Potentials for a Hertzian Oscillating Dipole

Kirk T. McDonald Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544 (April 6, 2015; updated March 4, 2017)

1 Problem

Give expressions for the potentials of a Hertzian (point) oscillating dipole in various gauges.

2 Solution

The form of Maxwell’s equations for the fields E and B permit these fields to be related to potentials V and A according to,

E = −∇V − 1 c ∂A ∂t , B ∇ × A, (1)

in Gaussian units, where c is the speed of light in vacuum, and the potentials obeys the wave equations,

∇^2V + 1 c ∂ ∂t ∇ · A = −4πϱ, ∇^2A − 1 c^2

∂^2A ∂t^2 = − 4π c J + ∇ ( ∇ · A + 1 c ∂V ∂t ) , (2)

in terms of source charge and current densities ϱ and J.

Using the Lorenz-gauge condition [1],

∇ · A^{(L)} = 1 c ∂V^{(L)} ∂t , (3)

the potentials obey the wave equations,

∇^2V^{(L)} − 1 c^2

∂^2V^{(L)} ∂t^2

= −4πϱ, ∇^2A^{(L)} − 1 c^2

∂^2A^{(L)} ∂t^2 = − 4π c J. (4)

The solutions to these wave equations are the famous retarded potentials of Lorenz [1] and Riemann [2].

2.1 From Potentials in the Lorenz Gauge to Those in Any Other Gauge

As deduced in eq. (16) of [3], a formal expression for the vector potential in the any other gauge is given in terms of the Lorenz-gauge potentials, and the scalar potential in the other gauge, as,

A(r, t) = A^{(L)} + ∇χ = A^{(L)}(r, t) + c∇

∫_t −∞ {V^{(L)}(r, t^′) − V (r, t^′)} dt^′

= A^{(L)}(r, −∞) − c

∫_t −∞ {E(r, t^′) + ∇V (r, t^′)} dt^′, (5) where c is the speed of light in vacuum.

We first review the potentials in the Lorenz gauge [1] (see, for example, Chap. 9 of [4]), and then transform these into other gauges following the prescription (5).

2.2 Potentials of a Hertzian Dipole in the Lorenz Gauge

This section follows [5].

We consider a time-dependent point electric dipole p = p_0 e^{−iωt}, centered at the origin, as defined by, p(t) = lim

q→∞, d→0, qd=p

q(t) d, (6)

for which the associated electric charge density ρ can be written,

ϱ(r, t) = lim

q→∞, d→0, qd=p

q(t){δ^3(r − d/2) − δ^3(r − d/2)} = p(t) · ∇δ^3(r). (7)

The current density J is related by the equation of continuity,

∇ · J(r, t) = −

∂ϱ(r, t) ∂t = ṗ(t) · ∇δ^3(r) = ∇ · {ṗ(t)δ^3(r)}, (8)

so that, J(r, t) = ṗ(t)δ^3(r). (9) The retarded (Lorenz-gauge) scalar potential V^{(L)} is given by,

V^{(L)}(r, t) = ∫ ϱ(r^′, t^′ = t − |r − r^′| /c) |r − r^′| d^3r^′ = ∫ p(t^′) · ∇δ^3(r^′) |r − r^′| d^3r^′ = − ∫ δ^3(r^′)∇ · p(t^′) |r − r^′| d^3r^′ = −∇ · p(t^′ = t − r/c) r = [p] · r

r^3 + [ṗ] · r c r^2

, (10)

where we write a retarded quantity f(t − r/c) as [f], and note that ∇r = r/r and,

∇ · p(t − r/c) = −

[ṗ] c · ∇r = −

[ṗ] · r c r . (11)

Similarly, the retarded vector potential A is given by,

A^{(L)}(r, t) = ∫ J(r^′, t^′ = t − |r − r^′| /c) c |r − r^′| d^3r^′ = ∫ ṗ(t^′)δ^3(r^′) c |r − r^′| d^3r^′ =

[ṗ] c r . (12)

For an oscillating dipole, p = p_0 e^{−iωt}, [p] = p_0 e^{i(kr−ωt)} = p e^{ikr}, and the Lorenz-gauge potentials are spherical waves with speed c = ω/k,

