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The Maxwell Equations are Universal and Exact

and do not depend on material parameters, when written without dielectric approximation.
Universal and Exact Equtions are scary to scientists like me , trained to be skeptical

The Maxwell equations guarantee the perfect conservation of total current,
including displacement current,
in circuits and everywhere else, including mitochondria.

Current Laws can be derived by taking the divergence of the Maxwell Ampere Law
"Hi “H1 AT Hi ¢l € -1TAT 0 "HIClE )

Total current never accumulates anywhere,
even for the shortest intervals of time.

Different currents flow in the transport chains of mitochondrial membranes:
electrons, protons, ions and displacement currents.

The magnificent enzyme
ATPsynthase
combines all the types of currents,

using Maxwell 6s current equati on,

to power the synthesis of
ATP



Circuits are a Crucial Part of Molecular and Cell Biology
of Nerve, Muscle, and Heart



/ Schwann cell

a. In response to a signal, the
soma end of the axon becomes
depolarized.

b. The depolarization spreads down
the axon. Meanwhile, the first part of
the membrane repolarizes. Because
Na* channels are inactivated and
additional K* channels have opened,

the membrane cannot depolarize again.

c. The action potential continues to
travel down the axon.

Direction of travel of action potential

Image source

Depolarized region

\ (node of Ranvier)
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Nerve Signal Propagates Through a Circuit
that carriesCURRENT

not Sodium lons Na




All the Current that Flows In

Flows Out
iIn Short Biological Cells

Extracellular space

K*channel  Na*channel Ca®* channel CI” channel
Cytosol
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Electron Transport Chain in Mitochondrion is a Circuit

> Proton

» Electrons NEW

Kirchhoff’s Law for Total Current J;,;o,; = 0
Couples All Currents and Transporters in Mitochondria
If one current increases, others decrease




Circuits are the Most Used Application of Electricity

1) Circuits deliver Signals In computers (2025) and in telegraphs (~1840)
2) Circuits deliver Power to computers (2025) and industry (~1890)

A typical smartphone will contain > 10° memory circuits
Google says there are > 101° smartphones

>> 10 19 Circuits in the world

Circuits Implement the
Devices of Engineering



One Dimensional Telegraph Circuits in American West around 1850




One Dimensional Telegraph and Telephone Wires Philadelphia 1890

i

3 £ 2 : // H Mi‘h‘ﬂl!q‘ ) ‘— gu RCU\L 'T
iz P41 515, “ |, i\
-3 - ¢ < ' ‘x'| .' & 2 ..31‘ I ! : P

i

R s
)
[ =»
£9 i\" .
u.‘}\ -
=S\ K
NS



Circuits Power Everything
as branched one dimensional systems

Gi’::".‘:';g: . TRANSMISSION 230kV
Burdick & Platte 115,000 voits
Stations DELIVERY POINT

SUBSTATION
Sub Station

.....

Commercial and?
Industrial Users

11



Circuits Power our Homes and Offices
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How derive properties of circuits
from the Maxwell Equations?

Circuits are taught in high school physics and university engineering to millions of students every year

Every electrician knows that current only flows in a
complete circuit.

13



Device converts InputtoQutput by a si mpl e ‘| aw

Branched One Dimensional Circuits Form Devices

Circuit Diagram of common 741 opamp: Twenty transistors needed to make linear robust device

Power Supply

Dirichlet Boundary Condition

independent of time
and everything else

1
Q8 t::-ei
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1 Inverting
------------- |i.I'IFILIt

INPUT
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n® 39 kQ ; - @ OUTPUT

Offset - ' ! Q11
null

S0 kO S0 0

Power Supply

I . I Dirichlet Boundary Condition
! 4 - — éindependent of time

Vs and everything else

Dotted lines outline: current mirrors (red); differential amplifiers (blue);
class Again stage (magenta); voltage level shifter (green); output stage (cyan). 14



Arithmetic Logic Unit Circuit

*The Brain’ of Computers

Memory control signals (rd, wr, fetch)
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Too many
branches
to seel

Integrated Circuit
Technology as of ~2014

IBM Power8
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Engineering is About Devices

From Telegraphs to Telephones
to Integrated Circuits

Device Converts an Input to an Ouput

by a simple ‘I aw’

Devices are Useful because they are robust and transferrable with one set of parameters
Devices and Circuits do what they are supposed to do

In chemistry and biochemistry, (rate) models are often NOT transferrable
Different parameters are required in different conditions.
Parameters can NOT be predicted ahead of time in most cases.

