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Spin and orbital angular
momentum of coherent photons
In a waveguide
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Center for Exploratory Research Laboratory, Research & Development Group, Hitachi, Ltd., Tokyo, Japan

Spin angular momentum of a photon corresponds to a polarisation degree of
freedom of lights, and such that various polarisation properties are coming from
macroscopic manifestation of quantum-mechanical properties of lights. An
orbital degree of freedom of lights is also manipulated to form a vortex of
lights with orbital angular momentum, which is also quantised. However, it is
considered that spin and orbital angular momentum of a photon cannot be split
from the total orbital angular momentum in a gauge-invariant way. Here, we revisit
this issue for a coherent monochromatic ray from a laser source, propagating in a
waveguide. We obtained the helical components of spin and orbital angular
momentum by the correspondence with the classical Ponyting vector. By
applying a standard quantum field theory using a coherent state, we obtained
the gauge-independent expressions of spin and orbital angular momentum
operators. During the derivations, it was essential to take a finite cross-
sectional area into account, which leads the finite longitudinal component
along the direction of the propagation, which allows the splitting. Therefore,
the finite mode profile was responsible to justify the splitting, which was not
possible as far as we were using plane-wave expansions in a standard theory of
quantum-electrodynamics (QED). Our results suggest spin and orbital angular
momentum are well-defined quantum-mechanical freedoms at least for
coherent photons propagating in a waveguide and in a vacuum with a finite
mode profile.
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orbital angular momentum, spin angular momentum, gauge invariance, Poincaré sphere,
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1 Introduction

Newton recognised the polarisation degree of freedom in lights and called it as “sides”
[1], whose properties were successfully elucidated by Stokes [2] and Poincaré [3] within the
framework of classical mechanics [4-6]. Later, the discoveries of Plank and Einstein led to
the establishment of quantum mechanics, and the wave-particle duality is unified in the form
of a light quanta, a photon [7-10]. From a quantum mechanical point of view, the
polarisation is understood as spin of a photon [8-10]. There are a lot of experimental
evidences to believe that spin of a photon is 1 in the unit of Dirac constant, %, which is the
Plank constant, h, divided by 27 [7-10]. The most standard justification of spin 1 nature of a
photon is the selection rule of absorption and emission of a photon by electrons in an atom
[7-10]. Spin 1/2 nature of an electron and the integer quantisation of orbital angular
momentum of electrons in a spherical potential are well-established, and the absorption and
emission of a photon involves the change of 72 in the orbital angular momentum of electronic
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FIGURE 1

Topological charge by optical angular momentum. The contour
integral along the closed circle C in a cylindrical coordinate (r, ¢, z) is
considered, which gives the winding humber, called the topological
charge. Note that the existence of the node at the origin is
required to support the topological charge. We assume that the light is
propagating along z and the direction of rotation is defined to be
positive, if the rotation is anti-clock-wise seen from the top of the z-
axis in the detector side. In this definition, the left-circular vortexed
state, shown above, corresponds to the positive winding number,
corresponding to the quantised optical angular momentum pointing
towards the positive z direction.

states [7-10]. Spin 1 of a photonic state implies that there are
potentially three orthogonal states, quantised along the direction of
the propagation. However, a photon is propagating at the speed of
light, ¢, in the vacuum, and it is described by a transverse wave.
Consequently, electromagnetic fields of photons are oscillating
perpendicular to the direction of the propagation, such that we
can observe only two orthogonal polarisation modes and the spin
0 component is not observed [10]. As a result, the polarisation state
of a photon [11-14] is described as a quantum-mechanical 2-level
system using the SU(2) Lie algebra [4-6, 6, 8, 9, 15-27]. Therefore, it
is natural to believe that a photon has inherent spin 1 as a quantum-
mechanical degree of freedom.

It was rather recently that orbital angular momentum [5, 6, 28-33]
of a light is considered in addition to spin. Allen and his co-workers
demonstrated that the orbital angular momentum of the Laguerre-
Gauss mode of a light is quantised in the unit of 7 [28]. In their
derivation, the classical electromagnetic wave in the Laguerre-Gauss
mode under Lorentz gauge is used and the orbital angular momentum
was calculated by using the classical Poynting vector, and the
quantisation of electromagnetic fields as photons were taken into
account at the end of the calculation to estimate the orbital angular
momentum per photon [28]. In this pioneering work, they obtained
that the orbital angular momentum of a photon is quantised in the unit
of i [28]. This suggests that the orbital angular momentum is also well-
defined quantum-mechanical degree of freedom in addition to spin.

However, this native expectation is subsequently denied, because
the gauge-independent expressions of spin and orbital angular
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momentum for photons were not obtained [29-31, 34, 35]. It is now
generally believed that spin and orbital angular momentum of photons
are not separately well-defined in a proper unique gauge invariant way
[29-31, 34, 35]. More recently, it was successfully found that spin and
orbital angular momentum operators are well-defined to satisfy the
commutation relationship with the SO(3) symmetry in a gauge invariant
way [36]. These previous works of quantum-field theories were based on
plane wave expansions, which are suitable for most of many-body
systems with translational and rotational symmetries, including black
bodies, for which quantum mechanics was developed [7-10], and even
more exotic systems like Quark-Gluon Plasma (QGP) [30]. Here, we will
revisit this grand challenge for a monochromatic coherent ray of photons
travelling in a waveguide, where rotational symmetry is spontaneously
broken upon lasing. We are considering application in laser optic
experiments [6], and therefore, we will work in a rest frame and we
have not used the covariant formulation for relativity, which is important
for high-energy physics such as Quantum Chromo-Dynamics (QCD)
[30]. Nevertheless, we have employed the field theory of Quantum-
Electro-Dynamics (QED), tailored to consider the Laguerre-Gauss mode
in a GRaded-INdex (GRIN) fibre [6, 37]. We show that it is essential to
consider the finite size of the mode profile to derive appropriate
expressions for spin and optical angular momentum operators.
Fundamental understanding on the nature of spin and orbital
angular momentum would be important for various applications of
structured lights [38-43]. For example, it was experimentally
demonstrated that an arbitrary spin state could be converted to
the properly designed superposition state of orbital angular
momentum [44], and this experiment suggests that the orbital
angular momentum state is well-defined with the polarisation
state, so that spin and orbital angular momentum must be equally
qualified observables. It is also interesting to consider the light-matter
interaction and the corresponding selection rule with the orbtial
angular momentum [41]. It was shown that the dipole selection
rule is not significantly affected by orbital angular momentum,
while orbital angular momentum of lights could be transferred to
the orbital of an excited electron in a quantum dot [41]. The
conservation law of total angular momentum is also important
in silicon photonic devices, and we have previously shown that the
quantum number of spin and orbital angular momentum emitted
from the micro-gear must be determined by the number of gears and
the number of nodes in the ring [45]. For high-speed fibre-optic
communication, orbital angular momentum will expand the
bandwidth significantly, and technologies for multiplexing and de-
multiplexing are important [40, 46]. Among many other applications,
we think it is exciting to explore macroscopic quantum coherency
among various superposition states with orthogonal spin and orbital
angular momentum states, known as classically entangled states
[38-43]. In order to explore the potential use of these states for
quantum computing and/or quantum simulation [47], we have
and orbital

represented based on a quantum field theory.

examined how spin angular momentum are

2 Classical electro-magnetic waves
with optical angular momentum

Before showing our final results, we start from classical results
for electromagnetic waves and adding some complexities gradually
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TABLE 1 Summary of fields in different gauges. The horizontal polarisation is
assumed.

Lorentz gauge Coulomb gauge

Gauge V~A+%Bt¢:0 V-A=0
Helmholtz eq. V2A = pge a:l V2E = pge az2
Vector potential A=(A00) = (A,0,-29.A)
Scalar potential ® = % u O=0

Electric field iw(A,0,%9, A) iw(A, 0,209, A)

Magnetic induction (0,0,A, -0, A) (0,0;A,-0,A)

to address what was the potential issue [5, 6, 28-33]. First, we
confirm orbital angular momentum described by a Laguerre-Gauss
mode in a free space under the Lorentz gauge [28]. Then, we confirm
that the same result can be obtained by using the Coulomb gauge
and compare the difference of gauges. We also confirm the impacts
of polarisation on optical angular momentum by using a
horizontally polarised mode and a circularly polarised mode.
Finally, we extend the analysis for the GRIN waveguide for both
polarisations.

2.1 Lorentz gauge in homogeneous media

2.1.1 Lorentz gauge

Here, we consider a uniform transparent material with the
dielectric constant of € and the permeability of p,. The velocity
of the light in the material is given by vy = 1/,/€ff; = c/ng, where
1y = +/él€y is the refractive index of the material and ¢ = 1/ /&, is
the velocity of the light in a vacuum with the dielectric constant of €.
The permeability of the material barely changes in a non-magnetic
material, and therefore, it covers most of transparent materials, even
if we set the permeability with that in the vacuum [6]. Our results
below would not be changed for transparent magnetic materials as
far as the permeability is spacially uniform [48]. However, if
materials are metallic, we must consider coupling between
plasmons, such that our results would not be applicable and
proper consideration on plasmonics [49, 50] and impacts of
meta-surface [51] are necessary. In the limit of ¢ — ¢, the
material is equivalent to the vacuum. The vector potential A and
the scalar potential @ under Lorentz gauge satisfy the following
equations [5, 6]

(vhizaf)A:o (1)
Yo
2 1 2
<v ——23t>®=0 @)
Yo
1
V-A+=0,d=0. 3)
Vo

The electric field, E, and magnetic induction, B, are obtained by

E=-VO-9,A (4)
B=VxA, (5)
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respectively, which immediately gives the electric displacement field
D = ¢E and the magnetic field H = B/u,. We can confirm that
Maxwell equations [5],

V.-B=0 (6)

V-D=0 (7)

VxE=-B (8)
oD

VXHZE, 9)

in the absence of the charge p = 0 and the current J = 0 are satisfied
under the Lorentz gauge by directly inserting Eqs 4, 5.

