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The absence of impedances from the Standard Model is most remarkable. Impedance is a fundamental concept, of universal validity. Impedances govern the flow of energy. In particular, the
coupling of the photon to matter happens in the near field. The absence of the photon near field
impedance in photon-electron interactions is the most basic and profound example of this remarkable circumstance, sitting unnoticed in the foundation of quantum electrodynamics. One cannot
obtain a complete understanding of such interactions without examining the role of impedances.
How this essential principle escaped notice in the development of quantum field theory is outlined,
and consequences of its inclusion in our present understanding are explored.

INTRODUCTION

Given the practical everyday utility of the impedance
concept in technical applications, it is not surprising that
one finds the most helpful historical introductions and
expositions not in the academic literature, but rather in
that of technologically advanced industries, where proper
application of the concept is essential for economic success. The reader is encouraged to consult a sampling of
that literature[1–4] for straightforward presentations of
basic impedance concepts.
This inadvertent divorce of the theoretical from the
practical has had profound consequences for quantum
field theory (QFT), where the Hamiltonian and Lagrangian formalisms are focused upon the conservation of
energy and its flow between potential and kinetic, rather
than upon that which governs the flow, the impedances.
The inevitable reconciliation of practical and theoretical, the incorporation of impedances into the foundations of quantum theory, is potentially paradigm-shifting
in condensed matter, gravitation, and particle physics,
as well as in the most esoteric of the present pursuits in
theoretical physics, where it is forgotten that vibrating
strings have characteristic impedances[5].
The most rudimentary example can be found at the
foundation of quantum electrodynamics (QED), in the
photon-electron interaction. The formidable breadth of
the crack through which the impedance concept has fallen
becomes apparent when one considers that the near field
photon impedances[6] shown in figure 1 cannot be found
in the physics textbooks of electricity and magnetism[7–
12], QED[13–23] (although Feynman[24] does mention
impedances in the context of boundary conditions of the
one-dimensional crystal, and in the context of influence
functionals), or QFT[25–30].
While common knowledge in the engineering community, it is most remarkable and significant that what
governs the flow of energy in photon-electron interactions
is explicitly absent from the formal education of the PhD
physicist.

FIG. 1. Far and near field 13.6eV photon and scale invariant
electron impedances as a function of spatial scale as defined
by photon energy. The role of the fine structure constant α
is prominent in the figure.

IMPEDANCES, CLASSICAL AND QUANTUM

In simple terms, impedance may be defined as a measure of the amplitude and phase of opposition to the
flow of a current. Zeldovich[31] defines impedance in
terms perhaps more useful to the theoretician, as a measure of the ellipticity of phase space trajectories, then
goes on to normalize the conjugate variables (p,x) by the
impedance, which permits him to calculate impedancebased quantum creation and annihilation operators.
Impedances can be mechanical or electromagnetic,
classical or quantum, fermionic or bosonic, geometric or
topological, scale-dependent or scale-invariant.
Geometric impedances are scale dependent. Topological impedances (quantum Hall, chiral, centrifugal, Coriolis, three body,...) are scale invariant. The various
impedances are one or the other - either scale dependent, or scale invariant. The lone exception is the photon, which has both scale dependent near field and scale
invariant far field impedances.
Impedances can be classical or quantum. What distin-
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FIG. 2. A composite of 13.6eV photon impedances and a variety of background independent electron impedances[38], measured
branching ratios of the π 0 , η, and η’, the four fundamental quantum lengths shown in fig.1, and the coherence lengths of the
unstable particles.[39–41]

guishes the two is the existence of a fundamental length
scale, the quantization length. The remainder of this
note will focus on quantum impedances defined at the
electron Compton wavelength, as highlighted in figure 2.
For classical impedances, the reader is again encouraged
to consult the references cited in the introduction to this
note[1–4].
The quantum impedances found in the canonical literature are limited to the photon and the quantum Hall
impedance of the electron. The scale invariant quantum Hall impedance is associated with the Lorentz force,
which is perpendicular to the direction of motion and can
do no work, can only communicate quantum phase.
Scale-invariant impedances are associated with inverse
square potentials[32–36], and in the literature appear
most frequently in discussions of anomalies. The phaseonly character of inverse square potentials, the incapacity to do work, is emphasized in the case of the cen-

