Electrostatic and magnetostatic fields generated by light in free space
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INTRODUCTION

The phenomenological equations of Maxwell form the
basis of the classical understanding of light. They were
formulated in the mid-nineteenth century, before relativi-
ty was fully developed, and before the quantum theory
came into existence. They were later put on a microscop-
ic basis by Lorentz in his theory of the electron, and have
become the starting point of a vast number of contem-
porary papers on the nature of light in free space and in
materials. In this paper we show that there exist electro-

static and magnetostatic fields in the propagation axis of |

the classical -electromagnetic plane wave, ficlds which
propagate in free space, and which conserve the structure
of the well-defined Poynting vector, and therefore do not
affect the law of conservation of clectromagnetic energy
in free space. It is usually assumed that the following are
solutions to the free-space Maxwell equations for a com-
pletely circularly polarized plane wave:

mr,n=—;’,§£‘,ti+uw . (

Blr.t)= =Bl j—iide™ ._ @
Here Eg is the scalar electric field strength amplitude,
~ mnd B, the scalar magnetic flux density amplitude, i and j
are unit vectors in X and Y of the laboratory frame, and ¢
is the phase of the plane wave. These solutions are oscil- .
— latory and time and space dependent through the phase
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The classical theory of fields is used to demonstrate that the Maxwell equations support solutions of
the type E9=Elr,1)+Ey, and B®=Bl(r, 1)-+By, where BElr,r) and B(r,) are the usual oscillating electric
and magnetic componeats of the plane wave, and where the real Ey; and By, are uniform electrostatic and
magnetosiatic ficlds directed in the propagation exis r of the wave. The ficlds Eyy and By are nonzero in
general and their presence does not affect the Poyating vector and the law of conservation of electromag-
petic energy of the plane wave in frec space. Thus, Ey and By, arc photon properties that take meaning
when the photoa beam interacts with matter, for example, an electron in the Lorentz equation. They arc
physically meaningful Gelds and their source is the same a5 that of Blr,r) and B(r,r).
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| axis z of the plane wave. It appears always to have been

¢=ar —x-r. 3)

