
C
oord

inate S
ystem

s

B
a
sis for a

ny
 3
D
 C
oord

ina
te
 S
y
ste

m

B
asic steps for th

e d
efinition of a 3

D
 coord

inate system
:

1.
Locate th

e origin

2
.

Locate th
e x

-y
plane  (th

e “fund
am

ental plane”)

3
.

D
ecid

e on d
irection of positive x

ax
is  (“reference d

irection”)
3
.

D
ecid

e on d
irection of positive x

ax
is  (“reference d

irection”)

4
.

D
ecid

e on sign convention of y
and

 z
ax

es

U
sual approach

 to d
efine angles:

•
F
irst angle from

 +x
 to +y ax

is  [0
 ≤ α,φ

,λ
≤ 2

π
]

•
S
econd

 angle from
 x

-y
plane to +z

ax
is  [-π

/2
 ≤ θ

,δ,ξ
≤
+π

/2
]

or [0
 ≤ θ

,δ,ξ
≤
π
]

or [0
 ≤ θ

,δ,ξ
≤
π
]



source: Wikipedia

E
a
rth

 rota
tion, a

x
is-

tilt, 

orb
it, ...

T
h
e rotation ax

is of th
e E

arth
 is 

tilted
 b

y ab
out 2

3
.4

4
°
(2

3
°
2
6
’) 

relative to th
e orb

ital plane.

D
e
finitions (1

): th
e
 M

e
rid

ia
n

A
m
erid

ian
is a great circle on th

e 

celestial sph
ere passing th

rough
:

•
th

e north
 point on th

e h
orizon H

 
urce: Wikipedia

•
th

e north
 point on th

e h
orizon H

 

•
th

e celestial pole P

•
th

e zenith
 Z

•
th

e south
 point on th

e h
orizon H

’

T
h
e m

erid
ian is perpend

icular to th
e 

sour

T
h
e m

erid
ian is perpend

icular to th
e 

local h
orizon.

S
tars w

ill appear to d
rift past the local 

m
erid

ian as the E
arth spins. 



D
e
finitions (2

):  E
quinox

E
quinox

 d
erives from

 `aequus’ (equal) and
 `nox

’ (night).

E
quinox

 =
w
h
en th

e centre of th
e S

un can b
e ob

served
 to b

e d
irectly 

ab
ove th

e E
arth

‘s equator (i.e., d
eclination δ=0

).  
A
t an equinox

, th
e S

un w
ill spend

 equal tim
e ab

ove and
 b

elow
 th

e h
orizon 

at every location on E
arth

. 
A
t an equinox

, th
e S

un w
ill spend

 equal tim
e ab

ove and
 b

elow
 th

e h
orizon 

at every location on E
arth

. 

source: Wikipedia

Intersection point b
etw

een 
celestial equator (δ=0

) and
 

ecliptic: vernal/autum
nal 

equinox
.

source: WikipediaT
h
e h

our angle is th
e angle b

etw
een th

e m
erid

ian plane and
 th

e h
alf plane 

d
eterm

ined
 b

y th
e E

arth
's ax

is and
 th

e given point. 
T
h
e h

our angle is 
ex

pressed
 in tim

e units, w
ith

 one h
our = 3

6
0

°/2
4
h
r = 15

°.

D
e
f. (3

): H
our A

ngle
 a
nd
 R
igh

t A
sce

nsion

T
h
e righ

t ascension α
is th

e angle V
O

Q
 b

etw
een th

e 
T
h
e righ

t ascension α
is th

e angle V
O

Q
 b

etw
een th

e 
vernal equinox

 and
 th

e given point on th
e equator.

T
he hour angle is also the d

ifference b
etw

een local sid
erialtim

e
(LS

T
) 

and
 right ascension α:

T
he ob

ject's hour angle ind
icates how

 m
uch sid

ereal tim
e has passed

 
since the ob

ject w
as on the local m

erid
ian.



I
. T

h
e
 H
orizonta

l F
ra
m
e
  (A

lt-
A
zim

uth
)

O
rigin:

Position of th
e ob

server

A
x
es: 

local vertical  (gravity vector)
h
orizon

C
oord

inates: 
azim

uth
 A

 from
 S

outh
h
eigh

t h

   

   

=

   

   

=

h

h
A

h
A

x x x

h
A

U

 
sin

 
c
o

s
sin

 
c
o

s
c
o

s

)
,

(

3 2 1

Prob
lem

: apparent m
otion of th

e celestial 
sph

ere.

