the center of the circle

e Gravity

@)

o

Gravity is usually simplified as
F=mg
But the actual Law of Gravitation
states that any two objects attract
each other with a force
mp xm,
F=60——F—

= Gisaconstant.
—11 kg?
G =6.67+10 NF
= Ris the distance between the
(center of) two objects
Relatively speaking, gravity is a very
weak force. It’s near impossible to
measure the force between ordinary
objects (ex. between yourself and a
nearby car).
= However, on large scales
(planets+), gravity is very
important
Your weight could change based on
where you are on Earth. You weight
slightly more at sea level than on top
of Mt. Everest because at Mt.
Everest, the distance between you
and the center of the Earth (r) is
greater than at sea level.

r2

Energy and Springs

e Kinetic Energy and Work

o

Kinetic Energy (KE) is the energy of
motion

KE—1 2
=5mv

= Units of kg*m”2/s"2 (Joule)

o Work (W) measures the change in

kinetic energy, and directly relates
Force to energy
W =KE; —KE; =F -d
= Note that F in the work equation is
only Force in the direction of
displacement
W = Fdcos 0
Where theta is the angle between
the Force and the direction of
displacement
Ex. A dude jumps off a building. At
the 25" floor, he’s going at 30m/s,
and at the 20" floor, he’s going at
70m/s. What’s the difference in
height between the floors?
« W=AKE=F,-d
« W =0.5mv? - 0.5mv? = mgd
*v2 is speed at 20" floor, v1 is
speed at 25" floor
* 0.5%702—-05%302=g=xd
= 2000 =10d
» d=20m
If the force applied is variable
(changing), then the equation
becomes

W= | F(x)dx
J

(Integral bounds are from initial to
final displacement)

Sometimes you might calculate work
to be negative work. If you perform
positive work, then you’re spending
energy, while if you perform
negative work, then you’re storing
energy. Examples of negative
work/storing energy:

= Springs being compressed

= Elevators rising

e Springs
o Springs are important because the

force they exert depends on how
much they’re stretched.
Springs have an equilibrium point, a
point where they exert no net force.
The further away from equilibrium
you pull/push the spring, the more
force the spring will exert to try to
bring itself back to equilibrium.
Spring force is also sometimes called
restoring force, because it’s trying to
restore the spring back to it’s
equilibrium point.
F, = —kx
= Restoring force acts opposite of
displacement (direction you
push/pull the spring away from
equilibrium)
= Kk is the spring constant, which
varies based on the spring. Tighter

springs have a higher spring
constant

= X is the distance the spring is
stretched.

e Power — The rate at which work is done

w
P=—
t

(Units of Watts)

o

o

Ex. If you exert 784 Nto goup 2
meters of stairs over a period of 1.8
seconds, then your power in that
period of time is

p _ w _ 784 - 2

ower = ¢ = 18

Power = 871 Watts
Power can also be rewritten as

P = Force * Velocity
(Since P=W/t=Fd/t, and d/t is
velocity)

Potential Energy — An object’s potential

to do work. Often represented by U

(0]

O

Ex. A hanging box has the potential
to do work if you release it.
To find the PE of something, ask
“how much work did it take to
arrange it into it’s present
configuration”
= Ex. Bob lifts a box of mass m a
height h.
To do so, he must exert a force
F=mg upwards to lift it, so the
work done is
W=F-H = FH = mgH
= This is the Gravitational PE of the
box at that height.
GPE = mgH
List of Potential Energies
* Gravitational PE = mgh
h is distance from the
ground/where PE=0
= Spring PE = ;kx2
X is distance from equilibrium
point, or where PE=0
» ElectricPE = kqlr;q2
= (More on EPE later)
Note that usually in a problem
involving Potential Energy, you want
to define the point where the PE = 0.
If it involves simple gravity, PE=0 is
usually at ground level.

Mechanical Energy — Sum of all Kinetic
and Potential energies of a system

ME=ZKE+ZPE

e In some cases, energy is conserved,
meaning that

Einitiar = Efinal

If something like friction is present, then

Eitiar = Efinal + Wexternat



(For friction, W(external) would be work
done by friction)
e Conservative vs. Nonconservative

Forces

o

o

An object that does a round trip

under the influence of a conservative

force will not see any changes in

energy.

= EX. Gravity

= If a ball is thrown up, it has some
initial KE. It slows due to gravity
and falls back down. It’s final KE
when it returns is the same as the
initial KE.

= Each state had 1 vote, regardless
of population

An object that does a round trip

under the influence of a

nonconservative force will have a

different KE than when it started.

= Ex. friction

= Say you want to make a box move
in a circle, so you give it a push,
giving the box an initial KE.
When the box returns back
around, friction has slowed it
down, and so it’s final KE is less
than its initial KE.

