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Abstract

This thesis is a study of the natural geometric structures, arising through interference,
in fields of complex waves (scalars, vectors or tensors), where certain parameters describ-
ing the wave are singular. In scalar waves, these are phase singularities (also called wave
dislocations), which are also nodes (zeros of amplitude): in two dimensional fields they
are points, and in three dimensions, lines. The morphology of dislocation points and lines
is studied in detail, and averages of their geometrical properties (such as density, speed,
curvature and twistedness) are calculated analytically for isotropically random gaussian
ensembles (superpositions of plane waves equidistributed in direction, but with random
phases). It is also shown how dislocation lines may be knotted and linked, and a con-
struction of torus knots in monochromatic waves is studied in detail, using experimentally
realisable beams. In vector waves, the appropriate fields are described geometrically by
an ellipse at each point (the polarization ellipse). Their singularities, occurring along
lines in three dimensions, are where the ellipse is circular (C lines) and linear (L lines);
in two dimensional fields, possibly representing the transverse plane of paraxial polarized
light waves, there are C points, but still L lines. The geometry of these singularities is
considered, and analytical calculations for their densities in isotropic gaussian random
vector waves are performed. The C and L singularity structures are generalised to fields
of spinors using the Majorana sphere (vector fields have spin 1), and singularities in rank

two tensor waves (spin 2) are briefly discussed.
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Chapter 1

Introduction: What is a

singularity?

‘Our task is to find in all these factors and data, the absolute, the universally

valid, the invariant, that is hidden within them.’

Max Planck, Scientific Autobiography and Other Papers, New York: Philosophical
Library, 1949

1.1 General Introduction

Many phenomena in nature, such as light, sound, thermal radiation and quantum mechan-
ical matter, can be described by waves. This thesis is a study of wave interference, that
is to say, what happens when the wave disturbance from different sources adds together
(constructive interference) or cancels out (destructive interference). Across an entire field
of interfering waves, there are places where either of these types of interference can happen.
Thomas Young, in November 1801, announced his discovery of interference in a light beam,
thereby proving that light physically is a wave [You02]. For fields of interfering waves, in
three dimensions, the destructive interference occurs along lines, resulting in threads of
darkness (silence, etc), and in two dimensions, at points. These interference structures
were discovered as a general phenomenon of wave physics by Nye and Berry in 1974, where,

in analogy with the defects of crystal lattices, they were called wave dislocations.
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Wave dislocations are not objects in the usual sense (like atoms): they do not have an
independent existence, but are specific features of the patterns set up by the interfering
waves. Such phenomena are called morphologies, another example of which is a shadow
(this a morphology of light rays, not waves). The importance of wave dislocations is
brought out when one asks what physical quantities describe the wave disturbance at each
point: in addition to the size of the wave (the amplitude, a nonnegative real number),
there is also a phase, that is, the angle which determines the point of the wave cycle
(which changes, for example, as time evolves). Where the amplitude of the wave is zero,
the phase cannot be determined (since the wave is zero for all phases): the wavefield zeros
are also phase singularities, and are the most significant features of the phase landscape in
the field. A simple example of a phase singularity (not in a wave) is the singular time zone
at the north pole (where the phase angle corresponds to the position of the hour hand on
a watch, which may validly point to any hour at the north pole).

It is remarkable that, if any wavefield is chosen at random (out of an appropriate
ensemble), these singularities occur naturally throughout the field, out of the random
interference pattern, and part of the work described here is an exact mathematical cal-
culation of the densities of dislocations in general kinds of random wavefield, as well as
the statistical distributions of geometric properties such as curvature, speed (if they are
moving) and twistedness. These calculations apply to the threads of silence in a noisy
room, or the threads of darkness from light emitted from a thermal radiator (ie a black
body).

However, we may also choose to manipulate waves (for instance light in a laser beam)
in order to configure the dislocations in the wave into desired forms; we also describe a
method for creating dislocation loops that are knotted or linked in physically realisable
beams. This construction takes advantage of the mathematical structure of the wave
around the singularity, and the interference pattern near the knot has a detailed and
subtle structure.

Not all waves are just described by amplitude and phase; they may also have po-
larization, where the wave disturbance occurs in a certain direction or directions (ex-
amples include (un)polarized light or elastic waves in a solid). In this case, there are
too many variables for the wavefield naturally to vanish on lines, but there are other
types of singularity in these wavefields, discovered and measured by Nye and Hajnal

[Nye83b, Nye83a, NH87, Haj87a, Haj87b, Haj85]. The mathematical formalism of these
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singularities is reviewed here, and we present calculations of their statistical densities in
random vector waves. The singular polarization structures for vectors may be generalised
to more complicated types of wave (tensor waves, with higher spin), and an outline of how
this happens is presented in the final chapter.

Although dislocations and other wave singularities have been known and studied for
a long time, this new work is original in several ways. The initial motivation was purely
statistical, to generalise the methods used in, and types of quantity considered by, the sta-
tistical analyses of [Ber78, Fre94], leading to the publication of three articles in research
journals, [BD00], [BDO01c], [Den01b] as well as a conference proceedings article, [Den0Ola).
However, more general investigation of the topology of dislocation loops led to the redis-
covery of the ‘twisted loop’ theorem (originally discovered and investigated by Winfree
and coworkers), and thus the possibility of experimentally realisable dislocation knots,
as described in [BDOla] and [BDO1b]. The generalization of polarization singularities to

waves of higher spin is not yet complete, and has not been published at this time.

1.2 What is a singularity?

In this section we shall explore the simple but fundamental notions associated with phase
singularities, as well as the related singularities of real vector fields and line (ellipse) fields
in two dimensions. These mathematical structures occur in other contexts than wave
interference, and the discussion here is general.

Phase singularities occur at the zeros (nodes) of complex scalar fields, that is functions
from space (of either two or three dimensions) to the complex numbers (analytic when
convenient). Unless otherwise stated, this function shall always be represented by %, so
Y R%2,R3 — C.

Sometimes, v is time dependent as well as space dependent. Where confusion will
not ensue, explicit functional dependence on space or time will be suppressed (ie ¢ =
B(x), b(x,1)).

The complex field ¥ can be written in terms of its modulus p and argument y or its

real and imaginary parts, £, 7 :

Y = pexp(ix) = £ +in, (1.2.1)

where p > 0,x,&,n are real, and the angle x is singlevalued modulo 27. Since % is to
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denote a wave, the modulus p is the wave amplitude, and the argument x is the phase of
the wave, and plays a crucial role in what follows.

The nodes of ¢ are the places r in space for which

d(r) =0 (1.2.2)

and, usually, are points in two dimensions, and lines in three. What is meant by ‘usu-
ally’ (ie generically) will be discussed in the next section. For now, we restrict attention
to the geometry of nodal points in two dimensions, with points labelled R = (z,y) in
cartesian coordinates, (R, ¢) in plane polars (see section 1.9 for a summary of notational
conventions).

The simplest function with a phase singularity is simply the natural map from cartesian

space to the complex plane,

Y(x,y) =z +iy = Rexp(ig) (1.2.3)

which is zero at the origin. The phase here is the polar angle ¢, which is defined everywhere
except the origin, where R is 0. ¢, as a function of position in the plane, is not continuous;
following any smooth line of constant ¢ through the origin causes a jump of 7. There is
therefore no way of ascribing to ¢ a value at the origin: the phase of ¢ is singular. It
is a necessary condition that R be zero at the singularity, otherwise the argument of the
nonzero ¢ in (1.2.3) would not be defined. Phase singularities and zeros are therefore
equivalent, and the two terms shall be used interchangeably.

A reason that phase singularities are important is that their presence determines the
phase structure around them. In particular, consider the line integral
1 d 1

e A

% Vx - dR, (1.2.4)
c

where C' is some closed nonselfintersecting loop directed in the positive (anticlockwise)
sense in the plane, not passing through any node (so Vy is well-defined). Since x is
singlevalued modulo 27, s is an integer (possibly positive, negative, or zero). Topologically,
the image x(C) of the path C is a closed loop in the space of angles, winding round s
times (positive if x increases around the loop, negative if it decreases). s is therefore
referred to as the winding number of the loop. Now, if C encloses the origin in equation
(1.2.3), s = 1, and s = 0 otherwise. If ¢ in (1.2.3) were replaced by its conjugate
Y* = x — iy = Rexp(—ig), then s = —1, since x = —¢ for this function. Similarly,
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for positive integer n, any loop around 0 of the function ¢™ has winding number n (and
similarly, (¢*)™ has —n). This topological number, being shared by all loops enclosing the
origin in (1.2.3) (and, more generally, any nodal point) is thus a property of the phase
singularity, called its topological charge [Hal81, Ber98|, and, in the case of wave dislocations
(when 9 represents a wavefield), the dislocation strength.

A simple dislocated wave in two dimensions that has often been discussed (for example,

by [NB74, Ber81, Nye99]) has the equation

Y = (xz +1y) exp(iky) (1.2.5)

(actually, it is an approximation to a solution of the Helmholtz equation (1.5.2)). The
dislocation (as phase singularities in waves are called) at the origin has strength 1, re-
gardless of the sign of the wavenumber k, and locally to the dislocation (on a scale where
ky ~ 0), equation (1.2.5) reduces to (1.2.3). The contours of constant phase (the wave-
fronts) emerge uniformly from the singularity at 0, and, further away, arrange into parallel
lines normal to the y direction, owing to the plane wave factor exp(iky). The pattern of
wavefronts near the dislocation is shown in figure (1.1). This wavefront structure is the
origin of the term dislocation for nodes in wavefields; Nye and Berry ([NB74]) coined the
term since figure (1.1) has a structure similar to the atomic planes in a crystal near to an
edge dislocation.

As mentioned above, across the singularity, the phase changes by 7. The zero contours
of the real part £ are labelled by one of two phases, 0 and 7, which alternate at each node;
the position of the node cannot be found by inspection of the real part alone (only that
the node lies along the zero contour), and the phase (out of 0 and 7) similarly cannot be
determined. Finding the node using the imaginary part alone has similar problems (with
the two phases being 7/2,37/2) but the positions of the singularities can be determined
as the intersections of the two sets of zero contours of real and imaginary parts. The
behaviour of the other phase contours are easily found from £ and 7. Phase contours,
wavefronts and phase topology are discussed in more detail in section 2.1.

Phase singularities occur very generally whenever there is an angle continuously de-
pendent on two or three spatial parameters. One example, frequently taken advantage of
in representation of phase fields (although not here) is the so-called colour wheel: we see
the various hues (red, orange, yellow, etc) as a continuum, where purple appears with the

other spectral colours (although it is a mixture of red and blue), joining the two ends of
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/2

/3
/6

51/6

2m/3
/2

Figure 1.1: Wavefronts (contours of constant phase, mod 7) of the edge dislocation (1.2.5),

scaled such that &k = 1.

the visible spectrum into a circle. The hues may be continued towards the centre of the
circle, but no colour can be put at the centre which continuously joins up with the others
(it can only be grey). The hue representation of phase has been used to pick out the phase

behaviour near singularities by Winfree [Win87].

Another example of a phase singularity, mentioned already, is the problem of the
correct time zone at the north pole. Consider an idealised globe, where the time zones are
separated by geodesic lines, independent of territories or borders, as in figure (1.2). The
north and south poles lie at points where all these lines intersect, so are not in any unique
zone: it is a phase singularity of the position of the hour hand on a watch (of course,
the variation of local time on the earth ought to be continuous with respect to east-west
position, but for convenience is discretised into one hour jumps). Fortunately, this does
not often give rise to practical problems, because the population at the poles is rather

sparse.!

'As J.F. Nye informs me, the presence of the British Antarctic survey at the south pole has led to
Greenwich Mean Time taken as standard at the south pole, and compass directions are taken with respect

to the Greenwich meridian.
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Figure 1.2: The phase singularity of time at the north pole (with idealised time zones).
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The topological charge of the polar singularities (north pole 4+1, south pole —1) have
interesting implications for a closed loop enclosing the singularity, that is, a closed E-W
journey around the world. Without the international date line, continuous adjustment to
local time gives rise to the acquisition (or loss) of a day on return to the starting point.
This surprising idea was the punchline of Jules Verne’s Around the world in 80 days, for,

as Phileas Fogg discovered, he

... had, without suspecting it, gained one day on his journey, and this merely
because he travelled constantly eastward; he would, on the contrary, have lost

a day, had he gone in the opposite direction - that is, westward.

In journeying eastward he had gone towards the sun, and the days therefore
diminished for him as many times four minutes as he crossed degrees in that
direction ... three hundred and sixty degrees, multiplied by four minutes, gives

precisely twenty-four hours - that is, the day unconsciously gained.

This problem is avoided with the international date line, which introduces a discontinu-
ity of a day’s jump along a line joining the two poles. This line solves the problem of
multivaluedness of the date (at the cost of introducing a 27 discontinuity), but its nature
is easy to misunderstand (see, for example, the confusion of the protagonist in Umberto
Eco’s The Island of the Day Before).

It is no coincidence that the number of phase singularities on the globe is equal to the
Euler characteristic of the sphere, which, by the Poincaré-Hopf theorem [Mil65], is the total
Poincaré index of any smooth vector field on that surface. There are several connections
between phase singularities in complex scalar fields and real vector field singularities, as
we now describe.

Consider a vector field in the plane V(R), with components
V = (V,,V,) (cartesian) = (V, §) (polar), (1.2.6)

such that V,, V} are smooth. V and ¢ are not usually smooth, and in fact 6 is singular when
V is zero (for example the origin when V = R). Around any closed nonselfintersecting
loop C' (avoiding places where V = 0), take a line integral of #, analogous to equation

(1.2.4):

1 1
Ip=— ¢ dd = — 0 -dR. 1.2.
P~ o c 27 fcv (1.2.7)
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As with phase x before, 0 is well-defined everywhere that V does not vanish, so the integral
is some (positive, negative or zero) multiple of 27, and Ip is an integer. C' can be deformed
continuously without changing Ip (which can only change by integer jumps), provided it
does not cross a zero. On taking a very small path around a point zero of V, one finds
that this integer is usually nonzero, and is called the Poincaré index of the zero. The
singularity in 6 is sometimes called a direction field singularity, and is truly a singularity
of the unit vector field V/V.

There are three distinct types of singularity with Poincaré index +1, whose linear
behaviour around the zero (taken to be at the origin) is given by a matrix M, where in a
neighbourhood of the origin,

V =MR. (1.2.8)

It is easy to see that the Poincaré index, defined by equation (1.2.7), is equal to the sign
of the determinant of M.
The first type of vector field singularity is a circulation, given by the matrix (up to an
unimportant nonsingular linear transformation)
0 1
Meire = + , (1.2.9)
-1 0
where the sign determines the sense of the circulation around the origin. It has determinant
1, trace 0 and eigenvalues +i. The second type (again two fields, since the vectors can point
in either direction) are sources and sinks, with matrix (up to transformation)
M

0
=+ , (1.2.10)

0 1

so/si

where sources have the +1 prefactor, sinks —1. They have Poincaré index 1, trace £2 and
repeated eigenvalues 1 or —1. The final type, a saddle (or saddle point) has the matrix

(up to transformation)

1 0
Mg = + . (1.2.11)

0 —1
Taking the negative of Myg,q is equivalent to a rotation by /2 or a reflection in the line
y = x. It has index —1, trace zero and eigenvalues +1. After an affine transformation,

the determinant of any of the M may change, but its sign does not. The circulations

remain traceless (although the circular flow lines near the singularity may be deformed),
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Figure 1.3: The three types of planar vector field singularity with index +1 : (a) circula-

(b)

tions; (b) source and sink; (c) saddle.

but the saddle may acquire a nonzero trace. These three types of singularity are the only
three with unit Poincaré index (circulations, sources, sinks +1, saddles —1), and their
morphologies are shown in figure (1.3). Singularities of higher Poincaré index are possible
[FG82], but are not generic (see next section).

It is easily seen that the gradient of phase Vx in equation (1.2.3) has the form of a
right-handed circulation (1.2.9) (its conjugate is left-handed), so phase singularities are
circulations in the phase gradient field. Usually, functions cannot have critical points
(stationary points, or zeros of gradient field) which are circulations, since gradient is curl
free by Stokes’ theorem, but phase, having values which are angles, can, and the phase
singularities are circulations of phase gradient (hence the term optical vortices for their
occurrence in optics [Sos98, SV01, VS99]). The two phase singularities on the globe (figure
(1.2)) can therefore be interpreted as two counterrotating circulations (with vector flow
lines along lines of latitude).

There are also critical points of phase y where V is a source or sink (local maximum,
minimum of phase) or a saddle point (corresponding to a saddle points of phase). Phase
singularities are also associated with sinks of Vp, since they are zeros of the nonnegative
amplitude p. There are also local maxima and saddle points of p (sources and saddles
of Vp); in general, the critical points of phase and amplitude are independent. Critical
points of phase shall be considered further in the next chapter.

Related to vector singularities are singularities of line fields, that is fields of undirected
flow lines (‘headless vectors’ [Mer79] or ‘ridge systems’ [Pen79]). Whereas vectors are only
invariant with respect to a rotation by 27, headless vectors is invariant with respect to a

rotation by m. These fields are used to describe (in the continuum limit) nematic liquid



1.2 What is a singularity? 11

= C
e (¢
— \

Figure 1.4: The three types of planar line field singularity with index +1/2 : (a) star; (b)

lemon; (c¢) monstar. (Figure courtesy of Michael Berry.)

crystals (modelled by long ellipses) confined to a plane, and the direction (modulo 7) in
which the molecule points is called the director, and, as above, the angle of the director is
described by the angle field § = §(R), where 6 is only defined mod 7. Director fields can
also have singularities, with index defined as for vectors by equation (1.2.7), only now,
since 6 is the same as 6 + 7, the director rotates by an integer number of half-turns; the
simplest director singularities have index +1/2, and there are three distinct morphological
types. They were discovered mathematically first by Darboux [Dar96] in the line fields of
principal curvature of surfaces, and are depicted in figure (1.4). In this context, they are

called umbilic points.

We shall follow Berry and Hannay [BH77] in calling these three singularities lemon,
star and monstar. The lemon (L) is the most familiar singularity of line fields, being
called a disclination (originally disinclination) in liquid crystal theory [Fra58] (the pattern
is also called a ‘loop’ by [Pen79]). It has index +1/2, and has one straight line ending
on the singularity. The star (S), by contrast, has index —1/2 and three lines ending on
the singularity (it is called a ‘triradius’ by [Pen79]). The monstar (M) shares properties
of both the lemon and star (hence the name (le)monstar), having index +1/2 but three

locally straight lines meeting at the singular point.

These singularities shall play a very important part in the consideration of ellipse fields
(usually the polarization ellipse in an electromagnetic vector field). In these fields (in two
dimensions), there is an ellipse defined at each point, with varying orientation of major
semiaxis (playing the role of the director), and eccentricity (size also can vary, but this
is not important provided the ellipse does not vanish). However, when the eccentricity is

0, the ellipse is circular, and the ellipse orientation cannot be uniquely defined (for more
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Figure 1.5: The three types of C point singularity in ellipse fields with index +1/2 : (a)
star; (b) lemon; (c) monstar. The patterns are computed using (4.2.11) with b = £1 for

lemon/star, b = 3 for monstar.

details about ellipses and their geometry, see appendix A). Such points are called C points
(circular points), and were first discussed in polarization fields by Nye [Nye83al, and the
three types (lemon, star, monstar) are shown in ellipse fields in figure (1.5).

The singularities of lines of principal curvature considered by Darboux, are naturally
described in terms of ellipses, as the Gauss curvature ellipse (with major axis in the
direction of major curvature, the minor axis in the direction of minor curvature). For a real
function f(R), the lines of principal curvature are the eigenvectors of the hessian matrix
0, f, with principal curvatures the eigenvalues, and umbilic points occur at degeneracies

of this matrix.

1.3 Structural stability, codimension and catastrophe

One of the main reasons for studying singularities in waves is their ubiquity: they are
structurally stable features of fields, and may be found in rather general wavefields (such
as random waves), even when those fields are perturbed. Structural stability is often
found in theories where symmetry does not play a role, and the best example (from
which much of our terminology is drawn) is catastrophe theory [Arn86, PS78] and its
application to geometrical and wave optics [Ber80, BU80, Nye99]. The concept of a general
wavefield (to be made more precise in the following) is central to most of the work in
this thesis, and is well exemplified by the random scalar wavefields of chapter 3 and
vector wavefields of chapter 4. Chapter 4 of [PS78] is particularly relevant to the present

discussion, complementing the descriptive account here with appropriate mathematical
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terminology. An analysis of dislocations using catastrophe theory may be found in [Wri79].

In ray optics, a perfect point focus of a lens is not structurally stable, and if the lens
is deformed slightly, the point explodes into a more complicated light pattern (a caustic),
more or less dismissed until relatively recently as merely aberration. The unfolded forms
(folds, cusps and the like) are themselves stable under further small perturbations, and
are mathematically completely classified [PS78].

Zero points of complex fields in two dimensions (and lines in three) are similarly struc-
turally stable; if a complex constant ¢ is added to the field (1.2.3), the position of the zero
moves to (z,y) = —(Ree,Imc), but the zero does not vanish. This occurs similarly with
the vector and line field singularities; under small changes, they almost always persist
(excluding the possibility of annihilation between opposite charges/indices).

An important concept related to structural stability is genericity, which is another
property possesses by our singularities: they occur naturally in fields, without further
specific requirements. A related idea is that of codimension; the dimension of the singular
locus is the dimension of the space (called the control space in catastrophe theory) minus
the codimension of the singularity, which is two in the case of phase singularities (in the
plane, 2 — 2 = 0, a point singularity; in space, 3 — 2 = 1, a line singularity). Morpho-
logical objects are often of a codimensional rather than a dimensional nature since the
codimension conditions (such as £ = 0,7 = 0) are insensitive to the number of parameters
specifying the control space. An example of a codimensional object from [PS78] is that of
the border between two countries, which has codimension 1: on a two-dimensional map,
the border is a line, but in three dimensions, one imagines it as a surface rising vertically
from the ground (through which one passes even in an aeroplane).

The codimension of a phenomenon is computed from the number of independent ho-
mogeneous conditions required for it to occur. In the case of a phase singularity, v = 0
requires the real and imaginary parts &£, 1 each to be zero; the zero contours of these func-
tions are codimension 1 objects; in general circumstances, a real function in two dimensions
vanishes along a line, in three dimensions on a surface. For both & = 0,7 = 0 to be sat-
isfied, the two zero contours must intersect, which happens along a line (mathematically,
the contours correspond to manifolds, which are said to be transverse).

The zeros of real vector fields have a codimension equal to the dimension of the vectors;
their conditions are that each of the components of the vector is zero. For vector fields, the

dimension of whose vectors is equal to the dimension of the configuration space, the zeros
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are always points. This shows why care must be taken in computing the codimension
of a particular phenomenon: a zero of a real n-dimensional vector v is codimension n
(corresponding to the n equations v; = 0 for ¢ = 1,...,n), rather than codimension 1,
which would appear to be the condition that the pythagorean length of the vector |v| be

zero. In fact, this one condition is equivalent to the n components vanishing, since
o> = v + - 402, (1.3.1)

which can only be zero if each of the n components v; vanish. Codimension is computed
from a smooth parameterisation of the object (the vector or scalar), in this case a cartesian
decomposition with respect to a certain basis. The polar parameterisation of a vector is
not smooth (when the length of the vector is zero, the polar angles are not defined), and is
not appropriate for computing codimension (at least, in the vicinity of the problem point,
as in the vector example). Since it is frequently these singularities of natural geometric
parameterisations of objects that we are considering, we need to take particular care.

Another important example is in the case of polarization fields in two dimensions
(as shall be discussed in detail in chapter 4). The field is described by a two-dimensional
complex vector E, which is smoothly parameterised by four real functions, the components
of its real and imaginary parts with respect to some arbitrary, fixed basis. Geometrically,
it represents an ellipse, which is traced out by the end of the vector Re E exp(—iy) as x
varies from 0 to 27. The ellipse is described by four geometric variables (which can be
found from the components of E : its size, phase (position on the ellipse when y = 0),
angle of the major semiaxis (with respect to a fixed direction), and the ellipse eccentricity
¢ (a detailed description of the geometry of ellipses may be found in appendix A). The
ellipse field is singular (as in the previous section) when the ellipse is circular, since the
major semiaxis is not defined, so the ellipse angle does not exist, occurring when ¢ = 0.
Although this is only one condition, points of circularity (C points) are codimension two,
as implied previously and to be shown later; moreover, the codimension of loci where
the ellipse is linear is 1 (on L lines), although it is similarly a single condition on the
eccentricity (e = 1).

Generic features are often missed in concrete examples of physical phenomena, where,
for mathematical or experimental convenience, the most symmetric configuration of appa-
ratus is chosen (as in the example of a point focus above). However, generic features can

most frequently be found when there are no manifest patterns imposed on the fields (the
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dislocations in a sound field are expected to be generic whether the sound is background
noise, or from a full orchestra playing a Beethoven symphony), and random waves, used
to study the behaviour of singularities in chapter 3, are a good example of fields with the
necessary lack of overall symmetry. The field structure is extremely complicated even if
only a scalar field; for tensor fields, it is difficult even to visualise. However, the existence
and morphology of the singularities provides a natural starting point for the description
of these fields, and the singularities organise the structure of the parameter with respect
to which they are singular; for instance, the phase structure of fields may be guessed from
a knowledge merely of the location of the phase singularities. This is seen to be one of the

major motivating factors for studying topological singularities in waves.

Although singularities are generic in random fields, locally, they themselves are highly
symmetric, as seen by the local forms described in the previous section (saddles, sources,
sinks or circulations for zeros in two-dimensional real vector fields, lemons, stars or mon-
stars for C points). This local nature is important, and chapter 2 is devoted to elucidating

this structure for phase singularities in two and three dimensions.

The connection between singularities and catastrophes in waves runs deeper than sim-
ply an analogy of mathematical description: dislocations play an important role in the
structure of diffraction catastrophes [Ber91b, Ber92, Nye99, Wri77, BNW79], and are an-
other good place to look for the generic behaviour of dislocations (although this is not
investigated here). Berry [Ber94a, Ber98] also raises an interesting point to do with the
nature of singularities in physics (optics, at least); in cases of waves where wavelength is
small, but not vanishingly so, geometrical optics (where wavelength is nothing, and the
waves are rays) is not sufficient, particularly at the caustics, where the geometrical inten-
sity ought to be infinite, but is blurred out by interference, a feature of the wave nature
of the light; the singularity is described by the two theories on either side of the physical
limit being taken. He conjectures that a similar role might be played by dislocations,
which are the singularities of wave optics; since they are zeros of the wave intensity, they
could be places where photonic fluctuation may be detected (due to quantum optics, the
next theory in the hierarchy describing light at different scales). Unfortunately, this very

interesting question will not be investigated here.
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1.4 Geometric phases and topological defects

Other than catastrophe theory, the theory of topological singularities in wave fields has
obvious connections with two other theories in physics, those of topological defects in

ordered media, and geometric phases.

The theory of topological defects is a particularly successful descriptive application of
algebraic topology to problems in condensed matter (see [Mer79] for an excellent review).
Normally, a condensed matter system comprises of a configuration (control) space, like two
or three dimensional real space, which parameterises an order parameter, a mathematical
object residing in a certain topological space (such as the complex plane). We have already
seen this in the case of liquid crystals, which in the continuum limit are described by the
orientations of ellipses in two dimensions, or ellipsoids in three approximating the shape
of the liquid crystal molecule. These order parameter fields are geometrically analogous
to the wave fields which are our concern here, although their mathematical nature (what
equation the order parameter satisfies with respect to the control parameters), and physical
nature (what the order parameter actually describes) may be quite different in the two

cases.

Mathematically, the possible defects of the ordered medium are identified using the
fundamental group of the order parameter as a topological space. The fundamental group
is the group corresponding to closed paths (embeddings of the circle S7) in the order
parameter space, identified by continuous transformation (homotopy), with composition
given by the natural join of the two loops (via base-point homotopies), and is abelian
(commutative). The fundamental group of the circle (taking phase, or polar angle of a
real vector in the plane) is the group of (signed) integers Z, the winding numbers of the
circle corresponding to the topological charge of the phase singularity or Poincaré index
of the vector field singularity. Note that it is important what the order parameter is that
one chooses; if instead of the polar angle, the entire space R? of planar vectors was chosen,
there are no defects. Once again, the defects, as singularities, appear in the geometric

parameters one chooses.

Examples of ordered media with a complex scalar order parameter are superfluid
helium-4, or a singlet superconductor. The zeros of the superfluid helium order param-
eter are lines in space, called vortices, and their quantisation is well understood [TT90].

Topologically, dislocations as phase singularities are descriptively identical to superfluid
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vortices, and many of the properties of phase singularities described here (particularly in
chapters 2 and 5), such as the reconnection of crossing vortex filaments, applies to defects
in appropriate media.

The topological description becomes important when the topology of the order param-
eter space is more complicated. For instance, the space of possible orientations of a three-
dimensional (nonsymmetrical) object is the space of three-dimensional rotations SO(3),
which is topologically identical to the three-dimensional projective plane, with fundamen-
tal group the two element group; this is a topological account of the fact that (tethered)
rotations by 27 are not identified, but rotations by 47 are [Alt86, Fra97, Han98a]. This
implies that defects in media with this order parameter (such as a field of orientations of
symmetry-free molecules) can only have an index of 41, and if two are combined, they
annihilate.

This shows a limitation of the topological defect theory when the order parameter is
an object derived from the system (like orientation angles), at least for singularities in
waves: the fundamental group description of the oriented ellipses in three dimensional
polarization fields (as defined in chapter 4) suggests that two C lines, each of index 1/2,
could combine to form an index 1 object, suggested by the topology to be an L line. This
does not seem to be the case, for reasons deeper than index alone. Topological reasoning
alone is not sufficient to analyse singularities in waves.

Geometric phases have a lot in common with phase and polarization singularities
[Ber91a, Ber91b, Nye91]. If the phase in a field is only defined up to a phase differ-
ence between neighbouring points, as in a quantum mechanical wavefunction [Dir31], then
around a loop in control space, there is a net phase difference depending only on the
geometry the loop and the field around (through) it [Ber84, SW89|]. The control space
may be mathematically rather complicated, although in simple cases, it may be two or
three dimensional real space (the importance is in the phase connection between neigh-
bouring points). Since, apart from the singularities, phase is well-defined everywhere in
our wavefields, the only phase ambiguity between neighbouring points is at phase singular-
ities (zeros), which topologically have codimension 2 from the genericity arguments of the
previous section. Therefore, the quantised phase around a phase singularity is a special
case of a topological (rather than geometric) phase.

It appears that Dirac [Dir31] was one of the first to appreciate the topological phase

nature, when he suggested the quantisation of phase around nodal lines in quantum me-
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chanical wavefunctions (and the resulting possibility of magnetic monopoles), although he
missed the more general geometric phase possibilities. The Aharonov-Bohm effect [AB59]
is another example of a topological phase, where the organisation of the vector potential
into a circulation pattern around an infinitely thin, infinitely long solenoid giving rise to
interference between two electron beams sent around each side of the solenoid appears
to be a violation of locality (since the magnetic field is restricted to being within the
solenoid). Alternatively, it is another example of the phase organising effect of a singu-
larity (the magnetic vector potential is a circulation, the phase given by a line integral
around it), and the presence of a phase singularity along the flux line was confirmed by
[BCL'80].

Another anticipation of the geometric phase was made by Pancharatnam [Pan56],
who found the phase difference between two (two-dimensional) polarization states was
dependent on the (closed) path of polarizations on the Poincaré sphere (see section A.4).
The geometric connection of this Pancharatnam phase difference is the natural definition of
propagation in three dimensional polarization fields [NH87, Nye91], and shall be shown, in
fact, to be the expectation value of the local momentum operator in such fields (section 4.4
[BDO1c]). It also provides an illustration of the difference between topological singularities
and geometric phases, for polarization in planar paraxial fields: the Pancharatnam phase
is calculated from the solid angle of the path on the Poincaré sphere corresponding to the
sequence of polarizations the state passes through; the C point index counts the number

of times the north pole is encircled by the path.

1.5 Waves, wavefields and wave equations

The fields with which we are concerned shall usually be solutions of a wave equation,
and in this section we briefly review the relevant types of wave equation and solution,
beginning with scalar waves. The wave equation usually imagined is the time-dependent

(D’Alembert) wave equation
VA(r,t) = 1/¢* 8Fy(r, 1), (1.5.1)

where r is position in two or three dimensions, and ¢ is the wave speed. All of the waves
we shall use are in free space, and no interactions, or boundary conditions of any kind

are considered (so there are no evanescent waves [Ber94b]). We also ignore the technical
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problems of whether the functional solutions of (1.5.1) and other wave equations are
integrable (or square-integrable), and shall assume that Fourier transforms exist where
necessary.

If the (complex) solution ¢ to (1.5.1) is separable, the general solution of the time-
dependent part is exp(—iwt) (ignoring, for convenience, the possibility exp(iwt)) and the

space-dependent part 1y satisfies the Helmholtz equation,
Vu + K¢ = 0, (1.5.2)

where the real wavenumber k& and angular frequency w are of course related to the wave
speed ¢ by ¢ = w?/k%. Such solutions are called monochromatic: there is only one fre-
quency component, and the pattern is periodic in time. Moreover, in monochromatic
waves, zeros in the solution ¢ = iy exp(—iwt) of the D’Alembert equation (1.5.1) are ex-
actly the zeros of the Helmholtz solution vy, because the time dependent part exp(—iwt)
can never be zero.

The simplest, and most important, solution to the time-dependent wave equation (and

also the Helmholtz equation, without ¢-dependence) is the plane wave solution
¥ =aexp(i(k - r — wt)) (1.5.3)

where a is some complex constant (the modulus |a| being the plane wave amplitude, the
argument being the phase). w is the angular frequency, and k is the wavevector, which
can be in any direction, provided its squared length k* = w?/c?. It represents a plane
wave travelling in the k-direction, in either two or three dimensional space. There are no
singularities at all in the plane wave (1.5.3), and most authors who only identify plane
wave solutions miss the singular wave structure that is present in superpositions of plane
waves.

Fourier’s theorem says that general solutions of the D’Alembert equation are, in fact,
(usually infinite) superpositions of plane waves (1.5.3), labelled by their wavevectors k,
and the Fourier transform of ¢ gives the complex wave amplitude a for the appropriate k
labels. We shall usually write the Fourier decomposition as a sum of plane waves (labelled
by the wavevector k, as in (3.1.1), although it is in general an integral). Of course, general
solutions of the Helmholtz equation (1.5.2) are also superpositions of time independent
plane waves (of the form (1.5.3) with w = 0).

The wavefields in which phase singularities are to be found are general superpositions of

plane waves. Their morphological nature is a feature of the particular plane waves added,
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and a different choice of complex amplitudes ay leads to very different fields, with totally
different singularity structures. Structural stability, of course, implies that a small change
does not remove the singularities, but possibly moves them. The nature of singularities
in isotropic random superpositions of plane waves is the remit of chapter 3; the statistical
properties of the singularities are found to be dependent only on the spectrum of the
waves, that is, the distribution of the (real) square amplitudes with k& = |k|.

Other wave equations, such as the time-independent Schrodinger equation in quantum
mechanics, also have Fourier components satisfying the Helmholtz equation; eigenfunctions
in quantum billiards [Ber77] are an example of this (the boundary conditions in this case
make the solution nontrivial).

Any plane section of a three-dimensional spatial wavefield is also obviously a wavefield,
although its spectral decomposition will appear to be different from the true spatial spec-
trum of the wave. An important example of this is in the case of paraxial waves, for which
the wavevectors of a three dimensional superposition are all in the z-direction (say), and,
for simplicity, the overall wave is monochromatic. If k ~ k,, and ¢ = 9 exp(—ik,z) (@E in

chapter 5 is called a beam solution), then
V2 + (k% — k2)) + 2ik.0.4) = 0, (1.5.4)

and, if \822@ < 2|k2821;\, approximating k with k., (the paraxial approximation), then

zﬂ = 1pp satisfies the parazial wave equation
V2 Yp + 2ikd,bp = 0, (1.5.5)

where V2 = 0y, + 0y (the transverse laplacian). Most solutions of laser beams, because
of their definite propagation direction, are considered to satisfy (1.5.5) [MWO95]. The
relation between paraxial and nonparaxial equations and their solutions is discussed in
section 5.7; we observe here that the parabolic equation (1.5.5) is formally equivalent to the
time-dependent Schrodinger equation in two spatial dimensions. Its Fourier components
(in z,y) are two-dimensional plane waves, with transverse wavevectors K = (k,, k,) of
variable length although the original three dimensional wave was monochromatic. Waves
of this type are considered in chapter 3.

The fact that the wavefield v is complex is of crucial importance mathematically to
us, since the phase singularities are essentially complex objects. How is the complexness
explained physically? The answer is different, depending on the particular physical situa-

tion of the wave. If time-reversal symmetry is broken in the wave (such as in the tides, due
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to the rotation of the earth [BerOla], in quantum mechanics by a magnetic field [RB85],
or in living systems [Win80]), the waves are naturally complex (even if the real part is the
physical disturbance), and only the phase singularities are always zero (time-invariant).
This is also the case for monochromatic waves; especially at the high frequencies of op-
tics, only the time-invariant zeros can be easily measured. Sometimes the waves in the
general superposition are all real (such as the case with billiard eigenfunctions; in the
absence of a magnetic field, they are time-reversal symmetric and real), but their complex
superpositions are still generic, and phase singularities may be found in them.

For other waves (such as nonmonochromatic, physically real solutions of (1.5.1)), more
elaborate methods are necessary to construct a complex wave. The usual one used (and
used here) is the so called complex analytic signal representation of the field, first intro-
duced by Gabor [Gab46]. Such fields must have nontrivial time dependence, which is
used in the construction. We wish to complexify the real field £(¢) to a complex field
P(t) = &(t) + in(t); clearly any function 7, could be used, but is there a natural choice?
The answer is yes: since £ is real, its Fourier transform é must be symmetric in w, and for
every positive frequency component there is also a negative one. No information is lost
if these are suppressed; the complex analytic signal 1) is the inverse Fourier transform of

twice the positive frequency parts of é , ie
T o

P(t) 1/dw(1+signw)é(w) exp(—iwt). (1.5.6)

The imaginary part 7 is now readily identified as the Hilbert transform [Tit48] of &,

n(t) = = ][dt’ &) (1.5.7)

7r t—t’

where o represents the Cauchy principal value integral with pole at ¢ = ¢. If ¢ is replaced
by a complex variable, the function (1.5.6) is analytic (for analytic &), hence the term
complex analytic signal.

The complex analytic signal obviously reduces to the earlier monochromatic case if £ is
a superposition of cosines; suppressing the negative frequency component gives a single -
function, Fourier represented by an exponential exp(iwt), and the Hilbert transform (1.5.7)
of coswt is sin wt. The complex analytic signal is also useful in quantum optics, where the
complex 1 is second quantised to the field annihilation operator 12, and for narrow-band
signals defines an envelope (the amplitude p (1.2.1)) with minimal fluctuations [Man67]

(and probably, minimal number of phase singularities).
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Recently, a two-dimensional spatial generalisation of the Hilbert transform (1.5.7) has
been proposed [LBOO01, Lar01], where the sign function is replaced by the function (1.2.3),
with a phase singularity at the origin. This provides a way to complexify spatial fields
independently of their time components, but this has yet to be applied to fields containing
phase singularities.

All of the above comments generalise directly to vector or tensor fields; the compo-
nents, in three dimensions, of vector or tensor waves satisfy an appropriate wave equation.
Transverseness (that is, the vector or tensor field is divergenceless, see section 6.4 for a
general discussion), equivalent to requiring that the wave disturbance of each plane wave
component is orthogonal to its wavevector, is always imposed on the tensor or vector fields
we study here. Relativistically, this corresponds to the fact that all fields we study corre-
spond to massless particles [Wig39, FMW99], since the vector and tensor wavefields satisfy
the time-dependent wave equation (1.5.1) [BW48]. This implies that paraxial vector waves

are confined to the (x,y) plane, as is assumed in chapter 4.

1.6 A brief history of phase singularities

It is hardly surprising that phase singularities in waves were found shortly after wave inter-
ference began to be studied intensively (following Young’s observation that light interferes,
so is a wave [Par97]). Since then they have been rediscovered several times in different
physical contexts, before being cast in a general wave framework by Nye and Berry in
1974 [NB74]. This has been reviewed before, (see for example [Ber81, BerOla]). More
recent developments, where relevant to this work, are cited in the appropriate place, and
also in [Nye99]. The place of topological singularities in waves in the general framework
of Bristol geometric physics has been discussed by Berry [Ber91a].

It appears that the first phase singularities in waves to be discovered physically are the
so-called amphidromic points in the tides. Although the tidal wave equations, governing
the height of water at a given position and time, due to Newton and Laplace, were well-
known at the beginning of the nineteenth century [Car99], applying the theory to the real
tides, for example in the North Sea, is an analytically impossible problem, due to the
rather complicated coastal boundary conditions. Whewell [Whe33| wished to understand
the tides empirically by computing a “map of cotidal lines”, showing the various equiphase

lines of the complex wave amplitude (complex due to the broken time-reversal symmetry
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of the rotation of the earth, although, of course, periodic).

He found [Whe36] that, for the pattern of lines in the North Sea,

we may best combine all the facts into a consistent scheme, by dividing this
ocean [the North Seal into two rotatory systems of tide waves, one occupying
[the region] from Norfolk and Holland to Norway; and the other the space ..
between the Netherlands and England... The cotidal lines may be supposed to
revolve around a point ... where there is no tide; for it is clear that at a point
where all the cotidal lines meet, it is high water equally at all hours, that is,
the tide vanishes... [The southern one] resembles a watch or clock, which is

kept in continual motion by a sustaining force applied at intervals.?

What he is describing is clearly a phase singularity, and he identifies many of the features
discussed in section 1.2: all the equiphase lines meet at the singularity, it is a (perpetual)
node of the wave, the pattern rotates around the singularity. The phase singularity between
Norfolk and the Netherlands, adapted from Whewell’s original cotidal line map, is given
in figure (1.6). Initially Whewell’s interpretation of the data was contested by Airy, but
soon became widely accepted, and identification of the amphidromic points is a major
part of the theory of tides [Car99].

