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ABSTRACT

In recent years it has become evident that the primary concept of the photon has multiple interpretations, with widely
differing secondary connotations. Despite the all-pervasive nature of this concept in science, some of the ancillary
properties with which the photon is attributed in certain areas of application sit uneasily alongside those invoked in other
areas. Certainly the range of applications extends far beyond what was envisaged in the original conception, now
entering subjects extending from elementary particle physics and cosmology through to spectroscopy, statistical
mechanics and photochemistry. Addressing this diverse context invites the question: What is there, that it is possible to
assert as incontrovertibly true about the photon? Which properties are non-controversial, if others are the subject of
debate? This paper describes an attempt to answer these questions, establishing as far as possible an irreducible core of
what can rightly be asserted about the photon, and setting aside some of what often is, but should never be so asserted.
Some of the more bewildering difficulties and differences of interpretation owe their origin to careless descriptions,
highlighting a need to guard semantic precision; although simplifications are frequently and naturally expedient for
didactic purposes, they carry the risk of becoming indelible. Focusing on such issues, the aim is to identify how much or
how little about the photon can be regarded as truly non-controversial.

Keywords: Photonics, quantum electrodynamics, photon momentum, photon spin, photon angular momentum, photon
wavefunction, quantum fields, multipolar radiation

1. INTRODUCTION

In recent years it has become evident that the fundamental concept of the photon has a multitude of physical
interpretations, many with widely differing secondary connotations. Despite the all-pervasive and foundational nature of
this key concept in science, some of the ancillary properties with which the photon is attributed in certain areas of
application sit somewhat uneasily alongside those that are invoked in other areas. This partly reflects the fact that the
range of applications has expanded strikingly far beyond what was envisaged in the original conception, now entering
into subjects extending from elementary particle physics and cosmology through to spectroscopy, statistical mechanics
and photochemistry.

In many respects the concept of the photon has become one whose detailed interpretation is strongly dependent on
context. This conference series has repeatedly underscored the fact that the totality is now something much broader and
deeper, and in some respects less readily definable, than has been admitted in the past.[1] It is too easy to become
oblivious to a certain mystery that still surrounds the nature of this quantum of light, yet at heart the underlying theory
has to relate unambiguously to scientific fact.

This paper represents an attempt to establish, at least as a basis for discussion, an irreducible core of what rightly can be
asserted about the photon. To this end, key elements of a quantum electrodynamical theory are deployed to characterize
an internally consistent set of physical properties that are also amenable to measurement. The study also aims to expose
the weaknesses of certain common, but fundamentally untenable assertions concerning photon properties. Particular
attention is paid to the attribution of wavefunctions and multipolar character to individual photons, each of which is
logically unsustainable. While some associated statements and developments have obvious didactic purpose, it is all too
easy for simplifications to become ingrained in a kind of unspoken folklore of the subject, imperceptibly moving beyond
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the sphere of normal critical appraisal. It will be evident that some of the more bewildering difficulties and differences
of photon interpretation owe their origin to careless narratives. In the textual depictions of any scientific concept there is
arguably as much need to seek semantic precision, as there is to deploy theoretical representations that are
mathematically correct.

2. PHOTON ATTRIBUTES: THEORETICAL FOUNDATIONS

The quantum theory of light, as widely understood, provides a formal and mathematically well-behaved construct for the
representation of all photonic measurables, including ‘ancillary’ attributes of the photon such as its linear momentum and
spin, electric and magnetic fields. However, even for these, there is not a complete consensus on certain aspects of their
physicality. Before proceeding, it is therefore prudent to secure a suitably robust, rigorous and non-contentious basis for
assessing the validity of these and various other photon attributes.

Quantum electrodynamics (QED) is a stringently tested quantum theory of light that satisfies all the necessary criteria.[2]
QED treats matter and light on a common basis. It is universally agreed that the detailed behaviour of matter can only be
explained using a quantum basis; it is a premise which remains ‘unfalsified’ in the Popperian sense, and it therefore is
only logical to apply the same principles to light. As such, QED is internally consistent, treating light and matter as one
whole system within which energy can be exchanged. It is, of course, also a theory that generates results with
unequalled precision, as nicely exhibited in recent work by Gabrielse et al. on the magnetic moment of the electron and
the fine structure constant, achieving 0.70 ppb precision.[3] Moreover, a strong case can be made that QED is the only
theory in which the concept of the photon has genuine legitimacy.