trifugal potential of the free Schroedinger particle by
Holstein[34]. The unbroken symmetry is scale invariance.
Quantum impedances can be defined for all quantum
potentials and forces, and in particular for those of the
electron[37] in the photon-electron interaction. Defining
a quantization length has significant consequences, as can
be seen from figure 2.
• The low and high energy impedance mismatches of
the scale dependent modes that communicate energy provide natural cutoffs. The impedance approach is finite in the absence of renormalization.
• Looking not at what is excluded by these natural
cutoffs, but rather at what remains in the middle,
the impedance mismatches as one moves away from
the quantization length provide a natural confinement mechanism for the coupled modes that define
a given particle.
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The impedance approach is not only naturally finite
and confined, but also naturally gauge invariant. Complex impedances - inductance and capacitance - shift
phases. Complex quantum impedance shifts quantum
phase, not a single measurement observable. In the Standard Model the phase coherence that distinguishes quantum systems from classical (as required by gauge invariance) is maintained by the artifice of the covariant derivative. In the impedance approach one need only account
for the phase shifts introduced by the impedances.
As a consequence of the natural finiteness and gauge
invariance, there are no anomalies in the impedance
approach[42].

THE MODEL

Given a quantization length, what does one quantize?
Restricting the possible fields to electromagnetic only,
starting with full symmetry between electric and magnetic, and taking only the simplest topologies needed for
an arguably realistic model, we have
• quantization of magnetic and electric flux, charge,
and dipole moment
• three topologies - flux quantum (no singularity),
monopole (one singularity), and dipole (two)
• confinement to a fundamental length
• the photon
What is shown in the impedance plot of figure 2 are calculated coupling impedances of the interactions between
these three topologies[37, 38].

QUANTUM IMPEDANCE HISTORY

If impedances are in fact a useful and powerful tool (as
further explicated later in this note), how is it that they
are not already present in the Standard Model?
One might suggest that the absence is simply an historical accident, a consequence of the order in which the
experimentalists revealed the relevant phenomena. The
scaffolding of QFT has been erected on experimental discoveries of the first half of the twentieth century, on the
the foundation of QED, which was set long before the
discovery of impedance quantization.
The 1980 discovery[43] of a new fundamental constant
of nature, the Nobel Prize discovery of exact impedance
quantization in the quantum Hall effect, was greatly facilitated by scale invariance. This classically peculiar
impedance is topological, the measured impedance being
independent of the size or shape of the Hall bar. Prior to
that discovery, impedance quantization was more implied

than explicit in the literature[44–51]. Early mentions include the 1955 paper of Jackson and Yovits[44] and the
1957 paper of Landauer[45].
Bjorken was perhaps not familiar with their work when
writing his 1959 thesis[46]. In that thesis is an approach
summarized[47] as “...an analogy between Feynman diagrams and electrical circuits, with Feynman parameters
playing the role of resistance, external momenta as current sources, and coordinate differences as voltage drops.
Some of that found its way into section 18.4 of...” the
canonical text[48]. As presented there, the units of the
Feynman parameter are [sec/kg], the units of mechanical
conductance[5].
It is not difficult to understand what led Bjorken
astray, as well as those who have made more recent similar attempts[51–54]. The units of mechanical impedance
are [kg/sec]. One would think that more [kg/sec] would
mean more mass flow. However, the physical reality is
more [kg/sec] means more impedance and less mass flow.
This is one of many inter-related mechanical, electromagnetic, and topological paradoxes[56] to be found in the
SI system of units[55].
With the confusion that resulted from misinterpreting
conductance as resistance, and more importantly lacking
the concept of quantized impedance[43], the anticipated
intuitive advantage of the circuit analogy[48] was lost and
the possibility of the jump from a well-considered analogy
to a photon-electron impedance model was not realized
at that time.
Like the first Rochester Conference on Coherence and
Quantum Optics in 1960, the 1963 paper/thesis by Vernon and Feynman[49] on the “Interaction of Systems”
was motivated by the invention of the maser. It is a
particularly suggestive combination of the languages of
the electrical engineer and the physicist. The authors
devoted a thesis to the concepts needed for impedance
matching to the maser. However, lacking again was the
explicit concept of quantized impedance in the maser.
While the 1970 paper by Landauer[50] somewhat clarified his earlier work, the explicit concept of impedance
quantization remained obscure.
Quantization of mechanical impedance in the hydrogen atom was introduced in a 1975 unpublished note[51].
However, the quantity with units [kg/sec] was interpreted
at that time to be related to mass flow in the deBroglie
wave, with confusion arising again as a result of the inversion in the SI system of units. It was only recently
that the correct impedance interpretation of that 1975
paper came to light[37].
Had exact impedance quantization been discovered
in 1950 rather than 1980, one wonders whether the
impedance concept might have found its way into the
foundation of QED at that time, before it was set in the
bedrock, to underpin rather than illuminate gravity and
QFT [57–63].
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MORE RECENT DEVELOPMENTS

More recent developments can be separated into
two groups.
In the first we see a gradually developing awareness of the importance of impedances
in Atomic/Molecular/Optical and Condensed Matter
physics. In the second we find the generalization of the
impedance concept to all quantum potentials and forces.
Condensed Matter/AMO