The next appearance of phase singularities in waves seems to have been in Dirac’s
landmark paper [Dir31], in which he not only observes that a (complex three-dimensional)
quantum wavefunction must have nodal lines along which the phase is singular, but uses
Stokes’ theorem to show that the string must end on a magnetic monopole-like object. As
with the Aharonov-Bohm effect, this is done by realising that the electric vector potential
A = hic/eVy in the Schrédinger equation for a charged particle with charge e. If the line
of phase singularity (‘Dirac string’) ends (only theoretically possible because the wave-
function phase can only be defined between neighbouring points), around a vanishingly

small path C' enclosing the phase singularity of nonzero strength s,

2rs = fdr-VXzej{dr-A
c he Jo

e e
= — [ dPuVAA=_— [ duH
he Js wv hc/s “
(&
— 4rul 1.6.1
Th (1.6.1)

2Quotation from [Whe36], pages 298-299.
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Figure 1.6: Showing the amphidromic point (phase singularity) in the tide in the North
Sea between Norfolk and Holland, adapted from [Whe36]. The numbers on the cotidal
lines indicate the phase, that is, the hour at which that line is the high tide. (Figure
courtesy of Michael Berry.)
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where Stokes’ theorem has been applied in the third line over some surface S with boundary
C enclosing the string end point, and H is the magnetic field, with a nonzero flux p through
S. The product of electric and magnetic charge is therefore quantised topologically, in units
of he/2.

Dirac himself realised that there is a problem with the quantum phase singularities
under a (noncontinuous) gauge transformation: the phase singularity can be moved, but
the node of amplitude cannot (since it is observable). This problem was later resolved by
Wu and Yang [WY75], but only by generalising the notion of magnetic vector potential
using fibre bundles, and removing the phase singularity altogether. They also investigate
what monopole-like objects there are in gauge fields with symmetries other than U(1)
(phase), concluding that the possible monopole charges are those of the fundamental
group of the topological gauge group (in a similar way to defects of the order parameter,
as discussed in section 1.4). In particular, there are no monopoles in SU(2)-symmetric
fields; this is a version of the fact, discussed in chapter 6, that there are no topological
singularities in wavefunctions of particles of spin 1/2 (such as neutrinos).

In the 1970s, there was renewed interest in phase singularities in waves. In quantum
mechanical wavefunctions, they were studied by Hirschfelder and collaborators [HCP75,
HGB74, HT76a, HT76b], in which the singularities are identified with circulations of the
current (discussed here in section 2.2). Riess [Rie70a, Rie70b, Rie87] has investigated
the nodal structure of multiparticle solutions of the Schrodinger equation. Also, Winfree
[Win80] worked on phase singularities in biological systems where cyclic rhythms are
important. The starting point for the work described here was that of Nye and Berry

[NB74], who noticed the analogy between nodal points and lines and crystal dislocations.?

1.7 A brief history of polarization singularities

Although polarization singularities in wavefields are not as ubiquitous as phase singular-
ities (fields with a vector nature are more difficult to come by, and it is easier to study
a scalar component of a polarization field than the whole field), the first examples of

polarization singularities were discovered before phase singularities.

3Michael Berry informs me that this paper was initially rejected; one referee claimed that the ideas were
too simple. They are indeed simple, but we hope that this thesis shows they sometimes have surprising

subtleties too.
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Figure 1.7: The polarization pattern around the sun (or antisun), drawn as a dotted circle.
The polarization at a point is tangent to the line at that point; there are two lemon-like

singularities, one above and one below the sun/antisun.

Shortly after Malus discovered the polarizable nature of natural light [Bro98], Arago
discovered (in addition to the laws concerning interference of polarized light) that sunlight
in the sky is naturally polarized, but there is a point in the polarization pattern of sunlight
in the sky of no polarization; Babinet and Brewster later found three more [Bre47, Lee98,
GHMRWO1]. The nonzero polarization of skylight is due to scattering, and is linear in the
direction perpendicular to the plane of the incident and scattered ray, and the polarization
in a given direction is the sum of all contributions from the different scattered rays finishing
in that direction, and are only partially polarized (states are described by a point within
the Poincaré sphere (appendix A)); the polarization state is therefore restricted to the
equatorial disk of the Poincaré sphere. The four neutral points are all of lemon type, and
all lie on the great circle in the sky including the zenith and the sun. The four points are
arranged near the position of the sun and the antisolar point (or antisun, ie the point in
the sky antipodal to the sun), and the pattern of linear polarizations around these two
points is shown schematically in figure (1.7), and experimentally measured polarization

maps may be found in [HGP98].

These singularities may be easily understood from a perturbation argument. The

strongest contribution is from rays that are only scattered once, the polarization pattern
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from this clearly being a series of concentric circles around the sun/antisun (rather than
confocal ellipses, as in the figure), with a point of no polarization in the (anti)solar direc-
tion. As we have seen, a singularity in a pattern of lines generically has index +1/2, rather
than 1 (as in this case), and this unstable configuration is perturbed by secondary scatter.
Although the secondary scatter is weaker, it is sufficient to perturb this pattern, and the
direction of polarization from rays that are scattered in the atmosphere twice, in the solar
direction, is vertical, since more scattering takes place in the directions to the left or right
of the (anti)solar point rather than above or below it. More detailed calculations of this
phenomenon may be found in [Cha50, vdH49].

Although Rayleigh [Ray71] described the phenomenon of polarization in the sky, he
neglected to mention the polarization neutral points in the sky, and these appear to have
been more or less forgotten by non-atmospheric physicists for a while. In the 1970s,
however, a group of astronomers (including Hannay) discovered polarization neutral points
in patterns of radiation from stars [SHH77], where only the star and lemon were identified,
with the monstar coming later [BH77]. Polarization singularities of the types described
here were found to occur generally in paraxial polarization fields by [Nye83a], and in three
dimensional fields by [NH87].

The tides also provide a two dimensional ellipse field - that of the tidal current, whose
vector traces out an ellipse in time [Car99]. Berry [BerOla] has recently conjectured the

positions of tidal polarization singularities in the North Sea.

1.8 Outline of thesis

The layout of the thesis is as follows.

The second chapter is concerned with questions of dislocation geometry and morphol-
ogy, in both two and three dimensions. The topology of dislocations on contour lines
(including the so-called sign rule) is described, and the interrelation between phase singu-
larities and phase critical points, put on an equal footing as zeros of the field current, is
discussed. The local structure and motion of dislocations are also investigated. In three
dimensions, the reconnection of dislocation lines is described, and general expressions are
derived for dislocation curvature and torsion, as well the generalisation of the geometric
structures of two-dimensional dislocation points. The chapter concludes with a section

on the geometry of the core structure twisting around the dislocation line, and several
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alternative measures of this are constructed.

The third chapter is wholly statistical, and the model used is an ensemble of isotropic
gaussian random waves, made up from superpositions of plane waves isotropically dis-
tributed in direction, but with random phases. As well as calculating statistical averages
and probability densities of the geometric quantities defined in chapter 2, the charge and
number correlation functions of dislocation points in the plane (or plane section) are cal-
culated and discussed in detail.

The subject of the fourth chapter is polarization singularities in vector waves, whose
structure in two and three dimensions is described, and its relevance to electromagnetic
singularities discussed. Calculations of statistical densities of polarization singularities in
gaussian random vector waves are made.

In the fifth chapter, the topology of closed dislocation loops is used to construct a
family of monochromatic waves, in which the dislocation lines are knotted and linked.
Explicit constructions of the trefoil knot and Hopf link are derived in experimentally
realisable Bessel and Laguerre-Gauss wave beams. The creation and dissolution of knots
is investigated, using the reconnection mechanism described in the second chapter.

The final chapter is a discussion on how the polarization singularities of vector waves
generalise to fields of spinors, using the Majorana sphere, and the resulting structures are
similar, but more complicated geometrically in the three-dimensional case. The particular
case of fields of gravitational waves, which are described by a traceless complex symmetric
matrix at each point, are considered briefly.

There is one appendix, which describes some well-known (and some less well-known)
aspects of ellipse geometry; ellipses play a central role in almost all of the material.

There is no overall conclusions section; the outline above is an adequate summary of the
work presented in this thesis, and each chapter concludes with a summarising discussion,
including suggestions for future investigation.

The layout, as described above, may appear somewhat haphazard; phase singularities
are returned to in chapter 5 just after polarization singularities are introduced, which
investigated further in chapter 6. This is (roughly) the order in which the work reported
here was done, and there are conceptual threads relating the different chapters, although
each chapter is self contained. Most of the work has already been published, in [BD00,
BDO01c, Den0la, DenO1b, BDOla, BDO1b], and the reader is referred to these for further
details.
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1.9 Notation conventions

We hope that the notation used in this thesis is sufficiently unremarkable that confusion
will not ensue. Due to the range of physics and mathematics discussed, it is impossible
to avoid certain notational clashes (such as w, representing an angular frequency and
also vorticity, or € representing variously ellipse eccentricity, random wave amplitude, the
antisymmetric symbol or a small perturbation parameter). The appropriate meaning is
(hopefully) clear from the context.

Use is made of the three standard coordinate systems in three-dimensional space:
cartesian coordinates (z,y, z), cylindrical coordinates (R, ¢, z), and spherical coordinates
(R,0,0). ¢ is used to represent the azimuthal angle, and the polar angle in two dimensions.
Vectors in the plane are usually denoted by uppercase letters (such as the position vector
R), whereas vectors in three dimensions are lowercase (as with the three dimensional
position vector r). It is not always possible to adhere to these conventions; unit basis
vectors (such as e;,e,) are always lowercase, and the electric field vector E is always
uppercase. The modulus of a (real) vector is usually given the same symbol, but in italic
rather than bold (eg |p| = p). The symbol A is used for the vector product; the symbol x
is used to denote a multiplication broken over two lines (as in the third line of equation
(2.8.7)).

Partial derivatives of scalars are usually written as suffixes (eg 0v/0x = 1), and
partial derivatives of vector components as suffixes preceded by a comma (eg dv;/0x =
v;z). Use is made of the summation convention (ie summing over repeated indices), as
usually indicated in the text.

When integrals do not have limits, it is understood that they run from —oo to oo, and
never represent an indefinite integral.  represents a Cauchy principal value integral, and
the position of the pole will always be made specific.

Gauge transformations usually refer to a global phase transformation (such as 1) —
Y exp(igo), with ¢p constant); the context is clear when a different type of gauge trans-
formation is appropriate. The spinor notation used in chapter 6 is explained in section

6.1.
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Chapter 2

Phase singularity morphology and

geometry

‘We expect to find a hole in the theory here ... a naked singularity would

be very messy. The mathematics is inconsistent - like dividing zero by zero.’

Larry Niven, Singularities Make Me Nervous, in Convergent Series, Macdonald Futura,

1980

In this chapter we investigate the detailed mathematical structure of phase singular-
ities, with emphasis on the physical features of generic dislocations in scalar waves. The
first four sections deal with singular points in two dimensional scalar fields, the others the
geometry and topology of singular lines in three dimensions. As well as setting the scene
mathematically, this chapter is related to the rest of the thesis in the following ways: in
chapter 3 averages of quantities calculated here are computed in isotropic random waves,
and the geometry and topology of dislocation lines explained in this chapter are used in
the knotting constructions of chapter 5. The other chapters are concerned with the vector
theory (chapter 4) and tensor theory (chapter 6) of singularities, which are best under-
stood with the help of scalar singularities. Examples of waves with dislocations exhibiting
the properties discussed are given where appropriate. Much of the earlier material in
this chapter is well-known dislocation theory, and some of the original results have been

published in [BD00, BD0la, BD01b, Den0Ola, Den01b].
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2.1 Dislocation strength and level crossing topology in two

dimensions

As we have seen, phase singularities in complex scalar wavefields ¥ occur at the zeros
1 = 0, that is, on the crossings of the zero contours (level sets) of the real and imaginary
parts &,n of ¥ (equations (1.2.1), (1.2.2)). We have also seen that in order to be a
topological singularity, the phase (argument) x around a zero must change by a signed
nonzero integer multiple of 27, which is called the topological charge (dislocation strength)
s, positive if the phase increases in an anticlockwise sense with respect to a circuit round
the dislocation, negative if clockwise (equation (1.2.4)). Also, although all phase lines
(contours of x) meet at the singularity, all essential local information can be extracted
from the contours of the real and imaginary parts (and their derivatives).

Although each phase line (mod 27) ends on a dislocation, each of the real and imaginary
zero contours (which follow the phases 0 and 7/2, mod ) are unaffected by the precise
position of the dislocation on them (this being dependent on the other contour), since the
phase is defined on such a contour only up to a sign (ie mod ), and, as the singularity is
crossed, the phase on the contour changes by 7 and the direction of the gradients V&, Vn
switch direction. Phase contours (wavefronts) shall sometimes be used modulo 7, and
sometimes modulo 27, depending on the context, usually mod 7. The phase contours
mod 7 do not end - in two dimensions, they are either extend to infinity or are closed
(generically nonselfintersecting) loops; for a given phase x, they are the zeros of the real

function
uy, = Re v exp(—ix). (2.1.1)

&, n are two particular phase contours with phases 0, /2 respectively, and in fact,
uy = £cosy +nsiny. (2.1.2)

This clarifies the requirement that all phase contours cross at a dislocation - since, by
equation (2.1.2) only two distinct contours (for convenience, { = 0,17 = 0) are required
to cross (the singularity has codimension 2). At a singularity with a absolute value of
strength greater than 1, the phase contours intersect themselves as well as each other, and
the codimension and morphology of high strength dislocations is discussed in section 2.3.

For the rest of this section, we shall only consider singularities of topological charge +1.
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Changing coordinates so the dislocation is at the origin, ¢ can be expanded

Y = fxx+€yy+i(77x$+nyy)+”'
= V& R+iVyp-R+..., (2.1.3)

where derivatives &, etc are taken at 0. The neighbourhood of the origin in the (&,7)
plane is mapped to the neighbourhood of the singularity in the (z,y) plane by the jacobian
matrix M,

& &y
Nz My

M = (2.1.4)

The sign of det M gives the sign of the topological charge (that is, the dislocation strength,
since we assume the singularity is generic); a negative determinant means that M reverses
handedness, so when a circuit is anticlockwise in (§,7) space, its image in (z,y) space is

clockwise. For a generic singularity, therefore,

s = signdetM

sign(&xmy — §yMa)
= signIm V¢* A Vi, (2.1.5)

where the final equality expresses s is a form invariant of global choice of phase (gauge-
invariant) [Ber98]; the second equality is the form of s one gets from equation (1.2.4) when
X is written in terms of £, 7. The local matrix M is investigated further in section 2.3.
The number of (generic, strength +1) phase singularities D4 in an area A of the
plane can be found by generalising the well-known expression for number of zeros of a

one-dimensional function (see, for example, [Gri87] appendix A), and is [Ber78, BD00]

QwiﬂfRﬂﬂﬂm&%—@ml (2.1.6)

(the d-functions pick out the zero contours, and the modulus of the jacobian is the correct
factor in transforming from the origin of the (£,n) plane to the (x,y) plane, counting
+1 for each singularity). If the dislocation has a strength of modulus higher than 1, the
first derivatives V&, V) are zero and the jacobian disappears. To find the total dislocation
strength s 4 in area A, each singularity is weighted by its topological charge s = +1, which
is the sign of the jacobian (2.1.5), giving

sa= [ EREQS)Em, - &ym.) (2.1.7)
A



34 Phase singularity morphology and geometry

If A is simply-connected with boundary C, equation (1.2.4) can be derived from equation
(2.1.7) by Stokes’ theorem.

The statement that the total topological charge of singularities in an area is given
by the net change in argument around the area is reminiscent of the argument principle
in complex analysis [Bea79] : for a well-behaved meromorphic complex function w(z)
with variable z complex, the difference between the number of zeros and poles in an area
A is equal to the change in argument around the boundary of A. This illustrates the
contrast between ¢ as a real analytic map R?> — C and w, a complex map C — C,
analytic except at poles; for ¥ to be analytic requires its real and imaginary parts £, 7 to
be (independently) real analytic, and around a zero, are locally expanded as in equation

(2.1.3). On the other hand, if w has a zero at the origin, it is expanded
w(z)=wz+... (2.1.8)

(w’ is the derivative with respect to z at 0), implying that the analogue of the local matrix
M of (2.1.4) is the single complex number w’. The argument around the zero always
increases anticlockwise, so zeros of w are always of positive strength, and the modulus
of the function grows uniformly with distance from the zero (scaled by |w’|). Expanding

about a (simple) pole at the origin,
1
w(z)=w'-+... (2.1.9)
z

and since 1/z = z*/|z|?, the argument increases anticlockwise about the pole, analogous
to a negative charged phase singularity. M has two additional degrees of freedom to w’,
related to the local dislocation structure (see section 2.3), which is richer than the structure
of zeros and poles of meromorphic complex functions.

The two sets of zero contours & = 0,7 = 0 partition the plane into four parts (the
images of the four quadrants of the (£,7n) plane, with phases in the four quadrants of x).
All four meet at dislocations, and an illustration of the &, 7 contours with dislocations at
the crossings is given in figure (2.1). The topological fact that has come to be called the
sign principle, first stated explicitly and explored thoroughly by Freund and coworkers
(see, for example, [FS94, Fre97, Fre98b|, and references therein) follows immediately, and
can be stated in the following way: dislocation points adjacent on a zero contour of £, (or
more generally, any phase contour after appropriate gauge transformation) have opposite
sign. The sign rule holds because the signs of the gradient of n along a & contour at

dislocations adjacent on & = 0 are opposite.
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~~ T~

Figure 2.1: Illustrating the sign principle, in a random wavefield: the £ = 0 contours are
the thick lines, = 0 the thin lines. Positive strength dislocations are the filled circles,

negative ones are empty circles.
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A given singularity is usually adjacent, on different phase contours, to different singu-
larities, although the sign rule holds for any contour. This implies an overall anticorrelation
in sign [SF94b, SF94a], discussed for random waves in the next chapter. If a phase contour
is closed, there must be an even number of phase singularities, alternating in sign, and the
overall topological charge on that contour is zero, giving an overall topological neutrality
condition: topological charge cannot accumulate on a closed contour loop (this is clear
from figure (2.1)).

The sign rule also illustrates a general and important fact: as external parameters
vary (such as time, or the z axis for a plane section of a three dimensional wave pattern),
singularities are created /annihilated in pairs of opposite strength as a & contour crosses an
n contour (this is just happening at the lower left-hand corner of the figure, and is about
to happen to the right of this, along the same £ contour). This is the first singularity
conservation law of several we shall see at various stages: in reactions, the total topological
charge is conserved. This was, of course, implicit from the beginning, since provided no
singularity crosses the loop C in (1.2.4), the topological charge s enclosed does not change
under continuous variation of parameters.

An example of two adjacent dislocations with opposite signs in an exact solution of
the Helmholtz equation is the modification of the edge dislocation of equation (1.2.5),
discussed by [NB74, Nye99],

Y = (K(2? — az) + iy) exp(iKy), (2.1.10)

with zeros at (0,0) and (a,0), the second moving as the real parameter a is varied. Simple
modifications of this wave (replacing y by k(y? — by) in the left hand term) produces exact
solutions of the Helmholtz equations with dislocations that are created/annihilated, as

described in [NB74].

2.2 Current topology and phase critical points

As discussed in section 1.2, the phase x not only has singularities, but also critical points
where its gradient Vy vanishes, which can be saddle points or extrema (maxima/minima).
The (Poincaré) index of such a critical point (as a singularity of V) is the average of signs
of the eigenvalues of the hessian matrix x.g (o, 5 = x,y), and maxima are distinguished

from minima since both eigenvalues of the hessian are negative for a maximum, positive for
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a minimum. Only critical points of index +1 are considered, since only these are generic;
the hessian is always considered to be nonsingular. The intensity p? can also have critical
points, investigated by [WH82, Fre96], but these are not considered here.
The current associated with 1 is the (two-dimensional) current J (properly current
density), defined
J =Imy*Vy = p>Vx = £V — nVE§, (2.2.1)

which is a real vector field, analogous to local momentum, satisfying the continuity equa-
tion (see, for example, [LL77]), and is invariant under global phase change. It is the
probability current density if ¢ is a quantum mechanical wavefunction (the local expec-
tation value of momentum), and the Poynting vector in scalar theories of light (see, for
instance [APB99)]).

The current vorticity w is defined
1 1
w = iv AT = 3 Im(Vy* Ap) = VEA V. (2.2.2)

It is properly a 2-form, which can be thought of, in two dimensions, as a real number, or
the z-component of a vector perpendicular to the (z,y) plane (ie w = w-e;)). It is invariant
up to a global phase change, and, by the last equality, is equal to det M of equation (2.1.4).
Thus sign w is the topological charge of the singularity, and J circulates around the zero in
the sense of its strength (as does V). Since the current plays an important role in light,
it is more due to circulation of current than phase gradient that dislocations are called
optical vortices. By equation (2.2.1), the current vanishes on a vortex, and does not have
any singularities (it is zero whenever its direction is undefined).

This natural association of a nonsingular real vector field with the scalar field ¥ has
therefore connected two topological features: the phase singularities are current vortices.

Taking such a point at the origin and expanding J,

J =~ (V&-R)Vn—(Vn-R)VE
= wAR, (2.2.3)

so the current not only circulates in the direction of the topological charge, but the flow
lines are, in fact, locally perfectly circular, however anisotropic the dislocation structure is
([Ber0Olal, fig (2) shows a particularly striking example of this). Mathematically, the form
for J given by equation (2.2.1) is not completely general; as shown here, the circulations

cannot be elliptical or spiral.
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From equation (2.2.1), the other zeros of current are at the critical points of phase

(where Vx = 0), where the fraction

E_& _ & 2.2.4
” (2.2.4)

Nz My

is generically nonzero and finite.

The conservation of index Ip (equation (1.2.7)) places additional restrictions on the
allowed topological reactions between phase singularities: for two singularities (each with
Poincaré index +1) to create/annihilate, not only must they be oppositely charged, but
two saddles (with index —1) must also be present, so, where D* denotes a dislocation of

charge +1, S a saddle, and = the relation between reaction input and output,
DY+ D™ +28=0; (2.2.5)

the total topological charge and Poincaré index on each side being 0. This reaction was
studied in detail for waves by [NHHS88|, who showed that, if the wave near the dislocation
satisfies Laplace’s equation, the four singularities must lie on a rectangle with dislocations
on opposite corners in the creation/annihilation limit. An alternative reaction, mentioned
at the end of appendix A of [NHHS88] and investigated more thoroughly by Freund [Fre95,
FKO1] is

DY+D +S=M"+M +8 (2.2.6)

(where M denotes a phase maximum, M~ a phase minimum); the total index is +1 on
each side, and it seems that this reaction can only take place when a ‘reentrant’ saddle is
present [Fre95]. The conservation of index also holds for intensity critical point fields, and
dislocation creation/annihilation usually involves two intensity saddles, analogous to the
reaction (2.2.5).

Defining the matrix My = 0,J3, (o, 8 = x,y), the number of current zeros Z4 in area
A is

Zy= /Ad2R52(J)] det M| (2.2.7)

(replacing J,, J, for &7 in equation (2.1.6)). Since signdet My is the index Ip of the
critical point, the total index I 4 in A is (as with equation (2.1.7))

Iy :/ d’*R 6%(J) det M. (2.2.8)
A
By the difference between two squares,

det My = det Mgy + det My ,gym, (2.2.9)
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where Mjgym, Mjasym are the symmetric and antisymmetric parts respectively of My,

with determinants

1 1 1
det Mszm = i(v ’ '])2 - §(§?7m - 7753:95)2 - i(gnyy - néyy)Q
—(Enzy — May)?, (2.2.10)
det Myuym = (&amy — &ma)? = w2 (2.2.11)

M asym contributes only to the vortices, since Mj,qm and circulations exchange direction
(topological charge) under a reflection, and det Mgy, is zero at the vortex since { =1 =0
there. Conversely, Mjg,, only contributes to the extrema and saddles, being invariant
under reflection, and det Mj,qym, = O there by equation (2.2.4). The two kinds of zeros
of J (critical points and phase singularities) can therefore be distinguished in equation
(2.2.7), the number of circulations (the contribution from Mj,gyy,) being the same as the
number of phase singularities (equation (2.1.6)), the number of critical points C'4 in area

A being

Cu= / d°RA2(3)] det My, . (2.2.12)
A
The number of saddles, S4 and extrema F 4 are therefore
1
Spq = i(ZA—IA) (2.2.13)
Eqy = Cyu— 5S4 (2.2.14)

Extrema are places where the divergence of current V - J is positive, since the sign of
det Mgy is the index of that point, and V - J is the only nonnegative term in equation

(2.2.10). For solutions vy of the planar Helmholtz equation (cf equation (1.5.2)),
Vv + K¢ =0, (2.2.15)
the current Jy is divergenceless since, by equation (2.2.1)
V- Ju = Im(Vei - Voou + 95 V3 o) = Im(—K?[¢ul?) = 0. (2.2.16)

In this case, the only critical points are divergenceless saddles (where tr Mjgm = 0),
and in such waves the only mechanism for creation/annihilation of dislocations is that of
(2.2.5).

There is a saddle near the edge dislocation in equation (1.2.5), on the selfintersection
of the phase line labelled /2 in figure (1.1), and the flow lines of current for this wave

are shown in figure (2.2).
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Figure 2.2: The flow of current around the edge dislocation (1.2.5), showing the circulation

about the phase singularity and nearby saddle. (Figure courtesy of Michael Berry.)
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2.3 Local structure of dislocation points

In this section we shall investigate the local structure of phase singularities, and see how
the local intensity structure is related to the way the phase changes around the singularity,
of possibly arbitrarily high strength. This is called the dislocation core structure. The core
structure, as we are about to see, is elliptical, and many relevant properties of ellipses are
discussed in appendix A.

In general, the intensity p? at the core is a quadratic form (where all derivatives and

functions of them are taken at the singularity, translated to the origin),
P RV
= (V& R)*+ (V- R)’
= RT(VER VE+Vne Vn)R. (2.3.1)

%

The local contours of p? (and therefore of amplitude p) are therefore ellipses (see section
A.2 for more details), defining the core anisotropy ellipse, discussed by [BD00, SS96] (also
by [FF97], but the simple elliptical structure was missed). The equations for current

(2.2.1) and its local expansion (2.2.3) give the local form for phase gradient

wAR
(VE-R)? + (V- R)?’

Vy ~ (2.3.2)

so, by equation (A.1.4), a polar plot of \/|Vx| around a circle centred on the dislocation
is an ellipse with the same eccentricity as the p? contours (but with major and minor
semiaxes interchanged). Equation (2.3.2) shows that Vy must be in the e, direction,

therefore
1 0x

Vx|l ==+
VX = % as
Taking the modulus of equation (2.2.2), (recalling that w can be viewed as a vector per-

pendicular to the plane), J(R) = w(0)R = p?|Vx], so

200 _ P
oy = o) (2.3.4)

(2.3.3)

which is constant on the intensity contour, giving an analogue of conservation of angular
momentum (defined as R?20¢/0x). The interpretation is that equal area sectors of the core
anisotropy ellipse are swept out in equal intervals of phase (this is related to the geometry
of the auxiliary circle of the ellipse, see section A.1). The distribution of phase lines around

the core ellipse is shown for two ellipses in figure (3.9). This version of Kepler’s law is
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identical to the conservation of angular momentum for a linear central force in classical
mechanics, for instance the force experienced by a conical pendulum (see, for example,
[Arn89]).

Of course, only for monochromatic waves is this quantity actually conserved with time,
where the derivative in (2.3.4) with respect to x can be replaced by t on the left hand
side of equation (2.3.4), and each phase line (mod 27) rotates about the ellipse once per
cycle. This type of angular momentum is related to the quantum angular momentum of
laser beams [APB99], as discussed by [SS96].

The eccentricity ¢ of the core ellipse can be found using the eigenvalues of the quadratic
form in equation (2.3.1). The absolute squared length of V1), is phase invariant, and shall
be denoted

= V|2 (2.3.5)

This is the unnormalised Stokes parameter Sy (defined in (A.4.7)) for the core anisotropy
ellipse, and the parameter Ss is clearly equal to 2w. The eccentricity, from equation (A.4.9),

can be written in the simple gauge invariant form

e = flw( 1/4\/G VG2 — 42, (2.3.6)

We now consider the local structure of a high-order dislocation in a solution ¢ of the
(planar) Helmholtz equation, which we take to be of strength n (n > 0 for convenience)
at the origin of the plane (as investigated in appendix A of [BDOla]). Obviously, for
every phase, n phase contours must intersect at the origin. Around a circuit of the origin,
the phase increases by 2nw, implying that the first terms in an expansion of ¥ around
the origin are proportional to exp(£ing), and smoothness requires the R dependence to
be proportional to R" (since R"exp(+in¢) = (x £1iy)™). This in turn implies that the
leading term of V2 71 goes as R"™ 2 and therefore dominates K24 in the planar Helmholtz

equation (2.2.15). Sufficiently close to the dislocation, the wave satisfies Laplace’s equation

V2 = 0, the most general solution of which, proportional to R", is
¥ = R"(asexp(ing) + a_ exp(—ing))
— oo +iy) +a (@ iy, (2.3.7)
where a4 are complex constants. In a circuit around the dislocation, the a4 term winds

+n times around the origin of the v plane, the a_ term —n times: in order for the phase

to increase in the correct sense, |ay| > |a—_| (and vice versa if n < 0).
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The solution (2.3.7) can also be demonstrated by requiring that £ and 7 independently

satisfy Laplace’s equation, vanishing to order n, ie

¢ = R"™aicosng+ agsinng)

n = R"(B1cosng+ Pa2sinng) (2.3.8)

where a1, ao, 01, B2 are real and easily related to a4. This local structure is more restrictive
than for an high-order phase singularity in an arbitrary scalar field, made up of terms in x
and y like 27y" 7, (0 < j < n), caused by the reduction near the zero from the Helmholtz
to the Laplace equation. If the wave is nonmonochromatic, but has Fourier components
satisfying the Helmholtz equation (as discussed in section 1.5), then the above still holds
(since sufficiently close to the dislocation, the laplacian of each component still dominates
the K21 term). The contours of intensity p?, by equation (2.3.7), lie on the parametric

curve

P
R — n ,
0= o) L)
whose nth power is one of the generalised ellipses of equation (A.1.7) and figure (A.2), for

(2.3.9)

n integer. After setting n, there are only four real (two complex) parameters describing
the figure, the same as for a usual ellipse. [FB0O, Fre0l] have made a study of the
behaviour of higher index phase critical points in two dimensional wavefields, which we
do not discuss here. The angular momentum phase relation of equation (2.3.4) clearly
generalises to the higher order structures. The above construction also applies to high-
order dislocation lines in space (satisfying the three dimensional Helmholtz equation), the
appropriate details being given in [BD0la] appendix A.

Topologically, a strength n dislocation (n > 0 for convenience) not only requires the
coalescence of n strength 1 dislocations, but also n — 1 saddles, in order that the Poincaré
index of the high strength singularity be 1 (the phase contours still radiate outwards, so

the current, and Vy, circulate with index 1). This requires the n(n + 1) conditions
0Foh™ ¢ =0, 0<qg<p, 0<p<n-1
o IE£0, 0<q<n,
i =0, 0<qg<p, 0<p<n—1
030, #0, 0<q<n, (2.3.10)

to be satisfied at the dislocation, implying that such a dislocation has a higher codimension

than that required from simply superposing n dislocations. The behaviour of the unfolding
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of high strength dislocations is used to elucidate the structure of knotted phase singularities
in chapter 5; what happens if the # conditions in (2.3.10) are violated is also explored
there.

As mentioned in section 1.2, much of the initial study of wave dislocations was by
way of comparison with crystal dislocations; in particular, [NB74] define the Burgers
vector of a dislocation to be the wave propagation direction if, apart from the dislocation,
the wavefronts are otherwise well ordered like a plane wave. [Nye81] discusses in some
detail a certain complex procedure for constructing a Burgers vector for an arbitrary wave
dislocation. In the two dimensional waves considered here, all dislocations are of edge
type, but it is not clear whether there is a natural topological definition of the Burgers
vector for dislocations in arbitrary waves; it is likely that the appearance of the Burgers
vector in waves like the edge dislocated one in equation (1.2.5) is due to the fact that there
is an overall exponential factor representing a plane wave propagating tin the y direction.
We shall not consider the Burgers vector for edge dislocations further.

Although the anisotropy ellipse of the edge dislocation in equation (1.2.5) is a non-

generic circle, it can be easily modified to have elliptic structure:

Y = (x/a+1y/b) exp(iky), (2.3.11)

where a, b are real and positive, and the ellipse semiaxes are a,b the z,y directions, with

the major semiaxis in the z direction if a > b.

2.4 Motion and velocity of dislocations

We now consider 9 as a time dependent solution of some wave equation in two or three
dimensions (where position is denoted by r . We have already seen in section 1.5 that
the dislocation pattern is stationary for monochromatic waves. This is one of the main
reasons that optical dislocations are significant, because, in a monochromatic field (even
a random one, such as a laser speckle pattern), the dislocations are stationary although
the frequencies are very high (and time-dependent features move too quickly to register).

If the waves are not monochromatic (but still complex), the dislocations may move,
and, as we shall see, may move arbitrarily quickly (and independently of the speed ¢ of the
dispersionless Fourier components of the wave). At first this may appear a contradiction of

relativity, but since dislocations are morphologies of the field (arising from the geometry of
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the interference pattern), they are not subject to the laws which apply to physical objects.
Since they are zeros, they carry no energy, and cannot be used to transmit information.
The speed of other morphological objects is similarly unrestricted: consider the speed of
the intersection of scissor blades (which accelerates increasingly if the scissors are opened
at a constant rate), or the end of a searchlight beam (which, for a sufficiently strong beam,
also moves arbitrarily fast, arbitrarily far away).

A simple example of a wave with a single moving dislocation is a modification of the
edge dislocated wave (1.2.5), given by [NB74] equation (42). The wave now satisfies the

time dependent wave equation, and is
) = (ax — ka® +i(b(y — ct) — y)) exp(i(ky — wit)), (2.4.1)

where ¢ = wy/k, the speed of the wavefronts, and a,b are arbitrary and dimensionless.
There are two dislocations, with = coordinates 0, a/k and common y coordinate bet/(b—1);
they therefore are moving in the y-direction with speed be/(b—1), which can be arbitrarily
fast for b arbitrarily close to 1. If the wave admits the definition of a Burgers vector, then
it is possible for the dislocation to glide and climb, as shown by [NB74].

We now derive a general expression (valid in two or three dimensions) for the velocity
of a dislocation, which shall be useful later on. The dislocation conditions ({(r,t) =

0,7n(r,t) = 0) mean that, on dislocations, the total derivative is also zero:
Vi - dR + ¢dt = 0. (2.4.2)

The dislocation velocity v is defined v = dr/dt, and so by equation (2.4.2), satisfies the

simultaneous equations

v-VE=—&,  v-Vnp=—n (2.4.3)
which are easily solved to give (where w is perpendicular to the (x,y) plane)

v = %(mvg —&V) Aw. (2.4.4)

It is easy to verify that a monochromatic wave, with a single time component gives

zero in (2.4.4). The velocity squared is

v = 5 (V) + i (VE? — 26mVE - V). (245)
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2.5 Nodal lines in three dimensional space

One of the strengths of the analogy between phase singularities and crystal dislocations is
that it holds in three dimensional space as well as two, and, as we have seen, the codimen-
sion 2 nature of phase singularities imply that they are generically lines in space. This fact
was emphasised by [NB74], but has only recently been appreciated by the experimental
optics community [Fre00]. Many of the results and formulae that were derived for dislo-
cations in two dimensions also hold in three, as we shall see. In the following, vectors are
assumed three dimensional (including the V operator) and position in space is given by

the vector r = (z,y, 2).

The real and imaginary parts &, n of the three dimensional complex field ¢ have their
zero level sets (contours) generically on surfaces (each is codimension 1), which intersect
along lines of phase singularity. The geometry of dislocation lines is therefore the geometry
of the generally curved intersections of the family of surfaces Re exp(—iyx) = 0 for each
x mod 7. These surfaces are, of course, orientable (twosided) since they separate regions
where the real function is positive and negative. The surfaces may be infinite or finite
(and closed), and may (nongenerically) self intersect; the dislocation lines may also have
any of these properties (they may be infinitely long or closed loops, possibly crossing each

other).

Dislocation strength, as the change of phase (divided by 27) in a circuit C' enclosing
the dislocation line, is identically defined as for the two dimensional case (1.2.4). The
dislocation line cannot end (the Dirac string of section 1.6 is an anomaly, because the
quantum wavefunction does not have a well-defined global phase), and the dislocation
strength is conserved as C slides up and down the dislocation line. This endows a direction
along the dislocation, that about which the phase increases in a right-handed sense: this
defines the topological current, which, like topological charge, is a signed integer (the sign
always being positive along the direction of the topological current). The topological
current is not to be confused with the field current J, or its three dimensional analogue
j- The topological current is generically 1, with higher currents only when the dislocation
corresponds to self-intersection of the phase surfaces.

A convenient vector which points in the direction of topological current is the three-
dimensional generalisation w of the vorticity, defined as in (2.2.2), as the vector product

V& AV, which is not now restricted to the z-direction. Since V&, Vi are the normals to
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the contour surfaces, their vector product must lie in each surface, and the right-handed
sense of the vector product follows the direction of topological current. The dislocation

length £y, therefore, in a volume V), is the integral

by = /Vd% 5(£)6(n)|VE A V). (2.5.1)

This generalises (2.1.6); the d-functions again restrict the integral to the intersection of
the zeros of &,7, but now the jacobian is the length of a vector; locally, V& Vn are
perpendicular to the dislocation, and give the same jacobian as in the two-dimensional
case in this plane.

The 3-current j is also defined in an identical way to its two-dimensional analogue
(2.2.1) (where V in the definition is now three-dimensional). w is half its curl, and
j vanishes on dislocation lines. The other current zeros are at critical points of Vy,
which, being a standard three-dimensional gradient field, only vanishes at points. These
critical points of phase (and zeros of current) have more complicated indices than their
two-dimensional analogues; the local matrix (cf (1.2.8)) is now three-dimensional, with
three nonzero eigenvalues, which may be three positive (a minimum), three negative (a
maximum) or two positive/negative and one negative/positive. They correspond to the
appearance (or disappearance) of a phase surface at a point, and in solutions of the (three-
dimensional) Helmholtz equation, must be divergenceless (as in (2.2.16)). The dislocations
are no longer on an equal footing with the phase critical points in three dimensions (the
dimensions are different), and we shall not consider three-dimensional phase critical points
further.

V&, Vn are perpendicular to the dislocation, and in this plane normal to the dislocation,
the local two-dimensional structure of dislocations in section 2.3 applies in three dimen-
sions, including the structure for higher strength. The core ellipse is defined in the (V¢, V)
plane, and has eccentricity (2.3.6), with appropriate generalisation of (2.3.5). The velocity
formulae (2.4.4), (2.4.5) similarly hold; the motion again is only in the (V&, Vn) plane;
since the dislocation is not a physical object, but a morphology, the only motion it can
sensibly have is transverse motion.

As before, the only independent phase surfaces that need to be considered are those of
¢ and 7, the others being made up from them by (2.1.2). Dislocation loops can be created
or annihilated (as a parameter such as time is varied) when one phase surface passes

through another; at the moment of creation, the two surfaces touch and the gradients
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Figure 2.3: Changing the topology of dislocation lines. (a) a loop is created/destroyed as
one surface touches another; (b) the dislocation reconnects as one surface passes through

a saddle point in the other (see also figure (2.5)).

coincide (V€ A Vi = 0). A simple example of this, shown in figure (2.3a), occurs when a
function with a maximum passes through a plane. Dislocation lines reconnect when one
of the contour surfaces passes through a saddle point in the other (2.3b), also where the
directions of the two normals coincide, and is discussed in more detail in the following

section.

Mathematically, the field i provides two kinds of foliation of space, one on which
the ‘leaves’ are one-dimensional, the other two-dimensional. The latter is simply the
decomposition of space into its individual phase surfaces; this foliation breaks down at
the phase singularity, where all of the different phase surfaces intersect, and also when
w = 0 (which is where loops are created/destroyed, as in figure (2.3)). The other foliation
is along the lines labelled by the complex number £ + in (the dislocations being the only

choice of values invariant under a global phase change).

We conclude the section with a brief examination of how the spatial structures in
three-dimensional space (x,y, z) are related to the two-dimensional ones considered above
(for convenience, in the (z,y) plane). Firstly, the dislocation lines cross the (x,y) plane

in points, the topological charge of which depends on whether the topological current is
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Figure 2.4: Indicating the underlying three dimensional geometry of dislocation creation

and annihilation for plane sections of spatial fields

directed into the plane (w, < 0), in which case the apparent topological charge of the point
is negative, or out of the plane (w, > 0), in which case the apparent charge is positive
(generically, w, # 0). Therefore, if two dislocation points are created/annihilated in a
plane section of a three dimensional field, the three-dimensional geometry is just that of an
arched dislocation passing through the plane, as in figure (2.4). The perceived core ellipse
is that of a cylinder with elliptic cross section being obliquely sliced: the eccentricity in the
plane section is higher than transverse to the dislocation. If the dislocation is moving, the
motion in the plane is faster than transverse to the line in space, because the position of
the intersection point is moving along the dislocation (it is a morphology of a morphology).

The planar dislocation velocity acquires a virtual component along its direction.

The 2-current J = (j,, j,), and is zero when j is in the z-direction alone, that is when
a phase surface (with normal V) touches the (z,y) plane. It is a maximum, minimum,
or saddle according to the local geometry of the surface, the geometry being the same as

in figure (2.3), but the plane not necessarily being a phase surface.

The geometry and topology of dislocation lines is obviously richer than dislocation
points, since the lines may touch and reconnect, be curved, and have their phase cores

twisting around them. These possibilities are investigated in the following sections.
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Figure 2.5: Dislocation reconnection, described by equation (2.6.1) with 5 = 7/12. Arrows
give the direction of topological current, and the dashed line shows where w = 0. The phase

surfaces for these dislocations are those of figure (2.3b).

2.6 Dislocation reconnection

An important topological question of dislocation lines in space is whether they can cross,
and if so, do the lines cross inertly or reconnect (preserving the sense of the topological
current). One would expect such events to have codimension 4, and we shall see that
this is indeed the case, albeit in surprising circumstances. These changes take place as a
parameter a varies, which may represent time evolution. A simple example of a topological
reconnection as a varies is the crossing of a saddle, as in figure (2.3b); the corresponding
picture for the dislocations in this case is shown in figure (2.5). The phase singularities are
two hyperbolae perpendicular to z, crossing and reconnecting at the origin. A solution of
the Helmholtz equation (1.5.2) (with k set to 1) with phase contours that behave in this

way is the wave

) = (Siiy% + %(wQ +y?) +a+t iz> exp(iz), (2.6.1)
where 3 is any angle between (but not including) 0 and 7 /2, (noting the correction from
[BDO1b] equation (4)). The dislocations of this function are plotted in figure (2.5). They
have asymptotes in the directions (¢ azimuthal angle) ¢ = §,7/2 — 3,7 + (3,37/2 — (3.
This appears to be a normal form for dislocation reconnection.

When dislocations cross, the vorticity w vanishes, since there is no unique dislocation
direction (in equation (2.6.1), the dislocations point in opposite directions, as is clear
from figure (2.5)). Now, w, as the vector product of two real vector fields, has zeros of

codimension 2 (‘L lines’), as discussed fully in chapter 4 (they are, in fact, L lines of

V). Dislocation reconnection appears to occur generically whenever a dislocation line
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encounters an L line. When a dislocation loop is born or disappears (as in figure (2.3a)),
the phase surfaces touch in a similar way, and there is an L line threading the dislocation
loop. Therefore, the L lines of Vi play an important role in the topology of dislocation
lines, a point that shall be returned to in chapter 5. In equation (2.6.1), the L line (w = 0)
is along the z-axis, depicted by the dotted line in figure (2.5).