“The net work done on an object

moving through a closed path is zero

for conservative forces and nonzero

for nonconservative forces”

*All conservative forces have an

associated Potential Energy (GPE,

SPE, etc) and conservative forces

follow the law of conservation of

energy (E = KE + PE), which makes

problems easy to solve.

e Force and Potential Energy

@)

U(B) — U(A) = — [, F(x)dx

* U(x) is PE at location “x”

= There is a negative sign in front of
the integral.

Example: F; = —mg

- U(B)-U(4) = — [, F(x)dx

- =— [ —mgdx

* =mg fbadx
- =my(B —A4)
» =mgh

Sometimes Potential Energy is
represented on a graph

2 e/
AvY B /
S sol\ N /
AW A\ D
2 olo \ /.

= To move to spots of higher PE,
you need to spend energy to get
there.

e Equilibrium and Potential Energy

au

o F=—-——

dx
(Found by reversing the integral

earlier)

= If PE increases as you move right,
the Force pushes left

= If PE increases as you move left,
then Force pushes right

Equilibrium is the point where a

spring, or any object in SHM, exerts

no force.

Momentum

O Xem =

Position (m)

e Center of Mass — Pretty self explanatory

X1mq+xmy+-
My+my+--
_Zximy

Xem =75 m;

= (Also applies to other dimensions)
_Xyim

" Yem =T

If you’re trying to find the center of
mass of a continuous object (the

center of mass of a blob) then
[ xdm
" me = M

= This is a volume integral

e Solving Volume Integrals
o General Steps

= Draw a picture

= Find a way to divide the object
into convenient pieces (cubes,
circles, slices, etc)

= Write an expression for the mass
of each piece

= Write the integral (with limits)

= Integrate

o Example

= Arod has length L=2m and linear
density A = 0.2 kg/m

6 2m
i ST
Qa b ) b
—t G
dx

= Break the rod into small segments
with length dx. Each segment has
Density: A
Mass: Addx = dm

= The mass is the integral of all the
small segments from one end to
the other

x=2 x=2
Mass =j dm =j Adx
=0 x=0

xX=2 x
=xj dx = A(2 — 0)
X

=0

kg
= 0.2—*2m = 0.4kg
m

1
6?; =02*x2=1m

= *Sometimes density will be a
function, so be sure to factor that
in.

dm = dx()\(x))

e Momentum

p =mv
Momentum is conserved if there are
no external forces acting on the
object/system
Prinal = Dinitial

Momentum is a vector (in direction
of velocity)
Both momentum and energy are
important because they make
problems easier to solve when they
are conserved.
= Momentum is most useful in

collisions and when there’s a

system of multiple objects
Ex. 2 balls in an isolated system
move towards each other and collide.

5 9o 00

Prinal = Pinitial

myv, + MpVp = MyVyp + MpVpy
If you know some of the values, you
can solve for the others.
Ex. A pitcher throws a ball while on
ice.

SRR

bi = Pr
myv, + MpVy, = MuVpr + My Uy
(p = pitcher, b= ball)
= Momentum tells us that the pitcher
will end up sliding backwards on
the ice.
As long as there are no external
forces on a system of objects, the
motion of the center of mass of those
objects WILL NOT CHANGE, even
if they collide or split apart.

e Types of Collisions

o (Perfectly) Elastic Collision — A

collision where no KE is lost.



o Inelastic Collision — Collision where

KE is lost
ELASTIC INELASTIC
COLLISION COLLYSION
a

o There are no elastic collisions in real
life. If the collision is assumed to be
elastic, the problem will tell you so.

o Momentum is conserved in both
collisions

e Force, Momentum, and Impluse

o Conservation of momentum >
conservation of energy in collisions
because objects tend to crumple or
stick together, making energy hard to
find.

o The amount by which momentum
changes is proportional to Impulse
= Impulse = Force * Time
* pr—pi=Ft

o If force changes over time

tr
pr—pi = J- F(t)dt
t
= Given a graph of Force as a
function of time, the area under
the curve is impulse.

o Ex. Bob pushes a car with mass 1500
kg with 300N. How long until the car
reaches 4 m/s?

pi=0
py = mv = 1500 * 4 = 6000
Ap=ps—p; =6000=Ft
Plug in values and solve
e 2D Collisions

o Remember, momentum is a vector,
and can be broken down into
components (momentum in x and y
directions)

o Momentum is still conserved in each
dimension

o Kinetic energy is conserved in elastic
collisions (but not in each
dimension)

KE; = KE;

o Split up the momentum of each
object into x and y components, then
apply conservation of momentum to
each component respectively.

