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Preface

In classical Newtonian mechanics, equations and formulas never change form.
However, the same thing cannot be said about the equations and formulas of elec-
tromagnetic theory, which often change form when converted from one system of
units to another. For this reason electromagnetic textbooks are almost always writ-
ten using a single system of units, and the technical professionals who read them
end up being comfortable in only that system. When they encounter a new and
important formula in unfamiliar units later on, they must either use a conversion
table to change the formula to their preferred system of units or try to become
familiar with the formula’s units. Although conversion tables usually give the cor-
rect answer, they turn their users into computers who must push around numbers
and variables without any true understanding of what is being done. It is probably
unwise to rely blindly on conversion tables if one must be absolutely sure the trans-
formed formula is correct. That leaves the second option: becoming familiar with
the formula’s units. The drawback here is that even if a textbook can be found that
uses the formula’s units, it has been written to teach the basic principles of electro-
magnetism rather than what the technical professional is looking for, i.e., a detailed
explanation of how to convert equations from one system of units to another. This
book provides exactly that, while at the same time assuming a good—but not nec-
essarily advanced—understanding of electricity and magnetism.

There are five widely recognized systems of electromagnetic units; four are
connected to the centimeter-gram-second (cgs) system of mechanical units and
one is connected to the meter-kilogram-second (mks) system of mechanical units.
The four connected to the cgs mechanical units are the cgs Gaussian system, the
Heaviside-Lorentz system, the cgs electrostatic system, and the cgs electromag-
netic system. The system connected to the mks mechanical units is the Systeme
International or rationalized mks system. The units of the Systéme International
or rationalized mks system are often called SI units. The cgs electrostatic and cgs
electromagnetic systems of units were developed first. These are the units in which
Maxwell’s equations—the foundation of classical electromagnetic theory—were
first proposed during the middle of the nineteenth century. The Heaviside-Lorentz
and cgs Gaussian systems were introduced at the end of the nineteenth century,
followed almost immediately at the beginning of the twentieth century by the ra-
tionalized mks system (SI units). The rationalized mks system is the most popular
electromagnetic system in use today; almost all introductory textbooks use SI units
to explain the principles of electricity and magnetism. This book explains all five
systems in depth, along with two systems of mostly historical interest; the nine-
teenth century system of “practical” units and the unrationalized mks system.

vii



viii PREFACE

One chronic problem found in many articles and books about systems of units
is that the customary language of physics and engineering can permit ambiguity
while sounding exact. Suppose, for example, we say

“The electric-current unit in the cgs electrostatic system is the statamp and the
electric-current unit in the cgs electromagnetic system is the abamp, with

1 abamp = c - statamp
where c is the speed of light in cgs units.”

This seems clear enough, but notice that ¢ = 2.99792 - lolocm/ sec in cgs units.
In the above equation, should we take “c” to be “2.99792 - 1019 or “2.99792 x
10'%m/sec?” A naive student might assume ¢ was the pure number 2.99792 - 10'°
because obviously all electric current is the same sort of thing and must have the
same type of unit; but later on, possibly in another book, that same student might
discover the cgs electrostatic unit of current is gm'/? - cm/? . sec™2 and the cgs
electromagnetic unit of current is gm!/% - cm!/? . sec™!. At this point confusion
sets in, because this is not compatible with the equation 1 abamp = ¢ - statamp, no
matter how it is interpreted.

To avoid this sort of ambiguity, we introduce here the idea of U and N operators,
with a U operator returning just the units associated with a physical quantity and
an N operator returning just the pure number, or numeric component, associated
with a physical quantity. In the cgs system, for example, we have

N (c) =2.99792 - 10'°

cgs
and

U (c) =cm/sec.
cgs

Authors who put the equation 1 abamp = ¢ - statamp in their books and articles are

using it to say that N (c) is the conversion factor between the numeric component
cgs
of the current / in cgs electrostatic units, N (/), and the numeric component of the
esu
current / in cgs electromagnetic units, N (/).
emu

N () = CI}éIS(C) " N (D).

esu

The U operator can be used to emphasize that the unit of current in the electrostatic
system is not the same as the unit of current in the electromagnetic system.

gm!/2 . cm?/2 ml/2 . em!/2

UM # U)="=

sec? sec
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The U and N operators make it easy to be precise about the mathematical relation-
ships between different systems of units.

The abbreviations of the SI units are, unfortunately, another possible source of
confusion when separating equations into numeric components and units. For ex-
ample, the standard abbreviation for the SI unit of charge, the coulomb, is C. The
capacitance of a circuit element is also traditionally represented as C, and we have
already seen that ¢ is used to represent the speed of light. If all three quantities—
the coulomb, the speed of light, and the capacitance—have to be included in the
same equation, there will be problems. To avoid this source of confusion, we have
lengthened the standard abbreviations for the electromagnetic units, representing
coulomb by coul, ampere by amp, and so on. This makes the notation less con-
fusing, but the reader should note that the abbreviations used here, although easily
understandable, are not the official, internationally approved symbols for the SI
units. These international symbols are, in any case, of fairly recent vintage and can
be found in virtually all modern textbooks on electromagnetic theory.

One final point worth mentioning is how we treat rationalization of electro-
magnetic equations. During the middle of the twentieth century it became clear
that there were two different schools of thought concerning the rationalization of
electromagnetic equations: one that it was a rescaling of the electromagnetic units,
and the other that it was a rescaling of the electromagnetic quantities themselves.
Both views can be used to deduce the same systems of electromagnetic equations,
and both views allow engineers and scientists to transform electromagnetic mea-
surements from one system to another correctly. In the end, neither side convinced
the other of the correctness of its views and the controversy faded away. For the
purposes of this book, we take the position that rationalization is a rescaling of
electromagnetic physical quantities rather than a change of units, not only because
it is then easier to describe the units of the rationalized and unrationalized elec-
tromagnetic systems but also because it makes the transformation of equations to
and from rationalized electromagnetic systems a straightforward process. The op-
posite position, that rationalization just involves rescaled units, is not necessarily
incorrect—that is, after all, how the idea of rationalization was first proposed in the
nineteenth century—but it can easily become confusing in a book of this sort.






CHAPTER 1

OUTLINE OF NON-ELECTROMAGNETIC SYSTEMS
OF UNITS

The units describing the kinematics and dynamics of mechanical objects are
straightforward to learn and use. Different units of length are always the same
kind of unit, differing only in size; different energy units are always the same kind
of unit, differing only in how much energy is specified; and so on. One happy con-
sequence of this pattern is that all the equations of classical Newtonian physics
have the same form no matter what system of units is being used. Indeed, it seems
intuitively absurd that any other pattern could exist, that two different units for the
same physical quantity could be different in kind as well as size. Nevertheless,
an idea can be intuitively absurd without being mathematically absurd, and there
are times when it is not clear what kind of unit best describes a well-understood
physical quantity. This book will show that the equations and formulas of clas-
sical electromagnetic theory routinely change form when expressed in different
units exactly because the physical intuition of scientists has been different, leading
them to create units that are different in kind as well as size to measure the same
electromagnetic quantities.

The idea of many different “kinds” of units for the same physical quantity may
seem strange at first, but like most ideas involving units it is really rather simple
once the right perspective is adopted. Fortunately, there do exist procedures using
elementary mechanical units that are analogous to what goes on when we change
the kinds of units used in electromagnetic theory; we can use this analogy to in-
troduce the appropriate perspective for understanding electromagnetic units. This
chapter begins by presenting material with which the reader is probably already
familiar—what a unit is, what a dimension is, the rules for manipulating units in-
side equations—and then moves on to describe the procedures applied to standard
mechanical units in quantum mechanics and relativistic physics to simplify the
forms of complicated equations. It should be emphasized that all these equations
are presented as “given,” with no expectation that the reader will gain or have any
particular knowledge of how the equation is derived; we just show how to simplify
the equation by changing the units in which it is expressed. By the end of the chap-
ter the reader will have acquired the rules and terminology needed to describe how
and why the equations of classical electromagnetism change form when moving
from one system of units to another.
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1.1 THE BASIC IDEA OF A UNIT

Measurements create numbers, and units give meaning to numbers by connect-
ing them to measurements. For example, to call a length “8.5” is completely am-
biguous; but to call it “8.5 centimeters,” or “8.5 feet,” or “8.5 miles,” does have
meaning—and the meaning changes when the attached unit changes. In equations,
a physical quantity, such as a length L, is treated as if it were the product of a
numeric or pure number, like the 8.5 in “8.5 centimeters,” and a unit, like the cen-
timeters in “8.5 centimeters.” Length L is specified in centimeters (cm) using the
equation

L =8.5cm. (1.1)

The “8.5” behaves like any of the real numbers which have been exhaustively de-
fined and studied by mathematicians, but the cm unit is defined empirically by
pointing to the length of some physical object and stating, “This object is exactly
1 cm long and L is 8.5 times as long as this object.” For this reason units are re-
garded as having a quality called dimension that ordinary numbers do not have.*
The unit cm is said to have the dimension length, and L also has that dimension
since it is a dimensionless number multiplied by a quantity—namely 1 cm—which
has the dimension length. Another way of saying that all physical quantities have
units attached to them is to say that all physical quantities have dimensions.

At this point we could begin worrying about exactly what sort of mathematical
object a unit such as cm is, but for the units encountered in physics and engineering
all we need is the assurance that units in formulas and equations are always treated
like ordinary real parameters. L21f, for example, we want to convert L to a new unit
of length, such as the inch, which is equal to 2.54 cm, we can go directly from

lin=2.54cm (1.2a)
to
lem = (2.54) " in. (1.2b)
Substituting Eq. (1.2b) into Eq. (1.1) gives
L=85-[(254) " in| =85 (254) '] in=335in (1.3)
When moving from Eq. (1.1) to Eq. (1.3) we just follow the standard rules

of algebra; and, no matter how complicated an algebraic expression is, this sort
of substitution can always be used to convert a formula from one set of units to

* This use of the word dimension should not be confused with the mathematical use of dimension,
where a line has one mathematical dimension, a geometric plane has two dimensions, etc.
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another. In fact, going from Eq. (1.1) to Eq. (1.3) is a specific instance of what
could be called Rule I for handling units.

RULE I

When unita and unitb have the same dimensions, and when the numeric parts
of a physical quantity g are the pure numbers g[unita] and qpunity] With respect to
unita and unitb, so that

q = q[unita] - UNita
and
q = q[unitp] - UnNitb,

it follows that the ratio of g[unita] tO G[unitw] 18 a !,

whenever the ratio of unita to unitb is the real number « such that unita = « - unitb.

An easy generalization of Eq. (1.3) shows where Rule I comes from. We have

q = q[ unita] UNIt& = G[unita] (a -unitb) = (ozq[ uniw])unitb. (1.4)

All that is required is to stop thinking of & as multiplying unitb and to start thinking
of it as multiplying g[units]. Since it is also true that

q = q[unitpunitb,

we end up with

O q[unita] = q[unith]>

or,

1
qlunita] = E q[unith]-

Equation (1.4) holds true not only for the units of simple physical quantities such as
the centimeter, a unit of length, but also for the units of more sophisticated physical
quantities such as velocity, energy, electric field, etc.
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1.2 FUNDAMENTAL AND DERIVED UNITS

It is customary to regard the dimensions of sophisticated physical quantities as
composed of the products and powers of a smaller number of fundamental di-
mensions. In many fields of engineering and physics, three different dimensions—
mass, length, and time—are regarded as fundamental. This choice is by no means
the only one possible. Older textbooks may use an English system of units based
on the pound-force, foot, and second, where the fundamental dimensions are force,
length, and time. Later on we will discuss exotic systems of units used by particle
physicists and relativistic cosmologists where mass and length, or even just length,
are taken to be the only fundamental dimensions. For now, though, we follow the
path taken by the vast majority of physics and engineering disciplines by treating
mass, length, and time as fundamental.

To see how more sophisticated physical quantities are reduced to their funda-
mental dimensions, consider an area. A unit of area is usually given as the square
of some unit of length, such as cm?, foot?, or meter?; and when it is given a name
of its own, such as acre or barn, these names are defined using the square of some
length unit:

lacre =43,560 feet?
Ibarn =1 x 10~2® meter?.

Equations (1.5) and (1.6) are the well-known formulas for the area Ag of a square
whose side is length s, and the area A¢ of a circle whose radius is 7:

Ag = s>, (1.5)

Ac =nr? (1.6)

In the second formula, 7 =3.14159. .. is taken to be a dimensionless quantity or
pure number. We can choose any arbitrary unit of length, e.g., ulength, so that

§ = S[ulength] - ulength
and
I = Flulength] - ulength,
where Sjulength] and rulength) are numerics—that is, pure numbers—such that

S{ulength] and F"[ulength) are the numeric parts of s and r measured in units of ulength.
Substituting these expressions into Egs. (1.5) and (1.6) gives

Ag = (Sulength] -ulength)2 = (S{utengen]) - (ulength?)
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and
2
Ac = 7 (Ffulengthy - ulength)” = (Tr{ jengmy) - (ulength?).

Clearly, the units of both Ag and A are always the square of ulength. No matter
what formula is used to calculate an area, it always ends up having units that are
the product of two length units, so area is given the dimensions of length?.

To see how mass and time enter the picture, we need to look at some more
specialized equations. The average velocity of a physical object, for example, is
defined to be the vector distance As that the object travels during time At:

AS

V= —. 1.7
v AL (1.7a)

That v and As are vectors does not matter from the viewpoint of dimensional
analysis; for now we can simply disregard their vector nature and write

As

— 1.7b
v=—o (1.7b)

Defining an arbitrary unit of time, utime, to go with the arbitrary unit of length
ulength, we have

As=(As) -ulength (1.8a)

[ulength]

and

At = (Ar) - utime, (1.8b)

[utime]

where (As)[ulength] and (Af)[utime] are numerics. Substitution of Eqgs. (1.8a, b) into
Eq. (1.7b) gives

_ (AS)[ulength - ulength [(As)[ulength]} ‘ <ulength)
(A1)[utime] - utime (A1) [utime] utime /°

Units of velocity are always a unit of length divided by a unit of time,
ulength/utime, and so the dimension of velocity is length-time~!. The average ac-
celeration is defined to be the vector change in velocity Av over some time Az, $0

AV

="
At

(1.9)

and, disregarding the vector nature of the equation,

. (Av) [ulength/utime] (ulength/ utime) . |: (Av) [ulength/utime] :| _ (ulength)

(A1) [utime] * utime (A1) [utime] utime?
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Units of acceleration are always ulength - utime 2, which makes the dimensions of
acceleration length - time 2.

Newton’s second law is
F =ma, (1.10)

where F is the force acting on an object of mass m undergoing an acceleration a.
Choosing some unit of mass, umass, we have, disregarding the vector nature of the
equation,

ulength

2

F' = mumass] - umass - A1 ulength/utime?] ’ .
utime

2

umass - ulength)
utime '

= [m[umass]a[ulength/utimez]] ) (

This is a good time to introduce Rule II, since we have been using it implicitly
when examining Eqgs. (1.5) through (1.9).

RULE II

In any equation involving physical quantities, both the left-hand side of the
equation and the right-hand side of the equation must have the same dimensions.
If both the left-hand side and right-hand side are expressed in the same units, then
the numeric part of the left-hand side of the equation is equal to the numeric part
of the right-hand side of the equation.

We have just seen that the units of ma are always umass-ulength/utime?, which
means the dimensions of ma must be mass-length/time2. Rule II applied to New-
ton’s second law now assures us that the dimensions of force must be the same as
the dimensions of ma, namely mass-length/time?.

Although equations involving physical quantities are almost always broken
down into numeric components and units in such a way that both sides of the
equation are expressed using the same units, the equality can still exist even when
each side is in different units. We might, for example, encounter an equation

gm-cm inch
F[gm-cm/secz] ' sec? - <m[t0n]t0n) | inen/ hOurz]hourz ,

which is true even though, according to Rule II, we cannot then expect that

?
F[gm~cm/secz] = (m[ton]> ’ (a[inch/hourz])

because the two sides of the equation have different units. The first equality is true
exactly because the units have been included in the equation, while the second
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equality is false because they have been left out. This convention allows us to
regard equations like (1.2a, b) as just another equality between physical quantities,
in this case the inch and centimeter. Just like the above equations, they are not
necessarily true when the units are left out because then we end up with

15254 or 1=(2.54)""

By now it should be pretty clear that in any product involving physical quan-
tities the dimensions mass, length, and time act exactly like the arbitrary units
umass, ulength, and utime. This observation gives us Rule III for handling units
and dimensions.

RULE III

To find the dimensions of any product containing physical quantities, replace all
numerics, pure numbers, and other dimensionless quantities by one and all physical
quantities by their dimensional formulas.

Using Rule III, the right-hand side of Eq. (1.6) becomes
1-length® = lengthz,

giving the dimensions of an area; and the right-hand side of Eq. (1.10) becomes

mass - (length - time_z) = mass - length - time 2,

giving the dimensions of a force.
We have not yet considered what happens when physical quantities are added
or subtracted. Rule IV for handling units and dimensions is the following:

RULE IV

When two physical quantities are added or subtracted they must have the same
dimensions. The dimensional formula for the sum or difference of physical quanti-
ties is identical to the dimensional formula of either term of the sum or difference.
When two physical quantities are expressed in the same units, the numeric part of
their sum or difference equals the sum or difference of their numeric parts.

This rule matches what we might expect if units behave like real parameters.
If, for example, L1 and L, are two different lengths, with L measured in feet (ft)
and L, measured in meters (m), then L + L, becomes (using that 1 m = 3.281 ft),

(L) ft+ (Lo)pmym = (L1)sg - ft+ (L2)my - 3.281 ft=[(L1) g + (L2)s ] - Tt
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where in the last step Rule I is used to get (L2)(f) = 3.281 - (L2)m] and the com-
mon factor of “ft” has been moved outside the parentheses. We end up with the
sum of two pure numbers, (L) + (L2)f], which can be added together to get a
third number, giving us a perfectly good expression for a new physical quantity—a
numeric times the unit ft. Note that we got this result by converting meters to feet,
and we can convert to a common unit only when both units have the same dimen-
sions. This explains why physical quantities must have the same dimensions before
they can be added or subtracted and why, when they have the same units, we add
the quantities by adding together their numeric parts. Rule IV, by the way, applies
even when the physical quantities involved are vectors or are complex valued. In
the vector sum a + b, both @ and b must be the same type of physical quantity so
that their units can have the same dimensions; that is, bothji and lj must be vec-
tor velocities, or vector accelerations, etc. For example, if L1 and L, are position
vectors, we can rewrite the above sum as

( 1) gttt (L2)[m]m ( )[ft] ft +- (L2) -3.281ft= [(Z‘l)[ft] + (ZZ)[ft]] -ft,

where (Ll)[tt] and (Lz)[m] are vectors of pure numbers whose X, 9,2 components
are the numeric parts of the x, y, z components of vectors L1 Lz measured in feet
and meters, respectively. We see that units are still treated as scalar parameters that
can be brought outside the vector when all the x, y, z components have the same
units:

(L) - ft (L1 .
(L1y)iey - ft (Liy)ieg | - ft= (L1)r - ft,
L (L1 - ft (L1

[ (L2x)[m] - m (L2x)[m] .
(L2y)[m] -m} |:(L2y)[m]:| +m = (L2)[m) - m
L (L2z)[m] - m (L27)[m

This is why we can disregard the vector nature of physical quantities when doing
dimensional analysis, analyzing the dimensions and units of vector cross products
and dot products the same way we would analyze the products of ordinary real
variables. Units are also treated as real scalar parameters in physical quantities
represented by complex entities such as Z = u + iv, with u and v the real and
imaginary parts of Z. If, for example, Z is an impedance measured in ohms, we
can write

Z = U[ohms] -Ohms+1i - V[ohms] -Ohms = (u [ohms] 1 - U[ohms]) -ohms = Z|ohms] -ohms,
where

Z[ohms] = U[ohms] T i Ulohms]-

The real and imaginary parts of complex entities always have the same dimensions
because i = +/—1 is regarded as being dimensionless.
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1.3 ANALYSIS OF EQUATIONS AND FORMULAS

Rules III and IV make it easy to analyze more complicated physical equations. The
equation of motion for a mass m suspended from a spring is

d*y  dy
— — +ky=0, 1.11
mar T TR (11D

where 7 is time, y is the damping coefficient (from air resistance), k is the spring
constant, and y is the vertical displacement (that is, distance) of the mass from its
equilibrium height under the pull of gravity. The dimensions of the infinitesimal
quantities dy and dt are length and time, respectively, so the dimension of dy/dt
is length - time~!. An operator such as d/dt has the dimension of time™! (think
of “d” by itself as dimensionless), which gives the operator d*/dt> = (d/dt)* the
dimension time ™2 and d2y/dt? the dimensions length- time 2. Therefore, the first
term in Eq. (1.11) has the dimensions of force because its dimensional formula
is (mass - length/timeZ). By Rule 1V, the second term y (dy/dt) then must also
have dimensions of mass - length/timez. Since dy/dt has dimensions of length -
time™!, the damping coefficient y must have dimensions of mass - time™'. The
same type of reasoning shows that the third term ky must have dimensions of
mass - length/time?, giving k the dimensions of mass - time 2. Clearly, Rules III
and IV act together to specify the dimensions of constants y and k based on the
dimensions of m(d?y/dt?).

Another example of how Rules III and IV work comes from the formula for the
energy E or work W done when a force F acts through a distance s:

S
E:W:dex (1.12)
0

The integral in Eq. (1.12) can be regarded as the sum of a large number of infinites-
imal terms F - dx, as x varies from 0 to s; so by Rules III and IV the dimensional
formula for the integral is

force - length = (mass - length - time2) - length = mass - length2 - time 2.

By Rule II the dimensions of energy or work are then mass - length? - time 2.
Note that, as was pointed out in the discussion following Rule IV, treating F -dx
in Eq. (1.12) as the dot product, F - dX, of a vector force F and a vector displace-
ment dx cannot change the units of E because units interact as real scalar parame-
ters.
The equations of physics are self-consistent, which means the dimensions of a
physical quantity such as energy can be found from any equation containing that
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quantity. The equation for the kinetic energy of a particle of mass m moving with
velocity v is

E=Lmp? (1.13)
= —mv-. .
2

By Rules IT and III this also specifies the dimensions of energy as mass - length? -
time ~2, because m has dimension mass and velocity has dimension length - time !
Another important point worth making explicit is that all formal mathematical

functions have arguments and values which are pure numerics.

RULE V

The arguments and values of all formal mathematical functions such as
sin, cos, tan, tan~!, In, log, etc., are always pure numbers—that is, they are al-
ways dimensionless. The exponents of numerics and physical quantities must also
be dimensionless pure numbers.

We note that when applied to the definition exp(ax) = ¢**, Rule V gives two
reasons why the product ax must be dimensionless—it is argument of the formal
mathematical function exp and the exponent of the numeric e.

To show how Rule V works we construct the solution to Eq. (1.11) using the
constraint or boundary condition that at time ¢ = 0,

mass m has zero displacement and mass m has velocity V. (1.14)
(When physical quantities are set equal to zero the units are omitted, because 0

seconds is the same amount of time as 0 years; 0 centimeters is the same distance
as 0 miles, etc.) The solution to Eq. (1.11) is then

y=— e 2Mgin [ 1,/ — — = |. (1.15)

From the first part of Rule V the quantity

k y?

m  4m?

should be dimensionless because it is the argument of the sin. Using Rules III and
IV and the dimensions of y and k given in the discussion following Eq. (1.11), we
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see that
. : ko y? ) mass 1 mass? 1 1/2
dimensions of ¢,/ — — — =time - 5 — = -~
m  4m time2 mass  timeZ mass
) . _on1)2
= time - (time™?) 21,
which shows that
t k )/2
m  4m?

is indeed dimensionless. By the second part of Rule V the expression —y (2m)~!,
being the exponent of e, must be dimensionless. Using Rule III we have

. . t . mass 1
dimensions of | — v =1-time- — . =1,
2m time mass

which is again the expected result. The dimension and units of the displacement y
are set by the dimension and units of V in Eq. (1.15) because, using Rule III on
Eq. (1.15),

dimension of V

|:rnass 1 mass? ]]/2 '

timeZ? mass  time? - mass2

1-1

dimensions of y =

= time - (dimension of V),
where Rule V has been used to recognize

k 2
e t/2M and  sin (t ——V—)

m  4m?

as pure numbers. The dimension of velocity V is length - time ™!, so y ends up with
the dimension length, which is what it should have. This, by the way, illustrates one
of the major uses of dimensional analysis, examining whether or not formulas are
correct by checking that their dimensions make sense.

1.4 DIMENSIONLESS PARAMETERS

In Eq. (1.15) the square root in the denominator and inside the sine suggests that
we expect

v
4m?’

3| =
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which is indeed the case. A size relationship using “>”, “>", “<”, or “<”, just like
an equality, must have the same dimensions on both sides. In fact, everything said
about equations involving physical quantities in Rule II also holds true for size
relationships involving physical quantities. We could state a Rule Ila as follows:

In any size relationship involving physical quantities, both the left-hand side of
the size relationship and the right-hand side of the size relationship must have the
same dimensions. If both sides are expressed in the same units, then the numeric
part of the left-hand side has the same size relationship to the numeric part of the
right-hand side, as does the left-hand side’s physical quantity to the right-hand
side’s physical quantity.

Here the size relationship makes sense because both k/m and y2/(4m?). have
dimensions of time 2.
These types of size relationships are often handled by constructing dimension-

less parameters. We could, for example, define

k/m 4km

= Y2/ (@4m?) ~ 2

(1.16)

and say that Eq. (1.15) is a well-defined solution to Eq. (1.11) when & > 1.
A dimensionless parameter that is important in the study of fluids is the
Reynolds number. The Reynolds number for a fluid of density p and of viscos-

ity p is

_VDp
M 9

R 1.17)

when the fluid flows through a pipe of diameter D at an average velocity V.
The density p has dimensions mass - length™, the viscosity p has dimensions
mass - time~! - length~!, and we already know the dimensions of velocity V and
diameter D. By Rule III the dimension of the Reynolds number is

length - time ™! -length - mass - }ength_3 _1, (1.18)

dimension of R = T
mass - length™" - time™

exactly as expected.

Suppose we create two different triplets of fundamental units—ulength, utime,
umass, and Ulength, Utime, Umass—and examine what happens to the Reynolds
number when going from one triplet of units to another. The physical quantities
V, D, p, and u can be written using both sets of units:
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ulength Ulength

V=V = Y[Ulength-Utime™'] * Utime

. _1 '7
[ulength-utime™ "] utime

D = Dyylengthjulength = Djyjengh) Ulength,

umass Umass
0 =p ) (=2 =P : S Menarh3
[umass-ulength ]ulength3 [Umass-Ulength ]Ulength3
umass
M = Kymass-utime™!-ulength™!] W
Umass

= M[Umass-Utime*I-U]engthfl] Ulength . Utime
To save space, we define

VL‘ = [ulength-utime*l]’ VU = V[Ulength-Utime*I]’

Du = D[ulength], DU = D[Ulength],
Pu = p[umassulength_3] ’ U = 'O[Umass~Ulength_3]’
Hu = M“[umass-utime*1 -ulength*l]’ Hu = 'U“[Umass-Utime*] -Ulengthfl]'

9

The Reynolds number calculated in the “u” system of units is

ulength umass
— - Dyulength - p, —3
utime ulength® Vi Dy py
R, = THasS = , (1.19)
,LL /'Lu

“ulength - utime

where all the units have cancelled—no surprise, since we know the Reynolds num-
ber is dimensionless. There must exist pure numbers a, b, ¢, such that

ulength = a - Ulength,
utime = b - Utime,

umass = ¢ - Umass.

It follows that

Vi

ulength v Ulength  (aV, \ Ulength
utime =~ " b-Utime \ b /) Utime

Dyulength = (a D,)Ulength,

umass ( c) Umass

Pu ulength? —\ M a3 Ulength?’
umass _ c Umass )
Hu ulength - utime Husb Ulength - Utime’
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so that, consistent with Rule I, we get

_ aV,

C C
Vu = . Dy=aDy, py=pu|— ) andpy=\—)uu.  (1.20)
b a ab

Having already calculated R,, the Reynolds number in the u triplet of units, we
now use the definition of the Reynolds number [Eq. (1.17)] to calculate Ry, the
Reynolds number in the U triplet of units:

Ulength Umass
- - DyUlength - PU————3
Utime Ulength’  VyDypy
Umass ouy
WU
Ulength - Utime

Vu
Ry =

Substitution of Eq. (1.20) into this expression gives

a C
(Vu_)(Dua)(pu_3>
V,D
Ry=-~" @) _ uTubu (1.21)
< o
(uuab)

Comparison of Eq. (1.21) to Eq. (1.19) shows that

Ry = Ry, (1.22)

demonstrating that the Reynolds number is the same pure number in all systems of
units. A similar analysis of the dimensionless number £ in Eq. (1.16) shows that

§u =&u. (1.23)

In fact, all dimensionless numbers are invariant with respect to the fundamental
units used to measure their components. This is convenient for scientists and engi-
neers, who can use dimensionless parameters to analyze the behavior of physical
systems without specifying the units of the physical quantities involved.

1.5 THE CGS AND MKS MECHANICAL SYSTEMS OF UNITS

Having settled on a set of fundamental dimensions, we can give each dimension
a fundamental unit and from those construct a set of derived units. Choosing 1
centimeter (cm) for the unit of length, 1 gram (gm) for the unit of mass, and 1
second (sec) for the unit of time, we create the centimeter-gram-second or cgs
system of units. Choosing 1 meter (m) for the unit of length, 1 kilogram (kg) for
the unit of mass, and 1 sec for the unit of time, we create the meter-kilogram-
second or mks system of units. In each system, some combinations of units occur
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Table 1.1 Mechanical units of the cgs system.

gm (gram)

cm (centimeter)

sec (second)

dyne = gm - cm/sec2

erg =dyne-cm=gm - cm? / sec?

poise = dyne - sec/cm2 =gm/(cm - sec)
%)

barye = dyne/ cm? = gm/(cm - sec

stokes = cm? /sec

rhe = poise_1 = (cm - sec/gm)

Table 1.2 Mechanical units of the mks system.

kg (kilogram)

m (meter)

sec (second)

newton (newton), newton = kg - m/ sec?

joule (joule), joule = newton - m = kg - m? /sec?
3

watt (watt), watt = joule/sec = kg - m? /sec

poiseulle (poiseulle),

poiseulle = newton - sec/m? = kg/(m - sec)

pascal (pascal), pascal = newton/ m? = kg/(m - sec?)

stere (stere), stere = m3

Table 1.3 Conversion between the cgs and mks mechanical systems of units. (The
unit of time, sec, is the same for both systems.)

kg= 103 -gm

m=10%-cm

newton = 10° -dyne

joule = 107 - erg

poiseulle = 10 - poise

pascal = 10 - barye

so frequently that they are given their own names. These units are called derived
units. The derived units of force in the cgs and mks systems are called dyne and
newton, respectively, with

kg -m
-

gm - cm
sec?

1dyne = and 1newton=

S€C
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The derived units of energy in the cgs and mks systems are called erg and joule,
respectively, with

m - cm? kg-m

lerg=1dyne-cm= giz and 1joule =1newton-m =
sec

2

sec?

The unit of power in the mks system is

joule kg-m?
1 watt = = 3
sec sec

With derived units there is no need to reduce all physical quantities to their fun-
damental units. In the discussion after Eq. (1.11) the spring constant k is found
to have dimensions mass - time ™2, so in the cgs system k has units of gm - sec™2.
These units can also be written as dyne/cm or erg/cm?:

) dyne ! erg gm

=1 .
cm cm? sec?

The numeric part of k is the same in all three cases:

E—k dyne K erg K gm
= . 11— = . 21— = = . 21— = ’
[dyne-cm™'] cm [erg-cm™=] sz [gm-sec™~] 8602

so that

k[dyne-cm*l] = k[erg-cmfz] = k[gm-secfz]'

For this reason we could, if desired, just write kcgs for the numeric part of & in the
cgs system of units:

kcgs = k[dyne~cm—1] = k[erg~cm—2] = k[gm-sec—z]'
From now on we will adopt the convention that a lowercase subscript attached to
the name of a physical quantity indicates the numeric part of that quantity in the

system of units specified by the subscript. As an example of how this works, for a
distance r, a force F', and an energy E, we can write

Tcgs = I'lem]> chs = F[dyne]a and Ecgs = E[erg]~
In the mks system of units we can write

"mks = '[m], Finks = F[newton], and Epgs = E[joule]-
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The derived units of the cgs and mks systems provide a useful flexibility. As an
example, consider the physical quantity torque used to describe the twist produced
by a force on a physical system.

T=7xForl|t|=|F|-|F|-sin6, (1.24)
where vector F is the force applied to the system a distance 7 from the point about
which the torque is produced, and 6 is the smaller angle between F and 7. The
dimensions of torque are clearly length - (dimensions of force) or mass - length? -
time 2. In the mks system the fundamental units of torque are kg - m? - sec™2, the
same as the fundamental units of energy. When working with torques an engineer
can write the torque in units of newton - m, to remind readers of Eq. (1.24) and
emphasize that it is a torque rather than some amount of energy. If, later on, energy

is to be specified, the engineer can use joules, which are the mks units of energy.
Although it is technically correct to measure torque in joules, because

kg-m

’

1joule = 1 newton-m =1 5
sec

it would almost always be confusing and very bad style. The derived units also let
us adjust numeric parts of physical quantities to a convenient size. Returning to the
example of torque, since

1 newton - m = 10’ dyne - cm

it is quite possible to have physical situations where both g5 and Ty are respec-
tively too large and too small for everyday use. By mixing together mks and cgs
derived units,

Tegsdyne - cm = (ngSIO_S)newton .cm = (rchIO_Z)dyne -m,

we have more options for putting the decimal point in a convenient place. We shall
see in Chapter 2 that exactly this consideration—having conveniently sized units—
ended up driving the development of electromagnetic units during the second half
of the nineteenth century.

1.6 THE U AND N OPERATORS

When working with fundamental systems of units it is helpful to define both a U
and an N operator. When applied to a physical quantity, the U operator returns its
units in some specified system of fundamental units, and the N operator applied to
a physical quantity returns the numeric part in some system of fundamental units.
We say that U, N are the U and N operators for the cgs system of units; and U,

cgs cgs mks
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N are the U and N operators for the mks system of units. To use U and N we need
mks

to know the definitions of the physical quantities on which they operate. Because
we know from Eq. (1.1) that L is a length,

U(L) =cm,
cgs
N(L) =8.5,
cgs
U (L) =m,
mks
and
N (L) =0.085.
mks

If the numeric part of a length y is not known then we have

U(y) =cm,

cgs
Ny = Yegs = Y[em]s
cgs

U (y) =m,

mks

and
N () = Ymks = Y[m]-
mks

When using this notation we know that the N operators always produce pure num-
bers, S0 ycgs and ymks are numerics; and, because y is a length, ycgs and ymys must
be the numeric parts of y when y is measured in centimeters and meters, respec-
tively.

The U and N operators can be applied to complicated as well as simple physical
quantities. Working with y and k from Eq. (1.11), we get

gm

Uy =—,

cgs sec

cNgs(y) = VYegs = V[gm-sec—!]>
kg

U ()/) =,

mks sec

N (V) = Vmks = Vikg-sec—1]

mks
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and
gm dyne erg
U === =—=,
cgs sec cm cm
kg  newton joule
U (k) = 5 = = 7
mks sec m m
clgs(k) = kCgS = k[gm~sec*2] = k[dyne~cm*1] = k[ergcm*z]’
mes(k) = kmks = k[kg~sec*2] = k[newtonm*‘] = k[joule-mfz]'

The U operators applied to k show that the answer can be given in terms of the
derived units belonging to some fundamental system of units instead of the fun-
damental units themselves. The N operators can also have their numeric answer
written with a more specific subscript than “cgs” or “mks”—the subscripts can use
square brackets to specify the actual units, either fundamental or derived, in which
the physical quantity is measured.

The U and N operators turn out to be some of the most flexible operators known
to mathematics—virtually any algebraic manipulation is allowed. When the U and
N operators are applied to the product of two physical quantities a and b,

U(a'b)=chJs(a) - U (b),

cgs cgs

U(a-b)=U(a)- U D)

mks mKs mks
and

N(a-b)=N{(a) - N(b),

cgs cgs cgs

N (a-b)= N (a)- N (b).
mks mKs mks

To show that these properties apply to the U and N operators for any system of
units, not just the cgs and mks systems, we write the operator equalities without
any subscripts:

Ula - b) = U(a) - U(b), (1.252)
N(a - b) = N(a) - N(b). (1.25b)

Equations (1.25a, b) also hold true when « is a scalar and b is a vector:
U(ab) = U(a) - U(b) and N(ab) = N(a) - N(b).

The U operator treats the vector cross product and vector dot product in the same
way:

U@ -b) =U(@ x b) = U(JaDU(|b)); (1.25¢)
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and the N operator preserves the form of the vector dot and cross products:
N(G -b) = N(@) - N(b), (1.25d)

N(@ x b) =N(@) x N(b). (1.25¢)
When U and N are applied to the sum of two physical quantities a and b we get

U(a +b) =U(a) =U(b) (1.26a)
and

N(a + b) =N(a) + N(b). (1.26b)
The U and N operators behave in a formally different manner in Egs. (1.26a, b)
because we want the sum of like combinations of units to reduce to the unit combi-
nation itself, whereas the N operator must preserve the form of the original physical

equation (see Rule IV). When U and N are applied to a physical quantity b raised
to a pure number x, we get

u®") =[U®»)1", (1.27a)
N(") = [N(B)]*. (1.27b)

The last two rules to be specified show what happens when the U and N operators
are applied to a pure number p:

U(p) =1, (1.28a)
N(p) = p. (1.28b)

We can deduce one last general equality for the N operator from Eq. (1.28b). For
any formal function f, such as the sin, cos, tan—!, In, etc.,

NIf G, y, .. )] = FINGO),N@®), ...). (1.28¢)

In a way, Eq. (1.28b) and Rule V make Eq. (1.28c) trivially true, since Rule V
states that the value of any function f is always a pure number, as are its argu-
ments; therefore N(f) = f, N(x) = x, N(y) = y, and so on, from which it follows
that Eq. (1.28c) is exactly the same as saying f(x,y,...) = f(x,y,...). Never-
theless, Eq. (1.28c) is still worth writing down explicitly because it shows that N
operators jump inside functions and then act on the individual physical quantities
which combine to form the function’s dimensionless arguments.
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As an example of how to use these operators, we apply them to both sides of

Eq. (1.15). By Rule V and Egs. (1.25a) and (1.28a), a U operator applied to both
sides of Eq. (1.15) gives

\% k 2
U(y) =U|] ——| - U|:e_t(y/2m)j| . U[Sin (t - y_2>}
k 2 m  4m

k y?
ey

By Egs. (1.25a) and (1.27a) this becomes

. 5\ 172
UM =U(V)- |:U<— + y—zﬂ
m  4m

and by Egs. (1.26a), (1.25a), and (1.27a),

U(m)
U(y)=U(V) Th)

To go any further with this example we need to specify the fundamental system of

units, either cgs or mks, of operator U. Since the dimensions of k are mass - time_z,

and V is a velocity and m is a mass by Eq. (1.14), we have

U (m)

up=uw | -2 | " em (1.292)
ces Y T cgs U(k) sec [gm- sec2 - ’
cgs
and
U (m) 12
‘ m kg
—ygw) |B__ |2 | —m 1.29b
rrlll{s(y) Irllis( ) U (k) sec [kg-sec—z] o ( )
mks

The dimensions mass, length, and time behave exactly like units in algebraic ma-
nipulations of this sort, so we can define for any physical quantity b,

U (b) = dimensional formula for b (1.29¢)

mlt
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to create an operator obeying all the rules for U operators in Eqgs. (1.25a) through
(1.28a). The U operator can be used to analyze dimensions the way other U oper-
mlt

ators are used to analyzed units. Because the U operator obeys the same rules as
mlt

other U operators, we get the same formula when it is applied to y:

U (m) 172
It length mass
Uy =U(v) |m_ =8 = length.
mlt(y) mlt( ) Ul (k) time |:mass : time_2:| :
mlt

By Eqgs. (1.25b) and (1.28c¢), an N operator applied to both sides of Eq. (1.15)
gives

\%
N(y) =N | ——— | N 0/2mlgip |:N (t
k y2

3| =
|
~
sNh)
v
—_ 1

m  4m?

From Egs. (1.25b) and (1.27b),

2
N(y) = NV) NE1/2NGING/Nm)) Gy {N(t) : N(f _ )}
k 2
NI
m  4m?

and from Egs. (1.26b), (1.25b), and (1.28b)

N(y) = NV) o (1/2NGNG/Nm) {N(:) . J N( % ) - % N( V_i )}
S () ,,,

—-N
4

2

m m

Using Egs. (1.25b) and (1.27b), and the fundamental definition of operator N in
the cgs and mks systems of units, we get

Vieos .
N(y) = = 5 o~ Fewlexs/2ew)sin legs
cgs
& kcgs _ Y cgs
2
Mcgs 4mCgs
and
Vinks — (Vikstinks/2Mmis) o kmks Vnzlks
N (y) — = e Ymksmks mks) gin foks. | —— — 1 > .
mks Kmks Yook Mmks m ks




OUTLINE OF NON-ELECTROMAGNETIC SYSTEMS OF UNITS 23

It may seem that all the N operator does is add a cgs or mks subscript to the vari-
ables; but it will be useful later on, especially when we discuss different systems
of electromagnetic units, because it makes very clear what is and what is not a
pure number. Students who have spent significant amounts of time analyzing di-
mensional problems will find Egs. (1.25a) through (1.28c) superfluous, because
for them the rules have become second nature. Novices, however, may find them
helpful—and the U, N operators themselves make it easier to specify how units
based on different sets of fundamental dimensions relate to each other.

1.7 TEMPERATURE UNITS

There are physical quantities which do not fit comfortably into any system based on
the three fundamental dimensions of mass, length, and time. One example of this is
temperature, which in equations and formulas containing other physical quantities
is almost always treated as a fourth fundamental dimension.

Temperature is typically given units of either degrees Kelvin (degK) or de-
grees Rankine (degR).* Historically these two temperature scales are modifications
of, respectively, the Celsius temperature scale (which used to be called the centi-
grade temperature scale) and the Fahrenheit temperature scale. When units based
on mass, length, and time were created, there was no question what a zero amount
of mass, a zero amount of length, zero amount of time, etc., was; but the Celsius
and Fahrenheit scales were created before it was known that there was such a thing
as an absolute zero of temperature—the coldest and lowest temperature that can
exist.” Consequently, no one knew how to avoid expressing very cold temperatures
in the Celsius and Fahrenheit scales as physical quantities with negative numeric
components, and both temperature scales ended up specifying a different physi-
cal temperature as zero. Since zero degrees Celsius is not the same temperature as
zero degrees Fahrenheit, we have to specify which temperature scale is being used
when specifying absolute zero temperature. Therefore the Kelvin temperature scale
is defined to be the Celsius scale with its zero point shifted to absolute zero, 273.15
degrees Celsius below zero degrees in the Celsius scale; and the Rankine tempera-
ture scale is defined to be the Fahrenheit scale with its zero point shifted to absolute
zero, 459.67 degrees Fahrenheit below zero degrees in the Fahrenheit scale. Con-
sequently, temperatures measured in either degK or degR are always positive (that
is, always have a positive numeric component). The physical temperature 7' can be
written in either degK or degR as

T = Tidegk) - degK = Tjgegr) - degR.

* By international convention, the abbreviation for degrees Kelvin is K. In this book we use “degK”
rather than “K” to avoid confusion with “k”, the traditional letter used for Boltzmann’s constant,
and also to make degK stand out in equations as the name of a unit rather than a one-letter variable
representing a physical quantity.

T Even the name “absolute zero” hints at the surprise attending its discovery; from the viewpoint of
dimensional analysis it is just zero temperature, the same sort of thing as zero area, zero mass, zero
volume, etc.
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The conversion from one temperature scale to the other is given by
9
l1degK= gdegR,

so that, by Rule I

Tigegx) = g [idegR1,

where Tjgegk] and Tigegr] are the numeric parts of temperature 7 when T is mea-
sured in units of degK and degR, respectively. We note that

1degK = 1 degree Celsius
and
1degR = 1 degree Fahrenheit

because the only difference between the Kelvin and Celsius—or between the Rank-
ine and Fahrenheit scales—is the physical temperature labeled as zero.

1.8 DIMENSIONLESS UNITS

The ideal gas law is
PV =nRT, (1.30)

where P is the pressure—the force per unit area—exerted by a gas on the walls
of a container of volume V, n is the number of moles of gas molecules, R is the
universal gas constant, and 7T is the gas temperature (in degK or degR). The P and
V on the left-hand side of Eq. (1.30) fit comfortably into the cgs and mks system
of units, with P measured in dyne/cm? in the cgs system or

pascal = newton/m?>

in the mks system, and V measured in cm?® in the cgs system or m> in the mks
system. The right-hand side of Eq. (1.30), however, has two interesting variables,
n and R, which deserve further discussion.

Although it is the official position of the United States government that the unit
mole has dimensions,? students of chemistry know that a mole can be treated like
a pure number:*

1 mole = 6.023 x 10%3.
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When thought of this way, we see that 0.385 moles of gas molecules are the same
thing as

0.385 - 1 mole = 0.385 - 6.023 x 10* =2.319 x 10?3

gas molecules. In this sense, the mole is an example of a dimensionless unit. Moles
are used to put the decimal point in a convenient place; it is, after all, easier to say
that a container holds approximately 2 moles of O, than to say it holds approxi-
mately 12 x 10?3 oxygen molecules.

The universal gas constant R is a dimensional constant which, unlike the di-
mensional quantities previously encountered, cannot be changed—it is a law of
nature that R has the value it does. Chemistry textbooks often quote its value as

liter - atm
R=0.082] ———.
mole - degK

The numerator contains volume and pressure units that are popular in chemistry,
lliter=10"-m?> =10% - cm’® (1.31a)

and

t
latm = 1.01325 x 10° 20

o (1.31b)

The liter is a convenient unit of volume intermediate in size between m> and cm?;
and the abbreviation atm stands for atmosphere, with 1atm being the standard pres-
sure of the earth’s atmosphere at sea level. The units of R have mole in the denom-
inator. This can be used as a mnemonic, alerting those using R that getting to a
final result usually involves multiplication by some number of moles, cancelling
the moles in the denominator. The mole in the denominator plays the same role as
the degK in the denominator, which as an ordinary dimensional unit suggests that
R is often multiplied by a temperature. In the right-hand side of the ideal gas law,

liter - atm
mole - degk
= ([mole1 Tidegk]) - (0.0821 liter - atm).

nRT = (n[mole] . me}e) . <00821 ) : (T[degK] : degK)

The mole cancellation can be regarded as shorthand for
liter - atm

nRT = (n[mole] - 6:623=167) - (0.0821 5 > + (Tidegk - degk)
= (n [mole] T[degK]) - (0.0821 liter - atm).
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The final units of nRT, liter - atm, are easily converted to either the mks or cgs
system of units. We divide both sides of Eq. (1.31a) by liter to get

103m3
liter

and both sides of (1.31b) by atm to get

| — 101325 x 10° newton
B atm - m2 '
The quantity n RT has the same value if it is multiplied by one twice, so

103m3 1.01325- 10° newton
liter atm - m?2

nRT 11 = (nimoie Tiegk ) - (0.0821 liter - atm) -

= 8.32<n[mole] T[degK]) joules,

where in the last step we have cancelled the units liter, atm, and m?, recognizing
that newton - m = joule. The method used here to convert n RT to the mks system
is perhaps the most popular way of converting physical quantities from one set of
units to another. It clearly gives the same result as the method used in Eq. (1.3),
because substitution of Egs. (1.31a, b) into the expression for n RT also gives

1.01325 x 10° newton)i|

nRT = (n[mole] Tidegk)) - [0.0821(10_3m3) . ( —

= 8.32(n[m01e] T[degK])joules. (1.31¢)

No matter how we convert to the mks system of units, nR7T ends up in units of
energy. Clearly the liter - atm unit has dimensions of energy and the gas constant
R has dimensions of energy per unit temperature interval when the moles unit is
regarded as being dimensionless.

The radian (rad) is another unit regarded as dimensionless. To get an angle’s
measure in radians we draw a circle centered on the angle’s vertex which, as shown
in Fig. 1.1, specifies an arc length s of the circle’s perimeter lying inside the angle.
The angle in radians, 6, is the ratio s/r, where r is the circle’s radius and s, r are
measured with the same units of length. This ratio is the same pure number no
matter what size radius the circle has:

s

0= (1.32)

r

The angle 9, being the ratio of two lengths, is clearly dimensionless; and 6 is said
to be measured in radians, making radians a truly dimensionless unit. If y =0 in
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Figure 1.1 The angle 6 in radians is the arc length s divided by the circle’s radius r.

Eq. (1.11), the solution given in Eq. (1.15) becomes

\%
y = — sin(wt), (1.33a)
w
where
k
w=,/—. (1.33b)
m

We have already found the dimension of w to be time~!. Often an oscillatory
function, such as sin(wt) in Eq. (1.33a), is written as sin(2x f¢), where f is a pure
frequency :

w 1 k
f=— -y

2JT:E m

Since 27 is dimensionless, the dimension of f is also time™!. To distinguish
and f, the units of @ are often given in the cgs and mks systems as rad/sec instead
of just sec™!. A pure frequency f is then given in hertz (Hz),* defined as sec ! in
the sense of cycles per sec, where cycle is another dimensionless unit. Of course,
we could just as easily refer to w by its proper name, the angular frequency, as
opposed to f, which is just a plain (or pure) frequency; but it reduces the chance
of confusion when we reiterate what w and f are by giving w units of rad/sec and
f units of Hz or cycles/sec.

The geometrical idea of an angle probably came from ancient astronomers,
who used it to measure the “distance” in the sky between objects such as stars or
planets. Here, distance refers not to the length separating the objects, but rather
to the change in direction when looking from one object to another. An observer,

* The hertz was named in honor of Heinrich Hertz (1857-1894).
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for example, might see a night-flying airplane cross in front of a star, so that the
“distance” in the sky between them is zero, whereas the star is so far away that
the physical length separating the airplane and the star is almost as large as the
physical length separating the observer and the star.

Just as an angle can be used to define a “distance” in the sky, so can a solid
angle be used to define an “area” in the sky. Solid angles are measured in terms
of another dimensionless unit, the steradian (sr). To get a solid angle’s measure in
steradians, we imagine a sphere centered on the vertex of the solid angle, as shown
in Fig. 1.2, and note that an area A of the sphere lies inside the solid angle. The
solid angle in steradians, €2, is then the ratio A/ r2, where r is the sphere’s radius
and A and r are measured in the same system of units. This ratio is the same pure
number no matter what the radius of the sphere:

Q=—. (1.34)
r
The steradian must be a dimensionless unit, because €2 is the ratio of two areas.
The area of a sphere of radius r is 4772, so the solid-angle Q representing the
entire sky is (4777%)/r? = 4x steradians.

In optics and radiometry, steradians are included in the units of physical quan-
tities to show that the quantity is measured per unit solid angle. When dealing with
the radiant energy emitted by a surface, the radiant exitance of the surface is given
in units of joules/sec/m? in the mks system. This shows it is the total radiant en-
ergy emitted each second per unit area of the luminous surface. The radiance of
that same surface, however, is given in units of joules/sec/m?/sr in the mks sys-
tem, showing that it is the radiant energy emitted each second into a unit solid angle
per unit area of the luminous surface. The difference between the quantities is im-
portant because the radiance is a good measure of what we subjectively experience
as “brightness” when looking at a luminous surface; whereas the exitance, because
it measures the optical energy per second leaving a surface in all directions, helps to
specify the rate at which the surface cools. The concept of solid angle is so basic to

solid angle Q

area A

Figure 1.2 The solid angle Q in steradians is given by the area A divided by the
square of the radius r.
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optics and radiometry that when checking whether the units balance in radiometric
equations it is a good idea to treat the steradian like a dimensional unit—an un-
balanced unit of steradians in a radiometric formula is almost always an indication
that a mistake has been made.

1.9 REMOVAL OF THE UNIVERSAL GAS CONSTANT FROM THE
IDEAL GAS LAW

Dimensional constants can be removed from physical equations by using a system
of units in which they become dimensionless and take on the numerical value 1.
This maneuver has become quite common over the last 50 years in relativistic and
quantum physics, but is not usually encountered in other fields of mathematical
sciences and engineering. We go into it in some detail in the next several sections,
because it must be mastered in order to convert electromagnetic equations from
one system of units to another.

We choose as our first example the universal gas constant R, which, by the
way, is almost never made dimensionless and removed from the equations of chem-
istry and statistical mechanics. From the ideal gas law, Eq. (1.30), we know that
R has the dimensions of energy per unit temperature interval [see discussion after
Eq. (1.31¢)]. Using Eqgs. (1.31a, b) to convert R to units of joule/mole/degK gives

& — 00gy diter-am oo 1073 m? - (101325 x 10 newton/m?)
mole - degK mole - degK
gy Joules
mole - degK

since 1 joule = 1 newton - m. We define the mksK system of units to be the mks
system of units with all temperatures given a separate dimensionality and all tem-
peratures measured in units of degK. As long as physical equations and formulas
do not involve temperature, the mks and mksK systems are identical. Only when
physical quantities such as the ideal gas constant R enter the picture is there a dif-

ference between the mks and mksK systems of units; the expressions U (R) and
mks

N (R) are undefined, whereas, because we are regarding moles as being dimen-
mks

sionless,
joule
U (R)= 1.35a
mksK( degK ( )
and
N (R) = Rnksk = 8.32. (1.35b)

mksK
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The first step in turning R into 1 is to create a unit of temperature, which we call
degR1, in which the numeric part of R is 1. If we define

degR1 = (Rmksk) " 'degK, (1.36)
then Rule I can be used to convert the temperature units of R to degR1:

joule joule joule

R=R =R =1 . 1.37
mkSKd egK mksK RnkskdegR1 degR1 ( )

In Eq. (1.37) we have dropped the mole because we are treating it as dimensionless.
We define the mksR1 system of units to be the same as the mksK system of units,

but with temperature measured in degR1 instead of degK. The U and N
mksR1 mksR1

operators applied to R give

N (R)=1 (1.38a)
mksR1
and
joule
U = . 1.38b
mksR1 degR1 ( )
Applying the N operator to both sides of Eq. (1.30), the ideal gas law, we get
mksR 1
(P) = N (P) = PmkskR1 = Prks., (1-393)
mksR1
(V) =N (V) = VinkskR1 = Vinks. (1-39b)
mksR 1 mks
N (n)=n, (1.39¢)
mksR1
N (R)=1, (1.394d)
mksR 1
N (T) = Tiksr1, (1.39%)
mksR 1
so that
Proks Vinks = nTinksR1 - (1.391)

In Egs. (1.39a, b) the numeric parts of the mechanical quantities P and V,
which do not involve temperature, are the same in the mksR1 and mks sys-
tems of units; and Eq. (1.39d) uses Eq. (1.37). Note that Eq. (1.38b) requires

U (R) = joule/degR1, so the gas constant R has not yet become the dimen-
mksR 1

sionless numeric 1.
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The second step in turning R into 1 is to make R dimensionless by giving
temperature the dimensions of energy. Can we get away with this? The number
of independent dimensions assigned to a given system of units can be arbitrarily
chosen to be anything we want, as long as the self-consistency of the equations and
formulas is not violated.>° It turns out, even though it is almost never done, that it
makes sense to measure temperature in units of energy. In chemistry and statisti-
cal physics, temperature is intimately associated with a quantity called entropy. In
classical thermodynamics, the infinitesimal change in the entropy d S of an isolated
system is defined to be

_d0

ds , 1.40
T (1.40a)

where d Q is the amount of heat energy added to the system when it is at tem-
perature 7. Conventionally, S is assigned dimensions of energy over temperature
(remember that the derivative operator “d” is dimensionless), so its units might
be, for example, joule/degK. If T has dimensions of energy, then S becomes a di-
mensionless quantity. In quantum statistical mechanics, the entropy from classical
thermodynamics is shown to be

S =kIn(I'), (1.40b)

where k = 1.38 x 10723 joules/degK is Boltzmann’s constant and I is a dimen-
sionless quantity representing the number of different quantum states that the
closed system might be occupying. We can use the U and N operators to write

U (k)—jollle (1.41a)
mksk degK '
and
N (k) = kpisg = 1.38 x 10723, (1.41b)

mksK

By Rule V the quantity In(I") is dimensionless, so S takes on the units of k. From
Eq. (1.41a) we see that when the temperature is measured in units of energy, k
becomes dimensionless, making the entropy dimensionless. This is consistent with
our conclusion based on Eq. (1.40a). As a final check on the validity of giving
temperature the dimension of energy, we consider one of the formal definitions of
temperature from classical statistical mechanics,

a5\

T=|—

oE
where 0S/0E is the change in a constant-volume system’s entropy with respect to
its energy.” Equation (1.42) can be thought of as a disguised form of Eq. (1.40a).

, (1.42)

constant volume
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We already know that entropy becomes dimensionless when temperature is given
dimensions of energy, so 3S/dE then has dimensions of energy~! and Eq. (1.42)
is dimensionally balanced.

Now that temperature has lost its separate dimensionality, the degR1 unit of
temperature is just another unit of energy. To avoid confused thinking we call
this unit of energy EdegR1 and reserve degR1 for that temperature unit equal to
(Rmksk)~'degK and having the dimension of temperature. We say that

degR1 # EdegR1 (1.43a)

because degR1 has dimensions of temperature and EdegR1 has dimensions of en-
ergy (otherwise we have to discard Rule II above). We can, however, define an
mksER1 system of units, which is the standard mks system of units with all the
temperatures measured in the units of energy EdegR1. Because the only difference
between the mksR1 and the mksER1 systems of units is that the temperature 7" has
lost its separate dimensionality, we expect

N (I'= N (T), (1.43b)
mksER1 mksR1
so that
TiksER1 = TinksR1- (1.43c¢)

In fact, it makes sense to define N by saying that

mksER1
N ()= N (b)), (1.43d)
mksER1 mksR1

for any physical quantity b. To enforce our decision to replace degR1 by EdegR1
in the units for all physical quantities b, we define

U = (EdegRl)v U ) (1.43e)
mksER1 ~ \ degRl1 ) mksri '
where
U (b) = (degR1)"(kg)* (m)” (sec)* (1.43f)
mksR1

for real exponents x, y, z, and v. Definition (1.43e) forces degR1 to be replaced by

EdegR1 in any unit expression, since (EdegR1)? is multiplied into U (b) after
mksR1
(degR1)? has been cancelled out. Because EdegR1 has units of energy, we know

that R is dimensionless; so from Eq. (1.28a)

U (R)=1. (1.43¢)
mksER1
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From Eq. (1.43g)—and Eqs. (1.39d) and (1.43d), which make the numeric part of
R equal to 1—we conclude that in the mksER1 system of units

R=1. (1.43h)

To find the units of EdegR1, we apply U to both sides of the ideal gas law
mksER 1

in Eq. (1.30) and use (1.43g) and (1.28a) to get

u () U (V)=1-1. U (T)

mksER1 mksER1 mksER1
or
newton 3 .
U ()= 5— - m” =newton - m =joule. (1.44a)
mksER1 m

The units of T must be joules for this equation to have balanced units in the
mksERI1 system, so EdegR1 must be the same as joule:

1 EdegR1 = 1joule. (1.44b)

Multiplying both sides of Eq. (1.39f) by joule or EdegR1—they are, after all, the
same unit of energy—we get, using Tinkser1 = Tmksr1 from Eq. (1.43c¢), that

Prks Vinks joule = nTisgr1 joule,

or, using that 1 joule = newton - m,

newton 3
PmksT (mGsm ) = n(Tmkser1EdegR1).

The expressions inside the parentheses are all dimensional physical quantities, so
the ideal gas law in the mksER1 system of units must be

PV =nT. (1.45)

This is exactly the result we would expect from substituting R = 1 into PV =
nRT, the ideal gas law written in units where R # 1.

Inequality [Eq. (1.43a)] prevents us from creating an equation relating the
EdegR1, or joule, to the degK; but nothing stops us from setting up an equation
between their numeric parts (because they are pure numbers). Using Rule I and
Eq. (1.36) we get

N (T) = (Ruksk) ' N (7).
mksK mksR1
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This becomes, using Eqgs. (1.35b) and (1.43b),

_ o1
N (I)=Rus) ' N (IN=Z— N (T) (1.46a)
mksK mksER1 8.32 mksER1
or
1 o1
T[degK] = kasK = kasERl- (1.46b)

RmksK kasERl N 8.32

Equations (1.46a, b) show why using a system of units where a prominent dimen-
sional constant has the dimensionless value of 1 simplifies calculations; the chain
of unit equalities breaks where the dimensionality changes, as in Eq. (1.43a), but
the chain of numeric equalities extends indefinitely. We could build all thermome-
ters scaled to measure temperature in degR1, call the unit EdegR1, and never have
to worry about the value of R again.

Equation (1.45), the ideal gas law with R =1, is written using the physical
quantities P, V, and T. For this to be meaningful all three variables must behave
like physical quantities, making Eq. (1.45) true in any set of units where the temper-
ature is given dimensions of energy in such a way that R = 1. Only the temperature
unit has been modified, so the only physical quantity whose behavior needs to be
examined is 7. Figure 1.3 shows that up to now we have followed the path A-B-C
to get a system of units where R = 1. We can repeat the process using the equally
good liter - atm energy unit, following path A-B’-C’ in Fig. 1.3 to get a system of
units where R = 1. We now show that the C, C’ systems of units, in both of which
R =1, behave like true systems of units because we can use Rule I to go from the
temperature in the C system (which is, of course, the mksER1 system of units) to
the temperature in the C’ system.

If we had created the temperature unit for which R = 1 starting with the value
of R in (liter - atm)/degK/mole,

liter -
R = 0.082] —er-am
mole - degK

then instead of Eq. (1.36) the first step would have been to create a new temperature
unit degR1LA, making the numeric part of R equal to 1 when R is measured in
units of (liter - atm)/degR1LA /mole,

degR1LA = (0.0821)~! degK.

The second step, deciding to measure temperature in energy units, would give in-
stead of Eq. (1.44b)

EdegRILA = liter - atm.

In place of Eq. (1.46b) we would have gotten that
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R has dimensions of energy divided by temperature when the mole
is regarded as a dimensionless unit (see Section 1.8 of Chapter 1).

A

/ \

R has units of
liter-atm/degK

R has units of
joule/degK

Temperature units obey Rule I

C [« P C
R is dimensionless R is dimensionless
and equal to one. and equal to one.
Temperature has units Temperature has units
of joules of liter-atm

Figure 1.3 The temperature units obey Rule | no matter which path is used to
make the ideal gas constant R dimensionless and equal to 1.

Tidegk) = T{EdegR1LA]- (L.47)

0.0821
This completes path A-B’-C’ in Fig. 1.3. We now check that this is consistent with
the results obtained using path A-B-C by using Rule I to go directly from C to C’
in Fig. 1.3. Equations (1.31a, b) and Rule I require the temperature in EdegR1 =
joule = newton - m to be, in liter - atm,

newton 3
Tmkserinewton - m = T ksER] - - (m°)
-2
1.01325

= Tlliter-atm)liter - atm

= TimksER1 - liter - atm

with

102

—_— (1.48a)
1.01325

T[liter-atm] = kasERl .
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If Tititer-atm] 18 truly the numeric part of the same temperature in the C’ system, then
we must have

”
Tititer-atm] = T[EdegRI1LA]-
Substitution of Eq. (1.46b) into Eq. (1.48a) gives

102
1.01325

Thiter-atm] = . (8-32T[degK]) = 0.08217{degk]- (1.48b)
Comparison of Eqgs. (1.47) and (1.48b) shows that Tjjiter.atm) 1S indeed the same
number as T{gdegr1LA]> SO the temperature unit EdegRILA is indeed the same as
the temperature unit we get using Rule I to go directly from C to C’ in Fig. 1.3.
We conclude that when the temperature unit is modified to make the universal gas
constant equal to 1, the temperature behaves like a physical quantity no matter what
energy units—joules, liter - atm, etc.—we use to measure it.

It is straightforward to return Eq. (1.45), PV =nT, to its original form. Sepa-
rated into units and numeric parts, Eq. (1.45) is

newton 3 .
PmksT - Vinks m” = nTinksgr1 joule = nTiser1 EdegR1, (1.49)

which is clearly balanced in its dimensions, since 1 joule = 1 newton - m. Returning
to the temperature its separate dimensionality, we write

T = kasRl degRl . (150)

From Eq. (1.43¢) we know that Tyksgr1 = Tmksr1, SO We multiply and divide the
right-hand side of Eq. (1.49) by degR1 to get, using 1 joule = 1 EdegR1,

newton 3 EdegR1
P, mks? - Vinks m° = nTpier1degR1 - degR1
. (1.51)
joule
= nTmnksr1degR1 - dogR1 .
Rule I and Eq. (1.36) give
EdegR1

p newton (V m3) —nT (R )—lde K =
mks BV mks = N dmksR1({XmksK g (Rmsr)—degK

_1 joule
= ”l[kasRl - (Rmksk) ]degK- RmksK@

joule

= n(TmiskdegK) - <RmksK@> .

(1.52)
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Since

R—R joule
= RmksK degK

and the expressions inside the parentheses are dimensional physical quantities, we
get

PV =nRT. (1.53)
This return to the original form of the ideal gas law follows naturally from giv-

ing back the temperature its separate dimension. Indeed, we can go directly from
Eq. (1.51) to Eq. (1.53) by pointing out that

newton 3
P = Pmks—z’ V = Viks m”,
m
and
joule
T =T, degR1, and 1 =R
mksR10d€g degR1

are all physical quantities, so Eq. (1.51) is the same as PV =nRT in the mksR1
system of units. This result is all we need to prove Eq. (1.53) true, because physical
quantities that are equal in mksR1 units must be equal in all systems of units where
temperature has a separate dimension.

1.10 REMOVAL OF THE SPEED OF LIGHT FROM RELATIVISTIC
EQUATIONS

The next example we look at is setting the speed of light equal to 1. According to
relativity theory, all observers, no matter how fast they are moving, measure the
same value for c, the speed of light; it is a universal constant appearing in a wide
variety of formulas. The most famous equation of twentieth-century physics,

E =mc?, (1.54a)
states that an object of mass m at rest with respect to an observer is equivalent to

an amount of energy mc?. What is perhaps less well known is that this is a special
case of the formula

E=—— (1.54b)
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which gives the total energy—Xkinetic energy plus rest energy—of that same object
moving at velocity v with respect to an observer. [Equation (1.54b) reduces to
(1.54a) when v = 0.] The momentum of an object of mass m moving at velocity v
is

p=—— (1.54¢)

and if a luminous object is emitting light at frequency fy (in Hz = cycles/sec) then
an observer moving toward the object at velocity v measures the frequency of that
light as

v2

=2
f=f-|— |- (1.54d)

1—=

C

The expressions inside the square roots of Eqgs. (1.54b—d) are never negative be-
cause one consequence of elementary relativity theory is that material objects never
travel faster than the speed of light.* Equations (1.54a—d) are typical formulas of
relativistic physics, and it is clear they would be greatly simplified if the speed of
light were made equal to 1. In fact, the same procedure used to remove the univer-
sal gas constant from the ideal gas law can be used to remove ¢ from the formulas
of relativistic physics. So popular has this maneuver become among physicists that
the presence of the phrase “working in units where the velocity of light is equal
to 1 has become a sure sign that the student has begun an advanced, rather than
introductory, treatment of relativistic physics or cosmology.

The first step in removing the speed of light is to choose units of length and
time such that the numeric part of ¢ is 1. In cgs units

cm
€= Cegs * oo’ (1.55a)

where

N (€) = Cogs =2.99792 x 100, (1.55b)

cgs

* Although it would be a digression to get into the details of special relativity, we can note that the
momentum in Eq. (1.54c) becomes infinitely large as the velocity gets ever closer to the speed of
light. One basic property of a force in physics is that it increases the momentum of moveable objects.
Hence (1.54c) suggests we can apply an arbitrarily large force an arbitrarily long time—increasing
the momentum to an arbitrarily large value—without ever accelerating an object up to the speed of
light.
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Choosing a new unit of time, which we call cmtimes, such that
1 cmtimes = (chs)_l sec, (1.56a)

we note that in units of cm and cmtimes the speed of light becomes

cm cm cm
C = Cegs— = - =1 - . (1.56b)
g
sec  cmtimes cmtimes

The subscript 3 of cmtimes indicates that it belongs to a system of units where
mass, length, and time are three separate dimensions. We call the system of units
where mass is measured in gm, length is measured in cm, and time is measured in
cmtimes, the cge system of units.

The second step, just as when we made R = 1 in the ideal gas law, is to re-
move the separate dimensionality that prevents ¢ from becoming a dimensionless
constant. We give time the dimension of length, so that now cmtime is also a unit
of length. We call this new unit of length cmtime, to show that it belongs to a sys-
tem of units where mass and length are the only two separate dimensions. We note
that

cmtime; # cmtimes (1.57a)
and
cmtimey = cm, (1.57b)

where Eq. (1.57a) follows from Rule II, which does not allow physical quantities
of different dimensionality to be equal, and Eq. (1.57b) comes from the desire to
have the units cancel in Eq. (1.56b) when cmtimes — cmtime,. This creates a new
system of units, which we call the centimeter-gram or cg system of units. The
numeric parts of all physical quantities are identical in the cg and cgc systems of
units, so

g(b) = N () (1.58a)

cge

for any physical quantity b. The units of b, however, are different whenever b
contains some non-zero power of time as part of its dimensionality.

g(b) # U (b) (1.58b)

cge
when

U (b) = mass” length” time®
mlt
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for real exponents x, y, z, with z # 0. Since cmtimes is replaced by cmtime, = cm
in the cg system of units, we define U by the rule

cg
cm \°
Ub)=\{———) UD). (1.58¢c)
cg cmtimes / cgc
A little thought shows that an equivalent definition of U is
cg
cm\*
Ub)=|—) u®), (1.58d)
cg SE€C / cgs

for any physical quantity b. Now we can formally show that from Eqgs. (1.56b) and
(1.58a) we have N(c) = 1, and from Eq. (1.58c) or (1.58d) we get U(c) = 1; so in
cg cg

the cg system of units
c=1. (1.59)

Rule VI summarizes the two-step procedure used to make dimensional constants
such as c or R equal to 1.

RULE VI

The first step in setting a dimensional constant equal to 1 is to rescale, us-
ing Rule I, the units of one of its dimensions so that the numeric part of the
constant becomes equal to 1. We call this unit that has been rescaled unitA.
The second step is to treat unitA as formally equivalent to some other fun-
damental or derived unit, which we call unitB. UnitB may be multidimen-
sional and is chosen to make the dimensional constant dimensionless. The
unit that is treated as formally equivalent to unitB should be given a differ-
ent name, say unitA’, because Rule II forbids two physical quantities, for ex-
ample unitA and unitB, from being equal when they have different dimensions.