Dislocations may be made to cross inertly, without reconnecting. A function with
phase singularities doing just this is easy to construct by multiplying two functions, each

with one of the desired zero lines, such as
b= (z+i2)(y +i( — a)), (2.6.2)

with a stationary dislocation along the y-axis from the first factor, the second providing
a dislocation in the x-direction, moving along the z-direction with y = 0; the two cross
when a = 0. However, this function is unstable against perturbation, and the addition of
a plane wave in any direction destroys this benign crossing, the reaction instead taking
place by two reconnections. Moreover, equation (2.6.2) is not a solution to any wave
equation described in section 1.5, and the addition of extra terms in order to satisfy
a wave equation destroys the crossing. The &,7n contours of equation (2.6.2) are quite
singular as a approaches 0, and it is likely that dislocations can only cross inertly (that is,
without a topological reconnection) if the phase surfaces do change their topology, which
is, of course, not generic.

[BBBBSO00] show a wave similar to equation (2.6.2) which satisfies the time-dependent
three- dimensional Schrédinger equation, but in fact, a detailed examination once again
shows that the interaction takes place via a reconnection of the type (2.6.1). This is
therefore a difference between the quantised vortices of phase singularities and the vortices
of hydrodynamics, which may not cross [Mof69]. This is used in chapter 5 to tie and untie

knotted dislocation lines.

2.7 Curvature and torsion of dislocation lines

Generically, dislocation lines are curved (since not even do the contour surfaces £ = 0,17 =0
usually contain straight lines), and nonplanar, that is, they have nonvanishing curvature
x and torsion 7. A brief discussion of the geometry of space curves is given here; details

may be found in standard texts on classical differential geometry (such as [dC76, Eis60,
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Gra93]). The differential geometry of curves formed by the intersection of two surfaces is
an interesting and general problem in classical differential geometry (an example of such
a curve is Viviani’s curve, which is the intersection of a sphere and a cylinder [Gra93)).
Generically, dislocation lines are regular, since any inflexion points can easily be per-
turbed away, so the Frenet frame is defined everywhere on the curve. As discussed in

section 2.5, the vorticity w is in the direction of the curve, so the tangent vector is
T=w/w, (2.7.1)

and the orientation of the singularity curve is that of the topological current. When
w(r) = 0 dislocation lines cross, which is not generic enough to concern us here.

Along the curve, w is constantly changing (w’ # 0), so provides an acceptable non-
arclength parameterisation of the dislocation curve; the arclength derivative along the
curve can be written is (w/w - V), and is denoted o'. The curvature r of the curve is a

measure of the deviation of T from T, defined by
k=T -T|, (2.7.2)

which generically does not vanish. The direction of T’ is called the normal direction N,
and locally the curve lies in the (T, IN) (osculating) plane. The osculating plane normal
T AN is called the binormal B, and the orthogonal frame (T, NN, B) is called the Frenet
frame of the curve.

In terms of w, the curvature (2.7.2) is written

|w A (w- V)w]
K=
w3

: (2.7.3)

where quantities are evaluated on the dislocation; this expression is phase invariant.

This formula is considerably simplified if coordinates are chosen such that the disloca-
tion passes through the origin when w lies in the z-direction, so the arc length derivative
is just 9,. In this case, where e, is the unit vector in the z-direction,

9 (e, A Ow)?
K = —_—
2

(82"")2 - (8ZWZ)2
w2

QV 2 ZZV2_2zzsz'v
_ (Y% + e 422 §ax=zVE - Vi (2.7.4)

which is formally the same as the expression (2.4.5) for the squared velocity of a dislocation

line, with &,,,7,, for &,n;. This is not surprising, since the rate of change of the surfaces



2.7 Curvature and torsion of dislocation lines 53

&, n at the origin in the z-direction is proportional to their second derivatives with respect
to z, provided w||e, at the origin.
The torsion T of a curve is a measure of the departure from planarity of the curve, and

is defined
r=N'.B, (2.7.5)

which is clearly 0 for a plane curve. In terms of w, it is

7_:(.u/\(urV)w-((.‘J-V)Qw’ (2.7.6)

K2

again phase invariant. (2.7.6) simplifies, but not significantly, choice of coordinates used
for (2.7.4).
A helix is defined as a curve with constant (nonzero) curvature and torsion. If it has

radius a and pitch (distance between successive coils) 27b, the curvature and torsion are

a b

R = m, T = m (277)

Although k,7 are not invariant if the curve is rescaled, their ratio a/b is. In the limit
of the curve approaching a straight line, (for which x = 0 and N is not defined), where
a — 0,k — 0 and b constant, the torsion is approaches the constant value 1/b. Torsion is
not an entirely useful geometric measure.

As Nye discusses ([Nye99], pp103-104), a perturbation of the screw dislocation (2.8.1)

by a plane wave 1. in the z-direction
e = —cexp(iki z), (2.7.8)

so, after perturbation, the real and imaginary parts being zero give the equations

rcoskz —ysinz = ecoskyz
xsinkz+ycosz = esink;z, (2.7.9)
with curvature and torsion
E(k)l — k)2 k‘l -k
— _ T S — 2.7.10
" 1+e2(ky — k)%’ ’ 14 e2(kp — k)% ( )

from equations (2.7.7).
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2.8 Twist and twirl

Much of the geometric interest of dislocation lines is not the geometry of the line itself, but
the geometry of the phase structure which the dislocation organises. In general, a given
phase surface in the neighbourhood of a dislocation is a helicoid, the simplest example

being the example of [NB74],
Y = (x +1y) exp(ikz) = Rexp(ip) exp(ikz), (2.8.1)

the helicoidal geometry of the phase surfaces being reminiscent of a crystal screw dislo-
cation; by the crystal-wave analogy, this wave dislocation shall be referred to as a screw
dislocation. Each of the phase surfaces is a helicoid with pitch 27 /k, left handed if & > 0.
The phase surfaces are all identical, and rotation about the z-axis by ¢g is equivalent
to multiplying the function by a phase exp(igp); such functions (considered at length in
chapter 5) shall be referred to as cylindrically phase-symmetric.

In crystals, a screw dislocation has its Burgers vector in the dislocation tangent di-
rection, unlike an edge dislocation, where the Burgers vector is perpendicular to the dis-
location direction (consider, for example, the wave edge dislocation (1.2.5) trivially as a
function of z as well). The problem of writing a general Burgers vector, discussed above
for edge dislocations, generalises to screw dislocations (and mixed edge-screw dislocations,
discussed by [Nye99, Nye81]). The Burgers vector formalism has been used to analyse the
dislocation structure of quantum mechanical waves [Hol87], but the formalism of this work
is not appropriate at our level of discussion. Although our terminology used may imply the
presence of a Burgers vector, we shall not derive an expression for it, instead concentrating
on geometric features of the phase surfaces.

Nevertheless, it is still desirable to quantify the degree to which a dislocation line is
twisted, that is, the rate of rotation of the phase helicoids with respect to distance along
the line (ie, with respect to direction parallel transported along the line) . For a given
phase surface u = u, = 0 (see 2.1.2), the rate of rotation Tw(x) is easily calculated
to be the arc length derivative of the azimuthal angle of Vu = U in local cylindrical
coordinates. This is the instantaneous twist of the local phase ribbon, as might be used
in a Calugareanu-type calculation (see, for instance, [Ada94, Han98a]). For the remainder
of this section the dislocation, when convenient, shall be assumed to cross the origin with
T(0) = e, and cartesian and cylindrical coordinates are used interchangeably. Also, X,Y

are used to denote V&, V) respectively throughout this section. Thus, at the origin, the
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local rate of rotation of U is

Tw(x) = (92)x

= 0, arctan —
Uy

Ug Uy — Uyl
uZ + u
T -(UAU)
2
T- ((X AX')cos? x + (Y AY')sin? x

+(XAY' +YAX) cosxsinx)

2.8.2
X2cos? x + Y2sin? y + 2X - Y sin x cos x ( )

where the last two equalities holds generally, and e’ represents the arc length derivative
as before. Applying this formula to the screw dislocated wave (2.8.1) gives —k for every
choice of y, as one would expect (the sign indicates the handedness of the helicoid in the
dislocation direction). However, if the core ellipse is not circular, there are problems; in

particular, if the screw dislocated wave (2.8.1) is modified using (2.3.11),

Y = (x/a+1iy/b) exp(ikz), (2.8.3)

with a, b real and positive, a > b for simplicity. The cross section of the dislocation core

is now an ellipse, with semiaxes in the x,y directions. At the origin, Tw(x) is now

—kab

Tw = )
o) b2 cos? y + a?sin? y

(2.8.4)

and depends on the phase y chosen. To get a measure of T'w for the whole dislocation, it
is necessary to average over all phase surfaces; in the following this is done by averaging
with respect to phase y.

If x is measured from the rectifying phase xo of (A.2.6) (x — x + xo, so X,Y become
Xo, Yo with Xp - Yo = 0), the last line of (2.8.2) is simplified,
T ((Xo A X})cos? x + (Yo A YD) sin? x + (Xo A YY)+ Yo AXJ)cos xsiny)

Tw = )
() X2 cos? y + Y sin? x
(2.8.5)
and now T'w(x) may be integrated with respect to x, giving the phase-averaged twist Tw,,
1 2w
Tw, = dx Tw(x)

2m Jo
T (%(XO A XB) - Xo(YO A Yf)))
XoYo(Xo + Y0) ’

(2.8.6)
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which gives —k in the case of (2.8.3). This is not the only way the twist can be averaged,;
Tw(x) can be averaged with respect to ¢ instead; using the angular momentum relation
(2.3.4), 0¢/0x = p*/R*w, and rewriting the Tw() denominator using the auxiliary circle
ellipse relation (2.3.1) at phase ¥, it is possible to derive the azimuth-averaged twist Twy,
in the limit R — 0,
1 [2m
Twy = o ; dow(x)
1 [ agb
o 0 aX w(x)
1 /2 2
or Jy YR
LT (XAX")cos?x + (Y AY')sin? x + (X AY' +Y AX)cos xsin x)

p*(x)/ R?
T (XAX' +YAY'sin?y)
B 2w
Re{T - Vy* AVY'}

- o . (2.8.7)

This also is —k in the example, but is clearly different in form from the phase-averaged
(2.8.6).

In [Ber0Olal, Berry instead works with (X.)4 const, measuring the rate of change of phase
with respect to a parallel transported position ¢ along the dislocation, and averages in
a strange way around ¢ (in the limit R — 0) to get the screwness o, (reproduced from

[BerOla] equations (6),(7))

s ARIVR)
=0 f2“ do p*(R)
o Jo 9 (R
=0 f2”d¢ “(R)

)
Il

_ o Jor 40 (ER)Y (R) — n(R)E(R))
B=0 - [3Tdg (£2(R) + 72(R))
X Y-Y-X
N X2 4Yv2
Im Vip* - Vo/

= — (2.8.8)

where (2.2.1) has been used in the second equality, and a Taylor expansion in the fourth.

This gives —k in the simple example (2.8.3). ! Tt is also possible to average the twist Tw(x)

!The derivation of (2.8.8) was heuristic to get a formula that gives this correct answer.
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of the helicoids with respect to ¢, or the rate of change of phase at constant azimuth x’
with respect to x; the ones listed here (Tw, and o) give the answer —k for (2.8.3); they
obviously measure subtly different properties when the situation is more complicated, but
it is not clear what these are at this level of analysis.

The problem would seem to originate from the fact that the phase ellipse is usually
rotating as well, and since this organises the transverse phase lines, the changing pitches
of the different change at different rates. We define the rotation of the phase ellipse as the
twirl tw of the dislocation line (compared to the twist Tw of the phase lines). It is found
using a Stokes parameter representation of the anisotropy ellipse in its plane (the (z,y)
plane), where the rotation is the rate of change of half of the Poincaré sphere azimuth
(B = arctan S2/S7, where the Stokes parameters Sy, Sy of the ellipse defined by the complex
vector Vi are defined in equation (A.4.7). The twirl is therefore

1 S
twy = 5(’32 arctans—i

518} — 858!
_ Plwa T P20y 2.8.9
S?+52 ( )

which does not simplify particularly (although the denominator is G? — 4w?). It is zero
for the wave (2.8.3), since the phase ellipse is fixed with respect to the (z,y) axes. The
rectifying phase xo, such that Vi exp(ixo/2) = Xo +1Y( (A.2.6) also changes along the

ellipse in general, giving the phase twirl tw,,

1 2X-Y
t’lUX = —5@ arctan W (2810)

This measures the phase twist with respect to the ellipse semiaxes. Neither of these
angles is defined when the ellipse is circular (see chapter 4), and neither type of twirl is
defined in this nongeneric case. Another measure of the phase twist Twy,, is the difference
twg — tw,, the twirl (measuring the rate of rotation of the ellipse along the dislocation line
with respect to parallel transport) plus the rate at which the phase changes with respect
to the ellipse. It is readily shown to be
T (XAX'+YAY)- (XY -Y X))
X2+Y2+2XANY

_Re{T (VyY* AVY) +iVy* - Vi'}

G+ 2w ’

thw = —

(2.8.11)

Note that, although the twirls are not defined if the ellipse is circular, Twy,, is. It is

appealing in other ways: it does not require averaging over x or ¢, and the numerator is
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the difference of the numerators of twy (2.8.7) and o (2.8.8). The topological implications

of twist and twirl are considered in chapter 5.

2.9 Discussion

This chapter sets the scene for the later chapters: values of the geometric quantities found
here, such as speed and core ellipse eccentricity, are averaged in the next chapter (in an
ensemble of isotropic random waves), and the topology of dislocation reconnection is used
in the knot and link constructions of chapter 5. Moreover, polarization singularities in
vector and tensor waves are realised as phase singularities in chapters 4, 6, and have the
structures and morphologies described here. Most of the discussion in this chapter is not
dependent on the field satisfying a wave equation, and applies to phase singularities in
any complex field.

Although much of the work here is a review of earlier work, there is new understanding
on several topics, most significantly for the topology of dislocation lines. There is still a
lot to understand: can benign crossings of dislocation lines occur in the wave equation?
Is the normal form (2.6.1) completely general? What geometric properties distinguish
the different measures of twist in section 2.87 Can a Burgers vector be associated with a
general dislocation line?

The understanding of much dislocation morphology has been aided by concrete exam-
ples of dislocations satisfying the wave equation (this was the approach of [NB74]), and a
solution to many unanswered questions here would be aided by finding appropriate waves.
An example would be a twisting wave dislocation with different values for the various

twists of section 2.8.



Chapter 3

Dislocations in isotropic random

waves

Below, a myriad, myriad waves hastening, lifting up their necks,
Waves, undulating waves, liquid, uneven, emulous waves,

Toward that whirling current, laughing and buoyant with curves
from Walt Whitman, After the sea-ship, in Leaves of Grass, 1892

It is fortuitous that the central limit theorem of mathematics (see, for example, [Fel50])
provides such a tractable probability distribution as the gaussian for many physical ex-
amples of random phenomena, and the isotropic random wave model we use here utilises
gaussian random functions. The averages of many geometrical quantities associated with
wave dislocations may therefore be found analytically. In this chapter the model is in-
troduced and described, and the distributions or mean values of many of the quantities
described in the previous chapter are calculated. There are three sections, not including
the concluding discussion : in the first, the random wave model is defined, the second, the
averages for dislocation points in two dimensions are derived, and the third, averages for
dislocation lines in three dimensions. The technical details to several of the calculations
are omitted here, and may be found in [BD00]. Most of the calculations and discussion
here have been published in [BD00, DenOla, Den01b]. The theory of random scalar waves

discussed here is generalised in the next chapter to vector waves.

59
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3.1 The isotropic random wave model

It seems that the first investigation into the statistical geometry of random functions
was that of Rice [Ric44, Ric45], who used a superposition of one dimensional sinusoidal
waves with random phases and amplitudes to model the random currents in noisy circuits
(such as telegraph signals), deriving expressions for densities and correlations of zeros and

turning points for the functions.

Longuet-Higgins not only extended Rice’s work on one-dimensional functions ([LH58,
CLH56]), but also introduced the corresponding two-dimensional real random plane wave
superposition [LH57b, LH57a, LH60], the complex analogue to which is used here; the
phenomenon he was modelling was waves on the surface of the sea. The mathematical
objects calculated in these papers, such as lengths of contour line per unit area, and
densities and speeds of maxima and minima, are very close to the calculations made here,
and we adopt the same methods. Dislocations were first subjected to statistical analysis

by Berry [Ber78], and some of these results shall appear in the present analysis.

Gaussian random wavefields have found wide application in optics, where, as stated
in chapter 1, complex wavefields are most natural, and the theory of complex gaussian
random waves is particularly appropriate to the statistical analysis of laser speckle patterns
[Goo75, Dai76], and there are a number of studies, experimental, numerical and theoretical
(eg [BZM™81, Fre98a, WHS2|) of the statistical properties of dislocations and critical
points in optical fields. Another physical application of random complex wavefields is in so-
called quantum billiards, where the eigenfunctions of modes in cavities (in two dimensions)
whose classical dynamics is chaotic are assumed to be gaussian random wave superpositions
[Ber77], and are complex in the presence of in/out channels or a magnetic field [BR86,

BPSS99).

Not only is the geometry of gaussian random fields important in view of its physical
applications, but also from mathematical interest alone [AdI81], if only as an application
of probability theory to classical differential geometry. Such fields also give a feeling for
what phenomena really are generic, and provide a means of studying dislocations and
critical points ‘in the wild’. General accounts of the theory of calculating with gaussian

random functions may be found in [Goo85, Fri95], as well as the papers cited above.

The complex fields 1 studied in this chapter are all stationary and isotropic, but other-

wise quite general. Calculations are made for arbitrary power spectra (defined below), and
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we shall see that the averages of geometric quantities of the field, such as the dislocation
density, are determined completely by the (radial) moments of the power spectrum.

A gaussian random wavefield is taken to be a sample function of the ensemble of
infinitely many scalar complex homogeneous nondispersive plane waves with speed ¢, in

two or three dimensions,

P(r,t) = > axexp(i(k-r — ckt)), (3.1.1)
k
P(R,t) = ZaK exp(i(K- R — cKt)), (3.1.2)
K
where the sum is over all wavevectors k = (kg, ky, k) in three dimensions and K =

(K3, Ky) in two (conventions are described in section 1.9). Reference shall usually be
made to the three dimensional waves (3.1.1), but the two-dimensional analogue ought to

be obvious. The complex amplitudes multiplying the plane waves are, in (3.1.1),

ax = ex exp(igk), (3.1.3)

and each ¢y (labelled by the wavevector k) is uniformly distributed in the interval 0 < ¢y <
2. The nonnegative real amplitude €, can have a Rayleigh distribution, the calculations
here are unaffected whether it does or not. ¢j is only dependent on the wavenumber
k = |k|, so the functions (3.1.1), (3.1.2) are statistically isotropic (rotation invariant), and
all averages are independent of any particular direction.

The ensembles (3.1.1), (3.1.2) are also manifestly stationary (statistically translation
invariant) both in space and time, since any translation is absorbed by the random phase
¢x. They are also ergodic, so spatial (or temporal) averages commute with ensemble aver-

ages. Averaging over the ensemble of ¢y shall be denoted by angle brackets, so formally,

) = (H;ﬂ / dqbk) . (3.1.4)
k

Due to the uniformly random phases ¢y, it follows that the real and imaginary parts

for any function f,

E(r,t) = Z epcos(k - r — ckt + ¢x) (3.1.5)
k

n(r,t) = Z epsin(k - r — ckt + ¢x) (3.1.6)
k

are identically gaussian distributed, so v satisfies circular gaussian statistics [Goo85]. The

statistics for 1) are also phase-stationary, and are unaffected by a global change in the
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phase (gauge transformation). The variance of ¢ (and identically for n) is

€ = Z ZEké‘k/ (cos(k -t — ckt + ¢y ) cos(k' -t — ck't + ¢yr))
kK K

= Ze%(cosQ(k ‘T — ckt + ¢x))

k
1
= 525@, (3.1.7)
k

and assume that the sum in k is sufficiently finely spaced that it may be replaced by an

integral,
1
3 > e = / d*kE(k)
11(k)
/dk y— (3.1.8)

where FE is the energy spectrum of the wave, and II is the radial energy spectrum (we use

the term ‘energy spectrum’ rather than ‘power spectrum’, which implies a time dependence
we shall not usually be interested in). E and II only depend on wavenumber k (since e
does), so II is the natural distribution to consider, and it has a finite integral (otherwise
the variance (3.1.7) would diverge). Averages of k-dependent quantities with respect to
the power spectrum are denoted by double angle brackets ((e)), and the nth moment of k

is written k,, that is
o = () = [ dkmicn), (3.1.9)
0

and TI(k) is taken to be normalised, so kg = 1. Rescaling II (equivalently, 1) does not alter
any of the physical averages here. For two-dimensional wavefields, the two dimensional

radial energy spectrum Ilp(K) is defined

I 2 _ [ g Hao(K)
2;51(:/01 K— (3.1.10)

and where confusion might ensue, subscripts 2,3 shall be used appropriately on the radial
spectrum IT and its averages ((e)). The moments K, are defined analogously to those of
equation (3.1.9), and IIy is normalised such that Ky = 1.

If ¢ is a plane section of an isotropic wavefield in three dimensions, the I3, Ils are

related by projection in wavevector space (where the plane is taken to be the (kg,k,)
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plane),

() — QWK/dszb( V24 k)

B 47 (k2 + K?)

_ K/Oodkw (3.1.11)
k  kVE2—K? o
and it is easily shown that for such a projection
((3)!
K, = (nTH)' ky,. (3.1.12)

P(f) is understood to represent the probability density function for a quantity f with
respect to the ensemble of functions ¢ in (3.1.1), (3.1.2). The normalisation of II, and the

circular gaussian statistics for v, imply that

PW) = 5 ep(-v/2) (311
Plen) = 5 exp(—(€+7)/2), (31.14)

and probabilities usually will only be taken for real functions (that is, like (3.1.14) rather
than (3.1.13)).

In addition to averaging geometric quantities, correlation functions of dislocation posi-
tions shall also be found for dislocation points in the plane, where values of ¢ are taken at
two points R4 and Rp = R4 + R; values of functions at these two points are written with
subscript A or B appropriately (eg {(R4) = £4), and by isotropy, it is only the magnitude
R = |R| that is important. The simplest such average is the (spatial) autocorrelation

function C(R), defined
C(R) = (£a&B) = (nanB), (3.1.15)

and by an argument similar to (3.1.7), by (3.1.8), (3.1.10),

C(R) = ((Jo(KR))) = <<812£R>>3, (3.1.16)

where Jy is the zero order Bessel function of the first kind. Note that the autocorrelation
function, as defined here, is real, since it is the autocorrelation function of the real func-
tions &, n; other authors define the autocorrelation function as ({1 41¢g)). The Wiener-
Khinchin theorem [Goo85, Fri95] states that the autocorrelation function is the two or
three-dimensional inverse Fourier transform of the energy spectrum F, implying that the
moments ky, K, are related to the derivatives of C'(R) at the origin. The normalisation

implies that C'(0) = 1.
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The moments k,, K,, shall appear in calculations as quadratic averages of £, 1 and
their (spatial and time) derivatives which are also stationary gaussian random functions.
The only nonvanishing averages (up to second order in space, first in time) are, for three

dimensions, where i # j denote x,v, 2,

(€)= nF) = —(&&) = —(mmis) = k2/3
(€)= (n%) = ka/5
(€)= () = (&&jj) = (mamjj) = ka/15
(&) = (nf) = ke
(&m) = —(n&) = cka, (3.1.17)

and in two dimensions, where o # (3 denote x, y,

(€2) = () = —(€€aa) = —(Maa) = K2/2
(€2a) = (Maa) = 3K4/8
(€25) = (Mog) = (aalpp) = (Naanss) = Ku/8
(€2) = (n?) = Ky (o, for plane sections of spatial waves, c?kz)

(Eme) = —(n&) = cK; (or, for plane sections of spatial waves, ckz), (3.1.18)

which are consistent with (3.1.12). Note that, if the two-dimensional wavefield is a section
of a spatial wave, the time derivative correlations involve the spatial k& (because they come
from an angular frequency).

For averages involving the correlation function C, it matters in what direction spatial
derivatives are taken with respect to the vector R. For convenience, we take R to be in

the z-direction (and isotropy is recovered after averaging). Therefore, where o = d/dR,

(€a€pe) = (Nanpz) = —(€azéB) = —(Mawnp) = —((KJ1(KR)))2 = C'(R)
(€Ax€Ba) = (MaenBa) = —((K*J (K R)))2 = —C"(R)
(Eayény) = (Maynsy) = —((K?J1(KR)))2/R = —C'(R)/R, (3.1.19)

where the three-dimensional autocorrelation is easy to find, and noting the small correction
from [BD00] equation (3.16).
All other averages (up to appropriate orders) vanish; in particular, the only nonvan-

ishing average involving £, n together is (&ny) = —(n&).
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These correlations are used to average over the various geometric quantities for dis-
locations, found in the previous chapter as functions of &,n, V&, Vn, etc. The theory of
integrating gaussian random functions is well known (see, for example, [Goo85, Fri95]),
and the techniques are only outlined here. Consider any vectoral set of N gaussian random

scalar functions, depending on space, time, and the choice of random phases ¢y,
u(r,t) = (ui(r,t),ua(r,t),...,un(r,t)), (3.1.20)
(which may be &, n,&;, 1y, etc), and a vectoral set of auxiliary variables
b = (b1, ba,...,by). (3.1.21)
Then, using gaussian randomness, it can be shown that
(exp(ib - u(r, 1)) = exp(—%((b w)2)) = exp(—%b M- b), (3.1.22)
where M is the correlation matriz with elements
Moppn = (umuy,), (3.1.23)

found in the appropriate tables above. Using (3.1.22), it is possible to find the joint
probability density function P(uq,...,uy) of the value of the gaussian random variables

Uy, by taking the Fourier transform of the §-function:

P(u) = (6(u—u(r,t)))
_ % / dVb exp(—ib - u){exp(ib - u(r, t)))

exp(—u-M™!.u)
- (;r)N/?\/m (3.1.24)

The use of these quadratic averages of the field is used to calculate the joint probability

for the quantities G = (V¢)2+(Vn)?, w = |[VEAVn] from equations (2.2.2), (2.3.5), defined

appropriately in two or three dimensions. The probability distributions are

Py(G,w) = Z%‘;exp(—sa/zkg)@(a—zw), (3.1.25)
2
Py(Gw) = I(l,%exp(—G/Kg)@(G—%w\), (3.1.26)

and details of these derivations may be found in [BD00] appendix A. Recall that 2w/G
is the normalised Stokes parameter s3 for the ellipse described by Vi (equations (A.4.7),
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(A.4.8)); the density (3.1.26) shows that this Stokes parameter is uniformly distributed

between (—1,1), regardless of the spectrum (Stokes parameter statistics are considered in

more detail in the next chapter).

The remainder of this section is a description of five particular wave spectra of theo-

retical or experimental interest, whose dislocation statistics shall be calculated explicitly.

Three are for waves in the plane, two for waves in space (whose planar statistics are also

evaluated):

(1)

Monochromatic waves in the plane. The energy spectrum is a Jd-function at some
fixed wavenumber K, wavelength A, = 27/K,, and the field satisfies the planar
Helmholtz equation (1.5.2), (2.2.15). Following [LH57a], we call the spectrum for
this ensemble the ring spectrum, since all of the waves in Fourier space lie on a ring

of radius K,,. Thus

Hring(K) = 6(K - Km)v (3127)
implying that
Kn ring — KIT; (3128)
and
Cring(R) = Jo(KmR), (3.1.29)

easily identifiable as the two-dimensional Fourier transform of a ring. These waves
are the most coherent planar waves possible since there is only one wavelength
present, and the Bessel function gives interesting long range properties, as discussed
in [OGHS87, HOGS89]. [Ber77] suggested that these wavefields are a good model for
quantum billiards, since the ray dynamics for such systems, corresponding to the
directions of the wavevectors, is random. Dislocations in such quantum waves have
been studied by [BR86, MB89, BPSS99, SBS01]. The radial spectrum, autocorrela-
tion function, and intensity and real, imaginary zero contours of a random sample
function (a sum of 100 monochromatic plane waves with random directions and

phases) for the ring spectrum are shown in figure (3.1).

Disk spectrum. In this case the energy spectrum is a radial step function of radius

K4 = 27w /A4, so has radial energy spectrum

i (K) = 2KO(K — Kq)/K3. (3.1.30)
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Figure 3.1: The ring spectrum: (a) Radial spectral density (d-function), (units of Ky,),

(b) Autocorrelation function Jy (in units of 1/Ky,), (¢) Intensity (light is more intense)

of a sample function, (d) £ = 0,7 = 0 contours for the same sample function, plot size is

four square wavelengths.



68

Dislocations in isotropic random waves

This is a spectrum often studied in optics, being that of uniform diffuse monochro-
matic light in three dimensions illuminating a plane, having passed through a cir-
cular aperture (the geometry of the energy spectrum matching the aperture shape
by the Zernike-van Cittert theorem [Goo85, BW59]). Note that although the two-
dimensional T4k (K) is not monochromatic, it arises from the interference of a
spatial monochromatic wave, so there is only one angular frequency component wy,
and the dislocation pattern is therefore stationary, as discussed in section 1.5. The

disk spectrum has moments
K, qisk = 2K1 /(24 n), (3.1.31)

and autocorrelation function
Caisk(R) = 2J1(K4qR)/K4R, (3.1.32)

the inverse Fourier Transform of a disk in K-space. Dislocations with the disk
spectrum have been investigated numerically by Freund [Fre98a]. The spectrum,
autocorrelation function and a sample function of the disk spectrum are shown in

figure (3.2).

Gaussian spectrum. The energy spectrum is a gaussian, with standard deviation
Ky, =271/A,, so
Mgauss(K) = K exp(—K?/2K2)/K2. (3.1.33)

This is a reasonable model for the monochromatic speckle pattern transverse to a
paraxial laser beam, or from a gaussian scatterer. As with the disk spectrum, the
physical (spatial) beam is monochromatic, so the dislocation pattern is stationary.

This distribution has moments

n
K, gauss — 2n/2 (5) 'Kg (3134)
and gaussian autocorrelation function
Cgauss(R> = eXp(—KgRZ/Q), (3.1.35)

and is shown in figure (3.3). Some statistical features of these fields were investigated

by [0GS3).
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Figure 3.2: The disk spectrum: (a) Radial spectral density, in units of Kq, (b) Autocorre-
lation function, in units of 1/ Ky, (c) Intensity (light is more intense) of a sample function,

(d) £ = 0,17 = 0 contours for the same sample function (plot size is four square wavelengths

Aqg.
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Figure 3.3: The gaussian spectrum: (a) Radial spectral density (units of K, ), (b) Autocor-
relation function (units of 1/ K, ), (c) Intensity (light is more intense) of a sample function,

(d) £ =0,n7 = 0 contours for the same sample function, in four square wavelengths.
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(4)

Monochromatic waves in space. This is the three-dimensional analogue of the ring
spectrum, where all of the waves in the superposition (3.1.1) have wavenumber ky, =
27 /Am. It shall be referred to as the shell spectrum, and has the three-dimensional
radial spectrum

Hshell(k) = 5(k - km)y (3136)

and spatial moments

kn shell = kITILl (3137)

By equation (3.1.11), the shell spectrum projects to a radial planar spectrum
_ KO(ky — K)
km\/k2 — K?

and planar moments found directly from equation (3.1.12). The autocorrelation

Iy ghen (K) (3.1.38)

function is the spherical Bessel function

sin ky, R
EnR

Such a wavefield, shown in figure (3.4), is a model for monochromatic waves in a

Cshell = (3.1.39)

three-dimensional chaotic cavity.

The Planck spectrum. This is the Planck’s distribution for blackbody radiation,
which has the normalised radial spectrum

_ 15k7
-~ mkd(exp(k/kr) — 1)

where the thermal wavelength k7 and thermal wavenumber A are defined, for tem-

HPlanck(k) (3140)

perature T
_ kgT he

k;T_ hcv )‘T:ijiTa

where kg is Boltzmann’s constant, h = 27wh is Planck’s constant and c is the speed

(3.1.41)

of light in vacuo. It is easily shown that the moments of this spectrum are
kn Planck — 15(” + 3)'<(n + 4)/7['47 (3142)

where ( here represents the Riemann {-function. The corresponding planar moments
K, planck are easy to determine by equation (3.1.12), although there is no simple an-
alytic form for the plane projected spectrum Ilspiancc. The autocorrelation function,
correctly calculated in the errata to [BDO00], is

15 < L (k7 R)3 cosh(wk:TR)> '

C anc R) =
Planck (1) (mkrR)4 sinh3(rkrR)

(3.1.43)
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Figure 3.4: The shell spectrum: (a) Plane projected radial spectral density Ilogpen(K)
(units ky,), (b) Autocorrelation function (units 1/ky,), (¢) Intensity (light is more intense)
of a plane section of a sample function, (d) & = 0,7 = 0 contours for the same plane

section, for four square wavelengths.
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Figure 3.5: The Planck spectrum: (a) Radial spectral density (not projected, in units of
kr; note the peak at 2.82), (b) Autocorrelation function (units 1/kr), (c¢) Intensity of a
plane section of a sample function, (d) & = 0,7 = 0 contours for the same plane section,

in four square thermal wavelengths.
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The scalar caricature of blackbody radiation has historically been used several times
(such as [Ray89, EH10a, EH10b]), and certainly is reasonable as a model (in chapter 4
we shall consider blackbody vector radiation). Bourret [Bou60] studied the longitudinal
and lateral autocorrelation functions of vector waves with the Planck spectrum, finding
functions similar (but not identical) to equation (3.1.43). Note that, as in figure (3.5), the
peak of Ipanek, at 2.82kr, is large compared to k7, unlike the other radial spectra, whose
peaks are all approximately 1 in the appropriate wavenumber units. This implies that,
although k7, A7 are convenient units to use, the structural features (such as dislocation
curvature) will all appear to be very small in these units (as is obvious, for example,
in figure (3.5c)). Note that this is the only spectrum out of the five listed here whose
dislocation pattern is moving, the real waves being complexified using the analytic signal

of section 1.5.

3.2 Statistical geometry of dislocation points in two dimen-

sions

This section consists of calculations of dislocation density, critical point density, dislo-
cation correlation functions, anisotropy ellipse eccentricity and speed probability density
functions, for the ensemble of isotropic gaussian random waves in the plane, defined in

equation (3.1.2).

3.2.1 Dislocation density

The first quantity to be calculated is the mean density of dislocation points in two dimen-
sions. It is the fundamental statistic for dislocations in the plane, giving an approximation
of the mean spacing of dislocations (as 1/+/density), and is also the simplest of the calcu-
lations presented here. The number of dislocations D 4 in an area A was given in equation
(2.1.6). The average number dp of dislocations in the plane, therefore, is the average over
space (where the symbol A also represents the area of the set A), taking the limit as A
fills the space,

(5(€)5(m)w), (3.2.1)
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where in the second line, the spatial average lim 4_,z2 1/.4 has been replaced, by ergodicity,
with the ensemble average, and we recall from equation (2.2.2) that w = ;1 —&,n,. There
are therefore six gaussian random functions, &,7,&:,&y, Nz, 7y that are involved in the
evaluation, which are all independent from (3.1.18). Using (3.1.24) to find the necessary
probability density functions, we find

dp

/ dednde,de,dnadn, ()5 (m)|Exmy — Eyna PE, Ex g e )

1 1 2 2 2 2
T 21 (nKy)? /dfxdfydnxdny [€any — Synel exp(—(&; + & + 1z + 1)/ K2)
o0 o0 271'
= S 2r / dx / dY/ d0 X2Y2|sin 0] exp(— (X2 + Y2)/ Ky)
K3 0 0 0
2Ky [T > ’
- 22/ df sin U dXXQeXp(X2)]
s 0 0
Ky
_ Ky 3.2.2
= (3.2.2)

In the third line, V€ and V7 are transformed to polar coordinates V& — (X, 0y), V) —
(Y, 6y + 6), and w becomes XY sin @ under this transformation. 6y, not appearing in any
of the quantities being averaged, is integrated automatically. This technique could be
used because of isotropy, and shall be frequently taken advantage of in the calculations
to follow. Only the second moment appears in the result (3.2.2), having the correct
dimension of inverse length squared, and is multiplied by a trigonometric factor of 1/4xr.
Most dislocation statistics will have this form (a moment of K, or product of moments,
times a trigonometric factor). The dislocation density may also be written in terms of the
derivatives of the field autocorrelation function C(R) when R = 0,

& L C//(o)

:47r_ 2

dp

(3.2.3)

It is also straightforward to calculate the mean dislocation strength density ds by averaging

the expression (2.1.7) for dislocation strength in an area,

ds = (6(§)d(n)w)

Ko 2T 0 2
— 2/ df sin 6 x [/ dX X?exp(—X?)
™ Jo 0
= 0. (3.2.4)

As one would expect, there is no statistical preference for either +1 or —1 dislocations,

and the net topological charge is zero. Therefore, in addition to the topological neutrality
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condition of the sign rule, there is a second, statistical neutrality condition, that of global
(statistical) neutrality.

It appears that this calculation was first made by Berry [Ber78|, (for slightly more
general waves, including anisotropy), and was rederived by Halperin [Hal81], in a form
closer to that here. The densities for the various spectra are shown in table 3.1.

Dislocation averages, that is, averages of any quantity f for dislocations in the plane
(such as anisotropy ellipse eccentricity), are defined

(Fla= - (EOSmIf), (3:25)
D

which gives the correct statistical weighting.

3.2.2 Phase critical point density

It is also possible to evaluate the density of phase critical points (points where Vy = 0),
described and discussed in section 2.2. The dislocations and critical points are all realised
as zeros of the current J, defined in equation (2.2.1), and, using ergodicity and equations

(2.2.7), (2.2.9), the mean density dz of current zeros is

dz = (6*(J)|det My|)
= (6%(J)| det Mygypm|) + (6%(J)| det My agym|) (3.2.6)

where My = 0,J3, o, 3 = x,y, with determinants of symmetric and antisymmetric parts
given in equations (2.2.10), (2.2.11). The My, summand in the second line of (3.2.6)
merely gives the dislocation density (3.2.2), as may be verified by direct substitution of
variables. The critical point density d¢ (sum of saddle density dg and extremum density

dg) is therefore
de = (6%(J)| det Miygypl)- (3.2.7)

The following Fourier identities are used, with p real:
1
o(p) = Dy /dt exp(itp), (3.2.8)
i

1 [ds .
uz—-f&wmw% (3.2.9)
v S

(where  represents a Cauchy principal value integral with pole at 0). Where t = (t,, ),
equation (3.2.7) may be written in integral form

1

do = ——
¢ 473

d
888/d2t<exp(it-.] + is det Mygym))- (3.2.10)
S
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The average is taken with respect to 12 gaussian random functions

57 777 V£7 V777 gxxa gyyv fzya T’-’Em’ 77yy7 771y7

of these, (&, &z, &zy) and (9, Nya, Nay) are correlated. The first few integrals are straight-
forward gaussians, and in turn are taken with respect to V&, Vn,t,&zy, Ny, and then
&z Eyy» Naws Myy) as a vector. When this has been done, £ + in is replaced with pexp(ix)

and s is rescaled to u = is, yielding

d 2 /%d /Ood exp( 2/2)][d“a !

=—— xp(— —Ou .

“ 77'3K2 0 X 0 pPPEPImr u (4+1K4u)\/2—i(K4—K22)u
(3.2.11)

The p, x integrals are trivial, giving 4, leaving only the Cauchy principal value integral
in u. This may be evaluated as the average of two contour integrals, with the contour
displaced in the complex plane both above and below the origin, each of which may now
be safely integrated by parts (since neither contour now intersects the pole). The integrand
now has a double pole at the origin, a simple pole in the upper half-plane at u = 4i/ Ky,
and a branch point in the lower half-plane at —2i/(K, — K3); the branch cut is taken
along the imaginary axis to —ioo. The upper contour can be deformed about the simple
pole, giving —WKZ’/ 2 / 16\/m; the lower, deformed about the branch cut, can be
integrated by elementary means to give —W(KZ’/ 2 / \/m — K2)/16. The final result

is

3/2
K K.
do = 4 -2 (3.2.12)
2rKo\/3K 4 — 2K22 47
Since the dislocation density is K» /4w, the total number of current zeros is
3/2
K
dz 4 (3.2.13)

 27Kyy/3K, — 2K2

Spatial averages ar replaced by ensemble averages in (2.2.8) to give the average Poincaré

index dj,

dr = (6*(J) det My). (3.2.14)

The determinant det My again separates into contributions from the symmetric and anti-

symmetric parts, the latter being simply the dislocation density. Each of the summands
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in (2.2.10) can be averaged in (3.2.14) separately:

1 Ky — K3
F@HV-IH = S
(52(J)(f77xy - 7751’9)2> - 87154(2

<52(J)%(§77m: - 775901)2> = <52(J)%(§77yy - néyy)2>

3Ky — 2K3
= ——2 2.1
167TK2 ’ (3 5)

the result being that
dr =0. (3.2.16)

This implies that, just as topological charge is statistically neutral, so is the Poincaré
index; this ought to be no surprise given that the field v is statistically stationary and
invariant with respect to change of overall phase.

By equation (2.2.13), the density of phase saddles dg is

ds = Lldz—d)= 2
3/2
= 47TK2\/I;(4_72K22, (3.2.17)
and by (2.2.14), the number of phase extrema is
dp = do—ds
— Ky K (3.2.18)

AnKy /3Ky — 2K3  Am’

The densities of maxima and minima adding to give (3.2.18) are obviously equal. The size
of the ratio of dislocations to extrema depends on the relative size of the fourth moment
K4 compared with the second moment Ks; if it is very small, most positive index current
zeros are dislocations, but as K4 dominates K5, more critical points are extrema, as seen
in the table.

The results for the five different spectra are tabulated in table 3.1, where densities
of dislocations and saddles (extrema density is just the difference of these) are given for
the various spectra, as well as a numerical approximation to the fraction f of dislocation
density divided by density of positive index current zeros (= dg = dp + dg).

The corresponding calculations for critical points in the intensity were made by [WHS82],

and are shown there to be rather more complicated than the relatively simple functions
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Dislocation density dp | Saddle density ds | f =dp/ds
General value % WIZE’;—W -
Ring spectrum s T 1
(units A2)
Disk spectrum /2 m(2/3)%/? 0.919
(units Ag%)
Gaussian spectrum 27 22r 0.707
(units A, ?)
Shell spectrum 27/3 2v/37/5 0.962
(units A;2)
Planck spectrum 8073 /63 1764+/373 /251/2929 0.566
(units A;?)