Since the pivotal 1980 discovery of exact quantization,
and particularly in the past few years, understanding of
quantum impedances in electron dynamics, and particularly AMO and condensed matter, has been expanding
at an accelerating rate, as shown by a sampling of the
literature [64–109].
Extending the understanding beyond the photon and
Landauer/quantum Hall impedances to the generalized
impedances associated with all potentials appears to offer
great promise in condensed matter physics[110]. The relevant length scale for the appropriate electron impedance
network in condensed matter is not the Compton wavelength but rather the deBroglie wavelength, the wavelength of the Doppler-shifted Compton frequency[111].
Generalized Impedances

Once it was understood that the background independent mechanical impedances derived from Mach’s
principle[37, 51] could be defined for all forces, quantized
by assigning a fundamental length, and converted to electromagnetic impedances by assigning a line charge density to the fundamental length, the progress was rapid.
• As shown in figure 2, aligning the impedance network with the coherence lengths of the unstable
particles revealed a strong correlation between the
two, suggesting that the impedance network might
comprise a background independent model for the
elementary particle spectrum[112].
• Calculating the impedance mismatch between
the electron and the Planck particle revealed
an exact relationship between gravity and
electromagnetism[113].
• Applying the impedance concept to the measurement problem yielded explanations of state reduction, non-locality, and entanglement[114].
• A possible resolution of the black hole information
paradox (presented at the 2013 Rochester Conference on Quantum Information and Measurement)
followed from a synthesis of the previous three papers and the holographic principle[57].

• A presentation by Lev Vaidman at the Rochester
conference[115, 116] motivated an impedance analysis of time symmetry in the nested Mach-Zender
interferometer[117].
• Quantum Interpretations try to explain emergence
of the world we observe from formal quantum theory. The impedance model was included in comparisons of selected interpretations[118].
• The chiral anomaly was
impedance approach[42]

analyzed

via

the

• A presentation file was prepared, summarizing and
explaining the above results[55]
There has been substantial progress in the impedance
approach in a surprisingly short amount of time, arguably
sufficient to merit systematic and thorough critical examination of the logical foundations, results, and conclusions outlined here.
WHAT NEXT?

It would seem that the obvious next step is to put the
impedance approach on a more formal theoretical foundation. The approach as it stands now evolved from the
practical perspective of the pragmatic engineering physicist. While it is both logically coherent and computationally correct, having enjoyed substantial scrutiny within
the physics community without meeting criticism other
than what could be categorized as a matter of experience
and convention rather than scientific fact, it could benefit
from a more formal theoretical foundation.
On the practical side, if the approach proves
useful then the greatest benefit will likely be in
AMO/Condensed Matter. One possibility is design of
superlattices[104, 110] matching the deBroglie impedance
network of the electron. Another is impedance matching
in the deuteron, with a cautious eye towards cold fusion. Both require adding dynamics to the model, namely
the couplings and phases (the amplitudes are known, are
what permit the calculations accomplished thus far) of
the modes whose impedances comprise the network.
The requirement for dynamics is also present in particle physics, where the immediate goal is to map the standard model constituents onto the modes of the impedance
network, the purpose being to understand proton and
neutron spin structure[119–122] while RHIC (the world’s
only high energy collider with polarized beams) is still
in operation, a potentially tenuous circumstance in the
present economic climate.
And of course there is dark matter[123–125], whose
presence dominates the impedance network and gives
hope that the impedance approach will yield insight into
the task of designing appropriate dark matter antennas
and receivers.

5
SUMMARY

It appears that the impedance approach is far more
radical than one might have imagined or desired. It deconstructs the Standard Model.
The weak force goes away. Anomalously long nuclear
and unstable particle lifetimes can be understood as simple impedance mismatches, rather than as consequences
of the postulated weak force. In the case of the unstable particles the impedance mismatch is to the photon, as can be see from figure 2. For coherence lengths
greater than that of the neutral pion, none of the network
impedances can be matched to the photon’s scale invariant far field impedance. Instead, the much more difficult
and improbable match to the neutrino’s scale dependent
impedance is required.
Mass generation via chiral symmetry breaking and the
Higgs becomes irrelevant for two independent reasons.
First, in the absence of the weak force there is no need for
massive gauge bosons. And second, the chiral impedance
is scale invariant, cannot communicate energy but rather
only quantum phase, cannot deliver mass.
Similarly, mass generation in QCD via dynamic chiral
symmetry breaking is seen to be not possible in light of
the scale invariance of chiral impedances.
In the impedance approach the origin of mass is the
energy in the fields of the coupled modes represented in
the impedance network and confined by impedance mismatches. The calculated mass of the electron is correct
at the nine significant digit limit of experimental accuracy, the muon at a part in one thousand, the pion at two
parts in ten thousand, and the nucleon at seven parts in
one hundred thousand[126].
The superheavies (top, Higgs, Z, W) appear to be incredibly short-lived excitations of the magnetic modes.
Their coherence lengths sit at the 9.59 GeV electromagnetic fine structure line, in the middle of the dominant
bottomonium decay modes.

