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Inertial Forces from Relativistic and Thermal Effects of
Electromagnetic Frequency Sweeps
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ABSTRACT:We investigate the thermal and relativistic effects produced when an electrically conductive object is moving in tandem with
a source of a variable electromagnetic field. First, we derive an energy-frequency relation to quantify the temperature rise induced by
such a field. This relation is then combined with the Lorentz-Fitzgerald contraction and time dilation from special relativity to identify
a force, Fc, required to reconcile energy conservation between stationary and moving observers. We further relate Fc to the relativistic
energy of a moving mass, extending the analysis to objects without electrical conductivity. This connection leads to the prediction of
an inertial force Fcf generated by the frequency sweep of an electromagnetic wave (whether caused by relative motion or by internal
modulation) that interacts with mass regardless of its electrical properties.

1. INTRODUCTION

The study of relative motion between electrically charged
bodies and sources of electromagnetic fields underpins

many fundamental principles in both low and high energy
physics [1]. The electrodynamics of moving bodies has been
addressed through classical Galilean transformations as well as
Minkowski spacetime formulations [2]. Pre-relativistic investi-
gations predicted that charged bodies contract along the axis of
motion [3]. Notably, Heaviside examined the electromagnetic
effects of a moving charge under the assumption of an invari-
able surface charge distribution [3], while Searle [4] demon-
strated that a charged sphere in motion contracts in the direc-
tion of travel, producing a field distribution similar to that of a
charged ellipsoid.
Le Bellac and Levy Leblond [5] developed a Galilean-

invariant formulation of electromagnetism by identifying
two distinct non-relativistic limits for the electric and mag-
netic fields. Building on this framework, De Montigny and
Rousseaux [6] applied a Riemann-Lorenz formulation to
reinforce these results in the context of low energy phenomena
and the electrodynamics of bodies moving at low velocities.
Relativistic effects in electromagnetism have also been ex-
amined in [7], demonstrating that the magnetic component
of the Lorentz force emerges directly from the application of
Lorentz contraction in the analysis of electrical currents. More
recently, studies in time-varying media [8] have shown that,
for any stationary observer, an accelerated electromagnetic
wave exhibits relativistic effects with respect to laboratory
time.
This study examines how a stationary observer measures the

heat generated in an electrically conductive object moving in
tandem with a source of a variable electromagnetic field. The
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analysis incorporates the Lorentz-Fitzgerald contraction and
time dilation to ensure that energy conservation is maintained
between the thermal measurements of stationary and moving
observers. The principal contribution of this work is the identi-
fication of a new inertial force, Fcf , that arises from frequency
sweeps in electromagnetic fields. This force represents a rela-
tivistic coupling between field energy and inertia, emerging as a
direct consequence of Lorentz-Fitzgerald contraction, time di-
lation, and the requirement of energy conservation. Fcf acts on
matter regardless of electrical conductivity providing a poten-
tial mechanism for non-contact particle manipulation and fre-
quency driven propulsion systems.

2. ENERGY-FREQUENCY CHARACTERIZATION OF
JOULE HEATING FROM VARIABLE ELECTROMAG-
NETIC FIELDS
Joule power losses arise from the conduction of electric current
through electrically conductive materials. These losses gen-
erate heat, raising the temperature of the conductor, which is
subsequently transferred to surrounding media via conduction,
convection, and radiation mechanisms [9].
The Joule power loss per unit surface area P̄ (W/m2) pro-

duced by induced electric currents in an electrically conductive
object is given by

P̄ =

∫ y

0

ρ · J2
z dy (1)

where ρ is the electrical resistivity of the material (Ωm), and Jz
is the current density (A/m2) along the z direction (see Fig. 1).
For a sinusoidal source of variable electromagnetic field, the

distribution of current density Jz is

Jz = Joe
−y/αsk cos (2πft− y/αsk) (2)
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FIGURE 1. Cross-sectional area occupied by the current density Jz .

where Jo is the peak current density (A/m2) [10], f the fre-
quency of the source of variable electromagnetic field (Hz), t
is time (s), and αsk the skin depth of penetration (m) defined as

αsk =

√
ρ

πµf
(3)

with µ denoting the magnetic permeability (H/m).
Substituting Eq. (2) with Eq. (1) yields

P̄ (y) =
ρJ2

oαsk

4

(
1− e−2y/αsk

)
(4)

FromEq. (4), it is evident that most of the induced power loss
is confinedwithin approximately three skin depths (Fig. 2) [10].
Beyond this depth, the exponential attenuation of the electro-
magnetic field significantly reduces the current density and,
consequently, the generated heat [10].