Table 3.1: A comparison of dislocation and saddle densities in the plane, for the five

different spectra.

found here. Equation (3.2.11) shows that critical points are evenly distributed in phase
X, and negative exponentially distributed in intensity p?, therefore being most likely to
be found for low intensities. Therefore saddles and extrema are most likely to be found
near dislocations, as would certainly be expected near dislocation creations/annihilations
by conservation of Poincaré index (via the mechanisms (2.2.5), (2.2.6)), and agrees with
(numerical) observations [SF95, Fre98a]. The probable proximity of saddles, extrema and
dislocations implies that there is some form of index screening analogous to the dislo-
cation charge screening discussed in the next section, but calculations for critical point

correlation functions (involving a 24 x 24 correlation matrix) have not been possible.

3.2.3 Dislocation correlation functions

In this section, we consider the spatial structure of the distribution of dislocations, by
calculating the (planar) two-point dislocation correlation functions, for both dislocation
number and topological charge. The two points taken are R4, Rp, and we use the field
autocorrelation function C(R) defined in equation (3.1.15). Isotropy and stationarity
ensure that any two points may be taken, and it is only the distance between the two

points that matters.
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The dislocation number correlation function g(R) is defined to be the (normalised)

average of the product of two local densities, separated by R = |Rp — R4] :

(0(€a)0(na)lwalo(Ep)d(n5)|wsl)
(0(£)3(n)wl])? '

As R — oo, it is expected that the two local densities become statistically independent,

g(R) = (3.2.19)

and g(R) — 1 by the normalisation. The dislocation charge correlation function gg(R) is

defined to be the corresponding correlation for topological charge, where the local densities

are weighted by sign w,

(0(€4)0(na)wad(€B)0(nB)wn)
(0(£)d(n)wl)?

and, as R — oo, we expect go(R) — 0 by (3.2.4). We shall neglect any self-correlation

9o(R) = (3.2.20)

(usually described by a d-function at the origin).

If there is no correlation, the local dislocation densities are completely independent for
all R; this is the situation for a random distribution of signed points (Poisson distribution)
in the plane, which can have any specified density. Such a set of Poisson distributed dots

clearly have

gPOiSSOIl(R) — 17 gQ Poisson(R) — 0 (3221)

Comparison shall also be made to another situation of arrangements of signed points in
the plane (rather than continuous field autocorrelations), namely the case of ionic liquids,
where, for simplicity, we consider two species (ions) identical except for opposite charges
+1, for example as considered by [HM86, HM75]. In liquid theory, the partial correlation
functions g4+ (R), g+—(R) are frequently studied, where

g++(R) = g(R) + go(R), 9+—(R) = g(R) — go(R). (3.2.22)

Both of these functions approach 1 as R — oo, and represent the correlation of dislocations
with others of the same sign (different sign) alone.
If there are two dislocations close together (R is small), then expanding 1, generically

the dislocations are of opposite signs, and in the limit R — 0,

9(0) = —g¢(0), (3.2.23)

implying g4 (0) = 0, so there is a statistical repulsion of like-signed dislocations, a statisti-

cal effect of the higher codimension of high-strength singularities. Note that all references
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to attraction, repulsion, etc are statistical; no dynamics are implicit in the correlation

functions g(R), go(R), only the average over the ensembles of wavefields .

The calculations involve the equations (3.1.19), and for convenience the notations

C = C(R)

E = C'(R)

H = —C'(R)/R

F = —C"(R)

F = -C"(0) = Ky/2 (3.2.24)

are used, recalling that C'(0) = 1 by normalisation. The displacement R, is taken to be
in the z-direction for the calculation, as described in section 3.1. This implies that in the
averages (3.2.19), (3.2.20), there are two different nondiagonal correlation matrices, with

the two gaussian random vectors in ¢ (and equivalently in 7)

u; = (£4,€B:642,EB2), uz = (§ay,€By) (3.2.25)

with correlation matrices

1 C 0 FE
c 1 —-FE 0 Fy, H
M; = , M, = (3.2.26)
0 —-F F, F H Fy
E 0 F Iy
These matrices have determinants
detM; =Dy = [E?—(1+C)(Fy— F)|[E? - (1-C)(Fy + F)],
detMy =Dy = Fi— H? (3.2.27)

with relevant probability densities

P(a=0,6p =0,842,8B2) = exp(_z;g% u1/2),
P(lay,EBy) = exp(_l;r'\/l\%' U2/2)’ (3.2.28)
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where
u/l = (éA:m fo)
N 1 [—[F?-F(1-C?] CE?>-F(1-C?
1 = 7
Di\ CE2—F(1-C% —[E?-Fy(1-C?)]
1 (R —-H

Ny = — | ° (3.2.29)

Dy \_H F,

and similarly for #, for which the correlation vectors are written v instead of u (and noting
the slight corrections from [BD00] equations (4.39), (4.40)).

The number correlation function g(R) is rather complicated to evaluate, mainly due
to the presence of the modulus signs in w; these are transformed using a Fourier identity

similar to (3.2.9),

dt

lw| = / 2 (1 — (exp(iwt) + exp(—iwt))/2). (3.2.30)

Applying this to (3.2.19) and multiplying out, one finds

dt dt
9(R) = 5 / A / BI7(0,0) — T(t,0) — T(0, t5) + (T(ta, tp) + T(ta, —t5))/2),
D
(3.2.31)
where

T(ta,tp) = (06(£4)0(na)d(EB)d(nB) exp(i(wata — wptB))). (3.2.32)

Since the w are quadratic in the integration variables, each such T is a gaussian vector
integral, which is easy to evaluate, using (3.2.28), (3.2.29),

1

—(QW)QD(tA,tB)’ (3.2.33)

T(ta,tp) =
where D(t4,tp) is the determinant of the matrix in the gaussian integral, given by

D(ta,tg) = (1—=C*)+(t4+t%) Fo(E* —Fy(1-C?)) —tat g H(CE* — F(1—-C?)) +t4t% D1 Ds.
(3.2.34)
t4,tp are now rescaled, and defining the R-dependent functions

H?(CE? — F(1 —C?))?

Y S RE-RI-0)?
g D1Dy(1 - C?)
- F(E? - Fo(1-C?))2
¥ = [E?H — Fy(CE? — (1 — C?)(F — H))|[E*H + Fy(CE?* — (1 — C*)(F + H))]

F3(E? — Fy(1—C?))?
= VA-Y+2)2-4Z (3.2.35)
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the expression becomes

oty = BB [ [tz 23
where
2 | 42 2 42
[tats, Y, 2) =11 +1tfj 1 4—17523 T +t§11jtt2;j;%:232)2m—tiy@t23' (3.2.37)
t4 is now evaluated by residues, and this leaves the one remaining integral
20E% — Fy(1—-C?) [®3—-Z+2Y +(3+Z—2Y)t? + 27t
9(R) = - TFy(1 — C2)2 /0 (1+2)/1+(1+Z -2+ Zt% (3.2.38)

It is possible to evaluate this integral, and the result involves elliptic functions in a rather

nonilluminating way;!

2(E?% — Fy(1 — C?))

9(R) = = o G (V2 Y 27 - m[(z; U)ZF, — 4ZE,
+2YUTL, + 2V Z(UE,, + 2YTL,, — (1 4+ X + Y)F,)]), (3.2.39)
where
F, = F(iarcsinh(y/V/2)|U/V),
F,, = F(—iarcsinh(y/2/V)|V/U),
E, = E(iarcsinh(+/V/2)|U/V),
E,, = E(—iarcsinh(y/2/V)|V/U),
II, = II(2/V;iarcsinh(+/V/2)|U/V),
U, = I(V/2 —iarcsinh(y/2/V)|V/U) (3.2.40)

where F, E/,1I are the incomplete elliptic functions of the first, second and third kinds re-
spectively (with the conventions for elliptic functions being those of Mathematica [Wol99])

and the symbols used are not to be confused with other definitions of F, F, II. Finally,
U=1+X-Y+ 7 V=1-X-Y+7 (3.2.41)

The charge correlation function gg(R) is considerably easier to find than the number

correlation g(R); having integrated out the trivial d-functions, the eight first derivatives

'The integral (3.2.38) was calculated symbolically using Mathematica, with (3.2.39) being the (sim-
plified) output. It is possible this function may be simplified further. See [SBS01] for an alternative

derivation.
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remain, giving

go(R) d?VEd?VERA VN d? Vs waws

5 |
~ d4(2m)SD1 Dy
x exp(—(u} - Ny -uj +up-No-up+vi - Np v+ v Ny ug)/2). (3.2.42)

The gaussians are Fourier transformed, and, integrating by parts, the quadratic terms in

wa,wp can be replaced with derivatives. The resulting the integration is easy, producing

C2E(CE?-F(1-C?) 1 [ C'(R)? } (3.2.43)

90(R) = —pre_cor  ~ GPROR | 1T- C(R?
The first equation of (3.2.43) is a special case of equation (6.27) in [Hal81].
For the five spectra, the number and charge correlation functions g(R), gg(R) are
shown in figure (3.6), and the partial correlation functions g4 (R), g+—(R) in figure (3.7),

where the repulsion of like charges is manifest. When R = 0,
1 /C0)"” 1 (3K,
0 O=xt-| =~ 5—-1)=2=-| — -1 3.2.44
g( )79@( ) 2 <C<O)/,2 2 2K22 ’ ( )
the same combination of K5, K4 which appeared in the phase critical point calculations.
The value of ¢g(0),go(0) is inversely related to the ratio f = dp/dg of dislocations to
saddles, listed for the five spectra in table 3.1. Dislocations (of opposite sign) are obviously

more likely to be closer together in waves whose spectra have many short waves.

The second equation of (3.2.43) implies the relation
2rdp / dR Rgo(R) = —1 (3.2.45)
0

which is a screening relation, saying that, on average, the integral of the topological charge
throughout the rest of the plane must compensate the strength of a dislocation centred
on the origin (whose self interaction we neglect). In ionic structure theory, (3.2.45) is
known as the first Stillinger-Lovett sum rule [SL68b, SL68a, HMS86], in the particularly
simple case of two equal but oppositely charged species. The second Stillinger-Lovett sum
rule related the second moment of R with respect to gg with the screening length, that
is, the effective distance over which the screening in (3.2.45) takes place. It is perhaps
striking that these tools of statistical mechanics, conceived to handle situations where
there is a pairwise coulombic interaction between the points, should apply here, to the
zeros of complex wavefields signed by the topological charge. The generalisation of these

rules to zeros of the chaotic analytic function [Han98¢c| was observed by Hannay [Han96],
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Figure 3.6: Number and charge correlation functions g(R), gg(R) for the five spectra, in
units of the appropriate inverse wavenumber. The thicker line represents g(R), the thinner
9o(R). (a) Ring spectrum, (b) Gaussian spectrum, (c) Disk spectrum, (d) Shell spectrum,

(e) Planck spectrum.
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Figure 3.7: Partial correlation functions g4 (R),g+—(R) for the five spectra, in units
of the appropriate inverse wavenumber. The thicker line represents g4 (R), the thinner
g+—(R).(a) Ring spectrum, (b) Gaussian spectrum, (c) Disk spectrum, (d) Shell spectrum,

(e) Planck spectrum.
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from coulombic calculation of Jancovici [Jan87] although in these cases there was only one
species.

The nature of the screening may be understood by considering the charge Q (V) asso-
ciated with the dislocations in an area A = N/dp, where the mean number of dislocations
in Ais N (> 1). The average charge (Q(NN)) is obviously zero, but what about its mean
square fluctuation (Q?(N))? If the charges merely have average neutrality, then there
would be no long-range correlations, and we would expect (Q?(N)) ~ N. However, the
nontrivial correlation functions give a more interesting result; the boundary of A must
be smoothed (here by a gaussian) in order that the subtle behaviour is not dominated by
unimportant edge effects (this was not done in [FW98]). With the circular A gaussian

weighted, we have
1 o0 2
(QN) = N <1+sz | arrgg(r)exp <_7TR>>
2 0 2A

1= C'(R)? _7TR2

where (3.2.43), (3.2.45) have been used. The first equality shows that, without screening
(as in the Poisson case where gg(R) = 0), the leading term for large N would be N/2, and
the fluctuations would be those of a random distribution with overall neutrality. However,
for dislocations there is screening, and expanding in 1/N,

o) / 2
(Q(N)) = 411/0 dR R {%] +ONY), (3.2.47)

provided the integral converges, leaving fluctuations that are independent of N for large
N. For the sharp spectra (the ring spectrum (3.1.27), shell spectrum (3.1.36)), the integral
does not converge, and asymptotics on (3.2.46) show that (Q?(N)) ~ log N for the shell
spectrum, and (Q?(N)) ~ v/N for the ring spectrum.

The relationship between dislocation correlation functions and salt correlation func-
tions must be treated with caution. Although the sharp spectra have oscillations in their
correlation functions (figures (3.6,3.7a,c,d)), the physical origin of the oscillation is dif-
ferent. For molten salts, the oscillation originates simply from packing effects due to the
finite radii of the charged species; for dislocations, packing is no problem, but any sharp
cutoff in the spectrum II leads to oscillations in the correlation function C'(R) (the Fourier
transform of the spectrum), and, excepting the disk spectrum, it is these spectra which

have infinite screening length. The ring spectrum in particular has long range structure;
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the Jy correlation function decays very slowly, and the geometric feature on the large scale
of these fields is very striking, and discussed in [OGHS87]. It is possible that the ‘scarlet’
structures observed here may be quantified using dislocation correlations. Such patterns
are not seen for the other spectra.

The fact that the oscillations in the correlation function are not due to packing is
made more obvious when one looks at the partial correlation functions in figure (3.7a,c,d):
the oscillations of ¢g4,g+— are almost in phase, whereas one expects them to be out of
phase from packing considerations [HM86]. The disk spectrum, with oscillations yet a
finite screening length, gives the closest comparison with ionic salts, but even its partial
correlation functions (plotted in figure (3.7¢)) are in phase. There does not seem to be any
analogue in ionic theory to the correlation functions of the Gaussian and Planck spectra
(figure (3.6b,e)), where there are no oscillations at all.

The nearest neighbour probability density functions P(R), P14 (R), P+_(R) may be
crudely estimated from the two-point correlation functions g(R), g++(R),g9+—(R) by a
Poisson approximation (neglecting the correlations for between more numbers of points).
The probability that the nearest neighbour is a distance R from the singularity is taken to
be the probability of there being no dislocations in the annular rings of radii Ry, Ro, ...,
Rpr—1, with small widths dR;, and there being one dislocation in the ring with radius
R = Ry, width §R, the approximation being that the number in each such annular ring
is independent of the others (the true probability calculation would involve all multipoint

correlation functions). With this approximation,

M-—1
P(R)dR = 2rRSRdpg(R) [[ (1 - 2rRi6R; dpg(R:)), (3.2.48)
=1
and in the limit M — oo, 6R; — 0,
R
P(R) = 27 Rdg(R) exp (-2sz / R’ R’g(R’)) , (3.2.49)
0

with appropriate substitutions for the partial correlation functions. For randomly dis-
tributed (Poisson) points, g(R) = 1 and (3.2.49) is simply a two-dimensional Poisson
distribution (ie a Rayleigh distribution), whose length scale is fixed by 1/1/dp. The dis-
tributions for the different spectra is given in figure (3.8), along with the earlier 1/v/dp
estimate for mean spacing (providing the scale for the corresponding Poisson distribu-

tion). The repulsion of like charges is again clearly represented. A similar calculation
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Figure 3.8: Approximate nearest neighbour probability densities P(R) (dashed line),
P, (R) (thick line), P4_(R) (thin line) for the five spectra, (with R in units of inverse
wavenumber): (a) ring; (b) gaussian; (c) disk; (d) shell; (e) Planck.
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(and refinement based on the Bernoulli approximation), was made for the ring spectrum

by [SBSO01], who also found good agreement between theory and simulation.

3.2.4 Phase anisotropy ellipse eccentricity probability density

Hitherto only densities of singularities and their correlations have been calculated; here
we begin calculating the averages of geometric quantities associated with dislocations, in
particular the distribution of eccentricity of the anisotropy ellipse, described in section 2.3,
with eccentricity e given in terms of G, w in equation (2.3.6). It is easier to manipulate £2,

g? 1 G? — 4w? (G — VG2 — 4w2) , (3.2.50)

T w2
where the joint probability of G and w was given in equation (3.1.26). The probability

distribution of € can be found in terms of 2, using

P(e) = ifp(ﬁ) = 2eP(e?). (3.2.51)

The probability distribution of €2 for dislocations is therefore (using equations (3.1.24),

(3.1.26), (3.2.5))

P?) = <5 <52_12¢m(g_m)>>

2w

4 o] G/2
= / dG exp(—G/Kg)/ dw
0 0

K3
xwd <52 - %\/GQ — 4 (G- VG- 4w2)>
w
(rescaling w — u = 2w/Q)

_ 4/000 G (G2/4) exp(—G/ K) /01 du us(e? — %\/1 21— V1 —2))

K3

d

K3/2
(rescaling u — v = M)
= 2/1 dvvd(e® — 2v(1 —v)/(1 —v?))
’ (rescaling v — w = 2v/(1 4 v))

! w
= 4/0 dwmé(sg—w)

4e?
= m (3.2.52)

Thus, by (3.2.51), the probability density for the eccentricity of the core anisotropy ellipse,
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in two dimensions, is

8e3
P = 3.2.53
2(6) (2 _ 82)3 ( )
The moments of this distribution are
(e)az = 2F1(1,3; (3 +n)/2; —1), (3.2.54)

4+n
where 9F) denotes the (Gauss) hypergeometric function [AS65]. The first two moments

are

1
€ = arctanh — — 1 ~ 0.8697
(€)az2 7

(%42 = 2(2log2—1)~0.7726 (3.2.55)

The probability distribution and moments are all completely independent of the spectrum,
unlike the other averages (density, speed, etc). This is because the eccentricity only
depends on quadratic objects involving first derivatives (G and w), giving rise to a factor
of Ky which is cancelled in the dislocation normalisation. The average eccentricity (£)q 2 is
quite large and universal, implying that a generic dislocation is in fact rather anisotropic.
An ellipse with this eccentricity (with phase lines) is shown in figure (3.9). Note that
this eccentricity is not the same, in general, as the eccentricity on average of the ellipse
associated with Vi) at an arbitrary point in the field, since the first line of (3.2.52) involves

the dislocation average (3.2.5), with an extra factor of |w| in the integral.

3.2.5 Planar speed probability density

The final planar statistic we consider is that of speed V, given in equation (2.4.4), which
involves the averaging the gaussian random functions &,n, V&, Vn, &, n:. Therefore, the

calculation involves the correlation matrices

1 +cKy
M, = (3.2.56)
+cK, 32K,
for the vectors uy = (&, m¢),u— = (n,&). Note that for plane sections of spatial waves,

k, should be used here rather than the projected K, as discussed after the equations
(3.1.18). The matrices My imply that the relevant joint probability density functions
(when &,7 = 0) are
PE=0m) = exp(-n}/20%k)
210/ Ko

Pln=0,&) — Wexp(—gf/%zb), (3.2.57)
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where v, is the characteristic velocity, defined

cy/1— K3 /K (two-dimensional wave)

Ve = . (3.2.58)
/1 — k3 ko (plane section of three-dimensional wave)
v. is limited by the speed of the carrier wave, reaching that limit as K2/Ky — 0. V is
rescaled to be in units of v,

Vie = V/ve, (3.2.59)

and the probability density function for speed is found using

P(V) = —P(Vu) = 20

Ve 2

Using equations (2.4.5), (3.1.24), we have
P(V2) = <5 (Vs% _ [(&?(W)Q + 17 (VE)? — 26m: VE - Vﬁ)} )>
d

2,2
VEw

= % /dq exp(—qus%) <6Xp <iq [(51%2(VT7)2 - ”?(vg)Q s vn)] > >d

2
VEW

P(V2). (3.2.60)

(using equation (3.2.8) )

4 00 G/2 2 _ : ‘2
_ /dq/ dG/ do PG V) (3.2.61)
™ 0 0 Vw? + 2iGq — 4¢2

where in the final line, equations (3.1.26), (3.2.57), have been used, and G,w rescaled.

The final integral is evaluated (see [BD00] appendix B) to give
2
2

PV2)=—°" 2.62
(Vee) TR (3.2.62)
which, by (3.2.60), implies
402V
P(V)= ¢ (3.2.63)

Although v, cannot be greater than the speed ¢ of the component waves, the distribution
(3.2.63) is not limited, and admits arbitrarily high speeds.
All moments of this distribution diverge except for the first, which is

(V)a = 7\% (3.2.64)

The only spectrum we are considering with moving dislocations is the Planck spectrum,

for which, by (3.1.42),

68040¢ (5)2
Ve Planck = c\/ 1 771%() ~ 0.4678c, (3.2.65)

so the average speed of dislocations in plane sections of (scalar) blackbody radiation is

1.039c¢; faster, on average, than the speed of light.
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3.3 Statistical geometry of dislocation lines in three dimen-

sions

We now come to the calculations of statistical properties of dislocation lines in space,
calculating quantities that were found in chapter 2 sections 2.5, 2.7, 2.8. As before, all

quantities depend only on the spatial moments k,, of the spectrum (3.1.8).

3.3.1 Dislocation line density

The average length of dislocation line in space, dp 3 plays an identical role for the three
dimensional statistics as the two dimensional density dp (3.2.1) did in two. By ergodicity,

it may be found using the formula (2.5.1) for dislocation length in a volume, so

dp,3 = (6(§)0(n)|VEA V), (3.3.1)

where now the ensemble is that of the three dimensional waves (3.1.1). Using a similar
trick of writing the (rescaled) coordinates of Vi = Y +/k2/3 in terms of V& = X\/ka/3,
(transforming the X direction to the z-axis gives jacobian 47 and Y has polar angles 6, ¢

with respect to this direction),

3
ia = o (,f’) [ VT ITEN Tl exp(=3(V? + (V0))/282)
— 3‘;;’:;4 /OOO dXx /Ooo dY/OZﬂdcﬁ/oﬂ df X3Y3 sin? 0 exp(—(X? 4+ Y?)/2)
_ ke (3.3.2)
3T

Since geometric properties are invariant under rotation, we shall frequently choose a simple
local frame when spherical averaging is necessary.
Comparison with (3.2.2) shows that, for a plane section of a three dimensional wave,

k2 dD 3
d = —= : 0.
D,2 6 5 (3 3 3)

the ratio of 1/2 coming about since

dpa _ (|w:))
dpz  (lwl)’

and the average modulus of the z-component of any isotropically distributed unit vector

(3.3.4)

e is

1 2m g 1
(les]) = 477/0 dgi)/o df sinf|cosb| = 3 (3.3.5)
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This result holds generally for the distribution of points in plane sections of any random

set of lines which are isotropically distributed, and shall be used in the corresponding

calculations of three dimensional polarization singularity densities in section 4.6.
Dislocation averages in three dimensions are defined, in analogy with (3.2.5). For a

quantity f, its dislocation average is

(Flas = d;g<5(€)5(n)lw\f>7 (3.3.6)

which again gives the correct statistical weighting.

3.3.2 Anisotropy ellipse probability density in three dimensions

As stated in 2.5, the anisotropy ellipse is defined in three dimensions in the (V&, Vn)
plane normal to the dislocation direction. With the three dimensional definition of G, w,
distributed as in (3.1.25), the squared eccentricity €2 is the same as in equation (3.2.50).
The calculation is very similar to its two dimensional analogue (3.2.52), and the eccentricity

probability density is

24831 — €2

P = 3.
5(€) G (3.3.7)
where, of course, 0 < ¢ < 1. This distribution has moments
6v7m(1+n/2)!
M= " 2 o F1(3/2,4:(7 2;—1 3.3.8
and the first two moments are given explicitly by
3T
€ = —— =0.8330,
(€)a3 53
(s = (3”2_8) = 0.7124. (3.3.9)

As with the two-dimensional case, these are universal for all spectra, but are less than the
corresponding moments (3.2.55). This is expected, since if an elliptic cylinder is obliquely
sliced (the dislocation crosses the plane, but is not normal to it), the eccentricity of the slice
is greater than that of the transverse ellipse. Ellipses with the eccentricities (€)q2, (€)d,3

are shown in figure (3.9).

3.3.3 Dislocation speed in three dimensions

The relationship between the distribution of speeds in two and three dimensions is similar

to the distribution of ellipse eccentricities; the expressions for speed (2.4.4) and its square
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(a) (b)

Figure 3.9: Anisotropy ellipses (with phase lines in intervals of 7/6) with the mean ec-
centricities (a) transverse to dislocation lines in space (€)q 3 from (3.3.9) (b) in the plane

(€)a,2 from (3.2.55).

(2.4.5) are identical in two and three dimensions, for V,w defined appropriately. The
characteristic speed v, (3.2.58) is identical for speed in plane sections and in space. The
calculation is similar to (3.2.62), and details of the calculation may be found in [BDO0O].

The resulting probability density function for transverse speed v of a dislocation line is

35/21)1)3
Only the first two moments do not diverge:
_ _ _K
<U>d3 = \/g’UC—C 3 )

) k,2

2

(a3 = 6v2=6c (1 — ;‘?) (3.3.11)
2

The first moment is less than the first moment of the distribution plane section speed V'
(3.2.64), as expected from the discussion in section 2.5. The only spectrum with nonzero
ve is the Planck spectrum, with characteristic speed given in (3.2.65). The root mean

square transverse speed of dislocation lines in blackbody radiation is therefore 1.146¢.

3.3.4 Statistics of curvature and torsion

The observation (2.7.4) that, in an appropriate reference frame, the squared curvature
is equal to the squared speed (with &,,, 7., replacing &, n;) means that the probability
density function for curvature is the same as for speed (3.3.10). This reference frame is
chosen when integrating to find the curvature distribution. When this is done (ie averaging

the expression (2.7.4), there are only two (identical) nondiagonal correlation matrices (as
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with speed), that between ¢ and &,,, and between 7 and 7,.; they both have the same

1 —ko/3

“ka/3 ka5 ). This implies, anticipating averaging only on dislocations,

matrix (

P(£=0,¢.) = exp(—&2, /2kakc), (3.3.12)

1
2rkeV/ k2

and similarly for n,7,,. k. is the characteristic curvature, defined analogously to charac-

k4 — 5[6%
= | O 3.3.13
e A5ky ( )

The calculation of the curvature probability density is now identical to the three dimen-

teristic speed vy,

sional speed probability density, so the resulting distribution is

35/2fm§’

Plv) = (3K2 + K2)5/2’

(3.3.14)

with first two moments

(K)a = V3ke, (k%) q = 6K (3.3.15)
Note that the form for x. is similar to the distribution of phase saddles in plane sections
(3.2.17) using (3.1.12), because the averages involve the same correlation matrix (between
second derivatives &; and the field £). With the shell spectrum, k. = 2ky/v/45, so the

mean square curvature is
2 _ 8kh

(ha = 20} = T2

a measure of the radius of curvature is

1/1/(K)q = 0.218\p, (3.3.17)

indicating that dislocations are sharply curved on the wavelength scale. For the Planck

(3.3.16)

spectrum,

5938k2
2 2 T
=2 = .
(") () 1575

The average radius of curvature is approximated by

1/v/(k2)q = 0.026 7. (3.3.19)

If this were measured in units estimated from the peak of the Planck spectrum (3.1.40),

(3.3.18)

this comes to be about 0.2, similar to (3.3.17).

The torsion calculation (using (2.7.6)) is considerably more complicated; not only does
it involve third derivatives of &, 7, but is divided by &2, making evaluation of the integrals
rather difficult. It has not been possible to calculate the probability density function of

torsion, and its second moment seems to diverge.
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3.3.5 Statistics of twist and twirl

In this section the probability density functions of the various twist and twirl values from
section 2.8 are calculated, and the notation of that section is used, such as V& = X, Vn =
Y. The dislocation may be rotated to be in the z-direction without loss of generality, as
in the previous section. We shall calculate the distribution of the phase helicoid twist
Tw(x) (2.8.2), the azimuth-average phase twist Twg (2.8.7), Berry’s screwness parameter
o (2.8.8), the phase and azimuth twirls twg, tw, (2.8.9), (2.8.10), and their difference, the
twirl twist Twy, (2.8.11).

The individual phase helicoid twist Tw(x) is easy to evaluate; any phase may be chosen
by statistical gauge invariance, and we choose to work with the surface corresponding to

¢ = 0, which has twist
_T-XAX

Tw(0) 2

(3.3.20)

The only second derivatives appearing are the cross terms &;.,§,. which are statistically
independent of the other functions in the average by (3.1.17). Therefore the probability
distribution of Tw = Tw(0) is (by (3.1.24))

P(Tw) = (§(Tw—-T -XAX'/X?))q

3 1
= 3.21
AT we (1 + Tw?/Tw?)5/2’ (3:3.21)

where details of the calculation are omitted. Tw, is the characteristic twist, defined by

k4
Twe =4/ —. .3.22
w \/5162 (3.3.22)

The other twists can all be found by using the conditional probability density function

P(f;G,w), where f is the appropriate twist. For screwness o, this is

P(0;G,w) = \/15/21ks VG exp(—15Go? /2ky), (3.3.23)

and the others are the same apart from a different dependence on G,w. For o, there is
a factor of G in the exponent (multiplied overall by v/G for normalisation). This factor
is replaced by 4w?/G for Twy, (G + 2w) for Twyy,, and (G* — 3w?)/G for the two twirls
twg, twy.. The probability density calculations are similar to that of Tw in (3.3.21), except
the distribution (3.1.25) for G and w is used. The resulting normalised probability density

functions of the various twists and twirls are (all are scaled in terms of the characteristic
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First moment (|f|) | Second moment {f?)
Phase helicoid twist T'w % %
Azimuth-averaged twist T'wg % %
Screwness o 1% %
Twirl-averaged twist Twy, 4—\7/5 -1 % (log2 — %)
(Phase and ellipse) twirls tw 0.7363 not convergent

Table 3.2: Table of first and second moments of the various twists and twirls, in appropriate

units of characteristic twist 7w, computed from (3.3.21), (3.3.24).

twist Twe (3.3.22))

35
2+ TTw?

P(Twy) = 34 2_( 2?32 ’

32Twy (1 + Twy)

2 4

P(Twp,) = 1 (V2011 + 8Tw}, + 32Twy,) 4 |

8 (14 2Tw?,)7/? (14 Tw3,)3/?

1 tw?
P — 2 2 2 4 Bl -
(tw) 32tw(1 + tw?)5/2 (( + tw?) (3 + 3tw” + 8tw™) <1 n th)
—2(3 + 3tw? + 2twt) K fw” (3.3.24)
1+ tw? ’ o

where in the last equality, fw represents either twgy, tw,, and K, E represent the complete
elliptic integrals of the first and second kinds [AS65]. The five different distributions are
plotted in figure (3.10), and their first two moments are given in table (3.2). Although
the twists were all equal for the twist example (2.8.3), the distributions are all different
for dislocations in random waves.

From the table and figure, it is clear that the distribution of azimuth-averaged twist
Twg is closest to the twist of a single phase surface Tw = T'w(x).

The characteristic twist of the shell spectrum is Tw. = ky/ V5. A measure of the mean

pitch of a single phase helicoid is

21 /\/ (Tw?)q = V10 (3.3.25)
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Figure 3.10: The probabilities of the different twists and twirls, given by equations (3.3.21),
(3.3.24). In ascending order up the y-axis, they are: twirl tw (thick black line), helicoid
twist 7w (thin black line), azimuth-averaged twist Twy (dotted line), screwness o (dashed

line), twirl-averaged twist Twy,, (thick grey line).

3.4 Discussion and Conclusions

In this chapter, we have used a natural isotropic random wave model to calculate the
statistics of geometric quantities of dislocation points in three dimensions, and dislocation
lines in three. Apart from the calculations involving speed, the wave equation played
only a minor role, and, with appropriate modifications, many of the averages apply to
ensembles of more general random functions.

For dislocation points in the plane, the interesting questions that remain are connected
with the various correlation functions, and were discussed in detail in section 3.2.3. As
indicated there, it is possible that the ring spectrum correlation functions can be used
to explain the morphological scarlet structures observed by [OGHS87], although so far,
investigation of this question has not produced any interesting new results. Further insight
may be gained from a calculation of the critical point correlation functions (with Poincaré
index playing the role of charge). However, the multiple integral necessary to evaluate
these functions has so far proved intractable.

For dislocation lines, of the quantities averaged here (core ellipse eccentricity, speed,

curvature and the various phase twists) have been local properties, depending only on
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the local derivatives at a point on the dislocation (detailed torsion statistics were not
possible, and the distribution of Tw, (2.8.2) was not even attempted). More interesting
statistics are global (that is, topological). Are dislocation lines, on average, infinitely long
or closed loops? We shall see in chapter 5 that dislocation loops may be knotted, but does
knottedness (or linking) occur with finite probability? If so, what is the distribution of
knot invariants (screw numbers), etc? It is not clear how one should even go about trying

to evaluate these global statistics.



Chapter 4

Polarization singularities in vector

waves

“ “In giving to these sides [of the vertical ray] the name of poles, [Malus]
calls the modification which imparts to light properties relative to these poles,
polarization ... ” But this unfortunately assumed a sense of pole quite different
from its use in astronomy, geography, and magnetism, with the consequence
that polarization as applied to light and radiant heat has nothing in common

with magnetic or electric polarization.’

From the etymology for POLARIZE in the Ogzford English Dictionary, 2nd edition, 1989
(the quotation is translated from Nouveau Bulletin de Sciences 45, March 1811)

This chapter is concerned with the details of polarization singularities, their nature,
and their statistical densities in random vector waves in both two and three dimensions.
General results concerning ellipses are in appendix A, and the statistical part relies heavily
on the previous chapter (particularly section 3.1). Some of the earlier material in this
chapter is well-known; some of the new results and statistics for polarization singularities
in three dimensions have been published in [BD01c¢|. The structures described here are

generalised to singularities in tensor waves in chapter 6.

101



102 Polarization singularities in vector waves

4.1 Polarization: The vector nature of vector waves

The waves considered in chapters 2, 3 were scalar fields, in which the topological sin-
gularities were nodal points and lines. However, many waves in physics, particularly
electromagnetic radiation and light, are physically described by vectors (or, more gener-
ally, tensors), requiring additional physical parameters other than phase and amplitude
to describe them. This additional structure shall be referred to as the polarization struc-
ture of the field, and topological singularities (of codimension 1,2,3) in such waves are

singularities of the polarization structure rather than phase.

As the author of the quotation above appreciated, the ‘poles’ of a polarized plane wave
are rather different from the poles of a magnet; the polarization ellipse is invariant with
respect to a rotation by 7, unlike a magnet (which also requires the poles to change sign).
This rotational symmetry, as we saw in chapter 1, implies that the index of a point of

circular polarization in a vector wavefield is in units of 1/2, rather than 1.

As with scalar waves, the vector wavefields we shall use are complex, where, if necessary,
the complex analytic signal of a real vector field is used. The topological singularities
in such fields are therefore different from the saddles, sources, sinks and circulations of
real vector fields. As phase is varied, the real part of the complex vector traces out an
ellipse (the polarization ellipse), and the polarization singularities occur when the ellipse
is circular (C singularities) and when it is linear (L singularities). These singularities are
invariant with respect to a global phase change, as were the dislocations studied earlier.
In paraxial vector waves, all of the component plane waves propagate in (almost) the same
direction, so the vectors are confined to the same transverse plane, and the polarization
ellipse field resides in this plane [Nye83b, Nye83a]. Although these references consider
the paraxial field in three dimensions, we shall only consider the field in the transverse
plane, and so have a two-dimensional vector field in two dimensions. In the more general
nonparaxial case, in three dimensions, the plane wave components may be propagating in
any direction, and the planes of the polarization ellipses at different places in space are

different [NH8T7].

The codimension of L singularities, unlike C singularities or dislocations, is sensitive
to the dimension of the wavefield (ie whether it is paraxial or not), as we shall see. More
care must therefore be taken than for scalar waves as to the nature of the field, and we

shall treat the two cases separately (there are, of course, similarities between the two
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cases as well). Although much of the discussion applies to any (complex) vector field, we
often shall be concerned when the field is the electric field describing light. In section 4.4,
possible singularities involving the entire electromagnetic field (involving both electric and
magnetic fields) are discussed.

We begin with a discussion of two-dimensional polarization singularities, since these are
easier to visualise and study experimentally, have a simpler geometry, and were historically

the first to be found.

4.2 Polarization singularities in two dimensions

4.2.1 The polarization ellipse

We consider a two dimensional vector field E : R? — C?, possibly time-dependent, and

the complex vector E = E(R, ) is written in terms of its real and imaginary parts
E=P+iQ. (4.2.1)

As in equation (A.2.3), the real vector Re E exp(—ix) traces out an ellipse as the real phase
X varies. As x increases, the ellipse is traced out either anticlockwise (right handed, or
positive polarization), or clockwise (left handed, or negative polarization). These conven-
tions differ from that of some authors. The field of ellipses is therefore invariant under
any phase transformation E — Eexp(ix), as are the Stokes parameters (A.4.7) describing
the ellipse at each point. For monochromatic fields, time acts like the phase; the physical
disturbance is the real part of E as phase varies, and the entire ellipse field is stationary.
We shall not consider the possibility that E is partially polarized, and time dependence
shall not play an important role in the following discussion.

The squared modulus of the vector E, |E|? = [P|? + |Q|?, plays the role of intensity
for vector waves, and shall be referred to as the intensity of the ellipse. It corresponds to
the Stokes parameter Sy (equation (A.4.7)). It only vanishes when both vectors P, Q are
zero, which occurs with codimension 4, so does not happen generically.

For complex vector E, the rectifying phase angle xo (defined modulo ), is defined:

2P - Q

tan 2X() = m7

(4.2.2)

(see also equation (A.2.6) and the discussion there); the real and imaginary parts Pg, Qo

of Eexp(—ixo) = Po+iQq are orthogonal. This angle was called phase of the vibration by
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[Nye83a]. The smallest value of x¢ in the arctangent is taken, meaning either Py or Qg
can be the major semiaxis, but we shall usually assume it to be Py. The angle the major
semiaxis Py makes with the z-axis is denoted by ~, so

P
tany = P—gy. (4.2.3)
x

The ellipse can also be described by coordinates on the Poincaré sphere, (that is, by
normalised Stokes parameters si, s, s3), with azimuthal angle 8 = 2. We also define the

phase-invariant quantity

N = %Im(E* AE)
— PAQ
= PoAQo
~ P,Q,— P,Q., (4.2.4)

which is the E-analogue of w defined for the complex vector Vi in equation (2.2.2). As
with w, the sign of N defines the handedness of the ellipse (N > 0 right handed, N < 0
left handed), and 2N is the Stokes parameter Ss3, proportional to the area of the ellipse.
From (A.4.9), the ellipse eccentricity ¢ can be found from

1
e [E[* — 4N? <|E|2 —JVIEPF - 4N2> . (4.2.5)

~ 9N?2

As with w defined in the plane, N may sometimes be considered as a vector in the z-
direction. There are four real parameters P, P, );, @, describing the field at each point;
four geometric parameters describing the polarization ellipse are size of the ellipse (in-
tensity |E|?), phase of the ellipse (rectifying phase xq), ellipse orientation angle -y, and
eccentricity €, as discussed in section 1.3. There is, in addition, one discrete parameter,
the handedness of the polarization. At C points, xo and  are singular, and on L lines,

the ellipse handedness is singular.

4.2.2 C points

The codimension of a C locus is 2 (ie a point in the plane), since there are two conditions
for the ellipse traced out by Re Eexp(—ix) to be a circle [Nye83a, NH87, BD0lc]: P,Q
must be equal in length (since they are radii of the circle) and orthogonal (since they

are conjugate semidiameters of the ellipse, as shown in equation (A.2.7)). Defining the
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polarization scalar ¢ by
p=ut+iv=E-E=P?—Q>+2iP-Q, (4.2.6)
the C conditions are satisfied if
=0 at a C point. (4.2.7)

Complex vectors with a vanishing scalar product with themselves are called null [Syn58,
PR84b] or isotropic [Car66], (not to be confused with the use of the word isotropic em-
ployed for wave superpositions), and have important and interesting mathematical prop-
erties (which generalise to waves of higher spin, as explored in chapter 6).

There is no unique set of orthogonal semiaxes for a circle (any orthogonal pair of radii
suffice), so a C point is a singularity of the rectifying phase xo, and indeed, this is the

phase which is singular, since from (4.2.2),

arg ¢ = 2xo. (4.2.8)

Also,

P = (P*—Q*)*+4(P-Q)°
= P*+Q*—2P2Q> +4(P-Q)?
= (PP+Q)-(2PAQ)?
= Sj-S=550-4)

= P2, (4.2.9)

so the interpretation of the modulus of ¢ is the length of the major semiaxis times the
eccentricity of the ellipse, which is zero for a circle.

Geometrically, the fact that a unique semiaxis frame (Pg, Qg) cannot be defined at a
C point implies that the orientation angle v = (/2 is singular, suggesting an alternative

polarization scalar ¢g (the Stokes scalar), with zeros the C points, defined by

s =51 +192 =4/ SE — SZexpif. (4.2.10)

This has the same modulus as ¢ by (4.2.9), but phase 3 instead of 2x(. These two scalar
fields, ¢ and g, are not equivalent, although they have the same zeros (since they have

the same modulus). ¢ is rotation invariant, but is dependent on the overall phase. g, on
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the other hand, only depends on the ellipse geometry, and is completely phase invariant.
However, any rotation of the coordinate system changes the phase of g by twice that
angle (since 3 = 2v).

There is no simple geometric transformation between the two scalars, and they contain
different information, ¢ about the ellipse phase, pg the ellipse geometry. The u = 0
contours of ¢ are the locus of places where the conjugate semiaxes P, Q are of equal
length, v = 0 where they are orthogonal; S; = 0 occurs when the ellipse semiaxes are in
the directions of the lines x = 0,y = 0, S; = 0 when they are parallel to x = y,x = —y.
The existence of these two scalars is accounted for by the fact that two different geometric
quantities, v and xg, are singular at a C point.

The complex vector E can be written in a circular basis, in which it has components
oy, a_, as defined and discussed in section A.3, one of which is zero at a C point (a— =0
for a right handed C point and vice versa). This provides a third way of identifying C
points: as dislocations in the scalar fields a4, a—, a zero in ay being a C point with the
opposite handedness .

As described in chapter 1, the generic C points have index +1/2 (41/2 for lemon and
monstar, —1/2 for star), the sign corresponding to the sense in which ~ rotates in a circuit
around the C point. Therefore, the sign of the (index +1) phase singularity in the Stokes
scalar pg gives the correct sign of the C point index, the factor 2 from the fact that a
change of 27 in § implies v changes by 7.

