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PHYH-DSE-7: Astronomy & Astrophysics
In previous class-note we have learnt about the basics of Astronomy covering the following
portions of our DSE 7, Astronomy and Astrophysics syllabus:

Astronomical Scales: Astronomical Distance, Mass and Time, Scales,
Brightness, Radiant Flux and Luminosity, Measurement of Astronomical
Quantities Astronomical Distances, Stellar Radii, Masses of Stars, Stellar
Temperature.
Basic Parameters of Stars: Determination of Distance by Parallax Method;
Brightness, Radiant Flux and Luminosity, Apparent and Absolute
magnitude scale, Distance Modulus; Determination of Temperature and
Radius of a star; Determination of Masses from Binary orbits;
In today’s note Basic concepts of positional astronomy is discussed following portions of the
syllabus:

Basic concepts of positional astronomy: Celestial Sphere, Geometry of a
Sphere, Spherical Triangle, Astronomical Coordinate Systems,
Geographical Coordinate Systems, Horizon System, Equatorial System,
Diurnal Motion of the Stars, Conversion of Coordinates. Measurement of
Time, Sidereal Time, Apparent Solar Time, Mean Solar Time, Equation of
Time, Calendar.
This note, as well as the previous note, was taken from www.egyankosh.ac.in of IGNOU.
These notes are enough to build up adequate knowledge of the topics covered in the syllabus
yet easily understandable. Hope our students are competent enough to grasp the ideas presented
there. Just go through the notes and try to solve the problems given there themselves. For any
doubt clearing or clarification or discussion please feel free to contact over class WhatsApp
group.
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2.1

INTRODUCTION

In Unit 1, you have studied about the physical parameters and measurements that are
relevant in astronomy and astrophysics. You have learnt that astronomical scales are
very different from the ones that we encounter in our day-to-day lives.
In astronomy, we are also interested in the motion and structure of planets, stars,
galaxies and other celestial objects. For this purpose, it is essential that the position of
these objects is precisely defined. In this unit, we describe some coordinate systems
(horizon, local equatorial and universal equatorial) used to define the positions of
these objects. We also discuss the effect of Earth’s daily and annual motion on the
positions of these objects.
Finally, we explain how time is measured in astronomy. In the next unit, you will
learn about various techniques and instruments used to make astronomical
measurements.
Study Guide
In this unit, you will encounter the coordinate systems used in astronomy for the first
time. In order to understand them, it would do you good to draw each diagram
yourself.
Try to visualise the fundamental circles, reference points and coordinates as you make
each drawing.
You could use clay/plastecene balls or spherical potatoes to model various planes on
the celestial sphere. You could also mark the meridians and the coordinates on them
for a visual understanding of the coordinates we describe in this unit.
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Objectives
After studying this unit, you should be able to:
•

identify the fundamental great circles such as horizon, celestial equator, ecliptic,
observer’s/local meridian;

•

assign the horizon and equatorial coordinates of a celestial object; and

•

calculate the apparent solar time at a given mean solar time on any day.

2.2

CELESTIAL SPHERE

When we look at the clear sky at night, the stars appear to be distributed on the inside
surface of a vast sphere centred on the observer. This sphere is called the celestial
sphere (Fig. 2.1).

Fig.2.1: The celestial sphere centred on the observer. Note that the celestial sphere is extremely
large compared with the Earth; for all practical purposes, the observer and the centre of
the Earth coincide

Actually, the stars are at different distances from us. But since the distances of the
stars are very large, they appear to us as if they are at the same distance from us.
So it is sufficient if only the directions of stars are defined on the sphere. Since the
distance is not involved, it is usual to take the radius of the celestial sphere as
unity.
You know that on the surface of a sphere, we need just two coordinates to describe
the position of a point. We shall study below some ways used to specify these two
coordinates for stars and other celestial objects. But before that you should familiarise
yourself with the geometry of a sphere.
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Geometry of a Sphere

Let us consider a sphere of radius R = 1 unit (Fig. 2.2). We know that a plane
intersects the sphere in a circle. If the plane passes through the centre of the sphere we
get a great circle, and if it does not pass through the centre then it is a small circle.

Fig.2.2: Great and small circles on a sphere. A great circle is the intersection of a sphere and a
plane passing through its centre.

In Fig.2.3, FG is a great circle whose plane passes through the centre O, and EH is a
small circle. Points P and Q are called the poles of the great circle FG. Notice that PQ
is the diameter of the sphere perpendicular to the plane of the great circle FG. The
distance between two points on a sphere is measured by the length of the arc of the
great circle passing through them. It is the shortest path on the surface of the sphere
between these points. Thus, in Fig. 2.3, the distance between points C and D on the
great circle FG is the arc length CD. It is equal to R (=OD) times the ∠COD in
radians. Since R = 1, arc CD = ∠COD. In astronomy, it is convenient to denote
distances on a sphere in angles (radians or degrees) in this way.
An angle between two great circles is called a spherical angle. It is equal to the angle
between the tangents to the great circles at the points of their intersection. It is also the
angle between the planes of the two great circles. In Fig. 2.3, PACQ and PBDQ are
two great circles intersecting at the points P and Q. ∠APB and ∠CPD are spherical
angles between these great circles. These angles are equal. They are also equal to
∠COD, since the arc length CD is common to both great circles.
P
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B
G

O
C

D

Q
Fig.2.3: Spherical angle is the angle between two great circles
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2.2.2

Spherical Triangle

A closed figure formed by three mutually intersecting great circles on a sphere is
called a spherical triangle. For example, in Fig. 2.3, PCD is a spherical triangle. All
the 6 elements of the triangle, namely, 3 sides and 3 angles are expressed in angular
units. The elements of a spherical triangle ABC in Fig. 2.4 are the 3 spherical angles
denoted by A, B and C and the 3 sides denoted by a, b and c.

