Chapter 11
QUESTIONS ABOUT THE FIELD B
M. W. Evans

Introduction

In this summary, some questions concerning the nature of B™ (see accompanying
articles) are answered in a simple way by reference to the definition of B®™ in
terms of the conjugate product. Some possible misconceptions and misinterpreta-
tions are anticipated and clarifications are made of the way in which B® should

}lae interpreted on the basis of its definition in terms cof the conjugate product,
i.e. the antisymmetric part of light intensity.

1; Is B™ exactly like a static magnetic field?

No, B'™ is a property of light, it is defined [1] through the anti-
symmetric part of the light intensity tensor, T;;, in wvacuo. It is a
fundamental photon property [2] in the same way that the Stokes operators
and Peynting vector, for example, are fundamental properties of light.

2 If B® is a magnetic field, what is its source?

The property B®™ is defined through the conjugate product of light, and
has the units (tesla) and symmpetry of frequency independent magnetic flux
density. It vanishes if there is no electromagnetism present in the form
of a travelling plane wave [3-5]. The source of B‘? is the same therefore
as the source of the usual transverse elect romagnetic plane waves which
define the antisymmetric part of light intensity.

3 Surely B'™ , if it is a magnetic field, has an energy. If not, why?

By using the Lorentz Lemma as in the accompanying paper [6] it is seen that 3@
is accompanied by an imaginary iE®™, the nel contribution of B™ and
iB™ to the electromagnetic energy is zero. The Poynting theorem is
unchanged by the presence of B! and ;E® in free space. The flux due
to these fields over any closed surface is zero and no energy transport
occurs in free space due to B and iE*' . The frequency asscciated with B¢
and iE' is zero, and they have no Planck energy, and these fields do not
contribute to the power (watts) radiated from aerials or accelerated
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charges because they do not contribute to the Poynting vector. B® is
proportional to the conjugate preoduct, and the latter also does not
contribute to electromagnetic energy density.

If these fields have no energy, how are their effects observed?

They do mot contribute to the electromagnetic energy density, or light
intensity, but these quantities take meaning [7] only when the light
interacts with material. The field B! is defined as real and forms an
interaction Hamiltonian with atoms and molecules. The field iE® is
imaginary, and does not form a real interaction Hamiltonian. The variety
of possible effects caused by B, assumed to act as a magnetic field, are
described in Refs, [8-10]., Similarly, the conjugate product dees not
contribute to free space electromagnetic energy, but is partly responsible
(with B®) for the inverse Faraday effect (magnetization by light).

How can B' (or the conjugate product) be created without the expenditure
of energy?

Energy is needed for transmitting electromagnetic waves (for example at a
transmitting aerial as energy input to the transmitter minus heat wasted)
and electromagnetic waves transmit energy to the receiving antenna, where
it is picked up as a signal. Energy is carried outward in the form of
electromagnetic waves [11]. The electromagnetic energy per unit area per
unit time is given by the Poynting vector, and its magnitude is proportion-
al to the scalar part of the radiation intensity. The vector part of
radiation intensity is propertional to the conjugate product, or B and
cannot contribute to electromagnetic energy density. This does not mean
that the B! vector does not exist, nor dees it mean that the conjugate
product does not exist. The latter is formed from a vector cross product
of already formed oscillating electromagnetic fields, and enexrgy has
already been expended to create these oscillating fields at the transmit-
ter.

If B™ s simply another way of describing the conjugate product, what
advantage is there?

The field B®™ 1is defined as the conjugate product divided by a scalar
iB' . It has the properties of frequency independent magnetic flux
density, having the same symmetries and units of an ordinary uniform
magnetic field. On these grounds it is indistinguishable from a regular
magnetic field, and therefore it is assumed that it will interact with
material matter in the same way, by, for example, setting up a Hamiltoenian
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with a magnetic dipole moment [8-10]. The conjugate product, in contrast,
can form a Hamiltonian only with the antisvymmetric part of atomie or
molecular polarizability [1]. The Hamiltonian due to 8% (if it exists)
should be proportional to the square root of light intensity, while the
Hamiltonian due to the conjugate product should be proportional to the
intensity itself. The magnitude of the conjugate product can, however, be

expressed [9] as the magnitude of B squared. Experimental evidence for

the conjugate product is alsc evidence for [B™® | and therefore for B!,
It B™ s a magnetic field. what is its vector potential?
One way of finding rhe vector potential, A, associated with B is to

express Lhe individual fields making up the conjugate product in terms of
their own vector potentials, and to carry out the cross product in terms

of these. The vector potential of B* will be independent of frequency,
because the phase is eliminated by the conjugate product of the individual
vector potentials, which are "retarded potentials" [12] in the usual way.
In other words, causality means that the vector potential of B iy formed
from the retarded potentials of the individual fields making up the
conjugate product. In a source [ree medium, the same procedure applies,
but in this case the vector potentials of the individual f[ields of the
conjugate product contain no reference Lo current or charge density, in the
usual way [12].

If the vacuum has no charge, how can it create a magnetic field, B¢ 2

In the same way that electromagnetic waves are described wilhout reference
to charge or current in a source free medium, such as a vacuum. In a
source free medium the charge and current densities appearing in Maxwell's
equations, or Proca's equation, are vanishingly small. Electromagnetic
waves are self-propagating in a vacuum, and are transverse, as usual. The
conjugate product (and therefore the antisymmetric part of light intensity)
is formed from the vector product of the magnetic part of a wave with its
complex conjugate, and Bf? is the conjugate product divided by iB®!
Clearly, the electromagnetic waves must have originated {rom a charge and
current density, but when the medium is "source [(ree", it is stated [13]
that these go to zero at infinity and the clectromagnetic wave is a plane
wave in vacuo.
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Surely. if the conjugate product is imaginary, it cannot have a physical
meaning?

It is true that the conjugate product is a4 pure imaginary gquantity, but it
can form a real interaction Hamiltonian [?. 14-16] by multiplication with
another imaginary quantity, the antisymmetric part of atomic or molecular
polarizability. The conjugate product B'M . B? of the magnetic part of
the electromagnetic wave, B™, with its complex conjugate, B® , is the
imaginary quantity i8® B . The latter is #'" multiplied by the real
magnetic field B™ .

Why is Iight intensity a tensor, and how can o rcnsor be created in a
vacuum?

Light intensity 1s a Lensor because it is the product of two vector
quantities, i.e. electric or magnetic parts ol the clectromagnetic wave.
Mathematically, these two vectors can form the svmmetric and antisymmetrice
parts of a rank two tensor. How do we know that this happens in a vacuum?
The answer is that we know nothing whatsocver abont Pight unless the Tatter
interacts with material matter of some kind, a simple cxample being an
electron. If such an interaction occurs, and light is scattered, then we
know that there exists the phenomenon of antisymmetrice light scattering
[17] which can be explained only through the antisymmetric part  of
scattered light intensity. The latter is o pure dmapinary quantity, but
this does nol mean that it is unphysical It is directly proportiocnal to

the pure imaginary conjugate product, and therelore to the pure real BOY
The latter is the most fundamental clement ol the antisymmetric part of
light intensity. If the light beam were to consist of only one photon,
there would still be a light intensity tensor, and therefore B ig a
fundamental photon property.

Your assertion about a B™ contradicts the tact thar elect romagnetic waves
are transverse?

The individual waves making up the conjugate product [2] are both
transverse Lo the direction of propagation and obey Gauss's theorem. The
conjugate preduct is a longitudinal axial vector which gives B™ | which
in turn is independent of the phase and also obeys Gauss's theorem. The
divergence (del)} of B* wvanishes and there is no contradiction.
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YOL} say that B in quantum form is proportiomal to angular momentum, is
this compatible with fundamental symmetry in a vacuum, where there is no
charge?

The definition of B in guantum field theory [8] is

51 - g (1)

.

>

where J is a photon angular momentum, and % the reduced Planck constant.
There are three elementary discrete symmetries in nature &, the operator
of charge conjugation; £, the parity inversion operator, and %, the motion

reversal operator. In particle physics ¢ is also the operator which
produces an antiparticle from a particle [18] by reversing its charge. For
precise definitions of &, P, and %, see Ref. [18]. Equation (1) is a law

of physics, and it is not changed if &, for example, is applied to each
symbol on both sides. In so doing, &(B'")=-8'" because the charge parity
of the photon is negative [18]. All spatio-temporal quantities of any kind
are positive under & [18] by definition, so that angular momentum is
unchanged by £. Similarly, Eq. (1) is unchanged by (i.e. is invariant to) B
and T. It also has the right units, because h in quantum mechanics is the
unit of angular momentum. Equation (1) was first derived in Ref. [la].

Yes, but how can you make a magnetic field from angular momentum when there
is no charge present, as in a vacuum?

The field 8% is formed from angular momentum by multiplying the latter
by a scalar amplitude B which is & negative. The origin of B! is the
origin of electromagnetism in vacuo, because if B! vanished there would
be no electromagnetism., The fact that B'® is & negative means that it
originates in electric charge, because the only effect of &, by defini-
tion, is to reverse the sign of charge. Conventionally, B! in a source
free medium originates at a current at infinity. In a medium with sources,
it originates in current density. So there is charge present, but it is
located in matter "infinitely removed from the vacuum". This is why the
charge parity of the photon is negative. For example, the potential four-
vector A, is negative to &, and so are eclectric and magnetic field
components of an electromagnetic wave. On the other hand, the spatio-
temporal parts of an electromagnetic wave cannot be changed by &. For
example the phase of a plane wave is unchanged by &, and neither is its

state of polarization, usually described by unit vectors in a circular
basis. .
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If BY s a property of light in vacuo. it must be travelling at c¢. and
cannot be static, or uniform?

Since B'® is the expectation value of the operator 8%, a fundamental
property of one photon, it travels with the photon in a vacuum at the speed
of light (assuming that the photon has no mass), or more slowly if the
photon has mass. The antisymmetric part of light intensity is therefore
built up statistically from the %' operators of each individual photen,
to give a macroscopic average. This is the proper way to describe B!,
and the latter is clearly net the same as a static magnetic field.
Similarly, the vector potential A is a statistical property of photens,
and so is the conjugate product, They arc all described in terms of

creation and annihilation operators [10].

Since there is no experimental evidence for B'™ , your assertion is
unfounded?

On the contrary, there is plentiful evidence for the autisymmetric part of
light intensity, for example in Refs. [19-23]. This is evidence for the
conjugate product and therefore for the product ™ B whose scalar
magnitude is (B'®{® squared. The fact that there is a |[B@ squared is
experimentally well established, for example through data from: anti-
symmetric light scattering [19]; ellipse sclf rotation [20]; magnetization
by light in the inverse Faraday effect [Z1]: the optical Faraday ellect
[22]; and light induced frequency shifts in atomic spectra [23] ("light
shifts"). Recently, it has been found that circularly polarized light
shifts nuclear magnetic resonances |74, The conjugate product has
actually been referred to [21, 23| as an "clfcetive magnetic field". Tt
is expected that if B acts as a magnetic field, that there should he
phenomena due to it and preperticnal to the square root of intensity. It
is clear already however that B* is the tundamental unit of antisymmetric
light intensity, and is a fundamental property of a single photon, if

circularly polarized.

Such data may be acceptable for the eitect of B squared, but why have

effects due to B'¥ itself never been observed?
The majority of light shift data have been obtained with light which is
ineccherent, or linearly peclarized, so that B is zero because the

antisymmetric part of light intensity is »ero. Effects due to B jrself
are expected when there is a degree ot circular pelarization in the pump
laser, as discussed elsewhere [8]. There has been only one inverse Faraday
effect experiment reported [21], and the ma jority of data were obtained for




210

17.

18.

19.

The Photomagneton and Quantum Field Theory

diamagnetic liquids in which there is no permanent magnetic dipole moment,

0 that magnetization due to [B®|° is expected, but not due to B, A
limited amount of data were obtained [21) in doped CaF, glasses at low
temperature. [f the net magnetic dipole moment in these glasses is non-

zere, magnetization due to B® is expected, and the available data have
been reinterpreted [8] to account for this possibility.

You say that B'® vanishes in linear polarization, if so, how can it be a
fundamental property of the photon?

The field B'™ vanishes in linear polarization because the antisymmetric
part ol light intensity has opposite sign for right and left circular
polarization, meaning that the vector B nets to zero when there is 50%
of right and 50% of left circularly polarized components in the beam.

1t the antisymmetric part of light intensity is a tensor, why is B a
vector?

The antisymmetric part of a rank Lwo tensor can be expressed as a rank one
axial vector through the intermediacy [2?5 of the Levi-Civita symbol, the
rank three totally antisymmetric unit tensor ¢, . Therefore the conjugate
product is an axial vector as well as a polar, rank two, tensor. This is
consistent. with the fact that Lhe conjugate product is a cross product of
two veclors, either of two polar electric licld vectors, or of two axial
magnetic field vectors. The conjugate product is also expressible as the
antisymmetric part of a light intensity tensor. Therefore the magnetic
field B® 1is also either a rank one axial vector or a rank two polar
tensor . In its rank two form (sce accompanying article), B,.}“
proportional to a non-zero rotation generator, which is an angular momentum
tensor within a factor of h.

is

It evidence is available for |B™[*, and none becomes available for the

effect of B™ ar first order, where would (hat leave your theory?

Such an eventuality would imply that B does not form a non-zero
interaction Hamiltonian with a magnetic dipale moment, and would cbviously
not mean that B® is zero, because effects duc to the conjugate product
exist experimentally. More generally, it mipht mean that there exists a
"hidden symmelry" in nature which forbids effcets due to B® | but allows
effects due to B squared. To assert that B is not a magnetic field

would be paradoxical in the current state of knowledge, because B has
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the &, B, and T symmetries and units (tesla, or gauss) of such a field,

and since [B™| is neon-zero, then so is B . Also, if B™® -89k were
zero, then the antisymmetric part ol light intensity would wvanish,
contradicting observation. The latter is also a solution of the Proca

equation as we see in the accompanying article. This is an open question
at present, because we have so little discriminating data, in the case of
magnelization by light, only one serics of cuperiments [21]. These
experiments have never been repeated, and this means, perhaps, that they
are difficult, or that others have tried to rtepeat the experiment and
failed. If so, the original data are open to reasonable doubt. This would
not mean that the conjugate product does not ¢xist, because there are other
sources of evidence for it, namely antisymmetric light scattering phenomena
of various kinds [25]. This illustrates the present state of the art.

What about your assertion of iE™, wouldn't rthis pive rise to large
effects, which should easily have been ohscorved by onow!

