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MAXWELL'S EQUATIONS

Mazwell's ;
§ equations are a set of four partial differentiol equations that

relate the electri
4 ‘7 >0 > 4 .
glecire and magnetic fields to their sources, charge_density and current

—

density. These equati ' ight i
lensity quations can be combined to show that light is an eleciromagnetic

wave. Individuall :
_ Y, the equations are known as Gauss's law, Gauss's law for

magnetism, Fara d j ]
q y day's law of induction, and Ampére's law with Mazwell's

correction. The set of equations is named after James Clerk Mazwell,

These four equations, together with the Lorentz force law are the complete
set of laws of classical electromagnetism. The Lorentz force law itself was actually
derived by Mazwell under the name of Equation for Electromotive Force and was

one of an earlier set of eight equations by Mazwell.

Conceptual description

This section will conceptually describe each of the four Mazwell's equations, and

also how they link together to explain the origin of electromagnetic radiation such

as light. The ezact equations are set out in later sections of this article.

e  Gauss' law describes how an electric field is generated by eleciric charges:
The electric field tends to point away from positive charges and towards
negative charges. More technically, it relates the electric flux through any

hypothetical closed "Gaussian surface” to the electric charge within the

surface.

Gauss' law for magnetism states that there are no "magnetic charges" (also

called magnetic_monopoles), analogous to electric charges.’! Instead the

magnetic field is generated by a configuration called a dipole, which has no
magnetic charge but resembles a positive and negative charge inseparably
bound together. Equivalent technical statements are that the total magnetic

fluz through any Gaussian surface is zero, or that the magnetic field is a

solenoidal vector field.




An Wang' " N W
Wang's magnetic core memory (1954) is an application of Ampere's law. Fach

core stores one bit of data.

g ! ] ' ' . ’
o Faraday's law describes how a changing magnetic field can create ("induce” )

an electric field!! This aspect of electromagnetic_induction is the operating

principle behind many electric_generators: A bar magnel i8 rotated to creale

a changing magnetic field, which in turn generales an electric field in a
nearby wire. (Note: The "Faraday's law" that occurs in Maxwell's equations

is a bit different than the version originally written by Michael Faraday.

Both versions are equally true laws of physics, but they have different scope,

for example whether "motional EMF" is included. See Faraday's law of

induction for details.)

Ampére's law with Mazwell's correction states that magnetic fields can be

generated in two ways: by electrical_current (this was the original "Ampére's

law") and by changing electric fields (this was "Mazwell's correction"),

Mazwell's correction to Ampére's law is particularly important: It means that a

changing magnetic field creates an electric field, and a changing electric field

creates a magnetic field 2 Therefore, these equations allow self-sustaining

"electromagnetic_waves" to travel through empty space (see electromagnetic_wave

equation).

The speed calculated for electromagnetic waves, which could be predicted from

experiments on charges and currents,” exzactly matches the speed of light; indeed,

is one form of electromagnelic radiation (as are X-rays, radio waves, and

light
others). Mazwell understood the connection between electromagnetic waves and

light in 1864, thereby unifying the previously-separate fields of electromagnetism

and optics.

[edit] General formulation
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The eq1.ta.tzons m this section are given in SI_unils. Unlike the equations of
mechanics (for erample), Mazwell's equations are not unchanged in other unit
si}stems. Though the general form remains the same, various definitions get
changed and different constants appear at different places. Other than SI (used in

engineerin ;
9), the units commonly used are Gaussian units (based on the cgs

syst :
ystem and considered to have some theoretical advantages over SI¥), Lorentz-
eaviside units (used mainly in particle physics) and Planck unils (used in

theoretical physics). See below for CGS-Gaussian units.

Two equivalent, general formulations of Mazwell's equations follow. The first

separates bound charge and bound current (which arise in the context of dielectric
and/or magnetized materials) from free charge and free current (the more
conventional type of charge and current). This separation is wuseful for
calculations involving dielectric or magnetized materials. The second formulation
treats all charge equally, combining free and bound charge into total charge (and
likewise with current). This is the more fundamental or microscopic point of view,
and is particularly useful when no dielectric or magnetic material is present. More

details, and a proof that these two formulations are mathematically equivalent, are

given in section 4.

scalar

Symbols in bold represent vector quantities, and symbols in italics represent

quantities. The definitions of terms used in the two tables of equations are given

in another table immediately following.

Formulation in terms of free charge and current

;f Name Differential form Integral form

! !