B
a
c
C
b
A

Fig.2.4: Spherical triangle is bounded by three arcs of great circles: AB, BC and CA. The spherical
angles are A, B, C and the corresponding sides are a, b and c

Note that a spherical triangle is not just any three-cornered figure lying on a sphere.
Its sides must be arcs of great circles.
The essential properties of a spherical triangle are:
i) The sum of the three angles is greater than 180°,
ii) Any angle or side is less than 180°,
iii) Sum of any two sides/angles is greater than the third side/angle.
Note: Remember that the sides are being measured in degrees or radians.
The four basic formulae relating the angles and sides of a spherical triangle (Fig. 2.4)
are given below. These are for reference only. You need not memorise them.
Sine formula
sin A sin B sin C
=
=
sin a sin b sin c

(2.1)

Cosine formula
cos a
cos b
cos c

=
=
=

cos b cos c + sin b sin c cos A
cos c cos a + sin c sin a cos B
cos a cos b + sin a sin b cos C

(2.2)

Analogous cosine formulas are:
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sin a cos B = cos b sin c − sin b cos c cos A
sin a cos C = cos c sin b − sin c cos b cos A

(2.3)

Basic Concepts of
Positional Astronomy

Four parts formula
cos a cos B = sin a cot c − sin B cot C

(2.4)

Now that you have become familiar with the geometry of the celestial sphere, you can
learn about the different coordinate systems used to locate a celestial object.

2.3

ASTRONOMICAL COORDINATE SYSTEMS

The method of fixing the position of a star or celestial object on the celestial sphere is
the same as that of fixing the position of a place on the surface of the Earth. We shall,
therefore, first consider geographical coordinates of a place on the surface of the
Earth.

2.3.1

Geographical Coordinates

As you know, any place on the Earth is specified by two coordinates: geographical
latitude and geographical longitude (see Fig.2.5).

P

Longitude
Prime meridian
Latitude
Fig.2.5: The geographical coordinates (longitude and latitude) uniquely define any
position on the Earth’s surface

Note that the line joining the poles is always perpendicular to the equator.
The circles parallel to the equator are the circles of latitude. The great circles drawn
through the north and South Poles are called the circles of longitude.
How do we specify the coordinates of the place P on the Earth’s surface? The great
circle passing through P is called its meridian.
By international agreement, the geographical coordinates (longitude and latitude)
of the place P are specified with respect to the equator and the meridian through
Greenwich, which is also called the prime meridian.
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The general definitions are given in the box ahead.

Definitions of longitude and latitude
The longitude of a place is defined by the angle between Greenwich
meridian and meridian of the place. It is measured from 0 to 180°° east or
west of Greenwich.
The latitude is defined by the angular distance of the place from the
equator. It is measured from 0 to 90°° along the meridian of the place
north or south of the equator.

In Table 2.1, we give the longitudes and latitudes of some cities in India.
Table 2.1: Longitudes and latitudes of some cities in India
Cities

Longitude

Latitude

Allahabad

81° 50′E

25° 26′N

Ahmedabad

72° 44′E

23° 08′N

Chennai

80° 10′E

13° 06′N

Kanyakumari

77° 32′E

8° 05′N

Kolkata

88° 21′E

22° 34′N

Mumbai

72° 51′E

19° 07′N

New Delhi

77° 12′E

28° 46′N

Shillong

91° 52′E

25° 34′N

Srinagar

74° 48′E

34° 05′N

Ujjain

75° 46′E

23° 10′N

We shall now extend the concept of geographical coordinates on the Earth to define
the coordinates of a celestial body on the celestial sphere. But before that you may
like to work out a problem.
Spend
3 min.

SAQ 1
Using Table 2.1, find the difference between a) the longitudes of Ahmedabad and
Shillong, and b) the latitudes of Srinagar and Kanyakumari.
The longitude-latitude system illustrates the principle of an astronomical coordinate
system. What we require for reference is:
i)

A fundamental great circle (such as the equator), and

ii) A reference point, or origin on the chosen great circle.
Depending on the choice of these two references, we describe the following
coordinate systems, which are most often used in astronomy:
1. Horizon system
2. Equatorial system
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Horizon System

Suppose the observer is at the point O at latitude α (see Fig. 2.6). The point vertically
overhead the observer is called the zenith. It is denoted by Z in Fig. 2.6. The point
vertically below the observer is called the nadir. It is denoted by Z′.
The great circle on the celestial sphere perpendicular to the vertical line ZO Z′ is
called the celestial horizon or just the horizon. This is the fundamental great circle
chosen for reference in the horizon system.

Note that the term horizon
used here does not have its
common meaning as the
line where the sky meets the
land.

The great circle ZNZ′SZ containing the zenith of the observer is called the observer’s
meridian or the local meridian. N and S are the points of intersection of the horizon
and the observer’s meridian. These points indicate geographical north and south
directions. Either N or S can be taken as the reference point in this system.

Zenith Z
Observer′′s meridian

X
α
O
N

S
horizon

Celestial equator

Nadir Z′′

Fig.2.6: The celestial horizon and the observer’s meridian

Let X be the celestial body, say a star. You can now fix the coordinates of X in this
system.
Draw the great circle ZXZ′ through the star X in Fig.2.6 (see Fig.2.7a). Let it intersect
the horizon at Y.
The position of X in the horizon system is defined with respect to the horizon and the
reference point N or S.
One coordinate of X is the arc YX, called the altitude (a). Mark it on Fig. 2.6.
To fix the other coordinate, choose N as the origin. Then the arc length NY is the
second coordinate, called the azimuth (A). Mark it on the above figure.
The position of X from the zenith, the arc ZX = 90−a, is called the zenith distance and
is denoted by z. Mark z on Fig. 2.6.
Thus, in the horizon system the position of X can be specified by the coordinates
(A, a) or (A, z).