Berry [BerOla] constructed a simple field with a right-handed C point at the origin,

E(z,y) = (1 +iay,i(1 — x)), (4.2.11)

which is a has index —1/2 (star) if @ < 0, and index +1/2 if @ > 0 (lemon if a < 2, monstar
otherwise). These fields, with the vectors P, Q, are shown in figures (4.1) (lemon) and
(4.2) (star), for a = +1.

The relationship between the sign of a phase singularity in the polarization scalar ¢
and the C point index is more complicated than for the Stokes scalar. For a right-handed
C point, the sign of the phase singularity in ¢ gives the correct sign of the C point. This
is because in the neighbourhood of the C point, neither of P, Q are generically zero, so
the (P, Q) frame, although not orthogonal, is smoothly defined (neither vector has any
circulations, nor are they collinear). Therefore the ellipses rotate about the (P, Q) phase

frame as well as the coordinate frame, giving the same index as the rotation. However, a
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Figure 4.1: A C point with index +1/2 (lemon) from (4.2.11) with @ = 1. The thicker line

is the real part P =

(1,0), (see also figure (1.5)).
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Figure 4.2: A C point with index —1/2 (star), from (4.2.11) with @ = —1. The thicker line

is the real part P =

(1,0).
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left-handed C point behaves like the complex conjugate of a right-handed C point, so xg
decreases around a left-handed C point where it increases around a right-handed C point.
This implies that, around an index +1/2 C point, zeros of ¢ have strength —1, and vice
versa.

This can be understood more clearly with a simple example. Define the field
Er=(cta,y) +i(z,b+y), (4.2.12)

where c is a real positive constant, and b is real. Here, N = ¢ + ¢(x + y), so the C point

is right-handed. For this field, up to linear terms only,

¢ =ps =2c((z—y) +i(z +y)) (4.2.13)

which is easily verified to have a +1 phase singularity at the origin, and is of lemon type.

By comparison, the function
Ep = (ct+=,y) —i(z,b+y), (4.2.14)

has a left-handed lemon C point at the origin, with polarization scalars (including linear
terms only)

¢ =5 =2((z —y) —i(z +y)) (4.2.15)
which has topological charge —1 at the origin. The Stokes parameters 51, So are the same
for each of Er, Ey.

This example may also be used to see what happens with the sign of the index of the
C point and the dislocation strengths of the zeros of the circular components oy, a_ : the
sign of the dislocation in cv_ corresponding to a right-handed C point is the same as that
of the C point index, whereas the sign of a dislocation in ay corresponding a left-handed
C point is minus the sign of the C point index.

C points occur in the Poincaré sphere description at the poles, (right-handed at the
north pole, left at the south, the index of each being +1/2), and many of the points made
above correspond to a geometrical argument on the Poincaré sphere. The alternative po-
larization scalars ¢, pg also imply that there is another geometrical object analogous to the
Poincaré sphere: this phase-Poincaré sphere has the same colatitude as the corresponding
Poincaré sphere (ie same third cartesian component s3 = 2N/|E|?), but with azimuth 2y

instead of 3, implying that the phase-Stokes parameters are defined

(T07T17T27T3) = (S()vRe(pa Im30753)7 (4216)
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which shall be used in chapter 6.

Since C points have been realised as phase singularities, the mathematics of chapter 2
applies, although ¢, ¢g are not solutions to any wave equation, and are quadratic in the
field variables. There are two sign rules, one for each of the scalars; it seems that C points
of different handedness cannot generically be created/annihilated in pairs, since opposite
index, oppositely handed C points have the same strength in . Regions of right-handed
polarization and left-handed polarization are separated by the second type of paraxial

polarization singularity, the L line.

4.2.3 L lines and disclinations

The polarization ellipse becomes a line when the angle between P, Q vanishes (modulo
m), and the real vector Re E exp(—ix) points in the same direction for all x. This occurs

when

N=PAQ=S3/2=0. (4.2.17)

This requires the satisfaction of a single equation, implying that the polarization is linear
along lines; L singularities, in two dimensions, have codimension 1 ([Nye83a] calls them
S lines). Mathematically, on L lines, the complex vector E becomes a real vector times
a phase, and the singularity in this case is the handedness of the ellipse. (Codimension
1 singularities are usually singularities of a discrete variable, whereas higher codimension
implies singularity of a continuous variable [Mer79]). Generically, the L lines separate
regions of the plane of different handedness.

On a circuit around a closed L line, the change in the line orientation v divided by
27 corresponds to the total index of C points enclosed by the L line. For instance, the
equator of the Poincaré sphere is a closed L line, where the linear ellipses rotate by +/2
as (8 increases from 0 to 27; there is a single lemon-type C point at the north pole.

The direction of the L line at a point can be found by finding the direction in which N

remains zero; if the point is taken to be the origin, the direction of the L line is R, where
R-VN =0, (4.2.18)
ie a vector orthogonal to VN. The direction Dy, is therefore

Dy = (Pwa:y_Pszvy_'_Px»yQy_Py’nyE’ _PfL‘vafE—I—PyQﬂf»m_vany+Py,IQ$)’ (4219)
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and along the direction of Dy, the region with right handed polarization is to the left. To
find the total length ¢, 4 of L line in an area A of the plane, equations (2.1.6), (2.5.1) are
appropriately modified,
b= /AdQRd(N)\VN\. (4.2.20)
We observe that |Dy,| = |[VN|.
There is another type of singularity, not phase invariant, called a wave disclination,

introduced by Nye [Nye83b]. These are places where, for a given phase x, the real vector
U, (R) = ReE(R) exp(—ix) (4.2.21)

vanishes. If x = 0 (7/2), these are the zeros of P (Q). Clearly, they have codimension 2,
and are always found along L lines. At any point on an L line, there is always a phase for
which that point is a disclination.

As phase varies (say with time), the disclinations move along the L line periodically
with period 7. Not being invariants of phase, we shall not consider them in any more

detail, but notice that the number of disclinations in A for phase x is

ddisc A = /AdZR (U UyeaUsyy — UxayUsyz|- (4.2.22)

A disclination is a zero of the field Uy, and generically has Poincaré index +1 [Nye83b)].
Of course, if one considers three-dimensional paraxial fields, disclinations are lines, as

described by [Nye83b].

4.3 Polarization singularities in three dimensions

4.3.1 The polarization ellipse in three dimensions

We are now interested in complex solutions of a three-dimensional vector wave equation
E :R?> — C3, where

E(r) = p(r) +iq(r), (4.3.1)
and p, q are three-dimensional vectors. As phase varies, the real vector

f, = ReEexp(—iy). (4.3.2)

traces out an ellipse in the (p,q) plane. The rectifying phase yo for the ellipse in three

dimensions is defined analogously to (4.2.2):

E exp(—ixo) = po + iqo, (4.3.3)
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with pg, qo perpendicular. The normal to the ellipse is given by
N=Nn=pAq=poAqo, (4.3.4)

where N here corresponds to the modulus of the definition for N in two dimensions
(4.2.4). As before, and with w defined previously, NV is proportional to the area of the
ellipse. The ellipse is always right-handed with respect to the unit vector n. The field at a
point is determined by six real numbers (the components of p, q); these can be interpreted
geometrically as the ellipse intensity |E|?, the rectifying phase xo, the eccentricity e, but the
orientation of the ellipse in space now has three parameters: the direction of n providing
two, and the angle the ellipse makes in the plane normal to n, which as before shall be
called 7 (these three angles, v and the polar angles defining n, are equivalent to the three
Euler angles). Note that there is no smooth canonical way of ascribing a direction for
~ = 0 for all n. The handedness of the ellipse no longer has any meaning. The ellipse gives
rise to a positively oriented orthogonal frame field (pg, qo, n), which are the eigendirections

of the matrix

M=ReE*QE=p®p+q®q, (4.3.5)

as discussed in section A.2. It is this frame that becomes singular at polarization singu-
larities [NH87, BDO1c]. Note that the C lines and L lines defined here are called CT, LT
lines by [NHS87].

4.3.2 C lines in three dimensions

The C conditions in three dimensions are analogous to those in two, and the polarization

scalar ¢ can be similarly defined:
po=u+iv=E-E=p*—¢*+2ip-q. (4.3.6)

The phase singularities of ¢ are C lines, where u = 0,v = 0. As with equations (4.2.8),
(4.2.9), arg ¢ = 2x0, |¢| = poe, and po, qo do not uniquely exist at a C point as before. The
matrix M (4.3.5) is degenerate in its nonzero eigenvalues in this case. The degeneracies of
real symmetric matrices are well-known to have codimension 2, and are called diabolical
points (see, for instance, [Ber84] page 50).

The Poincaré sphere is not defined for three-dimensional polarization, and ¢g cannot

be defined. The Majorana sphere My can be used instead, and the details of this are
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explained in chapter 6. The problem is due to the lack of any canonical way of defining ~
for every ellipse orientation in three dimensions. The phase-Poincaré sphere, however, is
defined for complex vectors in three dimensions.

As with the three-dimensional definition of vorticity w in section 2.5,
1 *
w, = §V<p AV =VuA Vv (4.3.7)

points in the direction of the C line, giving a form for the topological current. The direction
of the ellipse normal vector n is unrelated to the direction of the C line. However, in the
vicinity of a point rg on the C line, the local ellipses are confined to the plane normal to
n(rp) and the C point in this plane generically has index 1/2, with lemon, star or monstar
morphology. The sign of the index of this C point is the sign of w, - n, as described by
[NH87] (see in particular figure 2). This is consistent with the relation between index of
C points and phase singularities of ¢, described in section 4.2.2, where the sign of the C
point index was seen to be the product of the handedness of the circle with the topological
charge of (; n points in the direction with respect to which the ellipse is right handed.
Along a C line, its the index switches at points where n - w, = 0. The topological current
of the C line, however, does not change.

Any geometric property of dislocation lines (curvature, torsion, anisotropy ellipse) can
be found for C lines using the polarization scalar ¢, although we do not provide a geometric

interpretation of the anisotropy ellipse, or the twist and twirl of a C line.

4.3.3 L lines and disclinations

The L condition for three-dimensional vectors is that p, q should be (anti)parallel, which
now is two conditions (the direction (two polar angles) of q corresponds to p). L singu-
larities therefore are lines in three dimensions, and are places where the ellipse normal N

is zero:

N=pAq=0 on an L line. (4.3.8)

The codimension of this phenomenon is only 2, although it is a zero of a three-dimensional
vector field; N is a cross product, and vanishes when p, q are parallel, which only requires
equality of the two sets of polar angles of p, q. Three-dimensional L lines are singularities
of the direction of the ellipse normal n, where the intermediate eigenvalue of the matrix

M (4.3.5) becomes zero, and the matrix is degenerate again. The direction Dy, of the L
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line, to be found below, is unrelated to the direction in which p,q and f, coincide; we
shall denote the unit vector in the direction of p by ef.

Local to a point on the L line, the nearby n vectors are all coplanar, in the plane
normal to the direction of ef. It is therefore a singularity in a (locally) two-dimensional
vector field, and can be a source, sink, circulation or saddle. The index of the L line
switches when Dy, - e = 0, as described by [NH87].

We now derive a general expression for the direction Dy, of the L line, taken initially to
be crossing the origin with ef in the z-direction. In this case, we have the local expansion

(where r = (z,y, 2))

p(r) = (r-Vpgr-Vpy,p:),
a(r) = (r-Vgu,r- Vg, q.), (4.3.9)
o, to first order
N(I‘) = (I‘ : (QZva - pzv‘]y)a r- (pzv(lx - QZva)a 0)
= (A-r,B-r,0). (4.3.10)

and if r lies in the direction of the L line, N(r) = 0 in (4.3.10). This direction must

therefore be in the direction of

D, = AAB

(QZva - pZVQy) A (pzvch - sz])x)
= V(pAQ):AV(PAQ)y. (4.3.11)

This can be written in coordinate-free form as
1
D;, = iva A Vb(Na ANy - ef), (4.3.12)

where a,b are labels showing where the V operators act (this is a notation suggested by
Feynman [FLS63al). (4.3.10) can be used to find the necessary behaviour in E to make the
L line have the various vector field singularity morphologies described above. The choice
of ef (rather than —eg) was arbitrary, and making this change reverses the direction of
Dy,; the sign of the product Dy, - e, remains the same, and the singularity does not change
index.

We now wish derive an expression for the total length of L line in a volume V, again

choosing coordinates such that the L line crosses the origin and ef(0) is in the z-direction
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(so D1, = AAB). The correct d-functions, restricting the integral to the L line, are 6(A -r)

in z, 6(B-r) in y, from (4.3.10), whose transverse jacobian is
0zA-ro,B-r—0,A-r9,B-r=(ANB), (4.3.13)

divided by the cosine of the angle between Dy, and ef. This cosine is (A A B)./|A A B|,

giving a net jacobian factor of |A A B| = |Dp|. Moreover, using the §-function identity

d(VX?2+Y?)

0(X)(Y) = , 4.3.14
and (4.3.10), the length of L line /1, in a volume V is
(N
by = / d3r Q|DL|. (4.3.15)
% TN

As with (2.5.1) and (4.2.20), the length of the simplest vector in the direction of the
singular line homogeneous in the field variables gives the correct jacobian.

Disclinations are defined for spatial waves in the same way as for paraxial waves (zeros
of f, for phase x) and are points on the L lines. The number of disclination points in

volume V is simply

oy = [ Er8(E)|VE| (4.3.16)
%

C lines and L lines can only cross if the ellipse at that point is both circular and linear,
that is, it vanishes (and E = 0). This phenomenon has codimension 6 (all of the six field
variables are zero), which is more of a restriction than the codimension 4 crossing of C
lines with themselves or L lines with themselves. Therefore, C lines and L lines repel,
and their points of intersection the true phase singularities of the vector field, where the

amplitude of the vector field is zero and phase is undefined.

4.4 Polarization singularities in electromagnetic waves

The previous section described topological singularities arising out of the structure of
complex three-dimensional vector wavefields. However, the full theory of electromagnetism
(in free space) involved two such fields, the electric field E and also the magnetic field H,

both of which are related to the magnetic vector potential A (in appropriate units):

E=-0A, H=VAA. (4.4.1)
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All three fields in free space are solutions of the same vector wave equation (1.5.1), and it is
a natural physical question to ask whether there is a single singularity structure involving
the entire electromagnetic field.

Since E and H are derived from A by (4.4.1), we start by examining the polariza-
tion singularities of the vector potential A. There is immediately a problem, because
the positions of the polarization singularities are gauge dependent; the transformation
A — A + Ay, where A is even a constant vector field, ruins the delicate polarization
structure of a singularity. A natural gauge to choose is the one (explicitly taken in (4.4.1)),
for which the scalar potential vanishes, as is done by [BW59], page 73. This requires trans-
verseness of A, V- A =0.

If the field in this gauge is monochromatic, then time dependence may be factored
out, and the C and L lines are in the same places in the E and A fields. However,
there is no clear connection between the singularities of A and its curl, H, which involves
the differential structure of the field in a nontrivial way. There does not therefore seem
to be a connection between the polarization singularities in E and H, even in the field
is monochromatic. We shall see in section 4.6 that in the model of isotropic spatial
distributions of random plane electromagnetic waves, the components of E and H at a
point are statistically independent.

Many authors of more abstract texts [LL75, Syn58, PR84b] use the complex vector
V =ReE+iReH (4.4.2)

which can be constructed in a natural way from the electromagnetic tensor F),,, (as is done
in the cited texts). The real and imaginary parts of ¢y = V - 'V are Lorentz invariant, so
the C lines have special invariant status in the field. The (instantaneous) Poynting vector

(electromagnetic current density vector) Spey is defined [BW59]
Spoy = ReE AReH, (4.4.3)

and is the analogue of N (4.3.4) for the electromagnetic field V, that is, L lines are
instantaneous current stagnation lines. The Poynting vector is not Lorentz invariant, and
it can be shown that there is a Lorentz transformation that can transform the field such
that any point in the field lies on such a current stagnation line, provided that point is
not on a C line [PR84b].

The main problem with the interpretation of the field V is that the singularity lines

move (at optical frequencies) even in monochromatic waves (although for these the pattern
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is time periodic). In optics, it is more usual to consider the time-averaged Poynting vector
(Spoy)t, where,

1
(Spoy)e = 5 (E*AH+ENH), (4.4.4)

where E, H are now complex (see [BW59]p33). This real vector is the sum of two cross
products like (4.4.3), and does not generically vanish along lines (it cannot be written as a
single cross product of real vectors). Therefore the time averaged Poynting vector does not
have any time-dependent stagnation lines, so are not a vector analogue for dislocations,
which are stationary in monochromatic fields.

In chapter 6, three-dimensional vector fields are realised as spin 1 fields, and the po-
larization is parameterized by the Majorana sphere My (rather than the Poincaré sphere,
which is only appropriate for transverse paraxial fields). This suggests the theory of C and
L lines in three dimensions may be recast in a formalism evoking the quantum description
of light, and for the remainder of this section we shall reformulate the material of section
4.3 in quantum-mechanical terms.

To this end, we observe that for any two (real) three-vectors c,d, there is the identity

cAd = —i(c-S)d, (4.4.5)
where the hermitian vector operator S is a three-dimensional representation of the spin
operator with cartesian basis [VMKS88] (not to be confused with the Stokes parameters

So, S1,S2,.53). Its components are vectors operating on d, and are

00 0 0 0 i 0 -1 0
S=(5,5,5)=|1o 0o =i|.]o ool|.|i o o], (4.4.6)
0 i 0 —-i 0 0 0 0 0
or more succinctly, in terms of the antisymmetric symbol, S; = —ie;ji. (Note the small

correction from [BDO01c] equation (3.2)). In quantum mechanics, in units of %, S satisfies

the commutation rules for spin 1 particles,
SAS=iS. (4.4.7)

None of the polarization structure is lost if the complex vector E is considered as a state

(parameterised by r,t), represented by the complex unit vector e

E

e=——
B

(4.4.8)
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The polarization ellipse is not affected if the overall phase of e is ignored, that is, if E is

taken to be a state in projective Hilbert space. In Dirac notation, we have
e |=le (e e )=tel, (el =e-¢ (4.4.9)

The local expectation value S of the spin operator S (taking advantage of the antisymmetry
of its components), is
2N

S = (e|S|e) = BE (4.4.10)

The local spin state can therefore be regarded as a vector perpendicular to the polarization
ellipse (with a length equal to the Stokes parameter s3 defined in the plane normal to S). It
is interpreted as the local angular momentum of e at r. C and L lines are loci of particular

spin values. By the C conditions,
S?=8.8=(—ie*Ae)-(—ie*Ne)=1—|e-e[=1 ona C line. (4.4.11)

As one would expect, C lines therefore correspond to places where the (modulus of) spin

expectation is 1, and in fact |e) is an eigenstate of the operator n - S,

(n-S)le) = inAe
i((pAa)A(p+ig))
P Aal(P? +¢?)
i([p’a— (p-a@)p] +il(p-a)p — ¢°p))
P Adl(p? +¢?)
(on C line, |q| = |p|,p-q=0)

p+iq
2p?
= le). (4.4.12)

The sign of the eigenvalue corresponds to the fact that n points in the direction of the
circulation of e.

For L lines, (4.3.8) and (4.4.10) show that the expectation S = 0 on an L line, and
indeed |e) is an eigenstate of the operator e* - S with eigenvalue 0. These observations
support the photon interpretation of polarization of light fields.

The vector direction of an L line Dy, may therefore be rewritten more transparently,

1 .
D = 5N2 Im(Vn| A (e - S)|Vn), (4.4.13)
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where the cross product connects the gradients. This type of notation is frequently used
in the theory of geometric phases, where the two spaces (configuration space and state
space) may be quite different [SW89].

It is possible to extend the quantum-style description to other properties of the field.
For instance, the natural definition of the momentum k (again in units of i) of the field

E is the local expectation of the momentum operator on the state |e), namely
k = —i(e|V]e) (4.4.14)

Nye [Nye91] observed that this geometric phase 1-form (Pancharatnam phase difference)
connecting the field at neighbouring points, is the natural definition of a propagation
direction at a point in the field. It was found by [NH87] by other means. Unlike the
wavevector for rays in geometrical optics, k is nonintegrable, and there is a geometric
phase (T") defined by the integral of k round a circuit I" in r (see section 1.4). It may be
interpreted as the following: take a vector € equal to e at each point r along the curve I'
apart from a phase determined by parallel transport from the starting point, where €’ = e
exactly, that is, keeping (e/|V|e) = 0. v(T') is the phase difference between €’ and e at
the end of the circuit, and is independent of the initial phase of e, so works for e being
a vector in projective Hilbert space [AA87]. ~(I') is also the flux through I' of a 2-form,
which is (using the suffix notation of (4.3.12)),

B =V Ak=Im(Ve|A|Ve) =ImV, A Ve, - e. (4.4.15)

There does not seem to be any simple interpretation of B in terms of the polarization
geometry of the field E, although details of the geometric phase derivation for the Majorana
sphere M3 may be found in [Han98d]. Singularities of B, the codimension 3 monopoles
associated with geometric phases [Ber84|, occur when the field intensity E* - E vanishes
(vector field phase singularities where a C line and L line may intersect), with codimension
6.

Places where k and n are (anti)parallel (that is, k An = 0, and k is orthogonal to both
p, q) are helicity states, where the momentum direction corresponds to the normal of the
ellipse. This situation occurs generically along lines, which provides further codimension
2 structure to E. [NH87] defined a handedness to the ellipse in the field at every point
by signk - n, and regions of right and left handedness are separated by the so-called T

(‘transverse’) surface, on which L lines lie and C lines cross (but helicity lines are restricted
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to regions of appropriate handedness). We shall not investigate these structures further

here.

4.5 Singularity densities in random paraxial vector waves

4.5.1 Random paraxial vector waves

We intend to generalise the paraxial gaussian random waves of section 3.1, equation (3.1.2),
and calculate the densities of C points, disclinations and L lines in two dimensions.

Physically, we are adding together many transverse plane waves, with propagation di-
rections all very close to the z-direction, and any longitudinal z component is negligibly
small. The spectral distribution of amplitudes is a paraxial one, such as the disk spectrum
(3.1.30) or gaussian spectrum (3.1.33). The ring spectrum, is not appropriate here, since
the waves are not propagating in the plane. We shall assume that the spectrum is de-
rived paraxially from a monochromatic three-dimensional wave, and factor out time and
z dependence.

The isotropic paraxial gaussian random vector wave superposition analogous to (3.1.2)

18

ER) =) akdk exp(iK - R), (4.5.1)
K
where, as before, K = (K,,K,), and ak is a complex amplitude with argument ¢

uniformly random and modulus g, independent of the direction of K, related to the
plane radial spectrum II(K) by (3.1.10). As before, the nth moment of K with respect to
II(K) is denoted K, and II(K) is normalised such that Ky = 1.

dk is a normalised complex polarization vector describing the polarization state of the
plane wave component labelled by K. If the components of dg are chosen uniformly at
random, one finds that the distribution of polarizations is uniform on the Poincaré sphere
(and so, by the discussion in section A.4, uniformly random in the circular components of

dk). Using the Poincaré sphere representation, dg has cartesian components

dk = (cos ak /2 exp(—ifk/2),sin ak /2 exp(ifk/2)), (4.5.2)

where ak, Ok are the polar angles on the Poincaré sphere for the plane wave labelled by

K. The ensemble averaging (cf (3.1.4)) involves averaging over all of the random phases
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¢K, and the Poincaré sphere angles ok, Ok :

1 [ 1
@ =I5, [ ooy |

phase average polarization average

T 27
dax sin aK/ dfk e. (4.5.3)
0

~~

This implies that the average length of E is normalised,
(E*-E) = 1. (4.5.4)

(4.5.1) is a complex vector, and the real and imaginary parts of its components
P,, Py, Qu,Qy, are gaussian random functions of position R, and the ensemble is sta-

tionary, ergodic, etc. Moreover, we can write

P = ZEKXK,
K

Q- 3 ervie (15.5)
K
where Xk, Yk are found from (4.5.2) (suppressing K suffices),

X = (cosa/2cos(K-R+¢—3/2),sina/2 cos(K-R+ ¢+ 3/2)),
Y = (cosa/2sin(K-R+¢—3/2),sina/2sin(K-R+¢+5/2)). (4.5.6)

The components of these vectors are averaged to give

(X = (V) =7 (XiXp) = (V¥;) = (X)) = (XY =0, i#jarea,y,
(4.5.7)
implying that the gaussian random functions P, P,, @, Q, are all identically and inde-
pendently distributed. Using the notation p(f) for the probability density function of
random variable f (since the symbol P, used in chapter 3, is in use), the probability

density function p(E) is
4 * 4 2 2 2 2
p(B) = esp(~2B" B) = boxp(-2AP2 4 PI QI+ @Q)).  (458)
Also, from (4.5.6),
0;X; = —K;Yj, 0;Y; = K; Xj, i,Jj =Y, (4.5.9)

so the derivative fields F; j, Q; ; are also gaussian random, whose only nonvanishing cor-

relations are
Ky

2\ _ 02\ — .
(Fij) = (Qij) = KR i,j =1,y. (4.5.10)
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These functions can be used to determine the probability density functions of the

unnormalised Stokes parameters Sy, S1,S2, 53, which are
p(So) = 480 eXp(—QSQ), ,O(Sl) = eXp(—Q‘SiD, 1= 1, 2, 3, (4.5.11)

(the normalised Stokes parameters si, s2, s3 are uniformly distributed between 0 and 1),
and these calculations agree with those of [Bar87, Bro95] in the case of completely unpo-

larized radiation.

4.5.2 Density of paraxial C points

Since the random wavefield (4.5.1) is statistically stationary and ergodic, and C points are
phase singularities of the polarization scalar ¢ = u + iv (4.2.6), the density of C points
dc,2 can be found by direct analogy with (3.2.1):

doo = (6(u)0(v)|ugvy — Uyvy). (4.5.12)
Writing the jacobian |uzvy, — uyvy| = |J|, the average is
dcg = /d2Pd2Qd4VPd4VQ §(P? - Q*5(2P-Q)|J| p(P,Q,VP,VQ).  (4.5.13)

We shall integrate P, Q first, and write the integrals involving the first derivatives as I.

Rewriting P, Q in polar coordinates (P, 6y), (Q, 0y + 0) and integrating 6 out easily,

o) o) 2T
dca = % /0 dp /0 dQ /0 df PQ §(P? — Q*)6(2PQ cos #) exp(—2(P? + QQ)()4I;.14)

The 0-functions are easy to integrate (with respect to @ and 6), and the integral becomes

16 [ _ P? 9
dog = — ; deexp(—ZIP )11(Q=P,cos 6=0) (4.5.15)

and the notation Ij(g—p,cos9—0) 18 obvious. The jacobian |J| now simplifies:

|J| = 4P2|Px,arPy7y + P oQry — PyyQuae + QuzQuy — PoyPys — PryQux
— Qx,yQy,z + Py,zQy,y‘- (4516)

Rewriting the first derivatives as a vector

V = V K2/2(Px,za Px,ya Py,:m Py,ya Qm,xa Qx,y» Qy,xa Qy,y)



122 Polarization singularities in vector waves

the jacobian in (4.5.16) can be written as a quadratic form, and after rescaling (to remove
factors in the gaussian), is equal to (K2/4)*|V - E- V|, with E numerical and symmetric.

Therefore

16 (4 \* [® o [ 8 = 2

dco=—|— dP Pexp(—4P¢) [ dA°V |V - E - V|exp(—V*). (4.5.17)
e 7TK2 0

Now we perform a linear transformation V.— W = I'V with I' an orthogonal matrix

diagonalising =,

I''=T = diag{1,1,-1,—-1,0,0,0,0}. (4.5.18)

Such a I' can always be found because = is real symmetric. The jacobian of this transfor-
mation is 1 since I' is orthogonal, so after the transformation, the calculation concludes:
K,

doa = 5% [ EWIWE 412 = WE — WEexp(- W)

(transforming to plane polars, (W1, W2) — (r1,¢1), (W3, Wa) — (r2, ¢2),

then integrating out angles and Wi, ... Wy)

Ky 4 [*™ > 2 2 2 2
= 47T/ d7’1/ d?”27“17’2’7’1—7”2|eXp(_7’1_r2)
0 0

(transforming to polars (r1,7r2) — (7, ¢))

00 w/2
= / drr5exp(—r2)/ d¢ cos ¢ sin ¢| cos 29
0 0

Ky
= = 4.5.19
5 ( )

The density of paraxial C points is therefore twice the planar dislocation density (3.2.2).
This is not surprising, as each type of C point (right, left handed) is a dislocation in a

circular component a4, a_; each of these components acts just like a random scalar field.

4.5.3 Density of paraxial L lines

By stationarity and ergodicity, the average length of L line per unit volume can be found

from (4.3.15), giving

dr2 = (6(N)|VN|). (4.5.20)
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where N = P,Q, — P,Q, from (4.2.4). Now, P and Q may be transformed to polar

coordinates as before (but now, by isotropy, we choose P to be (P,0)), and
8 o'} 00 2 ) ) 5
dra = — dpP d@ df PQS(PQ sin0) exp(—2(P* + Q)
T Jo 0 0
« / AVPAVQ p(VP, VQ)|VN|
= — dpP dQexp(—2(P* + Q“))
T Jo 0
« / AVPAVQ p(VP, VQ)|VN|. (4.5.21)

Transforming to polars (P,Q) — (T, ¢), and using the fact that both P, Q are in the

a-direction, |[VN| becomes

T\[A(VQ,)? + $2(VP,)? — 2esV P, - VQ,, (4.5.22)

where ¢, s denote cos ¢, sin ¢ respectively. |V N| only now involves the derivatives of the y
components of P, Q, so only these need to be integrated over. Writing these as a vector
V = VK3/2(Py 4, Pyy, Qya, Qyy), and writing [VN| as a quadratic form TK,/4|V - 2 -

V|'/2, the integral becomes

1 oo & Ky /2

dr 2 = 16 dTT2exp(—2T2)/ dqﬁq/d‘*vyv-a-vmxp(—v?). (4.5.23)
™ Jo 0 7

As before, V can be orthogonally transformed to a basis in which = is diagonal, and

therefore can easily be integrated, with the result

T | Ky
dpo =~/ —=2. 4.5.24
L2 =7\ ( )

The density of L lines per unit area is related to the density dy, ; of (point) intersections
of L lines with a straight line in the plane, by the same argument as that used in section
3.3.1. The two densities differ by a factor equal to the average modulus of x-component

of a random isotropic unit vector, ie a factor of 2/m, so

1 [K,
dpg ==y —=. 4.5.2
L1 =351/ (4.5.25)

4.5.4 Paraxial disclination density

We now compute the disclination density, which is easily done by choosing the phase

x = 0; we are finding the density of zeros of the real vector field P. By ergodicity from
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Singularity type General value | Disk spectrum | Gaussian spectrum
Dislocation density dp 2 K2 ﬁ IQTg
C point density dc o K2 AL?i %
L line density dr, o %\/% % %
Disclination density dgjsc, 2 % ﬁ %

Table 4.1: Statistical densities of paraxial polarization singularities and comparison with

planar dislocation density, for general values, the disk spectrum and the gaussian spectrum.

(4.2.22), the disclination density dgisc 2 is

ddisc, 2 (52(P)|Pw,xpy7y - anypy@b
= /d2Pd4VP5(Px)5(Py)]P%xP%y — P,y Py 2|p(P,VP)

K
= =2 (4.5.26)
4

the same as the paraxial dislocation density, and half the C point density. Formally, this
calculation is identical to that for two dimensional dislocation density (3.2.2) since the
statistical relationship between P, P, is the same as that between &, 7; it is also given
by [Hal81] equation (6.25). The mean spacing of disclinations on L lines is dy, 2/dgisc.2 =
72 /\/2K>.

The results of this section are summarised in table (4.1), where values of the density

are also given for the disk and gaussian spectra.

4.6 Singularity densities in random spatial vector waves

4.6.1 The random three-dimensional wave model

We now consider the three-dimensional analogue to the paraxial vector waves of the last
section. As with three-dimensional random scalar waves, the ensemble is made up of
superpositions of an infinite number of plane waves with random phases (each randomly
polarized transverse to its propagation direction), with propagations uniformly distributed
in direction; the normal n(r) to the resulting polarization ellipse at any point r changes
smoothly over space. Although the random waves constructed shall be the complex ana-
lytic signal of a real complex wavefield, we shall see the statistical model applies equally

well to the electromagnetic field V.= Re E + iIm H of equation (4.4.2).
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By analogy with (3.1.1), (4.5.1), the isotropic random complex three-dimensional vec-

tor wave superposition E(r) is (ignoring ¢ dependence)

E(r) = ) adgexp(ik - 1), (4.6.1)
k

where each wave in the superposition is labelled by its wavevector k. As before, the ay are
complex scalar amplitudes with uniformly distributed phases ¢y and moduli € related to
the spatial radial power spectrum II(k) by (3.1.8). Moments of k with respect to II(k)
are denoted k, (ko = 0), as with (3.1.9). The polarization vector dy, is defined in the
plane orthogonal to k identically to the planar case. The right-handed orthogonal frame

(uk, vk, k) with vf = v =1, and
dyx = uy cos ag exp(—ifk/2) + vi sin ax /2 exp(ifk/2) (4.6.2)

where ay, Ok are polar angles on the Poincaré sphere defined in the (uy, vik) plane, chosen
uniformly randomly as before. By virtue of the central limit theorem, E in (4.6.1) rep-
resents an ensemble of complex gaussian random vectors, parameterised by the random
¢k, Ok, Bk, with ensemble averaging analogous to (4.5.3). As with paraxial waves, these
conditions imply that, on the average, E is normalised, as with (4.5.4).

The frame (uy, vy, k) is chosen such that, if wy = k/k is the direction vector of k in

space, parameterised by polar angles 6, ¢, then

wkx = (cos¢sinb,sin¢sinb,cosh),
e, \ Wi .
frnd S —— N 0
Vk ’ez A Wk| ( S ¢7 COs Cb, )7
uy = VKA Wwg=(cos¢pcosb,singcosh, —sinb). (4.6.3)

(The weighting when wy, = +e,, and vy, uy are singular, is negligible.) The real and

imaginary parts of E are
P = Z&“ka, (464)
k
q = ZEkYk, (4.6.5)
k
where Xy, Yy are defined

Xk = ugcosag/2 cos(k-r+ ¢k — Pk/2) + visinak/2 cos(k - r + ¢ + k/2),
Yx = ugcosay/2sin(k-r+ ¢k — fi/2) + visinay /2 sin(k - r + ¢x + Gk /2(4.6.6)
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(cf (4.5.6), and note that the phases ¢y are unrelated to the spatial azimuth ¢). In the
uy, vk plane, the components of Xy, Yy, satisfy (4.5.7). Averaging the components of p

(the result for q is the same), and suppressing obvious subscripts k on uy, vy,

(pipj) = Y (X )uau; + (Xio)vivj + (X Xua) (uiv; + ujv;))
Kk
11 2m
= ZE d9 ; do(uju; + vivj) / dkTI(k
%4#527
5
= Fj (4.6.7)
(where 4,5 = x,y,2, and ¢;; is the Kronecker §-symbol) agreeing with the statistical
normalisation of E. By similar arguments, it can be shown
(pigj) = 0. (4.6.8)
Therefore p, q have the joint probability density function
3\ 3
p(p,q) = <W> exp(=3(p* + ¢%)). (4.6.9)

Using the three dimensional analogue to (4.5.9), the derivatives of p,q have the nonvan-

ishing averages

k
2y 2y = 2
<p171> - <qz,z> 30
ko
<p127j> = <qi2,j> = T5
k2
(pigpia) = (@g953) = —¢5-

(4.6.10)

Since E is divergenceless (being a sum of plane waves), the random variables py z, Dy y, Pz 2
are dependent, and in fact, in all calculations, p. . is replaced by —p; » — py,y, With equiv-

alent substitution for q.

The distributions of p,q can be used to find the probability density function of the

square of local angular momentum expectation value S, defined in equation (4.4.10).



4.6 Singularity densities in random spatial vector waves 127

Therefore
st = (s (22a))
_ <73T>3/d3p/d3qexp(—3(p2+q2))6 (52 — (;pﬁq%f)

(exploiting isotropy, transforming p, q to spherical polars)

21 4
= 6/ dp/ dq/ d6 p*q® sin 6 exp(—3(p° ))5(52—W>

(P? +¢?)

(transforming (p, ¢) to plane polars (r, ¢))

1 w/2
= 108 s ep(—3r?) / do / d0sin 0sin?(2¢)5(S? — sin? 2 sin? )
0 0

™ Jo

- 1. (4.6.11)

The distribution of S? is therefore uniform in space, between values of 0 and 1.

For the remainder of this section, we shall be concerned with the electromagnetic vector
V of (4.4.2), with E,H, A real. Let E be equal to p, defined in equation (4.6.4), with
time dependence included in the obvious way, by replacing k - r by k - r — wit. The real

vector potential A is such that 0;A = —E, so integrating,

-3y (4.6.12)
W,
k
and VA A = H gives
1 Ek
H(r,t) = — —Zy 4.6.13
0= (16.13)

where
Zy = vy cosag/2 cos(k -1+ ¢k — Bk/2) —ugsinay/2 cos(k - r+ ¢k + Ox/2). (4.6.14)

Comparison of Xy and Zy confirms that, for each individual plane wave component k,
Ex - Hy =0 and Ek/\Hka.

All components of E are independent of those of H, since

(EiHj) = —— Zgz(ukivkj — UkiVkj), (4.6.15)

4dppce

which disappears for each choice of i,7 = x,y, 2z on integration in k-space. The other

statistics are similar to those derived above.
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4.6.2 Density of C lines

Only an outline of the calculation of the C line density dc 3 is given here (full details are
given in [BDOlc]). The result is discussed in section 4.6.4.
Where u, v are now the real and imaginary parts of the polarization scalar ¢ = E - E

(4.2.6), the density of C lines in space dc 3 is given by an expression analogous to (3.3.1),
dcg = (6(uw)d(v)|Vu A V). (4.6.16)

For now, let U, V, be Vu, Vv respectively. We begin by finding the conditional probability
density function p(U, V;p, q) of U,V with respect to certain fixed (but arbitrary) values

of p and q. In an obvious notation

p(U,Vip,q) = (6(U—Vu)d(V = Vv))@pq

6
- (2177> /d35d3t exp(i(U-s+V - t))(exp(—i(s - Vu+t-Vv)))(pq)

- (2177>6/d35d3t exp(i(U-s +V - t)) exp(=T/2), (4.6.17)

by (3.1.22), (3.1.24); summing repeated indices,

T = 4[(sisp + titr) (Do + G@) (Pj,iPr,1))- (4.6.18)

Thus

3
des = (i) /d‘°’p/d‘°’C1<5(p2 —¢*)6(2p - q) exp(=3(p* + ¢%))
X /d3U/d3V|UAV\p(U,V;p,q). (4.6.19)

Isotropy is now used to simplify the U, V integrals, by choosing py = (p,0, 0). Integrating
the d-functions, we put q5 = (0, p,0), and find that (4.6.18) becomes

1 2
T = 4k, [m(si +so )+ 1—5(32 + tﬁ)} . (4.6.20)

The s, t integrations in (4.6.17) are easy gaussians, and after rescaling U,V to remove
factors of p and ks from the exponential, the p, q integrals in (4.6.19) are easy and similar
to those in (4.5.14), (4.5.15), leaving the integral

9k
-~ 207

1
dos /d3U/d3V\U AV|exp(—[U* +V? — Z(UZ2 +V2)) (4.6.21)
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Equation (3.2.9), may be generalised to find a Fourier expression for the modulus of a

3-vector W,
|W| = —/ — V2 exp(iW - t). (4.6.22)

This may be applied to the vector product term in (4.6.21) to give a 6 x 6 quadratic form
matrix M (given explicitly in [BDO01c] eq (C4)), with determinant

daM;.6@+qh+@H3ﬁﬂ (4.6.23)

The U,V integrals are an easy 6-dimensional gaussian vector integral, giving

Oy [dPt_, 1
dog=——= | 5 Vi——uw—. 4.6.24
3 53 / 2 "t /detM ( )

The laplacian is easily evaluated, and in the resulting integral the vector t is naturally
expressed in terms of cylindrical coordinates Ry, ¢;, and z; = t. The azimuthal and radial

integrals follow, and the final integral is written

72ks
(k;——5§2/dﬂ()+th (4.6.25)
where
19 + 16t + 5t 33+ 172 3(1+12)
t) = h(t) = 1 4.6.2
90 = G i g 1 0= T os (). e

These are tricky but standard integrals that can be integrated by standard methods of

complex contour integration. The final answer is

100~ 5v/3

This result is discussed below in 4.6.4.

3 1
dquk@<+)::0mﬂm%2 (4.6.27)

4.6.3 Density of L lines

This section, like the last one, is an outline of the derivation of the L line density dr, 3 in
space, where details of the calculation can be found in [BDO0lc], and discussion in section

4.6.4.
As before, taking advantage of ergodicity, the density of L lines is, in analogy with

(4.3.15),
_/é(lpAdl)
chg__<7ﬂpA(ﬂ|DLO (4.6.28)



130 Polarization singularities in vector waves

where Dy, is given in (4.3.12). The calculation is performed in a similar way to that of
dc,3; p is fixed to (0,0,p), with jacobian 47, and on the L line, Dy, becomes A A B as in
(4.3.11). By analogy with (4.6.17), we write the conditional probability density function
(anticipating the L-condition in the d-function giving q = (0,0, q)),

p(A,Bip,a) = (6(A+pVa —qVpy)d(B —pVa — qVpy)) (p.q
sd3texp(i(A-s+ B t) — F/2) (4.6.29)

where F' is given by

F={s(—pVay+qVpy) +t - 0V — 4VD2)]*) (p.a)- (4.6.30)

(4.6.28) can now be rewritten, with p already fixed, and the azimuthal direction of q fixed
with jacobian 27, with p - q = cos®9,

dLsz = () 87r/ dp/ dq/ df p°q* sin ngPIsind) p(=3(° +¢%))
mpq sin 6
x/d3Ad3BA/\B\p(A,B;P=Q)
= 216/ dp/ dg exp(—3(p +Q))/ df é(sin0)

X /d3Ad3B |A ABJ|p(A,B;p,q). (4.6.31)

Since p,q are now both parallel in the z-direction, F' in (4.6.30) can be found using
(4.6.10):

F= 2(”30“[(33 12— sty — syty) £ 2(s2 + 2+ 12+ 12). (4.6.32)
Since F'is now a quadratic form in the components of s, t, they are straightforward gaussian
integrals. The method of calculation follows exactly that of the previous section, only the
final integral with respect to the vector t (from Fourier transforming the modulus of the

vector product) is particularly difficult, is integrated numerically to give
dr, 3 = 0.21360k, (4.6.33)

which is very close to the C line density (4.6.27).