{K2dzE RYyQiu 6S YI1S 0A20KSYA&aldNE

ASBMB Today, 13: 38 (2014)
Available on arXiv as https://arxiv.org/abs/1409.0243
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How derive/reconcile properties of circuits/devices
with the Maxwell Equations?

Circuits are not mentioned in the indexes of widely used textbooks of electrodynamics

Griffiths, D.J. 2017ntroduction to Electrodynamics, Fourth Edition (Cambridge University Press).
Jackson, J.D. 199lassical Electrodynamics, Third Edition (Wiley: New York).

CLASSICAL
ELECTRQI?YNAMICS

URI H66YnNnnkt Wxcecst W ca8EBEItt nadGd! W It RDUWHRI He F
18



Circuits are taught in high school physics and university engineering
to millions of students every year

Every electrician knows that current only flows in a complete circuit.
Incomplete circuits block current flow. Why?

9RI A2 Rqt Wec UI WuRI H6 [
not mentioned in the indexes of
. CLASSICAL
widely used textbooks of P ELECTRODYNAMICS

eIeCtrOdynamlCS THIRD EDITION

Griffiths, D.J. 2017ntroduction to Electrodynamics,
Fourth Edition (Cambridge University Press).
Jackson, J.D. 199lassical Electrodynamics, Third Edition

(Wiley: New York).

JonN DAvVID JACKsON
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Essence of Electrodynamics

IS
Maxwel |l s Core EGQ(@
for the

Flows and Forces of Charge and Current
In matter and space

Nearly Exact and Universal from Stars
to inside atoms

Ferry, Oriols, Eisenberg
Displacement Current in Classical and Quantum Systems.

Computation (2025) 13, 45
DOI 10.3390/computation13020045

20



Maxwel |l s Core Equations

H A & "Hi A

Total Current
uHuI ,?A;lr T_A “Hul ,‘A,l' ( é ) .
T O

€is [number of particles that move] x [charge per particle].
It is a separately measured variable.

Maxwell Equations have error* p 1t for |AL Schwinger limit* p& ¢ p Tvolts/Angstrom

‘Ais the electric field, "Ais the magnetic field
gis flux of charge with mass, including brief dielectric transients of? and D fields
" Is the the charge density of all types including brief dielectric transients of the and D fields
- is the electrical constant, the permittivity of a vacuum
Is the magnetic constant the permeability of a vacuum
Velocity of lighteo (- * ) 8 (Il)

*from measurements of QED fine structure constant

21



Error in Theory

Beamx eV
Beam length m
Tolerance m

Beam Current m
YR
IS Beam Power
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Don’t recognize Core Equat.i

Polarization is too complex to define by one dielectric constan

Polarization is made part afand” in the Core Equations
Physics of dielectrics is moved irkand” in the Core Equations

S
"Hi *ﬂi\"H’i’l””A "Hi £, A 7
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>'l
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Polarization is part of €and in the core equations

When nothing is known about polarization, when constitutive model is not known experimentally,
it is customary and appropriate to include the

dielectric constant £, as a single real positive constant £,

23



Maxwel |l s Core Equati ons

~

"Hi ?ﬂl ti "Hi "A
Total Current
~ w ’ . (3 (14 2 114 1 114 _ \
nHuI ,‘A l T I'H O H I ,A l (8 T /m b
Polarization is too diverse to define a dielectric constant £,
Polarization is part of € and

inheorequations

Constitutive equations and models are needed to
define € and

EnVarA of Liu and Eisenberg provides one general approach
Journal of Chemical Physics, 133: 10410dmmunications in Mathematical Sciences, 20: 1501

When nothing is known about polarization,
It is customary and appropriate to approximate the

dielectric constant £, as a single real positive constantt, p

24



Documentation

Polarization is too complex/diverse
to define by one dielectric constant E,

Electronic Devices, Solid State: many references in

Ferry, Oriols, Eisenberg. 2025. Displacement Current in Classical and Quantum Systems.
Computation 13, 45 DOI 10.3390/computation13020045

lonic Solutions (thus life and most of chemistry): many references in
General BarsoukoyE., and J. Ross Macdonald. 2018.
Impedance spectroscopy: theory, experiment, and applications (John Wiley & Sons).
Eisenberg, Robert S. 201BielectricDilemma’,preprint https://arxiv.org/abs/1901.10805
Optical PropertiesParsegian, V. Adrian. 2006an der Waals Forces: A Handbook for Biologists,
Chemists, Engineers, and Physicists (Cambridge University Press: New York).