35

Basics of Astronomy

Compare your drawing with Fig. 2.7a.

Zenith Z

zenith distance z

X

X

altitude

W
horizon

S

W
horizon

a altitude

O

A

azimuth

NS

a
O

Y

E

N

A

E

Y

azimuth

Nadir Z′′
(a)

(b)
Fig.2.7: a) Horizon coordinate system; b) the azimuth gives the direction in which to look for X and
the altitude gives the angle by which a telescope must be raised from the horizon

The altitude (a) varies from 0° to 90° from the horizon to the zenith or 0° to −90°
from the horizon to the nadir. The azimuth (A) of the star is measured from N
eastward or westward from 0 to 180°. Thus, in Fig.2.7a, the great circle arc NY along
the horizon is the azimuth (east) of X. If S is chosen as origin, the azimuth is measured
from 0 to 360° through west.

Horizon coordinate system
Horizon Coordinates: (A, a) or (A, z)
The azimuth, A, is the arc length NY along the horizon if N is taken as the
origin.
The altitude, a, is the arc length YX along the great circle ZXYZ′ containing the
zenith and the star.
The zenith distance, z, is the arc length ZX from the zenith to the star on the
great circle ZXYZ′.
Fundamental great circle: Horizon
Reference point: The points of intersection N or S of the horizon and the
observer’s meridian.
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The horizon system is a very convenient system and most small telescopes use it to
locate a celestial object. The azimuth gives the direction in which to look for an
object. The altitude then gives the angle by which the telescope must be raised from
the horizon to locate the object (Fig. 2.7b).
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The pole star is situated in the geographical north direction. Let us locate its
coordinates in the horizon system.
Example 1: Coordinates of the pole star in the horizon system

RECALL

What are the horizon coordinates of the pole star?
Solution
Study Fig. 2.8. The pole star is at P. Notice that the angle α (∠BCO) is the latitude of
the observer. Simple geometry shows that this angle is equal to ∠PON. Do you
recognise that the arc PN or ∠PON is the altitude of P?

P
O

λ

Zenith Z
Celestial sphere

P
90°° − α

D
W
α
S

The latitude λ of a point P
on the surface of the Earth
is given by the angle between
the line OP and a line in the
plane of the equator. Here O
is the centre of the Earth.

α

B αO
C
Earth

N
North Pole
Equator

Nadir Z′′
Fig.2.8: Horizon coordinates of the pole star. BC and OD are parallel. Hence ∠ZOD = α,
∠POD = 90°° and ∠ZON = 90°°. ∠POZ = 90°° − α and ∠PON = α

Thus, the altitude of the pole star is equal to the latitude of the observer.
What is its azimuth? With respect to N, it is 0° and with respect to S, it is 180° west.
Thus the horizon coordinates of the pole star are (0°,α).

The longitude tells us our
east-west position. It is
measured from the 0º line of
the prime meridian of
Greenwich. Lines of
longitude run from the
North Pole to the South Pole.

You may now like to attempt a problem.
SAQ 2
Suppose you wish to point a small telescope to a star whose azimuth is 30° and
altitude is 45°. Describe the procedure you will adopt.
The horizon system, though simple, has two shortcomings. Firstly, different observers
have different horizons. Therefore, at a given time, the horizon coordinates of an
object will be different for different observers. Secondly, as the Earth rotates from
west to east, celestial objects move from east to west across the sky. Looking from far
above the North Pole, say from a spacecraft, the motion of the Earth is anticlockwise.
Thus, even for the same observer, the horizon coordinates keep changing with time.
So, the horizon system of coordinates is not very useful for practical purposes. These

Spend
3 min.
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drawbacks are removed in the equatorial system, a system that gives the same
coordinates for an object for all observers on the Earth.

2.3.3

Equatorial System

Consider Fig. 2.9 showing the celestial sphere for an observer O. The great circle
whose plane is parallel to the equatorial plane of the Earth, and contains the centre O
of the celestial sphere is called the celestial equator. P and Q are the poles of the
celestial equator: P is the north celestial pole and Q, the south celestial pole. These
poles are directly above the north and south terrestrial poles. As you know, the point P
also points to the pole star.
In Fig. 2.9, the great circle NESW is the observer’s horizon with zenith Z as its pole
and RWTE is the celestial equator for which P and Q are poles.
The celestial equator and the observer’s horizon intersect in two points, E and W,
called the East and West points.
Notice that the observer’s
meridian is a full great
circle, unlike the meridian.

Any semi-great circle through north and south celestial poles P and Q is called a
meridian. But as you have learnt in Sec. 2.3.2, the full great circle through the
observer’s zenith (PZRQT) is called the observer’s meridian or the local meridian.
Zenith Z

U

R

P

Celestial
Equator

Celestial
sphere

Diurnal
circle

X

W
O
S

horizon

C
D

E

N
V
Observer’s
meridian

Q

T
Nadir Z′′

REMEMBER
THE DIURNAL
CIRCLE OF A STAR
IS ALWAYS
PARALLEL TO THE
CELESTIAL
EQUATOR.
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Fig.2.9: Schematic diagram of the celestial equator and diurnal circle UVX, upper (U) and lower
(V) transits. In the segment DUC the star is above the horizon. It is below the horizon in the
segment CVD