It is not proposed to rehearse the detailed formulation of QED at this juncture, but the pieces of theory that follow are
firmly based in that formalism, informed by its conceptual perspective.

2.1 A quantum of electromagnetic radiation

To address the detailed issues, it is reasonable and appropriate to begin with the defining premise that each photon is a
quantum of electromagnetic radiation. It is generally understood that the core meaning of the latter statement relates
specifically to a quantization of energy — although energy is not the only physical quantity to be thus quantized. The
Planck relation, AE = hv, first established a simple relationship between the frequency (v = c¢/4) of optical radiation and a
difference in energy between discrete states involved in an atomic transition. Einstein’s subsequent treatment of the
photoelectric effect, explaining the frequency threshold for photoelectric emission, incorporated the same quantum
energy in the relation 7= hv— ¢ for the kinetic energy of each photoelectron (¢ being the surface work function). This
success, in particular, effected a paradigm shift in the interpretation of the energy quantum, furnishing it with particle-
like attributes — notwithstanding the wave nature apparent from the stipulation of an optical frequency.

Although it may no longer seem entirely noteworthy, a hidden corollary to each of these interpretations was an
assumption that what we now term ‘photons’ have a directly multiplicative energy — so that n photons relate to an energy
nhv. 1t is entirely for this reason, for example, that the Planck relationship later proved readily adaptable to laser
multiphoton absorption, for which AE = nhv. At a fundamental level, however, what this multiplicative quality signifies
is that, for radiation of a given optical frequency, the quantized energy levels for electromagnetic radiation are equally
spaced — which is of course by no means to be taken for granted in a quantum system (recall by contrast the spacing of
levels in the hydrogen atom). It can, indeed, be shown that this feature arises directly as a result of the electromagnetic
energy being quadratically dependent on its electric and magnetic fields. To conceive of the light energy quanta as
having any kind of particle-like attribute is only possible as a result of the equal spacing of energy levels.

2.2 Enumerator of a radiation mode

On recognition that electromagnetic radiation is comprehensible in terms of photons, it is evident that these quanta must
individually carry the signature properties of the light itself. Photons may be regarded as principally characterized by
frequency, but they must also be distinguishable by a direction of propagation k& and polarization. For freely radiating

7421-7 V. 1 (p.2 of 9) / Color: No / Format: A4 / Date: 7/8/2009 7:21:43 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are acceptable, (3) all fonts and special characters are correct, and (4) all text and figures fit within the
margin lines shown on this review document. Return to your MySPIE ToDo list and approve or disapprove this submission.

light the three Cartesian components of k and the polarization variable constitute four degrees of freedom.” The
combination of these features serves to establish a mode of the radiation field, usually defined by a wave-vector
k= (27;/ ,1)]2 (determining both the direction of propagation and the optical frequency) and a polarization parameter 7.
Embracing this interpretation, the number of photons » that have this character within a given volume of space V' is thus
interpreted as the occupancy of the radiation mode (k,77) . The corresponding state of the radiation field has a quantum
wavefunction which can be represented in Dirac notation by the ket ‘ n (k, 77)> .

For each radiation mode, the quantum energy levels form a set with a constant spacing /v, which in the context of
quantum optics is more commonly written as /i@ (circular frequency @ = 2zv). Connecting adjacent levels it is
possible to define two operators; one is a photon annihilation operator, a” (k) , operating to deliver a state with one less
photon; the other is a photon creation operator, a'™ (k), delivering a state with one more photon. These designations
colour, with particle connotations, the more widely used ‘lowering’ and ‘raising’ descriptors of quantum operator
algebra. These operators act as follows on the radiation states;

a" (k)| n (ko)) =0 | (n=1) (k) (1)

" (k)|n(k,n))=(n+1)" [(n+1)(k.)) . ®)

Moreover the two operators have a commutation relation given by:

|:al(c’7)’ alt'”':| = 5k,k'517,i7' . (3)

Before proceeding further it is worth remarking that, in the sense of consistency with the core principles of quantum
electrodynamics, even the existence of a photon wavefunction proves problematic. A robust case for this assertion is
given in section 2.8..