V^{(L)}(r, t) = p · r e^{ikr} ( 1 r^3 − ik r^2 ) = p_0 · r e^{i(kr−ωt)} ( 1 r^3 − ik r^2 ) , (13)

A^{(L)}(r, t) = −ik p e^{ikr} r = −ik p_0 e^{i(kr−ωt)} r . (14)

If we are primarily interested in the fields and potentials far from the dipole, and keep only terms that vary as 1/r, we have that,

V^{(L)}_{far} = −ikp_0 · r̂ e^{i(kr−ωt)} r , A^{(L)}_{far} = A^{(L)} = −ik p_0 e^{i(kr−ωt)} r . (15)

2.3 Electric and Magnetic Fields

The electric and magnetic fields E and B are obtained from the retarded potentials according to, E = −∇V^{(L)} − 1 c ∂A^{(L)} ∂t and B = ∇ × A^{(L)}, (16)

noting that ∇ × r = 0,

∇ × p(t − r/c) = − ∇r c × [ṗ] = − r c r × [ṗ], . (17)

and,

∇([p] · r) = ([p] · ∇)r + (r · ∇)[p] + [p] × (∇ × r) + [r × (∇ × p])

= [p] − [ṗ] r c + 0 + [ṗ] r c − ([ṗ] · r) r c r = [p] −

([ṗ] · r) r c r (18)

Thus,

E = −∇

[p] · r

r^3 − ∇ [ṗ] · r cr^2 − 1 c ∂ ∂t [ṗ] cr = − 1 r^3

∇([p] · r) − ([p] · r)∇ 1 r^3 − 1 cr^2

∇([ṗ] · r) − ([ṗ] · r)∇ 1 cr^2 − [p̈] c^2r = − [p] r^3 + ([ṗ] · r̂)r̂

cr^2 + 3 ([p] · r̂)r̂

r^3 − [ṗ] cr^2 + ([p̈] · r̂)r̂ c^2r + 2 ([ṗ] · r̂)r̂ cr^2 − [p̈] c^2r = ([p̈] × r̂) × r̂

c^2r + 3([ṗ] · r̂)r̂ − [ṗ] cr^2 + 3([p] · r̂)r̂ − [p]

r^3

, (19)

and,

B = ∇ ×

[ṗ] cr = 1 cr ∇ × [ṗ] + ( ∇ 1 cr ) × [ṗ] = − r̂ c^2r

× [p̈] − r̂ cr^2

× [ṗ], (20)

The fields for an oscillating dipole are,

E = k^2(p − (p · r̂)r̂) e^{ikr} r + (3(p · r̂)r̂ − p) ( 1 r^3 − ik r^2 ) e^{ikr}

= k^2(p_0 − (p_0 · r̂)r̂) e^{i(kr−ωt)} r + E_0(r) (1 − ikr) e^{i(kr−ωt)}, (21)

where,

E_0(r) =

3(p_0 · r̂) r̂ − p_0 r^3

(22) is the static field of electric dipole p_0, and,

B = k^2 r̂ × p ( 1 + i kr ) e^{ikr} r = k^2 r̂ × p_0 ( 1 + i kr ) e^{i(kr−ωt)} r , (23)

which are also spherical waves with propagation speed c.

Far from the dipole,

B_{far} = k^2 r̂ × p_0 e^{i(kr−ωt)} r , E_{far} = B_{far} × r̂. (24)

2.4 Gibbs Gauge

A gauge in which the prescription (5) readily applies is where the scalar potential is defined to be zero, V^{(G)} = 0, such that E = −∂A^{(G)}/∂ct, as first proposed by Gibbs [6, 7].^1 Since the Gibbs-gauge vector potential is an integral of the electric field, A^{(G)}(t) = −c ∫_t

t_0 E(t

′) dt^′, this potential propagates at speed c. However, it differs from the Lorenzgauge vector potential. Since ∇ · E = 4πρ = −∂∇ · A^{(G)}/∂ct, the Gibbs-gauge vector potential obeys ∇ · A^{(G)} = 0 away from charged particles (whereas the Coulomb-gauge vector potential obeys ∇ · A^{(C)} = 0 everywhere).^2

