




 Topic 10: Fields

Physics guide 83

10
.2

 –
 F

ie
ld

s 
at

 w
or

k

G
ui

da
nc

e:

•	
O

rb
ita

l m
ot

io
n 

of
 a

 s
at

el
lit

e 
ar

ou
nd

 a
 p

la
ne

t i
s 

re
st

ric
te

d 
to

 a
 c

on
si

de
ra

tio
n 

of
 

ci
rc

ul
ar

 o
rb

its
 (l

in
ks

 to
 6

.1
 a

nd
 6

.2
)

•	
Bo

th
 u

ni
fo

rm
 a

nd
 ra

di
al

 fi
el

ds
 n

ee
d 

to
 b

e 
co

ns
id

er
ed

•	
St

ud
en

ts
 s

ho
ul

d 
re

co
gn

iz
e 

th
at

 li
ne

s 
of

 fo
rc

e 
ca

n 
be

 tw
o-

di
m

en
si

on
al

 
re

pr
es

en
ta

tio
ns

 o
f t

hr
ee

-d
im

en
si

on
al

 fi
el

ds

•	
St

ud
en

ts
 s

ho
ul

d 
as

su
m

e 
th

at
 th

e 
el

ec
tr

ic
 fi

el
d 

ev
er

yw
he

re
 b

et
w

ee
n 

pa
ra

lle
l 

pl
at

es
 is

 u
ni

fo
rm

 w
ith

 e
dg

e 
ef

fe
ct

s 
oc

cu
rr

in
g 

be
yo

nd
 th

e 
lim

its
 o

f t
he

 p
la

te
s

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

V
GM r

g
�

�
V

kq r
e

=

g
V rg

�
�

E
V re

�
�

E
m

V
GM

m r
P

g
�

�
�

E
qV

kq
q r

P
e

1
2

=
=

F
G

m
m r

G
1

2
2

=
F

k
q

q r
E

1
2

2
=

•	
V

GM r
2

es
c
=

•	
V

GM r
or

bi
t
=



Physics guide84

Es
se

nt
ia

l i
de

a:
 T

he
 m

aj
or

ity
 o

f e
le

ct
ric

ity
 g

en
er

at
ed

 th
ro

ug
ho

ut
 th

e 
w

or
ld

 is
 g

en
er

at
ed

 b
y 

m
ac

hi
ne

s 
th

at
 w

er
e 

de
si

gn
ed

 to
 o

pe
ra

te
 u

si
ng

 th
e 

pr
in

ci
pl

es
 o

f e
le

ct
ro

m
ag

ne
tic

 
in

du
ct

io
n.

11
.1

 –
 E

le
ct

ro
m

ag
ne

ti
c 

in
du

ct
io

n

N
at

ur
e 

of
 s

ci
en

ce
:

Ex
pe

rim
en

ta
tio

n:
 In

 1
83

1 
M

ic
ha

el
 F

ar
ad

ay
, u

si
ng

 p
rim

iti
ve

 e
qu

ip
m

en
t, 

ob
se

rv
ed

 a
 m

in
ut

e 
pu

ls
e 

of
 c

ur
re

nt
 in

 o
ne

 c
oi

l o
f w

ire
 o

nl
y 

w
he

n 
th

e 
cu

rr
en

t i
n 

a 
se

co
nd

 c
oi

l o
f w

ire
 

w
as

 s
w

itc
he

d 
on

 o
r o

ff
 b

ut
 n

ot
hi

ng
 w

hi
le

 a
 c

on
st

an
t c

ur
re

nt
 w

as
 e

st
ab

lis
he

d.
 F

ar
ad

ay
’s 

ob
se

rv
at

io
n 

of
 th

es
e 

sm
al

l t
ra

ns
ie

nt
 c

ur
re

nt
s 

le
d 

hi
m

 to
 p

er
fo

rm
 e

xp
er

im
en

ts
 th

at
 

le
d 

to
 h

is
 la

w
 o

f e
le

ct
ro

m
ag

ne
tic

 in
du

ct
io

n.
 (1

.8
)

U
nd

er
st

an
di

ng
s:

•	
Em

f

•	
M

ag
ne

tic
 fl

ux
 a

nd
 m

ag
ne

tic
 fl

ux
 li

nk
ag

e

•	
Fa

ra
da

y’
s 

la
w

 o
f i

nd
uc

tio
n

•	
Le

nz
’s 

la
w

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
D

es
cr

ib
in

g 
th

e 
pr

od
uc

tio
n 

of
 a

n 
in

du
ce

d 
em

f b
y 

a 
ch

an
gi

ng
 m

ag
ne

tic
 fl

ux
 

an
d 

w
ith

in
 a

 u
ni

fo
rm

 m
ag

ne
tic

 fi
el

d

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
m

ag
ne

tic
 fl

ux
, m

ag
ne

tic
 fl

ux
 li

nk
ag

e 
an

d 
 

Fa
ra

da
y’

s 
la

w

•	
Ex

pl
ai

ni
ng

 L
en

z’
s 

la
w

 th
ro

ug
h 

th
e 

co
ns

er
va

tio
n 

of
 e

ne
rg

y

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
Te

rm
in

ol
og

y 
us

ed
 in

 e
le

ct
ro

m
ag

ne
tic

 fi
el

d 
th

eo
ry

 is
 e

xt
en

si
ve

 a
nd

 c
an

 
co

nf
us

e 
pe

op
le

 w
ho

 a
re

 n
ot

 d
ire

ct
ly

 in
vo

lv
ed

. W
ha

t e
ff

ec
t c

an
 la

ck
 o

f c
la

rit
y 

in
 

te
rm

in
ol

og
y 

ha
ve

 o
n 

co
m

m
un

ic
at

in
g 

sc
ie

nt
ifi

c 
co

nc
ep

ts
 to

 th
e 

pu
bl

ic
?

U
ti

liz
at

io
n:

 

•	
A

pp
lic

at
io

ns
 o

f e
le

ct
ro

m
ag

ne
tic

 in
du

ct
io

n 
ca

n 
be

 fo
un

d 
in

 m
an

y 
pl

ac
es

 
in

cl
ud

in
g 

tr
an

sf
or

m
er

s,
 e

le
ct

ro
m

ag
ne

tic
 b

ra
ki

ng
, g

eo
ph

on
es

 u
se

d 
in

 
se

is
m

ol
og

y,
 a

nd
 m

et
al

 d
et

ec
to

rs

A
im

s:

•	
A

im
 2

: t
he

 s
im

pl
e 

pr
in

ci
pl

es
 o

f e
le

ct
ro

m
ag

ne
tic

 in
du

ct
io

n 
ar

e 
a 

po
w

er
fu

l 
as

pe
ct

 o
f t

he
 p

hy
si

ci
st

’s 
or

 te
ch

no
lo

gi
st

’s 
ar

m
ou

ry
 w

he
n 

de
si

gn
in

g 
sy

st
em

s 
th

at
 tr

an
sf

er
 e

ne
rg

y 
fr

om
 o

ne
 fo

rm
 to

 a
no

th
er

To
pi

c 
11

: E
le

ct
ro

m
ag

ne
tic

 in
du

ct
io

n�
16

 h
ou

rs

A
dd

iti
on

al
 h

ig
he

r l
ev

el



Topic 11: Electromagnetic induction

Physics guide 85

11
.1

 –
 E

le
ct

ro
m

ag
ne

ti
c 

in
du

ct
io

n

G
ui

da
nc

e:

•	
Q

ua
nt

ita
tiv

e 
tr

ea
tm

en
ts

 w
ill

 b
e 

ex
pe

ct
ed

 fo
r s

tr
ai

gh
t c

on
du

ct
or

s 
m

ov
in

g 
at

 
rig

ht
 a

ng
le

s 
to

 m
ag

ne
tic

 fi
el

ds
 a

nd
 re

ct
an

gu
la

r c
oi

ls
 m

ov
in

g 
in

 a
nd

 o
ut

 o
f 

fie
ld

s 
an

d 
ro

ta
tin

g 
in

 fi
el

ds

•	
Q

ua
lit

at
iv

e 
tr

ea
tm

en
ts

 o
nl

y 
w

ill
 b

e 
ex

pe
ct

ed
 fo

r f
ix

ed
 c

oi
ls

 in
 a

 c
ha

ng
in

g 
m

ag
ne

tic
 fi

el
d 

an
d 

ac
 g

en
er

at
or

s

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
BA

co
s

Φ
θ

=

•	
N

t
ε

Φ
=
−

•	


Bv
ε
=

•	


Bv
N

ε=



Topic 11: Electromagnetic induction

Physics guide86

Es
se

nt
ia

l i
de

a:
 G

en
er

at
io

n 
an

d 
tr

an
sm

iss
io

n 
of

 a
lte

rn
at

in
g 

cu
rr

en
t (

ac
) e

le
ct

ric
ity

 h
as

 tr
an

sf
or

m
ed

 th
e 

w
or

ld
.

11
.2

 –
 P

ow
er

 g
en

er
at

io
n 

an
d 

tr
an

sm
is

si
on

N
at

ur
e 

of
 s

ci
en

ce
:

Bi
as

: I
n 

th
e 

la
te

 1
9t

h 
ce

nt
ur

y 
Ed

is
on

 w
as

 a
 p

ro
po

ne
nt

 o
f d

ire
ct

 c
ur

re
nt

 e
le

ct
ric

al
 e

ne
rg

y 
tr

an
sm

is
si

on
 w

hi
le

 W
es

tin
gh

ou
se

 a
nd

 T
es

la
 fa

vo
ur

ed
 a

lte
rn

at
in

g 
cu

rr
en

t 
tr

an
sm

is
si

on
. T

he
 s

o 
ca

lle
d 

“b
at

tle
 o

f c
ur

re
nt

s”
 h

ad
 a

 s
ig

ni
fic

an
t i

m
pa

ct
 o

n 
to

da
y’

s 
so

ci
et

y.
 (3

.5
)

U
nd

er
st

an
di

ng
s:

•	
A

lte
rn

at
in

g 
cu

rr
en

t (
ac

) g
en

er
at

or
s

•	
Av

er
ag

e 
po

w
er

 a
nd

 ro
ot

 m
ea

n 
sq

ua
re

 (r
m

s)
 v

al
ue

s 
of

 c
ur

re
nt

 a
nd

 v
ol

ta
ge

•	
Tr

an
sf

or
m

er
s

•	
D

io
de

 b
rid

ge
s

•	
H

al
f-w

av
e 

an
d 

fu
ll-

w
av

e 
re

ct
ifi

ca
tio

n

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
Ex

pl
ai

ni
ng

 th
e 

op
er

at
io

n 
of

 a
 b

as
ic

 a
c 

ge
ne

ra
to

r, 
in

cl
ud

in
g 

th
e 

ef
fe

ct
 o

f 
ch

an
gi

ng
 th

e 
ge

ne
ra

to
r f

re
qu

en
cy

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
th

e 
av

er
ag

e 
po

w
er

 in
 a

n 
ac

 c
irc

ui
t

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
st

ep
-u

p 
an

d 
st

ep
-d

ow
n 

tr
an

sf
or

m
er

s

•	
D

es
cr

ib
in

g 
th

e 
us

e 
of

 tr
an

sf
or

m
er

s 
in

 a
c 

el
ec

tr
ic

al
 p

ow
er

 d
is

tr
ib

ut
io

n

•	
In

ve
st

ig
at

in
g 

a 
di

od
e 

br
id

ge
 re

ct
ifi

ca
tio

n 
ci

rc
ui

t e
xp

er
im

en
ta

lly

•	
Q

ua
lit

at
iv

el
y 

de
sc

rib
in

g 
th

e 
ef

fe
ct

 o
f a

dd
in

g 
a 

ca
pa

ci
to

r t
o 

a 
di

od
e 

br
id

ge
 

re
ct

ifi
ca

tio
n 

ci
rc

ui
t

G
ui

da
nc

e:

•	
Ca

lc
ul

at
io

ns
 w

ill
 b

e 
re

st
ric

te
d 

to
 id

ea
l t

ra
ns

fo
rm

er
s b

ut
 st

ud
en

ts
 sh

ou
ld

 b
e 

aw
ar

e 
of

 so
m

e 
of

 th
e 

re
as

on
s w

hy
 re

al
 tr

an
sf

or
m

er
s a

re
 n

ot
 id

ea
l (

fo
r e

xa
m

pl
e:

 fl
ux

 
le

ak
ag

e,
 jo

ul
e 

he
at

in
g,

 e
dd

y 
cu

rr
en

t h
ea

tin
g,

 m
ag

ne
tic

 h
ys

te
re

sis
)

•	
Pr

oo
f o

f t
he

 re
la

tio
ns

hi
p 

be
tw

ee
n 

th
e 

pe
ak

 a
nd

 rm
s 

va
lu

es
 w

ill
 n

ot
 b

e 
ex

pe
ct

ed

In
te

rn
at

io
na

l-
m

in
de

dn
es

s:
 

•	
Th

e 
ab

ili
ty

 to
 m

ai
nt

ai
n 

a 
re

lia
bl

e 
po

w
er

 g
rid

 h
as

 b
ee

n 
th

e 
ai

m
 o

f a
ll 

go
ve

rn
m

en
ts

 s
in

ce
 th

e 
w

id
es

pr
ea

d 
us

e 
of

 e
le

ct
ric

ity
 s

ta
rt

ed

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
Th

er
e 

is
 c

on
tin

ue
d 

de
ba

te
 o

f t
he

 e
ff

ec
t o

f e
le

ct
ro

m
ag

ne
tic

 w
av

es
 o

n 
 

th
e 

he
al

th
 o

f h
um

an
s,

 e
sp

ec
ia

lly
 c

hi
ld

re
n.

 Is
 it

 ju
st

ifi
ab

le
 to

 m
ak

e 
us

e 
of

 
 s

ci
en

tif
ic

 a
dv

an
ce

s 
ev

en
 if

 w
e 

do
 n

ot
 k

no
w

 w
ha

t t
he

ir 
lo

ng
-t

er
m

 
co

ns
eq

ue
nc

es
 m

ay
 b

e?

A
im

s:

•	
A

im
 6

: e
xp

er
im

en
ts

 c
ou

ld
 in

cl
ud

e 
(b

ut
 a

re
 n

ot
 li

m
ite

d 
to

): 
co

ns
tr

uc
tio

n 
of

 a
 

ba
si

c 
ac

 g
en

er
at

or
; i

nv
es

tig
at

io
n 

of
 v

ar
ia

tio
n 

of
 in

pu
t a

nd
 o

ut
pu

t c
oi

ls
 o

n 
a 

tr
an

sf
or

m
er

; o
bs

er
vi

ng
 W

he
at

st
on

e 
an

d 
W

ie
n 

br
id

ge
 c

irc
ui

ts

•	
A

im
 7

: c
on

st
ru

ct
io

n 
an

d 
ob

se
rv

at
io

n 
of

 th
e 

ad
ju

st
m

en
ts

 m
ad

e 
in

 v
er

y 
la

rg
e 

el
ec

tr
ic

ity
 d

is
tr

ib
ut

io
n 

sy
st

em
s 

ar
e 

be
st

 c
ar

rie
d 

ou
t u

si
ng

 c
om

pu
te

r-
m

od
el

lin
g 

so
ft

w
ar

e 
an

d 
w

eb
si

te
s

•	
A

im
 9

: p
ow

er
 tr

an
sm

is
si

on
 is

 m
od

el
le

d 
us

in
g 

pe
rf

ec
tly

 e
ff

ic
ie

nt
 s

ys
te

m
s 

bu
t n

o 
su

ch
 s

ys
te

m
 tr

ul
y 

ex
is

ts
. A

lth
ou

gh
 th

e 
m

od
el

 is
 im

pe
rf

ec
t, 

it 
re

nd
er

s 
th

e 
m

ax
im

um
 p

ow
er

 tr
an

sm
is

si
on

. R
ec

og
ni

tio
n 

of
, a

nd
 a

cc
ou

nt
in

g 
fo

r, 
th

e 
di

ff
er

en
ce

s 
be

tw
ee

n 
th

e 
“p

er
fe

ct
” s

ys
te

m
 a

nd
 th

e 
pr

ac
tic

al
 s

ys
te

m
 is

 o
ne

 o
f 

th
e 

m
ai

n 
fu

nc
tio

ns
 o

f p
ro

fe
ss

io
na

l s
ci

en
tis

ts



Topic 11: Electromagnetic induction

Physics guide 87

11
.2

 –
 P

ow
er

 g
en

er
at

io
n 

an
d 

tr
an

sm
is

si
on

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
I

I 2
rm

s
0

=

•	
V

V 2
rm

s
0

=

•	
R

V I
V I

0 0

rm
s

rm
s

=
=

•	
P

IV
m
ax

0
0

=

•	
P

IV
1 2

0
0

=

•	
N N

I I
p s

p s

s p

ε ε
=

=



Topic 11: Electromagnetic induction

Physics guide88

Es
se

nt
ia

l i
de

a:
 C

ap
ac

ito
rs

 c
an

 b
e 

us
ed

 to
 st

or
e 

el
ec

tr
ic

al
 e

ne
rg

y 
fo

r l
at

er
 u

se
.

11
.3

 –
 C

ap
ac

it
an

ce

N
at

ur
e 

of
 s

ci
en

ce
:

Re
la

tio
ns

hi
ps

: E
xa

m
pl

es
 o

f e
xp

on
en

tia
l g

ro
w

th
 a

nd
 d

ec
ay

 p
er

va
de

 th
e 

w
ho

le
 o

f s
ci

en
ce

. I
t i

s 
a 

cl
ea

r e
xa

m
pl

e 
of

 th
e 

w
ay

 th
at

 s
ci

en
tis

ts
 u

se
 m

at
he

m
at

ic
s 

to
 m

od
el

 re
al

ity
. 

Th
is

 to
pi

c 
ca

n 
be

 u
se

d 
to

 c
re

at
e 

lin
ks

 b
et

w
ee

n 
ph

ys
ic

s 
to

pi
cs

 b
ut

 a
ls

o 
to

 u
se

s 
in

 c
he

m
is

tr
y,

 b
io

lo
gy

, m
ed

ic
in

e 
an

d 
ec

on
om

ic
s.