The method used to make the universal gas constant R equal to 1 and the
method used to make the speed of light equal to 1 both follow the procedure given
in Rule VI. The first step in making R =1 is to convert from degK to degR1, mak-
ing its numeric part equal to 1. This conversion takes us from the mksK system of
units to the mksR1 system of units. We then treat the temperature unit degR1 as
formally equivalent to 1 joule, a unit of energy, giving it the new name EdegR1.
This takes us to the mksER1 system of units. The numeric parts of all physical
quantities in the mksER1 system of units are the same as in the mksR1 system of
units, but the temperature unit EdegR1 is now equal to 1 joule so temperature has
the dimensions of energy. Note that we are careful to say that degR1 # EdegR1
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in Eq. (1.43a). The first step in making the velocity of light equal to 1 is to con-
vert from sec to cmtimes, making its numeric part equal to 1. This conversion
takes us from the cgs to the cgc system of units; for the second step we make
the cmtime unit formally equivalent to the cm by replacing the cmtimes with the
cmtime;, going from the cgc to the cg system of units and making the velocity
of light dimensionless. Again, we are careful to say that cmtimes 7% cmtime, [see
Eq. (1.57a)].

Giving length and time the same dimensions has consequences beyond allow-
ing us to set ¢ = 1 in all the equations of relativistic physics. Breaking Eq. (1.54d)
up into numeric parts and units in the cgs system of units gives

_\/] (Vegs)? cm? /sec?

(Cegs)? cm? /sec?

—1 —1
sec = sec
fcgs (fO)Cgs 1 Vcgs cm/sec

Cegs CM/SEC
- (1.60a)
_ (chs)2
(chs)2

1 _ Yess

= (fO)cgsseC_l

Ccgs

where
Clgs(f) = flHz] = fegss CIgJS(f) =sec !,
clgs(f()) = (fO)cgs» c[gIs(fO) = secfl,

N (V) =vegs, U(c)= U(v) =cm/sec.
cgs

cgs cgs

Converting from cgs to cgc units, Eq. (1.60a) becomes

1 (vcgs)2
1 . 1 . (chs)2
Segs cmtimes 1 (f0)egs * ( cmtimes 1) . o ,
Cegs Cegs 1 — =&

Cegs
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and converting from cgc to cg units gives

_ (chs)2
(Cegs)?
(@) el = S0ess 1 AN (1.60b)
Cegs Cegs 1- £
Ccgs

In cg units all frequencies f have the dimension of length™!, so f and fy have
units of cm ™!, We see that

f=fegem™ (1.61a)
and
fo=(fo)eg cm™", (1.61b)
because
Jeg = Jfegs/Cegs
and

(fO)cg = (fO)cgs/chs- (1.61c)

In cg units, all velocities, not just the velocity of light, are dimensionless. Starting
with cgs units and converting to cg units,

Cm  Uggg CM
U = Ucgs = SN
S€C  Ccgs CMtImeE3

we next give time the dimension of length to get, using Eq. (1.57b),

= - = . (1.61d)
Ccgs CMtime) Cegs
Substituting Eqgs. (1.61a—d) into Eq. (1.60b) gives
V1—1?
f=fo-<71_v ) (1.62)

Although (1.62) is formally the same as Eq. (1.54d) with ¢ = 1, it is important to
remember that now f and fy have dimensions of length~! and that all velocities
are dimensionless. In fact, if a physical quantity is defined to be a quantity with
dimensions, then the velocity cannot be a physical quantity in any system of units
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where ¢ = 1. This, of course, explains why in Eq. (1.62) the quantities v and v?
can be subtracted from 1, a pure number.

Because velocity is dimensionless, the dimensions of mass, energy, and mo-
mentum are all the same in any system of units where ¢ = 1. We first examine the
consequences of mass and energy having the same units and finish by looking at
what happens to momentum.

We use cgs units to break up Eq. (1.54a) into numeric and dimensional parts:

2 sz
Elergy)ergs = migmgm - Cegg (1.63a)

where

N (m) = Mcgs = Migm], clgjs(m) = gm,

cgs
N(E) = Ecgs = E[erg3], U(E) = ergs.
cgs cgs

The subscript “3” on ergs reminds us that erg; is a unit of energy from a sys-

tem of units where mass, length, and time have separate dimensions. Converting

Eq. (1.63a) to the cgc system of units, we get, since 1 erg; = 1gm - cm?/sec?,

Eferg,] gm‘cm2 = my ]gm-c2 cm?
¢l cmtime3 m ces cggscmtimeg
or
gm - cm? cm?
Ecge s = (migmgm) - ( 1——— ), (1.63b)
cmtimey cmtime;
where
Elergy)
N(E) = Ecge = —], (1.63c)
cec cgs

Using Egs. (1.57b) and (1.58a) to convert to the cg system of units, we get
Ecgcgm = Ecggm = mgm)gm, (1.63d)
or, written as physical quantities,
E=m. (1.63e)
Equation (1.63e) is formally the same as Eq. (1.54a) with ¢ = 1, which is no sur-

prise; and Eq. (1.63d) shows that in the cg system both energy and mass are mea-
sured in units of gm. This is a perfectly good result, but in relativistic physics—and
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particularly in relativistic particle physics—mass is often measured in units of en-
ergy instead of energy in units of mass. To represent both mass and energy in units
of energy we need to find the conversion equation between the units of mass and
energy when using units where ¢ = 1.

We note that in the cgs system of units

1 ! cm?
ergy=1gm- —,
23 g 8602
which becomes in cgc units
2 2
_ o, em” cm
lergy = lgm - cogo——— = oy (gm — ) (1.64a)
cmtimes cmtimes

2

The cgc unit of energy is clearly U (E) = gm - cm” - cmtime; 2 and, since this in-
cge

volves a nonzero power of time, by Eq. (1.58b) the cgc unit of energy cannot equal
the cg unit of energy. From Eq. (1.64a) the cgs unit of energy, ergs, is proportional
to the cgc unit of energy 1gm - cm? - cmtime; 2, so when taking the left-hand side
of Eq. (1.64a) from the cgc to the cg system of units the subscript of the right-hand
side has to change as well:

sz

1 erg, = 1 gm - C;gzs.—z = Cc_gzs gm, (1.64b)
cmtlrne2
where
lergs # lerg,. (1.64c)

It is easy to show that the erg subscript has to change. If we do not change the
subscript, we can write from Eqs. (1.64a) and (1.64b)

lgm'ccgs' . = lerg3 = lergZZchs gm: ———
cmtimes cmtime)
or
. ? .
cmtimes; = cmtimey, (1.65)

which contradicts Eq. (1.57a). Clearly, any unit of energy changes its fundamental
nature when going from a system where mass, length, and time have separate di-
mensions to a system where only mass and length have separate dimensions. Equa-
tion (1.58b) above states that the units of any physical quantity in the cgc system
which have a nonzero power of time cannot equal the units of the same quantity in
the cg system. This statement, although true, is now seen to be too specific because
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it only applies to the transition from the cgc to the cg systems of units. We need a
more general statement.

RULE VII

When the abc system of units lacks one of the dimensions of the ABC sys-
tem of units, and b is any physical quantity which in the ABC system of units
has a nonzero power of this dimension, then U (b) # U (b) no matter what the

abc ABC

relationship of N (b) to N (b).
abc ABC

The demonstration that erg, cannot equal erg; is an example of how Rule VII
works. Rule II forbids physical quantities with different dimensions from being
equal, so in the strictest sense Rule VII is just a special case of Rule II. There is
no harm, however, in using Rule VII to emphasize this particular consequence of
Rule II when we change the dimensionality of a set of units.

Equation (1.64b) is what we have been looking for—the conversion equation
between erg, and gm, an energy unit and a mass unit in units where ¢ = 1. Hence
this is all we need to find the numeric parts of Eq. (1.63e) when both mass and
energy are measured in units of erg,. Starting with (1.63d), which is just (1.63e)
broken down into numeric parts and units when both mass and energy are measured
in units of gm in the cg system, we have

Ecgegm = mgm)gm.

Using Ecgc = E[erg3] / ngs from Eq. (1.63c) and 1gm = ngsergz from Eq. (1.64b)
gives
E[erg 1 2 2
c2 = CegsCI82 = M[gm]CcgsCI8

cgs
or

Mierg,] * €182 = Elergy] - €18 (1.66a)
with

Miergy] = Migm] * Cogs- (1.66b)

Equation (1.66b) is a specific instance of the general rule of thumb for relativistic
physics: to find the mass in energy units when ¢ = 1, multiply by the square of the
speed of light. Equation (1.66a) is just E = m with both energy and mass written in
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energy units rather than mass units. For this interpretation to make sense we must
have

Eferg;) = Eferg,)- (1.66¢)

A little thought shows that the numeric part of a quantity of energy measured in
erg, must indeed equal the numeric part of that same quantity of energy measured
in erg;. When comparing an unknown quantity of energy in the laboratory to an-
other quantity of energy that we know to be 1 erg, it does not matter whether that
1 ergis I erg, or 1 erg;—the laboratory procedure will be the same, the numeri-
cal result of the measurement will be the same, and so the numeric part assigned
to the quantity of energy will be the same. The subscript given to erg is relevant
only to the type of algebraic manipulations we have decided to permit in the unit
equations. If erg belongs to the cgs system of units, so that

-2
lerg # c g gm,
then erg = ergs; and if we are working in units where ¢ = 1 so that
lere — ¢—2
erg = Cegq 2M,

then erg = erg,. This is why physicists customarily neglect the difference between
ergy and erg,, calling both units 1 erg of energy and relying on context to distin-
guish between the two types of unit.

In particle physics, the mass and energy of elementary particles are often mea-
sured in eV standing for electron-volt, MeV standing for mega (or 10°) electron-
volt, and GeV standing for giga (or 10°) electron-volt. The electron-volt is a unit
of energy, and in a system of units where time has a separate dimension so that

c#1,
1eV3 = ejeounjoule; = 1.60218 x 10~ joules. (1.67a)
The subscript 3 again shows that mass, length, and time are recognized as separate
dimensions, and e[¢oyy) is the numeric part of an electron or proton electric charge
measured in coulombs (coul).* This is, of course, just a pure number
efeour = 1.60218 x 1071%; (1.67b)

and, since 1erg; = 1077 joules,

1eV3 =107 - e[coun - erg5. (1.67¢)

* The coulomb unit of charge is explained in Chapter 2.
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-1

cgs sec from Eq. (1.56a), we can write, going from the cgs to

Using 1 cmtimes = ¢,
the cgc system,

- gm - cm?
1 eV3 =10"- €[coul] * 8602

2 (1.68a)

— 107 . e[COLll] Scoe. w

€% cmtime?
Changing over to the cg system gives
107
lev, = —eul. (1.68b)
chs

Thus a mass m in gm,
m = n[gm] gM,

becomes, working in the cg system of units and using Eq. (1.68b),

2

c
m = migm| - To5——eV> (1.69a)
10 €[coul] -b7a

= mev,1eVa,

where
2
myey, = _ceseml (1.69b)
[eVa] 1076’[cou1] : :

The mass of the electron in grams,9.11 x 10-28 gm, transforms using
Eq. (1.69b) to

(9.11 x 10728)(2.99792 x 10'9)2
1.60218 x 1012

:|eV2 ~5.11 x 10° eV, =0.511 MeVy;

and the mass of the proton, 1.6727 x 10_24gm, transforms to a mass in eV, of

(1.6727 x 10724)(2.99792 x 10'9)2
1.60218 x 1012

:|eV2 ~9.383 x 10% eV, = 938.3MeV,.

As with ergs, it is customary to neglect the difference between eV3 and eV, relying
on context to show which type of energy units are being used.
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In classical—that is, nonrelativistic—physics, the momentum p of an object is
the product of its mass and velocity:

p =mv.

The relativistic formula for the momentum given in Eq. (1.54c¢) is

muv

p= :
Y
C2

In the mks system, the classical formula assigns the momentum units of

Ii‘(p) =kg-m/sec. (1.70)

We can break the relativistic formula for momentum into numeric parts and units
to get

m
Kk MmksKg (Umks _)
g-m sec
pmks< ) = R (1.71a)
sec 1)2
1 — rznks
Ciks
where
N (P) = p[kg-msec*l] = DPmks»
mks
nll\kTS(P) = M[kg] = Mmks, (1.71b)
N (U) - v[m.sec_l] - vmkSv
mks
and
N (€) = cmks = 1072 cogs. (1.71¢)
mks

We see that in mks units the relativistic momentum is still measured in kg - m/sec.
Using 1 sec = ccgsemtimes from Eq. (1.56a) to convert sec to cmtimes gives

kg-m 103gm - cm

lkg-m/sec=1 (1.72)

Cegsemtimes  Cegsemtimes
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where the last step uses 1kg = 103gm and 1 m = 10 cm. Equation (1.72) equates
the mks and cgc units of momentum, so by Rule I

N (p) =10°ci N (p). (1.73a)
cge mks

or, using Eq. (1.58a),
N(p) =10°cze N (p). (1.73b)
cg mks

We know that in the cg system of units ¢ = 1 and v is dimensionless,

Uw) =1, (1.74)
cg

so Eq. (1.54c) becomes

muv

= (1.75)

to give, applying U to both sides,
cg
U(p) =U(m) = gm. (1.76a)
cg cg

This reminds us of Eq. (1.63d), where both energy and mass end up being measured
in gm in the cg system of units; since energy, mass, and momentum have the same
dimensions in any system of units with ¢ = 1, it is no surprise to now find that
momentum is also measured in gm. This is again a perfectly good result—but
particle physicists often prefer to use energy-based units rather than gm to measure
momentum. From Eq. (1.68b) we get

1077¢2

cgs

g(p) = eVy (1.76b)

€[coul]

so that, using Rule I, the numeric part of a momentum p measured in eV units is

1077 ¢2
Plev,] = ——=N(p)
€[coul] cg

or
10 Cg 10 Cg
CSN() &

Plevol = ——— P) = ——— DPmks, (1.76¢)
€[coul] mks €[coul]

where Egs. (1.73b) and (1.71b) are used to write the right-hand side in terms of the
numeric part of the momentum in mks units. Because it is important to distinguish
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momentum from mass and energy in relativistic particle physics, the eV, unit of
momentum is often written as eV/c. The c in the denominator is a dimensionally
meaningless label to show that eV energy units are being used to measure mo-
mentum. When eV/c is too small to put the decimal point in a convenient place,
units of MeV /¢ = 10% eV /c or GeV/c = 10° eV /c are used. With this convention,
Eq. (1.76c) becomes

1078 ¢egs
PMev/c] = = Pmks (1.76d)
€[coul]
or
10_“0Cgs
PlGev/c] = = Pmks- (1.76e)
€[coul]

1.11 INVARIANT UNITS, CONNECTING UNITS, AND ADDITION OF
EXTRA DIMENSIONS

Based on the work done so far, it makes sense to divide units into connecting
units and invariant units when adding or removing dimensions from a physical
equation. We say that a connecting unit is any fundamental or derived unit that
gains or loses a dimension in this transition, and an invariant unit is a fundamental
or derived unit that does not. In the discussion on how to make the universal gas
constant R equal to 1, the units of temperature (degree Kelvin, degree Rankine,
etc.), and any other derived units containing some nonzero power of temperature
in their dimensional formulas, are all connecting units. The other fundamental and
derived cgs and mks units—such as gm, m, newton, sec, joule, erg, etc.—are
invariant units because their dimensional formulas do not contain nonzero powers
of temperature. When making the velocity of light ¢ equal to 1, any fundamental
or derived unit containing a nonzero power of time in its dimensional formula is a
connecting unit, and any fundamental or derived unit that does not is an invariant
unit. So erg, cmtime, newton, eV, etc., are all connecting units, and gm, kg, cm,
etc., are invariant units. We note that this definition makes the sec a connecting unit,
and indeed we could give an ordinary sec the label secs and the reduced-dimension
sec the label secy, with

I secy = cegsemtime; = CegsCm # SeC3,

although, as we have seen, the cmtime unit is a more useful concept. That the
sec3 does not equal sec, points out another aspect of connecting units which dis-
tinguishes them from invariant units. A connecting unit is always really a pair of
units whereas an invariant unit is not. When going from the cgc to the cg system
of units, the invariant unit gm is always a gm and the invariant unit cm is always a
cm, but the connecting unit cmtime is really the pair of units (cmtimes, cmtime;);
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and we see that the other connecting units (ergs, erg,), (€Vs, €V3), and so on, are
also really pairs of units. Similarly, when transforming the ideal gas law to make
R equal to 1, the connecting-unit pair (degR1, EdegR1) takes us from the mksR1
to the mksER1 system of units, while the invariant units kg, m, newton, sec, joule,
etc., do not change.

The concepts of connecting and invariant units reflect how we have decided to
add and remove dimensions rather than the fundamental nature of physical reality.
For example, when setting ¢ = 1 we stop recognizing the separate dimension of
time and instead give it the dimension of length, making the sec a connecting unit
and the cm an invariant unit. We could, however, re-do this conversion by no longer
recognizing the separate dimension of space, instead giving it the same dimension
as time. The conversion formulas would end up the same, as would the physical
equations, but now the sec (and other units of time) would be invariant units, and
the cm (and other units of length) would be connecting units.

A relativistic physicist might object to calling either the cm or the sec an invari-
ant unit, saying that what is really going on is that time and space are treated as the
same physical quantity. From this physicist’s perspective it is better to say that all
units of time are given the combined dimension spacetime, and all units of length
are also given the combined dimension spacetime. This is a perfectly valid point of
view, and by pointing out that both space and time have been given a new combined
dimension it reminds us that calling time a length or length a time does not make
lengths and times identical—there is a difference between the two.* However, that
same physicist, when shown the procedure used to make R = 1 in the ideal gas law,
might say that giving temperature a separate dimension is a historical accident and
that the true dimension of temperature really is energy. To point out the similarity
between setting ¢ = 1 and setting R = 1, we will always talk about adding and
removing dimensions from the connecting units rather than combining dimensions
or discovering a physical quantity’s true dimension.

Adding back discarded dimensions is not difficult as long as Rule VIII is taken
into account.

RULE VIII

The first step in adding a dimension to a physical equation or formula is to use
the meaning of the extra dimension to specify how the connecting units attach to
already existing variables. The second step is to rearrange the equation or formula
so that it obeys Rules II, IV, and V in both the invariant and connecting units. Each
fundamental unit for which an extra dimension is recognized must separately obey
Rules II, IV, and V. The final step is to recognize the extra dimensions.

* This same point has been attributed to Abraham Lincoln when he said that calling a dog’s tail a
leg doesn’t make it a leg.
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To see how this works, we start with a very simple example,
E=m,

in units where ¢ = 1. If both £ and m are measured in the energy units erg,, as in
Eq. (1.66a), we have

Elerg,] - €18) = Merg,] - €17, (1.77a)

where Eferg,] = Elerg,] from Eq. (1.66¢) has been used to replace Ejferg,} by Elerg,]-
We note (step 1 of Rule VIII) that recognizing the separate dimension of time
requires that energy and mass be measured in separate units. Since recognizing
the separate dimension of time means that energy has dimensions mass - length? -
time ™2, a mass unit should equal energy - length ™2 - time?, and the right-hand side
of Eq. (1.77a) should be written as

cmtimes > 2 (1.77b)

Elerg,jergy; = m[ergzlerg2< om
We can do this to Eq. (1.77a) because cm = cmtime; in the cg system of units,
so the right-hand side of the equation has just been multiplied by 1 squared. We
note (step 2 of Rule VIII) that Eq. (1.77b) obeys Rule II in the cg system of units,
where length and time have the same dimension; but it does not obey Rule II when
the cm and cmtime; are analyzed separately, because its right-hand side has the
ratio cmtime; /cm, which the left-hand side does not. Another way of looking at
this is to realize that if the time dimension were recognized now (the final step of
Rule VIII) by replacing all the subscript 2s with subscript 3s, Eq. (1.77b) would
not obey Rule II. Therefore, we multiply the right-hand side of Eq. (1.77b) by

2
cm
— ) =1’=1,
cmtimey

still working in units where cm = cmtime,, to get

E emtimez )*(_em_* (1.77¢)
ere, = m er : e
[erg, €182 [erg,1°182 cm cmtimey

The units which make up erg, are balanced, since erg, appears on both sides of the
equation; so Eq. (1.77c) obeys Rule II in all the fundamental units that acquire a
separate dimension. Therefore, we can complete the process outlined in Rule VIII
by recognizing the separate dimension of time:

cmtimes 2 cm 2
Efergy1ergs = miergyjergs | —— amomes ) - (1.77d)
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Substitution of Eqs. (1.56a) and (1.66b) gives

—2capn2
2 chssec sz
E[ergzlerg3 = (m[gm]ccgs) - ergs 7 : 2

cm Cogssec?

2 2
€rgsy - secC 2 cm
=m[gm]<CT> . (chs@) (1.77¢)
cm 2
= M[gm]gM * chsg )

2

where the last step uses 1 gm = erg; - sec” - cm~2. The physical quantities are now

properly set up to give

E =mcz,

which is the same as Eq. (1.54a), the original relativistic equality between mass
and energy. This shows that the extra dimension of time has been correctly added
to the formula.

We can get the same result starting with Eq. (1.63d). Because we are heading
back to recognizing time as a separate dimension, we write Eq. (1.63d) as

Ecgegm = m[gmgm.

The first step of Rule VIII leads us to multiply the left-hand side by

2
cm
l=(——7.
cmtimep

so that when the separate dimension of time is recognized energy has the correct
mass - length? - time ™2 units:

cm

2
Ecgcgm( ) = M[gm]gMm.

cmtimes

The second step of Rule VIII now requires us to multiply the left-hand side by

= cmtime) 2
N cm ’
so that Rule II is obeyed when the fundamental units that acquire a new dimension
are analyzed separately:

cm 2 cmtime, 2
Ecgcgm A == m[gm]gm-
cmtimey cm
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Now we perform the final step of Rule VIII, recognizing the separate dimension of
time to get

cm 2 cmtimes 2
Ecocgm : = M[gm]gm.
cmtimes cm

-1

Equation (1.56a) states that cmtimes = c_, sec, allowing us to write

cgs
cm \? cc_glssec 2
Ecgegm| — = M[gm)gM.
CcgsSe€C cm

Substitution of (1.63c) gives

) cm? sec\?
Elerg;1Ccgs gm@ \em = M[gm]gM,

or, using l ergy = gm - cm? - sec™2,

1
Efergye1gs - T cm = M[gm]gM.

Ccgs
& S€C

Written with physical quantities, this becomes

E 2
—=m or E=mc,
c
which is again the desired result.
More complicated formulas require us to watch Rule IV when using Rule VIII.
Equation (1.62) has both a dimensionless velocity v as well as frequencies f and

fo in units of cm™!:

e

1—v

f=fo-<

When time is a separate dimension, the frequencies have the dimension time™!

and the velocities have dimensions of length - time™'. The first step of Rule VIII

suggests we write this equation as
1 cm 2
1 8 cmtimer

fegemtime; ' = (fo)cgemtime; ! - - . (1.78a)
1 - ch

cmtime;
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In Eq. (1.78a) we are working with the cg system of units, so the dimensionless
velocities can be written as vegcm/cmtime; because

1 cm
"~ cmtime;

Applying the second step of Rule VIII, we see that Rule IV is not obeyed separately
by the fundamental units that acquire a new dimension. Therefore, we multiply the
velocity v by

cmtime;

cm

to get

cm cmtime; 2
1 - Ucg ; :
1 cmtimer cm

cm cmtimes
1 — veg - .
cmtime, cm

Having satisfied the second step of Rule VIII, we perform the final step of
Rule VIII by recognizing the separate dimension of time to get

cm cmtimes 2
I — | vege ” :
g
1 cmtimes cm

cm cmtimes
1 - Ucgc : :
cmtimes cm

Jegemtime, - (f0)cgemtime,

. -1 . —
Jegeemtimey ™ = (fp)cgeCmtimes

(1.78b)

where we have used Eq. (1.58a) to replace the numeric parts of physical quanti-
ties in the cg system of units by the numeric parts of physical quantities in the
cge system of units. The cmtimes unit time equals cc_glS - sec [see Eq. (1.56a)] so
Eq. (1.78b) can be written as

2
| cm 1
— | vegeCoas— -
gerees secC . cm
chsg
-1 —1
[fcgcccgs]sec ZI:(fO)cgcchs sec -
] cm 1
— | VegcCegs—— | | —<om
8 Sec cm
Cegs
sec

(1.78¢c)
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We know by Rule I that
fcgs = fcgcccgs, (fO)cgs = (fO)cgcchs,

and

Ucgs = UcgcCegs-

Therefore, Eq. (1.78c) can be written as

Y
c2

f=r- 171) ) (1.78d)
c

which is the same as what we started out with, Eq. (1.54d). Note that we could have
gone directly from Eq. (1.78b) to (1.78d) by recognizing both that 1 cm/cmtimes
is a perfectly good representation of the velocity of light ¢ as a physical quantity
in the cgc system of units, and that the velocity v as well as the frequencies f and
fo are also correctly represented as physical quantities in the cgc system of units.
Since physical equations and formulas are valid in any system of units with the
same number and type of dimensions, Eq. (1.78d) follows at once.

1.12 SIMULTANEOUS REMOVAL OF fi, ¢, AND k

Advanced textbooks in relativistic quantum mechanics do not stop with making
¢ = 1; they customarily choose units in which another dimensional constant 7,
which is Planck’s constant £ divided by 2, is also equal to 1. A good equation for
showing how this can be useful is Planck’s law for black-body radiation,

1\ (w2 h -
"”T:(E) (%)-[exp(k—;’)—l] , (1.79a)

where n,,1 - dw is the number of photons having an angular frequency (in rad/sec)
between @ and w + dw emitted per unit time and per unit area from a black-body
surface at temperature 7 into a vacuum. The physical quantity 7,7 - dw has units of
number of photons, which is dimensionless, per unit area per unit time. Since dw
has units of radians, which is also dimensionless, per unit time, it follows that n,r
has the dimension of inverse area or length™2. Variable k is Boltzmann’s constant,
which has already been mentioned in Egs. (1.41a, b) above; ¢ is again the velocity
of light, and
h

h=-—2=1.054x 10" erg - sec. (1.79b)
2

Equation (1.79a) obeys Rules II, IV, and V, as expected.
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We now go one step further than most textbooks of relativistic quantum me-
chanics by constructing a system of units where i = ¢ = k = 1. We start by setting
up the cgsK system of units, which is just the cgs system of units with temperature
measured in degK and the other three dimensions of length, mass, and time mea-
sured in cm, gm, and sec, respectively. It is the same as the mksK system of units
used earlier in Section 1.8, only now the basic units for length and mass are cm
and gm instead of m and kg. Rule I can be used to write Egs. (1.41a, b) in cgsK
units (remember that 1 erg = 10~ "joule):

joule erg gm - cm?
mksK degK cgsK degK cgsK sec? - degK ( a)
where
kegsk = N (k) = 107 - kinksk = 1.380 x 1071°. (1.80b)

cgsK

Equations (1.55a) and (1.79b) have the same form in cgs and cgsK units because
their units do not contain a nonzero power of degK, so

cm

C=chs— (1.818.)
sec
and
gm - cm?
I = hcgerg - sec = figgg——, (1.81b)
sec

where

hiegs = N (h) = N (h) =1.054 x 1077, (1.81¢)
cgs cgsK

The three constants 7, ¢, and k are eliminated from our equations by reducing the
cgsK system of units to the single dimension length measured in cm. The first step
is to rescale the units of mass, time, and temperature using the unspecified numeric
constants «, 8, and y:

1 gm = « - umassy, (1.82a)
1 sec = B - utimey, (1.82b)
1degK =y - utempy,. (1.82¢)

The subscript “4” shows that the four separate dimensions of length, mass, time,
and temperature are still recognized when using the umasss, utime4, and utempy
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units. We call the system of units based on the cm, umasss, utime4, and utemp,
units for length, mass, time, and temperature the cmafy system of units. In the

cmafy system of units ¢, #, and k become

C = - N )
B/ utimey

o umassy - cm?
h= hcgs_ T .

B utimey
% umassy - cm?
k= kegsk =5 ) - —— .
By / utimej - utemp,

To complete the first step of Rule VI, we choose «, 8, y such that

Cegs

L,
p
o
Ehcgs - 15
(04 kcgsK —1
y B2
From Eq. (1.84a) we get
B = cegss

which makes Eq. (1.82b)
1 sec = ccgs - utimey.
This is the same as Eq. (1.56a) and shows that we can regard

utime4 = cmtimes

as the same unit of time. Substitution of Eq. (1.85) into Eq. (1.84b) gives

B Cegs
o= = ,
hcgs hcgs
so that, from Eq. (1.82a)
lgm= Cogs - Umass4.
cgs

Substitution of Egs. (1.85) and (1.87a) into Eq. (1.84c¢) gives

kcgsK

i O5kcgsl( _ Cegs 1 k _
Yy = ,3 2 ) o cgsK = B ,
cgs  Ccgs Cegsllcgs

(1.83a)

(1.83b)

(1.83¢c)

(1.84a)
(1.84b)

(1.84¢)

(1.85)

(1.86a)

(1.86b)

(1.87a)

(1.87b)

(1.88a)
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which makes Eq. (1.82c)
kcgsK
1degK = —=—— - utempy. (1.88b)
Cegsllcgs

Now we use Rule I and Eqgs. (1.86a) and (1.88b) to write Eq. (1.79a) in terms of
the cmaBy system of units:

1 ? (o, )zutimef2
N (7)) cm 2 =[— cmapy 24
cmafy 2 cm
1-
utimey
— 2 _1
1- Umasss-em ) , utime !
utimey cmafy 4
X 1 exp -1 )
umasss - cm?>
l-————— ] | Temapyutempy
| utimey - utempy
(1.89a)
where
wemapy = N (@) =y N () = cou N (), (1.89b)
cmafy cgsK cgs
kcosk kcosk
Temapy = N (T) = RN (T)=—2 - TidegK]» (1.89¢)
cmafy chshcgngSK Cegsllcgs
cm
I — =c, (1.89d)
utimey
2
umass4 - cm
12—, (1.89€)
utimey
and
2
- CIm
. A — k. (1.899)

f——
utimey - utemp,

The argument of exp is so complicated that it is a relief to perform the second
step of Rule VI and stop recognizing the separate dimensions of mass, time, and
temperature. We replace the subscript 4s by subscript 1s to show that only length
has a dimension:

lumass; = lcm_l, (1.90a)
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lutime; = 1cm, (1.90b)
lutemp; =1 cem ™! (1.90c)

Equations (1.86a), (1.87b), and (1.88b) can now be written as

I sect = cegs - €M, (1.90d)
lgm, = & cm1, (1.90¢)
hcgs
and
kcgsK —1
1degK, = -cm . (1.90f)
chshcgs

This system of units is called the cm1 system of units, and for any physical quan-
tity b

N®B = N (). (1.91a)
cml cmafy

This requires all physical quantities to have the same numeric parts in the cm1 and
the cmafy system of units. If the dimensional formula for b is

mass” length” time“temperature”

for real exponents x, y, z, and u, then the U operator for the cm1 system of units is
em™ '\ / em™! \*/ cm \°
U ) = - U (b
cml umassy utemp, utime4 / cmapy
em~1\* /em~ 1\ ¥ /cm\?
= — 1 U ).
gm degK sec/ cgsK
Equation (1.89a) becomes

1 2 2 -1 —1
N (1 r)-cm 2 = (g) (a)cmwm—l) .[eXp<%) — 1} , (1.92a)
cm cm

where

(1.91b)

®Weml = Wemapy = N (w)= N (w) (1.92b)
cml cmafy
and
Tem1 = Tcmaﬂy =NT)= N ). (1.92¢)
cml cmafy
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1 1

Because w = wepmiecm™ and T = Typmicm™
Eq. (1.92a) can be written as

are both physical quantities,

2
(ey . L 1.93)
Mol =\ 27 e@/T — 1’ (L.

This is, as expected, Eq. (1.79a) with #, c, k replaced by 1.

Using Rule VIII to return to a system of units where mass, length, time, and
temperature have separate dimensions is less of a challenge than it looks. The first
point worth noting is that the only invariant unit is the cm; every other non-length
unit is a connecting unit. Working with the /T exponent of e, from the first step
of Rule VIII we have in the cm1 system of units

® a)cmlutimel_1 (1.94)
T Temputemp, '

By Rule V and the second step of Rule VIII, the right-hand side of Eq. (1.94)
should be dimensionless in both utime and utemp, so we multiply it by

utemp

=1
-
utlmel

to get

© _ Weml utimel_1 ‘ utemp, (1.95)
T T.n utemp, utimel_1

Recognizing the separate dimensions of mass, time, and temperature transforms
the right-hand side of (1.95a) to

W eml utime;1 utemp, Oemafy utimeéf1 ! utempy, (1.95b)

Tcm1  utempy utime;1 Temepy utempy utimeZ1 ’ '
where Egs. (1.92b, c) have been used to replace wcm1 and Tcmp by their equivalent
numerics in the cmafy system of units. The dimensional constant

utempy,

V=1 T

i (1.96)
utlme4

does not look familiar, but it becomes recognizable if we convert it to the cgsK
system of units. Equations (1.82a—c) give

utempy

v=1- I

— =(y_1,3_1)-degK-sec.
utime,,
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From Eqgs. (1.85) and (1.88a)

chshcgs 1 _ hcgs

kcgsK Ccgs kcgsK

With this clue and the definitions of # and k, we easily see that

gm - cm?
ficgs 8 sec
W=[—-) degK-sec= — =7 (1.97)
kegsk gm- cm

[ il
K ec? - degK

Equation (1.97) relates the physical quantities W, 4, and k in any system of
units recognizing mass, length, time, and temperature as its four fundamental di-
mensions. Therefore, W = /i/k in the cmafy system of units, and we can use
Egs. (1.96) and (1.95b) to write

Deml utime;, ! _utempy <a)cmaﬁy ' utimell) W= (9) f (1.982)

Tem1  utempy utimeZl Temapy —Utempy T) &k
where
® = Wemepy Utime ! (1.98b)
and
T = Temepyutempy (1.98¢)

are recognized as the physical quantities they are, showing that Rule VIII has been
successfully applied to the w/T exponent of e.

Now we apply Rule VIII to the n,7 and w? of Eq. (1.93). The n,r on the left-
hand side of Eq. (1.93) starts with dimensions of inverse area in the cgsK system
of units; and since cm is an invariant unit when going from the cgsK to the cma8y
to the cm1 system of units, we know that n,7 has units of cm~2 in Eq. (1.93).
Applying U1 to both sides of Eq. (1.93) gives

cm

U (to7) = U1<w2> - Ul[<2n>—2] : U1[<ew/ 1]

1.99
= U(@?-1-1= U (. (4
cml

cml

In cm1 units both 1,7 and w? have units of cm™2, balancing this equation in the
cml system of units; but the first step of Rule VIII requires the units of w? to be
written as utimel_2 = cm™?2 because w is an angular frequency:

o = (wemiutime '), (1.100)
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The second step of Rule VIII requires that n,7 and w? be separately balanced in
both the cm and utime; units, so we multiply the right-hand side of Eq. (1.100) by
utime% /em?, which equals 1 in cm1 units, to get

5 . _p utimep 2
®” = | wcmutime; - m . (1.101)

Now we are ready to apply Rule VIII to all of Eq. (1.93). Substituting
Eqgs. (1.95a) and (1.101) into Eq. (1.93) gives

1\?2 . _1 utimej 2
ner =\ — a)cm]utlme1 .
2 cm

8 [exp(a)cml _ utimel_1 _ utemp, ) B 1i|_1
Temi utemp; utimel_ 1

(1.102a)

The n,r has units of cm™2, so this formula is separately balanced in the

cm, utime;, and utemp; units as required by the second step of Rule VIII. Per-
forming the final step of Rule VIII, we recognize the separate dimensions of mass,
time, and temperature:

2 2 L -1
1 . _p utimey Wem1 utime, ! utempy,

Ner = | — Wemiutime, - exp . "7 -1 .
2 cm Tem1 utempy utime N

Equations (1.92b) and (1.98a) are used to get

1)\? L _1\2 utimey 2 how -1
an=(5> (wcmaﬁyutlme41) (1- o ) [exp(ﬁ)—l] . (1.102b)

2

The left-hand side of (1.102b) does not change because it has units of cm™“ and
the cm is an invariant unit when going from the cm1 to the cmafy system of units.
From Eq. (1.89d) we see that

! utimey

1
C’

cm

and from Eq. (1.98b)

w, utime ! 2 w?
cmafy 4

because these are true physical quantities in any system of units based on the four
fundamental dimensions mass, length, time, and temperature. Equation (1.102b)

now becomes
(Y exp( ") 1 B (1.102¢)
Mol = 2rc *P kT ' '

This last step returns us to Eq. (1.79a), the original formula for n,7.
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CHAPTER 2

UNITS ASSOCIATED WITH NINETEENTH-CENTURY
ELECTROMAGNETIC THEORY

At the beginning of the nineteenth century, the study of electricity and magnetism
were two separate disciplines with separate sets of units. Both sets of units recog-
nized only mass, length, and time as fundamental physical dimensions, because the
recent eighteenth-century triumphs of Newtonian physics had predisposed scien-
tists to assume that these three dimensions were the only ones needed to describe
nature. The conceptual neatness of separate units disappeared, however, during the
first half of the nineteenth century, due to the discovery of ever more profound con-
nections between electrical and magnetic phenomena, a process culminating with
Maxwell’s identification of light as electromagnetic radiation. Units for the new
combined discipline of electromagnetism could be created either by extending the
electrical units to cover magnetism, creating a new system called electrostatic units
(esu), or by extending the magnetic units to cover electricity, creating a new system
called electromagnetic units (emu). We shall see that both procedures gained wide-
spread acceptance, requiring scientists to become familiar with both systems. To
make the situation even more confusing, the two systems gave units that depended
in different ways on mass, length, and time to the same electromagnetic physical
quantities. Consequently, esu and emu units, unlike the units of Newtonian physics,
are different in kind as well as size; this inevitably became a source of discontent to
those who felt that the same kind of physical quantity should always be measured
by the same kind of physical unit.

During the second half of the nineteenth century, the situation began to sort
itself out with the growth and adoption of “practical” units based on a rescaled
system of emu units. Although these units did not long survive the nineteenth cen-
tury, historically speaking they paved the way for the most widespread electro-
magnetic system in use today, the rationalized mks system. In this chapter we not
only present the system of practical units but also discuss the growing realization
that electromagnetic units could be based on four, rather than three, fundamental
dimensions— mass, length, and time, and something electromagnetic (for exam-
ple, charge). The easiest way to show how this all fits together is to sketch in a
very old-fashioned, nineteenth-century version of electromagnetic theory, showing
how nineteenth-century formalism influenced the development of the first electro-
magnetic units. Every attempt is made to point out where modern practice differs
from what is being presented; however, none of the facts or equations given here
are in any sense wrong—they are just old-fashioned, occasionally looking strange
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to the eye of the modern engineer or physicist.* The text assumes a good but not
necessarily advanced knowledge of electromagnetism, only presenting as much in-
formation as is required to understand the system of units being discussed; and, the
emphasis is always on how to transform from one set of units to another, showing
how the equations and formulas change when this occurs.

2.1 ELECTRIC FIELDS, MAGNETIC FIELDS, AND COULOMB’S LAW

Modern introductions to electromagnetic theory almost always begin with
Coulomb’s law for the force F' between two point charges Q1 and Q>. Written
in nineteenth-century notation it is

F= Ql—sz, (2.1a)
eor
or in vector form
= 010> .
Fip = -T2, (2.1b)
gor

where r is the distance between the point charges, F1» is the vector force of charge
1 on charge 2, and &g is a constant that came to be called the permittivity of free
space. The symbol 71, represents a dimensionless vector pointing from charge 1 to
charge 2, whose length is the numeric value 1; vectors of this sort are written with
a caret and called dimensionless unit vectors.

Perhaps the most basic nineteenth-century construct that has disappeared
from today’s formulations of electromagnetic theory is the point magnetic pole;
nineteenth-century introductions to electromagnetic theory give as much promi-
nence to Coulomb’s law for the force between two point magnetic poles as they do
to Coulomb’s law for the force between two point charges. Coulomb’s law for the
force F between two point magnetic poles having pole strengths (py)1 and (pg)2
is, written in nineteenth-century notation,

Fe (PH)I(I;H)Z (2.22)
por
or in vector form
- (p1(pH)2 .
Fip= PHCDHR (2.2b)
por

* Fortunately we can leave out altogether the idea of the Iuminiferous ether, the hypothetical
nineteenth-century medium through which electromagnetic radiation propagated, because it played
no significant role in the development of nineteenth-century units.
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where r is the distance between the point poles, F 12 is the vector force of pole 1 on
pole 2, 715 is the dimensionless unit vector pointing from pole 1 to pole 2, and g is
a constant that came to be called the magnetic permeability of free space. When a
specified point charge interacts with other point charges, the Coulomb forces from
the other charges add together like vectors to give the total force on the specified
charge. The same is true for the Coulomb forces of multiple magnetic poles; when
a specified pole interacts with other magnetic poles, the forces from the other poles
add together like vectors to give the total force on the specified pole.

Permanent magnets have two poles that are equal in magnitude and opposite
in sign. Figure 2.1 shows that when a typical bar magnet or compass needle is
suspended and allowed to swing freely in a plane parallel to the earth’s surface,
one pole is always pulled north and the other pole south. The north-seeking pole
of the magnet, or north pole for short, is assigned a positive pole strength; and
the south-seeking or south pole is assigned a negative pole strength. Nineteenth-
century texts are always quick to point out that, unlike electric charge, a magnetic
pole cannot be isolated. If a bar magnet or compass needle is cut in half we get two
smaller magnets or needles, each with equal and opposite north and south magnetic
poles (see Fig. 2.2 ). Indeed, to this day there have been no confirmed observations
of isolated magnetic poles (called magnetic monopoles), although experiments are
still occasionally performed to see whether they exist. For this reason, Egs. (2.2a, b)
are interpreted as describing the attractive or repulsive force between the poles of
two long, thin magnets whose opposite poles are so distant that their influence can

Magnet's north pole is assigned a positive strength
and points to the earth's north pole.

Magnet's south pole is assigned a negative strength
and points to the earth's south pole

earth's rotation P o

Figure 2.1 When a bar magnet or compass needle is allowed to swing freely, the
positive pole of the magnet is pulled toward the earth’s north pole and the negative
pole of the magnet is pulled toward the earth’s south pole. The positive pole is
called the magnet’s north (short for north-seeking) pole and the negative pole is
called the magnet’s south (short for south-seeking) pole.
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north pole south pole

- %

P —

north south north south
pole pole pole pole

Figure 2.2 The poles of a permanent magnet cannot be isolated by breaking it
into pieces.

be neglected. Figure 2.3 is a diagram of the sort of torsion balance Coulomb used to
verify Egs. (2.2a, b) for the poles of permanent magnets. Indeed, it is much easier
to demonstrate the truth of Coulomb’s law for magnetic poles [Eqgs. (2.2a, b)] than
it is to demonstrate the truth of Coulomb’s law for point charges [Egs. (2.1a, b)]
because the pole of a permanent magnet, unlike the electric charge on a small
object, is not affected by accidental grounding or humidity in the air.

From Coulomb’s law it is a short step to electric and magnetic fields. The elec-
tric field of an isolated point charge Q is, in nineteenth-century notation,

E = %f; (2.3a)
Eor

and the magnetic field of a magnetic pole of pole strength pg is

PH .

H=-""5F
for?

(2.3b)

In Eqgs. (2.3a, b) the E or H field is defined for all points in space surrounding the
point charge or magnetic pole. When the electric or magnetic field is evaluated at a
particular point, called a field point, the variable r in Egs. (2.3a, b) is the distance
from the position of the point charge or magnetic pole to the field point, and 7 is
the dimensionless unit vector pointing from the point charge or magnetic pole to
the field point.

The interaction of point charges can be analyzed in terms of fields. Equa-
tion (2.3a) is used to assign an electric field E i to the i’th charge of a collection of
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Figure 2.3 This is a diagram of the sort of torsion balance used to verify Coulomb’s
law for the poles of a permanent magnet.

point charges. We then add together at any desired field point the individual elec-
tric fields of all the electric charges to get the total electric field E =) _; E; for the
entire collection of charges. If a test charge Q is placed at that field point, and if Q
is small enough not to disturb the positions of the other charges, the force on that
test charge can be written as

F=QE. (2.4)

Equation (2.4) follows directly from (2.1b), Coulomb’s law for electric charges;
these equations are just different ways of stating the same mathematical idea. No-
tice, however, how much more comfortable this way of looking at electrical phe-
nomena is to the nineteenth-century experimental scientist. In his laboratory he can
assemble a collection of batteries, wires, and charged metal objects—but locating
all the charge is a tedious and ultimately ambiguous task. However, he can easily
create a small test charge and move it around to measure the electric field; and
every time the same collection of batteries, wires, etc., is assembled he finds the
same electric fields at the same field points. It is quite natural for him to end up
attributing as much reality to the electric field as to the charges creating it.
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The interaction of magnets can also be analyzed in terms of fields. We use
Eq. (2.3b) to assign a magnetic field H; to the i’th pole of a collection of poles
and then add together all the poles’ individual fields to get the total magnetic field
H =) ; H; for the entire collection of poles. Because isolated magnetic poles do
not exist, the least-complicated magnetic field that can be constructed this way
is Hrpast = Hy + H», with H| the field of a north magnetic pole and Hzﬂthe
field of the corresponding south magnetic pole. Any physically realistic field H =
>, H; constructed from individual poles must also be the sum of Hygasr fields
corresponding to the north-south poles of individual magnets. Although the force
F on an isolated pole of strength pg would, in fact, be

F=pyH, (2.5)

we also know the experimenter cannot create or find such an isolated test pole.
Coulomb’s strategy of using long, thin magnets to lessen the influence of the un-
wanted opposite pole may not work well when investigating an unknown magnetic
field, because the field can influence both poles simultaneously. In practice what
was done instead was to place a small magnetic needle at the field point and allow
it to oscillate about its equilibrium position, with H being inversely proportional to
the square of the period of oscillation (see Appendix 2.A). Although a nineteenth-
century experimental scientist could easily locate the poles of all nearby permanent
magnets, he too finds the field concept useful when examining the effect of the
earth’s magnetic poles; not having access to earth’s interior, all he knows for sure
is the value of the earth’s magnetic field inside his laboratory. It is again natural for
him to end up attributing as much reality to the magnetic field as to the magnetic
poles that create it.

2.2 COMBINED SYSTEMS OF ELECTRIC AND MAGNETIC UNITS

When in 1820 it was discovered that an electric current produces a magnetic field,
the need for a combined system of electric and magnetic units became clear. In
nineteenth-century notation the magnetic field near a long, thin wire carrying a
constant current / is

H=""0¢, (2.6)

where, as shown in Fig. 2.4, r is the distance from the wire carrying the current
to the field point and the dimensionless unit vector ¢ equals b x 7, with 7 the
dimensionless unit vector pointing from the wire to the field point and » the di-
mensionless unit vector pointing in the direction of the current. An electric current
is always defined to be

_d0

I_ ’
dt

2.7)
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1

Figure 2.4 Unit-length vectors ¢, 7, and 1 are used to specify the magnetic field
generated by current [.

the amount of charge d Q moving through the cross-section of the wire during an
amount of time dt.

Do we have enough information in Egs. (2.1a) through (2.7) to set up a system
of electromagnetic units? Suppose we keep mass, length, and time as our funda-
mental dimensions and formally apply the [{t operator described in Chapter 1 [see

m

Eq. (1.29¢)] to Egs. (2.1a) to (2.7). Either Eq. (2.1a) or Eq. (2.1b) gives

2
UF) = mass - length [I}I’L(Q}]
mit B time? B U (e0) -length2

mlt
or
1/2mass'/2 - length3/?

U(Q) = Ueo)] ot (2.84)
mlt mlt time

From Eq. (2.2a) or Eq. (2.2b) we similarly get

1/2mass!/2 - length?/?

U(pn) = [U (Mo)] . ; (2.8b)
mlt mlt time
and from Eq. (2.3b) comes
rHt(pH) massl/2
U(H) = 5 = 73 R (2.8¢)
mit Ult(,uo) ‘length®  [U (u0)] /" - length!/? - time
m mlt

where in the last step we have substituted for U (py) from Eq. (2.8b). From
mlt
Eq. (2.7) we have

U(Q) ! 1/2 3/2
/2mass'/~ - length
UD="0— =[] = (2.8d)
mlt time mit time
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where in the last step U (Q) is replaced by the right-hand side of Eq. (2.8a). Ap-
mlt
plying U to Eq. (2.6) gives
mlt

I{(l )
H)=1"—, 2.8
rHt( ) length (2.8¢)
and substitution of Egs. (2.8c, d) into Eq. (2.8e) leads to
mass!/? 1/2mass!/2 - length!/?
72 02 o [U(SO)] imeZ
[U(Mo)] -length /2 . time mlt time
mlt
or
time 2
(Vo] [uen]= . (2.8
mit mlt length

No matter how the equations of nineteenth-century electromagnetic theory are
pushed around—even when we include all of Maxwell’s equations—this is the
result that shows up. We always find that the product oo has the dimensions of
a squared inverse velocity, length~2- time?, but we cannot pin down the dimen-
sions of either gy or pg as separate physical quantities. Quite naturally this was
often taken to mean that more research was needed; some new law of nature yet
to be discovered was expected to reveal the true dimensions of both g9 and pg.
Table 2.1 shows what happens when this outlook is adopted wholeheartedly and
the dimensions of all the common electrical quantities are evaluated in terms of
mass, length, and time and the yet-to-be-discovered true dimensions of &g and 0.
We use

eps = U (g9) (2.9a)
mlt
and
mu = U (o) (2.9b)
mlt

to label the unknown true dimensions of gy and wq. In the second column of Ta-
ble 2.1, Eq. (2.8f) is used to eliminate w from all the dimensional formulas; and in
the third column of Table 2.1, Eq. (2.8f) is used to eliminate &y from all the dimen-
sional formulas. Unfortunately for this point of view, no one has (so far) been able
to find that one extra law of nature revealing the “true” dimensions of &y and wo.
In a way, all physics and engineering students confused by the multiple systems of
electromagnetic units in use today are still paying for this nondiscovery, because it
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is still not compellingly obvious how electromagnetic units should be related to the
three mechanical dimensions of mass, length, and time. The problem is an irritat-
ing one, because not knowing the true dimensions of gy and o has experimental
implications. Mathematical procedures used to get Eq. (2.8f) can be repeated with
careful measurements of all the physical quantities involved. Just as no equation
like

U (g9) = {mechanical dimensions not including U (,uo)}
mlt mlt

or

U (o) = {mechanical dimensions not including U (&g) },
mlt mlt

can be found, so we can never get an experimental result of the form
g0 = {mechanical quantities not including /L()}

or
no = {mechanical quantities not including 8()}.

We literally cannot measure gg and p( as separate quantities; the best that can be
done is to measure their product, which turns out to be one over the speed of light
squared:

1
80M0=—2. (2.10)

c
This is no accident, of course. Maxwell’s equations show that time-varying electric
and magnetic fields can propagate as waves travelling at a speed

v = (eom0) %,
so if light is electromagnetic radiation—and it is—then Eq. (2.10) is exactly what
we expect to find.

2.3 THE ESU AND EMU SYSTEMS OF UNITS

Since nature does not assign unique values to both g9 and 1, nineteenth-century
scientists had to do the job. Two choices were made, one leading to the cgs electro-
static system of units and one leading to the cgs electromagnetic system of units.
Both systems of units use cm, gm, sec as their fundamental units of length, mass,
and time. In the cgs electrostatic system of units, called esu units, we choose

go=1, (2.11a)
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so that, to satisfy Eq. (2.10),

1
o= . (2.11b)

In the cgs electromagnetic system of units, called emu units, we choose

wo=1, (2.12a)
so that, to satisfy Eq. (2.10),
1
0= 2 (2.12b)

In esu units, &g is dimensionless and equal to 1, disappearing from all of the elec-
tromagnetic formulas. These are convenient units for analyzing electrostatic phe-
nomena. In emu units, g, dimensionless and equal to 1, disappears from all the
electromagnetic formulas; these are convenient units for analyzing magnetostatic
phenomena.

As was explained in Chapter 1, we can—for any system of units—define U and
N operators for examining the units and numeric parts of physical quantities. We
say that U and N are the U and N operators for the cgs esu system of units and

esu esu
that U and N are the U and N operators for the cgs emu system of units. We
emu emu
require
U (bmecn) = U (buech), (2.13a)
esu cgs
N (bmecr) = N (buech), (2.13b)
esu cgs
U (buecn) = U (bmech), (2.13¢)
emu cgs
N (bmecH) = N (bmEchH) (2.13d)
emu cgs

for any physical quantity byrcy, which is purely mechanical in nature. Physical
quantities such as mass m, length L, time ¢, force F, velocity v, acceleration a,
etc., are purely mechanical physical quantities because they can be understood and
measured without worrying about charge, magnetic pole strength, electric current,
electric and magnetic fields, or any of the other electromagnetic physical quantities
described later in this chapter. We use a lowercase esu or emu subscript to indicate
the numeric component of any electromagnetic or physical quantity b in the esu or
emu system of units:

N (b) = besu, (2.13e)

esu

N (b) = bemu. (2.131)

emu
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This just continues the convention used in Chapter 1 where a lowercase subscript
(such as cgs or mks) indicated the numeric component of a physical quantity in the
system of units specified by the subscript. From Egs. (2.13b) and (2.13d) we see
that for mechanical physical quantities byrcy

e1;{1(bMECH) = (DMECH)esu = gs(bMECH) = (bMECH) cgs

and

N (byech) = (bmecH)emu = N (byecH) = (DMECH)cgs-
emu cgs

All U and N operators have to obey the rules described in Section 1.6. We now
apply U, N and U, N to Egs. (2.1a) through (2.7) to find out what they mean

esu esq emu emu X . .
when operating on electromagnetic physical quantities such as Q, py, E, H, etc.

Starting with Egs. (2.1a) and (2.13a), we apply U to both sides to get
esu

U(0)?
U(F) = U(F) = dynes = 2 _ ' .
esu cgs sec? U (&9) - cm?
esu
Equation (2.11a) shows that U (e9) = 1, which gives
esu
gm!/2 . cm?/2
uiQ)==———. (2.14a)
esu sec

This is an odd-looking result; but in principle nothing prevents us from using frac-
tional powers of fundamental units, so we continue. From Eqgs. (2.12b) and (2.13c),

8602

— -2y _ >~
e}nju(g()) o c[gIs(C ) B cmz’

so applying e[rflJu to both sides of Eq. (2.1a) gives

2
gm-cm — egu(Q)
sec? sec?
or
U (Q) =gm!/?.cm!/2. (2.14b)

emu

This takes care of finding U (Q) and U (Q) for any charge Q.
esu emu
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To find N (Q) and N (Q) for any charge Q, we compare two point charges

Q04 and QOp to a third unchangmg point charge Q¢, adjusting Q4 and Qp until
they both experience the same Coulomb force at the same distance from Q¢ . Then,
we know that Q4 = Qp = Q’, and Eq. (2.1a) shows the repulsive force between
04 and Qg to be, when separated by a distance r,

F = gf’i. (2.14¢)
Applying g} to Eq. (2.14e) gives
g:{](Q/)z
Fesu = chs m,
or, since &g = 1 in esu units,
N(Q") = Qg = regsy/ Fegs: (2.14d)

esu

This result specifies N (Q) in terms of the already known numerics Fegs and Fegs.
esu
The numerical component N (Q p) of any other point charge Q p can now be found
esu

from the Coulomb force between Qp and Q’. We say that the Coulomb force
between Q p and Q' when they are a distance R apart is

0pQ’

f=—r

E}

and applying N to both sides of this gives
esu

gil(QD)Qésu
fcgs = W
or
N(Qp) = M. (2.14e)

esu CSU

The equations of electromagnetism are self-consistent, so applying N to any other
esu

formula containing the point charge Qp, permittivity &g, and other mechanical

quantities must give the same numbers for N (Q p), the numeric component of the
esu

point charge in esu units. Because all charge can be analyzed as a collection of
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one or more point charges, we can now regard N as a well-defined quantity when
esu

operating on charge.
To find N (Q), we again compare two point charges Q4 and Qp to a third
emu

unchanging point charge Qc, adjusting Q 4 and Q p until they both experience the
same force at the same distance from Q¢. Once more, Q4 = Op = Q’, and we
can apply N to Eq. (2.14c¢) to get

emu

N (Q)?
emu

2
eln\{u(g()) ngS

Femu—chs=

2

or, since &y = ¢~ “ in emu units,

) PPN
N (Q) = Qb = —=/Fegs- (2.14f)
emu C,

cgs

This specifies N (Q’) in terms of the already known numerics Tegss Fegss and cegs.
emu

Just as in esu units, the Coulomb force f between Q' and any other charge Qp
when Q" and Q p are separated by a distance R is

_ 0pQ'

goR?
Applying eln\lIu to both sides of the formula gives

elr;]u(go) fcgs Rczgs
N(Qp)=S —
emu

emu

or, since N (&) = cc_gzs,
emu
fegs R?
N (Qp) = —F. (2.14)
emu emu - cgs

This specifies N (Qp) in terms of already-known numeric components. Again we
emu

note that any other formula for the charge in terms of ¢y and mechanical quanti-
ties must give the same number for N (Qp), because the electromagnetic equa-
emu

tions are self-consistent. Since all charge can be analyzed as a collection of point

charges, N is now a well-defined quantity when operating on charge.
emu

Comparing Egs. (2.14d) and (2.14f) shows that we can write

N(Q/) = chs : eljlu(Q/) (214h)

esu
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This means that Qg = Cegs Qemy- Comparison of Egs. (2.14e) and (2.14g) gives

cas Regs 1
fgi/ g - N@Qp), (2.141)

eliu(QD) (Cc_g]s esu)ctzzgs Cegsesu
which shows that Eq. (2.14h) still holds true when Qp replaces Q’; clearly
Eq. (2.14h) must be true for the numerical component of any point charge. Be-
cause all charge can be regarded as a collection of point charges, we conclude that
Eq. (2.14h) holds true for the numerical components of any type of electric charge.
Applying U to Eq. (2.2a) for magnetic poles gives
esu

2 gm - CIl’l3
U (pr)? = =———U (o).
sec esu

esu

From Eq. (2.11b) we get

sec?
U (ko) = >
esu cm
so for magnetic poles
U(pH)zgml/z-cml/z. (2.15a)
esu

From Eq. (2.12a) we know that U (ug) must be 1, so applying U to both sides of
emu emu
Eq. (2.2a) gives

3
gm - cm
=——= U (pn)’
seC emu
or
B gml/z .em3/?
U (pg)=———""". (2.15b)
emu SE€C

Creating two equal-strength magnetic poles to the accuracy required by
nineteenth-century scientists is simple: just break a long, thin bar magnet in half,
as shown in Fig. 2.2. This produces two long, thin bar magnets, with both magnets
having the same-strength north poles and same-strength south poles. (To confirm
this, compare the pole strengths of the new magnets to that of a third.) Coulomb’s
torsion balance in Fig. 2.3 can then be used to measure the force

_ (pu)?

F
[or?

(2.15¢)
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between two identical poles of strength py a distance r apart. Applying N to Eq.
esu
(2.15¢) gives

N (pr)* = Fegs s N (120)
esu esu

or, since N (10) = N(¢™?) = ¢z,
esu esu
.,
N (pr) = —2/Fegs. (2.15d)
esu chs

This specifies N (pg) = (P )esu in terms of the already-known numerics regs, Fegs,
esu
and ccgs. The numeric part of the pole strength for any third magnet, N (p},), can
esu

be found by using the torsion balance to measure the force f between it and one
of the two magnets of known pole strength (pg)esu- When the poles are separated
by a distance R, which is short compared to the lengths of both magnets,

_ (pw)(Py)
"~ uoR?

so that, applying N to this formula, we get
esu

2
el:L(MO) Jegs Rigs ) chRczgs

N (ply) =

= 5 (2.15¢)
esu (PH)esu (pH)esuccgs

Equations (2.15d, e) show how to find the numeric component of the pole strength

in the esu system of units for any pole p),. Therefore, N is a well-defined quantity
esu

when operating on pole strengths. Repeating the process in the emu system of units,
we apply N to both sides of Eq. (2.15¢) and use N (o) =1 to get
emu emu

N (pn)?
chs =T 5
rggs
or
eln\llu(pH) = Tegsy/ chs- (2.15f%)

The numeric part of the pole strength for any third magnet in emu units, N (p},),
emu

is specified by comparing it to the known value of

eln\llu(PH) = (PH)emu-
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We apply N to the formula for the Coulomb force f between py and p}, when

emu
separated by a distance R much smaller than the magnets’ lengths to get [remember

N (uo) =1]

€mu

fegsRigs
N (p}) = — =&, (2.15g)
emu (pH) (pH)emu g

The self-consistency of electromagnetic theory ensures that any other formula for
the pole strength in terms of o and mechanical quantities must give the same

numbers for its numeric component as Egs. (2.15d-g). This makes N a well-
emu

defined quantity when operating on pole strengths. Comparison of Eq. (2.15d) to
Eq. (2.15f) shows that

N (pn) = Cegs ‘elil(PH) or (PH)emu = Cegs - (PH)esu;

emu

and comparison of Eq. (2.15g) to Eq. (2.15e) shows that

N (p/ )_ fcgnggs _ fcgnggs —¢c . N(p/ )
emu (PH)emu chs(pH)esu e e\ H

Since the numeric component of the pole strength in emu is ccgg times the numeric
component of the pole stength in esu both for the original pole py and for any
other pole p),;, we conclude that for any size magnetic pole p’,

N (p}) = cees - N (Phy)- (2.15h)

emu esu

Moving on to electric field, Eq. (2.4) shows that

UF)=U(Q)- U(E)

esu esu esu

or, using Eq. (2.14a) and dyne = gm - cm - sec™2,
U(E) dynes - sec gm!/? (2.162)
= = . .10a
esu gm!/2.cm3/2  cml!/2.sec
Applying N to Eq. (2.4) gives
esu
F
elil( ) chs

N(E)=

- . (2.16b)
esu eI:L(Q) Qesu
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The U operator can be applied to Eq. (2.4) to get, using Eq. (2.14b),

emu

em!/2 . cm!/2
U(E)=——F— (2.16¢)

emu 8602

and the N operator can be applied to Eq. (2.4) to get

emu

al (F) chs

emu

N (E) =

= . (2.16d)
emu ell\qlqu (Q) Oemu

These equations give the esu and emu units of the E field and specify

N(E)=Eesy and N (E) = Eemy

esu emu

in terms of the already-known numerics Qesu, Qemu, and Fegs. Hence, U, U, N
esu emu esu

and N are well defined when applied to an electric field E.

emu

Examining the magnetic field, we get from Egs. (2.5), (2.15a), and (2.15b) that

gn,11/2 . le/z
U(H) = =——F— (2.17a)
esu Sec
and
gIn]/2
UH)=—F7-"—"—. (2.17b)
emu le/2 - SeC

We cannot apply N and N to Eq. (2.5) directly because we cannot create an iso-
esu emu

lated magnetic pole. Instead, we create a small magnetic needle of length /, mea-
sure the strength py of its north and south poles, and find the distance L between
them to get, from Eq. (2.A.5b) of Appendix 2.A,

2 Megsl?
T
N(H):Hesu:_'Lgsz (2.170)
esu 3 (PH)esuchs Tcgs
and
2 Megsl?
T Cgstcgs
N (H) = Hopy = = . , (2.17d)
emu e 3 (pH)emu chs Tc%gs

where M5 is the numeric part of the needle’s mass in cgs units (i.e., in gm), and
T¢gs is the numeric part of the needle’s period of oscillation in cgs units (i.e., in
sec), when it is suspended at the field point. Equations (2.17c¢, d) specify Heg, and
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Hemy in terms of the already-known numerics Mcgs, Legs, legs, Tegs, and (pg)esu OF
(pH)emu- We see that now U, U, N, and N are well defined when applied to

eésu emu esu emu

any magnetic field H.
When comparing Egs. (2.14a) and (2.15b), we notice that

U(Q) = U (pn), (2.18a)
esu emu
and from Egs. (2.14b) and (2.15a) we see that
U(pa)= U (Q). (2.18b)
esu emu

Similarly, Egs. (2.16a), (2.17b), (2.16c¢), and (2.17a) show that

U(E)= U (H) (2.18¢)
and
e[SJu(H) = eI[qu(E). (2.18d)

In these equations, the esu units for an electrical quantity (such as charge or elec-
tric field) are the same as the emu units for the corresponding magnetic quantity
(such as magnetic pole strength or magnetic field), and the esu units for magnetic
quantities are the same as the emu units for the corresponding electrical quantities.
This symmetry comes from the basic similarity of the formulas used to elaborate
nineteenth-century electromagnetic theory—Coulomb’s laws for electric charges
and magnetic poles, Egs. (2.4) and (2.5) defining the electric and magnetic fields,
and Egs. (2.11a) through (2.12b) for g9 and pg in the esu and emu systems. Ta-
ble 2.2 lists the major electrical and magnetic physical quantities having the sym-
metry specified in Egs. (2.18a—d); we see that this pattern does not end with the
few basic electromagnetic physical quantities that have been defined so far.

We also see from this preliminary analysis that the numbers given by the opera-

tion of N and N on electromagnetic physical quantities can always be calculated
esu emu

from the values given by N and N operating on previously defined terms. In
esu emu

Egs. (2.1a, b), Q is specified in terms of r, F, and &g, and in Eqs. (2.14f-i) this
is used to define N (Q) and N (Q). In Egs. (2.2a, b), py is specified in terms of
esu emu

r, F, and po; and in Egs. (2.15d—g) this is used to define N (pg) and N (pg). In
esu emu

Eq. (2.4), E is specified in terms of F and Q; and in Eqs. (2.16b, d) this is used to
define N (F) and N (E). Even when the equation introducing a new electromag-
esu emu

netic quantity by, cannot be used to define the operation of N and N on byey, the
esu emu

self-consistency of electromagnetic theory eventually produces a way to calculate
N (bpew) and N (bpew) from already known physical quantities. For example, the
esu emu



Table 2.2 Symmetry in esu and emu systems for selected electric
and magnetic physical quantities.
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sec?
U(gg) = U (up) =1 U (o) = U (e9) = —
esu emu esu emu cm
gm!/2 gm!/2.cm!/2
U(E)=U (H)=—7>— UH)= U(E)==——F—
esu emu ceml/2 . sec esu emu sec2
om!/2 om!/2
UMD)= U (B)=—7H— U(B)= U (D)=
esu emu cml/2 . sec esu emu cm3/2
12 .32
gm'/%.cm
U(Q)= U (pg)="———— | U(px)= U (Q)=gm!/2.cm!/2
esu emu sec esu emu
12 .52
m -cm
U= Umy) =" | U(my)= U (p)=gm!/?-cm?
esu emu sec esu emu
om!/2 am!/2
UP)=UWMy)=—7—— UMy)= U (P)==—"%7
esu emu Cm1/2 - SecC esu emu Cm3/2
om!/2 . em!/2 om!/2 . em3/2
U(V)=U0Qy)=————| U Qyp)=U0UV)=——F—
esu emu sec esu emu sec2
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magnetic field in Eq. (2.5) is calculated using Eqgs. (2.17¢, d) from Appendix 2.A.
Because there must always be some way of measuring any newly introduced phys-

ical quantity bpew, we can always determine N (bpey) and N (bpew) from the op-
esu

eration of N and N on previously measured physical quantltles In this sense,
esu emu

there is no real need to examine any further the behavior of the N and N operators
esu emu

when they are applied to electromagnetic physical quantites, because they automat-
ically define themselves as we elaborate electromagnetic theory using esu and emu

units. The same thing, of course, could be said about the action of the U and U
esu emu

operators—that they automatically define themselves as we elaborate electromag-
netic theory using esu or emu units. Our goal, however, is to learn how to transform
an equation in esu units to the corresponding equation in emu units, or to transform
an equation in emu units to the corresponding equation in esu units. Given an equa-
tion, we can always assume that all electromagnetic physical quantities have some

sort of numeric components given by N and N, but we need to write down the
esu emu

exact form of the units to transform equations from one system to the other. Con-
sequently, it makes sense to continue analyzing the esu and emu units of electro-
magnetic physical quantities. From this point on, we assume the existence of well-

defined N and N operators as we use nineteenth-century ideas—and the U and
esu emu esu

U operators—to find the units of standard electromagnetic physical quantities.
emu
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2.4 THE D AND B FIELDS

Nineteenth-century electromagnetic theory used two auxiliary fields, the D field
and the B field, to describe the interaction of the electric and magnetic fields with
bulk matter. To understand these fields we have to introduce the concepts of electric
and magnetic dipole moments and dipole moment densities.

A bar magnet is defined to have a permanent-magnet dipole moment

mu = (lpul-L)é, (2.192)

where | pg| is the magnitude of the north and south poles’ magnetic pole strength,
L is the distance between the poles, and ¢ is a dimensionless unit vector pointing
from the negative pole to the positive pole. We insist on the somewhat awkward
phrase “permanent-magnet dipole moment” because during the first half of the
twentieth century another definition of magnetic dipole moment almost completely
replaced the nineteenth-century one given in Eq. (2.19a). The definition of dipole
moment in Eq. (2.19a) is a mathematical concept; it is defined for any pair of
poles that are equal in magnitude, opposite in sign, and separated by a distance L.
The next step is to shrink L while increasing |pg| in such a way that the product
|pH| - L remains constant. This leads to the definition of the permanent-magnet
dipole moment at a point,

my=lim [(Ipul-L)é]. (2.19b)
|pr|—00
L—0

The concept of a permanent-magnet dipole moment at a point can be used to define
a density of permanent-magnet dipole moments. We say that the total permanent-
magnet dipole moment inside an infinitesimal volume dV at any field point is

my=dV -Mpy, (2.19¢)

where M # is the permanent-magnet dipole density field at that field point. In empty
space, of course, my and My are always zero. The esu and emu units for m gy and
Mg come directly from their definitions and are given in Table 2.2.

The dipole density field is a useful concept because permanent magnets can be
modeled as a volume of space where My is not zero. Inside a magnet the positive
poles of the point dipole moments lie next to the negative poles of neighboring
point dipoles [see Figs. 2.5(a) and 2.5(b)], which means their individual fields tend
to cancel when My is approximately constant. Only at the boundaries of a region
of nonzero My are the positive or negative poles of the point dipole moments un-
cancelled by the corresponding negative or positive poles of adjacent point dipoles,
creating a strong positive or negative polarity. A bar magnet, for example, can be
approximated as having a constant interior M g field always pointing along the axis



UNITS ASSOCIATED WITH NINETEENTH-CENTURY ELECTROMAGNETIC THEORY 87
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Dimensionless
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Figure 2.5a The permanent-magnet dipole moment at a point is defined to be
my = [lim|plz|7)oo (Ipul-L)e.

North Pole South Pole

CamC @0 D=0
@=0O (OR(C] D=0
(O - O )
@®@=0 @0 ®=0
At the left edge there Away from the At the right edge there
is a region of net edges there is zero is a region of net
positive pole strength. net pole strength. negative pole strength.