IGauss’s law V-D= Pr ‘#;‘:/D -dA = Qf(V)
Gauss's law for magnetism 7. B = .#g 33 dA =0

{(
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The following table provides the meaning

measure.

Definitions and units

(e
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Jl A | | ‘l
| |
! Mazwell-Faraday (:qu.u.l.ion“ onB | £ dl )b, 3,9 ;
Faraday's la : il VX = —— )y ledl = ——F— ;
(Faraday's law of zmhu.tmn)i ol {. ” Yy Il |
: l
| | |
Ampére's __ circuital  law| ' Obp <l
= - oD _ D,S
(with Mazwell's correction) VxH=J;+ o %}‘S H-dl=1ps+ ot
[ e
Formulation in terms of total charge and current'~!
|
,N ame Differential form Integral form
| |
| 14 |
' Gauss's law VE=£ #EdA:Q( ) !
| co av 2
| Gauss's law for V.B =0 | B .dA=0 |
magnetism e JJov |
; i
|
; Mazxwell-Faraday i
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(Faraday's law of] Ot a5 ot
; induction) 3
|
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)
i E.S
jlaes B - dl = pols + poc ’
| x B = pod + HoCo57 Hols + Moo
(with Mazwell's v H H ot |Jas ot
‘correction)
L -

of each symbol and the SI unit of
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| @LtS0  called the magnetic induction

al
490 called the magnetic field density

also called the magnetic flur density

—

ST Unil of Measure

voltl per meler 0T,

equivalently,

newton per coulomb

tesla, or equivalently,

weber per  square
meter,
volt-second per

square meter

electric displacement field

coulombs per square

also called the electric induction

also called the electric flux density

meter or equivalently,

newton per volt-meter

! magnetizing field

‘1 also called auziliary magnetic field

i H . ampere per meter
| also called magnetic field intensity

5 also called magnetic field

l

the divergence operator

|

| the curl operator

per meter (factor

contributed by
applying either
operator)

partial_derivative with respect to time

per second (factor
contributed by
applying the operator)
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" ment of surface

ditterentz’al vector ele

square meters
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| Im ) With mfinitesimally  small
agnitud . ]
. € and direction normal to
1 Surface §
d‘ffer‘e
l ¥ ntial vector element of path j
engt meters
gth tangential to the path/curve
!Mmitt' 3 S
wth wity of free space, also called
o | e electric constant, a universal|farads per meter
‘;'Constant
,//_H_ o : — e e ———————
| iLGWneabzlztu of free space, also called|henries per meter, OT
;FO I[the magnetic _constant, a universal|newtons per ampere
' |constant squared
I
f
|
| free charge density (not including|coulombs per cubic
| 1 bound charge) meter
L o N
, total charge density (including both|coulombs per cubic
P free and bound charge) meter
i
j free current density (not including amperes per square
el bound_current) meter
| |
| ‘total current density (including both|amperes per square
i |
; J free and bound current) meter
l
[ 5net free electric charge within the
Qf(V) l’three-dzmenszonal volume V (not|coulombs
| \including bound charge)

| |
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;:net electr;
| c
‘dimensz.on lChar € within the three-
al volume v (including both
0

Iree
T e bound charge)

coulombs

filine ]
wntegral of the electric field alon
‘the boundqg oS of y
Zounaary a surface S (0S is

al
ways a %gm)'

joules per coulomb

line integral of the magnetic field
over the closed boundary 8S of the

surface S

the electric flux (surface integral of

surface aV(the boundary of the

volume V)

the electric field) through the (closed) joule-meter
coulomb

tesla-meters

per

the magnetic fluz (surface integral of]

‘the magnetic B-field)
;(closed) surface

' the volume V)

through the|tesla meters-squared

v (the boundary of| or webers

| p . webers or
s h any surjace
magnetic fluz through ™ | equivalently, ~ volt-
seconds

] B.dA = @5 not necessarily closed
S CLO5E2
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electricfluz through any surface S, nol joule met \

] O b
(I)E,S necessarily closed per coulor

- |
fluxz of eleciric_displacement field ”"‘m‘gh\ coulombs
‘ D-dA = (I)D,S 'any surface S, not necessarily closed [
i S o

f / J dA =TI net free electrical current passing th.rou.gh‘.{ amperes
‘ f- — 4
‘ S

the surface S (not including _l;_oglci_wl’!‘_‘g_”-'zf-') r\

//J-dA=IS
s
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i i nd bound amperes
surface S (including both free @ ———il

: t
net electrical current passing through

current)

current |

/'/”l/'/

I