FIGURE 2. Induced power loss distributes within approximately three
skin depths.

Thus, extending the integral to∞ gives an accurate estimate
of the total Joule power loss per unit surface area:

P̄ =

∫ ∞

0

ρ · J2
z dy =

ρJ2
oαsk

4
(5)

For practical applications, it is convenient to express the re-
sults in terms of the total electric current I(t) flowing through
a surface of width lx:

I (t) = lx

∫ ∞

0

Jzdy (6)

Solving the integral using Eq. (2) gives

I (t) =
lxJoαsk√

2
cos

(
2πft− π

4

)
(7)

The RMS (Root Mean Square) current follows as

Irms =

√
1

T

∫ T

0

I2 (t) dt =
lxJoαsk

2
(8)

where T is the period of the signal.
Equation (8) leads to

Jo =
2Irms

αsklx
(9)

Substituting Eq. (9) into Eq. (5) and multiplying by the total
external surface area lx · lz , the total Joule power loss becomes

Ploss = R (f) I2rms =
ρlz

αsklx
I2rms (10)

where R(f) is the frequency dependent effective surface resis-
tance (Ω) [11].
The induced current Irms in Eq. (8) is not assumed constant.

It results directly from the integration of the frequency depen-
dent current density Jz whose spatial decay depends on the fre-
quency dependent skin depth αsk.
The spatial distribution of the induced current density, and

therefore the local power density, is governed by the field
geometry, material properties, and the excitation frequency.
While the source impedance determines the total current de-
livered to the source of variable electromagnetic field (Fig. 1),
it does not determine how the induced current distributes within
the electrically conductive object once the electromagnetic field
is established. The depth-wise decay of Jz is dictated solely by
the skin depth physics described by Maxwell’s equations. This
distinction emphasizes that Joule power losses arise from the
local field-material interaction, and that the derived expression
for Ploss properly captures the frequency dependent behavior
dictated by electromagnetic induction.
The heat losses from Eq. (10) can be directly related to the

temperature rise of the electrically conductive objects. The
transient temperature increase of an object is governed by the
general heating relation [9]:

Ploss = mtCP
∆T

∆t
(11)

where mt is the mass of the object (kg), Cp the specific heat
capacity (J/(kg · ◦K)),∆T the temperature increment (ºK), and
∆t the heating duration (s).
Equations (10) and (11) describe the same form of energy

conversion, from electrical to thermal. By comparing both, it
follows that the temperature rise∆T of an electrically conduc-
tive object is directly proportional to the square of the induced
current Irms and to the square root of the operating frequency
f :

∆T ∝ ∆tI2rms

√
f (12)
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Equation (12) constitutes one of the principal analytical re-
sults of this study, establishing a direct energy-frequency cou-
pling for Joule heating produced by variable electromagnetic
fields.
The relation can also be expressed in terms of the magnetic

energy E stored in the field:

E =
LI2rms

2
(13)

where L is the equivalent inductance of the electromagnetic
system (H).
Substituting I2rms from Eq. (13) into Eq. (12) gives the gen-

eral expression
∆T = κ∆tE

√
f (14)

where κ is a proportionality constant (◦K/(J · s1/2)) that incor-
porates material properties, geometry, and the thermal response
of the system. It can be expressed as

κ =
2

mtCp

ρlz
lx

1

L

√
πµ

ρ
(15)

Equation (14) extends the previous formulation (12) by link-
ing the temperature rise directly to the energy content of the
electromagnetic field, thereby serving as a second key contri-
bution of the present work.
Equation (14) quantifies the total electrical energy converted

into heat through Joule losses and preserves additive linearity
due to the superposition principle and energy conservation in
electromagnetic systems [12].
Hence, whenmultiple frequency components or sources con-

tribute to heating, the total temperature rise can be estimated by
summing their respective contributions:

∆T total = κ∆t
(
E1

√
f1 + E2

√
f2 + . . .+ Ei

√
f i

)
(16)

Equation (16) represents the third main contribution of this
study, generalizing the energy-frequency relation to multiple
electromagnetic sources and establishing a framework for cu-
mulative heat generation under complex field spectra.
Furthermore, using proportional reasoning under constant

conditions, the relative temperature rise between two different
states can be estimated as

∆T 2

∆T 1
=

E2

√
f2

E1

√
f1

(17)

In other words, if the temperature rise ∆T1 is known for
a given combination of field energy E1 and frequency f1,
Eq. (17) can be used to predict the temperature rise∆T2 corre-
sponding to a new set of parameters E2, f2. Determining the
values of E1 and f1 requires experimental measurements [10].
Alternatively, numerical methods such as the finite element
method can be employed to obtain these values [13–15].
The energy-frequency dependence in Eq. (17) provides fun-

damental framework for describing the thermal energy gener-
ated in electrically conductive material without requiring inter-
mediate material parameters [16], marking the fourth principal
outcome of this study.