Figure 2.5b A bar magnet can be approximated as a bar-shaped volume of con-
stant permanent-magnet dipole density.

of the bar [see Fig. 2.5(b)]. This not only accounts for the north and south poles
at the ends of the bar, but it also explains why when a bar magnet is broken, both
pieces always have north and south poles rather than just one isolated pole. The
action of magnetic fields on unmagnetized iron or steel objects can be explained
in terms of the magnetic field inducing (i.e., creating) a temporary dipole density
field M p 1n the unmagnetized iron or steel. When dealing with complicated sys-
tems of permanent and induced M g fields, nineteenth-century physicists found it
convenient to define a new type of magnetic field B called the magnetic induction

B=uoH + 47 My. (2.19d)
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Note that in emu units pg is 1, so that Eq. (2.19d) specializes to
B=H+4rMy, (2.19)

and using emu units in empty space gives B = H because M g =0.

One of the major attractions of B is that its divergence is always zero, no matter
what the distribution of permanent and induced M g fields happens to be. Readers
familiar with advanced electromagnetic theory know that zero-divergence fields
can be very useful when solving complicated electromagnetic problems. From a
historical perspective, it is worth noting that in the nineteenth century the H field
and its associated magnetic poles were regarded as the basic theoretical ideas, while
the B field was treated as more of a useful auxiliary construct. As we shall see, in
the twentieth century the H and B fields switched roles, with the B field taken to
be fundamental and the H field treated as a useful auxiliary construct. Their math-
ematical definitions remained the same, however, which is why in empty space the
H field is now defined, using Eq. (2.19d) with M p equal to 0, as

I R
H = — B = B divided by a constant, (2.191)
1o

instead of the more straightforward definition
H=8 multiplied by a constant.

Both electric dipole moments and magnetic dipole moments rely on the same
basic mathematical idea; hence, we can define an electric dipole moment to be

p=(0Ql-L)e, (2.20a)

where | Q| is the magnitude of equal positive and negative point charges separated
by a distance L, and ¢ is a dimensionless unit vector pointing from the negative
charge to the positive charge. By shrinking L while increasing | Q| in such a way
as to keep the |Q| - L product constant, we define the electric dipole moment at a
point to be

p= lim [(|Q|-L)é]. (2.20b)
0l—00
L—0

Again following the pattern of the magnetic-dipole discussion, we define a den-
sity field of point electric dipoles such that the electric dipole moment inside an
infinitesimal volume d'V at any field point is

p=dv.P, (2.20¢)
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where P is the electric dipole density field at that field point. Both p and P are
zero in empty space. The esu and emu units for p and P are given in Table 2.2.

The P field, like the M g field, is used to describe the interaction of matter with
electric fields. There do exist substances called electrets whose interiors can have
self-maintaining nonzero P fields analogous to the self-maintaining My fields of
permanent magnets. The interiors of most substances, however, can only have P
fields when under the influence of outside E fields. We say these P fields are
induced by the E fields.

When dealing with complicated systems of P and E fields, it is often useful
to divide the charge in the system into bound charge and unbound charge. The
unbound charge can be moved from one object to another using either mechani-
cal forces or E fields, but the bound charge only changes its position by micro-
scopic amounts under the influence of mechanical forces or E fields. Nineteenth-
century electrical scientists were primarily interested in the behavior of the un-
bound charge, so they found it convenient to define an auxiliary field called the
electric displacement:

D=goE +4n P, (2.20d)

which has the useful property that its divergence at any field point is proportional to
the density of unbound charge at that field point. In esu units g is 1, so Eq. (2.20d)
becomes

D=E +4nP; (2.20e)

and in empty space where P is zero we have, using esu units, D=E. During the
twentieth century, as physicists learned more about the electronic structure of mat-
ter, the distinction between bound and unbound charge became less useful, making
the D field seem less real—helpful in some types of problems, no doubt, but basi-
cally just a mathematical construct. Although the B field has gained status since the
nineteenth century while the D field has—if anything—Ilost status, Table 2.2 shows
their units in the esu and emu systems still have the same nineteenth-century sym-
metry as the electromagnetic quantities Q, pg and E, H:

U(D)= U (B).

U(B) = U (D).

esu emu

2.5 THE ELECTRIC AND MAGNETIC POTENTIALS

Although electromagnetic theory deals primarily with point charges, dipoles, mag-
netic and electric fields, in the laboratory even the simplest experiments depend
heavily on batteries, circuits, electric-current meters, etc. This was also the case in
the nineteenth century, and as engineers and scientists became more familiar with
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electric circuits they settled on two physical quantities as being of fundamental im-
portance for everyday work. One, the electric current /, has already been discussed
in Egs. (2.6) and (2.7), but we have not yet talked about the other—the electrical
potential, or voltage, V. When charge travels around a circuit, it loses potential
energy. The potential energy difference per unit charge between points a and a’ in
the circuit is defined to be

a/

Vo = — f E -ds. (2.21a)

a

where the line integral between a and a’ is taken along the circuit connecting the
two points. In general we can define for any static £ field—one that does not
change with time—a potential field V throughout the laboratory using the differ-
ential relation

E=-VV. (2.21b)

Equation (2.21b) only defines the potential field up to an arbitrary additive constant,

of course (see Appendix 2.B for a quick review of the properties of the vector

differential operator V). Applying U and U to Eqgs. (2.21a, b), we find that, using
emu esu

Table 2.2,

. em!/2.cm!/?
U(V)=cm: U(E)="——— (2.22a)
esu esu secC
and
. 1/2 . .23/2
U(V)=cm- U (B) =2 (2.22b)
emu emu Sec

A magnetic-potential field 2y can be defined so that for many types of static mag-
netic fields over large regions of space,

H=-VQy. (2.23)

As a general rule, Qg is not as useful a concept as V because there are static
magnetic fields, such as the circular fields around long, straight wires carrying
constant currents (see Fig. 2.4) that cannot be described at every point around the
wire by the same Qg field. The magnetic fields of point magnetic dipoles and of
permanent magnets outside the magnets’ interiors can, however, be described quite
adequately in terms of a magnetic potential Q. Table 2.2 shows that V and Qg
have the expected symmetry in esu and emu units, with

UV)= U x)
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and

UEn) = U (V).

2.6 THE SYSTEM OF PRACTICAL UNITS

Because today’s textbooks almost always begin with electrostatics, they leave the
impression that it must be more natural to use electrostatic units; but, in fact, elec-
tromagnetic units were more popular during the nineteenth century. Not only were
electric currents measured with instruments based on the interaction of current-
carrying coils of wire with small permanent magnets, but also nineteenth-century
cartography and navigation demanded an ever more exact knowledge of the earth’s
magnetic field. When, however, emu units for electric current and potential were
used in typical nineteenth-century circuits, it quickly became clear that they have
inconvenient sizes—something that is definitely more than a minor drawback when
all calculations must be done by hand. Therefore, toward the end of the nineteenth
century a new system of units was proposed, called the practical system of units,
which was based on the emu units and designed for use with electric circuits.

The ampere was the name given to the practical unit of 7, the electric current.*
It was defined to be one tenth the size of the emu unit of current.
We have, according to Eq. (2.7)

lamp = 1/10 (1 emu unit of current) = (1/10) U (dQ)/ U (dt)
emu emu

=(1/10) U (Q)/ U (t) = (1/10)(gm'/? -cm!'/?) /sec. ~ (2.24a)

The volt was the name given to the practical unit of electric potential.” It was
defined to be 10® times larger than the emu unit of potential:

) — 1of g em?

1volt =103 (1 emu unit of potential (2.24b)

sec?

The terms “1 emu unit of current” or “1 emu unit of potential” are, by the way, en-
tirely conventional—it is always acceptable to specify electromagnetic quantities
by the system of units used to measure them. This turn of phrase can be applied
to any electromagnetic system, not just the esu or emu systems; it is, in fact, most
likely to be encountered when reading articles about uncommon systems of electro-
magnetic units where there are no widely accepted names for the individual units
of current, potential, etc.

When talking about practical units, we descend from the complete theory of
electromagnetism to the more restricted domain of circuit theory. The equations of

* This unit was named in honor of Andre Marie Ampere (1775-1836).
' This unit was named in honor of Alessandro Giuseppe Antonio Anastasio Volta (1745-1827).
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circuit theory have the same form no matter what units are used. The equations of
elementary circuit theory assume that all circuits are composed of separate circuit
elements. Each circuit element has two terminals and its behavior is characterized
by both the electric potential between the terminals and the current flowing through
the circuit element (see Fig. 2.6 for an example of how this works). To discuss the

practical system of units, we create U and N operators called U and N that can
prac prac

be used only with circuit-theory equations. Having already defined the practical
units for current / and potential V in Egs. (2.24a, b), we must have

U (1) = amp, (2.24¢)
prac
U (V) = volt; (2.24d)
prac
and from Rule I,
N{)=10- N{)= I[amp], (2.24e)
prac emu
N (V)=10"%. N (V) = Viyor.- (2.24f)
prac emu

If we also define for any time ¢ that

U (1) =sec and N (¢) = f[sec]s (2.24¢)

prac prac

then we have all that is needed to set up the complete practical system of elec-

tromagnetic units. Any physical quantity bcrcyrr defined in circuit theory must,

from the self-consistency of the theory, be measurable in some way using volt, amp,

and sec. We define operator N by saying that the number coming from the mea-
prac

surement of bereyr must be N (berrcuir)- As for operator U, the equations
prac prac

of circuit theory are themselves straightforward, making the units of the practical
system easy to define.
Like most textbooks on elementary circuit theory, we start with Ohm’s law,

V =1IR. (2.252)

In this equation, V is the electric potential across a circuit element, with / the
electric current flowing through the circuit element, and R its resistance. There are
specialized circuit elements called resistors designed to provide a specified value
of R across their terminals. The practical unit called the ohm is used to measure
resistance:*

U (R) = ohm.

prac

* This unit was named in honor of Georg Simon Ohm (1787-1854).
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Circuit Elements

BATTERY CAPACITOR
— 1l — r{ —
terminals of battery terminals of capacitor
RESISTOR
— WM —

/

terminals of resistor

INDUCTOR SWITCH
— N — — e
terminals of inductor terminals of switch

An Example of a Simple
Circuit Network

Figure 2.6 Wires are used to connect the terminals of circuit elements, forming
circuit networks.

Applying U to both sides of Eq. (2.25a) gives
prac

UWV)=UU)- U(R)

prac prac prac
so that, using Egs. (2.24c, d),
volt = amp - ohm

or

volt
ohm=——. (2.25b)
amp

Equation (2.25b) can be used as the definition of ohm. When Eq. (2.25a) is written
as

Vv
I=—=GV,
R
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the conductance G = R~! has units of ohm_l, often called the mho:
1 mho = ohm ™. (2.25¢)

We have already seen in Eq. (2.7) that the current is d Q /dt, the time rate of change
of the electric charge. Applying U to both sides of Eq. (2.7) gives
prac

U@o U
U )= = . 2.26a
prac( ) U (dl‘) U (l‘) ( )

prac prac

We have from Eq. (2.24g) that

U (¢) = sec, (2.26b)
prac

which means that the unit of charge, called the coulomb, in the practical system of
units must be*

U (Q)= U (I) - sec =amp - sec.
prac prac

Using coul for the abbreviation of coulomb, we define

1coul = 1amp - sec. (2.26¢)
Charge can be stored on circuit elements called capacitors. Indeed, calculating the
capacitance of metallic objects with simple geometric shapes is a standard textbook
exercise, and nonideal circuit elements of all types may have measurable amounts
of capacitance. A capacitor with an electric potential V across its terminals stores
an amount of charge

0=CV, (2.27a)

where C is the constant capacitance of the capacitor. Applying U to Eq. (2.27a)
prac

we find that
U (0Q) |
U (C) _ prac _ cou .
prac u () volt
prac

* This unit is named in honor of Charles Augustine Coulomb (1736-1806). He also gave his name
to Coulomb’s law for electric charges and magnetic poles.
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We now define U (C) = farad to be the practical unit of capacitance.*
prac

1
 farad = . (2.27b)
volt

When Eq. (2.27a) is written as
v=cT'0=50,

the elastance S = C~! is measured in units of farad~!. Another name for farad~!,
following the pattern of ohm™! = mho, was daraf; but this usage had fallen out of
favor by the second half of the twentieth century. The last type of circuit element
given a separate practical unit is the inductor. When the current through an inductor
has a time rate of change d1/dt, the potential across the inductor is

dl
V=L—, (2.28a)
dt
where L is the inductor’s coefficient of induction, or just its induction for short. We
see that

U )
prac
Vi=U®L) =
pgc( ) plrgc( ) U (1)
prac
or
It -
U (L) = 225 (2.28b)
prac amp

Equation (2.28b) defines the henry, the practical unit of induction:"

It -
1 henry = 2=~ €, (2.28¢)
amp

A later addition to the system of practical units is the weber, useful in measuring
magnetic quantities:*

1 weber = volt - sec. (2.29)

* This unit is named in honor of Michael Faraday (1791-1867). The practical unit of current was
sometimes called the farad before an international commission gave it the name ampere in 1881.

' This unit is named in honor of Joseph Henry (1797-1878).

¥ This unit is named in honor of Wilhelm Eduard Weber (1795-1878). The practical units of current
and charge were sometimes called the weber before an international commission gave them the names
ampere and coulomb in 1881.
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2.7 THE “AB-" AND “STAT-” PREFIXES

The practical units became so popular that by the beginning of the twentieth cen-
tury their names were borrowed to describe the units of the esu and emu systems.
This practice never really caught on in Europe but became nearly universal in the
United States. Units in the esu system were given the same name as the corre-
sponding practical unit preceeded by the prefix “stat”, for electro-stat-ic system of
units. The unit of charge in esu units became the statcoulomb, which we abbreviate
as statcoul,

ml/2 . em3/2

1 statcoul = gi; (2.30a)
sec

the unit of current in the esu system became the statampere (the statamp for short),

gml /2. emd3/?
1 statamp = — (2.30b)
sec

the unit of potential in the esu system became the statvolt,

om!/2 . cm!/2
] statvolt= —————; (2.30c)
sec

and so on. The emu system of units was called the absolute system, and emu units
were given the same name as the practical unit preceeded by the prefix “ab” for
ab-solute. In the absolute system of units—that is, in the emu system—the unit of
charge became the abcoulomb (which we abbreviate as abcoul)

1 abcoul = gml/2 .em!/?, (2.31a)

the unit of current became the abampere (which we abbreviate as abamp)

gm!/2 . cm!/2
1 abamp = T; (2.31b)
the unit of electric potential became the abvolt:
om!/2 . cm3/2
labvolt = =—————; (2.31¢c)
sec

and so on. Table 2.3 gives the definitions of the esu and emu units correspond-
ing to the practical units, and Tables 2.4 and 2.5 give the unit names of common
electromagnetic physical quantities following this convention.* In Table 2.5 for

* The third columns of Tables 2.4 and 2.5 will become clear when we discuss the esuq and emugq
systems of units.
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Table 2.3 Names of esu and emu units using “stat”
and “ab” prefixes.

esu units emu units
12 . 3/2
m /<. cm
1 statcoul = & 1 abcoul = gml/2 -cm!/2
sec
gm!/2 . cm3/2 gm!/2 . cm!/2
1 statamp = 3 labamp = ————
sec sec
172 172 12 ..3/2
m/“-cm m/“-cm
1 statvolt = & 1 abvolt = &
sec sec?
2
sec
1 statfarad = cm 1 abfarad = —
cm
sec?
1 stathenry = — 1 abhenry = cm
cm
sec cm
1 statohm = — 1abohm = —
cm sec
1/2 . ..3/2
m/<-cm
1 statweber = gml/2 -em!/2 | 1abweber = gmoem
sec

the emu units, several of the magnetic quantities (for example B, F, ®p, and H)
have names that do not follow the ab-prefix convention (their unit names are gauss,
gilbert, maxwell, and oersted, respectively*). These magnetic quantities were more
often referred to by their non-ab names; the ab prefix versions, however, have been
listed because they are helpful when converting equations to other systems of units.

Textbooks using the ab and stat notation for emu and esu units almost always
have equations like

1 statvolt 2 3 x 10'% abvolt (2.32a)

or

1
1 statcoul = ——— abcoul, (2.32b)
3 x 1010

to describe the conversion of physical quantities from one system of units to the
other. There are usually footnotes stating that all factors of 3 x 10! are just an
approximation for 2.998 x 10!9, the numeric part of the speed of light in cm/sec.
A quick glance at Egs. (2.30a) and (2.31a) or Egs. (2.30c) and (2.31c) shows what
is wrong with this convention from our point of view; if, for example, we accept

* These units were named in honor of Karl Friedrich Gauss (1777-1855), William Gilbert (1544—
1603), James Clerk Maxwell (1831-1879), and Hans Christian Oersted (1777-1851).
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Table 2.4 Electromagnetic physical quantities in esu and esuq units.
Physical quantity esu units esuq units
. gml/ 2 statweber statweberq
A (magnetic vector UA) = = — UA)=——
i esu cml/2 cm esuq cm
potential)
L. . gml/ 2 statweber statweberq
B (magnetic induction) U(B) = = U (B) =
esu cm3/2 (;m2 esuq cm2

C (capacitance)

U (C) = cm = statfarad

esu

U (C) = statfaradq

esuq

U =2
= tatcoul
D (electric displacement) esu em!/2 - sec U (D) = Statcoulq
. statcoul esuq cm?
T em?
v =2
= tatvolt
E (electric field) esu eml/2 - sec U (E) = Statvoq
_ statvolt esuq cm
T com
. . statfarad statfaradq
¢ (dielectric constant) v@e=l=— U ()=
esu cm esuq cm
statfarad statfarad
g0 (permittivity of free U(g)=1=— U (g9) = d
esu cm esuq m
space)
gm!/2 . cm3/2
. U = >
JF (magnetomotive force) esu sec U (F) = statampq
esuq
= statamp

® p (magnetic flux)

U(®p) =gm!/2.cm!/2
esu

U (®p) = statweberq

esuq

= statweber
cm 1 1
G (conductance) U (G) = — = statohm U (G) = statohmq
esu sec esuq
- gm!/2 . cml/2
= statam
H (magnetic field) esu sec? U (H)= Statampq
__ statamp esuq cm
" cm
gm!/2 . cm3/2
U = 5
I (current) esu sec U (/) = statampq
esuq
= statamp
v gml /2
= tatcoul
J (volume current density) esu cem!/2 - sec? U W)= Starcoulq
statcoul esuq cm? - sec

CIl’l2 - S€C
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Table 2.4 (Continued).

Physical quantity esu units esuq units
Uy = e em”
. §) = 2 statcoul
Js (surface current density) csu sec U (Js) = d
statcoul esuq cm - sec
" cm-sec

L (inductance)

sec?
U (L) = —— = stathenry
cm

esu

U (L) = stathenryq

esuq

m g (permanent-magnet
dipole moment)

U(mpy) = gm1/2 . em3/2
esu

= statweber - cm

U (mp) = statweberq - cm
esuq

free space)

gm!/2.cm?/2
: Uomp) ==——5— 2
my (current-loop magnetic esu sec U (mj) = statampq - cm
dipole moment) = statamp - cm?2 esuq
gml/ 2 statweber statweberq
My (permanent-magnet UMy)=—F5=——"F— U My)=——FF—
. . esu cm3/2 cm?2 esuq 2
dipole density)
o gm!/2 . cm!/2
= statam
M (current-loop magnetic esu at sec? U Mp) = P4
dipole density) _ Saamp e m
cm
2
sec stathenr stathenr
p(magnetic permeability) U =—= Ty U ()= s
esu cm cm esuq cm
2
sec stathenr stathenr
1o (magnetic permeability of | U (ug) = — = Fatenry U (n) = athenyq
esu cm cm esuq cm

pg (magnetic pole strength)

U (py) =gm!/?.cm!/?
esu

U (ppy) = statweberq
esuq

= statweber
- gm!/2 . cm’/2
p) ="
p (electric dipole moment) esu sec U (p) = statcoulq - cm
esu
= statcoul - cm d
Lo . gml/ 2 statcoul statcoulq
P (electric dipole density) U(P)= T = UP)=—
esu eml/2 . sec cm? esuq cm?
sec?  statweber statweberq
‘P (permeance) UP)=—=—"— UP)=——
esu cm statamp esuq statampq
gm!/2 . cm3/2
U(Q) =
Q (charge) esu sec U (Q) = statcoulq
esuq
= statcoul

R (resistance)

sec
U (R) = — = statohm
cm

U (R) = statohmq
esuq
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Table 2.4 (Continued).
Physical quantity esu units esuq units
cm statamp statampq
R (reluctance) UR)=—F=—— U = —
esu sec2  statweber esugq statweberq
V(g = S0
pPQ) = statcoul
po (volume charge density) esu cm3/2 - sec U (pg) = Stafcou’q
__ statcoul esuq 3
e

PR (resistivity) U (pRr) = sec = statohm - cm U (pg) = statohmq - cm
esu esuq

S (elastance) U (S) =cm™! = statfarad™! U (S = statfaradq_1
esu esuq
gm!/2
USg) =—7»— tatcoul
So (surface charge density) esu em!/2 - sec U (Sg) = Stafeoulq
_ statcoul esuq cm?
T oem?
o 1 statohm ™! statohmqf1
o (conductivity) U(o)=sec” ' = —— U(o)=——
esu cm esuq cm
12 . 1/2
m cm
. . uw) =2
V (electric potential) esu sec U (V) = statvoltq
esu
= statvolt d
gm!/2 . cm3/2
, , U@y =——F—
Qp (magnetic scalar potential) esu sec U (Q2y) = statampq
esu
= statamp d

Egs. (2.30c), (2.31c), and (2.32a) as all true, it follows that

1/2 32

gml/z ceml/2 X 3 x lolo)gm - cm
sec

or

? 10
1sec=3x 10" cm. (2.32¢)

A statement like this is only true when time and space have the same dimension and
the speed of light is equal to 1 (see Section 1.10).* It is safe to say, however, that
the idea of giving time and space the same dimension was foreign to these textbook
writers; they are just injudiciously applying Rule I while ignoring Rule II. What

* In fact, we can predict that esu and emu units will become identical when working in a system of
units where the speed of light has the dimensionless value 1. Equations (2.11a, b) and (2.12a, b) show
that &g = g = 1 automatically when ¢ = 1, which means that esu and emu units will be the same.
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Table 2.5 Electromagnetic physical quantities in emu and emuq units.

Physical quantity emu units emuq units
v gm!/2. cm!/2
= abwebe
A (magnetic vector potential) emu sec U (A= Hbweberq
_ abweber emuq cm
T com
gm!/2
U (B) = 172 abweber
B (magnetic induction) emu sec -cm!/ U (B)= aowerer
abweber emuq CIIl2
= gauss = 5
cm
. sec?
C (capacitance) U (C) = —— = abfarad U (C) = abfaradq
emu cm emuq
1/2
m abcoul abcoul
D (electric displacement) U (D)= g = U (D)= d
emu Cm3/2 sz emuq sz
gm!/2. cm!/2
U (E) = bvolt
E (electric field) emu sec? U (E)= oo
_ abvolt emuq cm
T cm
2
sec abfarad abfarad
¢ (dielectric constant) U ()= — = U (¢) = a
emu cm cm emuq cm
2
sec abfarad abfarad
g0 (permittivity of free space) U (gg9) = —5 = U (g9) = d
emu cm cm emuq cm
12 .12
gm cm
) U (F) =
F (magnetomotive force) emu sec U (F) =abampq
emu
= abamp = gilbert 4
gm!/2. cm3/2
. U (Pp) =
® p (magnetic flux) emu sec U (Pp) =abweberq
emuq
= maxwell = abweber
sec 1 1
G (conductance) U (G) = — = abohm U (G) = abohmq
emu cm emuq
gm!/2
U (H) = P Y R
H (magnetic field) emu cm’/= - seC U (H) = statweberq
abamp emuq
= oersted =
cm
gm!/2 . cm!/2
I (current) U= = abamp U (/) = abweberq
emu sec emuq
1/2
m abcoul abcoul
J (volume current density) U (J)= i 5 =— 4 U (J)= 27uq
emu em3/2.sec cm? - sec emuq cm~ - sec
. gm 1/2 abcoul abcoulq
Js (surface current density) U (Js) = = U (Js) =
emu cm!/2.sec  cm-sec | emuq cm - sec
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Table 2.5 (Continued).

CHAPTER 2

py (magnetic pole strength)

Physical quantity emu units emuq units
L (inductance) U (L) = cm = abhenry U (L) =abhenryq
emu emuq
gm!/2 . cm5/2
. U (mpy) =
mpy (permanent-magnet dipole | emu sec U (mpy) = abweberq - cm
emu
moment) = abweber - cm 4
gm!/2 . cm’/2
, U (mp) =S )
my (current-loop magnetic emu sec U (mj)=abampq -cm
dipole moment) — abamp - cm? emuq
gm!/2
U (Mp) = abweber
My (permanent-magnet dipole | ™ sec-cm!/2 U (My)= wizq
density) __ abweber emuq cm
Y ~ cm?
gm!/2
U (M) = b
M| (current-loop magnetic emu S%C -eml/2 U (Mp) = abampq
dipole density) _ 2bamp emua
cm
abhenr abhenr;
1 (magnetic permeability) Uww=1= Y U (n)= aohenryq
emu cm emuq cm
. . abhenr; abhenr
o (magnetic permeability of egu(,uo) =1= om Y enlqjllq(m)) = qu
free space)
12 32
m'/“.cm
U (p) =T
emu sec

= maxwell = abweber

U (pyg) = abweberq
emuq

U (p) =g1n1/2~cm3/2
p (electric dipole moment) emu el}l{l (p) = abcoulq - cm
= abcoul - cm q
172 abcoul beoul
P (electric dipole density) U (P)= ng _ abeow U (P)= abeou’q
emu cm3/ cm? emuq cm?
U (P) = _ maxwell
P (permeance) emu( ) =cm= gilbert U P = abweberq
P __ abweber emug = abampq
" abamp

QO (charge)

U (Q) =gm'/?-cm!/?
emu

= abcoul

U (Q) = abcoulq

emuq

R (resistance)

cm
U (R) = — = abohm
sec

emu

U (R) =abohmq

emuq
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Table 2.5 (Continued).

103

Physical quantity emu units emuq units
R (rel egu(R) =em™! R)— abampq
(reluctance) _gilbert  abamp enlljuq( )= abweberq
" maxwell  abweber
(vol h density) U (o) gml/ 2 abcoul U (00) abcoulq
volum r nsi =5 =—— =
P (volume charge density U (po em3/2 o’ erng 20) o

PR (resistivity)

2
cm

U (pgr) = — =abohm - cm
sec

emu

U (pgr) = abohmq - cm
emuq

S (elastance)

cm _1
U S = — = abfarad

U S= abfaradqfl
emuq

Qp (magnetic scalar potential)

emu sec
m!/2  abcoul abcoul
So (surface charge density) U (Sg) = & =— U (Sg) = d
Q emu cm3/2 cm2 emuq Cn’l2
. sec abohm™! abohmq_l
o (conductivity) U(o)=—5= U (0)=
emu cme cm emuq cm
. . gm!/2 . cm3/2
V (electric potential) U (V)= — = abvolt U (V)= abvoltq
emu SecC emuq
gm!/2 . cm1/2
U@Qp) =—T—"
emu sec

= oersted - cm = abamp

esu

Uq(QH) = abampq

they mean to say is that for any potential V,

esu

for any charge Q,

N(Q) =cegs N (Q) =3 x 10'° N (0);

N (V)

emu

N (V) = cog N (V)=

3 x 1010

(2.33a)

(2.33b)

and so on, for the conversion of any other electromagnetic physical quantity.
Equations (2.33a, b) cannot violate any of the rules of Chapter 1 because they

only involve numeric quantities such as N (Q), N (Q),

esu emu

N (V), N (V), and Cegs =
esu emu

Clem/sec]» the numeric part of the speed of light in cgs units.

There is another sense, however, in which these textbooks anticipate an idea
that became widespread—even predominant—during the twentieth century: at-
tributing a new dimension to electromagnetic physical quantities. From this point
of view, Eq. (2.32a) just recognizes that an electric potential is always an electric
potential whether measured in volts, statvolts, or abvolts; and these three physical
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quantities must therefore have the same dimensions. This implies that, contrary to
Table 2.3, one statvolt is not the same thing as 1 gm!/? - cm!/?/sec, one abvolt
is not the same thing as gm'/2 - cm3/?/sec?, and one volt is not the same thing
as 108gm!/2 . cm3/% /sec?. Similarly, in Eq. (2.32b) electric charge is always elec-
tric charge, whether measured in coulombs, statcoulombs, or abcoulombs; and so
on for all the other esu, emu, and practical electromagnetic units. This attitude
matches the way electromagnetic quantities are used in the laboratory, where there
is never really any need to break units down to fractional powers of grams and cen-
timeters. There are many ways to give electromagnetic physical quantities an extra
dimension, constructing a set of units based on four fundamental dimensions—
mass, length, time, and something electrical. For teaching purposes it makes sense
to choose electric charge, Q, as our fourth fundamental dimension since it appears
in Coulomb’s law for point charges, the basic rule of electricity.*

2.8 THE ESUQ AND EMUQ SYSTEMS OF UNITS

We now introduce the esuq and emuq systems of units. The N operators for the
esuq and emuq systems are defined by

N (b) = N (b) (2.34a)
esuq esu
and
N (b) = N (b), (2.34b)
emuq emu

for any mechanical or electromagnetic physical quantity 5. Equations (2.34a) and
(2.34b) make the esuq and emuq systems identical to the esu and emu systems
except that, unlike the esu and emu systems, they recognize the existence of a new
fundamental dimension—electric charge. For any physical quantity byecy, which
is purely mechanical, we have

U (bmecn) = U (byecH) (2.34¢)
esuq esu
and
U (bmecn) = U (bmech); (2.34d)
emuq emu

but for any electromagnetic physical quantity brryac, we expect

U (bermac) # U (beLmac) (2.34e)
esuq esu

* From the viewpoint of experimental scientists, electric charge is a relatively poor choice of funda-
mental dimension, because any fundamental unit of charge will be difficult to measure and reproduce
accurately.
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and

U (bermac) # U (PELMAG). (2.34f)
emuq emu

Because the cgs system is identical in all respects to the esu and emu systems for
mechanical physical quantities byrcy, Eqs. (2.34a—d) can be rewritten as

N (bmecH) = N (byeca) = N (bmecH), (2.34g)
esuq esu cgs

N (bmecu) = N (bueca) = N (bmech), (2.34h)
emuq emu cgs

U (byecn) = U (byecn) = U (buech), (2.341)
esuq esu cgs

U (bmecr) = U (buech) = U (byech)- (2.34))
emuq emu cgs

We define the fundamental unit of charge in the esuq system to be statcoulq;
ie.,

U (Q) = statcoulq (2.35a)

esuq

and examine what happens to Coulomb’s law, Eqgs. (2.1a, b), when U is applied to
esuq

both sides:

U (F)= egq(Ql) -egq(Qz) . statcoulq2 (2.35b)
esuig. ~ Uleo)- U (> Uleo)- U (r)?* '
esuq esuq esuq esuq

From Eq. (2.34i), the units of the two mechanical quantities must be

U (F) =dynes (2.36a)
esuq
and
U (r) =cm (2.36b)
esuq
Therefore, Eq. (2.35b) becomes
statcoulq?
U (e0) = —, (2.37a)
esuq dyne -cm

so that g now has dimensions, making it an unarguable electromagnetic physical
quantity. Equations (2.34a) and (2.11a) then require that

N (g0) = N (g0) =1 (2.37b)

esuq
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so that in the esuq system

statcoulq’ statcoulq? - sec?
g0 = 5 = (2.38)
dyne - cm gm - cm3
In the last step of Eq. (2.38) we use 1 dyne = gm - cm - sec™2.
Applying U to both sides of Eq. (2.3a) gives
esuq
U (Q)
esuq statcoulq
U (E) = 2= 2
esuq U (g0) - U (r) statcoulq 5
esu esu _ .
! ! dyne - cm? cm (2.39a)

_dyne-cm erg 1
 statcoulq-cm  \statcoulq/ cm’

where Eqgs. (2.38), (2.35a), (2.36b), and erg = dyne - cm are used to get the final
result. We now define

erg
1 statvoltq = ————— (2.39b)
statcoulq
to get
statvoltq
U (E)= (2.39¢)
esuq cm

Applying egq to both sides of Eq. (2.21a) gives [the discussion after Eq. (1.12)

shows how to analyze the integral in Eq. (2.21a)]

tatvolt
SAvoM em= statvoltq. (2.39d)
c

UWWV)=U(E)- U(s)=
esuq esuq esuq

This shows that statvoltq is the unit of electric potential in the esuq system of units.
Moving on to the units of the electric dipole in Eqgs. (2.20a, b), we apply U to

esuq
get
U (p) = U (Q) - cm = statcoulq - cm (2.40a)
esuq esuq
so that the electric dipole density P in Eq. (2.20c) has units
egq(p) statcoulq -cm  statcoulq
U (P)= = = . (2.40b)
esuq U @v) cm? cm?

esuq
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Now, applying U to Eq. (2.20d) gives
esuq

statcoulq
UD)=———

A e (2.40c)

which we can get either from analyzing the “4z P> term using Eq. (2.40b) or from
analyzing the “gg E” term using Eqs. (2.37a), (2.39a), and erg = dyne - cm.

Suppose that back at Eq. (2.35a), we had decided to work with the emuq system
of units, defining the fundamental unit of charge to be the abcoulq instead of the
statcoulq:

U (Q) = abcoulq. (2.41a)

emuq

Working through Coulomb’s law using U instead of U gives

emuq esuq
abcoulq?®
U (g0) = —. (2.41b)
emuq dyne - Cm

This is the same as Eq. (2.37a) with statcoulq replaced by abcoulq. The next step
is different, because from Eqgs. (2.12b) and (2.34b)

e}ﬁlq(‘g‘)) = N (e0) = Con- (2.41¢)
which leads to
_, abcoulq®
&0 = chzs m (2.414d)

in the emugq system of units. After this deviation, however, the development follows
the same path as before, with abcoulq replacing statcoulq everywhere. Applying
U to both sides of Eq. (2.3a) gives

emuq
1 bvolt
U E)=(—) —=221 (2.42a)
emuq abcoulq/ cm cm
where we define
| abvoltq=1—2 (2.42b)
abcoulq

This corresponds exactly to Eqs. (2.39a—c). Applying U to both sides of
emuq
Eq. (2.21a) gives

U (V) =abvoltq, (2.42¢)

emuq
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which corresponds to Eq. (2.39d) and shows that abvoltq is the emuq unit of electric
potential. Going through the same development used to get Egs. (2.40a—c) with
U instead of U gives

emuq esuq
U (p) =abcoulq - cm, (2.43a)
emuq
abcoul
u (P =221 (2.43b)
emuq cm
and
abcoul
U (D)= (2.43¢)
emuq cm

Readers familiar with the rationalized mks system (used by almost all of to-
day’s introductory textbooks for electricity and magnetism) may by now be feeling
a strong sense of déja vu, because there is an obvious correspondence between the
units used in the esuq, emuq, and mks systems. The mks potential has units of
volts, the charge has units of coul, and the definition of a volt is joule/coul. Simi-
larly, the esuq and emuq potential has units of statvoltq and abvoltq, the esuq and
emugq charge has units of statcoulq and abcoulq, and the esuq and emuq definitions
of statvoltq and abvoltq are erg/statcoulq and erg/abcoulq. The mks unit for the
electric field E is volt/m and the unit for the displacement field D is coul/m?.
The esuq and emuq units for E are statvoltq/cm and abvoltq/cm, and the esuq and
emugq units for D are statcoulq/cm? and abcoulq/cm?. It looks as if we can get the
esuq units for any electric quantity simply by taking the mks units, adding a “stat”
prefix and a “q” suffix, and changing all mechanical units to their cgs counterparts
(m becomes cm, joule becomes erg, etc.). The emuq units seem to follow the same
recipe, except that we add an “ab” instead of a “stat” prefix. This rule of thumb is,
in fact, true—and very helpful when it is not immediately clear what the correct
esuq or emuq units should be. Historically speaking, this is no accident, because
the mks system was first proposed at the very beginning of the twentieth century,
soon after the introduction of the practical units discussed above. The logic be-
hind these mks units—that of introducing a fourth fundamental electromagnetic
dimension—was the same as that behind the esuq and emuq systems of units, and
we use the stat and ab conventions to take advantage of this correspondence. Un-
fortunately, the mks system of units became popular in its rationalized form, and
we are not yet ready to talk about the U and N operators of rationalized systems—a
topic that will be postponed until Chapter 3. For now, it is enough to realize that
the similarity of the esuq, emuq, and mks units exists and that it follows directly
from the recognition of a fourth electromagnetic dimension. It is also worth noting
that the mks units, because they do presume the existence of a fourth electromag-
netic dimension, are definitely not the same as the old practical units, even though
they were given the same names, and physical quantities measured with them have
the same numeric components. The old practical units volt, coul, etc., discussed
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in Section 2.6 above are all multiples of the corresponding emu units; whereas,
the mks volt, coul, etc. cannot be set equal to any of the corresponding emu units
because they have a fourth electromagnetic dimension (see Section 3.6 for more
discussion of this point).
Equation (2.10) is the starting point for constructing the magnetic units of the
esuq and emuq systems. Applying U to Eq. (2.10) gives, using Egs. (2.37a) and
esuq

(2.341),

U (o) 1 dyne - cm?  sec?
0) = frd .
esuq " U (g9) - U (c)? statcoulq2 cm?
esuq esuq
_ erg sec? 1 (2.44)
~ \statcoulqg/ cm statcoulq
2

statvoltq - sec
~ cm - statcoulq ’

where erg = dyne - cm and statvoltq = erg/statcoulq are used to get the final result.
We can put this into a more compact form by defining two new esuq units, the
statampq and the stathenryq:

statcoulq
1 statampq = ———, (2.45a)
sec
tatvoltq -
1 stathenryq = V0T - See sec‘ (2.45b)
statampq

Applying these definitions to Eq. (2.44) gives

statvoltq - sec  stathenryq

U (uo) = (2.45¢)

esuq - Statampq - cm - cm

To find out the meaning of the new statampq unit, we apply U to both sides of

esuq
Eq. (2.7) to get
U (dQ) |
U= o = statcou’q = statampq (2.45d)
esuq U (dt) sec ’

showing that statampq is the esuq unit of current. To find the meaning of the stat-
henryq unit, we apply U to both sides of Eq. (2.28a) to get

esuq
U (V)- U ()
esuq esuq statvoltq - sec
U (L) = = = stathenryq, (2.45e)
esuq U dI) statampq

esuq
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showing stathenryq to be the esuq unit of induction. To find the numeric component
of 1o in esuq units we consult Egs. (2.11b) and (2.34g) to get

N (140) = Cog- (2.45f)

esuq

We can go through the same procedure using U instead of U in Egs. (2.44)

emuq esuq
through (2.45e) to get
abvoltq - sec?
U (ho) = ——F——, (2.46a)
emuq cm - abcoulq
which simplifies to
abvoltq-sec  abhenr
U (1) = A28 X (2.46b)
emuq abampq - cm cm
where
bcoul
1 abampq = abeond (2.46¢)
sec
and
bvoltq -
1 abhenryq = o4 5¢¢ (2.46d)

abampq

are the emuq units of current and induction, respectively. Equations (2.12a) and
(1.28b) give the numeric component of 11 in emuq units:

N (o) =1. (2.46¢)

emuq

Readers familiar with mks units recognize that Egs. (2.45c) and (2.46b) follow
the mks rule of thumb explained in the discussion following Eq. (2.43c) above,
since the esuq and emuq units for p¢ are stathenryq/cm and abhenryq/cm, respec-
tively, and the mks units for po are henry/m. To simplify the units of gy and to
show how they also match this rule of thumb, we define

statcoulq
1 statfaradq = ———— (2.47a)
statvoltq

and

abcoulq

1 abfaradq = (2.47b)

abvoltq
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Applying U and U to Eq. (2.27a) then gives
muq

esuq e

U (0) 1

U (C) = esuq _ statcoulq _ statfaradq (2.470)

esuq U (V) statvoltq
esuq

and
U (C) g ¥ _ abeoulq bfarad 2.47d)
= = = abfaradq, .

emuq U (V) abvoliq q

emuq

showing that statfaradq and abfaradq are the esuq and emuq units of capacitance.
Now, using erg = dyne - cm, Eq. (2.37a) can be written as

U (e0) statcoulq? statcoulq statfaradq
80 = = = s
esuq erg - cm statvoltq - cm cm

(2.48a)

where we use definitions (2.39b) and (2.47a) to get the final result. Equa-
tion (2.41b) can be treated similarly to get, using definitions (2.42b) and (2.47b),

abcoulq? abcoulq abfaradq
U (e0) = = = .
emuq erg- cm  abvoltq-cm cm

(2.48b)
Because the units of g in the mks system are often given as farad/m, it is clear
that Egs. (2.48a,b) follow the mks rule of thumb.
Once the units of po are known, we have easy access to the units of all the
magnetic physical quantities. Applying U to Egs. (2.2a, b) gives
esuq

d neS=———————
Y U (1o) - om2

esuq
or

dyne - cm >

U (pr)* =dyne-cm?- U (uo) = < ) - statvoltq - sec”,
esuq esuq

statcoulq

using Eq. (2.44) to eliminate U (ug). Since

esuq

dyne-cm  erg

= = statvoltq,
statcoulq  statcoulq
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the square of U (ppy) must equal statvoltq2 - sec?. Therefore, if we define
esuq

statweberq = statvoltq - sec, (2.49)
we get that the magnetic pole strength in the esuq system is

U (pm) = statweberq (2.50)
esuq

We now repeat this procedure, applying U to Egs. (2.2a, b) and using Eq. (2.46a)
emuq
to get

U (pn) = abweberq, (2.51a)
emuq

where we define
abweberq = abvoltq - sec. (2.51b)

The unit of magnetic pole strength in the emuq system is the abweberq.
Applying U to Eq. (2.5) gives
esuq

dynes dynes
U (H)= = . (2.52a)
esuq U (pg)  statweberq
esuq

From erg = dyne - cm, statvoltq = erg/statcoulq, and statweberq = statvoltq - sec =
(erg - sec)/statcoulq, we have that

dynes <erg) statcoulq  statampq

statweberq cm/ erg-sec cm

where in the last step we use statampq = statcoulq/sec. Therefore, the esuq units
of H can be written as

Statam
U (H) = —22
esuq cm

(2.52b)

This result can also be gotten directly from applying U to both sides of Eq. (2.6).

esuq

Following the same procedure with U , applying it to both sides of Egs. (2.5) or
emuq
(2.6), gives

dynes
U (H)=—

=7 (2.52¢)
emuq abweberq
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or

b
U (H) = 24mP4 (2.52d)

emuq cm

The units of a permanent-magnet dipole moment m g come from applying U and
esuq

U to Egs. (2.19a,b):

emuq
U (mp) = statweberq - cm, (2.53a)
esuq
U (mpg) = abweberq - cm. (2.53b)
emuq

Applying U and U to the definition of the permanent-magnetic dipole density

esuq emuq

field in Eq. (2.19¢) gives

statweberq

U (Mpy) = 5 (2.54a)
esuq cm
and
abweber
U (My) = (2.54b)
emuq cm

Turning to the definition of the magnetic induction B in Eq. (2.19d), we confirm
that My and puoH have the same units—as they must—by applying U and U

esuq emuq
to noH . Equations (2.44) and (2.52b) show that
statvoltq - sec?>  statampq
U (uoH) = U (o) - U (H) = :
esuq esuq esuq cm - statcoulq cm (2.54¢)
__ statweberq
 oem?

where the last step uses the definitions statampq = statcoulq/sec and statweberq =
statvoltq - sec. Equations (2.46a) and (2.52d), and the definitions of abampq and
abweberq, show that

2

abvoltq - sec™ abampq  abweberq

U (noH) = (2.54d)
emuq

cm - abcoulq cm cm?

Comparison of Egs. (2.54a, b) to (2.54c¢, d) shows that ;tg H and M g have the same
units, so applying U and U to Eq. (2.19d) gives
esuq

emuq

oS o (2.55a)
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and

abweberq
U (B)=—>5—.
emuq cm

(2.55b)

Once again, readers familiar with the mks system of units can see how it paral-
lels the esuq and emuq units. The mks units of H are amp/m, as compared to
the esuq and emuq units for H in Eqgs. (2.52b, d), which are statampq/cm and
abampq/cm, respectively. Similarly, the mks units for B are teslas, defined to be
weber/m?, as compared to the esuq and emuq units for B in Egs. (2.55a, b), which
are statweberg/cm?” and abweberq/cm?, respectively.
The esuq units are completed by applying U to Eq. (2.25a) to get
esuq

statvoltq = U (R) - statampq
esuq

or
U (R) = statohmgq, (2.56a)
esuq
where we define
tatvolt
statohmq = M. (2.56b)
statampq

The emuq units are completed by applying U to the same equation to get
emuq

U (R) =abohmgq, (2.56¢)
emuq
where we define
bvolt
abohmq = 24 (2.56d)
abampq

Clearly the units of resistance in the esuq and emuq systems are statohmq and
abohmgq, respectively.

Although, as already discussed after Egs. (2.32a, c), it does not make sense to
write

? 10
1 abcoul =3 x 10" statcoul,

because, according to Egs. (2.30a) and (2.31a), they have different dimensions; it
does make sense to write

1abcoulq = 3 x 10'° statcoulq,
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because both statcoulq and abcoulq are units of a newly recognized fourth fun-
damental dimension—electric charge. Consequently, we can write an equation re-
lating statcoulq to abcoulq without violating any of the rules in Chapter 1. From
Eq. (2.14i) and Eqs. (2.34a, b) we see that

N (Q) = cegs - erll}{lq(Q)- (2.57a)

esuq
So, from Rule I, it follows that
L abcoulq = ccg; - statcoulq. (2.57b)

Tracing back the origin of this important result, we see that it stems from the
fundamental choices made in Eqs. (2.11a, b) and (2.12a, b) to set up the esu and
emu systems of units. In this sense, Eq. (2.57b) is entirely manmade and not the
consequence of some natural symmetry. The choices made in Egs. (2.11a, b) and
Egs. (2.12a, b) are not necessarily bad choices, but they are also not compellingly
obvious. Any choice of g9 and j1¢ giving an &g product equal to ¢ 2, as specified
by Eq. (2.10), can be used to set up a system of units—we might consider, for ex-
ample, choosing g9 = o = ¢~ !. This choice is symmetric, making it perhaps more
appealing to today’s theoreticians; but historically speaking it was never pursued.

Equation (2.57b) is all that we need to relate every esuq unit to its dimensionally
identical emuq counterpart. From Egs. (2.57b), (2.42b), and (2.39b) we get

erg erg _1

1 abvoltq = = =c_, - statvoltq. 2.58
abvetd abcoulq  ccgs - statcoulq Cogs " STEVOTA (2.582)
From Egs. (2.46¢) and (2.45a) we get
bcoul - statcoul
1 abampq = abeowq _ Cees s Ccgs - Statampq; (2.58b)
sec sec
and from Egs. (2.46d), (2.58a), (2.58b), and (2.45b),
-1
bvoltq - Coqe - Statvoltq - sec
1 abhenryq = abvollq - Se¢ _ Zees = cc_g% - stathenryq.  (2.58¢)
abampq Cegs - Statampq
Equations (2.47b), (2.57b), (2.58a), and (2.47a) give
abcoulq  ccgs - statcoulq )
1 abfaradq = = = Cgg - Statfaradq; (2.58d)

abvoltq cc_glS - statvoltq

and Egs. (2.51b), (2.58a), and (2.49) give

—1
cgs

_].

1 abweberq = abvoltq - sec = c gy - statvoltq - sec = ¢y - statweberq.  (2.58e)
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Table 2.6 Relationships between the esuq and emuq
units.

1 abampq = ccgs - statampq

labcoulq = ccgs - statcoulq

1 abweberq = cc_glq - statweberq

1 abvoltq = cc_gls - statvoltq

2

1 abfaradq = cgg - statfaradq

1 abhenryq = c;gzs - stathenryq

1 abohmq = c;gzs - statohmq

Equations (2.56d), (2.58a), (2.58b), and (2.56b) show that

abvoltq _ cc_gé - statvoltq
abampq Cegs + Statampq

_ 2.

1 abohmq = = Cegs

statohmg. (2.58f)
Equations (2.57b) and (2.58a-f) are summarized in Table 2.6.

2.9 THE ESUQ AND EMUQ CONNECTION WITH THE ESU AND EMU
SYSTEMS OF UNITS

The esuq and emuq units are a bridge between the esu and emu systems of units.
Figure 2.7 shows the procedure for converting equations and formulas from esu to
emu units. Following the solid line, we go from esu to esuq by recognizing charge
as a fourth fundamental dimension, then convert to emugq units, and then drop down
to the emu units by no longer recognizing charge as a separate dimension. The
process is reversed when following the dotted line to convert equations from emu
to esu units.

We have set up the four different systems of units to make these transformations
simple, but it is important to realize that when dropping from the esuq, emuq upper
level to the esu and emu lower level we are referring to two different ways of no
longer recognizing charge as a separate dimension. To show how this works, we

create an operator U that recognizes the four fundamental dimensions of mass,
mltq

length, time, and charge in any physical quantity b:

U (b) = dimensional formula of 4 in

mitq mass, length, time, and charge. (2.59)
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esuq system S emuq system
Here the fundamental . ... Here the fundamental
dimensions are mass, dimensions are mass,
length, time, and charge length, time, and charge
A\’ :
esu system emu system
Here the fundamental Here the fundamental
dimensions are mass, dimensions are mass,
length, and time length, and time

Figure 2.7 The solid arrows show the three-step transformation from esu units
to emu units and the dotted arrows show the three-step transformation from emu
units to esu units.

Operator U is exactly the same as U when b = bygcy is a strictly mechanical
mltq mlt

quantity [see discussion following Eq. (1.29¢)]. When b = bgrpyac is an electro-

magnetic quantity, however, U recognizes the fundamental dimension of charge
mltq

exactly the way it is recognized in the esuq and emuq systems of units. Applying

U to Egs. (2.1a, b), Coulomb’s law for two point charges, gives
mltq

U (Q1)- U (Q1)
mltq

U (F) . mltq
mltq B U (¢0) - U (r)2
mltq mltq
or
charge?
U (e0) = - (2.60a)
mltq mass - length” - time
Applying U to Eq. (2.10), gopuo = ¢~ 2, then gives
mltq
U (o) = time? 1 __ mass - length (2.60b)
mitq o= length> U (g0)  charge? '

mltq

where Eq. (2.60a) is used in the last step of Eq. (2.60b). When dropping down
to the esu system in Fig. 2.7, &g must become a dimensionless quantity; so
from Eq. (2.60a), charge loses its separate dimension by becoming equivalent
to mass!/2 - length®/? - time™'. This is by no means the same as dropping down



118 CHAPTER 2

to the emu system. In the emu system, wo must become dimensionless; so
from Eq. (2.60b), charge loses its separate dimension by becoming equivalent to
mass!/? - lengthl/ 2. These are clearly two distinct ways of no longer recognizing
charge as a fundamental dimension. Using the terminology developed in Chap-
ter 1, we see that the (statcoul, statcoulq) pair is a connecting unit between the
upper level of Fig. 2.7 and the esu system of units, and the (abcoul, abcoulq) pair
is a connecting unit between the upper level of Fig. 2.7 and the emu system of
units. The third columns of Tables 2.4 and 2.5 give the esuq and emuq units of
common electromagnetic physical quantities. In Table 2.4 we can pick out the con-
necting pairs between the esu system and the upper level of Fig. 2.7 by comparing
unit expressions for the same physical quantity in the second and third columns.
For example, the electric field E has units of statvolt/cm in the esu system and
statvoltq/cm in the esuq system, so (statvolt/cm, statvoltq/cm) is a connecting
pair between the esu and esuq systems. Similarly, the second and third columns of
Table 2.5 show the connecting pairs between the emu system and the upper level of
Fig. 2.7; the units of the permanent-magnet magnetic dipole moment m gy reveal,
for example, that (abweber - cm, abweberq - cm) is a connecting pair between the
emu and emuq systems.

Tables 2.6 and 2.7 provide the basic information needed to convert physical
quantities and equations from esu units to emu units or from emu units to esu
units. Following the convention used in Section 2.3, all variables with subscript
“esu” are the numeric parts of physical quantities in the esu system of units, and all
variables with the subscript “emu” are the numeric parts of physical quantities in
the emu system of units. Variables with an “esuq” subscript are the numeric parts
of physical quantities in the esuq system, and variables with an “emuq” subscript
are the numeric parts of physical quantities in the emuq system. Equation (2.34a)
shows that all physical variables in the esu and esuq systems automatically have
the same numeric parts. Starting from the top of Table 2.7, we can write

Aesu = Aesuq
Besu = Besuq
etc.

Equation (2.34b) shows that the same holds true for all the physical variables in
the emu, emuq systems.

Aemu = Aemuq
Bemu = Bemuq
etc.
Purely mechanical quantities, such as the speed of light, have the same numeric

components in the esu, esuq, emu, emuq, and cgs systems of units, as indicated
by Egs. (2.34g, h). To keep it simple, when there is a choice of subscripts we
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choose the most well-known system of units. This means the numeric components
of mechanical quantities get the cgs subscript when they are part of the esu, esuq,
emu, or emuq systems; the numeric components of electromagnetic quantities get
esu subscripts when they are part of the esu or esuq systems; and the numeric
components of electromagnetic quantities get emu subscripts when they are part of
the emu or emuq systems.

To show how to use Table 2.7, we convert the definition of the D field in esu

units [see Eq. (2.20e) in Section 2.4],

5=E+47TI3,

to emu units. Split up into numeric components and the fundamental gm, cm, sec

Table 2.7 Numeric components of physical quantities in esu and emu units.

(magnetic vector potential)

Aemu = Aesu - Cegs

(volume current density)

-1
Jemu = Jesu - Cegs

(permeance)

Pemu = Pesu - ngs

(magnetic induction)

Bemu = Besu - Cegs

(surface current density)

(JIs)emu = (T§)esu - Cc_gls

(charge)

—1
Oemu = Qesu Cegs

(capacitance)

-2
Cemu = Cesu - Ccgs

(inductance)

Lemu = Lesu - ngs

(resistance)

Remu = Resu ngs

(electric displacement)

—1
Demu = Desu - Cegs

(permanent-magnet dipole moment)

(my)emu = (Mg esu - Cegs

(reluctance)

-2
Remu = Resu - Cegs

(electric field)

Eemu = Eesu - Cegs

(current-loop magnetic dipole moment)

-1
(mp)emu = (M])esu " Cegs

(volume charge density)

(pQ)emu =(pQ)esu - Cc_gls

(dielectric constant)

-2
€emu = €r " Cegss €esu = &r

(permanent-magnet dipole density)

(Mg )emu = (MK )esu - Cegs

(resistivity)

(PR)emu = (PR)esu - ngs

(permittivity of free space)

=2
(€0)emu = Cegs, (€0)esu = 1

(current-loop magnetic dipole density)

(MDemu = (M[)esu - Cogh

(elastance)

Semu = Sesu ngs

(magnetomotive force)

-1
Femu = Fesu - Ccgs

(magnetic permeability)

-2
Hemu = Hr, Hesu = Hr * Cegs

(surface charge density)

(Sg@)emu = (S@)esu - ngs

(magnetic flux)

(Pg)emu = (Pp)esu - Cegs

(magnetic permeability of free space)

(1o)emu = 1, (UQ)esu = C(:g2s

(conductivity)

-2
Oemu = Oesu " Ccgs

(conductance)

-2
Gemu = Gesu - Cegs

(magnetic pole strength)

(pH)emu = (PH)esu * Cegs

(electric potential)

Vemu = Vesu Cegs

(magnetic field)

-1
Hemu = Hesu - Ccgs

(electric dipole moment)

-1
Pemu = Pesu * Ccgs

(magnetic scalar potential)

(2p)emu = (g )esu - C(:7g]s

(current)

—1
Temu = lesu - Cegs

(electric dipole density)

-1
Pemu = Pesu Cegs
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units of the esu system, this equation becomes (see Table 2.4)

. 1 gml/Z . 1 gIn1/2 . 1 gIn1/2
Degy - <g : CIIl—l/z> = Eesy - (Q ' m) +47TPesu ' (a : (:111—1/2> (2.61&)

To go from the esu to esuq units in Fig. 2.7, we recognize charge as a fourth fun-
damental dimension. According to Rule VIII, the first step in doing this is to use
the meaning of the new charge dimension to rewrite Eq. (2.61a) so that it is bal-
anced in both the invariant and connecting units. As it stands now, Eq. (2.61a) is
only balanced in the invariant units gm, cm, and sec. From the electric displace-
ment row, the electric field row, and the electric dipole density row of Table 2.4 we
see that the connecting units of D, E, and P in the esu system are statcoul/cm2,
statvolt/cm, and statcoul/cm?, respectively. Equation (2.61a) becomes

- statcoul > statvolt > statcoul
Degy ( ) ) = Eeu - ( ) + 47 Pegy - <72> (2.61b)
cm cm cm

At first glance, Eq. (2.61b) looks like its units do not match, but as long as we stay
in the esu system we know that

statvolt 1 gm!/2  statcoul
2

cm sec cm!/2 cm

so that Eq. (2.61b) has balanced units. Rule VIII, however, requires that Eq. (2.61b)
obey Rules II, IV, and V—that is, it must have balanced units—in both its invariant
and connecting units. For this to be true, we must multiply Eesu by (statcoul -
statvolt ™! - cm™1) to get

> statcoul > statvolt statcoul
Desu NV )= Eesu . :
cm cm statvolt - cm
statcoul
cm? /)

(2.61¢)
+4n ﬁesu . (

We can do this because in the esu system [see Table 2.4 or Egs. (2.30a, ¢)]
statcoul gm!/2 . cm3/? 1 sec _q
statvolt- cm sec em \gm!/2.cm!/2) 7

so all we have done is to multiply Eesu by 1. Equation (2.61c¢), unlike Eq. (2.61b),
is balanced in both the connecting and invariant units, so we can recognize charge
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as a fourth fundamental dimension and write

- statcoulq - statvoltq statcoulq
Desu : =E esu ’ :
2
cm cm statvoltq - cm

- statcoulq
+ 47 Pegy - — 5
cm
) (2.61d)
- statvoltq statcoulq
= Eesu . .
cm erg - cm
- statcoulq
+47 Pegu - — |
cm

where the last step of Eq. (2.61d) uses statvoltq = erg/statcoulq. Note that our
systems of units have been constructed so that recognizing charge as a fundamental
dimension just means adding a “q” suffix to the unit names. Since 1 erg = gm-cm?-

sec™2, Eq. (2.61d) can be written as

- statcoulq = statvoltq statcoulq? - sec?
Degy - B = Eesu - : 3
cm cm gm- cm

(2.61e)
- statcoulq
+ 4 Pesu N |
cm
From Eq. (2.38),
statcoulq? - sec? statcoulq? - sec?
1 - 3 = (EO)esuq—3
gm - e gm - cm

(2.619)

statcoulq? - sec?

= (€0)esu 3
gm-cm

where we specify that the numeric components of physical quantities in the esu and

esuq systems must be the same [and, of course, that (€¢)esug and (£0)esu are just
different names for the number 1]. Equation (2.61f) is used to write Eq. (2.61¢) as

- statcoulq
Desu : 2
cm

> statvolt statcoulg? - sec?
= Eesu : (7(]) : |:(5O)esu : —q3] (2'61g)
cm gm - cm
> statcoul
+4.7TPesu . (—2q>
cm
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Now Table 2.6 is used to make the second step from esuq to emuq units. Substitut-
ing abvoltq and abcoulq units for the statvoltq and statcoulq units gives

- _, abcoulg
Do e o

> abvolt abcoulg? - sec?
= (Eesu * Cegs * i q> . |:(80)esu . Cc_gzs . é} (2.611’1)

gm - cm?3
~ _, abcoulg
+ 4| Pesy - Cogs * " .

Table 2.7 is next used to substitute emu-subscripted variables for the esu-
subscripted variables.

- abcoulq
Demu . 2
cm

> abvolt abcoulq? - sec? .
= (Eemu : q> : |:(80)emu : %] (2.611)
cm gm - cm
- abcoulq
+47\ Pemu - ——— |-
cm

We stop recognizing charge as a fundamental dimension, dropping to the emu sys-

9

tem by removing the “q” suffix to get
- abcoul
Demy - ———
cm

> abvolt sec? > abcoul
=\ Eemu - - (e0)emu 5 + 47| Pemu s
cm cm

cm?

(2.61j)

where we have used Eq. (2.31a) to make the substitution

2 2

abcoul? - sec sec

gm-cm®  cm?’

Returning at last to variables representing physical quantities, Eq. (2.61j) can be
written as

D=¢eyE +4n P (2.61k)

or, using Eq. (2.12b) to replace g by c2,

I -
D:—2E+4nP. (2.611)
C



UNITS ASSOCIATED WITH NINETEENTH-CENTURY ELECTROMAGNETIC THEORY 123

The procedure in Fig. 2.7 gives the correct answer even when 1 statcoulq/
(statvoltq - cm) is not recognized as &g in the esuq system of units. Suppose we
cancel the statvoltq units in the first step of Eq. (2.61d) to get

- statcoulq -
esu’ — > = Eesu -
cm

statcoulq ~ statcoulq
——— +4n Py ————- (2.62a)
cm cm

The expressions in Table 2.7 for the emu-subscripted numerics and the equality
L abcoulq = cg; - statcoulq from Table 2.6 give

~ statcoulq 12 statcoulq 44 3 statcoulq
c C = = Cigs - ———— +4mnc —
cgs Yemu om?2 cgsFemu ) cgsfemu om?
or
- abcoulq H = abcoulq ~ abcoulq
emu " T 5 — ch% emu * + 47 Pemu - 5 (2.62b)
cm m

APl

Dropping down to the emu system in Fig. 2.7 by removing the “q” suffix gives

= abcoul 5 - abcoul - abcoul

emu * = CegsLoemu o2 + 47 Pery -

cm? cm?

or, using Table 2.3,

N gm1/2 5 gm1/2 m1/2

- - g
Demu - =7 = Cops Eemu - ——=5 + 47 Pernu - —— -
emu Cm3/2 cgs emu Cm3/2 + emu cm3/2

(2.62c¢)
From Table 2.5 we note that gm!/?/cm3/? are the correct emu units for D and
P but not for E, which must have units of gml/ 2. cm!/? / sec?. Therefore we are
forced to multiply the E¢py term by

sec? cm? _
cm?  sec?
to get
. om!/2 (L sec2\ - gm!/2 . cm!/2 an P gm!/2
emu ° -cm3/2 =\ Cegs - ) * Lemu * Soc2 T Lemu * —cm3/2
or
D=—SE+4nP (2.62d)
c

using the physical quantities ¢, D, E, and P. Equation (2.62d) is the same as
Eq. (2.611), which shows that we do not need to recognize 1statcoulq/(statvoltq -
cm) as go to get the right answer.
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Figure 2.8 The two plates of this parallel-plate capacitor have the same shape
and are placed one above the other, separated by a distance d.

The formula for the capacitance C of the parallel-plate capacitor in Fig. 2.8 is,
in the emu system of units,

A

__A4 2.63
Ar de2’ (2.632)

where A is the area of each capacitor plate, d is the distance separating the plates,
and c is the speed of light. Breaking this up into numeric parts and units gives,
using Table 2.5,

Acgs - cm?
Cemu : e = = . (263b)
cm

cm'\ 2
47 (degs - cm)| Cegs - —
sec

Consulting Rule VIII, we see that the first step is to use the physical meaning
of capacitance to write C in terms of the connecting unit abfarad:

Acgs - cm? sec?

Cemu - abfarad = (2.63¢)

47 (degs - cm)cZy,  cm? ’
Equation (2.63c) is balanced in the emu system, where 1 abfarad = sec?/cm, but
does not yet obey the second part of Rule VIII, since it is not balanced in both the
invariant units cm and sec and the connecting units (abfarad and abfaradq) to the
upper level of Fig. 2.7. Multiplying the right-hand side by abfarad - cm/sec?, which
is 1 in the emu system, gives

Aces - CM? 1 2 bfarad -
Copny - abfarad = ——<&8 0 ( se¢ )(a ara Cm). (2.63d)

47 (degs - cm) cggs cm? sec2

This is clearly balanced in both the invariant and connecting units, so we can add
the “q” suffix to transfer to the emuq system, recognizing charge as a fundamental
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dimension:

Avces - CM? 1 2 bfaradq -
cemu-abfaradq:Lcm ( se¢ ><a aradd °m>. (2.63e)

47 (degs - cm) cggs cm? sec?

2
cgs

From Table 2.6 we have 1 abfaradq = cz,, - statfaradq, which gives

C 2. - statfaradq = Acgs - om’ statfaradq (2.63f)
emu - Tegs 1= (dcgs - cm) cm ' '
Consulting Table 2.7, we note that Cemucggs = Cesu, SO
Acos - cmM? tatfarad
Cegy - statfaradq = e  atlaradd (2.63g)
47 (dcgs - cm) cm
or
Cesu - Statfarad = Acgs - cm’ . statfarad (2.63h)
esu = y .

47 (dcgs - cm) cm

where in the last step we transfer from the esuq to the esu system in Fig. 2.7, no
longer recognizing charge as a fundamental dimension by removing the “q” suffix.
Table 2.4 shows that 1 statfarad = cm, so Eq. (2.63h) becomes

Acgs . sz
Ceq - Statfarad= —=———
4 (dcgs - cm)

or
C A (2.631)
=—, .63i
4 d
when writing the formula in terms of the physical quantities C, A, and d.

2.10 DIRECT CONVERSION BETWEEN THE ESU AND EMU SYSTEMS
OF UNITS

Using esuq and emuq units to transform equations and formulas from the esu to
emu system, or from the emu to esu system, is a straightforward process; but the job
can also be done directly by combining Table 2.7 with the information in Table 2.8.
The information in Table 2.8 comes from comparing the two columns of Table 2.3
and noticing that 1 statamp multiplied by sec/cm is the same as 1 abamp, 1 statvolt
multiplied by cm/sec is the same as 1 abvolt, and so on.
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Table 2.8 Unit relationships between the esu and
emu systems.

sec
abamp = — - statamp
cm

sec
abcoul = — - statcoul
cm

cm
abweber = — - statweber
sec

cm
abvolt = — - statvolt
sec

2
sec
abfarad = — - statfarad
cm?

2

cm
abhenry = —- stathenry
sec

cm?
abohm = —=- statohm
sec

As an example of how to use Tables 2.7 and 2.8 to switch from emu to esu
units, we consider the formula for B, Eq. (2.19¢), in emu units. Broken up into
numeric parts and units, this equation becomes

1/2 1/2

- 1 gm

em

- 1 gm!/?
+4n (MH)emugm. (2.64a)

- 1 gm

em

Useceml/Z "sec cm!/2
Consulting Table 2.5 for the ab-prefixed forms of emu units for B, H, and Mg, we
write

-~ abweber - abamp

emuwz emu cm 477( H)emu

abweber

— (2.64b)

Using Table 2.7 to replace the emu-subscripted quantities by esu-subscripted quan-
tities gives

abweber

> abweber S _j abamp
_ Cogs™ - (2.64¢)
cm

esuCcgs = Hesuccgs? + 4 (MH)

sz esu

Multiplying all these terms by
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we have
> cm sec abweber
Besuccgs'_'_'iz
sec cm cm
Ao oml sec cm abamp 44 (1\?1 ) cm sec abweber
= HesuCrgs " —— " —— - T(Mp) g Cegs —— " —————5—
¢ cm sec cm esu 8 goc cm cm?

or, consulting Table 2.8 to find that 1statweber = (sec/cm) - abweber and
1 statamp = (cm/sec) - abamp, we get

- statweber cm
Besy 5 )| Cees
cm sec

(A statamp 1
U em cm (2.64d)
chsa
- statweber cm
+4r |:(MH)esu cm?2 :| ) (chs g) :

Writing this in terms of the physical quantities ¢, B, H, and My then gives

N

. - . H .
cB=—+4+4ncMy or B= — + 4 My (2.64e)
c

c
in esu units. Since g = ¢~? in the esu system, Eq. (2.64e) is the same as
Eq. (2.19d), which is the expected result.

To show how this method can be used to go from the esu units to emu units, we
take Eq. (2.631) back into the emu system. Breaking both sides of the formula into
numeric parts and units gives

Acgscm2
Cesustatfarad = ———, (2.65a)
4 degsem
which becomes, using Tables 2.7 and 2.8,
Comac. ™ abfarad — Aessem (2.65b)
¢, .——abfarad = .
cmiTees gec2 47 dcgscm

Written in terms of ¢, A, d, and the capacitance C in emu units, this becomes

A

=— 2.65
4mrdc? (2.65¢)

Equation (2.65c¢) is identical to Eq. (2.63a), as it should be.
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2.11 THE B AND H FIELDS AT THE START OF THE TWENTIETH
CENTURY

At the beginning of the twentieth century, physicists began to re-evaluate the roles
of the B and H fields, with the magnetic induction B taken to be the fundamental
magnetic field and the H field regarded as a sometimes-helpful auxiliary field. This
was a natural change of opinion as it became more and more clear that isolated
magnetic poles did not exist, that the behavior of permanent magnets could be
explained in terms of microscopic current loops, and that moving electric charges
interact directly with the B rather than the H field. A contributing factor was the
just-proposed theory of special relativity, describing how a stationary charge’s E
field transforms into a combination of E and B fields when viewed by observers in
motion with respect to the charge. We can easily show, in fact, that moving charges
interact directly with the B field rather than the H field of a permanent magnet.

Figure 2.9 shows the south pole of a long, thin permanent magnet placed near
an infinitely long wire carrying a constant current /. The pole strength of the south
pole is (—py) and the north pole is so far from the wire that its influence can be
neglected. We model the current in the wire as a sequence of point charges moving
at an average velocity v with an average linear density of Ap. The linear density
Ao 1is constant along the wire and measured in terms of the charge per unit length,
SO

— =1=XApv. 2.66
dt ov ( 2)

From Egs. (2.5), (2.6), and (2.66a), we know that the total force on the magnet’s
south pole is

2pul  2hgupn
r b

Fsp = py Hwire = (2.66b)

where Hwgg is the magnetic field created by the current in the wire, F sp points
into the page, and r is the distance of the pole from the wire. We have not special-
ized these equations to one set of units, which means Eqgs. (2.66a,b) are good in
any of the four systems of units so far discussed. By the middle of the nineteenth
century it was well established that a short wire segment of length d¢ carrying a
constant current / experiences a force proportional to

(Id0)H sing

in a magnetic field H making an angle ¢ with respect to the wire (see Fig. 2.9).
Taking the constant of proportionality to be «z, we have for the force d Fyrg on the
wire segment of length d?¢

dFWIRE = O[(IdZ)H sin¢. (2.660)
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N

South pole of pole

/ strength (=py)

N S —
.
®
FSP
I=/1Qv

Figure 2.9 The south pole of a permanent magnet interacts with the constant
current [ in a long, straight wire. The pole strength of the south pole is (—px).

