
DANM 250C-01 Winter Quarter 2014

Class 2: Gravity, Motion, and Thermodynamics

This class is a crash course in the laws of physics – not all of them obviously, but on
those physical concepts that are most essential to the problem of star formation. We will
supplement these as needed throughout the course. We will begin with the physical principle
that is most relevant to the behavior of matter on astronomical scales, which is gravity. From
there we will discuss the forces that oppose gravity, and shape the structure of stars and
interstellar gas.

I. Gravity

A. The nature of gravity

Gravity is the name we give to the universal property that all mass is
attracted to all other mass. It is the force that keeps us, and the atmosphere,
on the surface of the Earth. It is also probably the physical force that is most
familiar to us. Before going briefly into a mathematical description of how gravity
works, it is useful to make a few preliminary observations.

First, gravity is the reason that most astronomical bodies, including the
Earth, the other planets, and stars, are round. This is because the force of gravity
wants to drag objects as close together as possible, and, at fixed volume, the
arrangement that minimizes the distance between objects in a body is a sphere.
A spherical shape is therefore direct evidence of the dominance of gravity. Indeed,
one of the proposed definitions of planet (which was not in the end adopted, but
could well have been) was that a planet is any body orbiting a star that is large
enough for gravity to have deformed it into a spherical shape.

Second, the gravitational force is quite feeble in comparison to others. For
example, notice that, if I jump out the window of a skyscraper, the gravity of the
entire Earth may have 50 stories and several seconds in which to accelerate me
toward the ground. In contrast, the pavement will have no trouble decelerating
me to a speed of zero in considerably less time and over considerably less distance.
If one looks at a typical subatomic particle – an electron or a proton, for example
– and considers the force of gravity it feels from its neighbors to the forces it feels
from electromagnetic effects, the gravitational force is almost always negligibly
small.

Third, despite the weakness of gravity, it is the dominant force on astro-
nomical scales. That is because, although gravity is weak, it affects everything,
it can act over astronomical distances, and it is always attractive. In contrast,
other forces that are missing one or more of these ingredients. Two of the basic
forces, the weak and strong nuclear ones, are negligible except at tiny distances
comparable to the size of the atomic nucleus.

Electromagnetic forces act over long distances, but they can be either
attractive or repulsive, depending on the charges of the objects involved. For ex-
ample, the Earth contains a vast number of negatively charged electrons and pos-
itively charged protons, and if one were to separate them even by a tiny amount,
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the electric attraction between them would vastly overpower gravity. Similarly,
if one were to add even 1% more electrons than protons to the Earth, the elec-
tric repulsion would be sufficient to blow the extra electrons into space, gravity
be damned. However, for precisely that reason, the Earth is exquisitely close to
neutrally-charged, and so the net electromagnetic force exerted on distant objects
by it is exquisitely close to zero: the attractive / repulsive force caused by the
positively charged protons and the repulsive / attractive force caused by the neg-
atively charged electrons almost perfectly cancel out. For gravity, on the other
hand, the forces are always in the same direction, so there can be no cancellation.

B. Mathematical description

The classical theory of gravity was first worked out by Isaac Newton, and
can be expressed in terms of forces and accelerations. Consider two objects of
mass m1 and m2, separated by a distance r – these can be stars, planets, atoms,
or anything else. Newton’s mechanics is phrased in terms of forces on objects,
which induce accelerations. For the purpose of understanding gravity, we first
need Newton’s law of universal gravitation, which states that the force exerted by
object 1 on object 2 is given by

F1 =
Gm1m2

r2

Thus the force is proportional to the masses of the objects, and varies as the
inverse square of the distance between them.

The second principle we need is Newton’s second law, which relates force
to acceleration. It states that the acceleration an object undergoes is given by
the force on it, divided by its mass. Thus object 1 will accelerate at a rate

a1 =
F1

m1

=
Gm2

r2
.

This acceleration will be directly toward object 2.

The third principle we need is Newton’s third law, which states that, if
object 2 exerts a force on object 1, then object 1 must exert an exactly equal force
back, pointing in exactly the opposite direction. Thus the force on object 2 is

F2 = F1 =
Gm1m2

r2
,

but in the opposite direction. The corresponding acceleration is

a2 =
F2

m2

=
Gm1

r2
.

An important point can be made here: notice that the acceleration of
object 1 is independent of its mass, and the acceleration of object 2 is indepen-
dent of its mass. The mass of the thing providing the attraction matters for
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the acceleration, but not the mass of the thing being attracted. This is why
Galileo obtained is famous result that all objects fall at the same rate, regard-
less of their weight. Of course on Earth there is also air resistance, so all ob-
jects do not fall at the same rate, because they experience different amounts
of air resistance. In the absence of air, all objects do fall at the same rate.
For a demonstration of this on the Moon, using a hammer and a feather, see
http://www.youtube.com/watch?v=03SPBXALJZI.

C. Orbits and angular momentum

One consequence of Newton’s Laws of motion and gravity that is not very
obvious, but is hugely important astronomically, is the phenomenon of orbits.
The best illustration of how orbits work is due to Isaac Newton, and is a thought
experiment known as Newton’s cannonball, illustrated in Figure 1.