As the Gibbs-gauge scalar potential V^{(G)} is zero, the Gibbs-gauge vector potential can be computed via,

E = −∇V^{(G)} − 1 c ∂A^{(G)} ∂t = ikA^{(C)}. (25)

Thus, using eqs. (21),

A^{(G)} = E ik = −ik (p − (p · r̂)r̂) e^{ikr} r − (3(p · r̂)r̂ − p) ( i e^{ikr} kr^3 + e^{ikr} r^2 )

= ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r − ( r + i k ) E_0(r) e^{i(kr−ωt)}, (26)

Far from the dipole, the potentials in the Gibbs gauge are,

V^{(G)}_{far} = 0, A^{(G)}_{far} = ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r . (27)

1Apparently the Gibbs gauge is also called the Hamiltonian, or temporal, or Weyl, gauge, as mentioned in sec. VIII of [8]. That is, the Gibbs gauge is handy in examples where the electric field is known, and the vector potential is needed for use in the Hamiltonian of the system, expressed in terms of canonical momenta of charges q as p_{canonical} = p_{mech} + qA/c.

2The distinction between ∇ · A in the Coulomb and Gibbs gauges is slight, and may be why Gibbs thought [6] that his new gauge was the Coulomb gauge used by Maxwell.

2.4.1 Gibbs-Gauge Potential from the Lorenz Gauge

The gauge-transformation function χ of eq. (5) is, using eqs. (13) and (32),

χ^{(L→G)} = c

∫_t −∞ {V^{(L)}(r, t^′) − V^{(G)}(r, t^′)} dt^′ = c

∫_t −∞ p(t^′) · r e^{ikr} ( 1 r^3 − ik r^2 ) dt^′

= i p · r e^{ikr} ( 1 kr^3 − i r^2 ) . (28)

We can now obtain the Gibbs-gauge vector potential from that in the Lorenz gauge via eq. (5),

A^{(G)} = A^{(L)} + ∇χ^{(L→G)} = −ik p e^{ikr} r + i∇ ( p · r e^{ikr} ( 1 kr^3 − i r^2 )) − i∇ p · r kr^3

= −ikp e^{ikr} r − (p · r̂) r̂ e^{ikr} ( 1 r^2 − ik r ) − i 3(p · r̂) r̂ − p kr^3 e^{ikr} + (p − 2(p · r̂) r̂) e^{ikr} r^2

= ik((p · r̂)r̂ − p) e^{ikr} r − (3(p · r̂)r̂ − p) ( i e^{ikr} kr^3 + e^{ikr} r^2 ) . (29)

This is the same as eq. (26), which further validates the transformation (5).

2.4.2 Potential in Any Gauge from That in the Gibbs Gauge

According to eq. (5), the vector potential in the Gibbs gauge is,

A^{(G)}(r, t) = A^{(L)}(r, t) + c∇

∫_t −∞ V^{(L)}(r, t^′) dt^′, (30)

so that the vector potential in any other gauge, where the scalar potential is V , can be written as,

A(r, t) = A^{(L)}(r, t) + c∇

∫_t −∞ {V^{(L)}(r, t^′) − V (r, t^′)} dt^′

= A^{(G)} − c∇

∫_t −∞ V (r, t^′) dt^′. (31)

That is, if the vector potential in Gibbs gauge in known, this provides an even simpler prescription than eq. (5) for the vector potential in another gauge.

2.5 Coulomb Gauge

The Coulomb-gauge scalar potential is,

V^{(C)}(r, t) = ∫ ρ(r^′, t) r dVol^′ = ∫ p · ∇δ^3(r) r dVol^′ = p · r r^3

. (32)

The Coulomb-gauge vector potential can be computed via,

E = −∇V^{(C)} − 1 c ∂A^{(C)} ∂t = −∇V^{(C)} + ikA^{(C)}. (33)

Thus, using eqs. (21) and (32),

A^{(C)} =

E + ∇V^{(C)} ik = −ik(p − (p · r̂)r̂) e^{ikr} r − (3(p · r̂)r̂ − p) ( i e^{ikr} kr^3 + e^{ikr} r^2 − i kr^3 )

= ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r − ( r + i k ) E_0 e^{i(kr−ωt)} + i E_0 k e^{−iωt}. (34)

While the first two terms of the second line of eq. (34) are waves with propagation speed c, the third term is instantaneous.

