
Lecture notes 1: Introduction and mechanics

Physical Units

In this course we will try to stick with mks (meter–kilogram–seconds) rather
than cgs (centimeter–gram–second) units, though the latter are used in “An

introduction to Modern Astrophysics” and much other astrophysical literature.
Useful units:

speed of light: c = 2.98 × 108 m/s
Planck’s constant: h = 6.626 × 10−34 J s, h̄ = h/2π
Universal gravitational constant: G = 6.673 × 10−11 Nm2/kg2

Boltzmann’s constant: k = 1.38 × 10−23 J/K
Radiation constant: a = 7.56 × 10−16 J/m3K4

Stefan’s constant: σ = ac/4 = 5.670 × 10−8 W/m2K4.
Vacuum permittivity: ε0 = 8.85 × 10−12 N−1m−2C2

Vacuum permeability: µ0 = 4π × 10−7 mkg C−2

Elementary charge: e = 1.6 × 10−19 C
Electron rest mass: me = 9.1 × 10−31 kg
Proton rest mass: mp = 1.6725× 10−27 kg
Neutron rest mass: mn = 1.6748× 10−27 kg

In addition, we will often use the energy unit eV which is the energy associated
with letting an elementary charge drop over a potential of 1 V.
The number of seconds in one year is roughly 365.2475×24×60×60 s ≈ π×107 s.
The average distance from the Sun to the Earth is known as an astronomical
unit (AU) such that 1 AU≈ 150×106 km. A parsec (pc) is 206 265 AE≈ 3.27 ly
and is a unit that comes from measuring the distances to stars by parallax.

Parallax and distances in the Universe

Parallax is deriving distances by a trigonometric principle: measuring two angles
and one side the rest of a triangle can be known as shown in Figure 2. Thus,
using the Earth–Sun distance as a baseline we find the distance d to a star to
be

tan prad ≈ prad = 1 AU/d

or rather d = 1 AU/prad, where p is half the angle the star moves relative
background stars during half a year. Remembering that there are 180× 60× 60
arc seconds in π radians we find the distance can be expressed as

d = 206 265 AU/p

when the angle p is measured in arc seconds. 206 265 AU is defined to be one
parsec. This is an SI unit, allowed prefixes are k (1000 pc=1 kpc) and M
(106 pc=1 Mpc).

Kepler suggested to Galileo that he should attempt to measure stellar par-
allax — this would have been the proof of the heliocentric system. Bradley
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Figure 1: Measuring distances to the stars by parallax. Source: Universe

Freedman – Kaufmann

(the third Astronomer Royal after Newton and Halley) found aberration to be
20 arcsec= v/c where v is the speed of the Earth in its orbit. He used this to
compute the radius of the Earth’s orbit.

Finally, in 1834, Bessel managed to measure the parallax of 61 Cygnus to
0.31. This star has a proper motion of some 5 arcsec/yr (Why did Bessel pick
a star with a large proper motion?) At roughly the same time Henderson in
South Africa measured the distance to α-Centauri while Struve at Poltava in
Russia measured the distance to Vega.

From the ground one can measure distances by this method out to 100 pc,
which puts some 1000 stars within measurable reach. From space (Hipparchos
satellite) out to 500 pc — allowing the distances of 500 000 stars to be measured
by parallax. ESA’s Gaia project http://sci.esa.int/gaia/, due for launch
in 2011, will measure the location of one billion (109) stars, 1% of the total
number of stars in the Milky Way.

The average distance between stars in our part of the galaxy is such that
there is one star per cubic 7.5 ly. Note that in table 1 the largest relative distance
is that between the size of the (a?) solar system and the distance between stars1

1However, recent observations of Kuiper belt objects as well as objects beyond — Sedna

with perihelion of 76 AU and aphelion of 480 AU – show that one could define the solar

system as much larger and that we have yet much to learn about its structure. Keywords

are Kuiper-belt objects, the Oort cloud and tidal interactions with other stars. Either in the

Sun’s infancy, when it was part of an open cluster? with many interactions, or later in the

Sun’s history.
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Figure 2: The inner Solar System (upper left), the outer Solar
System (upper right) and the Kuiper Belt, the orbit of Sedna (lower
right) as related to the hypothetical Oort cloud (lower left). Source:
http://science.nasa.gov/headlines/y2004/16mar sedna.htm

Table 1: Relative and absolute distances and sizes in the Universe.

Object Distance scale Distance [km] Distance [ly]

Sun’s radius 1 RS 700 000
Sun–Earth 1 AU= 215 RS 150 × 106 0.000015
Sun–Saturn 10 AU 1500× 106 0.00015
Closest stars 30 000× Sun–Saturn 45× 1012 4.5
Galaxy 20 000× Closest stars 1018 100 000
Galaxy clusters 50× Galaxy 50 × 1018 5 × 106

“Voids” 50× Galaxy clusters 2.5 × 1021 250 × 106

Universe 50× Voids 130 × 1021 14 × 109
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Microscopic Physics

Most of the following discussion is stolen, in slightly modified form from Chapter

3 of Frank Shu’s “The Physical Universe”.
Mechanics is the single underlying unifying theory which underpins physics.

We can subdivide mechanics into

• Classical Mechanics

• Quantum Mechanics

• Special Relativity

In this course we will see that we will need a rough understanding of classical
and quantum mechanics, and to a lesser degree special relativity in order to
comprehend how stars function and how the Universe is built up and functions.
(In the latter case we also require a rough grasp of general relativity.

It is useful to divide physics up into two major sections; that dealing with
particles and fields — microscopic bodies — and that dealing with macro-
scopic bodies. In the former the four know forces gravitation, electromag-

netism, the strong interaction, the weak interaction are the active in-
gredients. In the latter we find thermodynamics, statistical mechanics,

non-equilibrium physics.