In the next section, Eqs. (16) and (17) are applied to estimate
the temperature rise of an electrically conductive object placed
within a source of variable electromagnetic field, forming the
foundation for analysing how such temperature estimates differ
between stationary and moving observers.

3. THERMAL DISCREPANCY BETWEENMOVING AND
STATIONARY OBSERVERS
This section examines how the temperature rise predicted by
the energy-frequency dependence (17) differs when the elec-
tromagnetic system is in motion relative to the observer. The
analysis considers two reference frames:

1. A stationary observer at position X, and

2. Amoving observer traveling together with the electromag-
netic source.

The aim is to demonstrate that apparent discrepancies in mea-
sured temperature arise naturally from the combined effects of
the Doppler shift, time dilation, and field contraction, and to
introduce the relativistic compensation factor β that reconciles
both viewpoints.

3.1. Stationary Observer: Reference State (No Motion)
Suppose that the stationary observer at X performs an exper-
iment with the electromagnetic system shown in Fig. 3. The
system delivers a field energy E1 at frequency f1.

FIGURE 3. Schematic of the measurement setup: a stationary observer
at X records the temperature change of an electrically conductive ob-
ject using a source of variable electromagnetic field with energyE1 at
frequency f1.

After a time interval∆t1, the observer at X measures that the
conductive object reaches a temperature

T1= T 0 +∆T 1 (18)

where T0 is the initial temperature of the electrically conductive
object, and∆T1 is the rise predicted by Eq. (14).

3.2. Stationary Observer: Source in Motion
Now consider a second test in which the electromagnetic sys-
tem moves toward observer at X (Fig. 4). As motion begins,
the observed field energy and frequency increase from E1, f1
to E2, f2 due to the Doppler effect.
After the same nominal duration ∆t1, observer at X would

expect the temperature rise to follow Eq. (17), giving a larger
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FIGURE 4. From the perspective of observer at X, the measured energy
E and frequency f increase due to the Doppler effect.

value than before:
∆T 2 > ∆T 1 (19)

This prediction, however, is based purely on the Doppler-
shifted energy-frequency input and does not yet include rela-
tivistic timing effect.
To the stationary observer at X, the electrically conductive

object should appear to heat faster due to the higher effective
frequency and energy density.

3.3. Moving Observer: Co-Moving Frame of the System
Now consider a second observer moving in tandem with the
electromagnetic source (Fig. 4). In this frame, the Doppler ef-
fect is absent: the energy and frequency remain E1, f1.
The moving observer measures the heating over their own

proper time interval∆τ1, which is related to∆t1 by relativistic
time dilation.
From this point of view, the temperature rise is

∆T2 = ∆T 1
E1

√
f1

E1

√
f1

∆τ1
∆t1

= ∆T 1
∆τ1
∆t1

(20)

and thus, the final temperature increment satisfies

∆T 2 < ∆T 1 (21)

because∆τ1 < ∆t1 for a moving clock.
Therefore, the moving observer registers a smaller tempera-

ture rise than the stationary observer at X would predict.

3.4. Compensation of the Stationary Observer's Estimate
To reconcile the twomeasurements, the stationary observer at X
introduces a dimensionless compensation factor β into Eq. (17):

∆T 2 = ∆T 1
βE2

√
f2

E1

√
f1

(22)

The dimensionless factor βmust decrease with increasingE2

and f2, offsetting the apparent rise caused by Doppler amplifi-
cation.

