http://arxiv.org/abs/2207.13119

Electrodynamics of a mechano-driven media system moving with acceleration

Zhong Lin Wang*

1. Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing
101400, P. R. China

2. School of Nanoscience and Technology, University of Chinese Academy of Sciences, Beijing 100049, P.
R. China
3. School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta,

Georgia 30332-0245, USA.

* Corresponding author: zhong.wang@mse.gatech.edu

Abstract

In classical electrodynamics, by motion for either the observer or the media, it always means that the
relative moving velocity is a constant along a straight line. In such an inertia system, it is relatively easy
to describe the electromagnetic behavior using special relativity. However, for engineering applications,
the media may move with acceleration in non-inertial frame. In this case, we have developed an
approximated Maxwell’s equations for a mechano-driven slow-moving media system by neglecting
relativistic effect. We also elaborate the conditions under which the Maxwell’s equations for a mechano-
driven system converges to the standard Maxwell’s equations and the Lorentz transformation is
equivalent to the Galilean transformation. We found that the standard differential forms of Maxwell
equations hold in inertia frame, but in non-inertia frame, the differential forms of the Faraday’s law of
electromagnetic induction and the Ampere-Maxwell law may be subjected to be expanded in several
cases. Lastly, the theory is presented in Lagragian scheme, from which the Maxwell’s equations for a

mechano-driven media is derived.
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1. Introduction

In classical electrodynamics, describing the electromagnetic phenomenon occurring in a Lab
reference frame by an observer who is moving has been naturally assumed that the moving velocity is a
constant, which is the case for special relativity. This is the taken as is tradition or habit of many
researchers even without specifically defining the moving velocity [1, 2]. The fields in the two reference
frames are correlated by the Lorentz transformation to warrant the covariance of the Maxwell’s
equations. In general, physics phenomena should be the same when viewed by two observers moving at
a constant relative velocity, e.g., the inertial frames are equivalent with each other because of the
exclusion of external forces. In classical text books for electrodynamics, special relativity is the only
available text for students to learn about moving media.

However, in practice, most of the phenomena are being observed in non-inertia frame with the
observer or media moving with an acceleration, such as circular motion, repeated oscillation etc. Once
the movement is in a non-inertia frame, there must be the contribution from an external force that drives
the media to move. If the moving media has surface electrostatic charges due to effect such as
triboelectrification [3], the non-uniform motion of the media must include the input work made by the
external force. Although the total energy is conservative, the total electromagnetic energy is not in such
a non-inertia frame, so that the Maxwell’s equations may not be covariant. To develop an effective
approach that can describe the electrodynamics of a media system that moves at a varying velocity, we
have recently developed the Maxwell’s equations for mechano-driven slowing-moving media [4, 5], in
which the media have a time-dependent shapes, volumes and boundaries, and more importantly, the
movement of the media is described by a velocity field that is time and space dependent, v(r,t). The
only required condition is that the moving speed is much less than the speed of light (v << ¢) by using
the Galilean transformation. The equations are to describe the coupling and interactions among
(mechano) force - electric — magnetic fields.

In this paper, we tend to answer three questions: conditions under which the Lorentz
transformation can be approximated as Galilean transformation; the Maxwell’s equations for mechano-

driven system with the inclusion of constitutive relations; and the conditions under which the Maxwell’s



equations for a mechano-driven system may pertain the format of the standard Maxwell’s equations. We
then studied the extension of the Faraday’s law of electromagnetic induction for media that are moving

with an acceleration.

2. Electrodynamics of a moving media system in inertia reference frame

In physics, a reference frame is always chosen for describing the physics laws in mathematical
forms, and the inertia frame is the simplest one. The mathematical expression of a physics law should
take the same format in all inertia reference frames. In electrodynamics, one reference frame is in the
Lab frame where the observer is at rest. The other reference frame is attached to the medium that is
moving, which an inertia frame if the medium movement has no acceleration and it is a non-inertial

frame if the medium moving moves with an acceleration.