2.1.2 Paraxial approximation
We consider an electromagnetic wave in a Cartesian coordinate.
From Maxwell equations, we obtain the Helmholtz

az
VIE = e s E (10)

A particular solution, polarised along the horizontal direction is
E(r) = E(r,2) (11)
= Eoy (r, ¢, 2)e =g, (12)

where r = (x, y, z) is the Cartesian coordinate, z is the axis along the
direction of the propagation, k = k,,, is the wavenumber, w is the
angular frequency, t is time, r = \/xZ + 2 is the radius in the
cylindrical coordinate (r, ¢, z), and X is the unit vector along the
x-axis. y(r, ¢, z) describes the mode profile of the field. If the ray is
predominantly propagating along z as an almost collimated beam,
we can use a paraxial approximation [6, 28]

o'y aw
0 < k Ky,

and the Helmholtz equation becomes

0, 1(d &
az¥ ™ 2k\ax2 o2 )V

which is the same form with the non-relativistic Schodinger

(13)

(14)

equation [8, 9, 52-54]. A particular solution, which is separable
in a cylindrical coordinate [6, 28], is obtained as

V(r.6,7) = % (fwr>lm”'<2(w>z> 1)

e - eszR eimd o=i @ntlml+Dtan”! (z/zo)’

where LL"’I is the associate Laguerre function, » is the radial
number of nodes, m is the quantum number for orbital angular
momentum, ¢ is the angle in the cylindrical coordinate, the
dispersion is give by w = vok = vok,, = vongky = cky with the
wavenumber in the vacuum, k, = 27/A for the wavelength of A,
the beam waist is given by w = w(z) = 1+ (2z/z0)%, where wy is
the waist at the origin z = 0, the Rayleigh length (the confocal
parameter) is zy = k,,,w2/2, and the radius of the spherical phase is
R(z)=z+ zo/z

2.1.3 Topological charge

In the mode profile of y(r, z), the phase factor of e”? is very
important to describe the optical orbital angular momentum of #m
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FIGURE 2

Orthogonality between electric and magnetic fields. The vectorial direction of B is obtained by rotating E with the amount of 90° along z.

[28]. Another important feature of the Laguerre-Gauss mode is the
Gouy phase [28, 52, 55-59]

¢ = 2n+|m| + Dtan™ (z/z). (16)

The phase of the Laguerre-Gauss mode as a scalar field of y(r, z) is
given by

2
$16(1:6,2) = Ky 5+ 6 = 9 (2) (17)

We consider the gradient of the phase in the cylindrical coordinate

(r, ¢, 2)

kvt m 0
V¢LG=( w gz) as)

where the unit vectors along r and ¢ are obtained by a rotation of the
unit vectors in (x, y) coordinate (Figure 1) as

r\ [ cos¢ sing \[x
(é)_<—sin¢ cos¢)<§7>' (19)

In particular, it is important to be aware that the unit vectors r =
r(¢) and d = (i)(q5) depend on ¢.

We consider the contour integral for the closed path C (Figure 1)
for the gradient of the phase as

1
= <JSCV¢LG dr. (20)
1 (m
= EIO 77‘61(!) (21)
=m, (22)

which is the winding number, called the topological charge. Please
note that I is the dimensionless number, such that it is confusing to
call it as charge. The winding number would be a more precise word,
instead. Nevertheless, the existence of the finite I is responsible for
twisting lights to form a vortex with optical angular momentum,
such that it works like a source of generating a vortex of the electric
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field, similar to charge, which is the source of divergence of the
electric field. In order to sustain the vortex, it is essential to have a
node within the inside of the contour, C. Otherwise, the integration
of the gradient simply becomes zero as

1 1
ELOV‘!’LG ~dr = Py (1 (11) — ¢ (x0)) (23)
-0 (24)

in the limit of closed integration circle, r; — ro. This means that
there is a node required at the centre of the beam in order to sustain
non-zero topological charge, which is guaranteed in the Laguerre-
Gauss mode with a power of 7" for m # 0. Please also note that there
is no singularity in the electric field but there is a node (zero point). In
other words, the amplitude becomes zero, such that it is impossible
to define a phase at the node. Therefore, we can also claim that there
is a singularity in the phase, if we try to define the phase at the node.
This is consistent with the view that we should not expect
singularities in observables like electric and magnetic fields. The
topological charge simply corresponds to a node.

Another important source of an unnecessary confusion is the
definition of the direction of the rotation of the vortex. Depending
on whether we are observing the vortex from the detector side or
from the source side, the rotation will become opposite. In our
paper, we define the positive rotation for the left-circular vortex,
seen from the detector side, which corresponds to the positive
topological charge, m > 0 (Figure 1). We usually use the right-
handed coordinate for Cartesian coordinate of (x, y, z), and we are
assuming that the light is propagating towards the positive z
direction. In the descriptions of the rotation of the vortex and
the polarisation ellipse, we think it is natural to describe in the (x, y)
plane, seen from the top of the z-axis, corresponding to seeing from
the detector side for a ray pointing towards z (Figure 1). In the
cylindrical coordinate, a standard definition of the angle ¢ is
measured from the x-axis in the anti-clock-wise direction, such
that x = cos ¢ and y = sin ¢. In this coordinate, the left-circulation
(anti-clock-wise) of the contour corresponds to the positive
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FIGURE 3

Examples of waveguides of (A) a rectangle shape and (B) a cylindrical shape. The mode profile is essential to confine lights inside waveguides, so that
a plane-wave cannot be a good approximate mode. The Gaussian profile is used to describe the Hermite-Gauss mode for the strip waveguide (A) and the

Laguerre-Gauss mode for (B) in a GRIN waveguide.

topological charge, and we will confirm that this corresponds to the
quantised orbital angular momentum of imN\/, pointing towards the
direction of the propagation z > 0, where A is the number of
photons in the ray. Consequently, if the rotation of the vortex rotates
in the opposite direction, which is the right-circular (clock-wise)
rotation, seen from the detector side, the orbital angular momentum
of the vortex becomes negative, as imA < 0.

Similar to the polarised lights, we would like to propose to call as
vortexed lights for the ray with a vortex of non-zero topological
charge.

2.1.4 Convention of the time average

The time dependence of the ray, we are considering in this paper,
is simply described by e . Strictly, both E and B must be real, since
these are observables but it is easier to use complex valuables,
instead, and to make a convention to take the real part at the
end of the calculations [6]. In this convention, it is important to take
a factor of 2 for the products, because the time average of cos*(wt) or
sin®(wt) must be 1/2. This is important when we consider the
momentum of the electromagnetic wave

Prieq = €(E x B) (25)
1
= V_%SPoynting (26)
and the Poynting vector
SPoynting =Ex H: (27)
whose time averages are obtained as
Priaa = (Pricia): (28)
11
=— ~R[E*x H] (29)
v5 2
1_
= V_%sPoynLing, (30)
and
SPoyming = <sPoynLing>t (31)
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= %ER[E x H*] (32)

= %ER[E* x H], (33)

respectively. The Poynting vector describes the flux flow of the
energy by photons, such that
§Poyming = VOUis (34)

where Upiaq = hwN'/V is the energy density of photons, where V is
the volume of the system.

2.2 Horizontally polarised Laguerre-Gauss
mode in Lorentz gauge

Next, we consider the horizontally polarised Laguerre-Gauss
mode in Lorentz gauge [28] using the vector potential,

A(r,¢,2) = (A(r, 4,2),0,0) (35)

= A(r, ¢,2)% (36)

= Aoy (r, ¢, 2)e! k0% (37)

= Aou(r, z)e™mel ket (38)

=AY (r, 4, 2)%, (39)

where the total mode profile and the propagation is described by the
wavefunction

Y (r, ¢,2) = y(r, ¢,z)e' <= (40)

= u(r, z)e™el ket (41)

In this case, we obtain B and E as a function of A = (A, 0, 0). It is
straightforward to obtain
B =(0,0.4,-0,A), (42)

where we have abbreviated as 0, = d/0x, ay =0/0dy, d,=0/0z,and 0, =
d/ot. The Lorentz condition becomes

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1225360

Saito

1 iw
0xA+ —0,p = 0,A— — 43
+ g0 0 43)
=0, (44)
from which we obtain
2
A
-0 (45)
iw ox
Then, we obtain
2 2 2
E- iw<%aiA +A,53,9,A l‘;axazA) (46)
w
In the paraxial approximation, we can neglect as
|04l |07 A| < 19,0.Al, (47)
and we use d; — ik,, and w = vok,,. Then, we obtain
2 k
E=~ iw<A, 0,2 2"°8xA> (48)
w
<iw(4,0.209.4). (49)
w

For the calculations of Poynting vector and the momentum, we

calculate
E* x B ~ iw( Ad,AY, ~A*9,A, ~A*0.A), (50)
which yields
%[E*XB]:%(EXB*+E*><B) (51)
- %( A*9, A~ AD, A", A*9, A~ AD, A", A*3, A~ AJ,A*) )

- %(A*ﬁA—AﬁA*),

where V = (9,, dy,9;). This is very similar to the expression of
the quantum mechanical expectation value [28]. By defining a
standard quantum-mechanical momentum operator

p= %v (53)
h
= — (0 0y,0:) (54)

The naive expectation value of the momentum would be A*pA.
However, this becomes a complex value. As we have calculated
above, the major contribution to the momentum becomes

ho,oo. . 1
> (A*VA - AVA*) = 3 (A*pA — ApA¥) (55)
1/ .. o
=3 <A*pA - A(fV>A*> (56)
1
1 . h <
- (A*pA - A*(—, v )A) (57)
1
1
=2 (A*pA+A*(p)' A) (58)
1o
- EA*(p +p')A (59)
Thus, we obtain
R(E x B] = 5= A*(p + ')A (60)
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Therefore, we realise that the vector potential is essentially an
wavefunction. In fact, it can also be re-written as

R[E* x B] = %|A0|2(\P*§\If — V). (61)

This expression is very similar to a probability flux for a
wavefunction [7-10, 28]. For taking the time average, it becomes

_ €
Pricq = EQR[E x B*]), (62)
_Ew /1 > >
= <2—i(‘I’*V‘If —Ww)),, (63)
for which we expect the relationships, |Eo| =~ w|Ao| and
Ugield = €lEo|*/2 = ew?| Ag|*/2, and we obtain
= Ugied /1 /.= .
Prgg = <; (v 0w - ‘I’V‘I’*)> . (64)
i
The dominant contribution of this value becomes
o U iel ~
Priag — —ki. (65)
w

If we accept the coherent monochromatic light is quantised as
photons, the average energy density simply becomes the ratio
between the number of photons (N') and the volume (V),