Rotational Kinematics

e Rotational Kinematics refers to the
motion of rotating objects

e Radians
o Avradian is a notation for the angle or

something, kinda like degrees.

o 1radian is when the arclength equals

the radius in a circle

length = r
k‘l

1 Rafdi’an

o 1radian = 180 degrees/ pi (approx.

57.3 degrees)

o §s=r106

= S=arclength
= R =radius

= Theta = central angle
S =1r6

o When writing an angle, ALWAY'S

indicate degrees or radians

e Angular Velocity (w) — The rate at which
the angle changes with respect to time.
Represented by the Greek letter omega
(though I’m just typing “w”)

o Average Angular Velocity

_0,-0;
-ty
Instantaneous Angular Velocity

w=—

o Units of rad/s
e Angular Acceleration (&) — The change
in angular velocity with respect to time
o Average Angular Acceleration

Wy —w,
T t,—t
Instantaneous Acceleration

_dw
CT

o Units of rad/s"2
e The direction of angular velocity is along
the axis of rotation.
o Right hand rule — Curl the fingers of

your right hand in the direction of
motion. Stick your thumb out. The
direction of your thumb is the

direction of angular velocity.
L=lw Tw'l'

‘Aw

|, Direction of rotati i
irection of rotation & Right

Direction of rotation

e Converting Linear to Rotational

o

O

The speed of a point on a rotating

body will have a linear (aka

tangential) speed

V=wr

= Where r is the distance from the
point to the axis of rotation

= The direction of this motion is
constantly changing. It is always
perpendicular to the line joining it
to the axis of rotation.

V,
f

The tangential acceleration (rate of
change of linear/tangential velocity)
is
a, =o*r
= The t subscript denotes tangential
acceleration.

e Rotational Kinematic Equations

(Assuming constant rotational
acceleration)

O

O
O
O

w=w,+at

0 =0y +wyt+at

w? =wy? +2a(0 —0,)

Basically kinematics equations, but
replace x with theta, v with w, and a
with alpha.

o Rotational Kinetic Energy and Inertia

O

Rotating objects also have kinetic
energy, it just takes a bit more work.
Ex. An object is tied to a rope and is
being swung in a circle. (If there are
multiple objects in the system, add
up the KE of each object).

KE = 0.5mv?

v=wr

KE = 0.5m(wr)? = 0. 5mw?r?
The general formula for KE is the
sum of the KE for each discrete piece
of mass in a system.

KE(total) = Z 0.5m;v?

12
=0.5 (Z miriz> w?
7

7330
1

The terms with “i” subscripts can be
separated into a term called moment
of inertia (I).

- I=Ymr}



» KE = 0.5 %I, *W?

= If a body is composed of a small
number of discrete masses, use the
above equation(s) (ex. if there are
2 masses attached to ends of a
rotating massless rod)

~ |-

‘ i L |
1\1{ @m
x Li—% 44

= If the body contains extended
items, or is a continuous
distribution of matter, it becomes
an integral

szrzdm

= |t helps to break down dminto a
product of density and d(Volume)

I= frzdm
dm = pdV
I= ferDV=fpr2DV

= Ex. Say 2 halls are attached to
ends of a rod with mass w/
uniform density. In this case,
break it up into three components
Itotar = Ipans + Ipauiz + Iroa
KE = 0.5 * I, * W?
o When solving for moment of inertia
of an object,
= Try breaking into simple pieces
= Draw a careful picture
= If needed, integrate from one end
to the other.
o The moment of inertia also depends
on the axis about which it is rotating.

A

Spinaing a vod

(i )

Spinning o red

avout its cemter obout one end i
is easy harder
T=gm? I=1ime?

= In the second case, there’s more
mass far away from the axis, so it
takes more work to move

o Parallel Axis Theorem: If you move

the axis of rotation a parallel distance

away from the center of mass

(creating a parallel axis), then

Iyarattet axis = Iem + Md?

e Torque — Measure of how hard one

pushes an object to make it rotate.
Represented by greet letter T
T=ax* I
o *Note the last part: “to make it
rotate”. The same force can give rise
to different torques, depending on
where the force is applied.

E

—

CASE 1 CASE 2

= In case 1, the force will just push
the rod to the right

= In case 2, the force will case the
rod to rotate and experience
angular acceleration.

o Torque can also be expressed as
T= rFsin0
= ris distance from axis of rotation,

theta is the angle between F and r.

= Torque is max at an angle of 90
degrees

Rotation axis

This is
CW (-)

7 = rF sin@

o Right hand rule (for torque)
= Curl fingers in the direction of
force

= Stick out thumb. Thumb points in

direction of torque.