From Eq. (2.3b) and Fig. 2.9 we know that

sin¢ (akapH> rdf (2.664)

PH
wire = o (1d0) o 720 o ERWIE

where in the last step we have used Eq. (2.66a) and the definition of sin ¢ to elimi-
nate the current and the angle from the formula for d Fygrg. The total force on the
wire is

Fuyme — AAQUPHT I dl _ (akapHr> . [ 14 i|°°
“o —00 (,,2 +£2)3/2 o 2./ 02 + 72 —o0
_ 2akoupH
por
(2.66¢)

By Newton’s third law we know that

Fwire = Fsp; (2.66f)

that is, the magnitude of the current’s total force on the pole must equal the magni-
tude of the pole’s total force on the current. From Eqs. (2.66b), (2.66e), and (2.66f),
we see that

2 gupH _ 20hQUpH

r nor

or

o = [o.
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Hence, using Eq. (2.66¢) and the definition of B in empty space [see Eq. (2.19d)],
it follows that

dFWIRE = (IdE sinqb)(,uoH) = (Idﬁ sin¢)B.
Using Eq. (2.66a), this can be written as
dFWIRE = ()\,Qdﬁ)UB sin ¢

Since A pd{ is the amount of moving charge d Q in a length d/¢ of the wire, we end
up with

dFW[REZdQvB sinqb
or
dﬁWlRE =dQ . (1_)> X g), (2.66g)

where the definition of the vector cross product is used to write the formula for
the vector force d Fyge in terms of the vector velocity v, the moving charge
dQ = Lpd¥, and the B field. This shows what we wanted to prove, that moving
charge interacts directly with the B field rather than the H field. Hence, if isolated
magnetic poles do not exist and all magnetic fields are created by currents—either
macroscopic or microscopic—it is only natural to regard the magnetic induction B
as the fundamental magnetic field. The magnetic induction is then defined by the
force it exerts on an isolated point charge Q moving with a vector velocity v:

F=QE+Q(i x B). (2.66h)

Equation (2.66h) is called the Lorentz force law, for the force F experienced by
a point charge Q moving with a velocity v at a field point where the electric field
is E and the magnetic induction is B. Because neither &g, o, nor ¢ are part of
the Lorentz force law, we expect it to have the same form in the esu, emu, esuq,
and emuq systems of units—which is in fact the case. Equation (2.66h) is a more
convincing fundamental equation than Eq. (2.2b), Coulomb’s law for magnetic
poles, because isolated charges, unlike isolated magnetic poles, are known to exist
in the form of elementary particles such as the electron, proton, etc.

_ In Table 2.7 the vector potential A, the current-loop magnetic dipole density
M|, and the current-loop magnetic dipole moment 72; all reflect the interchanged
roles of the B and H magnetic fields.

The B field in Eq. (2.19d) is constructed to be a zero-divergence field; as the
primary magnetic field it makes sense to represent it by the curl of another vector
field A, called the vector potential:

B=curlA=V x A, (2.67a)
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because the divergence of the curl of any vector field is always zero;
div(curld) =V - (Vx A)=0=V - B. (2.67b)

Equations (2.67a, b) have the same form in the esu, emu, esuq, and emuq systems
of units. Many of the equations of quantum mechanics take on a simpler form when
written in terms of the vector potential A instead of the magnetic induction B

Since H is now the auxiliary field, Eq. (2.19d) defines H rather than B and
should be written as

_ M
H= 471( H ) (2.682)
1o o

Written this way, it is natural to define a new quantity

M;j=— Mg (2.68b)

1’71] =—-myg (2.680)

defined to be the current-loop magnetic dipole moment. Now Eq. (2.68a) can be
written as

— 1 > -
H=— -B—4nM;. (2.68d)
Mo

In general, the distinctions drawn between m;, my and My, My in Egs. (2.68b, c)
are irrelevant in emu units—in fact, they are irrelevant in any system where pq is
the dimensionless numeric 1 (such as the Gaussian and Heaviside-Lorentz systems
discussed in Chapter 3). From this point on, when we convert equations containing
the magnetic dipole moment or magnetic dipole density from systems where o =
1 to other systems where g # 1, we must first decide whether the magnetic dipole
moment is mj or m g and whether the magnetic dipole density is Mj or M. This
sounds like more of a problem than it really is; all we are really deciding is whether
we want the corresponding formula in the other systems where ©g # 1 to be in
terms of my, My or mpg, Mp. It is good practice to make the choice immediately
by attaching I or H subscripts to m and Mbefore starting the conversion, because
then there is never any doubt about which units and table entries to use. For this
reason we will continue to label the magnetic dipole moment and magnetic dipole
density with subscripts / and H, even when working in systems of units where
wo = 1; this way it is always clear what these variables are intended to be when

mo # 1.
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The m; magnetic dipole moment of any current loop in a plane is
m;=(I-A)n, (2.68e)

where I is the constant current in the loop of area A, and 7 is the dimensionless
unit vector perpendicular to the planar surface inside the loop (we note that the cur-
rent must circulate counterclockwise around the base of 71 (as shown in Fig. 2.10).
Equation (2.68e) has the same form in the esu, emu, esuqg, and emuq systems of
units.

Because many textbooks talk about the magnetic dipole moment m without
clearly specifying its exact nature, even when working in systems where g # 1,
it is important to determine whegher my or my is being referred to. One helpful
indication is whether the torque 7" on an isolated magnetic dipole m is written as

T=mxH or T=mxB.

The first formula reveals 7 to be m py, S0

T =y x H, (2.69a)
and the second formula reveals 7 to be my,

T =m; x B. (2.69b)

Many times these relationships are presented as a potential energy of orientation
of the dipole in an external magnetic field. If the potential energy U for a magnetic
dipole m is written as

U=—m-H,
then we know that m = m g and it is more precise to write this equation as
U=—inpy-H. (2.69¢)
If the potential energy is written as

U:—m-é,

area A

current /

Figure 2.10 The current-loop magnetic dipole moment is m; = I Afi.
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then we know that m = m; and it is more precise to write this equation as

U=—my-B. (2.69d)

2.12 ELECTROMAGNETIC CONCEPTS USED TO ANALYZE BULK
MATTER

Most of the yet-to-be-specified quantities in Table 2.7 are straightforward exten-
sions of concepts which have already been discussed. For example, the resistance
of a wire, RwjrE, is directly proportional to its length Lw;rg and inversely propor-
tional to its cross-sectional area Awjgrg; therefore, the material of the wire can be
assigned a constant resistivity

_ Rwire - Awire

(2.70a)
Lwire
The conductivity of the wire material is
1
o=—. (2.70b)
PR

Tables 2.4 and 2.5 give the units of resistivity and conductivity in the esu, esuq,
emu, and emuq systems of units. We cannot give their practical units because the
practical system of units described in Section 2.6 does not have an official unit of
length.

The behavior of electric fields and charges inside matter can often be analyzed
by treating the substance as a region of space characterized by a permittivity that
is proportional to the permittivity of free space:

& =¢&r€0, (2.70c)

where ¢, is a dimensionless numeric. The physical quantity ¢ is often called the
dielectric constant and ¢, is often called the relative dielectric constant. There is a
similar equation for analyzing magnetic fields inside matter:

I = Iy 140, (2.70d)

with p called the magnetic permeability of the substance and u, a dimensionless
numeric that is sometimes called the relative magnetic permeability. Different ma-
terials have different values of ¢, and u,, although for most nonmetallic substances
wr = 1. For any given material the values of ¢ and u, unlike the values of gy and
Ko in empty space, depend on the frequency of the electromagnetic phenomena
being analyzed. Equations (2.70c, d) show that ¢ and u have the same units as &g
and pg in all systems of electromagnetic units.



134 CHAPTER 2

The electric and magnetic susceptibilities, x. and x,, respectively, are dimen-
sionless scalars defined by the equations

P = xoe0E (2.70e)
and
My = xmitoH, (2.70f)

when the material is such that P is parallel to E and M f 1s parallel to H. We
note that when P is not parallel to E, electric phenomena cannot be analyzed by
treating the material as a region of space with a scalar permittivity of ¢ instead of
€o; and when M H is not parallel to H, magnetic phenomena cannot be analyzed
by treating the material as a region of space with a scalar permeability u instead of
wo- It should be pointed out that neither rationalization nor a change of units affects
the values of ¢, and u,, which is perhaps no surprise since they are dimensionless;
but the values of x. and y,,, although they are also dimensionless and unaffected
by a change of units, are indeed changed by rationalization (see Tables 3.6 and 3.14
in Chapter 3).

The volume charge density field pg is just the amount of charge per unit volume
at any field point. This means the amount of charge d Q inside an infinitesimal
volume dV at that field point is

dQ=pg-dV. 2.71a)

We can also define a surface charge density Sp such that the amount of charge
inside an infinitesimal area d A of a surface is

dQ=Sp-dA. (2.71b)

The volume current density J describes the flow of charge. It points in the
direction the charge is flowing and has a magnitude such that the infinitesimal
electric current d/ crossing an infinitesimal area d A at any field point is

dl = (J -A)dA=(|J|cos0)dA. 2.71¢)
Here 7 is the dimensionless unit vector which is normal to d A and pointing in the
direction for which d1 is defined to be positive. The angle between J and 7 is 6.

We can use the J field inside a wire such as the one shown in Fig. 2.11(a) to write
the wire’s total current / as

1:/ dI:/ (7 -R)dA, (2.71d)
overS overS
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where S is the wire’s cross-sectional surface. The surface current density Js is a
vector pointing in the direction of a current flowing on a surface and can be used
to write the current d/ flowing across a line element d£ on that surface as

dl = J -dt. (2.71e)

In Fig. 2.11(b), we show that the total surface-current / flowing across a curve L
can be written as

I :/ dl = Js -dL. 2.71f)
overL overL

Tables 2.4 and 2.5 give the units of pg, Sp, f, and js in the esu, esuq, emu, and
emuq systems of units. Note that pp and J can describe the distribution and flow
of charge even when no wires are present—for example when unbound electrons
and protons interact in a plasma.

The remaining physical quantities in Table 2.7—the permeance, reluctance,
magnetic flux, and magnetomotive force—are useful when analyzing the design of
electromagnets and transformers, topics not usually covered in introductory text-
books of electricity and magnetism. It can be shown that an ideal electromagnet
of the type sketched in Fig. 2.12 can be modelled as a magnetic circuit, with the
B field playing the role of the J field in an ordinary electric circuit and the coil

cross-sectional
surface S

Figure 2.11a The current inside a wire can be represented by a volume current
density J specified over a cross-sectional surface S.

curve L

Figure 2.11b The current flowing along a surface can be represented by a surface
current density 75 specified along a curve L.
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current [

Figure 2.12 The current / generates a magnetic B field inside the iron or steel
horseshoe.

of wire creating a magnetomotive force analogous to the total electric potential or
voltage V of an electric circuit. The magnetomotive force is proportional to the
electric current / in the coil of wire and always has the same electromagnetic units
as an electric current. The iron or steel “horseshoe” around which the wire is coiled
has a small gap. The B field is almost entirely zero outside the horseshoe except in
the gap, where it tends to keep the approximately constant value it has inside the
horseshoe. Since B is analogous to J, the magnetic flux

Pp = _(B-h)dA (2.72a)
cross=section
of horseshoe

is analogous to electric current; and for magnetic circuits we can write an equation
analogous to Ohm’s law [see Eq. (2.25a) above]:

R -&p=F. (2.72b)

In Eq. (2.72b), F is the magnetomotive force and R is the reluctance. The perme-
ance P of the magnetic circuit is 1/R, so it is analogous to the conductance of an
electric circuit. If the gap in Fig. 2.12 is small, then B is approximately constant in
the gap and zero outside, so

®p =B - Agar, (2.72c)

where Agap is the cross-sectional area of the gap. Given the reluctance (or perme-
ance) and magnetomotive force of the electromagnet, Egs. (2.72b, ¢) can be used
to find the magnetic induction B inside the gap.

APPENDIX 2.A: MAGNETIC-FIELD MEASUREMENT IN THE EARLY
NINETEENTH CENTURY

A small, thin compass needle suspended from its center of mass and allowed to
swing freely will settle down to an equilibrium position parallel to the local mag-
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netic field H. Figure 2.A.1 shows that in this equilibrium position a vector drawn
from the needle’s south pole of pole strength (—pn) < 0 to its north pole of
pole strength py > O points in the direction of H. We say that the needle has a
permanent-magnet dipole moment

my =pg-L, (2.A.1)

where L is the distance between the needle’s north and south poles. A thin bar with
constant mass density and constant cross-sectional area has a moment of inertia

M2

— 2.A2
0 (2.A.2)

L=

where £ is the total length of the bar and M is the total mass of the bar. In general,
£, the length of a thin bar magnet, is slightly larger than L, the distance between
the effective positions of the north and south magnetic poles.

When the needle in Fig. 2.A.1 is slightly disturbed, it undergoes small-angle
oscillations about its equilibrium position. Because the needle is suspended from
its center of mass, gravity cannot act to restore the needle to its equilibrium posi-
tion, because for every mass element that experiences a drop in height there is a
corresponding mass element that experiences a gain in height, leaving the overall
gravitational potential energy constant. There is, however, a change in potential en-
ergy from the interaction of the needle with the local magnetic field H, as shown
in Fig. 2.A.2. For small-angle oscillations about equilibrium we define two angles,

Figure 2.A.1 The small needle suspended in a constant magnetic field His a
permanent magnet with a north pole of pole strength py and a south pole of pole
strength (—ppu)._It oscillates with a period which is inversely proportional to the
square root of |H|.
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6y and 6y, describing the swing of the needle’s pole tip from its equilibrium angle
(see Fig. 2.A.1). The equations of motion of the swinging needle are

d?0,

l = —my HO, (2.A.3a)
and

d*e,

where H = |ﬁ | is the magnitude of the magnetic field at the position of the needle.
These two simple-harmonic-oscillator equations have the general solution

. (21t 2t
O(t) = Aysin| — ) + Bycos| — (2.A 4a)
T T
and
2t 2wt
Oy (t) = Ay sin il + By cos il , (2.A.4b)
T T
where
T=27 |— (2.A.4c)
mHH

is the period of the needle’s oscillation, and A,, By, Ay, and By are arbitrary real
constants determined by the type of initial disturbance experienced by the needle.

H
permanent-magnet i .
dipole moment is force = py, -H
My =Py -L O

C 7

force = —py-H l

torque T=my -H -sin¢g

potential energy U =—my; - H -cos¢

Figure 2.A.2 The poles of a long, thin bar magnet of length ¢ are separated by a
distance L. For bar magnets L is slightly less than ¢.
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No matter what the values of Ay, By, Ay, and B, are—that is, no matter what type
of (small) disturbance starts the needle oscillating—we see that

Ot +T)=0:(2)
and
Oy +T)=0y().

This makes the period T of a small, swinging needle an easy way to measure the
size of an unknown magnetic field H. Consequently, the equilibrium orientation of
the needle gives the direction of the H field, as in Fig. 2.A.1, and the magnitude of
the H field is given by

4%
my

From Egs. (2.A.1), (2.A.2), and (2.A.5a) we have

42 Me?
"\12) 22 me 2A5H)
(pyL)T* 3 pyLT* o

Both ¢ and m g are intrinsic properties of the needle in Eq. (2.A.5a). Therefore, we
can create a known magnetic field Hg, measure the period of a suspended needle
Tk in field Hg, move the needle to an unknown magnetic field Hy, measure the
period Ty of the same needle in Hy, and calculate Hy; from the known quantities
H](, TK, and TUZ

Tk \ 2
Hy = Hg (-) . (2.A.6)

APPENDIX 2.B: DIMENSIONLESS VECTOR DERIVATIVES

There are three basic types of product defined for vectors: the product of a vector
and a scalar, the dot product of two vectors, and the cross product of two vectors.
Each vector product can be defined by specifying the behavior of the dimensionless
unit vectors of a Cartesian coordinate system. _

Figure 2.B gives the x, y, z scalar components of a vector physical quantity b
in a three-dimensional Cartesian coordinate system. The three components of b
are called by, by, and b, respectively, and all three scalars have the same physical
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Figure 2.B The £, §, 2 components of vector b are b, by, b, respectively.

dimensions and customarily are measured in the same units. The X, y, Z dimen-
sionless unit vectors can be used to write b as

b=b.% +b,5+b3. (2.B.1a)

Equation (2.B.1a) is equivalent to the standard definition of a three-dimensional
Cartesian vector. For example, in column-vector notation

1 0 0
2:(0), 9:(1), 2=<o>,
0 0 1
by 0 0
bx)%:(O), bﬁ:(@), bzzz(o), (2.B.1b)
0 0 b,
) by 0 0 by
b:beng:(o)+<by)+(o):(by>. B0
0 0 b, b,

If we use row-vector notation

so that

and

x=(00), =010, z=(0O01),
we end up with

b= (b, by b,).
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We note that Egs. (2.B.1a—c) assume some understanding of what happens
when a scalar multiplies a vector, since by, by, b, are scalars and X,y,Z are vec-
tors. Strictly speaking, however, Eqs. (2.B.1a—c) only specify what happens when
scalars multiply dimensionless unit vectors. To define multiplication of any vector
I;by a real or complex scalar « we note that

ab= a(bxi +0byy + bzé) = (aby)x + (aby)y + (ab,)zZ, (2.B.2a)
which shows that the components by, by, and b, become ab,, aby, and ab, when

o multiplies b. This matches our intuitive understanding of what happens when o
multiplies b. To see why this is so, note that the length of b is & times the length

of b:
\al;| :\/azbf +a2b§ +a?b? =a, /b2 +b§ + b2 :o1|l;|;

while the direction of ah remains the same as the direction of b because the ratios
of the x, y, z components do not change:

aby by ab, by ab, _ by
ab, b, ab, b, ab, b,

The product of a scalar and a vector is another vector, but the dot product of
two vectors is a scalar. We define

£.8=1, £-9=4%-2=0, (2.B.3a)
$.9=1, $.£=9-2=0, (2.B.3b)
fez=1, 5.8=%.9=0 (2.B.3¢)

For any three vectors a, l;, and ¢ and any three real or complex scalars o, B, and y,
we require the dot product to distribute over vector addition:

(ad) - (Bb + y©) = (Bb + y¢C) - (ad) = (@) (b ) + (@y)(a - 7)
= (@B)(@ -b) + (ay)(¢ -a).

(2.B.3d)

The first and third step in Eq (2.B.3d) show that the dot product commutes: a-b=
b -a for any two vectors a and b. Now we know enough to find the scalar value
corresponding to the dot product of any two vectors

a=ayx+ayy+a;z and b=b,% +b,y+0b.2Z.
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We have, from Egs. (2.B.3a—d), that
b = (ack +ayy +az2) - (bxk +byJ + b.2)
(2.B.3e)
This is, of course, the standard formula for the dot product of two vectors in x, y, z

Cartesian coordinates. The dot product can also be used to specify the x, y, z com-
ponents of any vector a. From Egs. (2.B.3a—c), we get

G-f=%-d=ay, (2.B.3f)
i-y=9-d=a,, (2.B.3g)
G-2=%-d=a, (2.B.3h)

IXX=9xy=2zx%x2=0, (2.B.4a)
Ixy=2=—(yx %), (2.B.4b)
ixi=9=—(%x2), (2.B.4c)
Fxz=R=—(2x3). (2.B.4d)

axb=—(bxa). (2.B.4e)

We note that the cross products of the dimensionless unit vectors in Egs. (2.B.4a—d)
obey this rule. For any three vectors a, b, and ¢, and any three real or complex
scalars «, 8, and y, we require the vector cross product to distribute over addition:

(@d) x (Bb+ y©) = (@B)(@ x b) + (ay)(@ x ). (2.B.4f)
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Now we know enough to find the cross product of any two vectors a and b. Equa-
tions (2.B.4a—f) give

ixb= (ax® +ayy +a;2) x (bek +byy +b,2)
=ay(bxX X X +by% X §+b.% x 2)
+ay(byy x X +byy x §+b,9 x2) (2.B.4g)
ta;(bxZ x X +byZx §+bZx2Z)
= (ayb; — a;by)X + (a;by — axb;)y + (axby — ayby)z.

Equation (2.B.4g) is the standard formula for the cross product of two vectors in
x, v, z Cartesian coordinates.

There is a strong tradition in mathematical physics of defining a vector differ-
ential operator V, called the del operator, by

\Y A8+A3+Aa (2.B.52)
= X— —_— _—, b.oa
ox yay Zaz

and using it to examine the change of vector and scalar fields with respect to
changes in the location, or field point, at which the fields are evaluated. Although
Eq. (2.B.5a) is the customary way of writing V, it is equally correct to write

V=—%+—9+ P (2.B.5b)

because the location and size of the x, y,z dimensionless unit vectors do not
change when the location of the field point changes. In effect, vectors X, y, Z are
three constant vector fields whose derivatives in the x, y, z directions are always
zero. (Note that the same cannot be said for vectors such as 7, the dimensionless
unit vector pointing from the origin of the coordinate system to the field point.)

There are three standard derivatives using %, with each standard derivative cor-
responding to one of the three types of vector product discussed above. A scalar
field ¢ is defined to be a scalar function of position ¢ = ¢ (x, y, z). The gradient
of a scalar field ¢ corresponds to multiplying a vector (i.e., operator %) by a scalar
(i.e., the field ¢):

. 9 .9 .0 o 00 .
Vo= (iL +5L 432 )p=222 1522 1220 2B.6
¢ <x8x+y8y+zaz)¢ Yo Tay TE: (2B.62)

Unless ¢ is a constant field, we expect %q& to be a vector, making %q& a vector
field. When ¢ is a physical quantity it must have units, which can be called uphi.
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Measuring ¢ in units of uphi and the x, y, z coordinates in units of length called
ulength gives, using the notation of Chapter 1,

uphi  9¢[uphi] . uphi  d¢uphi|
+
ulength dx [ulength] ulength 8)’[ulength]
. uphi  9¢[uphi|
Z
ulength 9z [ylength)

V¢ =3

. (2.B.6b)
_uphi ()2 dPluphi] i dPluphi] e dPluphi] )
ulength 0x [ulength] dy [ulength] 0z [ulength]
1 =d 1 -
= V uphi - 1) =—V, ,
(uleng th [ulength])( p ¢[uphl]) ulength [ulength](b
where
6 . 0 45 d 42 0
1 h] =X y Z
(ulength] 8x[ulength] dy [ulength] Gl Z[ulength]
(2.B.6¢)
0 R 0 R 0 R
+ zZ.

g X y
ax[ulength] ay[ulength] aZ[ulength]

The divergence of a vector field b corresponds to the dot product of V and b.
Equations (2.B.3f) through (2.B.3h) give

3 dy” | oz
R B, B
LG+ 265+ 2. 2.B.6d
[ax(x )+ 55+ b)] (2.B.6d)
_ b, by b
T oox 0x ax

This is the standard formula for the divergence of a vector field in x, y, z Carte-
sian coordinates. Measuring b in units of ub and the x, y, z coordinates in units of
ulength gives

ulength \ Ox[ulength] ~ OX[ulength]  OX[ulength] (2.B.60)
1 . _ .B.

v[ulength] . (Ubb[ub]) = v[ulength] -b.

- ulength ulength
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The curl of a vector field b corresponds to the cross product of V and b. Using
Egs. (2.B.6a—d) we get

S 0 0 d
Vxb=|— — — Xby + yby +zb
X (axx+ayy+azz> (x x Y0y +2 z)

.oby,  0db, 4 L 0by P ob, n 8b .0by (2.B.60)
=|z——-—y— —I— +x— —xr—= .B.
: 0x y 0x : dy ay az 0z
ob ob, 0 b, ab ob b
=i —=-=2)+7 +i = -=).
ay 0z 0z ax ox ay
This is the standard formula for the curl of a vector field in an x, )z coordinate

system. Measuring the x, y, z coordinates in units of ulength and b in units of ub
gives

Vxb=

ub )2( a(bz)[ub] _ a(by)[ub] )

ulength ay [ulength] 0z [ulength]

n ub A< 3(bx)b)  3(b)uby )
ulength 0z [ulength] 0x [ulength]

ub 2( d(by)ub)  (bx)ub] )

ulength OX[ulength]  OY[ulength]
1

ulength

(2.B.6g)

Vl0ulength] X b.

[ulength] X (ubb “b]) ulength

The units and dimensions of V are clear for these three different types of vector
derivative. In Egs. (2.B.6b), (2.B.6e), and (2.B.6g), v always has units of ulength™ !
and has a “numeric part” given by Eq. (2.B.6c). Hence when we analyze equations
containing V¢ V. b or V x b we can always replace v by ulength™ V [ulength] -
For the cgs systems of electromagnetic units we define, as a matter of notational
convenience, the operator Vg by the equalities

1z i~ O . 0 . 0

cm™ Vegg =cm X +y +Z

0xcgs aycgq achq

V=cm !V cm™ ( 0 +2 0 )
= = = Z )
fom] 8x[cm] 8y[cm] 0Z[cm]
(2.B.7a)
and for the mks systems of electromagnetic units we define
12 i~ 9 . 0 . 0

M Vegs =m Ao F Y g

mks Ymks mks (2.B.7b)

- - 9 9 )
=V=m_lv[m]=m_1()2 +y +2 )
0X[m] ym;  9Z[m
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When ulength is the unit of length in any system of units having U and N
operators which for the sake of specificity we call U and N, then

vvv vvv

(V¢) = ulength™! U (9), (2.B.8a)

vvv
U (V -b) = ulength™! U (b) (2.B.8b)

Vvv
U (V x b) = ulength™! U (), (2.B.8c¢)

\A'AY vvv
and

N (V) = Viutengini (N (4)). (2.B.9a)
VVV(_' ];) %[ulength] : (v (5)), (2.B.9b)
N(V x B) = Viutengin) X ( (b)) (2.B.9¢c)

In particular, if we work with a set of electromagnetic dimensions based on the
three fundamental dimensions of mass, length, and time, not recognizing charge as
a new fundamental dimension, then

u U (V¢) =length™! U@, (2.B.10a)
mlit
U (V -b) =length™ U(b) (2.B.10b)
mlt
and
U (V x b) =length ' U (). (2.B.10c)
mlt mlt

If we recognize charge as a new fundamental dimension, then

: (Vd))_length_ U (@), (2.B.11a)
mtq N
U (V-b) =length™! U (b), (2.B.11b)
mltq mltq
and
U (V x b) =length™ U (b). (2.B.11c)
mltq mltq

We have defined three standard derivatives—the gradient, the divergence and
the curl—using the symbol V. We often use the gradient, divergence and curl to
specify an additional two types of derivative by defining, for any scalar field ¢,
that

V2 =V - (Ve) (2.B.12a)
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and, for any vector field b, that
Vb =V(V-b) =V x (V xb). (2.B.12b)

The symbol V? is sometimes called the Laplacian. Note that operating on a scalar
field with the Laplacian returns another scalar field, and operating on a vector field
with the Laplacian returns another vector field. In a Cartesian coordinate system
there is no great difficulty in showing that

9%¢ 82¢ 9%¢
2
v ¢__+ 52 %z —. (2.B.12¢)
and with somewhat more effort we find that
- 9%b,  9%b, 3%b 3%b,  9%*b, 3°b
Vb= t+—F+5 |t 3=+ —=
x( ax2  9y? 072 M\ ox2 9y? 072
(2.B.12d)

2(32/9Z 3%b, N 8%b,

_sv2 s 22
2 0y P ) =XxV*by + yV<by +zV*°b,.

The right-hand sides of Egs. (2.B.12c) and (2.B.12d) show us how to get the
units and dimensions of V2¢ and v2b. When analyzing equations containing
V2¢ or V2b, we can always, when ulength is the unit of length, replace V2 by

ulength™ ZV[QU] ength]- We can use the V[ulength] operator described above to define

V[zulength]qﬁ = Viulength] * (Viulengh]®)

for scalar fields ¢ and
V[ulength]b v[ulength] (V[ulength] b) [ulength] X (V[ulength] X b)

for vector fields b. In a Cartesian coordinate system this becomes

3%¢ 3%¢ 3%¢

2 2
[ulength] 9 M [ulength] 0z [ulength]

2
V[ulength] ¢ 8)6

and

2 Z a2 c o2 f o2
Vidtengtn1? = X Vittength1?x + Y Vittengtn1?y + 2 Vitiengtn)bz-

respectively. When ulength is the unit of length in any system of units having U
and N operators called U and N, then

\A'AY vvv

U (V¢) = ulength™> U (¢), (2.B.12¢)

\A'AY
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U (V2b) = ulength 2 U (), (2.B.12f)
\a'A% \a'a%
and
N (Viengan®) = Vitengin (N (@), (2.B.12g)
yyy " [ulength] [ulength] \ /.

N (V[zulength]g) = V[zu]eng[h]< N E))

vvv vvv (



CHAPTER 3

UNITS ASSOCIATED WITH TWENTIETH-CENTURY
ELECTROMAGNETIC THEORY

By the beginning of the twentieth century it had become customary to base elec-
tromagnetic theory on Maxwell’s equations and the Lorentz force law. In princi-
ple, any classical electromagnetic formula can be derived from these equations; so,
whenever a system of units changes the form of Maxwell’s equations or the Lorentz
force law, we can expect corresponding changes in the equations and formulas of
classical electromagnetism.

Perhaps the first set of units to become popular in the twentieth century was
the Gaussian system of units. Physicists, always interested in reducing theoretical
clutter, liked these units because they removed both ¢y and p from electromag-
netic equations and formulas. The price paid for this advantage—extra factors of
the speed of light in Maxwell’s equations and the Lorentz force law—was thought
to be well worth the resulting conceptual simplification of electromagnetic theory.
The Gaussian system of units, like the esu and emu systems, only recognizes the
three fundamental dimensions of mass, length, and time.

Although twentieth-century physicists liked Gaussian units, electrical engi-
neers, after a few decades of indecision, chose the rationalized mks system of elec-
tromagnetic equations. This system, like the esuq and emuq systems discussed in
Chapter 2, recognizes the existence of a fourth fundamental electromagnetic di-
mension in addition to the three traditional dimensions of mass, length, and time.
Like the esuq and emuq systems, both gy and p( are kept as explicit constants;
unlike the esuq and emuq systems, a process called “rationalization” is used to
eliminate all factors of 47 from Maxwell’s equations.

We start the discussion of twentieth-century electromagnetic units by combin-
ing the esu and emu units to create the Gaussian system and then move on to
describe a rationalized cousin to the Gaussian units, called the Heaviside-Lorentz
system, which has recently become popular with elementary particle physicists.'
We show how to go from the Gaussian or Heaviside-Lorentz systems to the un-
rationalized and the rationalized mks systems. The unrationalized mks system, al-
though not in use today and never very popular, is a helpful traditional system when
converting equations to and from the rationalized mks system. Just as in Chapter 2,
emphasis is placed on how to convert electromagnetic equations and formulas from
one system of units to another, explaining as we go the diagrams and tables needed
to make the change.

149
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3.1 MAXWELLS EQUATIONS

Much of today’s electromagnetic theory can be derived from Maxwell’s equations,
a set of equations given their present form by James Clerk Maxwell in 1865. Al-
though the relationships in Egs. (3.1a), (3.1b), and (3.1c) had been us§d earlier in
the nineteenth century, Maxwell was the first to introduce the term 9D /d¢, called
the displacement current, into Eq. (3.1d):

V.D=4mpg, (3.1a)
V.B=0, (3.1b)
. - 3B
VXxE+—=0, (3.1¢)
dt
L. - 3D
Vx H=4rn]+—. (3.1d)
where
D=¢eyE +4n P (3.1e)
and
B=uoH +4nMy. (3.19)

In Egs. (3.1a—f), E is the electric field, H is the magnetic field, pg is the density of
unbound charge, J is the volume current density, P is the electric dipole density,
M g 1s the permanent-magnet dipole density, g is the permeability of free space,
and g is the permittivity of free space. The v operator used in these equations is
defined in Appendix 2.B. As has already been discussed in Section 2.11, during
the twentieth century Eq. (3.1f) came to be written as

-

ind B el
H=——-47nM;, (3.1g)
Ko
where
.M
My ==2 (3.1h)
o

Here we implicitly make H the auxiliary field defined in terms of the fundamental
B and M; fields rather than, as in Egs. (3.1e, f), implicitly making B the auxil-
iary field defined in terms of the fundamental H and My fields. After Maxwell
introduced the d D/d¢ term into Eq. (3.1d), he pointed out that Egs. (3.1a) through



UNITS ASSOCIATED WITH TWENTIETH-CENTURY ELECTROMAGNETIC THEORY 151

(3.1f) now permitted the existence of electromagnetic radiation travelling through
empty space with the velocity

1
NETT)

[see Eq. (2.10)]. By the middle of the nineteenth century, physicists already knew
the value of ¢ from direct measurements of the velocity of light. Measuring the
gopo product indirectly with electrical circuits and mechanical balances there-
fore verified Eq. (3.2), simultaneously confirming that the 0 D/d¢ term belongs
in Eq. (3.1d) and that light is indeed electromagnetic radiation.

(3.2)

C =

3.2 THE GAUSSIAN SYSTEM OF UNITS

Equations (3.1a—d) have the same form in both the esu and emu systems of units;
and Eqgs. (3.1e, f) can be put into either system by choosing the values given to &
and po. If &9 = 1 and pg = ¢~ 2 are chosen, we put Egs. (3.1a—f) into the esu system
of units; and if gy = ¢~2 and no = 1 are chosen, we put Eqgs. (3.1a—f) into the
emu system of units. A natural procedure to follow when deriving electromagnetic
formulas is to start with Egs. (3.1a—d), holding off on a formal choice of esu or
emu units until it becomes clear from Eqs. (3.1e, f) which of the constants, &g
or up, figures more prominently in the final results. As soon as this is known,
esu or emu units are specified to make either g = 1 or ug = 1, eliminating the
more troublesome constant from the problem. Sooner or later it becomes clear that
this recipe amounts to measuring electrical quantities in esu units and magnetic
quantities in emu units. The next obvious step is to start all the derivations this way,
writing Maxwell’s equations with esu units for the electric quantities D, E, J, P,
and pg and emu units for the magnetic quantities B, H, My, and My. This idea
for combining the esu and emu units into a single system came to be called the
Gaussian cgs system of units. We can put Egs. (3.1a, e), which contain only electric
quantities, into the Gaussian system by thinking of them as having esu units; and
we can put Egs. (3.1b, f, g, h), which contain only magnetic quantities, into the
Gaussian system by thinking of them as having emu units. This is simple enough,
and one benefit of Gaussian units is already clear—because Eq. (3.1e) is in esu
units while (3.1f, g, h) are in emu units, we have the best of both systems with &g =
wo = 1. All that remains is to see what happens to the two equations containing
mixed electric and magnetic quantities—Eqs. (3.1c, d)—when they are converted
to Gaussian units.

The V operator has dimensions of length™!, and Eq. (2.B.7a) from Appen-
dix 2.B of Chapter 2 lets us write Eq. (3.1c) in esu units as (see also Table 2.4 in
Chapter 2)

S P 1 gm!/? B 9 P gm!/2
fem™ Vo) x B G ) == (s 5= ) (Bewim )
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Table 2.7 is used to replace Eesu with éemu, giving

-1g E 1 gm'/? _ 1 0 1z gm'/?
(cm cgs)X esuacrnl/—2 = —| secC al‘cgs chsBemucm—3/2 .

o . , sec cm
Multiplying the right-hand side by — - — =1, we get
cm  sec

12 - statvolt
(cm chs) X | Eequ——
cm

., 9 em) ! 3 gm!/? 33
=—|sec Cogs— —_ )
Olcgs S gsec M eml!/2gec (3.32)

= — SeC_1 9 C % o (é auss)
= Olegs €8s oo emug )

where Tables 2.4 and 2.5 are used to replace sec™! - gm'/2 - cm™!/2 by statvolt -
1/2

ecm~! for E, and sec™! - gm!/? . cm~!/2 by gauss = abweber - cm™? for B. Now
the electric quantity is in esu units and the magnetic quantity is in emu units, so

Eq. (3.3a), using physical quantities, is

E 1B (3.3b)
X = —_——— .
c ot

<t

Applying the same procedure to Eq. (3.1d), we start off this time in emu units to
get

- - - abcoul ;0 - abcoul
VxH=4r| Jemu—— | + | sec Demu—2 . (3.4a)
cm

" cm?2sec s

Nothing is going to happen to the left-hand side of Eq. (3.4a), because it is a mag-
netic quantity expressed in emu units, but the right-hand side is all electric quanti-
ties and has to be converted to esu units. From Table 2.7 we get

- - _1 > abcoul _; 0 _1 = abcoul
Vx H=4n chs‘]esum + | sec 8[Cgs ccgsDeSUW .
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. . . sec cm .
Multiplying the right-hand side by — - — =1 gives
cm  sec
—1 <@abcoul>
o o cm -\ sec
Vx H =4rx (chs_) Jesuf
sec cmesec
cm
1 (—abcoul)
=+ ¢ % sec_] 0 5 —sec
S sec Olcgs st cm? (3.4b)

-1
cm - statcoul
=47 ccgs— JesuT
sec cm“sec

em ! _; 0 - statcoul
+| Cegs— sec Desy——>— ),
sec Olegs cm

cm
where in the last step Table 2.8 is used to replace (—) - abcoul by statcoul.
sec

Equation (3.4b) is now in the correct mixed esu and emu units to belong to the
Gaussian system, so we can write it using physical quantities:

. - 47w - 13D
VxH=—J+-——. (3.4¢)
c c ot
We conclude that Maxwell’s equations in Gaussian cgs units are
V-D =4mpg. (3.5a)
V-B=0, (3.5b)
. - 1B
VXxE+-—=0, (3.5¢)
c 0t R
- - 4m - 10D
VxH=—J+-——, (3.5d)
c c ot
where
D=E+47P (3.5¢)
and
H=B—4nMy=B -4 M;. (3.50)

We note that M H= M ; automatically in the Gaussian system because (g = 1 [see
discussion following Eq. (2.68d)].
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Table 3.1 shows which of the common electromagnetic physical quantities the
Gaussian system treats as electric quantities and which it treats as magnetic quanti-
ties. Once an electromagnetic physical quantity bgzayac is classified as either elec-
tric or magnetic, we can say that the U operator for the Gaussian system is defined
to be

U (bermac)  if beryac is electric

esu
g(bELMAG) | U (betmag)  if bermac is magnetic. (3-62)
emu

For mechanical physical quantities byrcy we have, as in the esu and emu systems,

U(bymech) = U (bumecH).- (3.6b)
gs cgs

The N operators for the Gaussian system are

N (berymag) if beryac is electric
esu

b = ) ) ) 3.6
g( ELMAG) N (bermac)  if bermac is magnetic, (3.6¢)
emu
with
N(bmecH) = N (bumecH)- (3.6d)
gs cgs

The numeric parts of electromagnetic quantities in the Gaussian system are given
the subscript “gs,” so for electric quantities we have

N(E) = Egs = Eesu,
gs
N(Q) = Qgs = Qesus
gs
etc.
and for magnetic quantities we have
N(B) = Bgs = Bemu,
gs
g(MI) = (Ml)gs = (M])emu>
etc.
Table 3.1 gives the preferred names for the Gaussian units in boldface type;
the “stat” and “ab” prefixed units, although strictly speaking just as correct as in

the esu and emu systems, are often not the preferred usage (especially not for the
magnetic quantities). Many physicists call the unit of charge in Gaussian units the
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Table 3.1 Quantities measured in esu units in Gaussian system. (Preferred unit

names are given in boldface.)

(capacitance)

(electric dipole moment)

U(p) = U (p) = statcoul - cm
gs esu

g( ) eIsju( ) = statfarad = cm ~ gml/z cemd/2
- sec

(electric displacement) (electric dipole density)

statcoul gm1 /2 statcoul gm1 /2
uD)=U(D)= = U(P)=U(P)= =
gs esu cm? cml!/2 . sec gs esu cm? cml!/2 . sec
(electric field) (charge)

statvolt gml/ 2 gml/ 2. cm3/2
UE)=U (E) = = U(Q) = U (Q) = statcoul = =—————
gs esu cm cm1/2 - Sec gs esu sec
(dielectric constant) (resistance)

sec
U(e)=U(e)=1 U(R) = U (R) = statohm = —
gs esu gs esu cm
(permittivity of free space) (volume charge density)
Uteo) = U (6g) = 1 Uloo) = U )_statcoul_ gm!/2
gs 0 _esu 0)= gs ro _esu rQ)= cm3 _cm3/2~sec
(conductance) (resistivity)
UG)=U(G) = statohm™! = on U(pr) = U (pg) = statohm - cm = sec
gs esu sec gs esu
(current) (elastance)
statcoul
U({) = U () = statamp =
gs esu sec -1 -1
S) = S) = statfarad™" =
- gml/z Cem3/2 gs( ) e[Sju( ) = statfara cm
N sec?

(volume current density) (surface charge density)
U =U W)= statcoul gml/2 USo) = U (So) = statcoul gml/2
g~ esu ~ cm2-sec  cm!/2.sec? g2 T T Tem2 T cml/2 - sec

(surface current density)

2

statcoul gml/ -cm

1/2

};’l(jS) = CISJU(Js) =

cm - sec sec2

(conductivity)

U(o) = U (0) = (statohm - cm) ~ ! = sec™1
gs esu

(inductance)
sec?
U (L) = stathenry = —
cm

esu

U(L) =
gs

(electric potential)
gm!/2. cm!/2
U (V) = statvolt =

esu

Uv) =
gs sec

esu instead of the statcoul; from our point of view these are just two different names
for the same unit, so 1 esu = 1 statcoul. The reader should be careful not to confuse
“esu,” the Gaussian unit of charge, with “esu,” the cgs electrostatic system of units.

When Gaussian units are broken down to gm, cm, and sec, we see that the same
combination of powers is given different names depending on the physical quantity
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Table 3.1 (Continued). Quantities measured in emu units in Gaussian system.

(Preferred unit names are given in boldface.)

(magnetic vector potential) (current-loop magnetic dipole density)
abweber
U(A)= U (A) = = gauss - cm UM;) = U (M) =abamp - cm™!
gs emu gs emu
172
_ gml/z -cm!/2 = maxwell - em™2 = %
- T eml/2 . sec
(magnetic induction) (magnetic permeability)
abweber
I{(B) = eHu(B) =2 —gauss
& 12 Uw = U (w=1
_ gm gs emu
~em!/2 . sec
(magnetomotive force) (magnetic permeability of free space)
U(F) = U (F) =abamp = gilbert
£gs emu U( ) _ U ( ) _ 1
. gm!/2.cm!/2 gs HO= e 0
B sec
(magnetic flux) (magnetic pole strength)
U(®p) = U (dp) =abweber = gauss - cm? U(pp) = U (pp) = abweber
s emu gs emu
gm!/2 . cm3/2 em!/2 . em3/2
= = maxwell = ————
sec XW sec
(magnetic field) (permeance)
b bweb
UH)= U (H) = 22 _ jersted UP)= U (P)=cm = 2%
gs emu gs emu abamp
gml/Z __ maxwell
= eml/2 - sec "~ gilbert
(permanent-magnet dipole moment) (reluctance)
bweb UR) = U (R) =em~! = 0P
g(mH) - e[n{u(mH) = abweber - cm gs " emu - " abweber
1/2 . . n5/2 .
— maxwell . em = S0 _ _gilbert
sec maxwell
(current-loop magnetic dipole moment) (magnetic scalar potential)
U(my) = U (mj) =abamp - cm? U(Qg) = U (R2p) = abamp
gs emu gs emu
1/2 . .n5/2 1
gm cm /2 . 1/2
= maxwell - cm = I —oersted -em = 2
sec
(permanent-magnet dipole density)
UMpy) = U (Mp) = abweber - cm2
gs emu
1/2
— gm
=maxwell .cm™2= —°_
em!/2 . sec
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it is used with. For example, statcoul/cmz, the unit of electric displacement D,
gauss, the unit of magnetic induction B, and oersted, the unit of the magnetic field
strength H, are all gm'/?/cm!/2/sec. Both the maxwell, the unit of the magnetic
pole strength py, and the statcoul, the unit of electric charge, are gm!/%-cm?/2 /sec.
Some of the duplications listed in Table 3.1 are already present in the esu and emu
systems. In the esu system g9 = 1, so from Eq. (3.1e) D, E, and P must have the
same units; and in the emu system wo = 1, so from Eqgs. (3.1, g, h) B, H, My,
and M; must have the same units. The Gaussian system has both gy and g equal
to 1, so all these esu and emu unit duplications are kept. Going back to the unit
symmetries listed in the first column of Table 2.2, we can write the symmetries
listed there as

U (beL) = U (bmac), (3.7a)
esu emu

where bgy and byag are any pair of electric and magnetic physical quantities used
in the same box of Table 2.2. Equation (3.6a) shows that, in the Gaussian system,
Eq. (3.7a) becomes

g(bEL) = g(bMAG) (3.7b)

for all the bgr, byag pairs in the first column of Table 2.2. Therefore, ac-
cording to Table 2.2 and Eqgs. (3.1e-h), the electromagnetic physical quantities
D,E, P,B, H, My, and M must all have the same units in the Gaussian system.
It is easy to see why so many of the Gaussian units end up as different names for
the same combinations of gm, cm, and sec.

We now convert Eq. (2.6), the equation for the magnetic field of a long, thin
wire carrying a current /,

H="=",
"

into the Gaussian system of units. Equation (2.6) has the same form in both the esu
and emu systems of units. Taking it to be esu units, we write

tat 2(1, tat
(Hesus - amp) = Uosusta amp) . (3.8a)

cm (regscm)

Table 3.2 lists the information needed to go between the Gaussian and esu systems.

Since Hgs = ccglsHesu and g = Iesy, Eq. (3.8a) can be written as

statamp _ 2/ggstatamp

Cegsllgs (3.8b)

cm FegsCM

Table 3.1 shows that the Gaussian system, not surprisingly, lists H as a mag-
netic quantity, s0 Hgs = Hemu, and H must be measured in units of oersted =
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abamp/cm. From Table 3.3 (which has the same information as Table 2.8),
1 statamp = (cm/sec) - abamp, so Eq. (3.8b) becomes

cm abamp 2 ggstatamp
Cegs— || Hgs =
sec cm FegsCM

21
H=— (3.8¢c)

rc

or

written in terms of the physical quantities H, I, r, and c.

Equation (2.66h), the Lorentz force law, also gains a ¢ in the denominator when
converted to Gaussian units. Equation (2.66h), like Eq. (2.6), has the same form in
both the esu and emu systems. This time we use the emu system (see Table 2.5) to
break the equation up into its units and numeric components:

- - abvolt
chsdynes = (Qemuabcoul) (Eemu K)
(3.92)

N

., cm
+ (Qemuabcoul) <chs—) X (B
sec

emugauss) .

From Table 3.1 we note that B is already in its correct form for the Gaussian
system, because it is a magnetic quantity in emu units. The F and ¥ mechanical
quantities are in cgs units, which are common to the esu, emu, and Gaussian sys-
tems, so they do not have to be changed either. Using Tables 3.3 and 3.4 to convert
the Q, E electric quantities to the Gaussian system gives

cm statvolt)

F F=(c Cnggs)< statcoul)( gsCegs) (—

S€C cm
(3.9b)

+(c cnggs)< Cstattcoul)v x B,

where F, 7, and B are left as physical quantities because we know their units do
not change. Since

cm - _jsec

Cegs——
g sec cgs

_18ec _
=1 and ) = =c¢ 1,

cm 8 cm

Eq. (3.9b) can be written as

statvolt

> - U X
F = (Qgsstatcoul) (Egs ) + (Qgsstatcoul) Y

=QE+%@X§L

(3.9¢)
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Table 3.3 Unit relationships for the esu, emu, and

Gaussian systems.

sec
abamp = — - statamp
cm

sec
abcoul = — - statcoul
cm

cm
abweber = — - statweber
sec

cm
abvolt = — - statvolt
sec

2

sec
abfarad = — statfarad
cm

2

cm
abhenry = —5 stathenry
sec

cm?
abohm = — - statohm

S602

CHAPTER 3

where we have recognized statcoul and statvolt/cm as the correct Gaussian units
for the charge and electric field, respectively. If we had started off writing the

Lorentz force law in esu units, then Q,
in the correct units for the Gaussian system, giving us from Table 2.4

ﬁ:QE+Q5x<B

From Tables 3.2 and 3.3

-

esu

statweber _1z  secabweber

- chs emu

cm? cm

1z abweber
=c Bemu———5—

ﬁ|w1

) = C_I(Bgsgauss) =

E, F, and ¥ would already have been

which once again gives Eq. (3.9¢). This form of the Lorentz force law can be re-
membered by noting that in the Gaussian system, Bin gauss and E in statvolt /cm
really have the same basic unit gm!/%/cm!/?/sec. Therefore, the velocity v must
have its units cancelled by another velocity if Rule IV is to be satisfied. The only
velocity “fundamental enough” to play this role (and the only velocity that keeps
appearing in the Gaussian system of units) is the velocity of light—so it is no sur-

prise to find v divided by ¢, giving us Eq. (3.9¢).
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Equation (2.68e) can be written in Gaussian units as (choosing the magnetic
dipole to be m; rather than m g)

1A
my= (—)ﬁ, (3.10a)

c

where my, I, A, i have the same meaning as in Eq. (2.68¢) and ¢ is the speed
of light. We now convert Eq. (3.10a) back to esu and emu units to show how it is
done. When changing Eq. (3.10a) to the emu system, we note that 72; is a magnetic
quantity in the Gaussian system and so does not have to be changed. Breaking the
right-hand side of Eq. (3.10a) into numeric components and units gives

. Isstatamp) (A ggscm?
iy = (Zgs p)(Acgs ) (3.10b)
cm
Cooa—
< c8s sec)
Tables 3.3 and 3.4 show that
cm )
Cegs lemu——abamp ) (A¢gscm”)
- sec N
mjp = n
cm
Coogam—
< ces sec)
or
my; = 1An. (3.10¢)

This is, as expected, the same form as Eq. (2.68e). When converting Eq. (3.10a) to
the esu system, we know that / is an electric quantity in the Gaussian system and
so only the left-hand side of the equation has to be changed. Breaking the left-hand
side up into numeric components and units gives, using Table 3.5,

. 1A
(mp)gsmaxwell - cm = —n.
c

From Table 3.5 we see that maxwell - cm = abamp - cm?, so Tables 3.2 and 3.3
show that

> -1 2 _IA.
(ml)esuccgsabamp -cm” = Tn

or

i IA .
(1), Cons (ﬁstatamp> cem? = ——A. (3.10d)
cm

C
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Table 3.5 Gaussian units for physical quantities with and without Heaviside-
Lorentz rationalization.

Physical quantity Gaussian units
. . gml/2 -em!/2  abweber
(magnetic vector potential) U(rA)=U(A) = = = gauss - cm
gs gs sec cm
nA, A
.. . gml/ 2 abweber
(magnetic induction) Uy B)=U(B) = 7= 57— = gauss
gs gs sec-cm!/ cm
nB, B
(capacitance) U(;,C) = U(C) = cm = statfarad
gs gs
nC,C
o gml/ 2 statcoul
(electric displacement) upD)=UD) = =
gs gs cm!/2 . sec cm?
nD, D
1/2 tatvolt
(electric field) UGE) =U(E) = — T — = T2
gs gs em!/2 . sec cm
wE, E
(dielectric constant) U(e) =1
gs
£
(permittivity of free space) U(eg) =1
gs
£0
12 . 1/2
(magnetomotive force) UpF)=UF) = gmem abamp = gilbert
gs gs sec
wF, F
gm!/2 . cm3/2 )
(magnetic flux) U Pp)=U(Pp) = —— = abweber = gauss - cm
gs gs sec
W®B. Pp
cm 1
(conductance) U(;,G) = U(G) = — = statohm
gs gs sec
nG, G
gml/ 2 abamp
(magnetic field) U(pH)=U(H) = ———— =oersted =
s 2s em!/2 - sec cm
nH, H
gml/2 -em3/2  statcoul
(current) UGhH=ud) = 3 = = statamp
gs gs sec sec
nl, 1
. gm] /2 statcoul
(volume current density) UxJ)=0l)= =
gs gs cm!/2.sec?  cm? - sec
ndsJ
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Physical quantity Gaussian units
12 ..1/2
m cm statcoul
(surface current density) UnpJs) =U(Ts) = £ 5 = 4
gs gs sec cm - sec
nJs, Js
. sec?
inductance UpL)=U = —— = stathenr
(ind ) (hL)=U(L) henry
gs gs cm
nL, L
gm!/2 . cm3/2
) U(Gpmp) =Umpy) = ——""
(permanent-magnet dipole moment) gs gs sec
WIE M = abweber - cm = maxwell - cm
12 5/2
gm'/ - cm
o U(pmyp) =Ulmp) =
(current-loop magnetic dipole moment) gs gs sec
pmy,my = abamp - cm? = maxwell - cm
gm!/2
UGMp) =UMp) = ———5
(permanent-magnet dipole density) &8 s sec - cm
_ abweber  maxwell
WMy, Mg T oem? 0 cm?
gm!/2
UGM) =UMp) = ———3
gs gs Sec - cm

(current-loop magnetic dipole density)

_ abamp  maxwell

hMp, My cm cm?
(magnetic permeability) g(,u) =1
"
(magnetic permeability of free space) é’l(’“’) =1
Mo
gm!/2 . cmd/2

(magnetic pole strength)

UGpa) =U(p) =
gs gs sec

= abweber = maxwell

hPH> PH
o gm!/2 . cm’/2

(electric dipole moment) U@gp)=Ulp) = = statcoul - cm

gs gs sec
hP> P

172 statcoul

(electric dipole density) U P)=U(P) = gm _ Statcou

gs s em!/2 . sec cm?
nP, P

abweber  maxwell

(permeance) —

P

UP)=cm=
gs

abamp ~ gilbert
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Physical quantity Gaussian units
gm!/2 . cm3/2
(charge) Up0)=U(Q) = = statcoul
gs gs sec
nQ, 0
. sec
(resistance) U(yR) =U(R) = — = statohm
gs gs cm
R, R
b ilbert
(reluctance) UR)=cm ! = abamp _ _erber
gs abweber  maxwell
R
(vol h density) U )= U(p0) gml/2 statcoul
volume charge densi = = =
g Y gs hPQ gs POI= T2 sec cm3
hPQ: PQ
(resistivity) U(pRr) = U(pR) = sec = statohm - cm
gs gs
hPR> PR
(elastance) UGS =0 = em~! = statfarad—!
gs gs
nS, S
(surf h density) UGSo) = USo) gml/2 statcoul
surface charge densi = = =
g y gs 1007 T G O) T T see cm?
nSQ, Sg
.. 1 statohm !
(conductivity) U(po)=U(o)=sec”' = ————
gs gs cm
ho,0
. . gm!/2.cm!/2
(electric potential) URV)=U(V)==—— =statvolt
gs gs sec
nv,v
gm!/2.cm!/2
(magnetic scalar potential) UpQy)=U0(«y) = = abamp = oersted - cm
gs gs sec

hS2H, Ry

Table 2.4 shows that the correct esu units for 772 are statamp - cm?, so Eq. (3.10d)

written in esu units is

m;  IA
— = —0n,
c c

which again reduces to Eq. (3.10c),

my =1An.
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We see that it is as easy to return to esu or emu units from Gaussian units as it is to
convert to Gaussian units in the first place.

The Gaussian system of units, unlike the esu and emu systems of units, is in
widespread use today, especially in theoretical electromagnetic analysis. From the
physicist’s point of view there are many advantages to the Gaussian system. The
annoying constants g9 and g have been eliminated from electromagnetic theory,
so from Egs. (3.5e, )

- -

D=E and B:FI,

when

- - -

P=Myg=M;=0.

Therefore, in empty space thej) field becomes the same as the E field and the H
field becomes the same as the B field. This is a significant conceptual simplification
for today’s physicists, who often do their electromagnetic analysis in vacuum—
either on a microscopic scale between and inside atoms or on a macroscopic scale
in the space surrounding localized electromagnetic disturbances. When doing rela-
tivistic calculations, physicists can even switch to a system of units where the speed
of light is 1 (see Section 1.10), thereby eliminating all three constants &g, wg, and
¢ from Maxwell’s equations. In this sense, the Gaussian system combines the best
aspects of both the esu and emu systems of units. On the other hand, the electrical
engineer, who rarely needs to use relativity theory, might remark after examin-
ing the Gaussian system that we pay for eliminating 9 and po by introducing
the speed of light ¢ into many formulas—such as Egs. (3.5¢), (3.8¢), (3.9¢), and
(3.10a)—where it previously did not exist. Engineers analyzing electric fields in
matter notice that they have not even really eliminated the permittivity and perme-
ability in return for all the extra factors of c. The constants ¢ = ¢,&9 and u = Lo
used to describe the interaction of electric and magnetic fields with bulk matter are,
since g9 = uo = 1, replaced by just €, and u, in the Gaussian system. Variables &,
and w, are dimensionless, but they are all too often not equal to 1. Formulas that
previously contained ¢ and p still contain ¢, and p,, and it is just as much trouble
to keep track of &, and u, as it is to keep track of ¢ and . From this point of view,
introducing all these factors of ¢ has just complicated practical electromagnetic
calculations, so it is not surprising that electrical engineers have never really had
much use for Gaussian units.

3.3 RATIONALIZATION AND THE HEAVISIDE-LORENTZ SYSTEM

One concept that did eventually catch on with electrical engineers—although not
in the form first proposed—is the rationalization of electromagnetic equations. The
idea of rationalizing the electromagnetic equations was first suggested by Oliver
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Heaviside in 1882. He objected to an “eruption of 47’s” in equations having no
obvious connection with spherical or circular geometry.?> Equation (2.63i) in Chap-
ter 2 is an example of what Heaviside was objecting to; this equation for the ca-
pacitance C of the parallel-plate capacitor shown in Fig. 2.8 is (in esu or Gaussian
units)

C=—-, (3.11a)

even though there is nothing circular or spherical about the capacitor’s geometry.
Oliver Heaviside suggested rescaling the units used to measure electrical quantities
by powers of 47 to eliminate these constants from formulas such as Eq. (3.11a). If
we take Eq. (3.11a) to be in reality an equation between purely numeric quantities,
which in our notation would be (using esu or Gaussian units)

Acgs _ A[sz]
4 dcgs 47Td[cm] ’

Cgs = C[statfarad] = (3-1 lb)

then by Rule I we could decide to measure C in units of statfarad/(4m) rather than
statfarad to get

C[statfarad/ 4m)] = 4 C[statfarad] . (3.11c¢)
From Egs. (3.11b) and (3.11c) we then have the desired result

A

2
Clstatfarad (47)] = d[[cm]] . (3.11d)
cm

Note that all the variables in Egs. (3.11b) through (3.11d), unlike the variables in
Eq. (3.11a), are dimensionless numerics; and, in fact, during the nineteenth and
early twentieth century there was often no hard and fast distinction drawn between
these two types of variable. From our point of view, however, Eq. (3.11a) involves
physical quantities C, A, and d, while Egs. (3.11b) through (3.11d) involve the
numerical components of physical quantities Clsatfarad], A[sz], and djcm). If we
start with Eq. (3.11a) split up into units and numeric components to get, using the
equality statfarad = cm,

A [sz] sz

Cstatfarad] statfarad = Clstatfarad]C = (3.12a)

A diemiem’
and then decide to measure C in the new unit

1 newfarad = statfarad/(4m), (3.12b)
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we end up with

A[sz]Cm2
(47 Cstatfarad)) newfarad = ————.
4 d[cm]cm
But, from Eq. (3.11c) this becomes
c farad — A1 3.12
[statfarad /(4 )|NEWIarad = 4nd[cm]cm’ (3.12¢)

or, again using variables representing physical quantities,

A
 4md’
Equation (3.12c) is clearly no different from Eq. (3.11a); the dimensionless factor
of 4m refuses to disappear. As long as variables like C, A, and d are thought of
as a numeric multiplied by a unit, equations like Eq. (3.11a) will keep their form
no matter how we stretch or shrink the units that are used to measure its variables.
Although Oliver Heaviside could, back in the nineteenth century, regard his sug-
gestion as a proposal to measure electromagnetic quantities in a new set of units,
we cannot agree with him.

From our point of view, the new set of electromagnetic equations first pro-
posed by Oliver Heaviside and later popularized, at the beginning of the twentieth
century, by H. A. Lorentz, is in reality a system of rescaled physical quantities,
which we call the Heaviside-Lorentz system of electromagnetic quantities. Many
people have realized that, according to today’s understanding of what is meant by
a change of units, Oliver Heaviside and H. A. Lorentz were proposing a rescaled
set of electromagnetic quantities rather than a change of units;> however, reference
to a change of units is thoroughly entrenched in the literature. In fact, all systems
of electromagnetic equations that have been rescaled to eliminate factors of 4,
and not just the Heaviside-Lorentz system of rescaled equations, are often referred
to as electromagnetic equations in rationalized units, or electromagnetic equations
written using a system of rationalized units. To avoid breaking sharply with this
tradition we prefer to describe these new electromagnetic formulas as belonging
to a rationalized system, such as the Heaviside-Lorentz rationalized system, while
leaving the nature of the system unspecified.

Table 3.6 contains all the information needed to convert electromagnetic for-
mulas to the Heaviside Lorentz system. We give the rationalized electromagnetic
quantities the prefix “A;” the Table 3.6 shows that only &g, 1o, &, i, P, and R are
not changed in this system of rationalization. We see from the table that ,C =4n C,
so now Eq. (3.11a) becomes

C A 3.13
nC=- (3.13)
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Table 3.6 Heaviside-Lorentz
quantities.

rationalization for

169

electromagnetic  physical

(magnetic vector potential, rationalized)

hA=A/Ar

(magnetic permeability, unchanged) w

(magnetic induction, rationalized)

hB:B/«/H

(relative magnetic permeability,

unchanged) [,

(capacitance, rationalized) ,C =4xC

(magnetic permeability of free space,

unchanged) 1

(electric displacement, rationalized)

nD = D/4r

(magnetic pole strength, rationalized)
hPH = PH - V41

(electric field, rationalized) , E = E /47

(electric dipole moment, rationalized)

hP =P - VAT

(dielectric constant, unchanged) &

(electric dipole density, rationalized)

WP =P an

(relative dielectric constant, unchanged) &,

(permeance, unchanged) P

(permittivity of free space, unchanged) ¢

(charge, rationalized) , 0 = Q - V4n

(magnetomotive force, rationalized)

nF =F/ar

(resistance, rationalized) , R = R/(4m)

(magnetic flux, rationalized) , ®p = ®p/V4n

(reluctance, unchanged) R

(conductance, rationalized) ,G =47 G

(volume charge density, rationalized)

hpQ =pQ - VAT

(magnetic field, rationalized) , H = H /4w

(resistivity, rationalized) j, pp = pr/(4m)

(current, rationalized) 1 = I - /47

(elastance, rationalized) 5, S = S/(4m)

(volume current density, rationalized)

(surface charge density, rationalized)

nd =J - ar WSg=Sg - vir
(surface current density, rationalized) (conductivity, rationalized) 0 =4rwo
nJIs =Js - Van

(inductance, rationalized) , L = L/(4m)

(electric potential, rationalized)

WV =V/Varx

(permanent-magnet dipole moment, rationalized)

pmpg =mp - 4w

(magnetic scalar potential, rationalized)

W2 =Qp/van

(current-loop magnetic dipole moment, rationalized)

pmp=my - /4w

(electric susceptibility, rationalized)

hXe =47 Xe

(permanent-magnet dipole density, rationalized)

hMHZMH'\/4JT

(magnetic susceptibility, rationalized)

B Xm =47 Xm

(current-loop magnetic dipole density, rationalized)
WMp =My - i
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eliminating the inconvenient factor of 4. The reader is warned that in the literature

there is usually no prefix, subscript, or superscript of any sort used to distinguish

the rescaled from the nonrescaled variables in rationalized systems of electromag-

netic quantities.

Because the equalities in Table 3.6 are between physical quantities, the U and

N operators for any system of units can be applied to them. Looking, for example,
at the electric field, we have

. 1 -

nE=——=E.

Vi

From Eqgs. (1.25a, b) and (1.28a, b) of Chapter 1 it follows that for any pair of U
and N operators

(3.14a)

U(1E) =U(E) (3.14b)
and
N(E) = LN(E). (3.14¢)

N

Equation (3.14b) explicitly shows that Heaviside-Lorentz rationalization can be
used with any system of electromagnetic units, because only the numeric parts of
electromagnetic physical quantities are changed. In emuq units,

- _ abvoltq
U (hE)= U (E)= ;
emuq emuq cm
in Gaussian or esu units,
- statvolt gm!/?

U(KE)=UE)=U(E)= U(E) = = ;
gs(h ) esu(h ) gs( ) esu( ) cm le/2 - S€C

and so on. When textbooks refer to the Heaviside-Lorentz system, however, they
are applying Heaviside-Lorentz rationalization to the Gaussian system of units.
This means that the U and N operators for the Heaviside-Lorentz system are just
the U and N operators for the Gaussian system.

U =0, (3.15a)
Heaviside gs
Lorentz
N = N. (3.15b)
Heaviside gs
Lorentz

Instead of defining a new pair of U and N operators for the Heaviside-Lorentz sys-

tem, we just use U and N to describe the behavior of the rescaled electromagnetic
gs gs

physical quantities.
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Converting Gaussian electromagnetic equations to the Heaviside-Lorentz sys-
tem is an exercise in algebraic substitution; there is no need to split equations into
units and numeric components. To see how this works, we convert Coulomb’s
law for electric charges and magnetic poles to the Heaviside-Lorentz system.
Coulomb’s law for electric charges involves only electric quantities and is the same
in the esu and Gaussian systems of units. Writing Eq. (2.1b) in Chapter 2 with
gy =1, we have

= 010>,

Fip = Fi2.
2

Substituting the rescaled values , Q1 = Q1v/4m and , 0> = Q241 gives

> (O O2) .
=——"712

F 3.16a

12 ) ( )
Coulomb’s law for magnetic poles involves only magnetic quantities and is the
same in emu and Gaussian units. Substituting (, pg)1 = (pr)1vV47 and (pg)2 =
(pH)2+/4m into Eq. (2.2b) in Chapter 2 with pg = 1 takes us from the emu or
Gaussian system to the Heaviside-Lorentz system:

7 (hpE)1(hPH)2 .
=———>5—7T
477 12

(3.16b)

Clearly the factors of 4 that have been removed from one set of electromag-
netic formulas re-appear in other sets of electromagnetic formulas. Oliver Heav-
iside and H. A. Lorentz knew this, of course; what they intended was to put the
factors of 47 into little-used formulas while removing them from frequently used
formulas. Thus, we can infer that by the end of the nineteenth century formulas like
Eq. (3.11a) had become much more useful than Coulomb’s law for electric charges
or magnetic poles. We note that Egs. (3.5a—-f), Maxwell’s equations in Gaussian
units, become

VeuD=ppg. (3.17a)
V.yB=0, (3.17b)
. - 19,B
VXpE+—-——=0, 3.17¢)
¢ ot
- - 1 - 1a,D
VX H=—pJ+ -2 (3.17d)
c c ot

with
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and
nH=p,B—,M;, (3.17f)

when Table 3.6 is used to replace pg, E, 13, ]_?3, I:I, f, f’, and M; by »p0, hE, hﬁ,
hé, ;,IEI , hf h P, and nM[. By the end of the nineteenth century Maxwell’s equa-
tions, rather than Coulomb’s laws, were the basis of electromagnetic field theory,
and Egs. (3.17a-f) are obviously simpler than Egs. (3.1a-f) or Egs. (3.5a—f). In-
deed, all a relativistic physicist has to do is move to a set of units where the speed
of light is equal to 1 to get the ultimate “user-friendly” set of equations:

VeuD=ppo. (3.182)
V.,B=0, (3.18b)
> > 3h§
Vo E +——=0, (3.18¢)
- - - D
where
wD=,E+,P (3.18¢)
and
WH=nB— M. (3.18f)

In this case there are no extraneous constants whatsoever to clutter up the algebra.
In empty space with , P =0 and , M =0 the D and H fields become identical to
the £ and B fields, and Eqgs. (3.18a—f) reduce to

%-hl_‘fzhpQ, (3.193)
V-nB=0, (3.19b)
— o ahé
Vth—l—?:O, (3.19¢)
L
VXhBZhJ-f-W, (319(1)

with ,pp and nJ usually taken to represent the density and flow of small point
charges in a vacuum. From a mathematical point of view, Egs. (3.19a—d) are an
attractively simple set of field equations, and today there are large communities of
physicists who routinely use the Heaviside-Lorentz system when doing relativistic
analysis of elementary particles and electromagnetic fields.
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THREE FUNDAMENTAL DIMENSIONS
[mass, length, time]

esu cgs emu cgs
system system

Heaviside-Lorentz
rationalization of the
Gaussian cgs Gaussian cgs system
system (usually called just the
Heaviside-Lorentz
cgs system)

TWO FUNDAMENTAL DIMENSIONS
[mass-energy, space-time]

Heaviside-Lorentz
rationalization of
cg system with c=1

cg system with
c=1

Figure 3.1 Here are six electromagnetic systems which do not recognize charge
as a fundamental dimension.

3.4 GAUSSIAN AND HEAVISIDE-LORENTZ SYSTEMS WITH ¢ =1 AND
hi=c=1

Since the Gaussian and Heaviside-Lorentz systems are often used with units where
¢ =1, it is worth taking time to examine exactly what this means. Remembering
that the full name for Gaussian units is the Gaussian cgs system of units, we return
to the cgc set of units constructed in Section 1.10 and consider the transforma-
tion from Gaussian cgs units to Gaussian cgc units. Looking at Table 3.5, we can
pick any standard electromagnetic quantity, such as the magnetic induction E, and
write

L. . em!/?
B = Bgsgauss = Bgsm. (3203.)
From Eq. (1.56a) this becomes in cgc units
172 1/2
~ gm 5 1 gm
B;s————— =B _ 2
& cm!/2sec gsccgscml/zcmtim% (3:200)
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We know that the gs subscript in égs stands for the numeric part of B in cgs
Gaussian units

Bgs = g(B).

Equation (1.56a) shows the unit of magnetic induction in Gaussian cgc units must
be larger than the gauss by a factor of ccgg:

gm!/2 ) _ gm!/2

lgauss = 1| =——— _—
& cm!/2sec &5 cm!/2cmtimes

so from Rule I the numeric component of B in Gaussian cgc units must be

Bysege = Cogs Bes. (3.20¢)
Now, Egs. (3.20a, b) become
1/2
- - gm
B=B _ 3.20d
858 cm!/2cmtimes ( )

Still following the procedure of Section 1.10, we stop recognizing the separate
dimension of time to get

cmtimes — cmtime) = cm.

This takes us from the Gaussian cgc system to the Gaussian cg system. Equa-
tion (3.20d) then becomes, representing the Gaussian cg system by the subscript

“gscg”:

N N gml/z
B = Bgscgcrn—3/2 , (3206)

where, following the precedent of Eq. (1.58a), we require the numeric components
of all physical quantities in the Gaussian cg system to have the same value as in
the Gaussian cgc system:

Egscg = égscgc- (3~2Of)

Generalizing the rules given in equations of Section 1.10, we recognize that the U

and N operators for the Gaussian cg system are basically the same as the U and N
cg cg
operators defined in Eqgs. (1.58a, d). For any physical quantity b, with

U(b) = gm*cmPsec? (3.21a)
gs
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for real exponents «, 8, and y, we define

N (b) = chsN(b) (3.21b)
gscg
and
cm”
U ()= (—) ub) = gmacmlg‘ﬂ/. (3.21¢)
gscg seC gs

Table 3.7 comes from applying Eqgs. (3.21a—c) to our standard list of electromag-
netic physical quantities.