As a result of the Earth’s rotation from west to east, the celestial bodies appear to
move across the sky in the opposite direction, i.e., from east to west. This daily or
diurnal motion is common to all celestial objects. The path of a star X will be along
the small circle XUV parallel to the celestial equator. It is called the diurnal circle
(Fig. 2.9). It intersects the observer’s meridian at the points U and V.
The star completes one circuit of its diurnal circle in 24 hours, which is the Earth’s
rotation period. As you can see from the Fig. 2.9, the star will cross (transit) the
observer’s meridian at the points U and V during its diurnal motion. These are called
the upper and lower transits. A star is said to rise when it rises above the observer’s

horizon. It is said to set when it goes below the horizon. In Fig. 2.9, in the segment
DUC, the star is above the horizon. It is below the horizon in the segment CVD.
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Now, suppose we want to define the equatorial coordinates of a star X (see Fig. 2.10).
The celestial equator (RWTE) is the fundamental great circle in this system. The
reference point is R, the point of intersection of the observer’s meridian (ZRQP) and
the celestial equator above the horizon.
The semi-great circle PXQ is known as the hour circle of the star X. It is called hour
circle because it indicates the time elapsed since the star was on the upper transit on
the observer’s meridian. Let the hour circle of X intersect the celestial equator at J
(Fig. 2.10).

Z

U

R

P

Diurnal
circle

X

J
W
S

Celestial
Equator

O

C

N

D

E

V

Q

T
Z′′

Fig.2.10: Schematic diagram showing local equatorial coordinates (H = RJ, δ = JX). Note that as
the diurnal circle is parallel to the celestial equator, JX does not change due to the star’s
diurnal motion. But RJ changes as the star moves in the diurnal circle

One coordinate of the star X is given by the great circle arc RJ along the celestial
equator. It is called the hour angle (H) of the star. It is measured towards west from 0
to 24 hours.
The other coordinate required to define the position of the star is the circle arc JX
from the equator along the star’s hour circle. It is called declination (δ).
As the path of the diurnal motion of the star is parallel to the celestial equator, the
declination, δ, of a given star does not change during the diurnal motion.
The hour angle and the declination specify the position of the star in the local
equatorial system.
In astronomy, angles such as hour angle are frequently expressed in time units
according to the relation:
24 hours = 360°, lh =15°, 1m = 15′ and 1s = 15″.
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The declination of a star varies from 0 to 90° from the celestial equator to the celestial
poles. It is taken as positive if the star is situated north of the equator and negative if it
is south of the equator.
Notice that in this system, one of the coordinates, the declination, does not change
during the diurnal motion of the star while the other coordinate, the hour angle, varies
from 0 to 24 hours due to the rotation of the star. That is why this system is called the
local equatorial system.
Local Equatorial System
Local Equatorial Coordinates: (H, δ)
The hour angle, H, is the arc length RJ along the celestial equator.
The declination, δ, is the arc length JX along the star’s hour circle.
Fundamental great circle: Celestial equator.
Reference point: Intersection of observer’s meridian and celestial equator.

We shall now define a coordinate system in which both the coordinates of a star
remain unchanged during its diurnal motion. For this, we choose the celestial equator
as the fundamental great circle and the vernal equinox (ϒ) as the reference point. Let
us understand what ϒ is.
Vernal equinox
You know that the Earth moves around the Sun in a nearly circular orbit. The plane of
the Earth’s motion around the Sun intersects the celestial sphere in a great circle
called the ecliptic (Fig. 2.11a).
As seen from the Earth, the Sun appears to move around the Earth in this plane. Thus
the ecliptic is the annual path of the Sun against the background stars. In Fig. 2.11a, R
ϒ T is the celestial equator and M ϒ M′ is the ecliptic. The ecliptic is inclined to the
equator at an angle of 23°27'. Points K and K′ are the poles of the ecliptic.
The ecliptic and the celestial equator intersect at two points called vernal equinox (ϒ)
and autumnal equinox (Ω).
During the annual apparent motion, the Sun is north of the equator on ϒ M Ω and
south of the equator on Ω M′ ϒ. Thus, the Sun’s declination changes from south to
north at vernal equinox (ϒ) and from north to south at autumnal equinox (Ω).
We can define the position of a star X with respect to the celestial equator and the
vernal equinox (Fig. 2.11b). Let the hour circle of X intersect the celestial equator at J.
One coordinate of X is the arc length ϒJ along the celestial equator measured from
vernal equinox eastward. It is known as the right ascension of the star and is
denoted by α.
The other coordinate is the declination δ (arc JX ) as already defined.
As the Earth rotates, the points ϒ and J on the celestial equator rotate together.
Thus, the separation between ϒ and J does not change and the right ascension of the
star remains fixed.
This system of coordinates (α, δ) is called the universal equatorial system. The α
and δ of stars do not change appreciably for centuries.
40

Basic Concepts of
Positional Astronomy

North
celestial pole
K
P

R

Autumnal equinox

Sun

Ω

Celestial
equator

δ

Earth
M'

M

Ecliptic

ϒ
Vernal equinox

α
ϒ

T

Ecliptic
(b)

Q

South
celestial pole

K'

(a)
Fig.2.11: a) The ecliptic, vernal equinox and autumnal equinox; b) universal equatorial coordinates
(α
α, δ)

Universal Equatorial System
Universal Equatorial Coordinates: (α, δ)
The right ascension, α, is the arc length ϒJ eastward along the celestial equator.
The declination, δ, is the arc JX along the star’s hour circle.
Fundamental great circle: Celestial equator.
Reference point: Vernal equinox.

Table 2.2 gives the universal equatorial coordinates of some prominent objects.
Table 2.2: Universal equatorial coordinates of prominent astronomical objects
Object

Universal equatorial coordinates

Crab nebula

RA 5: 35 (h,m)

Declination 22°:01m

Andromeda

RA 00:42.7 (h,m)

Declination 41°:16m

Ring nebula

RA 18:53:35.16 (h,m,s) Declination 33°:01m

Orion nebula

RA 05:35.4 (h,m)

Declination −05°:27m
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Let us now find the coordinates of a star.
Example 2: Equatorial Coordinates
Calculate at latitude of 50°N, the zenith distance of a star of declination 20°N when it
is on the observer’s meridian.
Solution
Look at Fig. 2.12.