F Applied
force

T =rF sin

It the fingers of 1
hand are curled |
direction of r tow
direction of F, the
thumb points in 1
direction of the t

Torque

direction
i

The torque is in the direction along
the axis of the spin angular velocity
which would be produced by it

» *text in above picture isn’t that
important
o NetToruqe = Y;T; (Net torque is
the sum of all torques on an object)
o Torque is basically Newton’s Second
Law’s rotational counterpart
* F=ma
1= la
e Work and Torque
o Iftorque is constant, W = 16
o Iftorque isn’t constant, W = [ td®
= AlsodW = td6

- P _aw _ _dé _
ower = —-=T_ = T0
o Also

dw = td©

T= Ila

dw =1 _dm_Idood(-)
T T de e

dw =1 dwd(—)
T

dW = Iodw

wa
W=fdw=f Iwdw
w1

o Work done by torque = Change in
rotational KE
W = KErotfinal — KE ot initial
e Rolling without slipping
o Objects that roll without slipping
have a fixed relation between their
linear and angular velocities.
o Ifradius is fixed
" vV=rw
" a=ra
o The KE of an object rolling without
slipping (ex. a wheel rolling down a
ramp) has KE from both sliding and
spinning
KEtot = KEsliding + KEspinning
KE,,, = 0.5mv? + 0.5Iw?
= | is moment of inertia about center
of mass
e Common moments of inertia
o Single point mass
I =Mnr?
= ris distance from axis of rotation
= M is mass of point mass
o Multiple point masses connected by
aline



myri + myri + -

my + m, + .-
= ris distance mass is away from
axis of rotation

Rod rotating about its center

I= 1 L?
BEVEE

= L is length of the rod
= M is mass of the rod
Rod rotating about its endpoint.

I =-mlL?
zm

Hoop
I = MR?
= R is radius of the hoop

Solid cylinder/disk

1—1MR2
T2

= Ris radius of the disk
Solid Sphere

2
I=ZMR®
Hollow Sphere (Shell)
I= 2 MR?
3

e A few notes on inertia

@)

o

A solid disk would have a higher
moment of inertia than a ring of the
same mass because all the mass is
concentrated further away from the
center of mass. Higher inertia means
that if placed on a ramp, it will roll
down slower than the disk.

Same applies to a hollow ball and a
solid ball of the same mass.

e Vector Cross Product (Vector Product)
Given 2 vectors A and B, the cross
product (A x B) has

@)
@)

O O 0O

Magnitude |AxB| or ABsin®

Direction is given by the right hand

rule

= Orient right hand so fingers point
in direction of A

= Curl fingers from Ato B

= Thumb now points in direction of
the cross product

(Cys Cyps C2)

(b.\" b_\-" bz)

(ay, ay, az)

*The order of vectors matters
Parallel vectors = cross product of 0
Perpendicular vectors = cross
product of AB.

e Angular Momentum (L)

L=Iw

L=rxp

= (A body of momentum p located

at position r has angular
momentum L =r x p)

L points along the axis of rotation
Angular momentum depends on
the choice of origin. An object
may have positive angular
momentum relative to one point,
and negative relative to another.

o Angular momentum is also

o

conserved

qa Thet

Simple Harmonic Motion

e SHM is oscillatory motion — involving a
back and forth or up and down sequence
where no net movement occurs

o Pendulums
o Springs pulled from rest

e SHM is a special case of oscillatory

motion where

O
O

@)

It has a rest position (equilibrium)
There is a restoring force which tries
to bring objects to the rest position
Restoring Force is proportional to
displacement from the rest position

o F=—kx

K is a constant

= X s distance from equilibrium

e SHM always displays the same sort of
behavior with time

x = Acos(wt)
x = Asin (cot + E)
2

X is the oscillating quantity
(position, height, etc.)

A is the amplitude, or the maximum
variation form rest

Omega is the angular frequency, or
the number of radians/sec for
oscillation

SHM on a graph of x verses time
usually looks like

displacement
period
-

- ANA

VAAVAC

You can differentiate the SHM
functions (w/ respect to time) to find
velocity

© = E — _wasin(ot)
v _dt_ WASIN(w

You can differentiate again to find
acceleration

2

dx 5
a(t) = Tz —w?Acos(wt)

o

You can further combine this with
Force to find
—kx =mxa(t)

a(t) = —w?x(t) = —%x(t)

= There is a relationship

k
_:(1)2

m
= Between mass, k (constant), and
angular frequency.

e SHM in Springs

o

Springs will always exert a force to
try and reach equilibrium, or a point
where there’s no net force
F = —kx

= K is the spring constant
= Xis displacement from

equilibrium.
When a spring is stretched out, it
pulls back
When a spring is pushed inwards, it
exerts a force back to original
position
Frequency (f) is a measure of the #
of cycles/per second (Hz)

Angular Frequency: ® =

—3|=

F W 1
requency: f = o= om |m
Period (T) is 1/f, and is the time for
one oscillation

P 'dT—l—ZR—z\/m
erioa: _f_(,l)_T[k

= M is mass of the oscillating object
on the spring, K is the spring
constant

Springs also have a Potential Energy

of

SPE = 0.5kx?