In this experiment, one considers a cannon placed on top of a mountain,
and firing horizontally. The cannon fires a series of shots of increasing velocity.
When the cannon fires a low-speed shot, the cannonball travels some distance
horizontally before falling to the ground. As the shot speed increases, the can-
nonball travels further horizontally before hitting the ground – the distance it
travels horizontally per unit distance travelled vertically goes up.

As one continues to increase the speed of the shots, they travel farther
and farther horizontally. However, since the Earth is a sphere, as one travels
horizontally, the ground itself is dropping down due to the curvature of the Earth.
There is some critical speed at which, for every meter the cannonball drops due to
gravity, it has travelled far enough that the ground has also dropped by a meter,
so the cannonball stays at a constant height. Assuming nothing slows it down,
this will continue indefinitely, and the cannonball will maintain a constant height
indefinitely. This is called an orbit.

Orbits are a manifestation of a deep property of Newton’s Laws, which
Newton himself did not understand, but which subsequent physicists came to:
conservation of angular momentum. The angular momentum of an object about
some particular center (say the center of the Earth) is formally defined as the
mass of the object, multiplied by its distance from the center, multiplied by its
velocity in the tangential direction, i.e., its velocity in a direction that is neither
toward nor away from the center, but at right angles to it).

Angular momentum is important because it is a conserved quantity, mean-
ing that the total angular momentum of a closed system (one that is not acted
upon by any outside forces) is always constant. As an interesting side note, the
modern physical story of conservation laws like this is that they correspond to
symmetries of nature. The reason that angular momentum is conserved is that
the laws of physics are unchanged by rotations; the Universe has no preferred di-
rection. The equivalence between conservation laws and symmetries of nature is
a result known as Noether’s Theorem, which is one of the most important results
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Figure 1: “Newton’s Cannonball” illustration from A treatise of the system of the
world by Isaac Newton, 1728. Image downloaded from the Smithsonian Institution Li-
braries website, http://www.sil.si.edu/imagegalaxy/imagegalaxy_imageDetail.cfm?

id_image=12003.
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in modern physics.1

Angular momentum is the reason that satellites stay up and planets do
not fall into the Sun. They are moving with a significant velocity tangent to the
center of gravitational attraction, so if their distance from the center goes down,
their velocity goes up, and they are able to avoid falling in further.

Conservation of angular momentum has important consequences for how
stars form, and is ultimately the reason that planets exist. The material that is
falling into a newly forming star cannot simply fall onto it directly, because it has
angular momentum. That angular momentum cannot be destroyed, but it can
be transferred from one piece of mass to another. In the process the matter falls
into a disk that orbits a newly-forming star, and this orbiting material is what
eventually condenses to form planets.

II. Pressure and the microscopic nature of matter

The second part of this class is devoted to understanding the nature of matter
on microscopic scales, and in particular to understanding the main force the opposes
gravity on astronomical scales: pressure.

A. The kinetic nature of gases

To understand the nature of pressure, we must first understand what is
really in a gas, be it air in this room or the diffuse gasses found in interstellar and
intergalactic space. A gas consists of a collection of atoms or molecules just like a
solid or a liquid2, but the distinguishing characteristic of a gas is that the particles
are far enough apart that most of the time the forces between them are negligible.
Only rarely do the constituent particles collide with one another. However, the
particles do collide often enough that the typical particle travels a distance much
smaller than the size of the gas under consideration before having a collision with
another particle. If this condition is not satisfied, the matter is neither a solid,
nor a liquid, nor a gas – it is simply a collection of atoms or molecules without
any real collective behavior.

Thus a gas is defined by two conditions: the mean space between particles
has to be large enough that they spend most of their time not interacting with one

1The theorem is named after the woman who proved it, Emmy Noether. She is arguably the most
important woman in the history of mathematics, and certainly deserves to be counted as one of the most
influential mathematicians of the 20th century. She accomplished this despite having to spend more than a
decade working without pay because universities in Germany in the early 20th century would not hire women.
She was finally hired as an untenured adjunct at Göttingen in 1922, only to be fired in 1933 because she was
Jewish. By this point she was famous, and had no trouble finding another position. She went to the United
States, where she became a professor at Bryn Mawr, where she remained until her death, unfortunately only
2 years later. For more on her life story, see http://en.wikipedia.org/wiki/Emmy_Noether.

2The atoms or molecules may be partly or fully ionized, meaning that there are also free electrons. In
this case the gas is known as a plasma. The presence of free electrons has some important consequences, but
not ones that we’ll really go into here.
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another, but small enough that they don’t travel macroscopic distances between
collisions. This view of gases as collections of particles satisfying these two condi-
tions is called the kinetic theory of gases, and it allows us to understand numerous
aspects of their behavior. In particular, this view of gases provides a framework
in which we can make sense of the intuitive concepts of pressure and temperature.

B. Pressure and temperature

In view of the kinetic theory of gases, what is pressure? Pressure is a
phenomenon we’re all familiar with: a gas pushes on all surface it encounters. If
one puts air into a balloon, the air will push on the walls of the balloon, expanding
them. What is going on at a microscopic level when this happens?