2.3 Conveyer of electric and magnetic fields

As befits their dynamical status in a fully quantized description of electromagnetic radiation, the associated variables —
the transverse electric and magnetic fields — are promoted to operator status, being directly expressible in terms of the
photon creation and annihilation operators. Explicitly, each is cast in terms of a summation over radiation modes:[4]

h
L) hek (n) (n) ihr () () —ikr
e (r)_%[zgol/] [ (k)a" (k)e* 2 (k)a"™ (k)e ™} )
%
”(’)="Z£h(jﬁ] fx (el (k) (k) —2 (K)o (k)e ™) )
k.

For simplicity, the above field expansions are given in a vacuum formulation. .Here r is a position vector, e (k) is the
unit polarization vector for the radiation mode (k,?]); & 1s the vacuum permittivity and g the vacuum permeability.

" In some optically engineered beams of light the four modal degrees of freedom may be served by a different set; for
example in Laguerre-Gaussian beams (which impose a twisted wave-front with respect to a defined direction of
propagation) the set comprises the polarization, the wave-vector magnitude and two integers that designate the field
distribution by a specific Laguerre polynomial.
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Also in (5) an overbar denotes complex conjugation — the polarization vector on which it appears is generally considered
a complex quantity to entertain circular polarizations. The involvement of the ladder operators in (4) and (5) signifies
that each electric or magnetic action of light either creates or destroys a photon. For example the electric field is engaged
quadratically in conventional light scattering (where one photon annihilated and another created in a different mode).

It is useful to note at this stage that both fields (4) and (5) are readily derivable from a similarly cast mode expansion of
the transverse electromagnetic vector potential;

aL(r):Z[ f J%{e(”)(k)a(”)(k)e”‘"+e(")(k)aT(")(k)e"”} , (6)

o \ 2&,ckV

consistent with the fundamental relations e(r) = —Qa(r) and b(r) = an(r), the time-derivative being effected in
the time-explicit retarded form in which k.r — k.r — et .

2.4 The zero-photon state has a finite energy for each radiation mode

The energy density of electromagnetic radiation has the expression;

H o (r)=%{goei2 (r)+u,'d’ (r)} , (7

manifestly comprising electric and magnetic contributions. Expressed in operator form using the field expansions (4)
and (5), the radiation Hamiltonian is also concisely expressible as the following mode sum:

Hoo(r)=2 (' (k)" (k)+ ) hofv - ®)

k.n

Reverting to the form exhibited in (7), each contribution — electric and magnetic — can be evaluated individually, for each
mode of the radiation field. For example, the electric contribution delivers;

()" = L) e’ ()| (o)

_ hck

= W<n(k,77)‘ {a(") (k)a"™ (k)+a"™ (k)a"” (k)} n(k.n7)) - )
Terms quadratic in the creation or annihilation operators vanish through the orthogonality of states with different photon
occupancy. The result is independent of position (within the quantization volume V). Moreover, from the result of
applying equations (1) and (2) we have a'"” (k)a(") (k)|n(k,77)> =i (k)|n(k,77)> =n, and using the commutation
relation (3), we therefore obtain;

(e Ly (10)

Precisely the same result ensues for the magnetic field contribution to (7); in a vacuum the energy is equally shared
between electric and magnetic contributions. Then, since ck = w, we have;

<f[>”(k’”) =(n+ oV . (11)
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Equation (11) exhibits the fact that within a volume V, each radiation mode has a finite ground-state zero-photon
(vacuum) energy of Y2fiw, usually interpreted in terms of vacuum fluctuations. In free space, of course, the lack of
boundary conditions allows the set of radiation modes — and hence the associated vacuum energy — to be infinite. The
above derivation shows that the non-vanishing ground state energy is a direct physical consequence of the lack of
commutativity between the photon creation and annihilation operators, the latter fact a property reflecting the bosonic
character of the photon. In addition to this background energy, (11) further signifies that n photons of circular frequency
o are associated with an energy density 7e/V , consistent with the basic premise concerning photon energy.