= X s the distance from equilibrium

= As the spring moves, it converts
SPE into KE, and energy is
conserved.

e SHM in Pendulums

o

o

A pendulum is where a mass is

suspended by a string and swings

with (ideally) air resistance.

= Inan ideal pendulum, the string is
massless and there’s no air
resistance. The object will always
return to the same height and
SHM occurs.

Pendulum must act like SHM

s(t) = Acos(wt)



= Sis the distance from
rest/equilibrium

S = Lsin®
= You can use the small angle
approximation here: If theta is
small then
t = Lsin®
s~t
o Inapendulum, k =<

L
mg
K me
o so0- [E- [E- ]
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L
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Electricity

Types of Charges

o Positive

o Negative

o Opposite charges attract

o Similar Charges Repel

Charge is measured in multiples of a unit
called e.

o Proton: +1e

o Electron: -1e

o You can’t have charges like 0.5¢ or
pi e.

o e=1.6x10"1C
= Ciscoulombs

Charged is conserved 0 the total amount
of electric charge in a closed system is
constant.

o Ex. abox has 3 electrons (-3e) and 9
protons (+9¢). If nothing happens to
the box, the charge inside will
always be +6e

Conductors and Insulators

o Conductors are materials that allow
charge to move freely within them
(metals)

o Insulators keep charge “suck” in
place (glass, wood, rubber, etc.)

o No material is a perfect insulator,
even things like air will conduct
charge very slowly. A charged object
will eventually lose it’s charges to
the surrounding environment.

o The Earth is basically an infinite
charge sink. A grounded object is
one that conducts charge into the
Earth.

e Coulomb’s Law

o The electric force on particle B due
to particle A is
qaap

F=k 2 r

= kis Coulomb’s constant, which is
2

Nm
_ 9
k =8.99x10 z

= q(a) is charge on particle A
(Coulombs)
= q(b) is charge on particle B
(Coulombs)
= ris the distance from A to B
= (r hat is the unit vector from A to
B)
= *To find the force on particle B,
employ the direction from A to B
= Newton’s Second Law still
applies:
Foonb = —Fpona
= Finally check to make sure it
makes sense. Opposites attract,
similar charges should repel.
o Electric Force is much stronger than
Gravitational Force

e Electric Field

o “If we place a tiny charge q at this
spot, what would be the net force on
it due to all the other charges?”

o An electric field expresses this —
“What is the net electric field at this
position, due to all the charges?”

o The electric field is created by
electric charges, and represents the
forces exerted by charges in an area

= Fields aren’t just electric, you can
have gravitational fields as well,
where lines point in the direction

of gravity.

= Electric field convention is that
field arrows point towards
negative charges and away from
positive ones.
ELECTRIC FIELDS

N PARN

YN

o E field created by a single point
charge Q is
Q
E = kﬁ

o E fields are represented in 2 common
ways
= Using arrows, where the length
and direction of each arrow
represents strength and direction
(Less Common)

N T B B S
............

...........

...........

density of lines show field
strength (more common)

[ =% |

\ ﬂ / //f\

\\ \ [/~ g Ytk

(@) ®)
o Superposition: The net electric field
of all charges is equal to the (vector)
sum of the fields created by each

charge.
N
Eyp = Z E;
i=1



e E Field due to a body of charge

(line/disk)

o Ifabody is filled with a continuous
charge distribution, then you integral
over all the charge.

k
E = ﬁdq
o To integrate
= Draw a picture
* Break the distribution into “nice”
pieces (beads on a line, or rings on
a disk)

= Pick one small piece and write the
equation for that piece alone.

= Integrate (one dimension at a
time)

= Check to see if the result makes
sense

o .«.EX' What is the E fieJq at this point?

= Consider the tiny red chunk

dE = kdq  kiAdx
2 x2+ 22
kAidx l
dE

Vw2 it

* *dE, is the E-field in the y-
direction, which we want to find
because the point is in the y
direction. X refers to the distance
from the red chunk to z. X is
negative here, but since it’s
squared, it doesn’t matter. You

multiply by !
sin theta, and that gives you the y
component.