U}-‘ield = hw—, (66)

v
which immediately yields

Ppigq — hkﬂ’ Z. (67)
14
This means that the total momentum density of the electromagnetic
wave is the sum of the contributions from photons per unit volume,
and each photon has the momentum of p = #k. This is also
consistent with the Bose-Einstein condensation nature of the
coherent ray of photons from a laser source, because the
coherent photons occupy the same energy and momentum state.
In the above estimation, we have not considered the mode profile,
coming from the Laguerre-Gauss mode, such that we calculate

(R[E* x B]), = |4, <2K[iw(‘1’ax‘l’*, A —‘I’*&Z‘I’)]>t
(68)

in more detail. To do so, it is better to move to use the cylindrical
coordinate. The derivatives are converted to be

1
0, = cos ¢9, — . sin ¢dg (69)
1
0, = sin ¢0, +  cos $0y, (70)
for which we use
3y eHk = i, el (71)
™R
and
8¢ei'”"’ = ile™?, (72)
Then, finally we obtain
P Uraa (r cos ¢ — 2 sin ¢ T sing + 2 cos 1) (73)
feld = —cos¢—-—sing, —sin¢ +-—cos$, 1),
Field R ¢ kr R ¢ kr ¢

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1225360

Saito

where we can also use the Plank’s law for the quantisation of
photons, UsadV = hoN = hvok N, and thus
Urietd/vo = hw/vy = hkN/V. In the cylindrical coordinate, the
momentum density becomes [28]

(74)

_ Nr .
Priaq = hkv (* +

ﬂ<i>+i>.
R 7

k

After obtaining the momentum density, we can proceed to
estimate orbital angular momentum, which is naturally expected
as [28]

Mgiad (7, ¢, 2) = 1 X Priag (75)
:Ui;eld(rsin(/)—;isingb—gzcos¢, N (76)
—rcos¢+ﬁzcosgb— Ezsingb, E)
=U1F:ld<—%zf~—rzzzTézg<i)+%i> 77)
_ Uzj:ld]ﬂ(_;A _ % ZZZEZZ 0 A>) (78)

for which we can also use the quantisation condition to obtain
N <
(1 - %)®+z C o (79)

v
This means that the major component of the optical orbital angular

z

. kr
r

_r—-—

Mie > @ =
pld(r¢z) m m

momentum is along z direction, which is given by #mN. This
suggests that a photon with topological charge of m carries the
orbital angular momentum of %m along the direction of the
propagation.

We can also calculate the magnitude of the optical orbital
angular momentum density as [28]

_ N 22 (kr)’ 1 ?
|Mgiaa| = hmv 1+ (;) + <Z> <m> . (80)

2.3 Horizontally polarised Laguerre-Gauss
mode in Coulomb gauge

In the previous subsection, we have confirmed the original
approach using the Lorentz gauge [28] for the preparations. The
results should not be dependent on the arbitrary choice of the gauge.
Here, we use the Coulomb gauge to confirm it.

In the Coulomb gauge [5], the vector potential satisfies the
transversality condition

V.A=0, (81)
which yields

B=VxA (82)

E=-0A. (83)

One might naively think that the horizontally polarised
Laguerre-Gauss mode is described by

E = Eou(r, z)e™be! ke-eg

=E,x,

Frontiers in Physics

07

10.3389/fphy.2023.1225360

however, this is wrong because this does not satisfy the transversality
condition due to the r and ¢ dependences of the vortexed mode
(A # 0 and 9,A # 0).

The correct form for the Coulomb gauge would be
iVQ

—aXA),
w

which is the same form for that in the Lorentz gauge. Therefore, the

E= iw(A, 0, (86)

small finite longitudinal component is responsible for guaranteeing
the gauge-invariant solution. Consequently, the vector potential in
the Coulomb gauge is described as

1
iw
Vo
= (A, 0, ,—axA), (88)
1w

which is obviously different from that in the Lorentz gauge due to
the existence of the longitudinal component of A.. We can double
check that this satisfy the transversality condition, directly by

calculating
V.-A=a.A- 2304 (89)
1w
k
- <1 - VL)axA (90)
w
= 0. 91)

By using the vector potential and vanishing scalar potential in
the Coulomb gauge, we obtain the same formulas for E and B,
compared with those obtained in the Lorentz gauge. Therefore, A
and @ could depend on the choice of the gauges, while the
observables such as E and B cannot be dependent [5]. The
differences of the gauges are summarised in Table 1. In
particular, the inclusions of the small longitudinal fields are
indispensable for the considerations of the orbital angular
momentum due to the spatial dependence of the mode profile.
This is a remarkable difference compared with the simple plane-
wave expansion without considering the mode profile in the most of
the theory of QED [7, 10, 29-31, 34-36]. This is one of the key
considerations to enable the splitting of spin and orbital angular
momentum, as we shall see in due course.

2.4 Circularly polarised Laguerre-Gauss
mode in Lorentz gauge

Before we continue to consider the full quantum field theoretic
treatment, it is further worth for learning from the historical work
[28] for circularly polarised mode, because this shows how spin
could appear in optical angular momentum. Here, we will go back to
the Lorentz gauge [28], because now we understand that the choice
of the gauge should not affect the final result at all.

For circularly polarised Laguerre-Gauss mode, we assume

1 .
A= 5 (Lin 04 (92)
where 0 = 0, corresponds to the quantum number for spin pointing
to the direction of the propagation (z). Usually, a circularly polarised
state is defined by a transverse electric field, and we will in fact
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confirm that the above postulate for a vector potential is consistent
with the calculated electric field as a circularly polarised state. In our
preferred notation, shown in Figure 1, the left-circularly polarised
state corresponds to the anti-clock-wise rotation of the polarization
circle, seen from the detector side, which corresponds to o = +1 and
spin angular momentum along z for the photon is +#. The right-
circulary polarised state rotates clock-wise, which corresponds to
0 = -1 and spin angular momentum per photon is . A = A(r, ¢,
2) = Ag¥(r, ¢, z) = Agu(r, z)e™?e ™" is described by the Laguerre-
Gauss mode, such that we have spatial profile with the non-zero
derivatives.
It is straightforward to obtain the magnetic induction as

1 io

io
B=|-—%0,A,—=0J,A
( V2

From the Lorentz condition, we obtain

1
A Wzm). (93)

1 .
DA+ = A~ 2 (94)
Yo Yo
=0, (95)
which gives
il 1 io
O=2(—=0,A+—=0,A | 96
w (ﬁ o > 00
In the paraxial approximation, we calculate
VO = vo[ 0,0, 3,4+ 23 A (97)
=W > Yy \/z X \/z y >

and together with 0,A = —iwA, we obtain

o1 o 1 io
E= <I(UWA, —(A)WA, —V0<W8XA+ W&%,A)) (98)

Here, we confirm that the transverse electric field of (E,, E,) is
consistent with the assumed circular polarisation as E,/E, = io. The
small longitudinal component of E, plays an essential role for
splitting spin and orbital angular momentum, as we will see below.

Then, we can proceed for calculating the momentum and the
optical angular momentum. First, we calculate

(E* x B), =~ —(A*0,A - Ad A* +io( A*D,A + Ad,A¥))

@
2
(" x B), ~ -(A%0,A - 40,4" —io (40,4 + A3,A%)) )
(E* x B), ~ “iwA*d.A,

where the spin independent term is coming from the orbital
component, which is the same as that in the horizontally
polarised mode and is proportional to F (¥*V¥), while the spin
dependent term is described by the components of R (P*VY). We
have already calculated orbital angular momentum, such that we will
focus on the contributions for spin angular momentum. The extra
factors for spin are

S(E* x B), ~ %a(A*ayA + A3, A¥) (100)
8(E X B), = 2.0 (A", A + AJ,AY). (101)

For them, we evaluate the derivatives,
0ge™™ = ime™? (102)
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8¢e_im¢ = —ime™™9, (103)

which will cancel each other for R (¥*V¥) = (P*VV + YV¥*)/2.
Therefore, we can drop 8¢, as

0y = cos ¢9, — %sin $0y (104)
— €08 ¢0, (105)
0, = sin ¢, + %cos $0s (106)
— sin¢o,, (107)

and we also use the identity
% (u*o,u + uo,u*) = %Brlulz. (108)

Finally, we obtain
6Priaq = 5 OCRE* x B]) (109)
= ﬂ|Ao|20(sin gbla,lulz, —cos ¢1a,|u|2, 0)

2 2 2 (110)

€W 1 ~
= ——|Al’0 20, [u*®.
2 2

This gives the angular momentum contribution from spin as

M4 (1, ¢, 2)

Utkie 1 . 1 1 111
=F—ldcf(—zcosgbiaAulz,zsmgbiarlulz,—r58,|u|2). (1

By averaging over the cross section, x and y components vanish,
and we calculate

j;ordrjzﬂd¢5<Mpield (r¢.2)> 5

M4 (2) = R (112)
[ rdr[ "dlu(r,¢)
where we use the normalisation condition
0 r 2 _ 2 2790 00 2
- rdr 20, |uf’ = [-5Hul’ ] + [, drrlul , (113)
=1
and we obtain [28]
Y U iel ~
Mpiaa = —Ng,2 (114)
w
=h—o0,12. 115
v (115)

Therefore, the circular polarised ray carries the spin angular
momentum, and the single photon contributes with the amount
of ho, along the direction of the polarisation. In our convention
(Figure 1), the left-circularly polarised photon (o, = +1) brings 7,
while the right-circularly polarised photon (o, = —1) brings —7 [28],
as we expected.

2.5 GRIN fibre for a Laguerre-Gauss mode

Next, we consider a GRIN fibre [6, 37], which has a quadratic
dependence of the dielectric constant profile on r, described as
e(rp = n(r)*/ct = (1 —gzrz)/v(z), which is equivalent to the
refractive index dependence of n(r)* = n2 (1 — g*r?). We consider
that the distribution of the dielectric constant is sufficiently uniform,
such that we can neglect the derivative, Ve = 0. The advantages to
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consider a GRIN fibre does not reside purely in practical
availabilities, but we can solve the Helmholtz equations exactly
without employing the paraxial approximation. Therefore, it is a
quite useful model to consider a theoretically sensitive issue like the
splitting of spin and orbital angular momentum from the total
angular momentum. Here, we consider a Laguerre-Gauss mode in a
GRIN fibre within the classical electromagnetic treatment [6] for the
application to the angular momentum.