The field JE® is pure imaginary, and this o interpreted. in the
conventional way described for example by Jackson 72/ to mean that it has
no physical existence, because its real part 05 coro. Light can cause
electric polarization, the phenomenon of optical rectitication [26 0 but

this is observable in linear polarization, and then only in chival media
It is not possible to form a longitudinal clectiic Picld from the conjupate
preduct, because this would wviolate [ svuimctry, as described in the
accompanying article. Therefore we inteipret this to mean that there is
no longitudinal electrie field, and that there are no physical eftects due
to such a field. The emergence of E® from Lorentz's Lemma is a formal
way of describing, and is a consequence of . the fact that the longitudinal B
deoes not contribute to electromagnelic cieapy densitly in vacuo.

This is all very well, but if B'¥ ix real it wmagnetizes matter, and for
that we need an interaction energy. (1 B'Y does not contribute ro field
energy how can it magnetize?

By reference to Jackson [27], pages 190 ff the work done per unit time per
unit volume by electromagnetic [liclds is  J-E, and represents the
conversion of electromagnetic encrgy into mechanical or heat energy. The
magnetic field does no werk on a svstem of charpes and currents, because
for one charge g, the magnetic forec is perpendicular to the charge's
velocity w. If there exists a continuous distribution of charge and
current, the total rate of doing work by the fieclds in a finite volume V

is the volume integral fJ-Ed’x. The real tield B does not contribute
to this integral, and therefore does not contribute to the macroscopic
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Poynting theorem, which is, essentially, a re-expression [27] of this
integral in terms of the electromagnetic energy density U and the Poynting
vector. If the total energy of the particles within the volume v is En,
and assuming no particles move out of the volume,

dEn s ’ -
= jv'Jgdx. (2)

So B'® does not change the total energy of particles within the volume v,
and therefore does not contradict the law of conservation of energy. It
follows that the concept of conjugate product is also consistent with
conservation of energy.

But you have still not explained why B'® can magnetize without contradict-

ing the law of conservation of energy. If B does not change En how can
it magnetize?

Te explain why we must consider the presence of atoms and molecules in
material matter subject toe B'™ . Following Jackson’'s explanation [27],
electronic motion within atoms and molecules is an extra source of charge
and current, a source which contributes to the cenduction current J. Then
Poynting's theorem describes the work done on all currents by the electric
field per unit time. Included is the effective molecular (or atomic)
current OP/dt+cVxM (in Gaussian units) which involves polarization and
magnetization. Therefore B! contributes to the magnetization within this
current, but does not change the total energy ot the system of charges and

currents, made up of particles, atoms and melecules. Similarly the
conjugate product contributes to the magnetization. Following Jackson’s
explanation [27], the energy associated with the effective molecular

current is "absorbed” into the energy stored in the field, since it (the
energy) is a property of the medium and is in general stored energy (i.e.
reactive power) which involves no time-average dissipation.

How do you explain this in molecular terms?
Fellowing Barron [14], the energy, w, of the system of charges and

currents is expanded in a Taylor series about the system energy W, in the
absence of the field,

= i (3) I
wfwu‘*[aB‘(n] BT+, m"‘i[m] . (3)
i - i '
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The field B® forms a part of the total cnergy ¥ by multiplication with
a magnetic dipole moment, m; which is a property of an atom or molecule.
We find that,

Wﬂ-_w—% B -, L, (4)

95" |,
i.e., the total energy in the absence of the ficld is equal to the total
energy in the presence of the field, so that energy is conserved. In the
same way, the conjugate product, denoted by the vector II,, contributes

through ancther type eof molecular property, (Jdw/dll,)

Bl

Apart from these consideration of energy, cvery texthook states that
longitudinal fields in vacue vanish because of the Gauss and Ampére laws.
Surely your theory fails because of this?

The textbooks refer to longitudinal waves of finite frequency, whereas
B'® has no phase dependence. For this reason its divergence vanishes, and
this is consistent with Ampére’s law. It has no phase dependence because
it is defined as the conjugate product divided by 8, and the conjupate
product removes the phase. Therefere B'™ is a wave of infinite wavelength
or infinitely low frequency. In contrast a longitudinal wave must depend

on the phase, and its divergence cannot bc zero.

But in this case the energy density associated with B™ in free space must
be infinite, not zero, as you assert?

Fermally, the energy demsity associated with B'™ at ecach point in space
is given in S.I. units by B"3/2p,. However, the field B' does mnot
contribute to the time averaged Poynting vector. The flux of energy due
to the cross product of B* with the transverse E® or E® is therefore
zero over any closed surface. Corson and Lorrain [28], for example, show
that the expression just given for the e¢nergy density can be rewritten as
A%J-A‘”, and that this [28] is contradictory, indicating that the
assignment of an energy density to a point in space is arbitrary and
meaningless except as a means of computing the overall magnetic energy.

The expression 8%/ 2p, for magnetic enerpy density [28] assigns a finite
value to all points where B'® is not zero, but the expression -ﬁJ-A‘” for
magnetic energy density means that il is zero if there is no conduction
current density J. It is meaningless therefore [28] to ask whether the
energy density due to B® in free space resides in the field or in the
current J. As we have seen, the total rate of doing work by an electro-
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magnetic field in a finite volume V is the integral dEn/dt.'=f J-Bd*x, and
v
B™ does nol contribute to this, and therefore does not contribute to the
Poynting vector or to the electromagnetic energy density U, Therefore, the
formal expression B™2/2u, for the energy density of B® must be
interprered to imply the existence ol an equivalent energy density %J'A“’
situated in a source of current densily infinitely far from free space.
This energy density is not transferred by the field B'™ to a system of
charges and currents. Similarly, the conjugate product te which B ig
proportienal does not contribute to the Poynting vector, but at the same

time is observed to produce effects when the light beam interacts with
matter.

But it is not possible for the energy density of a magnetic ftield to be
zero. so how do you explain this?

Following Jackson [27], the energy in the [ield B™ is by definition the
total work done to establish it, but, as expressed by Shore | 291, this work
takes meaning only when B interacts with matter, and as we have seen, B®
does no work per unit time per unit volume on matter, because it does nol

contribute to the volume integral fJ-E'u"v which defines the macroscopic
v

Poynting theorem. Similarly, following Dulfin {11], crossed static and
magnetic fields do not centribute to the Poynting vector. This does not
mean, of course, that these fields do not exist. Therefore the formal

expression B"'?/ 2p, for the energy density of B™ is just that, a formal
expression,

This may be acceptable classically, but what about the quantum field
theory?

The classical B is the expectation value ol the operator 8%, and the
latter is an operater which has no frequency in its detinition. The Planck
law means then that it has no energy equivalent to frequency multiplied by
h, the Planck constant. This is censistent with the fact that the
classical B™ does no work per unit time per unit volume on a system ol
charges and currents, atoms and molecules.

But if B™ has no frequency, it cannot torm wave packets, doesn’t this
lead to profound difficulties of interpretation?

Not at all, the conjugate product also falls inte this category, and so
does the symmetric and antisymmetric parts of light intensity. In a laser
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beam which is circularly polarized, Lhese are constant guantities, in the
same way that the intensity itself is a constant (watts per square meter).
If necessary, the formation of wave packcts |2/] associated with B™ can
be thought ef in terms of the wave packets of the individual fields making
up the conjugate product, {(a cross product of two plane waves) and Fourier
transforms applied to the cross product.

Isn't your B just a trivial consequence of the tact that the Maxwell
equations are differential equations in {ields. to which a constant field
makes no ditference?

The field B® is formed from the vector cross product of the fields B®
and B, its complex conjugate, and is not independent of these fields.
As shown in detail in the accompanying article, B™ ., B@ and B® form
a cyclic lLie algebra, which is the same as the Lic algebra of rotation
generators, and, to within a factor &, quantized angular momentum
operators. Therefore B'® is not just an arbitrary constant field plucked
out of nothing. Tt is carefully defined in terms of the nsual oscillating
plane waves, which are the usual solutions of Maxwell’s cquations in free
space.

You make a great deal out of the fact thar the plhoton may have mass. and
that this allows longitudinal fields in tree space. but isn’t it true that
these fields would be minute, that photon mis«< has never heen observed or
measured, and is so small that it is never [ikelv ro be measured?

It is essential not to confuse the frequency independent field B® with
the frequency dependent longitudinal solutions ot the Proca equation
considered by Einstein, de Broglie. Proca, Schrodinper, Heisenberg, Vigier,
Wigner, and many others, as reviewed in the accompanying article.
Frequency dependent longitudinal fields ave indocd minute, being a factor (m/v)?
smaller than the transverse, frequency depoendent fields from the Proca
equation. As shown in the accompanying article, the field B® from the
Proca equation is scaled by exp (-£2i. where £ is a minute gquantity, with
the dimensions of inverse meters, and which is were in the Maxwellian
limit, in which we recover B’ . Therelore B' is perfectly consistent
with the existence of finite photon mass For all practical purposes,
B'"™ is a solutien of the Proca cquation, as well as the d'Alembert
equation of Maxwellian electrodynamics. Therefore B is consistent with
all that is known of the classical clectromagnetic plane wave,
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Yes, but this is all just theory, what experimental evidence do you have
for finite photon mass?

The data on finite photon mass from the time of Cavendish to about 1970 are
reviewed by Goldhaber and Nieto [30}, an article which summarizes
experimental limits from various sources. The data up to about 1992 are
summarized by Vigier, as in the accompanying review. These are experimen-
tal upper limits on finite photon mass. These articles show that a great
deal of careful experimental work has been carried out in this area. The
cxistence of B! is consistent with the possibility that the mass of the
photeon is finite. The existence of B® is, however, also consistent with
the Maxwell and d’Alembert equations, where photon mass is identically
zero. Therefeore the existence of B™ does not depend on the existence of
finite photon mass, and the magnitude of B® is such that its effects are
measurable through various effects of the conjugate product, or anti-
symmetric part of the light intensity tensor.

If the mass of the photon is finite, how can there be a speed of light,
wouldn’t it have to be sald that light cannot travel at the speed of light?

The idea of finite photen mass appears to have originated with Einstein in
letters to Besso circa 1916, when Einstein was developing general
relativity. Therefore Einstein himself appears not to have seen any
contradiction between finite photon mass and special relativity. The idea
was developed by de Broglie and by Proca, who published his equation in
1930. Later, de Broglie tock up the subject in some eighty papers and
monographs, as summarized in the accompanying article. In the mid fifties,
Bass and Schrodinger provided a thermodynamic explanation of why longitudi
nal, frequency dependent, fields from the Proca equation do not upset the
Planck radiation law, Essentially, the secend principle of special
relativity asserts that there is a constant ¢, which is invariant to
Lerentz transformation. This constant has been identified with the speed
of light, so that in quantum field theory it is frequently asserted that
the mass of the photon is identically zero in all frames of reference.
This has become a tenet of gauge theory. However, there is no experimental
evidence at all for this assertion, because there is no way of testing it
experimentally. For example, the range of the electromagnetic field is
infinite if the mass of the photon is zero. How does one test an infinite
range? The contemporary explanation for finite photon mass within special
relativity has been summarized by Vigier, and has been briefly described
in the accompanying article. The constant ¢ remains a constant, but is no
longer the speed of light in any frame other than the rest frame of the
photon. The latter becomes a relativistic particle,
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One moment, this is nonsense, the Michelson-Morley experiment shows that
the speed of light is constant to high accuracy, and this experiment has
been repeated many times by some of the bhest experimentalists, so what are
vou talking about?

In common with several other experiments, reviewed by Goldhaber and Nieto
[30] and by Vigier ([31], the Michelson-Morley experiment sets an upper
limit to photon mass. In other words the data show that the photon mass

cannot be greater than some value m. The interferometric device used in
this type of experiment relies on light arriving from a few miles distant,
and clearly does not test the assertion that the ranpe of electromagnetism

is infinite.

But cosmological sources are millions of light years distant, isn’t this
encugh to test the range of electromagnet ism!

The light arriving at Earth from far distant sources is, in Hubble's words,
"tired light". Hubble was aware of the postulate of finite photon mass,
and by "tired light" he meant that its speed had slowed considerably below
the constant ¢ (3 x 10 m s7'), and that the light had become "tired" after
a long journmey. This was inferred, as revicwed by Vigier, from anomalous
red shifts and other types of astronomical measurcments. The gravitational
red shift, as reviewed, for example, by Bondi |3?] is another sign of
finite photon mass, The radius of the universe is finite, and there is no
cosmological source available that can be used to test the hypothesis that
the field of the photon has an infinite range. However, despite the fact
that photon mass is very small indeed (maybe as small as 107*° kgs), there
are clear signs that it is finite, These signs arrive in several different
kinds of data, sc the belief that photon mass will never be measured is
quite wrong. Indeed, the available data clearly contradict the assertion
that the field of the photon has an infinite range.

Yes, but then why is ¢ always asserted to be 3 x 10° ms™ if there is "tired
lighe"?

Because this value is arrived at using laboratory sources, or, as in the
original Michelson Morley experiment, using delays caused by light
travelling over a range of only a few miles. Gravitational and anomalous
red shifts are observed using light arriving from sources many light years
distant.
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Doesn’t finite photon mass make a pig's breakfast out of contemporary gauge
theory?

Contemporary gauge theory [33] frequently asserts that the mass .of the
photon is identically zero, and freely contradicts the .experlr.nent‘:.l
evidence to the contrary, including all the evidence for ."tlred light",
gravitational red shifts and so on. This assertiox? is at .best an
approximation, and should be regarded as such. There is a c.:or‘lmderable
amount of contemporary thought which is aimed at including finite photon
mass in quantum field theory, an example is the wor.k .of Hg.ztng [34], who has
incerporated finite photon mass in SU(5) (grand unified field theory), and

GCWS (unified electroweak theory). The accompanying article. is. an
elementary account of how finite photon mass can be incorporated in field
theory using the Dirac condition, for example. There are probably many

other ways of modifying field theory for finite photon mass.

We seem to have drifted a long way from your assertion that there is a
field B, what has B'® got to do with finite photon mass?

The result of the Proca equation of 1930 is that B'™ =B exp (-E2)k whm.‘e
the constant E is about 107 m™ for a photon mass of about 107 kg. This
result considerably reinforces our independent result from the Ma.xwell.
equations in free space, i.e. that B can be obtained from the conjugate
product divided by 1B*'. The reason is that ¥ is so small that the
exponential is unity to an excellent approximation for any laboratory
dimensions of Z (a meter perhaps): the B fields from these independent
derivations are identical for all practical purposes. If B did not
exist, then both field theories would be incorrect, meaning that the basic
struci';ure of electromagnetic theory would have to be re-examined. Further
progress can be made by devising experiments to look for B . This field
is consistent with finite photon mass.