Someone may say that the field due to a moving charge can be calculated precisely using the Li

énard-Wiechert potential even it has an acceleration, which is correct because the charge is a point

charge without volume and boundary. The moving charge can be viewed as a pulsed current density in
space that is represented using a delta function. For a moving medium that has a surface and volume

with certain permittivity, the field due to a moving medium cannot be calculated using the Liénard-

Wiechert potential. The solution has to meet the boundary conditions on the medium surface. This
different must be kept in mind in order to avoid any further misunderstanding. All of our discussions
are about medium that has a volume and boundary. A medium is an assembly of atoms in specific order
and chemistry so that it has certain dielectric, electric and elastic properties, so that it can have different

electrical, optical, thermal and mechanical properties. A medium is NOT just an aggregation of charges!

2.1 Conditions under which the Lorentz transformation approaches the Galilean transformation
In classical electrodynamics and field theory, once it says “motion media”, it usually means a
medium that moves at a constant velocity along a straight line. This has been naturally taken as given in
almost all text books. In such an inertia system that do not have other form of energy exchange with the
outside system, special relativity is most powerful for treating the electromagnetic behavior observed in
the Lab frame (at rest) (r,t) (E, B, D, H) and the moving frame affixed to the medium (¥, ) (E’, B’,
D', H') that is moving at a constant velocity v, along the x-axis, which are correlated by the Lorentz

transformation (Fig. 1a):



x" =7y(x = vot) (1a)

y' =y (1b)
z'=2z (1c)
¢ =vy(t —xvy/c?) (1d)

where y = 1/(1 — v2/c?)'/?, and c is the speed of light in vacuum. In the relativistic theory, space and
time are unified and correlated. Under the condition of v, « c, the fields in the two reference frames are

related by (Fig. 1a):

"~ E +v,*xB (2a)
B' =~ B -v,xE/c? (2b)
D'~ D +vyxH/c? (2¢)
H' ~ H -vyxD (2d)
5~ Jy -psv (2¢)
pf = pp -vg - J/c? (2f)

In the Galilean transformation:

x' = x— vyt (3a)
y'=y (3b)
z' =z (3¢)
£ =t (3d)

where the space and time are absolutely independent. Galilean space and time are most frequently used

in classical physics and engineering applications. The fields in the two reference frames are related by:

E'=E +v,xB (42)
B =B (4b)
D' =D (4c)



H' = H -vyxD (4d)
J' = Jy “PrVo (4e)

pr =~ ps (41)
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Figure 1. (a) Case for special relativity: Schematic diagram representing the general approach in special relativity, in which
the fields observed by an observer who is moving at a constant velocity v about the fields (E’, B') that was first generated
in the Lab frame (E, B). The Lorentz transformed relationships between the fields in the two reference frame in parallel to
v and perpendicular to v are inset. (b) Mechano-driven moving media system in non-inertia frame: A general case in which
the observer is on the ground frame (called Lab frame), with several media moving at complex velocities along various
trajectories as represented by the dashed lines. The medium can translate, rotate, expand and even split. The co-moving
frames for the media are: (x1, y1, z1), (x2, y2, z2). In such a case, the Lorentz transformation for special relativity cannot
be easily applied, and the only realistic approach is to express all of the fields in the frame where the observation is done

(Lab frame) and all of the fields are expressed in the variables in the same frame.

The conditions under which the Lorentz transformation is equivalent to Galilean transformation are as

following [6]:

1. The relative speed between two inertial frames of reference is much smaller than the speed of

light in vacuum: v, < c; and



2. Galilean phenomenon takes place in an arena, the spatial extension of which is much smaller
than the distance traveled by light during the duration of the phenomenon: x « ct.

With considering that 9 times of speed of sound is ~3 km/s, which is 1/100,000 of the speed of
light, it can be safely stated that for the macroscopic object on earth, the above two conditions are
absolutely satisfied, so that Galilean transformation is valid for practical applications. However, in
universe, light takes 180 s to travel from earth to Mars, and it takes 100,000 light years to travel across
the milky way galaxy. Therefore, the movement of light in universe can be viewed as the moving of a
turtle on earth, so slow in comparison to the vast space. Therefore, Lorentz transformation is needed for

outer space.