We continue to use the Lorentz gauge in this subsection, and the
Helmholtz equation in a GRIN fibre becomes

[vz—izu—gzrz)af]A:o. (116)
V

0

For the horizontally polarised mode, the solution would be in
the form of A=A(r,¢,2)= A(r,¢,2)x=AY (r,¢,2)x=

Agy (1, ¢, 2)el D% = Agu(r, z)emPel k=@ The  solution
becomes [6]
N T <\/§r)ml
7w (n+|m])! we\ wy (117)

\\ -2
Llr:n|<2<_> )e wtz’ eim¢’
Wo

where the beam waist becomes constant, wy = ~/2/ (gk,,), with
ky, = kong = 2mnp/A # k, and the dispersion relationship, w = w(k),
is given by

(k) = 3K + 802 2+ m + 17 + 8wy 2n+m+ 1), (118)

where 8w, = vog. The radius of the spherical phase diverges, R — oo,
so that the beam is perfectly collimated to propagate in a GRIN fibre
for a long distance without focussing or de-focussing within the
fibre. The important point, here, is that the profile of the Laguerre-
Gauss mode works as an envelop function, y(r, ¢, z), against the total
wavefunction, ¥(r, ¢, z). In the simple plane-wave expansion, the
approximation of y(r, ¢, z) — 1 is employed, but this is not
acceptable when we consider the orbital angular momentum, due
to the vortexed beam shape with a node, characterised by topological
charge.
The Lorentz condition becomes

1
V~A+ﬁ(1—g2r2)a,cl)=0. (119)
0

By inserting the horizontally polarised form, A = (4, 0, 0), we obtain

9L A — ’V—‘f (1- g)® =0, (120)
0
which gives
Vo 1 1
O="_— " HA 121
ko 1—g*r% i (121)

Therefore, we can approximate V@ = v, (0,0, 0,A). Together with
this and 0,A = —iw(A, 0, 0), we obtain

E = (iwA,0,—v;0,A). (122)

We also obtain

B =(0,0.A,-0,A). (123)
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Then, we can proceed for calculating the momentum and
angular momentum. For that, we need to estimate

RE* x B] = Ao (R [iw(W0, V%, -¥*0, ¥, ~¥*3.¥) |),. (124)

By evaluating derivatives,

J[¥*9,¥] — 0 (125)
S[wo,¥] - m (126)
S[¥*0.¥] — knp» (127)
we obtain
- € m . m
Priaa = Ew|Ao|2(—7SIH ¢, ~ cos ¢, an> (128)
UField m. . m
= - T , 1. 129
” < four sin ¢ four cos ¢ > (129)

Using the quantisation of the energy for photons, we obtain

- N{m . |
PField :hkn07<k r(D+Z>.
o

(130)

Finally, we obtain the angular momentum

) U
Mgiaa (7, ¢, 2) = :eld (r sin ¢ — —— 2z cos ¢,

m
0 no

k1

—rcosd)—ﬂzsin(/), ﬂ) (131)

B kv Kt
Uriald m . .om,
= - Zr—r®+-—1
Vo ot Ky,

(132)
m

z, kyr . .
= th(—fr— _ <I)+z>
r
For the circular polarised state, we can follow exactly the same
procedure to obtain the spin contribution to the angular
momentum as

\ U el ~
Mgiaa (1, ¢, 2) = FTM oz (133)
~ W0 (134)

These results are the same as those obtained by taking the limit
of R — oo in the formulas obtained for the free space.

3 Quantum field theory for photons
with spin and orbital angular
momentum

In the previous section, we have confirmed the important
optical
momentum [28]. While it was intriguing to obtain the quantised

discovery of Allen and collaborators for angular
angular momentum, solely by accepting the fact that the energy of
the optical ray is quantised as a photon at the end of the calculation,
it is not conclusive whether spin and orbital angular momentum are
really fundamental quantum degrees of freedom of photons or not
[5, 6, 28-36]. In particular, it is highly questionable whether we can
derive a full quantum-mechanical expression solely by using
Poynting vector and the classical expectation for the angular
momentum, r X Ppaq, because % is not included in classical
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mechanics as a fundamental constant. In particular, spin is inherent
quantum degree of freedom without a classical counterpart.
Therefore, we need to employ full quantum field theory to
understand the quantum nature of spin and orbital angular
momentum of photons.

3.1 Problems of plane-wave expansions
in QED

3.1.1 Motivation to consider a plane-wave

First, we clarify the problems of using plane-waves for the
description of the coherent monochromatic ray of photons
emitted from a laser source. Historically, the quantum mechanics
was developed to explain black-body radiation, such that it would be
natural for physicists at that time to consider photons of all possible
modes under thermal equilibrium with the Plank distribution
function at finite temperature [7-10]. Therefore, a standard
theory of QED is based on the plane-wave expansions of the
field, imposing the commutation relationship to field operators as
Bosons for photons [7-10]. However, photons are barely interacting
each other due to the absence of charge, and a coherent ray of
photons from a laser source is described by a single mode [6, 32, 60]
essentially similar to the Bose-Einstein condensation, in a sense that
the macroscopic number of photons are occupying the same state.
Due to the absence of the Coulomb interaction between photons,
photons can be treated purely quantum mechanically without
considering the ensemble average [10, 32, 60], such that the
temperature for photons emitted from a laser are equivalent to
zero temperature, even if the measurements are conducted at room
temperature.

In that sense, it would be not suitable for light from a laser by
using a plane-wave for discussing the nature of orbital angular
momentum. Even lights from Sun are not spreading to the entire
universe like plane-waves, and lights are predominantly propagating
along uni-direction with finite spreading as wave-packets. Moreover,
the plane-wave cannot sustain the vortexed lights, as we have shown
in the previous section due to the lack of the node at the centre of the
= 0), the
plane-wave description is not suitable for the light propagating with

vortex. Even without the orbital angular momentum (m

the finite mode profile for discussing the nature of spin of photons,
as we shall see below. Plane-waves are suitable for extended states,
spreading to the entire system, while lights propagating in a
waveguide are trapped in bound states. Nevertheless, in this
subsection, we intentionally use the plane-wave to understand
what was the problem to elucidate the nature of the angular
momentum of photons.

3.1.2 Many-body theory for photons

In this subsection, we explain our notation on the use of the
quantum field theory for photons. The use of the plane wave
corresponds to the flat nodeless mode profile, which spreads the
entire volume of the system, which is described by an envelop

function

y(r,¢,z) =1, (135)
and the full single wavefunction for a photon is
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¥ (r, ¢, z) = ¢ (k=i ha) (136)

= e, (137)
where 8 = kz — wt + By describes the standard phase evolution for a
photon, propagating along z and f3, is the arbitrary U(1) global
phase. Here, we consider a propagation in a uniform material, such
that the dispersion is w = vok. The normalisation over the volume, V,
is included in AyocA/V, or the electric field strength,
Ey = \2hwN/(eV). The factor of the average number of
photons, N, is coming after taking the quantum-mechanical
average over the coherent state, such that the electric field
strength per photon, ey = 2w/ (eV), is used to define the
complex electric field operator,

E(2,1) = epe® (auk + avy), (138)
whose complex conjugate (adjoint) is
£ (z,1) = epe® (415 + aly), (139)

where d;{ (ay) and &I, (avy) are creation (annihilation) operators for
photons in horizontally (H) and vertically (V) polarised modes [10,
32, 60, 61]. Creation and annihilation operators must satisfy the
commutation relationships for Bosons [10, 32, 60, 61],

(140)
(141)

ld5,a,] =0

Aoat
[aa: aaf] = 60,0’,

where ¢ and ¢ describe the polarisation, and &, is the
Kronecker delta, which gives 1 for the same mode and 0 for the
orthogonal mode.

The observable electric field operator is given by

A 1/~ =«
B-5(&+€) (142)
_Cora B At iB\o o (A wiB 4 AT a-iB)e
) ((aHe +age )x+(ave +dye )y), (143)
which always satisfy the transversality condition
V.E=0,E, (144)
= 0.

One would recognise that this is already a big problem when we
consider orbital angular momentum, because of the lack of the small
longitudinal component along z (Table 1), which was responsible to
guarantee the gauge condition. Nevertheless, let’s continue to see
what happens to spin angular momentum under the plane wave
expansion. Please also note that we have not summed up over all
possible electromagnetic modes in a waveguide, because we are
considering a single mode of a monochromatic coherent ray from a
laser source.

The transversality condition for the Coulomb gauge, V - A = 0,
also yields the vector potential

1 o B At miB\e o (A oiB _ AT B
BT AT
= 5 (e = e )xr e e ?)y),

which gives the amplitude of the vector potential per photon,
ap = eyl (iw) = \/2hw/ (eV)/ (iw), corresponding to the average
amplitude for the vector potential of A, = ag VN = eyl (iw) =

V2hwNT (eV)/ (iw).
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The magnetic induction operator is calculated as

B=VxA (146)
= (0,0,0.) x (A A),0) (147)
=(-9.4,,09.4,,0) (148)

= Vlo ezl(_(ﬁveiﬁ + d:,eiiﬂ)f{ + (ﬁHeiﬁ + ﬁ;{e*"ﬁ)};) (149)

This corresponds to the average amplitude of the magnetic
= uylHol = |Eol/vo = \/€fiy|Eol, which gives the
ratio between the magnetic field and the field,

= |Hol/|Eq| = \/tty/€. In the vacuum, the last value becomes 7, =
\/m =377 Q.