2.5 A quantum of linear momentum

Thus far the focus has largely been on energy, to which the foundational Planck relation specifically refers. However
there are grounds for considering this to reflect a more extensive principle, the quantization of electromagnetic radiation
itself. Indeed, the principle of quantization does apply to other attributes of the radiation — notably the linear momentum
and angular momentum. The first is readily addressed through the Poynting vector, classically defined by
S (l’) =1 {e(r )X b(l’)} . The optical linear momentum per unit volume, P(r) is expressible in terms of the Poynting
vector through P(r)=S (r) / ¢’ . Cast in its quantum field operator representation, assuming no static fields are
present, the corresponding expectation value for the radiation state ‘n(k,f])> is readily evaluated from (4) and (5),

exploiting the relation & = ¢; the result again proves to be independent of position within the quantization volume.
(P)"™ =&, (n(k.n)|e* (r)xb(r)|n(k.n))=n(kn)k )V (12)

Strictly, since the transverse electric and magnetic fields do not commute, the operator in (12) should be symmetrised as
%[{eL (r)x b(i’)} - {b(i‘)xel (r)}] —see ref. [5]. The given result arises just the same.

Equation (9) establishes that within a void of volume ¥, n photons of wave-vector k deliver a linear momentum density
of nhik /V, signifying that each photon has a linear momentum 7%k . It is less straightforward to assert the corresponding
result for the linear momentum of a photon travelling in a dispersive medium, where there has been a long-standing
controversy over the applicability of different formulations generally attributed to Abraham and Minkowski. The former
delivers a photon momentum inversely scaled by the refractive index at the appropriate optical frequency; the latter
formula scales the photon momentum in linear proportion to the refractive index. Resolution of the conundrum depends
on giving a careful identification of meaning to each quantity, differentiating the different parts of a material system on
which measurements of linear momentum of associated radiation forces are performed.[6-10]

2.6 A quantum of angular momentum

Just as mechanical angular momentum for a particle of unit mass at position g with respect to an origin is delivered by
the vector cross product gx0,q , the spin angular momentum of light is delivered, as a volume density, by the product
&4 . (r) xe" (r . Evaluating the contribution for a specific radiation mode, in the quantized field representation we
have;

(£)"™" =z, (n(kom)|a* (r)xe* () n (ko)) = {n (ko) + 1} (k)1 )V =
o (k) = ,-{ew)(k)xaw(k)} : (14)

The eigenstates of the spin operator are radiation states having circular polarization, for which the results for each
helicity are;

e(L/R)(k):i(iii}'); O.(L/R)(k):i]; , (15)
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where i and } denote unit vectors for a pair of axes (x, y) orthogonal to the propagation direction, in the usual right-
handed sense. Thus, from (13), for a beam of a given wave-vector comprising n, and ng photons of left- and right-
handed polarization, respectively, the net spin angular momentum is given by hk(nL - nR); see ref.[11], p. 490. The
result is consistent with each left-circular photon conveying a spin angular momentum of +1, and -1 for each right-
handed one.

The conclusion over spin angular momentum is commonly cited as a manifestation of the boson character of the photon.
Nonetheless, no such interpretation of the spin angular momentum is possible for other, perfectly admissible radiation
states having different forms of polarization. For example a single-photon plane polarized state represents a quantum
superposition of left- and right-handed states. Tackling spin angular momentum thus represents a point of departure
from the irreducible core of properties that can be addressed with rigorous, incontrovertible assertions.

In fact, the above expression (13) for spin angular momentum is only one component of a complete angular momentum
whose operator is constructed as a cross-product of the position and linear momentum, the latter delivered by the
Poynting vector — see ref.[12], page 8;

£A=(‘;"()J.a73r[r><{eL (r)xb(r)}] . (16)

comprising not just photon spin but also what has become known as an orbital angular momentum. The orbital term is a
property of the radiation mode structure rather than individual photons.[13,14] Accordingly, it transpires that not just
integer but even fractional values of the orbital angular momentum per photon are attainable.[15,16] As is the case with
linear momentum, care also has to be taken to correctly address the case of photon angular momentum for light
propagating into a dielectric medium.[9,17]

