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Abstract

The idea is now well established that light possesses angular momentum and that this comes in
two distinct forms, namely spin and orbital angular momentum which are associated with circular
polarisation and helical phase fronts respectively. In this thesis, we explain that this is, in fact, a mere
glimpse of a much larger picture: light possesses an infinite number of distinct angular momenta,
the conservation of which in the strict absence of charge reflects the myriad rotational symmetries
then inherent to Maxwell’s equations. We recognise, moreover, that many of these angular momenta
can be identified explicitly in light-matter interactions, which leads us in particular to identify new
possibilites for the use of light to probe and manipulate chiral molecules.
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Summary

The original research described in this thesis spans a collection of topics in the theory of electrody-
namics, each of which touches upon the angular momentum of light. Our interest lies primarily in the
classical domain, although on occasion we delve into the quantum and semiclassical domains. The
structure and content of the thesis may be summarised as follows.

In §1, we review certain well established results in the theory of electrodynamics. These have been
chosen so as to make the thesis essentially self contained and should therefore be sufficient to un-
derstand the discussions that follow in §2-§5.

In §2, we make some rather formal observations about the theory of electrodynamics that under-
pin much of what follows in §3-§5. We begin by considering Maxwell’s equations as written in the
strict absence of charge and recall that these place the electric field E and the magnetic flux density
B on equal footing, which permits the introduction, in addition to the familiar ‘first potential’ AL, of
a ‘second potential’ C+. This leads us to observe in turn that the equations exhibit a remarkable
self-similarity as one considers various integrals (such as A+ and Ct) of E and B, as well as var-
ious derivatives of E and B. Finally, we allow for the presence of electric charge and generalise
some of our observations. In particular, we introduce and examine a seemingly reasonable general
definition of C; a non-trivial problem, owing to the breakdown of electric-magnetic discrimination
that accompanies the charge.

In §3, we turn our attention to the angular momentum of light and its fundamental description in

the theory of electrodynamics. Again, we begin by considering light that is propagating freely in
the strict absence of charge. The fact is well established that such light possesses rotation angular

j:///rx(ExB)dSr
and boost angular momentum

IC:/// {tExB—;r(E'E—FB'B) d3r

and that the conservation of the rotation angular momentum J is associated with circular rotations in

momentum

space whereas the conservation of the boost angular momentum X is associated with boosts, which
can be regarded as hyperbolic rotations in spacetime. It is known, moreover, that the rotation angular
momentum J can itself be separated into independently conserved parts & and L that resemble
what we might expect of spin and orbital angular momentum?. It has been shown, however, that the
operators Sand £ representing the spin & and orbital angular momentum £ do not obey the usual
angular momentum commutation relations, which has cast doubt upon their physical signifiance, al-
though each is, nevertheless, associated with a rotational symmetry.

'An analogous separation for the boost angular momentum C yields a vanishing boost spin candidate and a non-
vanishing boost orbital angular momentum candidate which thus comprises the totality of the boost angular momentum.



This controversial result, taken together with a simple idea familiar from particle physics, leads us
to discover that light in fact possesses an infinite number of distinct angular momenta, which we
recognise as being such because they have the dimensions of an angular momentum and are con-
served. Spin and orbital angular momentum are but two of these. We attempt to elucidate the
physical significance of the angular momenta and their conservation, as well as the similarities, rela-
tionships and distinctions between them, through various analogies and explicit examples. Moreover,
we disambiguate the angular momenta from related but distinct properties of light such as the zilch
Z°B the conservation of which we interpret as being a reflection of the self-similarity that we un-
earthed in §2. Finally, we allow for the presence of charge and generalise some of our observations,
finding in particular that the definition of C in the presence of charge that we proposed in §2 is
indeed a reasonable one.

In §4, we introduce a variational description of freely propagating light that places E and B on equal
footing, much in the spirit of §2. We use this description, together with Noether’s theorem, to study
symmetries and the conservation laws with which they are associated. This yields, in particular, a
more fundamental perspective on the angular momenta discovered in §3: the conservation of the
angular momenta, which are infinite in number, reflects the existence of an infinite number of ways in
which it is possible to rotate freely propagating light. Additional heirarchies of symmetries and asso-
ciated conservation laws, amongst them the conservation of 7P are also identified and attributed
again to the self-similarity that we unearthed in §2.

In §5, we identify applications centred upon some of the angular momenta discovered in §3. Specif-
ically, we observe that many optical activity phenomena: light-matter interactions in which left-
and right-handed circular polarisations are distinguished, can be related explicitly to helicity, spin,
etc. This is unsurprising, perhaps, given that these angular momenta differ in value for left- and
right-handed circularly polarised light. We employ this new insight in the consideration of a well-
established manifestation of optical activity (optical rotation), a dormant manifestation of optical ac-
tivity (differential scattering) and a new manifestation of optical activity (discriminatory optical force
for chiral molecules). The latter two may be developed into powerful new techniques for the probing
and manipulation of chiral molecules.

We conclude in §6 by outlining possibilities for future research into chirality and optical activity which
follow on from the research presented in §5.

Vi
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Chapter 1

Supporting Theory

1.1 Introduction

Electrodynamics; a word coined by Ampére [1], is concerned with (electrically)! charged matter,
the electromagnetic field and their mutual interaction. It is understood, at present, that the elec-
tromagnetic interaction is responsible for all phenomena not attributable instead to the gravitational
interaction, the strong interaction or the weak interaction? [8]; from the structure and properties of
molecules and atoms which comprise the material world around us to the light radiated by the stars
in the night sky [2, 3, 9-14].

The original research described in this thesis spans a collection of topics in the theory of electro-
dynamics, each of which touches upon the angular momentum of light. We begin in the present
chapter by summarising the well established results that support the discussions in §2-§5.

Throughout, we imagine ourselves to be in an inertial frame of reference with time ¢ and a right-
handed Cartesian coordinate system: x,y and z, unless otherwise stated. Complex quantities are
indicated as such using a tilde, with complex conjugation indicated using an asterisk. Quantum oper-
ators are indicated as such using a circumflex, with Hermitian conjugation indicated using a dagger.
Unit vectors are indicated as such using a double circumflex. In the present chapter, as well as §2-§4,
we adopt a modified version of the international system of units in which the electric constant ¢, the
magnetic constant 1o and hence the speed of light in vacuum ¢ = 1/, /€0 are equal to unity. In
§1.4 and §5, we revert, however, to the international system of units as it is usually recognised.

1.2 Classical electrodynamics

In §2-§5, we work within the classical domain, unless otherwise stated. In the present section,
we therefore summarise some well established results from the theory of classical electrodynamics
[2,3,9-11, 14].

"Magnetically charged matter is occasionally considered in theory [2—7], although, at the time of writing, it has not
been observed in experiment.

2The electromagnetic and weak interactions themselves comprise a unified electroweak interaction [8]. In this thesis,
we neglect the influence of the weak interaction.



1.2.1 The microscopic equations

Consider N point particles of charge ¢, mass® m,, and position r,, = r,, (t) (n = 1,..., N) which
give rise to a microscopic charge density p = p (r,t) and a microscopic current density J = J (r, t)

as
N
P = ZQndg(r_rn)7 (1-1)
n=1
N
I = > guind® (r—ry), (1.2)
n=1

with r = 2x + y§f + 2z the position vector with X, §, and 2 unit vectors in the +z, +y and +z
directions, 42 (r) a three-dimensional Dirac delta function and an overdot, notation due to Newton
[15], indicating a derivative with respect to time t. The trajectory of the nth particle is governed by
the Newton-Einstein-Lorentz equation [16, 17]:

= qn [E (v, t) + 1, X B (rp, )], (1.3)

whilst the microscopic electric field E = E (r,¢) and the microscopic magnetic flux density B =
B (r,t) are governed by Maxwell’s equations [17, 18]:

V-E = p, (1.4)
V-B = 0, (1.5)
VxE = -B, (1.6)
VxB = J+E, (1.7)

with V the gradient operator with respect to r. (1.4) is Gauss’s law, (1.5) is the analogue of Gauss’s
law for magnetism, (1.6) is the Faraday-Lenz law and (1.7) is Ampére’s law as corrected by Maxwell
[18], all in differential form, of course [2, 3, 9—11].

These equations (1.1)-(1.7) constitute an essentially complete statement of the theory of classical
electrodynamics. Solving them requires finding the r,,, E and B.

1.2.2 Scalar and magnetic vector potentials

Gauss’s law for magnetism (1.5) and the Faraday-Lenz law (1.6) do not depend explicitly upon the
particles and may be viewed, therefore, as geometrical identities obeyed by E and B. They can be
solved by taking

E = -V&-A, (1.8)
B = VxA, (1.9)

$More precisely, m., is the bare rest mass of the nth particle [11].



for any scalar potential* ® = ® (r,¢) and magnetic vector potential A = A (r,t). To be consistent
with the Newton-Einstein-Lorentz equation (1.3), Gauss’s law (1.4) and the Ampére-Mawell law (1.7),
we then require that

d n+n A .
=== = 42 { =V ([t t) = A (rn, ) + 50 X [V X A(ra,8)] }, - (110)
dt TRE
— |tn]
~VIe-V-A = p, (1.11)
—VZA+V(V-A) = J-Vd—A, (1.12)

with V2 = V - V the Laplacian operator with respect to r. In moving our focus from the six quantities
that are the components of E and B to the four quantities that are ® and the components of A, we
must pay the price of going from three equations (1.3) that are zeroth order in temporal and spatial
derivatives and eight equations (1.4)-(1.7) that are first order, to three equations (1.10) that are in-
stead first order and four equations (1.11)-(1.12) that are instead second order.

® and A are not uniquely defined in that E and B are unchanged by the transformation [19]

® —» d+4+x
A - A-—Vy, (1.13)

for any time-odd Lorentz scalar field x = x (r,¢); a so-called gauge function [2, 3, 9-11]. This
freedom permits us to ‘choose a gauge’, by imposing a condition upon V - A. The Coulomb gauge®:

V-A=0, (1.14)

and a Lorenz gauge® [20]:
V- -A+d=0, (1.15)

are but two examples of gauge choices.

1.2.3 Special relativity

In the theory of special relativity [2, 3, 10, 16, 21], the time ¢t = 2" and spatial coordinates = = z!,

y = x? and z = x> with which we have chosen to describe events are recognised as being the
components of the position four vector x® = (¢,r). Raised indices taken from the start of the Greek
alphabet («, 5, ...), including « here, are referred to as being contravariant and can take on the
values 0, corresponding to time, and 1, 2 and 3, corresponding to space. Letters taken from the start
of the Roman alphabet (a, b, ...), when employed as contravariant indices, may assume the values
1,2 and 3 corresponding to space only.

*From here onwards, it is to be understood where relevant that quantities are ‘microscopic’, unless otherwise stated.

5The Coulomb gauge condition can be seen in Maxwell’s original work [18].

%There are, in fact, many Lorenz gauges, for a so-called restricted gauge transformation, with V2 — ¥ = 0, maintains
the equality seen in (1.15) [2].



The principle of special relativity, due to Einstein [16], tells us in particular that the laws of physics,
whilst holding in the =® coordinate system, should also hold in all other coordinate systems ¥ =
(t',r") related to z* as

% = A% 2?, (1.16)

with the array of constants Ag' describing (proper) rotations and / or boosts and where we have
introduced the summation convention, also due to Einstein [22]: here and in what follows, it is to be
understood that a double appearance of an index implies summation over its allowed values. For z®
rotated relative to x* about the +2z axis through an angle 6 in the usual sense, given by the right-hand

rule;
0 0

1

0 cosf sind
0 —sinf@ cos6
0 0 0

: (1.17)

= o O O

whereas for a boost in standard configuration of 2 relative to z® in the +z direction with speed v
and associated rapidity ¢ = arctan v;

cosh¢p —sinh¢ 0 0

Ag/ _ —sinh¢ coshg 0 0O , (1.18)
0 0 10
0 0 0 1

to give but two explicit examples [2, 3, 10, 14, 21]. Reciprocally,

/

% = A% x® (1.19)

(0]

with the array AY, being the inverse of Ag’, of course. More generally, an object with components
described by r (r = 0, 1,...) raised indices, the values X®'#"-«" of which in z®' are related to those
XoBw in 29 as

X = NN N X (1.20)

is said to be a contravariant tensor of rank r.

The partial derivatives 0, = 0y, 0, = 01, 0y = 0> and 0, = 03 are recognised as being the compo-
nents of the partial derivative four vector 9, = (9, V). Lowered indices taken from the start of the
Greek alphabet, including « here, are referred to as being covariant and, like contravariant indices,
can also take on the values 0, corresponding to time, and 1, 2 and 3, corresponding to space. Let-
ters taken from the start of the Roman alphabet, when employed as covariant indices, may assume
the values 1,2 and 3 corresponding to space only. The components 9., = (9y, V') of the partial
derivative four vector in 2z = (¢/,1') are related to those d, in 2 as

Or = A% 0, (1.21)



More generally, an object with components described by r (r = 0,1, ...) lowered indices, the values
Xopr. o Of which in 2 are related to those X5, , in = as

Xo/B’...w’ =Ag

o

AL A X o, (1.22)

is said to be a covariant tensor of rank r.

We now introduce the Minkowski metric tensor 1,5 = n*® = diag (1, —1,—1,—1) which plays a
dual role in that it defines the spacetime interval d= between events at % and =z + dz® as

dr? = nagdxadxﬁ (1.28)
and can be used to interconvert contravariant and covariant indices as

NasX? = Xa, (1.24)
X =P Xg, (1.25)

for example [2, 21]. Thus, we can have so-called mixed tensors, which possess both contravariant
and covariant indices, an example of which is the Kronecker delta tensor 5g = diag(1,1,1,1). Fi-
nally, let us introduce the Levi-Civita pseudotensor’ %79 defined as €123 = 1 whilst alternating in
sign under exchange of any two of these indices and having the remainder of its components vanish
[2, 10, 21].

The significance of this formalism lies in the fact that an equation that holds in z® and is express-
ible in terms of tensors and pseudotensors manifestly holds with the same form in z®' [21]. This is
true in particular of the results presented in §1.2.1 and §1.2.2. To demonstrate this, let us introduce
the position four vector =& = (¢,r,,) of the nth particle, the linear-momentum moment four vector
P = my (1,1,) //1 — |En|? of the nth particle, the current four vector J® = (p,J) and a magnetic
potential four vector A* = (®, A). The electromagnetic field tensor F°P and the dual electromag-
netic field pseudotensor G are defined in turn as

F.g = 0aAp—05Aa, (1.26)
G = PR/, (1.27)

In matrix form

0O -, —-E, —LE.
E., 0 —-B. B,
E, B, 0 -B,;
E., -B, B, 0

FoB = (1.28)

’As we have restricted our attention here to the proper (and homogeneous) transformations (1.20) and (1.22), the
distinction between tensors and pseudotensors is of no consequence. The distinction is important, however, if we allow for
improper transformations, specifically with inversions of spatial coordinates [2, 10].



and

0 -B, -B, —-B,
B 0 E -F
Go=1 " : v (1.29)
B, —-E. 0 E,
B. E, -E, O
We have then that
dp$/dr, = anﬁa(xn)dxng/dTn, (1.30)
OpFP = —J°, (1.31)
9GP = 0, (1.32)

with d7,, = /1 — \fn|2dt a proper time interval for the nth particle. For o = 0, (1.30) describes
the rate of change of energy of the nth particle and for « = 1,2 and 3 yields the =,y and z com-
ponents of the Newon-Einstein-Lorentz force law (1.3). For a = 0, (1.31) is Gauss’s law (1.4) and
for « = 1,2 and 3 yields the x,y and z components of the Ampeére-Maxwell law (1.7). For a = 0,
(1.32) is Gauss’s law for magnetism (1.5) and for a = 1, 2, 3 yields the z,y, 2 components of the
Faraday-Lenz law (1.6). Thus, the classical theory of electrodynamics manifestly respects the princi-
ple of special relativity, as claimed [2, 3, 10, 14, 21].

On occasion, we will find it useful to consider = together with coordinate systems 2 related to
x® as above but with boosts excluded. Quantities that transform analogously to r in this restricted
three-dimensional sense are referred to as being rotational tensors and rotational pseudotenors [2].
Vectors and pseudovectors are thus rotational tensors and rotational pseudotensors of rank one.
We label the components of rotational tensors and pseudotensors using indices taken from the start
of the Roman alphabet in parenthesis. These may assume the values 1,2 and 3 corresponding to
space only and we make no dinstinction between raised and lowered forms, taking

Al = —A =AW = Ay = A, (1.33)
A'Aq = —ApAp =-AWA, = -ADAW = A2 — A2 A2, (1.34)

for example. Of particular use to us is the Kronecker delta rotational tensor 6, = diag (1,1,1) and
the Levi-Civita rotational pseudotensor €(,;.), defined as €(123) = 1 whilst alternating in sign under
exchange of any two of these indices and having the remainder of its components vanish.

1.2.4 Conservation laws

It is required by Gauss’s law (1.4) and the Ampére-Maxwell law (1.7) and indeed follows from the
definitions seenin (1.1) and (1.2) that
p+V.-J=0. (1.35)



The significance of (1.35) may be seen by integrating both sides over a finite volume V' with bounding
surface S and making use of Gauss’s integral theorem [3], thus obtaining

(i/v//pdgr__é/J.dQn (1.36)

which tells us that changes in ¢ of the charge [ ffv pd>r contained in V are compensated for by
an equal and opposite flux f fSJ - d?r of charge through S. Hence, (1.35) is said to be a continuity
equation for charge and its integral solution (1.36) is said to be a local conservation law for charge.
If V now extends over all space, (1.36) becomes

[ -

= 0, (1.37)

with Q = 27]:[:1 qn, the total charge of the particles. This (1.37) is said to be a global conservation
law for charge.

Such mathematical arguments are independent of the physical nature of charge and it is clear, there-
fore, that any equation of the form seen in (1.35) embodies the local and hence global conservation
of a quantity. It will be noticed that (1.35) is 0,J“ = 0. We should be clear, however, that the principle
of special relativity does not require a continuity equation to be expressible in terms of tensors and /
or pseudotensors, in general.

1.2.5 Solenoidal and irrotational pieces, reciprocal space and the normal variables

The observation is attributed to Helmholtz [23] that a vector field or pseudovector field V. = V (r, t)
can be separated into a solenoidal piece V+ and an irrotational piece VI as

V=vtivl (1.38)

with V- V- = 0and V x VI = 0, by definition [2, 3, 11, 12]. The significance of such separations
is clearer, perhaps, in reciprocal rather than ordinary space. To illustrate this, let us introduce in a
general manner the spatial Fourier transform Y = Y (k,t) of a real field Y = Y (r, ) in ordinary

space as [11]
~ 1
Y = Y exp (—ik - r) d°r, 1.39
/// 2273 <P ) ( )

with k a wavevector. It is then found that the spatial Fourier transforms V+ and VIl of V4 and

VIl satisfy k - V- = 0 and k x VIl = 0 and are thus everywhere perpendicular and parallel to k
in reciprocal space. For this reason, V1 and V| are sometimes referred to as the transverse and



Figure 1.1: The spatial Fourier transform V (k,t) ofa vector or pseudovector field V (r,¢) can be separated
into a transverse piece V= (k, ) and a longitudinal piece VI (k, t), which are everywhere perpendicular and
parallel to k in reciprocal space, as depicted here. We have taken V (k, t) to be real for the sake of illustration.

longitudinal pieces of the spatial Fourier transform V of V [11, 12]: see figure 1.1. Thus,

~ | X X ~
Vi = Fako Ve, (1.40)
~|| o 2 2 ~
Vi = {5(ab>—’f(a)’f(b)} (OF (1.41)
from which it follows that
Vi = / / Oty (r =) Vi) () &, (1.42)
Vi = / / Sy (r = 1) Vi (x') &r, (1.43)

with 6( ) (r) the so-called transverse delta function and 6yab) (r) the so-called longitudinal delta func-
tion, given by [11, 12]

2 1 PO
L 3 22
Sap) (r) = 55(ab)5 (r) — e [%b) - T(a)r(b)} ; (1.44)

~
~

5‘(Iab) (I‘) = éé(ab)(s:s (I‘) + 47_[_‘11‘3 [5(ab) - T(a)%(b):| . (1 .45)
Such separations are not obviously expressible using the language of tensors and pseudotensors in-
herent to the theory of special relativity and there exists no simple relationship between V-+ and V|
and their counterparts in another coordinate system ¥, in general [11]. They nevertheless appear
naturally in many contexts and yield important insights. Amongst these lies the fact that a gauge
transformation (1.13) changes ® and the irrotational piece All of A whilst leaving the solenoidal
piece A+ of A unchanged. Thus, it is ® and Al in particular that suffer the gauge freedom of the
electromagnetic field whereas AL is, in fact, uniquely defined [11].

Of particular interest to us are the normal variables & = & (k,t) in reciprocal space which are



transverse (k - & = 0) and governed by the equations®

& +ilkla = ——J*. (1.46)

NeT

The & evolve independently of each other in ¢ when the spatial Fourier transform J of the solenoidal

piece J+ of J vanishes (J+ = 0). Their introduction can be traced back at least as far as the work of
Darwin [24]. The solenoidal piece E+ of E, B and A are determined by the & as [11]

b /// mkx[dexpﬁk-ﬂ—d*exp<—ik~r>1d3k, (1.48)

In contrast, the irrotational piece Ell of E is determined by the r,, as [11]

El — r_r)d3/
]t

Qn( )
47l — 1|3’

(1.50)

n=1

this being the non-retarded® Coulomb field of the particles. Thus, the dynamical degrees of freedom
of the electromagnetic field are embodied by the & and are exhibited by E+ and B, which we refer to
collectively as the radiation field [11-13]. Of course, (1.46) must be solved simultaneously with the
Newton-Einstein-Lorentz equation (1.3), in general. Knowledge of the & together with the r,, then
constitutes an essentially complete description of the system, one with minimal redundancy [11].

1.2.6 Partitioning p and J and the transition to the macroscopic domain

It is often convenient to partition p and J into pieces of distinct character. For a single molecule or
atom, with some of the N particles being electrons whilst the remainder are nuclei, we take [11, 12]

p = pr—V- P, (1.51)
J = J;+P+VxM+Jg, (1.52)

8The & here are larger than those defined in the book by Cohen-Tannoudji, Dupont-Roc and Grynberg [11], for
example, by a factor of \/ﬁ, with & the reduced Planck constant.
‘Like El, E* also exhibits non-retarded behaviour such that E itself is retarded [11].



for

pr = Q& (r—R), (1.53)
N 1
P = an(rn—R)/ Br—R—u(r—r,) du, (1.54)
n=1 0
J; = QR&®(r—R), (1.55)
1
M = an(rn—R)x(fn—R)/ udr —R—u(r—r,)] du, (1.56)
= 0
Jr = Vx(PxR), (1.57)

with R = R (¢) the position of a point in the vicinity of the particles that may coincide with the position
of their centre of energy but need not neccesarily. The free charge density p; describes a single point
charge @ located at R. The components P, of the polarisation P can be expanded as [11, 12]

o0
=> (-4 m anyDaz - 0,8 (r =R, (1.58)
i=1
with the components d® = d?  (t) of the ith (i = 1,2...) electric multipole moment of
(ar1a2...a;) (ara2...a;)

the molecule or atom’s charge distribution’® defined here by us as being
(4) - q
d(alag...ai) = Z o (I‘n - R)(al) (I‘n - R)(a2) s (rn - R)(al) . (1.59)

The free current density J; describes a single point charge @ located at R moving with velocity R.
The magnetisation M can be expanded as [11, 12]

o0

Moy = 3 (0 {0, 002+ 00,8 (¢ = R), (1.60)
1=1
with the components m((azcu ai) m,(El?ag‘..ai) (t) of the ith (i = 1,2...) magnetic multipole moment

of the molecule or atom’s current distribution defined here by us as being

Mz

[ “R) x (i, — R) oy (0 Ry (rn = R)q . (161

(a1a2 .a;)

n:l

The Rdntgen current density Jr describes a relativistic effect: should the molecule or atom possess
a non-vanishing P and be translating with non-vanishing velocity R, it will possess an apparent mag-
netisation of P x R [12]. prand J s happen to vanish (py = 0, Jy = 0) of course, owing to the electric
neutrality (QQ = 0) of the molecule or atom. They would be non-vanishing, however, for an ion [2, 3].

Introducing the electric displacement field D = D (r, ¢) and the magnetic field H = H (r, ¢) through

"%Formally, Q is the zeroth electric multipole moment of the molecule or atom’s charge distribution [25].
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the constitutive relations [2, 3]

D = E+P, (1.62)
B = H+M, (1.63)

with M/ = M + P x R an effective magnetisation, we can rewrite Maxwell’s equations (1.4)-(1.7) as

V-D = py, (1.64)
V-B = 0, (1.65)
VxE = -B, (1.66)
VxH = J;+D. (1.67)

These ideas may be extended readily to account for multiple molecules or atoms, in particular to
describe a material medium. Contributions made to p and J by particles not bound to a specific
molecule or atom, such as the conduction electrons in a metal, are then incorporated additionally in
pr and Jr. By performing an appropriate spatial averaging procedure on (1.64)-(1.67), the familiar
macroscopic Maxwell equations which govern the propagation of light through the medium may then
be recovered [2, 3].

1.2.7 Solutions

Solving equations (1.1)-(1.7) in a fully consistant manner for the r,,, E and B turns out to be an
intractable problem, in general. Exact solutions can be obtained, however, under certain restricted
circumstances.

In the strict absence of charge, Maxwell’s equations (1.4)-(1.7) reduce to

V-E = 0, (1.68)
V-B = 0, (1.69)
VxE = -B, (1.70)
V xB = E, (1.71)

which govern light that is propagating freely. The simplest solution to Maxwell’s equations as written
in the strict absence of charge (1.68)-(1.71) is, perhaps, a single plane wave, for which [2, 3, 25]

E = %{Eoexp[i(km—wt)]}, (1.72)
B = %{RxEoexp[i(k-r—wt)]}, (1.73)
with I a function that yields the real part of its argument, E) a complex vector satisfying k - Ey=0
and which dictates the amplitude and polarisation of the wave, k the wavevector of the wave and

w = |k| the angular frequency of the wave. For concreteness, let us consider propagation in the +z
direction so that EO = E~’0$§< + E0y§r and k = ]k|§. Taking EN()I = FEy and Eoy = 0 with £y > 0,

11



for example, then gives a wave of amplitude Ej that is linearly polarised parallel to the x axis. For
on = FEy and Eoy = +iFy with Ey > 0 we have instead a circularly polarised wave of amplitude
Ey, where the upper and lower signs refer to left- and right-handed circular polarisations in the optics
convention [2], which we adopt. A quantity of particular use for us is the polarisation parameter

o =ik (Ey x E})/Eq - E} (1.74)

of the wave, which is ¢ = 0 for linear polarisation and o = +1 for left- and right-handed circular
polarisations. We can construct other types of freely propagating light by superposing plane waves,
in any manner we like. If we restrict our attention to superpositions that only involve plane waves of
angular frequency w, we then have in general that

= R [E exp(—iwt)} ) (1.75)

B - % [B exp (—iwt)} : (1.76)

with the complex quantities E = E (r) and B = B (r) satisfying

V-E = 0, (1.77)
V-B = 0, (1.78)
VxE = iwB, (1.79)
VxB = —iwE. (1.80)

An interesting example of such freely propagating monochromatic light is a so-called Bessel beam,
which is most conveniently described in terms of scalar ® and magnetic A potentials in the Lorenz
gauge (1.15) as

= R [ti)exp(—iwt)], (1.81)

A = %[Aexp(—iwt)}, (1.82)

with the complex quantities ® = @ (r) and A = A (r) given, for propagation in the -+ direction, by

=3
I

V- Afiw, (1.83)
A = AyJ;(rs)exp (ilp) exp (ik.z), (1.84)

in cylindrical coordinates s, ¢ and z, with Aya complex vector satisfying %.Ao = 0 and which dictates
the amplitude and polarisation of the wave, J; (ks) is a Bessel function of order ¢ € {0, £1,...} and
w = /K2 + k2 [26]. For £ # 0, this light has a line of perfect darkness at z = 0: a vortex, about which
the phase fronts of the light twist helically with winding number ¢. When considering monochromatic
light, it is appropriate in some practical calculations to average quantities in ¢t over a single period
27 /w of oscillation. We denote such cycle-averaging with an overbar.

Another tractable problem of interest to us occurs when particles are present, but their motion is

12



fixed so that p and J are known a priori. Maxwell’s equations (1.11) and (1.12) can then be solved
rather elegantly again by adopting the Lorenz gauge (1.15), wherein [2, 3, 20]

> — /// v t_|r_r|)d3r’, (1.85)
47T|I' — 1]
A = /// —Ir ) gy (1.86)
47r\r —r|
which are manifestly retarded. Thus,
3./ ’I'_I'/D 3./
E = -V ) = 9 By,  (1.87)
47T|I‘—I‘ 47r|r—r |
(it —[r=r]) 3,
B = Vx a3y, (1.88)
Ar|r — 1|

in any gauge.

1.3 Quantum electrodynamics

In §2, §3 and §5, we delve occasionally into the quantum domain. In the present section, we there-
fore outline some pertinent results from the theory of quantum electrodynamics [11-13].

We treat the particles non relativistically'' and suppose that they reside together with the electro-
magnetic field in a cubic quantisation cavity of length L and hence, volume V = L3. Imposing
periodic boundary conditions upon this cavity, we identify wavevectors k given by

k = 27T(nx§ + ny):f + nzé)/L, (1.89)

with ng, ny, n, € {0,%1,...}. When appropriate, we then take the limit L — oo of an infinitely large

Z // —d?’ (1.90)

We utilise the minimal coupling formalism in the Coulomb gauge and employ the Schrédinger pic-

cubic quantisation cavity, in which

ture of time dependence, unless otherwise stated. The Coulomb gauge is a natural choice for the
low-energy description of molecules and atoms. In it, the scalar potential ® is associated with the
longitudinal piece Ell of the electric field E. ® thus embodies the non-retarded Coulomb interactions
between the particles and can be eliminated from explicit consideration in favour of the particle trajec-
tories r,, [11]. In addition, the magnetic vector potential A is equal to its solenoidal, gauge-invariant
piece A+ and is associated with the transverse piece E+ of E as well as with the magnetic flux
density B. A thus embodies the radiation field, which in turn contains the entirety of the dynamical

" A relativistic quantum-mechanical treatment of the particles would require us to delve into the realms of quantum field
theory, introducing the Dirac field for electrons etc [11]. The non-relativistic treatment that we employ instead is sufficient,
however, for the low energy description of molecules and atoms with which we content ourselves [11, 12].
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freedom of the electromagnetic field, as described in §1.2.5.