 (3
.1)

U
nd

er
st

an
di

ng
s:

•	
Ca

pa
ci

ta
nc

e

•	
D

ie
le

ct
ric

 m
at

er
ia

ls

•	
Ca

pa
ci

to
rs

 in
 s

er
ie

s 
an

d 
pa

ra
lle

l

•	
Re

si
st

or
-c

ap
ac

ito
r (

RC
) s

er
ie

s 
ci

rc
ui

ts

•	
Ti

m
e 

co
ns

ta
nt

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
D

es
cr

ib
in

g 
th

e 
ef

fe
ct

 o
f d

iff
er

en
t d

ie
le

ct
ric

 m
at

er
ia

ls
 o

n 
ca

pa
ci

ta
nc

e

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
pa

ra
lle

l-p
la

te
 c

ap
ac

ito
rs

•	
In

ve
st

ig
at

in
g 

co
m

bi
na

tio
ns

 o
f c

ap
ac

ito
rs

 in
 s

er
ie

s 
or

 p
ar

al
le

l c
irc

ui
ts

•	
D

et
er

m
in

in
g 

th
e 

en
er

gy
 s

to
re

d 
in

 a
 c

ha
rg

ed
 c

ap
ac

ito
r

•	
D

es
cr

ib
in

g 
th

e 
na

tu
re

 o
f t

he
 e

xp
on

en
tia

l d
is

ch
ar

ge
 o

f a
 c

ap
ac

ito
r

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
th

e 
di

sc
ha

rg
e 

of
 a

 c
ap

ac
ito

r t
hr

ou
gh

 a
 fi

xe
d 

re
si

st
or

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
th

e 
tim

e 
co

ns
ta

nt
 o

f a
n 

RC
 c

irc
ui

t f
or

 c
ha

rg
e,

 
vo

lta
ge

 a
nd

 c
ur

re
nt

In
te

rn
at

io
na

l-
m

in
de

dn
es

s:

•	
Li

gh
tn

in
g 

is
 a

 p
he

no
m

en
on

 th
at

 h
as

 fa
sc

in
at

ed
 p

hy
si

ci
st

s 
fr

om
 P

lin
y 

th
ro

ug
h 

N
ew

to
n 

to
 F

ra
nk

lin
. T

he
 c

ha
rg

ed
 c

lo
ud

s 
fo

rm
 o

ne
 p

la
te

 o
f a

 c
ap

ac
ito

r w
ith

 
ot

he
r c

lo
ud

s 
or

 E
ar

th
 fo

rm
in

g 
th

e 
se

co
nd

 p
la

te
. T

he
 fr

eq
ue

nc
y 

of
 li

gh
tn

in
g 

st
rik

es
 v

ar
ie

s 
gl

ob
al

ly
, b

ei
ng

 p
ar

tic
ul

ar
ly

 p
re

va
le

nt
 in

 e
qu

at
or

ia
l r

eg
io

ns
. T

he
 

im
pa

ct
 o

f l
ig

ht
ni

ng
 s

tr
ik

es
 is

 s
ig

ni
fic

an
t, 

w
ith

 m
an

y 
hu

m
an

s 
an

d 
an

im
al

s 
be

in
g 

ki
lle

d 
an

nu
al

ly
 a

nd
 h

ug
e 

fin
an

ci
al

 c
os

ts
 to

 in
du

st
ry

 fr
om

 d
am

ag
e 

to
 b

ui
ld

in
gs

, 
co

m
m

un
ic

at
io

n 
an

d 
po

w
er

 tr
an

sm
is

si
on

 s
ys

te
m

s,
 e

tc

U
ti

liz
at

io
n:

•	
Th

e 
ch

ar
ge

 a
nd

 d
is

ch
ar

ge
 o

f c
ap

ac
ito

rs
 o

be
ys

 ru
le

s 
th

at
 h

av
e 

pa
ra

lle
ls

 in
 o

th
er

 
br

an
ch

es
 o

f p
hy

si
cs

 in
cl

ud
in

g 
ra

di
oa

ct
iv

ity
 (s

ee
 P

hy
sic

s s
ub

-t
op

ic
 7

.1
)

A
im

s:

•	
A

im
 3

: t
he

 tr
ea

tm
en

t o
f e

xp
on

en
tia

l g
ro

w
th

 a
nd

 d
ec

ay
 b

y 
gr

ap
hi

ca
l a

nd
 

al
ge

br
ai

c 
m

et
ho

ds
 o

ff
er

s 
bo

th
 th

e 
vi

su
al

 a
nd

 ri
go

ro
us

 a
pp

ro
ac

h 
so

 o
ft

en
 

ch
ar

ac
te

ris
tic

 o
f s

ci
en

ce
 a

nd
 te

ch
no

lo
gy

•	
A

im
 6

: e
xp

er
im

en
ts

 c
ou

ld
 in

cl
ud

e 
(b

ut
 a

re
 n

ot
 li

m
ite

d 
to

): 
in

ve
st

ig
at

in
g 

ba
si

c 
RC

 c
irc

ui
ts

; u
si

ng
 a

 c
ap

ac
ito

r i
n 

a 
br

id
ge

 c
irc

ui
t; 

ex
am

in
in

g 
ot

he
r t

yp
es

 o
f 

ca
pa

ci
to

rs
; v

er
ify

in
g 

tim
e 

co
ns

ta
nt



Topic 11: Electromagnetic induction

Physics guide 89

11
.3

 –
 C

ap
ac

it
an

ce

G
ui

da
nc

e:

•	
O

nl
y 

si
ng

le
 p

ar
al

le
l-p

la
te

 c
ap

ac
ito

rs
 p

ro
vi

di
ng

 a
 u

ni
fo

rm
 e

le
ct

ric
 fi

el
d,

 in
 s

er
ie

s 
w

ith
 a

 lo
ad

, n
ee

d 
to

 b
e 

co
ns

id
er

ed
 (e

dg
e 

ef
fe

ct
 w

ill
 b

e 
ne

gl
ec

te
d)

•	
Pr

ob
le

m
s 

in
vo

lv
in

g 
th

e 
di

sc
ha

rg
e 

of
 c

ap
ac

ito
rs

 th
ro

ug
h 

fix
ed

 re
si

st
or

s 
ne

ed
 to

 
be

 tr
ea

te
d 

bo
th

 g
ra

ph
ic

al
ly

 a
nd

 a
lg

eb
ra

ic
al

ly

•	
Pr

ob
le

m
s 

in
vo

lv
in

g 
th

e 
ch

ar
gi

ng
 o

f a
 c

ap
ac

ito
r w

ill
 o

nl
y 

be
 tr

ea
te

d 
gr

ap
hi

ca
lly

•	
D

er
iv

at
io

n 
of

 th
e 

ch
ar

ge
, v

ol
ta

ge
 a

nd
 c

ur
re

nt
 e

qu
at

io
ns

 a
s 

a 
fu

nc
tio

n 
of

 ti
m

e 
is

 n
ot

 re
qu

ire
d

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
C

q V
=

•	


C
C

C
pa

ra
lle
l

1
2

=
+

+

•	
1

1
1

1
2

C
C

C
se
rie

s

=
+

+


•	
C

A dε
=

•	
E

CV
1 2

2
=

•	
RC

τ
=

•	
q

q
e

t

0
=

τ−

•	
I

I
e

t

0
=

τ−

•	
V

V
e

t

0
=

τ−



Physics guide90

Es
se

nt
ia

l i
de

a:
 T

he
 m

ic
ro

sc
op

ic
 q

ua
nt

um
 w

or
ld

 o
ff

er
s 

a 
ra

ng
e 

of
 p

he
no

m
en

a,
 th

e 
in

te
rp

re
ta

tio
n 

an
d 

ex
pl

an
at

io
n 

of
 w

hi
ch

 re
qu

ire
 n

ew
 id

ea
s 

an
d 

co
nc

ep
ts

 n
ot

 fo
un

d 
in

 th
e 

cl
as

si
ca

l w
or

ld
.

12
.1

 –
 T

he
 in

te
ra

ct
io

n 
of

 m
at

te
r w

it
h 

ra
di

at
io

n

N
at

ur
e 

of
 s

ci
en

ce
:

O
bs

er
va

tio
ns

: M
uc

h 
of

 th
e 

w
or

k 
to

w
ar

ds
 a

 q
ua

nt
um

 th
eo

ry
 o

f a
to

m
s 

w
as

 g
ui

de
d 

by
 th

e 
ne

ed
 to

 e
xp

la
in

 th
e 

ob
se

rv
ed

 p
at

te
rn

s 
in

 a
to

m
ic

 s
pe

ct
ra

. T
he

 fi
rs

t q
ua

nt
um

 m
od

el
 

of
 m

at
te

r i
s 

th
e 

Bo
hr

 m
od

el
 fo

r h
yd

ro
ge

n.
 (1

.8
)

Pa
ra

di
gm

 s
hi

ft
: T

he
 a

cc
ep

ta
nc

e 
of

 th
e 

w
av

e–
pa

rt
ic

le
 d

ua
lit

y 
pa

ra
do

x 
fo

r l
ig

ht
 a

nd
 p

ar
tic

le
s 

re
qu

ire
d 

sc
ie

nt
is

ts
 in

 m
an

y 
fie

ld
s 

to
 v

ie
w

 re
se

ar
ch

 fr
om

 n
ew

 p
er

sp
ec

tiv
es

. (
2.

3)

U
nd

er
st

an
di

ng
s:

•	
Ph

ot
on

s

•	
Th

e 
ph

ot
oe

le
ct

ric
 e

ff
ec

t 

•	
M

at
te

r w
av

es

•	
Pa

ir 
pr

od
uc

tio
n 

an
d 

pa
ir 

an
ni

hi
la

tio
n

•	
Q

ua
nt

iz
at

io
n 

of
 a

ng
ul

ar
 m

om
en

tu
m

 in
 th

e 
Bo

hr
 m

od
el

 fo
r h

yd
ro

ge
n

•	
Th

e 
w

av
e 

fu
nc

tio
n

•	
Th

e 
un

ce
rt

ai
nt

y 
pr

in
ci

pl
e 

fo
r e

ne
rg

y 
an

d 
tim

e 
an

d 
po

si
tio

n 
an

d 
m

om
en

tu
m

•	
Tu

nn
el

lin
g,

 p
ot

en
tia

l b
ar

rie
r a

nd
 fa

ct
or

s 
af

fe
ct

in
g 

tu
nn

el
lin

g 
pr

ob
ab

ili
ty

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
Th

e 
du

al
ity

 o
f m

at
te

r a
nd

 tu
nn

el
lin

g 
ar

e 
ca

se
s 

w
he

re
 th

e 
la

w
s 

of
 c

la
ss

ic
al

 
ph

ys
ic

s 
ar

e 
vi

ol
at

ed
. T

o 
w

ha
t e

xt
en

t h
av

e 
ad

va
nc

es
 in

 te
ch

no
lo

gy
 e

na
bl

ed
 

pa
ra

di
gm

 s
hi

ft
s 

in
 s

ci
en

ce
?

U
ti

liz
at

io
n:

•	
Th

e 
el

ec
tr

on
 m

ic
ro

sc
op

e 
an

d 
th

e 
tu

nn
el

lin
g 

el
ec

tr
on

 m
ic

ro
sc

op
e 

re
ly

 o
n 

th
e 

fin
di

ng
s 

fr
om

 s
tu

di
es

 in
 q

ua
nt

um
 p

hy
si

cs

•	
Pr

ob
ab

ili
ty

 is
 tr

ea
te

d 
in

 a
 m

at
he

m
at

ic
al

 s
en

se
 in

 M
at

he
m

at
ic

al
 st

ud
ie

s S
L 

su
b-

to
pi

cs
 3

.6
–3

.7

To
pi

c 
12

: Q
ua

nt
um

 a
nd

 n
uc

le
ar

 p
hy

si
cs

�
16

 h
ou

rs

A
dd

iti
on

al
 h

ig
he

r l
ev

el



Topic 12: Quantum and nuclear physics

Physics guide 91

12
.1

 –
 T

he
 in

te
ra

ct
io

n 
of

 m
at

te
r w

it
h 

ra
di

at
io

n

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
D

is
cu

ss
in

g 
th

e 
ph

ot
oe

le
ct

ric
 e

ff
ec

t e
xp

er
im

en
t a

nd
 e

xp
la

in
in

g 
w

hi
ch

 fe
at

ur
es

 
of

 th
e 

ex
pe

rim
en

t c
an

no
t b

e 
ex

pl
ai

ne
d 

by
 th

e 
cl

as
si

ca
l w

av
e 

th
eo

ry
 o

f l
ig

ht

•	
So

lv
in

g 
ph

ot
oe

le
ct

ric
 p

ro
bl

em
s 

bo
th

 g
ra

ph
ic

al
ly

 a
nd

 a
lg

eb
ra

ic
al

ly

•	
D

is
cu

ss
in

g 
ex

pe
rim

en
ta

l e
vi

de
nc

e 
fo

r m
at

te
r w

av
es

, i
nc

lu
di

ng
 a

n 
ex

pe
rim

en
t 

in
 w

hi
ch

 th
e 

w
av

e 
na

tu
re

 o
f e

le
ct

ro
ns

 is
 e

vi
de

nt

•	
St

at
in

g 
or

de
r o

f m
ag

ni
tu

de
 e

st
im

at
es

 fr
om

 th
e 

un
ce

rt
ai

nt
y 

pr
in

ci
pl

e

G
ui

da
nc

e:

•	
Th

e 
or

de
r o

f m
ag

ni
tu

de
 e

st
im

at
es

 fr
om

 th
e 

un
ce

rt
ai

nt
y 

pr
in

ci
pl

e 
m

ay
 in

cl
ud

e 
(b

ut
 is

 n
ot

 li
m

ite
d 

to
) e

st
im

at
es

 o
f t

he
 e

ne
rg

y 
of

 th
e 

gr
ou

nd
 s

ta
te

 o
f a

n 
at

om
, 

th
e 

im
po

ss
ib

ili
ty

 o
f a

n 
el

ec
tr

on
 e

xi
st

in
g 

w
ith

in
 a

 n
uc

le
us

, a
nd

 th
e 

lif
et

im
e 

of
 

an
 e

le
ct

ro
n 

in
 a

n 
ex

ci
te

d 
en

er
gy

 s
ta

te

•	
Tu

nn
el

lin
g 

to
 b

e 
tr

ea
te

d 
qu

al
ita

tiv
el

y 
us

in
g 

th
e 

id
ea

 o
f c

on
tin

ui
ty

 o
f w

av
e 

fu
nc

tio
ns

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
E

hf
=

•	
E

hf
m
ax

Φ
=

−

•	
E

n
eV

13
.6 2

=
−

 

•	
m
vr

nh 2π
=

•	
P
r

V
(
)

2
=
Ψ

•	
x

p
h 4π

≥

•	
E

t
h 4π

≥

A
im

s:

•	
A

im
 1

: s
tu

dy
 o

f q
ua

nt
um

 p
he

no
m

en
a 

in
tr

od
uc

es
 s

tu
de

nt
s 

to
 a

n 
ex

ci
tin

g 
ne

w
 

w
or

ld
 th

at
 is

 n
ot

 e
xp

er
ie

nc
ed

 a
t t

he
 m

ac
ro

sc
op

ic
 le

ve
l. 

Th
e 

st
ud

y 
of

 tu
nn

el
in

g 
is

 a
 n

ov
el

 p
he

no
m

en
on

 n
ot

 o
bs

er
ve

d 
in

 m
ac

ro
sc

op
ic

 p
hy

si
cs

•	
A

im
 6

: t
he

 p
ho

to
el

ec
tr

ic
 e

ff
ec

t c
an

 b
e 

in
ve

st
ig

at
ed

 u
si

ng
 L

ED
s

•	
A

im
 9

: t
he

 B
oh

r m
od

el
 is

 v
er

y 
su

cc
es

sf
ul

 w
ith

 h
yd

ro
ge

n 
bu

t n
ot

 o
f a

ny
 u

se
 fo

r 
ot

he
r e

le
m

en
ts



Topic 12: Quantum and nuclear physics

Physics guide92

Es
se

nt
ia

l i
de

a:
 T

he
 id

ea
 o

f d
is

cr
et

en
es

s 
th

at
 w

e 
m

et
 in

 th
e 

at
om

ic
 w

or
ld

 c
on

tin
ue

s 
to

 e
xi

st
 in

 th
e 

nu
cl

ea
r w

or
ld

 a
s 

w
el

l.

12
.2

 –
 N

uc
le

ar
 p

hy
si

cs

N
at

ur
e 

of
 s

ci
en

ce
:

Th
eo

re
tic

al
 a

dv
an

ce
s 

an
d 

in
sp

ira
tio

n:
 P

ro
gr

es
s 

in
 a

to
m

ic
, n

uc
le

ar
 a

nd
 p

ar
tic

le
 p

hy
si

cs
 o

ft
en

 c
am

e 
fr

om
 th

eo
re

tic
al

 a
dv

an
ce

s 
an

d 
st

ro
ke

s 
of

 in
sp

ira
tio

n.

A
dv

an
ce

s 
in

 in
st

ru
m

en
ta

tio
n:

 N
ew

 w
ay

s 
of

 d
et

ec
tin

g 
su

ba
to

m
ic

 p
ar

tic
le

s 
du

e 
to

 a
dv

an
ce

s 
in

 e
le

ct
ro

ni
c 

te
ch

no
lo

gy
 w

er
e 

al
so

 c
ru

ci
al

. 