Since ∇ × E_0 = 0, the magnetic field B = ∇ × A^{(C)} propagates at speed c. Likewise, the electric field E = −∇V^{(C)} − ∂A^{(C)}/∂ct = −∇V^{(C)} + ikA^{(C)} propagates at speed c, as the term −∇V^{(C)} is canceled by the third term in ikA^{(C)} according to the form (46).

That is, the Coulomb-gauge vector potential A^{(C)} always contains an instantaneous term whose time derivative cancels the instantaneous term −∇V^{(C)}, such that the electric field E propagates at speed c.^3

Far from the dipole, the potentials are the same in the Coulomb gauge and the Gibbs gauge,

V^{(C)}_{far} = V^{(G)}_{far} = 0, A^{(C)}_{far} = A^{(G)}_{far} = ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r . (35)

2.5.1 Coulomb-Gauge Vector Potential from the Lorenz-Gauge Potential

The gauge-transformation function χ of eq. (5) is, using eqs. (13) and (32),

χ^{(L→C)} = c

∫_t −∞ [V^{(L)}(r, t^′) − V^{(C)}(r, t^′)] dt^′ = c

∫_t −∞ [ p(t^′) · r e^{ikr} ( 1 r^3 − ik r^2 ) − p(t^′) · r r^3 ] dt^′

= ip · r e^{ikr} ( 1 kr^3 − i r^2 ) − i p · r kr^3

. (36)

We can now obtain the Coulomb-gauge vector potential from that in the Lorenz gauge via eq. (5),

A^{(C)} = A^{(L)} + ∇χ^{(L→C)} = −ikp e^{ikr} r + i∇ ( p · r e^{ikr} ( 1 kr^3 − i r^2 )) − i∇ p · r kr^3

= −ikp e^{ikr} r − (p · r̂)r̂ e^{ikr} ( 1 r^2 − ik r ) − i 3(p · r̂)r̂ − p kr^3 e^{ikr} + (p − 2(p · r̂)r̂) e^{ikr} r^2 +i 3(p · r̂)r̂ − p kr^3 = −ik(p − (p · r̂)r̂) e^{ikr} r − (3(p · r̂)r̂ − p) ( i e^{ikr} kr^3 + e^{ikr} r^2 − i kr^3 ) . (37)

3This cancelation for the Coulomb-gauge potentials has been noted in [9, 10, 11, 12].

This is the same as eq. (34), which validates the transformation (5).

For another example of the use of eq. (5) to obtain the Coulomb-gauge vector potential, see [13].

2.5.2 Direct Computation of the Coulomb-Gauge Vector Potential

For comparison, we can also deduce the Coulomb-gauge vector potential using the classic prescription,^4 A^{(C)}(r, t) = ∫ [J_t] c |r − r^′| dVol^′, (38)

where the transverse current density is defined by

J_t(r, t) = 1 4π ∇ × ∇ × ∫ J(r^′, t) c |r − r^′| dVol^′. (39)

The integral in eq. (39) is the nonretarded version of the Lorenz-gauge vector potential (13), ∫ J(r^′, t) c |r − r^′| dVol^′ = − ikp(t) r . (40)

Hence, ∇ × ∫ J(r^′, t) c |r − r^′| dVol^′ = ∇ ×

−ikp r = r r^3

× ikp, (41)

and,

J_t(r, t) = 1 4π ∇ × ∇ × ∫ J(r^′, t) c |r − r^′| dVol^′ = 1 4π ∇ × ( r r^3

× ikp ) = − ik 4π 3(p · r̂)r̂ − p r^3

. (42)

Note that while the physical current associated with the point dipole is localized to the origin, the (nonphysical) transverse current (42) is nonzero everywhere in space. The Coulombgauge vector potentials is now given by eq. (38),

A^{(C)}(r, t) = ∫ [J_t] c |r − r^′| dVol^′ = − ik 4πc ∫ [3(p · r̂^′) r̂^′ − p] |r − r^′| r^{′3} dVol^′ = − ik 4πc ∫ (3(p · r̂^′) r̂^′ − p) e^{ikr′} |r − r^′| r^{′3} dVol^′. (43)

However, it is not straightforward to go from eq. (43) to (34).