2.7 The photon is massless

The statement that a photon has no mass appears incontrovertible. A photon having a precisely zero mass is, inter alia,
the only interpretation consistent with basic relativistic dynamics, as in the equation E* = mgc4 + p’c®. Occasional
mentions in the literature of photons that are referred to as massive, as a result of dispersive engagement in light-matter
interactions — see for example ref.[18] p.29, seemingly reflect non-standard and unnecessary interpretations. Other
claims that the vacuum photon ‘actually’ has a mass, but one that is too small to be experimentally registered, belong in
the category of untestable theories, failing Popper’s criteria.

2.8 A photon has no wavefunction

The ostensibly surprising assertion that there is no such thing as a photon wavefunction can be thrown into better light on
contrasting this statement with the truism that the quantum state of a radiation field with one photon does indeed have a
wavefunction — as does a state with any number of photons. The difference between the two statements, seemingly
minor when cast in words, is nonetheless important — and easy to see once it is pointed out. Consider any specific
radiation mode (k, 77) . There is in fact no way of representing the wavefunction for the two-photon state, ‘2(/( ,77) , as
any kind of product of one-photon ‘1(/6 ,77)> state wavefunctions. This is not surprising; in the same way, it is not
possible to represent the wavefunction for a 2s electron as any product of 1s wavefunctions. In the radiation case, to do
so would also misrepresent the vacuum energy, which does not scale with # but is exactly Y2 /i@ for both the ‘1(k ,77)>
and ‘2(k /] )> states. This feature seems to undermine attempts to portray the quintessentially quantum mechanical
nature of the photon by reference to ‘its’ wavefunction.[19,20]

There is a concise measurement-based interpretation, ascribed to one of the pioneers of optical coherence theory, that
runs as follows: ‘A photon is what a photodetector does’. In the spirit of this succinct depiction certain calculational
methods have been demonstrated that can deliver a spatially localized visualization of photon propagation — see for
example ref.[21] Such representations may indeed have some didactic value. Nonetheless, a more accurate description
of what any conventional (or quantum) photodetector does, is that it responds to the vector potential field of impinging
radiation, registering its quantum energy. Although it is in principle possible to simultaneously measure, for example,
the energy, linear momentum and spin angular momentum of a photon — in the sense that the corresponding quantum
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field operators commute amongst themselves — in practice it is only one attribute of the quantized radiation that is thus
registered. Measurement that is localized by the physical extent of a conventional detector must and should not be
interpreted as signifying a localization of the photon itself; the very process of registration generally involves photon
capture, thereby effecting a collapse of the state function for the radiation field. Specifically designed ‘non-demolition’
measurements on the optical field are arguably a different matter, but it is seldom claimed that these genuinely
interrogate individual photons.[22,23] It is salutary to recall the view of Mandel and Wolf who, in their definitive work,
[11] point out that attempts for whatever purposes to build a picture of ‘localized photons’ are fraught with danger, for ‘a
photon has no precise position no matter what the state may be’.

3. DISCUSSION

The contextual heritage of the photon context is strikingly captured by the commutation relationship (3), between the
creation and annihilation operators for optical radiation modes. This is a relationship that underpins almost all of the
expressions for derivative, measurable properties — moreover its form is the hallmark of bosonic character, pointing to an
integer spin angular momentum. This establishes a connection with the status of the photon as an elementary particle; it
is commonly listed as such in most particle physics textbooks — see for example p.3 in ref.[24]. The ‘particle’
designation does, of course, obscure the equally important wave nature of light, alluding in a potentially misleading way
to material physicality.