M
od

er
n 

co
m

pu
tin

g 
po

w
er

: F
in

al
ly

, t
he

 a
na

ly
si

s 
of

 th
e 

da
ta

 g
at

he
re

d 
in

 m
od

er
n 

pa
rt

ic
le

 d
et

ec
to

rs
 in

 p
ar

tic
le

 a
cc

el
er

at
or

 e
xp

er
im

en
ts

 w
ou

ld
 b

e 
im

po
ss

ib
le

 w
ith

ou
t m

od
er

n 
co

m
pu

tin
g 

po
w

er
. (

1.
8)

U
nd

er
st

an
di

ng
s:

•	
Ru

th
er

fo
rd

 s
ca

tt
er

in
g 

an
d 

nu
cl

ea
r r

ad
iu

s

•	
N

uc
le

ar
 e

ne
rg

y 
le

ve
ls

•	
Th

e 
ne

ut
rin

o

•	
Th

e 
la

w
 o

f r
ad

io
ac

tiv
e 

de
ca

y 
an

d 
th

e 
de

ca
y 

co
ns

ta
nt

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
D

es
cr

ib
in

g 
a 

sc
at

te
rin

g 
ex

pe
rim

en
t i

nc
lu

di
ng

 lo
ca

tio
n 

of
 m

in
im

um
 in

te
ns

ity
 

fo
r t

he
 d

iff
ra

ct
ed

 p
ar

tic
le

s 
ba

se
d 

on
 th

ei
r d

e 
Br

og
lie

 w
av

el
en

gt
h

•	
Ex

pl
ai

ni
ng

 d
ev

ia
tio

ns
 fr

om
 R

ut
he

rf
or

d 
sc

at
te

rin
g 

in
 h

ig
h 

en
er

gy
 e

xp
er

im
en

ts

•	
D

es
cr

ib
in

g 
ex

pe
rim

en
ta

l e
vi

de
nc

e 
fo

r n
uc

le
ar

 e
ne

rg
y 

le
ve

ls

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
th

e 
ra

di
oa

ct
iv

e 
de

ca
y 

la
w

 fo
r a

rb
itr

ar
y 

tim
e 

in
te

rv
al

s

•	
Ex

pl
ai

ni
ng

 th
e 

m
et

ho
ds

 fo
r m

ea
su

rin
g 

sh
or

t a
nd

 lo
ng

 h
al

f-
liv

es

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
M

uc
h 

of
 th

e 
kn

ow
le

dg
e 

ab
ou

t s
ub

at
om

ic
 p

ar
tic

le
s 

is
 b

as
ed

 o
n 

th
e 

m
od

el
s 

on
e 

us
es

 to
 in

te
rp

re
t t

he
 d

at
a 

fr
om

 e
xp

er
im

en
ts

. H
ow

 c
an

 w
e 

be
 s

ur
e 

th
at

 w
e 

ar
e 

di
sc

ov
er

in
g 

an
 “i

nd
ep

en
de

nt
 tr

ut
h”

 n
ot

 in
flu

en
ce

d 
by

 o
ur

 m
od

el
s?

 Is
 th

er
e 

su
ch

 a
 th

in
g 

as
 a

 s
in

gl
e 

tr
ut

h?

U
ti

liz
at

io
n:

•	
Kn

ow
le

dg
e 

of
 ra

di
oa

ct
iv

ity
, r

ad
io

ac
tiv

e 
su

bs
ta

nc
es

 a
nd

 th
e 

ra
di

oa
ct

iv
e 

de
ca

y 
la

w
 a

re
 c

ru
ci

al
 in

 m
od

er
n 

nu
cl

ea
r m

ed
ic

in
e 

(s
ee

 P
hy

sic
s o

pt
io

n 
su

b-
to

pi
c 

C.
4)

A
im

s:

•	
A

im
 2

: d
et

ec
tio

n 
of

 th
e 

ne
ut

rin
o 

de
m

on
st

ra
te

s 
th

e 
co

nt
in

ui
ng

 g
ro

w
in

g 
bo

dy
 

of
 k

no
w

le
dg

e 
sc

ie
nt

is
ts

 a
re

 g
at

he
rin

g 
in

 th
is

 a
re

a 
of

 s
tu

dy



Topic 12: Quantum and nuclear physics

Physics guide 93

12
.2

 –
 N

uc
le

ar
 p

hy
si

cs

G
ui

da
nc

e:

•	
St

ud
en

ts
 s

ho
ul

d 
be

 a
w

ar
e 

th
at

 n
uc

le
ar

 d
en

si
tie

s 
ar

e 
ap

pr
ox

im
at

el
y 

th
e 

sa
m

e 
fo

r a
ll 

nu
cl

ei
 a

nd
 th

at
 th

e 
on

ly
 m

ac
ro

sc
op

ic
 o

bj
ec

ts
 w

ith
 th

e 
sa

m
e 

de
ns

ity
 a

s 
nu

cl
ei

 a
re

 n
eu

tr
on

 s
ta

rs

•	
Th

e 
sm

al
l a

ng
le

 a
pp

ro
xi

m
at

io
n 

is
 u

su
al

ly
 n

ot
 a

pp
ro

pr
ia

te
 to

 u
se

 to
 d

et
er

m
in

e 
th

e 
lo

ca
tio

n 
of

 th
e 

m
in

im
um

 in
te

ns
ity

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
R

R
A

0
1/
3

=

•	
N

N
e

t
0

=
λ−

•	
A

N
e

t
0

λ
=

λ−

•	
D

si
n
θ

λ
≈



Physics guide94

Es
se

nt
ia

l i
de

a:
 E

in
st

ei
n’

s 
st

ud
y 

of
 e

le
ct

ro
m

ag
ne

tis
m

 re
ve

al
ed

 in
co

ns
is

te
nc

ie
s 

be
tw

ee
n 

th
e 

th
eo

ry
 o

f M
ax

w
el

l a
nd

 N
ew

to
n‘

s 
m

ec
ha

ni
cs

. H
e 

re
co

gn
iz

ed
 th

at
 b

ot
h 

th
eo

rie
s 

co
ul

d 
no

t b
e 

re
co

nc
ile

d 
an

d 
so

 c
ho

os
in

g 
to

 tr
us

t M
ax

w
el

l’s
 th

eo
ry

 o
f e

le
ct

ro
m

ag
ne

tis
m

 h
e 

w
as

 fo
rc

ed
 to

 c
ha

ng
e 

lo
ng

-c
he

ris
he

d 
id

ea
s 

ab
ou

t s
pa

ce
 a

nd
 ti

m
e 

in
 m

ec
ha

ni
cs

.

A
.1

 –
 T

he
 b

eg
in

ni
ng

s 
of

 re
la

ti
vi

ty

N
at

ur
e 

of
 s

ci
en

ce
:

Pa
ra

di
gm

 s
hi

ft
: T

he
 fu

nd
am

en
ta

l f
ac

t t
ha

t t
he

 s
pe

ed
 o

f l
ig

ht
 is

 c
on

st
an

t f
or

 a
ll 

in
er

tia
l o

bs
er

ve
rs

 h
as

 fa
r-

re
ac

hi
ng

 c
on

se
qu

en
ce

s 
ab

ou
t o

ur
 u

nd
er

st
an

di
ng

 o
f s

pa
ce

 a
nd

 ti
m

e.
 

Id
ea

s 
ab

ou
t s

pa
ce

 a
nd

 ti
m

e 
th

at
 w

en
t u

nc
ha

lle
ng

ed
 fo

r m
or

e 
th

an
 2

,0
00

 y
ea

rs
 w

er
e 

sh
ow

n 
to

 b
e 

fa
ls

e.
 T

he
 e

xt
en

si
on

 o
f t

he
 p

rin
ci

pl
e 

of
 re

la
tiv

ity
 to

 a
cc

el
er

at
ed

 fr
am

es
 o

f 
re

fe
re

nc
e 

le
ad

s 
to

 th
e 

re
vo

lu
tio

na
ry

 id
ea

 o
f g

en
er

al
 re

la
tiv

ity
 th

at
 th

e 
m

as
s 

an
d 

en
er

gy
 th

at
 s

pa
ce

tim
e 

co
nt

ai
ns

 d
et

er
m

in
e 

th
e 

ge
om

et
ry

 o
f s

pa
ce

tim
e.

 (2
.3

)

U
nd

er
st

an
di

ng
s:

•	
Re

fe
re

nc
e 

fr
am

es

•	
G

al
ile

an
 re

la
tiv

ity
 a

nd
 N

ew
to

n’
s 

po
st

ul
at

es
 c

on
ce

rn
in

g 
tim

e 
an

d 
sp

ac
e

•	
M

ax
w

el
l a

nd
 th

e 
co

ns
ta

nc
y 

of
 th

e 
sp

ee
d 

of
 li

gh
t

•	
Fo

rc
es

 o
n 

a 
ch

ar
ge

 o
r c

ur
re

nt

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
U

si
ng

 th
e 

G
al

ile
an

 tr
an

sf
or

m
at

io
n 

eq
ua

tio
ns

•	
D

et
er

m
in

in
g 

w
he

th
er

 a
 fo

rc
e 

on
 a

 c
ha

rg
e 

or
 c

ur
re

nt
 is

 e
le

ct
ric

 o
r m

ag
ne

tic
 in

 a
 

gi
ve

n 
fr

am
e 

of
 re

fe
re

nc
e

•	
D

et
er

m
in

in
g 

th
e 

na
tu

re
 o

f t
he

 fi
el

ds
 o

bs
er

ve
d 

by
 d

iff
er

en
t o

bs
er

ve
rs

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
W

he
n 

sc
ie

nt
is

ts
 c

la
im

 a
 n

ew
 d

ire
ct

io
n 

in
 th

in
ki

ng
 re

qu
ire

s 
a 

pa
ra

di
gm

 s
hi

ft
 in

 
ho

w
 w

e 
ob

se
rv

e 
th

e 
un

iv
er

se
, h

ow
 d

o 
w

e 
en

su
re

 th
ei

r c
la

im
s 

ar
e 

va
lid

?

A
im

s:

•	
A

im
 3

: t
hi

s 
su

b-
to

pi
c 

is
 th

e 
co

rn
er

st
on

e 
of

 d
ev

el
op

m
en

ts
 th

at
 fo

llo
w

ed
 in

 
re

la
tiv

ity
 a

nd
 m

od
er

n 
ph

ys
ic

s

Co
re

 to
pi

cs
�

15
 h

ou
rs

O
pt

io
n 

A
: R

el
at

iv
ity



  Core topics

Physics guide 95

A
.1

 –
 T

he
 b

eg
in

ni
ng

s 
of

 re
la

ti
vi

ty

G
ui

da
nc

e:

•	
M

ax
w

el
l’s

 e
qu

at
io

ns
 d

o 
no

t n
ee

d 
to

 b
e 

de
sc

rib
ed

•	
Q

ua
lit

at
iv

e 
tr

ea
tm

en
t o

f e
le

ct
ric

 a
nd

 m
ag

ne
tic

 fi
el

ds
 a

s 
m

ea
su

re
d 

by
 

ob
se

rv
er

s 
in

 re
la

tiv
e 

m
ot

io
n.

 E
xa

m
pl

es
 w

ill
 in

cl
ud

e 
a 

ch
ar

ge
 m

ov
in

g 
in

 a
 

m
ag

ne
tic

 fi
el

d 
or

 tw
o 

ch
ar

ge
d 

pa
rt

ic
le

s 
m

ov
in

g 
w

ith
 p

ar
al

le
l v

el
oc

iti
es

. 
St

ud
en

ts
 w

ill
 b

e 
as

ke
d 

to
 a

na
ly

se
 th

es
e 

m
ot

io
ns

 fr
om

 th
e 

po
in

t o
f v

ie
w

 o
f 

ob
se

rv
er

s 
at

 re
st

 w
ith

 re
sp

ec
t t

o 
th

e 
pa

rt
ic

le
s 

an
d 

ob
se

rv
er

s 
at

 re
st

 w
ith

 
re

sp
ec

t t
o 

th
e 

m
ag

ne
tic

 fi
el

d.

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
x

x
vt

′=
−

•	
u

u
v

′=
−



 Core topics

Physics guide96

Es
se

nt
ia

l i
de

a:
 O

bs
er

ve
rs

 in
 re

la
tiv

e 
un

ifo
rm

 m
ot

io
n 

di
sa

gr
ee

 o
n 

th
e 

nu
m

er
ic

al
 v

al
ue

s 
of

 s
pa

ce
 a

nd
 ti

m
e 

co
or

di
na

te
s 

fo
r e

ve
nt

s,
 b

ut
 a

gr
ee

 w
ith

 th
e 

nu
m

er
ic

al
 v

al
ue

 o
f 

th
e 

sp
ee

d 
of

 li
gh

t i
n 

a 
va

cu
um

. T
he

 L
or

en
tz

 tr
an

sf
or

m
at

io
n 

eq
ua

tio
ns

 re
la

te
 th

e 
va

lu
es

 in
 o

ne
 re

fe
re

nc
e 

fr
am

e 
to

 th
os

e 
in

 a
no

th
er

. T
he

se
 e

qu
at

io
ns

 re
pl

ac
e 

th
e 

G
al

ile
an

 
tr

an
sf

or
m

at
io

n 
eq

ua
tio

ns
 th

at
 fa

il 
fo

r s
pe

ed
s 

cl
os

e 
to

 th
at

 o
f l

ig
ht

.

A
.2

 –
 L

or
en

tz
 tr

an
sf

or
m

at
io

ns

N
at

ur
e 

of
 s

ci
en

ce
:

Pu
re

 s
ci

en
ce

: E
in

st
ei

n 
ba

se
d 

hi
s 

th
eo

ry
 o

f r
el

at
iv

ity
 o

n 
tw

o 
po

st
ul

at
es

 a
nd

 d
ed

uc
ed

 th
e 

re
st

 b
y 

m
at

he
m

at
ic

al
 a

na
ly

si
s.

 T
he

 fi
rs

t p
os

tu
la

te
 in

te
gr

at
es

 a
ll 

of
 th

e 
la

w
s 

of
 p

hy
si

cs
 

in
cl

ud
in

g 
th

e 
la

w
s 

of
 e

le
ct

ro
m

ag
ne

tis
m

, n
ot

 o
nl

y 
N

ew
to

n’
s 

la
w

s 
of

 m
ec

ha
ni

cs
. (

1.
2)

U
nd

er
st

an
di

ng
s:

•	
Th

e 
tw

o 
po

st
ul

at
es

 o
f s

pe
ci

al
 re

la
tiv

ity
 

•	
Cl

oc
k 

sy
nc

hr
on

iz
at

io
n

•	
Th

e 
Lo

re
nt

z 
tr

an
sf

or
m

at
io

ns

•	
Ve

lo
ci

ty
 a

dd
iti

on

•	
In

va
ria

nt
 q

ua
nt

iti
es

 (s
pa

ce
tim

e 
in

te
rv

al
, p

ro
pe

r t
im

e,
 p

ro
pe

r l
en

gt
h 

an
d 

 
re

st
 m

as
s)

•	
Ti

m
e 

di
la

tio
n

•	
Le

ng
th

 c
on

tr
ac

tio
n

•	
Th

e 
m

uo
n 

de
ca

y 
ex

pe
rim

en
t

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
U

si
ng

 th
e 

Lo
re

nt
z 

tr
an

sf
or

m
at

io
ns

 to
 d

es
cr

ib
e 

ho
w

 d
iff

er
en

t m
ea

su
re

m
en

ts
 

of
 s

pa
ce

 a
nd

 ti
m

e 
by

 tw
o 

ob
se

rv
er

s 
ca

n 
be

 c
on

ve
rt

ed
 in

to
 th

e 
m

ea
su

re
m

en
ts

 
ob

se
rv

ed
 in

 e
ith

er
 fr

am
e 

of
 re

fe
re

nc
e

•	
U

si
ng

 th
e 

Lo
re

nt
z 

tr
an

sf
or

m
at

io
n 

eq
ua

tio
ns

 to
 d

et
er

m
in

e 
th

e 
po

si
tio

n 
an

d 
tim

e 
co

or
di

na
te

s 
of

 v
ar

io
us

 e
ve

nt
s

•	
U

si
ng

 th
e 

Lo
re

nt
z 

tr
an

sf
or

m
at

io
n 

eq
ua

tio
ns

 to
 s

ho
w

 th
at

 if
 tw

o 
ev

en
ts

 a
re

 
si

m
ul

ta
ne

ou
s 

fo
r o

ne
 o

bs
er

ve
r b

ut
 h

ap
pe

n 
at

 d
iff

er
en

t p
oi

nt
s 

in
 s

pa
ce

, t
he

n 
th

e 
ev

en
ts

 a
re

 n
ot

 s
im

ul
ta

ne
ou

s 
fo

r a
n 

ob
se

rv
er

 in
 a

 d
iff

er
en

t r
ef

er
en

ce
 fr

am
e

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
ve

lo
ci

ty
 a

dd
iti

on

•	
D

er
iv

in
g 

th
e 

tim
e 

di
la

tio
n 

an
d 

le
ng

th
 c

on
tr

ac
tio

n 
eq

ua
tio

ns
 u

si
ng

 th
e 

Lo
re

nt
z 

eq
ua

tio
ns

U
ti

liz
at

io
n:

 

•	
O

nc
e 

a 
ve

ry
 e

so
te

ric
 p

ar
t o

f p
hy

si
cs

, r
el

at
iv

ity
 id

ea
s 

ab
ou

t s
pa

ce
 a

nd
 ti

m
e 

ar
e 

ne
ed

ed
 in

 o
rd

er
 to

 p
ro

du
ce

 a
cc

ur
at

e 
gl

ob
al

 p
os

iti
on

in
g 

sy
st

em
s 

(G
PS

)

A
im

s:

•	
A

im
 2

: t
he

 L
or

en
tz

 tr
an

sf
or

m
at

io
n 

fo
rm

ul
ae

 p
ro

vi
de

 a
 c

on
si

st
en

t b
od

y 
of

 
kn

ow
le

dg
e 

th
at

 c
an

 b
e 

us
ed

 to
 c

om
pa

re
 th

e 
de

sc
rip

tio
n 

of
 m

ot
io

n 
by

 o
ne

 
ob

se
rv

er
 to

 th
e 

de
sc

rip
tio

n 
of

 a
no

th
er

 o
bs

er
ve

r i
n 

re
la

tiv
e 

m
ot

io
n 

to
  

th
e 

fir
st

•	
A

im
 3

: t
he

se
 fo

rm
ul

ae
 c

an
 b

e 
ap

pl
ie

d 
to

 a
 v

ar
ie

d 
se

t o
f c

on
di

tio
ns

 a
nd

 
si

tu
at

io
ns

•	
A

im
 9

: t
he

 in
tr

od
uc

tio
n 

of
 re

la
tiv

ity
 p

us
he

d 
th

e 
lim

its
 o

f G
al

ile
an

 th
ou

gh
ts

 o
n 

sp
ac

e 
an

d 
m

ot
io

n



   Core topics

Physics guide 97

A
.2

 –
 L

or
en

tz
 tr

an
sf

or
m

at
io

ns

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
tim

e 
di

la
tio

n 
an

d 
le

ng
th

 c
on

tr
ac

tio
n

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
th

e 
m

uo
n 

de
ca

y 
ex

pe
rim

en
t

G
ui

da
nc

e:

•	
Pr

ob
le

m
s 

w
ill

 b
e 

lim
ite

d 
to

 o
ne

 d
im

en
si

on

•	
D

er
iv

at
io

n 
of

 th
e 

Lo
re

nt
z 

tr
an

sf
or

m
at

io
n 

eq
ua

tio
ns

 w
ill

 n
ot

 b
e 

ex
am

in
ed

•	
M

uo
n 

de
ca

y 
ex

pe
rim

en
ts

 c
an

 b
e 

us
ed

 a
s 

ev
id

en
ce

 fo
r b

ot
h 

tim
e 

di
la

tio
n 

an
d 

le
ng

th
 c

on
tr

ac
tio

n

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
v c

1

1
2 2

γ
=

−

•	
x

x
vt

x
x

v
t

(
);

(
)

γ
γ

′=
−

′=
−

•	
′ =

−
 

 
′ =

−
 

 
t

t
vx c

t
t

v
x

c
γ

γ
2

2
;∆

∆
∆

•	
u

u
v uv c

1
2

′=
− −

•	
t

t 0
γ

=
 

•	
L

L 0 γ
=

•	
ct

x
ct

x
(

)
(

)
(

)
(
)

2
2

2
2

′
−

′
=

−



 Core topics

Physics guide98

Es
se

nt
ia

l i
de

a:
 S

pa
ce

tim
e 

di
ag

ra
m

s a
re

 a
 v

er
y 

cl
ea

r a
nd

 il
lu

st
ra

tiv
e 

w
ay

 to
 sh

ow
 g

ra
ph

ic
al

ly
 h

ow
 d

iff
er

en
t o

bs
er

ve
rs

 in
 re

la
tiv

e 
m

ot
io

n 
to

 e
ac

h 
ot

he
r h

av
e 

m
ea

su
re

m
en

ts
 th

at
 

di
ff

er
 fr

om
 e

ac
h 

ot
he

r.

A
.3

 –
 S

pa
ce

ti
m

e 
di

ag
ra

m
s

N
at

ur
e 

of
 s

ci
en

ce
:

Vi
su

al
iz

at
io

n 
of

 m
od

el
s: 

Th
e 

vi
su

al
iz

at
io

n 
of

 th
e 

de
sc

rip
tio

n 
of

 e
ve

nt
s i

n 
te

rm
s o

f s
pa

ce
tim

e 
di

ag
ra

m
s i

s a
n 

en
or

m
ou

s a
dv

an
ce

 in
 u

nd
er

st
an

di
ng

 th
e 

co
nc

ep
t o

f s
pa

ce
tim

e.
 (1

.10
)

U
nd

er
st

an
di

ng
s:

•	
Sp

ac
et

im
e 

di
ag

ra
m

s

•	
W

or
ld

lin
es

•	
Th

e 
tw

in
 p

ar
ad

ox

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
Re

pr
es

en
tin

g 
ev

en
ts

 o
n 

a 
sp

ac
et

im
e 

di
ag

ra
m

 a
s 

po
in

ts

•	
Re

pr
es

en
tin

g 
th

e 
po

si
tio

ns
 o

f a
 m

ov
in

g 
pa

rt
ic

le
 o

n 
a 

sp
ac

et
im

e 
di

ag
ra

m
 b

y 
a 

cu
rv

e 
(th

e 
w

or
ld

lin
e)

•	
Re

pr
es

en
tin

g 
m

or
e 

th
an

 o
ne

 in
er

tia
l r

ef
er

en
ce

 fr
am

e 
on

 th
e 

sa
m

e 
sp

ac
et

im
e 

di
ag

ra
m

•	
D

et
er

m
in

in
g 

th
e 

an
gl

e 
be

tw
ee

n 
a 

w
or

ld
lin

e 
fo

r s
pe

ci
fic

 s
pe

ed
 a

nd
 th

e 
tim

e 
ax

is
 o

n 
a 

sp
ac

et
im

e 
di

ag
ra

m

•	
So

lv
in

g 
pr

ob
le

m
s 

on
 s

im
ul

ta
ne

ity
 a

nd
 k

in
em

at
ic

s 
us

in
g 

sp
ac

et
im

e 
di

ag
ra

m
s

•	
Re

pr
es

en
tin

g 
tim

e 
di

la
tio

n 
an

d 
le

ng
th

 c
on

tr
ac

tio
n 

on
 s

pa
ce

tim
e 

di
ag

ra
m

s

•	
D

es
cr

ib
in

g 
th

e 
tw

in
 p

ar
ad

ox

•	
Re

so
lv

in
g 

of
 th

e 
tw

in
 p

ar
ad

ox
 th

ro
ug

h 
sp

ac
et

im
e 

di
ag

ra
m

s

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
Ca

n 
pa

ra
do

xe
s 

be
 s

ol
ve

d 
by

 re
as

on
 a

lo
ne

, o
r d

o 
th

ey
 re

qu
ire

 th
e 

ut
ili

za
tio

n 
of

 
ot

he
r w

ay
s 

of
 k

no
w

in
g?

A
im

s:

•	
A

im
 4

: s
pa

ce
tim

e 
di

ag
ra

m
s 

al
lo

w
 o

ne
 to

 a
na

ly
se

 p
ro

bl
em

s 
in

 re
la

tiv
ity

  
m

or
e 

re
lia

bl
y



   Core topics

Physics guide 99

A
.3

 –
 S

pa
ce

ti
m

e 
di

ag
ra

m
s

G
ui

da
nc

e:

•	
Ex

am
in

at
io

n 
qu

es
tio

ns
 w

ill
 re

fe
r t

o 
sp

ac
et

im
e 

di
ag

ra
m

s; 
th

es
e 

ar
e 

al
so

 k
no

w
n 

as
 M

in
ko

w
sk

i d
ia

gr
am

s

•	
Q

ua
nt

ita
tiv

e 
qu

es
tio

ns
 in

vo
lv

in
g 

sp
ac

et
im

e 
di

ag
ra

m
s 

w
ill

 b
e 

lim
ite

d 
to

 
co

ns
ta

nt
 v

el
oc

ity

•	
Sp

ac
et

im
e 

di
ag

ra
m

s 
ca

n 
ha

ve
 t 

or
 c

t o
n 

th
e 

ve
rt

ic
al

 a
xi

s

•	
Ex

am
in

at
io

n 
qu

es
tio

ns
 m

ay
 u

se
 u

ni
ts

 in
 w

hi
ch

 c
 =

 1

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
c

ta
n

1
θ 

υ
= 

−



Physics guide100

Es
se

nt
ia

l i
de

a:
 T

he
 re

la
tiv

ity
 o

f s
pa

ce
 a

nd
 ti

m
e 

re
qu

ire
s 

ne
w

 d
ef

in
iti

on
s 

fo
r e

ne
rg

y 
an

d 
m

om
en

tu
m

 in
 o

rd
er

 to
 p

re
se

rv
e 

th
e 

co
ns

er
ve

d 
na

tu
re

 o
f t

he
se

 la
w

s.

A
.4

 –
 R

el
at

iv
is

ti
c 

m
ec

ha
ni

cs

N
at

ur
e 

of
 s

ci
en

ce
:

Pa
ra

di
gm

 s
hi

ft
: E

in
st

ei
n 

re
al

iz
ed

 th
at

 th
e 

la
w

 o
f c

on
se

rv
at

io
n 

of
 m

om
en

tu
m

 c
ou

ld
 n

ot
 b

e 
m

ai
nt

ai
ne

d 
as

 a
 la

w
 o

f p
hy

si
cs

. H
e 

th
er

ef
or

e 
de

du
ce

d 
th

at
 in

 o
rd

er
 fo

r m
om

en
tu

m
 

to
 b

e 
co

ns
er

ve
d 

un
de

r a
ll 

co
nd

iti
on

s,
 th

e 
de

fin
iti

on
 o

f m
om

en
tu

m
 h

ad
 to

 c
ha

ng
e 

an
d 

al
on

g 
w

ith
 it

 th
e 

de
fin

iti
on

s 
of

 o
th

er
 m

ec
ha

ni
cs

 q
ua

nt
iti

es
 s

uc
h 

as
 k

in
et

ic
 e

ne
rg

y 
an

d 
to

ta
l e

ne
rg

y 
of

 a
 p

ar
tic

le
. T

hi
s 

w
as

 a
 m

aj
or

 p
ar

ad
ig

m
 s

hi
ft

. (
2.

3)

U
nd

er
st

an
di

ng
s:

•	
To

ta
l e

ne
rg

y 
an

d 
re

st
 e

ne
rg

y

•	
Re

la
tiv

is
tic

 m
om

en
tu

m

•	
Pa

rt
ic

le
 a

cc
el

er
at

io
n

•	
El

ec
tr

ic
 c

ha
rg

e 
as

 a
n 

in
va

ria
nt

 q
ua

nt
ity

•	
Ph

ot
on

s

•	
M

eV
 c

–2
 a

s 
th

e 
un

it 
of

 m
as

s 
an

d 
M

eV
 c

–1
 a

s 
th

e 
un

it 
of

 m
om

en
tu

m

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
D

es
cr

ib
in

g 
th

e 
la

w
s 

of
 c

on
se

rv
at

io
n 

of
 m

om
en

tu
m

 a
nd

 c
on

se
rv

at
io

n 
of

 
en

er
gy

 w
ith

in
 s

pe
ci

al
 re

la
tiv

ity

•	
D

et
er

m
in

in
g 

th
e 

po
te

nt
ia

l d
iff

er
en

ce
 n

ec
es

sa
ry

 to
 a

cc
el

er
at

e 
a 

pa
rt

ic
le

 to
 a

 
gi

ve
n 

sp
ee

d 
or

 e
ne

rg
y

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
re

la
tiv

is
tic

 e
ne

rg
y 

an
d 

m
om

en
tu

m
 c

on
se

rv
at

io
n 

in
 c

ol
lis

io
ns

 a
nd

 p
ar

tic
le

 d
ec

ay
s

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
In

 w
ha

t w
ay

s 
do

 la
w

s 
in

 th
e 

na
tu

ra
l s

ci
en

ce
s 

di
ff

er
 fr

om
 la

w
s 

in
 e

co
no

m
ic

s?

U
ti

liz
at

io
n:

•	
Th

e 
la

w
s 

of
 re

la
tiv

is
tic

 m
ec

ha
ni

cs
 a

re
 ro

ut
in

el
y 

us
ed

 in
 o

rd
er

 to
 m

an
ag

e 
th

e 
op

er
at

io
n 

of
 n

uc
le

ar
 p

ow
er

 p
la

nt
s,

 p
ar

tic
le

 a
cc

el
er

at
or

s 
an

d 
pa

rt
ic

le
 d

et
ec

to
rs

A
im

s:

•	
A

im
 4

: r
el

at
iv

is
tic

 m
ec

ha
ni

cs
 s

yn
th

es
iz

es
 k

no
w

le
dg

e 
on

 th
e 

be
ha

vi
ou

r o
f 

m
at

te
r a

t s
pe

ed
s 

cl
os

e 
to

 th
e 

sp
ee

d 
of

 li
gh

t

•	
A

im
 9

: t
he

 th
eo

ry
 o

f r
el

at
iv

ity
 im

po
se

s 
on

e 
se

ve
re

 li
m

ita
tio

n:
 n

ot
hi

ng
 c

an
 

ex
ce

ed
 th

e 
sp

ee
d 

of
 li

gh
t

Ad
di

tio
na

l h
ig

he
r l

ev
el

 o
pt

io
n 

to
pi

cs
�

10
 h

ou
rs

O
pt

io
n 

A
: R

el
at

iv
ity



 Additional higher level option topics

Physics guide 101

A
.4

 –
 R

el
at

iv
is

ti
c 

m
ec

ha
ni

cs

G
ui

da
nc

e:

•	
A

pp
lic

at
io

ns
 w

ill
 in

vo
lv

e 
re

la
tiv

is
tic

 d
ec

ay
s 

su
ch

 a
s 

ca
lc

ul
at

in
g 

th
e 

w
av

el
en

gt
hs

 o
f p

ho
to

ns
 in

 th
e 

de
ca

y 
of

 a
 m

ov
in

g 
pi

on
 [

2
]

o π
γ

→

•	
Th

e 
sy

m
bo

l m
0 r

ef
er

s 
to

 th
e 

in
va

ria
nt

 re
st

 m
as

s o
f a

 p
ar

tic
le

•	
Th

e 
co

nc
ep

t o
f a

 re
la

tiv
is

tic
 m

as
s 

th
at

 v
ar

ie
s 

w
ith

 s
pe

ed
 w

ill
 n

ot
 b

e 
us

ed

•	
Pr

ob
le

m
s 

w
ill

 b
e 

lim
ite

d 
to

 o
ne

 d
im

en
si

on

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
E

m
c

0
2

γ
=

•	
E

m
c

0
0

2
=

•	
E

m
c

(
1)

K
0

2
γ

=
−

•	
p

m
0

γ
υ

=

•	
E

p
c

m
c

2
2

2
02

4
=

+

•	
qV

E K
=



Additional higher level option topics

Physics guide102

Es
se

nt
ia

l i
de

a:
 G

en
er

al
 re

la
tiv

ity
 is

 a
pp

lie
d 

to
 b

rin
g 

to
ge

th
er

 fu
nd

am
en

ta
l c

on
ce

pt
s 

of
 m

as
s,

 s
pa

ce
 a

nd
 ti

m
e 

in
 o

rd
er

 to
 d

es
cr

ib
e 

th
e 

fa
te

 o
f t

he
 u

ni
ve

rs
e.

A
.5

 –
 G

en
er

al
 re

la
ti

vi
ty

N
at

ur
e 

of
 s

ci
en

ce
:

Cr
ea

tiv
e 

an
d 

cr
iti

ca
l t

hi
nk

in
g:

 E
in

st
ei

n’
s 

gr
ea

t a
ch

ie
ve

m
en

t, 
th

e 
ge

ne
ra

l t
he

or
y 

of
 re

la
tiv

ity
, i

s 
ba

se
d 

on
 in

tu
iti

on
, c

re
at

iv
e 

th
in

ki
ng

 a
nd

 im
ag

in
at

io
n,

 n
am

el
y 

to
 c

on
ne

ct
 th

e 
ge

om
et

ry
 o

f s
pa

ce
tim

e 
(th

ro
ug

h 
its

 c
ur

va
tu

re
) t

o 
th

e 
m

as
s 

an
d 

en
er

gy
 c

on
te

nt
 o

f s
pa

ce
tim

e.
 F

or
 y

ea
rs

 it
 w

as
 th

ou
gh

t t
ha

t n
ot

hi
ng

 c
ou

ld
 e

sc
ap

e 
a 

bl
ac

k 
ho

le
 a

nd
 th

is
 is

 
tr

ue
 b

ut
 o

nl
y 

fo
r c

la
ss

ic
al

 b
la

ck
 h

ol
es

. W
he

n 
qu

an
tu

m
 th

eo
ry

 is
 ta

ke
n 

in
to

 a
cc

ou
nt

 a
 b

la
ck

 h
ol

e 
ra

di
at

es
 li

ke
 a

 b
la

ck
 b

od
y.

 T
hi

s 
un

ex
pe

ct
ed

 re
su

lt 
re

ve
al

ed
 o

th
er

 e
qu

al
ly

 
un

ex
pe

ct
ed

 c
on

ne
ct

io
ns

 b
et

w
ee

n 
bl

ac
k 

ho
le

s 
an

d 
th

er
m

od
yn

am
ic

s.
 (1

.4
)

U
nd

er
st

an
di

ng
s:

•	
Th

e 
eq

ui
va

le
nc

e 
pr

in
ci

pl
e

•	
Th

e 
be

nd
in

g 
of

 li
gh

t

•	
G

ra
vi

ta
tio

na
l r

ed
sh

ift
 a

nd
 th

e 
Po

un
d–

Re
bk

a–
Sn

id
er

 e
xp

er
im

en
t

•	
Sc

hw
ar

zs
ch

ild
 b

la
ck

 h
ol

es

•	
Ev

en
t h

or
iz

on
s

•	
Ti

m
e 

di
la

tio
n 

ne
ar

 a
 b

la
ck

 h
ol

e

•	
A

pp
lic

at
io

ns
 o

f g
en

er
al

 re
la

tiv
ity

 to
 th

e 
un

iv
er

se
 a

s 
a 

w
ho

le

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
U

sin
g 

th
e 

eq
ui

va
le

nc
e 

pr
in

ci
pl

e 
to

 d
ed

uc
e 

an
d 

ex
pl

ai
n 

lig
ht

 b
en

di
ng

 n
ea

r m
as

siv
e 

ob
je

ct
s

•	
U

si
ng

 th
e 

eq
ui

va
le

nc
e 

pr
in

ci
pl

e 
to

 d
ed

uc
e 

an
d 

ex
pl

ai
n 

gr
av

ita
tio

na
l t

im
e 

di
la

tio
n

•	
Ca

lc
ul

at
in

g 
gr

av
ita

tio
na

l f
re

qu
en

cy
 s

hi
ft

s

•	
D

es
cr

ib
in

g 
an

 e
xp

er
im

en
t i

n 
w

hi
ch

 g
ra

vi
ta

tio
na

l r
ed

sh
ift

 is
 o

bs
er

ve
d 

an
d 

m
ea

su
re

d

•	
Ca

lc
ul

at
in

g 
th

e 
Sc

hw
ar

zs
ch

ild
 ra

di
us

 o
f a

 b
la

ck
 h

ol
e

•	
A

pp
ly

in
g 

th
e 

fo
rm

ul
a 

fo
r g

ra
vi

ta
tio

na
l t

im
e 

di
la

tio
n 

ne
ar

 th
e 

ev
en

t h
or

iz
on

 o
f a

 
bl

ac
k 

ho
le

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
A

lth
ou

gh
 E

in
st

ei
n 

se
lf-

de
sc

rib
ed

 th
e 

co
sm

ol
og

ic
al

 c
on

st
an

t a
s 

hi
s 

“g
re

at
es

t 
bl

un
de

r”
, t

he
 2

01
1 

N
ob

el
 P

riz
e 

w
as

 w
on

 b
y 

sc
ie

nt
is

ts
 w

ho
 h

ad
 p

ro
ve

d 
it 

to
 b

e 
va

lid
 th

ro
ug

h 
th

ei
r s

tu
di

es
 o

n 
da

rk
 e

ne
rg

y.
 W

ha
t o

th
er

 e
xa

m
pl

es
 a

re
 th

er
e 

of
 

in
iti

al
ly

 d
ou

bt
ed

 c
la

im
s 

be
in

g 
pr

ov
en

 c
or

re
ct

 la
te

r i
n 

hi
st

or
y?