2.2 Constitutive relations
Due to the movement of the media, the constituent relations derived under low-speed Lorentz

transformation has to be used [7]:
D =¢E- evyx B (5a)
H =B/u+evyx E (5b)

It must be pointed out that the constitute relations were derived by assuming the covariance of the
Maxwell equations in inertia frame. For inertia frame, the covariance of the Maxwell’s equations may
not be preserved due to the presence of other forces; in such a case, the constitutive relations may not
hold.

3. Electrodynamics of a moving media system in non-inertia reference frame - an
approximated approach

Most of the existing work assumes that the moving velocity of the media is a constant and along
a straight line, especially for special relativity. As for practical applications, physical phenomena are the
same when viewed by two observers moving with a constant velocity v, relative to one another,
provided the coordinate in the space and time for the two frames are related by the Galilean

transformation: ' = r — vyt, and t’ = t. But the situation changes if the motion frame is non-inertia



(Fig. 1b). For a medium that moves along a complex trajectory, there is no simple approach for using
Lorentz transformation!

In order to consider the case for motion with acceleration in a general case, we need to start from
the integral forms of the four physics laws, and assume that the media moves at an arbitrary low velocity

v(r,t). We now start from the integral form of the Faraday’s electromagnetic induction law as stated in
[1]:

, d
_cﬁCE 'sz_Eﬂc B-ds (6)

where E' is the electric field on the moving medium in the frame where dL is at rest. The starting
point of this equation is different from that we used in [4, 5]. What we have taken in [4,5] is mainly
toward engineering applications. The approach taken in Eq. (6) is from the point of view of field
theory. The physics understanding about electromagnetic law is that the decreasing rate of the total
magnetic flux through an open surface s, is the work done by the electromotive force on a point charge
around the edge-loop of the surface s. The right hand-side of Eq. (6) can be accurately calculated using

the flux theorem as follows
d a a
Zﬂs(t)B -ds = ffs(t){a—tB +[V-Blv — Vx[vxB]}-ds = ffs(t){a—tB — Vx[vxB]}-ds (7

Note, here r and t are treated as independent variables, rather than assuming r(t). Substitution of Eq.

(7) into Eq. (6) and use the Stokes theorem, we have

Vx (E' -vxB) = —=B (8)
This is valid for a general velocity v. Alternatively, the Lorentz force acting on a point charge q in Lab

frame is F = q (E+ vxB), and the force acting on the same charge in its rest frame is F' = qE’.

In general, F = F’ because of the accelerated movement of the reference frame, unless the
moving frame is an inertia frame [8], which means that v = v,. Therefore, only in inertia frame that
the movement is at a constant speed along a straight line, v = v,, we can have F' = gE’, which gives

E' = E+ vyxB in the inertial frame, we have

0
V<E =—--B 9)

Therefore, we must emphasize that the standard mathematical expression of the Faraday

electromagnetic induction law in differential form as stated in Eg. (9) holds for moving media only if
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its moving velocity is a constant and along a straight line! e.g., in inertia frame! Therefore the
conclusion reached by Sheng et al. is valid only if the moving velocity v, is constant [9]. For a general
case of non-inertia frame, the differential form Eqg. (8) is more general. By the same token, we also
believe that the mathematical expressions for the differential form of Ampere-Maxwell law may holds
only for inertial frame. This concept can be generalized as: the differential form of the Maxwell’s
equations may hold only in inertia frame, and it is subject to be expanded for non-inertia frame/motion
[4, 5].

X
Observerin Lab

Figure 2. Schematic diagram showing an approximated method for decompose a non-inertia movement as a

movement in an inertia frame plus a correction in non-inertia frame.

If the moving velocity of the medium is a constant for inertial frame , the relationship can be
easily derived from special relativity under slow speed limit as E' = E + v, xB. But for non-inertial
frame, the media moves at an arbitrary low velocity with acceleration, we can adopt an approximate
approach, in which the motion velocity is split into a constant component v, and a time-dependent

component o v,
v(r,t) =vy+ ov(r,t) (10)

where the term 6 v(r, t)contains both rotation and small component of rigid translation. If the local
field can be approximately treated as E'~ E + v, xB by only considering the constant velocity
component, which is schematically illustrated in Fig. 2. The idea is that we try to use the results
developed for an inertial reference frame for approximately treating the case in a non-inertia reference

frame,



$.E'-dL~§(E + voxB)-dL = ffs(t)Vx [E + vy xB] - ds (11)