A clever argument, perhaps, but hasn’t your assertion about B™ been
negated using simple symmetry {35]7

The defining equations for B¥ from both sources just mentioned conserve
the known discrete symmetries of nature, namely ¢, P, and T and products
thereof, i.e. &P, &F, BP, and EBT. The way to see this is to apply a
symmetry operator such as ¢ to each and every symbo{ in the defining
eguations. (To do this, one must be sure to know the O symmetry of e.ich
symbol, in particular, it must be realized th.;t Bj-‘” is negative under C.)
If this is done properly, the same equalion is recovered unchanged .
Therefore the defining equation conserves the symmetry, in this case &,
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The law of physics being described by the defining equation does not
therefore violate this fundamental natural symmetry. Professor Laurence
Barron [35] has asserted that the existence of B violates ¢ symmetry,
but in so doing did not carry out this fundamental test. His argument [35]
is based on the use of a diagram which compares the wavevector (x) of

light with B . He asserts that since @ changes the sign of B/ but
leaves x unchanged, then B®™ violates &, and therefore A57. This is
equivalent to saying that the A" operator cannot be proportional to
photon angular momentum because these two quant ities have opposite &
symmetry. This is not correct however, simply bocause B in Eq. (1) is &
negative.

Yes, but because the photon has no charge, a4 magnet 1o ticld cannot ever he
proportional to photon angular momentum in tree space!

The "photon" has to be defined. What do we mean by a photon? Following
Shore [29], there are several possible answers In the theory of particles
and fields {18, 33], a "photon" is frequently defined through the potential
four-vector A, and is given the standard particle symbol y. Fallowing,

Ryder [18, 33] it is well established thai

Qay=-a. &y, ()
and it is asserted [18, 33] that the charge parity of 4 photon is negat ive
despite the fact that it has no actual charpe, This is confusing perhaps,
and it has to be re-emphasized with great care that & operating on the
scalar B'® produces the scalar -B'' . This is why the magnetic field A"
is proportional to the angular momentum opcrator J of the photon. It is
as well to remember that &, by definition, cannot affect a spatio-temporal
quantity. Therefore & cannot affect the phase of a plane wave, or its
state of polarization, its wavevector, angular frequency, or any quantity
apart from the scalar electric and magnetic ficld amplitudes E® and 5!,

The assertion that "the photon has no charge" is ill-founded because
without a source of charge and current, a photon cannot be created. For
a plane wave in vacuo it is conventionally accepted that the source must
be at infinity, but there must have been a source, which must have
consisted of charge and current. It would be more accurate to say that
there are photons and concomitant electric and magnetic fields, which are
described by A,. In gauge theory., as described in the accompanying
article, electromagnetism enters through the product eA,, where e is the

electronic charge. This product is necessary to maintain gauge invariance
of the second kind, which is in turn a consequence of Noether's theorem.
This & positive product has the dimensions of a four derivative: it is not
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possible to describe clectromagnetism (ed,), therefore, without charge,
e, meaning that A, must be & negative.

All very well, but isn’'t ir well known that finite photon mass is
incompatible with Noether’s theorem because charge 1is not globally
conserved?

This is another way of stating that gauge invariance of the second kind
requires a zero photon mass. As suggested in the accompanying article,
this need not be the case, and the existence of non-zero photon mass
becomes compatible with Noether's theorem through the use of the Dirac
condition.

If a longitudinal field exists from Proca’s equation, doesn’t this mean
that symmetry arguments to the contrary are incompatible with non-zero
photon mass?

Yes, longitudinal solutions to the Proca equatien in free space have been
considered for over sixty years, and do not contradict ¢ symmetry because
the equations which define these solutions conserve &. The B field
from the Proca equation conserves ¢, P, and T, and for all practical
purposes is the same as the field B from the d'Alembert equation, in
which photon mass is zero, and which also conserves &, B, and P

If a longitudinal field exists from Proca’s equation, doesn't this mean
that symmetry arguments to the contrary are incompatible with non-zero
photon mass?

Yes, longitudinal solutions to the Proca equation in free space have been
considered for over sixty years, and do not contradict ¢ symmetry because
the equations which define these sclutions conserve &. The B9 field
from the Proca equation conserves &, B, and ¥, and for all practical
purposes is the same as the field B‘Y from the d'Alembert equation, in
which photon mass is zero, and which also conserves &, P, and 7.

If fundamental equations such as the Maxwell or d'Alembert equations
conserve &, P, and T, is it possible for any sclution to violate &, B,
and T7?

No, the four Maxwell equations conserve &, B, and T. This means that

application of &, for example, to each and every symbol in the four

e
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eqll.lations will preduce four equations which are indistinguishable from the
original. This means that any solution will also be indistinguishable and
will also conserve &, 2, and 7. Since B'™ has all the known properties
of a magnetic field, and is a solution of the Maxwell equations, symmetry
arguments to the contrary [35] are incorrect. Similarly, the Maxwell
equations for finite photon mass, considercd for example by Moles and

Vigier [36] conserve &, P, and ¥, and so do all solutions thereof. The
i 4 i

f}e].d B is of course well defined [3/] from the equations of Moles and
Vigier.

Is it possi.ble for symmetry arguments to “overrule” the dAlembert or
Proca equations, or physical laws in general?

Not in tl:’lE current state of knowledge, where physical laws are expressed
as equfit.lons. It is possible to use symmetry (tor example group theory)
Fo anticipate without further calculation whether, tor example inlvyrfi-ls'
in quanLuEn mechanics will vanish. However, the symmetry analysis in such
matr.e%‘s is always compatible with the c¢quations themsclves, if the
equations allow a mnon-zerc solution, then svmmel ry argumenl s cannol  be

used to the contrary.

All these arguments notwithstanding, it is verv difticule to accept (hat
a‘basic field such as B™ should have becn overlooked for so long. Very
simply, angular momentum and magnetic [icld have the same .s.',ymme-r ry
properties under P and T but to make them proport ional surely requires

a charge which the vacuum does not have!

Every theoretical develeopment has been overlooked until it is suggested.
The field B® is a very simple conscquence af the conjugate p;rloduct
which is iB™®B®™  and in this sense B'™ has not been ove:rlooked at all‘
The conjugate product is sometimes referred to as an "effective® magneti(-:
field. However, B is a physical magnctic field. The assertion that
the vacuum does not have a charge is not sutficient to disprove the
equ:.:lt?or}s that are used to define B, for example Eq. (1), or the
definition in terms of the conjugate product,

gy - (BM xB (6)

(infony

The photon is uncharged, but its concomitant A, has negative charge

parity. In consequence, the scalar magnetic flux density amplitude, B'®
of the electromagnetic plane wave in vacuo is negative to &. It is true
that angular momentum and magnetic flux density transform oppositely under




222

45.

46 .

The Photomagneton and Quantum Field Theory

&, but it is possible that one be proportional to the other through a (6
negative scalar. The latter is B'®. The vacuum does not have a charge,
but B has been formed from a current demsity in matter infinitely
removed from the vacuum. The origin of B!® is the origin of electromagne-
tism in wvacuo.

But surely the photon has no preference for the sign of charge and Is even
under &. Since B® is odd under & it must be zero. Why don’t you
respond to this simple argument?

It is essential to define the "photon" before proceeding to assert that it
cannot have preference for charge. Following Shore [29], there are
several possible ways of defining a photon, but it is clear that light is
made up of electromagnetic waves. A light beam made up of one photon is
electromagnetic in nature, and therefore there is always a concomitant A&,.
If net, then there would be no electromagnetic field and no photon through
wave particle dualism. If one considers the radiation from a rotating
charge, forming a current density, the latter is related to a vector
potential , whose curl is a magnetic field. It is immediately clear that
the effect of & on the current density, vector potential, and magnetic
field is negative. The effect of changing the sign of the rotating charge
(and therefore of the current density formed by the moving charge) is to
change the sign of the magnetic field. However, the spatio-temporal
characteristics of the electromagnetic radiation are not changed by &,
meaning that the only possible explanation for the change of sign of A,

is that the scalar amplitude B'® changes sign.

But isn't the only effect of changing the sign of charge a phase change,
and in any case, the vacuum does not have a charge?

The only effect of & is to change the sign of B'", the ¢ operator does
not change the phase of a plane wave, because the phase (wt-x'r) is a
spatio-temporal quantity. The field B is independent of fregquency and
of phase, but & changes its magnitude B'"' . while leaving unchanged its
direction (specified by an axial unit vector). This is because the axial
unit wvector is a spatio-temporal quantity. The magnitude B'® is &
negative because electromagnetism in vacuo originates at a source of
charge and current at infinity, showing that the photon always has a
concomitant field. In this context, the signs of the oscillating,
transverse field B and its complex conjugate B@ are alsc changed by &
because the sign of the scalar B'® is changed. The phases of 8% and of B
are unchanged by & because the phases are spatio-temporal quantities. The
signs of B™ and B®@ are changed by &, while the sign of x, the
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n8.

propagation vector, is unchanged by ¢, because it is a spatio-temporal

quantity. This obviously does not mean that B® and B vanish, as
implied by Ref. [35].

Doesn’t the whole argument boil down to the ettect of & on B'®?
Essentially, yes. If, for example, a "quasi-static"™ B field of very
low frequency is considered in a vacuum, ¢ changes its sign, while leaving
all its spatio-temporal characteristics unchanged. This does not imply

that B, the ordinary oscillating field, is zero, The frequency of 3V
can be chosen to be infinitesimally low, so that it is essentially static.
Then all components of A, would be essentially static, but applying &

would not result in A, =0

It is certainly possible for a system of atoms and molecules, charges and
currents, to produce a magnetic field trom the angular momentum of the
photon, but why should the vacuum produce such o field?

The vacuum is uncharged, but electromagnetism is able to travel through a
vacuum in the form of waves. The vacuum has not created the electromagne-

tism, and without electromagnetism there would be no photons. Therefore,

the vacuum cannct create photons. Therefore there mast be a source of
electromagnetism and pheotons, a source which consists of matter in the
form of charges and currents. The magnetic part of a circularly polarized
electromagnetic field therefore has angular momentum and a ¢ negative
amplitude, B . The product of this amplitude with the beam angular

momentum is the magnetic field B . This ficld has not been created by
the vacuum, but by a scurce (or "system”) ol charge and current density
infinitely removed from the wvacuum.

In an initially unpolarized atomic medium, civcularly polarized 1ight will
pelarize the atoms to give them net angular momentum. This polarization
would give rise to a magnetic field. In a gas of anti-atoms produced by
&, the imparted angular momentum would be the same, but the sign of the
induced magnet ic moment, and hence the lield direction, would be reversed.
Don‘'t considerations such as these make (he existence of B® impossibie?
Not at all. The interaction between B™ and an atem is defined by the

Hamiltonian -m-B' where m is the magnetic dipole moment of the atom.
Applying ¢, the Hamiltonian becomes - (-m) -(-B'™) and is unchanged. This
is consistent with the fact that a Hamiltonian is energy, a scalar
quantity positive to &. The induction of a magnetic dipole moment by B!
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takes place through a susceptibility, which is & pesitive. The induced
magnetic dipele is & negative as required.

In a medium with charge symmetry, the angular momentum of light cannot
produce a magnetic field. The vacuum has no charge at all, which amounts
to the same thing, so surely the angular momentum of light cannot create
a magnetic field out of nothing?

The presence of electromagnetism in vacuc is measured through a non-zero
B®  because if B! were zero there would be no electromagnetism. The
scalar B'” has not been created by the vacuum, but by a source of current
density at infinity, The fact that there is current density implies that
this source cannot have been made up of a static "charge symmetry". The
charges must have been moving in such a way as to create a non-zero
current, The key to B™ is therefore the non-zero B, which multiplies
the beam angular momentum to produce B . It is noted that B has
already been created in the past by a system of charges and currents. As
the angular momentum of the beam was being created by the source of
current at infinity (i.e. infinitely distant and therefore in the infinite

past), so was the amplitude B'®.

What you are saying then is that electromagnetism is not just a spatio-
temporal phenomenon, isn't that it?

There are photons and fields, the former are particles, the latter are
waves. According to the de Broglie-Einstein theory of light, particles
and waves co-exist, according to the Copenhagen interpretation, they
cannot. However, there is general agreement on the basic need for wave
particle dualism. It is true that other particles such as electrons obey
the same principle, otherwise there would be no quantum mechanics, but
electron waves are not electric and magnetic fields. Photon waves on the
other hand are electric and magnetic in nature, and this is an essential
property of light. A beam of electrons or atoms is not a beam of light.
Furthermore, recent experiments have shown that photons and fields co-
exist, defying the Copenhagen interpretaticn in which there can be waves
only of probability.

But electrons have mass and are charged, they become positrons when acted
upon by &, and positrons are distinet particles, why is a photon not
affected by & in this way, why is there no anti-photon?

In the theory of particles and fields [33] it is asserted conventionally
that the charge parity of the photon is negative, but that there is no
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anti-photon. By this is meant that the effect of C on the concomitant A,
of the photon is negative. A distinction must be made between the photon

and its concomitant field (electromagnetic wave). The fermer is spatio-
temporal (i.e. particulate), the latter electromagnetic (wavelike). Both
concepts are needed to define the nature of light. The particle known as
"the photon" is not charged, and by definition its anti-particle is not
charged. By this is meant that the particle does not carry a constant
unit of charge e. Therefore the particle ("photon") and anti-particle
("anti-photon™) are indistinguishable. However, ¢ changes the sign of the
concomitant A,, and so the charge parity of "the photon” (this time taken
te be A, [33]) is said to be negative.

On the other hand the electron does not produce a concomitant four-
potential, but carries charge in the form of the constant e (about 107
coulombs) . The electron is described by the Dirac equation, whose
solution indicates the existence of the positron, The photon is not
described by the Dirac equation, but by the d'Alembert or Proca equations.
The essential difference between an electron and o pheton is that the
former carries a charge e and the latter has a4 concomitant tield A, This
is the basis of quantum electrodynamics, o subject constructed from

photons and electrons.

This is confusing, the neutrino carries no charge, but isn’t there an
anti-neutrino?

The existence of an anti-neutrine with a diftcerent handedness from the
neutrino is a consequence of parity viclation in beta decay. The neutrino
has no charge, but despite this, therc is a distinet anti-neutrino with
opposite helicity [33].