1.3.1 Operators, state spaces and states
Regarding the particles, we introduce the operators t,, = r,, and p,, = —ih'V representing the posi-

tion r,, and canonical linear momentum p,, = my,t, + ¢, A (r,,t) of the nth particle'?

Regarding the light, we introduce the components ay,) and &L(a) of the transverse (k - a, = 0)

operators ay and their Hermitian conjugates dL through the commutation relations [11, 12]

{dk(@’&k’(b)} =0 (1.91)
[&k(a)’&;r{/(b)} = S [5(@)—/2((1)12(1))}, (1.92)
i) = 0 (1.93)

with dir @ Kronecker delta function. In the limit L — oo of an infinitely large cubic quantisation
cavity, the operators \/hV/2m3ay /2 and \/hV/27r3dL/2 represent the normal variables & and their
complex conjugates a* [11].

A A

The operators p = p(r) and J = J (r) representing the charge density p and the current density J
are

N
Z n6° (r = £5), (1.94)

X
I

J = an [rnég r—rn)+5 (r—rn)rn] , (1.95)

with r,, the operator representing the velocity r,, of the nth particle. Note the symmetrisation of J,
which ensures that J is Hermitian (J = J'). The operators EX = EL (r), B=B(r) and A = A (r)
representing the solenoidal piece E* of the electric field E, the magnetic flux density B and A are

) hlk
EL = Zk:i 2|V|[dkexp(ik-r)—d;r(exp(—ik-r)}, (1.96)
B = Yi ka[ak@q)(ik-r)—aT exp(—ik-r)] (1.97)
—\ 2[k|V/ k ’

O

2These forms are correct in the position representation [11, 14, 27].
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whilst the operator Ell = Ell (r) representing the irrotational piece Ell of E is

EH — I’—I‘ d3/
/// drfr—oP T

o~ o (= ) r"; (1.99)

— A7[r — 1|
Of particular importance, as it governs time evolution, is the operator H representing the Hamiltonian,
which is [11, 12]

n=1
qndn’
+;Z:187r]rn—rn|
+// f(lilz—k‘VxA’Q)dgr (1.100)
2 ’ '
1%

with IT = —E- the operator representing the momentum density conjugate to A.. The first term seen
on the right-hand side of (1.100) describes the kinetic energies of the particles, the second term
describes the electrostatic Coulomb self energies of the particles (which are diverging constants) as
well as the electrostatic Coulomb energies shared between the particles and the third term describes
the energy of the radiation field.

For our purposes, it suffices to consider an expansion of the radiation field in terms of circularly
polarised plane-wave ‘modes’. Thus, we associate with each wavevector k, left- and right-handed
circular polarisations, labeled with a polarisation parameter o = 41 and defined by complex polar-
isation vectors ey, which are transverse (k - ex,= 0) and orthonormal (€y, - €, = ds0) [11, 12].

Taking
ax = Erolno, (1.101)
g
the Bosonic commutation relations
o | =0, (1.102)
[ e (1.103)
[ajw,a;g/} — 0, (1.104)

then follow from the commutation relations (1.91)-(1.93) and we identify ay, and dLa as annihilation
and creation operators for a circularly polarised plane-wave-mode photon of wavevector k and po-
larisation parameter o [11-13]. Other mode expansions with their associated photons may also be
considered a priori or obtained from the above via appropriate unitary transformations [11, 28].
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The state space = of the system is the product of the state spaces =, in which the r,, and p,
act and the state spaces =y, in which the ayx, and &LU act. Of particular use to us are the photon
number states |nk,) (nko = 0, 1,...) which we take to satisfy

ako|Mko) = V/Nko|ko — 1), (1.105)
ilyne) = Vo + 1nie + 1), (1.108)

and which constitute a complete (fo}’mzo |nke) (nke| = 1) and orthonormal ((nkq|ny,) = Ot )
basis for =y, [11-13].
1.3.2 The classical limit

The correspondance between the quantum and classical theories of electrodynamics is perhaps
clearer in the Heisenberg picture of time dependence rather than the Schrédinger picture of time
dependence, in which it is found that [11, 13]

Mintn = Gn {E(fn) i % [ﬁn % B (in) — B (#,) x %n] } (1.107)

with 1, the operator representing the acceleration r,, of the nth particle and

V-E = 5 (1.108)
V-B = 0, (1.109)
VxE — -B, (1.110)
VxB = J+E, (1.111)

with B and E the operators representing the time derivatives B and E of B and E. Clearly, (1.107)
resembles the Newton-Einstein-Lorentz equation (1.3) and (1.108)-(1.111) resemble Maxwell’s equa-
tions (1.4)-(1.7).

In accord with the correspondance principle, there exist limits in which the theory of quantum elec-
trodynamics reduces, in essence, to the theory of classical electrodynamics, as we now ellucidate.
Our goal here is to construct a state |V (0)) of the system at time ¢ = 0 say, such that the expec-
tation values of appropriate quantum mechanical operators closely resemble the classical quantities
presented in §1.2. To this end, let us first consider a single mode of the radiation field, of wavevector
k and polarisation parameter o. The coherent state

00 ~Nko

~ ~ «
|Gieo) = exp (—|dns|?/2) Y \/7%|nkg>, (1.112)
TLkO-ZO g

due to Schrédinger [11, 12, 29], is an eigenstate of the annihilation operator ay, with eigenvalue ay,:

ko |Oko) = Oko|Oko)- (1.113)
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Supposing that all modes of the radiation field occupy coherent states, we have in effect that

dka — dka

al = ag,. (1.114)

In the limit L — oo of an infinitely large cubic quantisation volume, we can then identify the quantities
VAV/2m3 Y ks bu,/2 and \/RV /213" & a5, /2 with the classical normal variables & (k, 0)
and their complex conjugates &* (k,0) at ¢ = 0. If, in addition, the particles occupy localised wave
packet states, the motions of which resemble classical trajectories'® [30], a picture resembling that
presented in §1.2 is recovered, as desired.

1.3.3 Solutions

The evolution of the state |¥) = |¥ (¢)) of the system is governed by Schrddinger’s equation [11-
13, 30]:
ih|U) = H|U). (1.115)

In principle, this may be solved by identifying the eigenstates |s) and associated eigenvalues hw; of
H, which satisfy
H|s) = hws|s) (1.116)

and are taken by us to be complete (>, |s)(s| = 1) and orthonormal ((s|s’) = d,s). We then have
that

W) = " a,exp (—iwst) |s) (1.117)
which is normalised ((¥|¥) = 1) provided the probability amplitudes a, satisfy >, |as|* = 1.

In practice, this approach is intractable in general and we must resort instead to approximate meth-
ods of solution which we now outline whilst considering a single molecule or atom. We begin by
partitioning H as [11, 12]

H=Hy+V (1.118)

with the operator Hy describing the molecule or atom and the radiation field decoupled from each
other, as

ﬁO :ﬁmol"i_f{rad (1119)

BMore formally, the ,, may be replaced with their expectation values (f,,) provided variances and analogous quan-
tities are sufficiently small such that (f(£,)) = (f((En)) + (Fn — (Fn))(@)0f ((En))/0(En)(a) + 3 (Fn — (Fn))(a)(Fn —
<fln>)(b)azf(<f'n>)/8<f'n>(a)6<f'n>(b) + .. > = f(<f'n>) + %((f'n - <fln>)(a) (f'n - <f'n>)(b)>82f(<f'n>)/a<fn>(a)a<f'n>(b) +
(...) = f((£n)) for the functions f of interest.
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with

gndn’

H =
mel 87| fp — Tpr|’

(1.120)

g = /// <H?HV1 xA) ) &r, (1.121)

whilst the operator V describes the interaction between the molecule or atom and the radiation field,
as

= = 4
gm— HZM (1.122)

n=1

The problem posed by H, alone may be solved as follows. Let us assume that the eigentates |k)
and associated eigenvalues hw (K =0,1,...) of ﬁmol are known:

Hinoll k) = hwg k), (1.123)

and that they are complete (3"~ |k)(k| = 1) and orthonormal ((k|k’) = ). We let k = 0 in
particular denote the molecular or atomic ground state. The eigenspectrum of Hyoq is comprised of
photon number states |{nk,}) as

Hraal (i }) = Zzh’k|”ka+3 {ro}), (1.124)

with 2© Zk hic|k| the electromagnetic energy of the vacuum, which is a diverging constant. The

eigenstates |s(?)) and associated eigenvalues hwg ) of H, follow simply as

Ho|s0) = hw (050, (1.125)

{\s‘%} = {rk>|{nko}>}, (1.126)

{hw@} = {hwk—l—ZZhdknka—l—Z(o)}. (1.127)

k

with

We can now employ the |s(0)> and hwgo) as a basis in which to tackle the full problem posed by H.

In doing so, use can be made under many circumstances of two approximations.

The first approximation follows from the assumption that the photon numbers ny, under consid-
eration are such that the strength of the radiation field can be regarded as being less than that of
the Coulomb field binding the molecule or atom together [11, 12]: this justifies seeking solutions in
powers of V or perhaps instead in powers of the charge e of a proton, say. Time-independent per-
turbation theory may be employed to calculate energy shifts and other such ‘static’ quantities and
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reveals for example that [27, 30]

WORING!
|s) = IS(O)>+27< |((|)) )50, (1.128)
s'+#s hwss,

. (
hws — hwg0>+<s(0>|V|s<0))+Z<8 : (1.129)

to first order in V for |s) and second order in V for hw,. Here we have introduced the notation

w(o/) = wg‘)) - wg)). Dirac’s method of the variation of constants may be employed to calculate

Ss

transition rates and other such ‘dynamic’ quantities and reveals for example that [13, 27, 31]

W) = Z bs exp [—iwgo)t} BN (1.130)

with the probability amplitudes by = by (t) given in terms of their values at ¢ = 0 as

by (£) = by (0) = 3 by (0) {exp [iwggh] — 1} (@715 ) (1.131)

to first order in V.

The second approximation follows from the assumption that the molecule or atom is smaller than

the length scales 27/ |k| associated with relevant modes of the radiation field: this justifies an expan-

sion of the ‘p - A’ contributions to V in terms of the multipole moments of the charge and current

distributions of the molecule or atom as'* [12, 13, 25]

0 .

vV o= Z% [dE)Q)HI} Oy - - Oy Aoy (R)
i=1

o () -
o Z m(a1a2...a¢)aa‘2 e aazB(al)(R)
i—1

N 5 9
qn A /2
+ E —— A ()] , (1.132)

(%)

(araz...a;

with the operators d ) representing the components d® N of the ith electric multipole

(ara2...a;
() representin
(araz...a;) P g

the components of the ith canonical magnetic multipole moment of the molecule or atom’s current

moment of the molecule or atom’s charge distribution and the operators m

% Although they do not make natural appearances in the non-relativistic regime, the spins of the electrons and also the
nuclei can be accounted for in a heuristic manner by adding appropriate contributions to the operators mg)) representing
the components of the canonical magnetic dipole moment of the molecule or atom.
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distribution given by

N
(4) dn . « .
d(alag...ai) Z j (I‘n - R)(al) (rn - R)(a2) s (rn - R)(az) y (1 133)
n=1
0) S
~ (ar1a2...a;) Zl M, (’L 4 1)| [(rn - R) X pn](al) (rn - R)(ag) ce (rn - R)(al) ) (1 134)

where we have taken the centre of mass of the molecule or atom and the origin R of our multipole

expansion to be fixed and have supposed that the latter coincides with the position of the former
(1)
(a)
electric dipole approximation, due to Silberstein [32]. It will be noticed that we have refrained from

or resides somewhere near it. Retention of the contribution made to V' by d only constitutes the

expanding the ‘|A |2’ or diamagnetic contribution to V.

1.4 The semiclassical approximation and induced multipole moments

The semiclassical approximation, in which the inner workings of molecule(s) and / or atom(s) are
treated quantum mechanically as in §1.3 whilst the electromagnetic field is otherwise treated classi-
cally asin §1.2 and is regarded as being an externally imposed influence acting upon the molecule(s)
and / or atom(s) [12], makes tractable a scenario that will be of particular interest to us in §5.

Specifically, let us consider a single molecule or atom, treated non-relativistically, the centre of mass
of which we take to be fixed at or near some position R in the presence of weak, monochromatic, off-
resonance light of angular frequency w = c|k| that is (otherwise) freely propagating and the length
scale 27 /|k| associated with which is larger than the molecule or atom. Thus, the electric field E and
magnetic flux density B comprising the light are described by (1.75)-(1.80). We suppose that the
molecule or atom occupies its ground state |0) at time ¢ = —oo and that it is subsequently introduced
to the light in an adiabatic manner. Under these circumstances, the light simply induces oscillations
in the charge and current distributions of the molecule or atom [25, 33]. The semiclassical approxi-
mation enables us to obtain explicit expressions that describe these oscillations within the classical
domain but which nevertheless reflect the quantum mechanical structure of the molecule or atom:
(oranc)

molecule or atom’s charge distribution and the components m

we work to order e? and identify the components d of the 4th electric multipole moment of the

/(1)
(ara2...a;)

moment of the molecule or atoms’s current distribution, taken about R, with quantum mechanical

of the ith magnetic multipole

expectation values as

(i _ A(3)
arasoay = (YIara5..a) 1Y) (1.135)
ml(gl)a2...ai) = <‘I’!m831a2,,m)\‘11> (1.136)

N 2;
01D gy = R X A G, O, (o = R) o (0 = R),, [0),
n=1 n :

with the state |¥) of the molecule or atom obtained to the required level of approximation using
Dirac’s method of the variation of constants [13, 27, 31], say.
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For w in the visible or near infrared and a small molecule such as hexahelicene'® [25, 34, 35] or
an atom, the leading order contributions to the calculations with which we will concern ourselves
in §5 are obtained by truncating the components P,y and M ,) of the multipole expansions of the
polarisation P and magnetisation M attributable to the molecule or atom as [11, 12, 25]

1
P(a) ~ N(a)53 (I’ - R) - g@(ab)&,&:‘ (I‘ - R)
N
+Z%‘5(ab) It — RIZ8,0% (r — R), (1.137)
n=1
Mgy =~ mi,s (r—R), (1.138)

where, in a standard notation [25, 33], the components ) = d,; of the electric-dipole moment of

1
(a)
the molecule or atom’s charge distribution, the components © ;) = SdEZ?))JerLI S(ab)qn |Tn — R|* /2
of the symmetric and traceless electric quadrupole moment of the molecule or atom’s charge distri-
bution and the components m’(a) = m/(%) of the magnetic dipole moment of the molecule or atom’s

current distribution are given by

fa) = (Olfi(a)]0) + R [fia) exp (—iwt)] (1.139)
Oy ~ (010)|0) + R[S exp (—iwt) | (1.140)
iy % (Oh]0) + R [y exp (—iwt)] (1.141)

with the complex quantities /i(4), © 45 and rh’(a) related to the light in turn as

) = Gary By (BR) + 5 A(abe) () (R) + Gan By (R), (1.142)
é(ab) - “Zt(cab)E(c) (R) y (1 A 43)

The complex polarisabilities () = G(ap) (W), Aabe) = Aabe) W) Ay = Afabe) (W), Glapy =
G (ap) (w) and G(ap) = Gap) (w) are

(ab) = (ab) ~ 1Vap); (1.145)
Aabey = Afabe) — A e (1.146)
Alabe) = Alabe) + iAoy (1.147)

Glap) = Gapy — 1Gap), (1.148)

Gar) = G(ab) + G{apy)> (1.149)

with the real polarisabilities () = @) (W), O/(ab) = a/(ab) (W) Aabe) = Afabe) (W), A’(abc) =

Al ypey (@), Gapy = Gap) (w) and G(ab) = G(ap) (w) related to the quantum-mechanical inner workings

®We consider hexahelicene in particular in §5.
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of the molecule or atom as [25, 33]

%) 9 ) )
Xab) = Zﬁwkofk-o%{<0W(a)!k><klu(b)]0)}, (1.150)
k0
(%) 9 ) )
) = _Zﬁ“’f’“o%[<0W<a)\k><k\/ﬁ(b)\0>}, (1.151)
k0
0o 9 ) A
Aoy = D perofioR| Ol k) IO |0} (1.152)
k0
0o 9 ) A
Alabe) = _Zﬁwfkog[<0|“(a)|k><k‘@(bc)|0>}a (1.153)
k0
%) 9 ) )
Gl = 3 erofiaR| Ol k) (kg 0 (1.154)
k0
%) 9 ) )
) = _Zﬁwfko%[<0|M<a>|k><k\m<b>l0>], (1.155)
k0

with & a function that yields the imaginary part of its argument and the so-called dispersion lineshape
fro = fro (w) associated with the k < 0 molecular or atomic transition given here by

1
= . 1.156
R (1.156)

It is also convenient for us to introduce a complex quantity Eabc = fabc (w), as [25]

~ 1{w i
C(abc) = E (3 {A,(abc) + A/(bac) +1 [A(abc) - A(bac)] }
+6(dca) [G(bd) + iG/(bd)} + €(deb) [G(ad) — iG/(ad)} ) . (1.157)

The effects of externally imposed perturbations, such as a static electric field, as well as internal per-
turbations, such as spin-orbit coupling, can be incorporated into the present formalism in the manner
exemplified in Barron’s book [25], for example. Provided they are non-degenerate, as we have as-
sumed them to be, the unperturbed wavefunctions of the molecule or atom can be taken to be real
[25, 27] and the simplification O/(ab) = Aty = Gap) = 0 then results. We will make tacit use of
this. It is appropriate in some practical calculations to average molecular properties over all possible
molecular orientations. We denote such isotropic averaging using angular brackets. Pertinent results
in this regard can be found in Barron’s book [25], as well as the book by Craig and Thirunamachan-
dran [12], for example.

The semiclassical approximation suffers from certain deficiencies. In particular, the phenomenon

of spontaneous emission is absent [12] and the expressions presented above lose validity and ul-
timately fail as w approaches molecular or atomic transition angular frequencies wy;. Radiative
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damping can be incorporated to some extent by taking

Jro = fro + igko (1.158)

with fro and the so-called absorption lineshape gro = gko (w) associated with the k& < 0 molecular
or atomic transition now given by

w2 *CL)Q
fro = 5 = (1.159)
(wWio — w?)™ + w7,
wl’
g = r0 : (1.160)

(leo - ‘*’2)2 + WQF%O

with T'y9 an associated decay rate [25]. These forms (1.159) and (1.160) for fio and gxo lead to
the satisfaction of crossing relations etc as is demonstrated in Barron’s book [25]. A more accurate
description of damping processes is offered, however, by a master equation approach, wherein the
molecule or atom is described by a density matrix and the effects of relaxation processes not readily
incorporable in a Hamiltonian description, including spontaneous emission, may be accounted for
with rigour [31].

1.5 Angular momentum: some terminology

In the currently established literature, an angular momentum is sometimes defined as being any
time-odd pseudovector j, the operators j‘(a) representing the components j,) of which satisfy the
commutation relations [27]

[j(a),j(b)} = ihe(abc)j(c)- (1.161)

The familiar quantum-mechanical and hence classical description of angular momentum follows from
these (1.161), including the identification of states |j, m;) satisfying

(G2 + 52+ 52)|4, my) K25 (G +1) |f, m;), (1.162)
Jeldymy) = hmylj,mg), (1.163)

for example, with j € {0,1/2,1,... }and m; € {—j,—j+1,...,j—1,7} quantum numbers [27, 30].

Whilst this description certainly fits many angular momenta, | ask the reader to regard it with some
apathy, for we will be led by the observations regarding light in §3 and §4 to suggest that the definition
of an angular momentum seen in (1.161) is, in fact, overly restrictive. Rather, let us regard as being
an angular momentum, any property of a system that is conserved by virtue of a rotational symmetry
inherent in the equations of motion governing the system and thus possesses the dimensions of an
angular momentum.

| use the terms rotation angular momentum and boost angular momentum to distinguish between
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whether the rotation is of a circular nature (in space) or a hyperbolic'® nature (in spacetime). An
angular momentum that is not dependent upon the location of the origin £ = 0 in spacetime is said
to be intrinsic whereas an angular momentum that is dependent upon the location of z® = 0 is said
instead to be extrinsic. The spin (rotation angular momentum) of a particle is thus intrinsic whereas
the orbital (rotation) angular momentum of a particle is instead extrinsic. It should be noted, however,
that ‘spin’ and ‘intrinsic’ are not synonymous in general, nor are ‘orbital’ and ‘extrinsic’. For exam-
ple; the orbital angular momentum of a collection of more than one particle can be separated into a
contribution attributable to the motion of the centre of energy, which is extrinsic, and a contribution
relative to the centre of energy, which is intrinsic [14, 36].

'®A boost can be regarded as a hyperbolic rotation in spacetime [10, 14], as is apparent in (1.18).
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Chapter 2

Electric-Magnetic Democracy, the
‘Second Potential’ and the Structure of
Maxwell’s Equations

2.1 Introduction

In the present chapter, we make some rather formal observations which underpin much of what
follows in §3-§5. The text is based primarily upon my research papers [37] and [38].

2.2 In the strict absence of charge

Maxwell’s equations as written in the strict absence of charge:

V-E = 0,
V-B = 0,
VxE = -B,
VxB = E,

seen also in (1.68)-(1.71), favour neither the electric character nor the magnetic character of the freely
propagating light that they describe. In particular, they retain their form under the transformation

E — Ecosf+Bsinf
B — Bcosf — Esinb, (2.1)

for any time-odd Lorentz pseudoscalar angle 8, an observation due to Heaviside [39] and Larmor [40].
We refer to (2.1) accordingly as a Heaviside-Larmor rotation. One apparent reflection of this electric-
magnetic democracy, a phrase coined by Berry [41], is the possibility of introducing, in addition to a
scalar potential ® and a magnetic vector potential A, a pseudoscalar potential © = O (r,¢) and an
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electric pseudovector potential C = C (r, t) defined such that

E = —-Vd-A

= -V xC, (2.2)
B = VxA

= —VO-C, (2.3)

an observation due in essence to Bateman [42]. As far as the theory of special relativity is con-
cerned, © and C comprise an electric potential four-pseudovector C* = (0, C), in terms of which
the electromagnetic field tensor F*# and the dual electromagnetic field pseudotensor G*? are

FoP = 92AP — 9P A

= —P°(9,C5 — 0;C) /2, (2.4)
GP = P (9,A5 — D5A,) /2
= 9*CP - 9°Cc“. (2.5)

See also the book by Stratton [9] as well as the work of Anco and The [43] and the work of Barnett
[44, 45]. Intriguingly, the complete set of Maxwell's equations as written in the strict absence of
charge (1.68)-(1.71) follow from the definitions seen in (2.2) and (2.3) as well as in (2.4) and (2.5).
Moreover, the electric field E and the magnetic flux density B are unchanged by the transformations

® —» d+4+x
A = A-Vy, (2.6)
O —» O0+¢
C — C-V¢, (2.7)

as was observed also by Anco and The [43]. It seems that there need not exist any particular
relationship between the gauge function x and the arbitrary time-even pseudoscalar field { = £ (r, t).
Taking

®cosf + Osind
Ocosf — Psind
A cosf 4 Csin6
Ccosf — Asind, (2.8)

Q » o
Ll Ll

invokes a Heaviside-Larmor rotation (2.1).

As was highlighted in §1.2.5, a gauge transformation (1.13) (seen also in (2.6)) changes ® and
the irrotational piece Al of A whilst leaving the solenoidal piece A+ of A unchanged. Thus, ® and
Al are not uniquely defined and it is these quantities in particular that suffer the gauge freedom of
the electromagnetic field. Analogously, the transformation seen in (2.7) changes © and the irrota-
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tional piece Cll of C whilst leaving the solenoidal piece C of C unchanged. Thus, © and Cll are
also not uniquely defined. This too may be appreciated in terms of gauge freedom by acknowledging
electric-magnetic democracy: considering § = 7 in (2.8), we argue that some other party could re-
gard ®' = O as their scalar potential and Al" = Cll as the irrotational piece of their magnetic vector
potential A’ = C. The performance of a gauge transformation by this other party, which changes
@' and All" in general, then coincides with a transformation of © and Cll of the form seen in (2.7),
seemingly necessitating the existence of this freedom. Although they are not directly observable, A+
and C' are uniquely defined and we can, therefore, ascribe a certain physical significance to them;
one that is lacked by ®, All, © and CIlI". Given their privileged status, we refer to A+ and C* simply
as the ‘first potential’ and the ‘second potential’. In terms of A+ and C*, the definitions seen in (2.2)
and (2.3) are

E = —-A*
= -V xCt (2.9)
B = VxA!
= -CH (2.10)
whilst
0 = —-Vvo—All (2.11)
0 = —-ve-cl (2.12)

Looking at (2.9) and (2.10), we recognise that

V- At = 0, (2.13)
v-Cct = o, (2.14)
V x At = —Ct, (2.15)
VxCt = AL (2.16)

These equations (2.13)-(2.16) are identical in form to Maxwell's equations as written in the strict
absence of charge (1.68)-(1.71) and also retain this form under a Heaviside-Larmor rotation (2.1). In
terms of A+ and C in particular, this is invoked by taking

At — Atcosf+ Clsing
Ct = Ctcosh— Atsind, (2.17)
as was pointed out by Barnett [44, 45]. This self-similarity reccurs indefinitely, in fact, as we delve

further into the realms of various integrals of E and B and also, as we ascend into the realms
of various derivatives of E and B. To illustrate the latter, let us define a pseudovector field G =

'Indeed, it is permissible to set @, Al ©and C!l equal to zero if desired, corresponding, in essence, to the choice of
the Coulomb gauge (1.14) for A = A~ and the analogous condition ¥V - C = 0 for C = C*.
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V x E = —B and a vector field M = V x B = E. We then find that

V-G = 0, (2.18)
V-M = 0, (2.19)
VxG = —M, (2.20)
VxM = G. (2.21)

These equations (2.18)-(2.21) are again identical in form to Maxwell’s equations as written in the
strict absence of charge (1.68)-(1.71), as claimed.

2.3 In the presence of charge

We now demonstrate how the results introduced in §2.2 can be generalised to account for the pres-
ence of charge.

Electric-magnetic democracy is not exhibited by the full set of Maxwell’'s equations (1.4)-(1.7): it
is broken by the presence of charge. It remains possible, of course, to define a scalar potential ®
and a magnetic vector potential A in the manner indicated in (1.8) and (1.9) as well as by the first
equality signs in (2.2) and (2.3) and the first equality signs in (2.4) and (2.5). In contrast, however, the
definition of a pseudoscalar potential © and an electric pseudovector potential C in the manner indi-
cated by the second equality signs in (2.2) and (2.3) as well as by the second equality signs in (2.4)
and (2.5) is no longer appropriate. In particular, we cannot simply define the second potential C* in
terms of the electric field E as E = —V x C*, as this would contradict Gauss’s law? (1.4). Thus, we
seek more subtle definitions of © and C here; ones that should then reduce, in the strict absence of
charge, to those introduced in §2.2. Immediately, however, we recognise several possible definitions
of C that reduce, in the strict absence of charge, to that introduced in §2.2: are we to define C*
in terms of the solenoidal piece E+ of E as E- = —V x C*, for example, or is a (non-equivalent)
definition in terms of the magnetic flux density B such as B = —C-~ say, more natural?

In order to proceed concretely, we turn to the normal variables &. In the strict absence of charge,
C depends upon the & as

1 ,
CL:///kx aexp (ik - ) + a* exp (—ik - r)] d°k. 2.22
1K [exp ( ) xp ( )] (2.22)

It seems natural, perhaps, to adopt this as our definition of C in general. Doing so, we find that

Et=-V xCh (2.23)

2The presence of even one point charge somewhere in the universe formally prevents us from regarding E as being
solenoidal [11], thus necessitating the careful treatment given in the present section.
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Thus, C* is to E what the solenoidal piece A+ of A is to B. Furthermore, we find that

)3/ ~L
B:
[f] > e e

_ Zr" % qn ( rn) _ L (2.24)

47r]r—rn\3

n=1

The first term seen on the right-hand side of (2.24) is the non-retarded Biot-Savart law familiar,
perhaps, from magnetostatics [2, 3, 9]. Evidently then, the negative of the partial derivative of C+
with respect to time ¢ accounts for deviations in B from the non-retarded Biot-Savart law. In fact, C+

0? i X (r—r')
(v=dm) o = o ff] e

__9 an i I (r—Tn) (2.25)

ot At|r — 1|3
n=1

obeys

In this wave equation (2.25), the partial derivative with respect to ¢ of the non-retarded Biot-Savart
law appears as a source. This seems reasonable in as much as a temporal deviation in the motion
of charge away from motion of a magnetostatic character will, in general, give rise to a propagating
electromagnetic disturbance with which C-+, being a quantity of particular relevance to the radiation
field, is associated. Of course, the definitions seen in (2.23) and (2.24) reduce, in the strict absence
of charge, to those seen on the second lines of (2.9) and (2.10) as well as on the second lines of
(2.4) and (2.5), as desired.

We ‘complete’ our picture now in a simple manner by defining © and the irrotational piece C!l of
C just as we would in the strict absence of charge. That is, as seen in (2.12) so that ©® and Cll are
to the (vanishing) irrotational piece Bl of B what ® and the irrotational piece All of A are to the
irrotational piece Ell of E. In the presence of charge, the fact remains that © and C!l are not uniquely
defined and both can even be set equal to zero, if desired. In any case, we now have

Et = -V xC, (2.26)
_ ') 5
B - [[[ 2 o
= Zr o =) Go C, (2.27)
" 4 — 3

in general®. Of course, the definitions seen in (2.26) and (2.27) reduce, in the strict absence of
charge, to those seen on the second lines of (2.2) and (2.3), as desired.