CONCLUSION

The impedance approach to quantum field theory is
truncating and tangential at best. The natural finiteness
removes the need for regularization and renormalization,
a major branch of QFT. Finiteness combined with the
natural gauge invariance removes the anomalies, one of
the most foundational aspects.
In keeping with the universal character of the
impedance concept, the impedance approach has found
direct and simple application to a variety of diverse topics at the core of the Standard Model and beyond, application to the unstable particle spectrum, the chiral
anomaly, state reduction, non-locality, time asymmetry,
gravitation, dark matter, electric dipole moments, and
paradoxes in our systems of units.

Best of all, once the initial unfamiliarity passes the
impedance approach is simple.

ACKNOWLEDGEMENTS

The author thanks Michaele Suisse for discussions
and literature searches, and for emphasizing the potential usefulness of an historical introduction to quantum
impedances.

∗

petethepop@aol.com
[1] H. Hall, “A History of Impedance Measurements”, historical archives of the General Radio Company (1992)
http://www.ietlabs.com/pdf/GenRad_History/A_
History_of_Z_Measurement.pdf
[2] S. Schelkunoff, “The Impedance Concept and its Application to Problems of Reflection, Refraction, Shielding,
and Power Absorption”, Bell System Technical Journal,
17, 17-48 (1938) http://www3.alcatel-lucent.com/
bstj/vol17-1938/articles/bstj17-1-17.pdf
[3] “Impedance Measurement Handbook - A guide to
measurement technology and techniques”, Agilent
Technologies
http://cp.literature.agilent.com/
litweb/pdf/5950-3000.pdf
[4] “Understanding the Fundamental Principles of Vector Network Analysis”, Agilent Technologies (2012)
http://cp.literature.agilent.com/litweb/pdf/
5965-7707E.pdf
[5] N. Flertcher and T. Rossing, The Physics of Musical
Instruments, 2nd ed., Springer (1998)
[6] C. Capps, “Near Field or Far Field?”, Electronic Design News, p.95 (16 Aug 2001) http:
//edn.com/design/communications-networking/
4340588/Near-field-or-far-field[7] P. Panofsky and M. Phillips, “Classical Electricity and
Magnetism”, 2nd ed., Addison-Wesley (1962)
[8] M. Schwartz, “Principles
McGraw-Hill (1972)

of

Electrodynamics”,

[9] J.D. Jackson, “Classical Electrodynamics”, 3rd
ed., Wiley (1998) https://archive.org/details/
ClassicalElectrodynamicsThirdEdition
[10] J. Schwinger, “Classical Electrodynamics”, Westview
Press (1998)
[11] D. Griffiths, “Introduction to Electrodynamics”, 4th
ed., Addison-Wesley (2012)
[12] A. Zangwill, “Modern Electrodynamics”, Cambridge
(2012)

6
[13] J. Schwinger (ed.), “Selected Papers on Quantum
Electrodynamics”, Dover (1958)
[14] G. Kallen, “Quantum Electrodynamics”, Springer
(1972)
[15] A. Barut (ed.), “Quantum Electrodynamics and Quantum Optics”, NATO ASI Series B 110 Plenum (1984)
[16] C. Tannoudji, “Photons and Atoms: An Introduction
to Quantum Electrodynamics”, Wiley (1989)
[17] A. Miller (ed.), “Early Quantum Electrodynamics: A
Sourcebook”, Cambridge (1994)
[18] G. Scharf, “Finite Quantum Electrodynamics:
Causal Approach”, Springer (1995)