We think it is worth for clarifying our definition of the
(Figure 2). As we
we define our rotation seen from the

induction of |By|
electric

polarisation for electromagnetic waves
explained in Figure 1,
detector side, and the positive rotation is for the anti-clock-wise
direction. The electric field and magnetic induction operators are
summarised as

ey
Il

X +E,y (150)

B

s-

(-E,x + E,y), (151)

where the components of the electric field operator are defined as

E, = EO(aHe‘B +a e "3) (152)
Ey = %O(ave”3 +a e”’z) (153)

The relative vectorial relationships are schematically depicted in
Figure 2. In our definition, the vectorial direction of the magnetic
induction is obtained by rotating the electric filed with the amount of
90° along z. The 90°-rotation of the electric field corresponds to the
application of the optical rotator, which rotates the polarisation state
described by Jones vector on the Poincaré sphere with the amount of
180° along S;, which converts the horizontal linear polarisation to
the vertical one or the diagonal linear polarisation to the anti-
diagonal one, while keeping the circular polarised states for both left
and right circulations.
The Hamiltonian is expected to be

1y o 1.
=Jd3r[—E-D+—B-H].
2 2

Upon inserting field operators, E and B, we consider a boundary

(154)

condition

jLeiikde =+ ;C [etikz]L =+ .l(eiikl_ _ 1) — 0, (155)

0 1 1

which is equivalent to the longitudinal phase-matching condition
k =2nn/L with an integer n € Z for a laser in a cavity with the length
of L,
experimental preparation, but as far as a coherent ray is emitted

= L. The actual boundary condition depends on the

from a laser source, we can assume that the phase is coherent and a
similar boundary condition is satisfied. This also gives

jLeiiZkde -+ 1 [eiiZkz]L -+ L(etiZkL _ 1) -0, (156)

0 i2k 0 i2k
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and the spatial integration gives the volume V' = L,L L., which will
be cancelled with the contribution from e%. Finally, we obtain

N o/, 1
(“H‘ZH " 2) " (”V“V * 2)]

where zero-point fluctuations of #w/2 per polarisation degree of

H = how (157)

freedom are successfully included.
The momentum density operator for photons is given by

Priaa = €(E x B) (158)
14
==S§, (159)
Yo
where the Ponynting vector operator is
S=ExH. (160)
The integrated total momentum operator becomes
Proa = [ P (161)
N (. 1
= hkz[(aHaH + 2) + (uvav + 2)], (162)

where the zero-point oscillations are included. If we consider a ray,
propagating in an opposite direction, the zero-pint oscillations
cancel each other among photons with +k and —k.

3.1.3 Problems to derive angular momentum
operators
Then, we proceed to calculate the angular momentum operator

M= Jd% T X Prog (163)

—eJd%rx(Exﬁ) (164)

using plane-wave basis. We use identities [5],

rx(Ex(VxA))=Er(VxA))-(r-E)(V xA)

(V X A) = 1€ij%0; Ay = €ijk7i0; A= (rxV)- A,

and split the total angular momentum operator [29-31, 34-36]
into the orbital angular momentum operator L and the spin angular
momentum operator S

M=L+S, (165)
where
izeJd% E(r ]§) (166)
and
S= —eJd3r (r fi)ﬁ (167)
— e[ @ (rB)(Vx A) (168)
But, this is not extremely successful, because L vanishes
=¢ j d’r B(r-B) (169)
=S [dr (BaBpo0)(-xE, +yE)  (170)
=0, (171)
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due to the odd parity symmetry of x and y against the origin, while £ y
and E, are parity even for plane-waves. Consequently, this proves that
plane-waves cannot sustain the orbital angular momentum. This
result for L may not be a big concern, because we have confirmed
in the previous section, a node in the core of the wave, as topological
charge, is required for a vortexed ray with orbital angular momentum.
However, we have the same problem for S, as

§=—€J.d31‘ (rﬁ)ﬁ (172)
— e | @r (xE. + yE,)(-EpEn0) (73
-0, (174)

due to the same argument on the parity symmetries of the integrand.
Moreover, if we continue to use S, anyway, we can attempt to
integrate like

— J &t €in(r;E; ) (914 ) s

— e[ i, ve [ dremdnd(riE).  (76)
where the first term might vanish [30, 34, 35], if we consider the
mode vanishes at the boundary of the waveguide. The tactic of the
introduction of the vanishing boundary condition [30, 34, 35] can be
justified, if we consider a mode profile, which is not properly taken
into account for plane-waves. Then, we obtain the only finite
component along the direction of the propagation (i = z),

S.=¢ J d’r (ExA), (177)
which apparently depends on the choice of the gauge [29-31, 34, 35].
We obtained this expression by using the Coulomb gauge, and one
might be able to justify to take only the transversal component of the
vector potential to justify this formula [29, 31]. However, it is still
questionable to retain the finite operator contribution, which has
vanished in the symmetry argument. Nevertheless, if we continue to
proceed to express S, in creation and annihilation operators, we obtain

S. = (-i)hz(aay - alay), (178)
which makes reasonable sense [29]. Although the derivation, we
have confirmed, in this subsection is not acceptable, the final result is
intriguing.

Next, we show that the problems were coming from the choice of
the expansions of the field by plane-waves. Our goal is to justify the
splitting between spin and orbital angular momentum and to get
more insights for obtaining full quantum operators for spin and
orbital angular momentum. We will achieve this goal by using a
Laguerre-Gauss mode and a standard quantum-field theory for a
vortexed coherent monochromatic ray.

4 Spin and orbital angular momentum
operators in a GRIN fibre
4.1 Principles

We must develop a quantum field theory for a coherent

monochromatic ray for photons, propagating in a waveguide.
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Therefore, we need to take topological charge into account for
allowing the vortexed beam with a specially non-trivial profile. In
order to make the argument based on a specific example, we
consider a GRIN fibere, but the application to the other
waveguide will be straightforward. Here, we consider the
fundamental principle to develop the theory.

First, we consider a monochromatic coherent state for photons
[32, 60, 61],

lag 2

log) = e 2

€% |0, (179)

where o describes the polarisation state such as horizontal (H) and
vertical (V) states. «, is a complex number, which we will obtain,
soon. We can also choose other combinations of orthogonal states
such as diagonal (D) and anti-diagonal (A) or left (L) and right (R)
polarised states. The quantum mechanical expectation value of the
number operators by the coherent state becomes

(180)
(181)

<“a|d;d¢r|‘xa> = |(xcr|2

:Na,

where N, is the average number of photons in the polarisation
mode of 0 [32, 60, 61]. From the total number of photons, we have a

sum rule
N=Nu+Ny, (182)
which is obtained by assigning
ay = VNe ™2 cos a (183)
ay = VN €2 sin a, (184)

where « is the auxiliary angle to split A/ into Ny and Ny by
decomposing the electric field into two orthogonal components, and
¢ is the phase between two orthogonal modes. The total state of the
photonic state is described by a direct product as

(185)
(186)

la, 8> = |y, av)

= lasd oy ).

The electromagnetic field, expected from the coherent state,
must be compatible with Maxwell equations and, thus, with the
Helmholtz equation. Both the electric field and the magnetic field are
observalbes and obtained by taking the quantum-mechanical

expectation values by the coherent state. The dominant
contribution for the complex electric field becomes
p 2h
E(rt) ~ w/—V“)\y (r, ) (drX + avy), (187)
€

where W(r, f) works as a wavefunction to describe the orbital part of
photons. If we take quantum-mechanical average of &£(r,t), we
obtain the complex electric field

E(r.t) = <§y> (188)
= (a, 8| (r,)|a, &) (189)
= \/ZZL—V‘”\P(L £)<a, 8] (auk + avy)la, 8  (190)
_ e cosa
= E¥(r, t)< e"0/2 ¢in o )’ (191)
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where Ej = y/2hwN/(eV) as before, and the vectorial part

represents the Jones vector

which describes the spin state of photons [6, 11, 12].

e cosa

e"/2 gin (192)

{a, b|Jones) = (

As we have shown in the previous sections, the results should
not depend on the choice of the gauge. We will chose the Coulomb
gauge, such that E(r, t) should satisfy the Helmholtz equation
(Table 1), which is equivalent to imposing ¥(r, t) to satisfy the
Hembholtz equation,

2
V3 (r,t) = ,uoe(r)%?’(r, t). (193)
This means that the orbital wavefunction of a photon is described by
the Hembholtz equation rather than the Schrédinger equation. In a
free space, this simply gives the plane-wave, but in a material with
the spatial profile of the dielectric constant, the solution can be
highly non-trivial, depending on the symmetry of the system and
boundary conditions. For a monochromatic ray, we can assume a
simple Plank-Einstein relationship of E = hw, such that the
wavefunction is described by a single mode of the angular
frequency of w as ¥(r, f) = ¥(r)e ™', and we obtain

VA (1) = —wpye (r)¥ (r). (194)

4.2 Hermite-Gauss and Laguerre-Gauss
modes

In a GRIN waveguide, we can assume pe(r) = (1 — g*r?)/v2
and ¥(r) = y(x, y)e'* ", which allows to de-couple the plane-wave
propagation along z with the mode confinement in (x, y), which is
governed by

2 2 2
2w WG o, 2, @ _
<<ax+ay—7r >+<—k +?>>y/—0 (195)
0 0
In the cartesian coordinate, we can assume
2 o W, g
ax+ay— " r w:—zv—o(l+m+1)ww, (196)
which gives the Hermite-Gauss mode [6]
x v\
v(x,y)=H V2 = |H, V2 = e ™, (197)
Wo Wy
where wy = +/2/(gk) and H; is the Hrmite polynomial.
In a cylindrical coordinate,
1 1 2 2
(af v+ 5o - Y r2>1//
r r Yo (198)
=27 2n+ml+ Doy,
Vo
which gives the Laguerre-Gauss mode
(r¢) = Var ‘mlL"”‘ 2 — Z ¢ 5 e (199)
ll/ ’ Wy " Wy ’
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The dispersion relationship for the Hermite-Gauss mode is
given by a frequency shift, Swy = g, as

W = 20wy (I + m+ 1w —vik* =0, (200)

and the corresponding equation for the Laguerre-Gauss mode is
obtained by replacing | = 2n and m — |m]|. This can be rewritten by
using the Plank-Einstein relationship for the energy (E = fiw) and
momentum (p = #k) of a photon,

E? =2 (hdw,) (I + m + 1)E - (vop)’ = 0, (201)
which yields
E=A+ A+ (vp), (202)
where the energy gap A is
A=hdw,(l+m+1) (203)
=mv, (204)

which implies that the photon confined in a waveguide is massive
due to the broken symmetry [62-65]. The mass increases with the
increase of the orbital angular momentum m and the radial
quantum number of n. In a weak coupling limit (g — 0), the
effective mass of m* vanishes. We should choose the solution of
the positive energy for the confined mode, propagating the
waveguide, and thus we obtain

E=A+\A+ (vp).

