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RDOEL % Gth T, BRNEZ X, (40 5)

To see how some of these ideas work, let us consider our experience with a rather com-
mon material — water. Although *the water molecule is not the physicist’s ideal (argon

would probably be closer to ideal because of its filled atomic shell, spherically symmetric
shape, and isotropic interparticle interactions), our experience with the phase transitions
and different states of water is more extensive. At high temperature, water is steam or
water vapor. Its kinetic energy dominates over its potential energy, and, as a result, it
exists in a state that is isotropic and homogeneous and that fills any volume allowed it.
This gaseous or fluid phase has complete translational and rotational symmetry. There is
equal probability of finding a molecule anywhere in the containing volume. The density
is uniform. There are very few correlations between the positions of the molecules. If the
gas were ideal, then the pointlike particles would completely ignore the presence of each
other.

If we look at this gas, the water vapor in the atmosphere, ®'we do not see it. In order

for something that has no direct absorptions at the optical frequency to be seen, it must
scatter light. That means there must be a mismatch in the refractive index over some
distance. In most cases, the refractive index is directly proportional to the density. Since
the density of the gas is uniform, there are no index variations, and there is no scattering.
Of course, there will always be fluctuations in the density, but, to be seen, they must have
a length scale comparable to the wavelength of light.

Now let us lower the temperature, i.e., the average kinetic energy. As the potential
energy becomes more important, specific intermolecular interactions come into play. For
neutral water molecules, the dominant interaction is the dipole-dipole interaction, which
for particular configurations is attractive. At short distances, comparable to the charge
separation in the dipoles, the individual charges attract each other more strongly than
the dipole approximation would predict. This stronger, more orientationally-dependent
interaction, is call ©hydrogen bonding. Attraction tends to enhance density fluctuations:

each molecule would prefer to spend most of its time in a region where there are other
molecules rather than in one where there are none. This clustering leads not only to a
lower energy but also to a lower entropy. ™) As temperature is lowered, density fluctuations

brought about by clustering grow in amplitude and persist for longer times. The larger

fluctuations take longer to develop and longer to decay. Increased size dictates a slower
dynamics. Density is still uniform but only when averaged over large regions of space or
over long intervals of time. The end result of these attractive interactions is the formation
of another fluid phase, a liquid phase (water) whose density is greater than that of the gas
phase. The principal physical quantity distinguishing the liquid and gas phases is their
& J



(“Principles of condensed matter physics” P. M. Chaikin and T. C. Lubensky, Cam-
bridge University Press & O #4)
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The word dimension has a special meaning in physics. It usually denotes the physical
nature of a quantity. Whether a distance is measured in units of feet or meters or furlongs,
it is a distance. We say its dimension is length.

A)The symbols we use in this book to specify length, mass, and time are L, M, and

T, respectively. We shall often use brackets [ | to denote the dimensions of a physical

quantity. For example, the symbol we use for speed in this book is v, and in our notation
the dimensions of speed are written [v] = L/T. As another example, the dimensions of
area, A, are [A] = L. The dimensions of area, volume, speed, and acceleration are listed
in Table 1.6, along with their units in the three common systems. The dimensions of
other quantities, such as force and energy, will be described as they are introduced in the
text.

In many situations, you may have to derive or check a specific formula. Although you
may have forgotten the details of the derivation, there is a useful and powerful procedure
called dimensional analysis that can be used to assist in the derivation or to check your
final expression. This procedure should always be used and should help minimize the rote
memorization of equations. Dimensional analysis makes use of the fact that dimensions
can be treated as algebraic quantities. That is, quantities can be added or subtracted only
if they have the same dimensions. Furthermore, the terms on both sides of an equation
must have the same dimensions. By following these simple rules, you can use dimensional
analysis to help determine whether or not an expression has the correct form because the



relationship can be correct only if the dimensions on each side of the equation are the
same.

To illustrate this procedure, suppose you wish to derive a formula for the distance
x traveled by a car in a time t if the car starts from rest and moves with constant
acceleration a. In Chapter 2, we shall find that the correct expression is x = %atQ. Let us
use dimensional analysis to check the validity of this expression.

The quantity « on the left side has the dimension of length. ®)In order for the equation

to be dimensionally correct, the quantity on the right side must also have the

dimension of length. We can perform a dimensional check by substituting the dimensions

for acceleration, L/T?, and time, T, into the equation. That is, the dimensional form of
the equation z = fat? is

L
L:;?Z«;FZ:L

The units of time cancel as shown, leaving the unit of length.

TABLE 1.6 Dimensions of Area, Volume, Speed, and Acceleration
Area Volume Speed Acceleration

System ) @ @t (LT
ST m? m? m/s m/s?
cgs em?  cm®  cm/s cm /s?
British engineering  ft? ft3 ft/s ft /s

(“Physics for Scientists and Engineers” R. A. Serway, Saunders College Publishing X
b Hakr)
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