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Causality in Classical Physics
Asrarul Haque

Classical physics encompasses the study of physical phenomena which range from local (a point)
to nonlocal (a region) in space and/or time. We
discuss the concept of spatial and temporal nonlocality. However, one of the likely implications
pertaining to nonlocality is non-causality. We
study causality in the context of phenomena involving nonlocality. An appropriate domain of
space and time which preserves causality is identified.
1. Introduction
Classical physics (Newtonian mechanics and Maxwellian
electrodynamics) deals with the space- and/or time-varying physical phenomena of massive point particles and
the electromagnetic ﬁeld. The physical happenings in
classical physics are ordered in time. What ensures the
correct chronological order? It is causality. Causality, in
general, refers to the fact that event E1(r , t) must occur
before in time (i.e., earlier) than event E2 (r , t > t) if E1
inﬂuences E2 . For instance, the scalar potential V (r , t)
due to an arbitrarily moving point charge is
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tential V (r , t) as an observable eﬀect. The question now
arises: how long does it take for the inﬂuence to reach
E2 from E1 ? The instantaneous inﬂuence from an event
E1 (r, t) to an event E2 (r , t) is not desirable, as our experience tells us. In fact, there exists a minimum time
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By nonlocality we
mean that an event in
addition to relatively
nearby events can
influence the suitably
distant events as
well. Therefore,
nonlocality implies
that the state of a
particle at time t can
be determined by its
position x(t ) as well
as all possible time
derivatives of its
position such as

...
ẋ(t), ẍ(t), x (t),... .

 has now gotten support over a region
in the sense that D
 By nonlocality we mean
|t − t| in time through E.
that an event in addition to relatively nearby events can
influence the suitably distant events as well. Therefore,
nonlocality implies that the state of a particle at time
t can be determined by its position x(t) as well as all
possible time derivatives of its position such as ẋ(t), ẍ(t),
...
x (t),... .
2. Action-at-a-Distance
Interactions in classical physics (Newtonian mechanics)
involve action at a distance, which simply means that
interaction can occur between any two distinct spatial
points instantly. We shall illustrate the concept of action
at a distance by considering two simple systems: one
discrete and the other continuous. Consider a system of
N stationary particles separated by a distance R each
(as shown in Figure 2a). Suppose the particles interact
via an action at a distance of range, say, R. Action at a
distance implies that the force between the ith and jth
particles
Fij = Fij (ri (ti ), rj (tj ))ti =tj =t ,
depends on the position of the ith particle as well as the
jth particle at the same time. Thus all the particles happen to interact at the same time. This is possible provided the interaction propagates instantaneously (i.e.,
with infinite speed) across all possible spatial separations in the system. This is what conflicts with causality
which requires a finite speed of propagation of interaction.

Figure 2.
(a) A system of N stationary
particles placed at a distance
R each interacting via an action at a distance of range R.
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The diﬀerential operator B(−i
∇
∂t
nonlocal theory, involves an arbitrarily large number
of space and time derivatives, therefore acting on the
product of Dirac delta functions δ(r − r )δ(t − t ) will
smear them by enlarging their domain of support. For
instance, the diﬀerential operator e
yields
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Thus, a single point support x = 0 is now enlarged to
an entire domain (−∞, ∞). One of the foreseeable implications pertaining to nonlocality is acausality. The
immediate reason as to why theories involving nonlocality are vulnerable to display the symptom of causality
violation could be attributed to the following facts:
• At a given point in time say t0, interaction can take
place between any two spatial points on the spatial nonlocal region exhibiting action at a spatial distance.
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We now consider three physical quantities, namely A,

B and C that vary in space and time. Suppose these
quantities describe some physical phenomenon in which
the first order spatial and temporal derivatives of their
phases happen to be the same. Then all the three physical quantities will have the same wave vector and fre k, ω), B(k, ω) and C(
 k, ω). We
quency dependence as A(
wish to study the causal structure of the generic form of
the ubiquitous equation
 k, ω) = B(k, ω)C(
 k, ω),
A(

(8)

which embodies spatio-temporal nonlocality in classical physics. What is the form of spatio-temporal dependence of the above relation? A point in wave vector/frequecy space corresponds to a region in the configuration/time space: the former is the reciprocal space
of the latter. Such correspondence is established via
Fourier transform which is based on the fact that any
good function can be built out of a superposition of
sine/cosine functions. The Fourier transform (FT) of
 r , t) and inverse Fourier transform (IFT) of A(
 k, ω)
A(
are defined as follows:
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r−
r|
than c which seems feasible as ||t−t
 | can be arbitrarily
large for some observable r and t as both r and t vary
from −∞ to +∞.

Spatially Nonlocal Domain of Significance
Suppose a rapidly changing electric ﬁeld with an arbitrary space and time dependence interacts with matter
(such as linear dielectrics). The electric ﬁeld will create
a macroscopic dipole moment of the system. Suppose
the polarization (dipole moment per unit volume) with
the passage of time picks up the same wave number and
frequency dependence as that of the electric ﬁeld. In
linear dielectrics, the polarization and electric ﬁeld in
wave vector and frequency spaces are related through
the electric susceptibility as
 k, ω),
P (k, ω) = χE (k, ω)E(

(12)

which in the conﬁguration and temporal spaces takes
the following form:
+∞
+∞
 r , t) . (13)
P (r, t) =
d3 r
dt χE (r − r , t − t )E(
−∞

−∞

 possesses a characteristic length
When the electric ﬁeld E
scale such as wavelength (λ) which is comparable to
or smaller than the distances between the polarization
charges, then the spatial nonlocal eﬀects become significant. For λ <
∼ l, where l is the average distance between
 can explore the details of
the polarization charges, E
the spatial structure of dipole moments (see Figure 4).
Thus, for λ >> l, spatial nonlocality is not important.

When the electric
 possesses a
field E
characteristic length
scale such as
wavelength (λ), then
for λ <
∼ l , where l is
the average distance
between the
polarization charges,
the spatial nonlocal
effects become

significant because E
can now explore the
details of the spatial
structure of dipole
moments.

Figure 4. A macroscopic dipole moment of size d created by a sinusoidal varying
electric field of wavelength λ.
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 k, ω) = B(k, ω)C(
 k, ω) which
form of the equation A(
embodies spatio-temporal nonlocality and appears at
several places and in various contexts in classical physics:
the motion of a forced damped harmonic oscillator, auxiliary equations (electromagnetic constitutive relations
for space-time dependent ﬁelds), etc. The phenomena
governed by the said equation might occur over the domain of speeds ranging from the small speeds (v << c)
to the speeds near the speed of light in vacuum.
Non-locality is one of the crucial attributes of classical
physics. However, one of the consequences of the nonlocality might be causality violation. Causality in classical
physics is ensured by enforcing appropriate constraints
on space and time. Unambiguous distinction between
cause and eﬀect demands cause must exist anterior to
the eﬀect as well as a signal between cause and eﬀect
cannot connect by superluminal speed. The identiﬁcation of causal space and time domain is therefore rather
important to prevent causality violation.
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Editor’s Note
This article which may appear as somewhat ‘open ended’ has
been published in the hope that some of our readers will
respond with questions or comments, to which the author may
reply in a later issue.

RESONANCE ⎜ June 2014

537

