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Abstract
Radiation pressure has a long history, from Kepler to

modern applications such as optical tweezers. The
underlying principle—the inertia of energy—shows
essential links between classical mechanics,
thermodynamics, and relativity, and we can use a diverse
range of theoretical roads to explain and understand
radiation pressure.

1 Introduction
Geoffrey Chaucer, better known for his literary work

The Canterbury Tales, commented in his scientific work [1]
on the diversity of paths to knowledge, comparing these
paths to roads leading to Rome: “as diverse pathes leden
diverse folk the righte way to Rome”. However, science
tends to compartmentalisation, with specialised fields
dealing with specialised knowledge and theories, and we
are often faced with single roads rather than diverse paths.
Therefore, it is refreshing to find an idea that has a truly
diverse range of paths leading to it: radiation pressure.
Indeed, if we consider the main branches of theoretical
physics, as shown in Figure 1, we can find explanations
that lead to radiation pressure in classical mechanics,
relativistic mechanics, quantum mechanics, classical and
quantum field theory, classical thermodynamics, and
statistical mechanics.

Figure 1 The major fields of theoretical physics. The division in
classical and non-classical parts of mechanics, field theory, and
thermodynamics gives us 6 fields. Every one of these fields can be
used to explain radiation pressure.

The development of optical tweezers changed the
radiation pressure of light from a curiosity of physics to a
commonly used experimental tool [2]. This led to renewed
interest in both fundamental theory [3] and the history of

the phenomenon. The essentially theoretical principle is
the inertia of energy, made famous by Einstein’s E = mc2,
[4]. While this is usually considered a relativistic concept,
marking a break with earlier theories, the inertia of energy
was obtained well before 1900 on the basis of classical
optics and mechanics [5] and thermodynamics [6],
showing the unity of a broad range of physics, and
showing evolutionary, rather than revolutionary, aspects
of the theory of relativity.

2 The early history of radiation pressure
The earliest mention of radiation pressure is often said

to be Kepler’s suggestion that comet tails were pushed
away from the sun by an emission from the sun [7].
(However, it is not clear whether Kepler meant that the
force repelling comet tails from the sun was due to light, or
whether his “emissions” were intended as a Cartesian
explanation of what we would today call “action at a
distance”.) Newton used the idea of the momentum of
light in his theory of the refraction of light, and was misled
into believing that light travelled faster in media with
higher refractive index (because the momentum of light in
such media must be greater). However, he notably
avoided radiation pressure as his explanation of comet
tails. This may well have been due to uncertainty about the
amount of momentum carried by light—all that was
known was that it was, terrestrially, unobservably small.
Consequently, Newton explained the fact that comet tails
were directed away from the sun in terms of buoyancy in
the ether which must be denser near the sun.

The first unambiguous theory of radiation pressure
appears to be due to Euler, who theoretically predicted
radiation pressure, on the basis of a theory of light as
pressure waves in the ether (following Huyghens’ theory
of light) [8]. As translated by Beyer [9], Euler wrote that
“While a sound vigorously excites not only a vibratory
motion in the air particles, but one also observes a real
motion in small, very light dust particles which tumble in
the air, it cannot be doubted that the vibratory motion
caused by the light produces a similar effect.” It is
interesting to note that radiation pressure should be
expected from either the particle or the wave theories of
light considered at that time. However, this appears to
have been overlooked, and the lack of observed radiation
pressure was used by 19th century proponents of the wave
theory of light as evidence for the wave theory over the
particle theory [10].

ME-3.1



LASER-LIGHT AND INTERACTIONS WITH PARTICLES AUGUST 25-29TH, 2014, MARSEILLE, FRANCE

The next major step was the appearance, in quick
succession, of explanations of radiation pressure based on
each of classical mechanics, classical field theory, and
classical thermodynamics. Unlike earlier work, all three
provided correct quantitative models. The first of these
was Maxwell’s prediction of radiation pressure [11].
Maxwell noted that the force exerted by radiation—the
momentum flux—was numerically equal to the energy
density. Thus, the relationship between energy and
momentum depended on the speed of the wave, with the
magnitude of the momentum being

|p| = E/c, (1)
where E is the energy of the wave. Thus, an explanation in
terms of classical field theory had arrived. Poynting and
Heaviside, working independently, would clarify the
transport of energy and momentum by electromagnetic
fields after Maxwell’s death.

