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Abstract

When Maxwell abandoned his theory of vortices, he replaced molecular models with an
abstract mathematical model of the polarization field as P = (g, — 1)&,E. The polariza-
tion field has been used throughout electrodynamics since then. This model of polariza-
tion was not entirely abstract: it used a single ‘dielectric constant’ to describe a vacuum,
just gy by itself. It used a different dielectric constant ¢, a positive real number &, > 1, to
describe charge in matter. But a single dielectric constant does not have enough resolution
to describe the enormous range of motions of charge that can occur when electric fields
are changed. Indeed, P does not even specify a high-resolution model uniquely for a given
structure of matter. A curl function can always be added to it with no effect on the elec-
trical forces that depend on div P, e.g., in the Gauss partial differential equation. Polari-
zation phenomena need to be described more generally, the way compressibility of mass
is described in fluid dynamics. A constitutive phenomenological model is needed. Most
properties of fields depend on the details of constitutive phenomenological models.
Amazingly enough, the Maxwell-Ampere law and its current law do not. They specify the
total (true) current defined by Maxwell. The total true current is a solenoidal field diver-
gence-free on an extraordinarily wide range of time scales, including those of electron
orbital changes in chemical reactions. Our electronic technology exploits the special prop-
erties of the streamlines of the solenoidal fields of total current. The true current in finite
two-dimensional systems—like circuits—flows in loops and returns to where it started un-
der all conditions and at all times. These nearly universal properties help ensure the
breathtaking success of practical electronic circuits over some ten orders of magnitude of
time. Chemical reactions often occur in groups, producing currents that flow in circuits
according to circuit laws, but theories of chemical reactions usually ignore electrodynamic

constraints on total current.



Electrodynamics and polarization are inseparable. Electric fields polarize insulators by
changing the distribution of charge. Polarization changes the electric field. Electric field changes
polarization. At first glance, it might seem that the application of electrodynamics requires
knowledge of polarization, but we will show that is not the case for circuits. Circuits are governed
by current laws eq.(3)&(4) that do not involve material polarization. The current laws only involve
the polarization of space, e.g., a vacuum. The Kirchhoff current law eq. (4) was used on the 1071
second time scale of the telegraphs of the 1840s. The same current law eq. (4) is used today on a

10710 second time scale in our computers and phones.

Circuits. Although telegraph circuits were the most important application of electricity in their
time, Faraday and Maxwell were mostly concerned with fields, not circuits. The historical litera-
ture can be reached through Siegel [1] (Ch 4 and 6), Bromberg [2], and Rosenfeld [3]. Circuits are
neglected in electrodynamics even today despite the billions in each of our phones and comput-
ers. The word “circuit” is not found in the index of the leading textbooks of electrodynamics,

whether introductory [4] or comprehensive [5].

Maxwell and Faraday had a reason for not emphasizing circuits. They had an imperfect
understanding of the current that flows in circuits. They did not recognize the existence of parti-
cles with a constant electric charge—like electrons, protons, quarks, or ions—for reasons that are
hard to understand today. Today, electrodynamics is usually taught as the properties of particles
with constant charge, electrons in wires, and ions in water, for example. lonic solutions are char-
acterized by the concentration of charges. Concentration is defined by the number of moles (of
constant charges) in a volume. A mole of charges is “the Faraday”. The Faraday is the universally
used unit [6] defined by the total charge of 6.023 x 1023 (Avogadro’s number) of elementary
charges. The irony is that Faraday himself did not believe that elementary charges existed, and
Maxwell rejected the possibility of their existence in three pages of his Treatise [7] (Sections 261

and 262, p.311-313), using the tone of ridicule more than analysis.

Maxwell says that “constant molecular charge is a gross phrase, out of harmony with the

rest of this treatise” [7] (Sections 261). Admirably honest about the limits of knowledge



concerning the ‘true nature’ of electricity, Maxwell nonetheless prophesizes, incorrectly, “It is ex-
tremely improbable that when we come to understand the true nature of electrolysis we shall
retain in any form the theory of molecular charges”. Today, however, we know that the true nature
of ionic solutions (and electrolysis) depends on the charges of their individual molecules, which

are usually constant [6, 8-10]. No wonder Maxwell had difficulty dealing with charge or current!