To return to basic magneto-statics, your B'™ ticld is like the magnetic
field along the axis of a long, narrow solenoid, a field which must be
proportional to the current, I, in N turns per unit length. Where is your

current?

The circularly polarized laser beam that produces B® is made up of
electromagnetic waves, whose conjugate product produces B™ as in FEq.
(6). Theretore B, although independent ol frequency, is defined in
terms of magnetodynamics. This can be seen from the fact that if there is
ne travelling electromagnetic wave, the conjugate product is zerec, and
therefore so is B . The current needed for B is embodied in B9,
radiated by a source of current at intinity. This propagates with the
electromagnetic wave through a vacuum. In a rough analogy, a magnetic
field along the axis of a solenoid is formed by the propagation of a
current through ~ turns per unit length. If there is no electromagnetic
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propagation, as in a standing wave, there is no B .

It is well known that electromagnetic waves depend on the existence of
Maxweli’s displacement current, so what role does this have in your
theory?

Following Jackson [27], pp. 177 ff., the displacement current enters into
Ampére's law through the continuity equation as usual, without affecting
the validity of Ampére’s law for steady state phenomena. In a source free
medium, the existence of electromagnetic waves depends entirely on the
displacement current, i.e. on the partial derivative dp/dt. The existence
of B™ makes no difference to this, because electromagnetic plane waves
in vacuo are transverse. Since B is longitudinal and independent of
time, application of Ampére’'s law to it results in VxB'*=p. The
displacement current associated with B is zero, i.e. the longitudinal ap®™ /dt
vanishes, otherwise B! has to be time dependent from Ampére's law. The
curl of B™ is zero, which is consistent with its definition as B'k.
This does not mean that B is zero because there is no source present,
because B'® is defined through the conjugate product, which is made up of
transverse fields, which are formed from non-zero, transverse, Maxwellian
displacement currents, as usual. The Maxwellian displacement current
originates in the continuity equation, V-J+3dp/dt=0 combined with
Coulomb’s law. In the absence of sources, the latter beccmes V-D=0, so
that any longitudinal D% cannot be phase dependent. This means that the
longitudinal displacement current is zero. Since V-B® =0, B can be
represented by B =Vxa®™  where A is phase independent. Faraday's
law then means that B produces a concomitant electric field, £},
whose curl and divergence are both zero, and which must be the gradient of
a constant scalar potential. The only sclution is 2™ =0. These steps
are summarized mathematically as follows:

35:::) -g, VUxE® -g, E® _gp (7)

This result is entirely consistent with the fact that if there is a
constant B!, then the real longitudinal E' is zero.

It is still not clear why a field such as B'™ can magnetize without
contributing anything to the energy of a bheam. Isn’t this basically
contradictory?

Following Pershan [38], and using his Gaussian units, energy conservation
means that

e B

s by

i
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4T 4m gt 4n dat.
In a vacuum, it is conventionally asserted that JF-0, in which case the
first term on the left hand side is the power flow, and the second and
third terms are the time derivative of the enerpy density per unit
volume. Since 8™ is independent of frequency by definition, the
term B .3B1% /3¢ vanishes, and any contribution of B 1o power flow is
zero. In other words B'* cannot contribute to the Poynting vector by
definition, even though B is non-zero by definition In the presence
of matter, J is not zero. However, as shown by Pershan |38, E-J is not
simply the contribution of the material to the encrpy density per unit
volume. When there is no magnetization, (when M 0), 1hen E-J-E-0P/dL
is the time derivative of an energy density. When M 15 not 2ero, however,
we have, in gaussian units [38],
7-2.vu-Svore. ., )
where P is the electric dipole moment per uni! volume, M is the magnetic
dipole moment per unit volume, and @ the electric quadrupele moment per
unit volume. If the material energy density per unit volume is 17, then,
au 1 oH or
at 7v'sfﬂ(a'3’rf*!'dr . i
which is the expression for the work done on a system by external fields.
Here we have
H=B-4anM, D- E+axP, (11)
in gaussian units. The average work done on or by the material by the
field B'"™ is zero, but the average cncrpyy stored in the material by
virtue of its magnetization is not zero. As described by Pershan [38], at
an instant t=0 the laser beam encounters a material (i.e. "the field is
turned on") and work is done on or by the material 1o establish the steady
state values of P, M, and @ after a rise transient. The final "steady
state" energy density depends only on the "steady state” fields and
polarizations, and not on how they were produced. As shown by Pershan
[38] this leads te the definition of a time averaged free energy from
which it is possible to describe all magncto-optic and electro-optic
effects. From this analysis it becomes clcear that the conjugate product,

or B'®  enters through a time averaged (d//3L),, and therefore leads to
the inverse Faraday effect described in Pershan’'s Eq. (5.10).
This complete analysis can be repeated in precisely the same way for
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B™  through its definition (6), and it becomes clear that B® takes
meaning only when there is interaction with matter. Therefcre there is no
contradiction with conservation of energy and momentum.

But if B*'® takes meaning only if it interacts with something, isn’t it
meaningless in free space and therefore cannot exist?

Following Shore [29], electromagnetic energy density and momentum density
are also meaningless concepts unless they can be measured experimentally.
In Shore's description they "take meaning" only when electromagnetism
interacts with matter, and this is clear from the fact that without such
interaction, electromagnetism cannot be detected, and there is no evidence
for its existence. In the last analysis, electromagnetic emergy density
is a means of transfer of energy from a source to material through a
vacuum. Poynting's theorem, following Jackson [27] is derived from a
consideration of an interaction E-J, and the fact that J does not appear
in the Poynting theorem in vacuo is due to the fact that the source is
conventionally thought of as being "infinitely removed" from free space.
Similarly, the field B can only be defined through an interaction, and
the same is true for all types of linear and nonlinear electro and
magnete-optic phenomena.

You say that B'Y emerges from considerations of free energy. how is this
done exactly?

It is possible, for example to start from Pershan's [38] equation (3.1),
rewritten in terms of its antisymmetric part, proportional to the

conjugate product B} x 3@,

F=-ah(BW xBi¥),

ar
ag;'[ (W(Bl“ xB(”)].,. (12)

Here wf is a molecular or atomic property tensor as usual [38] defined as

the derivative of free energy F, with respect to the vector B™ xB® . We
simply rewrite this vector using Eq. (6), and obtain,

ar
F--m-BY, ms _( 68‘3-'] ) (13)
o

It is clear that B'? pultiplied by the magnetic dipole moment m, is also
a free energy. The free energy in Eq. (l2) is proportional to beam
intensity, and that in Eq. (13) to the square root of beam intensity,
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(i.e. to B™). To derive Eq. (13) trom Eq. {l2) we have multiplied top
and bottom of Eq. (12) by ir'®, and have delined B®™ as B9k. If it is
asserted [39] that B™ is zero, then the free energy vanishes, contra-
dicting the generally valid Pershan theory [38], i.e. contradicting the
existence of the inverse Faraday effect and related phenomena.

Surely there must be effects proportional to B™®7

Yes, and in principle these can be detccted using the inverse Faraday
effect, i.e. there should be magnetization duc to B™ as well as
B ¢ gy

So why haven't they been detected?

This is an open question, there are few data available on the inverse
Faraday effect, and these have to be carciully analyzed in a medium in
which there is a permanent magnetic dipole moment In this case there
should be effects due to B and due 1o B . p@
Can you give an example of an observed phenomenon invoiving B® 2
It is a straightforward matter to put the theory of the inverse Faraday
effect into a form where the magnetization is proportional to B
multiplied by the amplitude B . For cxample, a development of Eq. (30)
of Wozniak et al [39], a recent paper on the inverse Faraday effect, leads
to the following expression for the mapnetization due to light,

Mio) = N (m . .I'HU‘E‘!")B()) (14)

F A = '

where m is a magnetic dipole moment, a” an antisymmetric polarizability

vector, N the number of molecules, &7 the thermal energy per molecule, and
¢ the speed of light. It is dimportant to realize that this is an
expression for an experimentally observed phenomenon, and is therefore
direct experimental proof for B . The questions in this paper are ail
concerned with the interpretation ol B™ . From Eq. (14) it is clear that
the magnetization is proportional to a magnetic field, B®, multiplied by
B . This effect is therefore proportional to beam intensity, and at the
same time proportional to B . The question is whether B® can induce
magnetization through a susceptibility. It is this effect that would be

proportional to the square root of intensity.
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Surely, if B™ is a magnetic field, it would do so?

This can only be settled by further experimental work on the inverse
Faraday effect and related magneto-optical phenomena. In view of Eq. (14}
above, it is clear that B') when multiplied by B'® produces magnetiza-
tion. In terms of free emergy, it is well established [39] that the
interaction Hamiltonian,

AH, - IH | g yg @ o _jalf gD S g@ (15)
A(EM g™ )

defines the antisymmetric polarizability, ", a vector quantity.
Similarly, the antisymmetric susceptibility is defined by

AHZ:( aH

_OH | gl pg®m sy gl g2} (16)
a‘Bmme)]u x

and similarly, we expect that there is a magnetic dipole moment, which can
be defined by

] B - _@pt) . g3} (17)
Q0

We note that these quantities are deftined only when interaction occurs
between the light and the material being magnetized by the light. None of
the quantities EW x x*, B xB¥ or B contributes to the Poynting
vector of the radiation, and none therefore contributes to the free space
electromagnetic energy density. In this sense, therefore, B™ is a
“latent” magnetic field, or "ghost field".

What is the difference between a "latent" magnetic field and the beam
magnetic fields?

The former ( B'*) does not contribute to the Poynting vector, whereas the
oscillating B and B'Y do. Using the cyclic relations [40] derived in
the accompanying article:

B gl - jgloigns., and cyclic permutations, (18)

we see that the three fields are tied together by a nonlinear algebra. It
becomes clear that if we can define, for example, the mclecular property

%", we can define the property
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me o ‘{‘5_H] - -{__ aH (19)
aB(!)! 5 a(B[l)xB(Z)/IH(n)) Or

so on these grounds there should exist a magnetic dipole moment m®*.
This means that there should be effects due to the square root of
intensity, as discussed in detail [40].

How can a field such as your B be thought ot as uniform and time
independent, and at the same time as a (ield which propagates in free
space?

By using the definition of B in terms of the antisyvmmetric part of
light intensity, i.e. in terms of the third Stokes parameter. The field Bt®
can be thought of in the same way as the light intensity, which propagates
through a vacuum and is alsc a constant, time independent, measurable.
The field B™ is carried by the transverse (iclds B and B

Maxwell 's equations in free space contain onlv linecar operators, so their

solutions must be linear. If B'™ js defined in terms of a cross product
of transverse solutions of Maxwell’s equat tons, then isn’'t this contradic-
tory?

The field B itself is linear in flux density amplitude, B, in the
same way as the transverse fields arc lincar in this variable. The
transverse and longitudinal fields form a cyvelic Lie algebra, as described
in the accompanying paper, and each ficld component of this algebra is
linear in B8'® . The term "nonlinear" in optics refers to products which
contain E'® and B' to second or higher order. 1t should also be noted
that polarization and magnetization can c¢nter into the linear Maxwell
equations, and in nonlinear optics, these quantities are not linear in the

definition used here.

Transverse plane waves obey the lincar superposition principle, and
combinations of plane waves can be used to construct any possible plane
wave with arbitrary time dependence ol the amplitude or phase. Doesn't
this mean that the transverse and !ongitudinal fields must separately
satisfy Maxwell’s equations in vacuo, and that longitudinal and transverse
solutions can be tied together only by an arbitrary mathematical
construction?

The relation, Eq. (6), between B and the antisymmetric part of light
intensity 1is not arbitrary, because the intensity is a physically
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meaningful quantity which can be expressed as the product iB'2B . The
amplitude B'® 1is physically meaningful, and therefore sc is B@® . A
superposition of plane waves will always produce a light intensity tensor,
with a non-zero antisymmetric component which is directly proportiomal to
B If the latter were zero, there would be no antisymmetric light
intensity component or S, Stokes parameter in circularly polarized light.
B, B@ and B'* are separate solutions of Maxwell's equations. If it
is assumed that Eq. (6) is an arbitrary mathematical construction then it
must follow that the antisymmetric part of light intensity is defined
arbitrarily, a reductio ad absurdum.

The fact that transverse and longitudinal field solutions are tied up
together by Eq. (6) appears to be in deep conflict with accepted wisdom.
How do vou feel about this?

The solutions B®, B@ and B form a perfectly cyclic Lie algebra
within the Poincaré group, and in this sense (see accompanying article)
are more in line with conventional wisdom (and with fundamental geometry)
than the usual assertion that there is no connection at all. If there is
no such connection, then fundamental geometry is contradicted so
completely that the notion of zeroc B becomes absurd. Nevertheless the
latter is the conventional wisdom, and asserts in effect that one
dimension out of three is missing. This is discussed in the accompanying
article [40].

Returning to the question of energy, it is important to understand
precisely the role of B® (and of iE™ ) in the Poynting theorem. Can you

give equations defining their role exactly, rather than playing around
with words?

Yes, the Poynting theorem in S.I. units is

va- - o pa (20)
ot
where
8-=ExB, U- l(iz-xdl-s], T Piyime. . (21)
2\ 2 atr

We note that if B=B® , E=iE'  then,
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g-o0, ge L g g g.gla] o, J=0, (22)

2l ¢
so that these fields obey Poynting's theorem in the presence of matter.
This does mot mean that the magnetization, M. due Lo B® is zero. In

$.7. units the energy stored in the electromagnetic field is [38]

Ug= -1 BB-2M-B+p MM EE, (23)

ul‘
which depends on the magnetizatiom. Therclore B contributes to this
stored energy through its creation of magnctization. The latter is

observed in the inverse Faraday effect. In S.1., rhe material energy
density per unit volume is [38]

U, =p H M+EP+. ..., (24)
where P is the polarization due to E, and where the quadrupole tevm has
been neglected for simplicity. The average work done by the electromag-
netic field on material is zero in the steady state (38],

D _ (2%)
dt
and there is no work done on material by B™ .and [E'™ . If M is zero,
the energy stored in the electromagnetic ficld duc 1o B® and iEW is
zero.
Therefore B'® and iE'™ do nol contradict basic conservation laws

of electromagnetic energy.

If B is the fundamental element of ant isvmmetric light intensity, then
does the real B'™ contribute to the obuserved [ight intensity in watts per
unit area?