Let us now briefly explore the quantum domain in the presence of charge, wherein the operator

3|t seems that we cannot construct a four-pseudovector from © and C, in contrast to the situation in the strict absence
of charge.
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~ ~

Ct = C* (r) representing C* is

- h
t= zk: Wk X [dk exp (ik - r) + @] exp (—ik - r)} : (2.28)

It is interesting, perhaps, to probe the inherently quantum-mechanical characteristics of C* by eval-
uating various equal-time commutation relations for its components C(L) We find, for example, that
these commute with each other and with the components E ( ) of the operator Bl representing E*:

[C(t) (r),Cg (r’)} — 0 (cf [A(La) (r), A (r’)} - 0) , (2.29)
[C'(t) (r) ,EA(J‘b) (r')} =0 (Cf [A(La) (r), By (r’)} = 0) . (2.30)

These commutation relations (2.29) and (2.30) mirror the well-established analogous equal-time
commutation relations for the components A(ia) of the operator At representing the first potential
A’ as indicated [11, 12]. A given component of C+ commutes with the same component of Al
but not with the two orthogonal components of AL or with the components B(a) of the operator B

representing B, as

Gy ). 45, ()] = /// h;ab;|k|c exp [ik - (r —r')] d’k 231)

71h6(abc) (r—1)q
4rt|r — /|3

A ih 22 )
Cloy ). By ()] = ‘/ / / 5 [ — kawkey | exp [ik- (r =) o'k (2.32)

= —ih(S(Lab) (r—1') (cf [A(La) (r) ,E(Lb) (r’)} = —ihé(tb) (r— r')) .

)

The first commmutation relation (2.31) above may be thought of as underlying the well established
[11-13] equal-time commutation relation between the EA(LG) and the B(a). The second commutation
relation (2.32) above mirrors the well-established [11-13] analogous equal-time commutation relation
for the A(La), as indicated.

2.4 Discussion

We have reviewed and examined the introduction of a pseudoscalar potential © and an electric pseu-
dovector potential C in the strict absence of charge which led us in particular to identify a remarkable
self-similarity then inherent to Maxwell’s equations (1.68)-(1.71). In addition, we have suggested
meaningful definitions of © and C in the presence of charge. The focus of our attention has been the
second potential C, for this quantity makes explicit and seemingly natural appearances in the fun-
damental description of the angular momentum of light, as we will see in §3. It might be instructive,
however, to investigate © and the irrotational piece Cll of C in more detail. This is a task for future
research.
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Chapter 3

The Angular Momentum of Light

3.1 Introduction

Light possesses mechanical properties, some of which are familiar, perhaps, from our everday ex-
periences: the energy radiated by a light bulb can be employed to drive the solar cell of a pocket
calculator whilst that transported by a laser beam enables the cutting of metal or the obliteration of
cancer cells; the linear momentum carried by sunlight is partly responsible for a comet’s tail' and
prevents the sun itself from collapsing under it's own weight [36]. Less familiar from our everyday
experiences, however, is the fact that light possesses angular momentum.

The study of the angular momentum of light began, it seems, with the work of Poynting [47], who in-
ferred by analogy with a revolving cylindrical shaft that a beam of circularly polarised light posessess
an intrinsic rotation angular momentum in the direction of propagation equivalent to % per photon,
the plus and minus signs corresponding to left- and right-handed circular polarisation. The existence
of this so-called spin was confirmed in experiment by Beth [48], who measured the torque experi-
enced by a half wave plate as the plate changed the spin of light passing through it. The rotation
angular momentum of light that is not spin is referred to instead as orbital angular momentum and
might be thought to be rather trivial and purely extrinsic. Pursuing an analogy between paraxial op-
tics and the quantum harmonic oscillator, Allen, Beijersbergen, Spreeuw and Woerdman made the
discovery, however, that a Laguerre-Gaussian beam of light possesses a well defined orbital angular
momentum equivalent to A¢ per photon in the direction of propagation by virtue of possessing helical
phase fronts of winding number ¢ € {0,41,...} [49]. This orbital angular momentum is, in fact,
intrinsic, as was pointed out by Berry [50]. The use of the spin and / or orbital angular momentum
of light to rotate material bodies about their centres and / or about a beam axis has been amply
demonstrated and a wealth of additional applications for the angular momentum of light have been
recognised and pursued besides [26, 46, 51].

Surprisingly, perhaps, the fundamental description of the angular momentum of light in the theory
of electrodynamics brings with it many subtleties and has been the source of much controversy. It is
with this subject that the present chapter is concerned. We explain in particular that light possesses

'This was suggested by Keppler [46].
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an infinite number of distinct angular momenta, in addition to spin and orbital angular momentum.
The text is based primarily upon my research papers [37], [52] and [53]. Initially, we consider light
that is propagating freely in the strict absence of charge. Maxwell’s equations (1.4)-(1.7) then reduce

to
V-E = 0,
V-B = 0,
VxE = -B,
V xB = E,

as seen also in (1.68)-(1.71). We will subsequently generalise our findings, in §3.7, to account for
the presence of charge.

3.2 Review of previously established results

As a precursor to the original research described in §3.3-§3.8, let us begin by reviewing some perti-
nent results that were already established at the time of starting my doctoral research.

A fair starting point, perhaps, for an investigation into the angular momentum of light is Poynting’s
vector [54]
g=ExB (3.1)

which can be regarded as a linear momentum density as it yields the linear momentum [2, 8, 11]

g:///Ede3r (3.2)

when integrated over all space; the operator G representing G being the generator in turn of transla-
tions in space. We might then construct a density j of rotation angular momentum about the origin
r = 0 by taking the cross product of position r with g as

j=rx(ExB), (3.3)

if only by analogy with mechanics. This identification is indeed justified as j yields the rotation angular

j:///rx(ExB)dBr (3.4)

when integrated over all space; the operator T representing J being the generator in turn of circular

momentum [2, 8, 11]

rotations in space. Making use of an integration by parts, J can be separated into two distinct pieces

J:///ExAidi”H// E(q (r x V)A(ia)d?’r, (3.5)
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an observation due to Darwin [24, 55] and Humblet [56, 57]. This separation is gauge invariant. The

S = ///ExAid%
— /7/ ia x a*d’k (3.6)

is intrinsic and may be identified, therefore, as the spin §, as is indicated. Indeed, a close analogy

first piece

can be drawn between the form seen on the second line of (3.6) and that expected of a spin-one
particle (the photon) of vector wavefunction & in reciprocal space, as is ellucidated in the book by
Cohen-Tannoudji, Dupont-Roc and Grynberg [11], for example. The operator

5 = ///ExAidgr
1%
= Y ohking (3.7)
k o

representing S describes a spin of ihl:{ per circularly polarised plane-wave-mode photon of wavevec-
tor k and polarisation parameter ¢ = 41, as was observed by Lenstra and Mandel [58]. This is in
line, of course, with Poynting’s inference [47] and the observations of Beth [48]. S is the generator
of the closest approximation to a rotation of the orientations of the electric field vectors and magnetic
flux density pseudovectors that is consistent with the requirement that they retain their solenoidal
character, an observation due to van Enk and Nienhuis [59, 60] and Barnett [44]. The second piece

E = ///E(a) (I‘ X V)A(La) d3I‘
= / / / i) (k x Vi) af, d’k, (3.8)

with Vi the gradient operator with respect to k, is explicitly dependent upon r and may be identified
as the orbital angular momentum L, as is indicated. The two components of L that are orthogonal
to G are extrinsic whilst that parallel to G can be non-vanishing and is intrinsic, as was pointed out by
Berry [50]. The operator L representing L is the generator of the closest approximation to a rotation
of the spatial distribution of the light that is consistent with the requirement that the light retains its
solenoidal character, an observation due to Barnett [44]. For additional perspectives on the separa-
tion of J into S and L, see [55, 61], for example.

It was pointed out by van Enk and Nienhus [59, 60] that the components of S commute with each
other. Thus, unlike J, neither S nor £ separately obey the usual angular momentum commutation

relations (1.161). For this reason, it is often said that S and £ are not ‘true’ angular momenta.

A further advancement in the study of S and £ was made recently by Barnett [44], who observed that
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the integrands E x A+ and E (r x V) A(La) of & and L seen on the first lines of (3.6) and (3.8) do
not obviously retain their form under a Heaviside-Larmor rotation (2.1) and thus, do not obviously re-
flect the electric-magnetic symmetry inherent to Maxwell’s equations as written in the strict absence
of charge (1.68)-(1.71). He explained, however, that S and £ may be expressed equivalently as

S = ///ExAidi”r
— g 1E><AL+B><Cl d3r, (3.9)
I/]5( )
L = /// (rx V) A(a)d3r

_ ///2 By (x x V) Ay + Bl (v x V) €| dPr. (3.10)

The forms seen on the second lines of (3.9) and (3.10), in particular the integrands, are manifestly
invariant under a Heaviside-Larmor rotation (2.1), which led Barnett to propose

1 L 1
s = 5(EXA +BxC ) (3.11)
1
1 = 5[E(a)(PXV)Aé)-FB(a)(I‘XV)C(J;l) , (3.12)

as spin and orbital angular momentum densities.

Let us introduce here the angular momentum tensor [2]
1
MO = 2 o (PO P 4 GP36) = af (FoFPY 4 G236 )| (3.13)

which, owing to the antisymmetry A/*#7 = — M5, has twenty-four distinct components. The z, ¥
and z components j;, j, and j, of j appear as the a8y = 230, 310 and 120 components of MeBY
and the continuity equation

O, MY =0 (3.14)

thus expresses the local conservation of the z, y and z components of rotation angular momentum
for af = 23, 31 and 12. It follows, of course, that rotation angular momentum is globally conserved:

J =0. (3.15)

That & and £, which comprise J = § + L, are indeed of distinct character is manifest in the fact
that spin and orbital angular momentum are separately globally conserved:
S =
t pu—

(3.16)
(3.17)

=i —
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as was observed by van Enk and Nienhuis [59, 60].
Evidently, rotation angular momentum constitutes but one half of the angular momentum story, at
least as far as the theory of special relativity is concerned: the a8 = 01,02 and 03 components

of (3.14) express the local conservation of the x, y and z components of boost angular momentum
‘about’ time ¢ = 0 and r = 0. The boost angular momentum

K = /// [tExB—;r(E-E+B-B)] d®r

~ ~ *x lk ~ ~ % ~ % ~
/ / / tké- & d’k + / / ‘2’ [a(a)vka(a) — &(y Vid(q) | d°k (3.18)

is obtained by integrating the boost angular momentum density components 1219, 17920 and 7030

over all space; the operator K representing JC being the generator of boosts. The physical signifi-
cance of boost angular momentum is best illustrated, perhaps, by considering its global conservation:

K =0, (3.19)

which implies that

dffflg(E.EJrB.B) d3r

dt W w
= constant, (3.20)

g

where we have divided (3.19) through by the energy

W:///;(E-E+B-B)d3r (3.21)

and made use of the global conservation of energy and the global conservation of linear momentum:

W = 0, (3.22)
G = 0. (3.23)
This (3.20) may be regarded as a statement of the uniform motion of the postion

[[/r3(E-E+B-B)d’r
w

(3.24)

of the centre of energy [10]. The question was posed recently by Barnett [45]: is it possible to
separate IC into ‘spin’ and ‘orbital’ contributions, in analogy with the separation of J into & and
L. To this end, he observed that KC can be recast using integration by parts, in a gauge-invariant
manner, as

K=V+)Yy (3.25)
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with )
v:///2<_E><Cl+BxAL) &r, (3.26)

which does not make explicit reference to ¢ or r, and

1 o 9
Y= /// 2 [_A(L“) <tv * rat> Elw) = Clay (tv + r8t> B(a)] d&’r, (3.27)

which does make explicit reference to ¢t and r. It is natural, perhaps, to identify ¥V as boost spin and
Y as boost orbital angular momentum. This separation fails, however, in that YV vanishes (V = 0)
and so K = Y [45].

3.3 Intrinsic rotation angular momenta

The starting point for our investigation into the angular momentum of light is the observation due to
van Enk and Nienhuis [59, 60] and discussed in §3.2 that the operator S representing the spin S
does not obey the usual angular momentum commutation relations (1.161). Although this may be
surprising at first glance and is sometimes reported as being paradoxical, it may be understood or at
least appreciated by recalling a concept familiar from particle physics: the photon is massless and
relativity suggests, therefore, that the photon only possesses one well defined component of spin;
the component in the direction of propagation [59, 60, 62]. This is apparent, in fact, on the second
line of (3.7). The value taken by this component of spin relative to the direction of propagation is
referred to as the photon’s helicity [8, 59, 60, 62, 63].

3.3.1 Helicity

We begin now with a search for the explicit form taken by the helicity 7{. We are guided by our obser-
vation that H must be an intrinsic time-even conserved Lorentz pseudoscalar with the dimensions of
a rotation angular momentum.

In particle physics, the single-particle helicity is the expectation value of the helicity operator

o

> .

— (3.28)
Dl
which is the scalar product of the spin operator 3> with the normalised linear momentum operator
p/|p|- It seems natural, perhaps, to try and determine H using this definition, but we then run into
difficulties with the form of the photon wavefunction [11]. We can certainly attempt to use the electric
field E and the magnetic flux density B as the basis of a photon wavefunction via the Riemann-
Silberstein field F = (E +iB) /V/2, but the resulting quantity does not possess the dimensions of a
rotation angular momentum [63]. A time-even pseudoscalar with the dimensions of a rotation angular
momentum has, however, already been recognised in plasma physics for some time: the magnetic
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helicity?
”HM:// A -Bd’r (3.29)

was introduced by Wotjier to understand relaxation processes in plasmas [65] and is often employed
to quantify the twist of magnetic fiux density lines [66, 67]. H s is gauge invariant provided the
boundary of the region of integration is chosen appropriately, despite the explicit appearance of a
magnetic vector potential A3. It formally resembles the ‘vortex helicity’ or ‘fluid helicity’

V:///u-(qu)d3r (3.30)

introduced by Moreau [68], with u = u (r,t) the fluid velocity field. Unfortunately, our search is not
yet over: H s is not the quantity we seek. It particular, Hy, is neither conserved nor Lorentz invariant.

To proceed, we follow the approach taken by Barnett [44, 45] and observe that Hj,; does not re-

tain its form under a Heaviside-Larmor rotation (2.1). If, however, we add half of Hj; to half of an
analogous electric helicity, we obtain

H = /!/;(AL-B—CL.E)d?’r
_ /o[/idxd*-

which does retain its form under a Heaviside-Larmor rotation (2.1) and is, in fact, the quantity that we

)

d3k, (3.31)

seek, as is indicated. The operator

. 1/ o
H = ///Q(AL-B—CL-E)d%
1%
= > ohing, (3.32)
k loa

representing H describes a helicity of =4 per circularly polarised plane-wave-mode photon of wavevec-
tor k and polarisation parameter ¢ = £1. This is in line, of course, with the concept of helicity familiar
from particle physics [8, 59, 60, 62, 63]. The global conservation of helicity

H =0 (3.33)
may be readily confirmed. Looking at the integrand of H{ seen on the first line of (3.31), we identify
1
hzﬁ(Ai-B—ci-E), (3.34)

as a helicity density.

2The use of the word ‘helicity’ in this context is due to Moffatt [64] who proposed it by analogy with the concept of
helicity familiar to him from particle physics.
3Indeed, one can in such cases replace A with A as Al makes no contribution to ;.
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To the best of our knowledge, H was first recognised by Candlin [69], who referred to it as the
‘screw action’. It has since been rediscovered and investigated in a variety of contexts outwith the
angular momentum of light [6, 43, 70-77].

By virtue of the equalities linking the first and second lines of (3.9) and of (3.10), it might be argued
that the explicit acknowledgement of the second potential C in addition to the first potential A+ in
the spin & and orbital angular momentum L is not necessary but rather, is something of a matter of
taste. It should be noted, however, that the appearance of C in # is seemingly inescapable: there is
no equality relating the magnetic and electric pieces of H in general and both must be present, thus
bolstering Barnett’s suggestion that C is just as important as A in the fundamental description of
the angular momentum of light [44, 45].

3.3.2 Spin

Although they are closely related, helicity and spin are ultimately distinct and should not be confused.
Whilst both are intrinsic, conserved and possess the dimensions of a rotation angular momentum,
is a time-even Lorentz pseudoscalar whereas S is a time-odd pseudovector. For ease of comparison,
we summarise here those results presented in §3.2 for spin that are analogous to those presented in
§3.3.1 for helicity.

The spin is
_ 1 1 L\ 43
s = ///2<E><A +B><C)dr
= ///idxd*d3k

and is represented by the operator
. 1/~ - A .
S = ///Q(ExAi+Bxci) &r
1%
= > ohkiy,
k o

which describes a spin of ihﬁ per circularly polarised plane-wave-mode photon of wavevector k and
polarisation parameter o = £1: if you like, helicity -/ with a sense of the direction k. Spin is globally
conserved:

S=0,

and we can identify

S =

(ExALJerCl)

N |

as a spin density.

38



3.3.3 The ab infra zilches

Helicity and the components of spin are not the only intrinsic rotation angular momenta. We recog-
nise here a further six intrinsic rotation angular momenta which we refer to as the ab infra zilches in
homage to the ab zilches, due to Lipkin [78] and discussed in §3.4, which are similar in form.

The ab infra zilches /\/'(ab) comprise a time-even rotational pseudotensor of rank two, being
1 1 1L 1L 1L il 1L 3

= / / / i x &* - (g kg dk. (3.35)

The operator
Mary = / / / 3 [%b) (Ai-B — CL-E) — Al By — Al By + Clay Ew) +C§5)E(a)} d3r
14

= 2. Uh’é(a)’é(bmka (3.36)
k o

representing N(ab) describes an ab infra zilch of ihl%(a)k(b) per circularly polarised plane-wave-mode
photon of wavevector k and polarisation parameter o = +1: if you like, helicity =% with a simulta-
neous sense of the directions I%(a) and l%(b). Only five of the N(ab) are actually ‘new’ quantities, as

/\/'(ab) = N(ba) and /\/(aa) = H. The latter may be regarded as a reflection of the fact that l%(a)k(a) =1
The ab infra zilches are globally conserved:

Niap) = 0. (3.37)

It follows by virtue of the principle axis theorem that we can always orient our coordinate system such
that the zy, xz and yz infra zilches vanish. Looking at the integrand of the /\/(ab) seen on the first line
of (3.35), we identify

1 1 1 1 1 1 1
Mab) = 3 [%b) (A B-C™ E) — Al Be) — Ay B + Clay Ey + C(b@(a)} , (338

as an ab infra zilch density.

3.3.4 Ad infinitum

In §3.3.1-§3.3.3, we identified the helicity H (L& per circularly polarised pIane-wave-modeAphoton
of wavevector k and polarisation parameter o = =+1), the components S, of spin S (ihl%(a) per
photon) and the ab infra zilches N(ab) (ihli:(a)lé(b) per photon) as being intrinsic rotation angular
momenta. We recognise here that these are but the first three members of an infinite collection of

intrinsic rotation angular momenta. Although the forms taken by these in ordinary space becomes
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increasingly obscure, the forms taken in reciprocal space remain relatively simple, being

r components of k

/ / / i x & -k kayhgke - d°k (3.39)

|

with associated operators

r components of k

—
SN oh kwkwke - o (3.40)
k o

which describe intrinsic rotation angular momenta of :I:hli:(a)li:(b)l;(c) ... per circularly polarised plane-
wave-mode photon of wavevector k and polarisation parameter o = %1, where r € {0,1,...}: if
you like, helicity £A with a simultaneous sense of the directions l%(a), l?:(b), l%(c), .... Forr =0 we
have H, for r = 1 we have the components S, of S, for r = 2 we have the ./\f(ab) and so on, ad
infinitum. This suggests in particular that spin is perhaps most meaningfully thought of as one piece
of a larger description of helicity. The forms seen in (3.39) and (3.40) are independent of t. For the
remainder of this thesis, we will restrict our attention to helicity, spin and the ab infra zilches with the
understanding, of course, that some of the ideas presented can be extended indefinitely.

‘H has simple Lorentz transformation properties whereas S, the N(ab) etc do not. Thus, S, the
/\/'(ab) etc may be identified in any frame of reference but are not related simply between different
frames of reference, in general. This does not negate their physical significance, however. To give
a familiar example; the position (3.24) of the centre of energy can be identified in any frame of ref-
erence but is not related simply between different frames of reference, in general. Nevertheless, we
recognise it as being a physically significant quantity.

3.3.5 The helicity array

Helicity, spin and the ab infra zilches, whilst being ultimately distinct, are intimately associated. We
now demonstrate this through the introduction of the helicity array N“7: a rank-three object* with

components
NOOU _ I’L,
NOaU — S(a)7
N = ng, (3.41)

“A helicity array of arbitrarily high rank can be constructed which incorporates as many of the infinite collection of
intrinsic rotation angular momenta discussed in §3.3.4 as desired.

40



and

NOOa — NOaO
NOab — NabO
1
Nabc _ 5(ab)NOOC + 5 [_Aé;)acC(Jl;) — Aé{))acc(t) + C(J;L)acAé) + C(Jg)acAéa) s (3.42)

with the symmetry N®#7 = NA27 to be understood in our definitions. Despite its suggestive struc-
ture, N*7 is not a tensor or pseudotensor and no significance is to be placed upon the fact that its
indices are seemingly contravariant.

The significance of N®?7 lies in the fact that it satisfies the continuity equation
NPT =0 (3.43)
which embodies nine distinct conservation laws.
(i) For a8 = 00, (3.43) is
h+V-s=0, (3.44)

which embodies the conservation of helicity. Evidently, s plays a dual role in that it is simultaneously
a spin density and a helicity flux density (N0 = N00a),

(i) For a8 = Oa, (3.43) is
S(a) + abn(ab) =0, (3.45)

which embodies the conservation of spin. Here we see that the n(,;) play dual roles in that they are
simultaneously ab infra zilch densities and the components of a spin flux density (N0 = N0ab),

(iii) Finally, for a8 = ab, (3.43) is
Toapy + 0N =0, (3.46)

which embodies the conservation of the ab infra zilches.

We emphasise that helicity, spin and the ab infra zilches are distinct. Their associated densities;
h, s and n4,), however, are related by a hierarchy of continuity equations. Loosely speaking, helicity
is conserved and is transported by spin, which is itself conserved and is transported by the ab infra
zilches, which are themselves conserved and are transported by the N?¢. This hierarchy is remi-
niscent of that found in the description of energy and linear momentum, where it is well known [2, 3]
that energy is conserved and is transported by linear momentum (Poynting’s theorem [54]), which is
itself conserved and is transported by Maxwell’'s stresses [2]. We pursue this analogy in §3.3.7.
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The cycle-averaged helicity array N*#7 normalised by the energy density

1
w=-(E-E+B-B) (3.47)
is
Noby h 2 2,2
= +— kKPR (3.48)
w hw

for a single circularly polarised plane wave of wave four vector £ = (w, k) and polarisation parameter
o = +1. The classical result seen in (3.48) reflects the quantum-mechanical results seen in (3.32),
(3.7) and (8.36), as we might expect.

3.3.6 On the conservation of helicity, spin and the ab infra zilches

The conservation of helicity, the conservation of spin and the conservation of the ab infra zilches are
seen to constrain the evolution of light in subtly different ways.

To illustrate this, let us consider first a single circularly polarised plane wave of wavevector k and
polarisation parameter ¢ = +1, as depicted in figure 3.1(a). Trivially, ¢ must remain constant in ¢
so as to respect helicity conservation. Suppose, however, that we were to ‘close our eyes’ at ¢t = t;
and open them later, at t = t,, to find that the sign of the wavevector of the wave had changed, as
depicted in figure 3.1(b). This hypothetical evolution is clearly unnatural and yet is not forbidden by
helicity conservation, as

H (t2) = H (t1) . (3.49)

It is forbidden, however, by spin conservation, because

S (t2) = =8 (1) (3.50)

which violates the global conservation law seen in (3.16) as S(t1) is nonzero.

Consider now the situation depicted in figure 3.2(a). Here we have two circularly polarised plane
waves 1 and 2 with equal amplitudes and equal frequencies, propagating in perpendicular direc-
tions with wavevectors k; and ks and possessing opposite polarisation parameters o; = +1 and
o9 = —o1. Suppose we were to ‘close our eyes’ at t = ¢; and open them later, at ¢ = 5, to find
that both waves had changed the signs of their wavevectors and the signs of their polarisation pa-
rameters, as depicted in figure 3.2(b). This hypothetical evolution is clearly unnatural and yet is not
forbidden by either helicity or spin conservation, as

H(tQ) :H(tl) =0 and S(tg) :S(tl). (3.51)
It is forbidden, however, by the conservation of the ab infra zilches, because

Navy(t2) = =Nap)(t1), (3.52)
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(@) (b)

t=1 t=t

Figure 3.1: (a) A single circularly polarised plane wave of wavevector k and polarisation parameter o. (b) The
configuration obtained by reversing the sign of the wavevector of the wave.

(a) (b)

a]

ki

a2 — 02

ko

— o

t=1t t =t

Figure 3.2: (a) A configuration of two circularly polarised plane waves 1 and 2 of equal amplitudes and
equal frequencies but with perpendicular wavevectors k; and k, and opposite polarisation parameters o
and oo = —oy. (b) The configuration obtained by changing the signs of the wavevectors and polarisation
parameters of both waves.

which violates the global conservation law seen in (3.37) as some or all of the N(ab) (t1) are non-zero,
depending on the coordinate system used. Evidently, helicity conservation, spin conservation and
ab infra zilch conservation are seen to constrain the evolution of light in subtly different ways, as
claimed®.

3.3.7 An interesting analogy

The N80 components of N*#7 are remarkably similar in form to the contravariant components 7%
of the energy-momentum tensor®, given by [2, 14]

1
6 8 8
T =2 (P P74 G 607 (3.53)

®It is interesting to note, as was pointed out to me by Dr Sonja Franke-Arnold during my viva examination, that the
hypothetical transformations depicted in figures 3.1 and 3.2 can be invoked through the use of appropriately orientated
plane mirrors during the period in which we have our ‘eyes closed’, although this requires the introduction of charge, of
course, in which case helicity, spin, the ab infra zilches etc are no longer conserved in general.

81t would be fairer, perhaps, to compare N*?° with the contravariant components of the canonical energy-momentum
tensor: see the discussions in §4.
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Explicitly;

T = w
Oa
T = Y(a)
1
ab
T = ié(ab) (E -E+B- B) — E(a)E(b) — B(a)B(b) (3.54)

The continuity equation
0T =0 (3.55)
embodies the conservation of energy for « = 0 and the conservation of the z, y and z components

of linear momentum for o = 1,2 and 3 [2, 14].

We observe that the density components of our helicity array are mapped onto the components
of the energy-momentum tensor (N*#0 — T2%) when we make the superficial transformation

A+ - B
ct - -E
E - E
B — B. (3.56)
An explanation of this follows from the fact that
n h
A- = +—B, (3.57)
hw
h
ct = F—E (3.58)
hw

for a single circularly polarised plane wave of angular frequency w and polarisation parameter o =
+1. Any freely propagating light can be regarded as a superposition of circularly polarised plane
waves. From (3.58) we have then that the transformation seen in (3.56) is equivalent to letting
+h — hw for each of these waves, which is simply a mapping of photon helicity to photon energy.
Thus, N#0 — 78,

Evidently, helicity is much to spin what energy is to linear momentum’ .

3.3.8 Some explicit calculations

It is difficult, perhaps, to fully appreciate the characteristics of, and indeed the distinctions between,
helictiy, spin and the ab infra zilches when considering light that is comprised of a single plane wave.
These become more apparent, however, when considering light that is comprised of two or more

"Such analogies can be extended to the infinite collection of intrinsic rotation angular momenta discussed in §3.3.4:
we observe the existence of an infinite collection of conservered properties of light that depend upon photon energy, the

rthr € {0,1,...} member of which takes on a value of iwk(a) k) k() - . . per plane-wave-mode photon of wavevector k,

with  components of k present here. These quantities are manifestly independent of ¢. For r = 0, we have W and for
r = 1 we have the components G, of linear momentum G.
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plane waves, as we now demonstrate in three examples.

Example one: interference and quasi-interference

First, we explore further the analogy between energy and helicity which we introduced in §3.3.5 and
§3.3.7.

In general, the energy density w is positive, although it can vanish at certain points in space at
certain times. In contrast, the helicity density i can be positive, vanishing or negative. w is sensitive
to the phenomenon of interference, as manifest in the presence of the dot products E - E and B - B:
interference is maximised when parallel electric fields and / or parallel magnetic flux densities are
superposed but is absent in the orthogonal case. In contrast, h is not inherently sensitive to interfer-
ence but rather, we suggest by analogy, to a kind of ‘interference’ between the electric field E and
magnetic fiux density B and the associated second C and first A+ potentials, as manifest in the
presence of the dot products —C-E and A+-B. We refer to this phenomenon as quasi-interference.

Let us illustrate these ideas by considering light comprised of a superposition of two linearly po-
larised plane waves 1 and 2 of equal angular frequency w. Initially, we suppose that the wavevectors
of the waves are equal. Now, let the polarisations of the waves be parallel. The electric fields and the
magnetic flux densities of the waves are also parallel and the waves therefore interfere. The electric
field and magnetic flux density of each wave are orthogonal, however, to the associated potentials of
the other wave and the waves therefore do not exhibit quasi-interference. The nature of the interfer-
ence (constructive or destructive) is dictated by the relative phase of the waves which influences the
amplitude of the (linearly polarised) light. w can be greater than, equal to or less than the sum of the
energy densities attributable to the waves individually whereas h vanishes. If we suppose instead
that the polarisations of the waves are orthogonal, the electric fields and the magnetic flux densities
of the waves are also orthogonal and the waves therefore do not interfere. The electric field and
magnetic flux density of each wave are parallel, however, to the associated potentials of the other
wave and the waves therefore exhibit quasi-interference. The nature of the quasi-interference is also
dictated by the relative phase of the waves which now influences the polarisation of the (elliptically
polarised in general) light. w is simply the sum of the energy densities attributable to the waves indi-
vidually whereas h assumes a value equivalent to of ‘per photon’. If the light is of left-handed circular
polarisation (¢ = +1), A+ and C* are in phase with, and are parallel and anti-parallel respectively
to, B and E respectively, giving rise to a positive h. Opposing relative orientations are found if the
light is of right-handed circular polarisation (c = —1), giving rise to a negative h. If the light is linearly
polarised (o = 0), however, A and C are a quarter cycle out of phase with, and are orthogonal to,
B and E respectively, giving rise to a vanishing h. These facts are depicted in figure 3.3. Zambrini
and Barnett have made observations that are closely related to those made here [79].