Newton’s Second Law

Newton’s second law lies at the heart of classical mechanics:
the time-rate of change of a particle’s momentum = applied force

Given the applied force, Newton’s second law allows us to derive its motion,
and by superposition the state of motion of any collection of particles.

F = dp/dt = mdv/dt = ma (1)

The momentum p = mv. The latter two equalities assume non relativistic
motions. Forces may be superposed such that

F =
∑

i

Fi

Newton’s Law of Gravity

F =
Gm1m2

r2
er (2)

The gravitational field g set up by a point mass m has an amplitude g = Gm/r2.
Gravity is always attractive. The force due to finite size bodies can be deduced
from considering them a superposition of point masses. In particular spherical
shaped bodies have the same force as if all their mass were concentrated in a
single at their centers. However, this is a difficult calculation using Newton’s
formulation (2), much better then to use Gauss’ formulation.
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Gauss’ formulation of Newton’s Law of Gravity

Construct an arbitrary volume V that encloses part or all or none of a given
mass of any shape. If A is the surface area of V and g⊥ is the component of the
gravitational field g which is directed inward perpendicular to A. Gauss’ law
then states ∮

A

g · ndA = 〈g⊥〉A = 4πGM, (3)

where 〈g⊥〉 is the average field on A. A quick and dirty proof of Gauss’ Law is
presented in the appendix.

Conservation of Energy

Conservation principles are very useful in physics. One of the most well known
and useful of these is the conservation of energy.

The total energy of two bodies that interact gravitationally is

E =
1

2
m1v

2
1 +

1

2
m2v

2
2 + (−

Gm1m2

r
) (4)

here v1 and v2 are the instantaneous speeds of the particles with masses m1 and
m2 and separation r. E is conserved. Note that the kinetic energy (1

2
mv2) is

always positive, while the potential gravitational energy (−Gm1m2/r) is always
negative.

For cases where E < 0 we call the system bound. Bound states are always
possible with attractive forces. For the gravitational two-body problem Newton
found that the shapes of orbits are hyperbolas if they are unbound, parabolas
if the energy E = 0, and ellipses if the orbits are bound.

More than two bodies can be in a bound state. The planets in the solar
system are bound, as is the sun to the galaxy, and the galaxy to the local group.
The binding agent need not be gravity. For example, in atoms it is electric
forces that bind electrons to protons; in nuclei it is mainly the strong force that
binds nucleons.

The binding energy is defined as the difference between the state where
all elements are separated to ∞ and that of the bound state. Defined as such
the binding energy is always > 0.

Electric Force

For electric point charges Coulomb found that electric forces quite similar to
gravitational forces.

F =
1

4πε0

q1q2

r2
er (5)

Electromagnetic forces dominate gravity, for example between two electrons we
find that the ratio is enormous

e2/Gm2
eε04π ' 4.17 × 1042
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But since electric charges can be both positive and negative, electric forces
cancel out on large scales and gravity is the most important organizing force on
larger scales. (Note that electric charges do not cancel exactly: this gives rise
to chemistry and biology.)

Electromagnetism

1. Electric charges act as sources of fields. Fields exert forces that accelerate
charges.

2. Moving charges constitute currents. Currents act as sources for magnetic
fields. Fields exert forces that deflect charges.

3. ∂/∂t electric fields can induce magnetic fields; ∂/∂t magnetic fields can
induce electric fields. Light consists of ∂/∂t electric and magnetic fields
that propagate as a wave with constant speed c in vacuum.

4. Light interacts with matter by accelerating charges. Accelerated charges
generate light.

Electromagnetism (Maxwell’s Equations) is a relativistically correct theory (as
opposed to Newton’s gravitational theory). Maxwell’s equations implicitly con-
tain the correct transformations for converting electric and magnetic fields for
moving charges.

In particular accelerated charges produce electromagnetic radiation in Maxwell’s
theory. Accelerated masses do not produced gravitational radiation in Newton’s
theory. This has to do with how information about the changing configuration
of charges is propagated through the system; in Maxwell’s theory at the speed
of light c. In Newton’s theory such information is propagated instantaneously.
However, in Einstein’s general theory of relativity the finite propagation speed
is taken into account and therefore predicts that accelerated masses will radiate.

Discovery of such radiation, in a binary pulsar, led to the Nobel prize in 1993
for Taylor and Hulse. Discovered in 1974 PSR1913+16 is a binary star system
that consists of two neutron stars of nearly equal masses (about 1.4 solar masses
each) which orbit around each other with a period of only 7.75 hours. The orbit
is highly elliptical, with distances ranging between about 1 and 5 RS . Such
massive objects orbiting so quickly about each other should produce enough
gravitational radiation to measurably decrease the orbital period over time.
This was indeed confirmed by Taylor and Hulse and the decrease in orbital
period fit Einstein’s general theory of relativity perfectly.

Nuclear Forces

Strong force works on typical scales of ∼ 10−15 m, the weak force on scales
∼ 10−17 m. The scale of a nucleus is on the order 10−15 m. We will return to
these forces in subsequent lectures.
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Appendix: A quick proof of Gauss’ Law

First let us define a the solid angle dΩ = dA⊥/r2. dA⊥ = cos θdA is the
component of the infinitesimal area dA perpendicular to the line r between the
point considered and dA.

The normal component of g times an area element dA is (using Newton’s
gravitational law)

g · ndA =
Gm cos θdA

r2
= GmdΩ

But then, when we integrate over the entire surface we find

∮
A

g · ndA = 4πGm

if the mass m is inside the surface and zero otherwise. This proves Gauss’ law
for a point mass.

The principle of superposition immediately gives Gauss’ law for compound
bodies.
Question: prove that

∮
dΩ = 4π.
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