Shortly after Maxwell’s Treatise was published, Bartoli
give a simple and satisfying explanation based on classical
mechanics [12]. If we consider a wave incident on a
stationary mirror, no work is done, and the reflected wave
has the same power as the incident wave. However, if the
mirror is moving, the incident wave is doing work on the
mirror, and the force can be determined from the rate of
doing work. The redshifts and blueshifts of the incident
and reflected waves give the rate of doing work, and the
force due to the radiation pressure can be found.
Unsurprisingly, the quantitative result is the same as
Maxwell’s: the momentum and the energy are related by
the speed of the wave.

The third major classical explanation was by Umov [6],
who showed on thermodynamic grounds, that the
transport of energy was accompanied by the transport of
momentum. Again, the momentum and energy are related

by the speed of the transport of energy. This was a highly
significant paper, because the result is very general—it
does not depend on specific details of the type of energy.

3 Non-classical theories
The non-classical parts of the branches of theoretical

physics shown in Figure 1 are varied; in each branch,
“non-classical” carries a different meaning. Indeed, in
mechanics, we can find two different types of “non-
classical” mechanics: relativistic mechanics and quantum
mechanics. Both of these give rise to explanations of
radiation pressure. The relativistic explanation can be
stated simply as Einstein’s famous E = mc2 [4]. A deeper
look can be taken at the energy-momentum 4-vector; the
magnitude of this 4-vector is, in appropriate units, the rest
mass, and we can see that any energy in motion, whether
the rest mass is zero or non-zero, has momentum. Again,
the result is quantitatively the same as obtained from the
classical theories.

The simplest explanation from quantum mechanics is
simply de Broglie’s relationship between momentum p
and wavevector k of matter waves [13],

p = ħk.
The story of the how we can arrive at radiation pressure

from statistical mechanics is rather more complicated.
Essentially, we can consider the pressure exerted by a
photon gas, and the work needed to compress such a gas
in reflective and absorbing/emitting cylinders. The
experimental foundation is the blackbody spectrum—and
we should not be surprised to find experimental
foundations lurking in physics—which drove the early
quantum revolution and led to the 1911 Nobel Prize in
Physics being awarded to Wien. The available space does
not allow a full analysis, so we must be content with the
observation that the blackbody spectrum requires the
aforementioned relationship between energy and
momentum of light. Finally, we can turn to quantum field
theory. If we identify the quantum theory of light from the
development of quantum electrodynamics (QED), the 1965
Nobel Prize in Physics (Feynman, Schwinger, Tomonaga)
provides a convenient date, making this the most recent of
our non-classical fields of physics. However, the
experimental basis (again, experimental results matter!) is
older [14]. The key observation is the annihilation of
particles and antiparticles; the product of this annihilation
is photons, and if the consider this event in any reference
frame other than the zero momentum frame of the
particle/anti-particle pair, conservation of momentum
requires that our initial momentum not simply disappear.
Thus, the photons, the light produced by the annihilation
event, must carry momentum.

Thus, we find that every major branch of physics leads
to explanations of radiation pressure. As radiation
pressure involves work done on matter by fields, and
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therefore involves mechanics, field theory, and
thermodynamics, we can readily understand this in
hindsight. Nonetheless, it is surprising and interesting to
discover such a range of theoretical roads which we can
travel towards our understanding of radiation pressure.

Apart from modern applications of radiation forces
(such as optical tweezers [2]), these theoretical roads have
proved very productive. With the recognition that
electromagnetic fields can carry momentum, the idea of
inertia of electromagnetic energy led to the concept of
electromagnetic mass, and a search for a theory uniting
electromagnetics and mechanics. The unifying theory was
not the theory that was expected; rather than a
straightforward explanation of the origin of mass on the
basis of electromagnetism, the theory that emerged was
the special theory of relativity, which was unexpected in
many ways, and was viewed as revolutionary. The best-
known result of the theory, simply expressed as E = mc2 is
fundamentally a statement of the inertia of energy. The
relationship between energy, (rest) mass, and momentum
was concisely expressed in Minkowski’s formulation of the
theory.

However, this relationship, apart from the definition of
rest mass as the norm of the energy–momentum 4-vector,
had already been expressed by Umov [6], and was implicit
in much of the other work in the field. Therefore, we can
emphasise the evolutionary, rather than revolutionary,
aspect of special relativity.
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