Let us now consider what happens when the wavevectors k; and ko of the waves lie within the

x-z plane but make angles of +6 (¢ > 0) with the +z axis, thus being separated by an angle of
260. We take the amplitudes Fy of the waves to be equal and suppose that the polarisation of wave
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right circularly BHE

polarised plane OB
linearly polarised wave HAL
left circularly plane wave 0 oot
polarised plane \ /\
wave = 0 1/

A anti-parallel to B
C' parallel to E
quasi-interference
negative helicity

hw/w =0 =—1

—

ot

Al parallel to B
C' anti-parallel to E
guasi-interference
positive helicity

hw/w=0=+1 —x 4Kz /7 Mg
% < \
4|k|2/7r/7\ k
7 I/ k
4|k|z/7r/\
\ A~ perpendicular to B
k C-' perpendicular to E

no quasi-interference
vanishing helicity
hw/w=0=0

Figure 3.3: Three plane waves of wavevector k, angular frequency w = |k| and differing polarisations.
For each wave, the value taken by the helicity density A, which is sensitive to quasi-interference, should be
compared with the relative orientations and phases of A+ and B as well as C* and E.

1 is confined to the z-z plane whilst the polarisation of wave 2 makes an angle ¥} with this plane.
Explicitly, we describe the light as seen in (1.75)-(1.80) with the complex quantites E and B given

here by
E = Ey(xcosf—zsin0)exp lilk| (zcos b + xsinb)]
+Ey[(x cosf + zsin ) cos ¥ + y sin ] exp [i|k]| (z cos — zsin6)] , (3.59)
B = Eyyexplilk|(zcosf + zsin6)]
+Ey[(—% cos — zsin A) sin ¥ + y cos 9] exp [i|k]| (z cos § — xsin )] . (3.60)
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We find that

W = E3[1+ cosdcos (kr)], (3.61)
h = —EZsindsin(kz) /w, (3.62)

to first order in 6, with k = 260w a wavenumber. Notice that & is independent of ¢, as is the case
for all strictly monochromatic light that is freely propagating. Due to the small angular separation 26
of the waves, their relative phase undulates as a function of =, with wavelength 27 /x = 7 /6w. For
¥ = 0, the polarisations of the waves are (essentially, as ¢ is small) parallel and the light is linearly
polarised. The waves interfere and w undulates between 2Ej and 0, reflecting the undulation of the
relative phase of the waves. Thus, we have ‘bright’ and ‘dark’ fringes: a redistribution of energy within
the light, attributable to constructive interference and destructive interference. In contrast, no quasi-
interference occurs and h vanishes. Light possessing such characteristics can be found, for example,
in the far-field of a Young’s double slit diffraction pattern using linearly polarised light [36]. If, instead,
Y = m/2, the polarisations of the waves are orthogonal and the polarisation parameter o of the light
undulates between o = 1 and ¢ = —1, again reflecting the undulation of the relative phase of the
waves. The waves do not interfere and w assumes a value of EZ. The waves do, however, exhibit
quasi-interference and h undulates between Eg/w and —Eg/w. Thus, we have ‘helicity fringes’: a
redistribution of helicity about h = 0 within the light, attributable to quasi-interference. Such light
has been utilised recently in optical trapping experiments [80, 81] and has been referred to as a
polarisation grating. See also [82].

Example two: helicity is analogous to charge

Although we are considering light that is propagating freely in the strict absence of charge, we can
draw an analogy between the helicity continuity equation (3.44) and the charge continuity equation
(1.35). In doing so, we ellucidate the distinction between helicity and spin.

Charge, and indeed the charge density p can be positive or negative and a flow of positive charge
in a given direction can yield the same current density J as a suitable flow of negative charge in
the opposite direction [36]. Similarly, helicity, and indeed the helicity density A can be positive or
negative and a flow of positive helicity in a given direction can yield the same helicity flux density s
as a suitable flow of negative helicity in the opposite direction. The analogy stops there, however, as
there is no obvious physical significance to the volume integral of J whereas s is also a spin density,
the volume integral of which over all space yields the spin S, of course.

To illustrate these ideas, let us consider light comprised of two circularly polarised plane waves 1
and 2 of equal amplitude Ey/v/2, and equal angular frequency w propagating in the +z and —z
directions and possessing polarisation parameters o1, 02 € {—1,1}. Explicitly, we describe the light
as seen in (1.75)-(1.80) with the complex quantites E and B given here by

=
|

Eo(X +i013) exp (i[k|z) /vV2 + Eo(—% + ioay) exp (—ik|z) /V2, (3.63)
Eo(—io1x + y) exp (i[k|2) /V2 + Eg(ioox + ¥) exp (—i|k|2) / V2. (3.64)

well
I
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We find that

h = EZ(o1+09) /2w, (3.65)
s = E2(01—09)2/2w. (3.66)

Notice that s, like h, is independent of ¢, as is the case for all strictly monochromatic light that is freely
propagating.

If both waves possess the same sense of circular polarisation (07 = o9 = #1), there is a non-
vanishing helicity density h = iEg/w but a vanishing helicity flux density or spin density s = 0. In
contrast, if the waves possess opposite circular polarisations (07 = —o9 = £1), there is a vanishing
helicity density h = 0 but a non-vanishing helicity flux density or spin density s = iEoé/w. Returning
to the analogy made above between helicity and charge, we can liken the first case (o7 = 02 = 1) 10
a combination of two counterpropagating flows of charge of the same sign, giving rise to a net charge
(cf h # 0) but no net current (cf s = 0). In contrast, we can liken the second case (01 = —o9 = +£1)
to a combination of two counterpropagating flows of charge of opposite sign, yielding overall neu-
trality (cf h = 0) whilst giving rise to a net current (cf s # 0). See figure 3.4. Counterpropagating
circularly polarised beams of light possessing opposite handedness (but slightly different amplitudes)
have been utilised recently in a luminescence-detected circular dichroism experiment [83-85], which
yielded an enhancement of a certain measure of dissymmetry over that which can be observed util-
ising a single traveling beam of circularly polarised light. Counterpropagating circularly polarised
beams of light possessing the same handedness comprise so-called o — o light which is utilised in
the laser cooling of atoms [86—90].

Evidently, it is possible to produce light that possesses a non-vanishing helicity but a vanishing
helicity flux and, in particular, a vanishing spin (and vice-versa). This is, we suggest, a clear demon-
stration that helicity and spin are indeed distinct, in spite of the intimate relationship between them
which is embodied in the helicity continuity equation (3.44).

h+V-s=0 p+V-J=0
h1>0 h2>0 p1>0 p2>0
_ 4 e h#0 | sdddat 4 Gk p#0
- = s=0 —_— S e  J=0
S1o = Ji J2
h1>0 ho<0
A 7 p1>0 p2<0
_m > o+ < LN h=0] 4i0l0a 4 e===== p=
—_ ‘—b S#O —l " N — J#O
S1 52 Ji J2

Figure 3.4: A close analogy can be drawn between helicity and charge owing primarily to the fact that both
are signed quantities.
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Example three: helicity and polarisation are not synonymous

Let us now highlight the distinction between helicity and polarisation. Helicity is an intrinsic rota-
tion angular momentum and may be thought of as flowing continuously within an optical field, in
accordance with the helicity continuity equation (3.44). In contrast, polarisation is a concept which is
invoked to describe the manner in which the electric field vectors, in particular, evolve. For a single
circularly polarised plane wave, the helicity is certainly seen to depend upon the polarisation and, for
this reason, the words ‘helicity’ and ‘polarisation’ are often used interchangeably. It should be clear,
however, that they are not synoymous in general. To illustrate this, we need only note that horizontal
and linear polarisations are distinct from each other and yet both give rise to the same (vanishing)
helicity. To quote Darwin: “the polarisation of ... light is incompletely described by ... angular mo-
mentum” [24].

We can demonstrate that the direct identification of helicity with rotating electric field vectors (cir-
cular polarisation) is not appropriate in general through an examination of light comprised of two
plane waves 1 and 2 of equal amplitude Ey and equal angular frequency w that are linearly polarised
parallel to the y and x axes and propagate in the +z and —z directions. Explicitly, we describe the
light as seen in (1.75)-(1.80) with the complex quantites E and B given here by

E = Eyyexp(ilk|z) — Egxexp (—ilk|z), (3.67)
B = —Eyxexp(ilk|z) — Eoy exp (—ilk|z). (3.68)

This is so-called lin L lin light which is utilised, for example, in the laser cooling of atoms, due to
its inherent ‘polarisation gradients’ [86—90]: at z = zy = N7/2w and z = 2z = (2M + 1) 7 /4w
with N, M € {0,+1, ...}, the electric field vectors oscillate within the z-y plane in linear and circular
manners, respectively. The magnetic flux density pseudovectors also oscillate within the x-y plane
in linear and circular manners at z = zy and z = z,, respectively. However, the sense of rotational
motion that they exhibit is opposite to that exhibited by the electric field vectors. We find that

h = 0, (3.69)
s = 0, (3.70)

which is unsurprising, perhaps, given these opposing rotational motions: - and s favour neither the
electric nor magnetic properties of light. Evidently, the mere existence of rotating electric field vectors
(circular polarisation) does not in itself imply the existence of a non-vanishing h and/ or s, in general®.

8Although E and B are treated in an equal manner by Maxwell’s equations as written in the strict absence of charge
(1.68)-(1.71), they are, of course, distinct entities. In spite of the opposing senses of rotational motion exhibited by their
vectors and pseudovectors, it would certainly not be fair to say that the light under examination possesses no rotational
motion whatsoever. E and B do not ‘cancel each other out’. Indeed, further investigation reveals the presence of non-
vanishing spin flux density components or ab infra zilches densities 7(qp).
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3.4 The zilch

In 1964, Lipkin [78] introduced a rank-three pseudotensor Z*# with contravariant components ex-

pressible as
Z00 = %[E-(VXE)+B-(VXB)], (3.71)
1 . .
0a0 _
70— 2 <E><E+B><B)(a),
70 %{5(@) [E-(VXE)+B-(V xB)]
and
A AL (3.72)
ZOab — Zabo’
1
2% = OayZ™ + 5 [~ Ba)0eB) = Ew)0eB(a) + B0 L) + Bty0ePa)]

where we have introduced a factor of 1/2 and omitted solenoidal contributions to the Z*%¢. The
significance of Z*%7 lies in the fact that it obeys the continuity equation

0, 2°P7 =0 (3.73)

which embodies the conservation of the quantities

ZoB — / / / 7980 @3y, (3.74)

Lipkin referred to these collectively as the zilch, with Z2# in particular the a3 zilch. By virtue of the
symmetry 2% = 252 and the fact that 2%, = 0, nine of the Z°” are distinct.

Following Lipkin, we find that

zaBy 250 202
- i%k“kﬁlﬂ (3.75)
w

w
for a circularly polarised plane wave of wave four vector £ = (w, k) and polarisation parameter
o = +1, which suggests an a3 zilch of +7iw2k*k” per photon as is indeed the case. Evidently then,
the cycle-averaged components ZaBY of Z*P7are, for this wave, proportional to the cycle-averaged
components NeBY of N*P7, as may be seen by comparing (3.75) with (3.48). It can be shown, in
fact, that

ZB7 — 2 NabBy (3.76)

for any monochromatic light of angular frequency w. This suggests, perhaps, that the zilch might pro-
vide a description of the intrinsic rotation angular momentum of light that is similar to that presented
in §3.3 whilst avoiding the explicit appearance of non-local functions of the electric field E and the
magnetic flux density B, such as the first potential A+ and the second potential C. Indeed, Lipkin
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himself noted that the zilch might be related to the ‘intrinsic spin’ of light, although he acknowledged
the unusual frequency dependence exhibited by the zilch and observed that the dimensions of the
zilch cannot readily be brought into coincidence with those of an angular momentum. Shortly after
the appearance of Lipkin’s paper, it was conjectured by Candlin [69] that the zilch is but one member
of an infinite hierarchy of conserved properties of light related to but distinct from helicity and that
they possess no obvious physical significance. Generalisations of Lipkin’s discovery were also made
by Morgan [91], O’Connell and Tompkins [92] and Kibble [93]. Nevertheless, the zilch was recently
reintroduced into the literature by Tang, Cohen and Yang [83, 94] who referred to Z°% in particular as
the ‘optical chirality’, advocating it as a measure of the chirality of light. This interpretation has been
utilised to predict and describe the results of luminescence-detected circular dichroism experiments
[83—-85, 94-96]. Restricting their attention to monochromatic light, of angular frequency w, Bliokh and
Nori [97] recognised, much in the spirit of Lipkin’s original observations, that Z% and the 2% are,
in a given frame of reference, proportional to, but not equal to, the helicity 2 and the components
S(q) Of the spin S, the proportionality factor being w?. Such proportionalities were also observed by
Andrews and Coles [98-100].

To be clear, it is the helicity, spin, ab infra zilches etc that possess the dimensions of a rotation
angular momentum and describe the angular momentum of light. The zilch, in contrast, lacks the di-
mensions that are required in this context and does not describe the angular momentum of light. We
explain the significance of the zilch, in particular the apparent similarity of the 00 zilch to helicity, the
Oa zilches to the components of spin and the ab zilches to the ab infra zilches, by recalling from §2.2
that the time derivatives or curls G and M of E and B also satisfy a set of Maxwell-like equations
(2.18)-(2.21). It follows that the superficial transformation

At - At=vxct

ct - Ct=-vxAt

E - E=VxB

B - B=-VxE (3.77)

applied to N*#7 yields another set of conserved quantities which describe the ‘angular momentum’
of the time derivative or curl (G and M) of the electromagnetic field, rather than the electromag-
netic field (E and B) itself. These quantities are, in fact, the zilch: the transformation seen in (3.77)
takes N7 — ZB7. Thus, the 00 zilch is the ‘helicity’ of the time derivative or curl of the electro-
magnetic field, the Oa zilches are the components of the ‘spin’ of the time derivative or curl of the
electromagnetic field and the ab zilches are the ‘ab infra zilches’ of the time derivative or curl of the
electromagnetic field, hence our choice of name for the latter. Indeed, we recognise now that

Z00 _ ///; (AL-B ¢t E) &r, (3.78)

for example, which should be compared with the form for H seen on the first line of (3.31). The
appearance of two time derivatives in (3.78) and analogously for the other Z%? gives rise in turn to
the proportionality seen in (3.76). That the Lorentz transformation properties of Z% differ from those
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of H is seemingly a reflection of the fact that the Lorentz transformation properties of G and M differ
from those of E and B. Indeed, the Maxwell-like equations (2.18)-(2.21) are

g F*P = 0,
G = 0, (3.79)

and may be seen to follow from the general observation that all contractions of the tensor 0,03 . . . 0, F*
and the pseudotensor 9,03 . .. 9,G"" vanish.

3.5 Extrinsic and quasi-extrinsic rotation angular momenta

In §3.3, we considered intrinsic rotation angular momenta. That is, helicity, spin, the ab infra zilches
etc. In the present section, we turn our attention to extrinsic and quasi-intrinsic rotation angular
momenta. That is, orbital angular momentum and possible extensions thereof.

3.5.1 Orbital angular momentum

Here, we introduce a local description of orbital angular momentum. Adopting the orbital angular
momentum density 1 seen in (3.12) and identifying the components

1 L €L L €L
O(ab) = 5 {E(acd)e(bef) [E(e)r(c)c‘)dC(f) - B(e)T’(c)adA(f) + A(Q)B(b) - C(a)E(b)} (380)

of an associated orbital angular momentum flux density, we obtain the continuity equation

l(a) + 8b0(ab) =0 (3.81)

which embodies the conservation of orbital angular momentum. Whilst writing this thesis, the orbital
angular momentum continuity equation (3.81) was also identified, independently, by Bliokh, Dressel
and Nori [101].

For the Bessel beam described by (1.81)-(1.84),

e

== (3.82)

Sk

This classical result (3.82) suggests a z component of orbital angular momentum equal to A/ per
photon, as we might expect.

3.5.2 Orbital helicity?

In light of our observation in §3.3 that spin is but one member of an infinite collection of intrinsic
rotation angular momenta (helicity, spin, the ab infra zilches etc) it is natural, perhaps, to ask whether
orbital angular momentum is also but one member of an analogous collection. It appears that this
is not the case, however. In particular, we are unable to identify a non-vanishing orbital analogue of
helicity.
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In particle physics, the fact is well established that the orbital angular momentum of a particle makes
no contribution to the particle’s helicity, as

L.y P
(I‘Xp)f:
Pl

0. (3.83)
This relationship has been emphasised in the context of light by Fernandez-Corbaton, Zambrana-
Puyalto and Molina-Terizza [102]. Looking at the second line of (3.8), we see indeed that the orbital
angular momentum density in reciprocal space is everywhere orthogonal to the wavevector k and so
the component of this density along k vanishes. Another indication follows from the observation that
the trace of the components of the spin flux density n ., yields the helicity density i (n(,q) = h):
pursuing an analogous approach for orbital angular momentum, we find that

/ / / 0(aa) d°r =0, (3.84)

again suggesting the absence of a non-trivial orbital analogue of helicity.

It may be surprising that the intrinsic rotation angular momentum content of light is so rich, being
comprised of helicity, spin, the ab infra zilches etc, whilst the extrinsic and quasi-extrinsic rotation
angular momentum content of light is relatively barron, being comprised solely of orbital angular mo-
mentum. Here, it is instructive, perhaps, to note that these have rather different ‘origins’: the former
(helicity, spin, the ab infra zilches etc) as conserved quantities are specific to light, owing their exis-
tence in particular to the spin-one and massless nature of the photon. In contrast, the latter (orbital
angular momentum) is not specific to light, being a rather general property of waves: electron de
Broglie waves [103] and sound waves [51] are but two examples in which orbital angular momentum
can manifest owing to the presence of helical phase fronts.

3.6 Boost angular momenta

In §3.3-§3.5 we considered rotation angular momenta. We now turn our attention towards the other
side of the story; boost angular momenta.

3.6.1 Intrinsic boost angular momenta

Following Barnett’s proposed separation of the boost angular momentum /C into boost spin V and
boost orbital Y pieces [45], discussed in §3.1, we observe here the existence of an infinite collection
of boost analogues of the intrinsic rotation angular momenta (helicity, spin, the ab infra zilches etc)
introduced in §3.3.

We identify
_ 1 1 1
d= 5(A E+C B) (3.85)
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as a boost helicity density: together with a boost helicity flux density
1 1L 1
v:§<—E><C +B><A), (3.86)
it satisfies the continuity equation
d+V.-v=0, (3.87)

which embodies the conservation of boost helicity and is seemingly analogous to the helicity conti-
nuity equation (3.44). We also recognise v as being the integrand of V seen in (3.26) and therefore
identify it as a boost spin density: together with the components

1 1 1 1L 1L 1 1
(:Z((lb) = 5 [5(ab) (7A -E + C-- B) + A(Q)E(b) + A(b)E(a) + C(a)B(b) + C(b) (a) (388)

of a boost spin flux density, it satisfies the continuity equation
V(a) T Obq(ar) = 0, (3.89)

which embodies the conservation of boost spin and is seemingly analogous to the spin continuity
equation (3.45). We can proceed in this vein indefinitely and thus identify an infinite collection of
intrinsic boost angular momenta, as claimed.

The boost helicity density d and the boost helicity flux density or boost spin density v can certainly
be non-vanishing at a given position r and time ¢. Their cycle-averaged values d and ¥ vanish for all
monochromatic light, however, and the boost helicity D itself vanishes:

D = ///dd3r
ooo (3.90)

in general, just as V does (V = 0). The remaining members of the infinite collection of intrinsic boost
angular momenta are, it seems, similarly fickle. We offer an explanation for this in §4.4.5.

3.6.2 Extrinsic boost angular momenta

Much as we can identify a continuity equation (3.89) for boost spin, we can identify an explicit conti-
nuity equation for boost orbital angular momentum. Taking the integrand

1 n 0 1 9
y = B [_A(a) <tV + r6t> E(a) - O(a) <tV + rat> B(a):| (3.91)
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of Barnett’'s candidate Y for the boost orbital angular momentum [45], seen in (3.27), to be a boost
orbital angular momentum density and introducing the components

_ 1 1 L L L L L L L L
f(ab) - 5 (t {5([117)2 [(%C(d)@dC(c) + 8CA(d)adA(C) - A(C)aaabA(C) - C(C)aaabC(c) (392)

1 1 1 1 1 1
-H“(a) [A(C)abE(c) + C(C)abB(C) — 8CC(b)B(C) — acA(b)E(c)] + A(Q)E(b) + C(G)B(b)>

of an associated boost orbital angular momentum flux density, we identify the continuity equation

y(a) + 8bf(ab) =0, (3.93)

which embodies the conservation of boost orbital angular momentum and is seemingly analogous
the orbital angular momentum continuity equation (3.81). Owing to the trivial nature of boost spin, the
continuity equation (3.93) does not obviously contain any physical information not already present,
however, in the continuity equation

Do MV = 0, (3.94)

from (3.14), which embodies the conservation of the complete (spin + orbital) boost angular momen-
tum.

As was observed in §3.5.2, a trace over the spin flux density components n ;) yields the helicity
density h (n4q) = h) whilst a trace over the orbital angular momentum flux density components
0(ab) Yields a candidate orbital helicity density, the integral over all space of which vanishes, as seen
in (3.84). When looking at boost angular momentum rather than rotation angular momentum, the
situation is somewhat reversed: a trace over the boost spin flux density components ¢, yields the
boost helicity density d (q.q) = d), the integral over all space of which vanishes, as seen in (3.90).
A trace over the boost orbital angular momentum flux density components f ), however, yields
the density of a non-trivial conserved quantity that we might refer to as boost orbital helicity. For
simplicity, we illustrate this for the complete (spin+orbital) form

MY, = agT?
= D¢ (3.95)
which satisfies the continuity equation
O D=0 (3.96)

embodying the conservation of boost orbital helicity.
We may elucidate the physical significance of boost orbital helicity and its conservation by consider-

ing a single linearly polarised plane wave, of angular frequency w and wavevector k. Let us identify
some point X on the wave that resides at position r; at time ¢;. The boost orbital helicity contained
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in an infinitesimal volume element centred upon r; at ¢; is proportional to
DY (r1,t1) = tiw (r1,t1) — 11 - g (r1,t1). (3.97)

At atime t, > t1, the wave has propagated such that the point of interest X resides at a new position
ro. The boost orbital helicity contained in an infinitesimal volume element centred upon rs at t5 is
proportional to

DY (ra,t) = tow (ra, t2) — T2 - g (r2,12) . (3.98)

Now, the conservation of energy and linear momentum tells us that

w(ro,t2) = w(ry,ty), (3.99)

g (ra, t2) g(ri,t1). (3.100)

Moreover, Poynting’s vector g coincides with the direction of propagation of the wave and so
ro =11+ (fz — t1) g (r1,t1). (3.101)

Thus
DO (I‘Q,tg) — DO (I'l,tl) = (tQ — tl) [w (I‘l,tl) — \g(rl,tl) H . (3.102)

The conservation of boost orbital helicity tells us finally that D° (ra, t2) — D (r1,t1) = 0. As ta # t;
and the argument is valid for all r; and ¢y, it follows then from (3.102) that the energy density w and
the magnitude of g are related as

w = |g]|. (3.103)

Thus, the conservation of boost orbital helicity can be regarded, for a single plane wave at least, as
a statement of the dispersion relation w = |k|. See figure 3.5.

3.7 In the presence of charge

We now illustrate briefly how the results introduced in the present chapter can be generalised to ac-
count for the presence of charge.

We find, for example, that the spin & = & (¢) and orbital angular momentum £ = L (t) of the
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w (I‘l, tl)

DO (I‘l7 tl)

w (rg,tg) = w (ry, 1)

DO (ry,ty) = DO (ry, 1)

g (ry, ty) = g(rlvtl)‘/ X r2=l‘1+(t2tl‘)|g’(|rhtl)

to =1t +27/w

nE

Figure 3.5: The continuity equation 9, D* = 0 for boost orbital helicity can be understood or at least appreci-
ated by examining a point X on a single linearly polarised plane wave of angular frequency w and wavevector
k (for the sake of clarity, a portion of the wave surrounding X is highlighted here in red). Like the energy
w(rl,tl)dBr and the linear momentum g(rl,tl)d3r, the boost orbital helicity Do(rl,tl)dSr contained in the
vicinity of X is conserved and is therefore carried along by the wave without changing value as the wave prop-
agates (and X moves). An interpretation of 9, D = 0 as a statement of the wave’s dispersion relation w = |k|
follows simply from this picture, as detailed in the text.

radiation field [11] can be expressed in manifestly electric-magnetic symmetric forms in general as

S = ///idx&*d3k
= ///EixAld?’r
1 1 1 1 3
- 5(E x At +BxC )dr, (3.104)
L = ///id(a) (k x Vi) af, &’k

1
N /// 2 [E@ (r x V) Ay + Big) (r x V) O | dr, (3.105)

which strengthens our resolve that we did indeed identify a meaningful definition of C- in particular
in the presence of charge in §2.3: the equalities relating the second and third lines of (3.104) and of
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(3.105) would not have held had we defined C= in another manner such as B = —C+, for exam-
ple. Moreover, if these equalities did not exist, we would have been forced to conclude, somewhat
unsatisfactorily, that the familiar ‘E, A’ forms of S and £ were more fundamental than the manifestly
electric-magnetic symmetric ‘E, B, A, C’ forms, as the latter would have only been appropriate in
the strict absence of charge by virtue of the equalities linking the first and second lines of (3.9) and
of (3.10) within that domain. As the E, A forms and the E, B, A, C forms of & and L are, in fact,
equivalent, their properties, couplings to charge etc [11, 24, 59, 60] are identical. We meet with sim-
ilarly pleasing results elsewhere in the fundamental description of the angular momentum of light. In
particular, we find that the helicity 4 = # (¢) of the radiation field® takes the form

T ///idxd*-f{dgk
_ /7/ %(AL.B_cL.EL) d*r, (3.106)

where the first line seen in (3.106) should be compared with the first line seen in (3.104). Interestingly,

H = /O[/J.CLd?’r

N
= > gutn-Ch(rn,t), (3.107)
n=1

the coupling of H to charge:

is centred upon C=.

Pleasingly, the analogy drawn in §3.3.7 between helicity, spin etc and energy, linear momentum
etc holds even in the presence of charge: the former properties of the radiation field, as well as their
couplings to charge, are transformed into the latter and their couplings to charge under the superficial

mapping

AL
ct —E*+
E* E*

B — B, (3.108)

B

U

91 is a mere rotational pseudoscalar as opposed to a Lorentz pseudoscalar: it only attains a Lorentz-invariant status
in the strict absence of charge. Superficially, at least, this can be related to the apparent impossibility of constructing a
four-pseudovector from © and C.
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which, for example, transforms the equation (3.107) expressing the coupling of H to charge into

d 1 i 1 3 _ 1 43
dt///2(E E'+B B)dr _ ///JE dr
N
= = gutn-E (15,1, (3.109)
n=1

expressing the coupling of the energy of the radiation field to charge.

Naturally, the operator Cct representing C also plays the expected role in the fundamental de-
scription of the angular momentum of light. We find, for example, that the operator H representing
‘H takes the form

7‘1 = Zzahﬁka
k o
_ ///;<Ai.1§_@i.]§)i)d3r, (3.110)
J

describing a helicity of +A per circularly polarised plane-wave-mode photon of wavevector k and
polarisation parameter ¢ = +1. Multiple formulations of quantum electrodynamics exist that are
equivalent in their physical predictions and considerable care must be taken, of course, in extending
to them such results. To illustrate this, suppose now that we work not in the minimal coupling for-
malism but rather in the multipolar formalism [11, 12]. If we insist on identifying a helicity of +h per
circularly polarised plane-wave-mode photon of wavevector k and polarisation parameter 0 = +1,
the operator H #+ A representing the helicity ' # # then assumes the form

Ho= D) ohmy,
k o
_ ///;(AL.B_C/L.]jL)d%’ (3.111)
J

with 72, the number operator for a circularly polarised plane-wave-mode photon of wavevector k and
polarisation parameter o, D! = Dt (r) the operator representing the solenoidal piece D+ of the
electric displacement field D and the operator C'* = C'* (r) defined such that D+ = —V x C'*.
Although the first line seen in (3.111) is identical in form to that seen in (3.110), the second line differs
from that seen in (3.110) because the notion of a photon in the multipolar formalism differs from that
in the minimal coupling formalism [11, 12].

3.8 Discussion

We have explored the fundamental description in the theory of electrodynamics of the angular mo-
mentum of light. We have recognised in particular that light possesses an infinite collection of intrinsic
rotation angular momenta in addition to spin, the members of which are sensitive to photon helicity,
with helicity itself lying at very heart of the collection. In addition, we have pursued analogous ideas
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for the extrinsic and quasi-extrinsic rotation angular momentum of light, as well as the boost angular
momentum of light. Some of the relations between the angular momenta that we have met are de-
picted in figure 3.6.

intrinsic pewra 1 P
related by a continuity equation I trivial I I non-trivial I
trace over flux o
density components &
*
ab infra zilches extrinsic and quasi-extrinsic
| rotation angular momentum == II spin'I + { orbital angular momentum |
helicity orbital helicity

*

extrinsic

| boost angular momentum == ~+ === boost orbital angular momentum |
boost helicity | boost orbital helicity |

Figure 3.6: An attempt to categorise the various angular momenta possessed by light, as well as indicate
some of the relationships between them. By ‘trivial’, we mean here that the total angular momentum vanishes
(although the associated density and flux density are non-vanishing in general).

There remains much to be explored, of course. | would like to study the local description of orbital
angular momentum in more detail, with a focus upon the subtle interplay between its extrinsic and
quasi-intrinsic components. Moreover, | would like to better understand the boost angular momentum
of light which remains rather neglected, it seems, relative to the rotation angular momentum of light.
These are tasks for future research.
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Chapter 4

Noether’s Theorem and
Electric-Magnetic Democracy

4.1 Introduction

Ultimately, quantities such as energy, linear momentum and angular momentum are important be-
cause they are conserved. Conservation laws are important in turn because they apparently con-
strain the evolution of a system and aid in calculations: Newton’s laws of motion, for example, can
be regarded as statements of linear momentum conservation. The idea of a conservation law can be
traced back at least as far as Descartes, who suggested (incorrectly) that the product of ‘size’ and
speed is conserved in collisions between material bodies [36].

