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Standard textbook illustrations of electromagnetic (EM) waves often depict two sinusoidal curves
for the electric and magnetic fields oscillating in mutually orthogonal planes. While pedagogically
convenient, such pictures tend to obscure the intrinsically rotational structure implied by Maxwell’s
curl equations. In this article we provide a geometric interpretation of EM waves, showing how
the electric and magnetic fields form a coordinated rotational system whose propagation naturally
generates a helical structure in field space. We derive the wave equation from Maxwell’s equations,
exhibit circular polarization as an exact rotating-vector solution, and analyze the Lorentz-covariant
field tensor and invariants. We then discuss the stability of this helical configuration under changes
of propagation direction and show that Maxwell’s equations and null geodesics in curved spacetime
forbid sudden corner-like deflections of light, even in extremely strong gravitational fields. The inter-
pretation is entirely consistent with classical electrodynamics and special relativity and is proposed
as a pedagogically valuable way to deepen students’ geometric understanding of light.

I. INTRODUCTION

Electromagnetic waves are commonly introduced by
drawing two sinusoidal curves—one for E, one for B—
in orthogonal planes, with the wave propagating in the
third direction. These sketches are ubiquitous in text-
books and lectures, and they are undeniably useful for
first exposure. However, they may inadvertently suggest
that the fields are merely “wiggles” in fixed planes.

Maxwell’s curl equations describe something richer: a
self-sustaining rotational coupling between the electric
and magnetic fields. A traveling EM wave can there-
fore be viewed as a coordinated rotational configuration
of E and B that propagates at the invariant speed c.
In particular, circular polarization makes the rotational
character explicit: the field vectors at each point in space
have fixed magnitude but continuously rotate in the plane
transverse to the propagation direction.

Throughout we work in vacuum, with no charges or
currents, and we assume familiarity with standard un-
dergraduate electrodynamics.

II. FROM MAXWELL’S EQUATIONS TO THE
WAVE EQUATION

In free space, Maxwell’s equations are

V-E=0, (1)
V-B=0, 2)
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VXE——E7 (3)
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Taking the curl of Faraday’s law and using the Ampere—
Maxwell law leads to the wave equations
0°B

= C2v2:E37 W = C2v2B, (5)

om
ot?

with ¢ = 1/,/igeo.

Plane-wave solutions have the form
E(r,t) = Re{Boe 0=}, (6)
with w = c|k| and k - Eg = 0. The magnetic field is
1
By = —k x E07 (7)
w

encoding the mutual induction of the fields.

III. CIRCULAR POLARIZATION AS A
ROTATING-VECTOR SOLUTION

To make the rotational structure explicit, consider a
right-handed circularly polarized plane wave propagating
in the 4z direction:

E(z,t) = Eplcos(kz — wt) x + sin(kz — wt) ¥], (8)

B(z 1) = %[— sin(kz — wt) % + cos(kz —wt) §1. (9)

At a fixed position the tip of E executes uniform circular
motion in the transverse plane with angular frequency w,
and B does the same while remaining orthogonal to E.

IV. HELICAL REPRESENTATION IN FIELD
SPACE

If we embed the transverse components (E,, E,) in a
three-dimensional diagram with z as the third axis, the
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FIG. 1: Rotation of the electric field vector at a fixed
point for circular polarization.
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FIG. 2: Helical evolution of the electric field
components along the propagation direction. The helix
lives in field space: the spatial ray itself remains
straight along z.

locus of the tip of E is

(Ey, Ey,z) = (Eg cos(kz — wt), Eg sin(kz — wt), z),
(10)
which is a helix in field space.

This helix is a geometric representation of how the field
vector changes as a function of z and ¢, not a physical spi-
ral path of photons in real space. The spatial trajectory
of light remains a straight line in the absence of gravity.

V. FIELD TENSOR AND NULL NATURE OF
EM WAVES

In relativistic notation, the electromagnetic field is rep-
resented by the antisymmetric tensor

0 —E, —E, —E.

Fu=|5 B o -L (11)
E. -B, B, 0
Two Lorentz invariants are
I, = F,, F* = 2(B? - E?), (12)
I, = F,,F" = —4E B, (13)

where ﬁ',w is the dual tensor. For a plane wave in vacuum,
|E| =¢/B| and E-B =0, so I; = I, = 0 and the field is
null. The wave four-vector k* also satisfies k,k* = 0.
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FIG. 3: Smooth bending (top) allows adiabatic
following of the helical field. A sharp corner (bottom) is
incompatible with the wave nature of light.

VI. STABILITY OF THE HELICAL
STRUCTURE UNDER DIRECTION CHANGES

The helical configuration is defined locally with respect
to the propagation direction k. At each point,

~ 1A

E 1Bk, B= -k xE. (14)
w

Maxwell’s equations do not allow discontinuous changes

in k on scales comparable to the wavelength, because

such jumps would require discontinuities in E and B and

would break the mutual induction that sustains the wave.

A useful condition for adiabatic preservation of the he-
lical field is

dk

k 1
7| <k (15)

where s is distance along the ray and k = 27 /\. If the ray
bends gradually over many wavelengths, the polarization
and helical field pattern smoothly follow the bending.
Hypothetical sharp corners are incompatible with this
local helical geometry and with Maxwell’s equations.

VII. BEHAVIOR IN CURVED SPACETIME

In general relativity, Maxwell’s equations take the co-
variant form
V" =0, ViaFsy =0, (16)

and light rays follow null geodesics with tangent k" sat-
isfying
k'k, =0, k'V, k" = 0. (17)

Geodesics in a smooth spacetime are differentiable
curves; they may bend but cannot have kinks.
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local helical structure transported along the path

FIG. 4: Schematic view of a bent light ray (null
geodesic) with local helical field structure carried along
the path. The ray bends smoothly, while the local
rotation of E and B follows the changing propagation
direction.

The EM field tensor is parallel-transported along the
geodesic, and the local polarization direction follows ac-

cordingly. The helical structure is therefore carried along
the curved ray by parallel transport: it adjusts contin-
uously to the changing k, remaining locally circularly
polarized as long as gravitational birefringence or other
effects are negligible.

VIII. PEDAGOGICAL REMARKS AND

CONCLUSIONS

The geometric interpretation developed here highlights
the intrinsically rotational nature of EM waves, clari-
fies the meaning of wavelength and frequency, connects
the vector-field picture to the covariant tensor formal-
ism, and explains why light cannot undergo abrupt di-
rectional breaks. Because it introduces no new physics
while deepening geometric understanding, this viewpoint
is well suited for advanced undergraduate instruction and
physics education contexts.
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