Here, and in its original conception, it is notable that the photon concept first arose in contexts where the mode
occupation number 7 is seldom much different from 0 or 1. Indeed this remains true for the vast majority of
applications, in subjects extending from elementary particle physics to photochemistry. Although it is primarily in laser
connections that higher levels of mode occupancy arise, it is remarkable that most of the key features concerning optical
coherence and quantum optics can be addressed without deployment of the term ‘photon’. In ref. [11], for example, the
concept is only introduced half-way through the extensive treatise. In assessing the value of the photon concept in this
particular discipline, it is also worth recalling that the phase properties of optical radiation stand in an uncertainty
relationship with mode occupancy — so that states with a well-defined number of photons are necessarily low in
recoverable phase information.[25] Again, the photon concept is invaluable in connection with non-classical radiation
states, yet it sits uneasily alongside the recent discovery of polarization states that evolve during the free propagation of
light.[26]

It is tempting to advise interpretive caution when the term ‘photon’ is used with an adjectival qualification. Previously,
for example, it has been noted that the term ‘virtual photon’, designating a photon that is not itself measurable, is
seamlessly extendable to all photons.[27]. Indeed, the authors or ref;[24] (p.140) observe that: ‘In a sense every photon
is virtual, being emitted and then sooner or later absorbed’. Now, the validity of the designation of photons by
multipolar order, as for example in the term ‘quadupolar photon’ — see for example p.16 in ref.[28] — is being
questioned.[29] The issues here are quite distinct from any that might surround usage of the term ‘quadrupole
radiation’*; the latter is undoubtedly legitimate since it designates an angular distribution in emission that reflects the
nature of the decay transition, at least in most atomic systems. However at the quantum level such spatial distributions
can only be regarded as statistical, serving to identify the relative probabilities of emitted photons propagating in
different directions.

Although the spectroscopic rules governing multipole transitions and angular momentum are non-controversial, an
unguarded application of these same rules to the history of any individual photon, in a connected sequence of excited
state decay and photodetection, can create apparent paradoxes. Consider for example an atom which, initially in an
excited state, radiatively decays through an electric-dipole forbidden, electric-quadrupole allowed transition. In certain
sections of the literature it appears to be assumed, if not always explicitly stated, that electric quadrupole decay
transitions produce photons of a distinct character — yet it emerges that there is no sound theoretical basis for such a
supposition. Although radiant emission of a given multipolar origin is in principle identifiable from the characteristic
form of its spatial distribution, it does not follow that multipolar origination of any specific form should translate into a
distinction in nature of the individually emitted photons. Specifically, if radiation emitted in an electric quadrupolar
transition is detected by a conventional (electric dipolar) photodetector, then time-reversal arguments would indicate a

i In English the noun ‘radiation’ is ambiguous — it can mean either the act of radiating, or it can refer to that which is
radiated. The same ambiguity is present in the Russian original.[30]

7421-7 V. 1 (p.7 of 9) / Color: No / Format: A4 / Date: 7/8/2009 7:21:43 AM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are acceptable, (3) all fonts and special characters are correct, and (4) all text and figures fit within the
margin lines shown on this review document. Return to your MySPIE ToDo list and approve or disapprove this submission.

different, logically incompatible character for the photon involved in the time-reversed, yet fully-allowed process.
Nonetheless, the photon histories involved in quadrupole-emission, dipole-detection and its converse both have well-
characterized quantum electrodynamical descriptions.[31,32] It has to be concluded that there is no clear physical
meaning to the term ‘quadrupole photon’.

The principle that electric quadrupolar emission is detectable by a regular dipolar detector is not only of fundamental
importance, it is in principle testable. Many well-studied atomic spectral lines are uniquely attributable to electric
quadrupole transitions, such as the 150 <~ 1D2 transition in O*". The challenge is simple; ignoring relative intensities,
could the radiation emitted in the course of such a decay be experimentally differentiated from the dipolar emission of a
different source, at the same wavelength, using the same detection setup? An answer in the negative appears to be
unequivocal.

In conclusion, based on a quantum electrodynamical foundation, this paper has attempted to identify several core
attributes of photons which are mutually compatible and physically incontrovertible. Even amongst those which are
most familiar, such as linear and angular momentum, there are issues that remain to be resolved. Caution has again been
urged in the description of any photon by adjectival categorization; in particular the intricacy of relationship between
spin and multipolar order can be misrepresented by simplistic terminology. In much the same way, loose usage of the
term ‘photon wavefunction’ is suggestive of a mathematical representation that is quite remote from what robust theory
will allow. It is hoped that in the continuing discussion of such concerns, the community can better recognize the
limitations of some current terminology, and so advance a truer comprehension of the reality of the photon.
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