Molecular Vortices. Maxwell started his study of polarization with a theory of matter using mo-

lecular vortices without definite charge.! He struggled with his theory of matter in a series of four
papers published over thirteen months, between February, 1861, and March, 1862. See [1], and
p. 185 footnote 1, for documentation and admirable discussion of the four Maxwell references.
All are available in the compilation [7]. Once he abandoned molecular vortices, Maxwell’s field

theory became his partial differential equations [11], as in the Treatise [7].

Amazingly, the equations Maxwell wrote—without understanding or using the existence
of ions or electrons—are the electrodynamics still used today in a world where particles and sub-
atomic particles have definite charge, whether ions, electrons, or quarks. One is tempted to reit-
erate the obvious: Maxwell’s path to discovery was quite different from our path to understanding
some 160 years later. According to Siegel [1], Maxwell was driven by the need for mathematical

precision, and thus consistency, even more than by his vision of molecular vortices.

The mathematically precise theory Maxwell created survived his ignorance of charges of
fixed size but the struggle with molecular vortices left important residues. The polarization field

P = (g, — 1)&yE is one residue. It has survived the abandonment of vortices.

The polarization field P defined by Maxwell has been used ever since to introduce students to

electrodynamics of charge in matter. That polarization field P is widely used as an initial oversim-

plified model of new systems. As those models are refined by measurements over more

Maxwell believed that true current was the fundamental measure of the total movement of electricity,
and that true current always included a term that depended on the time derivative of the electric field—
called the displacement current. Thus, a single particle of electricity could not have a single definite value
independent of the time derivative dE/dt. See Discussion Section.



conditions, P = (&, — 1)&yE is replaced with more complex and realistic descriptions of the po-

larization phenomena [12, 13].

Single dielectric constant. The polarization field P used a single dielectric constant &, for each

type of matter . But that approximation does not have enough flexibility or resolution to describe
the enormous range of motions of charge that occur when electric fields are changed. Reference
[14] discusses these issues and is an introduction to the huge literature measuring polarization.
References [12, 15-24] document the many types of polarization and report their properties. Rob-
inson [13] describes the classical treatment of complex time dependence in linear systems.
Parsegian [15] p. 241-275 shows how optical properties are an expression of polarization. The
optical properties and polarization of almost every organic chemical are different. Google reports
that 20 million organic chemicals are known which implies 20 million different spectra of charge
polarization, each requiring a different dielectric parameter &,(w) at each frequency w of the

spectra of each chemical.

A general analysis of polarization phenomena does not seem available, or possible, but a
wide-ranging energetic treatment [25] comes from the Lagrange multiplier treatment of the en-
ergetics of polarization. It includes the phenomenon of drift diffusion used to design the transis-
tors and integrated circuits of our technology [26-39], and the nearly identical PNP (Poisson

Nernst Planck) treatment of ionic solutions [40-43] in bulk and proteins of biology.

P is ambiguous. A general analysis seems impossible because the very idea of a unique P has

inherent difficulties on a molecular scale.

As Purcell and Morin discuss in detail (p. 500-507) [44], many different atomic structures
can give the same P = (g, — 1)&,E: “Can one always identify unambiguously the “molecular di-

pole moments” in matter, especially solid matter? The answer is no.”

Purcell and Morin recommend abandoning the classical approach to P. “This example
teaches us that in the real atomic world the distinction between bound charge and free charge is
more or less arbitrary, and so, therefore, is the concept of polarization density P.” They imply that

an explicit model is needed for each system of interest.



The ambiguities in the physical treatment of P come also from the underlying mathemat-
ics, as described in detail in [45], eq. 9 and 10. A curl function can always be added to P with no
effect on the electrical forces that depend on divP —for example, in Gauss’ law—because
div curl is always zero [46-49]. An infinite number of structures have the same div P and thus

the same distribution of electrical forces. See [50].

Maxwell could not resolve P with his molecular vortices. Evidently, modern physics cannot
uniquely resolve them either. The question is then “Can we do without P? Can we do away with
P and and still say something useful?” It turns out we do not need “exhibit in every case all the
charges, whatever their origin” as is widely believed, and implied, more or less, by Feynman [51],

Section 13-4.