The density of disclination points in three dimensions is another case of equation (6.25)

of [Hal81], and is simply
dgi . 4.6.34
disc,3 — <67T> ( 6.3 )
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Singularity type

General value /ky

Shell spectrum
(in appropriate

units of \p)

Planck spectrum
(in appropriate

units of \r)

Dislocation density dp 3 0.106103 4.18879 78.7461
C line density dc 3 0.21096 8.3283 156.57
L line density dy, 3 0.21360 8.4326 158.53
Disclination density dgisc, 3 0.001238 0.3071 25.03

Table 4.2: Numerical statistical densities of polarization singularities and comparison with

spatial dislocation density, for general values, the shell spectrum and the Planck spectrum.

4.6.4 Summary of statistical densities of polarization singularities in

three dimensions

The numerical results of the foregoing calculations are summarised in table (4.2), as well
as the values for the shell and Planck spectra.

The C, L line densities are numerically about twice the dislocation density. In the
paraxial case, the C point density was exactly twice the dislocation density, since paraxial C
points are dislocations of the right or left hand circular components of the vector. However,
there appears to be no simple explanation for the factor of almost 2 (dc 3/dp,3s = 1.988).
It is possible that the factor 2 is related the index 1/2 nature of C lines, and the field ¢
in which the field components are quadratic has phase singularities where the C lines are.
It is not clear why the L lines should have almost equal density to the C lines.

Following the discussion in section 3.3.1, the density of points where the singularity
lines cross a plane is half of the corresponding spatial density. For C lines this is very close
to that calculated paraxially, although for C lines crossing a plane, n is not necessarily

perpendicular to this plane.

4.7 Discussion and Conclusions

In this chapter, we have discussed the natural polarization singularities in vector wave-
fields, which are geometrically the singularities of polarization ellipses. These are therefore
the singularities of light fields when polarization plays a role, and are also the singular-

ities of the electric or magnetic field (in free space). We have indicated that a possible
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singularity structure involving the two fields is E 4+ iH (equation (4.4.2)), although this
too has problems (the position of the singularities is time dependent, even in monochro-
matic fields), and we make no claim that this is the final framework for singularities in
electromagnetic waves.

By comparison with dislocations, the study experimentally of polarization singular-
ities in optical waves is still in its infancy, and it is possible that future experimental
observations will lead to new theoretical understanding.

The local geometric structure of polarization singularities is not as well understood as
that of phase singularities. A set of questions which naturally arise here are the corre-
sponding in vector fields to the morphologies of the phase singularity in the polarization
scalar ¢ : its anisotropy ellipse, its twist and twirl, etc. The singular vector structure is
richer than for scalars, such as the phenomenon of index switching (of both C and L lines).

Scalar fields do have polarization singularities in them as well, those of the gradient
V1 (polarization singularities are not prohibited by the fact that this field is curl-free).
We have seen that the L singularities in V4 are important in dislocation reconnection,
as shall be developed in the next chapter. Can more dislocation geometry be described
using polarization singularities? We shall see in the next chapter that C lines appear for
twirling loops, but there is more still to be understood.

Although the formalism of the earlier chapters is new in places, the real significance
of this work is in the statistical calculations of singularity densities in sections 4.5, 4.6.
With the methods employed in this thesis, however, it does not seem to be possible to go
further than just the density calculations, which were difficult enough. The richer vector
structure means that there are more possible quantities to average; as well as those of
the last chapter (speed, curvature, etc), the density of index switching points is another
obvious calculation that may be made (unfortunately, these integrals involve quantities
in the exponent with powers higher than quadratic, and the usual gaussian integration

methods cannot be applied).



Chapter 5

The topology of twisted

wavefronts and knotted nothings

My soul is an entangled knot

Upon a liquid vortex wrought

By Intellect, in the unseen residing,
And thine doth like a convict sit,
With marlinspike untwisting it,

Only to find its knottiness abiding;

J. C. Maxwell, A Paradozical Ode, 1878, in L. Campbell and W. Garnett, The life of
James Clerk Maxwell, Macmillan, London, 1882

So far, in three dimensions, only the local structure of dislocation lines has been consid-
ered, and in this chapter we shall explore global properties of dislocation lines, particularly
the case of closed loops. Using the notion of twist introduced and discussed in section 2.8,
we shall see how dislocation loops give rise to nontrivial and interesting topology, both of
the phase surfaces (wavefronts), and in their knotting and linking. The first section 5.1 is a
general discussion, concerned only with the topology of closed nodal lines in complex scalar
wavefields, not involving any wave equation directly (as with most of the material of chap-
ter 2). Much work concerning the topology of closed phase singularity loops has been done
by Winfree and collaborators [WS83a, WS83b, WS83c, WS84, WWS85, Win87, Win95];
the relevant mathematical theory is that of fibred spaces [ST80, Sei80].

The remainder of the chapter is concerned with the details of a particular construc-
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tion of torus knots and links in the nodal lines of solutions of the Helmholtz equation,
introduced in [BD01al, and explained in section 5.2. The construction is applied to Bessel
beams in section 5.3, to polynomial waves in 5.4, and to paraxial waves (both paraxial
polynomial and Laguerre-Gauss beams) in 5.5, where the construction is illustrated by
explicit calculations for the trefoil knot and Hopf (simple) link. After the conclusions,
there are two appendical sections, 5.7, where the different types of wave beam are defined,
and 5.8, which explains the (not insurmountable) difficulties with the knot construction
for paraxial waves. Unlike vortex knots in fluid dynamics [Kel67, Kel69, Mof69, RSB99],
dislocation knots can be untied, by the mechanism of reconnection explained in section

2.6; the dissolution of polynomial knots is discussed in sections 5.4, 5.5.

5.1 Twisted loops and dislocation threading

The crucial result of this section is what we call the ‘twisted loop’ theorem, discussed
in various forms and cases by Winfree and collaborators (see references above). It was
rediscovered in the present context by Dennis [Den00] in an attempt to understand the
topological nature of screw dislocations (such as (2.8.1)): in particular, is it possible for
such a dislocation, with a uniform phase twist, to be a closed loop? The problem may
be understood more clearly by considering the phase surface for any phase xy mod 7 in
the neighbourhood of the singular line, which shall be referred to as the x-ribbon (the

dislocation is on the axis of this ribbon, as in figure (5.1)).

For a closed dislocation loop, each x-ribbon must be closed, and since the field is con-
tinuous, the total number of 27 twists about the ribbon axis must be a signed integer. The
sign of this screw number agrees with the sign of the phase helicoid twist defined in (2.8.2),
negative for a left-handed helicoid, positive for a right-handed helicoid. Topologically, it is
the linking number of the edges of the ribbon (see, for example [Ada94] page 18), with di-
rections given by the direction of topological current for the dislocation on the ribbon axis.
This is illustrated in figure (5.1). The number cannot be a half-integer (such as a M&bius
band), because the phase surface is a zero contour of the function u(y) = &£ cos x + nsin x,
and separates regions in space where the function u(y) is positive from regions where it is

negative.

The geometry of twisted closed ribbons and their linking number Lk is described by
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Figure 5.1: Two phase ribbons, with the sign of screw number given by the linking number
of the ribbon edges (the dislocation on the axis is a dotted line). The left hand ribbon is
twisted in a left-handed sense, and the linking number of the ribbon edges is —1 in this
case. The loop on the right is twisted in a right-handed sense, and the linking number of

its edges is +1.

the Calugareanu-White-Fuller theorem, which states that
Lk=Wr+ /Tw, (5.1.1)

where [Tw is the integral over the loop (with respect to arclength) of the local twist
(2.8.2), and Wr is the writhe of the dislocation curve (this theorem is described in more
detail in [BF71, Han98a| and [Ada94] section 7.1). The writhe is a global measure of
the departure from planarity of the curve, and we do not consider it further (it is zero if
the curve is planar). Both Wr and [ Tw change if the ribbon’s configuration is adjusted
(isotopic transformation), but the linking number Lk is a topological invariant of the
curve. Any of the various twist averages T'w,,Twg, o, Twy, can be used in (5.1.1), since
the appropriate averaging integral (in x, ¢, etc) commutes with the arc length integral.
All of the phase ribbons must twist the same number of times; otherwise one of the
surfaces crosses another on the dislocation, and as it does so the vorticity w will vanish.
This happens on a dislocation generically at a reconnection, and therefore does not apply
to a single loop. Lk, which we shall henceforward call the screw number, is therefore

unambiguously defined for the dislocation.
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We are now in a position to state the twisted loop theorem (see also [WS83b, WWSS85,
Win87, BDO01a)):

Theorem [The twisted loop theorem| The screw number m of a closed, strength
1 dislocation loop is equal to minus the dislocation strength threading the loop (in a right
hand sense with respect to the loop).

The proof is as follows: let the dislocation loop be L and consider a closed curve C
just inside L, with the same orientation as the dislocation. Around the dislocation, each
phase helicoid mod 27 crosses C' m times, and the phase at C' changes by —2rm (the
sign coming from the screw sense; consider figure 5.1). This is the dislocation strength

threading C, ie

1
-m = — ¢ dy
2w C

= dislocation strength threading C, by (1.2.4). (5.1.2)

QED

This result is remarkable, and supports the philosophy in chapter 1 that singularities
organise the phase structure of the field; in this case, the strength of the singularities
threading a loop is related to how the phase twists around the loop. The local structure
if the singularity is therefore playing a direct role in the field topology.

Much care needs to be taken as to precisely what signs and topologies are really
allowed; the discussion in [BDOla] appendix B may appear slightly confusing, since the
screw number defined there is actually minus the screw number m defined here as the
linking number of the edges of the phase ribbon. Possible confusion increases when one
looks at the topology of the phase surfaces (continuing the ribbon out from near the
dislocation); [WS83b], figure 7 shows an optical illusion masquerading as a possible phase
surface, and give more sources for confusion.

The twisted ribbon nature of the phase contours near the dislocation has consequences
for the global topology of the phase surface. With experimentation,' the only way one can
connect up a twisted, two-sided ribbon is with one half-twisted bridge, as in figure (5.2).
Each phase surface of a twisted dislocation must have such a bridge, and all the bridges

must cross each other within the loop - this is an alternative proof of the theorem. The

T used the ‘poor topologist’s standby’ of paper and plasticine for topological experiments; Winfree and
Strogatz [WS83a, WS83b] used dental wax.
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Figure 5.2: The two-sided twisted ribbon is ‘closed up’ with a half-twisted bridge. This

surface is topologically equivalent (homeomorphic) to a torus with a point removed.

resulting surface, with a bit of visualisation or experimentation, is topologically equivalent
to a surface of genus 1, that can be embedded nontrivially on a torus (ie a surface of
genus at least 1). In fact, as discussed by [Ada94], a twisted ribbon cannot be embedded
on a sphere, but only on a torus or other high-genus surface. The reader unfamiliar with

topology can find more details of these concepts and terms in [Ada94, FG82].

The twisted loop theorem can be generalised to incorporate the possibility that the
screw loop may be (nongenerically) of strength higher than 1, say n. The screw number
m is the general case by (5.1.2), equal to the dislocation strength threading the loop; now
each phase contour is n ribbons crossing at the dislocation (as discussed in section 2.3),
which twists 27rm/n times around the loop. The twisted loop theorem for high-strength
loops is the main implement for making the knot structures of section 5.2. In [BDOlal,
the screw number is defined differently, as the number of rotations of the dislocation core
around the loop, and is quantised in units of 1/n.

The threading dislocations themselves may be closed loops. Assuming that there is
only one (possibly degenerate) dislocation A threading the loop L, if A is a closed loop,
then A, L are linked, and A has a screw number —n equal to minus the strength of L :

each loop’s strength is equal to the other’s screw number.

A further generalisation of the twisted loop theorem is that the loop L may be knotted
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(and not necessarily threaded), the consequences for which are discussed by [WS83c].
Any knot can mathematically be constructed from several unknotted loops that undergo
reconnections of the type described in section 2.6. An analogous construction may be
used to make knotted vortices in fluid dynamics [Mof69, MR92], and is topologically
equivalent to the Seifert algorithm [Sei80, Ada94], which constructs a surface with the
knot as boundary. For phase singularities, the knot is effectively threading itself, inducing
a screw number by virtue of its knottiness alone, and any wavefront is a Seifert surface
for the knot. [WS83c| apply the Calugareanu-White-Fuller theorem on a projection of
the trefoil knot to find that the screw number of the trefoil knot is F3 (negative for a
right-handed trefoil knot, positive for left-handed).

We now turn to the wave equation to show that a closed screw dislocated wave is
possible. Working in cylindrical coordinates (R, ¢, z), we wish to construct a wave ¢ with
a closed circular loop in the z = 0 plane, centred at the origin with radius Ry. For now,
we wish the loop to have strength 1. We also want a strength m dislocation up the axis
(R = 0), and shall assume, for simplicity, that m > 0. Throughout this chapter we shall
only work with monochromatic waves, where once and for all we set wavenumber k& = 1.

It is easily verified [Den00] that the wave
Y = (Rexp(ig))™ exp(iz) ((R* — R%) + 2i(m + 1)z) (5.1.3)

satisfies the requirements, and solves the Helmholtz equation (1.5.2). If m = 0, there is
no twist in the dislocation loop, and any constant ¢ section is the double edge dislocation
(2.1.10). Even if m # 0, the screw loop is edge-like in the sense described before; the overall
wave propagation direction is in the z-direction (due to the exp(iz) factor in (5.1.3)),
perpendicular to the twisted loop. Each of the different twist measures of (2.8) give
—m/ Ry as the local twist for this dislocation, which becomes —m on integrating by arc
length, as expected.

From the discussion above, for m = 1, one expects that a phase contour of (5.1.3)
should be topologically equivalent to a torus. Figure (5.3) shows such a phase contour
from two different perspectives. A simple triangulation argument shows that this surface
(truncated as in the figure) is homeomorphic to the surface shown in (5.2).

Since the surface must contain an infinite straight dislocation line up the z-axis, it
cannot be a compact surface (such a surface, like the standard torus, is closed with finite

area). It is a ‘noncompact torus’ (just as the plane is a ‘noncompact sphere’; as utilised by
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Figure 5.3: A phase surface of the twisted wave (5.1.3) near the closed loop (the black

line), shown from two different directions.

stereographic projection, with a point ‘at oo’). Note that, unlike a compact torus, there is
no way of distinguishing the two sides of the surface (5.3) (that is, the inside and outside
of the surface, where Rev exp(—iy) is positive and negative, are on an equal footing).
Figure (5.4) shows the phase surface (5.3) with its phase conjugate, which is the same

surface rotated by m/2 about the axis.

It has not been possible, using solutions of the wave equation, to close the infinite
dislocation line to a loop to make two linked rings; it is easy to construct complex func-
tions with linked zero lines by multiplying together two functions, each containing one
of the required nodal lines (this was done by [Fre00], who shows one compact toroidal
phase surface in figure 7, but does not observe that its conjugate is noncompact). This
non-wave construction can be used to construct more elaborate configurations, such as
borromean rings [CBR98], but our attention shall be limited to what is possible with the

wave equation.

With appropriate choice of Ry, such as Ry = 1, the core of the looped dislocation in
(5.1.3) is elliptical, with major semiaxis in the R-direction, minor in the z-direction. If
m # 0, there is a net phase twirl tw, (defined in equation (2.8.10)); the phase lines twist
m times around the core ellipse. The geometric twirl twg is zero here, as the ellipse does
not rotate with respect to parallel transport along the dislocation. It is readily verified
that there are 2m (degenerate) C lines in Vi) up the z-axis, coinciding with the strength

m threading dislocation. This is to be expected: around the looped dislocation, the phase
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Figure 5.4: Two conjugate phase surfaces of the twisted wave (5.1.3) near the closed loop,

intersecting on the twisted dislocation lop, and also up the axis.
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of the polarization scalar ¢ = Vi - Vi changes by 4r. If m = 0, there is a single L line
threading the loop (we saw this in sections 2.5, 2.6). We shall not investigate the intriguing
implications of this here, but observe that a polarization scalar for the polarization scalar
may be defined by Vi - Vo, which describes the topological twirl of the C lines in V;
there is a hierarchy of singularities in the field, organizing the topological structure of

closed singular loops in the field.

5.2 A construction for knotted dislocations in the wave equa-

tion

The remainder of this chapter shall be concerned with a particular construction, explained
fully in [BDO1la], which generalises (5.1.3), and in which knotted and linked dislocations
exist. Not every knot or link is possible, only the class of torus knots and torus links, for
which the trefoil knot and Hopf link (simple link) are the simplest nontrivial examples;
they are knots and links that can be embedded, without crossing, on a torus. Knots such
as the figure-8 knot and links such as the borromean rings are not torus knots [Ada94],
and are not possible with this construction. Also, the knots and links must be threaded,
and so do not have the characteristic screw number for the knot, as discussed in section
5.1. The term knot shall be used to refer either to a knot or link. Unless otherwise
stated, cylindrical coordinates (R, ¢, z) are used, and all waves are monochromatic with
wavenumber k = 1.

The degenerate structure to be constructed is shown in figure (5.5), consisting of a
strength m dislocation A,, along the z-axis (R = 0) and a circular loop L,, of strength n
with radius Ry in the z = 0 plane, centred on the origin. For convenience, it is assumed that
m,n > 0, and appropriate generalisation for negative values is obvious. The topological
current of L,, is taken to be left-handed with respect to the sense of A,,, as in figure
(5.5). This ensures that the topological charge of L, in the (R,z) plane for ¢ = 0 is
positive, and implies that the helicoid structure local to L,, is right-handed. The wave
(5.1.3) is a particular example for n = 1. The screw number of L,, is therefore —m, and the
core rotates 2rm/n around L, in a right-handed sense, in the direction of the topological
current of L,. Both A,, and L,, are degenerate structures, sensitive to perturbation, under
which they unfold: A,, to an m-stranded helix, L, to a knotted or linked configuration,

as shall be described.
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Figure 5.5: Unstable strength m axial dislocation threading unstable strength n dislocation

loop L,, (in particular, note the direction of topological current in L,,).
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An unperturbed wave g with dislocations A,,, L, must have the following local struc-

ture, as required by section 2.3. Near A,,, where K is a (complex) constant,
o = KR™ exp(ima). (5.2.1)

Near L,, where K are complex constants with |Ky| > |K_|, the local structure is (cf

(2.3.7), (5.1.3))
o ~ (K4 (R — Ro+1i2)" + K_(R — Ry — i2)") exp(im¢). (5.2.2)

In (5.1.3), it is easily shown that K+ = ((R+ Ro) £2(m + 1))/2, which is constant when

R =~ Ry. With these two restrictions, the resulting unperturbed wave has the form

Yo(r) = f(R, z) exp(img), (5.2.3)

and L, can be constructed by imposing conditions on the ¢-independent function f, and
all further ¢-dependence shall be omitted unless necessary. From (5.2.1), for A,, to be

present, 1y must satisfy the m + 1 conditions

Ran(0,2)=0  0<p<m-—1,
IR 1o(0,2) # 0, (5.2.4)

and from (5.2.2), the n(n + 1)/2 conditions

0%07 " po(Ro,0) =0, 0<g<p, 0<p<n-—1

8}1%8?_q’¢o<R0, 0) 7é 0, 0 < q <n. (5.2.5)

There are n(n+1)/2 conditions on L,, rather than the n — 1 conditions one might naively
assume, because not only do we require, in the (R, z) plane, the coalescence of n strength
1 dislocations, but also n — 1 phase saddles, to keep the Poincaré index of the degenerate
point 1 (this was described in section 2.3). There are not as many explicit conditions
on A,, as L, because some of the conditions are hidden by the circular symmetry of the
cylindrical coordinate system (¢ is singular when R = 0). In the (R, z) plane, around a
positive circuit enclosing the point (Ryp,0), the phase changes by 27n, so for each phase x
(mod 27) the phase star has n phase lines emerging from it. By the generalised twisted
loop theorem, the star rotates m/n times as ¢ increases from 0 to 27 (in the opposite

direction to the topological current of L,,). We now perturb vy by adding a weak wave
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Figure 5.6: Phase contours modulo 27, in the (R, z) plane. (a),(b),(c) are for a section of
unfolded L, Ly, L3, (d) stable unfolded strength 2, (e) unstable unfolded strength 3, (f)
stable unfolded strength 3. Note in particular the saddle in (d), two of whose phase lines

separate the two dislocations, the phase lines joining them.

1pp, which does not contain any dislocations itself in the region of interest (such as a plane
wave travelling in the z-direction). The total wave is now (where £ is a small positive

numerical parameter)
P(r) = Yo(r) + efp(r). (5.2.6)

Upon perturbation, the axial dislocation A,, unfolds to an m-stranded helix. The un-
folding for L,, is more complicated. In the (R, z) plane, the degenerate L,, point explodes
into n dislocation points and n — 1 saddles (which may remain degenerate if the pertur-
bation 1, has certain symmetries, as in figure (5.6)). Before perturbation, the phase star
in this plane rotated m/n times, and after perturbation the dislocations are n strands,
which (as is justified below) rotate in the same way that L, did.

Since the perturbing wave is small, the pattern of phase lines (mod 2) in the (R, 2)
plane, far enough from the point (Ry, 0), is unchanged after the perturbation (since values
far enough from the zero are unaffected by the small €1),,). Now, since each of the unfolded
dislocations has the same sign, there must be a particular phase line separating the two
dislocations and not ending on either of them. The existence of such a contour is clear
from continuity arguments, as is the fact that one of the saddles in the unfolding lies on

this phase line (the structure is that of figure (5.6d)). Consider the phase x(¢) of one of
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these saddles, as ¢ increases (as with the dislocations, the saddle locus line may not join
up with itself in a 27 circuit of ¢). If the phase of x(¢) does not change by a multiple
of 2w, then it is clear that the asymptotic contour must also turn m/n times, with the
rest of the asymptotic pattern. It is shown in [BDOla] appendix C that this condition
is satisfied provided v, does not itself contain dislocations threading L,,. The dislocation
phase stars, being separated by the saddle contour, must themselves turn m/n times. The
‘saddle paddle’ thus convects the unfolded dislocation pattern, which rotates by 27wm/n in
an azimuthal circuit. If m and n are coprime, the m unfolded dislocation strands cannot
be m separate loops, because each dislocation has rotated a noninteger number of times.

It is not difficult to see from the above that the unfolded strands of L,, form an (m,n)
torus knot [Ada94], the simplest of which are the (3,2) trefoil knot (whose handedness is
the product of signs of m and n). If n = 1 as in (5.1.3), the perturbed dislocation is a closed
helix. If m and n share a common factor N but are not equal, so that (m,n) = N(mg, ng),
then L,, unfolds to N identical linked loops, each of which is an (mg, ng) torus knot. The
simplest such link is therefore the (2,2) torus knot, mathematically known as the Hopf
link. The simplest linked knots are the (6,4) torus knot, corresponding to two linked
trefoils. The unfolded structures of the torus knot and Hopf link threaded by helices is
shown in figure (5.7).

Note that, although the construction gives torus knots, the ‘torus’ is not a phase
surface, and as discussed in section 5.1, a knot’s phase surface is usually its Seifert surface.
Moreover, since the A,, helix threads the knot itself, the screw number o of the threaded
knot is the knot’s characteristic screw number x minus the dislocation strength threading
the loop, in this case kK — o, which is 0 for the trefoil here.

If 9, is cylindrically symmetric (independent of ¢) then, for small €, the zeros of ¥ (r)
of (5.2.6) can be found explicitly. Firstly, in the neighbourhood of L,, 1, is a constant, ie

BL, = 1,(Ro,0). (5.2.7)
We shall work in polar coordinates (p,v) in the (R, z) plane, defined by
R — Ry +iz = pexpiry. (5.2.8)
Therefore, from (5.2.2), (5.2.6), the dislocations satisfy

K. p"exp(iny) + K_p" exp(—iny) = —e B exp(—img). (5.2.9)
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Figure 5.7: Stable unfoldings of figure (5.5): (a) the trefoil knot (m,n) = (3,2); (b) the
Hopf link (m,n) = (2,2).

As ¢ increases by 27, the entire argument changes by —27mm, so (recalling that |K| >
|K_|) 7, and indeed, the entire pattern, rotates through —27n/m; each dislocation strand
rotates in a left-handed sense as ¢ increases, by n/m turns. In n azimuthal circuits (¢
changing by 27n) the dislocation strand matches with its starting point, for the first time
if m,n are coprime, confirming the torus knot structure (with obvious extension if m,n
are not coprime). On each azimuthal section, the dislocation points lie on a circle of radius
p = O(¢"/™), and the union of all these circles (for each ¢) gives the torus on which the
knot is wound, the coordinates on the torus given by angles ¢, .

In the neighbourhood of A,,, the perturbing wave takes on the form
Ba(z) = ¢,(0, 2). (5.2.10)

Since 1, must be a solution of the wave equation, it must vary with z if it is to be
independent of ¢; for instance, the plane wave exp(iz) satisfies the wave equation, and has
a phase uniformly increasing with z. Using (5.2.1), the m unfolded axial dislocations lie

on the axial tube with (variable) radius

R(z) = /™|B4(2)/K)|. (5.2.11)
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Note that the phase of K is also z-dependent in general. The azimuthal position of the m

helical strands are

i(2) = arg(%‘nwm+2;j, 1<j<m (5.2.12)

Since B4 must vary with z, (at least in phase), the strands rotate, in a right handed sense
if the argument of B4 increases with respect to z. This is the case in figure (5.7).

If B4(z) vanishes for certain z values, then A,, unfolds to an m-stranded chain rather
than a helix, by (5.2.11); this is the case when one applies the construction here to the
electron wavefunctions in atomic hydrogen, as described by [BerO1b].

In the next section, we shall show how this construction can be used in practice, by
finding explicit solutions of Bessel beams with nodal lines in the form of the trefoil knot

and Hopf link.

5.3 Bessel knots

The remainder of this chapter is concerned with the implementation of the construction
in the previous section to various types of wave beams. The conventions and definitions
of these wave beams is described in section 5.7. The Bessel beams (5.7.3) are a convenient
set of beam solutions, optically realisable experimentally with lasers [Dur87, DMJES7],
which satisfy the Helmholtz equation. They possess the required (5.2.1) structure (the
(5.2.2) structure is found by choosing an appropriate superposition of the solutions). It is
shown in section 5.8 that it is impossible to find a high-strength dislocation transverse to a
paraxial beam, which means that there is no way that (5.2.2) can be satisfied for a paraxial
solution. However, knots may be constructed in paraxial beams (such as Laguerre-Gauss
beams), but this shall not be until section 5.5.

In terms of (5.2.3), each Bessel beam solution (5.7.3), labelled by the order m of the

Bessel function and its transverse wavenumber k, is
fmr = Jm(KR) exp(izV/1 — k2). (5.3.1)

The transverse wavenumber x cannot be greater than the total wavenumber 1, and 0 <
k < 1. The Bessel beams automatically have the correct structure to satisfy (5.2.4), and

in order to have the structure (5.2.2), different transverse wavenumbers x; must be chosen
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such that the sum
n(n+1)/2

f(R7 Z) = Z alfmm(Ra Z)~ (5.3.2)
I=1
with real constants a;. For calculational simplicity, we can choose k1 to be equal to 1, and

set a1 = 1 without loss of generality. A fixed choice of the other «; is then made, and the
other a; and Ry are adjusted until the n(n+1)/2 conditions of (5.2.5) are satisfied, creating
the desired loop L,. (Although the nodes of the Bessel beams (5.7.3) are degenerate
cylinders at the zeros of J,,,, superpositions such as (5.3.2) are sufficiently generic off the
axis to have line zeros.) We find values of x;, a; explicitly for the (3,2) trefoil knot and
the (2,2) Hopf link. Since n = 2 in both cases, the loop Ly requires the superposition of
three Bessel functions J,,, (m is 3 or 2), satisfying the three conditions (5.2.5), and making
two dislocations and a saddle coalesce in an azimuthal section. The radial wavevector

components k; are chosen to be

1 2
K1 = 1, R9 = g, K3 = g (5.3.3)
These were chosen so that the zeros of the different J,,,(x;R) were as far from each other
as possible, making it easier to find appropriate a;. For the trefoil, there are now three

equations to solve,

f(Ro, 0) = Jg(Ro) + a2J3(R0/3) + CL3J3(2R0/3) =0,
Onf(Ro,0) = JH(R) + %agjé(Ro/B) + §a3J§(2R0/3) ~0,

0.f(Ro,0) = ?CLQJ3(R0/3) + ?Q3J3(2R0/3) =0. (5.3.4)

For the link, the Bessel indices 3 are replaced by 2, but otherwise the three conditions
are the same. The three equations (5.3.4) can easily be solved numerically, and for sim-
plicity the lowest two zeros of the Bessel superposition are chosen to coincide; the values

of the parameters are

az = 10.0302, az = —3.18960, Ry = 5.44992 ((3,2) trefoil knot). (5.3.5)
as = 4.73341, a3 = —2.70176, R =4.32636 ((2,2) Hopf link)
We have therefore constructed functions satisfying the conditions (5.2.4), (5.2.5), to make
the degenerate dislocations A, L.

Since the perturbing beam 1), cannot have any dislocations within L,,, the Jy beam

with k = 1/4 is chosen, which is independent of ¢,

Up(R, 2) = Jo(R/4) exp(iV152/4). (5.3.6)
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N

Figure 5.8: Density plots of the wave intensity for the Bessel superposition constructed in
the text, with ¢ = 0.02, in the planes z =0 ((a),(c)) and ¢ =0 mod 7 ((b),(d)). Figures
(a),(b) show the (3,2) trefoil knot, (c),(d) the Hopf link. These are sections of the full

wave whose knot structures are shown in figure (5.7).
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Figure (5.8) shows intensity sections of the total perturbed wave for the two cases.
For R > Ry, the intensity grows very rapidly, implying that experimental observation of
knots using these solutions will be very difficult: a very high sensitivity near the dark
places of the beam would be required, so that the entire knot structure does not look like
a widening of the dark core, without any contrast picking out the knot structure.

Of course, as we are well aware, light is a vector disturbance, and, especially when
paraxial waves are not being used, we cannot assume that the longitudinal component
vanishes. Since the vector field must be divergenceless, it is easy to calculate the longitu-
dinal field explicitly. One finds that its zeros are not in the same places as the transverse
field. In lasers, therefore, they are not true zeros (although the longitudinal part tends to
zero as the wave becomes more paraxial, when the values of k; < 1 in (5.3.2)). It makes
sense, however, to discuss phase singularities in the transverse component of the beam.

On the subject of experiments, it is perhaps worthwhile to point out that the knot
construction (particularly (5.2.1)) requires beams with a factor exp(im¢), which are often
studied because the phase vortex structure gives rise to orbital angular momentum in the
beam (see, for example, [ABSW92, SDAP97, APB99]). This is fortunate, because there
is (hopefully) sufficient experimental expertise to physically realise the knot construction.
However, it does not seem likely that there is any deeper connection between knots in
such beams and their orbital angular momentum, but perhaps a sufficiently imaginative

experiment may combine the two properties.

5.4 Knotting and linking in polynomial Helmholtz waves

The construction for knotted and linked dislocations, explained in section 5.2 and im-
plemented for the Bessel beams (solving the Helmholtz beam equation (5.7.1)), rely on
constructing the degenerate dislocations A,,, L, in an initial wave g, then perturbing
them with an undislocated wave 1,. Although the knotted configuration is structurally
stable, the construction clearly only works provided the perturbation parameter ¢ in (5.2.6)
is sufficiently small. If R(z) in (5.2.11) exceeds Ry, then the helical A,, strands meet the
knotting L,, strands, and reconnection events, discussed in section 2.6, take place. € was
called a in [BDO1b], and the discussion here follows the arguments of this paper.

The model used to demonstrate this reconnection in action is the family of polynomial

Helmholtz waves ggm:(R, z) (listed in table 5.1). The analogue of (5.3.2) for polynomial
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waves is
n(n+1)/2

f(R2)= ) agum(R,2). (5.4.1)

t=0
As before, the real a; are chosen such that the degenerate ring L, is present. For the

perturbation, the simplest choice (in beam form) of perturbing wave 1, is simply the
plane wave in the z-direction

wp =1= gHO00- (542)

The perturbed beam is therefore (cf (5.2.6))

b(r) = exp(im) f(R,2) + ¢ (5.4.3)

The perturbation is therefore simply a (changeable) constant.

We are interested in what happens when € becomes large; in particular, what happens
when the strands of the knot reconnect with the threading helix. This occurs, as explained
in 2.6, when the dislocations intersect L lines of V4, which occur where the real vorticity
vector field

N = Im V)* A o) (5.4.4)

vanishes (N = 2w here). Since the perturbation (5.4.2) is independent of r, the position
of the L lines does not change as ¢ is varied, and it suffices to find the values of ¢ for which
the dislocations intersect the stationary L line. This L line is stationary only for the beam
solution, and is e-dependent in the proper wave solution, when the beam is multiplied
through by exp(iz). It is used here as a calculational trick to locate the reconnection
points; the dislocations have the same positions in the beam and the wave functions.

We first examine the trefoil case, for which, as with the Bessel trefoil, n = 2, and ¢
values of 0, 1, 2 are used in (5.4.1). An easy calculation, using the values of gp,; in table

(5.1) for m = 3, shows that the choice
a0, knot — 400; a1 knot = _407 a2 knot = 17 RO,knot =v20 (545)

satisfies (5.2.5); the overall factor is chosen such that the term with the highest power of
R in the superposition (5.4.1) is 1. Explicitly, the unfolded, knotted beam is

Vi ot (R, 2) = exp(3ig) R* ((R? — 20)? — 80z% + 20iz(R* — 20)) + <. (5.4.6)

Figure (5.9a) shows the trefoil when € ~ 0; note that the unfolded axial strands are at

a changeable distance to the axis, which by (5.2.10) is proportional to 1/|5 — 22 — 5iz|.
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The positions of the L lines can be found by finding the zeros of (5.4.4) with the ¢ above,

requiring the simultaneous zeros of

Np = —480R°z[3(R? - 20)? + 16027,
Ny = —40R’(7TR? —60) [(R? — 20)* + 8027,
N. = 6R'[(R*—20)*(TR* — 60) + 12002*(R* — 20)(R* —12)],  (5.4.7)

which are the loci with (R, z) coordinates
60
0,2),  (v/20,0), ( ,0) . (5.4.8)

On the z axis and the ring (1/20,0), ¢ = €, so the first two L lines correspond to the birth
at € = 0 of the knot and its threading dislocations. On the ring (1/60/7,0), (5.4.6) gives

/60 768000 /15 .
wH,knot ( 77 o, 0) = W 7 eXp(31</>) + €. (549)

The critical value of ¢, £¢,4t, at which the axial threads meet the knot and reconnect, occurs

for

768000 /15 60 s 5
Ecrit = W 7 = 3277.66, Rt = 77 Gerit, = <37 T, 3> ) Zerit = 0.
(5.4.10)

Figures (5.9a-d) show the sequence through e.t; three simultaneous reconnections (of
the type described in section 2.6) take place at it (they are not generically simultaneous,
as can be demonstrated if, for example, € depends on cartesian coordinates € = g+ e, +
eyy). Note also how, as € approaches eqit, the threading dislocations distort, in preparation
for the reconnection which requires the meeting dislocations to be locally coplanar and
cotangent.

The construction of the Hopf link is identical to the trefoil case described above, and

is explained in detail in [BDO1b]. Its parameters in the superposition (5.4.1) are
ap link = 144, ay link = —24, a link = 1, Ro ik = V12, (5.4.11)
giving the beam
Vi gink = exp(2i¢)R? ((R? — 12) — 482% + 16i2(R* — 12)) +e. (5.4.12)
which has L lines with (R, z) loci

0,2),  (V12,0),  (2,0), (5.4.13)
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Figure 5.9: Destruction of the trefoil knot in the polynomial Helmholtz wave (5.4.6), as
¢ increases through (a)-(d). At (c), € = €ait, (5.4.10), and the three reconnection events

are indicated by arrows.
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the third of which being the L line at which the two reconnection takes place, with pa-

rameter critical values

T 37
Ecrit = 2567 Rcrit = 27 ¢Crit - <2a 2> 5 Zerit = 0. (5414)
The creation and destruction of the link as ¢ changes is shown in figure (5.10). Note that
the values of €.t appear very large; this is an artefact of the values of a;, Ry chosen for

mathematical simplicity. For instance, if agxnot were 1 instead of 400, e¢j¢ = 8.194, and

if Ry were rescaled to a smaller value &4 would drop further.

5.5 Knots and links in paraxial waves

The reader has already been directed to section 5.8, where it is shown that it is impossible
to find a paraxial wave with a loop L, with n > 1. This problem is not insurmount-
able; although we cannot create the degenerate L,, structure, we can impose slightly less
restrictive conditions which still, on unfolding, give torus knots and links, although the
change in topology is different from that described in the previous section. For ease of
analysis, the polynomial paraxial waves tabulated in table 5.2 shall be used to describe
the structure, and the section concludes with appropriate choices of parameter giving the
trefoil and Hopf link in Laguerre-Gauss beams.

Although the recovery of the knot construction for paraxial waves was missed at first,?
it is hardly surprising that knots can still be made: between (5.7.1) and (5.7.4) there
is only one term different, 9?1). One can treat this as a perturbing term to interpolate
between Helmholtz and paraxial solutions, and if the knot perturbation parameter € is
numerically larger than this, the knot survives, as shall be demonstrated; alternatively
stated, ‘knot space is bigger than paraxially prohibited space’.

Solutions of the paraxial wave equation automatically have the exp(iz) factor removed,
so, as with Helmholtz polynomial waves, the knot perturbation can take place with 1,
being the plane wave in z, which is just the constant 1. By analogy with (5.4.1), the
unperturbed wave is a superposition of paraxial polynomial waves gp,,; from table 5.2,

n(n+1)/2

f(R,z) = Z argpmt(R, 2), (5.5.1)

t=0

2Tt was found almost by accident, from a misunderstanding between the theorists (Michael Berry and
myself) and experimentalists Johannes Courtial and Miles Padgett, who were trying to implement the

Bessel construction experimentally.
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Figure 5.10: Destruction of the Hopf link in the polynomial Helmholtz wave (5.4.12), as €
increases through (a)-(d). At (c), € = €arit, (5.4.14), and the two reconnection events are

indicated by arrows.
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which automatically satisfy the A, conditions (5.2.4), but not the L, conditions (5.2.5).
Because the paraxial case is more complex than the Helmholtz, we shall work with the
very simplest knot example, which is the Hopf link.

In this case, (5.5.1) becomes

fink(R, 2) = ao(gp20 + agp21 + Bgp22), (5.5.2)

and the Lo conditions (5.2.5) are
f(Ro,0) =0,  9rf(Ro,0)=0,  .f(Ro,0) = 0. (5.5.3)

It is impossible for these three conditions to be met simultaneously, but we examine the
case when only two (the first and one other) are satisfied. If f and fr vanish at (R, 0)
then a = —2/R%, 3 = o?/4. Tt has an unstable strength 0 dislocation where Lo ring ought
to be at (Rp,0), and two strength 1 loops at

(R,2) = (‘fRo, ij\%) : (5.5.4)

These are separated in z, and we shall see that the twist structure of the beam is sufficient

for reconnection processes to make two linked rings from these.

The other possibility (f, f. = 0 at (Rg,0)) has two loops, a degenerate strength 1 loop
coalesced with a saddle at (Rp,0), and another strength 1 loop at (1/5/3Rp,0). These are
separated in R but not z, and they do not make a link with ¢, = 1 (although it might be
possible with a different perturbing function).

Therefore we choose ag = 1/3,a = —2/R3, 3 = a?/4, and the resulting unperturbed
wave is

f(R, 2) = agR*((R? — R2) — 482% + 4iz(4R* — R?)). (5.5.5)

Since only two out of the three conditions (5.5.3) are satisfied, but we added three waves,
there is an overall degree of freedom (expressed by the fact that Ry is not fixed in (5.5.5),
although R and z scale differently with respect to Ry). For reason of comparison with
the Helmholtz case, a value of Ry = V12 is chosen. The perturbed wave is therefore (cf
(5.4.12))

Yk = exp(2ig) R*((R? — 12) — 482% 4+ 16iz(R* — 9)) + &. (5.5.6)

The only difference between ¥p jin and ¥y jink is the final numerical coefficient - 9 instead

of 12 - but this is sufficient to change the structure from a degenerate strength 2 dislocation
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to the two rings at (3,41/4) and null ring at (v/12,0). As ¢ increases from 0, the null ring
unfolds to two thin crescent-shaped loops lying close to the z = 0 plane, as in figure
(5.11a).

The reconnection geometry is again provided by the L lines, which once again are

independent of . They are the zeros of the N vector field (5.4.4), which has cylindrical

components
Nr = —64R'z [5R' — T2R* + 216 + 1442°]
N, = —192R*[(R® — 4)(R* — 9)(R?* — 12) + 482*(R* - 3)]

N. = 4R3[3(R? —12)3(R? — 4) + 2402%(72 — 18R? + R*) + 23042%].  (5.5.7)
The L lines are at the (R, z) positions
(R? Z) - (Oa Z)a (\/ﬁv 0)7 (27 0)7 (Rcritla izcritl)' (558)

The first three of these are the same as for the paraxial case (5.5.8), respectively the
degenerate axial dislocation, the null ring where the crescents appear, and the third to

play a similar role as before. There are two further L loops with no Helmholtz counterpart,

Reitt = \/2+4 4V2cos p ~ 3.15637,

1
Zeritl = 6\/_43 + 52\ﬁcos,u — T70cos2u ~ 0.0187059,

1 4
with y = = <7T — arccos 28\7ﬁ> . (5.5.9)

3
The link is created when the two strength 1 dislocation rings (5.5.4) meet the two

where

crescents which appeared at the null ring (v/12,0), (four reconnection events) when
Eecritl — 37.8161, ¢crit1 = 65.310 (5.5.10)

Two of the reconnections involve the upper ring, at +zcit1, @erit1 and m™+ ¢erit1- The other
two involve the lower ring, at —zcit1, —@crit1 and ™ — ¢erit1- The sequence of configurations
of formation of the link, as € increases, is shown in figures (5.11a-d). The mechanism
is more complicated, but also more general, than the unfolding of L,,, and this method
was inadvertently discovered. The specific details, or how this construction may be im-
plemented generally by an analogue of the L, conditions (5.2.5), have yet to be worked

out. The method described can be easily generalised for other cases where n = 2 (such
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Figure 5.11: Creation of the Hopf link in the polynomial paraxial wave (5.5.6), as e
increases through (a)-(d). In (c), the loop is created by four reconnection events, where

€ = eqit1 (5.5.10).
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W\

\
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-

Figure 5.12: The destruction of the Hopf link (5.5.6), continuing the sequence of increasing
¢ from the previous figure. In (g), there are two reconnection events, where ¢ = £¢it

(5.4.14).
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as the trefoil) even when there is no simple immediate paraxial analogue, as shall be seen
with Laguerre-Gauss beams. If the paraxial Bessel solutions are used, the trefoil knot and
Hopf link are formed by the same process.

After the link has been created, (¢ > eqit1), the dislocation topology is the same for
paraxial as for Helmholtz waves; the link is eventually destroyed by reconnection with the
threading dislocations; the second pair of critical events occurs at the same values of the
parameters (5.4.14) as in the Helmholtz case, and are shown in figures (5.12e-h).