The observations of the moving observer and stationary ob-
server at X coincide only when there is no relative motion be-
tween them, that is, when the Doppler shift is absent, and the
proper time interval equals the coordinate time (∆τ1 = ∆t1).
When relative motion exists, the factor β compensates for both
time dilation and electromagnetic field contraction, thereby en-
suring the preservation of energy conservation.
To determine the value of β, the stationary observer at

X refers back to the cumulative energy-frequency relation of
Eq. (16) from Section 2 and examines the overall energy bal-
ance of the system. From this perspective, the observer at X
reasons as follows:
If the system had remained stationary, producing an energy

E1 at frequency f1 over the interval ∆t1, I would have mea-
sured a total temperature rise ∆T1, meaning that 100% of the
electromagnetic energy was converted into heat. However,
since the source is in motion, I now measure a smaller tempera-
ture rise corresponding to κ∆t1βE2

√
f2 after the same elapsed

time ∆t1. Therefore, the difference between the ideal station-
ary contribution and this reduced value must represent the en-
ergy discrepancy responsible for the magnitude of the factor β.
Accordingly, from the point of view of the stationary ob-

server at X, the total energy balance of the system can be ex-
pressed as

κ∆t1E1

√
f1 =

(
κ∆t1βE2

√
f2

)
+
(
κ∆t1Edisc

√
f1

)
(23)

whereEdisc denotes the energy discrepancy associated with the
reduced temperature rise observed during motion.
Isolating Edisc from Eq. (23) gives

Edisc = E1 −
(
βE2

√
f2√
f1

)
(24)

and dividing Eqs. (20) and (22) yields

β =
E1

E2

√
f1√
f2

∆τ1
∆t1

(25)

The time dilation relation from special relativity [17] provides

∆τ1 =
∆t1
γ

, (26)

γ =
1√

1−
(
ν2

C2

) (27)

where ν is the relative velocity, and C is the speed of light
(299,792,458m/s).
The relativistic Doppler effect links the Lorentz factor γ to

the observed frequency shift [18]:

γ =
f2
f1

(28)

The derivation of Eq. (28) can be made explicit as follows.
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3.5. Explicit Deduction of γ = f2/f1
Because the intensity of an electromagnetic field scales with
the cube of the frequency as a Lorentz invariant quantity [19],
the following equality holds between the stationary and moving
frames:

IN
f3

=
C · E1

vol1f
3
1

=
C · E2

vol2f
3
2

(29)

where IN is the intensity of the electromagnetic field (W/m2),
C the speed of light (299,792,458m/s), and vol the volume of
space (m3) occupied by the electromagnetic field distribution.
Rearranging Eq. (29) gives the energy ratio between

frames:

E2

E1
=

vol2
vol1

(
f2
f1

)3

(29a)

Next, the spatial distribution of a moving electromagnetic
field contracts along the direction of motion [3, 4]:

ℓrest =
ℓmoving

γ
(30)

where ℓrest is the contracted dimension measured by the sta-
tionary observer at X, and ℓmoving is the corresponding dimen-
sion measured by the moving observer (Fig. 4).
Therefore, the total electromagnetic field volume transforms

as (see Fig. 5)

vol2 =
vol1
γ

(31)

FIGURE 5. Contraction of the electromagnetic field volume along the
direction of motion as observed from X.

Substituting Eq. (31) into Eq. (29a) gives

E2

E1
=

1

γ

(
f2
f1

)3

(31a)

For the total energy and field intensity to remain Lorentz
invariant, the factor multiplying E1 must be reduced to
the standard quadratic Doppler scaling of radiant energy
(f2/f1)

2 [11, 20].
This requirement is satisfied only when

γ =
f2
f1

(28 revisited)

Thus, Eqs. (29)–(31) jointly ensure that the Lorentz factor
equals the frequency ratio term implied by the Doppler effect,
preserving the invariance of the electromagnetic energy inten-
sity relationship across frames.

3.6. Substitution into the Energy Discrepancy Relation
Substituting Eqs. (25)–(31) into Eq. (24) yields the expres-
sion for the energy discrepancy observed by the stationary ob-
server:

Edisc = E1

(
f2 − f1

f2

)
(32)

Equation (32) quantifies the energy discrepancy observed by
the stationary observer at X, representing the apparent loss of
energy that arises due to the combined effects of relativistic
field contraction and time dilation.

3.7. Force Associated with Energy-Frequency Redistribution
From the perspective of the stationary observer at X, the mov-
ing electromagnetic source in Fig. 4 has expended the energy
Edisc while traveling from point A to point B. Consequently,
the observer concludes that a force must act within the spatial
volume vol2 such that

Fc =
E1

∆λ

(
f2 − f1

f2

)
(33)

where Fc is the force (N), and∆λ is the distance (m) travelled
by the electromagnetic system from point A to point B, as mea-
sured by the observer at X (Fig. 4).
Additionally, due to the nature of the electromagnetic field,

the force in Eq. (33) can be expressed in multiples of Planck’s
energy as

Fc =
Nhfp

∆λ

(
f2 − f1

f2

)
(34)

where h and fp are the Planck’s constant (6.626 × 10−34 J · s)
and Planck’s frequency (2.952× 1042 Hz), respectively, andN
is the number of units required to match the total electromag-
netic energy E1 such that E1 = Nhfp.