We can analyze circuits without knowing all the charges because Maxwell’s struggle with
molecular vortices left another residue, namely the idea of displacement current. Maxwell rec-
ognized the importance of displacement current when he identified its discovery as the chief

contribution of his Treatise [7]: p. 232 Vol 2.

Displacement current accounts for the propagation of light through a vacuum [4, 5, 44, 51-55].

The displacement current allows calculation of the velocity of light from measurements of the
electrical and magnetic constants, which seem to have nothing to do with light. Measurements
of electrical and magnetic constants are made in a laboratory. Measurements of light are made
in a vacuum. Maxwell himself called displacement current “the chief peculiarity” of his Treatise

[7], Section 610, p. 232 Volume 2, perhaps for this reason [1].

As Maxwell struggled with molecular vortices, he made them elastic. Elastic vortices could
define a mathematically consistent theory of electrodynamics. Rigid vortices could not. Maxwell
found [1] (p. 107, 118) that elasticity in fact implied the displacement current found in Maxwell’s
extension of Ampere’s law. (Possible alternatives to the displacement current are mentioned in
Panofsky, [53], p.139.) The Maxwell-Ampere law, along with the continuity equation, allowed a

consistent definition of true current.



The continuity equation itself when applied to discrete charges allows the consistent def-
inition of current without consideration of wave propagation in the vacuum. Kirchhoff [56] estab-

lished this fact, even before Maxwell, as discussed in [57].

Kirchhoff’s approach allows a consistent unambiguous treatment of current even in the
guantum world [57], despite the ambiguities of measurements in some interpretations of quan-
tum mechanics [58]. The definition of current in quantum devices is of practical importance now

that the circuits of our computers involve quantum effects [26-39, 59-61].

The Maxwell-Ampere law eq.(1) is the fundamental law that defines the magnetic field arising

from its source, the right-hand side of eq.(1), uo(J + &, OE/0t). Remember divB = 0.

Eq.(1) implies the existence of a ‘true’ current that is universal and solenoidal [53], diver-
gence-free at all times and under all conditions, as we shall see. The Maxwell-Ampere law (1) is
true for gamma rays (10722 seconds) and probably much faster. Errors in the Maxwell-Ampere
equation dealing with photon-photon interactions are probably not of great interest in the pre-

sent context [62, 63].

Maxwell-Ampere law: curl B = J;e = Uo(J + &9 OE/0) (1)

The Maxwell-Ampere law involves the magnetic constant p,, the electrical constant &,
the electric field E, the magnetic field B and the conduction current J. The conduction current is
defined by the movement of charge with mass, however fast, transient, or brief. The conduction
current ] includes properties of dielectrics implicitly. It includes the material displacement current

associated with the usual approximation to material polarization P = (g, — 1)&,E.
Maxwell defined total current as the true current ([7],p.232, Section 610 of Vol. 2).

Jerue = Uo(J + &9 OE/0Y) (2)

The conduction current pyJ does not include the polarization current of space
UoEo OE/Dt. The polarization of space that might be called ‘ethereal’ because it is present in a

vacuum and does not arise from matter or charge.



The identity of the carrier of the ethereal current py,&, dE/0t is not known to me. The
flow of the ethereal current is known, and how much flows is known, but not what flows. The
carrier of ethereal current has a name, however. It is the “aether”[64] or “ether”[54] of 19" cen-
tury electrodynamics that has fallen out of favor since the Michelson-Morley experiment [65].
Modern literature [66-68] discusses the properties of the aether needed to deal with the Michel-

son-Morley experiment and special relativity.

The Maxwell-Ampere law (1) is profoundly important because it shows that electric fields
in a vacuum—devoid of charge or matter and thus with ] = 0—produce magnetic fields B. Re-
member div B = 0. This magnetic field combined with the electric field produces propagating
radiation like the light from sun to earth that shines through a nearly perfect vacuum. Details in

[4, 5,13, 44, 51-53, 69-71].

If we take the divergence of eq. (1), we see that the true current Jyue = to(J +
&-&9 OE/0t) forms a divergence-free solenoidal field because div curl is always zero, easily ver-
ified by direct substitution in the Cartesian definition of the vector functions and extensively dis-

cussed in the mathematics literature from many points of view [46-49, 72].

The Maxwell current law eq. (3) is a mathematical corollary [73] of the Maxwell-Ampere
equation (1). It was derived without approximation, without adding physics. It is true whenever

the Maxwell field equations are true.