""" Here w is the angular frequency of the wave, ¢ the time, x |

the wave vector, and r a position vector as ususl A

whole literature is available concerning their properties. -
~~~  However, the equations i
‘- ty of free space. The vector N is the flux of clectromag- |
" metic energy of the plane wave, and the scalar U is the

E=Bir,N+E, , O]
BY=Bir,0+ B, s -
are also valid solutions to the frec-space Maxwell equa-
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 tions. HmB,mdB“muniform.ﬁme-ind:pcdmt,
electric and magnetic ficlds directed in the propagation

implicitly assumed that E and By; are both zero in free
space, and that there is no component in z of the plane
wave in vacuo. There is no mathematical reason for this
supposition, however, and as we shall see, the vectors B
and By can be related to the well-known E(r,f) and
B(r,r). The source of B and By, is therefore the same as
the source of the well-accepted Elr,f) and B(r,?). If the
latter are nonzero, then so are both E; and By in general.

Section I introduces By, using the well-known imagi-

o

14! = Ege Im{ By )=B(r, ) XE*(r,1)=—iE}k mi

- of the dmumnagm:uc plane wave [1—-8), where E*(r,r) is ;_

the complex conjugate of Blr,?), Le.,

B‘[r.t)-VEEoti—ij)c"‘ - M
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We see in Appendix A that the real and imaginary parts

- of By are the same. E, and By are antiparallel in the -
_ propagation axis.

The law of conservation of energy for a plane wave in

:tmmmhwwmmﬁnﬁnm-!__
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- where N is the Poynting vector,
N=-LBir,0)XBir,) ,
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clectromagnetic ficlds’s energy density. Therefore N is! . —
electromagnetic power per unit arca, and U is power per'

. unit volume. The scalar amplitude of the Poynting vec- . .
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is the light intensity /,. Therefore Eq. (8) expresses, . L
in classical electrodynamics, the law of conservation of |-

+ electromagnetic energy in free space. Thu:dnaficlddg
~ energy has no meaning [9] unless the wave interacts with

mm:rte;..melectro:ﬂ In Sec. III it is shown that the |- ;,j
continuity equation (8) is unchanged for nonzero Ey; and |
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By X Elr,f)=EqXB(r,1) .

In other words Eq. (lﬂ]hthamdihmfmmlﬂon
of free-space electromagnetic energy given the general
solutions (4) and (5) of the Maxwell equations. Equation
(10) shows that if By, is nonzero, and defined through the
conjugate product (6), then so is Ey. Finally, a discussion
is given of the physical meaning of the vectors By and
Bg, with order-of-magnitude estimates, and experimental
COmMSEquUences,
L. THE DEFINITION OF By
THROUGH THE CONJUGATE FRODUCT

The conjugate product EXE* appears in the antisym-
metric part of Maxwell's stress tensor [10] and is a well-
defined property of light. It is an axial vector with mag-
netic symmetry [11,12], i.c., that of angular momentum:
positive to parity inversion P, and negative 1o motion re-
versal T. The vector notation EXE® is equivalent to the
tensor notation:

TG=feu BB} —ELE]) (n

where g, isthe Levi-Civiti symbol. This shows that the |
axial vector EXE® is equivalent to a polar rank-two ten- |-

Tdr s

SOz

which is the antisymmetric part of the tensor EEJ.
Therefore EXE® is the vector part of light intensity. Iz
The quantity

IEXE* 1
(Ege)

is a uniform, divergentless, ti

Imf Bn )=

magnetic |

time-independent,
flux density vector with the required symmetry and units. '~

The magnetic ficld By exists in free space because EXE* !
exists in free space, and is defined in the z axis:

(14)

where k Is an axial unit vector. The magnitude of By,
ie., |Byl, is the scalar amplitude B, defined in the Intro-
duction. A real interaction Hamiltonian is produced
from BXE* /(Eqgc) when it forms a scalar product with !

Eq
Im(Bpy)= ’!'Tk- +8.k ,

the usual imaginary magnetic dipole moment operator, - -
if"”, in gquantum mechanics [13-15]. Similarly, the |’

imaginary EXE®* produces a well-defined [1-8] real in-
teraction Hamiltonian when it multiplies the imaginary
part of the molecular electric polarizability operator, i&".
The latter is the well-known vectorial polarizability
[16,17), which vanishes at zern [requency from time-

NIER ;

N t :
i showing that f” and & have the same T negative, P

' operator when it
. we have identified as By in Eq. (13). Clearly, " can
" by a magnetic field. The root of Eq. (13) is thercfore |

i found in the fact that the well-known molecular property
" tensors &" and " are both axial vectors with magnetic

(3 :+

I