To answer this question, consider the fact that in circularly polarized
light, the zero’th and third Stokes parameters are equal in magnitude,

———— (26)

5=

The observed light intensity can thercfore be expressed formally in terms
of a combination of §, and g,, and thercfore in terms of B®
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y €,C
I,se,c|5,) - éeuqlsol"' |5,]) = __;_(,m CE@ G |EW gD )=, c?B™ B, (27)
It is important to note, however, that B does not add anything to the
observed intensity, the latter has been redefined to incorporate S,. The

moduli, {8,] and || ensure that the light intensity remains the same in all
pelarizations, linear and circular.

Is there a way of demonstrating from first principles the manner inwhich B'*
interacts with one electron?

Yes, it can be shown from first principles that the inverse Faraday effect

for one electron depends directly on B . The magnetic dipole moment
induced by the interaction of a circularly polarized light beam and one
electron is a sum of two terms,

m= -y B¥-pB0BY, (28)

where y, is a one electron susceptibility and B, a one electron hyper-

polarizability. Clearly, if B were zero, m would be zero, and this
contradicts fundamental theory [41, 42].

Surely, if this result is from first principles, the susceptibility and
hyperpolarizability for one electron can be derived in terms of fundamen-
tals?

Yes, the expressions are (41, 42]

g, = =10 R i (29)

where ¢ is the charge on the electron, r, its radius in B®, m, its rest
mass, and « the angular frequency of the circularly polarized light beam.
It can be seen that of B® were zero, there would be no m at any order
in B'®. In order for Eq. (28) to conserve ¢ symmetry, both 5! and B
must be & negative. This is because m is ¢ negative and so is e, the
other quantities being spatio-temporal in nature and therefore & positive.
This first principles calculation is consistent with the negative &
symmetry of B in our definition, Eq. (6).
[41] of the one electron inverse Faraday effect, the term linear in B
is missing, and the effect is expressed in terms of the conjugate product

In the conventional theory
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E™ x E'®  propertional to the antisymmetric part of the light intensity.
The conventional theory, although correct as far as it goes, does not
recognize that B can induce m through a susceptibility.

In answering guestion (4) you say that B'Y does not contribute to free
space electromagnetic energy, but in Eq. (23) we see that M appears in the
expression for the energy stored in the electromagnetic field. Isn’t this
contradictory?

Equation (23) is the expression for energy stored in the electromagnetic
field when M is not zero, i.e. when there is non zero magnetization. This
can be true only in the presence of matter. In free space, B and ig®™
formally contribute to U as in Eq. (22), but cancel cach other, so that
their contribution to & is zero. This explains why the Planck radiation

law is not changed by the presence of 8 and iE® .  Therefore B®
reveals itself by magnetizing material matter, to produce M, but not
through any additional contribution to beam intensity. Equation (27)
means that beam intensity can be expressed formally in terms of B', and
that this is just as valid as expressing intensity in terms of the usual

transverse fields.

In answering question 5 you assert that B'™ s created without the
expenditure of energy, yet you have just said that B™ produces magneti-
zation, which does contribute to energy stored in the electromagnetic
field. How do you resolve this?

Following Shore [29], classical electromagnetic theory is based on the
notion that the field transmits effects from a source to matter. The
electromagnetic field propagates in a vacuum, in which it can be formally
assigned an energy density, U and encrgy flux density, &. However, as
described by Shore [29], U takes meaning only when there is field-matter
interaction. The longitudinal B! and iE™ have no frequency dependence,
and so have no Planck energy. Their combined contribution to both U and &
in free space 1is zero. Nevertheless, the real field B* creates
observable magnetization (as in the one clectron inverse Faraday effect
just discussed) when there is field-matter interaction. This can occur at
first or second {or higher) order in B . Therefore B contributes to
the stored energy of the field through its ability to magnetize, but its
contribution to U, the free space clectromagnetic energy density, is
cancelled by iE‘*, The stored energy due to B must originate in a
source, and is made available to matter through the intermediacy of the
field B' . The latter is therefore the agent for transmission of energy
from source to matter. During this transmission process, total energy is
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conserved. This is what is meant by the statement that B is created
without the expenditure of energy. As shown by Pershan [38] free energy
can be built up by the interaction of molecular property tensors with any
power of any electromagnetic field component. The latter are solutions of
Maxwell’s linear field equations, but the interactions of field components
with matter can be nonlinear.

Surely, If BY™ js a magnetic field, it obeys Faraday’'s law of induction
and a chopped laser beam, in which B'™ changes with time, should produce
an easily observable voltage in an induction coil?

Faraday's law of induction in $.I. units is

VxE--9B (30)
aL

For B accompanied by iE® ., this law is obeyed formally in a beam of
light of unchanging intensity, both sides being zero. In this condition B
is real and iE'* is imaginary, and this can be true if and only if the
time derivative of B wvanishes and the curl of iE™ vanishes. This
result is obtained for a constant amplitude E'® =¢cB® in free space. It
could be argued that if B! and £'® (hemselves are made time dependent
by modulating a beam (i.e. by changing the beam intensity) then a Faraday
induction might occur in free space in a voil wound around a laser beam
passing through a vacuum. However, changing the magnitude of B in this

way always produces a pure imaginary iE® which is not observable as
Faraday induction without the presence of material, in which case the
inverse Faraday effect occurs.

75. You keep saying that B® is real and iE® is imaginary, but couldn’t it
be said equally well that iB® is imaginary and E'® is real?
This would conflict with the experimental data, because nc first order
electric polarization effect due to E'® has been reported to date. Here,
we follow the rule that real fields are physical, imaginary fields are
unphysical .

References

[1] M. W. Evans, Physica B 182, 227, 237 (1992).

[2] M. W. Evans, Physica B 183, 103 (1993).

[3] J.-P. Vigier, I.E.E.E. Trans. Plasma Sci. 18, 64 {1990).

Questions Abowt The Field B® 237

[22]

[23]
(24]

L. de Broglie and J.-P. Vigier, Phys. Rev. Lett. 28, 1001 ¢1972).

M. W. Evans, J. Phys. Chem. 95, 2256 (1991).

M. W. Evans, "The Relation between Transversc and Longitudinal Seolutions
of Maxwell's Equations." accompanying paper.

J. D. Jackson, Classical Electrodynamics (Wiley, New York, 1962).

M. W. Evans, The Photon’'s Magnetic Field (World Scientific, Singapore,
1993).

M. W. Evans, and S. Kielich, Eds., Mcdern Nonlinear Optics, Vols. 85(1),

85(2), 85(3) of Advances in Chemical Physics, |. Prigogine and §. A. Rice,
Eds., (Wiley Interscience, New York, 19913).

Y. Aktas, M. W. Evans and F. Farahi, J. Mol. Struct. in press.

R. Duffin, Electricity and Magnetism (Gordon and Breach, London, 1962).

R. M. Whitmer, Electromagnetics (Prentice llall, Englewcod Clitfs, 1962)

A. F. Kip, Fundamentals of Electricity and Magnet ism (McGraw Hill, New
York, 1962).

L. D. Barron, Molecular Light Scattering and Optical Activity {Cambridge
University Press, Cambridge, 1982).

G. Wagniére, Phys. Rev. A &40, 2437 (1989)

J. A. Armstrong, N. Bloembergen, J. Ducuing and PP, S, Pershan, Phys. Rev.
127, 1918 (1962).

K. Knast and 5. Kielich, Acta Phys. Polon. “SA, 319 (1979).

L. H. Ryder, Elementary Particles and Svmmetries (Gordon and Breach,
London, 1986),

a comprehensive review of antisymmetric lipht scattering is given in Ref.
14.

P. D, Maker and R. W. Terhune, Phys. Rev. 13/, A801 (1965); €. C. Wang,
Phys. Rev. 152, 149 (1966); F. Sshimizn, J. Phvs. Soc. Japan 22, 1070
(1967).

the following is the original paper on the cxperimental ebservation of the
inverse Faraday and related effects: J. P. vian der Ziel, P. §. Pershan and
L. D. Malmstrom, Phys. Rev. Lett. 1%, 1490 (1%65); ibid., Phys. Rev. 143,
574 (1966). This work has not been repeated, but the following are
related, or indirect, observations: J. F. Holtsrichter, R. M. Macfarlane

and A. L. Schawlow, Phys. Rev. Lett. 2?26, &5 (1971); J. Deschamps, M.
Fitaire and M. Lagoutte, Phys. Rev. lett. 2%, 1330 (1970); ibid., Rev.

Phys. Appl. 7, 155 (1972); N. Sanford, R. W. Davies, A. Lempicki, W. J.
Miniscaleo and S. J. Nettel, Phys. Kev. lerc. 50, 1803 (1983); T. W.
Barrett, H. Wechltjen and A. Snow, Nafture 301, 644 (1983); P. F. Liao and
G. C. Bjorklund, Phys. Rev, Lett. 36, "84 (19/6); B. A. Zon, V. Yu. Kuper-
schmidt, G. V. Pakhomov, and T. T. Urazbacv, JETP Lett. 45, 273 (1987)

N. Sanford, R. W. Davies, A. Lempicki, W. .I. Miniscalco and §. J. Nettel,
Phys. Rev. Lett. 50, 1803 (1983): J. Frey. K. Frey, C. Flytzannis and R.

Triboulet, Opt. Commun. 84, 76 (1941)

W. Happer, Rev. Mod. Phys. 44, 169 (1977)

M. W. Evans, J. Phys. Chem. 95, 2256 (1991); W. S, Warren, S. Mayr, D.
Goswami, and A. P. West, Jr., Science 25%%, 1683 (1992).




238

[25]

[26]
(27}

(28]
[29]
[30]
{31]
[32]
33]

[34]
[35]

{36]
[37]
[38]
[39]
[40]

[41]
[42]

The Photomagneton and Quantum Field Theory

M. W. Evans, in I. Prigogine and S. A. Rice, Eds., Advances in Chemical
Physics, Vol. 81 (Wiley Interscience, New York, 1992), also Ref. 14,

J. F. Ward Rev. Mod. Phys. 37, 1 (19653).

Ref. 7, chapters on solutions of the Maxwell equations, and related
chapters.

D. Corson and P. Lorrain, Intreduction to Electromagnetic Fields and Waves
(Freeman, San Francisco, 1962).

B. W. Shore, The Theory of Ccherent Atomic Excitation, Vols, 1 and 2
(Wiley, New York, 1990).

A. S. Goldhaber and M. M. Nieto, Rev. Mod. Phys. 43, 277 (1971)

J.-P. Vigier, "Present Experimental Status cf the Einstein-de Broglie
Theory of Light.", Proc. I1.5.Q.M. 1992 Workshop on Quantum Mechanics,
(Tokyo, 1992).

H. Bondi, in the Einstein Centennial Volume edited by A, P. French,
(Harvard University Press, 1979).

L. H. Ryder, Quantum Field Theory (Cambridge University Press, Cambridge,
1987).

J. G. Huang, J. Phys. G 13, 273 (198/)

L. D. Barron, Physica B 190, 307 (1993); M. W. Evans, Physica B 190, 310
(1993) .

Moles and J.-P. Vigier, Comptes Rendues 276, 637 (1973).

.-P. Vigier, communication to the author from UPMC, Paris, 1993.

§. Pershan, Phys. Rev. 130, 919 (1963).

Wozniak, M. W. Evans and G. Wagniére, Mol. Phys. 75, 81 (1992).

W. Evans, "Some Gonsequences of Finite Photon Mass in Electromagnetic
Theory", accompanying article.

B. Talin, V. P. Kaftandjian and L. Klein, Phys. Rev. 11, 648 (19753).

M. W. Evans, Mod. Phys. Lett. in press, 1993.

- By = B SV 4

Chapter 12

MOLECULAR THEORY OF OPTICAL NMR SPECTROSCOPY: LIGHT INDUCED BULK AND SITE
SPECIFIC SHIFTS

M. W. Evans

Abstract

The molecular theory of optical NMR spectroscopy is developed and illustrated
with an example of an optical NMR mechanism in which 4 mapgnetic clectryonic dipole
moment is induced in a molecule by an applied lascr Licld This resaltys in bulk
and site specific shifts, both types of shift being induced simltancously,
lcading to a new analytical technique of general utility Itreducible spherical
tenserial representations are given for the wmediating hyperpolarizability
molecular property tensor ™{f, relevant to this mechuninm of induction by ligh

of a magnetic electronic dipole moment. Non-vanishing clements of "§57 arce given
lor all the mclecular peint groups, and examples ol point proup character tables
containing scalar elements of ™55 are given tor a lew point groups. The theory
is worked out explicitly for the group 0, the octahedial proup without inversion,
in which examples of point group character tables containing scalar elements of "9,
are given for a few point groups. The theory in worked out explicitly tor the
yroup 0, the octahedral group without inversion, in which Gruffydd coefficients
are available, showing that the laser shifts the aripinal nuclear resonances in
this point group in the context of the mechaninm considered here. The site
specific name of ONMR is developed semi-qualitatively by considering atomic and

bond susceptibility and hyperpolarizability models

Introduction

Electromagnetic radiation is capable of mapnetizing molecular material in
the absence or presence of an external mapnctostatic tield. Experimental
rvidence for this property first became available through the inverse Faraday
vffect, first proposed by Piekara and Kielich [1 5|, and demonstrated experimen-
tally by Pershan et al. [6-8], and Shen |[9].  Recently, the present author
jroposed a simple atomic model [10] of oeptical NMR, in which the magnetizing
property of light is used to shift nuclear magnetic resonances, and the

prediction was verified experimentally shortly afterwards by Warren et al. [11]
in a variety of molecular liquids, including the enantiomers of p methoxy-
phenyliminocamphor in the 1liquid state. Subsequently, several possible
mechanisms of ONMR have been proposed in simple atomic systems in which there is
net electronic angular momentum [12-16]. In general, it has become clear that
there can be several contributory mechanisms in ONMR, leading to a richly subtle
spectrum as a function of the laser’s intensity and state of polarization, a
spectrum which can be used without further calculation for such purposes as
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chemical analysis of complex proteins in solution,

The most important experimental feature, however, is that the effect of the
laser on each resonating site is different [11] in general, exhibiting a
different functional dependence on laser intensity and polarization. For
example, the shift pattern as a function of laser intensity of the ring protons
of p methoxy phenylimino camphor was found experimentally [11] to be different
from the shift pattern of the high field and other proteons, Furthermore, the
ONMR spectra for right and left enantiomers were different, and different again
in the racemic mixture. The effect was much bigger in circular polarization
(right or left) than in linear polarization, but the spectrum showed no simple
dependence on circular polarization. Furthermore, there was no simple functional
dependence on laser intensity at the experimental laser frequency, chosen to be
far from optical resonance in the visible range. These features can be
understoed qualitatively [17] by using a combination of mechanisms by which light
induces a magnetic electronic dipole moment. Quite generally, and independently
of these details, ONMR can be interpreted as a combination of bulk and site
specific shifts, whereby the applied laser is used to produce an analytically
useful shift of the magnetic field seen by the resonating nucleus. The shift
depends in general on the electronic topography immediately adjacent to the
resonating nucleus, and is made up of several possible contributions of induction
by light. These bulk and site specific mechanisms are all present simultaneous-
ly, and are mediated by several different molecular property tensors such as

molecular magnetic susceptibility, ™§7,, and molecular hyperpelarizability, ™§%%.,
which in molecules are anisotropic, and made up of scalar components in the
molecule fixed frame, components which in general are different in magnitude.
This is a well known result of semi-classical theory [18]. These components can
be developed, in turn, as sums of local site (e.g. atomic or chromophore)
properties, well known examples being the atom and bond polarizability models of
semi-classical theory [19-22]. The latter is therefore capable of providing a
general framework for understanding, at least qualitatively, the several useful
features of ONMR in molecules.