2.5.3 Coulomb-Gauge Vector Potential from the Gibbs-Gauge Potential

We can also compute the vector potential in the Coulomb gauge, from that in the Gibbs gauge according to the prescription (31),

A^{(C)}(r, t) = A^{(G)}(r, t) − c∇

∫_t −∞ V^{(C)}(r, t^′) dt^′. (44)

4See, for example, sec. 6.3 of [4].

If the dipole moment oscillates according to p = p_0 e^{−iωt}, c ∫_t −∞ V^{(C)}(r, t^′) dt^′ = c

(p_0 · r̂) r^2

∫_t −∞ e^{−iωt′} dt^′ = i k (p_0 · r̂) r^2 e^{−iωt} = i k V^{(C)}(r, t), (45)

taking the scalar potential at t = −∞ to be its average value of zero at large negative times, such that the Coulomb-gauge vector potential is, recalling eq. (26),

A^{(C)}(r, t) = ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r − ( r + i k ) E_0 e^{i(kr−ωt)} − i k ∇V^{(C)}(r, t)

= ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r − ( r + i k ) E_0 e^{i(kr−ωt)} + iE_0 k e^{−iωt}. (46)

The first two terms of eq. (46) propagate at speed c = ω/k, while the third term is instantaneous.

2.6 Static-Voltage Gauge

A variant of the Gibbs gauge is that the scalar potential is not zero, but rather is the instantaneous Coulomb potential at some arbitrary time t_0,

V^{(SV)}(r, t) = V^{(C)}(r, t_0) = ∫ ρ(r^′, t_0) |r − r^′| dVol^′. (47)

This is the static-voltage gauge [14], called the Coulomb-static gauge in [15].

From eq. (31), we see that the vector potential in the static-voltage gauge differs only slightly from that in the Gibbs gauge,

A^{(SV)}(r, t) = A^{(G)}(r, t) − ct∇V^{(C)}(r, t_0). (48)

We can take the scalar potential in the static-voltage gauge to be that at time t_0 = 0, so for the present example,

V^{(SV)}(r, t) = V^{(C)}(t = 0) = p_0 · r r^2

. (49)

The vector potential in the static-voltage gauge is then given by eq. (48) as,

A^{(SV)}(r, t) = A^{(G)}(r, t) − ct∇V^{(C)}(t = 0) = A^{(G)}(r, t) + ctE_0(r)

= ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r − ( r + i k ) E_0(r) e^{i(kr−ωt)} + ctE_0(r). (50)

Far from the dipole, the potentials are the same in the Coulomb gauge, the Gibbs gauge and the static-voltage gauge,

V^{(C)}_{far} = V^{(G)}_{far} = V^{(SV)}_{far} = 0, A^{(C)}_{far} = A^{(G)}_{far} = A^{(SV)}_{far} = ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r . (51)

2.7 Kirchhoff Gauge

Kirchhoff [16] was apparently the first to define a gauge condition, writing,

∇ · A^{(K)} = − 1 c ∂V^{(K)} ∂t , (52)

which differs by a sign from the Lorenz-condition (3). Then, the wave equation (2) for the scalar potential becomes, in the Kirchhoff-gauge,

∇^2V^{(K)} + 1 c^2

∂^2V^{(K)} ∂t^2

∇ · A = −4πϱ, (53)

which is the same as that in the Lorenz gauge, eq. (4), but with the substitution c → ic. Hence, a formal solution for the Kirchhoff-gauge scalar potential is,

V^{(K)}(r, t) = ∫ ϱ(r^′, t^′ = t − |r − r^′| /ic) |r − r^′| d^3r^′ = −∇ · p(t^′ = t − r/ic) r = p · r e^{−kr} ( 1 r^3 − k r^2 ) = p_0 · r e^{−kr−iωt} ( 1 r^3 − k r^2 ) . (54)