In the kinetic model of gases, the answer is that pressure a phenomenon
caused by the constituent particles of the gas running into the surface and bounc-
ing off. It is exactly the same as what happens on a macroscopic level when one
throws a highly-elastic rubber ball at a wall. The ball bounces back at pretty
close to the same speed, but moving the opposite direction, and in the process it
exerts a force on the wall. Pressure is simply the impact of countless microscopic
rubber balls on a surface abutting a gas. It is a force exerted per unit area of the
wall exposed to collisions.

Given this description, it is clear what factors will influence the pressure
that a gas exerts. One is the density of the gas: the more little rubber balls there
are per cubic meter, the more frequently collisions with the surface will occur,
and the more force will be exerted on it. The other factor that obviously enters is
the speed of the balls. Just as a macroscopic rubber ball thrown at a wall exerts
more force when it is traveling faster, a higher velocity for the microscopic balls
means a greater force and more pressure.

So how do we characterize the mean speed of the balls? That is what
temperature measures. Temperature is a measure of the mean speed of the par-
ticles that constitute a gas. The mean speed is simply proportional to the gas
temperature, measured on a scale where zero temperature corresponds to zero
speed. Absolute zero temperature means that the particles aren’t moving at all.

The dependence of pressure on gas density and temperature is known as
the ideal gas law. The form in which most people learn this is

PV = NRT

where P is the pressure, V is the volume, N is the number of moles of gas, T is
the temperature, and R is the gas constant. However, this is a fairly obscuritarian
way of writing the basic dependence. A much more transparent one is

P = nkBT

where n is the number density of particles, T is the temperature, and kB is a con-
stant known as Boltzmann’s constant. It’s only required at all because we insist
on measuring temperature in a strange unit that is calibrated to the freezing and
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boiling points of water. If we measured temperature in sensible physical units, it
would just be P = nT .

C. Sound

Suppose that we have a piece of gas that is slightly over-pressured com-
pared to the gas around it. What will happen? Well, the region of high pressure
will exert an outward force that exceeds the inward confining force due to the
lower pressures of the regions around it. It will therefore expand. However, this
will raise the density of the regions into which it is expanding, since particles will
move from the over-dense region into the less dense one. These regions will there-
fore find themselves over-pressured, and will in turn expand into their neighbors.

One can see what will happen then: it will be like ripples in a pond. A wave
of expansion will spread from the over-pressured point in all directions, leading to
a brief increase in pressure, and then a drop back to a lower value. Indeed, from a
mathematical standpoint it is almost exactly like waves in a pond. If we consider
an object immersed in a gas through which this expansion wave is moving, it will
experience a rise in pressure, followed by a drop.

The human body has an organ capable of detecting pressure variations like
this: the ear. This sort of time-varying pressure is called sound, and the wave of
rising and then falling pressure that results from a disturbance in the air, or any
other gas, is called a sound wave. The speed at which that wave moves through
the medium is called the sound speed.

The sound speed is determined by the mean speed of the particles, and thus
by the temperature: higher temperatures mean faster-moving particles, which
means that over-pressured regions can spread out faster.

D. Pressure versus gravity: the Jeans instability

The final topic for today’s class is the competition between pressure and
gravity, which will serve as the basis for much of our reasoning about star forma-
tion, and indeed for much of structure formation in the Universe. The key insight
to understand structure formation is that pressure and gravity are in continual
competition. Gravity always wants to bring mass closer together, raise its den-
sity. Pressure does the exact opposite: regions of high density have more particles
packed together and thus, at fixed temperature, exert more pressure, which tends
to make them expand.

The central insight into how the competition between these two works was
achieved by Sir James Jeans at the start of the 20th century. While the formal
derivation is highly mathematical, the intuitive idea is quite simple.

First think about the air in this room. The air in the room is attracted to
itself gravitationally, but that force is incredibly feeble in comparison to pressure.
Pressure keeps the air spread out very, very, uniformly, and self-gravity (as op-
posed to the gravity of the Earth) is irrelevant. However, now think about larger
and larger regions. Gravity still attracts everything to everything else, and so
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the force of gravity is getting stronger. In contrast, pressure has more and more
trouble keeping up, because the sound waves that carry information about one
region or another being over-pressured only travel so fast. If we’re talking about
interstellar distances, gravity may get millions of years to pull things together
before a sound wave from one side of an object even reaches the other side and
communicates the fact that there’s an over-pressure.

Jean’s insight was that there is a critical size at which gravity will start to
beat pressure. This is called the Jeans length, in his honor. For objects smaller
than the Jeans length, pressure is able to smooth out their density faster than
gravity can clump it up, while for larger objects pressure doesn’t act quickly
enough. The Jeans length is determined by the density of the material, which
determines how strong gravity is, and by the sound speed, which determines how
fast information about pressure imbalances propagates. The susceptibility of large
structures to gravitational clumping because gravity is unable to keep up is called
the Jeans instability, and it is the fundamental reason that stars exist.
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