In this paper, we initiate the theory of bulk shifts in the optical NMR of
molecules, whose point group symmetries are used in the context of the theory of
angular momentum coupling in quantum mechanics developed by Gruffydd [23, 24]
through his well known V, W, and X coefficients. These are the equivalents of
3-j, 6-3j, and 9-j symbels in the eguivalent Racah algebra [23, 24] in one
electron atoms. The symbolic machinery of Gruffydd algebra is superficially
complicated, but the theoretical concept in this work is simply described as
follows. The applied laser is assumed to induce in the electrons of the molecule
a magnetic dipole moment. For example, in the laboratory frame (X, Y, Z),

AL (g) :% ’”ﬂ?;k(orw-‘m)EjE;+% mRIT(0, ~w, 0)ELE,, (1)

where ™75 is the mediating molecular hyperpolarizability tensor, and EE; is a
Hermitian tensor product of the oscillating electric field strength vector E;
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and its complex conjugate Ej', of the laser. The tensor EJ-E; is directly
proportional to the Hermitian light intensity tensor,

IiT- = euc‘}_-.'ik.'f, (2)

where €, is the permittivity in vacuo and ¢ the speed of light. In this
mechanism, the induced dipole moment is therefore directly proportional to the
laser intensity in watts m2?. The mechanism (1) is one out of several possible
'17] and is chosen to illustrate the application of Gruffydd algebra to the
problem.

The ensemble averaged magnetization induced by the applied laser is then

[25]
(M,(ind)(0)> o5 N(mf“m“(n)h (3)

where N is the number of molecules per unit volume.

This is calculated in terms of the steady state ensemble averaged
<m**® (0)> induced in each molecule of a sample by light. The magnetic flux
density at some point in the sample is first calculated using the magnetization
<MD (9)> . With linear Maxwellian field equations we consider the sample to be
a magnetized sphere of permeability p which is not a permanently magnetized
object, but one in whose magnetization M derives from the applied flux density By
in §.1. units, standard magnetostatics shows that the magnetic flux density and

field strength inside the spherical sample arve,

Bu:3,+%uoﬂ, Wi ; (3, "ﬁ"u], B, nH,, (4a)
o
where p, is the permeability of free space and p that of the sample material.
The macroscopic, Maxwellian, magnetic flux density inside the spherical sample
is therefore

_ Ip (4b)

B, = B, .

faul (l-l*?liu] “

quation (4a) allows the calculation of By, from M, to which there are contribu-
tions such as that in Eq. (3). Equation (4b) shows that By, calculated in this
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way depends only on p, p,, and By, and is independent of structural details of
the spherical sample, i.e. of its atomic or molecular structure. Therefore any
NMR shift calculated from the macroscopic field B,, inside the sample is a bulk
shift, and cannot be site specific.

A magnetization such as that defined in Eq. (3) therefore contributes to
the overall bulk shift observed experimentally in ref. [11]. The laser induced
site specific shifts of ref. [11] need a mechanism by which the magnetic field
at the resonating site differs relative to an internal standard. (One such
mechanism is discussed in the Appendix B of this paper, another in ref. [11].)

In the field B, is identified with the permanent magnetic flux density of
an NMR instrument (e.g. 6.4. tesla in a 2/2 MHz spectrometer [11] the B, of such
a field is given by Eq. (4a), in which there is a relatively small contribution
to M due to an applied laser. The change in B, due to <m/*™ (0)> of Eq. (3) is
therefore

<pjindty . %pn<M,-““">(0)>, (4¢)

) : . s -
where <B{"™> is an ensemble averaged, laser induced, magnetic flux density

within the sample, considered as a sphere.
The laser therefore has the overall effect of changing the simple NMR
Hamiltonian from

AR, = -R,B.. (%)

to
AR, = -y (B, + <805, (&)
i.e. produces an overall, or bulk, shift. Here M, is a nuclear magnetic dipole

moment, and Bg, the static magnetic field of the NMR instrument.

There are numerous elegant contemporary NMR methods available [26—28] with
which the laser can be applied. The Hamiltonian (%) is the simplest possible
example, chosen for the first development given in this paper.

Developing ONMR theory in molecules implies the use of the molecule fixed
frame of reference to define the melecular point group [23, 24] in which Gruffydd
algebra is applicable. The irreducible spherical tensorial components of the
hyperpolarizability must therefore be worked out tor each molecular point group
in erder to apply the Gruftydd theory c¢f angular momentum coupling in quantum
mechanics. The light induced electronic magnetic dipole moment must then be
worked out in terms of these components in the molecule fixed frame, and finally
ensemble averaged to give the laser induced magnetic flux density <B{*™> and
bulk shift.
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In Sec. 2, the fundamental properties of Lhe mediating hyperpolarizability

tensor "8%5, are given in terms of the symmetries of its real and imaginary
parts, and its internal density matrix structurc developed. The non-vanishing

individual scalar components of "§§j; are tabulatcd in all the molecular point

groups. In Sec. 3, the tensor ™%}, is analyzed to give its non-vanishing
irreducible spherical tensorial representations in all the mclecular point
groups, using the method of Coope et al. for reducing a rank three tensor [29].
These consist of appropriate combinations of scalar components. Extensions for
some point group character tables identify a piven irreducible representation of
the molecular point group with these combinations. In Sce. 4, a complex spherical
basis (-1, 0, 1) is defined in the molecule fixed frame (x, v, z) for evaluating
the induced dipole moment (1) in any given point group. In Sec. 5, the
calculation of the ONMR spectrum is carried out cxplicitly in the point group O,
the octahedral group without inversion, for which V. W, and X coetficients are
available in the literature [23, 24]. Finally & discussion develops the
individual scalar components of ™% in terms of sums over site specific terms,
in analogy with the well developed atom and bond polarizability models [30-34].

?. Some Fundamental Properties of the Hyperpolarizability

In general, the tensor “&75 can be split into real and imaginary parts
[35].

"85 = "B T (7
which themselves become complex when damping is considered [15] in semi-classical
theory,

L mgee! 8)

950 = "M "L
The axial tensors “B%%, and ™f5. have opposite symmetrics te motion reversal
f: "5, is positive, and "B%5, is negative. Hoth parts are positive to parity
inversion 2 [35]. The tensor "B%, vanishcs in molecules which have no net
clectronic angular momentum, therefore [36], and "¢7}, exists in all atoms and
molecules. An induced magnetic dipole moment is penerated from the ubiquitous
tensor 953, by multiplication with the imaginary, antisymmetric, T negative, P

positive, componecnt of E;E;, which can be represented vectorially [35] by ExE".
Using density matrix formalism [37], the internal semi-classical structure

of ™95, can be developed as,
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0.0, ~w) = L 2ol x| adl0elP
hZ abe

(@on ~ 20 )W py — @ = 1T,

), 0 ], IR )]

(Won = Ilca)(@p, ¢ @ = dTpp) (W, + il )0, + @ +IT,)

9
Lm (B ), A8 5) i id] I4( ), 4) ), J 2 * 5O
(@pat Ilpa)(0ep =0 + 2T (W70 + AT W@, + @ + 1T,
I (Fad™s) ¥ )] L+ 53
(mbd = i[‘bd)(mca Wt tiﬁ) G
where
(mi)ba = <b|Rja, (10)
and
(B;),, = <clijb>. (11)

denote magnetic and electric dipole transitions between electronic quantum states
|a> and <b| and |b» and <c| respectively. Optical resonances within this semi-
classical structure are defined as

Wy, = W~ W, = 7"_}; rrrrrr ; (12)

and plY denctes the quantum mean value of the unperturbed density matrix in the

stationary state [a>. The quantity T;, is a characteristic relaxation time
between the states [b> and |a> and

K = ﬂbc“rba_rca)' (13)

(@pe — ir'm.)

is a correction term which can be ignored whenever the combination of damping
terms in Eq. (13) is small relative to the frequency ,., and which vanishes in
the absence of damping or if

Molecular Theory of Optical NMR Spectroscopy: Light. .. 245

+T (14)

ba wa”

r,.=r

he

In general therefore the hyperpolarizability in density matrix formalism is a
function of frequency, and shows optical resonances of the type illustrated
recently by Wozniak et 2. [35, 36]. It is the tensor that mediates the inverse
FFaraday effect in molecules without net electronic angular momentum such as
water. Care must be taken not to confuse the concept of optical resonance within ™75

with the concept of nuclear magnetic resonance changes caused by ™55, The
former are electronic in nature, occur typically in the visible frequency, the

latter are caused by radio frequency field induced transitions between magnetic
components of the net angular momentum gquantum number in FEqg.o (6).

The hyperpolarizability ~Bi7, (¢, w,-w) is given by Eq. (9) [35, 36] by
replacing the imaginary part of the matrix element product in the numerators by
its real part. The quantum mechanical expressions for the hyperpolariz-
abilities "B9%,(0,-w,®) and "§35 (0, -w, @) are given by replacing o in "B, (0, @, ~w)
and ™95, (0,w, -w) by -w. The electrenic magnetic dipole moment operator induced
by light through the mediation of these tensors is delined in pencral through the
symmetric and antisymmetric parts of the Hermitian tensor BE

BE =T5+T4, BB - () - (04), (15)
with
1 1 .. L
o = E(Ejhk*'f'jf-.‘), (16)
and
04 - -0y an

Note that these field products are independent ol the phase of the laser, i.e.
are independent of the quantity,
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$=wt-x-'r, (18)

where w is the laser’s angular frequency, t the time, x the laser's wave
vector, and r a position vector, This is an essential and fundamental feature
of the theory of molecular magneto-optics, developed extensively by the Poznan
School [38], a feature which allows the induced magnetic electronic dipecle moment
to be time independent, i.e, to be non-zero after time averaging cver many cycles
of the laser’'s frequency. Without this feature, ONMR shifts would all vanish,
in this mechanism, after time averaging. Similarly there would be no inverse

Faraday effect [1-9] without using conjugate products (EEj) in its theoretical
description.

Note carefully that although the laser’'s frequency does not enter directly
into products such as E;Ej, it occurs within the internal structure of the
mediating property tensor developed in Eq. (9). Clearly, if the laser is tuned
to optical resonance, i.e. if

(19)

@ = ey, or, W =W,

the mediating tensor increases sharply in magnitude, and in consequence the
induced magnetic dipole moment m/*® (0) mediated by this tensor increases
commensurately. This is a useful feature for ONMR—if the laser is tuned to an
optical resonance of the specimen in the visible, then the ONMR shifts will
increase dramatically in this theory.

With these considerations, we have the following useful relations between
hyperpolarizabilities [353]},

g S0, w, @) = "G50, @, W),
"8 550, 0, -w) = "RIN(0, 0, @), 20)
"0, ~w, w) = TR0, —w,w),

and for the relevant part ™§fj, considered here,
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™Mik(0. 0, —w) = - "0, 0, @),
M0, 0, ~w) = - M0, e, ),

(21)

”?f?k(ﬂ,m, -w) = m?;;j(ol W, w),

50 0, 0) = - "0, me, @),

Therefore ™50, @, -w) is antisymmetric in its last two indices, se that only
certain components are non-zero in any meolecular point group. Table 1 is a
convenient summary, in the molecule fixed frame (x, y, z) [3%], of non-vanishing
components of "@$%(0,®, -w) in all the commonly occurring molecular point groups.
In Table 1, if a component is not recorded, then it is identically zero in frame
{x, v, z). In the O point group for example, there is only one independent non-
zero component. Even in the point group of lowest symmetry, the chiral &, there
are only nine independent non-zero components out of a possible total of 2/7. A
component of the type ijj always vanishes becausc ol the subscript symmetry
recorded in Eq. (21). In the ¢, point group of walcer, there are three
independent non-vanishing components only. The use of this Table greatly
decreases the complexity of calculation in the following scctions.

3. Irreducible Spherical Representations of ™977,

Gruffydd theory [23, 24] is worked out in terms ol spherical representa-
tions of a given molecular property rather than Cartesian. In order to apply it,
4 given Cartesian tensor operator must be written in terms of its irreducible
spherical representations in the molecular point group. In the laboratory frame,
these are represented by the D symmetries [23%, 24|, and cach D symmetry has its
cquivalent {23, 24] in any molecular point group. Thus, a suitable combination
of scalar elements of 955, in frame (x, v, ») torms 4 basis for each irreducible
representation of the molecular point group, and these irreducible representa-
tions appear in the Gruffydd Vv, W, and X coctticients (23, 24]. The latter in
turn determine how one angular momentum couples with another in quantum mechanics
applied within that point group in frame (%, v, ). This is the methodology
adapted here for the calculation of ONMR spectra in any given molecular point
sroup, a methodology which shows implicitly that the ONMR spectrum depends on the
values assigned to each individual scalar component of the hyperpolarizability
considered here, or more generally, of any molcecular property tensor that
mediates the induction of a magnetic electronic dipole moment by light.