Z

20°° N X

40°°
P

Celestial
equator

R

20°° S X'

50°°
O

S

N

horizon

T
Q

Fig.2.12

Since the latitude of the place is 50°N, the altitude of the pole star is also 50°. So, arc
PN = 50°. Therefore, arc PZ = 40°, since arc NZ is 90°. As the declination of X is
20°N, RX = 20°. Thus, arc ZX, which is the zenith distance of X, is 30°, since
RP = 90°. If the declination of the star were 20°S, it would have been at X′, then the
zenith distance ZX′ would have been 50° + 20° = 70°.
You should now practice calculating the equatorial coordinates of a few celestial
objects.
Spend
10 min.

SAQ 3
a) Determine the declination (δ) of (i) celestial North Pole, (ii) celestial South Pole
(iii) zenith. (Hint: Look at Fig. 2.12 again).
b) Determine the right ascension (α) and declination (δ) of (i) vernal equinox, (ii)
ecliptic north pole, (iii) ecliptic South Pole. (Hint: Look at Fig. 2.13. Notice that
arc ϒR = 6h.)
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Celestial
equator
Earth
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M

Ecliptic
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Vernal equinox

T

δ
Q
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Fig.2.13

We shall now briefly describe the diurnal motion of the stars and the Sun as seen from
different places on the surface of the Earth.

2.3.4

Diurnal Motion of the Stars

See Fig. 2.14, drawn for an observer in northern latitudes. The diurnal circles of stars
north of the equator are more than half above the horizon (arc JKL). The diurnal
circles for stars south of the equator are less than half above the horizon (arc MCM′).
Z
K

R

Celestial
equator
C
S

Celestial
equator

P

Z

W
J

O

M

N
L

M' E

Dec. 21

Horizon

S

Q

T

Mar. 21
Sept. 22

N

June 21

Z'
(a)

(b)

Fig.2.14: a) Diurnal circles for stars north and south of the equator; b) diurnal circles on particular days
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Thus, an observer in northern latitudes will see more northern stars for longer duration
above the horizon compared to the southern stars. For an observer on the equator, the
zenith is on the celestial equator. Hence, both northern and southern stars are equally
visible for 12 hours as their diurnal circles are perpendicular to the horizon (Fig. 2.15).
Celestial
equator

Z

Horizon
Q

P

O

δmax = 90°°

δmax = 90°°

Z'
Fig.2.15: Diurnal circles of stars seen from the equator

If we observe stars to the north, we find that some stars never set, i.e., they never go
below the horizon. Instead they trace complete circles above it (Fig. 2.16). Such stars
are called circumpolar stars. (The Egyptians called such stars as the ones that know
no destruction.) Such stars are also there near the South Pole.
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Fig.2.16: Circumpolar stars
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For an observer at latitude φ in the northern hemisphere, the declination of
circumpolar stars is δ ≥ (90 − φ) (Fig. 2.17). The southern stars with δ < (φ − 90) are
never seen above the horizon. They never rise. The situation is exactly the opposite in
the southern hemisphere. For an observer on the equator, φ = 0, and the maximum
value of δ is 90° at the north and South Poles. Hence, there are no circumpolar stars,
as the declination of stars can never exceed 90° (see Fig. 2.15).
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Fig.2.17: Declination of circumpolar stars in the northern hemisphere for an observer at latitude φ
in the northern hemisphere

At North Pole (φ = 90°), all the stars lying north of the equator, that is, δ ≥ 0 are
circumpolar, while the southern stars (δ< 0) are below the horizon. These will be
invisible (Fig. 2.18).
Z, P

Celestial
equator

Horizon
O

Z', Q
Fig.2.18: Circumpolar stars at the North Pole

Motion of the Sun
You have studied in Sec. 2.3.3 that because of the yearly revolution of the Earth round
the Sun, the Sun appears to move around the Earth along the ecliptic. It moves at a
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rate of about 1° per day. As a result, the right ascension and declination of the Sun
change continuously. The Sun is at ϒ (Fig. 2.19) on or around March 21 every year.
At that time its coordinates are α = 0, δ = 0.
At M, around June 21, the Sun is at α = 6h, δ = +23.5°. At Ω around September 23,
α = 12h, δ = 0° for the Sun. At M' around December 22, the Sun is at α = 18h,
δ = −23.5° (see Table 2.3).
The point M with δ = δmax = + 23.5° is the summer solstice which marks the
beginning of Dakshinayan, the south-ward motion of the Sun. The opposite point M'
with δ = δmin = − 23.5° is the winter solstice which is the beginning of Uttarayan,
the north-ward journey of the Sun. Note that the arc lengths ϒM and ϒM′ are equal
even though it may not seem so in Fig. 2.19.

Table 2.3
~ Day

(α, δ)

March 21

(0, 0)

June 21

(6 , + 23.5°)

September 23

(12 , 0°)

December 22

(18 , -23.5°)