We use eq. (31) to relate the vector potential in the Kirchhoff gauge to that in the Gibbs gauge,

A^{(K)}(r, t) = A^{(G)}(r, t) − c∇

∫_t −∞ V^{(K)}(r, t_0) = A^{(G)}(r, t) − i k ∇ ( p · r e^{−kr} ( 1 r^3 − k r^2 ))

= ik((p · r̂) r̂ − p) e^{ikr} r − (3(p · r̂) r̂ − p) ( i e^{ikr} kr^3 + e^{ikr} r^2 )

−ik(p · r̂) r̂ e^{−kr} r − i((p · r̂) r̂ − p) e^{−kr} r^2

+ i(3(p · r̂) r̂ − p) e^{−kr} kr^3

. (55)

Both the scalar and vector potential in the Kirchhoff gauge have terms that die out as e^{−kr} away from the source, but these terms do not contribute to such behavior in the E and B fields.

Far from the dipole, the potentials are the same in the Coulomb gauge, the Gibbs gauge, the Kirchhoff gauge and the static-voltage gauge,

V^{(C)}_{far} = V^{(G)}_{far} = V^{(K)}_{far} = V^{(SV)}_{far} = 0, (56)

A^{(C)}_{far} = A^{(G)}_{far} = A^{(K)}_{far} = A^{(SV)}_{far} = ik(p_0 × r̂) × r̂ e^{i(kr−ωt)} r . (57)

2.8 Poincaré Gauge

In cases where the fields E and B are known, we can compute the potentials in the so-called Poincaré gauge (see sec. 9A of [8] and [17, 18, 19]),^5

V^{(P)}(r, t) = −r ·

∫_1 0 du E(ur, t), A^{(P)}(r, t) = −r ×

∫_1 0 u du B(ur, t) (Poincaré). (58)

5The Poincaré gauge is also called the multipolar gauge [20].

These forms are remarkable in that they depend on the instantaneous value of the fields only along a line between the origin and the point of observation.^6

The scalar potential in the Poincaré gauge can be computed from eqs. (58) and (21),

V^{(P)}(r, t) = −r ·

∫_{u0=1} 0 du E(ur, t) = −r

∫_1 0 2(p · r̂) ( 1 u^3r^3 − ik u^2r^2 ) e^{ikur} du

= −2(p · r̂)

∫_r 0 ( 1 s^3 − ik s^2 ) e^{iks} ds. (59)

The integral is ill behaved at the lower limit, and the Poincaré potentials are not useful for this example. However, if the oscillating dipole were at not at the origin, the Poincaré potentials could be evaluated (with considerable effort) at any point not on the ray from the origin to the dipole.

References

[1] L. Lorenz, Ueber die Identität der Schwingungen des Lichts mit den elektrischen Strömen, Ann. d. Phys. 207, 243 (1867),

http://kirkmcd.princeton.edu/examples/EM/lorenz_ap_207_243_67.pdf

On the Identity of the Vibration of Light with Electrical Currents, Phil. Mag. 34, 287 (1867), http://kirkmcd.princeton.edu/examples/EM/lorenz_pm_34_287_67.pdf

[2] B. Riemann, Ein Beitrag zur Elektrodynamik, Ann. d. Phys. 207, 237 (1867),

http://kirkmcd.princeton.edu/examples/EM/riemann_ap_207_237_67.pdf

A Contribution to Electrodynamics, Phil. Mag. 34, 368 (1867),

http://kirkmcd.princeton.edu/examples/EM/riemann_pm_34_368_67.pdf

[3] K.T. McDonald, Formal Expressions for the Electromagnetic Potentials in Any Gauge (Feb. 25, 2015), http://kirkmcd.princeton.edu/examples/gauge.pdf