The

[19] R. Feynman, “Quantum Electrodynamics”, Westview
Press (1998)
[20] V. Gribov, “Quantum Electrodynamics”, Cambridge
(2001)
[21] W. Greiner and J. Reinhardt, “Quantum Electrodynamics”, 4th ed., Springer (2009)
[22] O. Keller, “Quantum Theory of Near-field Electrodynamics”, Springer (2011)
[23] R. Feynman and A. Hibbs, “Quantum Mechanics and
Path Integrals”, McGraw-Hill (1965)
[24] ibid., p.213 and p.348
[25] M. Peskin and D. Schroeder, “An Introduction to
Quantum Field Theory”, Westview (1995)
[26] T.Y. Cao, “Conceptual Developments of 20th Century
Field Theory”, Cambridge (1997)
[27] S. Weinberg, “The Quantum Theory of Fields”, vol.1-3,
Cambridge (2000)
[28] M. Srednicki, “Quantum Field Theory”, Cambridge
(2007)
[29] A. Zee, “Quantum Field Theory in a Nutshell”, 2nd
ed., Princeton (2010)
[30] M. Schwartz, “Quantum Field Theory and the Standard Model”, Cambridge (2014)
[31] B. Zeldovich, “Impedance and Parametric Excitation
of Oscillators”, Physics-Uspekhi 51 (5) 465-484 (2008)
http://iopscience.iop.org/1063-7869/51/5/A04
[32] S. Coon and B. Holstein, “Anomalies in Quantum
Mechanics: the 1/r2 Potential”, Am.J.Phys. 70, 513
(2002) http://arxiv.org/abs/quant-ph/0202091v1
[33] C. Nisoli and A. Bishop, “Attractive Inverse
Square Potential,
U(1) Gauge,
and Winding Transitions”, PRL 112, 7 (2014) http:

//arxiv.org/pdf/1304.2710v2.pdf
[34] B. Holstein, “Anomalies for Pedestrians”, Am.J.Phys.
61, 2 (1993)
[35] A. Widom and Y. Srivastava, “A simple physical view
of the QED chiral anomaly”, Am. Jour. Phys. 56 9
(1988)
[36] R. Hughes, “The effective action for photons in (2 + 1)
dimensions’, Phys Lett B 148, (13) 215219 (1984) http:
//cds.cern.ch/record/153112/files/198408111.pdf
[37] P. Cameron, “Electron Impedances”, Apeiron 18 2 222253 (2011 ) http://redshift.vif.com/JournalFiles/
V18NO2PDF/V18N2CAM.pdf
[38] The mathcad file that generates the impedance plots is
available from the author.
[39] M. H. MacGregor, “The Fine-Structure Constant as
a Universal Scaling Factor”, Lett. Nuovo Cimento 1,
759-764 (1971)
[40] M. H. MacGregor, “The Electromagnetic Scaling of
Particle Lifetimes and Masses”, Lett. Nuovo Cimento
31, 341-346 (1981)
[41] M. H. MacGregor, The Power of Alpha, World Scientific
(2007) see also http://137alpha.org/
[42] P. Cameron, “An Impedance Approach to the Chiral
Anomaly” (Feb 2014) http://vixra.org/abs/1402.
0064
[43] K. von Klitzing et.al, “New method for high-accuracy
determination of the fine-structure constant based on
quantized Hall resistance”, PRL 45 6 494-497 (1980)

[44] J.L. Jackson and M. Yovits, “Properties of
the
Quantum
Statistical
Impedance”,
Phys.
Rev.
96
15
(1954)
http://www.deepdyve.
com/lp/american-physical-society-aps/
properties-of-the-quantum-statistical-impedance-8qnQk0mK33
[45] R. Landauer, “Spatial Variation of Currents and
Fields Due to Localized Scatterers in Metallic Conduction”, IBM J. Res. Dev. 1 223 (1957)
http://citeseerx.ist.psu.edu/viewdoc/download?
doi=10.1.1.91.9544&rep=rep1&type=pdf
[46] J. Bjorken, “Experimental tests of Quantum
electrodynamics and spectral representations of
Green’s functions in perturbation theory”, Thesis, Dept. of Physics, Stanford University (1959)
http://searchworks.stanford.edu/view/2001021
[47] J. Bjorken, private communication (2014)
[48] J. Bjorken, and S. Drell, Relativistic Quantum Fields,
McGraw-Hill, section 18.4 (1965)
[49] R. Feynman and F. Vernon, “The Theory of a General
Quantum System Interacting with a Linear Dissipa-

7
tive System”, Annals of Physics 24 118-173 (1963)
http://isis.roma1.infn.it/~presilla/teaching/
mqm/feynman.vernon.1963.pdf
[50] R. Landauer, “Electrical Resistance of Disordered
One-dimensional Lattices”, Philos. Mag. 21 86 (1970)
[51] Cameron, P., “The Two Body Problem and Mach’s
Principle”, submitted to Am. Jour. Phys (1975), in
revision. The unrevised version was published as an
appendix to the Electron Impedances note [37].
[52] C. Lam, “Navigating around the algebraic jungle of
QCD: efficient evaluation of loop helicity amplitudes”,
Nuc. Phys. B 397, (12) 143172 (1993)
[53] C. Bogner, “Mathematical aspects of Feynman Integrals”, PhD thesis, Mainz (2009)
[54] D. Huang, “Consistency and Advantage of Loop Regularization Method Merging with Bjorken-Drells Analogy
Between Feynman Diagrams and Electrical Circuits”,
EJP C, (2012) http://arxiv.org/abs/1108.3603
[55] P. Cameron,
“The ‘One Slide’ Introduction
to Generalized Quantum Impedances”, p.42-43
http://vixra.org/abs/1406.0146
[56] to be discussed in detail in a forthcoming note
[57] P. Cameron, “A Possible Resolution of the Black Hole
Information Paradox”, Rochester Conference Quantum
Information and Measurement (2013), and references
therein. http://www.opticsinfobase.org/abstract.
cfm?URI=QIM-2013-W6.01