25
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Polarization £ ( A - )«
IS Present in the Vacuum of Empty Space

Experimental Fact

Space has Dielectric Constant

Polarization £ A : <«
IS Present Everywhere

Einstein Special Relativity

Einstein, Albert. 1905. 'On the electrodynamics of moving bodesialen dePhysik 17: 50.
Explicitly calculated and eloquently explained in chapters in
Griffiths, D.J. 2017. Introduction to Electrodynamics,
JacksonJ.D. 1999. Classical Electrodynamics

26



Polarization + of Empty Space

Light travels through the Vacuum of Space

ethereal current£ =4 = #ows in vacuum of space,
once thought to be filled with

Maxwell, 1865. Treatise on Electricity and Magnetism
Jeans, 1908. The Mathematical Theory of Electricity and Magnetism.
Whittaker, 1951. A History of the Theories of Aether & Electricity.

T A

0
Wave Equation \T

Corollary O_f "H jy— =velocityoflight Experimental Fact
Maxwell Equations
[ 1A

i

n"A TT
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Total Current is NOT the Flow of Charge
How do we know that?

Light EXxists in Vacuum

Charge and Flow of Charge are ZERO in a vacuum

Magnetic Fields Exist in Vacuum

- 1 B ds the current that creates Electromagnetic Waves
LIGHT

- — N A T Derivation of Wave Equations is in every textbook, starting with "H’I "H'l "A{ - — NA T

28



Total Current is NOT the Flow of Charge
How do we know that?

Charge and Flow of Charge are ZERO in a vacuum

- 1 B ds the current that creates Electromagnetic Waves
LIGHT

T A T A

A N N 1 Derivation of Wave Equations is in every textbook, starting with "H’l "H'l Al * - e

1o I

&+ jE H = velocity of light
Experimental Fact

n

A

Tt



Electromagnetic Field Equations EXxist
Everywhere

because of the relativistic properties of space
Einstein, Albert. 1905. 'On the electrodynamics of moving boddesialen dePhysik 17: 50.
1934.Essays in science, originally published as Mein Weltbild 1933
Explicitly Calculated and Eloquently Explained In chapters in
Griffiths, D.J. 2017. Introduction to Electrodynamics,
JacksonJ.D. 1999. Classical Electrodynamics

In Vacuum
"Hi A 11 X "Hi "A
(4 (34 1‘~ 1 1 4 T "A - ¢ ’ T ‘ wls,;/’e OCItyO Ig | ~ Relativistic
H I Al - H I ’Al X &D T y ﬂ J Pr(;lgzr(%of

0

NOT matter

Ethereal Current = Displacement Current

30



Well known Example of a Capacitor Circuit

@@@\‘%‘g@@@
esoo™

_Vacuum _Current _ 2
"

E

z <

Vacuum current = Ethereal current = Displacement Current
All are names for the same thingt 74 : <«

31



The literature mostly uses Gauss Laws / 2dzt 2vs0a [ s

~N

H A 4 Source of Electric Field is charge

and the Maxwell Ampere Law

“"Hl Al * & A '|' ’jq C) Source of Magnetic Field is CURL

Ethereal Current = Displacement Current

. 1 @Ak MOA
£is [number of particles that move] x [charge per particle].
It is a separately measured variable.

32



Cannot answer from Gauss Law or Co L

Charges in Circuits Cannot be Computed

Too Many Charges!!!

96¢!I Nt WRUqUI ¢HqWAH! W] ¢cet t KlWx ¢ s WbRIOIJOALW Y

Number of pairwise interactionsis-p m(p m p)8
n-body interactions from the BBGKYwith flow are muchmore numerous.