To reduce the rank three tensor ™%}, to its irreducible spherical
components of weights 0, 1, 2, and 3, we follow Coope et al. [29], and work in
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the molecule fixed frame (x, y, z} which defines the molecular point group. (The
symbols x, y, z occur in the point group character tables.)
The component at weight 0 is, in tensor notation,

mgeetd) = “€kj4 95 = 2( Y r t My m?iiy)- (22)

This component is a scalar, and forms a basis for the totally symmetric
irreducible representation of the point group. In O this is A . Thus, the

combination of scalar components 2( Mayrt Myt '"?;;;) forms a basis for A, in
0. Similar conclusions can be arrived at for all the other point groups. Using
Table 1,

(23)

mg €8 _ mg ee _  mg ee
xyzr yzx T ?'zxy'

and so the basis for A, in 0 is made up of only one term, 6.
The irreducible spherical tensorial component at weight 1 of the rank threc
tensor in frame (x, y, z) is [29],

g i = %[bij( m‘?gﬁyfl))k"ﬁ.k( .'n?""y(l])j+( m?F‘;{lJ)iaijl (24)

where the three contributory terms are defined as
eell) ee
( s o T exk + "'?E-‘?w ok

( m?;euly = m?;§x+ m?;c;y % m.?:e;:_' (25)

3

ag{1)
(™57 ™M), = M "t "R - O

i

Within a given molecular point group, these can be identified with appropriate
irreducible representations as follows. Recall that the tensor ™§{j, is positive

to P, and in consequence its D representation at weight 1 must be D/ . This
transforms |[39] as a combination of irreducible representations in any given
point group. For example, in the C,, peint group of water,
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(S9] > B

A PRI I (76)

lhe problem now reduces to finding which combinations of ™95, at rank onc
‘orrespond to which irreducible representation, and this ecan be solved by

inspection of the structure in (x, v, z) of 7"

piven by Coope et al. {29],

" 1 | G
npeell) E(u g )t\u +] mpral I' 9 ), (27)
"rom this we see that the A, can be identified with "y s with "3 and B,
. (§8] & ¥ et ’
with ™" In tensor notation, alternatively, (my™" fevms o basis for a,
in the peint group C,,; ( %)), forms a basis for 41, ool 9™ 0 forms a basis
for B,. The individual elements are,
Byr "+ A
Byt m?;?!r"' Pyt Y- (78)
Ayt Mt ™My "YU
md from Table 1 we see that the bases a1 woipht | lor “95%  all vanish
rdentieally in ¢,,. Similar results can be built wp for a1l the other commonly
weurring point groups, and are summarized in Tablen 2, 3 and 4.
At weight 2 the irreducible spherical vepresentation in (x, v, z) is, in

lensor notation

maea(z) _ 1 f erl2) e 1
Va1 - 5 ckaZ( ma e )k1+( my ey ]”J. i

SPRET ""?"",“")Jk}cm“, (29)
Lith

eet2yy 1 e . mgy e I mgaaich
( e ]M— _E(Gkij m?}r.’ €y ?,uk) =i it 8,0
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{ m?';”‘z’}kf-%( "9 T ik ”’?i?;ej,f)—% i i
Since
,,,?ee}c'za = -p mgeeldl (30)
we have
g1 = - "7, € Gl

i i i p iti tensor
In the point group Gy, for example, this weight in a P positive ten

transforms as

(32)
DS ~2A, v A, + B, * B,

and we can identify the irreducible representations of the point group G, with

- mgee -
combinations of scalar elements of ™335 as follows,

o L TR maeel2)
By m?-a.;m)ij_( myon(2) ” NN O A B W Y

A,: ( ,,,?eexﬂl )jk 2( m?eexizj )h'

33

A] : ( m?r.r-x('z.w) »

IR}

o i Ty E i i .. This is
showing that the A, representations are mon-zero in ¢,, at this weight

recorded in the G, entry in Tables 3 and 4.
Finally at weight 3 it can be shown Lhutlull
which ferm bases for any irreducible representation
; - o
vanish identically for 9§, as summarized in lable 4.

esentation of ™% is
the fact [40] that the complete D repres i

combinations of components
in any molecular point group

This can be seen from

B, i 34)
T "9%5) = o vyt e (

: 3
and does not contaln Dy

In the Appendix, we provide extensions of the point group chifacaer ;ﬂb]:ﬁ
’ . . . e
for some commonly occurring molecular point groups in whic the hyp
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polarizability tensor "957. is represented in torms of its irreducible representa-
tions in the point group. Alongside each Table in the Appendix is provided the
transformation properties into the point group of the relevant D representations

transforms as A, +FE in O, D,”" as

it each weight. Thus, for example, n,"
A +2E and so forth.

Use of these Tables and the point group character table extensions given
in the Appendix considerably simplifies the application of Gruffydd theory tao
optical NMR. TIn point groups the intricate theoretical structure collapses to
+ simple analytical result. TIn other point groups. such is not the case. In
neneral, these Tables show that the ONMR spectral structure is very rich and
characteristic of the molecule, and the elcetronic state of the molecule. It is
therefore clear that characterization of a sample by optical NMR is straightfor-
ward in general, provided that the laser induced shifts can be inereased a little
by improvements in technology, because cach sawple will exhibit a clearly
identifiable laser induced shift pattern as a function of a) lascr intensity; b)
laser frequency; c¢) the laser's state of polarization.

4.  The Complex Spherical Basis

Before embarking on a specific calculation in Sce. 4 for the point group
¢ of the ONMR spectrum, a clear definition must be pivin of the framework within
which the calculation proceeds. We are interested in vvaluating matrix element s
hetween basis eigenfunctions for molecular point pioups Dperators and hasis
lunctions must both transform [24] as componcnts of representations of the
molecular point group. An irreducible tensor operator must transform as o
standard basis for the representations of the poiul proup under consideration,
md 1t is necessary to be consistent in the choico of operators and basis
functions. For the group &,{3), for atom:., the complex angular momentum
cigenstates |Jjm;h form a basis. For molecular point yioups and Gruffydd algebra,
both real and complex bases can be used. When working with angular momentum
cigenfunctions In Gruffydd algebra, it is conveniont 1o cupress the components
in the molecule fixed frame (x, y, z) of a given irreducible representation in
i complex spherical basis [24]. For cxample, in the group O, the three
components of the irreducible representations 1 and 1, are expressed as

£ ; - B s
Lo i hy)e D= T,o1- 1) ' (35
T \/5( %+ iTy) T, I T 'ﬁ( X 11“1)/] )

) v

and similarly for 7, using the Fano Racah phasc convention following Gruffydd
23, 24]. The angular momentum operator J is an irreducible tensor operator of
i1

rank 1, which transforms as D; in the laboratory trame. Since DJI’ goes to T,

in 0, the operator J remains irreducible in this octahedral group without
iuversion, and its three real components are T,x, T,y, T,z. The three complex
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components are [24] T,1, 7,0, T,-1. When complex components are used as bases rradieible tepreaBHtE

3 : : > 1o es(1) AT - - s 3
for the irreducible representations Cruffydd algebra uses a particular form ik b e, B S U5 Y . transform as non-vanishing element

(Section 5) of the well known Wigner Eckart theorem to reduce the matrix elements
which we wish to calculate in the point group of interest. These points are
illustrated in the following section with a specific calculation in the point

group 0. For a more detailed discussion and background we refer the reader to
Silver [41]. TRERE - B = 5, (40)

In the O point group, however,

md the induced dipole moment is ewval < e
5. Calculation in the O Point Group uvated as the mitrix clements,

Consider the induction by completely circularly polarized laser light of

an electronic magnetic dipole moment operator in the laberatory frame (X, Y, 2}, Cda‘?mla’ab - algtlanv a &' 1] (41)
o = .
a a0
rh;“"‘” = m?:‘iknﬁ‘- (36)
ning lthe appropriate Gruffydd form [23, 24] of the Wipner Eekart theorem. (If
) ) . vomplex basis is used, as defined i & a oy y i i e T -
The product on the right hand side must transform in molecular point groups in \quired.) The v coefficient is gi o Slec, boa sbipghtly ditferent form [41] is
the same way as that on the left hand side, i.e. the product must transform with ’ gLyen By
the symmetry of a magnetic dipole moment. In terms of irreducible spherical
tenscrial representations,
a a’ a, A .
; = Ala) “8,,6,.. (A2)
a a’ O
[ﬂtind’)](l) = [ mgea(0) 4 mgeedl) o m?ntzl)nu)(n]m. (37)
«here A{a) is the dimension of the a representation in O, We obtain, finally

1 the molecule fixed frame (x, y, z)
In the 0 point group the only nen-zero component of =§** in Eq. (3/) '

is ™§**®  and therefore in the laboratery (rame

<an|fy|aa> = 6yl (43)

[mcindaju} - [ m?n(u)]lml [$8] 1“‘#. (38)
. result which. depends on the molecular eigenstate o between which the induced
ipole moment is evaluated, and on the components in the molecule fixed frame of

From Table (2) we find that the combination of eclements that forms a basis for | ; i11
(2 o i molecular hyperpolarizability tensor, ™97,  Clcarly, the shielding factor
5 S — O i mgee , ioeel i i irec i -
the A, representation of 0 is 6™, ., and so 17 which is directly proportional to these cxpectation values, also depends
11 the scalar elements of the hyperpolarizability in frame (x, y, z), and on the
p— (39) 4iw.1r;:tum szir_e a of the molecule, i.e. on the state between which ?g‘ is computed
e 1 Eq. ( ),. In general the molecular cigenstates are |{ae>, where { is
vctronic/vibrational , and aa is rotational in nature.

forms a basis for A, of 0. In the dihedral point groups, such as D,, Dy, O, and In the absence of a magnetic field

D., also considered by Gruffydd [23, 24| and Silver ([41], the irreducible
representation "§**® alsc transforms as a non zero combination of scalar
elements, and the calculation of the induced magnetic dipole moment must take
this intoc account. In other point groups nolL considered by Gruffydd, yet othe
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a a' a [a a' a V[a a’ AW] (44)
a of 1 a a0 e a -1)

and the mapnetic sub states in frame (x, y, z) are degencrate. In the PEESEnce
of a magnetic field, such as the field of an NMR spectrometer, it is pésslblc in
general , to induce transitions belween previously degenerate magn911§ states,
leading to a resonance spectrum, but we shall not pursue this calculation here.

The energy levels and transitions are as follows: e.g. for e-T,,

n
Enja=-1)~ En(a=0), En(a =0}~ Enia=1). (45)

The result (43) has been obtained in the molecule fixed frame, and isotropic
averaging [35] must be carried out to obtain the induced magnetic dipole moment
in the laboratery frame (X, Y. Z) as an ensemble averaged induced magnetie dipole

moment., This gives the final resull,
gty = oy TEd, (46)
since B is a scalar and is frame invariant. The ensemble averaged lase
induced magnetization in frame (X, Y, Z) is therefore,
T A P 41
and the cnsemble averaged laser induced mapnetic tlux density
cppindy - %Np,, R (48)
The laser induced relative bulk shift is, finally.
s - BT (49)
B.‘w’l

v ing protons of p methoxy phenylimine camphor [11]), i.e.
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. Discussion

From the simple result (48) it is straightforward to estimate the laser

nduced shielding facter o™ . The order of magnitude of ™%, has been given
Wozniak et al. trom studies of the Faraday effect [42] as ~107° A m* V2 in
imple diamagnetics such as CS, and benzene liquids. Assuming this order of
rignitude for a melecule of O symmetry, using p,-4nx10 ' Js?C ?m?t; and taking
about 10% molecules m™® in a room temperature liqguid, the ensemble averaged
wan field is

<Bl%dy L10°DE? tesla. (50}

lre Ef is the square of the electric field st rength in Vom' of the circularly
olarized laser. This is related to the scalar intensity of the laser through
he free space equation,

I, = €,cEF, 1D

here € is the permittivity in free space (8.8% « 10" 1" ¢ m'), and ¢ the
peed of light. Under these conditions, we have the ordor of magnitude estimate,
Yy ~10707, tesla. For a laser intensity of 10" watts w* (10 walts em™) the

stimated "shielding factor™ e## for a static ficld of 1.0 tesla is,

otiud]_-ln )'-, (5?)

rresponding to nuclear resonance bulk shifts of the avder 107 Hz for a 272 MHz
nstrument such as that used in the first LENS experiment [11] (i.e. 1 part in
1" approximately).

Experimentally, bulk shifts of the order | to [0 Hi were observed [11] with
aser intensities of up to 3.0 watts em™?, using several different specimens, so
liit the hyperpolarizability mechanism considered here produces results which
jpear to be several orders of magnitude too small. Morcover, the experimental
lita indicate the presence [11] of several diffcrent contributory mechanisms, not
st oone, as cutlined in this paper. The data |11 did not show, for example,

simple dependence of bulk shift on lascr intensity ;. as predicted by Eq.
1), so that we must lock for a lincar combination of mechanisms, each
ruportional to a different power of i,. The laser induced shift pattern was
hserved [11] to be different for different resonance sites (e.g. high field and
to be site specific in
nalogy with the well known chemical shift phenomenon, the basis of analytical
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NMR. (For the analytical laboratory, this is the most useful feature of optical
NMR spectroscopy.) The laser induced shift pattern was not the same for left and
right enantiomers and was different again [11] in the racemic mixture. This can
only be explained by a combination of induction mechanisms some of which change
sign between enantiomers, some of which do not. In the (chiral) 0O group

mechanism considered here, for example, ™$5. is £ positive, and in consequence
does not change sign between enantiomers, and therefore does not vanish in the
racemic mixture. A sign of change between enantiomers necessarily relies on af
negative molecular property tensor such as the magnetic dipole-electric dipole
tensor {[25].

It is also interesting to note that in theory, there are yet other possible
induction mechanisms present simultancously, and an example, in terms of site
specific charge demsity changes due to direct perturbation of the molecular
wavefunctions by the laser, is given by Warren et al. [11]. We consider as
follows an alternative induction mechanism that is non-zero after time and
ensemble averaging in a liquid sample, such as the ones used experimentally [11].