Maxwell Current Law: div uy(J + &g dE/0t) = divcurl B=0
(3)

= div]Jyye =0

Remember that the conduction current J includes the material displacement current associated

with the material polarization P = (&, — 1)¢&,E.

The Kirchhoff current law is the low frequency, long-time approximation to the Maxwell
current law [73]. It is widely used in conjunction with ad hoc stray (parasitic) capacitances that
modify topological circuits [30-39] so they can approximate reality including the displacement

current term &,&, 0E/dt.



The Kirchhoff Current Law is valid only when ¢, 0E/dt « J.

div p,] = divcurl B =0 (4)
£o0E/0tK] £00E/0t«K]

Solenoidal fields of true current. The true current forms a divergence-free solenoidal field ac-

cording to eq. (3). Solenoidal fields of true current have the special property that the true current
never accumulates on any time scale for which the Maxwell-Ampere equation (1) is true. True
current cannot be stored to be ‘paid back’ at a later time. If true current flows in an unbranched
one-dimensional system, like a series circuit, it is equal in every component of that series circuit
at any time because it is a solenoidal divergence-free field [74]. In such series systems, there is
no need for a spatial variable to keep track of location when studying the true current J;,,. be-
cause there is no spatial dependence of the true current at any time, even on the time scale of
thermal motion. The conduction current J is another matter. It varies with spatial location even in

a series circuit, often dramatically.

Circuits. Branched one-dimensional networks form the circuits of our electrical and electronic
technologies [26-39, 55, 59-61]. These circuits function essentially without errors at time scales
ranging from 0.1 nsec to many hours, in systems of enormous complexity. The systems are finite

two-dimensional networks of one-dimensional devices like resistors, capacitors, and transistors.

Streamlines in solenoidal fields. Current flow has special properties because true current is sole-

noidal, divergence-free. Streamlines of current in solenoidal divergence-free fields have very spe-
cial properties [48, 49], particularly in finite two-dimensional systems. These streamlines do not
have sources in the usual monopolar sense of the word, as in permanent charge sources in
Gauss’s law. Solenoidal fields and flowlines are very different from the lines of force of classical

electrostatic fields driven by a few permanent charges.

The true current flows in streamlines that end where they begin, forming generalized ‘cir-

cles’ called circuits. These idealized topological circuits are used to design our computers and



technology [26-39, 59-61]. Their special mathematical properties are likely to have something to

do with their technological success.

The idealized topological circuits are designed with the current laws eq.(3)&(4). Kirchhoff’s
law eq. (4), and its generalization, the Maxwell current law eq. (3), are not constitutive or phe-
nomenological. They—like the Maxwell-Ampere law from which they are derived—are true for

any properties of any material.

Once materially specific properties are banished from the Maxwell equations, and the
polarization approximation P = (&, — 1)&,E is abandoned, it would be natural to assume that
nothing materially specific can be stated, beyond conservation laws themselves. Most scientists
assume that electrodynamic models need to “exhibit in every case all the charges, whatever their
origin” Feynman [51], Section 13-4. They wonder if material parameters are absent from the

equations (1)&(3), how can properties of material circuits be predicted?

The fact (and wonder) is that circuits are analyzed and built without knowledge of material
parameters [26-39, 59-61]. The Maxwell-Ampere law implies the Maxwell current law without
any additional physics or mathematical approximation. The Maxwell current law, like the Max-
well-Ampere law depends only on the universal properties of space, including a vacuum. The

Maxwell current law eq.(3) is a nearly universal generalization of Kirchhoff’s current law.

Surprisingly, we see that the general properties of current in practical electronic circuits
[26-39, 59-61] can be described in a universal way, using only field equations that depend on the

polarization of free space and are true for any properties of any materials.



Discussion

Molecular vortices abandoned. Once Maxwell abandoned his molecular vortices, he concluded

that “ ... the time-variation of the electric displacement must be taken into account in estimating
the total movement of electricity”. He could hardly have used more explicit language. He said a
time-varying component had to be used when estimating the total movement of electricity. A

particle that moves ‘total ... electricity’ must therefore be time-varying, not constant.