Below, we will focus on the Laguerre-Gauss mode with a cylindrical

(205)

symmetry. We normalise the wavefunction as

J Lrvf =V, (206)
and the normalised solution becomes
2 n! \2r bl
Ve = )
(207)

r\\ -2
Ll:rd(z(i) )e wg eim¢,
Wo

where the volume is given by V = w}L,. The amplitude of the

electric field for the ray is given by Ey = 1/2hwN'/ (ew3L,) and the
amplitude per photon is ey = /2w/ (ew3L,).

Now, we will examine the complex electric field operator in
more detail. According to our classical considerations for a
Laguerre-Gauss beam, it was essential to take the small
longitudinal component for ensuring the vortexed beam
sustained by topological charge. This corresponds to add the
longitudinal component, c‘:'Z, as

E(x,yzt)=Ex+Ey+E.2 (208)

= ey (aux +avy) + €2 (209)
for obtaining a self-consistent result in the Coulomb gauge (Table 1),
for which

E=-0A (210)

must be satisfied. The latter corresponds to the identity for the
complex vector potential operator,
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N
A=—E& (211)
iw
By inserting this into V - A = 0, we obtain
5 1.
VoA = 20, Way +9,¥ay) + —d.E. (212)
iw iw
=0, (213)
which gives the longitudinal component of the operator as
& = —ey (0« %ay + 9, Yay), (214)
iw
where we have used
1 k
—0, = — (215)
iw w
1
= —, (216)
Vo
which is valid in the weak confinement limit, g — 0.
Consequently, we obtain
& A A Yo A .
E= 60(\1,61}{, Yay, — (Bx‘I’aH + ay\I/av)), (217)
iw
whose conjugate becomes
& - eo(\P*dL, el +0 (994G + ay\mg)). (218)
The electric field operator is also obtained as
1/ 4
E- (&+€) (219)
= 62—0 (War + 46", Yay + P*al,
(220)

Vo o N ~ N
"o (ax‘I’aH - 8X‘I’*a; +0,¥ay - E)},‘I’*af,)),

whose quantum-mechanical expectation value must always be
real, which is guaranteed by E' = Eand the electric field of a photon
is observable.

On the other hand, the conjugate of the complex vector potential
operator satisfies

A = I < (221)
1w
which yields
~ 1/~ ot
Azi(A+A) (222)
1 174 4
- __-(e-s*) (223)
iw 2
1
= — X (Way - v, Yay - wral,
la)v 2 (224)
20 (0, + 094G, + 0, Wy + 0, %} ) ).

This satisfies the transversality condition of the Coulomb gauge

V-A=0. (225)
It is also straightforward to calculate
B=VxA (226)

by assuming |8,2€‘I’|,|8§‘I’|,|8x8y‘l’| < [0.0,¥|,|0.0,¥|, which is
justified for a ray predominantly propagating along z in the
waveguide. We obtain
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—(Yay +W*al), Yay + v*al,
Vo

: (227)
2 (0¥ay - 2.l - 0, ¥ay +3,7°d}) ).
which guarantees that the magnetic induction is also observable,

ﬁT = B. We also confirm that the transversality condition,

E-B=0, (228)
(Figure 2) is also satisfied for a vortexed beam, because
~ 1.
B, =—E, (229)
Vo
B, = —E,. (230)
Vo

By using the obtained E and B, we obtain the Hamiltonina for a

e 1N (a1
ClHllH‘I'E + avav+5 s
where we have used 07|, 03], [0.9, ¥| < |09, V], 19,0, ¥, again.
By taking the quantum-mechanical average using the coherent

vortexed ray, as

H = hw (231)

state, we obtain the total energy of photons,
Uit = (H) = <, 8|H|a, 8) = heo (N + 1), (232)

and the energy density of the electromagnetic waves becomes

= hw(N‘;L 1) = hw(n+ %)

where the photon density is given by n = N//V.

Utot

UField = (233)

4.3 Momentum and angular momentum
operators for photons

We define the complex momentum operator,

Priaa = Jd% ¢E x B, (234)
whose conjugate is
Proa = Jd3r e(ExB)' (235)
= Jd3r e(]§ x E) (236)
# Priad. (237)

Therefore, 75Field is not observable. Nevertheless, the momentum
operator,
N 1/~ ot
Prieq = 5 (PField + PField)’ (238)

. 5 ot
is observable, because Pricq = Ppq- We can also define the
momentum-density operator, Pg;4, before the integration as

. 1 /s o N
Priaa = Ee((E x B) +(ExB) ) (239)
whose average over space becomes
. 1[5
PField = v d’r pField' (240)
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The major component along z is obtained as

P.= [@r (BB 4B E) (241)
0
= hk[(ﬁH ¥ %) " (ﬁv + %)] (242)

as we expected. In a similar way, we calculate

D h 3 * N L 1
Px _ﬁjd r[(‘I’ 3 ‘I’—‘I’B v )(nH+E+nv+5)
+(P*9, ¥ + W0, W) (af,dv — abdy) + (949, + V0, 9*)],

(243)

where the last term of ¥*0,¥ + ¥0,'¥* will be cancelled when we
calculate

= %(Px + 7?1) (244)
J &r [(\wa v_w) ‘I’*)(ﬁH e 1)
T v 2 2 (245)
+(¥*0,¥ + Vo ‘I’*) (afav — ayan)).
We can simplify the integrands as
WY — WO, P = 2iG [0, ] (246)
1
= 2iJ [‘{”’(cos ¢, — - sin ¢B¢)‘I’]
 2im s (247)
oo
and
W49, W + WO, ¥* = 2R [+, V] (248)
. 1
=2R [‘{’*(sm ¢0, + cos ¢a¢)‘l’ (249)
= 2R [¥V*(sin ¢9,)¥]
= sin ¢ (u*0,u + uo,u*) (250)
= singbarlulz. (251)
Then, we obtain
p 1Jd3[( hm'¢)(A+1+A+1>
= — | Fr|(—sing )( Ay + =+ Ay + =
v r 2 2 252)
h t
;50 @0, |ul’ (ahdy — aldy) |.
We obtain
N 15
Po = —sin ¢ (i + iy + 1)
I (253)
+E sin ¢a,|14|2 (d;dv - d;dl—[)
Similarly, we calculate
P, = ijd%[(\y*a ¥ -¥o ‘P*)(ﬁ Pl +1>
Y2V T2
— (PO, + WO, W) (afydy — aLan) + (PO, + WO, V)],
(254)
and then, we obtain
N 1/ A F
Py =5 (Py N Py) (255)
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h . 1 1
_V J d3r[(‘1"*ay‘1’ - ‘I’a},‘l—’*)(nH + E +ny + E)

(256)
— (0, Y + WO, ¥) (afydy - aldy) ],
for which, we calculate the integrands,
W*9, W — W0, ¥+ = 2iF ¥+, V] (257)
=23 [‘I’*(sin $0, + 1cos ¢8¢)‘I’]
r
_ 2im cos (258)
== ,
and
V40,V + Vo, ¥* = 2R [¥*0, Y] (259)
1
= ZER[‘I’*(COS ¢o, —  cos ¢a¢)w] (260)
= 2R [V (cos ¢9,)¥] = cos ¢ (1*d,u + ud,u*)
= cos ¢E),|u|2.
(261)
Then, we obtain
) , 1 1
P, = Jd —s1n¢(nH+2+nV+2)
N " (262)
=208 $0,|ul* (al,ay - alay) |,
whose integrand becomes
R 7
P, = —mcosqS(ﬁH + 1y +1)
r (263)

=20 $0,|ul? (aay — alay).

If we move to the cylindrical coordinate (r, ¢, z), we obtain the
momentum-density operators

p,=0 (264)
N hm

Py =—" (”H +hy +1) - —a [ul’ (af;av — ayan) (265)
ﬁz = hk (nH + n\/ + 1) (266)

Finally, we can calculate the angular momentum-density
operators by assuming

f=rxp. (267)

In the Cartesian coordinate, (x, y, z) = (r cos ¢, rsin ¢, z), we obtain

h
W, = (hkrsin(/)—TmZCOS(P) (g + 7ty + 1)

N (268)
—5;2¢08 30, lul’ (aLdy — aldy)
. hm L
m, = (—hkrcosqb — —2zsin gb) (g + 1y + 1)
r (269)
+?z sin ¢9, |ul* (al,y — alay)
i
N h
w, = hm (A + Ay + 1) — =79, |ul* (al,dy — a}an)
% (270)
= m (Ag + Ay + 1) + — (ahdy — alay),
i
where we have used
(o] 1 (o] (o]
_.[0 rdﬂiarW'Z = [_§|u|2]0 + .[0 drr|u|2 (271)

=1
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at the last line.
In the cylindrical coordinate, m becomes

m, = —hmE (g + 1y + 1)
n (272)
—5;2 €08 (2¢)0,lul® (al;ay — al,dy)
g = —hkr (Ayg + Ay + 1)
h 2
+225in (26)2,ul’ (b — an) 273)
h
ﬂA’lZ =hm (ﬁH + ﬁv + 1) + - (d;dv - d:,ﬁH) (274)
i
=1, +3, (275)

where the last line is especially important, since we finally
obtained orbital and spin angular momentum operators

l =hm (ﬁH + ﬁv + 1) (276)
= (d;dv - aVaH) (277)
respectively.
When we integrate over space, we realise
qub cos ¢ = Jdgb sing = 0. (278)
Thus, we obtain
13 =P, =0 (279)
= hk (fy + Ay + 1). (280)
For the angular momentum operator, defined by
~ 1
M- [ drm (281)
\4
- |@rexe (282)
=V ,
we obtain
M,=M,=0 (283)
M. =L, +8,, (284)
where
S = h(fy —fip). (286)

For the spin operator, the number operators of left and right circular
states are used, which are defined as i, = &{&L and 7g = &L&R,
respectively, where the field operators are obtained by unitary

transformations,
t 1 1 i t
a, | _ ay
(@)-50 o)) e
and
a,\_ 1 (1 -i\fau
BalE)

Here, we could split the total angular momentum operator into
orbital and spin angular momentum operators without the apparent
gauge dependence. We could perform a gauge transformation for
photons, but due to the absence of charge for photons, the gauge
field will not couple to the change of the angular momentum
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operators. The gauge independence is obvious in our expressions,
because the number of photons should not depend on the choice of
the gauge, otherwise the total energy of the system can change
depending on the arbitrary choice of the gauge.