1) Schuss, Nadler, Eisenberg, (2001) Derivation of PNP Equations from a Molecular Model. Phys Rev E 64: 036146 1
2) Nadler, Schuss, Singer, Eisenberg 2004 lon diffusion from Langevin equations to partial differential equations. J. Physicsmd Matter 16: S2153S52165.
3) Schuss, Nadler, Singer, Eisenberg (2002) PDE formulation of requilibrium stat mech for ionic permeation, AIP Conf. Procegdings 665,

Unsolved Problems Of Noise And Fluctuations,

Has anyone even tried?
Smallest Circuits Involve Flows of Nanoamps of Current for Seconds

in Many Locations in Nanometer Structures
Nanoamp = 6.2 x 10 charges per second

33



OcUUYqWeHgeacOGO! Wet JW cat t K
Need to Know ALL charges at all times!!

Hopeless to derive circuit laws because
all ions interact with each other!

34



Coarse Graining is the Answer to the Large Numbers of Charges
But Coarse Graining of Such Large Numbers is Awkward and Inaccurate
(and usually depends on parameters that can vary)

Maxwell Equations Provide an Exact Coarse Graining

because they involve the extra physics of relativity and magnetism

in the form of the Maxwell Ampere Law
HIN (2 - )

35



Kirchhoff's Current La
Brings hope

It Is NOT necessary to know all the charges!

Kirchhoff’'s Cur(@ms)enolglaw 1 s

when properly generalized

36



Kirchhoff Current Law é generalized

Integrated Circuits are Mitochondrial Enzymes are

Designed Wi Current Law PHYSICS of &7 7 ni Coupled by Current Law
Total Current is always a divergence free -7 Mosr
Solenoidal Field everywhere. 7 g
Total Current flows in loops and circuits, |

without sources or sinks.
Total Current is never accumulated even at
time scales of thermal motion.

37



Kirchhoff Current Law ¢ generalized

Maxwell Ampere Equation "Hl (];Ai" ) e - T ?AT 0 élT KT
Math Identity ’Hi “FH"| "q’m‘ ) -l- ’Hi "é - T?AT )?)

€is aseparatelgneasured variable, the flux of charges with mass, however small or transient.
€is the [number of particles that mgeledrge per particle].

PHYSICS of &7 | yy
Total Current is always a divergence free Solenoidal Field everywhere.
Total Current flows in loops and circuits,
without sources or sinks.
Total current is never accumulated even at time scales of thermal motion.

38



AL CHTN HHD TOTMHT T o

for any function that is sufficiently smooth to satisfy the Maxwell equations

1) Fromderivative definition of div ye/ow and curl siue
by substitution and cancellation FDOA A Ok A{ AE @ E | BT 1T ONaA)O

AT — (T ) —( o= (-3)

Using—— —— M &8dSchwarz/Clairaut Theorem

2) From integral definition of div and curlin a tiny volume element

Curl is a circulation integral with terms of equal magnitude but opposite sign
for any function that is sufficiently smooth to satisfy the Maxwell equations.

Divergence and flux have only one value and sign on the surfaces of the tiny element
for any function that is sufficiently smooth to satisfy the Maxwell equations

Substitution shows that the terms of the integral cancel

39



oo™ Div Curl =0

< N always

(0\9 @
X% \\)9"
A\NE\
-~ ~ N

T = Opposite Signs:

Opposite Signs: iy : Terms Cancel

Terms Cancel

Circulation
Integral

-
-————_____—-—_—

DivCurl=0

Math identity



Corollaries of Maxwell Equations

Exact Coarse Graining
Hi&gl7 1 10

ThisisaGener ali zati on of Kirchhoff
that Includes displacement current- T AT 0
It is a mathematical consequence of the

Maxwell Ampere Law of Magnetism
~qoécalof OHCUGUIO~c 5 JG0GDBt 092l | JUq Ox ¢ 5 1O
P DHOE 6 St f Qa4 Codippstion RORNIBR) 22

Itis Scary Because itis Universal

Without adjustable parameters

An Exact and Universal theory of Electrodynamics is a scary challenge
to scientists like me,
trained to be skeptical of sweeping claims tperfection.

S

41
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Kirchhoff’'s Law Has been used for nearly two cent
Complex Circuits Successfully

MANY fewer currents are needed than charges!!!

With Current Law,
Large circuits are

Easily solved
with software available to every engineer like LtSpice from Analog Devices

https://www.analog.com/en/resources/design  -tools -and-calculators/Itspice -simulator.html

Brocard, Gilles. 2013 helLTspicdV simulator: manual, methods and applicatiodglfth Elektronik).