dependent perturbation theory. Both f" and &" are
* directly proportional (using the Wigner-Eckart Theorem,

‘, .1.

for example [16,17)) to the net molecular electronic
 angular-momentum operator —
ﬁ"fr,] (15)
' =yut , ae [

where y, is the gyromagnetic ratio [13—15]) and y, is the
ptic ratio [18-20]. Conlequmﬂy
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positive symmetry, and are both axial vector operators.
The conjugate product EXE® forms a real Hamiltonian

un%ﬂpﬁai&".mdbeum&"isdimt—
ly to J and thus to ", it follows that
EXE® must be proportional to & magnetic field, which

form a real Hamiltonian operator only when multipliad

symmetry. This point can be emphasized by assuming
that the real part of " -By is an interaction Hamiltonian
and investigating the logical consequences. To do this, it
is convenient to wrile the well-accepted [16,17] interac-
ﬁonHmilloninbeﬂm:niﬂ"de)(E' s

- AR =—i&"-(EXE") i

(BEXE*) )
¢L‘

—Egc&"Im(Bg),  (18) |

= —lEoca"

where we have defined By in terms of EXE® as in'Eq. |~

... (13). Using the proportionality (17) between the magnetic |
© dipole moment and the vectorial polarizability, Eq. (18) |

becomes
Aﬂ=_5,, iy

1—--

ﬁ"-lm[linl— —i@"-(EXE®) (19 F

.. showing that the product fi-By; is directly proportional .
' . to the product i&”-(EXE®) through & nonzero propor- |

e

tionality constant. Therefore, if the energy i@"-(EXE®)

- is nonzero, then so must the energy @By, be nonzero,

Finally in this section, using the Wigner-Eckart -

: theorem, the gyromagnetic and gyroptic ratios can be '

" defined as fi in an atom with net electronic angular
* momentum, J, showing that in this case y, and yy are
- nonzero in general: i
o STIEURY g 20)
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IL THE CONSERVATION
OF ELECTROMAGNETIC ENERGY

We have assumed that Eqgs. (4) and (5) are solutions of
the free-space Maxwell equations:

G 9B
VY XE = Q3

61 3B°
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in Systéme International (SI) units. It is clear that if B,
and By, are defined in the z axis of the plane wave

VX (24)

LT i

vxn.,'-f&"-w " ©s)

mmmﬁddsmmwmmdhnnmx

B e
‘.

1
2

and ¥ components. Consider the divergence of E%(r,r)
and B%r,t). Using the vector identity
V{AXB)=B{VX A)— A-(VXB) an
it follows that we may expand
V-(E°XB®)= V{EXB)+V-(EXBy)
+V-(ByXB)4+V-EgXBy), (28

where E X B is proportional to the Poynting vector of the ;
law of conservation of energy, Eq. (8). From the relations |

V-AEXBg)=By-(VXE)—E«VXBy) , i

VXBp=0 Q9 !
and !

By VXE)= —B“-%!:- -0 (30) |
it follows that

VAEXBy)=0 G1) |
and similarly

V(EyXB)=0. (32)

Also, the last term in Eq. (28) vanishes because Ep is |
parallel to By in z It follows therefore that |

i
VAE°XB%)=V{EXB},

an i
Lr..theconﬁnuityeqmﬁon(l)iaumﬂ'eaedbythcwu-_
ence of By and By, and the relation [Eq. (8)] of the field ;
mergyoﬂudmity(ﬁhnthaeleammwmu-'
gydamty((l)umhn;:dmthememdwumv
netic planc wave. In other words the elec _
powmpﬁmulmgmmwdbyV(BxBu)udby;
V-(Eyy X B) are both zero, and therefore so are the associ- -
ated electromagnetic powers per unit volume. :

This result is truc only if By and By are both in the ;
propagation axis of the plane wave. The argument so far
shows that E;; and By, may be separately nonzero, or that

| matter
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E, may be zero and By nonzero, as defined in Eq. (13).

In precise analogy with E(r,¢) and B(r,¢), the fields E;;
and By take meaning only when there is wave-particle or
wave-matter interaction, but these fields propagate
through free space (i.c., vacuum). Clearly, electromag-
netic waves can be detected only when there is particulate

with which the waves can interact, otherwise
thenwouldbenoapeﬁmmnlevidmoenlllforﬁeﬂ-
istence of electromagnetic fields. The source of Ey and
By, is the same as the source of the oscillating fields E(r,r)
and Blr,r), because both the static and oscillating com-
ponents are needed for the complete solution of the free-
space Maxwell equations and the presence of oscillating
components implies through Egs. (13) and (37) the pres- |

ence of static components. The static and oscillating
components are both relativistic in nature, because the
plane wave propagates at the speed of light. luquntmi
field theory, there are operator equivalents [18-21]) of By |

and By. A fundamentally important difference butweenl
th:mllmngandsuncmmpnnentsofthephncmveu‘
that the former vanish upon time averaging and the latter |

i do not. This is the source of several novel physical phe- .
: momena when there is wave-matter interaction. Equation |

Gﬂcmﬁxnd’i’symmctry,anduwmﬁconm-'