We can then see why Maxwell rejected the idea of particles moving with a constant
amount of ‘total electricity’. For Maxwell, the ‘total movement of electricity’ MUST always in-
clude a displacement current and that must vary with time because it depends on JE/dt. The

displacement current could not be a constant because JdE/dt was not a constant.

If a particle of electricity existed, Maxwell presumably thought the particle must be a part
of the total true current Jyue = Uo(J + €9 IE/At). The particular current could not be constant
because every part of ‘the total movement of electricity’ must include a displacement compo-
nent and vary with 0E/dt. Anything else would be “ ... a gross phrase, out of harmony with the

rest of this treatise” [7], Section 610, p. 232 of volume 2.

Chemical reactions. The flow of a single electron from one orbital to another is the essence of a

chemical reaction. It occurs in 10715 — 10718 seconds. Chemical reactions are often found in
groups and involve the flow of currents in circuits that obey the universal laws of current flow, eq.
(1) & (3). For example, the flow of total current in two chemical reactions connected in series
must be equal at all times [74]. Total current cannot be stored. Circuit properties of this type are

not usually included in theories of chemical reactions.

It is fascinating to wonder what would happen if quantum chemistry used a particle of
true current as its fundamental representation of a reactant or product. That particle was given
the fanciful name ‘Max-ion’ [75], p.2 in honor of Maxwell. Note the Max-ion moves a variable

amount of current because the total current depends on JE/0dt.

10



Or perhaps a representation of the fundamental particle should also include a permanent
magnetic dipole—the ever-present spin of the electron, usually ignored in treatments of chemical
reactions. This provides a more complex elementary ‘quantity of electricity’, that moves as a mag-
netic ion, a ‘Mag-tron’. The Mag-tron combines conduction charge, its displacement current, and
permanent magnetic dipole + h/2 with its singular special properties, p. 3 of [75]. Mag-trons are
likely to associate as magnetic dipoles do on macroscopic scales, head to tail, perhaps producing
the Pauli exclusion principle when placed in the ‘electric’ field of the nucleus, e.g., the proton of

the hydrogen atom.

Rate constant models of chemical reactions are not transferrable in most cases. They need dif-

ferent parameters—different rate constants—under different conditions, so the models fit data
under different conditions. It is rare to be able to predict the value of those rate constants ahead
of the experiment. The use of non-transferrable models has been canonized in the chemical liter-
ature. The non-transferrable property of chemical models makes chemical devices hard to design

[76].

This non-transferrable property of theories of chemical reactions is significantly different
from theories of electrical circuits. Electrical circuits fit data over a wide range of conditions with

a single set of parameters, transferrable from one setup to another [26-39, 59-61, 73].

Our computers could hardly function if the properties of each transistor varied in an un-
predictable way. In my view, non-transferrable models are so difficult to disprove [77] that they
should not be considered part of science. Rather, non-transferrable models should be seen as
part of the social and psychological culture [78] that surrounds and motivates scientists to do

their work.

In my view, the science of chemical reactions must deal explicitly with the displacement
currents gy JE/dt. | suspect that “ ... the time-variation of the electric displacement must be
taken into account in estimating the total movement of electricity” [7] even on time scales 1022

times faster than Maxwell considered when he wrote these words. Without the displacement

11



current, it is hard to see how models of chemical reactions can be as useful as models of electrical

circuits have been.

Universal Current Law. Few physical laws are universal. The Maxwell current laws are. They give

us a powerful tool for understanding complex systems because they are always true no matter
the complexity of the system or the experimental setup used to study the system. When total
current is the output of a system, the Maxwell current laws allow complete analysis of systems
that would otherwise be intractable because of their structural complexity, like the integrated

circuits of our computers [26-39, 59-61], or the mitochondria of our cells and tissues [79-81].

The Maxwell current law eq. (3) derived from the Maxwell-Ampere equation eq. (1) is
valid for any material with any type of polarization. It is universal, without adjustable parameters.
The Maxwell current law depends on the properties of space-time and is valid in a vacuum and
inside atoms. It—like the Maxwell-Ampere equation eq. (1) from which it is derived—does not

depend on properties of matter.