42



Now we return to the challenge
Question:

Why does Total Current flow in complete circuits?

In a series circuit total current is equal everywhere because it has
nowhere else it can go. It cannot leave the circuit.
That is what"Hi €1, 7 - 40 means.

Answer: if the total current is zero in one place

In a series circuit,
It must be zero everywherel!!!

43



Question: Why does Current flow in complete circuits”

Answer: in a series circuit total current

IS equal everywhere
although microphysics is different everywhere

= B t =0t
I I Na‘Cl- ™ K*Br- @ I I (@_/\/\ A —
Vacuqm Salt Water Vacuum Tube Dielec:tric Semic?nductor Resistor
Capacitor Diode Capacitor Diode
D = permittivity 3 E
+ -
[ A
| | Battery \_/ Time Dependent Potential

44



Total Current Is a Solenoidal Field
Hi &7 - 10

The total current has no sources or sinks.
& 1 »igereated only by boundary conditions and dipoles of total current that themselves have zero divergence.

45



Total Current Is a Solenoidal Field

7y

Hi &l7 4 10

1) Charge in solenoidal circuits flows in loops. The loops form circuits for charge movement.

2) Solenoidal flows tend to "slide past" each because of the inherent property of zero divergence:

minimal mixing
3) Circuits in electronic devices isolate the loops .
| sol ated | oops follow Kirchhoff ds | aws,
Solenoidal Flows Greatly Simplify Circuit Design for Devices

And so Devices work reliably in 0.1 nsec, close to the speed of light.
Light travels about 1 inch in 0.1 nsec

Interesting Question in Pure Math:
How doessolenoidal nature of total current lead to generally useful circuits?

46
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Charge in solenoidal circuits flows in loops
The loops form one dimensional branched circuits for charge movement

Branched One Dimensional Circuits in electronic devices
Isolate the loops so they interact in simple ways

"Hi €]7 - 0 is the derivation of Circuit Laws
from the Maxwell Equations

node

Fig 2.1 A node with {
connected branches
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become

EQUALITY of Total Current in a Series System

Well known in Electronics

N

|t i s, aSumeafelextion currenhand displacement

which has no divergence
O e W0 Tea T BN N0NSHE S N OF S I CHON DS O NEE T 45

C

current

a n

t

Landauer (1992)Physica Scripta T42p 110.

fElectrodynamic fields are endowed by unique features,
including an exquisite spatial nonlocality 0

Slight paraphrase of Lundeberg et al (2017)
Tuning quantum nonlocal effects plasmonics
Science 357:187-191
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Flux and Total Current & 1 1have very
Different Physics

in Different Systems

i=0OE/ot i=0D/ot
Vacuum P——— Vacuum Tube Dielectric Semiconductor  Resistor
Capacitor Diode Capacitor Diode
D = permittivity x E
+ -
I A
| I Battery U Time Dependent Potential
but
Continuity of Total Current & 1 g EXact and Instantaneous
E1T i WATHT L CFEN T EAACHT G CEEN T I AACHT | M
no matter what carries the current &€
at all times and all locations!
Eisenberg (2016) Mass Action and Conservation of Current.
Hungarian Journal of Industry and Chemistry Posted on arXiv.org with paper 1D arXiv:1502.07251 44:1-28.
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Conservation of Total Current € ¢ J; Gxactand Instantaneous

even though
Physics of Charge Flow
Varies Profoundly

vow © aﬂmat A
oV

pe”?
055tV
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Electrodynamic Fields

M R nhl b A
take on the
Values that Conserve total Current €.

This is NOT mysterious
E Is a force field that moves atoms

Details and PROOF
including quantum mechanics

Eisenberg, Oriols, and Ferry. 2017. Dynamics of Current, Charge, and Mass.
Molecular Based Mathematical Biology 5:78-115
and arXiv https://arxiv.org/abs/1708.07400

Ferry, Oriols, Eisenberg. 2025.
Displacement Current in Classical and Quantum Systems.
Computation 13, 45 DOI 10.3390/computation13020045