Returning to the B field specified in Eq. (3.20a), we can transform to the
Heaviside-Lorentz system with ¢ = 1 by consulting Table 3.6 to get

- 1 -
nB=——B. (3.22a)
a4
This equation is between physical quantities, so Eq. (3.20e) can be used to write
- B 1/2 B 12
WB = ( gscg) gm3/2 _ < gs ) gm3/2 ’ (3.22b)
V4m ) cm CegsV/ 4 ) cmy

where the last step comes from Egs. (3.20c, f). Repeating this conversion for all
the Heaviside-Lorentz field quantities in (3.18a—f) and (3.19a-d) gives

(B
nE = , 23a
Cegs/4m /) cm3/?
- Dg; )gml/2
D = , (3.23b)
(chs\/4n cm3/2
_ [(p)gsV4m Jgm'/? 393
B Cegs cmd/2’ (5:239
. ﬁgs gm!/2
= (chs\/_> Cm3/2 (G.230
> Jos /4
h1=< g ”) (3.23¢)
cgs
WP = ( Cegs )Cm:),/z, (323f)
and
R (M])es+/47 ] gm!/2
ity = | S B (.239)
cgs
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Table 3.7 The Gaussian cg system (with ¢ = 1) where time is no longer recognized
as a fundamental dimension. Space, time both have units of cm and mass, energy

both have units of gm.

Physical quantity

Gaussian cg units (gscg system)

Conversion of numeric components

from gs to gscg systems

(magnetic vector potential)

gm!/2 |
A oo = emi/2 Agscg = Ags - Cegs
(magnetic induction)

g 12 1
& gscg 5= cm3/2 Bgscg = Bys - Cegs
(capacitance)
C ggg(c) =cm Cgscg = Cgs
(electric displacement)

gm!/2 -
D ggg(D) = om3/2 Dgscg = Dgs - Cegs
(electric field)

gm!/2 1
E ggg(E) = 32 Egscg = Egs - cegs
(permittivity of free space)
€0 ggg@o) =1 (80)gscg = (60)gs = 1
(magnetomotive force)

gml/ 2 -1
F ggg(}—) = eml/2 }—gscg = ]'—gs * Cegs

(magnetic flux)

5 U @p)=gm!Zem! 2 (@p)gseg = (Pp)gs - o
(conductance)
G U @=1 Geseg = Gs - Cogo
(magnetic field)
gml/ 2 -1
H ggg(H) = cm—3/2 Hgscg = Hgs * Cegs
(current)
I _m” Lgsee = Ls - Co
asce = oml/2 gscg = 1gs * Ccgs
(volume current density)
gml/ 2 -2
J gggu) = cm>/2 Jgscg = Jgs * Cegs
(surface current density)
gml/ 2 -2
Ts U (Js) = (TIs)gscg = (Ts)gs - Cegs

gscg cm3/2




UNITS ASSOCIATED WITH TWENTIETH-CENTURY ELECTROMAGNETIC THEORY

Table 3.7 (Continued).
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Physical quantity Gaussian cg units (gscg system) | Conversion of numeric components
from gs to gscg systems
(inductance)
_ _ 2
L gE,CTg(L) =cm Lgscg = Lgs - ¢ggs

(permanent-magnet dipole
moment) m g

gscg

ggg(mH) = gml/2 -em?/? (my)gscg = (Mp)gs - C(Zgls
(current-loop magnetic
dipole moment) m |
U (ml)zgml/2'0m3/2 (ml)gSCgZ(mI)gS'c(;gL
gscg
(permanent-magnet dipole
density) My
gm!/? -1
ggg(MH) = 32 (MH)gscg = (Mg )gs * Cegs
(current-loop magnetic
dipole density) M,
gm'/? -1
ggg(MI) = 32 (Mp)gscg = (M)gs - Cegs
(magnetic permeability of
free space) ug
ggg(ﬂo) (Mo)gscg (Ho)gs
(magnetic pole strength)
— oml/2 . aml/2 _ -1
PH U (pg)=¢gm cm (PH)gscg = (PH)gs Cegs

(electric dipole moment)

p

U (p)=gm!/2.cm?/?
gscg

—1
Pgscg = Pgs - Cegs

(electric dipole density)

gscg

gm!/2 .
i ggg(P) = cm3/2 Pgscg = Pgs - Cegs
(permeance)
P U Py=cm Pasca = P
(charge)
0o ggg(Q)=gml/2.cml/2 Quscg = Qgs'Cc_gls
(resistance)
! ggg(R) =1 Rgscg = Rgs - Cegs
(reluctance)
R U (R)=cm™! Resee = Res
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Table 3.7 (Continued).

Physical quantity Gaussian cg units (gscg system) | Conversion of numeric components
from gs to gscg systems
(volume charge density)
gm!/2 —1
PO ggg(pQ) ) (PQ)gsecg = (PQ)gs - Cegs
(resistivity)
PR ggg(PR) =cCm (PR)gscg = (PR)gs " Cegs
(elastance)
N ggg(S) =cm~! Sasce = Ses
(surface charge density)
gm'/? 1
So ggg(SQ) = o2 (SQ)gscg = (SQ)gs - Cegs
(conductivity)
7 ggg(a) =cm™! Ogscg = Ogs C;gls
(electric potential)
gml/ 2 -1
v ee) = omll2 Veseg = Ves - Cegs
(magnetic scalar potential)
Q o= T Q = (@ -
H ggg( H) = Cm—l/2 ( H)gscg—( H)gs'chs

in units where the speed of light is equal to 1, space and time are measured in cm,
and mass and energy are measured in gm.

If we want to measure mass-energy in MeV, Eq. (1.68b) is used to replace
gm by MeV; = 10°eV;,. As an example of how to proceed, we choose a physical
quantity from Table 3.7, for example the electric field E, and write

N

- gm1/2 . Egs C(Z:gSMeVZ 172 -32
E=Egey 375 = T0he ) em
cm?3/ Cegs ) \ 10B3¢[cou)

_( Ly >(M6V2)1/2 (24

V 10136[60ul] cm3/2

In the Heaviside-Lorentz system Table 3.6 and Eq. (3.24a) give

(3.24b)

B 1 E—[ Eg i|(MeV2)1/2
V@r - 108)epcouy]  cm/?

Nee
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The straightforward substitution of MeV, for gm shown in Eq. (3.24a) can be used
to convert any electromagnetic physical quantity in Table 3.7 to units where mass
and energy are measured in MeV,, and Table 3.6 then specifies how to convert
physical quantities to the Heaviside-Lorentz system.

If we want units where i = ¢ = 1, Eq. (1.90e) states that

1 gm, = <;Cgs>cm_l, (3.252)

cgs

where the subscript “1” on gm reminds us that mass and energy are no longer
being recognized as a separate dimension from space and time. Although this result
comes from a system of units set up to make Boltzmann’s constant as well as
h and c equal to 1, the value of Boltzmann’s constant comes from the unit of
temperature, which is irrelevant here. The scaling and dimension chosen for the
units for mass, length, and time that make ## = ¢ = 1 in Chapter 1 have the same
effect now, allowing us to use Eq. (3.25a) with confidence.

Table 3.7 shows how to separate the E field into numeric parts and units in the
Gaussian cg system given Eg, the numeric value of E in the Gaussian cgs system.

pofoen”

Cogs cM3/2

We stop recognizing the separate dimension of mass-energy by replacing gm with
gmjp, which gives

- E m,)!/2 E c 172
E:( gS)(g 13)2 ( g5>(ﬁcm—1) om-3/2
chs cm / CCgS thS

gs )

= —="= Jcm™~.
1/2,.1/2
<c/hcés

cgs

(3.25b)

In the Heaviside-Lorentz system this becomes

E ( Ey, ) -2 (3.25¢)
hb = /2,12 72— : =€
cés cés

We can check these results by noting from Eq. (3.25a) that mass has the dimen-
sion of length~! in units where /# = ¢ = 1. Table 3.7 then shows that charge is
dimensionless, so Eq. (2.3a) of Chapter 2—with &9 = 1 since we are in Gaussian
units—shows the E field must have dimensions of length—2, matching the right-
hand side of Eq. (3.25c). Following this same procedure for the other field quanti-
ties in Egs. (3.23b—g) gives

= 5gs )
nD = ( 1/2 2 >cm , (3.25d)
chs cgs



180 CHAPTER 3

hé:( I 0 )cm (3.25¢)
chs cgs
hﬁ=< e 0 ) (3.25f)
Ccgs cgs
(,OQ)gs
hoQ = 1/2 1/2 cm— (3.25g)
Cegs cgs
> JosA/ 41T
nd = (%)cm_3, (3.25h)
chshcgs
- P, a4 _ .
WP = (%)cm 2, (3.25i)
chshcgs
and
- (]\7[[) \/47‘[ _ .
WMy = [W cm 2. (3.25))

Cegs Mcgs

Not only do the E, 5, é, and H fields now all have the same units, keeping life
simple; but a quick check of Table 3.7 also confirms what Egs. (3.25¢—j) suggest is
true, that all the standard electromagnetic physical quantities end up with integer
powers of the length unit when we start with the Gaussian cgs system and make
h=c=1.

3.5 EQUIVALENCE OF THE ESU, EMU, AND GAUSSIAN SYSTEMS
WHEN c=1

Maxwell’s equations and the Lorentz force law provide a complete description of
classical electromagnetic phenomena.* From the work done in Section 1.10 we
know that physical equations can be transformed to units where ¢ = 1 simply
by replacing ¢ with 1 everywhere it appears. Equations (3.1a—d) are Maxwell’s
equations in either the esu or emu system depending on whether we choose
go=1,up = ¢ 2 or no= 1,0 = ¢~2. When ¢ = 1, both choices are equiva-
lent; and the resulting equations become identical to Maxwell’s equations in the
Gaussian system, Eqgs. (3.5a—f), with ¢ = 1. Equation (2.66h), the Lorentz force
law, has the same form in esu or emu units; and Eq. (3.9¢), the Lorentz force
law in the Gaussian system, becomes the same as Eq. (2.66h) when ¢ = 1. Since
Maxwell’s equations and the Lorentz force law are the foundation for all electro-
magnetic theory, we expect all electromagnetic equations written using physical
quantities to have the same identical form when converted from the esu, emu, or
Gaussian systems to corresponding systems of units where ¢ = 1. We can convert
to such a system by using Rule I to replace sec by cmtimes, which then becomes
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cmtime, = cm when time is no longer recognized as having a separate dimen-
sion. This replaces sec by cm in the units of all physical quantities. Comparing
Tables 2.4, 2.5, and 3.5, we see that the esu, emu, and Gaussian cgs units of the
electromagnetic physical quantities become identical to the units of the electro-
magnetic physical quantities in Table 3.7, the Gaussian cg system, when sec is re-
placed by cm. Hence, when the esu, emu, and Gaussian cgs systems are converted
in this way to units where ¢ = 1, not only do all the electromagnetic formulas and
equations become identical but also all the electromagnetic units become identical.
Therefore, the numerical components of all the electromagnetic physical quantities
become identical as well, and we end up with the same system of units—there is no
longer any difference between the esu, emu, and Gaussian systems. The Gaussian
cg (gscg) system of units can thus be labeled as just the centimeter-gram (cg) sys-
tem of units, because it is the unique system of units we end up with when convert-
ing from the three sets of electromagnetic cgs units where charge is not recognized
as having a separate dimension to the corresponding cg units where ¢ = 1.

As a check on our reasoning, we pick some physical quantity, such as the cur-
rent /, and use Table 2.5 to break it up into a numeric component and units in the
emu system:

gm!/2cm!/2

I - IemuT. (3263)

Following the procedure of Section 1.10 of Chapter 1, we measure time in units of

cmtimes; = cc_glssec to get

I 1/2.01/2
1:( em“)gm e (3.26b)

Cegs cmtimes

When time is no longer recognized as a separate dimension, cmtime; —
cmtime, = cm and the current becomes

I 1/2
/= ( em“) gml/z‘ (3.26¢)
Cegs ) €M

This is the formula for / in the emu system converted to the cg system. Now, let
us see what happens when we convert to the cg system from the esu or Gaussian
systems. Since [ is an electric quantity, it has the same units in both the esu and
Gaussian systems. Keeping in mind that for this reason Iys = lesy, We use either
Table 2.4 or 3.5 to write

gm!/2cm’/2

I = I >

(3.27a)
S€C
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Converting this expression to units of cmtimes gives

I 1/2,...,3/2
= < & )% (3.27b)
Céas (cmtimes)
which becomes
I 1/2
1= (%) = (3.27¢)
g5/ M /

when time is no longer recognized as a separate dimension. Comparing Eqs. (3.26¢)
and (3.27c), we note that for the two formulas to represent the same system of units,
I must have the same numeric component:

Temu _ Igs

’

Cegs ngs

which, since legy = Igs, can be written as

—1 —1
Temy = gsCcgs = LesuCegs- (3.28)

This is exactly what Tables 2.7 and 3.4 show to be the case. As a second check,
we pick a magnetic quantity, i.e., the magnetic pole strength pgy. This is the same
in emu and Gaussian units, s0 (pg)emu = (PH)gs and from Tables 2.5 or 3.5 we
have

gm!/2em?/2

PH=(PH)gg—™. (3.29a)
sec

Converting to cg units the same way as before, we get
Py = [M]gm]/zcml/z. (3.29b)
Cegs

We repeat this conversion starting from the esu system. Table 2.4 shows that
PH = (pH)esugml/zcml/z- (3.29¢)

We need do nothing at all to convert this to cg units because there are no powers
of sec in Eq. (3.29¢). For py to be represented by the same system of units in
Egs. (3.29b, c¢), py must have the same numeric component. Recognizing that

(PH)emu = (PH)gs» We Write

(pH)gs (PH)emu
(PH)esu = = .
Ccgs Ccgs

(3.29d)
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Tables 2.7 and 3.2 show that in fact Eq. (3.29d) is true, once again demonstrating
that the esu, emu, and Gaussian systems become the same system of units when
we make the speed of light ¢ = 1 without recognizing charge as a fundamental
dimension. We conclude that there can only be one centimeter-gram system of
units for all mechanical and electromagnetic physical quantities, which means the

U and N operators of the cg system presented in Chapter 1 can be identified with
cg cg
the U and N operators of the gscg system defined above in Eq. (3.21b, c):

gscg gscg

U= U, (3.30a)
cg gscg
N= N. (3.30b)
cg  gscg

3.6 RATIONALIZED AND UNRATIONALIZED MKS SYSTEMS

The most widespread system of electromagnetic units in use today is the mks sys-
tem of units; when used with its rationalized system of electromagnetic quantities
it is often referred to as SI, for Systeme International, units. Although Giovanni
Giorgi introduced it in 1901 using its rationalized form, it was clear from the be-
ginning that both the rationalized and unrationalized mks systems were in many
ways an improvement over cgs esu and cgs emu units. From the start the rational-
ized system was more popular; and although in 1938 the International Electrical
Congress recognized the existence of both the unrationalized and rationalized sys-
tems, in 1950 the International Electrical Congress officially adopted the rational-
ized system of mks units for communication of scientific and engineering data. In
its rationalized form the mks system has become practically universal in all fields
of electrical engineering, and almost all introductory courses of electromagnetic
theory use these units.

For purposes of exposition, it is easier to talk first about the unrationalized mks
system, because it follows easily and immediately from what has gone before sim-
ply by deciding, as with the esuq and emuq units of Chapter 2, to recognize the
independent dimension of electric charge. In fact, both the esuq and emuq units,
with the g9 and pg constants explicitly present, have equations that are always
identical in form to equations using the unrationalized mks system. When we com-
pare the esuq, emuq, and unrationalized mks systems, we return to the world of
classical mechanics, where the form of the equations does not change when the
system of units changes—only now there are four fundmental dimensions mass,
length, time and charge, rather than just the three fundamental dimensions mass,
length, and time.

The great appeal of either the unrationalized or rationalized mks systems comes
from their connection to the practical units coul, volt, amp, ohm, weber, henry, and
farad discussed in Chapter 2. Since we regard rationalization as a redefinition of the
physical quantities rather than as a change of units—and because there are no other
mks electromagnetic units in use today—we can without confusion call the U and
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N operators for both the rationalized and unrationalized mks systems U and N .
mks mks

In the both the rationalized and unrationalized mks systems, the numerical parts
of the physical quantities used in circuit theory—such as charge, electric potential,
electric current, resistance, inductance, and capacitance —would be the same as

when measured in nineteenth-century practical units.* If N 1is the N operator for
prac

the practical system of units introduced in Section 2.6 and b¢jrcyyr is any physical
quantity used in circuit theory, we have

N (bcircurr) = plic(bCIRCUIT)- (3.31a)

mks

For example, applying N to any circuit-theory potential V' gives
mks

N (V) = N (V) = same dimensionless number of “volts;”
mks prac

applying IIII\lls to any circuit-theory current / gives

N (/) = N (/) = same dimensionless number of “amperes;”
mks prac

applying 1\11 to any circuit-theory charge Q gives
mKs

N (Q) = N (Q) = same dimensionless number of “coulombs;”
mks prac

99 ¢ 99 ¢

and so on. The change comes in what “volt,” “ampere,” “coulomb,” etc., mean in
the mks system. In Eq. (2.24a), the practical unit ampere is defined as one tenth
the emu current unit—that is, it is one tenth of an abamp—and as such must have
dimensions

mass'/2 - length!/?

time

since the units of an abamp are gm!/? - cm!/? /sec. Similarly, in Eq. (2.26¢) a prac-
tical coul is defined to be one amp - sec or one tenth the emu charge unit. Thus, its
dimensions must be

mass'/? . lengthl/z,
because the units of abcoul, the emu charge unit, are gm'/? - cm!/2. In the mks sys-
tem, however, we recognize the separate dimension of charge; therefore “coulomb”
* The alert reader will notice that for this statement to be true the rationalization used in the SI system

must be fundamentally different from Heaviside-Lorentz rationalization; see Section 3.8 below to
discover how the mks type of rationalization works.
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as an mks unit must have dimensions of charge; “ampere” as an mks unit must
have dimensions of charge/time; and so on. Recognizing the separate dimension of
charge gives all the mks circuit units different dimensions from the practical units,
SO

U (berreurr) # U (beireurr), (3.31b)
mks prac

even though the mks circuit-theory units (coulomb, volt, amp, ohm, weber, henry,
and farad) have the same names as the practical circuit-theory units. Comparing the
entries of Table 3.8 to the definitions of the practical units given in Chapter 2 [see
Egs. (2.25b) through (2.29)], we note that the unit equalities between the mks units
are identical to the unit equalities of the practical units. Because neither the names
of the units nor their inter-relationships change, it is easy to overlook the change in
what they mean. Strictly speaking, we should give the mks and practical units dif-
ferent names, just as we gave all the units of the esuq and emuq systems the suffix
“q” to distinguish them from the units of the esu and emu systems. In practice there
is no confusion because there is no longer any reason to refer to the system of prac-
tical units. From now on we assume that coulomb, volt, amp, ohm, weber, henry,
and farad refer to mks units recognizing the fourth fundamental dimension charge.

Table 3.9 gives the standard units for electromagnetic physical quantities in the
mks system. Quantities labeled with an “ f” prefix are part of the rationalized mks
system which will be discussed later. Comparison with the esuq and emuq columns
of Tables 2.4 and 2.5 of Chapter 2 shows the close correspondence between the
esuq, emuq, and mks units; to go from esuq or emuq in Tables 2.4 or 2.5 to mks
in Table 3.9 all that need be done is to remove the “stat” or “ab” prefix, drop the

99

q” suffix, and replace cm by m. In fact, we can formally define the U and N
mks mks

operators in terms of eitherthe U, N or U, N operators of Chapter 2.

esuq esuq emuq emuq
The first step in setting up these definitions is to use the definitions of the com-

posite esuq or emuq units such as statvoltq and abvoltq; statampq and abampgq;
stathenryq and abhenryq; statfaradq and abfaradq; etc., presented in Section 2.8 to
write all the esuq and emuq units as powers of the fundamental units gm, cm, sec,

Table 3.8 Units of the rationalized and unrational-
ized mks systems.

1 amp = coul/sec

1 volt = joule/coul

1 weber = volt - sec = joule - sec/coul

1 ohm = volt/amp = joule - sec/coul?

1 henry = weber/amp = volt - sec/amp = joule - sec? / coul?

1 farad = coul /volt = coul? /joule

1 siemens = mho = ohm™!
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Table 3.9 mks units for physical quantities with and without Fessenden

rationalization.

f€0, €0 (permittivity of free space)

Physical quantity mks units
. . weber
A (magnetic vector potential) U (A)=
mks
.. . weber
B (magnetic induction) U (B)= 7 = tesla
mks m
C (capacitance) U (C) =farad
mks
L coul
#D, D (electric displacement) U (D)= 5
: mks m
. volt
E (electric field) U(E)=—
mks
farad
ré€, € (dielectric constant) U(re)= U ()=
mks mks
farad

U (reo) = U (g9) =
mks mks

£F, F (magnetomotive force)

U ()= U (F)=amp

mks

® p (magnetic flux)

U (®p) = weber

mks

G (conductance)

U (G) = ohm™! = mho = siemens
mks

f£H, H (magnetic field)

amp
U(fH)=U (H):F

mks mks

I (current) U (I) =amp
mks
X coul
J (volume current density) U )= 5
mks m“ - sec
. . coul
Js (surface current density) U (Js) =
mks m - sec
L (inductance) U (L) = henry
mks

fmp, my (permanent-magnet dipole moment)

U (fmpy)= U (mpg) = weber -m
mks mks

my (current-loop magnetic dipole moment)

U (my) =amp-m?
mks

fMp, My (permanent-magnet dipole density)

weber
U (fMp)= U (Mp)= > =tesla
mks mkKs m
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Table 3.9 (Continued).

187

Physical quantity mKks units
L . amp
M (current-loop magnetic dipole density) UWMp)=—-
mks m
. - henry
£, it (magnetic permeability) U ()= U W=
mks mks m
. e henry
£ 10, o (magnetic permeability of free space) U ()= U W= —

f£PH, pH (magnetic pole strength)

U (rpa)= U (pg) = weber
mks mks

p (electric dipole moment)

U (p) =coul - m
mks

L . coul
P (electric dipole density) U (P) = —
mks m
weber
P, P (permeance) U((P)=U(P) =
mks mks amp
Q (charge) U (Q) =coul
mks
R (resistance) U (R) =ohm
mks
amp
R, R (reluctance) U(fR)=UMR)=——
mks mks weber
. coul
po (volume charge density) U (pg) = 3

PR (resistivity)

U (pg) =ohm-m
mks

S (elastance) U (S) = farad™!
mks
. coul
S (surface charge density) U (Sg) = —
mks
. ohm™!
o (conductivity) U (o) =
mks
V (electric potential) U (V) =volt
mks

F£S2H, 2y (magnetic scalar potential)

U (rQp)= U (Qy)=amp
mks mks
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and charge (either statcoulq or abcoulq). For example, we can write the esuq unit
of electric potential as

erg 2 -2 —1.
I statvoltgq=1 ——— =gm-cm” - sec” ~ - statcoulq™ ";
statcoulq

we can write the emuq unit of capacitance as

abcoulq  abcoulg? _1 5
— —om

1 abfaradq = cem™2 - sec? - abcoulqz;

abvoltg  erg

and so on. If any electromagnetic physical quantity » has a mechanical component,
we can use the techniques of Chapter 1 to convert that into powers of gm, cm, sec
in the cgs system to get, as a final result,

U (b) = gm*cm®sec? statcoulq’ (3.32a)
esuq
or
U (b) = gm®cm’sec” abeoulq’, (3.32b)
emuq

where the numbers «, 8, y, and § come from breaking down the mechanical and
electromagnetic units of b into powers of gm, cm, sec, and the unit of charge. We

can also get «, 8, ¥, and § from dimensional analysis of b; and in fact, the U
mltq

operator introduced in Chapter 2 [see Eqgs. (2.59) through (2.60b)] can be used to
find them:

U (b) = mass®length?time? charge®. (3.32¢0)
mltq

This is, by the way, as good a time as any to point out that «, 8, y, and § always turn
out to be integers when charge is recognized as a fourth fundamental dimension and
b is one of the electromagnetic physical quantities listed in Tables 3.1 to 3.9.

Having found integers «, 8, v, and §, we are ready for the second step; now
operator U can be defined by

mkKs
ke\*/ m\?/ coul \°
ub=|— — — ) U (b) (3.33a)
mks gm cm statcoulq / esuq

or by

ke \*/ m\?/ coul \°
v =(-2) (2 U o). (3.33b)
mks gm cm abcoulq/ emuq
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Equations (3.33a, b) have the same meaning, and either one can chosen as the

definition of U . Tables 3.10 and 3.11 state the equalities between mks units and
mks

the esuq, emuq units; all we need from them now is that in the mks system

Table 3.10 Relationships between the mks and
esuq units.

C, 3
lcoul = —£2 . statcoulq
10

c
lamp = IC—EU’)S - statampq

8

1 weber = —— - statweberq
Cegs

108
1 volt = — - statvoltq

Cegs
ngs
1 farad = —= - statfarad
109 d
10°
L henry = - stathenryq
Ccgs
9
1ohm = - statohmgq
Ccgs

Table 3.11 Relationships between the mks and
emuq units.

lcoul=10""1. abcoulq

lamp = 10-!. abampq

1 weber = 108 - abweberq

Lvolt =108 - abvoltq

1 farad = 102 - abfaradq

1henry = 102 abhenryq

1 ohm = 10? - statohmq
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1coul = 10_1abcoulq = (C]C—f)s) statcoulq. (3.34a)

We also need to know that

lkg=10° gm (3.34b)
and
I1m=10% cm. (3.34¢)
Equations (3.34a—c) and Rule I can be used to write N for any physical quantity
mks
b as
N (b) = (107%)%(1072)"(10)* N (b) (3.34d)
mks emuq
or
_avaa—2nB( 10 ’
N ()= (107°)"(107%)"( — | N (b). (3.34¢)
mks Cegs /) esuq

Both of these have the same meaning and either one can be used to define N . We
mks

also now say that for any electromagnetic or mechanical physical quantity b,

N (D) = bmks. (3.341)

mks

3.7 CONVERSION OF EQUATIONS TO AND FROM THE UNRATIONALIZED
MKS SYSTEM

To convert equations from esu or emu units to the unrationalized mks system, we
need only convert them to esuq or emugq units, respectively, following the procedure
developed in Chapter 2 and being careful to recognize the &g, (1o constants when
they appear. Although the conversion from esu to esuq and from emu to emuq was
thoroughly discussed in Chapter 2, there is no harm in giving a few more examples.

In esu units the attractive force ¢ per unit length between two long, parallel
wires separated by a distance r and each carrying an electric current / flowing in
the same direction is

¢="". (3.35a)
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Splitting Eq. (3.35a) into numeric components and units gives

d 2[Logystat 2
¢Cgs( ynes) — _ 2Uenstatamp] (3.35b)

cm ( ) cm 2
FeosCM) | Coos——
& & sec

Because 1 dyne = gm - cm - sec™2 and, from Table 2.3, 1 statamp = gm'/? - cm
sec 2, Eq. (3.35b) is balanced as written. We can confirm this by operating on both
sides with U to get

esu

32

gm  gm-cm?’/sect gm gm
= or —— =",
sec? cm3 /sec? secz  sec?

Before charge can be recognized as a new fundamental dimension, taking us
from the esu to the esuq system of units, we must, according to Rule VIII, make
Eq. (3.35b) balanced in both the invariant and connecting units. The connecting
unit of Eq. (3.35b) is the (statamp, statampq) pair, so we multiply the right-hand
side by

2

dyne cm”~ (gm-cm- sec™?) - cm?

. = =1.
statamp? sec?  gm-cm?3 -sec™* - sec?

There is nothing subtle about how this combination is picked; we just use the ratio
of units needed to make both sides balance without breaking up the connecting unit
statamp. This gives

(dyne) 2 (Iesustatamp)? ( dyne - cm? )
cgs = : .

cm cm\?2 \statamp? - sec?
(rcgscm) Cegs—
sec

Equation (3.35c¢) satisfies Rule VIII, so we now recognize charge as a new funda-
mental dimension and write

(dyne) 2(Iesustatampq)? ( dyne - cm? )
cgs = : .

cm cm\? \statampg? - sec?
(rcgscm) Cegs—
sec

Typically, in systems of units recognizing charge as a new fundamental dimension,
the extra clump of units that is not connected in an obvious way to a physical
quantity turns into &g, (Lo, or some combination of the two. From Eq. (2.37a) and
the definition statampq = statcoulq/sec, we have

(3.35¢)

(3.35d)

statcoulq’>  statampq? - sec?

esuq dyne - cm? dyne - cm?
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Since N (g9) =1 from Eq. (2.37b) and all physical quantities have the same nu-

esuq
meric parts in the esu and esuq systems [see Eq. (2.34a)], Eq. (3.35d) now becomes

217 1
¢ = — (3.35¢)
ree &
or, using gog = c~2 from Eq. (2.10),
212
=10 (3.35f)
.

Equation (3.35f) has the correct form for the esuq system of units, and since all
variables in the equation represent physical quantities we know that this is also the
correct form for the unrationalized mks system. We could have gone directly to
Eq. (3.35f) by recognizing from Eq. (2.45c¢) that

__ stathenryq  (erg/statcoulq) -sec  dyne

esuq cm statampq-cm  statampq?’
where we have used the equalities

statvoltq - sec er
stathenryq = —q’ statvoltq = £

——, and erg=dyne-cm.
statampq statcoulq

Since N (ug) = cc_gzS [see Eq. (2.451)], the extra clump of units

esuq

cm 2 dyne - cm?
C R S —
“sec statampg? - sec?

becomes

dyne

esug L statampq? Ho:

turning Eq. (3.35d) directly into Eq. (3.35f).

Even though we know from first principles that all equations in the esuq, emuq,
and unrationalized mks systems have the same form, there is no harm in demon-
strating how this works for this particular example.

Writing Eq. (3.35f) in esuq numeric components and units gives

d 2(Iosustat 2
( cgs yne) _ (Iesystatampq) , (3.36a)

cm (regscm)

stathenryq
(0)esu————
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where we use Eq. (2.34a) from Chapter 2 to write lesy = lesuq and ((o)esu =
(140)esuq» and the units of o in the esuq system are written as stathenryq/cm.
Substituting from Table 3.10 gives

’ 10~ newton)  2(Jesul0 - gy - amp)? 107%¢Z,shenry
CTI02m )T (regs 0 2m) HO e ™ 02m

:|, (3.36b)

where we have used Table 1.3 to convert from the cgs mechanical units dyne and
cm to the mks mechanical units newton and m. From Rule I we know that
1072

F = ¢cgslo_3 = Pmks, Tmks = lo_zrchv

¢cgs

and from Table 3.12 we have

ks = 10CC_gISIesu’ (0)mks = (MO)esu10_7cggs;

so Eq. (3.36b) becomes

newton 2(Imksamp)? henry
( mks >= - (K0)mks —— (3.36¢)
(rmksm) m
or
21% 1o
¢= ;
r

the same as Eq. (3.35f). One point worth mentioning, perhaps, is that the equality
(10)mks = (10)esu 10772y
gives us, since
(RoJesu = N (120) = cgr,
that
(10)mks = 1077 (3.36d)

or

no = 10_7henry /m (3.36¢)

exactly in the unrationalized mks system. This result has some historical impor-
tance, because, after much discussion over the first half of the twentieth century,
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it was decided that the unrationalized mks system is uniquely specified by the re-
quirement that .o = 10~ ’henry/m; or, what amounts to the same thing, that

N (1) = 107",

mks

It is just as easy to convert equations to the unrationalized mks system from
emu units as it is from esu units. The formula for the Poynting vector describing
the energy flux of an electromagnetic radiation field in a vacuum can be written
as

01 - -
S=—EXxB (3.37a)
4

in emu units. Splitting this up into units and numeric components gives

> ergs 1 (- abvolt - abweber
chsfg = (Eemu—) X <Bemu 72), (3.37b)
cm<sec 4w cm cm

where we represent the emu unit of magnetic induction as abweber - cm ™2 rather
than the more customary gauss (see Table 2.5). From Table 2.3 we note that

abvolt abweber gm!/2. cm!/? gm!/? _gm- cm? - sec™? erg

cm cm? sec? cm!/2 . sec cm? - sec cm? - sec’

showing that Eq. (3.37b) has balanced units in the emu system. It cannot, however,
satisfy Rule VIII until it is balanced in both the invariant units—erg, cm, sec—and
the two connecting unit pairs—(abvolt, abvoltq) and (abwever, abweberq)—for the
transition to the emuq system. Multiplying the right-hand side of Eq. (3.37b) by

cm 1 1

r o — . .
sec abvolt abweber

_ (gm-cm®) /cm sec? sec _
U sec? sec J\gm!/2.cm3/2 J\ gm!/2.cm3/2)

which is just 1 in emu units, gives

- ergs

Ccgs
& cm2sec

1 5 abvolt B abweber erg-cm 1 1
— - X . . . .
4 M em emt em2 sec abvolt abweber

(3.37¢)

Equation (3.37c¢) is simultaneously balanced in both the invariant and connecting
units, so we can now recognize charge as a new fundamental dimension to get



UNITS ASSOCIATED WITH TWENTIETH-CENTURY ELECTROMAGNETIC THEORY

195

Table 3.12 Numeric components of physical quantities in the esu and unrational-

ized mks systems.

(magnetic vector potential)

Amks = Aesu - Cegs * 1076

(current-loop magnetic dipole density)

(M7)mks = (M])esu - 10° chs

(magnetic induction)

Bmks = Besu - Cegs * 10_4

(magnetic permeability)

Mmks = ngs : 10_7 * Mesu

(capacitance)

-2
Crnks = Cesu - Cegs 10°

(magnetic permeability of free space)
(MO)mks - chs 0 7 (MO)esu
=1-1077

(electric displacement)

Ds = Desu - 10° chs

(magnetic pole strength)

(PH)mks = Cegs - 1078 (PH)esu

(electric field)

Emks = Eesu *Cegs * 1076

(electric dipole moment)

-1
Pmks = Pesu - 107 * Cegs

(dielectric constant)

-2
€mks = €esu  Cegs * 10'!

(electric dipole den51ty)

Pks = Pesu - 10° ch<

(permittivity of free space)
(80)mks = (So)esu chs 10!

(permeance)

Pmks = Pesu - 1077 chs

(®B)mks = (PB)esu - Cegs - 10-8

_chs 1ol
(magnetomotive force) (charge)
Fmks = Fesu - 10- chs Omks = Qesu - 10 chs
(magnetic flux) (resistance)

Rinks = Resu - 10~? 'ngs

(conductance)

Gmks = Gesu - 10° chs

(reluctance)
Rmks = Cc_gzs -10° * Resu

(magnetic field)
Hpks = Hesu - 103 chs

(volume charge density)

(PQ)mks = (PQ)esu - 107 chs

(current)

Imks = lesu - 10~ chs

(resistivity)

(PR)mks = (PR)esu - 107 chs

(volume current densny)

Jmks = Jesu - 10° chs

(elastance)

Smks = Sesu - 107 2. cgs

(surface current density)
(TI$)mks = (Js)esu - 103 chg

(surface charge density)

(SQ)mks—(SQ)esu 107 chi

(inductance)

Lmks = Lesu - 1072 ngs

(conductivity)

-2
Omks = Oesu * 10!t Ccgs

(permanent-magnet dipole moment)

(mp)mks = Cegs * 10-10. (MK )esu

(electric potential)

Vinks = Vesu * 1078 Cegs

(current-loop magnetic dipole moment)

(M Dmks = (M Pesu - 1073 - cogh

(magnetic scalar potential)

(QH)mks = (Qp)esu - 10 chs

(permanent-magnet dipole density)

(ME)mks = Cegs - 1074 - (Mp)esu
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- ergs
% cm2sec

. L 5 abvoltq

= 4”( emug —_— ) (3.37d)

B abweberq erg-cm 1 1
X . . . ,
R sec abvoltq abweberq

where we have used Eq. (2.34b) to replace Eemu, éemu by Eemuq, Eemuq. Again we
expect the block of units on the extreme right to turn out to be either &g, 1o, or
some combination of g9 and po. They are in fact equal to

erg-cm 1 1 cm abcoulq

sec abvoltq . abweberq " sec abvoltq - sec
(3.37¢)
cm abampq ~ cm

sec abvoltq  abhenryq’

where the unit equalities abvoltq = erg/abcoulq, abweberq = abvoltq - sec, and
abhenryq = abvoltq - sec/abampq from Section 2.8 are used to simplify the units
in Eq. (3.37e). From Eq. (2.46b) we recognize cm/abhenryq as the emuq units
of wy 1, and from Eq. (2.46e) we note that erlr}lllq(,uo) = (0)emuq = 1. Therefore,

Eq. (3.37d) can be written as

- ergs
&% cm2sec
_ 1 (1;" abvoltq) 8 (1_5; abweberq) ' < 1 )
47 \ 7™ om M em2 (10)emugabhenryq/cm /-

(3.37)

Since the esuq, emuq, and unrationalized mks systems always have the same form
of electromagnetic equations, we can go directly to the final result from Eq. (3.37f),
which has clearly been converted to the emuq system. Thus, in the unrationalized
mks system the formula for the Poynting vector in empty space must be

1 - -
E x B=

= 1
S= —
47 Mo 4

E x H, (3.37g)

where we have used in the last step that H= o !B in a vacuum. When Table 3.11
is used to check this result by converting the units of Eq. (3.37f) to the unrational-
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ized mks system, we find that

- 107 7joule
' 10-4m2sec

1 (E 10—8volt)
T4 UMM 102m
8 (éemuq 10_8weber) ' ( 1 >
10~4m?2 (10)emuq10~?henry/10~2m

Remembering that Eemuq, Eemuq, and (i0)emuq represent the same collection of
pure numbers as Eemy, Bemu, and (L0)emu, We consult Table 3.13 to get

3 joule 1 B volt 3 weber 1 (3.37h)
- = — ) x , (3.
T mks T2 (140)mkshenry/m

where Rule I is used to write §mks = 10_35‘Cg5. As before, we find that (tg)mks =
1077 (40)emu = 1077 for the unrationalized mks system. Clearly, Eq. (3;379) is
the same as Eq. (3.37g) when written in terms of the physical quantities S, E, B,
and wo.

Going from the unrationalized mks system back to esu or emu units is really
quite simple. We know the esuq, emuq, and unrationalized mks systems always
have the same form of equation; so given any formula in unrationalized mks, we
just start thinking of it as having esuq units if we want to go the esu system and as
having emuq units if we want to go to the emu system. Changing from esuq to esu
or from emuq to emu is discussed in Section 2.9. All we are really doing is ceasing
to recognize charge as a fundamental dimension, and doing it in such a way as to
make gg =1, up = ¢ 2 for esu units and g = ¢ 2, o = 1 for emu units. When we
no longer recognized time as a fundamental dimension in Section 1.10 it was done
to make ¢ = 1, and any equation could be converted to these new units simply by
replacing ¢ by 1 in that equation. If ¢ was not explicitly present in the equation,
the form of the equation did not change. A similar pattern occurs when going from
esuq to esu or from emuq to emu. When going from esuq to esu we replace &g by
1 whenever it is explicitly mentioned; and, if desired, /1o can be replaced by ¢ 2
whenever it is explicitly mentioned. If &g is not present, the form of the equation
does not change. So, for example, the Maxwell equation in unrationalized mks
for D,

%-5:47r,0,

does not change form \ivhen wl‘itten in esu; but if we assume P = 0 so that we can
make the substitution D = gy F in unrationalized mks and write that

- - dr
V-E=—p,
£0
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Table 3.13 Numeric components of physical quantities in the emu and unrational-
ized mks systems.

(magnetic vector potential) |(volume current density) (permeance)

Amks = Aemu - 1076 Jmks = Jemu - 10 Prks = Pemu - 1077
(magnetic induction) (surface current density) (charge)

Bunks = Bemu - 10~ (J5)mks = (T§)emu - 107 Qumks = Qemu - 10
(capacitance) (inductance) (resistance)

Cinks = Cemu - 10° Links = Lemu - 107° Rinks = Remu - 1077
(electric displacement) (permanent-magnet dipole moment) (reluctance)

Dks = Demu - 109 (m g )mks = 10710 (m g )emu Rmks = 10° - Remu
(electric field) (current-loop magnetic dipole moment) | (volume charge density)
Enks = Eemu - 107° (mmks = (memu - 1073 (0Q)mks = (P@)emu - 107
(dielectric constant) (permanent-magnet dipole density) (resistivity)

Emks = €emu * 10! (ME)mks = 1074, (MK )emu (PR)mks = (PR)emu - 107 1

(permittivity of free space) [(current-loop magnetic dipole density) |(elastance)

(e0)mks = (80)emu 10!

11 (Mmks = (M[)emu - 103 Smks = Semu 107°
= chs 10
(magnetomotive force) (magnetic permeability) (surface charge density)
Funks = Femu - 10 fmks = 1077 - ttemu (SQ)mks = (S@)emu - 10°
(magnetic flux) (magnetic permeability of free space) |(conductivity)

(Lo mks = 1077 - (10)emu

(®B)mks = (Pp)emu - 1078 Oinks = Temu - 101!

=107"7

(conductance) (magnetic pole strength) (electric potential)
Gmks = Gemu - 10 (PH)mks = 1078 “(PH)emu Vinks = Vemu - 1078
(magnetic field) (electric dipole moment) (magnetic scalar potential)
Hpks = Hemu - 103 Pmks = Pemu - 107 ! (2F)mks = (2p)emu - 10
(current) (electric dipole density)

Imks = Iemu - 10 Proks = Pemu - 105
then this becomes

V.-E=4mp

ig the esu system. The substitution itself, D= SOE in unrationalized mks, becomes
D = E in esu units. When going from emuq to emu, we replace o by 1 when-
ever it is explicitly present and, if desired, o can be replaced by ¢ 2. If ¢ is not
present, the form of the equation does not change. Following this rule, the Maxwell
equation

9D

%xH:4nf+
ot
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in unrationalized mks, emugq, or esuq systems does not change when going to emu
or esu units. If, however, we make the substitutions H = 'B and D = ¢yE

appropriate for media where P=0and M 1 =0, this equation becomes

N

- o - oE
V x B=4muyJ —HLOSOE

in the unrationalized mks, esuq, or emuq systems. Then, in the emu system we
have

. - 9E . - 10E
VxB=4nJ+ey— or VxB=4nJ+——,
ot c? ot
and in the esu system we have
¥ Bdmuod 4 pol or Vxh= Ty L0
X B=4m — or X B=— -,
HOL RO, 2 c? ot

-

where the substitution equations for IZI and D become H = B , D= eoé =c2E
in emu units and H = M(;IB = czé, D = E in esu units.

Figure 3.2 shows the connections between Gaussian cgs units, esu units, emu
units, and the unrationalized mks system. Conversion from the Gaussian system to
the esu and emu systems has already been discussed, as has the conversion from
esu or emu to unrationalized mks. To show the whole chain at once, we convert
the formula for £, the energy density of electromagnetic fields in a vacuum, from

Gaussian units to the unrationalized mks system. In Gaussian units we have

&= % (E2 + B2> (3.38a)

or, broken up into units and numeric components,

erg 1 statvolt 2
chscﬁ == g EgSCT + Bgsgauss . (338b)

From Table 3.5 and 1 erg = gm - cm? - sec™2 we get
statvolt? _gm  gm- cm? - sec™? _erg
ecm?  cm-sec? cm3 ~cm?

and
gauss® = g 7 = eri’
cm - sec cm
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so clearly Eq. (3.38b) has balanced units in the Gaussian cgs system. Since
1 gauss = abweber/cm?, we can write Eq. (3.38b) as

1 tatvolt \ 2 bweber \ >
fs® = L (E&) . (Bemuawiezﬂ (3.380)
cm 8 cm cm

where we use Table 3.1 to recognize E as an electric quantity in the Gaussian
system measured in esu units, with Egs = Eegy, and B as a magnetic quantity mea-
sured in emu units with Bgs = Bemy. Converting B to esu units, we use Table 2.8
to write

emu -

abweber cm \ statweber
emu - 5

cm? sec cm?
and Table 2.7 to get
cm \ statweber cm \ statweber
Bemu| — -5 = Besuccgs — )
sec cm sec cm

statweber cm
= | Besu ) Ccgs .
cm sec

FOUR FUNDAMENTAL DIMENSIONS
[mass, length, time, charge]

unrationalized mks

esuq 1 rationalized mks

emuq
\
e

7
[\
' {

mu

Gaussian

I°;

THREE FUNDAMENTAL DIMENSIONS
[mass, length, time]

Figure 3.2 These are the recommended conversion paths between each of the
five major electromagnetic systems.
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Hence, Eq. (3.38c) becomes

erg
Ecos——
Cgscm?’
1 statvolt 2 statweber \ > cm\ 2 (3.38d)
=—| | Eesu + Besu—2 Cegs— .
8 cm cm sec

We have now taken the formula for £ from Gaussian to esu units, moving up one
level in Fig. 3.2. To climb one more level to the esuq system, we must recognize
charge as a separate dimension. Rule VIII states that both the EezSu and Bgsu terms
have to match £ in both the invariant and connecting units before the new fun-
damental dimension of charge can be recognized. We multiply the EezSu term by
ecm~! - erg/statvolt®. To show that this is 1 in esu units, we consult Table 2.3 and

use lerg = gm - cm?” - sec™ to get

1 erg erg  sec? gm-cm  sec?
cm statvol? cm gm-cm  sec2 gm-cm
The Bgsu term is multiplied by (erg/cm) - sec? - statweber—> which is also 1 in esu
units. From Table 2.3 we have
erg 2 1 gm - cm ) 1
— -sec” - = 3 -sec” - —— =1.
cm statweber? sec gm-cm

Equation (3.38d) now becomes

< erg 1 B statvolt ) > erg
Cemd T 8 U cem cm - statvolt?

n 1 B statweber ) > cm\? erg - sec’ 1
— ettt Cooem— . ’
8z \' " cm? “sec cm  statweber?

(3.38¢)

which is balanced in both the three invariant units erg, cm, sec and the two connect-
ing units (statvolt, statvoltq) and (statweber, statweberq). Now we can transfer to
the esuq system of units by recognizing charge as a fourth fundamental dimension,

writing
erg 1 statvoltq 2 erg
8cgs—3 =5 Eesu 2
cm 8 cm cm - statvoltq

1 statweberq 2 erg - cm
+ o B esu— 5 Cg s . 5|
8 cm? & statweberq?

(3.38f)
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We note that, using 1 statvoltq = erg/statcoulq and 1 erg = dyne-cm [see Table 1.1
and Eq. (2.39b)],

erg _erg- statcoulq®  statcoulq?

cm-statvoltg? ~ cm-erg?  cm?-dyne’

From Eq. (2.37a) we recognize this as the units of &g in the esuq system, and from
Eq. (2.37b) we know that N (g9) = 1, giving
esuq

erg statcoulq?

= (&0)
esuq c

_—. 3.38
m? - dyne (3-38¢)

cm - statvoltq®

Similarly we note, using the definitions in Section 2.8 [see Egs. (2.39b), (2.45a, b),
and (2.49)], that

statweberq = statvoltq - sec = erg - sec/statcoulq = erg/statampq
and
stathenryq = statvoltq - sec/statampq = statweberq/statampq,

which makes

, erg-cm , erg-cm  statampq 5 cm
) = Ccgs

(3.38h)

“® statweberq? ~ “®statweberq erg stathenryq

From Eq. (2.45c) we recognize cm/stathenryq as the units of Uin the esuq
system, and from Eq. (2.45f) we see that N (o) = (L0)esuq = cc_gzs. Hence,
esuq

Eq. (3.38f) becomes, using Eqgs. (3.38g, h),

er 1 statvoltq \ > statcoulq?
gcgs g3 = Eesy d (SO)esuq 3 d
cm 8 cm cm” - dyne

1 statweberq 2 1
+ B esu 2 .
8w cm (110)esugstathenry /cm

Written as physical quantities in the esuq system, the formula for £ becomes (re-
member that Eesuq = Eesy and Besuq = Besu)

(3.381)

1 1
E= —<80E2 + —32) (3.38))
8 o
or
1 = = - -
=—(E-D+B-H), (3.38Kk)
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where in Eq. (3.38k) we make the substitutions D= 8()E and H = Mo I'B for the

D and H fields in empty space. Equations (3.38j, k) are what we set out to find,
since electromagnetic equations written in physical variables must have the same
form in both the esuq and unrationalized mks system. Tables 1.3, 3.10, and 3.12
show how to convert Eq. (3.381) to unrationalized mks.

10~ 7joule 1 Cegs  volt \?
b J06m ~ 8 \ " 108 102m

o) 102 coul?
x| (& -
0)esuq ngs 10~4m2 - 10— 5newton

1 Ccgs  weber 2 ) _9 henry -1
O e~ A (N =

1 volt \ 2 101! coul?
:g Emks? (SO)esuq 2 )

Ges M7 -mewton
1 weber ) 2 _-henry -
+Q<Bmksv) [(MO)esqu(z;gslo 7 m :| .

We know that (€0)esug = (€0)esu = 1, so by Rule I this last step gives the numeric
component of &g in the unrationalized mks system,

1011 1011
N (¢0) = (€0)mks = (8O)esun = (3.39a)
mks Cegs chs

and also confirms the already-known value for the numeric component of g in the
unrationalized mks system,

N (10) = (10)mks = (H0)esuq s 1077 =gt - 21077 =107 (3.39b)
mkKks

Rule I also shows that Epks = Ecgs - 10—, so we end up with

joule 1 volt\ 2 farad
Emks —3 = E ks (£0) mks
m- 8 m m

1 weber ) > henry -
+— Bmks—2 (100) mks )
8 m m

(3.39¢)

where we have used the definition of the mks farad in Table 3.8 and newton - m =
joule to get

coul? coul? . farad

’

newton-m?  joule-m m



204 CHAPTER 3

a more conventional way of writing the units of 9. As expected, Eq. (3.39¢) when
written using the physical quantities £, E, B, €, and ¢ takes on the same form as
(3.38)), the formula for £ in the esuq system:

1 1
E=— <80E2 + —BZ).
8 Ko

3.8 CONVERSION OF EQUATIONS TO AND FROM THE RATIONALIZED
MKS SYSTEM

Having discussed the unrationalized mks system, we now move on to the predom-
inant system of units in use today, the rationalized mks system (often called SI
units). Table 3.14 shows the rationalization scheme used to rescale the electromag-
netic physical quantities in the rationalized mks system. The physical quantities
labeled with a prefix “f” are rescaled from their historic definitions established
during the nineteenth century; those not labeled with an “ f”” prefix retain their his-
torical meaning.*-> Unlike the Heaviside-Lorentz rationalization scheme shown in
Table 3.6, which can be applied to any electromagnetic system of equations, Fes-
senden rationalization can only be applied to electromagnetic equations that explic-
itly use both the gy and o constants required by the esuq, emuq, and mks systems
of electromagnetic units. We note in passing that any system of units recognizing
charge as a fourth fundamental dimension must contain the physical quantities &g
and pg in its system of electromagnetic equations. As has already been mentioned
above, from our point of view Fessenden rationalization, like Heaviside-Lorentz ra-
tionalization, is something that is done to the physical quantities themselves rather
than their units.” This is why we are careful to relabel the rescaled physical quan-
tities with an “ f.” Unfortunately, textbooks often refer to “rationalized mks units,”
implying that the units rather than the physical quantities themselves have been
changed; and it is very unusual to see the rescaled physical quantities labeled as
such, with an “ f” or anything else.

Comparing Table 3.14 to Table 3.6, we note that Fessenden rationalization
rescales very few physical quantities compared to Heaviside-Lorentz rationaliza-
tion, and in particular it does not change the physical quantities used in circuit
theory. This explains its appeal to electrical engineers, who do not have to re-
calibrate their voltmeters, ammeters, etc., or relabel the resistances and voltages
of their circuits and batteries, in order to use Fessenden rationalization. This is
in sharp contrast to Heaviside-Lorentz rationalization, which would force them
to recalibrate and relabel almost every instrument and circuit in their laborato-
ries.

The Fessenden rationalization scheme is designed to affect common electro-
magnetic formulas the same way Heaviside-Lorentz rationalization affects them.

* The “f” is for R. A. Fessenden who first proposed this rationalization method in 1900.
T See discussion at beginning of Section 3.3 above.
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Table 3.14 Fessenden rationalization for electromagnetic physical quantities.

(magnetic vector potential, unchanged) A

(magnetic permeability, rationalized)

fr=amn

(magnetic induction, unchanged) B

(relative magnetic permeability,

unchanged) wr

(capacitance, unchanged) C

(magnetic permeability of free space,

rationalized) fuo = 47 g

(electric displacement, rationalized) fD=D /(4m)

(magnetic pole strength, rationalized)

fPH =41pg

(electric field, unchanged) E

(electric dipole moment, unchanged) p

(dielectric constant, rationalized) r& =e/(47)

(electric dipole density, unchanged) P

(relative dielectric constant, unchanged) &

(permeance, rationalized) fP =47 P

(permittivity of free space, rationalized)

€0 =¢o/(4m)

(charge, unchanged) Q

(magnetomotive force, rationalized) f]: =F/(4r)

(resistance, unchanged) R

(magnetic flux, unchanged) ®p

(reluctance, rationalized) fR = R/(47w)

(conductance, unchanged) G

(volume charge density, unchanged) pg

(magnetic field, rationalized) y H = H/(47)

(resistivity, unchanged) pg

(current, unchanged) /

(elastance, unchanged) S

(volume current density, unchanged) J

(surface charge density, unchanged) S¢

(surface current density, unchanged) Jg

(conductivity, unchanged) o

(inductance, unchanged) L

(electric potential, unchanged) V

(permanent-magnet dipole moment, rationalized)

fmyg =4nmy

(magnetic scalar potential, rationalized)

FQp=Qy/(@r)

(current-loop magnetic dipole moment, unchanged)

mp

(electric susceptibility, rationalized)

fXe =47 Xe

(permanent-magnet dipole density, rationalized)
fMy=4nMy

(magnetic susceptibility, rationalized)

fXm =47 Xm

(current-loop magnetic dipole density, unchanged)
M

Equation (3.11a), the formula for the capacitance of a parallel-plate capacitor,

looks like

Cesustatfarad =

2
Acgsem
47 degscm

(3.40a)

in the esu or—since it involves only electric quantities—the Gaussian system of
units. Table 2.3 shows that 1 statfarad = cm, so (3.40a) has balanced units; this
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formula becomes, using the Heaviside-Lorentz rationalization shown in Table 3.6,

Acgscm2

(5 C)egustatfarad = (3.40b)

Cgscm

This is the same equation, split up into units and numeric components, given above
in Eq. (3.13). Following the path shown in Fig. 3.2, we take Eq. (3.40a) into the ra-
tionalized mks system by way of the unrationalized mks system. Equation (3.40a),
although balanced in esu units, has to be balanced in both the connecting unit (stat-
faraf, statfaradq) as well as the invariant unit cm before we can recognize charge
as a new fundamental dimension. Multiplying the right-hand side by statfarad/cm,
which is clearly just 1 in the esu system because a statfarad is the same thing as a
cm, gives

Acescm?  statfarad
Cesustatfarad = ces .

4mdegscm cm
Recognizing charge as a new fundamental dimension, we move to esuq units to get

Acgscm2 statfaradq

Cesugstatfaradq = , (3.40c¢)

4 degscm cm

where we know Cesuqg = Cesu because by definition all physical quantities have
the same numeric components in the esu and esuq systems. From Table 1.1 and
Egs. (2.39b) and (2.47a),

statcoulq statcoulq? B statcoulq?

statfaradq = = = ,
statvoltq erg dyne - cm

SO

statfaradq statcoulq?

cm  dyne-cm?’
Hence, from Eq. (2.38) we have

statfaradq
| ———=¢;
cm

and Eq. (3.40c) written in terms of the physical quantities C, A, d, and &g is

. Agg

= 3.40d
dmd ( )

in the esuq system. Equation (3.40d) is the same in the unrationalized mks system
because it is written using variables representing physical quantities. Table 3.14
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takes us from the unrationalized to the rationalized mks system in Fig. 3.2; making
the substitution

€0
g0 = —
F0 4
gives
A-
C= %. (3.40e)

Both Eq. (3.40¢) in the rationalized mks system and Eqs. (3.13) and (3.40b) in the
Heaviside-Lorentz system have lost their 477 °s from the same place in the formulas,
showing how Fessenden rationalization has the same effect as Heaviside-Lorentz
rationalization. The appearance of the extra factor reo may make Eq. (3.40e) look
less appealing as a formula than Eqgs. (3.13) and (3.40b), but in fact most parallel-
plate capacitors are built with a dielectric substance rather than empty space be-
tween the plates. This means engineers would in practice almost always be calcu-
lating parallel-plate capacitances using the dimensionless relative dielectric con-
stant ¢, in the Heaviside-Lorentz system *

Ag,
C= ,
h d

with different dielectrics having different values of ¢,. In the rationalized mks sys-
tem the same capacitor has the capacitance

coAGe
d

with e =&, - rg9. To use one formula the engineer looks up the dimensionless
relative dielectric constant from a table of relative dielectric constants; and to use
the other formula the engineer looks up the dimensional dielectric constant & from
a table of dimensional dielectric constants. From this engineer’s point of view, the
two systems look identical, except for the special case of empty space between
the plates. Greater complexity for this little-encountered special case is a small
price to pay compared to the greater price of relabeling all capacitors as having
capacitances 5 C instead of C when switching to the Heaviside-Lorentz system.

We see the same congruence between Fessenden and Heaviside-Lorentz ratio-
nalization in Coulomb’s law for electric charge and magnetic poles. From the work
done in Chapter 2 [see Eqgs. (2.1a, b) and (2.35b)], we know that Coulomb’s law in
esuq units is

0102

7

F =

* The meaning of &, is discussed in Section 2.12.
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All of the variables in this formula are physical quantities, so it has the same form
in unrationalized mks; and Table 3.14 shows that only &9 = 4 r&¢ is changed by
Fessenden rationalization when switching to the rationalized mks system:

= 2102 (3.41a)

4r f80r2
We see that the rationalized mks system puts a 4x into the denominator of
Coulombs law for electric charge, the same place it appears in the Heaviside-
Lorentz version of Coulomb’s law [Eq. (3.16a)]. Coulomb’s law for magnetic
poles undergoes a similar change. From (2.2a, b) and the discussion following
Eq. (2.48b), we know that Coulomb’s law for magnetic poles in the esuq system—
and so also for the unrationalized mks system—has the form

_ (PH)I(PH)Z.

F
Jor?

Making the substitutions (pp)1 = (rpu)1/(47), (pu)2 = (fpH)2/(4m7), and
o = o/ (4m) required by Table 3.14 gives

_ (rpa(rpu)2

F
47 fuor?

(3.41b)

putting another 47 into the denominator, the same place it appears in Coulomb’s
law for magnetic poles in the Heaviside-Lorentz system [Eq. (3.16b)].

Equation (3.41b) requires the pole strength py to be replaced by the rescaled
quantity ¢ppg, so if scientists and engineers have instruments to measure magnetic
pole strength, they have to recalibrate them when switching to the rationalized mks
system. Fortunately for Fessenden rationalization, the idea of a magnetic pole as
a “real” physical quantity was rapidly falling out of favor with most physicists
by the beginning of the twentieth century, along with the idea of H rather than
B as the fundamental magnetic field. So, not only was there no strong objection
to redefining py as ypy/(4m), there was also no strong objection to redefining
the auxiliary field H as yH = 4m H. Although both H and py are rescaled, their
product stays constant:

fPH

H =
PH (477

)(4ﬂfH) = (rpu)(rH).

This ensures that the force between already-characterized permanent magnets stays
the same, keeping the interface with the mechanical systems of units unchanged.
In fact, both the Heaviside-Lorentz and Fessenden rationalization schemes make
a point of preserving the interface with mechanical units by maintaining the val-
ues of all products or ratios—such as py H, QF, pogo, [ 2R, QV, etc.—that pro-
duce physical quantities having only mechanical dimensions (see Tables 3.6 and
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3.14). Table 3.14 shows that Fessenden rationalization rescales the D field to
D = D/(4m); this was not as objectionable at the beginning of the twentieth
century as it might have been earlier, since D was being treated ever more often
as a helpful mathematical construct rather than as a “real” physical field. James
Maxwell himself, when setting down his famous equations, defined his electric
displacement as ¢ D rather than D; and although none of his other electromagnetic
physical quantities were rationalized and many subsequent authors did not follow
his lead, it could still be argued that there was a strong precedent for using s D
rather than D to represent the electric displacement.

A close look at Table 3.14 shows that the only group of technologists whose
laboratories were seriously disturbed by adopting Fessenden rationalization were
magnetic specialists. The magnetomotive force F, magnetic field intensity H,
permanent-magnet dipole moment and dipole density m g and My, permeability of
free space (1o, magnetic pole strength py, permeance P, reluctance R, scalar mag-
netic potential 2z, and magnetic susceptibilty x,, are all rescaled using Fessenden
rationalization. Inevitably, magnetic specialists were faced with recalibrating and
relabeling more than a few of their favorite instruments and magnets, making them
less than enthusiastic about the rationalized mks system. To this day, magnetic
fields are often measured using gauss, the Gaussian cgs unit of the B field, rather
than using the mks unit tesla = weber/m”.* By contrast, electric specialists are
treated quite gently; only D—using Maxwell’s preference as a precedent—eg and
the electric susceptibility x, are rescaled. Table 3.14 shows that the capacitance
C, electric field E, conductance G, electric current and volume current density /
and J, inductance L, electric dipole moment and dipole density p and P, electric
charge and charge density Q and pg, resistance and resistivity R and pg, elastance
S, conductivity o, and electric potential V are all unchanged. Everything important
to circuit theory and electrical engineers is left untouched; even the magnetic quan-
tities that escape rescaling—B, ®p, m;, and M;—are arguably those of greatest
importance to electrical engineers. Fessenden rationalization offered the vast ma-
jority of practicing electromagnetic scientists and engineers the attractive choice
of simplifying their most commonly used formulas without having to recalibrate
equipment or relabel circuitry; this contributed greatly to its eventual acceptance.

Table 3.14 can be used to put all of the formulas that we converted to the unra-
tionalized mks system into the rationalized mks system. In the first one, Eq. (3.35f)
for the attractive force per unit length between two wires each carrying current /,
we can substitute o = (47)"! f 1o to get

Pruo

I
o=—— (3.422)

in the rationalized mks system. Note that this is another example of an equation
that, like Coulomb’s law, becomes more rather than less complicated in rationalized
mks. An advocate for rationalization can justify this by pointing to the inherent
cylindrical symmetry of the two wires, saying that we ought to expect a factor of

* The tesla was named in honor of Nikola Tesla (1856—1943).
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27 and that the unrationalized equations mislead us by leaving it out. The second
formula, Eq. (3.37g) for the Poynting vector, becomes

I T -
S=—ExB=ExsH (3.42b)
710

when converted to the rationalized mks system using ruo = 4o and ffl =
(4m)~! H. The third equation converted to unrationalized mks, the formula for the
energy density of electromagnetic fields in a vacuum, is specified by Egs. (3.38j, k).
In the rationalized mks system, Eq. (3.38j) becomes, using ruo = 4muo and
réo=¢o/(4m),

E= l|:(fso)E2 + (L>Bz]; (3.42¢)
2 f

o

and Eq. (3.38k) becomes, using fﬁ = (471)_113 and fI:I = (4n)_lﬁ,

E=-(E-yD+B-H). (3.42d)

We now decide to find Maxwell’s equations in the rationalized mks system by
transforming Egs. (3.5a—f) from Gaussian cgs units. From Fig. 3.2 they must be
put into the form of the esuq, emugq, or unrationalized mks systems before they can
be converted to rationalized mks. .

Looking at Eq. (3.5a), we see from Table 3.1 that its physical quantities D and
po are electric; here, esu and Gaussian units are identical and Table 2.4 can be
used to write

- statcoul statcoul}

(cm_lﬁgs) . |:Desu o2 i| =4 [(PQ)esu om’3

This is already balanced in both the invariant unit cm and the connecting unit (stat-
coul, statcoulq), so by Rule VIII we can promote this to esuq units at once by
recognizing charge as a fundamental dimension:

- statcoulq statcoulq} (3.432)
. A43a

(Cm_lﬁcgs) . [Desuqv} =4 [(pQ)esun

We have also used our knowledge of how the esuq system is defined in Section 2.8
[see Eq. (2.34a)] to replace Degy and (0@ )esu With ﬁesuq and (00 )esuq Tespectively.
Equation (3.43a) is in esuq units—so when written using only physical quantities,
it must have the same form as in the unrationalized mks system.

-

\Y -5=4an.
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This is clearly one equation which does not change form going from Gaussian units
to the unrationalized mks system. To go to the rationalized mks system we consult
Table 3.14, replacing D by 4x fD to get

V. D=pg. (3.43b)

Equation (3.5b) is even easier to convert. It only contains magnetic quantities,
so we can immediately interpret it as being in the emu system. We can take the
right-hand side to have any units we please because it is zero, automatically mak-
ing the equation balanced in both the invariant and connecting units. Therefore,
we can at once recognize charge as a fundamental dimension, putting it into the
emuq system. Relationships between physical quantities in the emuq system have
the same form as in the unrationalized mks system, so Eq. (3.5b) can now be inter-
preted as unrationalized mks. The final step is to consult Table 3.14 and note that
Fessenden rationalization does not change B. We conclude that Eq. (3.5b) has the
same form in Gaussian, emu, emuq, unrationalized mks, and, finally, rationalized
mks:

V-B=0. (3.43¢)
This is altogether a most obliging equation.

Equation (3.5¢) contains mixed magnetic and electric quantities; i.e., Band E,
respectively. Splitting it up into units and numeric components gives

(cm_l% ) < E statvolt = ! sec”! i (f? auss) (3.44a)
cgs C— = om Dlegs 2s8 . .
Cegs g

Following Fig. 3.2, we must convert to either esu or emu units. Choosing emu units,
we see from Tables 3.1 and 3.4 that B is already in emu units with Bgg = Bemu,
but the electric field E is in esu units with Egs = Eesu and needs to be changed.
Converting (3.44a) to emu gives, using 1 gauss = abweber/cm? and Tables 2.7 and

2.8,
12 1z sec \ abvolt
(Cm chs) X CCgSEemu 5 om
-1 0 - abweber
=———sec — || Berm————
( cm) s cm?
Cegs——
sec
or

12 - abvolt _; 0 - abweber
(Cm chS)X Eemu— | + | sec Beru———1 =0

cm gy cm?
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Because 1abvolt = gm!/? - cm?/2/sec? and 1abweber = gm'/? - cm®/?/sec (see
Table 2.3), this equation is balanced in emu units but does not yet look as if it
satisfies Rule VIII by being separately balanced in both the invariant units of cm,
sec and the connecting units of (abvolt, abvoltq) and (abweber, abweberq). We
note, however, that 1 abweber = abvolt - sec which gives us

cm

., 0 - abvolt- sec
= —| sec Bermn————— .
gy cm?

This is balanced in both the invariant and connecting units, allowing us to recognize
charge as a fundamental dimension. Because Eemy = Eemuq and Bemu = Bemuq [s€€
Eq. (2.34b)], we can write this as

12 - abvoltq
cm™ Vg E —
( cgs) X ( emuq— _

12 - abvolt
(Cm chs) X | Eemu———
(3.44b)

(3.44¢)
0 - abvoltq - sec
= —| sec Bemuqi2
0lcgs cm
or, using physical variables,
- - 0B
VxE+ P 0. (3.44d)

We know this formula must have the same form in unrationalized mks, so all that is
left is to apply Fessenden rationalization, transforming the equation to the rational-
ized mks system. Table 3.14 shows that neither E nor B are rescaled, so Eq. (3.44d)
does not change form going from unrationalized to rationalized mks.

Equation (3.5d) also contains mixed magnetic and electric quantities. Because
only H is magnetic, measured in emu units in the Gaussian system, and both J and
D are electric, measured in esu units in the Gaussian system, it is easier to follow
the esu branch of Fig. 3.2 when going from Gaussian to rationalized mks. Breaking
Eq. (3.5d) into units and numeric components gives

cm
_ 4 - statamp
= Jgs 3
cm cm (3.452)
chsg :
1

n soc-! 0 b statcoul
( cm ) lcgs 8 m? )
Cegs—
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Consultlng Tables 3.2 and 3.3, we note that JgS = Jesu, os = Desu, Hgs =
-1
H

cgg esu»
gives

and 1 abamp = (sec/cm) - statamp. Substitution of this into Eq. (3.45a)

_12 - statamp
(em™'Veg) X | Hesu
cm

7 statamp ., 0 - statcoul
=4\ Jesu—5— ) + | sec Desju——>— |-
cm 0tcgs cm

Because 1 statcoul = gm!/? . cm3/?/sec and 1 statamp = gm

Table 2.3), we can use statamp = statcoul/sec to write

(3.45b)

172 - em3/? /sec? (see

_12 - statcoul
(cm™!'Vegs) X ( Hesu
cm - sec

- statcoul _ 0 - statcoul
=47\ Jew———— ) T | sec Desju———|.
sec - cm Olcgs cm

Equation (3.45¢) is balanced in both the invariant units, cm and sec, and the con-
necting unit, (statcoul, statcoulq). Recognizing charge as a fundamental dimension
puts Eq. (3.45¢) into esuq units,

=2 - statcoulq
(cm 'chs) X (Hesuq—>

(3.45¢)

cm - sec
- statcoulq . 0 - statcoulq
=4r Jesuqi2 + | sec ! Desuq B >
Sec - cm Olcgs cm

where again the defining characteristic of the esuq system is used to replace
Hesu, Jesu> and Desy by Hesug, Jesug» and Desyq [see Eq. (2.34a)]. Equation (3.45d)
is in esuq units and can be written using physical quantities as

(3.454d)

.. )
Vx H=dn] + " (3.45¢)

We know Eq. (3.45¢) must have the same form in unrationalized mks as in the esuq
system, so now we only need to apply Fessenden rationalization from Table 3.14
to get

. I [¢7))
V x (;H) :J+—(£t ) (3.45)
the fourth Maxwell equation in the rationalized mks system.

Equation (3.5¢e) has only electrical quantities D.E, and P, so by the rules of
the Gaussian system everything in this equation can immediately be interpreted as
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having esu units:

(3.46a)

- statcoul - statvolt - statcoul
esu 5 = Lesu +4n esu 5 .
cm cm

Because statcoul = gm'/? . cm®/?/sec and statvolt = gm'/? . cm!/?/sec [see Ta-
ble 2.3], Eq. (3.46a) is balanced in the esu system but cannot yet be transferred to
the esuq system because it is not balanced in both the invariant unit cm and the two
connecting units (statcoul, statcoulq) and (statvolt, statvoltq). Multiplying E.g, by

statcoul gm!/2 . cm3/? sec 1 1
statvolt-cm sec gm!/2.cm!/2 cm
gives
- statcoul - statvolt / statcoul
esuT 5 = Eesu
cm cm statvolt - cm

(3.46b)
- statcoul
+ 47T (Pesu —2) .
cm

This equation is balanced in both the invariant and connecting units, letting us
transfer to the esuq system by replacing Desy, Eesus Pesu With Desug, Eesugs Pesuq
[see Eq. (2.34a)] and recognizing charge as a fundamental dimension.