This equation means that the changing rate of the flux of the magnetic field through an open surface
plus the work done by the Lorentz force due to media movement on a unit charge around its edge loop
is the circulation of the induced electromotive force around its closed edge loop. Therefore:

Vx (E-0vxB)~ ——B (12)

By the same token, in analogy to the Faraday’s electromagnetic induction law, we can start from the

integral form of the Ampere-Maxwell law in the same fashion:
d
$H -dL=[[. J-ds+_[[. D-ds (13)

where the H' is the magnetic field on the moving medium in the frame where dL is at rest. Using the

flux theorem, we have
0
$H -dL= [[. (Jr+pv)-ds+ [], ~D-ds - $.(vxD)-dL (14)

This equation means that the sum of, the total current flowing through an open surface and the current
produced by the free charges due to media movement (right-hand side first term), the changing rate of
the electric flux through the open surface (right-hand side second term), and the electric circulation
produced by media movement (right-hand side third term), is the circulation of the magnetic field around

its closed edge loop. Using the Stokes’s theorem, Eq. (14) becomes
Vx (H +vxD) = Jy+pv+=D (15)

Note, H' is the magnetic field in the moving frame affixed to the media that moves at an arbitrary low

velocity v.

Under low speed limit and in inertia frame, the local magnetic field in the moving frame is H' ~
H — v, x D (Eq. (2d), we have

Vx (H + 8vxD) ~J;+ pv +=D (16)



The terms of sv=xB and Sv <D’ are the sources of produced electromagnetic waves by media movement.
In the case of the moving velocity is constant, v(r,t) = v,, ov = 0, Egs. (12, 16) resume that of the

Standard Maxwell equations. This is the expected result from the Lorentz covariance for inertial frame.
By introducing the approximate constitutive relations for non-inertia frame:

D~¢E-evyx B (173)

H ~B/p +evyx E (17b)

The Maxwell equations for a general case can be stated as follows:

eV-E = pr+ eV+(vyx B) (18a)
V-B=0 (18b)
Vx (E— SvxB)=—<-B (18c)

0
Vx (B/u+ evyx E+edvxE) =Jr+ pfv+a—t(sE- eV, % B)

~ Jr+ pfv+s§tE+ vy *x (VX E)

Since

Vx (Wogx E)=vy(V-E) - (vy: V)E

Ve E)= (vy: VE+vyx (VXE)

VX (VXE) = V(o E) - (0o VYE=V(vy E) + Vx (V%X E) - p,vy/e
We have

Vx (Blu+edvx E) = J+ p, v+ e V(vy E) + e~ E (18d)

It must be pointed out that the quantities in Egs. (18a-d) derived directly from the integral Maxwell’s

equations are given in Lab frame (r, t).

4. Mechano-polarization introduced by media relative movement

For moving media, it is possible to have physical contact among the moving media, so that their

surfaces must have electrostatic charges due to contact electrification (triboelectric effect) and/or

10



piezoelectric effect. Thus, a variation in medium shape and/or moving medium object results in not only
a local time-dependent charge density ps, but also a local “virtual” electric current density due to the
media movement. To account for both terms, we have introduced a mechano-induced polarization

vector Ps, so that the displacement vector D = ¢E is replaced by
D= ¢E+P, (19)

Therefore, all of the above equations are held except replacing €E by eE+ P, [10, 11].

V- (eE+Py) = ps+ eV+(vyx B) (20a)
V-B=0 (20b)
Vx (E— 6v*B) = —<B (20c)
Vx [Bly +8vx (2E + P) | =Jy+ p, Sv+ e V[vg: (eE + P)] + 2 (eE + Py) (20d)
5. Faraday’s law of electromagnetic induction for a medium moving with acceleration

5.1 Extension of Faraday’s law of electromagnetic induction in a moving large conductive media
without considering inertia force