Engineering systems Many of the most important applications of electrodynamics involve total

current in complex systems and involve a large range of scales. The electric power systems that
deliver energy to our homes and offices; the circuits of our telephones that deliver information
everywhere; and the circuits of our computers [26-39, 59-61] all depend on the properties of total
current. They are designed so that the details of the conduction currents are not very important.
The properties of the total true current are very important. As Landauer [82] p. 112 put it, “It s,
after all, the sum of electron current and displacement current which has no divergence. One of

those two components can take over from the other”

High-speed transistors often have complex structures dominated by different current car-
riers at different times [61, 83-85]. The laws of total current greatly simplify their analysis. The
total current in each part of series model of a transistor is equal at all times [82, 86, 87]. Integrated
circuits of billions of transistors can be designed and understood without understanding all the
conduction currents or current carriers [26-39, 59-61]. Maxwell’s true current allows such analysis

[88].

12



lonic solutions play as wide a role in biology and chemistry as solid semiconductors play in engi-
neering. The composition and concentration of ionic solutions have large effects on most biolog-
ical and chemical systems. In biology, very large concentrations of ions (> 10 molar) are found

near nucleic acids and in crucial locations in enzymes and ion channels. But trace concentrations
(10'8 M) Ca?* are often controllers of natural function. They, for example, control the contraction

of skeletal and cardiac muscle.

lonic solutions have important properties over a range of scales from atomic to macro-

scopic. The full range of time scales is needed to understand ionic solutions in biology:

1) The fastest time scales involve universal displacement currents (eq.(5)).

2) Fast time scales involve material displacement currents of the water, scaled by the Bjer-
rum constant.

3) Somewhat slower time scales involve rearrangements of the ionic atmosphere, scaled by
the Debye length.

4) Time scales are associated with the movement of each type of ion. Each of the actual
conduction currents of the ions themselves are scaled by its own Ohm’s law, and its ionic
resistivities.

5) Slower time scales come from the diffusion of mass of each ion and the solvent, scaled by
Fick’s law and its ionic diffusion constants.

6) The flow of the bulk of the solution (‘osmosis’ in the classical literature) is scaled by water

permeability and water’s diffusion constant and permeability.

Biological systems involve many scales. Understanding the biological role of ionic solutions
requires using a large set of field equations—partial differential equations—with many parame-
ters, more or less one set per scale. Each of the partial differential equations involves interaction

coefficients. Such systems are difficult to specify, describe by models, solve, or compute.

Separate equations have been used for each scale but an integrated approach is obviously

preferable and probably necessary. An integrated approach requires equations that are true on

13



all scales. Laws of total current that are universal are a substantial help when analyzing such sys-
tems because they dramatically reduce the number of equations and parameters. Universal cur-
rent laws are multiscale and provide a link between atomic scale calculations and macroscopic
behavior. They provide a firm foundation for building the complex theories needed to describe

the complex systems of both engineering and life.

True Current in Life. Multiscale analysis is particularly important in living systems. The full range

of scales of ionic solutions are involved in almost all living processes.

It is not possible to understand biology using only one set of scales. On the atomic scale,
genes control biological function even though genes only involve small numbers of atoms, as the
revolution of molecular biology has shown us. Genes control almost all biological function. The
function of organs depends on atomic scales even though organs function on a macroscale. The
kidney is a striking example. Mutations involving a handful of atoms in transporters in kidney

tubules change water flow throughout the organ, and the animal as well, for that matter.

Some biological systems use total true current for their main biological output. The main
biological output of many nerve cells is their electrical signal, the all-or-none binary signal called
the action potential. The action potential propagates to carry signals in the nervous system and
to coordinate contraction in muscle, including the heart. It is the action potential that allows the
heart to function as a pump.

In nerve and muscle fibers and cells it is total current that flows down the length of the fiber
and propagates the action potential signal. The components of conduction current vary down the
length of the nerve fiber and the nature of current carrier does not matter for the propagation of

the signal from node to node in myelinated fibers. What matters is just the total current.

Energy of Life. Total true currents are also involved in the generation of the chemical energy of
life, ATP. ATP is the currency of chemical energy that powers life. Despite the fantastic diversity
of biology, from virus to whale, ATP is the only source of chemical energy, with very few excep-

tions. More information can be found in many textbooks [79-81].