51


https://arxiv.org/abs/1708.07400

E is a force field that moves atoms
because atoms have charge

Potassium lon Channel L;
PDB: 1BL8

so total current €. <+.é(oﬁ§ +R = | = €S always conserved instantaneously

Details and PROOF including quantum mechanics

Ferry, Oriols, Eisenberg
Displacement Current in Classical and Quantum Systems.
Computation (2025) 13, 45
DOI 10.3390/computation13020045
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Total Current €4. <L a IS
an Enormous Simplification
In Short Nerve Cells
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EQUALITY of Total Currentty. <t m
IS
an Enormous Simplification
In Devices Like Mitochondria

Membrane

g ."_‘\’o X
b o '

Quter
Membrane

- * _;,:..‘ — T
bﬁsv")‘v%/i:* e W }’tﬁ¢ |

e / o . N
b "‘ " - \ 4 5’ (J. ;".‘ J .
? A UR"




Molecular Machines

PROTON CURRENTS

Complex Il

Complex |

r

Intermembrane

Complex IV

ATP Synthase

space
Ihner‘
membrane
Matrix /

ey ELECTRON CURRENTS
NADH + H® =—— v /

NAD* Succinate  Fumarate -/\4
L )

I
Complex I

(Succinate dehydrogenase)

Oxidation Yields Electron Currents that Produce Proton Currents

1 NADH causes 10 protons to be pumped, vielding 2.5 ATP
1 FADH2 causes 6 protons to be pumped, yielding 1.5 ATP

s i
-
\
\
| h\%/ﬁ
|
|
| | Fo
|
[
! [
[
Hzo | Fl
ADP + P; ATP
%
H+

(Note: 4 protons (H")
pumped per 1 ATP produced)

Jack Westin



EQUALITY of Total Currentt . <ia
IS
an Enormous Simplification
IN Series Systems

It can create a Perfect Low Pass Filter
It can Convert
Chaos of Brownian Motion
intoa GConstant
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Current Noise g

~

uAul nI “I uI I! "I

Current Noise
E«s <=|=l
IS
HUGE in time

|
-

-2

IS Zero in Space

Time S
Space
_______ O TTT
-
.
— |0 T
<
______ O Yrnm
260 460 660 860
t X

One Dimensional Systems like Channels or Circuit Components
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What does this mean for Mathematical Models?

The image of total current flow €4. isavery
different
VERY SMOOTH in space

Total Current €. <glges not vary in space so

Spatial Derivatives are not needed to
describe total current

IN series systems or devices
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Revolution in Biophysics
Total Current flowe . (iss£qual everywhere
In aone dimensionakhannel

Thermal Motion In Space dog®ot appear In
equations for flow of total currente 4. AT
one dimensionakchannel

Thermal motion appears ONLY In time

Eisenberg (2020)
Electrodynamics Correlates Knock -on and Knock -off: Current is Spatially Uniform in lon Channels.

Preprint on arXiv at https://arxiv.org/abs/2002.09012 .

59



What does this mean for lon Channels?

Knock On and Knock Off of lons

IS

IRRELEVANT for the Total Current

Chang®

o

- \e

paradig™

§4D 4%MOugh the Channel

‘3 site’ channel

/ Partial dehyd
Low selecti

Slowed transport

ration \
vity

Corry (2018) The naked truth about K

Y

* selectivity. Nature Chemistry 10:799 -800.

Eisenberg (2020)
Electrodynamics Correlates Knock -on and
Knock-off: Current is Spatially Uniform in

lon Channels.
Preprint on arXiv at

https://arxiv.org/abs/2002.09012
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View of Channels has been focused on movements of individual ions
In channels,
But
Total Current 4. Jissqual everywhere
In a one dimensional channel

e
paradig™ Chang

Position doeqiot appear in equations for total
currenté,. (iea one dimensional channel

References and Proofs in
Eisenberg (2019)Kirchhoff's Law can be Exact . arXiv: 1905.13574

Eisenberg, Gold, Song, and Huang (2018)

What Current Flows Through a Resistor?
arXiv:1805.04814
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From Maxwell Equations
to Circuits
to lon Channels

Any Questions??

Slides, References
Bob.Eisenberg@gmail.com
Discussion
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The Electric Field I1s Strong

| f you were standing at ar mos
each of you had

One percent more electrons than protons,

the force
would lift the

Entire Earth!

slight paraphrase of third paragraph, p. 1-1 of
Feynman, R. P., R. B. Leighton, and M. Sands. 1963. The
Feynman: Lectures on Physics, Mainly Electromagnetism
and Matter. New York: Addison-Wesley Publishing Co.,
also at http://www.feynmanlectures.caltech.edu/ll_toc.html.

| eng
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Coulomb’s Law I n Chemical

MANY times larger than thermal energy
E _o°60 99,
coulomb E units. Ky T ON,= Thermal Energy
r if

_ g4 -

Etoulomb =280—— onmolecular dynamics time scdl@ ¢
_-49q .