As for Faraday’s law, let’s use a conductive loop to replace the medium we have been referring
above for easy discussion. The Faraday’s law as stated in Eq. (6) can be physically understood as the
work done on a unit charge by the electromotive force is the reducing rate of the magnetic flux
through a closed loop circuit. Now let’s consider the movement of the unit charge in the circuit, the
moving velocity of which is composed of two components:

v = v+ v, (21)
where v is the moving velocity of the loop circuit, e.g. the moving velocity of the medium, v,. is the
relative moving velocity of the unit charge in reference to the circuit. This term is important if the
conductive medium is large so that we have to consider the additional contribution of the charge
moving velocity with respect to the medium. Now if we only consider the electric and Lorentz force
acting on the unit charge moving along the circuit, we have

E'~E+v,xB (22)
Using Eq. (7), Eq. (6) becomes

$.IE +v,xB] - dL~— [[. %B-ds (23)

11



There are two possible cases from Eqg. (23):
a) The integral path is a thin wire without intercepting with any conductive medium (Fig. 3a), so that
the relative moving velocity term in Eq. (23) is parallel to the integral path, so that the term [

v,.xB] - dL drops out in the integral, the equation resumes the original form of the Faraday’s law:

V<E~ B (24)

This is the case presented in all of the text books, but it has a condition of thin wire approximation.

b) If the conductive medium is large so that the relative moving velocity of the unit charge has a
component perpendicular to the integral path in the segment where the integral loop intercepts with
the conduction medium, such as a loop circuit, part of which is made of a rotating metal disc as
shown in Fig. 3b [12]. In such a case, the charge can wonder in the conductive disc, and the
relative moving velocity may not be parallel to the integral path, thus, we may have

gﬁc[vTXB] -dL # 0. Using the Stoker’s law, for the space inside the conductive medium, Eq. (23)

becomes

Vx (E+v,*B)~ — B (25)
Outside of the media, the governing equation is Eq. (24). This case is rarely discussed in classical text
books except a recent one [13]. Eq. (25) can be applied to cases that have a fan-blade shape rotating
media and a rotation metal disc in a magnetic field. The conditions that the two cases converge is

§C[vr><B] - dL = 0 [14]. The Ampere-Maxwell’s law could be given in an analogous way:

Vx (H=v,xD) = Ji+pv+=D (26)

Both Egs. (25) and (26) apply to the space inside the medium. Outside the medium in vacuum, the

equations resume the original Maxwell’s equations.

12



Figure 3. Derivation of the Faraday’s law of electromagnetic induction for cases if the integral path is
(a) a thin wire loop that does not intercept with any conductive medium; and (b) the integral path that
intercepts with a conductive disc that is rotating around an axis. For both cases, the integral loop can be

moving at a speed in space.

5.2 Extension of Faraday’s law of electromagnetic induction in a moving large conductive media
with considering inertia force

If the medium is moving with an acceleration, so that the inertia force may have to be considered

once we consider the total force acting on the unit charge by standing on the rest reference frame of the

circuit. In such a case, the force acting on a unit charge q has to include the inertia force, thus Eq. (22)

may have to be modified as:
qE ' — %(mv) =qE+ qu,xB (27)
where m is the total mass of the unit charge. The Faraday’s law may be written as:
$.|E+v.<B+ 22 (mw)|-dL~- [[. ZB-ds (28a)
(o r q ot C o
Using the Stokes’ theorem, we have

Vx (E 4+ v,xB) = — ;g[VX(mv)] -<B (28b)

We now discuss the following cases.

13



a) If the integral path is a loop circuit that does not intercept with a large conductive plate, so that
the charge relative moving velocity is parallel to the integral path, the second term at the left-
hand side of Eq. (28a) vanishes. The second condition, if the loop moving velocity v is a rigid
translation, v(t), [Vx(mwv)] = 0, the third term at the left-hand side of Eq. (36a) vanishes as
well, we have
V<E=-2B (29)

b) If the integral path is a loop circuit that intercepts with a large conductive plate, so that the
charge relative moving velocity may not be parallel to the integral path within the conductive
disc, the second term at the left-hand side of Eq. (28a) remains. The second condition, if the
loop moving velocity v is a rigid translation, v(t), [Vx(mwv)] = 0, the third term at the left-
hand side of Eq. (28a) vanishes as well, we have the following equation for the space inside the

conductive medium:

Vx (E+v,%B)=—2B (30)
For the space outside of the media, Eq. (29) should be used.

c) For a general case in which the circuit loop has a time dependent and position dependent
moving velocity, v(r,t), the term % [Vx(mw)] is related to the rotation movement of the loop
circuit. The accelerated rotation motion of a shape-deformable circuit (e.g., a liquid or elastic
loop, or expandable loop) can produce an electric field. Therefore, the term %[V x(mv)]

characterizes a “source” of electromagnetic radiation owing to the accelerated rotation of the
“expandable” loop circuit. The solution for this case can follow the method introduced in

Section 6.

