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Introduction. Radiation pressure, the mechanical force exerted by electromagnetic radiation, is a
fundamental prediction of Maxwell’s theory of electrodynamics. From the earliest formulations of the
electromagnetic field equations by Maxwell [1,2] and the introduction of the Poynting vector [3], the
intimate relationship between energy transport, momentum density, and mechanical effects of light has
been recognized. These theoretical foundations were later supported by classical experiments such as
Lebedev’s measurement of light pressure [4] and the pioneering work of Nichols and Hull [5], which
confirmed the reality of radiation-induced forces. A central element in deriving radiation pressure lies in
the Maxwell stress tensor and the conservation laws of energy and momentum in electrodynamics, as
presented in standard texts by Jackson [6], Griffiths [7], and Landau & Lifshitz [8].

Literature review. The transition from field theory to measurable force relies on the evaluation of
clectromagnetic momentum flux across surfaces. This formulation naturally vields the well-known
expressions I/c for absorption and 2I/c for reflection, providing a consistent theoretical framework for
understanding radiation forces in diverse settings. The study of light’s momentum has also sparked one of
the longest-standing debates in classical physics: the Abraham-Minkowski controversy regarding the
correct form of electromagnetic momentum in media. Foundational contributions by Minkowski [9] and
Abraham [10], and modern analyses such as Barnett [11], Milonni & Boyd [12], and Pfeifer et al. [13]
illustrate the richness of this problem and its importance for both theoretical and applied optics. Beyond
theoretical considerations, radiation pressure underpins numerous modern technologies. The demonstration
of angular momentum transfer by Beth [14] and the Nobel-winning work on laser cooling and trapping by
Ashkin [15], Ashkin et al. [16], and Chu [17] have enabled entirely new experimental frontiers. Appli-
cations now range from optical tweezers and nanoparticle trapping [ 18] to proposals for photon-driven solar
sails in space exploration. Recent reviews, such as Dholakia & Zem anek [19] and Padgett [20], further
highlight the importance of radiation forces across scales, from single atoms to macroscopic systems. In
this work, we revisit the derivation of radiation pressure directly from Maxwell’s equations, providing a
step-by-step pedagogical pathway from the field equations to the stress tensor formulation and the resulting
expressions for pressure. By drawing upon both classical foundations and contemporary perspectives, we
aim to present a unified and accessible treatment that will serve as a resource for students and researchers
secking a clear physical understanding of this central phenomenon in ¢lectrodynamics.

Research Methodology. We work in SI units, in vacuum, with fields: E = E (7,t) and
B = B(#,t). Maxwell's equations are:

v-E=g%,v><E=—‘;—f, V-B=0, VxB= o]+ Hoto o (1)
where E is electric field, B is magnetic field, J is current density, p is charge density, V is Nabla
operator, and &y and i are the vacuum permittivity and permeability; the speed of light is

= 2
¢ VEolto ( )

The Lorentz force density on charges and currents is
f=pE+]xB 3)

where fis Lorentz force density.

The method consists of the following steps: 1) energy conservation (Poynting’s theorem) is obtained
from Maxwell’s equations, which introduces the energy density and the Poynting vector; 2) p and | are
eliminated from the Lorentz force density with the help of Maxwell’s equations, which yields the
momentum-balance law and the Maxwell stress tensor; 3) the divergence theorem expresses the net force
on matter as a surface integral; 4) the normal component of the stress tensor is evaluated for a
monochromatic plane wave to obtain the pressure on a surface; 5) the result is generalized to reflection and
transmission.

Energy conservation (Poynting’s theorem). We take the dot product of E with the Ampére—
Maxwell law and of B with Faraday’s law:

OE 0B
E-(VXB)=poE-]J+pogkE--- : B-(VXE)=-B-— (&)
From (4) we easly obtain:

V (ExB)=-B 2 - o8

p .UOE‘]—.UofoE‘E (5)
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1(8052+B—2)+V-(iExB)=—E-] (6)

at\ 2 AT
This is Poynting’s theorem:
Z4v.S=-E-] )
with the electromagnetic energy density and the Poynting vector
goE?  B? 1
= — S=—EXB 8
2 + 2ug’ Uo ( )
In a charge-free, current-free region (p = 0, ] = 0) energy is locally conserved:
‘;—’t‘ +V-S=0 9)

Momentum conservation: Field momentum and stress tensor. In the Lorentz force density (6) we
substitute p = gy V-Eand | = MLV X B — gy 9;E, both following from Maxwell’s equations:
0

f=eo(v-E)E+Mi(VxB)xB—eo%xB (10)
0
To turn the last term into a time derivative we use Faraday’s law:

0 OE 0B _ OE

E(EXB)—EXB+E><E_E><B—E><(V><E) 1
Hence

f=—ey=(E X B) + &[(V-E)E — E x (V X E)] +Mi(V>< B) x B (12)
0

Now we apply identity (8) (noting that —E X (V X E) = (V X E) X E) with A =E and A = B, and,
for symmetry, add the term Mi (V - B)B, which vanishes because V - B = 0. The result is
0
f=—2845[(V-EE+ (E-VE—3VE?|+—[(V-B)B+(B-V)B—3VB?| (13)
ot 2 Uo 2
where the electromagnetic momentum density is
g=gExB=> (14)

CZ
The terms in square brackets can be written as a total divergence:
g0 0;(EiE;) = &[(V-E)E; + (E- V)E;] and 0;(1/2 E?) = 9;(1/2 6;;E?) (15)
(and likewise for the magnetic field). In this way we obtain the momentum-balance law and the
symmetric Maxwell stress tensor o

a acrl--

a—f—V-a=—f, (V‘U)i=2ja—xj] (16)
= (E-E-—ld--EZ)+i(B-B-—16--BZ) 17)
011_80 it 2 “iJ Ho iPj 2 “iJ

Integrating the balance law over a volume V and applying the divergence (Gauss—Ostrogradsky)
theorem gives the net force on matter inside V:

F=ffav===[gdV+§ o dA (18)

Thus, light exerts a mechanical force because the electromagnetic field carries momentum whose
flux through a surface is transferred to matter. For time-averaged (steady) fields the first term vanishes and
the force is determined solely by the flux of the stress tensor through the surface.

Pressure on a surface: general statement. Let fi be the outward unit normal of a surface element
dA of the body. The traction (force per unit area) that the field exerts on the surface and the normal pressure
are

t=0-1, p=—fi-t=—10.0-1 (19)

A positive pressure corresponds to compression of the surface (force directed inward). Now consider

a monochromatic plane wave propagating along +2:

E(z,t) = Ejcos(kz — wt) %, B(z,¢t) = %cos(kz —wt)§ (20)
For this wave (since B = E /c, so that B? /iy = g,E?):
_£E? B _ 2 1 - 25
== +2M0—80E, S—MOEXB—eocEZ 21

Time averages over many cycles give (E2) = EZ/2 and
EZ 2 “ “
W=g=2, (S=gctz=Iz (22)
where I = (S) is the intensity; note also that I = c¢(u). For the stress-tensor component normal to a
surface z = const (the wave is transverse, so E, = B, = 0) we have
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Perfectly absorbing surface and perfect mirror. For a perfectly absorbing surface (no reflected or
transmitted wave in front of the surface) the outward normal is i = —Z, so by (24) and (28) the time-

averaged normal pressure is

1

() = —(052) = (u) = z (24)

For a perfectly reflecting mirror at normal incidence the momentum carried by the wave reverses

upon reflection: the incident momentum flux /¢ is delivered to the mirror, and the reflected wave carries

away an equal momentum flux / /¢ in the —Z direction. The momentum transfer is therefore doubled:

1 1 21
<p>mirror =-t+-=— (25)

C c c
General normal-incidence balance with reflection and transmission. Let [i,¢, Irer; and Iipans be

the cycle-averaged incident, reflected and transmitted intensities. The momentum flux normal to the surface
equals I /c. Conservation of momentum across a pillbox yields the pressure on the interface (on the front
surface):

_ linctren—ltrans _ (1+R-T) Iinc (26)
c c

where R = lefi/linc and T = lipans/line.  Special cases: an absorbing wall (R =T = 0) gives p =
I/c;aperfect mirror (R = 1, T = 0) gives p = 21 /c; alossless single interface (R + T = 1) gives p=
2R Ijpc/c.

The field momentum density g = S/c? shows that wherever there is energy flow, there is momentum
flow. The Maxwell stress tensor ¢ is the momentum-flux density of the field: its normal component gives
the pressure, and its off-diagonal components encode shear forces. The pressure equals the change in
normal momentum flux delivered by the fields to matter.

As an example, sunlight at the Earth’s orbit has intensity / ~ 1360 W - m~2. Then

=2
1, 1860Wm™2 06 Pa, Pmirror = 9.1 - 1076 Pa 27

Pabs = ¢ 3108 m/s

Conclusion. Maxwell’s equations imply that electromagnetic fields carry momentum; the associated
momentum-balance law introduces the Maxwell stress tensor. The flux of this tensor through a surface
produces a mechanical force. For electromagnetic waves this manifests as a radiation pressure equal to [ /¢
for absorption and 21 /¢ for reflection at normal incidence. Thus, the pressure of light is a direct, quantitative
consequence of classical electrodynamics. For sunlight at the Earth’s orbit it amounts to about 4.5 - 107° Pa
on a perfect absorber and 9.1 - 107° Pa on a perfect mirror.
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