N
ote: d

ue to tid
al forces the gravity vector changes and

 hence the 
coord

inates relative to surface structures b
y typically 0

.0
15
ʺ

I
I
. T

h
e
 H
our F

ra
m
e
  (L

a
titute

-
L
ongitud

e
)

C
h
oose celestial equator as fund

am
ental plane.

O
rigin:

Position of th
e ob

server

A
x
es: 

vector to celestial pole

 
 −

=
 

 

=
δ δ

δ

c
o

s
c
o

s
1

H
x

A
x
es: 

vector to celestial pole
vector to celestial equator (rot)

C
oord

inates: 
d
eclination δ

(latitud
e)

h
our angle H

  
   −

=

  
  

=

δ

δ
δ

sin

c
o

s
sin

)
,

(

3 2
H

x x
H

U

Prob
lem

: refers to th
e ob

server’s local
m
erid

ian.



I
I
I
. T

h
e
 E
qua

toria
l F

ra
m
e

R
em

oves th
e largest com

ponent of E
arth

 rotation 
.A
x
es: 

vector to celestial pole
vector to celestial equator (fix

ed
)

  

  

=
  

  

=
δ

α

δ
α

δ
α

c
o

s
sin

c
o

s
c
o

s

)
,

(
2 1

x x

U

vector to celestial equator (fix
ed

)

C
oord

inates: 
d
eclination δ

(latitud
e)

righ
t ascension α

(R
A
)

 
 

=

 
 

=

δ

δ
α

δ
α

sin c
o

s
sin

)
,

(

3 2

x x
U

T
h
e equatorial fram

e is used
 for m

ost star and
 galax

y catalogues.



I
V
. T

h
e
 E
cliptic F

ra
m
e

B
est for ch

arting solar system
 ob

jects

A
x
es: 

norm
al to th

e orb
ital plane

vector to vernal equinox
vector to vernal equinox

C
oord

inates: 
ecliptic lattitud

e
β

ecliptic longitud
e λ

Prob
lem

: orb
ital plane (E

arth
-S

un vector) is sensitive to perturb
ations 

b
y th

e oth
er planets 

�
oscillations of ~

1
ʺ
ab

out m
ean plane.

V
. T

h
e
 G
a
la
ctic F

ra
m
e

U
seful to ch

art stellar populations in th
e M

ilkyW
ay.

O
rigin: S

un

A
x
es: 

rotation vector of th
e G

alax
y

A
x
es: 

rotation vector of th
e G

alax
y

vector to th
e G

alactic C
enter

C
oord

inates: 
galactic latitud

e b
galactic longitud

e l

source: Wikipedia

D
efinition: 

N
orth

 G
alactic pole at 12

h
5
1
m

2
6
.2

8
2

s
+2

7
°
0
7
'
4
2
.0

1" (J
2
0
0
0
)

zero longitud
e at position angle 12

2
.9

3
2

°

zero point is at 17
h
4
5

m
3
7
.2

2
4

s
−2

8
°
5
6
'
10

.2
3
" (J

2
0
0
0
), close to S

gr
A
*



V
I
. T

h
e
 S
upe

rga
la
ctic F

ra
m
e

E
quator aligned

 w
ith

 th
e supergalactic

plane form
ed

 b
y th

e nearb
y galax

y 
clusters V

irgo, th
e G

reat A
ttractor and

 th
e Pisces-Perseus

supercluster. 

C
oord

inates: 
supergalactic

lattitud
e

S
G
B

supergalactic
longitud

e S
G
L

supergalactic
longitud

e S
G
L

Z
ero point for S

G
L is th

e intersection of th
e supergalactic

plane w
ith

 
th

e G
alactic plane

T
h
e
 ne

are
st 10

 M
pc

in S
G
 coord

inate
s

D
efinition: 

N
orth

 supergalactic
pole at l =4

7
.3

7
°, b

=+6
.3

2
°

or R
A
=18

.9
h,  δ=+15

.7
°
(J

2
0
0
0
).

Z
ero point (S

G
B
=0

°, S
G
L=0

°) at l=13
7
.3

7
°, b

=0
°

or R
A
=2

.8
2

h, δ=+5
9
.5

°
(J

2
0
0
0
).