6 General approach for solving the Maxwell’s equations for a mechano-driven system

We now present a general solution of the Maxwell’s equations for a mechano-driven moving
medium system. If dv(t) is only a function of time for media that is rigid, so that the media movement
is a solid translation, e.g. no rotation, assuming that the items of €V «(vyx B) and aeV(v,- E) are

small in comparison to the source terms so that they can be neglected, Eqgs. (20a-d) are approximated as

eV-E~ p' 31a)
p (
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V-B =0 (31b)
0

Vx (E— 6vxB) = —=B (31c)

Vx (Blu+edvxE) ~J +p,&v+ecE (31d)

where:

p =p—V-P (32a)

J=J; +[=+ (v - V)P (32b)

By using:

Vx (Svx E) =p,dv/e- (6v-V)E (33a)

Vx(vxB)=-(év-V)B (33b)

Egs. (33a-d) become

eV-E =p (34a)

V-B =0 (34b)

VxE=-2B (34c)
Dt

VxB =S + e E (34d)

where:

b_2 .

=5t @) (34e)

The law of conservation of charges is

' D
V-J + —p, =0. (35)
We now look into the solutions of Egs. (34a-d). The E and B can be calculated by introducing the vector

magnetic potential A:

B =VxA4 (36a)
and the scalar electric potential ¢ for electrostatics, we define

E=-Vp——A (36b)

Substitute Egs. (36a-b) into Eq. (34a-d), we have,

15



V24 — ,ua A =—u (37a)

2 !

D
VZ(o—,ueF(o: -= (37b)

&

Under condition:

D
V-4 +/1£E(p =0 (37¢)
where

D2
Di?

=[2+ (- D[+ (v-V)]= o+ (v V)= + = (8- V) + (v - V)(dv - V)

at2

+(§v V) +—(§v V) (37d)

at2
Egs. (37a-d) are the generalized wave equations with the correction made by the non-inertia term év. The

term %ﬁv is the acceleration, which represents the applied external force.

7 Maxwell’s equations for a mechano-driven system in tensor format

We now transform Egs. (34a-e) into the format of tensors, and the Maxwell’s equations for a
mechano-driven system is expressed in the standard format for field theory. We now use the standard
expressions of following quantities for electrodynamics, the anti-symmetric strength tensor of
electromagnetic field, except using the newly defined time operator in Eq. (34e),
FoP=¢gapP — &Ppe (38a)
Fop=8oAp— $pA0 (38b)

where the newly defined operators are

§= (2, - V) (39)
£ = (ZE V) (39b)
A% = (cp, A) (39¢)
A= (cp, - A) (39d)

One can prove
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Fof = Y 40a
| E,/c B, 0 -B, (40a)
\ E,/c —B, B, 0
0 EJc Ey/c Ejc
—E,/c 0 -B, B,
F »= * 40b
aff _ y/C Bz 0 _Bx ( )
—E,/c -B, B, 0 /
For an easy exercise, one can easily prove
o D
E,=- =9 EAx = _(EOAl - ElAO) (41a)
2 o
B,= EAZ - gAy = _(EZA3 - E3A2) (4lb)
Egs. (34a-e) can be restated as:
SF =)t (42)

where J# = (cp’, J'). This is the Maxwell’s equations for a mechano-driven system. Note Eq. (48) is

the same as that for the standard Maxwell’s equations [15] except the operator &, is replace by &,,.

If ov =0, Eq. (42) resumes the form of standard Maxwell’s equations.

8 The Lagrangian of the Maxwell’s equations for a mechano-driven system
We now derive the Lagrangian L for the Maxwell’s equations for a mechano-driven system.