U
ti

liz
at

io
n:

•	
Fo

r t
he

 g
lo

ba
l p

os
iti

on
in

g 
sy

st
em

 to
 b

e 
so

 a
cc

ur
at

e,
 g

en
er

al
 re

la
tiv

ity
 m

us
t b

e 
ta

ke
n 

in
to

 a
cc

ou
nt

 in
 c

al
cu

la
tin

g 
th

e 
de

ta
ils

 o
f t

he
 s

at
el

lit
e’

s 
or

bi
t

•	
Th

e 
de

ve
lo

pm
en

t o
f t

he
 g

en
er

al
 th

eo
ry

 o
f r

el
at

iv
ity

 h
as

 b
ee

n 
us

ed
 to

 e
xp

la
in

 
th

e 
ve

ry
 la

rg
e-

sc
al

e 
be

ha
vi

ou
r o

f t
he

 u
ni

ve
rs

e 
as

 a
 w

ho
le

 w
ith

 fa
r-r

ea
ch

in
g 

im
pl

ic
at

io
ns

 a
bo

ut
 th

e 
fu

tu
re

 d
ev

el
op

m
en

t a
nd

 fa
te

 o
f t

he
 u

ni
ve

rs
e

A
im

s:

•	
A

im
 2

: t
he

 g
en

er
al

 th
eo

ry
 o

f r
el

at
iv

ity
 is

 a
 g

re
at

 sy
nt

he
sis

 o
f i

de
as

 th
at

 a
re

 re
qu

ire
d 

to
 d

es
cr

ib
e 

th
e 

la
rg

e-
sc

al
e 

st
ru

ct
ur

e 
of

 th
e 

un
iv

er
se

•	
A

im
 9

: i
t m

us
t b

e 
ap

pr
ec

ia
te

d 
th

at
 th

e 
m

ag
ni

fic
en

t N
ew

to
ni

an
 st

ru
ct

ur
e 

ha
d 

se
rio

us
 li

m
ita

tio
ns

 w
he

n 
it 

ca
m

e 
to

 th
e 

de
sc

rip
tio

n 
of

 v
er

y 
de

ta
ile

d 
as

pe
ct

s o
f 

pl
an

et
ar

y 
m

ot
io

n



 Additional higher level option topics

Physics guide 103

A
.5

 –
 G

en
er

al
 re

la
ti

vi
ty

G
ui

da
nc

e:

•	
St

ud
en

ts
 s

ho
ul

d 
re

co
gn

iz
e 

th
e 

eq
ui

va
le

nc
e 

pr
in

ci
pl

e 
in

 te
rm

s 
of

 a
cc

el
er

at
in

g 
re

fe
re

nc
e 

fr
am

es
 a

nd
 fr

ee
ly

 fa
lli

ng
 fr

am
es

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
f f

g
h

c2
=

•	
R

G
M

c2
s

2
=

•	
t

t R r
1

0

S

=
−



Physics guide104

Es
se

nt
ia

l i
d

ea
: T

he
 b

as
ic

 la
w

s 
of

 m
ec

ha
ni

cs
 h

av
e 

an
 e

xt
en

si
on

 w
he

n 
eq

ui
va

le
nt

 p
ri

nc
ip

le
s 

ar
e 

ap
pl

ie
d 

to
 r

ot
at

io
n.

 A
ct

ua
l o

bj
ec

ts
 h

av
e 

di
m

en
si

on
s 

an
d 

th
ey

 r
eq

ui
re

 
th

e 
ex

pa
ns

io
n 

of
 th

e 
po

in
t p

ar
ti

cl
e 

m
od

el
 to

 c
on

si
de

r t
he

 p
os

si
bi

lit
y 

of
 d

if
fe

re
nt

 p
oi

nt
s 

on
 a

n 
ob

je
ct

 h
av

in
g 

di
ff

er
en

t s
ta

te
s 

of
 m

ot
io

n 
an

d/
or

 d
if

fe
re

nt
 v

el
oc

it
ie

s.

B.
1 

– 
Ri

gi
d 

bo
di

es
 a

nd
 ro

ta
ti

on
al

 d
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en
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:

M
od

el
lin

g:
 T

he
 u
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f m
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en

t p
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po
se

s 
an
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s 
al
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w

ed
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en
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en
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 a
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 p
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 c
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xt
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 c
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 d
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 d
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t o
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ta
tio
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l a
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at
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•	
A

ng
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ar
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er
at

io
n
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tio
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f r
ot

at
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el
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at
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 m
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 m
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lls
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at
in
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 c
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ng
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an
gu
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n
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So
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in

g 
pr

ob
le

m
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ec
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ot
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ro
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na
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m

Th
eo
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no
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le
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el
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e 
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 c
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te
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 m
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 c
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m

od
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ra
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en

ce
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liz
at

io
n:

•	
St

ru
ct

ur
al

 d
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l e
ng
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rin
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e 
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e 
of
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 o
bj

ec
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n 
m
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tu
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r c
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B.
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– 
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gi
d 

bo
di
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nd
 ro

ta
ti

on
al

 d
yn
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ic

s

•	
So

lv
in

g 
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ob
le

m
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sin
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ro
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tio
na

l q
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nt
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ar

 q
ua

nt
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at
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•	
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A
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 b
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m
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•	
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 m
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 b
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ne

ce
ss

ar
y
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G
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w

ill
 b
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 d
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 v
el
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e 
an

d 
to

rq
ue

–t
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le

t r
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Γ
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=
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=
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=
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+
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ω
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+

•	
t

t
1 2

i
2

θ
ω

α
=

+
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=
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I
1 2

K
2

ro
t

ω
=



 Core topics

Physics guide106

Es
se

nt
ia

l i
de

a:
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aw
 o
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re
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s 
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e 
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y 
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 m
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Th
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m
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s
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en

ce
:

Va
rie

ty
 o

f p
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 s
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 d
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 c
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 o
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 p
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s
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 p
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 p
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r m
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 c
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t
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 c
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D
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bo
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U
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•	
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 c
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=
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=
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=
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e 

m
od
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 c
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te
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f c
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B.
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 fl
ui

d 
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m

ic
s 

N
at

ur
e 
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 s

ci
en

ce
:

H
um

an
 u

nd
er

st
an

di
ng

s: 
U

nd
er

st
an

di
ng

 a
nd

 m
od

el
lin

g 
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id
 fl

ow
 h

as
 b

ee
n 

im
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an

t i
n 

m
an

y 
te
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ev
el

op
m

en
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 s
uc
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 d
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 o
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yn
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nd
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ft
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nd
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f b
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1.
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nd
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di
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D
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e
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nd
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m
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’ p
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e
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e
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H
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 e
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iu

m
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l f

lu
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•	
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in
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at
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 e
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d 
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t 
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’ l
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nd
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m
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w
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nd
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e 
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A
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ki
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:
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D

et
er

m
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m
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’ p
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lv
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m
s 
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, d
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 p
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m
s 
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e 
Be
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n
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r d
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d 
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l b
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m
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 b
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A 

an
d 

B 
sc

an
s

•	
Ex

pl
ai

ni
ng

 th
e 

us
e 

of
 g

ra
di

en
t f

ie
ld

s i
n 

N
M

R

•	
Ex

pl
ai

ni
ng

 th
e 

or
ig

in
 o

f t
he

 re
la

xa
tio

n 
of

 p
ro

to
n 

sp
in

 a
nd

 c
on

se
qu

en
t e

m
iss

io
n 

of
  

sig
na

l i
n 

N
M

R

•	
D

isc
us

sin
g 

th
e 

ad
va

nt
ag

es
 a

nd
 d

isa
dv

an
ta

ge
s o

f u
ltr

as
ou

nd
 a

nd
 N

M
R 

sc
an

ni
ng

 
m

et
ho

ds
, in

cl
ud

in
g 

a 
sim

pl
e 

as
se

ss
m

en
t o

f r
isk

 in
 th

es
e 

m
ed

ic
al

 p
ro

ce
du

re
s

G
ui

da
nc

e:

•	
St

ud
en

ts
 w

ill
 b

e 
ex

pe
ct

ed
 to

 c
om

pu
te

 fi
na

l b
ea

m
 in

te
ns

ity
 a

ft
er

 p
as

sa
ge

 th
ro

ug
h 

m
ul

tip
le

 la
ye

rs
 o

f t
iss

ue
. O

nl
y 

pa
ra

lle
l p

la
ne

 in
te

rf
ac

es
 w

ill
 b

e 
tr

ea
te

d.

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
=

L
I I

10
lo
g

I
1 0

•	
I

I
e

x
0

=
µ−

•	
x

ln
2

1 2

µ
=

•	
Z

cρ
=

A
im

s:

•	
A

im
 4

: t
he

re
 a

re
 m

an
y 

op
po

rt
un

iti
es

 fo
r s

tu
de

nt
s 

to
 a

na
ly

se
 a

nd
 e

va
lu

at
e 

sc
ie

nt
ifi

c 
in

fo
rm

at
io

n

•	
A

im
 8

: t
he

 s
oc

ia
l i

m
pa

ct
 o

f t
he

se
 s

ci
en

tif
ic

 te
ch

ni
qu

es
 fo

r t
he

 b
en

ef
it 

of
 

hu
m

an
ki

nd
 c

an
no

t b
e 

ov
er

-e
m

ph
as

iz
ed

•	
A

im
 1

0:
 m

ed
ic

in
e 

an
d 

ph
ys

ic
s 

m
ee

t i
n 

th
e 

hi
-t

ec
h 

w
or

ld
 o

f s
ca

nn
in

g 
an

d 
tr

ea
tm

en
t. 

M
od

er
n 

do
ct

or
s 

re
ly

 o
n 

te
ch

no
lo

gy
 th

at
 a

ris
es

 fr
om

 d
ev

el
op

m
en

ts
 

in
 th

e 
ph

ys
ic

al
 s

ci
en

ce
s.
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Es
se

nt
ia

l i
de

a:
 O

ne
 o

f t
he

 m
os

t d
iff

ic
ul

t p
ro

bl
em

s 
in

 a
st

ro
no

m
y 

is
 c

om
in

g 
to

 te
rm

s 
w

ith
 th

e 
va

st
 d

is
ta

nc
es

 b
et

w
ee

n 
st

ar
s 

an
d 

ga
la

xi
es

 a
nd

 d
ev

is
in

g 
ac

cu
ra

te
 m

et
ho

ds
 fo

r 
m

ea
su

rin
g 

th
em

.

D
.1

 –
 S

te
lla

r q
ua

nt
it

ie
s

N
at

ur
e 

of
 s

ci
en

ce
:

Re
al

ity
: T

he
 s

ys
te

m
at

ic
 m

ea
su

re
m

en
t o

f d
is

ta
nc

e 
an

d 
br

ig
ht

ne
ss

 o
f s

ta
rs

 a
nd

 g
al

ax
ie

s 
ha

s 
le

d 
to

 a
n 

un
de

rs
ta

nd
in

g 
of

 th
e 

un
iv

er
se

 o
n 

a 
sc

al
e 

th
at

 is
 d

iff
ic

ul
t t

o 
im

ag
in

e 
an

d 
co

m
pr

eh
en

d.
 (1

.1)

U
nd

er
st

an
di

ng
s:

•	
O

bj
ec

ts
 in

 th
e 

un
iv

er
se

•	
Th

e 
na

tu
re

 o
f s

ta
rs

•	
A

st
ro

no
m

ic
al

 d
is

ta
nc

es

•	
St

el
la

r p
ar

al
la

x 
an

d 
its

 li
m

ita
tio

ns

•	
Lu

m
in

os
ity

 a
nd

 a
pp

ar
en

t b
rig

ht
ne

ss

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
Id

en
tif

yi
ng

 o
bj

ec
ts

 in
 th

e 
un

iv
er

se

•	
Q

ua
lit

at
iv

el
y 

de
sc

rib
in

g 
th

e 
eq

ui
lib

riu
m

 b
et

w
ee

n 
pr

es
su

re
 a

nd
 g

ra
vi

ta
tio

n 
 

in
 s

ta
rs

•	
U

si
ng

 th
e 

as
tr

on
om

ic
al

 u
ni

t (
AU

), 
lig

ht
 y

ea
r (

ly
) a

nd
 p

ar
se

c 
(p

c)

•	
D

es
cr

ib
in

g 
th

e 
m

et
ho

d 
to

 d
et

er
m

in
e 

di
st

an
ce

 to
 s

ta
rs

 th
ro

ug
h 

st
el

la
r p

ar
al

la
x

•	
So

lv
in

g 
pr

ob
le

m
s 

in
vo

lv
in

g 
lu

m
in

os
ity

, a
pp

ar
en

t b
rig

ht
ne

ss
 a

nd
 d

is
ta

nc
e

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
Th

e 
va

st
 d

is
ta

nc
es

 b
et

w
ee

n 
st

ar
s 

an
d 

ga
la

xi
es

 a
re

 d
iff

ic
ul

t t
o 

co
m

pr
eh

en
d 

or
 

im
ag

in
e.

 A
re

 o
th

er
 w

ay
s 

of
 k

no
w

in
g 

m
or

e 
us

ef
ul

 th
an

 im
ag

in
at

io
n 

fo
r g

ai
ni

ng
 

kn
ow

le
dg

e 
in

 a
st

ro
no

m
y?

U
ti

liz
at

io
n:

•	
Si

m
ila

r p
ar

al
la

x 
te

ch
ni

qu
es

 c
an

 b
e 

us
ed

 to
 a

cc
ur

at
el

y 
m

ea
su

re
 d

is
ta

nc
es

 h
er

e 
on

 E
ar

th

A
im

s:

•	
A

im
 1

: c
re

at
iv

ity
 is

 re
qu

ire
d 

to
 a

na
ly

se
 o

bj
ec

ts
 th

at
 a

re
 s

uc
h 

va
st

 d
is

ta
nc

es
 

fr
om

 u
s

•	
A

im
 6

: l
oc

al
 a

m
at

eu
r o

r p
ro

fe
ss

io
na

l a
st

ro
no

m
ic

al
 o

rg
an

iz
at

io
ns

 c
an

 b
e 

us
ef

ul
 

fo
r a

rr
an

gi
ng

 v
ie

w
in

g 
ev

en
in

gs

•	
A

im
 9

: a
s 

w
e 

ar
e 

ab
le

 to
 o

bs
er

ve
 fu

rt
he

r i
nt

o 
th

e 
un

iv
er

se
, w

e 
re

ac
h 

th
e 

lim
its

 
of

 o
ur

 c
ur

re
nt

 te
ch

no
lo

gy
 to

 m
ak

e 
ac

cu
ra

te
 m

ea
su

re
m

en
ts

Co
re

 to
pi

cs
�

15
 h

ou
rs

O
pt

io
n 

D
: A

st
ro

ph
ys

ic
s
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D
.1

 –
 S

te
lla

r q
ua

nt
it

ie
s

G
ui

da
nc

e:

•	
Fo

r t
hi

s 
co

ur
se

, o
bj

ec
ts

 in
 th

e 
un

iv
er

se
 in

cl
ud

e 
pl

an
et

s,
 c

om
et

s,
 s

ta
rs

 (s
in

gl
e 

an
d 

bi
na

ry
), 

pl
an

et
ar

y 
sy

st
em

s,
 c

on
st

el
la

tio
ns

, s
te

lla
r c

lu
st

er
s 

(o
pe

n 
an

d 
gl

ob
ul

ar
), 

ne
bu

la
e,

 g
al

ax
ie

s,
 c

lu
st

er
s 

of
 g

al
ax

ie
s 

an
d 

su
pe

r c
lu

st
er

s 
of

 g
al

ax
ie

s

•	
St

ud
en

ts
 a

re
 e

xp
ec

te
d 

to
 h

av
e 

an
 a

w
ar

en
es

s 
of

 th
e 

va
st

 c
ha

ng
es

 in
 d

is
ta

nc
e 

sc
al

e 
fr

om
 p

la
ne

ta
ry

 s
ys

te
m

s 
th

ro
ug

h 
to

 s
up

er
 c

lu
st

er
s 

of
 g

al
ax

ie
s 

an
d 

th
e 

un
iv

er
se

 a
s 

a 
w

ho
le

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
d

p
(p
ar
se
c)

1
(a
rc
–s
ec
on

d)
=

•	
L

AT
4

σ
=

•	
b

L d
4

2
π

=
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Es
se

nt
ia

l i
de

a:
 A

 si
m

pl
e 

di
ag

ra
m

 th
at

 p
lo

ts
 th

e 
lu

m
in

os
ity

 v
er

su
s t

he
 su

rf
ac

e 
te

m
pe

ra
tu

re
 o

f s
ta

rs
 re

ve
al

s u
nu

su
al

ly
 d

et
ai

le
d 

pa
tt

er
ns

 th
at

 h
el

p 
un

de
rs

ta
nd

 th
e 

in
ne

r w
or

ki
ng

s 
of

 st
ar

s.
 S

ta
rs

 fo
llo

w
 w

el
l-d

ef
in

ed
 p

at
te

rn
s f

ro
m

 th
e 

m
om

en
t t

he
y 

ar
e 

cr
ea

te
d 

ou
t o

f c
ol

la
ps

in
g 

in
te

rs
te

lla
r g

as
, t

o 
th

ei
r l

iv
es

 o
n 

th
e 

m
ai

n 
se

qu
en

ce
 a

nd
 to

 th
ei

r e
ve

nt
ua

l d
ea

th
.