ponents of the solution are related through Egs. (13) and |
(37) to the oscillating components with, as we have seen, .
conservation of electromagnetic energy. The components |
are therefore completely defined and the definition is |
self-consistent.

From the properties of the dual transform of special re-
huv:ty(ceeAppenduA)theMuwdlequﬁommm-
variant to

¢B—=—iE,
{38) -
cBy—+—iEg .
The dual transform implies immediately that
B“XB-—E—E;“—X —c%]=B“XB. (39,

—
In order to obtain a relation between Ep and By we use | - '
the result, from Eq. (8), ‘ ’
V-(EXBO)=V-(EXB)=— 2L , 34
which implies that the divergence of the product E¢x B |—
is nonzero and identical with the divergence of the prod-
uct EXB. This implies that
E°XB®=EXB+const . 68|
However, we know that
B°XB=EXB+EyXB+EXBg 36)
_L-dfmmqu.BShndmnduivethakeymnh
assuming that the constant of integration in Eq. (35) is |7
zero (see Appendix D) and demonstrating that if By is
nonzero, then Eg must also be nonzero.
-




which confirms that the sum

EnXB+EXB,=0 140) |
" and that the general solution of Maxwell's equntionlj
must be of the form (see Appendix A) |
e < -
E%=Elr, n;tv,.s,u Dk, (4ll|
Bo=B( 120 (i 4+ 1)k «z)i
- l',f Vi I

lo be consistent with the theory of special relativity ap-
———~ plied to the Maxwell equations.
It is easily checked that Eq. (39) is consistent with Eqs.
(1) and (2) with

(43)

By
B"=:t—v;i—(l +1)k ,

E,
Bn=:|:7rll-11k =
— - Equation (39) is also consistent with the generalized con-
| ununyeqnauou..udmmmcmm‘appmdq:m
Fp=Eg+icBg (45)
and
FL=E}—c¢'B} +2icEy-By (46)

are invariants of the Lorentz transform. From Eq. (40)
the net contribution of Ey and By, to the free-space elec-
T tromagnetic energy is zero.

1L DISCUSSION

(44)

e —
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- electron-spin resonance (ESR); optical forward-backward

. has also been deduced [18-21] that the quantum field

. and Zeeman effects; optically induced shifts in NMR res-

in free space, they have the properties of such fields when
light interacts with matter. This is the main conclusion
of this paper. -

On the basis of this conclusion it is easy Lo see that the |

various theories of the interaction of conventionally gen- |
erated electric and magnetic fields can be applied direcuy
to the fields Ey and By, and examples of these applica- |
tions have been given elsewhere for By (22-26]. These
include the inverse Faraday effect; the optical Faraday

onances (“optical NMR,™ recently observed experimen-
tally [27)); the optical Cotton-Mouton effect; optical

birefringence; and a reinterpretation of antisymmetric
light scattering and related phenomena in terms of By, It

equivalent of By, is the operator
7
ﬁnEBQ‘Z »
where T is the quantized photon angular momentum, aud'

# the reduced FPlanck constant. It has also been shown
[25], using the properties of the classical Lorentz trans-

(48) |

. formation, that there can be no Faraday induction in free
. space due to a time derivation of the type dBy, /dt, pro-

. duced, for example, by modulating a laser beam. (Note, |

- however, that Faraday induction occurs via the inverse |

Faraday effect [28] when a circularly polarized laser in- '
teracts with mafter inside an induction coil.) The reason
for this is that the Lorentz transformations do not allow |

free-space X and ¥ components either of By or of Ey,

" and also show that the z components E;; and By; must be '

ed directly from the intensity, Iy, of the light beam in |

___ Wm ? through the free-space relations:

an"’Bo
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where € i5 the electric permittivity in vacuo
(8.854% 1072 37" C*m™" in SI units). Thus, for a beam
“of 10000 Wm ™2 (1.0 Wem™?), By is about 107* T, and °
E, about 20 Vm ™', These are also the scalar amplitudes |
B, and E, of the oscillating part of the solution to
Maxwell's equations, and the scalar intensity I; of the -
beam is unaffected by the presence of Ej and By because |
I, is the magnitude of the Poynting vector. However, E,
and By are nonzero after time averaging because they are !
independent of time, and form real, nonzero, interaction -
Hamiltonians with particulate matter. These Hamiltoni-
ans lead, therefore, to the prediction of novel physical :
phenomena which can be measured as a function of I, |
and of the polarization state of the light beam. If the
latter is linearly or incoherently polarized, EXE® is zero .
and in consequence, so are By, and Ey; otherwise E; and
B, are proportional to the square root of I, Because E;, .
and By are electrostatic and magnetostatic fields which
form part of the general solution of Maxwell's equations