- statcoulq
esuq

statvoltq ( statcoulq >

—E
e statvoltq - cm

cm? cm

(3.46¢)
- statcoulq
+ 4 (Pesuch).

Since statvoltq = erg/statcoulq = dyne - cm/statcoulq, we can write

statcoulq statcoulq’

= = &
statvoltq - cm  dyne - cm? 0

from Eq. (2.38). Hence, Eq. (3.46c) can be written in the esuq system, using phys-
ical quantities, as

D =¢yE +4nP. (3.46d)

This equation must have the same form in unrationalized mks, so we can apply
Fessenden rationalization from Table 3.14 to get

D= (;e0)E + P, (3.46¢)
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the definition of the rationalized electric displacement fﬁ in the rationalized mks
system.

The auxiliary field H is defined two different (but equlvalent) ways_in
Eq. (3.5f). Both definitions involve only magnetic quantities H, B, My, and My,
so by the rules of the Gaussian system they can be 1mmed1ately interpreted as being
in emu units. Writing the B unit as gauss = abweber/cm? gives

- abamp - abweber - abweber
Hemuc—m == BemuCT - 47‘[ (MH)emu CT (3.473)
and
- abamp B abweber 4 (1\7[ ) abamp (3.47b)
= ——— —4m . .
emu cm emu om?2 I')emu cm

Since abweber = gm'/? - cm3/?/sec and abamp = gm!/? - cm!/?/sec (see Ta-

ble 2.3), we know abweber/cm = abamp so that both Eqs. (3.47a, b) are balanced
in emu units. We might just replace abweber/cm by abamp everywhere, getting

- abamp - abamp 4 ( - ) abamp
_— = — 47
M em M em L Hlemu™ o
and
- abamp - abamp 4 ( - ) abamp
— = — —4r .
M em M em Hemu™ ey

These two equations are indeed balanced in both the invariant unit cm and the con-
necting unit (abamp, abampq), but they fail another requirement of Rule VIII—
giving the magnetic induction B the same units as H_violates the physical mean-
ing of a B field in the emuq system. In fact, neither B nor My can have units of
abamp/cm in the emuq system. So, before charge can be recognized as a funda-
mental d1mens10n both the B and M g fields must have units of abweber/cm we
want only the Hand M 1 fields to have units of abamp/cm. Hence, we multiply the
Bemu and (M H)emu terms in Eqgs. (3.47a, b) by abamp - cm/abweber = 1 to get

- abamp
emu—
cm
(3.47¢)
_Ig abweber 4 (1\2) abweber abamp - cm
™ em? 4 B emu™ o2 abweber
and
- abamp
emu-
cm
(3.47d)

B abweber \ (abamp - cm 4 (A7I ) abamp
= —an .
M em?2 abweber Demu ™
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Now these equations match all the requirements of Rule VIII and can be
put into emuq units by recognizing charge as a fundamental dimension and

replacing Hemu, emu (MH)emu’ (Ml)emu by Hemuq’ emuq> (MH)emuq, (Ml)emuq
respectively [see Eq. (2.34b)]:

- abam
I_Iemuqip(1
o (3.47¢)
B abweberq 4 (1\7[ ) abweberq abampq - cm '
= ——— —4n
T em? H)emuq™ o2 abweberq
- abam;
Hemunpq
> abweberq \ [ abampq - cm - abampq (3.470)
= ( Bemuq 5 — 4| (Mp),., :
cm abweberq 4 cm
We note from Eqgs. (2.46b, e) that
abampq-cm abampq-cm cm (1)
abweberq ~ abvoltq-sec  abhenryq Hor
so Egs. (3.47e, f) can be written as
- 1 - -
H=—(B—4nMpy) (3.47g)
Ko
and
H=— —47M,, (3.47h)
"o

using physical quantities in the emugq system. Since all equations using only physi-
cal quantities have the same form in unrationalized mks as they do in emuq, we can
now apply Fessenden rationalization (see Table 3.14) to convert Egs. (3.47g, h) to
the rationalized mks system. This gives

1

H=—(B— /My (3.47i)
! fﬂo( FMu)
and
- é -
fH=——M, (3.47j)
fHo

for the two equivalent definitions of fﬁ . Almost all textbooks written during the
last half of the twentieth century have preferred Eq. (3.47j) to Eq. (3.471) as the
definition of ¢ H in Maxwell’s equations.
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Gathering together Egs. (3.43b), (3.43c¢), (3.44d), (3.45f), (3.46e), and (3.471, j)
gives Maxwell’s equations written in the rationalized mks system:

V. ;D=pp, (3.482)
V.B=0, (3.48b)
- - 3B
VxE+—-=0, (3.48¢)
- - (fﬁ)
Vx (pH) =T +=5=, (3.48d)
where
D =(se0)E + P (3.48¢)
and
=t (B — ;Mp) b M (3.48f)
—_ — —_ H = - — I- .
/ fHO / 1O

In empty space where fl\} g =0, M 1 =0, P= 0, these equations reduce to

V-E=(r80)"'po, (3.49a2)
V.B=0, (3.49b)
. . 3B
VxE+— =0, (3.49¢)
- - - OE
V x B=(ypno)J + (f80)(fuo)¥. (3.49d)

From Table 3.14 and Eq. (3.2), we note that

(r&0)(f1t0) = g0pto = ¢ 2, (3.49¢)
which means Eq. (3.49d) can also be written as

Vx B=( )f+laE (3.490)
X = —_ . .
FHO c? at
Not one of the physical fields in Egs. (3.49a-f) has undergone Fessenden rational-
ization; unlike s H and D, the E, B, J, and pg physical quantities still have the
same physical meaning as they did in Maxwell’s day.
Tables 3.15 through 3.17 can be helpful in converting equations from the ra-

tionalized mks system to the Gaussian system. The equation for the magnetic field
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Table 3.15 Numeric components of physical quantities in the esu system and the
Systeme International or rationalized mks system. Physical quantities without the
“f” prefix are left unchanged by Fessenden rationalization and have the same
numeric components in both the rationalized and unrationalized mks systems.

(magnetic vector potential)

Amks = Aesu - Cegs * 1076

(current-loop magnetic dipole density)

(Mp)mks = (M[)esu - 103 chs

(magnetic induction)

Binks = Besu - Cegs - 1074

(magnetic permeability)

fHmks = 477ng5 1077 pesu

(capacitance)

Cinks = Cesu - gz - 10°

(magnetic permeability of free space)

(f.U«O)mks =47Tcggs 1077 (10)esu
=4m 1077

(electric displacement)

#Diis = Desu - 10° - (47 cegs) ™

(magnetic pole strength)

(fPH)mks = 47Tchs : 1078 ~(PH)esu

(electric field)
Emks = Eesu - Cegs 106

(electric dipole moment)

-1
Pmks = Pesu * 107 chs

(dielectric constant)

FEmks = Eesu - (4rcdy) ' 10!

(electric dipole densny)

Prks = Pesu - 109 chs

(permittivity of free space)

(re0)mks = (€0)esu - (477ng5)7

—1
= (47 &) 10!

1. 1011

(permeance)

fpmks Pesu 10 47Tngs

(magnetomotive force)

f}—mks = Fesu - 10 - (47Tchs)7

(charge)
Omks = Qesu - 10~ chs

Gmks = Gesu - 107 chs

(magnetic flux) (resistance)
(CDB)mks = (CDB)esu * Cegs - 10_8 Rmks = Resu - 10_9 . ngs
(conductance) (reluctance)

FRmks = (42, ) ™" 107 Resu

(magnetic field)
f Hmks = Hesu - 10% - (4meegs)™

(volume charge density)

(PQ)mks (PQ)esu 10’ chs

(current)

-1
Imks = lesu - 10 Cegs

(resistivity)

(PR)mks = (PR)esu * 10~ Cczzgs

(volume current density)

Jmks = Jesu - 10° chs

(elastance)

Smks = Sesu - 1077 Cgs

(surface current density)
(TI$)mks = (Ts)esu - 103 chs

(surface charge density)

(SQ)mks—(SQ)esu 10° chs

(inductance)

Links = Lesu - 1072 - c2,

(conductivity)

-2
Omks = Oesu * 10! * Cegs
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Table 3.15 (Continued).

(permanent-magnet dipole moment) (electric potential)

(M E)mks = 47 cegs - 10710 (mp)esu Vinks = Vesu - 1078 - cegs

(current-loop magnetic dipole moment) (magnetic scalar potential)

(mp)mks = (m])esu - 1073 Cc?gls (fQH)mks = (QH)esu - 10- (477ch5)71
(permanent-magnet dipole density)

(f Mp)mks = 4mcegs - 107% - (Mpesu

ijI in a vacuum at a time ¢ for a field point which is a distance r from an oscillating
electric dipole p is, in the rationalized mks system,

7| —1 d?

I i = 4mcr |:ér x ﬁ(p)} at ime (3.50a)

t'=t—(r/c)

where ¢, = 7/r is the dimensionless unit vector pointing from the dipole to the
field point and the physical quantity on the right-hand side is evaluated at an earlier
time t' =t —r/c, giving the electromagnetic radiation time to reach the field point.
Writing Eq. (3.50a) in terms of units and numeric components gives

- amp
( f H)mks——
m at time ¢
- 1 A~ ) d2 -
= ér X sec™2——(Pmks coul - m)
m d[2 at time
4 <kas _> (rmksm) [sec] t'=t=(r/o)
sec

(3.50b)
From Tables 3.17 and 3.10 we get

I_(fﬁ IO_ICCgS-statampq
4r F 102cm

—1

at time ¢

cm
4m | cegs— | (regsem)
sec

. 1 d*> (107", ceo
-|:er X ( pgslc—(g; statcoulq - lozcm)]

2 7.2
sec dt[sec] Cegs

at time
t'=t—(r/c)

or, cancelling out the 4 and factors of 10,
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Table 3.16 Numeric components of physical quantities in the emu system and
the Systeme International or rationalized mks system. Physical quantities without
the “f” prefix are left unchanged by Fessenden rationalization and have the same
numeric components in both the rationalized and unrationalized mks systems.

(magnetic vector potential)
Amks = Aemu - 1076

(current-loop magnetic dipole density)
(M)mis = (Mp)emu - 10°

(magnetic induction)
Bmks = Bemu - 10_4

(magnetic permeability)

fHmks =47 - 1077 ptemu

(capacitance)

Crnks = Cemu - 10°

(magnetic permeability of free space)

(f10)mks =47 - 1077 (10)emu
=47 1077

(electric displacement)

#Dimks = Demu - 103 - (4m) 7!

(magnetic pole strength)

(fPH)mks =47 - 1078 - (pp)emu

(electric field)
Emks = Eemu - 107°

(electric dipole moment)

Pmks = Pemu - 107 !

(dielectric constant)

FEmks = femu - (4) 71 - 1011

(electric dipole density)
Pmks = Pemu - 109

(permittivity of free space)
(fEO)mks = (£0)emu - (477)71 . 1011
= (drcdy) ' 10

(permeance)

£Pmks = Pemu - 10~ -4x

(magnetomotive force)
#Fmks = Femu - 10+ (4m) 7!

(charge)
Omks = Qemu 10

(magnetic flux)
(®B)mks = (PB)emu 1078

(resistance)

Rmks = Remu - 1077

(conductance)
Gmks = Gemu - 1 09

(reluctance)
FRmks = (4m) 71 10° - Remu

(magnetic field)
# Hinks = Hemu - 10° - (47) ™1

(volume charge density)

(PQ)mks = (PQ)emu - 107

(current)

Imks = lemu - 10

(resistivity)

(PR)mks = (PR)emu - 10~ 1!

(volume current density)

Jmks = Jgs 10 chs

(elastance)

Smks = Semu - 1079

(surface current density)
(TIs)mks = (Ts)gs - 103 chs

(surface charge density)
(SQ)mks = (SQ)emu -10°

(inductance)

Lmks = Lgs 10 CCgS

(conductivity)

Omks = Oemu * 101!
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Table 3.16 (Continued).

(permanent-magnet dipole moment) (electric potential)

(pmp)mks =47 - 10710 (m ) g Vinks = Vemu - 1078

(current-loop magnetic dipole moment) (magnetic scalar potential)

(M mks = (m[)gs - 1073 (f QH)mks = (2F )emu - 10 - (47) ™!
(permanent-magnet dipole density)

(M p)mics = 4m - 10~ - (Mpy)emu

t'=t—(r/c)

= statampq
[(Hgs)ccgs 7]
at time
! e L& (s tatcoul
frd . X ——— .
cm e sec? dr? PesSIAtCOtq - € at time
chsa (regscm) [sec] 1'=t—(r/c)
Since statampq = statcoulq/sec [see Eq. (2.45a)], we have
- statcoulq
(H, gs)ccgs -
cm - sec at time ¢
! e L& (s tatcoul
= X ——— statcoulq - cm
cm ér SeC2 dl‘z pgs q at time
chsg Fegs€i [sec]

This is balanced in the invariant units cm, sec and the connecting unit (statcoul,

statcoulq), so we can stop recognizing charge as a fundamental dimension by drop-
ping the q suffix:

- statcoul

(H, gs)ccgsi
cm - sec at time ¢
—1 . 1 d> /.
= m er X o2 Pgsstatcoul - cm y
at time
(chs g) <r cgscm) [sec] '=1~(r/o)
(3.50¢)

The only problem with Eq. (3.50c) is that in the Gaussian system, Hisa magnetic
quantity (see Table 3.1) and should have units of

abcoul/sec/cm = abamp/cm

instead of

statcoul/sec/cm = statamp/cm.
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Table 3.17 Num eric components of physical quantities in the Gaussian system
and the Systeme International or rationalized mks system. Physical quantities
without the “f” prefix are left unchanged by Fessenden rationalization and have
the same numeric components in both the rationalized and unrationalized mks

systems.

CHAPTER 3

(magnetic vector potential)
Amks = Ags 1076

(current-loop magnetic dipole density)
(M)mis = (Mp)gs - 10°

(magnetic induction)

Brs = Bgs - 1074

(magnetic permeability)

flmks =47 - 1077 - Mgs
=47 1077 - pu,

(capacitance)

-2
Crks = Cgs *Cegs * 109

(magnetic permeability of free space)

(fMO)mks =47 -1077 - (MO)gs
=47 -1077

(electric displacement)
#Dpmis = Dgs - 10° - (4 cegs) ™!

(magnetic pole strength)

(fPH)mks =47 - 1078 (PH)gs

(electric field)
Emks = Egs * Cegs - 106

(electric dipole moment)

-1 -1
Pmks = Pgs - 10 ! " Cegs

(dielectric constant)

Femks = Egs - (4mcZg) ™! 1011

=¢, - (4mcky) ™" 10!

(electric dipole density)

Prks = Pgs 10 chs

(permittivity of free space)

(4ncC o Lo1oM

(re0)mks = (60)gs - (4mcgeg) ' - 10"

(permeance)

fpmks Pgs 10

(®B)mks = (Pp)gs - 1078

(magnetomotive force) (charge)
#Finks = Fas - 10 (4m)~! Omks = Qs + 10 cgl
(magnetic flux) (resistance)

Rinis = Res - 1077 - c2¢

(conductance)

Gmks = Ggs 10° chs

(reluctance)
FRmnks = (@) 71107 - Ry

(magnetic field)
fHiks = Hgs - 103 - (4m)~!

(volume charge density)

(P@)mks = (PQ)gs - 10’ chs

(current)

-1
Inks = Igs -10- Cegs

(resistivity)

(PR)mks = (PR)gs 1071 ngs

(volume current density)

Jinks = Jgs - 10% - cogs

(elastance)
Smks = Sgs - 1072 - ¢2

cgs

(surface current density)

(I$)mks = (T§)gs - 10° chs

(surface charge density)

(S@)mks = (S0)gs - 107 - coah

(inductance)

Lyks = Lgs - 1079 chb

(conductivity)

11 -2
Omks = Ogs * 10 * Cegs
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Table 3.17 (Continued).

(permanent-magnet dipole moment) (electric potential)

(rmp)mks = 4m - 10710 (mg)g Vinks = Vas - 1078 - ccgs
(current-loop magnetic dipole moment) (magnetic scalar potential)
(m)mks = (m)gs - 107 (fQH)mks = (R )gs - 10 - (4m) !

(permanent-magnet dipole density)
(rMp)mks =47 1074 (Mpy)gs

This equation is really in esu units rather than Gaussian units. According to Fig. 3.2
this is only to be expected, because the road from the rationalized mks system to
the Gaussian system must pass through either the esu or emu systems of units. We
therefore consult Table 3.3 to write (3.50c) as

[( cm) - abamp]
Cegs—— Hgs -
sec cm

! 6 Lo (Pesstatcoul - cm)
= X —— ———— .cm
= & x 37— (Pgsstatcoul -¢
FegsCM [sec]

Ccgs
& SecC

at time ¢

at time
t'=t—(r/c)

(3.50d)
Now the magnetic quantity is in emu units and the electric quantity is in esu units,
so Eq. (3.50d) is in Gaussian units and can be written as

1 dz(*)
= — }’X_
rc2 ¢ dt? p

(3.50¢)

at time

at time 7 1 =t—(r/c)

—1[,. d* /.
= —F5|é X —%
at time ¢ I"C2 ’ dtz P

because in Gaussian units B = H for empty space.

or

B

o (3.501)
at time

t'=t—(r/c)

3.9 EVALUATION OF THE RATIONALIZED MKS SYSTEM

Although the contest between the rationalized and unrationalized mks systems has
long since been decided by history—with overwhelming victory going to the ra-
tionalized mks system—it does no harm to revisit briefly the main point of con-
tention: which system leads to a simpler set of equations? The only good answer
seems to be that it all depends on which equations are more important. We note
that Eq. (3.50f) in the unrationalized Gaussian system is simpler than Eq. (3.50a),
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the rationalized equation we started with. In fact, we can remove the extra power of
¢ in the Gaussian system merely by converting Eq. (3.50a) to unrationalized mks,
making the substitution ¢ H = H/(4) to get

—1[. d*/.
= —|é X —%
at time ¢ cr ’ dtz g

All that rationalization of any sort accomplishes, as was pointed out in the dis-
cussion after Eq. (3.16b), is to redistribute the factors of 47 from one group of
equations to another. The price for removing the 47’s from Maxwell’s equations is
to have them reappear in Coulomb’s law and other equations involving spherical or
cylindrical symmetry, such as Eq. (3.42a) and Eq. (3.50a). At the beginning of the
twentieth century, when rectilinear geometries dominated the electrical engineer’s
laboratory, the inconvenient factors of 47 undoubtedly caused annoyance; but by
the middle of the twentieth century radio, radar, television, etc., had become impor-
tant fields of engineering built around the idea of outwardly propagating spherical
wavefronts. It is one of the small jokes of history that, had electrical engineers stuck
with unrationalized units, they would have been pleasantly surprised to find them-
selves working with equations like Eq. (3.51) rather than Eq. (3.50a). Today, with
the dominance of computers, the added complexity or simplicity of having or not
having to account for an extra factor of 47 seems trivial, given that most engineers
solve their problems by programming computers and manipulating spreadsheets. It
is hard to imagine how disheartening it must have been a hundred years ago to face,
once again, the prospect of multiplying or dividing by 4m to get the final answer.

H (3.51)

at time

t'=t—(r/c)
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CHAPTER 4

TWO STANDARD SHORTCUTS USED TO TRANSFORM
ELECTROMAGNETIC EQUATIONS

The last several chapters have explained how the standard rules for changing units
apply to electromagnetic physical quantities. Having become familiar with these
rules, we are now sure that electromagnetic equations and formulas transform in
a way that makes sense when going from one system of units to another. We also
know, however, that following these rules can be algebraically cumbersome, forc-
ing us always to watch for the appearance or disappearance of constants gg and
o as we recognize or refuse to recognize charge as a new dimension. Engineers
and physicists are no more eager than anyone else to do unnecessary work; conse-
quently, they have come up with both the free-parameter method and substitution
tables, two shortcuts that can greatly reduce the time required to convert electro-
magnetic equations and formulas from one system of units to another. Unfortu-
nately, neither shortcut is perfect: substitution tables can give ambiguous answers
in unusual situations, and to apply the free-parameter method we must first relate
our equation or formula to one or more of a predefined list of equations and formu-
las. Nevertheless, these shortcuts often provide a quick and easy way of transform-
ing electromagnetic expressions; and whenever there is any doubt about the result,
the transformation can be checked using the procedures explained in the previous
chapters.

4.1 THE FREE-PARAMETER METHOD

Table 4.1 lists Maxwell’s equations and the Lorentz force law for the six major
electromagnetic systems discussed in this book. As pointed out at the beginning of
Chapter 3, any classical electromagnetic formula can be derived from Maxwell’s
equations and the Lorentz force law. This means we can consult Table 4.1, select
the appropriate equations in the desired set of units, and from them derive the for-
mulas we need to know. Although this process gets the job done, it usually requires
a lot of work. To avoid the unpleasant prospect of deriving all of our formulas
and equations from Maxwell’s equations and the Lorentz force law, we construct
instead a long list of basic electromagnetic equations that contains everything (in-
cluding Maxwell’s equations and the Lorentz force law) likely to be useful. Instead
of providing six long lists—one for every electromagnetic system—we use the four
free parameters Z, 1, ko, and IT shown in Table 4.2 to reduce the six lists to one.!
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As an example of how this works, consider what happens when we disregard
the “h” and *“f” prefixes and write Maxwell’s equations as

V.D=Tpy, (4.1a)
V.B=0, (4.1b)
- . FY5)
VXHZko(HJ-l-W), (410)
- - 3B
V x E+ko— =0, (4.1d)
ot
where
D=FE+TIP (4.1e)
and
- 1- TII-
? H (4.19)
::E—HM]
“w

As always, E and D are the electric field and electric displacement, respectively;
H and B are the magnetlc field and magnetic induction, respectlvely, po is the
volume charge density; J is the volume current density; qus the electric dipole
density; My is the permanent-magnet dipole density; and M; is the current-loop
magnetic dipole density. Clearly, Egs. (4.1a—f) reduce to the correct set of equations
in Table 4.1 when g, 1, ko, and IT are given the appropriate values from Table 4.2.
The same thing can be done to the Lorentz force law; if it is written as

F=QE +kQ(i x B), (4.2)

then it too reduces to the correct equation in Table 4.1 when kg is given the appro-
priate value from Table 4.2.

As we have just seen, the free-parameter method works most easily and natu-
rally when we neglect the distinction between rationalized and unrationalized elec-
tromagnetic quantities—that is, neglect the “h” and “ f” prefixes —which so far we
have been careful to preserve. It should be emphasized that the distinction between
a change of units and a rescaling of an electromagnetic physical quantity is just as
important as before; the free-parameter method just makes it inconvenient to keep
track of this distinction using a single table. If we want to preserve the distinc-
tion between rationalized and unrationalized physical quantities, we can consult
Tables 4.3(a) or 4.3(b) after putting an equation or formula into the rationalized
mks* or Heaviside-Lorentz systems, respectively.

* As pointed out in Section 3.6 of Chapter 3, most textbooks written today using the rationalized
mks system say that they are using SI units.
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Table 4.1 Maxwell's equations and the Lorentz force law in the rationalized mks
system (which is also called Sl units), the unrationalized mks system, Gaussian
cgs units, the Heaviside-Lorentz cgs system, esu units, and emu units.

- - - - 9B
rationalized mks \Y% - frD=pg, V.-B=0, VxE+—=0,
system, also called 9.1 ot
ST units %Xfﬁ=f+—at, fﬁ:f&‘oé—{-ﬁ,

fH=——M;, F=QE+ Q@ xB)

fHo
- . S . B
unrationalized mks V-D=4rrpQ, V:-B=0, VxE+ —=0,
system 2D ot
VXH—4JTJ+¥, D =¢yE+4nP,
H=— —47M;, F=QE+Q®{@x B)
Ho
. . IO 5 o - - 1B
Gaussian cgs units V.D :471,0Q, V-B=0, VXE+ __t =0,
c
- - 4w - 10D - o -
VxH=—J+—-—, D=E+4nP,
c c ot
H=B—47M,, ﬁ=Q1?+g(ax1§)
c
N . T
Heaviside-Lorentz VepD=ppg, V-pB=0, VXhE+_7:O’
t N (&
cgs system R 1 . 1a,D R R R
VxpH=-pJ+—-———, pD=pE+,P,
c c ot
- - = - - h N >
nH=pB—pMj, F=thE+T(U><hB)
. Lo S . . 0B
esu units V-D=4n,oQ, V-.-B=0, V><E+¥:0,

L .9 L .

VXH:471J+8—, D=FE+4nP,

H=c2B—47xM;, F=QE+ Q@ x B)

. . . Y
emu units V-D:47rpQ, V-.-B=0, VXE+E=0’

.- . 9D - -

V><H=47t]+—t, D=—2E+47tP,

c

H=B—4nM;, F=QFE+ Q@ x B)

To show how the free parameter method, with or without prefixes, works, we
apply the first row of Table 4.2 to Eq. (4.1e), reducing it to the rationalized mks
system:

- 10" farad\ - -
D = E+ P. (4.3a)

2
4ty M
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Table 4.3(a) Rationalized and unrationalized physical quantities in the rational-
ized mks system, which is also referred to as Sl units.

magnetic vector potential

Unrationalized, A

volume current density

Unrationalized, J

permeance

Rationalized, P

magnetic induction

Unrationalized, B

surface current density

Unrationalized, Jg

charge

Unrationalized, Q

capacitance

Unrationalized, C

inductance

Unrationalized, L

resistance

Unrationalized, R

electric displacement

Rationalized, f D

permanent-magnet dipole moment reluctance

Rationalized, My

reluctance

Rationalized, fR

electric field

Unrationalized, E

current-loop magnetic dipole moment

Unrationalized, m|

volume charge density

Unrationalized, pg

dielectric constant

Rationalized, f€

permanent-magnet dipole density

Rationalized, s My

resistivity

Unrationalized, pp

relative dielectric constant

Unrationalized, ¢,

current-loop magnetic dipole density

Unrationalized, M

elastance

Unrationalized, S

permittivity of free space

Rationalized, re

magnetic permeability

Rationalized, ¢

surface charge density

Unrationalized, S 0

magnetomotive force

Rationalized, f]-'

relative magnetic permeability

Unrationalized, |1,

conductivity

Unrationalized, o

magnetic flux

Unrationalized, ®g

magnetic permeability of free space

Rationalized, ¢

electric potential

Unrationalized, V

conductance

Unrationalized, G

magnetic pole strength

Rationalized, ¢ py

magnetic scalar potential

Rationalized, 1Qp

magnetic field

Rationalized, f H

electric dipole moment

Unrationalized, p

current

Unrationalized, |

electric dipole density

Unrationalized, P

From the fifth entry of row one, we note that

10'! farad
&E—> ——— = r&0;
4J'rcggS m F20

and from Table 4.3(a) we see that
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Table 4.3(b) Rationalized and unrationalized physical quantities in the Heaviside-

Lorentz cgs system.

magnetic vector potential

Rationalized, j, A

volume current density

Rationalized, , J

permeance

Unrationalized, P

magnetic induction

Rationalized, , B

surface current density

Rationalized, j, J

charge

Rationalized, j, O

capacitance

Rationalized, ;,C

inductance

Rationalized, j, L

resistance

Rationalized, , R

electric displacement

Rationalized, ;, D

permanent-magnet dipole moment

Rationalized, ymy

reluctance

Unrationalized, R

electric field

Rationalized, , E

current-loop magnetic dipole moment

Rationalized, ,m|

volume charge density

Rationalized, ,p¢

relative dielectric constant

Unrationalized, s,

permanent-magnet dipole density

Rationalized, , My

resistivity

Rationalized, j,pr

magnetomotive force

Rationalized, j, F

current-loop magnetic dipole density

Rationalized, , M

elastance

Rationalized, j, S

magnetic flux

Rationalized, ;g

relative magnetic permeability

Unrationalized, |1,

surface charge density

Rationalized, ;S

conductance

Rationalized, ,G

magnetic pole strength

Rationalized, ,py

conductivity

Rationalized, 0

magnetic field

Rationalized, , H

electric dipole moment

Rationalized, j, p

electric potential

Rationalized, ,V

current

Rationalized, j 1

electric dipole density

Rationalized, , P

magnetic scalar potential

Rationalized, Q2

showing that Eq. (4.3a) should be written as

- - -

fD = fS()E + P

(4.3b)

to match the notation of the previous three chapters of this book. Nothing stops us,
however, from following the notation of most modern textbooks by dropping the
prefix “f” from g and D to write Eq. (4.3a) as

- -

D =¢yE + P.

(4.3¢c)

When putting Eq. (4.1e) into the other rationalized system, the Heaviside-

Lorentz system, we apply the fourth row of Table 4.2 to get

D=E+ P.

(4.42)
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This result, which lacks prefixes to show which electromagnetic quantities have
been rationalized, is already in the form used by most modern authors working
with the Heaviside-Lorentz system. Nothing stops us, however, from consulting
Table 4.3(b), which shows that all three quantities 13, E, and P are rationalized in
the Heaviside-Lorentz system. We can show this by following the convention of
the previous chapters and adding an “A” to get

- - -

WD =pE+,P. (4.4b)

The formula for the radiant electric field generated by an oscillating current-
loop magnetic dipole gives us a somewhat more complicated example of how to
use Tables 4.2 and 4.3(a)—(b). The free-parameter formula for the E field at a field
point that is a distance r from an oscillating current-loop magnetic dipole 1 is

4.5)

evaluated at
the retarded
time ¢'=r—r/c

E‘ koﬁl_[ ~ dzl’?l]
luated = ———— X —F
o time ¢ dmcer dt?

Here, r is large enough to put the field point in the dipole’s far-field region, the

dimensionless unit vector pointing from the current-loop magnetic dipole to the
field point is é,, and c is the speed of light.

To put Eq. (4.5) into the rationalized mks system, we consult the first row of
Table 4.2 and write

- _-hen 1 . d*my
E| evaluaed = | 47 - 10 7—ry . 1€ X ——— (463)
at time ¢ m dmcer dtz evaluated at
the retarded
time t'=t—r/c
The fifth entry of row one suggests that this result be written as
2 -
= o |, _dm
=SB0y T (4.6b)
evaluated 4mcr d t2 evaluated at
the retarded

at time ¢ f v
time t'=t—r/c

but of course nothing stops us from dropping the “f” prefix and writing this as

-

, (4.6¢)

evaluated at
the retarded
time t'=t—r/c

evaluated o 47'[ cr d[2

at time ¢

o {A d*my }
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if we want to follow the convention of most authors using the rationalized mks
system. Table 4.3(a) assures us that neither m; nor E are rationalized quantities,
which means that neither one needs to be written with an “f” prefix to match the
convention of the previous chapters.

To put Eq. (4.5) into the unrationalized mks system, we consult the second row
of Table 4.2 to get

I1— 47, [ — 10""henry/m=po, and ko— I.

This gives us

. d*m
E :fﬂb{grx m’} “.7)

evaluated Ccr d t 2

at time ¢

evaluated at
the retarded
time t'=t—r/c

When we write the free parameters € and & for the unrationalized mks system
using the symbols “g¢” and “ug” respectively, we know from the discussion in
Section 3.6 that the equation must have the same form in the esuq and emuq sys-
tems. Consequently, Eq. (4.7) can also be regarded as being written in esuq or
emuq units. In fact, all we need to do to put any of the free-parameter expressions
in Sections 4.1 or 4.2 into esuq units is to set

- statfaradq ~ _, stathenryq
[M—4r, e—>1— =gy, = Cogs——— = [0, ko — 1;
cm cm

and all we need to do to put any of the free-parameter expressions in Sections 4.1
or 4.2 into emuq units is to set

bfarad bh
IT— 4, 7o 2 arango’ ;’Z—>172l caryd

=uo, ko—1.
8 cm cm

To put Eq. (4.5) into Gaussian cgs units, we consult row three of Table 4.2 to
get

O—>47, g—1, and ko— ¢,

which, when substituted into Eq. (4.5), leads to

, 1 {A d%ﬁ,}
E =—-16 X ——

evaluated C2r
at time ¢

(4.8a)

evaluated at
the retarded
time t'=t—r/c

Glancing back at the discussion following Eq. (2.68d), we remember that the dis-
tinction made between m;, my and M;, My is irrelevant in systems of units in
which the magnetic permeability of free space
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is 1. According to the third entry of row three, the permeability of free space
is 1 in the Gaussian cgs system, which means that in this set of units m; = my,
allowing us to drop the “I”” subscript and write Eq. (4.8a) as

1 [, d’m
= — e X [
evaluated C2 r r d tz evaluated at

at time ¢ the retarded
time 1’ =t—r/c

E (4.8b)

In Gaussian cgs units, we are always allowed to drop the “/” and “H”" subscripts
from the physical quantities ni;, my and My, My.

To write Eq. (4.5) in the Heaviside-Lorentz system, we see from row four of
Table 4.2 that

O—>1, g—1, and ko— ¢ .
Substitution of these values into Eq. (4.5) gives

1 . d’my
= —F 16y X ——
evaluated 47 C27" 4 dlz

at time ¢

E (4.92)

evaluated at
the retarded
time t'=t—r/c

Following the advice of the fifth entry of row four, we consult Table 4.3(b) and
note that both E and m; are rationalized under the Heaviside-Lorentz system, sug-
gesting that Eq. (4.9a) should be written as

-

1 . d*my
E = -der X
evaluated Vil 4 C2r d t 2

at time 7

(4.9b)

evaluated at
the retarded
time t'=t—r/c

to match the usage of the previous chapters. If we want to match the usage of most
scientists using the Heaviside-Lorentz system, we omit the “4” prefixes and—since
the Heaviside-Lorentz system also has the free parameter jt for the permeability of
free space set to 1—drop the “I”’ subscript to get

. 1 . d%in
E = e, X —
evaluated g4 C2r dtz evaluated at

at time ¢ the retarded
time t'=r—r/c

(4.9¢)

Just like in Gaussian cgs units, in the standard Heaviside-Lorentz system we are
always allowed to drop the “/”” and “H” subscripts from the physical quantities mp,
m H and M I, M H-

The fifth and sixth rows of Table 4.2 show us how to put Eq. (4.5) into the esu
and emu systems of units, respectively. To put the formula into esu units we specify

[1— 4m, /7—)0_2, and ky— 1
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to get
= 1 (. d°my
E =315 e : (4.10a)
evaluated cr dt evaluated at
at time the ret/arded
time t'=t—r/c
and to put the formula into emu units we specify
—4r, p—1, and ky—1
to get
- 1 (. d*my
E =—- X —> (4.10b)
evaluated cr dt evaluated at
at time ¢ the retarded

time t'=t—r/c

Note that we can drop the “/” and “H” subscripts from the physical quantities
my, my and M;, My when working in emu units where the free parameter i
specifying the magnetic permeability of free space is 1, but we cannot do so when
working in esu units where it is not. Hence, Eq. (4.10b) can be written as

1 (. d*m
= — 436 X —/=
evaluated Ccr g d t 2

at time ¢

E

evaluated at
the retarded
time t'=t—r/c

Comparing this result to its counterparts in the other five electromagnetic
systems—Eqs. (4.6c), (4.7), (4.8b), (4.9c), and (4.10a)—we see that this one is
the simplest.

An equation using all four free parameters simultaneously is

. . _0B y 32B
V2B — ko (ur DT == = kg (ur ) (er8) 55 = 0. (4.11a)

This is the wave equation for a magnetic induction field B propagating in a homo-
geneous medium characterized by a dielectric constant (&,), a magnetic perme-
ability (u, 1), and a conductivity o. The Laplacian operator V? is explained at the
end of Appendix 2B of Chapter 2. Consulting the first row of Table 4.2, we get

-

- IB 3*B
VB — O’(Mrf,uO)E - (MrfMO)(Srfgo)W =0 (4.11b)

in terms of the rationalized mks notation used in the previous chapters (accord-
ing to Table 4.3(a), only the permittivity and the magnetic permeability of free
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space are rationalized quantities). Again, we take c to be the speed of light and use
Eq. (3.49¢) to write

FHOfFED = c 2.

Now Eq. (4.11b) can be written as (dropping the “ f” prefix to follow the usage of
most modern textbooks)

. B [ure \9%B
VZB—,LLr/,L()O’E—( C}jzr)W =0. (4110)

Consulting the second row of Table 4.2, we see that in the unrationalized mks
system the wave equation for the B field becomes

. 9B 3’B
VB — 4oy o7 = (o) (ere0) =3

=0.

According to Eq. (3.49¢), the product of o and &g as well as the product of
and rgo is equal to ¢~2, which means this equation can be written as

. 3B 3’B
v23—4nuruoa¥—(“£f’>87=0. 4.11d)

The form of the wave equation for B in Gaussian cgs units comes from the third
row of Table 4.2,

> 4o U 9B i€ 3’B
2 r rer _
\Y B—< (;2 )——( Cz )W_O (4116)

The fourth row of Table 4.2, combined with Table 4.3(11), shows that in the standard
Heaviside-Lorentz system, the wave equation for the B field is

- o Ur 3h§ Hr€r 32hE
v2,B— (L - —0. 4.11
" ( 2 ) ot ( 2 > 12 ( D

We can always drop the “h” prefixes to put it into the form preferred by most
scientists working in the Heaviside-Lorentz system,

. 3B 392B
VZB—(G“’)——(“’8’> —0. 4.11g)

c? ot c? at?

The fifth and sixth rows of Table 4.2 show how to put this wave equation into esu
and emu units, respectively. The wave equation for the B field in esu units is

- 4o 9B Ur€ 3’B
2 r rer _
v B_( c2 >8t _< c2 >8t2 =0 (11
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and the wave equation for the B field in emu units is

> 85 rE BZE .
v23—4mm§—< C’2’>W=O. (4.11i)

When o = 0 and we neglect the “A” and ““ f” prefixes, all of the different versions
of the wave equation reduce to the same formula:

’ 3
2% wrér\ 0°B B .

When o # 0 it is hard to say, looking at all the different coefficients of 3B /0t,
which system of electromagnetic physical quantities of units gives the simplest
equation. Depending on whether (u,poo), (u,.o/ c?), or (4 Lr0) seems most
simple, we can work with Eqgs. (4.11c), (4.11g), or (4.111), respectively.

One final point worth making is that the free parameters in Table 4.2 can be ei-
ther dimensionless numbers or dimensional physical quantities. The free parameter
ko, for example, is the dimensional physical quantity ¢~! in the Heaviside-Lorentz
system and the dimensionless numeric 1 in the rationalized mks system. Conse-
quently, we cannot use the techniques explained in Chapters 1 through 3 to do a
dimensional analysis of equations like Eqgs. (4.1c—f), (4.2), (4.5), or (4.11a) because
they contain free parameters 2, /t, and ko which, depending on the electromagnetic
system, are dimensionless numerics or dimensional physical quantities. We can, of
course, do dimensional analysis on equations and formulas like Eq. (4.1a) that only
contain the free parameter I1 because IT is a dimensionless numeric on all six rows
of Table 4.2.

4.2 BASIC EQUATIONS USING THE FREE PARAMETERS ko, /X, Z,
AND T1

Although we could begin this list with Maxwell’s equations and the Lorentz force
law, using them to derive all the other basic formulas, such a procedure would
take up space and bury the most useful results in unnecessary detail. We start in-
stead with the simplest equations, the ones learned first in introductory courses,
and then move on—using the absolute minimum number of words and diagrams—
to more sophisticated formulations of electromagnetic theory. Consequently, the
reader should expect to find elementary equations near the beginning of the list,
advanced equations near the end, and intermediate equations somewhere in the
middle. Electromagnetic physical quantities and formulas that are separate in some
electromagnetic systems can merge into the same physical quantity or formula in
other electromagnetic systems, and we try to note when this occurs. We have in-
cluded in the list even those basic equations and formulas that do not contain any
of the free parameters ¢, [, ko, and I, because it may be important to know that



TwO STANDARD SHORTCUTS USED TO TRANSFORM ELECTROMAGNETIC EQUATIONS 237

an algebraic expression has the same form in all the electromagnetic systems of
Table 4.2.

4.2.1 COULOMB’S LAW FOR ELECTRIC CHARGE

The force F 12 exerted by point charge Q1 on point charge (5, with both charges
located in a vacuum and no other material objects nearby, is

B 010>,

F1o=——"5"112,
47 Er?

where r is the distance between the two charges and 75 is the dimensionless unit
vector pointing from Q; to Q5. The values of I1 and € come from Table 4.2.
Table 4.3(a) shows that in the rationalized mks system g = gy should be given
the prefix “f” to match the rationalized mks notation used in previous chapters,
and Table 4.3(b) shows that in the Heaviside-Lorentz system Q1 and Q> should
be given the prefix “A” to match the Heaviside-Lorentz notation used in previous
chapters.

4.2.2 COULOMB’S LAW FOR MAGNETIC POLES

The force F 12 exerted by point magnetic pole (pg)1 on point magnetic pole (px )2,
with both poles located in a vacuum and no other material objects nearby, is

B N(pu)i(pu)2
=71 <, T2,
A pir?

where r is the distance between the two poles and 7, is the dimensionless unit
vector pointing from (pg); to (pg)2. The values of IT and /& come from Table 4.2.
Table 4.3(a) shows that in the rationalized mks system, (pg )12 and ;L = 110 should
be given the prefix “ f” to match the rationalized mks notation used in the previous
chapters; and Table 4.3(b) shows that in the Heaviside-Lorentz system (pg)i2
should be given the prefix “A” to match the Heaviside-Lorentz notation used in the
previous chapters. Magnetic poles always occur in pairs as described in Section 2.1.
In Section 2.1 most of the electromagnetic systems listed in Table 4.2 had not yet
been introduced, which means that we were always implicitly working in either
esu or emu units, depending on the values chosen for &g and 1.

4.2.3 THE ELECTRIC FIELD OF A POINT CHARGE

The electric field E of a point charge Q located in a vacuum is

o

E = —==€
Agzr2 "
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where r is the distance between the point charge Q and the field point where the
electric field is being measured, and ¢, is the dimensionless unit vector pointing
from Q to the field point where the electric field is being measured. The values of I1
and ¢ come from Table 4.2. Table 4.3(a) shows that in the rationalized mks system,
€ = g¢ should be given the prefix “ f” to match the rationalized mks notation used
in previous chapters; and Table 4.3(b) shows that in the Heaviside-Lorentz system,
E and Q should be given the prefix “A” to match the Heaviside-Lorentz notation
used in previous chapters.

4.2.4 THE MAGNETIC FIELD OF A POINT MAGNETIC POLE

The magnetic field Hofa point magnetic pole pg located in a vacuum is

I:I - H—I:Hérv

4 pur?

where r is the distance between the point magnetic pole py and the field point
where the magnetic field is being measured, and ¢, is the dimensionless unit vector
pointing from ppy to the field point where the magnetic field is being measured.
The values of IT and ;;Z come from Table 4.2. Table 4.3(a) shows that in the ratio-
nalized mks system, H, pp, and it = uo should be given the prefix “f” to match
the rationalized mks notation used in Erevious chapters; and Table 4.3(b) shows
that in the Heaviside-Lorentz system, H and py should be given the prefix “A” to
match the Heaviside-Lorentz notation used in previous chapters. Magnetic poles
always occur in pairs as described in Section 2.1. In Section 2.1, most of the elec-
tromagnetic systems listed in Table 4.2 had not yet been introduced, which means
that we were always implicitly working in either esu or emu units, depending on
the values chosen for gy and .

4.2.5 THE ELECTRIC POTENTIAL OF A POINT CHARGE

The electric potential V of a point charge Q located in a vacuum is

o
V=—-—,
dmer

where r is the distance between the point charge Q and the field point where the
electric potential is being measured. The potential is taken to be zero at field points
infinitely distant from Q, and the values of IT and € come from Table 4.2. Ta-
ble 4.3(a) shows that in the rationalized mks system, £ = &g should be given the
prefix “f” to match the rationalized mks notation used in previous chapters; and
Table 4.3(b) shows that in the Heaviside-Lorentz system, Q and V should be given
the prefix “h” to match the Heaviside-Lorentz notation used in previous chapters.
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4.2.6 THE MAGNETIC POTENTIAL OF A POINT MAGNETIC POLE

The magnetic potential 2y of a point magnetic pole py located in a vacuum is

Qu = HLF
4 ur

where 7 is the distance between p g and the field point where the magnetic potential
Qg is being measured. The potential is taken to be zero at field points infinitely
distant from pp, and the values of IT and it come from Table 4.2. Table 4.3(a)
shows that in the rationalized mks system, Qp, py, and it = uo should be given
the prefix “f” to match the rationalized mks notation used in previous chapters;
and Table 4.3(b) shows that in the Heaviside-Lorentz system, Qg and pg should
be given the prefix “A” to match the Heaviside-Lorentz notation used in previous
chapters. Magnetic poles always occur in pairs as described in Section 2.1. In Sec-
tion 2.1, most of the electromagnetic systems listed in Table 4.2 had not yet been
introduced, which means that we were always implicitly working in either esu or
emu units, depending on the values chosen for &g and 0.

4.2.7 THE FORCE ON A CHARGE IN AN ELECTRIC FIELD

An electric field E exerts a force F on a charge O, which is given by the formula
F=QE.

Note that this formula does not contain any of the free parameters z, [, ko, or
I1, so it has the same form for all the electromagnetic systems listed in Table 4.2.
Table 4.3(b) shows that in the Heaviside-Lorentz system, Q and E should be given
the prefix “A” to match the Heaviside-Lorentz notation used in previous chapters;
and Table 4.3(a) shows that no prefixes are to be expected in the rationalized mks
system.

4.2.8 THE FORCE ON A MAGNETIC POLE IN A MAGNETIC FIELD

A magnetic field H exerts a force F on a magnetic pole pg, which is given by the
formula

ﬁzp[-][:)].

When using this formula it should be remembered that, as pointed out in the discus-
sion following Eq. (2.5), isolated magnetic poles do not exist. Because the formula
does not contain any of the free parameters ¢, jt, ko, or I, it has the same form for
all the electromagnetic systems listed in Table 4.2. Table 4.3(a) shows that in the
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rationalized mks system, pg and H should be given the prefix “ f” to match the
rationalized mks notation used in previous chapters; and Table 4.3(b) shows that in
the Heaviside-Lorentz system, py and H should be given the prefix “A” to match
the Heaviside-Lorentz notation used in previous chapters.

4.2.9 THE POTENTIAL ENERGY OF A CHARGE IN AN ELECTRIC POTENTIAL
FIELD

At a point where there is an electric potential V, a point charge Q has associated
with the electric potential a potential energy U, given by the formula

U=QV.

This formula does not contain any of the free parameters €, [, ko, or I, so it has
the same form in all the electromagnetic systems listed in Table 4.2. Table 4.3(b)
shows that in the Heaviside-Lorentz system, both Q and V should be given the
prefix “h” to match the Heaviside-Lorentz notation used in previous chapters; and
Table 4.3(a) shows that no prefixes are to be expected in the rationalized mks sys-
tem.

4.2.10 THE POTENTIAL ENERGY OF A MAGNETIC POLE
IN A MAGNETIC POTENTIAL FIELD

At a point where there is an magnetic potential Q, a point magnetic pole py has
associated with the magnetic potential a potential energy U, given by the formula

U= pHQH.

When using this formula it should be remembered that, as pointed out in the dis-
cussion following Eq. (2.5), isolated magnetic poles do not exist. The formula does
not contain any of the free parameters ¢, jt, kg, or I, so it has the same form in
all the electromagnetic systems listed in Table 4.2. Table 4.3(a) shows that in the
rationalized mks system, both py and 2y should be given the prefix “ f*’ to match
the rationalized mks notation used in previous chapters; and Table‘4.3(b) shows
that in the Heaviside-Lorentz system, both py and Qg should be given the prefix
“h” to match the Heaviside-Lorentz notation used in previous chapters.

4.2.11 THE FORMULA FOR AN ELECTRIC DIPOLE

The formula for an electric dipole p is

p=10ILe,
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where L is a small distance separating two point charges that have charges of
equal and opposite magnitude, +|Q| and —|Q|, and ¢ is a dimensionless unit vec-
tor pointing from the —|Q| point charge to the +|(Q| point charge. We can con-
struct a point electric dipole by taking the limit as |Q| — oo and L — 0 in such
a way as to keep the (|Q] - L) product constant. This formula does not contain
any of the free parameters z, [, ko, or I1, which means it has the same form in
all the electromagnetic systems listed in Table 4.2. Table 4.3(b) shows that in the
Heaviside-Lorentz system both p and Q should be given the prefix “A” to match
the Heaviside-Lorentz notation used in previous chapters; and Table 4.3(a) shows
that no prefixes are to be expected in the rationalized mks system.

4.2.12 THE FORMULA FOR A PERMANENT-MAGNET DIPOLE

The formula for a permanent-magnet dipole m g is
my =|prlLé,

where L is a small distance separating two point magnetic poles that have pole
strengths of equal and opposite magnitude, +|pg| and —|pg|, and € is a dimen-
sionless unit vector pointing from the —|py| point magnetic pole to the +|pp|
point magnetic pole. We can construct a point permanent-magnet dipole by taking
the limit as |pg| — oo and L — 0 in such a way as to keep the (|pg| - L) product
constant. The formula for m g does not contain any of the free parameters z, i,
ko, or I, so it has the same form in all of the electromagnetic systems listed in
Table 4.2. Table 4.3(a) shows that in the rationalized mks system, both m gy and
pr should be given the prefix “ f” to match the rationalized mks notation used in
previous chapters; and Table 4.3(b) shows that in the Heaviside-Lorentz system,
mpy and pgy should be given the prefix “h” to match the Heaviside-Lorentz nota-
tion used in previous chapters. The formula for the current-loop magnetic dipole
given in Section 4.2.13 below shows that for those electromagnetic systems in Ta-
ble 4.2 where [t = 1, a permanent-magnet dipole is the same thing as a current-loop
magnetic dipole.

4.2.13 THE RELATIONSHIP BETWEEN THE CURRENT-LOOP MAGNETIC
DIPOLE MOMENT AND THE PERMANENT-MAGNET DIPOLE MOMENT

The current-loop magnetic dipole moment m; and the permanent-magnet dipole
moment 71y of the same system are always proportional to each other, with

mp=mg/i Or mpyg=[mj.

The value of 1t comes from Table 4.2. Note that for the electromagnetic systems of
Table 4.2 where & = 1, a current-loop magnetic dipole moment is the same thing
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as a permanent-magnet dipole moment. Table 4.3(a) shows that in the rationalized
mks system, both my and I = uo should be given the prefix “f” to match the
rationalized mks notation used in previous chapters; and Table 4.3(b) shows that in
the Heaviside-Lorentz system, m; and m g should be given the prefix “A” to match
the Heaviside-Lorentz notation used in previous chapters.

4.2.14 THE RELATIONSHIP BETWEEN THE ELECTRIC-DIPOLE DENSITY
AND THE ELECTRIC DIPOLE MOMENT

The electric dipole moment p at a point in space where there is an electric dipole
density P is

p=P-dv,

where dV is an infinitesimal volume surrounding the position of the electric dipole
moment. The electric dipole moment can be thought of as a point electric dipole p
at the position of the infinitesimal volume d 'V . This formula does not contain any of
the free parameters €, [, ko, or I1, so it has the same form in all the electromagnetic
systems listed in Table 4.2. Table 4.3(b) shows that in the Heaviside-Lorentz sys-
tem, both p and P should be given the prefix “A” to match the Heaviside-Lorentz
notation used in previous chapters; and Table 4.3(a) shows that no prefixes are to
be expected in the rationalized mks system.

4.2.15 THE RELATIONSHIP BETWEEN THE PERMANENT-MAGNET DIPOLE
DENSITY AND THE PERMANENT-MAGNET DIPOLE MOMENT

The permanent-magnet dipole moment 7y at a point in space where there is a
permanent-magnet dipole density My is

n_iH=A_;IH-dV,

where dV is an infinitesimal volume surrounding the position of the permanent-
magnet dipole moment. The permanent-magnet dipole moment can be thought of
as a point permanent-magnet dipole m g at the position of the infinitesimal vol-
ume d V. This formula does not contain any of the free parameters z, [, ko, or IT,
which means it has the same form in all of the electromagnetic systems listed in
Table 4.2. The formulas given in Sections 4.2.13 and 4.2.17 show that for those
electromagnetic systems in Table 4.2 where 1t = 1, there is no difference between
a permanent-magnet and current-loop magnetic dipole and no difference between
a permanent-magnet and current-loop magnetic dipole density. Table 4.3(a) shows
that in the rationalized mks system, both my and My should be given an “f”
prefix to match the rationalized mks notation used in previous chapters; and Ta-
ble 4.3(b) shows that in the Heaviside-Lorentz system, my and My should be



TwO STANDARD SHORTCUTS USED TO TRANSFORM ELECTROMAGNETIC EQUATIONS 243

given an “h” prefix to match the Heaviside-Lorentz notation used in previous chap-
ters.

4.2.16 THE RELATIONSHIP BETWEEN THE CURRENT-LOOP MAGNETIC
DIPOLE DENSITY AND THE CURRENT-LOOP MAGNETIC DIPOLE
MOMENT

The current-loop magnetic dipole moment mj at a point in space where there is a
current-loop magnetic dipole density My is

my=M;-dV,

where dV is an infinitesimal volume surrounding the position of the current-
loop magnetic dipole moment. The current-loop magnetic dipole moment can be
thought of as a point current-loop magnetic dipole 71 at the position of the infin-
itesimal volume dV. This formula does not contain any of the free parameters ¢,
L, ko, or I, so it has the same form in all of the electromagnetic systems listgd
in Table 4.2. Table 4.3(b) shows that in the Heaviside-Lorentz system, m; and M,
should be given an “h” prefix to match the Heaviside-Lorentz notation used in the
previous chapters; and Table 4.3(a) shows that no prefixes are to be expected in the
rationalized mks system.

4.2.17 THE RELATIONSHIP BETWEEN THE CURRENT-LOOP MAGNETIC
DIPOLE DENSITY AND THE PERMANENT-MAGNET DIPOLE DENSITY

At every point in space, the current-loop magnetic dipole density M ; and the
permanent-magnet dipole density My are proportional to each other, obeying the
relationship

My=Mpy/ii or Mp=pnM;.

Note that for all of the electromagnetic systems of Table 4.2 where &t = 1, the
two types of magnetic dipole density are the same. Table 4.3(a) shows that in the
rationalized mks system, both My and & = p( should be given an “ f” prefix to
match the rationalized mks notation used in previous chapters; and Table 4.3(b)
shows that in the Heaviside-Lorentz system both M; and My should be given an
“h” prefix to match the Heaviside-Lorentz notation used in previous chapters.

4.2.18 THE TORQUE ON AN ELECTRIC DIPOLE IN AN ELECTRIC FIELD

The torque T experienced by a small electric dipole p located at a point where
there is an external electric field E is

f:ﬁxﬁ.
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This formula does not contain the free parameters g, jt, kg, or I1, so it has the
same form in all the electromagnetic systems of Table 4.2. When this formula
is used in the Heaviside-Lorentz system, Table 4.3(b) shows that both p and E
should be given the prefix “A” to match the Heaviside-Lorentz notation used in
previous chapters; and Table 4.3(a) shows that no prefixes are to be expected in the
rationalized mks system.

4.2.19 THE TORQUE ON A MAGNETIC DIPOLE IN A MAGNETIC FIELD

The torque T experienced by a small current-loop magnetic dipole my located at a
point where there is an external magnetic field H is

T:(ﬁﬁ"”)xl‘_j.

The torque T experienced by a small permanent-magnet dipole my located at a
point where there is an external magnetic field H is

T=n_:lHXH.

The value of j& in the first formula comes from Table 4.2; and since the second
formula contains none of the free parameters €, i, ko, or I, it has the same form in
all of the electromagnetic systems of Table 4.2. The two formulas become identi-
cal in electromagnetic systems where ff = 1 because, according to Section 4.2.13,
m; =mpy when [t = 1. When these formulas are used in the rationalized mks
system, Table 4.3(a) shows that H, m g, and I = o should all be given the prefix
“f” to match the rationalized mks notation used in the previous chapters; and when
tllese formulas are used in the Heaviside-Lorentz system, Table 4.3(b) shows that
H,myp, and my should all be given the prefix “A” to match the Heaviside-Lorentz
notation used in the previous chapters.

4.2.20 THE POTENTIAL ENERGY OF AN ELECTRIC DIPOLE IN AN ELECTRIC
FIELD

The potential energy U associated with the orientation of a small electric dipole p
located at a point where there is an external electric field E is

U=-p-E.

This formula does not contain any of the free parameters ¢, i, kg, or IT, which
means it has the same form in all the electromagnetic systems listed in Table 4.2.
Table 4.3(b) shows that in the Heaviside-Lorentz system, p and E should be given
an “h” prefix to match the Heaviside-Lorentz notation used in the previous chap-
ters; and Table 4.3(a) shows that no prefixes are to be expected in the rationalized
mks system.
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4.2.21 THE POTENTIAL ENERGY OF A MAGNETIC DIPOLE IN A MAGNETIC
FIELD

The potential energy U associated with the orientation of a small current-loop mag-
netic dipole 7 located at a point where there is an external magnetic field H is

U=—@mp)-H.

The potential energy associated with the orientation of a small permanent-magnet
dipole m g located at a point where there is an external magnetic field H is

U=—mpy-H.

The value of & in the first formula comes from Table 4.2; and the second formula
has the same form in all the electromagnetic systems of Table 4.2 because it con-
tains none of the free parameters ¢, jt, ko, or I'1. The two formulas become identical
in electromagnetic systems where /& = 1, because m; = mpy when 1 = 1 according
to Section 4.2.13. When the formulas are used in the rationalized mks system, Ta-
ble 4.3(a) shows that H ,mpy,and [I = uo should be given the prefix “ f” to match
the rationalized mks notation used in the previous chapters; and when the formulas
are used in the Heaviside-Lorentz system, Table 4.3(b) shows that H ,my,and mpy
should be given the prefix “A” to match the Heaviside-Lorentz notation used in the
previous chapters.

4.2.22 THE ELECTRIC POTENTIAL FIELD OF AN ELECTRIC DIPOLE

The electric potential V generated by a small electric dipole p located in a vacuum

is
o (DY (BE)
47E r2

where r is the distance between the electric dipole and the field point at which V is
being measured, and ¢, is the dimensionless unit vector pointing from the dipole to
the field point. The values of IT and € come from Table 4.2. When this formula is
used in the rationalized mks system, Table 4.3(a) shows that € = gy should be given
the prefix “ f” to match the rationalized mks notation used in previous chapters; and
when it is used in the Heaviside-Lorentz system, Table 4.3(b) shows that p and V
should be given the prefix “A” to match the Heaviside-Lorentz notation used in the
previous chapters.
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4.2.23 THE MAGNETIC POTENTIAL FIELD OF A MAGNETIC DIPOLE

The magnetic potential Qy generated by a small current-loop magnetic dipole 11y

located in a vacuum is
I1 my-é,
Qp=(—1" ,
" (471 > ( r2

where r is the distance between the dipole and the field point at which 2 is being
evaluated, and ¢, is the dimensionless unit vector pointing from the dipole to the
field point. The magnetic potential generated by a small permanent-magnet dipole
mpy located in a vacuum is

IT ny e
o= () (5
T r

where again r is the distance between the dipole and the field point, and ¢, is the
dimensionless unit vector pointing from the dipole to the field point. The values
of IT and & come from Table 4.2. These two formulas become identical for those
electromagnetic systems with it = 1, because my = n; when i1 = 1 according to
Section 4.2.13. When these two formulas are used in the rationalized mks system,
Table 4.3(a) shows that mpy, Qy, and I = o should be given the prefix “f” to
match the rationalized mks notation used in previous chapters; and when they are
used in the Heaviside-Lorentz system, Table 4.3(b) shows that m;, my, and Qpy
should be given the prefix “h” to match the Heaviside-Lorentz notation used in
previous chapters.

4.2.24 THE ELECTRIC FIELD OF AN ELECTRIC DIPOLE

The electric field E generated by a small electric dipole p located in a vacuum is

> I e N
SESTT
where r is the distance between the electric dipole and the position of the field
point at which the electric field is measured, and ¢, is the dimensionless unit vector
pointing from the dipole to the field point. The values of IT and & come from
Table 4.2. When this equation is used in the rationalized mks system, Table 4.3(a)
shows that € = g should have a prefix “ f” to match the rationalized mks notation
used in previous chapters; and when the equation is used in the Heaviside-Lorentz
system, Table 4.3(b) shows that p and E should have a prefix “A” to match the
Heaviside-Lorentz notation used in previous chapters.
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4.2.25 THE MAGNETIC FIELD OF A MAGNETIC DIPOLE

The magnetic field H generated by a small current-loop magnetic dipole m; lo-
cated in a vacuum is

- IT a o .
}1::<4nr3>-[3&(er-nn)——nu],

where r is the distance between the dipole and the position of the field point at
which the magnetic field is evaluated, and é, is the dimensionless unit vector point-
ing from the dipole to the field point. The magnetic field H generated by a small
permanent-magnet dipole m g is

i = ( L ) 38, (s -in) — o).

47 pr3

where again r is the distance between the dipole and the position of the field point
and e, is the dimensionless unit vector pointing from the dipole to the field point.
The values of IT and i come from Table 4.2. The two formulas are identical in
those electromagnetic systems where [t = 1 because, according to Section 4.2.13,
mpy = m; when I = 1. When these equations are used in the rationalized mks
system, Table 4.3(a) shows that m g, H, and i = o should be given the prefix
“f” to match the rationalized mks notation used in the previous chapters; and when
they are used in the Heaviside-Lorentz system, Table 4.3(b) shows that m, mpy,
and H should be given the prefix “h” to match the Heaviside-Lorentz notation used
in the previous chapters.

4.2.26 THE RELATIONSHIP BETWEEN THE ELECTRIC DISPLACEMENT,
ELECTRIC FIELD, AND THE ELECTRIC DIPOLE DENSITY

The electric displacement field Dis
D=FE+ TP,

where E is the electric field and P is the electric dipole density. The values of ¢ and
IT come from Table 4.2. Note that when P =0, such as in a vacuum, the electric
displacement D and the electric field E are the same field in those electromagnetic
systems where € = 1. When this formula is used in the rationalized mks system,
Table 4.3(a) shows that D and § = &o should be given the prefix “f” to match
the rationalized mks notation used in previous chapters; and when it is used in the
Heaviside-Lorentz system, Table 4.3(b) shows that E , f’, and D should be given
the prefix “h” to match the Heaviside-Lorentz notation used in previous chapters.
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4.2.27 THE RELATIONSHIP BETWEEN THE MAGNETIC INDUCTION,
MAGNETIC FIELD, AND PERMANENT-MAGNET DIPOLE DENSITY

The magnetic induction field B satisfies the relationship

-

B:ﬁfI+HA7IH or H= (E—HMH),

=~

where H is the magnetic field and M g is the permanent-magnet dipole density.
The values of IT and & come from Table 4.2. When these equations are used in the
rationalized mks system, Table 4.3(a) shows that H M u,and [t = uo should have
a prefix “ f” to match the rationalized mks notation used in the previous chapters;
and when these equations are used in the Heaviside-Lorentz system, Table 4.3(b)
shows that é M H,and H should have a prefix “A” to match the Heaviside-Lorentz
notation used in the previous chapters. Note that when M g =0, such as in a vac-
uum, the B and H fields are identical in those electromagnetic systems that have
1 = 1. We also note that My and M; become equal in Section 4.2.17 when [ is 1,
which means the equations in Sections 4.2.27 and 4.2.28 become the same in the
electromagnetic systems of Table 4.2 where &t = 1.

4.2.28 THE RELATIONSHIP BETWEEN THE MAGNETIC INDUCTION,
MAGNETIC FIELD, AND THE CURRENT-LOOP MAGNETIC DIPOLE
DENSITY

The magnetic induction field B satisfies the relationship

. . .1 .
B=Ji(H+TIM;) or H=—B-TIM,
o

where H is the magnetic field and M 7 1s the current-loop magnetic dipole density.
The values of IT and & come from Table 4.2. When these equations are used in
the rationalized mks system, Table 4.3(a) shows that H , and I = pg should have
a prefix “f” to match the rationalized mks notation used in the previous chapters;
and when these equations are used in the Heaviside-Lorentz system, Table 4.3(b)
shows that H M 1, and B should have a prefix “h” to match the Heaviside-Lorentz
notation used in the previous chapters. Note that when M ;1 =0, such as in a vac-
uum, the B and H fields are identical in those electromagnetic systems where
= 1. We also note that M g and M 1 become equal in Section 4.2.17 when it is 1,
which means the equations in Sections 4.2.27 and 4.2.28 become the same in the
electromagnetic systems of Table 4.2 where f = 1.
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4.2.29 THE LORENTZ FORCE LAW

The force F experienced by a point charge 0 moving at a velocity v at a location
where there is an electric field £ and a magnetic induction field B is

F=QE +k0Q(3 x B).

The value of kp comes from Table 4.2. When this eguatlon is written in the
Heaviside-Lorentz system, Table 4.3(b) shows that Q, E, and B should be given
the prefix “h” to match the Heaviside-Lorentz notation used in the previous chap-
ters; and Table 4.3(a) shows that no prefixes are to be expected when the equation
is written in the rationalized mks system.

4.2.30 THE SURFACE CONDITIONS ON THE ELECTRIC FIELD AND THE
ELECTRIC DISPLACEMENT ACROSS A BOUNDARY

Figure 4.1 shows an electric field E and an electric displacement field D crossing a
boundary between medium 1 and medium 2. The dimensionless unit normal vector
7 of the boundary surface points from medium 2 to medium 1. The electric field
and electric displacement field in medium 1 are called E 1 and D1, respectively; and
the electric field and electric displacement field in medium 2 are called E2 and Dz,
respectively. The tangential component of the electric field is always continuous
across the boundary:

(Ex—Ey) xn =0;
at any point
on the boundary

and if there is a surface charge density So at the boundary, then the normal com-
ponent of the electric displacement field is discontinuous across the boundary;

(D) — Dy) -

=ISp.
at any point

on the boundary

E, Bn’jium 1
medium 2 \

Figure 4.1 The tangential component of the E field is always continuous across
the surface between medium 1 and medium 2 and the normal component of the D
field may be discontinuous.

E, or D,
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The value of IT in the second equation comes from Table 4.2; and since the first
equation contains none of the free parameters €, [, ko, or IT, it has the same form
in all the electromagnetic systems of Table 4.2. When the first equation is written
in the rationalized mks system, there is no reason to expect a prefix “f,”” but when
the second equation is written in rationalized mks, Table 4.3(a) shows that 131 and
D> should be given the prefix “f” to match the rationalized mks notation used
in previous chapters. When either the first or second equations are written in the
Heaviside-Lorentz system, Table 4.3(b) shows that E 1, E2, Dy, D3, and Sg should
be given a prefix “h” to match the Heaviside-Lorentz notation used in the previous
chapters.

4.2.31 THE SURFACE CONDITIONS ON THE MAGNETIC FIELD AND THE
MAGNETIC INDUCTION ACROSS A BOUNDARY

Figure 4.2 shows a magnetic field H and a magnetic induction field B crossing a
boundary between medium 1 and medium 2. The dimensionless unit normal vector
n of the boundary surface points from medium 2 to medium 1. The magnetic field
and magnetic induction field in medium 1 are called H 1 and B] respectively; and
the magnetic field and magnetic induction field in medium 2 are called H2 and B2,
respectively. The tangential component of the magnetic field across the boundary
is discontinuous if there is a surface current density js:

(Hy — Hy) x 7  =ko1Ts;
at any point
on the boundary

and the normal component of the magnetic induction is always continuous across
the boundary:

- >
(Bi—By)-n =0.
at any point
on the boundary

The surface current density J s points out of the page in Fig. 4.2. The values of
ko and IT in the first equation come from Table 4.2; and since the second equation
contains none of the free parameters 2, i, ko, or IT, it has the same form in all
the electromagnetic systems of Table 4.2. When the first equation is written in the
rationalized mks system, Table 4.3(a) shows that H should be given the prefix “ f”
to match the rationalized mks notation used in the previous chapters; but when the
second equation is written in rationalized mks, there is no reason to expect prefixes.

When the first and second equations are written in the Heaviside-Lorentz system,

Table 4.3(b) shows that H1, Hz, Bl, Bg, and js should be given the prefix “A” to
match the Heaviside-Lorentz notation used in the previous chapters.
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medium 1

Js\

) H, or B,

medium 2
Figure 4.2 The normal component of the B field is always continuous across the
surface between medium 1 and medium 2 and the tangential component of the H
field may be discontinuous. The surface current Js points out of the page.

4.2.32 THE TORQUE ON A MAGNETIC DIPOLE IN A MAGNETIC INDUCTION
FIELD

The torque T experienced by a small current-loop magnetic dipole m; located at a
point where there is an external magnetic induction field B is

and the torque experienced by a small permanent-magnet dipole mpy located at a
point where there is an external magnetic induction field B is

7o (;mH) < B,
m

The value of it in the second formula comes from Table 4.2; the first formula does
not contain any of the free parameters z, i, kg, or I, which means it has the same
form in all of the electromagnetic systems listed in Table 4.2. These two equations
become identical when written in the electromagnetic systems of Table 4.2 for
which I = 1, because in these systems m y = m  (see Section 4.2.13 above). When
these equations are written in the Heaviside-Lorentz system, Table 4.3(b) shows
that m;, mpy, and B should be given the prefix “A” to match the Heaviside-Lorentz
notation used in the previous chapters. When the second equation is written in the
rationalized mks system, Table 4.3(a) shows that m gy and [t = 1o should both be
given the prefix “f” to match the rationalized mks notation used in the previous
chapters. [Table 4.3(a) also shows that no prefixes are to be expected when the first
equation is put into rationalized mks.]

4.2.33 THE POTENTIAL ENERGY OF A MAGNETIC DIPOLE IN A MAGNETIC
INDUCTION FIELD

The potential energy U associated with the orientation of a small current-loop mag-
netic dipole m; located at a point where there is an external magnetic induction



252 CHAPTER 4
field B is
U=—mj-B,

and the potential energy U associated with the orientation of a small permanent-
magnet dipole my located at a point where there is an external magnetic induction

field B is
(70) -3
U=—|=<mpy]-B.
"

The value of it in the second formula comes from Table 4.2; the first formula does
not contain any of the free parameters z, i, ko, or I1, so it has the same form in all
the electromagnetic systems listed in Table 4.2. The two equations become identi-
cal in the electromagnetic systems of Table 4.2 for which & = 1, because in these
systems m gy = m (see Section 4.2.13 above). When these equations are put into
the Heaviside-Lorentz system, Table 4.3(b) shows that m;, my, and B should be
given the prefix “A” to match the Heaviside-Lorentz notation used in the previ-
ous chapters. When the second equation is put into the rationalized mks system,
Table 4.3(a) shows that my and [t = g should both be given the prefix “f” to
match the rationalized mks notation used in the previous chapters. [Table 4.3(a)
also shows that no prefixes are to be expected when the first equation is put into
rationalized mks.]