D
.2

 –
 S

te
lla

r c
ha

ra
ct

er
is

ti
cs

 a
nd

 s
te

lla
r e

vo
lu

ti
on

N
at

ur
e 

of
 s

ci
en

ce
:

Ev
id

en
ce

: T
he

 s
im

pl
e 

lig
ht

 s
pe

ct
ra

 o
f a

 g
as

 o
n 

Ea
rt

h 
ca

n 
be

 c
om

pa
re

d 
to

 th
e 

lig
ht

 s
pe

ct
ra

 o
f d

is
ta

nt
 s

ta
rs

. T
hi

s 
ha

s 
al

lo
w

ed
 u

s 
to

 d
et

er
m

in
e 

th
e 

ve
lo

ci
ty

, c
om

po
si

tio
n 

an
d 

st
ru

ct
ur

e 
of

 s
ta

rs
 a

nd
 c

on
fir

m
ed

 h
yp

ot
he

se
s 

ab
ou

t t
he

 e
xp

an
si

on
 o

f t
he

 u
ni

ve
rs

e.
 (1

.11
)

U
nd

er
st

an
di

ng
s:

•	
St

el
la

r s
pe

ct
ra

•	
H

er
tz

sp
ru

ng
–R

us
se

ll 
(H

R)
 d

ia
gr

am

•	
M

as
s–

lu
m

in
os

ity
 re

la
tio

n 
fo

r m
ai

n 
se

qu
en

ce
 s

ta
rs

•	
Ce

ph
ei

d 
va

ria
bl

es

•	
St

el
la

r e
vo

lu
tio

n 
on

 H
R 

di
ag

ra
m

s

•	
Re

d 
gi

an
ts

, w
hi

te
 d

w
ar

fs
, n

eu
tr

on
 s

ta
rs

 a
nd

 b
la

ck
 h

ol
es

•	
Ch

an
dr

as
ek

ha
r a

nd
 O

pp
en

he
im

er
–V

ol
ko

ff
 li

m
its

A
pp

lic
at

io
ns

 a
nd

 s
ki

lls
:

•	
Ex

pl
ai

ni
ng

 h
ow

 s
ur

fa
ce

 te
m

pe
ra

tu
re

 m
ay

 b
e 

ob
ta

in
ed

 fr
om

 a
 s

ta
r’s

 s
pe

ct
ru

m

•	
Ex

pl
ai

ni
ng

 h
ow

 th
e 

ch
em

ic
al

 c
om

po
si

tio
n 

of
 a

 s
ta

r m
ay

 b
e 

de
te

rm
in

ed
 fr

om
 

th
e 

st
ar

’s 
sp

ec
tr

um

•	
Sk

et
ch

in
g 

an
d 

in
te

rp
re

tin
g 

H
R 

di
ag

ra
m

s

•	
Id

en
tif

yi
ng

 th
e 

m
ai

n 
re

gi
on

s 
of

 th
e 

H
R 

di
ag

ra
m

 a
nd

 d
es

cr
ib

in
g 

th
e 

m
ai

n 
pr

op
er

tie
s 

of
 s

ta
rs

 in
 th

es
e 

re
gi

on
s

•	
A

pp
ly

in
g 

th
e 

m
as

s–
lu

m
in

os
ity

 re
la

tio
n

•	
D

es
cr

ib
in

g 
th

e 
re

as
on

 fo
r t

he
 v

ar
ia

tio
n 

of
 C

ep
he

id
 v

ar
ia

bl
es

•	
D

et
er

m
in

in
g 

di
st

an
ce

 u
si

ng
 d

at
a 

on
 C

ep
he

id
 v

ar
ia

bl
es

•	
Sk

et
ch

in
g 

an
d 

in
te

rp
re

tin
g 

ev
ol

ut
io

na
ry

 p
at

hs
 o

f s
ta

rs
 o

n 
an

 H
R 

di
ag

ra
m

•	
D

es
cr

ib
in

g 
th

e 
ev

ol
ut

io
n 

of
 s

ta
rs

 o
ff

 th
e 

m
ai

n 
se

qu
en

ce

•	
D

es
cr

ib
in

g 
th

e 
ro

le
 o

f m
as

s 
in

 s
te

lla
r e

vo
lu

tio
n

Th
eo

ry
 o

f k
no

w
le

dg
e:

•	
Th

e 
in

fo
rm

at
io

n 
re

ve
al

ed
 th

ro
ug

h 
sp

ec
tr

a 
ne

ed
s 

a 
tr

ai
ne

d 
m

in
d 

to
 b

e 
in

te
rp

re
te

d.
 W

ha
t i

s 
th

e 
ro

le
 o

f i
nt

er
pr

et
at

io
n 

in
 g

ai
ni

ng
 k

no
w

le
dg

e 
in

 th
e 

na
tu

ra
l s

ci
en

ce
s?

 H
ow

 d
oe

s 
th

is
 d

iff
er

 fr
om

 th
e 

ro
le

 o
f i

nt
er

pr
et

at
io

n 
in

 o
th

er
 

ar
ea

s 
of

 k
no

w
le

dg
e?

U
ti

liz
at

io
n:

•	
A

n 
un

de
rs

ta
nd

in
g 

of
 h

ow
 s

im
ila

r s
ta

rs
 to

 o
ur

 S
un

 h
av

e 
ag

ed
 a

nd
 e

vo
lv

ed
 

as
si

st
s 

in
 o

ur
 p

re
di

ct
io

ns
 o

f o
ur

 fa
te

 o
n 

Ea
rt

h

A
im

s:

•	
A

im
 4

: a
na

ly
si

s 
of

 s
ta

r s
pe

ct
ra

 p
ro

vi
de

s 
m

an
y 

op
po

rt
un

iti
es

 fo
r e

va
lu

at
io

n 
 

an
d 

sy
nt

he
si

s

•	
A

im
 6

: s
of

tw
ar

e-
ba

se
d 

an
al

ys
is

 is
 a

va
ila

bl
e 

fo
r s

tu
de

nt
s 

to
 p

ar
tic

ip
at

e 
in

 
as

tr
op

hy
si

cs
 re

se
ar

ch
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D
.2

 –
 S

te
lla

r c
ha

ra
ct

er
is

ti
cs

 a
nd

 s
te

lla
r e

vo
lu

ti
on

G
ui

da
nc

e:

•	
Re

gi
on

s 
of

 th
e 

H
R 

di
ag

ra
m

 a
re

 re
st

ric
te

d 
to

 th
e 

m
ai

n 
se

qu
en

ce
, w

hi
te

 d
w

ar
fs

, 
re

d 
gi

an
ts

, s
up

er
 g

ia
nt

s 
an

d 
th

e 
in

st
ab

ili
ty

 s
tr

ip
 (v

ar
ia

bl
e 

st
ar

s)
, a

s 
w

el
l a

s 
lin

es
 

of
 c

on
st

an
t r

ad
iu

s

•	
H

R 
di

ag
ra

m
s 

w
ill

 b
e 

la
be

lle
d 

w
ith

 lu
m

in
os

ity
 o

n 
th

e 
ve

rt
ic

al
 a

xi
s 

an
d 

te
m

pe
ra

tu
re

 o
n 

th
e 

ho
riz

on
ta

l a
xi

s

•	
O

nl
y 

on
e 

sp
ec

ifi
c 

ex
po

ne
nt

 (3
.5

) w
ill

 b
e 

us
ed

 in
 th

e 
m

as
s–

lu
m

in
os

ity
 re

la
tio

n

•	
Re

fe
re

nc
es

 to
 e

le
ct

ro
n 

an
d 

ne
ut

ro
n 

de
ge

ne
ra

cy
 p

re
ss

ur
es

 n
ee

d 
to

 b
e 

m
ad

e

D
at

a 
bo

ok
le

t r
ef

er
en

ce
:

•	
λ m

ax
T
=

×
−

2
9

10
3

.
m

 K

•	
L

M
3.
5
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Es
se

nt
ia

l i
de

a:
 T

he
 H

ot
 B

ig
 B

an
g 

m
od

el
 is

 a
 th

eo
ry

 th
at

 d
es

cr
ib

es
 th

e 
or

ig
in

 a
nd

 e
xp

an
si

on
 o

f t
he

 u
ni

ve
rs

e 
an

d 
is

 s
up

po
rt

ed
 b

y 
ex

te
ns

iv
e 

ex
pe

rim
en

ta
l e

vi
de

nc
e.

D
.3

 –
 C

os
m

ol
og

y

N
at

ur
e 

of
 s

ci
en

ce
:

O
cc

am
’s 

Ra
zo

r: 
Th

e 
Bi

g 
Ba

ng
 m

od
el

 w
as

 p
ur

el
y 

sp
ec

ul
at

iv
e 

un
til

 it
 w

as
 c

on
fir

m
ed

 b
y 

th
e 

di
sc

ov
er

y 
of

 th
e 

co
sm

ic
 m

ic
ro

w
av

e 
ba

ck
gr

ou
nd

 ra
di

at
io

n.
 T

he
 m

od
el

, w
hi

le
 

co
rr

ec
tly

 d
es

cr
ib

in
g 

m
an

y 
as

pe
ct

s 
of

 th
e 

un
iv

er
se

 a
s 

w
e 

ob
se

rv
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Assessment

General
Assessment is an integral part of teaching and learning. The most important aims of assessment in the 
Diploma Programme are that it should support curricular goals and encourage appropriate student 
learning. Both external and internal assessments are used in the Diploma Programme. IB examiners mark 
work produced for external assessment, while work produced for internal assessment is marked by teachers 
and externally moderated by the IB.

There are two types of assessment identified by the IB.

•	 Formative assessment informs both teaching and learning. It is concerned with providing accurate 
and helpful feedback to students and teachers on the kind of learning taking place and the nature of 
students’ strengths and weaknesses in order to help develop students’ understanding and capabilities. 
Formative assessment can also help to improve teaching quality, as it can provide information to 
monitor progress towards meeting the course aims and objectives.

•	 Summative assessment gives an overview of previous learning and is concerned with measuring 
student achievement.

The Diploma Programme primarily focuses on summative assessment designed to record student 
achievement at, or towards the end of, the course of study. However, many of the assessment instruments 
can also be used formatively during the course of teaching and learning, and teachers are encouraged to 
do this. A comprehensive assessment plan is viewed as being integral with teaching, learning and course 
organization. For further information, see the IB Programme standards and practices document.

The approach to assessment used by the IB is criterion-related, not norm-referenced. This approach to 
assessment judges students’ work by their performance in relation to identified levels of attainment, and 
not in relation to the work of other students. For further information on assessment within the Diploma 
Programme please refer to the publication Diploma Programme assessment: principles and practice.

To support teachers in the planning, delivery and assessment of the Diploma Programme courses, a variety 
of resources can be found on the OCC or purchased from the IB store (http://store.ibo.org). Additional 
publications such as specimen papers and markschemes, teacher support materials, subject reports and 
grade descriptors can also be found on the OCC. Past examination papers as well as markschemes can be 
purchased from the IB store.

Methods of assessment
The IB uses several methods to assess work produced by students.

Assessment criteria
Assessment criteria are used when the assessment task is open-ended. Each criterion concentrates on 
a particular skill that students are expected to demonstrate. An assessment objective describes what 
students should be able to do, and assessment criteria describe how well they should be able to do it. Using 
assessment criteria allows discrimination between different answers and encourages a variety of responses. 
Each criterion comprises a set of hierarchically ordered level descriptors. Each level descriptor is worth one 

Assessment in the Diploma Programme
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or more marks. Each criterion is applied independently using a best-fit model. The maximum marks for each 
criterion may differ according to the criterion’s importance. The marks awarded for each criterion are added 
together to give the total mark for the piece of work.

Markbands
Markbands are a comprehensive statement of expected performance against which responses are judged. 
They represent a single holistic criterion divided into level descriptors. Each level descriptor corresponds 
to a range of marks to differentiate student performance. A best-fit approach is used to ascertain which 
particular mark to use from the possible range for each level descriptor.

Analytic markschemes
Analytic markschemes are prepared for those examination questions that expect a particular kind of 
response and/or a given final answer from students. They give detailed instructions to examiners on how to 
break down the total mark for each question for different parts of the response. 

Marking notes
For some assessment components marked using assessment criteria, marking notes are provided. Marking 
notes give guidance on how to apply assessment criteria to the particular requirements of a question.

Inclusive assessment arrangements
Inclusive assessment arrangements are available for candidates with assessment access requirements. 
These arrangements enable candidates with diverse needs to access the examinations and demonstrate 
their knowledge and understanding of the constructs being assessed.

The IB document Candidates with assessment access requirements provides details on all the inclusive 
assessment arrangements available to candidates with learning support requirements. The IB document 
Learning diversity within the International Baccalaureate programmes/Special educational needs within the 
International Baccalaureate programmes outlines the position of the IB with regard to candidates with diverse 
learning needs in the IB programmes. For candidates affected by adverse circumstances, the IB documents 
General regulations: Diploma Programme and the Handbook of procedures for the Diploma Programme provide 
details on special consideration.

Responsibilities of the school
The school is required to ensure that equal access arrangements and reasonable adjustments are provided 
to candidates with special educational needs that are in line with the IB documents Candidates with 
assessment access requirements and Learning diversity within the International Baccalaureate programmes/
Special educational needs within the International Baccalaureate programmes.
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Assessment

Assessment outline—SL

First assessment 2016

Component Overall 
weighting 

 (%)

Approximate  
weighting of  

objectives (%)

Duration  
(hours)

1+2 3

Paper 1 20 10 10 ¾

Paper 2 40 20 20 1¼

Paper 3 20 10 10 1

Internal 
assessment

20
Covers objectives 

1, 2, 3 and 4
10
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Assessment outline—HL

Assessment

First assessment 2016

Component Overall weighting  
(%)

Approximate  
weighting of  

objectives (%)

Duration  
(hours)

1+2 3

Paper 1 20 10 10 1

Paper 2 36 18 18 2¼

Paper 3 24 12 12 1¼

Internal 
assessment

20 Covers objectives  
1, 2, 3 and 4

10



Physics guide134134

External assessment

Assessment

The method used to assess students is the use of detailed markschemes specific to each examination paper.

External assessment details—SL

Paper 1 
Duration: 3/4 hour
Weighting: 20%
Marks: 30

•	 30 multiple-choice questions on core, about 15 of which are common with HL.

•	 The questions on paper 1 test assessment objectives 1, 2 and 3.

•	 The use of calculators is not permitted.

•	 No marks are deducted for incorrect answers. 

•	 A physics data booklet is provided.

Paper 2 
Duration: 1¼ hours
Weighting: 40%
Marks: 50

•	 Short-answer and extended-response questions on core material.

•	 The questions on paper 2 test assessment objectives 1, 2 and 3.

•	 The use of calculators is permitted. (See calculator section on the OCC.)

•	 A physics data booklet is provided.

Paper 3
Duration: 1 hour
Weighting: 20%
Marks: 35

•	 This paper will have questions on core and SL option material. 

•	 Section A: one data-based question and several short-answer questions on experimental work.

•	 Section B: short-answer and extended-response questions from one option.

•	 The questions on paper 3 test assessment objectives 1, 2 and 3.

•	 The use of calculators is permitted. (See calculator section on the OCC.)

•	 A physics data booklet is provided.
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External assessment details—HL

Paper 1
Duration: 1 hour
Weighting: 20%
Marks: 40

•	 40 multiple-choice questions on core and AHL, about 15 of which are common with SL.

•	 The questions on paper 1 test assessment objectives 1, 2 and 3.

•	 The use of calculators is not permitted.

•	 No marks are deducted for incorrect answers. 

•	 A physics data booklet is provided.

Paper 2
Duration: 2¼ hours
Weighting: 36%
Marks: 95

•	 Short-answer and extended-response questions on the core and AHL material.

•	 The questions on paper 2 test assessment objectives 1, 2 and 3.

•	 The use of calculators is permitted. (See calculator section on the OCC.)

•	 A physics data booklet is provided.

Paper 3
Duration: 1¼ hours
Weighting: 24%
Marks: 45

•	 This paper will have questions on core, AHL and option material. 

•	 Section A: one data-based question and several short-answer questions on experimental work.

•	 Section B: short-answer and extended-response questions from one option.

•	 The questions on paper 3 test assessment objectives 1, 2 and 3.

•	 The use of calculators is permitted. (See calculator section on the OCC.)

•	 A physics data booklet is provided.
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Assessment

Internal assessment

Purpose of internal assessment
Internal assessment is an integral part of the course and is compulsory for both SL and HL students. It 
enables students to demonstrate the application of their skills and knowledge, and to pursue their personal 
interests, without the time limitations and other constraints that are associated with written examinations. 
The internal assessment should, as far as possible, be woven into normal classroom teaching and not be a 
separate activity conducted after a course has been taught.

The internal assessment requirements at SL and at HL are the same. This internal assessment section of the 
guide should be read in conjunction with the internal assessment section of the teacher support materials.