= To find the total y component,

integrate

a
TotalE, =f dE,
—-a

because that’s

’ kiz dx
- f (x2 + 22)"(3/2}
= Do some algebra and calc, im too
lazy
Particles in an Electric Field
o A particle with charge g experiences
a force when placed in an E-Field

F = qE
F qE
a=—=—
m m

= The particle undergoes constant
acceleration, so you can use 1D
kin

Gauss’ Law

Describes the interactions between
electric forces and E-fields.
o Fluxis “How much stuff passes
through an area?”
o Electric Flux is “How much charge
passes through an area”
= *Flux depends on the angle
between the E-field and the

surface.
—
\‘\ —
S—
\X
A B
More flux in A, less flux (no flux)
inB

o Flux can be modified in 3 ways

= Changing the field strength
(stronger field = more flux)

= Changing the surface area (larger
surface area = more flux)

= Changing the orientation (flux is
greatest when the E field is
perpendicular to the surface).

Flux is proportional to the density of flow.

/ |

Flux varies by how the boundary faces the direction of flow.

=c3

Flux is proportional to the area within the boundary.

o Electric Flux through some surface is
given by the equation
¢=FE - -A = EAcos0
= E is the E-field at the surface
= A is the area of the surface
= Theta is the angle between the E-
field and the area
o *If the surface isn’t flat

¢ = f E-dA
= Divide up the surface into tiny flat
surfaces (with area dA), and add
all them together.
dp=E -dA
b= f do = f EdA
o Flux passing through a closed
surface

The net flux passing through any
(empty) closed surface is 0.

o Ex. An E-field passes through a
cylinder.

N
_—
s I
R
_—
n,
—

o Divide the surface into pieces
= Cap on the left
= Cap on the right
= Band Around the Middle
o Find the flux through each piece
(I)left =FE-A =T[R2 * FE
(I)right =E-A=mnR*+-E
bPpanga =E-A=0
Note that the flux out of the right is
negative because it is leaving the
surface.
o Add up the flux through each piece
¢left + ¢right + dpana =0

o Gauss’ Law

. Electric Charge Inside
net electric flux = ——— 82 1€

41
d)—eo
ng cdA = —
0
E-A= a
€
= ¢ is the enclosed charge in a

surface
= g is a constant known as the
permittivity of free space
€y = 8.854 + 10712
* Gauss’ Law hold true for any
closed surface

e Charge in a Conductor

o If you pass an E-field through a
metal block, the charges in the block
will split.
= Positive charges will move away

from the E-field. Negative charges
will move towards the E-field.

—b
=i ¥ +
g
- +
—_— |
=
- -+
%

= This spilt of charges will create an
E-field within the block that
cancels out the external E-field.
o The charge on the outer surface of a
conductor is always spread out
niformly. The E-field just outside a



conductor is uniform, and is
perpendicular to the surface.

e Gauss’ Law Example(s)

o Find E-field at point P.

o Find the E-field due to a uniform ball
of charge of radius R and total
charge Q.

fEdA =
€o
Ef dA — Qenc
€
E4nr? = Qene
€o

= Factored out E because the E field
is the same at all points on the
surface

* $dA is just the sum of all the tiny
areas making up the Gaussian
surface (all of the dAs), which is
4*pi*r~2

= If you don’t know the charge
enclosed (for example, if the
Gaussian surface is inside the
sphere), then you can do

Qenc _ Vsurface

. q . Ventire ball
(Assuming uniform charge

density)
Genc = P (vsurface)

l'
i
Y + + + B + .«r +
Lo ol
D B ¥ & % ¥ K @
E_A=qenc
€o
nc
E(ZnLd)=qe—
€o

o General Steps for using Gauss’ Law

= Draw a simple closed figure

= Find the charge inside

= Find the flux through the surface
» Use Gauss’ Law to find E

e Electric Potential Energy

o Electric Potential Energy is the

potential energy from electric

charges.

Ex. Imagine there’s one positive
charge and one negative charge,
separated by a distance r(1). The
negative charge is pulled away from
the positive charge to a new distance
r(2), which requires work.

szFdx
szqux

r2 k
W= —qf —Zdr
rl r
1 1
W= —kq? (- =+
= *g was changed to negative in step

3 because it’s a negative charge
being pulled

o Electric Potential Energy is given by

the equation
AU =-Wg

AU = —qJde
= In the above example,
1 1
a0 ==[-kat (-4 )
L on
= This is the amount of energy
needed for some force to move the

negative particle away from the
positive one.

e Electric Potential (\Voltage)

U
o V==
q

o Electric potential takes out the effect
of charge.

o Describes electric potential energy
per unit charge at some point in
space

o “How much would the EPE of an
imaginary positive charge change if
we moved it to this spot?”

e Electric Potential and E-Field

A
o E= ds
_av
* T dx
g 4
}’_dy

= E field is the derivative of voltage
with respect to distance from the
source of charge.
o Vp—Vy=-J, Edx
= The potential difference between
points A and B is given above.
= Dx is a tiny section of a path from
AtoB
o Sometimes, Electric Potential can be
graphed sorta like a topographic
map. The lines on these graphs are
called equipotential lines, and
represent the electric potential at that