[65] S. Luryi, “Quantum Capacitance Devices”, Appl. Phys.
Lett. 52 6 (1988)
[66] S. Girvin, “Quantum Fluctuations and the SingleJunction Coulomb blockade”, PRL 64 26 (1990)
[67] S. Kabir et.al, “Application of Quantum Mechanical
Wave Impedance in the Solution of the Schrodinger
Equation in Quantum Wells”, Solid-State Electronics
34 (12), 1466-1468 (1991)
[68] J. Rosner,
“The Smith Chart and
tum Mechanics” Am. J. Phys. 61 310
http://dx.doi.org/10.1119/1.17262

Quan(1993)

[69] H. Tung and C. Lee, “An Energy Bandpass Filter Using
Superlattice Structures”, IEEE Jour. Quant. Elect., 32
(3) 507-512 (1996)
[70] V. Privmana et.al, “Quantum computation in quantumHall systems”, Phys. Lett. A 239 (3) 141146 (1998)
http://arxiv.org/abs/quant-ph/9707017
[71] C. Chang and C. Kou, “Electron-wave quantum well
energy band-pass filters”, J. Phys. D 32 139146 (1999)
[72] Y. Imry and R. Landauer, “Conductance Viewed as
Transmission”, Rev. Mod. Phys. 72 (2) 306-312 (1999)
[73] T. Datta and R. Tsu, “Quantum Wave Resistance
of
Schrodinger
Functions”
(2003)
http://arxiv.org/abs/cond-mat/0311479
[74] F. Delahaye and B. Jeckelmann, “Revised technical
guidelines for reliable dc measurements of the quantized
Hall resistance”, Metrologia 40 217 (2003)

[58] A. Balachandrana et.al, “Edge states in gravity and
black hole physics”, Nuclear Physics B 461 (3) 581596
(1996) http://arxiv.org/abs/gr-qc/9412019

[75] K. von Klitzing, “25 Years of Quantum Hall
Effect”,
Seminaire Poincare 2 1-16 (2004)
http://www.bourbaphy.fr/klitzing.pdf

[59] Y. Myung, “BTZ black hole and quantum Hall effect in
the bulk-boundary dynamics”, Phys. Rev. D 59 044028
(1999) http://arxiv.org/abs/hep-th/9809059

[76] F. Fischer and M. Grayson, “Influence of voltmeter
impedance on quantum Hall measurements” Jour.
Appl. Phys. 98 013710 (2005)

[60] M.
Fabinger,
“Higher-Dimensional
Quantum
Hall Effect in String Theory”,
Journal of
High Energy Physics 2002 JHEP05 (2002)
http://arxiv.org/abs/hep-th/0201016

[77] K. Pham, “Probing the intrinsic shot noise of a Luttinger Liquid through impedance matching” (2005)
http://arxiv.org/abs/cond-mat/0504389

[61] F. Hehl et.al, “Is the Quantum Hall Effect Influenced
by the Gravitational Field?”, PRL 93 096804 (2004)
[62] S. Hartnoll and P. Kovtun, “Hall conductivity from
dyonic black holes”, Phys. Rev. D 76 066001 (2007)
http://arxiv.org/abs/0704.1160
[63] M. Greiter, “Quantum Hall quarks or short distance
physics of quantized Hall fluids”, Physica E1 1 (1997)
http://arxiv.org/abs/cond-mat/9607014
[64] A. Khondker et.al, “Transmission Line Analogy of
Resonance Tunneling: The Generalized Impedance
Concept,” J. Appl. Phys., 63 (10) 5191-5193 (1988)

[78] Y. Katayama, “Physical and Circuit Modeling of
Coupled Open Quantum Systems” Proc. 5th IEEE
Conf. on Nanotechnology, Nagoya (2005)
[79] J. Gabelli et.al, “Violation of Kirchoffs Laws for a
Coherent RC Circuit”, Science 313 499-502 (2006)
[80] P. Burke et.al, “Quantitative theory of nanowire
and
nanotube
antenna
performance”,
IEEE
Trans. Nanotech. 5 (4) 314-334 (2006) http:
//arxiv.org/pdf/cond-mat/0408418.pdf
[81] S. Corlevi, “Quantum effects in nanoscale Josephson
junction circuits”, KTH PhD thesis, Stockholm (2006)