In her well known (first) theorem, Noether established that continuous symmetries inherent in the
equations of motion governing a system are associated with conservation laws which the system
respects [104, 105]. In electrodynamics, Noether’s theorem was first applied by Bessel-Hagen [106]
and much has been written in this context since. There remains a great deal that is not understood,
however, and, in the present chapter, we approach this subject from the perspective of electric-
magnetic democracy. In particular, this lends us a deeper understanding of the angular momenta
that we identifed heuristically in §3: the conservation of these in the strict absence of charge reflect
the myriad ways in which it is possible to rotate light that is freely propagating. The text is based
primarily upon my research paper [107].

4.2 Formalism

4.2.1 Noether’s theorem: qualitative description

The quantitative formulation of Noether’s theorem requires some rather complicated mathematics,
which tends to obscure the relatively simple ideas involved. Let us begin, therefore, with a qualitative
description of Noether’s theorem in the context of electrodynamics.

Suppose initially that the trajectories r,, of the particles as well as the electric field E and the mag-
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netic flux density B evolve in accord with the Newton-Einstein-Lorentz equation (1.3) and Maxwell’s
equations (1.4)-(1.7). Now imagine actively performing the infinitesimal transformation

r, — r,=r,+0dr,
E — E =E+/E
B — B =B+ 6B. (4.1)

If we choose the infinitesimal changes dr,, dE and dB such that the transformed trajectories r/,
of the particles, the transformed electric field E’ and the transformed magnetic flux density B’ also
satisfy (1.3)-(1.7), we say that (4.1) is an infinitesimal symmetry transformation. Noether’s theorem
associates conservation laws with the existence of these symmetry transformations [104, 105].

There exist ten continuous symmetry transformations in electrodynamics, namely translations in
time, translations in space, circular rotations in space and boosts, the latter being hyperbolic ro-
tations in spacetime, of course. The conservation laws traditionally associated with these through
Noether’s theorem pertain to energy, linear momentum, rotation angular momentum and boost an-
gular momentum, as was first demonstrated (for light that is freely propagating) by Bessel-Hagen
[106]. In addition, the gauge invariance of E and B is usually associated with the conservation of
charge [8, 108]. There exist other symmetries in electrodynamics, of course, such as the invariance
of (1.3)-(1.7) under time reversal and parity reversal [2, 25]. Being discrete rather than continuous,
such symmetry transformations cannot obviously be brought into an infinitesimal form so as to be
investigated using Noether’s theorem, however [104, 105].

Let us now focus our attention upon light that is propagating freely in the strict absence of charge. As
we will demonstrate in what follows, Maxwell’'s equations (1.68)-(1.71) then exhibit an infinite number
of continuous symmetries and associated conservation laws of distinct character.

4.2.2 The standard Lagrangian density

In modern terms, Fermat’s principle states that the path taken by a ray of light in geometrical optics is
such that the time that elapses is ‘stationary’ with respect to variations in this path [27, 105]. Hamilton
expressed this using the language of variational calculus [109] and subsequently expanded his work
to the study of the dynamics of systems of particles [110, 111], thus ellucidating the principle that
now bears his name [112]. As a precursor to our quantitative formulation of Noether’s theorem, let us
begin now by reviewing Hamilton’s principle, as it is usually applied to light that is propagating freely
in the strict absence of charge.

Suppose that the form of the light is known at times ¢ = ¢; and ¢t = ¢4 for all positions r and as
|r| — oo for t; <t < t5. An action S of the light is then defined as
to

S=[ Ldt (4.2)
t1
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with L a Lagrangian of the light, related in turn to a Lagrangian density £ as

L= / / L dr. (4.3)

Hamilton’s principle states that the true dynamical path followed by the light for 1 < t < ty is
such that S is stationary with respect to neighbouring paths [110-112]. This allows us to derive the
equations of motion governing the light, provided L is itself chosen suitably. The most commonly
employed choice is, perhaps [2, 10, 14, 113],

Lo =~ (BaAs — 05Au) (0747 — 07A%), (4.4)

with the components of A* taken to be the generalised coordinates of the light, their first derivatives
constituting generalised velocities' so that £y = £ (Aq,0sA,). We refer to Ly as the standard
Lagrangian density [11]. It is due to Schwarzschild [11, 114]. Hamilton’s principle is applied by
supposing that A® follows the true dynamical path and considering a small deviation?

AY 5 A= A 4 §AY (4.5)

with the infinitesimal four vector d A satisfying 6 A® (r,t1) = A% (r,t2) = Oforallr and 0 A% (r,t) —
0 as |[r| — oo for t; <t < ta. The corresponding deviation §Ly = L, — Lo in Ly is

AL L,
5o = g dhat 50 (054)
_foLy OLo - 0L,
- ne ol o o] e

and the corresponding deviation .5y = S, — Sy in Sy follows as

2 8[’0 850 3
ssom [ [ {22 w0, [ 25 NV osatrar .

which must vanish for all suitable § A%, by assumption. Thus, we arrive at the Euler-Lagrange equa-

tions: or or
d 0 1= 4.8
|5 <aﬁAa>] oA, (48)
which govern the light for t; <t < to. Explicit calculation reveals that these (4.8) are
dF? =0, (4.9)

which is (1.31) with J* = 0. Thus, Lg has, through application of Hamilton’s principle, provided us ex-
plicitly with four of the eight Maxwell equations as written in the strict absence of charge. The remain-
ing four (1.32) are satisfied automatically, of course, by virtue of the definition F*8 = 9~ AP — 95 A,

'Strictly speaking, the first time derivatives A* of A% are the generalised velocities whilst the appearance of the first
spatial derivatives 8, A% of A~ in L reflects the continuous nature of light. Interestingly, A does not actually appear [11].
Note that r is not subjected to variation but rather is regarded as a continuous label [11].

20ur independent variation of the A* precludes the imposition of a gauge [11, 14].
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as described in §1.2.2.

In general, it is the equations of motion governing a system that are directly verified in experiment,
not an action, Lagrangian or indeed Lagrangian density. Although the latter are sometimes regarded
as being more fundamental, the fact should be borne in mind that they are postulated to yield the
equations of motion and, as such, are not unique.

4.2.3 The electric-magnetic Lagrangian density

The research described in the present chapter was motivated by a desire to understand the impli-
cations of electric-magnetic democracy in the context of Noether’'s theorem. Surprisingly, however,
we find that the standard Lagrangian density £, does not retain its form under a Heaviside-Larmor
rotation (2.1). This is, perhaps, a reflection of the fact that £ is defined solely in terms of a magnetic
potential A“. Whilst this peculiar characteristic does not give rise to any fundamental difficulties, it
encourages us nevertheless to add half of £y to half of the analogous electric form, obtaining

L = (OaAps — D5As) (VAP — 9P A%)

1
8
—é (02C5 — 95C) (9°CP — DPC). (4.10)
Naively, we might now consider the eight components of A% and C® to be the generalised coordi-
nates of the light, their first derivatives constituting generalised velocities. There is, however, a subtle
but important point that must be appreciated here, one that stems from the problem of overdetermi-
nation. If we identify A* and C'® as potentials a priori, we find that £ vanishes, by virtue of the fact

that G = €*P10F, 5/2.

To proceed, suppose initially that we attach no physical interpretation to the four vector A% or the
four pseudovector C* except that their dimensions are such that £ in turn has the dimensions of
an energy per unit volume. Considering A“ and C'* to be independent of each other and applying
Hamilton’s principle, we then obtain eight Euler-Lagrange equations:

95 (amﬁ - aﬁAa) _— (4.11)
95 (8“05 - aﬁca> - 0. (4.12)
Restricting our attention now to the solutions of (4.11) and (4.12) for which
1
9CP — b Ce = ieaﬂvé (8,45 — 95A,) (4.13)

we can identify A% and C'® as potentials and thus make contact with electrodynamics as F®% =
D¥AP — 9P AY = —eaP0 (0,Cs — 05C-) /2 and G*F = 6“57‘5(87/15 — 05A,)/2 = 0°CP — 9PCe,
in which case (4.11) and (4.12) are the complete set of Maxwell equations as written in the strict
absence of charge and (4.13) is G*% = ea575F75/2. This should be contrasted with the fact that
Ly only provides us with four of the eight Maxwell equations explicitly, the remaining four holding
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implicitly.

We refer to L as the electric-magnetic Lagrangian density. Like Ly, £ is a Lorentz scalar field with
the dimensions of an energy per unit volume and possesses a form that is insensitive to the gauge
of A® and analogously for C“. The forms of the Lagrangian L and action S associated with £ differ
from those considered by Zwanziger [6, 7], Schwinger [5] and Drummond [71, 72]. Moreover, our
treatment of the eight components of A¢ and C“ as the generalised coordinates of the light differs
from the approaches taken by Schwinger [5] and Drummond [71, 72], who treat various components
of the potentials and the field itself as quantities to be subjected to independent variations. The form
exhibited by £ has, however, been considered briefly by Ranada [115]. At the time of publishing
the research described in the present chapter [107], the form of £ was also recognised by Bliokh,
Bekshaev and Nori [116].

4.2.4 Noether’s theorem: quantitative derivation

We now derive a form of Noether’s theorem based upon L. Suppose that A% and C¢ satisfy
Maxwell’s equations as written in the strict absence of charge (4.11) and (4.12) and imagine ac-
tively performing the infinitesimal transformation

A* = A" = A® 4464
C* =0 = C*+6C (4.14)

where, at present, we make no assumptions about the four vector § A% or the four pseudovector §C“
except that they are infinitesimal. Standard calculus, together with Maxwell’s equations as written in
the strict absence of charge (4.11) and (4.12), gives us an expression for the corresponding change
0L=L —LinL:

oL oL

- = A) + —
5L 5 (95 Ha(agca)

956C,

oL oL

= T 940A, + ——
9040 7 T 90,0.)
[ oL oL oL oL

= O |5 0Aat s o0 |~ O | o | 6Aa—Dp | 5o
% |5y 5 %) % (3| 40 [
l(F%SA +Go%s5C, )] - %aﬁFﬂ“ﬁaAa—%aﬁaa%Ca

} 0C,

= 04 _2 (FaﬂaAa + Gaﬁéca)] . (4.15)

If the transformation seen in (4.14) leaves L invariant ()L = 0), we say that (4.14) is an infinitesimal
symmetry transformation. Its associated local conservation law then follows from (4.15) as

1
95 [2 (Fo7540 + Gaﬁ(sca)] =0. (4.16)
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This is the form of Noether’s theorem that we adopt in the present chapter. Note that (4.16) holds
regardless of any gauge imposed upon A“ or analogously for C%; a reflection in turn of the fact that
L possesses a form that is insensitive to the imposition of a gauge upon A% or analogously for C“.

At the time of publishing the research described in the present chapter [107], Bliokh, Bekshaev
and Nori [116] also published a Noether investigation on the basis of £. Acknowledgement of both
magnetic and electric potentials has also led Drummond [71, 72] and Anco and The [43] to undertake
related investigations.

4.2.5 Some important subtleties

For arbitrary choices of § A% and 6C“, the transformation seen in (4.14) is meaningless, in general.
We demand, in fact, that § A% and §C® be related such that the transformed quantities A’* and C’®
satisfy
1
0°C" — 9P = 560‘/376 (0,45 — 954%) (4.17)

thus staying faithful to electrodynamics. It will be noticed that all such transformations constitute
symmetries of Maxwell’'s equations as written in the strict absence of charge (4.11) and (4.12), which
are satisfied automatically when the field is defined consistantly in terms of two potentials, as dis-
cussed in §2.2. In addition, £ = £’ = §£ = 0 for all such transformations. Thus, all symmetries
of Maxwell's equations as written in the strict absence of charge (4.11) and (4.12) are also strict
(6L = 0) symmetries of £ and vice-versa, a most pleasing correspondence that does not exist be-
tween symmetries of the former and strict (0Ly = 0) symmetries of Ly. Thus, our employment of £
rather than £, enables us to carry out a Noetherian investigation with unprecedented simplicity. We
emphasise nevertheless that the same results can be deduced using Ly, albeit at the expense of
considerable effort in some cases. We suggest that £ be viewed as an alternative to L, rather than
a replacement; they lead to the same dynamics and hence the same conservation laws.

Here, let us highlight a subtle point of general interest. Although the same mathematical manipu-
lations are employed in deriving Euler-Lagrange equations and in deriving Noether’s theorem, the
motivations for employing them differ: in the first context, coordinate changes (in the present case
6 A“ and 0C®) are chosen specifically so as to violate the Euler-Lagrange equations whereas in the
second context, coordinate changes (6 A“ and 6C'*) are chosen specifically so as to respect the
Euler-Lagrange equations.

4.2.6 Uniqueness and the canonical form

We now have all the tools at our disposal to begin our Noetherian investigation. Before doing so,
allow us however to briefly consider questions of uniqueness and thus introduce the canonical form.

66



A given infinitesimal symmetry transformation

—~ E=E+/E
%

E
B B=B+/B (4.18)

of the field can be invoked at the level of the potentials in multiple ways. Looking at one of these

d - P=P+ 6D
© -5 6=0+40
Al Al= Al £ sAl
At & AL = Al 5AL
cl o ¢l=cliscl
ct —» Cct=ct+6ct (4.19)
we observe, however, that
SE = —06At=_-V xéCt,
B = =V xJA+=_-6C~ (4.20)

Evidently 6@, 60, §All and 6Cl make vanishing contributions to §E and 6B and the latter are,
therefore, determined entirely by A+ and §C-+. Conversely, SA+ and §C* are uniquely defined
for a given 6E and ¢B but 6@, 60, Al and §C!I are not and can take any form corresponding to
an infinitesimal gauge transformation. Consequently, many local conservation laws (from Noether’s
theorem (4.16));

1
;)t B(—E«SA—B«SC)} +V. [2(—E5<I>—B5®+B x 0A — E x 50)] =0, (4.21)
of different appearance exist for a given §E and 6B. We suggest, however, that the local conservation

law
1 1
gt {2 (—E SAL _B. 5(#)] +V- {2 (B x SAT —E x 5CL)] =0 (4.22)
obtained for 6& = 60 = Al = §Cl = 0 embodies the very core of the infinitesimal symmetry
transformation (4.18) and we refer to it as the canonical form. It is pleasing, perhaps, to note that
both (4.21) and (4.22) yield the same global conservation law

/// % <—E SAL+ _B- 5CL> d3r = constant. (4.23)

Looking at (4.22) and indeed (4.23), it may be tempting to identify ‘unique’ densities and flux densities

directly from

% (-E AL _B. 5CL> and % <B % SAL —E x 5CL) . (4.24)
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Nevertheless, we must emphasise that Noether’'s theorem (4.16) does not yield densities or flux
densities explicitly and that the identification of such quantities is, it seems, not unique, even given
the canonical form. Indeed, we may have identified a canonical form of different appearance had we
chosen to work with a different but equally valid Lagrangian density, for example L.

4.3 Local symmetry transformations and their associated conserva-
tion laws

In the present section, we consider local symmetry transformations, in which the changes éE and
6B in the electric field E and the magnetic flux density B depend exclusively upon the latter and
perhaps their derivatives at the same time ¢ and position r. These symmetry transformations can be
expressed simply using the language of tensor and pseudotensor calculus. We exploit the freedom
described in §4.2.6 to obtain associated continuity equations that are themselves manifestly covariant
and depend only upon the electromagnetic field tensor F*%, the dual electromagnetic field tensor
G°# and their various partial derivatives, with but two exceptions in which a magnetic potential four
vector A* and an electric potential four pseudovector C'* appear explicity. Such forms are sometimes
referred to as being mechanical.

4.3.1 Heaviside-Larmor rotations and the conservation of helicity

The invariance in form of Maxwell’'s equations as written in the strict absence of charge (4.11) and
(4.12) under a Heaviside-Larmor rotation (2.1) was, perhaps, the first® symmetry identified in the
theory of electrodynamics and it seems natural, therefore, to begin our investigation here.

We invoke an infinitesimal Heaviside-Larmor rotation

FoB 5 prof — paB 4 gges
GP 5 Gef = @B —gpes (4.25)

as

AY 5 A =AY 490
CcY =0 = C*—0A”, (4.26)

with the angle 6 infinitesimal. It then follows immediately from Noether’s theorem (4.16) that
1
Ooh® =0 with h" =2 (AﬁGaﬁ - CBFW) : (4.27)

where we have made use of the fact that & # 0. This continuity equation (4.27) embodies the
conservation of helicity: its associated canonical form coincides with the helicity continuity equation
(3.44) which we originally identified heuristically. For a single plane wave, a Heaviside-Larmor rota-

%|f we exclude gauge freedom, which was recognised by Maxwell himself [19].
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tion (2.1) literally rotates the electric field vectors and magnetic flux density pseudovectors about the
direction of propagation through 6 [37, 52]: see figure 4.1. It seems natural, perhaps, that such a

E - E=E+60B
B - B'=B-0E

7 /

k k

Figure 4.1: The effect of an infinitesimal Heaviside-Larmor rotation (4.25) on a single plane wave of wavevec-
tor k.

symmetry transformation should be associated with the conservation of helicity. The association of
Heaviside-Larmor rotations with the conservation of helicity was recognised first by Calkin [70] (see
also [6, 43, 71-73, 75-77]).

This is not yet the end of our story. Consider now the infinitesimal symmetry transformation

Faﬁ N F/aﬁ — Faﬁ + (bFa’B

G = G = G 4GP (4.28)
with the angle ¢ infinitesimal. Just as (4.25) is, for a single plane wave, an infinitesimal rotation of
the electric field vectors and magnetic flux density pseudovectors about the direction of propaga-
tion through 6, (4.28) is an infinitesimal boost of the electric field vectors and magnetic flux density

pseudovectors in the direction of propagation with rapidity ¢, leaving the spacetime distribution of the
wave unchanged: see figure 4.2. This interpretation also holds for the finite form of (4.28). Thus,

E —» E =E+¢E
B B — B =B+¢B B’

EQ (1+¢5) EO

k k

Figure 4.2: The effect of an infinitesimal boost helicity symmetry transformation (4.28) on a single plane wave
of amplitude F and wavevector k.
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(4.25) and (4.28) are ‘partners’. We invoke (4.28) as

AY 5 A =AY 4 pA”
Y = C'* = C*+ 0" (4.29)

and are led immediately by Noether’s theorem (4.16) to the continuity equation
1
Oad® =0 with d° = (4gF™ + CoG7) (4.30)

which embodies the conservation of boost helicity: its canonical form coincides with the boost helicity
continuity equation (3.87) which we originally identified heuristically. As we observed in §3.6.1, boost
helicity is a trivial quantity in that the boost helicity D itself vanishes. Related observations have been
made by Fushchich and Nikitin [117, 118], Drummond [71, 72] and Anco and The [43]. The idea
that symmetries exist in pairs, only one member of which is associated with a non-trivial conserved
quantity, appears to hold with generality, as we will see in what follows.

4.3.2 Conformal symmetry transformations and Bessel-Hagen’s conservation laws

In the context of electrodynamics, Bessel-Hagen was the first to apply Noether’s theorem [106]. He
considered the fifteen parameter group of conformal symmetry transformations and, equipped with
the standard Lagrangian density £, obtained their associated conservation laws. We now consider
these symmetry transformations and, as a check on our present approach, confirm that £ leads us
to the same conservation laws obtained by Bessel-Hagen.

An infinitesimal conformal symmetry transformation takes the form [119, 120]

FoP 5 pof = P —9°X'F, P - X" F* — X0, F*"

G -G = G -9°X"G.P - 9" X'G*, — X70,G*P (4.31)

with
X =t*+ waﬁxﬂ + 9z + <2x°‘xﬁ - xwxvno‘ﬁ> ag. (4.32)
The components of the infinitesimal four vector t* and tensor w®? = —w?® define infinitesimal trans-

lations and rotations in spacetime which constitute the Poincaré group [14, 108]. The infinitesimal
Lorentz scalar 1 and the components of the infinitesimal four vector a® define infinitesimal scale and
special conformal transformations, due to Bateman [42, 121] and Cunningham [122]. The physical
significance of such transformations is, it seems, not entirely understood: see the work of Rohrlich
[108, 123—125], for example. Their independence from the transformations of the Poincaré group
has been questioned by Fushchich and Nikitin [117]. Plybon has claimed that the fifteen distinct
conformal symmetry transformations are the only ones that assume the form seenin (4.31), referred
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to by him as being ‘geometric’ [126]. Invoking (4.31) as

A% 5 A = A = Ag0° X7 - XP0,4% + 07 (X7 A

)
C* 5 O = %= Gt XP = XPOsC7 + 0% (XPCy) (4.33)

we obtain, from Noether’s theorem (4.16), the continuity equations

9T = 0 with T :%(F%FW+G%GW), (4.34)
(%Maﬁa, = 0 with M7 = gorfr — pBpov, (4.35)
duD* = 0 with D= zzT% (4.36)
I = 0 with I =20""T7 — 2,277, (4.37)

corresponding to translations, rotations and boosts, scale transformations and special conformal
transformations [127]. These results (4.34)-(4.37) are essentially the ones advocated by Bessel-
Hagen [106], as desired. As is well known, the continuity equation seen in (4.34) embodies the
conservation of energy and linear momentum and the continuity equation seen in (4.35) embodies
the conservation of rotation angular momentum and boost angular momentum. Of the remaining
continuity equations, seen in (4.36) and (4.37), Bessel-Hagen commented that “the future will show
if they have any physical significance” [106, 128].

We already identified the continuity equation (4.36) heuristically in §3.6.2 (see (3.96)) and recog-
nised there that it embodies the conservation of boost orbital helicity, which, for a single plane wave
at least, can be regarded as a statement of the dispersion relation w = |k|. This relation connects
a time interval (the period of the wave) with a space interval (the wavelength of the wave). This
is somewhat appropriate given that the invariance of Maxwell’s equations as written in the strict ab-
sence of charge (4.11) and (4.12) under a scale transformation (which, importantly, invokes a dilation
or contraction of temporal and spatial properties of the light in equal measure) is itself a reflection
of the fact that all periods and wavelengths of light are equally welcome, provided, of course, that
they are related such that w = |k|. As was noted by Fulton, Rohrlich and Witten [108, 123], by Ply-
bon [120] and, more recently, by Ibragimov [128], the physical significance of the continuity equation
(4.37) is, it seems, still not understood. The independence of the continuity equation (4.37) from the
others (4.34)-(4.36) has been questioned by Plybon [120].

The infinitesimal conformal symmetry transformation (4.31) possesses a (non-geometric) partner:

Fof — F? = PP —9°Y1G.P - 9°Y G, — Y0,GP
G =GP = G40 Y'E, P+ Y P + Y0, FP (4.38)

for
Y = g% + ¢%a® + 1 + (235%5 - afvx”’no‘ﬁ) b, (4.39)
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with the components of the pseudotensors g%, ¢®* = —¢®®, ¢ and b® infinitesimal. This (4.38)
has also been recognised by Krivskii and Simulik [129, 130] as well as Anco and The [43]. From
Noether’s theorem (4.16), we find that (4.38) is associated with the conservation of trivial quantities,
as noted by Anco and The [43].

4.3.3 The symmetry transformation associated with the conservation of the zilch

Consider now the infinitesimal symmetry transformation

FP — F'oF = FoP 4 (°0,0,G*P
G — G = G (9,05 FF (4.40)

with the components of the pseudotensor (*? = (% infinitesimal. This (4.40) resembles an in-
finitesimal Heaviside-Larmor rotation (4.25), but differs crucially through the appearance of second
derivatives and is not obviously a rotation itself. Invoking (4.40) as

AY 5 A = A%+ (P1950,0% — (P10%0C,
C® — ' = O —(P1950,A% + (P0"93A,, (4.41)

we obtain, from Noether’s theorem (4.16), the continuity equation
1
0,2°7 =0 with 2°% = (G756QF5 b _ FWS@O‘GJB) , (4.42)

which emodies the conservation of the zilch, Z%%7 here being the form of Lipkin’s zilch pseudotensor
recognised by Morgan [91] and Kibble [93]. The symmetry transformations associated with the indi-
vidual zilches have been identified variously by Calkin [70] and Przanowski, Rajca and Tosiek [77].
Frequent incorrect identifications of the symmetry transformation associated with the conservation of
the zilch [128—131] can be traced to the use of ‘Lagrangians’ that do not have the dimensions of an
energy. Subsequent to publishing the research described in the present chapter [107], the symmetry
transformation associated with the conservation of the zilch was also identified and examined by
Philbin [132], as well as Lashkari-Ghouchani and Alizadeh [133].

The infinitesimal symmetry transformation (4.40) with which the conservation of zilch is associated
possesses a partner:

Fob 5 o = el 4 109 gsFeP
G - @P = G 4 €199,05GP, (4.43)

with the components of the tensor (*? = (¢ infinitesimal. From Noether’s theorem (4.16), we find
that (4.43) is associated with the conservation of a trivial quantity that has also emerged in the work
of Fradkin [134].
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4.3.4 Some simple generalisations

We now demonstrate that there exists an infinite number of local symmetry transformations and as-
sociated conservation laws.

In §4.3.1-§4.3.3, we saw that the infinitesimal symmetry transformations

SFP = 9GP 6G*P = —9FP, (4.44)
SFP = §9,G* 5GP = —g79, F°F, (4.45)
SFB — C’Yé(%&;Gaﬁ 5Gaﬁ:—CV§8785Fa’B (4.46)

are associated with continuity equations centred upon a helicity four pseudovector h* (of rank one;
see (4.27)), a trivial pseudotensor (of rank two) and a zilch pseudotensor Z“57 (of rank three; see
(4.42)). In addition, we observed a complimentary structure in that the infinitesimal symmetry trans-

formations
SFB = gF*P  §G™8 = $GP, (4.47)
5Fozb’ _ t'yayFaﬁ (SGO[’B — t’YaWGOCﬁ)? (4.48)
SFoB  — 5768735170“8 5G8 — 576878567@5 (4.49)

are associated with continuity equations centred upon a boost helicity four vector d* (of rank-one;
see (4.30)) which is trivial, an energy-momentum tensor T8 (of rank-two; see (4.34)) and a trivial
tensor (of rank-three).

These observations are readily generalised:
SFP = 1099 95...0,G* 5GP = —01°29.95...0,F, (4.50)

with the components of the pseudotensor 627X infinitesimal, is an infinitesimal symmetry transfor-
mation for any number of derivatives. It (4.50) is the generalisation of the infinitesimal symmetry
transformations seen in (4.44)-(4.46). For one or more derivatives, we find, from Noether’s theorem
(4.16), that we can associate (4.50) with the continuity equation

1
OpHP X =0 with  HOX = (G907 L OVE, S — P07 L0NG,) . (451)
The existence of this infinite hierarchy of continuity equations centred upon pseudotensors of ever-
increasing rank was observed by Morgan [91] (although the helicity continuity equation (4.27) centred
upon A%, which lies ‘lowest’ amongst these, escaped Morgan’s attention). We have now tied them to
their associated infinitesimal symmetry transformations (4.50).

In a similar vein,

SF0 = 77990,05 ... 0,F*0  §G* = 770,05 ...0,G, (4.52)
g g
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with the components of the tensor 75X infinitesimal, is an infinitesimal symmetry transformation for
any number of derivatives. It (4.52) is the generalisation of the infinitesimal symmetry transformations
seen in (4.47)-(4.49). For one or more derivatives, we find, from Noether’s theorem (4.16), that we
can associate (4.52) with the continuity equation

1
WX =0, with WP = (Fwwaﬁ LONF,™ 4+ GY9P . 8XGwo‘> . (453)
The existence of this infinite hierarchy of continuity equations centred upon tensors of ever-increasing
rank was also observed by Morgan [91] (although the existence of the boost helicity continuity equa-
tion (4.30) centred upon d“, which lies ‘lowest’ amongst these tensors, also escaped Morgan’s at-
tention). We have now tied them to their associated infinitesimal symmetry transformations (4.52).

The pseudotensors H%X¥ of even rank and tensors W 5-X¥ of odd rank describe trivial quantities.
The pseudotensors H*?X¥ of odd rank and the tensors W#-X¥ of even rank describe non-trivial
quantities, the former being dependent upon the difference of photon numbers of opposite circular
polarisation whereas the latter are dependent upon the sum. Thus, we identify a kind of ‘alternation’
as we ascend rank. This pattern, the first three ‘layers’ of which we recognise as being the helicity
#, the energy-momentum four-vector 7¢ and the zilch Z%;

H = / / / RO d3r = / / / hng (k) — n_(k)] &k, (4.54)
T = / / / 70 d3r = / / / hE® [y (k) +n_ (k)] d°k, (4.55)
zo8 = /7 / 70 P = 7 / / hECkP [ny (k) — n_ (k)] d3k, (4.56)

appears to extend indefinitely and is, in fact, the pattern the existence of which was conjectured by
Candlin [69]. Here, ny (k) = |&x; - & (k,t)|>/h and n_(k) = |&x_ - & (k,t)|?/h are the classical
limits of the photon numbers of the left- and right-handed circular polarisations associated with the
wavevector k [11]. The pieces of this pattern that are dependent upon the difference in photon num-
bers of opposite circular polarisation in particular have been examined in the quantum domain by
Coles and Andrews [135].

The simple picture that we have just painted is enlivened by the existence of an infinite number of
continuity equations centred upon tensors and pseudotensors that depend explicitly upon time ¢ and
position r. Consider, for example, those seen in (4.35)-(4.37) which involve the energy-momentum
tensor 7% and the position four vector z®. Conserved pseudotensors can also be constructed from
the zilch tensor Z*57 and x?, a fact that has been observed by Krivskii and Simulik [129]. In general,
such quantities are obscure and we will not consider them further here.
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4.3.5 A comment on interpretation

Amongst the continuity equations identified in §4.3.1-§4.3.4, which are infinite in number, there are
but a small handful, of low rank, that embody the conservation of quantities with familiar dimensions.
In particular, we can readily appreciate the physical significance of helicity, energy, linear momentum,
rotation angular momentum and boost angular momentum. We should also comment, however,
on those higher-order continuity equations, including most of those seen in (4.51) and (4.53), that
embody the conservation of quantities with unfamiliar dimensions. It seems that the existence of
these reflects the self similarity inherent in Maxwell’s equations as written in the strict absence of
charge (4.11) and (4.12) which was discussed in §2.2. Specifically, we suggest that these higher-
order conserved quantities describe properties of various derivatives of E and B, in the manner that
we ellucidated in §3.4 for the zilch in particular.