4.2.34 THE MAGNETIC INDUCTION FIELD OF A MAGNETIC DIPOLE

The magnetic induction field B generated by a small current-loop magnetic dipole
located in a vacuum is

- I PR R
B:<4nr3>-[3er(er-m1)—m1],

and the magnetic induction field B generated by a small permanent-magnet dipole
located in a vacuum is

> I1 o R
B = (471’r3) . [3er(er -mH) —mH].

In both equations, r is the distance between the dipole and the field point where
B is evaluated, and ¢, is the dimensionless unit vector pointing from the dipole to
the field point. The values of it and IT come from Table 4.2. These two equations
become identical when written in the electromagnetic systems of Table 4.2 which
have [t = 1, because in these systems my = m; (see Section 4.2.13 above). When
these two equations are written in the rationalized mks system, Table 4.3(a) shows
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that my and [t = g should be given the prefix “ f” to match the rationalized mks
notation used in the previous chapters. When they are written in the Heaviside-
Lorentz system, Table 4.3(b) shows that m;, m g, and B should be given the prefix
“h” to match the Heaviside-Lorentz notation used in the previous chapters.

4.2.35 THE RELATIONSHIP BETWEEN THE MAGNETIC INDUCTION AND THE
MAGNETIC VECTOR POTENTIAL

The magnetic induction B can always be written as

-

é:VxK

for a vector field A called the magnetic vector potential. This formula does not
contain any of the free parameters €, [, ko, or I, which means it has the same
form in all the electromagnetic systems listed in Table 4.2. When this formula is
used in the rationalized mks system, Table 4.3(a) shows that no prefixes are to
be expected; and when it is used in the Heaviside-Lorentz system, Table 4.3(b)
shows that A and B should be given the prefix “i” to match the Heaviside-Lorentz
notation used in previous chapters.

4.2.36 THE RELATIONSHIP BETWEEN THE ELECTRIC FIELD, ELECTRIC
POTENTIAL, AND THE MAGNETIC VECTOR POTENTIAL

The electric field E can always be written as

- dA
E=-VV— ko—,
ot

where V is the electric potential and A is the magnetic vector potential. The value
of kg comes from Table 4.2. When this formula is used in the rationalized mks
system, Table 4.3(a) shows that no prefixes are to be expected; and when it is
used in the Heaviside-Lorentz system, Table 4.3(b) shows that A V,and E should
be given the prefix “A” to match the Heaviside-Lorentz notation used in previous
chapters.

4.2.37 THE MAGNETIC VECTOR POTENTIAL OF A MAGNETIC DIPOLE

The magnetic vector potential Aofa current-loop magnetic dipole n1; located in a

vacuum is
c_ (TR Lo
A= (47”3) [mr x (réy)]
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and the magnetic vector potential Aofa permanent-magnet dipole m g located in
a vacuum is

> I1 N .
A= (47”3) . [mH X (re,)].

In both formulas, r is the distance between the permanent-magnet dipole and the
field point where A is evaluated, and ¢, is the dimensionless unit vector pointing
from the dipole to the field point. The values of /& and IT come from Table 4.2.
These two formulas become identical when written in the electromagnetic sys-
tems of Table 4.2 that have ;t = 1, because in these systems, my = m; (see Sec-
tion 4.2.13). When the two formulas are used in the rationalized mks system, Ta-
ble 4.3(a) shows that my and ;t = uo should be given the prefix “f” to match
the rationalized mks notation used in the previous chapters. When they are used in
the Heaviside-Lorentz system, Table 4.3(b) shows that m;, my, and A should be
given the prefix “h” to match the Heaviside-Lorentz notation used in the previous
chapters.

4.2.38 THE ELECTRIC-CIRCUIT EQUATIONS

Ideal capacitors in electric circuits obey the equation
0=C-V,

where Q is the charge on the capacitor, V is the capacitor’s electric potential differ-
ence (often called the voltage across the capacitor), and C is its capacitance. This
equation can also be written as

V=50

where S, which is clearly equal to C~!, is called the elastance of the capacitor.
Resistors in electric circuits obey the equation

V=I-R,

where V is the electric potential or voltage across the resistor, / is the current
through the resistor, and the resistance of the resistor is R. This equation is also
written as

I=G-V,

where G, which is clearly equal to R™!, is called the conductance of the resistor.
The relationship between charge Q and current / in a circuit is

_40

I_ ’
dt
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with d Q/dt being the derivative of charge Q with respect to time ¢, showing the
rate at which charge is moving through the circuit. Ideal inductors in electric cir-
cuits obey the equation

Vel dl
o ar’

where V is the electric potential or voltage across the inductor, / is the current
through the inductor, d//dt is the derivative of the current with respect to time,
showing the rate at which the current flowing through the inductor is changing,
and L is the inductance of the inductor. There are no free parameters g, [, kg, or I
in these electric-circuit equations, which means they have the same form in all the
electromagnetic systems of Table 4.2. Table 4.3(a) shows that when these equations
are written in the rationalized mks system, no prefixes are to be expected; and
Table 4.3(b) shows that when these equations are written in the Heaviside-Lorentz
system, Q,C, S, V, I, R, G, and L should all be given the prefix “A” to match the
Heaviside-Lorentz notation used in the previous chapters.

4.2.39 THE MAGNETIC-CIRCUIT EQUATIONS

For a magnetic circuit like the one shown in Fig. 4.3, the magnetomotive force F
obeys the equation

R-dp=F.

Here R is the reluctance of the magnetic circuit and ®p is the magnetic flux
through the cross-sectional surface ap in Fig. 4.3. The formula for ®p is

dp :/(E .A)da,

ag

curve L,

area ag
used to
calculate @,

surface normal
vector 7

Figure 4.3 Curve Ly is used to define the magnetomotive force F.
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where 7 is a dimensionless unit vector normal to surface ap in Fig. 4.3 and B is
the magnetic induction field over the surface. Figure 4.3 also specifies the closed
curve Ly, which is used to define the magnetomotive force F as a line integral
over the magnetic field H:

F=| H-dl
Ly

Curve L g must go through all of the current-carrying loops around the metal core.
The relationship between F and ® p can also be written as

Sp =P - F,

where P, which clearly equals R™!, is called the permeance. There are no free
parameters ¢, [i, ko, or IT in these magnetic-circuit equations, which means they
have the same form in all of the electromagnetic systems of Table 4.2. When these
magnetic-circuit equations are written in the rationalized mks system, Table 4.3(a)
shows that F, R, P, and H should be given the prefix “f” to match the ratio-
nalized mks notation used in the previous chapters; and when they are written in
the Heaviside-Lorentz system, Table 4.3(b) shows that ®p, F, H , and B should
be given the prefix “A” to match the Heaviside-Lorentz notation used in previous
chapters.

4.2.40 THE RELATIONSHIP BETWEEN MAGNETOMOTIVE FORCE AND
CURRENT

The magnetic circuit shown in Fig. 4.3 has a magnetomotive force F, which is
given by

F = (koI NI,

where [ is the current flowing in the circuit and N is the total number of turns of
wire about the metal core. The values of kg and IT come from Table 4.2. When
this equation is written in the rationalized mks system, Table 4.3(a) shows that
F should be given the prefix “f” to match the rationalized mks notation used
in previous chapters; and when this equation is written in the Heaviside-Lorentz
system, Table 4.3(b) shows that I and F should be given the prefix “A” to match
the Heaviside-Lorentz notation used in previous chapters.



TwO STANDARD SHORTCUTS USED TO TRANSFORM ELECTROMAGNETIC EQUATIONS 257

4.2.41 CONDUCTIVITY, RESISTIVITY, VOLUME CURRENT DENSITY, AND
THE ELECTRIC FIELD

The conductivity ois the proportionality constant between the electric field E and
the volume current density J:

J=0-E.

Of course in empty charge-free space, o = 0 for all electromagnetic systems and
units. The equation for the conservation of charge is

9 .-
o L v.J=0,
o1

where pg is the volume charge density. The resistivity pg is

1
PR = —-.
o
The resistivity of a homogeneous wire whose resistance is R and that has a length
£ and cross-sectional area a is

aR

PR="

The current I in the wire can be written as
1= / (7 -)da,
a

where 7 is the dimensionless unit normal vector of the wire’s cross-sectional sur-
face a and J is the volume current density inside the wire. There are no free pa-
rameters ¢, i, ko, or IT in these five equations, which means they have the same
form in all the electromagnetic systems of Table 4.2. Table 4.3(a) shows there is
no prefix expected on any of the variables of these equations when they are written
in the rationalized mks system. Table 4.3(b) shows that when these equations are
written in the Heaviside-Lorentz system, E , 0, J , 00, PR, R, and I should all be
given the prefix “A” to match the Heaviside-Lorentz notation used in the previous
chapters.
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4.2.42 THE DEFINING EQUATIONS FOR THE ELECTRIC SUSCEPTIBILITY
AND THE RELATIVE DIELECTRIC CONSTANT

Inside a substance or medium where the electric dipole density Pis parallel to the
electric field E,

P:XE'E/'E’

where . is called the electric susceptibility of the substance or medium. The rela-
tive dielectric constant g, of the substance or medium is

e =1+ Tlxe,
and the electric displacement D inside the substance or medium is
D=¢ -7-E.

In electromagnetic systems where z # 1, this last formula is often written as

-

D=¢-E, withe=¢g -%

called the dielectric constant of the substance or medium. The values ¢ and IT
come from Table 4.2. When these equations are used in the rationalized mks sys—
tem, Table 4.3(a) shows that D, Xe» €, and € = gp should be given the prefix “ f” t
match the rationalized mks notation of previous chapters; and when they are used in
the Heaviside-Lorentz system, Table 4.3(b) shows that yx,, E P and D should be
given the prefix “/” to match the Heaviside-Lorentz notation use in previous chap-
ters. Of course, in empty space x. =0 and &, = 1 for all electromagnetic systems
and units. Consequently in empty space the E and D fields are always the same in
those electromagnetic systems where € = 1. (Note that this matches the analysis of
the E and D fields in Section 4.2.26. ) In electromagnetic systems where € = 1, the
relative dielectric constant ¢, is sometimes called just the dielectric constant and
the “r” subscript is dropped, giving D = ¢, E =¢E.

4.2.43 THE DEFINING EQUATIONS FOR THE MAGNETIC SUSCEPTIBILITY
AND THE RELATIVE MAGNETIC PERMEABILITY

Inside a substance or medium where the current-loop magnetic dipole density M I
and the permanent-magnet dipole density My are parallel to the magnetic field H,
the magnetic susceptibility x,, satisfies the equations

- -

My=xm-m-H and M1=Xm-ITI.
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The relative magnetic permeability of the substance or medium is
mr =1+ xm,

and the magnetic induction field B inside the substance or medium satisfies the
equation

B=p,-i-H or H=(um) "' B

In electromagnetic systems where & # 1, these last two formulas are often written
as

-

é:u-fl and H:M_I-E, with u =, - i1

called the magnetic permeability of the substance or medium. The values of & and
IT come from Table 4.2. When these equations are used in the rationalized mks
system, Table 4.3(a) shows that H, My, xm, i, and [t = wo should be given the
prefix “f” to match the rationalized mks notation used in the previous chapters;
and when the eguatlons are used in the Heaviside-Lorentz system, Table 4.3(b)
shows that H My, My, B, and Xm should be given the prefix “A” to match the
Heaviside-Lorentz notation used in the previous chapters. In empty space x,, =0
and pu, = 1 for all electromagnetic systems and units. The above formulas then
require the B and H fields to be the same in empty space in those electromagnetic
systems where it = 1. Note that this matches what was said about the B and H
fields in Sections 4.2.27 and 4.2.28. Note also that, according to Section 4.2.17, M
and M u become the same when 1t p = 1. Consequently, the first two equations given
here—the formulas for M 7 and M g in terms of the magnetic field—become the
same equation when ff = 1. In electromagnetic systems where & = 1, the relative
magnetic permeability w, is sometimes called just the magnetic permeability and
the “r” subscript is dropped, giving

é:ur-ﬁ:u-ﬁ and Ijlz,u_l-ézu_l-é.
4.2.44 THE CAPACITANCE OF A PARALLEL-PLATE CAPACITOR

The capacitance C of a parallel-plate capacitor is

&ga

C = ,
Is

where ¢, is the relative dielectric constance of the substance between the plates, a
is the area of either one of the two equal-sized plates, and s is the distance between
the plates. (Of course ¢, = 1 in all electromagnetic systems and units when the two
capacitor plates are separated by empty space.) The values of € and IT come from
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Table 4.2. When this formula is used in the rationalized mks system, Table 4.3(a)
shows that € = gy should be given the prefix “f” to match the rationalized mks
notation used in previous chapters; and when it is used in the Heaviside-Lorentz
system, Table 4.3(b) shows that C should be given the prefix “A” to match the
Heaviside-Lorentz notation used in previous chapters.

4.2.45 THE INDUCTANCE OF A SOLENOIDAL INDUCTOR

The self-inductance L of a solenoidal inductor is

2
L= Hké(N—)urﬁ(nrz),

S

where the inductor is N coils of wire around the walls of a tube which has a length
s and a radius r. The material filling the tube has a relative magnetic permeability
ur. (Of course, i, = 1 in all electromagnetic systems and units when the tube con-
tains just empty space.) The values of IT, kg, and & come from Table 4.2. When
this formula is used in the rationalized mks system, Table 4.3(a) shows that i1 = 1
should be given the prefix “ f” to match the rationalized mks notation used in pre-
vious chapters; and when it is used in the Heaviside-Lorentz system, Table 4.3(b)
shows that L should be given the prefix “A” to match the Heaviside-Lorentz nota-
tion used in previous chapters.

4.2.46 THE FORCE PER UNIT LENGTH BETWEEN TWO PARALLEL,
CURRENT-CARRYING WIRES

The force per unit length of wire, ¢, between two long parallel wires inside a
substance or medium of relative magnetic permeability wu, and carrying currents

I and I is
6= [ TR (LD
2 s )

where s is the distance between the two wires, as shown in Fig. 4.4. (Of course, in
empty space u, = 1 in all electromagnetic systems and units.) The values of z, IT,
and ko come from Table 4.2. When this equation is used in the rationalized mks
system, Table 4.3(a) shows that ;& = pg should be given the prefix “f” to match
the rationalized mks notation used in previous chapters; and when it is used in the
Heaviside-Lorentz system, Table 4.3(b) shows that /1 and I, should be given the
prefix “h” to match the Heaviside-Lorentz notation used in previous chapters. The
two wires attract each other when the two currents are flowing in the same direction
and repel each other when the two currents are flowing in opposite directions.
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N [2

Figure 4.4 The two wires separated by a distance s attract each other when their
currents /; and /; flow in the same direction and repel each other when their cur-
rents /1 and /, flow in opposite directions.

4.2.47 THE MAGNETIC FIELD AND MAGNETIC INDUCTION
OF A LONG, CURRENT-CARRYING WIRE

The magnetic induction field B generated by a long straight wire inside a substance
or medium of relative magnetic permeability p, and carrying a current [ is

- (Tp,fik I
B=<M).(_>@,
2 )

and the magnetic field H generated by the wire is

() ()

In these two formulas, s is the distance between the wire and the field point at
which B or H is evaluated, and é is the dimensionless unit vector specifying the
direction of the B and H fields (see Fig. 4.5). The dimensionless unit vector ¢ is
perpendicular both to the wire and to the line segment of length s joining the field
point and the wire. When the current / is flowing directly at an observer looking
along the wire, the observer sees vector ¢ pointing in a counterclockwise direction
about the wire. The values of [, ko, and I1 come from Table 4.2. When these two
equations are written in the rationalized mks system, Table 4.3(a) shows that H and
1L = o should be given the prefix “ f” to match the rationalized mks notation used
in the previous chapters; and when the two equations are written in the Heaviside-
Lorentz system, Table 4.3(b) shows that 7, B ,and H should be given the prefix “h”
to match the Heaviside-Lorentz notation used in the previous chapters. In empty
space, u, = 1 in all electromagnetic systems and units, which means that these
two formulas become identical in electromagnetic systems where it = 1. This is
just another example of how the H and B fields become identical in empty space
when [T = 1 (see Sections 4.2.27 and 4.2.28).
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Figure 4.5 The current / flowing in a long, straight wire generates B and H fields
pointing in the direction specified by unit vector ¢ at field points a distance s from
the wire.

4.2.48 INTEGRAL FORMULA FOR THE FORCE BETWEEN TWO CURRENT
LOOPS

The infinitesimal component of force d’F 12 on length element d Kl of circuit loop
L1 in Fig. 4.6 from length element d5 of circuit loop £, in Fig. 4.6 is

R Mk2\ dey x (dly x ¥
d2F12:<—0>MrM1112|: 1 XE 23><r12)j|’
4w [712]

where I is the current in the direction of dﬂl in loop L1, I is the current in the
direction of dﬂz in loop £, 71, is the distance vector pointing from dﬁz to dﬁl,
and ., is the relative magnetic permeability of the substance or medium in which
the two loops reside. (Of course, in empty space i, = 1 for all electromagnetic
systems and units.) Although, according to this formula, the force on one current
element is not necessarily equal and opposite to the force on the other current
element, which is in disagreement with Newton’s third law, this can be fixed by
integrating over both current loops in Fig. 4.6 to find that F 12, the force on current
loop £ by current loop L5, is

- k2\ dey x (dt x F12)
Fip = <—O)MrM1112/ / EINE
L1JL 12l

kg (dly -dlr)F1y
=- wr ity 1o — =3
4r cide, Il

Here the second double integral is explicitly symmetrical over all the pairs of length
elements a’Zl and dﬁg (remember that for every vector 71, inside the double in-
tegrals over £; and L, there is a corresponding 77 Vector). We can therefore
conclude that, even though Newton’s third law is not obeyed for the physically
unrealistic formula for the force between two “pieces” of a circuit, it is obeyed
for the physically realistic formula for the force between two complete circuits.
The values of /1, kg, and IT come from Table 4.2. When these equations are writ-
ten in the rationalized mks system, Table 4.3(a) shows that ;& = o should be given
the prefix ““ f”’ to match the rationalized mks notation used in the previous chapters;
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Figure 4.6 Current /; flows around loop £, in the direction §pecified by le and
current I, flows around loop £, in the direction specified by d¢;.

and when these equations are written in the Heaviside-Lorentz system, Table 4.3(b)
shows that /1 and /> should be given the prefix “A” to match the Heaviside-Lorentz
notation used in the previous chapters.

4.2.49 THE MAGNETIC FIELD AND MAGNETIC INDUCTION OF A CURRENT
LOOP (BIOT-SAVART LAW)

The Biot-Savart law states that when the length element d{ carries a current [
travelling in the direction in which d¥ is pointing, there is an infinitesimal magnetic
induction field d B given by

15— (Mo il dtix?
s HE

and an infinitesimal magnetic field d H given by

d]jl _ Hk()[ dlix 17
i )P

Here, u, is the relative permeability of the substance or medium in which df and
the field point are embedded, and 7 is the distance vector pointing from the current
element to the field point. Of course, in empty space u, is 1 for all electromagnetic
systems and units, which means that in empty space the right-hand sides of these
two formulas become the same when working in electromagnetic systems that have
i = 1. This is another example of how in empty space the H and B fields become
identical in electromagnetic systems Wherq =1 (see Sections 4.2.27 and 4.2.28).
Integration over all the length elements d¢ that make up a single current loop L;
carrying a current / shows that the magnetic induction B at the field point must be

. Hkourﬁ1>f di x 7
B= _
47 PGE
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and the magnetic field H at the field point must be

- (Tlkol / dé x 7
H= —.
4r L, P
The values of [, kg, and IT come from Table 4.2. When these four equatlons are
written in the rationalized mks system, Table 4.3(a) shows that d H H and L = g
should be given the prefix “f” to match the rationalized mks notation used in
the previous chapters; and when the four equations are written in the Heaviside-

Lorentz system, Table 4.3(b) shows that dH H,I, and B should be given the
prefix “A” to match the Heaviside-Lorentz notation used in the previous chapters.

4.2.50 INTEGRAL FORMULA FOR THE ELECTRIC FIELD AN ELECTRIC
DISPLACEMENT OF A STATIC CHARGE-DENSITY DISTRIBUTION

A static* volume charge density po is located inside a substance or material with a
constant relative permittivity &,, which fills all space. The value of p is a function
of a position vector 7 and, at a field point whose position vector is 7, generates an
electric field E such that

I [po (FHI(F —F)

a;  AmeE |7 =73

E a3’

The corresponding electric displacement D at that field point is

1

[po()I(F =F) 5

a’r'
~an |F =73

at 7

In both formulas, d3r’ is an infinitesimal volume element used in an integration
over the entire volume of space for which po ('), the volume charge density at po-
sition 7/, is not zero. For this integration to make sense, the charge density should
occupy only a finite volume of space. In empty space, &, = 1 for all electromag-
netic systems and units, which means that in empty space the right-hand sides of
these two formulas become identical when working in electromagnetic systems
where € = 1. This is another example of how in empty space the E and D fields
become identical when € = 1 (see Section 4.2.26 above). The values of € and I
in these two formulas come from Table 4.2. When the two formulas are written
in the rationalized mks system, Table 4.3(a) shows that D and & = ¢ should be
given the prefix “f” to match the rationalized mks notation used in the previous
chapters; and when the formulas are written in the Heaviside-Lorentz system, Ta-
ble 4.3(b) shows that pgp, E and D should be given the prefix “A” to match the
Heaviside-Lorentz notation used in the previous chapters.

* Here “static” means that the volume charge density p does not change with time.
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4.2.51 INTEGRAL FORMULA FOR THE MAGNETIC FIELD AND MAGNETIC
INDUCTION OF A STATIC CURRENT-DENSITY DISTRIBUTION

A static* volume current density J is located inside a substance or medium with
a relative permeablhty WUy, which fills all space. The value of J is a function of
a position vector 7 'and, at a field point whose position vector is F, generates a
magnetic induction B such that

d3r1

_ ko, i f [J(F)] x F—F)

47 [SE

at 7

The corresponding magnetic field H at that field point is

Hko / [J(F/) ] x (r ) B
at r

V—I"

In both formulas 437" is an infinitesimal volume element used in an integration over
the entire volume of space for which J (r’ ), the volume current density at position

, 1s not zero. For this integration to make sense, the charge density should oc-
cupy only a finite volume of space. In empty space, i, = 1 for all electromagnetic
systems and units, which means that in empty space the right-hand sides of these
two equations become identical when working in electromagnetic systems where
i = 1. This is another example of how in empty space the B and H fields become
identical when [t = 1 (see Sections 4.2.27 and 4.2.28 above). The values of [z, ko,
and IT in these equations come from Table 4.2. When the equatlons are written
in the rationalized mks system, Table 4.3(a) shows that H and 1 i = 1o should be
given the prefix “f” to match the rationalized mks notation used in the previous
chapters; and when the equations are written in the Heaviside-Lorentz system, Ta-
ble 4.3(b) shows that J B and H should be given the prefix “A” to match the
Heaviside-Lorentz notation used in previous chapters.

4.2.52 THE INTEGRAL OF THE MAGNETIC INDUCTION OVER A CLOSED
SURFACE

The integral of a magnetic induction field B over a closed surface Scis

(B -A)da=0
S

Here, 7 is the dimensionless unit vector that is normal to the area da of an infini-
tesimal patch of surface S, and points outwards from the volume enclosed by S..

* Here “static” means that the volume current density J does not change with time.
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This formula contains none of the free parameters ¢, jt, ko, or IT, so it has the same
form for all the electromagnetic systems listed in Table 4.2. When this formula
is written in the Heaviside-Lorentz system, Table 4.3(b) shows that B should be
given the prefix “h” to match the Heaviside-Lorentz notation used in the previous
chapters. Table 4.3(a) shows that there is no reason to expect a prefix when the
formula is written in the rationalized mks system.

4.2.53 THE INTEGRAL OF THE ELECTRIC FIELD AND THE ELECTRIC
DISPLACEMENT OVER A CLOSED SURFACE

The integral of an electric displacement field D over a closed surface Se is
f (D -i)da =T10,
Se

where Q is the total charge contained inside surface S, and 7 is the dimensionless
unit vector that is normal to the area da of an infinitesimal patch of surface S,
and points outwards from the volume enclosed by S,. If the surface is located in
a substance or medium that bas a constant relative dielectric constant &,, then the
integral of the electric field E over S, is

with 71, Q, and da having the same meaning as before. In empty space, &, = 1 for
all electromagetic systems and units, which means that in empty space the right-
hand sides of these two equations become the same when working in electromag-
netic systems where € = 1. This is another example of how in empty space the E
and D fields become identical when € = 1 (see Section 4.2.26 above). The values
of € and IT in these two equations come from Table 4.2. When the two equations
are written in the rationalized mks system, Table 4.3(a) shows that D and € = &g
should be given the prefix “ f” to match the rationalized mks notation used in pre-
vious chapters; and when the two _equations are written in the Heaviside-Lorentz
system, Table 4.3(b) shows that D, E, and Q should be given the prefix “A” to
match the Heaviside-Lorentz notation used in previous chapters.

4.2.54 THE INTEGRAL OF THE MAGNETIC FIELD AND THE MAGNETIC
INDUCTION OVER A CLOSED LOOP

The line integral of a magnetic field H around a closed loop L. is

/ H -dl = (kDI
L
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where [ is the total current flowing through loop L. and dl is a length element
of loop L. From the point of view of an observer toward whom the current / is
flowing, length element d¢ points counterclockwise around the loop (see Fig. 4.7).
The magnetic field is one of a static collection of electromagnetic fields—that is,
the electromagnetic fields are not changing with time. If the loop is located in a
substance or medium having a constant magnetic permeability w,, then the line
integral around L. of the magnetic induction B, which is also part of a static col-
lection of electromagnetic fields, is

/ B -dli = (koMo )1,

c

with 7 and d¢ having the same meaning as before. In empty space, w1, = 1 in all
electromagnetic systems and units, which means that in empty space the right-hand
sides of these equations become identical in those electromagnetic systems where
i = 1. This is another example of how the B and H fields become identical in
empty space when & = 1 (see Sections 4.2.27 and 4.2.28 above). The values of
I, ko, and IT in these two equations come from Table 4.2. When the two equations
are written in the rationalized mks system, Table 4.3(a) shows that H and I = o
should be given the prefix “ f” to match the rationalized mks notation used in the
previous chapters; and when the equations are written in the Heaviside-Lorentz
system, Table 4.3(b) shows that H, B, and I should be given the prefix “A” to
match the Heaviside-Lorentz notation used in the previous chapters.

4.2.55 THE RELATIONSHIP BETWEEN THE ELECTRIC POTENTIAL OR
VOLTAGE AROUND A CLOSED CIRCUIT OR LOOP AND THE
MAGNETIC FLUX THROUGH THE CLOSED CIRCUIT OR LOOP

The line integral of the electric field E around a closed circuit or loop L. is called
the voltage V around the closed circuit or loop,

L

Figure 4.7 Loop L. encloses current /. The line integral of the H or B field around
the loop in the direction shown by vector d¢ is proportional to /.
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If Sp is a surface (not a closed surface) whose edges are curve L., as shown in
Fig. 4.8, then the magnetic flux ® g of the magnetic induction field B through loop
L. is defined to be

®p= [ (B-h)da,
Sp

where da is the area of an infinitesimal patch of surface Sg, and 7 is the dimen-
sionless unit vector normal to the infinitesimal patch. Figure 4.8 specifies the rela-
tionship between the infinitesimal length elements dlof curve L. and the dimen-
sionless normal vectors 7 of surface Sg. If an observer looking down on loop L.
sees dl pointing counterclockwise around the loop, then the 72 normal vectors of
surface Sp must point generally toward the observer rather than away from the
observer. The formula relating the line integral to the magnetic flux can now be
written as

ddp
V =—kop——,
0 dt

with the value of the free parameter kg coming from Table 4.2. Note that the def-
initions of ®p and V do not contain of the free parameters ¢, 1, kg, or I, which
means they have the same form in all of the electromagnetic systems listed in Ta-
ble 4.2. When these three equations are written in the Heaviside-Lorentz system,
Table 4.3(b) shows that E,V,B,and ® g should be given the prefix “A” to match
the Heaviside-Lorentz notation used in previous chapters; and when the three equa-
tions are written in the rationalized mks system, Table 4.3(a) shows that no prefixes
are to be expected.

surface S,

loop L, di

Figure 4.8 Loop L. is the edge of (unclosed) surface Sg.
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4.2.56 MAXWELLS EQUATIONS

The electric field E, electric displacement field D, magnetic field H,and magnetic
induction field B always obey the equations

0B

05" = 0.

Here t is the time coordinate, pg is the volume charge density, J is the volume
current density, and the v operator has the same meaning as in Appendix 2.B of
Chapter 2. These four equations need to be combined with the formulas in Sec-
tionsq4.g.26ﬁ, 4.2.27q, 4.2.28,4.2.42, and 4.2.43 to specify the connections between
the E, D, H, and B fields. When Maxwell’s equations are applied to a collection
of fields inside a substance or material with a constant relative dielectric constant
¢r and a constant relative magnetic permeability p,, they can be written as

v.B= 1
T
V.B=0,
I - . _JE
V x B = (kollp,pm)J + (kOMrMSrS)Ey
VxE+k 0B 0
X — =0
01
or as
% l_j=l_I,OQ,
V.H=0,
. 3
Vx H=kTlJ +—),

> ~ ~ ad
VxD+ (kO,U*rl'wrg)W =0.

The values of 2, [, kg, and IT in these 12 equations come from Table 4.2. When
Maxwell’s equations are written in the rationalized mks system, Table 4.3(a) shows
that D, H, [T = 1, and € = & should be given the prefix “ £’ to match the rational-
ized mks notation used in the previous chapters; and when Maxwell’s equations are
written in the Heaviside-Lorentz system, Table 4.3(b) shows that E, D, B, H, J,
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and pgp should be given the prefix “A” to match the Heaviside-Lorentz notation
used in the previous chapters. In Sections 4.2.26, 4.2.27, and 4.2.28, we read that
in empty space, where u, = &, = 1, both the E D fields and the B, H fields be-
come identical when working in electromagnetic systems where ;t = = 1. The
above three sets of Maxwell’s equations obey this rule by requiring the E and D
fields and the B and H fields to solve the same equations in terms of J and PO
when i, =¢, =L =¢=1.

4.2.57 THE WAVE EQUATIONS FOR THE ELECTRIC AND MAGNETIC
INDUCTION FIELDS

The electric field E and magnetic induction field B satisfy the wave equations

-

B, . JE - 9’E
VZE = TG (1, o —= = ko (1, ) (8,8) =5 =0

and

” . 0B - 9B
V2B — kg (1, o~ = ké(uru)(sfev)ﬁ =0,

when travelling through a substance or material characterized by a constant con-
ductivity o, a constant relative magnetic permeability u,, and a constant relative
dielectric constant ¢,. Here, ¢ is the time coordinate, and the Laplacian operator
V2 is explained at the end of Appendix 2.B of Chapter 2. When the wave equa-
tions are written in the rationalized mks system, Table 4.3(a) shows that € = ¢( and
it = 1o should be given the prefix “ f” to match the rationalized mks notation used
in the previous chapters; and when the wave equations are written in the Heaviside-
Lorentz system, Table 4.3(b) shows that E B and o should be given the prefix “A”
to match the Heaviside-Lorentz notation used in the previous chapters.

4.2.58 THE POYNTING VECTOR AND ENERGY DENSITY OF AN
ELECTROMAGNETIC FIELD

The formula for the energy density U/, in units of energy per unit volume, of an
electromagnetic field at any field point is

-

where E, D, H, B are, respectively, the electric field, the electric displacement
field, the magnetic field, and the magnetic induction field at the field point. The
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formula for I/ in empty space can be written as

1 ~_1
U= (IEP + 17 BP).

The formula for the Poynting vector S at the field point is

- 1 - -
S=—I(ExH ,
g, (E 1)
and in empty space this can be written as
1 = -

S=

Hﬁth><B)

Vector S points in the direction of the energy flow carried by the electromagnetic
field at the field point, and the magnitude of S is the energy per unit time per unit
area carried by the electromagnetic field at the field point. When no other sources
or sinks of energy are present, the equation for conservation of electromagnetic
energy is

ot

The values of €, [, kg, and IT in the first four equations come from Table 4.2. The
fifth equation has none of these free parameters, so it has the same form in all the
electromagnetic systems of Table 4.2. When the first four equatlons are written in
the rationalized mks system, Table 4.3(a) shows that D H T =gg, and [T = o
should be given the prefix “f” to match the rationalized mks notation used in
the previous chapters; and when they are written in the Heaviside-Lorentz system,
Table 4.3(b) shows that E,D, H,and B should be given the prefix “Ah” to match the
Heaviside-Lorentz notation used in the previous chapters. The fifth equation never
needs an “f” or an “h” prefix because it only involves the nonelectromagnetic
quantities U/ and S.

4.2.59 ELECTRIC DIPOLE RADIATING IN A VACUUM

When an electric dipole p changes its magnitude or direction over time ¢, it emits
electromagnetic radiation. The field point at which the electromagnetic radiation is
evaluated is a distance r from dipole p. This distance is much larger than the wave-
length A of the emitted radiation, and A is itself much larger than the characteristic
length of the dipole. The formula for the electric field £ of the radiation coming
from the dipole is

- k2 d*p
_ ko) 5
E|attimez‘_ 47.[},. {er X (er X dZZ)}

9
evaluated at the retarded
time t/=t—(r/c)
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where ¢, is the dimensionless unit vector pointing from the dipole to the field point
and c is the speed of light. The magnetic field H of the radiation coming from the
dipole is, at that same field point,

Tk { dZﬁ}
e

9
evaluated at the retarded
time t/=t—(r/c)

at time 1 _47TC7' r X dtz

and the magnetic induction field B of the radiation coming from the dipole is, at
that field point,

evaluated at the retarded
time t/=t—(r/c)

Mkoit (. d*p
== ér X —
at time ¢ A cr dl»z

The right-hand sides of the formulas for the H and B fields become the same when
working in electromagnetic systems where it = 1. This is just another example
of how, when & = 1, the H and B fields become identical in empty space (see
Sections 4.2.27 and 4.2.28). If p, whose characteristic length is much smaller than
A, is thought of as being at the center of a large sphere of radius r, which is much
larger than A, then the instantaneous electromagnetic energy flux W leaving the
sphere at any point on the sphere is
|

In this formula, W has units of energy per unit time per unit area of the sphere,
and ¢, is the dimensionless unit vector pointing from the center of the sphere to
the point on the sphere where W is being evaluated. For a sinusoidally oscillating
dipole,

d’p
ér X 3 .

dt evaluated at the retarded
time t/=t—(r/c)

g
at time 1 1672r2¢

p(t) = posin(wt),

with vector pg the amplitude of the oscillation and w its angular frequency in ra-
dians per unit time, the time-averaged energy flux W,, leaving the sphere at any
point on the sphere is
Mk2w* i
0 AL =2
Waoy = ——5—5—1ér X .
av 327r2r2c | r p0|

Again, ¢, is the dimensionless unit vector pointing from the center of the sphere
to the point on the sphere where the energy flux is being evaluated. An integration
over the surface of the sphere shows that Wa(i,m), the total and time-averaged radiant
energy per unit time emitted by a sinusoidally oscillating dipole, is
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The values of [, ko, and IT come from Table 4.2. When these equatlons are writ-
ten in the rationalized mks system, Table 4.3(a) shows that H and [i i = o should
be given the prefix “f” to match the rationalized mks notation used in the pre-
vious chapters; and when they are written in the Heaviside-Lorentz system, Ta-
ble 4.3(b) shows that p, po, E, B, and H should be given the prefix “A” to match
the Heaviside-Lorentz notation used in the previous chapters.

4.2.60 CURRENT-LOOP MAGNETIC DIPOLE RADIATING IN A VACUUM

When a current-loop magnetic dipole m; changes its magnitude or direction over
time 7, it emits electromagnetic radiation. The electromagnetic radiation is evalu-
ated at a field point that is a distance r from 7. Distance r is much larger than the
wavelength A of the emitted radiation, and A is itself much larger than the dipole’s
characteristic length. The electric field E of the radiation coming from the dipole
is given by

-

b
evaluated at the retarded
time t/=t—(r/c)

Mkot . d*my
Lo RS,
at time ¢ dTer dt2

where c is the speed of light and ¢, is the dimensionless unit vector pointing from
the dipole to the field point. At that same field point, the magnetic field H of the
radiation coming from the dipole is

- n . . d’my
H|attimet:4nc2r er X\ er X dt2

and the magnetic induction field B is, at that field point,

- o, . d*my
Battimez‘_4n62r er X\ erXx dt2

These two formulas for the H and B fields have the same right-hand sides in elec-
tromagnetic systems where 1t = 1. This just shows how, when & = 1, the H and
B fields become identical in empty space (see Sections 4.2.27 and 4.2.28). If the
dipole, with a characteristic length that is much smaller than A, is regarded as being
at the center of a large sphere of radius », where r is much larger than A, then the
electromagnetic energy flux W leaving the sphere at any point on the sphere and at
any time ¢ is
|

9
evaluated at the retarded
time t/=t—(r/c)

evaluated at the retarded
time t/=t—(r/c)

>
. d*my

d t 2 evaluated at the retarded
time t/=t—(r/c)

_ 7
at time 1 16n2r203
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Here, W has units of energy per unit time per unit area of the sphere, and ¢, is
the dimensionless unit vector pointing from the center of the sphere to the point on
the sphere where W is being evaluated. We can represent a sinusoidally oscillating
dipole by

my(t) = mgsin(wt),

with vector mg the amplitude of the oscillation and @ its angular frequency in
radians per unit time. Now, at any point on the sphere, the time-averaged energy
flux W,, leaving the sphere is
Hw* i
Wap = === &, x o>
av 327’[21"26'3 | r 0|

In this formula, ¢, is again the dimensionless unit vector pointing from the center
of the sphere to the point on the sphere where the energy flux is being evaluated.
Integrating over the surface of the sphere, we find that ch,m), the total and time-
averaged radiant energy per unit time emitted by a sinusoidally oscillating dipole,
is

The free-parameter values i, ko, and IT come from Table 4.2. When we write these
equations in the rationalized mks system, Table 4.3(a) shows that H and it = o
should be given the prefix “f” to match the rationalized mks notation used in
the previous chapters; and when we write them in the Heaviside-Lorentz system,
Table 4.3(b) shows that 1, mg, E, B, and H should be given the prefix “A” to
match the Heaviside-Lorentz notation used in the previous chapters.

4.3 UNDERSTANDING THE SUBSTITUTION TABLES

Before using the free-parameter method to transform an expression from one elec-
tromagnetic system to another, we must locate the expression in the previous sec-
tion’s list of equations and formulas—and if we cannot locate it, we must derive
it from others that we can. Always there is a location step, perhaps even a deriva-
tion step, before the electromagnetic expression is transformed. Substitution ta-
bles avoid this inefficiency by working directly with the electromagnetic variables
themselves. When using a substitution table, we only need to identify what phys-
ical quantity each variable represents—for example, this is the electric field, this
is the charge, this is the magnetomotive force, etc.—rather than match the electro-
magnetic expression as a whole to a predetermined list of equations and formulas.

There is nothing particularly subtle about the way substitution tables work. We
know from the work done in previous chapters that the transformation of physical
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quantities from one electromagnetic system to another can always, even when ra-
tionalization is involved, be represented by a multiplicative constant. As a reminder
of how this works, we consider the transformation of a magnetic field H from the
rationalized mks system to unrationalized Gaussian units. Following the notation
of Section 3.8, we can write in rationalized mks that

magnetic field in rationalized mks = meks@, (4.12a)
m

where ¢ Hys is the numeric part of the magnetic field in rationalized mks, and
amp/m are the units of the magnetic field in rationalized mks. Similarly, according
to Section 3.2, we can write in Gaussian units that

. . . . abamp
magnetic field in Gaussian units = Hgg , (4.12b)
cm

with Hg the numeric part of the magnetic field in Gaussian units and abamp/cm =
oersted the corresponding magnetic-field units (see Table 3.1). The numeric parts
fHmks and Hgg of the magnetic field are numbers representing the magnetic field
measurements coming from instruments calibrated in the rationalized mks and
Gaussian systems respectively. If the strength of the magnetic field doubles, § Hpys
and Hgs must both double; if the strength of the magnetic field triples, ¢ Hmks and
Hgs must both triple; and so on. This means the ratio of these two numbers must
be another number which always has the same value,

meks
Hygg

= constant.

The units amp, abamp, m, and cm are unchanging physical quantities, which makes
any product or ratio involving them also an unchanging physical quantity. Conse-
quently, the ratio

magnetic field in rationalized mks amp abamp
B . . . =\rf Hinks H gs
magnetic field in Gaussian units m cm

is an unchanging physical quantity. We call this ratio 7y and write
amp abamp
m cm

abamp amp
Hygg Ty = fHpgs—. (4.13a)
cm m

or

Using the methods of Chapters 2 and 3 to solve for Ty, we get

() (%) (&)
Th=|——)-|— ) .
Hgg m abamp
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From Table 3.17, we see that
fHoks  10°
Hy, 4’

and from Table 2.3 and Table 3.8, we get

cm amp \ (cm coul sec _coul-cml/2
m abamp/) \ m sec gm!/2cm!/2 ) gm!/2.m °

Hence, we can write

Ty — 10° /coul®-cm _ 106 /coul®-10~2m B 107 coul?
=V @m)2Uem-m?2 ) V@02 103kg - m2 )~ | @n)lkg-m’

Since (kg - m)/ coul® = henry/m, we see that, according to Eq. (3.36¢),

1
Ty = | ——.
17\ @m)2uo

This can also be written as (see Table 3.14)

1
Ty = . (4.13b)
Ao

We note that, as expected, Ty is not a dimensionless number but instead a dimen-
sional physical quantity having the units ,/m/henry.

The reasoning applied to find Ty can always be used to construct a constant for
the transformation of a physical quantity from one electromagnetic system to an-
other. The transformation constant, for example, which takes electric charge from
Gaussian units to the rationalized mks system, satisfies the equation (see Tables 3.1
and 3.9)

(Qgsstatcoul) Tp = Qmkscoul (4.14a)

To— Omks coul
e= Qgs statcoul /~

According to Table 2.3 and Table 3.17, this can be written as

T, — 10 coul - sec . 102 coul? sec?
©7 o \gmZem®2 ) T\ 2 ' \103kg - 102m) \em? )’

or
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Since ccgs - (cm/sec) = ¢, the speed of light, this becomes

107/ coul? 1 [4rn
To=\l—"%" =—/—, (4.14b)
2 \kg-m c\ fro
where in the last step we have again used (kg - m)/ coul? = henry/m, Eq. (3.36¢)

and Table 3.14 to simplify the left-hand side of the formula. Equation (3.49¢) shows
that T can also be written as

TQ = ,/47Tf8(). (4.140)

Since Ty in Egs. (4.14b,c) is not the same transformation constant as Ty in
Eq. (4.13b), this second example shows that we can expect to find different trans-
formation constants for different electromagnetic physical quantities.

Having found T for taking the electric charge from Gaussian units to the ra-
tionalized mks system, we can now, whenever we see Q in a rationalized mks
equation, replace Q by (T - Q) and start regarding Q as being in Gaussian units.
The reason this works is easy to see: the charge Q in the original formula stands
for

Omkscoul,

and having replaced this by (T - Q), with the new Q in Gaussian units standing
for

Qgsstatcoul,
we know from the way Ty behaves in Eq. (4.14a) that
To - Q =Ty - (Qgsstatcoul) = Qnmkscoul.

Consequently, each “slot” for the electric charge in the original formula still con-
tains

Omkscoul,

which means the equation must still hold true. If there is also a slot in the origi-
nal formula for the magnetic field, we can, using the rationalized mks notation of
Section 3.8, replace s H everywhere by (T - H), with H taken to be the magnetic
field in Gaussian units. According to Eq. (4.13a), all the magnetic-field slots still
hold

amp
f Hpys—,
m

which means the equation again remains true.
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We can clearly extend this reasoning to all of the electromagnetic physical
quantities in the rationalized mks formula. For each electromagnetic physical quan-
tity Y, we find the transformation constant 7y taking Y from the Gaussian units
to rationalized mks system. We then replace every Y in the original formula by
(Ty - Y), with Y now being thought of as the same physical quantity in Gaussian
units. Just as was the case for the magnetic field and electric charge, each Y-slot
still contains the appropriate rationalized mks quantity, which means the equation
remains true even though each Y variable is now regarded as being in Gaussian
units. Since both the original equation and the transformed equation state a rela-
tionship between the same groups of physical variables—that is, the transformation
does not change an electric field into a magnetic field, or a resistance into an in-
ductance, etc.—the transformed equation ought to be the Gaussian counterpart,
possibly in disguised form, of the rationalized mks equation. This same logic ob-
viously applies to any equation or formula for which we know all the Ty values. In
fact, it applies to any transformation of physical quantities Y from one electromag-
netic system to another that can be represented by a multiplicative constant 7Ty;
that is, it applies to all the electromagnetic transformations discussed in this book.
Consequently, extending the list of ¥ and Ty to the entire set of physical quanti-
ties and electromagnetic systems discussed in the previous chapters prepares us to
transform an enormous range of equations and formulas from one electromagnetic
system to another. In practice, what we have done, as shown in the Appendix to
this chapter, is to list substitution tables of (Ty - Y) versus Y for going back and
forth between all six electromagnetic systems listed in Table 4.2.

4.4 USING THE SUBSTITUTION TABLES

Substitution Tables 4.4(a)—(b) through 4.18(a)—(b) follow the same prefix conven-
tions used in the previous chapters for the rationalized mks and Heaviside-Lorentz
systems. These “f” and “h” prefixes, however, do not play a crucial role in the
procedures described below. If, following the notation of almost all other authors,
we omit the “ f” and “h” prefixes, the substitution tables can still be used without
any problems. In other words, the reader can mentally block out all the “ f” and
“h” prefixes, ignoring their presence both in the equations being transformed and
in the substitution tables, and still get the right answers.

For the first example of how to use substitution tables, we convert the Lorentz
force law in the rationalized mks system,

F=QE+0(3 x B), (4.152)

into Gaussian units. Here, E is the electric field experienced by a point charge Q
moving at a velocity v in a magnetic induction field B. From Table 4.4(a), we see
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that
g ,‘
E—E-c /
and
B—B-|
4

Putting the specified replacements into Eq. (4.15a) gives
- 4 - 4 . -
P (2 _,,)(E /f_/w) N (2 _ﬂ)[ y (B f_ﬂo>]
c\ rio 4 c\ rro 4

- -

ﬁ:QE+EQ@xBy (4.15b)

or

Checking back to Section 4.2.29, we see that this is the correct answer. There is of-
ten, as seen here, a large amount of “cancelling out” after making the replacements
specified by the substitution tables.

The substitution tables can be applied to any electromagnetic equation, not just
the formulas of classical electromagnetism that can be derived from Maxwell’s
equations and the Lorentz force law. From quantum field theory we have the for-
mula for the dimensionless fine-structure constant in Gaussian units,

o=—, (4.16a)

where e is the charge on an electron in statcoul, £ is Planck’s constant divided by
2m, and c is the speed of light. Table 4.4(b) in the Appendix shows that charge
transforms as

fHoO

=0 4’

when going from Gaussian units to the rationalized mks system, so in rationalized

mks
( [ £i40 )2
e-c |— 2
4 _ecrpo

fic  Axh

o=
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or, using the formula rgq ruo = 2 [see Eq. (3.49¢)] to replace ruq by reo,

22

= 4.16b
* 47Tf80ﬁc ( )

In this rationalized mks formula, e is now the electron charge in coul.

Although we said at the beginning of this section that the substitution tables
in the Appendix give the correct answer even when their “ f” and “h” prefixes
are ignored, this is true only as long as we do not examine what happens when
transforming the same formula into different electromagnetic systems. Suppose,
for example, Table 4.12(a) in the Appendix is now used to transform Eq. (4.16a)
into the unrationalized mks system. We get

Y (ec/10)*  e*cpo
ke R

In unrationalized mks pogg = ¢ 2 [see Eq. (3.49¢)], so the formula for the fine-
structure constant can also be written as

e2

o=

= . 4.16
goh ¢ ( 2

Again, e is the electron charge in coul. When Eq. (4.16b) is compared to
Eq. (4.16¢), we see that ignoring the prefix ““ f” on &g invites us to write

e’ e?

4mephc - gohc’

On both sides of this “equation,” e is the electron charge in coul. Consequently,
if we are so unwise as to forget that &g on the left-hand side is the permittivity of
free space in the rationalized mks system whereas g on the right-hand side is the
permittivity of free space in the unrationalized mks system, we might cancel out &g
on both sides to get

1 -
—=1.
47
Paying attention to the prefix “ f” protects us from this obviously incorrect result;
now when we write

e’ e’

4m reoh ¢ - ol ¢
we end up with the correct formula,

&0
&0 =—,
f 4
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which relates the two values of the permittivity of free space in the rationalized and
unrationalized mks systems.

Another example of how the prefixes in the substitution tables can be helpful
occurs when Table 4.9(a) in the Appendix is used to convert formula (4.16a) to the
Heaviside-Lorentz system. For the charge conversion we have

Q.
Jax’

which suggests that Eq. (4.16a) in the Heaviside-Lorentz system should be written
as

0 —

he 1 (pe)?

a= —= .

AT hc 4dmhce

Here, the prefix “A” reminds us that ;e is now the electron charge in the Heaviside-

Lorentz system, which is larger by a factor of /4w than the electron charge

in Gaussian units because charge is a physical quantity that is rescaled by a

factor of +/4m when going from the Gaussian to the Heaviside-Lorentz system
(see Section 3.3). Ignoring the “h” prefix leads us to write

e2

o =
dmh c

as the formula for the fine-structure constant in the Heaviside-Lorentz system. This
formula is, of course, correct; but without the “A” prefix it invites us to overlook
that “e” is now the electron charge in the Heaviside-Lorentz system of rescaled
electromagnetic physical quantities rather than the electron charge in Gaussian
units. In both the Gaussian and Heaviside-Lorentz systems, the electron charge
has the same units, making it easy to forget that the numeric part of the electron
charge is not the same.

The formula for the strength H of a magnetic field at a distance r from a long
wire carrying a current / is

21
H="— (4.17a)
r

in esu units [see Eq. (2.6) or Section 4.2.47). Using Table 4.16(a) in the Appendix
to convert to emu units gives

2cl 21
) o g2 (4.17b)
r

(cH) =

Here the formula remains unchanged because the transformation constants cancel
out. Using Table 4.17(a) to go from esu units to the unrationalized mks system
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gives
2(1 - cy/1o)
URNTEESS
21 .
or H = — again. “4.17¢)
r

We see that twice now a complicated set of transformation constants have cancelled
out, leaving the formula unchanged. In this particular case, the equation changes
form when Table 4.10(b) is used to transform Eq. (4.17a) to Gaussian units, giving

21 . . 21
(cH) = — which can be written as H = —; 4.17d)
r rc

or when Table 4.13(b) is used to transform to the Heaviside-Lorentz system, giving
2(nl/V4
(th« /47-[) - M’
r

which can be written as

nl
nH = Tare (4.17e)

or when Table 4.6(b) is used to transform to rationalized mks, giving

rH (/47 o) = %

r

’

which can be written as

1
H=—. 4.17
f 2nr ( D
It is easy to show that the substitution tables handle Maxwell’s equations cor-
rectly. Starting off with the Heaviside-Lorentz version of these equations in empty
space, with , E the electric field, , B the magnetic induction, 0o the volume

charge density, 5, J the volume current density, and ¢ the speed of light, we have

VwE =npo. (4.18a)
V.,B=0, (4.18b)
- lahé

V x yE + -—= =0, (4.18¢)
C



TwO STANDARD SHORTCUTS USED TO TRANSFORM ELECTROMAGNETIC EQUATIONS 283

- 1 - 19,E
VxpB=—pJ +-——. (4.18d)
c c 0t

Table 4.5(b) can be used to convert to the rationalized mks system, giving

- E
v. — - ,
<C«/f%> po - (c/f1r0)

which simplifies to

V- E=(c*10)pg; (4.19)
> B
(B
710
which simplifies to
V.B=0; (4.19b)
() ()
V x +—— =0
c/rio/ ¢t \ /rio
which simplifies to
- - 9B
VxE+—=0; (4.19¢)
ot
and
v (E) J-(cy )+18< E)
X =—J-(c/7H0) + — =
NI f ar \ c./f ko
which simplifies to
- 10E
(4.194d)

V x B= o + ——.
FHo c2 ot

The relationship fuoreo = ¢~2 from Eq. (3.49¢) can be used to put Egs. (4.19a)

and (4.19d) into the form

V-E=re;'po (4.19%)
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and

VxB=ruoJ + f,u()fé‘o%—f, (4.191)
which is perhaps the more conventional way to write these equations in the ratio-
nalized mks system. Note that the Egs. (4.19a) and (4.19d) coming directly from
the substitution table are not wrong; they are just written in an unconventional
manner.

Table 4.9b shows how to put Egs. (4.18a—d) into Gaussian units,

. ([ E
=) = o/
v (M) (oo /am).

which simplifies to

V. E=4mpg; (4.20a)
7 (757)
(——)=0,
4
which simplifies to
V.B=0; (4.20Db)

which simplifies to

VXE+-——=0: (4.20¢)

and

which simplifies to

(4.20d)
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To put Egs. (4.18a—d) into esu units, we consult Table 4.13(a) to get

which simplifies to

V- E =4mpo; (4.21a)
72 ()]-0
)]
which simplifies to
V.B=0: (4.21b)

which simplifies to

VxE+—=0; 421
x E+ o7 ( c)
and
> > c 10 E
Vx|B ——J-<~/4n>+——(—),
[ <v4n>] c ot \Vax
which simplifies to
| . JE
VxB=—\4nJ +— ). (4.214d)
c? ot

The free-parameter formulas in Section 4.2.56 above show that Eqs. (4.20a—d)
and (4.21a—d) are the correct version of Maxwell’s equations for empty space in
Gaussian and esu units.

Table 4.14(a) shows how to convert Egs. (4.18a—d) to emu units, giving

%-( = )=pQ(c~/4G>,

cam
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which simplifies to

V. E =41c?py; (4.22a)
(7%)
o — 0,
4
which simplifies to
V.B=0; (4.22b)
HESEHEAS
X -—— =0,
cA4m c Jt 47
which simplifies to
- - 0B
VxE+—=0; (4.22¢)
ot
and
- B 1, - E
(—)z—(]~c«/4n)+——< )
Jar c c 0t \ c/4m
which simplifies to
> o - 193E
VxB=4nJ +—S5—. (4.22d)
c- ot

2

Equation (2.12b) states that the permittivity of free space is g = ¢~ “ in emu units,

which means that Egs. (4.22a) and (4.22d) can also be written as

. . 4
V.E= 1P (4.22¢)
€0
and
.. - JE
VxB=4nJ +80¥. (4.22f)

To get Maxwell’s equations for empty space in the unrationalized mks system, we
apply Table 4.15(a) in the Appendix to Egs. (4.18a—d) to get

. E
V'MTW) = poley/am o).
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which simplifies to

V- E =47 noc*po: (4.23a)

- B
V.| —)=0,
<v47T Mo)
which simplifies to

V.B=0; (4.23b)

which simplifies to
VxE+— =0; (4.23¢)

and

. B 1, - 19 E
V x =—(J -c/dr o)+ ——| — ),
(«/471,u0) c( MO) c ot (ca/4n,uo)

which simplifies to

Vx B=dmpuo] +—— (4.23d)
cc ot

Again we can put the first and last equations, (4.23a) and (4.23d), into a more
conventional form, this time using pogo = ¢~ from Eq. (3.49), to get

. - 4
V.E= P2 (4.23¢)
£0
and
.. . 9E
V x B=4muoJ + MOEOE' (4.23f1)

All electromagnetic equations have the same form in the esuq and emuq units
introduced in Chapter 2 as they do in the unrationalized mks system, so Egs.
(4.23a—f) can also be thought of as Maxwell’s equations for empty space in the
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esuq and emuq systems of units. Any substitution table in the Appendix that is la-
beled as transforming equations to or from the unrationalized mks system can also
be regarded as transforming equations to or from the esuq and emuq systems of
units.

Substitution tables require an intelligent understanding of the physical quanti-
ties involved, especially when working with magnetic fields or magnetic dipoles.
The formula for the magnetic induction field B radiated by a magnetic dipole in
empty space is, for example, in Gaussian units,

é 1 ~ ~ d2,,711
at time t C.Z_r ér X er X dtz

Here, r is the distance from the current-loop magnetic dipole 72, to the field point,
¢, is the dimensionless unit vector pointing from the magnetic dipole to the field
point, and c is the speed of light. Now, as explained in Section 4.2.13, a current-
loop magnetic dipole is the same thing as a permanent-magnet dipole when work-
ing in Gaussian units; and, as explained in Section 4.2.27 or 4.2.28, the magnetic
field and magnetic-induction field are the same in empty space when working in
Gaussian units. Hence, when the reader comes across Eq. (4.24a) in some textbook
using Gaussian units, it is likely to be written as either

, 1. . d’m
B|attimet:CTr ér X\ ér X dtZ

(4.24a)

evaluated at the retarded
time t'=t—(r/c)

evaluated at the retarded
time t'=t—(r/c)

or

9
evaluated at the retarded
time t/=t—(r/c)

q 1 (. . d’m

H|a[ﬁmer = ;{er X (er X ﬁ)}
with no distinction being made between B and H in empty space. Before this sort
of equation can be converted to an electromagnetic system that makes these dis-
tinctions, such as the rationalized mks system, we must decide whether 7 should
be thought of as a current-loop magnetic dipole 72; or as a permanent-magnet di-
pole m g, and whether the field in empty space should be thought of as a B field
oran H field. As is pointed out in the discussion following Eq. (2.68d), all we are
really deciding is whether to represent the relationship between the physical quan-
tities B, H,m;, mpy interms of B and m;, H and m;, B and my, or H and mpy in
the new electromagnetic system.

The choice between m1; and m g is relatively easy; almost all textbooks written
in the last 50 years use n1; exclusively to represent their magnetic dipoles, so that is
the choice made now. It is also conventional to choose H to represent the magnetic
component of a radiating electromagnetic field, because it makes the end result
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slightly simpler; so that is also the choice made now. Hence, instead of Eq. (4.24a),

we write
i 1 (. . d*my
at time 1 czr ér X\ ér X dt2

in Gaussian units. Table 4.4(b) shows how to convert this to the rationalized mks

system to get
l . . d* (. £ 10
aimer — o2, |6 | X g2\ 4

1. . d’my
H attimet:4ﬂ-62r er X\ érx dtz

Table 4.10(a) shows how to convert this to esu units, another electromagnetic sys-
tem which always preserves the distinction between m, my and between B, H:

o 1, . dr 1

- = —16 X | X —|—m

¢ at time ¢ Czr ' ’ dtz ¢ !

— 1 ~ ~ dzr;:l]
H|al time 1 E er X er X dt2

This is the same form as Eq. (4.24b). The final system represented in these tables
that always preserves the distinction between mi;, my and between B H is the
unrationalized mks system. Table 4.12(a) shows that in this system, Eq. (4.24b)
becomes

(4.24b)

evaluated at the retarded
time t/=t—(r/c)

fH1/47Tf/L0

evaluated at the retarded
time t'=t—(r/c)

or

f (4.24¢)

evaluated at the retarded
time t/=t—(r/c)

evaluated at the retarded
time t/=t—(r/c)

or

(4.24d)

evaluated at the retarded
time t/=t—(r/c)

e -l o (o)

evaluated at the retarded
time t/=t—(r/c)

or

(4.24¢)

1, . d’my
Hattimet_CZ_r er X | er X d[2

This also ends up having the same form as Eq. (4.24b).

evaluated at the retarded
time t/=t—(r/c)
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If we choose to work with Eq. (4.24a) instead of replacing B with H to get
Eq. (4.24b), then Tables 4.4(b), 4.10(a), and 4.12(a) would give us

2 -
- Ko | . L dimp
Bl =A% (e x (4.252)
at time 7 47 021‘ dt 2 evaluated at the retarded
time t/=t—(r/c)
for its rationalized mks counterpart,
- 1 (. . d*my
Bl =—1¢ x|e x (4.25b)
at time ¢ C4 r dt2 evaluated at the retarded
time '=t—(r/c)
for its esu counterpart, and
2 —
- Mo | . dimg
Bl = —1e x|e x (4.25¢)
at time ¢ czr d[2 evaluated at the retarded

time t/=t—(r/c)

for its unrationalized mks counterpart. In the rationalized mks system
fﬁ =B/ f 1o,
in esu units*
H=cB,
and in the unrationalized mks system
H = B/uo.

These three formulas can be plugged into Egs. (4.24c, d, e) to get Egs. (4.25a, b, ¢)
directly, showing that we can change back and forth between B and H without
consulting the substitution tables.

One last point worth making is that when we convert from esu units to the unra-
tionalized mks system in Table 4.17(a), the parameter (¢ in esu units has a different
meaning from the parameter p( in the unrationalized mks system. In esu units, pq
is really just another name for ¢ 2, as explained in Eq. (2.11b). Consequently, we
can write the relationship between H and B in esu units as

- B -
H:——47TM]
2]

* The esu relationship between H and B can also be written as H = B /1o in empty space because
no = ¢~2 in esu units—see Eq. (2.11b).
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instead of as
H=c’B—4n M.

Applying Table 4.17(a) to either of these equations now gives

-

i - (e /D) = 2<L) — 4n My - (e/TD),

¢/ 1o

which reduces to the same relationship between H and B in the unrationalized mks
system, namely

-

- B -
H=——47TM].
Mo

The instruction in Table 4.17(a) to replace 1o by ¢~2 should not be applied to this
final result; we are only allowed to substitute once for ©o when converting from
esu units to the unrationalized mks system. After we have substituted once for all
the wo’s in the original equation, the wg’s in the final unrationalized mks equation
should be left alone because they stand for 10~ ’henry/m, not ¢ 2.

4.5 PROBLEMS WITH THE FREE-PARAMETER METHOD AND
SUBSTITUTION TABLES

Free-parameter methods and substitution tables work best when used by people
who understand what it means to recognize—or not recognize—charge as a sepa-
rate dimension. Consider, for example, the electromagnetic equation

1
0 = —
FHOFEO 2

in the rationalized mks system. In rationalized mks, both reg and ¢ are physical
quantities with units of farad/m and henry/m, respectively, but nowhere in Section
4.2 is there a free-parameter equation or formula resembling it. Deciding next to
try the substitution tables, we use Table 4.4(a) in the Appendix to convert it to
Gaussian units, getting

o+ (rioc?) ™ = 2 O 5=

The same thing happens when Table 4.5(a) is used to convert to the Heaviside-
Lorentz system, or when Tables 4.6(a) and 4.7(a) are used to convert to esu and emu
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units, respectively. Only when the equation is transformed to the unrationalized
mks system is it preserved; Table 4.8(a) shows that it then becomes

(4 ) &0 1 1
T c{l— )=— oOr 0= —.
Mo A7 C2 H0€0 C2

The reason things go wrong in the Gaussian, Heaviside-Lorentz, esu, and emu
systems is that in these systems, charge is not recognized as a separate dimension—
therefore no counterpart equation exists. The unrationalized mks system, on the
other hand, imitates the rationalized mks system in recognizing charge as a separate
dimension; consequently, in the unrationalized mks system there is a counterpart
formula.

The only practical way to avoid conundrums of this sort is to understand the ma-
terial in Chapters 1 through 3 well enough to see why not all electromagnetic equa-
tions have counterparts in every electromagnetic system discussed in this book.
Equations that do not have counterparts in all the electromagnetic systems are very
difficult to set up as sensible free-parameter expressions; and when transformed us-
ing substitution tables, they tend to end up as nonsense expressions like ¢ 2 = ¢ 2.
Naive users should approach free-parameter lists and substitution tables cautiously
until they become familiar with the basic rules for transforming electromagnetic
equations and formulas.

APPENDIX. SUBSTITUTION TABLES FOR THE RATIONALIZED MKS
SYSTEM (ALSO CALLED Sl UNITS), GAUSSIAN CGS UNITS, THE
HEAVISIDE-LORENTZ CGS SYSTEM, ESU UNITS, EMU UNITS, AND
THE UNRATIONALIZED MKS SYSTEM

This Appendix contains 30 substitution tables, which can be used to transform
electromagnetic equations into any of the electromagnetic systems described in this
book. If a table whose name ends in “a” gives the transformation from the “X’ elec-
tromagnetic system to the “Y” electromagnetic system, then the table immediately
following it whose name ends in “b” gives the reverse transformation, describing
how to transform from the “Y” electromagnetic system to the “X” electromag-
netic system. For example, since Table 4.9(a) transforms equations from Gaussian
cgs units to the Heaviside-Lorentz cgs system, Table 4.9(b) must transform equa-
tions from the Heaviside-Lorentz cgs system to Gaussian cgs units. Similarly, since
Table 4.18(b) transforms equations from the unrationalized mks system to emu
units, Table 4.18(a) must transform equations from emu units to the unrationalized
mks system. The substitution information for the rationalized mks system (or SI
units) comes first, covered in Tables 4.4(a)—(b) to 4.8(a)—(b). Tables 4.9(a)—(b) to
4.12(a)—(b) for the Gaussian transformations come next. Since the transformation
between Gaussian cgs units and the rationalized mks system has already been de-
scribed in the first set of tables, there are two fewer tables than before. Next are
Tables 4.13(a)—(b) to 4.15(a)—(b) for Heaviside-Lorentz transformations, followed
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by Tables 4.16(a)—(b) to 4.18(a)—(b) for the remaining esu, emu, and unrationalized
mks transformations. According to the discussion at the beginning of Section 3.6,
all electromagnetic equations have the same form in the esuq and emuq units of
Chapter 2 as they do in the unrationalized mks system. This means that all tables in
this appendix showing how to transform equations to and from the unrationalized
mks system also show how to transform equations to and from the esuq and emuq
systems of units.
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Table 4.4(a) To go from the rationalized mks system (also called Sl units) to

Gaussian cgs units.

magnetic vector potential A

magnetic permeability ru

Replace Aby A,/ o/ (4m) Replace ¢ by iy - fing
magnetic induction B relative magnetic permeability pi,
Replace B by B,/ f o/ (47) Leave ., alone

capacitance C

Replace C by (4ﬂC)/(fMOC2)

magnetic permeability of free space f g

Leave ¢ alone

electric displacement y D

Replace ¢ D by D/(c,/47 f10)

magnetic pole strength rpgy
Replace spy by pp /47 r10o

electric field E

Replace E by cE./ fuo/(4m)

electric dipole moment p

Replace p by pc='\/(4m)/ 1o

dielectric constant fe

Replace ge by e /(f uocz)

electric dipole density P

Replace P by Pc! /(47)/ Fieo

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace ;P by P - s

permittivity of free space ré&g

Replace feg by (fuocz)*1

charge Q
Replace QO by Qcilx/(47f)/fﬂo

magnetomotive force ¢ F

Replace ¢ F by F/. /A 1

resistance R

Replace R by (proCZR)/(“'TF)

magnetic flux & p

Replace ©p by ®p./r o/ (4m)

reluctance fR

Replace R by R/ 10

conductance G

Replace G by (4HG)/(fM002)

volume charge density pg

Replace pg by pgc™! V@) / fio

magnetic field f H
Replace ¢ H by H/,/4m f 1

resistivity pg

Replace pg by (y1uoc*pg)/(4m)

current /

Replace I by 10711/(4ﬂ)/fli0

elastance S

Replace S by (f-uoczS)/(4ﬂ)

volume current density J

Replace J by Jc=! @)/ fro

surface charge density S¢
Replace S by SQc_l‘/(4n)/f;40

surface current density Jg

Replace Js by Jsc_l\/(4ﬂ)/flt0

conductivity o

Replace o by (4NU)/(fMOCZ)

inductance L

Replace L by (fuoch)/(47T)

electric potential V

Replace V by cV ./ ruo/(4r)

permanent-magnet dipole moment ¢m g

Replace ympy by mp /47 1o

magnetic scalar potential rQp

Replace Qp by Qp /. /47 ring

current-loop magnetic dipole moment m

Replace m; by m; /(47)/ f 110

electric susceptibility £ xe

Replace ¢y by 47 xe

permanent-magnet dipole density My

Replace ¢ My by My /47 £ v

magnetic susceptibility 7 xm

Replace ¢ xm by 47 xm

current-loop magnetic dipole density M;

Replace My by M;,/(47)/ r 110
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Table 4.4(b) To go from Gaussian cgs units to the rationalized mks system (also

called Sl units).

magnetic vector potential A

Replace Aby A,/(47)/ f o

relative magnetic permeability 1

Leave 1, alone

magnetic induction B

Replace B by B./(47)/ f 110

magnetic pole strength p g
Replace py by rpp/\/47 f 1o

capacitance C
Replace C by (f/LocZC)/(‘m)

electric dipole moment p

Replace p by pc./ ¢ 110/ (47)

electric displacement D

Replace D by D - (c,/47 ¢ 10)

electric dipole density P

Replace P by Pc./ruo/(4m)

electric field E
Replace E by Ec! (4m)/ f o

permeance P

Replace P by P/ ro

relative dielectric constant &,

Leave ¢, alone

charge Q

Replace Q by Qc./ uo/(4)

magnetomotive force F
Replace F by ¢ F /47 o

resistance R
Replace R by (47 R)/(fpoc?)

magnetic flux ®p

Replace ®p by ®p./(47)/ o

reluctance R

Replace R by ¢R - ruo

conductance G
Replace G by (;110¢>G)/(4n)

volume charge density pg

Replace pg by poc./ fuo/(4m)

magnetic field H
Replace H by ¢H /47 rug

resistivity pp
Replace pg by (47TPR)/(fM002)

current /

Replace I by Ic./ o/ (4m)

elastance S
Replace S by (47 S)/(f Mocz)

volume current density J

Replace J by Jc,/ fjno/(4m)

surface charge density Sgp

Replace Sg by Sgc,/ o/ (4m)

surface current density Jg

Replace Jg by Jsc,/ fuo/(4m)

conductivity o

Replace o by (f}L()CzG)/(47T)

inductance L
Replace L by (4 L)/(fpoc?)

electric potential V

Replace V by V! @m)/ o

permanent-magnet dipole moment m g7

Replace mp by ympy [ /47 ¢ 100

magnetic scalar potential Qg

Replace Qi by £Qp /47 f1

current-loop magnetic dipole moment

Replace my by my./ ruo/(4m)

electric susceptibility x.

Replace ¢ by fxe/(4m)

permanent-magnet dipole density My

Replace My by My /\/47 ¢ 10

magnetic susceptibility

Replace xm by §xm/(4m)

current-loop magnetic dipole density My

Replace M by My ./ ¢/ (4m)
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Table 4.5(a) To go from the rationalized
Heaviside-Lorentz cgs system.