relativistically invariant [25].
One of the simplest consequences of the presence of By |

The orders of magnitude of Eyy and By can be estimat- is an optical Zeeman effect, whose semiclassical theory

regards By, as a classical vector [24]. In this approxima- -
ﬁonth:thenryofthcoptic,alZeemncﬁeclistheumcu

that of the conventional Zeeman effect [29], with the con- « ~—

ventional magnetostatic B, replaced by By;,. In the sim-
plest case, the Zeeman shift is proportional 1o

By

Af =ﬁ~—h— (49}
and therefore to the square root of the laser intensity 1},
This occurs in addition to an optical Zeeman shift caused
[30] by the interaction of EXE* with &, a mechanism
which is proportional to intensity I, There appear to be |
no experimental investigations to date of the optical Zee-
man effect, which requires only a minor modification of
optical Stark effect apparatus to circularly polarize the
pump laser,

Similarly, a nonzero interaction Hamiltonian is formed
in general between an electric dipole moment i and the
optical electrostatic field By, leading to a new type of op-
tical Stark effect, proportional to the square root of the
pump laser intensity, which ocours in addition to the con- .
ventionally understood optical Stark effect [29], but only
when the pump laser has some degree, at least, of circular
polarization. Otherwise E;; and By, vanish. As in the or-
dinary linear Stark effect, caused by an ordinary electric

e

——
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~ this work that Ey and By do not affect the law of conser-

e —— e —

ic dipole moment), and it has been shown in Eq. (19) that | | e

vation of electromagnetic energy, the widely accepted | if I@"EXE® is accepted as an interaction energy, then |

continuity equation (8) of the classical theory of fields.
The notions of EXE®, By, and Ey; are inextricably and
incluctably interrelated, therefore, and experimental evi-
dence for the presence of any one is evidence for all.
Conversely, if there is no apparent evidence for one, then
all must not exist. The inverse Faraday effect has been
mwrptuedthmu;hthemofzxn'nll.bmmu,
provides an explanation in terms only of one mechanism,
proportional to intensity. It has been argued here that |
there must be another mechanism present, proportional
to the square root of intensity (the By mechanism), and
also effects due to Ey, also proportional to the square
root of intensity. If these are found experimentally, con-
temporary understanding would be strengthened, but evi-
dence for one mechanism (e.g., EXE"®) is found, and evi-

tromagnetic fields would be challenged at the most funda-
mental level.

Clearly, the notion of EXE* implies that this object is |
transmitted through free space in an electromagnetic
plane wave, and when this wave meets particulate matter,
an interaction Hamiltonian is formed between EXE"® and
a material property. In atoms and molecules with net
electronic angular momentum, this property is the vec-

%

torial polarizability vector &", well defined and accepted | -

in semiclassical time-dependent perturbation theory, !

" based on the time-dependent Schrédinger equation [29]. !

Since By, is directly proportional to EXE®, it cannot be |

r
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* leagues at UNCC and elsewhere. Appendixes A-D:
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dence for another (e.g., By) not found, the theory of elec- |

argued that EXE® exists and that B;; does not. The | -

source of Ep and of By is clearly the same as that of !
Elr,7) and B(r,t). Furthermore, il has been shown that
Bnisptno(thegmcnlsolmionoflheequanunsofa

© Maxwell, and is therefore phenomenologically indistin- :

guishable from uniform, magnetostatic fAux density,
whose symmetry and units its possesses. [t cannot there- .
fore be argued that By cannot form an interaction Hamil- -
tonian with the appropriate material property (a magnet- |

- Im(By;) must also be accepted as such. Finally, the: -

classical presence of Ey; and By must have a meaningalso | —

in quantum field theory, whmthmvmrﬁddxbwome’
(Appcndum

- e
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APPENDIX A

The original appendix on microfiche proves that By |
and By are entirely consistent with the Lorentz covari- |
mdmmmmmmdm !

APPENDIX B I~

Thhnppcndixd:ﬁnathequnmmommhniulnmc—'i
ture of Eyy and By, in terms of creation and annihilation -
operators.

APPENDIX C

This provides definition for Ey and By, in terms of vec-
tor potentials in free space.

APPENDIX D

This proves that the constant of integration in Eq, (35}
is zero.
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