3.8. Differential form Derived from ∂Edisc/∂t
To obtain a continuous representation of Eq. (33), consider the
instantaneous frequency of the sweep as f(t). For a small fre-
quency increment∆f , let

f1 = f (t)−∆f, (35)
f2 = f (t) (36)

so that, for an incremental frequency change within the sweep,
the term (f2 − f1)/f2 in Eq. (33) can be expressed as(

f2 − f1
f2

)
≈ 1

f (t)

df

dt
dt (37)

in the differential limit as∆f → 0.
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Substituting this relation into Eq. (32) yields
Edisc ≈ E1(∆f/f(t)).
Defining the effective force as the rate of change of this en-

ergy discrepancy with respect to distance,

Fc =
dEdisc

dx
(38)

and using dx = Cdt for propagation at the speed of lightC, we
obtain

Fc =
1

C

dEdisc

dt
=

E1

C

1

f (t)

df

dt
(39)

If the sweep extends up to a highest frequency fH , evaluating
the prefactor at f≃fH gives

Fc≃
E1

CfH

df

dt
(40)

Substituting E1 = Nhfp into Eq. (40) yields the general
differential form

Fc =
Nh

C

fp
fH

(
∂f

∂t

)
(41)

3.9. Clarification on the Physical Interpretation of Fc

To establish a direct link between the electromagnetic field for-
mulation and the effective force Fc, we start from Poynting’s
theorem, which expresses the local conservation of electromag-
netic energy as

∇ · S+
∂UEM

∂t
= −J · E (42)

where UEM = (1/2)(ε0|E|2 + µ0|H|2) is the electromagnetic
energy density (J/m3), and S = E×H is the Poynting vector
representing the electromagnetic energy flux density (W/m2).
Here, |E| denotes the magnitude of the electric field strength
(V/m), |H| the magnitude of the magnetic field intensity (A/m),
and J the conduction current density vector (A/m2) describing
the local flow of charge interacting with the field.
When the excitation frequency varies in time, f = f(t), both

E and H acquire explicit frequency dependence, producing an
additional temporal contribution to the energy density term,

∂UEM

∂t
=

∂UEM

∂f

∂f

∂t
(43)

Integrating this expression over the interaction volume V
(m3) gives the total electromagnetic energy variation rate,

dE

dt
=

∫
V

∂UEM

∂f

∂f

∂t
dV (44)

Because the electromagnetic field carries linear momentum
p = E/c (kg ·m/s), the corresponding inertial reaction exerted

on the surrounding medium is obtained by dividing the energy
rate term by the propagation speed C,

Fc =
1

C

dE

dt
(45)

This formulation verifies that Fc has the correct dimensional
form of a force (N=kg ·m/s2) and shows that it follows directly
from the field energy-momentum relation implied by Poynt-
ing’s theorem. Importantly, this establishes Eq. (41) as a field
based inertial force, not a proportional assumption.
To clarify this role in the derivation, the quantity

Edisc =

∫
V

∆UEMdV (46)

is explicitly defined as the total electromagnetic energy discrep-
ancy (J) between the stationary and moving observers, arising
from relativistic time dilation and field contraction.
Its time derivative dEdisc/dt, therefore, represents the rate

of change of the electromagnetic energy imbalance, which by
energy-momentum equivalence corresponds directly to a mo-
mentum flux rate. The effective inertial force

Fc =
1

C

dEdisc

dt
(47)

thus expresses the field mediated momentum transfer associ-
ated with a frequency sweep. Therefore, Fc does not repre-
sent a mechanical contact force but an effective inertial force
perceived by the stationary observer at X. It quantifies the mo-
mentum transfer that results from the relativistic redistribution
of electromagnetic energy during a frequency sweep; that is,
during temporal modulation of the field frequency.
Accordingly, Eq. (28) must be understood as including the

contribution of field momentum, which is embedded in the
Poynting vector term of the conservation law. Energy trans-
formations between observers therefore involve both electro-
magnetic energy density and momentum flux.
This interpretation confirms the dimensional consistency of