CHAPTER 4

mks system (also called Sl units) to the

magnetic vector potential A

Replace A by A /7ity

magnetic permeability ru

Replace ¢ by wr - £ii0

magnetic induction B

Replace B by B, /Lo

relative magnetic permeability pi,

Leave ., alone

capacitance C

Replace C by hC/(fuocz)

magnetic permeability of free space f g

Leave ¢ alone

electric displacement y D

Replace D by ,D/(c./FR0)

magnetic pole strength rpgy

Replace rpy by hpH . /F1R0

electric field E
Replace E by Ec /71

electric dipole moment p

Replace p by j p(c./77ip) !

dielectric constant fe

Replace ge by e /(f uocz)

electric dipole density P

Replace P by hP(cm)_]

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace ;P by P - s

permittivity of free space ré&g

Replace feg by (fuocz)*1

charge Q
Replace Q by p, Q(Ca/f/‘vo)il

magnetomotive force ¢ F

Replace ¢F by nF/./fio

resistance R

Replace R by ;R - (f}L()CZ)

magnetic flux & p

Replace g by ,®p /7100

reluctance fR

Replace R by R/ 10

conductance G

Replace G by hG/(f/LOCz)

volume charge density pg

Replace p( by hpQ(CA/fMO)fl

magnetic field f H
Replace ¢ H by yH/./fTk0

resistivity pg

Replace pg by 1o - (f1oc?)

current /

Replace I by hl(c\/m)*l

elastance S

Replace S by 1, S - (fm)cz)

volume current density J

Replace J by hJ(L;/fM-O)_1

surface charge density S¢
Replace S by ,Sg(c /fp,o)_1

surface current density Jg

Replace Js by hjs(ca/fuo)_l

conductivity o

Replace o by ha/(fuocz)

inductance L

Replace L by j, L - (fuocz)

electric potential V

Replace V by , Ve, /fIo

permanent-magnet dipole moment ¢m g

Replace ympy by ympy /710

magnetic scalar potential rQp

Replace Q2 by 12/, /f 0

current-loop magnetic dipole moment m

Replace my by ymy/ /7%

electric susceptibility £ xe

Replace fXe by nxe

permanent-magnet dipole density My

Replace ¢ My by 1My /70

magnetic susceptibility 7 xm

Replace fXm by hxm

current-loop magnetic dipole density M;

Replace M| by M /./7l0
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Table 4.5(b) To go from the Heaviside-Lorentz cgs system to the rationalized mks
system (also called Sl units).

magnetic vector potential , A relative magnetic permeability 1
Replace yAby A/, /ity Leave (1, alone

magnetic induction 5 B magnetic pole strength j, py
Replace , B by B/, /fto Replace ,py by rpu//Fi*0
capacitance ,C electric dipole moment j, p
Replace ;,C by C - (fuocz) Replace ;,p by p - (/7o)
electric displacement ;, D electric dipole density 5, P
Replace , D by ¢D - (c. /) Replace , P by P - (c./f )
electric field , E permeance P

Replace , E by E/(c,/F0) Replace P by ¢P/ruo
relative dielectric constant &, charge , O

Leave ¢, alone Replace ;,Q by O - (c./f ko)
magnetomotive force , F resistance , R

Replace n F by ¢F - /fio Replace ;R by R/(fuocz)
magnetic flux , P p reluctance R

Replace ,®g by /. /70 Replace Rby ¢R - ruo
conductance ;, G volume charge density 00
Replace ;,G by G - (fuocz) Replace ;,pg by pg - (c./f100)
magnetic field , H resistivity , pR

Replace ,H by fH - /5 Replace ,pR by pR/(fu()cz)
current 5,/ elastance ;S

Replace ;1 by I - (c,/7I10) Replace 1, S by S/(f/,cocz)
volume current density ; J surface charge density ,S¢
Replace ,J by J - (c ./F*0) Replace ;,Sg by Sg - (c,/7%0)
surface current density 5, Js conductivity ,o

Replace , Jg by Js - (c,/710) Replace 0 by o - (f,uocz)
inductance j, L electric potential , V

Replace ;, L by L/(qf-uocz) Replace ,V by V /(c./fIk0)
permanent-magnet dipole moment jm g magnetic scalar potential , Q2 g
Replace ymy by rmy /. /o Replace ,Qpy by Qy - /70
current-loop magnetic dipole moment j,m electric susceptibility j, xe
Replace ymy by my - | /ritg Replace ,xe by fxe
permanent-magnet dipole density , M g magnetic susceptibility j, xm
Replace ,Mp by fMpy/ /fito Replace j,xm by ¢ xm
current-loop magnetic dipole density , My

Replace y M| by M; - /rito
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Table 4.6(a) To go from the rationalized

units.

CHAPTER 4

mks system (also called Sl units) to esu

magnetic vector potential A

Replace Aby A - (c,/ruo/(4m))

magnetic permeability ru

Replace ¢ by wr - £ii0

magnetic induction B

Replace B by B - (c\/ fjn0/(4))

relative magnetic permeability pi,

Leave ., alone

capacitance C

Replace C by (471C)/(fll002)

magnetic permeability of free space f g

Leave ¢ alone

electric displacement ¢ D

Replace D by D/(c,/47 f o)

magnetic pole strength rpgy
Replace pp by pr(c,/47 fii0)

electric field E

Replace E by cE [ r 1o/ (4m)

electric dipole moment p

Replace p by pc='\/(4m)/ 1o

dielectric constant s

Replace e by sr/(‘fuocz)

electric dipole density P

Replace P by Pc! /(47)/ Fieo

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace ;P by P - (fuocz)

permittivity of free space &g

Replace feq by (¢ Mocz)*l

charge Q
Replace QO by Qcilx/(47f)/fﬂo

magnetomotive force ¢ F

Replace ¢ F by F/(c,/47 ¢ o)

resistance R

Replace R by (f,uoCZR)/(“'TF)

magnetic flux &g

Replace g by p(c/ fro/(4m))

reluctance fR

Replace R by R/(y1oc?)

conductance G

Replace G by (47 G)/(f/toc2)

volume charge density pg

Replace pg by pgc™! V@) / fio

magnetic field f H
Replace ¢H by H/(c,/4m f10)

resistivity pg

Replace pg by (y1uoc*pg)/(4m)

current /

Replace 1 by I¢~! @)/ rivo

elastance S

Replace S by (f-uoczS)/(4ﬂ)

volume current density J

Replace J by Jc_l1/(4zr)/f,uo

surface charge density S¢
Replace S by SQc_l‘/(4n)/f;40

surface current density Jg

Replace Js by ;750_1\/(47T)/f/i0

conductivity o

Replace o by (4NU)/(fMOCZ)

inductance L

Replace L by (¢ pocL)/(4m)

electric potential V

Replace V by cV ./ ruo/(4r)

permanent-magnet dipole moment ¢m g

Replace ympy by mpy(c\/47 o)

magnetic scalar potential §Q g

Replace ¢Qp by Qg /(c\/47 f100)

current-loop magnetic dipole moment m

Replace m by myc™! (4m)/ £ 1o

electric susceptibility 7 xe

Replace ¢y by 47 xe

permanent-magnet dipole density r My
Replace My by My (c,/4m o)

magnetic susceptibility 7 xm

Replace ¢ xm by 47 xm

current-loop magnetic dipole density M;

Replace M; by Mjc~' [Gm)] g
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Table 4.6(b) To go from esu units to the rationalized mks system (also called Sl

units).

magnetic vector potential A

Replace A by Ac_l\/(47T)/fﬂ0

relative magnetic permeability p,

Leave (1, alone

magnetic induction B

Replace B by Bc_lx/(47T)/fM0

magnetic permeability of free space

Replace 1 by 2

capacitance C

Replace C by (fuoczc)/(‘“T)

magnetic pole strength py
Replace py by rpp/(c\/47 £ o)

electric displacement D

Replace D by D - (c,/47 fiup)

electric dipole moment p

Replace p by pc/ s 1o/ (4m)

electric field E
Replace E by Ec*lw/(4n)/fu0

electric dipole density P

Replace P by Pc,/fug/(4m)

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by _fP/(fMocz)

magnetomotive force F

Replace F by ¢ F - c./4m r g

charge Q

Replace Q by Q- c,/ fuo/(4m)

magnetic flux ¢ g

Replace & g by <I>Bc’1‘/(471)/fllo

resistance R

Replace R by (47 R)/(fMOC2)

conductance G

Replace G by (proCZG)/(“'TF)

reluctance R

Replace R by R - (_/-uocz)

magnetic field H
Replace H by ¢H - c,/47 11

volume charge density pg

Replace pg by poc./rno/(4m)

current /

Replace 1 by Ic,/ fuo/(4m)

resistivity pg

Replace pg by (471,0R)/(f/lOC2)

volume current density J

Replace J by Jc./ o/ (Am)

elastance S

Replace S by (4 S)/(fuocz)

surface current density Jg

Replace Js by Jsc./ f o/ (@)

surface charge density So

Replace Sg by Sgc./f 0/ (4m)

inductance L

Replace L by (4 L)/(poc®)

conductivity o

Replace o by (fMoCZG)/(47T)

permanent-magnet dipole moment m g

Replace my by pmp [(c\/47 o)

electric potential V

Replace V by Vc_lx/(47f)/fl/~0

current-loop magnetic dipole moment 7y

Replace my by my - ¢,/ fuo/(4m)

magnetic scalar potential Qg

Replace Qy by Qp - c\/47 fug

permanent-magnet dipole density Mg

Replace My by My /(c,/47 £110)

electric susceptibility xe

Replace y, by ¢ xe/(4m)

current-loop magnetic dipole density M;

Replace My by M; - ¢,/ o/ (4m)

magnetic susceptibility

Replace xim by ¢ xm/(4)

magnetic permeability
2

Replace 1 by j1rc™
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CHAPTER 4

Table 4.7(a) To go from the rationalized mks system (also called Sl units) to emu

units.

magnetic vector potential A

magnetic permeability ru

Replace Aby A,/ fuo/(4m) Replace ¢ by iy - fing
magnetic induction B relative magnetic permeability pi,
Replace B by B,/ fjio/(47) Leave ., alone

capacitance C

Replace C by (47 C)/ r 1o

magnetic permeability of free space f g

Leave ¢ alone

electric displacement ¢ D

Replace ¢Dby D/,/47 1o

magnetic pole strength rpgy
Replace spy by pp /47 r10o

electric field E

Replace E by E ./ fuo/(4m)

electric dipole moment p

Replace p by p./(47)/ 100

dielectric constant s

Replace e by sr/(‘fuocz)

electric dipole density P

Replace P by P./(47)/ f1n0

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace ;P by P - s

permittivity of free space &g

Replace feq by (¢ Mocz)*l

charge Q

Replace Q by Q./(47)/ o

magnetomotive force ¢ F

Replace ¢F by F/./47 10

resistance R

Replace R by (yuoR)/(4m)

magnetic flux &g

Replace ®p by p./r o/ ()

reluctance fR

Replace R by R/ 10

conductance G

Replace G by (4 G)/ f o

volume charge density pg

Replace pg by pp./(47)/ o

magnetic field f H
Replace ¢H by H/,/47 g

resistivity pg

Replace pg by (r1opr)/(4m)

current / elastance S

Replace 1 by I.,/(470)/ £ 1o Replace S by (1110S)/(47)
volume current density J surface charge density S¢
Replace J by J/(4m)/ f o Replace Sg by So./(4m)/ f o

surface current density Jg

Replace Js by Js./(47)/ f 10

conductivity o

Replace o by (47o)/ 1

inductance L

Replace L by (fuoL)/(4m)

electric potential V

Replace V by V /¢ o/ (47)

permanent-magnet dipole moment ¢m g

Replace ympy by mp /47 g

magnetic scalar potential rQp

Replace Qp by Qp /. /47 ring

current-loop magnetic dipole moment m

Replace my by my./(4m)/ f1v0

electric susceptibility £ xe

Replace ¢y by 47 xe

permanent-magnet dipole density r My
Replace My by My /47 £

magnetic susceptibility 7 xm

Replace ¢ xm by 47 xm

current-loop magnetic dipole density M;

Replace M; by M;,/(47)/ r 110
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Table 4.7(b) To go from emu units to the rationalized mks system (also called Sl
units).

magnetic vector potential A current-loop magnetic dipole density Mj

Replace Aby A, /(47)/ r1n0 Replace M| by M./ fuo/(4m)
magnetic induction B relative magnetic permeability ji,
Replace B by B./(47)/ f 110 Leave 1, alone

capacitance C

Replace C by (£1oC)/(4m)

magnetic pole strength py
Replace pp by rpr/\/47 fio

electric displacement D

electric dipole moment p

Replace D by ;D ./47 r 1o Replace p by p./ruo/(4m)
electric field E electric dipole density P
Replace E by E /(4m)/ r o Replace P by P /s po/(4m)
dielectric constant & permeance P

Replace ¢ by erc 2

Replace P by P/ ruo

relative dielectric constant &,

Leave ¢, alone

charge Q

Replace Q by Q./71o/Gm)

permittivity of free space &g

Replace ¢ by 2

resistance R

Replace R by (47 R)/ f 110

magnetomotive force F

Replace F by ¢ F /47 ¢ 1o

reluctance R

Replace R by R - rig

magnetic flux &g

Replace ®p by ®p./(47)/ 110

volume charge density pg

Replace pp by pp./ 10/ ()

conductance G

Replace G by (fuoG)/(4m)

resistivity pg

Replace pg by (47wpR)/ rito

magnetic field H
Replace H by ¢ H /47 1

elastance S

Replace S by (470S)/ f o

current /

surface charge density Sg

Replace 1 by 1./ r 0/ (4m) Replace S by S/ fuo/(4m)
volume current density J conductivity o
Replace J by J /[ fuo/(4m) Replace o by (r0)/(4m)

surface current density Jg

Replace Js by Js./ o/ (4m)

electric potential V

Replace V by V\/(47)/ f 100

inductance L

Replace L by (4mL)/f o

magnetic scalar potential 2 g

Replace Qp by ¢Qy /47 r g

permanent-magnet dipole moment m g

Replace my by rmpy /. /47 ring

electric susceptibility x.

Replace y. by rx./(4m)

current-loop magnetic dipole moment m

Replace mj by my /¢ o/ (4m)

magnetic susceptibility x;,

Replace xin by fxm/(41)

permanent-magnet dipole density My

Replace My by ¢ My /\/47 £ o
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CHAPTER 4

Table 4.8(a) To go from the rationalized mks system, also called Sl units, to the
unrationalized mks system. (This table also takes us from the rationalized mks
system to the esug and emuq units explained in Chapter 2.)

magnetic vector potential A

Leave A alone

magnetic permeability ru

Replace ¢ by 47

magnetic induction B

Leave B alone

relative magnetic permeability pi,

Leave v, alone

capacitance C

Leave C alone

magnetic permeability of free space f g

Replace ¢ by 47 g

electric displacement ¢ D

Replace ¢ D by D/(4r)

magnetic pole strength ¢ ppy

Replace spy by 4npy

electric field E

Leave E alone

electric dipole moment p

Leave p alone

dielectric constant s

Replace fe by ¢/(47)

electric dipole density P

Leave P alone

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by 4x’P

permittivity of free space fé&

Replace feq by eo/(4m)

charge Q

Leave Q alone

magnetomotive force ¢F

Replace ¢F by F/(4m)

resistance R

Leave R alone

magnetic flux &g

Leave ® g alone

reluctance fR

Replace R by R/(4w)

conductance G

Leave G alone

volume charge density pg

Leave pg alone

magnetic field s H
Replace ¢H by H/(4m)

resistivity pg

Leave pg alone

current /

Leave I alone

elastance S

Leave S alone

volume current density J

Leave J alone

surface charge density S¢

Leave S alone

surface current density Jg

Leave Jg alone

conductivity o

Leave o alone

inductance L

Leave L alone

electric potential V

Leave V alone

permanent-magnet dipole moment ¢m g

Replace ympy by 4mmpy

magnetic scalar potential §Qy

Replace ¢Qp by Qp/(4m)

current-loop magnetic dipole moment m

Leave m| alone

electric susceptibility £ xe

Replace e by 47 xe

permanent-magnet dipole density r My

Replace My by dn My

magnetic susceptibility 7 xm

Replace ¢ xm by 47 xm

current-loop magnetic dipole density M;

Leave M| alone
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Table 4.8(b) To go from the unrationalized mks system to the rationalized mks
system (also called Sl units). (This table also takes us from the esuq and emuq

units explained in Chapter 2 to the rationalized mks system.)

magnetic vector potential A

Leave A alone

magnetic permeability p

Replace (v by £p/(47)

magnetic induction B

Leave B alone

relative magnetic permeability i,

Leave 1, alone

capacitance C

Leave C alone

magnetic permeability of free space 1

Replace o by 7o/ (4m)

electric displacement D

Replace Dby 47 - ¢ D

magnetic pole strength py

Replace py by rpp/(4m)

electric field E

Leave E alone

electric dipole moment p

Leave p alone

dielectric constant &

Replace ¢ by 47 - e

electric dipole density P

Leave P alone

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by ¢P/(4r)

permittivity of free space &

Replace () by 47 - g

charge Q

Leave Q alone

magnetomotive force F

Replace F by 4r - ¢ F

resistance R

Leave R alone

magnetic flux & p

Leave © g alone

reluctance R

Replace R by 47 - R

conductance G

Leave G alone

volume charge density pg

Leave pg alone

magnetic field H
Replace H by 4 - rH

resistivity pp

Leave pg alone

current /

Leave I alone

elastance S

Leave S alone

volume current density J

Leave J alone

surface charge density S¢

Leave Sg alone

surface current density Jg

Leave Js alone

conductivity o

Leave o alone

inductance L

Leave L alone

electric potential V

Leave V alone

permanent-magnet dipole moment m g

Replace my by pmp /(4)

magnetic scalar potential Qg

Replace Qg by 4w - s Qy

current-loop magnetic dipole moment m

Leave m| alone

electric susceptibility x.

Replace y, by ¢ xe/(4m)

permanent-magnet dipole density My

Replace My by My /(4)

magnetic susceptibility x,

Replace xim by ¢ xm/(4)

current-loop magnetic dipole density My

Leave M| alone
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CHAPTER 4

Table 4.9(a) To go from Gaussian cgs units to the Heaviside-Lorentz cgs system.

magnetic vector potential A
Replace A by ,AV4n

relative magnetic permeability 1

Leave 1, alone

magnetic induction B

Replace B by j, B\/4x

magnetic pole strength py
Replace pyg by ,pp /4w

capacitance C
Replace C by ;,C/(4r)

electric dipole moment p
Replace p by ,p/~/4n

electric displacement D
Replace D by j, D\/47

electric dipole density P
Replace P by ,P/~/4m

electric field E
Replace E by ,, E\/4n

permeance P

Leave P alone

relative dielectric constant &,

Leave ¢, alone

charge QO
Replace Q by ,Q/~/4n

magnetomotive force F
Replace F by j F4r

resistanceh R
Replace R by 47 - , R

magnetic flux & p

Replace ®p by ,®p/4n

reluctance R

Leave R alone

conductance G
Replace G by ,G/(47)

volume charge density pg
Replace pg by ,pp /v 47

magnetic field H
Replace H by j, H/4m

resistivity pp
Replace pg by 47 - j,pp

current /

Replace I by ;1 /4w

elastance S

Replace S by 47 - 1, S

volume current density J

Replace J by 1, J /V4r

surface charge density S¢

Replace S by ,Sg /v 4w

surface current density Jg

Replace Js by Js/~ 4w

conductivity o

Replace oby 0 /(47)

inductance L
Replace L by 47 -, L

electric potential V
Replace V by ,V/4n

permanent-magnet dipole moment m g7

Replace myg by ympy /4

magnetic scalar potential Qg

Replace Qg by ;,QyV4r

current-loop magnetic dipole moment m

Replace m by ym; /4w

electric susceptibility x.

Replace y¢ by pxe/(4m)

permanent-magnet dipole density M g

Replace My by Mg/~ 4

magnetic susceptibility x,

Replace xu by j, xm /(47)

current-loop magnetic dipole density My

Replace My by My /47
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Table 4.9(b) To go from the Heaviside-Lorentz cgs system to Gaussian cgs units.

magnetic vector potential , A relative magnetic permeability 1
Replace j, A by A4 Leave (1, alone

magnetic induction ;, B magnetic pole strength , py
Replace ;, B by B//An Replace j,py by py~/4n
capacitance ,C electric dipole moment j, p
Replace ;,C by 47 C Replace j, p by p/4w
electric displacement ;, D electric dipole density ;, P
Replace ;,D by D//An Replace ;, P by P/4w
electric field , E permanence P

Replace , E by E //47 Leave P alone

relative dielectric constant &, charge , O

Leave ¢, alone Replace ,Q by O/4n
magnetomotive force j F resistance , R

Replace , F by F//An Replace R by R/(47)
magnetic flux , g reluctance R

Replace , &g by O /41 Leave R alone
conductance ;G volume charge density 00
Replace ;,G by 47 G Replace j,p by pQ\/G
magnetic field , H resistivity , pR

Replace ;, H by H /At Replace ;,pRr by pr/(47)
current 5, [ elastance ;S

Replace 1 by 147 Replace ;S by S/(4m)
volume current density 5, J surface charge density ,S¢
Replace ;,J by J\/Aw Replace (, S by SQ«/E
surface current density 5, Js conductivity ,o

Replace ;, Ts by Jg/41 Replace 0 by 4no
inductance ;, L electric potential , V
Replace ;L by L/(4r) Replace ,V by V /4w
permanent-magnet dipole moment j,m g magnetic scalar potential , Q2 g
Replace ,my by m /47 Replace , Q0 by Qp /4w
current-loop magnetic dipole moment ,mj electric susceptibility j, xe
Replace ,m| by my~/amw Replace 1, xo by 47 xe
permanent-magnet dipole density , Mg magnetic susceptibility j, xm
Replace , My by My /4w Replace j, xm by 47 xm
current-loop magnetic dipole density , M|

Replace , M| by M /A
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Table 4.10(a) To go from Gaussian cgs units to esu units.

CHAPTER 4

magnetic vector potential A
Replace Abyc- A

relative magnetic permeability 1

Leave 1, alone

magnetic induction B

Replace Bby c - B

magnetic pole strength p g

Replace py by c- py

capacitance C

Leave C alone

electric dipole moment p

Leave p alone

electric displacement D

Leave D alone

electric dipole density P

Leave P alone

Leave s, alone

electric field £ permeance P
Leave E alone Replace P by 2P
relative dielectric constant &, charge Q

Leave Q alone

magnetomotive force F
Replace F by F/c

resistance R

Leave R alone

magnetic flux ®p

Replace ®g by ¢ - dp

reluctance R

Replace R by R/ 2

conductance G

Leave G alone

volume charge density pg

Leave p( alone

magnetic field H
Replace H by H/c

resistivity pp

Leave pg alone

current /

Leave I alone

elastance S

Leave S alone

volume current density J

Leave J alone

surface charge density Sgp

Leave S alone

surface current density Jg

Leave Jg alone

conductivity o

Leave calone

inductance L

Leave L alone

electric potential V

Leave V alone

permanent-magnet dipole moment m g7

Replace my by c-mpg

magnetic scalar potential Qg

Replace Qy by Q/c

current-loop magnetic dipole moment 1

Replace my by my/c

electric susceptibility x.

Leave x. alone

permanent-magnet dipole density M g

Replace Mg by c - Mg

magnetic susceptibility

Leave x;, alone

current-loop magnetic dipole density M

Replace M| by M;/c




TwO STANDARD SHORTCUTS USED TO TRANSFORM ELECTROMAGNETIC EQUATIONS 307

Table 4.10(b) To go from esu units to Gaussian cgs units.

magnetic vector potential A

Replace A by A/c

relative magnetic permeability i,

Leave (1, alone

magnetic induction B

Replace B by B/c

magnetic permeability of free space (g

Replace g by 2

capacitance C

Leave C alone

magnetic pole strength py
Replace py by py/c

electric displacement D

Leave D alone

electric dipole moment p

Leave p alone

electric field E

Leave E alone

electric dipole density P

Leave P alone

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by P/c?

magnetomotive force F
Replace F by F - ¢

charge O

Leave Q alone

magnetic flux ®p

Replace ®p by dp/c

resistance R

Leave R alone

conductance G

Leave G alone

reluctance R

Replace R by R - 2

magnetic field H
Replace Hby H - ¢

volume charge density pg

Leave pg alone

current /

Leave I alone

resistivity pg

Leave pg alone

volume current density J

Leave J alone

elastance S

Leave S alone

surface current density Jg

Leave Jg alone

surface charge density Sg

Leave S alone

inductance L

Leave L alone

conductivity o

Leave o alone

permanent-magnet dipole moment m g

Replace my by my /c

electric potential V

Leave V alone

current-loop magnetic dipole moment m

Replace my by my - ¢

magnetic scalar potential Qg

Replace Qg by Qp - ¢

permanent-magnet dipole density My

Replace Mg by My /c

electric susceptibility x,

Leave x. alone

current-loop magnetic dipole density My
Replace My by M - ¢

magnetic susceptibility

Leave x, alone

magnetic permeability p

Replace 1 by wurc2
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Table 4.11(a) To go from Gaussian cgs units to emu units.

CHAPTER 4

magnetic vector potential A

Leave A alone

relative magnetic permeability 1

Leave 1, alone

magnetic induction B

Leave B alone

magnetic pole strength p g

Leave py alone

capacitance C
Replace C by cc

electric dipole moment p

Replace p by c - p

electric displacement D
Replace D by c- D

electric dipole density P
Replace P by c- P

electric field E
Replace E by E/c

permeance P

Leave P alone

relative dielectric constant &,

Leave s, alone

charge Q
Replace Q by c- Q

magnetomotive force F

Leave F alone

resistance R
Replace R by R /c2

magnetic flux ®p

Leave ® g alone

reluctance R

Leave R alone

conductance G
Replace G by 2G

volume charge density pg

Replace pp by c - pg

magnetic field H

Leave H alone

resistivity pp
Replace pg by ,oR/c2

current /

Replace I by c - 1

elastance S
Replace S by S/ 2

volume current density J

Replace J by c - J

surface charge density Sgp

Replace Sp by c- Sg

surface current density Jg
Replace Js by c - Jg

conductivity o

Replace o by 2o

inductance L
Replace L by L/c?

electric potential V
Replace V by V/c

permanent-magnet dipole moment m g7

Leave myy alone

magnetic scalar potential Qg

Leave Qg alone

current-loop magnetic dipole moment m;

Leave m| alone

electric susceptibility x.

Leave x. alone

permanent-magnet dipole density M g

Leave My alone

magnetic susceptibility

Leave x;, alone

current-loop magnetic dipole density My

Leave M| alone
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Table 4.11(b) To go from emu units to Gaussian cgs units.

magnetic vector potential A

Leave A alone

current-loop magnetic dipole density My

Leave M| alone

magnetic induction B

Leave B alone

relative magnetic permeability .,

Leave 1, alone

capacitance C
Replace C by C/c*

magnetic pole strength pp

Leave py alone

electric displacement D

Replace D by D/c

electric dipole moment p

Replace p by p/c

electric field £
Replace E by E - ¢

electric dipole density P
Replace P by P/c

dielectric constant &

Replace ¢ by &, /c*

permeance P

Leave P alone

relative dielectric constant &,

Leave ¢, alone

charge O
Replace Q by Q/c

permittivity of free space g

Replace ¢ by 2

resistance R

Replace R by ¢*/R

magnetomotive force F

Leave F alone

reluctance R

Leave R alone

magnetic flux ¢ p

Leave ® g alone

volume charge density pg

Replace pg by pg/c

conductance G

Replace G by G /c>

resistivity pg

Replace pg by c2pr

magnetic field H

Leave H alone

elastance S

Replace S by cz/S

current /
Replace I by I /c

surface charge density Sg

Replace S by Sp/c

volume current density J

Replace J by J/c

conductivity o

Replace o by o/ 2

surface current density Jg
Replace Js by Js/c

electric potential V

Replace V by V - ¢

inductance L
Replace L by L - 2

magnetic scalar potential Qg

Leave Qg alone

permanent-magnet dipole moment m g

Leave m g alone

electric susceptibility x,

Leave x. alone

current-loop magnetic dipole moment m;

Leave m| alone

magnetic susceptibility x

Leave x, alone

permanent-magnet dipole density M g

Leave My alone
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CHAPTER 4

Table 4.12(a) To go from Gaussian cgs units to the unrationalized mks system.
(This table also takes us from Gaussian cgs units to the esuq and emuq units

explained in Chapter 2.)

magnetic vector potential A
Replace A by A/. /g

relative magnetic permeability 1

Leave 1, alone

magnetic induction B
Replace B by B/./ig

magnetic pole strength pg
Replace py by pr/\/io

capacitance C

Replace C by (,uocz) -C

electric dipole moment p

Replace p by p - (c/Ix0)

electric displacement D
Replace D by D - (c./ing)

electric dipole density P
Replace P by P - (c./10)

electric field E

permeance P

Leave ¢, alone

Replace E by E/(c./1t0) Replace P by P/
relative dielectric constant &, charge Q

Replace Q by Q - (c/110)

magnetomotive force F
Replace F by F . /1ng

resistance R
Replace R by R/(uocz)

magnetic flux &g
Replace ®p by ®5/./1to

reluctance R

Replace R by R - 1

conductance G
Replace G by (,uocz) -G

volume charge density pg

Replace pg by pg - (c/1n0)

magnetic field H
Replace H by H /119

resistivity pp

Replace pg by pr/(1oc?)

current /

Replace I by I - (c./110)

elastance S

Replace S by S/(MOC2)

volume current density J
Replace J by J - (c./ixp)

surface charge density S
Replace S by Sg - (c /1))

surface current density Js
Replace Js by Js - (c/1t0)

conductivity o

Replace o by (uocz) ¥

inductance L
Replace L by L/(,uocz)

electric potential V
Replace V by V /(c./i1g)

permanent-magnet dipole moment m g7

Replace myg by mpy /. /ixo

magnetic scalar potential Qg

Replace 2y by Q@ /1vo

current-loop magnetic dipole moment m;

Replace mj by my./1ig

electric susceptibility x.

Leave x. alone

permanent-magnet dipole density Mgy
Replace My by My /./ixo

magnetic susceptibility xm,

Leave x;, alone

current-loop magnetic dipole density My

Replace M by M. /ixg
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Table 4.12(b) To go from the unrationalized mks system to Gaussian cgs units.
(This table also takes us from the esuq and emuq units explained in Chapter 2 to

Gaussian cgs units.)

magnetic vector potential A

Replace A by A, /ixg

magnetic permeability p

Replace 1 by 1y - 1o

magnetic induction B

Replace B by B./iig

relative magnetic permeability i,

Leave 1, alone

capacitance C

Replace C by C/(/LOC2)

magnetic permeability of free space 1

Leave 11 alone

electric displacement D

Replace D by D/(c./1to)

magnetic pole strength py

Replace py by py - /o

electric field E
Replace E by E - (c./11g)

electric dipole moment p

Replace p by p/(c./it0)

dielectric constant &

Replace ¢ by sr/(;ch)

electric dipole density P
Replace P by P/(c./itg)

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by 1 - P

permittivity of free space &

Replace ¢ by (uocz)*l

charge Q
Replace O by Q/(c./ito)

magnetomotive force F

Replace F by F/./ixg

resistance R

Replace R by R - (u0c2)

magnetic flux &g

Replace ©p by ©p - /110

reluctance R

Replace R by R /o

conductance G

Replace G by G/(j19c?)

volume charge density pg

Replace pg by pg/(c\/i0)

magnetic field H
Replace H by H/ /1o

resistivity pp

Replace pg by pg - (1oc?)

current /

Replace 1 by 1/(c./11g)

elastance S

Replace S by S - (uocz)

volume current density J

Replace J by J/(c./kg)

surface charge density S¢

Replace S by Sg /(c\/ix0)

surface current density Jg

Replace Js by JTs/(c/i0)

conductivity o

Replace o by a/(uocz)

inductance L

Replace L by L - (;Locz)

electric potential V

Replace V by V - (c./1t0)

permanent-magnet dipole moment m g

Replace my by mp . /ing

magnetic scalar potential Qg

Replace Q@ by Q@ /. /b0

current-loop magnetic dipole moment m

Replace my by mj/./ixg

electric susceptibility x.

Leave yx. alone

permanent-magnet dipole density My

Replace My by My /it

magnetic susceptibility x,

Leave yx, alone

current-loop magnetic dipole density My

Replace M| by M;/./ixg
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Table 4.13(a) To go from the Heaviside-Lorentz cgs system to esu units.

magnetic vector potential , A
Replace ,A by A - (c/~4m)

relative magnetic permeability 1

Leave 1, alone

magnetic induction 5 B

Replace ;, B by B - (c/~/47)

magnetic pole strength , py
Replace j,py by py - (cv/4m)

capacitance ,C
Replace ,C by 4 C

electric dipole moment j, p
Replace , p by pv/4n

electric displacement j, D
Replace ;, D by D/~/4x

electric dipole density ;, P
Replace ;, P by P+/4x

electric field , E
Replace ,E by E /47

permeance P

Replace P by > - P

relative dielectric constant &,

Leave ¢, alone

charge , O
Replace ;,Q by Qv4n

magnetomotive force , F
Replace . F by F/(cv4m)

resistance , R
Replace , R by R/(4r)

magnetic flux , g
Replace ;&g by O - (c//4m)

reluctance R

Replace R by R/C2

conductance ;G
Replace ,G by 47 G

volume charge density 00

Replace ,pp by po~/4w

magnetic field , H
Replace j,H by H/(c\/47)

resistivity , pR
Replace ;,pg by pR/(47)

current 5/

Replace 1 by 147

elastance 5, S
Replace ;S by S/(4m)

volume current density ; J

Replace 1, J by J/4x

surface charge density ,S¢

Replace ,Sp by Spv4n

surface current density 5, Jg
Replace ,, Js by Js/4n

conductivity ,o

Replace 0 by 4no

inductance j, L
Replace ;L by L/(4r)

electric potential , V
Replace )V by V //4m

Replace ymyg by my - (cv/4mw)

permanent-magnet dipole moment jm g

magnetic scalar potential , Q2 g

Replace 2y by Qg /(cv/4m)

Replace ymy by my - (V4w /c)

current-loop magnetic dipole moment j,m

electric susceptibility j, xe

Replace 1, xo by 47 xe

Replace ;M by Mg - (cv4r)

permanent-magnet dipole density , M g

magnetic susceptibility j, xm

Replace j, xm by 47 xm

Replace ;M| by M| - (\/47 /c)

current-loop magnetic dipole density , My
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Table 4.13(b) To go from esu units to the Heaviside-Lorentz cgs system.

magnetic vector potential A

Replace A by ,A - (V47 /c)

relative magnetic permeability i,

Leave (1, alone

magnetic induction B
Replace B by j,B - (/47 /c)

magnetic permeability of free space (g

Replace g by 2

capacitance C
Replace C by ,C/(47)

magnetic pole strength py
Replace py by j,pp/(cv/4m)

electric displacement D

Replace D by j, D\/4x

electric dipole moment p

Replace p by j,p//4n

electric field E
Replace E by , EVAm

electric dipole density P
Replace P by , P /4w

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by P/c?

magnetomotive force F
Replace F by j, F - (cv/47)

charge O
Replace Q by , 0/~ 4n

magnetic flux &g
Replace ®p by ,®p - (V47 /c)

resistance R
Replace R by 47 - , R

conductance G

Replace G by ,G/(47)

reluctance R

Replace R by R - 2

magnetic field H
Replace H by , H - (cv/4m)

volume charge density pg
Replace pg by ,pg /v 47

current /

Replace I by j,1/4n

resistivity pg

Replace pg by 41 - j,pp

volume current density J

Replace J by ,J /4

elastance S

Replace S by 47 -, S

surface current density Jg
Replace Jg by 1, Js /4w

surface charge density Sg
Replace S by ,Sg /4w

inductance L

Replace L by 47 -, L

conductivity o

Replace o by ,0/(4m)

permanent-magnet dipole moment m g
Replace m gy by ympy [(cvA4m)

electric potential V
Replace V by j,V+/4r

current-loop magnetic dipole moment m;

Replace my by ymy - (c/~/4m)

magnetic scalar potential Qg
Replace Qg by ,Qy - (c/47)

permanent-magnet dipole density My
Replace My by , My /(cA/47)

electric susceptibility x,

Replace ye by j xe/(47)

current-loop magnetic dipole density M
Replace M| by , M| - (c//47)

magnetic susceptibility

Replace xu by p, xm/(47)

magnetic permeability u
2

Replace (1 by 11y - ¢~
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Table 4.14(a) To go from the Heaviside-Lorentz cgs system to emu units.

magnetic vector potential , A
Replace A by A/N/4n

relative magnetic permeability 1

Leave 1, alone

magnetic induction 5 B

Replace ;, B by B//4x

magnetic pole strength , py
Replace ,py by py - V4r

capacitance ,C
Replace ,C by (4nc?)-C

electric dipole moment j, p
Replace j,p by p - (cv/4m)

electric displacement j, D
Replace ;,D by D - (c//47)

electric dipole density ;, P
Replace j, P by P - (c/47)

electric field , E
Replace , E by E /(cv/4m)

permeance P

Leave P alone

relative dielectric constant &,

Leave ¢, alone

charge , O
Replace ;,Q by Q - (cv/4m)

magnetomotive force , F
Replace ,, F by F /N 4n

resistance , R
Replace ,R by R/ (4mc?)

magnetic flux , g
Replace ;&g by O /4

reluctance R

Leave R alone

conductance ;G
Replace ;,G by (47102) -G

volume charge density 00
Replace ,pp by pg - (cv/47)

magnetic field , H
Replace ,H by H//4x

resistivity , pR
Replace j,pg by pg/(4mc?)

current 5/

Replace 1 by I - (cv/47)

elastance 5, S
Replace S by S/ (4 c?)

volume current density ; J

Replace 1, J by J - (cv/4m)

surface charge density ,S¢

Replace ,Sp by S¢ - (cv/4m)

surface current density 5, Jg
Replace ,Js by Js - (cv/4m)

conductivity ,o

Replace 0 by (4nc?) o

inductance j, L
Replace j, L by L /(47 c?)

electric potential , V
Replace )V by V /(c/47)

permanent-magnet dipole moment jm g

Replace ymyg by my - /4w

magnetic scalar potential , Q2 g

Replace ;2 by Qg /47

current-loop magnetic dipole moment j,m
Replace ymy by my - V4w

electric susceptibility j, xe

Replace 1, xo by 47 xe

permanent-magnet dipole density , M g
Replace ;M y by Mg - v 4r

magnetic susceptibility j, xm

Replace j, xm by 47 xm

current-loop magnetic dipole density , My

Replace , M| by M| - /47
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Table 4.14(b) To go from emu units to the Heaviside-Lorentz cgs system.

magnetic vector potential A

Replace A by A - V4m

current-loop magnetic dipole density M

Replace M| by , M/~ 4r

magnetic induction B
Replace B by ,B - /47

relative magnetic permeability .,

Leave 1, alone

capacitance C
Replace C by ;,C /(47 c?)

magnetic pole strength pp
Replace py by ,pp /~4n

electric displacement D

Replace D by ,D - (+/47/c)

electric dipole moment p

Replace p by j,p/(c/47)

electric field £
Replace E by L E - (cv4m)

electric dipole density P
Replace P by ,, P/(cv4m)

dielectric constant &

Replace ¢ by &,c 2

permeance P

Leave P alone

relative dielectric constant &,

Leave ¢, alone

charge O
Replace Q by , Q/(c\/4m)

permittivity of free space g

Replace ¢ by 2

resistance R

Replace R by (47c?) - ,R

magnetomotive force F

Replace F by j, F - \/4r

reluctance R

Leave R alone

magnetic flux ¢ p
Replace g by ,Pp - V4

volume charge density pg
Replace pg by j,p0/(cv/47)

conductance G

Replace G by ,G/(4nc?)

resistivity pg

Replace pg by (4c?) -, pr

magnetic field H
Replace H by ,H - V4n

elastance S

Replace S by (4rc?) S

current /
Replace I by j,1/(c~/4m)

surface charge density Sg
Replace S by S /(cv4m)

volume current density J

Replace J by ;,J /(c~/47)

conductivity o

Replace o by 0/ (4 c?)

surface current density Jg

Replace Jg by j, Js/(cN/4m)

electric potential V
Replace V by j,V - (cv4m)

inductance L
Replace L by (4mc?) - nlL

magnetic scalar potential Qg
Replace Qy by , %y - V47

permanent-magnet dipole moment m g

Replace my by ympy /4w

electric susceptibility x,

Replace ye by j xe/(47)

current-loop magnetic dipole moment m;
Replace mj by ym//4n

magnetic susceptibility x

Replace i by p, xm/(47)

permanent-magnet dipole density M g

Replace My by My /N 4n
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Table 4.15(a) To go from the Heaviside-Lorentz cgs system to the unrationalized
mks system. (This table also takes us from the Heaviside-Lorentz cgs system to

the esug and emuq units explained in Chapter 2.)

magnetic vector potential , A
Replace j,A by A//4m g

relative magnetic permeability w,

Leave 1, alone

magnetic induction ;, B
Replace ;, B by B/ /4 1

magnetic pole strength , pg
Replace ,py by py - v47/ 110

capacitance ,C

Replace j,C by (4n,uocz) -C

electric dipole moment 5, p

Replace j,p by p - (c\/47 1g)

electric displacement ;, D

Replace j,D by D - c\/ g/ (4m)

electric dipole density ;, P
Replace ,, P by P - (c/4m 1)

electric field , E

permeance P

Leave ¢, alone

Replace ,, E by E /(c/4m 1) Replace P by P/
relative dielectric constant &, charge ;, O

Replace ;, QO by Q - (c /4 1)

magnetomotive force , F

Replace , F by F - \/j1o/(41)

resistance 5 R
Replace R by R/(4n uocz)

magnetic flux , ®p

Replace ;, ©p  /71ig by ©p/+/4m 1o

reluctance R

Replace R by 119 - R

conductance ;G
Replace ,G by (4 /Locz) -G

volume charge density j, 0
Replace ,pp by pg - (ci/47 1)

magnetic field , H
Replace , H by H - \/ 110/ (41)

resistivity , pr

Replace j, pg by pr /(47 pnoc?)

current 5, /

Replace ;1 by I - (c/4m 1)

elastance 5, S

Replace , S by S/(4m Mocz)

volume current density j J
Replace ,J by J - (c/47 110)

surface charge density ,S¢
Replace ,Sg by Sg - (co/4m 1)

surface current density , Jg

Replace ;, Js by Js - (c/47 110)

conductivity ;o

Replace 0 by (4 uocz) -0

inductance 5, L
Replace ;L by L/(4m g c?)

electric potential , V
Replace ,V by V /(c /47 1ng)

permanent-magnet dipole moment jm g

Replace ,mp by mpy - /47w /100

magnetic scalar potential , Q2 g7

Replace 1,2y by Qp -/ g/ (4m)

current-loop magnetic dipole moment ,mj

Replace ymy by my - /4 g

electric susceptibility 3 x¢

Replace j, x. by 47 xe

permanent-magnet dipole density , My
Replace ; My by My - /4 /1o

magnetic susceptibility , xm

Replace j, xim by 47 xm

current-loop magnetic dipole density , My

Replace , M| by M| - /4w g
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Table 4.15(b) To go from the unrationalized mks system to the Heaviside-Lorentz
cgs system. (This table also takes us from the esuq and emuq units explained in
Chapter 2 to the Heaviside-Lorentz cgs system.)

magnetic vector potential A magnetic permeability p
Replace A by hA\/KTu,O Replace 1 by 1y - 1o

magnetic induction B relative magnetic permeability i,
Replace B by j, B\/m Leave (1, alone

capacitance C magnetic permeability of free space 1
Replace C by ;,C/(4n ;Locz) Leave 11 alone

electric displacement D magnetic pole strength py
Replace D by Dc_l\/m Replace py by hPH\/W
electric field E electric dipole moment p
Replace E by hEc\/m Replace p by hp(c\/W)_l
dielectric constant & electric dipole density P

Replace ¢ by Er/([LQCZ) Replace P by ), P(c\/m)_]
relative dielectric constant &, permeance P

Leave ¢, alone Replace P by P - g

permittivity of free space & charge Q

Replace ¢ by (Mocz)*l Replace Q by j, Q(c/ﬁ)*l
magnetomotive force F resistance R

Replace F by j F \/m Replace R by R - (47 /,L()Cz)
magnetic flux &g reluctance R

Replace © g by hCDB\/AT;LO Replace R by R/
conductance G volume charge density pg
Replace G by hG/(4nu0c2) Replace pg by h,OQ(c\/M)*1
magnetic field H resistivity pp

Replace H by /,H\/ém Replace pg by j,pR - (4ﬂu002)
current / elastance S

Replace I by hl(c\/éruo)_l Replace S by ,S - (4 uocz)
volume current density J surface charge density S¢
Replace J by hl(c/m)*l Replace S by ;S (c\/éT/LO)*1
surface current density Jg conductivity o

Replace Js by 1, Js (c\/éTp,o)_l Replace o by ha/(4rr;40c2)
inductance L electric potential V

Replace L by ,, L - (4nu0c2) Replace V by j, Vc\/m
permanent-magnet dipole moment m g magnetic scalar potential Qg
Replace m; by hmH\/m Replace Q2 by hQH\/m
current-loop magnetic dipole moment m electric susceptibility .

Replace m| by hml/\/m Replace x. by j, xe/(41)
permanent-magnet dipole density My magnetic susceptibility x,
Replace My by y My \/1g/ (@) Replace xm by j xm/(47)
current-loop magnetic dipole density My

Replace M| by hM]/\/éT;LO




318

CHAPTER 4

Table 4.16(a) To go from esu units to emu units.

magnetic vector potential A

Replace Aby A/c

relative magnetic permeability i,

Leave (1, alone

magnetic induction B

Replace B by B/c

magnetic permeability of free space (g

Replace g by 2

capacitance C
Replace C by ¢*C

magnetic pole strength py

Replace py by py/c

electric displacement D

Replace D by cD

electric dipole moment p

Replace pby c - p

electric field £
Replace E by E/c

electric dipole density P
Replace P by c - P

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by P/c?

magnetomotive force F
Replace F by F - ¢

charge O
Replace Q by c- Q

magnetic flux & p

Replace g by Og/c

resistance R
Replace R by R/c?

conductance G

Replace G by 2G

reluctance R

Replace R by R - 2

magnetic field H
Replace H by H - ¢

volume charge density pg

Replace pg by c - pg

current /

Replace I by c - 1

resistivity pg

Replace pg by pp/c?

volume current density J

Replace J by c - J

elastance S

Replace S by S/c?

surface current density Jg
Replace Jg by c - Jg

surface charge density Sg

Replace Sp by c- Sg

inductance L

Replace L by L/ 2

conductivity o

Replace o by o

permanent-magnet dipole moment m g

Replace mg by mp /c

electric potential V

Replace V by V /c

current-loop magnetic dipole moment m;

Replace my by mj - ¢

magnetic scalar potential Qg

Replace Qg by Qp - ¢

permanent-magnet dipole density My
Replace My by My /c

electric susceptibility x,

Leave x. alone

current-loop magnetic dipole density My
Replace M by Mj - ¢

magnetic susceptibility

Leave x, alone

magnetic permeability

Replace 11 by prc2
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Table 4.16(b) To go from emu units to esu units.

magnetic vector potential A

Replace Abyc- A

current-loop magnetic dipole density My

Replace My by Mj/c

magnetic induction B

Replace B by c- B

relative magnetic permeability .,

Leave 1, alone

capacitance C
Replace C by C/c*

magnetic pole strength pp

Replace py by py - ¢

electric displacement D

Replace D by D/c

electric dipole moment p

Replace p by p/c

electric field £
Replace E by E - ¢

electric dipole density P
Replace P by P/c

dielectric constant &

Replace ¢ by &, /c*

permeance P

Replace P by 2P

relative dielectric constant &,

Leave ¢, alone

charge O
Replace Q by Q/c

permittivity of free space g

Replace ¢ by 2

resistance R

Replace R by ¢*R

magnetomotive force F

Replace F by F/c

reluctance R

Replace R by R/c?

magnetic flux ®p

Replace ®p by op - ¢

volume charge density pg

Replace pg by pg/c

conductance G

Replace G by G /c>

resistivity pg

Replace pg by c2pr

magnetic field H
Replace H by H/c

elastance S

Replace S by %S

current /
Replace [ by I /c

surface charge density Sg

Replace S by Sp/c

volume current density J

Replace J by J/c

conductivity o

Replace o by o/ 2

surface current density Jg
Replace Js by Js/c

electric potential V

Replace V by V - ¢

inductance L
Replace L by L - 2

magnetic scalar potential Qg

Replace Qy by Q/c

permanent-magnet dipole moment m g

Replace my by my - ¢

electric susceptibility x,

Leave x. alone

current-loop magnetic dipole moment

Replace my by my/c

magnetic susceptibility x

Leave x, alone

permanent-magnet dipole density M g

Replace My by My - ¢
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Table 4.17(a) To go from esu units to the unrationalized mks system. (This table
also takes us from esu units to the esuq and emuq units explained in Chapter 2.)

magnetic vector potential A

Replace A by A/(c./1tg)

relative magnetic permeability p,

Leave (1, alone

magnetic induction B

Replace B by B/(c./ing)

magnetic permeability of free space

Replace 1 by 2

capacitance C

Replace C by /L0C2C

magnetic pole strength py
Replace py by pp /(c\/It0)

electric displacement D

Replace D by (c./1to)D

electric dipole moment p

Replace p by (c/10) - p

electric field E
Replace E by E/(c./1x0)

electric dipole density P
Replace P by (c./1tg) - P

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by P/(uocz)

magnetomotive force F

Replace F by F - (c./iig)

charge Q
Replace Q by (c./ip) - Q

magnetic flux ®p

Replace ®p by ©p/(c./1t0)

resistance R

Replace R by R/ (/,L()Cz)

conductance G

Replace G by ;LOCZG

reluctance R

Replace R by R - (,u,ocz)

magnetic field H
Replace H by H - (c./i1g)

volume charge density pg

Replace pg by (c/10) - po

current /

Replace I by (c./1xg) - 1

resistivity pg

Replace pg by pr/(10c%)

volume current density J

Replace J by (c./1ig) - J

elastance S

Replace S by S/(ﬂoCZ)

surface current density Jg

Replace Jg by (c./io) - Ts

surface charge density So

Replace Sg by (c/1t0) - S

inductance L

Replace L by L/([L()Cz)

conductivity o

Replace o by j19c%c

permanent-magnet dipole moment m g

Replace my by my /(c./1to)

electric potential V

Replace V by V /(c./1x0)

current-loop magnetic dipole moment m

Replace mj by my - (c./ing)

magnetic scalar potential Qg

Replace Qg by Q- (¢ /100)

permanent-magnet dipole density My

Replace M by My /(c./itg)

electric susceptibility xe

Leave yx. alone

current-loop magnetic dipole density My

Replace Mj by My - (c/1to)

magnetic susceptibility

Leave yx, alone

magnetic permeability p

Replace by piyc™2
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Table 4.17(b) To go from the unrationalized mks system to esu units. (This table
also takes us from the esuq and emugq units explained in Chapter 2 to esu units.)

magnetic vector potential A

Replace A by A - (c./1tg)

magnetic permeability p

Replace 11 by iy - o

magnetic induction B

Replace B by B - (c./110)

relative magnetic permeability i,

Leave ., alone

capacitance C

Replace C by C/(m)cz)

magnetic permeability of free space ()

Leave 11 alone

electric displacement D

Replace D by D/(c./1t0)

magnetic pole strength pgy

Replace py by py - (c\/io)

electric field E
Replace E by E - (c./1t0)

electric dipole moment p

Replace p by p/(c /o)

dielectric constant &

Replace ¢ by sr/(uocz)

electric dipole density P
Replace P by P/(c./ixg)

relative dielectric constant &,

Leave ¢, alone

permeance P

Replace P by (uoc) - P

permittivity of free space &g

Replace ¢ by (/,L()Cz)71

charge Q
Replace O by Q/(c./ito)

magnetomotive force F

Replace F by F/(c/It0)

resistance R

Replace R by R - (,u,ocz)

magnetic flux &g

Replace ® g by @ - (c./110)

reluctance R

Replace R by R/(,uocz)

conductance G

Replace G by G/ (;Locz)

volume charge density pg

Replace pg by pg/(c/i0)

magnetic field H
Replace H by H/(c./110)

resistivity pg

Replace pg by pg - (1oc?)

current /

Replace I by 1/(c./11g)

elastance S

Replace S by S - (uocz)

volume current density J

Replace J by J/(c./1i0)

surface charge density S¢

Replace S by S /(c\/ix0)

surface current density Jg

Replace Js by Js/(c/1x0)

conductivity o

Replace o by a/(uocz)

inductance L

Replace L by L - (Mocz)

electric potential V

Replace V by V - (c./1t0)

permanent-magnet dipole moment m g

Replace my by my - (c./1to)

magnetic scalar potential Qg

Replace Q by QU /(¢ /100)

current-loop magnetic dipole moment m

Replace mj by my/(c./1xg)

electric susceptibility x.

Leave x. alone

permanent-magnet dipole density My

Replace My by My - (c./ing)

magnetic susceptibility x,

Leave yx, alone

current-loop magnetic dipole density M;

Replace M| by My /(c./1to)
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Table 4.18(a) To go from emu units to the unrationalized mks system. (This table
also takes us from emu units to the esugq and emuq units explained in Chapter 2.)

magnetic vector potential A

Replace A by A/ /ing

current-loop magnetic dipole density Mj

Replace Mj by My - ./1xg

magnetic induction B

Replace B by B/. /1t

relative magnetic permeability ji,

Leave 1, alone

capacitance C

Replace C by 1 - C

magnetic pole strength py

Replace py by pr /o

electric displacement D

Replace D by D - /11

electric dipole moment p

Replace p by p - /1o

electric field E
Replace E by E/./11g

electric dipole density P
Replace P by P - ./ing

dielectric constant &

Replace ¢ by ¢, /c2

permeance P

Replace P by P /1

relative dielectric constant &,

Leave ¢, alone

charge Q
Replace Q by QO - ./itg

permittivity of free space &g

Replace ¢ by 2

resistance R

Replace R by R/

magnetomotive force F

Replace F by F - . /1tg

reluctance R

Replace R by R - 1o

magnetic flux & p

Replace ®p by /. /1t

volume charge density pg

Replace pg by pg - /10

conductance G

Replace G by G - g

resistivity pg

Replace pR by pRr/ 110

magnetic field H
Replace H by H - . /1ig

elastance S

Replace S by S/

current /

Replace 1 by I - /g

surface charge density Sg

Replace Sg by Sg - \/1vo

volume current density J

Replace J by J - /1t

conductivity o

Replace o by g - o

surface current density Jg

Replace Js by Js - /1t

electric potential V

Replace V by V /. /it

inductance L

Replace L by L/

magnetic scalar potential 2 g

Replace Q@ by Qp - \/ito

Replace my by my /. /it

permanent-magnet dipole moment m g

electric susceptibility x.

Leave x. alone

Replace mj by my - . /1tg

current-loop magnetic dipole moment m

magnetic susceptibility x;,

Leave x;, alone

Replace My by My /. /1o

permanent-magnet dipole density My
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Table 4.18(b) To go from the unrationalized mks system to emu units. (This table
also takes us from the esuq and emugq units explained in Chapter 2 to emu units.)

magnetic vector potential A magnetic permeability p
Replace A by A /1 Replace 1 by 1y - 1o
magnetic induction B relative magnetic permeability i,
Replace B by B /ity Leave ., alone
capacitance C magnetic permeability of free space ()
Replace C by C/u Leave 11 alone

electric displacement D magnetic pole strength pgy
Replace Dby D/ /itg Replace py by py - /Ito
electric field E electric dipole moment p
Replace E by E /11 Replace p by p/./itg
dielectric constant & electric dipole density P
Replace ¢ by ¢,/ (/40(:2) Replace P by P/ /ity
relative dielectric constant &, permeance P

Leave ¢, alone Replace P by 1 - P
permittivity of free space &g charge Q

Replace ¢ by (/,L()Cz)71 Replace Q by Q/./1ng
magnetomotive force F resistance R

Replace F by F/./1o Replace Rby R -
magnetic flux &g reluctance R

Replace ®p by dp - /11 Replace R by R/
conductance G volume charge density pg
Replace G by G/ Replace pg by po/./ixo
magnetic field H resistivity pg

Replace H by H/./11g Replace pg by pg - 110
current / elastance S

Replace 1 by 1/./1xog Replace S by S - 11
volume current density J surface charge density S¢
Replace J by J/./1xg Replace S by Sg //ivo
surface current density Jg conductivity o

Replace Js by Js/./v0 Replace o by o /119
inductance L electric potential V
Replace L by L - Replace V by V /11
permanent-magnet dipole moment m g magnetic scalar potential Qg
Replace my by my /11 Replace Q2 by Q0 /. /1tg
current-loop magnetic dipole moment m electric susceptibility .
Replace my by m /. /ity Leave x. alone
permanent-magnet dipole density My magnetic susceptibility x,
Replace My by My /ity Leave yx, alone
current-loop magnetic dipole density M;

Replace M| by M;/./1xg
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ab, 96-97, 108, 154
abamp, 96

abampere, 96

abampq, 110

abcoul, 96

abcoulomb, 96, 103
abcoulq, 107-108, 115
abfaradq, 110-111
abhenryq, 110

abohmgq, 114

absolute system of units, 96
absolute zero, 23

abvolt, 96, 103

abvoltq, 107-108
abweberq, 112
acceleration, 5-6

acre, 4

amp, 183, 185

ampere, 91, 184
Ampere, Andre Marie, 91
angle, 26-27

angular frequency, 27, 56
arc length, 26

area, 4

atm, 25

B field, 86, 128, 130, 136, 209
B field, 88-89, 130, 235-236
bar magnet, 67, 86—87

barn, 4

barye, 15

batteries, 69, 89

Biot-Savart law, 263
black-body radiation, 56
black-body surface, 56
Boltzmann’s constant, 31, 56, 179
bound charge, 89

capacitance, 94, 111, 124, 184, 209, 259
capacitor, 94, 124

Cartesian coordinate system, 139

Celsius temperature scale, 23

center of mass, 136-137

centigrade temperature scale, 23

centimeter (cm), 2, 14, 15, 39, 41, 50-51, 57-58
centimeter-gram, 39

centimeter-gram-second, 14

cg, 39,42, 45,47, 181-182

cg system of units, 39, 41, 43-44, 47, 49-50, 55

cge, 14, 39, 41, 43-44, 47, 49, 76-77, 83, 103,
105, 118, 145, 173, 188

cge system of units, 39, 41, 43, 55-56

cgs electromagnetic system of units, 75-76

cgs electrostatic system, 75

cgs emu, 183

cgs esu, 183

cgs system of units, 46, 57

cgsK, 62

cgsK system of units, 57, 61-62

charge, 65, 84, 184

charge density, 209

chemistry, 29

circuit elements, 92-93

circuit networks, 93

circuit theory, 91, 204, 209

circuits, 89

cm2, 4

cml, 60

cml system of units, 60-62

cmtime, 39, 41, 50

cmtimey, 39, 41, 174, 181

cmtimes, 39, 41, 174, 181

cmafy, 62

cmafy system of units, 58-61, 63

column-vector, 140

compass needle, 67

conductance, 94, 136, 209

conductivity, 133, 209, 234, 257

connecting unit, 50, 118, 120, 124, 191, 194, 201,
206, 210, 212, 215

cosmology, 38

coul, 94, 108, 183

coulomb, 46, 94, 103, 184-185

Coulomb, Charles Augustine, 94

Coulomb force, 78-79

Coulomb’s law, 66, 84, 104-105, 107, 117, 130,
171-172, 207-208, 224

Coulomb’s law for electric charge, 69, 171, 237

Coulomb’s law for magnetic poles, 68, 171, 237

Coulomb’s law for point charges, 68

Coulomb’s torsion balance, 80

cross product, 139, 142, 145

curl, 145-146

current, 92, 109, 130, 135, 181

current loop, 132, 262-263

current-loop dipole moment, 243
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current-loop magnetic dipole, 273

current-loop magnetic dipole density, 130, 226,
243,248

current-loop magnetic dipole moment, 130-131,
241

D field, 86

D field, 89

daraf, 95

degK, 23, 40, 57

degR, 23

degR1, 30, 40, 51

degR1LA, 34

degrees Kelvin, 23

degrees Rankine, 23

del operator, 143

density, 12

derived unit, 15, 50
dielectric constant, 133, 234
dimension, 2, 50-51
dimensional analysis, 8, 188
dimensionless, 10
dimensionless parameters, 11
dimensionless unit vector, 66, 68, 140-142
dimensionless velocity, 54-55
dipole density, 209

dipole moment, 86
displacement current, 150
divergence, 144, 146

dot product, 139, 141, 144
dyne, 15, 82

E field, 90, 179

E field, 89

EdegR1, 32-33, 40, 51

EdegRILA, 36

elastance, 95, 209

electrets, 89

electric charge, 68—69, 103-104, 207, 209

electric circuit, 90, 135-136, 254

electric current, 70, 90-92, 136, 184, 190, 209

electric dipole, 240

electric dipole density, 106, 120, 150, 226, 242,
247

electric dipole density field, 89

electric dipole moment, 86, 88, 209, 242

electric dipole radiating, 271

electric displacement, 89, 120, 157, 226, 247

electric field, 68-69, 82-84, 89, 120, 130, 133,
150, 178, 209, 226, 231, 247

electric field of a point charge, 237

electric potential, 90-92, 103, 106, 136, 184,
209, 238

electric quantities, 151, 158

electric susceptibility, 134, 209, 258

electromagnet, 135-136
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electromagnetic physical quantity, 76, 8485, 96,
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electromagnetic quantities, 168

electromagnetic radiation, 65, 75, 151, 194, 219

electromagnetic units (emu), 65, 91

electron, 47, 130, 135

electron-volt, 46

electrostatic units (esu), 65, 91

emu, 76, 81-86, 88-91, 96, 104-105, 115-116,
118, 122-125, 127, 130-131, 133, 135,
149, 151, 154, 166, 171, 181-184, 190,
194, 197-198, 211, 223

emu system, 220

emu units, 76, 199-200, 227-228, 292

emuq, 104, 107-108, 110-112, 114, 116, 118,
122, 124-125, 130, 133, 135, 149, 183,
190, 192, 196-199, 211, 216, 232, 287

energy, 9, 10

energy density, 270

erg, 15-16, 44, 46, 50

esu, 76, 78-79, 81-86, 89-90, 96-97, 104-105,
115-116, 118, 120, 125, 127, 130, 133,
135, 149, 151, 154-155, 166, 171, 181,
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eV/c, 50

eV, 47,49

eVj, 47

ergy, 4446

ergz, 43-46

eV, 46, 50

exitance, 28

extra dimension, 51

f prefix, 185, 204, 218, 220, 222, 226, 235, 280

Fahrenheit temperature scale, 23

farad, 95, 183, 185, 203

Faraday, Michael, 95

feet, 2

Fessenden, R. A., 204

Fessenden rationalization, 204-205, 207-209,
211-212, 214, 216, 218, 220, 222

field, 68

field point, 68, 86, 89, 130, 219

fine-structure constant, 279

footz, 4

force, 4, 6

fourth electromagnetic dimension, 108

fourth fundamental dimension, 115, 120-121

free-parameter method, 225

frequencies, 54

fundamental dimensions, 4, 65



INDEX
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Gaussian, 131, 149, 171

Gaussian cg system, 174, 176, 179, 181
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Gaussian cgc units, 173-174

Gaussian cgs system, 151, 179, 181, 200

Gaussian cgs unit, 153, 173, 181, 199, 209-210,
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Gaussian system, 149, 151, 155, 158, 166, 180,
183, 205, 212, 222-223

Gaussian units, 149, 151, 166, 171, 182, 223

GeV, 46

GeV/c, 50

gilbert, 97, 156

Gilbert, William, 97

gm (gram), 14-15, 39, 45, 50, 57, 83

gradient, 143, 146

gs, 154, 174

gscg, 174, 181

h prefix, 168, 226, 235, 281

H field, 128

H field, 88, 130

heat, 31

Heaviside, Oliver, 167-168, 171

Heaviside-Lorentz, 131

Heaviside-Lorentz cgs system, 227-228, 230,
292

Heaviside-Lorentz rationalization, 170, 184, 204,
206-207

Heaviside-Lorentz system, 149, 166, 168, 170-
173, 175, 178-179, 207-208

henry, 95, 183, 185

Henry, Joseph, 95

hertz, 27

Hertz, Heinrich, 27

horseshoe, 136

Hz, 27

ideal gas law, 24, 29, 33-34, 38

inch, 2

inductance, 184, 209, 260

induction, 95, 110

inductor, 95

invariant unit, 50, 120, 124, 191, 194, 201, 206,
210, 212, 215

isolated magnetic pole, 67, 70, 83, 128, 130

joule, 15-17, 33, 36, 40, 50

kg (kilogram), 14-15, 50
kinetic energy, 10, 38

Laplacian, 147, 234
length, 4, 14
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liter, 25

liter - atm, 34, 36

Lorentz, H. A., 168, 171

Lorentz force law, 130, 149, 158, 160, 180, 225—
227,249, 278

luminiferous ether, 66

My field, 89

m (meter), 15, 50

macroscopic scale, 166

magnetic circuit, 135, 136, 255

magnetic dipole, 132, 162

magnetic dipole density, 131

magnetic dipole moment, 86, 88, 131

magnetic field, 68, 70, 83-85, 87, 90, 128, 130,
132-133, 137-138, 150, 157, 217, 226,
239, 248

magnetic field of a point magnetic pole, 238

magnetic flux, 135-136, 267

magnetic induction, 87, 113, 128, 130, 136, 157,
173-174, 194, 226, 234, 248

magnetic monopoles, 67

magnetic permeability, 133, 234

magnetic permeability of free space, 67, 234

magnetic pole, 67-68, 70, 80, 207-208, 239

magnetic pole strength, 84, 86, 112, 157, 208

magnetic potential, 90, 239

magnetic quantities, 151

magnetic susceptibility, 258

magnetic vector potential, 253

magnetomotive force, 135-136

mass, 4, 14

maxwell, 97, 156-157

Maxwell, James Clerk, 97, 150, 209

Maxwell equation, 72, 75, 149-151, 153, 166,
171-172, 180, 197, 210, 216, 224-227,
269, 282

mechanical physical quantities, 76, 105, 158

meterz, 4

meter-kilogram-second, 14

MeV, 46, 178

MeV/c, 50

mbho, 94

microscopic current loops, 128

microscopic scale, 166

miles, 2

mks, 14, 17, 49, 77, 108, 145, 183-185

mks system, 184

mksER1 system of units, 32-33, 40, 51

mksR1, 51

mksR1 system of units, 30, 40

mksK system of units, 29, 40, 57

mole, 24

moment of inertia, 137

momentum, 38, 48

N operator, 17, 19
N ,59
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N, 39, 183
cg
N, 17

cgs

N, 76

emu

N , 104, 185

emuq

N, 76

esu

N , 104, 185

esuq
N, 154
gs
N, 175,183
gscg
N ,170

Heaviside
Lorentz

N, 18, 184-185, 190
mks

N ,32
mksER1

N ,29
mksK

N , 30,32
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newfarad, 167

newton, 15, 50
Newtonian physics, 65
north pole, 67, 128, 137
north-seeking pole, 67
numerics, 4

oersted, 97, 156-157

QOersted, Hans Christian, 97

ohm, 92-93, 183, 185

Ohm, Georg Simon, 92

Ohm’s law, 92, 136

optics, 28

oscillating current-loop magnetic dipole, 231

P field, 89

parallel-plate capacitor, 124, 205, 259

particle physics, 46

pascal, 15

period, 138-139

period of oscillation, 70

permanent magnet, 67-68, 86, 89-90, 128

permanent-magnet dipole, 241

permanent-magnet dipole density, 113, 150, 226,
242-243, 248

permanent-magnet dipole density field, 86

permanent-magnet dipole moment, 86-87, 113,
137, 241, 242

permeability, 166

permeability of free space, 150, 233

permeance, 135-136

permittivity, 78, 133, 166, 234

permittivity of free space, 66, 133, 150

photons, 56
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physical quantities, 2

physical reality, 51

Planck’s constant, 56, 279

plasma, 135

point charge, 66, 68, 78, 104

point magnetic dipoles, 90

point magnetic pole, 66

poise, 15

poiseulle, 15

pole strength, 67-68, 81-82, 128, 137
potential, 92

potential energy, 90, 132
pound-force, 4

power, 16

Poynting vector, 194, 196, 270
practical electromagnetic units, 104
practical system of units, 91, 133
practical units, 65, 91, 108, 133, 184
pressure, 24

proton, 47, 130, 135

pure frequency, 27

q suffix, 108, 121-125, 185
quantum mechanics, 131
quantum statistical mechanics, 31

rad, 26

radian, 26

radiance, 28

radiometry, 28

radius, 26

rationalization, 134, 149, 166, 168, 183—-184, 204

rationalized electromagnetic quantities, 168

rationalized mks system, 65, 108, 149, 185, 204,
207-211, 217-220, 222-223, 227-229, 292

rationalized mks units, 204

rationalized units, 168

relative dielectric constant, 133, 258

relative magnetic permeability, 133, 258

relativistic momentum, 48

relativistic physics, 38, 4445

relativistic quantum mechanics, 56, 57

relativity theory, 37, 38

reluctance, 135-136

resistance, 92, 114, 133, 184, 209

resistivity, 133, 209, 257

rest energy, 38

Reynolds number, 12-13

row-vector, 140

Rulel, 3, 174

Rule II, 6

Rule IIa, 12

Rule III, 7

Rule IV, 7

Rule VI, 40

Rule VII, 45

Rule VIII, 51
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scalar, 139

sec (second), 14-15, 50-51, 57

seco, 50

sec3, 50

SI, 183-184

SI units, 204, 227-229, 292

simple-harmonic-oscillator, 138

size relationship, 12

solenoidal inductor, 260

solid angle, 28

south pole, 67, 128, 137

south-seeking, 67

spacetime, 51

speed of light, 37, 97, 100, 103, 118, 124, 166,
183, 235, 279

stat, 96-97, 108, 154

statamp, 96

statampere, 96

statampq, 109

statcoul, 96

statcoulomb, 96, 103

statcoulg, 105, 107-108, 115

statfaradq, 110-111

stathenryq, 109-110

statistical mechanics, 29

statistical physics, 31

statohmgq, 114

statvolt, 96, 103

statvoltq, 106, 108

statweberq, 112

steradian (sr), 28

stere, 15

stoke, 15

substitution tables, 225, 278

surface charge density, 134

surface current density, 135

system of electromagnetic units, 71

Systeme International, 183, 218, 220, 222

temperature, 23
terminals, 92

tesla, 209

Tesla, Nikola, 209

test charge, 69

theory of special relativity, 128
thermodynamics, 31
time, 4, 14

torque, 17, 132

torsion balance, 68, 81
transformers, 135

true dimensions, 72, 75

U and N operators, 18-19, 76-77, 92, 146, 147
U operator, 17, 19

U, 40, 183
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U, 17

cgs

U, 60
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U ,76

emu

U , 104,185
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Lorentz
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volume current density, 134—135, 150, 209, 226,
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wave equation, 234
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