For the trefoil knot, the radius Ry of /20 is again chosen to agree with the Helmholtz

case, giving the paraxial analogue of (5.4.6),
VP knot = exp(3id) R*[(R? — 20)? — 8022 + 20iz(R? — 16)] + €. (5.5.11)

The positions of the L lines are the same as in (5.4.8), with an additional two at (R, z) =

(Rerit1, T 2crit1)- The critical parameter values of the six reconnections are at

5(1+ 5cos )

R i = 4 ~ 4.1 2 y
critl o1 60528
500(2 — 2u) — 701
il = \/ (2cosp = cos 2p) ~ 0.191897,
147
1 2194
with 4 = 3 <7r — arccos 3125> . (5.5.12)

Three reconnections take place with the upper ring, at +zcit1, Peritl, Perit1 = 27/3; the
others with the lower ring at —zerit1, —®Perit1, Perit1 = 27/3. The reconnection with the
threading dislocations takes place with the same parameters as before.

To make the link with Laguerre-Gauss beams (5.7.6), one applies the same procedure

as above, involving the wave (with perturbation ¢),

6 2
Y =vYLa2 — §¢LG21 + ;wmz + €, (5.5.13)

The link is made by exactly the same mechanism as the paraxial polynomial wave. The

four reconnection events creating the link (as € increases) are

€ait1 = 0.003370651, Rerigr = 0.883533,
Zeritt = £0.0263448, Gerit1 = £69.41° and F 110.59°. (5.5.14)

There are four destruction events (since there are two L lines when the threading strands

meet the linking strands), at

Eaitz = 0.017968, Rerigo = 0.535649,
Zeritz = £0.0388719, Gerite = £108.05° and F 71.95°. (5.5.15)
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The knot exists for the wave

8 2
¥ =1"raao0 — 3¥ast + g¥asz &, (5.5.16)

which is created at the six events with parameters

Eeitt = 0.000972409,  Reit1 = 0.913606,
Zeitt = £0.0146031,  Genit1 = F74.71°, £45.29°, £165.29°, (5.5.17)

and destroyed at the six reconnections where

Ecrit2 = 0.00573333, Rcrit1:0~624702,
Zeitt = =£0.0143240, Gerit1 = F53.58°, £66.42°, +£186.42°, (5.5.18)

The Laguerre-Gauss beams have a different normalisation to the paraxial waves, and the

values ¢4t of the critical events are correspondingly smaller.

5.6 Discussion and Conclusions

We have seen that dislocation loops, in three dimensions, have a rich topology, by virtue
of the phase structure they organise. The quantisation of twist has imporant implications,
some of which we have explored. However, the corresponding case for twirl has yet to be
penetrated; it is likely that this will lead to new understanding of dislocation topology,
from the fact that the dislocation is a closed loop in the V) field, which encloses C and L
lines.

Although we have explored in detail one particular construction for knotted disloca-
tions in the wave equation, we have barely scratched the surface of possibilities of more
general dislocation knots. For instance, is there an alternative construction for non-torus
knots, such as the figure-8 knot or the borromean rings? Is it possible to find knotted
dislocations in solutions to the wave equation where the knots are unthreaded? Also, it
is possible that there are connections between knotted dislocations (as current vortices)
and knotted vortices in hydrodynamics [Mof69, MR92, RSB99], and possibly the helicity
invariant, used the fluid dynamical study of knots, might play a role in knotted dislocation
theory.

The knot construction naively applied fails for paraxial waves, but may be recovered.
It is not clear what the appropriate generalisation of (5.2.5) should be for a knot with

arbitrary n, and further investigation would lead to a deeper understanding of paraxiality.
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The constructions here ought to be realisable experimentally, with details for construc-
tion of the Hopf link and trefoil knot given explicitly for Bessel and Laguerre-Gauss beams.
This is obviously a challenge to experimentalists. The obvious first experimental candidate
is an optical one involving lasers, and the beams we have used are easily manipulated in
laser optics (of course, at the knot, there may be a small longitudinal component of the
electromagnetic vector wave). However, as we have already discussed, there is possibly a
problem with these particular constructions, because the intensity grows very quickly with
radius R beyond the knot. This is possibly because, for mathematical simplicity, the first
two radial zeros of the unperturbed beam were chosen to coincide; the growth of intensity
may be less if higher radial zeros were chosen to coincide. Feedback from experimentalists
working on a knot realisation could resolve this question.

The knot reconnection studied here is a good example of the general dislocation recon-
nection described in section 2.6, and the topology can be studied further. As an offshoot
of this, as the azimuth ¢ of the plane is varied, dislocation points in the (R, z) plane
are annihilated and created (this is especially obvious in figure (5.11)). Preliminary in-
vestigation shows some reactions of the form (2.2.5), others of the form (2.2.6). Using
the functions here, the relationship between dislocation points in the plane and (curved,
twisted) dislocations in space is ripe for further investigation.

As indicated in the discussion to chapter 3, there are a range of questions about the
knottedness of dislocations in random waves, whose answer will require different techniques

than those used in this thesis to be solved.

5.7 Appendix: Wave beams: Bessel, polynomial and parax-
ial

The wavefields used in the construction of knots and links are different from the isotropic
random waves used elsewhere in this thesis; they are all monochromatic (with wavenumber
k = 1), and have some form of cylindrical symmetry, possibly with degenerate infinite long
straight dislocations up the z-axis. They also all have a factor exp(ik,z) (for appropriate
k.); it is the presence of this factor, along with cylindrical symmetry, that we justify use of
the term ‘beam’ (although beams with cartesian symmetry exist, such as Hermite-Gauss
beams, they are not considered here). We shall say that a wave 1 in the form v exp(—iz)

is in beamn form, and in this section, waves in beam form shall be denoted . All of the
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waves considered in [BDO1b] were in beam form. Solutions of the paraxial wave equation
(1.5.5) are naturally in beam form, and it is to compare the subtleties of the different
solutions to paraxial and nonparaxial equations that we use this representation.

Since only monochromatic waves are considered, the relevant waves vy satisfy the
three-dimensional Helmholtz equation (1.5.2) with & = 1. Therefore the corresponding

beams 1/~JH = ¢ exp(—iz) satisfy the equation
VA Y + 02¢u + 2104w, (5.7.1)

where V2 is the transverse laplacian (see (1.5.4)). Cylindrical coordinates are used
throughout this section. In beam form, a plane wave travelling in the z-direction is just a
constant.

A convenient and realisable set of beams are the set of Bessel beams 9B ., which as

solutions of the Helmholtz equation are written
YB.mr = Jm(KR) exp(ime) exp (izx/ 1-— /{2> , (5.7.2)

where J,, is the Bessel function of first kind, of order m > 0 [AS65]. As solutions of the

beam equation (5.7.1), the Bessel beams have the form
UBmr = Jm(KR) exp(ime) exp (iz (\/ 1—r2— 1)) . (5.7.3)

k is the transverse wavenumber (in units of wavenumber k& = 1) and obviously (for a
nonevanescent wave) 0 < xk < 1; if kK = 0, then ¢, is a plane wave if m = 0, and
zero otherwise. k = 1 indicates that the wave propagation is completely transverse.
Although used in (5.3.3) for numerical convenience, this is not easily physically realisable;
most beams in optics have k < 1, and in this case the Helmholtz beam equation (5.7.1)

becomes the paraxial wave equation (1.5.5) with k& = 1,
V2 Yp + 2id,1hp = 0; (5.7.4)

this is valid in the paraxial approximation. There are subtle differences between non-
paraxial and paraxial waves, as the next appendix shows. More understanding of what
the paraxial approximation means can be gained by finding the paraxial analogue of the
Bessel beams (5.7.3); since « is small, the factor of z in the exponential approximates to

—k2%/2, which is exactly the Bessel solution of (5.7.4):

Jm(KR) exp(ime) exp(—izk?/2). (5.7.5)
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As an approximation to (5.7.3), this expression is clearly only valid if x is small; certainly
the beam with x = 1 is rather nonparaxial. Note that, if 2i0,¢p is subtracted from
each side of (5.7.4), the equation has the same form as the time-dependent Schrédinger
equation in the plane (where z plays the role of time ¢), and all of the paraxial physics of
this chapter can be given a quantum interpretation in 2 4+ 1 spacetime [BDO1b].

Frequently in the study of optical vortices in beams, the set of paraxial solutions known
as Laguerre-Gauss modes [ABSW92] are frequently used. They have the form

w(—Z))" exp(—R?/2w(2))

w(z) w(z)mtl

2
R™ exp(ime) L™ (\w](%z)\g) , (5.7.6)

wLG,mn = (
where L7 denotes the associated Laguerre polynomial [AS65], and
w(z) =1+ iz (5.7.7)

These formulae apply for beams with waist equal to 1; others are possible by rescaling R
and z appropriately. The form of the Laguerre-Gauss beams (5.7.6) given here are slightly
different from those given elsewhere (for instance [ABSW92, APB99]), but certainly satisfy
(5.7.4).

With dislocations, we are normally only concerned with local properties of waves in
the vicinity of the singularity, and global properties of the solution are unimportant. This
leads to simpler algebra (for instance the simple forms (1.2.5), (2.8.1) exhibit dislocations
without the complications in equations like (5.7.6)). To this end, Nye [Nye98] constructed
families of so-called polynomial waves, waves that satisfy the wave equation, that in beam
form may be polynomials in R and z. They are the polynomial generalisations of the
simple linear times exponential waves (like (1.2.5), (2.8.1)) first used to study dislocations
INB74].

We are interested in waves with phase-cylindrical symmetry, where the only ¢ depen-
dence is a factor of exp(im); by inspection, Nye [Nye98] constructed a set of cylindrical
solutions to the Helmholtz equation for m = 0, which were generalised for any (integer)
m by [Den00]. Their use was justified as being local Taylor expansions of waves whose
global behaviour would be different (since polynomials diverge for large values of their
variables). In fact, they can be constructed exactly by Taylor expanding in x the Bessel

beams (5.7.3). Expanding the Helmholtz beams (5.7.3), one finds in k%" the term

Yimn = R™ eXp(imgb)gHmn(Ra Z), (5'7'8)



5.8 Appendix: The paraxial prohibition against high strength dislocations165

n=0|1

n=1|R*+2i(m+1)z

n=2| R"—4(m+2)(m+1)2? +4i(m + 2)2(R? — (m + 1))
n=3| RS —12(m+3)(m + 2)22(R? — 2(m + 1)2)

+2i(m + 3)2(3R* — 2(m + 2)(3R% + 2(m + 1)(2? — 3)))

Table 5.1: Polynomials gpm,, from equation (5.7.8), associated with the x expansion of

the Helmholtz Bessel beams (5.7.3).

n=01|1

n=1|R>+2i(m+1)z
n=2|R*—4(m+2)(m+1)2% +4i(m + 2)2R?
n=3| RS —12(m + 3)(m + 2)22R?

+2i(m + 3)2(3R* — 4(m + 1)(m + 2)2?)

Table 5.2: Polynomials gp,,,, associated with the x expansion of the paraxial Bessel beams

(5.7.5). Note the slight differences with the corresponding polynomials gy, in table (5.1).

where grmn (R, z) is a polynomial in R and z. The first few g, are listed in table (5.1)
(with appropriate choice of overall numerical factors). Similarly, expanding the paraxial
beams (5.7.5), one finds polynomials gpy,, in the same way, which are listed in table (5.2).

Expanding in & is the opposite of the familiar geometrical (or semiclassical) expansion
in 1/k, appropriate in geometrical optics for short waves (large wavenumber). Here, where
we are examining the wavelength-level structures of waves, the reciprocal expansion is used,
furthering the duality, discussed in the Introduction, between dislocations as singularities
in wave optics, and caustics in geometrical optics (whose properties are best studied using

geometrical expansions).

5.8 Appendix: The paraxial prohibition against high strength

dislocations

The following is a proof of the statement that it is impossible for any solution to the
paraxial wave equation (1.5.5), (5.7.4) to have a dislocation with a high strength (>
1) dislocation perpendicular to the propagation direction. It is rare to find restrictions

of dislocation morphology in a wave equation, although the high-order structure (2.3.7)
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is another example. Physically, the anisotropy between the transverse and longitudinal
directions is too much for a high strength dislocation to be possible.

Any loop enclosing the z-axis, of whatever shape, must have at least two points where
its direction is perpendicular to the z-axis (in particular, the components of the tangent
vector T must be periodic around the loop, with mean zero, so each must pass through 0
at least twice). Thus paraxial loops of strength n, |n| > 1 are not possible if the cartesian
paraxial equation

02 + 04p + 2i0,1p = 0 (5.8.1)

forbids a strength n dislocation perpendicular to the z-direction.

Coordinates may be chosen so that, at the point of perpendicularity, the dislocation
passes through the origin in the y-direction, so the y variation is slower than that in x
and z, and the term 85@& in (5.8.1) is dominated by the other two. In the (x, z) plane, ¥
therefore satisfies

D24 + 2i0,1) = 0, (5.8.2)

equivalent to the Schrédinger equation in one dimension. The anisotropy between x and
z shows that there is no solution proportional to (2 + 22)™2 and, by (5.2.5), (2.3.10),
for a strength n dislocation, not only must all derivatives oL 1 of order p < n vanish,
but also must all derivatives 8202 74 not vanish. However, (5.8.2) shows that any 0, may
be replaced by 92 (ignoring factors), so that these two sets of conditions may be satisfied
simultaneously; if the derivatives of order less than n vanish, then at least one higher
derivative with respect to x must vanish too, spoiling the construction.

The prohibition is very subtle, and may be illustrated by the replacement of v/1 — xk2—1
with —x?/2 in the Bessel beams (5.7.3), (5.7.5), in the attempt to make a degenerate ring
Lo in the knot construction. One finds that another singularity with strength opposite
those in the loop has appeared and combined with them, producing a cancellation, making
a degenerate strength 1 object. The paraxial polynomial case was similar, where there was
a degenerate strength 0 loop at (1/12,0). These unwanted guests are paraxially inevitable,
and even tend to appear for Helmholtz waves as the transverse wavenumber x decreases,

making the numerical solution of sets of equations like (5.3.4) more difficult.



Chapter 6

Singularities in tensor waves: a

spinor approach

‘When the cube and the things together
Are equal to some discrete number,

[To solve 2® + cx + d,]

Find two other numbers differing in this one.
Then you will keep this as a habit

That their product should always be equal
Exactly to the cube of a third of the things.
[Find u,v such that u —v = d,uv = (c¢/3)3.]
The remainder then as a general rule

Of their cube roots subtracted

Will be equal to your principal thing.’

[Then x = Ju — J/v.]

Tartaglia’s poem explaining the solution of the cubic equation to Cardano [1539], quoted

in Fauvel and Gray, eds, The History of Mathematics: A Reader, Macmillan, 1987

In this chapter a formalism is outlined in which the generic polarization singularities
of complex vector fields, described in chapter 4, appear naturally as singularities in the
geometric description of spin 1 spinors. The generalisations of these spin singularities exist
in fields of any spin s > 1/2, in particular, spin 2 fields, that may represent gravitational

or (tensorial) elastic waves. These generalised spin singularities are still called C lines and

167



168 Singularities in tensor waves: a spinor approach

L lines, and are generic in three dimensions with codimension 2, and there are qualitative
differences between two and three dimensional fields. The layout of the chapter is as
follows: the machinery for looking for spin singularities is described further in section 6.1,
spin 1/2 spinor geometry is reviewed in 6.2, and arbitrary spin, and its relation to the
Majorana sphere, in section 6.3. The paraxial case is discussed in 6.4, and C,L lines in
three dimensional spin fields in sections 6.5, 6.6. The interpretation of spin singularities
in vector waves is given in section 6.7, and for spin 2 waves in 6.8. There is an appendical
section on the tensor representation of spherical harmonics. The reader is warned that
the notation used in this chapter differs significantly in places from that used elsewhere in
the thesis.

At a late stage in the writing up of this work, it was realised that there are certain
mathematical parallels between the spin geometry explained here (particularly for spin 2,
the singularities in tensor wavefields, the understanding of which is the main motivation
for this work) and that used in certain classes of solution of the Einstein field equations, the
so-called Petrov classification [Syn64]. However, it is unlikely that this subject is familiar
to many readers (even those who have got as far as this chapter), and the material is
presented more or less as originally intended. The work on this topic is not finished, and

is presented in its incomplete state.

6.1 Motivation and introduction

We have discussed at length the geometric properties of phase singularities in complex
scalar wavefields, and also saw in chapter 4 that in complex vector waves, the relevant
singularities are those of polarization, where the polarization ellipse of the field becomes
circular or linear, and the natural orthogonal frame associated with the ellipse is singular.

The generalisation of the notion of polarization and its singularities is possible through
the realisation that the fundamental kinds of physical quantity (scalars, vectors, tensors,
etc) can be written as representations (via spherical harmonics) of the group of three-
dimensional rotations SO(3), and more generally spinors (of integer spin), which are
representations of the group of 2 x 2 special unitary transformations SU(2). Although
examples of physical waves discussed here are all of integer spin, we shall develop a gen-
eral theory of spin singularities (that is, singularities for spinors of spin s > 1/2), and only

(coherent) states of pure spin s are considered (not mixed states).
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Although much of the exposition has a quantum mechanical flavour and formalism
(such as the use of the term ‘spin’ itself), we emphasise that the theory described is general,
and the formalism is used because of its familiarity to physicists; much of the mathematics
of spinors, tensors and representations grew out of quantum mechanical problems (as in,
for instance, [Wigh9]).

The primary conceptual object used here to describe polarization of spin s and its
singularities is the Majorana sphere representation [Maj32], a generalisation of the Rie-
mann sphere for spin 1/2, discussed briefly in section A.3. The Majorana representation
is a unique canonical decomposition of a given spin state of spin s into n = 2s unordered
spin 1/2 states (that is, unit vectors on the Riemann sphere); thus, up to amplitude and
phase, a complex vector (spin 1) is described by two unit vectors, a traceless symmetric
complex matrix (spin 2) by four, with rotations R of the state in space corresponding to
rigid rotations of the Majorana sphere.

The description appears to have been used first by Majorana in 1932 [Maj32] to de-
scribe probabilities of transition between quantum states of atoms in magnetic fields (al-
though its full generality does not appear to have been appreciated in that area [Mec58]).
It seems to have been Synge who coined the term ‘principal normal directions’ in [Syn58]
for the directions of the spinors in the Majorana decomposition of the electromagnetic
vector V. = E + iH (4.4.2), and this was later used by Penrose [Pen60, PR84b] to give
a spin interpretation of the Petrov classification [KSMH80] of spin 2 gravitational fields.
Penrose later popularised the Majorana picture for quantum states in [Pen89, Pen94], !
which has earned more of a following in recent years [Leb91, Han98b]. The Majorana
sphere formulation is not intrinsically different from the more usual algebraic formulation
of spin in terms of eigenfunctions of spin operators and spherical harmonics, but does not
appear to admit of a simple description of the addition of angular momentum (facilitated
by Clebsch-Gordan coefficients in the algebraic formulation). Geometrically, the Majo-
rana sphere is more appealing, with no axis (such as the z-axis) needing to be chosen, and
rotations act directly.

The mathematics of this chapter is more abstract and subtle than that of preceding

chapters, and several notational conventions are adopted in this chapter.

e The summation convention, where repeated indices are summed over all values in

'In these books, he does not mention the significant role played by the Majorana sphere in general

relativity, which was one of the reasons why this literature was missed.
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that index, is used unless otherwise stated.

e Position in configuration space (the space of the field of spinors) is denoted by the
vector x = (x1,x2) (two dimensions) or x = (x1,x2,x3) (three dimensions), with
coordinate indices in lowercase roman 1, j, etc. Cartesian tensors are thus written

gij, etc. Only matrices acting on real space (not spin space) are in bold face.

e Spinors in spin space are written in Dirac’s bra-ket notation, with [¢s) representing
a state with spin s (and the subscript is usually omitted). |() is used when the spin
is 1/2. The spin labels m = —s,...s labelling basis vectors in the spin space are
here usually given lowercase greeck labels u, v, where p = m + s; the p represents

0,1,...,2s, and |¢) is decomposed (employing the summation convention)

s) = Yulp), (6.1.1)

where each v, is a complex number, the uth spin coefficient. When writing vectors

in the 2s 4+ 1-dimensional spin space, square brackets are used, and |¢)) is rewritten

[QzZ)QSa .. 7,(700]-

e Following spinor convention, the two components of a spin 1/2 spinor |¢) = [(1, (o]

have subscripts labelled by uppercase roman, A, B, etc.

6.2 Spinor geometry: flags, rotations and time-reversal

In this section we shall review various aspects of the geometry and algebra of spin 1/2
spinors (hereafter called elementary or atomic spinors), that are needed in later sections.
The details are easily found in mathematics textbooks (for example [Wigh9, Cor53, LL77,
PR84a, Nee97]), but may not be particularly familiar to readers here (sufficiently unfa-
miliar to be relegated to an appendix). No reference to spinor fields will be made in this
section. The elementary spinors are all taken to be normalised, (¢|¢) = 1.

At the heart of spinor geometry is the relation between complex two-dimensional vec-
tors and real three-dimensional vectors, or, more accurately, between the Lie groups SU(2)
and SO(3). The natural group map between the two Lie groups SU(2) — SO(3) is 2 — 1,
with +u +— o for u € SU(2), o € SO(3); this ambiguity of sign is important when consid-

ering half integer (fermionic) spins.



6.2 Spinor geometry: flags, rotations and time-reversal 171

In section A.3, an elementary two-state spinor is related to a point in the complex
plane including oo by (A.3.7), and so can be written as a unit vector u(¢) by stereographic
projection (A.4.2). Therefore, with spherical polar angles 6, ¢,

G cos 0/2 exp(—ip/2)

g _ 7 6.2.1
) =1¢(6,9)) o sin 0/2 exp(i¢/2) o

and in the complex plane

z=2z2(() = 2(1) = tan /2 exp(ip). (6.2.2)

Thus, up to a phase, the spinor [}] points in the +x3 direction (at the north pole, spin
up), corresponding to the origin of the complex plane and is denoted | ). The spinor [{]
points towards the south pole (spin down) and is denoted | | ). It stereographically projects
to co. Other authors (such as [PR84al) project from the north, rather than the south pole,
but we find the sense in which orientation is preserved preferable.

The arguments of the spinor in (6.2.1) are such that arg(¢p¢1) = 0, and is clearly

normalised:

(€I¢y = Chca = [l + [G]* =1 (6.2.3)

The normalisation and phase condition imply that for the atomic spinor (6.2.1), stereo-
graphic projection is a 1-1 correspondence. In quantum mechanics, the direction (6, ¢) of
the spinor gives the direction (in space) of the quantum spin.

A natural question to ask is whether multiplying the spinor by a phase exp(—ix/2) has
any geometric significance. In fact it does; the spinor is said to represent a flag [PR84a],
a unit vector (spherical angles (6, ¢) the ‘flagpole’) and a direction (‘flag direction’) x
perpendicular to the flagpole. The flagpole is given by the unit vector u(¢). The spinor in
(6.2.1) is therefore modified:

0 = lc0,9)) = | /2eRPCHET N (6:2.4)

sinf/2 exp(i(¢ — x)/2)
where the flag phase x of the spinor is defined in general by — arg (p(;. The normalised
flag spinor has three angle parameters x, 0, ¢. It is the first column of the unitary matrix

R = R(x.0.6) = cosf/2exp(—i(¢p + x)/2) —sinbd/2exp(—i(¢ — x)/2) | (6.25)

sinf/2exp(i(¢ — x)/2) cos 0/2exp(i(¢ + x)/2)
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which represents, under the homomorphism SU(2)——SO(3), rotation by the three Euler
angles (rotate by y about xz3, then by 6 about —x9, then by ¢ about x3; see, for example,
[Alt86]). Any element of SU(2) may be written in the form (6.2.5), just as any rotation
may be written in terms of Euler angles (the three parameters being angles is what makes
this Lie group compact). Another way of writing a general unitary transformation in
spinor space, equivalent to a three-dimensional rotation, is the rotation by angle 7 about

an axis with (unit) direction n,
R(t,n) = 1cos7/2 —io -nsint/2 = exp(—ito - n/2), (6.2.6)

where 1 is the 2 x 2 identity matrix and o is the vector of Pauli matrices defined in (A.4.4)
[A1t86]. Although this second representation may be more aesthetically pleasing [Fra88],
we shall usually use the Euler angle representation. The flag spinor (6.2.4) therefore
represents a rotation, and |((x, 8, ¢)) = R(x,0,#)| T). Since R represents a rigid rotation,
the spinor ]5 ) representing the antipodal point on the sphere to |() is easy to find, being
the result of the operation of R on | |) :

—sinf/2exp(—i(¢ — x)/2)

C = C 797 = R 797 = 627
Q) = 1C(x, 0, 0)) = R(x,0,9)| 1) o582 exp(i( + x)/2) (6.2.7)

The fact that |C) is antipodal to |¢) is easily verified from the substitution
O =IC(—xEmm—0,0+7)). (6.2.8)

The 47 terms here correspond to an overall sign ambiguity in \f ). We shall treat it as
fixed by (6.2.7). The antipodal state therefore has the sense of x reversed. The spinor ]5 )
shall be called the dual of the spinor |().
Rewriting R in terms of its Cayley-Klein parameters «, 5 [Alt86], its action on an
arbitrary spinor |() gives another spinor:
ot =07 |G "G — 3*Co

R[¢) = = , (6.2.9)
JCe o B¢ + ado

inducing a special unitary Mdobius transformation on z = {y/¢1 [Nee97],

. a+ G _ az+f
(=B af =z

The effect on z of taking the antipodal map z({) — z({) = Z is to conjugate, multiply by

(6.2.10)

—1 and reciprocate (ie Z = —1/z%).
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The fundamental bilinear form on spinors is the antisymmetric product [PR84a, Cor53],

written

eaBCalp = o1 — €1¢os (6.2.11)

with 45 the antisymmetric symbol [ % §]. This form is easily seen to be invariant with

respect to rotations by R,

eapRacCoRBpCp = (alo+ BG)(—F7¢) +a*(1) — (—B8%Co + o C1) (ol + B¢1)
= (laf* +181*)¢¢ — (Jo* + 181) 16
= e4BCalp. (6.2.12)

This invariance means that the antisymmetric product (hereafter called the spinor
product, to distinguish from the inner product) has a geometric meaning, explained by
[PR84a| pages 59-61 - its modulus is simply the sine of half the angle between the two
flagpoles, the phase is half the sum of the two flag phases with respect to the geodesic line
on the sphere joining the two flags, as shown in figure (6.1). The flag angles are measured
with respect to the orientation imposed on the geodesic by the direction of the spinor
product (from ¢ to ¢’ in (6.2.11)). If the order in the product were reversed, then 7 would
be added to (or subtracted from) each flag angle, changing the phase by 7, as expected
from the antisymmetry of the spinor product. Obviously the spinor product of a spinor
with itself is zero, and the product with its dual is 1. If each spinor in the product (6.2.11)
is multiplied by a phase exp(iy), the phase of the spinor product changes by exp(2i7y). The
spinor product is crucial for defining C lines in the spinor formulation.

The usual hermitian inner product (the Hilbert space inner product, where the first

term is conjugated) is clearly invariant with respect to rotations, by unitarity of R :

CIRTRICY = (C|¢) = ¢3¢o + ¢ (6.2.13)

The modulus of the inner product is the cosine of half the angle between the two flagpoles,
and the phase is half of the difference between the angles the flags make with the geodesic.
If the order of the spinors in the product is reversed, the phase becomes the negative of
its previous value (the inner product is hermitian, so changing the order is equivalent to

conjugating). The inner product of the spinor with itself is 1, and is zero with its dual,

«€|¢) =o. (6.2.14)
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g
~
~

Figure 6.1: Calculating the phase of the spinor product € 45{a(}. The directions of the
flags are «, o/ with respect to to the geodesic line joining the two spinors (represented here

as a straight line), directed by the order of the product.

Using the inner product, it is possible to write the spinor product in bra-ket notation, as

the matrix element of the time reversal operator T' [Wigh9, Sak94], defined

A

T = Clioy, (6.2.15)

where oy is the second Pauli spin matrix (A.4.4), C'is the (right-acting) charge conjugation
operator and operator notation e is used for C , T since conjugation cannot be written as
a matrix. The adjoint indicates that conjugation acts to the left. The bra is therefore

doubly conjugated, and ios is simply the antisymmetric €45, ie
€T = (CICMio|()
10 1
= (7] <)
10

= o1 — Gi¢p- (6.2.16)
The time reversal operator is antiunitary (TTT = —1), and enables the operation of taking
the dual to be put into operator form
) = CT)
= io9|(). (6.2.17)

This shows that, for instance, the spinor product between two spinors is minus that be-

tween their duals. The definition of 7' comes from the CPT theorem of quantum field
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theory [SW64], which states that the operations of charge conjugation C, parity reversal

iog and time reversal leave a state invariant.

6.3 The Majorana representation of spin and polarization

Mathematically, the spinor algebra of the last section (in particular the use of unitary ro-
tation matrices) is a realisation of the two-dimensional irreducible representation of the ro-
tation group SO(3) generated by the Pauli matrices [Car66]. In fact, there is an irreducible
representation for every dimension, familiar from quantum mechanics as the appropriate
algebra for spin s, where the dimension of the representation is n +1 = 2s + 1 (from
now on, n = 2s). The conventional choice for the spin matrices S(™ = (S§n), Sén), Sén))
is for Sén) to be diagonal, and S%n), Sén) constructed from linear combinations of ladder
operators acting on Sén) [VMKSS|.

The n 4 1-dimensional complex vector space on which these matrices act is called spin

space (spin-s space). Generalising the basis | 1), | |) for atomic spinors, spin-s space has a

basis
RS N LREE O S TS VR TTRE)? (63.1)
n n—1 n—1 n

orthonormal with respect to the usual inner product. The basis is symmetrised with
respect to all possible orderings of T, | ; as stated in 6.1, notation is simplified by relabelling
the basis spinors
)y =111 1) (6.3.2)
B on—p
A general spinor of spin s, [¢) (assumed normalised), is written in components (with

summation convention, with u labels running from 0 to n)

) = Yulp). (6.3.3)

The T, | atomic spinors in |u) (6.3.2) are formally indistinguishable, and spin-s space is
mathematically the symmetric product of n copies of spin-1/2 space. It can be shown
[FLS63b, Sak94] that a rotation of a |u) state is effectively a rotation of the n + 1 atomic
spinors {| 1),| 1)} of which |u) is comprised, giving rise to the spin s rotation operator (in

obvious generalisation of (6.2.6))
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The procedure for finding this matrix using Euler angles is very involved; the x (and ¢)
matrices are easily found from (6.3.4) to be exp(—ixSén)) but the 6 one is tricky, and
its construction is described very clearly in [FLS63b] chapter 18, using (implicitly) the
Clebsch-Gordan coefficients of group theory.

The time reversal operator similarly generalises to high spin [Wigh9, Sak94],

7 = CMexp(—irSS™), (6.3.5)
which may also be written in terms of spin 1/2 o9 operations on the elementary spinor

components of |u). Therefore
CIT|p) =2+ |n — p) (6.3.6)

Up to a complex constant, all T in |u) become |, and vice versa. The generalised spinor
product is therefore (removing an overall factor i™")

n

(WITN) =Y (=1 Yty (6.3.7)

p=0
which is invariant under rotations (6.3.4).
A geometric representation of an arbitrary [¢) state is provided by the Majorana repre-
sentation [Maj32, Pen94], which is now described. The basis of the spin space {|0), ... |n)}

may be rewritten as a basis of monomials in an indeterminate —z,

) — (—1) <Z> 1/22#. (6.3.8)

The binomial factor (Z) 1/2 is present because |u) is a symmetric product of u T and n— p
| atomic spinors, and is required for normalisation. Therefore, associated with any |¢) is

a Majorana polynomial p(1)),

p(¥) = (=12 + (=) V12" 4o
n n 1/2
= Z(_nu( ) VY2t (6.3.9)

u=0 H

If z is regarded as a complex variable, this polynomial has n complex roots by the funda-

mental theorem of algebra, and is factorised,

p() = tn [ (21— 2), (6.3.10)
n=1
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where the index label 7r is used rather than p when the index runs from 1 to n. The

complex values of the roots, as solutions to the equation

p(¥) =0, (6.3.11)

are unaffected by the multiplication of |i)) by any nonzero complex number, and so are
invariant up to overall amplitude and phase. This was also the case with the polarization
ellipse representation for complex vectors in chapter 4. All of the spin s polarization
information is contained within the set of n complex roots {z1,...,z,}, which are the
coordinates of a point in complex projective space [Ati01].

Geometrically, each root z; can be stereographically projected to a unit vector uz with

angles 0, ¢ associated with a (flagless) atomic spinor |(z),

cos /2 exp(—igy/2)

(6.3.12)
sin 05/2 exp(igp/2)

2 — |Cg) =
Any spinor [¢) can therefore be decomposed into n atomic spinors |(gz), unlabelled
since the roots z; of the polynomial cannot be labelled (and may be permuted about a
closed loop in parameter space). Geometrically, the spinor is described by the n root
vectors ug; these are usually called principal normal directions in spinor theory [Syn58,
PR&84a, PR84b]. It is readily verified that the configuration of n vectors rigidly rotates
under the corresponding spatial rotation matrix when the spinor |¢) is rotated, and so
provides a physical picture of the spinor independent of the choice of coordinates. The
mathematical proof of these claims is given in [PR84a] page 162. This representation of
spin is called the Majorana sphere (because the unit vectors can be thought of as n = 2s
points on a unit sphere), and for spin s the Majorana sphere is denoted M,,.
The Majorana sphere is a generalisation of the Riemann sphere for an atomic spinor

|C), whose Majorana polynomial is linear,
C() - Clz =0. (6.3.13)

The solution of (6.3.13) is (6.2.2), and it was for this reason that —z was used rather than
+z in the monomials (6.3.8). ([Pen94] used the opposite convention.)

The Majorana polynomial is always considered to be of order n; if ¥, = 0, it is
understood that there is a root at oo (with root spinor | |)), with possibly repeated root

there if ¥,,_1 = 0,9,_2 = 0, etc as well. In particular, this is the case for the Majorana
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sphere representation of each basis spinor |u), related up to a constant to the monomial z*.
This has p roots at 0 and n — u roots at 0o, so on the Majorana sphere has y root spinors
| 1), and n — p root spinors | |). The behaviour of the root vectors is quite complicated
when two spin states are added, since the roots of the sum of Majorana polynomials is
nonlinearly related to the roots of the summands.

Equation (6.3.13) shows that the Majorana sphere M; is the same as the Riemann
sphere introduced in A.3 for spin 1/2; its connection to the Poincaré sphere and paraxial
waves is described in section 6.4. My is equivalent to the nonparaxial polarization ellipse,
as described by [Han98d], and is discussed in 6.7, and My is used to describe linear
gravitational (and elastic) waves in section 6.8.

The Majorana polynomial (6.3.9) may be written in terms of the components of the

root spinors |(z),
TG0 — G (6.3.14)
=1

where £ is a real constant ensuring that the state [i) associated with (6.3.14) remains
normalised. The phase, %Zﬁqﬁﬁ + arg 1y, is distributed arbitrarily amongst the n root
spinors as flags.
The dual polynomial p(y) = p(q/;), whose roots are antipodal to those of p(1)), is
n n 1/2
py) = Z( ) U2 (6.3.15)
n=0 H

(each coefficient 1, in (6.3.9) is replaced by (—1)#4;,_,) confirming that the operator ctr
in (6.3.6) dualises the spinor [¢), ie

p(¥) = p(CTT|)). (6.3.16)

The generalised spinor product (6.3.7) therefore is once again the inner product of a state
with its dual.

This section is concluded with reference to a result of Hannay [Han98b|, which gives
the expectation value (S) of the spin operator geometrically in terms of the root vectors
ug. It is a complicated formula ([Han98b] equation (21) has a small typographical error),
involving the sum over permutations of the root vectors. In the case of spin 1, with root
vectors uj, ug, it reduces to the simple form [Han98d]

2(111 + LIQ)
(S) = CRr—
1-u
which will be compared with S defined in (4.4.10) in section 6.7.

(6.3.17)
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6.4 Plane waves and paraxial spin fields

It is a general result from relativistic field theory and the representation theory of the
inhomogeneous Lorentz group (Poincaré group), that for a plane wave with wavevector k
corresponding to a massless particle, choosing k = (0,0, k), only components of the basis
states |0), |n) can be nonzero. The result was first proved by Wigner [Wig39]. For spins 1
and 2, this condition is equivalent to transverseness; in the language of section 6.10, with

cartesian coordinates i,j = 1, 2, 3,

8iEl- = 0,
dihij = 0, (6.4.1)

This is because the only space dependence of a plane wave is the factor exp(ik;x;), and so

kB = 0,
k‘ihij = 0. (6.4.2)

This is only satisfied by the states |0), |n), which follows explicitly for s = 1,2 from the
forms given in 6.10. The conditions (6.4.1) hold for general superpositions of plane waves
(such a superposition of vector waves was used in chapter 4). All wavefields we consider
shall have this property. Such transverse fields correspond to massless particles [Wig39,
BW48]; all of the fields’ Fourier components are superpositions of helicity eigenstates.

In this section we shall examine the generalisation to higher spin of the paraxial vector
wavefields of section 4.2. We begin by examining transverse plane waves more closely.

In paraxial fields, the propagation direction is fixed, and, by transverseness, there are
only two basis states the spin vector may be in; [¢) is effectively two-dimensional (in the

paraxial approximation):

(B
[) = 0l0) +nln) = | " | (6.4.3)
0
In this way a spinor plane wave with well-defined propagation direction behaves like it has
spin 1/2; this is exactly the relation between the Poincaré sphere of A.4 and the Riemann
sphere of A.3.
A plane wave is right circularly polarizedif 1y in (6.4.3) is 0, and left circularly polarized

if ¢, = 0. The wave is linearly polarized if || = |1p,| = 1/4/2, with azimuthal angle of

polarization dependent on the difference in arguments. The rotation operator about the
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axis defined by k by an angle 7, on the two-dimensional helicity space defined by (6.4.3)

is

exp(—ist 0
R(r 1) = | P : (6.4.4)
0 exp(isT)
since the 3-spin operator Sén) = diag|[s, ..., —s]. Any rotation around the propagation

direction by 27 /s leaves a plane wave of spin s invariant, and states of linear polarization
are orthogonal if related by a rotation by 7/2s. For s = 1 this gives the familiar vector
behaviour.

The relation between the Riemann and Poincaré spheres, and more generally Riemann
and Majorana spheres, comes from writing the spinor [ﬁg] on the Poincaré sphere with

spherical angles 0p, ¢p (cf (A.4.2))

ZO = tanfp/2exp(ipp) (6.4.5)
The Majorana description of this state is similar but not identical, with Majorana poly-
nomial
p(¥) = o + (—=1)"Yn2", (6.4.6)
with n roots
wO 1/n
g =— <¢> exp(im(1+2u)/n) (6.4.7)
|1/n

The roots all have the same modulus |¢g/1,|'/™, with arguments equally spaced. They
therefore form a regular polygon with n vertices (n-gon), centred at the origin of the
complex plane. On the Majorana sphere, the n root vectors lie equally spaced on a
common line of latitude defined by the polar angle 8;;, which together with the azimuth

angles ¢r . = dar + 2w /n are related to the Poincaré sphere angles 6p, ¢p,

tanfp/2 = tan" 0y /2

bp = nou. (6.4.8)

For circularly polarized states, all roots are at 0 or co, and all root vectors coincide at either
the north or south pole (they are simply |n),|0)). Polygons in the northern hemisphere
correspond to right-handed polarization (with Stokes parameter from the Poincaré sphere
s > 0), and equivalently for the southern hemisphere. The polygons of linearly polarized
states lie on the equator of the Majorana sphere, and an axial rotation by 2m/s just

permutes the root vectors, not changing the state.
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The above equations show that the Majorana representation of a state is the nth root of
its Poincaré sphere representation (taking roots of the complex number z). The Poincaré
sphere thus generalised to arbitrary spin shares the appealing properties of the Poincaré
sphere (eg antipodal states are orthogonal), and agrees nicely with the Majorana repre-
sentation (whose use becomes necessary for three dimensional fields). It also illustrates
features of high spin states not present for spin 1 - a general three dimensional spin state
(with roots at arbitrary positions) is not, in general, expressible as a plane wave, even
given the freedom of choice of propagation direction. For instance, the state | 1T]) has
two roots at the north pole and one at the south pole; it is not an equilateral triangle
for any normal direction. Spin 1 is an exception, since any two root vectors form a 2-gon
with propagation direction in the direction of the vector sum, and three dimensional spin
1 fields are made up of ellipses, just as they are in the paraxial case. This does not hold
for higher spins, the geometry of whose generic states is much more complicated for three
dimensions than two.

Similarly, a linearly polarized state (represented by an equatorial n-gon, or more gen-
erally, root vectors equally spaced on a great circle) does not correspond, except for spin 1,
to any spin basis vector |u) for any axis; a 2-gon with vectors antipodal corresponds to the
state |1) about the direction in which the vectors lie. The result is that, although paraxial
spin s singularities (yet to be defined) correspond closely to their spin 1 analogues, the
relationship between two and three dimensional spin singularities is rather different.

Paraxial spin s fields are very much like the paraxial vector fields of section 4.2. The

paraxial field is defined, in comparison with (6.4.3), where x = (z1, x2),

e 09) = || < 0100 + vl (6.49)
Po(X
mathematically identical to (4.2.1) in a circular basis. The components ¥pg, ¥p, individ-
ually satisfy some wave equation, as in chapter 4.

There are therefore left and right handed C points, L lines and disclination points
(where Relexp(—ix)(¢¥'po — ¥pPn, —i(¢¥po + ¥py))] vanishes for phase x) in paraxial high
spin fields. The C points, from the n-fold symmetry of plane waves, are of index +1/n =
+1/2s : it is likely that the lemon, star and monstar have some natural geometric in-
terpretation for general spin, and most other properties generalise directly. The paraxial

random wave model of 4.5 used the Poincaré sphere in constructing a random superpo-

sition of plane waves, as easily in a circular as cartesian basis. Obviously, the statistical
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distribution of polarizations on the Poincaré sphere is independent of the spin of the wave,
so the results of the statistical densities of C points, L lines and disclinations of 4.5 apply
to paraxial waves of any spin.

The case for nonparaxial spin fields is entirely different, and the remainder of this

chapter is devoted to a description of their nature.

6.5 C lines in three dimensional spin fields

We now generalise the codimension 2 C and L singularities of 4.3 to arbitrary fields of spin
s > 1/2, using the Majorana description of spin states. The fields considered initially are
spinor functions of space and possibly time |1)(x,t)), the components of which satisfy some
wave equation. Such fields can be made from superpositions of infinitely many transverse
plane waves, with arbitrary (random) directions, polarizations and phases. As well as
identifying the singularities, we shall find natural functions of [¢)(x)) that vanish on the
singularities, as found for the vector singularities of chapter 4.