Edisc (J), its origin in electromagnetic energy density UEM

(J/m3), and the physical basis of Fc as a relativistic inertial re-
sponse perceived by the stationary observer during a frequency
sweep.
Equation (41) predicts that a moving source of variable elec-

tromagnetic field generates a force in the reference frame of
a stationary observer, such as the observer at X in Fig. 4. This
force arises from the combined effects of length contraction and
time dilation, which act to preserve the principle of energy con-
servation. Furthermore, owing to the traveling nature of elec-
tromagnetic waves, Eq. (41) implies that a stationary observer
cannot distinguish between a frequency sweep produced by a
moving source and a frequency sweep produced by a station-
ary source through internal modulation (Fig. 6).
A similar phenomenon was described by Searle [4], who

showed that the spatial distribution of the electric field pro-
duced by a charged ellipsoid can be explained either with or
without introducing relative motion between the charged body
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(a)

(b)

FIGURE 6. From the perspective of a stationary observer, a frequency
sweep in an electromagnetic field may be indistinguishable whether
produced by (a) a moving source of variable electromagnetic field or
(b) a traveling electromagnetic wave of variable frequency (temporal
modulation of field frequency).

and a stationary observer. From the stationary observer’s per-
spective, there is not fundamental difference between a sweep
caused by relative motion and one induced internally.
Consequently, the mechanical effect described by Eq. (41)

must arise independently of the sweep’s origin, reinforcing
the concept of a frame-invariant inertial force resulting from
energy-frequency redistribution.
This interpretation aligns with earlier analysis of reactive

near-field energy and internal electromagnetic energy flow in
radiating systems. In particular, studies on dipole antennas and
localized emitters have shown that oscillatory storage and re-
lease of electromagnetic energy in the near-field give rise to
momentum exchange even in the absence of radiation pres-
sure [21, 22]. The present formulation extends those interpre-
tations to dynamic frequency sweep conditions, where tempo-
ral modulation of field frequency produces a similar exchange
mechanism governed by relativistic contraction and time dila-
tion.
Moreover, the effect described in Eq. (41) may be enhanced

in regions where the field geometry contains edges or pin-
like singularities, as these configurations concentrate reactive
energy and amplify local field gradients [23, 24]. Such geo-
metrical amplification would increase the apparent inertial re-
sponse Fc experienced by nearby materials, providing a poten-
tial experimental pathway for detecting frequency sweep in-
duced forces in practical systems.
The general expression in Eq. (41) thus indicates that the

speed of a frequency sweep in an electromagnetic wave can
produce a relativistic effect, perceived as a force by stationary
electrically conductive objects.
The following section examines the physical implications of

the interaction between the force Fc and the mass of stationary,
non-electrically conductive objects.

4. Fc IN RELATION TO RELATIVISTIC INERTIA AND
FIELD-INDUCED MASS INTERACTIONS
The force Fc parallels the relativistic forces observed when a
mass moves relative to a stationary reference frame.
According to the theory of relativity, the mass of a moving

object increases relative to a stationary observer, as given by:

m = m0γ (48)

where m0 is the rest mass (kg) of the moving object, and m is
the relativistic mass (kg) as measured by a stationary observer.
Suppose that an object of rest massm0 travels from point A

to point B at velocity ν relative to a stationary observer (Fig. 7).
Before the object is set in motion, the stationary observer veri-
fies that its rest energy is

Em0 = m0C
2 (49)

where Em0 is the rest energy (J) [25].

FIGURE 7. Object of rest mass m0 located at point A prior to motion
toward point B relative to a stationary observer.

Once the object moves, its total energy increases according
to the relativistic mass relation in Eq. (48):

Emtot = γm0C
2 (50)

where Emtot is the total energy of the moving object (J).
Relative motion also produces a contraction of the object’s

spatial dimension along the direction of travel (Lorentz–
Fitzgerald contraction). From the stationary observer’s
perspective, this contraction can be associated with stored
energy Ef , produced by a relativistic force Ff acting on the
object’s volume and surrounding space (Fig. 8). As the object
accelerates from A to B, the stored energy Ef increases.
By energy conservation, the sum of the stored energyEf and

the rest energy Em0 in Eq. (49) must equal the total energy
Emtot in Eq. (50):

Emtot = Ef + Em0 (51)

Expressing Eq. (51) in terms of m0 and isolating the stored
energy Ef gives

Ef = γm0C
2 −m0C

2 (52)

Now it is possible to define an effective force Ff as the rate
of change of the stored energyEf with respect to distance r (m)
from A to B:

Ff =
dEf

dr
=

d

dr

(
γm0C

2 −m0C
2
)

(53)
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FIGURE 8. Stationary observer describes Lorentz-Fitzgerald contrac-
tion of a moving object as a stored energyEf arising from a relativistic
force Ff acting along the travel distance r.