It is interesting to be aware that there exists contributions from
zero-point oscillations in the orbital angular momentum for a ray
propagating towards one direction. Such a zero-point fluctuation is
absent for spin. We do not know exactly why a zero-point
fluctuation has not been appeared for spin. But, spin is an
internal degree of freedom for photons, which can never be
removed. On the other hand, orbital angular momentum (m # 0)
could be suspended, if the waveguide is small enough to allow only
the single mode. In such a single mode waveguide, the zero-point
fluctuation can also be suppressed. However, as far as the waveguide
allows the higher order mode with non-zero orbital angular
momentum, the zero-point fluctuation must be remained.
Another possible reason is found in the expression of calculated
spin and orbital angular momentum. The orbital angular
momentum is expressed as the sum of numbers of photons in
2 orthogonal polarisation states (7, +#ig = iy + 7iy), while spin
angular momentum is given by the difference of these states
(A, — #iR). in both
polarisation, it will be cancelled in the difference, while it will

Even if zero-point fluctuations exist
become twice in the sum. This means that the spin state must be
one or the other in the measurement, and the contribution to the
spin angular momentum depends on the sign, which means that the
left and right circularly polarised states contributes in a destructive
way. On the other hand, both polarisations contribute to orbital
angular momentum in a constructive way. This difference might be
the origin of the difference in zero-point fluctuations.

Another interesting point is that we could obtain only the
angular momentum operators along the direction of the
propagation from simple analogy from the classical counter part
defined by

perpendicular

m=r x p. This does not prove that there is no

components for spin and orbital angular
momentum. In fact, the perpendicular components of spin states
can be described by the superposition state of left and right circular
polarised states. We emphasise this point and discuss the full
components of spin and orbital angular momentum operators,

latter.

5 Origin of photonic spin angular
momentum

Before proceeding to consider the full orbital angular
momentum operators, further, in this section, we discuss the
origin of the photonic spin angular momentum for a coherent
monochromatic ray without an orbital angular momentum in a
general waveguide (Figure 3). Spin of a photon is an inherent
which should be described
quantum-mechanically rather than classically. In the absence of

quantum degree of freedom,

the orbital angular momentum (m = 0), we should not have any issue
to regard the total angular momentum is exclusively coming from
spin. Therefore, the situation would be simpler than the splitting of
spin and orbital angular momentum. We check the derivation of the
last section for the case of m = 0 in detail to understand spin of
photons.
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For photons propagating in a waveguide, it is essential to take
the mode profile [6] into account, which means |0,¥| # 0. On the
other hand, we will employ the paraxial approximation,
031,103,105, ¥| < |0.0,'¥], 10,0, %], which is justified for a
ray propagating in a waveguide, because the propagation is
predominantly along one direction of z. We assume a complex
electric field operator is given by

E(x, . 2,t) = eope® (aux + avy) + E.4. (289)
From the Coulomb gauge condition,
V-A=0, (290)
we obtain the longitudinal component,
&, = —eo. (3. ¥an +3,¥ay ), (291)
w

which was not considered in the plane-wave expansions. The
existence of this small longitudinal component is responsible to
obtain the spin angular momentum operator, properly Then, we
obtain the same expression for E, B, A, H, and P,.

On the other hand, in the absence of the angular orbital
momentum, the mode profile is described by a real function,
¥(x, y) € R, except for the global phase of e¥. Consequently, we
obtain

P, = de3 [—smgba [ul® (af,ay - uvﬁﬂ)] (292)

1 h
b, = de%[—zcos 60, lul* (!, - avdH)], (293)

which correspond to

. n it oA At s
b, = % sin ¢9, |ul® (al,dy — aldy) (294)
i
h
P, =5 -sin ¢0,|ul’ (af;dy — al,dy) (295)
p.= hk(nH +iy + 1) (296)
in a Cartesian coordinate, and
p,=0 (297)
. h ot A At oA
Py = —Zarlul2 (alhay - alan) (298)
P, = hk(fy + iy +1) (299)
in a cylindrical coordinate.
Then, we calculate
iy = hkrsin¢ (7 + Ay + 1)
—5;2 €08 ¢, |ul* (af,av — alau) (300)
m, = —hkr cos ¢ (fiy + fiy + 1)
h At A b 301
+?z sin ¢, ul® (al,dy — al,dy) (301)
== (aHav — dydn), (302)
in a Cartesian coordinate, and
N h t
m, = —z—zcos(2¢)a [ul* (alay — alay) (303)
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T’h¢ = —hkr (ﬁH + Tth + 1)

h
;2 8in (2¢)0,|ul* (al vy - alay)

(304)

T’hz = ; (éTHﬁV anH) (305)

=3,. (306)

After the integration, finally, we obtain
P, =P, =0 (307)
P, = hk (i + fiy + 1), (308)
as before, while

M,=M,=0 (309)

M, =S, (310)

where the total angular momentum along z is solely described by the
spin angular momentum

S, = h(iy - fig), (311)

as we expected, and the orbital angular momentum vanishes. We
also confirmed that the final result depends solely on the difference
of number of photons between left and right circularly polarised
photons, such that S, is independent on the choice of the gauge.
Therefore, our results are independent on the mode profile, and the
expression of S, is validated for an arbitrary mode profile as far as
the mode is propagating predominantly along one direction.

6 Principle of rotational symmetry for
photonic spin states

In the previous sections, we have obtained the spin operator only
along the direction of the propagation as,

S, = h(fiy, — iy) (312)
=n( af, aR)((l) _°1>< > (313)
= WIR%%R: (314)

where /!, = (af,al) and ¢/, are creation and annihilation operators in
a chiral spinor representation by using the analogy with the classical
mechanics, m = r x p. This means that we could obtain only the Ising
spin along the direction of propagation from the classical correspondence
ofm = £ x p. It might be appropriate, since the Ising spin is classical, and
it does not represent the quantum mechanical superposition states. While
we do not know the exact reason why we could obtain a reasonable
expression of S, while the calculated angular momentum along the
direction perpendicular to the propagation became zero, M, M =0.
This does not necessarily mean that the quantum field operators of S

and$ ,» vanish, because the spin states of photons, polarised perpendicular
to the direction of the propagation, can be described by superposition
Clearly, the
correspondence from the classical mechanics, using m = r x p, was
not enough to derive S, and § > such that we need a guiding
principle for spin operators.

states of left and right circularly polarised states.
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Here, we impose the principle of rotational invariance for
photonic polarisation states to describe the propagation in a
waveguide with a cylindrical symmetry or a free space. We know
that there exists two orthogonal polarised states for describing the
photonic state, and we choose left and right circularly polarised
states as basis states, for example. Then, we use SU(2) Lie-Algebra
[66], and spin should work as a generator of rotation [7-10],

D(n, 8¢) = exp<—ia : n(%))

where n describes the unit vector (Iﬁl = 1) pointing towards the

(315)

rotational axis, 0¢ is the angle of rotation, for which the anti-clock-
wise rotation (left rotaion), seen from the top of the rotational axis, is
taken to be positive (Figure 1), and o = (07, 0, 03) describes the Pauli

S B Y I A R B B
1_10’2_1‘0,3_0—1’

which satisfy the commutation relationship [0}, 0] = 2i€;jr0% and

matrices

(316)

the anti-commutation relationship {ai,aj} = 28;;1, where € is
Levi-Civita symbol for a completely antisymmetric tensor and &j;
is the Kronecker delta, for components 4, j, k= 1,2, 3 or x, y, z,and 1
is the 2 x 2 identity matrix,

(1)

Then, we obtain S, simply by rotating S, with the amount of 7/2

(317)

along y as,
. A 4
8, = D(y, )s D (y 4) (318)
= YIRO1Yig- (319)
Similarly, we obtain §J, by rotating —7/2 along x as,
A oA T\ 4 A 4
=D(x-2)8.D' (%, -2 2
S (X 4)S <X 4) (320)
= Y[RV (321)
We also define
So = hyl a1y, (322)

to account for the total number of coherent photons for each
polarised components. This also accounts for the time averaging
of incoherent lights, which we are not discussing, here.
The general polarisation coherent state in the chiral basis is

described by Bloch state [7-10]

_12 <6>

e cos

2

(6, ¢|Bloch) = ,
+2 <6>
e sin| —
2

where 6is the polar angle and ¢ is the azimuthal angle. By takmg the
(SO» Sx> sy) S )
over the coherent Bloch state, we obtain the expectation values

(323)

quantum mechanical average of spin operators S=

S=(S) (324)
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So
_| S
=1 s, (325)
S
1
B sin 6 cos ¢
=N sinfsing | (326)
cos 0

which means that the Stokes parameters [11-14, 16-20, 67, 68] to
describe the polarisation state of coherent photons were actually the
quantum-mechanical expectation values of spin for photons.

We can also go back to the original horizontal-vertical (HV)
basis by the unitary transformation, which we obtained from the
classical correspondence using m =r X p as,

so-atay )0 7))

~t N
= MYy 0¥y

(327)

(328)

where ¥/, = (af,,a}) and ¢, are the spinor representations of
creation and annihilation operators in HV-basis. For this basis, we
should assign ¢ = (03, 03, 0,) by the cyclic exchange. Then, we obtain

Sx = h‘/A’THvoﬂi’Hw (329)
and
S, = hjly o1 ¥y (330)
We can also re-write
Sy = (g — i) (331)
§ =n(alay +alay) (332)
= h(~idlay +ialay). (333)

The quantum mechanical expectation values using coherent state of
|y, oy are immediately calculated as

Sy = (Nu—-Nvy) (334)
=N (cos® a — sin® a) (335)
= hN cos (2a) (336)
(S, = h(a oy + o tgy) (337)
= h./\/(eia cos asin & + e cos a sin zx) (338)
= 1N cos 8sin (2a) (339)
{82y = h(—ie; ay + i otzy) (340)
= hN( ie® cos asin a + ie” 'Scosotsinoc) (341)
= hN sin & sin (2a). (342)

We can also use the Jones vector to calculate the spin expectation
values by using the coherent state, and we obtain

1
cos (2a)
sin (2a)cos 6
sin (2a)sin §

(8) =N (343)

which is consistent with the above results obtained in the
of Stokes
parameters, S = (S;, Sy, S3), are usually shown in Poincaré

chiral representation. The spatial components
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sphere. In the Jones vector description, the polar angle y = 2« is
measured from §; axis and the azimuthal angle § is measured
from S, in the S,-S; plane.