4.4 Non-local symmetry transformations and their associated conser-
vation laws

We turn our attention now to non-local symmetry transformations, in which the changes JE and /B
in the electric field E and the magnetic flux density B do not depend exclusively upon the latter
and perhaps their various derivatives at the same time ¢ and position r. In considering these sym-
metry transformations, the language of tensor and pseudotensor calculus fails us and we therefore
revert directly to the canonical forms of their associated local continuity equations, which are to be
understood in what follows.

4.4.1 van Enk-Nienhuis-Barnett rotations and the conservation of spin, Barnett ro-
tations and the conservation of orbital angular momentum

An infinitesimal rotation of the light about the origin r = 0 takes the form

E - E=E+0xE-0-(rxV)E
B - B=B+0xB-0.(rxV)B, (4.57)

with @ an infintesimal time-even pseudovector, the magnitude and orientation of which define the
angle and sense of the rotation. The first contribution seen in (4.57) rotates the orientations of
the electric field vectors and magnetic flux density pseudovectors whilst the second contribution
rotates the spatial distribution of the light. This is a local infinitesimal symmetry transformation and
constitutes part of the infinitesimal conformal symmetry transformation seen in (4.31), with w?3 =

—w3? = 0, w3 = —w!'3 =0, and w'? = —w? =40,. The z,y and z components of the associated

J = /// (E x B) 3r = constant

for the rotation angular momentum 7, seen also in (3.15), follow from the continuity equation seen

global conservation law

in (4.35) for a8 = 23,31 and 12, say. As was discussed in §3.2, J is itself the sum of separately
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conserved spin S and orbital £ pieces. It should be possible, therefore, to separate (4.57) into pieces
separately associated with the conservation of spin and with the conservation of orbital angular
momentum. At first glance, it is natural, perhaps, to suggest that

E - E=E+(0xE)
B — B =B+ (6 xB) (4.58)

is associated with the conservation of spin and

E 5 E=E-0-(rxV)E
B - B=B-6.-(rxV)B (4.59)

is associated with the conservation of orbital angular momentum. Neither (4.58) nor (4.59) is by
itself an acceptable transformation, however. In particular, neither respect the solenoidal character
of Eand B (V - E' # 0, V - B’ # 0) and thus are not symmetry transformations, an observation
made explicitly by Barnett [44]. Such incorrect associations have led some to claim, erroneously, that
the spin and orbital angular momentum of light are not separately meaningful [11]. The situation was
clarified by the work of van Enk and Nienhuis [59, 60] and Barnett [44], however, who established that
the operators Sand £ representing S and L do generate symmetry transformations which differ,
of course, from the assumed forms seen in (4.58) and (4.59). Following their work, we observe that
(4.57) can be expressed equivalently* as

E - E=E+@xE)"—[0-(rxV)E"*
B —» B =B+ (0xB)'—[0-(rxV)B]". (4.60)

The first contribution

E - E=E+(@xE)"
B — B' =B+ (8 xB)"* (4.61)

seenin (4.60) is the closest approximation to an infinitesimal rotation of the orientations of the electric
field vectors and magnetic flux density pseudovectors, in the sense defined by 8, that is consistent
with the requirement that the transformed electric field E’ and the transformed magnetic flux density
B’ be solenoidal. This (4.61) is a non-local infinitesimal symmetry transformation which sees the
electric field vectors and magnetic flux density pseudovectors of each plane wave comprising the
light rotated about its wavevector k through an angle Q(G)l%(a). We refer to (4.61) as an infinitesimal
van Enk-Nienhuis-Barnett rotation. Employing Noether’s theorem (4.16) we find, following some
manipulations, that
é(a) + 8bn(ab) =0,

“Note that (@ x E) —[6- (r x V)E]l = (8 x B)l = [6- (r x V) B]! = 0.
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which embodies the conservation of spin, being the spin continuity equation (3.45) which we originally
identified heuristically. The second contribution

E - E=E—-[0-(rxV)E]"
B - B =B-1[0-(rxV)B]", (4.62)

seen in (4.60) is the closest approximation to an infinitesimal rotation of the spatial distribution of the
light, in the sense defined by 6, that is consistent with the requirement that E’ and B’ be solenoidal.
This is also a non-local infinitesimal symmetry transformation. We refer to (4.62) as an infinitesimal
Barnett rotation. Employing Noether’s theorem (4.16) we find, following some manipulations, that
(4.62) is associated with the continuity equation

l(a) + Ob0(ap) = 0,

which embodies the conservation of orbital angular momentum, being the orbital angular momentum
continuity equation (3.81) which we originally identified heuristically and which has been reported
recently elsewhere by Bliokh, Dressel and Nori [101].

4.4.2 Generalised Heaviside-Larmor rotations and the conservation of the ab infra
Zilches

In §4.3.1, we demonstated that Heaviside-Larmor rotations are associated with the conservation of
helicity (xh per circularly polarised plane-wave-mode photon of wavevector k and polarisation pa-
rameter o = +1). In §4.4.1, we demonstrated that van Enk-Nienhuis-Barnett rotations are associated
with the conservation of spin (components ihl%(a) per photon). As was discussed in §3.3, helicity
and spin are, however, but the first two members of an infinite collection of intrinsic rotation angular
momenta. We now turn our attention explicitly to the next member after spin, namely the ab infra
zilches (ihk(a)k(b) per photon).

We observe here that

1 1 L1
By = Blo =B + 0B — [0y B — €aods [0 Al)

1 1 L1
By = By =B~ 0w ) + B B~ ctaods [0caCl] (469

with 6,5y = 64 @ rotational pseudotensor of infinitesimal angles, is a non-local infinitesimal sym-
metry transformation which sees the electric field vectors and magnetic flux density pseudovectors
of each plane wave comprising the light rotated about its wavevector k through an angle Q(Qb)k( )k(b).
We refer to (4.63) as an infinitesimal generalised Heaviside-Larmor rotation. Employing Noether’s
theorem (4.16) we find, following some manipulations, that (4.63) is associated with the continuity
equation

h(ab) + acN“bC =0
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which embodies the local and hence global conservation of the ab infra zilches, being the ab infra
zilch continuity equation (3.46) which we originally identified heuristically.

In light of the results presented in §4.3.1, §4.4.1 and above, we now infer the non-local infinitesi-
mal symmetry transformations underlying the conservation of the remaining members of the infinite
collection of intrinsic rotation angular momenta discussed in §3.3: the conservation of the three-
component quantity (ihl%(a)l%(b)l%(c) per photon) for example, is associated with a rotation of each

~
~ ~

plane wave comprising the light about its wavevector k through an infinitesimal angle G(ch)k(a)k(b)l%(c),
and so on, ad infinitum.

4.4.3 The symmetry transformations associated with the conservation of boost spin
and the conservation of boost orbital angular momentum

An infinitesimal boost of the light ‘about’ time t = 0 and r = 0 takes the form

E-E = E—¢><B—¢~<tV+r§t>E

BB = B+¢><E—¢-<tV+r§t>B, (4.64)

with ¢ an infinitesimal time-odd vector, the magnitude and orientation of which define the rapidity
and direction of the boost. The first contribution seen in (4.64) mixes the electric field vectors and
magnetic flux density pseudovectors whilst the second contribution rotates the spacetime distribution
of the light in a hyperbolic manner. This is a local symmetry transformation and constitutes part
of the infinitesimal conformal symmetry transformation seen in (4.31), with w'® = —w% = ¢,,
w? = —w"? = ¢, and w? = —w" = ¢,. The z,y and =z components of the associated global
conservation law

1
IC:/// [tExB—Qr(E-E—I—B~B) d®r = constant

for the boost angular momentum IC, seen also in (3.19), follow from the continuity equation seen in
(4.35), with a5 = 01,02 and 03, say. As was described in §3.2, an attempt was made recently by
Barnett to separate KC into boost spin V and boost orbital Y parts [45]. We now pursue this idea in
the context of Noether’s theorem.

Working by analogy with the approach taken in §4.4.1 for spin and orbital angular momentum, we
observe here that (4.64) can be expressed equivalently as

1
E—-E = E—(¢xB)*— [¢-<tV+rgt>E}

1
BB = B+(¢><E)L—[¢-<tv+r§t>B} . (4.65)
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The first contribution

E—E = E—(¢xB)"
B—B = B+ (¢pxE)* (4.66)

seen in (4.65) is the closest approximation to an infinitesimal mixing of the electric field vectors
and magnetic flux density pseudovectors, in the sense defined by ¢, that is consistent with the
requirement that E’ and B’ be solenoidal. This is a non-local infinitesimal symmetry transformation
which sees the electric field vectors and magnetic flux density pseudovectors of each plane wave
comprising the light boosted in the direction of its wavevector k through a rapidity gb(a)fc(a). Employing
Noether’s theorem (4.16) we find, following some manipulations, that (4.66) is associated with the
continuity equation
V(a) + OGap) = 0

which embodies the conservation of boost spin, being the boost spin continuity equation (3.89) which
we originally identified heuristically. The second contribution

o 1
E-E = E- {qb-(tV—i—rat)E}

o 1
BB = B[¢.<tv+rat>B] , (4.67)

seen in (4.60) is the closest approximation to an infinitesimal hyperbolic rotation of the spacetime
distribution of the light, in the sense defined by ¢, that is consistent with the requirement that E’ and
B’ be solenoidal. Employing Noether’s theorem (4.16) we find, following some manipulations, that
(4.67) is associated with the continuity equation

y(a) + abf(a,b) =0,

which embodies the conservation of boost orbital angular momentum, being the boost orbital angular
momentum continuity equation (3.93) which we originally identified heuristically. The effects of (4.66)
and (4.67) on a single linearly polarised plane wave are depicted in figures 4.3 and 4.4.

It will be noticed that the infinitesimal boost spin symmetry transformation (4.66) is the partner of
the infinitesimal spin symmetry transformation (4.61). The vanishing of V thus falls in line with our
general observations regarding such symmetry pairs. Following the results presented in §4.3.1 and
above, the symmetry transformations underlying the conservation of the remaining members of the
infinite collection of intrinsic boost angular momenta introduced in §3.6.1 may also be readily in-
ferred, being the partners of those underlying the conservation of the infinite collection of intrinsic
rotation angular momenta introduced in §3.3: boosting the electric field vectors and magnetic flux
density pseudovectors of each pIaneAwa\A/e comprising the light in the direction of its wavevector k
through an infinitesimal rapidity gzb(ab)l%(a)l%(b) for example, is also an infintesimal symmetry transfor-
mation and is the partner of that underlying the conservation of the ab infra zilches; a pattern that
can extends indefinitely. We also note here for completeness that the partners of the infinitesimal
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orbital angular momentum symmetry transformation (4.62) and the infinitesimal boost orbital angu-
lar momentum symmetry transformation (4.67) are seemingly obscure and are associated, through
Noether’s theorem (4.16), with the conservation of trivial quantities.

E—-E =E— (¢ xB)"
BB =B+ (¢pxE)"

t=0 t=20

Figure 4.3: The effect of an infinitesimal boost spin symmetry transformation (4.66) on a single linearly
polarised plane wave, with the rapidity vector ¢ parallel to the wavector k of the wave. The amplitude Ej of
the wave is increased to (1 + |¢|) Eo, leaving the spacetime distribution of the wave unchanged. Electric field
vectors are depicted by black arrows. Magnetic flux density pseudovectors are omitted, for the sake of clarity.

a 1
E-E =E-— [q&-(tVJrra)E}

P 1
5w [o (el )

(1+1eDk

t=0 ¢\‘ t=0

Figure 4.4: The effect of an infinitesimal boost orbital symmetry transformation (4.67) on a single linearly
polarised plane wave, with the rapidity vector ¢ parallel to the wavector k of the wave. The spacetime distri-
bution of the wave is modified such that the wavelength A of the wave is blue shifted to (1 — |¢]|)\, leaving
the amplitude E, of the wave unchanged. Electric field vectors are depicted by black arrows. Magnetic flux
density pseudovectors are omitted, for the sake of clarity.

4.4.4 More non-local symmetry transformations and their associated conservation
laws

Owing, it seems, to the self similarity inherent in Maxwell’s equations as written in the strict absence
of charge (4.11) and (4.12) which was discussed in §2.2, there exists an infinite number of non-local
symmetry transformations and associated conservation laws. Unlike those considered in §4.4.1-
§4.4.3, the majority of these conserved quantities are rather obscure however, possessing unfamiliar
dimensions. We suggest that they describe properties of various integrals of E and B. To illustrate
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this, let us consider the infinitesimal symmetry transformation

E - E=E+aAt
B — B =B+aCh, (4.68)

with the rotational scalar « infinitesimal. Through Noether’s theorem (4.16), we find, following some
manipulations, that (4.68) is associated with the continuity equation

01
o (AL AL ot cl) TV (AL X Ci) —0, (4.69)
which embodies the conservation of the ‘energy’ of the first and second potentials A+ and C*.
Such observations may be readily extended. This particular continuity equation (4.69) has also
been recognised by Drummond [71, 72]. Naturally, we find that the partner symmetry of (4.68) is
associated with the conservation of a trivial quantity. The existence of various non-local symmetry

transformations has also been recognised by Fushchich and Nikitin [117, 118].

4.4.5 On the trivial nature of boost helicity, boost spin etc

In order to ellucidate the trivial nature of boost helicity, boost spin etc, let us highlight here, in a general
manner, that there is a distinction between the existence of a symmetry transformation and its asso-
ciated conservation law, and the actual dynamics exhibited by a system and the value consequently
taken by the conserved quantity. Moreover, the dynamics that a system must exhibit to possess a
non-vanishing value of a conserved quantity usually reflect the associated symmetry transformation,
whilst the sign of this value depends upon whether the motion goes with or against the grain of the
symmetry transformation.

To give a tangeable example: consider a point particle in the absence of other influences. The
symmetry transformation that is a translation of the particle in the +x direction, say, is associated, of
course, with the conservation of the z component of the particle’s linear momentum. If the particle
then happens to move in the same sense as this symmetry transformation (that is, in the 4z direc-
tion), the x component of the particle’s linear momentum is positive whereas if the particle moves in
the sense opposite to this symmetry transformation (that is, in the —xz direction), the x component of
the particle’s linear momentum is negative.

We can perhaps understand the trivial nature of boost helicity, boost spin etc in these terms. We
focus upon boost helicity. The infinitesimal boost helicity symmetry transformation (4.28) mutliplies
the amplitude of each (linearly polarised, for the sake of this argument) plane wave comprising the
light by a factor of 1 + ¢, which is emphatically an increase in amplitude, for ¢ > 0 of course. Light is
oscillatory, however, and as t passes at any given r, each wave goes with the grain of the infinitesimal
boost helicity symmetry transformation (4.66) as often as against it. Associated with these respective
motions are positive and negative contributions to the boost helicity D and the latter thus vanishes,
being an integral over all r that is independent of ¢t. Such arguments also apply, of course, to boost
spin etc.
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Whilst publishing the research described in the present chapter [107], an anonymous referee pointed
out that it is also possible to interpret the vanishing of D as a statement of the global conservation of
the ‘energy’ of A+ and C*, as

d Livi Al b ol 8.
dt///Q(A Atic C)dr—2D

— 0 (4.70)

Similarly, the vanishing of the boost spin V is a statement of the global conservation of the ‘linear

(i///Aixcid?’r = 2y

=0 (4.71)

momentum’ of A+ and C+, as

and so on, ad infinitum.

Arguments of this nature can also be applied more generally, perhaps, to appreciate why only one
member of any symmetry transformation pair is associated with the conservation of a non-trivial
quantity.

4.5 Discussion

We have introduced a variational description of freely propagating light that is based upon the demo-
cratic acknowledgement of both electric and magnetic potentials. We have used this description
together with Noether’s theorem to investigate symmetries and their associated conservation laws.
Analogous approaches can be pursued in other branches of physics, as was recently demonstrated
for weak gravitational waves propagating freely in a flat spacetime background by Barnett [136].

There remains much to be explored, even with regards to the symmetries and their associated con-
servation laws that we have already considered: what is the physical significance of special conformal
transformations and their associated conservation law, for example? | would also like to understand
in full our general observation that symmetries exist in pairs, only one member of which is associ-
ated with the conservation of a non-trivial quantity. It is possible to utilise the formalism of general
relativity and examine our results in other coordinate systems, wherein they appear to offer different
information: the azimuthal component in cylindrical coordinates of the canonical continuity equation
for linear momentum is a continuity equation for the z component of orbital angular momentum [137],
for example.

It is clear in addition that there exist many more symmetries and associated conservation laws than
those that we have considered in the present chapter: consider, for example, the conservation of
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photon number and the classical limit thereof®, which does not appear anywhere in the hierarchies
that we have identified. An important question pertains to the independence of symmetries and their
associated conservation laws. A group theoretical analysis may be illuminating in this regard. In
general, | am interested in the possibility (or lack thereof) of applying Noether’s theorem, in some
form, to study discrete rather than continuous symmetry transformations®: as we have demonstrated
in §4.4, the non-locality of a symmetry transformation does not by itself preclude the application of
Noether’s theorem.

The inclusion of charge constitutes a subtle problem that | wish to investigate, in particular because
it may afford a route by which to explore further my belief that electric-magnetic democracy is inti-
mately associated with the quantisation of charge [4-7]. Moreover, the extension of our formalism
to the quantum domain and in particular the usual canonical quantisation procedure brings its own
challenges, owing, it seems, to the problem of overdetermination.

The above are tasks for future research.

5The associated infinitesimal symmetry transformation can be invoked, in fact, at the level of the normal variables &
as & — & = & — id&, which is an infinitesimal phase shift of the light through 9.

6An obvious approach is to modify a discrete symmetry transformation by multiplying the associated changes 6E and
0B in the electric field E and the magnetic flux density B by an infinitesimal dimensionless quantity. Through Noether’s
theorem (4.16) we find for example that time and / or parity inversions, when treated in this manner, lead to conservation
laws for trivial quantities, however.
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Chapter 5

Chirality and Optical Activity

5.1 Introduction

The word ‘chiral’ was introduced by Kelvin to refer to any geometrical figure or group of points that
cannot be brought into coincidence with its mirror image, thus possessing a sense of handedness
[138, 139]. It derives, in fact, from the Greek word for hand; xeipa [140]. In the language of point
group theory, a chiral entity is said to be devoid of improper rotational symmetry elements and must,
therefore, belong to one of the point groups C,,, D,,, O, T or I, in the Schoenflies notation [12, 25, 27].
Kelvin’s definition of chirality was recently extended by Barron to include fime, leading him to distin-
guish between ‘true’ and ‘false’ chirality, the former being exhibited by systems that exist in two
distinct enantiomeric states interconvertable, up to circular rotations, by parity inversion but not by
time reversal [141, 142]. Chirality pervades the natural world [143]; from the enigmatic preferences
of the electroweak interaction [144, 145] to the arms of individual spiral and elliptical galaxies [146]:
see figure 5.1.

4+ Ve

600 00 Ni+e

Figure 5.1: Chirality is ubiquitous. Indeed, all entities that are not achiral are chiral.

Many molecules are chiral owing to the nature and arrangement in space of their constituent atoms
[143]. The mirror-image forms, or ‘enantiomers’, of a chiral molecule often enjoy separate and seem-
ingly! stable existences (see figure 5.2) and are observed to behave identically in many circum-
stances but differently in others [25, 143]. The fact is well established in particular that molecular

'The very existence of chiral molecules appears at first glance to be at odds with fundamental ideas from quantum
mechanics. This, Hund’s paradox [25], is still the subject of occasional debate.
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chirality is crucial to biological function [143, 147], as is reflected strikingly by the existence of chiral
molecules the enantiomers of which interact differently with living things: one enantiomer of carvone
is found in spearmint leaves whereas the opposite enantiomer is found in caraway seeds, thus being
associated with different aromas; one enantiomer of methamphetamine is recognised as being a
harmful narcotic whereas the opposite enantiomer is employed as a decongestant; one enantiomer
of mecoprop functions as a herbicide whereas the opposite enantiomer is ineffective in this context.
The ability to characterise, discriminate between and resolve the enantiomers of a chiral molecule is
desirable in both academic and industrial contexts and yet, remains elusive in many cases. Thus,
the development of means by which to probe and utilise molecular chirality constitutes a vibrant field
of modern research [148, 149].

Figure 5.2: The left- (a) and right-handed (b) enantiomers of hexahelicene, a chiral molecule with a shape
resembling that of a finite cylindrical helix the synthesis of which was first reported by Newman, Lutz and
Lednicer [25, 34, 35]. The normalised pitch v of hexahelicene is a rotational pseudoscalar, assuming opposite
signs for the molecule’s opposite enantiomers [25].

Many types of light are chiral. Principal amongst these is perhaps circularly polarised light, in which
the electric field vectors and magnetic flux density pseudovectors trace out either left- or right-handed
cylindrical helices in space, these being prototypical chiral figures, of course. Naturally, a given chiral
molecule interacts differently with left- and right-handed circularly polarised light [25, 143], much as a
given human hand interacts differently with left- and right-handed gloves. The study and utilisation of
these differences is one of the principal means by which we probe and manipulate chiral molecules.
We follow Barron and use the phrase ‘optical activity’ in a general manner to refer to light-matter
interactions with characteristics attributable to a discrimination, on some level, between left- and
right-handed circular polarisations [25]. Chiral molecules are then said to exhibit natural optical ac-
tivity. The subject that is optical activity and its applications extends somewhat beyond the domain of
molecular chirality, however, as optical activity is also exhibited naturally by certain orientated achiral
molecules and can be induced, moreover, in all atoms and molecules by static magnetic fields and,
in some circumstances, by static electric fields [25].

In the present chapter, we observe that many optical activity phenomena can be related explicitly
to helicity, spin, the ab infra zilches etc. This is unsurprising, perhaps, given that these angular mo-
menta differ in value for left- and right-handed circularly polarised light. We employ this new insight
in the consideration of a well-established manifestation of optical activity (optical rotation; §5.2), a
dormant manifestation of optical activity (differential scattering; §5.3) and a new manifestation of op-
tical activity (discriminatory optical force for chiral molecules; §5.4). The text is based primarily upon
my research papers [150], [151] and [152].
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5.2 Optical rotation

The study of optical activity began, it seems, with the discovery by Arago of a spectrum of colours
whilst viewing sunlight that had passed along the optic axis of a quartz crystal placed between
polarisers [25, 153]. It was established in subsequent experiments by Biot that these colours are
attributable to two distinct effects which we now refer to in general as optical rotation: the rotation
of the plane of polarisation of linearly polarised light upon traversing a rotatory medium, and optical
rotatory dispersion: the frequency dependence of this rotation [25]. Optical rotation has since been
identified in an abundance of contexts and is employed today in a wealth of different applications,
from the determination of sugar concentrations to the operation of liquid crystal displays.

Following his discovery of circularly polarised light, Fresnel attributed optical rotation to circular
birefringence: a difference in the speeds of propagation supported by a rotatory medium for the
left- and right-handed circularly polarised components of linearly polarised light [25]. If ny (c|ko|)
and n_ (c|ko|) are the phase refractive indices supported at angular frequency c|kg| by a rotatory
medium for left- and right-handed circular polarisations, the angle 6 (c|kg|) of optical rotation suffered
by linearly polarised light of angular frequency c|kq| upon traversing a geometrical path length [ is

0 (elkol) = 5 [ (cliol) — - (clko])] oll 5.1

Microscopic theories of optical rotation based upon light scattering can be found in books by Barron
[25] and Craig and Thirunamachandran [12].

It is natural, perhaps, to ask if optical rotation can be related to the angular momentum of light.
In the present section, we explore this possibility through the introduction of a novel quantum me-
chanical theory in which optical refraction is attributed to an interaction energy shared between light
and a medium through which the light propagates. In certain rotatory media, this interaction energy
is seen to depend upon the helicity and / or spin of the light which differ in value, of course, for left-
and right-handed circular polarisations. These differences give rise in turn to circular birefringence
and hence, optical rotation. Our theory is complementary to those discussed above and leads us
moreover to identify and explore an entirely new manifestation of optical activity in §5.4.

5.2.1 The model medium

Working in the quantum domain, let us consider a model medium comprised of N,,,; molecules (or
atoms), each of which is itself comprised identically of N, electrons and N,, nuclei. Following the
results presented in §1.3.1, we separate the operator H representing the Hamiltonian of the system
‘light + medium’ as

H=Hy+V, (5.2)

where the first operator H, describes the light and the individual molecules decoupled whilst the
second operator V describes the interaction between the light and the molecules as well as the
Coulomb interactions between the molecules. Under the governance of Hy alone, the light and the
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individual molecules would thus evolve independently of one another and it is V, therefore, that must
give rise to optical refraction and optical rotation. Explicitly we take

Nmol
Hy = Huaa+ Y Huol, (5.3)
e=1
R mol mol 1Nm01
Vo= Z H1nt+ Z Z HCoulﬁé’ (5.4)
&=1 ¢=1
with
Hra = / / H2 ) &, (5.5)
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with m., —e, T;c and p;¢ the observable rest mass, the charge and the operators representing the
position r;c and canonical linear momentum p;¢ of the ith electron in the {th molecule; M;, Zje,
Rjg and lsjg the observable rest mass, the charge and the operators representing the position R ;¢
and canonical linear momentum P ¢ of the jth nucleus in the th molecule. We have refrained from
including in H terms representing the Coulomb self energies of the electrons and nuclei which are
diverging constants, as well as mass-renormalisation counter terms that arise from our use of the
observable rather than bare masses of the electrons and nuclei.

We now invoke the clamped nucleus approximation, wherein the nuclei are held fixed by taking

M; — oo and setting R;¢ — R ¢ with the latter treated classically and considered to be independent
of time ¢. We orient the nuclear skeletons of the molecules identically.
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5.2.2 In the absence of V: free propagation

It is instructive, albeit artificial, to temporarily neglect the interaction between the light and the
molecules as well as the Coulomb interactions between the molecules. Within the present sub-
section, let us thus set V = 0sothat H = I:IO and the light and the individual molecules evolve
independently of one another.

Assuming that the eigenspectrum of the operator ﬁmolg representing the Hamiltonian of the &th
molecule is known:
ﬁmol§|k§> = hwk5|k§>a (5.9)

with the eigenstates |k¢) being complete ( 22’:0 |ke)(ke| = 1) and orthonormal ((k¢|ke) = O¢er)
and where k£ = 0 in particular denotes the molecular ground state, we have that the eigenspectrum
of I:IO is

Hy|s0) = hw (050, (5.10)

with

{itmeh 1i ), 511

o)
&=1
Nmol
{hW§°)} = { YD helklne + > hug, + Z“’)}. (5.12)
k o =1

Of particular interest to us at present is the eigenstate | (nx,, 0)(0)> of Hy in which a single circularly
polarised plane-wave mode, of wavevector k and polarisation parameter o, possesses ny, photons
whilst every other mode is devoid of excitation and each of the molecules occupies its ground state:

Nmol
| (7K, 0)?) = i) [T 10¢). (5.13)
£=1
as follows from (5.11). The associated eigenvalue h“((?zl 0) is comprised of the energies hc|k| of the

photons, the ground state energies hiwge of the molecules and the electromagnetic vacuum energy
z00);

Nmol
hwly) o = helk|ngg + Y hwge + 20, (5.14)
=1

as follows from (5.12). Let us now superpose such eigenstates to form a state |¥) in which the circu-
larly polarised plane-wave mode of wavevector k and polarisation parameter ¢ occupies a coherent
state of parameter ay, whilst each of the molecules occupies its ground state:

oo ~Nko

_ Gy .
) = exp (—|awo[*/2) D o exP =i ot] 1 (11 0) ). (5.15)
Nke=0 g
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We take ay, to be such that the light is suitably ‘weaker’ than the Coulomb fields that bind the
molecules together. The significance of |I') is manifest in the expectation value

amAw>:%{Aﬂwpﬁ@.r—dmwQ, (5.16)

where Ag = €y, koA /2h/eoc|k|V. The form seen in (5.16) resembles that of a classical plane wave
propagating freely in the strict absence of charge. This is entirely natural, of course: as V =0, the
light does not ‘see’ the medium.

5.2.3 In the presence of V: refraction

Let us now incorporate the interaction between the light and the molecules as well as the Coulomb
interactions between the molecules. Thus, we take H = Hy + V and examine how optical refraction
enters into the results presented in §5.2.2 through our inclusion of V, the influence of which we treat
in a perturbative manner, working to order e2.

Taking each molecule to be smaller than the free-space wavelength 27/ |k| associated with the cir-
cularly polarised plane-wave mode of wavevector k and polarisation parameter ¢ and the molecular

number density Np,1/V to be small, we find that the perturbed eigenvalue hw(ny, ,0) 1S
Nmol
helk|n
FLW(nkmo) = @ + Z hw% +YV+ Z, (5.17)
nyp (clk|) =1

where we have identified the reciprocal 1/n,, (c|k|) of the phase refractive index n,, (c|k|) supported
by the medium at angular frequency c|k|:

1 B Ckor(a) ko (b) Vmol

o (elkl) ! ) (€lK]) + aney (el & g
np (ck|) 20V %ﬁw@‘U+Qwo®!Dh@, (5.18)

Y is due to the Coulomb energies between the molecules:

]Vmol_1 Nmol

Y = (K0, 0)?| Z Z Heoueer| (Mo, 0) ) (5.19)
E&=1 ¢'=1

and Z is comprised of diverging terms, including ZO) that are independent of the state of the light
and do not affect our present discussions: Z — Z() is attributable to the radiative self-interactions
of the electrons. To obtain these results, we have considered electric dipole, electric quadrupole
and magnetic dipole contributions to the multpolar expansion of the ‘p - A’ terms in V and have re-
tained only the electric-dipole / electric-dipole, electric-dipole / electric quadrupole and electric-dipole
/ magnetic-dipole contributions to 7wy, o) that result. We found it possible and neccesary, however,
to calculate the contributions made to iw(y,, o) by the ‘|A|? terms in V in an exact manner.