North
celestial pole

h

K
P

h
h

Celestial
equator

Ω (Sept.
23)
(
α = 12h, δ = 0°°

R

Sun

Earth

(Dec. 22) M'
α = 18h, δ = −23.5°°

(June 21)
α = 6h, δ = +23.5°°

M

Ecliptic

ϒ (Mar 21)
α = 0, δ = 0

T

Q
South
celestial pole
K'
Fig.2.19: Motion of the Sun

The Sun as a Circumpolar Star
You have learnt that for an observer at latitude φ, all stars with δ ≥ 90° − φ are
circumpolar. Thus, at North Pole φ = 90° and for a star to be circumpolar, δ ≥ 0. You
have also learnt that the declination of the Sun varies from −23.5° to +23.5° annually.
Hence, for an observer on the North Pole, the Sun is circumpolar from March 21 to
September 23 when the Sun is north of the equator since δ ≥ 0 for the Sun during this
period.
Further, from September 23 to March 21 the Sun is invisible at the North Pole, since
its declination is negative during this period. On March 21, the Sun appears above the
horizon and continues to remain above the horizon for 6 months till September 23.
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Thus, it is seen that the Sun is above the horizon for six months and below the horizon
for 6 months for observers at the North Pole.
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Can you say how an observer at the South Pole sees the Sun?
The Sun is visible from September 23 to March 21 at the South Pole and invisible for
the next six months.
During the ‘day’ of 6 months, that is, from March 21 to September 23 at the North
Pole, the Sun moves around the sky in small circles parallel to the celestial equator,
which coincides with the horizon (see Fig. 2.20).
Z, P

Celestial
equator
Horizon
O

Z', Q
Fig.2.20: Sun’s motion for an observer on the North Pole for whom the celestial equator coincides
with the horizon.

On a given date, the Sun is circumpolar at all those places whose latitude φ ≥ (90 − δ),
where δ is the declination of the Sun on the date under consideration. On June 21/22,
for example, when the Sun's declination is +23.5°, the Sun is circumpolar at all the
places north of 66.5° latitude.
You may now like to stop for a while and concretise these ideas. Try this SAQ.
SAQ 4
a)

Find the approximate zenith distance of the Sun on June 22 and December 23 at
Delhi (φ = 28°46′N).

Spend
10 min.

b) At what latitudes is the star Procyon (δ = 05°18′S) circumpolar?

2.3.5

Conversion of Coordinates

We now state the relevant formulae for conversion of coordinates from local
equatorial system to horizon system. Their mathematical derivation can be found in
any standard book dealing with positional astronomy such as Smart (1960). You
need not memorise these formulae.
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Local Equatorial and Horizon System:
Conversion of (H, δ) to (A, z)
sin z sin A = cos δ sin H
sin z cos A = sin δ cos φ − cos δ sin φ cos H
cos z = sin δ sin φ + cos δ cos H cos φ

(2.5)

Conversion of (A, z) to (H, δ):
cos δ sin H = sin z sin A
cos δ cos H = cos z cos φ − sin z sin φ cos A
sin δ = cos z sin φ + sin z cos φ cos A

(2.6)

So far we have discussed how to locate the position of a celestial object in horizon,
local equatorial and universal equatorial coordinate systems. However, you know
that along with the space coordinate, we also need to specify the time to be able to
completely describe the motion of an object. Let us now learn about how time is
measured in astronomy.

2.4

MEASUREMENT OF TIME

The rotating Earth is our natural clock. The ancient people were familiar with rotation
and revolution of the Earth around the Sun and the revolution of the moon around the
Earth. It was natural for them to base time measurement on these motions. Their basic
unit of time was from one Sunrise to the next. They called it the day. Revolution of
the Earth around the Sun provided another unit called the year. A third unit, the
month, is approximately the period of revolution of moon around the Earth.
The basic unit of time, the day, is defined as the time required for the Earth to rotate
once on its axis. If this rotation is considered with respect to the Sun then the time for
one rotation relative to the Sun is the solar day, that is, the time from one Sunrise to
the next Sunrise. On the other hand, rotation period of the Earth relative to the stars
is called a sidereal day. The sidereal day is different from a solar day. This difference
arises due to the Earth’s revolution around the Sun (see Fig. 2.21).

C
F

B

F

F

F'

Fig.2.21: The difference between one sidereal day and one solar day

In Fig. 2.21, the Earth is initially at A in its orbit around the Sun. Suppose at a given
place F, the Sun and a distant star are overhead. Thus, it is noon for an observer at F
(the foot of the solid arrow) and midnight at F′ (the foot of the dotted arrow). One
sidereal day later (say at time t), the Earth is at B but now the solid arrow does not
point to the Sun, though it would still point towards the distant star as it is very far
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away compared to the Sun. So at time t, the Sun is not overhead at F, and it is not
noon at F. The solid arrow points towards the Sun only a little later at C, when the
Earth has turned upon its axis and moved a bit in its orbit.
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The time from A to C is equal to one solar day, while the time from A to B is equal to
one sidereal day.
The Earth has to rotate by about 1° more to bring the Sun overhead and complete the
solar day. It takes roughly 4 minutes for the Earth to rotate through 1° since it rotates
through 360° in 24 hours. Thus, the sidereal day is shorter than the average solar day
by about 4 minutes. In a month (30 days), the sidereal time falls behind the mean solar
time by two hours, and in six months the difference becomes 12 hours. Then at solar
midnight we have sidereal noon.
Since the Sun regulates human activity on the Earth, we use solar time in our daily
life. The sidereal time is not useful for civil purposes but is used in astronomical
observations.

2.4.1

Sidereal Time

Due to the rotation of the Earth, the vernal equinox ϒ, moves along the equator once
in 24 hours like any other star. The hour angle of ϒ for an observer is called the
sidereal time for that observer or the local sidereal time (LST).