Since the rest energy Em0 is constant, Eq. (53) reduces to

Ff =
dEf

dr
= m0C

2 dγ

dr
(54)

Using γ = (1 − v2/C2)−1/2 and applying the chain rule
gives dγ/dt = γ3(va)/C2 (where a is acceleration (m/s2)).
Therefore, considering that dr/dt = v and substituting these
expressions into Eq. (54), we obtain

Ff = γ3m0a (55)

Equation (55) is the relativistic expression for inertial force
acting on a mass accelerated in the direction of motion [26, 27].
In the low velocity limit ν << C , it reduces to the classical
expression Ff ≈ m0a, while at relativistic speeds it increases
sharply with γ3, reflecting the well-known growth of inertial
resistance with velocity [26, 27].
Crucially, Ff exhibits the same energy-space coupling (a

force as an energy gradient) that underlies the definition of Fc.
In both cases, Lorentz-Fitzgerald contraction and time dilation
reshape energy densities so that energy-momentum conserva-
tion holds across frames
This motivates the introduction of a dimensionless propor-

tionality constant α that parametrizes how the field sweep
forces acting on conductive targets (Fc) produce a correspond-
ing inertial response in neutral, non-conductive matter (Fcf ):

Fcf = αFc (56)

where α is a dimensionless coupling constant, and Fcf denotes
the inertial force exerted by the frequency sweep of an electro-
magnetic wave on non-electrically conductive matter.
This proportional relationship is not arbitrary but reflects that

Ff andFc are dual manifestations of the same relativistic mech-
anism.
Both forces Ff and Fc originate from the same Lorentzian

modification of energy density (one acting on mass-energy, the
other on field-energy) to preserve energy conservation in the
stationary frame.
This equivalence forms the foundation for Section 5, where

physically justified bounds forα are established and the broader
physical implications of this inertial coupling are explored.

5. PHYSICALLY GROUNDED BOUNDS FOR α AND IM-
PLICATIONS
The proportionality constant α, introduced in Eq. (56), quan-
tifies how the field sweep force Fc acting on electrically con-
ductive materials extends to neutral, non-conductive matter as
Fcf = αFc.
Because both forces originate from the same Lorentzian

transformation of energy density, α must be determined from
measurable physical quantities rather than arbitrary scaling.

5.1. Derivation of the Coupling Scale
For neutral matter, the microscopic coupling between field and
mass is governed by the relative strength of gravitational and
electromagnetic interaction for the elementary charge carriers.
The natural dimensionless ratio between these two forces is

χ (m, q) =
FG

FE
=

Gm2
p

κeq2
(57)

where FE and FG are the magnitudes of the electric and gravi-
tational forces (N), G = 6.674 × 10−11 Nm2/kg2 is the gravi-
tational constant, κe = 8.988×109 Nm2/C2 is Coulomb’s con-
stant,mp is the particle mass (kg), and q its charge (C).
For the electron (mp = 9.11 × 10−31 kg, q = 1.602 ×

10−19 C),
χe ≈ 2.4× 10−43 (58)

For the proton (mp = 1.67 × 10−27 kg, q = 1.602 ×
10−19 C),

χp ≈ 8× 10−37 (59)
This microscopic strength ratio provides a universal physical

lower scale for howweakly neutral matter can couple to electro-
magnetic fields through polarization of its bound charges. To
represent macroscopic response, a polarization overlap factor
Φ ∈ (0, 1] is introduced to account for geometry, screening,
and detuning from resonance.
The neutral matter coupling coefficient therefore follows as

α = χΦ (60)

5.2. Physically Justified Range of α
For off-resonant, non-conductive solids, the polarization factor
is small (Φ ∼ 10−2–10−3). Substituting Eq. (58) gives

αmin ≈ χeΦ∼
(
2.4× 10−43

)
×
(
10−2 − 10−3

)
⇒ αmin ≈ 10−45 (61)

Formoderate dielectric response or partial field overlap (Φ ∼
10−1) and an average microscopic ratio χ ∼ 10−40 yields

αmax ≈ 10−39 (62)

Thus, for ordinary materials and non-resonant electromag-
netic sweeps, α lies robustly within the physically justified
range

10−45 ≲ α ≲ 10−39 (63)
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5.3. Interpretation
Equation (60) shows that α is not a fitting constant but a mea-
surable ratio linking gravitational-electromagnetic strength of
microscopic carriers (χ) to the macroscopic polarization re-
sponse (Φ). It represents how efficiently the frequency sweep
field’s energy density gradient transfers to inertial mass in neu-
tral medium.
The range in Eq. (63) ensures that Fcf = αFc remains many

orders of magnitude smaller thanFc for ordinarymatter, consis-
tent with the absence of observable motion in typical laboratory
fields, yet preserves a finite, physically meaningful coupling
compatible with relativistic energy conservation.