A is assumed to be a function of the density of the Lagrangian of the system A(A4,, £,44). We vary the

action
S[° Ldt = §ff” A(Ag &,Ap) drdt=0 (43)
which gives
o oA on
ff—w[ﬂTa O0A, + mS( EaA,B)] drdt =0 (44)
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Now we look at the second term and integrate by part over (ct, X, y, z) [e.9. (Xo, X1, X2, X3)],
respectively, with considering the vanishing of the function at infinity. If the medium motion is a

rigid translation ov(t) that is only time dependent, we have

[ f_“’w[ﬁ% 84,) drdt — [[° (&, [a(j—AAﬂ) SAg) drdt (45)

We have the Lagrangian relation:

2%\ A

oA _
e Sty =0 oo
The density of the Lagrangian for the electromagnetic field is given by [15]
A =FPF g+ uja, (47)

Substituting Eq. (47) into Eq. (46), we have the Maxwell’s equations for a mechano-driven system

§FP=p )’ (48)

9 Discussions and Conclusions

There are two fundamental space and time: relativistic space and time, and absolute space and
time. Therefore, there are two approaches for deal with the electrodynamics of moving media (Fig. 4).
If the moving velocity is uniform in inertia frame, special relativity can be easily applied to this case
without assuming low-moving speed limit. In this system, the total energy of electricity and magnetism
is conservative. In special relativity, the general approach is starting from the integrated form of the four
physics laws, a set of differential equations is derived (Maxwell’s equations) for stationary media whose
shape and boundary are independent of time. Then, the electromagnetic behavior of a moving media to
be observed in Lab is described using the Lorentz transformation. Such coordination transformation is
taken as the formal approach for moving media system. However, for a media system that moves in non-
inertial frame, which means that the speed is a function of time at least, the theory for general relativity
may be required for such a case, which is probably too complicated to be used for engineering purposes.
For the speed we care about and the engineering purpose on earth, we believe that there is no need to

use special relativity for applied electromagnetism.
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In approach 1, if we start using the Galilean transformation instead of the Lorentz transformation,
we could get the results of the Galilean electromagnetism [Error! Bookmark not defined.,7], in which
the field in space at a time t is taken as a quasi-static case, e.g. the “frozen” field assumption. Therefore,
the media distribution and related fields are treated “frame by frame” (as in films for a movie) under
quasi-static approximation. The theory of moving media can be treated frame by frame with the use of
constitutive relationships under slow-media moving cases. More approximations can be made for
magnetic-dominated or electric-dominated systems. Again, such theory can be easily applied if the
moving speed is a constant along a straight line, but we have to check if it can be applied for complex
media moving trajectory cases, because we are not sure if the constitutive relationship derived using

special relativity would hold in non-inertial frame.

The second approach is to directly starting from the four physics laws by deriving all of the fields
in the Lab frame and in Lab coordination system using the Galilean space and time without making a
coordination transformation [4,5,Error! Bookmark not defined.]. The most important advantage of
this approach is that it can be applied to any media that move along complex trajectories in non-inertial
frame as long as the moving speed is low and the relativistic effect is ignored. Such equations should
not be Lorentz covariant simply due to the energy input from mechanical triggering and accelerated
media motion. This approach is more effective for applied physics, which has been widely used in

engineering electrodynamics [16, 17].

Lastly, we have introduced the extended form of the Faraday’s law with considering the relative
moving velocity of the charge with the presence of a large conductive medium and even with the
presence of the inertia force produced by the movement of the reference frame. In all of the text books,
the third equation in the Maxwell’s equations is for a case that the conductive medium is a linear circuit.
However, if the conductive medium is a plane or sheets in which the unit charge can drift off the integral
path, an additional term has to be included in the Faraday’s law for electromagnetic induction. More
rigorously, if the inertia force is included and if it is significant, another term has to be included as well
(EQ. 52). Our discussion does indicate that the Faraday’s law of electromagnetic induction needs to be

expanded for media that move with an acceleration, although the terms introduced may be small.