[4] J.D. Jackson, Classical Electrodynamics, 3^{rd} ed. (Wiley, 1999),

http://kirkmcd.princeton.edu/examples/EM/jackson_ce3_99.pdf

[5] P.R. Berman, Dynamic creation of electrostatic fields, Am. J. Phys. 76, 48 (2008),

http://kirkmcd.princeton.edu/examples/EM/berman_ajp_76_48_08.pdf

[6] J.W. Gibbs, Velocity of Propagation of Electrostatic Forces, Nature 53, 509 (1896),

http://kirkmcd.princeton.edu/examples/EM/gibbs_nature_53_509_96.pdf

[7] K.T. McDonald, Potentials of a Hertzian Dipole in the Gibbs Gauge (Aug. 23, 2012),

http://kirkmcd.princeton.edu/examples/gibbs.pdf

6The potentials in the Poincaré gauge depend on the choice of origin. If the origin is inside the region of electromagnetic fields, then the Poincaré potentials are nonzero throughout all space. If the origin is to one side of the region of electromagnetic fields, then the Poincaré potentials are nonzero only inside that region, and in the region on the “other side” from the origin.

[8] J.D. Jackson, From Lorenz to Coulomb and other explicit gauge transformations, Am.

J. Phys. 70, 917 (2002), http://kirkmcd.princeton.edu/examples/EM/jackson_ajp_70_917_02.pdf

[9] O.L. Brill and B. Goodman, Causality in the Coulomb Gauge, Am. J. Phys. 35, 832 (1967), http://kirkmcd.princeton.edu/examples/EM/brill_ajp_35_832_67.pdf

[10] C.W. Gardiner and P.D. Drummond, Causality in the Coulomb gauge: A direct proof, Phys. Rev. A 38, 4897 (1988), http://kirkmcd.princeton.edu/examples/EM/gardiner_pra_38_4897_88.pdf

[11] F. Rohrlich, Causality, the Coulomb field, and Newtons law of gravitation, Am. J. Phys.

70, 411 (2002), http://kirkmcd.princeton.edu/examples/EM/rohrlich_ajp_70_411_02.pdf

[12] B.J. Wundt and U.D. Jentschura, Sources, Potentials and Fields in Lorenz and Coulomb Gauge: Cancellation of Instantaneous Interactions for Moving Point Charges, Ann. Phys. (N.Y.) 327, 1217 (2012), http://kirkmcd.princeton.edu/examples/EM/wundt_ap_327_1217_12.pdf

http://arxiv.org/abs/1110.6210

[13] V. Hnizdo, Potentials of a uniformly moving point charge in the Coulomb gauge, Eur.

J. Phys. 25, 351 (2004), http://kirkmcd.princeton.edu/examples/EM/hnizdo_ejp_25_351_04.pdf

[14] K.T. McDonald, Static-Voltage Gauge (Mar. 25, 2008),

http://kirkmcd.princeton.edu/examples/static_gauge.pdf

[15] J.A. Heras, The Coulomb static gauge Am. J. Phys. 75, 459 (2007),

http://kirkmcd.princeton.edu/examples/EM/heras_ajp_75_459_07.pdf

[16] G. Kirchhoff, Ueber di Bewegung der Elektricität in Leitern, Ann. d. Phys. 102, 529 (1857), http://kirkmcd.princeton.edu/examples/EM/kirchhoff_apc_102_529_57.pdf

http://kirkmcd.princeton.edu/examples/EM/kirchhoff_apc_102_529_57_english.pdf

[17] D.H. Kobe, Gauge transformations and the electric dipole approximation, Am. J. Phys.

50, 128 (1982), http://kirkmcd.princeton.edu/examples/EM/kobe_ajp_50_128_82.pdf

[18] W. Brittin et al., Poincaré gauge in electrodynamics, Am. J. Phys. 50, 693 (1982),

http://kirkmcd.princeton.edu/examples/EM/brittin_ajp_50_693_82.pdf

[19] B.-S.K. Skagerstam et al., A note on the Poincaré gauge, Am. J. Phys. 51, 1148 (1983),

http://kirkmcd.princeton.edu/examples/EM/skagerstam_ajp_51_1148_83.pdf

[20] R.G. Woolley, The Electrodynamics of Atoms and Molecules, Adv. Chem. Phys. 33, 153 (1975), http://kirkmcd.princeton.edu/examples/EM/woolley_acp_33_153_75.pdf