El:oulomb — 7r_ Inwater

J

E in units of themal energRT= K T("JA\t N =63 10"
g, inunits of elementy chargg I, In Angstrom

e Is dielectric coefficient, ~ 80 for pumeater

Un i



Electric Field is Strong and Important

MANYtimes the thermal energy
MANYtimes larger than diffusion
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Electric Field is Important
Chemistry and Biology

» all forces

on atomic nuclei in a molecule
can be considered as
purely classical attractions
Involving

OYeldYOHK! WicstHO

NS PDWIGWHg! YUWARGYe Tl W Rt qql RA2 qRY U LWRH
HYOOGCECGH RUNDWA! WYHW! RUNWE#®S!I BT RUNIJI K

R.P. Feynman(1939)

Forces in Molecules.
Physical Review 56: 340.
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Kirchhoff Current Law
"Hi &7 1 1P

114 ~d

Maxwell Ampere Equation  H' | ",N’l" e - T AT 0 élT 1T
7y’

T "N ‘Hi 8 - TAT D "Hi &7 4wy

Total Current is always a divergence free Solenoidal Field everywhere, without sources.
Total current is\never accumulated even at time scales of thermal motion.

Math Identity “H{

Integrated Circuits are

Designed with Current Law URI H66Ynnkt W9 al | 130 qMiechogdrial Enzymes are

Coupled by Current Law

"Hi £] ‘
14 T 14 e ﬂ e Mellrt‘lggne
l I H : Outer

Membrane

€ Flux of All Charges with mass, however small or transie

£is [number of particles that move} x [charge per pardit
It is a separately measured variable.

Matrix
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Abstract

When the Maxwell equations are written without a dielectric constant, they are universal and exact, for fields less tha

Schwinger limit p& p 1 v/m), from inside atoms to between stars. Dielectric and polarization phenomena need ther

be described by stress strain relations for charge, that show how charge redistributes when the electric field is chanc
each system of interest.

Conservation of total current (including the ethereal displacement current 7 ¥ dis then
independent of any property of matterand as exact as the Maxwell equations themselves

Total current has zero divergence and is a solenoidal fielgvithout sources or sinks. Current flows in loops in solenoidal
fields. Loops are isolated into one dimensional circuits by the layout of devices. Together, isolated loops are circuits
follow Kirchhoff current laws, generalized to includd ¥ @n all time scales.

Spatial dependence of total current disappears in unbranched series systerasnservation of total currebecomes
exactequality at all timesin a single circuit branchf total current is zero anywhere in one branch, it is zero everywhere |
that branch: current only flows in complete circuits. Hopping phenomena disappear when total current flows in one br.

Maxwel |l 6s Core Equations become a perfect (spatial)

thermal noise becomes the zero spatial variation of total current in one branch.
An Exact and Universal theory of Electrodynamics
Is a Scary Challenge to scientists like me,

trained to be skeptical of sweeping claims tperfection.
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Coroll ari1 es of Maxwell ' s Cor e

Derivation of the Continuity Equation
Linking Flux and Content

Flux ofllCharges
‘H1IA (ré(clﬁ‘ﬁ -1 A
| T THI(Eeho) - T
"Hi &laf) - "Hi (I/AT d= - = ('Hi Aj
sut "Hi A IV] R

"Hi €1 TmT p—
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9YI YGdcl RIJt OYNHO~¢ +5 1300 BE 09 YI JOEhe ¢ qRY
Continuity Equation

Linking Flux and Content

T o

Question for Students
This is not a useful equation on atomic scale
Why?
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Continuity Equation
Linking Flux and Content

Feynman’s Hidden | mplicatic

S

Often impossible

O

° 1 Must know all charges AQLIIDE

at all times
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Continuity Equation
Feynman’'s Hi dden I mplicati ¢

Must know all charges and how they move

A

I

U
/

o 1 Mahu|o)

Integrated Circuit Potassium lon Channel Ky,
PDB: 1BL8

Source Internet 74



Hopeless , if one must

mB WIJF 6 RARqWRUWIIZ2 131 ! WHCE 1
56¢caqld2 WagdIRI WYl RNR
at all times

Section 104 of Feynman, Leighton, and Sands (1963) volE2ectromagnetism and Matter
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Without Conservation of Current
Need to Know ALL charges at all times!!