Guidance and authenticity
The work submitted for internal assessment must be the student’s own work. However, it is not the intention 
that students should decide upon a title or topic and be left to work on the internal assessment component 
without any further support from the teacher. The teacher should play an important role during both 
the planning stage and the period when the student is working on the internally assessed work. It is the 
responsibility of the teacher to ensure that students are familiar with:

•	 the requirements of the type of work to be internally assessed

•	 the IB animal experimentation policy

•	 the assessment criteria—students must understand that the work submitted for assessment must 
address these criteria effectively.

Teachers and students must discuss the internally assessed work. Students should be encouraged to initiate 
discussions with the teacher to obtain advice and information, and students must not be penalized for 
seeking guidance. As part of the learning process, teachers should read and give advice to students on one 
draft of the work. The teacher should provide oral or written advice on how the work could be improved, 
but not edit the draft. The next version handed to the teacher must be the final version for submission.

It is the responsibility of teachers to ensure that all students understand the basic meaning and significance 
of concepts that relate to academic honesty, especially authenticity and intellectual property. Teachers 
must ensure that all student work for assessment is prepared according to the requirements and must 
explain clearly to students that the internally assessed work must be entirely their own. Where collaboration 
between students is permitted, it must be clear to all students what the difference is between collaboration 
and collusion.

All work submitted to the IB for moderation or assessment must be authenticated by a teacher, and must not 
include any known instances of suspected or confirmed academic misconduct. Each student must confirm 
that the work is his or her authentic work and constitutes the final version of that work. Once a student has 
officially submitted the final version of the work it cannot be retracted. The requirement to confirm the 
authenticity of work applies to the work of all students, not just the sample work that will be submitted to 
the IB for the purpose of moderation. For further details refer to the IB publications Academic honesty (2011), 
The Diploma Programme: From principles into practice (2009) and the relevant articles in General regulations: 
Diploma Programme (2012).
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Authenticity may be checked by discussion with the student on the content of the work, and scrutiny of one 
or more of the following:

•	 the student’s initial proposal

•	 the first draft of the written work

•	 the references cited

•	 the style of writing compared with work known to be that of the student

•	 the analysis of the work by a web-based plagiarism detection service such as http://www.turnitin.com.

The same piece of work cannot be submitted to meet the requirements of both the internal assessment and 
the extended essay.

Group work
Each investigation is an individual piece of work based on different data collected or measurements 
generated. Ideally, students should work on their own when collecting data. In some cases, data collected 
or measurements made can be from a group experiment provided each student collected his or her own 
data or made his or her own measurements. In physics, in some cases, group data or measurements may be 
combined to provide enough for individual analysis. Even in this case, students should have collected and 
recorded their own data and they should clearly indicate which data are theirs.

It should be made clear to students that all work connected with the investigation should be their own. It is 
therefore helpful if teachers try to encourage in students a sense of responsibility for their own learning so 
that they accept a degree of ownership and take pride in their own work.

Time allocation
Internal assessment is an integral part of the physics course, contributing 20% to the final assessment in 
the SL and the HL courses. This weighting should be reflected in the time that is allocated to teaching the 
knowledge, skills and understanding required to undertake the work, as well as the total time allocated to 
carry out the work.

It is recommended that a total of approximately 10 hours of teaching time for both SL and HL should be 
allocated to the work. This should include:

•	 time for the teacher to explain to students the requirements of the internal assessment

•	 class time for students to work on the internal assessment component and ask questions

•	 time for consultation between the teacher and each student

•	 time to review and monitor progress, and to check authenticity.

Safety requirements and recommendations
While teachers are responsible for following national or local guidelines, which may differ from country to 
country, attention should be given to the guidelines below, which were developed for the International Council 
of Associations for Science Education (ICASE) Safety Committee by The Laboratory Safety Institute (LSI).

It is a basic responsibility of everyone involved to make safety and health an ongoing commitment. Any 
advice given will acknowledge the need to respect the local context, the varying educational and cultural 
traditions, the financial constraints and the legal systems of differing countries.
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The Laboratory Safety Institute’s Laboratory Safety Guidelines...
40 suggestions for a safer lab
Steps Requiring Minimal Expense

1.	 Have a written health, safety and environmental affairs (HS&E) policy statement.

2.	� Organize a departmental HS&E committee of employees, management, faculty, staff and students 
that will meet regularly to discuss HS&E issues.

3.	 Develop an HS&E orientation for all new employees and students.

4.	 Encourage employees and students to care about their health and safety and that of others.

5.	� Involve every employee and student in some aspect of the safety program and give each specific 
responsibilities.

6.	 Provide incentives to employees and students for safety performance.

7.	� Require all employees to read the appropriate safety manual. Require students to read the institution’s 
laboratory safety rules. Have both groups sign a statement that they have done so, understand the 
contents, and agree to follow the procedures and practices. Keep these statements on file in the 
department office

8.	� Conduct periodic, unannounced laboratory inspections to identify and correct hazardous conditions 
and unsafe practices. Involve students and employees in simulated OSHA inspections.

9.	� Make learning how to be safe an integral and important part of science education, your work, and 
your life.

10.	 Schedule regular departmental safety meetings for all students and employees to discuss the results 
of inspections and aspects of laboratory safety.

11.	 When conducting experiments with hazards or potential hazards, ask yourself these questions:

–– What are the hazards?

–– What are the worst possible things that could go wrong?

–– How will I deal with them?

–– What are the prudent practices, protective facilities and equipment necessary to minimize the 
risk of exposure to the hazards?

12.	 Require that all accidents (incidents) be reported, evaluated by the departmental safety committee, 
and discussed at departmental safety meetings.

13.	 Require every pre-lab/pre-experiment discussion to include consideration of the health and safety 
aspects.

14.	 Don’t allow experiments to run unattended unless they are failsafe.

15.	 Forbid working alone in any laboratory and working without prior knowledge of a staff member.

16.	 Extend the safety program beyond the laboratory to the automobile and the home.

17.	 Allow only minimum amounts of flammable liquids in each laboratory.

18.	 Forbid smoking, eating and drinking in the laboratory.

19.	 Do not allow food to be stored in chemical refrigerators.

20.	 Develop plans and conduct drills for dealing with emergencies such as fire, explosion, poisoning, 
chemical spill or vapour release, electric shock, bleeding and personal contamination.

21.	 Require good housekeeping practices in all work areas.
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22.	 Display the phone numbers of the fire department, police department, and local ambulance either on 
or immediately next to every phone.

23.	 Store acids and bases separately. Store fuels and oxidizers separately.

24.	 Maintain a chemical inventory to avoid purchasing unnecessary quantities of chemicals.

25.	 Use warning signs to designate particular hazards.

26.	 Develop specific work practices for individual experiments, such as those that should be conducted 
only in a ventilated hood or involve particularly hazardous materials. When possible most hazardous 
experiments should be done in a hood.

Steps Requiring Moderate Expense

27.	 Allocate a portion of the departmental budget to safety.

28.	 Require the use of appropriate eye protection at all times in laboratories and areas where chemicals 
are transported.

29.	 Provide adequate supplies of personal protective equipment—safety glasses, goggles, face shields, 
gloves, lab coats and bench top shields.

30.	 Provide fire extinguishers, safety showers, eye wash fountains, first aid kits, fire blankets and fume 
hoods in each laboratory and test or check monthly.

31.	 Provide guards on all vacuum pumps and secure all compressed gas cylinders.

32.	 Provide an appropriate supply of first aid equipment and instruction on its proper use.

33.	 Provide fireproof cabinets for storage of flammable chemicals.

34.	 Maintain a centrally located departmental safety library:

–– “Safety in School Science Labs”, Clair Wood, 1994, Kaufman & Associates, 101 Oak Street, 
Wellesley, MA 02482

–– “The Laboratory Safety Pocket Guide”, 1996, Genium Publisher, One Genium Plaza,  
Schnectady, NY

–– “Safety in Academic Chemistry Laboratories”, ACS, 1155 Sixteenth Street NW, Washington, DC 
20036

–– “Manual of Safety and Health Hazards in The School Science Laboratory”, “Safety in the School 
Science Laboratory”, “School Science Laboratories: A guide to Some Hazardous Substances” 
Council of State Science Supervisors (now available only from LSI.)

–– “Handbook of Laboratory Safety”, 4th Edition, CRC Press, 2000 Corporate Boulevard NW, Boca 
Raton, FL 33431

–– “Fire Protection Guide on Hazardous Materials”, National Fire Protection Association, 
Batterymarch Park, Quincy, MA 02269

–– ”Prudent Practices in the Laboratory: Handling and Disposal of Hazardous Chemicals”,  
2nd Edition, 1995

–– “Biosafety in the Laboratory”, National Academy Press, 2101 Constitution Avenue, NW, 
Washington, DC 20418

–– “Learning By Accident”, Volumes 1–3, 1997–2000, The Laboratory Safety Institute, Natick,  
MA 01760

(All are available from LSI.)

35.	 Remove all electrical connections from inside chemical refrigerators and require magnetic closures.
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36.	 Require grounded plugs on all electrical equipment and install ground fault interrupters (GFIs) where 
appropriate.

37.	 Label all chemicals to show the name of the material, the nature and degree of hazard, the appropriate 
precautions, and the name of the person responsible for the container.

38.	 Develop a program for dating stored chemicals and for recertifying or discarding them after 
predetermined maximum periods of storage.

39.	 Develop a system for the legal, safe and ecologically acceptable disposal of chemical wastes.

40.	 Provide secure, adequately spaced, well-ventilated storage of chemicals.
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Using assessment criteria for internal assessment
For internal assessment, a number of assessment criteria have been identified. Each assessment criterion has 
level descriptors describing specific achievement levels, together with an appropriate range of marks. The 
level descriptors concentrate on positive achievement, although for the lower levels failure to achieve may 
be included in the description.

Teachers must judge the internally assessed work at SL and at HL against the criteria using the level 
descriptors.

•	 Assessment criteria are the same for both SL and HL.

•	 The aim is to find, for each criterion, the descriptor that conveys most accurately the level attained 
by the student, using the best-fit model. A best-fit approach means that compensation should be 
made when a piece of work matches different aspects of a criterion at different levels. The mark 
awarded should be one that most fairly reflects the balance of achievement against the criterion. It is 
not necessary for every single aspect of a level descriptor to be met for that mark to be awarded.

•	 When assessing a student’s work, teachers should read the level descriptors for each criterion until 
they reach a descriptor that most appropriately describes the level of the work being assessed. If a 
piece of work seems to fall between two descriptors, both descriptors should be read again and the 
one that more appropriately describes the student’s work should be chosen.

•	 Where there are two or more marks available within a level, teachers should award the upper marks 
if the student’s work demonstrates the qualities described to a great extent; the work may be close 
to achieving marks in the level above. Teachers should award the lower marks if the student’s work 
demonstrates the qualities described to a lesser extent; the work may be close to achieving marks in 
the level below.

•	 Only whole numbers should be recorded; partial marks (fractions and decimals) are not acceptable.

•	 Teachers should not think in terms of a pass or fail boundary, but should concentrate on identifying 
the appropriate descriptor for each assessment criterion.

•	 The highest level descriptors do not imply faultless performance but should be achievable by a 
student. Teachers should not hesitate to use the extremes if they are appropriate descriptions of the 
work being assessed.

•	 A student who attains a high achievement level in relation to one criterion will not necessarily 
attain high achievement levels in relation to the other criteria. Similarly, a student who attains a low 
achievement level for one criterion will not necessarily attain low achievement levels for the other 
criteria. Teachers should not assume that the overall assessment of the students will produce any 
particular distribution of marks.

•	 It is recommended that the assessment criteria be made available to students.
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Practical work and internal assessment

General introduction
The internal assessment requirements are the same for biology, chemistry and physics. The internal 
assessment, worth 20% of the final assessment, consists of one scientific investigation. The individual 
investigation should cover a topic that is commensurate with the level of the course of study. 

Student work is internally assessed by the teacher and externally moderated by the IB. The performance in 
internal assessment at both SL and HL is marked against common assessment criteria, with a total mark out 
of 24.

Note: Any investigation that is to be used to assess students should be specifically designed to 
match the relevant assessment criteria.

The internal assessment task will be one scientific investigation taking about 10 hours and the write-
up should be about 6 to 12 pages long. Investigations exceeding this length will be penalized in the 
communications criterion as lacking in conciseness. 

The practical investigation, with generic criteria, will allow a wide range of practical activities satisfying the 
varying needs of biology, chemistry and physics. The investigation addresses many of the learner profile 
attributes well. See section on “Approaches to the teaching and learning of physics” for further links.

The task produced should be complex and commensurate with the level of the course. It should require a 
purposeful research question and the scientific rationale for it. The marked exemplar material in the teacher 
support materials will demonstrate that the assessment will be rigorous and of the same standard as the 
assessment in the previous courses.

Some of the possible tasks include:

•	 a hands-on laboratory investigation 

•	 using a spreadsheet for analysis and modelling

•	 extracting data from a database and analysing it graphically

•	 producing a hybrid of spreadsheet/database work with a traditional hands-on investigation

•	 using a simulation, provided it is interactive and open-ended

Some task may consist of relevant and appropriate qualitative work combined with quantitative work.

The tasks include the traditional hands-on practical investigations as in the previous course. The depth 
of treatment required for hands-on practical investigations is unchanged from the previous internal 
assessment and will be shown in detail in the teacher support materials. In addition, detailed assessment of 
specific aspects of hands-on practical work will be assessed in the written papers as detailed in the relevant 
topic(s) in the “Syllabus content” section of the guide. 

The task will have the same assessment criteria for SL and HL. The five assessment criteria are personal
engagement, exploration, analysis, evaluation and communication.
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Internal assessment details

Internal assessment component
Duration: 10 hours
Weighting: 20%

•	 Individual investigation

•	 This investigation covers assessment objectives 1, 2, 3 and 4.

Internal assessment criteria
The new assessment model uses five criteria to assess the final report of the individual investigation with the 
following raw marks and weightings assigned:

Personal 
engagement

Exploration Analysis Evaluation Communication Total

2 (8%) 6 (25%) 6 (25%) 6 (25%) 4 (17%) 24 (100%)

Levels of performance are described using multiple indicators per level. In many cases the indicators 
occur together in a specific level, but not always. Also, not all indicators are always present. This means 
that a candidate can demonstrate performances that fit into different levels. To accommodate this, the 
IB assessment models use markbands and advise examiners and teachers to use a best-fit approach in 
deciding the appropriate mark for a particular criterion.

Teachers should read the guidance on using markbands shown above in the section called “Using 
assessment criteria for internal assessment” before starting to mark. It is also essential to be fully acquainted 
with the marking of the exemplars in the teacher support material. The precise meaning of the command 
terms used in the criteria can be found in the glossary of the subject guides.

Personal engagement

This criterion assesses the extent to which the student engages with the exploration and makes it their own. 
Personal engagement may be recognized in different attributes and skills. These could include addressing 
personal interests or showing evidence of independent thinking, creativity or initiative in the designing, 
implementation or presentation of the investigation.

Mark Descriptor

0 The student’s report does not reach a standard described by the descriptors below.

1 The evidence of personal engagement with the exploration is limited with little 
independent thinking, initiative or creativity.

The justification given for choosing the research question and/or the topic under 
investigation does not demonstrate personal significance, interest or curiosity.

There is little evidence of personal input and initiative in the designing, implementation or 
presentation of the investigation.
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2 The evidence of personal engagement with the exploration is clear with significant 
independent thinking, initiative or creativity.

The justification given for choosing the research question and/or the topic under 
investigation demonstrates personal significance, interest or curiosity.

There is evidence of personal input and initiative in the designing, implementation or 
presentation of the investigation.

Exploration

This criterion assesses the extent to which the student establishes the scientific context for the work, states 
a clear and focused research question and uses concepts and techniques appropriate to the Diploma 
Programme level. Where appropriate, this criterion also assesses awareness of safety, environmental, and 
ethical considerations.

Mark Descriptor

0 The student’s report does not reach a standard described by the descriptors below.

1–2 The topic of the investigation is identified and a research question of some relevance is stated 
but it is not focused.

The background information provided for the investigation is superficial or of limited 
relevance and does not aid the understanding of the context of the investigation.

The methodology of the investigation is only appropriate to address the research question to 
a very limited extent since it takes into consideration few of the significant factors that may 
influence the relevance, reliability and sufficiency of the collected data.

The report shows evidence of limited awareness of the significant safety, ethical or 
environmental issues that are relevant to the methodology of the investigation*.

3–4 The topic of the investigation is identified and a relevant but not fully focused research 
question is described.

The background information provided for the investigation is mainly appropriate and relevant 
and aids the understanding of the context of the investigation.

The methodology of the investigation is mainly appropriate to address the research question 
but has limitations since it takes into consideration only some of the significant factors that 
may influence the relevance, reliability and sufficiency of the collected data. 

The report shows evidence of some awareness of the significant safety, ethical or 
environmental issues that are relevant to the methodology of the investigation*.

5–6 The topic of the investigation is identified and a relevant and fully focused research question is 
clearly described.

The background information provided for the investigation is entirely appropriate and 
relevant and enhances the understanding of the context of the investigation. 

The methodology of the investigation is highly appropriate to address the research question 
because it takes into consideration all, or nearly all, of the significant factors that may influence 
the relevance, reliability and sufficiency of the collected data.

The report shows evidence of full awareness of the significant safety, ethical or environmental 
issues that are relevant to the methodology of the investigation.*

* This indicator should only be applied when appropriate to the investigation. See exemplars in teacher 
support material.
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Analysis
This criterion assesses the extent to which the student’s report provides evidence that the student has 
selected, recorded, processed and interpreted the data in ways that are relevant to the research question 
and can support a conclusion.

Mark Descriptor

0 The student’s report does not reach a standard described by the descriptors below.

1–2 The report includes insufficient relevant raw data to support a valid conclusion to the 
research question.

Some basic data processing is carried out but is either too inaccurate or too insufficient to 
lead to a valid conclusion.

The report shows evidence of little consideration of the impact of measurement uncertainty 
on the analysis.

The processed data is incorrectly or insufficiently interpreted so that the conclusion is invalid 
or very incomplete.

3–4 The report includes relevant but incomplete quantitative and qualitative raw data that could 
support a simple or partially valid conclusion to the research question.