We can also confirm the sum rule

So=\S+8+82

for the expectation values in the coherent spin states.

(344)

We also obtained the commutation relationships [16-20, 67, 68]
for spin operators as

S S, ] = 2inS., (345)
[S,,S:] = 2inS,, (346)
[S:, ] = 2inS,, (347)

which are valid for both chiral and Jones bases. Therefore, we
obtained the spin operators for all components as generators of
rotations for polarisation state of a coherent monochromatic ray of
photons.

Now, we are ready to discuss what was S, obtained from
m=r x p. If we focus on the spatial components of the Stokes
operators, S= (Sx,gy,gz), it is equivalent to the helicity operator
[10, 69], which is defined as the projection of the spin operators to
the unit vector along the direction of the propagation, k = k/k, as

h,

-k (348)
S.. (349)

]
o>

The helicity operator naturally sets the direction of the quantisation
axis of spin aligned to the direction of the propagation. Nevertheless,
this does not exclude the other polarisation states nor the spin
components, perpendicular to the direction of the propagation. The
spin expectation values are observables, as clearly established as
polarimetry [11, 12]. Please also note that the expectation values of
spin components are independent on the value of the quantum
orbital angular momentum, m, because we have allowed the
vortexed ray with non-zero topological charge. In that sense, our
results show that the spin angular momentum is independent on the
orbital angular momentum. Therefore, our framework is a natural
extension of a standard QED theory to account for the spatial profile
of the orbital wavefunction of photons, and we found that the spin
angular momentum was not affected by the orbital angular
momentum.

It is amazing to consider why Stokes and Poincaré [2-6] could
establish the descriptions of polarisation states using these
parameters before the discoveries of quantum mechanics and the
quantum field theories. It is also astonishing to be aware that Stokes
and Poincaré [2, 3] properly assigned the correct order parameters
S= (S) = (S, 8%, S,,S;) in the 4-dimensional time-space
coordinate, before the discovery of Einstein’s theory of relativity,
the Ginzburg-Landau theory of phase transitions, and the invention
of a laser.

7 Higher-order Poincaré sphere

Now, we will extend our discussions for quantum-mechanical
nature of orbital angular momentum for photons. In order to make
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the argument specific, we consider a GRIN fibre under a cylindrical
symmetry, again, but the extension to a more general waveguide is
straightforward, as we discussed in sections for obtaining spin
operators. In the preceding sections, we obtained the orbital
angular momentum along the direction of the propagation as,

L, = hm (fig + fiy + 1). (350)

There is no doubt that I, describes the quantum orbital angular
momentum along the direction of the propagation, because the
expectation value becomes

L,y =hm(N +1). (351)

This means that the orbital angular momentum is not dependent on
the polarisation state, as far as the average number of total photons,
N, is fixed.

Our next challenge is to identify the corresponding transverse
operators, which should satisfy the commutation relationship. In
conjunction with the argument for spin operators, L, must also be
the helicity operator of orbital angular momentum,

L.=L-k (352)

if we could successfully define the orbital angular momentum
operator, L= (ﬁx,ﬁy,ﬁz).

For further consideration of the orbital angular momentum, we
should consider the orbital wavefunction,

v (r, ¢.2) = (r, ¢, zln,m) (353)

_ 12 n! <\/§r)m

[

wy \7m (n +2m). 2 wy (354)

L;"<2<L> >e7¥eim¢eikz,

Wo
and its energy dispersion

E (k) = hwy (k) (355)

= A"+ /(A7) + (hwk),  (356)

where the energy gap,

AY = héw, (2n + |m| + 1), (357)

is dependent on the quantum numbers »n and m. From
this dispersion, we recognise that the frequency depends on n
and |m|, such that the coupling between modes with different
quantum numbers would not be coherently maintained for a
long-distance propagation, because the phase and group velocities
are different. For a monochromatic ray, considered in this work, we
will not discuss the coupling between modes with different energies.
We also neglect the coupling between modes with the different
values of 7, such that the coupling within the same # is considered,
which is not explicitly shown below for simplicity. On the other
hand, the modes with m and —m are degenerate, such that the
coherent coupling among these modes are allowed. Moreover, these
modes are orthogonal,

erd X X
C—mlm) :j AP imo grim (358)
0 2
0

, (359)
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for m # 0. Therefore, we can consider the coherent coupling between
|m) and | — m), which is described by SU(2), and phases and
amplitudes of these orthogonal components will determine the
quantum mechanical average of the orbital angular momentum,
similar to the Stokes parameters on the Poincaré sphere.

First, we consider the consequence of the coupling between |m)

and | — m) for the angular momentum along z, which should
become
L7 =tm Y (@} G — @' ,ylomo) (360)
10 a
=t Yt ) g % )2
0 =1 )\ d-mo (361)

o
At ma
him z 1//m003 szr’
4

where %' = 03 works for SU(2) space of the |m|-th orbital angular
momentum, §' = (a! _,a", )and ¥, are spinor representations
of the photonic field operators for m and —m, and creation and
annihilation operators with the angular momentum m and the spin
oaredefined a’ = and @, respectively. The relationship between the
single particle wavefunction and the operator, d' , is given by

vy (r, ¢.2) = (r. ¢, 2} |0)

={r, ¢, z|n,m),

(362)
(363)

which is independent on the polarisation state, 0. Therefore, the
single particle wavefunction describes the orbital degree of freedom
including the orbital angular momentum. We realised the zero-
point oscillations have not contributed to ]:24) because the
contributions from the opposite angular momentum cancel out.

Then, we apply the same principle for spin to the orbital angular
momentum, that photonic votexed states are rotationally invariant
for the light propagation in a waveguide with a cylindrical symmetry
or a free space. This means that we can allow arbitrary superposition
states between |m) and | — m) defined by their relative phases and
amplitudes. This allows us to use the SU(2)-Lie algebra for
describing the orbital angular momentum operators, which are
represented as

Ly =tm Y 9, 1", (364)
L =hmYy ,,07%,, (365)
Ly =hmy 9,059, (366)

where (1'",0?,0;4,02") = (1,0}, 0,,03) is applied to the Hilbert
space spanned by |m) and | — m). This means that we are

focussing on the direct product space of orbital and spin,
described by SU(2) ® SU(2).
Within this Hilbert space, we realise that the helicity operator is
obtained as
o L
=hm z (Fmg = Ao

(367)
(368)

where the number operator is defined as 1,,,, = d; »Ame and we have
defined spatial components of orbital angular momentum operators

as an operational vector, " = (I:ZI,IA,T,I:?).
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For example, if we take the quantum-mechanical average over
the coherent spin state with the average number of photons N, we

obtain
L) = hmN1" (369)
L7 = hmNo™ (370)
L, = hm/\/'a;” (371)
L = hmN o™, (372)

while we still expect non-trivial expectation values for the orbital
angular momentum.

Moreover, if we assume the superposition state of the orbitals of |
my and | — m) with the polar angle of ©® and the azimuthal angle of
® in the higher-order Poincaré sphere [70-74], the higher-order
Bloch state becomes

e cos (©/2){m|Bloch)
+e"% sin (©/2){-m|Bloch)
[ e cos(0)2)

T\ e 2sin(@2) )

{@®, ®|Bloch)

(373)

which yields the expectation value of the orbital angular
momentum as

L={Ly (374)

L,

_[ L
=1 1, (375)

L;

1
sin ® cos @
= hmN sin @ sin @ (376)
cos ®

This shows that the vortexed photon with the topological charge of
m has an angular momentum of zm and the vectorial direction of
the orbital angular momentum is proportional to the spatial vector,
L = (L, L,, L;), shown in the higher-order Poincaré sphere.

We can also confirm the sum rule

Ly=+L}+ L+ L;

for the expectation values for the coherent vortexed states, similar to
the spin state.

(377)

The commutation relationships for orbital angular momentum
operators are obtained as

[Ly, L] = 2imL], (378)
[L),L7] = 2ihmL, (379)
(L7, L] = 2itmL}, (380)

where the unusual factor of 2 is coming from the SU(2) nature of the
Hilbert space for coupling among #m and —hm, which we are
considering due to the energy coherence of the mode, similar to
the case for spin operators.

More generally, the entire Hilbert space is described by the direct
sum for states with different m, composed of 2m degrees of freedom
from multiple SU(2) spaces and 1 degree of freedom from U(1) for
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m=0,as{SU(2) &--& SU(2) ® U(1)} ® SU(2), where the last part
of ® SU(2) describes the direct product to the spin space.

For the free space, in the limits of g — 1 and vy — ¢, the states of
photons with different 7 would degenerate due to the closing of the
energy gap. In this case, the coherent superposition between states
with different m will be allowed. The total Hilbert space will become
the direct product between the orbital Hilbert space and the spin
Hilbert space, SU2m + 1) ® SU(2) with m — o0, in principle.

8 Conclusion

We have confirmed the historical derivations of the angular
momentum using classical electromagnetic waves of Laguerre-Gauss
modes. While extending the treatment towards the quantum field
theory, we have found that the plane-wave expansions cannot
sustain a vortex with topological charge, which also leads erroneous
results of zero angular momentum and gauge dependent expressions.

The problem could be overcome by taking the small longitudinal
component along the direction of the propagation due to the finite
mode profile of the ray. As a result, we obtained helicity operators for
both spin and orbital angular momentum. By accepting the principle
of the rotational symmetries of photonic states in a waveguide with a
cylindrical symmetry, we obtain the angular momentum operators
as generators of rotations for both spin and orbital angular
momentum. We have also shown that the Stokes parameters in
Poincaré sphere are actually quantum-mechanical averages of spin
operators by coherent states. We could extend this concept to the
orbital angular momentum in higher-order Poincaré sphere.

In conclusion, spin and orbital angular momentum are intrinsic
quantum degrees of freedom for photons. We have shown that the
splitting of spin and orbital angular momentum from the total orbital
angular momentum is achievable for a coherent monochromatic ray of
photons emitted from a laser source. Therefore, spin and orbit can be
treated independently, as far as the waveguide for the propagation is
rotationally symmetric and coupling between them is negligible. We
believe that our results will be valuable for various applications of spin
and orbital angular momentum of photons, because fully quantum-
mechanical degrees of freedom are available by using ubiquitously-
available laser sources.
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