/

In a constant E-field, A V = —Ed

v + + +

Electric Potential due to a single
point charge is given by

y=rQ

T
= Q is the charge of the point charge
= Ris the distance from the point
charge
= If there are multiple point charges,

add up all the voltages
N

kQ;
Vet = Z ‘
r;
i=1
Electric Potential a continuous
distribution of charge (ex. a line of
charge or a disk of charge) is given

> kdQ
- [k

"

= As with all integrals, draw it out
and find a way to break the shape
into small segments

Capacitors and Circuits

e Capacitor: Something that stores charge.
o Capacitors usually maintain a bunch

of positive and negative charges
separated by a small distance

N 5%

Capacitor

Capacitors maintain a charge +Q on
one plate and -Q on the other plate
when you apply a voltage to it.
Capacitance (F) is measured by

|4
= Q =charge held within
= V = Voltage across the device

o The E-field on each plate is given by




o The E-field between plates is

uniform, and so the voltage between

the plates is
AV =—-FEd
Q
AV =—d
Aeo

o So given this, capacitance can also

be rewritten as
AEO
C=—
d

e Capacitors in Circuits

If capacitors are connected in
parallel, then
Q
Ce _ weq _ Ql QZ
C,

9"y _7+7=C1+C2
If capacitors are connected in series,
then

equivalent to —= total

L,
=

1 _ 1 1
Ceq Cl CZ
o L
equivalentto —= Cronal

,

T

o Energy stored in a capacitor is

Energy = 0.5CV?

e Dielectrics
o Dielectric material is material that’s

made up of molecules which have
one end slightly more positively
charged than the other.
Normally these molecules orient
randomly, but if you pass an E field
through the, they’ll line up with the
E-field and create their own E-field.
= (Negative ends point towards E-
field, positive ends point away)

o As a result, the material emits an E
field of it’s own, which opposes the

_qytside E-field.

< o f;
— o) 7
(] .'g e—90 £
\
o ~—0

= The strength of this E field is

given by
k-1
- <T) Eexternal

= Where K is the dielectric constant
of the material (k is always >1)

= The induced E field is always
weaker than the external E-field.

Inside a block of material, the net E

field becomes

Edielectric =

«— B’

= —E.nd’

Epet = fext + Egiclectric
Enet = EEext

If a dielectric is placed between the
plates of a capacitor with e-field Ej,,
then

1
E=EEO

1
V=EVO

The dielectric decreases voltage
between plates, which makes adding
charge easier. Capacitance increases
when a dielectric is added

C= Y
vo/k
C:kCO

e Current (1) is the net flow of electric
charge in some direction

o

o

dQ
=
=2

t

*Convention is that current flows in
the direction of motion of positive
charges.

direction of electric current

O

direction of electrons

—

V (Potential Difference)
Electrons move because an E-field
within the wire is pushing them
= Stronger E field = Bigger current

o

= *In a big current, charges will
basically fly down the wire. In a
small current, charges may slow
because they’re bouncing around
the wire more.

o= —— = \n‘s
o=b o= = C\A"mk

IR

For some materials (Ohmic
materials), current is proportional to
electric flux

I =0¢p = gEAcosO
= ¢ = conductivity

e Resistance is a measure of opposition to
current flow in an electrical circuit.

(0]

(0]

(0]

= % (Ohm’s Law)
R = pf—4
= Where p is resistivity of a material

p=—
o
= L is length of the resistor
= A s cross-sectional area of the
resistor
Ohm’s Law gives a relationship
between R, V, and |
V =IR

e Power (P) (Watts)

O

Electric current can be converted into

something useful (ex. heat or light)

in a resistor.

= Inaresistor, the moving current
bumps into the material of the
resistor and heats it up.

= A (ThermalE} =A EPE =
—qAV

= If atotal of n charges pass through
the resistor

Q=Ngq
A (ThermalE) = Q AV

= And if these charges pass through
the resistor over a period of time
A t, the rate at which energy is
transferred is

ﬂ = i AV =IAV
AT At B

= The power dissipated in a resistor

as current runs through it is
P=1AV
= Can also be rewritten
(Aav)?

P=1I?R=
R

e Circuits

o

o

Circuits are primarily composed of
batteries, resistors, and capacitors
Circuits can be compared to
waterworks

= Battery = pump



= Voltage = Water level
= Current = Flowing water
= Resistor = Vertical drop

o Electromotive Force (emf) is the

same thing as voltage.