(0)
(nko,0)’

of the photons by a factor of 1/n, (c|k|) and shifted the energy of the system ‘light+medium’ by

Comparing hwy, 0y and hw we see that inclusion of V has rescaled the energies hic|k|
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Y + Z — 20 Thus, we identify an interaction energy ¥ shared between the light and the medium

as
hc|k|nka
X ————= — helk|nk,
ny (clk|)
hc‘k’nkaél*(a a éko’(b)Nmol 5 _ A
A 25((){)/ [O‘(aw (clkl) + Cave) (clk]) ey | - (5.20)

In a classical picture, we might associate > with the oscillations induced in the charge and current
distributions of the molecules by the light as the light propagates through the medium. We attribute
optical refraction to ¥ in that

mp(elkl) ~ 1o
élto(a) éka(b) Niol B N A
~o 2,V [O‘wb) (clkI) + Cavey (clkl) ke) (5.21)

With W = (nico | Hyaq|niko) — 20 = helk|ny, here the unperturbed energy of the photons. That s,
the deviation in phase speed of the light away from c is dictated by the ratio of 3 to W.

Our identification of n,, (c|k|) may be justified through consideration of the perturbed state

oo ~Nko
Y = exp (—|dgo|2/2 ko oxp [ {1 | (Mo, 0)), 5.00
‘ > GXp( |Oék ‘ / )n§omexp[ lw(nkg,O) } ‘(nk )) ( )
in which
(WA W) ~ R (A exp {iny (clkol) ko -1 — clkolt]}) (5.23)

where kg = k/n, (c|k|). The form seen in (5.23) once more resembles that of a classical plane
wave, but propagating now with a phase speed ¢/n,, (c|ko|), as desired.

5.2.4 Natural optical rotations and helicity

Here, we consider the natural optical rotation exhibited by a transparent fluid of chiral molecules, a
phenomenon first observed in liquid turpentine, by Biot [25]. At any given , the electric field vectors
and magnetic flux density pseudovectors of the light are seen to twist about the direction of propa-
gation. Hence, the sense of rotation relative to space is itself reversed upon reversal of the direction
of propagation, as is depicted in figure 5.3. This is reminiscent of a Heaviside-Larmor rotation (2.1)
and, indeed, we find that such natural optical rotations can be attributed explicitly to the helicity of the
light, as follows.

We model the medium by taking isotropic averages of the results presented in §5.2.3 and obtain

Nmol 1 1 ,
~ 2 - k|) |k 24
> 3eov[ 5 (aa) ()W + ~Glgq) (clk]) | IH], (5.24)
Nm 1 1 1 H
ny (clko|) = 360“’/ |:2a(aa) (clkol) =~ aa (ckol) |kO|W] : (5.25)
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where H = (ny,|H|nk,) is the unperturbed helicity of the photons. It is the sensitivty to # exhibited
by ¥ and n, (c|ko|) that gives rise to circular birefrignence and hence, the natural optical rotation:
as H differs for left- and right-handed circular polarisations, so too do ¥ and n,, (c|ko|) and it follows

that .
NmolG(aa) (C’kOD ‘ko‘l

3600V ’

which is the well-known result due to Rosenfeld and Condon [12, 25]. Like 4, from which it de-

0 (clko|) =~ —

(5.26)

rives, 6 (c|ko|) is independent of the direction of propagation, as it should be. The sign of the trace
G’(aa) (ckol) is dictated by the chirality of the molecules, which in turn dictates the sign of 6 (c|ko]).

That ¥ should depend upon the chiralities of the photons and the molecules, as embodied by H
and G’(aa), seems natural, perhaps, when we recall the classical picture suggested earlier wherein
> is associated with the oscillations induced in the charge and current distributions of molecules by
the light as the light propagates through the medium. In general, the twisting electric field vectors
and magnetic flux density pseudovectors associated with one handedness of circular polarisation
will be better suited to induce these oscillations in a given chiral molecule than those associated with
the opposite handedness of circular polarisation. To give an analogy: the energies required to ‘fit’
opposite gloves onto a given human hand will, of course, differ!

7} oo
2 <
g .;_I!Dj;ﬂ:.ﬂ
kg 1,
| m el

5{["“,4]]“[] ff////‘,ff/f
I

e el

Figure 5.3: The natural optical rotations exhibited by a transparent fluid of chiral molecules tend to cancel
upon reversal of the direction of propagation.

5.2.5 Faraday optical rotations and spin

In his quest to demonstrate a connection between electromagnetism and light, Faraday discovered
the effect that now bears his name [25]: a Faraday optical rotation is exhibited by any transparent
medium in the presence of a static magnetic field. Here, we consider the Faraday optical rotation
exhibited by a transparent fluid of achiral molecules or atoms in the presence of a weak, uniform,
static magnetic flux density By which defines a unique direction, thus rendering the fluid a uniaxial
medium. At any given t, the electric field vectors and magnetic flux density pseudovectors of the light
are seen to twist about By, in a manner that respects their solenoidal character. Hence, the sense
of rotation relative to space is unchanged upon reversal of the direction of propagation as depicted in
figure 5.4. This is reminiscent of a van Enk-Nienhuis-Barnett rotation (the infinitesimal form of which
is seen in (4.61)) and indeed, we find that such Faraday optical rotations can be attributed explicitly
to the spin of the light, as follows.
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The effect of By is to perturb the polarisabilities of the molecules or atoms such that

Oay = ab) + Ol Boge)

/
Alary = at) T gy Bt (5.27)
for example, to first order in Bg. Explicit expressions of relevance here can be found in Barron’s book

[25]. Neglecting the permanent magnetic multipole moments of the molecules or atoms, we model
the medum by taking isotropic averages of the results presented in §5.2.3, thus obtaining

Nmol 1 1 1(m)
> 3egV [_Qo‘(aa) (clk[) W =~ €(abe)(ape) (clkl) clk|Bo - S] , (5.28)
Nmo ]- 1 m S
np (clkol) =~ 1+ 360‘/1 {204(%) (clkol) + Ze(abC)O/((abc)) (c|kol) c|ko|Bo - W} . (5.29)

to leading order, where S = <nka\3!nka> is the unperturbed spin of the photons. It is the sensitivity to
S exhibited by ¥ and n,, (c|ko|) that gives rise to circular birefringence and hence, the Faraday optical
rotation: as S differs for left- and right-handed circular polarisations, so too do ¥ and n,, (c|ko|) and
it follows that

Ninol€(abe)@/(upe) (el ko) 1

12¢0V

which is the accepted result due to Serber, Buckingham and Stephens [25]. Like S, from which it de-
rives, 6 (c|ko|) is dependent upon the direction of propagation, with the angular dependence familiar

0 (clko|) ~ By - ko, (5.30)

from Verdet’'s empirical law [25] emerging here through the dot product By - k.

Thus concludes our present consideration of optical refraction and optical rotation. It remains to
calculate the perturbed eigenstates |(nk,,0)) and, moreover, to understand how absorption fits into
our picture. Of course, one can also imagine modifying and / or extending our calculations to de-
scribe other media, for example semiconductors, metals, plasmas etc. These are tasks for future
research.

0 WAt
be By ‘wiya, Bo
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Figure 5.4: The Faraday optical rotations exhibited by a transparent fluid of achiral molecules or atoms tend
to add upon reversal of the direction of propagation. This behaviour, which derives from the properties of spin,
should be contrasted with the behaviour depicted in figure 5.3, which derives from the properties of helicity.
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5.3 Differential scattering

It is now well established in theory that optical activity in the scattering of light is exhibited naturally by
chiral molecules [12, 25, 154—156] and can be induced additionally in all molecules and atoms by an
applied static magnetic [25, 157] or electric [25, 158] field. The phenomenon permits the extraction
of information about molecules and atoms that is not readily obtainable through optical rotation or
its absorptive counterpart: circular dichroism, owing to the subtly different physical mechanism and
greater geometrical freedom involved [12, 25].

Many manifestations of optical activity in light scattering have now been observed in experiment
[25, 159—-163]. Natural Raman optical activity in particular has been developed into an incisive spec-
troscopic tool which has been employed to study large biological molecules and even intact viruses
[25, 159, 162, 163]. Owing primarily to the smallness of the effects involved, there remains much to
be pursued, however. Natural Rayleigh optical activity for example has thus far resisted attempts to
observe it in experiment [25, 164], in spite of potential applications such as the robust assignment of
the absolute configurations of small chiral molecules [165].

The theoretical and experimental approaches undertaken to date towards the phenomenon have
been concerned with the illumination of molecules or atoms by single plane (or quasi plane) waves?
[12, 25, 154-163, 165]. | observe, however, that optical activity in light scattering can also be probed,
in general, using other types of illuminating light and that this introduces new possibilities for the study
of molecules and atoms. In the present section, we demonstrate this explicitly for natural Rayleigh
optical activity which could be exploited as a new form of spectroscopy for chiral molecules through
the use of illuminating light comprised of two plane waves that are counter propagating.

5.3.1 Natural Rayleigh optical activity

Consider Ny,o > 1 chiral molecules located at fixed positions R¢ (£ = 1,..., Nya). Neglecting
interactions between them and assuming an absence of applied static electric and magnetic fields,
we take the molecules to be randomly orientated but otherwise identical. We suppose, however,
that they are illuminated by weak, monochromatic, off-resonance light of angular frequency w = c|k|
(in the visible or near infrared say) that is otherwise freely propagating and the length scale 27/ |k|
associated with which is larger than each molecule. The electric field E and magnetic flux density
B comprising the illuminating light are described by (1.75)-(1.80): we regard the illuminating light as
being an externally imposed influence acting upon the molecules to which they are introduced in an
adiabatic manner.

The oscillations induced by the illuminating light in the charge and current distributions of the molecules
generate Rayleigh scattered light in turn [12, 25], the electric field Eg.,t¢ and magnetic flux density
Bt of which may be calculated using the the solutions seen in (1.87) and (1.88) together with the
results presented in §1.4. At a position r = R of fixed magnitude |R| > |R¢|, 27/|k|, we find then

2|n experiment, single beams of light that resemble plane waves.
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that

Escatt ~ R [Escatt €xXp (_th):| ) (5.31)

Bscatt ~ R [Bscatt €xp (_th):| ) (5.32)

with the components Ecagi(a) and Bycati(a) Of the complex quantities Eqcatr and Bycast related to the
oscillations in the charge and current distributions of the molecules as

~ wQ,uo ey . - A A
Egeatt(a) = > exp (ifk|[R = Re|) § figa) — RiayRepy vy
47| R| pot
21 B i|k| 2 ~ 2 2 A
— R €(avey () — 3 B [@«ab) - R(aﬁ(e@&(beﬂ } (5.33)
Bscatt(a) - Ee(abc)R(b)Elecatt(c)- (5.34)

~
~

The intensity I = I(R) of the scattered light seen at R is

1
I= <‘ Escatt X Bscatt
Ho

>, (5.35)

with the indicated isotropic rotational average [12, 25] included to account for the random orientations
of the molecules. Making no assumptions beyond those described above whilst rejecting ‘A%, ‘AG”
and ‘G'?’ contributions, which are anticipated to be some three orders of magnitude smaller than the
smallest contributions thus retained [25], we obtain

Nmol
K 22 g
I~ R {QAUJE (Re) + QBR(a)R(b)TEb (Re) (5.36)
=1

+w [CE (Rg) +2DR - SE (Rg) + SR(a)R(b)ﬁ(ab) (Rg) + fﬁ(a)R(b)T(ab) (Rg)} },

where K = M%cw4/28807r2. Both A and B (explicit expressions given below) are equal for opposite
molecular enantiomers and are thus insensitive to the chirality of the molecules, whilst W = wg (r)
and T%b = TaEb (r) can be identified as being the cycle-averaged values taken by the electric pieces
of the energy density w and the linear momentum flux density components 7% of the illuminating
light as

wp = ¢E-E/2, (5.37)
7ab
Tp = ¢ [0)E-E—=2E4qEqy] /2. (5.38)

In contrast C, D, £ and F (explicit expressions given below) each assume equal magnitudes but op-
posite signs for opposite molecular enantiomers and so are sensitive to the chirality of the molecules,
whilst h, 55 and T(ap) Can be identified as being the cycle-averaged values taken by the helicity den-
sity h, the electric piece of the spin density s and the ab infra zilch density n ;) of the illuminating
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light as

h = ec(At-B-C--E)/2, (5.39)
sp = «ExAL/2, (5.40)

M) = €oc|d@ar) (AL -B—CH-E)
— Al By = Ay Bla) + Ciy By + iy (a)}/z (5.41)

The quantity Z,, = T4 (r) is unfamiliar to us, being

T(ab) = €0C {8,1 [E(QCd)A(Lb)A(LC) + E(bcd)A(La)A(Lc)} } /2, (5.42)

which vanishes, in fact, for illuminating light comprised of a single plane wave, although it is non van-
ishing in general. We could have incorporated z,, into part of 77(,;) whilst retained the interpretation
of the latter as being the cycle-averaged value taken by an ab infra zilch density, as z(,;) is a total
divergence which vanishes when integrated over all r.

Our calculation differs from those that have been performed previously [12, 25, 154—156] in that
the illuminating light here need not be comprised of a single plane wave of angular frequency w but
rather can be constructed from any superposition of such waves. Moreover, the molecules need not
be distributed homogeneously and could instead be confined within a plane, for example. It should
be noted, however, that (5.36) is not appropriate when the direction R of observation coincides with
the direction of propagation of a plane-wave component of the illuminating light, which will then inter-
fere with the scattered light as Rayleigh scattering is a coherent process [12, 25]. Moreover, having
been derived specifically for illuminating light that is (otherwise) freely propagating in accord with
the charge-free Maxwell equations, (5.36) is not appropriate for illuminating light the electric field of
which possesses a non-vanishing irrotational component, such as may be found in the near field of
a radiating structure, for example. We have refrained from exhibiting a generalised structure factor
(inter-molecule cross terms [12]) in (5.36) as it makes no contribution in the examples that follow and
in other geometries besides.

Our general result (5.36) reveals in particular that natural Rayleigh optical activity, as manifest in
1, can be utilised to extract information about the chirality of the molecules using essentially any type
of illuminating light possessing non-vanishing helicity, spin and / or ab infra zilches. A single circu-
larly polarised plane wave is, perhaps, the most obvious example of such light and is examined in
§5.3.2. It is not the only one, however: as we will demonstrate in §5.3.3-§5.3.5, types of illuminating
light comprised of two plane waves that are counter propagating can carry these angular momenta
in novel ways and thus enable new possibilities. In identifying these, we were guided by symmetry
considerations. In particular, it is necessary for E and B together with R to be of chiral character in
order that I itself be capable of distinguishing between opposite molecular enantiomers, as is inher-
ent, of course, in (5.36).
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Explicitly;

A = 2(454® +138%), (5.43)
B = 2(45a*+ B?), (5.44)
C = 4(-45aG" — 136 + B7) /e, (5.45)
D = 8(—45aG’ 456 +363) /c, (5.46)
E = 4(—45aG' — BE —3B7) /e, (5.47)
F = 168%/c, (5.48)
with
@’ = ) (W) )/9, (5.49)
B = [304 ab) (@) @ (ab) (W) — A (aq) (W) ()] /2, (5.50)
oG = a(aa)(w)G(bb)(w)/Q, (5.51)
5% = [304(ab)(w>G/(ab)(w)—a(aa)(w)G/(bb)(w)]/zv (5.52)
Bh = WE(abe)(ad)(@)A(peay(w)/2- (5.53)

a® and 32 do not distinguish between opposite molecular enantiomers and are strictly positive. They
can also be measured through a combination of optical refraction and depolarised Rayleigh scattering
experiments [12, 25, 156]. 32 is typically an order of magnitude smaller than a? [165] and vanishes
entirely for an isotropic molecule [12, 25]. aG’, 5?; and ﬁi do distinguish between opposite molecular
enantiomers however, by taking on equal magnitudes but opposite signs®. aG’ can also be measured
through a combination of optical refraction and optical rotation experiments [12, 25, 156]. In contrast,
5%; and ,6’?4 cannot be readily measured by other means. They are, therefore, quantities of particular
interest [25, 165]. aG’/c, ﬂé/c and ,6’%/0 are typically three to five orders of magnitude smaller than
a®[12, 25].

5.3.2 Example zero: circularly polarised illuminating light

As a check on the validity of (5.36) and for comparison in what follows, let us begin now by follow-
ing previous approaches [12, 25, 154—156] and considering illuminating light comprised of a single
circularly polarised plane wave of amplitude F propagating in the +z direction as

EY = Eyk+iy)exp(iklz), (5.54)
BY = Ey(tik+§)exp(ilkl2) o, (5.55)

where the upper and lower signs yield left- and right-handed circular polarisations. This is both the
prototypical type of light possessing non-vanishing helicity, spin and ab infra zilches [37, 52] and the
prototypical type of chiral light [25]: as time passes, E and B rotate with a phase that varies in z such
that they trace out cylindrical helices, the chiralities of which differ for the upper and lower signs seen

8% and 5% can be positive or negative, in spite of the misleading but standard notation [165].
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—r/|k| OR {B(_O) exp (fiwt)}

Figure 5.5: llluminating light comprised of a single circularly polarised plane wave is scattered differently by
the molecules depending upon whether it is left- or right-handed.

in (5.54) and (5.55). Accordingly

2wy, = ek, (5.56)

2R Ry Th) = R2eoER, (5.57)
B = teBfw, (5.58)

RS, = tR.eoE/w, (5.59)
R<a>f%<b>ﬁ222>i = iéﬁeoEg/w, (5.60)
2<a>ﬁ’«<b>féﬁi?,)i = 0 (5.61)

where the upper and lower signs correspond to those seen in (5.54) and (5.55). Taking the molecules
to be homogeneously distributed around the origin r = 0, we find then that

O co K NE?

e [A+BR2 % (C+ DR +ER2)], (5.62)
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where the upper and lower signs again correspond to those seen in (5.54) and (5.55). Natural

Rayleigh optical activity, as manifest in Iio), is thus attributable to the non-vanishing helicity, spin

and ab infra zilches possessed by the illuminating light: If) differs for left- and right-handed circular

polarisations because E(io), §S§Z_L and ﬁggz)i do. For right-angled observation in particular, with R =x
say;
X KNE?
ﬁf%&)azglﬁiﬁ—gﬂA:tC). (5.63)

This situation is depicted in figure 5.5.

~
~

This phenomenon is neatly quantified by the circular intensity difference A(®) = A©)(R) defined
as* [155]

AOR) =+ 7 = 2 (5.64)

which has equal magnitudes but opposite signs for opposite molecular enantiomers. Without loss of
generality, we take R = sin ¢x + cos ¢z and find that

C+Dcos ¢+ Ecos? ¢

A sin g% + cos 02) ~ TG

(5.65)

which is the anticipated result [156]. For right-angled observation in particular [12, 25, 155], with

szc;

AO(x) =~

C

A

_ 2(—45aG’ — 1382 + B3) (5.66)
c(45a% +13B2) '

Owing primarily to the contribution made in the denominator by a2, A(¥) is rather small and, to the
best of our knowledge, has not yet been observed in experiment for chiral molecules [25, 164]:
calculated magnitudes of A©) typically lie between 10~¢ and 10~ [165]. We note, however, that
experimental results have been reported for large biological structures [166].

5.3.3 Example one: superchiral illuminating light

Following a procedure recently suggested [83] and demonstrated [84] for luminescence-detected
circular dichroism, we observe here the possibility of using so-called superchiral illuminating light,
rather than illuminating light comprised of a single circularly polarised plane wave, to ensure that a
larger fraction of I is sensitive to the chirality of the molecules, albeit at the expense of an overall
reduction in I. We associate with this illuminating light, a quantity analogous to A(®) (fc) that can be
made larger in magnitude and may, therefore, be more amenable to observation in experiment.

Consider then a superposition of two circularly polarised plane waves of opposite handedness, the

*A© giffers in sign from the circular intensity difference introduced by Barron and Buckingham in [155].
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Figure 5.6: Superchiral illuminating light can be employed to ensure that a /larger fraction of the intensity of
the scattered light is sensitive to the chirality of the molecules, as compared to illuminating light comprised of
a single circularly polarised plane wave.

first of which has amplitude El/\/§ and propagates in the +z direction whilst the second has ampli-
tude Fo/v/2 # E1/+/2 and propagates in the —z direction as

EY = BEiGtiy)exp(iklz) /V2 — By (x £ i) exp (—ik|z) /V2, (5.67)
BY = Ei(Fix+y)exp(ilklz) /V2e — By (£i% — ¥)exp (—i[k|z) /V2c,  (5.68)

where the upper and lower signs distinguish the cases in which the first wave is left- or right-handed.
This illuminating light is of course closely related to the light examined in §3.3.8. It is manifestly
chiral as, at any given ¢, E and B twist helically in z, the sense of twist depending on sgn (F; — E?2)
whilst differing for the upper and lower signs seen in (5.67) and (5.68). As time passes, these helical
patterns themselves rotate rigidly about the z axis, with the sense of rotation differing for the upper
and lower signs in seen in (5.67) and (5.68). In the vicinity of the z = 0 plane, E twists unusually fast
in z, doing so at the cost of a reduced magnitude: a superoscillatory phenomenon [167]. In contrast,
B twists rather slowly in the vicinity of z = 0, but is of relatively large magnitude. The effect becomes
more pronounced as |E; — Ea| — 0.
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Let us suppose then that the molecules are distributed homogeneously in the z = 0 plane about
r = 0. Adopting a right-angled observation geometry with R = %, we find that

€0KN (E1 — EQ)
2|R[?

(%) ~ [A (B — E3) £C (B + Ey)) (5.69)

where the upper and lower signs correspond to those seen in (5.67) and (5.68). Comparing (5.69)

with (5.63), we see that the chirally insensitive A contribution to Ij([l)(x) is reduced relative to the

chirally sensitive C contribution, albeit at the expense of an overall reduction in I(il)(fc). This occurs

because the chirally insensitive A contribution to Ij([l)(fc) is driven by E alone through wg whilst
the chirally sensitive C contribution is driven instead by both E and B through h: in the latter case,
the unusually high degree of twisting exhibited by E in the vicinity of the z = 0 plane, where the
molecules reside, together with the relatively large magnitude of B compensates somewhat for the

small magnitude of E there. The situation is depicted in figure 5.6.

We quantify this phenomenon through a generalised intensity difference x(!) defined as

Wix
Y= -
b’

&Q
\

_ A0 (%), (5.70)

which has equal magnitudes but opposite signs for opposite molecular enantiomers. This x(!) should
be equal to or greater in magnitude than A(®)(x) and diverges, in fact, as |E, — E»| — 0 (and
1(%) — 0). In reality, such enhancements of x(1) relative to A are limited by contributons to
the components mlg(a) of the magnetic dipole moments of the molecules induced by B, which we
have omitted explicitly from our analysis. Nevertheless, gains up to three orders of magnitude may

be possible [12, 25, 83, 84].

5.3.4 Example two: o-¢ illuminating light

We observe now the possibility of using so-called o-¢ illuminating light, rather than illuminating light
comprised of a single circularly polarised plane wave, to remove isotropic contributions to I whilst
retaining both chirally insensitive and chirally sensitive anisotropic contributions. We associate with
this illuminating light, a quantity analogous to A©) (f() that is significantly larger in magnitude whilst
offering different and perhaps more desirable information about the chirality of the molecules. This
quantity may, therefore, be more suitable for observation in experiment.

Consider then a superposition of two circularly polarised plane waves of the same handedness and
equal amplitude ED/\/Z the first of which propagates in the +z direction whilst the second propa-
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Figure 5.7: o-o illuminating light can be employed to ensure that the intensity of the scattered light contains
no isotropic contributions whilst still being sensitive to the chirality of the molecules.

gates in the —z direction as

B® — Byh i) exp (ikl2) /VE + Bolk T ) exp (~ilk}z) /v, 5.7
BY = Eo(Fik+3)exp (i[k|2) /V2e + Eo(Fik — §) exp (—i[kl2) /v/2e,

where the upper and lower signs distinguish the cases in which the waves are left- or right-handed.
This illuminating light is of course closely related to the light examined in §3.3.8. It is manifestly
chiral, as E and B oscillate linearly and parallel to each other at each z whilst the plane in which
they oscillate twists helically in z, the sense of twist differing for the upper and lower signs seen in
equation (5.67) whilst E lags or leads B by a quarter cycle. In the z = 0 plane, E and B lie parallel
to the z axis.

Let us suppose then that the molecules are distributed hqmogeneously in the z = 0 plane about
r = 0. Adopting a right-angled observation geometry with R = %, we find that

coKNE?

2)/2
160 ~ 2 s

[(A-B)x(C-¢&)], (5.72)

~
~

where the upper and lower signs correspond to those seen in (5.71). Evidently, If) (x) contains
no isotropic contributions, either chirally insensitve: a2, or chirally sensitive: aG’. It does, however,
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possess non-vanishing anisotropic contributions, both chirally insensitive: 32, and chirally sensitive:
ﬁ?; and 5,24- This may be understood simply by recalling that an oscillating electric dipole moment
radiates no energy on axis and so an isotropically polarisable molecular species would, to the order
of present interest, exhibit no scattering in the direction R = x of observation as the latter lies parallel
to the (electric-dipole-inducing) E vectors in the z = 0 plane where the molecules reside.

We quantify this phenomenon through a generalised intensity difference A(?) defined as

A2 =

~19%)
1% +19(%)
c-¢

A—B

2 (83 - 362)

= (5.73)

Q

which has equal magnitudes but opposite signs for opposite molecular enantiomers. This A® should
be larger than A(®) (fc) by around two orders of magnitude [165] owing to the absence of a contri-
bution from a? in the denominator. Moreover, A(?) (fc) offers different and perhaps more desirable
information about the chirality of the molecules than A(©) (fc) as its numerator is comprised solely of
the quantities Bé and Bi of particular interest. We note that A is —1 times the familiar depolarised
right-angled circular intensity difference [12, 25]. The latter, however, requires analysed measure-
ments of the intensities of scattered light polarised perpendicular to the scattering plane and is prone
to spurious effects [25], owing to the relatively large intensities of scattered light polarised parallel to
the scattering plane. In contrast, A(?) requires measurement only of unanalysed scattered intensities
and should, therefore, be robust in this regard. Theoretical predictions of the variation of the famil-
iar depolarised right-angled circular intensity difference (and hence, A(?)) with frequency for various
molecules can be seen in the work of Zlber, Wipf and Beratan [165].

5.3.5 Example three: lin _L lin illuminating light

We observe finally the novel possibility of using so-called lin L lin illuminating light which is essen-
tially achiral, rather than illuminating light comprised of a single circularly polarised plane wave, to
extract information about the chirality of the molecules through I. We associate with this illuminating
light a quantity analogous to A(©) (§) that is impervious to spurious contributions attributable to cir-
cular dichroism whilst being of a different form.

Consider then a superposition of two linearly polarised plane waves of equal amplitude Ej, the
first of which is polarised along the x axis and propagates in the +z direction whilst the second is
polarised along the y axis and propagates in the —z direction as

E® = Eyixexp (ik|2) — Eoy exp (—ik|2),
B®) = Eyiyexp(ilk|z) /c — Eoxexp (—i|k|2) /c. (5.74)
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Figure 5.8: A parity inversion of the lin L lin illuminating light and the direction of observation R = y through
the origin r = 0 can be mimicked in the z = 0 plane by leaving the light unaltered and changing the direction

of observation from R = y to R = x.

It should be noted that we only have one form of illuminating light here, in contrast to examples zero,
one and two where there were two forms of illuminating light which we distinguished using plus and
minus signs. It is essentially the same as the light examined in §3.3.8. In the z = 0 plane, E and B
rotate in oppo§ite directions which is, by itself, an essentially achiral configuration. The combination
of E, B and R, however, is chira[ in general. In particular, a parity inversion of the illuminating light
and the direction of observation R = y through r = 0 yields a new configuration not superposable
upon the old. An essentially equivalent transformation is invoked, however, by leaving the illuminating
light unaltered and changing the direction of observation from R = §r to R = x. This is depicted in
figure 5.8.

Let us suppose then that the molecules are distributed homogeneously in the z = 0 plane about
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Figure 5.9: Lin L lin illuminating light, which is by itself essentially achiral, can be employed to probe the
chirality of the molecules by making explicit use of the degree of freedom that is the direction in which the
intensity of scattered light is observed.

r = 0. We find that

A 2
19G&) ~ ‘)JETEO A+ (E+F),
2
18)(3) Eoﬁgfo [A—(E+ F). (5.75)

Evidently, information about the chirality of the molecules can be extracted simply by contrasting
I®) (%) and I®)(y). This is of course possible owing to the equivalence described above.
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We quantify this phenomenon through a generalised intensity difference T(3) defined as

rE _ 1®(y) - I®(%)

Q
I

_ 2(45aG’ + BE - B3)
N c(45a? +13p82) 7 (5.76)

which has equal magnitudes but opposite signs for opposite molecular enantiomers. This T is of
a different character, of course, to A©) x(1) and A® as it is dependent upon scattered intensities
associated with one form of illuminating light rather than two. It offers somewhat different information
about the chirality of the molecules than A (x): the contributions made by 52 and 52 to T®) are
of opposite sign to those in A(©) (fc) and the former is 13 times smaller. Although we have assumed
the illuminating light to be off resonance, there will always exist in reality some absorption of the
illuminating light by the molecules. Owing to circular dichroism, A (%), (1) and A® will therefore
suffer from spurious contributions attributable not to light scattering but rather, to luminescence. By
its very nature, T3, however, is impervious to such contributions. Indeed, lin L lin illuminating light
will be absorbed at the same rate by opposite molecular enantiomers, as it is essentially achiral.

Thus concludes our present consideration of optical activity in the scattering of light. Our proposed
techniques require that the scattering molecules be confined to a plane, in which case their num-
ber and hence, the scattered intensity, is necessarily reduced relative to that attainable in a fully
homogeneous sample. It is unclear at present whether this limitation can be overcome simply. In
experiment, such confinement might be realised simply by depositing the molecules onto a surface
[168]. Of course, additional effects associated with the surface, such as reflection and refraction of
the illuminating light and molecular orientation [169], would then have to be considered with care.
For our two-plane-wave examples, we restricted our attention to right-angled observation which is
particularly well suited to experiment as it ‘avoids’ the illuminating light as much as possible. Nev-
ertheless, more information about the chirality of the molecules may be extracted by exploring other
scattering geometries, as has been suggested for illuminating light comprised of single circularly po-
larised plane waves [156]. Our approach has been centred upon the unanalysed scattered intensity
as this is, perhaps, the most readily measurable property of the scattered light. The polarisation
properties of the scattered light remain to be explored, however, and may yield additional possibil-
ities. Finally, we highlight the fact that analogous approaches to those undertaken in the present
section can be pursued for other manifestations of optical activity in light scattering. These are tasks
for future research.