Appropriate and sufficient data processing is carried out that could lead to a broadly valid 
conclusion but there are significant inaccuracies and inconsistencies in the processing.

The report shows evidence of some consideration of the impact of measurement uncertainty 
on the analysis.

The processed data is interpreted so that a broadly valid but incomplete or limited conclusion 
to the research question can be deduced.

5–6 The report includes sufficient relevant quantitative and qualitative raw data that could 
support a detailed and valid conclusion to the research question.

Appropriate and sufficient data processing is carried out with the accuracy required to 
enable a conclusion to the research question to be drawn that is fully consistent with the 
experimental data.

The report shows evidence of full and appropriate consideration of the impact of 
measurement uncertainty on the analysis.

The processed data is correctly interpreted so that a completely valid and detailed conclusion 
to the research question can be deduced.
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Evaluation
This criterion assesses the extent to which the student’s report provides evidence of evaluation of the 
investigation and the results with regard to the research question and the accepted scientific context.

Mark Descriptor

0 The student’s report does not reach a standard described by the descriptors below.

1–2 A conclusion is outlined which is not relevant to the research question or is not supported by 
the data presented. 

The conclusion makes superficial comparison to the accepted scientific context.

Strengths and weaknesses of the investigation, such as limitations of the data and sources 
of error, are outlined but are restricted to an account of the practical or procedural issues 
faced. 

The student has outlined very few realistic and relevant suggestions for the improvement and 
extension of the investigation.

3–4 A conclusion is described which is relevant to the research question and supported by the 
data presented.

A conclusion is described which makes some relevant comparison to the accepted scientific 
context.

Strengths and weaknesses of the investigation, such as limitations of the data and sources of 
error, are described and provide evidence of some awareness of the methodological issues* 
involved in establishing the conclusion.

The student has described some realistic and relevant suggestions for the improvement and 
extension of the investigation.

5–6 A detailed conclusion is described and justified which is entirely relevant to the research 
question and fully supported by the data presented.

A conclusion is correctly described and justified through relevant comparison to the 
accepted scientific context.

Strengths and weaknesses of the investigation, such as limitations of the data and sources of 
error, are discussed and provide evidence of a clear understanding of the methodological 
issues* involved in establishing the conclusion. 

The student has discussed realistic and relevant suggestions for the improvement and 
extension of the investigation.

*See exemplars in teacher support material for clarification.
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Communication
This criterion assesses whether the investigation is presented and reported in a way that supports effective 
communication of the focus, process and outcomes.

Mark Descriptor

0 The student’s report does not reach a standard described by the descriptors below.

1–2 The presentation of the investigation is unclear, making it difficult to understand the 
focus, process and outcomes.

The report is not well structured and is unclear: the necessary information on focus, process 
and outcomes is missing or is presented in an incoherent or disorganized way.

The understanding of the focus, process and outcomes of the investigation is obscured by 
the presence of inappropriate or irrelevant information.

There are many errors in the use of subject specific terminology and conventions*.

3–4 The presentation of the investigation is clear. Any errors do not hamper understanding 
of the focus, process and outcomes.

The report is well structured and clear: the necessary information on focus, process and 
outcomes is present and presented in a coherent way. 

The report is relevant and concise thereby facilitating a ready understanding of the focus, 
process and outcomes of the investigation. 

The use of subject-specific terminology and conventions is appropriate and correct. Any 
errors do not hamper understanding.

*For example, incorrect/missing labelling of graphs, tables, images; use of units, decimal places. For issues of 
referencing and citations refer to the “Academic honesty” section. 

Rationale for practical work
Although the requirements for IA are centred on the investigation, the different types of practical activities 
that a student may engage in serve other purposes, including:

•	 illustrating, teaching and reinforcing theoretical concepts

•	 developing an appreciation of the essential hands-on nature of much scientific work

•	 developing an appreciation of scientists’ use of secondary data from databases

•	 developing an appreciation of scientists’ use of modelling

•	 developing an appreciation of the benefits and limitations of scientific methodology.

Practical scheme of work
The practical scheme of work (PSOW) is the practical course planned by the teacher and acts as a summary 
of all the investigative activities carried out by a student. Students at SL and HL in the same subject may 
carry out some of the same investigations.



 Internal assessment

Physics guide148

Syllabus coverage
The range of practical work carried out should reflect the breadth and depth of the subject syllabus at each 
level, but it is not necessary to carry out an investigation for every syllabus topic. However, all students must 
participate in the group 4 project and the IA investigation.

Planning your practical scheme of work
Teachers are free to formulate their own practical schemes of work by choosing practical activities according 
to the requirements outlined. Their choices should be based on:

•	 subjects, levels and options taught

•	 the needs of their students

•	 available resources

•	 teaching styles.

Each scheme must include some complex experiments that make greater conceptual demands on students. 
A scheme made up entirely of simple experiments, such as ticking boxes or exercises involving filling in 
tables, will not provide an adequate range of experience for students.

Teachers are encouraged to use the online curriculum centre (OCC) to share ideas about possible practical 
activities by joining in the discussion forums and adding resources in the subject home pages.

Flexibility
The practical programme is flexible enough to allow a wide variety of practical activities to be carried out. 
These could include:

•	 short labs or projects extending over several weeks

•	 computer simulations

•	 using databases for secondary data

•	 developing and using models 

•	 data-gathering exercises such as questionnaires, user trials and surveys

•	 data-analysis exercises

•	 fieldwork.

Practical work documentation
The 4/PSOW form is a record of all practical activities carried out by a class. The form is not required to 
moderate the individual investigations, so it is not necessary to submit this form. However, the 4/PSOW 
is an essential planning and recording document for teachers to ensure that a suitable range of practical 
activities is carried out and that the appropriate hours are allocated to practical work. Teachers should 
continue to maintain this form (or their own version of it including all the same information) to record the 
practical activities carried out by the class. The form should be retained in the school and made available to 
the IB, for example, during the five-year school evaluation process.
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Time allocation for practical work
The recommended teaching times for all Diploma Programme courses are 150 hours at SL and 240 hours 
at HL. Students at SL are required to spend 40 hours, and students at HL 60 hours, on practical activities 
(excluding time spent writing up work). These times include 10 hours for the group 4 project and 10 hours 
for the internal assessment investigation. (Only 2–3 hours of investigative work can be carried out after the 
deadline for submitting work to the moderator and still be counted in the total number of hours for the 
practical scheme of work.)
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Assessment

The group 4 project

The group 4 project is an interdisciplinary activity in which all Diploma Programme science students must 
participate. The intention is that students from the different group 4 subjects analyse a common topic 
or problem. The exercise should be a collaborative experience where the emphasis is on the processes 
involved in, rather than the products of, such an activity.

In most cases students in a school would be involved in the investigation of the same topic. Where 
there are large numbers of students, it is possible to divide them into several smaller groups containing 
representatives from each of the science subjects. Each group may investigate the same topic or different 
topics—that is, there may be several group 4 projects in the same school.

Students studying environmental systems and societies are not required to undertake the group 4 project. 

Summary of the group 4 project
The group 4 project is a collaborative activity where students from different group 4 subjects work together 
on a scientific or technological topic, allowing for concepts and perceptions from across the disciplines to 
be shared in line with aim 10—that is, to “develop an understanding of the relationships between scientific 
disciplines and their influence on other areas of knowledge”. The project can be practically or theoretically 
based. Collaboration between schools in different regions is encouraged. 

The group 4 project allows students to appreciate the environmental, social and ethical implications 
of science and technology. It may also allow them to understand the limitations of scientific study, for 
example, the shortage of appropriate data and/or the lack of resources. The emphasis is on interdisciplinary 
cooperation and the processes involved in scientific investigation, rather than the products of such 
investigation.

The choice of scientific or technological topic is open but the project should clearly address aims 7, 8 and 10 
of the group 4 subject guides.

Ideally, the project should involve students collaborating with those from other group 4 subjects at all 
stages. To this end, it is not necessary for the topic chosen to have clearly identifiable separate subject 
components. However, for logistical reasons, some schools may prefer a separate subject “action” phase 
(see the following “Project stages” section).

Project stages
The 10 hours allocated to the group 4 project, which are part of the teaching time set aside for developing 
the practical scheme of work, can be divided into three stages: planning, action and evaluation.

Planning
This stage is crucial to the whole exercise and should last about two hours.

•	 The planning stage could consist of a single session, or two or three shorter ones.

•	 This stage must involve all group 4 students meeting to “brainstorm” and discuss the central topic, 
sharing ideas and information.
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•	 The topic can be chosen by the students themselves or selected by the teachers.

•	 Where large numbers of students are involved, it may be advisable to have more than one mixed 
subject group.

After selecting a topic or issue, the activities to be carried out must be clearly defined before moving 
from the planning stage to the action and evaluation stages.

A possible strategy is that students define specific tasks for themselves, either individually or as members of 
groups, and investigate various aspects of the chosen topic. At this stage, if the project is to be experimentally 
based, apparatus should be specified so that there is no delay in carrying out the action stage. Contact with 
other schools, if a joint venture has been agreed, is an important consideration at this time.

Action
This stage should last around six hours and may be carried out over one or two weeks in normal scheduled 
class time. Alternatively, a whole day could be set aside if, for example, the project involves fieldwork.

•	 Students should investigate the topic in mixed-subject groups or single-subject groups.

•	 There should be collaboration during the action stage; findings of investigations should be shared 
with other students within the mixed/single-subject group. During this stage, in any practically-based 
activity, it is important to pay attention to safety, ethical and environmental considerations.

Note: Students studying two group 4 subjects are not required to do two separate action phases.

Evaluation
The emphasis during this stage, for which two hours are probably necessary, is on students sharing their 
findings, both successes and failures, with other students. How this is achieved can be decided by the 
teachers, the students or jointly.

•	 One solution is to devote a morning, afternoon or evening to a symposium where all the students, as 
individuals or as groups, give brief presentations.

•	 Alternatively, the presentation could be more informal and take the form of a science fair where 
students circulate around displays summarizing the activities of each group.

The symposium or science fair could also be attended by parents, members of the school board and the 
press. This would be especially pertinent if some issue of local importance has been researched. Some of the 
findings might influence the way the school interacts with its environment or local community.

Addressing aims 7 and 8
Aim 7: “develop and apply 21st century communication skills in the study of science.”

Aim 7 may be partly addressed at the planning stage by using electronic communication within and 
between schools. It may be that technology (for example, data logging, spreadsheets, databases and so 
on) will be used in the action phase and certainly in the presentation/evaluation stage (for example, use of 
digital images, presentation software, websites, digital video and so on).

Aim 8: “become critically aware, as global citizens, of the ethical implications of using science and 
technology.”
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Addressing the international dimension
There are also possibilities in the choice of topic to illustrate the international nature of the scientific 
endeavour and the increasing cooperation required to tackle global issues involving science and technology. 
An alternative way to bring an international dimension to the project is to collaborate with a school in 
another region.

Types of project
While addressing aims 7, 8 and 10 the project must be based on science or its applications. The project may 
have a hands-on practical action phase or one involving purely theoretical aspects. It could be undertaken 
in a wide range of ways:

•	 designing and carrying out a laboratory investigation or fieldwork

•	 carrying out a comparative study (experimental or otherwise) in collaboration with another school

•	 collating, manipulating and analysing data from other sources, such as scientif ic journals, 
environmental organizations, science and technology industries and government reports

•	 designing and using a model or simulation

•	 contributing to a long-term project organized by the school.

Logistical strategies
The logistical organization of the group 4 project is often a challenge to schools. The following models 
illustrate possible ways in which the project may be implemented.

Models A, B and C apply within a single school, and model D relates to a project involving collaboration 
between schools.

Model A: mixed-subject groups and one topic 

Schools may adopt mixed subject groups and choose one common topic. The number of groups will 
depend on the number of students.

Model B: mixed-subject groups adopting more than one topic

Schools with large numbers of students may choose to do more than one topic.

Model C: single-subject groups

For logistical reasons some schools may opt for single subject groups, with one or more topics in the action 
phase. This model is less desirable as it does not show the mixed subject collaboration in which many 
scientists are involved.

Model D: collaboration with another school

The collaborative model is open to any school. To this end, the IB provides an electronic collaboration board 
on the OCC where schools can post their project ideas and invite collaboration from other schools. This 
could range from merely sharing evaluations for a common topic to a full-scale collaborative venture at all 
stages.
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For schools with few Diploma Programme (course) students it is possible to work with non-Diploma 
Programme or non-group 4 students or undertake the project once every two years. However, these schools 
are encouraged to collaborate with another school. This strategy is also recommended for individual 
students who may not have participated in the project, for example, through illness or because they have 
transferred to a new school where the project has already taken place.

Timing
The 10 hours that the IB recommends be allocated to the project may be spread over a number of weeks. 
The distribution of these hours needs to be taken into account when selecting the optimum time to carry 
out the project. However, it is possible for a group to dedicate a period of time exclusively to project work if 
all/most other schoolwork is suspended.

Year 1
In the first year, students’ experience and skills may be limited and it would be inadvisable to start the 
project too soon in the course. However, doing the project in the final part of the first year may have the 
advantage of reducing pressure on students later on. This strategy provides time for solving unexpected 
problems.

Year 1–year 2
The planning stage could start, the topic could be decided upon, and provisional discussion in individual 
subjects could take place at the end of the first year. Students could then use the vacation time to think 
about how they are going to tackle the project and would be ready to start work early in the second year.

Year 2
Delaying the start of the project until some point in the second year, particularly if left too late, increases 
pressure on students in many ways: the schedule for finishing the work is much tighter than for the other 
options; the illness of any student or unexpected problems will present extra difficulties. Nevertheless, 
this choice does mean students know one another and their teachers by this time, have probably become 
accustomed to working in a team and will be more experienced in the relevant fields than in the first year.

Combined SL and HL

Where circumstances dictate that the project is only carried out every two years, HL beginners and more 
experienced SL students can be combined.

Selecting a topic
Students may choose the topic or propose possible topics and the teacher then decides which one is the 
most viable based on resources, staff availability and so on. Alternatively, the teacher selects the topic or 
proposes several topics from which students make a choice.

Student selection

Students are likely to display more enthusiasm and feel a greater sense of ownership for a topic that they 
have chosen themselves. A possible strategy for student selection of a topic, which also includes part of 
the planning stage, is outlined here. At this point, subject teachers may provide advice on the viability of 
proposed topics.

•	 Identify possible topics by using a questionnaire or a survey of students.

•	 Conduct an initial “brainstorming” session of potential topics or issues.
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•	 Discuss, briefly, two or three topics that seem interesting.

•	 Select one topic by consensus.

•	 Students make a list of potential investigations that could be carried out. All students then discuss 
issues such as possible overlap and collaborative investigations.

A reflective statement written by each student on their involvement in the group 4 project must be included 
on the cover sheet for each internal assessment investigation. See Handbook of procedures for the Diploma 
Programme for more details.
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Glossary of command terms

Appendices

Command terms for physics
Students should be familiar with the following key terms and phrases used in examination questions, which 
are to be understood as described below. Although these terms will be used frequently in examination 
questions, other terms may be used to direct students to present an argument in a specific way.

These command terms indicate the depth of treatment required.

Assessment objective 1

Command term Definition

Define Give the precise meaning of a word, phrase, concept or physical quantity.

Draw Represent by means of a labelled, accurate diagram or graph, using a pencil. 
A ruler (straight edge) should be used for straight lines. Diagrams should be 
drawn to scale. Graphs should have points correctly plotted (if appropriate) 
and joined in a straight line or smooth curve.

Label Add labels to a diagram.

List Give a sequence of brief answers with no explanation.

Measure Obtain a value for a quantity.

State Give a specific name, value or other brief answer without explanation or 
calculation.

Write down Obtain the answer(s), usually by extracting information. Little or no 
calculation is required. Working does not need to be shown.

Assessment objective 2

Command term Definition

Annotate Add brief notes to a diagram or graph.

Apply Use an idea, equation, principle, theory or law in relation to a given problem 
or issue.

Calculate Obtain a numerical answer showing the relevant stages in the working.

Describe Give a detailed account.

Distinguish Make clear the differences between two or more concepts or items.

Estimate Obtain an approximate value.
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Formulate Express precisely and systematically the relevant concept(s) or argument(s).

Identify Provide an answer from a number of possibilities.

Outline Give a brief account or summary.

Plot Mark the position of points on a diagram.

Assessment objective 3

Command term Definition

Analyse Break down in order to bring out the essential elements or structure.

Comment Give a judgment based on a given statement or result of a calculation.

Compare Give an account of the similarities between two (or more) items or situations, 
referring to both (all) of them throughout.

Compare
and contrast

Give an account of similarities and differences between two (or more) items 
or situations, referring to both (all) of them throughout.

Construct Display information in a diagrammatic or logical form.

Deduce Reach a conclusion from the information given.

Demonstrate Make clear by reasoning or evidence, illustrating with examples or practical 
application.

Derive Manipulate a mathematical relationship to give a new equation or 
relationship.

Design Produce a plan, simulation or model.

Determine Obtain the only possible answer.

Discuss Offer a considered and balanced review that includes a range of arguments, 
factors or hypotheses. Opinions or conclusions should be presented clearly 
and supported by appropriate evidence.

Evaluate Make an appraisal by weighing up the strengths and limitations.

Explain Give a detailed account including reasons or causes.

Hence Use the preceding work to obtain the required result.

Hence or otherwise It is suggested that the preceding work is used, but other methods could 
also receive credit.

Justify Give valid reasons or evidence to support an answer or conclusion.

Predict Give an expected result.

Show Give the steps in a calculation or derivation.

Show that Obtain the required result (possibly using information given) without the 
formality of proof. “Show that” questions do not generally require the use of 
a calculator.
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Sketch Represent by means of a diagram or graph (labelled as appropriate). The 
sketch should give a general idea of the required shape or relationship, and 
should include relevant features.

Solve Obtain the answer(s) using algebraic and/or numerical and/or graphical 
methods.

Suggest Propose a solution, hypothesis or other possible answer.
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