= The difference between the emf of

a battery and its terminal voltage

is that a real battery has an internal

resistance
» V=e—-1IR

Circuit Diagrams

Circuit Symbols
cell

battery
switch
voltmeter
ammeter

A resistor
/\_ﬁ variahle resistor
—@— l-.u:n[}

= The lines in a circuit diagram are
wires

= A cell is basically the same thing
as a battery

®Q MiF 4+

Resistor Combinations
o Resistors in series

= Current is the same through both
= Voltage different across each
* Royg =Ry +Ry+ -

o Resistors in parallel

= Current is different through each

= Voltage is the same across each
1 1 1

Regq R1 Ry

R, R, R,
Series: Agf, AW A =

R,~R;+R, R,

R!
AMA
® R~ (UR ARy LR
Parallei: e = A
Rﬂ
o AN

Kirchhoff’s Rules

o (Junction Rule) The sum of currents

into a junction equals the sum of

currents out of the junction

= A junction is a point where wires
meet/converge

@)

o

% b
). g— -
Y * B
Iy
R,<=6Q
- a
. Il = 12 + 13

(Loop Rule) The sum of potential
charges across all elements of a

closed circuit must be zero
R

» V—IR,—IR, =0
= *There can be multiple closed
circuits, ex. '

g |
—_— a —

& fpgle= ‘ i
| +) +
s > =
(*) Loopl) v, S Loop2) u; E |
&) S "

In this case, the sum of the things
in loop 1 = 0, and the sum of the
things in loop 2 = 0.

To solve

= I’ take way too long to write out
all the steps, so just watch this
video

RC Circuits

A circuit where a capacitor and
resistor are connected

EX. A capacitor and resistor are
connected in series

Hlil
| |

R

If the capacitor is charged, then
there’s a voltage
V=Q/C

across the wire, which sets up an E-
field in the wire. If the switch is
closed, the current is strong at first,
then decreases as the charge on the
capacitor goes down.

Veap — IR =0

q
——IR =
C
q = IRC

dq
q——ERC
r=a(-z0)
dt RC

1
q(t) = qee R
= Charge on capacitor decreases
(exponentially)

%0
charge
“.:hs

Gole
%,/gl- b e st
RC 2RC

= The combination of Resistance
and Capacitance
7= RC
= Is also known as the time constant

of the circuit
t

qt) = qoe’ T
1© dq ( 1 _—_f>
== =——-—- T
dt que
_ o
RC

Iy

e RC Circuits (Charging a capacitor)

o Ex. an uncharged capacitor is placed

into a circuit with a battery.

= The battery creates an e-field on
the wire which pushes positive
charge onto one plate and negative
charge onto another (Current
Flows)

= As charge builds up on the plates,
the capacitor sets up an opposing
E-field (Current decreases)

—]

1—-4-'-:_;-’

= Eventually the charge on the
capacitor is so large that the E-
field of the capacitor negates the
E-field of the battery (Current
Stops)
Vcap = _Vbattery
Afinal = CVbattery
= Charge on the capacitor follows a
general equation
q(t) = CV[1 — e~Y/RC]

FRO WRITING STRATEGIES

e ANSWER THE STUPID QUESTION


https://www.youtube.com/watch?v=Z2QDXjG2ynU

e The hardest part about physics is not
knowing how to do the math of the
problem but knowing what equation
you’re supposed to use in a situation.

o Write down quantities you know, and
what you’re looking for.

o Determine what kind of question this
is (ex. a RC circuit question, or a
simple kinematics question)

o It might help to draw everything out

o Look on your equation sheet (if you
need to) and try to find something
that matches up

o Geometry Integrals can be somewhat
tricky. Draw out the problem, and
separate the volume/area/length into
tiny pieces (dx or whatever), and
write equations for this value before
subbing it back in to the integral (ex.
dm = pdV)

e Print a copy of the equation sheet, and
add whatever necessary equations you
need to it

e Write FAST — you don’t have as much
time as you think you do

o Writing neatly is a nice bonus, but
don’t prioritize it. My handwriting
looks like s***, and | can still get 5s.

e Write “scientifically” — Unlike English,
words actually mean what they’re
supposed to mean in science. So, don’t
try to use fancy vocab which confuses
your writing and forces your grader to
analyze your stuff.

e Ifyou have a “based on part a” kinda
question, make sure to incorporate stuff
from part an into your answer

e FRQs are different in that you’re not only
trying to give the right answer, but you’re
also trying to convince the grader that
you understand what you’re talking
about. So, don’t go around making up
BS.

e Show your work! A lot of the times,
showing work is necessary for credit.

e Apparently on the 2020 exams, there is a
lot less math, so keep that in mind

e Make sure to use the right units! In this
doc, | got kinda lazy and didn’t do that,
but indicate units.

e Don’t be afraid to skip any parts of the
question you don’t know how to do.

e Look over the scoring guidelines of
previous exams

e Watch Flipping Physics’ last minute AP
review videos

Formatting inspired by Imbesi’s AP Psych
Review Sheet