Z
P
X
R
J
W
S

N
ϒ
E

Q
Z'
Fig.2.22: Sidereal Time

In Fig. 2.22, NWSE is the horizon, P and Z are the north celestial pole and the zenith,
respectively. The hour angle (HA) of vernal equinox is the great circle arc Rϒ
measured towards the west from the observer’s meridian. When ϒ is at R, at upper
transit on the observer’s meridian, its HA is 0h and consequently the local sidereal
time (LST) is 0h at this instant.
The interval of time between two successive transits of vernal equinox over the same
meridian is defined as one sidereal day. One sidereal day is divided into 24 sidereal
hours, one sidereal hour into 60 sidereal minutes and one sidereal minute into 60
sidereal seconds.
Let X be the position of a star in Fig. 2.22. The arc RJ (towards west) is the HA of X
(HAX) and the arc ϒJ (towards east) is the right ascension of X (RAX). We have
Rϒ = RJ + ϒJ. Hence
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LST = HAX + RAX

(2.7)

This is an important relation in the measurement of time. If X is the Sun, denoted by
, then we have the relation
LST = HA + RA

2.4.2

(2.8)

Apparent Solar Time

The hour angle of the Sun at any instant is the apparent solar time. The interval
between two consecutive transits of the Sun over the same meridian is called one
apparent solar day (see Fig. 2.23).
Local celestial meridian

Celestial Equator
(a)

Ecliptic

EAST

SOUTH

WEST

Local celestial meridian

Celestial Equator
(b)

Ecliptic

EAST

SOUTH

WEST

Fig.2.23: Apparent solar day

In Fig. 2.23a, we show the Sun at noon on March 21, when the Sun and the vernal
equinox are on the local meridian. The celestial sphere rotates and some time during
the next day, the vernal equinox is again on the meridian. That interval of time is one
sidereal day; a fixed point on the celestial sphere has gone around once.
But in that time the Sun has moved eastward along the ecliptic (see Fig. 2.23b). But
the Sun is not yet on the meridian and it is not yet noon. The celestial sphere has to
rotate a bit more to bring the Sun up to the meridian. This time interval represents the
apparent solar day.
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The apparent solar day is found to vary throughout the year. Thus, the Sun is an
irregular timekeeper and consequently the time based on the motion of the Sun is not
uniform. The non-uniformity in the solar time is due to two reasons: the first is that
the path of apparent motion of the Sun is elliptical and not circular. This means that
the Sun moves at a non-uniform rate. The second reason is that the Sun's apparent
motion is in the plane of the ecliptic and not in the plane of the equator; and the
measurement of time, that is, the measurement of hour angle is made along the
equator.

2.4.3
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Mean Solar Time

In order to have a uniform solar time, a fictitious body called the mean Sun is
introduced. The mean Sun is supposed to move uniformly (that is, in a circular path)
along the equator completing one revolution in the same time as the actual Sun does
round the ecliptic. The hour angle of the mean Sun at any instant is defined as the
Mean Solar Time (MST), or simply, the Mean Time.
The time interval between the successive transits of the mean Sun over the same
meridian is defined as the mean solar day.
The mean solar day is subdivided into hours, minutes and seconds. The civil day
begins at mean midnight for reasons of convenience. Our clocks are designed to
display the mean solar time.
By international agreement, the time of the Greenwich meridian is called the
Greenwich mean time (GMT). It can be related to the mean time of any other place
through the longitude of that place.
Since the Earth completes one rotation on its axis, that is 360 degrees of longitude in
24 hours, each degree of longitude corresponds to 4 minutes of time. Therefore, GMT
at a given instant is related to the mean time of any other place by a simple relation:
Local Mean Time = GMT + λ (in units of time)

(2.9)

where λ is the geographical longitude of the place expressed in units of time. In the
above relation, λ is to be taken as positive if the longitude of the place is east of
Greenwich, and negative if it is west of Greenwich. The above relationship holds good
for both the sidereal as well as the solar time.
It is obvious that if each town and city in a country were to use its own local time, the
life of citizens would become very difficult. To overcome this problem, a whole
country uses the local time of a place as its standard time.
For example, the Indian Standard Time is the local time of a place on longitude 82.5°
east. The IST is, therefore, ahead of the GMT by 5½ hours. Very large countries such
as United States have more than one standard time.
Example 3
What will the local time of Shillong be when the local time of Ahmedabad is 6 p.m.?
Solution
Refer to Table 2.1. The difference between longitudes of Ahmedabad and Shillong is
approximately 19°. Since each degree of longitude is equal to 4 minutes of time, the
difference in the local time of these two places is 19 × 4 = 76 minutes. Since Shillong
is east of Ahmedabad, local time of Shillong will be ahead of the local time of
Ahmedabad by one hour and sixteen minutes.
And now you can attempt an exercise.
SAQ 5

Spend
5 min.

Refer to Table 2.1. If the local time of Mumbai is 8:00 p.m., what would be the local
time at Kolkata at that time?
We will now discuss the Equation of Time, which relates the apparent solar time and
the mean solar time.
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NOTE

Equation of Time

As we have seen in Eq. (2.8)

HA is the symbol of
hour angle for the Sun.

LST = HA + RA

RA is the symbol of
right ascension of the
Sun.

(2.10)

Using Eq. (2.10) for the Sun and the mean Sun, we can write
RAMS − RA = HA − HAMS

HAMS is the symbol

(2.11)

The difference in right ascensions of the mean Sun and true Sun at a given instant (see
Fig. 2.24a) is called the Equation of Time (ET).
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Fig.2.24: Equation of time
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Thus, we have
ET = HA − HAMS

(2.12)

We see that the ET at any instant is the difference between the apparent solar time
given by HA and the mean solar time given by HAMS.
In Fig. 2.24b, you can see that during the year the ET varies between −14 1/4 to + 16
1/4 minutes and it vanishes 4 times during the year on or about April 16, June 14,
September 1 and December 25.
Any discussion on time in astronomy would perhaps be incomplete if we do not
mention the calendar.