C lines for spin 1 were simply places where the polarization was circular; that is, the
two root vectors coincide. The codimensionality is expressible in terms of the spherical
coordinates (01, ¢1), (02, ¢2) of the two root vectors, as on a C line for spin 1 the following

two conditions hold

61 = 0, 1 = ¢o. (6.5.1)

For an arbitrary spin s state, there are n = 2s unit vectors with coordinates (03, ¢g),
n=1,...,n on the Majorana sphere. Clearly, if s > 1, circular polarization requires all of
these to be equal. This has more conditions than just the two we want for line structures
in space (there are 2(n —1)). However, if (6.5.1) is naively generalised so that only two of

the n root vectors coincide,

0ﬁ2077 ¢ﬁ: bw, ﬁ;’éf, IDYZAS {17"'7n}7 (652)

there are only two requirements, so (6.5.2) ought to be satisfied along lines. Although
there are n(n — 1)/2 different possibilities of different roots coalescing, since the roots
cannot be globally labelled, all such different possibilities are identified.

The two conditions of (6.5.2) show that such generalised C lines (C for Coalescent roots
or Coincident root vectors) occur with codimension two, and are lines in space (although,

of course, the direction in which the root vectors coincide is independent of the direction
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of the C line). In a small loop in space around the C line the root vectors which coincide
are permuted. It is easy to verify that this is the case with spin 1; the polarization ellipse
around the singularity rotates by 7, being index 1/2. This implies that generalised C
lines have index 1/2, rather than index 1/n (which is the case for generalised paraxial C
points).

The index 1/2 nature may be understood further by considering what happens to the
two coinciding vectors in a transverse neighbourhood to the C line; their positions may
be expressed by the line element connecting them, which is necessarily undirected since
the root vectors cannot be labelled. The line disappears at the singularity, and the line
element rotates by £ in a small loop around the singularity, as is usual with line fields,
and may have a lemon, star or monstar pattern.

A state on the Majorana sphere is mathematically defined as the symmetric product
of n copies of the sphere Sy, which is equivalent to the direct product of n spheres factored

by the group of permutations on n objects ¥,,, ie

Hsym82 = <H SQ) /Zna (653)

n
reflecting the fact that the root vectors cannot be labelled. Traversing a closed loop in
x space, the n vectors may be permuted. Now, we have seen that two root vectors are
permuted around a C line; clearly if the circuit does not thread any C lines, it may
be smoothly (homotopically) contracted to a point without the roots coalescing, ie the
roots may be labelled unambiguously, and no permutation has taken place. Therefore,
generically, the C lines are the generators of the permutations; any permutation can be
broken down into 2-cycles (two element permutations), although the 2-cycle decomposition
of a more general permutation is not unique. The C lines are therefore the singularities of
labelling the root vectors, and the roots in a singularity-free simply-connected volume of
space may be unambiguously labelled.

In the language of topological defects in condensed matter (section 1.4), the permu-
tation group acts like the fundamental group in order parameter space (that is, different
loops in space correspond to different group elements). For any n > 2, the permutation
group 2, is nonabelian, and the relevant abelian group of singularity indices is the group
of cosets (which is abelian) [Mer79]; for permutation groups this is always the two element
group g, so all C lines are topologically identified. The crossings of C lines are com-

plicated, and the geometry depends whether three or four roots coincide at the crossing
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point; more work needs to be done here to understand the morphology correctly.

One expects the significance of C lines to decrease as spins of higher s are considered,
and the role of individual root vectors is less. However, due to the increasing number of
real freedoms of such fields (2n polarization freedoms), it is inevitable that a structure of
only codimension 2 should be insensitive to many of the geometrical details.

It is desirable to express the complicated polarization structure using a complex scalar
(homogeneous in the components 1),,), which vanishes on C lines, generalising the polar-
ization scalar ¢ of (4.3.6). Such a scalar, if invariant with respect to rotations of the
Majorana sphere, would be a crude (two real parameter) description of the polarization
structure, but would detect, as phase singularities, the C singularity structure. In fact,
such a scalar exists.

The discriminant of a polynomial p = ZZ:O a,z" is defined to be the product of

squares of the differences of the roots,

(=2 I Ger— )™ (6.5.4)

1<p<v<n
It is clearly invariant with respect to permutations of the root labels. It can be found in
terms of the coefficients a, using a variety of techniques, including that of the bezoutian
matrix B(p) of the polynomial [Meh89]. We modify the definition slightly in order to make

the discriminant D homogeneous:

R e | QRC (6.5.5)
1<p<w<n

The degrees of the summands in D are 2(n — 1) (that is, a ‘2n — 2’-ic form). Note that
each root zy appears 2(n — 1) times in the product (6.5.5) (it appears twice with each of
the other n — 1 roots).

Since the discriminant is zero if and only if roots coincide, it generically vanishes
exactly on C lines, and, in general, is a complex scalar, homogeneous in the field variables.
It is a suitable polarization scalar, provided it can be shown to be invariant with respect
to rotation of the Majorana sphere (equivalent to passive coordinate transformations).

The discriminant of a spin field [1) = v, |p) is the scalar field (using (6.3.10), (6.5.5)),

p(x) =Dp((x) =2 [ (a— =)™ (6.5.6)

1<p<v<n
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Since each root z; can be written in terms of its corresponding atomic spinor, zz = (zo/Cat,

© may be rewritten

A
Y= —"5uD H(Cﬁoﬁm — Goom)*. (6.5.7)

G i
The difference between each pair of roots is now the spinor product (6.2.11) between the
root spinors |(z), (), and is invariant under rotations by (6.2.12), and the factor outside
the product is equal to  in (6.3.14). ¢ is a complex scalar invariant of 1), and is written

more transparently

p =V TGITIG) (6.5.8)
h<v

¢ is homogeneous in the components of the spinor, and the factor of £2("~1) shows that,
if [¢) is multiplied by a phase exp(iy), ¢ changes by 2(n — 1) times that phase (exp(2iy)
in the case of s = 1). We shall see in section 6.7 that for spin 1, the two definitions for ¢
are the same.

So far, no general geometric interpretation of ¢ for arbitrary spinors has been found.
However, the nature of the singularity and its relation to ¢ can be described in terms of
the root spinors. As with vectors, although the polarization geometry is invariant with
respect to global phase (gauge) transformations, ¢ is dependent on the phase of the field;
the phase can be globally transformed arbitrarily anywhere except where it is singular.
The phase of the spinor can be considered as being distributed as flag phases amongst the
n atomic spinors. If two flagpoles coincide, their spinor product is zero, and the phase,
defined graphically in figure (6.1), cannot be defined. This is the case whatever the phase

distribution amongst the atomic flags, so C lines are flag singularities of the root vectors.

6.6 L lines in three dimensional spin fields

With the same assumptions as the previous section, we now investigate how L lines in
three dimensions are generalised for high spin. As with generalised C lines, there are too
many restrictions (too high a codimension) for genuine linear polarization states to occur
generically for s > 1 (fixing all of the root vectors to lie on an arbitrary equatorial n-gon
would have codimension 2n — 3).

We can look for relevant pairwise conditions for the root spinors to satisfy, as in the

previous section. Since, for spin 1, L lines have the two root vectors antipodal on the
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Majorana sphere, we impose this as the generalised L condition: an L singularity is a

locus where any two of the Majorana root vectors are antipodal, or

u; = —uy, n#v, pve{l,...,n} (6.6.1)

Equivalently, using the polar angles of the root vectors,

Op =7 — by, op = pv + , n#v, g,ve{l,...,n} (6.6.2)

These two conditions show that L singularities (two root vectors coLlinear with origin)
have codimension 2, as desired.

As with the spin 1 case, L lines have index 1, as can be seen from the local behaviour
of the vector v = uy + uy where 17, 7 locally label the root vectors which are antipodal on
the L line. v clearly vanishes there, and being a vector, its field zeros have integer index,
generically +1. v is parallel to N of (4.3.4).

Since L lines have nothing to do with roots coinciding, L lines appear to be unrelated
to permutation of the root vectors, and appear to be less interesting than C lines for
general spin. As with C lines, L lines may cross, but in general the sets of antipodal root
vectors are disjoint (unless there is also a C line crossing). As with C lines, the physical
singularity is related to the fact that there is no unique geodesic between antipodal atomic
spinors, and their inner product vanishes.

By analogy with (6.5.8), recalling that the inner product is invariant with respect to
rotations (6.2.13) and zero for antipodal atomic spinors (6.2.14), we can define a real

positive scalar invariant field

A =p] [{Gl@). (6.6.3)

(p acts like £ in (6.5.8)). This form is of degree 2n, as it includes terms in the product

where I = 7. A may be rewritten in terms of the Majorana polynomial roots,

A= H(CEOCUO + (o) = H G H (Zu + z1*> (6.6.4)
v fi

A% A%
which is the resultant R(p,p) [Meh89] of the Majorana polynomial p(1)) and its dual p(1)),
defined in (6.3.15).

Unlike ¢ in (6.5.8), A in (6.6.4) is real and positive. In the spin 1 case, we shall see that
it is equal to N - N with N as defined previously in (4.3.4), but a general geometric inter-
pretation of X has yet to be found. It is likely that it is some composite of a geometrically

simpler object (like N - IN).
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Before the discussion of arbitrary spin is concluded, we briefly consider the possibil-
ity that certain other geometrical configurations of the Majorana root vectors may give
interesting singular structures not present for s = 1. An example might be three root
vectors lying on an equilateral triangle, which would happen with codimension 2. Such
configurations indeed would occur generically, but it is hard to see how their presence
could be detected using scalars as simple as ¢ and A, which are the natural bilinear forms

on atomic spinors.

6.7 The Majorana interpretation for vector waves

Everything that has been said concerning generalised C and L lines, when s = 1, reduces
to the formalism already discussed in section 4.3 for vector waves. Firstly, the configura-
tion of the two Majorana root vectors uj, us has a simple interpretation in terms of the
polarization ellipse (due to Hannay [Han98d]), which is demonstrated here using angular
momentum.

The expectation of angular momentum S, in units of i, was stated in (6.3.17) to be
2(u; +u2)/(34u; - ug). If the angle between the u; and ug is 26, (so each vector subtends

an angle 6 with the bisector), which is the angle 6, for a plane wave defined above (6.4.8),

then
4cost 2cosf
S| = = . 6.7.1
S| 3+cos20 1+ cos?0 ( )
Now, recalling (4.4.10), and using the notation of chapter 4,
2lp A 2
S| = lIPAdl _ 2pogo (6.72)

PP+ E it a
where pg, qo are orthogonal by appropriate choice of phase. If py is the major semiaxis,

¢o the minor, then (6.7.2) can be rewritten

2q0/po
S| = —% 3, (6.7.3)
1+ g5 /po
then, equating (6.7.1), (6.7.3), the polarization ellipse has eccentricity ¢,
e =sinf. (6.7.4)

The geometry of this result is shown in figure (6.2).
In particular, (6.7.4) reproduces the fact that |S| = 1 for circular polarization, and 0

for linear polarization. The Majorana sphere My therefore provides a parameterisation
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N

Figure 6.2: The geometric significance of equation (6.7.4): the projections of the two
root vectors ui, us into the equatorial plane normal to their bisector are the foci for the

polarization ellipse with major semiaxis 1.

for normalised, phaseless, oriented ellipses in space, just as the Poincaré sphere provides
one for the plane.

The two definitions for ¢ (equations (4.3.6), (6.5.8)) are equivalent. The homogeneous
discriminant of a quadratic equation is well known; with the Majorana binomial factor,
the discriminant is

p = U7 — otfa, (6.7.5)
equivalent to the quadratic form with matrix [81 g _81} . The unitary transformation be-
tween cartesian and spherical bases is constructed in 6.10. If the 1) components in (6.7.5)

are transformed to components of E = (E1, Es, E3), ¢ becomes

1 1
= E2-2—(—E) —iE)—=(F — iE

@ 3 \/5( 1 2)\/5( 1 —iEh)
= E? +FE3+E3, (6.7.6)

agreeing with (4.3.6), corresponding to the quadratic form matrix (é El)) 51)> .
Similarly, A in (6.6.3) is proportional to N - N, with N = p A q (4.3.4).
The connection between complex vectors and spin 1/2 spinors was taken advantage

in forms reminiscent to those here at the very beginning of spinor theory; Cartan [Car66]
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notices the 1-1 relation between a spin 1/2 spinor and a null vector E (E-E = 0); the spin 1
spinor’s coincident roots are mathematically equivalent to an atomic spinor. Synge [Syn58]
(apparently independent of Majorana) also realised some of the geometry here in relation
to the electromagnetic vector V.= E + iH (4.4.2), and coined the term principal null
directions for the root vectors. As discussed in 4.4, the interpretation of the singularities
for this field can be made in terms of Lorentz transformations, which are easily realised

on the Majorana sphere via M&bius transformations.

6.8 Polarization singularities in gravitational waves

In this section we indicate how the material from the previous sections may be used to find
the polarizations singularities in spin 2 waves, in particular (linearised) gravity waves. It
also suggests the appropriate polarization structure of elastic tensor waves (the connection
between the two having been investigated by Hayes [Hay84]).

The Majorana sphere My here is used to describe the polarization structure of complex
traceless 3 x 3 symmetric matrices (the relation via spherical harmonics is outlined in
section 6.10). As stated in the chapter introduction, it was realised too late that this
relationship is well-known in the theory of solutions of the general Einstein field equations
by classification of the Weyl tensor (equivalent to a traceless 3 x 3 symmetric complex
tensor) into the Petrov types [Syn64] and its relation to principal normal directions by
Penrose [Pen60, NP62, KSMH80, PR84b]. Assuming that most readers are unfamiliar
with this material, the exposition shall be presented briefly, as originally envisaged; no
references have been found in the literature to generic loci of codimension 2 where the
Weyl tensor has a different Petrov type (four independent root vectors corresponds to
type I in Petrov notation, two coalescent vectors to type II (or types 1, 2a in the notation
of [Syn64])). However, the discussion shall not be particularly complete, nor shall L lines
be investigated.

The usual starting point for studies of gravitational waves is the linearised Einstein
equations (see, for instance, [Sch85, MTW73]); where u,r temporarily label spacetime
indices, T}, = 0 and

VQQMV = 8t2.guua (681)

so each component satisfies the time-dependent wave equation (1.5.1). Gravitational dis-

turbances to the otherwise flat metric are assumed small, and so differ only slightly from
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the standard Minkowski metric 7, :

G = Nuw + - (6.8.2)

h. therefore satisfies (6.8.1), which is the standard relativistic wave equation for massless
fields of spin 2 [Wig39, Bard7, BW48]. The appropriate choice of (gravitational) gauge is
the so-called ‘transverse-traceless’ gauge [Sch85, MTW73], which chooses once and for all
a global time direction (since the metric is almost flat), and h,, becomes h;;, with space
indices only, and satisfies

Oihi; =0, (6.8.3)
as discussed at equation (6.4.1). It also is traceless,
hii = 0. (6.8.4)

We therefore have a rank 2 tensor analogue of the E field considered previously; h;; can be
decomposed into a Fourier sum of plane waves. The two orthogonal linear polarizations
for a given propagation direction (we choose the 3-direction) are usually referred to as the

‘+" and ‘x’ states, and have h;; representations

1 0 0
ey = 0O -1 01,
0 0 O
010
ex = |10 0], (6.8.5)
0 00

and homogeneous plane waves with these polarizations are
heij = eeij exp(i(kzs — wit), (6.8.6)

where @ = +, x. The effect of these two polarizations on a ring of test particles are shown
in [Sch85] figure (9.1).
Right (+) and left (—) circularly polarized plane waves are therefore

er = F(ey +iey)exp(ikzs — wit). (6.8.7)
The inner product is defined as half the trace of the matrix product

1 1
* /! *1./ * 7./
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An arbitrary sum of (complex) plane waves in arbitrary directions gives rise to a
traceless symmetric matrix field with complex elements, written (where all space, time

dependence is suppressed)

U-V/V3 Z Y
h = Z ~-U-V/V3 X (6.8.9)
Y X 2V/\/3

which is traceless and symmetric. This matrix is considered in 6.10, where it is expressed
in terms of a 5-dimensional vector with complex components {U,V, X, Y, Z}. It is related

to the components of the corresponding 2-spinor |¢)(h)) = [tb4, 3, 2, Y1, o], where

N V3o i — o) T
h= sl v v R e i) | (6.8.10)
b1 — i) 220

The Majorana polynomial p(h), by (6.3.9) is
p(h) = haz* — 2032° + V6ioz® — 2012 + 1o (6.8.11)

It has four roots, corresponding to the four root vectors of the Majorana sphere My. The
polarization scalar ¢ is the discriminant of this polynomial, a form of degree 6, and is

given in terms of spin components ¢y, ..., %y and cartesian components U, ... 7 :

o = —3YTYsys + 3VErousvd + 8YTvE — 9VBYoYi et} + 27/2¢545 + 3V6YTYS Yy
—18to3ths — V613 harhziba + 6000tp193sths + 3horbihdaby — Sy}
—18V6y3 oty + 27/201p3 — 18V60whiathT + 24930303 + 2403 bsy?

= —US+6U'V? - 9U?V* - 3UX? + 9V3UBV X2 — 15U%V?X? — 33U V3 X2
+15/2U% X* — 9V3/2UVX* — 3/4V2X* — X0 - 3U*Y? — 9V3UPVY?
—15U2V2Y? 4+ 3V3UV3Y? - 39/2U%X%y? — 3/2V2X2y? — 3X Y2
+15/4U2Y* +9V3/20VY* —3/4V?y* —3X%y* — Y5 — 183UV XY Z
+6V3V3XYZ - 21UX3Y Z + V3V X3Y Z + 2TUXY3Z + 9V3VXY?3Z
—3U4Z% +120%Vv?% 22 —9vizZ2 — 6U%X2 2% + 9V3UV X2 2% — 15V2 X2 72
—3X*Z% —6UY2Z? —9V3UVY?2Z% — 15V2Y2 22 + 21X2Y? 7% — 3y 22
—18V3VXYZ3 - 3U%Z* + 6V?2z* - 3X%z* —3v? 7% — Z°. (6.8.12)
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What does this mean for the tensor (6.8.9), (6.8.10)7 For convenience, we work in the

spin basis, and write down the characteristic polynomial ¢(t) of h :

q(t) = det(hij — té,)
4v/243
3v3

+Athorhy + dpipy — 8 \/?/10%%

= P+ 2t93+ —dtprips — 4\/?/111#2103 + 43

202V 2V vV X2
= B+t (U+V*+X*+Y?+2°%) — +—=-UX’+
V3 3V3 V3
s VY? 2V 22
+UY? + +2XY 7~ : (6.8.13)

V3 V3
The eigenvalues of h;; (roots of (6.8.13)) sum to zero by tracelessness, and the discriminant
of the cubic ¢(t) is easily found to be exactly the same as ¢, the discriminant of the quartic
polynomial p, up to a factor; C lines are places where the matrix h is degenerate.

It is very surprising that these two polynomials, the quartic Majorana polynomial p,
linear in the spin coefficients 1, and the cubic characteristic polynomial g, cubic in the
Yy, share the same discriminant. Even more astonishing, however, is that the relationship
between the coefficients of p and ¢ is exactly the same as those of Ferrari’s construction
of the solution to the quartic polynomial [Boy68] pages 286-287: in order to find the roots
of a quartic polynomial, one constructs a cubic polynomial whose solution is found by
the Cardan-Tartaglia formula, and then finds the roots of the quartic in terms of the
roots of the cubic. The (hitherto) purely algebraic method for solving quartic equations
therefore has a physical interpretation, where the two polynomials (6.8.11), (6.8.13) are
related by a purely geometric construction. Maybe a reason for the this analogy is that
the Ferrari method is indeed the only way a quartic and cubic polynomial may be related
(with respect to roots), and the physics of C lines requires this connection to be made.

The codimension of degeneracies of complex symmetric matrices is indeed 2, as may
be readily verified by considering the 2 x 2 symmetric matrix (: g), whose characteristic

polynomial has discriminant

(a4 B) —4(af — %) = (a — B)* + 4% (6.8.14)
If a, 3,7 are complex, both of the complex summands on the right hand side of (6.8.14)
must vanish, as a normal phase singularity. If they are all real, degeneracies are still

codimension 2 since to be zero requires the vanishing of two squares. By comparison,

degeneracies of hermitian matrices have codimension 3 [Ber94c].
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The precise meaning of degeneracies in the h wavefield, in terms of its real part as
phase x is varied,

hg) = Re hj; exp(—ix) (6.8.15)

)

is not clear. Fach of the real matrices hz(; is traceless, and if y is changed by m, each of
its eigenvalues t; — —t;; so at any point there must be at leat two phases for which one
of the eigenvalues vanishes. These structures are highly complicated, and have yet to be

fully understood.

6.9 Discussion

Unfortunately, our explanation of tensor singularities finishes here; obviously much more
work needs to be done before the understanding of these objects reaches the level of vector
singularity understanding.

In this chapter, we have interpreted the vector polarization fields in terms of spin,
found the significance of C and L lines in these spin fields, and generalised to spin fields
with spin greater than 1, both for paraxial and nonparaxial fields. We have seen that
the paraxial spin singularities are equivalent to the paraxial vector singularities of section
4.2, including their statistical densities in isotropic random paraxial spin fields, which
are the same as those calculated in section 4.5. Questions as to the morphology of these
singularities (generalised C points having index 1/n) still remain, and no explicit examples
of these have been studied in any particular detail.

The C and L singularities of spin fields in three dimensions are not particularly well
understood. The topological nature of their interactions, the role of the permutation
group, the possibility of other sorts of singularity (maybe with codimension other than
2) are all subjects requiring further investigation. This probably will not increase our
understanding of spin 1 singularities, but may provide further tools in manipulating them.

We have only looked at C lines in spin 2 fields. These are topologically more interesting,
and more fundamental; the discriminant is a simpler and more fundamental object than
the resultant of a polynomial with its dual.

C and L lines in high spin fields may be subjected to statistical analysis, and the
random wave model of section 4.6 generalises directly, using the plane waves described in
section 6.4. The resulting random field has U, ..., Z (equivalently vy, ..., 1) as five inde-

pendent, identically distributed gaussians. However, the singularity density calculations
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are intractable; expression (6.8.12), and its vorticity, cannot be simplified further.
Although the newly discovered literature on Petrov types must be digested and un-
derstood, it is likely that the similarities cease at this point. The key to understanding
the singular nature of C lines in spin 2 fields is (6.8.15); as the phase varies the orthogo-
nal eigenframe varies, but how, geometrically, is it singular when h is degenerate? This
problem is quite difficult, but must be solved before the true singular geometry of tensor

singularities can be appreciated.

6.10 Appendix: Spherical harmonics in tensor bases

In this section we recall some elementary properties of the spherical harmonics Y, (6, ¢),
and relate them to tensors with ranks 1 and 2 for [ = 1, 2. Unlike the rest of this chapter,
notation will be somewhat more conventional; the spin index m runs from —[ to [ (rather
than g running from 0 to 2s = n), and cartesian indices are z,y, z; integers are reserved
for spin indices, and the axis of rotation is the z-axis. Square brackets are used for objects
in a spin basis, round for objects in a cartesian basis.

Spherical harmonics are simply an appropriate form (linear if [ = 1, quadratic if [ = 2)
of the unit polar vector u(f, ¢) = (cos ¢sin b, sin ¢ sin 0, cos #); the tensors which make the
form are a basis with respect to the inner product.

The spin 1 spherical harmonics Y] correspond to the vectors

1 0 1

El:_ﬁ il E'=10|. El=—" | (6.10.1)
0 1 0

and, with the spherical harmonics given their usual definition [Mac27], for m = 1,0, —1,

Ym0, 6) = %Em -u(6,0). (6.10.2)

The E™ form an orthonormal basis with respect to the usual inner product, and transform
to the usual cartesian basis {(1,0,0), (0,1,0), (0,0,1)} by the unitary transformations (cf
(A.3.3))

0 0 v2|. (6.10.3)
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Note that E! is the negative of the two dimensional right-handed circular vector defined
in (A.3.1); this is due to the conventions of spherical harmonics, constructed from raising
and lowering operators (the “Condon-Shortley convention” [Alt86]).

For | = 2 the cartesian objects are traceless symmetric matrices, of the form (6.8.9),
with inner product defined by (6.8.8). The matrices corresponding to the spherical har-

monics Y;" are found to be

1 i 00 1 1 0 0
1 1 1
h? = —|i -1 of, h''=——1|0 o0 , h°=4/=[ 0o -1 of,
V2! V2 1 3
0 0 1i0 0 0 2
0 0 1 1 —i 0
1 1
h! - L I I e B , 6.10.4
% 0 0 —i 5| 0 ( )
1 —i 0 0 0 0
and, for m = —2,...,+2,
Y I (6.10.5)
5 = 167Tu u. .10.

A spin 2 state h is specified by five parameters (see (6.8.9)), which is written as a five-
dimensional vector {U,V, X,Y, Z}, called cartesian because the basis states of this rep-
resentation are orthogonal with respect to the inner product (6.8.8). The relevant five-

dimensional unitary matrices transforming between cartesian and spherical bases are

1 0 0 0 1 1 0 0 0 —i
0 0 V2 0 0 0 0 i -1 0
1 1
Mg,sac:\ﬁ 0 —i 0 —i o], MQ,HS:E 0 V2 0 0 0
0 -1 0 1 0 0 0 i 1 0
i 0 0 0 —i 1 0 0 0 i
(6.10.6)

Note that, as with spherical harmonics, the only states totally orthogonal to the z-

direction are those of +m.
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Appendix A

The geometry of ellipses

‘We then have first to understand - we must start with something - we first

must know what an ellipse is.’

Richard Feynman, in Feynman’s lost lecture,, eds. Goodstein and Goodstein, Vintage,

1997

Since much of the material in this thesis is dependent on ellipse geometry (either from
the polarization ellipse of vector waves or the anisotropy ellipse of intensity describing the
phase squeezing around a dislocation core) this appendix summarises the basic properties

of ellipses in two and three dimensions that are used in the text.

A.1 Basic coordinate geometry

We shall start with coordinate geometry. An ellipse is defined to be the locus of points

(up to rotation and translation) with cartesian coordinates (x,y) satisfying the equation
R (A.1.1)

where a, b are real and a > b > 0. a is called the major semiazis (or semimagjor axis), and
the points (+a,0) are the points on the ellipse furthest from the origin (and each other);
b is the minor semiazxis (or semiminor axis), and (0, +b) are the ellipse points closest to
the origin.

Equation (A.1.1) generalises the equation for a circle radius 7, centre 0 (ie (z2+y?)/r? =

1), so the ellipse is a circle if a = b. If b = 0 then y = 0 always and the ellipse is a line of

197
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Figure A.1: Ellipse coordinate geometry, showing the pythagorean relationship between

a,b, f and the eccentric angle ..

length 2a on the x-axis. The traditional construction of the ellipse, as the locus of points
the sum L of whose distances from two points (foci) is always constant (easy to construct
with two pegs and a piece of string). If the foci have coordinates (£ f,0) (f is the focal
length), then, as shown in figure (A.1), L = 2a, and at (0,+b), there is a pythagorean
relationship between a, b, f :

a? = b+ f2. (A.1.2)

In this triangle, the angle 6. opposite b is called the eccentric angle of the ellipse, and the

eccentricity € of the ellipse is defined to be

b2
6Ef/a:(30805:\/1—a—. (A.1.3)

€ has values between 0 and 1 - £ = 0 implies that b = a and the ellipse is circular, whereas
e = 1 implies b = 0, and the ellipse is linear.

Different authors, particularly in ellipsometry (eg [Woa00, Bar85]) use other parame-
ters to describe the degree of eccentricity of the ellipse, such as the ellipticity b/a = sin 6.,
but here the eccentricity € is used, which is 0 when the ellipse is circular (emphasising the
similarity between C points in ellipse fields and zeros in scalar fields).

Writing equation (A.1.1) in terms of plane polar coordinates (R, ¢) leads to a para-

metric equation for the ellipse,

ab

R(¢) = .
2 Vb2 cos? ¢ + a2 sin? ¢

(A.1.4)

If the ellipse is rotated such that its major semiaxis makes an angle ¢y with the z-axis,
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(a) (b) (©

Figure A.2: Generalised ellipses of equation (A.1.7): (a) n =4, (b) n =3, (¢) n = 10.

the equation is

ab
Rro Qb = . Al5
@) Vb cos?(¢ — o) + a? sin(¢ — ¢o) ( :
Equation (A.1.4) can be integrated to give the area of the ellipse,
2m
do R(4)* = mab, (A.1.6)
0

generalising the area of a circle, 72, Note that the symmetry of the ellipse means that
R(¢) = R(—¢) = R(¢ + m). Also note that the ellipse can be generalised to a family of
closed curves with an eccentricity parameter e = /1 — b?/a?, but with n lines of reflective

symmetry (spaced at w/n - an ellipse has two at right angles), with equation

ab

Rn(¢) = .
\/ b2 cos? ”7¢ + a2sin? "2—¢

(A.1.7)

Some examples of generalised ellipses are shown in figure (A.2).
Another parameterisation of the ellipse is the locus traced out by the vector with

cartesian coordinates

W (x) = (acos x,tbsin ) (A.1.8)

as 0 < x < 2m; such points satisfy equation (A.1.1), the sign giving the sense in which the
ellipse is traced out, anticlockwise for 4, clockwise for —. The angle parameter y is called
here the phase angle, since, up to a global rotation, this is the vector traced out by its
real part as phase x is varied, as appears in various places throughout this thesis (and is
discussed in the following section). In the geometric context, y is also called the auxiliary
angle, since it is the (polar) angle on the auziliary circle of radius 2a circumscribing the
ellipse, as in figure (A.3). It is shown and discussed in section 2.3 that sectors of the

ellipse with equal intervals of x have equal areas; this is one of the two ways that angular
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Va
X

Figure A.3: The auxiliary circle, with phase angle x and the corresponding polar angle ¢.

momentum can be conserved on an elliptical orbit, the other of course being an inverse
square central force directed towards a focus. The relationship between the two types of

orbit is examined by [Nee97].

A.2 Ellipses and linear algebra

Equation (A.1.8) shows that ellipses may be easily described by vectors, as the image of
the circle U(x) = (cos x, sin x) under a diagonal transformation

a 0 cos X

Wi(x) = ' . (A.2.1)

0 +b sin y
This is in fact general for any real 2 x 2 real symmetric matrix M; MU traces out an ellipse
with semiaxes equal to the eigenvalues, the semiaxis directions given by the eigenvectors,
and the sign of the determinant determining the sense of rotation of the vector. It also
provides another way of finding the ellipse area mab. The hessian matrix of a real two
dimensional function describes the Gauss curvature ellipse, as discussed in section 1.2.
Throughout this section we shall normally be considering vectors in two dimensions, but
most of the results generalise in an obvious way to three dimensions.

For a complex two dimensional vector (X,Y real)

V=X +iY, (A.2.2)
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the real part traces out an ellipse as the phase is varied, ie
W (x) = Reexp(—ix)V = Xcos x +1iY sin, (A.2.3)

generalising equation (A.1.8), since this holds even if X, Y are not orthogonal. If £ > 0,

there is always a phase xq, where

Vo = exp(—ixo)V
= (Xcosxo+ Ysinxo) +i(Y cos xo — X sin xo)
= Xp+iYyg (A.2.4)

such that X - Yo = 0, which occurs when

2X - Y cos2xo = (X% — Y?)sin 2xo, (A.2.5)
that is, such that
2X-Y

xo shall be referred to as the rectifying phase of the ellipse; it measures the phase discrep-
ancy between X, Y and the orthogonal semiaxis frame of the ellipse. It is singular (not
defined) if ¢ = 0, (ie X-Y =0, X2 — Y2 =0,) and C points are therefore rectifying phase
singularities.

The original X,Y are interpreted geometrically as conjugate semiradii of the ellipse,
that is, the tangent to the ellipse at X is parallel to Y, and vice versa. This is easily seen
from equation (A.2.3), since the tangent to the ellipse at phase angle y is in the direction

W'(x) = ddV;f = —Xsinx + Y cos x (A.2.7)
so, at X, x = 0 and W/ =Y as required (similarly at Y, x = 7/2 and W/ = —X). In
fact, any two phase vectors W (x), W (x +m/2) are conjugate semiradii, and are also phase
conjugates in the sense of section 2.1.

When the phase angle is not important, the ellipse can be considered as a contour of a
quadratic form, derived from the real symmetric matrix M = (1/5” ’ 1/0b2> in (A.1.1), and
more generally by rotating this in the plane. This interpretation is relevant when, as with

the hessian mentioned above, one wants to consider the contour shape of a surface in two

dimensions, such as p? from (2.3.1), which is, in general,

p? = constant + (R - V&) + (R - Vp)?
= constant + R (V& ® VE + Vi @ Vi)R. (A.2.8)
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The quadratic form ellipse has major and minor semiaxes interchanged from the phase
ellipse traced out by W in equation (A.2.1), and equation (A.2.8) makes it clear why:
in (A.2.1), X,Y, are vectors with units of length, whereas in (A.2.8) V&, Vn are forms
(contour normals) with dimensions of inverse length (see for example, [Sch80]).

Equation (A.2.8) gives a way of constructing an orthogonal basis in real n-dimensional

space (more democratic than the usual Gram-Schmidt orthogonalisation procedure), given

n linearly independent real vectors X1, ..., X,,. The real, symmetric n X n matrix
n
M, =) X;®X, (A.2.9)
j=1

gives the locus (when taken as an n-dimensional quadratic form) of an n-dimensional
ellipsoid on which Xy,...X, lie; the eigenvectors of M, provide an orthogonal basis
(provided there are no degeneracies), and if n = 2, these are precisely Xy, Yo of equation
(A.2.4).
This result can also be used to find the mutual perpendicular, Z, to a set of n — 1
linearly independent vectors X1,...X,,_1 : it is the null eigendirection of the matrix
n—1
Mno1=» X;®X;, (A.2.10)
j=1
and is equal to the vector given by the generalised cross product (where components of
the vectors X are written as superscripts, and €45, is the general antisymmetric symbol)

7% =eqp p X7 ... XP

n—1-°

(A.2.11)

In particular, if n = 3, and p + iq is a complex three dimensional vector (see equation

(4.3.1)), the flat ellipsoid (ie the ellipse) of the matrix
Ms;2=p®p+q®q (A.2.12)

has normal in direction p A q.
The eigenvalues of My (and nonzero eigenvalues for Mj3 5, with appropriate replace-

ments of symbols), are given by

(X2 FY2E /(X2 Y22 —4(X A Y)2) (A.2.13)

N

H+ =
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and the eccentricity of the ellipse is

2 = 1- Z—_
N
= 2(X1AY)2 <X2 +Y? - /(X2 Y22 —4(X A Y)?)
X/ (X24Y2)2 —4(XAY)2 (A.2.14)

The eigenvectors corresponding to p4 can be found using xo from equations (A.2.4),

(A.2.6). The expressions are messy and complicated, and are not given here.

A.3 Ellipses and the complex projective line

Another way of encoding the information of a two dimensional phase ellipse (as in equation
(A.2.3)) is by using a circular instead of cartesian basis, with right and left handed circular

vectors are defined by

er (ex +iey), (A.3.1)

1
V2
1
e, = —(e;—1le,). A32
T5(ex —iey) (A32)
Note that the definition of eg used here is —1 times that used in chapter 6 (which comes
from symmetries of spherical harmonics). The basis transformation matrices are (in obvi-

ous notation)
1 1 1 1 (1 i

Mo—>+ ==

M, o= —— : 1
V2 \ o V2 \1 —i

(A.3.3)
Thus V in equation (A.2.2) may be rewritten in circular coordinates ayer + a_er,
(ax complex), where
1

as = (L F V) (A.3.4)

In fact, [oF] is an elementary spinor, discussed extensively in chapter 6, where different
notation is used because different conventions are. All complex vectors shall now be
assumed normalised (that is, [V| = y/|a4[2+ |a—[2 = 1). The (normalised) ellipse is
traced out in the complex plane by associating er with exp(ix) and e, with exp(—ix),

that is the locus of complex numbers

a4 exp(ix) + a— exp(—ix) (A.3.5)
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which trace out an ellipse about the origin. It can be shown [Nee97] that

1
a = ﬁ(|a+|+‘a*’)v
1
b = E(|a+|_‘a_’)7
o Aol |
(ot | + o)’
1
oo = i(argmr—arga_), (A.3.6)

where the sign of b, as before, gives the sense of rotation of the ellipse, and ¢q is as in
equation (A.1.5). Four real parameters describe an ellipse, the real and imaginary parts
each of ay : these four freedoms correspond to overall size (equivalent to normalising),
angular orientation ¢g, eccentricity e, and phase (equivalent to xg, the position on the
ellipse when y = 0 in (A.3.5)). If we are only interested in the orientation and eccentricity,
the phase (which is the overall phase of the spinor [o']) is redundant, and these ellipse

geometry parameters can be described by one complex number (possibly co):

z=—), (A.3.7)

Note that equation (A.3.7) gives a bijective correspondence between all possible nor-
malised ellipses (of both handednesses) and the complex plane (including co). z = 0
corresponds to a righthanded circle; z = oo corresponds to a lefthanded circle. The circle
in the complex plane |z| = 1 corresponds to the linear ellipse with ¢ = 1, and argument

giving the possible orientations (mod 7).

Since the complex coordinates a.y, a«— can be multiplied through by any complex num-
ber without changing the ratio a— /a4, the space of all such pairs is called the complex
projective space of dimension 1, or complex projective line (since it has only one complex
freedom). This generalises to n dimensional complex projective space when there are n+1
complex numbers whose ratios are invariant, and these are related to the various spaces of
spinors, as discussed in chapter 6. There are well-known connections between two dimen-
sional complex spaces and three dimensional real spaces (mainly due to the fact that the
universal covering group of the 3D rotation group SO(3) is the 2D unitary group SU(2),
[Nee97]). Advantage is taken of this to give a further geometrical description of ellipses in

the following section.
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A.4 The Poincaré sphere and Stokes parameters

Given that the complex projective line is the complex plane including oo, it is natural to
consider stereographic projection of z in equation (A.3.7) onto the unit sphere (from the

south pole), with polar angles (a, ), where
a = 2arctan |z, B = argz, (A.4.1)

and

z = tana/2 exp(if). (A.4.2)

This sphere is called the Riemann sphere in the theory of the complex projective line
[Nee97, Fra97], but when it parameterises (polarization) ellipses, it is called the Poincaré
sphere [Poi92]. Ellipses for the remainder shall be described using the language of polar-
ization. The Poincaré sphere is in 1-1 correspondence with the different possible states of
polarization ellipses in the plane (up to overall size and phase, as described previously).
By equations (A.3.6), (A.3.7), (A.4.1), the Poincaré sphere azimuth [ is clearly ¢g/2;
since an ellipse is symmetric with respect to a rotation by m, there is no redundancy here
(although it means that the space of the Poincaré sphere is not real space). The colatitude
angle « is related to the eccentricity by the same equations; if 0 < o < 7/2 (the ‘northern
hemisphere’), polarization is right handed, with circular polarization at the north pole. If
7/2 < a < 7 (the ‘southern hemisphere’), the polarization is left handed, with circular
polarization at the south pole. Polarization is linear on the equator (aw = 7/2), and reflec-
tion in the equatorial plane (o« — m — ) reverses the handedness of the polarization, but

does not otherwise change the ellipse. a and ¢ are related directly by

4tana/2

= A43
° 7 (1 +tana/2)? (A-4:3)

A visualisation of the Poincaré sphere is shown in figure (A.4).
The spinor [a4,a_] = [cosa/2exp(—if/2),sin a/2exp(iF/2)] has a convenient repre-

sentation in terms of the Riemann-Poincaré sphere, via a remarkable result attributed to
Archimedes (implicit whenever one integrates over the sphere, but stated explicitly here).
The spinor space can geometrically be represented by a cylinder, of height h = |ay| —1/2
(recalling that the spinor is normalised), and azimuth § = 1/2(argay — arga_) (we are
not concerned about the phase singularities at h = £1/2), which circumscribes the unit

Riemann sphere. Archimedes’ result is that any strip of the cylinder, of width Ah around
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Figure A.4: The Poincaré sphere, with cartesian axes (s1, $2,s3), indicating the polar

parameters for certain ellipses.
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height h has equal area on the cylinder and on the sphere, as h = cos «, and the measure of
cos « is uniform on the sphere. Thus the natural Hilbert space measure (where a,a_ are
identically and independently distributed) corresponds to the natural geometric measure
on the Poincaré sphere; that is, statistically, sets on the Poincaré sphere of equal area are
equally likely, a fact used in the vector wave statistics of chapter 4.

The geometric interpretation of the Poincaré sphere is also implied (via the aforemen-
tioned connection between SU(2) and SO(3)) by the fact that, if s = (s1, 2, $3) is a (unit)

vector on the surface of the sphere, and o is the 3-vector of Pauli spin matrices
(01,02,03) = | , , (A.4.4)

then a 2 x 2 hermitian matrix H(s) is defined

H(s) = ls o 1 S3 $1 — is9 _ 1 cos & sin avexp(—if) (A45)
2 s1+1isg  —s3 2 sin avexp(if3) — cos
If the spinor [ | represents a quantum mechanical state, then H is the hamiltonian for the
system (see [Ber87] for more details). H has eigenvalues +1/2, with [ ] the eigenspinor
for +1/2. More details of this geometry are discussed in chapter 6.
The cartesian coordinates of s can, as usual, be written in terms of the polar angles
a, 3, and the complex number z, of equation (A.3.7) may be rewritten

51 +is
1+ s3 '

z =

(A.4.6)

In terms of the original (not normalised) vector V.= X + 1Y the four Stokes parameters

So, 51, 52, 53 are defined

So = |V]?

Si o= ValP =1V =X - X2 +Y.-Y]

Sy = ViV, + Vi Ve =2(Xo X, + Y2Y,)

Sy = —i(V;V, =V, Vy) =2(X,Y, - Y2 X)) =2XAY (A.4.7)

and the components of s are the normalised Stokes parameters,

i=1,2,3. (A.4.8)



208

The geometry of ellipses

The vector s is called the Stokes vector. The eccentricity (A.2.14) can be rewritten in

terms of the Stokes parameters

W

implying that

S5 =+ 2—g2

The the angle of the major semiaxis ¢ is

1
¢ = 3 arctan 5—2

1

&2 — ;(SO_\/S(%—S?%) \/83—53
_ 822<1—\/1—8§>\/1—&
3

2v/1 — ¢2

(A.4.9)

(A.4.10)

(A.4.11)

The Stokes parameters are phase (gauge) invariant; multiplying the complex vector V by

any phase does not change the Stokes parameters (just as it does not change the ellipse).

Note that the Poincaré sphere is only good for describing the polarization of vectors

and ellipses in two dimensions (eg paraxial optical fields). The correct analogue of the

Poincaré sphere in three dimensions is the Majorana sphere My, described in relation to

the Poincaré sphere in chapter 6.
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