Hopeless in large systems
where all ions interact with each other!

76



Charge and Electricity

Gauss Law
Y 4 v i
H A 5
or

Poisson Equation

or

Coulomb Law

' B—
A E— in chemical units kT/e = RT/F

‘Ais the electric field, v is the electrical potential; thermal energy of diffusion is kT/e = RT/F
i M are charges 1 separation of charges
Is the the charge density of all types including brief dielectric transients of the and D fields
- is the electrical constant, the permittivity of a vacuum
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"O¢ § Q@ OAZWMD R & ny ¢ & "QFOHO

AT —(— —)—(= —)i=(= )

Schwarz Theorem—— ——IRB®

Al WY
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Circulation

Integral

Hlux inte Traﬂl

DivCurl=0

Math identity



EQUALITY of Total current €4 <tm
5
an Enormous Simplification

Eisenberg, B., N. Gold, Z. Song, and H. Huang. 2018. What Current Flows Through a Resistor?
arXiv preprint https://arxiv.org/abs/1805.04814.
Eisenberg, R. S. 2019. Kirchhoff's Law can be Exact. arXiv preprint available at
https://arxiv.org/abs/1905.13574.
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integrated circuit

Source: textbooks and internet

Seems Hopeless

Fortunately,
It IS not hopeless
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Current flow is very smooth in spatial coordinate

Differential equation in e is not needed for €Eqc «£m
€« <=|=-3 ? IF’ <

What does this mean for theory and simulations?

Opportunity to Simplify Algorithms and Codes
perhaps dramatically

Spatial Dependence is Already Known

Only have to average the time dependence
Ma, Li and Liu (2016). arXiv:1605.04886; Ma, Li and Liu (2016). arXiv:1606.03625.
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Current flow is very smooth in spatial coordinate
Differential equation in e is not needed for €. <41a

What does this mean for theory and simulations?

Opportunity to Simplify Algorithms and Codes

perhaps dramatically

Spatial Dependence is Already Known

Only have to average the time dependence
Ma, Li and Liu (2016). arXiv:1605.04886; Ma, Li and Liu (2016). arXiv:1606.03625.

;“:;

<
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Ma x we |

| > s Core Equati ons

But they are Complicated Differential Equations
need very complicated mathematics to describe universal physics

~

Electro O6statiMasgnet o 6staticso

pe % Pe o
€
Electrodynamics Magnetodynamics
P 3E :_§ D 3B #Zgé ?U-ltz
C M

Integrated Circuit Potassium lon Channel L;

PDB:1BL8

ar

e

Un i




Corollaries of Maxwell Equations

Exact Coarse Graining
Hi&gl7 1 10

ThisisaGener ali zati on of Kirchhoff
that Includes displacement current- T AT 0
It is a mathematical consequence of the

Maxwell Ampere Law of Magnetism
q6 ¢ aqtof IORCEGUIO~¢ +5 HEEBS Q& | 1 NHzOx £ dz}0NS {0 O
Computation (2024) 12(2): 22

Itis Scary Because itis Universal

S

An Exact and Universal theory of Electrodynamics is a scary challenge
to scientists like me,
trained to be skeptical of sweeping claims tperfection.
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Molecular Machines

PROTON CURRENTS

Complex Il

Complex |

r

Intermembrane

Complex IV

ATP Synthase

space
Ihner‘
membrane
Matrix /

ey ELECTRON CURRENTS
NADH + H® =—— v /

NAD* Succinate  Fumarate -/\4
L )

I
Complex I

(Succinate dehydrogenase)

Oxidation Yields Electron Currents that Produce Proton Currents

1 NADH causes 10 protons to be pumped, vielding 2.5 ATP
1 FADH2 causes 6 protons to be pumped, yielding 1.5 ATP

s i
-
\
\
| h\%/ﬁ
|
|
| | Fo
|
[
! [
[
Hzo | Fl
ADP + P; ATP
%
H+

(Note: 4 protons (H")
pumped per 1 ATP produced)

Jack Westin
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