8
[82] C. Day, “Tiny oscillating circuit exhibits new quantization of electrical conductance”, Physics Today
(Sep
2006)
http://www.phys.ens.fr/~placais/
publication/2006_PhysicsToday_C.DayN&V.pdf

http://arxiv.org/abs/0902.2584
[98] M. Afzelius and C. Simon, “Impedance-matched cavity
quantum memory”, Phys. Rev. A 82 022310 (2010)
http://arxiv.org/abs/1004.2469

[83] E. Nelin, “Impedance model for quantum-mechanical
barrier problems”, Physics-Uspekhi 50 3 293 (2007)
http://www.mathnet.ru/php/archive.phtml?wshow=
paper&jrnid=ufn&paperid=440&option_lang=eng

[99] C. Mora and H. LaHur, “Universal resistances of the
quantum resistance-capacitance circuit”, Nature Phys.
6 697701 (2010) http://arxiv.org/abs/0911.4908

[84] J. Seminario, “Quantum Current-Voltage Relation for
a Single Electron”, J. Phys. B 40 F275F276 (2007)

[100] J. Griffet et.al, “Impedance of a Nanoantenna and a
Single Quantum Emitter”, PRL 105 117701 (2010)

[85] K. Novoselov et.al, “Room-Temperature Quantum Hall
Effect in Graphene”, Science 315 (5817) 1379 (2007)
http://arxiv.org/abs/cond-mat/0702408

[101] D. Yoh et.al, “Single-walled carbon nanotubes as
excitonic optical wires”, Nature Nanotechnology 6
51-56 (2011) http://www.nature.com/nnano/journal/
v6/n1/full/nnano.2010.248.html

[86] D. Ferry, “Semiconductor Device Scaling: Physics,
Transport, and the Role of Nanowires”, Int. Jour. High
Speed Electronics and Systems 17 3 (2007)
[87] K.
Pham,
“Exact
Green’s
Functions
and
Bosonization of a Luttinger Liquid Coupled to
Impedances” (2007), Prog. Th. Phys. 118 3 (2007)
http://arxiv.org/abs/0709.0475
[88] S. Shevchenko, “Impedance measurement technique
for quantum systems”, EPJ B 61 187-191 (2008)
http://arxiv.org/abs/0708.0464
[89] R. Schoelkopf and S. Girvin, “Wiring up quantum
systems”, Nature 451 664-669 (2008)
[90] B. Zeldovich, “Impedance and parametric excitation of
oscillators”, Physics-Uspekhi 51 (5) 465-484 (2008)
[91] A. Compston et.al, “A Fundamental Limit on
Antenna Gain for Electrically Small Antennas”, IEEE Sarnoff Symposium, Princeton (2008)
http://ieeexplore.ieee.org/xpl/articleDetails.
jsp?arnumber=4520113
[92] H. Torres-Silva, “New Interpretation of the Atomic
Spectra of the Hydrogen Atom: A Mixed Mechanism
of Classical LC Circuits and Quantum Wave-Particle
Duality”, Revista Chilena de Ingeniera 16 (numero
especial) 24-30 (2008)
[93] R. Tsu and T. Datta, “Conductance and Wave
Impedance of Electrons”, Prog. in Electromagnetics
Res. Symp., Hangzhou, China, (2008)
[94] A. Villegas et.al, “Longwave Phonon Tunneling Using
an Impedance Concept”, PIERS Online, 4 (2) 227-230
(2008)
[95] E. Nelin, “Impedance Characteristics of Crystal-like
Structures”, Tech. Phys. 54 (7) 953-957 (2009)
[96] E. Nelin, “Resonance Parameters of Double-Barrier
Structures”, Tech. Phys. Lett. 35 (5) 443-445 (2009)
[97] D. Timofeev et.al, “Electronic Refrigeration at
the Quantum Limit”, PRL 102 200801 (2009)