5.4. Thermodynamic Form of α and Final Expression for Fcf

The coupling constant can also be expressed in terms of ther-
modynamic energy scales to emphasize its universality.
If the maximum field mass coupling is limited by the Planck

temperature Tp = 1.416784 × 1032◦K and Boltzmann’s con-
stant κB = 1.380649×10−23 J/◦K, while the total field energy
available for conversion is Ev (J), then

α =
κBTp

Ev
(64)

For characteristic cosmological or laboratory energy scales
Ev ∼ 1048 − 1054 J, this ratio yields α ∼ 10−45–10−39, con-
sistent with the range in Eq. (63).
Substituting Eq. (64) into Eq. (56) gives

Fcf =
Nh

C

fp
fH

(
∂f

∂t

)
κBTp

Ev
(65)

Or equivalently, in terms of the total electromagnetic field
energy Ee

Fcf =
Ee

CfH

(
∂f

∂t

)
κBTp

Ev
(66)

Equations (65)–(66) show that the frequency sweep of an
electromagnetic wave can generate an inertial type force act-
ing on any mass, independent of electrical conductivity. This
force arises fundamentally from relativistic length contraction
and time dilation, ensuring energy conservation in the station-
ary reference frame

6. POTENTIAL DETECTION METHODS AND APPLI-
CATIONS
Detecting Fcf would require either strong sweep fields, very
light test masses, or resonance conditions that enhance Φ.
The predicted range of α implies that measurable effects

may become significant only in high intensity or near resonant
regimes, guiding the design of future experiments.
The inertial force Fcf predicted in this work could be inves-

tigated using ultra-sensitive interferometers, microbalances, or
particle tracking systems in high-vacuum environments.
A representative test would suspend a neutral dielectric par-

ticle in vacuum and exposed it to a tunable electromagnetic

field undergoing a frequency sweep. Any displacement not
attributable to radiation pressure or electrostatic forces would
constitute direct evidence of Fcf .
Beyond detection, the nature of Fcf suggests novel appli-

cations. In space propulsion, internal frequency sweep fields
could provide thrust for compact, long duration propulsion sys-
tems. In nanotechnology or biomedicine, the same effect could
enable manipulation of neutral particles or biomolecules with
high precision and minimal heating.
More broadly, the confirmation of Fcf would open new av-

enues for studying relativistic field-mass coupling and could
contribute to emerging frameworks connecting inertia, infor-
mation, and electromagnetic structure.

6.1. Experimental Constraint Example
For a total field energy Ee = 10−3 J and a sweep rate of
1011 Hz/s, a force sensor with threshold Fmin constrains

α ≤ Fmin

Ee · 1011 Hz/s
(67)

For Fmin = 10−14 N (a sensitivity achievable by modern op-
tical microbalances [28]), the experiment would setα ≤ 10−22.
This limit remains many orders of magnitude larger than the
theoretical range 10−45 ≲ α ≲ 10−39; hence, a null result
would not yet challenge the theory whereas a measurable signal
near that threshold would demand a re-evaluation of the cou-
pling scale α.

7. CONCLUSIONS
We conclude that the frequency sweep of an electromagnetic
wave produces an inertial force Fcf that interacts with the mass
of objects, independent of their electrical properties. This force
arises from the combined effects of Lorentz–Fitzgerald con-
traction and time dilation, ensuring the preservation of energy
conservation between electrical and thermal measurements ob-
tained by both stationary and moving observers. The equiva-
lence betweenFcf and relativistic inertial forces suggests a fun-
damental link between electromagnetic frequency modulation
and mass–energy interactions, with potential for experimental
verification and technological application.
Furthermore, the present formulation interprets Fc and Fcf

as differential manifestations of energy-momentum conserva-
tion within Lorentz transformed geometries. Future work will
extend this framework to the full covariant formulation of the
electromagnetic stress-energy tensor, allowing the force rela-
tions developed here to be expressed directly in tensorial form.
This will establish a deeper connection between the suggested
inertial effects produced by frequency sweeps and the general
relativistic description of energy-momentum flow in spacetime.
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