5.4 Discriminatory optical force for chiral molecules

It is well established that chiral molecules can exert discriminatory forces upon each other [12, 170,
171]. In recent years, interest has been expressed regarding the possibility of using light, such as
that produced by a laser, to exert a force of discriminatory character upon a single chiral molecule
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[172-176]. The present section is concerned with this possibility. We observe that the centre-of-
mass motion of a chiral molecule is, under appropriate circumstances, sensitive to gradients in the
helicity of an optical field and that the force associated with these gradients points in opposite direc-
tions for the opposite enantiomers of the molecule. We present a simple optical field for which this
phenomenon is isolated and propose applications. Our approach differs, it seems, from others that
have been presented in the literature [172—176] in that we make no critical assumptions regarding
the energy-level structure of the molecule but rather, rely upon the sign of a certain molecular polar-
isability. Our work is, therefore, relevant for many types of molecule and our proposed applications
may be realisable using currently existing technology.

5.4.1 Force exerted by light upon a chiral molecule

Consider a chiral molecule located at position R = Xx + Y§r + Zz. We assume an absence of
applied static electric and magnetic fields but suppose, however, that the molecule is illuminated by
weak, monochromatic, far off-resonance light of angular frequency w = c|k|, the length scale 27 /|k|
associated with which is larger than the molecule. The electric field E and magnetic flux density
B comprising the light are described by (1.75)-(1.80): we regard the light as being an externally
imposed influence acting upon the molecule to which it is introduced in an adiabatic manner. We
imagine the molecule to be rotating and perhaps vibrating somewhat such that we can ignore molec-
ular alignment: we imagine the molecule to be ‘tumbling’ freely in the optical field. In reality, the
molecule might be a constituent of a hot effusive molecular beam and the light might originate from
a near-infrared laser.

During the course of their interactions the light and the molecule will, in general, exchange linear
momentum, giving rise to an optical force which governs the centre-of-mass motion of the molecule
[28, 177]. Well-established optical activity phenomena [12, 25, 27, 143] suggest to us the possibility
that the opposite enantiomers of the molecule will, in general, exchange linear momentum with light
of chiral character at different rates, thus experiencing different optical forces. We now demonstrate
this to be the case.

We neglect the forces experienced by the particles comprising the molecule due to their own elec-
tromagnetic fields, which give rise, in particular, to radiation reaction effects [2, 3, 11]. Moreover, we
approximate the true electromagnetic interactions between the particles by non-retarded Coulomb
interactions [11], the forces associated with which cancel for any given pair of particles. Thus, the
net electromagnetic force F = F (¢) experienced by the molecule derives solely from the Lorentz
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forces exerted upon the individual particles by the optical field as

F = an (rp,t) + 1 x B(rp,t)]

= /// pE +J x B) &’r
_ // (V- P)E+ (P+V xM) xB| dr
= /// o) VEq +M()VB(G)]dr+///P><Bd3 (5.77)

Making use now of the results presented in §1.4, we find that the cycle-averaged, rotationally-
averaged form <F> of F' is conservative, being comprised of two distinct pieces as

(F)=-VU, R)— VU, (R), (5.78)

with the potential energies U,, = U,, (r) and U}, = Uy, (r) as defined below. Note that in obtaining the
result seen in (5.78), we supposed R to be fixed. In what follows, however, we employ this result to
describe scenarios in which R may be changing with ¢. In doing so, we neglect certain phenomena
attributable directly to the centre-of-mass motion of the molecule (Rdntgen current, Doppler shifts etc
[12, 177]), the effects of which will be small for realistic molecular speeds.

U, is the familiar ‘dipole’ potential energy [177, 178]:
Uy = —a@E/eo, (5.79)

with 3 = @(4q) (w). Except for a factor of twice the speed of light ¢, wg is often referred to loosely
as the ‘intensity’ of an optical field, although this nomenclature is not appropriate in general. It seems
natural that the trace 3« should appear in connection with the electric energy density wg. The former
is a time-even rotational scalar associated with the interference of electric-dipole transition moments
within a molecule [25] whilst the latter is a time-even rotational scalar field that is also of apparent
electric character [2]. For w far off-resonance, 3o may be well-approximated by its static value,
which is usually positive [25, 179]. In general, wg is also positive although it may, of course, vanish
at certain points in space at certain times. U, thus attracts the molecule towards those regions in
the optical field where the cycle-averaged electric energy density wx is maximum. The employment
of the dipole potential energy to manipulate molecules has been pursued in a wealth of theoretical
[179-195] and experimental [196—213] contexts.

Uh is
U = wG' h/eoc, (5.80)

with 3G’ = ’(aa) (w). It seems natural that the trace 3G’ should appear in connection with the helicity
density h. The former is a time-even rotational pseudoscalar associated with the mutual interference
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of electric-dipole and magnetic-dipole transition moments within a molecule [25] whilst the latter is
a time-even rotational pseudoscalar field that embodies the electric-magnetic symmetry inherent to
freely-propagating light. Moreover, such transformation properties are the hallmarks of true chirality
[25, 141, 142, 214] and indeed, 3G’ possesses equal magnitudes but opposite signs for the opposite
enantiomers of a chiral molecule [12, 27, 171] whilst the helicity H itself possesses equal magnitudes
but opposite signs for the enantiomorphs of an optical field. Thus, the force —V U, (R) associated
with Uy, is entirely discriminatory, pointing in opposite directions for the opposite enantiomers of the
molecule: U}, attracts the enantiomer for which 3G’ > 0 towards those regions in the optical field
where the cycle-averaged value helicity density ~ is minimum whilst the opposite enantiomer, with
3G’ < 0, is instead attracted to those regions in the optical field where h is maximum. This is, in
essence, our main result.

At the time of publishing the original research described in the present section [150, 151], ex-
pressions for the optical force experienced by a small isotropic chiral dipole of unspecified consti-
tution, as induced by monochromatic light, had been reported independently elsewhere [215-217].
In these expressions, a contribution can be identified that coincides with the discriminatory optical
force —V U, (R). This is natural, of course, as we have treated the molecule much like such a dipole.
Applications for the discriminatory optical force additional to those proposed below have since been
proposed elsewhere [218].

Although the derivation given in the present section and indeed, the concept of a force, is classical
in nature, the forms of U,, and U}, can also be justified by an appropriate calculation in the quantum
domain. Indeed, it will be noticed that they coincide with the energy shifts discussd in §5.2.4. Thus,
our discriminatory optical force and optical rotation are, in fact, different manifestations of the same
interaction!

5.4.2 Isolating the discriminatory optical force

w ‘_yé
me/2wsin @ EO J Ey x

Figure 5.10: Light possessing helicity fringes can give rise to a cycle averaged, rotationally averaged optical
force <F> that is, in general, non-vanishing and is purely discriminatory; pointing in opposite directions for the
opposite enantiomers of a chiral molecule, as illustrated for the enantiomers of hexahelicene.

A simple estimate reveals that the ratio |ca/G| is typically of the order of 103-10° [12, 25, 170] and
so it may appear that —VU,, (R) overwhelms —V U}, (R). This need not be the case, however:
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we can, in fact, eliminate the former so that (F) is entirely discriminatory in turn, by constructing
the optical field such that wg is homogeneous (and, therefore, Vg (R) = 0) whilst A is not (and
Vh(R) # 0).

To demonstrate this, let us consider the optical field constructed by superposing two linearly po-
larised plane waves of equal amplitude Ey and angular frequency w, propagating such that their
wavevectors lie in the z-z plane making angles of +6 (6 > 0) with the +z axis. We take the polarisa-
tions of the -0 waves to lie in the z-z plane and parallel to the y axis respectively. Explicitly

E = Ey(xcosf—zsin0)exp [ik| (zcos b + xsinb)]

+Eoy exp [i|k| (z cos @ — 2 sin 0)] (5.81)
B = Eyyexplilk|(zcos+ zsinb)] /e

+Eo(—%cosf — zsin 0) exp [i|k| (z cos 6 — :sin )] /c. (5.82)

This optical field is identical to that examined in §3.3.8, but with the angle ¢ = 7/2 here. As will be
recalled, it sports helicity fringes attributable to quasi-interference. We find that

U, = —aF}/2, (5.83)
U, = —G'E3cos®0sin(kz)/c, (5.84)

with x = 2w sin /¢ a wavenumber. Thus,
(F) = KG'EZ cos® 0 cos (kX) X/, (5.85)

which is non vanishing, in general, and points in opposite directions for the opposite enantiomers of
the molecule, by virtue of the opposite signs of 3G’, as claimed. This is depicted in figure 5.10.

It is possible, of course, to conceive of many other optical fields for which wg is homogeneous
whilst % is not. We emphasise that (F) is entirely discriminatory in all such cases. The simple ex-
amples of which we are aware are obtained, as above, from various superpositions of waves that
possess linear and orthogonal polarisations [53, 79].

5.4.3 Newtonian molecular optics

The field of Newtonian molecular optics is concerned with the manipulation of the centre-of-mass
motion of a molecule in a regime where the motion can be viewed classically [177], as we have pre-
sumed to be the case so far. The dipole optical force has been utilised successfully in this regime in
a multitude of experiments [196, 197, 199, 201, 202, 204—207, 211-213]. It seems natural, therefore,
to investigate the novel possibilities offered for our molecule in the regime of Newtonian molecular
optics by the discriminatory optical force.
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Chiral Stern-Gerlach deflector

The use of an optical field akin to the one presented in §5.4.2 to deflect the centre-of-mass trajectory
of the molecule in a discriminatory manner with a single helicity fringe, say, presents itself as one
possibility: see figure 5.11. In homage to a traditional Stern-Gerlach deflector [219], we refer to this
device as a ‘chiral Stern-Gerlach deflector’.
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Figure 5.11: The principle of operation of the chiral Stern-Gerlach deflector, depicted here for the opposite
enantiomers of hexahelicene. (a) A single helicity fringe deflects the left-handed enantiomer to the left. (b)
The same fringe deflects the right-handed enantiomer to the right.

Let us now perform a simple estimate to gauge the feasibility of the chiral Stern-Gerlach deflector. We
suppose that the molecule, of observable rest mass M, resides, at t = 0, at the origin r = 0 of the
optical field presented in §5.4.2, moving in the 4z direction with speed V.. We suppose, moreover,
that its subsequent centre-of-mass motion is governed by Newton’s second law and <F> as seenin
(5.85). Considering an interaction time 0 < t < \/Mc/k2|G’|EZ such that the molecule does not
reach its nearest helicity trough or peak and | X (t) | < 7/2x, we deduce that its angular deflection
¢ = ¢ (t), as measured with respect to the +z axis, is

¢~ —tkG'E2/MV,c, (5.86)

to first order in ¢, as we presume that ¢ < 1. We consider w = 2 x 10'® s~! which corresponds
to a free-space wavelength of 2mc/w = 1 x 107% m. This lies in the near infrared to which many
molecules are indeed essentially transparent [196, 197, 199, 201, 202, 204-207, 211, 213]. We
choose # = 5 x 10~2 which yields helicity fringes of wavelength 27 /k = 7c/wsinf = 1 x 1075 m,
which is also in line with experimental demonstrations [80, 81]. For the sake of concreteness, we
consider hexahelicene, a chiral molecule with M = 5 x 1072% kg [25, 34, 35]. Using an empirical
result obtained from a measurement of specific rotation [25, 34, 35], together with an appropriate
theoretical angular frequency scaling [25, 220], we estimate that 3G’ = +1 x 1073* m kg~! s3 A2,
where the plus and minus signs refer to the left- and right-handed enantiomers of the molecule.
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We consider Fy = 6 x 10® m kg s™2 A~! which corresponds to a notional intensity of egcE3 =
1 x 10" kg s™3. The latter is approximately one order of magnitude smaller than that typically
employed [196, 197, 199, 202, 204-207, 211, 213] which may help to reduce the possible effects of
polarisation dependent alignment [211, 212] that threaten to complicate our picture and also allows
us, we assume, to consider t = 1 x 1075 s which is approximately two orders of magnitude larger
than the usual interaction time [196, 197, 199, 201, 202, 204—-207, 211, 213]: the probabilities of
certain processes such as multi-photon ionisation that promise to damage the molecule, thus limiting
the maximum interaction time, scale in a highly non-linear fashion with intensity [196, 197]. We take
V. = 1 x 102 m s™!, as may be obtained with a velocity selector® [221], and identify a notional
longitudinal width D = V.t = 1 x 10~* m of the optical field. Using these values in (5.86), we find
that

¢ =45 x 1074 (5.87)

Even for our optimistic estimate, ¢ is rather ‘small. We believe nevertheless that such deflections
are detectable, perhaps using the methods that have already been employed in analogous experi-
ments centred upon the dipole optical force, namely the ionisation of deflected molecules using an
intense laser beam and their subsequent detection using a microchannel plate detector in a suit-
able geometry [196, 197, 199, 201, 202, 204, 211]. The utilisation of these methods in particular
to map modifications of molecular trajectories attributable to the dipole optical force has been well-
demonstrated [199, 202].

A chiral Stern-Gerlach deflector could be employed as a robust means of spatially separating the
enantiomers of a chiral molecule for further applications. It is possible that this might find practical
use in pharmaceutical research, for example, where efficient methods of chiral resolution may not
be known for a newly-synthesised chiral molecule [143] and yet, it is of vital importance to work with
samples of a known enantiomeric purity a priori, as is exemplified by methamphetamine and other
drugs besides. In addition, a chiral Stern-Gerlach deflector might be utilised to measure the mag-
nitude and sign of 3G’ supported by a molecule, by examining the magnitude and direction of the
associated deflection. It could even be used as a means of determining the enantiomeric purity of a
sample of chiral molecules by passing some of them through the device and comparing the numbers
deflected to the left and to the right. Closely related devices have been proposed theoretically else-
where [172, 174-176], albeit making use of seemingly different mechanisms.

It is possible, of course, to conceive of other novel possibilities offered for chiral molecules in the
regime of Newtonian molecular optics by the dipole optical force. At present, however, we turn our
attention to a more delicate but sensitive regime, namely that of de Broglie molecular optics.

5.4.4 de Broglie molecular optics

Ultimately, the centre-of-mass motion of a molecule is governed by the laws of quantum mechanics
and should most accurately be viewed in terms of de Broglie waves [28, 177]. The manipulation

51t is important that the internal temperature of the molecule be sufficiently high so as to justify our use of rotational
averaging: an effusive source of temperature T' = 1 x 10® K, say, may suffice.
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of these waves comprises the field of de Broglie molecular optics, in which there exist possibili-
ties including the performance of remarkably high precision measurements [28, 177] that cannot be
understood in terms of Newtonian trajectories [28, 177]. Indeed, the picture presented in Newto-
nian molecular optics is but an approximation to the more fundamental one presented in de Broglie
molecular optics, much as the picture presented in geometrical optics is but an approximation to
the more fundamental one presented in the wave theory of light [27]. The dipole potential energy
has been utilised successfully in the regime of de Broglie molecular optics in various experiments
[203, 208-210, 222] and it seems natural, therefore, to enquire as to the novel possibilities offered
for our molecule by the discriminatory potential energy. Thus, let us now assume coherent quantum-
mechanical evolution of the centre-of-mass motion of the molecule.

Chiral diffraction grating

We recognise, for example, the possibility of using an optical field akin to the one presented in §5.4.2
to diffract the de Broglie waves associated with the centre-of-mass motion of the molecule, by passing
them through a thin sheet of helicity fringes as illustrated in figure 5.12(a). The sensitivity of the de
Broglie waves to the helicity fringes and thus, the diffraction, is attributable to the molecule being
chiral (3G’ # 0): the de Broglie waves associated with the centre-of-mass motion of a similar achiral
molecule are instead insensitive to the helicity fringes (as 3G’ = 0 [12, 27, 171]) and, therefore,
no diffraction results, as illustrated in figure 5.12(b). We refer to this device accordingly as a ‘chiral
diffraction grating’.

3G' >0

-
ULLLIE

3G"' <0 éz_'y
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Figure 5.12: The principle of operation of the chiral diffraction grating. (a) A chiral molecule such as hexa-
helicene is diffracted by a collection of helicity fringes. (b) An achiral molecule such as buckminsterfullerene
(Csp) does not ‘sense’ these fringes and hence, is not diffracted.

Let us now consider the results of some simple calculations pertaining to the chiral diffraction grating.
We suppose that the molecule resides in the optical field presented in section 5.4.2 and describe it as
a point particle behaving in accord with the Schrédinger equation under the influence of U,, and U,
as seen in (5.83) and (5.84). We suppose, moreover, that the molecule occupies, att = 0, a linear
momentum eigenstate with eigenvalue MV,z. Considering an interaction time 0 < ¢ < 2M¢?/fiw?
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significantly shorter than the inverse of the single-photon recoil angular frequency, say, we employ
the Raman-Nath approximation and find, following a slight variant of a standard calculation [223],
that the molecule evolves into a superposition of linear momentum eigenstates with eigenvalues
nhrx + MVz%, where n € {0,£1, ...} and the probabilities associated with these eigenvalues are

P, = J? (tG'E§ cos® 0 /hc) . (5.88)

In reality, we may associate ¢ with a notional longitudinal width D of the optical field as ¢t = D/V. The
Raman-Nath approximation then corresponds to a ‘thin’ [177, 223] chiral diffraction grating and the
relative intensities of the diffraction orders (n = 0, £1,4+2,...) observable in the far field [203, 222]
are governed by the probabilities P,. This conclusion can also be reached, of course, by calculating
a Fraunhoffer diffraction integral [224]. It will be noticed that the P,, depend upon the magnitude
of 3G’ but not the sign. They are, therefore, equal for the opposite enantiomers of the molecule.
Consider now, as in §5.4.3, w = 2 x 10'5 s~! and hexahelicene, for which M = 5 x 10~2° kg and
we estimate 3G’ = 41 x 1073* m kg~! s3 A2, as will be recalled. We choose § = 5 x 10! here
which yields helicity fringes of wavelength 27/k = me/wsind = 1 x 107 m. In line with an analo-
gous experiment in which the diffraction of fullerenes due to their interaction with a traditional optical
standing wave was observed, we take V, = 1 x 102 ms~! and D = 5 x 107> m [2083, 222], corre-
spondingtot = D/V, = 5 x 10~7 s. With 3G", 6 and ¢ fixed, the P, are found to depend upon Ej
and hence, eocEg in a highly sensitive manner, as seen in figure 5.13. In choosing these values, we
have also accounted for effects not included explicitly in our analysis so as to ensure the possibility
of an experimental demonstration: the helicity fringes are unlikely to be resolved via quasi-blackbody
radiation by a velocity-selected effusive molecular source of temperature 7' = 1 x 10° K, say, whilst
this temperature ensures the validity of our use of rotational averaging [225, 226]; the diffraction
orders should be separated by 1 x 10~° m when observed 1 m away from the chiral diffraction grat-
ing and could be recorded, therefore, using the same methods that have already been employed in
molecular diffraction experiments centred upon the dipole potential energy, namely the ionisation of
diffracted molecules using an intense laser beam, translated across the diffraction pattern, and their
subsequent detection using an electron multiplier [203]; the highest notional intensity considered of
eocE? = 3 x 10'3 kg s~ represents an upper limit beyond which the probability of the molecule
absorbing at least one photon from the optical grating approches unity, as extrapolated from hexahe-
licene’s measured visible absorption spectrum [226—228].

The chiral diffraction grating and its associated diffraction patterns are also remarkably sensitive
to the chiral geometry of the molecule. To illustrate this, we now employ an analytical expression for
hexahelicene’s trace 3G’, obtained elsewhere using a dynamic coupling model [25, 229, 230], and
fix Ep = 1 x 10 m kg s A~! so that egcE2 = 3 x 10" kg s73. We vary the normalised pitch
—1 < v < 1 of the molecule in a hypothetical manner, however, and examine the corresponding
changes in the P,. As the P, are identical for the opposite enantiomers of the molecule, we need
only consider the magnitude of «. The limiting values |y| = 1 and |y| = 0 correspond to the usual
helical shape adopted by hexahelicene and to a ‘flattened’ version of the molecule which is achiral.
Thus, for || = 1 our chiral diffraction grating gives rise to the diffraction pattern expected of hexahe-
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Figure 5.13: Plots of the diffraction probabilities P,,, depicting their variation with the notional intensity eqcE3
for hexahelicene.

licene in reality® whereas for |y| = 0, no diffraction pattern is found. Between these limiting cases,
the P,, vary drastically in responses to ‘small’ changes in || as seen in figure 5.14.
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Figure 5.14: Plots of the diffraction probabilities P,,, depicting their (hypothetical) variation with the magnitude
of the normalised pitch v of hexahelicene.

We highlight here once more that the P,, are equal for the opposite enantiomers of the molecule.
Consequently, the diffraction patterns produced by a chiral diffraction grating in practice would be
insensitive to the enantiomeric purity of the source from which the molecules derive and a racemic
mixture in particular, which does not exhibit any traditional manifestations of optical activity (optical
rotation, circular dichroism, differential scattering), would give rise to the same non-trivial diffraction
patterns as it would if it were enantiopure! The chiral diffraction grating should be viewed, there-
fore, as something of a chirality detector, rather than a chirality discriminator: the very existence of
diffraction indicates that [3G’| # 0 and hence that a molecule is chiral. By examining the diffraction
patterns it produces, a chiral diffraction grating could be employed to measure, to high precision, the
value of |3G’| supported by a molecule. Its insensitivity to the sign of 3G’ lends the chiral diffraction
grating to more exotic applications besides, for example the detection of, and measurement of the
concentration of, racemic distributions of chiral impurities in otherwise achiral samples.

The difference in appearance of the last panel of figure 5.13 and the first panel of figure 5.14 is due to the fact that
they were derived from empirical and theoretical values of 3G’ that themselves differ slightly.
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Discriminatory chiral diffraction grating

We can incorporate the discriminatory character of the chiral Stern-Gerlach deflector into the chiral
diffraction grating, whilst retaining the sensitivity of the latter, by placing a thin mechanical transmis-
sion grating in front of the helicity fringes such that those regions for which (V H), > 0 are obscured,
as illustrated in figure 5.15. We determine the modified diffraction probabilities P, by calculating a
Fraunhoffer diffracton integral [231] whilst neglecting van der Waals forces associated with the me-
chanical grating. The P/ now discriminate between the enantiomers of the molecule, being sensitive
to both the magnitude and sign of 3G’, as seen in figure 5.16. We refer to our new device accordingly
as a ‘discriminatory chiral diffraction grating’.
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Figure 5.15: The discriminatory chiral diffraction grating: a composite of a thin mechanical transmission
grating and a thin sheet of helicity fringes, gives rise to diffraction patterns that discriminate between the
enantiomers a chiral molecule as illustrated for the left- (a) and right-handed (b) enantiomers of hexahelicene.

A discriminatory chiral diffraction grating could be employed as a means of spatially separating the
enantiomers of a chiral molecule for further applications. In this context we might regard it as a chiral
beam splitter for de Broglie waves. In addition, it might be utilised to measure, to high precision,
the magnitude and sign of 3G’ supported by a molecule by examining the form of the associated
diffraction pattern. If [3G’| in particular is already known for a type of chiral molecule, our discrimi-
natory chiral diffraction grating could be employed instead to measure, simply and to high precision,
the enantiomeric excess ee = (ny, — ng)/(nr + ngr) of a sample, where n;, + nr = n > 1is the
total number of molecules in the sample, ny, of which are left-handed (3G’ > 0) and ny of which are
right-handed (3G’ < 0): passing N = Ny, + Nr < n molecules from this sample through a discrimi-
natory chiral diffraction grating and counting the numbers Ny, and N that appear to the left and right
of the line of zero angular deflection in the resulting diffraction pattern would allow ee to be inferred
from the fractional difference A = (N, — Ng)/(N + Ng), the variation of which with ee and EZ for
hexahelicene is seen in figure 5.17. A particularly appealing feature of A is that it can in principle be
determined using detectors of low spatial resolution, as Ny, and Ny are the only quantities that need
to be measured. This is in line with recent molecular diffraction experiments centred upon the dipole
potential energy, where simple measurements of total molecule flux, with no spatial resolution, have
found favour [208—-210, 222].
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Figure 5.16: Plots of the modified diffraction probabilities P/, depicting their variation with the notional inten-
sity egcE2 for hexahelicene.

It is possible, of course, to conceive of other novel possibilities offered for chiral molecules in the
regime of de Broglie molecular optics by the discriminatory potential energy. We will return to these
ideas elsewhere.
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Figure 5.17: The enantiomeric excess ee of a sample of chiral molecules could be measured, simply and
to high precision, by passing some of these molecules through a discriminatory chiral diffraction grating and
measuring the fractional difference A exhibited by the resulting diffraction pattern.

Thus concludes our present discussion of the discriminatory optical force. It should be noted that
molecular polarisabilities, upon which our approach is based, are state dependent [25]. This may
give rise to interesting subtleties and additional possibilites for manipulation. We have imagined the
molecule to be tumbling freely in the optical field, thus neglecting the possibility of alignment effects
and treating the molecule, heuristically, in an isotropic manner. In reality, the molecule might initially
occupy a suitable thermal mixed state of ‘high’ temperature that spans many rotational levels, for
example. At ‘low’ temperatures and / or ‘high’ optical intensities, however, polarisation-dependent
alignment effects in certain optical fields may be important [211, 212], giving rise to further sub-
tleties and possibilities for manipulation. It remains to further ascertain the feasibility of our proposed
devices for realistic beams of light rather than plane waves. These are tasks for future research.
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5.5 Discussion

We have examined a well established manifestation of optical activity (optical rotation §5.2), a dor-
mant manifestation of optical activity (differential scattering; §5.3) and a new manifestation of optical
activity (discriminatory optical force for chiral molecules; §5.4). Unperinning our investigations was
our observation that these phenomena can be related explicitly to helicity, spin, the ab infra zilches
etc. We should note, however, that such relations do not appear to be of fundamental significance.
As we have worked exclusively with monochromatic light we could have instead identified the zilch
or any other of the lower- and higher-order extensions of helicity, spin, the ab infra zilches etc, follow-
ing our observations in §3.4. Moreover, had we extended our calculations beyond the e? regime, we
would have met, ultimately, with non-linear terms which cannot obviously be related to any conserved
properties of freely propagating light, as the latter are bilinear. Nevertheless, the identification of op-
tical activity phenomena with the angular momentum of light where possible is certainly interesting
and indeed, has led us to new insights, if only in a pragmatic sense. There remains much to be
explored, of course: possible avenues for future research are highlighted in §6.
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Chapter 6

Future Research

| have recognised an abundance of new possibilities pertaining to chirality and optical activity follow-
ing on from the research presented in §5. For example

e The effects of the discriminatory optical force can be amplified, it seems, using certain types
of polychromatic light. This would serve to greatly extend the domain of applicability of my
proposed devices.

e The discriminatory optical force can form the basis of molecular and atomic interferometers with
which to probe the fascinating left-right asymmetry inherent to the (electro)weak interaction
itself, which manifests itself subtly in molecules and atoms. Information obtainable through
molecular and atomic parity violation experiments can complement that afforded by large-scale
particle accelerators and advance our understanding of fundamental physics [28].

e New devices based upon the discriminatory optical force might enable molecular lithography
and deposition at the nanoscale with a chiral twist, allowing in turn for the fabrication of chiral
metamaterials that exhibit negative refraction for visible light: chiral molecules are, of course,
the smallest possible chiral building blocks. Such materials afford remarkable possibilities, for
example the ability to image objects smaller than is permitted by conventional optics and the
construction of invisibility cloaks [232].

e The translational cooling of molecules is still in its infancy [233], however the discriminatory
optical force could one day form the basis of structured light in which to distil and investigate
enigmatic new states of matter comprised of chiral molecules, analogous to the current use of
the dipole optical force to distil and investigate various arrangements of atoms in optical lattices
[177]. This would allow for incisive studies of the role played by chirality in molecular collisions
and chemical reactions.

e Manifestations of optical activity associated purely with rotational dynamics afford the pos-
sibility of gaining new information about the overall structures of molecules. Although they
have been considered in a small body of theoretical work concerned with the extension of
well-established optical activity methods into the microwave domain [234], no experimental
observations have been reported to date [25]. The obstacle is the unfavourable scaling of con-
ventional optical activity phenomena with frequency. In spite of the fact that it is not obviously a
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manifestation of optical activity, the recently demonstrated use of pure rotational transitions to
probe the chirality of molecules through nonlinear interactions with microwaves [148, 149] has
revealed to me a concrete means by which to proceed.

e Entirely new information about the structures of molecules and atoms is afforded by optical
activity induced in Raman scattering by a static electric field. Indeed, manifestations of electric
optical activity are rare: electric analogues of magnetic optical rotation and magnetic circular
dichroism, for example, do not exist. In spite of its allure, electric Raman optical activity has not
been observed in experiment or studied quantitatively in theory [163] and | hope to rectify this.

e Optical activity in the emission of light yields information about the excited states of molecules
and atoms rather than their ground states as in circular dichroism [25, 143]. | am interested
in the as yet unexplored possibility of enhancing the phenomenon by engineering the environ-
ments in which the molecules and atoms reside so as to see it better utilised.

e An enantiomeric molecular switch is a molecule that can be interconverted between left- and
right-handed forms by circularly polarised light [235]. Such switches have been employed as
dopants in (otherwise achiral) nematic liquid crystals, where they are found to induce a strongly
chiral nematic phase which can then be controlled optically [236]. Molecular switches could
also be used one day in computers as minute memory elements. | have observed in a prelimi-
nary study that enantiomeric molecular switches can be sensitive to the angular momentum of
light. Thus, they might form the basis of novel optical angular momentum sensors, either by
themselves or as dopants in liquid crystals. Conversely, the angular momentum of light might
be used to selectively address chiral molecular switches or to manipulate the chirality of liquid
crystals, for example.

The Engineering and Physical Sciences Research Council have awarded me a Postdoctoral Fellow-
ship to pursue these ideas further. Wish me luck!

THE END
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