[102] V. Sorger et.al, “Experimental demonstration of
low-loss optical waveguiding at deep sub-wavelength
scales”, Nature Communications 2 331 (2011)
[103] R. Ottens et.al, “Near-Field Radiative Heat Transfer
between Macroscopic Planar Surfaces” PRL 107
014301 (2011) http://arxiv.org/abs/1103.2389
[104] R. Tsu, Superlattice to Nanoelectronics, 2nd Ed.,
Elsevier, Chapter 11 (2011)
[105] L. Novotny, “From near-field optics to optical antennas”, Physics Today p.47 (July 2011)
http://www.optics.rochester.edu/workgroups/
novotny/papers/novotny11b.pdf
[106] K. Ando, “Electrically tunable spin injector free from
the impedance mismatch problem”, Nature Materials
10 655659 (2011) http://www.nature.com/nmat/
journal/v10/n9/full/nmat3052.html
[107] D. Ferry, “Ohm’s Law in a Quantum World”,
Science 335 (6064) 45-46 (Jan 2012) http:
//www.asu.edu/news/Science-2012-Ferry-45-6.pdf
[108] C. Bruot et.al, “Mechanically controlled molecular orbital alignment in single molecule junctions”, Nature Nanotechnology 7 3540 (2012)
http://www.nature.com/nnano/journal/v7/n1/
full/nnano.2011.212.html
[109] H. Vasquez et.al, “Probing the conductance superposition law in single-molecule circuits with parallel paths”,
Nature Nanotechnology (2012)
[110] L. Brillouin, Wave Propagation in Periodic Structures Electric Filters and Crystal Lattices, 2nd Ed., McGraw
Hill (1946).
[111] R. Collins, “The Doppler Origin of deBroglie Waves”,
APS preprint server (1998)
[112] P. Cameron, “Generalized Quantum Impedances: A
Background Independent Model for the Unstable Particles” (Jul 2012) http://arxiv.org/abs/1108.3603

9
[113] P. Cameron, “Background Independent Relations
Between Gravity and Electromagnetism” (Nov 2012)
http://vixra.org/abs/1211.0052
[114] P. Cameron,
“Quantum Impedances,
Entanglement,
and State Reduction” (Mar 2013)
http://vixra.org/abs/1303.0039
[115] A. Danan et al, “Asking Photons Where They
Have Been”, Rochester Conference on Quantum
Information
and
Measurement
(2013)
http://arxiv.org/pdf/1304.7469v1.pdf
[116] J. Lundeen, “Viewpoint:
What Can we Say
about a Photon’s Past?”, Physics 6, 133 (2013)
http://physics.aps.org/articles/v6/133
[117] P. Cameron, “Delayed Choice and Weak Measurement in the Nested Mach-Zehnder Interferometer”,
accepted for presentation at the Berlin Conference on
Quantum Information and Measurement (Oct 2013)
http://vixra.org/abs/1310.0043

mentum”,
Phys. Rev. D 83 096012
http://arxiv.org/pdf/1101.5956v2.pdf

(2011)

[122] C. Aidala et.al., “The Spin Structure
Nucleon” (2012),
RMP 85 655-691
http://arxiv.org/abs/1209.2803

of the
(2013)

[123] P. Cameron, “Electron Impedances”, Apeiron 18
2
p.241-242
(2011)
http://redshift.vif.com/
JournalFiles/V18NO2PDF/V18N2CAM.pdf
[124] P. Cameron,
“The ‘One Slide’ Introduction
to Generalized Quantum Impedances”, p.39-43
http://vixra.org/abs/1406.0146
[125] T. Datta, “The fine structure constant, magnetic
monopoles, and the Dirac charge quantization condition”, Lett. Nuovo Cim. 37 2 (1983)
[126] P. Cameron, “Magnetic and Electric Flux Quanta:
the Pion Mass”, Apeiron 18 1 29-42 (2011)
http://redshift.vif.com/JournalFiles/V18NO1PDF/
V18N1CAM.pdf Apeiron, Vol. 18, No. 1, January 2011

[118] M. Suisse and P. Cameron, “Quantum Interpretation of the Impedance Model”, accepted for
presentation at the Berlin Conference on Quantum Information and Measurement (Nov 2103)
http://vixra.org/abs/1311.0143

[127] A. Lasenby et.al, “Gravity, gauge theories and geometric algebra,” Phil. Trans. R. Lond. A 356 487582
(1998) http://arxiv.org/abs/gr-qc/0405033

[119] A.D. Krisch, “Collisions of Spinning Protons”, Sci. Am.
257 42 (1987)

[128] D. Hestenes, “Gauge Theory Gravity with Geometric Calculus”, Found. Phys. 35 (6) 903-970 (2005)
http://geocalc.clas.asu.edu/pdf/GTG.w.GC.FP.pdf

[120] S. Bass, “The Spin Structure of the Proton”, RMP
77 1257-1302 (2005) http://arxiv.org/abs/hep-ph/
0411005

[129] M. Rozali, “Comments on Background Independence
and Gauge Redundancies”, Adv.Sci.Lett. 2 244-250
(2009) http://arxiv.org/abs/arXiv:0809.3962

[121] E. Leader,
“On the controversy concerning
the definition of quark and gluon angular mo-