We need to point out that there are two formats of the integral equations for the Faraday’s

electromagnetic induction law: one is given in Eq. (6), and the other is given in Eq. (49):
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$.E-dL=—=[. B-ds (49)

Equations (6) has been frequently used in text books that are for field theory, and it is built based on the
electromotive force. Eq. (49) is more often used for engineering electrodynamics [16, 17]. We believe
that the results received from both statements would be about the same if one keeps consistent within
its own theoretical frame and as long as we are confined to the engineering applications on earth,

provided the theory is self-consistent.

In conclusion, we have elaborated that, for the electromagnetic phenomena we are care about for
macroscopic objects on earth, the Galilean transformation is accurate enough. An approximated method
is introduced to expand the Maxwell’s equations for a mechano-driven system into non-inertia frame,
which may resume the format of the standard Maxwell’s equations if the media moving velocity is a
constant. We found that the standard form of Maxwell equations holds in inertia frame, but in non-inertia
frame, the Faraday’s law of electromagnetic induction and the Ampere-Maxwell law may not be stated
as the differential forms that we are familiar with. Therefore, one has to be careful if using them for
dealing with media movement with acceleration. An approximate and effective approach needs to be
developed. This is just the objective of deriving the Maxwell’s equations for a mechano-driven slow-
moving media system. Lastly, the theory is presented in Lagragian scheme, from which the Maxwell’s

equations for a mechano-driven media is derived.
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Figure 4. Two fundamental approaches for developing the electrodynamics of a moving media system. The first
approach is special relativity through the Lorentz transformation. The second approach is directly derivation from

the integral form of the four physics laws in Galilean space and time.

References

[

J. D. Jackson, Classical Electrodynamics, 3rd edition, John Wiley & Sons 238, (1999).

L.D. Landau and E.M. Lifshitz, Electrodynamics of continuous media, Pergamon Press, New York, (1984).
3 Z.L.Wang, From conctact electrication to triboelectric nanogenerators, Report on Progress in Physics,

84, 096502 (2021).

4 Z.L. Wang, On the expanded Maxwell’s equations for moving charged media system — general theory,
mathematical solutions and applications in TENG, Materials Today, 52 (2022) 348-363;
https://doi.org/10.1016/j.mattod.2021.10.027

5 Z.L. Wang, Maxwell’s equations for a mechano-driven, shape-deformable, charged media system, slowly
moving at an arbitrary velocity field v(r,t), J. Phys, Communication, 6 (2022) 085013;
https://doi.org/10.1088/2399-6528/ac871e

6 J.-M. Levy-Leblond, Une nouvelle limite non-relativiste du groupe de Poincare, Ann. Inst. Henri Poncare,
Section A: Physique Theorigue, 111 (1965) 1-12.

7 G. Rousseaux, Fourty years of Galilean Electromagnetism (1973-2013), The European Physical Journal, 128
(2013) 81.

8 Viraj Thakkar, Faraday's Law in Moving Media, https://www.researchgate.net/publication/299461166.

9 X.L.Sheng, Y.Li,S.Puand Q. Wang, Lorentz transformation in Maxwell equations for slowly moving

media, Symmetry 14, 1641 (2022). https://doi.org/10.3390/sym14081641

10 Z.L.Wang, T.Jiang, and L. Xu, Toward the Blue Energy Dream by Triboelectric Nanogenerator Networks,
Nano Energy 39, 9, (2017).

11 Z. L. Wang, On the first principle theory of nanaogenerators from Maxwell’s equations, Nano Energy 68,
104272, (2020).

12 R.P. Feynman, The Feynman Lectures on Physics, Chapters 17 and 18.

13 A. Zangwill, Mordern Electrodynamics, Cambridge Press, 2012, Section 14.4.1.

14 Kaihua Zhao, Examples for disapprove flux rule, University Physics, 1985. @ g, KF4IE, 1985, pp

10-13.

15 https://en.wikipedia.org/wiki/Covariant_formulation_of classical_electromagnetism

16 J.A. Stratton, Electromagnetic Theory, McDraw-Hill Book Company, New York, pp. 348 (1941).

17 Ni Guangnan (ed.) Principle of Engineering Electromagnetism, Rt 1E ¥ %% , TIERHIAFEIE ( F 2R )
High Eduction Press (2009).

N

21


https://doi.org/10.1016/j.mattod.2021.10.027