2.4.5

Calendar

The civil year contains an integral number of 365 mean solar days. As the actual
period of Earth’s revolution, called a tropical year contains 365.2422 mean solar
days, a fraction 0.2422 of a day is omitted each year. This resulted in the loss of a
number of days over several centuries and the civil year would get out of step with the
seasons.
To overcome this confusion, Julius Caesar introduced Julian calendar, named after
him, in which the year was made of 365.25 mean solar days. Consequently, every 4th
year was made to contain 366 mean solar days. This was called a leap year. The extra
day was added in February. Thus, in this calendar, a year, which is divisible by 4, is a
leap year in which the month of February has 29 days.
In Julian calendar, the tropical year was assumed to be of 365.25 mean solar days, but
its actual length is 365.2422 mean solar days. The small difference between assumed
and actual lengths of the year, created serious problem by the 16th century and the
civil year was out of step in relation to the seasons. To overcome this problem, Pope
Gregory, introduced in 1582 the calendar known as Gregorian calendar, which we
are using now.
In this calendar, a leap year is defined as before, with the exception that when a year
ends in two zeros, it will be a leap year only if it is divisible by 400. Thus in a cycle of
400 years, there are 100 leap years according to Julian Calendar while there are only
97 in Gregorian Calendar, since years 100, 200 & 300 are not leap years. This makes
the average civil year to consist of 365.2425 mean solar days, which is very close to
the true length of the tropical year. No serious discrepancy can arise in the Gregorian
calendar for many centuries.
With this we come to the end of Unit 2. In this unit, we have studied various aspects
of positional astronomy. We now summarise the main points of the unit.

2.5

SUMMARY

•

In positional astronomy, we are concerned with the relative directions of the
heavenly bodies, which appear to be distributed on the surface of a vast sphere
called the celestial sphere.

•

Any plane passing through the centre of the sphere intersects it in a circle called
the great circle. The extremities of the diameter of the sphere perpendicular to the
plane of the great circle are called poles of the great circle. Arcs of three great
circles form a spherical triangle in which any angle / side is less than 180°. The
sum of the three angles is greater than 180°.

•

Due to rotation of the Earth on its axis, the heavenly bodies appear to move across
the sky from east to west in small circles parallel to the equator.
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•

In the horizon coordinate system, the altitude and azimuth specify a star’s
position. The altitude of the north celestial pole at any place is equal to the latitude
of the place.

•

In the local equatorial system, the coordinates of a heavenly body are given by the
hour angle and the declination. In the universal equatorial system, the
declination and the right ascension specify the position of a celestial object.

•

Circumpolar stars are those, which never set, i.e., they are always above the
horizon. At a given place of latitude φ, a star becomes circumpolar if its
declination δ ≥ (90 − φ). It follows that at geographical North Pole (where
φ = 90°) the Sun is circumpolar for 6 months from March 21 to September 23.
Thus, at poles the day will last for 6 months and night for 6 months during the
year. At equator (φ = 0) there is no circumpolar star and all the stars move in
circles perpendicular to the horizon. The day and night are of 12-hour duration
each.

•

Hour angle of vernal equinox is defined as the sidereal time. The sidereal day is a
measure of the rotation period of the Earth with respect to the distant stars.

•

The hour angle of the mean Sun is defined as mean solar time and hour angle of
the Sun is defined as apparent solar time.

•

The difference between the apparent solar time and the mean solar time is known
as the equation of time. The difference between the two systems of time varies
between −14 1/4 to +16 1/4 minutes and becomes zero 4 times during the year.

2.6

TERMINAL QUESTIONS

Spend 30 min.

1.

What is the latitude of the place at which celestial horizon and equator coincide?
At what latitude is the celestial equator perpendicular to the horizon?

2.

Show that a star attains its maximum altitude when it is on the observer’s
meridian.

3. A and B are two places in north latitude on the surface of the Earth; their latitudes
are 24° 18′N and 36° 47′N, respectively; and their longitudes are 133° 36′E and
125° 24′W, respectively. Find the difference in their local time.
4. Show that at a place of latitude φ (North) at upper transit, the zenith distance of a
star equals φ − δ .

2.7

SOLUTIONS AND ANSWERS

Self Assessment Questions (SAQs)
1. a) Difference in the longitudes of Ahmedabad and Shillong
= 91° 52′ − 72° 44′ = 19° 08′
b) Difference in latitude between Srinagar and Kanyakumari
= 34° 05′ − 8° 05′ = 26° 00′
2. Turn the telescope 30° degrees from north to west, keeping it horizontal. Then
raise it so that it makes an angle of 45° with the horizontal.
3. a) See Fig. 2.25. δ of celestial north pole = 90°.
δ of celestial South Pole = − 90°.
δ of zenith = φ, latitude of the place.
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b) See Fig. 2.26. (α,δ) of vernal equinox = (0,0). (α,δ) of ecliptic north pole
= (18h, 66½°) since ϒJ is measured eastward. (α,δ) of ecliptic South Pole
= (6h, − 66½°).

K
P

R

Sun

Celestial
equator
Earth
M'

M

Ecliptic

ϒ
Vernal equinox

T

Q

K'
Fig.2.26
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4. a) At Delhi, zenith makes an angle of 28° 46′ with the equator. The Sun on
June 22 and December 22 makes an angle of 23° 27′ with the equator.
Therefore, zenith distance of the Sun on that day = 28° 46′ − 23° 27′ = 5° 19′
b) φ ≥ 90 − δ = 84° 42′
5. The difference in longitudes of Mumbai and Kolkata is around 15 ½°. Thus, the
time difference is 62 minutes. Since Kolkata is to the east, the local time there
will be 2 minutes past 9 p.m. when it is 8 p.m. in Mumbai.
Terminal Questions
1. φ = 90°, φ = 0°.
2. See Fig. 2.27. At the transit point M on the diurnal circle, the altitude is maximum.
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Fig.2.27

3. Difference in longitude = 133° 36′ E − 125° 24′ W = 259°.
∴

Time at A will be ahead by 259° × 4 min = 1036 min = 17 h 16 min.

4. See Fig. 2.28. The star is at U. In general, z = φ − δ.
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Fig.2.28
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