C
oord

ina
te
 F
ra
m
e
 T
ra
nsform

a
tions

T
h
e h

ard
 w

ay:
[

]
   

   ⋅
=

   

   

3 2 1

'3 '2 '1

x x x

R

x x x




0
0

1



−

β
β

sin
0

c
o

s



0

sin
c
o
s

γ
γ

(
)

   

   

−

=

α
α

α
α

α

c
o

s
sin

0

sin
c
o

s
0

0
0

1

1
R

(
)

   

   
−

=

β
β

β
β

β

c
o

s
0

sin

0
1

0

sin
0

c
o

s

2
R

(
)

   

   −
=

1
0

0

0
c
o
s

sin

0
sin

c
o
s

3
γ

γ

γ
γ

γ
R

1.
C
alculate C

artesian coord
inates [x

1 ,x
2 ,x

3 ] 
2
.

A
pply rotation

3
.

C
alculate transform

ed
 fram

e coord
inates 

�
see M

ond
ay ex

ercises



E
x
a
m
ple

: from
 E
qua

toria
l to G

a
la
ctic F

ra
m
e

(
)

(
)

(
)

(
)

(
)

δ
α

ψ
θ

φ
β

λ
,

,
3

1
3

U
R

R
R

U
⋅

⋅
=

(
)

(
)

(
)

(
)

(
)

δ
α

ψ
θ

φ
β

λ
,

,
3

1
3

U
R

R
R

U
⋅

⋅
=

   

   ⋅

   

   

−
−

−

−
−

−

=

   

   

3 2 1

'3 '2 '1

4
5

6
0

1
.

0
1

9
6

4
2

.
0

8
6

8
0

3
.

0

7
4

7
4

1
.

0
4

4
4

9
8

.
0

4
9

3
3

3
.

0

4
8

3
1

5
.

0
8

7
3

7
4

.
0

0
5

6
1

1
.

0

x x x

x x x

S
ee b

ook b
y Lena for d

etails

C
oord

ina
te
 F
ra
m
e
 T
ra
nsform

a
tions  (2

)
T
h
e easy w

ay
: h

ttp://h
easarc.gsfc.nasa.gov/cgi-b

in/T
ools/convcoord

/convcoord
.pl



Pa
ra
lla
x
 a
nd
 O

rb
ita

l M
otion

Parallax
 = 

sem
i-angle of inclination b

etw
een tw

o sigh
tlines to a star.

h
ttp

://w
w

w
.a

s
tro

.c
o

rn
e

ll.e
d

u
/a

c
a

d
e

m
ic

s
/c

o
u
rs

e
s
/a

s
tro

1
0
1

/h
e
rte

r/ja
v
a
/p

a
ra

lla
x
/p

a
ra

lla
x
.h

tm
l

Pre
ce
ssion a

nd
 N

uta
tion

Precession
= 

m
ovem

ent of th
e d

irection of th
e 

E
arth

’s rotational ax
is, caused

 
m
ainly b

y S
un and

 M
oon.

period
: 

2
5
,7

6
4
 years

ia
period

: 
2
5
,7

6
4
 years

m
agnitud

e:~
5
0
ʺ

N
utation

=
tid

al forces of S
un and

 M
oon are 

continuously ch
anging w

ith
 th

eir 
relative positions 

cause 

source: Wikipedia

relative positions �
cause 

precession to vary over tim
e.

period
: 

18
.6

 years (largest com
ponent)

m
agnitud

e:~
9
.2
ʺ



Position of th
e
 S
un –

th
e
 A
na
le
m
m
a

•
circular orb

it, no ax
ial tilt:  analem

m
a

is a d
ot

•
circular orb

it and
 ax

ial tilt:  analem
m
a

is a 
figure of eigh

t; N
 and

 S
 lob

es equal

•
eccentric orb

it, no ax
ial tilt:  analem

m
a

is a 
straigh

t E
-W

 line along th
e equator

O

Ph
otom

ontage
 illustrating an 

anale
m
m
a

patte
rn in th

e
 sky. W

e
re

 
one

 to take
 a ph

oto of th
e
 sun e

ach
 

w
e
e
k for a ye

ar and
 com

b
ine

 th
e
 

im
age

s take
n, th

is patte
rn w

ould
 b

e
 

•
eccentric orb

it, no ax
ial tilt:  analem

m
a

is a 
straigh

t E
-W

 line along th
e equator

S
O

im
age

s take
n, th

is patte
rn w

ould
 b

e
 

visib
le

 (from
 W

ikipe
d
ia).E
ph
e
m
e
ris T

im
e
  (E

T
)

T
h
e eph

em
eris tim

e w
as d

efined
 b

y S
im

on N
ew

com
b
’s (18

9
8
) tab

les* of 
th

e E
arth

’s orb
ital m

otion around
 th

e S
un, later (m

ore practically) b
y 

th
e orb

ital m
otion of th

e M
oon around

 th
e E

arth
.