14



ATP is generated by the flow of total true current in organelles found inside cells called mi-
tochondria and chloroplasts [79-81]. The membranes of these organelles contain molecular ma-
chines (‘complexes’, e.g., electron transport complexes I-IV in mitochondria). Each complex has
different outputs, including conduction currents of electrons, ions, displacement current of the
membrane capacitance, and conduction currents of protons—the biological name for positively
charged water. The total current produced by these complexes follows the Maxwell current law.
Mitochondria and chloroplasts have no length and are ‘the opposite’ of nerve fibers. Total current
can flow down a long nerve fiber. Total current cannot flow down a mitochondria because mito-
chondria are short organelles. The total current that flows into them must also leave. Mitochon-
dria have no long extension where current might flow.

Total current can NEVER accumulate, according to the Maxwell current law. Thus, the com-
ponents of total currents crossing the membrane of mitochondria are coupled. When one com-
ponent increases, the other must decrease. The components of current across mitochondrial
membranes are linked by electrodynamics because of the Maxwell current law. That linkage is a
consequence of universal physics, not a consequence of chemical or conformational or allosteric

interactions.

The total current of the complexes in the membranes of the mitochondria is the total
output of the metabolism of animal cells. Because the total current that flows into the mitochon-
drion also flows out, the total current is also the total current that flows out across the enzyme
ATP synthase. The enzyme ATPsynthase produces ATP from the total current [89]. The total cur-
rent of the complexes is linked to the total current of the ATPsynthase because they are both in
the same membrane of a very short organelle, the mitochondrion. The linkage is physical, not
conformational. Not allosteric. Not chemical. Maxwell’s true current—not individual fluxes of

protons, electrons, or ions—provides the energy that creates ATP, the chemical energy of life.

The total true current has simple behavior: It is the sum of its components, no matter how
complex they are. Analysis of the sum is much easier than analyzing components. The compo-
nents of conduction current are each very complex in mitochondria, for example. But the sum

of the components is not complex. It follows a simple addition law, the Maxwell current law. A

15



simple addition law does not apply to the components individually. The addition law applies only

to their sum, the total true current.

Analysis of ATP production in mitochondria is very difficult if each component must be
understood in detail. Analysis of ATP production is greatly simplified if our main concern is the

total true current that fuels ATPsynthase.

16



Notations

Maxwell often described the electric field with his displacement field D = ¢,&4E, rather than
with the E field itself shown in eq.(1). Modern textbooks have abandoned, with prejudice, the D field:
p. 2-10 of [51]; Ch. 4 of [4]; p. 500-507 of [44]; p. 44, 160, of [52]; [55]. As Purcell and Morin (p. 500-507
of [44]) put it “the introduction of D is an artifice that is not, on the whole, very helpful. We have men-
tioned D because it is hallowed by tradition, beginning with Maxwell, and the student is sure to encoun-

ter it in other books, many of which treat it with more respect than it deserves.”

The displacement field deserves no respect, in my view, because the displacement field mixes

two quite different kinds of physics

Universal Material
—~ —_—
D= &E + (g —1)gE = ¢,6E (5)

The universal term gy,E describes the properties of space—in a vacuum or inside an atom, or
anywhere. The factor g, is exact as far as has been measured and is the same in empty space (devoid of

mass or charge) and in matter, whether inside a proton, subatomic particle, or a star.

The other term (&, — 1)&,E is as different as one can imagine. It is a material term that varies
enormously because it has to describe all the properties of charged matter. The material term is a con-
stitutive equation that depends on the properties of matter in a remarkably complex way, as discussed
in [14] and documented in [12, 13, 15-24]. The spectroscopic spectra and properties [15], p. 241-275
Section "L.2.4.A-E of matter best document the diversity of polarization [12, 16-23, 90-93]. The millions
of compounds of organic chemistry are identified by their distinct spectroscopic properties, i.e., spectra.
Thousands of dielectric parameters &, (w) are needed to describe the polarization of charge at different
frequencies w in a single spectrum, and there are millions of spectra to deal with. A single ¢, is seriously

misleading. It provides a short-sighted view of the realities of polarization.

If the Maxwell equations are written with the displacement D as a dependent variable, the gen-
eral nature of the Maxwell equations is obscured by the particular nature of P different for each type of
material, including millions of organic compounds. That is probably why Feynman, Griffiths, Purcell, and
Morin, Ulaby, and Zangwill abandon the D field notation. That is why the D field is not used in the body

of this paper.
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