The laser property responsible for the induction of a m“*® in Eq. (36) is
ExE". This has the symmetry of a magnetostalic flux density, and recently
[43-46]. it has been proposed that the electromagnetic plane wave generates the
novel, real magnetostatic field defined by,

B - Ex E'

—=X=_, |B® ~10 710;, (53)
(2E,c1)

which has the symmetry and units of magnetic tlux demsity. Note that B®' iu
proportional to the square root of intensity. It has been shown [46] that B
is rigorously consistent with the Maxwell cquations, and is equivalent to a
photon magnetic field operator %' inquantum ficld theory [46]. The classical B
contributes to the sample magnetization and induces a magnetie electronic dipoele
moment ,

i ) I
mj(ind} » mﬁ’:"_’ﬂj;“ , (54)

where '””-’l, is the real part of the molecular susceptibility, defined from
perturbation theory [47] in the molecular frame (x, y, z) as

! 2 g . . (.'f 2 _ :
Txep = ?Eﬁ}?e(<n\m¢\j><3|mp|n>) +§4—mf<n|rmrw—r;6“p|n> "B (5%)
n T

Here, the real diamagnetic susceptibility (the second term in Eq. (55)) fin
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olined in terms of the i‘th partial charge at site i in the melecule {e.g. an
tem) defined in frame (x, y, z) by the coordinate Iiq. with site mass m,. 1t
- defined in rerms of matrix elements between pround clectronic eigenstates n,
el is therefore nen-zero in the ground state, far (rom optical resonance, the
ndition under which experimental observations were made |11].  This tensor
‘nerates an induced magnetic dipole moment which opposcs the applied field g™
' the laser. The other part of the real molccular susceptibility is non-zero
uly when the transition magnetic dipole moment matrix clements  <npmg|i> |
i|mg|n> are mon-zero between electronic quantum statcs labelled noand F, n
+ing the ground state. The transition frequency w , in Fq, (59) is defined as
Wi T 0w, (56)
il the sum is over all states excluding the ground stare o his part of the
il molecular susceptibilit,_y tensor exhibits opt Teal resomamecn gt w W,
. . . 4 . o -

The susceptibility tensor Mgy is T and £ pouitive, and docs not change
15N between enantiomers, remaining finite in a racomie mrstiure The order of
apnitude of the diamagnetic components can be rouphly oot imatod s

my ; : " G
Xep (diamagnetic) ~ 10 " o w4y (1)

is straightforward to show that

<"y = %uuN( Tl + M Ml e, (58)
tter isotropic averaging, so that the laser induecd bolk shift in this mechanism
for By, =1.0 tesla,
(ind)
<B b
S, 10 ' o 10 5 (59)
lt3.‘:\'7
equivalent to about (3 to 30) x 107 Hx for o /7 Mz spectrometer and a
ser intensity of 1.0 watt cm™,

This is several orders of magnitude less than the observed shifrs, and
nighly the same order of magnitude as the shifts expectod from the hyperpolariz-
sility mechanism. This mechanism is proportional to the square root of the
jplied laser intensity, and sums the hyperpolarizability mechanism considered
iwrlier, proportional to I, itself. The overall shift pattern is therefore not
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in general a simple function of laser intensity according to these basically
simple considerations, involving just two melecular property temsors, LI

and mi’?;—. When it is also considered that the susceptibility consists in general
of two parts, one which opposes the field B*, and one which does not, in
general, then it begins to become clear that the ONMR shift pattern in general
is a sum of several terms in semi-classical theory, which depends on the concept
of molecular property tensor [47].

However, these two mechanisms, based on contributions to magnetization of
molecular property tensors, produce shifts which are far too small in comparison
with experimental bulk shifts [11], so that the filed B™® must be acting
directly to change the externally applied static magnetic field By to By +B™ |
For a laser intensity of 1.0 watt m?, the free space value of B™ is about 107
tesla, which compares with a magnetic flux density of about 6.4 tesla from the
permanent magnet [1l1]. 1In free space therefore, the ratic B /B, is approxi
mately 107¢. In the material, however, thc free space ¥ field of the laser is
modified by the sample shape {a spherc) and by the presence of an internal field B
due teo the polarization of neighboring molecules. The total field at the
melecule is therefore

3¢,
and
g - FaxFa (61)
(2Eoviy’

where v is the velocity of light in the spherical sample.

The free space ration B /B, may therciorc be affected by an internal
field correction, which may reduce it by perhaps an order of magnitude in the
sample in comparison with free space. Even so, the direct bulk shift by B® ia
several orders of magnitude greater than the two mechanisms just discussed based
on susceptibility and hyperpolarizability respectively, because the shift is due
to a first order effect.

Because the cbserved bulk shifts [11] are so much larger than those due to
induction of light by magnetization through molecular property tensors, it seemn
likely that B ig acting directly to augment the permanent magnetic field B,.
However, the experimental evidence is unfortunately not unequivocal as yet, The
experimental shifts are much smaller in lincar polarization [11], which is
support for a B'® mechanism. Warren et al. (11) did not report the magnitude
of the bulk shifts in hertz, but apparently, they are too small to be due te the
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ree space value of B™ uncorrected for the internal field; but many orders of

nitude  too  large to be due to molecular  hyperpelarizability and
isceptibility. A combination of the B® mechanism and 4 site specific one [11]
therefore probably responsible for the overall shift patterns observed hy:'
~uren and co workers [11]. One such site specific mechanism is discussed in
Jpendix B and another is reported (without detailed calculations in Ref. [11].
Clearly, much further work is needed to resolve these issues, but the
twserved optical NMR bulk shifts appear to support the existence of the
mgitudinal magnetic field B
In a chiral molecule, such as the one chosen {or cxperimental study [11], 8
ryative molecular property tensors are also non rero in poeneral . ‘and also
mtribute to the laser induced shielding a!/™ This mechanism induces a
rpnetic electronie dipole moment through a rank three, § negative, hyvperpolar-
ibility recently considered by Wozniak, Evans, and Wapnicre [ 16] in the context
I inverse magneto-chiral birefringence. In this casce, becanse the mediating

wlecular property tensor is P negative, the lascr induced shift disappears in

racemic mixture, and is opposite for the two enant iomor: In pencral o the ONMR
jretrum is a combination of terms, the probably dominant oncs being mediated by
5% The direct perturbation of the wavefunction as discussed in Appendix B
fwse are supplemented by induced dipole moments mediated by the various
Jecular hyperpelarizabilities, with different optical resonance patlerns.
ming of the applied laser frequency to optical i1csonances of any of these
diating molecular property tensors will causc cnhuncement of the laser induced
MK shifts.

Finally, each of the components in the mwolocule (ixed {rame of each
cdiating molecular property tensor can be analvecd in terms of sums of site
pveifie contributions. The literature on semi classical theory refers to well
nown examples such as the atom and bond polarizability models |19-22], which can

generalized for use with any molecular property tensor. The first data on
MR are presented [11] in terms of differential shifts (solute minus solvent)
v the high and low field ring protons; methoxy protons; high field methyl group
rotons; and low field methyl group protons of the cnantiomers of p methoxypheny-
rminocamphor far from any optical resonance [requency of the sample.. The

i{ferential shift patterns were different for cach type of proton site, were
Ivent dependent, and were found to be much larpger in circular polarization than
imear polarization of the applied laser. Lascr induced shifts were also seen
i the deuteriated chloroform lock signal of the /7 MUz instrument used in the
riginal dinvestigation. and have now been obscrved in over forty different
mples [48].
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Table 1:

[38]

&

Molecular Point Group

5% (0, 0, -w)

Gieee 55, XZX = ~XXZ, VZV=-V¥Z, XVX=XXY,
ZXZ = 22X, VXY =-YVX, ZYZ=-Zzy,
XYZ = -XZY, VIX=-YXZ, ZXYy=-ZyX.
Gy Chps C)h Xox = -XxXz, VIV --VVZ,
XyZ=-XZy, VYIZX=--YXZ, ZXY=-ZVX.
Cowe Dye Dy XYZ - -XZY, VEX=-VXZ, ZXy--ZVX.
Cyipe Car Sy Cypr Cos S XZX = V2Y - -XXZ = ~YYZ,
Con B gy XYZ=VZX - —XXY = -YXZ, ZXYy=-"ZYX
D,, Dy, Dy Doy Dyge Cipr Gy XYz = YEX - —XKZYV - ~YXZ,
Cove Dape Dyne Dope Dape Co ZXY = CayX.
Ty Tyo Tye Op Y, Yy, K, Ky XYZ = YEX = ZXV = Xuy - —VXZ = -ZyX.
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Table 2
Irreducible Representations’ of "§55, at Weight 0 and 1. Frame (X,y,z).
enl . ef1) _ 1 e mg e (L)
I = e g, gt = TUa M), w80 )]

Point Groups mgreln) (rgetily (mgeein) )y (mpoetity .
EwTy 2 (xyz +vzx+ ZXy) YVX + 22X XXy + 2ZY XXZ + VYVZ
G e By 2(xyz +yzx+ zxy) 0 0 XXZ + YYZ
CypaillrDay 2{xyz +yzx+ zxy) ] Y 0
o e Lo B Citr Ein 2(2xyz+ zxy) 0 0 XXZ +VVZ
S Gl i Ty
Dyl By Do By Tl 2(2xyz + zxy) 0 Q o}
Cdv' Cev' D;‘.h' Dah' ‘Uah'
th' Cﬂwv
T, o Fhe Ty B Hpo B 6EXyz 0 0 0
Kh

1 moeell) _ moeell)

?y som M *
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Table 3

Irreducible Representations® of Wik ar Weight 2; Frame (x,y,z)

Peint Group
1 1 1 i
= (yzx + Tj(xyzw = (xv E(xx;r 2 (zzv §(vvx
3 i 3 : ;
ZXy - 2xyZz) Zxy - 2y 2x) Vyax - 2zxy) - yyz) - Xxy) - zzx)
C.a' r“'l bt Cni- " * ! 0 0
Chor D0 Doy, " = b o 0 0
o il 8 —;—(ZXV— %(ZW— _i {are 0 9] Q
Cane Cor S50 Cons xyz) Xy Z) Xyz)
Cos Coapr Dy Dy
Dy s Dy Dyge Can
Cd.v‘ CSV’D.H'J’
Dd.’}’ DEh'Umh'
o
T, T,. T3 0.,0,, 0 ] 4] o 4] [0}
Y, ¥, K, K,

2

(9)2( m?iE(Z)}r ;0(2) :_zm?i-:(z)

e
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lrreducible

Representations of

14

in Frame

(x,y,2)

Point Group

m?ntn)

m?nm

m?nu)

m?“ (3)

BTl Copin: Cobeni G Gl 7/ s

Cav Sor Cane CorSsv Cone Can

Con

Coor Don Dy Dye Dipddie v/ ] v/ 0
Dyar Dy Cyvr Cave Cour Dypo

Dyne Dype Dopsr Cuy

T, Tpe Tye O, O, ¥, Yy K, ] 0 o ]
Kh
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Cype 2Mm h=4
2 i, (23
A; YO (), (), (v,
A ("), (),
B (¥ (7Y,
B (), (),
pi -4, DYV -aA,-B +B, D 2A,+B +B,+4,
Cyye 3m h=6
1 P, L 0,
4, (v,
[l (88 .
= (") (v<"), )5
» ) 2 \
(s ), () - (V7))
((Y;Z:)xx‘ (Y’E(zl),vz)'
‘.)S;n)_ﬂ‘1 D;”*A,*E D;z)_‘},\‘¢:).h,

Molecular Theory of Optical NMR Spectroscopy. Light...

e

A (EY) YO () s ()< (v )
\ P v vy

A,(Z7) (yi“j?
E (I ((Y;U)x’ (Y’(‘l))y); ([Yx>)' (Y‘-_n:)”)
E(4) () (V) (6),0))

o, -8, M-I+l p)-B+ll-a
D,, 222 h=4
A, ’Yw’; (T;m)h; (YL:‘)\,VF {Y;.,:)”
B (ve''), s (vs¥)
B, (1 . (2)
2 (ra'), s (),
7, ). ) -
D" = A, piY =B +B,+ B, 0,% - 2A, + B, +B, +B,
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Dy, €m2 h=12

al {1 L P )

Ay (v,

Ah’

.

Ay

E’ ((7)((2])”' (Y,(rz))“_(y;z))yy)

[ 0, (0 T 0),0)
p ~al  pMeajrr? b - al+E+EY

B h=w

A4(Z5) (v )0 ) (v,

A(Zy)

Aol Zg) (v},

2,,(B;)

hatlly Y e ) (e ) L

£ (H) (( u))x ( 5 )y) “ t )-\’ ( ())y :l

B ()

Ekq(Aq) ((T’[‘z:)xy' (Yf,)n’('\’f))},y}

E?.u(Au)
p" =25 piP-E I, Dy - I+ +A,
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T, 4im h=24
* ()t (07, + (07,
AJ
E 3V Lo B0 e W), -l LD
TW
Z (), (), () ]
() (6], (07) )

Dr; - A'l DQ‘ - '"/' “.: L T/ tE
0, 132 h=24
2 (1) o+ (), (27
Al
v (le)e ~B0 L () (7))
T, "
T, (). (). )

(v e (957, e (1E7') Y
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Appendix B

In this appendix we consider a simple model for the change in the
diamagnetic shielding factor of" expected through a mechanism of direct
perturbation of the wave funetion by the external laser. It is shown that the
change in o'? expected for an applied laser of intensity 1.0 watt cm™ is minute
in this mechanism compared with the ones discussed in the text — about 1 part in
104

F

Consider the perturbation caused by the oscillating electric field of the
laser. This can be expressed [47] as,

Wi (0 Ey(py Tn)e ot e T, L - (40 ¢ By ® dp)elongl et

(B1)
a _ <nlpy ol 7> ng 0
p‘X,Y = '___.)_ P T
AW (w,, ~w)
where the electric dipele moments p, and p, arc described through time dependent
perturbation theeory at first order. Here ¥, is the complex conjugate of the
wavefunction wi. The ground state wave function is ‘1"; and \\p_’,» is an eipenstate
of higher energy than that described by |yi»>».  The time independent charge
density is therefore changed by the light perturbation to,

Pove = (W + ES(WE+ ub) "), (B2)
which is a mixture of states n and j. Here e is the electronic charge. The
diamagnetic current density in the presence of this light perturbation is

a% oy 2 2 12
4= - oAl B (uk e i), (B3)
2

where A is the effective vector potential associated with the light wave. Note
that A vanishes unless the light beam is circularly polarized, i.e. unless there
is an element of magnetostatic (B™® ) symmetry in the beam. A can be identified
for example with the field 3% of the text. In Eq. (B3) m, is the mass of the
electron and the light perturbed wavefunction is as used in Eq. (B2). The change
in the diamagnetic shielding factor due to the oscillating electric field E of
the light beam is therefore,
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e’y o1, 1042
8 - T, ([ e

where I, is Lhe light beam’s intensity in watts m?. For I, of 10* watt m?® (1.0
watt em’?),

Agd

—— 10 13, (B5)
0% Ly =0)

which is minute compared with the other mechanisms considered in the text for an
orbital effective radius, r, of about 107'm.

Similar results in this picture are obtained for other sources of direct
perturbation of the wavefunction by the oscillating clectromagnetic vectors E
and B of the plane wave, tc any order in E and/or B.

This mechanism has recently been considered by Harris and Tineco {49), and
is very small compared with those considered in the text of this paper. The
simple calculation given in this Appendix is sufficient to show this overall
conclusion,