D
efinition:

O
ne J

ulian d
ay h

as 8
6
,4

0
0
 second

s

O
ne J

ulian century h
as 3

6
,5

2
5
 d

ays

D
efinition:

O
ne

second
(d

efined
 in 19

0
0
) = 1/3

1,5
5
6
,9

2
5
.9

7
4
7
 of th

e tropical year 
for 19

0
0
 J

anuary 0
 at 12

 h
ours eph

em
eris tim

e. 
(since 19

6
7
 one uses atom

ic stand
ard

s)

O
ne J

ulian century h
as 3

6
,5

2
5
 d

ays

O
ne tropical year h

as 3
6
5
.2

4
2
19

8
7
9
 d

ays

*an eph
em

eris is a tab
le of values th

at gives th
e positions 

of astronom
ical ob

jects in th
e sky at a given tim

e



U
nive

rsa
l T

im
e
  (U

T
)

T
im

escale b
ased

 on th
e rotation of th

e E
arth

.

R
eference location is G

reenw
ich

 m
erid

ian :

U
T
 = 12

 h
ours + G

reenw
ich

 h
our angle

U
T
 = 12

 h
ours + G

reenw
ich

 h
our angle

Id
eally, noon G

reenw
ich M

ean T
im

e is w
hen the S

un 
crosses the G

reenw
ich m

erid
ian.

B
ut: variations in th

e E
arth

's orb
it (nutation, 

ellipticity, ax
ial tilt) cause d

ifferences of up to 16
 

m
inutes. 

�
U
se N

ew
com

b
’s fictitious m

ean
S
un

–
h
ence also 

called
 G

reenw
ich

 m
ean tim

e G
.M

.T
. )

N
ow

ad
ays, use atom

ic stand
ard

s –
w
on’t slow

 d
ow

n b
ut require occasional 

one second
 d

iscontinuities to keep th
e E

arth
 rotation in ph

ase w
ith

 
atom

ic clocks �
U
T
C
 (coord

inated
 universal tim

e).

S
id
e
re
a
l T

im
e
  (S

T
)

S
id

ereal tim
e

≡
h
our angle of th

e true vernal equinox
 

•
T
h
e sid

ereal tim
e is proportional to th

e U
T
C
.

•
It h

as th
e sam

e value as th
e righ

t ascension of any celestial b
od

y 
•
It h

as th
e sam

e value as th
e righ

t ascension of any celestial b
od

y 
th

at is crossing th
e local m

erid
ian at th

at sam
e m

om
ent. 

•
W

h
en one m

oves eastw
ard

 15
°
in longitud

e, th
e sid

ereal tim
e 

increases b
y one h

our. 

N
ote: w

hen S
T
 = R

A
 the ob

ject w
ill b

e at culm
ination.

W
h
en corrected

 for nutation
�

m
ean sid

ereal tim
e.

W
h
en corrected

 for nutation
�

m
ean sid

ereal tim
e.

E
x
am

ple: Local sid
ereal tim

e (LS
T
) at Leid

en: 
5
2

°0
9
'N

   0
4

°3
0
'E

:

U
se, e.g. h

ttp
://ty

c
h
o
.u

s
n
o
.n

a
v
y.m

il/s
id

e
re

a
l.h

tm
lto ch

eck



S
id
e
re
a
l D

a
y

E
very 2

4
.0

0
 h

r th
e S

un reach
es th

e 
h
igh

est position in th
e S

outh
           

(= synod
ic

d
ay)

ia

In th
e m

eantim
e, th

e E
arth

 h
as 

rotated
 a b

it m
ore th

an 3
6
0
 d

egrees 
as it orb

its th
e S

un, (nam
ely 

3
6
0

°/3
6
5
.2

5
 = 0

.9
8
6

°).

source: Wikipedia

T
h
us, a sid

ereal d
ay is sh

orter:  
2
4
h
r · 3

6
0

°/3
6
0
.9

8
6

°
= 2

3
h
r 5

6
m
in


